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LInsaxom uucenbHoeo MOOeNO8AHH NPOBEOCHO OO0CTIONCEHHS eNeMEeHMAPHUX pearyitl, wo
8i0Oysaromucs 6 npoyeci po3KIA0AHHA POochOopopeaHiyHux pevosurn — iH2ibimopis
JIaHY10206020 20piHHs. Po3paxosano enepeii akmusayii ocnoenux cmadiii. Ilokasano, wo 6
npoyeci  decmpykyii  00CHIOAHCYBAHUX MOJEKYN, AKI GU3HAHI IHeiOimopamu 20piHHA,
VMBOPIOIOMbCSL NPOOYKMU, U0 MONCYMb 36 'SA3Y8aMU AKMUGHI paouKanu noiym’s i, makum
YUHOM, BNIUBAMU HA WBUOKICMb 20piHHA. Ceped 080X pO32NAHYMUX MeXAHI3MI8 iH2i0Y8aHHS
nonym st nepesazy 8iooano mexanismy Kopoobeiiniuesa.

Kniouoei cnosa: incivysanHs, K6aHmMoBO-XiMiyHUl pO3PAXYHOK, MEXAHI3M XIMIUHOT peakyil,
npooyKmu 0ecmpyKyii.

ITocTanoBKka nNpo0JieMH i aKTyaJIbHICTh TEMH.

Ax BigoMoO, Maibke KOKHA HaJ3BUYaiiHA CUTYyallid, SK TPUPOIJHOTO, TaK 1 TEXHOTE€HHOTO
XapaKkTepy, CYyMPOBOIKYEThCA MOXKexaMu. Bin e(eKTHBHOCTI 3aCTOCOBAHUX MPH TaCIHHI MOXKEX
cui 1 3aco0iB 3ajekaTh MIBUAKICTH JIIKB1IAIll HAI3BUYAHHUX CHUTYyaIlld 1 MiHIMI3allisd HACIIIKIB.
Tomy po3poOka HOBUX BOTHETacHUX 3ac001B HE BTpayae CBOET aKTyalbHOCTI. ICHYIOUMII MONUT Ha
Oe3neuHi Hr101TOpu ropiHHsS 0OYMOBJIEHUH HE TUIbKU JIOTIKOK BUKOPHCTAaHHA Hale(eKTUBHIIINX
JOCTYIHUX CIIONYK, ajie ¥ TUM, 1110 BUPOOHUIITBO OJHOTO 3 HAUOUIBILI MIMPOKO BUKOPUCTOBYBAHUX
XIMIYHUX BOTHeracHUX peuoBuH, xiaaaony 1301 (CF;Br), 6ymno 3a6oponeHo 3 1992 poky y 3B 3Ky 3
oro pyHWHIBHOIO 3JaTHICTIO 10 BiIHOMIEHHIO 10 cTpatoceproro o3ony [1]. Cepen
aNbTepHATUBHUX IHTIOITOPIB TOPIHHS MpHUBEPTaIOTh yBary (ochopoBMicHi pedoBuHU. [HTEpec 10
ximii pocdopopranigaux cronayk (POC), a 0co6mMBO, 10 TOTO, SK BOHU PO3KJIATAIOTHCS B TIOJIYM 1,
BUKJIMKaHUM JBOMa npuuvHamu. [lepmia moB’si3aHa 31 3HUINEHHSM TOKCHUYHUX Ta HEOE3NEUHUX
XIMIYHUX BIIXOJIB, BKJIIOUAIOUM 3HHIIECHHS XIMIYHOI 30poi IMUIIXoM criaidtoBaHHs. [[pyra mpuunHa
noB’si3aHa 31 3matHicTIO Aeskux POC BrmBaTH Ha TPOLECH TOPIHHSA. 3HAYHA KUIBKICTH
BUNPOOYBaHMX BOTHEracHUX peuoBUH € edipamu  PochopoBmicHux kuciaor [2]. Taxk,
tpumetmidocpar (TM®P) O=P(OCH3); Ouibllie BIUIMBAaE Ha IIBUJKICTh TOPIHHSA, HDK BU3HaHI
iHridiTopu ropinusa Cly, Br: 1 CCly [3]. Jumerun metundocdonar (IJMM®P) O=P(CH3)(OCHj3)2
npubianm3Ho B 40 pa3iB epeKkTUBHIIMN 3a MOJIEKYJISApHUN a30T 1 Oulble, HDK y 4 pasu
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edexTuBHIMHN 3a x1aaa0H 1301 mpu racinni noaym’s [4]. Ogaak [IMM® Tpoxu moctynaerbcs 3a
edpextusHicTio CO> [5].

3MeHIIeHHs IHTEHCUBHOCTI MOJyM’st ipu foaaBanH1 JIMM®, sike 3a3Hauanocst B po6ori [6],
MOXHA TOSICHUTH PO3TJIAIAa0UN TETUIOOOMIH MPHU B3a€MOJII MK MOJYM SIM 1 TOBEPXHEIO MaIbHUKA.
Tak camo € He3HA4YHA 3MIHA y MIBUIAKOCTI XOJOIHOTO MOJIYM sl (pO3raidyKeH1 JAHIIOTOB1 peakilii) 3
nonaBaHHsAM JIMM®. [g pi3HUIS O3Hayae, 110 IIBUAKICTH TOPIHHSA alia0aTUYHOrO MOJyM s
cyMmimii 3 gogaBaHHsAM JIMM® Humkue, HDK NoayMm’st 6e3 1HrioiTopy abo, 110 3arajibHa MIBUAKICTb
peakiii CHoOBUTBHIOETBCA mipu  gonaBaHHl JMM®. Ileii BHUCHOBOK  y3TOJKYEThCS 31
CIOCTEPEXKEHHSAMU BIUIMBY (OCPOpOpPraHiYHUX CHOJYK Ha 3HWKEHHS IIBUAKOCTI TOPIHHSA
MONEePETHBO MepeMilIaHuX cyMmileil metany [7-9].

Hespaxkatroun Ha Te, 1m0 QochopopraHiuHi CHOIYKH MAalOTh CUIbCBKOIOCIOJApChKE,
MIPOMUCIIOBE 1 BIHCHKOBE 3aCTOCYBaHHs, 3HAHHS MPO MPOIYKTH iX pO3KIagaHHS BKpail 0OMeKeHi.
Hampuknan, oCHOBHI mpoliecd, IO JieKaTh B OCHOBI TPHUPOJHOI Ta TEXHIYHOT 0OOpOOKH
opranogocdaTiB, OMKCaHi JIMIIE HA SIKICHOMY PiBH1, 0araro nNuTaHb 1010 MEXaHI3MIB peakxiiii Bce

1€ 3IMIIAI0THCS HEBUPILLIEHUMH.

AHai3 gocaigxkenb i myoaikamii.

JlitepaTypHi JaHi noka3yioTh BelaUKy KulbKicTh POC, ski Ayxe e(eKTUBHO MPUAYIIYIOTh
BOroHb. UucieHH1 aociikeHHss Oynu BukoHaHi 3 pigkumu @OC B 3mimaHomy 1 audysiiiHoMy
nonym’i B 1960-x pokax [10]. I3 Toro yacy HaKONmMYEHO BEJIMKY KUIBKICTh JIITEpaTypHu IO
3actocyBaHHIO TBepaux ®OC B sKOCTI HTIOITOPIB MOITYM s (IMB. MOCUIIAHHA 7 JUIS OTJIANY), @ Pl
CIOJIYK OJiep>Kalli BUKOPUCTAHHS K BOTHE3aXUCHI MaTepiaiaM 1 CyXl XIMI4H1 BOTHEraCHI pe4OBUHU
[8].

XIMIYHO aKTUBHI IHT10ITOPU TOPIHHSA 3MIHIOIOTH IIBUJKICTH TOPIHHS HUIIXOM KaTaJTITUYHOL
pekoMOiHaIlI] KIIOYOBUX paguKaliB moyym’si, ocoonuBo atomiB H' 1 O™ 1 pamgukamie OH'. Atomu
TiIporeHy MarTh 0COOJIMBO BaXKJIMBE 3HAYEHHS B MOLUUPEHHI MOJIyM s, OCKUIBKM OCHOBHI peakiii
pO3Tay>)KeHHSI TIPU JIAHI[IOTOBOMY TOIIMPEHHI MOJyM s MepediraloTh 3a iX y4acTio, HampuKJIaj,
[11]:

H + 02, — OH + 07,

H +0;"+H,=0H +H + OH".

[[IBunki enemMeHTapH1 peakiii 3 MOJIEKYJIO 1HTr10ITOpy ab0 MpOayKTaMu HOro TEpMIYHOIO
PO3KIIaJaHHA 3B SA3YIOTh 11 PaJMKali, a BUJAJICHHS OyIb-sIKOTO 3 HHMX 33 paXxyHOK peKoMOiHallii,

BIANOBIHO, 3HIDKYE 3arajbHy IX KOHIIEHTpalito. TakuM 4YHHOM, peKOMOIHallis paauKaiiB
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MPU3BOAUTH /10 MEHIIOI KUIBKOCTI aTOMIB TiPOreHy B pEaKIiiHIA 30HI, II0 MNPU3BOIUTH 0
3HIJKEHHSI PO3TaJy’KeHHS 1 3MEHIIEHHS MIBUAKOCTI ropiHHs B nuiomy [12]. Taka noBeniHka
BIIHOCUTBCS /IO BIIOMHUX TAJIOT€HOBMICHUX BOTHENPUTHITYBauiB, Takux sk HBr ta CF3Br [13, 14] 1
®OC, Ttakux sk gumerunmetuwidochonar (JAMMD) [10]. V 3araibHOMY BUIIISIAI cXeMma

1Hr10yBaHHSI JIAHI[FOTOBOTO TOPIHHS MOKe OyTH 300pa’keHa HaCTYTHUM 4uHOM [4, 13-15]:

X +In — InX, (1)
X+ InX — X5 + In, (2)
X+X_)X2, (3)’

ne X — axtuBHMM pagukan noiaym’s (APIl), a In mo3nayae iHriOyBanbHy YacTHHKY
(Monekyny 1Hri0iTOpy abo mpoayKTy ii po3kianaHHsA). ICTOTHUM y HUX peakUiix € Te, U0 Mae
MiClle HE JHIIEe 3axOIUICHHS paauKaliB IHTIOITOpoM, ane 1 pereHepanisi mactku. OTxe,
BiIOyBa€ThCS MiICUIIEHHS €QEeKTy, TOMY III0 KOJKHA MOJIEKyJa 1HT10iTOpy 3/laTHAa HEHTpallizyBaTh
nexinbka APIl. EdextuBH1 cxemu 1HriOyBaHHs MNpEJCTABICHI JBOMA BaXJIHMBUMH THUIIAMU
€JIEMEHTAapHUX peaklii: TUMHU, y pe3yibTaTi SIKHX 3aXOIUTIOIOTHCS aKTUBHI LIEHTPH, MPUIUHSIIOUYH
THM CaMHUM MOJAJbUINM pPO3BUTOK JAHIIOTIB, 1 TUMH, B SIKMX PEreHepyloTbcs I1HT10yBalbHI
YaCTUHKH. 3arajioM, K CTBEPIKYEThCS B [4], IHr1OyBaHHA MOJYyM’sl € OUIBII YYTJIUBUM JI0 PEaKIlii
perenepairii (2), HbK 10 3aXOruieHHs pagukaiiB (1).

CyrTeBuii BHECOK B PO3poOKYy MeXaH13My 1HT10yBaiabHOT A1l H0ochHOPOBMICHUX BOTHEMACHUX
pedoBuH BHIC A. TBaposcheki [16—18]. Byno Bim3Hadeno [17], mo katani3 pekoMOiHaIil paguKaiB
y noJiyM’i MaJlol0 KUIBKICTIO TPOAYKTIB TOpiHHA ¢ocdiHy BinOyBaeTbcs 3aBASKH Takid

MTOCJTIIOBHOCTI €JIeMEHTAPHUX CTaIIi:

PO, + H'+ M — HOPO + M, (1a)
HOPO + H' — Ha + POy, (1b)
PO," + OH' (+M) — HOPO, (+M), (2a)
HOPO, + H — H,0 + PO,". (2b)

s mocnimoBuicte Brmodae PO>" 1 HOPO sk karamizatopu, OCKUTBKH IIIiCIs TTOBHOTO
nepeliry peaxiii KUIbKICTh LIUX MOJIEKYJ He 3MiHtoeThes. lepmri aBi craaii (la, 1b) kaTanizyroTh
pexomb6iHanito H 1 OH" 3 onepxkannsMm Hz 1 perenepaiiito iHriOyBaJbHUX YaCTUHOK, TOMl SIK
yerBepra ctanii (2b) yrsoproe H>O [16]. IcHye unmano noka3iB y HaykoBil jiteparypi [4, 15 Ta
1H], 110 BOrHEracHa Jis HIUX (ocHOpPOBMICHUX CHOJYK, TakuX K TpuMmeTun docpar (TMD),
aumetui-meTui-pocponar (AMMD), niamoHiiidpochaT TakoX IPYHTYETbCS Ha UX €JIEMEHTapHUX
cTajifaXx. B neskux ekcrnepuMEeHTalbHUX 1 TEOPETUYHMX JIOCIIPKEHHSAX BUBYAIOTHCSI BJIACTUBOCTI

dochopopraniunux crnoayk (DPOC) sk iHridiTopiB TOpiHHA [13, 14], a Takok MexaHI3MH iX
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iHT10yBanbHOT aii [16-18]. OgHak B jiTepaTypi BiACYTHS OJHO3HAYHA AyMKa OO0 OCOOIMBOCTEH

MexaH13My 1Hri0yBaHHs noaym’ss @OC.

ITocTranoBka MeTH i 3aB1aHb

AHani3 ICHYIOUMX MEXaHI3MIB NepeTBOpPeHHS (OCPOpPOPraHiYHUX PEYOBHH Y MOIYM’T
MOKa3aB, M0 EKCIIEPUMEHTATOPU HE MOXXYTh JaTH OJHOCTAWHOI BIAMOBiNl BITHOCHO BaKJIMBUX
iHTepmeniaris: CH3PO2 a6o (HO)3PO. [nmie cynepeunuBe NuTaHHS CTOCYETbCS TOTO, SIKUM YHMHOM
BiIOyBaeThcs AecTpykuis JMM® — nuisixom mpsMOro TEpMIYHOTO PO3KIAJaHHS, Yd Ma€ Micle
B3a€EMOJIA JOCTIPKYBAaHOI PEYOBHMHU 3 AKTHBHUMHU paJAWKAIaMU TOIyM’s. Y 3B’S3Ky 3 LHM
CTAaHOBUTb 3HAUHUN IHTEpEC KBAHTOBO-XIMIYHUN aHajii3 MNPOBEIEHUX EKCIEPUMEHTAIbHUX 1
TEOPETUYHUX JOCIIIKEHb, K1 IPUCBSIYECH1 BUBUEHHIO SIK JECTPYKIli (ochHOpOBMICHUX CIIONIYK, TaK

1 MeXaHi3My iX 1Hri0yBaabHOI i1 HA MOJTyM ’51.

MeTtoa 10c/TiIzKeHHS.

I3 cepenunu 1980-x pokiB oOuucitoBajibHA XiMis Oyla OJHIEIO 31 IMIBUJKO 3POCTAIOUYMX
rajy3eil XxiMiyHOi Hayku. YuncenbHI METOAM HAAAIOTh UIMPOKUN CHEKTP MOTYKHUX 1HCTPYMEHTIB
JUTSL PO3KPHUTTSI MEXaHI3MIB CKJIAJIHUX peaKiliii 3a ydacTio pochopopraniaamux cnonyk [7, 8].

Haii6inpimn cyBopuil 1 mociaiioBHUN MiAX1A A0 aHali3y MEXaHi3MIB 1 MapUIpyTIB peakilii
IPYHTY€ThCS Ha BUKOPUCTaHHI HEEMIIPUYHUX METOJIB KBAHTOBOI XiMmii. B Oararbox Bumaakax
3pYYHUMU BUSBIIAIOTHCSI MOJIEIIbHI MIJXOM, IO AKIIEHTYIOTh yBary Ha €HepreTulll IEpeTBOPEHHS B
peakuifHoMy BY3J1 1 CTepeoxiMii mepexiiHuX cTaHiB. B naHiii poOoTi mpoBeneHi HeeMHIipuYHi
pO3paxyHKH HEOOMEKEHHM MeTonoM XapTpi-Doka 3 BUKOPUCTAHHIM Oa3ucHOro Habopy 6-31G
[19] enepretuxu XiMIYHUX TIEpeTBOPEeHHb MOJIeKynu JJMM® 3a nBoma BimoMuMu MexaHizMamu. Sk
BIIOMO, €HEprisi XIMIYHHMX 3B’SI3KIB € OJIHIEI0 3 HAWOUIbII Ba)XJIMBHX XapaKTEPUCTHK OYyIb-iKOI
MOJIEKYJIM, 110 BH3HAYa€ ii MOBENIHKY B PEAKIISX 1 TEPMIUHY CTIHKICTh PEYOBHHHM; 1€ OJHA 3
TOJIOBHUX (PI3UKO-XIMIYHUX BEIMYMH, HEOOXITHUX JUIsl PO3B’si3aHHS 0aratbox 3a/iad TEOPETHYHOT 1
npukiagHoi Ximii. Y mpencraBieHiid poOoTi 3pobiieHa crmpoba 3’sCyBaTH peajbHUN MeEXaHi3M
dhochopoBmiCHUX HT10ITOPIB Y BOTHUIII JAHI[FOTOBOTO TOPIHHS 32 IOMIOMOTOI0 KBAHTOBO -XIMIYHHUX
METOJIB Ha TIJCTaBl €HEprii 3B’sA3KIB y MOCIDKYBaHUX MoJiekynax. llepm 3a Bce, momryk
IMOBIPHUX HUIAXIB JECTPYKLII LIUX PEYOBHH, a OTXKE, NOCHIIKEHHS MILHOCTI 3B’A3KIB J0MOMOXKE
3’scyBaTH, SKI MOJIEKYIW 1 paaukaad OyAyTh MpPHUCYTHI MpU TEPMIYHOMY PpO3KIaJaHHI
JTOCIIDKYBaHUX ~ MOJIEKYJd. HacTymHuM eramoMm AOCHUDKEHHs Oynae OO4YMCIIeHHS eHeprii
MEPETBOPEHHS] OJIHUX PEYOBMH B IHIIL. TakuM 4YMHOM, MOKHA PO3KPUTHU MOBHUI MeXaHI3M
MOXJIMBUX XIMIYHHUX MEPETBOPEHb NPU BUKOPUCTaHHI (HOCHOpPOPraHIYHUX CHOJYK Ul TaCiHHS
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noJiyMm’sl. 3aCTOCYBaHHS KBAHTOBO-XIMIYHMX PpO3pPaxyHKIB y JaHOMY BHIAJKy € JOLUIbHUM,
OCKUIbKHM PO3BUTOK PEaKLIMHUX JIAHLIOTIB Y PO3BUHEHOMY IOJIyM 1 HE 3aJIeKUTh Bl TEMIIEpaTypH.

Bronusom TEMIICPATYPHOT'O YMHHHWKA MOXHA 3HCXTYBAaTH.

OcHoBHMI MaTepiaJ i 0OTpUMAaHI pe3y/IbTaTH

VY OurbmiocTi poOIT BBa)XKA€ThCS, 1O TOJOBHUM YWHHUKOM BOTHETacHOi e()eKTHBHOCTI
dbochopoBmMICHUX pedoBUH € HasBHICTH (ocdopy. Bimomo, mo TepmiuHa CTAOUIBHICTH
($hochopOBMICHUX CIIOTYK 3MIHIOETHCS B IMIUPOKOMY Aiama3oHi (15-90 kkan/Momb) 3Ha4eHb TOBHOT
eHeprii akTuBalili BIAMOBIIHMX peakKIliii po3KJIagaHHsA. BIIWB MBHAKOCTI PO3KIATaHHS
nociikyBaBcss B [12] 13 BUKOpPHUCTaHHSIM KIHETMKH IOBHOTO po3KiagaHHs yacTUHOK PO2" abo
HOPO nursixom BapitoBanHsi eHeprii aktuBaiii. [Tokazano [12], mo npu raciHHi CTEXIOMETPUYHOT
METaHO-KHCHEBOI1 CYMIllll, Peakilii pO3KJIaJlaHHsS 3 EHepriclo akTuBarlli meHme 60 Kkan/mMoJb
BIUIMBAIOTh HAa 3MEHILIEHHS MIBUAKOCTI ropiHHA. Eneprii aktuBamii B 80 KKaji/MOJb CTYHiHb
poskimananHsa BignmoBigana 60-70% mnpu MakcuManbHIA KOHIEHTparii atomiB He. OOuasi
¢dochoposmicHi cioayku (JMM®D i TM®) € cTpykTypHUMH aHaJIoTaMu (IUB. puc. 1) 1 BUSBISAIOTH

1mo/10H1 1Hr10yBalIbH1 BIACTHUBOCTI.

|c|’ 0
HsC P CH ”
s \O/L\O/ : H3C\O/T\O/CH3
\CH3 CHs
a o

Puc. 1 a) Tpumerundocdar (TMD); 6) Jumerunmerun pocponar (IMMD)

Pe3ynbrati KBaHTOBO-XIMIUHUX pO3paxyHKIB peakuiii 3a cxemoro Bepuepa-Kyna [20]
(Tabn. 1) moka3yrOTh 3HAYHO OUTBINTY €HEPrilo aKTUBAIIil Ha mepiii ctall AecTpykiii IMM®, Toxmi
K yTBOpeHHs ¢ocopoBmicHUX paaukainiB PO;’, ski BU3HaH1 OaraTbMa JIOCIITHUKAMU SIK aKTUBHI
nactku g Allll, BimOyBaerscs 3 MeHmow eHeprietro. [lpu BigmaneHHi Bif TNandbHUKA abo
PO3LIMPEHH] 30HU PEaKIlli BUMIPIOBAHHS [9] y3roKyIOThCs 3 pe3yJibTaTaMu

Sk BUIHO 13 po3paxyHKIB ejleMeHTapHuX ctaaiid nectpykuii IMM® 3a cxemoro Bepnepa-
Kyna [20] wactunka CH3PO: nificHO yTBOpO€ThCS 3 NMPUHHATHOIO €HEPriero JAecTpyKuii 72,2
KKaJI/MoJb (ctanis 4 y Tabin. 1). Ane HaiiMeHIIo1 eHeprii AecTpyKiii noTpeOyoTh peakiiiiiHi cTaiii,
Kl BXOZATH JI0 1HriOyBaibHOro mukiy TBapoBchki [16-18]. HeoOximHO BIAMITUTH 3HAaYHY

BEJIMYMHY €Heprii Ha mepurii craaii npsimoro po3kiaaanHg Moiekyan IMM®O® (craais 1 y tabm. 1).
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KopobeiiniueB 1 CIiBaBT. [6] MOSICHIOIOTH I1€ BUCOKOIO TEMIIEPATypOI0, MEHIIIOI TETUIOBTPATOIO 1
OLUIBII MOBHUM 3TOPSIHHSM IajMBa B pasi JojaBaHHs GochopopraHiyHUX PEUOBHUH.

Kopoobeiiniuesa i criBaBT. mia tpuMetuidocdary B mosrym’i CH4/Oo/Ar ipu 0,1 6ap [6].

Tabamus 1. Po3paxyHOK eHeprii MOXKJIMBUX LUISIXIB TEPMIYHOTrO poskianaHHs [IMMO® y

BOJIHEBOMY MOJIyM 1 3a cxemoro Bepnepa - Kyna [20].

Ne HInsx gecrpykuii Enepris necrpykuii, E, kxkam\mons
ILII.

1 OPCH3;0CH3(OCH;) — OPCH3;0OCH3(OCH)" + H’ 81,6
2 OPCH;0CH;(OCH,)'— OPCH;OCH;3(H)+ COH’ 33,9
3. OPCH;0CH3(H) — OPCH3OCH3" + H' 39,5
4. OPCH30CH3"— CH3PO, + CH3' 72,2
5 HOPO, + H" — H,O + POy’ 62.8
6 HPO(OH)O® — PO(OH),’ 48.06
7 PO(OH)," — H,O + POy 46.3
8. HOPO + OH' — PO;" + H,0 6.3
10. HOPO; — PO, + OH’ 18,8

Jlaii HaBeIGHOPO3PaXyHOK peakiiiiHoi cxemu neperBopeHHs IMMO® y BogHeBoMy noiaym’i
3a MexaHidMoMm KopoOeitniueBa [21-23]. Otpumani pe3yiabTatu (Tabmuusd 2) MOKa3yloTh, IO
Mosiekyna JIMM® B3aemonie 3 APII i3 3HaUHO MEHINOIO €HEpPri€ro, HLK LIbOIO BHUMAarae IpsiMe
po3knanaHHa wiel cnonyku (ctaais 1 y cxemi Bepuepa-Kyna), mo nae miactaBu HOPUITyCTUTH
OUTbIly HMOBIPHICTb TEPMIYHOI'O PpO3KJIAJAHHSA CIOJYKM Ha MEpIIMX XBWJIMHAX I10JaBaHHS
BOrHEracHO1 pe4OBHHHM /10 Boruuiia ropinss. [lpoaykru posknaganua JMM® pearyiots 3 APII 13
3HAYHO MEHIIIOI0 €HEPTIEI0.

B po6oti [23] 3ampornoHOBaHO 3arajlbHUil MEXaHI3M NEepeTBOPEeHHs (QochopopraHiuHUX
cnonyk (®OC) y momym’i. IlokazaHo, 1m0 TepMidyHE PO3KIAJAaHHS OCITIHKYBAaHUX CIOJIYK
Bi0yBaeThcs HuLsiXoM 3amimieHHs atomHux rpyn CHsz 1 CH30 paaukanamu He 1 OHe. Bynu takox
BHU3HAUEHI KIHIIEBl MPOIYKTH TOpiHHSA (ochopoBMiCHUX crnoiayk. Ha BigMmMiHy Big MexaHi3Mmy,
3aMpornoHOBaHOro B poOoTi [23], 3riiHO 3 pe3ylbTaTaMH HallUX KBAHTOBO-XIMIYHUX PO3PAaXyHKIB
(tabn. 2), Bzaemonist IMM® 3 atomamu rigporeny 3 yrBopeHHsM CH3e eHepreTuyHO BMIi/IHIIIA,
HDK B3a€EMOJIIS 3 TIIPOKCHUIIBHUX PAIUKaIOM, B Pe3yNbTari AKOTO yTBOproeThes paaukan CH3Oe.
o cTtocyeTbcs IHIIMX 3alpONOHOBAHUX MUIAXIB peakuii meperBopeHHs JMM®, to eneprii,
OTpUMaH1 HaMHU, KOPEJIOITh 3 TaHUMU poOoTH [23].

ABtopu pobotu [21] 3ampomnonyBanu BKIIOUUTH B MexaHi3M aecTpykuii [IMM® kinbka
MEPBUHHMX CTali, sIKi PU3BOATh M0 yrBopeHHs crosryk HOPO(CH3) (OCH3), HOPO (OCHz3).,
HOP(CH3)(OCH3)2, PO(CH3)(OCH3) (OCHz). B pobGoti [22] OyB 3acToCOBaHHil iTepaTUBHHIA
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MIIX1A 10 PO3BUTKY MOJENI Uil HOCHUDKEeHHs moBemaiHku JJMM® B 3aiexHOCTI Bif KOJIMBaHHS
TeMIIepaTypH 1 CHIBBIAHOIICHHS MaJWBO/OKUCHUK. Ha mepmriit ctamii Oyno JOCHIIHKEHO BOHEBE
nosiym’ss pu HuU3bkid Temmeparypi (T<1500). byno moka3zaHo, 110 B HH3bKOTEMIIEPATYPHOMY
nmonyM’i gectpykiis JJIMM® min BrmmBoMm ataku paaukaiamu He 1 OHe mepeBaxae miposiiTHaHe
po3kiananus [6], ax BUAHO (Tabia. 2), 1€ MATBEPHKYETHCS HAIMMMU po3paxyHkaMmu. Tuck 50 Topp
OyB KOMITPOMICHUM, IO BiloOpaka€ HEOOXIJAHICTh B aJ€KBATHOMY IPOCTOPOBOMY PIIICHHS IS
MEePBUHHOI 30HU MOJIYyM’s, a TaKOX W00 YHMKHYTU MNpoOjeM, MOB’A3aHUX 13 HECTAOUIbHICTIO
ropinHs. CniBBiIHOIIEHHS BOJeHb / kuceHb @ = 1.4 obpaHo s 3abe3nedeHHs Oaceitny APIL B
sskoMy nepeBakaroTh He 1 OHe, mo0 MiHiMI3yBaTH BIUTHB peakiiiii 3a ydacTio O+s. BpaxoByroun Te,
10 PO3BHHEHE TOPIHHS BiAOYBA€THCS MPU 3HAYHO BHUILIN TEMIIEpaTypi, BBAKAEMO, 110 KIFOUOBOIO
CTa/li€l0 HTr10yBaHHS BCE K Taku OyJie MipoJIiTHYHE po3KiIaaaHHs GochopoBMICHUX IHI10ITOPIB.

Tabauus 2. Po3paxyHOK eHepriii muiixiB TepMmidHoro poskiaganus IMM® y BomHeBOMY
noayM’i 3a cxemotro Kopobeiiniuena [23].

Ne Enemenraphi aktu B3aemonii JIMM® i npoaykriB aectpykuii 3 AL Enepris
ILII. B3aeMoii, E,
KKaJI/MOJIb
1. | OP(CH3)(OCH;), + OH — OP(CH;)(OCH;) (OCH,) + H,O 35,8
+H — OP(CH;)(OCHs) (OCH,)" + H, 6,3
2. | OP(CH;)(OCH;); + OH' — OP(CH3)(OCH;)(OH)* + OCH;" 33,7
+H  — OP(CH;3)(OCH3)(OH) " + CH3* 25,1
+M — OP(CH;)(OCHs)" + OCHy' 6,3
3. | OP(CH;)(OCH;)' +M —O,PCH; + CH5" 75,3
4. | O,PCH; +H — OP(OH)(CH;) 100,4
5. | OP(OH)(CH;)° +M — OPOH + CH5 37,7
6. | OP(CH;)(OCH;)(OH)* + M — O,PCH;' + CH;OH 50,2
OP(CH;)(OCH;)(OH) " + M — O,POCH5" + CHy4 43,9
OP(CH;)(OCH;)(OH)* + OH" — OP(CH;)(OH)," + OCH3’ 18,8
OP(CH;)(OCH;)(OH)* + H' — OP(CH3)(OH)," + CHy' 43,9
7. | OP(CH;)(OH), + OH' — OP(OH); + CHy’ 12,5
8. | OP(OH); +H — OP(OH)," + H,O 31,2
9. | OP(OH), +M — PO;++ H,0 31.3
OP(OH),' +H — OPOH + CHy 125.5

Axmo nmpoaHamizyBaTH oOuaBa MexaHidmMu (Tabmn. 1,2 ), oapa3y crae MOMITHOK 3HAYHO
MEHIIIa €Hepris B3aeMoJii Ha MepIliif cTaliil y BUIAAKy aTakd MOJEKYJIM IHribiTopa paaukaniom
OH" y mexanizmi KopoOGeliniueBa. XapakTepHe MpH [bOMY, 110 MMOBIpHIillIE B pe3yabTaTi peakiii
YTBOPUTHCS MOJIEKYJISIPHUN BOJIEHB, X04a IIUIKOM MOXJIMBHUM 1 MEPUINI NUIAX, KOJIU MPU B3aEMOIIT

3 JBOMAa TAPOKCHJIBHUMH paJuKajJaMU YTBOPIOEThCS MoJieKyida Boau. LlikaBo BIAMITHTH, IO
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pamukan OP(CH3)(OCHz)," B3aemomie sk 3 aTOMapHMM OKCHUTEHOM, TaK 1 3 TIAPOKCHIBHUM
paauKaoM 13 JOCUTh HU3bKOIO €HEPri€lo, aje HaliMeHIo1 eHeprii BuMarae pekoMOIHallis Horo npu
3ITKHEHHI 3 MEXaHIYHOI0 [JOMINIKOW M, 110 [a€e MiACTaBU TOBOPUTH NP0 JOULUIBHICTDH
BUKOPHUCTAHHS KpEMHE3eMy Ui IIJICUJICHHS BOTrHeracHoi e(exkTuBHOCTI (PochopoBMICHHX
BOTHETaCHUX PEUOBHH [24].

BigHocHO HU3BKa €Hepris B3a€eMOli 3 MEXaHIYHOK JOMIIIKOI CIIOCTEpIraeThes 1 Ha
HACTYMHHUX cTaifax po3kiananus JMM® (cranii 3, 5, 6, 9 B Tabum. 2). JlocuTh epexTUBHUM, 3riTHO
Hamux po3paxyHkiB, BusBuBcs paaukan OP(CH3)(OCH3)(OH)', skuii Ha ctamii 6 (Tabm. 2)

pexkoMOiHy€e 3 HEBUCOKOIO eHepriero sk mpu 3iTkHeHH]1 3 AL, Tak 1 3 MexaHiuHOIO JOoMImKOo0 M.

BucHOBKM i mepcneKTHBH A0CTiIZKeHb Y ILOMY HanpsiMi

OTxe, TpoBeleHI KBAaHTOBO-XIMIUHI PO3paxyHKH JIO3BOJMIM Tepea0adyuTH OCHOBHI
MPOJIYKTH TEPMIYHOTIO PO3KJIaJaHHs JOCIKYBAaHUX PEYOBHUH, a TAKOXK IMOBIPHI IHTEpMeaiaTH, SKi
yTBOpIotoThes Tipu criamoBanHl ®OC. [lopiBHsHHA eHepreTuky poskiagands JIMM® 3a aBoma
HaNOUIBII BITOMUMH CXEMaMU MEPETBOPEHHS L€l pEeYOBMHHU Y BOTHMILI MOJIYM s TIOKa3ajio, 10 Ha
MepIIuX CTaAiiX BinOyBaeTbcd TNpsAME TEpMIUHE pPO3KJIAJaHHS JHUIIE€ MpU JOCUTHh BHUCOKIM
TEMIIEpaTypl, OTXKE HE CIiJ HEXTYBaTH arakoro mosekynu iHriditopa APII. Ha piBHi yTBOpeHHS
Manux GocPopoBMICHUX paauKaliB BinOyBaeTbes B3aemolis 3 APII 13 3HaUHO MEHILIOIO €HEpriero
akTuBalli. 3 IIbOr0 MOYKHA 3alpOINOHYBATH BUKOPHUCTAHHS Y SKOCT1 IHT10ITOpPIB TOPIHHSA HE BCiel
peYOBUHH, a yTBOPEHUX (HOCHOPOBMICHUX PaAMKAJIIB, MOXKJIMBO Y CKJIAJl IHITAX, MEHII MIKIJTHBHX
XIMIYHUX IHT101TOpIB TOpiHHA. Tak, Oyno 3ampomnoHoBaHO [24] iMMoOLT3yBaTH okcuau (Gocdopy
Ha MOBEPXHI1 IUCIIEPCHOTrO KpeMHe3eMy. HacTtynHe cynepeunrBe NUTaHHS BIAHOCHO IHTEPME/IaTiB:
CH3PO, a6o (HO);PO B pesynbpTaTi mMpoBENEHOTO KBAHTOBO-XIMIYHOTO MOCHIKEHHS IICTAlIO
BHCHOBOK Ha KOPHCTb YTBOpeHHS opTodocdaTHOi KuCIOTH 3a MmexaHizMoM KopoOeiiniueBa. B
LUIOMY, [pPH MOPIBHSAHHI 000X 3ampONOHOBAHUX MEXaHI3MIB pPE3yJbTaTH KBAaHTOBO-XIMIYHOI'O
JOCIIJKEHHST MATBEPKYIOTh CIpaBeIUBICTh MexaHi3My KopoOeiiHiueBa 1 cmiBaBTOpiB [6, 21-

23].
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YUCJIIEHHOE OINIPEAEJIEHUE MPOAYKTOB PA3JIOKEHUSA
OOCOPOPOPTAHUYECKUX BEHIECTB B YCJIOBUSAX HEITHOI'O 'OPEHUSA

Kykyesa B.B., 3a0ynonoB 10.J1

KykyyBa B.B. kano. x.n., dokmopanm, I'Y « Uncmumym 2eoxumuu okpyocaroweti cpedvl HAH Yrpaunwt, vitalina.kukueva@gmail.com
3adysonoB Y0.J1., 0.m.n., unen-kopecnondenm HAH Vpainu, I'V « Uncmumym ceoxumuu okpysrcaroweii cpeovt HAH Yrpaune,
zabulonov@mail.ru

Ilymem yucnenno2o MOOenUpo8aHus NPOBEOeHbl UCCIe008aHUS  INEMEHMAPHLIX — peaKyull,
NPOUCXO0AWUX 8 npoyecce pasiodiceHus pocghopopeanuieckux eujecms, mpeoyiouux ymuiuzayuu
U UHeUOUMOPO8 YyenHo2o 20peHus. B crnyuae 5008Umo20 Xumuyecko2o 6ewjecmed paccHumanbsl
9Hepauu ocHo8HbIX cmaoduli. [lokazano, ymo 6 mpoyecce OecmMpYKyuu uccieoyemvix MOeKyIl,
Komopbvle NPU3HAHbL UHSUOUMOPAMU 20peHUs, 00pasylomcs paouxkaisl, KoOmopwvle MO2ym
CB8A3bI6AMb  AKMUBHbIE YEHMPbl NIAMeHU U, MAaKum o0pazom, 61usms Ha o00wylo CKOpocmb
pacnpocmpanenuss niameHu. Meowcoy 08yMsa paccMOmMpeHHbIMU MEXAHUZMAMU UHSUOUPOBAHUSL
niaameHu npeumyuwecmseo omoaro mexanuzmy Kopobetinuuesa.

Knwoueevte cnoea: uneubuposanue, KEAHMOBO-XUMUHECKUL pacyem, MeXaHu3smM XUMUYEcKou
peaxkyuu, npooyKmsl 0eCmpyKyuu.

NUMERICAL DEFINITION OF ORGANOPHOSPHORUS COMPOUNDS DECOMPOSITION
PRODUCTS IN THE CHAIN COMBUSTION CONDITIONS

V.V.Kukueva, Zabulonov Ju.L.

V.V.Kukueva Ph.D. (Chem.), Postdoctoral Researcher, State Institution «Institute of Environmental Geochemistry of National Academy of Sciences
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The research of elementary reactions occurring in the decomposition of organophosphorus
compounds (OPC) has been carried out by ab initio quantum-chemical calculation in the 6-31 G
basis set. Rapid elementar reactions with the inhibitor molecule, or its thermal decomposition
products, bind active centers of flame, and the removal of any of them by recombination, thereby,
reduces their overall concentration. The recombination of radicals leads to a smaller number of
hydrogen atoms in the reaction zone, which results in the decrease in chain branching and
consequently in the combustion rate as a whole. Such a behavior refers to well-known halogen-
containing inhibitors such as HBr, CF3Br and OPC such as dimethylmethylphosphonate (DMMP).
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The performed quantum-chemical calculations made it possible to predict the main thermal
decomposition products, as well as probable intermediates. The comparison of the DMMP
decomposition energy in the two well-known schemes for the transformation of this substance in the
flame showed that in the first stages there is a direct thermal decomposition only at a sufficiently
high temperature, therefore, the attack of the inhibitor molecule with active flame radicals should
also be taken to account. The results of the quantum-chemical calculations of the Werner-Kool
reaction scheme show a significantly greater destruction energy at the first stage of degradation of
DMMP, whereas the formation of phosphorus-containing PO:* radicals, which many researchers
recognized as possible traps for the active centers of the flame, occur with less energy. The
following controversial issue with regard to intermediates: CH3PO: or (HO)3PO as a result of a
quantum chemical study concluded in favor of the formation of orthophosphate acid by the
Korobeynichev mechanism. From this, it is possible to propose the use of not all substances as
combustion inhibitors, but formed phosphorus-containing radicals, possibly in the composition of
other, less harmful chemical combustion inhibitors, as an example phosphorus containing silica.

Key words: inhibition, quantum-chemical calculation, mechanism of chemical reaction,
products of destruction.
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