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Synthesis and study of structure
of the iron chloride — polyvinylpyrrolidone complex

The polymer-metal complex on the basis of iron (IIT) chloride and a polyvinylpyrrolidone (PVP) was synthe-
sized. The composition of this complex was established by potentiometric and conductometric methods. Ti-
tration curves were constructed and the optimum molar ratio of the reacting components was found
(k= [Fe*"]/[PVP] = 0.24). The obtained experimental data confirm formation of a polymeric complex of iron
where one metal ion is bonded with four compound monolinks of a polyvinylpyrrolidone. Coordination satu-
ration of metal ion in this complex is realized due to the molecules of solvent or anions of iron salt. On the
basis of the modified Bjerrum’s method constants of stability of a polymeric complex at various values of
ionic strength of solution were calculated on which thermodynamic equilibrium constants of the studied pro-
cesses were found. On the basis of thermodynamic constants of stability, using isotherm equations and iso-
bars of Vant Hoff and Gibbs, changes of Gibbs’ energy (A,G°), enthalpy (A.H’) and entropy (A,S°) were cal-
culated. Complexing reactions of iron ions with polyvinylpyrrolidone are accompanied by exo-effects what
point to the negative values of an enthalpy change during reaction. The negative values of an entropy change
AS at the negative change of an enthalpy AH indicated that the studied reaction is possible at rather low tem-
peratures. It was established that oxygen atoms of polymeric ligands were involved in formation of a coordi-
nation bond with a metal ion. It was established that oxygen atoms of polymeric ligands took part in for-
mation of a coordination bond with a metal ion. Using IR-spectroscopy and scanning electron microscopy a
structure and morphology of the synthesized complex iron (III)chloride-polyvinylpyrrolidone were investi-
gated. Results of electron microscopy indicate on formation of polymeric films of a complex with cellular
nonuniform amorphous structure.

Keywords: polyvinylpyrrolidone, iron, complexing, Bjerrum’s method, constant, stability, composition, ther-
modynamics.

Introduction

Iron (III) complexes are widely used as catalysts of many organic processes, because of the features of
an electronic structure of iron in oxidized (d’) and reduced (d°) states, a possibility of regeneration by oxy-
gen, high complexing ability and good solubility in organic solvents. Owing to interaction metal-ligand ho-
mogeneous catalysts on the basis of iron chloride (FeCl;) have a high activity and selectivity in Michael re-
action [1], allylation of aldehydes with allyltrimethylsilane [2], acetal-ene reaction [3], conversion of epox-
ides to acetonides [4], oxidative coupling reaction of 1,2-diarylethylene derivatives [5], synthesis of
coumarins from phenols and B-ketoesters [6]. In turn, poly(N-vinyl-2-pyrrolidone) (PVP) is nontoxical, wa-
ter-soluble and biologically compatible and therefore ecologically harmless polymeric ligand [7, 8]. It is sta-
ble against thermal degradation in solution and in relation to acids and salts. Due to ability to complexation,
application of PVP as a ligand allows to obtain stable complexes with the transitional metals [9, 10]. In liter-
ature there are not numerous data on use of catalysts on the basis of iron (III) complexes with polymers and
various branched ligands in oxidizing reactions [11-13]. It should be noted that according to literary and pa-
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tent searching not enough attention is paid to studying of a composition and structure of the iron-polymer
complexes used as catalysts.

In this work, results on establishment of regularities and the nature of interaction in aqueous solutions
of iron (III) chloride with PVP, a number of physical and chemical methods as IR-spectroscopy, scanning
electron microscopy, conductometry, potentiometry are presented.

Experimental

Iron (III) chloride hexahydrate (FeCl;-6H,0), polyvinylpyrrolidone (molecular mass 40000,
AppliChem, Germany), distilled water, hydrochloric acid were used without purification. Complexing pro-
cesses of iron (III) ions with PVP were investigated by potentiometric and conductometric methods [14].
Potentiometric measurements were conducted on an ionomer pX-150MI with using silver chloride and glass
electrodes. Conductometric studies were performed on a device ConductivityMeter 13701/93 (PHYWE,
Germany) in thermostated conditions. All experiments have been carried out under temperature control with
an accuracy of pH 2. IR spectra of PVP and the Fe-PVP complex were recorded on the FT IR-4100 type A
JASCO device in the range of 4000450 cm™. SEM images were produced on the device JSM-6490LA of
Jeol. IR-spectra and SEM images were taken in analytical laboratories at the Technical University of Kai-
serslautern (TUK, Germany).

Synthesis of the FeCl;-PVP complex was carried out as follows. The salt FeCl;-6H,0 (2.70 g, 0.01 mol)
and PVP polymer (4.44 g, 0.04 mol) were placed in 50 mL round-bottom flask and dissolved in 10 mL of
distilled water. The obtained solution was mixed on a magnetic stirrer within 20—30 minutes before the com-
plete linking of polymer with Fe (III) ions at ambient temperature. The synthesized complex of orange color
was dried and stored on air at ambient temperature. Yield is 6.23 g (97 %).

Results and Discussion

Interaction between PVP and Fe’* ions has been investigated by potentiometric and conductometric
methods, which allowed establishing the structure, concentration and stability constants of the polymer/metal
complex [15]. The high tendency to complexation, non-toxicity, good solubility in various solvents, includ-
ing high solubility in aqueous mediums, provides to PVP broad application in textile, food, pharmaceutical
industry and in medicine [16]. Curves of potentiometric and conductometric titration of PVP by iron (III)
chloride are presented in Figures 1 and 2.
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Figure 1. Curve of potentiometric titration Figure 2. Curve of conductometric titration
of PVP (102 M) with iron chloride of PVP(1072M) with iron chloride
solution (10> M) k = [Fe*'J/[PVP] solution (10> M) k = [Fe*'J/[PVP]

Mixing of aqueous solution of polymer with solution of salt, apparently from Figures 1 and 2, is ac-
companied by pH decrease of medium that is explained by formation of protons of hydroxyl groups of the
protonated PVP during complexing. The experimental data confirm formation of a polymer-metal complex
with an optimum molar ratio of the components k = [Fe’ ]/[PVP] = 0.24. It means that one metal ion contacts
with four compound mono-links of a polymeric ligand. Coordinative saturation of metal ion is probably real-
ized at the expense of molecules of solvent or anion of iron salt. To confirm the composition of the formed
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PVP-Fe’* complex the dependence of a specific conductivity on a ratio of initial components of systems was
investigated (Fig. 2). Increase of an electrical conductivity is caused by the allocated H' ions during reaction
between PVP with iron ions. The conducted conductometric studies indicate that a complexing process is
followed by increase in an electrical conductivity of systems. In the course of complexing of a polymeric
ligand PVP there is a decrease of its hydrodynamic sizes (chelate effect), allocation of protons that is con-
firmed by results of an experiment. According to the literary [17] and experimental data, it is possible to as-
sume that in the studied PVP-Fe®* system the complexes of composition [PVP]:[Ee*'] = 4:1 are formed
(Fig. 1, 2).

In the Figure 3 curves of potentiometric titration of PVP solution by an aqueous solution of the hydro-
chloric acid in the absence and presence of a metal ion at 7= 318 K, /=0.1 mol/L are presented. It is neces-
sary to notice that curves of potentiometric titration at other values of temperature (298, 333 K) and ionic
strength of solution (/= 0.50; 1.00) have a similar appearance. Curves of titration in the presence of metal
ions as it is visible from the Figure 3, are in more acidic area, than in their absence that can demonstrate ex-
istence of a complexing process between a polymeric ligand and a metal ion. According to literary data [18,
19], the more shift of titration curves of systems polymer-metal ion of rather pure polymer, is higher stability
of the polymer-metal complexes which are formed.
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1 — a curve of potentiometric titration in absence of a metal ion;
2 — a curve of potentiometric titration in the presence of a metal ion

Figure 3. Curves of potentiometric titration of aqueous solutions PVP—Fe’*
by hydrochloric acid (10 %) at 7= 318 K, /= 0.1 mol/L

The calculated values of Bjerrum’s formation functions of a polymer-metal complex on the basis of
PVP and iron (III) chloride are presented in Table 1. Apparently from Table 1, the complexing ion of metal
and a polymeric ligand among themselves form four coordination bonds that is agreed with results of the ex-
perimental studies. With increasing of the hydrochloric acid the bond O —Me*" is weakened. It is explained
by protonation process of the functional group of polymer as bond O—Me’" is weaker than O —H" one [20].

Table 1
The calculated values of Bjerrum’s formation functions of the PVP- Fe*" complex
(T =333 K, I =0.50 mol/L)

pH [LH'] mol/L [L] mol/L [Ly] mol/L pL n

3.60 0.85x10° 0.76x10"* 3.24x10°7 4.12 3.74
3.37 3.38x10° 2.95x10°* 2.96x10 7 3.53 3.41
3.20 5.91x10° 5.01x10°* 2.99x10 7 3.30 3.45
3.06 8.74x10° 7.24x10°* 2.38x10°7 3.14 2.75
2.90 12.1x10°° 10.2x10°* 2.02x10°* 2.99 2.33
2.70 15.1x10°° 12.6x10°* 1.69x10 > 2.90 1.95
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On the basis of the modified Bjerrum’s method constants of stability of a polymeric complex at various
values of ionic strength of solution were calculated (0.10; 0.50; 1.00 mol/L) on which thermodynamic equi-
librium constants of the studied processes (Table 2) were found. Stability of a complex is defined by the size
of an equilibrium constant of its formation. The last is a measure of the emitted warmth and change of an
entropy during reaction.

Apparently from Table 2, values of stability constants of a polymer-metal complex of an iron (III) ion
with PVP with temperature increase decrease therefore it is possible to assume that a complexing process is
the exothermic one. Consideration of an entropy is very important at formation of [ML4]"" complex from
[M(H,0)e]"". In such cases replacement of each subsequent molecule H,O with a ligand L is at a loss more
and more. In our case replacement of one molecule of water with each subsequent mono-link of PVP reduces
by unit number of possible coordination places for the following mono-links of polymer. Besides, the more
mono-links of molecule PVP in a complex, the probability of replacement of molecules of water with the
subsequent polymeric ligand is less. Both of these factors reduce probability of formation, therefore, and sta-
bility of more high-replaced complexes. Other factors, such as steric repulsion between ligands larger on
volume basis and a coulomb relative repulsion of ligands-anions at their replacement of molecules of water
at a positively charged ion of metal, can also detain coordinating of additional ligands [21].

On the basis of results of conducted studies taking into account literary data it is possible to submit the
following scheme of formation of a complex on the basis of iron(IIl) chloride and PVP (Fig. 4).
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Figure 4. Scheme of formation of the PVP-iron(III) chloride complex

Table 2
Values of stability constants of the polymer-metal PVP-Fe'* complex in an aqueous medium

T,K I 1gB
0 31.00
0.1 21.45
298 0.5 25.95
1.0 32.51
0 23.00
0.1 22.86

1

318 0.5 28.50
1.0 26.10
0 10.10
0.1 14.00
333 0.5 12.40
1.0 13.40
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It is known that knowledge of thermodynamic coordinates (changes of Gibbs energy (A.G"), an enthal-
py (AH) and an entropy (A.S”)) of studied processes is necessary for the scientifically based choice of opti-
mum conditions of their carrying out in practice [22]. At the same time many researchers assume that for
systems with participation of macromolecules the fundamental laws of thermodynamics established for the
systems consisting of low-molecular weight compounds [23, 24] are used.

On the basis of thermodynamic constants of stability, using isotherm equations and isobars of Vant
Hoff and Gibbs, changes of energy of Gibbs (A,G"), an enthalpy (A.H’) and an entropy(A,S”) were calculated
and presented in Table 3. As confirmation of a possibility of course of a complexing reaction in these sys-
tems in a forward direction serve the negative sizes of Gibbs’ energy on the sign of the studied processes.
Apparently from Table 3, interactions of iron ions with PVP are followed by exo-effects that point the nega-
tive values of change of an enthalpy during a reaction. Processes of formation of iron complexes with
polyvinylpyrrolidone are characterized by the negative values of an entropy change. The negative values of
change of an entropy AS at the negative change of an enthalpy AH says that the studied reaction is possible at
rather low temperatures.

Table 3
Thermodynamic characteristics of complexing processes of PVP with Fe’* ions

T,K 1B’ —AG’, kJ/mol | ~AH’,kJ/mol |-A,S’, J/molxK
298 31.00 176.849 725.653 1841.620
318 23.00 140.016 174.334 5041.910
333 10.10 64.397 1134.375 3213.150

The nature of the modifying effect of PVP on ions Fe (III) and a possible molecular structure of the
PVP-FeCl; complex were studied by IR-spectroscopy (Fig. 5). The IR spectra of PVP and PVP-FeCl; com-
plex are given in Figure 5. The characteristic peak of C=0 bond in PVP becomes asymmetric after addition
of the FeCl; complex that testifies to the strong coupling between PVP and Fe (III) in the PVP-FeCl; com-
plex. IR spectra and PVP and the PVP-FeCl; complexes contain bands at 3454 and 3396 sm ' characteristic
for PVP. The carbonyl group in PVP is characterized by peak at 1652 cm ™', widened because of double bond
C=N in a lactam ring. This band is shifted to 1617 cm™' in the PVP-FeCl; complex. Differences between the
IR spectra of PVP and the PVP-FeCl; complex suggest strong donor-acceptor interaction between the oxy-
gen atoms of the PVP ligand and the Fe (III) ions [25-27].
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Figure 5. IR spectra of PVP (a) and complex [Fe(PVP),(H,0),]Cl; (b)

The PVP ligand contains iminic bond C=N and demonstrates the polybasic behavior in aqueous solu-
tions because of protonation/deprotonation of an oxygen atom, as shown in the Figure 6. The partially nega-
tive oxygen promotes interaction with the metals ions in solutions showing the strong ability to coordination
with the transitional metals [28].
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Figure 6. Resonance structure of lactam monomeric group of a polyvinylpyrrolidone, where M is an atom of metal

For a surface study of the polymer-metal complexes of iron a method of the scanning electron micros-
copy was used (Fig. 7). The analysis of images confirms formation of polymeric films with cellular non-
uniform amorphous structure.

Figure 7. Images of PVP (a) and PVP-FeCl; (b) complex

Conclusions

An iron-polymer complex [Fe(PVP),(H,0),]Cl; has been obtained from iron (III) chloride and
polyvinylpyrrolidone (PVP). Using potentiometric and conductometric titration as well as IR spectroscopy,
the structure of the polymeric complex was established and stability constants were calculated. Methods of
an IR-spectroscopy and the scanning electron microscopy confirmed coordination of a polymeric ligand of
PVP in a complex; the morphology and features of its surface were studied. It was established that atoms of
oxygen of polymeric ligands shared in formation of a coordination bond with a metal ion. Results of an elec-
tron microscopy indicate amorphous structure of a complex.

Financing source: project 3662/GF4 MES RK project «Development of catalytic processes of oxidation
and hydrogenation for the organic compounds obtaining from yellow phosphorus, alcohols and unsaturated
hydrocarbonsy.
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JI.H. AxbaeBa, b.C. bakiposa, I'.A. Ceiinxanosa, I'.O. Kagupkymnosa

Temip (IIT) xJ10puai — NOTUBUHUINMPPOJIHIOH KellleHIi KOCBLIBICHIH
CHHTe3/ley KIHe KYPaMbIH 3epTTey

Maxkanaga temip (III) xymopuai >koHe MOJHUBUHWIMHPPOIMAOH HETi3iHAETI MOJMMEPMETaNIbl KeIIeHIi
KOCBUIbIC cHHTe3enreH. OHBIH KYpaMbl ITIOTEHIIMOMETPIIIK KoHEe KOHIYKTOMETPIIK 9/[iCTepMEH aHBIKTaJFaH.
Tutprney KHCBIKTapbl TYPFBI3BUIBIN, OPEKETTECYIIi KYpayIIbIIapIbIH OHTAWIBl MOJIBIIK KaThIHACTAPHI
tabpurran (k= [Fe’")/[IIBIT] = 0,24). AnbluFan ToxipubeTik MoliMeTTep TeMipiiH HOMMMepii KeuleHsi
KOCBUIBICEI TY3UITGHJITIH Jonenjeli, OHIArbl HNOJUBHHIJIIMPPONUIOHHBEIE TOPT MOHOOYBIHBI Oip
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KELIEHTY3rlll MeTaUI-MOHbIHA COMKec Keledi. MeTaul-KeLIeHTY3rIUTIH KOOPIMHALMSIBIK KaHBIFYbI
epITKIL MOJIEKyJalappl HeMece TeMip Ty3bl aHHOHBI acepiHeH Oonanbl. EpiTiHAIHIH OpTYpJi HOHIBIK
KYIITEpiHJEe MOJIMMEPI KeIeHi KOCBUIBICTBIH TYPAKThUIBIK KOHCTAaHTaJapbl breppyMHBIH TYpieHIIpiiren
ozici OOHMBIHINA €CenTeiN, COMKeCiHIe 3epTTeNil OTHIPFaH YIEPICTIH TepMOJMHAMHUKAJBIK TeIe-TeHIIK
KOHCTAaHTAJIaphl aHBIKTaJIFaH. TepMOAMHAMUKAIBIK TeIe-TeHJIK KOHCTaHTalaphl HeTi3iHae jkoHe Bant-
TCoddTIH H30TepMa-H306apabik TeHACYIepiH Naiinanany apksuibl [n66¢ sHepruscel (A,G°), sHTATBINS
(AH") wonrpors (A,S°) momzepi ecentenren. Peaxuus GapbiChIHIA SHTATBINMS ©3TepiCiHIH MOHI Tepic
00JTyBl TeMip MOHIAPHIHBIH ITOJHBUHIIIHPPOIAIOHMEH KEIISHTY3UTy YAepiciHiH 3k303()(EeKT TaHBITYBIHAH
JeTl TyCiHAipinai. DHTansnms e3repiciniy AH Tepic MoHIH/E SHTPOMUS ©3repiciHiH AS Tepic MoHTe He OO0IIyBI
3epTTENN OTHIPFAaH PEeaKIUSHBIH TOMEH TeMIlepaTypajap/a eTy MYMKIHAIr XKOFaphl eKeHIITiH Joenaeii.
IMommumepai JMraHj KypaMblHIAarbl OTTEri aTOMbI KEIISHTY3TIIl METAI-MOHBIMEH KOOPAMHAIHSIBIK
OaiiilaHbIC Ty3yre KaThICATBIHJABIFBI aHbIKTANFaH. MK-CIEKTPOCKONMS JKOHE CKAHMPIEYIIl 3JIEKTPOH/BI
MuKpockonus daicrepimMer Temip (I11) xaopuai — MOIMBUHUINUPPONUIOH HETi3iHACTI CHHTE3/ICNITeH KeIIeH]Ii
KOCBUIBICTBIH KYPBUIBICHI MEH MOP(OJIOTUSCHl 3ePTTENreH. DNEKTPOH bl MUKPOCKOIHS HOTHKEJNEP] KeIIeH i
KOCBIIBICTBIH KE€YEeKTi OipTeKTi eMec aMOp(ThI KYPhIIGIMABI KaOBIKIIA TY3€TiH/ITIH KOPCETTI.

Kinm ce30ep: NONMMBHHWINIHPPONUIOH, TeMIp, KEMIEHTY3iIy, beeppyMm omici, KOHCTaHTa, TYpPaKTBHUIBIK,
KYpaMBbl, TepPMOANHAMHUKA.

JI.H. Ax6aeBa, b.C. bakuposa, I".A. Celinxanosa, I'.A. Kagupkynosa

CuHTe3 U ncclieI0BaHNe COCTABA KOMILIEKCa
xJjopup xkeqae3a (I1I) — moMBMHWINMPPOJIUAOH

B cratee Obul CHHTE3MpOBaH MNOJIMMEPMETAJUIMYECKHH KOMIUIEKC Ha OcHOBe xjopuma sxeneza (III) u
MONUBUHUINUPpOIHAoHa. [loTeHIIMOMETpUYECKUM U KOHAYKTOMETPHYECKHM METOJaMHU ObLI yCTaHOBIIEH
ero cocraB. BB MOCTPOCHEI KPUBEIE TUTPOBAHUS M HAMIECHO ONTHMAILHOE MOJBHOE COOTHOIICHUE pearu-
pyromux koMroHenToB (k= [Fe’*]/[TIBII] = 0,24). IlonydeHHble SKCIEPUMEHTATILHbIE JAHHbIC CBHICTEIIBCT-
BYIOT 00 00pa30BaHMU MOJIMMEPHOT0 KOMIUICKCA JKeJle3a, B KOTOPOM Ha YEThIPe COCTaBHBIX MOHO3BEHA IT0-
JMMBUHIINHPPOINAOHA MPUXOINUTCS OAUH HOH MeTalIa-KoMmIriekcoobpasosaresst. KoopauHanyonHast Hackl-
IMIEHHOCTh MeTaJIa-KOMIIIIEKCO00pa3oBaTes B 3TOM KOMILIEKCE OCYIIECTBISIETCS 3@ CUET MOJIEKY] pacTBO-
pUTEINs WM aHHOHA couty xkele3a. Ha ocHoBanun MoauduuupoBanHoro Merona breppyma Obliin paccUnTaHbl
KOHCTaHTBI YCTOMYMBOCTH MOJIMMEPHOTO KOMIIIEKCA MPH PAa3INYHBIX 3HAYEHHAX MOHHOM CHIIBI PacTBOPA, 110
KOTOPBIM OBUTH HaiiIeHbl TEPMOJAMHAMHYECKHE KOHCTAHTHI PAaBHOBECHS HCCIeyeMbIX IporieccoB. Ha ocHo-
BaHMU TEPMOJUHAMUYCCKUX KOHCTAHT YCTOWYMBOCTH, MCIHONB3Ysl YPaBHEHUS M30TEPMBI M M300apbl BanT-
Todda 1 Tu66Gca, GbUTH paccunTaHbl H3MEHeHHs 3Heprun ['mobca (A,G°), suramemun (AH") u sHTpOMHH
(A,S%). Peaxuun KOMIIEKCOOBPA30BAHHS HOHOB Kele3a ¢ MOTMBHHIIITHPPOIHIOHOM COMPOBOMKIAIOTCS K-
303 (exTamu, Ha YTO YKa3bIBAIOT OTPHLATENILHEIEC 3HAUCHUS] H3MCHEHHMS SHTAJIBIINY B Xoae peakuuu. OTpu-
LaTeNIbHbIe 3HAYEHHsT M3MEHEHHs SHTPOIHH AS IPU OTPHUIATEIILHOM H3MEHEHHH SHTAIBINU AH roBOpAT O
TOM, YTO HCCIeAyeMas peaKiis BO3MOXKHA IIPH JOCTATOYHO HU3KHUX TEMIIepaTypax. Y CTaHOBIICHO, YTO aTo-
MBI KUCJIOpO/ia MOJIMMEPHBIX JIMTAHA0B IPUHUMAIOT y4acTHe B 00Pa30BaHUN KOOPAWHAIIMOHHOH CBS3U C HO-
HOM MeTaia-KoMIuiekcooopaszosarens. Meronamu MK-criekTpockonuy U CKaHUPYIOLIEH IEKTPOHHOW MUK-
POCKOIIMU HCCIIEA0BAaHbI CTPOEHHE U MOP(OJIOTHS CHHTE3MPOBAHHOTO KoMIuiekca xiuopun skemesa (III)-
MONUBUHIITHAPPOIUIOH. Pe3ynpTaTsl 31eKTPOHHOM MUKPOCKONUH YKa3bIBAIOT Ha 00pa30BaHME MOTMMEPHBIX
IUIEHOK KOMIUIEKCA ¢ IOPUCTOM HEOJHOPOAHON aMOp(HOI CTPYKTYpOH.

Kniouesvie cnosa: MOIMBUHUIMMPPONUIOH, kKeIe30, KOMITIEKCOOOpa3oBaHue, MeTo breppyma, KOHCTaHTa,
YCTOMYHUBOCTB, COCTaB, TEPMOJUHAMUKA.
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