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The introduction of nanosized fillers into composites with conductive polymers allows them to control
physical and chemical characteristics of these polymers. Silica nanoparticles due to its remarkable
properties, which include large ratio of surface area to volume, excellent chemical stability, low cost of
synthesis, and low toxicity, especially convenient surface modification, have attracted much attention of
researchers. Such materials may be as excellent platforms for development of smart sensing systems for
numerous applications in analytical chemistry and bioanalysis, in medical diagnostics and therapy,
environmental and food analysis, security. It is known that the presence of nanosized silica in the structure
of hybrid polymeric composites can not only radically change the structure, but also lead to improved
mechanical characteristics, sorption capacity, increase or decrease in specific conductivity. In this work the
method of polymerization filling “in situ” was used for preparation of the hybrid composites of polyaniline
with nanoparticles of silica modified by titanium (TAC-7) and phosphorus (F-2.1) compounds, studied their
morphology, electrical and moisture absorption properties. Influence of the content of inorganic component
in composites on their specific conductivity, activation parameters of conductivity and their changes under
the action of moisture were studied. It is shown that the filler content of 1-4% increases the electrical
conductivity of composites and the incorporation of modified nanoparticles F-2.1 helps stabilize the
resistivity of nanocomposites at high humidity. The resistivity change less than 2% was observed throughout
the whole range of possible moisture, therefore the obtained modified material can be recommended for
using in the resistive sensors operating in the condition of high humidity. Moreover, F-2.1 enhances
sensitivity of polymer matrix to hydrogen chloride vapors. So, the possibility of using chemically deposited
thin films of polyaniline/modified silica nanocomposite for the optical gas sensors production for various
purposes, including monitoring the state of environments in real conditions of atmosphere, is shown.

Key words: polyaniline, silica, morphology, nanocomposite, resistivity, moisture absorption, sensory
properties.
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Besedenns HaHOpo3MIpHUX HANOBHIOBAUIE 00 CKAAOY KOMNO3UMIE HA OCHOBI NPOBIOHUX NONIMEPI8 0036015€ KOHMPOMO8amu Qizuxo-
XIMIUHI Xapakmepucmuku yux norimepis. Hanouacmunku kpemuesemy npugepmaroms 3Ha4Hy y6azy OOCHIOHUKIG 3A6805KU 4YOOSUM GIACHIU-
80CMISIM, WO BKIIOYAIOMb GelUKe CRIGBIOHOUEHHS NIOWI NOBEPXHI 00 06 €My, GIOMIHHY XIMIYHY CMAGLIbHICMb, MALYy 8ApMICHb CUHME3Y |
MOKCUYHICIb, 0COOIUBO 3PYUHY MOOuikayito nosepxti. Taxi mamepianu moxcyms 6ymu iOMIHHOI OCHOBOI OISl pO3POOKU [HMeAeKmya-
JILHUX cUCeM 30HOYB8AHHS OISl YUCTIEHHUX 3ACMOCY8AHb 8 AHANIMUYHIL XiMil ma bioananisi, y Meuunin diaeHocmuyi ma mepanii, ekono2iy-
HOMY ma Xap4oeomy ananizi, 6esneyi. Bioomo, wo nasgnicms HAHOPO3MIPHO2O KpemHe3eMy 8 CKAAOI iOPUOHUX NOTIMEPHUX KOMNO3UMIE
MoOdice He MINbKU PAOUKAIbHO 3MIHUMU IXHIO CMPYKmMYpYy, aie i NOMNuUmu MexaHiyHi Xapakmepucmuxu, copoyitiy EMHICMb, 3MIHUMU
NUMoOMy eneKmponpogioHicms. Y pobomi @uxopucmanuii Memoo ROTIMepu3ayitiHo20 HanoeHenHs “in Situ” O ompumanHsa 2iOpUOHUX
KOMRO3UNI@ NOMAHINIHY 3 HAHOYACMUHKAMU KpemHezemy, moougikosarnoeo cnonykamu mumany (TAE-7) i pocgpopy (P-2.1), eugueno ixuio
Mopgonoeito, enekmpuuni ma 6000NONUHAIOY GlACMUEOci. JJOCIIONCEHO BNAUE BMICIY HEOP2AHIYHO20 KOMHOHEHMA 68 KOMNO3UMAx Ha
NUMOMY eJleKmpOnposIOHICMb, AKMUBAYILIHI napamempu npogioHocmi ma ixui sminu nio diero sonoeu. Ilokaszano, wo emicm HanosHwVEa4a
1-4% 36invuye enekmponpogioHicms KOMRO3UMIE, A MAKONXC IHKOpNoOpayis MOOu@ikoganux Hamouacmurok P-2.1 cnpuse cmabinizayii
NUMOMO20 ONOPY HAHOKOMNO3UMIE NPU BUCOKIU 801020CMI. 3MIHU NUMOMO20 onopy MeHwe 2% cnocmepizanucs y 6cbomy 0iana3oHi Modic-
JUBOT 8071020CMI, MOMY OMPUMAHUL MOOUDIKOBAHUL Mamepian Modice OYymu peKoMeHO08aAHUIL OISt 3ACMOCYBAHHS 8 PE3UCMUBHUX CEHCOPaXx,
wo npayroms 6 ymosax eucokoi eonococmi. Kpim mozo, P-2.1 niosuwye yymaugicme nonimeproi mampuyi 0o napis xaoposoouio. Omoice,
NOKA3AHA MOXNCTUBICTG SUKOPUCMAHHA XIMIYHO OCAONCEHUX MOHKUX NIIBOK HAHOKOMNO3UMY NOMIAHINIH/MOOUiKoeanull KpemHesem Ons
BUPOOHUYMBA ONMUYHUX 2A308UX CEHCOPIB OISl PIZHUX YiNlell, 6KII0YAIOUU MOHIMOPUHE CIMAHY CePeO08UllY 8 PEATIbHUX YMOBAX AMMOCHepU.

Kntwouosi cnosa: nonianinin, kpemmesem, MOphono2is, HAHOKOMRO3UM, RUMOMULL ONIP, NOTUHAHHA B0102U, CEHCOPHI 81ACMUBOCTII.

Introduction Most of the known works in the field of obtaining
polymer/silica composites are devoted to the use of
Semiconductor polymers with a system of conjugated  pyrogenic aerosil - nanoparticles of silicon (IV) oxide as a
electronic bonds are promising materials for electronic  filler with an unmodified surface (Li et al., 2005; Liu,
technology, since they exhibit interesting optical 2008). At the same time, it has been shown that the use of
properties, the ability to convert light energy, have SiO, nanoparticles modified with metal oxides in hybrid
sensitivity to chemical and physical influences (Tsizh et  polymer composites can not only change their structure
al., 2016; Naveen et al., 2017; Pavase et al, 2018; but also improve the mechanical properties (Starokadom-
Cichosz et al., 2018; Liu et al., 2019). skyi et al., 2011). On the other hand, SiO, and its
One of the most important properties of these modifications absorb water very actively, due to the
materials is their ability to change the resistivity in a wide  hydrophilic surface functional groups, such as Si-OH (Li
range of values — from insulators to metals. Such changes et al., 2005; Filonenko et al., 2010). Probably the presence
can be controlled using methods of chemical or of fillers in the composite structure can lead to
electrochemical doping (Awuzie, 2017; Lu et al., 2018).  stabilization of electrical conductivity as a result of
Polyaniline (PAn) is known as one of the most important  binding excess moisture, that eliminate participating of
in the technological layout of conductive polymers, due to  the water molecules in the processes of protonation of
its high electrical conductivity, ease of obtaining, emeraldine chloride, respectively, changes of the
atmospheric stability and relatively low cost (Ciri¢- electrical conductivity.
Marjanovi¢, 2013). This polymer is of great interest The choice of gases for studying the sensory
because of the possibility of its application in various hi-  properties of hybrid structures is caused by the
tech aspects, for example, in electrochemical displays, importance of their control in the atmosphere of
sensors, catalysts, capacitors, electromagnetic screens, residential, office and industrial premises, for the control
and also in accumulators (Fratoddi et al., 2015; Wang et of food quality (Li et al., 2005; Filonenko et al., 2010;
al., 2016; Eftekhari et al., 2017; Tanguy et al., 2018; Liao  Tsizh et al., 2016; Li et al., 2017). It is known that HCI is
et al., 2019). the most commonly used acid in the chemical industry
The introduction of nanosized fillers into composites  (Misra et al., 2004; Wang et al., 2018). In technological
with conductive polymers allows them to control the processes the probability of release of hydrogen chloride
electrical properties of these polymers, their sensitivity — a dangerous air pollutant remains. Due to the toxic
and other physical and chemical characteristics (Seo et al.,  properties of HCI in both gaseous and water forms, there
2017; Konopelnyk et al., 2017; Chethan et al., 2019). 1is a great need to detect and establish the concentration of
With the rapid development of nanotechnology, the silica  these particles. However, currently available HCI
nanoparticles have attracted much attention of researchers  detection methods are long-lasting, complex and
as excellent platforms for development of smart sensing  expensive. Also, standard sensors, available in the market,
systems for numerous applications in analytical chemistry  operate at high temperatures (Aksimentyeva et al., 2015).
and bioanalysis, in medical diagnostics and therapy, Polymer semiconductor -electronic sensors offer an
environmental and food analysis, security (Wang et al., attractive alternative due to its potentially low cost,
2008; Ma et al., 2015; Bapat et al., 2016). Silica simple packaging, versatility and compatibility with
nanoparticles process a unique set of remarkable flexible substrates.
properties, which include large ratio of surface area to So, in this work, the influence of the content of
volume, excellent chemical stability, low cost of inorganic component in composites on their specific
synthesis, and low toxicity, especially convenient surface  conductivity, activation parameters of conductivity and
modification (Filonenko et al., 2010; Liberman et al., their changes under the action of moisture were studied.
2014; Murugadoss et al., 2017). Silica nanoparticles were tested as possible modifier of
polymer matrices used in resistive and optical gas sensors
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in real conditions of operation, that is, in an atmosphere
with natural humidity.

Materials and research methods

Hybrid composites of PAn modified with silica nano-
particles were obtained by the method of polymerization
filling (Aksimentyeva et al., 2015). Nanoparticles SiO,
(AE, specific surface area 256 m?/g) and its modifications
— with titanium (IV) oxide (TAE-7, specific surface area
90 m*/g) and phosphorus (IIT) chloride (grade P-2.1, spe-
cific surface area 124 m?/g), developed at the Chuiko
Institute of Surface Chemistry National Academy of Sci-
ences of Ukraine, were used as fillers of the composites.
The technology of their production and properties are
described in (Zarko et al., 1983; Bogatyrev & Chuiko,
1984).

Before the synthesis of the composites, SiO, powder
in an amount of 1.4 g was added to 60 mL of 1 M HCl
solution and sonicated for 8 h. The resulting colloidal
dispersion of silica was added in different proportions into
the reaction solution containing aniline (Sigma Aldrich).
To the resulting mixture equimolar amount of ammonium
persulfate was added dropwise over 4 h with continuous
stirring. Cooling the mixture during synthesis to a
temperature 7 = -5 °C was performed in cryostat by liquid
nitrogen. PAn without fillers was obtained by oxidative
polymerization of aniline in the presence of ammonium
persulfate in aqueous solution of hydrochloric acid
according to the method described in (Aksimentyeva et
al., 2015). The obtained precipitate was filtered,
repeatedly washed with distilled water on to completely
remove residual electrolyte and dried in a dynamic
vacuum at 7= 353 K for 8 h.

Optical microscopy of the samples was performed on
microscope “Micromed”, to obtain images a digital
camera “Nicon-2500” was used. The molecular structure
of composites was confirmed by FTIR-spectroscopy with
spectrometer “Avatar” for samples pressed into KBr
pellets. The cathode-luminescence was excited by the
pulsed flux of electrons with energy up to £, = 9 keV.
The frequency of pulses f = 50 Hz, duration Tiy, =3

microseconds. The current density in the electron beam
reached ;j=1500 A/m>. CL measurements were
performed at temperature 78 K. Electrical conductivity of
polymer composites was studied in pressed samples by
standard 2-contact method at 7' = 293 K, the temperature
dependence of the resistance according to
(Aksimentyeva et al., 2002) in the range 7= 293-373 K.

To study the regularities of moisture absorption of
samples, it were kept in a sealed chamber with controlled
humidity, which was created as the vapor pressure of
sulfuric acid solutions of different concentrations (Lurie,
1971). Number of absorbed moisture was determined by
gravimetric method. For this purpose weighing of samples
were carried before placement in a moist chamber and
during exposure at regular intervals. The relative moisture
absorption was determined as the ratio of the mass
difference to the initial weight of sample.

In order to investigate the sensory properties, thin film
elements where obtained by chemical deposition of
sensitive layer of PAn and PAn/P-2.1 composite on the
optical transparent carrier during the polymerization
process according to the method described above. The
purified and skimmed glass plate, covered with
semiconductor layer SnO,, the size of 10x30x0.5 mm,
was kept in the reaction mixture for 10 minutes. After that
the resulting polymer films were washed with distilled
water and dried in air at room temperature. Obtained
samples were kept for a fixed time (0.5-3 min) in a
germetic glass chamber with HCI vapor.

Results and Discussion

Formation of hybrid composites of polyaniline with
silica was performed using one of the nano-chemical
approaches — namely, polymerization filling “in situ”,
which involves the formation of composite by oxidative
polymerization in the presence of nanosize filler in reac-
tion mixture. Ultrasonic processing of silica allowed ob-
taining a fine dispersion of nanoparticles, during the dep-
osition of which on a solid surface there is formed uni-
form, dense coating (fig. 1. a, ¢).
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c

The obtained photographs show that the morphology
of TAE-7 surface has a distinct texture (fig. 1. @), while in
the case of P-2.1 particles preferably have a spherical
shape (fig. 1. ¢). In result of polymerization filling there
are formed composite with mainly globular structure,
silica particles were surrounded by polymer shell of PAn
(fig. 1. b, d). Bright green color of obtained composites
indicates that the polymer is in the form of acid-doped
PAn — emeraldine salt of hydrochloric acid.

According FTIR-spectroscopy, the presence of ab-
sorption bands at 3400, 3030, 1600, 1480, 1250, 824,
744 cm™ was established, typical to emeraldine salt
(fig. 2). Characteristic peaks at 1460 and 1600 cm™ can be
attributed to linear oscillation of C=C bonds of benzo-
quinoid and quinoid rings respectively. The peak at
1250 cm™ corresponds to a linear oscillation of C-N
bonds of secondary aromatic amines. The bands at 3425
and 3230 cm™ correspond to N-H and O-H. The peak at
1100 cm™ is typical for vibrations of Si-O in silica nanopar-
ticles, which are in a good agreement with literature data
(Li et al., 2005).

The incorporation of silica nanoparticles into the PAn
matrix and differences in the structure of TAE-7 and P-
2.1 also proves by cathodoluminescence (fig. 3). For the

08

Si02(2.1)(RT)

0,6

04

0,2

0,0
1 1 1 1 1 1 1 1 1 1 J

250 300 350 400 450 500 550 600 650 700 750 800
Wavelenth (nm)

a

d
Fig. 1. Microphotos of colloidal dispersion surface of silica TAE-7 (a) and P-2.1 (c); surface of PAn/TAE-7 (b) and
PAn/P-2.1 (d). The content of silica is 4 % (by weight). Increasing X600

investigated silica, a broad band of emission in the visible
region of the spectrum in the range A = 450-650 nm is
characteristic. For P-2.1, emission bands are observed at
A =575 and 630 nm, while TAE-7 emits almost 6—7 times
more intense with one symmetric maximum at A =
510 nm. The incorporation of the silica into the PAn
matrix results in the complete suppression of the
luminescence of the samples.
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Fig. 2. FTIR spectrum of the PAn/AE hybrid composite
(4 wt. %)
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Fig. 3. Cadodoluminescence spectra of modified silica TAE-7 (a), P-2.1 (b) at room temperature
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It is known that the presence of nanosized silica in the
structure of hybrid polymeric composites can not only
radically change the structure, but also lead to improved
mechanical characteristics, sorption capacity, increase or
decrease in specific conductivity (Li et al., 2005; Pacher
et al., 2010).

To study the effect of the filler on the electrical
properties of composites there were synthesized samples
with different content of colloidal silica. Measurements of
resistance of obtained composites at room temperature
showed that the content of AE within 0,8-2.4 wt. %
decreases the resistance of the composite compared with
polymer without filler, and in the case of the content of
AE within 3,24 wt. % a slight growth of the resistance
was observed. At concentrations of filler more than 4 % a
sharp increase in resistance was taken place (table 1). In
the case of using modified silica as nanosized fillers there
are similar concentration dependence. However, reducing
the resistivity of composites is carried more noticeable
and in the case of the filler content of 4% resistance falls
almost 3.5 times for composite with TAE-7 and 10 times
for the composite of P-2.1.

0,0

-0,1

-0,2 4

In(RIR)

0,34
2

-4 1

-0.,5

T L] T
0,0028 0,0030 04,0032 0,0034

a

Table 1
The influence of the filler on the electrical properties of
Pan/silica composites

Filler content,  Resistivity of composite, 7= 293 K, Om*m

wt. % PAn/AE  PAn/TAE-7 PAn/P-2.1
0 107 +2
0.8 59 40 14
24 25 17 2
3.2 36 23 6
4 42 30 10
6 512 483 356
10 1.5%10° 9.8%10° 1.1*¥10°

The fact of increasing the conductivity of PAN, doped
HCI, at the presence of silica may be caused by the
formation of nanostructured conductive network in
conjugated polymers, due process of structuring of silica
colloidal dispersion to form a three-dimensional spatial
grid (Goncharuk et al., 2010).

The resulting hybrid composites behave like typical
semiconductors — namely, with increasing temperature,
their resistance decreases (fig. 4).

0,04
0,2
0,4

-0,6 4

In (RIR,)

0,8

T
3,0
1000/T, K™

b

2,6 2,8 3,2 34

Fig. 4. (a) The dependencies of the logarithm of the normalized resistance on the inverse temperature of PAn (/),
PAn/TAE-7 (2), PAn/P-2.1 (3). The content of filler is 4 wt. %; (b) Temperature dependence of conductivity
of PAn/F-2.1 at different humidity: 75 (1), 56 (2), 35 (3), 17 (4), 0 () %

Presenting this data in coordinates of activation
equation p = p, exp (E,/2kT) as the dependence of
logarithm of the resistivity on the inverse temperature
(1/T) allows to calculate the value of activation energy of
charge transfer (£,). Due to the calculations, the value of
E, in composites varies in a small extent compared with
the PAn. So, the £, for PAn sample is 0.127 £+ 0.005 eV,
while for PAn/AE — 0.124 + 0.005 eV, for PAn/TAE-7 —
0.132 + 0.005 eV and for PAn/P-2.1 — 0.107 + 0.003 eV
at 2,4% loading.

In order to study the effect of silica on charge
transport processes in hybrid composites of polyaniline
under the influence of moisture, the resistivity of
composites and temperature dependence of the resistivity
after keeping of samples in cells with different humidity

were measured. The general laws of water absorption for
all samples exhibit similar features. If environmental
humidity is near atmospheric (y =56%), mass of the
samples almost unchanged (fig. 5). At lower values of w
decrease the mass of the samples is observed, while at
higher values — significant increment. Depending on the
content of samples the intensity of moisture sorption-
desorption processes varies. In the case of standing in dry
atmosphere (v = 2%) the weight decrease of samples
were observed due to desorption of water. Samples
modified with silica show elevated moisture content (16—
21%) compared to the unmodified PAn (14%). At high
humidity a polymer matrix possesses the greatest ability
for water absorption (to 186%) and the samples of Pan/P-
2.1 —the least (73%).
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Fig. 5. Relative water absorption of samples PAn (a), PAn/P-2.1 (b), PAn/TAE-7 (¢) at different humidity: 100 (/), 75
(2),56(3), 35 (4), 17 (5), 2 (6) %

Table 2

Parameters of conductivity of polyaniline-silica compo-
site (4 wt. %) under the 96-hour endurance of samples in

the atmosphere with different relative humidity ¥, %

Resistivity, py93, Om*m (The activation

Hu;} 1$1ty, energy of conductivity, E,, ¢V)
’“ PAn PANTAE-7  PAn/F2.1
270 88 9,6
100 0.21) (0.14) (0.11)
75 18 73 9.8
(0.11) (0.17) (0.18)
56 5 1.6 9.6
(0.15) (0.12) (0.12)
35 7.6 1.4 9.7
(0.10) 0.11) (0.14)
17 5,5 1.2 9.2
(0.12) (0.13) (0.14)
2 7.8 13 9.8
(0.12) (0.10) (0.10)
Measurement of conductivity and temperature

dependencies of the resistance of composites kept in
environments with varying humidity were performed in
the range 293-373 K for both samples of the polymer
matrix PAn and its composites with silica. As can be seen
from table 2, the presence of silica particles leads to a
stable value of the resistivity of composites in
environments with high humidity versus PAn. The most

significant increase of moisture stability of samples is
observed in the case of using P-2.1. Throughout the
possible range of humidity (2-100%) values of resistivity
of samples stored at 9.6 + 0.2 Ohm*m, its change does
not exceed £ 2%, which allow to recommend obtained
modified material for use in resistive sensors.

To study the sensory properties of the PAn/P-2.1
hybrid structures, thin-film elements were prepared by
chemical precipitation of a sensitive PAn and PAn/P-2.1
layer on an optically transparent substrate (with a SnO,
layer). Comparison of optical spectra of constructed
structures is shown in fig. 6.
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Fig. 6. Optical absorption spectra of PAn (/) and
PAn/P-2.1 (2) films
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For samples of polymer, an intensive absorption band
with a maximum at A = 760-770 nm is observed, that is
characteristic of acid-doped polyaniline (Tsizh et al.,
2016). The absorption spectrum of the modified sample
differs considerably, namely, the width of the band
increases significantly, and the position of the absorption
maximum moves toward the smaller wavelengths,
A =680 nm. This spectrum is typical for PAn, which has
a large number of reduced amino-quinoid fragments, and
the band itself is a superposition of optical absorption of
PAn with varying degrees of oxidation-reduction (Tsizh
etal., 2016).

It has been established that the influence of HCI
vapours on the optical spectrum of unmodified PAn is
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insignificant (fig. 7, a), since the polymer is in the form of
emeraldinium chloride with an equilibrium degree of
doping and all available for interactions with hydrogen
chloride amino groups are busy. A completely different
behavior is observed for PAn/P-2.1 films (fig. 7, b). As
the sample exposure time increases in the atmosphere of
the gaseous HCI, the shift of the absorption maximum
toward the larger wavelengths, A1 = 120 nm, and the
intensity increasing of this maximum AD = 0.081 (11.7%)
are observed. In addition, significant changes can be
traced after 30 s of HCI vapor influence.
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Fig. 7. Optical absorption spectra of / — PAn (a), PAn/P-2.1 (b) films under HCI vapor influence during 2 — 30, 3 — 180 s

Possible cause of PAn/P-2.1 high sensitivity may be
several factors. One of them consist in increasing of the
contact area of the sensing medium with the analyte, and,
accordingly, to adsorb ability, due to the inclusion of
nanodispersed particles in the polymer matrix. The second
one consist in the properties of surface of the modifier,
namely, P-2.1. It should be expected existence of the
centers with basic properties on the silica surface, such as
hydroxyl and amino groups, as well as phosphine
residues. The ability of surface functional groups to form
chemical bonds with the HCl molecules, in particular
saline forms, causes a change in the optical absorption of
PAn/P-2.1 samples.

Conclusions

It is shown that the silica content of 1-4% causes an
increasing of composite conductivity, more over the
introduction of silica contributes to the stabilization of the
polyaniline resistance at high humidity (y>70%).

The presence of silica particles leads to a significant
increase of moisture stability of the samples, the most
significant was observed when using silica brand F-2.1.
The resistivity change less than 2% was observed
throughout the whole range of possible moisture,

therefore the obtained modified material can be
recommended for using in the resistive sensors operating
in the condition of high humidity.

So, in this work, the influence of the content of
inorganic component in composites on their specific
conductivity, activation parameters of conductivity and
their changes under the action of moisture were studied.
It has been established that introduction of modified silica
nanoparticles F-2.1 into the polyaniline matrix caused
enhanced sensitivity of composites to HCl vapors. This
effect can be used for development of gas sensors.

Prospects for further research

Based on the obtained data, the possibility of using
chemically deposited thin films of polyaniline/modified
silica nanocomposite for the gas sensors production for
various purposes, including controlling the food freshness
and monitoring the state of environments in real condi-
tions of atmosphere, is shown. The next stage of research
will be improving of sensory properties by optimization
of synthesis conditions of hybrid composites, as well as
studying their sensory sensitivity to other gases (hydrogen
sulfide, nitrogen oxides etc.).
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