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Polymerization of lactic acid oligomers under microwave irradiation

The kinetics of the polymerization of lactic acid oligomers (LAO) was studied for the first time at various mi-
crowave irradiation powers (MW) in the presence of Sn(Oct),/benzyl alcohol (C¢HsCH,OH) catalyst and
toluenesulfonic acid (TSA). LAO was polymerized in a multimodal reactor in a vacuum while sparging with
nitrogen at powers of 130, 280, 360 W. The optimal concentrations of catalysts and initiator were determined,
which represent 0.03 % Sn(Oct),/C¢HsCH,OH and 0.3-0.4 % TSA by weight of LAO. It was established that
the polymerization of LAO in the presence of TSA proceeds already at 130 W. As the MW power increases,
the rate of LAO polymerization increases. When Sn(Oct),/CsHsCH,OH was used as a catalyst, the LAO
polymerization process proceeds at a noticeable rate at 280 W, and after 25 min the molecular weight was
about 20,000 Da. During the polymerization of LAO in the presence of catalysts at 360 W, lactide forms
along with the formation of polylactic acid (PLA). Using the methods of IR and NMR spectroscopy, the
structure of the obtained substances was studied. The synthesized PLA samples are optically pure; the optical
rotation angle is 156-158 degreesxml/dmxg. It has been suggested that during LAO polymerization under
MW conditions, the so-called «non-thermal microwave effect» is observed, that is, at the same temperature
(215 °C), but at different powers (280 W and 360 W), the LAO polymerization proceeds at different rates.

Keywords: microwave irradiation, lactic acid, polylactic acid, lactic acid oligomers, NMR spectroscopy, IR
spectroscopy, specific optical rotation, catalyst.

Introduction

PLA is one of the most promising biodegradable polymers used for various biomedical applications be-
cause of its biocompatibility and biodegradation in the human body into non-toxic metabolites [1-5].

Tin octanoate is recognized as the most effective catalyst for the synthesis of PLA. In this case, com-
pounds containing hydroxyl groups, such as alcohols [2, 6, 7], initiate the ring opening polymerization pro-
cess.

With traditional methods for the synthesis of PLA stringent conditions are necessary: high vacuum,
long polymerization time and the consumption of large amounts of energy.

MW is able to accelerate chemical reactions 10-100 times. The wide possibilities offered by MW in
chemistry are of great interest in the study and application of the effects of exposure to microwave radiation.
It is believed that MW has firstly, the ability to cause rapid and significant heating of organic compounds and
secondly, to activate reagent molecules and especially, cause their dissociation into ions and free radicals.
The MW photon at a frequency of 2.45 GHz has the energy equal to 9.6x10™* eV. This is not enough even to
break the hydrogen bond [8, 9].
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To date considerable experience has been accumulated on the use of MW to accelerate the synthesis of
PLA [10-19].

The works [3, 6, 17-18, 20-23] show the results of studies of the synthesis of PLA under MW condi-
tions by polymerization of lactides. The rate of polycondensation of lactic acid (LA) under MW conditions
depends on the volume of reacting substances [24], pressure [19-20], and the monomer/catalyst ratio [25].

The polymerization of PLA with the opening of the lactide ring was successfully carried out using the
conventional and microwave methods in [26]. The lactide polymerization reaction time under MW condi-
tions was reduced from 6 hours to 20 minutes, the molecular weight (Mw) of the PLA was 11000 Da and
under ordinary conditions the Mw of the PLA was 2000 Da.

The processes of direct polymerization of LA under MW conditions are attractive as energy-saving process-
es, since they avoid the labor-consuming and energy-consuming stage of lactide synthesis [3, 12, 14, 26, 27].

Direct condensation of LA is carried out in three stages: removal of free water, polycondensation with
the formation of oligomers and condensation of oligomers to high molecular weight polymers in the melt. On
the first and third stages, water removal is critical to the reaction rate. For the second stage, the rate is deter-
mined by the chemical reaction [12, 28].

The authors of [12, 26] studied the polycondensation of 85 % LA in the presence of a SnCl,/TSA binary
catalyst under MW conditions in a monomode reactor. MW with Mw 16000 Da was obtained by carrying
out the reaction for 30 min at a pressure of 30 mmHg. When only TSA is used as a catalyst, LAO with Mw
less than 1000 Da is formed. This polymer can also be converted to high molecular weight PLA by melt po-
lycondensation [12].

The effect of MW is currently debatable [6, 11, 25, 27, 29-31]. No data were found on increasing the
reaction rate due to an increase in activation energy in the MW field in the literature.

The authors of [25], while studying the polymerization of lactide in a toluene solution, expressed the
opinion that microwave irradiation did not cause any changes in the polymerization kinetics, which made it
possible to consider the absence of a specific «<non-thermal» effect during microwave synthesis.

Authors [30] studied the kinetics of caprolactam polymerization under MW conditions. As a result, a
specific «non-thermal» effect was suggested.

Authors [31] investigated the polycondensation of LA under MW conditions in xylene in the presence
of catalysts at a power of 100—400 W and pointed to the existence of a specific «non-thermal» effect induced
by an electric field.

In [32], a lactide-pullulan copolymer was synthesized in a monomode microwave reactor and it was
found that at the same reaction temperature (80 °C) with increasing irradiation power from 50 to 200 W, the
yield of the final product increased. The authors suggested the existence of a specific «non-thermaly effect.

An analysis of the literature data showed that, despite the large number of publications on the synthesis
of PLA under MW conditions, the results obtained are disparate, performed under different conditions and in
various microwave reactors [29]. Although it can be said unequivocally that under MW conditions, the time
for the synthesis of PLA decreases by 10—15 times.

In this work, the influence of the MW power, the time and nature of the catalysts on the polymerization
of LAO under the MW conditions in a multimode reactor was investigated.

Experimental

LAO obtained according to the method described in [33] by evacuation for 25 min at 280 W of an 80 %
aqueous solution of D(+)-acid of the PURAK 80 brand (country of origin is the Netherlands) was used as the
object of study. Sn(Oct),, TSA applied qualifications chemically pure, CsHsCH,OH analytical grade was
used as initiator.

The IR spectra of the starting compounds and reaction products were recorded on an Agilent Resolu-
tions Pro IR spectrometer.

The 'H NMR spectra of the synthesized LAO and PLA were recorded using a Bruker AVANCE AV
300 Fourier spectrometer (Germany), an operating frequency of 300 MHz, and a deuterated CDCl; solvent.

The molecular weights of the obtained samples were determined by the viscometric method using a
Ubbelode viscometer. Chloroform was used as a solvent. The molecular weights of PLA were also deter-
mined by gel permeation chromatography on an Agilent 1200 instrument. Chloroform was used as a solvent,
the eluent velocity was 1 ml/s.

To determine the angle of optical rotation (degreesxml/dmxg), an AR-300 polarimeter was used, the
tube length was 1 dm, and the solvent was chloroform, A = 589 nm.
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Thermal studies of PLA samples were performed on an SDT Q600 V20.9 Build 20 instrument.
LAO was polymerized under microwave irradiation according to the general scheme shown in Figure 1.

0
OH MW OH MWkat
HO vacuum HO Vacuum
CH,

Lactic acid Olwgomers of lactlc acid Polylact\c aC|d

Figure 1. Scheme for the synthesis of PLA (catalyst — Sn(Oct),, TSA)

The resulting 10 g LAO was loaded into a 100 ml glass heat-resistant flask and catalysts (Sn(Oct),,
TSA) were added in an amount of 0.03—0.3 %, together with the initiator (C4HsCH,OH, in the ratio of cata-
lyst/initiator 1:1). They were placed in a microwave reactor and sparged with nitrogen at a pressure of 200
mmHg at various powers 130-360 W.

Results and Discussion

It is known that Mw of PLA depends on a number of factors: the nature and amount of the catalyst, the
ratio of catalyst:cocatalyst, temperature and polymerization time. Figure 2 shows the curves of the depend-
ence of the molecular weight of PLA on the concentration of the catalyst. The polymerization was carried
out at 280 W for 25 min. The highest Mw of PLA was achieved at a catalyst concentration (®) of
0.03 mass.%.

The increasing of catalyst concentration to @ = 0.03 mass.% leads to molecular weight growth. Howev-
er, further catalyst concentration increase provokes the reverse process of molecular weight decreasing.
Moreover, samples changed the color to darker one. Taking into account these facts, it could be suggested
that catalyst concentration increase stimulates polymer destruction process.
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Sn(Oct),/C¢HsCH,OH = 1:1; Power = 280 W; T =25 min
Figure 2. Dependence of Mw PLA on o of the catalyst during LAO polymerization under MW

C¢HsCH,OH is an effective initiator of Sn(Oct), in the synthesis of PLA. Upon addition of C¢HsCH,OH
Mw to Sn(Oct),, the PLA increases and reaches a maximum at a ratio of 1:1, and then decreases (Fig. 3). In
the absence of CsHsCH,OH, the polymerization process is practically not observed. When the ratio of cata-
lyst: initiator is 1:2 and the reaction takes more than 15 minutes, the polymer is degraded and the reaction
mass becomes black-brown. The mechanism of PLA at Sn(Oct), and alcohols are described in [15, 17]. It is
known that alcohols presence increases the reaction rate of cyclic LAO polymerization at the presence of
Sn(Oct),.

It could be suggested that CsHsCH,OH forms intermediate complex. The optimal ratio is 1:1.

The kinetic curves of LAO polymerization in the presence of Sn(Oct),/CsHsCH,OH are shown in Fig-
ure 4. The dependence of Mw at an irradiation power of 130 W (205 °C), Mw LAO slowly increases. So,
during the course of the reaction for 30 min, the Mw LAO is only 1500 Da.
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Figure 3. Dependence of Mw of PLA on the molar ratio of Sn(Oct),/C¢HsCH,OH
during LAO polymerization under MW conditions
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Figure 4. Kinetic curves of LAO polymerization the presence of a catalyst

At an MW power of 280 W, the sample heats up during the first 10 minutes and the process of
polycondensation of low molecular weight LAO occurs with the removal of water. With an increase in the
process time, the molecular weight of LAO sharply increases. Presumably, at this period of the process, the
LAO polymerization stage is limiting with the opening of the cycle after 15 minutes the polymerization pro-
cess slows down, which is apparently due to the fact that the diffusion stage of the process becomes limiting.

It should be noted separately that the temperature of the LAO reaction mass reaches 215 °C both at
280 W and 360 W [33].

At a power of 360 W, the molecular weight of the polymer increases sharply and reaches its maximum
value of about 20000 Da in 12 minutes.

With an increase in the process time, the resulting polymer is degraded and Mw LAO sharply decreas-
es, and a white crystalline compound is formed at the outlet of the reactor, which was identified as lactide
using IR spectroscopy.

Thus, we can assume that in this case the so-called «non-thermal microwave effect» is observed, that is,
under the same conditions at the same temperature (215 °C), but with different capacities (280 W and
360 W), the LAO polymerization proceeds at different rates.

LAO polymerization in the presence of TSA was performed at powers of 130 W, 280 W, and 360 W.
The dependence of Mw of PLA on o TSA is presented in Figure 5.

This dependence shows that with an increase in the catalyst concentration from 0.05 to 0.3 %, an in-
crease in Mw is observed. The optimal » TSA is in the range of 0.3—-0.4 mass.%.
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Figure 5. Dependence of Mw of PLA on o TSA upon polymerization of LAO under MW conditions

The kinetic curves of LAO polymerization in the presence of TSA are presented in Figure 6. With an
increase in reaction time, an increase in Mw of LAO is observed. However, Mw PLA grows unevenly at 280
W. When carrying out the reaction up to 15 minutes, a weak growth of the LAO chain is observed, low mo-
lecular weight oligomers are formed. In the range from 15 to 30 minutes, a sharp increase in the Mw of the
polymer occurs, and then the chain grows in a linear relationship.
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Figure 6. Dependence of Mw of the PLA sample on time in the conditions of MW
During the polymerization of LAO at a power of 360 W, volatile cyclic lactides are formed in parallel

with the formation of PLA, which are white crystals deposited on the walls of the flask and the condenser.
Physicochemical properties of the synthesized samples and experimental conditions are presented in Table.

Table
Synthesis conditions and physicochemical properties of synthesized LAO samples
a b b (o135
Catalyst Po\v)\\;er, t,°C | t,min N][)V; ’ N]I)V; ’ 1\]/51;, PD degreesxml/
dmxg
Sn(Oct),/ C¢HsCH,OH 130 205 35 1700 - - - —
Sn(Oct),/ C¢HsCH,OH 280 215 25 19900 19230 12820 1,50 —-156
TSA 280 215 35 9350 9940 5402 1,84 —157
8 3000 -
Sn(Oct),/ C¢HsCH,OH 360 215 3 igggg _igg
25 6000 The sample darkened, lactide formed
TSA 360 215 10 Lactide formed

Note. t, °C — temperature; T — reaction time, min; Mw*, Da — calculated using a viscometric method; Mw’, Da —
determined by NMR spectroscopy; Mn°, Da — determined by gel permeation chromatography; [0(]529 — optical rotation angle.
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Therefore, it could be suggested that MW power determines the kinetics of LAO polymerization in the
presence of TSA.

The data obtained confirm the presence of a «non-thermal microwave effect» during LAO polymeriza-
tion under MW conditions, since at the same temperature but diverse capacities, LAO polymerization pro-
ceeds at different rates by various mechanisms at 280 W and 360 W.

The optical rotation angle of the synthesized samples is 156158 degreesxml/dmxg, i.e., the synthe-
sized samples are optically pure. Figure 7 shows the IR spectra of PLA samples synthesized under MW con-
ditions.
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1 — 1 =20 min after polymerization;
2 —1=30 min at 280 W in the presence of 0.3 mass.% TSA;
3 — 1 =30 min at 280 W in the presence of 0.03 mass.% Sn(Oct),/CsHsCH,OH

Figure 7. IR spectra of LAO obtained at a power of 280 W

The interpretation of the absorption bands of the IR spectra is given below: 3500-3300 (vOH),
2997 (v,sCH;), 2947 (v,CH;), 2882 (vCH), 1760-1727 (vC=0), 1452 (5,,CH;), 1388-1348 (3,CH,),
1368-1360 (81CH+0,CH;), 1315-1300 (82CH), 1270 (vCOC), 1215-1185 (v,COC), 1130 (r,CH3),
1100-1090 (v,COC), 1045 (vC-CHj3), 960-950 (r CH; + vCC), 875-860 (vC-COO), 760-740 (6C=0).

In the IR spectra, intense absorption bands of carbonyl groups C=0 (1757 cm™) and absorption bands
of C-O-C bonds of 1188 cm™, PLA characteristic are observed.

On curves 2 and 3 (Fig. 7), belonging to the samples of synthesized PLA, the intensity of the absorption
bands in the region of 3600-3500 c¢m™, characterizing the vibrations of the OH groups, significantly de-
creased. The peaks in the region of 1759 cm™, which belong to the stretching vibrations of the C=0 bond,
become more symmetrical. The band in the region of 1188 cm™, related to the stretching vibrations of the
—C-O- bond, becomes more pronounced. Figure 8 shows the 'H NMR data of PLA samples synthesized un-
der MW conditions.

Chemical shifts "H NMR LAO and PLA are presented below:

Chemical shift in ppm Structural assignments
5.2 1H, m, -CH(CH;)-
4.4 1H, m, -CH(CH;3)OH, end group)
1.6 (3H, d, —CH,)
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P VR W

35 1.5 ppm

1 — OLA obtained by irradiating MW in vacuum for 20 minutes;
2 — PLA, obtained from OLA in the presence of TSA for 30 minutes at a power of 280 W;
3 — PLA obtained from OLA in the presence of Sn(Oct), for 25 minutes at a power of 280 W

Figure 8. "H NMR spectra

The proton signal of the multiplet of the methine group of the terminal group —CH(CH;)OH LAO is
4.4 ppm, the chemical shift of the proton of the multiplet of the methylene group of the PLA is 5.2 ppm. By
the ratio of signal intensities of methine groups in the region of 4.4 and 5.2 ppm we can judge the depth of
the polymerization process of LAO to PLA.

Intensive chemical shifts of 4.4 ppm are observed on curve 1 (Fig. 8), which suggests the presence of a
significant number of terminal hydroxyl (and, accordingly, carboxyl) groups in LAO. In the spectra of PLA
samples obtained by the polymerization of LAO in the presence of TSA and Sn(Oct), (see Fig. 8). Chemical
shifts at 4.4 ppm are observed. Other shifts are absent.

Figure 9 shows the DSC thermogram of a PLA sample synthesized at 280 W for 25 min in the presence
0f 0.09 mass.% Sn(Oct),. The absence of a pronounced melting peak at 180—-190°C suggests that the polymer
mainly has an amorphous structure.

DSC-TGA

%0 246.5°C Residual:| 2
43.26J/g 0.3308mg
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Figure 9. DSC-TGA spectra of PLA synthesized under MW conditions
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Conclusions

The optimal concentrations of catalysts and initiator for the synthesis of PLA were determined, which
are 0.03 % Sn (Oct),/CsHsCH,OH and 0.3—0.4 % TSA by weight of LAO.

It was found that with an increase in the power of MW, the rate of LAO polymerization in the presence
of catalysts increases. When Sn(Oct),/C¢HsCH,OH 1is used as a catalyst, the LAO polymerization process
proceeds at a noticeable rate at 280 W, and after 25 min Mw is about 20000 Da. The synthesized PLA sam-
ples are optically pure; the optical rotation angle of the synthesized samples is 156—158 degreesxml/dmxg. It
has been suggested that during LAO polymerization under MW conditions, the so-called «non-thermal mi-
crowave effect» is observed, that is, at the same temperature (215 °C), but with various capacities (280 W
and 360 W), the LAO polymerization proceeds at different rates by diverse mechanisms. During the
polymerization of LAO in the presence of catalysts at 360 W, a small amount of lactide is formed along with
the formation of PLA.
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KpbIcKa TONKBIHABI COYJIeeHIIpPY KaFalibIHIA
CYT KBIIIKBLIbI OJIUTOMeEPJIePiH MoJIUMepJiey

Cyt KpIIKbUIBIHEIE onuroMepuiepidin (CKO) mommMepreHyiHiH KMHETHKAChl aJFalll peT MUKPOTOJIKBIHIBI
coynenenynin (MTC) oprypmi kyarrapsiana, Sn(Oct), / 6ensun cnupti (CsHsCH,OH) karanuzarops! sxoHe
toyoncynbhokeuKelbel  (TCK) xkarsicysiMen 3eprrenmi. CKO mommMepu3anmsichl  MyJIbTHMOIAIIbIBI
peakTopaarkl BakyyM/a a3oTneH Oapooraxnay sxene 130, 280, 360 Bt kyarTeuisikrapaa xyprizingi. 0.03 %
Sn(Oct),/CsHsCH,OH sxone CKO canmarer Ooiibiamia 0,3-0,4 % TCK OonaTelH Karanusatopiiap MeH
COKATaJIN3aTOPJIAp/AbIH OHTailnbl KoHHeHTpauuschl aHbikTamasl. CKO canmarbian 0,03 % Sn(Oct),/
C¢HsCH,OH xone 0,3-0,4 % TCK TypaTblH KaTamu3aTopiap MEH COKaTaau3aTOpIapiblH ONTHMAIIbI
koHueHTpauusacel TabpuIael. TCK kateicybiMen CKO-ubl momumepniey 130 Br-tan OGacranaTbIHIBIFBI
anplkranael. MTC KyatsmbiH xorapeitaysiMeH CKO monmmeprieny xpupiamisiEsl aptamel.  Sn(Oct)y/
C¢HsCH,OH karamm3zatop petiane konmpanranna, CKO momamepu3anusicel 280 BT KbUIaMaBIKIICH KYpei,
an 25 MUHYTTaH KeiliH MoueKynanslk Maccachkl mamamern 20000 Da 6ommer. CKO moimmepiiey mpormecci
Ke3iH/e KaTalu3aTopiapAbH KaTbicybiMeH 360 BT Kyartembikra momucyT KeluksiiasiH (IICK) tysimyimen
6ipre maktun tysineni. UK xone SIMP crnexrpockonust amicTepiHiH KOMEriMeH ajbIHFaH MOJMMEpIIepAiH
KypbutbiMbl  3eprrenni. Cunresmenren IICK yoirinepi onTukanblK Ta3za, ONTHKAIBIK OYpbLTY OYpBHIIIBI
156-158 rpagycxmi/amxr TeH. bommkam Goitbiaina, MTC xarmaiisinga CKO monuMepusanusicbl KesiHae
«OKBUTYCBI3 MHKDPOTOJKBIHABI d(dekT» nen aramateiH, sFHU Oipieil skarmaiinappa, Oipuaeit TemmepaTypana
(215 °C), 6ipak optypmi KyarTtsuisikTa (280 sxone 360 Bt) CKO monmmepiieHyi op Typii KBULIAMIBIKIICH
KYpexni.

Kinm ce30ep: MUKPOTOJKBIHABI COYJIENCHAIPY, CYT KBIIKBIIGL, IIOJHCYT KBIMIKBUIBI, CYT KBIIIKBUIBI
ommmromepiepi, IMP cnekrpockonusicsl, MK crekTpocKonuschl, MEHIIIKTI ONTHKANIBIK aifHaTy, KaTanu3aTop.

I'.4. T'y6a, A.O. I'ycap, E.A. Mamaesa, B.A. [lonosa,
N.P. Jlonro, A.A. bakubaes, P.P. AxmemkanoB

I[Mostumepu3anus 0JIMIOMEPOB MOJOYHON KUCJIOTHI
B YCJIOBHUSIX MUKPOBOJIHOBOT'0 00/ 1yYeHUsI

BriepBrle m3ydeHa KHMHETHKA MOJIMMEPH3AIMM OJIMroMepoB MosoyHoH kucnoTsl (OMK) mpum pasmmaHbIx
MOIIHOCTSIX ~MHKpOBOJIHOBOro obmyuenuss (MBO) B mpucyrcTBHM — KaTajmM3aTopa/coKaTtaiu3aTopa
Sn(Oct),/6en3unossiii criupt (CsHsCH,OH) u Tonyoncynbsdoxucnors: (TCK). ITonmumepuzaunro OMK mpo-
BOJIWIIM B MYJIFTUMOJAIIEHOM PEaKTOpe B BakyyMe IpH 0apOoTHpoBaHMH a30TOM IpH MomHocTsax 130, 280,
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360 Bt. OnpeneneHsl onTUMaIbHbIE KOHIIEHTPAMU KaTaIN3aTOPOB M COKaTaIU3aTOPOB, KOTOPHIE COCTABIIs-
o1 0,03 % Sn(Oct),/CsHsCH,OH u 0,3-0,4 % TCK ot maccet OMK. VYcTaHOBIEHO, YTO MOIMMEpU3ALHUs
OMK B npucyrctBun TCK nporekaer yxe npu 130 Br. C nosienneM mornaoctd MBO ckopocTs mporec-
ca momumepmzarmn  OMK  yBemmumBaercs. [Ipm  ucnone3oBaHMM B KadecTBE — KaTalM3aTopa
Sn(Oct),/C¢HsCH,OH mpornecc momumepuzanmu OMK ¢ 3ametHOU ckopocThio mpotekaet npu 280 Br, u ye-
pe3 25 MHMH MOIeKyJsIpHbId Bec cocTaBisul okosno 20000 Da. Ilpu nposeneHuu npouecca HOJIUMEPU3ALUU
OMK B npucyrcTBun katanusaropos npu 360 Br, Hapsiy ¢ o6pa3oBanuem noaumonounoi kuciotsl (IIMK),
nporcxoauT obdpaszoBanue jaktuna. C npumenenrneM MetonoB VK- u SIMP-cnekTpockonuu u3y4eHo cTpoe-
HHE TOTyYeHHBIX noiaumepoB. CuHTesnposaHHble 00pasisl [IMK SBIAI0TCS ONTHUECKH YUCTHIMH, YTOJ OIl-
THUYECKOTO BpallieHust paBeH 156—158 rpagycamxmin/aM*r. Beicka3aHo NpeanonokKeHre, YTo Mpu MOJTHMepH-
3aru OMK B ycnoBusix MBO HaGiioaercst Tak Ha3bIBaeMbIl «HETEIJIOBOH MUKPOBOJIHOBOIT 3 ek, T.e.
B OJIMHAKOBBIX YCIIOBHSX IPU OJMHAKOBOH Temmeparype (215 °C), Ho pasubix MomHOCTIX (280 1 360 Br)
npouecc nonumepusanun OMK mpoTekaeT ¢ pa3iandHO CKOPOCTBIO.

Kniouesvie cnoeéa: MAKPOBOIHOBOE OONYYECHUE, MOJIOYHAS KHCIIOTA, IMOJUMOJIOYHAS KHCJIOTA, OJMTOMEPHI
MoJIouHOH KucnoThl, SIMP-cniekrpockonust, MK-cnekrpockonus, yelbHOe ONTHUECKOE BpallleHue, KaTalu-
3aTop.

Cepust «Xummsi». Ne 4(96)/2019
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