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Background. For today there is high need of cheap portable gas sensors for operational monitoring of the environment and the
atmosphere in different areas of life and industry. Recently, hybrid nanosystems based on conductive polymers reinforced with
semiconductor nanoparticles of different nature are in the focus of increased attention as materials for sensor elements.
Objective. Creating sensitive elements based on composite films of poly-3,4-ethylenedioxythiophene combined with
nanocrystals of porous silicon and zinc oxide and studying the electrical response to the absorption of gas molecules.

Methods. The structure of ZnO nanoparticles and porous silicon powder was examined with X-ray diffraction. Organic-
inorganic hybrid films were characterized by scanning electron microscopy and Fourier transform infrared spectroscopy. To
evaluate the sensor properties, electrical response of obtained composite films due to adsorption of ammonia and ethanol
molecules were studied.

Results. Our studies suggest some interaction between organic and inorganic components in the formed hybrid monolithic
film. Increasing of nanocomposite electrical resistance due to adsorption of ammonia and ethanol molecules was registered. It
was established that the maximum sensitivity of the hybrid films is observed at low concentration ranges. The kinetics of the
response of the hybrid composites to the changing concentration of gas molecules is fast enough to be employed in various
microelectronic chemical sensors.

Conclusions. The combination of the porous silicon and zinc oxide nanoparticles provides an increasing of surface area of the
sensors based on organic-inorganic composites and their high sensitivity and selectivity to ethanol and ammonia molecules.
Keywords: sensor; nanocomposite; conducting polymer; porous silicon; zinc oxide.

dioxythiophene) abbreviated hereafter as PEDOT
owing to its remarkable optical and electrical

Introduction

For today there is high need of cheap portable
sensors for operational observation of environmental
and industrial processes, for monitoring of gaseous
media in food industry, especially, control of food
freshness in the process of the storage and other
purposes. Creation of chemical sensors is an important
to monitor the environment, the atmosphere of
residential and office spaces, quality of drinks and
medicines in the different areas of life and industry
[1,2]. It is necessary to note the prospects of using thin-
film sensors based on organic compounds among all the
existing sensor materials and devices. Novel organic
materials for gas sensing devices and molecular
electronics have been developed on the basis of
conducting polymers [3-5]. Recently, hybrid nano-
systems on the base of conductive polymers reinforced
with inorganic nanoparticles of different nature are in
the focus of increased attention as materials for sensor
elements [6-8]. Film sensors based on the organic-
inorganic nanocomposites do not require high operating
temperatures, are simple in design and can be
manufactured by low-cost methods.

Particularly interesting example of a conducting
polymer with conjugated backbone and controlled
electron characteristics is poly(3.,4-ethylene-

properties. Due to doping-dedoping processes, the
electronic properties (e.g., the bandgap) of the
conjugated polymers can be varied substantially [9—11].
In addition, it has been shown that adsorption of gas
molecules such as CO [12] and NH; [8], as well as
vapors of organic solvents [13] or water molecules [7],
can strongly affect physical and chemical characteristics
of PEDOT and the relevant composites.

Incorporation of low-dimensional components such
as carbon, silica and ZnO nanoparticles gives a

possibility to use redox-activity of conjugated
polymers, size effects and large area surface of
nanostructures.

A special place among the nanosized

semiconductors belong to zinc oxide due to several
favorable properties, including good transparency, high
electron mobility, and strong room-temperature
luminescence [14,15]. At the same time, one of the
most important and useful application of ZnO and its
nanocomposites is the manufacturing of the
semiconductor sensor elements sensitive to gases both
organic and inorganic nature including ethanol [16],
ammonia [17] and hydrogen [18].
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Also one can use silicon nanoparticles, which have
high abilities to adsorption of gas molecules, for
enhancing the performance of sensors [6]. Silicon
nanoclusters can be prepared using a straightforward
procedure of electrochemical etching of single-
crystalline silicon, with further formation of a layer of
“porous silicon” (PS) [19-21]. The developed surface
and high surface sensitivity of PS make this material
extremely perspective exactly in the field of sensor
electronics [22,23].

As follows, nanostructures of PS and ZnO exhibit a
significant dependence of the electrical and luminescent
properties on the adsorption of molecules of different
gases or vapors of organic substances and cause
considerable interest as sensitive elements of chemical
and biological sensor devices. Therefore, present work
focuses on the creating of sensor element based on the
PEDOT film doped by semiconductor nanoparticles and
studying the electrical response to the absorption of
ammonia and ethanol molecules.

Experiment

To obtain hybrid films was used 1.3% aqueous
dispersion of polymeric complex of PEDOT doped by
poly(styrenesulfonate) (PSS). A polymeric anion PSS
acts simultaneously as an acid dopant and an anionic
surfactant which stabilizes dispersion of the polymer
[11,13]. The chemical formula of PEDOT:PSS is shown
in Fig. 1. The other components of hybrid composite
were ZnO and PS nanoparticles. The aqueous polymer
suspension PEDOT:PSS and ZnO nanocrystals were
purchased from Sigma-Aldrich Co, USA.
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Fig. 1. The chemical formula of PEDOT:PSS

The PS layers were prepared by means of photo-
electrochemical etching performed in galvanostatic
mode on single-crystalline silicon substrates n-type
conductivity with the specific resistance of 4.5
Ohm-cm. Ethanol solution of hydrofluoric acid (the
volume ratio of the components HF:C,HsOH = 1:1) was
used as an electrolyte.

The anodic current density was equal to 30 mA/cm®
and the etching time was 20 min. To ensure availability

of holes in the surface layer of n-Si, which were
necessary for formation of the PS layer, the working
surface of a silicon plate was irradiated with white light
during the whole process of electrochemical etching
[19]. After cleaning of samples with distilled water, a
resulting porous layer had been taken off from the
surface of the plate. It had the shape of a finely-
dispersed powder. The silicon particle sizes were
ranged from a few tens of nanometers to several
microns.

The structure of ZnO nanoparticles and PS powder
was examined with X-ray diffraction (XRD). Data were
collected on automatic diffractometer STOE STADI P
(transmission mode, 20/w-scan, Cu Ko, radiation). A
preliminary data processing, X-ray profile and phase
analyses were performed using the STOE WinXPOW
(version 2.21) program package and by the method
described in [24]. Experimentally obtained powder
diffraction pattern is presented in Fig. 2.
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Fig. 2. X-ray diffractogram of ZnO nanocrystals and PS
powder

The XRD pattern of ZnO shows a hexagonal
wurtzite structure. Parameters of ZnO elementary cell
are a =b=3.2471 A, ¢ =5.2019 A, which is in a good
agreement with literature [14]. An average apparent size
of crystallites (size of nanoparticles) D = 52.7 nm. PS
powder characterized space group Fd3m. The lattice
constant and average size of coherent scattering
domains are ¢ = 54308 A and D = 183.4 nm,
respectively.

The obtained PS powder was mixed with
nanoparticles of ZnO and the PEDOT:PSS solution and
subjected to ultrasonic processing for 8 hours. After
this, suspension was applied to a glass substrate and
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dried at room temperature for 72 hours. Eventually, the
monolithic film of PEDOT:PSS-PS-ZnO hybrid
composite with PS and ZnO nanoparticles at volume
ratio of 1:1 was obtained. The thickness of the film was
near 20 pm.

PEDOT:PSS—PS—ZnO  hybrid  films  were
characterized by scanning electron microscopy (SEM)
REMMA-102-02 (“Selmi”, Ukraine) and Fourier
transform  infrared (FTIR) spectroscopy. The
transmittance spectra were measured with an “Avatar”
spectrometer in the wave number region of 400-
4000 cm™'. To obtain the IR spectra of the hybrid films,
the composite PEDOT:PSS—PS—ZnO was deposited on
a silicon wafer with the thickness of 400 um, using the
method described above. The absorption bands of the
silicon substrate were easily identified (see [25]).

In order to study sensor properties of the
PEDOT:PSS-PS-ZnO  hybrid composite, silver
contacts were thermally deposited onto the films
surface. The thickness of contacts was about 0.5 pm.
The distance between contacts was about 4 mm. The
scheme of experimental samples is presented in Fig. 3.

Ag contacts
PEDOT:PSS-PS-ZnO

glass

Fig. 3. The scheme of experimental sensor element

The adsorption processes in sensor element based on
the PEDOT:PSS-PS—ZnO hybrid films were studied in
an airtight chamber, where gas medium can be changed.
The electrical resistance of our composite films was
measured in the DC regime.

Results and Discussion

Analysis of the hybrid film surface was carried out
using SEM methods in modes of secondary electrons
and energy-dispersive X-ray spectroscopy (EDS). As
one can see from Fig. 4, the PEDOT:PSS-PS-ZnO
composite formed a monolithic polymer film. Study of
the surfaces exhibit a considerable variation in
dispersity of PS powder, mixed with nanoparticles of
Zn0O. A mixture of semiconductor nanoparticles was
integrated into the polymer films. Developed surface of
the PEDOT-PS-ZnO films extends the prospect of
application of the organic-inorganic composite for gas
sensing. Increasing of the working surface of the touch
element enhances its sensitivity.

Fig. 4. SEM images and EDS of the surfaces of
PEDOT:PSS-PS—-ZnO film

Determination of the chemical composition of
hybrid films was done based on the interpretation of
energy spectra in X-ray microanalysis mode. Along
with the intensive maximum at 1.74 keV, which is
characteristic for silicon, peaks at 1.05 and 8.65 keV
corresponding to zinc atoms were observed (see Fig. 4).
The X-ray microanalysis of the hybrid film structures
found the traces of carbon, oxygen and sulfur, which
are components of the PEDOT:PSS polymer.

To identify the components of the PEDOT:PSS-PS—
ZnO hybrid films, FTIR spectra have been measured
(Fig. 5). Most intense are IR bands in the 620-660 cm™
range corresponding to bending Si—H, mode and the
absorption band located at 1100 cm™ that can be related
to valence Si—O-Si vibrations of the silicon substrate
and PS nanoparticles [25,26]. The band at 460 cm™ is
usually ascribed to deformation vibrations of Si-O
group [25]. In general, the bands are observed due to
oxidation of the silicon surface and adsorption of the
water molecules from the atmosphere.

The absorption bands observed in the FTIR spectra
of the PEDOT:PSS-PS-ZnO composite, which are
located in the regions 1080—1310 and 1500—1550 cm ',
are characteristic for C-O, Si—O—-C complexes and
C=C, C-C vibrations of thiophene rings [11, 27]. The
absorption band at 700 cm ' can be ascribed to valence
vibrations C-S [7].

Besides, the IR spectra of the hybrid composite
include the absorption band with the maximum located
at 860 cm ' and the peaks in the regions of 950
1000 cm™ (see Fig. 5). These bands are characteristic
for hydrogen containing molecular complexes: O—SiH,
(x=1,2) and C-H, respectively [7,11]. The band at
around 2300 cm’ usually corresponds to stretching
complexes which include hydrogen, particularly, Os—
Si—H. In investigated spectral range, we did not observe
absorption bands associated with molecular complexes
which include zinc.
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Fig. 5. FTIR spectra of hybrid PEDOT:PSS—PS—ZnO film
on the silicon substrate

In the range 3400-4000 cm ', we have observed the
low intensity absorption bands induced by the hydroxyl
groups from Si—-OH and by the adsorbed water
molecules. It is worthwhile that the hydrophilic
properties of the hybrid composites PEDOT:PSS—PS—
ZnO expand their prospects as working elements for the
sensors of humidity and other chemical compounds
which contain hydrogen.

We have found experimentally that the electrical
characteristics of the PEDOT:PSS-PS-ZnO films are
strongly dependent on the surrounding atmosphere. In
particular, increasing concentration of ammonia or
ethanol molecules results in significant increase of the
electrical resistance of our sensor elements (Fig. 6). The
hybrid film had almost linear dependence of electrical
resistance on the concentration of NH; molecules in the
range of 1-10%, which is a significant advantage in
developing of gas sensors. In the case of adsorption of
C,HsOH molecules sublinear dependence of the
PEDOT:PSS-PS-ZnO  film resistance on the
concentration was observed.

70+

60 2

50 S g

40+ =
I
30 /_,‘
./

20 +——7——7—"r—T"T—T—T—T—T

Resistance, MQ
Y
N
N
e

—m— 1 response to ammonia
—e— 2 response to ethanol

Concentration, %

Fig. 6. Resistance of PEDOT:PSS-PS-ZnO film as
functions of the ammonia (1) and ethanol (2) concentration

The character of obtained dependences caused by
the interaction between polar molecules of analyzed
gases and the surface of the PEDOT:PSS-PS-ZnO
composite. In the case of the composite the both
adsorption-induced ~ changes in  semiconductor
nanoparticles and polymer should be considered. Redox
processes in conjugated polymers which are caused by
adsorbed molecules act as an additional doping of
PEDOT: PSS.

Beside this, due to adsorption-electrical effects the
electronic parameters of semiconductor nanocrystals are
changed [23]. The changes occur in the polymer as well
as in PS and ZnO nanoparticles contributing
simultaneously to the total electrical response of hybrid
PEDOT:PSS—PS—ZnO film.

An important factor of studying the mechanisms of
variation of the physical parameters of sensor materials
under adsorption—desorption interactions with gaseous
media is determination of the sensing ability of the
material. To estimate the sensing (i.e., gas-sensitive)
properties of the hybrid composite PEDOT:PSS—PS—
Zn0O films, we have calculated their ‘sensing ability’
using the known relation [28]

_1AR
T Rac

(1)

where AR/R denotes the relative change in the electrical
resistance of the hybrid film and Ac is the change in the
concentration of gas molecules. The calculated
dependences of sensitivity for the film sensor element
on the ammonia and ethanol molecules are shown in
Fig. 7.
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Fig. 7. Sensing abilities of resistive sensor based on the
PEDOT:PSS—PS-ZnO film as functions of the ammonia (1)
and ethanol (2) concentration

Based on the calculated concentration dependence of
sensitivity there was found that the film sensor has a
maximum adsorption sensitivity in the range of gas
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concentration 0.5-2.5%. In the case of the small
concentrations of analyzed gases the sensitivity of the
sensor is higher to molecules of ethanol and at higher
concentrations — to ammonia molecules.

Considering the high sensitivity of PS to ammonia
[22] and ZnO nanostructures to ethanol [16], the use of
composite materials with semiconductor nanoparticles
provides not only an increase in surface area of sensor
elements, but also high sensitivity and selectivity to the
analyzed gases. To manage functional parameters of the
film sensors, the ratio between the content of ZnO and
PS nanocrystals in the hybrid composite can be
changed.

The dynamic dependences of response for the sensor
elements based on the PEDOT:PSS-PS-ZnO film are
shown in Fig. 8. The interaction with the gas molecules
has a character of physical adsorption. It represents an
inverse process with low activation threshold. This
hypothesis is substantiated by the fact that the initial
conductivity of the hybrid films is restored after
scavenging and pumping off the analyzed gases from
the experimental chamber.
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Fig. 8. Electrical resistance response of the sensor based
on PEDOT:PSS-PS—ZnO film to the pulse of ammonia (1)
and ethanol (2) concentration

The time of response of the sensory elements to
changing gas concentration is about 60 s. Compared to
the moisture-sensitive structures PS—silicon substrate
[29], the response of our hybrid film sensors is much
more (2-3 times) faster.

Conclusions

By very inexpensive and convenient technology we
have created flexible sensitive elements based on the
PEDOT:PSS-PS—ZnO composite films. Based on the
analysis of SEM images of the surface of the hybrid
composite was revealed a variation in dispersity of PS
and ZnO powder, integrated into the polymer film. We

assume some interaction between the conjugated
polymer and semiconductor nanoparticles based on the
characterization of PEDOT: PSS—PS—ZnO hybrid films
by SEM and FTIR spectroscopy.

The combination of the porous silicon and zinc
oxide nanoparticles provides an increasing of surface
area of the sensors and their high sensitivity and
selectivity to ethanol and ammonia molecules. It was
shown that the adsorption of analyzed gases increases
the electrical resistance of PEDOT:PSS—PS—ZnO films.
Based on experimental data a dependence of adsorption
sensitivity of the sensor elements on the concentration
of ammonia and ethanol was calculated. It was
established that the maximum sensitivity of the hybrid
films is observed at low concentration ranges.

The kinetics of the response of the hybrid
composites PEDOT:PSS-PS—ZnO to the changing gas
concentration is fast enough to be employed in various
microelectronic chemical sensors. Finally, the results
obtained in the present investigation would allow
creation of effective gas analyzers.
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Onenuu I.B., Llixc b.P., Axcimenmoeea O.1., I'opoenko 10.10.

I'a304yT/IMBi eleMEHTH HA OCHOBi OPraHO-HEOPraHiYHUX HAHOKOMIIO3HUTIB

IIpobaemaTuka. Ha cporonmimmHiii AeHb icHye BucOKa HOTpeOa B [CMIEBUX MOPTATUBHUX TA30BHX CEHCOpaX [UIf
OMEPaTUBHOTO MOHITOPUHTY HABKOJHMIIHBOTO CEPEIOBHINA Ta aTMOC(EpH KUTIOBUX MPUMIILCHB, & TAKOX, Y PI3HUX Taly3sx
npoMucioBocTi. OcTaHHIM YacoM TiOpHIHI HAHOCHCTEMH Ha OCHOBI MPOBIIHNX MOJNIMEPIB, TETOBAHNX HAIiBIIPOBIAHUKOBAMH
HaHOYACTUHKAMH Pi3HOT IPUPOIH 3HAXOAATHCS B LIEHTPI MiIBUILIEHOT yBATH SIK MaTepiay Ul CCHCOPHUX EJIEMEHTIB.

Meta nocaimkenb. CTBOPEHHSI CCHCOPHMX €JEMEHTIB HAa OCHOBI KOMIIO3UTHHX IUTIBOK IOJI-3,4-€THIICHIIOKCITIOpEHY B
TNOEAHAHHI 3 HAHOKPHCTaJaM{ IOPYBATOrO KPEMHII0 Ta OKCHIY LMHKY 1 BMBUYEHHS BIATYKY iX €JNEKTPUYHOIO OMNOpPY Ha
aJICOPOIIII0 MOJIEKYII Ta3iB Pi3HOT MPUPOJIH.

Metoauka peadizanii. Ctpykrypa HaHO49acTHHOK ZnO Ta TOPONIKY TOPYBATOTO KPEMHiI0 Oyla IOCTiIKEHA METOI0M
PEeHTreHiBChKOT Andpakiii. XapakTepUCTHKH OpPraHO-HEOPTaHIYHNX KOMIO3UTHHX IUTIBOK OyNIM BH3HAYEHI 3a JOMOMOTOIO
ckaHyrouoi enektpoHHoi mikpockomii Ta [4 ®yp'e-cnekrpockonii. s OLIHKM CEHCOPHUX BIACTHBOCTEH OYB HOCIIIKEHHIA
SNMEKTPHYHAN BIATYK OTPUMAHHUX KOMITO3UIIHHUX TLTIBOK Ha acOPOIIIF0 MOJIEKYI aMiaKy Ta €TaHOIY.

PesynbTatn pociimkens. ExcnepuMeHTanbHI IOCTIKEHHS BUSBWIM B3AaEMOJI0 MDK OpraHiYHMMH 1 HEOPraHiYHUMH
KOMITOHCHTAMH HAHOKOMIIO3UTY 1 YTBOPEHHS MOHOJITHOI TiOpUIHOI TUNIBKA. 3apeecTpOBAHO 30LMBIICHHS ENEKTPHYHOTO
OTOpPY CEHCOPHHX ENEeMEHTIB BHACIIJIOK a/IcopOIii MOJIeKyT amiaky i eraHoiy. BcTaHOBIEHO, 10 MakCHMallbHA YYTIHBICTh
riOpUAHUX TUTIBOK 3HAXOIMTHCS MPU HU3BKUX KOHIEHTPALISAX TOCTIKYBAHHX peyoBHH. KiHeTHKa BIAKIMKY PE3MCTHBHHX
CCHCOPHUX €JIEMEHTIB Ha OCHOBI TiOPHMIHMX KOMIIO3MTIB Ha 3MIHY KOHLEHTpAIii ra3iB € JOCTAaTHbO MIBUJKOK JIs
MIKPOEIEKTPOHHHUX XIMITHHX CEHCOPIB.

BucnoBku. [loenHaHHs HaHOYACTHHOK MOPYBaTOr0 KPeMHII0 Ta OKCHIY UMHKY 3a0e3medye 30iMbIICHHS TIOMmI pobodoi
TIOBEPXHI CEHCOPIB HA OCHOBI TUIIBOK OpPraHO-HEOPTaHIYHUX KOMIIO3HTIB, iX BUCOKY UyTJIHMBICTH 1 CENIEKTHBHICTD 10 MOJIEKYJ
amiaky Ta eTaHoIy.
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I'a304uyBcTBUTE/IbHBIE 371EMEHTHI HA OCHOBE OPraHO-HEOPraHHYeCKUX HAHOKOMIO3UTOB

IpodaemaTuka. Ha cerousimauii IeHb CyIECTBYET BHICOKast MOTPEOHOCTH B EIIEBBIX MOPTATUBHBIX Ta30BBIX CEHCOPAX JUIs
ONEPATHBHOTO MOHMTOPHMHIA OKDPYXKAKOUIEH Cpelbl M aTMOC(Ephl KUIBIX MOMEIICHHH, a TAKKEe B Pa3IMYHBIX OTPACISIX
TPOMBIILICHHOCTH. B mocneanee Bpemsl THOpHIHBIC HAHOCHCTEMBI HA OCHOBE MPOBOMANIAX ITOJMMEPOB, JIETHPOBAHHBIX
TOJTYTIPOBOHUKOBBIMI HAHOYACTHUIIAMHI PA3IUYHON TIPUPOJIBI HAXOIATCS B LIEHTPE MOBBIMICHHOTO BHUMAHUS KaK MaTepHalbl
VTS CEHCOPHBIX HJIEMEHTOB.

Iean uccaenoBanuii. Co3nanne CEHCOPHBIX 3IEMEHTOB HAa OCHOBE KOMIIO3UTHBIX TUICHOK MOJH-3,4-0THICHINOKCUTHO(EHA B
COYETAHUHU C HAHOKPUCTAJLIAMH TIOPUCTOTO KPEMHHS U OKCHJIA [IMHKA U U3yYCHUE OTKJIMKA MX COMPOTHBIEHHS Ha a/ICOPOLIMIO
MOJICKYJI Ta30B Pa3HOH MPHUPOJIBL.

Metonuka peanmsanun. Crtpykrypa HaHowacthm ZnO ¥ TOpOIIKA TIOPUCTOTO KPEMHHMS HCCIEI0OBAHA METOJOM
PEHTTEHOBCKOM Audpakiuu. XapakTepHCTHKH THOPHAHBIX OPTaHO-HEOPTaHMYECKHX IUICHOK OMPEIENeHBl MPH MOMOIIN
cKaHupytomel anektpoHHoil Mukpockomun U MK @ypbe-cnekrpockonuu. s OLEHKHM CEHCOPHBIX CBOMCTB HCCIEIOBAH
3JEKTPUYECKUH OTKIIMK MOJTYYCHHBIX KOMITO3UIIMOHHBIX IUICHOK Ha aJICOPOIIMI0 MOJICKYJI aMMHUaKa U 3TaHOJIA.

Pe3yabTaThl Hccae0BaHMil. DKCICPUMEHTAIbHBIC MCCIIE0BAHUS OOHAPYKIIM B3aUMOJICHCTBIE MEKITY OPraHUYECKUMH 1
HEOPTaHWYESCKAMH KOMITOHCHTAMH HAaHOKOMITO3UTa W 00pa30BaHWE MOHOIMTHOW THOPUIHOHM IUICHKH. 3aperdCTPHPOBAHO
YBEIMYECHNE COTPOTHBICHHS CEHCOPHBIX AJIEMEHTOB B pe3yJbTaTe aJCOPOIMH MOJEKYJI aMMUaKa W ITaHONa. Y CTaHOBIEHO,
9TO MAaKCHManbHAs UyBCTBUTECIHLHOCTh THOPHAHBIX IUICHOK HAOMIOMAETCS NPH HU3KUX KOHICHTPAIUSX HCCICTyeMbIX
Monekyn. KnHeTWka OT3pIBa PE3UCTHBHBIX CEHCOPHBIX OJJIEMEHTOB HA OCHOBE T'MOPUIHBIX KOMIIO3UTOB HA H3MEHEHHE
KOHIICHTPAIIMK MOJICKYJI Ta30B SBISCTCS JOCTATOYHO OBICTPOM JUISI MUKPOAICKTPOHHBIX XUMUUYECKHX CEHCOPOB.

BoiBoapl. CodeTanre HAHOYACTHII MOPHCTOTO KPEMHHS W OKCHIA IMHKA 00ECTICUMBACT YBENWYCHHE IUIOMAMM pabodei
TIOBEPXHOCTH CEHCOPOB HA OCHOBE IUICHOK OPraHO-HEOPTaHUYECKUX KOMIIO3UTOB, UX BBICOKYIO UyBCTBUTEIBHOCTb U
CENIEKTUBHOCTh K MOJIEKYJIaM aMMHAKa U 3TAHOJA.
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