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Abstract

The processes of nanofabrication, structure, and properties of hybrid nanocomposites
based on dielectric polymer (polymethylmethacrylate, polyvinyl alcohol, polystyrene, etc.)
or semiconductor matrices (porous silicon, gallium, or indium selenide, titanium dioxide)
with conducting polymers of different nature were studied. The conducting polymer forms
its own polymer network inside the host dielectric polymer or semiconductor matrix. It is
shown that the concentration dependence of the specific conductivity of composites has a
percolation character with a low “percolation threshold” in the range of 1,7-2,5 vol.%. Ac-
cording to EPR-spectroscopy, a dielectric polymer matrix causes significant delocalization
of the charge along the macrochains. Semiconductor nanocrystals embedded in the polymer
matrix and conducting polymers integrated with porous semiconductor mediums signifi-
cantly affect the electrical, electrooptical, and luminescent properties of composites causing
the shift of spectrum and change of its intensity. The connection between the conditions of
synthesis, structure, and properties of materials can cause the expanding functionality of
conducting polymer composites for their application in organic electronic devices — gas
sensors, organic displays, solar cells, etc.

1.1 Introduction

The rapid development of science and technology led to the emergence of “intellec-
tual” or “smart” polymer nanomaterials, which thanks to multifunctional properties, ease of
processing, and environmental stability are extremely promising for modern science-in-
tensive technologies [1-10]. The use of conducting polymer fillers in the structure of “intel-
ligent” material allows the creation of highly efficient devices of a new generation: flexible
sensors [3, 6], biosensors [4, 8], supercapacitors [9], antistatic and anti-radar coatings [10],
solar cells [5, 7], and organic displays [11]. The principle of operation of these devices is
based on the change of electronic properties of conjugated polymers [1, 5, 12-14].

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

It is known that in polymer-polymer systems, formed by dielectric polymer matrices
of different types, conductivity can appear even at low content of conductive filler [6, 14].
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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.

1.2 Nanofabrication of Conducting Polymers in Dielectric Polymer
Matrices

Conducting polymer composites based on conjugated polyaminoarenes — polyaniline
and its derivatives are of great interest due to their low relative density, corrosion resistan-
ce, good manufacturability (recyclability), and the possibility to control the conductivity.
The creation of conducting polymer composites with highly elastic polymer matrices
allows for improving the mechanical properties, in particular their flexibility, microhard-
ness, tensile strength, thermoplasticity, etc. [3, 6]. Therefore, macromolecular matrices are
intensively searched not only to improve the mechanical properties but also to preserve the
features of charge transfer and optical absorption of conducting polymers (CP) in polymer
matrices.

The improvement of electrical and optical properties of conducting polymer-polymer
composites is achieved at a very low concentration of conducting polymer filler (< 5% by
volume) and depends on its dispersion degree and filler-matrix interfacial adhesion [6]. At a
certain critical concentration value of conductive filler, depending on systems, a jump-like
change in properties is observed [6, 9]. That is, the dependence of electrical conductivity
(o) on the volume content of the filler (p, %) is nonlinear. This is usually an example of a
typical percolation transition of a composite from a non-conductive to a conductive state.
Herewith, the molecules of the conductive filler or their aggregates form a polymer mesh
penetrating the entire volume of the material.

1.2.1 Percolation Phenomena in Polymer-Polymer Nanocomposites

For a scientifical explanation of the complex dependence of conductivity on the con-
tent of conductive filler in composite materials (two-phase systems), a “percolation theory”
for a continuous medium was formulated. This theory determines the value of the critical
volume concentration of the conductive phase ¢c, i.e. the percolation threshold that allows
the insulator-conductor transition in stochastic systems [6, 16-19]. The theory of perco-
lation (flow, impregnation) is a mathematical theory used in different fields of science to
describe the emergence of infinite connected structures (clusters) in random (stochastic)
mediums consisting of individual elements [20].

This theory allows describing processes of 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]. It is used in chemistry to describe the processes of
polymerization and analysis of the mutual distribution of phases in different media.
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Percolation processes can also lead to self-organization and the formation of nanostruc-
tures, including 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]:

- p){Toc=Tn) |, Toc =) _
20, + 0, 20 + 0,

0, (1.1)

where ot, 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 (¢) on the bulk
content of the filler () after the percolation threshold is the dependence:

o (9= o), (1.2)

where ¢ — the volume fraction of filler; ¢. — the percolation threshold, i.e. 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, a logarithmic dependence Ig o — Ig(p — ¢c) is
constructed. 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 is mainly dependent on
the topological dimension of the system and not dependent on the structure of the particles
forming the clusters and their interaction [20-23].

The study of percolation phenomena in filled polymer systems is an important task
because the description of the properties of the systems near the critical point opens the
perspectives for the creation of nanomaterials with predicted functional characteristics. In
this work, the electrical properties of polymer-polymer composites based on dielectric
polymer matrices, namely polymethyl methacrylate (PMMA), a copolymer of styrene with
malein anhydride — styromal (St-MA), polyvinyl alcohol (PVA), polyacrylic (PAA) and
polymethacrylic (PMAA) acids, ED-20 epoxy matrices, and conducting polymer fillers —
poly-ortho-toluidine (PoT), poly-ortho-anisidine (PoA) and polyaniline (PAn) were studied
[3, 6, 10, 13, 14, 24-26].

It is shown that the concentration dependence of the specific conductivity on the
content of fillers has a percolation character (Fig. 1.1) with a low "percolation threshold",
which depends on the nature of the polymer matrix and conducting polymer (Table 1.1).
Increasing the filler content leads to a sharp transition from the non-conductive to the con-
ductive state (there is a phase transition insulator-conductor). In this case, all the filler
particles are completely delocalized throughout the polymer matrix and become conducti-
ve, and the formed composite has the maximum conductivity. It was found that composites
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Figure 1.1 Dependence of logarithm of specific conductivity on the content of conductive
filler for: (a) PVA-polyaniline composites, . = 2.3 vol. %; (b) PMMA-PAN, ¢. = 2.0 vol. %

Table 1.1 Percolation parameters of polymer composites with conducting polymer fillers

Polymer Conducting Percolation Critical index of
matrix polymer filler threshold ¢, vol. % conductivity, t
PAN 2.1 1.75
PVA PoT 2.8 1.58
PoA 1.7 1.88
OMMA PAN 2.0 1.43
PoT 34 1.48
PAA PoT 2.3 1.38
PoT 10 2.53
St-MA PAN 8.4 2.67
PoA 8.0 2.56
ED-20 PAN 2.5-5 -

based on the investigated polymer matrices are characterized by low values of the perco-
lation threshold, which are typical for composites with a conductive polymer phase. The
calculated values of the critical index of conductivity are in the range of 1.4-2.6, which is
characteristic of a three-dimensional system [27]. This constant is mainly dependent on the
topological dimension of the system and not dependent on the structure of the particles
forming clusters and their interaction.

At the same time, the value of t = 2 is observed for many two-phase materials. Sig-
nificant deviations of this value for composites based on the StMA matrix (t = 2.58-2.9)
can be caused by several reasons: contact phenomena, in particular, if tunnel contacts are
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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 for-
mation in “in situ” polymerization conditions, when the conductive filler is formed directly
in the dielectric polymer matrix, and by the presence of anisotropic forms of conductive
filler [30].

1.2.2 Features of Charge Transfer in Conductive Polymer Composites

The study of the influence of the polymeric matrix on the regularities of charge
transport in nanosystems with conductive polymers is an interesting scientific task due to
the possibility of their practical application. We chose the PMMA-PAnN polymer nanocom-
posites obtained from polymer “blends” in a common organic solvent [6, 13, 14]. It was
found if the content of PAn becomes higher than 2 vol. %, the conductivity value of the
PMMA-PAN composite exceeds the conductivity of the PMMA matrix by 8-9 orders of
magnitude, and remains almost constant. It is interesting that the conductivity of the
PMMA-PAN composite with a filler content of 2-15 vol. % slightly exceeds the conduc-
tivity of pure PAn (Table 1.2). We assume that high values of the specific conductivity (o)
exceeding the percolation threshold for PMMA-PANn composites are caused by the for-
mation of their own conductive network inside the host polymer. Thus formed continuous
conductive phase is uniformly distributed over the entire volume of the polymer composite
— a continuous conductivity cluster is formed [16-18].

As shown by B. Wessing and co-authors [31], the conductivity in thermally com-
pressed PAn composites doped with d,l-camphorosulfonic acid with PMMA, containing
40 % PAnN, 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 forming
1D structures [32]. The presence of structures of this type ensures the preservation of the
physicomechanical properties of high-polymer matrices without disrupting the semicon-
ductor nature of the conductivity of the conjugated polymer. Moreover, it 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
appeared, which consists of the ability of the polymer matrix to influence the length and
chemical structure of polyaminoarene chains, including their spatial structure. Using ESR

Table 1.2 The dependence of the specific conductivity on the content of the polymeric filler
for PMMA-PAnN composites

w, vol. % of PAn 0 1 2 4 10 20 100

0208-108, S'm™? 10°® 7.03 81.2 52.8 27.6 2,16 3,60
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Figure 1.2 (a) ESR spectra for PMMA-PAnN (10 vol. %) at different temperatures; (b) Depen-
dence of signal width AH,, (distance between peaks) on temperature for PMMA-PAnN (10 vol. %)
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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.
1.2, a). According to the analysis of the ESR temperature dependence, it can be assumed a
significant delocalization of charge carriers along the PMMA dielectric polymeric matrix
causes increased values of the specific conductivity (Table 1.2). 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.
1.2, b) compared to the unfilled PAn (3.1-3.4 Oe) [31, 33, 34].

Therefore, it was established a strong interaction between the PMMA polymer matrix
and the PAn filler, which is manifested in the low percolation threshold values for these
composites 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.
The results of ESR spectroscopy confirmed this assumption. The electronic structure of the
material significantly changed because of PMMA-PAnN formation may indicate the forma-
tion of a composite with a molecular degree of dispersion, in other words, a nanocomposite.

Among industrial polymer matrices, polystyrene (PS) attracts special attention due to
its excellent mechanical properties, transparency in visible spectral range, easy processing,
and availability [36—44]. PS-CP composites are used in various industries for the produc-
tion of antistatic screens, conductive coatings on the surface of various natures, thin-film
chips, as well as sensors for the detection of ammonia, and hydrogen sulfide [38, 39]. The
growing interest in protection against electromagnetic interference using of polymer-poly-
mer composites based on CP is due to the increased variety of commercial, military, and
scientific electronic devices. It is shown [40] that the polymer complex PAn doped with
dodecylbenzene sulfonic acid (DBSA) and polystyrene-polybutadiene-b-styrene copolymer
can be used as a coating for protection against electromagnetic interference in the 50-60 Hz
and 1-100 GHz bands.
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Currently, there are many methods of synthesis of conductive composites based on
PS and polyaminoarenes [39-44]. Despite the variety of ways to obtain such polymer
composites, they nevertheless have some drawbacks — complex, long, multi-Stage process
technology. Synthesized composites are in the form of a dispersed powder, which makes it
impossible to form films and conductive coatings by irrigation or inkjet printing on work
surfaces. Besides, it causes an uneven distribution of polyaminoarene in the matrix of PS,
heterogeneous structure and low sedimentation stability of the system, and low conductivity
of composites. The use of polyaniline as a conductive polyaminoarene reduces the choice
of conductive polymeric fillers and narrows the scope of such composites in modern indu-
stry. A new nanotechnological approach in the formation of polystyrene composites with
polyaminoarenes is in situ polymerization when conjugated conducting polymer is synthe-
sized directly in the polymer matrix solution, i.e. aniline polymerizes to polyaniline [40,
43]. This leads to higher dispersion and uniform miscibility of PAn nanoparticles in the
polymer matrix. In situ polymerization of aniline in the presence of (NH4)2S20s is descry-
bed in a lot of research. The use of PoT as a filler in the PS matrix is little known, in parti-
cular, copolymers poly(aniline-co-o-toluidine) nanocolloidal particles in aqueous poly(sty-
rene sulfonic acid) matrix (PPS) [37]. We used aminoarenes — o-toluidine and aniline,
which differ in the presence of a substituent on the benzene ring, as monomers for the for-
mation of a conductive polymer filler in the PS dielectric polymer matrix. In the o-toluidine
molecule, the presence of methyl substituent in the ortho position to the amino group
determines the hydrophobic properties of aminoarene and in traditional solvents in contrast
to unsubstituted aniline.

In the process of nanofabrication polymer-polymer composites by the in situ poly-
merization method, various mechanisms of formation and self-organization of the conduc-
tive phase of conjugated polyaminoarenes are possible. Depending on the nature and initial
concentration of the monomer in the reaction mixture, different morphological features of
the formed film can be observed (Fig. 1.3). The polystyrene matrix (Fig. 3, a) is characte-
rized by excellent homogeneity, smooth morphology, and absence of agglomerates or crys-
talline formations. In the process of oxidative polymerization of aniline in the PS matrix, a
formation of PAn nanofibrils which formed a continuous polymer network takes place

a

Figure 1.3 Microphotos of films: (a) PS and composites (b) PS-PAn-TSA, (c) PS-PoT-TSA.
Filler content 10 wt. %, magnification x150, film thickness 0.2 + 0.02 mm
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Figure 1.4 X-ray diffraction patterns of PS (1) and PS-PoT-TSA (2) composite (10 wt. %)

(Fig. 3, b). The formation of PoT network in PS matrix is observed at the low concentration
of o-toluidine in the reaction mixture (3—5 wt. %). The highly ordered conductive regions
of the PoT filler embedded in the matrix of polystyrene are observed at higher monomer
concentrations (Fig. 3, c).

Investigation of the structure of composites by X-ray powder diffraction method
showed that the original PS is practically amorphous, and the diffraction pattern of the PS
has a wide peak at 20 = 19° (Fig. 1.4). A calculated average apparent crystallite size is D =
9.3+1.3 A. In PS-PAn composites, additional polyaniline peaks are observed at 20 = 14.5°,
19.7°, 25.3°, and 27.1°, which are almost completely leveled at 7 wt. % polyaminoarene
content [43]. The composite PS-PoT-TSA is characterized by a predominantly ordered
structure and, accordingly, a high degree of crystallinity, while the content of the amor-
phous component is low. A high level of structure ordering in PS-PoT-TSA composites is
connected with the crystalline structure of the filler PoT-TSA confirmed in [46, 47]. The
spatial and geometric similarity of fragments of PoT and TSA leads to the formation of an
ordered and more compact structure of the doped polymer.

Polystyrene has poor conductivity, the resistivity is at the level of 101*~10% Ohm-cm
[46]. At a low concentration of polymer filler (near 2 wt. % PAN-TSA or PoT-TSA) nano-
fabricated in PS matrix the specific volume resistance falls in 10-12 order and demonstra-
tes percolation behavior inherent in nanostructured systems [18, 46]. After reaching the
percolation threshold (0,75 % for PS-PAn composites [43]) the resistance of PS composites
with conducting polyamenoarenes is significantly reduced (Table 1.3). The reduction of the
resistivity of the composite is proportional to the concentration of conducting polymer
filler. At the content of conducting polymer filler in PS-PoT-TSA composite near 20 wt. %,
a value of specific volume resistance at room temperature p293 = 6,8 Ohm-cm, specific con-
ductivity 6203 = (1.5+0,2)107! S/cm. For PS-PAN-TSA composite, the values of conductivi-
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Table 1.3 The parameters of conductivity of polystyrene-polyaminoarene composites

Monomer Filler content, 293,
Sample concentration, M wt. % o2, SICM 0 em Ez, eV
0.01 2 0.023 441 0.93+£0.01
0.03 6 0.027 37.3 0.63+0.01
PS-PAN-TSA 0.05 10 0.029 33.9 0.71 £0.02
0.075 15 0.033 30.5 0.81 £0.02
0.10 20 0.037 27.1 0.37 £0.01
PAN-TSA 100 0.043 23.7 0.08 +0.01
0.01 2 0.049 204 0.73+0.02
0.03 6 0.059 16.9 0.62 +0.04
PS-PoT-TSA 0.05 10 0.073 13.6 0.57 +£0.01
0.075 15 0.098 10.2 0.44 +£0.01
0.10 20 0.150 6.8 0.40 £0.03
PoT-TSA 100 0.294 34 0.047 +0.003
0.0-
0.5
Eo 1.0
&
= 151
2.0
25 e
2.6 2.3 3.0 3.2 3.4

1000/T, K™

Figure 1.5 Temperature dependence of normalized resistance: PoT-TSA (1), PAn-TSA (2),
PS-PoT-TSA (3), PS-PAN-TSA (4) at 10 wt. % content of polymer filler

ty are less (4,3+0,2) 102 S/cm at the same content of polymer filler (Table 1.3). Structural
and morphological features of the composites may explain it.

The temperature dependence of the normalized resistance of the polymer fillers and
composites as (R/Ro) = f(1/T) is linear in the temperature range 303373 K (Fig. 1.5). The
activation energy of conductivity E, was calculated by the equation:

p=p,-exp(E, /2KT), (1.3)
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where p — specific electrical resistance, k — Boltzmann constant, T — temperature. Ea was
found 0.047 £ 0.003 eV for PoT-TSA and 0.08 + 0.01 eV for PAn-TSA fillers. The calcu-
lated activation energy of charge transport for PS-PoT-TSA composites decreases with con-
tent of filler from 0.73 £ 0.02 eV (2 wt. %) to 0.57 £ 0.02 eV (5 wt. %), and 0.40 + 0.03 eV
(20 wt. %). It is similar to PS-PAN-TSA composites (Table 3). To conclude, the dielectric
polymer matrix causes a significant increase in activation energy for both fillers — PAn-
TSA and PoT-TSA.

TSA-doped poly-ortho-toluidine as a conductive filler significantly increases the
electrical conductivity of polystyrene-polyaminoarene composites due to the formation of a
highly ordered structure. The spatial and geometric similarity of fragments of PoT and TSA
leads to the formation of an ordered and compact structure of the polymer filler in a poly-
styrene matrix.

Synthesized polymer-polymer composites can be used for various purposes, in parti-
cular, the production of antistatic screens, conductive coatings on the surface of various na-
tures, thin-film chips by the inkjet printing, or the watering of the composite material on the
substrate (work surface). This method allows you to apply the composite on a plastic or
other substrate in the form of paint, which dries quickly. One of the most interesting appli-
cations of conducting polymer nanocomposites is the creation of chemical sensors sensitive
elements [47-50], especially, gas sensors for monitoring the toxic gases in the environment
and industry.

1.2.3 Formation of Flexible Elements of Gas Sensors

Nowadays, gas-sensitive films based on conducting polymers (PAn and its derivati-
ves, polyoxythiophenes, etc.) are one of the most promising sensor media. The properties of
these polymers are based on chemical redox reactions and provide various mechanisms for
the generation and transformation of electrochemical, electrical, or optical signals [47-58].
The creation of composite sensor media based on conducting polymers and dielectric
polymer matrices allows to combine of the advantages of each of the components — the
sensitivity of conjugated polymers to the action of gases with the flexibility, lightness, and
recyclability of polymer matrices. Moreover, such sensor elements can operate at normal
temperatures. Nanocomposites based on conjugated polyarenes are quite sensitive to gases,
released because of food freshness losses (NHs, H2S [49, 57-59]), vapors of organic com-
pounds [60], chemical components of military explosives, and gases released in their
storage (NO2, SO, etc.) [61].

Composites of conducting polymers with dielectric polymer matrices are usually
obtained by mixing a conducting polymer filler with non-conductive highly plastic poly-
mers (PMMA, PVA, PS, cellulose derivatives) followed by thermal pressing [61, 62]. The
most promising method of providing elasticity and thermal-plasticity of polyaminoarenes is
the creation of polymer composites in which components mix at the molecular level. This
method is used to obtain polymer-polymer composites with an ordered structure, as well as
nanosized composites from polymers insoluble in water and in most organic solvents. We
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used such approaches to polymerize aminoarenes in a polymer gel (PVA, PAA, PMAA)
whose macromolecules act as “soft” templates [6]. It was shown that the interaction of the
functional groups of the polymer matrix with the amino groups of the polymeric filler is
possible [14]. The interaction affects the kinetics of polymerization and all the physical,
chemical, and mechanical properties of composites [6, 14, 63]. It was found that the mass
fraction of 0.35-1.05 % of the monomer in the initial composition is optimal [64].

Obtaining the free flexible films of a composite of conjugated polyaminoarene and a
highly elastic polymer matrix was carried out by oxidative polymerization of 0.01-0.025 M
aminoarenes solution at the equimolar content of oxidizer (ammonium persulfate) in an
aqueous gel of PVA (PAA or PMAA) with concentration 0.125-5 w. % during 24 h. The
films were formed by pouring the composition on the surface of Teflon or glass with
subsequent monolithization of the film at room temperature over 6-8 h and finally at 331
333 K for 1 hour. After separation from the substrate homogeneous flexible sensitive films
were obtained [65].

In the process of oxidative polymerization of aminoarenes within 24 hours at a mono-
mer : oxidizer ratio of 1:1 almost complete (95-98 %) conversion of the monomer is achie-
ved. It corresponds to the 4.5-15 w. % content of the conductive polymer in the final
composite. The obtained polymer-polymer composites form flexible, highly elastic “free”
films (Fig. 1.6, a, d) easy for preparing indicator tapes. The structure of the film composites
based on PVA and polyaminoarenes is sufficiently homogeneous and compact and at the
same time, its globular nature is preserved (Fig. 1.6, b, ¢, €). Composites with matrices
based on polymer electrolytes (PAA, PMAA) form not only flexible but also transparent
“glass-like” films (Fig. 1.6, f).

e

Figures 1.6 Microphotographs of composite polymer films: PVA-PoT (a, b), PVA-PAN (¢),
PMAA-PoA (d, e), PAA-POT (f). Zoom 600 (b, c, ¢, f).
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Film composites of polyaminoarenes in highly elastic polymer matrices under the
influence of polar gases (ammonia) exhibit a gas-chromic effect with general laws similar
to those observed for films of individual polyaminoarenes [49]. There is a significant chan-
ge in the optical absorption spectra of composites under the action of ammonia. The general
increase of intensity (Fig. 1.7, a, b) and shift of the position of the maxima of absorption
bands (Fig. 1.7, b) are observed. The most significant changes were found for the band at
750-830 nm (absorption in the polaron zone) for PVA-PAnN films. The action of ammonia
caused almost complete neglect of this band due to the deprotonation processes with the
formation of ammonium cations and the decrease of the carrier’s concentration. Instead, a
band appears at 580-620 nm, attributed to the imino-quinone fragments in the structure of
polyaminoarenes [66, 67].
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Figure 1.7 (a) Absorption spectra of composite films PVA-PAN (7.2 w. %) on air (1) and in
ammonia environment, P = 1.4 kPa (2). The thickness of the film is 0.15 mm. (b) Absorption
spectra of PVA-PoA (8,0 w. %) films on air (1), in ammonia environment (2), and after resorption
in the air for 2 h (3). The thickness of the film is 0.12 mm.
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Importantly visual changes in the color of the film are observed simultaneously. At
the initial moment, the PVA-PAN film has an intense green color and retains it in the
absence of ammonia in the media, indicating the freshness of the food product. The color of
the indicator changes from green to blue in the presence of small amounts of ammonia
(partial pressure P = 10-30 Pa). Production of films based on PAn derivatives, for example,
PoT or PoA allows for a significant expansion in the color set. Because of food freshness
losses, the color of the indicator changes dramatically - from bright green to blue for PAn
and PoT or from yellow-green to orange for POA. The allocation of ammonia is intensified
if the food product is spoiled. Accordingly, the sensory film becomes pale blue for PAn and
PoT or burgundy for POA

The response speed of the sensor based on polymer composites depends on the
temperature, gas pressure, and type of indicator substance embedded in the polymer matrix,
but generally ranges from a few seconds to several minutes.

For practical realization, we offer available flexible indicator films based on the com-
posites of elastic polymer matrices (PVA, PAA, PMAA) with conjugated polyaminoarenes,
changing their color under the action of gases. The polymer matrices do not affect the
regularities of optical absorption, ensuring the use of synthesized composites for gas sensor
production.

1.3 Nanofabrication of Hybrid Structures Semiconductor — Conjugated
Polymer

Improving the efficiency of organic electronic devices is possible due to the develop-
ment of hybrid nanocomposites based on conducting polymers with dielectric matrices or
inorganic semiconductors. These composites ccan be fabricated by simple, safe, and ener-
gy-saved methods without vacuum technologies. Semiconductor materials with spatially
inhomogeneous structures, layered, porous, or dispersive, attract special attention due to the
possibility of a new type of hybrid materials formation [68-72].

The methods of obtaining nanostructures based on polymers and semiconductors ha-
ve attracted great attention due to the prospect of solar cells, light-emitting diodes, sensors,
lasers, and memory device production [72—75]. Especially, the heterogeneous systems
based on nano-crystal porous silicon (pSi) have a wide application in optoelectronics and
sensor devices. The luminescence in the visible and near IR regions of the spectrum is one
of the most important properties of such structures. The excitation of luminescence is possi-
ble due to the quantum-size effects as a result of the porous structure nanometer size [76].
Heterostructures based on pSi and surface organic layers, namely, conjugated conducting
polymers, have been studied intensively [75, 77].

Heterogeneous systems based on nanostructured organic and inorganic semiconduc-
tors can be considered a new class of hybrid materials with enhanced functionality. A
polymer film on the surface of a semiconductor can serve as a protective layer or create an
electrical contact, thereby influencing the spectra of photosensitivity, absorption or emissi-
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on, and electro-optical and sensory characteristics of nanostructures. We studied the physic-
cal and chemical processes occurring under the conditions of formation of conjugated poly-
mers in nanostructured semiconductor media: porous silicon (pSi) [73-75], layered crystals
of GaSe, InSe [78, 79], nanostructured TiO- [80], etc., structure and properties of the obta-
ined nanomaterials. To identify the regularities of the interaction of components in poly-
mer-semiconductor hybrid nanosystems, a complex approach was applied, namely, the stu-
dy of the structure, chemical composition, and surface morphology of nanostructured semi-
conductors and organic-inorganic composites by electron and atomic force microscopy, X-
ray diffraction, and IR spectroscopy. The effect of surface modification of nanostructured
semiconductors on the radiation spectra characteristics, changes in electrical and optical
characteristics, and sensor sensitivity were evaluated.

1.3.1 Formation of Hybrid Nanostructures Based on Porous Silicon

The electronic properties of silicon can be changed due to the formation of nanostruc-
tures — spatially separated silicon areas with minimum dimensions of several nanometers.
In this case, the charge carriers acquire additional energy due to the quantum effect [72].

Among the techniques for obtaining silicon-based nanostructures, the most accessible
is the creation of nanocrystals by etching voids with dimensions of several nanometers in
single-crystal silicon. This material, called porous silicon, has the light-emitting ability and
other unique properties that make it a valuable material for the production of sensors. The
photoelectrochemical etching was used to obtain pSi, covered in works [74, 75].

To clarify the nature of the surface formations, the topology of the obtained pSi was
investigated by atomic force microscopy (AFM). It was established that with fairly high
homogeneity of the polished surface of the single crystal, there are certain surface defects.
These protrusions, up to 2 nm high, can be centers for the structural inhomogeneities for-
mation during the anodization of the sample (Fig. 1.8).

A comparison of AFM images of the surface of monocrystalline silicon before and
after etching indicates the periodic structural modifications that can be attributed to the pSi
layer. The pSi surface after anodization has vertical cylindrical protrusions, formed because
of electrochemical etching of separate areas on the monocrystalline silicon surface (Fig.
1.8, b). By profile analysis of AFM images, it was determined that the depth of protrusions
in the pSi reaches 45-50 nm with a total thickness of the etched layer of about 5 um.

The chemical composition of the surface was identified by FTIR spectroscopy (Fig.
1.9, a, b). For monocrystalline silicon, an absorption band at 1100 cm™!, corresponding to
Si-O-Si valence vibrations [81], and at 620 cm™', corresponding to the deformation mode of
Si-H2 [82], were found. The absorption band at 1100 cm™! is caused by silicon oxidation,
and at 620 cm™' — by water molecules adsorbed from the air.

The IR spectrum of pSi revealed an absorption band at 1100 cm™!, observed in mono-
Si (Si-O-Si oscillations), as well as oscillations of the C-O bond, corresponding to an
absorption band at 1111 cm™!, C-C oscillations at 1188 cm™!, CH,-OH, CH-OH and C-OH
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Figure 1.8 AFM image and surface profile of porous silicon before (a) and after (b)
photoelectrochemical etching
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Figure 1.9 FTIR transmission spectra of single crystal silicon (a) and porous silicon (b)

vibrations at 1050, 1072, and 1097 cm™!, respectively, and Si-O-Si vibrations at 1240 cm™'.
The broad absorption band at 2900-3620 cm™! corresponds to the absorption of O-H bond
vibrations in water molecules adsorbed on the pSi surface [45, 46]. The absorption band at
835-890 cm™! is associated with the adsorption of water molecules and fluorine because of
the etching of pSi in HF. Absorption bands at 940 and 980 cm™! are associated with the
vibration of hydrogen and hydroxyl groups.

Therefore, the newly formed developed surface of nanocrystalline silicon has a comp-
lex chemical structure. The presence of functional groups makes it very sensitive to exter-
nal factors. Conjugated polymers, integrated into the pores of nanocrystalline silicon, can
act as a passivating layer and cause new functional properties appearance.

Porous silicon-polymer nanostructures are obtained by electropolymerization in two
ways — galvanostatic electrolysis of pSi in a monomer solution [77] or electrochemical et-
ching of monocrystalline silicon in the presence of monomer in the etching solution. In the
second case, electrochemical polymerization processes take place simultaneously with
etching [78], and the thickness of the polymer layer is uncontrolled. At the same time, the
anodic current densities used for silicon anodization (20-60 mA/cm?) correspond to high
positive potentials and lead to significant electrochemical degradation of the polymer. The-
refore, an important condition is the control of electrochemical polymerization potentials.
This possibility can be provided by electrochemical polymerization in the cyclic potential
sweep mode [84].

For example, the polymerization of o-anisidine is evidenced by the gradual increase
of the response currents on the cyclic voltammograms (CVA) (Fig. 1.10, a). The appearan-
ce of redox maxima, characteristic of an electroactive polymer, on the CVAs is evidence of
the formation of a pSi-polymer heterostructure. The linear dependence of the current of the
anode peak 1, at E = 0.4-0.6 V on the number of cycles of the potential sweep at N = 4-16
allows for controlling the thickness of the electroactive polymer films. It was established,
the amount of charge (Q) and, accordingly, the mass of the polyarene, integrated into
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Figure 1.10 (a) CVA obtained during electrochemical polymerization of PoA on the pSi
surface from 0.1 M solution of ortho-anisidine in 0.5 M H,SO;, at a potential scan rate of 40 mV/s;
(b) Dependence of the current of the CVA anodic maximum on the number of cycles for obtaining
pSi-PAnN (1, 2) and pSi-PoA (3) heterostructures. Potential scan rate: 80 (1) and 40 (2, 3) mV/s.

the pSi, depends on the speed (v) and the number of scanning cycles (N) of the potential
during electrochemical polymerization. At a constant v the maximum currents change
proportionally to N in the process of formation of conducting polymer on the pSi surface
(Fig. 1.10, b). According to the statistical analysis of AFM images of the pSi surface and
obtained nanostructures (Fig. 1.11) the thickness of the pSi-polymer hybrid layer reaches
40-45 nm with a pSi pore depth of more than 200 nm. While the globular structure of the
polymer is preserved.

The value of the cubic cell parameter “a” found from the X-ray diffraction data for
pSi samples is 5.42467 A, and for the pSi-PAn is 5.42984 A. The error of the experiment
did not exceed 1034, so it can be assumed some growth of the parameter a and, accordin-
gly, the volume of the unit cell due to the formation of PAn chains in the pores of silicon.

I 1
0 2.50 ym 5.00

Figure 1.11 AFM image (a) and profile analysis (b) of the porous silicon surface with PAn
film
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Obtained pSi-polymer samples were studied for photo- (cathode) luminescence and
sensor sensitivity [73-75, 85]. The newest approach to the formation of polymer-semicon-
ductor hybrid nanostructures is the creation of electrochromic systems with optical pro-
perties controlled by applying voltage or current.

1.3.2 Electrochromic Structures Based on Porous Silicon and Polymer

Porous silicon nanostructures have a wide band of visible PL [74] allowing to change
the intensity and spectral position of the emission maximum within wide limits with optical
filters, in particular electrochromic polymer films. The transmission spectra of such films
can be changed by applying an electric current. In addition, a silicon plate with a porous
layer is not only a substrate for the electrochemical polymerization of PAn but also an
electrode of an electrochromic cell [86, 87].

The PAn thin-film coating is transparent to both excitation and pSi-generated radia-
tion. An important property of conjugated polymers is the ability to change electrical and
optical characteristics depending on the degrees of oxidation [88]. The electrochromic
effect of PAn films can be used in organic displays, shutter and filter optical devices, and
optical sensors [88, 89]. It is possible to control the PL spectrum of nanoporous silicon by
the color change and color intensity of PAn films under the applied voltage. We proposed a
hybrid nanostructure for the production of fluorescent devices with an electrically control-
led emission band [87].

The external voltage applied to the electrochromic structure causes a change in the
optical transmittance of PAn film at 600-750 nm and, respectively, a change in the radia-
tion intensity in the long-wavelength part of the PL spectrum of pSi. The change of voltage
from —10 to +10 V causes the change of spectral maximum from 635 to 600 nm and a
decrease in PL intensity (Fig. 1.12, 1.13).
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Figure 1.12 PL spectra of an electrochromic structure based on pSi (1) with an applied
voltage of 10 V (2) and +10 V (3)



20 Nanoobjects & Nanostructuring. Volume |

640 T 1,0

N I
630 - \\ F0.8
ST
£ ] Pa I
l:‘- 620 ~ \ 0,6
E 610 L Z \\\ 0.4
<
600 - \ k0,2
580+ T T T T T T T T T T 00
10 -8 6 -4 2 0 2 4 8 10
u,Vv

Figure 1.13 Dependence of the spectral position of the PL maximum (1) and its integral
intensity (2) on the voltage applied to the electrochromic structure

The optical transmittance spectra of the PAn film depend on the magnitude and
polarity of the applied voltage, due to the processes of electron and proton transport with
the transformation of various forms of the polymer [88]. PAn changes from the colorless
reduced state (leucoemeraldine), which transmits light in the entire visible part of the
spectrum, to the green semi-oxidized form (emeraldine salt), which absorbs light in the
wavelength range of 500-650 nm. Completely oxidized polyaniline (pernigraniline) is dark
blue, almost black, and absorbs light in almost the entire visible range of the spectrum. The-
refore, because of the electrochromic effect, the PAn film can reversibly change its color
from almost transparent to yellow, green, and blue and transitional shades with a corres-
ponding change in optical spectra.

The change in the optical properties of polyaniline in the SnO.-PAn-pSi-Si hybrid
structure has a similar nature to electrochromic effects in proton electrolytes. It is caused by
changes in the oxidation degree of the CP under an external potential. The use of PAn as an
active electrochromic layer opens up the possibility of creating optical elements operating
according to the two-electrode scheme. Thus, PAn films deposited on the surface of porous
silicon can act as an optical filter of pSi photoluminescence radiation with an electrically
controlled transmission band.

1.3.3 “In situ” Fabrication of Hybrid Nanostructure with Layered
Semiconductors

Two-dimensional (2D) semiconductor nanocrystals fabricated in the platelike form
have been intensely investigated since the invention of single-layer graphene. GaSe with
chemically passive selenium terminated surfaces is among the desirable materials for the
production of single-layers 2D plates, even extracted and isolated from bulk. Several
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groups succeeded in mechanical [90, 91], thermal, and laser-induced [92] GaSe exfoliation.
Recent perspective [93] indicates that 2D platelike nanoparticles (including GaSe) are
excellent PL emitters due to suppression of the absorption strengths into one electronic sta-
te contrary to the band for bulk material. Not far ago we found that the mutual interaction
of components in the hybrid composites containing GaSe and conducting PAn leads to an
essential conductivity increase, UV shifting in GaSe luminescence spectra, responsible for
plate-like particle formation, etc [4].

Preparation of composite was carried out by oxidative polymerization of aniline un-
der ammonium persulfate (NH4)2S20s in an aqueous medium in the presence of toluene
sulfonic acid (TSA) as a doping and stabilizing agent. Method of obtaining composite con-
sists of several stages. Originally performed dispersing a sample (45-150 mg of GaSe
plates or nanopowder GaSe with particle size 60-80 nm) in a solution of surfactant — 0.12
M TSA using ultrasound for 30 min. Then 0.205 g of monomer droplets were injected in
GaSe dispersion with continuous stirring, and after 10 min 0.005 ml of 0.47 M solution of
oxidant (NH4)2S20s was added. The process was carried out at T = 293 K for 24 hours.
Finally, a dark dispersion of composite was isolated in the form of the precipitate by centri-
fuging. For investigations, we took samples with the content of inorganic component 10-12
wt. % [94].

TEM images of PAn-powdered GaSe samples are presented in Fig. 1.14. Expanded
images (Fig. 1.14, a, b) demonstrate the presence of two types of nanoobjects: thin stripes
(up to few nanometres in height and up to 100 nm in length) and discs with rather broad
diameters distribution (5-20 nm). As shown by HRTEM (Fig. 1.14, c, d) the heights of
such stripes consist of GaSe elementary sandwiches, packed along ¢ crystallographic axis.
It should be noted; that there is an essential broadening of lattice plane spacing in this
direction yielding 0.833 nm. Compared with the same value for bulk GaSe materials (0.796
nm for (0002) plane spacing), the c lattice parameter increased by about 4,4 %. The ele-
mentary tetralayers of GaSe structure along direction are somehow bent by mechanical
stresses, applied normally to that direction on the whole particles (Fig. 1.14 c, d), but we
did not observe any extended defects or elementary tetralayers fractures. The number of
such monolayers (ML) per particle could vary in the 1020 range (5-10 lattice parameters).
The smaller particles (1-2 ML) during interaction with electron beam collinear to edges in
plate-like particle geometry simply do not effectively scatter electrons to make them visible
by TEM, by were detected by optical measurements earlier [95] and as discs on Fig. 1.14,
a, e. They are the same particles but the top/bottom of them are oriented normally to the
electron beam. We can also observe lattice fringed on one well oriented with respect to ele-
ctron beam particle: this time the spacing yields 0.969 nm coinciding exactly with a triple
value of (10-10) lattice plane [96]. From TEM and HRTEM images we suggest that parti-
cles are a few ML thick to observe lattice spacing similar to mechanically exfoliated GaSe
flakes [91].

Gallium monoselenide crystal lattice consists of tetralayers —Se-Ga—Ga—Se—, boun-
ded by the week van der Waals forces. The distance between layers of Se-Se is approxi-
mately 3.25 A. It is possible to include polymeric chains of PAn between layers of Se-Se
(the width of an aniline molecule is about 2.5 A at the thickest point of the benzene ring).
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Figure 1.14 Representative (a, b) TEM and HRTEM (c, d, e) of boxed areas (in a, b) images
of exfoliated by PANI GaSe nanoparticles. In the (c, d) images the lattice planes could be attributed
to the (0001) direction along the crystallographic ¢ axis, while in the (e) image — to the (10-10)
direction along the crystallographic axis of hexagonal GaSe.

But polymerization obviously results in a much larger spatial hindrance of long PAn mole-
cules when forming crystalline composite structures based on hexagonal GaSe. This chan-
ges the diffraction pattern [96], which now does not accurately describe the prevailing
model of orientation, creating the additional diffraction reflections and clearly elucidated by
HRTEM. When powdering the single crystal plates this composite phase is apparently sa-
ved, but there is simply hexagonal GaSe, in contrary to the sample PAn-GaSe. As was men-
tioned earlier [95], powdered fractured GaSe samples exhibit numerous extended defects-
cleavage stairs on the surface. The aniline molecules diffuse into them during filling the
van der Waals gap of particles with the further formation of a few ML composites based on
PAnN-GaSe. The model of such interaction is presented in Fig. 1.15.

The edges of GaSe tetralayer sandwiches have high adsorption activity. The terminal
gallium atoms on the surface of the nanoparticles act as a strong Lewis acid. Amino groups,
on the other hand, are Lewis bases, leading to the adsorption of aniline on defects. Adsor-
bed aniline molecules diffuse into the van der Waals gap (vdW29) with linear dimensions
commensurate with the dimensions of the benzene ring. The polymerization of aniline leads
to the formation of free tetralayer GaSe plates wrapped by polyaniline chains, ensuring
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Figure 1.15 Schematic representation of the interaction of GaSe nanoparticles with
polyaniline [94]

good gallium passivation at the ends of the plates. In this way, graphene-like particles
stabilized by a polymer nanolayer are formed.

1.4 Conclusion

The methods of electrochemical and "in situ” polymerization are extremely promising
for the synthesis of hybrid nanostructures based on conductive polymers and dielectric
polymer matrices, as well as porous or layered semiconductor structures. Such materials are
characterized by increased optical, sensory, and electrochromic activity. The improvement
of the properties of the obtained nanomaterials is caused by the formation of conductive
polymer chains directly in the dielectric polymer matrix or in the pores of the
semiconductor. As a result, the characteristic nanometer dimensions of the hybrid structure
and the electronic properties of the conjugated polymer are preserved.
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