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BJIMAHUNE H/D-U3OTOITHOTO 3AMEHNIEHNA B PACTBOPUTEJIE

N TEMIIEPATYPbI HA HEKOTOPBIE TEPMOJAMHAMMYECKHE
CBOVICTBA TETPAMETWIEHIVIOTWIEHTETPAMMHA
(IEKAPCTBEHHOE CPE[ICTBO TEOTPOIIVH) B BOOJHbBIX PACTBOPAX

E. B. IBanos', E. 10. Jlebenena’, H. I'. iBanosa?, B. B. Bapanos’, A. H. KpaBuyenko®

Eprenmit BukropoBuy VIBaHOB, KaHJ|. XVM. HayK, CTaplnii Hay4yHblil coTpynHuK; Enena IOpbeBHa Jle6enesa,
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Brnamumuposud bapaHoB, KaH[. XMM. HayK, Hay4HbIii cCOTpyAHMK; AHrennHa Hukonaesna Kpasuenko, 1-p xum.
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"Mucruryr xumun pacrsopos um. [ A. KpecroBa Poccuiickoit akagemnu Hayk, ViBanoBo, Poccus, evi@isc-ras.ru,
eyl@isc-ras.ru

2JIBaHOBCKMIL TOCYJJapCTBEHHBINI 9HepreTmdeckmit yHmpepcuter um. B.J. Jlemmna, VBanoso, Poccus,
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‘Uucrturyr opranmveckoit xummu uM. H.JI. 3emunckoro Poccmiickoit akagemunm Hayk, Mocksa, Poccus,
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Kntouesvie cnosa: Annomauus. Ilpu memnepamypax 278,15 K, 288,15 K, 298,15 K, 308,15 K u
meomponun; cmandapm- 318,15 K u ammocpeprom oasnenuu p = 0,1 MIla usmepervt niomHocmu pacmeo-
Hble 00veM U pacuiupsie-  Pos PapMAauesmMU1ecKo20 cpedcmea «MeomponuH» UnU mempamemuaeHousmu-
MOCTMb; CMAHOAPMHAS nenmempamun (TMJIOTA) 6 msscenoii 600e (D,0) 8 unmepsane codepianuti pac-
SHmManvnus pacmeope- meopenHozo eeuecmea 6 uikane monsivrocmu om 0,01 do 0,12 monv-(ke pacmeo-
HUS; 00bI4HAT U MAKHce- pumens)”. Iloepeusnocmo usmepeHUst NAOMHOCMU ¢ NOMOWLI0 DeHcumempa Anton
nas 800a; H/D usomon- Paar DMA 5000 M (ocrawseHHo20 konebnmowseiics U-06pasHoti mpyoxoti) cocmas-

Hulil agppexm pacmeopu-  nisina He 6onee 0,03 xe-m>. Onpedenervl cmanoapmuvie (npu 6eckoHeuHom pazdas-

mens JleHUu) mMonapHole 06vembL u usobaprole pacuupsemocmu TMIOITA xax pacmeo-
pernozo 6 D;O sewjecmea, a makxe coomeemcmeyrujue D,O-H,0 usomonnvie
agpgpexmot pacmeopumens (M3). IlocnedHue 6vinu paccuumanvi ¢ UCNONb308AHUEM
pamee nonyueHHbIX OaHHbIX N0 06vemHbIM coticmaam cucmemvt (H,O + TMIJOTA).
Yemanosneno, umo HesHauumenvHole no senuyune ¥19 6 cmanoapmnom MoaspHom
ob6veme TMIOTA sospacmaiom c nosviuienuem memnepamypu.. Ha ocnosanuu
AHANU3a 8x71a008 8 crmandapmuuiii monspHolii 06vem TMIIITA 6 pamkax meopuu
macwmabuoix wacmuy, (TMY) noomeepicdeHo, 4mo MOneKyna 3mozo pacmeope-
Ho20 seujecmaa s3aumodeiicmeyem ¢ 6000ii (ocoberno 6 cpede D,0) cunvhee, uem
MeHee pasgemenenHas monexyna zexcamemunenmempamuna ('MTA) unu dpapma-
KONIOZUMECKU AKMUBHO20 «YPOMPONUHA», SBAIOU4E20CS POOCMBEHHbIM COedUHe-
HueM amunanvHoeo (knemxono0o6Hozo) cmpoenus. Cosmecmmoe o6cyndeHue 00s-
eMHO- U IHMANLNUTIHO-U30OMONHBIX XAPAKMEPUCMUK Npoyecca eudpamauuu
TMI3TA (uI'MTA) 6 pamxax TMY npuseno k 6v1600y 0 mom, 4mo CmMpyKmypHas
mampuya DO Oomxna nyuute nodxo0umov Onis 8KII0OUEHUS 8 Hee Goriee «06BeMU-
cmoii» monexynv. TMIITA.

© E. B. lBanos, E. IO. Jlebenena, H. I'. UBanora, B. B. bapanos, A. H. KpaBuenko, 2023
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T nuTHpoOBaHMA:

ViBanos E.B., Jle6enena E.10., ViBanosa H.I'., bapanos B.B., KpaBuenko A.H. Bnusuue H/D-usoronnoro samelre-
HUSA B pacTBOPUTEJIE U TEMIIEpaTypbl HA HEKOTOPbIe TEPMOJVIHAMIYECKIIe CBOJICTBA TeTPaMeTUIeHINSTHIEHTET-
pamuHa (JlekapcTBEHHOE CPe[iCTBO #e0mponiH) B BOGHBIX pacTBOpax // Om xumuu K mexHon02uu ude 3a Wazom.
2023.T. 4, Boim. 1. C. 8-24 . URL: http://chemintech.ru/index.php/tor/2023-4-1

BBengenue

YKa3aHHOE B 3ar0JI0OBKe FeTePOLMK/INYECKOe COeIMIHEHIIE, TPUBUATBLHO Ha3bIBaEMOE TET-
pamermnenauatiienterpamuaoM (TMDETA), saBnseTcs ogHUM U3 6MOaKTUBHBIX A0AMAH3A-
Ho6 (1,3,6,8-TeTpaasatpunukio(4.4.1.1>*|fogexan wim [1%.2*]ajamMan3an) - aHAJIOTOB aJjaMaH-
TaHa C a30TOM B y3Jie pa3BeTBJIeHHOro mnonoxxenus (puc. 1) [1]. Hanbonee nsBecTHbIM pop-
CTBEHHBIM MAaKPOLMKIMYECKUM COeJTHEHVEM, MMEIOLIM OTO00HYI0 «K/IETOYHYIO» VI aMU-
HAZMbHYH CTPYKTYPY MOJIEKYIIBI, SIBIAETCS ypomponuH v rekcamermnenterpamud (TMTA)
[2] (puc. 1). B ormrune ot nocnegnero TMDETA nMeer B cBOMX MOJIEKY/IAPHBIX IIUK/IAX B
IOTIOJIHNUTE/IbHbIe METIU/IEHOBbIE IPYIIIIbI, 00pasyolye 60KoBbIe Ienu (cM. puc. 1).

TMSTA Hatuen mmojse3Hoe IpuMeHeHue B KadecTBe 9 (GEeKTVBHOTO aHTHUCENITUYECKOTO
¢dapmmpenapara meomponut [3, 4], a Taxke IpeKypcopa B CUHTe3e HEKOTOPBIX TeXHOIOTIYe-
CKM 3HAYMMBIX 3d-aMJMHOIIPOM3BOAHBIX. Kak U IIMPOKO MCIIONIb3yeMoe POfICTBEHHOE JTeKap-
CTBEHHOE CPeZICTBO ypomponuH (2excamun), KOTOpoe OCHOBAHO Ha yrnoMsaHyToM Bbime [MTA
(1,3,5,7-trerpaasarpuunkio[3.3.1.1°>"| zekane), TMJIOTA mnpexcraBiaser ocoOblit MHTEPEC U B
KayecTBe IMAPATUPOBAHHOTO PACTBOPEHHOTO BellleCTBa B GU3NKOXVMUY PACTBOPOB [5-7]. 10
CBSI3aHO KaK C 3aMETHOJ PaCTBOPMMOCTBIO €T0 B BOZie [8], Tak U ¢ COBMECTHBIM NIPUCYTCTBIEM
rUApOPUIBHBIX U IUAPoPoOHBIX papMakopopHBIX rpynn B Monekynax TMIDTA (puc. 1), ko-
TOpbIe IT0-Pa3sHOMY B/IVIAIOT Ha CTPYKTYpPY BOZHOTO OKpy>KeHnsA. OfHaKo uMeroltascsa nHpop-
Malysi O CTPYKTYPHO-TEPMOAMHAMUYECKMX ocobeHHOCTAX rupparanyy TMJDTA mnoka

B€CbMa OrpaHN4€Ha.

SRS IEIR TS

Puc. 1. Cxemaruueckn ynpouieHHbsie 2D- u 3D-crpykrypst Monekyn TMTA (cnesa) 1 TMJIOTA (cupasa)

Panee [7, 9] 6b111 IOEPOOHO 0OCY>KIEHBI Pe3y/IbTaThl KAIOPUMETPUIECKOTO MCCIef[0Ba-
Hus pactBopoB TMIIOTA B o6srunoit (H,O) u tsoxenoit (D,O) Boge. B pabore [7] paccmor-
PEHBI [Ba OCHOBHBIX MOMEHTA: KaKiM 00pa3oM MHYIVIPyeMble IIPOLeCCOM pacTBOPEHN 9H-
TaIBIINITHO-U30TOIHBIE 3((EKThl COOTHOCATCS ¢ XapakrepoM rupparanyy TMIOTA u kak
OHM KOPPEMPYIOT ¢ TakoBbIMM 3¢ dexTamu pis pactBopoB T'MTA B H,O 1 D,O [10]? B wact-
HOCTM OOHapy’>keHO, 4TO B CIy4ae 3aMeHbl pacTBopeHHoro BemecrBa [MTA wa TMJI9TA
B BOJIHOJI Cpefie yCUIMBaIoTCst 3P PeKThl CTpyKTypoobpasoBanus. I1pu aToM, HecMOTps Ha 00-
pasoBaHMe [JOCTATOYHO IPOYHBIX IeTePOKOMIIOHEHTHBIX BOZOpOAHBIX cBasenl N--D(H)-O

B Bo#HbIX pacTBopax TMJIIOTA, B nponecce ruapatauy 3TOro COeAVHEHNA, I10-BUANMOMY,
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npeo6nanator rupodobHbie addekTs! [7]. BMmecTe ¢ TeM, 0OCHOBBIBasICh Ha JAaHHBIX 110 HTA/Ib-
muiiHeIM 9¢ddekram rugpatanuu, aBTopsl [9] kmaccudunmposamu TMIIDTA B nemoM Kak
«CMEILIIAaHHOE PaCTBOPEHHOE BEIIeCTBOY.

OO6111en3BeCcTHO, YTO B CWJIy KBAaHTOBOII (K0JIebaTe/IbHOIT) IPUPOIBI M30TOMHBIX 3 dek-
T0B (J1D), BbI3BIBaIOIEl M3MEHEHVE JJOHOPHO-AKIEIITOPHON CIOCOOHOCTM MOJIEKYN BOZDI
[7, 10, 11], D-cBsa3u mpouHee (HO 60sIee MOABEPKEHbI pa3pyLIEHNIO IO AeICTBYEM TeMIIepa-
Typsl), 4eM H-cBsasu. Orciopa, y4mThIBasi pe3y/IbTaThl HENAaBHETO JICCIENOBAHUA CUCTEM
{H.O(D;0O) + I'MTA} [2], BaxxHast gononHNUTe/NbHAs MHPOPMALUSA O CTPYKTYPHO-YIIAaKOBOY-
HBIX 9QPeKTax, MHAYIVMPYEMbIX MEeKMOJIEKY/IIPHBIMU B3aUMOJIEVICTBUSIMY B BOJHBIX PacTBO-
pax TMJIOTA, moxeT ObITh ITOJTy4eHa C VICIIO/Ib30BAHMEM 9KCIIEPUMEHTA/IbHOTO MTOJX0/a, pa-
3yMHO COYeTawIero B cebe «CTPYKTypO-HEBO3MYIJAMOIIMe» METOAbl  M30TOIHOTO
H,0->D,0-3amelnennst B pacTBOpuUTee M IPeUM3MOHHON JeHCHMeTpUM. ENVHCTBEHHOe K
HACTOsAIeMy MOMEHTY MCCIefloBaHMe paccMarpuBaeMblx Hamyu H/D-msoromHo-pasmmyaro-
IMXCs BOJHBIX CCcTeM 66110 TpoBeieHo Pomepo 1 Mesa [6, 12] ipy 4eTbIpex «HepeTyIspHbIX»
temneparypax: T = 293,15, 298,15, 300,15 n 305,15 K. Kpome Toro, panee [13] mMbI momyunmn
CBefIeHMsI O TeMIIEPAaTYPHBIX 3aBMCUMOCTAX CTAaHAAPTHBIX (IIpy 6€CKOHEYHOM pasOaBIeHNN)
MOJAPHBIX 06beMax V) u pacmpsemocrax Ep, = (V3 /dT),, TMIISTA B 06br4HOl Bozie B
mmamasone T = (278,15-318,15) K ¢ marom 10 K.

Mexxay TeM, KaK IMOJYepKMBAIOCh B HAIIVX IPeAbIAYIIMX KOMMeHTapuax [7, 13], nox-
JIMHHAsI IPUPOJA TEPMOAMHAMMYECKNX (B TOM 4Mc/Ie 00beMHBIX) V1D, MHAYIIPOBaHHBIX pac-
TBOpeHMeM (conbBaranyeit) TMJIDTA B BoHOIT cpefie, 1O CUX ITOP OCTAETCsI HEBBIACHEHHOIA.
[l mony4yeHus 6ojee HaJieXKHBIX M JieTA/IbHBIX BBIBOJIOB 110 0003HaYeHHOII IIpobieMe HaMu
OBbUIO IIPOBEJIEHO TOIIOTHNUTE/IbBHOE BBICOKOTOYHOE JIEHCUMETPUYECKOe VICC/IeJOBaHe PacTBO-

pos TMJIISTA B D,O B TOM >Xe [uamasoHe TeMIIEpaTyp, 4TO M B C/Iy4ae CHUCTEMBI
(H,O + TMISTA) [13].

OcHoBHasA 4YacTh

[Togpo6HOe omucaHye COeNVHEHMIA, MICII0/Ib30BAHHBIX B HAIIMX 9KCIIEPYMEHTAX, @ TAKKe
IpolLelyp U3SMEPEHNA IJIOTHOCTYU Y IIPUTOTOBJIEHNS PACTBOPOB MOXKHO HATU HIDKE B 9KCIIe-
PVMEHTA/IbHO YaCTH.

PesynbpTaThl M3MepeHMII INIOTHOCTY CBefleHbl B Tabmuiy 1. B aT011 ke Tabmuiie npuse-
JIeHbl JJaHHBIE II0 KaXymmmca MonApHbIM obbemam Vg, TMIITA B D,O. Copmeprxanue
TMIIOTA B pacTBOpE BbIpa)Kanu B BUJIE€ aKBAMOJIANIBHOCTU Myq, KOTOPas COOTBETCTBYET KO-
JIMYECTBY MOJIell paCTBOPEHHOIO BellleCcTBa, MpuxogAmuxca Ha 55,50843 mona DO nmn H,O
(I1s1 pacTBOPOB B OOBIYHOII BOJIE M,y COBIANAET C MOMANBHOCTBIO M) [14-16]. Bpibop aToik
IIKAJIBI IMeeT OIpefieiAolee 3HaYeHNe TPV MHTEPIIPeTaLy TePMOANHAMIYIECKNX QYHKIUI
TepeHoca, BKIo4as cootBeTcTByromue V3 [2, 15, 16]. HeonpesienneHHOCTD B OLIEHKE M,q CO-
craBuiIa ~3-10” Monb Ha 55,50843 M, 4TO OTBeYaeT JOCTOBEPHOCTH IIATOTO 3HAKA ITOCTIE 3aILA-

TOV B 3HAUEHUM M,q (CM. TA6M. 1).
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Tabmmma 1. OKkcrnepuMeHTanbHble 3HAYEHMSI IUIOTHOCTH Pg/(KI'M°) M KaXKYIIETocs MOJIPHOrO obbema
Vg (M*Momp') pna  pactBopoB TMIDTA B D,O B BbOpaHHBIX [Malla30HaX aKBaMOJLA/IBHOCTH
Maq [MOnB-(55,50843-M;) '] u remmeparypst T (+ 0,01 K) u mpu p = (99,6 + 0,8) xIla

Maq T=278,15K T=288,15K T=298,15K T =308,15K T=318,15K
Ps 106V(Z).2 Ps 106V(2),2 Ps 106V(2),2 Ps 106V(2),2 Ps 106V(Z),2
0* 1105,543 - 1105,795 - 1104,380 - 1101,659 - 1097,869 -

0,01089 [1105,719| 137,56 |1105,958| 138,26 |1104,539| 138,96 |1101,812| 139,61 [1098,022| 140,28
0,02345 [1105,922| 137,53 |1106,156| 138,24 |1104,721| 138,94 |1101,998| 139,59 [1098,198| 140,26
0,04041 [1106,184| 137,50 |1106,412| 138,21 |1104,972| 138,91 |1102,237| 139,56 [1098,433| 140,23
0,05352 [ 1106,408 | 137,47 |1106,616| 138,18 |1105,166| 138,89 |1102,425| 139,53 [1098,620| 140,20
0,06506 [ 1106,587 | 137,45 |1106,787| 138,16 |1105,335| 138,87 |1102,590| 139,51 [1098,780| 140,18
0,07977 [ 1106,820| 137,42 |1107,007| 138,13 |1105,549| 138,84 |1102,795| 139,49 [1098,980| 140,16
0,08037 [1106,826| 137,42 |1107,011| 138,13 |1105,549| 138,84 |1102,809| 139,48 [1099,002| 140,16
0,09928 [1107,141| 137,38 |1107,310| 138,10 |1105,834| 138,80 |1103,077| 139,45 [1099,260| 140,12
0,10184 {1107,180| 137,38 |1107,354| 138,09 |1105,870| 138,80 |1103,113| 139,44 [1099,304| 140,12
0,11743 {1107,428| 137,35 |1107,585| 138,06 |1106,104| 138,76 |1103,340| 139,42 [1099,515| 140,09
*CopeprxaHue feifTepus cooTBeTCTBYeT (99,93 + 0,02) aToM. %.

Ilna pacuera Vg , 6bima cnionb3oBaHa popmyna [2, 15, 17], BeIpakaromas o6usuti o6bem
6uHapHOTO pacTBopa V;, B IIKa/ie aKBaMOIAIbHBIX KOHIIEHTPAIMI MM,

Vi(mag) = [55,50843M; + Mym,y|/ps = Vi + Vg amaq, (1)

rue V)" = 55,50843M, /p; - o6bem umcroro pacrBoputessi (TSDKEMTO BOABI) B IIKasIe Myg>
My u M, - MOnsipHBIe MacChl KOMIIOHEHTOB, a 1Y Pg — 3HAYEHMSI IUVIOTHOCTY PaCTBOPUTENIA U
pacTBOpa, COOTBETCTBEHHO.

Cormacuo [2, 17],
I/SE(maq) = Uzzmaq + U222m§q+. o (2)

rae V.E (maq) - M30BITOYHBIT 00bEM JBYXKOMIIOHEHTHOTO PacTBOPa, OTHECEHHBIN K 55,50843 Mo-
JISIM M30ToTIoNora Bojpl. [lepeMeHHbIe TapaMeTphl Vy, UV;,, B BUPUATIBHOM pasoxeHnn (2)
MO>XHO PacCMaTpMBaTh Kak 06beMHble BKIa/bl B V;E, 06ycnoBnennbie 06pasoBaHmeM MapHbIX
¥ TPOJIHBIX arperaToB IPY B3aMOJEICTBUM MOJIEKY/I PACTBOPEHHOTO BelljeCTBa MEXY o001t
IIOJ] BIIVIAAHVEM PacTBOPUTEIAL.

C gpyroii cTopoHs®! [2, 17],

ViE(maq) = Va(mag) — Vi — Vomy, (3)
[TpuaNMMas Bo BHMMaHNe ypaBHeHNA (1)—(3), MOXHO IPUIITH K CIeAYIOI[eMY BBIPaKEHIIO:
Vp2mag = Vs(maq) -V =Vimy + vzzmgq + v222m§q+. . (4)

CornacHo ypaBHeHUAM (1) 1 (4) BBIBOABI, KacaroIIyecs MHTepIIpeTalyn VE (Maq), B 1Ie-
JIOM CHPABEJIMBBI U [/ BeMMUUHbL Vg 5 (Myq). IIpu aToM ocHoBanubiii Ha MHK-TectupoBa-
HUM 1o Kpurepuio Ouinepa CTaTUCTUYECKUII aHA/MN3 IOKAa3al, 4TO YMC/IEHHbIe 3HAYEHUS
BKJIaJia VU, B YpaBHeHUY (4) OTHOCUTENIBHO MBI I IMM MOXKHO IIpeHeOpeyb.

Vcrionp3oBaHme 97Ol (TaK Ha3bIBaeMOI «PALMOHATIBHON») METOIVIKY, OY€BUIHO, IMEET
oIpefie/IeHHbIe IPEVMYIIeCTBa Iiepef «TPAAULIMOHHON» MIPOLIe[yPOIl SKCTPALIOJIALMY B 001a-
cTy 60/IbIINX pasBefeHnit. Tak, Mcxopsa u3 ypaBHeHM (4), 9KCliepyMeHTaIbHble 3HaueHnsA V ,
HAaXOATCA B Y3KOM [Mala3oHe [OBEPUTEIbHBIX MHTEPBAJIOB OTHOCUTENIBHO JIMHUM,
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IepeceKalolleil OpAMHATY B 3alaHHOJ HaMy M3BeCTHON Touke: V. [JaHHBI QaKT Mo3BoOIseT
VICK/IIOUUTD B/IVSIHME TaK Ha3biBaeMoro a¢ddekra «rpaMMOdOHHON TPyObI», BHI3BAHHOTO Pe3-
KMM BO3pacTaHNeM HeoTlpeneNleHHOCTH B Vg , iy m,q>0 [15, 16]. 3nech BaXkHO Takxke TOfI-
YEepKHYTb, YTO B OT/IMYME OT «TPAAUIMOHHOTO» crocoba Buruncnenus Vg , [13, 16], akcnepn-
MEHTa/IbHOe 3HaueHVe IVIOTHOCTY (p;) B ypaBHeHuu (1) mcronbayercst TOIbKO ofuH pas. Ilo-
JlydeHHble TaKuM o0pasoM 3HaueHUs V, 1 V,, BMecTe C IOTPEIIHOCTSAMMU MX OIpefeeHNs
{B Buze nonyumpuuer 95%-ro goBepurenbHoro uHrepsana, +o(Vy) nu +o(v,;)}, ckommmm-
poBaHbI B TabLe 2.

Ta6muma 2. CranmapTHble MosspHble 06bembl 10°Vy (M*Monb!) M 06beMHbIE TapaMeTpbl B3aMMOMENCTBIA
10%v,, (M>55.50843 M, -monb2) st cucrem (H,O + TMIIDTA) u (DO + TMIDTA) npu usydeHHBIX TeMIIeparTy-
pax T (£ 0.01 K) m mpu p = (99.6 + 0.8) xIla

T,K | TMIOSTA B o6brynoit Boge [13] | TMIDTA B Tspxenoit Boge | D,0-H,O-usoronusiit adpdexr (8)
106V —10%v,, 106V —10%v,, 10068V —10%8v,,
278,15 | 137,41 £0,02 4,26 + 0,06 137,57 £ 0,02 | 1,92 £ 0,05 0,16 = 0,03 2,34+ 0,08
288,15 | 138,06 £ 0,02 4,20 + 0,06 138,28 £0,02 | 1,89 £ 0,06 0,22 + 0,03 2,31 £ 0,09
298,15 | 138,65 £ 0,02 4,19 £ 0,06 138,98 £ 0,02 | 1,85 £ 0,09 0,33 £ 0,03 2,34+ 0,11
137,53 £ 0,05 139,02 £ 0,05
308,15 | 139,30 + 0,02 4,15 £ 0,06 139,63 £ 0,02 | 1,83 £ 0,08 0,33 £ 0,03 2,32 +£0,10
318,15 | 139,95+ 0,02 4,11 £ 0,06 140,30 £ 0,02 | 1,79 £ 0,06 0,35+ 0,03 2,32+ 0,08

*IlaHHBIe U3 CCBUIKM [6] BbIIE/TEHDI KYPCHBOM.

Kak ynommHasnocp BblIllle, efVHCTBEHHBIM JIEHCUMETPUYECKIM MCCTIeTOBAaHIEM PacTBO-
poB TMJISTA B H,O n D,O, npoBefjeHHBIM [10 HaC IpY YeTbIpeX HepeTy/IAPHbIX TeMIepaTy-
pax, B ToM uncie ipu T = 298,15 K (cm. Tabn. 2), ocraBanace pabota aBTopoB [6]. CpaBHUBas
3HaveHu I, B TspKenmolt Bofe U3 [6] ¢ MOMy4YeHHBIMM HaMM, MOXKHO CZIe/IaTh BBIBOZ, O IIOJTHOM
COOTBETCTBMU MEXIY HMMIU. B To ke BpeMs aHaJIOTMYHBIe BE/IMYMHBI B 0OBIYHOI BOJIE pacxo-
naTcs npuMepHo Ha 1,1-10° M monp™ [13] (cM. Tabm. 2), YTO CBU/IETEIBCTBYET O CYLECTBYIO-
VX pa3/IN4INAX B METOAVKe sKcIiepuMeHTa. Kak 11 B mpegpinymux pabotax [7, 13], mbl mpupa-
Ba/IN 3/1eCh IIEPBOCTENIEHHOE 3HAUeHIe 9KCIePUMEHTAIbHBIM MTOAXO0AaM K M3MEepPeHUIO IIOT-
HOCTM PacTBOPOB ¥ NPUTOTOBIEHNI0 00Pa3IlOB PaCTBOPEHHBIX BEIIECTB M PACTBOPUTENEN C
IIPOBEPKOIT MX KadecTBa. ITO 0OYC/IOBIEHO TeM, YTO C TePMOAMHAMIYECKO TOUKM 3pEeHIA 3a-
meHa H,O->D,O sBnsercs ogHuM 13 Hambojee «TOHKUX MHCTPYMEHTOB» MU M3Y4eHV
CBOJICTB OMHAPHOTO BOJHOTO pacTBopa [2, 7]. IIoaToMy 0c0O6eHHO BayKHBIM OBLIO IIPOBEieHIE
BCEX 9KCIIEPVMEHTOB I PACUeTOB B O[JIHAKOBBIX yC/TOBIAX.

Xapakrep somony V19 8V, (H,O->D,0) ¢ poctoM TeMIiepaTypsl B BOTHOM pacTBOpe
TMI3TA nnmoctpupyercs JaHHBIMM Tab/uIel 2 1 puc. 2. TaM >ke MO>KHO HAITV 3aBUCAIINE
OT TeMIIepaTypbl IaHHbIe aBTOPOB [6] 10 paccMaTpuBaeMbIM 00bEeMHO-M30TONHBIM 3 dekTam
JUIsL 9TOJ CUCTEMBI, a TaKXe CBefleHUs O NOJydeHHoil Hamy paHee ¢ynkumm 6Vy —T mis
I'MTA xak pacTBOpeHHOTO B Boje BeujectBa [2]. [Toxxanyit, Hanbonee MHTEPECHBIM 3/1€Ch SIB-
JISI€TCSI TO, YTO, B OT/INYNE OT 3HaKonepeMeHHbIx 3HavueHnit V5 (T) B mocnenHeM ciydae, pac-
cmatpusaemblit V19 pina TMIOTA umeeT momo>xuTeNnbHbI 3HAK U C/IeTKa BO3pacTaeT IpU IO0-
BBILIIEHNN TEMIIEPATyphI B BbIOpaHHOM T-fuama3oHe. Takoro poga cuTyanus He COOTBETCTBYET
OOIETPMHATOMY HOBENEHNIO IPEUMYIECTBEHHO I'MApOodOOHOr0 pacTBOPEHHOIO BelllecTBa
[18], MOJIEKYIIBI KOTOPOTO, KaK IIPAaBUIO, 00Pas3yIoT «TUipaTHbIe KOMIUIEKChI» B D,O MeHbIIeTO
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ob6beMa, yeM B 00b19HOM Boje. [Ipu atom B nHTepBane T = 308,15-318,15 K pasmuuns B Y19
OV; mns cpaBHUBaeMBIX aMMHA/I-COMleP)KAIMX BOGHBIX CUCTEM IPAKTHMYECKM MCYe3aloT (CM.
puc. 2).

1.75 - o

.50 - o

li ¥ T T

1 l E
300 310 320
T/K

Puc. 2. H/D-usotonHble 9¢)(eKThl pacTBOPUTENA B CTaHAAPTHOM MonApHOM o6beMe TMIIOTA (e - Hammu maH-

7 1
280 290

Hble 13 Tabm. 2 u ccbinkm [13]; 0 — ccpinka [6] m TMTA; = — ccpuika [2]) B BOGHOI cpefie B 3aBUCUMOCTH OT TeMIIe-
patypsL. ITorpemHocTs B OLjeHKe 0TOOPa)KEHHOTO 3HAYEHVsI COOTBETCTBYET PasMepy 3all0/THEHHOTO (IIN [IO/IOr0)
CUMBOJIA

Kak cremyeT u3 puc. 2 cpaBHeHNe pe3y/IbTaToOB aBTOPOB [6] ¢ IO/Ty4YeHHBIMY HaMI yKa-
3bIBaeT Ha 3aMeTHbIe HECOOTBETCTBMA B XapakTepe M3MeHeHUs 8V, mys BOZHOTO pacTBopa
TMJI9TA B 3aBuCHMOCTY OT TeMIepaTypsl. [loCTaTOYHO CKa3aTh, YTO 3a¥IMCTBOBAaHHbIE U3 [6]
00BbeMHO-130TONHbIe 3¢ (PpeKThI MpeBpInIatoT Hamm 3HadeHyss npy 1< 300 K xa 1-10° m>-momp ™!
u 6ornee (puc. 2). Ognako npu nepexope k T = 305 K 3Ta pasHuIia pesko yMeHbIIAETCA U LaKe
CTQHOBMTCS OTpUIIaTeNIbHO (110 3HaKy). CTO/Ib HeOOBIYHAS CUTYALVs [TOJ0OHA TO, KOTOpas
Hab/rofanach panee npu cpaBHeHuu ¢yHkuuii 8V, (H,O->D,0) - T, nocrpoenHbix Pomepo u
Meca [6, 12] u oganm u3 Hac (E. VIBanoBbIM) [2], misa pactBopenHoro B Boge [MTA. Yka3an-
Hble /I3 n3 [6] TakKe pe3Ko YMEHBIIAIOTCS C POCTOM TeMIIEPATYPBI C TOV JINIIb Pa3HULIEH, YTO
OHU MMEIOT HeOOBSICHUMO 6ostee BbICOKMe (B 2—4 pa3a) 4MC/IeHHbIe 3HAYEHNS, YeM B CIydae
BogHoro pacreopa TMJIOTA npu T< 305 K (mmonsre cumBorst st OV Ha puc. 2). HanpoTus,
HalllJ pe3y/IbTaThl (3alI0/THEHHbIE CYIMBOJIBI Ha PYIC. 2) YKa3bIBAIOT HAa BeCbMa He3HAUNTETbHOE
Bmsane HO->D,0 3amerienns Ha o6beMHble 3¢ eKThI ruppaTanyy B CpaBHMBAEMBIX aMM-
HajJI-COflepKalllUX  BOJAHBIX  PAacTBOpax {OpudYeM, C IIOJIOKUTEIbHON  IPOU3BOJ-
Hoit (08Vy /0T),}. VinBepcusa 3Haka 06beMHO-u30TONHOrO 3dexra §V; ¢ oTpuIaTeILHOTO
Ha nono>xxutenpHbiit it TMTA npu T = 290 K (cm. puc. 2), BeposiTHee BCero, CBsi3aHa € U30-
TOIIHBIMU PA3/IN4MAMN B TEPMUYIECKO YCTONYMBOCTH COTBBATOB C IOCTOBEPHO YCTAaHOBJIEH-
Hoit ctpykrypoit Tuna CeH1:Ny-6H,0 1 CsH12N4-6D,0 [19]. B 06b14HOIT BOfie Takue arperaThl B
nennoM ctabubhbl 1o T = 287 K [2, 19]. [JaHHBII BBIBOJ, He IPOTUBOPEYUT pe3y/IbTaTaM U3y-
YeHVISI COOTBETCTBYIOLIVX SHTATBIIMITHO-U30TONHBIX 9 (PEKTOB, IPEATIOIATAIOLIIX 0YANUCHIU-
yeckuli XapakTep TUApPATALMU 9TOTO PaCTBOPEHHOTO afjlaMaH3aHa, B 3aBUCUMOCTH OT TeMIlepa-
Typsl [10]. B cBOIO O4epenp, JaHHBIE IO TepMOAMHAMIYECKUM VD, IpeicTaB/IeHHbIe Ha PUC. 2
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U B Hallleil IpeabIayLeil pabore [7], Dal0T OCHOBaHUe II0O/IAraTh, YTo 6oee ruppodOOHbIN B
crpykrypHoM oTHoweHny TMJIOTA He o6pasyeT ¢ BOZOI aHaIOTMYHBIX BOJJOPOJHO-CBsI3aH-
HBIX CMEIIaHHBIX arperaToB KJIaTPATHOTO TUIIA B VICCTIEIOBAHHOM MHTepBaje TeMieparyp. Of-
HaKO I MOATBEPXKAEHMS WM OIPOBEPXKEHMs 9TOTO 3aKII0YeHVs HeOOXONVMO OCHOBBI-
BaTbCA M HA JPYTUX MTOAXOMAX.

MbI Tak)Xe CKJIOHHBI ITO/IaraTh, YTO Hab/moaeMoe «pacxoxxaenne» B pynkuysax 6V, -T
(cM. puc. 2) MOXeT OBITb CBSI3aHO C KOHPUIYPALMOHHBIM (PaKTOPOM, a MMEHHO, C Pa3INYHO
CITIOCOOHOCTBIO AMIHA/IBHBIX MOJIEKY/I BCTPaMBAThCA B ICXOZHYIO CTPYKTYPHYIO MATPUITY KaK-
noro n3 H/D-usoromnosnoros Boxel 2, 7, 10]. Tspkenas Bopa 3a cueT 06pa3oBaHusA JeiiTepueBbIX
cBsizeil uMeeT 6ojee aXypHy0 (C 6O1bIIMM CBOOOIZHBIM 00beMOM) ¥ MeHee pacIIupsieMyio
CTPYKTYpY [2, 11, 20]. OTcClofia MO>KHO IPeATIONIOKUT, YTO Xnpakas cpefa D,O 6omee mpucmo-
cobjieHa B CTPYKTYPHOM OTHOLIEHUM I BKIIOYEHMs B ee 0Oojiee 0OBEMHOI MOJIEKYIBI
TMISTA, n Hao60poT, eciu pedb uaeT o cTangapTHoM pactBope [MTA B Tskenoit Boje, O
KpalfHeil Mepe po Temmeparyp, Ommskux k T = 290 K [2,10]. B cBow ouepenn, mpu
T =308,15-318,15 K usoronnsle pasnmuuns B 8V, MeXy CpaBHUBAaEMBIMY aMIHAJI-COfiepKa-
I[VIMY BOZHBIMM CYICTEMaMI, IO CYTH, HUBeMMpPYTCcA (cM. puc. 2). KpoMe Toro, npuBeeHHbIE
BBIIIIE BBIBOJIBI B 3HAUMTEIbHOII CTEIIEHN [I03BOIAIOT 00bACHUTD, TodeMy VIO B sHTanbnmNm 00-
pasosanus nonoctu §H,,(H0->D;0) B pamkax Teopun Macmrabroit gactuist (TMY) otpu-
maTtenbHbl Kak g TMISTA, tak u ga TMTA [7].

B kadecTBe He3aMeHNMOII TOTIOTHNUTE/IbHON MHPOpMALVy HaM IIPefiCTaB/IATCS JaHHbIE
0 CBOOOHOM WM UCKIIO4eHHOM 0ObeMe B yKa3aHHBIX TMAPATHBIX KoMIivtekcax: d = V,,,/Vy
= (9V3/0T),.

[l pacuyera mapameTpa IVIOTHOCTY YIIAaKOBKY (d) MBI BOCIIO/Ib30Ba/IVICh OL[€HKOJ BaH-

[13, 21], a Takke 06 M306apHOI pacUIMPAEMOCT UX CTPYKTYp: Ep »

Jiep-BaanbCoBOTO 06 beMa PaCTBOPEHHOTO BeecTsa: Vi, = vy, 2Ny, Tie Npy- mocTossHHaA ABO-
rafipo, KaK CyMMbI CpeJHEB3BeIlIeHHbIX 00EMOB aTOMHBIX IPMpPAIeHNII B «00bEM MOJIEKY/IbI»
Vy, 2 € UCIONb30BaHNeM KeMOpUIKCKOT CTPYKTypHOI 6a3bl JaHHBIX [22]. OlleHeHHbIe TaKUM
obpasom 3Hauenns V,, , cocraBmwmm ~92,5-10°m> monb'n ~73,2:10° M’ momp™! mia TMIISTA n
I'MTA cootBercTBeHHO. PesynbTaTsl onpenenenns d o cpaBHuBaeMbix H/D-usotonno-pas-
MMYAOIMXCA BOJHBIX CUCTeM IpMBeHeHbl B Tabiuie 3, a cooTBeTcTBylomye MO
6d(H,O->D,0) u3 sToit Tabmuiiel 1 yEoOCTBa aHam3a MpefCcTaBIeHbl Ha puC. 3.

Ta6nuua 3. 3HaueHus MapaMeTpa IIOTHOCTH ymakoBku d = V,,,/V; nna crangapTHbix pactBopoB TMIIOTA u
I'MTA B 06bI4HOII U TsDXKENOJ BOfe Ipu 0ObIYHBIX TeMieparypax (1)

T,K TMI9TA I'MTA [2]
H,O D,O H,O0-D,O H,O D,O H,0-D,O
278,15 0,6732 0,6724 -0,0008 0,6723 0,6745 0,0022
288,15 0,6700 0,6689 -0,0011 0,6670 0,6672 0,0002
298,15 0,6671 0,6656 -0,0015 0,6625 0,6617 -0,0008
308,15 0,6640 0,6625 -0,0015 0,6586 0,6570 -0,0016
318,15 0,6610 0,6593 -0,0017 0,6553 0,6530 -0,0023

CpaBHeHUe TabNMMYHBIX 3HAUYEHUI d MMOKAa3bIBaET, UTO O/ MCKIIYEHHOTO 0ObeMa B
CTPYKTYPHOI1 YIIaKOBKE aMIHAJI-COfIeP>Kalllero IMipaTHOTO KOMIIZIEKCa HECKOJIBKO YMeHbIIIa-
erca npu nepexoge or ITMTA x TMISTA, 3a uckmodeHreM COOTBETCTBYIOIIEll 3aMeHbI B
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cpene D,O mpu T = 278,15 K. Takas e TeHAEHLINA, XOTA U B TOPa3[0 MeHbIIIel CTeNeHH, Ipo-
asnaerca u npu 3amemnennn D,O Ha H,O (cm. puc. 3). Pasnuumsa B mapamerpe d cTaHOBATCSA
6o7ee BBIpR)XEHHBIMM C ITIOBBIIIEHMEM TeMIeparypbl. UTo KacaeTcs oOpa3oBaHUA OTHOCHU-
Te/IbHO 0OJlee PBIXJION YIIAKOBKM CO/MbBaTHOro koMiulekca B D,O (cMm. puc. 3), To mpupopa
3TOTO HeOOBIYHOTO 3 deKTa IT0Ka He HaIllIa Pa3yMHOTO OO'bSICHEHN .

0.0024 ™ r Nﬁ
S, 00004 . NJ_N
% i - \LN\/
o 0.000 Ny
oo 0001 ¢ e M
oo 1 N L
% -0.002 ( R
\06/ -
-0.003 4 ~N5|<_—N
, </N\/
0.004 ———F———————
280 290 300 310 320
T/K

Puc. 3. Bmusaane H/D-usoronssix a¢¢$eKToB pacTBOPUTENIA Ha MapaMeTp IVIOTHOCTU YIIAaKOBKY B CTAH[JAPTHBIX
BopHBIX pactBopax TMIIOTA (@) u TMTA (=) B 3aBucMMOCTH OT TeMilepaTypsl. OuibKa B olileHKe 0ToOpaxkae-
MOTO 3HaYeHVsI COOTBETCTBYET pasMepy 3allO/IHEHHOTO CMBOJIA

OueBUIHO, YTO ITO CBA3AHO C OCOOEHHOCTSMY KaK 00pa3oBaHMs 60/1ee MPOT>KEHHBIX 1
IPOYHBIX (3a cyeT 6OJbIIelT KOOIEepPaTUBHOCTY) D-cBsi3ell, Tak U peopraHM3aLuy pacTBOpPU-
TeJIs1 BOKPYT 60j1ee 00beMHBIX rnapodo6HbIx Monekyn TMIDTA npu obpasoBanuy feiiTepo-
3aMellleHHOTO CO/IbBaTOKOMIUIeKca. Kak MBI IIPeJIIIoNoX I BBIlle, 9TO MOXKET OBITb CBSI3aHO
C 4MCTO KOHPUTYPALVIOHHBIM (GaKTOPOM BK/IIOUEHVS O0ee IVIK/INYeCK-Pa3BeTBICHHO MO-
JIeKy/Ibl aMWHa/Ia B CTPYKTYPY TsDKenoil Boibl. B cBolo ouepenp, dakT obpasoBanms Gornee
IJIOTHOJ CTPYKTYPbI BOZIbI BOKPYT MonieKyn TMJISTA 1o cpaBHEHMIO ¢ TaKOBOII OKOJIO MOJIE-
Kyn IMTA (cM. Tab1. 3) HaXOUTCS B COT/IACUM C TeH/IeHIIVel I3MEeHEeH Vs SHTaIbIIMITHBIX 9¢-
(beKTOB, MHAYIVIPOBAHHBIX B3aIMOJIEICTBIIEM PACTBOPEHHOTO BellleCTBa C paCTBOPUTEJIEM, B
pamkax TMY {Hy, and 8H,,(H,0->D,0)} [7]. Cornacho [7], 3T0 cBA3aHO C yCUIeHMEM B3au-
MOJIeJICTBYSI PACTBOPEHHOTO BelleCTBA C PACTBOPUTENIEM, KOTOPOE B 11eJIoM 60jiee BBIPaskeHO
B cpeze D,O.

Hannune HOCTaTOYHO CUIBHOTO B3aMMOJENCTBUA Mexay Monekynamu TMIIDTA nu
BOJBI OBIIO TIOATBEPKIEHO paHee pe3y/IbTaTaMi MCCIefOBaHNA K09 PUIVEHTOB aKTBHOCTH
y ¥ MapIManbHbIX MOMAPHBIX dHepruit [M66ca go [5] B MHTepecymoImel HAC CICTeMe TIPU pas3-
JMYHBIX TeMneparypax. [Ipudem, o oueHke aBTopoB [5], ruapodobHast cocraBAomas Ur-
paeT ZOMMHMPYIOLYIO PO/Ib B nponecce rufipatanuu Kak TMJI9TA, tak u TMTA.

Hns nomydenus fanubIX o E , dyrkuya V) — T 6bi1a ampoKCMMIUpPOBaHa ypaBHEHEM
IIepBOro MOpsifKa [2]:

V2 (T) = V2(T") + Ep (T - 6), (5)
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rie 0 = 298,15 K - temmnieparypa cpasHerus (cperHeB3BelleHHas1). VI3 ypaBHenus (5) cinenyert,
gro (0Vy/0(T — 0)), = E,,. YunuTbiBas 3TO, He3aBUCAI[ME OT TEMIEPATYPbl 3HAYEHUs
Ey,(8) mma TMIOTA B obbranoit u Tsxenmoit Bome cocrasumu (0,063+0,002)-10
u (0,068+0,002)-10° m*monp!-K" coorBercTBeHHO. [TomyyeHHble paHee [2] cOOTBETCTBYOIINE
sHaverns Ep,(0) mma TMTA B H,O u D,O pasuer  (0,071£0,001)-10° nu
(0,088+0,005)-10° m*Mmonmp 1K1,

Vs cpaBHenus BenmuumH Ep, Cieffyer, 4TO TUIPATHBIA KOMIUIEKC, OOpPa3sOBaHHbII
TMIIITA, Tepmudecku 60ee yCTOYUB, 4eM B crrydae pactBopeHHoro B Boge I[MTA. Curya-
s, Ipu Kotopoii Ep »(D:0) >Ey , (H,O), BosHuKaeT B pesynbTate 6071ee 3HAYNTENBHOTO 00'b-
e€MHOTO pacHIMpeHus IPOCTPaHCTBeHHOV ceTku D-ceaseit [2, 18]. Ilpu artowm,
ecmn SEp ,(H,0->D,0) pna I'MTA wmmeer mOCTaTOYHO BBICOKOE 3HauyeHue, ONMM3KOe K
0,02-10° m*momp - K {mmm ~20% ot Ej ,(D:0}, To coorerctByromuit 13 g TMDETA co-
CTaBJIA€T /IUIIb HA OfHY TpeTb OT 3Toro. OTHOCUTeNbHass comoctaBuMocTb Ej ,(HO)
u Ej ,(D;0) B nocnentem ciydae CBUIETENbCTBYET O MPUOTNSUTENLHO OMHAKOBOM BIMAHUN
TeMIIepaTypbl Ha CTPYKTYPHbIE YIIAKOBKY I'MAPATHBIX KOMIUIEKCOB, 00pa3oBaHHbIX 3a cyeT H-
u D-cBsaseit. OgHAaKO 9TO MOKeT OBITH OOYC/IOB/IEHO U B3aMIMHOJ KOMIIEHCAL[Mell TePMUYeCKI
VHJYIMPOBaHHBIX BKJIaZIOB B 00beMHO-M30TOIHBIN 9P PeKT.

Ocoboe 3nauennme s anammsa Gynxumit Ey , — T u 6Ep , — T, NOMyYeHHBIX B JAHHO
paboTe, MMeeT NpUMEHEHNe M3BECTHOTO TEPMOJVHAMIYECKOTO COOTHOIIEHNS, IPeIOXKeH-
Horo XertepoM [23], B COOTBETCTBUM C KOTOPBIM IIpK y4eTe ypaBHeHMs (5):

(0Cy2/0p), = ~T(9Ey,/0(T — 9))p, (6)

rae Cp, - cTaHfapTHasA (HapluanbHas Ipu 6eCKOHEYHOM pa3baB/ieny) MOsApHasA u306apHas
TEIUIOEMKOCTb PACTBOPEHHOTO Bell[eCTBa.

B cooTBeTcTBMM C yKa3aHHBIM IIOJXONOM PAacTBOPEHHBIE BEIeCTBA, «pa3pylIaloliye
CTPYKTYpy» U «00pasyolye CTPYKTYpPy», JO/DKHBI IMETb COOTBETCTBEHHO OTpUIIaTe/IbHbIE U
MONIOXKNUTeNbHble TIpousBonnbie Ep, u OE,, mo temmeparype. B cmyyae, xorma
(BEI‘,"Z /o(T — 9)) ~ 0 (B mpepenax OMMOKM OIpeeneHNs ), 9TO MOXKET CIY)KUTD ‘TIOKas3are-
7ieM” TOTO, YTO HY OfIVH U3 YIOMSHYTBIX Bblllle 3¢)(eKTOB He UrpaeT JOMUHUPYIOLIE Poiu B
6eckoHeuHo paszbasnenHoM pactBope TMIIDTA. OTciofa BITeKaeT BHIBOJ, YTO TUAPODOOHBIE
u ruppoduabHble 9pPeKThl UIpaloT OAVHAKOBO 3aMETHYIO POJIb B IIpOIlecce TMApaTalun
TMISTA. B To ke BpeMs yMO3aK/IIOYeHMs, CAeTaHHble TOJIbKO HAa OCHOBe «KpuTepus Xe-
TIUIepa» JWIN MHOV 00BbeMHON XapaKTepPUCTUKY PaCTBOPEHHOIO BelllecTBa (BK/II0Yas COOTBET-
crBytonye VD), He NpeACTaB/IAIOTCSA OfHO3HAYHBIMY, ITOCKOJIBKY 3aBMUCAT OT CTEIIEHU YyB-
CTBUTETIBHOCTY BBIOPAHHOTO CBOJICTBA K Ha/lbHOAEVICTBYIOINM 3¢ deKTaM B M3ydaeMoll BOA-
Hoit cpepe [2, 13]. CefoBare/nbHO, HEOOXOAMMO B KayecTBe JOTIO/THEHNSI pacCMaTPUBATh APy-
TVie TIOIXO/bI, YTO MBI M IIOIBITAINCH CHENaThb HIDKe, MCIO0Nb3ys BeipakeHus TMY [24].

OueBUHO, YTO BO3MOXKHOCTY Mcnonb3oBanys TMY s anamsa 06 beMHBIX 3¢ deKToB
B TaKMX CYJIBHOACCOLMMPOBAHHBIX (Yepe3 BOLOPOIHbIE CBSA3M) >KUAKOCTSAX, KaK BOJHBIE pac-
TBOPBI, BeCbMa OTpaHM4eHsl [7, 9, 24]. OmHaKO HEKOTOPBIX TPYAHOCTEN MOXKHO M30€XXaTh, eC/u
o0BbeMHBIe CBOJICTBA PACTBOPEHHOTO BelllecTBa uccnefosars comectHo B H,O u D,O. ITomy-
yeHHbIe Ipy 3ToM VIO HaroT noe3Hyo MHPOPMAINIO O 3aBUCALINX OT CTPYKTYPhI 0COOEHHO-
CTAX B3aVIMOJIEVICTBYsI PACTBOPEHHOTO BellleCTBa C pacTBopuTeneM [7].
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[Tomgo6HO MoJsipHOIT dHTaNbIUKU combBatauuu Agy, HY [7, 9], sHaueHnue V) B pamkax
TMY moxeT OBITHIIPENCTABIEHO B BU/iE JBYX OCHOBHBIX COCTABIIAIOINX: 00'beMa, CBSI3AHHOTO
C 06pa3oBaHMeM TIONOCTH V,, ¥ 06HEMHOTOBK/IA/IA OT B3aMMOJIENCTBIS PACTBOPEHHOTO Bellle-
ctBa ¢ pactopurenem Viy, [13]:

VZO = I7c:av + I7int + BT,lRT) (7)

e koppexmupyrouuti dieH 1 RT oTBeyaeT M3MEHEHMIO CTAH/JAPTHOTO COCTOSHYA MEXIY
ra3oM ¥ pacTBOpPOM (R- ra3oBasi IOCTOSAHHAA, a fr 1~ KO9(DOUIVEHT N30TepMIIECKOI CXKIMa-
e€MOCTHI M30TOoIos10ra Bogbl [20]).

O6mbeMHblit BKAaf Vo, B V5 06BIMHO ONPeieNsieTCs 110 BhipaxkeHuo [13]:

Veaw = BraRTLy/(1 =) + 3yz(1 + 2)/(1 = y)* + 9y?2* /(1 = y)°] + mNpd3 /6, (8)
rie y = TNyd3 /(6V,)- xoaddunment ymakosku monekyn pacrsopurens (H.O mmn D,O),
d,ud; - «qyuaMeTpbl MacIITabMPOBAaHHBIX chep» AJIA MOTEKYT 000MX KOMIIOHEHTOB PacTBOPa,
z =d,/dy, a V;- Mmonspubiit 06beM pactBoputens. 3Hadenne d,= 8,35-10"° m g TMIIDTA
OBIIO 3a¥IMCTBOBAHO M3 HALIMX NPeAbIAyLIMX pabor [7, 13]. To sxe camoe KacaeTcs M Be/TMUMHBI
d, (TMTA), pasHoit 7,28-10"° M. ITpy 3TOM IOCTY/IMPOBANIOCD, UYTO 3HAUEHMA d, HEe 3aBUCAT OT
BBIOpaHHOII TeMIlepaTyphsl. B cBoro odyepenb, 3HaYeHuA d;, oueHeHHble A1 H/D-usoromnoo-
TOB BOJBI KaK 3aBUCSIE OT TeMIIePaTypbl JUaMeTphl meepovix cep [7], cBeneHbI B TAOMUILY
4 Bmecte co 3HaueHVAMY Vi fr 1, 3auMcTBOBaHHBIMY 13 pabotsl Kemma [20].

Ta6muua 4. [Tapamerps! ypaBHenus (8) iy Boramcienus Vo, /(M>Monb!) mist sxuakux 6unapbix cucrem {H,O
+ TMDETA (HMTA)} u {D,O + TMDETA (HMTA)} npu pasnnunbix Temneparypax T (£ 0.01 K) u p = 0.1 MIIa

K 106V, , M*-monp! 1065 ,, TIa! 101%d, , m¢
H,O D,O H,O D,O H,O D,O
278,15 18,016 18,114 49,28 51,55 2,724 2,716
288,15 18,031 18,110 46,78 48,42 2,730 2,723
298,15 18,069 18,134 45,24 46,48 2,733 2,727
308,15 18,123 18,178 44,42 45,38 2,731 2,726
318,15 18,193 18,241 44,15 44,90 2,729 2,725

B tabmuiie 5 npuBeseHb! JaHHBIE O 3aBUCSIIUX OT TEMIEPaTypbl 3HAYeHMAX Viy 1 Vi,
paccYMTaHHBIX [/ KaXXAoro u3 pactsopeHHbIX B H,O u D,O agaman3aHoB.

Ta6nuna 5. O6bemMHble cocTaBiAone V), BoruncieHHble 10 ypaBHeHusaM (7) u (8), pns pactsopos TMIIOTA u
I'MTA B 06BIYHOII U TsDKENON BOfie IpU pa3nnyHbIX Temneparypax 1 (+ 0.01 K) u p = 0.1 MIIa

TerpasTHIeHANITUIEHTETPAMMIH TexcameTuyieHTeTpaMuH [2]
T,K 108V, M*-mMomp ! =10V, M*-Momp ! 108V, M*-mMomp ! =10V, M*-Momp !
H,O D,O H,O D,O H.O D,O H.O D,O
278,15 264,98 265,71 128,71 129,33 184,68 185,26 76,94 77,92
288,15 264,67 264,98 127,73 127,86 184,44 184,68 75,81 76,12
298,15 264,83 264,93 127,30 127,10 184,57 184,65 75,20 75,17
308,15 264,90 264,89 126,74 126,42 184,62 184,62 74,61 74,37
318,15 265,67 265,60 126,89 126,49 185,22 185,17 74,68 74,27
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AHa/nu3 JAHHBIX TaOUIIbI 5 TOKA3bIBAET, YTO 3HAUEHMUSA V,,, TIONOXKUTENbHBI 1 60/Tee YeM
B JIBa pasa peBbImaioT (10 abCOMOTHOl BeMUMHE) OTPUIIATETbHbIE 3HAYeHMs Vi, TOCKOMbKY
Vg & Viay- Kax u B cyuae V3, «06beM MONOCTI» YBEMMYMBAETCA C PA3MEPOM MOJIEKY/bI pac-
TBOpeHHOTO aMuHazna. OffHaKo, B OT/MYME OT Pe3KOTo BospacTanus H.,, IpM TEIIOBOM pac-
UIMPEHNY CTPYKTYPbl PaCTBOPEHHOTO BelllecTBa [7], TeMIlepaTypHble 3aBUCUMOCTU V., Kak
mas TMJIDTA, tak u s TMTA umeror XapakTephble ocobenHoctu. Tak, usmenenns Ve, (T)
B I[e/IOM He mpeBbImanT ~0,8-10° M*MoIb ' B MCCIeOBAHHOM TeMIIepaTypHOM MHTepBae.
IIpu sToM 3aBucUMOCTH Vo, 0T T 17151 060MX alaMaH3aHOB MMEIOT CTA60 BHIPAKEHHBII MUHM-
myM BOmmsu T = 290 K B H,O, cmemaromuiicss B CTOpoHy 60jiee BBICOKMX TEMIIEPATyp HO
T =308 K B DO, rjie umeer mecto unsepcus sHaka M3 B V., (T) ¢ oTpuijaTebHOro Ha HOJIO-
XUTenbHbIi. To e caMoe TIPOMCXOIUT U CO 3HaYeHuAMM Vi, ipu 607/1ee BHICOKMX TeMIIepaTy-
pax (cm. Tabm. 5).

Cronb HeTpuBMaNbHOE ToBefieHne GyHKIMit Vo, — T OYEBMIHO CBA3AHO C OTMEYEH-
HBIMJ BBIIIIE PAa3IN4MsIMU B CBOMICTBAX OOBIYHON M TSDKEION BOJBI U, C/IEIOBATEIBHO, B CIO-
COOHOCTY KJIETKOOOPa3HBIX MOJIEKY/I PaCTBOPEHHOTO BeleCTBa BCTPAMBATHCS B MCXOIHYIO
CTPYKTYPHYIO MAaTpUIy Ka)KIOTrO M3 CpaBHMBaeMbIX pacTBopuTesneil. OTHON 13 BO3MOXHBIX
IPWYYH 3[1eCh MOKeT OBITh 00jIee BhIpayKeHHas CHOCOOHOCTD MOJIEKYII TSKeIO BOABI K 00pa-
30BaHMIO BOJOPOIHO-CBA3aHHOTO CO/IbBATHOTO KoMIUIeKca ¢ Monekynot TMJI9TA (I'TMA)
(6, 7]. I pyroit mpMYMHOI MOXKET SIB/IATHCS «M30TOIHBI CABUT» IO IIKa/Ie TEMIIEPATYP MEXIY
obnacTAMM aHOMAMbHBIX M3MeHeHMit B Vi u fBri, a take dy ana sxupxux H,O um DO
(cm. Tabm. 5). ITockoIbKy 9TV Be/TMYMHBI HATIPSAMYIO CBSA3aHBI C IPOCTPAHCTBEHHBIM pacIpesie-
nenueM Monekyn H,O u D,O B cTpyKTYpHOI! yIIakoBKe KaXKIOJ 113 CONMbBATUPYIOIINX CPef, Ta-
Koe 00bsICHeHNe TIPENCTAaB/IsIeTCs BIIO/IHE pasyMHbIM. COITIaCHO HAIIUM IPEAbIAYLIIM BbIBO-
nmam [7], 3To Takxe cormacyercs c TeM, uto sHaueHns H,,(H,O->D,0), KoTopble BO3pacTaioT
o BenmmuuHe ripu nepexope ot TMTA x TMJIOTA, pns o60oux affaMaH3aHOB OTPUIIATE/IbHBI.

[opo6n0 Hiy [7, 9, 10], oTpumatenbbiii sHaK y Viy, (cM. Tab71. 5) 03HayaeT, 4TO B3auMO-
mevictBus TMJI9TA - H,O(D,O) u TMTA - H,O(D-,O) B 11eiom 6071€e CuibHbIE, Y€M B3aIMO-
IeVICTBUA MEXIY MOJIEKY/IaMy M30TOIIOIOTa BOABL. DTO ABJIAETCA IPUUMHON POCTa CTPYKTY-
PUPOBAHHOCTY BOJHOTO OKPY>KEHM: KaKIOIr0 U3 paCTBOPEHHBIX BellecTB. TeHfieHIuA 13Me-
HeHUA Vint npu 3ameHe MTA na TMJIOTA nopTsepsxjaeT cfjelaHHbIe HAMM BbIIlle BBIBOIBI O
6oJee BBIpa)KEHHOM MEXMOJIEKY/ISIPHOM B3aIMOJEVICTBUY B THIPAaTOKOMIIIEKCE, COTepKa-
meM 6oiee pa3BeTBIEHHBIT affaMaH3aH. OCHOBHYIO POJIb B YBe/IMYEHNUI CTPYKTYPUPOBAHHO-
ctu pactBoputens (H,O wm D,0) Boxkpyr TM/IOTA, no-Buaumomy, urpaet a¢pdeKT ruppo-
¢dobHOI ruppartaunu [5, 7-9], HOCKONBKY pasnndne MeX/y BYMs CpaBHIBaeMbIMM alaMaH3a-
HaMJ COCTOUT B JBYX JOIOJHMUTENbHBIX rpynmax >CH, B Mojieky/ie KIeTKOIof00HOTO THIa
(cm. puc. 1).

Y4uThIBas CTPYKTYpO-3aBUCUMBIN XapaKTep TepMOAMHAMMYECKMX (KaK YIIaKOBOYHBIX,
TaK ¥ 9HEPreTMYeCKNX) XapaKTepUCTHUK Ipoliecca combBaTauym [18, 25] Mo>kHO mpepnono-
KUTb HalM4ie OYeBUIHON B3auMMOCBA3M Mexny VID B Vi, u Heay, a Taxoke Vig v Hipe amis
TMDETA nmu HMTA, pactBopeHHOTO B Bofie. be3yc/loBHO, «KapTIHA 3BOMIOLUN» KaXK0M U3
Takux QyHKIUI OyfeT 3aMeTHO MEHATBHCS IIPU Iepexojie OT OFHON TeMIIepaTyphl K APYTOIL.
CooTBeTCTBYIOIIVIE KOPpe/IALNM IPeICTaBIeHbI Ha pIC. 4, g, 6.
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Puc. 4. B3anMoCBs3b MeXAy OOBEMHBIMY ¥ SHTA/IBIMIHBIMU M30TOMHbIMY 3¢ dexramu B TMU-BKagax ot
obpasoBanms onoCcTi (a) M B3aMMOJENCTBUS PACTBOPEHHOE BEIECTBO-PACTBOPUTEND (6) I/ BOSHBIX pac-
tBOopoB TMJIDTA(e) u TMTA (=) B nccregoBanHoit o6mactu Temneparyp. Oumoka B OLleHKe 0TOOpaskaeMoro

3Ha4Y€HVA COOTBETCTBYET pasMepy 3alI0THEHHOT'O CMBOJIA

ITpencraBneHHble Ha puc. 4, a pe3ynbTaThl IOKa3bIBalOT, 4T0O BauAHKe H,O->D,0-nso0-
TOIMHOTO 3aMellleHNsI B PaCTBOpUTesie Ha TeHneHIyn usMeHenus Gyukumn He,, (T) — Vouo (T)
B 00blLIIeil cTeneHy MposiBisieTcs B cmydae pactBopa TMJIDTA B Boje u npu 6oee HU3KUX
TeMIiepaTypax. Heckonbko MHas cuTyanus MMeeT MeCTO B C/Iy4ae CpaBHEHUA KOPpeALVOH-
ubix saBucumocteit Mexny SHin (T) u 8V, (T). B oT/munme oT TeMmepaTypHbIX 3aBUCUMOCTEINR
8Hiyo(H,0->D,0) (cm. puc. 4, 6), AnanasoH M3MeHeHus COOTBETCTBYIOLIET0 00 BEMHO-M30TOII-
Horo a¢ddekr a cyxaercs npu 3amene TMTA na TMJI9TA. MbI onaraem, 4To 3TO CBA3aHO C
nepepacrpefie/ieHreM BKIaJlOBB TepMoAHaMudeckye 3¢ ¢GeKThl B3aMOAEICTBIA IIPY AeiiTe-
pUpOBaHMM MO/EKy BoAbl. Kak MbI OTMeYasy Bbllle, IPUYMHOIN TOMY, B IIEPBYIO O4epelb, MO-
XeT ObITh ycuneHue rufipodobHbIx a¢dekToB 3a cuer H6omee NpouHsIx cBsseit D-O--D [2, 7,
10, 18]. CornacHo BeIBOfiaM [7], JTaHHOE 0OCTOATENBCTBO, BO MHOTOM OO'BSICHSET TOT (DAKT, YTO
snavenus SHi,(T) MONOXXUTETbHBI M BO3PACTAIOT NIPM Mepexofie Kak K ajjaMaH3aHy ¢ 6oiee
00 eMHOII MOJIEKYJION, TaK 1 K 00jiee HU3KMM TeMIlepaTypaM (cM. puc. 4, 6). B cBoto ouepenp,
otHocuTenbHbI BKIaf N--H(D)-O-cBsi3u B mporecc CTpyKTypoobpasoBaHs, O-BUIVIMOMY,
BbIlIle B BOZHOM pactBope [MTA BceficTBIe YIIaKOBOYHO-CTEPUIECKIX OCOOEHHOCTEI! Ipo-
Ijecca TU/ipaTalyy 3TOro ajjaMansana [2, 10, 26].

OtMmeueHHBIT GakT 6o/ee BBIPAKEHHBIX OOBEMHBIX M3MEHEHUI, MHAYLMPOBAHHbBIX
H,0->D,0-usoronubeiM 3aMenienyeM npu B3anmopericrsum I'MTA c BogHO cpefoit, cOOTBeT-
CTBYeT CIIOCOOHOCTY 3TOTO PAaCTBOPEHHOTO BellleCTBa B3aMOJIe/ICTBOBATD C MOJIEKY/TAMI pac-
TBOPUTeE/IA TOCPEICTBOM BOJOPOJHBIX CBA3ell. I[IpoMoTHpoBaHHas yKa3aHHBIM 3aMellleHeM
pasunia B 8Vi,; MeXy CPaBHMBAEMbIMY COEJIMHEHNAMI aMUHATIBHOTO TUIIA C OBbIIEHNEM
TeMIIepPaTypbl CTAHOBUTCA BCe MeHee OTYET/IMBOIN U IIpakTudecky ucuesaer npu T = 318,15 K

(cm. puc. 4, 6).
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SKCHCPI/IMCHTa}IbHa}I qacTh

Ounennsit kpucrammdecknit oopasery TMIIDTA (ta6. 6) 6611 ocymen mpu T'= 323 K
B BaKyyMMPOBaHHOM IIKady B Te4eHNe IBYX CYTOK, a 3aTeM OblT u3Menb4eH. [TomydeHHbI HIO-
POIIOK XPaHM/ICS B CBETOHEIIPOHMI[AeMOM BaKyyM-aKcuKaTope Hap P,Os. Temmeparypa mas-
NeHus obpasiia, oIpeeneHHas ¢ MOMOIbI0 KaWUIAPHOro ycrporictBa Sanyo Gallenkamp,
6bu1a (456.010.5) K. JIuteparypusle gannbie: (455.7+0.5) K [7] n (456.5+0.5) K [27].

Ta6muna 6. IIponcxoxxpeHne 1 YNCTOTa MCCIefoBaHHOro obpasya TMIIOTA

XapakTepnucruka PacTBOpeHHOE BelecTBO (B MHAVBMAYAIbHOM KPUCT/UINIECKOM COCTOSHIMN)
CTpyKTypa, MONeKy/IsIpHas N\
6pyrTOo-dopmyna u MOmsp- <|\/> CsHisNy: M,=168.2420
Has Macca M,, g-mol N\_\/N
Per. Ne CAS 51-46-7
Haspanne mo NMIOITAK 1,3,6,8-Terpaasarpunukio[4.4.1.1**] nonekan

OpuruHasbHbI cuHTe3 [7, 13, 28], BBIOTHEHHDI OHIM U3 HAC
VIcTounuK MOTy9eHns
(B.B. bapanoBbIM)

VcxopHas 4ucroTa
> 0.98 (mocne cuHTE3A)
B MOJISIPHBIX BOJAX (M.J.)

JIBoitHas nepexkpucraymsanys us sranona (Fluka: puriss) ¢ mocnemyromieit

Mertoq ouncTku CTajiuelt IPOMBIBaHMI OX/IaXKIEHHBIM AMATWIOBBIM 3pUPOM
(Fluka: ACSreagent) [2, 7, 13]
Koneunas yncrora > 0.996 (c copeprxanyeM ocTaTo4HoI Boxbi< 0.0001 Mm.4. o metony Kapna
B MOJISIPHBIX BOJAX (M.J.) ®uepa)
Merop aHanmsa BricokoaddexTrBHas XUAKOcTHaA XpoMaTorpadus (BIIKX)

AYTeHTUYHOCTb IIOfTOTOBJICHHOTO HIJIsI 9KCIepuMeHTOB mpemapata TMJIIDTA 6bina
TaK)Xe OXapaKTepusoBaHa nocpencTBoM usMepenus ero SIMP-'H u SIMP-C cnektpos B
IMCO-ds (otHOCUTENBHO TeTpameTwicuaana) npu T = (300+1) K ¢ ncnonp3oBaHmem criek-
tpomeTpoB Bruker AM (I'epmanus) c wacroroit 300 u 125 MI'li, cooTBeTCTBeHHO. Pe3ynbraTs
Hammx SIMP-cneKTpockonmyeckux SKCIepuMEeHTOB OBUINM COIIOCTABIEHBI C MMEIOIMMUCS B
npyrux ucrounukax. [Tonyuennore 'H-xumcnsury, § /m.j., cocraBusiume 3,78 (¢, 8H, 4CHz) u
3,09 (c, 8H, 4CH,), [OCTaTOYHO XOPOLIO COTVIACYIOTCSA C JIUTEPATypHBIMU [JaHHBIMM:
3,98 (¢, 8H) 1 3,26 (¢, 8H) [28] n 3,89 (¢, 8H) 1 3,17 (¢, 8H) [29]. AMP-"*C cnexTp, oTBe4aBImINMit
3HaueHMsM O /M.A. = 58,12 (CH,) un 73,19 (CH,), Tak)e BIIOTIHE yIOB/IETBOPUTETBHO COITIACY-
eTCsl C aHAJIOTMYHBIMIY JJAHHBIMY U3 pabor [28, 29]: 58,57 u 73,74 (28], n 58,58 1 73,54 cooTBeT-
cTBeHHO. HekoTopble pacXoXKeHus MeXAy ITONTy4eHHbIMU HaMU ¥ APYTUMM 3HaYeHUsAMH O,
HO-BUJIIMOMY, CBs3aHBI C OcOoOeHHOCTsAMU MeTopaukyu SIMP-usmepennit. [Ina nomydeHus
HaJIe>KHBIX KO/IMYECTBEHHBIX Pe3y/IbTATOB B HAIMX 9KCIIEPUMEHTaX ObUIO IPeyCMOTPEHO 10-
cTato4Hoe BpeMA Mexay AMP-ckannpoBanuammu.

Bopa mpupogHOTo M30TOITHOTO COCTaBa Iepel IKCIepUMeHTaMy OblIa IeMOHM3MPOBaHa
U IBX/IBI IIepeTHaHa 10 YIeTbHON 97IeKTponpoBofHOCTY K = 1,3-10° Cm-cm™. Tspxenas Bopa
(Chemical Lines, Poccus) ¢ cogepxanuem D,O = (99,93+0,02)% mac. u « = 3,0-10° Cm-cm™
(maHHBIE TIPOU3BOAUTENSI) UCIONB30BANTACh KaK TakoBas. CopepkaHue feiiTepusi B obpasiie

D,O KOHTpomMpoBaM IO TPOCTONl aANUTUBHON CXeMe, OCHOBAaHHO! Ha CpaBHEHUU
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9KCIEePUMEHTA/IbHO MTOJTyY€HHBIX JAHHBIX MO ITIOTHOCTY C TAKOBBIMM /I aOCOTIOTHO HeiiTe-
pO3aMel[eHHO TSKeJI0i BOJbI TPY Pa3/IMYHBIX TeMieparypax [20]. ComeprkaHue 0CTaTOYHO
H,O B Ts>xe1071 BOfie y4UTHIBAIIOCH IIPU pacdeTe MoysspHoit Maccsl My (D,O) B mporecce npun-
rorosneHns H/D-us3oronHo-pasnnyaomuxcsa BoAHbIX pactBopoB TMIDTA.

Pacropsr TM/IOTA B H,O 1 B D,O Heo6xofuMoro coctaBa roTOBI/IV B3BELIVBAHMEM C
HOTPelrHOCThI0 5107 1 Ha aHamuTudeckux Becax AND GH-202 (Smonus). [Ina atux ueneit
VICTIO/Ib30BA/ICh TePMeTNYHbIE CTeK/ISTHHBIE KOMIOBI (06BeMoM ~ 40 cM?) 1 CyX0il IpO3padHbII
HepYaTOYHBIN OOKC.

[InoTHOCTM PacTBOPOB Py U3MEPSIN € MOMOLLbIO AeHcuMeTpa Anton Paar DMA 5000 M
(ABcTpus), cHabxeHHOTO Konebmomeiicss U-o6pasHoit TPyOKoit (13 CTeKIa «IIMPeKc») ¢ 00b-
eMoM ~2 cMm’. Temmeparypa B M3MepUTE/bHOI s4YeliKe MOAAep>KMBaIach IOCTOSHHON IO
0,01 K. Bce meHcuToMeTpudeckye 3KCIEPUMEHTHI IPOBOAVIIN PV aTMOCPEPHOM JIaBIeHUN
p = (99,6+0,8) xIla. [Iporenyps! poBefieHNs IKCIEPUMEHTA U KaIMOPOBKY MOAPOOHO omu-
CaHBI B IPYTUX UCTOYHMKAX [2, 13, 15, 18]. Bce M3MepeHMsi IIOTHOCTY IIPOBOAMINCE B U30M/Ie-
ManbHOM PeXXMMe, OCHOBAHHOM Ha CKaHMPOBAHMM IO BCEM TeMIIepaTypaM KOHKPETHOTO pac-
TBOPa, 3aIIOJIHMBILIETO JIEHCMMETPUYECKYIO AYENKY, C TIOBTOPEHMEM CKaHMPOBAaHUA CIENYIO-
miero pactsopa. KauecTBo «MecTHOI» BOJbI, IPUMEHAEMOI B 9KCIIEPUMEHTAX, CCTeMaTiyde-
CKM IIPOBEPS/IN NyTEM CPAaBHEHMA €€ IVIOTHOCTH € 3TAJIOHOM INIOTHOCTH «CBepX4mcTas Boja»
(ot xommany Anton Paar). IIpy nATHKpaTHOM M3MepeHNM 3HAUYCHM Py (maq) BOCIIPOM3BO-
AVMINACD € TOYHOCTBIO 10 0,005 kr-M~. ITorpenrHocTs n3MepeHns, 06ycIoB/IeHHAs HaIIIeM B
KOMIIOHEHTAX pacTBopa MMKpoIIpuMeceli, oneHnBanach kak MeHee 0,01 xr-m”. To >xe camoe
OTHOCUJIOCH U K B/IMAAHUIO HEOTIPEMIeTIEHHOCTEN IPY MOMy4YE€HNM HY>KHOV KOHIIEHTPAaLMM pac-
TBOPEHHOTO BelllecTBa. TakuM 00pa3oM, ¢ yU4eTOM BJIMSHMS BCeX BO3MOXKHBIX aKTOpPOB 00-
I1asi MOTPELIHOCTh U3MepeHMs Py He npesbimtana 0,03 Kr-M~, 4TO B 1I€JIOM He IPOTUBOPEYNT
pexoMerpanyaM [30] MO MCIIOIb30BAaHMIO AHATIOTMYHON YCTAHOBKY I AEHCUMETPUIECKUX

3KCIIEpVMEHTOB.
BroiBonb1

OcHOBHas 1ie/Ib HACTOAIIEr0 UCCIeJOBaHNA 3aK/II0Yalach B IOYYE€HUN JOIIOTHUTE/Ib-
Hoit MHpopManuu 06 o6beMHbIX XapakTepuctukax TMIIDTA (TeTpameTnnieHAMITUIEHTETPA-
MJHA) WK IIpenapaTa meomponuH Kak pactBopeHHoro B Tspkenoli (D,O) Bope BemecTsa ¢ uc-
II0/Ib30BAaHEM Pe3y/IbTaTOB IIPELM3MIOHHOTO M3MePEeHM IJIOTHOCTU YKa3aHHBIX paCTBOPOB I
paHee IOTYyYEeHHBIX COOTBETCTBYIOIIMX JaHHBIX ms cucteMbl (HO + TMJIOTA) B Tex xe
YC/IOBMAX. Y CTaHOBJIEHO, UTO, Kak U B cydae TMTA (rekcameTyieHTeTpaMIHa) UK YpOompo-
NUHA — PaCTBOPEHHOTO Bell[eCTBa a/[aMaH3aHOBOTO THUIIA C AHAJIOTMYHOI aMJHAIbHON (KIIeT-
KOIO#0OHO1I) MonekyapHoit cTpykrypoit —H,O->D,0, n3oronHoe 3amelieHne B pacTBOPH-
Tejle OKa3blBaeT He3HAYUTeTbHOE BJIMSHYE Ha CTAHZAPTHBIN MOApHBIL 00beM TMJIOTA B
Bojfie. B oTmmume ot mHBepcuy 3HaKa (C OTPULIATETHBHOTO HA IIOIO>KMUTENbHBIN) B 00'beMHO-
nsoronHoM addexre (VI3) mmsa TMTA B Boge ipu T = 290 K, M9 mna TMIITA okasasncs no-
JIO>KMUTETIbHBIM ¥ BO3PACTAIOIIMM C POCTOM TeMIIepaTyphl. ITa HeOObIYHAs CUTYaLA He OTBe-

JaeT OOBIYHOMY IIOBEIEHMIO IIPEUMYILECTBEHHO I'MAPO(OOHOTO pacTBOPEHHOTO BeIeCTBa,
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MOJIEKY/IBl KOTOPOTO 00pasyIoT TUApaTHble KOMIUIEKCH B D,O, Kak IpaBulIo, MEHbIIETO 00b-
eMa, YeM B OOBIYHOII Bojie. B cBOX0 o4epe/ib, M30TOIHBIE PA3IMINA B CTAHAAPTHOM MOJLAPHOM
ob6beMe CpaBHIBAEMbBIX aMIHA/I-COAEPIKAIVIX BOTHBIX CYICTEM IMIPAKTIYECKI MCYe3at0T BOMU3N
T=318K.

SddeKT paspbIxieHns MONEKY/IAPHON yIakoBKy obpasyorerocst B DO compBaTHOrO
komiviekca TMJIDTA noka He Haies pa3yMHOTo o0bsicHeHus. O4eBUIHO, 3TO CBSA3aHO C 0CO-
OeHHOCTAMM KaK 00pasoBaHus 6ojiee IPOYHBIX FeTEPOKOMIIOHEHTHBIX D-cBsi3ell, Tak U peop-
raHM3alVV paCTBOPUTeE/IS BOKPYT 6071ee 00beMHBIX riupodo6HbIXx Moekyn TMIDTA. B cBoro
odepefb, pakT o6pasoBaHuA Oojee IIOTHON BOJHON CTPYKTYphbI BOKPYT Monekyn TMISTA,
II0 CPaBHEHMIO C TaKOBOJ 0Ko0 MosieKyn I'MTA, cooTBeTCTBYeT TeHIEHIMM M3MEHEHNUA 9H-
TaTbIUIHBIX 9((eKTOB, MHAYIMPOBAHHBIX B3alMOJEJICTBYIEM PacTBOPEHHOTO BeIecTBa C
pacTBOpuTeNIEM B paMKax Teopuy MacmtabHbix yactul, (TMY). A yMeHHO, 3TO MOXeT OBbITh
CBSI3aHO C YCUJIEHNEM B3aMIMOJEVICTBIA PacTBOPsAEMOTO BelleCTBa C PACTBOPUTENIEM, KOTOPOe
B Lie7IoM 6ortee BeIpakeHO B cpefie D,O. Pe3ynbraThl aHa/m3a BKIa0B B CTAHAAPTHBII MOJISP-
HBIII 00beM B paMkax TMY mO3BOJIAIOT HPEAIIONIOXUTh, YTO CTPYyKTypHass marpuna D,O
JTydllle IpUCIIOCO0/IeHa /I BK/IIOYeHN B Hee 6oree 06beMHOIT Monekynsl TMIIDTA, yem ato
MMeeT MeCTO B Claydae MoseKy/bl pasMerienusa TMTA. B cBoio odepefp, 3a cyeT nepepacrpe-
Jie/IeHVsI MeXXIy TUpodUIbHON U ruApodoOHOI COCTaBIAMMMY 00beMHOT0 3¢ dekTa comb-
BaTalluy IpU JeiTepMpOBAHNUN MOJIEKY/I BOJbI CTPYKTYpPHbIe NIpeBpallieHNs, BbI3BaHHbIE B3a-
umogpeiicreueM 'MTA ¢ BogHOI cpeoi, IO-BUANMOMY, 60/1ee BBIpasKeHBI.

Haub6ornee nutepecHsiM mpepcTaBisercs ToT $akt, uto V9 B o6pemHom TMY-Bkage ot
B3aMIMOJIEICTBIA PACTBOPEHHOTO BELECTBA C PACTBOPUTENEM IIpeTepIEeBalOT MHBEPCUIO 3HAKA
C OTpUIIATe/IbHOTO Ha MonoxuTenbHblil BOmsu T = 298 K B cryqsae TMTA u ipu 6o7ee BbIco-
kol Temneparype it TMJIOTA. [JaHHBI (aKT, BEPOATHO YKa3bIBAIOLINII HA AMAMIA30H TeM-
nmepaTyp, B KOTOPOM BOJOPOJHO-CBSI3aHHBIe arperatsl cocraBa ['MTA-6H,O (wm
I'MTA-6D,0) Tepsr0T CBOI yCTONYMBOCTD, CTABUT I10J] COMHEHM€ CYIIeCTBOBaHIE II00OHOTO
pojia arperaToB K/IaCTEPHOTO TUIa B BOAHBIX pacTBopax TMIIDTA kak 6onee ruppodobHOTO
aMMHAJIBHOTO PacTBOPEHHOTO BelllecTBa (110 KpaiiHeil Mepe, IpU BBIOPaHHBIX TEMIIEPATypax).
K coxxanenuto, anpTepHaTuBHasA MHGOpPMANVA O HaIN4YMM B BOZHOM pactBope TMIIOTA
CTPYKTYPHO-YIIOPAZOYEHHBIX YCTOIYMBBIX arperaTtos (CONMbBAaTOB) B HACTOsAIIee BPeMs OTCYT-
CTBYeT.

Kpome 3Toro, ofHMM 13 OCHOBHBIX HEPELIEHHBIX OCTAeTCS BOIPOC O TOM, JeJICTBU-
tenbHO 1 TMJIDTA BepieT cebs1 Kak IpeuMyIeCTBEHHO THAPOo(OoOHOE pacTBOpEeHHOE Belle-
CTBO, KOTOpO€e CIIOCOOHO 0OPa3oBBIBATh ¥ IIPOYHBbIE BOJOPOLHBIE CBSI3U C BOJOIL, U KaK IIO-
C/IeHMe COOTHOCATCS CO CBS3SMM, 00pa3yoImuMucs B BOFHbIX pacTBopax ITMTA? [Ina nop-
TBEP>KIeHV A HEKOTOPBIX HAIMX YMO3AaK/IIOYeHNI Obl1a ObI BeCbMa I07Ie3Ha JOIIO/THUTE/IbHAS
nHpOpMaNMA 3KCHEPUMEHTA/IBHOTO U TEOPETUYECKOTO TONMKA O CTPYKTYPHOM COCTOSTHUU
TMJI9TA (xak ruapaTMpOBaHHOTO BelllecTBa) B BoAHON cpeme. OTClofia, Hallle ja/bHeliIee
uCCrIeloBaHMe Oy/ieT HallpaB/IeHO Ha MOTydeHye 3aBUCALINX OT TeMIIepaTyphl JaHHbBIX 00 9H-
TanbIMsx pasbasnenus pactsopoB TMIIITA u TMTA B H,O u D,O ¢ nocnenyroleit orieHKOM
SHTATBIINITHBIX K03 UIMEHTOB IapHOTO B3aMMOJENCTBN PaCTBOPEHHOE BEIIEeCTBO - pac-

TBOpPE€HHOE BEUIECTBO.
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B/IMAHVE KOHIOEHTPAIIVIOHHBIX ITAPAMETPOB PACTBOPA
TOMOTEHHOW CUCTEMBI Fe(II) - Fe(I1I) - I/TUIIVH - Na(H)ClO4- H,O
HA COCTAB OBPA3YIOIINXCA KOMIUVIEKCOB

M. Paxumosa, J. @. Paiizynnosona, [Ix. A. [laBrarmoesa, I'. b. dmosa

My6amupa PaxumoBa, 1-p XuM. Hayk, npogeccop; IpkuH Paiisymio Paii3yniosona, KaHp. XUM. HayK, JOLEHT;
IIxaxoHryn AcaHxoHOBHa JlaBlmaTioeBa, KaHf. XUM. Hayk, foueHT; ['ynpyxcop Bo6oHasaposHa JmioBa, KaHf.
XJVIM. HayK, CT. IIpeIL.

TamKUKCKMit HallMOHA/IbHBLI YHUBepcuTeT, [lymanbe, Peciy6mnka Tamkukucrad, muboshira09@mail.ru.

Kntouesvie cnosa: Annomayus: Memoodom oxucnumenvrozo nomenyuana Knapxa-Huxonv-
aeneso (II), weneso (1I1), enu- CK020 U3yueHvl npoueccol Komnnexcoobpasosanus 6 cucmeme Fe(Il) — Fe(111)
YUH, KOMNJIEKCbl, KOHCMAHMA - enuyun - Na(H)ClO, - H;O npu memnepamype 308.16 K, uonnoii cune
obpaszosanust, uonnas cuna, me-  pacmeopa 0,75(Na(H)CIOy), Creamy= Crean=1-10" u Cgiy= 3-10° monv/n 6 un-
o0 oKcpeoMempust, OKUCTU- mepsane pH 0.5-8.5. Ilonyuenvl sxcnepumenmanvtHvle Kpusvle 3a8UCUMO-
MenvHAsT PYHKUUS cmu SIC cucmemvr om koHueHmpayuouHolx napamempos: pH, pCre,

PCrey, pCr. ITokasarno, umo 6 usyueHHoli cucmeme HOPMUPYIOMCT KOOPOU-
HAYUOHHDbLE coeOuHeHUs Fe(111) cocmasa: [FeHL(H,0)s]*",
[Fe(HL),(H,0)4]*", [Fe;(HL)2,(OH)x(H:0)s]*, [Fe""Fe"(HL),(OH).(H:0)s]*",
a maxxice Fe(I1I): [Fe(HL)(H,O)sJ*, [Fe(HL)(OH)((H:0)4]J",
[Fe'Fe"(HL),(OH)»(H:0)s]*". Ins pacuema xoHcmanm 06paso8anus Kom-
N71eKCO8 UCNONb306AH MO0 HOCIE008AMENLHO20 NPUOTIUNEHUS eopermu-
4ecKkoll U IKCHePUMEHMANILHOU OKUCTUMENLHOL PYHKUUTI ¢ npumeHeHuem
npoepammuot Excel.

T nuTupoBaHMA:

Paxumosa M., @aitsynnosona 3.9., lapnarmoesa JIx.A., Omosa I'.b. BmsaHme KOHIIEHTPAI[MOHHBIX IIAPAMETPOB
pacrBopa romorenHoit cucrems! Fe(II) — Fe(III) — rmuun — Na(H)ClO,s - H,O Ha coctaB 06pasyrommxcs KoM-
wiekcos // Om xumuu k mexonoeuu wiae 3a wiaeom. 2022. T. 3, Bbi. 4. C. 15-21. URL: http://chemintech.ru/in-
dex.php/tor/2023-4-1

BBengenue

['niuH AB/sieTcs: OMAEHTATHBIM 0M0/TOrMYeCKY aKTUBHBIM MranzoM. OH MOXeT Koop-
IVMHVPOBATD IO aMMHO- ¥ KapOOKCU/IBbHOI IpylIaM, popMupoBaTh IIpy 3TOM C IOHAMU Me-
TaJ/IOB TOMOsII€PHBIE, OVsAIepHbIE U reTeposiiepHble KOMITIEKCHI [1].

J3ydeHne MpOTONMUTUYECKIX CBOJICTB IIMI[VHA B 9KCIEPYMEHTA/IbHBIX YCIOBMAX 00pa-
30BaHVA KOOPAVHAIMOHHBIX COeAMHEHNI U TOCTPOEHNE AMaTPaMMBbI pacipefie/IeH s IOHHBIX
($hopM aMMHOKMCIIOTBI TOKA3bIBAIOT, YTO KaTroHHas ¢opma rmuyHa (NH;CH,COOH)* npu-
CYTCTBYeT B pacTBope /b B cMecu ¢ 6unossipupiM noHoM (NH;CH.COO)* npu mobom

© M. PaxumoBa, 3. @. ®aiizymno3ona, Jx. A. Jlasnartmoesa, I'. b. Dmosa, 2022
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3HaueHuu pH<4.0, B o6mactu pH>4.0 oH cymjecTByeT B Bujie LIBUTEP-MOHA, a mpu pH>9.0 — B
Buge aunona (NH,CH,COO) [2].

MeTonoM MOTEeHIMOMETpUM NpU MOHHON cujie pacTBopa 0.01 MO/Ib/1 ¥ IpU BBICOKUX
3HayeHMs1x pH mokasano popmupoBanme komiuiekcoB coctaBa [Fel]* u [Fel,], rme L - rm-
UHAT-MOH [3]. PaccumTaHbl cTyneHuaThle KOHCTAHTBI HECTOMKOCTM paBHbIe 5.0-107° n 3.0-10*
COOTBETCTBEHHO.

B paborte [4] gna cucremst Fe''-Fe'-Gly npu nonHoit cune 0.5 MOJIb/7 U B IIMPOKOM UH-
tepBanie pH = 1.4-10.6, Creary = Creay =110 Cery =110 Mob/71 IOKa3aHO 0O6pa3oBaHue IIN-
nuHAaTHBIX KoMiutekcoB Okenesa (II): [FeHL(H.O)s]** (IgB = -0.70£0.04), [FeL(H.O)4]*

(IgB = 6.0040.02),  [Fey(L)s(OH)(H,0)]> (IgB =  3.9840.02), [Fe(OH)(H,O)s]*
(IgB =-9.50£0.03), aTaxxke >xemesa (IlI): [FeOHJ]** (Igf = -2,70+0,02), [FeHL]**
(IgB = 1,00+0,04), [Fe(HL)]** (IgB = 0,70+0,04), [Fe(HL).OH]** (IgB = 1,20£0,03),
[Fe;sLs(OH).]* (IgB = 42,00£0,02), [Fe;Ly(OH),]° (Igp = 3,28+0,02), [Fe(OH),]*

(IgB = -4,59+0,04).

[Tpu nounoi cune 1.0 monb/n n Temmneparype 298 K nmokasano o6pasoBaHue IJIMIHAT-
HBIX KOMIUIEKCOB TPEXBAJIEHTHOTO XeJle3a ¢ [uTep-noHoM coctaBa: [Fe(HL®)]** (Igf = 1.47),
[Fe(HL®),]** (IgB = 3.49), [Fe(HL*)A]** (IgB = 0.32) [5].

Ilenpio HacrosIeil pabOTHL AB/IAETCA U3yYeHMe MIPOLeCCOB KOMIIEKCOOOPa3oBaHUs B
cucreme Fe(II) — Fe(IlI) — rmmumn — Na(H)ClO, - H,O npu Temneparype 308.16 K 1 nonnoit
cute pactBopa I = 0.75 Monb/.

SKCHCPI/IMCHTa}IbHa}I qacTh

[l M3yyeHnst mpoieccoB 00pasoBaHusA IIMIMHATHBIX KOMIUIEKCOB xene3a (II) u sxe-
ne3a (III) 6b11 MCTIONTB30BaH METON OKUCTUTETbHOTO ToTeHI[nana Knapka-Hukonbckoro [6-8].
[Tpy mpoBeseHNM 3KCIEPUMEHTOB VCIONb30BAMNICDH IepxmopatTsl kemesa (III) n xenesa (II),
VICXOZIHbIe KOHIJEHTPaLM/ KOTOPBIX OIPeNe/sUINCh TPMIOHOMETPUYECKUM U OMXpOMaTOMeT-
PUYECKMM MeTOZIaMM COOTBEeTCTBEeHHO [9, 10]. KoHIeHTpanms 1cxogHo 5KBUMOJIEKY/IAPHOI
cMecn niepxopartoB xenesa (II) u sxenesa (I1I) yrounsmace 6MXxpoMaTOMeTpUYECKIM METOLOM
nyTéM BoccraHoByeHus xenesa (III) go sxenesa (II) ¢ momomrpio pemykropa I>xoHcoHa [11].
Konnenrpauus NaClO, mpeaBapuTebHO OUMIEHHON ITePeKpUCTAIM3AIMEN OIpefie/siach
BecoBbIM MeTofioM [12]. Xnmopuas kucnora HCIO4 Mapku «x.4.» ucronb3oBanach 6e3 mpensa-
puTenbHOM ouncTKy. KOHI[eHTpauys rujipoKcusia HaTpusl OIpefie/isinach METOLOM IIPSIMOTO
tutposanns 0.1 M pactBopom conanoit kucnotrsl HCl 3 ¢pukconana [13].

CornacHO MeTOfly OKcpegMeTpuy [6-8] HeoOXOomuMO IoTy4eHye SKCIepUMeHTaIbHBIX
3aBMCUMOCTe 371eKTpoABIDKYyIIelt cvbl (E, mV) oT crefyomyx KOHI[eHTPalMIOHHBIX IIepe-
merHbix: pH(-1gh), pCream(-1gCream), pCrean(-1gCrean) 1 pCi(-1gCuL), Tie h — aKTUBHOCTD MOHOB
Boz1opofia; Creamy — KOHL[EHTPALMsI OKUCTIEHHON HopMbl MeTamna; Creq — KOHIIEHTPALVsA BOC-
CTaHOB/IEHHOV popMbI MeTama, a Cui— KOHI[EHTPALMs IJIMIVHA.

Meropyka sKcriepyMeHTa 3aKkmodaercs B usMepernn S/ C ranpBanndeckmx anemeHToB [ i IIL.

Pt/Fe, Fe*, Gly, H,0//Cl, AgCl /Ag(I)
Pt/Fe*, Fe**, Gly, H,O/ctexno/0,11 HCI/AgCl /Ag(II)
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N3smepennsa I]JC ranpbBaHNYeCKUX 371€MEHTOB IIPOBOAMINCH Ha MOHOMepe IB-74 ¢ Tou-
HocTbI0O +1 mV. 3Havenusa pH mccrenmyeMblx pacTBOPOB KOHTPOIMPOBAIUCH CTEKISHHBIM
3/IEKTPOJIOM I10 KaMOPOBOYHOIT KPMBOJL. JHAUEHMS CTAaH/JaPTHOTO ITOTEHIajIa X/Iopcepeopsi-
HOTO 97IEKTPOfa ObUIN B3sTHI U3 CipaBOYHMKA [14], a paccuntannas Benmnunna v = 2.303RT/F

npu Temneparype 308.16 K pasna 59.16 mV.
O6cyxpmeHne pe3yIbTaToB

Merop OKCcpeMeTpui MIMPOKO UCHONB3YETCs B XOJI€ MCCIEMOBAHNS PEAKIINIT KOMIUIEK-
coobpasoBanus [4, 15-17].
Peakiuio komrutekcoobpasoBanus xenesa (II) u xenesa (III) co Bcemu dhopmamu -

IOHa C Y4€TOM I'MAPOINUTNYIECKUX IIPOLLECCOB MOKHO IIPENCTAaBUTD B BII€

gFe(H,0)s** + xL + (s-k)H;0* + (y-x-s)H,O = Fe,H.L(OH), + (H,0), 8> (1)
pFe(H0)6*" + IL + (1-0)H;0" + (v-I-s)H.O = Fe,H,L(OH), + (H,0), %+, (2)

TZie g — AepHOCTb KoMIUteKcoB xenesa (I1I); - umcmo muranaos; s — 41C/I0 IPOTOHMPOBAHHBIX
TPYIII JINTaH/Ia B KOMIUIEKCe; k — 4nco KoopanHupoBanHbIx OH -rpym; p — AfepHOCTD KOM-
IIeKcHoOTo coefimHeHuA xenesa (II); v — uncmo koopauHMpoBanHbIX OH -rpynm. YkasanHble
YaCTUIBI SIB/IAIOTCA OAsMCHBIMIY, TaK KaK OHM BCE COCYLIECTBYIOT B MCC/IEYeMOIl CUCTeMe U
OKas3bIBAIOT B/IMAHME JPYT Ha JIpyTa.

[lna ompepeneHusa cocraBa KOMIUIEKCOB, OOpasyOIIMXCSA B JMCCIELYeMOil CUCTeMe,
a TaKoKe 3Ha4eHUI 6a3ycHbIX yacTuy (g, p, s, I, k) cormacHo Teopum MeTopa OKCpegMeTpun
ObUIN TIO/Ty4YeHbl 9KcnepuMeHTanbHble 3aBucumocty DJC (E, mV) ot pH pactBopa npu noH-
Holt cyte 0,75 MOJIB/TT M pa3/IMYHBIX KOHIIEHTpayAX xenesa (puc. 1).

ITomyyeHHbIE Pe3y/IbTAThl IOKA3bIBAIOT, 4TO ¢ oBbIeHNeM pH fo 2,0 3JJC cucrembl He
MeHseTcs. COITacHO TeOpUM METOZIa OKCPeMETPUI 3TO CBUAETEIbCTBYET 00 OTCYyTCTBUM IIPO-
ecca KoMIurekcoo6pasosanus. [lanee OJIC cucreMbl yMeHbInaeTcs. B cooTBeTcTBUM € ypaB-
HeHueM HepHcTa 9T0 TOBOPIT 0 BO3HMKHOBEHIIE IIPOLiecca KOMIIIEKCO00pa3oBaHMA, KOTOPBII
npotekaeT 1o pH oxono 9,0. Cnenyer OTMETUTD, YTO C yMeHblIeHneM KoHueHTpanyu Fe (11I),
9acTb MeTa/UIa OKJC/IEHHOIT (OpPMBI pacxofyeTcs Ha GOpMUpOBaHIe KOMIUIEKCA, KOIMYECTBO
CBOOOJHOTO MeTajlIa yMEHbIIAeTCsl, @ HoTeHIyan anekTpopa (31C B ToM uncie) — yMeHblIa-
ercs. C [pyroil CTOPOHBL, C yMeHbIIIEH)eM KOHIIEHTPAI[M BOCCTAaHOBJIEHHOM (POPMBI MeTaslIa
37MEKTPOAHDIV IOTEHLIMAJI YBE/IMYMBAETCSA COINacHO ypaBHeHMIo HepHcra, a 9J1C cucremsl no-
BbImaercs (kpusble 1-3, puc. 1).

Bo Bcex MOMydYeHHBIX SKCIEPUMEHTA/IbHBIX 3aBuUcUMOCTAX E ot pH, dopmupyrorcs
HaK/IOHBI, KOTOPbI€ COIJIACHO TEOpUU OKCpPeMETPUN COOTBETCTBYIOT IIOC/IE[OBATEIbHOMY
($hopMUPOBaHNIO IMHENHBIX YYaCTKOB € TaHTeHcamy yra: 0, -v, -2V, -V, 0, CBUJIeTe/IbCTBYIOIUX
o crynenyaroM KomiutekcoobpasoBanuu Fe (III) u Fe (II) (puc. 2). 9Tn 3aBUCHMOCTY IIO3BO-
JISTIOT OIpefieNINTDb 00lee KOMMYeCTBO IMAPOKCUIBHBIX U IJIVIIVHATHBIX KOOP/IMHIPOBAHHBIX

JINTAaHAOB BOKPYT LIEHTPA/IbHOT'O MTOHA KOMHHCKCOO6P&3OB3TCTIH.
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Puc. 1. 3aBucumocts I[C or pH B cucreme: Puc. 2. 3aBucumocts IIOC (E, mV) or pH

Fe(Il) - Fe(IIl) - pmmuma - Na(H)ClIO, - H,O
pu Temmeparype 308.16 K u nonHoilt cune pactsopa
0,75 Creqy = Creqry = 1-10°. Kpusbie orHOCATCS:
1 - Cpe(m) = CFe(H) = 1-10’4; 2 - CGly: 3-10’3; 3 - CG]y =
5-10° mMonb/n

YCTaHOBTIeHO, 9TO IIpoIecc KOMHH€KCOO6P330B&HI/IH B I/I3Y‘ICHHOI7'I CUCTEME ABJIACTCA

s cucremsl Fe(Il) - Fe(Ill) - Gly - H,O npnu
C}:e(n) = Cpe(m) = 1'10’3, CGly: 3.103%u1=0.75 MOJIb/IL.

CTYIIEHYaThIM M IIPOTEKaeT B MMpoKoM mHTepBane pH ot 2,0 no 9,0. [lamee cucrema craHo-
BUTCA HeycroiumBoy u OJ]C cucrempl pe3Ko najaer.

ITomry4eHbl sKcriepMMeHTanbHble KpuBbIe 3aBucuMocTy IJIC oT mokasaresns KOHIIEHTpa-
1y okuceHHoN popmbl xernesda (pCox). OHU MMEIOT IPSMOJIMHEHBIN XapaKTep ¢ HAKIOHOM
-v (xpusble 1, 3-4, puc. 3) u -v/2 (xpusas 2, puc. 3). CormacHO TeopuM MeTOfIa 9TO CBUJIETe/Ib-
CTByeT 00 06pa3oBaHMN B VICCTIEyeMbIX PaCTBOPaX MOHO- U OVMAIEPHBIX KOOPAVHAIVOHHBIX

coenuuennit Fe (I11).

Emv E.mV
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Puc. 3. 3aBucumocts IAC (E, mV) ot pCre any 151 CU-
cremsl Fe (IT) - Fe (III) - Gly - H,O mpu T'=308.16 K;
I=0.75 u Cay= 3-10° monb/n. Kpussie oTHOCATCSA K

Puc. 4. 3aBucumocts I[C (E, mV) ot pCre ay A1 CU-
cremsl Fe (IT) — Fe (III) - Gly - H,O mpn T'= 308.16 K;
I =0.75u Cqy= 3-107 Monb/n. Kpusble oTHOCATCA K

pH:1-3.0;2-45;3-6.0,4-8.0 pH:1-3.0;2-45;3-6.0,4-8.0

Yepes oskcnepuMeHTanbHble TOUYKM 3aBucumocreint E-pCrq mpu pasmnmuHbix pH MoxHO
IIPOBECTI OJVIH JIVHEVHBII YYaCTOK C YIIOBBIM KO3 QUIVIEHTOM V, YTO OTBeYaeT 00pasoBa-
HIIO0 MOHOSAJePHBIX KOOPAMHAIVOHHBIX COe/IHeHHBIN >kere3a (II) Bo BceM M3ydeHHOM MHTep-
Baste pH (puc. 4).

Yucno MomeKyl IIMIVHA, BXOAAMINX BO BHYTPEHHIOI KOOPAVHAIMOHHYIO cdepy Kak
JIMTaH[bl, YCTaHAB/IMBA/IOCh HA OCHOBAHU COBMECTHOTO PacCMOTPEeHM:A SKCIepUMEHTaIbHbIX

saBucumocrent E-pCy (puc. 5).
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Ha npuBenieHHBIX KpUBBIX (CM. puC. 5)
B 3aBUCUMOCTY OT pPH 1 KOHIIeHTpaLuu I/n-
I[HA MOXXHO BBIIEMUTb HPSMOJIMHEIHbIE
Y4acTKU C YITIOBBIMU KoadduimeHTaMu v,
2v. CpaBHeHMe 9TUX HAKJIOHOB C Teopueil
MeTo/ja II0Ka3bIBaeT, YTO B COCTAaB KOOPAM-
HAI[MIOHHBIX COeIMHEHNIT II0 Mepe yBende-
HMsSI KOHLIEHTpAIMM I/UIMHA MOTYT BXO-
[UTH OIVH M JiBa JIATaHJA.

CocraB 06pasyrommxcs KOOPANHAIIN-
OHHBIX COeIMHEHNIT YCTAHOBJIEH II0 pe3y/Ib-
TaTaM aHa/IM3a HAKIOHOB 9KCIIEPYIMEHTAIb-
HBIX KPMBBIX ¥ CTEXMOMETPUYECKON MaT-
PUILIbI 3HAYEHUI UX YITIOBBIX KO3 uIeH-

ToB (Tadn. 1, 2).

TOM 4, BbINMYCK 1, 2023

EmV

100 o

z 2,5 3 as a is 3
Puc. 5. 3aBucumocts IC (E, mV) or pCy mis cu-
cremsl Fe(II) - Fe(IlI) - Gly - H,O npu T = 308.16 K;
I=0.75u Cqy= 3-107 monb/n. Kpusre oTHOCATCS K
pH:1-3.0,2-45;3-6.0,4-8.0

Ta6bmuma 1. DxcrepyMeHTaIbHbIE 3HAYEHM YITOBBIX Ko ¢unyentos 3aBucumocreir J1C oT KOHIEHTpaLu-

oHHbIX TepeMeHHbIX crcTeMbl Fe(IT) — Fe(IIT) - rauuuH - Bopa mis komiutekcos Fe(III) mpu T = 308.16 K, I = 0.75;

CFe(II) = Cpe(m) =1-103n Cc,ly: 3.10°3 MOJIb/N

. Haxkmon saBucumoctn 3JC
Ne, O61acTh MMHETHOTO
OT KOHIIEHTPALMOHHBIX IapaMeTPOB CocTaB KOMIITIEKCOB
I/ | yd4acTka 1o mkane pH
pH pCox PCre pCL

1 0.5-2.2 - - - - [FC(H20)6]3+

2 2.0-3.5 -v -v - v [FeHL(H,O)s]**

3 3.5-5.0 -2v -v - 2v [Fe(HL).(H,0).]**

4 5.0-6.8 -2v -v/2 - v [Fe>(HL),(OH).(H.0)s]**

5 6.8-8.5 -2v -v v v [Fe"Fe'(HL),(OH),(H,O0)s]**

Tabmmma 2. OKcrepyMeHTalIbHble 3HAYeHNs YIIOBBIX Koo duimentos 3aBucumocreil SJIC oT KOHIEHTpaI-

oHHbIX TepeMeHHbIX cuctembl Fe(II) — Fe(III) - rmuuuH - Boga ast komitekcoB Fe(IT) mpu T = 308.16 K, I = 0.75;

CFe(H) = CFe(III) =1-10% u CG1y= 3107 monb/n

O6acTh MMHETHOTO Haknon 3aBucumoctu 31C
Ne, y4acTKa o mxane pH OT KOHLIEHTPAlMOHHbIX TaPaMeTPOB CocTaB KOMIUIEKCOB
/o pH PCox PCred pCL
1 0.5-3.5 - - - - [Fe(H,O)q]*
2 3.5-5.8 2v - [Fe(HL)(H,O)s]*
3 5.8-7.0 -2v - [Fe(HL)(OH)((H,0)4]"
4 7.2-8.5 -2v -v [Fe"Fe™(HL),(OH),(H,O)s]**

Ha ocHOBe cTexmoMeTpu4ecKoil MaTPUIIBI C Y9€TOM II€PBOIL IIPOV3BOJHOI 00IIeTo ypaBs-

HEHVIA OKMCIUTENDBHOIO IOTEHIMa/Ia CYCTEMbI OT KOHLIEHTPAlIlMOHHBIX IIapaME€TPOB COCTaB-

JIeHa XMMIYecKasi MOJie/Ib CYIeCTBYIOLIVX B M3y4eHHOII CcTeMe paBHOBecuii (Tabt. 3).
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Tabmuua 3. Xummdeckast Mofie/b MOHHBIX paBHOoBecuit cuctemsl Fe(Il) — Fe(III) — rmuumu — Boga ipu T = 308.16 K,
I= 0.75; CFe(H) = CFe(III) =1.10%u CG1y= 3.10% MOJIb/JT

UucneHHble 3HAYEHUS
Ne, MO/I€/IbHBIX ITAPaMETPOB
CocTaB KOMII/IEKCOB
n/m g P s ! k
Fe(11I) Fe(II) H L OH
1 1 0 1 1 0 [FeHL(H,0)s]**
2 1 0 2 2 0 [Fe(HL),(H,O)4]**
3 2 0 2 2 2 [Fex(HL),(OH),(H,0)s]**
4 1 1 2 2 2 [Fe™Fe(HL),(OH),(H,0)s]**
5 0 1 1 1 0 [Fe(HL)(H,0)s]*"
6 0 1 1 1 1 [Fe(HL)(OH)((H,0).]"
7 1 1 2 2 2 [Fe"Fe™(HL),(OH),(H,0)s]**

XuMmyeckue MOJeNIM MOTYT OBITh MCIONb30BaHbI /I COCTaB/IEHUS KOMIIBIOTEPHBIX
IIpOrpaMM I pacdeTa MOZe/IbHBIX TapaMeTPOB peaKunit GOpMIpPOBaHNA KOMIIIEKCHBIX COEMIM-
HEHUII: KOHCTaHT 00pa30BaHMsI, MOJIbHBIX J0JIell, MAKCYMA/IbHON CTEIIeH) HaKOIUIEHUs U 00-
J1acTey JOMUHMPOBAHUA.

BriBonb1

1. Metogom OKCpeaMeTpun Knapka-Hukonbckoro U3y4YeHbI IIPOLIeCChl
KomiuiekcoobpasoBanus B cucreme Fe(Il) — Fe(III) — rmmunsn - Boga mpu T = 308.16 K, I = 0.75;
CFe(H) = CFe(m) = 1'10’3, CFe(n) = Cpe(m) =1-10*u CGly: 3-10’3, CGly: 5.10° MOJIb/IL.

2. YCTaHOBJIEHO, 4TO NPOLIeCcC KOMIIEKCOOOPa30BaHMs B M3YYE€HHON CHCTEMe SIB/ISETCS
CTyIIEHYaThIM M NpOTeKaeT B mupokoM uHTepBane pH ot 2,0 mo 9,0. [lanee cucrema craHo-
BUTbCA HeycTomunBoi 1 DJ]C cucTeMbl pe3Ko majaer.

3. ITomy4eHnbl sKcriepuMeHTanbHble 3aBUCUMOCTY DJIC crcTeMbl OT KOHIIEHTPALIVIOHHBIX
napameTpoB pH, pCox, pCres, pCr, COCTaBNIEHA CTEXMOMETPUYECKAs MAaTpNIIAa (MaTeMaTHIecKas
MOJIe/Ib) YMC/IEHHBIX 3HAUYeHMIT MX HAaK/IOHOB, aHA/IN3 KOTOPBIX O3BOJIVII OIIPENETNTh COCTAB
dbopMupyoINXCA KOMIIEKCOB.

4. [TokasaHo, YTO B M3y4EHHOII cricTeMe GOPMUPYIOTCS KOOPIAVHALMOHHbIE COeMHEHVS
Fe(III) cocTaBa: [FeHL(H,O)s]*", [Fe(HL).(H,O).]*", [Fe.(HL).(OH),(H,O)s]*,
[Fe"Fe'(HL),(OH),(H,O)s]**, a Taxxe Fe(Il): [Fe(HL)(H.O)s)**, [Fe(HL)(OH)((H,O).]*,
[Fe"Fe™(HL),(OH).(H,O)s]**.

5. BeiaBieHO, 4TO noBblleHNe pH [0 HelTpanbHOM Cpefbl YBeIM4YMBaeT BOSMOXXHOCTD
00pa3oBaHNsA CMEUIAHHOMUTAHAHBIX ruapokcokomaekcoB kak Fe(III), rak u Fe(II), uto He
Ha0/TIo/jaeTCs B KIMC/IOM cpefe.
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Kntoueguvie cnosa: xnonxo- Annomayus. IIpedcmasnenvl pe3ynvmamot MOOUPUUUPOBAHUS XTIONKOBOLL
8451 YENNI0NI03a, MOOUPUUU-  UeII0NI03bl euUuHOM. Moduduyuposarie nposoounu uepes cmaour oxuc-
posanue, AMUHOYKCYCHAS JIEHUST UeTII0NI03bl MEMANnepuodamom Hampus ¢ 06paszosanuem Ouanboezuo-
Kucnoma, copoyust, UoHoL UenII0I03bl U ee NOCe0yIouselt 00pabomxoti AMUHOYKCycHot Kucnomoii. Mc-
Cu(II) u Fe(II) c71e008aHbL COPOUUOHHDIE CB0TICBA 00PA3U08 UCXOOHOT U MOOUPUUUPOBAH-

HoUlL Yennrono3vl no omuouteruro xk uoram Cu(Ill) u Fe(Il). B xunemuueckux
IKCHEPUMEHMAX YCIMAHOB/IEHO, MO CeneHb u3enederus uoHos meou(Il) u
aceneza(Il) mooupuyuposannvim obpasuom npumepHo Ha 25% eviue no
cpasHeHuo ¢ ucxooHvim. IIpu obpabomre KuHemuueckux Kpuevix copoyuu 8
pamkax moOenu KUHeMmuKy 1ncee00-6MmMopozo Nopsadka nonyueHvt Haubosee
KoppexmHuvle pesynvmamot. Onpedenenvl ONMUManvHvle YCA08UT MOOUPU-
UUPOBAHUS XTIONKOBOTI UEII0NI03bL OIS OOCMUNEHUS MAKCUMATIDHOTE COPO-
yuu uonos meou(Il) u xenesa(Il), nonyueHvl pasHosecHO-KuHemuueckue Xa-
paxkmepucmuky MoOOUPGUUUPOBAHHOT U HEMOOUPUUUPOBAHHOU XIONKOBOLL
yennionosvl. IIpu usyueHuu coOpOUUOHHO20 PABHOBECUS 6 2emepOoPasHOL Cu-
cmeme «UenNIO03HbLE COPOEHm — BOOHBITI PACMBOP CyTbama Memania»
CHAMbL U30MepmvL cOpOUUL, nposedeHa ux o6pabomxa 6 pamkax mooenu
Jlenemiopa u onpedenervl 8enu4UHbL npedenvHOL COPOUUOHHOT eMKOCMU HA-
MU6HOL U MOOUPUUUPOBAHHOTI UENII0NI03bL. YCMAHOB/IEHO, 41O NPedenbHAS
COPOUUOHHAST  eMKOCb  MOOUPUUUPOBAHHO20 COpOeHmMa NpUMePHO 8
1,5-2 paza npesvimiaem npedenvHyl0 COPOUUOHHYIO eMKOCHb HAMUBHOLL
x710nK0801i yennonosv. Ilonyuervt VIK-cnexmpol HamueHoti Uennionosvl u ee
MOOUPUUUPOBAHH020 06pa3ya. Boimonten snemeHmHblii AHANU3 U NOTYHEHDL
U300pasiceHUsl NOBEPXHOCHOL CPYKMYPbl COPOUUOHHBIX MAMEPUANO8 HA
0CHOB€ X710NK0B0T Uesnon03bl ¢ homouivio CIM.
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BBenenne

JlnTenpbHBIe TEXHOTEHHBIE HATPY3KM Ha OKPY>KAIOIYIO Cpely IPVBE/MN K ee 3HaUMTe/Ib-
HOMY, @ BO MHOTMX pajlOHaX JaKe KPUTNYECKOMY 3arpsI3HEHUIO TSDKETIBIMY MeTa/l/IaMy, Pajiu-
OHYK/IUZIaMy, HepTEeIIPOAYKTaMM U JPYTYIMM BPeJHBIMY IS XKVBOJI IPMPOJBI U YeTIOBEKA Be-
I[eCTBaMU, IIpUYeM 3aTPsISHEHNUIO TIOIBEPTaloTCsI BCe TPY Cpefibl — BO3MYX, BOfia 1 1mouBa [1].

Psap TsoKenmpIX MeTa/uIoB 0071afjaeT BBHICOKOW TOKCMYHOCTBIO IPY HU3KUX KOHIIEHTpa-
IVISIX, OHY MOTYT HaKall/IMBAaThCs B KMBBIX OPraHM3MaXx, BbI3bIBasI PSfl PACCTPONICTB 1 3abo71e-
BaHMIT. B pesynbraTe MHAyCcTpuamusanuy 1 ypoaHU3aL My IPUCYTCTBYE IOHOB TsDKEJIBIX Me-
TAJIOB B IIOTOKAaX BOJBI 3HAYNTE/IBHO YBE/IMYMIOCh 32 MOC/IETHNE IIATHAECAT JIeT. Y AaneHne
MOHOB TsDKEJIBIX META/UIOB M3 CTOYHBIX BOJ MeeT 0c000e 3HaYeHNe U3-3a UX IKCTPEMATBHOTO
BO3JIeVICTBYISI HA OKPY>KAIOLIYIO CPefy, 3/J0pPOBbe HaceJIeHNUs ¥ 9KOHOMUKY [2].

[TocTynieHne TsKebIX META/UIOB B OKPY>KAIOLIYIO CPefly CBA3aHO C aKTVMBHOI fIesTeb-
HOCTBIO Ye/toBeKa. VIX OCHOBHBIE MCTOYHUKY — IIPOMBINUIEHHOCTb, aBTOTPAHCIOPT, KOTE/b-
Hble, MyCOPOC)KUTAIOLIVIEe YCTAHOBKM ¥ CeIbCKOXO3SICTBEHHOE IIPOU3BOJICTBO [3].

Kpome aHTpOTIOreHHBIX MCTOYHMKOB 3arPsI3HEHNS Cpebl OOUTAHMS TSDKETbBIMU MeTajl-
JIaMy, CYIeCTBYIOT M JpyTJie, eCTeCTBEHHbIe, HAIlpUMep M3BEeP>KEeHNUs BY/IKAaHOB. Y Be/4eHye
KOHIIEHTPAL[M/ META/UIOB-TOKCUKAHTOB B TIOBEPXHOCTHBIX BOJAX MOXXET MPOUCXOANUTD B pe-
3y/IbTaTe KUCIOTHBIX JOXKAEN, IPUBOASIIX K PACTBOPEHNIO MUHEPAIOB 11 IOPOA. Bee aTn uc-
TOYHMKY 3arpsi3HEHNsI BBI3BIBAIOT B Omocdepe yBenmdeHne Coiep>KaHus MeTa/UIOB-3arpsi3Hu-
TeJjIell 10 CpaBHEHNI0 (POHOBBIM YpOBHEM [4].

Ouncrka BOIbI OT MOHOB TsDKETBIX META/UIOB Ha CETOMHSAIIHNI IeHb SAB/AETCA BaXKHO
3ajaveit. I yMeHbIIeHNsI 9KOTIOTMYECKOI OIIACHOCTY Pa3/IMYHbIX IIPOM3BOJCTB pa3padaThl-
BAIOTCS Y HAXOAAT IIPYMEHeHe pas/IiiyHble CIIOCOObI M3B/IeYeHNsI MEeTAJIOB M3 CTOYHBIX BOJ.
Bepercs momck BelecTB, 00/1afaroIX BHICOKOI CIIOCOOHOCTHIO K M3B/IEYEHNIO IOHOB METajl-
JIOB 3 BOJIbI, IIPMIMEHEHVe KOTOPBIX OBUIO ObI 9KOHOMIYECKM Iie/iecoobpasHo [5-6].

B Hacrosiiee BpeMs MHTepec BBI3bIBa€T BO3MOXXHOCTDb VMCIIO/Ib30BaHNUs BO30OHOBIIsIE-
MOTO CHIpbsl B IPOM3BOJACTBE MAaTePUANIOB U MPOAYKTOB, IpefHa3HAYEeHHbIX [/l YIYYIlIeHs
COCTOSTHUSA OKpPY>KAIoIlell Cpefibl U pellleHNs MpobieM, CBSI3aHHBIX C TEXHOTEHHBIM 3arpsisHe-
HUEeM BOJHBIX CPeJl MOHAMY Pa3/IMIHbIX TSHKEIBIX META/UIOB [7-8].

B npoMBbIIIIeHHOCTY TIPUMEHSIOT TaK/ie METO/bl OYUCTKY BOJHBIX PACTBOPOB OT MIOHOB
TSDKEJIBIX METAJUIOB, Kak Gusndeckue, XuMnieckue, pusmko-xuMmnIeckne u 61MOXuMmiecKme
(6nonornyeckue) Metonsl [9]. ONTUMaNbHBIM pelleHyeM A ITyOOKOJ OYMCTKM BOJbI, 3a-
TPSI3HEHHOI MOHAMU TSDKENTbIX META/IIOB, SIB/ISETCS COPOLMOHHDIN METOM, KOTOPBIil IO3BO-
JisieT U3BJIEKATh 3arps3HEHNs C IIMPOKUM AMATIa30HOM KOHIeHTparuit [10].

Crenatb copbumoHHbIe MeTObI 60/1ee 3pPeKTUBHBIMI MOXKHO, TIPeX/e BCETO, 3a CUEeT
BBIOOpa MM pa3pabOTKV HEOPOTMX U JOCTYIIHBIX COPOEHTOB. B 910! CBA3M BechbMa IOAXO/ -
VM CIpbeM MOTYT pacCMaTPUBAThCS LIeJUII0I030COfiepIKalLIlie OTXO/bI CEbCKOTO X03SI/ICTBa,
YTO ITO3BO/IAT IIPOV3BOJVUTH HEOPOTVie COPOIVIOHHbIE MaTepyaIbl PV MUHIMATIbHOM 4MCTIe
TEXHOJIOTMYECKMX CTajmii mpouecca [11].

V3y4eHue cOpOILMOHHBIX CBOVICTB II€/UIIOJIO3HBIX MAaTePUaIOB IIPEACTABIIAET IPaKTIye-
CKUIJI ¥ HAay4YHBIil MHTEpeC B HacTos1ee BpeMs. [1oMcK coeiMHeHNIT ¢ BBICOKO COPOLMOHHON
aKTVBHOCTBIO 110 OTHOLIEHUIO K TSDKE/IBIM MeTa/UIaM M pa3paboTKa Ha MX OCHOBE IPVMPOJHBIX
MaTepuanoB, 00/Ia/JAIOLIX COPOIIOHHBIMI CBOJICTBAMY, SIBJISIETCS aKTya/IbHOI 3aiaveil.
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Vcnonb3oBaHme 6MOCOPOLMOHHOI TEXHOJIOTMY II03BOJIAET CHVDKATh KOHIIEHTPAIIVIO
JIOHOB TSDKEJIBIX META//IOB 10 OYeHb HU3KOTO YPOBHS IIPM MCIIOIb30BAaHUM HELOPOIUX 610-
COpOEHTOB.

OCHOBHBIE IIpeuMyLIecTBa 610COPOLNY, IO CPABHEHMIO C TPAAVILIVOHHBIMU METOJaMI
OYMCTKH, 3aK/TI0YAIOTCS B TOM, YTO 3TOT METOJ; HETOPOroit, 3¢ PeKTUBHBII, IPeIIonaraer pe-
TeHepaLVIo I MHOTOKPATHOE VICIIONIb30BaHe COPOEHTOB, @ TAKXKe BbIJe/IeHIIe Y IIOBTOPHOE JIC-
IMO/Ib30BaHe MeTa/ioB [12, 13].

B xauecTBe HeJoCTaTKa IMTHOLE/UIIONIO3HBIX MAaTePMANIoOB Kak COPOEHTOB OTMEYAIOT He-
BBICOKYIO COPOI[MIOHHYI0 €MKOCTb. [I/IsI TOBBILIEHNS COPOIVIOHHOM CIIOCOOHOCTY Heobpabo-
TaHHBIe OMOCOPOEHTHI MOAVPUUMPYIOT Pa3IMYHBIMM METOJAMM, TAKMMU KaK OKJCIIeHNe, Te-
puduKays, IpUBUTast COnoMMMepusanys u ip. [14, 15].

JI3BecTHO, 4TO CBSI3bIBaHME VIOHOB META/UIOB JIMTHOLE/UIIOJIO3HBIMU 0O1M0COpOeHTaMu
IPOMCXOANUT C y4acTHeM COPOLMOHHO-aKTUBHBIX (YHKIMOHATBHBIX TPYIII, TaKMX KaK Kap-
OOKCHU/IbHbIE, AMIHOTPYIIIIBI MU (PeHOTIbHBIE TUAPOKCIUIBL. B CBA3M € 9TUM NPUIATAIOTCA YCH-
JVis1, HAIIpaB/IeHHbIE HA pa3paO0TKy HOBBIX aJiICOPOEHTOB 1 COBEPLIEHCTBOBAHMIO CYIIIECTBYIO-
VX a/iICOPOEHTOB, B TOM YICJIe M3Y4aeTCsl BOSMOXKHOCTD MCIIO/Ib30BAaHMs HEJOPOTUX arpo-
IPOMBIIIEHHBIX OTXOZOB [16, 17].

Ilenbio HacTosIell PabOTHI ABJAETCS NOTyYeHVe HOBOTO 3P deKTUBHOrO copbeHTa Ha
OCHOBE LIe/UII0JIO3bI ITyTeM ee MOAM(UIMPOBAHNS IINIVIHOM /IS M3BJIEYeHMsI IOHOB JKere3a
Yl MEZIU U3 BOJJHBIX PaCTBOPOB.

OcHOBHasA 4acTh

B xayecTBe nccnemyemoro Marepuana Opiia Beiopana xionkosas Hestonosda (TOCT 595-
79), KOTOPYIO IIpefiBapUTeNbHO KUIATIIN C 5%-HbIM pacTBopoM NaHCO; mjia o4McTKY OT
npuMeceit. Bpems Bbiiepxku cocrapisier 30 MMH, IPY 9TOM MOJY/Ib PacTBOP/cOpOeHT pa-
BeH 20. 3aTeM cOpOEHT IPOMBIBA/IV AVUCTUIVPOBAHHON BOZOV 10 HeliTpanbHoro pH u Bbicy-
IIMBA/IN 10 IOCTOAHHOTO Beca. Cyxue 06pasLibl MMeN BTaXKHOCTD 8,5%.

PeakTyBbl MapKm «X.4.», MCIIONb3ye€Mbl€ B 3KCIIEPMMEHTAaX: aMMHOYKCyCHasl KUCIIOTa
(rmmmyH) NH,-CH,-COOH, Metanepmopar Hatpmsa NalOi, cynbdarer mMemm m >xemesa
CuSO4'5H20, FCSO4'7H20.

KuneTuky cop6umm MOHOB TSAXe/IbIX META/UIOB MCC/IEOBAIN B CTATMYECKUX YCTOBUAX
IIpY IlepeMellIBAaHNY METOIOM OTPaHIYeHHOT0 00 beMa pacTBopa. HauambHas KOHIIeHTpaIs
JIOHOB METa/IOB cocTasista 1,5:10* mornb/n. Uepes omnpeneneHHble IPOMEXYTKI BpeMeHN
pacTBOp OTHE/IN OT cOpOeHTa (PUIbTPOBAHUEM U OIpefie/IAIN B HeM TeKYILIYI0 KOHIIeHTpa-
1o 1oHOB MeTanoB (CT) METOZOM aTOMHO-abCOPOLMOHHON CIIEKTPOCKONMM Ha Ipubope
210 VGP.

Jnsa vccnenoBanuA BIMAHNA KOHIEHTPALMY VIOHOB TSKE/IBIX META//IOB B pPacTBOpE Ha
paBHOBeCHE B IOHOOOMEHHOII CMicTeMe ObUIN IOTy4eHbl M30TePMbI COPOLIMM CTIeAYIOMINM 06-
pasoM: B cepuio MPOOMPOK MOMeIanu HaBecKu copbenTta maccoit mo 0,10 r u 3anmmBanu ux
10 M1 BOJHOIO pacTBOpPAa COMM MeETA/UIa C KOHLIEHTpAaUMAMM MeETa/Ula B MHTEpBaje
1,5-10*-5-10" MOB/ 11, BBIZEP>KMBA/IV IIPY TIEpEeMEIIBAaHNM IO YCTAHOB/IEHNS COCTOSHUS PaB-
HOBecus (BpeMsi JOCTYDKEHMSI COPOLIIOHHOTO PaBHOBeCHsI ObIIO OIpefie/IeHO IIPY MCCIefi0Ba-
HUM KMHETMKM copOnum). 3areM PpacTBOp OTAENAIM OT copOeHTa (GUIbTpOBaHMEM U
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OIIpefie/s/I B HeM PaBHOBECHYIO KOHIJeHTpauuio noHoB Metauia (C,) MeTOZOM aTOMHO-a0-
COPOIVIOHHOII CrieKTpocKonuy Ha npubope 210VGP.
CopO1IOHHYI0 €MKOCTb COpOeHTa B Ka)XX/Iblil KOHKPETHBII MOMEHT BpeMeHn T (A;) pac-
CYUTBIBANN 110 POpMYyIIE:
_Gm8 ()
T m ’
rie Co — Hava/IbHas KOHIIEHTPALVA IOHOB MeTa/lla B pacTBope, Mojb//; C; — KOHIIEHTpaLusa
JIOHOB MeTaJ/la B MOMEHT BpPeMeHM T, MOJIb/JI; 11 — Macca HaBecK! copbeHTa, kr; V — obbeM
pacTBopa, I
[Tpu cHATUY M30TEPMBI COPOLIMM B YCIOBYSX YCTAaHOBMBIIETOCS PABHOBECUS B CHCTEME
OIIpefie/IA/IV paBHOBECHYI0 KOHILIEHTPALIMIO IOHOB MeTa/lta B pactBope (C.) M pacCYMThIBAIN
PaBHOBECHYIO COPOLMOHHYI0 eMKOCTb A (MOJIB/KT):
A= M v, (2)
m
rie C, — paBHOBeCHasI KOHILIEHTPaLMA IOHOB MeTa/Ia B PacTBOPE, MOJIb/JL.

CremneHbp MU3BIEYEHNS (& OTIPefie/LAIN CTIeRYIOINM 00pa3oM:

a=——t100%. 3)

0
OTHOCUTEeNbHASA IIOTPEUTHOCTD 3KCIIEPUMEHTOB paCCINThIBA/IAaCh HAa OCHOBAHMY JAHHbBIX

KMHETUYECKNX OTIBITOB, B KOTOPBIX KaXK/Iasi TOYKA IIPe[CTAB/IsIET COOO0T CpefiHee 3HaYeHMe U3
[BYX IIapa/UIeIbHBIX ONBITOB. IlorpemHocTh 9KcnepuMeHTa He npesbiimana 10%.

O6cyxaeHne pe3ynbTaToB

Cop6eHTBI Ha OCHOBE II/TIONIO3bI, KaK MPAaBUIO, 00/1a/Ial0T CPABHUTE/TbHO HEBBICOKOIA
copbuMOHHOII eMKOCTbIo. [T03TOMY ¢ 1le/blo MOBBIEHNs UX 3G (EKTUBHOCTY HEOOXOHUMO
IPOBOAUTH MOAM(UIVPOBAHNE LIE/UTIONIO3HBIX MAaTePUA/IOB C MCIONb30BAaHMEM JIOCTYITHBIX
p€areHToB U IMPOCTBIX TEXHOJIOTUYECKNX OIePaLINIL.

C 11e/1bI0 yay4llleHNs COPOLVIOHHBIX CBOJICTB LIe/ITI0I030CO/iepyKallero copbeHTa Opl1o
BBIIIOJTHEHO €T0 XMMMYecKoe MoauduIpoBaHye, BKIIOYA0Iee OKMCIEHNE 1e/UTI0N03bI MeTa-
HepuoJaTOM HaTpys ¢ 00pa3oBaHMeM UaIbIeTU/LIe/UTIONO3bI 1 ee TOCTefyolee MO UI-
poBaHKe aMMHOYKCYCHOM KMC/IOTOI.

B kavectBe okmcmurensa BeiOpaH 0,1 H. pacTBop Meramepuopara Hatpus. IIpensapu-
TEJIbHO OYMIIIEHHOE BOTIOKHO 11eJUTI0NI03HI (2,5 1) 3anmmBamu 250 cm?® pactBopa NalO,. Peakunio
okucnenus (puc. 1) nposopymu npu pH 3-4, HOCKOBKY OKMCIUTENbHbBIE CBOJICTBA ITepUOJaTa
MIPOABIAITCA B KUCION cpefe. HaBecKy X7I0IIKOBOI LI€/UIIONIO3bI B pacTBOpE MeTalepuojara
HaTpys IIOMELIAIM B TEeMHOE MeCTO Ha 48 4acoB, Iepunodeckyl B30aITHIBAIN €€ COlepPXKIMOe
u oTOupam mpo6sl Ha aHanu3. Kontpons mornomenns noHa 104 n3 pacTBopa OKMCIUTENS
OCYILeCTB/ISIIN CHEKTPOPOTOMETPUIECKH, IyTeM OIIpefie/ieHs] OITUYECKOI IVIOTHOCTY pac-
TBOpOB B Y® obmactu ciektpa mpu A = 225 um. [To OKOHUaHUY peaKLn IePUOJATHOTO OKIIC-
JIeHUsI HepacTBOPUMYIO (DpakIuIo AManbJerNILe/III0N03bl OTGUIbTPOBBIBAIN OT PAacTBOpa
IPOZYKTOB PeakIuy U IOC/IeJ0BaTe/IbHO IPOMBIBaIN 1 J1 BOJBI ¢ JoOaB/IeHNEM PacTBOpa CO-
nAHON KucnoThl fo pH ~ 1, satem 1 1 cmecn aneron/soga: 1/10 n 1 1 AMCTM/UIMPOBAHHOM
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Bofibl. IlonmydeHHYI0 OMaberMUALe U003y BRICYIIMBAIN O IIOCTOSHHON BIQXXHOCTY IIpU
temneparype He Bbiie 80 °C u onpefenamm B Helt copep>kanne COOH-rpynm.

OH HOH,C

M%M%

LEINIEI03a

OH HOHC

MYNM

CH5CH CH,0H

IHATEIETMALELIFON03a

Puc. 1. Cxema OKMC/IEHNS LIe/UTIONO3BI METAIIEPUOAATOM HATPUsI C 00pa3oBaHMeM AMaIbIerULIe/ITI0N03bI

Ha cnenyromem srarme B kKauecTBe MOAM(UIMPYIOLIEro areHTa Obl/la BbIOpaHa aMUHOYK-
cycHas kucmorta. [IpegBapurenpHO 06paboTaHHOE BOTOKHO C COREp>KaHUEM aIbJerVMIHBIX
rpyn 12% 3anuBanu 1%-HbIM BOTHBIM PacTBOPOM IIMINHA IIPY MOAY/e copbeHT:pacTBop 50.
[Tponecc mognduumposanus (puc. 2) mpoBoawIM B TedeHne 1 4 mpu temmeparype 40-45 °C u
pH 9-10 npn nHenpepriBHOM NepememnBanym. Ilocne oxmaXgeHnsa NPOAYKTHI PeaKLUM IPO-
MbIBa/IM AVICTV/UIMPOBAHHON BOZOV O HEMTPA/IbHON PeaKLU.

HO OH HOHC
0
/OM\ % \M\ + HN o
CH50H CH,0H OH
OHANTE JeT MOLeILIHI03a T IHLIH
HO OH HOH,C
\OM o o o,
0

CH,0H L CH;0H

COOH COOH

OHMANBOeT MOLSILIHIO0 3a-T THLIMH
Puc. 2. Cxema MOgUIMPOBAHNA LIe/UIIONIO3BI [TIMLIMHOM

Jlns onipesienienns mapaMeTpoB, XapaKTEPU3YIOIMIMX COpPOIMOHHBIE CBOMCTBA MCXOIHOM
U MOAU(DHUIIMPOBAHHON XJIOMKOBOH IEJUTION03bI, OBLITN MOTyYeHbl KHHETHYECKIE KPUBBIE COPO-
ruu noHoB Cu(Il) u Fe(Il). Pe3ynbTaThl SKCIIepMEHTa IPEICTABICHBI HAa PUC. 3.

100 4
1 1
A 2
S /_/_/A
. 80
3 n
=
=
U 604 3
—————¢
= .
m
[s2]
= 404
W
janl
O
5
O 204
@)
0 T T T T
0 5 10 15 20

T, MMH
Puc. 3. Kunetudeckue KpuBbie COPOLMI MOHOB TSDKEBIX META/UIOB 113 BOGHBIX PACTBOPOB MOAMGUIVPOBAHHO
X710onKoBoII Hemon030it: 1 — Cu(Il); 2 — Fe(Il) n HemopuduumposanHoit neonosois; 3 — Cu(Il); 4 - Fe(II)
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CorIacHO NOJTy4eHHbIM IaHHBIM, MOZMUIIPOBaHHAsI X/IONIKOBAs LI€/UII0JI033, TI0 OTHO-
IIEHVIO K HeMOUUIMPOBAaHHO, 3P deKTNBHEee COPOMPYIOT IOHBI TsDKEIbIX META/UIOB, IIPYU
aTOM creneHb uspnedenus noHos Cu(ll) Beimre, yem nonos Fe(II). Bpems moctmxenns cop6-
IIVIOHHOTO PaBHOBECK B reTepodasHoll cUcTeMe «BOJHBI PacTBOP Cy/nbgaTa MeTanIa — Cop-
6eHT» cocTasiser 20 MUH.

[/t omipefiesieHst MOPSAAKA PeaKI[MU SKCIIepUMeHTaTbHbIE JAHHBbIE OB 00PabOTaHBI C
UCITONIb30BaHNEM KIHETHYECKUX MO/ieNell, Hanbosiee YacTo MCIO0Ib3yeMbIX CC/IeS0BATEISIMI
[PV aHA/MN3€e KMTHeTUYECKIX JAHHBIX — MOJIe/iell KMHETUKY TICeBIO-TIEPBOTO U MICEBI0-BTOPOTO
nopsnKos (Tabm. 1).

Ta6muna 1. Mopenu KMHETUKM COpOLIMY NICEBO-IIEPBOTO I IICEBJO-BTOPOTO MOPSIIKOB

KnHeTnyeckas Mogesnb VHuTerpanpHas GpopMa ypaBHEHUsI
K
[ceB0-MepBOTo MOpAMKA g9, = 4,1 —e ")
t
I1ceBR0-BTOPOTO MOPAZKA L
2
k2 .Qeq qeq

O6paboTka KMHETUYECKNX KPUBBIX COPOINN MIOHOB TSDKE/IbIX META//IOB HeMOAU(UIIN-
POBaHHOI U MOAUUIPOBAHHON LIE/UIIONI03011 B PaMKaxX MOfie/iell KMHeTHKY IICeBJO-Iepo-
BOTO I IICEBJI0-BTOPOTO IOPAIKOB IIpeficTaB/ieHa B Tabyie 2.

Ta6mmua 2. Pedymprarsl 06pabOTKM KMHETHYECKMX KPYUBBIX COPOLIMI NOHOB TSDKEIBIX META/UIOB HATMBHOI 1 MO-
DU POBAHHOI IIMIIVTHOM LIe/UTI0/I0300 MOJE/IIMY XMMIYECKOI KMHETUKI

PaBnoBecHoe
Mogenb 11ceBf0-1IePBOTO 110~ Mogernb 11ceBfj0-BTOPOro
Von 3Ha4YeHue copo-
psiaxa HOpsifKa
MeTa/Ia Lun
Qe sxcnepuenms MT/T Ge> MT/T ki, mun™ R? Ge> MT/T k>, Mr MmuH/T R?
HaruBHast X/IONIKOBasI LI€JUII0I032
Cu(II) 0,68 0,46 0,098 0,80 0,69 0,29 0,99
Fe(II) 0,66 0,49 0,098 0,89 0,72 0,23 0,99
Lemnronosa, MoanduUMpOBaHHAS AMUHOYKCYCHOI KUC/IOTO
Cu(II) 0,97 0,45 0,127 0,92 0,99 1,99 0,99
Fe(II) 0,87 0,27 0,086 0,93 0,86 1,34 0,99

R* - xoaddpuuyenT KOppenALum.

B pesynbpraTe 00pabOTKM KMHETMYECKUX KPUBBIX COpPOLMM B KOOPAMHATAX /g — T U
lg(ge - g) — T MeToOM HauMMEHBUIMX KBA/[PaTOB, BBIIIOTHEHHOJ C MOMOIIBI0 IPOTPAMMBbI
Origin, o6Hapy>xeHO, uTo H071ee TOUHO (¢ K0adduienToM Koppensaunu 0,99) copOIysA NOHOB
MeJIV 1 KeJle3a Y3 BOJHBIX PACTBOPOB OMMChIBAETCSA C MCIIONb30BaHMEM KMHETHYECKOI MOJIeNN
IICeBIO-BTOPOTO MOPAAKA, KaK I HeMOAU(UIMPOBAHHOM, TaK U I MOAV(PUIVPOBAHHON
IIMLVIHOM Lle/UT0103bl. [Tpy 93TOM 9KcIepyMeHTaIbHble paBHOBECHbIE 3HAUEHMsI cCOPOL, IIO-
JTy4eHHbIE 110 JaHHOI MOJIE/N, XOPOILO COTTIACYIOTCA C 9KCIIEPUMEHTATbHBIMU JJaHHBIMIL.

[l onpepeneHus npeyeNbHO COPOLMOHHOI eMKOCTY MCXOHOM U MOAMUIIPOBaH-
HOJI aMMHOYKCYCHOJI KMCJIOTOJ I[eJUTI0NIO3Bl B reTepodasHoil cucreMe «BORHBIN PacTBOP
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cynbdaToB MeTa/UIOB — COPOEHT» ObUIN MOydeHbl n3oTepMbl copbuym noHoB Cu(Il) u Fe(II)
(puc. 4).

0,8+

0,6 4

A, MOJIB/KT

0,4 A 4

0,2

O’O T T T T T T T T

Ce'103, MOJIB/JI

Puc. 4. V3oTepMbl copbuMM MOHOB METAVIOB LIe/UTIONO30M, MOLUPUIMPOBAHHON aMUHOYKCYCHOM KMC/IOTOI:
1 - Cu(II); 2 - Fe(II) u HemopuduumpoBanHoit nemonosoi; 3 — Cu(Il); 4 — Fe(II)

[Tpu onmcaHmy SKCIepUMEHTAIbHBIX M30TePM COPOIMY MOHOB TSKE/TbIX METAJUIOB Iie/-
JIIOJIO3HbIMMI COP6€HTaMI/I Hambojiee 4YacTo B INTEpPATypE MCIOIb3YIOT MO[MEb COP6I_II/II/[
JlenrMmopa:

_ 4,°K-C,
1+ K-C)

rie A — TIpefieNibHasA WM MaKCUMa/lIbHasd COPOIMOHHAA eMKOCTb COpOeHTa 110 JaHHOMY Me-
Ty, MOJIb/KT; K — KOHI[@HTpal[MIOHHAs KOHCTAaHTa COPOLIMOHHOTO PaBHOBECH S, XapaKTepy-
3ylollas MHTEHCUBHOCTD IIPOLiecca COpOLM, J1/MOJIb.
JInHeapmsamya M30TepM COpOLMN COITTACHO YPaBHEHNUIO
C C 1
+

e __ e

A A A K

1103BO/M/IA TpadpyrdecKky onpenenuTb K03 duiyenTs! B ypaBHeHun Jlenrmiopa (taon. 3).

Ta6mmma 3. [TapameTpbl 06pabOTKY M30TepM COPOLIUM IOHOB TSDKE/IBIX METaJ/IOB YICXO/{HOI LIeTITI0N0303 U e/
JTI0J103011, MOAMGUIVPOBAHHON IIMIVHOM, IO Mozeny JIeHrMIopa MeTOJ,0M Ha¥MeHBIINX KBaJIpaToB

Katnon meranna 1/A«xK 1/Ax» R? A w, MOJIB/KT

VcxomgHas 1emnonosa

Cu (IT) 0.0222 + 3.10* 2,0 £ 0,02 0,99 0,50

Fe (1) 0.0026 + 3-10* 2,5+ 0,02 0,99 0,40
[lenmiono3a, MOAUPULMPOBAHHAS INMALMHOM

Cu (IT) 0.0025 + 3-10* 0,78 £ 0,03 0,99 1,28

Fe (I) 0.0027 + 5-10* 0,89 £ 0,02 0,99 1,12

Kak crepmyer u3 Tabmuipl 3, sKCepuMeHTaIbHble TaHHbIE 110 COPOLNM VIOHOB MefU U
JKeme3a MCXOMHOM M MOAMQUIMPOBAHHON LE/I0030i Xopowo (¢ KoadduuymeHTom
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koppemsaunu 0,99) annpokcuMupyroTcs ypaBHeHneM Jlenrmiopa. [IpenenbHas copOLmoHHas
eMKOCTb (A.) MoguduposanHon 1enonossl it nonoB Cu(ll) u Fe(II) cocraBnser 1,28 n
1,12 MOJIB/KT COOTBETCTBEHHO, YTO O0JIee YeM B 2,5 pa3a IIpeBbILIaeT A.. ICXOLHO LIe/ITI0NIO3bI.
PesynbTaThl, momydeHHbIe TP 06pabOTKe M30TEPMBI C UCIIOIb30BAHMEM MOJEIN afcoponun
Jlenrmiopa (cM. Ta671. 3), XOPOIIO COTTIACYIOTCS C 9KCIIEPUMEHTAIbHBIMIU TaHHBIMM (CM. pUC. 4).

Ilns ncenepyemspix 06pasuoB Opum nomydenst VIK- criextper (puc. 5, g, 6) npyu nmomouyu
VK-cnekTpomerpa ¢ mnpeobpasoBanueM Pypbe Avatar 360 FT-IR ESP B wuHTepBane
400-4000 cm™'. O6pasisl /11 aHAIM3a TOTOBMIN IIyTeM MEXaHUYeCKOTO M3MeIbueHMsT VCXOJ-
HOJ ¥ MOAMUIVIPOBAHHON I[€JUIIONIO3bI C IOCTEAYONM TIIATe/IbHBIM PacTHpaHMeM COp-
OeHTa B araToBOJI CTYIKe CO CIIeKTpaibHO 4ncThiM KBr.

CpaBHeHne nomy4eHHbIX VIK-CeKTpoB CBUETENBCTBYET O NPOM3OIIEAUINX M3MEHe-
HIISIX B CTPYKTYpe LIe/UII0JIO3bI B IIpoljecce MOAM(IIIMPOBAHMAL.
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30 000 0 20 1500 1000 0 = o = 0 ~— o =
BomnHoBoe umcio (cm!) BoaoBoe wcno (ou-1)
a 0

Puc. 5. VIK-crieKTp5! XTTOIIKOBOJI LIe/UTIONOSBL: d — MCXOZHOI; 6 — MOEMUIIMPOBAHHOM TIUIIHOM

B pesynbrare mocnemoBaTe/ibHON 0OpabOTKY MeTaleprofaToM HAaTpus U ITIMIIVHOM B
MOAMUIVIPOBAHHOM 00paslie MOAB/IAITCA HOBble (PYHKIMOHA/IbHBIE IPYIIIbL. Tak, oTMeda-
€TCsl CABUT II0JIOCHI IIOITIOIeHNsI, OTBEYAIOIIT BaJIeHTHBIM KonebanusaMm cBsisu C=0 kapbo-
HVIBHOJ TPYIIIIBI B CIIEKTPe MOAUUIMPOBAHHOI 1ie/UT0/103bl (1732 cM™) 1o cpaBHEHMIO CO
CIIEKTPOM MICXO[[HOI L1e/UTi0no3bI (1739 cm™). VIsMeHeHMe piCyHKa CIIeKTpa B MHTepBane 1650
1450 cM™ 1A 1e/UTI0/103bI, MOAVPUIIVIPOBAHHON aMIHOYKCYCHO KMCTIOTOIA, TI0 CPaBHEHMIO CO
CIIeKTPOM HeMOAV(UIVMPOBAHHOI 1I€/UTI0N03bI CBA3AHO C leOpPMaIVIOHHBIMU KOJIeOaHMAMU
ces3u N-H B ammpaax B aroit obnactu. Takum ob6paszom, B mpoliecce MOIUPUIVPOBaHNS Ha
MIOBEPXHOCTH LIeJUII0I03bI IPOMCXOAUT 3aKpeIlIeHV e aMITHOYKCYCHOM KMC/IOTBI, 9TO IIPOSBIA-
eTcsl B CIIeKTpe.

Mukpockonmdeckoe MCCeToBaH)e CTPYKTYPBl COPOEHTOB, BBIIIOTHEHHOE C IOMOIIBIO
CKaHUPYIOILETro 3/IeKTpoHHOro Mukpockomna «VEGA3 SB», mosBommio nonyunts SEM-1306-
paKeHMA VICXOTHOTO ¥ MOAMIIMPOBAHHOTO 06PasIiOB IIe/UII0NI03bI U BBIABUTD CTPYKTYPHBIE
0cobeHHOCTY UX IoBepxHOCTH (puc. 6). Ha puc. 6, a BULHO, YTO TOBEPXHOCTb BOTIOKOH VICXO/]-
HOJ I1eJUTI0NIO3BI ITIafIKas, a IIOBEPXHOCTb BOJIOKOH MOAVM(UIIVPOBAHHON ITINIIVIHOM LIe/III0-
7038l (CM. puc. 6, 6) — IIepoXoBaTasl.
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a 6
Puc. 6. COM-u3o6paxeHne OBEPXHOCTH cOPOEHTOB: d — VICXO[[HAS IIEJUTIN033; 6 — [[eJUIH/1032, MOAUPUINPO-
BaHHAasA IIMLIMHOM

Ha puc. 7 npuBefeHs!l JaHHBIE 9/IEMEHTHOTO aHA/M3a MCXOSHON 1 MOAUUIMPOBaHHO
XJIOIIKOBOJI 1I€JI/TI0/I03Bbl, BRIO/THEHHOTO MeTofioM EDS. B npouecce nociegoBaTe1bHOTO MO-
AnGUIPOBAHNS [[€/UII0I03bI METAIIEPMOAATOM HATPUS U aMUHOYKCYCHOI KIC/TOTO TIPOIC-
XOIUT yBe/M4YeHne COIepXKaHms KUCIopoaa 1 a3ota B obpasiie MoauduImpoBaHHOTO COP-
6eHTa (CM. puc. 7, 6) 10 CPaBHEHMIO C VICXO[JHOII 1[eJUTI0NI03011 (CM. puUcC. 7, a), 9TO CBUMIETENb-
CTBYeT O MPUCOeVHEHNN IINIIHA K [[€/UTI0TI03€.
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a 6
Puc. 7. DNeMeHTHbIIT aHaMU3 XJIOIKOBOII Le/niono3sl nmocie copbunu Fe (11): a - ncxopHas nemonosa; 6 — uen-
071032, MOAMULIUPOBAHHAS TTULHOM

Kpowme Toro, comeprkaHime >xenesa 1ocyie ero copOLM 13 BOJHBIX PACTBOPOB MCCIEAye-
MBIMU COpOeHTaMI 3HaUNTEe/IbHO Bblllle Ha MOAUUIMPOBaHHOM 00pasiie (cM. puc. 7, 6), 4eM
Ha HeMOAM(UUNPOBAHHOI Lie/UTI0N03e (CM. pUC. 7, a), YTO COINACYeTCs C 9KCIePUMEeHTa/Ib-

HBIMJ [JAHHBIMY, IOJYYEHHBIMU IIPU MCCIESOBAHUM KWHETMKM U PAaBHOBECHs COpPOLMU
(cm. puc. 3u 4).

BopIiBOABI M peKOMeHTALIN

[Tony4eH cOpOEeHT A/l OUMCTKM BOJHBIX PacTBOPOB OT MOHOB Kenesa (II) n memn (II)
XUMMYECKMM MOAV(PUIVMPOBAHNEM XIOIKOBON IIE/UTIONO3BI, IIPOBOAVMBIM depe3 CTajyio
OKIIC/ICHN LIeJUII0/IO3bI MeTallepyoaTOM HaTpuA ¢ 00pa3oBaHMeM AVaTbIeT U I/ III0N03bl I
ee IocIefyoleit 00paboTKO aMIHOYKCYCHOI KVICTOTOIA.

BsanmopericTBYe aMMHOTPYIIIT IIMI[MHA C IbAETUIHBIMY I'PYIIIAMI ILI€/UTI0NIO3bI OCY-
ecTBIAETCA ¢ obpasoBanueM ocHoBaHusA llludda. Habmopaemple usmenenns B VK- crek-
Tpax cOp6eHTOB, 00YC/IOB/IEHHBIE CABUIOM II0/IOC ITOTJIOIEHS], OTBEYAIONIIM BaIEHTHBIM KO-
nebanysM cBsizu C=0 KapOOHWIBHON IPYIIIbI U fedOpMaLMOHHBIM KomebauusM cBsisu N-H
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B aMIJiaX, CBUIETE/IbCTBYET O TOM, YTO B Ipoliecce MOANGUIMPOBAHNs Ha TIOBEPXHOCTH 1ie/-
JTIOJIO3BI ITPOVICXOANT 3aKpeIIeHe aMIHOYKCYCHO KVIC/TOTBL.

ViccnepmoBannme o merony COM/3]IC ykasbiBaeT Ha U3MEHEHME CTPYKTYPhI IIOBEPXHO-
CTH U 97IEMEHTHOTO COCTaBa MOIM(PUIMPOBAHHOTO 0Opas1ia.

MopudnnypoBaHHasg aMMHOYKCYCHOI KMCTIOTON LIe/UII0/I03a 00/TaflaeT XOPOIIIMI PaB-
HOBECHO-KVMHETNYECKVMI XapaKTePUCTUKAMI U MOXXeT OBITh VICIIONb30BaHa B KayecTBe COp-
OeHTa /IS OYNCTKY BOJBI OT IOHOB TSDKEJIBIX META/IIOB

Pabora BbIIONHEHa B paMKax TOCyZapCTBEHHOTO 3ajiaHys Ha BeinonHeHye HVIP. Tema
Ne FZZW-2020-0010.

VccnemoBaHue IPOBeIeHO € MCIONb30BaHMeM pecypcoB LleHTpa KOMIeKTUBHOTO T0JIb-
30BaHUA HayuyHBIM obopypoBanueM VIIXTY (npu nopmepskke MuHo6pHaykn Poccun, corma-
mrenme Ne 075-15-2021-671)
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Knouesvte cnosa: Annomauus. Vi3yuena ceneXmusHoCmb npouecca MOHOBOCCIAHOBEHUS
Momosoccmanosnenue, cenex- 3,4"-NO,-4-R-6en30penoH08, cOOepHausux pasnudnvie PpyHKUUOHANbHOLE
MUBHOCY, HECUMMEMPUUHDLE epynnvl. Hanuuue 6 opmo-nonoxmenuu k HUumpoepynne anekmpoHoaxiyen-
OuHUMpobeH30PheHOHbL, HUMPO- MopHO20 3amecmumens, cHOcoOCIE068an0 ee B80CCAHOBNIEHUI0, 6 1O
2pynna, HUMPOAMUHbL 8peMA KAK 37eKMPOHOOOHOPHbIE U 00BeMHble PYHKUUOHATIbHBLE 2PYyNTibL

IMoMy Npenamcmeosani.

T nuTHpoOBaHMA:

borganosa [I.M., Casuna JL.U., berynos P.C. OpueHTanus MOHOBOCCTAHOBIEHUA [JUHUTPOIPOU3BOAHBIX
6ensodenona // Om xumuu x mexHonoeuu waz 3a wazom. 2023. T. 4, o 1. C. 43-50. URL: http://che-
mintech.ru/index.php/tor/2023-4-1

BBengenue

ApomaTtndeckye aMIHOHUTPOCOEVHEH I HIMPOKO MCHOb3YIOTCSA BO MHOTUX OTPACTIAX
IPOMBIIIJIEHHOCTH 1A ITOJTyYeHMs BBICOKQUeCTBEHHBIX KpacuTesIell, IIOIMEPHbIX MaTepya-
0B (IONMAHUINHOB ), XUKOKPUCTA/UINIECKUX YCTPOVICTB Y IUCII/IEEB, B3PBIBYATHIX BEIIECTB,
(dapMareBTMYeCKIX U CelbCKOX03SJICTBEHHBIX Npenaparos [1-6]. Tak oguH 13 Hanboee mep-
CIIeKTVMBHBIX CIIOCOO0B CMHTE3a JTeKapCTBEHHOTO IIperapaTa 6eHjaMyCcTIHa KaK pa3 OCHOBAaH
Ha IIPMMEHEeHNN B KauecTBe 6a30BOI CTPYKTYPBI 2-X/I0p-5-HUTpOaHmmmHa [7].

BakHeIIMM MeTOf0M ITOTy4YeHNA aMITHOHUTPOAPEHOB ABJIAETCSA peaKIisa MOHOBOCCTA-
HOBJICHVSI OFHOM 13 HeCKOMbKMX NO,-TPYIII B IIOMMHUTPOAPOMATIYECKIX COeAMHEHNAX [8].
B mutepatype mMeeTcs psf yAadHBIX IPYMEPOB MCIIOIb30BAHNA 3TOTO METOMA JJIA CHHTe3a
HUTPOAHUIMHOB [9-14]. OngHako B OOIBIIOM KOMMYECTBE pabOT OTMedaeTcsi oOpasoBaHIMe
cMecy uzomepos [15-19]. IToaTomy Bompoc 0 TOM, Kakasi 13 HeCKOJIbKUX HEeIKBMBATEHTHBIX
HUTPOTPYIII B MOTIVHUTPOCOAVHEHMX Oy/leT BOCCTAaHAB/IMBATbCS B IIEPBYIO OYepe/ib, 10 CUX
IIOp OCTAeTCA OTKPBITBIM IA OOJBLIOro 4mcia coefyHeHnit. OCO6eHHO Malo B IUTepaType
JIaHHBIX 110 MOHOBOCCTAQHOBJIEHMIO IIO/IMANEPHBIX AVHUTPOAPEHOB, COMEPKAMINX HUTPO-
TPYIIIBI B Pas3IMYHBIX LMKIAX. Takue HUTPOAHWINHBI BOCTPeOOBaHBI B TEKCTUIBHON IIPO-
MBIIIVICHHOCTY B KadecTBe KpacuTesiell, OOTafaloliMX BBICOKVMM SKCIUTyaTallOHHBIMU

© I. M. bornanosa, JI. . CaBuna, P. C. berynos, 2023
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XapaKTEePpUCTUKAMU, B TOM 4MCJIE€ (bYHFI/IL[I/[J:[HOﬁI aKTUBHOCTHIO. B cBsA3M ¢ 3TUM B J:[aHHOﬁI pa-
60Te ObIIa uccinenoBaHa CEJIEKTUMBHOCTD IIpoLiecCa MOHOBOCCTAHOBIEHNA JUHUTPOIIPON3-
BOJHBIX TAKOI'O MHTEPECHOI'O KIacCa N30/IMPOBAHHBIX ITO/IMINKINIECKUX CO€HI/IHCHI/II7[ KakK
HECMMETPUIHDIE 66H30(1)€HOHI)I.

OcHOBHasA 4acTh

B kauectBe 06bexTa nccnemoBanuit 6puin Boibpansl 3,4'-NO,-4-R-6eH30deHOHBDI, CO-
lep>Kallilie B 0po-TI0NI0XXEHNM K OJJHOI 13 HUTPOTPYIII pa3IndHble 3aMmectuTenn. [locnen-
Hue o0/Iafilami pa3INIHBIMU 3TeKTPOHHBIMY U NIPOCTpaHCTBeHHbIMU 3 PexTamn. Boccra-
HaB/IMBAIOLVIM areHToM Ob11 x1opuy, onosa (II), koTopslit 03BO 93¢ HeKTUBHO IPOBOANUTD
CMHTe3 aMIHOCOe[IMHeHNiT B Kicoii cpefie [20]. KputepueM orieHKM CeleKTMBHOCTY PeaKIuu
MOHOBOCCTAHOBJIEHNS 1 ABJIANOCHh COOTHOIIEHVE 00Pa3yIoLIXCcst HUTpoaMuHOB 2 1 3 (puc. 1).
Ero npumMeHeHye BOSMOXXHO TOJIBKO NPV OTCYTCTBMM B PEAKIIVIOHHON Macce AMaMIHOCOeN-
HeHUA. B poTMBHOM ciTy4ae He IOHATHO, KaKOJ Y3 M30MEPOB IIPEVIMYIIeCTBEHHO PacX0f[0-
BaJICs Ha ero obpasoBaHue. [ToaToMy npenBapuTeibHO ObIIa OTpabOTaHA METOVIKA IIPOBefe-
HUS peakLyi MOHOBOCCTAHOBJIEHNs, VICKIIoYamllas obOpasoBaHue ayaMmuHoOeH30(]eHOHa
(CM. 9KCIIepMMEHTATbHYIO YacTh).

2a-d R

O N la-d \
O N

3a-d NH,

\
R= a) Cl, b) CH;, ¢) OCH, d) )
Puc. 1. HarmpaBenue peakuyy BOCCTAaHOBJIEHVMA HUTPOTPYTINBI
CooTHoLIEHNE TPOAYKTOB 2 11 3 OIpefieNIAN0Ch KaK COOTHOLIEHME TUIOIA el MMKOB CUT-
HaJIOB IIPOTOHOB 9TuX coefyHennit B 'H SIMP cnektpe. B kauecTBe XapakTepucTUYHOTO OBLI
BBIOPAH CUTHAJI YIBOCHHOI HTEHCUBHOCTY IIPOTOHOB aMIHOTPYIIIIBL, (PUKCUPYEMBIIL B CU/Ib-
HOTIOJIbHOIT 0671acTy crekTpa (Tabm. 1).

Ta6mmua 1. 3HaveHns cUrHaaoB IpoTOHOB aMmuHorpymni B 'H IMP criekTpe peakimoHHOI CMeCH IIPOSYKTOB MO-
HoBoccTaHOBNeHus 3,4'-NO;-4-R-6ensodenonos la-d

e R 3Ha4eHNs CUTHAJIOB IPOTOHOB aMMHOTPYIIIbL: 0, M.J§
N3somep 2 Nsomep 3

1 Cl 6.27 5.35

2 CH; 5.75 4.69

3 OCH; 6.12 5.14

4 o ) 6.1 5.32

B 'H AMP cniekTpe cUrHaIbI IPOTOHOB AMUHOTPYIII BBIXOAM/IV B COOTBETCTBUM C 9Kpa-
HUPYIOLIMM  JIeJICTBMEM ¥  pacrnonoXenueMm 3amectureneit. Ilomoca mornmomenus
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aMMHOTPYIIIbI, PACIIONIOKEHHOI B M-TIOJI0OKEHUY K 9IeKTPOHOAKIIETITOPHOI KapOOHMIBHON
TPYIIIle, BCETTa BBIXO/WIIA B O0J1ee c/TaboI0NbHOI 00/1aCTH CIIEKTPa IO CPAaBHEHMIO C M-PaCIIO-
JIO>KEHHOI.

[laHHbBIE TO MOHOBOCCTaHOB/IEHNIO 3,4'-NO,-4-R-6en3odenonos 1 (a-e) mpepcraBnieHs!
B TaOnute 2.

Ta6mupa 2. CooTHOLIEHNE IPOAYKTOB peakuuyu MOHOBoccTaHOBIeHUs 3,4'-NO,-4-R-6ensodenonos la-d
([eybeTpar]:[SnClL-2H,0]=1: 3, 70 °C, 40 muH)

CooOTHOIIIEHE
Ne R
u30MepoB 2/3
1 Cl 0.22
2 CH; 1.73
3 OCH; 2.36
4 ol ) 6.01

"o auubiM 'H IMP cniektpockonun

/13 Tabmuis! 2 BUSHO, YTO U3 BCEX MCCIIEAYEMBIX CTPYKTYP TOIBKO PV MOHOBOCCTAHOB-
nenun 3,4'-NO,-4-Cl-6ensodenoHna (la) B 6osbluell cTelleHN MPOUCXOAUIO 00pa3oBaHMe
HUTPOAMMHONIPOAYKTa 3a. B ipyrux coepunennsx 1b-d, copepsxammx B opmo-monoXeHnn
K HUTPOTPYIIIIEe 3/IeKTPOH/JOHOPHbIE 3aMeCTIUTe/IN, IPEUMYIeCTBEeHHO BOCCTAaHAB/IMBAIACh
4'-uurporpymnma. IIpu aToMm ¢ yBennyeHneM o6beMa 3aMeCTUTeNsA R KOMM4YecTBO HUTPO-
aMMHa 2 CTAaHOBUJIOCH OOJIbIIE.

Ha ocHOBaHMY TONTyYeHHBIX JaHHBIX MOXKHO Cle/IaTh BBIBOJ], YTO HA/IMYME B OPHO-TIO-
JIOXEHNN K HUTPOTPYyIIIe 97eKTpoHoakentopHoro 3amectutens (Cl) cmocobcTBoBano ee Boc-
CTaHOBJIEHNIO, B TO BpeMs KaK 97eKTPOHOLOHOPHDIE ¥ 00 beMHbIe PYHKI[MOHAIbHbIE IPYIIIIBI
3TOMY IpPeNATCTBOBaMN. I109TOMY MOKHO OXWJaTh, YTO IIPY MOHOBOCCTAHOBJIEHUV HECVIM-
MeTpUYHBIX 4-R-4'-R1-3,3"-uHuTpobensodenonos, rae R u R1 pasHbie 110 371€eKTPOHHOI IpU-
poJie 3aMeCTUTeNN, B IIepPBYI0 O4epefb JO/DKHA BOCCTAaHABIMBATBCSA HUTPOTPYIIIIA, HPUCYT-
CTByIOLIast B O0Iee 971eKTPOHOepUIMTHOM PpparMeHTe MOIEKYIIBL.

CrnenaHHOe IIpefONOXKeHNe OATBEPANIOCh IPU BOCCTAHOBNIEHUM 4-XT0p-4'-MeTuI-
3,3'-guHuTpobensodenona (puc. 2). VI3 peakiroHHOI Macchl ObII BBIfIe/IEH TONIBKO OVH IPO-
IYKT, KOTOPBIi ObUI M/IeHTUULMPOBAH KaK 4-X/10p-3-aMUHO-3'-HUTPO-4'-MeTnn6eH30(eHOH
(cM. 9KCTIepUMEHTAIbHYIO 9acTh).

o] o)
sncl,
E—
cl CH, cl CH,
No, 4 5 No

A NO, NH, ,

Puc. 2. Peakuyist BOCCTaHOB/IEHMST HUTPOTPYIIIBI B 4-x/10p-4'-MeTu1-3,3"- auHnTpobeHsopeHoHe

[lis1 0O'bsICHEHNUS Pe3yIbTATOB SKCIIEPMMEHTOB IO M3YYEHNUIO CENeKTUBHOCTY BOCCTA-
HOBJIEHVSI HECMMETPUYHBIX AMHUTPOOEH30(peHOHOB ObUIO MPOBEEHO KBAaHTOBO-XMMMYe-
CKOe MOJIeNPOBaHIie IPoLiecca IPOTOHMPOBAHNS aHNOH-PAIMKAIOB AUHUTPOOEH30()eHOHOB.
VIMeHHO 3Ta CTagus Ompefe/sieT OPMEHTALMIO IIPOLlecca MOHOBOCCTAHOBJIEHUST IMHUTPOApe-
HOB. Taxk B pabore [21] ObIIO TOKa3aHO, YTO KII0OYEBOII YaCTULIEI, BIMAIONIEI Ha OPYEHTALINIO
U30MpaTEIHPHOTO BOCCTAHOBJIEHUsI HECUMMETPUYHBIX [JUHUTPOAPEHOB, SBJSIETCS AHUOH-
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pamukan guHuTpocyocrpata. [Ipy aToM ucnonb3oBaHye 1-3aMeleHHbIX-2,4- IMHUTPOOEH30-
JIOB, MEUEHBIX 110 0p1O-HUTPOTPYIIIe N30TONOM °N, II03BOINIIO II0KA3aTh, YTO VX AaHNOH-pa-
IIMKaJIBl CYIIeCTBYIOT B IIPOTOHHBIX CpefiaX B ABYX (popMax, XapaKTepU3yOIIXCs IpenMylie-
CTBEHHOJI JIOKa/IM3alyell COMHOBON IUIOTHOCTY Ha 0pmo- WIN napa-Hutporpymie (puc. 3).
COOTBETCTBEHHO B IEPBYI0 O4Yepelb OyAeT IPOTOHMPOBATHCSA Ta HUTPOTPYIIIA, HA KOTOPOIX
JIOKa/IM30BaHa CIIMHOBAA IIJIOTHOCTD, YTO COITIACOBBIBA/IOCH C HAIIPAB/IEHMEM YaCTUYHOTO BOC-
CTaHOBJICHMsI AUHUTPOCYOCTPATOB.

X X —

" NO, NO
rie X=CHs, OH, Cl, Et, i-Pr, NEt,
Puc. 3. [IBe popMBbl aHNOH-PagMKaIOB 1A 1-3aMelleHHbIX-2,4- TMHUTPOOEH30/I0B

Tak >xe KaK ¥ /11 MOHOSI/IEPHBIX OE€H30UIHBIX CTPYKTYP A1 6eH30()eHOHOB BO3MO>KHO
obpasoBaHue BYX GOPM aHNOH-PAINKAIOB: MemMd- Y NAPa- 1O PaCIIOIOKEHNI0 COOTBETCTBY-
IOLIVIX HUTPOTPYIII K KapOOHWMIBHOM (puc. 4).

‘O 0
R ! — II NO, RONO;
NO, NO,

Puc. 4. [IBe popMbl aHMOH-PaIVKaIOB [ 3aMellleHHbIX 3,4"-fuHNTpo-4-R-6eH30deHOHOB

B pesynpraTe mpoBefieHHBIX KBaHTOBO-XMMMYECKMX pacdyeToB MerogoM PM3 (mpo-
rpammHblii takeT MOPAC 7.00) Oyt TOTy4eHbI JaHHBIE, OTMCBIBAIOLIVE TeOMETPUIO 1 SHep-
TUIO aHMOH-pafinKana 3,4"-IMHUTPO-4-MeTII0eH30peHOHa, BLIOPAaHHOTO B KauecTBe MOJe/b-
HOTO 00'BEKTa /ISl MICCIIeJOBAHMSL.

AHanu3 reoMeTpUM aHMOH-PaJyUKaaa IOKasajl, 4YTO 4acTUI[A MMeEeT HEKOMIITAHAPHYIO
CTPYKTYpY, IPM 3TOM CUJIbHO Pa3/IN4aeTcs MPOCTPAHCTBEHHOE pacIloOXKeHMe apoMaTude-
CKIX KOJIeI] II0 OTHOIIEHNIO K IVIOCKOCTY KapOOHWIbHOI I'PyIIIbL. Pa3mmyHo Takxe pacmoso-
YKeHIe HUTPOTPYIII IO OTHOIIEHNIO K INTOCKOCTAM (PeHUIbHBIX AeP, CBA3AHHBIX C STUMU HUT-
porpynmnamu (puc. 5).

Puc. 5. l'eomeTpus aHUOH-pagyKana 3,4'- fMHNTPO-4-MeTII0eH30peHOH

APOMaTI/I‘{eCKI/Ie KO/blla B CTPYKTYp€ aHMOH-pafMKala pacloIaraloTca B IpOCTPaHCTBE
TaK, 4YTO OIOHO M3 HUX (co,uepmamee B napa—nonomeHI/H/I HI/ITPOFPYHHY) pacmonaraeTrca
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IPAaKTUYECK! B INIOCKOCTY KapOOHM/IBHOTO pparMeHTa, a Apyroe saapo mo4yru Ha 90 ° passep-
HYTO 10 OTHOIIEHMIO K I1ocKocTy CO-rpynmsl.

ATOMBI HUTPOTPYIIIIBI, HAXOAAIEICA B 1APA-TIOJIOXEHUY TI0 OTHOLIEHNIO K KapOOHMIIb-
HOJI TpyIIIe, He BBIXOAAT U3 INIOCKOCTY (PeHMIBHOTO KOJIbIIa. B TO ke BpeMs BTOpas HUTPO-
TpYIIIIa paclojIaraeTcs TaKuM 06pas3oM, YTO aTOMBI KIIC/IOPOZIA 3a CYeT IOBOPOTA BOKPYT CBA3Y
C-N HaxopATcsA BHE IVIOCKOCTY O€H30/IbHOTO KOJIbIIA, C KOTOPBIM CBA3aHA JaHHasA QYHKINO-
Ha/IbHasA TPyIIa. 3HAYEHNA YI7Ia MEXY PaCCMaTPMBAEMbIMU IVIOCKOCTAMI B 3TOM CITy4ae CO-
cTaByseT 55.8 °.

Hexotopsle oTmmunsa HabmofaoTcs B mnHaxX cBsAzeil N-O HUTpOTpYII aHMOH-paju-
Kaja. B HUTpOrpymIte, pacrono)XeHHON B Mema-TOIOXKEeHNN K KapOOHWIBHOMY (parMeHTy
3HAYEHIA 3TOTO TTapaMeTpa cocTaBaAoT 1.21694 1 1.21580 A, 6oee BbICOKMe 3HAYEHMS TMH
cBaseit N-O B napa-pacronosxxeHHoi HuTporpyie - 1.23166 n 1.23214 A.

BbImn cMopenMpoBaHbl IPOLecChl IPOTOHMPOBAHNA JBYX BO3MOXXHBIX (POPM aHIMOH-pa-
IMKajia MOJIe/IbHOTO coefiHeHM . TakK KaK IIpoI1jecc BOCCTaHOBJIEHN A OCYLECTBIANCA B KMCIIO-
CIMPTOBOM PacTBOPE, TO IPOTOHMPYIOLIVM areHTOM B JAHHOM Ciy4ae ABJIAJICA IIPOTOHUPO-
BaHHBI cIUPT, K npumepy - CH;OH.,.

I'eomeTpuyeckne napaMeTppl IPOTOHMPOBAHHBIX YaCTHUIL NPEICTAaBIEHbl HA pucC. 6 1 7
UL IBYX pOPM IIPOTOHMPOBAHHBIX AaHMOH-PA/IKA/IOB COOTBETCTBEHHO.

Puc. 6. ['eomeTpryeckue mapaMeTphl aHMOH-pajyKaina 3,4'-IMHUTPO-4-MeTUI6eH30(peHOHa, IPOTOHUPOBAHHOTO
10 1Apa-HUTPOTPyIIIe

Puc. 7. TeomeTpudeckue mapaMeTpbl aHMOH-pafyKana 3,4'-IMHUTPO-4-MeTnI6eH30(eHOHa, IPOTOHMPOBAHHOTO
IO Mema-HUTPOTpyIIe
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W3 puc. 6 n 7 BUAHO, KaK 10 CPAaBHEHMIO C aHVOH-PANKA/IOM MEHSETCS TeOMeTpus 00-
Pa30BaHHbBIX IIPY IPOTOHMPOBAHNUM CTPYKTYP.

V3smeHneHne reoMeTpuYeCKMX IIapaMeTPOB B IIPOLiecCe NMPOTOHMPOBAHNUA aHMOH-Pa/IK-
KaJIbHOJI YaCTHUIIBI CBUJIETENbCTBYIOT 00 YPOBHE TeX 9HEpreTUYeCKIX 3aTpaT, KOTOpble He0OXO0-
IVIMBI JUI OCYIIeCTB/IEHN JAaHHBIX IpeBpalleHuil. Yem 6osee 3HaUNTETbHBI JaHHBIE IIPe00-
Pa3soBaHMA CTPYKTYPbI 4aCTUII, TEM BbIIIE SHEPTETUYECKME 3aTPaThl, ¥ TEM MEHEE BEPOATHO
o0pa3oBaHye TAKMX YaCTHILI.

[ly1 paccMaTpuBaeMoro npyMepa ¢ IPOTOHMPOBAHMEM aHUOH-paguKana 3,4'- IMHNTpo-
4-metun6eH3odeHOHa BEpPOATHOCTb OOpPA3OBAaHUA Mema-IPOTOHUPOBAHHON CTPYKTYPHI
HIDKe, YTO MOATBEPKJaeTCsl PaCCUMTAHHON TePMOJVMHAMMYECKON Be/IMYMHOI TeIIOTHI 00pa-
30BaHNUA, PaBHOII -5.43576 kKan/Moib. [ napa-nmpoTOHNpPOBAaHHON GOPMbI aHMOH-PafiNKaia
3HauYeHMe TeIUIOThI 00pa3oBaHMsI HIDKe U cocTaBiaeT -52.10320 kxan/monb. Vimeet MecTo Tep-
MOJVHAMWYECKNI KOHTPOJIb PEAKIIVMN.

CpaBHeHue BermmunH aymH caseit O-H, o6pasoBaHHBIX IpM IPOTOHMPOBAHNM, TAaKXKe
CBUJIETENIbCTBYET O OOIbLIEN BEPOSITHOCTY 00pasoBaHusA napa-NPOTOHVPOBAHHON YaCTHUIIBL.
B sToM cryuae A cBA3u paBHa 0.9 A, a ipu Mema-npOTOHMpPOBAHMY TIMHA CBsA3M 2.6 A.

Taknum 06pa3oM maHHBIE KOMIIBIOTEPHOTO MOJETVPOBAHM XOPOIIO COITIACYIOTCA C 9KC-
IIepVMEHTA/IbHBIMY Pe3y/IbTaTaMy 110 M3Y4EHUIO IIPOIjecCa MOHOBOCCTAHOB/IEHNA HECUMMET-
PUYHBIX AVHUTPOOEH30IIOB.

SKCHCPI/IMCHTa}IbHa}I qacTh

TemmepaTypsl m1aBnenus onpegernsiim Ha npubope Poly Therm A co ckopocTbio Harpe-
Bauyua 3 °C/MmH u He KoppektumpoBamu. Crnektpsl SAIMP perucrpmpoBamum Ha mpubope
«BrukerDRX-400» gy pactBopoB IMCO-d6. B xauecTBe 3Ta/moHa 1 OTCUETa XUMIYECKUX
CIIBUTOB VICITOJIb30BA/IV CUTHA/IBI OCTATOYHBIX IIPOTOHOB pacTBopuTess B 'H SIMP (6 2.50 m.z.).
Macc-cniektpst 6buty 3anucanst Ha mpubope FINNIGAN MAT. INCOS 50, aHeprust 371eKTPOH-
HOTO nortoka 70 3B.

O6masa MeToguKa MOHOBOCCTAHOB/IEHNA HECMMMETPUYHBIX OeH3odeHOHOB la-d.
PacrBopsr 0.003 monb guaMTpOcybcTparta 1a-d B 50 Myt mponanona-2 u 0.009 mone SnCl-2H,O
B 50 M1 18%-Hoi1 HCI cHXpOHHO BHOCM/INCH Yepe3 KalleJIbHble BOPOHKM B TedeHue 30 MIH B
K070y, cofeprKangyo 15 M mponanona-2, Harperoro o 70 °C. ITocie yero peakuyoHHas Macca
nepemeniyBanach eme 10 mua npu 70 °C. Boienenne IpogyKToOB IIPOBOANIOCH 00pabOTKOI
PeaKIMOHHOV cMecH 25-TIpOLIeHTHBIM PacTBOPOM aMmuaka fo pH = 7-8 u skcrpaknueil He-
CKOTIBKUMI nopLusaMu xnmopodopma (X = 400 M), KOTOPBIN 3aTeM OTTOHSICS IIPY IIOHVDKEH-
HOM JIaBJIEHUM.

4-x70p-3-amuHO-3'-HUTpO-4'-MeTunb6ensoperon: Buxon 94.5%, T 111-112 °C.
Cnekrtp AMP 'H (IMCO-ds), 6, m.ii. (J, ['m): 8.24 ¢ (1H, H?), 7.88 on (1H, HE, 6.0, 1.0), 7.69 1
(1H, H*, 7.0), 7.37 & (1H, H?, 7.0), 7.22 p (1H, H? 1.0), 6.89 1 1 (1H, H¢, 6.0, 1.0), 5.70 ¢ (2H,
NH.), 2.57 ¢ (3H, CH3). Macc-criextp, m/z (Iowm., %): 291 (100) [M]*, 156 (58), 154 (90), 126 (68),
90 (69). Haitmeno %: C 57.61; H 3.99; N 9.79. C,4H,,CIN,Os. Boruncneno % : C 57.84; H 3.81; N
9.63; M 290.70.
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Kntouesvie cnosa: nnasma, Aunomauus. Viccnedosanus, npedcmassientvie 8 OAHHOL pabome, pacuiupsiom

83aumodeiicneue, NPOUeCc,  B03MONCHbIE ACNEKMbL MEeXHON0ZUMEeCK020 UCNONb30BAHUSL 2d306bIX PA3PI006 6

nepexooHbie npouyeccol, mexHonozuu 06pabomuy u MOOUPUKAUUY PASTULHbIX Mamepuanos. Vssecmno,

X710, KpeMHUL 4110 NAA3MA HA OCHOBE XUMUYECKU AKINUBHDBIX 6€U4ECTNE NO36071Ae UHMEHCUPU-
yuposamyv mpaouyUoOHHble XUMu1eckue nPoueccyl 3a cuem 6onee s PexmueHozo
pacxodosanust anepeun, nod8ooumoil k cucmeme. IIpu makom nodxode onpedens-
OUWUMU CIAHOBAMCA 6Ce CMAOUU MEXHON02UU U d7eMeHMbl KUHeMU1ecKol
CXeMbL 83AUMOOELICMBYIOULUX HACMUY, 8 NIASMOXUMU1ECKOM peakmope. VI3yueHol
npoueccul, Habm00AeMble HA PPOHMAX NEPEKTIOHEHUS CUSHANIA NPU UMNYTILCHOM
numanuu paspaoa. Takoti peicum 2opeHuss pasps0a no3eosnsem 000umocs bosnee
apPexmusH020 UCNONIL30BAHUS PeaseHN08, NPUMEHIEMbIX NPU NAASMOXUMUYe-
CKOM mpasnenuu pasnuunvix mamepuanos. Takice 8vinonner 0006ueHHbIT AHA-
JIU3 NPUHUH, NPUBOOSULUX K NOSBIIEHUI0 NEPEXOOHbIX NPOUeCcos Ha PPoHmax ne-
PeKnoueHUs cueHAna 8 paspside ¢ nepuoduteckUM usmeHeHuem moxa. Paccmoms-
PeHbL BONPOCHL PeNAKCAUUY MANKENBIX 3APIHEHHDIX U HEUMPATLHBIX HACMULY, 8
naasme xa0pa.

1 HUTUPOBAHNA:

Curanos JI.B. ®usnyeckne acrekTsl pOpMIPOBAHIS XMMUYECKY aKTUBHOI Cpefibl B II/Ta3Me X/I0pa Y MMITY/Ib-
CHOM muTaHuu paspsga // Om xumuu k mexsonoeuu wae 3a wiaeom. 2023. T. 4, oin. 1. C. 51-63. URL: http://che-
mintech.ru/index.php/tor/2023-4-1

BBengenue

B Hacrosee Bpems HUsKodactoTHble paspsansl (HUYP) HaxopaT mmpokoe npumeHeHue
IPYU pelleHNN Pa3/IMYHbIX IPAKTUIECKNX 1 HayYHbIX 3afad. Tak pas3psj Ha 4acTOTe MOPsgKa
10 xI'y Hamen mpumenenne B CO,-masepax, IOCKONbKY JAHHBIN BUJ paspsfa, 3aHUMasd Ipo-
MEXXYTOUHOE II0/I0>KeHME MeX/[y BBICOKOUACTOTHBIMM paspsijaMi U paspsfgaMy Ha IIOCTOSIH-
HOM TOKe, VIMeeT psJ| IPUHIMIINAIbHBIX ocobeHHOCTell. Ha a/ekTposax B COOTBETCTBYIONIVE
HOJTYTIEPMOABI IPOVICXOAAT IPobou ¢ POpMMUPOBaHMEM KaTOJHOTO CJI0SI, HO IIPY 9TOM CTabbIi
HI3KOYACTOTHBIN TOK CMEIlleHNA He IIPMBOANT K 3aMBIKaHIIO TOKA Ha 3JIEKTPOJIBL, YTO CTabM-

mmsupyeT paboty masepa [1, 2]. Kpome Toro, HM3KOYacTOTHbIe MCTOYHMKY IUTAHUA I

© /1. B. Curanos, 2023
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Bo30yxpennsa HYP cymecTBeHHO femreBe MMITYIbCHBIX MM pe3oHaHCHbIX CBY-reneparo-
POB, KOHCTPYKTUBHO 60J1ee IIPOCTHI ¥ CTabW/IbHBI B paboTe.

C nyroit CTOpOHBI, IpYMEHEHYe IVIa3Mbl B TEXHOIOTMYECKIX IIe/IAX AB/IACTCA BecbMa -
(beKTVBHBIM IpUEMOM TeHepalyi XMMIYIEeCKV aKTVBHBIX JaCTUI] B IUVIA3MEHHBIX PeaKTOpax.
Tak ma3ma Ha OCHOBe raJIOT€HOB MM KMCIOPOJa AB/AETCS 3P PEKTUBHOI Cpeoil IIpK pean-
3aIyM IIPOLIECCOB TPABJIEHNUs PaslINYHBIX MaTepuanos [3]. [IpuMepsl mepeuncieHHBIX Ia30B
caMJl 110 cebe SABJIAI0TCA XMMIYECK aKTUBHBIMY, K TOMY JKe B IIa3Me OHU IIPUOOpeTaroT Jo-
TIO/THUTE/IbHBIe BO3MOXKHOCTH 3a CYeT VX AMCCOLMAINM ¢ 0Opa3soBaHMEM aTOMOB, KOTOPBHIE,
KaK M3BeCTHO, o0majjator ee 6ormee apPeKTMBHBIMY XMMWYECKMMI CBojicTBaMM [4]. BaxkxHo
TaK>Ke OTMETUTD, YTO IPOLIECCH IIa3MOXMMIIECKOTO TPaBJIeHN YacTO IPOTEKaT ObICTpee,
4eM B OOBIYHBIX XMMIYECKUX PEAKTOPaX, BBU/Y IIOCTOSTHHOJ BHYTPEHHEN OYMCTKY IIOBEPXHO-
CTU pearupymoliX MaTepyaaoB OHAMH ITa3MblL. Takoil pexxum 0co60 3¢ deKTrBeH B I1a3Me
3/IeKTPOOTPUIIATE/IbHBIX Ia30B [5, 6].

OpHMM 13 HOBBIX ITpakTHdeckux npumeHenust HYP aBngerca ero ucrnonbp3opaHue B fe-
(eKTOCKOINN C Ie/IbI0 BU3Ya/IM3alVJ MEXaHNYeCKIX VI CTPYKTYPHBIX e()eKTOB Ha IOBEPXHO-
CTSIX TBEPJIbIX BBICOKOK/IACCHBIX MaTepuanos [7].

Ba)kHO OTMETUTD, YTO 3/IEKTPOHBI B HU3KOYACTOTHOM paspsifie TeHepupyoTcs Ha GppoH-
TaX TOKOBBIX VIMITY/IbCOB IIEPMOAMYECKIIMIU BEIOpPOCAMM, B OCOOEHHOCTH, €C/IM 32 BpeMsI Iay3bl
MEeX/[y VIMITY/IbCaMM TOKa IUIa3Ma IPAaKTMYeCK! IIOTHOCTBIO pacHafaeTcs U A 3a)KUTaHUA
paspsza (mpobos paspsHOrO MPOMeXKyTKa) HeOOXOAVMO NPYUK/IaibIBaTh HAIIPsDKEHNMe, IIpe-
BBIIIAIOIIIee HAIIPsDKEHNeE CTAllIOHAPHOTO TOPEHNA paspsa. ITOT SKCIepPYMEHTaIbHbIN (PakT
omuca B [8]. Tak, B 4aCTHOCTH, B 3TUX paboTax OBUIO MOKA3aHO, YTO IIPYU UCCIENOBAHNM 3a-
JKUTaHUA pa3psAfa B IMHHBIX TPYOKax (pasMep KOTOPBIX B HECKO/IBKO pa3 IPeBbIIIajl pa3Mepbl
CaMIX 97IeKTPOJIOB) Haya/IbHbII VIMITY/IbC HAIPsDKEHNMs, IIOlaBaeMblil Ha 9/IeKTPOAbI Paspsifi-
HOJI CHCTeMbI, OKa3bIBA/ICS BBIIIE HAIPsDKEHNUA, HEOOXOAVMOTO I MOAJepP>KaHNA TOPEeHNA
paspspa. Bmecre ¢ Tem msBecteH u apyroit addekr, HazbiBaeMblit «3pdexTom mamaTm» [9].
CyTb ero 3ak/I04aeTcs B TOM, YTO IIOC/IE NIePBOTO MHUIVMPYIOLIETo IIa3MeHHbIEe IIPOL[eCChI
VIMITY/IbCa HAIIPsDKEHMS MOCIeyolye IMITY/IbChl Ha (POHTAX 3a)KUTaHUA paspsifia OT/InYa-
IOTCSL OT IepBOro. B cimydae MajbIX Iay3 MeXXAy MMITY/IbCaMMl HUTAIOLIETO HaINlpsDKEHVS
BCIUIECKV CUTHA/Ia Ha IepefiHeM (GpOHTe MMITY/IbCa HalpsDKEHM s, KaK IIPaBIUIO, MeHbIIIe Ilep-
BOTO VIMITY/IbCa. B IpOTMBHOM c/Tydae OHM OKa3bIBAIOTCA MOYTH OAMHAKOBBIMI. OODACHEHME
faHHOTO pakTa npuBoanTcs B padote [10]. Tak, 1o MHEHNIO aBTOPOB IaHHOI CTATbhJ, OCHOB-
HOJI IIPMYMHOJ JAHHOTO SIBJICHNs SBJIIETCS MOBBILIEHHAs! CKOPOCTb MoHm3anyy B HYP. [leit-
CTBUTE/IbHO, B HAYAJIbHBII MOMEHT MIMITY/IbCA HAIIPSDKEHNSA TOK B LIeN MaJl, a IajieHyie HaIpsi-
YKEHUS Ha paspsJHOM IIPOMeXyTKe BenuKo. [Tose B paspsifie 3HaUnTENbHO 6OJIbIIE CTAL[IOHAD-
HOTO, YTO ¥ VHUIIMVPYET B I/Ia3Me IIPOLIECCHI C YYacTIeM 3apsDKEHHBIX YacTUIL (3/IeKTPOHOB,
JIOHOB), KOTOPBbIE, B CBOIO O4€pPe/ib, BIMAIT Ha 37IEKTPOIIPOBOJHOCTD PAa3pALHOTO IIPOMEKYTKA
¥ Ha IVICCOLMAIIMIO X/IOpa IIpY 3/IeKTPOHHOM yrape. Takum o6pazoMm, «apdekT maMATn» — 370
He YTO VIHOE KaK OCTATOYHasl 9JIEKTPOIIPOBOLHOCTD Pa3psJHOTO IIPOMEXKYTKa 32 CYT OCTATOY-
HOJI KOHI[EHTPAL[MV MOHM3VMPOBAHHOTO IIa3MOOOPA3YIOLIero rasa Iocjie May3bl MeX/y VM-

ITy/ibCaMI TOKaA.
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IlaHHBI (HaKT IO3BOJIAET MIPEAIIOTIOKNUTD, YTO B pa3psfiaX MOLZOOHOro THUIA AVCCOLIMA-
V1 MOJIEKY/IIPHOTO IIa3MooOpasyoliero rasa (Harmpumep, xiopa) Oyjer npoTekarb 6osee
3¢ dexTUBHO, YeM B T/IEI0LeM paspsijie OCTOSHHOTO ToKa. JlaHHBI akT MoXeT ObITb IojIe-
3€H B C/Iy4ae VICIIOIb30BaHMA IUIa3MBbl X/TOpa /I TpaBjIeHNA MaTepuanoB. C [pyroil CTOPOHEI,
BIIOJTHE O4YeBUAHO, 4To B HYUP mpoueccs! Bo30yXaeHNs, MOHM3ALMY U AUCCOLMIALIMI TIPOTe-
KaloT, B OCHOBHOM, B (pase ropeHus paspssa, GopMUpysa COBMECTHO C peKOMOVHALMIOHHBIMU
IpolleccaMy CTallIOHapHble 3HAYEHVs PAiINKa/lIOB, MOHOB 1 BO30Y>KIeHHBIX YacTull. B mayse
VIMITY/IbCOB TOKA SHEPTUA PacXOAyeTcA MCKIIOYNTEIbHO HAa PeKOMOMHAIMOHHBIE ITPOIIECChL.
HlanHbI QakT mo3BosseT ucnonb3oBarb HUP B auarHocTnyeckux nessax A U3ydeHus mpo-
I1eCCOB PeKOMOVHAIINI ATOMOB X/IOpa B IIa3Me C MICIIOIb30BaHMEM pelaKCaIlVIOHHO VIMITY/Ib-
cuoit metoguku (PVIM).

OCHOBHOI1 11€/IbI0 JAaHHOJI pabOTBI SIBJIANOCH U3Y4YeHNe TIEPEXONHBIX IPOL[ECCOB, HAOMIO-
llaeMBIX Ha (PPOHTAX IEePEK/ITI0UeHNsI CUTHA/IA TIPY UMITY/IbCHOM IIMTAaHUY pa3psAfa. JTa 3ajjada
OKa3ajach JOCTATOYHO Ba)KHOI, TaK KaK XapaKTepHbIe BpeMeHa I'M0e/ aKTUBHBIX YacTHIl B
IIa3Me MOTYT COCTaB/IATD AECATDIE U COThIE JOMU CEKYH/IBL, TO €CThb 110 BpeMeHM OBITh COM3Me-

PYIMBI C IIEPMOAOM C/I€NOBAHNIA TOKOBBIX MMITY/IbCOB /I HU3KOYACTOTHOI'O pa3pApa.
ITocranoBKa 3ajgaumn 1 OInMmca”Hue 9KCHCPI/IMCHTa}IbH0ﬁ YCTaHOBKM

B mannoit pabote mbr uccnegoam HYP B x1ope, Tak Kak, ¢ OZHOM CTOPOHBI, 3TO JOCTa-
TOYHO YaCTO MCIIO/Ib3yeMas cpefja [ IIa3MOXMMMYECKOTO TPaBIeH! s MaTepPHUaoB, a C Ipy-
TOJl — B IUIa3Me X/IOPA OKa3bIBA€TCS BO3MOKHBIM HE3aBJMCUMO M3y4aTh MPOILECChl TeTepOTeH-
HOJI peKOMOMHAaIMM aTOMOB (6e3 06pa3oBaHMs IPOLYKTOB) Y I/TA3MOXMMIYECKOTO TPAB/ICHMS
pasnuuHbIX MaTepuanos. B pabore [11] mMbl yxxe ucnonbzoBany PVIM njis naydeHus sTUX mpo-
neccoB. [Ipn aToM Ha PpOHTAX IepeKTI0UeHNS TOKOBBIX IMITY/IbCOB B psfie CIy4aeB (puKcupo-
Ba/IVCh pe3Kye BBIOPOCHI CUTHAIa, KOTOPBIE, OHAKO, He Mellla/IN PelleHNI0 OCHOBHOI 3ajauy
— IIOJIYYMUTDb CIIEKTPAIbHYI0 KMHETUYECKYI0 3aBMCUMOCTb PeKOMOMHALMM aTOMOB XJIOpa B
YCIIOBUAX TOPEHMA Ia30BOTO paspsafa. Takas cuTyanysaA CKIafblBaaach JMIIb IOTOMY, YTO Xa-
paKTepHbIe BpeMeHa JICCIelyeMbIX IIPOLeccoB ObUIM OOJbllle BpeMeH) HaOJofaeMbIX Iiepe-
XOHBIX IIPOLIECCOB NPY BK/IIOYEHNN M BBIK/IIOYEHNN paspsapa. I1o cytu, sTn nepexomHpie mpo-
1jecchl Ha GPPOHTAX MEPEKTIYEeHNs CUTHA/IA IPOCTO UTHOPMPOBAIUCH, @ CIIEKTPa/IbHbIe KITHe-
TUYECKIe 3aBYCUMOCTY 9KCTPAIIONIMPOBAINCH 10 (pakTmyecKoro ppoHTa curHama. Takoit mop-
XOJi, BIIOJIHE OIIpaBJaH, OJHAKO, €C/IM M3y4aeMble IPOLIeCcChl MUMEIOT COM3MepMMbIe BpeMeHa C
BbIOpOCaMU CUTHA/Ia Ha IepefHeM (pOHTe MMIIYIbCA TOKA, TO peajn3anus pelaKCalliOHHON
VIMITY/IbCHOJ METOIMKM OKaXXKETCA 3aTpysHUTENbHOM. CKasaHHOE MOXKET CTaTh aKTyaJbHbIM
npu peamusanyuu PVIM coBMeCTHO ¢ SMUCCUOHHOM CIIEKTPOCKONMEN, i KOTOPOIl, KaK U3-
BECTHO, HEOOXO/IIMO MEHSATH JUINTE/IbHOCTD Iay3bl MeXXAy (asamMy TOpeHus paspsifia BIVIOTh
JI0 CPaBHUTEIBHO Ma/IbIX BEeTMYVH VIV IIPU U3YYEeHUY PEKOMOVHAIVIOHHBIX IIPOLIECCOB pajiu-
KaJI0B C Ma/IbIMI BpeMeHaMM >KM3HI.

IKCIIepMMEHTHI IPOBOAN/INICh Ha YyCTAaHOBKE, CXeMa KOTOPOI1 II0Ka3aHa Ha puc. 1.
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Puc. 1. Cxema sKCHEepMMEHTAIbHOM YCTAaHOBKM: 1 — IJIa3MOXMMUYECKUII PeakTop; 2 — UCCIeLyeMblit obpasell
(xpemHMIL); 3' - anexrpop (xkaton); 3" — anekTpoy (aHOH); 4 — BpallaTeNIbHO-MaC/AHbIT Hacoc BH-461; 5 - Baky-
ymmerp BT-2; 6 — Tepmomnapusiii gatuuk IIMT-2; 7 - amnyna ¢ conpio CuCly; 8 — meup; 9 — TepMomnapa xpo-
Menb/amoMenb; 10 - munmusonbTMeTp 1114501; 11 — eMKOCTD /i1 XpaHeHUs X/10pa; 12 — KanuIIsApHbI Macn-
HbII1 peomeTp; 13 — U-06pasHblit Mac/IAHbIT MaHOMeTp; 14 — mamna JJ]C-30

OCHOBHOJT 0COOEHHOCTBIO MCIIO/Ib3YeMOTO HaMM 67I0Ka IMUTAHNA IJ1s1 BO30OYXX/JeHUs pas-
psifia ABJIAUIOCH TO, YTO OH ITO3BOJLAI ITONIYYaTh CTAOM/IbHBIN CUTHAT Ha paspsgHON TPyOKe ¢
NIOfIaB/IEHHBIMI ITy/IbCAIVIAIMM BIUIOTD JIO AECATKOB MUKPOCEKYHA. DTO MO3BOIATIO PUKCHUPO-
BaTb IIePEXOHbIE IIPOIIECCHI B PAa3psAIHOI TpybKe, CBA3aHHbIE C MI3MEHEHVEM 3TIeKTPOIIPOBOJI-
HOCTM CaMoro IUIa3MEHHOTO IIPOMEXYTKa. BayKHO OTMeTUTD, YTO KOHCTPYKIMA 6/10Ka IUTa-
HS1 B BUJIe MOAY/LITOPA ICTOYHNMKA IIOCTOSTHHOTO TOKa Obl/Ta HEOOXO/IMMa, TaK KaK OJfHUM U3
OCHOBHBIX JJONYIIEHNI1 yCemHoM peammsanun PVIM ABIAIOCh OTCYTCTBYE MHTETPUPYIOLINX
(mnddepeHnypyoIMX) [eIOYeK B TOKOBOI LI 3/IeKTPUYECKO CXeMBbI, IPOsB/IAIOIINXCH,
KaK M3BECTHO, TOJIbKO Ha IIEPEMEHHON COCTaBAmLiell. B KayecrBe OCHOBHOTO 3/IEMEHTa
CX€MbI MOAY/IALMN TIOCTOAHHOIO TOKa MbI McIIonb3oBamu n1amiy I'MJI-10. B kauecTBe 3agaro-
IIETO 97IEMEHTA CXEMbI IIPYMEHAJICA T€HEPATOP MMITY/IbCOB TOYHON aMIUIMTYAbI I'5-75, mo3so-
NAOINI USMEHATD JINTENbHOCTD Iay3bl f, MEX/Y UMITyIbcaMy ropenus paspsaga ot 0.1 mo

100 Mc ¢ [UCKpeTHOCTBIO He Xyxke 1 Mc (puc. 2, a).
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iq

Neg

Ner,

Ter

4

Puc. 2. XapakTepHble BU/IbI CUTHAJIOB, IIOTy4aeMble B XOJi€ 9KCIIEPUMEHTA: @ — VIMITY/IbChl TOKA: BPeMs TOPEHMA
paspsna (1), BpemeHa mays (2-5): ty— tys; 0, 6 — 3aBUCMMOCTY KOHLIEHTPALIMIT aTOMOB 1 MOJIEKYJT XI0pa IPYU UM-
Iy/IbCHOM IIUTAHNU PAa3PsIfia; &, O — CIIEKTPaTbHasl KMHETHYeCKasl 3aBYCUMOCTb M3/TydeHIsI aTOMAPHOTO XjIopa 1
MHTEHCUBHOCTD IIPOLIENLIETO U3TYYEHNA Yepe3 paspANHbII mpoMexyTok B HUP

BBI/I,'E[Y BbIMIE€YKa3aHHbIX IIPMYNH Mbl OTKa3a/IMICh OT MCIIO/Ib30BaHNA TOTOBBIX MITY/IbC-
HbIX MCTOYHMKOB IIUTAaHNA U VICTOYHUKOB IIMTaHMA Ha OCHOBE PE€30HaHCHBIX BBICOKOYAaCTOT-
HbIX CXEM.

Pe3ynbrarhl 1 ux 06CyKaeHIe

[l aHamM3a epexoqHbIX MPOLeccoB Ha PPOHTAX TOKOBBIX MMITynbcoB B HYP ucmonb-
3oBazach PVIM cOBMeCTHO C SMUCCHOHHOI ¥ a0COPOLMOHHOI crieKTpockomert. CleKTpab-
Hble KMHETIYeCKle 3aBYCUMOCTY I'Mbe/IM aTOMOB X/IOpa B pa3psifie MOTy4Yamich KaK pe3y/IbTaT
0060011eHNA TaHHBIX IT0 OCTATOYHOI KOHLIEHTPAIMM ATOMOB XJIOPa B paspsfie IpY pasINIHbIX
JINTENbHOCTAX Tay3bl (puc. 2, 6). IIpy 3ToM OTHOCUTe/IbHOE M3MeHeHNe KOHI[eHTPAI[UN aTo-
MOB XJ10pa (pHc. 2, 2) OTIpefieNAnoch C MCIIOIb30BAHNEM ONTUYECKOI IMUCCHOHHON CIIEKTPO-
CKOTIMY TIO M3YYeHMI0 aTOMApHOTO XI0pa Ha JyTMHe BONHBI 452.6 HM (mepexon Sp’py, =
45’ p,,, ). BOSMOXKHOCTD MCIIONb30BAHMS JJAHHOTO MEPEXofia B CIIEKTPATbHBIX KOMMYeCTBEH-
HBIX M3MepeHNAX Oblla MoKa3aHa B paborax [12]. [JuHaMyKa M3MeHEeHNA KOHIIEHTPAL[UY MO-
TeKy/IAPHOTO X/I0pa IPpY VIMITY/IbCHOM NMUTAHUY paspszia (puc. 2, 6) KOHTPOIUPOBAIACH IO HO-
ITIOLIEHNIO MOJIEKYIAPHBIM XJIOPOM BHeNIHero usaydeHns ot namisl JIJIC-30 B okpecTHOCTI
IIMHBI BOMHBL 330 HM (abcOpOLMOHHAsA CIIEKTPOCKOINA), YTO COOTBETCTBOBANIO MAKCUMYMY
IIOJIOCHI TIOTTIONIEHNA MOJIEKY/IAPHOTO X/IOpa U IMHEHOMY YYacTKy M3aydeHus namimbl. Ha

puc. 2, 0 TIOKa3aHa MHTEHCMBHOCTDb IPOIIEALIEr0 M3Ty4eHNs OT JIAMIIBl Yepe3 paspsHBII
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IMIPOMEXYTOK IIpM MMIY/JIbCHOM INNTAaHUM paspsAfa. B KadecTBe [aT4mMKa MCIIONb30BAICA
DIY-39A COBMECTHO C YHMBEPCATbHBIM Ma/I0TabapUTHBIM MOHOXpoMaTopoM MYM-1.

Ha puc. 3 n 4 npuBefieHbl COOTBETCTBEHHO BPEMEHHBIE 3aBMCUMOCTY MHTEHCUBHOCTH
U3JIy4eHNA aTOMAPHOT0 X/I0Pa ¥ MHTEHCYBHOCTY IIPOLIEJIIETO Y€Pe3 CTEK/IAHHBIN IIa3MOXM -
MUYEeCKUIT peakTop usnydenns ot nammnsl [1J1C-30.

10

IG , OTH. €.

I, oTH. eq1.
R
(=]
(=)
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tc tc

Puc. 3. CnekTpanpHasa KuMHeTH4YecKas 3aBUCUMOCTb, Puc. 4. CrekTpanbHas KMHETHYeCKas 3aBMCUMOCTD,
IIONTyYeHHasA C ¥cnonb3osanneM PVIM coBMecTHO ¢ monmydeHHas ¢ ucnomb3oanueM PVIM coBmecTHO ¢ a6-
SMICCHOHHOM CIEKTPOCKOIMell, YCpeJHEHHAs II0 COPOIMOHHOM CHEKTPOCKONIMEN, YCpeJHeHHasd IIO
HabOPY OFHOTHUIHBIX MMITY/IbCOB, BpeMs I1ay3bl 60 MC, HAabOpPY OHOTHUIIHBIX MMITY/IbCOB, BpeMA Haysbl 333 Mc,
nepuop, 420 mc nepuop 777 Mmc

IIpu mony4yeHun JaHHBIX, IOKA3aHHBIX HA PUC. 4, I/IHA BOIHBI IIOITIOLE€HN BapbUpPO-
BaJIOCh OTHOCUTE/IbHO Be/IMYMHBI 330 HM TaKM 06pa3oM, YTOOBI COOCTBEHHOE U3/Ty4eHNe pa3-
psiza 6bUI0 MUHVMMAIbHBIM. Bce sKcIiepuMeHTsI IPOBOAVIIVICH IIPY 00LIeM JJaB/IeHNI XJI0pa B
cucreme 100 ITa. Tok paspsama u pacxon mrIasMoo6pasyroIero rasa MOIEPKUBATUCH Ha
ypoBHe 11 MA 1 1.3 cM’/c cooTBeTcTBeHHO. Ilepnoy creoBanN A UMIIY/IbCOB U BpeMs TOPEeHNs
paspszna MogOMpanuch SKCIEPUMEHTAIBHO TaKMM 00pasoM, 4TOObI MUHMMU3UPOBATb BIIUA-
HIIe [IOMeX, CBA3aHHBIX C IIPOsABJIEHNEM rapMOHMK KpaTHBIX yacToTe 50 I'ny (dacrore, muraro-
IIeVl CXeMy CeTH).

3aBMCUMOCTH, TOKa3aHHbIe Ha pUC. 3 U 4, HOTy4Yanyu Kak NIepBUYHBII MaTepua, Heobxo-
IUIMBII [JIA SKCIIEPUMEHTATBHOTO OIpefie/ieHNa KOHCTAHTBI (BepOATHOCTH) peKOMOMHALINN
aTOMOB Ha pa3/IMYHbIX 0Opasiax. Kak ykaspiBaoch paHee, B 60Jiee paHHMX paboTax Mepexon-
Hble IIPOLIeCCHl Ha (PPOHTAX IEePEKTI0YeHN I CUTHA/IOB UTHOPMPOBAINCH. B 0611eM, OHUI He Me-
IIIa/TV MI3YYEHMIO KMHETVKY PeKOMOVHAIMOHHBIX ITPOLIeCCOB B IIa3Me X/I0pa, TaK KaK B TI000M
CITy4ae y[aBanoch 3aMKCUPOBATh CIIEKTPATIbHYIO KMHETUYECKYI0 3aBYICMOCTD, IIPO3KCTPAIO-
JMpOBaB ee Ha HayajJlo TOKOBOTO MMITy/Ibca. B paMKkax maHHOI paboThI MBI pelnn 6osee fie-
TAIbHO U3Y4YNTb (PUKCUpPyeMble SKCIEePVMEHTA/IIbHO IepPeXOHbIe IIPOLIECCHl I BO3MOXKHBIE
IPUYVHBI X BO3HMKHOBEHMSA. [[€710 B TOM, YTO BpeMeHa NEePEXOJHBIX ITPOLIECCOB U MX BU/J 3a-
BJICEM OT COOTHOILIEHMA BpEMEH TOpeHns paspana u nayssl HUP npu nemsmMmeHHOM nepuoje
cnefoBanysA UMIynbcoB. ClefoBaTeIbHO, CXeMOTEXHNYECKYIO IPUYNHY BOSHMKHOBEHUA IIe-
PEXOMIHBIX IIPOLIECCOB He C/IeflyeT pacCMaTpuBaTh KaK OCHOBHYIO. Tak, HanpuMep, nepnoy, cie-
roBaHys UMITyIbcoB 420 Mc (misa PYIM coBmecTHO ¢ 9C), HeM3MEHHBII /IS TAPTUU SKCIIEPH-
MEHTOB, CK/IaJibIBA/ICSI 113 IepeMEHHBIX Be/IMYMH BpeMeH mnay3sl (10-80 Mc) u ropeHns paspszga
(410-340 MC) COOTBETCTBEHHO. DTO II03BOINJIO IPEATIONOKNATD, YTO IPUYMHOI TOSIBJIEHNA T1e-
PEXOHBIX IIPOL[ECCOB MOXKeT OBITb, C OMHOM CTOPOHBI, M3MEHEHNe KOHIIEHTpPAIUl
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3apsDKEHHBIX YacTUI B IUIa3Me X/Iopa (37IeKTPOHOB U VIOHOB) U 4epe3 IOCTIe0BAaTeTbHOCTD
IpOoIeccoB, 0bcyxaeMbIx B [13], aToMOB X710pa, GUKCUPyeMBbIX Ha IepesHeM (POHTE M-
my/bca HanpsoKeHus. C Apyroil CTOPOHBI, TPV 3HAYNTE/IbHOI pasHuLle MOABYKHOCTEN 3aps-
YKEeHHBIX 9aCTHII I/Ia3MBbl (37IEKTPOHOB 1 IOHOB) Pa3psAHbIN IPOMEXYTOK JO/DKEH MPOABIIATDH
CBOJICTBA peaKTMBHOrO 3/1eMeHTa. [Ipy 3TOM BpeMeHHas ocuyriorpamma (puc. 5), JO/DKHA
uMeTb fiBe (as3bl: eMKOCTHYIO (1) ¥ MHAYKTUBHYIO (2), KOTOpbIe OIpeNeNIAITCA XapaKTepoM

ABVDKEHNA 3apAKE€HHbIX YaCTHULL B IVTa3MeE.
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Puc. 5. VinmocTpanys nepexogHbIX MPOLeCcCOB MY BKIIOYEHMN — eMKOCTHAs cocTaBsaomas (1) u BBIKIIOYeHUN
paspsAfa - MHAYKTUBHASA COCTaBIAmoma (2)

OJHO3HAYHO YTBEPXK/aTh B I0/Ib3y KOHKPETHOTO MEXaHM3Ma ITOSIB/ICHMS IIePEXOHBIX
nporieccoB Henmb3A. CKopee BCero, BIUJ 9KCIePUMEHTATbHBIX 3aBUCHMOCTEN 00 bACHARTCA 000-
VMM BBIIIEYKa3aHHbIMU (akTopamu. Tak, JaHHbIE pUC. 3 IO U3TYy4eHNI0 AaTOMApHOTO X/Iopa
MOYXHO MHTEPIPETUPOBATDb KaK 97eKTPOMArHUTHYIO HABOJKY, BO3HMKAIOLIYIO Ha peaKTUBHOM
aneMeHTe e (paspsgHoil TpybKe). [laHHBIE JKe 110 ITOI/IOIEeHIIO0 BHEITHETO U3TyYeHUs MO-
JIEKY/IAPHBIM XJIOPOM (pHcC. 4-7) IO3BOJIAIOT BBICKA3aTh IIPEJIIONIOXKEHNE O JBOVICTBEHHOM Me-
XaHM3Me BO3HIKHOBEHIS [IePeXOJHBIX ITPOIeCCOB.

Ha puc. 6 u 7 npefcraBieHsl AeTani3MpOBaHHbIe M300pa>keHNsI IIEPEXOTHBIX IIPOL[ECCOB

B HYP, a B Tabnuiie 1 1aHbl COOTHOLIEHNS XapaKTEePHBIX YYACTKOB J/ISI IMITY/IbCOB.
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Puc. 7. [leTanusypoBaHHOE N306paXkeHVe eMKOCTHOII

Puc. 6. [leTanusupoBaHHOe M300paskeHMe UHIYKTUB-
¢a3pl nepexopHbIX npoueccos B HYP

HoI1 ¢aspl mepexoHbIX nporeccos B HUP
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Tabmuua 1. 3HayeHNA BpeMeH MHAYKTUBHOM M eMKOCTHOI ¢a3 uMmynbcos B HUP. O603HaueHnsA BpeMEeHHDIX MH-
TEPBAJIOB t, t, 4 COOTBETCTBYIOT PUC. 6 M 7; BP€MEHHOI MHTEPBA {3 OCTaBa/ICA HeM3MEHHBIM 1 cocTas/An 0.019 mc

1y, MC t, MC f2, MC f4, MC
3 0.083 0.146 0.113
5 0.066 0.296 0.103
7 0.073 0.329 0.116
9 0.063 0.333 0.093
11 0.069 0.316 0.096
13 0.059 0.342 0.099
15 0.063 0.406 0.103
17 0.056 0.379 0.093
19 0.056 0.476 0.096
20 0.089 0.402 0.109
30 0.096 0.419 0.133
40 0.099 0.339 0.093
50 0.066 0.329 0.103
60 0.053 0.306 0.079
70 0.066 0.316 0.123
80 0.066 0.303 0.116
90 0.053 0.359 0.139
100 0.066 0.409 0.119

B cBAA3M € 3TUM CTONT OXXV/IATD IIPOSABJIEHNE PE30HAHCHBIX PIYKTYaIVIli CaMMX ITePeXOfi-
HBIX IIPOLIECCOB, TOJOOHO BOTHOBOMY XapakTepy nepenoca 3apsifos B HUP [14]. lanHsle puc.
8 11 9 MOATBEP>KAAIOT PAKT Pa3BUTH TAKMX PE30HAHCHBIX sIB/IEHNI B I1azMe. OTMETUM TakKe
U TOT QaKT, YTO BpeMsA FOpeHMs paspssia MeX [y MIMITY/IbCaMy TOKa BBIOVPATTOCh JOCTATOYHBIM
i1 BBIXO/Ia KOHILIEHTPaLil aTOMapHOTO X/IOPAa HAa HEM3MEHHbIE BEIMYMHBIL.

t,107¢

0.30 |

025 F

0.00 0.02 0.04 0.06 0.08 0.10

0:0 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10

r,c
rp\c 2

Puc. 8. VIsmeHeHMe BpeMEHHBIX MHTEPBANOB pa3Bu- Puc. 9. VIsmMeHeHMe BpeMeHHBIX MHTEPBa/lIOB Pa3BU-

TV IEPEXOIHBIX MPOLIECCOB [ MHAYKTUBHOM (asbl  TUsA MEPEXONHBIX MPOLECCOB JUIA eMKOCTHOI (asbl
t HYP nipu pasnudyHBIX ITay3ax TOpeHMA paspAna tc HYP npy pasnmyHbIX Nay3ax TOpeHM:A paspsja

Jtak, B kayecTBe HambosIee BEPOSTHOI IPUYMHBI BOSHIKHOBEHSI HEMHEIHBIX IIepe-
XOJJHBIX ITPOL[eCCOB Ha PpOHTaX MepeKmodenus curHanos B HUYP saBnsercs crienuduka penak-
calMy KOHIIEHTpaluil 9acTUI] ra30Boro paspsja. Ilpornosnposanme Xapakrepa pelakCalyioH-
HBIX IIPOLIECCOB, OIIpefie/IeHNe XapaKTepHBIX BPEMeH UX IIPOTEeKaHMs TpebyeT aHa/m3a KIHe-
TUKV ¥ MEXaHM3MOB BCeX IIPOIECCOB, BIVAINIMX Ha 6amaHC 00pa3oBaHMs U IMOeIN JacTuIy
TOTO WIM MHOTO copTa. B maHHOI paboTe mpmBOAUTCA OOOOILEHHBIN aHAIN3 pPe3y/lTbTaToOB
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9KCIIepMMEHTa /IS OObACHEHNUA PEe30HAHCHBIX IIPOIeCCOB Ha (PPOHTAX MEpeKMIOYeHUA CUT-
Haja B HYP, B mepBy1o ouepenib, Ha OCHOBE M3MEHEHMA KOHLIEHTPALUM 37IEKTPOHOB B pacIia-
JlafolIleNics MIa3Me BO BpeMs I1ay3bl MEeXXly MMITy/IbcaMy ToKa. Kpome Toro, paccMaTpuBarorcs
BOIIPOCHI pe/TaKCaly TSXKEJIbIX 3apsKEHHBIX U HEJTPa/IbHbIX YacTuL.

B nocrosAHHO ropsiieM paspsfe yepes HEKOTOpOe BpeMs IOC/Ie €r0 3aKUTAaHUA IIPONC-
XOIMT YCTAaHOBJIEHVE HEKOTOPBIX CTAllIOHAPHBIX KOHLEHTPALMII HEMTPa/NbHbIX U 3aPsKEH-
HBIX YaCTULI, OIIpefie/isieMbIX OaTaHCOM CKOPOCTelt ux oO6pasoBanus u rubemi. B ummynscHom
paspsize HeOOXOAVIMO YYMUTHIBATb PasIMYHOE BIVSHME Ha Oa/IaHC YacTUL] B IVIa3Me KaK aKTHB-
HOJ YaCTV MIMITY/IbCa, TaK M IMay3bl MEXAy HUMM, IPUYEM B 3aBYICMMOCTY OT JIJIMTEIBHOCTU
VIMITy/IbCa M YaCTOTBI C/IEJOBAaHMA BO3MOXKHO YCTaHOBJIEHME KBa3PaBHOBECHBIX KOHIIEHTpa-
LM, OTIMYAOIXCA APYT OT gpyTa.

B rasoBom paspsjie Bce OCHOBHBIE ITPOLIECCHl MHUIIMMPYIOT B OCHOBHOM 37IEKTPOHBI, I10-
3TOMY, B IIEPBYIO O4Yepelb, CIefyeT PacCMOTPETh 3BOIOLVIO 3/IEKTPOHOB B pas/In4Hble dasbl
UMITy/Ibca ToKa. HapacTaHue KOHI[@HTpal[uy 3/IEKTPOHOB B Ha4a/lIbHOI (pase MMITy/Ibca TOKa
IPOMCXOJUT B pe3yabTaTe MOHMU3ALMY HEMTPATbHBIX YaCTUL IIPU 3/IEKTPOHHBIX y/lapax U MO-
XKeT OBITH OIVICAHO ypaBHEHMEM BUJia:

n=n e (1)

roe I’lgo — HaYa/IbHbLIN YPOBEHDb KOHIEHTPpAMN 3TIEKTPOHOB;

ki — xoadduimenT ckopocTn noHN3aAUY;
N — KOHIIeHTpalysA MOHU3YEMbBIX YaCTHIL;
[ — TeKyllee Bpems.

Bemmumua 1/k:N mpepcraBisgeT co0oif XapaKTepHOe BpeMs MOHM3AIMM U IO HAIluM
OLIEHKaM [Isl YCIOBUI paspsAfia IOHVDKEHHOTO [JaBJIeHUA B XJIOPE€ COCTAB/IAET MNOPAAKa
10°-107 c. CnemoBaTenbHO, IPY JINTEIBHOCTY MMITY/Ibca TopAnKa 160 Mc M3MeHeHMe KOH-
IIeHTPAIVM TSDKEIBIX YacTHII B OCHOBHOJ (ha3e MMIY/Ibca TOKA IIPOMCXOAUT IIPY HEM3MEHHO
KOHLIEHTpaL My 37IeKTPOHOB. OHAKO Hada/IbHas CTafysA GOpPMUPOBAHMA IUIA3MBbI IIPY BKIIIO-
YeHNV pa3pAfa MOXKET COIPOBOXK/IATbCA VIMITY/IbCHBIMY BBIOPOCaMy 9IEKTPOHHOI COCTaBIIA-
fo1iein.

ITpu BBIKIIOUEHUM paspsfa OJHUM M3 BaXXHBIX MOMEHTOB SIBJIAETCA BOIIPOC O JiedTIeK-
TPOHM3ALMMY IIa3Mbl MEXJY MMITY/IbcaMy. AHa/IN3 KMHETUKM pe/laKcaljiyl HEPaBHOBECHOA ra-
30pasps{HOI IIa3Mbl TpebyeT COBMECTHOTO pelleHMsl YpaBHEHUI OalaHca Jyisg BCeX 4acTMUI]
w1asMbl. [Ipy 3TOM pemakcanysa sHepruy 371€KTPOHOB MMeEET IIEPBOCTENIEHHOE 3HAYEHNE, TaK
KaK VIMEHHO II0J IeJICTBIEM 3/IeKTPOHOB MHUIIMMPYETCs OOBIIMHCTBO IIA3MEHHBIX IIpOLec-
coB. J/14 cpefiHel SHePIUM 3NEKTPOHOB E., MOXKHO 3aINCaTh:

dE,
dt
IJie U — 49acTOTa COyJapeHMI 37IEKTPOHOB C TAXKEIBIMM YacTULaMU T1/Ia3Mbl;

=VE,(5,+5), (2)

d., §; — cpepHAA HOJIA SHEPTUiL, TepseMas 31eKTPOHAMI IIPY YIIPYTOM M HEYIIPYTOM CTOJIK-
HOBEHMAX.
V3 BoIpakeHu (2) ciefyeT crenyollee BhIpakeHNe i1 BpeMeHN pelaKcalliy SHepTuu
3JIEKTPOHOB:

7, =1/(v(8, +9))). (3)
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B ma3me xopa noHmxeHHOTO faBnenus §; >> . u cocrasser 1072 — 107 c. [Tpu gase-

HUY I1a3Moobpasytomiero rasa ot 100 ITa u Bbime v > 10'°¢’!, YTO COOTBETCTBYET 3HAUYEHNAM
-7 . 1n-8

7; <107 +107" c. 910 CyIeCTBEHHO MeHblle BpEMEHN pe/laKcaluy KOHIEHTPALuL 9/1eKTPO-

HOB [15]. [TosToMy mpouecc n3MeHeHN s KOHIIEHTPAL[UN 37IeKTPOHOB BO BpeMeHM B pacHajao-
IIeiics TIa3Me MPpUOIVDKEHHO MOYKHO pacCMaTPUBATh MCXO[A U3 IIPEIIONIOKEHN S, YTO PelaK-
calysi 9HEPTUY /IEKTPOHOB Y>Ke 3aKOHYMIIACh U VIX CPefIHsIsI 9HEPTUs ONpeie/sieTCsl TeMIlepa-
TypoOIJi rasa.

B obmem crmydae i pacnagaolneiics I1a3Mbl XapaKTepPHBI TPV OCHOBHBIX KaHajIa T'i-
6enu 97IeKTPOHOB:

1. Incddysus k cTeHKaM ¢ mocnepyolel rnbenpio Ha ITIOBEPXHOCTY;

2. JNIeKTpOH-MOHHAas peKOMOVHAIA B 00'beMe;

3. IlpnnnmaHne K MOJIEKy/IaM rasa.

[Tpy mpucyTCTBUM B I/Ta3Me OTPUIIATE/IbHBIX MOHOB A y3s 3apsKeHHBIX YacTHUI] Xa-
paKkTepusyeTcs cBOOOTHBIM MeXaHU3MoM mmddysun (B oTmmume OT aMOUIIONAPHOTO MeXa-
HU3Ma, XapaKTePHOTO JIA IJIa3Mbl, TPAaKTUYeCKI TUIIEHHO OTPUIIATe/TIbHBIX MOHOB). Db dek-
TUBHBII K03pPuumenT pudys3nn s/1eKTPOHOB B IJIa3Me C OTPUI[ATETbHBIMI NOHAMY MOXXET
OBbITH Hali[ieH U3 BoIpaXkeHus [13]:

D - l+y+208y ’ ()

ef D+
T (e )1+ B)+ B o,

rie D, — koaddumyeHT [udysun Hom0KNTeTbHbIX IOHOB;

B = n./n. — OTHOCUTe/NbHAs KOHIIEHTPALVsI OTPULIATE/IbHBIX MIOHOB;

y = E/E; — OTHOLIIEHNE CPeJHUX SHEPTUI 3/IEKTPOHOB ¥ MOJIEKYI Ta3a;

Y+ U Ue — TIONBVKHOCTY ITOJIOXKUTEIbHBIX, OTPULJATE/IBHBIX IOHOB U 37IEKTPOHOB COOT-
BETCTBEHHO.

[Tomarass 13 YyIOMSAHYTBIX BBIIE COOOp)XEHWII BemMuMHy Yy = 1 u 3agaB
pe =p-=7.510"m*/(B-c) m p,/ p, =250, 9TO C FOCTATOTHOI IJISI OLIEHOK TOYHOCTBIO IIPUMe-
HVIMO Ji/Is1 MHOTMX TSDKEJIBIX Ta30B, B TOM 4MCIIe M [/IA X7I0pa, ObUI nomydeHs! iudy3roHHbIe
BpeMeHa )KM3HM 37IEKTPOHOB B IVIa3Me XJI0pa, Cofep Kalllell OTpuljaTe/ibHble MOHbL. 1 one-
HOK cumTanu, 4to D,=2.3-10* cM?/c. Pe3ybTaThl OIleHOK ITOKa3bIBAIOT, YTO [IA HALINX YCIOBUI
9KCIIEpUMEHTA U pajinyca paspsAgHoi Tpyoknu 1 cM 7p usmensiercs ot 2-107 o 2-107 ¢ mpu Ba-
ppupoBanuu 3 ot 0 o 100. IIpyu 3TOM aHaIOrMYHbIe BBIYMCIEHNUS TI03BOJIIOT CAle/IaTh OOt
BBIBOJ] O TOM, 4TO A Py3usa obecrieurBaeT OUyTUMbIe BpeMeHa [e3/IeKTPOHN3AINI [Ia3Mbl
JIMIIb TIPY MaJIbIX JaBJICHMAX U pajiycax paspsafHOil TPyOKL.

Cpepny IpoO1IecCOB 37IEKTPOH-MOHHO PeKOMOMHALIMY VIHTepeC 3acIy)XIBaeT AVCCOLMa-
TUBHAsI peKOMOVHAIVIA:

Ch L escl+ql

K03 PUIMEHT CKOPOCTU KOTOPOIL TP TEIUIOBBIX SHEPIVAX 3/IeKTPOHOB paBeH 10°-107 cm’/c.
Bpems XusHM 371EKTPOHOB B 3TOM IIPOLIECCE COCTABIIAET:

Te =1/(aein20)’ (5)

TZie O — KOAPPUIMEHT CKOPOCTY peKOMOVHALINNA;
Neo — Ha4a/IbHAsI KOHIIEHTPALVIS 9JIEKTPOHOB.
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ITpocTbie OLleHKM PeKOMOMHAIMIOHHOTO BPeMeHM XKU3HU T, 10 BbIpakeHuIo (5) B mpep-
ITOJIO>KEHMI IMATIa30Ha M OT 10° mo 102 em™> u s = 107° - 1077 cm?/c maroT 3HaYeHMs B uala-
3oHe 107°-10"%c. T KaHHbIEe TO3BOJIAIOT 3aK/TIOYNTD, YTO AVICCOLMATIBHAS 3I€KTPOH-MOHHAs
PEeKOMOVHAINSA SABIAETCS OBICTPBIM IIPOL[ECCOM, IPUBOJAIINM K [Ie3TeKTPOHU3AINY I/Ia3Mbl
B [1ay3e MeX/Iy MUMITy/IbCaMI TOKa M caMa I10 cebe He clocOOHa 00bSCHUTD JUHAMUKY IIepeXOfi-
HBIX IIPOIIeCCOB Ha PPOHTAX BBIKIIOYEHNSI CUTHA/IA IIPU VIMITY/IbCHOM IIMTaHUY paspsifia.

[Tpununanue 3/1eKTPOHOB K MOJIEKY/IaM XJIopa:

Ch+e— o a1+ CI |

0OBIYHO COITPOBOXKAAIOIIIeECs AVMCCOLMALMEN TOCTIeHNUX, C OFHON CTOPOHBI, AB/sAETCS 3ddek-
TUBHBIM IIPOL[€CCOM I'MOeNN 97IeKTPOHOB B pacIajalolieiics I1a3Me, a C APYroll CTOPOHBI, CIIO-
COOCTBYeT IOSIBJICHMIO OTPUIIATE/IbHBIX MIOHOB, YTO, B OOILIeM, SIB/IACTCS XapaKTE€PHBIM IS
3JIEKTPOOTPULIATETBHBIX I/Ia3MOOOPA3YIOLINX Ira30B. TOT IPOLECcC CIIOCOOCTBYeT HapaboTKe
M30BITOYHON KOHILIEHTPALMM MIOHOB B IUIa3Me, YTO MOKET NPUBECTH K ITOSB/ICHUIO PEaKTVB-
HOTO XapakTepa MMIIeJaHCa pa3psALHOro MPOMeXKyTKa. BpeMs >k13HU 97IeKTPOHOB B IIpoliecce
IPVWINIIAHUS MOKET ObITh HaiiZIeHO U3 BBIPa>KEHIS:

Tst = l/astVavN’ (6)

TZie 0y — CedeHye IPYINIaHNsA, CM%;
Vay — CpeHsAsA CKOPOCTH TEIIOBOTO JIBVKEHUSA 9TIEKTPOHOB;
N - KOHILIEHTpaLuA MOJIEKY/I X/Iopa.

O6a 3Ti mporecca MOTYT CTaThb IPUYNMHON JTOKaJIbHOTO KOHIIEHTPALMIOHHOTO 3KCTpe-
MyMa aTOMOB XJIOpa.

X/I0p OTHOCUTCA K TAKOMY THUIIY 97IEKTPOOTPULIATE/IbHBIX I'a30B, [/I1 KOTOPBIX AVMCCOLIN-
aTMBHOE IpUINIaHue He TpebyeT sHepruy akTuBanyuy. IPQPeKTUBHOCTD MIpoliecca IpYIIIIIa-
HIIS1 9JIEKTPOHOB K MOJIEKY/IaM XapaKTepyU3yeTCs Be/IMYMHOI CedeHNs1, KOTOpOoe /I XJIopa olle-
HYBAETCs BEIMUMHOM 0¢=1-10""7 cM®. Xiop ¢ To4uku 3peHus 3¢ HeKTMBHOCTY Ipoliecca Jycco-
IIMATVBHOTO NPWINIIaHUA He sABJsieTcs: 9pPeKTUBHBIM ra3oM, Hampumep aneras (SFe) nmeer
cedeHye Ipoliecca IPVWINIIAHNA 3/IeKTPOHOB Ha ypoBHe 1-107* cm?. Pacyersl o gopmyre (6)
IS XJTOpa TIPUBEN K BeIMYMHaM Tq=2-107 c.

Takum o6pasom, mpeBapUTE/IbHBIN aHAIN3 ITOKAa3bIBAET, YTO IIPU Ma/IBIX BPEMEHHBIX
MHTEpPBa/aX, KOTOPBIMI U XapaKTepU3YIOTCA GPOHTHI MIePeKII0YeHNA TOKOBBIX MMITY/IbCOB B
I1a3Me XJIopa, rpoueccel auddysnn, peKoOMOMHALNN ¥ NIPYINIIAHNS 3JIEKTPOHOB K MOJIEKY-
JTaM I/Ia3MOO0OpasyIolIero ra3a MOTYT ITOB/IVATD Ha Ie3/IeKTPOHN3AINIO PAacIIaflalollelics B Ia-
y3€ MIY/IbCOB TOKA IUTa3MBI 1 Yepe3 MeXaHM3MBI IVMCCOIMAIIN X/Iopa U 00pa3oBaHUA IOHOB
C OCTIeAYIOIIelT IOH-MIOHHO peKOMOVHAIell OObACHUTD IPUYMHBI IOABIEHNA Ha PPOHTAX
HepeKII0YeHNA TOKOBBIX VIMITY/IbCOB XapaKTE€PHBIX MTePEXOHBIX IIPOLeccoB. I/ BBIACHEHNA
PO/ KOHKPETHOTO IIpOoIlecca B PasJIMYHbIX YCIOBVAX, PeaIM3YIOIINXCA B VIMITY/IbCHOM pas-
pszie, HeOOXOAVMMbIe KOHKPETHBIE pacyeThl BPeMEHHBIX VISMEHEHMII KOHIIEHTPALMil 9/IeKTPO-
HOB C YY4€TOM OCHOBHBIX IIPOIIeccOB uXx rubenn. Takue pacuyeTbl MOXXHO OCYLECTBUTD, ICXO/S
13 00001[eHHOTO ypaBHEHMSL:

dn

e e

== n,— O_v I/av]\/vne - aeinenJr 7
dt 2T 7)

B IIPETIONIOKEHN, YTO SHEPTVS 3/IeKTPOHOB O/M3Ka K TEIIOBOIL.
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B xmope a¢pdexTnBHO 00pa3yoTCa OTpUIIaTe/IbHbIE NOHBI 11 YCIOBYUE KBa3HENTPATbHO-
CTM TJIa3MBI C/IelyeT 3alMChIBaTh B BUJE 1.=N_+H.. [Ipy 3TOM CKOpOCTb 37IEKTPOHHOI PEKOM-

OVHAIY C/lefiyeT 3aIChIBaTh TaK:
dn

e

dt

Ecnu N>>M,, YTO U XaPAKTEPHO /1A PA3PAMOB 3IEKTPOOTPULIATE/IBHBIX I'a30B, TO HAXKE

=a,n,n,. (8)

HIO/THAsl peKOMOVHALM 97IEKTPOHOB CYIIIeCTBEHHO He CKa3bIBaeTCs Ha BeJIM4YMHe 1. [loaTomy
CIeZlyeT MCIO0NIb30BaTh 9KCIOHEHIVIAJIbHYI0 (OPMY, BBITEKAIOIIYIO 113 BhIpaskeHus (8):

-

n,=n,e “". 9)

e

Ecmu nonp3oBaTbes BoIpakeHreM (9), To momydaeM 6oee pesKuil CIajy KOHIeHTpalum
3JIEKTPOHOB 1, KaK CTIefICTBHE, 60s1ee 3¢ (HeKTMBHY0 HapabOTKY MOHHOI COCTABIIAIOIIE. Yun-
ThIBasi TOT (aKT, YTO IPOLIECCH PEKOMOVMHAIVIN IOHOB IIPOTEKAIOT TOPa3fio MejIeHHee, YeM
M3MeHeHJe KOHLIEHTPAL[MI 3JIEKTPOHOB, VX BK/Ia/l B 00bACHEHNE XapaKTepa IIePeXOJHbIX IIPO-
11eCCOB Ha (pOHTAX MepeKIIoYeHNs CUTHA/IA MOXKHO VHTEpPIPETHPOBATh B JIBYX BapMaHTaX.
Bo-mepBrIX, 3a cYeT MOH-MOHHON peKOMOMHauuu, obecriednBaronell KBasMHENTPaTbHOCTD
IUIa3Mbl, B KOPOTKJE IPOMEXYTKY BpeMeHM IOC/Ie BKII0UeH Vs (BBIK/IIOUEHNs) paspsijia B pe-
aKTOpe MOTYT 00pa3oBBIBATLCA M30OBITOUHBIE KOHI[EHTPAL[MY aTOMOB X/Iopa. Bo-BTOpBIX, OT-
HOCHUTE/IbHO BBICOKasi KOHIIEHTpaLMs MOHOB B IIa3Me X/I0pPa, XapaKTepU3YIOIUXCs Cylle-
CTBEHHO MEHBIIVMIY MOJABJDKHOCTAMY, YeM SJIeKTPOHBI, CO3[AI0T YCIOBUA PEeaKTMBHOCTH
3JIEKTPIYECKOT IIeMy, B KOTOPYIO BKIIOYEH IIa3MEHHBIN peaKTop.

3akmoueHue n PE€KOMEHJATNMN I10 VICIO/Ib30BAHNIO P€3yIbTAaTOB

Takum o6pasom, aHaMM3 SKCIIEPUMEHTAIbHBIX HaHHBIX VM OLIEHKY XapaKTepHBIX BpeMeH
rubenm 3apspKeHHbIX yacTull B HYP mo3Bo/IA0T 3aK/II09NTh, YTO OCHOBHOM NMPMYNHON MOSIB-
JIEHVSI TIEPEXONHBIX IPOILeCCOB Ha (PPOHTAX IEPEKTIOYEHN CUTHAIA ABJIAETCA M30BITOYHASA
KOHI[€HTpalMisl 3/IEKTPOHOB ¥ MOHOB, T€HEPUPYEMBIX B KOPOTKME IPOMEXYTKM BpPEMEHM
BK/IIOYEHNA/BbIKIIOUeHusa paspaja. [locnennee onpepenser HeCTallMOHAPHbBINA PeaKTUBHDIN
XapaKTep paspAJHOrO IMPOMEXYTKa, KOTOPbII MOJKHO XapaKTepU30BaTh MHIYKTUBHO U €M-
KOCTHOJ! COCTaB/IAIONUIIMIA. Pe3y/IbTaThl, TOTy4eHHbIe B paMKaX IaHHO PabOTbI, XOTb U HOCAT
OLI€HOYHBIII XapaKTep, HO MOTYT OKa3aThCs BeCbMa BOCTPeOOBAHHBIMI U TI0JIe3HBIMM IIPY Pas-
paboTKe abTepHATUBHBIX ITOAXO/OB IIPY KOHCTPYMPOBAHMY IIPELVI3VOHHBIX XMMIYECKUX pe-
aKTOPOB U pa3paboTKe HOBBIX TEXHOJIOTMYECKIIX IIPOL[ECCOB.
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Annomauus. V{zyuena mepmoounamuxka npouyecca pacmeopenus oymaouena-
1,3 6 800HO-AMMUAYMHDLX PACIEOPAX HUMPAMA KATUS 6 UHIMEP6Asle Memnepa-
myp 20-80 °C. Ha ocHosaHuu nonyueHHvlx 0aHHbIX ObiI0 YCMAHOBIEHO, 4Mo
pacmeopumocmv 6ymaduena-1,3 6 800HO-AMMUAHHBIX PACMBOPAX NOOUUHS-
emcst 3axony I'enpu. Ilokazano, 4mo HumMpam Kanusi 0Ka3viédem 6vlCaniiéar-
ujee Oeticmeaue Ha pacmeopumocmo Oymaouena-1,3, Komopuiti ymeHvUlAeMcs ¢
nosviuieHuem memnepamypol. Jlobasnenue ammuaxa k 600e u 600HbLM PACHIEO-
DPam HUmMpama Kanus yeeauqusaem pacmeopumocmo 6ymaouena-1,3. Onpede-
JleHbl mepMOOUHAMUHecKUue PyHKYyUU npoyecca pacmsopenus 6ymaouena-1,3 u
mepmoduHaMU1ecKUe XapaKmepucmuxy udpamuposanHozo yenesoo0opoda 6
800HO-AMMUAYHBIX PACIE0PAX HUMPAMA Kanus. Yeenuuenue meniomot pac-
meopenus 6ymaouena-1,3 6 800HO-AMMUAHHOM PACMEOpe HUMPAMA KAnUs
noomeepicoaem npeononoxerue 06 06pazosaHuu 8000POOHOL CBA3U MeHOY
amomamu 8000p00a MOJIEKY/Ibl AMMUAKA U T-d7eKmpoHamu 6ymaduena-1,3.
CpasHerue UCTEHHbIX 3HAYEHUL MePpMOOUHAMUYECKUX DYHKUUL npoyecca
pacmeopenus 6ymaoduena-1,3 u 2-memunnponena nokaano, 4mo ¢ ysenuqe-
HUeM cmeneHy HeHACLIUEHHOCIU MOTIEKY bl Y6eNUMUBAENIC KAK U3MeHeHue
IHMANLNUY, MAK U USMEHEHUE IHMPONUU.

s quTpoBaHus:

CmupHoBa E.A. TepMopHaMIKa IPOLIeCCOB pacTBOpeHs OyTafyeHa-1,3 B BOFHO-aMMMaYHBIX pacTBopax // Om xu-

Muu Kk mexonozuu wiae 3a wiazom. 2023. T. 4, Bei1. 1. C. 64-69. URL: http://chemintech.ru/index.php/tor/2023-4-1

BBenenne

BopHble pacTBOPHI YI/IeBOLOPOSHBIX Ta30B LIMPOKO MCIIONb3YIOTCA B HepTeXMMMIECKON

IIPpOMBIIITIEHHOCTU. B cBs3u ¢ aTuM 60s1BIIOE IIPAKTUYIECKOE 3HAUEHNE an/I06peTaeT n3y4deHume

PacTBOPMMOCTY 3TUX COEIMHEHNII B BOJIE ¥ BOJHBIX PACTBOPaX 371€KTPOAUTOB. VI3yuenne Biu-

SAHNA aMMIaKa Ha paCTBOPMIMOCTD YITIEBOZOPOAOB B BOJHBIX paCTBOpPaAX, a TAKXKE TEPMOANHA-

MKV 3THX IIPOIECCOB IIprobpeTaeT 0coboe TeopeTndeckoe 3HaueHme /11 00bACHEHNA CBOe-

O6P33M§I CBOJICTB PacTBOpPOB HEMOJAPHBIX T'a30B M IMOHMMAaHNA CTPYKTYPHbBIX M3MeHeHU

BOJIBI U €€ POJIbIO B OMOIOTMYEeCKY BaKHBIX O0BEKTaxX.

© E. A. CmupHOBa, 2023
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VccnenoBanue peakiuii KoMIIeKcooOpa3oBanus MoHOB cepebpa (I) u mepu (I) ¢ HeHa-
CBHILIIEHHBIMM YTTIEBOJOPOZIaMM 11 aMMMaKoM [1] moTpe6oBano nsydeHe TepMOAVHAMMKIY IIPO-
I1eCCOB pacTBOpeHNs OyTanyeHa-1,3 B BOJHBIX M BOJHO-aMMIAYHbBIX PaCTBOPAX 3/IEKTPOINTOB.
B manHOIT paboTe onpefeneHbl TepMOAMHAMIYECKIe QYHKIUY IPOIlecca paCTBOPEHNA U Tep-
MOZIMHAMMYEeCKIe XapaKTepUCTUKY 6yTafyieHa-1,3 B BOZHBIX ¥ BOJHO-aMMIAYHbIX PACTBOPaxX
HIUTpaTa Kaus.

OcHOBHasA 4acTh

PacrBopumocts Oyraguena-1,3 onpenensum B 0,1 M pacTBope HUTpaTa Kajmus Ipy MO-
JISIPHBIX KOHIIeHTpaunAax ammuaka 10“-10" mosnb/n B uHTepBase Temmnepatyp 20-80 °C u gaB-
JIeHNM yIyieBojioposa 386-743 MM PT. CT.

PactBopumocTs 6yTrapneHna-1,3 B BBOGHO-aMMIAYHBIX PAaCTBOPAX OIpPefe/Is/IN METOLOM
raso->XUaKocTHoy xpomarorpadumn. [Tpu sTom ncrnonb3oBanm 6yrapmen-1,3 ¢ MaccoBoiit fomnei
OCHOBHOTO KOMIOHEHTa 99,6-99,9%. PactBopsl roroBmmm B TepmocratupoBaHnHoM (+0,1 °C)
CTEeK/IIHHOM peakTope ¢ 6apboTepoM 1 MarHuTHOM Memrankoit B 0,1 M pacTBopax HUTpara Ka-
A B IPUCYTCTBUM aMMMaKa. ['a3 mpomyckanm 4epes MCCIeRyeMblil pacTBOP C MOCTOAHHOM
CKOpPOCTBIO B TeueHue 45-50 MUH [0 JOCTVDKEHNA COCTOAHNA paBHOBECHA, KOTOpOE OIpefie-
JISUIV TIO HIOCTOSTHCTBY KOHLIEHTPALMM YIIeBOZOpoAa. YToObI peJoTBPAaTUTD OTEPI0 aMMM-
aKa U3 peakTopa, YIJIEBOLOPOJ IpeBapUTEeIbHO IIPOIYCKa/IN Yepe3 IMPOTOYHbIN PEAKTOP C
PacTBOPOM TOTO >Ke cocTaBa. KOHTpOJIb 3a HOCTOAHCTBOM KOHI[EHTPAL MM aMMIaKa B pacTBOpe
ocyuecTsiAm nsmeperneM pH pactsopa Ha yausepcanbHoM pH-Merpe. ITocne gocrikennsa
COCTOAHMA PAaBHOBECH 113 PeaKTOpa C IIOMOIIBIO MINIPHIIA OTOMpanm 5-7 mpob pacTBopa, Ko-
TOPBIIl AHA/IM3MPOBAIN HA TAa0OPATOPHOM Ia30BOM XpoMaTorpade ¢ IeTeKTOPOM IO TeIlIo-
npoBogHoCcTH. HemonByokHOI (as3oit Cay>kna AMaTOMUTOBBIN KUPINWY, IPONUTAHHBI 3¢u-
POM TPMITMIEHITIMKONA M H-MaclIAHON KUCIOThL. CKOpPOCTh Trasa-HOCUTENA BOJOPOAa
60-79 mn/mMuH, nasnenue Bopopopa 0,8 atu, Tok ferekTopa 80 MA, TeMmepaTypa KOJIOHKMU
50 °C. [Ins1 BBOza XUKUX P06 xpoMaTorpad 6bU1 000pyi0BaH CIeaabHO IPUCTABKOIL.

PacrBopumocts yrinesopopopga C, % Mac., pacC4MTBHIBAIN IO (opMyIIe

c_ S K100
Q-d

b

rge S — wiowmagb MnKa, cM%
K' - xanmnbpoBo4HbIil K03 duimenT, r/cm?;
Q - 06'péM 1Ipo6BI, MIT;
d — IJIOTHOCTH MCCIIEeyeMOro pacTBopa, I/cM’.

[lna onpenenenysi KamMOPOBOYHBIX KO3(Q@ULNEHTOB B NPOOMPKY BHOCUIM HABECKY
crmpTa-peKTnduKarTa, OXIaKIaIu B CMECH JIbJIa C COTbI0 1 B Heé IMTOMeIai CTeK/IAHHYIO aM-
Iy/Iy C HaBeCKol yriaeBogopona. IIpo6upKy 3akppiBamy 1 aMIyny pasdyBaay ClielaabHbIM
601ikoM. 3aTeM OTOMpaNU C MOMOIIbI0 MUKPOLIIIPUIIA TPOOY MOYYEHHOTO PacTBOPa, KOTO-
pbIll aHaMM3MpOBaM Ha Xxpomarorpade. KamnbpoBouHsiii K09pGUIMEHT pacCIUTBIBANU II0
JlaHHBIM aHa/M3a 3-5 P06 CIIMPTOBBIX PACTBOPOB C Pa3/IMYHBIM COflep)KaHIEeM YITIeBOZOPOa.
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Ha ocHOBaHMM NTO/TyYeHHBIX 9KCIIEPYMEHTA/IbHBIX JaHHBIX ObIJIO YCTaHOBJIEHO, YTO pac-
TBOPMMOCTbD OyTafiuieHa- 1,3 B BOAHO-aMMIAaYHbIX PacTBOpaX NOAYMHAETCA 3aKoHy ['enpu. IIpu
3TOM BBINO/NIHAETCA ypaBHeHMe CedeHOBa. JKCIEpUMMEHTa/IbHbIEe JaHHbIE IO PACTBOPUMOCTH
OyranyeHa-1,3 B BOZHO-aMMMAYHBIX pacTBOpax HUTparta Kamus (Tabm. 1) MOKasbpIBaIOT yMeHb-
IIeHye pacTBopuMocTy 6yTapneHa-1,3 B 0,1 M pacTBopax HUTpaTa Kaius 110 CPaBHEHMIO C pac-
TBOpaMM HUTpPaTa aMMOHUA [2]. DTOT BbIcanuBaromuil 9p@eKT B pacTBOpax HUTpATa Ka/Ins C
IIOBBIIIEH)EM TEMIIEPATYPbl YMEHbIIAETCA.

Ta6mmua 1. PactBopumocrs (S, % mac.) 6yragmena-1,3 B BogHo-ammMmadubix pactBopax KNO; (0,1 M) mpu pas-
yaHbIX TeMitepartypax (T, °C) n gaBnennax (P, MM pT. €T.)

KonneHnTpanms aMMnaka, MOJb/J

T, °C 0 10 1073 102 10!

S P S P S P S P S P
20 0,079 732 0,079 733 0,083 735 0,085 734 0,093 733
30 0,061 713 0,061 714 0,061 714 0,065 717 0,068 719
40 0,045 691 0,045 695 0,045 695 0,044 680 0,049 698
50 0,037 660 0,037 661 0,037 661 0,038 660 0,042 660
60 0,029 594 0,029 594 0,028 594 0,029 593 0,030 592
70 0,019 512 0,019 509 0,019 509 0,018 502 0,018 505
80 0,014 400 0,014 400 0,015 429 0,014 424 0,014 386

OOBIYHO HE3NEeKTPOINUTHI BHICAIMBAIOTCA OO/IBIINHCTBOM IIPOCTBIX CONENl ¥ BCalMBa-
I0TCS1 OOJIBIIVMMIU MOJIEKYTaMy OpTaHWYeCcKMX coneit [3-5]. VIsBecTHBI cyyau BCaluMBaHUA B
IPUCYTCTBUY TaKUX KPYIHBIX VIOHOB, KaK MOHbI aMMOHMs. B ciydae pacTBopuMocTH 2-Me-
TW/IIIPOIIEHA B BOJIe U BOHBIX pacTBOpax HUTpaTa aMMOHMA 3TOT 3G eKT MpaKTUIecKu He
HaOJIomaeTcs.

Ilo6aBieHne aMMIaka K BOfie ¥ BOGHBIM PacTBOpPaM 3/IeKTPOJINTA YBEINYNBAET PacTBO-
puMocTb 6yrapyeHa-1,3, 4To 0OyC/IOBIEHO B IEpBYI0 odepenb ruipodOOHBIM B3auMOJeli-
CTBUEM YITIeBOJOPO/ia C MOJIEKy/IaMIi aMMIaka. [lepeopueHTaIys guioneit BOAbI B TUIPaTHON
000/104Ke YI/IeBOLOPO/ia BHI3bIBACT IIEPEOPMEHTALVIO AUIIOJEl! B TUAPATHON 000I0UKe aMMM-
aKa. BKma auIonb-AUmonbHOTO B3aMMOZEICTBIA aMMIIaK—BO/ja YMEHBIIAETCA, a BKIAJ, JIVIC-
IIEPCUOHHOTO B3aMIMOJIE/ICTBYS YBEMIMBACTCS. YIIPOUHEHME CTPYKTYPhI BOABI B TUJIPaTHBIX
000/104KaxX MOJIEKY/I aMMIaKa U YIJIeBOOPOZA, IPUBOJsALIee K YMEHbLIEHNIO SHTPOIVM, BbI-
3bIBaeT TUpodoOHOE B3aMMO/IeICTBYIE YITIEBOJJOPOS, — aMMMaK. DTOT BcanuBaroumii adpdexr
YBE/INYMBAETCS C IOBBILIEHVEM KOHLIEHTPAL[MY aMMyaKa M Majlo 3aBUCUT OT IIPUPOJBI STIEK-
Tpormta. C MOBBIIIEHNEM TeMIIepPaTyphl BIMAHME aMMIaKa Ha paCTBOPYMOCTDb YMEHbIIAeTCS
u 1pu 40-50 °C cTaHOBUTCA MaO3aMETHBIM.

Pamnee [2] s 06bsicCHeHNsI OBBIIIEHHON pacTBOpUMOCTH 1,3-0yTanyeHa B BOZHOM pac-
TBOpe 3/IEKTPO/IMTA B IPUCYTCTBUM aMMMaKa ObUIO BBICKAa3aHO IPEIIoNIoKeH1e 06 06pa3oBa-
HIJ BOZOPOJHON CBSI3U MEXKLy aTOMaMy BOJOPOJia MOJIEKY/Ibl aMMMaKa U TT-37IeKTpOHaMu Oy-
TapyeHa-1,3. 9To mpefnonoKeHNe HaXOAUT IOATBeP)K/ieHNe B YBeMYEHUY TEIIOThI pacTBO-
PEeHUs YIIeBOZOPO/a B BOJHO-aMMIAYHOM PAacTBOPE 9/IEKTPOJINATA 1 TIOHVKEHUY BCaTUBaI0-
mero a¢g¢deKTa ¢ IOBBIILIEHVEM TeMIIEPATYPBbI.

PacTBOpBHI yI/1€BOJOPOAHBIX IA30B B BOfie 00/IATAIOT PATOM OCOOEHHOCTEN, OT/INYAOIIIX
X OT HEBOJHBIX pacTBOpMTeseil. PacTBOPMMOCTb YyITIeBOJOPONOB B BOJe 3HAYNMTEIBHO
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MEHbIIle, YeM B HEIIO/IAPHBIX PACTBOPUTENAX. AHOMAINM BOJHBIX PaCTBOPOB YITIEBOJJOPOZIOB
[6-13] MOXXHO OOBSCHUTD Ha OCHOBE COBPEMEHHBIX ITPECTaB/ICHNIT O CTPYKType Bofbl [14-16].
VIMeeTcs psifi BaHHBIX, CBUJIETE/IbCTBYIOLINX O TOM, YTO IIPU M3MEHEHUN TeMIIepaTyphl IPOMC-
XOJMT CYLIleCTBEHHAsI IIePeCTPOIiKa CTPYKTYPhI BOZbI, MI3MEeHEeHe OV KHEN YIIOPAJ04eHHOCTI
ee MOJIeKY/I. Y MeHbIIeHVe SHTAIbIINI Y SHTPOIINY IIPY PAaCTBOPEHMM YI/IeBOLOPOSHBIX Ia30B
CBSI3aHO CO CABMIOM PaBHOBECUs B PaCTBOpPAaxX B CTOPOHY 0Opa3oBaHMs JIbAONOLOOHBIX KpU-
CTa/UINYECKMX CTPYKTYp, 0OpasoBaHMeM MOIOCTEN B BOJIe U C BHEIPeHIeM MOJIEKYI Iasa B 9TU
nonocty. HeasleKTpomuT BBITECHSET MOJIEKY/IbI BOIBI B KPYCTA/UINYECKUII KapKac, B Pe3y/ib-
TaTe Yero YBe/TNUMBACTCS YMC/I0 BOJOPOSHDIX CBA3EIL.

Ha ocHOBe HONTy4eHHBIX 9KCIIEPUMEHTAIbHBIX JAHHBIX II0 PacTBOPUMOCTY OyTamm-
eHa-1,3 6pUIM BeIMCIeHB! Koo dunyenTsl ['enpu (Tabdm. 2).

Ta6muua 2. Koadduumentst Fenpu (K'10°) (MM pT. CT.-MO/Ib pacTBOpA/MOJIb Ta3a) Ajist pacTBOpoB GyrapmeHa-1,3
B BOJJ€ I B BOODHO-aMMMAYHbBIX 0,1 M pacTBOpax HUTpaTa Ka/INA IIPU Pa3/INMIHbIX TEMIIEpATYypax

Temneparypa, °C 20 30 40 50 60 70 80
Bopa 2,49 3,25 3,94 4,98 6,01 7,33 8,29
PactBop KNO;
0 2,74 3,54 4,55 5,29 6,0 7,75 8,6
0,0001 2,73 3,53 4,54 5,28 6,03 7,73 8,59
Konuenrtpaunsa
0,001 2,64 3,51 4,53 5,25 6,00 7,72 8,56
aMMMaKa, MOJIb//I
0,01 2,57 3,30 4,51 5,21 6,00 7,77 8,54
0,1 2,36 3,15 4,28 4,58 5,80 7,78 8,52

Kak BupHO M3 puc. 1, 3aBucuMOCTb jorapudma obpaTHoro sHaueHus: KoadduumenTa
Tenpu oT 0OpaTHOI TeMIlepaTyphl MMeeT JMHENHBIN XapakTep. I1o TaHreHCy yria HakIoHa
3TUX NPSIMBIX OBIIM BBIYMCIIEHBI TEIUIOTHI PACTBOPEHNS YITIEBOXOPOROB. IloTydeHHbIe 3HaUe-

HIIA OBUIN MCIIONIb30BAHBI 1A pacdéTa AGs M AS%,0s TIPOLIECCA PACTBOPEHA YITIEBOJOPOIOB.

-6,3

2,7 2,8 2,9 3 3,1 32 33 3,4 3,5

-6,4

-6,6
= ——Paal
3
~
= ——Pan2
o0
-6,7 —k—Paa3
—&—Pap4

1/T*1000

Puc. 1. 3aBucumocts orapudma obpaTHbIx 3HaYeHNIT K03ddurenToB [eHpu OT 06paTHOI TeMIIepaTypsl ALt
pactBOopoB OyragmeHa-1,3 B BOZHO-aMMMAYHBIX PACcTBOPAX HUTpATa Kaays C MOJLIPHON KOHIIEHTpalmeil
0,1 Monb/7 IpM KOHLIeHTpaumsix amMmuaka (monn/n): 1 - 0,0001; 2 - 0,001; 3 - 0,01; 4 - 0,1
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AHanm3 TepMOAMHAMMYECKUX CBOVICTB BOJHBIX PACTBOPOB HESIEKTPOINTOB, SBJISIO-
IUXCS CIaOBIMY aKIeNITOPaMy IIPOTOHOB, IIOKa3bIBaeT, YTO CTAOMIM3AIS CTPYKTYPbI BOJIBI
YMEHbIIIAeTCsl IPU HarpeBaHuu. DTO MPOSB/IAETCSA B OTPULIATE/IbHBIX 3HAYEHNAX SHTA/IBIINA U
suTpormu. OTpulaTeNIbHOe 3HAa4YeHME SHTA/IBIINY OTPakKaeT YIPOYHEHUe CTPYKTYPbI BOJIBI
IIpY PaCTBOPEHMI HE3IeKTPO/INTA. Y IOPALOYMBaHNE, KOTOPOe IPOMCXOANT IIPY 3TOM, IPOSIB-
JISIeTCS B OTPULIATE/IbHBIX 3HAUYCHMSAX SHTPOIINIA.

Ha ocHOBe 10O/Ty4eHHBIX 9KCIIepYMEHTAIbHBIX JaHHBIX 10 PaCTBOPUMOCTY OyTanyeHa-
1,3 paccunTaHbl TepMOAMHAMIYECKIe QYHKIUN IIPOLIECCOB pacTBOpeHnus (Tabm. 3).

Ta6mmma 3. TepmMopuHaMmdeckue GYHKLUY TPOLIECCOB PacTBOpeHMs OyTafyeHa-1,3 B BOGHBIX 1 BOJHO-aMMMI-
avYHBIX pacTBOpax npu remieparype 25 °C

CocraB pacTBOpa AH98, KJ1K/MOIIB AG%9s, KJ1K/MOIIB AS%0s, Jox/(monp'K)
H,O -28,84 19,65 -164,22
KNOs (0,1 M) _16,72 10,87 291,54
KNO; (0,1 M), NH; (0,01 M) 217,56 10,45 294,05

CpaBHeHUe YJC/IeHHBIX 3Ha4eHNIT TepMOAMHAMMYECKX YHKLMII IIpoliecca pacTBope-
HIIS YITIEBOJJOPOZOB [2] mOKa3bIBaeT, YTO C YBEMYEHNEM CTEIIeH)M HEeHACBII[EeHHOCTY MOJIe-
KYJIbl YBe/INYVMBAETCA KaK M3MEHEHNe SHTAIbIINMA, TaK U I3SMEHeHe SHTPOIUN. DTO 0ObCHA-
€TCsl XapaKTepOM B3aMMO/IeIICTBISI pACTBOPUTE/IS C PACTBOPEHHBIM BelleCTBOM. UeM 6orblire
BBIZIe/ISI€TCS TEIIOTHI IIPY 00pa3oBaHNM PACTBOPOB, T€M BbIILIE JO/DKHA ObITh €r0 CTPYKTYpHAsI
YIIOPSJOYEHHOCTD, IPUBOASAIAS K YMEHBIICHNIO SHTPOIINY. Y Be/IYeHVe TeIUIOThI pacTBOpe-
HIs1 OyTaguena-1,3 B BOZHO-aMMMAvYHOM PacTBOPe HUTPATa Kalusl MOATBEPIK/JAeT IIPEAIIOo-
JKeHne 06 06pa3oBaHMY BOJOPOLHOI CBSI3Y MEX/Y aTOMaMi BOLOPOZa MOJIEKY/IbI aMMMaKa U
T-97IeKTpoHamu b6ytazguena-1,3.

YMmenbuieHne sHepruy [m66ca npyu BBefjeHNM /IeKTPOIUTA B PACTBOP OIpefesisieT Tep-
MOZMHAMUYIECKYIO YCTOIYMBOCTD PACTBOPA YITIEBOJOPO/iA. ITa BenunHa O0JIbIIIe [T pacTBO-
POB 2-MeTU/IIIPOIIEHA.

TepmoauHamMyuecKkye XapaKTepUCTUKM MAPATUPOBAHHOTO OyrajgueHa-1,3 (Tabn. 4) B
BOJHBIX Y BOJHO-aMMMAYHbIX PACTBOPAX BBIYVIC/IS/IICD [10 YPAaBHEHUAM:

Lias + nH O <—— Lyg

(AH0298) 06p‘ Laq = (AH0298) 06p‘ Lras + (AH0298)paCTB0peHMH,
(ASOZ%) 06p- Laq = (ASOZ%) o6p- Lra3 + (ASOZ%) pacTBopeHnu,
(AGOZQS) 06p- Laq :(AGOZ%) o6p- Lras + (AGOZ%) PacTBOpeHL.

Ta6muua 4. TepmogrHaMUYeCKIIe XapaKTePUCTIKY TUAPATHPOBAHHOTO OyTafueHa-1,3 B BOZHBIX I BOGHO-aMMIU-
aunbIx pactBopax KNO; (0,1 M) mpu 25°C

Cocras pacTBopa AH3, KII>X/MOB AG%9s, KJI>/MOIID AS%08, IIx/ (Mo K)
H,O 81,3 170,2 114,2
KNO:s; (0,1 M) 93,4 161,4 186,9
KNO; (0,1 M), NH; (0,01 M) 92,5 161,0 184,3

BriBonb1

YcTaHOB/IEHHOE B JAaHHOJI paboTe BIIVIAHIE Pa3/IYHON CTeIIeHV HEHACBIIIIEHHOCT YTJIe-

BOJIOpOJia Ha €T0 PaCTBOPMIMOCTD B BOIHO-aMMIAYHBIX PACTBOPAX 3/IEKTPOJINTOB MOXKET OBITh

B I[a)IbHeIU/IIHeM VICIIO/Ib30BAHO /I YCOBEPIICHCTBOBAHMA METOAOB pa3fe/IeHNA M O9MCTKI YT~

TIeBOJJOPOZOB.
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Annomauus. [IpumeHumenvHo K Npoueccy NUPONU3A USHOUEHHDIX WUH U
0mMx0006 Pe3UHOMEXHUUECKUX U30eNIUll 8 NPOMbIUIEHHOM pedKmope npuse-
JeHa KuHemuueckas MOOenv epmodectpyKyuu nonumepd. Bunonmenvt
KBAHMOB0-XUMUUECKUE PACUEMbl USMEHEHUS MEPMOOUHAMUUECKUX PYHKUUT]
NpU BEPOSMHBIX XUMUHECKUX PEAKUUAX OeCMPYKUUU CEMYAMblX INACHOMe-
pos. B kauecmee npodykmos peaxyuu paccmompera meepoas ppaxuyus (mex-
HUYecKuti yeniepoo u 0mxo0bl Memasnia) U napozasosas CMeco, pasoensiemas Ha
mpu ppaxyuu yeneeo0opodos. Ilpu onucanuu KuHemuky 0ecmpyKkyuu pe3un
UCNONB308aHA HOPMANILHAA KUHEMUUECKAS CXeMd, OMPANAIOUAT MEXAHUZM
npoyecca Kax co80KynHoCMb PAOUKANLHO-UENHbIX Peakyuii decmpyKyuu no-
numepa. Kaxooii dpakyuu yeneso0opodos coomsemcmayem onpedeneHHbili
HAGOP KUHEMUHUECKUX KOHCAHM, MeMnepamypHole 3a6UCUMOCHU KOMMOPbLX
NPUHAMbL APPeHUYCO6CKUMU. YO06IemeopumenvHoe coeiacue NOLy4eHHbLX
PAacuemHbIX MePMOZPABUMEMPUUECKUX 3ABUCUMOCIIET C IKCNEPUMEHMATIb-
HYIMU OAHHBIMU PA3IUMHBIX ABMOPOS NO3B0TUN0 ANNPOKCUMUPOBAMY KPUBDLE
mepmoOecmpyKuuy pe3un KpUSvIMU, XapaKxmepusyowmumu Kay4yxu obujeco
HA3HAYEHUS.

T nuTHpoBaHMA:

ConosbeB M.E., Ka6nos B.®., bannaes C.JI., ®enoposa M.O. MogenupoBaHue KMHETUKN TePMOAECTPYKIIVIN

pesuH Ipu NUpPOIN3e Pe3HOBBIX OTXO0B // Om xumuu k mexnonozuu wae 3a wiazom. 2023. T. 4, Bom. 1. C. 70-85.
URL: http://chemintech.ru/index.php/tor/2023-4-1

BBenenne

[Tpo6ema mepepabOTKV M3HOIIEHHBIX IIVH VM Pe3MHOTEXHNIECKIX U3/e/NIL, 2 TAKXKe OT-

XO0IOB X TIPOM3BOACTBA MMEET TEXHUKO-3KOHOMUYECKUI U 3KOTOTUYECKUI acCleKThl [1]

C TeXHMKO-3KOHOMMUYECKOI TOUKU 3peHNA MHOCTOSTHHBIN POCT I1€H Ha NCKOIIa€MbI€ YITI€BOJO-

POZBI IPUBOAUT K HEOOXOAMMOCTY MOMCKa 9 PeKTUBHBIX MyTeil IepepaboTKy U3emit U3

© M. E. Conosbe, B. @. Kabnos, C. JI. bBannaes, M. O. ®enopona, 2023

70


mailto:soloviev56@gmail.com
mailto:kablov@volpi.ru
mailto:s.baldaev@tspc.ru
mailto:m.fedorova@tspc.ru
http://chemintech.ru/index.php/tor/2023-4-1

RGN QG LLIAT 3A LATOM TOM 4, BbIMYCK 1, 2023

HUX, CpPelyl KOTOPbIX M3Je/NNs Ha OCHOBE 3/1aCTOMEPOB COCTABJ/IAIT 3HAYMTE/IbHYIO 4acTb.
C TOYKM 3peHus 3KONIOTUM JAHHBIN BUJ, OTXOJOB IPe[CTaB/IAeT CYLIeCTBEHHYIO OIIACHOCTb
BBJJIY Ma/IOJ CKOPOCTI OMOPA3/IOKeHN ¥ HAIMYNMA B HUX OIIACHBIX IIPVMMecell TSDKeNbIX Me-
TAJJIOB, IJIABHBIM 00pa3oM LiMHKa. B pe3y/bTaTe )KeCTKMX PEryIATOPHBIX HOPM, IIPUHSATHIX B
EC, BropnuHoit nepepabotke moaBepraercs moutu 100% gaHHOTO BMAa 0TX0A0B [2]. OnHako
B Poccun o6peMbl mepepabOTKY M3HOIIEHHBIX IIVH CYIIeCTBEHHO MEHBIIIE.

Cy1ecTByeT JOCTaTOYHO MHOTO CIIOCOO0B IepepabOoTKy M3HOIIEHHBIX IIVMH U aMOPTH-
30BaHHBIX Pe3VHOBBIX M3femunit [3]. OfHUM U3 TaKMX CIOCOOOB SABJISAETCS TEPMUYECKUI TUPO-
M3 JAaHHOTO BUJJa OTXOZOB, IPOBOAVMBIIT IIPY TeMIleparypax Bbiie 350 °C 6e3 mocTymna Bo3-
nyxa [4-6]. Berxomom mmporjecca sIBIsieTcs yraepofgHas TBepAas ppakius, KOTopas Moc/Ie 1a/lb-
HeJAIIIell OYMCTKI U M3Me/TbYeHIM MOXKeT ObITh IlepepaboTaHa B TEXHUYECKIIT YIIEPOJ, OTXObI
MeTaJlUIa U ITaporasoBas CMech yITIeBOLOPOIOB, KOTOPbIe MOTYT ObITh pasfie/ieHbl Ha (GpaKLmuu
U JICIOIb30BAaHbI B KadeCTBe TOIUIMBA. TsKesble (Ppakiuy YIIeBOZOPOZOB MOTYT IIpUMe-
HATBCSA B KaUeCTBe IIACTU(PUKATOPOB B PE3VTHOBOI IPOMBIIIEHHOCTY Y TIPY IOTyYeHNN ac-
¢danprob6eToHOB. TeXHOIOrMYeCKN MPOLecC OPTaHU3YIOT 110 MePUOANYECKON VTN HellpephIB-
HOJT cxeMe. [I/1s1 yckopeHMs mpoljecca U yBe/IMYeHNs BbIXO/ja JIETKuX (Gpakiyii MOTYT IpyuMe-
HATBCS KaTanmsaTopsl [7-9].

Bonbiroe kommyecTBO paboT MOCBAILIEHO CBOJICTBAM TOIUIMB, ITOJTy4aeMbIX M3 XKUKIX
¢dpaxuuit mrponmsa [10-13]. ITockonbKy cOCTaB pe3VH M3HOIIEHHBIX IINH 3aBUCKUT KaK OT UX
IIPOM3BOANTEIA, TaK I OT TUIIOpa3Mepa, PPaKIMOHHBIN COCTaB TOIUINBA, II0Ty4aeMOro B pe-
3y/IbTaTe MUPOIN3a, TAKXKE MOXET U3MeHATbcA [14]. Vicnonb3oBaHue cOBpeMeHHBIX (PU3NMKO-
XMMMYECKMX METOJOB aHa/M3a MO3BOJIAET IONMyYUThb JeTa/lbHYI0 XapaKTepPUCTUKY 3TUX IIPO-
nyktoB. Tak B pabote [15] MeTomoM rasoBoit XxpoMaTorpaduy ¢ Macc-CleKTPOMEeTPUYECKIM
nerektupoBanueM (GC-MS) 6bU1 MpoaHaIM3MPOBAaH COCTAB XKUAKUX IPOAYKTOB IVMPOIN3a
M3HOILLIEHHBIX IIMH, a TAKXXe MYHULMITAJIbHBIX IO/IMMEPHBIX 0TX00B. [Inponns nposogumu B
3aMKHYTOM peakTope rpu temnepatype 400 °C u faBnennn 50 I1a. YcranoBneHo, 4To B cocTaB
HIOJTyYaeMBbIX IPOAYKTOB BXOAM/IO 00jiee TPEXCOT VHAVBULYAIBHBIX COeIVHEHNII, OCHOBHYIO
JIO/TI0 KOTOPBIX COCTABIIs/IM apoMaTudeckne coenyHenus (33,5%), manee Hadrenst (28,6%),
oneduns (19,2%) n mapaduust (7,0%). ABTOpEI paboTsl [16] MccmegoBamt MpOAYKTH MUpPO-
N13a M3HOUIEHHBIX IIMH, IOJy4€HHbIe B JBYXITHEKOBOM 3KCTpyjepe. brio nposefeHo cpas-
HeHJIe COCTaBOB IIPOAYKTOB MIPO/N3a IpU IPOBENEeHNN Ipoliecca 6e3 KaTam3aTopa i B Ipu-
cyrcrBum CaO B KauecTBe KaTanmsaTopa. AHA/IN3 COCTaBa YITIeBOLOPOLHOM (PpaKIuy IpoBO-
[VIIU C MICTIIO/Ib30BaHMEM Macc-aHa/IM3aTopa MOHHO-IMKIOTPOHHOrO pesoHaHca ¢ Pypbe-Tipe-
obpazoBanueM (FT-ICR MS) n cnextpockonuu IMP 'H u C. CornacHo mony4eHHBIM IaH-
HBIM, COfiep>KaHle YITIEBOJOPO/IOB B IPOJYKTAX MMPOJIN3a COCTaBUIO 74,9% nipu IpoBeneHnmn
nporecca 6e3 KaranusaTopa un 78,6% B npucyrctsun CaO. Copep>kaHue yIIeBOLOPOIOB C Ofi-
HVUM aTOMOM cepbl cocTaBuio 14,3 1 13,9% cooTBeTCTBEHHO. YTIeBOROpOAHAst GPaKIUs BKIIIO-
JajIa apoMaTIyecKye YIIeBogopoabl (26%), TeTpa-apomaTtiaeckie (13 n 15%) 1 meHTa-apoma-
tiaeckne (22 u 30%). ABropamu paboThl [17] M3ydeH mpolecc MMpon3a pe3yH U3 TPY30BBIX
1 aBTOOYCHBIX IIMH C MCIIOb30BaHNMEM B KauecTBe KaTann3aTopa 1eonnta ZSM-5. B xayecTBe
anmapaTypsl JJisA IMPOJIN3a MCIIOIb30BAICS Ta00PATOPHBIN PeaKTOp 3aKPBITOTO TUIIA C HEIO-
IBVDKHBIM crtoeM. VlcceoBaHo BMsAHME TeMIIepaTypbl ponecca B auanasoHe 300-580 °C u
KOHIIEHTPAL[M KaTa/lu3aTopa Ha BBIXOJ, KMAKON U ra3000pasHoil Gppakiuil yIaeBofopo/oB,
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X COCTaB M pM3MUYECKIe CBOVICTBA. Y CTAHOBJIEHO, YTO C YBe/IMYEHIeM TeMIIepaTyphl IIpoliecca
Ha0JTI0[]a/IOCh YBe/IMYeHNe BBIXOJA ra3000pasHoN (paKkuyy MUPOJN3a C COOTBETCTBYIOIUM
yMeHbILeHNeM JOo/M XUAKON ¢pakiunu. Vcmonb3oBaHue KaTalusaTopa MO3BOINIO CHU3UTD
TeMIIepaTypy NMPO/IN3a U YBEeINIUTD JOJIIO Ta3000pa3Hoil Pppakumm. AHanMN3 MOKasal, YTo ra-
3006pasHas ppakiyus, K0/ KOTOPOIL B 3aBUCHMOCTY OT YCTIOBMIA ITpolLiecca cocTasana 5-30%,
cocroutr u3 yrreBogoponoB Ci-Cs. AHamm3 >KMAKOV (pakuuy YyIIeBOLOPOJOB METOLOM
GC-MS noxkasan Ha Hanuyye OOJIBIIOrO pasHOOOpasusl COeVHEHNII, OCHOBHYIO OO KOTO-
PBIX COCTABJIsUIY apOMaTUYeCKIie COeIMHEHN, TaKyie KaK O€H30JT, TONIYOJI, 0-KCUJION, HaTaInH
U d-IVIMOHEH.

B pabore [18] mpeanpuHsTa MOMIBITKA KMHETNYECKOTO aHaIN3a 00pa3oBaHus N30IpeHa
U dl-nuMOHeHa Ipy MUPOoJIM3e Pe3UH Ha OCHOBE HaTYPa/IbHOTO Kay4dyKa 113 MISHOILIEHHbIX IIVH.
[Ipu 3TOM MCIIONB30BAMCH METOMBI TEPMOIPAaBUMETPUN B COYETAHNUM C MACC-CIEKTPOCKOIIN -
yeckuM MeToioM. COI/IaCHO IIO/Ty4eHHbBIM OLleHKaM, 9HePIM aKTUBAIIM peaKiyii o6pasoBa-
HUS 30IIpeHa U dl-TMMOHeHa coCTaBuIM cooTBeTCTBeHHO 131 u 115 k]J[)k/Monb. OueHkn mo-
PARKOB peakLuil JIA JaHHbIX IIPOJYKTOB COCTaBU/IM COOTBETCTBEHHO 3HavyeHud 1,2 u 1,1.

Knaccudeckas nepmopmyeckas TEXHOJIOTMYECKAA CXeMa MMPONIN3a M3HOIIEHHbBIX IINH
BK/IIOYaeT [19] X mOATOTOBKY, B XOZe KOTOPOIT MOXKET OCYIIeCTB/IAThCA M3BIedeHne 60pTo-
BBIX KOJIEI ¥ NpeIBAPUTENbHOE M3MeIbYEHNE, 3aTPY3Ky B PEaKTOp UM IIPOBEJEHNE Ipolecca
IIpM 33/JaHHON TeMIleparype. B xofe mporecca 13 peakTopa oT6MpaeTcs maporasosasi CMech,
13 KOTOPOJT ra3oBas (PpaKuysA YacTMIHO pacXoAyeTcs Ha NMUTaHNe TOpesIoK I oborpesa pe-
aKTOpa ¥ YaCTUYHO YTWINSUPYeTCH, a XUKasa GpaKiyA IOCTyIaeT B 610K KOHIGHC ALV, ITie
IIPOM3BOANTCA ee Jja/ibHeliIee pasfiesieHne Ha ¢ppakuun. Ilocme okoHYaHMA Ipoliecca MpoviCc-
XO/IUT pasrpysKa peakTopa M pasfe/ieHle TEXHMYECKOro yIjaepoja M MeTa/ula. B Hacrosmee
BpeMs LIMPOKOE pacIpOCTpaHeHNe IIOMYIMI BapMaHT KOHCTPYKTMBHOTO OPOPMIIEHNS peak-
TOpa B BUJE TOPM3OHTAJIbHOTO BPALAOIerocs NVINHApa. BapuaHT Takoil cXeMbl IPUBEJIEH B
pabote [20]. B HacTos1elt paboTe ObIIN M3y4YeHBl HPOAYKTHI MMPO/IN3a PE3UH B 9TOM BapyaHTe
peaxropa.

Jnsa MogenupoBaHuA M ONTMMM3ALUI IPOLlecca MMPO/N3a Pe3VH B IPOMBIIIJIEHHBIX pe-
aKTOpaxX, IPeXXJe BCEero, HeOOXOMUMO MMeTh CUCTeMY KMHETUYeCKNMX YpaBHEHUI peakIuii,
OIVCHIBAOIYX ITPOIeCcC TEPMOJECTPYKIIMY MTOIVIMEPHOIL 4acTy oTXof0B. ]enb paboTs! — 1mo-
cTpoeHre QOPMATBHON KMHETMYECKOJ CXeMBbl peaKlnii, obecredyBaolleil MOepOBaHe
KMHETUKM TEPMOJIECTPYKLIMM TIOJIMMEPOB B IIpollecce MMPO/N3a M3HOIIEHHDBIX IMH ¥ PE3UHO-
BBIX OTXO/I0B. [JaHHas KMHeTMYecKast CXeMa, C OJJHOI CTOPOHBI, O/DKHA OBITh 000CHOBaHA KaK
C TOYKM 3PEHMSA PaAMKaIbHO-IIEITHOTO MEXaHM3Ma TEPMOMECTPYKLINMM, TaK M C TOYKM 3PEHUA
XapaKTepa IPOJSYKTOB, II0Jy4aeMbIX B PeaTbHOM IIPOM3BOACTBEHHOM Ipouecce. C Jpyroi cTo-
POHBI, 9Ta CXeMa He JO/DKHA OBITh CIMIIKOM CI0XKHOI, 9YTOOBI IIPU MOJENMMPOBAaHNM PabOTHI
IIPOM3BOJCTBEHHOTO PEAKTOPA IIyTEM PEIlleHN s CBA3aHHOM 3ala4uyl TEIUIoNepeiady ¥ XMMmI4e-
CKOJI KMHEeTUKI ee peann3alys He TpeboBaa Ype3MepHBIX KOMIIbIOTEPHBIX pecypcos. [l fo-
CTVDKEHNA ITOCTABICHHO IIe/IN MCCIe[OBAaHNA ObUIN pellleHbl CIefyIomye 3afaun: 1) uccreno-
BaHIeE MPOJYKTOB NMJPO/N3a PE3MHOBBIX OTXOJOB PEaJbHOrO MPOMBIIITIEHHOTO PeaKTopa C
TeM, YTOOBI OIIpefIe/INTD MX Ka4eCTBEHHBIN COCTaB; 2) KBAHTOBO-XVMMIYECKOE MOJIeTMPOBAHIA
IpoIiecca TEpPMOMECTPYKLIMM MOJIE/IbHBIX COEIHEHNIT, COOTBETCTBYIOIINX I10 CBOEN CTPYKType
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3BEHbAM LieIIel] IIO/IMMEPHOI 9aCTU Pe3VTHOBBIX OTXOMIOB JI/I OIIpeIe/IeHN A OT/I€/IbHBIX CTa/IUIA
CX€MBbI peaKInil.

IKCcIepUMeHTAaTbHAs 9aCTh

11 moctpoeHnst popManbHON KMHETMYECKON CXeMbI OBUI MPOAaHA/MM3MPOBAH COCTaB
IIPOYKTOB IMPOJIN3a U3HOLUIEHHBIX IIVH B IIPOMBIIIIEHHOM PeaKTOpe IePUOSUIECKOrO Heli-
cTBMs. PeakTop nMen ymmHApMYecKyo GopMy JuaMeTpoM 2,5 M U JTMHOM 9,2 M € TOIIVTHON
CTEHKM 13 HepyKaBeolleil cTaly 9 MM U PacIloarajacs FOpM30OHTAIbHO Ha ONOpax B BUJE KaT-
KOB C BO3MO)XHOCTBIO MeJ/IECHHOTO BpaleHys: Ha HuX. O60rpeB peakTopa OCYILIeCTBIIAICA B
HIDKHEN 4acTy TpeMs ra3oBbIMM TOpe/KaMy MOIHOCTBIO 0,6 MBT 1 0fHO XXMIKOCTHOI TO-
penkoit MomHocThIo 0,25 MBT. JKugkoctHas ropesika ucnonb30Banach i HA4aJIbHOTO IPO-
rpeBa peakTopa, a Mocje Havyasa BbIe/IeHNs ra30Boi GpakLyuy NUponn3a — Ay MUTAHNUA ra-
30BBIX TOpPE/IOK. ABTOMAaTM3MPOBAHHAS CUCTeMa YIIPaB/IeHN ITofjauell TOIUIMBa FOPeoK obec-
Ie4YyBajIa 3aJlaHHbIN PeXXVUM HarpeBa U MOAJEP>KaHNA TeMIepaTypbl. [IbIMOBbIE Ia3bl IIPOXO-
[VIJIU 110 BCeJi MOBEPXHOCTY LIVIMHJPaA, YeM JOCTUTAJICS eT0 paBHOMEPHbIT Harpes. Temmepa-
TYpPbI IBIMOBBIX Ta30B Ha BBIXO/I€ 13 peaKTOpa U IIapora3oBoOl CMeCH Ha BBIXOJE U3 peaKTopa
PEeTUCTPUPOBAINCD IIPY TOMOILY JATYMKOB TEMIIEPATYPHI ¢ IpefienoM usMepenu o 700 °C n
HOTPEIIHOCTBIO M3MepeHns He 6oree 0,1 rpagyca. 3arpyska peakTopa 00e3MI4eHHbIMI TPY30-
BBIMU U JIETKOBBIMM aBTOMOOV/IBHBIMY IIVTHAMU 6€3 UX IIpefiBapUTEIbHOTO M3Me/IbYeHUs OCy-
LIECTBJIANACHh Yepe3 JII0K B IIepeJJHEM TOplie peaKTopa. depes 3TOT Ke JIIOK ITOC/Ie OKOHYAHUA
IIPOLeCCa BBITPY>Ka/INMCh OTXOMbI META/UINYECKON IIPOBOJIOKN. BbIX0O[ MaporasoBoii cMecu ocy-
LIECTBJIAJICA YEPe3 OTBEPCTHE B 3a[JHEM TOPLiE PEAKTOPa, PaCIIONIOKEHHOE COOCHO ¢ HUM. Yepes
3TO K€ OTBEPCTIE BBITPYKAJICA TEXHUYECKNIA YITIEPOZ, ITOC/IE OKOHYaHNA NPOoLjecca MMpPOou3a.
Brixopsimas 13 peakropa Iaporasobasi CMech IIOCTYIIala B 0JIOK KOHIEHCALINM, TJie pasfiesis-
JTIach Ha TPY KUAKNX PPAKINM, PA3IMYAIOLIIeCs TEMIIEPATYpOl KUIIeHN s ¥ HA3BaHHBIE B 1a/Tb-
HellllleM, YCIOBHO, JIETKas, CPeNHAA U TsDKesasi, U Ta30BYI0 PpaKIMio, KOTOpas IOCTyIaeT Ha
00orpeB peakTopa, a ee M30BITOK yTUIM3NpPYeTcs. Macca 3arpysky MaTepuaga B peakTop co-
CTaBJIANIa B cpefHeM 6120 KT, 10714 Ipy30BbIX IIKH — B cpegHeM 88%. Ha Bbixoze mporecca gons
JKMJIKOTO TOIUIVBA COCTaBJIAIA B cpefgHeM 35%, [o/d TEXHUYECKOro yraepoga — 29%, 1ons me-
TA/UTMYECKUX OTXOJ0B — 21%, mons razoobpasHont ¢ppakmum — 15%.

JKnpxue ¢ppakunm mogsepranmuch MCCIEOBAHMIO C L[e/IbI0 CPABHEHNA 110 COCTaBY C 00-
PasLoM XXUAKOTo reyHoro Tomsa nponssopctsa OAO "AHII3 nm. [I.V1. Menpeneena”, xo-
Topoe nponsBoauTcsA cormacHo TY 38.101656-99 u3 pucTwuApHBIX (paKINiL, TOTyIaeMbIX
IPSIMOJ TIePETOHKO He TV ¥ BTOPUYHBIMMU ITpoljeccamyt HeprerepepabOTKIL.

[t ananu3a 6pUIM B3ATHI IPOOBI TpeX GpaKIMii MMPOJIN3a, 13 KOTOPHIX B KayecTBe TOI-
NVMBa VICOJIB3YIOTCS TOJIBKO JIETKasi ¥ CpefHss PpakLny, a TspKenas Gppakiys MpearonaraeTcst
K JICIIO/Ib30BAHMIO B KaUeCTBe IIaCTM(UKATOPA — MATYUTEIS IPY IPOU3BOJCTBE PE3MHOBBIX
cmeceit. [TnotHOCTD TP 20 °C y1eTkoit Gpaxkuy COCTaBisIa B cpefHeM 835 Kr/M?, IJIOTHOCTD
cpenHelt ppakuyy M3MeHAIAch B iuanasoHe 850-950 Kr/M’ B 3aBMCHMMOCTH OT YCTIOBIIL TeXHO-

JIOTUYIECKOTO ITpolecca U MapTm OTXOO4O0B IINH.
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B Hacrosmieit pabote PpuanKo-XmMudeckme CBOJCTBA TOIUIMBA MCCTIENOBAIN METOAMU
VK- n Y®-criekTpockonmy, a Tak>ke MeTOIOM BBICOKOI(PEKTUBHOI XIJKOCTHON XpOMATO-
rpadum (BIXKX). ITonyyenne VK-cnekTpoB oCyIIecTBsUIM C MCIIONb30BaHMEM Ipubdopa
VK-®ypbe RX-1, mpobbl roTOBM/IN B BUfie MUKpOCIos Mexay cTeknamyu KRS5. YO-cnekTpsr
cHuMaimm Ha npubope Specord M40. 3amncp CIEKTPOB OCYIIECTB/IIM B KioBeTe d = 10 MM.
AHanu3bpl METOZOM XXUJKOCTHOI XpoMaTorpaduu IpousBOAMIN C UCIONTb30BaHKeM mpubopa
UV-VIS LCD 2563, gerextop UV - A =210, 254 HM. Y c/IOBMA 3aIIMCH CEKTPOB: KOoloHKa C-18,
5 MKM, JyuHa 150 MM, d = 5 MM, mogBIokHast $asa areToHUTpu - Boga (70-30), CKopocTb 1o-
IBVDKHO (a3l 0,6 MI/MuH. [17151 OLleHKY IOTPeOUTEeIbCKIUX CBOVICTB TOIUIMBA OBLI MCC/IeJOBAH
XapakTep TOPeHUs C UCIOIb30BAHUEM XXUIKOTOIUIMBHOM (OPCYHOUHOI TOPENKM COITIACHO
I'OCT 27824-2000.

Ilna aHanM3a Hambosee BEPOATHBIX PeaKItil, IPOTeKAIIIUX IIPY IMMPO/IN3e 3TACTOMe-
pOB, ObUIM IpPOBEIEHBI KBAHTOBO-XVMMIYECK)E pacueThl M3MEHEHMsS TepMOJVHAMMIYECKIX
GYHKIVIT TPV COOTBETCTBYIOLIMX peakIVAX. PacdeTsl ocymecTB/IANMICh METOROM (QYHKINO-
HaJIa ITIOTHOCTH [21, 22] ¢ rtu6puaHbIM 06MEeHHO-KOPpeIALMOHHBIM QYHKI[MoHanoM beke, /1,
Anra u ITappa (Becke, Lee, Yang & Parr) [23] Ha ypoBHe Teopun DFT B3LYP/6-311G**. Boi-
YJIC/IeHNs] BBITOTHS/IVCD C CIIO/Ib30BaHMeM nporpaMmmHuoro Kkomiiekca ORCA [24].

[Tpu mpoBefeHNY PacyeTOB IPOBOAV/IACH ONTYMU3AIIVIA FeOMETPUN MOJIEKY/IAPHBIX MO-
neneri. Ilouck koHGopManuii ¢ MUHMMAIbHON SHEPIuell OCYIIeCTB/ISICS KBa3MHBIOTOHOB-
ckuM MetooM BFGS (Broyden-Fletcher-Goldfarb-Shanno) [25-28]. OntumMusanus nponsso-
[VIach B CUICTeMe BHYTPEHHMX KOOPAMHAT MOJIEKY/Ibl B opMaTe Z-Marpuubl. Kpurepuem
OKOHYAHMs IIOMCKa SB/IIOCH MOCTYDKEHME CpeJHEKBAf[paTMYHOV HOPMBI TpajifieHTa
(RMS Gradient) moOnMHOI 3/IEKTPOHHON 9SHEPIUM MOJIEKY/IAPHON CUCTEMbl 3HAYeHU
0,00001 aromubix eguaNL (Eh/bohr). [TockonbKy rpafivieHTHBIN IOVCK He ABJIAETCA JOCTATOY-
HBIM I HaXOXKJEHUA 3KCTPEMyMa, ONTUMMM3ALMA IIPOU3BOAVIIACH Y3 HECKOIbKIX PasHBIX
CTapTOBBIX KOHpOpMaIuii Mosekynsl. Kpome TOro, Ipyu BBIYMCIIEHUN T€PMOAVHAMMIYECKIX
GYHKIVIT OCYIeCTBIIANACh IPOBepKa HA/MN4MA SKCTPeMyMa Ha OCHOBAaHMMU BUOPAIL[IOHHOTO
aHa/m3a [29] — 10 OTCYTCTBMIO OTPUIIATE/IbHBIX COOCTBEHHBIX 3HaUYeHUi mMarpuisl ['ecce B
TOYKe IIPeAIosIaraeMoro aKcTpeMyMa. B kondopmanmnu ¢ MUHMMAIbHON 9HEPrIell pacCYMUThI-
Ba/IVICh TepMOAVMHaMMUYeckye pyHKUmy (3HTaIbIN U cBobofHast sHeprus [166ca) kak cymMma
TIOJTHOJI 9/1eKTpOHHOII 9Hepruy DFT B onmycaHHOM Bblllle IPUOIVOKEHUY ¥ TePMOAVHAMMYE-
CKOJI COCTaBJIAIONIel B IPUOIVDKEHUY "YKeCTKUI POTaTOp-TapMOHWYECKIIT OCUM/UIATOP" TP
CTaHJAPTHOJI TeMIIepaType pPeaKIVi, BEIYIC/IEHHO Ha OCHOBE BYOPAIYIOHHOTO aHajI3a B CO-
CTOSTHMM Viea/IbHOTO raza. CBOOOHbIE SHEPIMM PeaKINil BBIYMC/LAIN KaK Pa3HOCTY COOTBET-
CTBYIOIIVIX BeJIMYMH J/I IPOAYKTOB PeaKIUIl ¥ peareHTOB M) CTaH/IapTHBIX YCIOBUAX. PaHee
JIAaHHYI0 METOAVIKY MCIIONIb30Ba B padore [30], mpyu aTOM JOCTUTaIOCh XOpollee COOTBET-

CTBME C 9KCIIEePYMEHTAa/IbHBIMI JAHHBIMMA.
Pe3ynbTaThl M UX 06Cy)KeHMe

B rabmumax 1-3 mpuBefieHbI pe3yabTaThl aHamu3a VIK-crexTpos nornomenns uccneno-

BaHHBIX 00pasIOB.
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Ta6mumna 1. CpaBHuTenbHbIN aHamu3 VIK-crekTpos 06pasiia >XMAKOTO TOIUIVBA CPefHell IUPONIN3HOI GpaKum
u obpasna rommea npoussopcrea OAO "IHII3 um. [I.V1. Menneneena”

[Tapamerpsl [Tuponus pesuHsl, OAO "AHII3 nm.
cpenHsas Gppakiys O.J1. Menperneesa"
XapakTep obpasna O6paser; TeMHOTO IiBeTa O6pasel; CBET/IO-XKEITOIO IBeTa
C Pe3KMM 3aIIaxoM €O CTaObIM 3aIIaxoM
Bup xonebanuii Yacrors! konebanuit B VIK-criexrpe, cm™
Banentnsie xone6anus (v) -CH,-, -CHj; 2955, 2924, 2854, 2868 2946, 2924, 2855, 2867
Hedopmarnmonnsie xonebanus (5) -CH,- 1460 1456
MasiTHUKOBBIE KO/eOaHms
(-CH,-), = 4 722 722
(-CHy-), < 4 756-746 740
Hedbopmanmonnsie konebanus (5) -CHs 1376 1377
Kap6onuncogepsxamye rpynnst C=0 1706 -
HenpenenbHble cBA3N 1658,1641 -
C=C - mpanc-nionoxenne 966 -
-C=CH, - BuHmnnmes 886 -
ApomaTuka 1603, 1513,1494 1607 BO3MO>KHO IIO/IVIE€HBI
1,4-3amelieHne 814
1,2-3amenienne 756
CopeprkaHue apoMaTuKu, % 6,6 ~0,1
CopeprkaHue napaduHOBBIX YITIEBOLO-
ponoB, %
v =2855cm™ 11,54 46,35
Ta6mmma 2. Anamus VIK-criekTpoB 06pasiia >KMAKOTO TOIUIMBA 1Kol MMPOIM3HOI PpaKiym
ITapameTpsr [Inpomu3 pesuHsL, nerkas Gpaxuns
Xapakrep o6pasia O6pasel; CBETIO->KEITOTO LIBETA C 3aIlaX0M
Bup xonebauuii Yacrotsl konebaumit B VIK-crexrpe, cm™
Banenrtnbie Konebanud (v)
-CH,-, -CH3 2955, 2925, 2857, 2869
Hedopmanmonnsie konebanus (5) -CH,- 1455
MaATHMKOBBIE KOTTeOaHMA
(-CHy-), = 4 728
(-CHy-), =4 756,743
Hedopmanmonnsie konebanns (8) -CH; 1376
Kap6ounncogepxamue rpymmst C=0 1748, 1720
HenpenenbHble cBA3N 1643
C=C - mparc-nonoxenue 966
-C=CH,; - BuHnnuueH 887
-HC=CH, 909, 990
ApomaTuka 1602, 1516, 1494
1,4-3amenienne 814
1,2-3aMernieHne 756
MOHO3aMellleHe 756, 695
Copeprxkanue apoMaTuKu, % 15,15
CopeprkaHue napadHOBBIX YITIEBOLOPOLOB, %
v =2857 cm’! 12,6
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Ta6mmua 3. Anamus VIK-criekTpoB 06pasiia >XIMAKOTO TOIUIMBA TSDKETION IMMPOJIM3HOI PPaKIuy

ITapameTpsr [Tuponus pesuHsl, TsXenas Gpakuys
Xapakrep o6pasia O6paser; TEMHOTO IIBeTa C Pe3KIM 3aIIaXoM
Bup xonebanuii Yacrors! konebanuit B VIK-criexrpe, cm™
Banentnsie konedanusa (v)
-CH,-, -CH; 2953, 2924, 2854, 2867
Hedopmanmonnsie konebannus (8) -CH,- 1457
MasTHUKOBBIE KONeOaHNA
(-CHz-), 2 4 723
(-CH,-), =4 753
Hedopmanmonnsie konebanns (8) -CH; 1376
Kapbounncopepsxamue rpymmnst C=0 1717, 1704
HenpenenbHble cBsA3U 1607(rmonuen)
C=C - mparc-nono>xeHne 965
ApomaTuka 1601, 1514, 1496
1,4-3amenieHme 813
1,2- 3ameleHune 753
Copeprxkanue apoMaTuKH, % 15,1

Copeprkanue napadMHOBBIX YITIEBOJOPOLOB, %
v =2855cm™! 29,1

ITo pesynomamam ananusa VK-cnekmpoé MOXHO CHiellaTh 3aKII0UeHMe, 4TO obpaser]
torwmsa OAO "HII3 um. [I.V. MenpeneeBa" cocTOUT I7TaBHBIM 00pa3oM 13 napapmHOBBIX
¢dpakumit, TOrfa Kak MMPOIN3HOE TOIUIMBO MMeeT 60iee CTIOXKHBIN XMMWYECKII COCTaB 1 HO-
MMMO ITapa(pMHOBBIX YITIEBOJOPOLOB BKTIOYAET TAK)KE apOMaTIIeCKIIe YI/IeBOJOPOMbI, Hellpe-
Jie/IbHbIe YITIEBOZOPOABI ¥ HEKOTOPOE KOMYECTBO KUCTOPOACOAEepKaIMX (KapOOHM/IbHBIX)
coenyHeHmit. ComeprkaHye KapOOHIIBHBIX COeIMHEHNIT OTHOCUTE/ILHO HEeBBICOKO 1 Ooiee 3a-
METHO B JIETKOI (PpaKIVM MIPOAYKTOB MIPOJIN3A U B MEHbILE CTEIIEHN B CpefiHell U TsKe/OIL.
OTHocuTeNbHOE cofeprKaHIe TapadHOBBIX YITIEBOJOPOIOB B IIPOAYKTAaX MMPOIN3a HanOOIb-
MM SIBJISIETCS B TSDKETION pakLuy, a HaMeHbIINM B cpefiHelt ¢ppakuym. B nerkoit ppakiym
cofiep>KaHue apoMaTUYeCKUX ¥ NapayHOBBIX YITIEBOZOPOJOB SBJAETCS NPUOIU3NUTEIBHO
OJJVIHAKOBBIM.

Ananus Y®-cnexmpos o0pasl[oB IMMpPONMN3a PEe3VHBI IO3BOMMI CHe/IaTh CIeAyHoIue
HabIIomeH:

nerkast Gppakiys uMeeT cabble NOITIONeHNs Ipy A = 255,7 HM (4TO COOTBETCTBYET apo-
MaTN4eCKUM U HaTEHOBBIM YITIEBOJOPOJAM) U I/IeYO B MHTepBasie 217-244 HM (4TO COOTBET-
CTBYET COIPS>KEHHDBIM KPAaTHBIM CBA3SM ) MOHO3aMELEHHbIM apOMATUYECKMM COESVHEHNAM
C JUIMHHBIM yT7TIEBOOPOHBIM pafyuKantoM). Kpome Toro, mmeeT MeCcTO MHTEHCMBHOE MOTTIONIE-
Hyte 1pu A; = 200-210 HM, 9YTO COOTBETCTBYEeT MOHO3aMEIIeHNIO B apOMaTI4eckoM Konblie. [To-
IJIOLIeHNE B 9TOJ 00/1aCTV 3aKPBITO PAaCTBOPUTETIEM.

cpenHsasa Gpakiysa MMeeT MHTEHCUBHOE HOIJIoNleHue npu A = 257,7 HM (4TO COOTBeT-
CTBYeT apOMaTN4YeCKUM ¥ HAapTEHOBBIM YIVIEBOJOPOZAM) U IUIeYO B MHTepBaje 215-244 HM
(4TO COOTBETCTBYET CONPSKEHHBIM KPAaTHBIM CBA3SAM VI MOHO3aMEIeHHbIM apOMAaTNIeCKIM
COEIVHEHVAM C JJIMHHBIM YITIEBOJOPOIHBIM PaJJIKajIoM).

TsDKenmass pakiys MMeeT MHTEHCUBHOE ITIOIJIoLIeHye TPy Ay = 259,7 HM (Y4TO COOTBET-
CTBYeT apOMaTN4YeCKUM ¥ HapTEHOBBIM YIVIEBOJOPOZAM) U IUIeYo B MHTepBane 213-244 HM
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(4TO COOTBETCTBYET CONPSIKEHHBIM KPATHBIM CBA35IM ¥ MOHOJV3aMEIIeHHBIM apOMATINIeCKIM
COENVHEHVAM C JJIMHHBIM YITIEBOJOPOIHBIM PaJJIKajIoOM).

O6pasen; rorrmma OAO "SAHII3 um. [I.VI. MenpneneeBa" uMeeT MHTEHCUBHOE ITOT/IONIe-
Hye Ipy A1 = 224 HM (4TO COOTBETCTBYET COIPSsDKEHHBIM KPATHBIM CBSI35M), IIOI/IOLEHNE TP
A2 =255 HM — uMeeT c1abo BBIpa>KEeHHBIN XapaKTep.

Cnekrtpbl BOJKX snerxoit u cpennet ¢pakiyuil IMpoONN3HOTO TOIUIMBA IPUBEJEHbI Ha
puc. 1 m 2.

Ilo pesynomamam ananusa memooom BOJKX MOXXHO chenaTb BBIBOJ, YTO BCe 0OpasIibl
XapaKTePU3YIOTCs CIOXKHBIM COCTAaBOM, IIPM 3TOM 00PasIibl MIPO/I3a PE3MHBI COLlEPIKAT JIeT-
KJie U TsDKeJIble apoMaTideckue ([is ierkoit ppakiyy B OCHOBHOM MOHO3aMellleHHbIe) 11 Had-
TEHOBbIE KOMIIOHEHTBHI.
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Ha ocHOBaHMM IPOBEIEHHOTO aHA/IN3a MOXKHO CiellaTh BBIBOJ, UTO MICC/IENOBAHHOE TIN-
PO/IM3HOE TOIUIVBO B I€JIOM IIO COCTaBY COITIACYETCS C COCTaBaMy TOIUIMB, OIYO/IMKOBAHHBIX
B paborax [16, 17], HO XapaKTepu3yeTcsi MEHbIIVM COJiepXKaHMeM apOMaTUYeCKUX YI/IeBOJO-
POZOB.

OueHka xapakTepa FOpeHNUsA C UCIOTb30BaHMEM >KUAKOTOIUIMBHON (POPCYHOUHOI TO-
PEJIKI ITPOM3BOAMIIACH 1A 0OPa3I[OB JIETKOM M cpefHell (paKIyM IPOAYKTOB MPOIN3a 1 06-
pasua rormsa OAO "AHII3 um. [I.V1. Menpneneesa". Bce Tpu nccnegoBaHHbIX 00pasiia Xapak-
TepPM30BA/INCh YCTONUMBBIM XapaKTepoM ropeHus. Ilpu aTom Hanmbosee MHTEHCBHBIM TOpe-
HIIEM XapaKTepu3oBajlcsA obpasel] jerkoll ¢pakiuy MpoAyKTa IMMPON3a, IUIaMs KOTOPOTO
MMesIo TOMyOOBaThII XapakTep, TOIAA KaK LA IBYX APYrMX oOpasl[oB IIBET IUTAMEHMU ObLI
KpacHO-opamxeBbIM. Temneparypa nuddysopa ropenkn B 30He pakena, u3sMepeHHas ¢ IIOMO-
b0 TMMPOMETPA, COCTABM/IA COOTBETCTBEHHO JiA Jierkoi dpakuum nupommsa 440 °C, maa
cpenHeit ppakuyy muponusa 350 °C u st o6pasua rorwmmsa OAO "AHII3 um. [I.V1. Mennene-
esa" 340 °C.

[TopBopA MTOT IPOBEIEHHOMY MCC/IE{OBAHIIO MOXKHO 3aK/IFOUNTD, YTO, HECMOTPS Ha OT-
JMYAIOMINIICA XMMIYECKIIT COCTaB MMPOJIM3HOTO TOIUIVBA 110 CPABHEHUIO C CEPUITHBIM HeTA-
HBIM TOIUIVIBOM, OHO He YCTYIIaeT eMy 110 IOTPeOUTeTbCKIM CBOVICTBAM U JjaXKe IIPEBOCXOANT,
€C/IM pacCMaTpyBaTh JIETKYI0 (PPaKIMIo MUPOIN3a.

Kak nokasaHo Bblllle, B IIpoIlecce NMpON3a OTXON0B pe3VH 0bpasyeTcs 60/IbIIOe KO-
4eCTBO Pa3HOOOPA3HBIX XMMIYECKIX COSAVMHEHMII B pe3yIbTaTe COOTBETCTBYIOMIMX PeaKIUIL.
Bwmecre ¢ TeM [y1s 11eneit MOJeMMpOBaHS JOCTATOYHO (POPMAIBHON CXEMBI, B paMKaX KOTOPOI
MOXXHO OBUIO OBl 3amMcaTh CUCTEMY KMHETMYECKUX YpaBHEHWII, IIPUTOJHYIO /I pelIeHVs
HpaKTUYecKnX 3ajiad. I 060CHOBaHMA TaKOJ CXeMbl ObUIN ITPOBE/IeHbl KBAHTOBO-XVMMIYe-
CKIie pacyeThl M3MEHEeHsI TePMOAMHAMMYECKNX (PYHKIVI IIPY peakUMsAX AeCTPYKLUNU IO pa-
[IMKa/IbHO-IIeITHOMY MeXaHM3My COeNVHEeHMII, IPeACTaB/IAIINX CO00i HI3KOMOJIEKY/LIPHbIE
MOJIe/I! 37TaCTOMEPOB, BXOAAIINX B COCTAaB IMIMHHBIX pe3VH. B Tab1. 4 mpeacTaBieHbl XuMmude-
ck1e GOpMyYIIbI MCC/IeIOBAaHHBIX COSIVHEHNIT ¥ paiyKaTbHBIX MHTEPMEMaTOB, X COKpaIleH-
Hble 0003HAUYeHMA U TOSICHeHUA. Pe3VHBI /1A MPOM3BO/CTBA IINH M3TOTAB/IMBAIOT HA OCHOBE
TpeX BUJIOB Kay4yKOB 0011IeT0 Ha3HaYeHNA: U30NIPEHOBOTO (HATYPaIbHOTO M CMHTETUYECKOTO),
6yTagueHoBoro, O6yTagueH-(MeTna)cTuponbHoro. CooTHOIIeHNe KaydIyKOB BapbUpyeTcs B 3a-
BUCVMOCTY OT TUIIA IIVHBI ¥ IIPOVI3BOANTE/IA, HO OCHOBHYIO OJII0 COCTAaB/IACT M30IPEHOBBIN
Kay4yK, a OyTayieHOBBIN 11 OyTafyieH-CTUPOIbHBIN (METV/ICTYPO/IBHBIN) COCTAB/ISIOT B CYMMe
MeHee 40%. HuskoMonekyiapHble MOfIeNN 9TUX KaydyKoB 0003HaYeHBI COOTBETCTBEHHO I-I,
B B, mSt-B. [TockonbKy 3T1 pe3suHbl ByIKaHM3YIOT CEPHBIMM BY/IKaHU3YIOLMMY CUCTEMaMI, B
KauecTBe MOJIe/IY CEPHOII MOTIePeYHOIl CBA3Y ObI/IO pACCMOTPEHO COelMHEeHMe, 0003HaUYeHHOe
B-S-S-B. Pagukanst  B-B, I-1, mSt-B mogennpoBanu nHTepMemaThl, 00pasyrouiecs npy ot-
pBIBE aTOMa BOZIOPOJIA 10 A-YITIEPOJHOMY aTOMY COOTBETCTBYIOLINX 3BeHbeB, I, B, mSt Mope-
JMPOBAIN MHTEPMEMAThI, 00pasyIoLIyiecs Ipy paspbiBe Iieneit, a B-S' — mpu paspbiBe cepHBIX

nonepevHbIx cBaseit. Coegnuenns I, B, Bd MomenmupoBanm mpogyKThl peakuy AeCTPYKIUIL.
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Ta6mmua 4. Xumnaeckue GopMysisl 1 0603HAUEHNS MOJIEKY/IIPHBIX MOJe/Ieil Kay4yKOB, PafiiKaIbHbIX NHTEPMe-
JVaTOB ¥ IPOAYKTOB PeaKIVI MMPO/N3a, UCIIONb30BABIINECA IPY KBAHTOBO-XVMIYECKOM MOJIeTMPOBaHUM

Xummyeckas popmyna O6o03HaueHne [TosacHenne
CH;-CH=CH-CH,-CH,-CH=CH-CH3; B-B Mopenb [BYX 3BeHbeB Lieln NoMnbyTageHa
CH,-CH--CH=CH-CH,-CH=CH-CH, B-B Papukar, o6pasyromuiicsi mpu OTpbIBe BOOPOJiA

IO A-YIJIEPOJHOMY aTOMY OYTaflieHOBOTO 3BeHa
b -2, 06 7
CH,-CH=CH-CH, B YICH-2, 0OpasyloTinea
HpY OTPBIBEe KOHILIEBOTO 3BeHa MOMNOyTafeHa
CH,=CH-CH'-CH; B Papukan 6yreHa, 06pasyromuiicsi Ipu OTpbIBe 3BeHa
Juen, obpasyroumiics
CH,=C=CH-CH; Bd

py 06pbIBe KMHETUYECKOI L[eTIn

CH;-CH=C(CH3)-CH,-CHa-

C(CHy)=CH-CH, I-1 Mogenb IBYX 3BE€HbEB 1eIN TOTNN30IIPeHa

CH;-CH'-C(CH;3)=CH-CH,-CH=CH- Papuka, 06pasyromuiics mpu OTpbIBe BOJOPOJA

I-I

CH; II0 A-YI/IEPOJHOMY aTOMY M30IPEHOBOTO 3BeHa
2- -6 -2, 06 7
CH,-C(CH,)=CH-CH, I MeTnn-6yTeH-2, 06pasyomiics
[pU OTPbIBE KOHILIEBOTO 3BE€HA [IO/IMU30IIPEHA
Papukain 2-metun-6yreHa-2, oopasyoimmiics
CH,=C(CH,)-CH-CH, I . Y pasyrott

IIpY OTPBIBE 3B€HA

CH;-CH=CH-CH,-S-S-CH,-CH=CH-

B-S-S-B Mogenb cepHOII TOIEPEYHOIL CBA3N
CHs

Papykai, obpasyromuricsa

CH;-CH=CH-CH,-S$ B-S . .
HPI/I pa3prBe CepHOI/I HOHepe‘IHOI/I CBA3N

CH;-C(CH3;)(C¢H;5)-CH,-CH,-CH=CH-

CH mSt-B Mogperns OyTafyeH-MeTUICTHPOTIBHOTO COIOMINMepa
3
CHa-C(CH3)(CsHs)—CHz-CH'—CH:CH—
CH mSt-B Papukan 6yragyeH-CTMPOIBHOIO COMONMMMEpPa
3
CH;-C(CH;)(C¢H;5)-CHy mSt’ Papykan MeTHICTpPO/IbHOTO 3BeHa

B Tabin. 5 npuBeneHbl pe3yIbTaThl KBAHTOBO-XMMWYECKOTO pacyeTa M3MeHEHNI II0THO
anexTpoHHO sHepruu (AE) 1 cBOOOLHOI 93HEPTUY B CTAaHAAPTHBIX ycnoBusAX (AG) mpu peak-
IVISIX pafiyIKaIbHO-LIEIIHOM AeCTPYKLMYU 3/1aCTOMEPOB. B TOM 4mciie: MHNIIMMPOBaHME ITyTeM
paspbiBa nenn (1)-(3), paspbiBa onepevHoO cBA3M (4); MHUIMMPOBaHYE IIyTeM OTPbIBA BOJIO-
poza 1o a-yrinepogHomy atomy (5)-(7), mepepaun meny Ha nomumep (8), (9), muHeitHoro 06-
pbIBa 1emeit ¢ obpazoBanmeM Bogopoza (10), KBafpaTMIHOTO 0OPbIBA I[eTIel 110 PeaKIINN JUC-
nponopiyonnposannus (11).
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Ta6muma 5. V3MeHeHVs II0THO 3/IeKTPOHHOI 9HepIuy ¥ CBOOOIHOIT 9Hepruy ['m66ca B cTaHApTHBIX YCIOBUAX
IpU peaKkIVAX pagMKaJIbHO-IeITHON JeCTPYKLMM 3JIaCTOMEPOB 110 JaHHBIM KBaHTOBO-XMMIYECKOTO pacyeTa Ha
yposHe Teopuu DFT B3LYP/6-311G**

Howmep Cxema peaxmum AE, x]I>x/Momnb AG, x]JI>x/Momb
1 B-B >2B 439,2 142,1
2 I-1>2r 422,8 141,9
3 mSt-B > mSt + B’ 440,1 199,4
4 B-S-S-B > 2B-§ 222,8 3574
5 B-B>B-B+H 435,3 300,9
6 I-I>T-1+H 343,9 307,9
7 mSt-B > mSt-B'+ H 356,8 297,9
8 B-B+B >B-B+B -48,9 -16,6
9 [-I+T>T-I+1 -146,9 -13,0
10 B> Bd + 1/2H, 79,1 13,0
11 2B'>Bd+B -176,3 -98,8

ITo pesynpTaTaM KBaHTOBO-XMMMYECKOTO pacyeTa MOXKHO CJelaTh BBIBOJ], YTO OCHOB-
HBIM MEXaHM3MOM VHUIMMPOBAHNS TIPY MUPOJIN3E SB/IAETCS PaspblB IOMNM30IPEHOBBIX U
o6y TaIeHOBBIX Lierell. 3BeHbsI OyTafyieH-MeTUICTYPOTIBHOTO CONOMMepa OyAyT pasphl-
BaTbCsl C MEHbIIEN CKOPOCTBIO, IIOCKO/IbKY TPeOYIOT OO/MBIINX 3aTpaT 9HEPruu. TO COITIacy-
€TCsI C MI3BECTHBIM 13 IIPAKTUKMU (pakTOM 60J1ee BHICOKOI TEIIOCTOMKOCTY OyTaiieH-CTUPOIIb-
HBIX COIIOIMMEPOB. VIHMIIMMpOBaHMe ¢ OTPBIBOM BOJOPOJia MEHee BEPOSTHO, IIOCKOJIbKY Tpe-
OyeT OOJBILINX HEPTeTUYECKNX 3aTpaT. UTO KacaeTcsi paspbiBa CEPHBIX IIOIEPEYHbIX CBA3EN,
TO XOTsI OHU U MeHee IIPOYHBI 10 CPAaBHEHUIO C YITIEPOJi-YITIEPOAHBIMY, HO 00pa3oBaHue Cy/lb-
(GUAHBIX paiNKaIoB COIIPOBOX/AETCS OOJBIINM yBeTNYeHNeM CBOOOTHON SHEPTUY IO CPaB-
HEHUIO C PYTMMU BUAAMM MHULMMPOBaHMs. [109TOMY Py IpakTUYecKUX pacyeTax MHULINN-
pOBaHue AeCTPYKLVM LieTieli pa3pbIBOM CyIbQUHbIX CBsA3€l MOXKHO He YUUTBIBATh. DTU CBA3K
OBICTPO Pa3pYLIAIOTCS, HO B LIeJIOM Ha XOJ] payIKaIbHO-1IeITHOTO MeXaH)3Ma He JTO/DKHBI OKa-
3bIBaTh CYI[eCTBEHHOTO B/MAHMA. Peakuyn nepepgaun nerneit Ha nmomumep (8), (9) xapakrepn-
3yI0TCs OTpuLaTe/IbHbIMY 3HaYeHMssMU AE n AG 1 6yayT obecriednBaTh poCT KMHETUIECKUX
1ernelt lecTpyKUun. VI3 cpaBHeHNs M3MeHEHNs TePMOVHAMIYECKNX PYHKIMIL TPV PeaKIsaxX
(10), (11) MOXXHO cfienaTh BBIBOM, YTO OCHOBHBIM MEXaHM3MOM OOpbIBa OyIeT KBaJjpaTU4HBbII
OOPBIB LIeTeNt.

KuHeTuky TepMOfeCTpYKIMY IONMMMEPOB OOBIYHO OIVICHIBAIOT C IOMOLIBIO Ay depeH-
IIMa/IbHBIX YPaBHEHWII C/IEAYIOLIero BIUAA:

2= (1- a)"Aexp(~E;/RT), (1)

I7ie & - CTeIleHb KOHBEPCUM i-Ji peaKLVM; 1, - IOPARKU peakumit; A; u E; - mapameTpsl ypaBHe-
HIA AppeHMyca TEMIIEPATYPHBIX 3aBYCYMOCTEN KOHCTAHT CKOPOCTEN PEAKIVIIA.
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HepocraTok Takoro nopxoja COCTOUT B OTCYTCTBYM CBA3M JAHHBIX SMIMPUYECKIX 3aBJ-
CHMOCTEII C MEXaHM3MOM IIPOILeCCa TEPMOIECTPYKIIMN. ITO IPUBOAUT K TOMY, YTO ITapaMeTphl,
IIO/TyY€eHHbIe IIPY ANNPOKCUMALIY SKCIIEPYMEHTAIbHBIX TEPMOTPABMMETPUYECKUX KPUBDIX, Y
PasHBIX aBTOPOB CWJIBHO Pas/INYaiOTCs, @ MHOIZA BOOOIIe He COOTBETCTBYIOT (PU3NIECKOMY
CMBICITy KMHETUYeCKOTO ypaBHEeHMs peakiyuy. Tak, B 4aCTHOCTH, aBTOPBI paboTsl [31] mpoana-
NM3MPOBAIN NaHHbIE OfVHHAALIATY ITyOIMKaLMil, B KOTOPBIX IIPUBOJVIINCH OLIEHKU KMHETH-
JeCKIX IIapaMeTPOB TepPMOZIECTPYKLIMY Pe3VH Ha OCHOBE IOMNOyTanyeHa, OyTafyueH-CTUPOIIb-
HOTO COIIONIMMEPA, a TAK)Ke M3HOLIEHHBIX NH. [Ipy 3TOM 3HaYeHMA MOPAJKOB peaKLnii B all-
IPOKCUMAI[MIOHHBIX 3aBYCUMOCTAX BapbUPOBAINCD OT 1 110 2, a 3HAYEHN S SHEPTUIT AKTUBALIM
E; y pa3HbIX aBTOPOB BapbypoBanuch B auanasoHe 60-600 k/I>x/Monb. 714 OFHOTO U TOTO e
[IO/IMIMeEpa, IIPY PasHbIX CKOPOCTAX HarpeBaHMUs KMHETMYECKe IIapaMeTphbl IIPOCThIX ypaBHe-
HIIJI OKa3bIBAIOTCA Pa3HBIMMU, YTO HE ITO3BOJIAET MCIIO/Ib30BATh TaKye CXEMbI IIPY MOJENNPOBa-
HIM PeaIbHbIX IIPOM3BOCTBEHHBIX PEAKTOPOB.

B HacTosmel paboTe Iy onycaHMA KMHETVUKY AeCTPYKIMM Pe3NH JMCIOIb30BaHa (op-
MajIbHas KMHeTHYeCKas cXeMa, OTpakarolias o01mmit GpusmdecKuii CMBICI IIPoLjecca Kak COBO-
KYIIHOCTM PaJVIKa/IbHO-L[€NIHbIX peaKUuil JecTpyKuumy nonnmMepa. IIpegiaraemas cxema nmeer
BUJ, TIPeJICTaB/ICHHBIN B TaOJL. 6.

Ta6muma 6. opmanbHasa cxeMa KMHETUKY PeaKINil AeCTPYKLUY IOIMMePHOI YacTy M3HOIIEHHBIX IINH

?TZZI;E Cxema peakmym TTosacuenne
1 R-R->2R Vuunuuposanue, k;
2 R-R+R >R-R+R I[Tepenaua memny Ha momuMep, Kq;
3 R-R>R +R Vsomepusanus cepeAMHHOTO pafiKaa ¢ paspbIBOM LeMH, Ko;
4 2R'> 2R KBagparuuHblil 06pbIB Lielell AUCIPONOPLMOHNPOBaHUEM, k3;

Cragus (1) cuMBOMM3upyer Bce peakumy MHULmMposanus (1)—(4), mpencraBieHHbIe B
Ta6s1. 5. Cragus (2) OTHOCUTCS K peakIyisiM Iepefayn [emnu Ha nonumep tumna (8), (9) B Tabi. 5,
a crayus (3) cMMBOM3UPYET M30MePU3aINI0 00Pa3oBaBUINXCS PAAMKAIOB ITyTeM JVICIIPOIIOP-
IVIOHMPOBaHMUsA ¢ pa3pbiBoM Ieru. Cragus (4) CMMBOMU3MPYeET KBaJpaTUIHbI OOPBIB KMHe-
TUYECKUX I[eTIell 110 peaKLM JUCIIPOonIopLMoHpoBanys tina (11) B Tabm. 5.

B nanHoit cxeme o R-R noHnmaercs mobas nmonmmepHasi 1iemb, a mof R mo6oii He pa-
IVIKa/IbHBII IIPOYKT ee paciafa. TakuM o6pasoM, yCpeSHSIOTCA BCe TUIIBI MOHOMEPHBIX 3Be-
HbEB U TUIIBI HN3KOMOJIEKY/IAPHBIX IIPOAYKTOB, 00pasyIOIINXCSA B pe3y/IbTaTe paclaja Iiernert.
ITockonbKy B IPOM3BOACTBEHHOM IIpOliecce MTapora3oBas cMech pasfieiieTcst Ha Tpy GpakLmum
— Ta30BYIO, JIETKYIO VI CPeHIOI (TsDKenasd (paKluA He UCIONb3yeTCs U BO3BpAIlaeTCsA B pe-
IIVIKJT), TO IIPeyCMaTpUBAETCs [JIs OIVCAHVS BCETO IIpoliecca AeCTPYKLMU TPY TAaKUX CXEMBI,
OTBEYAIOIVX TPEM IPYIIIaM COeaVHEeHU. []/1s1 KaX[ 0¥l IPYIIIIBI MIMeeTCsl CBOJI HAOOp KOHCTaHT
ckopocteit: koi, ki, ki, ksi, i = 1, 2, 3. TemnepatypHble 3aBUCUMOCTY KOHCTAaHT CKOPOCTeT ObUIN
IPUHATH APPEHUYCOBCKMMY, TaK YTO BCETO LA MAEHTU(DUKAIVN OJHOI TePMOTPaBUMETPU-
4eCKOJ KpMBOJ OBUIO HEOOXOAVIMO TpU Mapbl mapamerpoB A; u E; I KaXKH0i KOHCTaHTHI
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ckopoctyu. KmHeTrka peakumii, OTBeYalOIUMX TPeM KMHETUYECKMM CXeMaM, OIVICBIBAeTCs
HabopoM U3 Tpex cucreM auddepeHIaTbHbIX YPaBHEHMNIL:

dRR
- = —ko; * RR — kq; * RR * Ra; (2)
dRaR
ST = ky; * RR * Ra — ky; * RaR; (3)
dRa
F=ZkOi*RR—kli*RR*Ra+k2i*RaR—Zkgl-*Ra*Ra; (4)
dR
— =kq; *RR * Ra + ky; * RaR + 2ks; * Ra = Ra. (5)

dt

Bo usbexxanue myraunipl 3nech R-R o6osHauen kak RR, R o603nauen kak Ra, R-R 060-
3HaueH Kak RaR u fy14 3HaKa yMHO>KeHMA MCIIO/Ib30BaH CUMBOJT «*».

[Tpy mepeMeHHOI BO BpeMeH! TeMIlepaType KOHCTAHTbI CKOPOCTY PeaKIUil B COOTBET-
CTBMM C YpaBHEHMSAMU AppeHMyca TakKe CTAaHOBATCA PpyHKumsamMu BpeMeHn. CucreMbl ypas-
HeHmit (2)-(5) mns i =1, 2, 3 MHTErpMpOBaIM YUCIEHHO C YYE€TOM 3a/laHHBIX 3aBMCUMOCTEN
TeMIlepaTypsl oT BpeMeHu. OOIyI0 3aBUCHMOCTb OT BPEMEHM MaCChl IeCTPYKTHPYeMOTo Ho-
NMMepa B OTHOCUTE/IbHBIX efVTHNIaX Y () OIMCBIBa/IN KaK B3BEIIEHHYI0 CyMMY GYHKIMIT RR(¢)

TpeX IPYIII COeAVIHEHMIL:

r7ie b; - OTHOCUTeNbHAS KO/ KaXKpoit rpymnisl ();; b; = 1).

JlaHHBII TTOXOJ IIO3BOJISIET ANIPOKCUMYPOBATh KPUBbIE TEPMOJECTPYKIMM Pe3UH Ha
OCHOBe Kay4yKoB 00lIjero HasHa4YeHus. B kauecTBe mpuMepa Ha pyc. 3 IpuBeeHbl 9KCIIEPH-
MEeHTa/IbHbIE JaHHBIE 110 TEPMOJECTPYKIIUM Pe3VH, ONMyONMKOBaHHbIE Pa3HBIMM aBTOPAMU U
aNMpOKCYMAIVY X QYHKIUAMY, B COOTBETCTBUY C M3JI0)KEHHOI METOIMKOIL.

1 o B | v
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Puc. 3. 3aBMCHMOCTb OTHOCUTENBHOI JOMIY MacChl ITOTIMMeEpPa OT TEMIIEPATYPhI 110 JAHHBIM TEPMOTpaBUMeTpUYe-
CKOTO aHaM3a ¥ AalIIpOKCUMMpYOILIVe Kpubble (CIUIONIHbIE) IO IPEIT0>KeHHON MaTeMaTHMYeCKOl MOHEN.
Touxy — sKCIepUMEHT: 1 — 110 SKCIIePMMEHTANIbHBIM JaHHBIM [32]: 1,4-yuc-nonubyranyeH, CKOpOCTb HarpeBaHUsA
dT/dt = 10 K/MuH; 2 — 10 3KCIepUMEHTaIbHBIM JaHHBIM [31]: monmmbyraguen, dT/dt = 5 K/mun; 3 - mo axcmepu-
MEHTa/IbHBIM JJaHHBIM [18]: pesnHa 13 M3HOLIEHHBIX IIMH, d1/dt = 15 K/MuH. OKcllepuMeHTa/IbHbIe JaHHbIe HOP-
MMPOBAHBI Ha HAYQ/IbHYIO MacCy IIOIMMepa

82



OT XHMHHN K TEXHOJIOTHW [RIIZARELNITEA NN TOM 4, BbIMYCK 1, 2023

Kak BujiHO, IpefiIo)KeHHasA MaTeMaTn4ecKas MOJE/Tb KMHETUKH NeCTPYKLNN ITI03BOJLAET
OIVICaTh TEPMOTPABMMETPUIECKIE KPUBDBIE, OTHOCAIINECA K Pa3HbIM TUIIAM PE3VH U Pa3HBIM
CKOPOCTAM HarpeBaHusA. ITO MO3BOJIAET UCIIONb30BaTh IIPEJIOKEHHDIN IOIXO, IS IIOCTPOe-
HJA MaTEMATN4eCKON MOJIeIN IIPOU3BOJCTBEHHOTO PEaKTOPa B BUJIE CBA3AHHOI 3a7ja4Ml HecTa-
LVIOHAPHO TEIUVIONPOBOSHOCTY ¥ XMUMWYECKO KMHETUKI.

BrIBOABI M peKOMeHJAI

B Hacrosmeit paboTe npeacrapneHa GopManbHas KMHETHYECKas CXeMa I COOTBETCTBY-
I0IIad el MOJieNb IIpoLecca TEPMOJECTPYKIMI Pe3UH NPU NMUPOIN3€e M3HOUIEHHBIX aBTOMO-
OV/IBHBIX IIVH ¥ Pe3VIHOBBIX OTXOJOB B IIPOMBILIIEHHOM peakTope. [TapameTprl Mozgeny BbI-
OpaHbI Ha OCHOBE aHa/IV3a IIPOAYKTOB IMVPO/II3a VI3HOIIEHHBIX IIMH B pea/IbHOM IIPOMBIIIIEH-
HOM PEAaKTOp€ U NPOBENECHHBIX KBAHTOBO-XVMWYECKNX PACYETOB TEPMOAVHAMUKI PeaKLVI
LA COeIMTHEHMI, MOJEMMPYIOIINX CTPYKTYPY IOMMMEPHOI YaCTU MaTepuana OTX040B. B ka-
JecTBe IPOAYKTOB PeaKI[Uy pacCMaTpUBaeTCs TBepAasA ppakuys (TeXHUIECKUN YITIepOx U OT-
XOJIbl MeTajIa) U Mapora3oBasi CMech, pasfiefiieMas Ha Tpy GpakLuy yrieBofoponos. IIpen-
NI0>KeHHas1 popMasibHast KMHETHYEeCKas cXeMa OTpakaeT o0l (pu3ndecKmil CMBICT IIpolLjecca
KaK COBOKYITHOCTY PafiiKa/IbHO-IIeITHBIX peaKIii eCTPyKLuy nomMepa. [I1d Kaxgoit ¢ppak-
VIV YITIEBOZOPOJOB VICIIONb3YeTCs CBOJ HAOOp KMHETMYEeCKX KOHCTAHT, TeMIIepaTypHbIe 3a-
BJMICIMOCTY KOTOPBIX IIPUHATHI apPEHNYCOBCKMMI. [laHHDBIV TOAXOZ, MTO3BO/IAET alllIPOKCUMMU -
POBaTb KpUBBIE TEPMOAECTPYKIIVM Pe3/H Ha OCHOBE Kay4yKOB 00IIero Ha3Ha4eH s, 9TO IOJ-
TBEP>K/IAETCSA CPAaBHEHMEM PAaCYETHBIX TEPMOTPABMMETPUYECKNX KPUBBIX C SKCIIEPUMEHTAIb-
HBIMJ JAHHBIMM, OITyO/IMKOBAHHBIMY Pa3HBIMY aBTOPAaMU JJIA PAa3HBIX TUIIOB Pe3MHOBBIX OT-
xo70B. [IpemmaraeMblit IOXOX MOKeT OBITH VICIIONB30BaH B IIPOIiecce MOJEMMPOBAHMS U OII-
TYMM3AIVY paboThI IPOMBIIIEHHOTO PeaKTopa IMMPO/IN3a Pe3NHOBLIX OTXOOB ITyTeM pelle-
HIIA CBAI3AHHO 3a/Ja4Ml HECTAIIIOHAPHOM TEIUVIONPOBOJHOCTY M XMMMUYECKON KMHETUKI.
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standard enthalpy of dissolu-  heavy water (D,0) with the solute molality from (0.01 to 0.12) mol-(kg solvent)™*

tion; ordinary and heavy wa-  at T = (278.15, 288.15, 298.15, 308.15, and 318.15) K and ambient pressure

ter; solvent H/D isotope effect  (p = 0.1 MPa). The uncertainty in density measured using the Anton Paar DMA
5000 M densimeter (equipped with oscillating U-tube) was 0.03 kg m~ or lower.
We obtain the standard (at infinite dilution) molar volumes and isobaric ex-
pansibilities of TMDETA as a solute in D0, along with the corresponding sol-
vent D,O-H.O isotope effects (IEs). We define the isotope effects using the pre-
viously obtained data on volumetric properties of the system (H,O + TMDETA).
We also find that the insignificant IEs in the standard molar volume of
TMDETA increase with increasing temperature. Based on the analysis of con-
tributions to the standard molar volume of TMDETA in terms of the Scaled Par-
ticle Theory (SPT) we confirm that a bulkier molecule of this solute interacts
with water (especially, in D,0) actively than it does with a molecule of hexa-
methylenetetramine (HMTA) or pharmaceutical “urotropine” being the related
aminal (cage-like) compound. The colloborating discussion of volume- and en-
thalpy-isotope characteristics of TMDETA (and HMTA) hydration within the
scope of SPT led us to the conclusion that the structure matrix of D,O is more
efficient for incorporating the bulkier TMDETA molecule into it.
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Introduction

The title heterocyclic compound named trivially as tetramethylenediethylenetetramine
(TMDETA) is one of bioactive adamanzanes 1,3,6,8-tetraazatricyclo[4.4.1.1**]dodecane or
([1*.22]Jadamanzane) being analogous to adamantane with nitrogen at the nodal-branched po-
sition (see Fig. 1) [1]. The best-known related macrocyclic compound having a similar “cage-
like” or aminal molecule structure is urotropine or hexamethylenetetramine (HMTA) [2]
(see Fig. 1). Unlike it, TMDETA has two additional side-chain methylene groups in its molec-
ular cycles (see Fig. 1).

N\
C N\ .
N-C—N I;I ->
C / 3 4
/
N

Fig. 1. The schematically simplified 2D- and 3D-structures of HMTA (left-handed) and TMDETA (right-
handed) molecules

TMDETA has found useful applications as an effective antiseptic pharmaceutical teotro-
pine [3,4] as well as a precursor in the synthesis of some technologically relevant aza-amino-
derivatives. As similar to the widely used related drug urotropine (hexamine) based on the
above-mentioned HMTA (1,3,5,7-tetraazatricyclo[3.3.1.1>’]decane), TMDETA is of special in-
terest as a hydrated solute in the solution physical chemistry [5-7]. It is due to a noticeable sol-
ubility in water [8] and a presence of hydrophilic and hydrophobic pharmacophore groups in
TMDETA molecules (see Fig. 1), which have difference influence on the structure of aqueous
environment. However, the existing information on structure-thermodynamic peculiarities of
TMDETA hydration is still quite limited.

Previously [7, 9], the results of the calorimetric study of TMDETA solutions in ordinary
(H,0O) and heavy (D,0O) water were comprehensively discussed. Two main points considered in
the work [7] were: the connection of enthalpy-isotope effects in the dissolution process with the
hydration behavior of TMDETA and their correlation with those derived for HMTA solutions
in H,O and D,O [10]. It was found that the structure-making effects in aqueous media are en-
hanced when going from HMTA to TMDETA as a solute. Despite the formation of heterocom-
ponent hydrogen ND(H)-O bonds in aqueous solutions of TMDETA, hydrophobic effects is
the predominant part during the process of its hydration [7]. Indeed, the results [9] permit the
classification of TMDETA on the enthalpy-hydration effects as a “mixed solute”.

It is well-known that D bonds are stronger (but more susceptible to destruction under the
influence of temperature) than H bonds, by virtue of the quantum (vibrational) nature of iso-
tope effects (IEs), which causes changes in the donor-accepting ability of water molecules
[7, 10, 11]. Hence, given the recent study on the {H,O(D,O) + HMTA} systems [2], the im-
portant additional information on structure-packing effects induced by intermolecular interac-
tions in the aqueous solutions of TMDETA can be obtained using an approach reasonably
combining “non-perturbing” experimental methods of the H,O->D,O solvent isotope
substitution and precision densimetry. But, the only densimetric study of H/D isotopically dis-
tinguishable aqueous systems under study was conducted at four “irregular” temperatures,
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T = (293.15, 298.15, 300.15 and 305.15) K. by Romero and Mesa [6, 12]. Also, we have deter-
mined earlier [13] the temperature-dependent standard (at infinite dilution) molar volumes,
V3, and expansibilities, E , = (V3 /dT),, of TMDETA in ordinary water within the range of
T =(278.15 to 318.15) K, with a step of 10 K.

At the same time, as we emphasized in previous papers [7, 13], the authentic nature of
thermodynamic (including volume-related) IEs induced by TMDETA dissolution (solvation)
in an aqueous medium remains uncertain. To derive more reliable and detailed data on the
problem raised, we made an additional high-precise densimetric study of TMDETA solutions
in D,O at the same temperature range as in case of the (H,O + TMDETA) system [13].

Main body

A detail description of the compounds employed in our experiments as well as the density
measurement and solution preparation procedures are in the Experimental part.

The results of density measurements are compiled in Table 1. This table contains also the
data on apparent molar volumes, V ,, for TMDETA in D,O. The content of TMDETA was in
the form of aquamolality, m,q, which is determined by the number of solute moles per

55.50843 moles of D,O or H,O (for solutions in ordinary water m,, coincides with molality, m)

aq
[14-16]. It is relevant for the interpretation of thermodynamic functions of transfer including
the respective IEs [2, 15, 16]. The uncertainty in m,, was assessed as ~3-10° mole per

55.50843M;, giving a number at the fifth decimal place of m,q in Table 1.

Table 1. Experimental densities, ps/(kg-m™), and apparent molar volumes, V;; ,/(m*mol™), for TMDETA solutions
in D0 at studied aquamolalities, m.q[mol-(55.50843 M,)], and temperatures, T (+0.01 K), and at p = (99.6 £0.8) kPa

Maq T=278.15K T=288.15K T=298.15K T=308.15K T=318.15K
Ds 10V,  ps 10°V,,| ps 10V, ps 10°V,,|  ps 10V,
0° | 1105543 | - [1105795| - |1104.380| - [1101.659| - [1097.869| -

0.01089 | 1105.719 | 137.56 | 1105.958 | 138.26 | 1104.539 | 138.96 | 1101.812 | 139.61 | 1098.022 | 140.28
0.02345 | 1105.922 | 137.53 | 1106.156 | 138.24 | 1104.721 | 138.94 | 1101.998 | 139.59 | 1098.198 | 140.26
0.04041 | 1106.184 | 137.50 | 1106.412 | 138.21 | 1104.972 | 138.91 | 1102.237 | 139.56 | 1098.433 | 140.23
0.05352 | 1106.408 | 137.47 | 1106.616 | 138.18 | 1105.166 | 138.89 | 1102.425 | 139.53 | 1098.620 | 140.20
0.06506 | 1106.587 | 137.45 | 1106.787 | 138.16 | 1105.335 | 138.87 | 1102.590 | 139.51 | 1098.780 | 140.18
0.07977 | 1106.820 | 137.42 | 1107.007 | 138.13 | 1105.549 | 138.84 | 1102.795 | 139.49 | 1098.980 | 140.16
0.08037 | 1106.826 | 137.42 | 1107.011 | 138.13 | 1105.549 | 138.84 | 1102.809 | 139.48 | 1099.002 | 140.16
0.09928 | 1107.141 | 137.38 | 1107.310 | 138.10 | 1105.834 | 138.80 | 1103.077 | 139.45 | 1099.260 | 140.12
0.10184 | 1107.180 | 137.38 | 1107.354 | 138.09 | 1105.870 | 138.80 | 1103.113 | 139.44 | 1099.304 | 140.12
0.11743 | 1107.428 | 137.35 | 1107.585 | 138.06 | 1106.104 | 138.76 | 1103.340 | 139.42 | 1099.515 | 140.09
* deuterium content is (99.93 + 0.02) atom %.

To calculate Vy 5, the formula [2,15,17] expressing the generic volume of a binary solution,

I;, in the aquamolality scale, m,,, was applied:

aqQ>

Vi(maq) = [55,50843M, + Mymyy|/ps = Vi + Vi amag, (1)
where V" = 55.50843M,/p; is the volume of a pure solvent (heavy water) in terms of the
M,q scale, My and M, are the molar masses of components, and p; and p; are the densities of a

solvent and a binary solution, respectively.
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According to works [2, 17],
I/SE(maq) = vzzmaq + vzzzmgq‘l'. R (2)

where V;E (maq) is the excess volume of a binary solution per 55.50843 mole of water isotopo-
logue; the adjustable v,, and v,,, parameters in the virial expansion (2) can be considered as
volume contributions to V,¥ related to the solvent-mediated solute - solute interactions with
formation of pair and triplet molecular aggregates.

On the other hand [2, 17],

VE(mag) = Vi(mag) — Vi — VEmy,. (3)
Taking Eqgs (1) to (3) into account, we can obtain the following:
Vp2mag = Vs(maq) -V =Vimyg + vzzmgq + v222m§q+. . (4)

According to Eq. (4), inferences concerning the interpretation of V.t (maq) are valid
for Vg , (maq), too. The LSM-statistical analysis based on F-testing showed that numerical val-
ues of the term v,,, in Eq. (4) may be neglected.

The use of this (so-called “rational”) procedure evidently has certain advantages over the
“traditional” extrapolation procedure in the high dilution region. So, proceeding from Eq. (4),
the experimental values of V; , are in a narrow range of confidence intervals relative to the line
intersecting the ordinate at a known preset point: V;". The given fact allows us to exclude the
influence of the so-called “gramophone horn” effect caused by the dramatic increase in uncer-
tainty of Vj 5 as mg4>0 [15, 16]. Also, it is important to highlight here that, unlike the “tradi-
tional” way of computing Vg , [13, 16], the experimental density value (ps) in Eq. (1) is used
only once. Being derived in such manner, the V3 and v,, values, together with the errors of
their determination {as a half-width of the 95% confidence interval, +o(V;) n £0(v,,)}, are
collected in Table 2.

Table 2. Standard molar volumes, 10°Vy/(m*mol'), and volume-related interaction parameters,
10%v,,/(m?55.50843M, -mol?), for the (H,O + TMDETA) and (D,O + TMDETA) systems at studied tempera-
tures, T (£0.01 K), and at p = (99.6 £ 0.8) kPa

T/K | TMDETA in ordinary water [13] TMDETA in heavy water D,0-H,O0 isotope effect (§)
100V52 —10%v,, 106Vpe —10%v,, 1006V —10%8v,,
278.15 | 137.41 £0.02 4.26 £ 0.06 137.57 £0.02 1.92 £ 0.05 0.16 £ 0.03 2.34 £0.08
288.15 | 138.06 £ 0.02 4.20 £ 0.06 138.28 £ 0.02 1.89 £ 0.06 0.22 +£0.03 2.31 £0.09
298.15 | 138.65 +0.02 4.19 £ 0.06 138.98 £ 0.02 1.85 +0.09 0.33 £0.03 2.34+0.11
137.53 £ 0.05 139.02 + 0.05
308.15 | 139.30 £ 0.02 4.15+0.06 139.63 £ 0.02 1.83 £ 0.08 0.33 £0.03 2.32+0.10
318.15 | 139.95+0.02 4.11 £ 0.06 140.30 £ 0.02 1.79 £ 0.06 0.35+0.03 2.32+£0.08

*The data from Ref. 6 are highlighted in italics.

As we mentioned above, the only densimetric study of TMDETA solutions in H,O and
D,O was carried out previously by the authors [6] at four irregular temperatures including
T =298.15 K (see Table 2). Comparing the V; values taken from [6] with ours, we can conclude
that there is excellent conformity between them in heavy water. At the same time, such quanti-
ties in ordinary water disagree by 1.1-10° m*mol " [13] (see Table 2), a fact indicating that there
are differences in the experimental procedures. As in our previous works [7, 13], here we
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attached primary importance of experimental approaches to measuring solution density and
preparing solute and solvent samples with testing their quality. Therefore, thermodynamically
the H,O->D,O substitution of is one of the “finest tools” in studying the properties of a binary
aqueous solution [2, 7]. Hence, it was important to perform all the experiments and calculations
under the same conditions.

The evolution of IEs 8V, (H,O->D,0) with increasing temperature in aqueous TMDETA is
illustrated by the data in Table 2 and Fig. 2. The temperature-dependent volume-isotope effects
for the same system from [6] as well as the previously derived 8V, — T function for HMTA as
a solute in water [2] can be found ibidem. Perhaps the most interesting fact here is that, unlike
the sign-alternating 8V (T), the considered IE for TMDETA is positive and slightly increases
with temperature in the T-range chosen. It does not comply with the conventional behavior of
the predominantly hydrophobic solute [18]. Its molecules form “hydration complexes” in D,O
of a smaller volume than in ordinary water. Therefore, at T'= (308.15 to 318.15) K, the volume-
isotope differences between the aminal-containing aqueous systems compared virtually disap-

pear (see Fig. 2).

T T ¥ N T T T ¥ 1
280 290 300 310 320
T/K
Fig. 2. H/D solvent isotope effects in the standard molar volume of TMDETA (e, our data from Table 2 and
Ref. 13; o, Ref. 6) and HMTA (=, Ref. 2) in aqueous media as a function of temperature. Uncertainty in the assess-
ment of the depicted value corresponds to the filled (or open) character size

As follows from Fig. 2, there are noticeable inconsistencies in the temperature-dependent
changes in 8V in aqueous TMDET A when the results reported by the authors [6] are compared
with the ones we derived. Suffice it to say that the volume-isotope effects taken from [6] exceed
ours (see Fig. 2) by 1.10° m*-mol™ and more at T < 300 K. But, when going to T = 305 K, this
difference decreases dramatically and even becomes negative (in sign). Such an unusual situa-
tion is similar to the one we had observed previously when comparing the 6V (H.O->D,0) vs. T
functions for the aqueous HMTA plotted by Romero and Mesa [6,12], and E. Ivanov [2]. The
corresponding IEs from [6] decrease sharply too as the temperature rises, with the only differ-
ence being that they have inexplicably higher (by a factor of 2 to 4) numerical values than they
do in the aqueous TMDETA solution at T < 305 K (open circles for 8V, in Fig. 2). In contrast,
our results (filled characters in the figure) point to quite insignificant influence of the H,O-by-
D,O substitution on the volume hydration effects in the compared aminal-containing aqueous
solutions {with the positive (98Vy/0T), derivative}. And the negative-to-positive sign
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inversion in the volume-isotope effect 8V, for HMTA at T' = 290 K (see Fig. 2) is the most likely
due to the isotopic distinctions in the thermal stability of CsH1.N4-6H,O and CsHiN4-6D,O
solvates of well-defined structure [19]. In ordinary water, such aggregates are overall stable up
to T'= 287 K [2, 19]. This inference does not contradict the results of studying the corresponding
enthalpy-isotope effects, presuming the temperature-dependent dualistic character of hydra-
tion of this adamanzane solute [10]. In turn, data on thermodynamic IEs displayed in Fig. 2 and
in our previous study [7] give reason to believe that the more hydrophobic in structure
TMDETA does not form the similar hydrogen-bonded clathrate-type mixed aggregates with
water in the temperature range chosen. However, other approaches must be also considered to
confirm or refute the given conclusion.

We believe that the observed “discrepancy” in the 8V, vs. T functions (see Fig. 2) may be
caused by a configuration factor, namely, by the different ability of aminal molecules to be built
into the initial structural matrix of each of H/D isotopically distinguishable aqueous media
[2, 7, 10]. Due to the formation of deuterium bonds heavy water has a more openwork (with a
larger free volume) and less expansible structure [2, 11, 20]. Indeed, we can suggest that the
structure of liquid D,O is better one for incorporating a bulkier TMDETA molecule into it, and
vice versa, if we deal with standard solutions of HMTA in heavy water at least up to tempera-
tures being close to T'=290 K [2, 10]. In turn, at T = (308.15 to 318.15) K, the isotope differences
in Vybetween the aminal-containing aqueous systems compared are virtually disappeared
(see Fig. 2). Also, the above inferences largely explain why IEs in the enthalpy of cavity for-
mation 8H ., (H,0>D,0) in terms of Scaled Particle Theory (SPT) are negative for both
TMDETA and HMTA [7].

The important additional information are data on the free or excluded volume in the spec-
ified hydration complexes, d = V,,,,/Vy [13, 21], and the isobaric expansibility of their struc-
tures, Ep , = (V3 /9T),, as well. To calculate the packing density parameter (d), we assessed
the Van der Waals volume of a solute, V,, , = vy, ,Na, where N, is the Avogadro constant, as a
sum of mean-weighted volumes of atomic increments into a “molecule volume”, v, ,, using the
Cambridge Structural Database [22]. The V,, , values assessed this way were ca. 92.5-10° and
73.2:10° m*mol” for TMDETA and HMTA, respectively. The results of determining d for the
H/D-isotopically distinguishable aqueous systems compared are shown in Table 3. The corre-
sponding IEs, 6d (H,O->D,0) from Table 3 are presented in Fig. 3.

Table 3. Packing density parameters, d = V,,,/V2, for standard solutions of TMDETA and HMTA in ordinary
and heavy water at different temperatures (T)

K TMDETA HMTA [2]
H,0 D,O H,0->D,0 H,O D,O H,0->D,0
278.15 0.6732 0.6724 -0.0008 0.6723 0.6745 0.0022
288.15 0.6700 0.6689 -0.0011 0.6670 0.6672 0.0002
298.15 0.6671 0.6656 -0.0015 0.6625 0.6617 -0.0008
308.15 0.6640 0.6625 -0.0015 0.6586 0.6570 -0.0016
318.15 0.6610 0.6593 -0.0017 0.6553 0.6530 -0.0023

An analysis of the d values shows that the fraction of excluded volume in the structural
packing of the aminal-containing hydration complex decreases when going from HMTA to
TMDETA, except for the corresponding transfer in D,O at T = 278.15 K. This tendency is
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appeared in case of D,O-by-H,O substitution too, but not so evident (see Fig. 3). The differences
in d become more transparent as the temperature increases. As for relatively packing of the
solvation complex formed in D,O (see Fig. 3), the nature of this unusual effect has not yet found
a reasonable explanation. Obviously, this is due to the peculiarities of both the formation of
longer and stronger (owing to the greater cooperative effect) D bonds and the solvent reorgan-
ization around bulkier hydrophobic molecules of TMDETA when the deuterium-substituted
solvation complex is formed. As we assumed above, it may be related to a purely configurational
factor of incorporating a more cyclic-branched aminal molecule into the structure of heavy wa-
ter. Indeed, the fact of forming the denser aqueous structure around the TMDETA molecules,
compared to HMTA those (see Table 3), is in compliance with trend of changing the enthalpy
effects induced by solute - solvent interactions in terms of SPT {Hiye and 8H,p (H,0->D,0)}
[7]. According to [7], it is caused by strengthening of the solute - solvent interaction, which is
more evident in the D,O medium.

0.0024 ™ rNﬁ
S 0.001 N-(\/N
% W,
o 0.000 - "
él - \\\\‘\\
500014 O g .
= _ R —
\N. 2 N . .
20,002 ( /\ ]
P

0.0034 AN —N

[ < n
-0.004 ' I I | | | ‘
280 290 300 e .

T/K

Fig. 3. H/D solvent isotope effects in the packing density parameter for standard aqueous solutions of
TMDETA (e) and HMTA (=) as a function of temperature. The error in the assessment of the depicted value cor-
responds to the filled character size

The presence of a rather strong water - TMDETA interaction was confirmed previously
by the results of a temperature-dependent study of the activity coefficients, y, and partial molar
Gibbs energies, EE , [5] in the binary aqueous system. As determined by the authors [5], the
hydrophobic constituent plays a dominant role in the process of both TMDETA and HMTA

hydration.
To obtain data on E ,, the V;’ — T function was approximated by the first-order equation [2]:

V2 (T) = V2(T") + Ep (T - 6), (5)

where 6= 298.15 K is the reference (mean-weighted) temperature. It follows from Eq. (5) that
(0Vy/0(T — 0)), = E,,. The temperature-independent E, ,(8) values for TMDETA were
found to be (0.063 + 0.002)-10° and (0.068 + 0.002)-10° m*mol* K" in ordinary and heavy
water, respectively. The corresponding values of E}, ,(6) obtained previously [2] for HMTA in
H,O and DO are (0.071 £ 0.001)-10° and (0.088 + 0.005)-10° m3 -mol* K.
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An analysis of Ep , shows that the hydration complex formed by TMDETA is thermally
more stable than HMTA as a solute. The issue Ep ,(D,0) >E} ,(H:O) results from faster volume
expansion of the spatial network of D bonds [2,18]. Indeed, if 8E, ,(H.O->D,0) for HMTA has
a fairly high value close to 0.02:10° m*mol" K {or ~20% of E, ,(D,O}, the corresponding IE
for TMDETA is only one-third of that. The relative comparability of Ej ,(H.O) and Ej ,(D-O)
suggests that the temperature has a virtually identical influence on the structure packings of
hydration complexes formed via H and D bonds. However, it may be due to mutual compen-
sation of thermally induced contributions to the volume-isotope effect.

The special importance is the application of the well-known thermodynamic relation pro-
posed by Hepler [23] to the analysis of both Ej), — T and 8Ep , — T functions obtained in this
work. Eq. (5) and according to [23], is

(0Cp2/0p), = —T(9Ey,/0(T — 9))p, (6)

where C, ; is the standard (partial at infinite dilution) molar isobaric heat capacity of a solute.

In according with this approach {Eq. (6)}, the “structure-breaking” and “structure-mak-
ing” solutes must have, respectively, negative and positive derivatives of Ep , or 8E, , relative
to temperature. The issue when (OE{,"Z /0(T — 0)) ~ 0 (within the fitting error) can serve as
an “indicator” that none of the above effects does not play the decisive role in the infinitely
dilute TMDETA solution. Therefore, it can be concluded that hydrophobic and hydrophilic
effects play an equally noticeable role in the process of TMDETA hydration. Nevertheless, the
inferences derived only on the basis of “Hepler’s criterion” or another volume-related property
of a solute (including the corresponding IEs) seem to be rather overestimated, they depend on
the extent to which the property is sensitive to long-range effects in the aqueous medium stud-
ied [2, 13]. Hence other approaches must be considered additionally, as we attempted to do it
below applying the SPT expressions [24].

Of course, the possibility of using SPT to analyze the volume changes strongly associated
(via hydrogen-bonding) liquids as aqueous solutions is fairly limited [7, 9, 24]. However, some
difficulties can be avoided if to study the properties of a solute in H,O and D,0O, and IEs derived
then give useful information on the structure-dependent peculiarities of a solute - solvent in-
teraction [7].

Similar to the molar enthalpy of solvation, Agyy, HS [7, 9], the V3 value within the scope
of SPT can be decomposed into two main constituents, the volume associated with cavity for-

mation, V., and the contribution from solute - solvent interaction, Vi, [13]:
VZO = I7cav + I7int + ﬁT,lRT’ (7)

where, the correcting term Br,RT appares from the change in the standard state between gas
and solution (R is the gas constant and fBr; is the isothermal compressibility coefficient for a
pure water isotopologue [20]).

The volume contribution V , to V5 is usually given by [13]:
Veav = BraRTy/(1 = ¥) + 3yz(1 + 2)/(1 = y)* + 9y*2% /(1 = )] + mNpd3 /6, (8)

where y = mN,d3 /(6V;) is the packing factor for the solvent (H,O or D,O) molecules, d; and
d, are the “scaled sphere diameters” for molecules of both solution components, z = d,/d;,
and V;is the solvent molar volume. The d,value for TMDETA to be 8.35-10'° m is taken from
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our papers [7, 13]. The same is for the d,(HMTA) quantity being 7.28-10"° m. We realized the
d, values do not depend on the temperature chosen. Indeed, the d, values assessed for water
H/D isotopologues as the temperature-dependent hard-sphere diameters [7] are shown in Table
4 with V; and B ;values taken from the Kell's paper [20].

Table 4. Parameters of Eq. (8) to calculate V o/ (m>mol?) for the binary liquid systems {H,O + TMDETA
(HMTA)} and {D,O + TMDETA (HMTA)} at different temperatures, T (+ 0.01 K), and p~0.1MPa

100V, / (m*-mol ) 10"B7,/ (Pa) 101°d;/ m¢
TK H,O D,O H,O D,O H,O D,O
278.15 18.016 18.114 49.28 51.55 2.724 2.716
288.15 18.031 18.110 46.78 48.42 2.730 2.723
298.15 18.069 18.134 45.24 46.48 2.733 2.727
308.15 18.123 18.178 44.42 45.38 2.731 2.726
318.15 18.193 18.241 44.15 44.90 2.729 2.725

Table 5 contains data on the temperature-dependent V.. and V. values calculated for
each of the compared adamanzanes as a solute in H,O and D,O.

Table 5. Volume-related constituents of V5’ calculated by Eqs (7) and (8) for solutions of TMDETA and HMTA in
ordinary and heavy water at different temperatures, T (+ 0.01 K), and p~0.1MPa

Tetramethylenediethylenetetramine Hexamethylenetetramine [2]
T/K 105V .,/ (m*mol!) —108V,,/(m*mol ™) 10V ./ (m*mol) —108V,/(m*mol ™)
H,O DO H,O DO H,O DO H,O DO
278.15 264.98 265.71 128.71 129.33 184.68 185.26 76.94 77.92
288.15 264.67 264.98 127.73 127.86 184.44 184.68 75.81 76.12
298.15 264.83 264.93 127.30 127.10 184.57 184.65 75.20 75.17
308.15 264.90 264.89 126.74 126.42 184.62 184.62 74.61 74.37
318.15 265.67 265.60 126.89 126.49 185.22 185.17 74.68 74.27

The assessment of data in Table 5 shows that the V., values are positive and more than
two times higher than (in magnitude) the negativevint values because V' < V. As V5, the
“cavity volume” increases with the molecular size of an aminal solute. However, in contrast to
H .,y rising abruptly with thermal expansion of the solute structure [7], the temperature depend-
ences of V,, for both TMDETA and HMTA have characteristic features. Thus the V., (T)
variations do not exceed ~ 0.8-10° m*mol™ within the temperature interval studied. Herewith
the V_,, vs. T curves for both adamanzanes exhibit a weak-pronounced minimum near
T =290 K in H,O and shifting towards higher temperatures up to T = 308 K in D,O, where a
negative-to-positive sign inversion of IE in V .ay Occurs (see Table 5). The same does the V;,, val-
ues at higher temperatures (see Table 5).

This non-trivial behavior of V,,-T functions is related to the above-mentioned differ-
ences in properties of ordinary and heavy water. Consequently, we compare the ability of cage-
like solute molecules to be built into the initial structural matrix of each of solvent. One of pos-
sible reasons is not only the more evident ability of heavy water molecules to form the hydro-
gen-bonded solvation complex with a TMDETA (HTMA) molecule [6, 7], but also the “isotope
shift” between the regions of anomalous changes in V; and B4 as well as d; forliquid H,O and
D,O on the temperature scale (see Table 5). Since the quantities relate directly to the spatial
distribution of H,O and D,O molecules in the structural packing of each of solvating media,
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this explanation seems to be quite reasonable. According to our previous conclusions [7], we
can agree with the fact that §H ., (H,O-D,0) values, which increase in magnitude when going
from HMTA to TMDETA, are negative for both adamanzanes compared.

In case of Hi,, [7,9,10], the negative sign at Vine (see Table 5) means that the interactions
of TMDETA - H,O (D,O) and HMTA - H,O (D,O) are more significant than the interactions
between the molecules of water isotopologue. This is result of strengthening the aqueous struc-
ture around each of solutes. The trend of changing V., at the replacement of HMTA with
TMDETA confirms the above conclusions about the more significant heterocomponent inter-
action in the hydration complex containing a bulkier adamanzane. The main increasing of the
solvent structure around TMDETA as a solute in H,O or D,O shows the effect of hydrophobic
hydration [5, 7-9]. The difference between two compared adamanzanes is caused by two addi-
tional >CH, groups in the cage-like molecule (see Fig. 1).

In accordance with the structure-dependent nature of thermodynamic (packing- and en-
ergy-related) solvation characteristics [18, 25], we can suggest that there is an obvious interrela-
tion between the IEs in V,, and H.,, as well as V;,,, and H,,, for aqueous TMDETA or HMTA.
Indeed, the “evolution picture” for each of such functions will noticeably vary when going from
one temperature to another. The corresponding correlations are plotted in Figs 4, a-b.
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Fig. 4. Interrelations between volume-isotope and enthalpy-isotope effects in SPT-contributions from the cavity

formation (a) and solute - solvent interaction (b) for aqueous solutions of TMDETA (e) and HMTA (=) at all

the temperatures considered. The uncertainty of each of values depicted corresponds to the filled character size
The results presented in Fig. 4, a demonstrate that the effect of H;O-by-D,O solvent iso-
tope substitution on trends of changing the Hy, (T) — V oy (T) function is more noticeable in
case of aqueous TMDETA at lower temperatures. But the different issue occurs in case of com-
paring the correlation dependences between 8H,,,(T) and 8V, (T). Unlike the evolution of the
8H e (H,O-D,0) values with temperature (see Fig. 4, b,) the variation range of the correspond-
ing volume-isotope effect becomes narrow at replacement of HMTA by TMDETA. We possess,
it is a result of the redistribution inconstituents of interaction-related thermodynamic effects
during the deuteration of water molecules. As we noted above, this may be primarily due to an
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increase in hydrophobic effects at the expense of stronger D-O---D bonds [2, 7, 10, 18]. Accord-
ing to [7], the given circumstance most likely to be the reason why the 8H, (T) values are pos-
itive and increase when going to both adamanzane with abulkier molecule and lower tempera-
tures (see Fig. 4, b). Therefore, the relative contribution of the N---H(D)-O-bonding to the struc-
ture-forming process seems to be greater in aqueous HMTA due to the packing-steric features
manifested in the hydration process of this adamanzane [2, 10, 26].

The above-noted fact of more significant volume-isotope transformations induced by the
interaction of HMTA with an aqueous environment corresponds to the ability of this solute to
interact with solvent molecules through hydrogen-bonding. Being promoted by the substitu-
tion of H,O with D,0, the difference in 8V, between the aminals compared becomes decreas-
ingly distinct with increasing temperature and it virtually disappears at T = 318.15 K
(see Fig. 4, b).

Experimental part

A purified TMDETA sample (see Table 6) was dried at T = 323 K in a vacuum chamber
for two days, then the crystalline product was crushed to powder and stored in a lightproof
vacuum desiccator over phosphorous pentoxide. The sample melting point determined utiliz-
ing a Sanyo Gallenkamp capillary instrument was (456.0+0.5) K (literature data: 455.7 K [7]
and 456.5 K [27], with a standard uncertainty of 0.5 K).

Table 6. Provenance and purity of the TMDETA sample examined

Characteristics Solute (in the individual crystalline state)
Structure, molecular NN
brutto-formula and molar <N|\2N> CsH Ny M,=168.2420
mass, M, / (g-mol™) /
CAS reg. no. 51-46-7
IUPAC name 1,3,6,8-Tetraazatricyclo[4.4.1.1**]dodecane
Source Original synthesis [7, 13, 28] performed by one of us (Dr. V. Baranov)
Initial mass fraction purity > 0.98 (after synthesis)
Purification method Double recrystallization from ethanol (Fluka: puriss) followed by final washing
with cold diethyl ether (Fluka: ACS reagent) [2, 7, 13]
Final mass fraction purity > 0.996 (with a content of residual water of <0.0001 m.f. by the Karl Fischer
method)
Analysis method High-performance Liquid Chromatography (HPLC)

The authenticity of the TMDETA specimen was also characterized by measuring the
'"H-NMR and "“C-NMR spectra in DMSO-d; (relative to tetramethylsilane) at T'= (300 + 1) K
using 300 MHz and 125 MHz Bruker AM devices (Germany), respectively. The results of our
NMR-spectroscopic experiments were compared with those available in other sources. The
chemical 'H-shifts, § /ppm, being 3.78 (s, 8H, 4CH,) and 3.09 (s, 8H, 4CH,), are in rather good
agreement with the literature data: 3.98 (s, 8H) and 3.26 (s, 8H) [28], and 3.89 (s, 8H) and
3.17 (s, 8H) [29]. The *C NMR spectrum, having the values of § /ppm to be 58.12 (CH,) and
73.19 (CH,), are also in a satisfactory agreement with the corresponding values from the works
(28, 29]: 58.57 and 73.74 [28], and 58.58 and 73.54, respectively. The some discrepancies
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between our and other values of § seem due to the procedure peculiarities in NMR measure-
ments. To achieve reliable quantitative results, the adequate time was allowed between NMR
scans in our experiments.

Ordinary water of natural isotopic composition was deionized and twice distilled up to a
specific conductivity of k¥ = 1.3-10° S-cm™ before experiments. Heavy water (Chemical Lines,
Russia) with (99.93+0.02) mass % of D,O and x = 3.0-10° S-cm™!(the manufacturer data) was
used. The deuterium content in the D,O sample was assessed using the additive scheme based
on the comparison of experimentally obtained density data with those for the absolutely deu-
terium-substituted heavy water (i.e., containing 100 at % D) at different temperatures [20]. The
content of residual H,O in heavy water was taken into account in the calculation of the D,O
molar mass, My, while preparing the H/D isotopically distinguishable aqueous solutions of
TMDETA.

The TMDETA solutions of desired compositions in both H,O and D,Owere prepared by
weighting with an uncertainty of 5-10°gusing the AND GH-202 analytical balance (Japan). For
this purpose, we used hermetically sealed glass flasks (of a ~ 40 cm® volume) and a dry trans-
parent glove-box.

The solution densities, ps, were measured by an Anton Paar DMA 5000 M densimeter
(Austria) equipped with a Pyrex-glass oscillating U-tube of ~2 cm® in volume. The measuring
cell temperature was kept constant to 0.01 K. All densimetric experiments were conducted at
the ambient pressure of p = (99.6+0.8) kPa. The experimental and calibration procedures were
detailed in [2, 13, 15, 18]. All the density measurements were performed in the isoplethal mode
caused by a temperature scanning over the particular solution filled in the densimeter cell with
the repetition of the scan for next solution. The quality of the “local” water applied in the ex-
periments was systematically checked by comparing its density with the “Ultra-pure water”
density standard (from Anton Paar). During five-fold measurements, the p (maq)values were
reproducible to 0.005 kg-m™. The error in measuring p, caused by the presence of trace impu-
rities in solution components was assessed to be lower than 0.01 kg-m~. The same applies to the
influence of uncertainties in preparing the desired solute concentration. Hence, given the influ-
ence of all factors, the overall uncertainty in measuring p, did not exceed 0.03 kg m~, a fact that
does not contradict in overall the recommendations [30] with respect to employing a similar
setup to the densimetry experiments.

Conclusions

The main goal of this study was to derive additional information about volume-related
characteristics of TMDETA (tetramethylenediethylenetetramine) or teotropineas a solute in
heavy (D,O) water using the results of high-precision densimetric experiments and the previ-
ously derived respective data on the (H,O + TMDETA) system under the same conditions. It is
established that in case of HMTA (hexamethylenetetramine) or urotropine - anadamanzane-
type solute with a similar aminal (cage-like) molecular structure - the solvent H,O-by-D,O iso-
tope substitution has insignificant influence on the standard molar volume of TMDETA in wa-
ter. In contrast to the negative-to-positive sign inversion in the volume-isotope effect (IE) for
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HMTAin water at T = 290 K, the corresponding IE for TMDETA was found as positive and
increasing with temperature. This unusual effect does not comply with the conventional behav-
ior of the predominantly hydrophobic solute whose molecules form hydration complexes in
DO of a smaller volume than in ordinary water. Indeed, the volume-isotope differences be-
tween the aminal-containing aqueous systems compared virtually disappear near T = 318 K.

The effect of loosening the molecular packing of the TMDETA solvation complex formed
in D,O did not yet found a reasonable explanation. Obviously, this is due to the peculiarities of
both the formation of stronger heterocomponent D bonds and the solvent reorganization
around the bulkier hydrophobic molecules TMDETA. The fact of forming the denser aqueous
structure around the TMDETA molecules, compared to HMTA those is in compliance with
trend of changing the enthalpy effects induced by solute - solvent interactions in terms of Scaled
Particle Theory (SPT): it may be by strengthening the solute - solvent interaction, which is more
pronounced in the DO medium. The results of analyzing the contributions to the standard
molar volume within the scope of SPT presume that the structure matrix of D,O is better suited
for incorporation of a bulkier TMDETA molecule. It happens in case of a HMTA molecule.
Therefore, due to the redistribution in hydrophilic and hydrophobic constituents of the vol-
ume-solvation effect during deuteration of water molecules, structure transformations induced
by the interaction of HMTA with an aqueous environment seem to be more pronounced.

The most interesting is the fact that IEs in the volume SPT-contribution from solute -
solvent interaction undergo the negative-to-positive sign inversion nearby T'= 298 K in the case
of HMTA and at a higher temperature for TMDETA. This fact obviously related to the temper-
ature range in which hydrogen-bonded aggregates of the HMTA-6H,0 (or HMTA-6D,0) com-
position lose in their stability, does not suggest the existence of similar cluster-type aggregates
in aqueous solutions of a more hydrophobic aminal solute, which is TMDETA (at least at the
chosen temperatures). Unfortunately, other information on whether there are any structure-
ordered stable aggregates (solvates) in aqueous TMDETA is not currently available.

Also, one of the main unresolved problems so far is whether TMDETA really behaves as
a predominantly hydrophobic solute, whether it forms strong hydrogen bonds with water and
how these relate to those formed in aqueous solutions of HMTA. The additional experimental
and theoretical information about the structural state of aqueous (hydrated) TMDETA will help
us to support some of our claims. Therefore, our future investigation will allow us to obtain the
temperature-dependent data on the enthalpies of dilution of TMDETA and HMTA solutions
in H,O and DO, with the subsequent estimation of enthalpy-related coefficients of the solute -
solute pair interaction.
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Keywords: Abstract: We studied the complexation processes in the system Fe(II) - Fe(III) -

Fe(Il), Fe(1Il), glycine, com-  glycine - Na(H)CIO4 - H,O at temperature 308.16 K, solution ionic strength

pounds, formation constant,  0.75(Na(H)CIO,), Cremy = Creary = 1-107 and Cay = 3-10° mol/l in the pH range

ionic strength, oxidometric 0.5-8.5 by the Clark-Nikolsky method. Therefore, we obtain an experimental

method, oxidation function curves of system EMF dependence on concentration parameters: pH, pCrem,
PCren, pCr. We also obtain the formation of the studied system coordination
compounds of Fe(Ill) composition: [FeHL(H,O)sP*, [Fe(HL),(H.O)4F*,
[Fe;(HL)(OH):(H,0)s ", [Fe"Fe''(HL),(OH).(H,O)sF*, as well as Fe(Il):
[Fe(HL)(H:0)s F*, [Fe(HL)(OH)((H:0)4J, [Fe"Fe™(HL),(OH):(H:0)sF*. To cal-
culate the constants of complex formation we used the method of successive ap-
proximation of the theoretical and experimental oxidation functions using the
Excel program.
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Introduction

Glycine is a bidentate biologically active ligand. It can co-ordinate at the amino and car-
boxylic groups to form homonuclear, biuclear and heteronuclear complexes with metal
ions [1].

The study of the protolytic properties of glycine under experimental conditions of the
formation of coordination compounds and the construction of the distribution diagram of the
amino acid ionic forms shows that the cationic form of glycine (NH;CH.COOH)* is present in
solution only in mixture with bipolar ion (NH;CH,COOQO)* at any pH<4.0, in the range of
pH>4.0 it exists as a zwitter ion and at pH>9.0 as the anion (NH,CH,COO)" [2].
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We have shown by potentiometry at a solution ionic strength of 0.01 mol/l and at high
pH values the formation of complexes of the composition [FeL]* and [FeL.]°, where L is the
glycinate ion [3]. We calculated step constants of instability equal to 5.0-10° and 3.0-10*, re-
spectively.

In [4] the formation of glycinate iron (II) complexes was shown for the Fe'-Fe-Gly sys-
tem at ionic strength 0.5 mol/l and in a wide range of pH = 1.4-10.6, Creary = Crean =1-10%
Cay=1-102 mol/l: [FeHL(H,0)s]** (IgB = -0.70+0.04), [FeL(HL,O)i]* (IgB = 6.00+0.02),
[Fe(L):(OH),(H.0)s]* (IgB = 3.98+0.02), [Fe(OH)(H,0)s]* (IgB = -9.50+0.03), and iron (III):
[FeOH]** (IgB = -2,70+0,02), [FeHL]** (IgB = 1,00+0,04), [Fe(HL),]** (Igf = 0,70+0,04),
[Fe(HL),OH]* (Igp = 1,20+0,03), [Fe;Lo(OH),]* (Igf = 42,000,02), [Fe,Li(OH),]°
(IgB = 3,28+0,02), [Fe(OH),]* (IgB = -4,59+0,04).

The formation of glycinate complexes of trivalent iron with a zwitter ion of composition
is shown at an ionic strength of 1.0 mol/l and a temperature of 298 K: [Fe(HL*)]>* (Igp = 1.47),
[Fe(HL®),]** (1gB = 3.49), [Fe(HL*)AJ** (IgB = 0.32) [5].

The purpose of this study is to investigate the complexation processes in the system
Fe(II) - Fe(III) - glycine - Na(H)ClO, - H,O at temperature 308.16 K and solution ionic strength
I=0.75 mol/l.

Experimental part

The Clark-Nikolsky oxidation potential method was used to study the formation of
glycinate iron (IT) and iron (III) complexes [6-8]. In our experiments we used Fe(III) and Fe(II)
perchlorates. Their initial concentrations were determined by trilometric and bichromatomet-
ric methods, respectively [9, 10]. We verified the concentration of the initial equimolecular mix-
ture of Fe(II) and Fe(III) perchlorates by a bichromatometric method by reducing Fe(III) to
Fe(II), and using a Johnson reducer [11]. We determined the concentration of NaClO, pre-
purified by recrystallization by weight method [12]. The chloric acid HCIO;, of the "chemically
pure" grade was used without pre-treatment. We obtained the concentration of sodium hydrox-
ide by direct titration with 0.1 M hydrochloric acid HCI solution from fixonal [13].

According to the method of oxredmetry [6-8] it is necessary to obtain experimental de-
pendences of the electromotive force (E, mV) on the following concentration variables:
pH(-1gh), pCrean(-1gCream), PCrean(-1gCrean) and pCr(-1gCui), where h is the activity of hydro-
gen ions; Crean is the concentration of the oxidized form of the metal; Creq is the concentration
of the reduced form of the metal, and Cu. is the concentration of glycine.

The experimental procedure is to measure the EMF of galvanic elements I and II.

Pt/Fe*, Fe’*, Gly, H,O//CI,, AgCl /Ag(I)
Pt/Fe**, Fe’*, Gly, H,O/glass/0,11 HCl/AgCl /Ag(II)

We measured the EMF of the galvanic cells on an EV-74 ionometer with an accuracy of
+1 mV. We monitored the pH values of the solutions with a glass electrode using a calibration
curve. The values of the standard potential of the silver chloride electrode were taken from the
reference book [14] and the calculated value v = 2.303RT/F at 308.16 K is 59.16 mV.
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Discussion of the results of the study

The oxredmetry method is widely used in the study of complexation reactions [4, 15-17].
The complexation reaction of Fe (II) and Fe (III) with all forms of glycine, taking into
account hydrolytic processes, can be represented as

gFe(H,0)¢™ + xL + (s-k)H:0* + (y-x-s)H,0 = Fe,H,L,(OH), + (H,0), 3+ (1)
pFe(H,0)¢* + IL + (1-u)H;0* + (v-1-s)H,O = Fe,H,L(OH)y, + (H,0),*", )

where g is the iron (III) complex nuclearity;  is the number of ligands; s is the number of pro-
tonated ligand groups in the complex; k is the number of coordinated OH-groups; p is the iron
(II) complex nuclearity; v is the number of coordinated OH -groups. These particles are basic
because they all coexist in the system under study, and influence each other.

In order to determine the composition of complexes formed in the system under study as
well as the values of basic particles (g, p, s, I, k) according to the theory of oxredmetry method,
we obtained experimental dependencies of EMF (E, mV) on pH of the solution at ionic strength
0.75 mol/l and different concentrations of Fe (Fig. 1).
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Fig. 1. The dependence of EMF on pH in the system: Fig. 2. The dependence of EMF (E, mV) on pH
Fe(II) - Fe(IIl) - Glycine - Na(H)ClO4 - H,O at the for the system Fe(Il) - Fe(Ill) - Gly - H,O at
temperature 308.16 K and the ionic strength Cgeay= Creamy=1-10", Cay=3-107and I = 0.75 mol/L
of the solution 0,75; Crequry = Creqny = 1-10%. The curves
relate to: 1 - Creqmy = Creany = 1-10% 2 - Cgy = 3-10%

3 - Caiy= 5-10° mol/l
The results show that the system's EMF does not change with an increase in pH to 2.0.

According to the oxredmetry theory of the method, there is no complexation process. The sys-

tem's EMF then decreases. According to the Nernst equation, this indicates the occurrence of a

complexation process, which takes place up to a pH of about 9.0. It should be noted that as the

concentration of Fe (III) decreases, some of the metal in the oxidized form is consumed to form
the complex, the amount of free metal decreases and the electrode potential (EMF as well) de-
creases. On the other hand, as the concentration of the reduced metal form decreases, the elec-
trode potential increases according to the Nernst equation and the system EMF increases

(curves 1-3, Fig. 1).

In all experimental dependences obtained E on pH, slopes are formed, which, according
to the theory of oxredmetry, correspond to the successive formation of linear areas with tan-

gents of angle: 0, -v, -2v, -v, 0, indicating a stepwise complexation of Fe(III) and Fe(II) (Fig. 2).
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These dependencies allow the total number of hydroxyl and glycinate coordinated ligands
around the central complexing ion to be determined.

We found that the process of complexation in the studied system is stepwise and proceeds
in a wide pH range from 2.0 to 9.0. The system then becomes unstable, and the system's EMF
drops sharply.

Experimental curves for the dependence of EMF on the concentration index of the oxi-
dized form of iron (pC,x) were obtained. They are linear with a slope of - v (curves 1, 3-4, Fig. 3)
and -v/2 (curve 2, Fig. 3). According to the theory of the method, it indicates the formation of
mono- and bi-nuclear Fe (III) coordination compounds in the solutions under study.
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Fig. 3. The dependence of EMF (E, mV) on pCre an
for the system Fe (II) - Fe (III) - Gly - H,O at
T=308.16K; I = 0.75 and Cgy = 3-10° mol/l. The
curves relate to pH: 1 - 3.0; 2 - 4.5; 3 - 6.0; 4 - 8.0

Fig. 4. The dependence of EMF (E, mV) on pCe ) for
the system Fe(II) - Fe(III) - Gly - H,O at T'=308.16 K;
I=0.75and Cgy= 3-10" mol/l. The curves relate to pH:
1-3.0;2-453-6.0,4-8.0

Through the experimental points of E-pC..; dependences at different pH we can draw one

linear section with the angle coefficient v, which corresponds to the formation of mononuclear

iron (II) coordination bonds in the whole studied pH interval (Fig. 4).

The number of glycine molecules entering the inner coordination sphere as ligands was

established from a combined consideration
of the experimental E-pC. dependences
(Fig. 5).

In the curves shown (see Fig. 5), de-
pending on the pH and glycine concentra-
tion, straight lines can be identified with the
angular coefficients v, 2v. A comparison of
these slopes with the theory of the method
shows that one and two ligands can be in-
cluded in the coordination compounds as
the concentration of glycine increases.

The composition of the resulting co-
ordination compounds was established by
analyzing the slopes of the experimental
curves and the stoichiometric matrix of
their angle coefficient values (Tables 1, 2).
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Fig. 5. The dependence of EMF (E, mV) on pC; for the
system Fe(II) — Fe(IlI) - Gly - H,O at T = 308.16 K;
I=0.75 and Caiy= 3-107 mol/l. The curves relate to pH:
1-3.0,2-453-6.0;4-8.0
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Table 1. Experimental values of angular coefficients of EMF dependences on concentration variables of Fe(II) -
Fe(IIl) - glycine — water system for complexes Fe(III) at T = 308.16 K, I = 0.75; Creqry = Creauy = 1-:107 and
Caly=3-10° mol/l

Ne, Linear area The slope of the EMF dependence
item n/a on Ph scale on the concentration parameters Composition of the compounds
pH PCox PCred pCo
1 0.5-2.2 - - - - [Fe(H,0)s]**
2 2.0-3.5 -v -v - v [FeHL(H,0)s]**
3 3.5-5.0 -2v -v - 2v [Fe(HL).(H,O)4]*
4 5.0-6.8 -2v -v/2 - v [Fex(HL)>(OH)(H,0)s]*
5 6.8-8.5 -2v -v v v [FeFe"(HL),(OH),(H,0)s]**

Table 2. Experimental values of angular coefficients of EMF dependences on concentration variables of Fe(II) —
Fe(II) - glycine - water system for complexes Fe(II) at T = 308.16 K, I = 0.75; Creqy = Creay = 1-107 and
Caly=3-10° mol/l

) The slope of the EMF dependence
Ne, Linear area . i
, on the concentration parameters Composition of the compounds
item n/a on Ph scale
PH pcox pcred pCL
1 0.5-3.5 - - - - [FC(H20)6]2+
2 3.5-5.8 -2v - v v [Fe(HL)(H,O)s]*
3 5.8-7.0 -2v - v % [Fe(HL)(OH)((H,O)4]*
4 7.2-8.5 -2v -v v v [Fe"Fe™(HL),(OH),(H,0)s]**

Based on the stoichiometric matrix, taking into account the first derivative of the general
equation of the oxidation potential of the system from the concentration parameters, we made
a chemical model of the equilibria existing in the system under study (Table 3).

Table 3. Chemical model of the ionic equilibrium system Fe(II) — Fe(III) - glycine — water at T = 308.16 K, I = 0.75;
CFe(II) = Cpe(m) =1-10%u Cc,ly: 3.10°3 mol/l

Numerical valuesof model parameters
NQ’ LR}
. g p s I k Composition of the compounds
item n/a
Fe(I1I) Fe(1I) H L OH
1 1 0 1 1 0 [FCHL(Hzo)s]sJr
2 1 0 2 2 0 [FC(HL)z(I_]:z())z;]3Jr
3 2 0 2 2 2 [Fez(HL)z(OH)z(HQO)3]4+
4 1 1 2 2 2 [FCIHFCH(HL)2(()1‘]:)2(1_]:2())3]3Jr
5 0 1 1 1 0 [Fe(HL)(H,0)s]*"
6 0 1 1 1 1 [Fe(HL)(OH)((H,O)4]*
7 1 1 2 2 2 [FeHFeHI(HL)2(()H)2(H2())3]3+

The chemical models can be used for computer programming and calculation of model
parameters of complex compound formation reactions: formation constants, molar fractions,
maximum accumulation rates, and dominance areas.

Conclusions

1. Complexation processes in the Fe(II) — Fe(III) — glycine — water system were studied
by the Clark-Nikolsky oxredmetry method at T = 308.16 K, I = 0.75; Creay = Creay = 1-107,
Crean = Cream= 1-10*and Cgy= 3-1073, Cgiy= 5-10* mol/l.

2. We found that the process of complexation in the system under study is stepwise and
proceeds in a wide pH range from 2.0 to 9.0. The system then becomes unstable, and the sys-
tem's EMF drops sharply.
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3. Experimental dependencies of the system EMF on concentration parameters pH, pCs,
pCrea, pCi, were obtained, a stoichiometric matrix (mathematical model) of numerical values of
their slopes was composed, and their analysis allowed us to determine the composition of the
forming complexes.

4. It is shown that in the system under study coordination compounds of Fe(III) compo-
sition are formed: [FeHL(H,O)s]*, [Fe(HL),(H,0):]**, [Fe:x(HL),(OH)y(H.0)s]*,
[Fe"Fe''(HL),(OH),(H,O)s]*, a Tawxe Fe(I): [Fe(HL)(H.0)s]**, [Fe(HL)(OH)((H:0).],
[Fe"Fe™(HL).(OH)2(H,O)s]*".

5. We have found that increasing the pH to a neutral condition increases the possibility
of formation of mixed ligand hydroxocomplexes of both Fe(III) and Fe(II), which is not ob-
served in an acidic environment.
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Abstract. The paper presents the results of the cotton cellulose modification with
glycine. To form dialdehyde-cellulose and its subsequent treatment with amino-
acetic acid we conducted the modification through an oxidation stage of cellulose
with sodium metoperiodate. We studied the sorption properties of the original and
modified cellulose samples in relation to Cu(II) and Fe(Il) ions. Bykinetic exper-
iments we found the degree of extraction of copper(Il) and iron(II) ions. The mod-
ified sample was approximately 25% higher compared to the original one. We ob-
tained the most correct results when processing the kinetic sorption curves within
the framework of pseudo-second order kinetics model. We determined the opti-
mum conditions for modifying cotton cellulose to achieve maximum sorption of
copper (II) and iron (II) ions and obtained the equilibrium-kinetic characteristics
of modified and unmodified cotton cellulose. When studying the sorption equilib-
rium in the heterophase system "cellulose sorbent - aqueous solution of metal sul-
fate" we took sorption isotherms, processed them in the framework of Langmuir
mode, and determined the values of the ultimate sorption capacity of the native
and modified cellulose. We found the ultimate sorption capacity of the modified
sorbent is about 1.5-2 times higher than the ultimate sorption capacity of native
cotton cellulose. We have obtained IR spectra of native andmodified cellulose sam-
ples. Also we have performed elemental analysis and obtained images of the sorp-
tion materials surface structure based on cotton cellulose using SEM.
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Introduction

Long-lasting technogenic loads on the environment led to its significant and even critical

pollution with heavy metals, radionuclides, oil products and other substances harmful to wild-

life, humans, air, water, and soil [1].
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A number of heavy metals are highly toxic at low concentrations. They can be accumulated
in living organisms, causing a number of disorders and diseases. The presence of heavy metal ions
in water bodies has increased significantly over the last fifty years due to industrialisation and
urbanisation. The removal of heavy metal ions from wastewater is of particular importance be-
cause of their extreme impact on the environment, public health, and the economy [2].

Heavy metal emissions into the environment are associated with human activities. Their
main sources are industry, vehicles, boilers, incinerators, and agricultural production [3].

There are also natural heavy metal pollution, for example, the volcanic eruptions. In-
creased concentrations of toxicant metals in surface water can occur as a result of acid rain.
They also can lead to the dissolution of minerals and rocks. It increases the metals pollution
level of biosphere compared to the soil [4].

The treatment of water from heavy metal ions is an important modern challenge. Meth-
ods of metal extraction from wastewater are being developed and applied to reduce the envi-
ronmental hazard of various industries. Substances with a high ability to extract metal ions from
water are searched for and their application would be economically feasible [5-6].

Nowadays there is an interest to use renewable raw materials in the production of mate-
rials and products designed to improve the environment and solve problems related to techno-
genic pollution of water environments with ions of various heavy metals [7-8].

These physical, chemical, physical-chemical, and biochemical (biological) methods of
aqueous solutions purification from heavy metal ions are applied in the industry [9]. The opti-
mal solution for deep purification of water contaminated with heavy metal ions is the sorption
method, which allows the extraction of contaminants with a wide range of concentrations [10].

It is possible to make sorption methods more effective, first of all, by selecting or devel-
oping inexpensive and available sorbents. Therefore, cellulose-containing agricultural wastes
can be considered as a very suitable raw material, which make it possible to produce inexpensive
sorption materials with a minimal quantity of technological process stages [11].

Nowadays the study of the cellulosic materials sorption properties is of practical and sci-
entific interest. The search for compounds with high sorption activity in relation to heavy met-
als and the development on their basis of natural materials possessing sorption properties is an
urgent challenge.

The use of the biosorption technology makes it possible to significantly reduce the con-
centration of heavy metal ions by using inexpensive biosorbents.

The main biosorption advantages over traditional treatment methods are its inexpensive-
ness, efficiency, regeneration, and reuse of sorbents, etc. [12, 13].

The lignocellulosic materials low sorption capacity as sorbents is its disadvantage. To in-
crease the sorption capacity, untreated biosorbents are modified by various methods, including
oxidation, esterification, graft copolymerisation, etc. [14, 15].

The binding of metal ions by lignocellulosic biosorbents involves carboxyl, amino groups
or phenolic hydroxyls as sorption-active functional groups. Therefore, there were attempts to
develop new adsorbents and improve existing ones, including the possibility of using inexpen-
sive agro-industrial waste [16, 17].

The purpose of this study is to obtain a new effective cellulose-based sorbent by modifying
it with glycine for the extraction of iron and copper ions from aqueous solutions.
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Main body

We chose cotton cellulose (GOST 595-79) as the test material, which was pre-boiled with
a 5% NaHCO:; solution to remove impurities. Exposure time was 30 min, with a solu-
tion/sorbent modulus of 20. Then we washed the sorbent with distilled water to a neutral pH
and dried to a constant weight. The dry samples had a moisture content of 8.5%.

During the experiment we used chemically pure reagents:aminoacetic acid (glycine)
NH,-CH,-COOH, sodium metaperiodate NalO,, copper, and iron sulphates CuSO,5H-0,
FeSO47H,0.

We studied the heavy metal ions kinetics of the sorptio under static conditions with stir-
ring by the limited volume solution method. The initial concentration of metal ions was
1.5-10* mol/l. We separated the solution from the sorbent at certain intervals by filtering and
determined the current concentration of metal ions (C7) in it by atomic absorption spectros-
copy on a 210 VGP instrument.

Isotherms of sorption in the ion-exchange system were obtained to study the influence of
the concentration of heavy metal ions in solution on the equilibrium as follows: in a series of
test tubes sorbent sample weighing 0.10 g was put and filled with 10 ml of water solution of
metal salt with metal concentration in the range 1.5-10*-5-102mol/l. It kept stirred until an
equilibrium was set (time to sorption equilibrium was determined by studying the kinetics of
sorption). We then separated the solution from the sorbent by filtration and determined its
equilibrium concentration of metal ions (C.) by atomic absorption spectroscopy on a 210VGP
instrument.

We calculated the sorption capacity of the sorbent at any given time 7 (A-) using formula:

_©6-C),

T m

A , (1)

where C, is the initial concentration of metal ions in solution, mol/l;

C. is the concentration of metal ions at time 7, mol/l;

m is mass of the sorbent suspension, kg; V - volume of the solution, 1.

The equilibrium concentration of metal ions in solution (C.) was determined and the
equilibrium sorption capacity A (mol/kg) was calculated by removing the sorption isotherm
under steady-state equilibrium conditions in the system:

4G

m

v, (2)

where C, is equilibrium concentration of metal ions in solution, mol/L.
The degree of a extraction we determined as follows:

C -
o=~ 5—-100%: €)
0
We calculated the relative inaccuracy of the experiments on data from kinetic experi-
ments, where each point represents the average of two parallel experiments. The inaccuracy of
the experiment did not exceed 10%.
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Results and Discussion

Cellulose-based sorbents have a relatively low sorption capacity. Therefore, in order to
increase their efficiency it is necessary to modify cellulose materials using available reagents and
simple technological operations.

To improve the sorption properties of cellulose-containing sorbent we conducted its
chemical modification. It involved the oxidation of cellulose with sodium metaperiodate to
form dialdehyde cellulose and its subsequent modification with aminoacetic acid.

We chose 0.1 normal sodium metoperiodate solution as the oxidant. We poured 250 cm?
of NalOj solution into the pre-purified cellulose fibre (2.5 g). We conducted the oxidation re-
action (Fig. 1) at pH 3-4, because the oxidative properties of periodate appear in an acidic en-
vironment. We placed a sample of cotton cellulose in sodium metaperiodate solution in a dark
place for 48 hours, shook its contents periodically, and took samples for analysis. We monitored
the absorption of IO, ion from the oxidant solution spectrophotometrically by determining the
optical density of the solutions in the UV region of the spectrum at A = 225 nm. We filtered the
insoluble fraction of the dialdehyde cellulose from the reaction products solution and washed
successively with 1 1 of water with hydrochloric acid solution added to pH ~ 1, then 11 of ace-
tone/water mixture: 1/10 and 11 of distilled water. Then we dried the obtained dialdehyde cel-
lulose to a constant humidity at a temperature not exceeding 80 °C and determined the content

of COO groups in it.
OH HOH,
N~ % P g
CH,OH CH ,0H
cellulose
HO OH HOH ;C o OH
,owo N/O\R[j\
0
CHL0H 0 © CHZ0H

dialdehvde cellulose

Fig. 1. Scheme for the oxidation of cellulose by sodium metoperiodate forming dialdehyde cellulose

At the next step we chose aminoacetic acid as the modifying agent. We poured pre-treated
fibre with 12% aldehyde groups in a 1% aqueous glycine solution at a sorbent:solution modulus
of 50. Process of modification (Fig. 2) was conducted for 1 hour at temperature 40-45 °C,
pH 9-10 and constant stirring. After cooling down, we washed the reaction products with dis-
tilled water to neutral reaction.

HO OH HOHZC
,OM /m/ w + HNF——< —
CH>0H CH-0H
dialdehwde cellulose olveine
HO OH HOHLC
CHzOH I\ CHon
COOH COOH

dialdehvde cellulose- elveine

Fig. 2. Scheme for modifying cellulose with glycine
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We obtained the kinetic curves of Cu(II) and Fe(II) ions sorption to determine the pa-
rameters characterizing the sorption properties of original and modified cotton cellulose. The
results of the experiment are shown on Fig. 3.

100 H
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Fig. 3. Kinetic curves of sorption of heavy metal ions from aqueous solutions by modified cotton cellulose:
1 - Cu(Il); 2 - Fe(II) and unmodified cellulose; 3 - Cu(II); 4 - Fe(II)

The modified cotton cellulose, in comparison with unmodified one, sorbs heavy metal
ions more effectively. Indeed, the degree of extraction of Cu(II) ions is higher than that of Fe(II)
ions. Time of sorption equilibrium achievement in heterophase system "water solution of metal
sulphate - sorbent" is 20 min.

To determine the order of the reaction we processed the experimental data using the ki-
netic models most commonly applied by researchers when analyzing kinetic data - pseudo-first
and pseudo-second order kinetic models (Table 1).

Table 1. Pseudo-first and pseudo-second order sorption kinetics models

Kinetic model Integral form of the equation
Pseudo-first-order model q, = q, (1 - )
t
Pseudo-second-order model 1= IR
ka, 4,

The treatment of heavy metal ion sorption kinetic curves by unmodified and modified
cellulose within the framework of pseudo-first and pseudo-second order kinetics models is pre-
sented on Table 2.

As aresult of treatment of kinetic sorption curves in coordinates t/q, - Tand 1g(q. - q;) - 7
by least-squares method using Origin program, we found the sorption of copper and iron ions
from aqueous solutions is described more exactly (with correlation coefficient 0.99) using
pseudo-second order kinetic model both for unmodified and for glycine-modified cellulose.
The experimental equilibrium sorption values obtained from this model correlate with the ex-
perimental data well.
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Table 2. Results of the treatment of heavy metal ion sorption kinetic curves of native and glycine-modified cellulose
by chemical kinetics models

Equ%hbrlum Pseudo-first-order model Pseudo-second-order model
Ion sorption value
of metal e experiments e ki, R? o> ks, R?
mg/g mg/g min! mg/g mg min/g
Native cotton cellulose
Cu(Il) 0.68 0.46 0.098 0.80 0.69 0.29 0.99
Fe(I) 0.66 0.49 0.098 0.89 0.72 0.23 0.99
Aminoacetic acid modified cellulose
Cu(ID) 0.97 0.45 0.127 0.92 0.99 1.99 0.99
Fe(Il) 0.87 0.27 0.086 0.93 0.86 1.34 0.99

R?is correlation coefficient.

We obtained the sorption isotherms of Cu(II) and Fe(II) ions to determine the maximum

sorption capacity of cellulose in the heterophase system "aqueous solution of metal sulphate -
sorbent" (Fig. 4).

27 1
[ ]
o 2
0,84
j=li] u
et
— 0.6
[s} 3
=
<7 0.4 4 & 4
0.2
0.0 T T T T T T T T 1
1] ] 10 15 20 25 30 5 40 45
C.-10% mol/l

Fig. 4. Isotherms of sorption of metal ions by cellulose modified with aminoacetic acid: 1 - Cu(II); 2 - Fe(II) and
unmodified cellulose; 3 - Cu(II); 4 - Fe(II)

When describing the experimental isotherms of heavy metal ion sorption by cellulose
sorbents, the Langmuir sorption model is most commonly used in the literature:

_ A,-K-C,
1+ K-C)
where A is the limiting or maximum sorption capacity of the sorbent for a given metal, mol/kg;
Kis the concentration constant of sorption equilibrium, characterizing the intensity of the sorp-
tion process, 1/mol.
Linearization of the sorption isotherms according to the equation

. _C., 1
A A A K

o0

made it possible to determine graphically the coefficients of the Langmuir equation (Table 3).
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Table 3. Processing parameters of heavy metal ion sorption isotherms of original cellulose and glycine-modified
cellulose using the Langmuir least squares model

Metal cation 1/A»K 1/Ax R A, mol/kg

Source cellulose

Cu(II) 0.0222 + 3-10* 2,0 £ 0,02 0.99 0.50

Fe(II) 0.0026 + 3-10* 2,5%0,02 0.99 0.40
Glycine-modified cellulose

Cu(Il) 0.0025 + 3-10* 0,78 + 0,03 0.99 1.28

Fe(II) 0.0027 +5-10* 0,89 + 0,02 0.99 1.12

The experimental data on sorption of copper and iron ions by initial and modified cellu-
lose are well approximated by the Langmuir equation (with correlation coefficient 0.99) in ac-
cordance with the Table 3. The ultimate sorption capacity (A..) of modified cellulose for Cu(II)
and Fe(II) ions is 1.28 and 1.12 mol/kg, respectively. It is more than 2.5 times higher than A.. of
original cellulose. The results obtained by isotherm treatment using Langmuir adsorption
model (see Table 3) correlate with experimental data (see Fig. 4).

Samples under study IR spectra (Fig. 5, a, b) were obtained by using an Avatar 360 FT-IR
ESP Fourier Transform Infrared Spectrometer, the range was 400-4000 cm™. Samples for the
analysis were prepared by mechanical grinding of original and modified cellulose followed by
thorough grinding of the sorbent in an agate mortar with spectrally pure KBr.

An analisys of the obtained IR spectra shows the changes in the structure of the cellulose
during the modification process.
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Fig. 5. IR spectra of cotton cellulose: a - original; b - modified with glycine

New functional groups appear in the modified sample as a result of sequential treatment
with sodium metaperiodate and glycine. Therefore, we note a shift of the absorption band cor-
responding to the valent vibrations of the C=0 bond of the carbonyl group in the modified
cellulose spectrum (1732 cm™) compared to the spectrum of the original cellulose (1739 cm™).
Change in the spectral pattern in the range 1650-1450 cm™ for cellulose modified with amino-
acetic acid as compared to the spectrum of unmodified cellulose is associated with strain vibra-
tions of N-H bond in amides of the range. Thus, in the process of modification, aminoacetic
acid becomes fixed on the surface of cellulose, which is evident on the spectrum.

Microscopic examination of the sorbents structure conducted with a scanning electron
microscope "VEGA3 SB" allowed us to obtain SEM-images of the original and modified samples
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of cellulose and reveal the structural features of their surface (Fig. 6). Fig. 6, a shows the smooth
surface of original cellulose fibers, while the surface of glycine-modified cellulose fibers
(see Fig. 6, b) is rough.

Fig. 6. SEM images of the surface of sorbents: a - original cellulose; b - cellulose modified with glycine

Fig. 7 shows the data of elemental analysis of original and modified cotton cellulose con-
ducted by EDS method. An increase of oxygen and nitrogen content in the modified sorbent
sample (see Fig. 7, b) in comparison with the original cellulose (see Fig. 7, a) occurs during
sequential modification of cellulose with sodium metaperiodate and aminoacetic acid. It
indicates the addition of glycine to cellulose.
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Fig. 7. The elemental analysis of cotton cellulose after Fe (II) sorption: a - original cellulose; b - cellulose modified

with glycine

Moreover, iron content after its sorption from aqueous solutions by the sorbents under
study is significantly higher on the modified sample (see Fig. 7, b) than on unmodified cellulose
(see Fig. 7, a). It corresponds to the experimental data obtained in the study of sorption kinetics
and equilibrium (see Fig. 3 and 4).

Conclusions and recommendations

We obtained a sorbent for the purification of aqueous solutions from iron (II) and cop-
per (II) ions by chemical modification of cotton cellulose. We conducted it through a stage of
cellulose oxidation with sodium metoperiodate to form dialdehyde cellulose and its subsequent
treatment with aminoacetic acid.

The interaction of glycine amino groups with aldehyde groups of cellulose occurs with
the formation of Schiff base. The observed changes in the IR spectra of the sorbentsare caused
by the shift in absorption bands. It corresponds to the valence vibrations of the carbonyl group
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C=0 bond and strain vibrations of the amides N-H bond indicate the fixation of the amino-
acetic acid modification on the surface of cellulose.

SEM/EMEF examination indicates a change in the surface structure and elemental compo-
sition of the modified sample.

Cellulose modified with aminoacetic acid has good equilibrium-kinetic characteristics
and can be used as a sorbent for water treatment of heavy metal ions.

The study was conducted within the framework of a government research assignment.
Project Ne FZZW-2020-0010.

The research was conducted using the resources of the ISUCT Centre for the Collective
Use of Scientific Equipment (supported by the Russian Ministry of Education and Science,
Agreement No. 075-15-2021-671).
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Introduction

Aromatic aminonitro compounds are widely used by many industries to produce high
quality dyes, polymeric materials (polyanilines), liquid crystal devices and displays, explosives,
pharmaceuticals, and agricultural preparations [1-6]. The one of the most promising methods
for the synthesis of bendamustine is based on the use of 2-chloro-5-nitroaniline [7].

Reaction of mono-reduction of one of several NO,-groups in polynitroaromatic com-
pounds is the most important method for the preparation of aminonitroarenes [8]. A number
of successful examples of using this method for the synthesis of nitroanilines have been reported
in the literature [9-14]. However, the formation of a mixture of isomers has been reported in a
large number of papers [15-19]. Therefore, the question of which of the several non-equivalent
nitro groups in polynitrosodiennes will be reduced first is still of great importance for a large
number of compounds. There is a lack of available data on the mono-reduction of polynuclear
dinitroarenes containing nitro groups in different cycles in the literature. These nitroanilines
are in demand by the textile industry as dyes with high performance characteristics, including
fungicidal activity. Therefore, this study considers the selectivity of dinitro derivatives mono-
reduction process as an interesting class of isolated polycyclic compounds of unsymmetrical
benzophenones.

© D. M. Bogdanova, L. I. Savina, R. S. Begunov, 2023
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The main part

We chose 3,4'-NO,-4-R-benzophenones containing different substituents in the
ortho-position to one of the nitro groups, which had different electronic and spatial effects.
The reducing agent was tin(II) chloride. It allowed us to perform an efficient synthesis of
amino compounds in acid medium [20]. The criterion for evaluating the mono-reduction
selectivity reaction 1 was the ratio of the resulting nitroamines 2 and 3 (Fig. 1). It can only
be used if there is no diamine compound in the reaction mixture. Otherwise, we can not
define the particular isomer consumed for its formation. Therefore, we preliminarily devel-
oped a procedure for the mono-reduction reaction, which excludes the formation of dia-

minobenzophenone (see experimental part).
o}

feges

O O / NO,
O,N 1a-d \\
ON ‘ !

\
R= a) Cl, b) CHs, ¢) OCHs, d) o@

Fig. 1. Direction of the reduction reaction of the nitro group

We determined the ratio of products 2 and 3 as the peak areas ratio of these compounds
proton signals in the '"H NMR spectrum. The signal of the amino group protons doubled inten-
sity as the characteristic signal was recorded in the strong-field region of the spectrum (Table 1).

Table 1. Values of amino group proton signals in the "H NMR spectrum of the reaction mixture of 3,4'-NO,-4-R-
benzophenone mono-reduction products 1a-d

N R Values of amino group proton signals: §, m.d.
Isomer 2 Isomer 3

1 Cl 6,27 5,35

2 CH; 5,75 4,69

3 OCH; 6,12 5,14

4 od ) 6,15 5,32

The proton signals of the amino groups came out on the "H NMR spectrum in accordance
with the screening effect and the position of the substituents. The absorption band of the amino
group located on the p-position to the electron acceptor carbonyl group always came out in the
weaker region of the spectrum compared to the m-position.

Table 2 shows the monoreduction of 3,4'-NO,-4-R-benzophenones 1 (a-e).

Table 2. Ratio’ of the products of the mono-reduction reaction of 3,4'-NO,-4-R-benzophenones la-d
([Substrate]:[SnCl,-2H,0]=1: 3, 70 °C, 40 min)

Ne R Ratio of isomers 2/3
1 Cl 0,22

2 CH; 1,73

3 OCH; 2,36

4 \,@ 6,01

"according to "H NMR spectroscopy
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Table 2 shows the mono reduction of 3,4'-NO,-4-Cl-benzophenone (1a), which to a
greater extent is resulting with the formation of nitroaminoproduct 3a. The 4'-nitro group was
reduced preferentially in other compounds 1b-d containing electron-donating substituents in
the ortho-position of the nitro group. The amount of nitroamine 2 increased with increasing
volume of substituent R.

Based on the data obtained we can conclude the presence of the electron acceptor substit-
uent (Cl) at the ortho-position to the nitro group. It promotes its reduction whereas the electron
donor and bulk functional groups prevented it. Therefore, we can expect the mono-reduction
of asymmetric 4-R-4'-R1-3,3"-dinitrobenzophenones, where R and R1 are electronically differ-
ent substituents. Indeed, the nitro group present in the more electron-deficient fragment of the
molecule should be reduced first.

Our assumption was confirmed by the reduction of 4-chloro-4'-methyl-3,3'-dinitroben-
zophenone (Fig. 2). Only one product was isolated from the reaction mass. It was identified as
4-chloro-3-amino-3'-nitro-4'-methylbenzophenone (see experimental part).

0 0
SnCl,
—_—
cl CH, cl CH,
No, 4 5  nNo,

NO, NH,
Fig. 2. Reduction reaction of the nitro group in 4-chloro-4'-methyl-3,3'-dinitrobenzophenone

Quantum-chemical modelling of the dinitrobenzophenone anion radicals protonation
process was conducted to explain the results of experiments on the reduction selectivity of
asymmetric dinitrobenzophenones. This stage determines the dinitroarenes orientation of the
mono-reduction process. Therefore, [21] shows the dinitrosubstrate anion radical is the key
particle influencing the orientation of selective reduction of unsymmetrical dinitroarenes. The
use of 1-substituted 2,4-dinitrobenzenes labeled with *N isotope for the ortho-nitro group
made it possible to show their anion radicals exist in protonic media in two forms characterized
by the preferential localization of spin density on the ortho- or para-nitro group (Fig. 3). Ac-
cordingly, the nitro group on which the spin density is localized will be protonated first. It is in
agreement with the direction of dinitrosubstrates partial reduction.

X X -
NO, NO,

- NO, NO

where X=CHs, OH, Cl, Et, i-Pr, NEt,
Fig. 3. Two forms of radical anion for 1-substituted-2,4-dinitrobenzene

Similar to the mononuclear benzoyl structures, there are two forms of anion radicals for
benzophenones: meta- and para- according to the position of the corresponding nitro group to
the carbonyl one (Fig. 4).
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0 0
R l — l N02 R O O NOZI
NO, NO,

Fig. 4. Two anion-radical forms for substituted 3,4'-dinitro-4-R-benzophenones

Data on geometry and energy of the anion radical of 3,4'-dinitro-4-methylbenzophenone
chosen as a model object for study were the results of quantum-chemical calculations using the
PM3 method (MOPAC 7.00 software package).

Analysis of the anion radical geometry showed the presence of the particle non-coplanar
structure with strongly differing spatial arrangement of the aromatic rings in terms to the plane
of the carbonyl group. The arrangement of the nitro groups in terms to the planes of the phenyl
nuclei associated with these nitro groups also varies (Fig. 5).

Fig. 5. Geometry of the 3,4'-dinitro-4-methylbenzophenone anion radical

The aromatic rings of the anion-radical structure are arranged in space with one nucleus
(containing a nitro group in the para-position) almost in the plane of the carbonyl fragment
and the other nucleus rotated through almost 90° relative to the plane of the CO-group. The
atoms of the nitro group at the para-position relative to the carbonyl group do not extend out
of the plane of the phenyl ring. At the same time, the second nitro group is arranged with the
oxygen atoms outside the plane of the benzene ring to which the functional group is linked,
following a rotation around the C-N bond. The value of the angle between the planes considered
as 55.8°.

We can observe some differences for the N-O bond lengths of the anion-radical nitro
groups. In the nitro group located in the meta-position to the carbonyl fragment the values of
this parameter are 1.21694 and 1.21580 A, higher values of N-O bond lengths in the para-posi-
tioned nitro group are 1.23166 and 1.23214 A.

Also we simulate the protonation processes of two possible forms of the anion radical
model compound. Since the reduction process was conducted in an acid-alcohol solution, the
protonating agent was a protonated alcohol, for example - CH;O"Ha.

The geometrical parameters of the protonated particles are shown on Fig. 6 and 7 for two
forms of protonated anion radicals, respectively.
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Fig. 7. Geometric parameters of the 3,4'-dinitro-4-methylbenzophenone anion radical protonated at the meta-
nitro group

Figure 6 and 7 show the geometry of the structures formed by protonation changes com-
pared to the anion radical.

Changes of geometrical parameters in the process of protonation of anion-radical parti-
cles testify to the level of those energy costs necessary to perform these transformations. The
more significant these transformations of the particle structure are, the higher the energy costs,
and the less probable is the formation of such particles.

The probability of meta-protonated structure formation is lower for the considered ex-
ample with protonation of 3,4'-dinitro-4-methylbenzophenone anion-radical. It is confirmed
by the calculated thermodynamic value of heat formation equal to -5.43576 kcal/mol. For para-
protonated form of anion-radical the value of heat formation is lower and is -52.10320 kcal/mol.
There is thermodynamic reaction control.

A comparison of the O-H bond lengths values formed by protonation also indicates a
higher probability of para-protonated particle formation. In this case the bond length is 0.9 A,
while in the case of meta-protonation the bond length is 2.6 A.

Thus, the computer simulation data agree well with the experimental results on the
mono-reduction process of non-symmetrical dinitrobenzene.

Experimental part

We determined the melting points on a PolyTherm A device at a heating rate of 3 °C/min
and did not adjust. We recorded NMR spectra on a Bruker DRX-400 for DMSO-d6 solutions.
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The remaining solvent proton signals in '"H NMR (8 2.50 ppm) were used as the reference for
the chemical shift counts. Mass spectra were recorded on a FINNIGAN MAT instrument.
INCOS 50, electron flux energy 70 eV.

General methodology for mono-reduction of asymmetrical benzophenones 1a-d. So-
lutions of 0.003 mol dinitrosubstrate 1a-d in 50 ml propanol-2 and 0.009 mol SnCl-2H,O in
50 ml 18% HCI were synchronously added through droplet funnels for 30 min in a flask con-
taining 15 ml propanol-2 heated to 70 °C. Then the reaction mixture was stirred for further
10 min at 70 °C. The products were isolated by treating the reaction mixture with 25% ammonia
solution to pH = 7-8 and extracting with several portions of chloroform (2= 400 ml), which was
then removed under reduced pressure.

4-Chloro-3-amino-3'-nitro-4'-methylbenzophenone: yield 94.5%, T. melt. 111-112 °C.
"H NMR spectrum (DMSO-dg), 6, m.d. (J, Hz): 8.24 ¢ (1H, H?), 7.88 dd (1H, H¢, 6.0, 1.0), 7.69 d
(1H, H*, 7.0), 7.37 d (1H, H5, 7.0), 7.22 d (1H, H2, 1.0), 6.89 dd (1H, HS, 6.0, 1.0), 5.70 s (2H,
NH,), 2.57 s (3H, CHs;). Mass spectrum, m/z (Ireaive, %): 291 (100) [M]*, 156 (58), 154 (90),
126 (68), 90 (69). Found %: C 57.61; H 3.99; N 9.79. Cy,H,,CIN,Os. Calculated %: C 57.84;
H 3.81; N 9.63; M 290.70.
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chlorine, silicon Chemically active plasma allows intensifying conventional chemical processes at the
expense of a more effective use of energy supplied to the system. By this approach all
stages of the kinetic scheme of interacting particles technology in the plasma-chem-
ical reactor become determinative. We study the processes observed at the signal
switching fronts at pulse discharge power supply. Indeed, this mode of discharge
combustion enables to achieve more effective utilization of reagents used in plasma
chemical etching of different materials. Also we made the complex analysis of rea-
sons causing appearance of transients at the front of signal switching in the dis-
charge with periodical current variation. Moreover, we consider the relaxation of
heavy charged and neutral particles in chlorine plasma.
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Introduction

Nowadays low frequency discharges (LFD) are widely used in various practical and sci-
entific applications. For example, a discharge at a frequency of 10 kHz is used in CO, lasers
because this type of discharge, being in-between high-frequency discharges and DC discharges,
has a number of fundamental features. There is a breakdown at the electrodes during the cor-
responding half-periods with the formation of a cathode layer but a weak low-frequency bias
current does not cause current shorting at the electrodes which stabilises the laser performance
[1,2]. In addition, low-frequency power supplies for excitation of LFDs are significantly cheaper
than pulsed or resonant microwave ultra-high frequencies-generators and are structurally sim-
pler and more stable in operation.

On the other hand, the use of plasma for technological purposes is a very effective method
of generating chemically active particles in plasma reactors. For example, halogen or oxygen

© D. V. Sitanov, 2023
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based plasma is an effective medium for the etching of various materials [3]. These gases are
reactive themselves, but in addition, they can be enhanced in plasma by their dissociation to
form atoms, which are known to have even better chemical properties [4]. It is also important
to note that plasma chemical etching processes are often faster than in conventional chemical
reactors because of the constant internal cleaning of the surface of the reacting materials by
plasma ions. This mode is particularly effective in plasmas of electronegative gases [5, 6].

One new practical application of LED is its use in defectoscopy to visualise mechanical
and structural defects on the surfaces of high-grade hard materials [7].

It is important to note that electrons in low-frequency discharge are generated at the
fronts of current pulses by periodic bursts, especially if plasma almost completely decays during
the pause between current pulses and a voltage exceeding voltage of stationary discharge burn-
ing should be applied to ignite the discharge (breakdown of discharge gap). This experimental
fact is described in [8]. In particular, it was shown that when studying the discharge ignition in
long tubes (which were several times bigger than the electrodes themselves), the initial
voltage pulse applied to the discharge system electrodes was higher than the voltage necessary
to keep the discharge burning. At the same time there was another known effect called 'memory
effect' [9]. Its essence is that after the first voltage pulse initiating plasma processes, the follow-
ing pulses at discharge ignition fronts differ from the first one. In case of small pauses between
the supply voltage pulses, the signal bursts at the leading edge of the voltage pulse are, as a rule,
smaller than the first pulse. Otherwise they appear to be almost identical. An explanation of this
fact is given in [10]. Thus, according to the authors of this paper, the main reason for this phe-
nomenon is the increased ionization rate in the LFD. Indeed, at the initial moment of the volt-
age pulse the current in the circuit is small, and the voltage drop on the discharge gap is large.
The field in discharge is much bigger than stationary one, which initiates processes in plasma
with participation of charged particles (electrons, ions) that influence electric conductivity of
discharge gap and chlorine dissociation at electron impact. Thus, "memory effect” is nothing
but residual electric conductivity of discharge gap due to residual concentration of ionized
plasma gas after a pause between current pulses.

This fact suggests that in this type of discharge the dissociation of a molecular plasma gas
(e.g., chlorine) will proceed more efficiently than in a DC glow discharge. This fact may be use-
ful in the case of chlorine plasma used for etching of materials. On the other hand, it is obvious
that in LFD the excitation, ionization, and dissociation processes take place mainly in the com-
bustion phase of the discharge, forming, together with recombination processes, stationary val-
ues of radicals, ions, and excited particles. In the pause phase of current pulses, the energy is
spent exclusively on recombination processes. This fact makes it possible to use LFD for diag-
nostic purposes to study the recombination processes of chlorine atoms in plasma using the
relaxation pulse method (RPM).

The main purpose of this work was to study the transients observed at the signal switching
fronts during pulsed discharge feeding. This task is quite important, because characteristic
times of active particle death in plasma can be tenths and hundredths of a second, i.e., they can
be comparable in time with the period of current pulse repetition for low-frequency discharge.
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Problem statement and description of the experimental plant

In this work we investigated LFD in chlorine, because, on the one hand, it is quite often
used medium for plasma chemical etching of materials, and, on the other hand, in chlorine
plasma it is possible to study independently the processes of heterogeneous recombination of
atoms (without formation of products) and plasma chemical etching of different materials. In
[11] we have already used RPM to study these processes. At the same time, sharp bursts of signal
were recorded at the fronts of current pulse switching in several cases. It did not interfere with
the main task - to obtain the spectral kinetic dependence of chlorine atom recombination in
conditions of gas discharge combustion. It occurred only because the characteristic times of the
investigated processes were longer than the times of the observed transients at switching the
discharge on and off. In fact, these transients at the switching fronts were simply ignored, and
the spectral kinetic dependences were extrapolated to the actual signal front. This approach is
justified, however, if the processes under study have commensurate times with the signal ejec-
tions at the leading edge of the current pulse, then the implementation of the relaxation pulse
methodology will prove to be difficult. This may become relevant when realizing RPM together
with emission spectroscopy, which demands us to change the pause duration between the
phases of discharge combustion up to comparatively small values or when studying recombi-
nation processes of radicals with short life times.

The experiments were conducted on the apparatus shown in Figure 1.
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Fig. 1. Schematic of experimental setup: 1 - plasma-chemical reactor; 2 - sample under study (silicon); 3’ - electrode
(cathode); 3" - electrode (anode); 4 - rotary-oil pump VN-461; 5 - vacuum gauge VT-2; 6 - thermocouple sensor
PMT-2; 7 - ampoule with CuCl, salt; 8 - furnace; 9 - chromel/alumel thermocouple; 10 - millivoltmeter Sh4501;
11 - chlorine storage tank; 12 - capillary oil rheometer; 13 - U-oil gauge; 14 - DDS-30 lamp

The main feature of the power unit we used for excitation of the discharge was that it
allowed us to obtain a stable signal on the discharge tube with suppressed pulsations up to tens
of microseconds. This made it possible to record transients in the discharge tube related to the
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change of electrical conductivity of the plasma gap itself. It is important to note that the power
supply design in the form of a DC source modulator was necessary, because one of the main
assumptions for successful implementation of RPM, was the absence of integrating (differenti-
ating) circuits in the circuit current, which are known to appear only on the AC component. As
the main element of DC modulation circuit we have used generator pulse modulator lamp
GPM-10. As a setting element of the circuit, we used a pulse generator of precise amplitude
G5-75, which allows changing the length of pause ¢, between pulses of discharge burning from
0.1 to 100 ms with discreteness not less than 1 ms (Fig. 2, a).

1 a
3

Neq

N,

Ter

Fig. 2. Characteristic types of signals obtained in the course of the experiment: a - current pulses: time of discharge
burning (1), pause times (2-5): t,;-t,4 b, ¢ - dependences of concentrations of chlorine atoms and molecules at pulse
discharge feeding; d, e - spectral kinetic dependence of atomic chlorine radiation and intensity of radiation passed
through the discharge gap in LFD

For the above reasons, we have rejected the use of off-the-shelf switched-mode power
supplies and power supplies based on resonant high-frequency circuits.

Results and discussion

RPM, together with emission and absorption spectroscopy were used to analyse the tran-
sients at the current pulse fronts in LFD. Spectral kinetic dependences of chlorine atom death
in the discharge were obtained as a result of generalization of data on residual concentration of
chlorine atoms in the discharge at different pause durations (Fig. 2, b). The relative change in
chlorine atom concentration (Fig. 2, d) was determined using optical emission spectroscopy to
study atomic chlorine at a wavelength of 452.6 nm (transition 5p°p},, > 4s°p,,). The possi-

bility of using this transition in spectral quantitative measurements has been shown in [12].
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Molecular chlorine concentration dynamics under pulse discharge feeding (Fig. 2, ¢) was con-
trolled by molecular chlorine absorption by external radiation from DDS-30 lamp in wave-
length range 330 nm (absorption spectroscopy) which corresponded to the maximum of mo-
lecular chlorine absorption band and linear section of lamp radiation. Fig. 2, e shows the inten-
sity of the radiation passed from the lamp through the discharge gap when the discharge was
pulsed. Photomultiplier detector PMD-39A together with the universal small-sized mono-
chromator USM-1 was used as a sensor.

Fig. 3 and 4 show, respectively, the time dependences of the radiation intensity of atomic
chlorine and the intensity of radiation passed through the glass plasma chemical reactor from
the DDS-30 lamp.
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Fig. 3. Spectral kinetic dependence obtained using Fig. 4. Spectral kinetic dependence obtained using
RIM together with emission spectroscopy, averaged RIM together with absorption spectroscopy, averaged
over a set of single-type pulses, pause time 60 ms, pe- over a set of single-type pulses, pause time 333 ms, pe-
riod 420 ms riod 777 ms

In obtaining the data shown in Fig. 4, the absorption wavelength was varied relative to
330 nm so that the intrinsic emission of the discharge was kept to a minimum. All experiments
were performed at a total system chlorine pressure of 100 Pa. The discharge current and plasma
gas flow rate were maintained at 11 mA and 1.3 cm*/s respectively. The pulse repetition period
and the burn-up time of the discharge were chosen experimentally to minimise the effect of
interference associated with the appearance of harmonics of multiples of 50 Hz (the frequency
that feeds the mains circuit).

The dependencies shown in Figs. 3 and 4 were obtained as primary material necessary for
the experimental determination of the recombination constant (probability) of atoms in differ-
ent samples. As stated earlier, in earlier works transients at the switching fronts of the signals
were ignored. In general, they did not interfere with the study of recombination kinetics in
chlorine plasma, since in any case it was possible to fix the spectral kinetic dependence by ex-
trapolating it to the beginning of the current pulse. In this work we decided to study experi-
mentally fixed transients and possible reasons of their occurrence in more details. The point is
that the times of transients and their type depended on the ratio of the discharge burning and
pause times of LFD at an invariable pulse repetition period. Therefore, the circuitry cause of the
transients should not be considered as the main cause. Thus, for example, the pulse repetition
period of 420 ms (for RIM together with emission-spectrographic method), invariable for a
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batch of experiments, was composed of the variable values of pause time (10-80 ms) and dis-

charge burning time (410-340 ms), respectively. This suggested that the transients may be

caused, on the one hand, by changing the concentrations of charged particles in chlorine plasma
(electrons and ions) and, through the sequence of processes discussed in [13], by chlorine atoms
being fixed at the leading edge of the voltage pulse. On the other hand, with a significant differ-
ence in the mobility of charged plasma particles (electrons and ions) the discharge gap should
exhibit the properties of a reactive element. In this case, time oscillogram (Fig. 5), should have
two phases: capacitive (1) and inductive (2), which are determined by the nature of motion of

charged particles in plasma.
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Fig. 5. Example of transients when the discharge is on - capacitive component (1) and when the discharge is off
- inductive component (2)

It is not possible to state unequivocally in favour of a specific mechanism for the occur-
rence of transients. Most likely, the type of experimental dependencies can be explained by both
of the above-mentioned factors. Thus, the data of Fig. 3 on radiation of atomic chlorine can be
interpreted as electromagnetic induction arising on the reactive element of the circuit (dis-
charge tube). The data on the absorption of external radiation by molecular chlorine (Fig-
ures 4-7) suggest a dual mechanism of transients.

Fig. 6 and 7 show detailed images of the transients in the LFD and Table 1 gives the char-

acteristic area relationships for the pulses.
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Fig. 7. Detailed representation of the capacitive tran-

Fig. 6. Detailed depiction of the inductive phase of the
sient phase in the LFD

transients in the LFD
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Table 1. Values for inductive and capacitive pulse phase times in LFD. The designations of the time intervals t,, t,,
t, correspond to Fig. 6 and 7; time interval #; remained unchanged at 0.019 ms

tp, Ms t;, ms b, ms 14, ms
3 0.083 0.146 0.113
5 0.066 0.296 0.103
7 0.073 0.329 0.116
9 0.063 0.333 0.093
11 0,069 0,316 0.096
13 0,059 0,342 0.099
15 0.063 0.406 0.103
17 0.056 0.379 0.093
19 0.056 0.476 0.096
20 0.089 0.402 0.109
30 0.096 0.419 0.133
40 0.099 0.339 0.093
50 0.066 0.329 0.103
60 0.053 0.306 0.079
70 0.066 0.316 0.123
80 0.066 0.303 0.116
90 0.053 0.359 0.139
100 0.066 0.409 0.119

In this regard, we should expect the manifestation of resonant fluctuations of the transi-
ents themselves, similar to the wave nature of charge transfer in LFD [14]. Data of Figs. 8 and 9
confirm the development of such resonance phenomena in plasma. The discharge burning time
between current pulses was chosen sufficient for yield of atomic chlorine concentrations to in-
variable values.
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Fig. 8. Variation of transient development times for Fig. 9. Variation of transient development times for
the inductive phase t, of the LFD at different pauses of capacitive phase tc LFD at different pauses of dis-
discharge combustion charge combustion

Indeed, as the most probable cause of nonlinear transients at switching fronts of signals
in LFD is the specificity of relaxation of gas discharge particle concentrations. Prediction of the
character of relaxation processes, determination of characteristic times of their course requires
analysis of kinetics and mechanisms of all processes influencing the balance of formation and
death of particles of one or another variety. In this paper a generalized analysis of experimental
results is presented to explain resonance processes at switching fronts in LFD, primarily based
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on changes in the electron concentration in the decaying plasma during the pause between cur-
rent pulses. In addition, relaxation of heavy charged and neutral particles is considered.

In a continuously burning discharge after some time after its ignition some stationary
concentrations of neutral and charged particles, determined by the balance of their formation
and death rates, are established. In pulsed discharge it is necessary to consider different influ-
ence on balance of particles in plasma both the active part of a pulse and a pause between them,
and depending on pulse duration and repetition rate it is possible to establish quasi-equilibrium
concentrations differing from each other.

In gaseous discharge all main processes are initiated mainly by electrons, therefore, the
evolution of electrons in different phases of current pulse should be considered first. The build-
up of electron concentration in the initial phase of the current pulse occurs because of ioniza-
tion of neutral particles by electron strikes and can be described by an equation of the form:

n,=n,e"", (1)

where 7, is the initial electron concentration level.

ki is the ionization rate coefficient;
N is the concentration of ionizable particles;
t is the current time.

The value of 1/k:N is a characteristic ionization time and according to our estimations for
the conditions of low-pressure discharge in chlorine is about 10°-107 s. Consequently, at pulse
duration of the order of 160 ms the change in concentration of heavy particles in the main phase
of current pulse occurs at unchanged electron concentration. However, initial stage of plasma
formation at discharge switching on can be accompanied by pulse ejections of electron compo-
nent.

When the discharge is switched off, one of the important points is the question of plasma
deelectronization between pulses. Analysis of the relaxation kinetics of nonequilibrium gas-dis-
charge plasma requires the joint solution of balance equations for all plasma particles. In this
case, relaxation of electron energy is of prime importance, since it is under the action of elec-
trons that most plasma processes are initiated. For the average energy of electrons E., we can
write down:

‘”";e =VE,(S,+5), )

where v is the collision frequency of electrons with heavy plasma particles;
J., 0 is the average fraction of energies lost by electrons in elastic and inelastic collisions.
From expression (2) the following expression for the electron energy relaxation time follows:

7, =1/(v(3, +6)). (3)
In low-pressure chlorine plasma d; >> J. and is 10 - 107 s. At the plasma gas pressure

from 100 Pa and higher v > 10" 57, that corresponds to 7, < 107 =107 s values. This is essen-

tially less than electron concentration relaxation time [15]. Therefore, the process of changing
of the electron concentration in time in decaying plasma can be approximately considered on
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the assumption that the relaxation of the electron energy has already finished, and their mean
energy is determined by the gas temperature.

In general, a decaying plasma is characterised by three main channels of electron death:

1. Diffusion to the walls followed by death on the surface.

2. An electron-ion recombination in volume.

3. Adhesion to gas molecules.

In the presence of negative ions in plasma, diffusion of charged particles is characterised
by a free diffusion mechanism (in contrast to an ambipolar mechanism, typical for plasmas
practically devoid of negative ions). The effective diffusion coefficient of electrons in plasma
with negative ions can be found from the expression [13]:

D(g],.:D+( 1+7+2ﬂ]/ ]’ (4)
U+ (e, )+ B+ B

where D. is the diffusion coefficient of positive ions;

B = n./n. - relative concentration of negative ions;

y = E/E, is the ratio of the average energies of the electrons and molecules of the gas;

W Yo He - mobilities of positive, negative ions and electrons respectively.

Assuming from above mentioned considerations the value of y = 1 and setting
pe = p. = 7.510* m?/(V-s) and u,/ pu, =250, which is applicable with sufficient accuracy for
estimates for many heavy gases including chlorine, the diffusion times of electrons in chlorine
plasma containing negative ions were obtained. For the estimations we assumed that
D,=2.310* cm?/s. Results show that for our experimental conditions and a discharge tube radius
of 1 cm 7p varies from 2-107 to 2-10° s when f is varied from 0 to 100. However, similar calcu-
lations lead to the general conclusion that diffusion provides appreciable plasma de-electroni-
sation times only at small discharge tube pressures and radii.

Among the electron-ion recombination processes of interest is dissociative recombina-
tion:

Cl; +e—>Cl+(Cl,

which velocity coefficient at thermal energies of electrons is 10°-107 cm?/s.
The lifetime of the electrons in this process is:

r,=1/(a,n,), (5)

ei’ el

where «.; is the recombination rate coefficient;

Neo is the initial concentration of electrons.

Simple estimates of the recombination lifetime 7. by expression (5) assuming a 7. range
0f 10"°to 10" cm™ and . = 10~ to 10”7 cm?/s give values in the range 10°-10®s. These data allow
us to conclude that dissociative electron-ion recombination is a fast process leading to plasma
deelectronization in the pause between current pulses and cannot by itself explain the transient
dynamics at the turn-off fronts of the pulsed discharge power.

Electrons sticking to chlorine molecules:

Ch+e— Cl, »>Cl+ Cl',
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usually accompanied by dissociation of the latter, on the one hand, is an effective process of
electron death in the decaying plasma, and on the other hand, it promotes the appearance of
negative ions, which, in general, is characteristic of electronegative plasma-forming gases. This
process contributes to the build-up of an excess concentration of ions in the plasma, which may
lead to a reactive nature of the discharge gap impedance. The electron lifetime during the stick-
ing process can be found from the expression:

t,=1/o VN, (6)

st” av

where oy is the adhesion cross-section, cm?.
V. is the average speed of the thermal motion of the electrons;
N is the concentration of chlorine molecules.

Both of these processes can cause a local concentration extremum of chlorine atoms.

Chlorine belongs to the type of electronegative gases for which dissociative adhesion re-
quires no activation energy. The efficiency of the electron adhesion process to the molecules is
characterised by the cross section value, which is estimated for chlorine as o= 1-10"” cm? Chlo-
rine is not an effective gas in terms of dissociative adhesion efficiency, for example sulfur gas
(SFe) has electron adhesion cross-section equal to 1-10"* cm?. Calculations by formula (6) for
chlorine resulted in values of 7= 2-10"s.

Thus, the preliminary analysis shows that at small time intervals, which are characterized
by chlorine plasma current pulse switching fronts, the processes of diffusion, recombination
and sticking of electrons to plasma-forming gas molecules can affect the deelectronization of
plasma decay in the current pause and through mechanisms of chlorine dissociation and ion
formation with subsequent ion-ion recombination explain the causes of appearance of charac-
teristic transient processes at current pulse switching fronts. To elucidate the role of a particular
process in various conditions realized in the pulse discharge, specific calculations of time vari-
ations of electron concentrations are necessary, taking into account the main processes of their
deaths. Such calculations can be carried out based on a generalized equation:

dn, D

=——+n,—o,V Nn,—a,nn, (7)
dt /12 e st”oa

assuming that the energy of the electrons is close to the thermal energy.

Negative ions are effectively formed in chlorine and the condition of quasi-neutrality of
the plasma must be written in the form n,=n.+n.. The electron recombination rate should be
written as follows:

C=q nn,. (8)

If n.>>n., which is characteristic of discharges of electronegative gases, then even com-
plete recombination of electrons does not significantly affect the value of n,. Therefore, the ex-
ponential form derived from expression (8) should be used:

n,=nge ", ©)

e

If we use expression (9), we obtain a sharper decrease of electron concentration and, con-
sequently, a more effective production of the ionic component. Taking into account the fact,
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that recombination processes of ions are much slower than the change of electron concentra-
tion, their contribution into explanation of the character of transients at the switching fronts
can be interpreted in two variants. First, due to ion-ion recombination, which ensures quasi-
neutrality of the plasma, excessive concentrations of chlorine atoms may be formed in the re-
actor in short intervals after the discharge is turned on (off). Secondly, the relatively high con-
centration of chlorine ions in the plasma, characterized by significantly lower mobility than

electrons, creates reactivity conditions for the electric circuit in which the plasma reactor is in-
cluded.

Conclusion and recommendations

Thus, the analysis of experimental data and estimates of characteristic times of charged
particle death in LFD allow us to conclude that the main reason for appearance of transients at
signal switching fronts is excessive concentration of electrons and ions generated in short in-
tervals of discharge on/off time. The latter determines the unsteady reactive nature of the dis-
charge gap, which can be characterised by inductive and capacitive components. The results
obtained in this work, although estimated, may prove to be highly relevant and useful in the
development of alternative approaches in the design of precision chemical reactors and the de-
velopment of new technological processes.
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Introduction

Aqueous solutions of hydrocarbon gases are widely used in the petrochemical industry.
In this connection the study of solubility of these compounds in water and aqueous electrolyte
solutions is of great practical importance. Study of ammonia influence on dissolubility of hy-
drocarbons in aqueous solutions and thermodynamics of these processes acquires special the-
oretical importance for explanation of peculiarities of nonpolar gas solutions properties and
understanding of structural changes of water and its role in biologically important objects.

Study of complexation reactions of silver (I) and copper (I) ions with unsaturated hydro-
carbons and ammonia [1] required research of thermodynamics of butadiene-1,3 dissolution
in aqueous and aqueous-ammonia solutions of electrolytes. This paper determines

© E.A. Smirnova, 2023
136


mailto:smirnovaea@ystu.ru
http://chemintech.ru/index.php/tor/2023-4-1
http://chemintech.ru/index.php/tor/2023-4-1

A&ROM CHEMISTRY TOWARDS TECHNOLOGY gei3i: 81133 VOL. 4, ISSUE 1, 2023

thermodynamic functions of dissolution process and thermodynamic characteristics of butadi-
ene-1,3 in aqueous and aqueous-ammonia solutions of potassium nitrate.

Main body

We determined the solubility of butadiene-1,3 in a 0.1 M potassium nitrate solution at
ammonia molar concentrations of 10*-10" mol/L at a temperature range of 20-80 °C and a
hydrocarbon pressure of 386-743 mm Hg.

We determined the solubility of butadiene-1,3 in input-ammonia solutions by gas-liquid
chromatography. We used butadiene-1,3 with a mass fraction of the main component of
99.6-99.9%. We prepared the solutions in a thermostatically controlled (+0.1 °C) glass reactor
with a bubbler and a magnetic stirrer in 0.1 M solutions of potassium nitrate in the presence of
ammonia. We forced the gas through the test solution at a constant speed for 45-50 min until
an equilibrium state was reached, which was determined by the constancy of the hydrocarbon
concentration. To prevent loss of ammonia from the reactor, the hydrocarbon was first passed
through a flow reactor with a solution of the same composition. The constancy of the ammonia
concentration in the solution was monitored by measuring the pH of the solution on a universal
pH-meter; 5-7 samples of the solution were taken from the reactor with a syringe after the equi-
librium state was reached and analyzed on a laboratory gas chromatograph with thermal con-
ductivity detector. A diatomaceous brick impregnated with triethylene glycol ether and n-bu-
tyric acid served as a stationary phase. Hydrogen carrier gas rate was 60-79 ml/min, hydrogen
pressure 0.8 ate, detector current 80 mA, column temperature 50 °C. We have equipped the
chromatograph with a special attachment for introducing liquid samples.

We calculated the solubility of hydrocarbon C, % wt.

c_SK"100
Q-d

5

where S is peak area, cm?;
K'is the calibration factor, g/cm?;
Q is the sample volume, ml;
d is the density of the solution tested, g/cm’.

To determine the calibration coefficients, a sample of rectified alcohol was added to a test
tube, cooled in an ice-salt mixture and a glass ampoule with a sample of hydrocarbon was placed
in it. The flask was closed and the ampoule was broken with a special beater. A sample of the
obtained solution was then taken using a micro syringe and analyzed in a chromatograph. The
calibration factor was calculated from the analysis of 3-5 samples of alcohol solutions with dit-
ferent hydrocarbon contents.

Based on the experimental data obtained it was found that the solubility of butadiene-1,3
in aqueous-ammonia solutions follows the Henry's law. The Sechenov’s equation is fulfilled.
Experimental data on butadiene-1,3 solubility in aqueous-ammonia solutions of potassium ni-
trate (Table 1) show reduction of butadiene-1,3 solubility in 0,1 M solutions of potassium ni-
trate in comparison with ammonium nitrate solutions [2]. This desalting effect in potassium
nitrate solutions decreases with increasing temperature.

137



FROM CHEMISTRY TOWARDS TECHNOLOGY ER13i: 81133 VOL. 4, ISSUE 1, 2023

Table 1. Dissolubility (S, % wt.) of butadiene-1.3 in ammonia-water solutions of KNO; (0.1 M) at various temper-
atures (T, °C) and pressures (P, mmHg)

Concentration of ammonia, mol/l

T, °C 0 10* 103 102 107!

S P S P S p S P S p
20 0.079 732 0.079 733 0.083 735 0.085 734 0.093 733
30 0.061 713 0.061 714 0.061 714 0.065 717 0.068 719
40 0.045 691 0.045 695 0.045 695 0.044 680 0.049 698
50 0.037 660 0.037 661 0.037 661 0.038 660 0.042 660
60 0.029 594 0.029 594 0.028 594 0.029 593 0.030 592
70 0.019 512 0.019 509 0.019 509 0.018 502 0.018 505
80 0.014 400 0.014 400 0.015 429 0.014 424 0.014 386

Non-electrolytes are usually desalinized by most simple salts and salting out by large mol-
ecules of organic salts [3-5]. Cases of salting out at the presence of large ions such as ammonium
ions are known. In case of 2-methylpropene solubility in water and aqueous solutions of am-
monium nitrate this effect is practically not observed.

The addition of ammonia to water and aqueous electrolyte solutions increases the solu-
bility of butadiene-1,3, which is primarily due to the hydrophobic interaction of the hydrocar-
bon with the ammonia molecules. Reorientation of the water dipoles in the hydrocarbon hy-
drate shell causes a reorientation of the dipoles in the ammonia hydrate shell. The contribution
of the ammonia-water dipole interaction decreases and the contribution of the dispersion in-
teraction increases. The strengthening of the water structure in the hydrate shells of the ammo-
nia and hydrocarbon molecules, leading to a reduction in entropy, causes a hydrophobic hy-
drocarbon-ammonia interaction. This hydrophobic effect increases with increasing ammonia
concentration and is little dependent on the nature of the electrolyte. With increasing temper-
ature, the effect of ammonia on solubility decreases and becomes little noticeable at 40-50 °C.

It was suggested that hydrogen bonding between hydrogen atoms of ammonia molecule
and m-electrons of butadiene-1,3 was formed earlier [2] to explain increased solubility of
1,3-butadiene in aqueous electrolyte solution in the presence of ammonia. This assumption is
confirmed by an increase in the dissolution heat of the hydrocarbon in the ammonia-water
solution of the electrolyte and a decrease in the suction effect with increasing temperature.

Hydrocarbon gas solutions in water have a number of features that distinguish them from
non-aqueous solvents. The solubility of hydrocarbons in water is much lower than in non-polar
solvents. The anomalies of aqueous hydrocarbon solutions [6-13] can be explained on the basis
of current ideas about the structure of water [14-16]. There is some evidence that a change in
temperature leads to a significant restructuring of the structure of water, a change in the near-
orderedness of its molecules. The decrease of enthalpy and entropy during dissolution of hy-
drocarbon gases is related to the shift of equilibrium in solutions towards formation of ice-like
crystal structures, formation of cavities in water and with introduction of gas molecules into
these cavities. The non-electrolyte displaces water molecules into the crystal framework, result-
ing in an increase in the number of hydrogen bonds.

The Henry's coefficients were calculated from the experimental data obtained on the sol-
ubility of butadiene-1,3 (Table 2).

138



FROM CHEMISTRY TOWARDS TECHNOLOGY ER13i: 81133

Table 2. Henry's coefficients (K'10°) (mmHg mol solution/mol gas) for butadiene-1.3 solutions in water and in

0.1 M aqueous ammonium nitrate solutions at different temperatures

VOL. 4, ISSUE 1, 2023

Temperature, °C 20 30 40 50 60 70 80
Water 2.49 3.25 3.94 4.98 6.01 7.33 8.29
Solution KNO;

Concentration of am- 0 2.74 3.54 4.55 5.29 6.0 7.75 8.6
monia, mol/l 0.0001 2.73 3.53 4.54 5.28 6.03 7.73 8.59
0.001 2.64 3.51 4.53 5.25 6.00 7.72 8.56
0.01 2.57 3.30 4.51 5.21 6.00 7.77 8.54
0.1 2.36 3.15 4.28 4.58 5.80 7.78 8.52

As we see from Fig. 1, the dependence of the logarithm of the inverse of the Henry coef-

ficient on the inverse of the temperature is linear. The dissolution heats of the hydrocarbons

were calculated from the tangent of the slope of these lines. The values obtained were used to

calculate AG®5 and AS°s of the hydrocarbon dissolution process.
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Fig. 1. Dependence of logarithm of inverse Henry's coefficients on inverse temperature for butadiene-1,3 solutions
in potassium nitrate water-ammonia solutions with molar concentration of 0.1 mol/l at ammonia concentrations

(mol/1) is: 1 - 0.0001; 2 - 0.001; 3 - 0.01;4 - 0.1

1/T*1000

—&—Line 1

An analysis of the aqueous solutions thermodynamic properties of non-electrolytes,

which are weak proton acceptors, shows that the stabilization of the water structure decreases

with heating. This results in negative enthalpy and entropy values. The negative enthalpy value

reflects the hardening of the water structure during dissolution of the non-electrolyte. The or-

dering that occurs in this process appears in negative entropy values.

The thermodynamic functions of the dissolution processes were calculated from the ex-

perimental data on the solubility of butadiene-1,3 (Table 3).
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Table 3. Thermodynamic functions of butadiene-1,3 dissolution processes in aqueous and aqueous-ammonia so-

lutions at 25 °C

Composition of the solution

AH%9s, kJ/mol

AGozt)s, kJ/mol

AS%os, J/(mol’K)

H,0 -28.84 19.65 -164.22
KNOs (0,1 M) -16.72 10.87 91.54
KNOs (0,1 M), NH; (0,01 M) -17.56 10.45 -94.05

A comparison of the thermodynamic functions numerical values of the hydrocarbon dis-
solution process [2] shows that both the enthalpy changes and the entropy change increase with
increasing degree of unsaturation of the molecule. This is explained by the nature of the inter-
action between the solvent and the dissolved substance. The more heat is released during the
formation of solutions, the higher its structural ordering should be, leading to a reduction in
entropy. An increase of the dissolution heat of butadiene-1,3 in a aqueous-ammonia solution
of potassium nitrate supports the assumption of hydrogen bonding between the hydrogen at-
oms of the ammonia molecule and the n-electrons of butadiene-1,3.

The decrease of Gibbs energy when the electrolyte is introduced into the solution deter-
mines the thermodynamic stability of the hydrocarbon solution. This value is greater for solu-
tions of 2-methylpropene.

The thermodynamic characteristics of hydrated butadiene-1,3 (Table 4) in aqueous and
aqueous-ammonia solutions were calculated using the equations:

Lgas +nH20 «—— Laq

(AHO 298) formation Laq = (AHD 298) formation Lgas + (AHD 298)dissolving,
formation — formation . .

(AS0298) Laq (AS0298) Lgas + (AS0298) dissolving,

(AGP29g) ormation ] o = (AG®298) ™atoN oo + (AG298) dissolving.

Table 4. Thermodynamic characteristics of hydrated butadiene-1,3 in aqueous and aqueous-ammonia solutions
of KNO; (0.1 M) at 25 °C

Composition of the solution AH?%95, kJ/mol AG s, kJ/mol AS%98, J/(molK)
H,O 81.3 170.2 114.2
KNO:; (0,1 M) 93.4 161.4 186.9
KNO:; (0,1 M), NH; (0,01 M) 92.5 161.0 184.3
Conclusions

The influence of different degrees of unsaturated hydrocarbon on its solubility in aque-
ous-ammonia electrolyte solutions determined in this study can be further used to improve
methods of hydrocarbons separation and purification.
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rolysis; kinetic model, quan- ucts in an industrial reactor. We calculated the quantum-chemical changes of
tum-chemical calculation thermodynamic functions for the probable chemical reactions of mesh elastomer

degradation. Solid fraction (carbon black and metal wastes) and vapor-gas mix-

ture separated into three hydrocarbon fractions considered as the reaction prod-

ucts. We use a formal kinetic scheme when describing the kinetics of rubber deg-

radation. It shows the mechanism of the process as a set of radical-chain reac-

tions of polymer degradation. Each hydrocarbon fraction corresponds to a cer-
tain set of kinetic constants, the temperature dependences of which are assumed

to be Arrhenius. The satisfactory agreement of the obtained calculated thermo-

gravimetric dependences with the experimental data of different authors al-
lowed us to approximate the rubber thermal degradation curves by the curves

characterizing the general-purpose rubbers.
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Introduction

The problem of recycling of worn-out tyres and rubber products, and the waste products

of their production has technical-economic and ecological aspects [1]. From the technical and

economic point of view, the constant growth of prices for fossil hydrocarbons leads to the ne-

cessity of searching efficient ways of their recycling, among which the products based on elas-

tomers are a significant part. From an environmental point of view this type of waste represents

a significant hazard due to its low biodegradation rate and the presence of hazardous heavy
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metal impurities, mainly zinc. As a result of strict regulatory norms accepted in EU, almost
100% of this kind of waste is recycled [2]. However, the volume of recycling of worn tyres in
Russia is significantly low.

There are many ways to recycle worn-out tyres and dismantled rubber products [3]. One
of such methods is thermal pyrolysis of this type of waste. It conducted at temperatures above
350 °C without air access [4-6]. The output of the process is the carbon solids fraction which
after further purification and crushing can be processed into carbon black, metal wastes and
steam-gas mixture of hydrocarbons. They can be separated into fractions and used as fuel.
Heavy fractions of hydrocarbons may be used as plasticizers in rubber industry and in produc-
tion of asphalt concrete. Technologically, the process is organized in a batch or continuous
scheme. Catalysts can accelerate the process and increase the yield of light fractions [7-9].

A great number of papers are devoted to the properties of fuels derived from pyrolysis
liquid fractions [10-13]. Since the composition of worn tyre rubbers depends on both their
manufacturer and size, the fractional composition of pyrolysis-derived fuels can also vary [14].
The use of modern physico-chemical methods of analysis makes it possible to obtain a detailed
characterization of these products. Thus, the composition of liquid pyrolysis products of worn-
out tyres and municipal polymer waste was analyzed by gas chromatography with mass spec-
trometric detection (GC-MS) in [15]. Pyrolysis was conducted in a closed reactor at a temper-
ature of 400 °C and a pressure of 50 Pa. It was found that the products obtained included more
than three hundred individual compounds. The aromatic compounds (33.5%), followed by
naphthenes (28.6%), olefins (19.2%), and paraffins (7.0%) were the greater share of them. The
authors of [16] studied the pyrolysis products of waste tyres obtained in a twin-screw extruder.
We compared the composition of pyrolysis products when conducting the process without a
catalyst and in the presence of CaO as a catalyst. We analyzed the composition of the hydrocar-
bon fraction using Fourier transform ion cyclotron resonance mass analysis (FT-ICR MS) and
'H and “C NMR spectroscopy. The hydrocarbon content in the pyrolysis products was 74.9%
in the process without catalyst and 78.6% in the presence of CaO. The content of hydrocarbons
with one sulphur atom was 14.3% and 13.9%, respectively. The hydrocarbon fraction included
aromatic hydrocarbons (26%), tetra-aromatic (13 and 15%), and penta-aromatic (22 and 30%).
The authors of [17] studied the pyrolysis process of truck and bus tyresrubber from using zeolite
ZSM-5 as a catalyst. A laboratory reactor of closed type with a fixed layer was used as a pyrolysis
apparatus. We studied the effect of process temperature in the range of 300-580 °C, the catalyst
concentration on the yield of liquid, gaseous hydrocarbon fractions, and their composition and
physical properties. It was found that with the increase of process temperature the yield of gas-
eous pyrolysis fraction increased with the corresponding decrease of liquid fraction. The use of
a catalyst allowed us to decrease the pyrolysis temperature and increase the share of the gaseous
fraction. The analysis showed that the gaseous fraction, the share of which was 5-30% depend-
ing on the process conditions, consists of C;-C, hydrocarbons. The analysis of the liquid hydro-
carbon fraction by GC-MS showed a wide variety of compounds. The aromatic compounds like
benzene, toluene, o-xylene, naphthalene and d-limonene were the greater share of them.
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A kinetic analysis of isoprene and dl-limonene formation during pyrolysis of natural rub-
ber based rubbers from worn tyres was attempted in [18]. Thermogravimetry in combination
with mass spectroscopy was used. The estimated activation energies of the isoprene and
dl-limonene formation reactions were 131 and 115 kJ/mol, respectively. The reaction order es-
timates for these products were 1.2 and 1.1, respectively.

The classic batch pyrolysis process scheme for worn tyres includes [19] their preparation.
During it the bead rings can be removed and pre-shredded, loaded into the reactor, and the
process conducted at a given temperature. During the process the vapour/gas mixture is ex-
tracted from the reactor, the gas fraction is partly consumed to feed the burners for heating the
reactor and partly utilized. The liquid fraction enters the condensation unit and separates into
fractions. When the process is completed, the reactor is emptied, and the carbon black and
metal are separated. Nowadays a variant of structural arrangement of the reactor in the form of
a horizontal rotating cylinder is widespread. A variant of such design is given in [20]. In this
work we study the pyrolysis products of rubber in this reactor variant.

In order to model and optimize the pyrolysis process of rubber in industrial reactors, first
of all, it is necessary to have a system of kinetic reactions equations describing the process of
thermodegradation of polymer part of waste. The purpose of this study is the construction of
the formal kinetic scheme of the reactions providing the modelling of the kinetics of polymer
thermodegradation in the pyrolysis process of the worn-out tyres and rubber waste. This kinetic
scheme, on the one hand, should be justified both in terms of the radical-chain mechanism of
thermodegradation and the nature of products obtained in the actual production process. On
the other hand, this scheme should not be too complex, so that when simulating the operation
of a production reactor by solving the coupled problem of heat transfer and chemical kinetics,
its implementation does not require excessive computer resources. The following tasks were
completed in order to achieve the research purpose: 1) study of pyrolysis products of rubber
waste of a real industrial reactor in order to determine their qualitative composition; 2) quan-
tum-chemical simulation of the thermodestruction process of model compounds correspond-
ing by their structure to polymer chain links of rubber waste to determine the individual stages
of the reaction scheme.

Experimental part

In order to construct a formal kinetic scheme, we analyzed the composition of pyrolysis
products of worn tyres inside an industrial batch reactor. The reactor shape was cylindrical with
a diameter of 2.5 m and length of 9.2 m with a stainless steel wall thickness of 9 mm. It was
positioned horizontally on rolling supports with the possibility of slow rotation on them. The
reactor was heated at the bottom by three 0.6 MW gas burners and one 0.25 MW liquid burner.
The liquid burner was used for the initial heating of the reactor and once the pyrolysis gas frac-
tion started to be released, it was used to feed the gas burners. The automated burner fuel con-
trol system ensured that the heating and temperature were maintained at the prescribed levels.
The flue gases flowed across the entire surface of the cylinder, thereby achieving uniform
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heating. The temperatures of the flue gases at the reactor outlet and of the steam-gas mixture at
the reactor outlet were recorded using temperature sensors with a measurement limit of 700 °C
and an error of measurement of no more than 0.1 degree. The reactor was loaded with defueled
truck and civil car tyres without pre-shredding through a hatch on the front end of the reactor.
The same hatch was used to discharge the waste metal wire after the process was completed.
The vapour-gas mixture was discharged through an opening on the rear end of the reactor,
coaxially positioned with the reactor. The carbon black was discharged through the same open-
ing at the end of the pyrolysis process. The steam-gas mixture exiting the reactor was directed
to the condensation unit where it was divided into three liquid fractions differing by boiling
point and named further conditionally light, medium and heavy, and gas fraction that was di-
rected to the reactor heating and its surplus was utilized. The mass of material fed into the re-
actor averaged 6,120 kg, and the fraction of cargo tyres averaged 88%. At the output of the pro-
cess, the proportion of liquid fuel was on average 35%, the proportion of carbon black was 29%,
the proportion of metal waste was 21%, and the proportion of the gaseous fraction was 15%.

We studied the liquid fractions in order to compare their chemical composition with a
sample of liquid heating oil produced by OAO "YaNPZ named after D.I. Mendeleev" (Mende-
leev Oil Refinery), Yaroslavl region, Russia. The sample was produced according to
TU 38.101656-99 from distillate fractions produced by direct distillation of oil and secondary
processes of oil refining.

For the analysis we took samples of three pyrolysis fractions; only light and middle frac-
tions are used as fuel; the heavy fraction is supposed to be used as plasticizer — softener for the
rubber blends production. The density at 20 °C of the light fraction was on the average
835 kg/m’, the density of the medium fraction varied in the range 850-950 kg/m* depending on
process conditions and tyre waste batch.

In this study we investigate the physical and chemical properties of the fuel by IR and UV
spectroscopy as well as by high performance liquid chromatography (HPLC). IR spectra were
obtained using an IR-Fourier RX-1 device; samples were prepared as a micro-layer between
KRS5 glasses. UV spectra were taken on a Specord M40 device. Spectra were recorded in the
cuvette d = 10 mm. Liquid chromatography analyses were conducted using UV-VIS LCD 2563,
detector UV - A = 210, 254 nm. Conditions for recording spectra: column C-18, 5 um, length
150 mm, d = 5 mm, mobile phase acetonitrile — water (70-30), the speed of the mobile phase
0.6 ml/min. In order to assess the useability of the fuel, the combustion character using a liquid
fuel nozzle burner according to GOST 27824-2000 was investigated.

In order to analyze the most probable reactions during elastomer pyrolysis, we conduct
the quantum-chemical calculations of thermodynamic function changes in the corresponding
reactions. The calculations were done by the density functional method [21, 22] with the hybrid
exchange-correlation functional Becke, Lee, Yang & Parr [23] at DFT B3LYP/6-311G** level of
theory. The calculations were made using the ORCA software package [24].

The geometry of the molecular models was optimised during the calculations. We
searched for the conformations with the minimum energy using the quasi-Newtonian BFGS
(Broyden-Fletcher-Goldfarb-Shanno) method [25-28]. Also we optimized in the internal
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coordinate system of the molecule in Z-matrix format. The criterion for the search completion
was reaching the RMS Gradient of the total electronic energy of the molecular system to
0.00001 atomic units (Eh/bohr). Since the gradient search is not sufficient to find an extremum,
the optimization was performed from several different starting conformations of the molecule.
In addition, when calculating the thermodynamic functions, the presence of an extremum was
checked on the basis of the vibrational analysis [29] - by the absence of negative natural values
of the Hesse matrix at the point of the assumed extremum. The thermodynamic functions (en-
thalpy and Gibbs free energy) in the minimal energy conformation were calculated as the sum
of the total DFT electron energy using the above described approximation and the thermody-
namic component in the rigid rotator-harmonic oscillator approach at the standard reaction
temperature calculated on the basis of vibrational analysis at the ideal gas state. The free energies
of the reactions were calculated as the differences of the corresponding values for the reaction
products and reagents under standard conditions. This methodology was previously used in
[30], and there was achieved good agreement with experimental data.

Results and discussion

Tables 1-3 show the results of the IR absorption spectra of the samples under study.

Table 1. Comparative analysis of IR spectra of a liquid fuel sample of the medium pyrolysis fraction and a fuel
sample produced by OAO "YaNPZ named after D.I. Mendeleyev"

Parameters Rubber pyrolysis, medium OAO "YaNPZ named
fractions after D.I. Mendeleyev"
Nature of the sample Dark-coloured sample A sample of light yellow colour
with a pungent smell faintly smelling
Type of vibration Vibrational frequencies in the IR spectrum, cm™
Stretching vibrations (v)
-CH,-, -CH; 2955, 2924, 2854, 2868 2946, 2924, 2855, 2867
Bending (3)
-CH,- 1460 1456
Rocking vibrations
(-CH,-), = 4 722 722
(-CH,), < 4 756-746 740
Bending (8) -CH;, 1376 1377
Carbonyl-containing C=0 groups 1706 -
Olefinic functionality 1658, 1641 -
C = C - trans-position 966 -
-C=CH, - vinylidene 886 -
Aromatics 1603, 1513, 1494 1607 possibly polyenes
1,4-substitution 814
1,2-substitution 756
Aromatics content, % 6.6 ~0.1
Paraffin hydrocarbon content, %
v=2855cm’ 11.54 46.35
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Table 2. Analysis of IR spectra of a liquid fuel sample of the light pyrolysis fraction

Parameters Rubber pyrolysis, light fractions
Nature of the sample A sample of light yellow colour
smelling
Type of vibration Vibrational frequencies in the IR spectrum, cm™
Stretching vibrations (v)
-CH,-, -CHs 2955, 2925, 2857, 2869
Bending (8) -CHo,- 1455
Rocking vibrations
(-CHy-), = 4 728
(-CH,-), < 4 756, 743
Bending (8) -CHj; 1376
Carbonyl-containing C=0 groups 1748, 1720
Olefinic functionality 1643
C = C - trans-position 966
-C=CH, - vinylidene 887
-HC=CH, 909, 990
Aromatics 1602, 1516, 1494
1,4-substitution 814
1,2-substitution 756
monosubstitution 756, 695
Aromatics content, % 15.15
Paraffin hydrocarbon content, %
v =2857 cm™ 12.6
Table 3. Analysis of IR spectra of a liquid fuel sample of the heavy pyrolysis fraction
Parameters Rubber pyrolysis, heavy fractions
Nature of the sample Dark-coloured sample with a pungent smell
Type of vibration Vibrational frequencies in the IR spectrum, cm™
Stretching vibrations (v)
-CH,-, -CH; 2953, 2924, 2854, 2867
Bending (3)
-CH,- 1457
Rocking vibrations
(-CHz-)n= 4 723
(-CH,-), < 4 753
Bending (3)
-CH; 1376
Carbonyl groups
C=0 1717, 1704
Olefinic functionality 1607 (polyene)
C = C - trans-position 965
Aromatics 1601, 1514, 1496
1,4-substitution 813
1,2-substitution 753
Aromatics content, % 15.1
Paraftin hydrocarbon content, %
v =2855cm™ 29.1
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According to the results of IR spectra analysis it can be concluded that the fuel sample of
OAO "YaNPZ named after D.I. Mendeleev" consists mainly of paraffin fractions, while pyrolysis
fuel has a more complex chemical composition and in addition to paraffin hydrocarbons also
includes aromatic hydrocarbons, unsaturated hydrocarbons, and a number of oxygen (carbonyl)
containing compounds. The content of carbonyl compounds is relatively low. Also it is more
noticeable on the light fraction of pyrolysis products and to a lesser extent on the medium and
heavy ones. The relative content of paraffin hydrocarbons for pyrolysis products is the highest
for the heavier fraction and the lowest for the medium fraction. The light fraction has approxi-
mately the same content of aromatic and paraffin hydrocarbons.

Analysis of the UV spectra of the pyrolysis rubber samples allowed the following observa-
tions to be made:

1) the light fraction has weak absorptions at A; = 255.7 nm (corresponding to aromatic
and naphthenic hydrocarbons) and a lever in the range 217-244 nm (corresponding to coupled
multiples and monosubstituted aromatic compounds with a long hydrocarbon radical). In ad-
dition, there is an intense absorption at A\; = 200-210 nm, which corresponds to monosubstitu-
tion in the aromatic ring. The absorption at this range is covered by the solvent.

2) the medium fraction has intense absorptions at A; = 257.7 nm (corresponding to aro-
matic and naphthenic hydrocarbons) and a lever in the range 215-244 nm (corresponding to
coupled multiples and monosubstituted aromatic compounds with a long hydrocarbon radi-
cal).

3) the heavy fraction has weak absorptions at A; = 259.7 nm (corresponding to aromatic
and naphthenic hydrocarbons) and a lever in the range 213-244 nm (corresponding to coupled
multiples and monosubstituted aromatic compounds with a long hydrocarbon radical).

The fuel sample of OAO "YaNPZ named after D.I. Mendeleev" has intense absorption at
A1 = 224 nm (which corresponds to coupled multiples), absorption at A, = 255 nm -- has a
weakly marked nature.

The HPLC spectra of the light and medium fractions of the pyrolysis fuel are shown on Fig-
ures 1 and 2.

In according to the HPLC analysis it can be concluded that all the samples are characterised
by a complex composition. The pyrolysis rubber samples contain light and heavy aromatic
(for the light fraction mainly monosubstituted), and naphthenic components.

On the base of the analysis we can conclude that the investigated pyrolysis fuel is generally
consistent in composition with the fuel compositions published in [16, 17], but characterised by
a lower content of aromatic hydrocarbons.

The combustion character using a liquid fuel nozzle burner was assessed for samples of
light and medium fraction of pyrolysis products and a fuel sample of OAO " YaNPZ named after
D.I. Mendeleyev". All three examined samples were characterized by a steady burning character.
The most intense combustion was characterized by the sample of light fraction of the pyrolysis
product; its flame colour was bluish, but the flame colour of the other two samples was red-
orange. The temperature of the burner diffuser at the flame zone measured by pyrometer was
440 °C for the light fraction, 350 °C for the medium pyrolysis fraction and 340 °C for the OAO
"YaNPZ named after D.I. Mendeleev" fuel sample, respectively.
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Fig. 1. The HPLC spectra of the light fraction of the pyrolysis fuel
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Fig. 2. The HPLC spectra of the medium fraction of the pyrolysis fuel

To summarize the study, we can conclude that despite the different chemical composition
of pyrolysis fuel compared to batch petroleum fuel, it is not inferior to it in terms of consumer
properties and even superior, if we consider the light fraction of pyrolysis.

As shown above, the pyrolysis process of waste rubber produces a large variety of chemical
compounds as a result of the reactions involved. However, for modeling purposes, a formal
scheme, within the framework of which a system of kinetic equations suitable for solving prac-
tical problems could be formulated, is sufficient. To substantiate such a scheme, quantum-chem-
ical calculations of changes in thermodynamic functions in degradation reactions according to
the radical-chain mechanism of compounds representing low-molecular-weight models of
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elastomers included in tire rubbers were performed. Chemical formulas of the compounds and
radical intermediates under study, their abbreviations and explanations are presented in Table 4.
Tyre rubbers are made from three types of general purpose rubber: isoprene (natural and syn-
thetic), butadiene, and butadiene-(methyl)styrene. The proportion of rubber varies according
to the tyre type and manufacturer; isoprene rubber has the largest proportion, while butadiene
rubber and butadiene styrene (methylstyrene) account for less than 40% in total. The low-mo-
lecular-weight models of these rubbers are designated as I-I, B-B, and mSt-B, respectively. As
these rubbers are vulcanised with sulphur curing systems; the compound designated B-S-S-B
was considered as a sulphur crossbond model. Radicals B-B, I'-I, mSt-B modelled intermediates
formed by hydrogen atom detachment at the a-carbon atom of the respective bonds;
I, B, mSt modelled intermediates formed by chain breakage, and B-Smodelled intermediates
formed by sulphur crossbond breakage. Compounds I, B, Bd modelled destruction reaction
products.

Table 4. Chemical formulas and symbols of molecular models of rubbers, radical intermediates, and pyrolysis
reaction products used in quantum-chemical simulations

Chemical formula Symbol Commentary
CH;-CH=CH-CH,-CH,-CH=CH-CHj3 B-B Double chain bond model of polybutadiene
Radical fa d by hyd trippi
CH;-CH'-CH=CH-CH,-CH=CH-CH, B-B acical lormed By AYCTO8en ® TIPPINg
at the a-carbon atom of a butadiene link
Butene-2, formed
CH;-CH=CH-CH B
’ ’ by detachment of the polybutadiene end-link
Th ical f h h f
CH,~CH-CH-CH, B e butene radica orme'd by the detachment o
the link
Diene formed
CH,=C=CH-CH Bd
? ’ by a kinetic chain break
CH;-CH=C(CHj3)-CH,-CH,-C(CH;)=CH-CH; I-1 Double chain bond model of polyisoprene
Radical fa d by hyd trippi
CH,-CH'-C(CH,)=CH-CH,-CH=CH-CHi I-1 acical formed by Aycrogen stipping
at the a-carbon atom of isoprene link
2-methyl- -2, fi
CH,-C(CH.)=CH.CH, I methyl-butene : ormed .
by detachment of the polyisoprene end link
CH,=C(CH.)-CH-CH r 2-methyl-butene-2 radical, formed
= YT by detachment of the link
CH;-CH=CH-CH,-S-S-CH,-CH=CH-CH; B-S-S-B Sulphur cross-bonding model
Radical fa d
CH,-CH=CH-CH,-§ B-§ adiea’ forme
by sulphur cross-bonding breakage
CH3;-C(CH3;)(C6Hs)-CH,-CH,-CH=CH-CH; mSt-B Butadiene methylstyrene copolymer model
CH;-C(CH;)(C¢H;)-CH,-CH-CH=CH-CH,; mSt-B Radical butadiene styrene copolymer
CH;-C(CH;)(CsHs)-CHy mSt Methylstyrene radical

Table 5 shows the results of quantum-chemical calculation of the total electron energy
changes (AE) and free energy under standard conditions (AG) during radical-chain degradation
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reactions of elastomers. Including: initiation by chain-breaking (1)-(3), transverse bonding (4);
initiation by hydrogen stripping at a-carbon atom (5)-(7); chain transfer to polymer (8), (9);
linear chain-breaking with hydrogen formation (10); quadratic chain-breaking by dispropor-
tionation reaction (11).

Table 5. Changes of total electron energy and Gibbs free energy under standard conditions during radical-chain
degradation reactions of elastomers by quantum-chemical calculations at the DFT B3LYP/6-311G** level of theory

Number Reaction scheme AE kJ/mol AG ,kJ/mol
1 B-B 2B 439.2 142.1
2 I-I>2I 422.8 141.9
3 mSt-B > mSt + B 440.1 199.4
4 B-S-S-B > 2B-§ 222.8 357.4
5 B-B>B-B+H 435.3 300.9
6 I-I>T-I+H 343.9 307.9
7 mSt-B > mSt-B'+ H 356.8 297.9
8 B-B+B >B-B+B -48.9 -16.6
9 I-I+T>T-1+1 -146.9 -13.0
10 B> Bd + 1/2H, 79.1 13.0
11 2B'>Bd+B -176.3 -98.8

Based on the results of quantum-chemical calculations, we can conclude that the main
initiation mechanism during pyrolysis is the breaking of the polyisoprene and polybutadiene
chains. The butadiene-methylstyrene copolymer units will be broken at a slower rate, since they
require more energy. This is consistent with the known fact that butadiene styrene copolymers
are more heat resistant. Hydrogen detachment initiation is less likely, as it requires more energy.
As for the breakage of sulphur cross-links, although they are less strong than carbon-carbon
ones, the formation of sulphide radicals is accompanied by a greater increase of free energy
compared to other types of initiation. Therefore, for practical calculations, the initiation of
chain degradation by the breaking of sulfide bonds can be disregarded. These bonds are rapidly
broken, but in general the course of the radical-chain mechanism should not have a significant
influence. Chain transfer reactions on the polymer (8), (9) are characterized by negative values
AE and AG will provide the growth of kinetic chain degradation. By the comparison of changes
in thermodynamic functions in reactions (10), (11) it can be concluded that the main chain
breakage mechanism will be the quadratic chain breakage.

The kinetics of polymer thermal degradation is usually described using differential equa-
tions as follows:

2= (1 - a)"iAexp(—E;/RT), (1)

where «; is the degree of conversion of the i-th reaction; n; are the orders of reactions; 4; and
E; are the parameters of the Arrhenius equation of temperature dependences of reaction rate
constants.
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The disadvantage of this approach is the lack of connection of these empirical depend-
ences with the mechanism of thermodestruction process. This leads to the fact that the param-
eters obtained by approximating the experimental thermogravimetric curves in different au-
thors differ greatly, and sometimes do not correspond to the physical meaning of the kinetic
equation of the reaction at all. Thus, in particular, the authors of [31] analyzed the data of eleven
papers. These papers gave assessment of kinetic parameters of rubbers thermodegradation
based on polybutadiene, butadiene-styrene copolymer, as well as worn tyres. The values of the
reactions orders varied from 1 to 2 in the approximation dependences, and the values of acti-
vation energies E; of different authors varied in the range of 60-600 kJ/mol. For the same poly-
mer, at different heating rates, the kinetic parameters of the simple equations turn out to be
different. It does not allow such schemes to be used when modelling real production reactors.

In the present study, a formal kinetic scheme was used to describe the kinetics of rubber
degradation. It shows the general physical meaning of the process as a set of radical-chain reac-
tions of polymer degradation. The proposed scheme presented by Table 6.

Table 6. Formal scheme of degradation reaction kinetics of polymer parts of worn tyres

Stage Reaction scheme Commentary
number
1 R-R-> 2R Initiation, k,;
2 R-R+R >R-R+R Chain transfer to the polymer, ky;
3 R-R>R +R Isomerisation of the middle radical with chain breaking, k,;
4 2R'»> 2R Quadratic chain breaking by disproportionality, k3;

Stage (1) represents all initiation reactions (1)-(4) shown in Table 5. Stage (2) refers to
chain transfer reactions to polymer like (8), (9) in Table 5 and stage (3) symbolizes isomeriza-
tion of formed radicals by disproportionation with chain breaking. Stage (4) symbolizes a quad-
ratic break of kinetic chains by disproportionation reaction like (11) in Table 5.

R-R in this scheme means any polymer chain and R means any nonradical product of its
decomposition. Thus, all types of monomer links and types of low molecular weight products
resulting from chain decomposition are averaged. Since in the production process the vapour-
gas mixture is separated into three fractions - gas, light and medium (the heavy fraction is not
used and is returned to the recycle), three schemes corresponding to the three groups of com-
pounds are provided to describe the whole destruction process. Each group has its own set of
rate constants: K,;, k1> K2i» k3i, i = 1, 2, 3. The temperature dependences of the rate constants
were taken as Arrhenius dependences. Thus, the total three pairs of parameters were needed to
identify one thermogravimetric curve A; and E; for each rate constant. The kinetics of the reac-
tions corresponding to the three kinetic schemes are described by a set of three systems of dif-
ferential equations:

dRR
dRaR
T ki;i * RR * Ra — k,; * RaR; 3)
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dRa
W:ZkOi*RR—kli*RR*Ra+k2i*RaR—2k3i*Ra*Ra; (4)
R
Ezkli*RR*Ra+k2i*RaR+2k3i*Ra*Ra. (5)

To avoid confusion R-R is denoted here as RR; R'is denoted as Ra; R-R is denoted as RaR
and the symbol ™" is used as the multiplication sign.

At a time-varying temperature, the reaction rate constants according to the Arrhenius
equations also become functions of time. The systems of equations (2)-(5) for i = 1, 2, 3 were
integrated numerically with respect to the given temperature-time dependences. The total time
dependence of degradable polymer mass in relative units Y (t) was described as a weighted sum
of functions RR;(t) of three groups of compounds:

Y (t) = X biRR; (%), (6)

where b; is the relative proportion of each group (3;; b; = 1).

This approach makes it possible to approximate the thermal degradation curves of rub-
bers based on general-purpose rubbers. As an example, Fig. 3 shows experimental data on
thermo-destruction of rubbers, published by different authors, and approximated by their func-
tions, according to the outlined methodology.

0.8
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Y, relative units

0.4
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0 100 200 300 400 500 600 700

Temperature, °C

Fig. 3. Dependence of the relative polymer mass fraction on temperature according to thermogravimetric analysis
and approximation curves (solid) according to the proposed mathematical model. Dots - experiment: 1 - according
to experimental data [32]: 1,4-cis-polybutadiene, heating rate dT/dt = 10 K/min; 2 - from experimental data [31]:
polybutadiene, dT/dt = 5 K/min; 3 - from experimental data [18]: rubber from worn tyres, dT/dt = 15 K/min.
Experimental data standardised to the initial polymer mass

The proposed mathematical model of degradation kinetics can be seen to describe ther-
mogravimetric curves relating to different types of rubbers and different heating rates. This
makes it possible to use the proposed approach to construct a mathematical model of the pro-
duction reactor in the form of a coupled problem of non-stationary thermal conductivity and

chemical kinetics.
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Conclusions and recommendations

This paper presents a formal kinetic scheme and corresponding model of rubber thermo-
degradation process during pyrolysis of used automobile tyres and rubber waste in an industrial
reactor. Parameters of the model were made on the basis of the analysis of pyrolysis products
of the worn tyres on the real industrial reactor. Also we used the quantum-chemical calculations
of the reaction thermodynamics for the compounds simulating the structure of the polymeric
part of the waste material. Thereaction products under study are the solid fraction (carbon black
and metal wastes), and the vapour-gas mixture separated into three hydrocarbon fractions. The
proposed formal kinetic scheme shows the general physical meaning of the process as a set of
radical-chain reactions of polymer degradation. We used the individual set of kinetic constants
for each hydrocarbon fraction. The temperature dependences of the constants are assumed to
be Arrhenius. This approach makes it possible to approximate the thermodestruction curves of
rubbers based on general-purpose rubbers. It is confirmed by comparing the calculated ther-
mogravimetric curves with the experimental data published by different authors for different
types of rubber waste. The proposed approach can be used in modelling and optimising the
operation of an industrial rubber waste pyrolysis reactor by solving the coupled problem of
unsteady thermal conductivity and chemical kinetics.
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