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Abstract: The relevance of creating coatings based on polymer blends is
driven by the challenges of modern materials science, which include
obtaining materials with specified performance characteristics by
changing the composition of chemical systems and studying their
properties. This paper presents the results of a study of the structural,
mechanical characteristics and surface wettability of nanostructured films
based on polymer blends of polyvinylcarbazole (PVK) and poly(methyl
methacrylate) (PMMA). PVK, PMMA and PVK-PMMA films were
formed using the Langmuir — Blodgett (LB) method via horizontal
deposition onto the pre-hydrophilized silicon substrates. A correlation has
been established between atomic force microscopy (AFM) data of the
structural, mechanical properties and the wettability of the polymeric
coatings. It was shown that at PVK mass content of up to 45 % in the
polymer blend solution, the formed LB films are characterized by a
disruption of a structural integrity and the formation of spherical and
elongated conglomerates. According to static force spectroscopy data, the
local values of the elastic modulus and adhesion force of LB films based
on PVK-PMMA blends aren’t depend on the quantitative ratio of
components. The water contacts angle (CA) values for the polymer blends
ranged from 74.31° + 1.21° to 80.11° + 1.55° and are determined by the
properties of the component whose mass content is predominant. The
formation of a dense LB film based on a polymer blend with significantly
different molecular weights is possible when the low molecular weight
component content in the blend is up to 15 wt. %, which is confirmed by
AFM data for the PVK-PMMA sample with a component mass ratio is of
87.1 % — 12.9 %. The wettability of this film differs from that one of the
homopolymer samples, which expands the application prospects of these
polymers.

Keywords: Langmuir — Blodgett method; nanostructured films; polymer
blends; poly(9-vinylcarbazole); poly(methyl methacrylate); atomic force
microscopy; elastic modulus; wettability.

1. Introduction
Polymer films are promising material which is currently used as
sensitive elements in gas (Youssef et al., 2016) and electrochemical (Li et
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al., 2024) sensors, components of drug delivery systems (Albarahmieh et al., 2018), and
optoelectronic devices (Bilger et al., 2019). However, there remains a need to enhance still problems
of challenges remain in expanding the functional characteristics and physicochemical properties of
known materials. One approach to solving this problem is the fabrication of film materials based on
multicomponent systems: polymer composite materials (Mo et al., 2019; Prakash et al., 2013),
polymer blends (Goettler & Scobbo, 2019) and their combinations (Brulé & Flat, 2006).

Researchers are focusing on the development of new materials with the required range of
properties based on polymers, because of their wide variety and easy susceptibility to physical and
chemical modifications. In (Shahbazi et al., 2016), the changes of the initial material properties were
demonstrated by the introduction of various biopolymers into a polyvinyl alcohol (PVA) matrix. It
was established that the introduction of k-carrageenan, alginate or chitosan was accompanied by the
compaction a denser of the PVA film structure and an increase in its tensile strength values. An
increase in the k-carrageenan content in the polymer blend led to a decrease in the wettability of the
films. According to Patil et al. (2021), the introduction of PVA into a starch matrix was accompanied
by an improvement in the complex mechanical properties of the films compared to the matrix
component. The study by Oh et al. (2026) demonstrated that the synergy of properties of the
synthesized copolymer poly (glycidyl methacrylate-g-polypropylene glycol)-co-poly(oxyethylene
methacrylate) and small amounts of polyactin (25 wt.%) allows for obtaining thin film composite
membranes with a semi-interpenetrating network structure with high CO2/N2 separation selectivity
and minimal adhesion.

A number of studies (Ding et al. 2023; Qin et al., 2026; Li et al.2024) have focused on
optimization of the polymer blends composition. It was shown that blending polymers leads to an
improvement in the complex of mechanical, optical, and dielectric properties of films.

A wide range of studies have been dedicated to investigating the fundamental aspects of
changes in the rheological properties of solutions, as well as the formation of coatings based on
polymer blends. Thus, the paper (Xue et al., 2012) showed that the formation of coatings based on
polymer blends is generally accompanied by a process of component phase separation as a
consequence of their low mutual solubility. Phase separation underlies the structural diversity of
multicomponent polymer coatings. It is noted (Kamanyi et al., 2008; Rodriguez-Hernandez, 2016)
that the film fabrication methods, the conditions of their implementation, the nature and the
quantitative ratio of the components of polymer blends influence the phase separation process. Thus,
phase separation is a key factor in the structure formation of polymer films, which also determines
the material properties.

To form polymer coatings, drop-casting, spin-coating, and Langmuir — Blodgett methods are
generally used (Da Rocha Rodrigues et al., 2020). It is known that the LB and spin-coating methods
provide a high degree of control over the structure and molecular organization of coatings (Da Rocha
Rodrigues et al., 2020; Agarwal et al., 2023). Papers (Mitsui et al., 2012; Kawaguchi, 2017; Torrisi
et al., 2010) indicate that the formation of polymer blend films at the air-water interface leads to the
“extrusion” of one of the components onto the surface of the monolayer.

The localization of components on the subphase is determined by a combination of their
physicochemical properties and their compatibility, including hydrophilic-hydrophobic properties,
branching of component molecules, intermolecular interactions, the possibility of forming associates
and aggregates, etc. As a result, the structure formation process of films under the LB method
conditions is a multi-stage process. Application of the solution to the subphase is accompanied by
component restriction and the formation of the thermodynamically equilibrium dense monolayer,
which is reflected in the monolayer compression isotherms. The structure of the monolayer is
determined by the conditions of the subphase level lowering and the interaction of the monolayer
with the substrate surface (Arslanov, 1994).

AFM allows for a comprehensive analysis of the structural and mechanical properties of the
resulting monolayer LB films at the nanoscale and reveals the features of their formation at different
component contents.
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The aim of this work is to form LB films based on PVK-PMMA polymer blends with various
quantitative ratios of components and to research their structural, mechanical and hydrophilic
properties.

2. Materials and methods

Monolayer polymer coatings were prepared from blends of PVK (Sigma Aldrich, M =1
100 000) and PMMA (Sigma Aldrich, M = 15 000). PVK-PMMA solutions with various quantitative
ratios of components were used, obtained by mixing PVK solutions (¢ = 0.75 mg-ml*) and PMMA
(c = 1 mg-ml’Y) in chloroform. To achieve uniform component distribution, the PVK-PMMA
solutions were subjected to ultrasonic treatment for 10 min. As a result, samples of the following
compositions (Table 1) were obtained.

Table 1. Qualitative and quantitative composition of samples

Abbreviation Sample (mass content (%0) of corresponding component)

S1 PMMA

S2 PVK-PMMA (7.7-92.3)

S3 PVK-PMMA (24.3-75.7)

S4 PVK-PMMA (42.9-57.1)

S5 PVK-PMMA (63.6-36.4)

S6 PVK-PMMA (87.1-12.9)

S7 PVK

Monolayer polymer films were formed using the LB-method on the surface of silicon substrates
(111 orientation) by horizontal deposition using the “Automated complex for modifying membrane
surfaces with molecular and ultrathin layers” (A. V. Luikov Heat and Mass Transfer Institute of the
National Academy of Sciences of Belarus) (Mel'nikova et al., 2025). PVK-PMMA films were
deposited at a surface pressure (m) 15 mNxm-1 (determined on the basis of an analysis of
experimentally obtained monolayer compression isotherms in the «t — A» coordinates, monolayer
compression rate — 0,3 mmxs-1, aqueos subphase temperature — 20°C). Preliminary hydrophilization
of silicon substrates was carried out according to the method described in (Sapsalyov et al., 2021).

The monolayer compression modulus (k) was calculated from the linear regions of the polymer
blend monolayer compression isotherms corresponding to the “liquid-crystalline film” phase state
according to the methodology described in (Sapsalyov et al., 2025).

The structural and mechanical properties of PVK-PMMA films were investigated by AFM
using an NT-206 AFM microscope (ALC «Microtestmachines», Belarus) with NSC 11A silicon
cantilevers (average stiffness — 3 N-m™) (Micromash, Estonia) with radius of curvature of no more
than 10 nm. The elastic modulus (E) and adhesion force (F) values were calculated based on
nanoidentation data (from the “approach-retraction” curves) using Johnson-Kendall-Roberts model
(Mel'nikova et al., 2025).

The hydrophilic properties of PVK-PMMA coatings (WCA, specific surface energy) were
evaluated on the DSA 100E (Kruss, Germany); working liquids — distilled water, diiodemethane,
drop volume — 2 uLL. The CA was determined by the “lying” drop method (by plotting a tangent curve
at the three-phase point: liquid — sybstrate — air). The specific surface energy was calculated using
the Owens — Wendt — Rebel — Kaelbe model (Kaelble, 1970).
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3. Results

According to the compression isotherms (Figure 1) obtained for solutions with various ratios
of polymer components (Table 1) at © = 15 mN-m, the PVK, PMMA and their blend films are in
“liquid-crystalline” phase state. The significant increase in surface pressure on the PVK compression
isotherm compared to PMMA is caused to the high molecular weight values and the stiffness of the
PVK chains.

It should be noted that in the present study, compared to the results presented in (Sapsalyov et
al., 2025), the rate of subphase level decrease during LB monolayer deposition onto the silicon
substrate was reduced. This extended the time for molecular relaxation and resulted in obtaining the
film in a thermodynamically stable phase state.
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Figure 1. Compression isotherms and AFM structure of LB films: a) samples S1-S4,
b) samples S5-S7
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Based on the compression isotherms, the compression modulus values of the monolayers made
from polymer blends were calculated (Table 2).

Table 2. Compression modulus values of monolayers at different PVK contents

Sample PVK content, % Compression modulus (k), mNxm-
S1 0 65.7
S2 7.7 49.6
S3 24.3 69.0
34 42.9 68.7
S5 63.6 72.8
S6 87.1 114.1
S7 100 93.5 (Sapsalyov et al, 2025)

The formation of films from the solutions with low PVK content (S2) leads to a decrease in k
from 65.7 mN-m™ to 49.6 mN-m™. This pattern of the compression modulus change is explained by
the destructuring of the film, which results in the formation of numerous spherical conglomerates,
the presence of which is confirmed by AFM data (Figure 1a). The analysis of the shape of the
compression isotherms for monolayers based on PVK-PMMA blends (S2-S6) indicates that an
increase in PVK content leads to a non-monotonic increase in the tangent of the slope angle of the
linear range (an increase in the compression modulus from 49.6 mNxm-1 to 114.1 mNxm-1) in the
corresponding phase region of the «x — A» isotherms. The k values for films S3 and S4 are comparable
to S1 (65.7 mNxm-1), since PVK conglomerates are localized in the structure and on the surface of
the films, while the monolayer is formed by PMMA. The structure of samples S4 and S5 is similar
to PVK, which is confirmed by the increase in k from 72.8 mNxm-1 to 114.1 mNxm-1. It should be
noted that k for the sample S6 is higher compared to PVK (Table 2). This fact indicates the formation
of a denser structure in the sample S6 through the introduction of PMMA into the intermolecular
space of PVK,

Comparison of AFM data showed that the structure of PMMA films is homogeneous and
contains a minimal number of defects (Figure 1a). This is caused by the higher segmental mobility
of PMMA molecules, which contributes to the formation of dense packing. The PVK structure is
characterized by the presence of both large spherical and thread-like elements (Figure 1b), formed
because of the lower mobility of polymer segments.

For the S2 film, the introduction of small amounts of PVK into PMMA leads to a disruption of
the structural integrity of the films, which is confirmed by a decrease in the compression modulus
values of the monolayer (from 65.7 mMNxm-1 to 49.6 mNxm-1). S2 and S3 films are characterized by
the presence of numerous spherical conglomerates (Figure 1a), while an increase in the amount of
PVK (S4) is accompanied by their growth and the prevalence of irregular spherical shapes.
Presumably, the spherical and elongated formations are represented by PVK. The reason for their
formation is the low compatibility of the components, accompanied by phase separation.

The surface of film S6 is characterized by a homogeneous filamentous structure. Data on the
surface morphology of PVK and S6 show that the introduction of small amounts of PMMA into the
PVK solution allows for the formation of uniform films with a structure similar to PVK. PMMA fills
the intermolecular space of PVK chains. The increase in the compression modulus of S6 compared

118



JLH. I'ymunes amvinoazel Eypasus yimmuix ynueepcumeminiy xabapuvicol. Xumust. I'eoepaghus cepuscoi, 2026, 156(3)

to S7 is attributed to the introduction of PMMA into the intermolecular space of PVK, which leads
to an increase in the packing density of the matrix component macromolecules.

Thus, based on the data of the structure and compression modulus values of the studied films,
it is shown that the matrix of the monomolecular polymer monolayer is determined by the
predominant component in the blend: for samples S2-S4 — PMMA, S6 — PVK. The structure of
sample S5 is intermediate compared to S2-S4 and S6. The film of S5 acquires the structure of PVK
but its properties are determined by PMMA in terms of the delocalization of PVK conglomerates on
the film surface.

According to the results of static force microscopy data (Figure 2), the local elastic modulus
values of PVK and PMMA films (S1 and S7) were 412.2 MPa + 10 % and 507 MPa = 10 %
respectively.

The E and adhesion force values for S2-S6 lie in the range between S1 and S7 and do not
change within the confidence interval, which indicates that there is no dependency between the data
of mechanical properties of the polymer blend films and the quantitative ratio of the components.
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Figure 2. Elastic modulus and adhesion force of PVK-PMMA LB coatings

The CA values of PVK and PMMA films were 74.31° + 1.21° and 53.97° + 1.33°, which is
explained by the difference in the structure of their macromolecules. The macromolecules of PVK
and PMMA are composed of polyvinyl chains with carbazole and acetate site groups, respectively.
The presence of bulk carbazole groups provides the hydrophobicity of PVK. The acetate groups of
PMMA contribute to better wettability of the film surface. The polar component of the specific
surface energy for PMMA (21.03 mJxm) is higher than that of PVK (6.81 mJxm). Similar to the
changes in the monolayer compression modulus of the films, the specific surface energy values are
independent of PVK and PMMA content in the polymer blends (samples S2-S5). The CA and polar
component values for films S2—S5 are similar to the S1 sample. In S2—-S5 samples PVK is represented
by spherical and elongated conglomerates. As a result, the wettability of S2-S5 films is determined
by PMMA.

For sample S6, the decrease in the specific surface energy values was established as a
consequence of an increase in the dispersion component, and CA values were approximately like
PVK (Figure 3). The increase in the CA (from 74.31° + 1.21° to 80.11° + 1.55°) upon the introduction
of small amounts of PMMA into PVK (S6) is attributed to the formation of a denser and more
homogeneous filamentous structure.
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Figure 3. Changes in the CA and specific surface energy (a); changes in the polar and dispersion
components of the specific surface energy of LB films based on PVK-PMMA

4. Discussion

Based on research, it was shown that the morphological features of polymer blend films are
determined by the structure of the predominant component. The formation of a dense, homogeneous
film for PVK-PMMA blends is possible when the matrix is represented by a component with a
molecular weight (PVK) significantly higher than the second component (PMMA). The low
compatibility of the components leads to the phase separation of the monolayer and the formation of
numerous spherical conglomerates and filamentous structures. It is demonstrated that blending PVK
and PMMA does not lead to a change in the mechanical properties of the coatings. The elastic
modulus and adhesion force of S2—-S6 are independent of the quantitative ratio of components. The
wettability of PVK-PMMA films is determined by the predominant component.

The obtained results indicate the potential for using PVK-PMMA films as a sensitive layer of
electrochemical sensors for analyzing the content of organic impurities and metal ions in aqueous
media. In future work, it is planned to develop and investigate the analytical characteristics of
capacitive sensors, the sensitive layer of which will be presented by PVK-PMMA films with an
optimal component ratio (S6).

5. Conclusion

Thus, for the formation of dense LB films based on polymer blends, the optimal component
ratio is PVK-PMMA 87.1 % — 12.9 %, which is confirmed by a complex of AFM data on the
structural and morphological features of the film surface, as well as data on surface wettability.
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Hoan(9-BnHMIKAP0a30.1) KIHE MOJIUMMETHIMETAKPIWIAT KOCHAJIAPbI Heri3iHaeri
Jlenrmiop — BioaxeTT NUIeHKAJAPbIHBIH KYPbLUIBIMbI MEH KacHeTTepi

Muxaun llpyook, I'anmmna MeabHukoBa, Imutpunii Cancanés, Tarbana Toacras, Cepreit
Yunxuk

Anaarna. [lonumep KocnachlHaH KacaliFaH kaObIHAApAbI 331pJey Ka3ipri 3aMaHfbl MaTepUAITaHy
caJlaChIH/IaFbl MiHAETTEPIe, COHBIH 1II1He XUMUSUIBIK KYHeJIepliH KYPaMbIH ©3repTy KOHE OJIap/IbIH
KACHETTEpIH CHUMATTay apKbUIbl KOPCETUITeH OHIMIUIIK CcHularTamanapsl Oap MaTepuaiaapibl
eHJipyre KaTbICThl. byn makanana nomuBuHMikapOazon (IIBK) >xoHe mnonmmeTnamMeTakpuiat
(IIMMA) KocnianapbiHa HET13/1e1reH HaHOKYPBUTBIM/IbI IJIEHKAIApIbIH KYPBUTBIM/IBIK-MEXaHUKAJIbIK
KacueTTepi MeH OCTiHIH bUIFANJaHybIH 3epTTey HoTHxkenepi yebibuirad. [IBK, IIMMA xone I1BK-
I[IMMA xocnacblHaH KacajifaH IJIEHKajdap TUAPOPIIIECHIeH KPEeMHUHN TUIaCTUHATAPBIHBIH OeTiHe
KOJJICHEH TYHIBIpY apkbuibl Jlearmop — brnomkerr (JIB) omiciMeH KaJlbINTACTHIPBUIIHL.
JXKaObIHapAblH KYPBUIBIM/BIK-MEXaHUKAIBIK KACUETTEPl MEH BUIFaIIaHybl Typajibl aTOMBIK KYII
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mukpockorusickl (AKM) nepekrtepi apachlHIa KOppeNsius aHbIKTaIAbl. [lonmuMep KocrachblHaH
xacanran epitingine [IBK menmepi 45 naiieizra aeitin Oonranaa, naiina 6onran JIb mieHkamaps
KYPBUIBIMJIBIK TYTACTBIKTBIH OY3bLTYbIMEH JKOHE c(epajblK KOHE CO3bUIFaH KOHIIIOMEPATTap.IbIH
naiina OOJybIMEH CHNATTANATBIHBI KepceTireH. CTaTHKaNbIK Kyl CHEKTPOCKOIHUSCHIHBIH
nepekrepine coiikec, [IBK-IIMMA kocnanapeina HerizaenreH JIb-KaObIKIIaapbIHBIH CEPIIMILTIK
MOJTyJIi MEH ajre3us KYLIiHIH XKeprulikTi MoHAEepi KOMIOHEHTTEP/IiH CaHABIK KaThIHACBIHA TOYeI i
emec. [Tonmumep xocmanapsr yurid (KYC) monaepi 74,31° + 1,21°%-nen 80,110 + 1,55%ke metiin 60ab1
KOHE MacCalbIK Kypambl OacblM KOMIIOHEHTTIH KAacCHETTepIMEH aHBIKTadalbl. MOJEKYIAPIIbIK
calMarbl aWTapJIbIKTAall OpTYpJi IMOJIMMEpP KOCHachblHAa Heri3genreH ThiFb3 JIb KaOBIKIIaCHIHBIH
TY3UIyl KOCTIaAarbl TOMEH MOJIEKYIIaJIbIK KOMIOHEHT Menmepi 15 canmakTeik %-Fa neifin Gonranaa
MYMKiH, OYJI KOMITOHEHTTIK MaccaiblK Kypambl 87,1 % — 12,9 % 6onatea [IBK-IIMMA yirici ymia
AKM nepexrepimMen pactanaabl. byl KaOBIKIIaHBIH BUIFAIJAHYbl TOMOINOJHMEp YITUIEPiHIH
BUTFAJIJIAHYbIHAH epeKIIesieHe Ti, OYJI OChI MOJUMEPIICP/IiH KOJIJIaHy dJICYSTIH KeHeUTE .

Tyiiin ce3mep: Jlenrmrop—biomkeTT 9ici; HAHOKYPBUTBIMIBI KAaOBIKIIAIAp; MOJIUMEp KOCHalaphl,
nonu(9-BUHWIKAPOa30y1); MOMU(METHIMETAKPUIIAT); aTOMIBIK-KYIITIK MHKPOCKOMHS; CEPIIMILITIK
MOJIYJi; CYJaHFBIIITHIK.

Ctpykrypa u cBoiicTBa miIeHOK JleHrMwpa—biiogkerr Ha OcCHOBe cMeceH
NOJIMBHHIIKAP0A30J1a M MOJUMETHWIMETAKPHUIATA

Muxana llpyook, I'anuna MeabHukoBa, [murpuii Cancanés, Tarbsina Toucras, Ceprei
Yuxuk

AHHOTAIUsA. AKTYyaJlbHOCTh CO3J]aHUS TOKPBITHH HAa OCHOBE CMeCeH TOJUMEpOB OOYCIIOBJICHA
3aJlayaMHi COBPEMEHHOTO MaTepHaOBEICHHUs, B YUCIO KOTOPBIX BXOJUT MOITYYCHHE MaTepUaoB C
3aJJaHHBIMHA JKCIUTYyaTAIIMOHHBIMHA XapaKTePUCTHKAMH 33 CYET M3MEHEHHS COCTaBa XUMHYECKHX
CUCTeM W HM3yueHHEe HX CBOWCTB. B maHHON paboTe mpeacTaBieHbl PEe3yNbTaThl HCCIETOBAHUS
CTPYKTYpPHO-MEXaHUIECKHIX XapaKTePUCTHK u CMaYyMBaeMOCTH MTOBEPXHOCTH
HAaHOCTPYKTYPHPOBAaHHBIX IIJIGHOK Ha OCHOBe cMmecedl monuBuHMiIkapOazona (IIBK) wu
nonuMerunmerakpuiara (IIMMA). [Tnenku [1BK, [IMMA u cmeceit [IBK-IIMMA chopmupoBanst
metosioM Jlenrmiopa — briomxkeTT (JIB) ¢ ucnons3oBanueM ropu30HTAIBHOTO CIIOCO0a OCAKICHHS Ha
MMOBEPXHOCTH THAPO(OUIN3NPOBAHHBIX KPEMHHUEBBIX TUIACTHH. Y CTaHOBJIEHA KOPPEISIUsS JTaHHBIX
aTOMHO-cunoBoi MuKpockonuu (ACM) o cTpyKTYpHO-MEXaHUUYECKUX CBOMCTBAX U CMAaYUBAEMOCTH
nokpsITuil. [lokazano, uto mpu maccoBoM cojnepkanuu [IBK no 45 mpoueHToB B pacTBope cMecu
MOJIMMEPOB 1S chopMupoBaHHBIX JIb-TIIeHOK XapakTepHO HapyIIeHHe CTPYKTYPHON 1ET0CTHOCTU
n (GopmupoBaHHue cHEepUIECKHX W BBITSHYTBIX KOHTJIoMepaToB. COTJIACHO JIAHHBIM CTATHYECKON
CHJIOBOM CTIEKTPOCKOTIHH, JOKAIbHbIE 3HAYEHUSI MOAYJISI YIIPYTOCTH U CHIIBI aare3uu JIb-mieHok Ha
ocHoBe cmeceit IIBK-IIMMA He 3aBHCAT OT KOJWYECTBEHHOI'O COOTHOIICHHUS KOMITIOHEHTOB.
3nauenuss KYC ans cmeceiét momumepoB coctaBmiu ot 74,31° + 1,21° nmo 80,11° + 1,55° u
OTIPENICIIAIOTCS CBOWCTBAMH KOMIIOHEHTa, MAacCOBOE COJIEp)KaHHE KOTOpOro mpeolJamaeT.
dopmupoBanue mI0THOH JIB-M7IeHKH Ha OCHOBE CMECH TOTUMEPOB, 3HAUUTENBHO Pa3IHYalOIIUMUCS
MOJICKYJISIPHBIMH MacCaMH¥, BO3MOXKHO TIPH COJICPKAaHUH HU3KOMOJIEKYJIIPHOTO KOMIIOHEHTA B CMECH
no 15 macc. %, uro monarBepxaeHo ACM-nannbsiMu Uit obpasna [IBK-IIMMA ¢ maccoBbsiM
conepkanueM kommoHeHToB 87,1 % — 12,9 %. CmaunBaeMOCTh JAHHOW TUICHKH OTJIIMYACTCS OT
00pa3IoB rOMOIIOJIMMEPOB, YTO PACHINPSET NEPCIEKTUBBI TPUMEHEHHUS JAaHHBIX TOJTHMMEPOB.

KiroueBbie cioBa: wmeron JlenrmMroopa—biomkerT; HaHOCTPYKTYpPHPOBAaHHBIE IUICHKH, CMECH
MOJIMMEPOB; TOJUMETHIIMETAKPUIIAT; TIOJTUBUHIIKAPOA30JI; aTOMHO-CHUIIOBAast MUKPOCKOIIUS; MOTYJTh
YIPYTOCTH; CMAaYUBAaEMOCTb.
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