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MEHTAJIbHBIX U MPUKIAAHBIX HCCIEIOBAHUH B OONACTH TOHKHX
XUMHYECKIX TEXHOJOTHH, BKTIOUAs TEOPETUUIECKIE OCHOBBI XHMU-
YECKOH TEeXHOJIOTHH, XUMHIO H TEXHOJIOTHIO JIEKAPCTBEHHBIX
TIpenaparoB 1 OHOOTMYECKH aKTUBHBIX COSMHEHHH, OpTaHUIeCKUX
BEIECTB M HEOPTaHMYECKUX MATePHAIOB, OMOXUMHIO U OHO-
TEXHOJIOTHIO, CHHTE3 M NMepepaboTKy MOINMEPOB U KOMITO3UTOB
Ha UX OCHOBE, aHATUTHUECKUE U MAaTEMAaTUIEeCKHE METO/IbI U HH-
(hopMaIOHHBIE CHCTEMBI B XUMHUHU M XUMHUYECKOH TEXHOJIOTHN.
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AHHOMAyus

Ienu. H3yuums 3aKOHOMEPHOCMU NO8eOeHUSL MOPPOSUHA U €20 MPUMEMUNCUNUINPOUZE00HO20
8 PeaKyusix ¢ MpPUMEMUACUNUAUIOYUUAHANOM.

MemooOsl. B ucciedo8aHul UCNOAb308ANUCL MEMOObl UHGPAKPACHOU CREeKmMpOoCKOnuU, cnek-
mpocKonuu si0epHo20 MAZHUMHO20 PE30HAHCA U IIEMEHMHO020 AHAAU3A.

Pesynomameul. YcmaHo&IeHO 00pa308aHUE CMECU MAYMOMEPHbIX hopm KpemHulicooeprkauieii
MmouesuHsl:  N-mpumemuncunun)mopgonun-4-kapboxcamuoa U  MPUMEMUACUUIMOPGPONUH
-4-kapborxcumudoama.

Bbleoobl. YcmaHo8AeHO, WMo cocmae U cmpoeHue o6pasyrouuxcs npodyKmog onpedensiemest
KAK HaIuuuem samecmumestss Npu amome asoma MopgoiuHa, makK U munom UcCnoib3yemozo
usoyuarHama. Ilokasaxo, umo, 8 omauuUue om MPUMEMUACUAUILHO20 NPOUIBOOHO20 MOPOSUHA,
cam mopgponur 83aumooelicmayem ¢ MpUMEMUACUAUAUIOUUAHAMOM € 06pazosaHuem cmecu
maymomepHvbLx popM.

Knroueevle cnoea: MOpGOAUH, MPUMEMUACUNUNUIOYUAHAM, KpemHulicodepikauiue
MOUEBUHbL, MAYMOMEPUs, aMUO-U30AMUOHAsL maymomepust, N-(MpumemuncuiumMopgouH-
4-kapborkcamud, mpuUMemuaACUAUAMOPPONUH-F-Kapborkcumuooam

Jna yumuposanusn: benosa J1.O., Tony6 H.A., IlnerneBa M.B., Kupununa H.U., Kupunun A.JI. [Tosenenue mopdomrna
U ero TPUMETHICHIMIIPOU3BOJHOTO B pPEAKIUSAX C TPUMETWICHIWIN30IUAHATOM. TOHKUE XUMUYeCKUe MEeXHOI02UU.
2022;17(5):377-383. https://doi.org/10.32362/2410-6593-2022-17-5-377-383
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Behavior of morpholine and its trimethylsilyl derivative
in reactions with trimethylsilyl isocyanate
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Abstract

Objectives. To study the patterns of behavior of morpholine and its trimethylsilyl derivative in
reactions with trimethylsilyl isocyanate.

Methods. The study employed infrared and nuclear magnetic resonance spectroscopy, as well
as elemental analysis.

Results. The formation of mixtures of tautomeric forms of silicon-containing urea—N-(trimethyl-
silyl)morpholine-4-carboxamide and trimethylsilylmorpholine-4-carboximidoate—was established.
Conclusions. It is shown that the composition and structure of the resulting products are
determined both by the presence of a morpholine substituent at the nitrogen atom and by the type
of isocyanate used. Unlike the trimethylsilyl derivative of morpholine, morpholine itself reacts
with trimethylsilyl isocyanate to form a mixture of tautomeric forms.

Keywords: morpholine, trimethylsilyl isocyanate, silicon-containing ureas, tautomerism, amide-
isoamide tautomerism, N-(trimethylsilyl)morpholine-4-carboxamide, trimethylsilylmorpholine-

4-carboxyimidoate

For citation: Belova L.O., Golub N.A., Pletneva M.V., Kirilina N.I., Kirilin A.D. Behavior of morpholine and its
trimethylsilyl derivative in reactions with trimethylsilyl isocyanate. Tonk. Khim. Tekhnol. = Fine Chem. Technol.
2022;17(5):377-383 (Russ., Eng.). https://doi.org/10.32362/2410-6593-2022-17-5-377-383

BBEJEHHWE

Xumus KpEeMHUHOPraHUYEeCKUX IPOU3BOJHBIX
MopdonrHa cTaja M3y4daThCs BO BTOPOH IOJIOBHHE
IpOLLIOro cTojeTus. JlaHHbIE COEIMHEHUS IIPOsB-
JSAIOT LIEHHblE KaK ¢ IPaKTUYECKOM, Tak U C Teope-
TUYECKOW TOYKHU 3pEHHUS, CBOMCTBA, YTO OIpPEHENIAET
Halluyue yCTOMYMBOIO pOCTa HHTEpeca ucciegoBare-
e B 3To¥ obnactu xumuu [1-8]. Hampumep, Ona-
rojapsi CBO€i MOJSPHOCTU U BBICOKOU CEJIEKTHBHO-
CTU OHHU CTalu LIMPOKO IPUMEHSTHCS B KaueCcTBE
pacTBopUTENe, a TAKXKE UCIOJIb30BAThCS A CHH-
Te€3a €HaMHHOB, KOTOPBIE SBJISIOTCS CUHTOHAMU IS

CEJICKTUBHOTO AaIKWIMPOBAaHUS U AlMJINPOBAHUS
KapOOHUIBHBIX coenunenuii [8]. B padotax [7, 9, 10]
OBITIO TOKa3aHO, YTO 4-(TPUMETHICUIII)MOPQOIHH,
noJ00HO CHITMIIAMHHAM, B3aUMOACHCTBYET C OpraHU-
YCCKMMHU H30IOMaHaTaMu, IIPU 3TOM IpUpoaga UCXOd-
HOTO HW30IIMAaHaTa OIpeeNseT BO3MOXHOCTb MOIY-
YeHWsT KPEeMHHHOPTaHMYECKHX HIN OPraHHYecKHX
MoueBHH. Tak, B pe3ynbTare peaknuu ¢ H-OyTHII-
M30IIMaHaTOM OblIa TIONy4eHa YCTOWYMBas Mode-
BHUHA, COJepKalas TPUMETHICHIUIbHYIO TpYIIy
[7], B To BpeMs Kak NpU HCIOIb30BAHUU B JAHHOU
peaKkuuy 0-aJKOKCHATKUIU30I[MaHATOB B KaueCTBE
OPOAYKTOB PEAKIUU MEpBOHAYATIBHO TaKXke OBIIH
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MOJIyYeHBl KPEMHHUNCOJEpKaIlhue MOYEBUHBI, KOTO-
pBIE JETKO THAPOIM30BAINCH HA BO3AyXe, IpPEBpa-
asCh B YCTOMYMBBIE OpPraHWYECKUE MOYEBHHBI [9].
CrnemyeT OTMETHTH, YTO BCE ATH MUCCIICIOBAHUS Kaca-
JUCH UCMOJB30BAHUS TOIHKO OPTaHUYSCKUX H30IH-
AHATOB WJIM HMX aHAJIOTOB — KapOO(yHKIHOHATHHBIX
KpeMHuioprannieckux uzonuanaron [10] (cxema 1).

YcTaHOBIEHO Takxke, yTo 4-PpeHnn-N-(TpuMeTHI-
cutiin)-4-mMmoposimHKkapObokcamMu; 2 TMpeCTaBIsIET
co00if coeMHEHHE, TUAPOIU3YIOlIeecs BIaro BO3-
JlyXa, C TEUYeHHEM BPEMEHH IpeBpamiaromeecs B
OpraHM4YecKyr MouyeBHHY 2’ (cxema 2).

B toxe Bpems N-[3-(TpUMETHICHIIII)IPOIIHI]-
N-(Tpumeruncunui)-4-mopdonuakapOokcamMug 3
SABISACTCS THAPOIUTUYCCKH YCTOHYIMBBIM COCIUHE-
HueM. OnHaKo, BO3MOXXHOCTH HCIIOJIB30BAHUS B

o
+ PhAN =C—=0 ——> (0] NCN
\ / \SiMe;
N
\

SiMe3
1

+  (MeO)sSiCH,CH,;CHIN—C—0 ——> O

N

SiMej
1

JAaHHOM TIpoliecce KpeMHUH(YHKIIMOHAIBHOTO H30-
LHaHaTa — TPUMETUICHININ30LMaHaTOCHIIaHa 1O CUX
IOp He u3ydajach. YYUThIBasg JOCTYHHOCTb MOp-
¢ommua [11], a Takke OrpaHHYEHHOE KOJIHUYECTBO
KaKuX-TH0O0 MyONUKamuii O BO3MOXHOCTH IIOJyde-
HUSI KPEeMHHUICOAEpKAIUX MOYEBUH Ha €ro OCHOBE,
MPOIOJDKEHUE MCCIEeI0BAHUI B 3TON 00J1aCTH XUMUHU
SIBIIIETCS AKTYQJIBHOM 3aa4deid.

Kpome ToOro crmemyer OTMETHUTh, 4YTO MPH HC-
MOJIb30BAHUU TPUMETHUJICHIWIM30IMAaHATa B PEaKIUH
¢ 4-(tpumermncunun)mMopdonuaom [10] Ha mepBoif
CTaJMU XapakTep Ipolecca He HW3MeHseTcs — oOpa-
3yeTcs HecTa0WIbHas TPUMETHICHIWIMOYCBUHA 4,
KOTOpasi Jlajee JIErKO TepsieT TPUMETHICHINIBHYIO
TPYHITy W TPEeBpamaeTcs B TPUMETHICHIIIIMOPQOIIH-
4-kapbokcummI0at 6 (cxema 3).

o

/~\ Il Ph

o)
|
N C NCH,CH,CH,Si(OMe)s

SiMe3

3

Cxema 1. Peakiuu 4-(TpUMETHICIIIIT)MOP(OIAHA ¢ U30IIMAHATAMH.
Scheme 1. Reactions of 4-(trimethylsilyl)morpholine with isocyanates.
(0]

I

,Ph
—_— o} N C—NHPh

N SiMe3 \—/

2 2'

/N
of NC—N
/

Cxema 2. Cxema nipepartieHnst 4-¢enmn-N-(Tpumeruncuiin)-4-mopdonuakapookcammia 2 B OpraHM4ecKyto MOYeBHHY 2'.
Scheme 2. Scheme of 4-phenyl-N-(trimethylsilyl)-4-morpholinecarboxamide 2 conversion to organic urea 2'.

O. (0]
/ \ H /SiMe3
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- » |0 NC— NSiMeg| — » O NC— NH
5 6

Cxema 3. Peaknust 4-(TprMeTHICHIII)MOP(OINHA C TPUMETUIICHITMIIN30IAHATOM.
Scheme 3. Reaction of 4-(trimethylsilyl)morpholine with trimethylsilyl isocyanate.
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IKCHEPUMEHTAJIBHAS YACTb

Nudpakpacueiit  (MK) cnekrp 3amucaH Ha
criekrpomeTpe Nicolet 7600 (Thermo Fisher Scientific,
CIIA) B BazenunoBoMm wmacie. CHEKTp SAEpPHOTO
MarauTHOro pesonanca (SIMP) 'H perucrpupoBaiu
Ha npubope DRX400 (Bruker, I'epmanusi) ¢ paboueit
gacroroi  400.13 MI'm B CDCIl,. Xumuueckue
CIBHUTHM MPUBEICHBI MO IKaje 6 (M.I.) OTHOCUTENb-
HO TeTpaMeTHJICUJIaHa KaK BHYTPEHHEro cTaHJapTa.
Crnektp SMP *Si peructpupoBann Ha TpH-
6ope AVANCE AV-300 (Bruker, Tepmanus) c
paboueii yactoroit it kpemHusi 59.64 MI'. DnemeHT-
HBIN ananu3 nposeaeH Ha npubope FLASH EA 1112
(Thermo Finnigan Italia S.p.A., Utanus). Temnepa-
Typa miaBienus I’ TONy4E€HHOTO COEMHEHHS OTpe-

mejleHa Ha  mpubope  aHATU3aTOp — DJIEMEHT-
ueri  BUCHI  Melting  PointB-540 (BUCHI,
[Beiinapus).

Bce ucxomHble coenmHeHHs Iepe] ynorpeoie-
HUEM TIIATEIBHO OCYIIAIHM U OYHIIAIH IEPErOHKOM.
CHUHTETHUECKHE OINEpaluu, BBIACICHHE M OTOOpP
npo0 AJis aHalu3a COSJAMHEHUI TPOBOJMIN B aTMOC-
depe cyxoro azora.

TpumeTniicnauamoppona-4-kapooxcu-
Mua0at (6) u N-(TpUMeTHJICHINJI)-
Mop¢osnH-4-kapookcamug (6').

K 496 r (0.057 monp) Mmopdomuna (7) mobda-
B  6.57 T (0.057 M™MOIB) TPUMETHICUIWIN30-
nuaHara. PeakIMOHHYI0 MacCy BBIIEP)KHUBAJIM B Teue-
HUe 25 MuH. 3aTeM BaKyyMUPOBaJIM MpHU JaBlie-
Huu 1 MM pr. cr. B tedenue 1 4. ITomyummm 10.37 r
(90%) coemunenns (6 m 6'), T = 92.5-93.5 °C.
HK-criexktp, Vv, cm: 3365 (NH), 1666 (C=0),
1609 (C=N). Cmextp SIMP 'H, 3, m.o.: 0.03 ¢ (9H,
SiMe,), 0.21 ¢ (9H, Si(Me),), 2.84 1 (4H, CH,NCH,),
334 x (4H, CHNCH,), 3.65 T (8H, CH,OCH,).
Criextp SIMP ¥Si, 6, m.a.: 5.96 ¢, 7.34 c. DneMeHTHBII
anamm3: Haiigeno, %: C 47.65; H 8.85; N 13.91.
CH O,N Si; Boraucneno, % C 47.49; H 8.97; N 13.85.

187272

0)

[ j + MesSN—C=—0 ——>» O
./

~I—2Z

PE3VJIBTATBI U UX OBCYXKJIEHUE

[Iponomxas 3Tn ccnenoBaHUs OBLIO YCTaHOBIIE-
HO, 9T0 MOP(OIHH 7, TaKXkKe KaK M €ro TPUMETHICH-
JTUIIPON3BOAHOE 1, B3aUMOIEHCTBYET C TPUMETHII-
CHTHJIN30LHaHaTOM 0€3 MCIOJIb30BaHMS HATPEBAHMUS.
OmHaKO MPOAYKTOM PEAKIHH SIBISIETCS CMECh TayTO-
MEpHBIX (OpM KpeMHHUHcOIep)Kalell MOYEBUHBI —
TPUMETHICUIMIMOPPOTINH-4-KapOOKCUMUI0aTa 6
(O-popma) wu  N-(Tpumernicunuia)Mopdonun-4-
kapOokcamuaa 6’ (N-popma) (cxema 4).

JloxazaTenbCTBOM HaJWU4Usl Takod HW30MEpUH
CIyXaT pe3yNbTarhl (U3UKO-XUMHUYECKUX HCCIIe-
nosanuii. B UK-cmextpe coenunenuit 6 u 6’
(puc. 1) zapermcTpupoBaHa HHTEHCHBHas I0JIOCA
nomromienuss B obmactu 3365 cM!, COOTBETCTBY-
fomas kojebaHusM cBsizn NH-Tpymnmel; WHTCHCHUB-
Hasg Iojloca IOMIOLeHUs B obmactu 1666 cm™!,
COOTBEeTCTBYIOIAs KoseOaHusiMm cBsizu C=O-rpynibl
W MHTEHCHUBHAs II0Jioca TMOIJIOIIEHUS B 00JacTH
1609 cm!, cooTBeTCTBYyIOIIas KOJCOAHUSIM CBSI3U
C=N-rpynmsl.

B 'H SIMP-cnekrpe (puc. 2) 3aperucTpupoBa-
HBI JIBA CUTHAJIa MPOTOHOB Me Si-rpynmsl B 00nactu
0.03 m.a. u 0.21 m.a., KOTOpBIE XapakTEepPHBI IS
IIPOTOHOB TPHUMETHJICHIIMIBHON TPyl TIPH aToMe

azoTa M I[POTOHOB TPUMETWICHJIMIBHOM  rpyn-
bl [pU aTOM€  KHUCJIOpOAa  COOTBETCTBEHHO.
3aperucTpupoBaHbl  TaKXKe€ CHUTHAJbl MPOTOHOB

CH,N u CH,O rpynn mop(oauHoBoro ¢pparmenTa B
XapaKTepHbIX sl HUX oOsacTsax. [Ipu sTom Habmi0-
JlaeTcsl YABOGHHUE CHUTHAJIOB MPOTOHOB METHUIICHO-
BBIX TPYyNN IpH aroMe azoTa B obmactu 2.84 m.1.
n 3.34 m.1.

B #Si IMP-cniextpe (puc. 3) Takke 3aperucTpH-
pOBaHBI ABa CHTHaja KpeMHHs B obmactu 5.96 m.x.
u 7.34 m.x1., coorserctByromue NSiMe, u OSiMe,
Tpymnmam.

Takum o00pa3oM, OTIMYHE B3aMMOJCHCTBUS
TPUMETHJICUIUIN30IMaHaTa ¢ 4-(TPUMETHUIICUIINII)-
MOP(OIUHOM OT €ro peakuuu ¢ MOP(OITHHOM,

OSiMe; o)
| |

NC=NH +0O N C NHSiMes
6 &

Cxema 4. Peakiust MopdosinHa ¢ TPUMETHICHIIFITN301HAHATOM.
Scheme 4. Reaction of morpholine with trimethylsilyl isocyanate.
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Fig. 1. IR spectrum of trimethylsilylmorpholine-4-carboxyimidoate 6 and N-(trimethylsilyl)morpholine-4-carboxamide 6’.
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Fig. 2. '"H NMR spectrum of trimethylsilylmorpholine-4-carboxyimidoate 6
and N-(trimethylsilyl)morpholine-4-carboxamide 6'.
33aKJII0YAETCS B TOM, YTO BO BTOPOM cllydae 00- TayTOMepHBIX ¢dopMm (cxema 5). Hammume Takoit
pasyeTcs N-(Tpumetmicuini)MophonnH-4-kap- aMHUJ-U30aMHUJTHON  TAyTOMEPUM C  y4acTHEM
OoxcamMua, TO €CTb TPUMETHWICHIMJIMOYEBHUHA, Me,Si-rpynnel st KpEMHUHCOAEPKAIMX MOYEBUH
7. KOTOpOHM peanu3yeTcs oOpa3oBaHHE CMECH nonyckan panee u J.F. Klebe ¢ coaBropamu [12].
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Scheme 5. Amide-isoamide tautomerism involving the Me Si group for silicon-containing ureas.

3AKJ/IIOYEHUE

W3ydeHo MOBeAeHUE MPOU3BOAHBIX MOPQOTIHHA
B pEakmHsix C H30LUHAHATAMH. YCTAHOBICHO, YTO
COCTaB M CTPOCHHE OOpa3yIOUIMXCSA MPOIYKTOB
OMPENAECISIOTCS KaK HaJIUYUEM 3aMECTHTEIS IMPHU
atoMe a3ora Mop(donuHa, TaK W THUIIOM HCIIOIb-
3yeMoro wusounuaHara. IlokasaHo, 4TO B OTJIHYHE
OT TPUMETHJICHIIMIBHOTO TIPOM3BOAHOTO MOpP(Qo-
JMHA, caM MOP(OIHH B3aUMOJICHCTBYET C TPUMETHII-
WINITH30IIMAHATOM C 00pa30BaHUEM CMECH TayTo-
MEPHBIX (HOPM.
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[eucrBue nporuBoBUpycHbIXx MUPHK
Ha BbIPA00TKY HUMTOKUHOB in Vitro

A.B. I1Iak!, E.A. I[Tamkos'>"/, H.[I. ApamoBa?, A.B. [loaayoukos?, ®.I"'. Haruesa?,
E.A. Boraanoral, E.Il. [lamkoB!, O.A. CBuTHu4'?, B.B. 3Bepen!?

[Tepebiii Mockosckuli 20cyoapcmaeHH b MeouuHckull yrusepcumem um. .M. Ceuerosa MuH3zopasa
Poccuu (Ceuerosckuil YrHusepcumem), Mockea, 119991 Poccus

?HayuHo-uccnedogamenbCkuil uHCmumym 8aKyuH u coleopomok um. M.H. Meuruxosa MuHzopasa
Poccuu, Mockea, 105064 Poccust

= Aemop ona nepenucku, e-mail: pashckov.j@yandex.ru

AHnHOMauyus

ITenu. OueHums OuHaMuKry yposHs sxcnpeccuu z2eHos IL-13 u IL-283 (IFN-A3) e pesynemame
KOMNNIEKCHO20 HOKOAYHA HEKOMOPbLX KIEMOUHbLX 2eH08, Ubll NPOOYKMblL 9KCNPEeccuu uzparom
BAXKHYIO POSb 8 penpolyKyuu supyca 2punna.

Memoosl. Bupyccodeprkauiyto KUOKOCMb U KAeMOUHbL Au3am omoéupaiu e meueHue 3-x oHell
C MOMEHMA MPAHCHEKYUU U 3aPAXEHUSL U OUEHUBANU UHMEHCUBHOCMb 8UPYCHOU penpooyKyut
Memodamu mumposaHus no yumonamuueckomy oeticmsuro. KoHyeHmpauuro supycHoti pubo-
HyKieurosoll kKucromol (6PHK) u usmenerue sxcnpeccuu IL-13 u IL-28 (IFN-A3) onpedensiiu
Mmemooom 0bpamHoli MPAHCKPUNYUUU U NOAUMEPA3HOU UenHOoU peaKyuu 8 pexxume pealbHo20
epemeru (OT-IIL[P-PB). /lns 8bluucCAeHUSL CMAMUCMUUECKU 3HAUUMbLX PA3AUUUT MexK0Y 2pynna-
MU UCNONB308ANU Henapamempuueckuil kpumepuili ManHa-YumHu.

Pesynemamel. Vcnons3ogaHue Kar>kK0020 Komniekca manslx unmepgpepupyrouwiux PHK (muPHK)
NPUBOOUNO K CHUIXKEHUIO 8UPYCHOU penpodyKyuu Ha l-e cymru npu mHosKecmeeHHocmu 3a-
parkenust 0.001. IIpumeneHue komnaexcos A (FLT4.2 + Nup98.1) u D (FLT4.2 + Nup98.1 +
Nup205) npugoousio k cHurkeHuio eupycrozo mumpa Ha 2.8 lgTL/A, ,/ ma u na 2.1 lgTL/I,,/ mn
omHocumenbHo npumeHeHust Hecneyugpuueckoil MuPHK L2 u eupycrozo konmpoas (p < 0.05).

© Tlak A.B., IMamkoB E.A., AbpamoBa H.[., TlomnybukoB A.B., Haruea ®.I'., BormanoBa E.A.,
[MTamkos E.T1., CButuu O.A., 3BepeB B.B., 2022
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Bpesynemame mparcgeryuu komnnekcos B(Nup98. 1+ Nup205)u C(FLT4.2+Nup205)supycHulii
mump maroke cHuxxancs Ha 1.5 lgTH/A, / mau 1.8 lgTL/, / mn coomeemcmeeHHO OMHOCUMETLbHO
Hecneyuguueckoti MmuPHK L2 u eupycHozo konmposas (p < 0.05). IIpu nposederuu OT-II[[P-PB
maroke 6blL1o ommeueHo docmogepHoe ymeHbueHue KoHueHmpayuu ePHK. IIpu ucnosws3zogaHuu
romnaercos B, C u D koHuermpauyust sPHK cHuxxkanace Ha 1-e cymxu 8 14.5, 4.1 u 15.0 pas coom-
gemcmeeHHo. Ha 2-e cymru e knemxkax ¢ komnaekcamu B u D Habnrodanoce ymeHovuleHUe KOH-
uenmpauyuu ePHK 6 17.1 u 18.3 pas (p < 0.05). Hapsidy co cHuxkeHuem supycHozo mumpa u e PHK
Habro0anoce nosvluleHue skcnpeccuu eeqos IL-15 u IL-28 Ha 1-e cymKu npu UCNoab308aAHUU 8CEX
romnnerxcos MuPHK omHocumenvHo Hecneyuguueckozo u eupycHozo konmpoas (p < 0.05). Ha
2-e cymru maxrke Hab00AN0Ct NO8blLULEHUE IKCNPECCUU 8 KiemKax ¢ Komnaexcamu A u D, a Ha
mpembsu — 8 Kiemkax ¢ komnaiexcom D (p <0.05).

Boreoodsl. FHccnedosaHue nokasaslo, umo npumeHeHue komnuekcoe MuPHK npueooum K ebl-
PAIKEHHOMY NPOMUBOSUPYCHOMY 3phexmy npu 0OHOBPEeMEeHHOM No0a8AeHUU OKMUBHOCMU
rnemouHwblx 2erHoe (FLT4, Nup98 u Nup205). IlapannenbHo ¢ smum 6bLI0 8bli8leHo, Umo npu
mpaHcheKyuUU Komniekcos, brokupyrouiux obpaszosarue npooyKkmos sKcnpeccuu, Heobxooumblx
0151 BUPYCHOTUL penpoldyKyuu, nosgvluiaemest YypogeHs sxcnpeccuu 2eHos IL-13 u IL-28f3. /laHHble
pesyabmamel ceudemenbCmaeyrom o mom, umo ucnoavsyemole MuPHK obradarom He mosbKo
NnpomugosuUpPYCHOU, HO MAaKIKe U UMMYHOMOOYAupyrouelh akmueHocmeto, umo cnocobcmayem
6osnee agpheKkmu8HOMY UMMYHHOMY Omeemy Op2aHuU3MA.

Knroueevle cnoea: PHK-unmepgpeperyus, IL-1, supyc epunna A, IFN-A3, sxkcnpeccusi 2eHos,
MuPHK, npoeocnanumenvHule yumokuHwl, IL-288, supycras PHK

Jna yumupoeanusn: Ilax A.B., [Tamkos E.A., Adpamosa H.JI., [Tognyoukos A.B., Haruesa ®.I'., bornanosa E.A.,
IMamkos E.IT., Ceutuu O.A., 3Bepes B.B. JleiicrBue nporusoBupycHblx MUPHK Ha BeIpaOOTKY LUTOKUHOB in vitro. Tonkue
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Effect of antiviral siRNAs on the production of cytokines in vitro
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Abstract

Objectives. To evaluate the dynamics of the expression level of IL-1f3 and IL-28f3 (IFN-A3) genes
as a result of complex knockdown of some cellular genes, whose expression products play an
important role in the reproduction of the influenza virus.

Methods. Following the collection of virus-containing liquid and cell lysate within three days
from the moment of transfection and infection, the intensity of viral reproduction was assessed
using the cytopathic effect titration method. The concentration of viral ribonucleic acid (VRNA)
and change in the expression of IL-1f3 and IL-28f3 (IFN-A3) were determined by real-time reverse
transcription quantitative polymerase chain reaction (real-time RT-qPCR). The nonparametric
Mann-Whitney test was used to statistically calculate significant differences between groups.
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Results. The use of each small interfering ribonucleic acid (siRNA) complex led to a decrease
in viral reproduction on the first day at the multiplicity of infection (MOI) of 0.001. The use of
complex A (FLT4.2 + Nup98.1) and D (FLT4.2 + Nup98.1 + Nup205) led to a decrease in viral titer
by 2.8 lgTCID, ,/mL and by 2.1 IlgTCID, /mL relative to the use of nonspecific L2 siRNA and viral
control (p < 0.05). Transfection of complexes B (Nup98.1 + Nup205) and C (FLT4.2 + Nup205) also
reduced the viral titer by 1.5 IgTCID, /mL and 1.8 IgTCID, /mL relative to nonspecific L2 siRNA
and viral control (p < 0.05). When conducting real-time RT-qPCR, a significant decrease in the
concentration of viral RNA was also noted. When using complexes B, C, and D, the concentration
of URNA decreased on the first day by 14.5, 4.1, and 15 times, respectively. On the second
day, a decrease in URNA was observed in cells with B and D complexes by 17.1 and 18.3 times
(p < 0.05). Along with a decrease in the viral titer and vRNA, an increase in the expression of the
IL-18 and IL-28f3 genes was observed on the first day when using all siRNA complexes relative
to nonspecific and viral controls (p < 0.05). On the second day, an increase was also observed in
cells with A and D complexes, while on the third day, there was an increase in the expression of
these genes in cells with complex D (p < 0.05).

Conclusions. The use of siRNA complexes is shown to have a pronounced antiviral effect while
simultaneously suppressing the activity of cellular genes (FLT4, Nup98 and Nup205). In parallel,
the transfection of complexes that block the formation of expression products necessary for viral
reproduction is demonstrated to lead to an increase in the level of expression of the IL-13 and
IL-28f3 genes. These results indicate not only that the use of siRNA has antiviral activity, but also
immunomodulatory activity, which can contribute to a more effective immune response of the
body.

Keywords: RNA interference, IL-1f3, influenza A virus, IFN-A3, gene expression, siRNA,
pro-inflammatory cytokines, IL-283, viral RNA
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Jlanuas
CO3[JAHUI0  YHHUBEPCAIbHOW IUIATGOPMBI IS
ObICTPOM pa3pabOTKH 3KOHOMHYECKH 3(P(HEKTHBHBIX

BBEJAEHUE Ku3HU Oosiee 6.3 MJIH YEJNOBEK BO BCEM MHpe!,
a rpunmo3Has wHOeknus — moutd 650000 xu3HCH?
CTaThs TMPOJOJIIKAET  HCCIICIOBAHMS Tosibko B 2021 1. BupycHble WH(EKINU MOPaXKaroT

HE TOJBKO PECHUPATOPHYIO, HO U LEHTPAIbHYIO
HEPBHYI0, MOUYEIOJIOBYIO, CEPIEYHO-COCYIUCTYIO U

1 0€30IaCHBIX CPEACTB TEPATUH BUPYCHBIX HH()EKIUH,
Hauatele B 2021 r rpymnmoil yuensix HayuHno-
HCCIIEeI0BATENbCKOTO HHCTUTYTA BAaKIIMH U CHIBOPOTOK
uMm. .. MeunukoBa (Poccus) [1, 2].

PecniupatopHbie  BUpyCHbIE ~ MH(EKIUH  Ha
CETOJHSNIHUIA JICHb TIPEJCTABISAIOT M3 ce0s OJHY
n3 Hamboiyiee TIO0AIBHBIX MHPOBBIX MPOOJIEM, HeCy-
MHUX TSDKENTBIE COMUANBHBIE W OKOHOMHUYECKHE
nocneactBusi. Hampumep, mampemuss COVID-19,
BbI3BaHHas BuUpycoM SARS-CoV-2, ¢ 2019 r. yHecna

UMMYHHYIO CHCTEMBI, a TaK)X€ BBI3BIBAIOT PA3BUTHUE
OakTepHalbHBIX U TPUOKOBBIX OCIOKHEHUH [3—6].
Bupycel rpunma umerorT Oenku, 00Jagaronue
UMMYHOMOYJIUPYIONIMMU CBOWCTBAMH U CIIOCOOHBIE
BBI3BIBATh BTOpHYHBbIE HMMyHOAeuuutel. Cpeau

! https://coronavirus-graph.ru/mir, marta
20.06.2022. / Accessed June 20, 2022.

2 https://www.euro.who.int/ru/media-centre/events/
events/2021/10/flu-awareness-campaign-2021, nata oOparieHus
20.06.2022. / Accessed June 20, 2022.
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HUX Hamboyiee H3yUCHHBIM sBisgercss Oemox NS-1
(nonstructural protein-1). OmHONH W3 €ro OCHOBHBIX
(yHKUHH SIBISETCS HapylleHHE (YHKIHOHWPOBAHUS
HHTEPPEPOH-OTIOCPEIOBAHHBIX ~ MEXaHH3MOB  3allld-
THI OpPraHW3Ma, W3-3a YEro CHIDKACTCS BBIPAOOTKA
MPOBOCIAIUTEIBHBIX ITUTOKUHOB — HHTCPICHKHHOB,
YTO NPUBOAUT K HEZOCTATOYHOCTH HMMYHHOTO

orsera [7].
Ha ceropnamnuii eHb CYLIECTBYET psif 3THO-
TPOIIHBIX, IATOIEHETUYECKUX, CUMITOMATUYECKUX

U MMMYHOMOJYJIMPYIONIMX TIpenapaToB, MpPUMEHSIO-
muxcs g Tepanuu rpunna. OIHaKo JOCTH)KEHUE
MOJTHOT'O TEPANEBTUYECKOTO A(PeKTa OT MPUMEHEHHS
9TUX MpPENnaparoB HEBO3MOXKHO U3-3a IOSIBIICHUS
HOBBIX PE3HUCTCHTHHIX (DOpM BHUpyca TpHUIIA, Pa3BU-
TUS QUIEPrUYecKuX peakuuil Ha JieKapcTBEHHbIE
mpernaparbl, HEOOXOIMMOCTH HHIUBUAYAIBHOTO MOJI-
6opa mpemapatoB [8—11]. OcTaeTcsi TakkKe OTKPBITHIM
BOMPOC MPHUMEHEHHUsS] WMMYHOMOJYJIHPYIOIIUX Mpera-
parToB, MOCKOJIBKY 3()(EKT OT UX MPUMEHEHHS HOCHUT
OTPAaHMYCHHBIH XapakTep, a B HEKOTOPBIX CIydasx
CIIOCOOEH ITOBJIEYD 32 COOOM TSKEJIbIE ITOCIIEACTBUS IS
camoro manuenta [12-14]. Mcnonp3oBanue mnpoTHBO-
TPHUIIIO3HBIX NPENapaToB TAK)KE UMEET OIpelesIeHHbIe
orpanmuenus [15]. Jlns mpeomosneHust 3TUX TpooOIemM
HEOOXOIMMBl JHM3ailH W pa3paboTKa NPUHLUIHAIBHO
HOBBIX MPOTHUBOBUPYCHBIX mpenaparoB. OgHa U3 mep-
CHEKTHBHBIX TEXHOJOTHUH CO3JaHusA CHEHUPUUECKUX
AQHTUBUPYCHBIX IPENapaToB OCHOBAaHA HAa MEXaHU3ME
PHK-unTepdepennnu [16—-18].

Panee Hamu ObIT MOKa3aH BBIPaKCHHBINH IPOTHBO-
BUPYCHBIH 3((EKT OT NMPUMEHEHUS MalbIX HHTEp(de-
pupytomux PHK (MuPHK), manpaBneHHbpIX K OmHO-
My, IBYM H Ooiiee KICTOYHBIM T€HaM OIHOBPEMECH-
HO, YbM MPOAYKTHl SKCHPECCUU MPUHUMAIOT Ba)KHOE
y4acTHe B BHUPYCHOH penpoAyKLIHH, OIHAKO He Obula
BBIIIOJTHEHA OLIGHKA W3MEHEHUsI HKCIPECCUM HEKOTO-
PBIX MPOBOCHAIMTENbHBIX [MTOKUHOB, MIPAIOLIMX
BaXHYIO POJIb B (DOPMHUPOBAHUHM TNPOTUBOBHPYCHOTO
umMmynurera [1, 2, 19]. IL-1f npuHuMaeT yuacTue
B ycuieHuu s3kcnpeccun reHoB MCP-1 u MCP-3 u
(hyHKIMOHAIFHOM CO3PEBAaHUM TKaHEBBIX MakKpo(haros
1 JeHAPUTHBIX KieTok [20, 21]. OTo mpuBOIUT K ycu-
JICHUIO BOCHANUTEIGHOW pEaKkIMd M aKTHBAIMH d(-
(heKTUBHOW CHCTEMBI TpE3eHTAIMK aHThreHa. [FN-13
o0pasyroTcst paHblile, 4eM HHTEp(EPOHBI IPYToro THIIA,
U TPOSIBIISIOT MOIIHYIO 3aIlIMTHYIO (DYHKIHMIO Ha paH-
Hell cragun wuHpekuuu. Ilpumenenne MuPHK 1o
OTHOILIGHUIO K KJIETOYHBIM TI'€HaM, y4YacCTBYIOLUIMM B
IpoLecCe PENpOAYKIMHM BHpyCa TpPHUIINA, CIOCOOHO
CHIKAaTh  BHUPYCHYIO  aKTHBHOCTb in  Vitro W
crocobcTBoBaTh Oosiee 3(P(PEeKTHBHOMY HMMYHHOMY
otBety [18].

Hcxonst u3 BellIECKa3aHHOTO, LENbIO HACTOSIIETO
HCCIIEZIOBAaHUS SIBIISIETCS OLIEHKAa JUHAMUKHA YPOBHS
3Kcrpeccuu TeHoB [L-14 v IL-28f (IFN-A3) B pe3yabTare

KOMIIIEKCHOTO HOKJIayHa HEKOTOPBIX KIIETOUYHBIX I'CHOB,
YbM MPOIYKTHI 3KCIIPECCUU HUIPAIOT BAXKHYIO pOJb B
PpenpoOayKIUH BUpYCa TPUIIIA.

MATEPHAJIBI U METOJbI

[Mon6op MuPHK, onuronykiieoTumoB, mociemoBa-
TenbHOCTH  Hcnonb3yembix MuUPHK, wundopmanus
00 ucnonb3yemom Bupyce rpunma A/WSN/33 (HIN1),
KyJbTypax KIJIETOK, METOJWKa OIEHKH LHUTOTOKCHY-
Hoctn komiuiekcoB MHPHK, mertommka TpaHchexuun
xierok MuPHK c¢ mocnemyromum 3apakeHHEM, KOM-
miekcel MUPHK, wucnonb3oBanHble B pabore, MeTO-
JUKa TUTPOBaHUS BHpyca II0O KOHEYHOH TOYKE
LUTONMATHUYECKOr0 JAECUCTBUS NPEICTABICHbI B HAIIMX
Oosee panHux uccinegosanusax [1, 2, 19]. Dxcnpeccus
reHoB [L-1f wu [FN-A3 wuccnenoBajgach METOIOM
0o0paTHOM TPAaHCKPUILKMK U TOJIMMEPa3HOH IIeTMHOM
peakiun B pexume peangbHoro Bpemenu (OT-IILIP-PB).

Buviasnenue supycnoit PHK

Toranpnyto PHK Bbemensiim w3 KI€TOYHOTO
nu3ata Habopom ExtractRNA (Eepoeen, Poccus).
A TOCTaHOBKM peakIu OOpaTHOH TpaHCKPUIIIHU
npumensin - Habop pearentoB  «OT-1»  (Cummon,
Poccust). Usmenenune konueHTpauumu BupycHoi PHK
(BPHK) koHTponupoBalii € MOMOIIbIO KOJIMYECTBEH-
Hoit OT-III[P-PB ¢ HaGopom mpaiiMepoB U 30HAOB K
M-reny Bupyca rpunmna A [22]. JI71s1 OLleHKU dKCIIPECCUU
IL-1§ n IFN-13 ucnons3zoBamu OT-IILIP-PB, a takxe
272Ct kpUTEPHIi OLICHKH IKCIIPECCHH.

Jns TIIP-PB wmcmonk3oBanu Ha0oOp peareHTOB
B mpucytctBuu Kpacutens EVA Green um pedepeH-
caoro kpacutenss ROX (Cummon) m 2.5-KkpaTHyro
peakuuoHHy0 cMecb s npoBenenus [I1IP-PB
(Cunmon). Pabouas KOHLEHTpanus MpaiMepoB H
30HA0B cocTaBwia 10 OMOJB/MKI W 5 NMOJIB/MKI
coorBercTBeHHO. Peaknusa IIIP-PB  nposoaunacsk
B ammmdpukatope  AT-96  (JHK-mexuonoeus,
Poccust). TemmepaTypHO-BPEMEHHOM PEXHUM  COCTa-
Bun 95 °C — 5 wmun (1 numkn), 62 °C — 40 c,
95 °C — 15 ¢ (40 muxnoB). IlpaliMepbl W 30HIBI
CUHTE3UpOBaHbl KoMmaHued Cummon U  THpejacra-
BJICHEI B [2].

Cmamucmuueckas o0padomrka 0aHHbIX

CTaTuCTUYECKYIO0 3HAUMMOCTb MOJIyUYEHHBIX PE3YIlb-
TaToB omnpefesuii ¢ nomoupto U-kputepusi ManHa-
VYurnu. PazHuna cuutanach JOCTOBEPHOW IPU YpPOBHE
cratuctuueckod 3Haummoctu 0.01 < p < 0.05.
[Toxazarenn TOCTOBEPHOCTH PACCUNTHIBAIUCEH C HCIIONb-
3oBanueM [10 «Minitaby’.

3 https://www.minitab.com/en-us/, mata
08.06.2022. / Accessed June 08, 2022.
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PE3VYJIBTATBI

Ouemca uumomoxkcuunocmu

Panee mnomoOHble mocienoBarenbHocTh  MUPHK
ObUIM  HCIIOJIB30BAHBI B HCCAEJOBAHMU II0  OLIEHKE
MIPOTUBOBUPYCHOTO 3(p(heKTa B OTHOIICHUH BUPYCA TPUTITIA.
[onpoOHble  pe3ynabTaTbl  OLEHKH  IUTOTOKCUYHOCTH
MpeNicTaBIeHbI B padoTe [2].

Bauanue komnnexcoe muPHK na mump eupyca

Jlist orieHKH 3P )EKTUBHOCTH MTPOTHBOBUPYCHOTO JICH-
ctBuss MUPHK u cHKeHMst BUpPYCHOW aKTHBHOCTH,
Ha KymeType Kietok Madin-Darby Canine Kidney
BBIIOJIHAJIOCH TUTPOBAHUE BUPYCCOAEPIKALICH KHUIKO-
ctu, orOupasmiedics Ha 24, 48 m 72 4 c MOMeEHTa
Tpanchekuun kommuiekcoB MUPHK B kynbTypy Kite-
Tok A549. B orauume OT Halero MpeblIyIiero
uccienoBanus [1], B HacTosmIel paboTe MHOXKECTBEH-
HocTh 3apakeHus (MOI) cocraBuma 0.001. Bruto
ycTaHoBieHo, 4yTo npu ganHoM MOI wucnonb3oBanue
Bcex komruiekcoB MUPHK, HampaBiieHHBIX K KIE€TOd-
HBIM T€HaM, IMPUBOAUT K JOCTOBEPHOMY CHIKEHHIO
BUPYCHOH PENpoAyKLUMU Ha IEpBble CYTKH IOCJe 3a-
paxenus. [lonydeHHble AaHHBIE TOKa3aHbl Ha puc. 1
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Komnnekc MuPHK / siRNA complex
M 1 cyt./ 1st day (left) W 2 cyT. / 2nd day (center) M 3 cyT. / 3rd day (right)

Puc. 1. Bmusiaue kommiekcos MuPHK
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4.2 + Nup205;
D: FLT4 + Nup98 + Nup205), HanpaBIEHHBIX K TCHAM
FLT4, Nup98 n Nup205 Ha penpoayKIHIO BUpyca TPHIIIa
(p £0.05). IAV — influenza A virus. Ha ocu opaunar
yKa3aHo nsMenenue turpa supyca B [g T, /mor.
Ha ocu aGcmmcc ykaszansl kommuiekcsl MUPHK.
Fig. 1. Influence of siRNAs complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) directed to the FLT4, Nup98,
and Nup205 genes on the reproduction of the influenza
virus (p < 0.05). IJAV—influenza A virus. The ordinate
indicates the change in virus titer in [gTCD, /mL.
The abscissa shows siRNA complexes.

W CBUIETEILCTBYIOT O criocoOHoctn MUPHK cHmkaTh
BUPYCHYIO aKTHUBHOCTH in vitro. Ilpu TpaHcheKun
KOMIIIeKca A, HampaBieHHOTO K reHam FLT4 + Nup98,
OTMEUYAIOCHh  JIOCTOBEPHOE  CHIDKCHHE  BHPYCHOTO
TUTpa IO CPaBHEHUIO C HeCMelU()UISCKUM KOHT-
ponem na 2.8 IgTI /mn (p < 0.05), a npu Tpamuc-
dexknuu  wommiekca B (remsr Mup98 + Nup205) —
na 1.5 IgTIJL /mn (p < 0.05). Hpumenenue komruiekcos C
(renwt FLT4 + Nup205) u D (reust FLT4 + Nup98 +
Nup205) TpUBOANIIO K JOCTOBEPHOMY CHHXECHHUIO BUPYC-
HOTO THUTpa II0 CPaBHEHHIO C HECTICHM(HUCSCKIM KOHTPO-
nemHa 1.8 una 2.1 IgTIUL, /Mn cootBeTcTBEHHO (p < 0.05).

Bauanue muPHK na konyenmpayuro 6PHK

Ha puc. 2 noka3aHo W3MeHEHHE KOHLEHTpaluu
BPHK in vitro B pesynbrate Tpancdexuun MuPHK.
Onenka u3MeHeHusi koHueHtpauuu BPHK mpoBonu-
nack ¢ nomoirsto OT-TTHP-PB. Otmeuanocs, uro npu
MOI = 0.001 nmpumenenune kommiekcoB B, C u D
IPUBOAMIO K JocroBepHOoMy cHukeHuto BPHK Ha
IepBbIe CYTKH IO CPaBHECHUIO C HECTICHU(PHICCKUM
koHtpormem B 14.5, 4.1 u 15 pa3 coOTBETCTBEHHO
(» < 0.05). Ha Bropeie cytku cHmwkenne BPHK
OTMEYaJIoCh IPHU HCII0JIb30BaHUH KOMIUIeKcoB B u D B
17.1 u 18.3 paza (p <0.05).
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Komnnekc MnPHK / siRNA complex
W 1 cyt./ 1st day (left) ™ 2 cyT./ 2nd day (center) M 3 cyr./ 3rd day (right)

Ig konuit PHK/mn / Ig copies RNA/mL

Puc. 2. Bimstane xommiekcos MuPHK
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205,
D: FLT4 + Nup98 + Nup205) na xonuentpario BPHK.
(Ha rpaduxe nanmHbie IpuBEIEHb! B log, |, B TEKCTE CHIDKEHHE
yKa3aHo B KonmuuecTse pas) (p < 0.05). IAV —influenza A virus.
Ha ocu opaunat ykazano nuzmenenue konndecrsa BPHK
B log,, Ha ocn abcumce ykasansl kommiekcsl MuPHK.
Fig. 2. Effect of siRNA complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) on the concentration of viral RNA.
(On the graph, the data are given in log,, in the text the
decrease is indicated in the number of times) (p < 0.05).
IAV—influenza A virus. The ordinate indicates the change
for vRNA in log . The abscissa shows siRNA complexes.

Tonkie Khimicheskie Tekhnologii = Fine Chemical Technologies. 2022;17(5):384-393

388



A.B. ITak, E.A. ITamikos, H.[I. AGpamoBa u ap.

Hunamuxa sxcnpeccuu IL-1§ u IFN-13

Onenka srcnpeccuut [L-1 u [FN-A3 BBITIOTHSUITACH
¢ mnomomipto OT-IIIIP-PB wu xputepus oOImeHKH
skcmpeccun 2724, Ha puc. 3 mokasaHbl pe3yiibTaThl
OILICHKH 3KcIpeccuu [L-1f. Bbljio BBISBICHO, 4TO MPH
MOI = 0.001 nmocToBepHOE MOBBILIEHHE 3KCIPECCUU
IL-1f nHa 18% OTHOCHUTENBHO HECHIEUU(PUIECKOTO
KOHTpOJIS OTMEYaJIoch Ha | CyTKM HOpU HCIOJIB30-
BaHnK Komiuiekca A. Ilpu TpaHcekuu KOMIIEKCOB
B, C u D Takxe oTmeudanoch JOCTOBEPHOE MOBBIIICHNE
akcripeccuu [L-15 wa 10, 17 u 25% COOTBETCTBEHHO
(»p < 0.05). Ha BrOpple CyTKH YpPOBEHB SKCIPECCHHU
IL-1f moBBICWIICS B KIJIETKaX, TPaHCHUIUPOBAHHBIX
komriekcamu A 1 D ma 118 u 90% (p < 0.05) mo
CPaBHCHUIO C HECIMCIH(UICCKAM KOHTpPOJEM, a
TaKKe IMPEBBICHI YPOBEHb JKCIIPECCHH B HE3apaKeH-
HBIX Kjetkax Ha 45 u 17% coorBercTBeHHO. Ha
TPeTbU CYTKM TIOBbIIIEHWE OdKcmpeccun IL-1f Ha
47% oTMedanoch B KIETKaX, TPaHC(UIIMPOBAHHBIX
kommiekcoM D (p < 0.05). Ha puc. 4 mpeacraBieHbI
JaHHble 00 WM3MEHEHWW sKcnpeccuu [FN-13 B Tede-
HHE TPEX CYTOK C MOMEHTa TPAaHC(EKIUU H 3apaxe-
HUsL. [l0CTOBEpHOE MOBBIMICHHE AKCIPECCHH OTHOCH-
TENPHO HECHENU(UUECKOTO KOHTPOIS OTMEYalloch
JIWITH HA BTOPBIE CYTKU IIPH UCIIOIB30BAHUH KOMIUICK-
coB A u C Ha 10 u 24% cootBerctBeHHO (p < 0.05).
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Komnnekc MuPHK / siRNA complex
W 1 cyt./ 1st day (left) M 2 cyT./ 2nd day (center) M 3 cyT. / 3rd day (right)

Puc. 3. Bmusune xomminekcoB MuPHK
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) Ha n3MEHEHNE SKCIIPECCHI
IL-1f (p £0.05). IAV — influenza A virus. Ha ocu opauaar
yKa3aHO U3MCHEHHUE YPOBHS dKCIpeccun /L-1f.
Ha ocu abcmmice ykasansl komrurekcsl MUPHK.
Fig. 3. Effect of siRNA complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) on changes in IL-1/
expression (p < 0.05). [AV—influenza A virus.
The ordinate shows the change in the expression level
of IL-1p. The abscissa shows siRNA complexes.
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Puc. 4. Bmusiaue xomminexcoB MuPHK
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) Ha n3MEHEHUE YKCIIPECCUU
IFN-13 (p £0.05). IAV — influenza A virus.

Ha ocu opauHaT yKa3aHO H3MEHEHHE YPOBHS SKCIIPECCHH
IFN-A3. Ha ocu abcrucc yka3anbl komiuiekcsl MUPHK.
Fig. 4. Effect of siRNA complexes
(A: FLT4 + Nup98; B: Nup98 + Nup205; C: FLT4 + Nup205;
D: FLT4 + Nup98 + Nup205) on changes in /FN-13
expression (p < 0.05). IAV—influenza A virus.

The ordinate shows the change in the expression level
of IFN-A3. The abscissa shows siRNA complexes.

OBCYXKJIEHHUE

Hacrosimass  paborta  SBISIETCS  MCCIIEIOBaHHUEM
mo oneHke BimsHUsA MUPHK Ha WHIyKIHiO BIPabOT-
ku [L-1f wu IFN-A3 W CONYTCTBYIOIIETO CHWKCHUS
BUPYCHOW aKTMBHOCTH. B mccrienoBanuu Obuia mpose-
J€Ha cepusl DKCIEPUMEHTOB II0 OLIEHKE HM3MEHEHUs
akcnpeccuu ypoBHs [L-1f v IFN-A3 nipu nojaBlieHUU
9KCIIPECCUU  KIETOYHBIX TeHOB FLT4, Nup98 mu
Nup205, BaxkHBIX U1 PENpPONYKLMM BUpyca IpUIIA

nomommbio MuPHK. Jlng omnenkn s¢QexTuBHOCTH
AKCIIPECCUU YPOBHS IIUTOKMHOB W CHIIKCHHS BHPYC-
HOM aKTUBHOCTU NPUMEHSIIOCH [Ba METOAMYECKUX
MMOJX0/Ia, COTJIACYIOIIMXCS MEXIy CcOOOH: THUTpOBa-
HUE BHUpyca [0 LUTONATHYECKOMY JIEHCTBUIO U
OT-IILP-PB. bpuio mnoka3aHo, 4YTO  IpHUMEHe-
Hue MUPHK npuBoauT K BBIPAXKEHHOMY NPOTHBO-
BUpYCHOMY 3(hdexry, a Taxke MNOMy4YeHBl JaHHbBIE,
CBUJETENBCTBYIOIUE O B3aUMOCBS3M MEXIY CHHKE-
HHEM BHPYCHOTO THUTpPa, HU3MEHEHHEM KOJIMYECTBA
BPHK wu mnosbimenuto ypoBus [L-1f u IFN-A3.
[TapannensHO ¢ 3THUM, paHee OBUIN MOTYYEHBI PE3yIlb-
TaTbl O HU3KOM IIMTOTOKCUYHOCTH  KOMIUIEKCOB
muPHK, He mpuBoxsmiell K CymecTBEHHBIM Hapylle-
HUSAM OKU3HEJESTEIbHOCTH KJIETOK I0CJie HOKAayHa
OJTHOTO WJT HECKOJIBKUX TE€HOB [2].
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BbuTO yCcTaHOBIIEHO, YTO MPH TUTPOBAHUU BHpYCa
[0 IUTONATUYECKOMY JIEHCTBUIO Ka)IbIH KOMIIIEKC
MuPHK mpuBommn K CHIKEHHIO BUPYCHOW AaKTHB-
HOCTH Ha IepBble CYTKM Iociie 3apaxenus. Ha puc. 1
MpeocTaBiIeHbl JaHHbie 0 ToM, 9To mipu MOI = 0.001
BUPYCHBI TUTP B KJIETKaX, 0OpabOOTaHHBIX KOMILJIEK-
camu A u D, cuwxancs na 2.8 IgTHJ /Mn u Ha
2.1 1gTU/I, /M1 COOTBETCTBEHHO IO OTHOIICHHIO
k Hecneuuguueckoir MuPHK L2 (p < 0.05). Ilpu
TpaHcdeknuu kommiaekcoB B u C, cHIDKeHne BUPYCHO-
ro tutpa coctasuno 1.5 1gTIJL, /M u 1.8 1gTLJI, /mn
COOTBETCTBEHHO II0 CPAaBHCHHUIO C HECHEIH()UICCKUM
kouTposaeM L2 (p < 0.05).

ITo pesympraram OT-IILIP-PB ormewanocs cHu-
skeane koimdectBa BPHK B 00paboTaHHBIX KOMILIEK-
caMH KJIETKax MO CPaBHEHUIO C HECHELU(PUUECKUM U
BUPYCHBIM KOHTpOJIsIMHU. Mcronb3oBaHHE KOMILIEKCOB
B, C u D npuseno k goctoBepHOMy cHikeHnt0 BPHK
Ha TIepBbIe CyTKH 10 cpaBHeHuto ¢ MUPHK siL2 B 14.5,
4.1 u 15 pa3 coorBerctBeHHO (p < 0.05). CHmxeHHe
koHuenrpauuu BPHK Ha BTOpBIE CyTKM OTMeEuanoch
MpU HMCTOIB30BaHUU KomIiuiekcoB B u D B 17.1 un
18.3 pasa coorBerctBeHHO (p < 0.05). BrI3BIBacT
HUHTEpEeC, 4TO NPU MCIIOIb30BAHUU KOMILIeKca A He
oTMedasoch cHMxeHus koHuentpauuu BPHK, onna-
KO HaOJII0aJI0Ch BBIPAXKEHHOE CHM)KEHHE BHUPYCHOTO
tutpa. [logoOHBI pe3ynbTar CBsi3aH, MO BCEW BUAM-
MOCTH, C TE€M, YTO HCHOJIb3yeMas KOMOMHAlLWs KOMII-
nekca A, HampaBieHHoro k reHaMm FLT4 un Nup98,
npuBonmia kK dactuuHoMy cuHre3y BPHK, ognaxo
cOOpKa W BBHIXOJ BUPHUOHA W3 KJICTKH OBIIM OTrpaHuye-
HBI, B TO BPEMsl KaK OCTaJbHbIC KOMIUIEKCHI, IO BCEH
BUJIMIMOCTH, TIOJHOCTBIO OjokupoBaimm cuHTe3 BPHK,
cOOpKy U BBIXOJ BuUpHoHA. CXOKHe pe3yasTaThl OTMe-
garoTcst B pabore J. Piasecka ¢ coaBTropamu, re
TaKKe  NPOBOAMTCA  OLEHKA  MPOTUBOBUPYCHOTO
sdpdexra MmuPHK [23].

Ouenka skcnpeccuut IL-1 u [FN-A3 BbINOMHSIACH
¢ mnomompto OT-IIIP-PB  u  kpurepus OLEHKH
skcnpeccuu 244 Ha puc. 3 u 4 mpuBeaeHbl JaHHbBIC
0 nuHammke skcnpeccuu [L-1f n [FN-13 B TedeHue
TpeX CYTOK C MOMEHTa TpaHC(EKIHH W 3apa)KCHUs.
Haubosee »sddexkTrnBHOC TOBBINICHHE AKCIIPECCHU
IL-1f oTMewaeTcs TIpH WCIIOJIb30BAHUHM KOMIIJICKCOB
A u D. Ha niepBeie 1 BTOpBIE CYTKH TOCIE TpaHC]EK-
UK POCT dKcrpeccuu coctaBui 18/118% s komi-
nekca A u 25/90% mns komruiekca D cOOTBETCTBEHHO
[0 OTHOIICHUIO K HECHEelU(PUUECKOMY KOHTposto L2
(»p < 0.05), a TakKke TMPEBBICUI YPOBEHb DKCIPECCHH
B HE3apaKeHHbIX KieTkax Ha 45% u 17% Ha BTOpBIE
cyTkn. Ha TpeTbu CyTKM Takke OTMedYanach IOBbI-
IICHHAs OJKCIPEeCcCHsT TMPH  HCIOJIb30BAHUU  KOMII-
nexca D Ha 47%. Ilpu ucnosnb3oBaHMM KOMILIEKCOB B
n C, HapacTaHue OKCIPECCHUM OTMEYaJoCh JIMIIb
Ha nepBele cyTku Ha 10% u 17% cooTBEeTCTBEHHO
(» < 0.05). IIpum omeHke yBEIUYEHHUS YPOBHS

akcripeccuu [FN-A3  pocT oTMeHalics JIMIIb  Ha
BTOpBbIE CYTKH IPU HCIOJIb30BAHUU KOMIUIEKCOB A
u C nHa 10% u 24% COOTBETCTBEHHO IO OTHOIE-
HUIO K Hecnenuduueckomy kountpomo (p < 0.05).
Takoil pesynbTar HEOJHOPOIHOIO pocTa JKCHpec-
cun [L-1f m IFN-A3 cBs3aH, MO BCEH BHIUMOCTH,
C TEM, 4YTO pa3Hble HYKICOTHJHBIC IOCIEI0BATEIb-
Hoctu MuPHK Moryr mno-pasHoMy MHOyLUPOBaTb
BBIPA0OTKY  NPOBOCHAIUTENBHBIX  LUTOKUHOB U
unrepdeponos uepes Toll-mogoOHbIE penenTOpHI.

3AKJ/IIOYEHHUE

B mHacrosimee BpeMsi 0co00 aKTyalbHBIM  SIBIISI-
eTCsS BOIPOC DJKCTPEHHOTO CO3IaHUs JICKapCTBEH-
HBIX CPeACTB I NPOPUIAKTUKUA M TEParuu BBICOKO-
KOHTaruo3HbIX pecHnupaTtopHbIX HHpeknuid. Heobxo-
JIIMO, YTOOBI JaHHBIE JIEKAPCTBCHHBIEC BEIIECTBA OBLIN
Oc30macHbl, HETOKCHYHBI IS TALMEHTAa M HMEIH
HU3KUH CHEKTp mpoTuBonokasanuil. IlapamnensHo
C OTUM, BaKHBIM MX CBOWMCTBOM JIOJDKHA OBITH CIIOCOO-
HOCTHb OKAa3bIBaTh TEPANEBTHUCCKUN M MpOQHIaKTHIe-
ckuii 3(pQPEeKT HECMOTpsS Ha JICKApCTBEHHYIO YCTOM-
YUBOCTh TIATOTeHA. B HacTOAImIEM HCCIIEeIOBAaHUU
MpUBEACHBl JaHHBIE O TOM, YTO OJHOBPEMCHHBIN
HOK/IayH HECKOJIbKMX KJIETOYHBIX TI'€HOB, HWIPAIOIIUX
BRXHYI0O pPOJIb B BHUPYCHOH peNnpomyKIHUH, IMOCpEN-
ctBoM KomriuiekcoB MUPHK  noctoBepHo cHibkan
BUPYCHYIO aKTHBHOCTb rpumnmna in vitro. Hapsny
C OTHM  OTMEYAJOCh  BBIPAKCHHOEC  CHIKCHHUE
BPHK wu mnoBslmienne ypoBHsS skcrpeccun [L-1f u
IFN-A3, HecMOTpsi Ha CIIOCOOHOCTh BHUpYyCa TpHIIIA
OKa3bIBaTh HMMYHOCYTIPECCHBHOE JeHiCTBHE.
[lomydeHHsle  pe3ymbTaTbl  CBHICTEIBCTBYIOT O
TOM, 4YTO Hucronb3yomuecs B padbore muPHK o6na-
JAl0T HE TOJIbKO MPOTUBOBUPYCHOH aKTUBHOCTBIO,
HO TaKke M HMMYHOMOJAYJHUPYIOUIEH aKTHBHOCTbIO,
4yTo cnocobcTByer Oonee 3(dexkTuBHOMY HMMYH-
HOMY OTBETy oOpraHu3Ma. JlONONHUTEIbHO JaHHbBIC
pe3ynbTaThl  TO3BOJAT  pa3paboTaTh  MPUHIINIIBI
OBICTPOTO TPOCKTHUPOBAHUS M CO3JaHUS CIeruduue-
CKUX TPOTUBOBHUPYCHBIX CpPEICTB, IIpeIHAa3HAUYCH-
HBIX JUIS 3aIIUTHl OT CTapblX M HOBBIX IATOTEHHBIX
BUPYCOB,  OOECIIEYeHUs]  MPOTHBOIITUAEMIYECCKOI
0€30IIaCHOCTH ~ PAa3NUYHBIX TPYII  HACEICHUS U
9 PeKTHBHOrO OTBETa HAa BO3HHKHOBEHNE MaHAEMHH U
cllyuaeB OMOTEeppOpU3Ma.
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HAYYHAS CTATbA

Tuon3zaBucuMbIe MEXaHU3MBI JIEIICTBUSA CeJIEHOCOAEPKAIIMX
MpenaparoB U TOJWJI(IYaHUIA HA NCTeYeHHe JIEKTPOJIUTOB
U AKTUBHOCTb IIEPOKCUAA3bl B pacTeHUAX KYKYPY3bl (Zea mays L.)

II.A. Iloay6osapunoB’, H.H. Illerununa’, H.51. Mouceena', H.H. Mukyaax!,
H.A. T'oay6kuHa?, A.Il. Kanaysn®

TNerHzerckuil 2ocydapcmaeHtblii yHugepcumem, Ilensa, 440026 Poccust

2dbedepa.nbHbUl HayuHbLIL yeHmp osouiesoocmsa, BHUHCCOK, Mockosackast 0on., 143086 Poccusi
SMHPSA — Poccutickuil mexHonoeuueckuii yHusepcumem (MHecmumym moHKUX XUMUHECKUX MeXHO02uUll
um. M.B. Aomorocosa), Mocksa, 119571 Poccust

= Aemop ons nepenucku, e-mail: poluboyarinovpavel@yandex.ru

AHHOMaAyus

IMenu. HeopzaHuuecKkue U opeaHuueckue coeOuHeHUs ceseHa, KaK U psid Opyaux muosiosslx 1008,
aKkmusupyrom cpepmeHmel 8 KAemKax pasHblX 0p2aHU3IMO8, 0OHAKO MeXAHU3IM UHOYKUUU hep-
MEHMAMUBHOU AKMUBHOCMU MAJIOUSYUEH, 8 C8SI3U C IMUM Uesblo Hacmosiuell pabomel cma-
710 UBYUeHUE MEXAHUBMA BNUSIHUSL COEOUHEHUT ceneHa HA UHOYKUUIO aKmueHocmu gpepmeHma
nepokcuoassl 8 MKAHAX pacmeHuil KYkypy3sol.

Memooust. Mexarusm 610KUpo8aHuUst cyabgheudpunibHoblx epynn (SH-zpynn) coeduHeHull cesena
uccnedosanu Ha pacmeHusix KYkypysvl 8 cpagHeHUU ¢ hYH2UUUOOM MOAUNDPAYAHUOOM — KAAC-
cuyecKkum muoaogouim sidom. HemeueHue snexkmponumosg onpeoensiiu mMemooom KoHOyKmome-
mpuu U KAnUAspHoz0 snekmpodopesa, ppakyuu benrxos no memooy Epmarosa-dypeiHuHroll,
ux KoHyeHmpayuto no bpadgopdy, axmusHocms nepokcudassl no memody bospruHa.
Pesynemamet. Bvbuio ycmaHosneHo, umo ouauemogpeHoHunceneHuo (IADC-25) ezaumo-
deticmeogan ¢ SH-zpynamu, Kax u pyHauyud moaungyaHud, Komopblii siensemes Kaaccuue-
CKUM Op2aHUUEeCKUM MuUoogbim si0oMm. [JADC-25 cmumysnupyem ucmeueHue KamuoHo8 KAAUs
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u ammoHus 8 58 u 14 pas, a moaungayaruo € 4.4 u 1.5 pas e cpagHeHUU ¢ KOHMpoaem. Hemeue-
HUe 9/1eKMpoaUmMOo8 U3 KJ1emok pacmeHull KYyKypy3vl Npueooum K yeeauueHUur0 KOHUeHmpayuu
obwezo benrka u ocoberHHo anbbymuros. Konuenmpayus anebymuHos ¢ JJADC-25 sospacmana &
2.4-4.5 pasa, a ¢ moaungayaruoom — e 2 pasa. [JADPC-25 axmusuposan pepmeHm nepokcuoasy
8 KOPHSX U Hao03emHOoU uacmu Kykypysst Ha 63% u 112%, a moaungayarHuo Ha 73% u 63%, umo
2080pum 0 cxorxKem mexarusme ux oeticmeust. L-yucmeur cHukaem axKkmugHOCMb NepoxKcuoa-
3bL om Oeticmeust IADPC-25, m.e. cHumaem b6nokuposaHue SH-zpynn. Cnabee axmusupyrom ne-
porcudasy Na,SeO, u L-ceneHoyucmuH, Komopble makoke esaumooeiicmeyrom ¢ SH-zpynnamu.
ColdeprkaHue ceneHa 8 pacmeHusx KYkypyssvl ymeHvwaemess npu odobasnreHuu L-yucmeuHa 8
pacmeop ¢ JADC-25, umo 2080pum 0 CHUXKEHUU e20 NOCMYNIeHUSL 8 PACMEHUSL.

Buleooust. HcenedogaHust noKasaiu, umo CeseHco0eprkauiue seuecmsa 83aumooeticmeyom ¢
SH-zpynnamu Kiemok pacmeHuil KYkypyssl, YCUNUBAS. UCMeEUeHUE /IeKMPOSIUMO8 U NO8bLULASL
KOHUeHmMpayur 6en1Ko8 8 MKaHsX, 0COOeHHO anbOYMUHO8, A, C1e008aAMeNbHO, YEeAUUUBAs. AK-
mueHoCcmb hepMeHma neporKcuoasol.

Knroueesvte cnoea: ouayuemopeHOHUNCENEHUD, MOAUNPAYAHUO, KYKYpY3a, neporkcuoasa,
anekmpoaumel, benxku
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Abstract

Objectives. While organic and inorganic derivatives of selenium like thiol poisons are known
to activate enzymes in cells of different organisms, the mechanism of enzyme activity induction
is poorly studied. Therefore, the aim of the study was to investigate the effect of selenium
compounds on peroxidase activity induction in maize tissues.

Methods. Mechanism of sulfhydryl groups blocking in selenium derivatives was studied on
maize in comparison with fungicide tolylfluanid—a typical thiol poison. Electrolytes leakage
was determined using conductometry and capillary electrophoresis, protein fractions—by the
Ermakov-Durinina method, protein concentration—according to Bradford protein essay, and
peroxidase activity—by the Boyarkin method.
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THOA3aBHCHMbIE€ MEXAaHH3MBI ZEHCTBHS CEA€HOCOLEPHKAIINX IIPENAPATOB ...

Results. Diacetophenolylselenide (DAPS-25) was shown to react with SH-groups similarly with
tolylfluanid fungicide. DAPS-25 increased K' and NH; leakage by 58 and 14 times, while
appropriate increases for tolylfluanid were 4.4 and 1.5 times as compared to control. Increased
total protein content—especially albumins—was due to electrolyte leakage from maize cells.
DAPS-25 increased albumins concentration by 2.4-4.5 times, and tolylfluanid application by
2 times. Similar increase of peroxidase activity in maize roots and sprouts as a result of
DAPS-25 (by 63% and 112%) and tolylfluanid (by 73% and 63%) application indicates close
mechanism of their effect. Under DAPS-25 loading L-cysteine decreases peroxidase activity,
which records the removal of SH-groups blockage. A less intensive effect was registered
for sodium selenite and L-selenocystin, also capable of reacting with SH-groups. L-cysteine
supplementation to DAPS-25 solution decreases selenium concentration in maize, indicating
the decrease of selenium bioavailability.

Conclusions. The results indicated that selenium containing compounds react with SH-groups
of maize cells increasing electrolytes leakage, protein content and especially albumins resulting
in the increase of peroxidase activity.

Keywords: diacetophenonyl selenide, tolylfluanid, Zea mays, peroxidase, electrolytes, proteins

For citation: Poluboyarinov P.A., Shchetinina N.V., Moiseeva [.Ya., Mikulyak N.I., Golubkina N.A., Kaplun A.P.
Thiol-dependent mechanisms of selenium-containing preparations and thiolylfluanide effect on electrolytes leaching and
peroxidase activity in Zea mays L. Tonk. Khim. Tekhnol. = Fine Chem. Technol. 2022;17(5):394-409 (Russ., Eng.).

https://doi.org/10.32362/2410-6593-2022-17-5-394-409

BBEJEHHWE

B mocnenHme romsl MIMPOKO UCCISAYIOTCS KaTaln-
THYeCKHe (PYHKIUU MHUKPODJIEMEHTa CellieHa, (OpMH-
PYIOILETO aKTUBHBIE CEJEHOJbHBbIE LEHTPbl AHTHUOK-
CUJAHTHBIX (DEPMEHTOB U B MEPBYIO OYepellb YEThIPEX
CEJICH3aBUCHMBIX IIIyTATHOHIEPOKCHUA3, CEICHCOep-
JKalIMX MenTUA0B U OeskoB [1].

Heopraandeckue comu ceneHa (celeHaT U cerne-
HUT HATpUsi)) W OpPraHMYECKHUE COCIMHEHHS CelieHa:

s0cenen,  2-(enmnbensoceneHaszon-1,2-3(2H)-o0n)[2],
ceneHonupas,  9-(eHuI-cuM-HOHa-THIPO-10-cenena-
antpanen', auanerodenonmicenenny  (JADPC-25),

1,5-mudenun-3-cenenanentaanon-1,5 [3], (I), okasbl-
BAIOT AKTHBUPYIOLICE ACHCTBHE HAa psI (EPMEHTOB:
KaTayazy, MepOKCUAa3y, CYNEPOKCHUIIUCMYTa3sy, IiIy-
TaTHONEpOKcHIa3y y pacteHuit [4-7], Oakrepuii [8],

! bunoxsaroB A.®D. 9-R-cum-nonacudpo-10-okca(xano-
Koeena) anmpayervl u conu 9-R-cum-okmacudpo-10-oxconua
(xanvrocenonua) anmpayena. JIuc. TOKT. XuM. Hayk. Caparos:
CTI'Y; 1993. [Blinokhvatov A.F. 9-R-sim-nonahydro-10-oxa
(chalcogen) anthracene and 9-R-sim-octahydro-10-oxonium
(chalcogenonia) anthracene salts. Dr. Sci. Thesis (Chem.).
Saratov: SGU; 1993.]

HacekoMbIX [9], pakooOpasnbix [10], cembCKOXO3sicT-
BEHHBIX KMBOTHBIX M ntHil [11, 12]. Ocobo crieayer
OTMETUTh, YTO W3 27 OPTaHMYECKUX COCAUHCHUH
celeHa M uX 16 cepocomepKallux aHAJIOTOB HAHMOOIb-
IIyro akTUBHOCTH (GepmeHToB (azel Il — XxmHOUMH-
penykrassl (K.®. 1.6.5.5) u rnytaTroH-S-Tpancdepasbl
(K.®. 2.5.1.18) — wunayunupoBanu 9 ceneHcoaepKa-
IIMX COENWHEHUH: JTUMETHIJUCEICHU, JUOSH3UII-
JTUCeeHHl, IU(DECHUIANCENCHN ], OCH3UICEIICHOI,
OCH30JICEICHMHOBAsI KUCJIoTa, 30ceneH, 2,5-nudenun-
ceneHo(deH, TpU(DEHUIICEIICHOHUS XJIOPHI, T.e. B OC-
HOBHOM T€ Ipemaparsl, KOTOPBIE B3aUMOACHCTBYIOT C
CYNb(OTUAPIIFHBIMEI TPYIIIIAMHU KJIETOK T€IaTOMBI MBI-
meit (Hepa-1clc7) ¢ obpasoBanueM ceieHOCYIbhUI-
HbeIX cBs3eil [13]. OgHako MexaHU3Mbl MeTaboiIH3Ma
CEJICHOPTaHUYECKUX KCEHOOMOTHKOB B Ouosoruye-
CKHX Cpe/ax, UX BIUSHUE Ha MHIYKIUIO aKTUBHOCTH
(hepMEeHTOB M3y4eHBl HEAOCTaTOYHO. V3BECTHO, YTO B
BBICOKMX KOHIICHTPAIUSX HEOPraHUYEeCKHUEe COCTUHE-
HUSl CElICHA: CEJICHUT, CElICHAT HaTpHs, OKCHUJ celie-
Ha, TCHCTBYIOT KaK THOJIOBEIC SIABI, OIOKUPYS CYIb(Q-
TUApWIbHBIE Tpynnel OenkoB [14, 15]. K THoNO-
BEIM SI/IaM TaK)Ke OTHOCST TSDKENbIE METAJUIBL: PTYTh,
KaJIMHU U CBUHEI.
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CyIecTByeT B3aWMOCBSI3b YTCUKH  AJICKTPOIIH-
TOB TIpH TOBPEXKICHUH MEMOpaH KICTOK KOpHEH
mmenunsl - xnopuaom  prytd  (HgCL), yBemuuenun
KOHIIGHTpAIlMW  MaJloHOBOTO  muanpaeruaa (MJIA)
W aKTUBAallUM  KaTajasbl, CyNEepOKCHIANCMYTa3bl,
NepoKcHuasbl, ackopOarnepokcuaassl [16]. B ycio-
BUSIX CTpecca M 3aCyXu Yy pacTeHuil parica, oOpado-
TaHHBIX CEJICHUTOM HaTpUs OOHAPYKEHO YBEIWYCHHE
AKTUBHOCTH KaTaja3bl U aCKOpOATIepOKCHIa3bl, B OTIIHU-
4He OT pacTeHHi, He 00pabOTaHHBIX CEJICHOM, T/ YPO-
BCHb aKTUBHOCTHU (pepMeHTOB HInke [17].

Metox WHTHOWTOPOB IIMPOKO HCIIONB3YETCS IS
OIpeNeIeHNusl MEXaHHW3Ma JeHCTBUsI Pa3JIMYHbIX IIpe-
napatoB. KilaccMueckuM THOJIOBBIM SI0M  SIBIISIETCS
tomunyanun (IV) (byaruoma OynapeHa Mynbsti
500 T1/kr), He coaepxamuii ceneH. OTHOCHTEIBHO
MEXaHU3MOB JEWCTBUS M3BECTHO, YTO OH Hecmneuupu-
YEeCKH MHTHOMpYyeT OMOXMMUYECKUE MPOLECChI, B KOTO-
PBIX MPUHUMAIOT y4acTHe (DEPMEHTHI U KO(EPMEHTHI,
coiepKale CcyabGTUAPUIBHBIE TPYIIbBI, THOJCOACP-
JKare Kietounele komroHeHTH! [18]. Kak u Bce Tu-
OJIOBBIE Sbl, OH YBEJIWYMBAET BOJOIPOHULAEMOCTb
KJICTOYHBIX MEMOpaH, CIIOCOOCTBYET «BBITCKAHHIO)
HMOHOB KaJIus u3 KieTku [19].

MexaHu3M TIOBBIIICHUST AKTUBHOCTH (PEpPMEHTOB
MOXKET OBITh OOYCIIOBJICH CHHTE30M H30(epPMEHTOB
de novo, u3MeHeHHEM KOH(POPMALUH  MOJICKYJIbI
(dbepMeHTa WM NPOCTETUUECKOW TpyNNbl MMOJ BO3-
JIeiCTBUEM HHTHOUTOpA, WIM KaTaJUTUYECKUM Jeii-
CTBHEM MHKPOZJIEMCHTA CEJICHA Ha CEJICH3aBHCHUMBIC
¢epmentel.  OpHako, (EPMEHTH AHTHOKCHIAHTHOMN
3anmThl (KaTajasa, epoKCHIa3a, CYyNepOKCHIIMCMYTa3a),
YTHIM3HPYIOIIHE TTIEPOKCHIBI U CBOOOIHBIC paJUKalIbI,
K CEJICH3aBUCHMBIM (hepMeHTaM He OTHOocATCs. B 60ib-
IIMHCTBE HAy4YHBIX HCCIIEOBAaHUNA IPOCIEKHUBAETCS
B3aMMOCBS3b, MEXKIy JACHCTBUEM THOJIOBBIX SIOB —
MOHOB TSDKEJBIX METAJJIOB, CEJICHOBBIX MNpernaparoB —
U MHIYKOUEW aKTUBHOCTH Pa3HBIX (EepMEHTOB. DTO
MOXET OBITh CBSI3aHO C YTEYKOH JIIEKTPOJIUTOB, T.C.
MOJAU(UKAIMEH HMOHHBIX KaHAJIOB, AaKBAallOPUHOB, M
MPUBOANUTH K YBEIMUCHUIO KOHIIEHTpAMu Oeika B OHo-
Macce, a, Kak CIEACTBHE, YBEIMYCHUIO AKTHBHOCTH
(hepMeHTOB.

B cBA3M ¢ BBIIEU3I0KEHHBIM, LIEJIBIO UCCIENO-
BaHUS ABIAETCS M3y4YEHHE MEXaHW3Ma BIIMSHUS CO-
SIMHCHUH CceJeHA Ha WHIYKIIMIO aKTHBHOCTU (PepMEHTA
MEPOKCHUIA3bl Y MPOPOCTKOB KYKYpY3bl (Zea mays L.).

MATEPHAJIBI U METO/IbI

PeakTuBpl u mnpubopsl. B pabore wucmomas-
30BaJii  pEaKTWBBL:  mepokcu  Bomopoma  30%,
OcH3uIuH, L-1icTenHa THIPOXIIOPHI, alleTOH (BekmoHn,
Poccust), TADC-25 (Cynvgpam, Poccus), TommndiryaHu
— Qynrumua «Dynaped Myneti» (BASF, T'epManusi).

Cenenoprannueckuii kceHobnornk — JJADC-25 nu
TONMI(ITYaHH]] PACTBOPSIIM B alleTOHE W JTOOABISUTH
B pactBop Kuona®. CeneHuT HaTpus U L-ceneHOMUCTHH
pactBopsin B 0.1 M HCI (Bexmon, Poccust). B kon-
TPOJIbHBIC BapUaHTHI OBUIH JTOOABICHBI PAaCTBOPH-
TEJH — alleTOH (X.4.) U COJIAHAas KUCIoTa (X.4.) (Bexmon,
Poccus).

OnpeneneHne  AIEKTPONPOBOAHOCTH  JUCTHI-
JUPOBAHHOM BOJBI M PACTBOPOB, MPOBOAMIM Ha KOH-
nykromerpe «Oxenept-002-2-6» (AnarumlIpomlIpubop,
Poccust) mo TOCT 6709-723.

OmnpeneneHre HEOPTAaHWMYESCKUX KAaTHOHOB B BOJC
npoBoamn 1o meromuke M 01-31-2011%, ucmons3ys
cUCTeMy KanmwuisipHoro anekrpodopesza Kanens 105M
(I'K «JIDMDBKC», Poccus).

AKTUBHOCTH IEPOKCUIA3bI ONIPEACIILTH, UCTIOIB3YSI
dhotomerp KOK-3 (30M3, Poccus).

W3yyenne aHAaTOMHM KIETOK KOpPHEU KyKypy-
36l MPOBOAWIIM TMON MuKpockoriom Levenhuk D320L
(Vleseneyx, Poccusi).

[IpopamuBanne cemsiH KyKypy3bl. CeMeHa KyKypy-
3bl (Zea mays L.) copra «KpacHomapckuii 291 AMB»
(l'aspuwi, Poccusi) m «YTpeHuss necHs» ([ aspuiu,
Poccust) mpopamuBany B Te4eHHE 3 CYTOK B TEpPMO-
crare npu temreparype 25-26 °C [20]. Jns ombiToB
WCTIONIb30BAH MPOPOCTKH C JUTMHOW KOopHEH 1-2 cM.
KopHE KOHTPOJNBHBIX MPOPOCTKOB TOTPYKAIA B pac-
TBOp KHOMA Min TUCTUILIMPOBAHHYIO BOLY 4epe3 Imep-
(hopupOBaHHYIO TUIACTUKOBYIO TUIACTUHY, & OMBITHBIX —
B pacTBOp C JoOapieHueM mpemnaparoB. KopHu mpo-
POCTKOB HaxOIWJINCh B pacTBope KHoma wiam aucThIiI-
JTUPOBAHHOW BOJE B TCUCHHE BCETO BPEMEHH OIIBITA
(3 cyrok).

Jns onpenencaus dpakmuii  GenkoB  (aapOyMu-
HOB, TNIOOYJIMHOB, TIPOJIAMIHOB W TIIIOTEITHMHOB) M aKTHB-
HOCTH IIEPOKCHIA3bl HEOTHCICHHBIC KOPHH KyKYpy3bl
morpy»ai B pacTtBopel KHOma, comepikamiue CeleH-
coziepIKalie mpernaparsl U TOMWI(GIyaHUJ B PasHBIX
KOHIIGHTPAILUSIX Ha 3 CyTOK. 3aTeM NPOPOCTKH pasfie-
JSUTH HAa KOPHM M HAA3EMHYIO YacTh (Jlanee mpopocT-
KW), W3MENBYalld, PAacTUpaid W LEHTpU(yrupoBau.
benku skcrparupoBanin 1o mMeropy EpmaxoBa—lypbl-
HuHol [21]. CoxepikaHue OTIENBHBIX (pakiuid OSIKOB
ompenesua o Meroxy bpaadopna [22]. Kontponem

2 Yecnokos B.A., Bassipuna E.H., Bynryesa T.M., UbuH-
ckast H.JI. Buipawueanue pacmenuii 6e3 nousvi. JIeHUHrpaa:
WznarensctBo Jlenunrpazackoro ynusepcutera; 1960. 170 c.
[Chesnokov V.A., Bazyrina E.N., Bushueva T.M., II’inskaya
N.L. Growing plants without soil. Leningrad: Izd. Leningrad.
Univ.; 1960. 170 p.]

3 TOCT  6709-72. MexXrocyaapCTBEHHbIH  CTaH-
JapT. Bona JUCTHJUTNPOBAHHAS. Texunueckue
ycnoBus. M.: Crampaptundopm; 2010. [GOST 6709-72.
Interstate Standard. Distilled water. Specifications. Moscow:
Standartinform; 2010.]

4 https://www.lumex.ru/complete_solutions/11ar03_01 02 1.
php. Hara odparenst: 18.04.2020. / Accessed April 18,2020.
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CITy’)KWJIH  TIPOPOCTKH  KYKypY3bl, KOPHH KOTOPBIX
HaXOJWITUCh B pacTBope KHoma Oe3 moOamieHust mpe-
MaparTosB.

AKTHBHOCTD TTEPOKCHIA3HI ONPEICISUTH 0 METOTY
bosipknna npu qymmae BomHbl 610 HM. MeTton ocHOBaH
Ha U3MEPEHUU BPEMEHH, 32 KOTOPOE B OIIBITHOM PacTBO-
pe ocTUraeTcs ONpeesICHHAs! ONTHYECKas MIOTHOCTh
(E = 0.250). PaccuntpiBanioch U3MEHEHHE ONTUYECKOI
IUIOTHOCTH 32 1 ¢ B pacyere Ha | r ceIpoii TkaHu. B xaue-
CTBE CyOCTpaTa HCIIOIb30BAIN OCH3UIWH, B PE3yJIbTaTe
OKHCJICHUSI KOTOPOTO 00pa3yeTcsi COCAMHCHHE CHHETO
nseta [23].

OmpeneneHre HATMYUS AIEMEHTApHOTO CeleHa
MIPOBOMJIM Ka4eCTBEHHOHM peakuuen mo aiiriero u
Becty [24]. Obmee comep:kaHue CeleHA B KOPHIX U
MPOPOCTKAX KYyKypy3bl Ompenessuid  (IryopuMeTpH-
YECKUM METOJIOM C JUAMUHOHA(DTATHHOM®.

Craructuueckuil aHaau3 OCYLIECTBIISUINA C UCTIONb-
30BaHUEM TecTa JlyHKaHa M KOMIBIOTEPHOM CTaTUCTHU-
geckoii mporpamme Excel.

PE3VYJIBTATBI U UX OBCYKJIEHUE

Biusinue JAD®C-25 u ToimmnduiyaHu1a Ha HcTedeHne
AIEKTPOIMTOB M3 KJIETOK KOpPHeii pacTeHuii KyKypy3bl

IIpu no6apnenuu JADPC-25 B pactBop Knoma Ha
KOPHSIX MPOPOCTKOB KYKYpy3bl HIET Peakius ¢ 00pa3o-
BaHUEM KpacHON MOIU(UKAIMH DIEMEHTHOTO CelieHa
(puc. la). [Ipu MUKPOCKOITMPOBAHHH MOKHO OTMETHTh
o0pa3zoBaHue TPaHysT AIEMEHTHOTO CEJlIeHa M CHIIBHBIN
TUTa3MOJIN3, YTO TOBOPHUT 00 YBEIMUCHUH BOAOIIPOHHIIA-
E€MOCTH KJICTOYHBIX MEMOpaH W MUCTEUCHHS HIICKTPOIIH-
TOB W3 KJIETOK KOpHsI. [IoBBIIIEHIE BOMOITPOHUIIAEMOCTH
KJICTOYHBIX MEMOpaH XapaKTepHO JJIsI HEKOTOPBIX THO-
JIOBBIX s1710B [19].

[Tnazmonu3 KIeToK KOpHEW KyKypy3bl TaKKe OTMe-
yascsi B Bapuante ¢ tonwidayanunom (puc. 10). Takum
o0pa3oM, OTJeJIeHue MPOTOIUIACTa OT CTEHKU KIIETOK
KOpHS KyKYpY3bl B3aMMOCBSI3aHO C HAJIMYHEM THOJIOBO-
ro sima B pactBope Knorma.

TromnoBBIE SABI MOTYT HapyIIaTh paboTy KaIHEBBIX
kaHaioB [19] u BBI3BIBAIOT HCTEUCHHE DIICKTPOIUTOB U3
KJeToK. /Iy ompeneneHnst HCTEUEHHS SIEKTPOIUTOB 13
KJIETOK KOpHEH, B KaueCTBE MUTATEIbHOTO pacTBOpa 1c-
MOJIb30BAJIU JUCTUIIMPOBAHHYIO BOAY BMECTO PacTBOpa
Kuomna (ta6m. 1).

> MVYK 4.1.033-95. Memoowi konmpons. Xumuueckue
gakmopwi. Onpedenenue cenena 6 NPOOYKMAx NUMAHUSL.
Memoouueckue yrkasanus. M.: Tapopm.-u3a. nentp Tockom-
camdmuaHa3opa Pocenm; 1995. [MUK 4.1.033-95. Methods
of control. Chemical factors. Determination of selenium in
food. Methodical instructions. Moscow: Inform.-izd. Tsentr
Goskomsanepidemnadzora Rossii; 1995.]

(6)

(8)

Puc. 1. Bun xopHeil npopocTKOB KyKypy3bl
mpu 100-kparHoM yBenmmueHuu: (a) JJADC-25 B pacTBOpe
Kuoma (0.025 mr Se/n, 0.16 MMob/i);
(6) Tomundyanus (0.16 MMoIb/1), (B) KOHTPOIIB.
Fig. 1. Maize roots with 100x magnification:
(a) DAPS-25 in Knop’s solution (0.025 mg Se/L, 0.16 mM/L),
(b) tolylfluanide (0.16 mM/L), (c) control.

Takum oOpa3oM, 1Mo JaHHBIM Taba. 1, MOXKHO cy-
TuTh 0 ToM, 4T0 JJADC-25 crnocoOCTByeT MCTEUECHUIO
ANIEKTPOIUTOB M3 KIETOK KOPHS, YBEININBACT BOIOIIPO-
HHUIIAEMOCTH KJIETOYHBIX MEMOpaH, BBI3BIBAS TIA3MOITH3.
OmnpeneneHre KaTHOHOB, METOIOM KaIMJUIIPHOTO JICK-
Tpodopesa, MoKa3aio HaJHIHe NOHOB aMMOHUS, KaJIHs,
HATPHS, MarHUs U Kby (Tadi. 2).

Amnanus snekrpodoperpaMM u Tabi. 2 CBUIETEINb-
CTByeT O ToM, uTo JADC-25 cTuMyIupyeT HCTeUeHUE
U3 KJIETOK KOpHS MPEHMYIIECTBEHHO KaTHOHOB Kallus,
a TaKKe KaTHOHOB aMMOHHS, KOTOPBIA [0 HOHHOMY
paauycy OueHb MOXO0XK Ha MOH Kanus [25], uro roBoput
0 BEpOSITHOW MOAM(HUKAINN HOHHBIX KaJHEBHIX KaHa-
0B JJADC-25. B HOHHBIX KaJIMEBHIX KaHAJIaX W aKBa-
MOPHHAX MPUCYTCTBYIOT OCTaTKH aMHHOKHCIIOTHI
uucTerHa [26], 4TO [JenaeT HX YYBCTBUTEIbHBIMU
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Tabnuna 1. D1eKTpornpoBOJHOCTL PACTBOPOB M3-1I0J] KOPHEH MPOPOCTKOB KyKypy3bl copTa «KpacHonapckuit 291 AMB»

(MkCwM/cMm?)*
Table 1. Electrical conductivity of solution from roots of maize, Krasnodarsky 291 AMV (uS/cm?)*
CyTkn Kourtposab, MkCm/cm JTADC-25, 0.025 mr Se/st, MeCm/cm
Days Control, pS/cm DAPS-25, 0.025 mg Se/L, nS/cm
3 2.13+0.17 a 2.04+£0.14a
4 13.61 £0.54 b 7024 +£3.51b
6 12.97+0.65b 265.20£26.52 ¢

* 3HaueHusl B CTOJIOLAX C OJIMHAKOBBIMH OyKBaMHU CTaTUCTUUECKH HE PA3JIMYarOTCs CONNIACHO TecTy JlyHKaHa IIpU BEIHUUHE
nocrosepHocTu p < 0.05. / Values in columns with the same letters are not statistically different according to Duncan’s test with

a significance value of p < 0.05.

Taoauna 2. KaTHoHbI 3JICKTPOINTA U3-TI0] KOPHEH MPOPOCTKOB KyKypy3bl copTa «KpacHomapckuii 291 AMB»y (mr/m)*
Table 2. Cations of solutions from roots of maize, Krasnodarsky 291 AMV (mg/L)*

Karunonsi / Cations
BapuanTtbr

Variants NH' K Na* Mg Ca?t
Kontposs 034+001a | 357+£004a | 1.824004a | 037+0.0la | 0.96=0.013a
Control
JIADC-25
DAPS-25 19.72+0.78 b 52.17+1.56b | 4.69+0.15b 7.22+0.02b 4.84+0.17b
KparHOCTh yBeNHUCHHUsI HCTCUCHUS
KkatuoHoB, JJADC-25, pa3
Multiplicity of increase in the >8.0 14.6 2.6 195 >0
expiration of cations, DAPS-25, times

* 3Ha4eHUs B CTOJIOLAX C Pa3sHBIMU OyKBaMH pa3iMyaroTcs Npu BenuduHe qoctopepHocTr p < 0.001. / Values in columns with

different letters are significantly different at p < 0.001.

K BO3JICUCTBUIO THOJBHBIX SIIOB — MOHOB pTyTH [27] M
cepebpa [28] m mocnemyromeMy OJOKUPOBAHUIO HOH-
HBIX KaHAaJIOB.

AHAJIOTMYHO NPOUCXOJUIIO HCTEYCHHE ODJIEKTPO-
JUTOB U3 KIETOK KOPHS B OIBITE C APYTHM COPTOM
KyKypy3bl ¢ nob6asnenueM JADPC-25 u Tonunduryanuia
(Tabm. 3).

HcreueHne SIEKTPONTMTOB B JIAHHOM  OTIBITE
HamboJee aKTHBHO TIIPOXOIMJIO B BapHaHTe C

JA®DC-25 u B 3HAYNTECILHO MCHBIICH CTCIICHU B Ba-
puanre ¢ TonwiIGayaHuI0M. AHAIU3 METOAOM KallHiI-
JSIPHOTO 3JeKTpodopesa TakKe IOKa3al HaIHIUe
HOHOB aMMOHWUS, Kajus, HATPUsI, MAarHUA U KaJbLHI
(Tadm. 4).

Hcreuenue MOHOB aMMOHUSL M3 KJIETOK KOpHEH
KyKypy3bl B 42 u 1.5 pa3a HnpeBOCXOOUT KOHTPOJIb
B Bapuantax ¢ JADC-25 wu TtommndayaHumoMm, a
noHoB kammst B 16.7 m 4.4 paza COOTBETCTBEHHO.

Taduuna 3. DIeKTponpoBOAHOCTL PACTBOPOB U3-TI0]] KOPHEH MPOPOCTKOB KyKypy3bl copTa « Y TpeHHsist mecHs» (MkCwm/cm?)*
Table 3. Electrical conductivity of solution from roots of maize, Utrennyaya Pesnya (uS/cm?)*

JADC-25,
Cytku Kontpoanb 0.025 mr Se/a, 0.16 MMoJIb/1 Tonundayanus, 0.16 MMoJIb/1
Days Control DAPS-25, Tolylfluanid, 0.16 mmol/L
0.025 mg Se/L, 0.16 mmol/L
3 2.047 +0.08 1.890+ 0.1 1.789 + 0.05
6 6.12£0.36 101.7+6.1 21.79+ 1.1

*3Ha4eHUs C OJJMHAKOBBIMU MH/IEKCAMH CTaTHCTUYECKU HE pa3iinyaroTcs coracHo tecty JyHnkana rpu p < 0.05./ Values with
the same indices do not differ statistically according to the Duncan’s test at p < 0.05.
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Taéauua 4. KaTHOHBI 31EKTPOITUTA U3-TI0J] KOPHEH MPOPOCTKOB KyKypY3bl COpTa «Y TPEHHsISI TIeCHsD (Mr/1)*
Table 4. Electrolyte cations of solution from roots of maize, Utrennyaya Pesnya (mg/L)*

BapuanTsl

Katnonsi / Cations

Variants
NH *

4

K+

N a+ Mg2+ C a2+

Kontpoinb

Control 0.164+0.01 a

1.16+0.04 a

0.268 £0.04 a 041+0.01a 1.76 £0.01 a

TADC-25

DAPS-25 6.90+£0.78 b

19.36+1.56b

0.96 £0.15b 3.58+0.02b 339+0.17b

Tonundmyanu

Tolylfluanid 0.25+0.03 ¢

5.10+0.15¢

0.56+0.01c 0.77+0.02 ¢ 2.26+0.05¢

KparHoCTh yBenmueHue
HCTEYECHHUsT  KaTHUOHOB,
JADC-25/romandutyanu,
pa3s

Multiplicity increase in
the expiration of cations,
DAPS-25/tolylfluanid,
times

42.0/1.52 16.7/4.4

3.56/2.0 8.7/1.88 1.9/1.3

* 3HAYCHHUS B CTOJIOIAX C pa3HBIMHU OyKBaMM CTaTHCTHUCCKHU pa3indaroTcs coriacHo tecty lyHkana npu p < 0.05./ Values in
columns with different letters are statistically different according to Duncan’s test at p < 0.05.

Hcteuenne moHoB HaTpus M Kajblmsg B 3.6 u 1.9 pa3
Bbiie B Bapuantax ¢ JADC-25 u tomuidiayaHuI0oM.
KoHlieHTpanus MOHOB MarHusi B pacTBOpE BhIIE B 8.7
u 1.9 pa3 B Bapuanrax ¢ JJADC-25 u TonundayaHuioM
[0 CPAaBHEHUIO C KOHTpojeM. B memom, Tonmmndimyannn
0oslee CENEKTUBCH B OTHONICHWH HMOHHBIX KaHAJOB,
gem JTADC-25, u criocoOCTBYET MCTCYCHHIO B OCHOB-
HOM KaTHOHOB Kanuda. Crenyer OTMETUTb OTCYTCTBUE
OelKa B MCCICIOBAaHHBIX PAacTBOPaxX, 4TO TOBOPUT 00
OTCYTCTBUU Pa3pyLIEHHUs KIETOUHOW CTEHKH KOpHEH
pacTeHuil.

B nammx wuccnenosanusx JADPC-25 (I) B3aumo-
JCUCTBYeT C BOCCTAHOBJICHHBIM TIIIyTaTHOHOM U
L-uucrenHom ¢ oOpa3oBaHHEM 3JIEMEHTHOIO CEJCHA
n anerodenona (II) [29-31]. B pesynbrare mnepBoit
peakimu oOpasyeTcst areTropeHoH U S-(amerodeHnn-
cenenmn)crens  (III) (puc. 2). D70 ceneHoCylb-
¢unnoe coeaunenue (III) gerekTupyercs MeETOIOM

BBICOKOI(D(DEKTUBHOW  JKHJKOCTHOW  Xpomarorpa-
¢uu. AHAJIOTMYHOE BEHmIECTBO — S-(aneTopeHm-
CCNICHIJI)[NIyTaTHOH — o0Opa3yercss MpHU B3auMOACH-

CTBUH BOCCTaHOBJIEHHOTO NityTatuoHa u JJADC-25.
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Puc. 2. Xpomatorpamma peakmOHHOHW CMeCH, TToTy4IeHHON npu B3aumonaeicTern JADC-25 u nmucrenHa
(momspHOe cootHomernue 1:1, pH 7.0).
Fig. 2. Chromatogram of a reaction mixture obtained in DAPS-25 and cysteine interaction (molar ratio 1:1, pH 7.0).
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Bosmoxno, uto JJADC-25 B3auMoAecTBYeT ¢ Lu-
CTEMHOBBIMU OCTaTKaMM B aKBallOPUHAX M KaJIUEBBIX
KaHaJlax, yBEJIWYMBas BOAOIPOHULAEMOCTh KJIETOYHBIX
MeMOpaH KOpHE# KyKypy3sl (puc. 3a).

Kpome 3toro, ucreueHue 31eKTpOIUTOB U3 KIIETOK
pacTeHuil W UX MJIa3MONMU3 TpU J00aBIECHUM TOIWII-
(nyanuga (IV) roBoput o6 obuieM MexaHuzMe Jei-
CTBUSL O0OMX BEWIECTB B MOAM(PHUKALNK HOHHBIX

Bausinne JJA®C-25 u Tomiduiyanuia Ha coaep:KaHue
U ¢ppakuum 0eJIKOB pacTeHul KyKypy3bl

[lpu moTepe »SNEKTPOIUTOB U 0OE3BOKUBAHUH
opraHusMa HaOJIOJaeTcss IMOBBbILIEHWE KOHLEHTpa-
uuu OeNKOB M B MEpBYIO ouepenb ainbOymMuHOB [32].
W3BecTHO, 4TO CyMMapHBId O€NoK pacTeHHH BKIIIO-
yaeT B ce0d anbOyMUHBI M MPOJAMUHBI — MPEUMYIIe-

kaHaJoB (puc. 30). CTBEHHO  HM3KOMOJCKYSIPHBIC,  BOAOPACTBOPUMBIC
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Puc. 3. Cxema B3aumogeiicteust JJADC-25 (a) n Tomundinyanuaa (6) ¢ cyaTbGruapuiIbHBIMU TPYIIIIaAMU
B MOHHBIX KaHaJlaX KJIETOK PACTEHUH KyKypy3bl.
Fig. 3. Interaction of DAPS-25 (a) and tolylfluanide (b) with sulfhydryl groups in ionic channels of maize cells.
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U CIUPTOPACTBOPUMBIC OCIKH, a TaKkKe TIOOYIWHBI —
Oenky, pacTBOpPHMEIE B pacTBopax coieil. [lociennror
TPYIIY TaK Ha3bIBAEMBIX 3aITaCHBIX BHICOKOMOIICKYIISIP-
HBIX OCJIKOB COCTABIISIOT IIEJI0YePaCTBOPUMbBIC OCITKHA —
TITFOTEITUHEL.

Hcreuenne >1eKTPOTUTOB U3 KIETOK PacTeHUl Ky-
Kypy3bl BBI3BIBACT UX OOC3BOKUBAHHE M YBEIHYUBACT
KOHIICHTPAIMIO OEJIKOB B HUX (pHC. 4).
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Puc. 4. Bnusinue JADC-25, nuctenHa u ux cMecu
Ha KOJIMYECTBEHHBIH cocTaB (pakunii Oenka B KOpHIX (a)
1 HaJ3eMHOH JacTH (0) MPOPOCTKOB KYKYpY3bl
(copt «KpacHomapckuii 291 AMBY).
Fig. 4. Effect of DAPS-25, cysteine, and their mixture
on quantitative composition of protein fractions in roots (a)
and sprouts (b) of maize seedlings (Krasnodarsky 291 AMYV).

JADC-25 yBenuuuBal cojepkKaHue anbOyMH-
HOB B Haj3eMHOW yactu B 4.5 pasa, IOOYJIMHOB —
B 3.5 pasza, MpoJIaMHHOB W IIIOTENMHOB — B 1.5 pa3sa,
a Oenka B cymme B 3.5 pasa. [lo-eugumomy, JADC-25
BBI3bIBACT 00E3BOXKMBAaHUE KJIIETOK KOPHEH KyKypys3bl
32 CYeT TOTepH DJICKTPOIUTOB, YTO MPUBOIUT K TO-
BBHIIICHUIO KOHIEHTparuu OeykoB. B jpyrom ombite,
¢ rtomwidayanumoMm u JADC-25 Takke MPOUCXO-
IO YBENWYEHUE (pPaKIuu alb0yMHHOB M KOHIICHT-
paruu o0miero Oejka B KOPHSX W HaJI3eMHOW 4acTh
MIPOPOCTKOB KYKYPY3HI (pHC. 5).
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Puc. 5. Bmusane JADC-25 u tomundmyanuia
Ha KOIMYEeCTBEHHBIN cOCTaB (ppaxiuii 6emka B KOPHIX (a)
1 HaJ3eMHOU JacTH (0) MPOPOCTKOB KyKYPY3bI
(copT «YTpeHHSISI TIECHS).
Fig. 5. Effect of DAPS-25 and tolylfluanide
on quantitative composition of protein fractions in roots (a)
and sprouts (b) of maize seedlings (Utrennyaya Pesnya).

Benku (cymma)
Proteins (total)

Kak u B mpenplnymiemM HcciaeIOBaHUU, COAEpiKa-
HUE albOyMHHOB B KOpHAX B Bapuante ¢ JADC-25
Bo3pocio B 2.4 pasa, ¢ Tomwi(IyaHuaIoM B 2 pasa.
B HaazemHON uyacTH cojep:kaHuEe albOyMHHOB H3Me-
HSJIOCh MEHEee 3Ha4uuTenbHO: B Bapuante ¢ JADC-25
Bo3pocio Ha 6%, c¢ TomwidayaHugaom B 1.4 pasa.
KoHnmeHTparusi octanbHbIX (Gpakiuid OEIKOB H3MEHs-
eTCs MCHEE 3HAUNTEIIBHO.

Takum oOpazoM, B BapHaHTaX C THOJOBBIMH
simamu — JIADC-25 u tonunduryaHuI0M — TOBBIIIATIOCH
coziepkanne (Qpakiyu adbOyMHHOB W oOIIero Oeika
KaKk B KOPHAX, TaK M B HaJ3eMHON Macce pacTeHHUH,
YTO TOBOPHUT 00 UX 00C3BOXKUBAHUH.

AHTUIOTOM THOJIOBBIX SJOB SIBISIETCS aMHHO-
kucnota L-nucTeWH, KoTOpas COACPKUT  Cylb(-
ruapunbHyto rpynmy. JlobaBnenue L-mmctenHa B
pactBop Knoma, conmepxammuit JJTADC-25, mnokazano,
9TO conepaHue (pakiuu aas0yMHHOB M CyMMap-
HOTO OeNKa B PaCTCHUSIX KyKypy3bl OTIHYAINCH OT KOH-
Tpoist He Oosnee yeM Ha 10-20%. L-1mpicrenH HuBenwn-
poBan nevicteue JJADC-25 (puc. 5), T.e. ABISIICS €ro
AQHTHJIOTOM.
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Bmsitane JJADC-25 u TomuduryaHnia Ha AKTHBHOCTD
MePOKCHAA3BbI B PACTEHUSIX KYKYPY3bI

[oBrimenne comepkanust Oefka B TKAHIX pacTe-
HUI 32 CYET MOTEPH DICKTPOIUTOB MOA BO3ACHCTBHEM
THUOJIOBBIX fAJ0OB TaKKe JOJDKHO IMPHUBOAUTH K IOBBI-
LICHUIO COZIep)KaHusl OeNKoB-(DepPMEHTOB, M, KaK Ciel-
CTBHUE, YBENUYEHUIO X akTUBHOCTH. JJADC-25 oka3bl-
BaJ CYIIECTBEHHOE BIUSHUE HAa aKTHBHOCThH IEPOKCH-
Ja3bl KaKk B KOPHSX, TaK M TPOPOCTKAX KYKypy3bl
(puc. 6a, 60).

JAD®C-25 mouytH BO BCeX KOHIEHTPALHUAX
PE3KO CTHUMYJIHMPOBAI AaKTUBHOCTH (epmenrta. Ham-
Oomee  3HAUMTENBHOE  YBEIMUCHHE  AKTHBHOCTH
MIEPOKCUIA3bl HAOIIONATIOCH B MIEPBBIC CYTKH IO ACH-
CTBHEM caMoOil BBICOKOW KoHmeHTparuu JADC-25 —
0.025 mr Se/n (63% B xopHsx u 112% B Hax3emHOI
YacTH), MEHee 3HAYUTENbHOE — TIPU KOHLEHTPALUU
0.0025 mr Se/n (29% B kopHsix U 57% B HaA3eMHOMI
gact). B xonne skcnepumenta JJADC-25 B KOHIICH-
tparu 0.00025 Mr Se/nm oka3pIBal CTUMYIUpYOIIEE
JeHCTBIE HA AaKTHBHOCTh IICPOKCHIA3bl B BapHaHTE
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250 AT ~- T3 —
200 P T R T
1008
50
’ Cytkn / Days
3 4 - :
(a)
E, 1 cyT./1 1 TKaHu
300 E, 1 day/1 g ............. ‘
250 .....................
—_—— —n
200 T B
1504
100
50
’ CyTku / Days
s 6
(8)

¢ KopHsMH — 29% (puc. 7a) u cnaboe MHTHOMpYIOIICce
BIMSHUE B MpopocTkax — 8.6% (puc. 70). B xoHTpO-
Je B XOAE SKCIEPUMEHTAa AaKTUBHOCTb I1€POKCHUAA3BI
B IPOPOCTKAX H3MEHsIach Majlo, B KOPHIX CJerka
MOBBILIAJIACK.

AHaJOTMYHO C JPYTUM COPTOM KYKypy3bl, B Ba-
puante ¢ JADC-25 ormeuaercss MOBBIIIEHUE AKTHB-
HOCTH TEPOKCHIA3bl IO CPaBHEHHIO C KOHTPOJIEM
(puc. 7B, 7r). B KOpHSX KyKypy3bl aKTUBHOCTb MeEp-
OKCcHJa3bl B BapuaHTe ¢ TommiduyanuaoM Ha 73%,
a ¢ JADC-25 nHa 36% BelIe KOHTpOdsl. B Hanzewm-
HOM 4YacTu B Hayaje OIbITa AKTUBHOCTb IIEPOKCH-
na3sl BBINIE B BapuaHTe ¢ TommwidyanumoMm Ha 60%,
a B koHue ombiTa B Bapuanrte ¢ JJIADC-25 na 95%.
Takum oOpazom, Ttomundmyanun, kak u JADC-25,
YBEJIIMUMBAET AKTUBHOCTh NEPOKCHIA3bl, UMEs CXOJ-
HBII MEXaHU3M JCHCTBUSI.

W3BecTHO, 4YTO THON3aBUCHMBIE OKUCIUTEIBHO-
BOCCTaHOBHUTEIbHBIE MEXaHU3MbI MOTYT MOJYIHPOBAThH
aKTMBHOCTH aicHO3UHTpHU(ochaT-3aBucuMoro K* kana-
na B OeTa-KJIeTKe MOKeTynouHo xene3nl [33]. Okuc-
JCHUE CyTb(OTHAPUIBHBIX TPYNI PTYTHCOACPIKAIINM
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Puc. 6. Bnmusnue JJADPC-25 Ha nepokcuaa3Hyr0 akTHBHOCTh B KOPHSIX (@) M Hag3eMHOU yacTH (0) MPOPOCTKOB KYKYpY3bl
(copr «Kpacuomapckuii 291 AMBy). 1 — Kontposns; 2 — 0.025 mr Se/n; 3 — 0.0025 mr Se/i; 4 — 0.00025 mr Se/n.
Brusiane JJTADC-25 u TonundiyaHuna Ha aKTHBHOCTh MIEPOKCH I3kl B KOPHIX (B) M HAA3EMHOI yacTu (T) MPOPOCTKOB
KyKypy3bI (copT «YTpeHHss necHs»). 1 — Kourpouns; 2 — JJADC-25 (0.025 mr Se/n); 3 — Tonmnduryanu.

[To ocu opauHaT — U3MEHEHUE ONTHYECKOW TIIOTHOCTH (K

«10)> 10 ocu abcuuce — BpeMs 00paboTKH,

HavMHas ¢ 3 CYTOK OT MOMCHTA Hayalia IPOpaIlHBaHUs KYKYPY3bl.
Fig. 6. Effect of DAPS-25 on peroxidase activity in roots (a) and sprouts (b) on maize seedlings (Krasnodarsky 291 AMYV).
1 — Control; 2 — 0.025 mg Se/L; 3 — 0.0025 mg Se/L; 4 — 0.00025 mg Se/L. Effect of DAPS-24 and tolylfluanides
on peroxidase activity in roots (c¢) and sprouts (d) of maize seedlings (Utrennyaya Pesnya). 1 — Control,
2 — DAPS-25 (0.025 mg Se/L); 3 — tolylfluanide. The ordinate is the change in optical density (£ );
the abscissa axis is the processing time, starting from 3 days from the moment of the beginning of the corn germination.
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Puc. 7. I3mMeHeHNe akTHBHOCTH TIEPOKCHIAa3bl B KOPHSX (a)
1 HaJ3eMHOU JacTH (0) MPOPOCTKOB KyKYpPY3bl,

B Bapuante ¢ JJADPC-25 mpu nobasnennu L-micrenHa.
Ilo ocu opvHAT — M3MEHEHHE ONTHYECKON TWIOTHOCTH (£ );
0 OCH abcurce — BpeMs 00pabOTKH, HAYMHAS C 3 CyTOK
OT MOMEHTa Hayaja IIPOpaLIUBaHus KyKypy3bl.

1 — Kontpons; 2 — 0.1% L-mprcrers; 3 —0.025 mr Se/n JJADC-25;
4 —0.025 mr Se/n JADPC-25 + 0.1% L-mucreun.

Fig. 7. Changes in peroxidase activity in roots (a) and
sprouts (b) of maize seedlings treated with DAPS-25 and
L-cysteine. The ordinate is the change in optical density (£,);
the abscissa axis is the processing time, starting from 3 days
from the moment of the beginning of the corn germination.

1 — Control; 2 —0.1% L-cysteine; 3 — 0.025 mg Se/L DAPS-25;
4 —0.025 mg Se/L DAPS-25 + 0.1% L-cysteine.

TUMEPOCANIOM U 2,2°-TUTHO-OUC-(5-HUTPOTTHUPUIAUHOM )
(DTBNP) B MHKPOMOJSIPHBIX KOHLIEHTPALHUSIX BbI3BI-
BaeT ObIcTpoe OJIOKMpOBaHWE KaHala, 0OpaTHMOE THO-
JaMH — TUTHOTPEUTONIOM W IHUCTEHHOM. Takxe m30bI-
TOK THOJOB BOCCTaHABIMBACT pabOTy aKBallOPHWHOB,
3a0JIOKHPOBAHHBIX MOHAMU PTYTH, cepedpa W IpyTUX
TsDKenbIX MetauioB [26-28]. Ilo Bcelt BuammocTw,
JADC-25, B3auMoneicTBys ¢ Cylb()rupuiIbHBIMU
rpynnamMu, OJOKUPYET MOHHBIE KaHAJbl, YTO MPUBOAUT
K MCTEUEHUIO DIIEKTPOJIMTOB U3 KJIEeTKU (Tabmn. 2 u 4), u,
KaK CIIECTBHE, K YBEIMYCHUIO KOHIICHTPALUHN OEIKOB
(puc. 5, 6) 1 akTUBHOCTH TIepokcuassl (puc. 7). Coor-
BETCTBEHHO, M30BITOK L-IMCTEMHA MOIKEH BOCCTAHO-
BUTH pabOTy MOHHBIX KaHAJIOB, IPEKPATUTh MCTCUCHUE
AIIEKTPOJIUTOB U3 KJIETKH, YMEHBIIUTH KOHIICHTPAIIHIO
0€JIKOB TMPAaKTHUSCKU IO 3HAYCHUH KOHTPOJSA, H, KaK
CIIC/ICTBHE, CHU3UTh aKTHBHOCTH IIEPOKCHIA3HI.

B HameMmM  HCCIIENOBaHHMHM,  AMHHOKHCIIOTA
L-nucTerH CHMYKAeT aKTHUBHOCTH IMEPOKCHIA3bl KaK B
KOPHSIX, TaK U B HAJI3EMHOH YacTH KyKypy3bl (puc. 7a, 70).

B naHHOM oOmbITe MEpoKcHaa3a IOKa3bIBasa
HauOOJIBIIYI0 AKTHBHOCTh B TIEPBBIC CYTKH B BapHaH-
te ¢ JJADC-25 B xonnentparuu 0.025 mr Se/nm xak B
KOpHSIX, TaK U B Hajx3eMHOH uactu (Ha 69% u 129%
MpeBbIIIass KOHTPOJIb COOTBETCTBEHHO). B cMmecu
JADC-25 (0.025 mr Se/n) c¢ L-mmucrennom (0.1%)
NPOUCXOAMIO 3HAYUTEIBHOC CHUKEHHE AaKTUBHOCTH
nepokcunassl 10 42% u 79% B cpaBHEHUM C BapUaH-
TOoM, re Obul moOaBieH Toyibko JJADC-25. CHmkeHue
AKTUBHOCTH IEPOKCHIa3bl TOBOPUT 00 yMcHbIIe-
HUU Onokupyromiero jgedcteus JJADC-25 B oTHOIIE-
HUU HWOHHBIX KaHAJIOB KIIETOK PACTCHUH KYKypy3Hl,
YMEHBIICHUIO MCTEUCHHUS JJICKTPOJIMTOB W CHHKCHHUIO
KOHIICHTPAIIMU OCJIKOB, B TOM YHCIe ()epMEHTA MEPOK-
CU/A3bl.

AmnajiornyHoe, HO HaMHOIO Oolnee cjadoe BO3JEH-
CTBHC HA TMOBBIINICHHE AKTUBHOCTU MEPOKCHIA3bl OKa3bl-
BaCT HEOPraHMYECKas CONb CENiCHAa — CEJICHUT HaTpHsI
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Puc. 8. Bimsinue cenennra narpust Na,SeO, Ha akTHBHOCTb
TIEPOKCHIA3bI B KOPHSX (a) M HaI3eMHOM 9acTH (0)
MIPOPOCTKOB KyKypy3sl. [1o ocn opauHar — n3MeHeHue
ONTHYECKOH MIIOTHOCTH (£, ); IO OCH abcuuce — Bpems
00paboTKH, HAYMHAs ¢ 3 CyTOK OT MOMEHTa Havaja
MpopaIiMBaHus KyKypy3ssl. 1 — Korrpois; 2 — 0.025 mr Se/i;
3 -0.0025 mr Se/ir; 4 —0.00025 mr Se/o.

Fig. 8. Effect of sodium selenite Na,SeO, on peroxidase
activity in roots (a) and sprouts (b) of maize seedlings.
The ordinate is the change in optical density (£ ,);
the abscissa axis is the processing time, starting from
3 days from the moment of the beginning of the corn
germination. 1 — Control; 2 — 0.025 mg Se/L;

3 -0.0025 mg Se/L; 4 — 0.00025 mg Se/L.
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B KOpHSX (pHC. 8a) WM HaJI3eMHOW YacTH pacTeHUH
KyKypy3bl (puc. 80), KOTOPBIH TaKkke B3aUMOJCHCTBYET
¢ Cynb(GrHIpUIBHBIMU Trpynmnamu, kKak u JJADC-25,
o0pasys ceneHoaucynb(usl [34].

B wmenom, Bce KOHUEHTpALMM CEJIEHUTA HATPUA
HaynHAs ¢ camoil Bbicokoi (0.025 mr Se/m) Huzkas
kornnentpanus (0.00025 wmr Se/in) He3HAYUTEIHHO
CTUMYJIUPYET aKTUBHOCTH MEPOKCHIA3bl B KOPHIX,
Ommke K 3aBEPUICHHUIO OMbITa W HECKOJBKO CHIIbHEE
B HaJ[36MHOW YacTH MPOPOCTKOB KyKypy3bl. BeposiTHO,
YTO OTHOCHUTENBHO cjalasi CTUMYISIUS aKTHUBHOCTH
IIEPOKCUJIa3bl CBA3aHAa C 3aTPyAHEHUEM TpaHCIOpTa
OTPULIATENIBHO 3apsDKEHHOIO CEeJIEHUTAa-HOHA BHYTPb
KiIeTku. Tak, Hampumep, TUMEpOocall, KOTOPBIM ILIOXO
NPOHUIIAEM [UII MEMOpaH, HHTHOHMPYET aKTHUBHOCTH
KaHaJIOB TOJBKO NPU HAHECEHUH Ha BHYTPUKIIETOY-
HYI0O TOBEPXHOCTh IuIa3MaThyeckoil memOpanbl. Ha-
npotuB, DTBNP, kotopsiii siBisierca IuUno(UIbHBIM
BEIIECTBOM, BBI3bIBAJI OJOKMPOBAaHUE KaJHMEBOrO KaHa-
Ja W, Kak CIIEJCTBUE, JCMONsApH3alui0 MeMOpaH-
HOTO TIOTEHIMAala JaXe MPH BHEKICTOYHOM MpUMe-
HeHnw [35].

B ompiTe ¢ aMHHOKHCIIOTON L-CeIeHOMCTHHOM,
KOTOpasi TakKe B3AMMOICUCTBYET C CyTb(OTHIPUIb-
HBIMU TpyIIaMmH, HEPOKCHIA30M0100Has aKTHUBHOCTH
Obuta moBbiieHa Ha 8.8-30.3% Kak B KOpHAX, Tak U B
HA/J36MHOM YacTH pacTeHUs B TEUCHHE BCEro OIbITa
(puc. 9).

Camasi Hu3Kas KOHLEHTpaiusi L-ceneHouucTu-
Ha (0.00025 mr Se/m) cnabo CTUMYITHpPYET aKTUBHOCTh
MEPOKCHUJIA3bl B KOPHAX M HAJ3EMHOW YacTH MPOPOCT-
KOB KyKypy3bl. boliee 3HaunTelIbHOE yBEIUYCHHUE
AaKTMBHOCTH IIEPOKCHAA3bl HaOmomaercss 1o JIei-
cTtBUeM cpenHed koHneHTparuu (0.0025 mr Se/nm) u
B MEHBIIEH CTENEHU IMOJA JCHUCTBUEM BBICOKOU
(0.025 mr Se/m) B HaA3eMHOW YacTH IIPOPOCTKOB
KyKYypY3bl.

[TonmyyeHHblE JaHHBIE MO3BOJISIOT TOBOPUTH O
CXOHOM  3aBHCHMOCTH  YBEIMYEHHS AaKTHBHOCTH
MEPOKCHIIa3bl B TIPOPOCTKAX KYKypy3bl CeleHHTa M
L-cenenonuctuna. Ilo-Bunumomy, L-ceneHoumcTuH,
KaKk aMHHOKHCJIOTa W MEHee MOJSPHOE COCTUHEHUE,
YEM CEJIEHUT, JIErde MOCTYNaeT B KIETKY M, B3aUMO-
IEHCTBYSI C CyNMbOTHAPWIGHBIME TPYIIIAMH KICTKH,
BbI3bIBaET 00Jie€ CHUJIBHYIO HHAYKLIUIO aKTHUBHOCTH

150 2 -

Cytku / Days
3 4 5 6

100

E, 1 cyT./1 1 TKaHu
1501 £ 1 day/i g

100

50

CyTkn / Days
4 5 6

©)

Puc. 9. Bmusane L-ceneHonucTrHa (Sec) Ha aKTHB-
HOCTb ITEPOKCH/Ia3bI B KOPHSIX (a) M Ha3eMHO yacTH (0)
MIPOPOCTKOB KyKypy3sl. [1o ocn opauHar — n3mMeHenue
ONTHYECKOH MIIOTHOCTH (£, ); IO OCH abcuuce — BpeMs
00paboTKH, HaYMHAs ¢ 3 CyTOK OT MOMEHTa Havasa
HpopaImBanus KyKypyssl. 1 — Korrpons; 2 — 0.025 mr Se/i;
3 -0.0025 mr Se/ir; 4 — 0.00025 mr Se/n.

Fig. 9. Effect of L-selenocystine (Sec) on peroxidase
activity in roots (a) and sprouts (b) of maize seedlings.
The ordinate is the change in optical density (£ ,);
the abscissa axis is the processing time, starting from
3 days from the moment of the beginning of the corn germination.
1 — Control; 2 — 0.025 mg Se/L;

3 -0.0025 mg Se/L; 4 — 0.00025 mg Se/L.

MEPOKCHIA3EI 110 CPABHEHUIO C HEOPTaHUUECKOW COJBIO
ceJieHa.

Ob6miee copepkaHue CeJIeHAa B KOPHSIX MPOPOCT-
KOB KyKypy3bl TakK€ 3aBUCHT OT Halld4us THOJIOB
B pactBope. OnHO MaxcumaibHO B BapuaHte ¢ JIADC-25
U 3HAYUTCJIBHO HMWXKE B BapHaHTC COBMECCTHOTO
ucnojib3oBanus JJADC-25 u L-umcrenna (tadm. 5).

CHmkeHne  OOIIETO  COTEpYKAHMSI  CEJIeHA  TOBO-
putr o cHwkennu toctyrieaust JIADC-25 B pactenue

Tadmumna 5. ConeprkaHue ceieHa B KOPHSIX M HaJI3EMHOM 9acTH IPOPOCTKOB KyKypy3bl (MKI/KI' CyXOH Macchl)
Table S. Selenium content in roots and sprouts of maize seedlings (ug/kg of dry weight)

JADC-25 JADC-25
Yactp pacreHus Kontpoanb 0.025 mr Se/a 0.025 mr Se/a + nucreunn, 0.1%
Plant part Control DAPS-25 DAPS-25
0.025 mg Se/LL 0.025 mg Se/L + cysteine, 0.1%
Kopuu / Roots 40+3a 19300 =428 ¢ 4853+ 167 ¢
Hanzemuas yactb / Sprouts 53+4b 5099 +278 d 4812+ 135¢
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M3-32  HaNWYMSA  DK30TCHHBIX  CYIb(PTHUIAPHIBHBIX
rpynn L-mpcrenHa B pacTBope, a HE B TKaHSIX KOpHEH
MIPOPOCTKOB  KYKYpy3bI, HYTO TakKe IIOATBEPIKIACT
JeCTBHE cepoconepKaliell aMIHOKUCIIOTHI, KaK aHTH-
JIOTa THOJNBHBIX SIIOB.

3AK/IIOYEHUE

[IpoBeneHHBIC UCCTENOBAHUS TIOKA3ald, YTO THOJ-
3aBHUCHMbBIE OKHCIUTEILHO-BOCCTAHOBUTEIIHHBIE MeXa-
Hu3Mbl aeictBust [JADPC-25 u opraHnueckoro THOJO-
BOTO sij1a — TOMMI(IIyaHH]a — YBEITHMUUBAIOT BOJOIPO-
HUIIAEMOCTh MEMOpaH KJIETOK KOpPHEW KyKypy3bl, 4TO
MIPUBOJIUT K YTEUKE SIICKTPOJUTOB. JleHCTBHE THOMO-
BBIX SJIOB MPHUBOAMT K IUIA3MOJIM3Yy KJIETOK pacre-
HUW KyKypy3bl U YBEJIMYEHUIO KOHIIEHTPAIMH OCIIKOB,
B TIEpBYI0 odepenb anbOymuHOB. lloBbIIeHUE cozep-
JKaHUs OeJIKOB B OMOMacce pacTeHUW MPUBOIUT K yBe-
JTUYEHUIO KOHIEHTpaluu (epMeHTa, U, Kak CIIEJCTBHE,
K YBEITMYCHUIO aKTUBHOCTH TIepoKcua3bl. JJoOaBieHue
B pactBop, conepkarmii JJIADC-25, tnona — L-umcrenna —
MPUBOIUT K YMEHBIICHUIO KOHICHTPAIIUK OCJIKOB
B OWomacce pacTeHMH W CHWKCHUIO aKTHBHOCTH
MEPOKCHIa3bl. AHAJIOTHYHO, HO 3HAYUTEIBHO cladee
1o cpaBHeHHIO ¢ JaunopmwibHbiMU JADPC-25 u Tonui-
(diyaHuOM, YBEIMYHMBAIOT AKTUBHOCTh TIEPOKCH-
Jla3bl CEJICHUT HATpusi U L-CEJICHOIMCTUH, TaKKe B3a-
MMOJICHCTBYIOIME C CYIb(OTUIPUIBLHBIMU TPYNIIaMU
KIIETOK TIEPOKCH/IA3bI.
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Synthesis of new photo-cured phosphorus-containing
oligoestermethacrylates with a spacer in the structure !

Boris A. Buravov'’, Ali Al-Khamzawi, Eugene S. Bochkarev,
Nazmiya Kh. Grichishkina, Sergey V. Borisov, Nina V. Sidorenko,
Oleg I. Tuzhikov, Oleg O. Tuzhikov

Volgograd State Technical University, Volgograd, 400005 Russia
HMCorresponding author, e-mail: byravov@ya.ru

Abstract

Objectives. To synthesize phosphorus-containing oligoestermethacrylates spatially separated
by spacers of aliphatic or aromatic structure and evaluate their effect on photocuring kinetics.
Methods. For determining the qualitative and quantitative composition of the synthesized
compounds, the following methods were used: thin layer chromatography; chromatographic and
mass spectrometry; infrared spectroscopy; 'H, 3C, 3'P nuclear magnetic resonance spectroscopy;
differential scanning calorimetry. The dielectric loss tangent was determined on a specially
designed optical cell with an ultraviolet (UV) light source to an immittance meter. Elemental
analysis was performed on an energy dispersive X-ray fluorescence spectrometer.

Results. Spatially separated oligoestermethacrylates based on phosphorus trichloride containing
aliphatic or aromatic spacers in the structure were synthesized. During the interaction of glycidyl
methacrylate with phosphorus trichloride in the mass of the latter, reaction products were shown
to be formed both according to the Krasusky rule from the side of the a-carbon atom, as well as
against this rule with the formation of isomeric products. Obtaining these compounds in bulk
is possible only in the presence of a homopolymerization inhibitor. The influence of the spacer

!'This paper is an updated and translated from Russian version of the original article in Russian published in Izvestiya VolgGTU,
2020. Original Russian Text © Buravov B.A., Bochkarev E.S., Al-Khamzawi A., Sidorenko N.V., Tuzhikov O.0O., Tuzhikov O.I.
Study of the influence of spacer on features of UV curing of photosphorose-containing metacrylates of various functionality.
Izvestiya VolgGTU. 2020;12(247):136-143. https://doi.org/10.35211/1990-5297-2020-12-247-136-143

© B.A. Buravov, A. Al-Khamzawi, E.S. Bochkarev, N.Kh. Grichishkina, S.V. Borisov, N.V. Sidorenko,
O.1. Tuzhikov, O.0. Tuzhikov, 2022
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structure on the curing rate of oligoestermethacrylates under the action of UV radiation has been
established. It has been shown that the introduction of a spacer into the oligomer structure is
accompanied by an increase in the induction period by a factor of 39 compared to a sample
without a spacer.

Conclusions. The results obtained indicate the possibility of obtaining new oligoester-
methacrylates with aliphatic and aromatic spacers in the structure. The influence of the structure
of the spacer on the kinetics of photocuring is determined.

Keywords: synthesis, oligoestermethacrylates, polymerization, phosphorus-containing flame
retardants, kinetics, photocuring, DSC

For citation: Buravov B.A., Al-Khamzawi A., Bochkarev E.S., Grichishkina N.Kh., Borisov S.V., Sidorenko N.V.,
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HAYYHAS CTATbBA

CuHTe3 HOBBIX (poTOOTBEpxKAAeMBIX (hocdopcoaepramux
0JIUT03(UPMETAKPUIIATOB CO CIICHCEPOM B CTPYKTYpe

B.A. BypaBoB™/, A. Aab-Xam3aBH, E.C. Boukapes, H.X. 'puuyHInKHHa,
C.B. Bopucos, H.B. Cunopenko, O.H. TyxukoB, 0.0. TyxxHKOB

Boneoepadckuil 2ocydapcmeeHHblil mexHuueckulli yHugepcumem, Boszoepao, 400005 Poccus
“Aemop o5t nepenucku, e-mail: byravov@ya.ru

AnHOmauus

Ienu. Cuxmes ¢ocghopcodeprKauux OaAU20IPUPMEMAKPULAMOE, NPOCMPAHCMEEHHO-
pasdeneHHblX cneticepamu anugamuueckozo Uil ApoMaAmuUUeckozo CmpoeHust, U OUeHKA UX
BAUSIHUSL HO KUHEeMuKy gpomoomeeprkKoeHusl.

Memoowt. /lns onpedesieHus KauecmeeHH020 U KOAUUeCMB8EHHO020 COCMA8A CUHMEIUPOSAH-
HblX cOeOUHEeHUT UCNONb308AHbL: MOHKOCAOUHASL XPOMAMOPAPUSL; XPOMAMO-MACC-CNEKMPO-
Mmempus; uHgpakpacHas cnexkmpockonus;, 'H, 1°C, 3P cnekmpockonus si0epHo20 MagHUM-
HO020 pe3oHaHca; OuggepeHyuarbHas cKarupyrowas kanopumempus. TaHzeHc Ousnek-
mpuueckux nomepsb onpeodessiiu HA CneyuansbHo paspabomaHHoll onmuueckoil suelike ¢
Y®d-ucmouHurKom ceema K usmepumento UMMUMaHca. SaemeHmHblii aHaAUu3 npog8oounu HA
9HEepP200UCNEePCUOHHOM PEHM2EHOPAYOPECUEHMHOM cneKkmpomempe.

Pesynemameot. CuHmesuposaHsvl NPOCMPAHCMBEHHO pa30eseHHble 0NAU209PUPMEeMAKPUNA-
moulL Ha OCHO8e mpuxsopuoda ¢pocgpopa, codeprkawue 8 cmpyKkmype anugamuueckuili uau
apomamuueckuil cneticepsl. YemaHo8eHO, Umo npu 83aumooeiicmeull 2AUyUoUIMEeMaKpu-
aama ¢ mpuxaopuoom cpocgopa 8 macce nocsieoHezo, obpasyromcest npooykmoul peaKyu
Kax no npasuny Kpacyckozo co cmopoHbl a-y2nepooH020 amoma, mak U npomug npasuia ¢
obpazogaHuem uzomepHsolx npooyxmos. Ilonyuerue 0aHHbLX cOeOUHEeHUll 8 Macce 803MOIK-
HO MOJbKO 8 npucymcmeuu uHaubumopa 20MONOAUMEePU3AUUU. YCMAHO8AEHO BAUSHUE
cmpykmypslL cnelicepa HA CKOpOCMb omeepiKOeHUsl Oauz03gupmemaxpuriamog nood oeti-
cmeuem YD-usnyueHus. ITokazaHo, umo egedeHue chelicepa 8 cmpykmypy osuzomepa co-
npoegoxcoaemecst ygeauueHuem uHOYKYUoOHHo20 nepuoda 8 39 pas no cpasHeHuto ¢ 0bpasyom,
He codepokawum cneticepa.
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Bsieoowut. ﬂocmuzuymbLe pe3ysiemamol ceudemeﬂbcmeyrom 0 803MOKHOCMU noJjsyueHust
HO8blX OJluzoscpupmemaKpquamoe co cneacepamu aJlucpamuuec;coeo u apomamuuvecrKozo
cmpoeHust 8 cmpyKkmype. YcmaHoeneHo sanusHue cmpoeHust cneﬁcepa HAa KUHemuwry d?OmO-

omeeprKOeHUsL.

Knroueesle cnoea: curmes, 0U209pUPMEMAKPUNLAMBL, NOAUMEPUIAUUSL, pocchopcodeprrkauiue
aHmunupetbl, KuHemurxa, cpomoomeeproerue, JCK
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INTRODUCTION

To solve the problem of combustibility of
composite materials based on oligomeric binders,
fire retardants of various nature are added to them.
Some of these do not react with the main polymer
during processing and operation, while others act
as a reactive additive, for example, integrating into
the structure of the cured binder [1, 2]. However,
it should be noted that it is not always possible to
balance the set of required performance characteristics
necessary to obtain desired final products. For example,
some flame retardants are able to transfer materials
to the class of low combustibility, while worsening
the physical-mechanical, dielectric, technological
and operational properties [3]. The production of
polymeric binders that reduce flammability while
simultaneously improving physical and mechanical
properties solves a number of the above problems,
which are related, among other things, to the
thermodynamic incompatibility of the binder and
flame retardant.

In order to ensure the required level of
properties in terms of resistance to combustion,
phosphorus-containing  polymeric  materials and
fillers based on organophosphorus, organophosphorus-
element compounds are widely used. A promising

method involves the synthesis and wuse of
reactive  compounds  containing  fragments of
different sizes and structures (spacers) between

reactive centers in a single molecule. However,
the works describing such methods either present
spacers that are located in the side chain of the resulting

polymer, or compounds having different spacer
structures as co-reagents in the preparation of the cured
material [4—6].

From our point of view, a more promising
approach sets out to obtain bi, tri-, and tetra-functional
compounds of the (meth)acrylate series in which
the spacer is located between the functional
polymerizable centers. For obtaining compounds
with spacers, three reagents of different functionalities
can be used. As a result of their sequential
interaction, it is possible to obtain an oligomeric
structure (Scheme 1).

Scheme 1. Structure of oligoestermethacrylate
with spacers of various structures;
A'is a spacer of different structure and molecular weight.

Subsequently, in the process of polymerization
at double bonds, the structures of a rigid-chain
polymer are formed, in the mass of which there is a
movable or limitedly movable spacer.

It is known that chemically bound phosphorus
in the structure of (meth)acrylate compounds makes
it possible to obtain polymers with reduced
flammability. For example, the use of phosphorus-
containing monomers and oligomers of the (meth)
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acrylate series [7, 8] or phosphorus-containing epoxy
resins [9] makes it possible to obtain materials with
a satisfactory balance of physico-mechanical and
heat-resistant properties with reduced flammability.

EXPERIMENTAL

For the synthesis of phosphorus-containing
compounds capable of polymerization under the
action of ultraviolet (UV) radiation, we used freshly
distilled phosphorus trichloride (98%, analytical
grade, TU  2152-380-0763441-2002),  glycidyl
methacrylate (GMA) (no less than 97%, purity,
analytical grade, Sigma-Aldrich, USA), active
diluent for epoxy resins grade E-181 (mass fraction
of epoxy groups >25%, Chimex Limited, Russia,
TU 2225-606-11131395-2003) and epoxy resin grade
ED-20 (mass fraction of epoxy groups, 20.0-22.5%,
Chimex Limited, GOST 10587-84?). Prior to synthesis,
the exact content of epoxy groups in epoxy resins
was analytically determined. To obtain the polymers,
a photoinitiator comprising bis(2,4,6-trimethylbenzoyl)-
phenylphosphine oxide (BAPhO) (no more than
100%, chemically pure, Sigma-Aldrich, USA) was
used. For thin layer chromatography (TLC), benzene
(99.8%, chemically pure, Ekos-1, Russia) and freshly
distilled ethanol (96.3%, Ferein, Russia) were used
as the eluent.

Chromatographic and mass spectrometry were
carried out on a GC/MS Saturn 2100T instrument
(Varian, USA) with a VF-Ims quartz capillary
column (100% methylpolysiloxane, 30 M x 0.25 mm,
ID = 0.25 mm, DF = 0.25 pum, helium was used
as a carrier gas) using a prepared 0.2% solution of
the substance in acetone (99.8%, chemically pure,
Ekos-1, Russia). Nuclear magnetic resonance (NMR)
'H, BC, and *'P spectroscopy was performed on a

Mercury 300 plus instrument (Varian, USA)
with operating frequencies of 300, 75, and
121 MHz, respectively;  here, CDCI,  was

used as a solvent. Chemical shifts are given on a scale
of & (ppm) relative to tetramethylsilane (TMS) as an
internal standard. Spin-spin coupling constants (J)
are given in Hz. Differential scanning calorimetry
(DSC) was performed on a NETZSCH DSC 204 F1
instrument with a compressor cooling system and
an OmniCure S2000 UV irradiation unit in an
inert gas flow (argon, 90 mL/min) (Netzsch,
Germany). The sample was placed in a standard
open aluminum crucible. Controlled irradiation
was carried out according to a temperature program

2 GOST 10587-84. USSR State Standard. Uncured
epoxy resins. Specifications. Moscow: Izd. Standartov; 1989.

(20 °C, 4 min) comprising two identical isothermal
segments using the full spectrum of the radiation
source (power 1 W/cm?). The resulting curve was
obtained by subtracting the second segment from
the first in the NETZSCH Proteus software
environment>. To determine the dielectric loss
tangent, we used a specially designed optical cell
with a UV light source connected to an E7-25
immittance meter (MNIPI, Belarus). Infrared (IR)
spectra were recorded on an FT-801 spectrometer
(SIMEX, Russia). Elemental analysis was performed
on an EDX-8000 energy dispersive X-ray fluorescence
spectrometer (Shimadzu, Japan).

For the study, several phosphorus-containing
polymerizable compounds (PPC) were synthesized:

— (PPC-1) is the reactive monomer without spacer;

— (PPC-2) is the spacer is introduced with E-181 epoxy
resin;

— (PPC-3) is the spacer is inserted with epoxy
resin ED-20.

The  synthesis  of  phosphorus-containing
polymerizable compounds was carried out in two
stages. At the first stage, the reaction was carried out
in a molar ratio of 1:2 according to the scheme:

PCL +2A — (A"),-PCl,

where A is one of unsaturated alpha oxides; A’ is the
structure of addition of unsaturated alpha oxides. At the
second stage, the interaction of the bifunctional epoxide
with residual chlorine in a ratio of 2:1 was carried out,
leading to the preparation of a compound with a spacer,
according to the scheme:

2(A"),-PCl + B — (A"),-P-B-P-(A"),,

where B is one of diepoxy oligomers, B’ is the structure
formed as a result of addition of diepoxy oligomers.

As an object of comparison, a PPC-1 product
was synthesized that did not contain a spacer. The
reaction was carried out in excess of PCI, in one stage
in a ratio of 1:3 with GMA (Scheme 2).

The synthesis of substances with spacers
was carried out in two stages. At the first stage, a
disubstituted intermediate was obtained (Scheme 3).

At the second stage, the disubstituted intermediate
was added to epoxy resins (epoxy resin E-181 was
used for PPC-2, ED-20 was used for PPC-3), the
reactions were carried out in bulk (Schemes 4 and 5).

3 https://analyzing-testing.netzsch.com/ru/pribory-
resheniya/differenczialnaya-skaniruyushhaya-kalorimetriya-
dsk-differenczialnyj-termicheskij-analiz-dta/dsc-204-f1-
phoenix, accessed April 15, 2022.
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Scheme 2. Reaction of glycidyl methacrylate with phosphorus trichloride to produce the PPC-1 product.
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Scheme 3. Reaction of phosphorus trichloride with glycidyl methacrylate to produce an intermediate.
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Scheme 4. Reaction of the intermediate with epoxy resin E-181 to obtain the product PPC-2.

The composition and structure of the synthesized
products were confirmed by IR and NMR spectral
studies.

PPC-1, PPC-2, and PPC-3 products were used
to prepare photocurable compositions in order to
evaluate the effect of the spacer on the properties
of the cured material.

PPC-1. Tris-[(1-chloromethyl-2-methacryloxy)-
ethoxy|phosphine (RF Pat. No. 2697721 [10])

A four-necked reactor equipped with a stirrer, a
dropping funnel, a reflux condenser, and a thermometer,

which had been preliminarily purged with dry argon
for 30 min (purging with argon was subsequently
carried out throughout the entire process), was
loaded with 5 g (0.036 mol) of phosphorus trichloride.
A mixture of 1549 g (0.11 mol) of glycidyl
methacrylate (GMA) and 0.155 g (1 wt % of the mass
of GMA) N-nitrosodiphenylamine was fed to it with
constant stirring through a dropping funnel at such
a rate that the temperature of the reaction mass did
not exceed 15 °C, the reactor cooled with a mixture
of salt and ice. After the addition of the mixture, the
resulting reaction mass was kept for 2 h at 45 °C. Then,
following evacuation for 60 min at a residual pressure
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Scheme 5. Reaction of the intermediate with the epoxy resin ED-20 to obtain the product PPC-3.

of 5 mm Hg, the reaction mass was filtered on
a Schott filter from the precipitated crystalline
N-nitrosodiphenylamine. The yield of PPC-1 was
20.49 g (99.0%).

The product is a mobile liquid of light-yellow color,
readily soluble in acetone and chloroform. Analysis
for the content of epoxy groups showed their
almost complete absence. Epoxy value (E.V.) = 0.066%,

n® =1.4935; acid number (A.N.) = 11.58 mg KOH/g;
bromine number (B.N.) = 85.3 g/100 g of organic
substance.

The identification of the obtained product was
carried out using NMR spectroscopy:

'H NMR spectrum (300 MHz, CDCL,) &, ppm:
1.85 (s, 9H), 3.51 (m, 6H), 3.72 (m, 6 H), 4.20 (m, 6 H),
4.42 (m, 6 H), 5.55 (s, 6 H), 6.6 (s, 6 H), 4.62 (m, 3 H)
(d,J=1.7Hz, 1 H).

PC NMR spectrum (75 MHz, CDCI,, TMC) 6, ppm:
17.9 (3C); 41.5; 62.4; 69.9; 124.3; 134.5; 164.5.

*'P NMR spectrum (121 MHz, CDCl,) 6, ppm:
140.54 P(OR),.

In order to determine the elemental composition,
a sample of the test material was placed in a
cuvette for measuring liquid samples equipped with
a thin film window. The material of the cuvette
bottom was polypropylene; the medium was
vacuum. The study was conducted according to the
standard procedure for the energy dispersive X-ray
fluorescence  spectrometer EDX-8000. Detection
limits of P and Cl ~10 ppm. Found (%): P 6.14;
Cl 18.44. Calculated (%): P 5.49; C1 18.86.

PPC-2. ((((4-((1-(2-((bis((1-chloro-3-
(methacryloyloxy)propan-2-yl)oxy)phosphine)oxy)-
3-chlorophenoxy)-3-chloropropan-2-yl)oxy)-
1-chlorobutan-2-yl)oxy)phosphindiyl)bis(oxy))-
bis(3-chloropropan-2,1-diyl)bis(2-methacrylate)
(RF Pat. No. 2712107 [11])

A four-necked reactor equipped with a stirrer,
a dropping funnel, a reflux condenser, and a
thermometer, preliminarily purged with dry argon
for 30 min (purging with argon was subsequently
carried out throughout the entire process), was loaded
with 5 g (0.036 mol) of phosphorus trichloride.
A mixture of 10.33 g (0.073 mol) of HMA and 0.1 g
(1 wt % of the mass of HMA) N-nitrosodiphenylamine
was added to it, with constant stirring, from a
dropping funnel at such a rate that the temperature
of the reaction mass did not exceed 15 °C, the reactor
was cooled a mixture of salt and ice. After the mixture
was added, the resulting reaction mass was kept for
2 h at 45 °C. Then, the resulting intermediate was
loaded into a dropping funnel and dosed into another
four-necked reactor equipped with a stirrer, a
thermometer, and a reflux condenser with E-181
diepoxide in the amount of 5.73 g (0.033 mol, based
on the actual amount of epoxy groups). Upon
completion of the addition of the mixture, the
resulting reaction mass was kept for 2 h at 45 °C.

The reaction mass was additionally evacuated
for 60 min at a residual pressure of 5 mm Hg
and filtered on a Schott filter from the precipitated
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crystalline N-nitrosodiphenylamine. The yield of PPC-2
was 21.06 g (99.0%).

The product is a mobile liquid of light-yellow
color, readily soluble in acetone and chloroform.
Analysis for the content of epoxy groups showed
their almost complete absence. E.V. = 0.04%;
n® =14951; AN. = 12.19 mg KOH/g; BN.=72.6 ¢/100 g
of organic substance.

The product obtained was identified by NMR
spectroscopy:

'H NMR spectrum (300 MHz, CDCl,) 8, ppm:
1.66, 3.63, 3.65, 4.42 (17 CH,), 3.48, 3.53, 3.86, 4.13
(7 CH), 2.01 (4 CH,), 6.40, 6.48 (8 H).

C NMR spectrum (75 MHz, CDCI,, TMC) 3, ppm:
43.7, 46.9, 47, 50.7 (7 CH,)), 167.2 (4 C); 70.6, 71.6,
67.2, 86.2 (7 CH); 62.7, 67.9, 74.8, 73.4 (7 CH,), 136
(4 C),34.3,125.2 (6 CH,), 17.9 (4 CH,).

P NMR spectrum (121 MHz, CDCl,) &, ppm:
141 P(OR),.

Found (%): P 5.02; Cl 22.41. Calculated (%):
P 5.74; C122.98.

PPC-3. ((((((((((2-hydroxypropane-1,3-diyl)-
bis(oxy))bis(4,1-phenylene))bis(propan-2,2-diyl))-
bis(4.1-phenylene))bis(hydroxy))-
bis(1-chloropropane-3,2-diyl))bis(oxy))-
bis(phosphintriyl))tetrakis(oxy))tetrakis-
(3-chloropropane-2,1-diyl)tetrakis(2-methyl acrylate)
(RF Pat. No. 2712116 [12])

A four-necked reactor equipped with a stirrer,
a dropping funnel, a reflux condenser, and a
thermometer, which had been preliminarily purged
with dry argon for 30 min (purging with argon
was subsequently carried out throughout the entire
process), was loaded with 5 g (0.036 mol) of
phosphorus trichloride. With constant stirring, a
mixture of 10.33 g (0.073 mol) of HMA and 0.1 g
(1 wt % of the mass of HMA) N-nitrosodiphenylamine
was added from a dropping funnel at a rate such
that the temperature of the reaction mixture did
not exceed 15 °C; the reactor was cooled with a
mixture of salt and ice. After the mixture was
added, the resulting reaction mass was kept for 2 h
at 45 °C. Then, the resulting intermediate product
was loaded into a dropping funnel and dosed into
another four-necked reactor equipped with a stirrer,
a thermometer, and a reflux condenser with ED-20
epoxy resin in the amount of 7.66 g (0.035 mol, based
on the actual amount of epoxy groups). Upon
completion of the addition of the mixture, the
reaction mixture was kept for 2 h at 45 °C.

Before unloading the product, the reaction mass
was evacuated for 60 min at a residual pressure of
5 mm Hg, filtered on a Schott filter from the

precipitated crystalline N-nitrosodiphenylamine. The
yield of PPC-3 was 22.99 g (99.0%).

The product is a mobile liquid of light-yellow
color, readily soluble in acetone and chloroform.
Analysis carried out to identify the content of
epoxy groups revealed their almost complete absence.
E.V. = 0.09%; n# =1.5210; AN. = 13.46 mg KOH/g;
B.N. =74.62 g/100 g of organic substance.

The IR spectra of the synthesized compounds
PPC-1, PPC-2, PPC-3 contain characteristic
absorption bands of stretching vibrations of the C=0
(1720 cm™), C=C (1640 cm'), C-Hal (760-770 cm™).
There are no absorption bands corresponding to
vibrations of the epoxy cycle (860 and 910 cm™) and
P=0 (1280-1300 cm™). Chemical analysis for the
content of epoxy groups also showed their absence.

The product obtained was identified by NMR
spectroscopy:

'H NMR  spectrum (300 MHz, CDCl,) 8, ppm:
1.66, 3.63, 3.65, 4.09, 4.21, 4.42 (14 CH,); 4.04, 4.23,
4.13, 691, 7,19 (22 CH); 1.72, 2.01 (8 CH,), 6.40, 6.48
(8 H); 3.58 (OH).

PC NMR spectrum (75 MHz, CDCI,, TMC) 8, ppm:
46.9,47,67.9,70.1, 125.2 (7 CH,); 69, 70.6, 71.2, 86.2,
114.9, 127.7 (23 CH); 42.4, 136, 146.3, 156.9, 167.2
(18 C); 17.9, 30.9 (8 CH,).

*'P NMR spectrum (121 MHz, CDCI,) 6, ppm:
141 P(OR),.

Found (%): P 4.98; Cl 14.71. Calculated (%):
P 5.23;C117.97.

The obtained samples were studied by TLC
(GOST 28366-89%) with subsequent determination
of retention factor R, values according to
formula (1), sorbent: Sorbfil TLCP-AF-A plates
(SORBFIL, Russia), eluents—benzene and ethanol
in a ratio of 95:5, respectively. A chamber filled
with iodine vapor was used to detect substances.

R, =

! (1)

a
b b
where a is the distance from the center of the spot

to the starting line, mm; b is the distance from the
solvent front to the starting line, mm.

RESULTS AND DISCUSSION

While it was not possible to obtain any
monomeric products of the addition of GMA to
PCl, in the absence of an inhibitor of GMA
polymerization, whether in excess or in deficiency

*GOST 28366-89. Interstate Standard. Reagents. Method
of thin-layer chromatography. Moscow: Standartinform; 2008.
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of phosphorus trichloride, the stabilizer (hydroquinone
monomethyl ether) contained in the original
monomer in the amount of 150 ppm did not prevent
the polymerization process, which led to crosslinking
of the product in the reactor.

Taking into account the data of [13—15], we used
N-nitrosodiphenylamine dissolved in the monomer
to prevent the polymerization of GMA in the reaction
with phosphorus trichloride. The resulting product,
according to the data of the authors of [16], can be a
mixture of isomers a, b, and ¢ (Fig. 1).

Characteristic peaks in the 'H NMR spectra of
PPC-1 were present in the following regions, ppm:
1.85 (s, 9H, (H,C-C=); 3.51 and 3.72 (m, 6H, ~CH,~Cl);
4.20 and 4.42 (m, 6 H, =CH-CH,-O-C(O)-); 5.55 and
6.6 (s, 6 H,-CH=CH,); 4,62 (m, 3H, >P-O-CH).

The 'C NMR spectra of PPC-1 contain the
following peaks: at 17.9 ppm-—assigned to the CH,
groups at the carbon atom at the double bond; at
41.5 ppm—assigned to the groups (-CH,-CI)
formed during the opening of the epoxy ring; at
62.4 ppm—referred to ester acrylate groups (-CH,~O-);
line at 69.9 ppm—assigned to groups (>CH-O-P<);
at 124.3 ppm—referred to the disubstituted carbon
atom groups at the double bond (-CH=CH,); at
134.5 ppm—referred to the trisubstituted carbon atom
of the double bond (-CH=CH,); at 164.5 ppm—referred
to the carbon of the ether group (—O—C(O)-).

The 3P NMR spectra of PPC-1 contain
characteristic peaks at 140.54 ppm assigned to the
P(OR), group; the absence of peaks at 3.3 ppm
characteristic of P=O groups also indicates the absence
of pentavalent phosphorus in the products.

The IR spectrum of PPC-1 contains characteristic
absorption bands in the range of C=0 (1720 cm™),

stretching vibrations. The bands at 1340 cm™' and
1500 cm™ are attributed to the vibrations of NO
groups and the aromatic ring of the stabilizer
N-nitrosodiphenylamine, respectively. The absorption
band in the region of 1160 cm™ is assigned to
bending vibrations of the C=0O group. The absence
of characteristic bands at 860 and 910 cm’!
corresponding to vibrations of the epoxy cycle
indicates their complete opening upon interaction
with phosphorus trichloride. The absence of epoxy
groups in the reaction product was also confirmed
by chemical analysis. The absence of bands in the
region of 1100-1200 cm™ characteristic of P=O groups
indicates that pentavalent phosphorus is not formed
during the synthesis of PPC-1.

The route of interaction is also confirmed by
a decrease in the acid number of the synthesized
products from 335.7 to 9.75 mg KOH/g and the
absence of epoxy groups in them (see above), which
is in agreement with the results of earlier studies [17].

Thus, the performed spectral studies confirm
the formation of products of addition of GMA
to phosphorus trichloride in the presence of
nitrosodiphenylamine at three chlorine atoms.

The R, value for PPC-1 was determined as the
ratio of the distance from the spot center to the start to
the distance from the mobile phase front to the start.
The following results were obtained: R, (A) = 0.124;
R.(B)=0.299; R.(C) = 0.39.

According to the results of TLC studies, the
PPC-1 product is characterized by three separating
spots, which were assigned to isomeric products
a, b, and ¢ (Fig. 1) formed during the synthesis of
PPC-1. This is confirmed by studies [16, 18], which
describe the possibility of forming compounds both

C=C (1640 cm'), and C-Hal (760-770 cm') according to the Krasusky rule and against this rule.
CH, CH, H,
H3C_C// Hsc_(// o I
\C=° —0 \C/ \CH3
J .
\CHZ \ cH,
d ! c/H
@/ NcH,

NN o
[ e
\

H,c” \C“z \in H,c” \CHZ

Fig. 1. Structures of PPC-1 isomers.
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Any violation of the Krasusky rule as a result of an
excess of PCl, can subsequently lead to the formation
of a mixture of products. The rule can be violated
under the influence of functional groups at the oxirane
ring [19]. In view of the above, the formation of
three spots during TLC studies is determined by the
presence of three compounds in the mixture: a product
in which the addition of the GMA oxirane ring
occurs only according to the Krasusky rule; only
against Krasusky rule; the simultaneous presence of
the attached GMA, both under the rule and against
the Krasusky rule. This can occur during the
interaction of phosphorus trichloride at different
depths of its transformation.

Chromatographic and mass spectral studies
have shown that PPC-1 isomers are capable of
producing several fragment ions (Figs. 2 and 3).

Along with the results of IR and NMR analyses
of the primary TLC data, chromatographic and
mass spectral studies confirmed that a mixture of
isomers was formed during the synthesis. Thus, the
obtained results confirm the formation of putative
PPC-1 isomeric compounds a, b, and ¢ (Fig. 1).

The synthesis of spatially separated bis-
[phosphorus-di-etheracrylates] ~ with ~ spacers  of
various structures was carried out using intermediate
products by partial replacement of chlorine atoms in
phosphorus trichloride with glycidyl methacrylate.
The resulting reaction mass was added to a
bifunctional epoxide, for example, E-181 or ED-20
taken in a ratio of 2:1, respectively. Under such
conditions, the diepoxide is inserted between two
phosphorus atoms along the chlorine atoms. The

0 CH,

/ CH H,C
2 2 \
o / \O / Cl

basis for the conditions for the synthesis of
substances with spacers (PPC-2 and PPC-3) was
the experimental data obtained during the synthesis
of PPC-1.

The ultimate goal of the research was to
evaluate the effect of the spacer structure on the
properties of crosslinked polymeric materials,
which were determined by the structure of the
bifunctional epoxide. Products of total chlorine
substitution obtained by the interaction of phosphorus
trichloride with GMA in a ratio of 1:3 were used
as the basic object of comparison.

Figure 4 shows the IR spectra of GMA and end
products that do not contain (PPC-1) and contain
spacers (PPC-2, PPC-3). The insignificant difference
seen in the spectra of the presented data is associated
with the similar structure in the structure of the
compounds.

The oxirane ring in glycidyl methacrylate has
two transmission bands. The first band in the
middle range of deformation of the C-O bond
of the terminal oxirane group is centered at 906 cm™,
while the second band observed at 3052 cm™' is
related to the C—H vibration of the methylene group
of the epoxy ring. As well as being quite low, the
intensity of this band is also very close to the
transmission of the hydroxyl group; however, in
epoxy monomers possessing a low degree of
polymerization, it can be used to assess the qualitative
presence of epoxy groups [20]. Here, it can be seen
that a similar band is present in glycidyl methacrylate
and absent in samples PPC-1, PPC-2, and PPC-3.
The absence of vibrations of the C-O-C bonds

miz: 161.04 (100.0%), 163.03 (32.0%), 162.04 (7.8%), 164.04 (2.5%)

CH,
SCH'

m/z: 177.03 (100.0%), 179.03 (32.0%), 178.04 (7.8%), 180.03 (2.5%)

Fig. 2. PPC-1b fragment ion formation scheme (3-chloropropyl methacrylate fragment
and 2-chloro-3-oxypropyl methacrylate fragment).
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Fig. 3. Fragment of the chromatogram of a 0.2% solution of PPC-1 in acetone.

of the oxirane group in the region of 8§10-840 cm!
and —CH, in the region of 760-770 cm™ in the
samples indicates the complete opening of oxirane rings.

Phosphorus containing samples contain bands
corresponding to the carbonyl group >C=0O in the
region of 1719 cm™, >C=CH, in the region of
880-900 cm™', ether bond in the region of
1100-1200 ¢m™', C=C vibrations in the region of
1635 cm™!, P-OR in the region of 940-945 cm’,
R—CI in the region of 760-770 cm™'. The addition

of a spacer between two reaction centers binding
the phosphorus atoms is not accompanied by a
significant difference in the spectra of PPC-2 and
PPC-1. The band in the region of about 1500 cm™
in the IR spectrum of PPC-3 is assigned to vibrations
of the aromatic ring; the band in the region of about
3000 cm™ can be attributed to the hydroxyl group
contained in the structure of ED-20.

Synthesized products PPC-1, PPC-2, and PPC-3
were used to obtain photocurable compositions.

100 T ———

50 GMA 3052

50 PPC-1

50 PPC-2

Transmittance, %
]
3

|
50 PPC-3

c=C \
| (CH,-CH)O
>C=0 RCOOR'
c=Cc R-CI
P-OR
>C=0
RCOOR'
\
c=c ‘
>C=0 \ | Rra
RCOOR' P-OR
l
c=c ‘
>c=0 C-Carom. \ | R-CI

RCOOR' P-OR
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2500
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Fig. 4. IR spectra of PPC-1, PPC-2, PPC-3, and GMA products.
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Investigation of the processes
of curing synthesized compounds

The curing of the compositions with peroxide
initiators  (benzoyl peroxide, dicumyl peroxide)
did not lead to a positive result, which is probably
due to the presence of trivalent phosphorus in the
structure of the oligoether methacrylate, which
deactivates peroxides. In this regard, curing was
carried out under the action of UV radiation in the
presence of a photoinitiator.

Phenyl bis(2,4,6-trimethylbenzoyl)phosphine
oxide (BAPhO), which is effective in a wide
range of the UV spectrum with acceptable initiation
parameters, was chosen as the initiator of the
UV curing process, as recommended by a number
of authors [21-23].

Determination of the degree of completion
of the processes of photocuring of the
synthesized products was carried out using DSC.

The presented data (Fig. 5 and Table) demonstrates
the influence of the spacer on the thermal effects
of the photocuring process. Although the introduction
of an aliphatic spacer (PPC-2) has little effect
on both the maximum heat release and the time
taken to achieve it, an aromatic moiety (PPC-3) has
a greater effect on photocuring processes, increasing
the time taken to reach maximum heat release to
0.6 min, probably as a result of steric hindrances.

The introduction of a spacer with an increase
in the overall functionality of the resulting
compound reduces the number of polymerizable
groups due to the steric factor, which is also
accompanied by a decrease in the thermal effect
of photocuring. According to DSC data, the
contribution of one methacrylic group to the total
thermal effect of the gross curing process of the

synthesized products was estimated, which was
0.09376, 0.03113, 0.01822 J/(mol-eq) for PPC-1,
PPC-2, PPC-3, respectively. In the case of the
PPC-3 sample, which has a more massive rigid
spacer as compared to PPC-2, a lower density of
the spatial structure is formed. This is probably due
to the steric factor, which limits polymerization to a
greater extent to groups in the side chain.

This fact was substantiated in [24] when
calculating the quadratic critical conversion, whose
physical meaning is the necessity to carried out
at least two reactions of functional groups
sequentially in order to ensure the formation of
a crosslink. As a result of the first reaction, the
polyfunctional oligomer must be integrated into
the polymer chain and, therefore, suspended
functional groups X must appear. Due to the second
reaction of the interaction of the X group, the
crosslink itself is formed. The authors conclude
that the main reason for the deviation of the
experimental gel point from the calculated one
is the cyclization reaction, which limits the mobility
of the polymerizing units, ultimately leading to a
decrease in the thermal effect, which is also observed
in our case.

Of additional interest was the determination
of the degree of completion of the mass photocuring
processes. For this purpose, an E7-25 immittance
meter was used as part of a device with a
photocell equipped with LEDs with a total
luminous flux of 0.0172 mW/cm? and a wavelength
of 397 nm, which made it possible to evaluate the
change in the dielectric properties of the material
with time. The use of the developed measuring
system was based on the well-known fact [24]
that cured polymers have increased dielectric

DSC, mW/mg
20 exo!
PPC-2
15
%
2
10 7%
2
53>
25%
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75
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2
5 L:o:o
Lo%e%
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5358
135553
[92355%
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0 R0 S
0.0 1.0 12 _ .
Time, min

Fig. 5. Time dependences of thermal effects of photo-curing PPC-1, PPC-2, and PPC-3.
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Fig. 6. Integral dependences of thermal effects of photo-curing PPC-1, PPC-2, and PPC-3.

Table. Experimental data of the photo-curing process

Method Parameters PPC-1 PPC-2 PPC-3
0. ..mW/mg 16.36 15.99 14.43
0...¢ 158.5 147.8 934
DSC 0, J/mol 0.2813 0.1245 0.0729
0. ,.» J/(mol-eq) 0.09376 0.03113 0.01822
Time at O, min 0.2 0.1 0.6
- 50 1650 150
Too 1100 2050 1430
DEA
a=t,- T, 1050 400 1280
l/a,s™ 9.52:10* 25107 7.81-10*

Note: DEA is dielectric analysis. O is the maximum heat flow; Q_ is the sum heat effect; 1, is the induction period;
T,, 15 90% process completion time; a is the time of the initiated photo-curing process; 1/a is the photo-curing process rate.

properties due to the limitation of molecular atoms located next to it [25]. In molecules with

mobility as a result of the formation of intermolecular
chemical bonds.

For oligomers, the inductive effect turned out
to be significant, the influence of which quickly
leveled off as the chain length increased, and the
reactivity of the group depended on the number of

spacers, steric hindrances become of great importance,
which determine the decrease in the reactivity of
side functional groups.

The obtained measurement results were processed
mathematically using the calculation method given
below according to formula (2) [26].
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6 Ca - Ca
_ G 5
c,_-c ° )

a max min

where C, isthe current value of the cell dielectric property
index; Camax and C, are the maximum and minimum
value of the dielectric property index of the cell.
The results are presented in Fig. 7.

The presented results indicate the effect of the
spacer in the synthesized compounds on the curing
process.

B 1.0

0.8 1

PPC-1 PPC-3 PPC-2

0.6
0.4

0.2 -
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0 500 1000 1500 2000 2500

Time, s

Fig. 7. Conversion degree of the photo-curing process
PPC-1, PPC-2, and PPC-3 in the presence
of the photoinitiator BAPhO 0.5 wt %.

Phosphorus-containing oligoether methacrylates
cure relatively quickly without a spacer (PPC-1,
Fig. 7). The pronounced inflection of the change curve of
the dielectric properties of the studied oligomer can be
used to characterize the time interval for the end of the
gelation process, following which the rate of change in
the dielectric properties increases and the polymerization
process passes into the final phase of formation of
the crosslinked polymer structure. The dynamics of
photocuring of oligoether methacrylates with a spacer
of different structure differs significantly from the one
under consideration, including due to the absence of a
pronounced gel formation area.The formation of a cross-
linked PPC-2 polymer matrix proceeds with a significant
induction period, which can be explained by the
relatively higher mobility of ions not only of the
oligomer, but also of the forming linear polymer, due to
the presence of a flexible aliphatic space in its hinged part.

CONCLUSIONS

The possibility of obtaining new oligoether
methacrylates with spacers in the chemical structure
based on phosphorus trichloride, glycidyl methacrylate,
and E-181 and ED-20 epoxy resins is confirmed.
It is shown that the process of addition of the oxirane

ring to phosphorus trichloride occurs both according to
the Krasusky rule from the side of the a-carbon atom, and
against this rule, with the formation of isomeric products.

The influence of the structure of the spacer on
the rate of curing of oligomers under the action of UV
radiation is determined.

According to dielectric analysis, photocuring in the
bulk of oligoether methacrylates containing an aliphatic
spacer is accompanied by an increase in the induction
period of curing by a factor of 39, and an aromatic spacer
by a factor of 4 compared to a sample without a spacer.

DSC studies established that the maximum
thermal effect of UV curing (158.5 J/g) has an
oligomer that does not contain a spacer. Meanwhile,
the introduction of aliphatic and aromatic spacers
leads to a decrease in the total thermal effect of the
curing process to 147.8 and 93.4 J/g, respectively.
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AHHOMAQuUUs

Ifenu. '°B-HelimpoHo3axeamHass mepanus seaslemcss O00HUM u3 Haubosee nepcnek-
MUBHbLX Memooo8 JleueHusl 3710KauecmeeHHblx onyxoneli. B wkauecmee 6opcodepoka-
Wux azeHmo8 HepeoKo NPUMEHSIIOMCs COeOUHEeHUsl HA OCHO8e KJACMEepHbIX aHUOHO8
bopa [BHJF  (n = 10, 12), Kaxk umenwue OueHb 6blCOKYI YOeNbHYI KOHUEHMPAYUUIO
amomos bopa 8 pacueme Ha 00HY uacmuyy. OOHAKO UCNOBL30BAHUE MAKUX COEOUHEHUT casi3a-
HO ¢ Heobxo0umocmsro paspabomrKu HO8bLX Memoo08 (PYHKUUOHAIUIAUUU OOPHbLX Kiacmepos,
C8SI3AHHBLX C NOAYUEHUEM OOPCOOEPIAUUX NPOU3BOOHLIX ¢ OUOI0UMECKU AKMUBHbIMU (PYHIK-
yuoHanbHblmu 2pynnamu. OOHuM u3 Haubosee YOOOHbLX Memoo08 MOOUPUKAUUUL AHUOHO8
[BHJ (n = 10, 12) asnrsemecsa eésaumooelicmeue ux npous8o0HblX, COOEpIKAUUX YUKAUUECKUE
3amecmumenu OKCOHUE8020 MUNd, ¢ OMPUUAMENbHO 30PSAKEHHbIMU UNU HEUMPANbHbIMU HYKE0-
punvHbMU peazeHmamu. Packpoimue samecmumeneli 0aHHO020 muna npusooum K o6pa3o8aHuio
K1030-60pamoe ¢ PYHKYUOHANIbHbIMU 2pYNNami, omoeseHHbIMU om Kaacmepa GIKOKCUTbHOU

© MartreeB E.1O., HoBukoB C.C., AeBunikas B.4., HuuyroBckuit A.U., CokonoB N.E., Kuxun K.1O.,
Kysuenos H.T., 2022
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BsaumozeiicTBue annoHa [2-B, H O(CH,),0]" ¢ BTOPHYHBIMH aMHHAMH

2)a

cnelicepHoll yenouroll. Llenbto Hacmosiugezo UCCIe008aHUSL S8Slemcest paspadomKa memooo8
cuHmesa npousgooHbLX K1030-0ekabopamHozo aHuoHa [B, H, - c nenoanHmHsulmu asomcodeprrka-
wumu 2pynnamu.

Memoost. O6wulli KOHMPOAL NPOMEKAHUSL PEAKYUUTL PACKPbIMUS YWUKJAUUECKUX 3amecmumeieti
ocywecmensiicss Ha 0CHO8aHUU 0aHHblx 1B cnexmpockonuu si0epHo20 MAZHUMHO020 PEe30HAHCA
((IMP). CmpoeHue NoAYUeHHbLX NPOU3BOOHBLX, 8 MOM UUC/E NPUPOOY NPUCOEOUHEHHBLX (PYHKULO-
HOAIbHBIX 2pYNn onpedessiii Ha ocHogaHuu oarHslx 'H, 13C SIMP ¢ mecmom Ha npucoeduHeHHble
npomonut (APT) u ungparpacHoti cnekmpockonuu (MK). MonexkynspHyo maccy cuHmMesuposaH-
HbLX COe0UHEHUTL NOOMEepIKOaU Memo0oM MACC-CREKMPOMEeMPUU C UOHU3AYUEel 21eKmpopac-
nowieruem (MSOP-MC).

Pesynemameot. Hccnedosaro esaumooeticmsue axuoHa [2-B, H,O(CH,),O]" ¢ emopuuHbLmu
amMuHamu (OumemunamuH, OUNPONUNAMUH, OUANAUNLAMUH, OUOYMUNAMUH, OUUSOOYMUNAMUH,
MmopghonuH, ou-emop-bymunamur) 8 cpede smarona. IlokazaHo, umo e pesysnomame peaxKyuii
npoucxooum packpbimue YuKauueckozo samecmumetsi ¢ npucoeduHeHuem HYKaeophuibHoz0 pe-
azernma. CuHmMesUupo8aHsblL CemMb HOBbLX NPOU3IBOOHBLX K1030-0eKabopamHo20 AHUOHA ¢ NeHOaHM-
HbIMU A30MCo0epIKAULUMU 2PYNNAMU.

Buteoodst. Paspabomar HO8bLIL Memo0 NoaAYyueHusl Ka030-0exabopamog ¢ aMMOHUEEbLMU
epynnamu, omoesneHHbILMU om BOPHO20 Kacmepa AKOKCUTbHOU cnetlicepHoll epynnoti. ITorxasaHo,
YUMo NpuUMeHeHUe AMUHO8 PA3TUUHO20 CIMPOEHUSL NPUHUUNUAILHO He 8/lUsiem HA X00 NpomeKaio-
Wux peakyuti U no3eosisiem agpheKmueHoO pezysiupo8ams COCMaAs8 U CMpOeHUE UeSle8blX NPOU380-
OHblx. [TonyueHHble coeOuHeHUst mo2ym Oblmb 808/1eueHbl 8 OalbHellllue peaKyuu MoOupuKayuu
3a cuem pearKyuoOHHOCNOCOOHOU NeHOaHMHOU 2pynnbl, a maksKe moeym Obimb UCNONL308AHbL 8
poau achhexmusHblX NOAUOEHMAMHBLX U2aH008. Kno30-0exabopamul ¢ NeHOAGHMHbIMU A30MCO-
deprKauumu 2pynnamu U Ux Npou3eo0Hble NPeoCcmasasiiom 3HAUUMEAbHbLI uHmepec 8 CuHmese
coeduHeHUl, nepcneKmugHblx 0/l npumeHeHUst 8 °B-HelimpoHO3aX8amMHOU mepanuu 3ioKaue-
CMeeHHbIX onyxonetl.

Knroueevle cnoea: iiacmepHole AHUOHbL H0pa, K1030-0eKaboOpamHblil AHUOH, OKCOHUESble NPOU3-
800HBLE K1030-0eKabopamHoz0 AHUOHA, PACKPbIMUE YUKIUUECKO20 3aMECMUMEN S, 8MOPUUHbLE AMU-
Hbl, 19B-HelimpoHo3axXeamHas mepanust 3/10KaUuecCmseeHHblxX onyxoaetll
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Abstract

Objectives. One of the most promising methods of treating malignant tumors is °B-neutron
capture therapy. While compounds based on cluster boron anions [B H - (n = 10, 12) are often
used as boron-containing agents due to the very high specific concentration of boron atoms
per particle, the use of such compounds is associated with the need to develop new methods
for the functionalization of boron clusters associated with the production of boron-containing
derivatives containing biologically active functional groups. One of the most convenient methods
of modification of [B H J”~ (n = 10, 12) anions is the interaction of their derivatives containing
cyclic oxonium-type substituents with negatively charged or neutral nucleophilic reagents. The
disclosure of substituents of this type leads to the formation of closo-borates with functional
groups separated from the cluster by an alkoxyl spacer chain. The purpose of this study is to
develop methods for the synthesis of derivatives of the closo-decaborate anion [B, H, J~ with
pendant nitrogen-containing groups.

Methods. The general control of the reactions of the disclosure of cyclic substituents was carried
out on the basis of !B nuclear magnetic resonance (NMR) spectroscopy data. The structure of the
obtained derivatives, including the nature of the attached functional groups, was determined using
TH, 13C attached proton test (APT) NMR and infrared (IR) spectroscopy data. The molecular weight
of the synthesized compounds was confirmed by electrospray ionization mass-spectrometry
(ESI-MS).

Results. The interaction of the anion [2-B, H,O(CH,),O]" with secondary amines (dimethylamine,
dipropylamine, diallylamine, dibutylamine, diisobutylamine, morpholine, di-sec-butylamine)
in an ethanol environment is investigated. As a result of the reactions, a cyclic substituent is
shown to expand with the addition of a nucleophilic reagent. Seven new derivatives of the closo-
decaborate anion with pendant nitrogen-containing groups have been synthesized.
Conclusions. A developed method for obtaining closo-decaborates with ammonium groups
separated from the boron cluster by an alkoxyl spacer group is presented. It is shown that the
use of amines of various structures does not fundamentally affect the course of the reactions,
allowing the composition and structure of the target derivatives to be effectively regulated. The
resulting compounds can be involved in further modification reactions due to a reactive pendant
group, as well as being suitable for use as effective polydentate ligands. Closo-decaborates
with pendant nitrogen-containing groups and their derivatives are of considerable interest in the
synthesis of compounds for use in '°B-neutron capture therapy of malignant tumors.

Keywords: cluster boron anions, closo-decaborate anion, oxonium derivatives of closo-decaborate
anion, disclosure of cyclic substituent, secondary amines, °B-neutron capture therapy of
malignant tumors

For citation: Matveev E.Yu., Novikov S.S., Levitskaya V.Ya., Nichugovskiy A.l., Sokolov L.E., Zhizhin K.Yu.,
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BBEJIAEHHWE

Knacrepuble annonsl 6opa [B H > (n = 10, 12)
MPEJCTABISAIOT COO0M OAWUH W3 YHHKaJIbHBIX MpH-
MEpOB TOJHOCTHIO HEOPTraHWYECKUX KJIACTEPOB,
0o0najjalomuX BBICOKOW yCTOWYHMBOCTHIO K JICH-
CTBHIO OKHCIUTENICH M CKIOHHOCTBIO K 3amMelle-
HUIO 9K30-TIOJUDIPUYECKUX aTOMOB BOAOpOJa Ha
paznmuunble QyHKIMOHAIbHBIE Tpynnsl [1-3]. Ipo-
W3BOJHBIE HAa OCHOBE OOPHBIX IIOJHDAPOB ITOTO
KJlacca HaXo[sT Bce 0oJiee NIMPOKOE IPHMCHCHHE

B HayKe M TEXHHKE, NMPUYEM ONHON W3 Hamboiee
3HAYUMBIX OOJlacTell ocTaeTcsi MeauIUHCKas cdepa,
a uMeHHO '"B-HEeHTpOHO3axBaTHAs TEpANus 3710Kaue-
CTBEHHBIX omyxojei [4—14]. B cBA3U ¢ 3TUM OYEHb
aKTyallbHOU sBIsieTcs pa3paboTKa HOBBIX METO/OB
CHHTE3a K71030-00paToB, COEPKAITUX OMOIOTHYECKH
AKTUBHBIE TPYIIIIBI, KOTOPbIE TAK)KE MOTYT OBITH MO-
I GUITIPOBaHBI.

OyHKIMOHANH3AINS KIACTEPHBIX AaHWOHOB Oopa
MOKET OBITH CBs3aHA KaK HEMOCPEACTBEHHO C Oop-
HBIM KJacTepoM, TaK W C YK€ BBEICHHBIMU
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BsaumozeiicTBue aHHOHa [2-B, H O(CH,),

O] ¢ BTOpHYHBIMH aMHHaMH

(GYHKIIMOHANBHBIME Tpynmamu. OIHHM H3 OCHOB-

HBIX METOIOB MNpPsIMOW (YHKIHOHAIU3ALUUN aHUO-

voB [B H ]* (n = 10, 12) sBusercst 31eKTpodHIbHO-
n n

HHIYyLUPYEMOe HYKJICO(QIIBHOE 3aMelleHne
(electrophilic-induced  nucleophilic  substitution,
EINS) ox30-nonusapuyecKkux aTOMOB BOJIOpPOZA

Ha pa3iuyHble (QYHKUHOHalbHBIE rpynnbl [15-19].
Takoif MeTox MO3BONSET TOAydYaThb OOLIMPHBIN
Kpyr k71030-00paToB, HO HUMEET M HEIOCTaTKH,
CBA3aHHBIC C BO3MOKHBIM B3aHMOJCIHCTBHUEM HYKJIe-
O(pUIBHBIX PEareHTOB ¢ KucioTamMu JIpromca, KOTO-
pBI€ ABIAIOTCS HHUIIHATOPAMHU ITOZOOHBIX IIPOIECCOB.
Mopudukanus yxe BBEJCHHBIX 9K30-TTOTUIIPUICCKAX

IPYII  [O3BOJISIET ~ 3HAYUTEIBHO  PACHIMPUTH
Kpyr  moiydaeMmblx  Oopcoiepxalux  COeau-
HeHuil. Hanpumep, B mociegHue roiapl HaOu-
paer MONYJSPHOCTD MeTOJ MoauuKanuu

THOJIBHBIX M HHUTPHIBHBIX MPOW3BOJHBIX AHHOHOB
[B,H ]* [20-23]. Onnako 4acTo HEOOXOAMMO MHOIY-
4aTb COCAUHCHUSA, COACPIKAIIUEC TaK HA3bIBACMBbIC
IICHAAHTHBIC (byHKHI/IOHaJ'H)HI)Ie rpynnbl, OTACJICH-
HBIE OTHOCHTEJIBHO HHEPTHBIM (parMEeHTOM OT OOPHOTO
Kjactepa, 4YTOOBl M30eKaTh BIHMSHUS ITOCIETHETO.
[TosTomy omHuMM U3 Hauboyiee YJOOHBIX METOIOB
(YHKIIMOHAN3AINN OOPHBIX KIIACTEPOB SIBISETCS
3aMEIIEHNE 9K30-TOMUIIPHUICCKAX aTOMOB BOAOPOIA
Ha MOJICKYJIbI UKINYECKAX MPOCTHIX 3(PHUPOB C TOCIIe-
IYIOLIMM PACKPBITHEM O0pa3yIOMIUXCs IHKIHYSCKUX
3aMECTUTENICH OKCOHMEBOTO TUIIA C IIOMOIIBIO HYKJIe-
odunos. B pesynpraTe Takmx peakiuii oOpasyroTcs
K71030-00paThl C TEHAAHTHBIMU (YHKIIHOHAIbLHBIMHU
IpyIIamMyu, TPUCOSIUHEHHBIMUA K OOPHOMY KIlacTepy
gepe3 aJKOKCHIBHYIO crielicepHylo memb. [Ipumene-
HHE OOIMMPHOTO Kpyra HYKJICO(IIBHBIX pearcHTOB
T03BOJISIET OJTy4aTh NPOM3BOHBIE anuoHOB [B H 1>
¢ 3aJlaHHbIM cTpoeHuem [24-30].

Henp HacTosimieit pabOThl — BBIABICHUE YCIOBUM
U OCOOCHHOCTCH B3auMMOACHCTBHUSA 1,4-THMOKCAHO-
BOTO MPOU3BOJHOIO KJI030-€KabOpaTHOTO aHUOHA,
[2-B,,H,O0(CH,),O], ¢ Bropu4HbIMH aMHHaMH (J1H-
MCTHUJIaMWH, AUNPONHUIaMUH, AWAJUIWIaAMHWH, JII/I6y-
THJIAMUH, AUM300yTHIAMUH, IU-8mop-OyTHIAMUH,
MOpQOJIMH), B XOJe KOTOPOro 00pasyloTcs Ki030-
JIeKabopaThl ¢ NEHAAHTHRIMA aMMOHHEBBIMH TPYIITIAMH.

IKCHHEPUMEHTAJIBHAS YACTb

Memoowt puzuko-xumuuecko2o ananusa

Wndpakpacusie (MK) cnexktpsl  coeanHeHUit
sanuceiBan Ha MK-®ypse criekrpomerpe HMudpaniom
OT-02 (Jromsxe, Pocenst) B obmact 4004000 cm .
OOpasipl TOTOBHIM B BHJE TaOJIETOK W3 CMECH WC-
ciemyemoro coeaunerns u KBr. 'H, "B, *C crmekrpsr
SIIEPHOTO MarHUTHOTO pe3oHanca (SIMP) pactBopos
HCCIIEyeMBIX BEIISCTB B ITONHOCTBIO JEHTEpPUpPOBAHHOM

mumeruncynbpockune (JIMCO-d,) ¢ tectom Ha mpwu-
KperuieHHble TpoToHbl (aHrn. Attached Proton Test,
APT) 3anmceBam Ha SIMP-cniektpomerpe DPX-300
(Bruker, Tepmanusi) Ha wuactotax 300.3, 96.32 wu
75.49 MI'T COOTBETCTBEHHO C BHYTPCHHEH CTaOHMIIHU-
3alMel mo geitepuro. Macc-CHeKTphl  3alluChIBAIA
C  HCIOJBb30BAHHMEM TPOUHOTO  KBaAPYMOJBHHOTO
Macc-crektpomeTpa TSQ Quantum Access MAX
(Thermo Fisher Scientific, CIIA), cHa0XeHHOTO
ucrounnkom APl (HESI-II), dYerbipexkaHaabHBIM
Hacocom Agilent 1200 GI1311A (Agilent, CIIA)
U 6-TIOPTOBBIM HMHIKEKTOPOM C BHENIHEW meTiei
oosemom 0.002 cm®. OOpasisl BBOAUIN B MCTOYHHUK
MOHOB MYTEM PYYHOU METIECBOW MHKEKIHUU B MOTOK
pacTBOopHTENs. B KauecTBe pacTBOpHTENEH HCIONb-
3oBaiu aueroHuTpuil (ACN) kitacca Juisi BBICOKOA(-
(hexTuBHOI KUAKOCTHOHN Xxpomarorpaduu (BIXKX) u
JIEMOHU3UPOBAHHYIO BOJY, IOJy4YEHHYIO HAa YCTaHOBKE
Milli-Q (Millipore, CILIA). Pacxon Hacoca ObL1 ycTa-
HOBJIeH Ha ypoBHe 0.4 MJI/MUH B H30KpaTH4e€CKOM
pexume ACN/H,O (50:50). Monusanurio snexrpopac-
neuteaneM (MDP) mpoBoamnm B pexume perucTpa-
[IUU OTPHUIATENIBHO 3apsSHKCHHBIX MOHOB TIPH CIENy-
IOIUX YCIIOBUSIX: HAIpsDKEHHWE pacrbuieHns — 2.5 kB,
TemIeparypa TpyOku s neperoca moHor 350 °C,
temneparypa ucnapurens 300 °C, naBienue rasa
(N,) 35 y.e., pacxon BcromoraresbHoro rasa 10 y.e.
Macc-cnektpsl (MC) 3anuceiBain B pexxuMe MOJIHO-
ro cKaHUpOBaHUs B nuamnaszone m/z 100-600. C6op u
00paboTKy JaHHBIX MPOBOAMIM C HCIOJB30BAHHEM
nporpaMmHoro obecneuenus Xcalibur (Bepcus 2.0).

OneMeHTHBI aHamM3 Ha OOp TPOBOAWIM Ha
Macc-CIIeKTPOMETPEe ¢ HMHAYKTHBHO CBSI3aHHOW IITas-
moit ELAN DRC-e (PerkinElmer, CILIA). Conepxxanue
yIiuepona, BOAOpOAa M a30Ta B 00pas3lax Ompeaes-
mu Ha 3nemenTHOM CHNS-ananuzarope EuroEA 3000
(Eurovector Instrument, Utanus).

Mamepuanwt

[2-(1-(1,4-nrOKCaHMiT)) |HOHATUAPO-KI030-1eKa-
6opar Terpabyrunammonus, (n-Bu,N)[B, H/O(CH,),0]
ObUT  CHHTEC3UPOBAaH IO  pa3padOTaHHOH  paHee
metomuke [31]. 1,4-mmokcan odnmianu corsiacHo [32].
Hduverunamud (33% BoxpHBIi pactBoOp, Sigma-Aldrich,
CLIA), mubytunamus (>99.5%, Sigma-Aldrich, CI1A),
qunponunamut (99%, Sigma-Aldrich, CUIA), nnannwui-
amun (99%, Sigma-Aldrich, CIIA), nu(émop-0yTun)-
amu  (99%, Sigma-Aldrich, CHIA), nuu3o0yTHII-
amut (99%, Sigma-Aldrich, CILIA), mopdonua (99%,
Sigma-Aldrich, CIIA), stanon (95%, Sigma-Aldrich,
CIIA), l-mentanonm (99%, Sigma-Aldrich, CIIA),
meranon  (99.9%, Merck, lepmanus), uomupg
nesus (x.4., Xummeo, Poccust), xnopun terpadenmidoc-
donnst (99.9%, Sigma-Aldrich, CLIA), nnmetundopmamug
(99.8%, Sigma-Aldrich, CLLIA).
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IKcnepuMeHT

K cycnernsnm 45 mr (0.1 mvons) (Bu,N)[B, HO(CH,),0]
B 10 mur sranona (95%) noGamisimm 0.6 MMOIh
BropuuHoro amuHa (40 mxia 33% BomHOro pactBopa
JUMETWIaMUHA Wiad 85 MKJ AUNpONMIaMHUHA, WU
105 Mka aubytunamuna, win 105 MKJI THH300yTHII-
aMHHa, WK 52 MKJI MOp(OTIUHa, UJId 75 MKJI TAAJIITUI-
aMUHa) ¥ HarpeBad MpH TMEepeMelIMBaHUN B TEUCHUE
2 4 mpu Temneparype kuneHus. K nmomyuennomy Oec-
[BETHOMY WM CBETJIO-KEITOMY PacTBOPY T00aBIISIH
200 mxa 2 M pacTtBopa ¢TOpmAa IE3Usl B METaHOIE.
OO0pasoBaBIuiics OeNbIi WM CBETIIO-KEITHIA OCaJIOK
OT(HIBTPOBBIBAI, MEPEKPUCTAIUTH30BBIBATI U3 CMECH
Bozia-MeTaHo (1:1) ¥ BBICYIIIMBAIIN TIPH [TyOOKOM BaKyyMe.

2-[2-(2-1MMeTHIIAMMOHH03TOKCH )3 TOKCH)] -
HOHATWAPO-K/1030-1eKadopar ue3us,

Cs[B,H,0(CH,),0(CH,), NH(CH,) |

Beixon: 0.030 r (79%). 'H SAMP (AMCO-d,, o,
m..): 10.16 (¢, 1H, NH), 3.65 (t, 2H, CH, (a)), 3.40 (T,
2H, CH, (v)), 3.16 (m, 4H, CH, (B, 9)), 2.77 (c, 6H, CH,
(), or 1.00 mo —0.50 (m, 9H, B, H,)). "B {'H} SAMP
(IMCO-d,;, 6, m.1.): 0.8 (c, BO (2)), —0.3, —3.5 (o0a c,
mo 1B, BH (10, 1)), —21.5 (¢, BH (3, 5, 6, 9)), —27.2
(c,2B,BH (7, 8)), —31.5 (c, 1B, BH (4)). 3C APT SIMP,
(AMCO-d,, 6, m.1.): 71.2 (CH, (B)), 70.1 (CH, (y)), 63.2
(CH, (), 55.2 (CH, (3)), 42.8 (CH, (&)). UK (KBr, cm™):
3075,2720(v(N*—=H)),2467 (v(B-H)), 1471 (6(H-N*-H)).
Haiineno (%): C, 18.59; H, 3.58; N, 3.61; B, 28.12;
CH,,B,,CsNO,. Beraucneno (%): C, 18.80; H, 3.61;
N, 3.65; B, 28.20. UBP-MC. Haiigeno, m/z: 250.3
[B,,H,0(CH,),0(CH,),NH(CH,),] . (CH,B NO,).
Beraucaeno: M = 250.3.

2-[2-(2-a1MnpoNMJIAMMOHHMOITOKCH )ITOKCH) |-
HOHATHAPO-KJ1030-1eKadopar me3us,
Cs[B,,H/O(CH,),0(CH,),NH(CH,CH,CH,),]

Bexox: 0.036 t (81%). 'H AMP (JIMCO-d,, 3,
m.): 9.81 (¢, 1H, NH), 3.68 (1, 2H, CH, (w)), 3.38 (T,
2H, CH, (y)), 3.20 (1, 2H, CH, (B)), 3.13 (1, 2H, CH, (9)),
2.51 (z, 4H, CH, (¢)), 1.72 (m, 4H, CH, (©)), 0.93 (1, 6H,
CH, (m)), ot 1.00 10 —0.50 (M, 9H, B, H,)."B {'H} IMP
(IMCO-d,, 6, m.1.): 1.4 (c, BO (2)), —0.1, =3.7 (0ba c,
nmo 1B, BH (10, 1)), —21.3 (¢, BH (3, 5, 6, 9)), —27.3
(c, 2B, BH (7,8)), —31.2 (¢, 1B, BH (4)). *C APT SIMP
(AMCO-d,, 6, m.x1.): 70.5 (CH, (B)), 70.1 (CH, (7)), 54.9
(CH, (). 50.8 (CH, (8)), 23.1 (CH, (2)). 16.3 (CH, ({).
10.9 (CH, (n)). UK (KBr, cm'): 3079, 2715 (v(N'-H)),
2449 (v(B-H)), 1481 (6(H-N*—H)). Haitneno (%): C, 27.14;
H, 7.26; N, 3.15; B, 24.49; C, H, B, CsNO,. Boraucreno (%):
C, 27.33; H, 7.34; N, 3.18; B, 24.60. UDP-MC. Haii-
neno, m/z: 306.4 [B, H/O(CH,),0(CH,),NH(C,H.),]".
(C,,H,B ,NO,). Boruucneno: M = 306.3.

2-[2-(2-nuOy THIIAMMOHUO0ITOKCH)ITOKCH) |-
HOHATH/IPO-K/1030-eKadopar 1e3us,
Cs[B, H,0(CH,),0(CH,),NH(CH,CH,CH,CH,),]

Beixoz: 0.38 1 (82%). 'H SIMP (JIMCO-d,, 6, m.11.):
9.80 (c, 1H, NH), 3.63 (t, 2H, CH, (a)), 3.35 (, 2H, CH,
(7)), 3.17 (, 2H, CH, (B)), 3.12 (, 2H, CH, (9)), 2.51 (T,
4H, CH, (¢)), 1.62 (m, 4H, CH, (0)), 1.33 (v, 4H, CH,
(M), 0.93 (t, 6H, CH, (0)), or 1.00 no —0.50 (m, 9H,
B H,). "B {'H} IMP (JIMCO-d,, 6, m.1.): 1.9 (¢, BO
(2)), 0.1, =3.6 (oba ¢, mo 1B, BH (10, 1)), —21.4 (¢, BH
(3,5,6,9)), 273 (c, 2B, BH (7, 8)), —31.4 (c, 1B, BH
(4)). °C APT SIMP (IMCO-d,, 8, m.1.): 70.5 (CH, (B)),
57.6 (CH, (7)), 53.2 (CH, (a)), 50.8 (CH, (9)), 23.1 (CH,
(e)), 19.6 (CH, (€)), 19.2 (CH, (m)), 13.7 (CH; (8)). UK
(KBr, em ): 3079, 2715 (v(N*—H)), 2449 (v(B-H)), 1483
(0(H-N*—H)). Haiineno (%): C, 30.65; H, 7.72; N, 2.93;
B, 22.98; C H, B, CsNO,. Beraucneno (%): C, 30.83;
H, 7.76; N, 2.99; B, 23.12. UDP-MC. Haiineno, m/z:
3342 [B, H,0(CH,),0(CH,),NH(CH,CH,CH,CH,),]".
(C,H,B NO,). Beruncneno: M = 334.4.

2-[2-(2-7u(2-MeTHJINPON I )AMMOHHOITOKCH )-
3TOKCHU) | HOHATUAPO-K1030-1eKadopaT 1ue3ns,
Cs[B,,H,0(CH,),0(CH,),NH(CH,CH(CH,),),]

Beixon: 0.36 1 (77%). 'H AMP (JIMCO-d,, 6, m.11.):
9.82 (¢, 1H, NH), 3.32 (1, 2H, CH, (@)), 3.17 (1, 2H, CH,
(1)), 3.07 (r, 2H, CH, (B)), 2.43 (r, 2H, CH, (3)), 2.08
(n, 4H, CH, (¢)), 1.61 (m, 2H, CH (0)), 0.82 (n, 6H, CH,
(m)), or 1.00 no —0.50 (m, 9H, B, H,). "B {'H} AMP
(AMCO-d6, 6, m.11.): 0.6 (¢, BO (2)), —0.4, —3.1 (0ba c,
mo 1B, BH (10, 1)), —21.3 (c, BH (3, 5, 6, 9)), —27.0
(c, 2B, BH (7,8)), —31.6 (c, 1B, BH (4)). *C APT SIMP
(AMCO-d;, 6, m.1.): 72.2 (CH, (B)), 69.4 (CH, (y)), 68.6
(CH, (w)), 64.0 (CH, (3)), 54.0 (CH (¢)), 26.3 (CH, (0)),
20.7 (CH, (n)). UK (KBr, cM): 3082, 2694 (v(N'-H)),
2448 (v(B-H)), 1468 (6(H-N"-H)). Haiineno (%): C, 30.62;
H, 7.70; N, 2.94; B, 23.02; C ,H, B, CsNO,. Boraucrieno (%):
C, 30.83; H, 7.76; N, 2.99; B, 23.12. UBP-MC.
Haiirero, mz 3343 [B,H,O(CH) OCH)NHCH.CHCH) .
(C,H,B NO,). Beruncneno: M = 334.4.

2-[2-(2-N-m0p (o InJIaMMOHHOITOKCH)ITOKCH) |-
HOHATH/IPO-K/1030-1€KA00paT 1e3usl,
Cs[B,,H,0(CH,),0(CH,),NH(CH,CH,),0)]

Beixo: 0.36 r (85%). 'H SAIMP (JIMCO-d,, 6, m.11.):
4.55 (¢, 1H, NH), 3.56 (1, 2H, CH, (©)), 3.35 (t, 2H, CH,
(@), 3.19 (1, 2H, CH, (7)), 3.05 (t, 2H, CH, (B)), 2.36 (T,
2H, CH, (9)), 2.32 (m, 2H, CH, (¢)), ot 1.00 no —0.50
(m, 9H, B, H)). "B {'H} IMP (JIMCO-d,, 5, m.1.): 1.5
(¢, BO (2)),—0.2,-3.2 (0oba c, no 1B, BH (10, 1)), —21.3
(¢, BH (3, 5, 6, 9)), —27.0 (c, 2B, BH (7, 8)), —31.4 (c,
1B, BH (4)). °C APT SIMP (JIMCO-d,, 3, m.1.): 72.2
(CH, (B)). 69.3 (CH, (§)). 66.7 (CH, (y)). 65.9 (CH, (a)).
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58.0 (CH, (8)), 53.4 (CH, (¢)). UK (KBr, cm™'): 3071,
2726 (v(N'-H)), 2454 (v(B-H)), 1456 (3(H-N"-H)).
Haiineno (%): C, 22.41; H, 6.10; N, 3.23; B, 25.24;
CH, B, CsNO,. Beruncneno (%): C, 22.59; H, 6.16;
N, 3.29; B, 25.41. UDP-MC. Haiigeno, m/z: 2922
[B,LO(CH,) OCH)NHCH,CH)O)F.  (CHLB,N
Breruncneno: M =292.3.

2-[2-(2-n1MaNJauaIaMMOHUOITOKCH )ITOKCH) |-
HOHATU/IPO-K/1030-1eKadopar ue3usl,
Cs[B, H,0(CH,),0(CH,),NH(CH,CH=CH,),)]

Beixoz: 0.34 1 (79%). 'H AMP (JIMCO-d,, 6, m.x1.):
9.85 (c, 1H, NH), 5.83 (m, 2H, CH ()), 5.12 (n, 4H, CH,
(m)), 3.38 (1, 2H, CH, (a)), 3.20 (1, 2H, CH, (7)), 3.11
(T, 2H, CH, (B)), 3.04 (1, 4H, CH, (¢)), 2.52 (1, 2H, CH,
(9)), or 1.00 mo —0.50 (m, 9H, B, H,). "B {'H} SAMP
(IMCO-d,, 3, m.1.): 1.1 (¢, BO (2)), 0.3, —3.2 (0o6a c,
o 1B, BH (10, 1)), —21.4 (c, BH (3, 5, 6, 9)), —27.2 (c,
2B, BH (7, 8)), —31.7 (¢, 1B, BH (4)). *C APT SIMP
(IMCO-d,, 6, m.11.): 135.7 (CH (), 117.4(CH, (m)), 72.2
(CH, (B)), 69.4 (CH, (1)), 67.9 (CH, (a)), 56.4 (CH, (5)),
52.2 (CH, (g)). UK (KBr, ecm™): 3079, 2716 (v(N*—H)),
3025 (v(=C-H)), 2455 (v(B-H)), 1446 (6(H-N'—H)).
Hatineno (%): C, 27.40; H, 6.42; N, 3.17; B, 24.68;
C,,H,B,,CsNO,. Boruucneno (%): C, 27.58; H, 6.48;
N, 3.21; B, 24.83. UDP-MC. Haiineno, m/z: 302.4
[B, H O(CHz)ZO(CHQ)ZNH(CHZCH=CH2)2)]*.
(C10 ,sB1oNO,). Beruncneno: M = 302.3.

2-[2-(2-nu(2-0yTH1)aMMOHHO0ITOKCH)ITOKCH) |-
HOHATU/IPO-KJ/1030-eKa0opaT 1e3us,

Cs[B,,H,0(CH,), O(CH,),NH(CH(CH,)(CH,CH,)),|

10779

K cyenersnu 45 mr (0.1 mmons) (Bu,N)[B, H/O(CH,),0]
B 10 mn l-nenranona (95%) nobGasmsimm 0.6 MMOIb
(105 wmxu) nu-emop-OyTuinaMuHa W HarpeBajd IpH
NepeMenIMBaHul B TeYeHHe 6 4 MpH TemIeparype

—|_

i\

CxeMma. B3aumogmeiicTBue annoHa B]OH9

Nu
ElOH t,°C

O(CH,),0]"

110-120 °C. K momyueHHOMY O€CIIBETHOMY pacTBOpY
nobarismn 200 M 2 M pactBopa (ropuna 1esusi B
meraHoine. OOpa3oBaBmmiics OBl WM CBETIO-
JKETTBIA 0CaZOK OT(QHUIBTPOBBIBAIN, IEPEKPUCTAIITN30-
BBIBAJIM U3 CMecH Boga-MeTaHout (1:1) u BeIcymuBamm Ha
DIyOOKOM BaKyyMe.

Brixox: 0.33 r (72%). 'H SAMP (IMCO-d,, 3,
M.11.): 6.57 (c, 1H, NH), 3.38 (r, 2H, CH, (a)), 3.16
(t, 2H, CH, (v)), 3.06 (t, 2H, CH, (B)), 2.55 (r, 2H,
CH, (3)), 1.23 (r, 2H, CH (¢)), 1.09 (M, 4H, CH, (0)),
0.89 (r, 6H, CHCH, (n)), 0.80 (t, 6H, CH,CH, (9)),
or 1.00 no —0.50 (M, 9H, B, H). "B {lH} HMP
(IMCO-d,, 3, m.1.): 1.3 (¢, BO (2)), 0.4, -3.2
(oba ¢, mo 1B, BH (10, 1)), —21.4 (c, BH (3, 5, 6,
9)), —27.1 (c, 2B, BH (7, 8)), =31.9 (c, 1B, BH (4)).
BC APT SIMP (AMCO-d,, 6, m.1.): 72.2 (CH, (B)),
69.4 (CH, (y)), 65.5 (CH, (a)), 62.7 (CH, (9)), 28.6
(CH (¢)), 18.1 (CH, (¢)), 17.3 (CHCH, (n)), 11.7
(CH,CH, (0)). UK (KBr, cm™): 3079, 2732 (v(N'-H)),
2456  (v(B-H)), 1457 (6(H-N*-H)).  Haiine-
Ho (%): C, 30.63; H, 7.70; N, 2.91; B, 23.00;
C,H, B, ,CsNO,. Beraucneno (%): C, 30.83; H, 7.76;
N, 2.99; B, 23.12. UDP-MC. Haiineno, m/z: 334.3
O(CH,),0(CH,),NH(CH(CH,)(CH,CH,)),]".

[B, H
(C,,H, B NO,). Boruncineno: M = 3344

10 9
127736

PE3YJIBTATBI U UX OBCYXKJIEHUE

Hamu wusyudeno B3ammoneiictBue 1,4-muokcano-
BOTO TPOM3BOJHOTO  K71030-IIeKa0OPaTHOTO aHHOHA
[B,,H,O0(CH,),O] ¢ BTOpuYHBIME aMHHaMH B CPEJIE ITa-
Hona. B xozne nccneaoBanuii moKa3zaHo, 4YTO B pE3yJIbTaTe
peaKIuii MPOUCXOIUT PACKPHITHE ITUKINIECKOTO 3ame-
CTHUTEIISI OKCOHUEBOTO THIIA C ITOCIIEAYIONUM IPUCOEIN-
HEHUEM TICH/JIAHTHBIX aMMOHHEBBIX (YHKIIMOHATBHBIX
rpymn (CM. cXemy).

-

e
8\

C BTOpUYHBIMHU aMUHAMHU.

Scheme. Interaction of the [B, ;H/O(CH,),0] anion with secondary amines.
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"B {'H} SIMP cnekTpockomnusi sIBISICTCS O4YCHb
YIOOHBIM CITOCOOOM TIEPBUYHOTO KOHTPOJIS pPeaKini
packpeitus  1,4-THMOKCAHOBOTO 3aMECTHUTENS] B aAHHWO-

¢ [B,,H,O(CH,),0]". Baxno ormeruth, 4Tto 0OmMIA
BUJ CIIEKTpa, XapaKTEPHBIA I MOHO3aMEIICHHBIX
knozo-nexkaboparos [B, HR]™ (x = 1, 2) coxpansercs,
OJIHAKO HAONIONAeTCS CYIIECTBEHHOE N3MCHEHHE XIMU-
YEeCKUX CABUIOB CUTHAJOB (puc. 1).

Tak, curHambl OT aNUKaJIbHBIX aTOMOB 0Oopa,
nposieisironuecs B !B SIMP cmektpe mcxomHoro co-
emmpenus  BuN[B, H/O(CH),0] mpu 0.8 ma wu

—6.4 M.A., B CHEKTpe LE3UEeBONW COJM MPOU3BOIHOTO
(B, ,H,0(CH,),0(CH,),NH(CH,CH(CH,),),]” cOnu-
xkarorcs 10 —0.4 Mo m —3.1 M.JO., COOTBETCTBEHHO.
CHHIIIET OT unco-atoma 00Opa, CBSI3aHHOTO C aTOMOM
KHUCIIOposioM, casuraercs ¢ 7.9 ma. mo 0.6 ma. O
SIBIIICTCS.  €IMHCTBEHHBIM ~CHTHAJIOM, KOTOPBIH He
pacuieruisiercss B JIyOner B OTCYTCTBUU HIMPOKOIIO-
JIOCHOTO IIOAABJICHUS CIMH-CIIMHOBOTO B3aMMOJICH-
CTBUSA B—H CI/IFHaJ'II)I OT OCTAJIbHBIX E)KBaTOpI/IaJII)HbIX
aTOMOB B CHJILHOM II0JI€ MIePepaclpeiesisioTCs OTHOCH-
TENBHO CrekTpa ucxoxnoro anuona [B, H/O(CH,),0]":

< non (=)
S) ) N — o
- . ‘ qo 7
-1-
e}
|
Q.
1
15 10 5 0 -5 -10 —15 -20 —|25 -30 -35
o — ! S} ©
SIS S S =
| | |

Puc. 1. "B {'H} AMP-cnextpsr Bu,N[B, H/O(CH,),0] (cepxy) u Cs[B, H/O(CH,),O(CH,),NH(CH,CH(CH,),),] (cuu3y).
Fig. 1. "B {'"H} NMR spectra of Bu,N[B, H/O(CH,),O] (top) and Cs[B, H,O(CH,),O(CH,),NH(CH,CH(CH,),),] (bottom).
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B CIIEKTPE MPOJIyKTa PEaKIIMK HAOIIOMAIOTCS TPU CUTHATIA
mpu —21.3, —27.0 m —31.56 M.11. ¢ COOTHOIIEHWEM HH-
TerpaJibHbIX MHTeHCHBHOCTEH 4:2:1. Takue n3MeHeHus
B CIIEKTPAJIBHON KapTHHE MOXXHO OOBSCHHUTBH Tepepac-
TpeieJICHUeM AIIEKTPOHHOH TJIOTHOCTH Ha aromMax Oopa
BCIICJICTBHE M3MCHEHHS THIA CBI3U B—O ¢ 0KCOHHEBOTO
Ha aJIKOKCUJIbHEIH.

OmnucanHble U3MEHCHUS II03BOJISIOT OJHO3HAYHO
CYIUTh O MPOTEKaHWH TPOIecca PACKPBITUS LUKINYe-
CKOro 3aMecTurensi B 1,4-AMOKCaHOBOM IPOW3BOIHOM
K1030-71€Ka0OpaTHOTO aHWOHA, HO B TO JK€ BpeMsl HE
MIPEJIOCTABIISIFOT MPAKTHYSCKH HUKaKOH HHMOpMaIu o
CTPOCHHMH aTKOKCHJILHOTO CIIeiicepa W BBEJICHHOW TEH-
JIAaHTHOW TPYIIBI, TaK KaK SIBJSIOTCS OYEHb CXOKUMH
JUISL BCEX TIOTYYEHHBIX COCTMHEHUN. JTH JaHHBIE TIOITY-
uenbl npu ananuze UK, *C APT u 'H SIMP-criekrpoB
00pasyIoNIMXCst IPOU3BOIHBIX.

Tak, B HK-cnekTpax CHHTE3MpPOBAHHBIX COEIU-
HEHUH ¢ TIeHJAHTHBIMH aMMOHHEBBIMH TpyINIaMu
MIPUCYTCTBYIOT TOJIOCHI TOIJIOUICHUST B  00NacTAx
2690-3100 cm ' 1 1440-1490 cm™!, KOTOpBIC OTHOCST-
cs K BaJICHTHBIM KosieOaHusM cBsizeit N'—H u nedop-
MalMOHHBIM KoJjieOauusaMm cBszei H-N—H coorser-
cTtBeHHO. bopHbIit kiactep npeacrasneH B MK-ciexkTpax
MPOAYKTOB  BBICOKOMHTCHCHBHOW  TOJOCOW  TIOTJIO-
LIEHUS OT BAJEHTHBIX KojieOauuili B—H B auanmaszone
2449-2467 cm'. Takoi B CIIEKTPOB CBHUIETEILCTBYET
O PACKPBITUU ITUKIMYECKOTO 3aMECTUTEIIS U MPUCOEIN-
HEHHH MIEHAAHTHBIX a30TCOJIEPIKAIIUX TPYIIIL.

Crektpel 'H SIMP momydYeHHBIX MPOM3BOMHBIX

3HAYHUTENBHBIC U3MEHCHHUS 110 CPABHEHUIO CO CIIEKTPOM
ucxonnoro annona [B, H/O(CH,),0]". B wactHocTH, B
ero 'H SIMP cmekrpe mNIpHUCYTCTBYIOT TOJBKO JBa
Tpututera rnpu 3.85 m.1. 14.31 M. 1. OT HEIKBUBAICHTHBIX
METHJICHOBBIX TPYI LHUKJINYECKOTO 3aMECTUTeNs, a B
cnekrpe Cs[B  H,O(CH,),0(CH,)),NH(CH,CH(CH,),),]
MOSIBIISIFOTCS YEThIPE TPUIUIETA C PABHON MHTETPajbHON
WHTEHCUBHOCTBIO OT MPOTOHOB AJKOKCHIILHOW LIETIH MPH
3.32 m.a. (a), 3.17 m.a. (y), 3.07 m.a. (B) u 2.43 m.o.
(8), a TaxkKe CUTHANBI OT MEHAAHTHON rpymmsl pu 2.08
(n, CH, (¢)), 1.61 (m, 2H, CH (C)) n 0.82 (x, 6H, CH,
(m)) m.a. (puc. 2). IlogoOHbIe W3MEHEHUs HaOIONA-
IOTCA B CHEKTpax M JAPYruX IOJYYEHHBIX COEIUHE-
nnii. HeoOXoauMO OTMETHTH, YTO CHUTHAJIBI OT aTOMOB
BOJIOpOAa OOPHOro Kjacrepa, Kak MpaBUJIO, NMPEICTaB-
JSIIOT cOOOM Ype3BBIYAWHO YIIUPEHHBIA MYIIBTUILIET
B juarnaszone ot 1.00 o —0.50 m.x1. u He mpenCTaBIsSIOT
CYLIECTBEHHOI0 HHTEpECa.

B BC APT cmekTpax CHHTE3WPOBAHHBIX COCIH-
HEHUI TarKKe HaOIIONAIOTCs WHTEPEeCHbIe M3MEHEHUS,
CBSI3aHHBIE C PACKPBITHEM |,4-TMOKCAHOBOTO 3aMECTHU-
TENsT W BBEJICHHUEM KOHILIEBOH aMMOHHEBOW TPYIIIBI.
Tak, B  cHmekrpe  LE3MEBOM  coiM  aHHOHA
[B,,H,0(CH,),0(CH,),NH(CH,CH(CH,),),]” mpucyT-
CTBYIOT ueThIpe curnaia mpu 54.0,26.3 u 20.7 m.11. OT &-,
- u n-aromoB yrepoza rpynmsl ~-NH(CH,CH(CH,),),.
CurHanel  OT  aroMOB  yIiepoaa  CrieicepHOH
nenu Habmoparotrcs mpu 72.2 (B), 69.4 (y), 68.6 (),
64.0 () m.a. (puc. 3).

Cocras CUHTE3UPOBAHHBIX TIPOU3BOAHBLIX KJ1030-

K1030-T1eKab0paTHOTO aHMOHAa [IPETEPIECBAOT JIeKabopaTHOTO AaHWOHA TMOJATBEPKACH C TIOMOIIBIO
~ ~ un m o i o
m = 9 < S o) o
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Puc. 2. 'H SIMP-cnexrp Cs[B, H/O(CH,),0(CH,),NH(CH,CH(CH,),),] 8 IMCO-d,.
Fig. 2. '"H NMR spectrum of Cs[B, H,O(CH,),0(CH,),NH(CH,CH(CH,),),] in DMSO-d,.
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Puc. 3. °C APT SAMP-cnextp Cs[B, H,O(CH,),0(CH,),NH(CH,CH(CH,),),] B IMCO-d,.
Fig. 3. "C ART NMR spectrum of Cs[B, H,O0(CH,),0(CH,),NH(CH,CH(CH,),),] in DMSO-d,.

metona MOP-MC. Hampumep, Ha Macc-CHEKTpe co-
emnenns - Cs[B, H,O(CH,),0(CH,),NH(CH,CH,CH,CH,), ]
B OTpULATENbHOM pexuMe uoHuzauuun KMIOP-MC
HaOIr01aeTCd MOH C MaKCHUMaJbHOH WHTEHCHBHOCTBIO
npu m/z 334.2 OT OTHO3APSAHOTO AHMOHA COCTaBa
[B,,H,O(CH,),0(CH,),NH(CH,CH,CH,CH,),]"
(puc. 4).

WHTepecHO OTMETUTh, YTO B3aUMOJCKCTBUE AaHMOHA
[B,,H,O(CH,),O]" ¢ m-6mop-OymuiaMuHoM — mpakriye-
CKU HE TPOTEKAeT B 3TAHOJIE MPU KUILTYCHUH B TeUYeHHE 8 Y,
MO3TOMY JIAHHYIO PEaKIMIO TPOBOIMIIM B cpezie Oolnee BbI-
COKOKHITAIIEro pactBoputessi (1-meHTraHoma). D10 MOXHO
CBSI3aTh CO CTEPUYECKUMHM 3aTPYIHEHHUSAMH TPH 00pa30BaHHH
armona [B, H,O(CH,),0(CH,),NH(CH(CH,)(CH,CH,)),] .
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Puc. 4. UDP-MC cnextp coemnnenus Cs[B  H,O(CH,),0(CH,),NH(CH,CH,CH,CH,),]
B OTPHUIIATEIIEHOM PEIKUME HOHHU3AIIHH.
Fig. 4. ESI-MS spectrum of the Cs[B, H,O(CH,),0(CH,),NH(CH,CH,CH,CH,),]
in the negative ionization mode.
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3AKJIFOYEHUE

TakuMm 00pa3oM, B HACTOSIIEM HCCICIOBAHUN
pa3paboTaH METOJ CHHTE3a HOBBIX IPOM3BOIHBIX
K1030-1€Kab0OpaTHOTO aHWOHA C TPHUCOCAMHEHHBIMHU
K KJIACTEPHOMY aHHOHY MOJEKYJIaMH BTOPUYHBIX
aMUHOB (IMMETHUJIAMUH, JIUIPONHWIAMUH, JIHAJIIHII-
aMuH, AUOyTHIAMUH, AMU300yTUIaMHUH, MOpPQOIUH,
Ju-6mop-0yTUIIaMUH) B Ka4eCTBE TIEHJaHTHBIX TPYIIIL.

TlokazaHo, 4TO AAHHBIM METOJ OTIMYAETCS BBICO-
KHMH BBIXOJAMH IIEJIeBBIX coennHeHui (72—88%), mpo-
CTOTOM HCTIOJTHEHHUSI ¥ TIO3BOJISIET CEJIEKTUBHO IMOJTy4aTh
a30TcojeprKaIie MPOu3BOJHBIC aHMOHA [BIOHIO]z’. Jlan-
HBIC COCJIMHEHUS MOTYT OBITh UCITOJIb30BaHbI B KAUECTBE
3¢ GEKTUBHBIX MOJUACHTATHBIX JUTaHIOB, a TAKKEC BBC-
JICHbl B JAJIbHEHINNE PEeaKIMd MOTU(PHUKAIIMUA 332 CYET
MIPUCOETUHEHHOW TIEHAAHTHOMN TPYIIIIHL.
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AHHOMAQuus

Ienu. IlonyueHue sKCnepuMeHMAIbHbIX OAHHbLIX O 8AUSIHUU 8uda akmusupyroweli dobasku
Ha npoyecc xo0n00H020 CNeKaHus 8blcoKosHmMponutiHoi kepamuru cocmasa (MnFeCoNiCu),0,.
B kauecmee axmugupyrouux 006aeox ObLiu UCNOAb308aHbL: ayemam ammorus (CH,COONH ),
yreycras kucroma (CH,COOH), ammoruil xnopucmutit (NH,Cl), kanuii gpmopucmotil 2-X 600HbLiL
(KF:2H,0), rumuii pmopucmulil (LiF), rampuili pmopucmutii (NaF), 2udoporcud Hampus (NaOH).
Memoovst. Curmes ucxo0H020 NOPOULKA MEMOJOM HUSKOMEMNEPAMYPHO20 CAMOPACNPOCTPAHSL-
rouLe20csl cuHmesa; UCCaAe008aHUe 2PAHYIOMEMPUUECKO20 COCMA8A NOPOULKA MEemoOoM Aasep-
HOU OupparKyul; AHAAU3Z POPMbL UACMUY, U MUKPOCMPYKMYPbL CKOMNAKMUPOBAHHBLX 06pasyo8
MemoOOM CKAHUPYOWeEll 97eKMPOHHOU MUKPOCKONUU, AHAIU3 (hpa308020 cocmasad Memooom
peHmeeHoga308020 AHANU3IA, KOHCOAUOAYUSL 0O0pA3U08 8bLCOKOIHMPONUUHOU KepaMUKU Memo-
0OM XONIO0HO020 CheKaHUsl; NIOMHOCMb UCXO0H020 NOPOUUKA U OMHOCUMENbHASL NJIOMHOCMb 00-
Pasy08 KepamuKu Xo0si00H020 CNeKaHUsl ONpedensiniuce memooom Apxumeoa.

Pesynomamut. Obpasysl c omHocumenbHol naiomHocmuto cabluie 0.70 noayueHvl ¢ npumeHeHu-
em oucmunnuposanmoil o0st, CH,COONH, u NaOH & npoyecce Xo/100H020 CNeKaHus Npu mem-
nepamype 300 °C, epemeHu gvideprkku 30 mur u dasneHuu npeccogarust 315 Mlla.

© CwmupHoB A.B., UBakun HO.[., Kopurommnr M.B., XoaomkoBa A.A., Bacuu A.A., Aroguuau C.,
Kupakocan A.B., 2022
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Bbleoodsl. Bnepevle 9KCnepumMeHmaibHo NOKA3aHO eausHue suda axkmueupyrouwei. 0obasku
HA OMHOCUMENIbHYI NIOMHOCMb 06pa3yY08 8blcOKOIHMponuliHoil kepamuru (MnFeCoNiCu),0O,,
NONYUEHHBLX C NOMOULLIO NPOUECCA XON00H020 cheKaHust. MukpocmpykmypsL 06pasyoe umerom
gvlparxkeHHble omauuust: 20 mac. % oucmuanupo8aHHoil 800bL He Npueooum K pocmy 3epeH,
Habnirodaemest moabko ux ynaomueHue 0o 0.71 omHocumenvbHol ntomHocmu; npu dobasieHuu
0.1 mac. % CH,COONH, u NaOH nabnwodaemcs. pocm cpedHez20 pasmepa 3epeH npu 0ocmu-
JKeHuu bauskux nokasamesneii omHocumenvHoli niomHoemu (0.70 u 0.71 coomeemcmeeHHO).
PermeeHOOUPPAKYUOHHDBLI GHANU3 NOKA3AJ, UMO NPOUecc XO0JI00H020 CNeKaHusi NopouKa
(MnFeCoNiCu),0, He npueooum K USMEHEHUI paso6020 coCmasa UCXOOHO20 NOPOULKA, UMO
ceudemesnibcmayem 0 COXPAaAHEeHUU 8bLCOKOIHMPONUUHOU cmpyKkmypbl.

Knroueewvle cnoea: GbLCOKOQHmpOTlquHaﬂ KrepamMura, oKCcuoHast Kepamurka, npouyecc X0J100H020
cnexKaHust, cnekaHue, d)as’OGbLﬁ cocmas

Jna yumuposanua: Cvupnos A.B., Msakun O.J[., Koparommu M.B., XomnogkoBa A.A., Bacun A.A., Arwonunsa C.,

Kupakocsiu A.B. BiusHue akTHBHPYIOHMMX J00AaBOK HAa MPOIECC XOJIOJHOTO CIEKaHUs BBICOKOIHTPOIHWHON KepaMUKH
(MnFeCoNiCu),0,. Toukue xumuuecxkue mexuonoauu. 2022;17(5):439-449. https://doi.org/10.32362/2410-6593-2022-17-
5-439-449
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Abstract

Objectives. To obtain experimental data on the effect of activating additive type on the cold
sintering process of (MnFeCoNiCu),O, high-entropy ceramic. The following substances were used
as activating additives: ammonium acetate (CH,COONH,), acetic acid (CH,COOH), ammonium
chloride (NH,Cl), potassium fluoride dihydrate (KF:2H,0), lithium fluoride (LiF), sodium fluoride
(NaF), and sodium hydroxide (NaOH).

Methods. Synthesis of the initial powder by low-temperature self-propagating method;
investigation of the powder particles size distribution by laser diffraction method; analysis
of the particle shape and compacted sample microstructure by scanning electron microscopy;
investigation of the phase composition by X-ray phase analysis; high-entropy ceramic sample
consolidation by cold sintering process. The density of the initial powder and the relative density
of cold sintered samples were determined by the Archimedes method.

Results. Samples with a relative density of over 0.70 were obtained using distilled water,
CH,COONH, and NaOH during cold sintering at 300 °C, with a holding time of 30 min and
pressure 315 MPa.
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Conclusions. For the first time, the effect of the type of activating additive on the relative density
of high-entropy ceramics (MnFeCoNiCu),0, samples obtained by cold sintering process has
been experimentally demonstrated. The samples microstructures have pronounced differences:
20 wt % distilled water does not lead to grain growth, with only their compaction to 0.71 relative
density observed; however, the addition of 0.1 wt % CH,COONH, and NaOH increases the
average grain size when reaching similar relative densities (0.70 and 0.71, respectively). X-ray
diffraction analysis showed that the cold sintering process does not lead to a change in the
phase composition of the initial (MnFeCoNiCu),0, powder, confirming the preservation of the
high-entropy structure.

Keywords: high-entropy ceramics, oxide ceramics, cold sintering process, sintering, phase

composition
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BBEJIEHUE

BricokoaHTponuiiHble Marepuasbl ObUIH BIEpPBbIE
ornucanbl B 2004 1. B KayecTBe WHHOBALMOHHBIX Me-
TaJUIMYECKUX HEYMOPSAIOYEHHBIX MHOTOKOMIIOHEHTHBIX
CIUIaBOB C TepcneKTHBHbIME npuiioxkenusmu [1]. Ko-
JUYECTBO COUYETAHMN KOMITIOHEHTOB KOMITO3HUIIMH, KO-
TOPOE MOXHO OXBaTHThH C IMOMOIIBIO JAHHOTO TOAXO0/A,
MPAKTUYCCKU OE3TPaHUYHO, U JI0 CHUX TIOP MCCIIEIOBAHO
OYEHb OIpaHMYEHHOE KOJIMYECTBO BapuaHTOB. TeM He
MeHee, paHee OBIIO ITOKa3aHO, YTO HECKOJIBKO BBICOKO-
SHTPONHUHUHBIX CIDIABOB OONAMAIOT HCKIFOUHTEILHBIMU
MEXaHMYECKUMHU M HKCIUTyaTallMOHHBIMU CBOMCTBaMu,
MIPEBOCXOSIIMMU  CBOMCTBA OOBIUHBIX CIUIAaBOB [2].
ITozxe, B 2015 r. OblIa IPOIEMOHCTPUPOBAHA CTAOMIH-
3alysl SHTPONHUHM B CMECH OKCHJIOB M OBLIM MOJTYYEHBI
nepBbie 00pa3Ilbl TAK HA3bIBAEMON BRICOKOIHTPOITUIHOMN
KepaMuKd. BbUIo MoKazaHo, 4TO BBICOKOIHTPOMHMHbBIE
KEPaMUYECKUE CUCTEMBbI OONAJar0T TMEePCHEKTUBHBIMHU
CBOMCTBaMH JUIsl MIUPOKOTO CIEKTpa MPUMEHEHHUH: Te-
IUIO3AIUTHBIE MOKPBITUS, TEPMONIEKTPUKH, KaTallu-
3aTOpbl, AKKYMYJIATOPbl M W3HOCOCTOMKHE IOKPBITUS
[3]. B nmocnexaue rogpl OBLIO MCCICIOBAHO HECKOIBKO
BBICOKOOHTPOIIMUHBIX OKCHJIHBIX CHCTEM, TaKUX Kak
¢beppumarnutnbie (CoCrFeMnNi),O, [4, 5] u ¢eppo-
marautHbie  (CoCrFeMnZn),0, u (CoCrFeNiZn),0,
[6]; mepoBCKUTBI € PEIKO3EMENBHBIMU 3JIEMEHTAMHU
(La(CoCrFeMnNi)O,), TposBIsONIKE CIOKHOE Mar-
HUTHOE COCTOSIHME C TipeoOliajjaHueM aHTHdeppomar-
HUTHBIX B3auMojelcTBuil [7]. beuto oOHapy)eHo, 4To
BBICOKODHTPOIIMIHBIN OKCUIHBIM KEepaMHUYECKUU Ma-
TEpHaJ CO CTPYKTypoii Tvra kKameHHoU car (MgCoNiCuZn)O
JIEMOHCTPUPYET  JNaJbHOACUCTBYIOIIMIA  MarHUTHBIN

MOPSIIOK, HECMOTPSI Ha CTPYKTYPHBIA OECTOPSIOK CITy-
YaifHO pacmHpeIeeHHbIX MarHUTHBIX HOHOB. [Ipenmoia-
raercs, 4YTO aHAIOTUYHBIC MArHUTHBIC CBOMCTBA MOTYT
OBITh PEaJM30BaHBl B BHICOKOIHTPOIMHHBIX OKCHHBIX
KEPaMHUUYCCKUX MaTepUaax ¢ pa3InIHbIMU TUITAMU KPH-
CTAJUIMYECKOHN PEIICTKH U Pa3INIHBIMU COCTaBaMU 3JIe-
MEHTOB, B 4acTHOCTH, B cucteme (MnFeCoNiCu),0, [8].

OmHON W3 OCHOBHBIX NMPOOJIEM B HCCIEIOBAaHUAX
CBOHMCTB BBIIICONMCAHHBIX MEPCHEKTUBHBIX BHICOKOIH-
TPOTMUHBIX OKCHIHBIX KEPAMHUYCCKHX MaTepHaliOB SIB-
JII€TCSl COXPAHEHUE BBICOKOAHTPONMNHON CTPYKTYpPBI
HCXONHBIX ITOPOIIKOBEIX MAaTepHalioB B IpoIecce MX
crieKaHus. Bricokue Temmeparypbl CrieKaHus (OOBIYHO
6onee 1000 °C) npuBOIAT K HAPYLIEHUIO BHICOKOIHTPO-
MUIHOM CTPYKTYpHl B pe3ynbrare (ha30BbIX MpEBpalle-
HUMH, UCIapeHUs], XUMUUYECKUX PEaKIMil U Pa3IoKeHUS
BBICOKOIHTpoNuitHbIX (a3 [3]. [ crabunbHoOro momy-
YeHUST 00Pa3IOB BEICOKOIHTPOIHIHON KepaMUKH HE00-
XOOVMO  HCIOJNB30BaTh  CIIOCOOBI  KOHCOJHIAINN
IIpU TEMIIepaTypax, HE MPEBHIMIAIONINX TEMIIEPaTypHI
CHHTE3a WCXOIHBIX BBICOKOPHTPOIMHHBIX KEepaMu-
YECKHUX ITOPOIIKOB, KOTOphIE HAXOIATCS B IUANA30HE
350-750 °C [3, 9].

B Hacrosiee BpeMs pa3paboTaH U aKTHUBHO HCCIIe-
JyeTcsl HOBBIH CIIOCO0 CHEKAHUSI KEPAMUKU C UCIIOIB30-
BaHHEM XUJKOII (ha3bl, JABICHUS IPECCOBAHUS U TEMIIE-
paryp Huke 550 °C. MHHOBalMOHHBIA METOJ IOTY4HII
Ha3BaHUe Mporecc xonoxHoro crekanus (anmt. Cold
Sintering Process, CSP) [10, 11]. Ycranosneno, 4ro,
Onarojiapsi y4acTHIO B IpoOIecce KUIKOH (has3bl darre
BCETO BOJBI FIIH BOTHBIX PACTBOPOB KHCJIOT U IIEIOYCH,
TEMITePaTyphI CIICKaHNS OKCHIHBIX KePAMUYICCKHUX MaTe-
PHAIOB 3HAYUTEILHO IIOHM)KAIOTCS, BILTOTH JIO THAIa30Ha
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200—400 °C u HuXKe, a B HEKOTOPBIX CIy4asx U A0 KOM-
HaTHOU Temneparypsl [12]. Kpome Toro, HeKoTOophie Ma-
Tepuasl, HapuMep, ZnO, yraeTcs yIUIOTHHUTE 110 Ooree
yeM 90% OT uX TeOpeTUUYeCcKOi INIOTHOCTH 3a BpeMs Me-
Hee 15 mun npu Temneparype Hike 300 °C [13]. Cxema
IpolLecca X0J0AHOIO CIIeKaH!s MpeICcTaBlIeHa Ha puc. 1.

MyaHcoH BepxHUi
Upper punch

Compression-molding pressure

‘ ﬂaBneHue npeccoBaHusi

Mopowok u xuakas cgasa
Powder and liquid phase

Matpuua npecc-thopmbl
Mold matrix

MyaHcoH cpeaHui
Middle punch

MyaHCOH HUXHUI

OTBepcTHe AnA TepMmonapbl
Hole for thermocouple

MeaHoe ynnoTtHeHue
Copper seal

HarpeBatenb xomMyToBbIi
WU MHAYKUMOHHAsA KaTyluka

Clamp heater or induction coil

Lower punch

HwxHsaa nnuta npecca
Lower press plate
Puc. 1. Cxema peam3anum nporecca X0JI0aHOro CICKaHus.
Fig. 1. Scheme of the cold sintering process.

OCHOBHBIMH TIapaMeTpaMH TIPOIECCa XOIOTHOTO
CTIICKaHUs SIBJISIOTCS: YCHJIME IIPECCOBAHUS, TEMIIEpa-
Typa B mpecc-(popMe, BpeMsI BBIACPKKU MO JeHCTBHEM
3aJ]aHHOTO JaBJICHUS U TEMIIEPaTyphl, BUJ U KOHIICHTpa-
Us aKTUBUPYIOLIEH 100aBKM, KOHLEHTPALUs >KUIKON
(a3bl, CBOHCTBA KEPAMUYECKOTO TTOPOLIKOBOTO MaTepH-
ana (ero pacTBOPUMOCTb, Pa3Mep YaCTUI] U TPaHyIOMe-
Tpuueckuid coctas (puc. 2)) [14]. JanHbie mapameTpsl
MOAOHpArOTCs Ul KaXKAOTO KOHKPETHOTO Marepuaa
SKCTIEPUMEHTAIbHO. MeXaHW3M, WIM MEXaHU3MBI IPO-
[[ecca XOJOTHOTO CHEKAHUS HAXOAATCS B CTaauH HU3Y-
4yeHns. B HacTosmiee BpeMs B TUTEpaType MPeTOKEHBI
TPH MEXaHHM3Ma MEepeHOca MacChl B IIPOIECCE XOJOA-
HOTO CIIEKaHMs: pacTBOpeHue — ocaxjaenue [11]; mepe-
HOC MaccChl 3a CUeT NMOBEPXHOCTHOH auddys3uu B cioe
C TMOBBILICHHBIM COZIEp)KaHUuEeM Ae(eKToB, 00pa3oBaB-
IIMXCST BCJICACTBHUE TUCCOLMATUBHOM aJcOpOLIMU BOJBI
OKCUAHBIMU YacTullaMu [13]; mepeHoc macchl 3a cuer

Mopouwok
Powder
Pa3mep u pacTBopuMOCTb
Size and solubility

/ \
r Mpouecc )
il | AKTuBMpYylowas noGaska XOJ'IOAHOTO Bpewms Bbiaepxku @
Activating additive Holding time
L CnekaHus )
A
\ Cold sintering process //
s S N
Temnepatypa [DaeneHue npeccoBaHus é‘
Temperature — | Compression-molding pressure ?
\ J

Puc. 2. OcHOBHBIE MapaMeTpsl MPOIecca XOIOAHOTO
criekanus [14].
Fig. 2. Main parameters of the cold sintering process [14].

MOBEPXHOCTHOTO PACTEKAHUS W KOAJICCUCHIIMH YaCTHI]
Onmarojiapsi TOSIBICHUIO TBEpIo(a3HON IOIBHUKHOCTH
CTPYKTYPHI OKCHIIOB BCIICACTBHEC OOMEHa MOJEKYTaMHU
BOZBI MEXIY cpenoi u (opMaMu BOIBI, CBI3aHHBIMHU B
CTPYKTYp€ OKCUAHBIX dacTull [15].

Br160p 100aBOK, aKTUBUPYIOLIUX XOJOAHOE CIeKa-
HUE, OCHOBaH Ha NPEACTABICHUAX O MEXaHU3MeE IpoLiec-
ca. DT0 MOryT ObITh JOOABKH, MOBBILIAIOIINE PACTBO-
PUMOCTh OKCHJIHBIX YacCTHII B BOJHOU cpeze Omaromapst
nsmenenno pH. Jlo6aska NaOH ysennunBaer pH Bo-
JHOTO PacTBOpa, CO3aBasi MIEJIOYHYIO Cpeay. YKCyCHas
Kncyota yMeHsinaeT pH pactBopa u crocobcTByeT pac-
TBOPECHUIO OKCHIIOB B KHCIOH cperne. [IpoTon KucmoTs!
IpU aICcopOIMY HAa OKCHAHBIX YacTHIAX yBEIHMYMBACT
B HHUX COZACPKaHHE TUAPOKCHIBHBIX TPYII (CBSI3aHHBIX
(hopM BOZBI B CTPYKTYpPE OKCHIIOB) W IOBBIIIACT CTPYK-
TYpPHYIO MOJIBMKHOCTH [16]. AlleraT aMMOHUS HITH XJI0-
pUI aMMOHHMSI, 1OOaBJICHHBIE B BOIY, TAKXKE CO3/Aal0T
KHCJIYIO Cpe/ly 3a CUET THPOJIM3a MPH MOBBIIICHUH TEM-
nepatypbl. Kpome Toro, Kak IoKa3aiu UCCIeI0BaHUs XO-
JIOMHOTO CTICKaHMs, alleTaTHBIN HOH criocoOeH TuddyH-
JIUPOBATh B 00BEM OKCHAHBIX YaCTUI] 1 OOMEHHMBATHCS
CO CpEeJoii, BBI3BIBASI TOBBIIICHWE CTPYKTYPHOW IOJI-
BrkHOCTH [16, 17]. JloO6aBKa (pTOPUIOB MU TUAPOITH3E
npuBoIHT K oOpazoBanmio HF, uro mMoxer yBenwmdauth
PacTBOPHMOCTh OKCHIOB TAaKKE 3a CUCT OOpa30BaHMUS
(ropunueix xommiekcos [18]. Ha nanHblid MOMEHT, B
JUTEeparype He OMUCAHbl HIKCIIEPUMEHTHI 10 U3YyUYEHUIO
BJIMSIHUSL aKTUBUPYIOMIUX JOOABOK Ha MPOLECC XOIOAHO-
IO CIIEKaHUs BRICOKOIHTPOMUIHON KepaMUKH BOOOIIE, U
cocraa (MnFeCoNiCu),O, B yacTHOCTH.

B pabore [19] BnepBbie OblIa SKCIIEPUMEHTAIBLHO
MOKa3aHa TMPHUHIMITHAIBHAS BO3MOXKHOCTH ITOIYYICHHUS
00pa3IioB BBICOKO3HTPOIMIHON KEpaMHUKH COCTaBa
(MnFeCoNiCu),0, B mporecce XONOIHOTO CIEKaHUs C
MPUMEHEHUEM B KauecTBe kuakoi ¢azer 20 mac. % au-
CTHJUITMPOBAHHOU Bozbl. O0pasLibl KEPAMUKHU C ITOPUCTO-
ctbio 28-31% nomyuens! mpu Temneparype 300 °C npu
BpeMeHax BbAepKKH 3, 30 1 60 MUH U 1aBIEHUHU Mpec-
coBanus 315 MlITa.

Llenbro HACTOSINETO HCCIEIOBAHUS SBISETCS I10-
Jy4eHHE HOBBIX AKCIICPHUMEHTAIBHBIX JAHHBIX O BJIH-
SHUHM BHUJA AaKTHBHUPYIOIICH T00aBKM Ha MPOILECC XO-
JIOHOTO CIIEKaHUSI BBICOKODHTPOIMITHON KEpPaMUKH
(MnFeCoNiCu),0,. Biusnue Bua aKTUBMPYHOUIEH
JI00aBKH OIIGHUBAJIOCH MO OTHOCHUTEIBHOH IDIOTHOCTH
obpasnoB. Haubosnee miuoTHbie 00pa3iibl OBLIN MOABEP-
THYTBI aHAJIU3y MUKPOCTPYKTYPHI U (Pa30BOTO COCTaBA.

MATEPHAJIBI U METO/bI

B kauecTBe mcxomHOTO Marepuana OBIT HCIIOJNB-
30BaH MOPOIIOK  BBICOKODHTPOIIMIHOTO  OKCHJIHO-
ro xkepamuueckoro marepuana (MnFeCoNiCu),0,,
CHHTE3UPOBAHHBI METOIOM HH3KOTEMIIEPATypHOTO
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€aMopacrpoCTPAHSIFOIIEIOCs CHHTE3a (M O0OBEMHOTO
TOPEHHs) B BO3IYIITHON cpejie U3 SKBUMOJIIPHON CMecH
HUTpaToB MetauioB Mn, Fe, Co, Ni, Cu. /s npurotos-
JICHUSI CMECH IIPEKYPCOPOB T'HIPATHl HUTPATOB METAIIIIOB
(Me(NO,)) (Sigma-Aldrich, CIIIA) BmMecTe ¢ opranuye-
CKUM TOIUTMBOM (JIMMOHHOW KHCJIOTOW) PacTBOPSUTH B
JICMOHU3UPOBAHHOW BOJIE COOCTBEHHOI'O HM3TOTOBJICHHUS
JUTSL TIOJTYYCHUST HACBIIIEHHOTO pacTBopa. OTHOPOTHYIO
CMECh 3aJIMBaJIM B CTAKaH W3 KBApIICBOTO CTEKJIA U Ha-
rpeBaid Ha OJeKTpoHarpeBaresie. [locie ucnapeHus
BOJIbI 0OPa30BBIBAIACEH BsI3Kask KHUIKOCTH (3011b, 3aTEM
reb), KOTopas caMOBOCIIAMEHsUTAach MPU TeMIlepary-
pe 6oree 200 °C (Tak Ha3pIBaeMOe 00bEMHOE TOPCHHE,
COIIPOBOXKIAONICECs] BBIACICHUEM ra3a W abiMa). s
OTCIIC)KUBAHMS PEAKIIUU B PA3THUHBIX TEIIOBBIX PEKHU-
Max HCIOIb30BAUCH U3MEPCHHUS XPOMEITb-ATFOMEIICBOI
tepmortapoit (HIIIT «Omanony, Poccus), MakcuMalibHast
Temneparypa cuHresa cocrapisiia okoio 450 °C. [Tocne
OCTBIBaHUsI, TPOIYKT CHHTE3a U3BJICKAJICS U3 CTaKaHA U
pacTupa’scsi B araToBON CTYTIKE.

[Ipomecc XOJOAHOTO CIEKAHHsS TMPOBOIAMICS B
CTambHOI Tpecc-hopMe ¢ HMHAYKIIMOHHBIM HAarpeBOM
(puc. 3a). Ilpecc-hopma B cOope comepkana TpU Iy-
aHCOHA: BEPXHUW, CPENHUN WM HIDKHHUN (IHaMETpPOM
11 MM), MeXy BEpXHUM W CPEIHUM ITyaHCOHAMU pac-
nonaranack cmech mnopomka (MnFeCoNiCu),O, ¢
JKUIKON (a3oif, a MEXKIy CPEIHUM U HIDKHHM ITyaHCO-
HAMH pa3MeIIaJoCh MEIHOE YIUIOTHHTEIHLHOE KOJIBIIO
(puc. 30). VYmioTHEHHE WCMOJIB30BANIOCh Ui TIpe-
JOTBpALICHUA BbIAABIMBAHUSA CMECHU 4YCPC3 3a30pPbl B
npecc-popme Bo Bpemst ipeccoBanusi. HemocpencTBen-
HO TIepen rmomenieHneM B npecc-popmy, 0.4 r mopori-
ka (MnFeCoNiCu),O, n 0.08 mn Bomer (20 mac. %)
CMEIIMBAINCH B Yallle MPU TIIATEILHOM IEpEeMEIIHBa-
Huu. Tepmonapa Obuta 3aduKcHpoBaHa B mpecc-(hop-
Me B ymiyoneHuu psimoMm ¢ obpasmom. I[lpecc-dpopma
C HMHIYKIUOHHBIM HarpeBarejeM Oblla YCTaHOBJCHA

[0 OCH THAPABIMYECKOTO Tpecca. YCaaKy MOpOoIlKa B
npecc-(opmMe KOHTPOIMPOBAIH IyTeM H3MEPEHHS OCe-
BOTO CMEIICHHUS HIDKHEH IIaT(OPMBI THIPABINICCKOTO
mpecca ¢ TIOMOIIBI0 MEXaHIMYECKOTO MHIMKATOpa Iepe-
MeIIeHUsT 4acoBoro tuna (¢ meHoi nenenus 10 Mxm)
(Braollpomaw, Poccus), 3aKpenjeHHOTO Ha pame TH-
JIpaBIMYECKOTO Ipecca.

Hcnonb30Banuch cleayromue pekuMbl MpoLec-
ca XOJOAHOIO CIIEKaHUs: TeMIleparypsl cnekanus 250
u 300 °C, ckopocTh HarpeBa J0 TEMIEpPaTyphl CIIEKa-
Hust 20 MuH, Bpems BeIACpKKH 30 MuH. Pesxumbl ObuTH
BBIOpaHBI HA OCHOBAaHUM pe3yJbTaToB padoTsl [19]. Bo
BCEX IKCIIEPUMEHTAX KOJIIMIECTBO KHIKOH (ha3bl cCOCTaB-
nsmo 20 mac. %: IMCTUIUTMPOBAHHASI BO/IA WIIA BOJHBIN
pactBop 0.1 mac. % aktuBupyromeil 106aBku. B kade-
CTBE AKTHBUPYIOUINX T00aBOK OBLIM WCIIOJIH30BAHEI:
anerar ammonus (CH,COONH,) (Xumnpom-M, Poccus),
ykeycnas kucnora (CH,COOH) (PX3 «HOFPAUKC»,
Poccust), ammonnii xnopucteiii (NH,Cl) (Xumnpom-M,
Poccns), xamuit propuctbii 2-x Bommbii (KF-2H,0)
(PX3 «HOPHUKC», Poccus), nutwii (HTOPUCTHIHA
(LiF) (Alfa Aesar, CUIA), narpuii ¢ropucteiii (NaF)
(Alfa Aesar, CUIA), ruapokcun Hatpusi (NaOH) (A4lfa
Aesar, CIIIA). Bce peakTHBBI HCIIOJIb30BAIMCH KBAJHU-
(uKanuu x.4.

XapakTepu3anus UCXOIHOTO MOPOINKA IO TpaHy-
JIOMETPUYECKOMY COCTaBy IMPOBOAMIACH C TMOMOIIBIO
JIa3epHOro aHanu3aropa pamepoB yactuil LS 13 320 MW
(Beckman Coulter, CIIA). Jlns aearmomepanuu uc-
XOJJHOTO MOpOINKa Ipoda MepeA HM3MEpEeHHEM TIpaHy-
JIOMETPHUYECKOTO COCTaBa MOMEINANACh B CTEKISHHYIO
MpoOUpPKy ¢ BOJOH W MOABEPranach BO3ACHCTBHIO yib-
Tpa3Byka (Y3) B yIbTpa3ByKOBOH BaHHE C MOIIHOCTBIO
60 Br. [110THOCTh MCXOMHOTO TOPOIIKA M OTHOCHUTEIb-
Hasl IDIOTHOCTH OOpasloB KEPaMHUKH XOJOIHOTO CIIe-
KaHHs ONpenessumch MetonoM Apxumena. Mopdomo-
I'Usl MICXOJHOTO TIOPOLIKa U MUKPOCTPYKTypa 00pasLoB

Puc. 3. (a) CrampHas npecc-popMa ¢ HHAYKIHOHHBIM HarpeBaresieM B cOOpe Ha THIPABIHMYCSCKOM TIpecce;
(6) meranu npecc-GopMbr.
Fig. 3. (a) Steel mold with induction heater on hydraulic press; (b) mold parts.
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KepaMUKH HCCJICAOBAINCh METOJOM CKaHHPYOLIEH
ANIEeKTPOHHON MUKpockormuu (COM) ¢ TIOMOIIbIO DIIeK-
TpoHHOTO MUKpockona JSM-6390 LA (JEO, Toxwmo,
SAnonus). CpenHuii pa3mep 3epeH 00pasloB KepaMUKH
XOJIOAHOTO CHEKaHUs omnpeaessuics npu ananmmze COM
n300pakeHUH CKOJIOB 00pasioB. V3mepsuics auamerp
YaCTHI[ C XOpOIIO BHIPAKCHHBIM KOHTYpoM. B wmTore,
pe3yabTaThl M3MEPEHUI COMePIKAT KaK pasMep OTACIb-
HbIX YaCTull, TaK U WX MJIOTHBIX arperaros. da3zoBbIi
aHaJIM3 CUHTE3UPOBAHHOIO IMOPOIIKA M H3METBUCHHBIX
00pa31oB KepaMUKU XOJIOJHOTO CIICKAHHS BBITOJIHS-
T Ha pPEHTreHoBCcKoM mudpakromerpe XRD-6000
(Shimadzu, Kuoro, Snonus) ¢ CuKa u3iryueHuem B u-
ammazone 10° <26 < 70° u ¢ mrarom 26 = 0.02°. {udpax-
TOTpaMMBI 00pa3IOB COMOCTABIBLINCE C JaHHBIMH 0a3bl
PDF-2 [20].

PE3VJIBTATBI U UX OBCYXJIEHUE

Muxpodotorpagus HCXOAHOTIO [IOPOILIKA
(MnFeCoNiCu),O, nocne cuHTE3a TIPEJCTAaBICHA HA
puc. 4. Ilopomok mpencraBmsier w3 cebsS KpyIHbBIC
YaCTHUIIBI TIOPHUCTHIX arIOMEPaToB, UTO SBILIETCS XapaKTep-

HBIM JUISl TIOPOILKOB, HOMY4YEHHBIX METOIOM HHU3KOTEMIIe-
PaTypHOIO CaMOpPaCIPOCTPAHSIONIETOC CHHTE3a (00BEeM-
HOTO TOpeHUs). AHaJM3 TIPaHyIOMETPUYECKOrO0 COCTaBa
1) moaTBepawsl HaIM4YUe NPEUMYIIECTBEHHO

(Tabm.

KPYITHBIX ~arlIOMEpPaToB C MOJAIbHBIM JHAMETPOM
d,,= 45.9 mxm. ITocne Y3 06paboTkn cpeaHuil pasmep
YacTUIl YMCHBIIWICS MPHUMEPHO BIBOE, TO €CTh HC-
MOJTB30BaHUE Y3 TPUBENO K Pa3pyIICHHUIO 3HAYUTEINb-
HOTO KOJHMYECTBA KPYITHBIX arlIOMEpaToB W arperaros.
[TukHOMEeTpHUEeCcKas MIOTHOCTh MOPOILKA, U3MEPEHHAs
o Metoxy Apxumena, cocrasuina 5.14 r/cm?.

B pesynbrate cepur SKCHEPUMEHTOB MO XOJIO-
HoMy crekanuio nopomka (MnFeCoNiCu),O, ycra-
HOBJIICHO, YTO OTHOCHTEIHHOW MJIOTHOCTH 00pa3IoB
>0.70 ynmaercss AOCTUYBL TOJBKO IPH HCIIOJIB30BAHUU
JUCTHUTMPOBAHHONW BOJBI, JMOO BOJHBIX PAaCTBOPOB
CH,COONH, u NaOH (ra6n. 2). Ilpu naBnenuu mpec-
coanus 315 Mlla, Bpemenu Boaepxku 30 MuH, AJU-
TeNpHOCTH HarpeBa 20 MUH ¥ KOHIICHTPAIUU TOOaBKU
0.1 mac. % Hamboipmas OTHOCHTENbHAS IUIOTHOCTb
00pa3loB CTa0MIBHO JOCTHranach IPH TeMIIeparype
300 °C. O6pa3upl 06121211 AOCTATOUHOM TPAHCTIOPTHOM
MPOYHOCTBIO JUI  M3BJCUEHHs] W3 mpecc-QOpMBl,
WU3MEPEeHUsT OTHOCUTEIHbHOH IUIOTHOCTH  METOJOM
Apxumena 1 NociaeAy0IUX U3MEPEHUN IIEKTPUIECKUX
U MarHUTHBIX CBOWCTB (PE3yNbTaThl HCCIICIOBAHUI
(bM3HYECKNX CBOKMCTB 00pa3llOB BBICOKOIHTPOIHHHOMN
KepaMUKH OyayT TIPENCTAaBICHHI B  OTHACIBHOMN
myOnukarmn). Bo3sMokHO, YBETHUCHHE KOHIICHTPAIHN
s¢pdexTnBHbIX akTBMpYrOMMX go6aBok (CH,COONH,
u NaOH) mno3BoiuT CHHU3UTH TEMIIEpaTypy Mpo-
mecca MpHU COXPAHEHWH 3HAUYEHUH OTHOCHUTEIBbHOMN

Puc. 4. COM uzobpaxenne nopourka (MnFeCoNiCu),0,.
Fig. 4. SEM image of the (MnFeCoNiCu),0, powder.

Tabauna 1. Pesynbrarel usmepenus rpanysioMeTpuueckoro cocrapa nopomka (MnFeCoNiCu),0,
Table 1. Results of the granulometric composition measurement for (MnFeCoNiCu),O, powder

No YeaoBust d,,, MKM d,,, MKM d,, MKM d,, MKM S »* em/em®
a Conditions d , pm d , um d., pm d,, pm S cm?/cm?
be3 V3
! Without ultrasonic treatment 43.9 32.0 738 3466
Tlocne V3
2 After ultrasonic treatment 204 18.1 364 S145

* S~ YAeTbHAas IO b IOBEPXHOCTH.
* S, 1s the specific surface area.
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Tadanuna 2. BiusiHre akTHBUPYIONINX J100aBOK Ha OTHOCHTEIBHYIO INIOTHOCTH 00Pa3IOB XOIOJHOTO CTICKaHMUs
Table 2. Effect of activating additives on the relative density of cold-sintered samples

AKTHBUpYIOLIasi 100aBKa Temnepatypa, °C PesxuMbl X0/101HOT0 cniekaHus® | OTHocHTe/IbHasl IIOTHOCTh
Activating additive Temperature, °C Cold sintering modes* Relative density

250 0.69
H,0

300 0.71

250 0.68
CH,COONH,

300 0.70

250 0.65
CH,COOH

300 0.67

250 0.64
NH4C1 P =315 MlIla

300 £=30 mun 0.65
KE2H 250 P=315MPa 0.54

, 300 t =30 min 0.55

250 0.60
LiF

300 0.59

250 0.63
NaF

300 0.64

250 0.70
NaOH

300 0.71

* P — naBreHHe MPECCOBAHUS,  — BPEMsI BBIIEPIKKH.

* P is the compression-molding pressure; # is the holding time.

wiotHocTu cBbie 0.70. B ycioBusix JaHHOTO 3KcIe-
pYMEHTa yBEIIMUCHUE TEMITEpaTyphl MPOIecca XOI0IHOTO
CHEKaHWsI HEBO3MOXKHO I10 TIPUYMHE CHJIBHOM aare3uu
obpa3ma k myascoHam rpu temreparype 350 °C [19].
Haubosee toTHbIE 00pa3sIbl XOJI0HOTO CTICKAHHS
(puc. 5), moNy4YeHHBIE C TPUMEHEHHWEM BOJBI U BO-
aubix  pacteopoB CH,COONH, u NaOH Obumn uc-
cnenoBanbl MeronmamMu COM u  peHTreHomudpaxiu-
OHHOTO aHaju3a. AHalM3 MHKPOCTPYKTYp 0Opa3ioB
(puc. 6), MOTYYEHHBIX HPHU Pa3HBIX COCTaBAX XHJKOM
($a3bl ¥ MJCHTUYHBIX PEXKHUMaX XOJOMHOTO CIIEKaHUS,
CBHUJICTETIBCTBYET O 3aMETHOM 3(h(heKTe aKTUBUPYIOLTHX
1100aBOK CH3COONH4 n NaOH. [lpu ucnons3oBanun
JUCTHJUTMPOBAHHOW BOJIBI HAOJIOJAETCs HW3MCHCHHE
MOP(hOJIOTHM UCXOJHBIX YaCTHI] TOpOIIKa, 00pa3o-
BaHHME 3€pEH, WX YIUIOTHEHWE W HE3HAYUTEIbHBIN
poct pa3mepoB (puc. 6a). MOXHO 3aKIIOUUTH, YTO
Hamuune 20 mac. % JUCTWIITMPOBAHHOW BOABI U
MexaHudeckoro masiaenus 315 MIla goctatodHo s
WHUIMALMU TIPOLIecca XOJOJHOIO CIEeKaHHs IOPOI-
ka cocraBa (MnFeCoNiCu),O, npu Ttemmeparype
300 °C B Teuenue 30 muH. [Ipu nobGasnenuu 0.1 mac. %
CH,COONH, (puc. 66) n NaOH (puc. 68) naGmronaer-
Csl BBIPQXCHHBIM POCT 3€pPEH NPH JOCTHIKCHUHU OIH3-
KHX TOKazarenedl otHocurenbHOU tiotHOCTH (0.70 m
0.71 coorBercTBeHHO). IIporiecc X0MOMHOTO CHIEKaHUS

Puc. 5. O6pasen KepaMHUKH XOJIOHOTO CIIEKaHUS
n3 opomka (MnFeCoNiCu),0,, oTHOCHTEbHAS
mtotHoceTh 0.71 (Temmneparypa 300 °C, 0.1 mac. % NaOH).
Fig. 5. Cold-sintered ceramic sample from
(MnFeCoNiCu),0, powder, relative density 0.71
(temperature 300 °C, 0.1 wt % of NaOH).

MpoTeKaeT OoJiee MHTEHCUBHO B BOIHOW cpefie, Comep-
JKaren CHSCOONH4 u NaOH. D10 3HauumT, 4TO HaH-
HbIC aKTUBHPYIOIINE J00ABKH, B CIIydae C IOPOIIKOM
cocraBa (MnFeCoNiCu),O,, MHMUMMPYIOT pacTBOpe-
HHE TTOBEPXHOCTH YAaCTHUI[ ITTOPOIIKA W/WIN yBEIHIH-
BAlOT KOJHMYECTBO AE(EKTOB B ITOBEPXHOCTHOM CJIOE
YacTHUIl TIOPOIIKOBOTO Marepuana W, KaK CIICICTBHE,
YBEIHMYUBAIOT  TBEpHO(a3HY0  MOIABIDKHOCTH  €r0
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Puc. 6. MUKpOCTpyKTypa 00pa3LOB M THCTOIPaMMBI pacipeeeH s 110 pa3MepaM 4acTHIl
kepamuku (MnFeCoNiCu),0, X0I0HOTO CrIeKaHus, TIOTYEHHBIX IPH PasHbIX COCTaBax XKUIKoH ¢asbr: (a) H,O;

(6) 0.1 mac. % CH,COONH,; (B) 0.1 mac. % NaOH. Temneparypa 300 °C, nasnenne npeccosanust 315 Mlla, Beinepkka 30 mMum.
Fig. 6. Microstructure and particle size distribution histogram of cold-sintered (MnFeCoNiCu),0O, ceramic samples
obtained at different compositions of the liquid phase: (a) H,0; (b) 0.1 wt % CH,COONH,; (c) 0.1 wt % NaOH.
Temperature 300 °C, compression-molding pressure 315 MPa, dwell 30 min.

KPUCTAJUIMYECKOM CTPYKTYpBL. JIJ1s 1€ TaIbHOT O U3y YEHUS
BiusiHust CH,COONH, u NaOH Ha MUKpOCTPYKTYpYy U
CBOICTBA BBICOKODHTPOITUHHON KEPAMHKH XOJIOIHOTO
cnekanusi cocraBa (MnFeCoNiCu),0, 3annanupoBaHbI
JTaJIbHEHIIINE HCCIIEIOBAaHUS PACIIPENEIEHUsI 3epeH I10
pasmepam ¢ momombio ananuza COM u3o0pakeHwHi,
XapakTepu3aluus  JJeKTPUYECKUX M MarHUTHBIX
CBOICTB 00pa3loB B 3aBUCHMOCTH OT KOHIIEHTpPAIMU
AKTUBUPYIOIIEH 100aBKH U PEKUMOB MpoIecca.

Ha puc. 7 npencraBiieHbl pe3ybTaTbl PEHTIEHO- —— T
JU(PaKIMOHHOTO aHaiu3a (Pa3oBOro cocraBa HCXOA-

NHTEHCMBHOCTb, OTH. ef,.
Intensity, a.u

HOro mopomka (puc. 7a) W 00pa3oOB XOJOJAHOTO 26,°

criekanus (puc. 76-7r). Bee nudpakrorpaMmbl HMEOT Puc. 7. PeHTreHOrpaMMBL:
UICHTHYHBIC MATTEPHBI PE(ICKCOB, COOTBETCTBYIOIINE (a) ncxonmiit opomok (MnFeCoNiCu),0,;
(asze co CTPyKTypo#H WINMHENM M JOTOIHHUTENbHBIE (6) obpazen xomoanoro cnekanwus, 0.1 mac. % NaOH;
pe(bnexcm, CBHUJICTCIILCTBYIOIINEC O ITPHUCYTCTBUU BTOpOﬁ (B) 06pa3e]_[ xonoanoro criekanus, 0.1 mac. % CH}COONH4;
¢daspl co CTpyKTypod KaMeHHOW cosu. [IpucyrcTBue (r) obpasen xonoxHoro cnexanus, H 0.

IBYX (a3 oTiM4YaeT BBHICOKOIHTPOIHUIHYIO OKCHIHYIO Ludpamu oTMeueHs! (a3bl TUIOB: | — IINMUHENb;
kepamuky (MnFeCoNiCu),0,, uccnenoBannyio B 1aH- 2 — xameHHas conb. Temmepatypa 300 °C,

HO#t paboTe, OT oImHCaHHOTO B cTaThe [21] marepuana nasnenue npeccosanus 315 Mlla, Beinepxka 30 MuH.
CXOKET0 XUMHYECKOTO COCTaBa, HO HMMEOILIEr0 TOJb- Fig. 7. XRD patterns of:

KO oftHy (asy co CTPyKTypoil mmuHen. J[annbiii Gakt (a) initial powder (MnFeCoNiCu),0,;
TIPE/ICTABIISET 3HAYNTEIBHBIN MHTEPEC, TAK KaK CBOHCTBA (b) cold-sintered sample, 0.1 wt % of NaOH;

(¢) cold-sintered sample, 0.1 wt % of CH,COONH,;
(d) cold-sintered sample, H,O.
Phase types indicated: 1—spinel; 2—tock salt. Temperature 300 °C,
compression-molding pressure 315 MPa, dwell 30 min.

BBICOKOOHTponuiiHoi  kepamukn  (MnFeCoNiCu),0O,
¢ omHOI W AByms (azaMH MOTYT MMETh 3HAYHTEIIb-
Hble OTIMYHSA. B [eI0oM, MOXHO KOHCTaTHPOBAaTb,
YTO  MpPOLECC  XOJOAHOIO  CHEKaHHWsS  IOPOIIKa
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(MnFeCoNiCu),0, npu temneparype 300 °C wu
C WCIOJB30BAaHWEM BOIHOM cpeapl ¢ J00aBKaMu
0.1 mac. % CH3COONH4 n NaOH ne mpuBoaut K
U3MCHEHUIO (Pa30BOT0 COCTaBa HCXOMHOTO MOPOIIKA,
YTO CBHUJETEJIIBCTBYET O COXPAHEHUH BBICOKOIHTPO-
MUUHON CTPYKTYPBL.

3AKJIIOYEHHUE

BriepBbie 3KCIIEpUMEHTAIBHO TOKA3aHO BIUSHHE
BH/a AaKTUBHUPYIOUIEH 100aBKH HA OTHOCHUTEIBHHYIO
IUTIOTHOCTH 00pPAa3loB BBICOKOIHTPOITHMIHON Kepamu-
xu (MnFeCoNiCu),0,, mony4eHHbIX ¢ HOMOIIBIO MPO-
mecca XOIOJHOTO crieKaHms. OO0pasibl KEepaMHUKH C
oTHOCHUTENbHON moTHOCThI0 0.70-0.71 momy4eHsl
IPU  HCIOJIB30BAaHMM B KaueCTBE IKUAKOW Cpeibl
20 mac. % JAMCTWIUIMPOBAHHOW BOIBI WU BOJAHOTO
pacteopa 0.1 mac. % CH,COONH, unu NaOH. O6pas3-
IIbI BBICOKODHTPOIUHHOTO KEePaMHUYECKOrO Marepuasa
Ooputn momydeHs! npu Temmeparype 300 °C, BpemeHu
Boiiepkku 30 MuH 1 naBneHun npeccosanus 315 Mlla.
MHEKpOCTPYKTypsl  00pa3loB HWMEIOT BBIPAKCHHBIC
ormuuns: 20 mac. % JAWCTUIUIMPOBAHHOW BOJBI HE
NPUBOAUT K BBIPAKCHHOMY pPOCTY 3epeH, Halmrona-
eTcs Todbko WX yrutotHeHue 10 0.71 OTHOCHTENBHOM
wioTHOCTH; Tipu Jobasnennu 0.1 mac. % CH,COONH,
nu NaOH HaOmiomaeTcst 3aMeTHBI POCT 3€peH MpHu
JOCTHKEHUU  OJIM3KMX  [OKa3arejedl  OTHOCHUTEINb-
Hoii mnotHoctu (0.70 m 0.71 coorBercTBeHHO). s
JETAIbHOTO M3YyUCHHS 3TOro 3(QeKTa 3arIaHupOBaHbI
JAJTbHEHIIIE WCCIICIOBAaHMUS PACIIPENICICHUs]  3epeH
mo pasmepaM W (PHU3MUECKUX CBOWCTB 00pasIoB
B 3aBHCHMOCTH OT KOHICHTPAallMH  aKTHBHPY-
fomel Mo0aBKM W PEXHMOB IIporecca. PeHTreHo-
IUQPaKIMOHHBIA  aHANW3 II0Ka3aJ, dYTO MpPOIEecC
xonozHoro  crnekanus nopomka (MnFeCoNiCu),0,
npu Ttemmeparype 300 °C u ¢ UCHONB30BaHUEM
BOJIHOM cpenpl ¢ pobaskamu 0.1 mac. % CH,COONH,
u NaOH He mnpuBOIUT K H3MEHEHHUIO (DAa30BOTO
cocTaBa HMCXOJIHOTO IOPOIIKA, YTO CBHICTEIHCTBYET
0 COXPAHEHUU BBICOKOIHTPOIIUHHON CTPYKTYPBI.
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