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Knrouesvie cnosa:

pacmeopennas 600a,

conveamauus,
MEmanor,
mpem-6ymaron,
mpem-nenmanor,
mpem-6ymunamuH,
aMuneHOUaMuH,
cmandapmuuie
MonApHbLe 00DeMbl,
ompuyamenvHas
napyuanvHas
MONAPHAS
pacuupsemocmo

Annomauyusa. B o630pe 0600uenvl umerousuecs 6 numepamype c6e0eHus, 6KI04AS

OnyOnUKOBaAHHble — ABMOPAMU  pe3yibmamvl  COOCMBEHHBIX — NPEUUSUOHHDIX
OeHcuMempu1ecKUx UsMepeHutl, no UCCIe008aHUI0 HeoObIMHO20 ¢ PU3U1eckoti MoKy
3PEHUS A6TIEHUSA «IMEPMOAKINUBUPYEMO20 U300APUHECK020 NAPUUATIDHO20 YNIIOHEHUS
cmpykmypor»  (TUIIYC) pacmeopenHoti 6006l Unu ee M.H. «OMPUUAMETbHOLL
(OIIMP) 6 psoe
npedcmasnenvl  amMPuUNPoMoHHoie

eudpoxcuncodepucaujue cpedvl mpex chupmos: memunosozo (MC), mpemuunvix

nNApUUAnLHOl  MONAPHOU  PACUAUPIEMOCTIUY op2aHuvecKux

pacmeopumeneti. B kauecmee nocnedHux
6ymunosozo (TBC) u amunosozo unu nenmunosoeo (TIIC), a makie npomogpunvHoie
cpedvt  08yx amunos: mpem-6ymunamuna (TBA) u smunenouamuna (S4A).
O6cyncoaemoe  senenue THUITYC, ceA3aHHOe ¢ ymeHvuieHUeM CMAHOAPIHO20
(napyuanvHozo npu beckoHeuHoM paseedeHuu) o6vema conbLEAMUPOSAHHOU 600bl C
pocmom memnepamypol, 6vi0 00HAPYIHEHO OKONO NONYBeKAd HA3A0 8 ANKAHONbHbIX
pacmeopax HO u cpasnumenvHo HedasHO - 8 6000C00ePHAUSUX CPeOAX ANKUNAMUHOS.
Oo0nako 0o Hacmosujezo 8pemerU IMom HeopOuHapHoLii dpdexm noxa euje He o6pen
c6oe20  usuvecku  000CHOBAHHO20 — TMONKOBAHUA,  KOMOPOE  NO360AUNO Ol
npoeHosuposamv 603moxcHocmy nposenenus TUIIYC 6 koHKpemHO 6bl0paHHOL
07 uccnedo8anus OuHApHOLl  HudkopasHoti  cucmeme. IIposedeHHvili  Hamu
BCECTNOPOHHULL AHANUZ CYU4ecmeyioulell HA Ce200HAWHUY OeHb UHPOPMAUUU 1O
paccmampusaemomy

KacamenvHo

80NPOCY NO3607UN  COeNAMb  HECKONLKO — YMO3AKNMIOHeHUl
pacmeopa  H,O

B803HUKAIOM

OCHOBHbLX xXapaxmepucmux cma;—tbapm;—tozo

6 Op2aHUueckomM  pacmeopumene, 671a200aps  KOMOPbiIM cmonv

HeopOuHapHvle UsMeHeHUs 8 00veMe 00pA3YI0ULe20Cs CONbBANOKOMNTIEKCA 800bl MO0
BNUSTHUEM NOBbLUAIOWEliCT memnepamypol. Bo-nepsvix, snepezemuueckue napamempo.
s3aumooeiicmeus  (OMHOCUMENbHO20 600a -

MENMONEKYNIAPHOLO cpodcmea)

pacmeopumens 3amemHo OOMUHUPYIOM HAO MAKOBbIMU NPU 63aumoOlelicmenu

© E. B. MBanos, E. 10. Jle6eneBna, A. A. ITaknna, H. I'. BanoBa, 2024
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pacmeopumens - pacmeopumenv, U MU PASTUHUL CMAHOBAMCA 6ce 0oee
BLIPANEHHDIMU C pOCHOM memnepamypol. Bo-emopuix, ecnedcmeue ykasanHbix
pasnuuuti, o6HApy#usaemcss 6osnee BbICOKULI MeMN MeEPMUUECKO20 PACUUPEHUS
CMPYKMYypbuL opeanuyeckozo pacmsopumerns 6 ooveme (inbulk), uem amo umeem mecmo
8 Cryude 6030€liCMBUS MeMNepamypvl Ha CMPYKMYPHYIO ynaxkosxky o0pasyouiezocs
CMEUIAHHO20 MOZEKYNAPHO20 — azpeeama UMY  CONbEAMHO20 KOMNIIEKCA  B600bL.
B-mpemvux, pasnuuue 6 napamempax 63aumoOelicmeusi 6004 — Ppacmeopumesns
u pacmeopumernv - pPAcmMeopumen HAXOOUMCA 6 3A6UCUMOCHIU He MONbKO Om
NPOMOHOOOHOPHBIX/AKUENINOPHBIX C60TICHE KOHMAKMUPYIOULUX 6 PACIE0pEe MOTEKYL,
HO U om KOHUYpAUUU CMPYKMYPHOTI YyNnaxosku conveamupyrouseli cpeovl,
obycnoenusarueli xapakmep crepuueckux Hnpenamcmeuti 017 06pa306aHuUs
H-cesseii. C yuemom smux 00CMOAMenvcms yCcraHo8neHo, 4O abcomommble
BEUYUHDL YNOMAHYMBIX NAPAMEMPOS OMHOCUMenvHozo0 cpodcmea npu 298,15 K
sospacmatom 6 psdy: MC << S[JA = TBA < TIIC < TBA, umo moiern c6udemenpcmeosantv
00 0OMHOCUMENLHOM YCUNIEHUU 6 YKA3AHHOL NOCIed06amenvHOCHU Ceyudu1ecKoeo
83aumooeticmeust (enasHoim 00pazom, wepes 06paszosarie 8000pOOHVIX C853ell) Mendy
MOJIEKYNaMU 8006l U AMPUNPOMOHHO20 UL NPOMOPuUnvHo20 pacmeopumens. Unaue
2080ps, 8 00cyiOaemvix wuoxkux cpedax ankunamunos (TBA u SIJA) u mpemuuno-
usomeprvix anxanonos (TBC u TIIC) - ¢ Haubonee vipaxdeHHOU OCHOBHOCMDbIO -
YKA3AHHAS  6blle PASHUUA 6 IHePIUIX B000POOHOLI C6A3U  PACMEOPUNEN=
pacmeopumens U 600a-pacmeopumens OKA3ANACH 3AMEMHO  Oonvuiel, Hem
6 CPYKMYPHOTL  yNAKOBKe MemaHONbHO20 pacmeopa 600vl, 20e CHOCOOHOCHb
KOMHNOHEHINO06 K CHeUUPUUECKUM 83aUMO0eliCIBUIM 6NOIHE CONOCABUMA.

T nuTHpoBaHMA:

ViBanos E.B., JlebeneBa E.IO., ITaxuna A.A., VianoBa H.I. CpaBHuTenbHas XapaKTepyUCTHKa HEOPAVHAPHOTO
ABIEHUSI «TePMOAKTMBUPYEMOTO WU300apMYeCKOTO MapLUMaNbHOTO YIUIOTHEHMA CTPYKTYPb» BOABI Kak
PacTBOPEHHOIO BellleCTBAa B HEKOTOPBIX aIKAHOMAX Y AIKMIAMMHAX // Om Xumuu K mexHono2uy waz 3a uazom.
2024. T. 5, Boim. 1. C. 8-32 URL: http://chemintech.ru/index.php/tor/issue/view/2024-5-1

BBenenmne

YHMKaJIbHOCTD CTPYKTYPHOJ IIPUPOZbI KIIKOI BOIbI (VI ee BOJOPOIHOTO/KICTIOPOIHOTO
M30TOII0JIOTA) KaK MHAVBUAYAIBHOTO (YHAPHO20) PACTBOPUTETIS OCHOBBIBAETCSA, IIPEXKIE BCETO,
Ha CIIOCOOHOCTY ee MOJIeKyl K OOpasoBaHMIO IPOCTPAaHCTBEHHO-KOOPAVHMPOBAHHOM
HelpepbIBHOM (KOHTVHYa/IbHOM) TpPEXMEpPHOJl CeTKM BOMOPOJHBIX CBs3ell pasIMIHON
koHurypauunu [1]. C TOukM 3peHUsA NPOsABIEHUA OCOOeHHOCTeN 3D-CTpyKTypbl BOABI
B cnenuduiecknx (depes H-cBsA3bIBaHME) MEeXXMOJIEKY/LIPHBIX B3aMMOJAEIICTBIAX, MOXKANYIL,
Haybosee MHTEPECHBIM IIpeCcTaB/saeTcs (PakT aHOMATIbHOTO M3MEHEHNUsI 0O'beMHBIX CBOVICTB
BOJHOJ Cpefpl IpM HM3KUX TeMieparypaXx. 1o ecTb CTPYKTypa >KMAKOQA3HOM BOJbI
IpeTepreBaeT C POCTOM TeMIIEPaTyphl TaKyl TpaHCPOPMAINIO, Pe3yIbTaTOM KOTOPOI
CTQaHOBUTCS IOSIBJIEHME MaKCUMyMa IUIOTHOCTY WIM MMHMMyMa MojspHoro oobvema (V)
paccMaTpyBaeMOro pacTBOpUTeIsA. XOPOIIO M3BECTHO, YTO SABJIEHME YMeHblIeHWA V,, mpu
HOBBILIEHVY TeMIIePATyPBl, WA T.H. «OTPULIATE/IBHOTO pacIiypeHNsI» CTPYKTYPHO YIIaKOBKIL,
JUII HOPMa/lbHOM (NPOTMEBOI) BOABI HAOMIOJAaeTCs B BeCcbMa Y3KOM TeMIIEpaTypHOM
uHTepBane ot 273,15 go 277,13 K. IIpu nepexope k penrepuenoitr (D,O) u tputuesoit (T.0)
BOJaM [aHHBIII [MAIla30H TeMIepaTyp CTAHOBMUTCA Oojiee IIMPOKUM, COCTABIIAA
cooTBeTCTBeHHO (276,97-284,34) K u (277,63-286,55) K [2-7]. To >kxe caMoe OTHOCUTCS
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U K «TsDKenokucnopogubiM» (-0, -O) mnm «cMeuraHHbBIM» M30TOMOJOTaM BoOAbI [4, 5].
Hamane MakcuMyMa IDIOTHOCTM YKa3bIBaeT Ha TO, YTO KaXKABIl M3 M30TOIIO/IOTOB >KMIKON
BOJbl He ABJIAETCA INPOCTON OFHOKOMIIOHEHTHOM cucreMoil. IloatoMy B mmreparype yxe
MHOTO JIeT aKTMBHO OOCYXX[JAIOTCs pas3/MyuHble MOJEN I'€TePOreHHO CTPYKTYpPbI BOJHOI
cpenpl (cMm., Hampumep, B [7-13]). AHoMmanbHBIe CBOJICTBA BOABI B MMEIOLIVXCS HBIHE
MOJIe/IbHBIX NOAXOflaX Yallle BCEro CBA3BIBAIOTCA C ABYMSA (OpPMaMU JOKAJIbHBIX CTPYKTYP
wi knactepoB. Ilpum arom «BbicokomnorHast» (high-density) ¢opma XapakTepusyercs
HaM4YMeM 3aMeTHO MeHee PasBUTON CETKM BOJOPONHBIX CBsA3€i, YeM COOTBETCTBYIOIAs
«HM3KOIIOTHas» (low-density) dopma. Braromaps TeTpasppuuecKu-KOOPAVHMPOBAHHOM
VIV OMKPbLmMoil CTPYKTYpe BOLHOI MaTPUIIbI, TEPMOAKTUBIPYyeMOe PaBHOBECYIE MEXK/TY IBYM:
YKa3aHHBIMI CTPYKTYPHBIMU (pOpMaMM ABJIAETCA HEOOXOAVIMBIM YC/IOBUEM [/ BOSHMKHOBEHIA
aHOMaJIVIT B I3MEHEHMN KaK IVIOTHOCTH, TaK ¥ MOJLAPHOTO 0O0'beéMa BOZIbL, C COOTBETCTBYIOLIVIMI
KOppeALUAMI BOJOPOIHBIX CBA3€I, XapaKTepU3YIOLINX TeTPAdAPIIecKyo ceTb [11-13].
Tepmun «orpuuartenpbHoe TemwtoBoe pacumpenne» (OTP) Hawan mmpoxo
JICIIOJIb30BAThCs B HAYYHOI TUTEPAType, IOXKaTyIi, C KOHIIa BOCBMUIECATBIX TOf{OB IIPOLIIOTO
Beka [14]. [lo aToro obcyxmaeMmblit HeOObIYHBINI O0BeMHBbII 9(deKT MMeHOBaICS Kak
«COKpallleHue Ipy HarpeBaHum» (contraction upon heating). B nurepaType HEOJHOKpPAaTHO
OTMeYanoch, YTO C 4MUCTO (GuU3nMdeckoiyl Touky 3peHms abopeBuarypa OTP He kakercs
ob6ocHOBaHHOII [2, 15-17]. IIpouiecc 06beMHOTO paciIMpeHsi XXUAKOTO (TBEpHOro) BellecTBa
IpU IOCTOSIHHOM JaBjeHuyu (GOpPMaNbHO JIO/DKEH OBITh CBSI3aH C IOJIOXKUTETbHBIMU
TepMopMHaMudeckumu BemmuvHamu E, = a,V = (0V/0T),, tne E, u a, - uzobapHas
MOJIApHasl PaclIMpseMoCTb ¥ KO3(Q@PULMEHT TepMIYeCKOTO PaclIMpPEeHUsi COOTBETCTBEHHO.
Opnako tepmuH OTP B HacTosIIee BpeMs SIB/ISIETCS OOLIETIPYHATHIM B HAYYHOM COOO0IIIeCTBe
IpY  M3YYEHUV COENMHEHMI, XapaKTepU3YIOUIVXCA yMEHbLIEHNEeM KaK JIMHEHHBIX,
Tak 1 OObEMHBIX IIApaMETPOB C POCTOM TeMIIepaTypbl. BHyTpeHHNe MeXaHU3MbI
Bo3HMKHOBeHna OTP Becbma creumduyHbl ¥ B HOAAB/IARIIEM OONBIIMHCTBE CITydaeB
OIVCaHBI 1 TBepodasHbIX (KPUCTAINIECKX, TMOPUIHBIX, aMOP(GHBIX VIV ITOTVIMEPHBIX)
MmarepuanoB [2]. Kak ymoMmsHyTO BbIllle, Cpefyl YHAapHBIX pacTBOPUTesell ITOfOOHBIMU
CBOJICTBaMM OOJIafiaeT >KNU/IKasl BOJA, XOTS U B OYEHDb Y3KOM TeMIIepaTypHOM MHTepBase.
CrpaBe/IMBOCTU pajy, 37iech ClIeAyeT TakKe OOpaTUTb BHMMaHME Ha TO, YTO KpOMe
XUAKoOI mpoToHupoBanHO Boabl (H,O) 1 ee M30TONMONMOroB mMOfOOHOTO poja aHOMAsIVsA
B MI3MEHEHUV MOJIAPHOTO OoObeMa CBOJICTBEHHAa TakXke U mu3oToIly upkoro remms ‘He,
IUVIOTHOCTb KOTOPOTO, BCIEACTBME SIBJICHUS CBEPXTEKy4ecTd (B KPVOTEHHBIX YCIOBMSAX),
MakcyuManbHa npu 2,17 K [18]. Ho kak u B Halmx npepiAymmx paboTax 1o paccMaTpuBaeMoit
npobnewme (1, 2, 7, 15-17, 19, 20] B nanHOM 0630pe MbI 6yfeM Bectu pedb 06 adpdexrax OTP,
KOTOpBbIe IIPOSIB/IAIOTCA B OMHAPHBIX )XMAKO(]A3HBIX CHCTEMAX, HAXO[ALINXCS UCK/TIOYUTE/IbHO
JIMIIb B «OOBIYHBIX» YCIOBMAX, T.e. IIPM TeMIlepaTypax, HaumHasa ¢ T = 273,15 K u Bble,
atMocdeproM paBienuu (p~0,1 MITa). DT BBI3BaHO YCIIOBMAMM «IIPOTEKaHMS» OOIBIINHCTBA
OMOXVMMIYECKNX Y LIeJIOTO Psifia TEXHOIOTMYECKM Ba)XXKHBIX IIPOILIECCOB, B KOTOPBIX CBOJICTBA
VI COCTOSIHIE IIPUCYTCTBYIOIETO BOZHOTO KOMIIOHEHTA UTPaeT OIpeesolyo pons [1, 7, 21-25].
Kak Mbl ormewamu panee [1], Hammume (a MHOTHA M OTCYTCTBUE) IpUMecel BOJBI
B PeaKLMOHHOJ Cpelie MOXXET IIOB/IeYb 3a CO0OJ [OCTAaTOYHO Cepbe3Hble ITOCTIefCTBMUA.
Bopa B kauecTBe pacTBOPEHHOTO BeIleCTBA TePsAET CBOI XapaKTePUCTUYECKYIO VIV XKYPHYIO
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CTPYKTYPY, @ BMeCTe C Heil ¥ MHOTe YHUKA/IbHbIE CBOVICTBA. [Ipy 3TOM MOJIEKYIBI, aCCOL[MATHI
WIN KJIacTepbl BOJHOTO KOMIIOHEHTAa OKAa3bIBAIOT CYIeCTBEHHOe BO3MyIalolllee BIUAHNE
Ha «COTTbBAaTHOE OKPY>K€HNEe», YTO MIPUBOJUT B UTOTE K BO3HMKHOBEHIIO KaYeCTBEHHO HOBOTO
pacTBOpUTENS C MHBIMY, YeM y 0e3BO[HOIN OpTaHMYecKON cpenbl, (PU3NKO-XMMUYECKNMNI
U TepMOJVIHAMMYECKUMIU cBolicTBamu [1, 7, 15-17, 19, 23-27].

B cBolo ouepenb, CTPyKTypHOe IOBeIEHUE BOABL B CIy4ae Ipele/IbHO HU3KOTO
cofiep>KaHNsA ee B HEKOTOPBIX aM(UIIPOTHBIX OPTaHMYECKUX PAaCTBOPUTEIIAX, Iie OTCYTCTBYET
XapakTepHas [y BOAHOIN cpenbl 3D-ceTka BOMOPOAHBIX CBA3EN, OCTaeTCs IIOKa elle
MaJIOV3y4YeHHbIM. B 0CHOBHOM 9T0 KacaeTcs (paKTOB MPOsIB/IEHNSI HEOOBIYHOTO € (P13MUecKo
TOYKM 3peHMs 3Q¢eKTa yMEeHbUIEHN C POCTOM TeMIepaTyphbl MapLUMaTbHOTO MOJIAPHOTO
obbeMa BOABI VWIM ee T.H. «OTPUIIATe/IbHOI IMaplUMaTbHON MOJLIPHON PacIIMpsieMOCTI»
(OIIMP) xak pacTBOPEHHOIO BeIIeCTBA B OTJEIbHBIX CONbBATUPYOIINX Cpefiax.
PaccMaTpuBaeMoe siB/IeHIe «CKATUs» CTaHapTHOTO Vy (Tapiuanbioro V,° uim Kaxyerocs
Vop Tpu OeCKOHEYHOM pa30aBIeHMy) MOIAPHOrO o6beMa pPacCTBOPEHHOTO BeIeCTBa
[PV IOBBIIIEHN TeMIIepaTyphl ObII0 OOHAPY>KEHO OKOJIO MOTyBeKa Ha3af IpU MCCIeTOBAaHNN
PacTBOpPOB BOABI U MO4YeBMHBI B MeTwaoBoM cimpre (MC), a TakKe BOABL B MpemuuHoOM
6yrmnoBom cmupre (TBC) [28-31]. [lampHelimme mpeny3MOHHBIE [IeHCUMETPUYECKIe
uccnenosanus [7, 15, 19, 20, 32-40] noaTBepAWIN IPAaBOMEPHOCTD C/I€TAHHBIX paHee BBIBOJIOB
00 aTUNMYHOM W3MeHeHNM)M obObeMa, 3aHMMaeMOTO MOJIEM MOJIEKY BOJBI, Oymyum
CO/IbBATMPOBAHHBIX B Cpefle KaXIOTO 13 YKa3aHHBIX BBbINIEe aJKAaHONOB. bormee Toro, ObuI
ycraHoBeH (akT HammumsA oTpuuarenpHoit npomssopnoit (V' /0T), mna  Bopwl,
PacTBOPEHHOJ B TPETMYHOM aMWIOBOM mim mpem-neHTuaosoM cnupre (TIIC) [41]. Ognako
B JAHHOM Cydae oTpaxaromee spnenne OIIMP orpuiatenbaoe sHaverne E,, , Habmogaercs
MIIb B AyamazoHe Temneparyp o T = 300 K, Belre KOTOpOro paccMarpuBaeMas BelMidyHa
CTaHJAPTHOM MOJIAPHON pacumpsseMoct pactBopeHHolt B TIIC Bopbpl MeHseT 3HaK
C OTPUIIATE/IPHOTO HA IIOMOXXUTENbHBIA. OcCOoObII MHTepec BBI3BIBAIOT IIOTydYEHHBIE
CPaBHUTENbHO HEJJaBHO Pe3y/IbTaThl JAEHCUMETPUYECKOTO MCCIeOBAaHUA PAaCTBOPOB BOIbI
B IPOTO(M/IBHBIX CONbBATUPYIOINX CpefiaX ABYX aJKIIAMJHOB - Mpemu4Ho20 OYyTMIOBOTO
amuHa (TBA) u stmnenpmammua (SA) [17, 42, 43]. OcHoBHOM BKIaj B paborax
IO yCTAaHOBJIGHNIO M  VHTepIpeTanuy  oOCy’)X[jaeMOro  HEOPAMHAPHOTO  SABJIEHNA
B BOJOCOZIEP>KAIIMX /IKMIAMIHAX IPUHAIEXNUT aBTOpaM AaHHoro o6sopa u V1. Eroposy
crpymnoii corpysuukoB VXP PAH (r. VBamoso) [17, 43]. Kak mnokasaHo HIKe
(B IIOCTIEAYIOMMX pasfie/iax HACTOALIel PaboThI), HapsALy ¢ OOHApY)XeHHBIM (EeHOMEHOM
OIIMP pacrBopennas B TBA n 3]IA Bopa ucHBITBIBaeT Hambomee BBIPRKEHHYIO «IIOTEPIO»
o6bpema, focTuraroniyro 6osnee 9 cv®monb ! mpu T > 290 K {B cimy4ae cucremst (TBA + H,O) [17]}.

YunuTbIBas 9TO, MCCIEJOBAaHME COCTOSHUS M COMbBATalMM MOJIEKY/T BOABI B >KMUAKUX
Cpefjax YIOMSHYTBIX BBILIE QJIKAHOJOB U QJIKIIAMIUHOB, a TAaKXKe XapaKTepa BO3ZIeENCTBNSA
CofiepyKallleroci B MUKPOKOINYECTBAX BOJHOTO KOMIIOHEHTa HAa CTPYKTYPHYIO YIIAKOBKY
U TepPMOJVHAMIYIECKIE XapaKTePUCTUKY OKPYXKAIOIIEeT0 PAaCTBOPUTE/IA SAB/IAIOTCS aKTYaIbHOM
3ajjadyeil Kak (PM3MKOXMMMM PacTBOPOB, TaK ¥ IIENOTO PAfAa COBPEMEHHBIX TEXHOJIOTWIA,
0a3upyoIMXCs Ha MCIONIb30BaHNM HEBOJHBIX cucrteM. Cpefy TaKOBBIX C/IefyeT BbIJETNTD
TEXHOJIOTMYECKMe IIPOLeCcCh pas3fie/ieHNss ¥ OSKCTPAKIUM O KMAKUX CUCTeM, a Takxke
HallpaB/IeHHbIE HA ITOTy4eHNe 0000 YMCThIX coenyHeHn . OCHOBBIBAsCh Ha OMOXMMIYECKON
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" (U3NOIOTMYECKON TOUKe 3PEeHNsA, BeCbMa IpVMeYaTeIbHbIM MIPeICTaB/IAeTCA Takke (aKT
Haymmuns saieHnsa OIIMP B crangapTHBIX pacTBOpax MoueBMHBI (M) B TeX yKe OpraHNIecKux
cpefax, 4TO M B C/ly4ae OOCY)X[aeMBIX BOJOCOAEp>KamMX cucreMm [2, 16, 28, 44, 45].
9TO MOATBEpKAAeT MMEIUecs BO MHOTMX JIMTEPATYPHBIX MCTOYHMKAX (CM., HAIpuUMep,
B [46-54]) BBIBOABI O BBICOKON CTENEeHV KOMIUIEMEHTAPHOCTY OOpasyIoIUXCS B BOTHOM
pactBope M cTpykTyp. C ApYyroi CTOPOHBI, 3TO SAB/ISAETCS CBUAETENbCTBOM He3aMeHMOCT M
KaK OCHOBHOTO MeTa0O0/INTa B IPOTEKAIUX B XIBOM OpraHu3Me (U3NOIOrNIeCcKN BXKHBIX
mporneccax. Bmecte ¢ TeM oOcBelleHNe JJAaHHOTO BOIPOCA He BXOAWUT B 33a[jaull HACTOAILIETO
0030pHOTO CCIIefOBAHUA U TPebyeT OTAEeTbHOTO PACCMOTPEHNSL.

[Ipuctynasg  HENOCPeACTBEHHO K  aH&mM3y  NMEIOIMXCA B JIATepaType
CBelleHMiI 00 OOBEMHBIX CBOVICTBaX WM  CTPYKTYPHOM  COCTOSIHUM  OECKOHEYHO
pasbaB/eHHBIX (CTAaHJAPTHBIX) PAaCTBOPOB BOABI B METAHO/BHON, mpern-OyTaHOIbHOIL,
Mmpem-TIeHTAaHO/IHOJ M YIOMAHYTBIX  BBIIIEe  aIKWIAMMHOBBIX  CpeliaX, He/Ib3d
He OCTAaHOBUTbHCA U Ha OCHOBOIIO/IATAOIIe BYKHOI IIpo6/IeMe TePMIHOTOTYEeCKOTO OIMCAaHNA
00Cy’>X[laeMOro HaMy HEOPAVHApHOrO sBleHMs. IIpexje Bcero, HeOOXOAVMO 3aMETUTD,
YTO TePMUH «OTpULaTeNbHAA NaplMalbHasA MOIAPHAA PACIINPAEMOCTb» C COOTBETCTBYIOLIEN
ab6pesuatypoit OIIMP 6b11 BBefieH B Hay4dHbII 00VMXOJ 1Ba AECATUIETUA Ha3afl HEKOTOPBIMU
u3 aBTOpOoB maHHOro o63opa (E.B. VBanoBbim u E.IO. JlebemeBoil) B coaBTOpCTBE (C HBIHE
nokorHbiM) npod. B.K. A6pocumosbim [15]. IIpum atom aBTOpsI [15] KOHCTaTMpOBAIN,
YTO yKa3aHHAasA TEPMUHOIOTUA HOCUT (OpPMAIbHBIN XapaKTep, I ee 3a HeMMeHNeM JIpyroro,
6onee ¢usmyecku 06OCHOBAHHOTO OIpefe/leHNsI paccMaTpyBaeMoro obbveMHoro addexra,
CleyeT MPMMEHATb C JOCTAaTOYHON [I0JIell OCTOPOXKHOCTM, «3aKaBbIuMBasg». [lelo B TOM,
YTO CUTyalusA CTAHOBUTCA BeCbMa IPOTMBOPEUYNBOIL, €C/IN 3aMEHUTDb YHAPHBIN PAaCTBOPUTE/IDb
¢ apdexrom OTP (cm. Bbme) Ha OMHAPHBIN pacTBOpP, OECKOHEYHO pa30aBIeHHBIN
10 OTHOLIEHNIO K OTHOMY M3 €r0 KOMIIOHEHTOB. B Takoil (JBYXKOMIIOHEHTHOII) CUCTeMe
TONBKO TAPIVAIbHBI WIM KXKYIMII MOJAPHBI 0O0BEM pacTBOPEHHOTO BelllecTBa
V> = Vpw(= Vi) TOKasbiBaeT TEHAEHUMIO K €I0 YMEHbIUEHMIO IIpU IIOBBILIEHNI
TeMIepaTypbl. JIHadue roBopsA, 0ObeM, 3aHMMAaeMBINI OFHUM MOJIEM pPacTBOPEHHOI BOJBI
(B KayecTBe CTPYKTYpHON eAVHMIBI pacTBOpa) IpM YCIOBMM IIOTHOTO MVCK/TIOUEHMS
B3auMOJIeVicTBMA Mexxny MoneKynramy H,O, [o/KeH rMnmoTeTyecky YMeHbIIaTbcA Ha (POHE
TePMUYECKV paclIupsIoleiicss compBaTupymoleil cpenbl inbulk (B ob6beMe pacTBOpUTEIA).
B srom coctout HekoTopas «abcypmHOCTb» TepmmHa OIIMP, o uyeM KpacHOpedmMBO
CBUJIETE/IbCTBYIOT WTOTOBBIE pe3y/IbTaTbl HEJABHEN MAMUCKYCCHMM IO JAHHOMY BOIIPOCY
B Hay4HO uTeparype [2, 55].

B aroit cBs3u Hamm panee [2, 16, 17, 45, 56] 6bUIM IIpeUPUHATHI MOMBITKY U3MEHUTD
JIAHHYIO CUTYalLI}MI0 Ha OCHOBE IIPEICTaBICHNII O HOPMAJIbHOIA (T.€. ITOJIOXKUTETBHOI 110 3HAKY)
1300apHOI TEPMIYECKON pacHIMPsAEMOCTY KaK pacTBOpa B I[eJIOM, TaK M €T0 COCTaBJIAIIINX,
C IpUBJIEYEHMEM W3BECTHBIX TEPMOAVHAMIYECKMX M IIONYSMIMPUIECKNX MOJEIbHBIX
npubmKenuii [7, 57-59]. B 4acTHOCTU yCTaHOBJIEHO, YTO OCHOBHAA PUYMHA yMeHbIeHus V;,
C POCTOM TeMmmepaTypbl (MM HATM4NA OTPULATEIBHOTO 3HaKa y Ej, ) COCTOUT B pasimymn
CKOpOCTeil 00BEMHOTO pacIIVpeHNs CTPYKTYPHOJ YIaKOBKM aM(UIIPOTHOTO PacTBOPUTEIIA
B COIbBATHOM OKPY)KEHU! PAcTBOPEHHOTO BeljecTBA ¥ B o0OBbeMe 0Opa3oBaBIIETOCT
CTaHJAPTHOTO pacTBOpa. BerencTye 3TOro Bo3HMKaeT 3PQPEKT OTHOCUTENIBHOTO «CXKATHA»
WIM, TOYHee CKasaTb, VIUIOTHEHNS CTPYKTYpbl JIOKQJIbHOIO CMEIIAHHOTO arperara
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(combpBaTOKOMIIEKCA BOZBI) Ha (POHE TEPMOAKTMBMPYEMOTO «Pa3pBIX/ICHNsI» MOJIEKY/LAPHO
YIAKOBKU 0anK06ck020 pacTBoputensd. [103TOMy Npy YHOMMHAHUM OOCY)XAaeMOro 37ech
HeopauHapHOro oObeMHOro 3¢ddekra pamee OymeM HpuUAepXUBATbCSA, Ha HAIl B3IJIAL,
6omee pusMdeckyt OOOCHOBAHHON TEPMUHONIOTUU - MepMoaxmusupyemoe u3obapu4eckoe
napyuanvHoe  YyNnaomHeHue  CMPyKmypov,  0OpasyIEroci COMbBATHOIO  KOMIDIEKCA
(coxpamenno TUITYC).

O6cyxpenne pesynbraroB uccnegoBanusa sasiaeHus TUIIYC B craHmapTHBIX
pacTBOpax BOAbI

Anamus  compoBoxjamomux — asneHne  TUIIYC  cTpyKTypHO-3HEpreTmyecKmx
npeoOpa3oBaHNil, NPONUCXOAAIIMX B OKUAKON cpefile aMQUIPOTHOTO OPraHMYECKOTO
PacTBOpUTENIA IOJ, BIMAHMEM PacTBOPEHHBIX (CONMbBATMPOBAHHBIX) B HEM MOJIEKY/T BOZBI,
HEBO3MOXKEH 0e3 IIpVBJIeYEeHNUA NAHHBIX O (PU3MKO-XVMMUYECKUX VM TEPMOAVHAMMIYECKUX
CBOJICTBaX KaK 00pa3oBaBILEroCs CTAHAAPTHOTO OMHAPHOTO PacTBOPA, TaK M €0 KOMIIOHEHTOB.
HanomHuum, uro, cormacHo pexomenpamysam MIOITAK [60-62], cmanoapmmoe cocmosHue
HOCTY/IVPYeT TUIIOTeTIYECKOe CYIIeCTBOBaHIE MOJIEKY/I paCTBOPEHHOTO BelllecTBa (B HalleM
CJIydae - BOJIbI) VICK/IIOUUTETBHO B MOHOMEPHOIT opMe B OKPY>KeHUY O€CKOHEYHO OOJIBIIIOTO
KOJIMYecTBa MOJIEKy1T pacTBoputensd. OYeBUAHO, YTO B TaKOM pacTBOpe IIONHOCTBIO
OTCYTCTBYIOT 3aBUCAIINE OT €I0 KOHI[eHTPAI[UV B3aVIMOJEIICTBIA BOJa — BOJIA, A BCE 00'beMHbIe
(CTPYKTypHBIe) U3MEHEHN IMEIOT MeCTO TOJIbKO B OKPY>Kalolllell CObBAaTUPYIOLIeil Cpefie IO
BO3JIE/ICTBJMEM CIJIOBOTO IIOJIA MOJIEKY/Ibl PacTBOPEHHOIO BeIeCTBA, IIPYM  YCIOBMUI,
YTO NOCTIETHAS OCTaeTCA PaKTUIECKN HeCKMMaeMoil. ITO HOIYIIeHe BO MHOTOM Obyerdaer
VHTEPIIPETALMI0O CTPYKTYPHBIX M TEePMOAMHAMUYECKMX 3(PQPEeKTOB, VHAYLVPOBAHHBIX
B3alMOJIEVICTBIAAMU B BOZJOCO/iep Kallell opranmndeckoi cpeze [1, 7, 37, 38, 63]. IlockonbKy
IpOLleCC  «JeNOMMepU3ali» BOJBl HANPSAMYI CBSI3aH C XMMUYECKON IPUPOJOI
pacTBopsoIell (MM CONMbBAaTUPYIOILEll) OPraHMYEeCKOl Cpedbl, T.e. C ee MOJIEKY/IPHOI
CTPYKTYPOJ M CIOCOOHOCTBIO K JOHOPHO-AaKIIENTOPHOMY VI/M/IM MHOMY B3aMIMOJEVICTBUIO,
PacCMOTPMM OCHOBHBIE XapaKTePUCTMKM BBIOPAHHBIX aMQUIPOTHBIX pPaCTBOPUTEIEN,
B KOTOPBIX Ipossaercsa apdext TUITYC.

CpaBHUTEeNbHBII  aHAIM3  aMQUIPOTHBIX  OPTraHNMYECKNX  PacTBOpUTeNeii,
XapakTepusywomuxcsa HaanyueM B HuX 3¢dexkra TUIIYC wmwm «oTpumaTensHO
NMapIMaTbHONI MONAPHON PaclIMPAEMOCTH» COTbBATHPOBAHHOTO BOJHOTO KOMIIOHEHTA

ITo obmwenpunusaroit kmaccudukauym [64, 65], Gasupymolieiics Ha TeOPUM KMUCIOT
1 ocHOBaHMI1 JIpromca u mporonurmyeckoin teopum bpéncrema-Jloypu, paccMarpuBaeMble
HaMIU  am@unpomHvie — PacTBOPUTENN  YCIOBHO  [JelATCA  HAa  aMm@unpomoHHole
eudpoxcuncodepycaujue (MC, TBC u TIIC), BKmodas Boay, u npomogunvHoie 0oHopvl H-ces3u
(TBA n D[IA). B cBot10O OUepenp, nepBble U3 HUX (aM(PUIIPOTOHHBbIE KMCTOTHBIE I OCHOBHBIE)
BK/IIOYAIOT B Ce0sI IIOATPYIIIIBI PACTBOPUTEIIEN C BBICOKOJ JUSIEKTPUYECKOII IPOHNIIAEMOCTHIO
€* (oma u MC) n ¢ HuskuMm 3HauerneM &  (TBC u TIIC). IIpenmymiecTBeHHO OCHOBHBIE
npotodunbHble xugkue cpenbl aMyHOB (TBA m 9JIA) Taxke XapaKTepu3ylOTCA BecbMa
HEBBICOKMMM BelmumHamu €* (Tabi. 1).
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Ta6mma 1. OcHOBHBIE CBOJICTBA paccMaTpMBaeMbIX aM(pUIIPOTHBIX pactBopureteit npu 1= 298,15 K, p = 101325 I1a

XapakTepucruka Bopa MC TbC TIIC TBA 9IA
MornexynsapHas 6pyTTo-hopMya H.O CHsO | CiHiO | CHi:O | CHuN | CHsN:
Monapnasa macca M*, r-monp! 18,015 32,042 74,123 88,150 73,138 60,099
TemnepaTypa nnapneHns TK;_P, K 273,15 175,5 298,8 264,2 206,2 284,3
TemmepaTypa KuneHmus Tﬁp, K 373,15 337,8 355,5 375,2 317,6 391,2
Mornspusiit 06beM Vy,, cm*Monp™! 18,069 40,747 95,103 109,62 106,47 67,376
Ban-ziep-BaanbcoBcKuit 06veM Vy gy, cM>-MOTb ™! 12,4 21,7 52,3 62,6 54,3 41,5
OTHOCHUTeNTbHAA YIIAKOBAHHOCTD MOTIEKYTL, Vygw Vi, 0,686 0,533 0,550 0,571 0,510 0,616
Koaduiment o6beMHOro pacummpeHns 1030(;, K! 0,2571 1,132 1,299 1,059 1,556 1,054
Koadduu. n3orepmud. cxumMaeMoCTn 1010/3;, ITa! 4,524 12,48 12,45 11,12 16,69 5,08
OHTa/NIbINA UCTIAPEHNSA AvapH:,'lo, kJI>K-MOJp ™! 43,99 37,43 46,94 50,30 29,71 46,00
VI3o6apHasi TEII0eMKOCTD C;‘m, Ix-monp Kt 75,299 80,35 221,88 248,86 191,71 172,59
OTHOCUTENbH. IN3IEeKTPUYECKasd IPOHNIIAEMOCTD &* 78,30 32,63 12,20 5,82 4,13 12,60
JMIIONbHBI MOMEHT MOJIeKY/IbI 1*, D 1,84 2,87 1,66 1,70 1,29 1,90
AnekrpocraTndeckuii pakrop, £*u*, D 144,1 93,65 20,25 9,89 5,33 23,94
IToxasaTenp npenromieHns, np 1,3325 1,3266 1,3852 1,4049 1,3776 1,4540
MornekynsapHas MONAPU3yeMOCTb 10240(3, cm? 1,465 3,26 8,82 10,64 9,69 7,21
JonopHoe unucrno (o I'yrmany) DN, kkan-Monb™ 18,0 19,0 38,0 44,0 57,0 55,0
AxkuenropHoe uucrno (mo I'yrmany) AN 54,8 41,3 27,1 22,2 (6,70) 20,9
[Tapamerp «cTpyKTypupoBaHHOCTM» (110 OTakn) Sy, 19,3 8,6 ~0 1,7 (-3,5) 2,2
OHeprus crennuy. B3auMoaencTBusA, KI>K-Monp™! 38,45 23,93 14,78 16,70 (-2,36) 1,84
OHeprus Hecriennd. B3auMOAecTBUA, KIK-MOb™! 3,06 11,02 29,68 31,13 29,59 41,68

ITpumevanne. Jauusie st TBC npusenenst npu T = 299,15 K. 1 [le6ait (D) = 3,33564x107*° Kynon (C)-m

B Tabn. 1 mpepcTaBieHbl OCHOBHBIE (PM3MKO-XVMMYECKVE ¥ TepMOAVMHAMUYECKIe
CBOJICTBA pacCMaTpMBaeMbIX OPTaHNYECKUX PACTBOPUTENIEN, B TOM UNC/Ie HellOCPeCTBEHHO
CBsI3aHHBIE CO CIIOCOOHOCTBIO B3aMIMOJIE/ICTBOBATb C MOJIEKY/IAMJ PACTBOPEHHOII B HUX BOJIBL.
Kpome ToOro, pmc. 1 mmmocTpupyeT OCOOEHHOCTM CTPOEHUA MOJIEKYN, COCTABJIAOIINX
CTPYKTYPHYIO YIIaKOBKY Ka>KIOJ U3 IIePeUMC/IeHHBIX B TaO/IMIIe XUJKUX CPef,.

Boga Meranon (MC)
a (7] a (7]
A 5 ~
&) H H J HO—CHjs
mpem-Bbyranon (TBC) mpem-Ilenranon (TIIC)
6 a 7]
OH HaG. CHa
/\\ HaC
HsC” \“CHj OH
CHj;
mpem-BminaMMH (TBA) IArunenmumamuu (ITA)
(7] a (7]
NH
2 H2N \/\
HC CH3 NH2
3 CH

Puc. 1. 3D (a) u 2D (6) cTpyKTypHBle OTOOp@KeHMsI MOJEKY]T PacCMAaTPUBAEMBIX aMQpUIPOTHBIX
pacTBopuTeell, BKI0Yast BOLY
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O6parascey (manee IO TEKCTY) K TaONI. 2 C/IeAyeT 3aMeTUTh, YTO IIPE/ICTaB/IeHHbIE B Hell
YUC/IeHHble 3HAueHWs SBJAIOTCS, KaK IIPaBUIO, «CPe[HEB3BEIIEHHBIMU» Ha OCHOBE
CHCTeMATH3alMY CKOMIVIMPOBAHHBIX INTEPATYPHBIX IAHHBIX 110 KXK/IO1I 13 TTepedNC/IeHHBIX
XapaKTepUCTUK pacTtBopurend [7, 16, 17, 19, 24, 31-33, 38-43, 45, 64-71]. [Ipu stom Hapany
C 9KCIIEPVMEHTATIbHO YCTAaHOBJICHHBIMM CBOJICTBaMM B TaO/MMIy BKIIOYEHBI TaKOKe
U TIOJTySMIIMPUYecKye MapaMeTpbl, OCHOBAHHbIE Ha PA3/IMYHOTO POfia MOJE/IbHBIX IOAXO/aX
wii GOopMaNbHO OLIEHMBAIOIIMX LIKamaX. K TakOBBIM OTHOCATCA INOHOPHO-aKIL[eNTOPHBIE
uncna pacrBoputeneit (AN wm DNgpcl,)), Tapamerpol  cmpykmypuposannocmu  (Sp)
UV 9HepreTNYecKle XapaKTePUCTUKU MeXMOIEKYIAPHOTO B3aUMOZENCTBMSA  PasINIHON
npuponsl. B kadecTBe mocnmegHUX B Tabm. 1 mpemcTaBieHbl SHEPTUM CIelbUIeCKOro
B3anmoneiicteus U, (4epes cuibHble JUIMONb — AMIONbHbIE KOHTAKThI MM BOJIOPOJIHbBIE
cBaAsM) M HecmenmMpuueckux KOHTaKToB Ung, (HOCPENCTBOM  yHUBEpPCAbHbIX W
BaH-/lep-Baa/IbCOBBIX  CwI). JIaHHBII ~ OPMHLMII  pas3fefieHuss  oOuieil  dHeprum
MeXMOTEKynApHOro B3aumMopenctBus Uioe = Usp + Upgp B yHapHOI XUAKOCTH Gasupyercs
Ha KoHmenumu Jloka [70]. CormacHo sbBomaM [70], Uor = PeonVim = AvapHm — RT,
TZie Pcoh ~ IVIOTHOCTDb SHEPIUM Koresuu. B cBoIo oyepensp, i/isl BBIpaXKeHMsI HecIelpaecKo
cocrapismomeit  BemmuuHbBl  Uppy  UCIIONB30BaHO  OfHO M3 (yH/JaMEHTaJIbHBIX
TEPMOJIMHAMIYECKMX COOTHOIIEHMII MakcBe/ia, CBA3BIBAIOIIMX BHYTPEHHeEe [aBJieHe
JKUIKOCTH Dint C €€ BHyTpeHHel aueprueit U: pine = (0U/0V)r = T(0p/0T)y — p = apT/fr,
I/ie P — BHELIIHee IaBJIeHNe IPU Pin > p. Otciopa, Uy, = A‘,apH:,‘lO — RT — (VpayT/ ﬁ;)[E Unsp]
(cm.  Tabn. 1). CoBeplleHHO IIO-MHOMY TpakTyeTcsi Oe3pasMepHBII  Hapamerp
cmpykmypuposarrocmu S, B Tabm. 1, mpemnoxenubii Oraku [71]. Konmerums [71]
3aK/II0YAeTCs B JIONYIIEHNMM, 4YTO BeIMYMHA Avapr,'lo COCTOUT M3 3HEPruil JOHOPHO-
aKI[eNITOPHOTO B3auMopeiicTBusA DA, KOTOPYIO MO>KHO OLIeHUTbD 110 uncnam ['yrmana (AN u DN
B Tabn. 1), M APYrUX B3aMMOJEVICTBUII, OTHOCAIIMXCS K BaH-Iep-BaalbcoBbIM - VDW.
Kpome Toro, yumTbiBaeTcsi TakXke BKIaj sHeprum B3ammoperictBus STR, o6ycnoBieHHBIN
IPOCTPAHCTBEHHO-TPEXMEPHBIM VIOPSALOYMBAHUEM MOJNEKYI B CTPYKTYpHOI YIIaKOBKE
xupkoct. 3HadeHusa DA/(x[k-Monb') IOCTYIMPYIOTCSA KaK OTBeYAloIlye BbIPa>KeHMIO:
4,18x107?fpa-DN-AN, rrie napameTp fpa NpUHAT paBHBIM 0,5 11 Boabl U 0,6 — U1 OCTa/IbHBIX
aMQUIIPOTHBIX pacTBOpUTeTIeiL. 3HadeHns VDW/(x[Ixx-Momp™) OLIeHVMBAIOTCH,
YIUTBIBas NPENNONIOKEHUA O TOM, YTO [aHHbBIA BKIam B S, TOX/ECTBEHEH BeMYMHE
0,222V,,/(cM®), KoTOpass mpomOpILMOHAIbHA SHTaNbIMM ucrmapeHus (B k/x-mMomp™)
COOTBETCTBYIOIEro (10 MOIIpHOMY o0beMy) H-ankaHa NpU T = 298,15 K. C yuerom srtoro
Sp = STR/(x/lx - monp™1) = A‘,apH,’;’lO —0,0418 - fp4(AN x DN) — 0,222V, [71].

Vcxomss m3  CKasaHHOro, Hambormee  CTPYKTYpMpOBaHHBIMM (B CMBICTIE
IIPOCTPAHCTBEHHOTO paCIpefie/ieHNsi MOJIEKY/I ¥ IIPOYHOCTY OOpPasyIIIMXCS BOJOPOSHBIX
CBsi3eil) MpeACTaBIATCA >KupKodasHble cpenpl Bogpl M MC. B atux pacTBOpuTensax
Ha0miofaeTcs  sABHOe  moMMHMpOBaHuMe BkKmMama Ug, € BBICOKMMM  3HAUEHUAMU
aneKTpocTaTnyeckoro ¢axropa € 'u” (cm. tabm 1). C gpyroit CTOpPOHBI, Mpern-anKaHOIbI
(TBCu TIIC) comocraBumbl 1o cooTHomeHno Ug, / Unsp ¥ BenmumuuHe S, ¢ aHaIOTUYHBIMUI
XapaKTepUCTUKAMU JUIsI alpOTOHHBIX AMIIONSIPHBIX Cpefi OpraHmM4eckoil mnpupopsl [1].
CooTBeTcTByIOIME Pe3ynbTaThl A1 ankmwiaMuHoB (TBA n OITA) cBUAeTeNbCTBYIOT, OFHAKO,
0 IIpO6IEMaTUYHOCTY MCIIO/Ib30BaHMs YKa3aHHbBIX MOJe/ell B JaHHOM ciy4ae (cM. Tabm. 1).
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ITo Bcelt BMAMMOCTM, 9TO CBSI3aHO KaK CO CIOXKHOCTSIMM B OIIpefie/IeHUM aKL[eNTOPHBIX
U JOHOPHBIX 4Mcen [66, 67], Tak M C HajuuMeM 3aMeTHOrO pasdpoca B VMEIOLIMXCS
JIATEPATYPHBIX 3HAYEHMAX «CUIOBBIX» (IHEPreTMYEeCKNX) XapaKTepUCTUK, OCOOEHHO
s sxupkodasHoit cpenpl TBA [64-69].

B aToM KoOHTekcTe 60jee «ayTEHTWYHBIM» BBII/LIAUT CPABHUTENbHBIN aHA/IN3
KaK OTJe/NbHBIX CBOJCTB (M3 IIpPeACTaBIeHHBIX B Tabn. 1), Tak M MX COBOKYIIHOCTU
s obcyxpaeMbIx  3fech  aMumpoTHeIX  pactBoputeneii. CormacHo  [72, 73],
€C/IM pacCMaTpUBaTh «M30TEPMUYECKNUIT MOAYIb 06beMHOTO CXatnsi» Kr = 1/[1 B kauecTBe
MepBI YIIPYTOCTH IPOCTPAHCTBEHHOI ceTKY H-cBs3ell, To HaIllpaIumBaeTcst BHIBOJ O HEKOTOPOM
CXOJZICTBE MOJIEKY/IAPHBIX YIIAKOBOK, 00pa3yOIIMX >KuaKue cperbl Bopbl 1 DJJA (cm. Tabm. 1).
®DopManbHO HEOOXOAUMBIM YC/IOBMEM UL BOSHUKHOBEHNA TPEXMEPHOI (TeTpasipudecKu-
KOOPAVHMPOBAaHHOM) CETKM BOJOPONHBIX CBA3€il ABIACTCA HAIM4YMe B MOJIEKy/Ie
PacTBOpUTENS ABYX 9TE€KTPOHOJOHOPHBIX M JBYX 3/IEKTPOHOAKI[ENTOPHBIX I[EHTPOB [72].
Mornexynst H;O m 3JIA, B oTmmume OT MOJEKY1T APYIMX pacTBopureneii B Tabm. 1,
YHOB/IETBOPAIOT HAaHHBIM TPeOOBaHNAM. DTO BO MHOTOM IIpefoIpefie/iieT «BOJONOJO0OHOCTDY
MOBeJleHIs YKa3aHHOTO FUAMMHA II0 LiefoMy PsARY CBOVICTB, TaKUX Kak AyapHo , Vidw/ Vims 1
M yAenbHAas TeINOeMKOCTb Cp = Cpp/M”, a Takke OTHOCHTENPHO HU3KOE 3HAYEHME (i
U JOBOJIBHO BBICOKMII 3/eKTpocTaTnydeckmit ¢akrop (cm. Tabn. 1). Hamporus, crpykrypa
mpem-OyTIIOBOTO ~ MOHOAMVHA  IPEJCTaB/IAETCA  JOBOJIBHO PBIXION C  HU3KUM
9NIEKTPOCTATMYECKUM IIOJIeM BOKPYT MOJIEKY/, 4TO YKasblBaeT Ha IPEUMYILIeCTBEHHO
YHUBEPCATbHBIl XapaKTep MeXMOJIEKYISAPHBIX B3aXMOZENICTBUII B >Xupkoit cpeme TBA.
Vcxons 13 maHHBIX Tabl. 1, MOJTEKy/Ibl KaK METaHOJA, TaK ¥ 000UX mpermu4Ho-130MePHbBIX
ciimproB (TBC u TBII) 06pasyoT mpoyHble BOZOPOAHBIE CBSI3M C OKpyXeHueM. OpHako,
ecnu B iepBoM cnydae (MC) ata cnocoOHOCTb BeCbMa BBIPaXKeHa, TO BO BTOPOM — OYEBV/THBI
IpOSIBNICHNs T.H. cmepuueckozo ¢pakmopa (ocobenno, B ciaydae THC), obycnoBreHHOro
CTPYKTYpPHO-YIIaKOBOYHBIMIY  HECOOTBETCTBMAMM  [JIA  peajM3alyi  HaIllpaBJIeHHbBIX
(cnenndryecknx) MeXXMONTEKYISIPHBIX KOHTAKTOB.

CpenmaHHble  YMO3aKTIOUEHMs BO  MHOTOM  IIOATBEP)KHAIOTCA  pe3y/IbTaTaMu
KOMITBIOTEPHOTO MOJIE/IMPOBAHMUA M CTPYKTYPHBIX (CIIEKTPOCKOIMYECKNX) VICCIEeIOBAHMI
paccMaTpuBaeMbIX HaMU pacTBOpuTenell. Tak, COrIacHO MPOCTOIt peutemouHoti modenu [74],
JIOKaJIbHOE OPMEHTAL[MIOHHOE YHOPSAIOYeHNe MOJEKY/I B XXUJKOM METaHOJIe COOTBETCTBYET
oO0beMHEHNI0O B 3MUr3aroobpasHble IlernodyevyHole kaacTepbl. Popma kmacrepo B THC
IpeficTaB/sieT cob6oil 6oybIIOe pasHOOOpasye pasBeTBIEHHBIX CTPYKTYPHBIX 00pa3oBaHUIA,
B TOM 4MC/Ie IUKINYECKOTO CTpOoeHMs (BIUIOTb [0 TekcaMepoB) [75]. YumreiBasg 9roO,
nsobapHas TemoeMkoctb TBC geMoHCcTpupyeT 3aMeTHO 60jiee BBIPKEHHYI0 M3MEHINMBOCTD
C TeMIIepaTypoli, 4eM 3TO Hab/romaeTcs s HepasBerBieHHoro MC [75, 76]. HecmoTps Ha
He3HAYMTeIbHbIe Pa3M4MsA B OCHOBHBIX TEPMOAMHAMMYECKMX CBOMCTBaX (cM. Tabm. 1),
nepexop ot TBC x TTIC Bnever 3a co6o0it Bo3pacranme creprdeckux 3¢ ¢dHeKToB 13-3a 601bLIer0
YJc/la BO3MOXKHBIX CTPYKTYPHBIX KOH(OpMammii B >KUAKON Cpefie IOCTeNHEro U3 3TUX
QJIKAaHOJIOB (II0 pe3y/IbTaTaM PacyeToB C IIPUBJIEYEHVIEM tMeopUul PYHKUUOHANA NIOMHOCL)
[77]. Mexpy tem, TIIC ocTaeTca B XUAKOM COCTOAHMM [0 Temnepatyp Hmke T = 273,15 K,
YTO JIelaeT 3TOT CIMPT IOJIE3HOV a/bTePHATUBON mpem-OyTaHONy B uaydeHuu 3pQexToB
conpBatauyy Boasl. Kak u B cmygae TBC u TIIC, cow-koHpOpMaLiOHHBIE B3aMOIEICTBIS
UTPAIOT BXHYIO PO/Ib B 9HEPreTHMYeCKOil CTabymm3aumm CTpyKTypsl xupgkoro A [78-80].
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ITpu stom mporHosupyemas B [78, 79] BO3MOXXHOCTb 00Opa3soBaHNsA JBYX CUIBHBIX M JIBYX
CabbIX BOOPOIHBIX CBs3€il Yepe3 KaKIbI/ aTOM a30Ta MOATBEPXJaeT CHe/IAHHOE BBIIIE
IIPeII0/NIoXKeHNe O HAMYMU B XKVUJKOJ Cpefie 9TOro AVaMyHa TPEXMEPHOI pasBeTBIEHHON
cetku H-cBsaseir. Bmpouem, mocnenHss sABIsAeTcs MeHee pasBUTON, 4eM B Boje [80].
B cBolo ouepenp, crepudeckuit GpakTop 0OYCIOBIMBAET 3aMETHOE CHIDKEHJE OCHOBHOCTY
(anexTpoHOmOHOpHOIT  cnocobHocT) TBA, 1O cpaBHeHMIO C  M30OMEPHBIMU  H-
u 6mop-6yTrnamMuHamu [81], 1 9T0, 0O4eBUHO, OfHA U3 Haubosee BEPOSATHBIX IIPUYNH CTOJb
He3HaYUTETbHO crenyyeckoil cOCTaBIAIel B 00IIell SHEPIMY B3aUMOJEVICTBIS MEXAY
€ro MOJIEKy/IaMyl B KOH/IEHCMPOBaHHOM COCTOSTHUM (CM. TaO1. 1).

Pe3ynbTaThl AeHCUMETPUIECKOTO MCCTIENOBAHNA 00HEMHBIX CBOVICTB BOJIBI
KaK pacCTBOPEHHOTO Bell[eCTBAa B aM(MIIPOTHBIX OPTaHMYECKUX Cpeflax
C 9KCIEePIMEHTATbHO yCTaHOBNeHHBIM 3¢ dexrom TUITYC

OtHocsmMecs K aMQUIPOTHBIM OpPraHMYECKMM pacTBoputensiMm (cM. Tabm. 1)
CTPYKTYpHBIE M  TEpPMOAMHAaMMYEeCKNe  CBOJCTBA  HENOCPEICTBEHHO  CBA3aHbI
C MIX XapaKTePUCTUKAMI B IIpeJie/IbHO pa30aB/IeHHbIX (MM CTAaHAAPTHBIX) OTHOCUTETBHO BOJBI
pactBopax [7, 15, 17, 19-25, 31-43, 70, 82]. Kak y>e yIOMIHa/I0Ch BBIIIE, pacCMaTpuBaeMble
CONbBATHPYIOLIME CPeAbl MCIONb3YIOTCA B IEJIOM pAJge TEXHONIOIMYECKUX IPOLECCOB
U 9KCIEPYMEHTANIbHBIX YCTPOJICTB, KOTOPbI€ CONPSXKEHDI C IPUCYTCTBMEM B HUX CIEIOB BOJIbI
(dvacto B Bupge atMocepHOI Biiaru). B pesynbrare, monaydeHne LOCTOBEPHON MHPOpMALNN
O TEPMOAVHAMUIYECKNX M CTPYKTYpPHBIX CBOJVCTBAX TakuX (OMHApHBIX) >KUOKUX CHUCTEM
ABJIAETCA HeOOXOAVIMBIM YCTIOBYEM /ISl YCIIEIIHO pealn3aluy IOCTaB/IeHHbIX IPAKTUYeCKUX
U TeOpeTMYecKuX 3ajad. B coOoTBeTCTBUMM C JaHHBIMM Tabn. 1 VMHTEHCUBHOCTDb
Yl HAIIpAaBJIEHHOCTb  CTPYKTYPHBIX W3MEHEHMII M MEXMOJIEKY/IAPHBIX B3auMMOJEVCTBUI
B KOXJ0/l aM(QUIIPOTHON Cpefie IO BIMSHMEM MOJIEKY/I PAacTBOPEHHOJ BOJBI 3aBUCAT
He TOJIbKO OT JOHOPHO-aKLENTOPHBIX ¥ JIPYTUX 3/IEKTPOCTATUYECKUX CBOVICTB COIbBATHOTO
OKpYXXeHMsI, HO BO MHOTOM M OT OCOOEHHOCTell CTpoeHus (YHaKOBKM) IIOCTIEZHETO.
CxoMImnupoBaHHbIE B Ta0/. 2 pe3y/lbTaThl AEHCHMETPUYECKOTO MCC/IEOBAaHNA PacTBOPOB
BOJIbI B pacCMaTpMBaeMbIX HaMI CONIbBATHPYIOLUX CPelaX OpraHMYeCKO IPUPOJbl HAITIATHO
JIEMOHCTPUPYIOT 3TO.

B 6onpIIMHCTBE U3 NPUBENEHHBIX B TAO/. 2 TUTEPATYPHbIX UCTOYHUKOB 3HaUYeHUs Vi,
ObUIM pacCYMTaHBl C MCIIONb30BaHMEM TPAAUIVIOHHON IPOLEAYPbl SKCTPAIOIALUN
KOHIIEHTPAllMOHHOM 3aBUCUMOCTY Ka)Kylerocsa MossapHoro obbema Vg, K COCTOAHMIO
0eCKOHEYHOTO pa3BeieHNsA BOJHOTO KOMIIOHEHTa B pacTBope. C 3TOJ Liebio, KaK IpaBUIIO,
IPUMEHSIACh Tpoliefypa Mmoo MHeHoro, oo nomiHomuanbHoro MHK-perpeccuonHoro
aHaIM3a, IIO3BOJAKIIAA aNeKBATHO OINCHIBATh (BOCCTAHABINMBATL) SKCIIEPUMEHTATbHO
nonydaemble GyHKiuu Vg, —m, Ide M - MOIANbHOCTb pacTBopa. Bmecte ¢ Tew,
CYILIleCTBYIOIIie OTPAaHMYEHNA IA TOYHOro ompepnenenus Vi, (m) peHcuMerpyudeckuMm
METOJOM B OOTacTM COCTaBOB C IIpPefeNTbHO MA/IBIM COfepXKaHMEeM PacTBOPEHHOTO BellleCTBa
IPUBOJIAT, KaK U3BECTHO, K «KaTaCTpPOPUIeCKMM» HOCIefcTBUAM [83, 84]. A numenHo, Vg, — + 0
npu m — 0. VIHaue roBopsi, BO3HMUKAET T.H. 3¢ (HeKT «rpaMMOPOHHOI TPYObI» IIOTPEIIHOCTEN
B omeHnke Vj,, (M) 13-3a peskoro BO3pacTaHUA CTATUCTUYECKOTO Beca 3TON BEIMYMHBI
B 0071aCTV BBICOKOTO pa36aBjIeHNs IO OTHOLIEHMIO K PACTBOPEHHOMY KOMIIOHEHTY [84].
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Tabmuua 2. Vmeromuecst B tuTeparype CBEGEHNs O CTAaHAAPTHBIX ([IApLMaIbHBIX) MOISPHBIX 0O0BEMax BOBL

(Vi , cM*>Monp ™) B mccnemyeMbix aMpUIPOTHBIX PACTBOPUTEIISAX IIPU pasmaHbIx Temmeparypax (T) up = 0,1 MIla

T,.K MC TBC TIIC TBA SIA
14,72 + 0,02 [15],
13,14 + 0,03 [43]
14,54 + 0,02 [19, 20],
(akcTpanonanusa
278,15 14,55 + 0,03 [31], - 15,24 + 0,05 [41] 9,41 + 0,02 [17] ~ 3
V,y 3 cMeceit k
14,73 + 0,03 [32], SIIA)
«AUCTOMY»
14,71 + 0,04 [34] 4
283,15 - - - 9,27+ 0,02 [17] -
14,59 £ 0,02 [15], 17,73 + 0,05 [36]
14,43 + 0,03 [19, 20], (sxcTpanosnsauys 9,08 + 0,02 [17], 12,43 + 0,03 [43],
288,15 ~ 5 14,68 + 0,05 [41]
14,44 + 0,06 [31], ¥, 13 cMeceit 5,06 + 0,05 [36] 11,81 + 0,10 [42]
14,67 + 0,03 [32] «gqycromy» TBC)
8,96 + 0,02 [17],
293,15 - - - 11,16 + 0,10 [42]
4,75 + 0,05 [36]
14,47+ 0,02 [15], 14,35 | 16,87 + 0,05 [36]
+0,02 [19,20], 14,41 + | (sKcTpanonsuus 882+0,02[17], | 1230+ 0,03[43],
298,15 ~ : 14,56 + 0,05 [41]
0,02 [31], 14,48 £ 0,03 | 1], u3 cmeceit k 4,53 + 0,05 [36] 11,50 + 0,10 [42]
[32], 14,49 + 0,07 [34] «gycromy» TBC)
17,06 + 0,02 [15],
299,15 - 17,07 + 0,03 [33], - - -
16,61 + 0,03 [39]
16,85 + 0,02 [15],
8,68+ 0,02 [17],
303,15 - 16,80 + 0,03 [33], - 11,75 + 0,10 [42]
4,48 + 0,05 [36]
16,31 + 0,03 [39]
14,34+ 0,02 [15], 14,24 | 16,58 + 0,02 [15],
+0,02[19,20], 14,34 + | 16,56 + 0,03 [33], 12,24 + 0,03 [43],
308,15 14,61 + 0,05 [41] 4,34 + 0,05 [36]
0,03 [31], 14,29 £ 0,03 | 16,60 + 0,05 [36], 11,72 + 0,10 [42]
[32] 15,63 + 0,03 [39]
16,32 + 0,02 [15],
313,15 - 16,30 + 0,03 [33], - - 11,71 + 0,10 [42]
15,44 + 0,03 [39]
14,21+ 0,02 [15], 14,14 | 16,05 + 0,02 [15],
+0,03[19,20], 1423 + | 16,05 + 0,03 [33],
318,15 14,70 + 0,05 [41] - 11,69 + 0,10 [42]
0,02 [31],14,19 £ 0,03 | 16,17 + 0,05 [36],
[32], 14,20 + 0,04 [34] | 15,16 + 0,03 [39]
12,13 + 0,03 [43],
323,15 - 14,58 + 0,03 [39] - -
11,73 + 0,10 [42]
328,15 - - - - 11,72 + 0,10 [42]
12,03 + 0,03 [43],
333,15 - 13,95 + 0,03 [39] - -

11,73 £ 0,10 [42]

ITpumevanne. KypcuBoM Bbie/eHbl 3HAYEHNS, KOTOPbIe OBUIM MCIIONb30BAHBI HAMM AJIsI JATbHEIIIEr0 aHaIn3a.
Mornsipusie o6bembl Boget V,, (B cm*momp™) [5, 7, 24]: 18,016 (278,15 K); 18,021 (283,15 K); 18,031 (288,15 K);
18,048 (293,15 K); 18,069 (298,15 K); 18,094 (303,15 K); 18,123 (308,15 K); 18,157 (313,15 K); 18,193 (318,15 K);
18,233 (323,15 K); 18,276 (328,15 K) u 18,323 (333,15 K).

Kak BUHO M3 HaHHBIX Ta0JI. 2, JOCTATOYHO XOPOIIO COINIACYIOTCS MEXIY CO00II TONBKO

snauenus ¥y, B8 MC n TBC, mosanyit, 3a MCKIIOYEHNEM pe3y/IbTATOB, 3aMMCTBOBAHHBIX

us pabor [19, 20, 39]. CoorBercrBytoue 3Havenns s cucremsl (TTIC + H,O) maBecTHBI

Ha CETORHALIHMII JleHb JIMIIb OJarofiaps eauHCTBeHHON mnybnukaumm Caxypan [41].

To >xe caMoe OTHOCUTCS ¥ K pe3y/IbTaTaM MCCIeOBaHusA aBTOpaMu [43] 06beMHBIX CBOJICTB

PacTBOpPOB BOJbI B QHA, €C/IN IpPUHATD BO BHYIMaHII€ (1)aKT OTCYTCTBIA KaKOI1-7m100 PETYyIAPHOCTU

B 3aBUCALLEM OT TEMIIEPATYPbI I3MEHEHUN Vs B yKa3aHHOM /IIaMIHe 10 TaHHBIM Basbia m ip. [42].
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Yro kacaercs mmetomuxcst 3Havenuit Vi, (T) B mpem GyTMIOBOM aMUHE, TO Pe3Y/IbTAThL
aBTOPOB [36] BBIMIAAAT aOCYpAHBIMM U3-32 HepealTbHO OO/IBLINX ITOTEPb B MOISIPHOM 00beMe
Bopel (Vi) mpum ee pactBopernu B TBA (cMm. Ta61. 2). Tak, cornmacHo jaHHBIM [36], 9TH moTepu,
cocrapnApmye okono 13 cv’monp”! mpu T = 288 K, Bospacraror no ~ 13,8 cm’Momnp™!
npy noBbieHny Temrmeparypbl go 308 K (cm. Tabn. 2). IlpuumnHa «06Hapy>keHuUs» CTONb
3HAYNTE/IbHBIX 00beMHBIX 9QPeKTOB B [36], 04eBUIHO, KPOETCS B HEZOCTATOYHOM KOHTPOJIE
aBTOpaMM OCTaTO4YHON BOAbl B cpefie TBA. OTo mpuBeno K 3aMeTHOMY YMEHBIIEHUIO
BBIUMCTIEHHbIX 3HadeHmit Vp, (M) mu, Kak CroefcTBme, K CYyI[eCTBEHHOMY 3aHJDKEHUIO
akcrpanonuposanHoi Bemmmunubl (V). Kpome Heo6X0mmMMol MOATOTOBKM PacTBOPUTEIIS
He MeHee BaKHBIM (AaKTOpoM B paboTe C pacTBOpaMu BOABI SBJISIOTCS OCOOEHHOCTY
9KCIIePYIMEHTATTbHOI IIPOLIeAYPHI MI3MepeHNMA IVIOTHOCTY, CBA3aHHbIE KaK C IyBCTBUTE/IbHOCTHIO
JIeHCUMeTPa, TaK ¥ ¢ BOCIIPOM3BOAVIMOCTBIO ITOJTy4aeMbIX TaHHBIX [83,84].

[To ykasaHHBIM NpPUYMHAM IpU IPOBEJEHUN CPABHUTETBHOTO aHaIM3a OOBEMHBIX
3¢ deKTOB pacTBOPEHNA BOABI BYKHO YIUTHIBATD YCTIOBNUA, 00eCIeYNBAIOLIIe JOCTOBEPHOCTD
noydenust V,, 1pu 9KCIepuMeHTaTbHOM MCCIEOBAaHUN aMUIPOTHBIX OPraHNMYECKUX CpPet
pasmuHoit mpupopsl. [IprHUMas 3T0 BO BHUMaHINe, Jajlee Mbl Oy[ieM pacCMaTpUBATh TONBKO
(BbIfienIeHHbIe B Ta0/M. 2 KypcuBOM) pe3ynbTathl pabot [41, 43] mna cucrem (TIIC + H,0)
u (3A + H;O), a Takxe JaHHble HEKOTOPBIX aBTOPOB Hacrosiiero obzopa [15, 17], kotopble
OBV TTOTyYeHBI /11 pacTBOPOB Bojbl B BeicoKoounieHHbIX MC, TBC u TBA ¢ nmpuMeHeHneM
paumoHanbHON Tpouenypbl Bbruucnenus V. [locmemssiss OCHOBaHA Ha WUCIOIb30BaHUM
B KadecTBe 0a3oBoii BemMuMHBI mpu  pacdere Vg, o6ujeco obbema pactBopa Vg
B COJIbBOMOJIS/IBHOJA IIIKa/le KOHI[eHTpauuit sm [15-17, 45, 83-86]:

Vs(sm) = (55,50843M; + smM;)pst = V° + Vyosm, (1)

rae M, u M; - wMonApHble Macchl BOAbl (W) M aM(UIPOTHOrO OpPraHMYECKOTrO
pactBopuTens (a), COOTBETCTBEHHO, Pg ~ INIOTHOCTh pacTBopa, a V~ = 55,50843V," - 06mmuii
o6beM pactBopa mpu sm > 0 (3mecp V)" = M;/p, - obumit o6beM pacTBOPUTETS).
BakxHO OTMeTHTb, 4YTO B OT/IMYME OT <«TPAJULMOHHOTO» Crmocoba pacyera BeTMYMHBI
Vowl= My, /ps — 103(ps — p3)/(mpspi)}  [84], skcmepuMeHTanbHOe — 3HAYEHUE g
B ypaBHeHUM (1) ucnonbayercs eguHoXAbL. HopMmanmmusyrommit MEO>XKTenb 55,50843, paBHbII
yycny moneit H,O B 1 KT BOjbl, BOIUTCS /IS TOTO YTOOBI B Oe3pasmepHoii (II0 OTIpefie/IeHNIO)
IIKajJle SM OTHOLIEHMEe KOJIMYeCcTBAa PAaCTBOPEHHOTrO BeljecTBa (N,, MOJb) K KOJMYECTBY
pacTBOpuTeNs (N, MOJIb) OCTABA/IOCh TAKMM >Ke, KaK B BOJJHOM pacTBOpe, Ile KOHIIeHTpaLnn
™M ¥ SM 4MC/IEHHO COBIajanT 83, 84, 86].

Ilnst pacuera V,y B paMKax paccMaTpuBaeMON MPOLEAYPbl PUMEHANOCh COOTHOLIEHNME
(16, 17, 85], BbIpakaroljee M3OBITOYHBII MOJISPHBII 00BEM pacTBOpa BOABI B BBIOpaHHOM
amounporHOM pactBoputene V£ otHocuTenpHO 55,50843 Moneit mocneHeTO:

VE(sm) = Vy(sm) = V2 = Vgsm = (Vg — US)sn. (2)

B cy4ae pasb6aBieHHBIX pacTBOpPOB 3HaueHMe V;E MoxeT 6bITb 3aMeHeHO pasnoKeHeM
B BUPMA/IbHBI PSJ 110 cTeneHsam sm [85, 87]:

VE(sm) = vywsm + vywSm?+. .. (3)
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ITpeobpasoBanne ypaBHenuit (2) u (3) ornocurenvuo Vy,,(sm) B ypaBuermn (1)
TI03BOJIAET MOTYYUTh OTHOCUTEIbHO IIPOCTOE COOTHOIIEHME [/IA onpefenenus V,:

Vs(sm) — V5° = Vg ysm = Viy sm + Uy SM? + Vyysm>+.. (4)

Koappuunmentsl vy, ¥ Vyww B PpPaMKax «popMmammsma» TeOpuUM pacTBOPOB
Maxkmunnana-Maiiepa [85,87] mpepcTaBiAoOT o060l OOBeMHBle BKIafbl B BEINYMHY
Vow {ypaBHenme (4)} OT WHAYIMPOBAaHHBIX pAcTBOPMUTENEM TMAPHBIX M TPOWHBIX
(IIepeKpecTHBIX) W-W-B3aIMOZEIICTBUIL. YUUTBIBas TOT (aKT, YTO B HEHCUMETPUYIECKUX
VICCTIEIOBAHMAX HaMMU  JCIIONIb30BAINCh IOCTATOYHO pa30aB/ieHHble pPacTBOPBI BOJBL,
CKOMIIM/IVPOBAHHbIE B Ta61. 2 3Ha4eHus V,, 6blIM paccauTaHbl B OCHOBHOM (32 UCK/IIOYEHIEM
METAaHOTIBHOTO pacTBOpa BOABI) IO ypaBHeHUIO (4) 6e3 ydyeTa IpeHEOPEXNUTETbHO Majioro
(110 pesy/nbTaTaM KpUTepUaabHO OLIEHKN) ITapaMeTpa Vyww-

Vcxonst mX BBILIEN3TOKEHHOTO, OCHOBHBIM JIOCTOMHCTBOM DAUUOHANIbHOZ0 TIOAXOJA
K OlleHKe Vv\‘,) , OCHOBAaHHOTO Ha ypaBHeHuu (4) ¥ COMbBOMOJIS/IBHON IIKaje KOHI[eHTPaluii,
ABJIIETCS 3aMeHa SKCTPAIO/IALMOHHO IIPOLieiyphl HA MHTEPIIOJIALVIOHHYI0. DTO BBIPAXKAeTCs
B TOM, 4TO 3HaueHus Vg, (Sm) B 06/1acT! JOCTATOYHO BBICOKMX Pa3BefieHMII JIOKAT B Y3KOM
[IOBEPUTE/IbHOM MHTepBajie OTHOCUTE/IbHO JIMHNM, IIepeceKalollell 0Cb OpAMHAT B M3BECTHON
touke: Vi~ = 55,50843V;°, koropas samaercsa 3apaHee. [laHHBII (GaKT MPaKTUYECKN
MUMMMHUPYET BIUsAHNE YIOMUHABIIerocs Bbille 3¢ddexTa «rpaMMO(OHHON TPYOBI»,
BBI3BAaHHOTO KaTaCTPOPMIECKMM BO3pacTaHueM ommbok B onpenenenun Vg, mpu sm - 0.

Brusanne npupoabl aMpUIPOTOHHOTO I NPOTO(PIIBHOTO PAaCTBOPUTENLA
Y TeMIIepaTypsl Ha 00beMHbIe 3¢ (PeKThI pacTBOPEHNS BOJBI,
conpsiKkeHHble ¢ ApneHneM TUITYC

[ly1 TOro 4TOOBI CHenaTh MIAr K MOHMMAHUIO IPUYMHBI MOSBIEHNA OTPULATETBHOTO
snaka y Ep,, = (0V,//0T), wm ssnenns TUIIYC, npoaHanmsupyeMm IpuUBeJEHHOE BbIIIe
ypaBHeHue (4). I[Tpopnddepennmposas mo temiepaType Bce €ro 4acTy, I HpPeRenbHOTO
cay4as (sm — 0) MO>KHO COCTaBUTD C/IeAyIoIVie HepaBeHCTBA:

(0V,y /0T),, > 0 mpm (dV,/0T),, — (0Vs*/AT), > 0, (5)
C Ipyroy CTOPOHBI,
(9VS/dT), < 0 mpu (3V,/aT),, — (Vs /AT),, < 0. (6)

Ha ocHOBaHMM TepMOAMHAMIYECKOTO HEPaBeHCTBA (6) MOXKHO ITOATBEPAUTD Clle/TAHHOE
HaMU BBIIIe 3aKII0YeHNe O TOM, YTO CTPYKTYpHbIE YIAKOBKM IPVBENEHHBIX B Tabn. 1 m 2
aMQUIIPOTHBIX OPTAHNYECKNX PAaCTBOPUTeE/Ie B IIPUCYTCTBUM MOJIEKY/I paCTBOPEHHON B HUX
BOIBI CTAaHOBATCA B I1[€IOM ME€Hee pAaCHIMpPAEMBIMM IO, BO3JENCTBMEM pacTylien
Temrieparypbl. Crenyer, OlHaKO, UMeTb B BUJY, YTO B PacCMaTpPMBaeMOM CIy4ae pedb MJET
0 JIOKQJIbHBIX CTPYKTYPHBIX arperaTax M coIbBaTOKOMIDIEKCAX, 00pa30BaHHBIX MOJIEKYTaMI
BOJIbI B Cpefie KOHKPETHOTO PacCTBOPUTEIA IIPY YCTIOBUY 6€CKOHEYHOTO pa3OaBIeHMsL.

AHaNOTMYHBIA BBIBOJ, HANpallMBaeTcsA B C/Iydae JeTalu3aliuy OJHOTO U3 CaMBbIX
M3BECTHBIX TEPMOAMHAMIYECKIX ITePeKPeCTHBIX COOTHOIIeHNn Makcsemna [17, 35]:

—(0Vy /0T)p = —Epw = (0S5/0p)r, (7)
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e Sy — crangaprHas (mapumanbHas) MOJISPHAs SHTPONUS CONMbBATMPOBAHHOTO BEIECTBA.
Kak cnegyer w3 ypaBHenus (7), OTpUIjaTeNbHbII 3HaK mpu Ep, [OWKeH OTBEYaTh
BO3pacTanuioo Sy, OOYC/IOBIEHHOMY CTPYKTYpMPOBaHMEM aM(UIPOTHOIO pPacTBOPUTEIIS,
OKPY’KAIOII[er0 MOJIEKY/Ty BOJIBI, IIOfl B/IVISIHVEM IOBBILIAIONErOCs jaBneHus. VHade roBops,
ob6pasyroliyecs B CTaHAAPTHOM pacTBOpe CBSI3Y BOJA — PAaCTBOPUTEIb JO/DKHBI OBITH IIPOYHEe
TaKOBBIX B pacTBoputerne inbulk.

B 1ab71. 3 comepyxaTcs JaHHbIE 0 3HaYeHMAX Ej, |, B CPaBHMBAEMbIX OPTaHIIECKIX CPEIaX.

Tabmuna 3. CranpgapTHble (mapupanbHble) MOJSIpPHBlE PACIIMPSIEMOCTM  BOJBI (E;’_w, ey monp LK)
B aM(UIIPOTHBIX PAaCTBOPUTE/LAX, OLlCHEHHBIe A COOTBETCTBYIOLIMX MHTEPBAJIOB TeMIeparyp (cM. Tabn. 2),
npu p = 0,1 MIla

T,K MC TBC TIIC TBA S)IV.N
278,15 - -0,1120 + 0,0030 -
288.15 - -0,0241 + 0,0030
298,15 | -0,0127 +0,0003 -0,0017 + 0,0030 | -0,0241 +0,0023
308,15 -0,0531 + 0,0006 0,0075+ 0,0030 -0,0084 + 0,0018
318,15 0,0123+ 0,0030 -

IIpumevanne. 3Hauenus pacumpsiemocreit Boppl B THC pganbl nmpu temmeparypax ot 299,15 K. [Ins cucremsr
(TBA + H,O) temmeparypHblit nHTepBan orpannyusaerca 303,15 K, a g cucremsr (9JA + H;O) - 333,15 K.

st Toro uto6bl HaitTu Ey \,, IpenMyIiecTBeHHO nuHeitHbie GyHkimm V) — T (BbizjeneHs!
KypcMBOM B Ta0n. 2) ObUIM aNIIPOKCUMMPOBAHBI PEIPECCUMOHHBIM YpaBHEHMEM IIepBOTO
opAfKa:

Vo (T) = V7 (8) + [0 Vi (T) /0 (T — 0)],(T — 6), (8)

rae 6 - «cpenHeB3BelleHHas» Temieparypa (cpaBHeHus). 3Hadenus Ep,, mIa cucremb
(TTIC + H,O) 6bumm nomydeHbl IyTeM IIOZOOpa MaTeMaTUYeCKON MOJeNN, afeKBaTHO
BOCCTaHAB/IMBAIOIIEN TEMIIEPATYPHYIO 3aBUCUMOCTD Vy B COOTBETCTBYIOLIEM TEMIIEPATYPHOM
uHTepBase (cM. Tabr. 2) ¢ mocnepyrolleit mpouenypoit gubdeperunposanus mo (T — 0).
Ecmu, abcTparnpysach oT BHIOpaHHOI MOfenu fyis ouenku suadenmit Ey () B Tabm. 3,
AIIIPOKCUMUPOBATh 3aBUCUMOCTb V) OT TeMIleparypsl Il CTaHHAPTHOIO pacTBOpa
Bogpl B TIIC (cm. Tabn. 2) nuHelHBIM ypaBHeHMeM (8), TO IMOMYy4MM IPOU3BORHYIO
[0V, (T)/0 (T —0)], = -(0,0115+0,0075) cm*momp'-K'. VuurpiBasg 9T0 ¥ IpUHMMAsA
BO BHIMaHMe a6COMOTHbIe 3HaUeHNA Ey, , peicTaB/IeHHbIe B TA0/L. 3, PACTBOPHUTENN MOXHO
PACIIONIOKUTD 110 BBIpaKeHHOCT B HUX sAB/eHnA TVIITYC oTHOCUTENbHO pacTBOPEHHOI BOJBI
B psam: IIA < (TIIC) < MC << TBA << TBC. EcrecTBeHHO, yka3aHHas IOCTIeLOBATEIbHOCTD
IO/DKHA TIpeTepIieBaTh ISMEHEHMA 110 OTHOIIEHUIO K tpem-IIeHTaHO/IbHOMY PacTBOPY BOZbI
B 0671acTV HU3KMX TemIepatyp (cM. Tabim. 3). [IpuunHa ctonb pe3koro nposiBaeHus sddexra
TUITYC B cucteme (TTIC + H,O) mpu T = (278,15-288,15) K moxka elie He Haluia JOCTaATOYHO
PasyMHOro 00bsicHeHNA. BO3MOXHO, 3TO CBsA3aHO KaK C TPYJHOCTSAMY B IIOATOTOBKE JAHHOTO
QIKaHO/MA JUIS OMbBITOB, TaK ¥ C HETOYHOCTAMM B mpouenype onpepenenus Vi, (T),
4TO 0OOCHOBBIBaeT HEOOXOAMMOCTb TINATE/NTbHOI IPOBEpKM HaHHBIX [41] mo mIoTHOCTH
pactBopoB Bombsl B TIIC. B coorBercTBMM ¢ 3TMM pamee OyfeM IIpUAEP>KUBATbCA
MHTepIIpeTanuy, 6a3upyrolericsl Ha IPejIoXKeHHO BhIIIe II0CTIel0BATe/IbHOCTY B ISMEHEHUI
E, . (298,15 K) nipu mepexopie OT OfHOI BOJOCOAEpIKaIe aMUIPOTHOI CHCTEMbI K APYTOIL.
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Puc. 2 wmocTpupyeT TeHAEHIUN M3MEHEHNUA C POCTOM TEeMIIEPATYPhl CrMAHOAPMHbIX
U36b1mouHbx (TAPIMATBHBIX) MOLAPHBIX 06beMOB BOIbI V) e A T paccMaTpuBaeMbIX
3mech pactBopurenax (cm. tabm. 1, 2). CormacHo ompepenenuioo [7, 63, 88], mo cBoemy
dusmyeckomy cMbicTy BemmumHa V' TOXIECTBEHHA M3MEHEHMIO O6BEMa OHONO MOJIS
PacTBOPEHHO! BOABI B M300apHO-M30TEPMUYECKOM IIpOlLlecce 3aMeHBl CTPYKTYPHOI
YIIaKOBKY, CBOJICTBEHHOII BOJHOI cpefie, BOKpYT MoseKkynbl H,O, Ha okpy>XeHMe 13 MOIEKYI

’

o o .«

CONbBATHPYIOLLeil cpeibl. B maHHOM KOHTekcTe V" MOXeT pacCMaTpMBaTbCA KaK 005eMHbILi
oE

appexm pacmeopenust Bonsl [63]. s pacyera V" (T) 6pUtM UCIONTB30BAHbI IUTEPATYPHbIE

maunbie 1o V,; (T) us Tab. 2.

0l %9 .
- QK‘V‘O‘
. “QTBC
sle
B ] °, _ i::g:,:::::;;::::eiii 7777777 o o THC
- g g
g ]
(ﬁé -5 7
2 1 onae- .
w o =6 . ° o ?
-
-8
|19
-9 Lo
_ %9 @ TEA
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Temneparypa, K

Puc. 2. TeMnepaTypHble 3aBUCUMOCTY 06 beMHBIX 3(p(heKTOB pacTBOPEHMsI BOLBI B aM(UIIPOTHBIX OPTaHMIECKUX
PacTBOPUTENAX C SKCIIEPYMEHTAILHO BblABIEHHBIM ABneHneM TUITYC

VI3 npuBemeHHbIX Ha puUC. 2 IBOMIOIUI 00BeMHBIX 3(deKxToB VVS’E C pocToMm
TeMIIepaTyphbl MOXKHO CIe/IaTh, II0 KpailHell Mepe, [iBa O0IMX BBIBOJIA.

Bo-mepBbIX, Hambosee CyllecTBeHHble «IIOTepu» obbema Boabl (Ha Monb H,O)
HaOJII0AI0TCS IIPY ee PaCTBOPEHMM B a/IKTaMyHax. [IpiaeM, 06'beM combBaTHOTO KOMIDIEKCA,
o0pasyoIierocs Ipy BCTPAUBAHUY MOJIEKY/T BOZHOTO KOMIIOHEHTA B CTPYKTYPHYI0 MaTpPUILy
TBA, cocraBnsier npu T< 293 K MeHee MOIOBMHBI OT MOJISPHOTO OOBeMa BOJBI (V;).
Cronb 3HaYMTE/IbHOE YIUIOTHEHME CTPYKTYpPbl B OKPY>KEHMM MOJIEKY/bl BOJbI, OYEBUJIHO,
00yC/IOB/IEHO Kak Hayubojee BBIPaKEHHOI CHOcoOHOCTbIO TBA K IIpPOTOHMpOBaHUIO,
TaK ¥ HaIMEHbIIE/l KOMIIAKTHOCTBIO CTPYKTYpHOJ YIaKOBKM 3TOrO aMMHA II0 CPaBHEHMIO
CIPYTMMU pacTBOPUTENAMY, cofepkamumucsa B Tabm. 1. ITocmenHee 06CTOATENHCTBO
IpeJIoaaraeT Haju4ye MycToT B CTPYKTYpHOI ynakoBke TBA, nmpuropgHbIx s pasmenjeHns
B HUX MoHoOMepHbIX Monekyn H,O. Vcxopma u3 BbiBOmoB [89], 9TO MO/DKHO NIPUBOAUTDH
K COKATUIO CTPYKTYPBl COTbBATOKOMIUIEKCA BOJBI, YCWIMBAIOIEMYCS B CIydae 0Opa3soBaHNA
IPOYHBIX BOJOPOAHBIX CBf3ell BOAa — amuj. BcTpamBaHMe MOJIEKYIBI BOALI B Oosee
IJIOTHOYTIAKOBaHHY10, yeM B TBA, MC umm mpem-ankanonax, CTpyKTypHyio Matpuiy /1A
(cM. Tabm. 1) compoBoXkjaercsi 00pa3oBaHMEM COMbBATHON IIONIOCTM COOTBETCTBYIOIIETO
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pasmepa [42, 73, 80, 89]. OpHako BBUAY Ha/IM4Ms Y MOJIEKY/IBI 9TOTO PACTBOPUTENA [ABYX
He3aMeIlleHHBIX aMMHOTPYIII, CIIOCOOHBIX K 00pa3oBaHMIO C BOHOJ 0ojiee IPOYHBIX,
YeM B YHApHOJ BOJHOVW WIM CIOMPTOBOM  Cpefie, BOJOPONHBIX CBA3€EN, CTPYKTypa
obpasoBaBireroca combBarokoMmiviekca H,O-3JIA  Takke IperepreBaeT  3aMeTHOE
YIUIOTHEHUe.

Bo-BTOpBIX, IpefcTaB/ieHHble Ha pyUC. 2 1 B Ta0JI. 3 TaHHbIE IIOKA3bIBAIOT, YTO, HECMOTPS
Ha CYyLIeCTBEHHbIe pa3M4MsA B CTPYKTYPHOI OpraHm3anuy OeCKOHEYHO pa30aBIeHHbBIX
(CTaHmAPTHBIX) PAacTBOPOB BOJBI, CAMBIMU «IIOAXOMSLIVMI» [T OOCY>KHAEMOTO 37eCh
HeoObI9HOTO 06BeMHOro adpdexra (TUIIYC) aBnAwTCA «pOACTBEHHBIE» (IO CTPOECHUIO)
aMQUIIPOTHBIE Cpefpl mpemuuHvix OyraHoma u OyrwiamyHa. OT4YacTM 9TO OTHOCKUTCS
U K Cpefie mpem-TIeHTaHO/Ia B 00/1aCTy HU3KYX TeMIepatyp (CM. puc. 2), ecy IpUHATD 3a HaKT
BBICOKMII YPOBEHb [OCTOBEPHOCTM [JaHHBIX [41]. YkasaHHble pacTBOPUTEIN VMEIOT
COTIOCTaBMMble 3HAaYeHMA MonsApHOro obbema (V,) M TUIOTHOCTM HPOCTPAHCTBEHHOTO
pacipeneneHuss MOMeKyn B CTpykTypHoit ymakoske (V,./Vy"). Hebombuioe pasmndne
B MOJIEKY/IAPHBIX TO/APUBYEMOCTAX (@),) OOYCTOBIMBAET CXOACTBO 3HAYEHMil SHepIuy
Hecrrenudmueckoro B3ammopeiictBusa B >xupkux cpegax TBC, TBA n TIIC (cm. Tabm. 1).
BmecTe ¢ TeM YyNOMAHYTBINI BBIIE CTEpUUYECKUI (aKTOp MPEIATCTBYeT 0Opa3oBaHNIO
B mpem-O6yTIIIOBOM aMJHe IIPOYHOI CTPYKTYPBI, YTO fie/IaeT ee 3aMeTHO Oojiee CXMMaeMoit
U paciupsieMoit o cpaBHeHnIo ¢ TakoBoit B TBC mmm TIIC. B nonb3y gaHHOTO 3aKII0OYeHNA
TOBOPUT ¥ BeCbMa HI3KOe 3HaYeHue oHTanbImy ucnaperns TBA (cm. Ta6m. 1). OTcroga MOXXHO
IIPeAOIOKNTD, YTO BKIIOYEHNE MOJIEKYT BOAbI B Hambojee MPUCIOCOOIEHHYIO I/ 9TOTO
ucxognyo Matpuily TBA okaspiBaeT BBIpaKEHHBIN CTPYKTypupyrommit addeKkT 3a cder
00pasoBaHusA CUIbHBIX TeTepOKOMIIOHEHTHbIX H-cBsseit. He nckimoyeHo, 4To pacTBOpeHHas
Boja (B MOHOMEPHOM COCTOSHMM) CO3[aeT BOKPYr ce0s CTPYKTypy Hamopobue
TeTPasApUIECKI-KOOPIVIHVPOBAHHON YIIAKOBKM M3 MOJIEKY/I CONbBATUPYIOIIE Cpempbl.
CornacHO HaHHBIM Tabl. 3 M pucC. 2 9Ta TEHAEHIVA, IO-BUJVMOMY, HO/DKHA YCUIMBATHCA
¢ pocToM TemIiepaTypsl 1 ocnabesars mpu nepexoge ot TBA xk TBC n ganee k MC (TIIC) n S]JA.

Takum 00pasoM, NpuBeleHHbIE BBILIE PACCYXAECHUA IMOATBEPXKAAIOT TE3UC O TOM,
4yro B ocHOBe sABeHMA TUIIYC nexar kak OalaHC 9SHEPreTMYecKMX XapaKTepUCTUK
B3aVIMOZIEICTBMSI MEX[Jy KOMIIOHEHTaMlU pacTBOpa, TaK M CTPYKTYpPHO-YIIAKOBOYHBIE
0COOEHHOCTYM  CcolbBaTUpymomeil cpenbl. IloCKOMBKYy —paccMaTpyBaeMoe  COCTOSHME
0eCKOHEYHOTO pasOaBleHMs WCKI04aeT (AaKT B3aMMOZNENCTBUA MEXAY MOJEKy/IaMu
PpacTBOPEHHO BOAbI, IOXKaMyyl, BaKHENIIEN 3ajadyeil IpU TEPMOAVMHAMMUYECKOM aHa/lNu3e
denomena TUIIYC saABndeTcsas yCTaHOBJIEHNME B3aMMOCBA3M MEXAY napamempamu

MONEKYNAPHO20 CPOOCMBa BOJA—PACTBOPUTENDb VI PACTBOPUTE/NIb—PaCTBOPUTEIb.

ITapaMeTpbl «OTHOCUTETBHOIO CPOACTBA» MEXKAY MOIEKYy/IaMM
B3alIMOJENICTBYIOIIMX KOMIIOHEHTOB B CTAHZAPTHBIX PaCTBOPaxX BOJbI,
xapakTepusyromuxcsa HanuuneM asnenns TUITYC

OtyacTy peuteHue copMyIMpPOBAHHOI BbILIE IIPOOIEMbI MOXKET OBITh JOCTUTHYTO P
JVICTIOJIb30BAaHVY HOTYySMIMPUYECKOTO ITOAXO/A, peanoxenHoro ben-Hanmom n Mapkycom
[57-59], cormacHoO KOTOpOMYy, CBsI3aHHBII C OOBeMHbIMM 3ddekTamMmm B pacTBOpe
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SHEPreTNYeCKUil napamemp omHocumenvHozo cpodcmea AG™° MoxxeT ObITh IPEACTABIEH B
BIJIe COOTHOIIEHUS:

AG™® = kTp{” (Vg — V") = RT(Vg — V() ™, ©)

) _ * -
rie k - mocrosiHHas bBombumana, p,’ = N,/V,° - mapamerp wuucnenHoil naomuocmu

(number density parameter). Heobxopmumble i1 pacyeToB AG™*° 3navenna MomApPHBIX
obbemoB V" = M;/p; 06cy>XmaeMbIX HaMI COMbBATUPYIOLNUX CPefi OPTaHNIeCKO IPUPOJIBI
IaHbI B TA0OI. 4.

Ta6muma 4. YncneHHble sHaYeHMA MOTAPHBIX 06bemoB (1", cM>Momb™') n pacimpsemocreit (Ej 5, cv™ MoK,
IaHBI B CKOOKaX) aM(UIIPOTHBIX OPraHNYECKIX PaCTBOpUTeIIeil py pasimmaHbix temmeparypax (T) u p = 0,1 MIla

T,K MC [19, 20] TBC [33] TIIC [41] TBA [17] SA [43]
278,15 39,796 - 107,19 103,27 -
(0,04611) (0,1161) (0,1557)
283,15 - - - 104,04 -
(0,1582)
288,15 40,265 - 108,39 104,88 66,683
(0,04756) (0,1215) (0,1608) (0,06871)
293,15 - - - 105,64 -
(0,1633)
298,15 40,747 94,980* 109.62 106,47 67,383
(0,04902) (0,1229)* (0.1269) (0,1658) (0,07089)
299,15 - 95,103 - - -
(0,1237)
303,15 - 95,604 - 107,33 -
(0,1267) (0,1684)
308,15 41,245 96,247 110,91 - 68,102
(0,05048) (0,1305) (0,1323) (0,07306)
313,15 - 96,909 - - -
(0,1343)
318,15 41,747 97,590 112,27 - -
(0,05193) (0,1381) (0,1377)
323,15 - - - - 69,220
(0,07632)
333,15 - - - - 69,997
(0,07850)

Ilpumeyanme. BpiOpaHHble TeMIepaTypsl [ KaX[OrO PacTBOPUTENS COOTBETCTBYIOT TaKOBBIM I
CTaH[JAPTHBIX PACTBOPOB BOABI B TaOl. 2 (3HadeHUs, BbIAEJIEHHBIE KypCyBOM). (¥) - AINPOKCMMUpPOBAaHHOE
3HaYeHMe

[TpuHMMas Bo BHMMaHNUe IIpefenbHble BoipaxeHns Teopunu Kupksypa-badda (Kb) ma
MOJIAPHBIX 00bEMOB, BennunHy V,y MOKHO MHTEPIPETUPOBATH KaK [57, 58]:

v = [1-p065 - 650) (o) (10)

rae Gy, n Gy, - CBs3aHHBIE ¢ 06beMHbIMU 3 dekTamu unHTerpansl KB, KoTopsie oTHOCATCA
K B3aMIMOJIeVICTBUAM PacTBOPUTENb-PACTBOPUTENb ¥ pAaCTBOPUTENb-BOJA COOTBETCTBEHHO.
YunteiBas 910, ypaBHeHue (9) MOXKeT OBITh TPaHCHOPMIUPOBAHO B POpMY:

AG™® = RT (G — Ga) (V)™ (11)
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I3 ypaBHennit (9) u (11) cnenyer, uto 3HayeHue V' AG *).° /RT moxer paccMaTpuBaTbCs
KaK Mepa OTHOCUTE/IBHOTO CPOJCTBA MOJIEKY/I B pacTBOpuUTesIe U obpasyromeiicss 61HapHON
cucreme:

Gaa — Gaw = Vo — 3, (12)

3aBuCsIME OT TeMIepPaTypsl JaHHble 110 G, — G, Wi Viy — V,° 1 pacTBOpoB BOfIbL
B CPaBHIBAaeMBIX CONbBATUPYIOIIMX CpeflaX HpuBeNeHb B Tabm. 5, a sHauenmsa AGH)°
B 3aBJMCYIMOCTY OT TeMIIepaTyphl - Ha puc. 3. COITIaCHO NpeCTaBIeHHbIM B HUX pe3y/IbTaTaM,
AG™° < 0, Tak kak G < Goy. OTOT BAKT NO3BONAET 3AKITIOUNUTH, YTO CPOACTBO MOMEKYT
PacTBOPEHHOI  BOJbI

K MOJIEKYyIaM aM(l)I/[HPOTHOI‘O OpPTaHNYECKOTO PaCTBOPUTEIA

paccMaTpuBaeMoro 3uech psga (tabm. 1-5) B menoMm mpeobnagaer Haj CPOACTBOM MOJIEKYIT
HIOCTIEHETO APYT K APYTY.

Ta6muma 5. Yucnenusie sHadenus napametpoB{(Ge — Gay) = (Vi — V3*), cv>monp'} mma mccnemyembix

XKuAKo(dasHbIX crcTeM (aMPUIPOTHBI pacTBOPUTEND + BOfA) Ipy pasnuuHbix TeMueparypax (T) up = 0,1 MIla

T, K MC [15,19,20] TBC [15,33] TIIC [41] TBA [17] IJIA [43]
278,15 -25,08 - -91,95 -93,86 -
283,15 - - - -94,77 -
288,15 -25,68 - -93,71 -95,80 -54,25
293,15 - - - -96,68 -
298,15 -26,28 -77,98* -95,06 -97,65 -55,08
299,15 - -78,04 - - -
303,15 - -78,75 - -98,65 -
308,15 -26,91 -79,66 -96,30 - -55,86
313,15 - -80,59 - - -
318,15 -27,54 -81,54 -97,57 - -
323,15 - - - - -57,09
333,15 - - - - -57,97

ITpumeyanne. BriOpaHHbIe TeMIIEPaTyphI A/ KOKIOTO PaCTBOPUTENA COOTBETCTBYIOT TAKOBBIM B Tab1I. 2-4.

(*) - AnnmpoKCUMUpPOBaHHOE 3HAYEHIe

1.4
15] @
-1.6 -
- 174 e
§ 1 ‘QMC
g 184
%-1.97
1 o DJIAQ.
2 00 0-\11 -
Toqe 9 g
1 o . T
-2.2 e T 99
L . TBC -
237 °"‘QTEA 9
TIC
_24 T T T T T T T T
280 290 300 310 320 330

Temneparypa, K

Puc. 3. TemnepaTypHbIe 3aBICUMOCTY TaPaMeTPOB «OTHOCUTETBHOTO CPOJCTBA» B CTAHAAPTHBIX PACTBOPAX BOZDI

B aM(UIIPOTHBIX OPTAHMYECKMX PACTBOPUTEIIAX C SKCIIEPUMEHTANbHO YCTaHOBIeHHBIM sABeHyeM TUITYC
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IIpencraBneHHble Ha puc. 3 3aBUCUMOCTM IIOKa3bIBAIOT, YTO, 33 MCKIIOYEHNEM
pactBopa Bozibl B MC, pasmmune B mapamerpax AG)° cocraiser B 1enoM He6OMBIIYIO
BemmunHy. CiiefyeT, ORHAKO, YYMUTbIBaTb, 4YTO Pe3yAbTaTbl MCCIEOBAaHUIT ABIECHUA
TUITYC A cpaBHMBaeMbIX XXVJKUX CUCTeM OTHOCATCA (110 yKa3aHHBIM BbIIIe IPUYMHAM)
K Pas/IMYHbIM TeMIIepaTypHbIM MHTepBaaM. ENUHCTBeHHas TeMIepaTypa, IpU KOTOPOIi
MO>HO HPOBOINUTD COIOCTAaB/IeH e TIOyYeHHbIX HaMy AaHHbIX o AG*)°, ato T = 298,15 K
{B cnygae cucremsl (TBA + H,O) nckomoe 3HaYeHMe OLleHEHO IOCPe/ICTBOM MHTEPIIOJIALINN}.
Ilpu ykasamHoit Temmeparype 3Hauenmsa AG™)° (8 klxx Momb') o6pasylT psm:
MC (1,60) << A (2.03) = TBC (2,04) < TIIC (2,15) < TBA (2,19). Ilo HameMy MHeHUIo,
COCTaB/IeHHas  IIOC/Ie[IOBAaTE/IbHOCTb  OTpa)kaeT  (aKT  OTHOCUTENIBHOTO  YCHMJICHVA
crienuyecKoro B3aMMOZAENCTBUA (I7TaBHBIM 00pasoM, depe3 obpasoBaHMe BOLOPOJHBIX
CBs3ell) MeXy MOJIEKy/TaMI BOABI ¥ aM(UIIPOTOHHOTO MM NMPOTOGIIBHOTO PACTBOPUTEIIA.
JlHaye roBopsi, B XXUJKMUX Cpefjax ¢ Haubosee BBIPKEHHOI OCHOBHOCTBIO (cM. Tabm. 1) -
ankmnamuHax (TBA u 9[1A) u mpemuuno-usomepusix ankanonax (TbC u TIIC) - HaiinenHas
pasHUIIA B 9HEPIMAX BOJOPONHOI CBA3M PaCTBOPUTENDb - PACTBOPUTE/Ib M BOJjA - PACTBOPUTEND
OKa3ajacb 3aMeTHO OOJblIeli, 4eM B CTPYKTYpPHOJ YIIAKOBKe IIpefie/IbHO pa30aB/IeHHOTO
pacTBopa BOABL B MeTaHO/ME, TIfle CIOCOOHOCTb KOMIIOHEHTOB K CHenM(pUIecKnM
B3aMMO/JIe/ICTBIAM BIIO/IHE COIIOCTaBMMA.

OueBUHO, YTO MOJIEKY/IBI BOABI, BHEAPAACH B CTPYKTYPHYIO YIIAKOBKY aM(UIIPOTHOTO
OpPTaHMYECKOTO  pacTBOpuTend, o00pa3yloT H-cBsA3aHHbIe CONMbBaTHBIE  KOMIUIEKCHI,
9HepreTHYecK) ropasfo 0ojee yCTONYMBBIE IO CPAaBHEHUIO C MOJIEKY/IAPHBIMM arperaTtamu
B colbBaTupyouleit cpene inbulk. B MeTaHONIBHOM pacTBOpe 3TO pasinyuue MUHVMAIBHO,
aBcpefe mpem-OyTwIaMnHa - Hanbomee BBIpaKEHO. BmecTe ¢ TeM OTHOCKTENIbHOE
yIIpOYHEHNEe TeTepPOKOMIIOHeHTHOI H-cBA3M He Bcersa CBA3aHO C TePMOAKTUBMPYEMbIM
BO3pacTaHMeM KOMITAKTHOCTY MOJIEKY/IAPHOI yIIAaKOBKM 00Pa3yIoIIerocs COMbBaTOKOMITIEKCA
(cm. Tabm. 2). Obpamraer Ha ce6s1 BHUMaHMe 1 TOT (PaKT, YTO TeH[EHINMM I3MEHEHNs C POCTOM
TeMIepaTypb! sHaueHMit AG *)° HeCKONbKO OTIMYAIOTCA OT XapaKTepa MX pacTipe/ieNeHNs TPy
T =298,15 K. V3 puc. 3 BUpHO, 4TO HanboIee 3aMeTHYIO 9BOJIIOLIMIO IIPeTepIeBAOT BN YIMHBI
otHocuTenbHOro cpopcrBa i cucremsl (TBA + H,O), a MeHee Bcero OHU M3MEHSIOTCS
B Clly4ae CTaHZAPTHOTO pacTBopa Bofbl B MC. OTi 06CTOATE/NbCTBA MOATBEPKAAIOT HAIIN
TIPEJIIONOXKeEHNA O 3aBUCUMOCTY BemmanHbl AG ()°He TONbKO OT TOHOPHO-AKIENTOPHBIX
CBOJICTB KOHTAKTUPYIOIUMX B PAacTBOpe MOJEKYT, HO ¥ OT KOH(UIypauuy CTPYKTYPHON
YIIaKOBKM COTbBATUPYIOIEN Cpefibl, 00YCTIOBIMBAIOIEll XapaKTep CTePUYECKNX MPETITCTBUI
111 06pa3oBaHMA BOKOPOAHBIX cBs3eil. [To yka3aHHBIM IIpIYIHAM XapaKTep M3MEHEH S Be/IINH
|AG°| u |VV$'E|C POCTOM TeMIlepatypsl (cM. puc. 2, 3) cormacyercs ¢ BoiBojamu [2, 15-17]
O B/IVSHUY TPUPOABI aMUIIPOTHON Cpefbl Ha pasjidyie TEMIIOB 0O'beMHOTO pacIIVpeHMs
CTPYKTYPHOI1 YIaKOBKM PacTBOPUTENA B CONbBATHOM OKPY)XEHUI PacTBOPEHHOIO BelllecTBa
1 B 06'beMe 00pa30BaBIIEroCs CTAaHAAPTHOTO PacTBOPA.

Takum 06pa3oM, MOYKHO KOHCTAaTPOBATh, YTO YACTUYHAS 3aMEeHA CBA3€ll paCTBOPUTEND —
pacTBOpUTeNIb Ha CBA3M BOJAa — PAacTBOpPUTENb IPUBOAUT K BO3PACTAHMIO BK/IAJA
crienuuyecKux B3anmMopericteuit yepes rpymnel —OH mwm —-NH, B Monekynax mociemHero.
910 moATBepKHaeTcs obpa3oBaHMeM 0oee KOMIIAKTHON YIIAKOBKYM MOJIEKY/I B COTTbBATHOI
000/104Ke 110 CPAaBHEHUIO C TAKOBOJI B MICXOTHOM (6ankosckom) aMPUIIPOTHOM PacTBOPUTEIIE
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IV MOBBIIEHNN TeMIlepaTypsl (cM. puc. 2). [IpyanmMas Bo BHuMaHme ypaBHenus (11) u (12),
nabmonaemoe yBemruenne |AG)°| ¢ poctom Temmeparyprr (cM. puc. 3) cBssano ¢ Gomee
3aMETHBIM yMeHblIeHNeM cocTapysoein |Gy,| mo cpaBuenuwo c |Gy, | us-3a MeHbIueit
CTabMIBHOCTY CBA3€I pacCTBOPUTE/Ib ~ PACTBOPUTEIb.

KPaTKOC 3aKIIIOYCHNEC

[IpoBeneHHDbII HaMy aHAIM3 pe3yIbTATOB MCCIENOBAHNS HEOOBIYHOTO SIBJIEHVS
TUIIYC, cBA3aHHOTO C yMEHBIIEHMEM CTAaHJApTHOTO (IApIMaNbHOTO IpU OeCKOHEYHOM
pasBeleHNM) MOJIAPHOTO oOOBeMa BOABI B HEKOTOPBIX aMQUIPOTHBIX OpPraHNYeCKUX
PacTBOPUTEIAX MO3BOMNT CPOPMYINPOBATD PAJ OCHOBHBIX BHIBOJIOB.

Bo-IepBbIX, HEIOCPEACTBEHHO CBs3aHHBIE C 00beMHBIMM 3 deKkTaMy SHepreTndecKme
mapaMeTppl  MEXMOJIEKY/LIPHOTO  B3aMMOJENCTBMA  (OTHOCHTEZIBHOTO  CPOJICTBA)
pacTBOpPUTENb-BOAA 3aMETHO IOMUHMPYIOT HaJ TaKOBBIMM IIpM  B3aUMOJEIICTBUM
PacTBOPUTETb-PACTBOPUTEID U ITH Pas/INduA CTAHOBATCA Bce 60J1ee BBIPaKEHHBIMMU C POCTOM
TeMIIepaTyphl.

Bo-BTOpBIX, BCIEACTBME YKa3aHHBIX Pas/Mumii 0OHapy>kuBaeTcsi 60/iee BBICOKUI TEMII
TEPMUYECKOTO PaCIIMpeHNs] CTPYKTYPbl OpraHMYEeCcKOro pactBoputens B obbveme (inbulk),
4yeM 3TO MIMeeT MECTO B C/Iydae BJIMAHMUA IOBBIIIAIONIENICA TeMIEpaTypbl Ha CTPYKTYPHYIO
YIIaKOBKY 00pasyolerocsi CMELIaHHOTO MOJIEKY/IIPHOTO arperata WM COTbBaTOKOMITIEKCA
BOJIbL.

B-Tperbux, pasaumume B IapaMeTpax  B3aMMOJENICTBMA  BOJA—PacTBOPUTEND
U pacTBOPUTENTb—PaCTBOPUTED HaXOMIUTCS B 3aBUCUMOCTH He TOJIbKO
OT IPOTOHOLOHOPHBIX/AKIENTOPHBIX CBOJCTB KOHTAKTUPYIOLIMX B PacTBOpe MOJEKYIL,
HO ¥ OT KOHQUTYpaLy CTPYKTYPHOJ YIIAKOBKY COMbBATUPYIOLIEN Cpefibl, 00YCTIOBIMBAOIIEN
KaKk Tomonoruio ceTkum H-cBaAsell, Tak U XapaKTep CTepUYeCKMX IPeNmATCTBUIl MA/A
uX 00pa3oBaHMs.

C y4yeroM 9TuX OOCTOATENIBCTB YCTAHOBJIEHO, YTO AOCOMIOTHBIE BE/INYVHBI
YIOMSAHYTBIX IIapaMeTPOB OTHOCUTEIBHOIrO cpopcTBa Ipu 298,15 K BospacraloT B pAAy:
MC << 9JJA = TBC < TIIC < TBA, 4T0, BeposiTHee BCET0, CBUAETETbCTBYET 00 OTHOCUTETTBHOM
YCUWIEHNM B YKa3aHHOJ ITOCTIeOBATeNbHOCTH CIelU(UIECKOTO B3aMMOEICTBUA (ITTaBHBIM
obpazoMm, uyepe3 oOpasoBaHMe BOJOPONHBIX CBsI3eV) MEXAY MOJIEKY/IaMM  BOJBI
¥ aM(pUIIPOTOHHOTO WM NPOTO(UIBHOTO pacTBoputensd. VIHade roBops, B 00CyXgaeMbIX
KUAKNX cpemax ankmwiamuHos (TBA n 9[1A) u mpemuuno-nsomepunix ankanonos (THC n
TIIC) - ¢ Hamboree BBIpaKEHHOJ OCHOBHOCTBIO - yKa3aHHasd BBbIIIe pasHMIA B SHEPTVAX
BOJIOPOIHON ~ CBA3M  PacTBOPUTE/Ib-PACTBOPUTENIb M  BOJA-PacTBOPUTENIb  OKa3ajaach
CyIIeCTBEHHO OOJbIleil, YeM B CTPYKTYpPHON YIIAKOBKE METAaHO/IBLHOTO PacTBOpa BOJBL
I7ie CIOCOOHOCTb KOMIIOHEHTOB K CIIeIVI(pMYIeCKIM B3ayIMOJIe/ICTBIIAM BIIO/THE COITOCTaBYIMA.

Cnmcok MCTOYHNKOB
1. Ivanov E.V. Ivanova N.G. State and solvation of water H/D-isotopologues in aprotic dipolar organic media based

on results thermochemical investigations // From Chemistry Towards Technology Step-By-Step. 2021. Vol. 2, no. 1.
P. 126-143. DOI: 10.52957/27821900_2021_01_40. URL: http://chemintech.ru/index.php/tor/issue/view/2021-2-1

27



O XHMHH K TEXHONOTHH TOMS5, BbINYCK 1, 2024

Ivanov E.V. Reply to comments by G.I. Egorov concerning the terminology to the phenomenon of “partial
isobaric compression” being occurred in a number of binary liquid system // J. Mol. Liq. 2023. Vol. 393. 123499.
DOI: 10.1016/j.molliq.2023.123499

Goldblatt M. The density of liquid T>O // J. Phys. Chem. 1964. Vol. 68, no. 1. P. 147-151. DOI: 10.1021/
j100783a024.

4. PabunoBuy JI.B. BrusiHne nzotonuu Ha pusnKo-XuMmUdeckme cBojicTBa xupkocreit. M.: Hayka. 1968. 308 c.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,
25.

Kell G.S. Effects of isotopic composition, temperature, pressure, and dissolved gases on the density of liquid
water // J. Phys. Chem. Ref. Data. 1977. Vol. 6, no. 4. P. 1109-1131. DOI: 10.1063/1.555561.

Vedamuthu M., Singh S., Robinson G.W. Simple relationship between the properties of isotopic water //
J. Phys. Chem. 1996. Vol. 100, no. 9. P. 3825-3827. DOI: 10.1021/jp953268z.

A6pocumos B.K., ViBanoB E.B. Boxa B HeBOLHBIX pacTBOPUTEIAX: COCTOsIHME U conmbBaTanus. B xu: Bopga:
CrpykTypa, cocTosiHMe, conbBatanyA. JJocTypkeHns nocnegHux et (cepus «[IpobmeMbl XMMuM pacTBOPOB») /
mof, pen. A.M. Kyrenosa. M.: Hayka, 2003. C. 277-346.

Vedamuthu M., Singh S., Robinson G.W. Properties of liquid water: Origin of the density anomalies // J. Phys.
Chem. 1994. Vol. 98, no. 9. P. 2222-2230. DOI: 10.1021/j100060a002.

Cho C.H,, Singh S., Robinson G.W. An explanation of the density maximum in water // Phys. Rev. Lett. 1996.
Vol. 76, no. 10. P. 1651-1654. DOI: 10.1103/physrevlett.76.1651.

Holten V., Bertrand C.E., Anisimov M.A., Sengers J.V. Thermodynamics of supercooled water // J. Chem.
Phys. 2012. Vol. 136, no. 9. 094507. DOI: 10.1063/1.3690497.

Yasutomi M. Thermodynamic mechanism of the density anomaly of liquid water // Front. Phys. 2015. Vol. 3,
no. 8. DOI: 10.3389/fphy.2015.00008.

Okajima H., Ando M., Hamaguchi H.-o. Formation of “nano-ice” and density maximum anomaly of water //
Bull. Chem. Soc. Jpn. 2018. Vol. 91, no. 6. P. 991-997. DOI: 10.1246/bcsj.20180052.

Simdes M., Yamaguti K.E., Cobo R.F., Steudel A., Amaral R., Santos A.P.R. An analytical approach to the
anomalous density of water // Phys. Fluids. 2022. Vol. 34, no. 7. 074111. DOI: 10.1063/ 5.0098604.

Roy R., Agrawal D.K., McKinstry H.A. Very low thermal expansion coefficient materials // Annu. Rev. Maler.
Sci. 1989. Vol. 19, no. 1. P. 59-81. DOI: 10.1146/annurev.ms.19.080189.000423.

NBanoB E.B., A6pocumor B.K., JleGegeBa E.}O. ®enHomeH OTpuIjaTeNbHOI HapIManbHON MOJAPHOIN
pacipsieMocty Bopsl B H/D-nsoTtonomepax Meranona u mpem-6yranona // JJokn. Axad. nayx. 2003. T. 391,
Ne 1. C. 58-61.

Ivanov E.V., Lebedeva E.Yu. The phenomenon of “partial isobaric compression” of urea as a solute in tertiary
butanol: Comparison with a similar effect in the (methanol + urea) system // J. Mol. Lig. 2023. Vol. 370. 121039.
DOI: 10.1016/j.molliq.2022.121039.

Ivanov E.V., Lebedeva E.Yu. Temperature-dependent volume properties of water as a solute in tertiary
butylamine at ambient pressure // J. Mol. Liq. 2024. Vol. 394. 123638. DOI: 10.1016/ j.molliq.2023.123638.
Daunt J.G., Smith R.S. The problem of liquid helium - Some recent aspects // Rev. Mod. Phys. 1954. Vol. 26,
no. 2. P. 172-236. DOI: 10.1103/RevModPhys.26.172.

Nsanos E.B. A6pocumoB B.K. O6wemuble cBoiictBa pacrBopoB H,O u D,O B H/D-nsoromomepax
MEeTWUI0BOTO CIIMpPTa IIPU pasINyHbIX TeMnepaTypax // XKypn. neope. xumuu. 1995. T. 40, Ne 6. C.1047-1051.
Ivanov E.V., Abrossimov V.X. Volumetric properties of mixtures of water and methanol H/D-isotopomers
between 5 and 45°C // J. Solution Chem. 1996. Vol. 25, no. 2. P. 191-201. DOI: 10.1007/BF00972689.
Kapsakun A.B., Kpusennosa I'.A. CocTroAHme BOfibl B OPraHMYECKMX M HEOPTAHMYECKUX COeVHEHMAX.
Mocksa: Hayka, 1973. 176 c.

Luck W.A.P. Water in nonaqueous solvents // Pure Appl. Chem. 1987. Vol. 59, no. 9. P. 1215-1228.
DOI: 10.1351/ pac198759091215.

A6pocumos B.K. ConbBaraumss ¥ COCTOSIHME BOABI B HEBOOHBIX pacTBopurtensx // C6. Hayu. mp.
Tepmoounamuxa pacmeopos Heanexkmponumos. Visanoso: IXHP AH CCCP, 1989. C. 66-69.

Benoycos B.II., ITanoB M.I0. TepmopnHaMyka BOGHBIX PaCTBOPOB HeaTeKTpoinuToB. JI.: Xumms, 1983. 265 c.
Dei L., Grassi S. Peculiar properties of water as solute // J. Phys. Chem. B. 2006. Vol. 110, no. 24.
P. 12191-12197. DOI: 10.1021/jp0606331.

28



O XHMHH K TEXHONOTHH TOMS5, BbINYCK 1, 2024

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

Bonner O.D., Choi Y.S. Hydrogen-bonding of water in organic solvents // . Phys. Chem. 1974. Vol. 78, no. 17.
P.1723-1727. DOI: 10.1021/j100610a009.

NBanos E.B., A6pocumoB B.K., /le6eneBa E.IO. V3oromnHelil 3ddekT B mapluanbHOl pacuMpsieMOCTH
PAacTBOPEHHOI BOABI Kak WHAUKATOP CIIOCOOHOCTY AMpPOTOHHOIO JUIIOISPHOIO  PacTBOPUTEIIS
K obpasosanmio H-caseit // XKypu. cmpyxm. xumuu. 2004. T. 45, Ne 6. C. 1020-1026.

Hamilton D., Stokes R.H. Apparent molar volumes of urea in several solvents as functions of temperature
and concentration // J. Solution Chem. 1972. Vol. 1, no. 3. P. 213-221. DOI: 10.1007/BF00645102.

de Visser C., Perron G., Desnoyers J.E. The heat capacities, volumes, and expansibilities of tert-butyl alcohol
- water mixtures from 6 to 65 °C // Can. J. Chem. 1977. Vol. 55, no. 5. P. 856-862. DOI: 10.1139/v77-11.
Benson G.C., Kiyohara O. Thermodynamics of aqueous mixtures of nonelectrolytes. I. Excess volumes
of water-n-alcohol mixtures at several temperatures // | Solution Chem. 1980. Vol. 9, no. 10. P. 791-804.
DOI: 10.1007/ BF00646798.

Sakurai M., Nakagawa T. Densities of dilute solutions of water in benzene and in methanol at 278.15, 288.15,
298.15, 308.15, and 318.15 K. Partial molar volumes ¥, and values of 0V, /0T for water in benzene and
in methanol // J. Chem. Thermodyn. 1982. Vol. 14, no. 3. P. 269-274. DOI: 10.1016/0021-9614(82)90017-9.
Sakurai M., Nakagawa T. Densities of dilute solutions of water in n-alkanols at 278.15, 288.15, 298.15, 308.15,
and 318.15 K. Partial molar volumes of water in n-alkanols // J. Chem. Thermodyn. 1984. Vol. 16, no. 2.
P.171-174. DOI: 10.1016/0021-9614(84)90151-4.

Sakurai M. Partial molar volumes in aqueous mixtures of nonelectrolytes. I. t-Butyl alcohol // Bull. Chem. Soc.
Jpn. 1987. Vol. 60, no. 1. P. 1-7. DOI: 10.1246/bcs;j.60.1.

I'pacun B.J., A6pocumor B.K. TepmopmHaMuyeckme CBOJICTBa BOJHO-OPTAHMYECKUX CUCTEM C MAJIbIM
copiepxanneM Bopipl. Coobienne 1. [IpenenpHble mapunanbHbie MonsipHbie 06bembl D,O 1 H,O B MeTanone
u 2-nipontanore mpu 288.15-318.15 K // Mse. Axad. nayx CCCP. Cep. xum. 1991. Ne 3. C. 317-320.

I'pacun B.J., A6pocumoB B.K. TepmopmHammyeckue CBOJICTBA BOJZHO-OPTAHMYECKUX CHCTEM C MasbIM
copepskanmeM Boppl. Coobuienue 2. IIpenenbHble napuyanbHbie MonspHsle 06beMsr D,O 1 H,O B TpeTnynOM
6yrunosom crimpte and 1,4-nuokcane at 288.15 - 318.15 K // M3e. Axao. Hayx. Cep. xum. 1992. Ne 3. C. 568-571.
Kipkemboi P.K., Easteal A.J. Densities and viscosities of binary aqueous mixtures of nonelectrolytes: tert-
Butyl alcohol and tert-butylamine // Can. . Chem. 1994. Vol. 72, no. 9. P. 1937-1945. DOI: 10.1139/v94-247.
I'pacun B.JI. V3oTonHble 9¢(eKThl cOMbBaTALMM U COCTOSHVE BOABL B Pa3/IMYHBIX PACTBOPUTEILAX IIPU
278-318 K. [luc. ... xanp. xum. Hayk. MiBanoso: IXPPAH, 2002. 175 c.

VBanos E.B. A6pocumos B.K. Jle6eneBa E.JO. CrpykTypHbIe 0COOEHHOCTY PacCTBOPOB BOAIBI B H-alIKaHOIAX
II0 Pe3y/IbTaTaM MCCIefOBaHIIT 00beMHBIX CBOJICTB IIPM Pa3/NYHbIX TeMiepaTypax // Kypu. cmpyxm. xumuu.
2004. T. 45, Ne 5. C. 862-869.

Egorov G.I., Makarov D.M. Densities and volume properties of (water + tert-butanol) over the temperature
range of (274.15 to 348.15) K at pressure of 0.1 MPa // J. Chem. Thermodyn. 2011. Vol. 43, no. 3. P. 430-441.
DOI: 10.1016/j.jct.2010.10.018.

Egorov G.I., Makarov D.M. Kolker A.M. Liquid phase PVTx properties of (water + tert-butanol) binary
mixtures at temperatures from 278.15 to 323.15 K and pressures from 0.1 to 100 MPa. II. Molar isothermal
compressions, molar isobaric expansions, molar thermal pressure coefficients, and internal pressure // J. Chem.
Thermodyn. 2013. Vol. 61. P. 169-179. DOI: 10.1016/j.jct.2012.09.008.

Sakurai M. Partial molar volumes in aqueous mixtures of nonelectrolytes. III. t-Pentyl alcohol // J. Solution
Chem. 1989. Vol. 18, no. 1. P. 37-44. DOL: 10.1007/BF00646081.

Valtz A., Coquelet C., Nikitine C., Richon D. Volumetric properties of the water + ethylenediamine mixture
at atmospheric pressure from 288.15 to 353.15 K // Thermochim. Acta. 2006. Vol. 443, no. 2. P. 251-255.
DOI: 10.1016/j.tca.2006.01.013.

Egorov G.I., Makarov D.M. Kolker A.M. Volume properties of liquid mixture of {water (1) + ethylenediamine
(2)} over the temperature range from 274.15 to 333.15 K at atmospheric pressure // Thermochim. Acta. 2016.
Vol. 639. P. 148-159. DOI: 10.1016/j.tca.2016.06.022.

HBanoB E.B., A6pocumos B.K.O6beMHbIe CBOJICTBa pacTBOpOB Kapbamupa u geiirepokapbamupa B H/D-
M30TOIIOMepax MeTMIOBOTO CIMPTa IPU pasIUyHbIX TeMmmepartypax // XKypu. ¢us. xumuu. 1997. T. 71, Ne 1.
C. 70-76.

29



OT XHMHH K TEXHONOT HH TOMS5, BbINYCK 1, 2024

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.
60.

61.

62.

63.

64.
65.

66

Litman J.M., Liu C,, Ren P. Atomic polarizabilities for interactive dipole induction models // J. Chem. Inf.
Model. 2022. Vol. 62, no. 1. P. 79-87. DOI: 10.1021/acs.jcim.1c01307.

Kuharski R.A., Rossky P.]J. Molecular dynamics study of solvation in urea - water solution // J. Am. Chem.
Soc. 1984. Vol. 106, no. 20. P. 5786-5793. DOI: 10.1021/ja00332a005.

Vanzi F., Madan B., Sharp K. Effect of protein denaturants urea and quanidinium on water structure:
a structural and thermodynamic study // J. Am. Chem. Soc. 1998. Vol. 120, no. 41. P. 10748-10753.
DOI: 10.1021/ja981529n.

Tovchigrechko A., Rodnikova M., Barthel J. Comparative study of urea and tetramethylurea in water by
molecular dynamics simulations // J. Mol. Lig. 1999. Vol. 79, no. 3. P. 187-201. DOI: 10.1016/S0167-
7322(99)00003-3.

Msanos E.B., A6pocumos B.K. CoBpeMeHHOE COCTOSHIE MCCTIEOBAHMNIT CTPYKTYPHBIX I OO'beMHBIX CBOJICTB
MOYEBMHBI U € BOZHBIX pacTBopoB. M.: Hayka, 2001. C. 110-183.

Kustov A.V., Smirnova N.L. Standard enthalpies and heat capacities of solution of urea and tetramethylurea
in water // J. Chem. Eng. Data. 2010. Vol. 55, no. 9. P. 3055-3058. DOI: 10.1021/je9010689.

Bandyopadhyay D., Mohan S., Ghosh S.K., Choudhury N. Molecular dynamics simulation of aqueous urea
solution: is urea a structure breaker? // J. Phys. Chem. B. 2014. Vol. 118, no. 40. P. 11757-11768.
DOI: 10.1021/jp505147u.

Chialvo A.A., Crisalle O.D. Solute-induced effects in solvation thermodynamics: does urea behave as a
structure-making or structure-breaking solute? // Mol. Phys. 2019. Vol. 117, no. 23-24. P. 3484-3492.
DOI: 10.1080/ 00268976.2019.1606461.

Ivanov E.V., Kustov A.V., Lebedeva E.Yu. Solutions of urea and tetramethylurea in formamide and water:
A comparative analysis of volume characteristics and solute - solute interaction parameters at temperatures
from 288.15 to 328.15 K and ambient pressure // J. Chem. Eng. Data. 2019. Vol. 64, no. 12. P. 5886-5899.
DOI: 10.1021/ acs.jced.9b00794.

Kustov A.V., Ivanov E.V. Solvophobic and solvophilic effects in aqueous and non-aqueous solutions of urea
and tetramethylurea. NewYork: Nova Science Publ,, Inc., 2021. P. 75-130.

Egorov G.I. Comments on the paper “The phenomenon of “partial isobaric compression” of urea as a solute
in tertiary butanol: Comparison with a similar effect in the (methanol + urea) system” by E.V. Ivanov,
E.Yu. Lebedeva // J. Mol. Lig. 2023. Vol. 83. 122128. DOI: 10.1016/j.molliq.2023.122128.

BatovD.V., IvanovE.V., LebedevaE.Yu., KustovA.V., Pakina A.A., Ivanova N.G. The phenomenon of partial
isobaric compressibility (“negative expansibility”) of urea as a solute in tert-butanol and methanol media:
A comparative analysis // Proc. XXIII Intern. Conf. on Chemical Thermodynamics in Russia (Kazan 22-27.08
2022.). Kazan: Federal University, 2022. P. 179.

Ben Naim A., Marcus Y. Solvation thermodynamics of nonionic solutes // . Chem. Phys. 1984. Vol. 81, no. 4.
P.2016-2027. DOI: 10.1063/1.447824.

Ben-Naim A. Solvation Thermodynamics. New York: Plenum Press, 1987. 251 p.

Ben-Naim A. Molecular Theory of Solutions. Oxford: Oxford University Press, Inc., 2006. 400 p.

Cox J.D. Notation for states and processes, significance of the word standard in chemical thermodynamics,
and remarks on commonly tabulated forms of thermodynamic functions JUPAC recommendations) //
Pure Appl. Chem. 1982. Vol. 54, no. 9. P. 1239-1252. DOI: 10.1351/pac198254061239.

Ewing M.B., Lilley T.H., Olofsson G.M., Ritzsch M.T., Somsen G. Standard quantities in chemical
thermodynamics: fugacities, activities and equilibrium constants for pure and mixed phases (IUPAC
recommendations) // Pure Appl. Chem. 1994. Vol. 66, no. 3. P. 533-552. DOI: 10.1351/pac199466030533.
Vilhelm E. Chemical thermodynamics: A journey of many vistas // J. Solution Chem. 2014. Vol. 43, no. 3.
P. 525-576. DOI: 10.1007/5s10953-014-0140-0.

Ivanov E.V. Thermodynamic interrelation between excess limiting partial molar characteristics of a liquid
non-electrolyte // J. Chem. Thermodyn. 2012. Vol. 47. P. 437-440. DOI: 10.1016/j.jct.2011.11.018.

Byprep K. CompBararust, MOHHBIE peaKLiny 1 KOMIUIEKCOOOPa30BaHNe B HEBOFHBIX cpefax. M.: Mup, 1984. 256 c.
Mamantov G., Popov A.I. Chemistry of Nonaqueous Solutions: Current Progress. New York: VCH Publishers,
Inc., 1994. 377 p.

. Marcus Y. The Properties of Solvents. London: John Wiley & Sons, 1998. 254 p.

30



OT XHMHH K TEXHONOT HH TOMS5, BbINYCK 1, 2024

67.
68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Gutmann V. The Donor-Acceptor Approach to Molecular Interactions. New York: Plenum Press, 1978. 279 p.
Riddick J.A., Bunger W.B., Sakano T.K. Organic solvents: Physical properties and methods of purification.
(“Techniques of chemistry” series). New York: Wiley-Interscience, 1986. 1344 p.

Chickos J.S., Acree W.E., Jr. Enthalpies of vaporization of organic and organometallic compounds, 1880-2002 //
J. Phys. Chem. Ref. Data. 2003. Vol. 32, no. 2. DOI: 10.1063/1.1529214.

Mpanos E.B., A6pocumos B.K. BsanmocBsA3b MeXJy BHYTPEHHVM JaBJlIeHNEM VM IUIOTHOCTBIO SHEPTUM
KOTe3WM )XMIKOTO HeaneKTponnTa. ITocnencrsus npuMenennsa Kouuenuym [aka // 2Kypu. cmpyxmyp. xumuu.
2005. T. 46, Ne 5. C. 887-893.

Ohtaki H. An attempt to parameterize the structuredness of solvents // J. Solution Chem. 1992. Vol. 21, no. 1.
P. 39-47. DOLI: 10.1007/BF00648979.

Popankosa M.H. Ocob6eHHOCTH pacTBOpUTENelt C MpOCTpaHCTBeHHOI ceTKoit H-cBaseit // XKypH. dpus. xumuu.
1993. T. 67, Ne 2. C. 275-280.

Popnukosa M.H., Banbkosckas T.M., Baprens I1., Katomosa [I.B. O6 ynpyroctu mpocTpanCcTBeHHOI CeTKM
BOJIOPOJHBIX CBsI3€ll B BOZHBIX PACTBOPAX AMAMIHOB, JUOIOB U aMUHOCIIUPTOB // XKypH. ¢us. xumuu. 2006.
T. 80, Ne 3. C. 568-570.

Ciach A., Perera A. A simple lattice model for the microstructure of neat alcohols: Application to liquid
methanol // J. Chem. Phys. 2009. Vol. 131, no. 4. 044505. DOI: 10.1063/1.3184851.

Jadzyn J., Swiergiel J. Mesoscopic clustering in butanol isomers // J. Mol. Liq. 2020. Vol. 314. 113652.
DOI: 10.1016/j.molliq.2020.113652.

Cerdeirifia C.A., Gonzalez-Salgado D., Romani L., del Carmen Delgado M., Torres L.A., Costas M.
Towards an understanding of the heat capacity of fluids: A simple two-state model for molecular association //
J. Chem. Phys. 2004. Vol. 120, no. 14. P. 6648-6659. DOI: 10.1063/1.1667469.

Forner W., Badawi H.M. Equilibrium structures and vibrational assignments for isoamyl alcohol
and tert-amyl alcohol: A density functional study // Z. Naturforsch. 2013. Vol. 68b, no. 7. P. 841-851.
DOI: 10.5560/ZNB.2013-3003.

Chang Y.-P., Su T.-M., Li T.-W., Chao I. Intramolecular hydrogen bonding, gauche interactions,
and thermodynamic functions of 1,2-ethanediamine, 1,2-ethanediol, and 2-aminoethanol: A global
conformational analysis // J. Phys. Chem. A. 1997. Vol. 101, no. 34. P. 6107-6117. DOI: 10.1021/jp971022;j.
Gubskaya A.V., Kusalik P.G. Molecular dynamics simulation study of ethylene glycol, ethylenediamine,
and 2-aminoethanol. 1. The local structure in pure liquids // J. Phys. Chem. A. 2004. Vol. 108, no. 35.
P.7151-7164. DOI: 10.1021/jp0489222.

Gubskaya A.V., Kusalik P.G. Molecular dynamics simulation study of ethylene glycol, ethylenediamine,
and 2-aminoethanol. 2. Structure in aqueous solutions // J. Phys. Chem. A. 2004. Vol. 108, no. 35. P. 7165-7178.
DOI:10.1021/jp048921+.

Esmaielzadeh S., Zare Z., Azimian L. Synthesis, physical characterization, antibacterial activity and
thermodynamic studies of five coordinate cobalt(IIT) Schiff base complexes // Bull. Chem. Soc. Ethiop. 2016.
Vol. 30, no. 2. P. 209-220. DOI: 10.4314/bcse.v30i2.5.

Ivanov E.V. Volumetric properties of dilute solutions of water in ethanol and water-d, in ethanol-d; between
T =(278,15 and 318,15) K // J. Chem. Thermodyn. 2012. Vol. 47. P. 162-170. DOI: 10.1016/j.jct.2011.10.009.
Aépocumos B.K., iBanos E.B. Jlencumerpus pactBopoB. B kH.: Teopernueckue 1 sKcliepuMeHTaIbHbIE
MEeTOJIbI XMMUM pacTBOpOB. [Ipobemsl xumum pactBopoB. M.: ITpocmekr, 2011. C. 425-463.

Ivanov E.V. Note on “The interpretation of the parameters of the equation used for the extrapolation
of apparent molar volumes of the non-electrolyte (solutes) to the infinite dilution” by J. Wawer
and J. Krakowiak // J. Mol. Lig. 2020. Vol. 314. 113637.

Wiirzburger S., Sartorio R., Guarino G., Nisi M. Volumetric properties of aqueous solutions of polyols
between 0,5 and 25 °C // ]. Chem. Soc. FaradayTrans. 1. 1988. Vol. 84, no. 7. P. 2279-2287.
DOI: 10.1039/F19888402279.

lBanos E.B. IlonaTme cONMbBOMONANBHOCTM KaK 3Tall B PasBUTUM IIPEICTABIEHUII O CTPYKTypHO-
TePMOMHAMIYECKIX XapAaKTePUCTUKAX pacTBOpoB: K 106meittbiM gaTam co gHs poxpaenns I.A. Kpecrosa n
CO3/laHMA HOCAILETO ero ums VIHncTutyra xumun pactsopos PAH // Use. sy306. Xumus u xum. mexosn. 2021.
T. 64, Boi. 10. C. 6-15. DOI: 10.6060/ivkkt.20216410.6461.

31


https://doi.org/10.1021/jp971022j
https://doi.org/10.1021/jp048921+

O XHMHH K TEXHONOTHH TOMS5, BbINYCK 1, 2024

87.

88.

89.

Franks F.J. Solute interactions in dilute aqueous solutions. Part 3. Volume changes associated
with the hydrophobic interaction // J. Chem. Soc. Faraday Trans. 1. 1977. Vol. 73, no 5. P. 830-832.
DOI: 10.1039/ F19777300830.

Lepori L., Gianni P. Partial molar volumes of ionic and nonionic organic solvents in water: a simple additivity
scheme based on the intrinsic volume approach // J. Solution Chem. 2000. Vol. 29, no. 5. P. 405-447.
DOI: 10.1023/ A:1005150616038.

de Visser C., Heuvelsland W.J.M., Dunn L.A., Somsen G. Some properties of binary aqueous liquid mixtures:
Apparent molar volumes and heat capacities at 298.15 K over the whole mole fraction range // J. Chem. Soc.
Faraday Trans. 1. 1978. Vol. 74, no. 11. P. 1159-1169. DOI: 10.1039/F19787401159.

ITocmynuna e pedaxyuio 06.02.2024

Ooobpena nocne peyensuposarus 01.03.2024
IIpunama x onybnuxosanuro 12.03.2024

32



OT XHMHH K TEXHONOTHH TOMS5, BbINYCK 1, 2024

Hayunas cmamos
VIIK 547.791.8

OCHOBHOI1 1 TOBOYHBIN ITPOIIECCHI ITPY1 BOCCTAHOBJ/IEHUM
1-(2-HUTPOAPUJI)-1H-BEH30TPUA30JIA

P. C. berynos, /I. /1. CaBuna, A. V1. Xi1onoTHNH

Poman Cepreesnu beryHos, kaHj. xum. Hayk, pjoueHt; Jlymsa Wabumamdyna CaBuHa, CTy/eHT;
Anexcanpp Uropesidy X/I0MOTHHIH, aCIIMPAHT
SpocmaBckmit rocynapcrBenHblit yHuBepcuteT uM. ILT. lemuposa, Spocnasns, Poccus, begunov@bio.ac.ru

Kntouesvie cnosa: Annomauus. Vsyueno enusmue xonyenmpavuu HCl na npomexanue
soccmanoeeHue, KOHOEHCAUUs, OCHOBHO20 U NOGOUHLIX — NPOUECCO8  NpU  BOCCMAHOBTEHUU
ankunuposarue, 1-(2-amunoapun)- 1-(2-numpoapun)-1H-6en3ompuasona xnopudom onosa (II) 6 xucnoii
1H-6eH30mpuasonvi, a3okcubeH3on,  800HO-cnupmosoti cpede. IIpu nusxom codepacanuu HCI 8 peakyuontoii
ANKUNAMUHDL macce 0MME1Anocy o6pasosarue nomMumo uenesozo

AMUHONPOU3BO0HO20 euwje U  A30KCUcoeOuHeHUs. Vlcnonv3osanue
36%-Hoil CcOnAHOLU KUCIOMbL NPUBOOUNO K NPOMeEKAHUI npouecca
ANKUNUPOBAHUS  00paA3YIOUee0cs — AMUHOCOEOUHEHUS — CHUPIOM,
KOMOopbLil NPUMEHSCA 8 Ka4ecmae Pacmsopumens.

T nuTupoBaHMA:

Berynos P.C., CaBuna JL.U., Xnonmotuuua A.J. OCHOBHOJ ¥ TOOGOYHBIN IIPOL[ECCHl IIPY BOCCTAHOBIECHUM
1-(2-aurpoapwun)-1H-6ensorpuasona // Om xumuu x mexuonozuu wiaz 3a wiazom. 2024. T. 5, o, 1. C. 33-39
URL: http://chemintech.ru/index.php/tor/issue/view/2024-5-1

BBengenue
Panee Hamm ObUT M3ydeH IIpoIecc Q/NHz QN ol QN
SnCl, iCly \
BOCCTQHOBJICHMS 1-(2-autpoapwn)-1H- N_. 18% HCI N> 36%HC N
\\ i-PrOH i-PrOH
6ensumupasona [1-3]. beuto ycranoseHo, 3 2r4h NO, ——» NH,
o min
YTO B 3aBUCHMMOCTU OT YCTIOBUII peaKiuu 80°C 20°C
BO3MOXXHO  00pa3oBaHMe  HECKOTBbKUX
SnCl
IPOAYKTOB:  TUAPOKCUIAMUHOIIPOUSBOJ - c GBI‘CJ‘;% v B
Horo (A), nenesoro ammHocoenyuenus (B) i-PrOH

u mupopykra ero wmsomepusanuu (C). Q ’:l)
Ha permocenexkTBHOCTb BOCCTAaHOBJ/ICHNA N \HOM
Hambosee CIWIbHOE BJMSAHME OKa3bIBaJIo
copep>xanne HCl B peakijmoHHoOIT Macce. A

B npopomkeHne aTUX MCCIefOBaHUI
ObTIO M3y4eHO BiMAHME 9TOro ¢akTopa Ha BOCCTaHOBIeHMe 1-(2-Hurpoapwn)-1H-
6eH30TpuasonoB. BpIOOp HaHHBIX CyOCTpaToB OOYC/IOB/IEH TeM, 4YTO IOJIydaeMble
N-(amMmrHOapumI)Ipou3BOHbIe OeH30Tpuasona LIMPOKO MCIOIB3YIOTCA IpU pa3paboTke
JIEKapCTBEHHBIX IpenapaToB [4-7]. Takke B Xofje BOCCTAaHOB/ICHMS MOXXHO OXXIJATh
IpoTeKaHye Mpoliecca U30MepU3aALIL.

© P. C. berynos, JI. /1. CaBuHa, A. V. Xnonotunus, 2024
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OcHOBHasA 4acTh

Cunres 1-(2-Hutpoapun)-1H-6eH30Tp1na30noB NPOBOAWIM IIPY  B3aMMOJEICTBUY
1H-6en3otpuasona (1) ¢ 1-xnop-2-uurpoapenamu 2a-d B JM®PA B npucyrcreun K,COs.
CormacHo pgaHHBIM  pabor [8, 9] mpm ocymectBreHunm peakumm  SyAr 1
¢ 2,4-pyHUTPOPTOPOEH30/I0M B JAHHBIX YCnoBuAX mpu 95 °C Habmoanock obpasoBaHue IByX
IPOAYKTOB: 1- M 2-3aMelleHHBIX OeH30TpMas3onoB B cooTHomeHun 3 : 1. OpHaxko,
KaK 0Ka3aJIoch, B Xofie peakuyy 1 ¢ autpoxnopnponssopubivy pu 110 °C B peakumoHHOM Macce
IPUCYTCTBOBAIM JMIIb C/Ie[JOBble KommyecTBa 2-(2-Hutpoapwun)-2H-6ensorpuasona. [Tocre
HepeKpUCTa/IN3ALUI B M30IIPOIIaHOIe BBIXOM HUTpocoenuHeHnit 3a-d cocraBuin 89-94%.

cl Q Sncl2 '?'
X NO, DMF N 18% Hel
@[ N4 KoCOy. i-PrOH
Qj/ “110°C <P/N02 gﬁ/
2a-d 1.5-7h 0.5 h
3ad 4a-d

rge R = a) CF;, b) CN, ¢) COOEt, d) Cl

Boccranosnenne 1-(2-Hutpoapun)-1H-6ensorpuasonos 3a-d mpoBopwmM XIOpUEOM
onosa (II) B Kucioil BOZHO-CIMPTOBOIL cpefie. VIcnonb3oBaHme JaHHOI BOCCTAHAB/IMBAIOLIEN
CHCTEMBI IO3BOJLAIO 3¢ (HeKTUBHO MOTy4YaTh pa3IMYHble aMuHoapeHsr [10, 11].

B kavectBe  pacTBOpMTeNsA ~ WMCIONB30OBaIM  WU3OIPONAHON, B  KOTOPOM
N-(2-HuTpoapna)6eH30Tp1a3oIbl PACTBOPSINCH NPy HarpeBaHUM. [IpyMeHeHMe YKCYCHOI
KUCTIOTBHI OBIIO HEXXelaTelbHBIM 13-3a TPYFHOCTEl C BbIfje/ieHNeM IpoAyKTa. B apyrux
IPOTOHHBIX PAaCTBOPUTE/ISIX He BCEe HUTPOCOEAVMHEHMs pacTBOpsumch. K momydeHHOMY
pacTBopy Hutpocydcrpara 3 npu 70 °C npummBanu pactsop SnCl, B 9-, 18- v 36%-u1oit HCI.
B xauecTBe MOJIETIBHOTO COeVHEHM ObIIO BBIOPAHO BEIeCTBO 3a.

[Tpu BoccranoBnenun 3a B cmecu i-PrOH n 9%-noit HCI nmporekan mo6ouHbI mporiecc
KOHJEHCAIVY IPOMEXYTOYHO OOPa3yIOUMXCA HUTPO30- ¥ TUAPOKCUIAMIHOIPOV3BOSHBIX.
Tak U3 peakMOHHON cMecu ObUIO BbIfiefieHO coenyHeHue ¢ T.mm. 241-246 °C, umeBliee
3HaueHue m/z [M]* 568 [la. B '"H IMP-cnexTpe BemlecTBa IpUCYTCTBOBAIO [IBa KOMIIIEKTA
U3 7 CUTHAJIOB apOMATMYeCKUX IIPOTOHOB OT ABYX N-apmia6eH30Tpra3oNbHBIX (PparMeHTOB
MoseKynpl. CHUTHajAbBl IPOTOHOB OFHOrO N-apM/IbHOTO 3aMeCTHUTeNsA OBUIM  CMeIleHbI
OTHOCKUTEJIBHO JApyroro B Oonee cmaboe moje. IDTO XapaKTepHO JyIA apOMaTHYeCKUX
asokcucoepuuennii [12, 13]. B *C SIMP-cnexTpe npucyrcTBoBano 26 curianoB aTomMos C.
[Tpmyem curHanmbl 4eTblpex aTtomoB yrmepoma (C-CFs), wmMmenm Buj —KBapTerTa.
Ha ocHOBaHMM 3TUX HaHHBIX BBIJIe/ICHHOE BEIIECTBO ObUIO WACHTU(UIMPOBAHO KaK
1,2-6uc[2-(1H-6ensorpuason-1-mn)-5-(tpudropmernn)pennn] guasen okcug (5).
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Vcnionb3oBanme 36%-Hoit COMSHO KMCTOTBI CITIOCOOCTBOBAIO 00Pa3oBaHNIO TOOOYHOTO
IPOAYKTa ANKWIMPOBaHMUA aMyHorpynnsl cnuproM. Ha puc. 1 nmpusenen 'H SAMP-cnextp
1-{2-[(mpoman-2-wn)amuHo]-4-(Tpudropmern)pennn}-1 H-6ensorpnasona (6). B 'H AMP-
CIIEKTpPE JJAaHHOTO COEAVHEHMA NPUCYTCTBOBamM curHanbsl mpotoHoB NH-, CH- n CH;-rpymm,
NOABJAILINXCA B CTPYKType B Xofie HykIeodwibHOro saMemeHnsa OH-rpynmbl aMMHOM.

C yBenmmueHneM BpeMeHM U Temmeparypbl peakuyu o 80 °C KomM4ecTBO IpPOAYKTa
AIKMIMPOBAHMSA BO3PACTANIO.

. HS HS’T,HG' H¥ HY (CH3)2

| JU J'-_ML

825 815 805 795 785 775 765 755 745 73I5 725 715 705 695

T T T
0.5 100 95 9.0

J ‘ NH CH
—J _dvl JI\ A A W

ﬁiU 5?5 5,IU 4“5 4‘.U 3:5 3?0 2‘.5 ZjU 1“5 1?0 UI‘S
Puc. 1. '"H SIMP-crmiextp 1-{2-[(mpoman-2-mn)amuno] -4-(tpudropmernn)bennn}-1 H-6ensorpuasona (6)

B mHpVBUAYyanbHOM BUie aMUHOCOeRVHEeHUs 4 ObUIM IIONTyYeHbl NIPY MCIIOIb30BaHUNI
18%-noit HCl. Bpixom ammHOB 4 cocraBun 94-98%. IIpopmykToB wmM3oMepusanuu
N-(2-ammnHoapun)6eH30Tpuna3onoB npu pasnuanoM cogepxannn HCI B peakijmonHoit Macce,
KaK 3TO OBUIO OTMe4YeHO Ipu BoccTaHOBIeHMM N-(2-HuTpoapmn)bensumuasonos SnCl,
B KVIC/IOJ BOZHO-CIIVPTOBOII Cpefie, He HaOIojanoch.

CrpykTypa 6eHsorpuasonos 4 6b1a fokasana ¢ nomousio 'H, PC IMP-criekTpockonunu
1 MacC-CIIeKTPOMETPUM BBICOKOTO paspenieHns. [loHoe oTHeceHNe CUTHA/IOB IIPOTOHOB IaHO

¢ momompio 'H-'H AMP-cnekrpockomm. Ha puc. 2 mpepcrasnen 'H AMP-cnextp
coelMHeHU 4a.

o4 H H578 HY ) 6
I

B2 8.1 8.0

7.9 7.8 7.7 76
U NH; [‘
— - ‘ lu -4,'\ )’I'\ I\
85 80 7:5 ?:D

T T 1
100 95 9.0 6.5 &0 55 5.0 4.5 4.0 3.5 30

Puc. 2. 'H IMP-cniexrp 1-[2-amuno-4-(tpudropmermn)dennn]-1H-6ensorpuasona (4a)
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B 'H SAMP-cnekTpe 4a HpUCYTCTBOBAIM CUTHAJI [IBYX IIPOTOHOB aMMHOTPYIIIIBI
npu 5.53 M.JI., MUMEOIINI BUAJ, LIPOKOTO CUHIJIETA, ¥ 7 CUTHAJIOB aQpOMAaTU4eCKNUX IPOTOHOB,
BBIXOJAIINX B crHekTpe B uHTepBane 7.01-8.18 m.pa. Ilomocel mormomeHus IIPOTOHOB
N-¢peHnnpHOro QparMeHTa 3HAYUTENIPHO CMELIAINCh B  00/ACTh CUIBHOTO — IOJISL:
H® wa 1.75 m.g., H” ma 1.8 mj. m meHee Bcero H® ma 1.35 M.I. 1m0 CpaBHEHUIO
C COOTBETCTBYIOUIVM HUTPOCOEAVMHEHNEeM. B caMoil CU/IbHOIONBHOM 00/acTy CHEeKTpa
BBIXOIM/I CUTHAI napa-pacrolioKeHHOro K ammHorpymme H°, mmeromero Bup ay6rmera
nybneros. B camoit cmabononbuoit mpu 8.18 m.i. — curnan H* 6eH30TpmasonpHOrO IMKIiIa,
CWIbHO [e39KpaHMPOBAaHHBII aTOMOM a30Ta TPMA3OJIbHOTO Ko/iblla. Takme ke
3aKOHOMEPHOCTM PpACIONIOKeHNA ¥ BuUj CurHajioB ImporoHoB B 'H SAMP-cnexTpax
Habmoanuch u 1 fpyrux N-(2-aMuHoapu)6eH30TPUasooB.

TakuM o00pasoM, B XOfe W3y4eHMs BIUAHNUSA TeMIEpaTypbl, BpPEeMEHU peaxIun
n koHuenTpanuy HCl Ha cenektuBHOCTD BoccTaHOBNeHNS 1-(2-HuTpoapun)-1H-6eHsorpuasona
xopuzioM osnosa (II) B Kucmoil BOZHO-CIMPTOBOIL Cpefie YCTaHOBJIEHO, YTO IOMIMO CHUHTe3a
I1eJIeBOTO aMMHOCOE[VIHEHVSI BO3MOXKHA peanyusanys IMOOOYHBIX IPOLIECCOB KOHJEHCALMN
IIPOMEXXYTOYHBIX NTPOJYKTOB HEIIOTHOIO BOCCTAHOBJIEHMA HUTPOTPYIIBI U aJKUIVPOBaHUA
o0pasyiomierocs aMUHOCOEAVHEHMs CHOUPTOM, KOTOPbII TPUMEHSICA B KadecTBe
pacTBOpUTETA.

SKCHCPI/IMCHTa}IbHa}I qacTh

Temneparypbl maaBneHus omnpemensmi Ha npubope Poly-Therm A co ckopocrbio
HarpeBaHus 3 °C/mMuH n He KoppekTupoBamyu. Crekrpsl IMP perucrpuposanyu Ha npubope
BrukerDRX-400 mnsa pactBopoB JMCO-d6. B xauecTBe 3TajmoHa I OTCUETA XMMUYIECKUX
CIIBUTOB VICITOJIb30BaJIV CUTHA/IBI OCTATOYHBIX IIPOTOHOB pacTBoputess B 'H SIMP (6 2.50 m.z.).
Macc-ciektpsl  6butnm  3ammcanbl Ha mnpubope FINNIGAN MAT.INCOS 50, sueprus
37IEKTPOHHOTrO 1oToKa 70 3B.

Mertoauka cunTtesa 1-(2-aurpoapun)-1H-6ensorpuasonos 3a-d.

PeakumonHyto cmecs, cogepskamyio 2 r (0,017 mornb) 6eHsorpuasona 1, 3,5 (0,026 morb)
6esBogroro K,COs n 0,017 Monb opmo-uutporanoreHapeHa 2 a-d Harpesamu po 110 °C u
nepememyBany 1,5 4 s cuHTesa 3a,b, 2 9 s 3¢ u 7 yacoB i 3d. OxmaXkanm v BbUIMBAIU
B BOJY. BpImaBumit ocafok OTGIIBTPOBBIBAIN, HECKOTIBKO Pa3 IMPOMBIBA/IV BOIOV 11 CYLIVJINL.
[TepexpucTanin3oBbIBaIM B M30NPOIIAHOTIE.

1-(2-autpo-4-(Trpudropmerin)pennn)-1H-6ensorpnason  (3a). Bwxog  93%.
T.mn. 133-136 °C. Cnexrp AMP 'H (IMCO-ds, 6, m.zi., J /T1y): 7.61 (1, 1H, H, J 8.3, 1.0 T'm),
7.77 (tm, 1H, HS, ] 8.3, 1.0 I'm), 7.85 (=, 1H, H7, ] 8.4 '), 8.28 (n, 1H, H*, ] 8.4 I'ry), 8.40 (7, 1H,
H¢, J 8.8 T), 8.81 (mm, 1H, H°, J 8.8, 2.5 1), 9.07 (m, 1H, H?, ] 2.6 I'y). HRMS: m/z BbIruncieHo
CisH7FsN40O, 309.2196 [M+H]*, narigeno 309.2191.

1-(4-umano-2-unrpodennn)-1H-6enzorpuason (3b). Boixon 94%. T.mm. 221-223 °C.
Cnextp AMP 'H (IMCO-ds, §, m.z., J/Tn): 7.61 (tm, 1H, H>, 8.3, 1.5 '), 7.73 (tm, 1H, HJ 8.3,
1.2 T1), 7.83 (1, 1H, H7J 8.4 T1y), 8.25 (1, 1H, H*J 8.3 T1x), 8.35 (1, 1H, H° J 8.5 T'1x), 8.54 (mm, 1H,
H%, J 8.3, 1.5 T'y), 8.96 (m, 1H, H?, J 1.8 Tx). HRMS: m/z Beraucneno Ci;;H;NsO, 266.2320
[M+H]", nHaiimeno 266.2315.
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1-[2-HuTpO-4-(3TOKCMKapOOHWT) pennn]-1H-6ensorpuaszon  (3b). Beixom 91%.
T.wr. 115-119 °C. Cuextp AMP 'H (IMCO-ds, 6, m.z., J/Tn): 1.39 (m, 3H, CHs), 4.45 (m, 2H,
CH,), 7.58 (tm, 1H, H>, J 8.3, 1.0 I'ny), 7.72 (tm, 1H, H¢J 8.3, 1.0 T'r), 7.81 (m, 1H, H” ] 8.2 I'r),
8.24 (m, 2H, H*®), 8.49 (mn, 1H, H%, J 8.5, 1.5 I'y), 8.72 (m, 1H, H*, J 1.8 I'y). HRMS: m/z
Borunciero Ci;sH;;N,O, 313.2850 [M+H]*, Haitmeno 313.2845.

1-(2-HuTpo-4-xmopdennn)-1H-6ensorpuason (3a). Beixox 89%. T.mm. 118-121 °C.
Cnextp AMP 'H (IMCO-ds, §, m.z., J/Tny): 7.58 (tm, 1H, H>, 8.3, 1.0 I'y), 7.69 (tm, 1H, HJ 8.3,
1.0 Tr), 7.76 (m, 1H, H7J 8.2 Tr), 8.14 (m, 2H, H**), 8.25 (1, 1H, HF, J 8.5 T'rr), 8.51 (1, 1H, H?,
J 1.8 I'y). HRMS: m/z Beruncneno C,H;N4O,Cl 275.6650 [M+H]*, HaiigeHo 275.6632.

Mertoauka cunTtesa 1-(2-amunoapun)-1H-6en3orpuasonos (4a-d).

K pactBopy 0.011 monb 3a-r B 50 M i-PrOH npu 70 °C npu nepememnBanum BHOCUIN
pactBop 0.034 momp SnCl-2H,O B 50 M 18 %-Hoit HCL. Yepes 0.5 4 i-PrOH ynapusamu.
[Tocne aToro peakiMOHHYI0 Maccy oxnaaxpamy, obpabareiBamm NH,OH po pH = 8
Y 9KCTparupoBamy ropssuum xinopodopmom (X = 250 m). Ilocne orroHkm xnopodopma
HOJTy4YaIy aMuHoOcoeiuHeHns 4a-d.

1-[2-AMuHO-4-(TpudTopmernn)pennn]-1H-6ensorpnason  (4a). Boixom  98%.
T.wr. 136-139 °C. Crnektp AMP 'H (IMCO-ds, §, m.x., J/T1): 5.75 (¢, 2H, NH,), 7.01 (gz, 1H,
H*, J=1.8,]=8.2); 7.32 (g, 1H, H*, ] = 1.7); 7.46 (n, 1H, H®, ] = 8.3); 7.49-7.53 (M, 2H, H>");
7.56 (1, 1H, H%, ] = 9.4); 8.18 (1, 1H, H*, ] = 8.1). Cuextp SAMP “*C (IMCO-ds, §, m.z1.): Criektp
BC AMP (IMCO-ds, 8, M.1.): 111.4, 112.5 (kB, ] = 4), 113.44, 120.4, 123.3, 124.7 (8, ] = 271),
125.0, 129.0, 129.3, 131.7 (xB, ] = 31), 133.7, 145.5, 145.9. HRMS: m/z Boruncineno Ci;:HioF3Ny
279.2400 [M+H]*, naitmeno 279.2398.

1-(2-AMuHO-4-mano¢gennn)-1H-6enzorpuason (4b). Beixox 97%. T.mn. 154-156 °C.
Cnekrp AMP 'H (IMCO-ds, 6, m.x1., J/T1): 5.78 (¢, 2H, NH.), 7.12 (om, 1H, H*, ] = 1.8, ] = 8.1);
7.34 (m, 1H, H?, ] = 1.8); 7.45 (1, 1H, H°, ] = 8.2); 7.47-7.51 (m, 2H, H); 7.59 (1, 1H, H, ] = 9.2);
8.19 (m, 1H, H*, ] = 8.2). Cmextp SAMP *C (IMCO-ds, §, m.zm.): 111.13, 113.98, 119.42, 120.24,
124.37, 125.21, 129.11, 129.46, 133.62, 145.53, 145.97. HRMS: m/z Bbraucineso C;3H;oNs
236.2516 [M+H]*, naitmeno 236.2518.

1-(2-AMuHO-4-3TOKCUMKapOoHmndennn)-1 H-6ensorpuason  (4c). Beixom  95%.
T 132-136 °C. Comektp AMP 'H (IMCO-ds, 6, m.p., J/Tm): 1.34 (M, 3H, CHs),
4.35 (M, 2H, CH,), 5.62 (¢, 2H, NH,), 7.29 (nm, 1H, H*, ] = 1.9,] = 8.2), 7.37 (m, 1H, H®, ] = 8.2),
7.48 (m, 2H, H), 7.59 (r, 1H, HS, ] = 8.4), 7.65 (m, 1H, H* ] = 1.7), 8.17 (1, 1H, H, ] = 8.2).
Coextp SAMP C (IMCO-ds, §, m.m.): 14.69, 61.51, 111.52, 117.19, 117.98, 120.26, 124.31,
125.02, 128.32, 128.84, 132.48, 133.61, 144.79, 145.97, 166.27. HRMS: m/z BbIYMCIEHO
Ci5H15sN,O 267.3053 [M+H]*, naitgeno 267.3051.

1-(2-AMuHO-4-x10pPennn)-1H-6ensorpuaszon (4d). Beixox 94%. T.mm. 154-156 °C.
Cuextp IMP 'H (IMCO-ds, §, m.1., J/T1): 5.53 (¢, 2H, NH,), 6.73 (nn, 1H, H*, ] = 1.7, ] = 8.1);
7.03 (m, 1H, H*, ] = 1.7); 7.24 (», 1H, H®, ] = 8.1); 7.46 (M, 2H, H>"); 7.57 (1, 1H, H?, ] = 9.3);
8.16 (1, 1H, H, ] = 8.2). Crexrp SIMP “C (IMCO-ds, 8, m.zi.): 111.29, 116.11, 116. 29, 119.62,
120.21, 124.78, 128.81, 129.76, 133.98, 135.67, 145.79, 146.43. HRMS: m/z BbIYMCIEHO
C12H10CIN, 245.6871 [M+H]", nHaigeno 245.6873.
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Meropuka cunTe3a 1,2-6uc[2-(1H-6en3orpuaszon-1-mn)-5-(rpud ropmerin)dpernmn) ruaseH
okcupa (5).

BoccraHOoBNeHNe TPOBOAVINM AHAJIOTMYHO BBIIIEONMCAHHON MeTOVKe CHUHTe3a
aMUHOCOEIVIHEHUN, UCIIONIb3yA BMeCTO 18%-Hoit 9%-Hylo comanyio kucnoty. Ilomydennyro
II0C/Ie OTTOHKM X7I0podopMa CyXyro cMech IpOAyKToB HarpeBamu B [JM®A, npy oxmaxieHnn,
13 KOTOPOTO BBINIA/IANI0 a3oKcucoefnHenne. Boixon 17%. T.m. 241-246 °C. Cnextp AMP 'H
(IMCO-ds, 6, m.., ] /T11): 7.48-7.61 (m, 7 H), 7.66 (1, 1H, J=1.7), 7.78 (am, 1H, ] =1.9,] =9.2),
791 (m, 1H, J =9.1), 7.96 (mm, 1H, J = 1.9, ] =9.2), 8.03 (g, 1H, ] = 9.1), 8.17 (m, 2H, ] = 9.2).
CoexTtp IMP *C (IMCO-ds, §, m.z1.): 110.7, 111.6, 120.7, 123.9, 125.5, 125.7, 125.9, 128.6, 129.8,
129.8, 129.9, 130.4, 130.6, 130.9, 133.9, 134.2, 134.4, 134.9, 135.2, 135.9, 139.7, 144.9, 146.2.
HRMS: m/z Berancneno CysHisFsNsO 569.4401 [M+H]*, naitmeno 569.3989

Meroguka cuHTe3a 1-{2-[(mpomaH-2-wr)amuuo]-4-(TpudTopmernn)dennn}-1H-
6ensorpuasona (6).

BoccraHoB/IeHNe TPOBOAMIM AHAJOTMYHO BBIIIEONMCAHHON METOAMKE CUHTe3a
aMMHOCOEVIHEHMIA, UICTIONb3YsA BMeCTO 18%-Hol1 36%-Hylo comanyio Kucnory. [lomydennyro
II0C/Ie OTTOHKM X/IOpodOopMa CYyXyI0 CMeCh IPOAYKTOB pasziesiu ¢ moMoipio TCX. DmoeHTs!
- oaTumaneTar : rekcad = 7 : 1. Rf = 0.294. Boixopg 11%. T.r. 102-107 °C. 'H AMP (IMCO-ds,
8, m.zi., J /T1): 1.06 (1, 6H, CH(CHs), ] = 6.3), 3.76 (ncent, 1H, CH(CH:),, ] = 8.1, ] = 6.3), 5.37
(m, 1H,NH, = 8.1), 7.04 (mn, 1H, H®, J=1.9, ] =8.1), 7.18 (m, 1H, H?, J = 1.9), 7.45 (z, 1H, H°,
J =38.1),7.47-7.53 (m, 2H, H>, H’), 7.59 (mon, 1H, H%, J = 1.0, ] = 6.9, ] = 8.2), 8.19 (1, 1H, H*,
J=8.5). BC AMP (IMCO-ds, 6, m.m.): 21.8 (CH(CHs),), 43.3 (CH(CHs;),), 108.6 (x, C3,
J=3.9Tu), 110.8 (C7), 111.5 (x, C°, J = 3.9), 119.6 (C*), 123.9 (x, C', J = 1.4 I'y), 124.1 (x, CF;,
J=272.6), 124.4 (C°), 128.2 (C®), 128.7 (C%), 131.3 (x, C*, J = 31.6 I'y), 133.1 (C™), 143.2 (C?),
145.3 (C**). Cnektp AMP “F (IMCO-d6, d, m.z1.): - 62.27. HRMS: m/z Berancneno CisHi6F3N4
321.1329 [M+H]*, naitmeno 321.1323
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AMVHOJIN3 TEKCATIPOXPOMEHO[4,3-D|IIMPYMUINH-2,5-IVIOHOB

JK. B. Ynpkosa', E. C. Makaposa', A. M. Ypagosa', C. VI. DunumoHos’,
M. C. lllana6anoBa', C. A. VIBaHOBCKMIt>

JKanna BadyecmaBoBHa UmpkoBa, n-p xuM. Hayk, npodeccop; Emena CepreeBna MakapoBa, acCHUCTEHT;
Anacracua MuxaiinoBHa Ypsagosa, actmpanT; Cepreit ViBaHoBuy ®MWINMOHOB, I-p XMM. HaykK, mpodeccop;
Mapus Cepreesna lllana6anoBa, ctynent; Cepreil Anekcanaposud VIBaHOBCKMIL, KaHJI. XVIM. HayK, IOLCHT
!SIpocmaBcKmit rOCYAapCTBEHHBII TEXHUYECKIIT YHUBEPCUTET, SIpocnasib, Poccust, makarovaes@ystu.ru
*SIpocmaBcKuit TOCYAapCTBEHHBIN Iegarorndeckuit yuusepcuter nmern K. JI. Ymmuckoro, fpocnasns, Poccus,
s.ivanovskiy@yspu.org

Kniouesvie cnosa: Annomauus. IIposedero uccnedosarnue aAMUHONU3A

NUPUMUOUHOHDL (4R*,4aS* 10bR*)-xpomeno[4,3-d]nupumudun-2,5-0uoros.

eexcazudpoxpomeno[4,3-dnupumudunonsv,  Ycmanosneno, 4mo peakyus packpulmus AAKMOH06020 UUK/A

eudpazureudpam, Kap6o2uopasuovl B03MOXMCHA MOoNbKO npu obpabomxe XpOMAHO8
2UOPA3UHZUOPATNOM.

s quTpoBaHus:

Yupkosa JK.B., Makaposa E.C., Ypsgosa A.M., ®uwmumonos C.JI., llanabanosa M.C., VBanosckuit C.A.
AMIHOMN3 reKcarnfpoxpomMero|[4,3-d] mupumunya-2,5-fuoHoB // Om xumuu Kk mexHonozuu uwiaz 3a uiazom. 2024.
T. 5, BbiL. 1. C. 40-47. URL: http://chemintech.ru/index.php/tor/issue/view/2024-5-1

BBenenmne

3aMelleHHbIe IMAPA3V/bI ABJIAIOTCA BaXKHBIMY OMO/TOTMYECK aKTVBHBIMIU CTPYKTypaMu
B dapmakonoruy [1-4], npuMeHseMbIMK KaK aHTHOaKkTepuanbHble [5-11], HeitponenTuyeckne
npenapatsl [12-14] n gp. Oco6eHHO OHU LIeHATCA 3a CBOE IIPOTUBOTYOEPKY/Ie3HOe JeiiCTBIe
KaK OfHM 13 HeMHOIMX (apMakodopoB, CIOCOOHBIX IOAABJIATH [eECTBME NAaTOT€HHBIX
MUKpOOpPraHmaMoB [15-19]. Psajg HOBBIX NPOM3BOIHBIX TIMAPA3UIOB TaKXKe IOKasasl
aHTUNPONUQEPaTUBHYI0  aKTMBHOCTb,  CpaBHMMyI ¢  uOynpodeHom  [20-24].
Taxoke rufipasnupbl, a B YaCTHOCTV TUPA3VAbI MVPUMIAVHOB, IPEJCTaB/IAT MHTEpeC Kak
«OVMIIMHT 67I0KM» 1A TOTydeHNs 60ee CIOKHbBIX COeIVTHEHMIL.

CrnegyeT OTMeTUTb, 4YTO COAepKallye TIMAPAsVHOBBINL (GpParMEHT MOJIEKYJIbI
OTHOCKUTEJIbHO PeJIK/ B IIPMPOJE, OHAKO OHM ObIIM BBIJIe/IEHBI U3 pacTeHuii [3, 4], MOpckux
opranusMoB [1] m Mmkpoopramsmos [25, 26]. ITu coemrHeHNA 00/1AHAIOT CTPYKTYPHBIM
pasHOOOpasyeM ¥  OMONOTMYECKOV aKTMBHOCTBIO, XOTS (PepMEHTBI, y4acTBYIOLIVE
B obpasoBaryy N-N-cBs3M, O CUX ITOP He ONMCAHbI B HAYYHOI INTEpaType.

C 1enblo M3y4YeHNst XMMIYEeCKIX CBOVICTB TeKCarnpoxpoMeHo|4,3-d | mipummans-2,5- 1MoHOoB
OblTa M3y4eHa peaklys aMIHO/MN3a IAKTOHOBOTO IIMK/IA YKa3aHHbBIX COeiIHeHNI1. B kayecTBe

MOJE/IbHOIO COEANMHEHNA VCIIO/Ib30Ba/IaCh CTPYKTYypa 1a, B3aMMOI[€ﬁ[CTBYIOHIaH C pa3IM4HbIMUI
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aMMHUPYIOIVIMM areHTaMy 2 (aMMMakoM, annpaTudecKMMy aMUHAMU, TUAPAasVHIMAPATOM,
¢bennnruapasuHoM). JJaHHbIE MICCTIEROBAHUSA ABJLIOTCS MIPOJIO/DKEHMEM 60lee paHHMX pabdorT,
IOCBSAI€HHBIX VI3YYEHMIO B3aIMOJIEVICTBYIA IMPYUMU/IHOB C pa3/IMYHBIMY peareHTamu [27].

2: R =-H (a), R = -NH;*H,O (b), R = -NH-Ph (¢), R = -CsHy; (d); R = -CH,-C¢Hs (e);

BsaumopericTBue peareHTOB la 1M 2 OCYILeCTB/IANIOCh B Pa3IMYHBIX PacTBOPUTEILAX
(sTanon, msonpomwiossl cnupt, [JM®A, Tonyon) B pmamasoHe temmeparyp 78-150 °C
6e3 mcnonb3oBaHusa cnennduyecknx karammsatopos. C ammmakoMm 2a, ammHamy 2d,e
U enwarugpasuHoM 2¢ NpM JUIATEIBHOM HarpeBaHuy Hpu Temieparypax jgo 100 °C
He (UKCHMPOBanoCh 00Opa3oBaHMe Iie/IeBBIX NMPOAYKTOB, a mpu 130-150 °C Habmopmamoch
OCMOJIEHME VICXOHBIX coefyHeHmil. ToMbKO ¢ I'MApasMHIMAPATOM 2b Ipy MCIONIb30BaHUI
M30IIPOIIMIOBOTO CIMPTa B KadecTBe pacTBopuTens mnpu Temieparype 80 °C 6bu1 monydeH
1e/IeBoit Kapboruapasnuy 3a. AMIHOMN3 TeKCarnipoXpoMeHo 4,3 -d] mupumugns-2,5-11oHoB 1
IIPOXOJVJI aHAJIOTMYHO paHee M3yYeHHOMY aMUHO/IN3Y COOTBETCTBYIOIINX TUOIPOM3BOJHBIX
OVPUMUANHOB [28].

B kauyecTBe O00OBEKTOB  [a/NbHENIIETO  MCCIEJOBAaHNMA  ObUIM  VMCIIOJIb30BAHBI
fuacrepeoMepHo uuctele (4R*,4aS*,10bR*)-xpomeno(4,3-d|nupumugunsl la-d, monydeHHbIe
no Meropyke [29]. Kak npaBuo, cuHTess! ¢ ruppasuHruaparom 2b mporekanu B rerepodase
¥l 3aBepIIANINCh HOBONMBHO ObicTpo 3a 0.5-1.0 u. B kadecTBe pacTBOpUTeNs OBUI BBIOpaH
M3OINPOIIMIOBOJ CIMPT, TaK KaK ILIe/IeBOJ IPOAYKT ObII Majo pacTBOPMM B HeM Jaxe
npu kuneHun. Xop peakiyy koHTponuposanmu TCX mo mcyesHOBeHMIo msATHa cybcrpara 1.

Boixop 1ieneBbix kapborugpasugos 3a-d gocruran 91-98%.

HO o o NH,
|
Oo. NH
H X
+ i-PrOH HC : g
C NH/HO —— = 9
THN__NH 2b s07c HN NH
\g 0,5-1 h H \K
1a-d 3a-d

]., 3:R= C5H5 (a), R= 4-C1-C5H4 (b), R= 4-MCO—C6H4 (C), R= 3-N02-C5H4 (d)

YcmoBust peakiyy u BoIXOT, ijis coeinHennit 3a-d mpuBeeHsl B Tabue 1.

Ta6nuna 1. BpeMst peakuuu u BbIXOJ, IMPUMUIMHOH-5-Kapoornapasnunos 3a-d

Ne 1 R Bpems peakuyuy, MuH Brixog 3, %
1 a CsHs 40 91
2 b 4-Cl-C¢H,4 35 98
3 c 4-MeO-CsH,4 40 92
4 d 3-NO,-CsH,4 55 98
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CTpoeHMe CMHTe3MpPOBAHHBIX coefinHeHNI 3a-d 6BUIO IOATBEPK/IEHO COBOKYITHOCTBIO
nauHbIX VIK- 1 IMP-cnextpockonuii (B ToM 4ncie aBymMepHoit Koppemsanuonnorr NOESY),
a Taroke Macc-criekTpoMerpueit. B VIK-cmekrpax Habmomanmuch 3HaYMTe/IbHbIE M3MEHEHV
B BJICHTHBIX KOJIEOAHMAX TUAPOKCUIBHBIX IPYII IO CPaBHEHMIO C KOHIEHCUPOBAHHBIMU
xpoMaHaMmy (B Kapboruppasujie OHM IIPaKTMYECKM OTCYTCTBYIOT M3-3a 0OpasoBaHUsA
BOJIOPOJIHBIX CBs3€ll), a TAK)Ke BU3YaTIbHO MOXKHO IIPOC/IEANUTD, YTO II0/I0Ca KapOOKCUIBHOI
TPYNIIBl JIAKTOHA MCXORHBIX XpoMeHO[4,3-d]mupumupauHoB 1 ucdesaer, a BMeCTO Hee
HOSABJIAETCA MOJI0Ca aMMIHON I'PYIIBL. B Macc-creKTpax 1oj AeiicTByeM 97eKTPOHHOTO yaapa
mns coepuHennit 3a-d 0OBIYHO He HAOTIONAICSA MOJIEKY/IPHBIN VOH, a MUIIb (GUKCUPOBAICT
C HI3KOJl MHTEHCUBHOCTBIO MOH ¢parmeHTanuu [M-NH,NH,]*.

OcobeHHOCTBIO TPOAYKTOB 3a-d sBsmnch Habmonaemsle B IMP 'H cniektpax BHyTpu-
Y ME>XMOJIEKY/ISIPHBIE BOJOPOJHBIE CBSI3Y, YTO HMPOSIB/IA/IOCh B OOMEHHBIX IIPOL[ecCaX aTOMOB
Bogopoga OH- m NH-rpynm ¢ Bojoil geliTepMpOBaHHOIO PAacTBOPUTENA. ITO 3aTPYAHAIO
TOYHOE MHTETPUPOBAHNE  «KMUCIBIX IPOTOHOB» M  MAEHTU(DUKAIVIO IPORYKTOB.
[l ymeHblieHus aroro agdexra OBIIO OCYIECTBIEHO MeTWIMpOBaHMe coefuHeHus 1d
JIOVICTBIM METMJIOM II0 M3BECTHOV MeToiuke [29] ¢ IoydYeHMEM COOTBETCTBYIOLIETO
IpOAYKTa 4, KOTOPBIN 3aTeM 00pabaThIBa/IV IMAPA3UHTUIPATOM B BBIIICOVICAHHBIX YC/IOBUAX.
CrpoeHne npoAyKTa 3e ONpefie/iecHO Ha OCHOBAaHUM [AHHBIX IBYMEPHOI KOPpPenALIOHHOM
NOESY cnexrpockonuu (puc. 1).

CH, NH,
|
CHypye HiC NH/H,0 O o._NH
+° chos N*©  FPrOH O CH] H ‘ o
N+
NH “a0°C 6— ~s0°c g
1 15h OH HN_ NH o
d 4
3e
OMe
i . 4-Me
OH NH gt @R @ "NHI_NH § 6 NH2 s J lL
. T | ) Y '

T
o
w

T it i

9.5 9.0 8.5 8.0 7.5 7.0 6.5 6.0 55 5.0 4.5 4.0 35 3.0 25 2.0

Puc. 1. ®parment NOESY-cnektpa coefunenns 3e
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KimroueBpIMu ~ cuTHajmaMy, — MOATBEPXKAAIOMVMM  AUMKINYECKYID  CTPYKTYPY
KapboruzpasunoB 3a-e, saBAwTCA Kpocc-mkyu nporoHa C(5)H ¢ mporoHom NH-rpymnmsr
ammpa, 4-CHs/3-NH, H(6)/1-NH. 3nauennss KCCB Jesuceun B AIMP 'H crekrpax, KoTopbie
IPaKTIYeCK! He M3MEHIVCD [0 CPAaBHEHUIO C aHA/IOTVYHBIMI JAHHBIMM MICXOTHBIX XPOMAHOB
u cocrassmu 10.5-11.0 I'y [29]. Habmomaembiit cummerpuunsiit kKpocc-nuk C(5)H/C(4)CH;
B criekTpe NOESY ykaspiBaeT Ha COXpaHEHME B IOTy4EHHBIX TMAPa3uAax 3 IpOCTPaHCTBEHHOMN
KOoH(pUrypanmm ncxopHsix (4R*,4aS*,10bR*)-xpomeHno|4,3-d|nupyumupuHos 1.

Takum 06pasoMm, B xofie pabOTHI OBIIO YCTaHOBJIEHO, 4TO aMuHOMM3 (4R*,4aS*,10bR*)-
reKcarufipoxpomeHo|4,3-d|mupumuguH-2,5-4I0HOB ¥ METI/IMPOBAHHOTO HUTPOIPON3BOZHOTO
xpoMeHo(4,3-d]nupuMuanH-2,5-0M0Ha  OCYLIeCTB/IAETCS  JUIIb B IPUCYTCTBUU
TUApasUHTMApaTa WM OPMBOAUT K  00pasoBaHMIO  3aMelleHHbIX  (4R*55*6R*)-2-
OKCOTeKCarnApONMPUMUNH-5-KapOOINapasnmoB, CTpPOEHNE KOTOPBIX  IOATBEPXK/EHO
COBOKYITHOCTBIO CIIEKTPa/IbHBIX METO/IOB.

Paboma  evimonnena 6 pamkax Tocydapcmeennoeo  3adanus — Apocnasckoeo
eocyoapcmeentoz0 nedazoeueckoeo yrusepcumema um. K.J. Ywunckozo na 2024 200 om
Munucmepcmea npoceewsenust Poccuiickoti Pedepayuu no meme «Paspabomka H08020
TIeKapCmMeeHH020 cpedcmea Ons JieveHus HelipodezeHepamueHvlx 3a007e6aHULL HA OCHOBe
UHZUOUMOPA MOHOAMUHOKCUOA3VL» (Homep peecmposoti 3anucu 7200009.99.1.bH62AA12000).

SKCHCPI/IMCHTa}IbHa}I qacTh

VIK-cnieKTphI 3anucpiBamy B oTpakeHHOM cBeTe Ha VIK-®Dypbe cnekrpoMerpe Spectrum
Two PerkinElmer ¢ mmnoit Bomabr 700-4000 cm™. Crekrtpbl SIMP perucrpuposamu
Ha npubope «Bruker DRX-400» mns pactBopoB IMCO-ds mpu 30 °C. B kayecTBe aramoHa
71 OTCU€Ta XMMMYECKUX CIOBUTOB MCIONb30BAlIM CUTHA/Ibl OCTaTOYHBIX IIPOTOHOB
pactBoputens B SIMP 'H (8u = 2.50 m.zx.) wim SIMP BC (8¢ = 39.5 M.11.), B KauecTBe MapKepa
ucnonb3oBamm curHan Terpamermiacuiaana (JMIOX PAH r. Mocksa). Macc-CrieKTpsl
perucrpuposanu Ha Macc-criekTpoMeTpe « FINNIGAN MAT.INCOS 50» npu M0HM3aLlIOHHOM
HanpspkeHnu 70 3B u temmnepatype B kamepe nonusanyy 100-220 °C (MMOX PAH r. Mocksa).
OJIeMeHTHBIN aHaIM3 MIPOBOAMIICA B aHanmuTudeckoit maboparopun IHOOC PAH r. Mocksa
Ha npubope «PerkinElmer 2400». Temmeparypa mmaBieHMs OIpefe/sUlach Ha arlapare
TS OTIpefie/ieHNsl TOYKY IUIaBieHus u KumeHus BiichiM-560.

Croco0bl cuHTe3a 1 PU3UKO-XUMIYECKVIe XapaKTePUCTUKI COefHeHu T 1 1 4 onycaHbl
B [29].

K cycnensun 0,5 Mmmorb xpomeHo(4,3-d]mupumupuuos la-d, 4 B 3 M1 M30IIpPONIMIOBOTO
cimpta pobasmsumm 0,05 M (1 MMonb) ruppasuHruzpara 2b u HarpeBanyu Ipy TeMIIepaType
KkureHus B TedeHue 0,5-1,5 gaca, 3aTeM 0calok OTQMIBTPOBBIBA/IN U IIPOMBIBA/IV XJIOPUCTHIM
MeTueHoM. CylInim Ha BO3yXe.

(4R*,58*,6R*)-4-(2,4-Iurngpoxcudennn)-4-MmeTnn-2-oKco-6-
¢denmnrexkcarngponnpumMuamnH-5-kapoornapasup (3a). Berxop 326 mr (91%), T.11. 253-256 °C.
VK crmextp, v/em™: 3509, 3417, 3398, 3335 (OH), 3282 (NH), 1650, 1615, 1511 (Ar), 1225,1169.
Cnektp AMP 'H (400 MTI'n, §, M., J/T'): 1.73 (¢, 3 H, C(4)CHs), 2.60 (1, 1 H, C(5)H, ] = 10.5),
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3.78 (yuLc, 2H, NH.), 4.25 (1, 1 H, C(6)H, J = 10.5), 6.16 (m, 2 H, C(3,5")H), 6.36 (ymr.c, 1 H,
N(1)H), 6.57 (yuLc, 1 H, N(3)H), 6.97 (1, 1 H, C(6")H, ] = 8.6), 7.12 - 7.27(m, 5 H, Ph), 8.77
(ym.c, 1 H, CONH), 9.09 (ymurc, 2 H, OH). Cnextp SIMP *C (100 MI', §, m.z1.): 27.68, 53.89,
55.10, 57.87, 103.74, 105.19, 120.42, 126.87, 127.67, 127.90 (2 C), 129.28 (2 C), 141.83, 155.89,
156.16, 157.13, 167.84. Macc-cuiextp (3Y, 70 5B), m/z (Iom, %): 356[M]*(4), 324 [M-NH,-NH,]*
(25), 309 (32), 189 (24), 187(100), 177(60), 148 (55), 136 (16), 132 (59), 106 (38), 104 (61),
91 (14), 77 (64). Haitgeno (%): C, 60.29; H, 5.63; N, 15.67. CisH;0N4O4. Borancneno (%): C,
60.66; H, 5.66; N, 15.72.

(4R*,58*,6R*)-4-(2,4-Iurnppoxcudennn)-4-meTni-2-okco-6-(4-
xnopgeHmT)reKcarngponupuMuanH-5-kapoéorngpasuy  (3b). Beixon 384 wmr  (98%),
1.101. 297-300 °C. VIK cnextp, v/em™': 3418, 3330 (OH), 3245 (NH), 1671 1662, 1638, 1519 (Ar),
1234, 1172, 1132. Criexrp SIMP 'H (400 MT', 8, M.z, J/T): 1.74 (c, 3 H, C(4)Me), 2.54 (1, 1 H,
C(5)H, J = 10.7), 3.82 (yurc, 2 H, NH,), 4.23 (1, 1 H, C(6)H, ] = 10.7), 6.16 (m, 2 H, C(3’,5")H),
6.50 (¢, 1 H, N(1)H), 6.65 (¢, 1 H, N(3)H), 6.93 (n, 1 H, C(6")H, J = 8.7), 7.19 (1, 2 H, C(2”,6”")H,
J=8.3),7.30 (1, 2 H, C(3”,5”)H, ] = 8.3), 8.79 (¢, 1 H, CONH), 8.99 (ymc, 1 H, OH), 9.12 (ym.c,
1 H, OH). Criextp AMP *C (100 MTI'1, §, m.z1.): 25.49, 53.32, 55.07, 57.87, 103.73, 105.21, 120.29,
127.79 (2 C), 129.28, 129.81 (2 C), 131.69, 140.58, 155.28, 156.13, 157.16, 167.61. Macc-criekTp
(3Y, 70 3B), m/z (Iow, %): 358 [M-NH,-NH.]* (7), 223 (16), 221 (35), 177 (55), 166 (28), 148 (51),
138 (34), 111 (24), 102 (28), 91 (25), 77 (50). Haipmeno (%): C, 55.18; H, 4.87; N, 14.29.
CisH19CIN4O,. Berancieno (%): C, 55.32; H, 4.90; N, 14.34.

(4R*,58*,6R*)-4-(2,4-Iurnppoxcudennn)-4-meTni-6-(4-meroxkcu-dennn)-2-
OKCOTeKCarnponupuMuanu-5-kapoorugpasug (3c). Beixon 357 mr (92%), T.1m1. 252-254 °C.
VIK criextp, viem™: 3392, 3312 (OH), 3216 (NH), 1662, 1622, 1511 (Ar), 1249, 1175. Criektp
AMP 'H (400 MT1, §, m.71., J/Tt): 1.73 (¢, 3 H, C(4)Me), 2.54 (1, 1 H, C(5)H, J = 10.0), 3.70
(¢, 3H, C(4”)OCHs), 3.78 (yurc, 2 H, NH>), 4.19 (5, 1 H, C(6)H, J = 10.0), 6.12-6.19 (m, 2 H,
C(3’,5)H), 6.27 (ym.c, 1 H, N(1)H), 6.55 (yur.c, 1 H, N(3)H), 6.79 (5, 1 H, C(6")H, ] = 8.5),
6.95 (n, 2 H, C(27,6”)H, ] = 8.5), 7.09 (n, 2 H, C(3”,5”)H, ] = 8.5), 8.76 (yurc, 1 H, CONH),
npoToHsl 1ByX OH-rpynm He Habmoga0TCs 3-3a 6bICTpOro Aeiitepoobmena. Criextp IMP PC
(100 MTI'w, 8, m.11.): 25.51, 53.23, 54.98, 55.16, 57.86, 103.74, 105.18, 113.21 (2 C), 120.47, 128.96
(2C),129.33,133.46, 155.37, 156.18, 157.13, 158.38, 167.92. Macc-cuiektp (Y, 70 3B), m/z (Lo,
%): 354 [M-NH,-NH.]* (60), 217 (64), 204 (19), 177 (38), 162 (27), 148 (28), 135 (51), 121 (18),
110 (15). Haitzeno (%): C, 58.91; H, 5.71; N, 14.44. C1sH,,N,Os. Borancneno (%): C, 59.06; H,
5.74; N, 14.50.

(4R*,58*,6R*)-4-(2,4-Durnppoxcudennn)-4-meTnn-6-(3-aurpodennn)-2-
OKCOTeKcarngponupumMuanu-5-kapoorngpasug (3d). Beixox 350 mr (98%), T.11. 205-208 °C.
VIK criextp, viem™: 3452, 3329 (OH), 3237 (NH), 1669, 1639, 1527 (Ar), 1220, 1134. Criextp
SIMP 'H (400 MT', 8, m.i., J/T): 1.75 (c, 3 H, C(4)Me), 2.61 (5, 1 H, C(5)H, ] = 11.0), 3.80 (yIc,
2 H, NH.), 4.36 (1, 1 H, C(6)H, J = 11.0), 6.13 - 6.22 (m, 2 H, C(3,5)H), 6.67 (c, 1 H, N(1)H),
6.73 (c, 1 H, N(3)H), 6.90 (1, 1 H, C(6")H, ] = 8.3), 7.55 (1p, 1 H, C(5”)H, ] = 8.4), 7.64 (1, 1 H,
C(6”)H, J = 8.4), 8.02 (m, 1 H, C(2”)H, J = 1.5), 8.09 (mm, 1 H, C(4”)H, ] = 1.5, 8.3), 8.80 (¢, 1 H,
CONH), 9.15 (yur.c, 1 H, OH), mpotons! ognoit OH-rpynmnsl He Hab/H0#AI0TCS M3-3a OBICTPOTO
nevitepoobmena. Crextp SIMP *C (100 MI'w, §, m.z1.): 25.48, 53.51, 55.16, 57.95, 105.27, 110.63,
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120.08, 122.37, 122.58, 129.26, 129.41, 135.06, 143.86, 147.35, 155.27, 156.16, 157.26, 167.36.
Macc-cnektp (Y, 70 3B), m/z (Iom, %): 369 [M-NH,-NH.]* (1), 352 (11), 221 (100), 177 (75),
148 (42), 140 (23), 111 (14), 77 (16). Haiigero (%): C, 53.67; H, 4.75; N, 17.40. C1sHoN50s.
Boruncieno (%): C, 53.86; H, 4.77; N, 17.45.
(4R*,58*,6R*)-4-(4-T'ugpokcu-2-merokcudenmn)-4-meTmi-6-(3-uurpodennn)-2-

OKCOTeKCarnponupuMuant-5-kapooruapasug (3e). Beixon 145 mr (70%), T.1w1. 260-262 °C.
Crextp IMP 'H (400 MTI', 8, M., J/Tu): 1.77 (c, 3 H, C(4)Me), 2.68 (1, 1 H, C(5)H, J = 11.0),
3.70 (¢, 2 H, NH,), 4.38 (1, 1 H, C(6)H, ] = 11.0), 6.29 (1, 1 H, C(3))H, J = 2.5), 6.37 (1, 1 H,
C(5)H, ] = 8.7, 2.5), 6.67 (¢, 1 H, N(1)H), 6.75 (¢, 1 H, N(3)H), 7.08 (n, 1 H, C(6")H, ] = 8.7),
7.55 (tp, 1 H, C(5”)H, ] = 7.9), 7.64 (&, 1 H, C(6”)H, ] = 7.7), 8.03 (m, 1 H, C(2”)H, ] = 2.3),
8.09 (mm, 1 H, C(4”)H, ] = 2.3, 8.2), 8.86 (¢, 1 H, CONH), 9.21 (¢, 1 H, OH). Cnektp SIMP *C
(100 MTI'ny, 6, m.m.): 27.46, 53.54, 54.82, 55.08, 57.93, 102.35, 103.38, 121.88, 122.43, 122.59,
129.42,129.47,135.07, 143.77, 147.36, 155.25, 156.31, 159.19, 167.25. Macc-criektp (9Y, 70 3B),
m/z (Iow, %): 383 [M-NH>-NH,]*(13), 232 (100),191(33), 177 (37), 166 (21), 150 (19), 147 (18),
105 (14),102 (18), 77 (13). Haitgero (%): C, 54.78; H, 5.18; N, 16.78. C1sH,N50s. Boramcreno
(%): C, 54.94; H, 5.10; N, 16.86.
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COPBIIVISI MOHOB Cu(II) U Fe(I1) XJIOITKOBOI IIE/UTIO/IO3011,
MOJU®UIIMPOBAHHON TUSTUTEHTPYIAMUHOM

T. E. Huxndoposa, [I. A. Bokyposa

Tarbsana EBremnesHa Hukxudoposa, n-p xuM. Hayk, pouent; [Japba AHpgpeeBHa BokypoBa, acrupaHT
VIBaHOBCKUI rOCyJapCTBEHHBIN XMMMKO-TEXHOIOTUYECKII YHUBEPCUTET, ViBaHoOBO, Poccus,
tatianaenik@mail.ru; fresh-limon@mail.ru

Kniouesvie cnosa: xnonxosas Annomayus. Paspaboman wnosviii sdpexmusnuiii copbenm Ha ocHose
Uenmono3a, MoouPuyuposarie,  XI0NKOBOL UENNIONIO3bl 6 PE3YNbIMAE ee XUMUHECK020 MOOUPUUUPOBAHUS.
OUIMUNIEHMPUAMUH, COPOUUS, IIpoyecc modupuyuposanus cocmoum u3 08yx cmaouti, KIHOUAOULUX
uonvt Cu(Il) u Fe(II) nocne008amenvHy0 obpabomky YeII07103bl SNUXTIOPSUOPUHOM

u Ousmunenmpuamumom. [ns  nomyuenHozo copbenma npusedeHvl
ONMUMATLHBIE  YCTIOBUST  MOOUPUUUPOBAHUS, NO3BOAIOUUE  0OCUUD
Haubonee 8bICOKUX 3HAYEHUL COPOUUOHHOL eMKOCMU NPU U3BNeUeHUU
uonos seneza(Il) u meou(Il) uz eooHvix pacmeopos. Buvinu uccnedosarvi
KUHemuKa u pasHosecue copOUUU UOHOB MSIHCENLIX MEMAnNos 6 Cucmeme
«UETIIONO3HDLLL  cOpOeHm — B0OHBILL pACcmeop cynvdama Memanna»
07151 UCXOOHOT U MOOUPUUUPOBAHHOTI X7I0NK0B0TL Uennionosvi. O6pabomxa
pe3ynomamos  KUHEMUHeCKoz0  IKCHePUMEHMA  CEUOetnenvCmeayem,
umo Hauboslee  KOPPeKMHO  KUHEMUKA COPOUUU UOHO8 MEMAnios
ONUCLIBAETCST 8 PAMKAX MOOenU KuHemuku IICEBIO-6MOP020 NOPIOKA.
MzomepmoL  copOuuu  UOHO8 — MAMENbIX  MEMANN08  HAZSIOHO
CBUOEMEnbCMBYION 0 POCcthe COPOUUOHHOT eMKOCU MOOUPUUUPOBAHHO20
copbernma no cpasHeruto ¢ ucxooHoim. O6pabomra IKCnePUMEHMATLHBIX
uzomepm 6 pamxax modenu Jlenemiopa no360nuna onpedenums 6enUUHbL
MaKcumanvHoti  copoyuonmoii  emxocmu  (Aw) UCXOOHOU  X7IONKO0B0TI
UENTIIONI03bl U UENIIION03bl, MOOUPUUUPOBAHHOU OUIMUTIEHMPUAMUHOM,
no omuouwernuro x uonam Cu(Il) u Fe(Il). Bowo o6napymcero, umo A
MooupuyuposanHozo copbenma npumepHo 6 3 paza npesviuiaem
npedenvHy0 COPOUUOHHYI0 eMKOCIb HAMUBHOU XTIONKOB0T UeI0N03bl N0
omuoutenuro x uoxam senesa(Il) u meou(Il). Cpasnenue VK-cnexmpos
00pasy06  UCXOOHOL  UEAMIONO3bl U UEAIONIo3bl,  00pabomanto
OUSMUNIEHIMPUAMUHOM, — C8UOeMenbCMBYem 0 NPOU3OUEIUX 6 Xooe
XUMUHECK020 MOOUPUUUPOBAHUST USMeHeHUSX. IIpedcmasnenvi
COM-uzobpasceruss, OMpaxcarujue UsMeHeHUss CIMPYKmypol NOBEPXHOCHIU
MOOUPUUUPOBAHHO20 COPOEHMA NO CPABHEHUIO C UCXOOHDIM.

1A EUTUPOBAHNA:

Huxudoposa T.E., Boxyposa JI.A. Cop6uus noros Cu(Il) u Fe(II) xmonkoBoii 11e/1107103051, MOEUGULIMPOBAHHOI
IMSTUIeHTpUaMuHoM // Om xumuu x mexHonoeuu waez 3a waeom. 2024. T. 5, Bpimm. 1. C. 48-57
URL: http://chemintech.ru/index.php/tor/issue/view/2024-5-1
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BBengenue

B mocnepmHue ropbl 3arpssHeHVe OKpY>Kalollell Cpelbl MOHAMM TSDKE/NIBIX MeTa/lIOB
CTaHOBSATCS OJJHOJ Y3 I/IaBHBIX Ipo6jeM Bo BceM Mupe [1]. VIX HakomIeHNIo B OKpYy>Karoleit
cpelie CIIOCOOCTBYET pas3BMUTHE IPOMBIIUICHHOCTY, TPAHCIOPTA, CENTbCKOTO XO3ANCTBA,
poct ropopoB [2]. OmnpefeneHHbll BKIa[ B IIPOLECC 3arps3HEHMs OKPY>Kalolleil Cpejbl
TSDKEIBIMU  MeTa/UIaMU BHOCST €CTeCTBEHHBbIE MCTOYHVKY, TaKMe KaK BYJIKaHMYeCKas
JIesITeNIbHOCTD, BHIBETPYBAHIE TOPHBIX IOPOA ¥ Ap. [3]. Ty BUABI 3arpssHUTeNIel CTaOV/IbHbI
0 CBOEWl Ipupofie, He IOANAIOTCSI OMONTOTMYECKOMY Ppas/IOKEHMIO ¥ C BO3AYLIHBIMU
¥l BOJZHBIMM IIOTOKaMJ CIIOCOOHBI ITIEPEHOCUTHCS Ha OOJIbIIINe pacCTOSHUSA [4].

3arpssHeHMe OKpYXKalllell Cpefbl MOHAMU TsDKENIBIX META/UIOB MOXKET OKa3aThb
HeraTVBHOE B/IMsHME Ha CBOJICTBA IIOYB, IIOCKOJIbKY OJIOKMPYIOT CUHTe3 (epMeHTOB
NOYBEHHBIMM MVKPOOPTaHM3MaMM, PACTEHVAMM, >KMBOTHBIMM ¥ HApyLIAIOT IIPOL[ECCHI
IpeBpallleHNil a30Ta ¥ Pas/IO>KeHMsI OPTaHNYECKNX BelljecTB. PAx TsKebIX MeTaIoB (XpoM,
Mefib, PTyTb, HUKe/Ib, KafMIIT, CBUHEL], [[HK, KOOAJIbT U [p.) YaCTO BCTPEYAIOTCA B BOJOEMax
U la)Ke B CJIETOBBIX KOIMYECTBAX MOTYT OKa3aTh BpeHOE BO3/IEIICTBIIEe Ha 0OMTaTesIeil BOJHBIX
9KOCUCTEM I Ye/IoBeKa BCIEACTBYE UX OMOaKKyMy/siuu [5].

MHorme TsDKe/lble MeTa/lIbl, TaKMe KaK CBUHEL], PTYTh, KaJMIil, @ TaK>Ke LIMHK, MeJb,
JKele30 U [p., OKa3bIBAlOT TOKCUYHOE [EJICTBME Ha OpPraHM3M 4e/OBeKa U >KVBOTHBIX,
NOpaXalOT pas/lMYHble OpraHbl M cucreMbl [6]. OHM BKIIOYAIOTCA B IMINEBbIE LI,
B pe3y/IbTaTe 4Yero MOTYT IIOCTYIIaTh B OPTaHM3M 4Ye/lIOBEKa B BBICOKNMX KOHILIEHTpaLMAX.
CreoBaTe/IbHO, 3alIMTa BOJHBIX OOBEKTOB U IOYBBI OT 3arPA3HEHMS TsKE/IBIMY MeTa/IaMI
HEIIOCPe/ICTBEHHO CBsI3aHa C 3alUTON 3JO0pOBbs 4YeloBeKa. I10sToMy pelleHMIO 3ajadm
OYVICTKY BOJBI yE/NACTCS O0IbIIOe BHYMAHME.

[lna ypaneHusA MOHOB TsDKENBIX META/UIOB M3 3arpsA3HEHHON BOABI IIPVMEHSIOT
MHOXXECTBO ~ pa3/lMYHBIX METONOB, TAaKMX KaK (QWIbTpalys, MOHHBII  OOMeH,
9/IeKTPOXMMIYECKasi OYNCTKA, XMMIYECKOe OCaX/ieH1e, MeMOpaHHast pyIbTpaLyst, 00paTHBIN
0CMOC 1 TIpoLieccHl afcopbuym [7]. MHOrue 13 9TUX METOJIOB JOPOTH, TPeOYIOT CIIeLiaTbHOTO
obopynoBanus 1 He 3¢ HeKTUBHBI PV HU3KUX KOHIIEHTPAIVISIX META/IOB. DTO CIIOCOOCTBYET
PasBUTUIO COPOIMOHHOTO METO/ja, OCHOBAHHOTO Ha UCIIO/Ib30BAHUY B KauecTBe COPOEHTOB
TaKMX MaTepUANIOB KaK ITIVHBI, II€O/INThI, MOHOOOMEHHBIE CMOJIBI, aKTUBUPOBAHHBI YTOJIb,
CUJIVIKaresib, aKTYMBUPOBAaHHBIN oKcup amomyuys u ap. [8-10]. Kpome Toro, Begercs mouck
Oosnee HelIeBBIX, IKOJNOTMYECKM YMUCTBIX ¥ IPQPEKTUBHBIX afCOPOMPYIOLINX MaTepuaioB
Ha OCHOBE OTXO[OB MIM HOOOYHBIX IPOAYKTOB arpOIPOMBIIIIEHHOTO KOMIIIEKC,
Coflep>KalllMX ILeJUIIONIO3HYI0 U OenkoByw cocrapstomye [11-13]. JInsg moBbleHMs
ux 9 PexkTuBHOCTM COpPOEHTHI Ha OCHOBe Ije/Umioo3bl [14-15], ympHAHOrO BOMOKHa [16],

xuro3ana [17] kepatuna mepctu [18] u ap. MOEUPUIMPYIOT PasIMYHBIMU CIIOCOOAMIA.
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Llenpio maHHOI pabOTHI ABIsAETCSA pa3paboTKa cOpOeHTa Ha OCHOBE XJIOMKOBOI
LE/UTIONIO3bl,  MOAUGUIMPOBAHHON  JUATUIEHTPUAMUHOM, OO/A[AIOLIET0  BBICOKMMU

COP6HI/IOHHI)IMI/I CBOI?ICTB&MI/I II0 OTHOUICHMNIO K MOHaM TAXXEJIbIX ME€Ta/IJZIOB.
OcHOBHasA 4acTh

B kauectBe copbeHTa 6bUTa Mcnonb3oBaHa xymonkosas Iemmonosa (TOCT 595-79),
KOTOPYIO IIpeABapuTenbHO Boigepxusamyu B pactsope NaOH (pH = 8-10) B Teuenne 60 Mux
U TIIATeJIbHO OTXKMMami. MopnduuypoBaHye XTONKOBOI IIe/UII0IO3bI IMPOBOAMIN IIYTEM
ee IIOC/IeloBaTe/IbHOM 00paboTku snuxnoprugpuaom npu 50-70 °C B tevyenme 0,5-1 4
c mocneyouyM (GuUIbTpOBaHKMEM, M [JUITUIEHTpUAMMHOM Ipu TeMmueparype 30-50 °C
B TeUeHMe 1-2 4 Ipu HelpepblBHOM IepeMelyBaHuM. Ilo/ydeHHDBII NMPOAYKT IPOMBIBAIN
AUCTWUIMPOBAHHOI BOJIOM 1O HEMTPalbHOTO 3HaUYeHMs pH IpOMBIBHBIX BOJ ¥ BbICYLIMBaIU
710 TIOCTOSIHHOTO Beca.

Kunernka n paBHoBecue copouym. VccnenoBanue kunetnku cop6uyum noHos Cu(Il)
u Fe(II) mpoBoawnmu MeTOIOM OrpaHNYeHHOTO 00'beMa pacTBOpPa B CTATMYECKUX YCTOBYAX TP
nepeMemnBanny [19] ¢ HayanbHON KOHIIEHTpaIyell KatnoHoB MeTa/toB (Co) 1,5-10™* Momb/.
B xojie skcniepuMeHTa pacTBOpP OT/E/ANN OT cCopOeHTa GUIbTPOBAHNEM Yepe3 Olpe/ie/IeHHbIe
IIPOMEXYTKM BPEMEHMU U OIpefie/IsIM B HeM TEeKyILIyI0 KOHLIEHTpalMi0 KaTMOHOB METa/IoB
(C:) MmeToIOM aTOMHO-a6CcOpOLIMOHHOII crieKTpockomuy (pubdop 210 VGP).

CremneHb n3BJIeYeHN I NOHOB MeTa/UIOB « (%) Haxomwy 1o popmyrie

CO_C‘L’
=————-100. 1
a Ce (D

ITpu cHATUM M30TepM cOpOLVM HaBecky cOpbeHTOB Maccoii 0,1 T moMelanu B Cepuio
npobupox u 3amuBamum ux 10 M1 BogHoro pacrtBopa cyabdaroB Cu(Il) m  Fe(II)
¢ KoHIleHTpanuaMu oT 1,510 mo 5-107 Monb/m M BBIAEp>KMBaIM IPU IepeMeIlMBaHUN
IO IOCTVDKEHMs PaBHOBeCKsA. 3aTeM pacTBOP OTAE/UIM OT CopbeHTa (UIbTPOBaHNEM
U OIpefie/iANI B HEM PaBHOBECHYI0 KOHIIEHTPAIMIO KaTMOHOB MeTa//IOB METOJOM aTOMHO-
abcopbuMoHHOIT criekTpockomnuy (mpubop 210VGP).

PaBHOBecHyI0 COpOLMOHHYI0 eMKOCTb A (MOJIB/KT) OIIpefie/Lsiin 10 popMyIie

©-9 , 2)
m

A=

rzie C — paBHOBeCHas KOHIIEHTpAL/sl MIOHOB MeTaJlIa, MOJIb/JI; 11 — Macca HaBeCK! COPOeHTa, T;
V - o6bem pacTBopa, 1.

OTHOCHTE/TPHAS TOTPEIIHOCTD 9KCIIEPUMEHTOB PACCIYNTHIBAIACH HA OCHOBAHUY TaHHBIX
9KCIIEPUMEHTOB, B KOTOPBIX KaKHas TOYKa IpeCcTaBysieT co00il cpefjHee 3HAUEHMEe 13 IBYX

napajUIebHBIX ombITOB [20]. ITorpemHocTh sKcIiepuMeHTa He npesbintana 10%.
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O6cyxaeHne pe3ynbTaToB

Cxema MomMUUMPOBAHUA X/IONKOBOW IIE/UIIONO3bI IyTeM ee IOC/Ie0BaTe/IbHON

06pabOTKM SMUXIOPTUPVHOM M JUSTIICHTPUAMITHOM IIpeJiCTaB/IeHa Ha puc. 1.

OH
OH5C o o H,C—0— CHE—HC CHy—ClI
H,C—CH—CH,—
O%O + 2N/ 2 (DH}
OH o
HO n —HCI
LeImHWIO 38 SIFETOPT MOPHH
H,C—~—0 —CH,y—HC —CH
z 2
0
(0F) o
[ 1Y + HEN{CHz}NH{CHQ}NHE — =
-HC1 0 n n
Ho O n

OIS THIEHTPHAM HH

HO

H,C—0—CH,— e —CHy— NH{CHQ}NH{CHQ}NHz
n n

\[
OH

Puc. 1. MoaguduipoBaHie XJI0IKOBO 11€/I/TI0I03bI

Bpemss pmocTikeHMss COpOIIVIOHHOTO paBHOBecUs B  TreTepoasHON  cucTeMe
«IIeJUTIONIO3HBII COPOEHT — BOJHBII pacTBOp Cynbdara MeTaaa» OBUIO OIpeesieHO
U3 KMHETUYEeCKOT0 9KcrepuMenta 1o wusenedennio nuoHoB Cu(ll) m Fe(Il) mcxomubpiM
¥y MO UM POBAaHHBIM COPOEHTOM. Pe3y/bTaThl 9KCIIepyMeHTa IIpefiCTaB/IeHbl Ha PUC. 2.

CornacHO IIOJyYeHHBIM [aHHBIM, BpeMs HOCTVDKEHMS COPOIVIOHHOTO PaBHOBECHS
IIPY VICTIO/Ib30BAHNY HATUBHOI ¥ MOAVQUIIVPOBAHHON XJIONIKOBOJ II€JUII0JIO3bI COCTAaBIISET
20 munyT. Cnegyer OTMETUTb, YTO CTelleHb M3B/IeU€HNsA MOHOB Me[M HECKOJIbKO BbIIle,
YeM MOHOB >KeJe3a Jyist 000X 00pa3iioB copOeHToB. [Ipy 9TOM cTeneHb 3BIeYeHN KATUOHOB
MeTa//IOB 3aMeTHO BbIllle i1 oOpasna MOAU(UIMPOBAHHON II€JUTIOIO3bI, 110 CPaBHEHUIO
C UICXOJTHOIA.

100 +

e
80 - e
[ w2
s e
y [ — p—
7/ A 4

o, %

!
W/
2 _/ /’/

0 T T T T
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Bpewmst, Mun
Puc. 2. Kunernueckue xpussie copbuyu nonos Cu** (1, 3) u Fe?* (2, 4) u3 BOgHBIX pacTBOPOB UCXOLHOI (3, 4)
¥ MORMGUIIMPOBAHHOM AUSTIIEHTpUaMUHOM (1, 2) XTTOIKOBOII LIe/UTI0I030i1
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Omnpepenenne mopsigKa peakiuu 6bUIO BBIIOTTHEHO C UCIIOIb30BaHMeM IIpu 00paboTKe
9KCIIEPUMEHTAIbHBIX JAHHBIX KMHETUYECKIX MOJIeTIeN IICEBO-11epBOro (3) U ICeBIO-BTOPOTO
(4) mopsiAKOB:

q = Cqu (1 - e_klt)r (3)
_ t
qQ = 1 i (4)
k2 ’ ng Geq

B tabmuue 1 mpepcraB/ieHbl pe3yIbTaThl 00PaOOTKY KMHETHYECKUX KPUBBIX COpOLMN
nonoB Cu(Il) u Fe(Il) ncxonHoit 1 MOAUQUIPOBAHHON IIE/UIIOI030J B paMKax Moerei
KMHETUKI IICeBJJO-IIEPOBOTO U IICEBIO-BTOPOTO IOPsAKOB. boree Bbicokme K09 duImeHTs!
koppersauuu  (0,99) 6puM  monmydeHBl TpU  00pabOTKe OSKCIEPUMEHTA/NBHBIX JJaHHBIX
C VICIIO/Ib30BaHMeM MO/ KMHETNIeCKOTO IICeBJJ0-BTOPOTO IMOPsAKa.

Tabnuna 1. Pesympratsl 00paboTKM KyHeTudeckux KpuBbix cop6buyy moxHoB Cu(Il) u Fe(Il) mcxomnoi
U MO ULV POBAHHOI 1I€/UII0I03011 B PaMKaX MOJeIeil XMMIIECKO KMHETUKI

PaBHOBecHOe
" 3HayeHue Mogpens rceBRo-mepBOro NopsifKa Mogpens nceBRO-BTOPOroO MOPsIAKa
o copbuun
MeTajuIa
Ge> qe> kl; R2 qe> k2) R
MI/T mr/t MUH! Mmr/T r/MTr MUH
HemonnunypopaHHas e/mono3a
Cu(II) 0,55 0,46 0,18 0,80 0,64 0,29 0,99
Fe(II) 0,53 0,49 0,18 0,89 0,62 0,23 0,99
Lemnonosa, MoguduLMpoBaHHas AMITUIEHTPUAMIHOM
Cu(II) 0,83 0,67 0,28 0,98 0,85 1,15 0,99
Fe(II) 0,74 0,62 0,24 0,97 0,78 1,10 0,99

[lns  ompepeneHyss TpefebHON COPOLMOHHON €MKOCTM HAaTMBHOM  XJIONIKOBOIA
IIeJUII0NIO3bl U IIeJUTIONIO3BI, MOAM(UIMPOBAHHON AMITUIEHTPUAMMUHOM, OBUIM IIOTyYeHbI
usotepmbl copbumm nonos Cu(ll), Fe(II) n3 BogHbIX pacTBOPOB UX CynbdaToB. Pe3ynpTaTh
9KCIIEPYIMEHTA IIPeICTaBIeHbI Ha puc. 3.

2.0+

A, MOJIB/KT

C 103, MOJIB/JI

Puc. 3. Vizorepmsl copbumu Cu?* (1, 3) u Fe** (2, 4) 13 BOGHBIX paCTBOPOB UCXORHOII (3, 4) 1 MOguUIMPOBaHHOM
IVSTUIEHTPpUAaMMUHOM (1, 2) XJIOIIKOBOJ Lie/TI0I0301
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[l 06pabOTKY 3KCIIePUMEHTAIbHBIX JJAHHBIX JMCIIO/Ib30Ba/IY YPaBHEHUE V30TEPMbI
apcop6yy JleHrmropa

A A, -K-C, 5)
1+ K-C)
rie Aw — TIpefielibHAsA, MWIM MaKCUMa/lbHas, COpOLMOHHASA €MKOCTb COpPOEHTa IO JaHHOMY
MeTa/ry, MONb/Kr; K - KOHIIEHTpallMOHHasA KOHCTaHTa COPOLIMOHHOTO paBHOBECHS,
XapaKTepy3yIollas MHTeHCHBHOCTD IIpoliecca COpOII, 1/ MOIb.

HI/IHeaPI/I?)aI_U/IH N30TEPM COP6I_U/H/I COTTIaCHO YpaBHEHUIO

C, C, 1

+ — (6)
A Ay Ay - K
II03BOJIWIA IpadMYecKyl OIpefie/INTh BeMuuHbl A« 1 K B ypaBHeHuu JIeHrMIopa 13 OIBITHBIX
JIaHHBIX II0 paCIpefie/IeHNI0 JCCIefyeMoro copbara B rerepodasHoil CUCTeMe «BOJHBIN
pPacTBOp — ILeJ/UIIOJIO3HBII COpOeHT». PesynbTaTbl, IONy4eHHble IpU 00pabOTKe M30TEepM
COpOIIMY MOHOB TSDKENBIX META/UIOB MCXOZHOM ¥ MOAMDUIIMPOBAHHOI II€JUTIOIO301

1o Mopien JIeHrMIopa, IpefiCTaBIeHbl B Tabuiie 2.

Ta6nuna 2. [Tapamerpsl 06padotku nsorepm cop6buum nonos Cu(Il) u Fe(Il) ncxomHoit u MognuIMpoBaHHOI!
XJIOIIKOBOII L{eJITI0JI030i1 110 MOfie/nt JIeHrMiopa

K, Koadpduuuent
Katnon meramna 1/A A, MOJIB/KT
71/MOTIb KOppeAnumn

HemonnduiympopaHHas 1enmonosa

Cu(Il) 909,1 2,0+0,02 0,99 0,50

Fe(II) 961,5 2,5+0,02 0,99 0,40
Llenmonosa, MoguULUMpPOBaHHAS AUITUICHTPUAMIHOM

Cu(II) 327,3 0,69+0,03 0,99 1,44

Fe(II) 415,1 0,77+0,05 0,98 1,29

OkcnepuMeHTanbHble faHHble 1Mo copbuuyu moHoB Cu(ll) m Fe(Il) wmcxopmno
U MOJIUIIMPOBAHHOI X/IOIKOBOJI II€/UIF0I030J1 XOPOLIO allIPOKCUMUPYIOTCS YpaBHEHVEM
Jlenrmiopa. Kak crenyeT 13 JaHHBIX, IIPeJICTAaB/ICHHBIX HA pUC. 3 U B Tab/muile 2, IpefenbHas
COpOIIOHHAs e€MKOCTb (A.) XJIOIIKOBOI LIeJUTIOJIO3I, MOIVPUIVIPOBAHHON
AVATUIEHTPUAMIHOM, HPUMEPHO B TPU pas3a MPEBOCXOAUT A.. MCXOZHONM Ie/UTI0I03BI
no onam Cu(Il) u Fe(Il). ITonydeHnHble 3HaueHMs A.. MOAVQUIMPOBAHHON IIeJUTIONIO3BI
(mpumepHo 1,4 m 1,3 monp/kr mpu copbuum monoB Cu(Ill) m Fe(Il), coorBeTcTBEeHHO)
CBUJIETE/IbCTBYIOT O XOpOIIeil CBS3bIBAIOIIE)l CIIOCOOHOCTM IIOJy4eHHOro copOeHTa
10 OTHOIIEHNIO K 9TUM MeTa/l/IaM.

UccnemoBanne copbentoB Mmerogamu VIK-cmekrpockomum, EINC u COM.
HabmrogaeMplil pocT mpenenbHON COPOIVIOHHOM eMKOCTY MOAMQUIMPOBAHHON X/IOIKOBON
Le/UTIONIO3Bl TI0 CPaBHEHMIO C A. WCXORHOW Le/UTIONO3bl OOBSCHAETCS MOSIBIEHUEM
B pesynbTaTe MoKy cCOpOeHTa HOBBIX (QYHKIVIOHAIBHBIX TPYIII, CBS3bIBAIOLINX VIOHBI
VICCTIENyeMBIX TsDKeIbIX MeTa/utoB. [l ux obHapyxeHms Obum monmydenbsl VIK-crekTpst

00pa3IioB VICXOHOTO ¥ MOAM(ULIMPOBAHHOTO COPOEHTOB (puc. 4).
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[ Iporyckanve
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BosHoBoe uncio M
Puc. 4. VK-cmekTppl XJIONKOBOJl LEWIIONO3bl: 1 - MCXONHOI; 2 — Ie/UII0I03bl, 00paboTaHHO

AVISTUIIEHTPUAMITHOM

IIpn cpaBHenym VIK-CIIeKTpOB MCXOJHONM XIOIKOBOM LIE/UIIO/NIO3BI VM LEJUTIOIO3BI,
MOV UIVIPOBAHHOM AVATVIEHTPYAMIHOM, OBUIY BBLBIEHBI pasmdyist B obmacty 1650-1450 cm™
u 1300-1000 cM™, T/ie IPOSIBIAIOTCS COOTBETCTBEHHO AeopMaliioHHbIe Komebanus cBsa3u N-H
B aMMHAX ¥ aMIfiaX ¥ BajleHTHbIe Konebanus csisu C-N B ammuax. Kax BupgHO (cM. puc. 4),
Hanbosee CyleCTBeHHbIE ISMEHEHNUA B pe3y/bTaTe MOAVIIVPOBAHNA CBA3AHbI CO CABUTOM
MOJIOCHI B CIIEKTPe MCXOZHOro copbenTa mpu 1452 cm™' B momokeHue 1463 cMm™' B crieKTpe
IeJUTIONO3bl, MOAV(NULVPOBAHHON AMITWICHTpUaMuUHOM. I103TOMy MOXHO 3aK/IIOUNUTD,
4TO IpU MOAUQUIVPOBAHUM COpPOEHTa Ha €ro IOBEPXHOCTM IIPOVICXOUT 3aKpeIleHNe
A30TCOJEPIKALETO MTONMMEPA, YTO IIPOAB/IAETCA B CIIEKTPE.

ITO TaKXKe NOATBEPXKJAIOT pe3y/lbTaThl aHANINM3a 3JIEMEHTHOTO COCTaBa IOBEPXHOCTU
COp6EHTOB, BHIIIOTHEHHOTO METOJ[OM SHEPTOAVCIIEPCYIOHHON PEHTTEHOBCKOI CIIEKTPOCKOIINI
(31C), KoTOpbIe CBUAETENBCTBYIOT O IMOSB/ICHMM a30Ta B MOAM(MUUUMPOBAHHOM oOpasle.
Ha puc. 5 npezcTaBieH s71eMeHTHBII aHa/IN3 00pasjoB UCXORHOTO (a) M MOAU(UIMPOBAHHOTO
(6) copbenTOB TOCTE COpOIMY MOHOB Fe?*.

@ 7 Crexp 3 W Cnexrp 12
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Puc. 5. OeMeHTHbII aHaMM3 XJIOMKOBON Lemtoono3pl mocre copobumm Fe (II): a - mcxomHas X/IOIKOBas
Le/UTI0N03a; 6 — XJIOMIKOBAs LIeJITI0/I03a, MOTU(UIMPOBAHHAS AUITIIEHTPUAMUHOM
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UccnenoBanue crpykrypsl copéeHToB MeTogoM CIOM. COM-1306parkeHNs MCXORHOM
XJIONIKOBOJI I[e/UTIONIO3B M MOAM(PUIMPOBAHHOTO COpOEHTa Ha ee OCHOBe OBUIM CIeTaHbl
C IOMOUIBbIO CKAaHMPYIOLIETO 3/1€KTpOHHOro Mmkpockoma «VEGA3 SBH». Mccnegosanme
CTPYKTYpbl IIOBEPXHOCTHOTO CJI0s OOpa3lloB MeTOJaMM 9JIEKTPOHHO! MMKPOCKOINY
IIOKa3a/Ii, YTO IIOf] BO3ZTENCTBMEM MOAMGUIVIPYIOUIETO areHTa M3MEHAEeTCA MUKpopenbed
HOBepXHOCTM copbeHTa (pmc. 6). IloBepXHOCTb Ie/UTIONO3bI, MOAUUIVPOBAHHON
AVSTUIEHTPUAMWHOM, IO CPAaBHEHMIO C VICXOJHON XJIONIKOBOVI IIeJUTI0N0301 (CcM. puc. 6, a)
CTAaHOBUTCS O0JIee 1IepoxoBaToil (cM. puc. 6, 6):

- R

)

SEM HV: 5.0 kV wo: VEGAZ TESCAN
View field: 39.8 pm
Bi: 4.00

SEM HV: 5.0 kV WD: 15.20 mm VEGA3 TESCAN
View field: 38.9 pm Det: SE

BI: 4.00 AnescEnap Akgpeessns Dulsm Performance in nancspace

Puc. 6. COM-usobpakeHus IOBEPXHOCTHOTO C/OsI COpOEHTa: 4 - MCXOJHAas X/IONMKOBas LeJITI0N03a;
6 — XJIONKOBasI LeJUTI0N032, MORUPUIMPOBAHHAS SUITVICHTPUAMITHOM

Takum o6pa3oM, MUKpocKonymyeckue yucciaefnoBanus 1o Merogy COM mokasbIBalOT
Ha/lM4Me M3MEHEHMII IOBEPXHOCTHOWM CTPYKTYPBl MOAMMUIMPOBAHHOTO COPOLMIOHHOTO
MaTepyaja Ha OCHOBE XJIOIIKOBOJI I[eJUTI0I03bl B pe3y/IbTaTe IIPOBeeHHOI MoayduKaIyn.

BriBoabl

B pesymbrare  XMMMYECKOrO  MOAM(UIMPOBaHMA  XJIIONKOBO  IIEJUIIOIO3BI
IVSTUIEHTPUAMIHOM pa3paboTaH HOBBI COPOEHT, CIIOCOOHBIN 9 PeKTUBHO M3BIEKATD IOHBI
Cu(II) n Fe(II) n3 BogHBIX pacTBOpOB. VccnenoBanme copOLMN TSXKENIbIX META/UIOB YKa3bIBaeT
Ha TmoBbllleHMe 39((eKTMBHOCTY IIpoljecca IpU UCIOIb30BAaHUM HAaHHOTO copOeHTa
IO CPAaBHEHMIO C MCXOJHON Iie/Unono3oli. CreneHb W3BA€YEHNMA MOHOB MeTa/lIOB
B KMHETMYECKOM 9KCIIepUMeHTe Bo3pacTaeT Ha 15-20%. [IpenenbHas copOLMOHHas eMKOCTD
XJIOTIKOBOJ IIe/UTI0NO3BI, MOAVI(PUIIMPOBAHHON AMSTIICHTPUAMIHOM, COCTAaBIIACT [/ MIOHOB
Menu u xenesa 1,44 n 1,29 MOIb/KT COOTBETCTBEHHO.

ViccnenoBanme  MopuduuupoBaHHOro copbenta MerogoM  VIK-crexTpockonuu
CBUJETENbCTBYET O TOM, 4TO IIpyM MOAM(UIMpOBaHMU COpOEHTa Ha €ro IIOBEPXHOCTH
IMIPOMICXOJUT 3aKpeIUIEHME a30TCOMEP KAILero IOoauMepa. AHanu3 3/IEMEHTHOTO COCTaBa
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IIOBEPXHOCTV COPOEHTOB METOJOM 3HEPTOAVCIIEPCHOHHON PEHTTEHOBCKOJ CIIEKTPOCKONNN
(3[C) ykaspiBaeT Ha Hamuuue asora B MopubuiupoBaHHOM obOpasne. Merogom COM
YCTaHOBJIEHO, UTO IIOJ] BO3/IelICTBMEeM MOAU(UIVIPYIOIIEro areHTa U3MeHeTCsl MUKpopenbed
HIOBEPXHOCTV COPOEHTA 110 CPABHEHUIO C MCXOJHOI X/IOIKOBOJI LIe/UTI0I03011
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Hccnedosanue nposedeno ¢ ucnonv3osanuem pecypcosé Llenmpa ronnexmuerozo
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I KEKIOMOHHOTIO AIIITAPATA
C PA3/INMYHBIM ITMAMETPOM 9KEKTOPA
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VBan Anppeeud ITotkun, crynent; Ekatepuna bopucosna KoyeTkoBa, aciinpaHT

SIpocmaBckmit  TOCYJApPCTBEHHBIN TEXHMYECKUiT YHuBepcurer, Spocmasiab, Poccus, leontievvk@ystu.ru;
budnikovkn.19@edu.ystu.ru; potkinia.19@edu.ystu.ru

*CynebHO-9KCIIepTHOE yupex/eHre ¢efepalbHOI MPOTUBOMOXKAPHON CIyKObl «VIcmbpITaTenbHas IOXKapHAs
naboparopusi» o Spocmasckoit obmacty, Spocnasnb, Poccus, spa-ekaterina@yandex.ru

Knrouesvie cnosa: Annomayusa. B cmamve  npuseden  aHANU3  KOHCHPYKUUL
2A30HUOKOCTHOTE OHEKUUOHHDLE  2A30HUOKOCIHBIX IHEKUUOHHBIX annapamos. Paccmompenvt nanpasnenus
annapam, pacnovliusaHue, CO30aHUS  HOBbIX KOHCHMPYKUUli makux annapamos. IIpusedeno
Jucnepeuposanue, «CynibdumHoe  HeKOmopuvie 007ACU NPUMEHEHUS ANNApamos, UCHONb3YIOUUX NPOUecc
4UCI0», 3P PeKmuUsHOCb pacnvuiueanus HUOKOCTUL. IIposedervi KcnepumeHmanvHole

uccnedosanus — no  oueHxe  IPdexmusHocmu  2a30MUOKOCHOZ0
aMeKUUOHHO20 annapama. Ilonyuenvt skcnepumeHmanvHvie 3a6UCUMOCINUL
«CYnb@PUMHO20 HUCIA» OM nepenaa 0aeneHus Ha HopcyHKe U OUamempa
amexmopa.

s quTpoBaHus:

JleoutpeB B.K., Bygumkos K.H., Ilorkun J.A., KouerkoBa E.b. Ouenka 3pQexkTHBHOCTY Ia3oXXUAKOCTHOIO
3)KEKIMIOHHOTO aIlllapara C pas3IMIHbIM AMaMeTPoM 3KeKTopa // Om xumuu k mexHonozuu wiaz 3a wiaeom. 2024.
T. 5, BoiL. 1. C. 58-64. URL: http://chemintech.ru/index.php/tor/issue/view/2024-5-1

BBenenne

B xXummu4eckol NPOMBIIIJIEHHOCTM M CBA3aHHBIX C HEMl OTPACIAX IPUMEHAETCA
MHOYKECTBO aIlIapaTOB pPa3/lINYHbIX KOHCTPYKIUI HJI1 TIPOBENEHNSA MacCOOOMEHHBIX
IIPOLIECCOB VM XMMUYECKNX NPEBPALEHNI B CUCTEMAX «KUJJKOCTb-Ta3».

['a30>KMIKOCTHBII 9KEKLMOHHBIN anmnapar, paspaborannsiii B AI'TY, obnagaer psagom
TEXHOJIOTMYECKMX ¥ KOHCTPYKTMBHBIX NPEVMYILECTB 110 CPAaBHEHMIO C IPYTVMMM allllapaTaMyu
JUISL TIPOLIECCOB B CUCTEME «Ta3—KUAKOCTb» [1].

Panee ObUIM paccMOTpeHBI HEKOTOPble KOHCTPYKLUM Hambosee pacHpoCTpaHEHHBIX
ra30>KMIKOCTHBIX AIIIAPATOB, UCIIO/NIb3YEeMBIX B IIPOMBIIUIEHHOCTH [2]. OTMeYeHO, YTO OHUM
U3 HaJeXXHBIX CII0CO00B OIeHKM 3(PPEeKTUBHOCTY Ta30KMUAKOCTHBIX CUMUTACTCH XMMUIECKUI
METO/], OCHOBAHHBIII Ha OIIPeNeeHNN «CYIbPUTHOTO IMC/IA».

B rasoXmaKOCTHBIX allllapaTax ¢ 3>KEKIMOHHBIM IVCIIEPTMPOBAaHMEM I'a3a VICIIOIb3YIOTCA
[IBa B)KHENIIMX IIpoIlecca: 1) Ipoliecc pacHblIMBaHMUA (DMCHEPTMPOBAHNA) S>KUIKOCTH,
2) mporecc CMeIleHMA rasa U >KMAKOCTH. [l mpollecca AVICIIEpTMpOBaHMA IIPYIMEHAETCS
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3HAUUTENbHOE KONMMYECTBO pacIbUIMTeNell pasnnyHoil KoHCTpykuym [3]. Hambornee
PacIpOCTpaHEHHBIMU PACIBUINTEAMYU  ABIAIOTCA  (opcyHKu. Ocoboe MecTo 3aHMMaeT
pacIbUIMBaHMe IJIA IOTy4YeHNsA KPYIIHbIX Kane/b. Takoe paclblIMBaHMe IPOBOAAT B IUIEBOIA
IPOMBIIIEHHOCTM IIpY TPaHyIMPOBAaHMUM IPOAYKTOB, B XMMMIYECKON IPOMBIIITIEHHOCTI
LIV IPOU3BOJICTBE MUHEPATIbHBIX yoOpeHmit [4-5], B pacIbUINTENBHBIX CYLIMJIKAX,
PV MICKYCCTBEHHOM JIO>KI€BAaHUY BOZIBI B TPAAMpPHAX [6-8].

bonpiioe sHayeHne nMeeT MpoLecc pacIbUIMBAHNA IPY XMMWYECKON 3aIUTE paCTEHNI
arpoxuMukaTamu. JIyid pemenna KOHKPETHON 3aJjadM MIMEETCA CBOVI ONTMMAJbHBIN pasMep
KaIle/lb, KOTOPBIN 3aBYCUT OT MHOXeCTBa (paKTOPOB. VI3BeCcTHO, 4TO 4eM 6OJIblile OIMHAKOBO
KOHLIEHTPYPOBAHHBIX VM CXOXKMX 110 pasMepy Karle/lb 13 Kacca MelKoKanenbHbIX (50-150 MxMm)
W cpegHekamnenpHbIxX (150-300 MKM) ITOTIafaeT B 11e/b, TeM MEHbIIIe TPeOyeTCst MeCTULV/IOB.
Pasmep kamesnb 3aBMCUT OT IMiaMeTPa COTIIa paclIbUINTENA U JaB/ieHuA. PasnuyaroT cnepyromue
BBl PaCHIbUIMBAHM: MeXaHMYEeCKOe, 3TeKTpuYecKoe, ra3oBoe [9-10].

Paspaboranubie B  AI'TY  rasoXuAKoCTHble — ammapaThl € 9KEKI[MOHHBIM
AVCIEPTVPOBAaHMEM Tasa B  OCHOBHOM  ONpEMENIAIOTCA  [ABYMsA  HaIpaBJIeHUAMU
COBEPIIEHCTBOBAHMA COOTBETCTBYIOLIETO IIpOLlecCa XMMMUYECKON TEXHONOTUM W JeNATCA
Ha JIBa TUIIa HOBBIX KOHCTpyKumit: 1) pacnbuinreneit (popcyHok), 2) cMecuTereit.

B mepBoMm cimydae A MHTeHCMUKAIMM IIpoliecca CMelleHusA ¢a3 paclbUINTeNlb
BBIITOTTHAETCA B BMJe POPCYHKM C 3aBUXPAIOIVM BKIA/IbIIIEM B KaMepe 3aKpydumBaHuA [11]
VWIM B PacHbUINTENb YCTaHABIMBAeTCS MHOTrO3axofHbII HiHeK [12]. Bo BTOpoMm criydae
MHTeHCUPUKAINA Ipolecca cMelleHMs (a3 B cMecuTesle TOCTUTAETCSA ITyTeM YCTAaHOBKU
KaCKaJHOTO V[apHO-CTPYIHOTO YCTpOiicTBa (Hampumep, HabOpa YCEYEHHBIX KOHYCOB
Pas/INYHBIX AMAMeTPOB U YIJIOB KOHYCHOCTM [13]) Waym momepedyHBIX IIEpPeropofioK B BIe
CUCTEMBI «AMCK-KONBIO» A ycuiaeHns spdekra mnepeMemMBaHUA KOHTAKTMPYIOIUX
(a3 1 yBenm4eHNsA BpeMeHN! X KOHTAKTa [14].

B mnocnegHee BpemA Ta3soXMIKOCTHBIE 3KEKLVOHHBIE aIllapaTbhl MCIIONIb3YIOTCA
B KaueCTBE alIapaTOB A IOJAy4eHMA IIeHbl. IIeHbl HaxomAT IIMPOKOe IpUMEHEHNE
BO MHOTYX OTPAC/ISIX IPOMBILIJIEHHOCTH, B OBITY, HalpuMep, IpU MOXKApOTyIIeHU! (B TOM
41ICTIe eMKOCTeN! € JIeTKO BOCIVIAMEHAIOIMMUCA KUAKOCTAMM BHYTPU 3aKPbITIX TOMEIeHNIA
IIOJBAJIOB, CY[IOB, CAMOJIETOB M T.I.) ¥ IS TEIUIOM3O/MALMN. B Ta30o>XMAKOCTHOM amIapare
UL IofTydeHns 1eHsl [15] cmecuTenp (9keKTop) BbIIONMHeH B Bupe anddysopa,
BHYTPY KOTOPOTO YCTAaHOBJIEHBI 3Be3l0uHble paboure s7eMeHThl. K KOHCTPYKTHMBHBIM
0COOEHHOCTAM CMECHUTe/I Ta30)KMAKOCTHOTO amllapaTa Jyid IIONy4eHMsS IIeHbI OOJIbIION
KpaTHOCTM [16] OTHOCMTCS Hammume ABYX KOHycoB — pauddysopa u koHy3opa, BHYTpU
KOTOPBIX YCTAaHOBJIEHBI TPY TPEXJIONACTHBIX Iponennepa. Insa JoCTvKeHusa MaKCUManbHOM
KPaTHOCTY II€HBI pacCTOSTHME POPCYHKY PACIIbUINTENA IO ITAKeTa CETOK JO/DKHO OBITh TaKMM,
9TOOBI IPOEKIMA TENIeCHOTo yIna Qakena paclblla pacTBOpa INPAKTUYECKV IOTHOCTHIO
COBITQJaJIa C IIpOeKIyel paboydeil TIOBEPXHOCTY ITEePBOI ceTKM makera [17].

OcHoBHasA YacTh

Llenb maHHOJ pabOTHI 3aK/TI0YAETCS B 9KCIIEPYMEHTAIbBHOM oIIpefieieHNy 3¢ deKTBHOCTI
K/IACCUYECKOTO Ta30)KMAKOCTHOTO 9KEKI[VIOHHOTO aIlllapaTa U OlleHKe B/IVSAHMS Ha BeIMYMHY
3P PeKTUBHOCTI HEKOTOPBIX T€OMETPUIECKUX U TEXHONOTMYECKMX TTapaMeTPOB.
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Ouenka 3¢ (HeKTUBHOCTY MacCONIEPEHOCa B Ta30>KUIKOCTHBIX IIOTOKAX OCYIeCTBIIAETCA
C VICTIOJIb30BaHMeEM «CyIbPUTHON MeTofuKu» [18], KoTopas oCHOBaHa Ha KaTalIUTUYECKOM
OKMC/IeHUM Cy/IbUTa HATPUSA KMCIOPOJIOM BO3/yXa:

1 CuSO,
Nast3 + /2 02 — Nast4

BsanmopeiicTBue cynpduTa HaTpUs ¢ KUCTOPOROM IIpoTeKkaeT B And@ysnoHHOIT 30He,
I7le CKOPOCTb IIpoliecca IIOJTHOCTBIO 3aBMCKUT OT IIepexoja KUCIOpoja M3 Ta3oBoil ¢asbl
B JKIJIKOCTD. VI3-3a HIM3KOII pacTBOPMMOCTY KUCTIOPOJia B Bofie K03 PuIjneHT Macconepesadn
IOTTHOCTBIO OIpefienigeTcs KoaNLMeHTOM MaccooTaaun B >KnaKoit ¢ase (muddysnoHHON
cTajiuell KUCIOPOfa OT IOBepXHOCTM (ha3oBOro pasgena B oObeM >xupkoctn). [Tosaromy
yBe/luYeHMe CKOPOCTM OKUC/IeHMs Cylnb(uTa HATpUsA CBSA3aHO C YCUIEHMEM IIpoliecca
MacCOOTHAYM B XKMIKOII (ase.

17141 OLIeHKY MHTEHCMBHOCTY PaCTBOPEHNIA ra3a B Fa30>KMAKOCTHOI PeaKI[IOHHON CMecH
BbIOpaHO «cynbduTHOe uncno» K., KOTOpOe TIOKaspiBaeT KOMUYECTBO KUCIOPOJA,
HIOIJIONEHHOTO ef[HIIIEN PeaKIIOHHOTO 00'beMa B eIVIHNIY BPEeMEeHIL.

3HaveHMsI «CyTbGUTHBIX YMCeT» /IS PasHbIX Ta30)KMIKOCTHBIX allllapaTOB BaPbUPYIOT
B LIMPOKOM fiuanasoHe. Hanpumep, 11 peakTopa ¢ ObICTPOXOTHON MeXaHMYEeCKOII MEITaKol
(c wacrotoit BpaieHust okono 1700 06/mun) K. = 0,5 kr O,/(M*4), a /151 Ta30’KUAKOCTHBIX
Tpy64aThIX TypOY/IEHTHBIX allllapaToB OHO 3HaYuTeNbHO BhIie (0T 18 o 21 kr O,/(M*4)) [19].

CxemMa  9KCIEPMMEHTAJIbHOM  YCTaHOBKM II0  OIpefeneHNo 9 eKTMBHOCTH
ra3oKMIKOCTHOTO 9>KeKIVIOHHOTO allllapaTa IpefcTaBIeHa Ha puc. 1.

HCUOKOCIND

omoop npoo
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' \x d , - :/I 8030yX
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Puc. 1. CxeMa 3KCIIepiMeHTa/IbHON YCTaHOBKM: 1 — KOPIIYC anmapata; 2 — 9)KeKI[MOHHasA KaMepa; 3 — POpCyHKa;
4 - 9>KeKTOp; 5 — AUCIIEPraTop; 6 — LEeHTPOOEXKHBII HACOC; 7 — MAHOMETP; 8 — poTaMeTp; 9— Pery/sITop pacxona
BO3JIyXa
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PactBop cynbdura HaTpmsa IeHTPOOEKHBIM HACOCOM 6 IIOf, HaBIeHNMEM IIOJAeTCA
B PACIbUIMTEND XKMUAKOCTU 3, PacIbUIMBAETCH, Jjajliee 3aCachlBA€TCA BO3MYX, IOCTYIAIOIINIA
B 9KEKIVMOHHYI0 KaMmepy 2. O6pa3oBaBIIaAcs ra30>KMIKOCTHA CMeCh IOXOUT Yepes3 3KeKTop 4,
IZie IPOVICXOANT MHTEHCUBHBIN KOHTAKT CY/IbMNTA HATPY U BO3/IyXa. 3aTeM Ira30>KMIAKOCTHAS
cMech ¢ OOJIBIION CKOPOCTBIO yhapsAeTcsa B pucnepratop 5. I[Ipy ymape rasoXMaxocTHOTO
IIOTOKA O AVCIIEPraTop ra3oBble Iy3bIPbKM JPOOATCS, Y CMECh PACIpefie/IAeTCs 10 PeaKI[IOHHOMY
o6beMy anmapaTta, Ifie IpoMCXOANUT odepeHas ¢asa KOHTAKTa KUAKOCTH U rasa.

ITopsAmok mNpoBemeHMA SKCIEPMMEHTOB caefyomuii. ['0ToBMICA BOAHBIN PacTBOP
Na,SO; ¢ xoHueHnTpanueit 0,4 MOIb/AM’, KOTOPbIN 3anMBancs B ammapart. Ilepen Hauamom
9KCIIEPUIMEHTOB B pacTBOP H0OAB/AICSA BORHBIN pacTBOp KarammsaTopa — pactBop CuSOs.
OKcIepyMeHThI IPOBOAVIINCH Ha allllapaTe C BHYTpeHHUM ayraMerpoM 300 MM, iuaMeTp COIIa
dopcynku cocraBnsan 12 MM. Vlcnonp3oBamuch 3>KeKTOpbl amameTpoM 25, 38 m 58 mMm.
Bo Bpems akcmepyuMeHTa M3MEHS/IOCh JlaB/leHue Iepel GOPCYHKOI pg, KOTOPOe M3MepsIoch
MaHOMETPOM 7.

Pacxop >xupkocTy yepe3 GOPCYHKY oIpefiessiics o popmyrie

4 Py

Tie pp — KoapduiumeHT pacxopa depe3 QOpPCYHKY; dy — puaMeTp corta (GOpCyHKHM, M;

szﬂp'

ps — BaBneHue nepep popcynkoii, Ila.

Pacxon Bo3ayxa mopbupancss TakuM 00pasoM, YTOOBI KO3(PUIMEHT MHXEKINH, T. €.
OTHOLIEHME PACXOfla BO3yXa K pacxofy >XUAKOCTH, cocraBian 1,3. Pacxom Bosgyxa
YCTaHABIMBAJICA C TIOMOUIBIO PErynATOpa pacxofia BO3AyXa 9 M M3MEPANCA C IOMOIIbIO
porameTpa 8.

ITocne mycka Hacoca M BBIXOZIa Ha 3aJJaHHBIN PEXMM, 3a BPEMA KOTOPOTO >XKMUJKOCTb
TIATe/IbHO IIepeMelINBasach ¥ BBIPABHMBAINCh KOHIIEHTPALMOHHbIE IO/ B pabodyeM
ob6beMe, ¢ IOMOIIBIO IIIIPKIIA OTOMPAMNCh MPOObI PacTBOpa B CTEK/ISIHHbIE TePMETHYHO
3aKpbIBaroyecss Koaopl eMKocTbio 100 Ma. OT60p mpo6 ImpoM3BOAWICA 4Yepe3 pas/MyHbIe
IIPOMEXXYTKM BpeMeHU, BeIM4YyHa KOTOPBIX Kojebamach oT 1 o 12 MMH B 3aBUCHMOCTY
OT OXKMJIAEMOJ CKOPOCTM IIpOTEKaHMs peakuuu. B TedyeHme BCero BpeMeHUM IPOBEIEHUSA
SKCIIEpMMEHTA MOAJEPXKMBA/ICA HEM3MEHHBIN pacxof rasa. Ilo oKoHYaHuM OmbITa €MKOCTb
IIPOMbBIBA/IaCh IOpsAYeN BOJOI, 3aTeM IPOBOAVIACH IIOCHEAYIOIINME SKCIEPUMEHThI
C 3aIl/IaHMPOBAHHBIMY 3HAYEHMAMY PEXKMMHBIX U T€OMETPUYECKMX ITaPAMETPOB.

Konnmentpammsa C, Monb/mAM’,  KaXp@oll  TpoOBI  pacTBOpa  OIpeme/nAnach

J10JJOMETPUYECKIM MeTOZIOM (0OpaTHBIM TUTPOBAaHNMEM) ¥ BBIYUCIISIACH IO dopmyre [2]
|N(Iz) -V (1,)°™ — N(Na,S,03) - V(Na25203)|
V(Na,S03) '

rae N(L), N(Na;S$;03) - HOpManbHOCTM IPUTOTOB/IEHHBIX CTAaHAAPTHBIX PAaCTBOPOB ilofia U

C(Na,S05) = (2)

THOCY/Ib(aTa HATPUA COOTBETCTBEHHO, Monmb/aM’ V(L) - obbeM u30BITKA JiOfa, CM%;
V(NayS$;05) - obbem Tnocynbgara HaTpus, MOLIEAIINII HA TUTPOBAaHME OCTATKa 107, CM’
V(Na;SOs) - ob6bem B3siTOI Ha aHamu3 Mpobsl cynbura Hatpus, cm’; C(Na,SOs) — uckomas

KOHIIEHTpalus CyabduUTa HATPUS, MOJIb/ M.
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3HauyeHVs1 KOHIeHTpaLMil HAHOCWINCDH Ha TpadyK B KOOPAMHATAX KOHLIEHTPALVisi-BPeMsl.
OKCIlepUMeHTaIbHASA 3aBYCMMOCTD M3MEHEHVI KOHIIEHTpalyy Cy/IbGUTHOTO pacTBOpa VIMEeT

BIJ IPSIMOYA, PaCIOIOXKEHHOI IO, YITIOM o K OCK a0CLIMCC, 13 KOTOPOIL OIIpeeIsiICs TaHTeHC

AC
yT/Ia HaK/IOHa ——.
T

«CynbpurHoe uncno» K., kr O,/(M*4), pacCUNTHIBATIOCH COITIACHO BBIPa>KEHIIO

AC
K.=16-—. (3)
¢ AT

OKCIlepMeHTATbHbIE JaHHbIe IIPUBeeHbl B Tab/. 1 1 Ha puc. 2.

Taﬁimua 1. aKCHCPI/IMCHTa}IbeIC AaHHbIE II0 OIIPENETIEHNIO 3(1)(1)CKTI/IBHOCTI/I Ta30KNIAKOCTHOTO 3 KEKIIMOHHOTO

anmapara
Huamerp IlaBreHune Pacxon Pacxop
Ne . «CynbpuTHOE YMCIIO»
PKEKTOpA ds, nepen GopcyHkoit | sxupkocT Qx, Bo3zyxa Qs
/o R s K., xr Oy/(M>4)
MM pg MIla M/q M/q

1 25 0,2 5,9 7,67 12,8
2 25 0,3 7,34 9,54 16,30
3 25 0,4 8,58 11,15 17,4
4 38 0,2 5,9 7,67 14,4
5 38 0,3 7,34 9,54 18,8
6 38 0,4 8,58 11,15 20,4
7 58 0,2 59 7,67 6,4
8 58 0,3 7,34 9,54 9,6
9 58 0,4 8,58 11,15 10,9

&
o
=
<
o
=]
<
JS
X
A ds =25MMm
11 - M d>s =38 MM
® do> =58 MM
9 |
7
5 T T T 1
0.2 0.25 0.3 0.35 0.4

P MlIIa

Puc. 2. 3aBucuMOCTD «CyIbGUTHOTO YMCIa» OT JaBIeHNA Hepesl POPCYHKOI U iuaMeTpa 9KeKTopa
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BriBonb1

Ha ocHOBaHNY NMOTy4eHHBIX 9KCIIEPYMEHTATIbHBIX JAHHBIX MOXKHO CHe/IaTh CIeAyIoLIe
BBIBOJIBL:

1. 3HaYeHNs BeMYNH «CyNb()UTHOTO YNCIa» COU3MEPUMO CO 3HAYEHUAMM «CyTbPUTHBIX
qyicesn» s Haubosee 9 PeKTUBHBIX Ta30>KUAKOCTHBIX TPyOUaThIX TYpOY/IEHTHBIX alllIapaToB.

2. MakcuManbHBIN Tlepenaj AaBlIeHMS Ha (QOPCYHKe MOXHO INIPUHATb B IIpefeax
0,35-0,4 MIIa. [lanbHeliiee yBeIM4eHNA Nepelajia JaBIeHNA He IPUBOANUT K 3HAYMTEIbHOMY
YBE/INYEHNIO «CYIbPUTHOTO YNC/Ia», HO TPV 9TOM CYLIECTBEHHO YBEIMYMBAIOTCS 3aTPaThl
9HepruM Ha YICIIeprUpOBaHNe.

3. I[Tpy HeOONBIINX 3HAUCHMAX AVaMeTPa KEKTOpa HAO/II0AAeTCs CTeCHEHHOE IBYDKEHIEe
ra3oXXMIKOCTHOTO IIOTOKA B 9XKEKTOpe, YTO He CIOCOOCTBYeT HOTYyYeHWIO OINTVMMAIbHON
MeX(pasHOI NOBEPXHOCTM KOHTakTa ¢a3. [Ipyu OGonplmx 3HaYeHMAX [JuaMeTpa 9XKeKTopa
B Fa30)KMIKOCTHOM IIOTOKE He O00eCHedyBaeTcsi XOpPOUINMII KOHTAaKT ra3a C SKMAKOCTBIO,
YTO IPUBOAUT K CHIDKEHUIO 3HA4YeHUIl «CyIbGUTHOrO 4umcma». VIMeercss omTmMManbHas
Be/IUMHA [IaMeTpa 3KeKTOpa, IpU KOTOPOM MeK(asHas IIOBEPXHOCTb U «CYIbPUTHOE
91C/I0» OYAYT MaKCHMa/IbHBIMIL.

4. Teoperuueckue ¥  9KCIEpPMMEHTA/IbHblE  MCCIENOBAHUA  TIUAPOAMHAMUKIA
M MaccooOMeHa B Ta30XXMIKOCTHOM 3KEKIMOHHOM alIlapaTe IIOKa3alu €ero BBICOKYIO
3pPEeKTUBHOCTD, MOITOMY IpMMEHEHVE €r0 B pAa3INYHbIX OTPAC/AX IPOMBIIIIEHHOCTY
SBJISIETCS BeCbMa IIEPCIIEKTVBHBIM.
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Hayunas cmamos
YIK 66-914.5

KOHTPOJ/Ib COOEPXAHIA METAIZIOB B COCTABE
BUOJIOTUYECKUX CTPYKTYP

II. B. Curanos, [I. V1. baunos

JOmutpuii BadyecnaBopiy CUTaHOB, KaHf. XMM. HayK, HOoleHT, Janunn Viropesuy bmnos
VIBaHOBCKMII TOCYapCTBEHHDINI XMMIKO-TEXHONOTMYIECKIII YHUBepCcuTeT, VIBanoBo, Poccns, sitanov@isuct.ru,
daniil.blinov.2002@mail.ru

Kntouesvie cnosa: Annomauus. IIpednosen cnoco6 KOHMPONSL COOEPHAHUSL MeMAnios
Memannovl, KAMUOHDBL, OUONIOZUtEeCKUE 6 COCTNABE OUOTIOZUYECKUX CIMPYKMYD, MAKUX KAK TUCMbA pacmeHut,
cmpykmypbl, OUINeKMPUHecKuti 00pasypl MKAHeli HUBOIMHO20 NPOUCXONOEHUS, BKMIOHAT KONHObLE
6apvepHuiti paspso noxkpoevt  uenosexkd. B  kauecmeée OuaeHocmuueckoili  cpedvl

6vi1 UCNONL308aH  Ousnexmpudeckuti  bapveproiii  paspsao  (JBP)
8 8030yxe npu ammocepHom Oaenenuu. Ilokazawo, umo npu
ONMUMANLHOM No000pe NApamempos 2a3068020 paspsda o He Oydem
0KA3bI8AMb 0eCMPYKMUBHO20 8030€liCMEUS HA MKAHU GUOTIOZUYECKUX
CPYKMYp, 4 2eHePAUUS XUMUUECKU AKMUBHBIX YACMULY, 8 Na3me
6ydem  munumanvua. OCHOSHYI0O DPOTb  NPU  IMOM  Uzpaern
Oousnexmpuueckuii 6apvep, omoensouuii uccrnedyemuiti  0bpasey,
om anexmpoda  paspaonoii  cucmemvl.  JJBP  6030yxoancs
Ha yacmomax, 6nu3Kux x 38yxkosomy ouanasouy (He 6onee 15 xl'u),
umo  Ovi0  00ycno6neHO  mMpebOBAHUEM — IMUCCUU  UOHHOU
COCABIAIOUIEl MONbKO U3 K/IeMOK HA NOBEPXHOCHU UCCTE0YeMbIX
cmpykmyp. Boibop maxoeo uacmommnozo ouanasona 6030yioeHus
JBP 0uxkmosancsi ycnosuamu HU3K020 MepMu4eckozo Oeticrmeus
nAA3MbL  ammocepHozo 0asneHus Ha 00pA3UbL PACUMENbHOZ0
U HUBOMHO20 NPOUCKXOHOEHU.

U1 EUTUPOBAHNA:

Curanos [.B., bBnuuo [I.JI. KoHTponp cofep>aHUS MeETalIOB B COCTaBe OMONTOTMYIECKUX
cTpyktyp /I Om xumuu x mexHonoeuu wiaz 3a waeom. 2024. T. 5, Bem. 1. C. 65-74.
URL: http://chemintech.ru/index.php/tor/issue/view/2024-5-1

BBenenmne

B Hacrosimee BpeMs HaOmofjaeTcs YCTONYMBAsA TEHJEHIVS CIVAHVUS OTHE/NIbHBIX
METOOIOTMYECKVX IIPUEMOB, METOJIOB I MCCIIEJOBATEIbCKUX IIPAKTUK Pas/IMYHBIX HAyYHBIX
¥ TEXHOJIOTMYECKVIX LIEHTPOB C LIeJIbI0 ITOJTy4eHsI HOBBIX Pe3y/IbTaTOB B MEKAMCLMIUIHAPHOM
sHauuy [l]. C pApyroit CTOPOHBI, B HEKOTOPBIX OOIACTAX WUCCIEHOBaHMII HapabOTaHBI

U IIPOBEPEeHbl Ha IPAKTVKe METO/BI VICC/IENOBAHMI, KOTOPbIe MOITIM OBl OBITH MICIIOTTb30BAaHBI

© [I. B. Cutanos, [I. V1. biunos, 2024
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B CMEXHBIX 00JIACTSAX C LIe/IbI0 IIO/Ty4eH)sI HOBBIX OPUIMHAIBHBIX pe3ynbraroB. OfHUM U3
IePCIIeKTYBHBIX HAIIPaBJIeHWIT SIB/IAETCS IUIa3MOXVMIIS U CBSI3aHHBIE C IIa3MOJI TEXHOJIOTHUL.
B Hacrosimee BpeMs OCBOEHHBIMU SBJIAIOTCS IPOLIECCHl TNOMMMEpM3ALUsA B IUIA3Me,
CUHTe3 HOBBIX MAaTepUaJOB C MCIOTb30BAHMEM IUIA3MEHHON CTUMYIALVN, MOAMQYKAIA
COCTOSTHMII TIOBEPXHOCTEI! TBEPAbIX HEOPTaHMYECKVIX MaTepUajIoB i MaTePUAaNIOB IPUPOLHOTO
IIPOMCXOXK/IeHNsI, TPaBJIeHNe MeTa/UIOB (IIO/TyIIPOBOHIKOB) I PAR APYIUX TEXHONIOTUI [2-4].
ITpu aTOM I/1a3Ma MCIIO/IB3YETCs He TONBKO KaK ICTOUHUK BBICOKOIHEPTMYHBIX U XMMIYECKN -
aKTVMBHBIX YacTUII (PafyKaIoB U MOHOB) [5], HO 1 Kak 3 PeKTUBHOE CPeICTBO AMArHOCTHKM [6)].

Kak 1moKasbIBalOT MICCIEOBaHMs, BOSMOXKHOCTY IIIa3Mbl /ISl AMATHOCTUYECKMX Iiesteit
BeCchbMa pasHOOOPa3HbI. TO U 30HAVPOBaHIEe KPUCTAINIECKNX CTPYKTYP C Lie/IbIO BBISB/ICHNS
NeeKTHBIX OOpasIOB, M TEXHOJIOTMM pACIbUIEHUS MaTepuajioB C Le/bI0 MCC/IefOBaHN
VX 97IeMEHTApHOrO cocTaBa. Haumbosbliee pacnpocTpaHeHMe 3TU TEXHOJOTMM HAllIu
B MAllIIHOCTPOEHUM, JIETKOJI M 9JIEKTPOHHON INPOMBILIIEHHOCTH. B CBA3KM € 3TuM paxe
HOSIBUICS OOIENIPUHATBIA TepMUH, OObeVHSAIONINIT BCe 9TV TEXHOTOTMYECKNEe ITOAXOMbI —
3/MMOHHasA 00paboTKa MaTepIaIoB.

C II0sIBJIEHVIEM HAaHOTEXHOJIOT I CTam Ha0/TI0aThCsA TEeH/IeHLINN
MEXVICLMIUIMHAPHOCTY B 00/acTyt (pyHAAMEHTANIbHBIX WMCCIEJOBAaHWUII M B INPUKIAJHBIX
obnactax. TexHonormyeckyme  IpMeMbl, M3HAYAJIBHO  OPUEHTMPOBAHHBIE  TOJIBKO
Ha MIPOMBILIJIEHHOCTb, CTalIM IIPOHMKAaTh B #Apyrre cdepbl, B YaCTHOCTH, B cdepy
3[paBOOXpaHeHMsI M TOHKOTO OPTaHMYECKOro CHMHTe3a. Tak, HampuMep, IUlasMa CTaia
VICIIO/Ib30BAThCS JYIA Ile/ieil CTepWIM3ALUM Y TOHKOJ OYMCTKY pas/IMYHbIX IOBEPXHOCTEN
OT ITATOTeHOB, 00e33apaKMBaHMs BOABI M OMOJIOTMYECKMX Cpefi OT BPEeIHBIX BellecTs [7, 8].
JIOCTaTOYHO TePCIEeKTUBHBIMYM OKa3alucCh IPUEMBbl IepeHOCa JOHHONM COCTaBJIAIOLIeN
XKVIJIKOTO KaTOZia B 00JIaCTh ITOJIOXKUTENBHOTO CTOJI0A T/IEIOLIEro paspsifia, TO €CTh B Fa30BYIO
dasy [9]. ITpu sToM ompepensolee 3HaUYeHME CTAIM IPUOOPETaTh reTepOreHHbIe MPOI[eCChI

Ha rpaHMLax pasgena ¢as [10].
IToctaHOBKa 3a5a4yyl ¥ ONMCAaHVE IKCIIEPUMEHTATbHOI YCTAaHOBKY

Ba>kHO OTMeTUTD, YTO B C/Ty4ae MCIonb30BaHys [IBP nepeMeHHBIT TOK OyieT IpoTeKaTh
flayKe TPV Ha/mmuyy 6apbepHBIX CTPYKTYP, B 00IIeM cIydae SB/IAINXCA He IPOBOJALIINMU
IpY VICIIONIb30BAaHMM IIOCTOSIHHOTO TOKa. B Omonormyeckux obpasiax 9TO MOTYT OBITh
9/IeMEHTbl ~ SMWUTENNS, KIETOYHBIX CTPYKTyp, OPOTOBEBIIMX OOpasoBaHMil ¥  T.J,.
Takum o6pasoMm, B paspsjax, NOJJepXMBAeMbIX IePeMEHHBIM 3/eKTPUYECKMM IIONIeM,
OCTaeTcsl HafjeX)XHOe CPEACTBO BM3YalM3aliyi BHYTPEHHETO CTPOEHMs KJIETOYHBIX CTPYKTYP
B BI{JI€ XapaKTePUCTUYECKOTO M3/TyYeH)sI KOMIIOHEHTOB Ia30BOTO paspsijia.

ITpn saxwuranum [IBP npm armMochepHOM HaBIeHMM MODKHBI (UKCHPOBATHCA
COCTABJIAIINE BO3/[yXa M pa3/MYHble YaCTMIIBI, OTHOCAIIVECS K IPOAYKTaM AeCTPYKLIII

ero KOMIoHeHToB. Ha puc. 1 mokasaH CIeKTp U3/Ty4eHMs ICKPOBOTO pa3psja B BO3JyXe.
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Puc. 1. CriexTp U3/Iy4eHUA UCKPOBOTO pa3psAfa B Bo3jyXe (CHEKTp IIOMYYeH IpY IIOMOIIM IIPOMBIIUIEHHOTO
CIIEKTPOMETPa BBICOKOIT Pa3pelaieil CHOCOOHOCTI «Avaspec»)

Ha criexTpe X0Opo1I0 BUAHBI ITOJIOCHI 230Ta (BTOpasi IIO/IOKNUTE/IbHASA CUCTeMA) C JJINHAMMI
BonH 337 u 357 um (nmepexop CsI1, - Bsllg), monocer pagukana —~-OH (mepexon AzY — X,II)
¥ TIO7I0ChI Y-cucTeMbl Mosiekyibl NO (mepexon A%y — X?IT) ¢ pmHamy BOH 236, 247 1 259 HM
COOTBETCTBEHHO. Kucmopop 0OBIYHO XOpOLIO AMCCOLMUPYET B paspsje, ORHAKO JIMHUU
aTOMapHOTO KIC/IOPOJa HAaXOAATCA B KPAacHOI OONacTy CIEKTpa, I03TOMY OHUM He BOLUIN
B CIIEKT], TOKa3aHHbIN Ha puc. 1. B manHo1 paboTe aHaMM3 N3/Ty4eHNA KOMIIOHEHTOB BO3/IyXa
B paspsfie He ABJIAJICA OCHOBHOI 3aiaderl. ITofo6HbIe CIIeKTphbl XOPOIIO M3Y4YeHbI U ONVCAHBI
B yureparype. IIpudeM Hanuyme B CHEKTpe IPOAYKTOB Pa3loXKeHNA KOMIIOHEHT BO3JyXa
CYILIECTBEHHO 3aBUCUT OT THUIIA paspsfa U crmocoba ero Bo3OyxpeHMA. Tak B TICHOIIUX
paspsjax MOHIDKEHHOTro faBieHys u B JIBP mpu armochepHOM HmaBlIeHUN BEPOATHOCTD
3apukcupoBath yactunpl NO n pagukansl ~OH cymecTBeHHO MeHble, YTO OOBACHACTCA
MaJIBIMM Y€/IbHBIMY MOILTHOCTSMY, BK/IaJbIBAEMBIMI B paspsj], 0COOEHHO IIPY MaJIbIX TOKaX
paspsza 1 HMU3KOI TeMIlepaType rasa. JI3BecTHO, YTO OCHOBHBIM KaHajioM obpasoBanusa NO
ABJIAETCA TOCTIEN0BATEIbHOCTD PEAKIMI C yJaCTVEM KOMIIOHEHTOB BO3JyXa:

0,+e—>0+0 (1)
N>+O—>NO+N (2)
N+O,-»>NO+O (3)

Temneparypa, npu KoTopoit pukcupyercs omyrtumas KoHueHTpauys NO, B cpefHeM
cocrasisier 1900 K [11]. Tuppoxkcun papmkan obpasyercs B OCHOBHOM IIPM TEPMUYECKON

AVICCOLMalY OCTATOYHBIX ITAPOB BOJBI B BO3JyXe:
H,O > H + OH- (4)

BepoATHOCTb IpOTeKaHUII MpOLeccOB 1-4 CyllecTBEHHO BO3pacTaeT IpY YBelIUYeHUN
TOKa paspsfa (yBelMYeHMM MOIIHOCTM, BK/IA[bIBAEMOil B Pas3pAHd) U IIepexofie paspssa
u3 Tuxoro AuddysnoHHOro K MckpoBoMy. O6macTh mepexofa OT OFHOTO THUIIA paspsfa
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K JPyrOMy He VIMeeT YeTKOJ I'PaHMIbl, HO CYAUTb 00 3TOM MOXXHO IIO M3/Ty4eHMIO ITa3MBL.
IIpn aToM B paspsfe HAYHYT MHMIOUMPOBATbCA Ipolecchl 1-4, a  IPOAYKTHI
IJIa3MOXVIMMYECKON [eCTPYKIuu OyayT ¢UKCUpOBaTbCsA CHeKTpanbHO (cM. puc. 1).
Takoil pexxuM ropeHus paspsja ABseTcA AJid Hac HelpyeM/IeMbIM, TaK KaK MO>XeT IIPUBECT
K PaspyLIeHMIO CTPYKTYpbl KJIE€TOK Ha IIOBEPXHOCTM MCCIEeyeMOro mMarepuana. ['apaHTom
orcyrcTBusA nepexona JJBP B MCKpPOBOIL sSBIIANACh HAaJEXKHOCTD IUAIEKTPUYECKOTO Gapbepa.
B xopme paboTbl ObUIM M3y4eHBl 3NIEKTPUYECKMEe IPOYHOCTM Pa3INYHbIX MaTepuaos,
IPeTEeHYIOLIMX Ha POJIb ANINIEKTPUYecKoro 6apbepa. [Ipy 3TOM aHaIM3MPOBAINCh Pas3TNIHbIE
MaTepyabl: CTEK/IO Pa3/IMYHOI TOJIIMHBL, KepaMydecKyie INacTUHBI (TomyHa 0,3 MM), cmofia
" CUJINKOHOBbBIE ITIOKPBITHA. OTHOCUTENTHBHO IIOpUCThIE€ MaTE€pUaJIbl TUIIA 6YMaI‘I/I " KapTOHa HE
paccMatpuBamich BooOme. Ham Obur Hy)KeH Oapbep, YAOBIETBOPSIOUIVI CIEAYIOIINM
Tpe60BaHI/IHMZ BbICOKaA BEINMYNMHA BHeKTqueCKOﬁ IIPOYHOCTH, HM3KasA 9YyBCTBUTEIDPHOCTD K
IIEPETPEBY U MEXaHNMYIECKNM yAapaM, ONITUMa/IbHaA TOIIINHA. HemanoBaxHbIM Tpe60BaHI/IeM
SIBJIAIACh BO3MOXKHOCTb MeXaHI4YeCKOJ 00paboTKI.

Hanee IIpUBENEHDI PE3Y/IbTATDI HCY):[a‘IHOﬁI dKCIUTyaTallMl YCTAHOBKU C MICIIO/Ib30BAaHNEM
6apbepoB C HU3KOI HaJIeKHOCTDIO [IA HALMX 9KCIepyuMeHToB. Ha puc. 2, a nokasaH paspsp
¢ 06pa31oM TKAaHOTO MaTepyaa, PacloI0>KeHHOM Ha CTeK/ITHHOM JJV9JIEKTPUYecKoM bapbepe.
Ha puc. 2, 6 BuzHO, 4yTO 6apbep ObII paspylIeH yKe T0C/Ie HECKOTIbKUX CeaHCOB PaboTBHI.

a 0
Puc. 2. DKCepUMEHTHI [0 U3YYEHUIO PO CTEKNIA B KadecTBe Gapbepa ms [BP: a — BHelHMIT BUJ, paspsasa

B IIPUCYTCTBUY TKaHOTO MaTepuaa; 6 — mpo6oii cTekna, 6apbep fal TPEILIMHY IO BCell INHE

ITpu ompefieTeHHBIX YCIOBYSIX CTEK/IO MOYKHO MCIIO/Ib30BATh B KaUeCTBe AUIEKTPUUECKOTO
6apbepa, HO TPy [ONITOM TOpeHNUM paspsifa obpasoBancs mpoboit (cM. puc. 2, 6), TOKaIbHBIN
THeperpeB U CTEKJIO pa3pyLIaoch. MeXaHn3M paspylueHs 6apbepoB Beersia OblT OHNIM M TeM XKe.
CHauaza 00pa3soBBIBA/ICS JIOKQIbHBI MPOOOJ, YTO IPUBOAMIO K JIOKAIBHOMY IEperpeBy
Marepuana Gapbepa, a 3aTeM HaOmofanoch ero paspyuienue. OT TommuHbl 6apbepa Oymer
3aByceTh 3(pPeKTUBHOCTh TOpeHMs paspspa. Yem Tomue 6apbep, TeM Oojee 3HAYUTeIbHASA
4aCcTh MOITHOCTY MCTOYHMKA IMMTAHUA TePSIACh M He MOIJIA Y4aCTBOBATb B MHMIIMAIM3ALUN
Ile/IeBBIX IIPOIIeCCOB. B CBsASM ¢ 9TMM [yIfi CTeKIa He OBUIO HAiiIeHO ONTMMAIbHOTO
COOTHOUIEHNA €T0 TOJILVHBI ¥ 3p)eKTUBHOCTH ero UCIIONb30BaHNUA B KauecTBe bapbepa.

C 1e/Iblo MOMCKA ONTVMMATBHOTO BapMaHTa AMSJIEKTPUKA ObIIM BBIIOTHEHBI TECTOBBIE
9KCIIEPVIMEHTBI C CWIMKOHOBBIM TEIVIOPACCEMBAIOIIM KOBPMKOM C TOJIIMHON 2 MM CO
CTIeAYIOLIVIMI XapaKTepUCTUKaMM: IZIOTHOCTD p = 3,1 r/cM’; TeIIonpoBogHOCTD p = 16 Br/MK;
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3/1eKTpudecKasd npodHocTb 0 = 10 kB/MM. Takoil KOBpMK MJeanbHO IOAXOANI B KadyecTBe
MaTepuasa IPOK/IafoK MEXY MOLHBIMY TPaH3MICTOPAMM M paitaTOpaMy, HO B HaIlleM CTy4ae
II0OKa3a/l OTPUIIATE/IbHbIE pPe3y/NbTaThl. BbICOKME HANPAXKEHHOCTM IIOJNEN B 30HE paspsAna
IPUBOAVIIN K €r0 IIPoOOoIo.

JIlyymuMm  BapuMaHTOM OKasajnach JIMCTOBAsA C/IOfa I MarHETPOHOB B COCTaBe
MIUKPOBOJIHOBBIX IIeueli. B 3aBOJiCKOM MCTIONTHEHMY TaKyie JIMCThI BBIIEPKMBA/IM HAIIPSKEHUA
Ha 3/IEKTPOJAX Pa3pAMHON cucteMbl 1o 20 KB mpyu BappupoBaHny 4acToThl B penenax 1-50 kI,
C 60pIIMMY YaCTOTaMU B PaMKax JaHHOI pabOThl MBI ITOKAa He PabOTaN, 4YTO OOBICHAIOCH
OTCYTCTBMEM Ha [aHHOM JTalle IOAXOJAILET0 BBICOKOYACTOTHOTO BBICOKOBOJIBTHOIO
reHeparopa.

InA  HamMX 9KCIEPMMEHTOB TeHepaTop ObI  M3TOTOBJIEH CaMOCTOSTE/IbHO
IO K/TaCCUYECKOll IBYXTAaKTHOV cxeMe ZVS - ppaiiBepa ¢ (UKCUPOBAHHON YaCTOTON
(TIpy HEOOXOAMMOCTM YacTOTa MOIJIA M3MEHAThCS B mpefenax 1-50 k[ 3a cyeT BHeceHMs
HEe3HAYMTEIbHBIX JM3MEHEHNUII B ero KOHCTpyKIuio). HampsokeHyme Ha BBIXOfle TeHepaTopa
MOIJIO MeHATbCs 0 10 kB, uTo 6B10 ¢ 60/IBIINM 3a11acOM 1A Iie/lell HAlllVX 9KCIIePYMEHTOB.
Kak yxe ObUIO cKasaHO paHee, Mbl pabOTaqyM Ha 4YacTOTaX, He INpeBblmaroummx 15 kI
BrixogHOe HanpshKeHMe KaXIbI pa3 MoAg0Mpanoch SKCIEPYMEHTAIbHO C yIeTOM CHelpUKI
obbekTa McclefoBaHuA. [l Hac ABIANOCH 00sA3aTeNbHBIM TpeOOBaHMe OTCYTCTBUA
HOBPEX/IeHMIT OM0/TOTMYEeCKIX CTPYKTYP 3a CUET IeCTPYKTUBHOTO JIeVICTBMA pa3psAza.

KadecTBeHHBIT COCTaB >XUAKOM (pa3bl IPUIOBEPXHOCTHBIX C/IOEB OMOMIOIMYECKUX
CTPYKTYP KOHTPO/IMPOBAJICA II0 COOTBETCTBYIOIIMM CIeKTpaM wusnydeHus. IIpu stom
VICTIO/Ib30B/ICSI TIOPTATUBHBIN MBIl AMQPPAKUNOHHBIN 55-MIUIMMETPOBBIN CIIEKTPOMETP
CLMG-7206 ¢upmbr Gain Express. CrnekrpoMeTp He TpeOOBal OTHENbHOTO MCTOYHMKA
NUTaHNA, IMENI Majible Pa3Mephl U, B CBA3M C 3TUM, MOT MCIO/Ib30BaTbCA HaKe B IOJIEBBIX
ycmoBusxX. B kauecTBe perekTopa mcrnonb3oBanach Be6-kamepa Logitech HD Webcam C270
(1,3 Mmukc), OCYIeCTBAKNIA aBTOMATWYECKYI0 KOPPeKIVIO OCBEIEHHOCTM M
obecrieunBaoolas eCTECTBEHHYI LBeTonepemady. OTMeTUM, 4YTO [JIA  IOTy4eHNs
PE30HAHCHBIX JIMHUI META/UIOB B CIIEKTPaX M3/Iy4eHUs paspelIalolell CllocCOOHOCTY JaHHOM
KaMepbl OBUIO BIIOTTHE I0CTaTOYHO. CXeMa yCTaHOBKM II0Ka3aHa Ha puc. 3.

C[[L‘K’l'p(ICH()]]

Hoytoyx

daTtymk
U3Ty4eHUA

— Lo

—
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DKCNePUMEHTAILHAS
Mony4eHHbIN pe3ynsTaT Ha BbIXoae A4ciika

Puc. 3. Cxema sKCcIiepyMeHTaIbHOM YCTAaHOBKM
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OKCIIEpMMEHThl TNPOBOAMINCH B TE€PMETUYHON IPO3padHON SKCIEPUMEHTATbHON
A4eiiKe, N3TydeHNe BBIBOAMIOCHh Yepe3 H0KOBOe OTBepcTHe B Adelike. Vccmemyemplie 06pasiibl
IIOMEIANCh HAa  3a3€MJIEHHOM  CTO/MKE  BHYTPM  SKCIEPUMMEHTAIbHOM  AYENKMU.
[TpenBapuTeNbHO CTONMMK MOKPBIBAICS AUSNTEKTpUIecKUM O6apbepoM. CaM CTONMUK M BTOPOIL
3JIeKTPOJ, OBUIM BBITIO/THEHDI U3 HepykaBetomlell cramu. s 06paboTKy ClieKTpaTbHBIX JAHHBIX
M TONyYeHUSA CIEeKTPOB JCIO/Nb30BAlOCh IIPOTPaMMHOe oOfecredeHme ITyOIMYHON
nmaboparopun «Spectral Workbench».

Oco6eHHOCTbI0 ITPOrPaMMHOTO ObecredeHNs JaHHOI Tab0paTOpun SABJANOCH TO, YTO
Ho/Ty4aeMble CHEKTPHl He OBUIM COOTHECEHbI C pealbHBIMM 3HAYeHMAMM [JIMH BOJIH
(ncTIonmb30BaNMach OTHOCUTENbHAA MIKATa). B CBA3M ¢ 9TMM MbI CIIEIMATIBHO MCIIOIb30BAIN
IIO/ICBETKY OT MICTOYHMKA U3Ty4eHMsA C 3aBEJJOMO U3BECTHBIM CIIEKTPOM. B HamleMm ciry4yae sTo
Obu1a pryTHas nammna [IPIII-250, garommas xopouro pasmudyuMele muHnn prytu 404, 436, 545 u
546 uM. CHeKkTp PTYTHONM /MaMbl NOKasaH Ha puc. 4. CTOMT OTMETUTh, YTO MJIA ILieen
Ka/MOPOBKM MOYKHO OBIIO VMICIIO/Ib30BATh /I00bIe OIOPHBIE CUTHAJIBI, OJVHAKOBBIM 00pa3oM
BOCIIPOM3BOZALINECA IIPY Pa3INYHBIX YCIOBUAX.

404 436

1 A. A a2
400 500 600 700™

Puc. 4. Cnextp msmydenns mammbsl JPII-250. HesHaunTenpHBINI MUK Ha [JIMHE BOMHBI 578 HM OTHOCUTCSA
K GOHOBOII 3acBeTKe OT TIOMUHECIIEHTHBIX JIaMII OCBelleHNA (OTHOCUTCA K M3TYYeHUIO TIOMIHO(Opa)

Ha pabounx cnekTpax B psjje cIy4aeB MOXKHO OBUIO HaOJIIOJATh MUKMU, OTHOCSIMECS
K QOHOBOJ 3acBeTKe JIIOMUHECL[EHTHBIX JIaMI, JCIONb3YOIINXCA [ OCBEIeHMS
nmaboparopun. IT0 U3NydeHMe TIOMUHOPOPA B BUAMUMOI 00/IaCTy CIIEKTpa C JUIMHAMY BOJTH
488 n 578 HM. B Hamem cirydae MMHUYM PTYTH VCIIONIb30BA/INCD J/IA NACHTU(DNUKALNN CUTHAIOB
B CIIEKTPax IUIa3Mbl B IPUCYTCTBUU M3y4aeMbIX 00beKTOB. I1o cyTi, uMes BOCIIpOM3BOAVIMbIE
JIVHUY B CIIEKTPaX, Mbl PaCCYUTBIBA/IN LKAy I/IVH BOJIH U U/IeHTUUIMPOBAIN HOBbIE IMHUI
B CrIeKTpax. Tak crekTp, MOKa3aHHBIi Ha puC. 4, ObII MICKYCCTBEHHO CHAab>KeH IIKaIoN abcumcc,
Ha KOTOpyI0 OBUIM HaHeCEeHBl JUIMHBL BOJMH. OTO OBUI eUHCTBEHHBINI HEZOCTaTOK
VICIIO/Ib3YeMOTO  NpOrpaMMHOro obecneyeHuss u  cuekrpomerpa CLMG-7206, 3ato
B pe3y/IbTHUPYIOIIEM CIIeKTpe OTCYTCTBOBAIN CTabble CUTHAJIBL, II0 CYTH, SAB/ISIOIIMECS ITYMOM.
Kpowme Toro, aTo o6opynoBaHye He ObUIO TIOfIBEPKEHO BIMSHUIO 9JIEKTPOMAarHUTHBIX HOJIE.

Pe3ynbprarhl 1 uX 06CyKaeHIe

B xauecTBe 06'bEKTOB HAIlIETO VICC/IEAOBAHNS MBI BBIOPA/IN JINCTbsI PACTEHMII, MEIOLIVe
XOpOIIO PAa3BUTYI0 JIMCTOBYI IulacTuHy. IIpepmosnaras, 4YTO BIMAHME HEKOTOPbIX
TUMOTETNYECKNX HETaTMBHBIX (PAKTOPOB [O/DKHO IIPUBOAUTD K PE3KOMY U3MEHEHNIO
KOHILIEHTpal} OTHAEIbHBIX XMMUYECKMX 37EMEHTOB WIM COEIMHEHMII B COCTaBe KIETOK,
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MBI MICKYCCTBEHHO CBIMUTVPOBA/IN TAaKYI0 CUTyanio. B paMkax JaHHO pabOThI MbI HACHIILA/IN
pacTeHMs CO/LAMM MeTa/IoB. Berbop Habopa corell [UKTOBAICA Te€M, YTO STV META/UIbI ¥ TaK
yXKe BXOAMIN B COCTaB OMOTOTMYECKUX CTPYKTYP, HO UX Ieper3ObITOK MOXXeT IPUBOAUTD
K CYIIECTBEHHBIM pacCTpoJicTBaM B opraHmsme. HecmoTpa Ha TO, 4TO 9SKCIEpMMEHTbI
IPOBOAM/INCH C JIMCTBAMY PACTEHUI, MBI CYMTaeM, YTO OCHOBHBIE BBIBOABI pabOTBI MOXXHO
IIEPEHECTN Ha CTPYKTYPhl KMBOTHOTO IIPOMCXOXIEHMA UM 4eloBeKa. /laHHOe yTBep KIEeHMA
JUKTYeTCs TeM, 4TO IIOBEPXHOCTHBIE CTPYKTYPbI BCeX OMONIOTMYECKUX CTPYKTYp MMEIOT
noxoxxee crpoeHme. Ha puc. 5 npuBefeHo cxeMaTmyeckoe WU300paXkeHUe KYTUKYIIBL,
IpefiCTaB/IAIIel co00/I MHOXXECTBA JKeCTKMX, HO TIMOKNMX, HEMUHEPATbHBIX BHEIIHUX
HOKPBITUIT OPTaHM3Ma JWIN €ro 4acTell, obecreynBaomyx ero sammry. [logobHoe cTpoeHne
3aIIMTHBIX IIOKPOBOB MIMEIOT BCE >KMBbIE€ OPTAHM3MbI ¥ PACTE€HUA.

= Ky TUKyna ——" 3

FyBuaTwi medodwmnn
Puc. 5. Crpoenne KYTUKYJIBI (CTpe}IKaMI/I ITOKa3aHbl KaHa/Ibl MacCOOOMEHA)

Buonorndeckne CTPYyKTYpbl, B YacCTHOCTM JIUCTbs, CHApPY>KM 3allMIeHbl IUIOTHO
IIOKPOBHOJI TKaHbIO — amupiepMucoM (cM. puc. 5). Ilog HMM HaXOEMUTCA JUCTOBas MSKOTbH
(me3odumn). [TamicagHble KIETKY MOIVIOIAIOT OOJIBIIYIO YaCTh CBETOBOI SHEprum. ['y6uaTbii
Me30pWII - y4acTByeT B Ipolecce (OTOCKMHTe3a, obecmeumBass ra3zoobMmeH. KieTku
Me30duIIa OKPY>KeHbI Cpefioii, B KOTOpPOil NPUCYTCTBYeT BOAA, COMEprKalljas pas/iMyHble
aHVMOHBI ¥ KaTVOHBI. B anyaepMuce pacrioso)eHbl Tak Ha3bIBaeMble YCTbUIIA, 0Opa3oBaHHbIE
IIByMsI CMBIKAIOIIMMICSI KIeTKamu. Uepes 9Ty ycThuILla OOeCIednBaeTCsl MCIapeHNe BOJIbI
1 Ta3000MeH C OKpyxamouieil cpemoil. IIpy saxuranum paspspga BOMM3M OMOTOTMYECKON
CTPYKTYPBI B HUX MOTYT pea/li30BbIBATbCS BBICOKVE HAIIPSDKEHHOCTY 9JIEKTPUYECKOTO 101,
B TOM YNC/Ie M 3a CYET HEOJHOPOZHOCTM OODBeKTa. B TakMX HEOZHOPORHBIX NOJISIX MOHBI
XKUJIKOIT pa3bl CHOCOOHBI OKa3bIBaTh BO3MIEIICTBIS, COM3MEPYIMbIE C IOPOTOBBIMY 3HAYEHUAMU
9HEPIMil MIOHOB, IPU KOTOPBIX NMPOMCXOAUT paclblIeHNe MaTepPUaToB B IPOMBIIIIEHHBIX
ycraHoBKax [12]. B k/eTkax >KMBOro opraHusMma IIOf [e/ICTBMeEM IUIa3Mbl O0OpPa3yloTcs
KOMeOaHMsA C Pa3IMYHBIMYM YacCTOTaMM, a IIOf, MeCTBMEM 9/IeKTPOMArHUTHBIX BOJIH
VHUIMUPYIOTCS BOHOBBIE IIpOIecchl. IIpy 3TOM BIIO/HE BEPOATHO, YTO B OMOIOTMYECKUX
CTPYKTYpax MeTaJlIbl, HAXOMASIIMeCs B MIOHM30BAaHHOM COCTOSIHUM, MOTYT OBITb ITOABEPKEHBI
IepeMelleHNI0 IOf MeCTBYEM 9SJIeKTPOMAarHUTHBIX Mojeil. [IpyrMmu croBaMy, MOXKHO
OXWJATh IMUCCHIO 3aPKEHHBIX YaCTHUI] B 00BeM IUIa3MBI C IIOCTIEAYIOIINM UX BO3OYXK/IeHNeM
U TIOJTy4eHVIeM XapaKTepUCTUYeCKOro u3nydenns. OfHAKO IepeMeHHBbIN 97TeKTPUIeCKIIT TOK
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COOTBETCTBYIOIEN (POPMBI, aMIUIMTYABL U YaCTOTHI BO3/IEVICTBYeT HAa OPTaHNU3M U, €C/IM €r0o
YaCTOTBHI COOTBETCTBYIOT CIIOHTQHHOJI OMOIIOTEHIMAIbHO aKTMBHOCTU TKaHell OpraHu3Ma,
TO 9TO sIBJIEH)E TAKXe TO/DKHO CIIOCOOCTBOBATb SIMUCCU BHYTPEHHETO COEP>KMMOTO KIeTKY
B ra3oByi0 ¢asy. C MOMOIIbI0 TAKMX METOAVK MOXKHO OOHApy)XXUBaTh psfi 3a00/IeBaHMIl MU
paccTpoiicTB B opraHmsMe. [lefiICTBUTENIbHO, Ha/lN4YMe HECBOVICTBEHHBIX KOMIIOHEHTOB
B COCTaBe OMOJIOTMYECKIX CTPYKTYP, @ TAK)Ke pe3Koe M3MeHeHe COOTHOIIEH I HeOOXOIIMBIX
MOTYT IIPUBOANUTb, C OJHON CTOPOHBI, K Pe3KMM MHTOKCUKALMAM, & C APYroil CTOPOHBI,
MOTYT PacCMaTpMBAThCs KaK MPU3HAK 3a00JIeBaHVIsI MM OTPAB/ICHNS.

Comnu, BpIOpaHHBIE /I VICC/IEJOBAHMUII, KOTOPBIMY MBI HACBILAIV JIUCTbSI PAacTEeHUI,
npuBeZeHbl B TaO/. 1. Bpems HachlleHUs Bcerfa ObIIO OMHAKOBBIM 1 COOTBETCTBOBAJIO 12 4.
Meronyka HacbllleHNs 3aK/II0Yajach B IOTPY)KEHMM CTeOJIsI CBeXeCPe3aHHOTO pPacTeHMs
CUCThSIMU B PacTBOp conmu. KOHIeHTpaumsi comm BO BCeX OIMbBITax ObUla OJMHAKOBON
u cooTBeTCTBOBanma 10%-HOJ KOHIIEHTpauuy. YCIOBMsA HaCBI[EHMA MBI TaK)Ke IbITANINCh
chenarb ofyHaKoBbIMU. OOBeM >KMIKOCTY B GaHKaxX ObII HEeM3MEHHBIM, CTeOe/lb pacTeHMs
HOTPY>KA/ICSI B JKUAKOCTD Ha 5 cM. B jabopatopuy Ha NPOTSDKEHUM BCErOo BpeMeHU
9KCIIEpUMEHTA MOJ/IeP>KMBATOCh PACCEsSTHHOE OCBelljeHNe, BIVsIHYE COMHEYHBIX /Ty4eil ObIIo
UCKTI0YeHO. KOHTaKT MCTheB ¢ PaCTBOPOM TaKXKe ObUT MICK/TIOYEH.

Taﬁimua 1. O6paSL{bI coneit u COOTBETCTBYIOINE VIM [JINHBI BOTH XapPaKTEPUCTUIECKOTO U3TYIECHNA

O6paser (conp) InvHa BOMHBI A, HM

NaCl 589

FeCl; 585

MnCl, 602

CuCl, 510 m 523

ZnCl, 472,481 1 636
KCl 583

MgCl, 571

Ha puc. 6 m 7 npuBefieHbl IpUMepPHI CIIEKTPOB n3nydenua [IbP B mpucyrcrBum microes,
HACBILIEHHBIX COIAMM JKeJle3a ¥ MeI COOTBETCTBEHHO.

436

436 546 Fe(585)

404
404

T t t T T

Puc. 6. Cnextp msnydenua BIP B mpucyrctsum Pwuc. 7. Cnextp usnydenmusa BJIP B mnpucyrcrBunm
006pas1ioB HackleHHBIX cofbio FeCls 06pas1ioB HachleHHBIX corbio CuCl,

[Tofo6HBIE CIIEKTPBI OBUIM IOTyYeHBI [l BCeX OOpa3oB, MpUBefeHHbIX B TaOm. 1.
YcnoBust BO30Y>KzieHMsI paspsifa MOLOMPaich IKCIEPUMEHTANTBHO 1 JUKTOBAINCH YCTOBUSIMI,
PV KOTOPBIX OTCYTCTBOBA/IN IIOBPEXX/IEHNS TUCThEB PACTEHNIT TOC/IE MX 00PabOTKM B IIa3Me.
[Ipu 9TOM JIMCTbs PACCMATPUBAINCH IOJ MUKPOCKOIIOM. OKCIIEPUMEHT —CUUTAIICS
BBIIIO/THEHHBIM [IPU HEYOBIETBOPUTEIbHBIX YCIOBMAX, €CIM Ha JIMCTOBOI IUIACTHHE
HaOIIOJAIICh YePHbIE TOYKY, CBUIETEIbCTBYIONINE O HEMOMYCTUMBIX TOKAX, IPOTEKAIOIINX
B oOpasue. [Ipy 3TOM TakKe HEOOXOAMMO OBIIO 06€CIeUnTh YCIOBYE CTAOMIBHOTO TOPEHNS
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paspsia C ILelbl0 BO3MOXXHOCTM 3aINICM CIEKTPOB W3/ITydeHMs paspsaga. B pesynbrare
0000111eHNs] TIONyYEeHHBIX pe3y/IbTaToOB ObUIM OIpeleeHbl YC/IOBYs 6e301macHoi 06paboTKu
00pasloB B IUIa3Me JyIs HalIMX ycaoBmit. Tak mpy yacrorax B cpegHeM oT 1,5 mo 15 kI
HaInpsDKeHJe Ha 9/IeKTPOJaX PaspsARHOI CUCTEMBI He TOJDKHO IpeBbIath 4 KB (Tok paspspa
opyM 3TOM He mpeBblman 1 MA). BakKHBIM acIleKTOM [y YCIEIIHOTO IPOBeIeHNA
9KCIIePUMEHTA SBJIANIOCh Ka4eCTBO 00pa31ioB. JIVICThsI JO/DKHBI OBITh CBEXVIMI, 6€3 IPU3HAKOB
HOBpEX/IeHNiI, OOpPBIBOB 1 MMETb €CTEeCTBEHHBINI YpOBeHb YBIKHEHMA. [lmmTenbHoe
XpaHeHNe TUCTbeB Ilepe]] IKCIIePUMEHTOM KpaliHe HeXKelaTe/IbHO.

3akmoJeHne n PE€KOMEHTANINN 110 VICIOTb30BAHUIO PE€3yIbTATOB

Taxum 06pasom, ObIIO TOKa3aHO, YTO € MCIIONIb30BaHeM [JBP BO3MOXKHO OCyIeCTBIATD
MUCCHUIO (BBIXOJ, B O00ODBeM 30HBI TOPEHMs paspsfia) MOHM3VPOBAHHBIX KOMIIOHEHTOB U3
IPUIIOBEPXHOCTHBIX C/I0€B OMONOIMYECKUX CTPYKTYP C BO3MOXXHOCTBIO VX CIIEKTPa/IbHOTO
obHapyxxeHus. ITogo6Has MeToVIKa MOXKET CTaTb OCHOBOIJI [JIs1 M3TOTOBJ/ICHNMSI TOPTATUBHO
MOOM/IBHOJ YCTAaHOBKM [JIA KOHTPOJIA COCTaBa OMOTOTMYECKMX CTPYKTYp KaK B YCIOBMAX
nmaboparopuy, TaKk ¥ Ha MeCTHOCTH. [Ipy 3TOM B KadecTBe MCCIEAYEeMBIX CTPYKTYp MOTYT
BBICTYIIaTh HE TOJIbKO PAaCTE€HMsA, HO U XKMBOTHbIE. OCHOBHBIM CIEPKMBAIIIYM MOMEHTOM Ha
3TOM HIYTM MOXeET CTaThb (PaKT HEYCTONYMBOTO TOPeHMA paspsfa Ha HM3KMUX YacTOTaX.
B panbHelimieM IUTaHMpYeTCsA pPacIMPUTb 4YacTOTHBIE HMamasoHbl Bo30OyxmeHus J[BP,
pelIMB OHOBPEMEHHO 33/1auy ITTyOMHbI 30HAVPOBAHNA OMOTOTMYECKIX CTPYKTYP.
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Kniouegvie cnosa: Annomayus. Cunme3suposarnvl U 0XapaKmepuso8anvl INEMEHMHbIM AHAIUIOM
Kapboxcunammole u cnexkmpockonuueckumu memoodamu (MK, Y®-6u0) uemvipe HO8bIXx KomMnIeKca
Komnnexcol medu(Il), meou(Il) ¢ anuonamu 1-adamanmankap6onosotil, 4-(1-adamanmun)6en30tinoti
1-adamanmanxapboHoeas kucnom u ux L-eanunosvix npoussooHvix 6 kauecmsee nueanoos. Ha ocHose
Kucnoma, NOMyHeHHbIX — CNeKMPAnbHblX — OAHHBLIX  ObiIo  cOenamo  npeonosoieHue
4-(1-a0amanmun)6eH3otiHAs 0 OUAOEPHOM CHPOEHUU OAHHBIX KOMNIIEKC08 ¢ OUdeHManmHoli KoopouHayues
Kucnoma, 6usidepHuole KapboKcunamHulx AU2aH008 muna [Cu?*5(RCOO)4(H,0),],
KOMNJIEKCDL 20e RCOO - kapboxcunamuvie nueandvl. CunmesuposaHHvie KOMNIIEKCbl

npeacmasﬂﬂ}om uHmepec 6 kKauvecnee NOMEHUUANbHLIX mepanesmudecKux
azeHmos ¢ i’lpOH’lHBOBOCi’lﬂﬂMl’l’l@ﬂbHOﬁ u I’lpOWlMBOpaKOBOIZ AKmMusHoCmuvro
8 CoMemMAaHuU ¢ HU3KOU MOKCUUHOCMDbIO.

s quTpoBaHus:

Kpacuukosa H.B., Kpacuumko C.B., bombmakoa E.A., Koponesa ILI., Hamerkmna A.A., fconos B.C.
CuHTe3 M XapaKTepMCTMKa deTbIpeX HOBBIX KapOOKCMIAaTHBIX KoMmiuvlekcoB Mepu(Il) ¢ ¢parmenTOM
amamaHtaHa // Om xumuu Kk mexHonozuu waz 3a wazom. 2024, T. 5 Bem 1. C. 75-84
URL: http://chemintech.ru/index.php/tor/issue/view/2024-5-1

BBenenmne

Mepp sBIseTCA OJHMM W3 3CCEHIVIATBHBIX MUKPOSJIEMEHTOB U YYacTBYeT B psfe
JKU3HEHHO HEOOXOMUMbIX OMOTOTMYECKMX IPOLIECCOB, IMOITOMY €€ TOMEeOCTaTUIeCKIe
MeXaHM3MbI B OpraHyM3Me CTPOTO YHopsjodeHbl [1]. Menb mmeer pelnaroliee 3HaUYeHME /I
GYHKIMOHMPOBaHMS HEKOTOPBIX (PepPMEHTOB ¥ O€/IKOB, YYacCTBYIOIUX B SHEPreTMYeCKOM
MeTtabonuaMme, ppixannu, cuHtese [JHK u 1.1, [2]. OcHOBHBIE QyHKINMM KOMIUIEKCOB MOHOB
Meny ¢ OMOMOJIeKy/IaM) BK/IIOYAIOT IIPOTEKaHMe pPeaKLMil OKMCIIEHMs UM BOCCTAHOBJICHNS,
B KOTOPBIX OHU HEITOCPEICTBEHHO PEArNPYIOT C MOIEKY/IIPHBIM KICTIOPOOM C 06pasoBaHueM
CBOOOMIHBIX pafyKamoB [2].

© H. B. Kpacuukosa, C. B. Kpacuukos, E. A. bonbirakosa, I1. I'. Koponesa, A. A. Hamerkuna, B. C. fIconos, 2024
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Kommrexcst menu(Il) ¢ kapOOKCUIATHBIMK JIUTAHJAMMA SIBJISIIOTCSI OOBEKTOM OOJIBIIOTO
KO/INYeCTBa MCCIeJOBAaHUI B MEAMIIMHCKOI XVMIM, IOCKOJIbKY MHOTYIE Y3 HUX NPEJICTaB/ISIOT
co00il  IOTeHIMaJbHblE  TepaleBTUYeCKMe  areHTbl C  aHTUMUKPOOHBIM  [3],
aHTUOAKTepUATbHBIM (4], MPOTUBOBOCHAIUTENBHBIM [eiicTBUEM [5, 6] U T.J., B COUYETaHUU
C IOHVDKEHHOM TOKCMYHOCThI0. Ocoboe 3HaueHne umeroT komiuiekcsl meau(Il) ¢ anmonamu
AMMHOKMICIIOT ¥ KOPOTKUX IMENTHUIOB, IS Psifla KOTOPHIX HMOATBEPKIEeHA MPOTUBOPAKOBAS
akTUBHOCTH (puc. 1). B wactHoCTH, I ruyHaTa Menu(Il) ycraHOBIeHa MTOTOKCUYECKast
aKTMBHOCTb 110 OTHOIIEHMIO K PAKOBBIM K/IeTKaM >KenyziKa [7]. TpeXKoMIIOHEHTHBI KOMITTIEKC
Cas-II-gly B Tecrax in vitro u in vivo mokasaa LIUTOTOKCUYECKYIO U IIPOTVBOOIIYXOJIEBYIO
aKTVBHOCTYM C MHOTOOOEIIAIONVMY pe3y/IbTaTaMy, B pe3y/abTaTe 4ero ObII ofobpeH st
KIVHWYECKNX UCTIbITaHuit [2, 8]. Bonbline HameX bl B KaueCTBe T€KaPCTBEHHBIX KAHUJATOB
nomaoT Komiviekcel Mexu(II) Ha ocHoBe paumenTUAOB C IUAPOPOOHBIMU OOKOBBIMU
3amectuTenamy, Taknx kak Gly-Val, Phe-Val u gp., n 4,7-mudennn-1,10-¢penanrponnua
(Phen) xax N,N-moHOpHOro nuraspa, IpeBOCXOASIIME MO LUTOTOKCUYECKON aKTUBHOCTU
6oree panHue ananoru [9].

_ . _
" |
/I; N/ \/
u
d N
O Hy

c NOy pu—N
1 N O Ri
Y
(0]
Inuiunat mepu (1), [Cu(Gly):] CeMeiicTBO IIpenapaToB Kommekcor mepu (1)
Casiopeinas, Ha OCHOBE [UIIENITULOB,
Cas-1I-gly [Cu(Gly-Val)(Phen)],

[Cu(Phe-Val)(Phen)]
Puc. 1. CTpyKTypBI HEKOTOPBIX CMeIaHHOMUraHgHbIXx O-KkapbokcmmarHbix Komitekcos Cu(IT)

Insa xommiekcoB Memu(Il) ¢ aHMOHaMM HeCTEPOUHBIX IPOTMBOBOCHAIUTETbHBIX
cpencte (HIIBC) B Bume KapOOKCMJIATHOTO JIMTaHJA Ha IIMPOKOJ TPYIIe COeRMHEHMI
(camumumatel, ubympodeH, KeronmpodeH, WMHAOMeTAUMH, [AuUKIOPeHaK WU T.n.)
ObIIO YCTaHOBJIEHO, YTO OHM IIPEBOCXOAAT IIO IPOTUBOBOCIIANUTENBHON AKTUBHOCTYU
cobopupie HIIBC, a Takke MpOSBIAIT IO CPaBHEHUIO C HUMM IOHVDKEHHYIO
racTpoTOKCMYHOCTh  (pmc. 2) [10, 11, 12]. B o06cyxgaeMOM KOHTEKCTe BaXKHO,
4TOo 1O coBpeMeHHbIM jaHHbIM HIIBC o067a5al0T HEKOTOPBIMU INPOTMBOPAKOBBIMMU
CBOJICTBaMI, a TAKXX€ MIMEETCS B3aMMOCBA3b MEXXY VX MCIIO/Ib30BAaHMEM Y CHVDKEHMEM PUCKa
PasBUTH pa3IMYHbIX BUJIOB paka [12].

[Cu(ibu),(Py),(H.0)] [Cu(ket),(Phen)(H,0)] [Cu(mef) (BiPy)]
(ibu - ubynpoden) (ket — xeTonpoden) (mef - MedenamoBas Kucmora)

Puc. 2. IIpocTtpancTBeHHBIE CTPYKTYpHI KoMmiekcos Mepu (II) ¢ anmonamm HITBC
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[ panpHeltero moucka HoBbIX U 3 dekTnBHBIX KoMitekcoB Menu(Il), obmamarommx
OJJHOBPEMEHHO CBOJicTBaMI IpOoTUBOpPakoBbIX cpencts u HIIBC, uro BaxxHO ¢ mos3mumii
no/miQapMaKkoJIOTUM U CTPATeTMy CUHTE3a JIeKaPCTBEHHBIX MOJIEKY/I C MY/IbTUTApreTHON
aKTMBHOCTBIO, PELIAIOLIYI0 POJIb UIPaeT BBIOOP OpraHMYeCcKUX IUTaHoB. PaHee ObIT IToKa3aH
BbICOKUII moTeHIMan B KadectBe HIIBC cuHTe3sMpoBaHHBIX HaMM HAaTPUEBBIX COJeN
aMMHOKVC/IOTHBIX TPOV3BOAHBIX 4-(1-agaManTII)0eH30THOI KMCIOTHI, KOTOPBIE IIPEB30LIIN
B VICTIBITAHVAX M ViVO 110 IPOTMBOBOCHA/INTE/IBHON ¥ aHA/IBI€TUYeCKON aKTMBHOCTY IIVPOKO
npruMeHsieMble GpapMalieBTIYeCcKe IIperapaThl CPaBHEHMS Y ObUIV HU3KOTOKCUYHBI, IIpUYeM
MUIEPOM OKa3alnoch MPOU3BOAHOe IuApodOOHOI aMUHOKUCIOTH L-Bammua [13, 14].
Kpome 3T0r0, 13BECTHO, YTO aMUHOKMCIOTHBIE IIPOVM3BOJHBIE 1-afaMaHTUTYKCYyCHOM KVC/TOTBI
MOryT 3¢ (PeKTUBHO MHIMOMPOBATh PACTBOPMUMYIO santoKcurusponasy (sEH), koropas sBnsercs
OJJHOV M Ba)KHBIX MUIIIEHEI I PEOfI0/IeHNsI BOCIIA/INTEIbHBIX U 00JIeBBIX COCTOSTHUI [15].
V13 psifia JaHHBIX TaKOKe CTIEAYeT, YTO CTPATerys BBefleHN I (parMeHTa alaMaHTaHa B CTPYKTYpy
JINTaHJOB KOOPAVMHAIIOHHBIX COeIVMHEHNI XOPOLIO cebs1 3apeKOMeHI0BaIa IS YBeIN4IeHs
IIUTOTOKCMYECKOJ aKTMBHOCTY 3a CYET ITOBBILIEHMS VX IPOHMIIAEMOCTM 4Yepe3 KIeTOYHbIE
MeMOpa#sI [15].

Kommrekcst mepu(II) ¢ aHmoHamu HeKOTOpBIX N-3alMIEHHBIX O-aMUHOKVCIOT
(N-amermn, N-6eH3omn) paHee ObUIM CHHTE3MPOBAHBI U OXapaKTepusoBaHel [16, 17],
HO JJaHHBIe 0 KapOOKCHMIaTHBIX KoMiviekcax Mean(Il) ¢ pparMeHTOM afaMaHTaHa B CTPYKType
JINTQHJIOB NPAKTUYECKM OTCYTCTBYIOT. B CBsI3M ¢ 9TMM Iie/ibl0 HAacTOsAIIEN pabOoThl SBIIAICS
CMHTe3, XapaKTepUCTMKa ¥ WCCIeJOBaHMEe CTPOeHUs KapOOKCWIATHBIX KOMIUIEKCOB
menu(Il) ¢ anmonamm l-ajamaHTaHKap6OHOBOV, 4-(1l-agamMaHTMIT)OEH30HOM KUCIOT

" ¥X L-Ba/MHOBBIX IPOM3BOHBIX.
OcHoBHasA YacTh

Cunte3 KoMIUlekca 1 IepBOHAYajbHO OBLT OCYIIECTBJIEH peaKIMell VICXOHO
l-agamanTankap6onoBoit kucnorsl ¢ Cu(OAc),H.O npm monbpHOM cooTHomenuu 2 X 1,
COOTBETCTBEHHO, B aneroHutpmae (puc. 3, cnoco6 A) [18], HO mpyu 3TOM B NPORYKTaX
IPUCYTCTBOBAJIa HENPOpearnpoBaBIIasa MCXogHaA KucnoTa. [1o aToit mpu4mHe, a Tak>Ke BBUY
HU3KOJ pPacTBOPMMOCTM coefMHeHui, Komiwiekcsl Megu(Ill) 1-4 B panbHeiiniem
CMHTE3VPOBA/IMCh  peaklMell  HaTPMeBBIX  COJeil ~ KapOOKCM/IATOB,  IOTy4EeHHbBIX
IpefiBapUTENIbHO HeNTpaayusanyell COOTBETCTBYIOUIMX JCXOZHBIX KapOOHOBBIX KICIIOT,
¢ CuCl;2H,O npu MOIbHOM COOTHOIIEHNM 2 K 1, COOTBETCTBEHHO, B CMECY STUIOBOTO CIIMPTa
u Bopbl (4 x 1 mo obwemy) (puc. 3, cnoco6 b). Koneunble mpopyKThl ObUIM BBIiE/ICHBI
Ipy MeJI/IEHHOM KOHIEHTPMPOBAHMM PEAKLMOHHOM CMECH yIapuBaHMEM IIPY KOMHATHON
TeMIIepaType B BUie TONTYObIX W/IM 3€/IeHO-TONMyOBbIX KPVCTAUIOB C JOCTATOYHO BBICOKUM
BBIXOZIOM. Bce mojyueHHbIe KOMIUIEKCBHI OBUIM OXapaKTepU30BAHbI METONAMU 3/T€MEHTHOTO
anammsa, VIK-cnekTpockomnmeil B KpUCTaJIMYE€CKOM COCTOSHUM, CIIEKTpocKommeinn B YO-
M BUAVMOM [MaIla30HE PAaCTBOPOB, a TaKXXe M3MEPEHMEM MOJIAPHON 3/IEKTPUYECKON
IIPOBOAMMOCTH pacTBOPOB. Bce KOMITIEKChI OKa3aluch CTAOVMIbHBI Ha BO3[[yXe, PAaCTBOPUMBI
B guMmeTwicynbdokcune u N,N-gumetnidopmamuze, KOMITIEKCH 3 U 4 YaCTUYHO PacTBOPVIME,

a1 u 2 MazlopacTBOPMMBI B TUIOBOM CIIUPTE, ¥ BCE KOMIIEKCHI IIOYTI HEPACTBOPYMBI B BOJE.
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Cu(OAc),’H,O
AdXCOOH ——— = [Cuy(AdXCOO)4(H,0),] (cmocob A)
CH;CN 1
NaOH CuCl,2H,0
AdXCOOH ——— > AdXCOONa —>[Cu2(AdXCOO)4(H20)2] +NaCl (cnoco6 B)
C,H50H, H,0 C,H;s0H, H,O 4
AdXCOO = (AK, xommexe 1) (AB, KoMILIeKC 2)
0]
’ g\)\d
o /
(AKB, xommekc 3) (ABB, xommiekc 4)

Puc. 3. Cxema cuHTe3a KOMIIeKcoB 1-4

HdpakpacHble CIEKTpHI KOMIUIEKCOB 1-4 B KPMUCTa/UIMYECKOM COCTOSIHUM OBUIN
3anmcanbl B o6macty 4000-400 cM™' 1 M3y4eHBI C Ie/IbI0 MOATBEPIKeHN S CTPOEHNA TNTAHIOB
U Hamboree BEPOSATHOTO peXMMa KOOpPAMHAIMM KapOOKCIIATHBIX JINTAHAOB C MOHAMU
menu(Il) mpm cpaBHeHUM ¢ faHHBIMM mIsA O6nmuskux aHanoro (tabm. 1). B VK-cmekrpax
NOJTyYeHHbIX KOMIUIEKCOB HAOIONAMICh MIMPOKNME IIOJIOCHl IOTJIOWIeHMs B 00/IacTu
3450-3200 cm!' cmaboit WM CpefHell MHTEHCUBHOCTM, OTHOCSIINMECS K BaJ€HTHBIM
KonebaHmaAM cBA3sM O-H Mosexkynbl BOAbl, 4TO MOATBEp)KJAaeT Halu4dMe CBA3aHHON
KOOPAVMHAIIVIOHHON BOABI B KadecTBe smraHga [19]. Ilomocel moriomieHus BaleHTHBIX
u gedpopmanuoHHbIx Konmebarnit ceszert O-H n C=0 B kapOOKCHM/IBHBIX TPYIIIAX MCXOTHBIX
kucnot (Hanpumep, mist HAK 1688, 1282 u 950 cM™') B HaHHBIX CHEKTpaxX OTCYTCTBOBAIN,
YTO CBUJIETE/ILCTBYET O JENPOTOHMPOBAHMM KapOOKCWIBHBIX TPYNI OO KapOOKCVIATHBIX.
BMecTo yKasaHHBIX I10/I0C BO BCEX CIy4asX IPUCYTCTBOBA/IMN JIBE XapaKTePUCTUYECKIE TI0TIOCHI
B obmactsax 1612-1554 cm' m 1414-1400 cm™, cOOTBETCTBYMOIME AHTUCUMMETPUYHBIM
U CHMMETPUYHBIM BaJ€HTHBIM KoJe6aHUAM B KapOokcumaTHoil rpymme. Kak msBecTHo,
3HayeHre mapamerpa AV = [Viaw(CO2) - va(CO2)] MOXET UCIONb30BATHCA B KadecTBe
MapKepa JyIA OIpefie/ieHNsA peXuMa KOOPAMHALMYM JIMTAaHfAa B MeTa/lI-KapOOKCUIATHBIX
KOMIUIEKCaX, M3 KOTOPBIX Haubojiee pacpoCTpaHeHHbIMI SIBJIAIOTCA OMjeHTaHTHAsI Xe/laTHasI
(Av Menbpme 120 cm!), OumeHTaHTHasA cuH,cuH-MoctTukoBas (Av oxkomo (170+10) cm!)
¥ MOHOJieHTaHTHas (06br9HO Av 60sbine 200 cM™') KOOpAMHALVA C MOHAMU MeTaIa [6, 12, 19-21].
[ TO/Ty4eHHBIX KOMIUTEKCOB 1 M 2 3HaYeHUA Vaeun(CO2) U van(CO2) OKa3ammuch cMeleHs!
Ha 5-35 cm! B obmacth 6osee BBICOKMX BOJHOBBIX umcenl M Av paBHbl 174 m 154 oM,
4T0 60/mb1Ie Ha 30 U 12 cM™!, COOTBETCTBEHHO, II0 CPAaBHEHNIO C HaTpueBbIMM comaMu NaAK
n NaAb. 3ro, mnO-BUAUMOMY, CBUJETEIbLCTBYET O  CUH,CUH-T"1':l-KOOPAMHAIIN
KapOOKCM/IATHBIX JIMTAQH[IOB B JIAHHBIX KOMIUIEKcax (puc. 4), mpu KOTOpoil KapOOKcmiaT
ABJIAETCS MOCTMKOBBIM JINTAHAOM MeXAy AByMs nonamu mepu(1I).
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Cu-O\
>—XAd
Z,

Cu—O

Puc. 4. KoopauHaiyst KapOOKCHUTATHBIX IUTAH/OB B KOMIUIEKCax 1-4

Ta6muna 1. CpaBHeHVe HEKOTOPBIX CIIEKTPa/JIbHBIX JAHHBIX /IS KOMIUIEKCOB 1-4 ¢ aHanmoramm

MK YO-Bup, Pexxum
Komrekc Vaari(CO2). | Vau(CO2), | AV!, Asaxe; HM kooppu- | I'eomerpusa | Ccpiika
cm! cm! cm!| (e, 1 monpleml) | Hanum
6652 (60), 6umeH-
1595 1425 4407 (150), | TamTHpD | o APATHOT
C H,0 170 ; - 23
[Cua(mef)s(H:0):} (owc) | (owc) 3352 (7800), | mocru- | P
) JanbHAsg
2922 (14200) KOBBIIT
, 1407 7152 (230),
[Cuz(loxo0-0,0’)4(H,0),] 1582 (ou.c.) (0.c) 175 295" (6000) To xe To xe 12
[Cua(ibu),] 1588 (ou.c.)| 1407 (cp.) [ 181 670, To xe To xe 24
u,(ibu q.C. .
AW P 218-260
720? (160),
[Cuz(ket)4(H,0),] 1575 (ou.c.)| 1408 (cp.) 167 | 309*(2100), To xe To xe 5
2902 (10900)
700 (I),
[Cuz(OAC)4(H,0),] 1603 (ou.c.)| 1418 (c.) [185 370 (II), To xe To xe 22
250-330 (III)
720 (I)
[Cu(AcVal),(H,0)]. 1610 (ou.c.)| 1410 (c.) {200 380 (I To xe To xe 17
709 (I),
[Cua(BzVal)4(H,0),] - - - 390 ((II)) To xe To xe 16
NaAK 1547 (c.) | 1403 (c.) |144 . - ; B oTon
pabore
NaAB 1547 (c.) | 1405 (c.) | 142 - - - B otol
pabote
NaABB 1592 (c.) | 1406 (c.) | 186 - - - B oTon
pabore
6 B
705 (55, 1), et . | xBagpaTHO- R
1582 1408 TAHTHBIN B 3TO
[Cuz(AK)4(H,0),] (1) 174 362 (mnevo, II), mpamun-
(ou.c.) (ou.c.) MOCTH- pabore
307 (7000, III) . Ja/JbHas
KOBBIII
1400 740 (50, I), .
B 3TOI
[Cuz(AB)4(H,0),] (2) 1554 (c.) 154 | 382 (mnevo, I1), | To ke To xe
(ou.c.) pabore
320 (7300, III)
709 n 7132
90 1 95%4, 1), 7
[Cus(AKB),(H,0),] (3) 1612 1414 10| OO e To xe B oTon
390 (mneyo, II), pabore
313 (11500, III)
725 (105, 1), >TOi
B 3TOI1
[Cu2(ABB)4(H,0),] (4) 1608 1414 | 194| 395 (mnevo, IT), | To ke To xe 26ore
T
308 (10000, I1) P

'Av = Vaan(CO2) - Vau(CO,); *mannsble ms pacrBopos B [IMCO; loxo — HITBC nokconpodeH; o4.c. — 04eHb
cuUnbHag; ¢. — cunbHadg; AcVal — N-anerunsanunat; BzVal — N-6edsonnsanaar
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ITpn ob6pasoBaHuyM KoMIUleKCOB 3 u 4 mpakTuyecky He cMmemanmuch I u II ammpubie
IIOJIOCHI, HO VI3MEHSUINCD, KaK ¥ B IIPEAbIAYIIEM CTydae, IOIOCh KomebaHmit B KapOOKC/IATHBIX
rpymmax u Av (cMm. Tabn. 1, Ha mpumepe NaADBB m kxommiekca 4). Bo Bcex cmywasx
TaK>Ke HabJII0JamCh IOIOCHI IortolieHns B obmactu 550-500 cM™!, onvcaHHbIe B IUTEPAType
KaK XapaKTepHble 1is Konebanuii csazeit Cu-0 [19, 20].

CrekTpbl B yIbTpaduoIeTOBOM U BUIVIMOM AMana3oHax ObUIN ITOTy4eHbI /I PACTBOPOB
KOMIIJIEKCOB 1-4 B alleTOHUTpUIIE, a TAaKXKe B HeKOTOphIX cnydasax B JIMCO. Bo Bcex cnekTpax
Hab/II0amach CTabOMHTEHCYBHAS IIMPOKas II0/I0Ca C MAaKCUMYMOM B MHTepBane 705-740 HM,
KOTOpasi cOOTBeTCTBYeT d-d-mepexony *E,>?T, (Tak HaspiBaeMas mosoca I [22]). [Tonoxxenne
JIAHHOJI IIOJIOCHI CBMIETENbCTBYeT 00 OKTasApUYeCcKOM WM KBa[[paTHO-NMPaMUAIbHON
JIOKAJIbHOJ T€OMEeTpUM [IA TUTAaHAHOTO OKPY>KEHIs MOHOB Mefiu. B crekTpax KOMIIZIEKCOB
TaK>Ke IMPUCYTCTBOBAJIA I0/I0Ca B MHTepBane 362-395 M (Tak HasbiBaeMmas mosnoca II [22]),
HajIM4yie KOTOPOI 0OBIYHO aCCOLVMPYETCS C 9IeKTPOHHBIMY IIEPEXOAaMI MEX/y OpOUTAIAMU
nonoB Memu(II) BHyTpu OumsAmepHON CTPYKTypbl KoMmiuteKcoB. Ilomoca oxono 300-310 HM
(rak HaspiBaemass momoca III [22]), xoTopas YacTMYHO MAacCKUpyeTcA IIOlocaMy T->Tr*
IIepexXofloB JIMTAHMIOB U II03TOMY IIPOSIBIAETCA B BUIE IUIeYa, COOTBETCTBOBAIA IEPEHOCY
3apsza ot mmuranpoB K Mertawry (I13/IM) B kommekcax. CaegyeT OTMETUTD, YTO IIPU CMEHE
pacTBOpMTeNA, a TaKKe IIpY pa3baBlIeHMyM, B CIEKTpaxX KOMIUIEKCOB He IPOVICXOAVIO
CyILIeCTBEHHOTO C[IBUTA YKa3aHHBIX II0/M0oC (HampuMep, Mg KOMIUIeKca 3 momoca |
B aneroHutpmie n IMCO npu 709 m 713 HM, COOTBETCTBEHHO), T.e. B JIAaHHOM C/Iy4ae
OTCYTCTBOBAJI CO/IbBATOXPOMHBIN 3P DeKT.

3HaueHNsA MOJIAPHON 3/MeKTPUYECKON IMPOBOAMMOCTY, M3MEPEHHOI [ PacTBOPOB
komiutekcoB 1-4 B IMCO, naxopmmich B narepsane 3,0-9,0 Cm cm? Mop™. TO mO3BOMNIIO
IpeANoNOKNUTb,  YTO  IOJy4YeHHble  KOMIUIEKCBI ~ IPEUMYIEeCTBEHHO  ABJIAIOTCA
HeanmekTpormtamu [12]. Bonee Toro, KOMOMHaIMsI HAaHHBIX, ITOMTYYE€HHBIX U3 9JIEKTPOHHBIX
CIIEKTPOB KOMIIIEKCOB ¥ M3MEPEHMI MOJAPHOM I/IEKTPUYECKON IIPOBOAMMOCTY, MOXKET
YKasbIBaTbh Ha TO, YTO KOMIIIEKCHI 1-4 COXpaHAIOT 11e/IOCTHOCTb CBOEN CTPYKTYPhI B pacTBOpE.

CymMupys NHOTy4eHHble aHAIUTUYECKUE JIaHHble, a TaKkKe Ha OCHOBE CpaBHEHUA
C TOXOXXMMM KapbokcytaTHbIMU KoMivtekcamu Mepu (1), onycanubpiMu B muteparype [5, 12,
16,17,20-25], MOXXHO IIPEATIONIOKNATD, YTO KOMITIEKCHI 1-4 IMEIOT CTPYKTYPY ITOJ00HO MOzienn
«KUTacKOro (oHapuka». ONTMMM3MPOBAHHBIE MOJIEKY/IAPHbIE CTPYKTYpPhl KJIacTepOB
CMHTE3V[POBAaHHBIX KOMIUIEKCOB OBUIM IOTYy4eHBI C UCIIO/Ib30BAHMEM IOTYySMIVPUYECKOTO
meroga PM7 (puc. 5, Ha mnpumepe KOMIUIeKca 1), peajn3oBaHHOTO B IpoOrpaMme
MOPAC2016™. KoopanHanyoHHoe okpykeHne kaxjoro nona megu(Il), B arom cnygae CuOs,
00pa3oBaHO YeTHIPbMs aTOMaMM KIC/IOPOAa, IIPUHAIOKANVMY 4YeThIpeM aHUOHAM
COOTBETCTBYIOUINX KapOOKCUIATHBIX JIMTAHIOB B peX)Me OUEHTAaHTHOIO MOCTMKOBOTO
CBA3BIBAaHNA B OMANEPHOM KOMIUIEKCE, I aTOMOM KIC/IOPOZa KOOPAVHMPOBAHHON MOJIEKY/IbI
BOJbl B BEpUIMHAX MCKa)XEHHOV KBafipaTHOV Iupamupbl. IlomydenHble mmda Komiiekca 1
3HaYeHNA MeXaTOMHbIX paccrosuuit Cu—-Cu 2.859 A, Cu-O(xap6okcmmar) 1.935-1.950 A
1 Cu-O(Bopa) 2.005-2.010 A okasammch [OCTATOYHO OIM3KY K JAHHBIM PEHTTEHOCTPYKTYPHOTO
aHamm3sa ma [Cux(OAc)4(H20),], paBHBIM cOOTBETCTBEHHO, 2.616, 1.967 u 2.162 A [22, 12].
AHajrornyHas 3aKOHOMEPHOCTD ObITa IOJTy4eHa ¥ JyIA APYTUX TeOMeTpUYeCcKIX NapaMeTpoB,
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HampuMep, CyMMapHO# yTmHbI MocTuKa (715 1 6.40-6.42 A, a s [Cu(OAc)4(H,0),] 6.45-6.46
A) n BanenTHBIX yroB Cu-O(kap6oxcnmar)-C (mra 1 123.1-124.5°, a s [Cux(OAc)«(H,0),]

122.5-123.0°).

Puc. 5. MonekynsapHaas crpykrypa komintekca [Cuy(AK)4(Hz0),] (1), monrydeHHas npu oNTUMU3ALUN METOLOM
PM7. Aromsl Cu nsobpaxxeHsl TeMHO-cepbIM 1BeToM, C — cepbiM, O — KpacHbIM, aToMbl H B agaMaHTH/IBHOM
(bparMeHTe 1151 yIOO6CTBA ONMYILeHbI

Takum o6pas3oM, MoyueHHbIe pe3yIbTaThl IOKasamy, 4To oHbl Meau(ll) ¢ aHmoHamu
1-ajaMaHTaHKapO6OHOBO, 4-(1-amaMaHTWI)OEH30MHOM KUCIOT ¥ UX aMUHOKVCTOTHBIX
IPOM3BOAHBIX (OPMUPYIOT HOCTATOYHO CTAOWIbHBIE TIMAPATMPOBAHHBIE KOMILUIEKCHI,
I0-BUJVIMOMY, OMSJIEPHOTO CTpPOeHMs C OMIEHTAaHTHOV KOOpAMHAIVEN JMTaH[OB THUIIA
[Cu?(RCOO)4(H,0),], rme RCOO™ - xapbokcumatabie nurasgpl. O4YeBUIHO, C Iie/IbIO
YBEIMYEHMsI BEPOSITHOCTM HaIM4MUsA 3HAYMMONM OMOTOTMYECKOVl aKTMBHOCTM MIaHHBIX
KOMIUIEKCOB IIPEJICTAB/IAT MHTEpeC BBefieHNe B WX CTPYKTYPy N-JJOHOpPHBIX JUTaH[OB,
HalpuMep, NUPUANHA, NUKOINHOB ¥ (PeHAHTPOIMHA, YTO CTAHET IPEAMETOM CIIeAYIIMX
UCCIeOBaHUIA.

IKCIepUMEeHTATbHAS 9aCTh

B HacTos1elt paboTe MCIO/IB30BaIICh KOMMEPYECK) HOCTYIIHbIE PEAKTUBBI, @ IMEHHO:
anerat mepu(Il) monormapar (uma, 99,1%, Poccus), xnopup mepu(Il) muruppat (4, 98,7%,
Poccus), aneronutpun (x4, Jkoc-1), aumernncynbPokcup (x4, Ikoc-1), STUIOBBIA COUPT
(96%). VicxopmHble KapOOHOBBIE KUCTOTBI C PparMeHTOM aflaMaHTaHa ObUIM CHHTE3VPOBAaHbI
0 pa3pabOTaHHBIM paHee METOAVKAM, a MMEHHO: l-aJlaMaHTaHKaOOHOBasg KIUCIOTa W3
1-6pomagamanTana [26], 4-(1-agamanTn)6eH30Has Kicnora 3 4-(1-agamanTtin)tonyona [13],
U fajiee TIOJTyYeHbl X COOTBETCTBYIONIVE L-BamHOBbIe Ipou3BOAHbIE [13].

ONEeMEHTHbIN aHanu3 BbINONHAMM ¢ ucnonb3oBanneM C,H,N,S-amammsaropa FLASH
EA 1112. Cnextpm VK perucrpmpoamum nHa JVIK-@ypbe cnexrpomerpe Spectrum RX1
(PerkinElmer) MmeTofmoM HapylleHHOro NOMHOTO BHyTpeHHero orpaxenns (HIIBO)
B mHTepBane 4acToT 4000-400 cm'. Cnmextppl Y®-Buj HOMydYamum ¢ MCIOIb30BaHMEM
criekTpodoTomerpa «IKkpoc» 119-5400Y D g pacrBopos komimiekcoB B CH;CN mmm IMCO
(koHIeHTpanysA KoMiiekcos 0,1-5,0 MMob/). MOIAPHYIO STeKTPUYECKYI0 IIPOBOAVIMOCTD
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U3MepsUm A pacTBopoB KomiviekcoB B JIMCO (xoHuenTpamusa 1,0 Mmornb/m)
Ha KOHAyKTOMeTpe IKcnepr-002-2-6-11.

Cunmes [Cux(AK)4(H20):] (1) (cnoco6 A). K 0,36 r (2 mmonb) 1-ajaMaHTaHKapOOHOBOII
KUCTIOTH B 10 MJI aljeTOHMTpWMIA HpU IlepeMeIllMBaHuM ¥ HarpeBaHum po6aswm 0,20 T
(I mmonp) Cu(OAc),H:O, pactBopenHoro B 3 My aneroHuTpuia. IlomydeHHBIT pacTBOp
IepeMelIyBaIy NPV HarpeBaHuy B TedeHue 2 4. [Tocie 3TOro peakioHHYI0 CMeCh MeJJICHHO
ymapuBamu jo 1/3 oT mepBOHaYaJbHOTO OOBeMa, OT(MILTPOBBIBAIN OOpa3OBaBIINIICA
TBEPJBIII OCAJIOK TOy0Oro I[BeTa, KOTOPBIl cymmm Ha Bosgyxe. ITomyummm 0.20 r (45 %
IIpY pacyeTe Ha MCXOJHYIO KUCIOTY) IPOAYKTa, cofepsKalero no fauubiM VIK-criekTpockonmmu
IIPUMeECh UCXO[JHOV KapOOHOBOJ KVIC/IOTBIL.

Obuwas memoduxa cunme3sa komnnexcos meou(1l) c anuonamu 1-adamanmarkap6orosoti (1),
4-(1-adamanmun)bensotinoti xkucnom (2) u ux L-sanunosvix npoussoonvix (3, 4) (cnoco6 bB).
K pactBopy HaBecku 2 MMOJIb MICXOHOV KapOOHOBOI KMC/IOTHI B 10 MJI 3TMJIOBOTO CIMPTA
nobasmsu 0,40 T (0,33 M) pacrBopa NaOH ¢ konuentparueit 20% st HelTpanusaun
no pH, paBHoro 7. Ilony4eHHBIT pacTBOP MeIJIEHHO YIapUBaIM O 0Opa3oBaHUs TBEPHOTO
OCTaTKa HaTPUEBOI COMU KapOOHOBOII KMC/IOTBI, KOTOPBI MCIIOTb30BAIN fanee 0e3 OUMCTKIL.
Ins atoro ero pacrtBopsmu B 10 mi Bogel u cMmemmBamu ¢ 0,17 © (1 mmonp) CuCl2H,0,
PacTBOPEHHOTO B 2,5 MJI BOZIBL, M IIOTyYEHHYIO PEaKIMOHHYIO CMeCh ellle IiepeMelIVBaIu Ipu
KOMHATHOJI TeMIleparype B TedeHre 1 4. O6pa3oBaBIIMiics TBEPABII 0CafoOK TOIyboro IBeTa
OTIBTPOBBIBAIN U CYLIWIA Ha BO3JYXe.

[Cuz(AK)4(H20),] (1). IMonmyueno 0.37 r (84%). Haitneno, %: C 59.55; H 7.52.
Onsa CuHesO10Cu, (M = 883.10) Berumcieno, %: C 59.79; H 7.70. VIK, Vya, cM': 3362 cp.,
Vasns(O-H); 2902 04.C., Vaeuu(CHz); 2850 ., Va(CH2); 1582 014.C., Vaeuu(CO2); 1450 cp., §(CH.,);
1408 c., Va(COy); 504 cp., v(Cu-0). YO-Bug (B CH3CN), Ayaxe, HM (&, 1 MOTIB ' cM!): 705 (55);
446 (250); 362 (mmeuo); 307 (7000). Ay, Cm cm? monp!: 3.0.

[Cuz(AB)4(H20).] (2). Tlomyueno 0.52 r (88%). Haitmeno, %: C 68.39; H 7.22.
Onsa CesHssO10Cu, (M = 1187.10) Borumcieno, %: C 68.73; H 7.08. UK, vy, cM': 3370 cp.,
Veuns(O-H); 2901 04.C., Vaeun(CH2); 2848 c., Va(CH,); 1599 c., v(C=C); 1554 cp., Vaeun(CO2);
1448 cp., 0(CHy); 1400 c., Va(CO2); 524 cp., v(Cu-0O). Y®-Bup (B CH3CN), Ay, HM
(e, m Monb ! cmt): 740 (50); 474 (190); 382 (m1euo); 320 (7300). Am, CMm cM? Mob ™ 4.0.

[Cu2(AKB)4(H20).] (3). Iomyueno 0.47 r (73%). Haitmeno, %: C 60.30; H 8.35.
Hnsa CesH104N4O14Cu, (M = 1279.10) Berumcieno, %: C 60.04; H 8.13; N 4.38. VK, Vyaxe, cM'L:
3442 cp., Vans(O-H); 3418 cp., v(N-H); 2903 ou.c., Vaun(CH2); 2851 c., Vauu(CH,); 1639 c.,
v(C=0), I amupnas; 1612 ou.c., Vaan(CO2); 1513 c., O(N-H), II amugnas; 1448 cp., §(CH,);
1414 c., va(COy); 548 cp., v(Cu-0). YO-Bug (B CH3CN), Ayaxe, HM (&, 1 MOIB ' cM): 709 (90);
464 (315); 390 (m1euo); 313 (11500). Ay, Cm cm? Mosb: 8.0.

[Cu2(ABB)4(H.0).] (4). Ilonyseno 0.55 r (70%). Haiigeno, %: C 66.45; H 7.31.
s CssHi20N4O14Cu, (M = 1583.10) Berumcieno, %: C 66.71; H 7.58; N 3.54. VK, Vyaxe, cM'L:
3424 cp., v(N-H); 3340 cp., Vess(O-H); 2901 ou.c., Vaun(CHz); 2848 c., Vauu(CH,); 1646 c.,
v(C=0), I amugnas; 1608 o4.c., Vau(CO.); 1553 c., v(C=C); 1533 c., 6(N-H), II amupgnas;
1448 cp., 6(CH,); 1414 c., Vam(CO»); 544 cp., v(Cu-0). YO-Bup (B8 CH3CN), Ayaxe, HM (€, T MOJIB”
Yem!): 725 (105); 450 (280); 395 (1mewo); 308 (10000). Ay, CMm cM? Montb': 9.0.
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the authors’ published results of precision densimetric measurements. The research
concerns with the physically unusual phenomenon of "thermally activated isobaric partial
densification of the structure” (TIPCS) of dissolved water, or its so-called "negative partial
molar expandability” (NPEA) in several organic solvents. They contain amphiproton
hydroxyl-containing media of three alcohols: methyl alcohol (MA), tertiary butyl alcohol
(TBAlcohol), and amyl or pentyl alcohol (TPA), so asprotophilic media of two amines:
tert-butylamine (TBAmine) and ethylenediamine (EDA). The discussed TIPCS
phenomenon, associated with a decrease in the standard (partial at infinite dilution)
volume of solvated water with increasing temperature, was discovered about half a century
ago in alkanol solutions of H,O and recently - in water-containing media of alkylamines.
However, nowadays this extraordinary effect has not yet found its physically based
interpretation. It allows ones to predict the possibility of TIPCS occurrence in the binary
liquid-phase system specifically selected for the study. Our comprehensive data analysis
allowed us to make several inferences regarding the main characteristics of a standard
solution of H>O in an organic solvent. They cause extraordinary changes in the volume
of the formed solvatocomplex of water under the influence of increasing temperature.
Firstly, the energy parameters of the intermolecular interaction (relative affinity)
water-solvent noticeably dominate over those of the solvent-solvent interaction.
Those differences become more evident with increasing temperature. Secondly, a higher
rate of thermal expansion of the organic solvent structure in volume (inbulk) is found than
influence of temperature on structural packing of the resulting mixed molecular aggregate
or water solvates complex. Thirdly, the difference in the parameters of water-solvent
and solvent-solvent interactions depends not only on the proton-donor/acceptor properties
of the molecules contacting in solution, but also on the configuration of the structural
packing of the solvating medium. It determines the nature of steric hindrances to the
formation of H-bonds. Therefore, the absolute values of the mentioned parameters
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of relative affinity at 298.15 K increase in the series: MA << EDA =~ TBAmine < TPAlcohol
< TBAmine. It can indicate a relative strengthening of the specific interaction (mainly
through the formation of hydrogen bonds) between the molecules of water
and amphiprotonic or protophilic solvent in the above sequence. Indeed, difference
in the solvent-solvent and water-solvent hydrogen bonding energies in the discussed liquid
media of alkylamines (TBAmine and EDA) and tertiary isomeric alkanols (TBAlcohol
and TPA) - with the most evident basicity - turned out to be noticeably larger than
in the structural packing of water methanol solution. The ability of the components
to specific interactions is quite comparable in those compounds.

For citation:

Ivanov, E.V., Lebedeva, E.Yu., Pakina, A.A. & Ivanova, N.G. (2024) Comparative description
of the extraordinary phenomenon "thermally activated isobaric partial structure compaction” of water as a solute
in some alkanols and alkylamines, From Chemistry Towards Technology Step-By-Step, 5(1), pp. 85-106 [online]
Available at: http://chemintech.ru/index.php/tor/issue/view/2024-5-1

Introduction

The structural uniqueness of liquid water (or its hydrogen/oxygen isotopologue)
as an individual (unary) solvent is based on the ability of its molecules to form a spatially
coordinated continuous (continuum) three-dimensional grid of various hydrogen bonds
configurations [1]. The anomalous change in the volumetric properties of the aqueous medium
at low temperatures is one of the most interesting in terms of the occurrence of 3D water
structure features in specific (via H-bonding) intermolecular interactions. According to it,
the structure of liquid-phase water undergoes such a transformation with increasing
temperature, resulting in the maximum density or minimum molar volume (V,) of the solvent
under study. Moreover, the phenomenon of decrease V,, with increasing temperature,
or so-called "negative expansion” of the structural packing, for normal (protium) water
is observed in a very narrow temperature range from 273.15 to 277.13 K for normal (protium)
water. This temperature range becomes wider during the transition to deuterium (D,O)
and tritium (T,O) waters, amounting to (276.97-284.34) K and (277.63-286.55) K,
respectively [2-7]. The same applies to "heavy oxygen" (-"7O, -"*O) or "mixed" isotopologues
of water [4, 5]. The presence of the density maximum indicates that each of the isotopologues
of liquid water is not a simple one-component system. Therefore, various models
of the heterogeneous structure of the aqueous medium have been actively discussed
in the literature for many years [7-13]. Anomalous water properties in the currently available
modeling approaches are most often associated with two forms of local structures or clusters.
The high-density form is characterized by the presence of a noticeably less developed hydrogen
bonding network than the corresponding low-density form. The thermally activated
equilibrium between the two mentioned structural forms is a prerequisite for anomalies
in the variation of both density and molar volume of water; it corresponds with correlations
of hydrogen bonds characterizing the tetrahedral network, due to the tetrahedrally coordinated
or open structure of the aqueous matrix [11-13].

The term "negative thermal expansion” (NTE) has been widely used in scientific literature
since the late 80-es of the XX century [14]. Before, the discussed unusual volumetric effect
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was referred to as "contraction upon heating" one. It has been repeatedly noted in the literature
that, from a purely physical point of view, the abbreviation NTE does not seem reasonable
one [2, 15-17]. The process of volumetric liquid (solid) expansion at constant pressure should
be formally associated with positive thermodynamic quantities E, = a,V = (9V/dT),,
where E, and a, are isobar molar expandability and thermal expansion coefficient,
respectively. However, the NTE term is nowadays generally accepted in the scientific
community for the study of compounds characterized by a decrease of both linear and bulk
parameters with increasing temperature. The inner mechanisms of NTE occurrence are very
specific and are overwhelmingly described for solid-phase (crystalline, hybrid, amorphous
or polymeric) materials [2]. As mentioned above, liquid water has similar properties among
unary solvents, but in a very narrow temperature range.

However, except for liquid protonated water (H,O) and its isotopologues, this anomaly
in the change of molar volume is also characteristic of the liquid helium isotope *He. Its density
due to the phenomenon of superfluidity (in cryogenic conditions) is maximal at 2.17 K [18].
Moreover, in our previous papers on the issue [1, 2, 7, 15-17, 19, 20], we consider the NTE
effects observed in binary liquid-phase systems. Such systems are exclusively only under
"ordinary" conditions, i.e., at temperatures higher than T'= 273.15 K, and atmospheric pressure
(p~0.1 MPa). It is caused by the conditions of "flow" of most biochemical and technologically
important processes. Indeed, the properties and state of the water component presence plays
a determining role in them [1, 7, 21-25]. As we noted earlier [1], the presence (and sometimes
absence) of water impurities in the reaction medium can have quite serious consequences.
Water as a dissolved substance loses its characteristic or fishnet structure, and many unique
properties. In this case, molecules, associates or clusters of the aqueous component exert
a significant perturbing influence on the "solvate environment". It causes the emergence
of a qualitatively new solvent with physicochemical and thermodynamic properties different
from those of anhydrous organic medium [1, 7, 15-17, 19, 23-27].

In turn, the structural behaviour of water in the case of its extremely low content in some
amphiprotic organic solvents with absence of 3D-network of hydrogen bonds typical for
aqueous medium remains still understudied. It concerns the manifestation of an unusual
physical effect of the decrease of the water partial molar volume or its so-called "negative partial
molar volume expansion” (NPME) with increasing temperature as a dissolved substance in
some solvating media. The considered phenomenon of "compression" of the standard V;
(partial V;° or apparent Vg5 at infinite dilution) molar volume of the dissolved substance at
increasing temperature was discovered about 50 years ago during the experiments on solution
of water in tertiary butyl alcohol (TBS), and during solution of water and urea solutions in
methyl alcohol (MA) [28-31]. Further precision densimetric studies [7, 15, 19, 20, 32-40]
confirmed the validity of the earlier conclusions on the atypical change in the volume taken up
by a mole of water molecules being solvated in the medium of the above-mentioned alkanols.
Moreover, the existence of a negative derivative (9V,; /9T),, for water dissolved in tertiary amyl
or tert-pentyl alcohol (TPA) was established [41]. However, the negative value E ,, reflecting
the NPME phenomenon is observed only in the temperature range up to T = 300 K.
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The standard molar expandability of water dissolved in TPA changes its sign from negative
to positive above this value. The recent results of densimetric study of water solutions
in protophilic solvating media of two alkylamines, tertiary butyl amine (TBA)
and ethylenediamine (EDA) are of particular interest [17, 42, 43]. Indeed, E. V. Ivanov,
E. Yu. Lebedeva, A. A. Pakina, N. G. Ivanova, G.I. Egorov, and researchers from the Institute
of Chemical Research of the Russian Academy of Sciences, Ivanovo, Russia [17, 43] contribute
into the establishment and interpretation of this unusual phenomenon in water-containing
alkylamines. The following sections of this paper concern detected NPME phenomenon.
It also considers behavior of water dissolved in TBAmine and EDA; it shows the most
pronounced "loss" of volume, reaching more than 9 cm®mol” at 7> 290 K {in the case
of the system (TBAmine + H,O) [17]}.

However, study of the state and solvation of water molecules in the liquid alkanols
and alkylamines, the nature of the effect of the water component in micro quantities
on the structural packing and thermodynamic characteristics of the surrounding solvent
is an urgent task of both solution physicochemistry. The modern technologies concerning
non-aqueous systems include technological processes of separation and extraction of liquid
systems aimed at obtaining especially pure compounds. In terms of biochemistry
and physiology, the NPME presents in standard solutions of urea (M) in the same organic
media (water-containing systems) [2, 16, 28, 44, 45]. It confirms research results (see [46-54])
on the high degree of complementarity of the M structures formed in aqueous solutions.
On the other hand, it indicates the indispensability of M as the major metabolite
in physiologically important processes occurring in the living organisms. Nevertheless,
we do not consider this issue; it is quite complicate and requires special attention.

Indeed, available in the literature data on the volumetric properties and structural state
of infinitely dilute (standard) solutions of water in methanol, tert-butanol, tert-pentanol,
and alkylamine media allow us to dwell on the fundamentally important problem
of terminological description of the phenomenon under study. The term "negative partial molar
expandability” with the corresponding abbreviation NPME was introduced by E.V. Ivanov,
E.Y. Lebedeva, and V.K. Abrosimov [15]. Notwithstanding, they [15] believed this term
is formal; it should be used with a sufficient degree of caution, "quoted” in the absence of other,
more physically reasonable definition of the considered volumetric effect. According to it,
replacing of the unary solvent with the OTR effect (see above) by a binary solution infinitely
diluted to one of its components causes controversial effect. In such a (two-component) system,
only the partial or apparent molar volume of the dissolved substance V;° = Vj%, (= Vi) shows
a tendency to decrease with increasing temperature. In other words, the volume occupied by
one mole of dissolved water (as a structural unit of the solution) under the condition
of complete exclusion of interaction between H,O molecules should hypothetically decrease
against the background of thermally expanding solvating medium inbulk (in the solvent
volume). It constitutes a certain "absurdity” of the term OPMR [2, 55].

Therefore, we attempted to change this situation [2, 16, 17, 45, 56] in accordance
with ideas of normal (i.e., positive in sign) isobaric thermal expandability of solution itself
and its components, using known thermodynamic and semiempirical model approximations
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[7, 57-59]. Moreover, we found that the main reason for the decrease Vi, with increasing
temperature (or the presence of a negative sign at E,, ) is the difference in the rate of volumetric
expansion of the amphiprotic solvent structural packing in the solvate environment
of the dissolved substance and in the volume of the formed standard solution. As a consequence,
the effect of relative "compression” or, more precisely, compaction of the local mixed aggregate
structure (solvatocomplex of water) against the background of thermoactivated "loosening"
of the molecular packing of the bulk solvent appears. Therefore, we will use the term -
thermoactivated isobaric partial compaction of the structure of the formed solvate complex
(abbreviated as TIPCS).

Discussion of the study results on the TIPCS phenomenon in standard water solutions

We believe, it is impossible to analyse structural and energetic transformations
accompanying the TIPCS phenomenon, occurring in the liquid amphiprotic organic solvent
under the influence of water molecules dissolved (solvated) in it without consideration
of physicochemical and thermodynamic properties of formed standard binary solution
and its components.According to the IUPAC recommendations [60-62], the standard state
postulates the hypothetical existence of the dissolved substance molecules (in our case, water)
surrounded by an infinitely large number of solvent molecules exclusively in monomeric form.
Obviously, there are no concentration-dependent water-water interactions in this solution.
All the volumetric (structural) changes take place only in the surrounding solvating medium
under the influence of the force field of the solute molecule. This solute molecule should
remainvirtually incompressible. This assumption greatly facilitates the interpretation
of structural and thermodynamic effects induced by interactions in a water-containing organic
medium [1, 7, 37, 38, 63]. Since the process of water "depolymerization" is directly related
to the chemical nature of the solvent (or solvating) organic medium. Its molecular structure
and ability to donor-acceptor and/or other interactions, allows us to consider the main
characteristics of the selected amphiprotic solvents in which the TIPCS effect is observed.

Comparative analysis of amphiprotic organic solvents characterized by the presence
of the TIPCS or "negative partial molar expansion" effect of the solvated aqueous component

According to the generally accepted classification [64, 65] based on the Lewis acid-base
theory and the Bronsted-Lowry protolytic theory, the amphiproton solvents we consider are
conditionally divided into amphiproton hydroxyl-containing solvents (MA, TBAlcohol,
and TPA), including water, and protophilic H-bond donors (TBAmine and EDA).
The amphiprotonic acidic and basic media include subgroups of solvents with high dielectric
constant £* (water and MS) and low dielectric constant €* (TBA and TPA). Predominantly basic
protophilic liquid media of amines (TBAmine and EDA) are also characterized by very low
values €* (Table 1).
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Table 1. Basic properties of the considered amphiprotic solvents at T'=298.15 K, p = 101325 Pa

Qualitative data Water MA TBAlcohol TPA TBAmine EDA

Molecular gross formula H.0 | CH.O CiHpO | CGHO [ CHuN | GHsN

Molar mass M*, g-mol! 18.015 | 32.042 74.123 88.150 73.138 60.099
Melting temperature Ty, ,, K 273.15 | 175.5 298.8 264.2 206.2 284.3
Boiling temperature T,;p, K 373.15 | 337.8 355.5 375.2 317.6 391.2

Molar volume V;;, cm3mol! 18.069 | 40.747 95.103 109.62 106.47 67.376
Van der Waals volume V,4,,, cm*>mol™! 124 21.7 52.3 62.6 54.3 41.5
Relative packing of molecules, Vygw /Vi; 0.686 0.533 0.550 0.571 0.510 0.616
Volume expansion coefﬁcient103a{,, K! 0.2571 1.132 1.299 1.059 1.556 1.054
Isothermal compressibility coefficient 101°85, Pa’! 4.524 12.48 12.45 11.12 16.69 5.08
Enthalpy of evaporation AvapH,*,;O, kJ-mol™! 4399 | 37.43 46.94 50.30 29.71 46.00

Isobaric heat capacity Cp, ,, J-mol-K™! 75.299 | 80.35 221.88 248.86 191.71 172.59
Relative dielectric permittivity &* 78.30 32.63 12.20 5.82 4.13 12.60
Dipole moment of the molecule u*, D 1.84 2.87 1.66 1.70 1.29 1.90
Electrostatic factor, €*u*, D 144.1 93.65 20.25 9.89 5.33 23.94

Index of Refraction, nj, 1.3325 | 1.3266 1.3852 1.4049 1.3776 1.4540
Molecular polarizability 10%*ag, cm? 1.465 3.26 8.82 10.64 9.69 7.21
Donor number (according to Gutman) DN, kcal-mol™ 18.0 19.0 38.0 44.0 57.0 55.0
Acceptor number (according to Gutmann) AN 54.8 41.3 27.1 222 (6,70) 20.9

Parameter of "structurability” (according to Otaki) S, 19.3 8.6 ~0 1.7 (-3.5) 2.2

Specific interaction energy, kJ-mol* 38.45 23.93 14.78 16.70 (-2.36) 1.84
Non-specific interaction energy, kJ-mol* 3.06 11.02 29.68 31.13 29.59 41.68

Notice. Data for TBAlcohol are given at T'=299.15 K. 1 Debye (D) = 3.33564x10*° Coulomb (C)-m

Table 1 presents the main physicochemical and thermodynamic properties

of the considered organic solvents. They include those directly related to the ability to interact

with the molecules of water dissolved in them. In addition, Figure 1 demonstrates the specific

features of the molecular structure comprising the structural packing of each of the liquid media

listed in the table.
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Fig. 1. 3D (a) and 2D (b) structural representations of the considered amphiprotic solvents molecules including

water
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According to Table 2, the numerical values presented are the "weighted averages” based
on the systematization of compiled literature data for each of the listed solvent characteristics
(7, 16, 17, 19, 24, 31-33, 38-43, 45, 64-71]. The table also includes semiempirical parameters
based on various modelling approaches or formally evaluating scales along with experimentally
determined properties. These include donor-acceptor numbers of solvents (AN and DN(sp 1))
structurization parameters (S,), and energy characteristics of intermolecular interactions
of different nature. Further, Table 1 presents the energies of specific interaction U, (through
strong dipole-dipole contacts or hydrogen bonds) and nonspecific contacts Upg, (through
universal or van der Waals forces). This principle of total energy of intermolecular interaction
separation Uioc = Ugp + Upgp in a unary fluid is based on the concept of Dack [70]. According
to the conclusions of [70], pcon> Where Uior = PeonVin = AvapH,’;’lO — RT is the cohesion energy
density. One of the fundamental thermodynamic relations of Maxwell, linking the internal
pressure of a liquidU,, with its internal energy pi,:U, is used to express the nonspecific
component of the quantity: pijye = (0U/9V)r = T(0p/0T)y — p = apT/Pr, where p is
the external pressure at pj, > p. Hence, Uy, = AvapH,*,'lO — RT — (Vpa,T/ ,6';)[5 Unsp]
(see Table 1). The dimensionless structurization S, parameter in Table 1 proposed by Otaki [71]
is treated quite differently. The concept of [71] supposes the value AvapH:,'loconsists
of the donor-acceptor interaction energies DA. They can be assessed through the Gutmann
numbers (AN and DN in Table 1), and other interactions related to van der Waals interactions
- VDW. In addition, the contribution of the STR interaction energy due to the spatially
three-dimensional ordering of molecules in the structural packing of the liquid is also taken
into account. The values of DA/(kJ-mol"') are postulated as corresponding to the expression:
4.18%x10? -fpa-DN-AN, where the parameter fp4 is assumed to be 0.5 for water and 0.6 for the
other amphiprot solvents. The values of VDW/(k]-mol’) are assessed by assuming that this
contribution S, is identical to the value of 0.222V;;/(cm?), which is proportional to the enthalpy
of vaporization (in kJ-mol") of the corresponding (by molar volume) n-alkane at T =298.15 K.
In this case, S, = STR/(KJ - mol™) = AyapHy” — 0,0418 - f,(AN X DN) — 0,222V, [71].

Consequently, the liquid-phase media of water and MA appear to be the most structured
(in terms of the spatial distribution of molecules and the strength of the hydrogen bonds
formed). In these solvents, a clear dominance of the contribution Ug, with high values
of the electrostatic factor €*u* is observed (see Table 1). On the other hand, tert-alkanols
(TBAlcohol and TPA) are comparable in ratio Usp/Uysp and magnitude S, with similar
characteristics for aprotonic dipolar media of organic nature [1]. The corresponding results
for alkylamines (TBAmine and EDA) indicate the problematic use of the above models
(see table 1). Apparently, this is due both to difficulties in determining the acceptor and donor
numbers [66, 67], and to the presence of a noticeable scatter in the available literature values
of the "force" (energy) characteristics, especially for the liquid-phase TBAmine medium [64-69].

In this context, a comparative analysis of both individual properties (as presented in Table 1)
and their totality for the amphiprotic solvents discussed seems more propriate. According
to [72, 73], considering the "isothermal bulk compression modulus "K; = 1/f7 as a measure
of the elasticity of the spatial H-bond grid, allows us to conclude that the molecular packages
forming the liquid media of water and EDA are similar ones (see Table 1). Formally, a necessary
condition for the emergence of a three-dimensional (tetrahedrally coordinated) hydrogen
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bonding network is the presence of two electron-donor and two electron-acceptor centers
in the solvent molecule [72]. H,O and EDA molecules, unlike molecules of other solvents
in Table 1, satisfy these requirements. This largely predetermines the "water-like" behaviour
of the indicated diamine in a number of properties, such as AvapH:,'lo, Voaw/ Vin-lt™, specific heat
capacity ¢, = Cp,n/M*, the relatively low value ay, and rather high electrostatic factor
(see Table 1). In contrast, the structure of tert-butyl monoamine appears rather loose with a low
electrostatic field around the molecules. It indicates a predominantly universal character of the
intermolecular interactions in the TBA liquid medium. According to Table 1, molecules
of methanol and tertiary isomeric alcohols (TBAlcohol and TBP) form strong hydrogen bonds
with their surroundings. However, in the first case (MA) this ability is very evident;
in the second case the so-called steric factor is evident (especially in the case of TBAlcohol).
It is due to structural-packaging mismatches for the realization of directed (specific)
intermolecular contacts.

These inferences are largely confirmed by the results of computer modelling
and structural (spectroscopic) studies of the solvents under study. According to the simple
grid model [74], the local orientational ordering of molecules in liquid methanol corresponds
to association in zigzag chain clusters. The cluster shape in TBAlcohol represents a large variety
of branched structural formations, including cyclic structure (up to hexamers) [75]. Therefore,
the isobaric heat capacity of TBAlcohol shows a markedly more evident variability
with temperature than that observed for unbranched MA [75, 76]. The transition from
TBAlcohol to TPA entails an increase in steric effects due to the greater number of possible
structural conformations in the liquid medium of the latter alkanols (based on the results
of calculations using density functional theory) [77] in spite of insignificant differences
in their basic thermodynamic properties (see Table 1). Meanwhile, TPA remains liquid up to
temperatures below T = 273.15 K. It makes this alcohol a useful alternative to tert-butanol
in the study of water solvation effects. As in the case of TBAlcohol and TPA,
gosh conformational interactions play an important role in the energetic stabilization
of the liquid EDA structure [78-80]. The possibility of formation of two strong and two weak
hydrogen bonds through each nitrogen atom predicted in [78, 79] confirms the above
assumption on the presence of a three-dimensional branched network of H-bonds in diamine
liquid medium. Meanwhile, it is less pronounced one than in water [80]. In turn, the steric
factor causes a marked decrease in the basicity (electron-donating ability) of TBAmine, as
compared to isomeric n- and 2-butylamines [81]. It is one of the most probable reasons for
insignificant specific component in the total interaction energy between its molecules in the
condensed state (see Table 1).

Results of densimetric study of water volumetric properties as a dissolved substance
in amphiprotic organic media with experimentally determined TIPCS effect

The structural and thermodynamic properties of amphiprotic organic solvents (see Table 1)
are directly related to their characteristics in extremely dilute (or standard) relative to water
solutions [7, 15, 17, 19-25, 31-43, 70, 82]. As mentioned above, the considered solvating media
are used in a number of technological processes and experimental devices, which are associated
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with the presence of traces of water in them (often in the form of atmospheric moisture).

As a result, obtaining reliable information on the thermodynamic and structural properties

of such (binary) liquid systems is a prerequisite for the successful realization of the practical

and theoretical tasks. In accordance with Table 1, the intensity and direction of structural

changes and intermolecular interactions in each amphiprot medium under the influence

of dissolved water molecules depend on the donor-acceptor, electrostatic properties

of the solvate environment, and largely on the structure (packing) of the latter. Table 2 shows

results of the densimetric study of water solutions in the organic solvating media.

Table 2. Available information in the literature on standard (partial) molar volumes of water (V,y, cm*mol?)

in the studied amphiprot solvents at different temperatures (T) and p= 0.1 MPa

T,K MA TBAlcohol TPA TBAmine EDA
278.15 14.72 + 0.02 [15], - 15.24 + 0.05 [41] 9.41 +0.02 [17] 13.14 + 0.03 [43]
14.54 + 0.02 [19, 20], (extrapolation ¥,
14.55 + 0.03 [31], from mixtures to
14.73 + 0.03 [32], "pure” EDA)
14.71 + 0.04 [34]
283.15 - - - 9.27 +0.02 [17] -
288.15 14.59 £ 0.02 [15], 17.73 + 0.05 [36] 14.68 + 0.05 [41] 9.08+0.02[17], | 12.43+0.03[43],
14.43 +0.03 [19,20], | (extrapolation ¥, 5.06 + 0.05 [36] 11.81 +0.10 [42]
14.44 + 0.06 [31], from mixtures to
14.67 + 0.03 [32] "pure" TBAlcohol)
293.15 - - - 8.96 + 0.02 [17], 11.16 + 0.10 [42]
4.75 + 0.05 [36]
298.15 14.47+ 0.02 [15], 14.35 16.87 £ 0.05 [36] 14.56 + 0.05 [41] 8.82 +0.02 [17], 12.30 + 0.03 [43],
+0.02 [19,20], 1441 + | (extrapolation ¥, 4.53 + 0.05 [36] 11.50 + 0.10 [42]
0.02 [31], 14.48 + 0.03 from mixtures to
[32], 14.49 + 0.07 [34] | "pure" TBAlcohol)
299.15 - 17.06 + 0.02 [15], - - -
17.07 + 0.03 [33],
16.61 + 0.03 [39]
303.15 - 16.85 + 0.02 [15], - 8.68 + 0.02 [17], 11.75 + 0.10 [42]
16.80 + 0.03 [33], 4.48 + 0.05 [36]
16.31 + 0.03 [39]
308.15 | 14.34+0.02[15), 1424 | 1658 +0.02[15], | 14.61 % 0.05 [41] 4.34 £ 0.05 [36] 12.24 + 0.03 [43],
+0.02[19,20], 14.34 £ | 16.56 + 0.03 [33], 11.72 + 0.10 [42]
0.03 [31], 14.29 £ 0.03 | 16.60 = 0.05 [36],
[32] 15.63 + 0.03 [39]
313.15 - 16.32 £ 0.02 [15], - - 11.71 £ 0.10 [42]
16.30 + 0.03 [33],
15.44 + 0.03 [39]
318.15 14.21+ 0.02 [15], 14.14 16.05 + 0.02 [15], 14.70 + 0.05 [41] - 11.69 £ 0.10 [42]
+0.03 [19,20], 14.23 + | 16.05 + 0.03 [33],
0.02 [31], 14.19 £ 0.03 | 16.17 £ 0.05 [36],
[32], 14.20 + 0.04 [34] | 15.16 % 0.03 [39]
323.15 - 14.58 + 0.03 [39] - - 12.13 +0.03 [43],
11.73 £ 0.10 [42]
328.15 - - - - 11.72 + 0.10 [42]
333.15 - 13.95 + 0.03 [39] - - 12.03 + 0.03 [43],

11.73 £ 0.10 [42]

Notice. The italicized values are those we used for further analysis. MolarvolumesofwaterV,; (cm*mol™) [5, 7, 24]:
18.016 (278.15 K); 18.021 (283.15 K); 18.031 (288.15 K); 18.048 (293.15 K); 18.069 (298.15 K); 18.094 (303.15 K);
18.123 (308.15 K); 18.157 (313.15 K); 18.193 (318.15 K); 18.233 (323.15 K); 18.276 (328.15 K) and 18.323 (333.15 K).
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The values V,, in most of the literature sources cited in Table 2 were calculated using
the traditional procedure of extrapolation of the concentration dependence of the apparent
molar volume Vg, to the state of infinite dilution of the solution aqueous component.
We use the procedure of either linear or polynomial MNC regression analysis. It allows us
to describe (recover) the experimentally obtained functions V,, — m, where m is the molality
of the solution. At the same time, the existing limitations for accurate determination Vg, (m)
by the densimetric method in the region of compositions with extremely low dissolved matter
content are known to cause negative consequences [83, 84]. Specifically, Vg, = fooatm — 0.
In other words, there is the so-called "gramophone tube" effect of estimation errors Vg, (m)
due to a sharp increase in the statistical weight of this quantity in the high dilution region
with respect to the dissolved component [84].

According to Table 2, only the values V,, for MA and TBAlcohol correspond quite well,
perhaps, except for the results borrowed from [19, 20, 39]. The corresponding values for the
system (TPAlcohol + H,O) are known to date only due to a single publication by Sakurai [41].
The same applies to the authors [43] study on the volumetric properties of water solutions
in EDA, considering the absence of regularity in the temperature-dependent change V,;
in the above diamine according to Waltz et al. [42]. As for the available values V, (T)
in tert-butyl amine, the results of the authors [36] seem to be absurd because of unrealistically
large losses in the molar volume of water (V,;) during its dissolution in TBAmine (see Table 2).
Thus, according to [36], these losses, which are about 13 cm*mol! at T = 288 K, increase
to ~ 13.8 cm®mol”’ when the temperature increases to 308 K (see Table 2). The reason
for the "detection” of such significant volume effects in [36] obviously is due to the authors'
insufficient control of residual water in the TBAmine medium. This causes noticeable decrease
in the calculated values Vj,,(m) and, as a consequence, a significant underestimation
of the extrapolated value (V). The experimental procedure of density measurement related
to both the sensitivity of the densimeter and the reproducibility of the obtained data [83, 84].

It is important to take concern the conditions ensuring the reliability of obtaining V;;
amphiprotic organic media of different nature in the experimental study when performing
a comparative analysis of the volumetric effects of water dissolution. We will consider (italicized
in Table 2) the results of [41, 43] for the systems (TPA + H,O) and (EDA + HO), and data
of some researches [15, 17]. Those were obtained for water solutions in highly purified MA,
TBAlcohol and TBAmine using a rational procedure of calculation V. The latter is based
on the use of the solvomolar concentration scale sm [15-17, 45, 83-86] as a reference value
in calculating Vg, the total volume of solution V:

Vs(sm) = (55,50843M; + smM;)pst = V° + Vyosm, (1)

where My, and M, are the molar masses of water (w) and amphiprotic organic solvent (a),
respectively; ps is the density of the solution; V;° = 55,50843V," is the total volume
of the solution at sm > 0 (here V" = M /p;, the total volume of the solvent). Notably, unlike
the "traditional” way of calculating the value Vy ,{= M, /ps — 103(ps — pi)/(mpspi)} [84],
the experimental value pg in equation (1) is used once. The normalizing multiplier 55.50843,
equal to the number of moles of H,O in 1 kg of water, is used so that in the dimensionless
(by definition) scale sm the ratio of the dissolved substance quantity (n,, mole) to the solvent
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quantity (n, mole) remains the same as in aqueous solution, where the concentrations m and
sm numerically coincide [83, 84, 86].

We applied the relation [16, 17, 85], which expresses the excess molar volume of the water
solution in the selected amphiprotic solvent V;E relative to 55.50843 moles of the latter one,
for the calculation V,, within the considered following procedure:

VE(sm) = Vg(sm) — Vs* = Viism = (Vp,, — Vv )s. ()

The value V£ in dilute solutions can be replaced by a virial series expansion
in powers sm [85, 87]:

VE(sm) = vywsm + vywSm?+. .. (3)

Transforming equations (2) and (3) with respect to Vy,,(sm) in equation (1) provides
a relatively simple relation for determining V"

Vs(sm) — V5° = Vg wsm = Viy sm + Uy SM? + Vyysm>+.. (4)

The coefficients v,,, and vy, within the "formalism" of the Macmillan-Mayer
solution theory [85, 87], represent the bulk contributions to the value Vg,, {equation (4)}
from solvent-induced pairwise and ternary (crossing) w-w interactions. Considering
the densimetric studies, we used rather dilute water solutions compiled in Table 2. Moreover,
we calculated the values V,; mainly (except for the methanol water solution) according
to equation (4) without taking into account the negligibly small (according to the criterion
evaluation results) parameter V-

The main advantage of a rational approach to estimation ¥}, based on equation (4)
and the solvomolar concentration scale is the replacement of the extrapolation procedure
by an interpolation one. The values Vj,,(sm) in the region of sufficiently high dilutions
are within a narrow confidence interval with respect to the line crossing the ordinate axis
at a known point: V;° = 55,50843V,*, which is set in advance. This fact practically eliminates
the influence of the "gramophone pipe" effect mentioned above, caused by the catastrophic
increase in determination errors Vg, at sm - 0.

Influence of the amphiproton or protophilic solvent nature and temperature
on the volumetric effects of water dissolution, related to the TIPCS phenomenon

We will analyze the above equation (4) to realise the negative sign of Ej,,, = (0V,;/9T),,
or the TIPCS phenomenon. Having differentiated all its parts by temperature, the following
inequalities can be compiled for the limiting case (sm — 0):

(6VV$/6T)p > 0 at (6V5/6T)p - (6VS°/6T)p > 0, (5)
on the other side,
(6VV$/6T)p < 0 at (6V5/6T)p - (6VS°/6T)p < 0. (6)

The above conclusion were made on the basis of thermodynamic inequality (6).
It possesses the structural packages of amphiprotic organic solvents given in Tables 1 and 2
in the presence of water molecules dissolved in them become less expandable under
the influence of increasing temperature. However, this particular research concerns the local
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structural aggregates or solvatocomplexes formed by water molecules in the medium
of a particular solvent under the condition of infinite dilution.

A similar conclusion is suggested in the case of detailing one of the most famous
thermodynamic Maxwell's cross-ratios [17, 35]:

—(0Vy /0T)p = —Epw = (0Sw/0p)r, (7)

where Sy, is the standard (partial) molar entropy of the solvated substance. The negative sign
at E,, should correspond to the increase in Sy. It is due to the structurization
of the amphiprotic solvent surrounding the water molecule under the influence of increasing
pressure, as follows from equation (7). Therefore, the water-solvent bonds formed
in the standard solution should be stronger than those in the inbulk solvent.

Table 3 contains the values E,, , for the compared organic media.

Table 3. Standard (partial) molar expandabilities of water (E ,, cm*mol™-K™) in amphiprotic solvents, estimated
for the corresponding temperature intervals (see Table 2), at p = 0.1 MPa

T.K MA TBAlcohol TPA TBAmine EDA
278.15 - -0.1120 £ 0.0030 -
288.15 - -0.0241 £ 0.0030
298.15 | -0.0127 + 0.0003 -0.0017 + 0.0030 -0.0241 + 0.0023
308.15 -0.0531 £ 0.0006 0.0075+ 0.0030 -0.0084 + 0.0013
318.15 0.0123+ 0.0030 -

Notice. Values of expandability of water in TBAlcohol are given at temperatures from 299.15 K. For the system
(TBAmine + H,O) the temperature range is limited to 303.15 K, and for the system (EDA + H,O) to 333.15 K.

We approximated the predominantly linear functions V,; — T (italicized in Table 2)
with a first-order regression equation to find E, ,,

Vi (T) =V (8) + [0 Vi (T) /0 (T — 0)],(T - 6), (8)

where 6 is the "average weighted" temperature (of comparison). The values Ej, ,, for the system
(TPA + H,O) were obtained by selecting a mathematical model reconstructing the temperature
dependence I}, in the corresponding temperature range (see Table 2), followed by the procedure
of differentiation by (T — 0).

If we approximate the temperature dependence E,,(T) for a standard solution
of water in TPA (see Table 2) by the linear equation (8), abstracting from
the chosen model for estimating the values V) in Table 3, we obtain the derivative
[0V, (T)/0 (T — )], = -(0.0115£0.0075) cm*mol’-K. Solvents can be arranged according
to the expression of the TIPCS phenomenon with respect to dissolved water in a series:
EDA < (TPA) < MA << MA << TBAmine << TBAlcohol, taking into account the absolute
values of Ep,,, presented in Table 3. Naturally, the above sequence should undergo changes
with respect to the tert-pentanol water solution in the area of low temperatures (see Table 3).
This sharp occurrence of the TIPCS effect in the system (TPS + H,O) at T = (278.15-288.15) K
has not yet been found a reasonable enough explanation. This is probably due to both
difficulties in preparing this alkanol for the experiments and inaccuracies in the determination
procedure V,; (T). It justifies the need for a thorough verification of the data [41] on the density
of water solutions in TPA. Accordingly, we will further adhere to the interpretation based
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on the above proposed sequence in the change E,, (298.15 K) in the transition from one
water-containing amphiprotic system to another.

Fig. 2 illustrates the tendencies of change with increasing temperature of the standard
excess (partial) molar volumes of water VVS’E =V, — V,r in the solvents (see Tables 1, 2).
According to the definition [7, 63, 88], the value in its physical meaning V" is identical to the
change in the volume of one mole of dissolved water in the isobaric-isothermal process
of replacing the structural packing. The features of the aqueous medium surrounding the H,O
molecule in the environment of the solvating medium molecules V,;® can be considered
in this context as the volumetric effect of water dissolution [63]. Data of Table 2 were used

for calculation V; E(T) by Viy (T).
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Fig. 2. Temperature dependences of water dissolution volume effects in amphiprotic organic solvents with
experimentally revealed TIPCS phenomenon

There are two general conclusions in terms of volume effects Vg evolution
with increasing temperature shown in Fig. 2.

Firstly, the most significant "losses” of water volume (per mole H,O) are observed
at its dissolution in alkylamines. Moreover, the volume of the solvate complex formed
by the incorporation of the water component molecules into the structural matrix of TBAmine
is less than half of the molar volume of water at T< 293 K (V). Such a significant compaction
of the structure surrounded by a water molecule is obviously due to both the most significant
protonation ability of TBAmine, and the smallest compactness of the structural packing
of this amine compared to other solvents in Table 1. It implies the presence of voids in the
structural packing of TBAmine suitable for accommodating monomeric H,O molecules.
According to [89], it can cause the compression of the water solvato-complex structure,
which increases in the case of strong water-amide hydrogen bonds. The embedding of a water
molecule in the EDA structural matrix (see Table 1), which is more densely packed than
in TBAmine, MA or tert-alkanols, is accompanied by the formation of a solvate cavity
of the corresponding size [42, 73, 80, 89]. However, the structure of the formed H.O-EDA
solvato-complex also undergoes a noticeable compaction due to the presence
of two unsubstituted amino groups in the solvent molecule. These groups are capable
of forming stronger hydrogen bonds with water than in unary or alcoholic media.
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Secondly, Fig. 2 and Table 3 show that the most "suitable" for the unusual volume effect
(TIPCS) discussed here are the "related” (in structure) amphiprotic media of tertiary butanol
and butylamine, despite significant differences in the structural organization of infinitely dilute
(standard) water solutions. It is partly true for the tert-pentanol medium in the low-temperature
region (see Fig. 2) [41]. The mentioned above solvents have comparable values of the molar
volume (V) and the density of the spatial distribution of molecules in the structural packing
(Viw.a/Vs"). The small difference in molecular polarizabilities (aa‘a) determines the similarity
of the nonspecific interaction energy values in the liquid media of TBAlcohol, TBAmine,
and TPA (see Table 1). At the same time, the steric factor mentioned above prevents
the formation of a strong structure in fert-butyl amine. It makes more compressible
and expandable compared to that in TBA or TPA. This conclusion is supported by the very low
enthalpy of TBAmine vaporization (see Table 1). Hence, the incorporation of water molecules
into the most adapted initial matrix of TBAmine has a pronounced structurising effect due to the
formation of strong heterocomponent H-bonds. Perhaps, dissolved water (in the monomeric state)
creates a structure similar to a tetrahedrally coordinated packing of solvating medium
molecules. According to Table 3 and Fig. 2, this tendency, apparently, should increase
with increasing temperature and weaken in the transition from TBAmine to TBAlcohol and
further to MA (TPA) and EDA.

Hence, it shows the TIPCS phenomenon is based on both the balance of energy
characteristics of interaction between the solution components and the structural and packing
features of the solvating medium. Since the considered state of infinite dilution excludes
the interaction between dissolved water molecules, perhaps the most important task
in the thermodynamic analysis of the TIPCS phenomenon is to establish the relationship
between the parameters of molecular affinity water-solvent and solvent-solvent.

Parameters of "relative affinity" between molecules of interacting components
in standard water solutions characterized by the presence of the TIPCS phenomenon

Partially, the solution to the problem can be achieved through the semiempirical
approach proposed by Ben-Naim and Marcus [57-59]. According to this approach, the energy
parameter of relative affinity AG *° associated with the volume effects in solution can be represented
as a following ratio:

AG® = kTpS (Vg — Vi) = RT(Vg — V()™ ©)

where k is Boltzmann constant, pé*) = Np/Vy' is number density parameter. Table 4 shows

the AG™° molar volume values V" = M;/p; of the organic solvating media necessary
for the calculations.

Taking into account the limiting expressions of Kirkwood-Buff (KB) theory for molar
volumes, the value V) can be interpreted as [57, 58]:

Vg = [1- 8265 - 630 (p5) (10)

where G5, and Gy, are the volume-effect related KB integrals referring to solvent-solvent
and solvent-water interactions, respectively.
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Table 4. Numerical values of molar volumes (V,", cm®mol’) and extensibilities (Ej,, cm’mol'-K",
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given in parentheses) of amphiprotic organic solvents at different temperatures (T) and p = 0.1 MPa

T,K MA [19, 20] TBAlcohol [33] TPA [41] TBAmine [17] EDA [43]
39.796 107.19 103.27
278.15 - _
(0.04611) (0.1161) (0.1557)
104.04
283.15 - - - -
(0.1582)
40.265 108.39 104.88 66.683
288.15 -
(0.04756) (0.1215) (0.1608) (0.06871)
105.64
293.15 - - - -
(0.1633)
40.747 94.980* 109.62 106.47 67.383
298.15
(0.04902) (0.1229)* (0.1269) (0.1658) (0.07089)
95.103
299.15 - - - -
(0.1237)
95.604 107.33
303.15 - - -
(0.1267) (0.1684)
308.15 41.245 96.247 110.91 B 68.102
' (0.05048) (0.1305) (0.1323) (0.07306)
96.909
313.15 - - - -
(0.1343)
41.747 97.590 112.27
318.15 - -
(0.05193) (0.1381) (0.1377)
69.220
323.15 - - - -
(0.07632)
69.997
333.15 - - - -
(0.07850)

Notice. The selected temperatures for each solvent correspond to those for the standard water solutions

in Table 2 (values in italics). (*) - Approximated value

The equation (9) can be transformed into the following form:

AG™® = RT (G, — Ga) (V)™

(11)

As it follows from equations (9) and (11), the value V,"AG*)°/RT can be viewed
as a measure of the relative affinity of the molecules in the solvent and the resulting binary
system:

G;a - Ga?w = VV\? - Va*' (12)

Temperature-dependent data on Gy, — Gy, or Vo, —V for water solutions
in the compared solvating media are given in Table 5. The temperature-dependent values
AG®™° are shown in Fig. 3. According to their results, AG™)° <0, since G < Gay.
This fact allows us to conclude the affinity of dissolved water molecules to the molecules
of the amphiprotic organic solvent of the series considered (Tables 1-5). It generally prevails
over the affinity of the molecules to each other.
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Table 5. Numerical values of parameters {(Go, — Gaw) = (Vy — V"), cm®mol '} for the studied liquid-phase
systems (amphiprotic solvent + water) at different temperatures (T) and p = 0.1 MPa

T,K MA [15,19,20] TBAlcohol TPA [41] TBAmine [17] EDA [43]
[15,33]
278.15 -25.08 - -91.95 -93.86 -
283.15 - - - -94.77 -
288.15 -25.68 - -93.71 -95.80 -54.25
293.15 - - - -96.68 -
298.15 -26.28 -77.98* -95.06 -97.65 -55.08
299.15 - -78.04 - - -
303.15 - -78.75 - -98.65 -
308.15 -26.91 -79.66 -96.30 - -55.86
313.15 - -80.59 - - -
318.15 -27.54 -81.54 -97.57 - -
323.15 - - - - -57.09
333.15 - - - - -57.97
Notice. The selected temperatures for each solvent correspond to those in Tables 2-4. (*) - Approximated value
- 144
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Fig. 3. Temperature dependences of "relative affinity" parameters in standard solutions of water in amphiprotic
organic solvents with experimentally established TIPCS phenomenon

According to dependences presented in Fig. 3, the exception of water solution in MA,
and the difference in the parameters AG *)°are generally insignificant ones. However, the results
of the TIPCS phenomenon for the compared liquid systems research refer (for the reasons
mentioned above) to different temperature intervals. The only temperature at which it is possible
to compare our data on AG™° is T =298.15 K {in the case of the system (TBAmine + H,O)
the required value is estimated by interpolation}. At this temperature, the values AG *)° (in kJ x mol™)
form a series: MA (1.60) << EDA (2.03) = TBAlcohol (2.04) < TPA (2.15) < TBAmine (2.19).
In our opinion, the sequence reflects the specific interaction (mainly through the formation
of hydrogen bonds) between water molecules and amphiprotonic or protophilic solvent.
The difference in the solvent-solvent and water-solvent hydrogen bonding energies found
in liquid media with the most pronounced basicity (see Table 1) - alkylamines (TBAmine
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and EDA) and tertiary isomeric alkanols (TBAlcohol and TPA) - was found to be noticeably
larger than in the structural packing of an extremely dilute solution of water in methanol.
Moreover, the ability of the components to specific interactions is quite comparable one.

Obviously, water molecules, penetrating into the structural packing of amphiprotic
organic solvent, form H-bonded solvate complexes, energetically much more stable compared
to molecular aggregates in solvating inbulk medium. This difference is minimal in methanol
solution and most pronounced in tert-butylamine medium. At the same time, the relative
strengthening of heterocomponent H-bonding is not always associated with
the thermoactivated increase in the compactness of molecular packing of the formed
solvato-complex (see Table 2). The trends of the values AG™° with increasing temperature
are different from the character of their distribution at T = 298.15 K. Fig. 3 shows the values
of relative affinity for the system (TBAmine + H,O) undergo the most noticeable evolution.
They change a standard water solution in MA. These results confirm our assumptions
on the dependence of the value AG™)° on the donor-acceptor properties of the molecules
contacting in solution, and on the configuration of the structural packing of the solvating
medium. It determines the nature of steric hindrances to the formation of hydrogen bonds.
These reasons indicate the character of the change in the values |AG®™°| and |V, ’El
with increasing temperature (see Figs. 2, 3). It also is consistent with the conclusions [2, 15-17]
on the influence of the amphiprotic medium nature on the difference in the rate of the solvent
structural packing volumetric expansion in the solvate environment of the dissolved substance
and in the volume of the formed standard solution.

Hence, partial replacement of solvent-solvent bonds by water-solvent bonds causes
increased contribution of specific interactions via -OH or -NH, groups in the molecules.
It is confirmed by the formation of a more compact molecule packing in the solvate shell
compared to the initial (balk) amphiprotic solvent at increasing temperature (see Fig. 2).
Taking into account equations (11) and (12), the observed increase |AG(*)'°| with increasing
temperature (see Fig. 3) is due to a more marked decrease of the component |G,,| compared
to |G| due to the lower stability of the solvent-solvent bonds.

Brief conclusion

Our analysis of TIPCS phenomenon concerning a decrease in the standard
(partial at infinite dilution) molar volume of water in some amphiprotic organic solvents
allowed us to formulate a number of basic conclusions.

Firstly, the energy parameters of the intermolecular interaction (relative affinity)
water-solvent noticeably dominate over those of the solvent-solvent interaction.
These differences become evident with increasing the temperature.

Secondly, these differences result in a higher rate of thermal expansion of the organic
solvent structure in volume (inbulk) than is the case with the effect of increasing temperature
on the structural packing of the resulting mixed molecular aggregate or water solvatocomplex.

Thirdly, the difference in the parameters of water-solvent and solvent-solvent
interactions depends on the proton-donor/acceptor properties of the molecules contacting
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in solution, and on the configuration of the structural packing of the solvating medium.

It determines the nature of steric hindrances to the formation of H-bonds.

at
It

Hence, we found the absolute values of the mentioned parameters of relative affinity
298.15 K increase in the series: MA << EDA = TBAmine < TPAlcohol < TBAmine.
may indicate a relative strengthening of the specific interaction (mainly through

the formation of hydrogen bonds) between the molecules of water and amphiprotonic

or protophilic solvent in the above sequence. Moreover, in the liquid media of alkylamines
(TBAmine and EDA) and tertiary isomeric alkanols (TBAlcohol and TPA) under study - with
the most pronounced basicity - the above-mentioned difference in the solvent-solvent

and water-solvent hydrogen bonding energies appeared to be significantly larger than

in the structural packing of methanol solution of water, where the ability of components

to specific interactions is quite comparable.
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Introduction

We have previously studied the reduction of 1-(2-nitroaryl)-1H-benzimidazole [1-3].
We found that, depending on the reaction conditions, the formation of several products
is possible: hydroxylamino derivative (A), target amino compound (B), and its isomerization

product (C). The regioselectivity of the NH
ducti tst ly influenced Q/ * snci Q N TiCly Q ':l
reduction was most strongly ol \ a6 e

by the HCl content in the reaction N/\\ i-PrOH N N, i-PrOH N NH,
mass. 24 h 1 min

Further, we studied the impact @ sovc 20°¢
of this factor on the 1(2-nitroaryl)-1H- c 1h T SnCl 5
benzotriazoles reduction. The choice 60°C ‘;_oé‘,’rgﬁ'
of these substrates is due to resulting N
N-(aminoaryl)benzotriazole ~derivati- CZT\‘)
ves are widely wused in drug NHOH
development [4-7]. Also, isomerization
process can be expected to occur @A

during the reduction.
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Main body

We synthesized 1-(2-nitroaryl)-1H-benzotriazoles by the interaction of 1H-benzotriazole (1)
with 1-chloro-2-nitroarenes 2a-d at DMFA in the presence of K;COs. According to [8, 9],
the reaction of SyAr 1 with 2,4-dinitrofluorobenzene under these conditions at 95 °C resulted
in the formation of two products: 1- and 2-substituted benzotriazoles in the ratio of 3 : 1
However, only trace amounts of 2-(2-nitroaryl)-2H-benzotriazole occur in the reaction mass
during the 1st reaction with nitrochloro derivatives at 110 °C. The yield of nitro compounds
3a-d was 89-94% after recrystallization in isopropanol.

Q SnCl, "\IN
N NO, DMF N 1% HON= -
©: \,N + choa i-PrOH

N N 2 ——>

1 H

110C 70°C
2a-d 1.5-7h 0.5h

3a-d 4a-d

where R = a) CF;, b) CN, ¢) COOEt, d) Cl

We performed the reduction of 1-(2-nitroaryl)-1H-benzotriazoles 3a-d with tin (II)
chloride in acidic aqueous-alcoholic medium. The use of this reducing system enables
the efficient preparation of various aminoarenes [10, 11].

We have used isopropanol as a solvent for dissolving N-(2-nitroaryl)benzotriazoles under
heating. The use of acetic acid was undesirable due to difficulties with product separation.
Other proton solvents did not dissolve all nitro compounds. We added a solution of SnCl,
in 9-, 18-, or 36% HCI to the resulting solution of nitrosubstrate 3 at 70 °C. Substance 3a
was chosen as a model compound.

A condensation by-process of intermediately formed nitroso- and hydroxylamino
derivatives occurred during the reduction of 3a in a mixture of i-PrOH and 9% HCL
A compound with T.melt. 241-246 °C was isolated from the reaction mixture with m/z [M]*
568 Da. Two sets of 7 aromatic proton signals from two N-arylbenzotriazole fragments of the
molecule occur in the '"H NMR spectrum. The proton signals of one N-aryl substituent were
shifted relative to the other one to a weaker field. It is characteristic for aromatic azoxy
compounds [12, 13]. There were 26 signals of C atoms in the C NMR spectrum.
Moreover, the signals of four carbon atoms of (C-CFs); had the form of a quartet.
Based on the data, the isolated substance was identified as 1,2-bis[2-(1H-benzotriazol-1-yl)-5-
(trifluoromethyl)phenyl]diazene oxide (5).
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The use of 36% hydrochloric acid contributed to the by-product of amino group
alkylation with alcohol. Figure 1 shows the '"H NMR spectrum of 1-{2-[(propan-2-yl)amino]-
4-(trifluoromethyl)phenyl}-1H-benzotriazole (6). The NH-, CH-, and CHs-group protons
signals occur in the '"H NMR spectrum of this compound, appearing in the structure during
the nucleophilic substitution of the OH-group by amine. The amount of alkylation product
increased with increasing reaction time and temperature up to 80 °C.

HS H,HS W HY (CH3),

............................

825 815 BOS 795 785 775 765 755 745 735 725 715 05 695

J ‘ NH CH
I ._J J | | D

T T T T T T T T T T T T T T T T T T T T T
10.5 100 95 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 25 20 15 1.0 0.5

Fig. 1. '"H NMR spectrum of 1-{2-[(propan-2-yl)amino]-4-(trifluoromethyl) phenyl}-1H-benzotriazole (6)

Individually, amino compounds 4 were obtained using 18% HCI. The yield of amines 4
was 94-98%. The isomerization products of N-(2-aminoaryl)benzotriazoles were not observed
at different HCl content in the reaction mass, as it was observed in the reduction
of N-(2-nitroaryl)benzimiazoles with SnCl, in acidic water-alcohol medium.

The structure of benzotriazoles 4 was proved by 'H, C NMR spectroscopy
and high-resolution mass spectrometry. A complete assignment of proton signals was given
by 'H-'H NMR spectroscopy. Figure 2 shows the '"H NMR spectrum of compound 4a.

a4 HS H5S H¥ s
l
M
H i
‘H 0 —
|
Il
\ ! | \
Al e u
J L I R AN J A\
82 81 &0 79 78 7.7 7.6 7.5 74 7.3 72 71 Q
U NH: II
_7__'_l w_'l /"I'x N
lOID 95 9.0 &5 8.0 7‘.5 710 65 G:D 5:5 S0 45 4.0 s 3‘0

Fig. 2. '"H NMR spectrum of 1-[2-amino-4-(trifluoromethyl)phenyl]- 1 H-benzotriazole (4a)

Signal of two amino group protons at 5.53 ppm.; they have the form of a broad singlet.
Also, 7 signals of aromatic protons occur in the 'H NMR spectrum of 4a, appearing
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in the spectrum in the interval 7.01-8.18 ppm. The absorption bands of the N-phenyl fragment
protons were significantly shifted to the strong field region: H* at 1.75 ppm., H* at 1.8 ppm.
and least of all H® at 1.35 ppm. compared to the corresponding nitro compound. The signal
of H* para-relative to the amino group has the form of a duplicated doublet. It released
in the strongest field of the spectrum. The signal of H* of the benzotriazole cycle,
strongly deshielded by the nitrogen atom of the triazole ring, occurred at 8.18 ppm.
in the weakest field. The same patterns of location and type of proton signals in 'H NMR spectra
were observed for other N-(2-aminoaryl)benzotriazoles.

Thus, we have studied the impact of temperature, reaction time, and HCI concentration
on the selectivity of 1-(2-nitroaryl)-1H-benzotriazole reduction by tin (II) chloride in acidic
aqueous-alcoholic medium. We found the possibility of by-processes of intermediate products
condensation of incomplete reduction of the nitro group and alkylation of the formed amino
compound in addition to the synthesis of the target amino compound.

Experimental part

We determined the melting points on a PolyTherm A apparatus 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.
The remaining solvent proton signals in '"H NMR (6 2.50 ppm) were used as the reference
for the chemical shift counts. Mass spectra were recorded on a FINNIGAN MAT INCOS 50
instrument, electron flux energy 70 eV.

Synthesis procedure of 1-(2-nitroaryl)-1H-benzotriazoles 3a-d.

We heated the reaction mixture containing 2 g (0.017 mol) of benzotriazole 1, 3.5 g
(0.026 mol) of anhydrous K,COs and 0.017 mol of ortho-nitrohalogenarene 2a-d to 110 °C and
stirred for 1.5 h for the synthesis of 3a, b, 2 h for 3c and 7 h for 3d. We cooled it and poured it
into the water, filtered the residue off, then washed it several times with water and dried it.
It was recrystallized in isopropanol.

1-(2-nitro-4-(trifluoromethyl)phenyl)-1H-benzotriazole (3a). Yield is 93%. T.melt.
is 133-136 °C. NMR spectrum 'H (DMSO-ds, §, ppm., ] /Hz): 7.61 (td, 1H, H>, ] 8.3, 1.0 Hz),
7.77 (td, 1H, H®, J 8.3, 1.0 Hz), 7.85 (d, 1H, H’, ] 8.4 Hz), 8.28 (d, 1H, H*, ] 8.4 Hz), 8.40 (d, 1H,
H¢, ] 8.8 Hz), 8.81 (dd, 1H, H°, J 8.8, 2.5 Hz), 9.07 (d, 1H, H?, J 2.6 Hz). HRMS: m/z calculated
Ci:H7FsN40: 309.2196 [M+H]*, found 309.2191.

1-(4-cyano-2-nitrophenyl)-1H-benzotriazole (3b). Yield is 94%. T.melt. is 221-223 °C.
NMR spectrum 'H (DMSO-ds, §, ppm., J/Hz): 7.61 (td, 1H, H5, ] 8.3, 1.5 Hz), 7.73 (td, 1H, H®
J 8.3, 1.2 Hz), 7.83 (d, 1H, H’J 8.4 Hz), 8.25 (d, 1H, H*J 8.3 Hz), 8.35 (d, 1H, H° J 8.5 Hz),
8.54 (dd, 1H, H?, J 8.3, 1.5 Hz), 8.96 (d, 1H, H?, J 1.8 Hz). HRMS: m/z calculated C;;H;N;O,
266.2320 [M+H]*, found 266.2315.

1-(2-nitro-4-(ethoxycarbonyl) phenyl)-1H-benzotriazole (3b). Yield is 91%. T.melt.
115-119 °C. NMR spectrum 'H (DMSO-ds, §, ppm., J/Hz): 1.39 (m, 3H, CHs), 4.45 (m, 2H,
CH,), 7.58 (td, 1H, H>, ] 8.3, 1.0 Hz), 7.72 (td, 1H, H®J 8.3, 1.0 Hz), 7.81 (d, 1H, H]J 8.2 Hz),
8.24 (m, 2H, H*®), 8.49 (dd, 1H, H®, ] 8.5, 1.5 Hz), 8.72 (d, 1H, H?, J 1.8 Hz). HRMS: m/z
calculated C;sH;N,O,4 313.2850 [M+H]*, found 313.2845.
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1-(2-nitro-4-chlorophenyl)-1H-benzotriazole (3a). Yield is 89%. T.melt. is 118-121 °C.
NMR spectrum 'H (DMSO-ds, §, ppm., J/Hz): 7.58 (td, 1H, H>, ] 8.3, 1.0 Hz), 7.69 (td, 1H, H®
J8.3,1.0Hz),7.76 (d, 1H, H”J 8.2 Hz), 8.14 (m, 2H, H**), 8.25 (d, 1H, H®, ] 8.5 Hz), 8.51 (d, 1H,
H?, J 1.8 Hz). HRMS: m/z calculated C,,H;N.,O,Cl 275.6650 [M+H]*, found 275.6632.

Synthesis procedure of 1-(2-aminoaryl)-1H-benzotriazoles (4a-d).

We added a solution of 0.034 mol SnCl-2H,O in 50 ml of 18% HCI to a solution
0f 0.011 mol 3a-g in 50 ml i-PrOH at 70 °C under stirring. We evaporated the i-PrOH after 0.5 h.
Then we cooled the reaction mass, treated with NH/,OH to pH = 8, and extracted
with hot chloroform (£ = 250 ml). We obtained amino compounds 4a-d after distillation
with chloroform.

1-(2-amino-4-(trifluoromethyl) phenyl)-1H-benzotriazole (4a). Yield is 98%. T.melt.
is 136-139 °C. NMR spectrum 'H (DMSO-ds, 6, ppm., J/Hz): 5.75 (s, 2H, NH,), 7.01 (dd, 1H,
H° J=1.8,]=82);7.32(d, 1H, H, ] = 1.7); 7.46 (d, 1H, Hf, ] = 8.3); 7.49-7.53 (m, 2H, H>");
7.56 (t, 1H, H, ] = 9.4); 8.18 (d, 1H, H* ] = 8.1). NMR spectrum “C (DMSO-d6, §, ppm.): NMR
BC spectrum (DMSO-dg, 8, ppm.): 111.4, 112.5 (qu, ] = 4), 113.44, 120.4, 123.3, 124.7 (qu, ] =
271), 125.0, 129.0, 129.3, 131.7 (qu, ] = 31), 133.7, 145.5, 145.9. HRMS: m/z calculated
Ci3H10FsN, 279.2400 [M+H]*, found 279.2398.

1-(2-Amino-4-cyanophenyl)-1H-benzotriazole (4b). Yield is 97%. T.melt. is 154-156 °C.
NMR spectrum 'H (DMSO-ds, §, ppm., J/Hz): 5.78 (s, 2H, NH,), 7.12 (dd, 1H, H*, ] = 1.8,
J=8.1);7.34 (d, 1H, H*, ] = 1.8); 7.45 (d, 1H, HF, ] = 8.2); 7.47-7.51 (m, 2H, H>'); 7.59 (t, 1H,
H¢ ] =9.2); 8.19 (d, 1H, H*, ] = 8.2). NMR spectrum =C (DMSO-d6, §, ppm.): 111.13, 113.98,
119.42, 120.24, 124.37, 125.21, 129.11, 129.46, 133.62, 145.53, 145.97. HRMS: m/z calculated
Ci3H1oN;s 236.2516 [M+H]*, found 236.2518.

1-(2-Amino-4-ethoxycarbonylphenyl)-1H-benzotriazole (4c). Yield is 95%. T.melt.
132-136 °C. NMR spectrum 'H (DMSO-ds, §, ppm., J/Hz): 1.34 (m, 3H, CH3), 4.35 (m, 2H,
CH.,), 5.62 (s, 2H, NH,), 7.29 (dd, 1H, H*,] =1.9,] = 8.2), 7.37 (d, 1H, H®, ] = 8.2), 7.48 (m, 2H,
H57), 7.59 (t, 1H, H¢, ] = 8.4), 7.65 (d, 1H, H* ] = 1.7), 8.17 (d, 1H, H*, ] = 8.2). NMR spectrum
»C (DMSO-d6, §, ppm.): 14.69, 61.51, 111.52, 117.19, 117.98, 120.26, 124.31, 125.02, 128.32,
128.84, 132.48, 133.61, 144.79, 145.97, 166.27. HRMS: m/z calculated C,;sH;sN,O 267.3053
[M+H]*, found 267.3051.

1-(2-Amino-4-chlorophenyl)-1H-benzotriazole (4d). Yield is 94%. T. melt. is 154-156
°C. NMR spectrum 'H (DMSO-ds, 6, ppm., J/Hz): 5.53 (s, 2H, NH,), 6.73 (dd, 1H, H*, ] = 1.7,
J=8.1); 7.03 (d, 1H, H*, ] = 1.7); 7.24 (d, 1H, H¢, J = 8.1); 7.46 (m, 2H, H>"); 7.57 (t, 1H, H®,
] =9.3);8.16 (d, 1H, H*, ] = 8.2). NMR spectrum “C (DMSO-d6, §, ppm.): 111.29, 116.11, 116.
29,119.62,120.21, 124.78, 128.81, 129.76, 133.98, 135.67, 145.79, 146.43. HRMS: m/z calculated
C12H10CIN, 245.6871 [M+H]", found 245.6873.

Synthesis procedure of 1,2-bis[2-(1H-benzotriazol-1-yl)-5- (trifluoromethyl)phenyl]
diazene oxide (5)

We performed the reduction similarly to the above-described procedure for the amino
compounds synthesis. We used 9% hydrochloric acid instead of 18% hydrochloric acid.
We heated the dry product mixture obtained after distillation of chloroform in DMFA.
The azoxy compound was precipitated on cooling. Yield is 17%. T.melt. is 241-246 °C.
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NMR spectrum 'H (DMSO-ds, 6, ppm., ] /Hz): 7.48-7.61 (m, 7 H), 7.66 (d, 1H, ] = 1.7), 7.78
(dd, 1H, J=1.9,7=9.2),7.91 (d, 1H, J = 9.1), 7.96 (dd, 1H, J = 1.9, ] = 9.2), 8.03 (d, 1H, J = 9.1),
8.17 (d, 2H, ] = 9.2). NMR spectrum =C (DMSO-d6, §, ppm.): 110.7, 111.6, 120.7, 123.9, 125.5,
125.7, 125.9, 128.6, 129.8, 129.8, 129.9, 130.4, 130.6, 130.9, 133.9, 134.2, 134.4, 134.9, 135.2,
135.9, 139.7, 144.9, 146.2. HRMS: m/z calculated CyHisFsNsO 569.4401 [M+H]*, found
569.3989

Synthesis procedure of 1-{2-[(propan-2-yl)amino]-4-(trifluoromethyl)phenyl}-1H-
benzotriazole (6).

We performed the reduction similarly to the above-described procedure for the synthesis
of amino compounds. We used 36% hydrochloric acid instead of 18% hydrochloric acid.
We separated the dry mixture of products obtained after distillation of chloroform by TLC.
The eluents were ethyl acetate: hexane = 7 : 1. Rf = 0.294. Yield is 11%. T.melt. is 102-107 °C.
'"H NMR (DMSO-ds, §, ppm., ] /Hz): 1.06 (d, 6H, CH(CHs)», ] = 6.3), 3.76 (dsept, 1H, CH(CHs),,
J=8.1,]=6.3),537(d, IH, NH, J=8.1), 7.04 (dd, 1H, H*, ] = 1.9, ] = 8.1), 7.18 (d, 1H, H?,
J=1.9),7.45(d, 1H, H®, J = 8.1), 7.47-7.53 (m, 2H, H>, H’), 7.59 (ddd, 1H, H, J = 1.0, ] = 6.9,
J = 82), 819 (d, 1H, H* J = 8.5). *C NMR (DMSO-d6, §, ppm.): 21.8 (CH(CHs)y),
43.3 (CH(CHs),), 108.6 (k, C?, J = 3.9 Hz), 110.8 (C7), 111.5 (k, C%, J = 3.9), 119.6 (C*), 123.9
(k, C', ] = 1.4 Hz), 124.1 (k, CFs, ] = 272.6), 124.4 (C%), 128.2 (C°), 128.7 (C®), 131.3 (k, C¥,
J = 31.6 T1y), 133.1 (C™), 143.2 (C?), 145.3 (C*). NMR spectrum “F (DMSO-d6, d, ppm.):
- 62.27. HRMS: m/z calculated CisH;6F3N4 321.1329 [M+H]*, found 321.1323
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Introduction

Substituted hydrazides are important biologically active structures in pharmacology [1-4].
They are used as antibacterial [5-11], neuroleptic drugs [12-14], etc. However, they are
especially appreciated for their antitubercular action as one of the few pharmacophores capable
for inhibiting the action of pathogenic microorganisms [15-19]. A number of new hydrazide
derivatives also showed antiproliferative activity comparable to ibuprofen [20-24]. Moreover,
hydrazides and pyrimidine hydrazides are very interesting in terms of preparation of more
complex compounds. Noteworthy, hydrazine fragment-containing molecules are relatively rare
in nature, but they have been isolated from plants [3, 4], marine organisms [1],
and microorganisms. These compounds possess structural diversity and biological activity,
although the enzymes involved in N-N bond formation have not yet been described
in the scientific literature.

We investigated the aminolysis reaction of the lactone cycle of hydrazides and pyrimidine
hydrazides to study the chemical properties of hexahydrochromeno[4,3-d]pyrimidine-2,5-diones.
We used structure 1a interacting with various aminating agents 2 (ammonia, aliphatic amines,
hydrazine hydrate, phenylhydrazine) as a model compound. These studies continue earlier
studies of pyrimidines interaction with various reagents [27].
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2:R=-H (a), R= 'NHZ*HZO (b), R = -NH-Ph (C), R= -C6H11 (d), R= -CHz-CsHs (e)

The interaction of reagents la and 2 was performed in various solvents (ethanol,
isopropyl alcohol, DMFA, toluene) at temperatures 78-150 °C without the use of specific
catalysts. The formation of target products was not registered with ammonia 2a, amines 2d,e
and phenylhydrazine 2c¢ at prolonged heating at temperatures up to 100 °C; at 130-150 °C
osmosis of the initial compounds was observed. We obtained the target carbohydrazide 3a only
with hydrazine hydrate 2b using isopropyl alcohol as a solvent at 80 °C. The aminolysis
of hexahydrochromeno[4,3-d]pyrimidine-2,5-diones 1 proceeded similarly to the previously
studied aminolysis of the corresponding pyrimidine thiourea derivatives [28].

Diastereomerically pure (4R*,4aS*,10bR*)-chromeno[4,3-d]pyrimidines 1a-d obtained
according to the method of [29] were used as objects of further investigation. As a rule, syntheses
with hydrazine hydrate 2b proceeded in heterophase, and were completed rather quickly within
0.5-1.0 h. Isopropyl alcohol was chosen as the solvent because the target product was insoluble
in it even at boiling. The progress of the reaction was monitored by TLC by disappearance of
the substrate 1 stain. The yield of the target carbohydrazides 3a-d reached 91-98%.

HO oo NH,
|
o NH
H X
R + i-PrOH HC : R
H.C N,HH,0 — HO
HN NH 2b 80°C HN NH
0,5-1h H
la-d 3a-d

1, 3:R= C6H5 (a), R= 4-C1-C6H4 (b), R= 4-MCO-C6H4 (C), R= 3-N02-C6H4 (d)

Table 1 summarizes the reaction conditions and yields for compounds 3a-d.

Table 1. Reaction time and yield of pyrimidinone-5-carbohydrazides 3a-d

No. 1 R Reaction time, min Yield 3, %.
1 a CeHs 40 91
2 b 4-Cl-Cg¢H,4 35 98
3 c 4-MeO-CsH,4 40 92
4 d 3-NO,-CsH,4 55 98

The structure of the synthesized compounds 3a-d was confirmed by a combination
of IR and NMR spectroscopy data (including two-dimensional correlation NOESY) and mass
spectrometry. We observed significant changes in the valence vibrations of the hydroxyl groups
on the IR spectra compared to the condensed chromanes (in carbohydrazide they are practically
absent due to the formation of hydrogen bonds). Also visually we observed disappearing
of band of the lactone carboxyl group of the initial chromeno[4,3-d]pyrimidines 1,
and the appearing of amide group band instead. Molecular ion was usually not observed in the
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electron impact mass spectra for compounds 3a-d. However, only the fragmentation ion
[M-NH.NH,]* was detected with low intensity.

Intra- and intermolecular hydrogen bonds observed in 'H NMR spectra were
the characteristic features of the products 3a-d. It was observed in the exchange processes
of hydrogen atoms of OH- and NH-groups with deuterated solvent water. This made it difficult
to accurately integrate the "acidic protons" and identify the products. To reduce this effect,
compound 1d was methylated with methyl iodide according to the known procedure [29]
to give the corresponding product 4. This product was then treated with hydrazine hydrate
under the above conditions. The structure of product 3e was determined on the basis
of two-dimensional correlation NOESY spectroscopy data (Fig. 1).

CH3 NH2
CH3bMF 3 N2H4*H20
N0 KCOs i-ProH O CH H O o
+
H3C o ~a0° Hsc o- ~8o°c
\g/ 15h OH HN
1d

4
3e

The key signals confirming the acyclic structure of carbohydrazides 3a-e are the cross-
peaks of the C(5)H proton with the proton of the amide NH-group, 4-CHs/3-NH, H(6)/1-NH.
The values of CCCV Jesmcen in '"H NMR spectra were practically unchanged compared
to the analogous data of the original chromanes, and ranged 10.5-11.0 Hz [29]. The observed
symmetric C(5)H/C(4)CH;s cross-peak in the NOESY spectrum indicates the retention
of the spatial configuration of the original (4R*4aS* 10bR*)-chromeno[4,3-d]pyrimidines 1
in the obtained hydrazides 3.
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Fig. 1. NOESY spectrum fragment of compound 3e
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Hence, we have found that aminolysis of (4R*,4aS*,10bR*)-hexahydrochromeno[4,3-
d]pyrimidine-2,5-diones and the methylated nitro derivative of chromeno[4,3-d]pyrimidine-2,
5-dione occurs only in the presence of hydrazine hydrate; it causes the formation of substituted
(4R*,58*,6R*)-2-oxohexahydropyrimidine-5-carbohydrazides, the structure of which
was confirmed by a set of spectral methods.

The study was performed within the framework of the State assignment of Yaroslavl State
Pedagogical University named after K.D. Ushinsky for 2024 from the Ministry of Education of the
Russian Federation on the issue "Development of a new drug for the treatment of
neurodegenerative diseases based on a monoamine oxidase inhibitor” (registry entry number
720000F.99.1. BN62AAA12000).

Experimental part

We recorded IR spectra in reflected light on a Spectrum Two PerkinElmer FT-IR
spectrometer at 700-4000 cm'. We recorded the NMR spectra on an apparatus "Bruker
DRX-400" for DMSO-d;s solutions at 30 °C. As reference for the chemical shifts we used
the signals of the residual solvent protons in 'H NMR (8u = 2.50 ppm) and “C NMR
(8¢ = 39.5 ppm). We used tetramethylsilane signal (IOC RAS, Moscow, Russia) as a marker.
Then we recorded mass spectra on a FINNIGAN MAT.INCOS 50 mass spectrometer
at an ionization voltage of 70 eV and a temperature of 100-220 °C in the ionization chamber
(IOC RAS, Moscow, Russia). We conducted elemental analysis in analytical laboratory INEOS
RAS, Moscow, Russia on analyzer "PerkinElmer 2400"; melting and boiling points were
determined on apparatus BiichiM-560.

Methods of synthesis and physicochemical characteristics of compounds 1 and 4
are described in [29].

We added 0.05 mL (1 mmol) of hydrazine hydrate 2b to a suspension of 0.5 mmol
of chromeno[4,3-d]pyrimidines 1a-d, 4 in 3 mL isopropyl alcohol and heated at boiling point
for 0.5-1.5 h. Then the precipitate was filtered off and washed with methylene chloride.
It was dried on air.

(4R*,58*,6R*)-4-(2,4-Dihydroxyphenyl)-4-methyl-2-oxo-6-phenylhexahydropyrimidine-
5-carbohydrazide (3a). Yield 326 mg (91%), T.melt. 253-256 °C. IR spectrum, v/cm™: 3509, 3417,
3398, 3335 (OH), 3282 (NH), 1650, 1615, 1511 (Ar), 1225, 1169. NMR spectrum 'H (400 MHz,
8, ppm., J/Hz): 1.73 (s, 3 H, C(4)CH>), 2.60 (d, 1 H, C(5)H, J = 10.5), 3.78 (br.s., 2H, NH.),
4.25(d, 1 H, C(6)H, J = 10.5), 6.16 (m, 2 H, C(3’,5)H), 6.36 (br.s., 1 H, N(1)H), 6.57 (br.s., 1 H,
N(3)H), 6.97 (d, 1 H, C(6)H, ] = 8.6), 7.12 - 7.27(m, 5 H, Ph), 8.77 (br.s., 1 H, CONH),
9.09 (br.s., 2 H, OH). NMR spectrum "*C (100 MHz, §, ppm.): 27.68, 53.89, 55.10, 57.87, 103.74,
105.19, 120.42, 126.87, 127.67, 127.90 (2 C), 129.28 (2 C), 141.83, 155.89, 156.16, 157.13, 167.84.
Mass spectrum (EIL, 70 eV), m/z (I, %): 356[M]*(4), 324 [M-NH,-NH]* (25), 309 (32), 189 (24),
187(100), 177(60), 148 (55), 136 (16), 132 (59), 106 (38), 104 (61), 91 (14), 77 (64). Found (%):
C, 60.29; H, 5.63; N, 15.67. CsH,0N4O4. Calculated (%): C, 60.66; H, 5.66; N, 15.72.

(4R*,58*,6R*)-4-(2,4-Dihydroxyphenyl)-4-methyl-2-0xo0-6-(4-chlorophenyl) hexahydro
pyrimidine-5-carbohydrazide (3b). Yield 384 mg (98%), T.melt. 297-300 °C. IR spectrum,
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v/cm™: 3418, 3330 (OH), 3245 (NH), 1671 1662, 1638, 1519 (Ar), 1234, 1172, 1132.
NMR spectrum 'H (400 MHz, 6, ppm., J/Hz): 1.74 (s, 3 H, C(4)Me), 2.54 (d,1 H, C(5)H, ] =
10.7), 3.82 (br.s., 2 H,NH,), 4.23 (d, 1 H, C(6)H, ] = 10.7), 6.16 (m, 2 H, C(3’,5")H), 6.50 (s, 1 H,
N(1)H), 6.65 (s, 1 H, N(3)H), 6.93 (d, 1 H, C(6")H, ] = 8.7), 7.19 (d, 2 H, C(2”,6")H, ] = 8.3),
7.30 (d, 2 H, C(3”,5”)H, ] = 8.3), 8.79 (s, 1 H, CONH), 8.99 (br.s., 1 H, OH), 9.12 (br.s., 1 H,
OH). NMR spectrum "*C (100 MHz, §, ppm.): 25.49, 53.32, 55.07, 57.87, 103.73, 105.21, 120.29,
127.79 (2 C), 129.28,129.81 (2 C), 131.69, 140.58, 155.28, 156.13, 157.16, 167.61. Mass spectrum
(EL, 70 eV), m/z (I, %): 358 [M-NH>-NH.]* (7), 223 (16), 221 (35), 177 (55), 166 (28), 148 (51),
138 (34), 111 (24), 102 (28), 91 (25), 77 (50). Found (%): C, 55.18; H, 4.87; N, 14.29.
C1sH19CIN4O,. Calculated (%): C, 55.32; H, 4.90; N, 14.34.
(4R*,58*,6R*)-4-(2,4-Dihydroxyphenyl)-4-methyl-6-(4-methoxy-phenyl)-2-oxohexa
hydropyrimidine-5-carbohydrazide (3c). Yield 357 mg (92%), T.melt. 252-254 °C.
IR spectrum, v/em™: 3392, 3312 (OH), 3216 (NH), 1662, 1622, 1511 (Ar), 1249, 1175. NMR
spectrum 'H (400 MHz, 8, ppm., J/Hz): 1.73 (s, 3 H, C(4)Me), 2.54 (d, 1 H, C(5)H, ] = 10.0),
3.70 (s, 3 H, C(4”)OCHs), 3.78 (br.s., 2 H, NH,), 4.19 (d, 1 H, C(6)H, J = 10.0), 6.12-6.19
(m, 2 H, C(3’,5)H), 6.27 (br.s., 1 H, N(1)H), 6.55 (br.s., 1 H, N(3)H), 6.79 (d, 1 H, C(6")H,
J=18.5),6.95(d, 2 H, C(2”,6”)H, ] = 8.5), 7.09 (d, 2 H, C(3”,5”)H, ] = 8.5), 8.76 (br.s., 1 H,
CONH), protons of two OH-groups are not observed due to rapid deuteronomy.
NMR spectrum *C (100 MHz, §, ppm.): 25.51, 53.23, 54.98, 55.16, 57.86, 103.74, 105.18, 113.21
(2 C), 120.47, 12896 (2 C), 129.33, 133.46, 155.37, 156.18, 157.13, 158.38, 167.92.
Mass spectrum (EI, 70 eV), m/z (I, %): 354 [M-NH>-NH:]* (60), 217 (64), 204 (19), 177 (38),
162 (27), 148 (28), 135 (51), 121 (18), 110 (15). Found (%): C, 58.91; H, 5.71; N, 14.44.
C19H2N,Os. Calculated (%): C, 59.06; H, 5.74; N, 14.50.
(4R*,58*,6R*)-4-(2,4-Dihydroxyphenyl)-4-methyl-6-(3-nitrophenyl)-2-oxohexahydro
pyrimidine-5-carbohydrazide (3d). Yield 350 mg (98%), T.melt. 205-208 °C. IR spectrum,
viem™: 3452, 3329 (OH), 3237 (NH), 1669, 1639, 1527 (Ar), 1220, 1134. NMR spectrum 'H
(400 MHz, 8, ppm., J/Hz): 1.75 (s, 3 H, C(4)Me), 2.61 (d, 1 H, C(5)H, J = 11.0), 3.80 (br.s., 2 H,
NH,), 4.36 (d, 1 H, C(6)H, ] = 11.0), 6.13 - 6.22 (m, 2 H, C(3’,5)H), 6.67 (s, 1 H, N(1)H),
6.73 (s, 1 H,N(3)H), 6.90 (d, 1 H, C(6")H, J = 8.3), 7.55 (tr, L H, C(5”)H, ] = 8.4), 7.64 (d, 1 H,
C(6”)H,J=8.4),8.02(d, 1 H, C(2”)H, ] =1.5),8.09 (dd, 1 H, C(4”)H, J = 1.5, 8.3),8.80 (s, 1 H,
CONH), 9.15 (br.s., 1 H, OH). Protons of one OH-group are not observed due to rapid
deuteronomy. NMR spectrum *C (100 MHz, §, ppm.): 25.48, 53.51, 55.16, 57.95, 105.27,
110.63, 120.08, 122.37, 122.58, 129.26, 129.41, 135.06, 143.86, 147.35, 155.27, 156.16, 157.26,
167.36. Mass spectrum (EI, 70 eV), m/z (I, %): 369 [M-NH,-NH.]* (1), 352 (11), 221 (100),
177 (75), 148 (42), 140 (23), 111 (14), 77 (16). Found (%): C, 53.67; H, 4.75; N, 17.40.
CisH19N506. Calculated (%): C, 53.86; H, 4.77; N, 17.45.
(4R*,58%,6R*)-4-(4-Hydroxy-2-methoxyphenyl)-4-methyl-6-(3-nitrophenyl)-2-oxohexa
hydropyrimidine-5-carbohydrazide (3e). Yield 145 mg (70%), T.melt. 260-262 °C. NMR
spectrum 'H (400 MHz, §, ppm., J/Hz): 1.77 (s, 3 H, C(4)Me), 2.68 (d, 1 H, C(5)H, J =11.0),
3.70 (s, 2 H, NH,), 4.38 (d, 1 H, C(6)H, J = 11.0), 6.29 (d, 1 H, C(3)H, J = 2.5), 6.37 (dd, 1 H,
C(5)H, ] = 8.7, 2.5), 6.67 (s, 1 H, N(1)H), 6.75 (s, 1 H, N(3)H), 7.08 (d, 1 H, C(6")H, J = 8.7),
7.55 (tr, 1 H, C(5”)H, J = 7.9), 7.64 (d, 1 H, C(6")H, J = 7.7), 8.03 (d, 1 H, C(2")H, J = 2.3),
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8.09 (dd, 1 H, C(4”)H, ] =2.3,8.2), 8.86 (s, 1 H, CONH), 9.21 (s, 1 H, OH). NMR spectrum “*C
(100 MHz, §, ppm): 27.46, 53.54, 54.82, 55.08, 57.93, 102.35, 103.38, 121.88, 122.43, 122.59,
129.42, 129.47, 135.07, 143.77, 147.36, 155.25, 156.31, 159.19, 167.25. Mass spectrum (EI,
70 eV), m/z (La, %): 383 [M-NH,-NH,]* (13), 232 (100),191(33), 177 (37), 166 (21), 150 (19),
147 (18), 105 (14),102 (18), 77 (13). Found (%): C, 54.78; H, 5.18; N, 16.78. Ci9H21N;5Os.
Calculated (%): C, 54.94; H, 5.10; N, 16.86.

10.

11.
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Keywords: cotton cellulose, Abstract. The authors have developed new effective sorbent based

modification, diethylene triamine,  on chemically modified cotton cellulose. The modification process consists

sorption, ions Cu(II) u Fe(Il) oftwo  stages, including  sequential  treatment  of  cellulose
with epichlorohydrin and diethylene triamine. The authors present
the optimal modification conditions for the obtained sorbent. It allows ones’
to achieve the highest values of sorption capacity for the extraction of iron(II)
and copper(Il) ions from aqueous solutions. The authors investigated
the kinetics and equilibrium of heavy metal ion sorption in the system
"cellulose sorbent - aqueous solution of metal sulphate” for original
and modified cotton cellulose. Processing of the kinetic experiment results
indicates that the kinetics of metal ion sorption is described most correctly
in the framework of the pseudo-second-order kinetics model. Isotherms
of heavy metal ions sorption clearly indicate the growth of sorption capacity
for the modified sorbent in comparison with the original one. Processing
of experimental isotherms within the Langmuir model made it possible
to determine the values of the maximum sorption capacity (A.) of original
and modified with diethylenetriamine cotton cellulose with respect to Cu(II)
and FE(II) ions. It was found that the A.. of the modified sorbent was about
3 times higher than the ultimate sorption capacity of original cotton cellulose
towards iron(II) and Cu(Il) IONS. Comparison of IR spectra of the original
cellulose samples and cellulose treated with diethylenetriamine indicates
the changes that occurred during chemical modification. The paper presents
SEM images showing the changes in the surface structure of the modified
sorbent compared to the original one.
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Introduction

Environmental pollution by heavy metal ions has become one of the main problems
worldwide in recent years [1]. Their environmental accumulation is promoted
by the development of industry, transport, agriculture, and urban growth [2]. Natural sources

© T. E. Nikiforova, D. A. Vokurova, 2024
122


mailto:tatianaenik@mail.ru
mailto:fresh-limon@mail.ru
http://chemintech.ru/index.php/tor/issue/view/2024-5-1

A&ROM CHEMISTRY TOWARDS TECHNOLOGY VOL. 5, ISSUE 1, 2024

such as volcanic activity, weathering of rocks, etc. contribute heavy metals into
the environmental pollution [3]. These types of pollutants are stable in nature,
non_biodegradable and can be transported long distances with air and water flows [4].

Environmental pollution by heavy metal ions can have a negative impact on soil
characteristics. They block the synthesis of enzymes by soil microorganisms, plants, animals,
and disrupt the processes of nitrogen transformation and decomposition of organic matter.
A number of heavy metals (chromium, copper, mercury, nickel, cadmium, lead, zinc, cobalt,
etc.) are often found in water bodies, and even in trace amounts can have a harmful effect
on the inhabitants of aquatic ecosystems and humans due to their bioaccumulation [5].

A lot of heavy metals, such as lead, mercury, cadmium, zinc, copper, iron, etc., have a toxic
effect on the human and animal organism, affecting various organs and systems [6]. They are
included in food chains. As a result, they can be transferred to the human body in high
concentrations. Consequently, the protection of water and soil from heavy metal pollution
is directly related to the protection of human health. Therefore, much attention is paid
to the solution of the water purification problem.

Many different methods used to remove heavy metal ions from contaminated water:
filtration, ion exchange, electrochemical purification, chemical precipitation, membrane
filtration, reverse osmosis, and adsorption processes [7]. Most of these methods are expensive,
require specialised equipment, and are not effective at low metal concentrations. This promotes
the development of sorption method based on the use of clays, zeolites, ion exchange resins,
activated carbon, silica gel, activated aluminium oxide, etc. as sorbents [8-10]. Furthermore,
the search for cheaper, environmentally friendly and effective adsorbing materials based
on wastes or by-products of the agro-industrial complex containing cellulose and protein
components [11-13]. To increase their efficiency, sorbents based on cellulose [14-15],
flax fibre [16], chitosan [17] wool keratin [18], etc. are modified in various ways.

The purpose of this study is to develop a sorbent based on cotton cellulose modified with
diethylene triamine, which has high sorption properties towards heavy metal ions.

Main body

We used cotton cellulose (GOST 595-79) as a sorbent. It was preconditioned in NaOH
solution (pH = 8-10) for 60 min and thoroughly squeezed. We modified cotton cellulose
by its sequential treatment with epichlorohydrin at 50-70 °C for 0.5-1.0 h with subsequent
filtration, and with diethylene triamine at 30-50 °C for 1-2 h with continuous stirring.
We washed the obtained product with distilled water to neutral pH value of the wash water
and dried to constant weight.

Kinetics and equilibrium of sorption. The authors studied the kinetics of Cu(II)
and Fe(II) ions sorption by the method of limited volume solution at static conditions under
stirring [19] with an initial concentration of metal cations (Co) at 1.5-10* mol/l. We separated
the solution from the sorbent by filtration at regular intervals during the experiment
and determined the current concentration of metal cations (C;) in it by atomic absorption
spectroscopy (210 VGP unit).
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The recovery rate of metal ions « (%) was calculated by the formula
a=->—".100. M

The authors placed 0.1 g of sorbent suspensions in a number of test tubes and poured
them into 10 ml of aqueous solution of Cu(II) and Fe(II) sulfates with concentrations ranging
from 1.5-10* to 5-10% mol/l; kept them under stirring until equilibrium was reached.
We then separated the solution from the sorbent by filtration and determined its equilibrium
concentration of metal cations (C:) by atomic absorption spectroscopy on a 210VGP unit.

We determined the equilibrium sorption capacity A (mol/kg) by the formula

(Co=©) o)

A=2_".y,
m

where C is the equilibrium concentration of metal ions, mol/l; m is the mass of the sorbent
suspension, g; V is the volume of solution, litres.

We calculated the relative bias of the experiments on the basis of experimental data;
each point represents the average of two parallel experiments [20]. The bias of the experiment
did not exceed 10%.

Discussion of the results of the study

Figure 1 shows the scheme of cotton cellulose modification by its sequential treatment
with epichlorohydrin and diethylene triamine.

tle
H,C—~0—CH,—HC—CH,—Cl

2C CH CHy,—Cl o (0K
— |0 o -
Ho ©OH n

-EC1

cellulose epichlorohydrin
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Fig. 1. Cotton cellulose modification

The time to reach sorption equilibrium in the heterophase system “cellulose sorbent -
aqueous metal sulphate solution" was determined from the kinetic experiment on the extraction
of Cu(Il) and Fe(II) ions by the original and modified sorbent. Fig. 2 shows the experimental
results.

The time to reach sorption equilibrium using original and modified cotton cellulose
is 20 minutes, according to the data obtained. Indeed, the recovery rate of copper ions is slightly
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higher than both sorbent samples iron ions. The recovery rate of metal cations is higher
for the modified cellulose sample compared to the original one.

100 <

B0 4

b

60 o

o, %

40 4

T T T T
[1] 5 10 15 20

Time, min
Fig. 2. Kinetic curves of sorption of Cu®* (1, 3) and Fe** (2, 4) ions from aqueous solutions of original (3, 4)

and modified (1, 2) cotton cellulose

The reaction order was determined using pseudo-first (3) and pseudo-second (4) order
kinetic models in the processing of experimental data:

qt = ({eq (1 - e_klt)r (3)

t
L U ()
k2 ’ ng Geq
Table 1 presents the results of processing the kinetic curves of Cu(II) and Fe(II) ion
sorption by the original and modified cellulose within the framework of pseudo-first-order and

pseudo-second-order kinetics models. Higher correlation coefficients (0.99) were obtained
when the experimental data were processed using the pseudo-second-order kinetic model.

Table 1. Results of processing of kinetic curves of Cu(II) and Fe(II) ions sorption by original and modified cellulose
within the framework of chemical kinetics models

Equ%hbrlum Pseudo.first-order model Pseudo-second-order
. sorption value model
Metal ion
Ges Ges ki, R Ge> ka, R
mg/g mg/g min™ mg/g g/mg min
Non-modified cellulose
Cu(II) 0.55 0.46 0.18 0.80 0.64 0.29 0.99
Fe(II) 0.53 0.49 0.18 0.89 0.62 0.23 0.99
Diethylene triamine modified cellulose
Cu(II) 0.83 0.67 0.28 0.98 0.85 1.15 0.99
Fe(II) 0.74 0.62 0.24 0.97 0.78 1.10 0.99

Isotherms of sorption of Cu(II), Fe(II) ions from aqueous solutions of their sulphates
were obtained to determine the ultimate sorption capacity of original cotton cellulose
and cellulose modified with diethylenetriamine. Fig. 3 shows the experimental results.
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204
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Fig. 3. Sorption isotherms of Cu®" (1, 3) and Fe** (2, 4) ions from aqueous solutions of original (3, 4)
and diethylenetriamine modified (1, 2) cotton cellulose

The Langmuir adsorption isotherm equation was used to process the experimental data

A A.-K-C, 5)
- 1+ K-CY
where A is the limiting or maximum sorption capacity of the sorbent for a given metal, mol/kg;
K is the concentration constant of sorption equilibrium, characterizing the intensity of the
sorption process, I/mol.

Linearisation of the sorption isotherms according to the equation

Co Ce+ ! (6)
A A4, A,-K

allows us to determine graphically the values of A» and K in the Langmuir equation from
the experimental data on the distribution of the studied sorbate in the heterophase system
"aqueous solution - cellulose sorbent”. The results obtained by processing the isotherms
of heavy metal ions sorption by original and modified cellulose according to the Langmuir
model are presented in Table 2.

Table 2. Processing parameters of sorption isotherms of Cu(II) and Fe(II) ions by original and modified cotton
pulp according to the Langmuir model

Metal cation K 1/Aw Corrella.tlon Aw, mol/kg
I/mol coefficient
Non-modified cellulose
Cu(II) 909.1 2,0£0,02 0.99 0.50
Fe(II) 961.5 2,5+0,02 0.99 0.40
Diethylene triamine modified cellulose
Cu(II) 327.3 0,69+0,03 0.99 1.44
Fe(II) 415.1 0,77+0,05 0.98 1.29

The experimental data on the sorption of Cu(Il) and Fe(II) ions by the original
and modified cotton cellulose are well approximated by the Langmuir equation.
The data presented in Fig. 3 and Table 2, the ultimate sorption capacity (A..) of cotton cellulose
modified with diethylenetriamine is about three times higher than the A.. of the original
cellulose for Cu(Il) and Fe(II) ions. The obtained values of A. of modified cellulose
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(approximately 1.4 and 1.3 mol/kg for sorption of Cu(II) and Fe(II) ions, respectively) indicate
good binding ability of the obtained sorbent towards these metals.

The sorbents were investigated by IR spectroscopy, EDS, and SEM methods.
The observed increase in the ultimate sorption capacity of modified cotton cellulose compared
to the A.. of the original cellulose is explained by the appearance of new functional groups
binding ions of the studied heavy metals as a result of sorbent modification. To detect them,
IR spectra of the original and modified sorbents samples were obtained (Fig. 4).
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Fig. 4. IR spectra of cotton cellulose: 1 - original; 2 - cellulose treated with diethylenetriamine

By comparing the IR spectra of the original cotton cellulose and the cellulose modified
with diethylenetriamine, differences were found in the region of 1650-1450 cm™
and 1300-1000 cm™. There observed the deformation vibrations of the N-H bond in amines
and amides and the valence vibrations of the C-N bond in amines, respectively. According
to Figure 4, the most significant changes as a result of modification are related to the band shift
in the spectrum of the original sorbent at 1452 cm™ to the 1463 cm™ position in the spectrum
of cellulose modified with diethylenetriamine. Therefore, the sorbent modification results
in the fixation of nitrogen-containing polymer on its surface, which is evident in the spectrum.

This is also confirmed by the results of the elemental composition analysis of the sorbent
surface performed by energy dispersive X-ray spectroscopy (EDS). It indicates the appearance
of nitrogen in the modified sample. Fig. 5 shows the elemental analysis of the original (a)
and modified (b) sorbent samples after sorption of Fe** ions.

Spectrum 3 | 1 @ Spectram 12 |

impfseciey

Fig. 5. The elemental analysis of cotton cellulose after Fe (II) sorption: a - original cellulose; b - cellulose modified
with diethylenetriamine
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Investigation of sorbents structure by SEM method. SEM-images of the original
cotton cellulose and modified sorbent on its basis were made using a scanning electron
microscope "VEGA3 SBH". The study of the samples surface layer structure by electron
microscopy methods showed changing of the sorbent surfacemicrorelief under the modifying
agent influence (Fig. 6). The surface of cellulose modified with diethylenetriamine becomes
rougher (see Fig. 6, b) compared to the original cotton cellulose (see Fig. 6, a):

Fig. 6. SEM images of the sorbent surface layer: a - original cotton cellulose; b - cotton cellulose modified
with diethylenetriamine

Thus, the SEM microscopic studies show the presence of changes in the surface structure
of the modified cotton cellulose based sorption material as a result of the modification
performed.

Conclusions

A novel sorbent capable of efficient extraction of Cu(II) and Fe(II) ions from aqueous
solutions has been developed as a result of chemical modification of cotton cellulose
with diethylene triamine. The study of heavy metal sorption indicates an increase
in the efficiency of the process when using this sorbent compared to the original cellulose.
The degree of metal ions extraction in the kinetic experiment increases by 15-20%. The ultimate
sorption capacity of cotton cellulose modified with diethylenetriamine is 1.44 and 1.29 mol/kg
for copper and iron ions, respectively.

The study of the modified sorbent by IR spectroscopy indicates that the modification of
the sorbent results in the fixation of nitrogen-containing polymer on its surface. Analysis of the
sorbent surface elemental composition by energy dispersive X-ray spectroscopy (EDS) indicates
the presence of nitrogen in the modified sample. It was found by SEM that under the influence
of the modifying agent the sorbent surface microrelief changes compared to the original cotton
cellulose.
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Introduction

A variety of apparatuses with different designs are used in the chemical industry and
related sectors to perform mass transfer processes and chemical transformations in liquid-gas
systems.

Yaroslavl state technical university (YSTU) scientists have developed a gas-liquid ejection
apparatus with several technological and constructive advantages in comparison with other
ones for processes in the "gas-liquid" system [1].

Some designs of the most common gas-liquid apparatuses used in industry have been
previously reviewed [2]. The chemical method based on the determination of the "sulphite
number" is one of the reliable ways to assess the efficiency of gas-liquid apparatuses.

Gas-liquid apparatuses with gas ejection dispersion perform two major processes:
1) the process of atomising (dispersing) the liquid, and 2) the process of mixing gas and liquid.
A huge number of variously designed atomisers are used for the dispersing process [3].
The most common atomisers are nozzles. Atomisation to produce large droplets plays
the special role. This kind of atomisation is applied in the food industry for products
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granulation; in the chemical industry for mineral fertilizers production [4-5]; in spray dryers
for artificial water sprinkling in cooling towers [6-8].

The spraying process in chemical crop protection with agrochemicals is of the great
importance. To solve a particular problem there is an optimal droplet size, which depends
on many factors. It is known that the more equally concentrated and similar in size droplets
from the class of fine droplets (50-150 um) or medium droplets (150-300 um) hit the target,
the less pesticides are required. The droplet size depends on the atomiser nozzle diameter
and pressure. There are different types of atomisation: mechanical, electric, gas [9-10].

YSTU scientists have developed new varieties of gas-liquid apparatuses with gas ejection
dispersion. Creation of new designs of such apparatuses is mainly performed in two directions:
1) development of new atomiser (nozzle) designs; 2) development of new mixer designs.

In the first case, in order to intensify the phase mixing process, the atomiser is designed
as a nozzle with a swirling liner in the swirling chamber [11]. Also a multi-pass screw
can be installed in the atomiser [12]. In the second case, intensification of the phase mixing
process in the mixer is achieved by installing a cascade shock-jet device in the mixer, which is
a set of truncated cones of different diameters and cone angles [13]. This can also be done
by installing transverse baffles in the working volume in the form of a "disc-ring" system,
which promote intensive mixing of the contacting phases and increase their contact time [14].

Recently, gas-liquid ejection apparatuses have been used as foam production ones. Foams
are widely used in many industries and households, and are of great importance for firefighting,
especially for ignition of tanks with easily flammable liquids, for extinguishing fires in closed
rooms - in cellars, on ships, and in airplanes. Foams are also used for thermal insulation.
The mixer (ejector) in the gas-liquid apparatus for foam production [15] is made in the diffuser
form, inside of which star working elements are installed. The peculiarity of the gas-liquid
apparatus for foam production [16] is the mixer design. The mixer is made in the form
of a design of two cones - diffuser and confuser; inside of which there three-bladed propellers
are installed to produce foam of high multiplicity. To achieve maximum foam multiplicity,
the distance of the atomiser nozzle to the net pack should be maintained to ensure
the projection of the solid angle of the solution atomisation torch is virtually identical
to the projection of the working surface of the first net pack [17].

Main body

The purpose of this paper is to determine experimentally the efficiency of a classical gas-
liquid ejection apparatus and assess the influence of some geometrical and technological
parameters on the efficiency value.

Assessment of mass transfer efficiency in gas-liquid flows is conducted using the "sulphite
technique" [18], which is based on the catalytic oxidation of sodium sulfite by air oxygen:

1 CuSO,
Nast3 + /2 02 — Nast4

The interaction of sodium sulfite with oxygen takes place in the diffusion zone,
where the rate of the process depends entirely on the transition of oxygen from the gas phase to
the liquid. The mass transfer coefficient is completely determined by the mass transfer
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coefficient in the liquid phase (the diffusion step of oxygen from the phase interface
into the liquid volume) due to the low solubility of oxygen in water. Therefore, the increase
of sodium sulphite oxidation rate is associated with the enhancement of the mass transfer
process in the liquid phase.

The "sulfite number" K;, which shows the amount of oxygen absorbed by a unit of reaction
volume per unit time, was chosen to evaluate the intensity of gas dissolution in the gas-liquid
reaction mixture.

The values of "sulphite numbers" for different gas-liquid apparatuses vary over a wide
range. For example, K, = 0.5 kg O,/(m*h) for a reactor with a high-speed mechanical
mixer (about 1700 rpm), while for gas-liquid tubular turbulent apparatuses it is much higher
(from 18 to 21 kg O,/(m*h)) [19].

Fig. 1 shows a schematic diagram of the experimental setup for determining the efficiency
of the gas-liquid ejection apparatus.

Sodium sulphite solution is fed into Liquid

liquid atomiser 3 by centrifugal pump 6
under pressure; it is atomised, then air is
sucked into ejection chamber 2. The

resulting  gas-liquid mixture passes

through ejector 4, where intensive contact Sampling
of sodium sulphite and air takes place. <
Then the gas-liquid mixture hits the 5

disperser 5 at high speed. When the gas-

liquid flow hits the disperser, the gas ;

bubbles are crushed and the mixture is

distributed over the reaction volume of the
apparatus, where the next phase of liquid-

gas contact takes place. Fig. 1. Scheme of experimental installation: 1 - apparatus
The order of the experiments body; 2 - ejection chamber; 3 - nozzle; 4 - ejector;

is as follows: we prepared an aqueous 5 - dispersant; 6 - centrifugal pump; 7 - pressure gauge;

solution of Na,SO; with a concentration of ~ 8 - rotameter; 9 - air flow regulator

0.4 mol/dm?’, which was poured into

the apparatus. Before the experiments we added aqueous solution of the catalyst - CuSO,

solution. We conducted the experiments on an apparatus with an inner diameter of 300 mm,

the diameter of the nozzle was 12 mm. We used ejectors with diameters of 25, 38, and 58 mm.

During the experiment, the pressure upstream of the nozzle p, was varied, which was measured

by manometer 7.

Liquid flow rate through the nozzle was determined by the formula
m-d: |2 p,
4 pr’

where p, is the flow coefficient through the nozzle; d, is the nozzle diameter, m; p, is the pressure

(1)

Qm:#p'

upstream of the nozzle, Pa.
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We selected the air flow rate so that the injection ratio, i.e. the ratio of the air flow rate
to the liquid flow rate, was 1.3. The air flow rate was set with the air flow regulator 9
and measured with the rotameter 8.

Samples of the solution were taken into glass hermetically sealed flasks of 100 ml capacity
using a syringe after starting the pump and reaching the set mode, during which the liquid
was thoroughly mixed, and the concentration fields in the working volume were equalised.
We sampled at different time intervals, which varied from 1 to 12 min depending
on the expected reaction rate. The gas flow rate was kept constant throughout the duration
of the experiment. We rinsed the vessel with hot water at the end of the experiment,
then conducted further experiments with the planned values of regime and geometrical
parameters.

We determined the concentration of C, mol/dm?, of each solution sample by iodometric
method (reverse titration) and calculated by the formula [2]

IN(I) - V(I)°™ — N(Na,S,03) - V(Na,S,03)|
V (Na,S03) '

C(Na,S03) = (2)

where N(L), N(Na,S;0;) are normalities of prepared standard solutions of iodine
and sodium thiosulphate, respectively, mol/dm? V(I;)*™ is amount of excess iodine, cm?
V(Na;S;03) is volume of sodium thiosulphate used for titration of iodine residue, cm?
V(Na,S0:s) is volume of sodium sulphite sample taken for analysis, cm?* C(Na,SOs) is required
concentration of sodium sulphite, mol/dm”.

Concentration values were plotted on a graph in concentration-time coordinates. The
experimental dependence of the change in the concentration of sulphite solution has the form
of a straight line located at an angle a to the abscissa axis, from which the tangent of the slope

. AC
angle was determined -

T
"Sulphite number” K, kg O,/(m’-h), was calculated by the expression

AC
K.=16-—. 3
; - (3)

Table 1 and Fig. 2 present the experimental data.

Table 1. Experimental data on gas-liquid ejection apparatus efficiency assessment

Ejector Pressure Flow rate B . N
Item ) . o Flow rate Sulphite number” K,
n/a diameter d., |in front of the nozzle | ofliquid Qj, of air Q.. m*/h kg Oy/(m’h)
mm P MPa m*/h ’

1 25 0.2 59 7.67 12.8
2 25 0.3 7.34 9.54 16.30
3 25 0.4 8.58 11.15 17.4
4 38 0.2 59 7.67 14.4
5 38 0.3 7.34 9.54 18.8
6 38 0.4 8.58 11.15 20.4
7 58 0.2 59 7.67 6.4

8 58 0.3 7.34 9.54 9.6

9 58 0.4 8.58 11.15 10.9
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Fig. 2. Dependence of "sulphite number" on pressure upstream of the nozzle and ejector diameter
Conclusions

According to the experimental data obtained we can come to the following conclusions:

1. The "sulphite number" values are comparable to the "sulphite number" values
for the most efficient gas-liquid tube turbulence apparatuses.

2. The maximum pressure drop across the nozzle can be assumed within the range
0f 0.35-0.4 MPa. A further increase in pressure drop does not significantly increase the "sulphite
number", but the energy input for dispersion increases significantly.

3. A constricted movement of the gas-liquid flow in the ejector is observed at small values
of the ejector diameter, which does not contribute to the obtaining of an optimal interfacial
phase contact surface. A good gas-liquid contact is not ensured at large ejector diameter values
in the gas-liquid flow. It causes the "sulphite number" values lowering. There is an optimum
ejector diameter value at which the interfacial surface and "sulphite number" will be maximized.

4. Theoretical and experimental studies of hydrodynamics and mass transfer
in the gas-liquid ejection apparatus have shown its high efficiency. Therefore, its application
in various industries is very perspective.
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biological structures, human skin, etc. The authors used dielectric barrier discharge (DBD) in air at atmospheric
dielectric barrier pressure as a diagnostic medium. According to the research, at the optimal selection
discharge of gas discharge parameters it will not have destructive effect on tissues of biological

structure. Indeed, generation of chemically active particles in the plasma will be minimal
one. The dielectric barrier separates the investigated sample from the electrode
of the discharge system. DBD activation proceeds at frequencies close to the sound range
(not more than 15 kHz). It was due to the requirement of ionic component emission
only from cells on the surfaces of the structures under study. The conditions of low thermal
effect of atmospheric pressure plasma on plant and animal sample provide the choice
of DBD frequency range.
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Introduction

Nowadays, there is a steady tendency to merge certain methodological techniques,
methods, and research practices of different scientific and technological centres in order
to obtain new results in terms of interdisciplinary knowledge [1]. Many studies fields
have developed and tested research methods for obtaining new original results in related fields.
One of the promising trends is plasma chemistry and plasma-related technologies: processes
of polymerisation in plasma, synthesis of new materials using plasma stimulation, modification
of surface states of solid inorganic materials and materials of natural origin, etching of metals
(semiconductors), and a number of other technologies are currently implemented [2-4].
At the same time, plasma is used as a source of high-energy and chemically active particles
(radicals and ions) [5], as an effective diagnostic tool [6].

According to many researches, plasma is widely used for diagnostic purposes.
These include probing of crystalline structures for identifying defective samples, technologies
of material atomisation for studying their elementary composition, etc. These technologies
are most widespread in mechanical engineering, light, and electronic industries. In this regard,
there even appeared a common term uniting all these technological approaches - elion
processing of materials.

© D. V. Sitanov, D. I. Blinov, 2024
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With the development of nanotechnology, interdisciplinary trends in basic research
and applications occurred. Technological methods originally oriented only at industry began
to spread into other spheres: health care, fine organic synthesis, etc. For example, plasma
has become used for sterilisation and fine cleaning of various surfaces from pathogens,
disinfection of water and biological media from harmful substances, etc. [7, 8]. The techniques
of transferring a liquid cathode ionic component to the region of the positive column
of the glow discharge, i.e., to the gas phase, turned out to be quite promising [9]. Heterogeneous
processes at the interfaces have become decisive [10].

Problem statement and experimental equipment description

However, in terms of DBD, AC current will flow even in the presence of barrier generally
non-conductive structures when DC current is used. In biological samples, these may be
elements of epithelium, cellular structures, keratinised formations, etc. Thus, in discharges
supported by an alternating electric field, a reliable means of visualising the internal structure
of cellular structures remains in the form of characteristic radiation of gas discharge
components.

When igniting DBD at atmospheric pressure, the air components and various particles
related to the degradation products of its components should be fixed. Fig. 1 shows the emission
spectrum of a spark discharge on air.
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Fig. 1. Emission spectrum of a spark discharge on air (spectrum obtained using an industrial high-resolution
spectrometer "Avaspec")

The spectrum clearly shows the nitrogen (second positive system) bands at 337
and 357 nm (CsI1, transition = BsIly), the bands of the -OH radical (A,Y transition = X,IT),
and the y-system bands of the NO molecule (A} transition = X?IT) at 236, 247 and 259 nm,
respectively. Oxygen usually dissociates well in the discharge; the lines of atomic oxygen
are in the red region of the spectrum. Therefore, they were not included in the spectrum shown
in Fig. 1. The analysis of the air component emission in the discharge was not purpose
of this study. Such spectra are well studied and described in the literature. Moreover,
the presence of decomposition products of air components in the spectrum depends
significantly on the type of discharge and the method of its activation. Thus, the probability
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to detect NO particles and -OH radicals in low-pressure glow discharges and in DBD
at atmospheric pressure is significantly lower. It is explained by the low specific powers invested
in the discharge, especially at low discharge currents and low gas temperature. It is known that
the main channel of NO formation is a sequence of reactions involving air components:

O;+e—>0+0 (1)
N, +O—>NO+N 2)
N+O,>NO+O (3)

The average temperature for recording an appreciable concentration of NO is 1900 K [11].
The hydroxyl radical is formed mainly by thermal dissociation of residual water vapour on air:

H,O - H + OH- (4)

The probability of processes 1-4 significantly increases with increasing discharge current
(increasing the power invested in the discharge) and the transition of the discharge from quiet
diffusion to spark discharge. The region of transition from one type of discharge to another
does not have a clear line, but it can be determined by plasma emission. In this case, processes
1-4 will be initiated in the discharge, and plasma chemical degradation products
will be recorded spectrally (see Fig. 1). This mode of discharge combustion is unacceptable,
as it can cause the destruction of the cell structure on the surface of the material under study.
The reliability of the dielectric barrier was a guarantee of the absence of DBD transition
to sparking. The electrical strengths of various materials claiming to be dielectric barriers
were studied. Different materials were analysed: glass of different thicknesses, ceramic plates
(thickness 0.3 mm), mica and silicone coatings. Relatively porous materials such as paper
and cardboard were not considered. We required a barrier with the following characteristics:
high electrical strength, low sensitivity to overheating and mechanical shocks, optimum
thickness. An important requirement was the possibility of mechanical processing.

There are unsuccessful operation results of the setup using barriers with low reliability for
our experiments. Fig. 2, a shows a discharge with a sample of woven material placed on a glass
dielectric barrier. Fig. 2, b shows the barrier destruction after several sessions of operation.

=1

a b

Fig. 2. Experiments on the role of glass as a barrier for DBD: a - appearance of the discharge in the presence
of woven material; b - glass sample, the barrier has cracked along its entire length
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Glass can be used as a dielectric barrier under certain conditions. Although, during long
burning of the discharge there were local overheating, breakdown was formed (see Fig. 2, b),
and the glass was destroyed. The mechanism of barrier destruction always was similar.
First, a local breach was formed; it causes the local overheating, and further destruction
of the barrier material. The thickness of the barrier will determine the burning efficiency
of the discharge. The thicker the barrier, the more significant part of the power supply power
was lost and could not participate in the initialisation of the target processes. Therefore,
no optimal ratio between its thickness and its effectiveness as a barrier has been found for glass.

In order to find an optimal dielectric variant, we performed test experiments with a 2 mm
thick silicone heat dissipating mat with the following characteristics: density p = 3.1 g/cm?
thermal conductivity y = 16 W/m'K; electrical strength o= 10 kV/mm. This mat was ideal spacer
material between powerful transistors and heat sinks. Indeed, in our test showed insufficient
results. High field strengths in the discharge zone led to its breach.

The best option was proved to be sheet mica for magnetrons in microwave ovens.
Such sheets could withstand voltages on the electrodes of the discharge system up to 20 kV
at varying frequencies in the range of 1-50 kHz. We have not yet operated with
higher frequencies within the framework of this study. It is explained by the absence of a suitable
high-frequency high-voltage generator at this stage.

The generator for our experiments was self-made according to the classical two-cycle
ZVS-driver scheme with a fixed frequency (if necessary, the frequency could be changed within
1-50 kHz by making minor changes in its design). The generator output voltage could be varied
up to 10 kV, which was by a large margin for the purposes of our experiments. We operated
at frequencies not exceeding 15 kHz. The output voltage was selected experimentally each time
considering the specifics of the research object. The requirement to avoid damage to biological
structures due to discharges destructive action was mandatory for us.

The qualitative composition of near-surface layers liquid phase of biological structures
was monitored by the corresponding emission spectra. A portable small diffraction 55 mm
spectrometer CLMG-7206 by Gain Express was used. The spectrometer did not require
a separate power supply, had small dimensions and, therefore, could be used even in the field.
Logitech HD Webcam C270 (1.3 Mpix) was used as a detector. It performs automatic
illumination correction, provides natural colour reproduction. Moreover, the resolution of this
camera was quite sufficient for obtaining resonance lines of metals in the emission spectra.
Fig. 3 shows the schematic diagram of the equipment.

Spectroscope

Laptop Emission \ Plasma L G6)
sensor \‘\ — i \_//
s —_—}
amples

Output result Experimental
grating
F - IS

Fig. 3. Schematic diagram of experimental equipment
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We conducted the experiments in a sealed transparent experimental cell; radiation
was discharged through a side hole in the cell. We placed the studied samples on a grounded
table inside the experimental cell. Beforehand, we covered the table with a dielectric barrier.
The table itself and the second electrode were made of stainless steel. For processing of spectral
data and obtaining spectra the software of the public laboratory "Spectral Workbench" was used.

The peculiarity of the laboratory software was that the obtained spectra were
not correlated with real values of wavelengths (relative scale was used). In this regard,
we specifically used illumination from a radiation source with a known spectrum. In our case
it was a mercury lamp DRSH-250, giving well-distinguishable mercury lines 404, 436, 545,
and 546 nm. Figure 4 shows the spectrum of a mercury lamp. Indeed, for calibration
any reference signals equally reproduced under different conditions could be used.

404 436

546

1 ﬁ 5 L

400 500 600 700 nm

Fig. 4. Emission spectrum of the DRSH-250 lamp. Insignificant peak at 578 nm refers to background illumination
from fluorescent light bulbs (refers to phosphor emission)

Peaks related to the background illumination of fluorescent lamps used to illuminate
the laboratory could be observed on the operating spectra in a number of cases. This is the
emission of phosphor in the visible region of the spectrum with wavelengths of 488 and 578 nm.
In our test, the mercury lines were used to identify signals in the plasma spectra in the presence
of the studied objects. In fact, having reproducible lines in the spectra, we calculated
the wavelength scale, and identified new lines in the spectra. Hence the spectrum shown
in Fig. 4 was artificially fitted with an abscissa scale on which the wavelengths were plotted.
This was the only drawback of the software used and the CLMG-7206 spectrometer.
The resulting spectrum was free of weak signals (noise). In addition, this equipment
was not affected by electromagnetic fields.

Results and discussion

We chose leaves of plants with a well-developed leaf plate as the objects of our study.
The influence of some hypothetical negative factors should cause a sharp change
in the concentration of certain chemical elements or compounds in the composition of cells.
Therefore, we artificially simulated such a situation. Therefore, we saturated plants with metal
salts. The choice of the salts was determined by the presence of these metals in biological
structures under study. Indeed, their overabundance can cause different disorders
in the organism. Although the experiments were conducted with plant leaves, we consider
its main conclusions could be implemented to animal and human structures. The reason
is the similarity of the surface structures of all biological structures. Fig. 5 shows a schematic
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representation of the cuticle. It is a set of rigid, but flexible, non-mineral external coverings
of an organism or its parts and protecting it. All living organisms and plants have a similar
structure of protective coverings.

Stomata Palisade cells

Epidermis

Spongy mesophyll
Fig. 5. Cuticle structure (arrows show mass transfer channels)

Biological structures, in particular leaves, are protected externally by a dense covering
tissue, the epidermis (see Fig. 5). Underneath is the leaf pulp (mesophyll). The palisade cells
absorb most of the light energy. Spongy mesophyll participates in the process of photosynthesis,
providing gas exchange. The mesophyll cells are environmentally surrounded by water
containing various anions and cations. The epidermis contains so-called stomata, formed
by two interlocking cells. Through these stomata, water evaporation and gas exchange with
the environment is ensured. When a discharge is ignited near a biological structure, high electric
field strengths can be realised in them, also due to the inhomogeneity of the object. The liquid
phase ions in such inhomogeneous fields are capable of exerting effects comparable
to the threshold values of ion energies at which materials are atomised at industrial plants [12].
Vibrations with different frequencies are formed in the cells of a living organism under
the action of plasma, and wave processes are initiated under the action of electromagnetic
waves. Therefore, metals in the ionised state in biological structures can be subject
to displacement under the action of electromagnetic fields. In other words, one can expect
emission of contaminated particles into the plasma volume with their subsequent excitation
and production of characteristic radiation. However, an alternating electric current
of appropriate shape, amplitude, and frequency affects the organism. Under its frequencies
corresponding to the spontaneous biopotential activity of the tissues of the organism,
the phenomenon should also contribute to the emission of the internal contents of the cell into
the gas phase. A number of diseases or disorders can be detected by such techniques.
Indeed, the presence of non-natural components in the biological structures, the abrupt change
in the ratio of the necessary ones, can cause acute intoxication, and regarded as a sign of disease
or poisoning.

The salts selected for the research, we saturated the leaves of the plants with, are shown
in Table 1. The saturation time was always the same - 12 h. The saturation technique consisted
in immersing the stem of a freshly cut plant with leaves into the salt solution.
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The salt concentration was the same in all experiments and corresponded to 10% salt
concentration. We also tried to make the saturation conditions the same. The liquid volume in
the jars was unchanged, the stem of the plant was immersed into the liquid for 5 cm.
Diffuse lighting was provided in the laboratory during the whole time of the experiment;
the influence of sunlight was excluded. The contact of leaves with the solution was also
excluded.

Table 1. Salt samples and their corresponding characteristic emission wavelengths

Sample (salt) Wave length A, nm

NaCl 589

FeCl; 585

MnCl, 602

CuCl, 510 and 523

ZnCl, 472,481 and 636
KCl 583

MgCl, 571

Figs. 6 and 7 show examples of DBD emission spectra in the presence of leaves saturated
with iron and copper salts, respectively.

436

436 546 Fe(585)

404
404

T + t t T T T

Fig. 6. Radiation spectrum of DBD in the presence of Fig. 7. Radiation spectrum of DBD in the presence of
samples saturated with FeCl; samples saturated with CuCl,

Similar spectra were obtained for all samples given in Table 1. The conditions of discharge
excitation were selected experimentally and required by the conditions under which there
was no damage to plant leaves after their treatment in plasma. The leaves were examined
microscopically. The experiment was considered unsatisfactory if black dots were observed
on the leaf plate, indicating inadmissible currents flowing in the sample. It was also necessary
to ensure the condition of stable discharge combustion to record the discharge emission spectra.
The conditions of safe processing of plasma samples were determined as a result
of generalisation for the results obtained. Hence, the voltage at the electrodes of the discharge
system should not exceed 4 kV at frequencies from 1.5 to 15 kHz on average (the discharge
current did not exceed 1 mA). An important aspect for the experiment was the samples quality.
Leaves should be fresh, without signs of damage, breakage; have a natural moisture level.
Long-term storage of leaves before the experiment is highly undesirable.

Conclusion and recommendations on the results application

Hence, using DBD it is possible to emit (exit into the volume of the discharge combustion
zone) ionised components from the near-surface layers of biological structures
with the possibility of their spectral detection. This technique can become the basis
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for the manufacture of a portable mobile unit for monitoring the composition of biological

structures both in the laboratory and in the field. At the same time, not only plants but also

animals can be used as the structures under study. The main constraint may be unstable

discharge combustion at low frequencies. In the future, it is planned to expand the frequency

ranges of DBD activation, simultaneously solving the problem of the depth of probing

biological structures.
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Introduction

Copper is one of the essential trace elements participating in many vital biological
processes. Therefore, its homeostatic mechanisms in the body are strictly ordered [1]. Copper
is crucial for the functioning of some enzymes and proteins involved in energy metabolism,
respiration, DNA synthesis, etc. [2]. The main functions of complexes of copper ions with
biomolecules include oxidation and reduction reactions, in which they directly react with
molecular oxygen to form free radicals [2].

Copper(II) complexes with carboxylate ligands are the object of many researches
in medicinal chemistry. Many of them represent potential therapeutic agents with antimicrobial
[3], antibacterial [4], anti-inflammatory action [5, 6], etc., combined with reduced toxicity.
Complexes of copper(II) with anions of amino acids and short peptides are of particular
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importance, as anticancer activity for many of them has been confirmed (Fig. 1). In particular,
copper(II) glycinate has been shown to have cytotoxic activity against gastric cancer cells [7].
The three-component Cas-II-gly complex showed cytotoxic and antitumor activities with
promising results in vitro and in vivo tests, and was approved for clinical trials [2, 8]. Copper(II)
complexes based on dipeptides with hydrophobic side substituents, such as Gly-Val, Phe-Val,
etc., and 4,7-diphenyl-1,10-phenanthroline (Phen) as an N,N-donor ligand show great promise
as drug candidates, surpassing the cytotoxic activity of earlier analogs [9].
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Copper glycinate (II), [Cu(Gly)-] Pharmaceutical family Copper (II) complexes
Casiopeinas, based on dipeptides,
Cas-1I-gly [Cu(Gly-Val)(Phen)],

[Cu(Phe-Val)(Phen)]

Fig. 1. Structures of some mixed-ligand O-carboxylate complexes of Cu(II)

We found that copper(II) complexes with anions of nonsteroidal anti-inflammatory
drugs (NSAIDs) in the form of carboxylate ligand on a wide group of compounds (salicylates,
ibuprofen, ketoprofen, indomethacin, diclofenac, etc.) were superior to free NSAIDs in terms
of anti-inflammatory activity and showed reduced gastrotoxicity (Fig. 2) [10, 11, 12]. According
to current studies, NSAIDs have some anticancer properties. Hence there is a relationship
between their use and a reduction of various cancers risk [12].

[Cu(ibu),(Py),(H.0)] [Cu(ket),(Phen)(H,0)] [Cu(mef) (BiPy)]
(ibu - ibuprofen) (ket — ketoprofen) (mef - mefenamic acid)

Fig. 2. Spatial structures of copper (II) complexes with NSAID anions

For further search of new and effective copper(II) complexes possessing simultaneously
the properties of anticancer agents and NSAIDs. It is important in terms of polypharmacology
and the strategy of synthesizing drug molecules with multitarget activity. However, the choice
of organic ligands plays a crucial role. Previously, we have shown high potential as NSAIDs
of our synthesized sodium salts of amino acid derivatives of 4-(1-adamantyl)benzoic acid.
Theyovercamein vivo tests on anti-inflammatory and analgesic activity of widely used
pharmaceuticals and were low toxic. Indeed, the leader was a derivative of hydrophobic amino
acid L-valine [13, 14]. In addition, amino acid derivatives of 1-adamantylacetic acid can
effectively inhibit soluble epoxyhydrolase (sEH). It is one of the important targets to overcome
inflammatory and pain conditions [15]. Thus, the strategy of introducing an adamantane
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fragment into the ligand structure of coordination compounds is well established to increase
cytotoxic activity by increasing their permeability through cell membranes [15].

Complexes of copper(II) with anions of some N-protected a-amino acids (N-acetyl,
N-benzoyl) were previously synthesized and characterized [16, 17]. Meanwhile, data
on carboxylate complexes of copper(Il) with the adamantane fragment in the ligand structure
are practically absent. Therefore, the purpose of the present study was to synthesize,
characterize, and investigate the structure of carboxylate complexes of copper(Il) with anions
of 1-adamantanecarboxylic acid, 4-(1-adamantyl)benzoic acid and their L-valine derivatives.

Main body

We initially synthesized complex 1 by reaction of the initial 1-adamantanecarboxylic acid
with Cu(OAc),-H;O at a molar ratio of 2 to 1, respectively, in acetonitrile (Fig. 3, method A)
[18]. However, unreacted starting acid is presented in the products. We further synthesized
copper(II) complexes 1-4 by reaction of sodium salts of carboxylates, obtained by preliminary
neutralization of the corresponding initial carboxylic acids, with CuCl,-2H,O at a molar ratio
of 2 to 1, respectively, in a mixture of ethyl alcohol and water (4 to 1 by volume) (Fig. 3, method B).
We isolated the final products by slowly concentrating the reaction mixture by evaporation
at room temperature as blue or green-blue crystals in sufficiently high yields.

Cu(0OAc),H,0

AdXCOOH —— “m [Cu,(AdXCOO0),H,0),] (MethodA)

CH;CN 1
NaOH CuCly2H,0
AdXCOOH ——— = AdXCOONa —:-[Cuq(AdXCOOh(HF,O) 1 +NaCl (Method B)

C,Hs0OH, H,0 C,H;OH, H,O

AdXCOO= (AK, complex 1) (AB, complex 2) O

0 /\
(AKC, complex 3) (ABC. complex 4)

Fig. 3. Scheme of complex synthesis 1-4

All the obtained complexes were characterized by elemental analysis, IR spectroscopy
in the crystalline state, spectroscopy in the UV-visible range of solutions, and measurement
of the solutions' molar electrical conductivity. All complexes were stable on air, soluble in
dimethyl sulfoxide and N,N-dimethylformamide, complexes 3 and 4 were partially soluble,
while 1 and 2 were sparingly soluble in ethyl alcohol, and all complexes were almost insoluble
in water.
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The infrared spectra of complexes 1-4 in the crystalline state were recorded in the region
4000-400 cm™ and studied to confirm the ligand structure; the most probable mode
of coordination of carboxylate ligands with copper(II) ions when compared with data for
analogs (Table 1). Broad absorption bands were observed in the IR spectra of the obtained
complexes in the region of 3450-3200 cm™ of weak or medium intensity, related to the valence
vibrations of the O-H bond of the water molecule. This confirms the presence of bound
coordination water as a ligand [19]. Absorption bands of valence and strain vibrations of O-H
and C=0 bonds in carboxyl groups of initial acids (e.g., for NAC 1688, 1282, and 950 cm™) were
absent in these spectra. This indicates deprotonation of carboxyl groups to carboxylate groups.
Two characteristic bands present in the regions of 1612-1554 cm™ and 1414-1400 cm”,
corresponding to antisymmetric and symmetric valence vibrations in the carboxylate group,
instead of the above bands in all cases. The value of AV = [Vaym(CO2) - Vom(CO,)] can be used as
a marker to determine the mode of ligand coordination in metal-carboxylate complexes.
The most common are bidentate chelate (Av less than 120 cm™), bidentate syn,syn-bridging
(Av around (170+10) cm™) and monodentate (usually Av more than 200 cm™) coordination
with metal ions [6, 12, 19-21]. The values of Viym(CO,) and vym(CO,) for the obtained
complexes 1 and 2 were found to be shifted by 5-35 cm™ to the higher wave number region
and Av were 174 and 154 cm™, which were 30 and 12 cm™* higher, respectively, compared to the
sodium salts NaAK and NaAB. This seems to indicate syn,syn-n'mn':y.-coordination of the
carboxylate ligands in these complexes (Fig. 4), where the carboxylate is a bridging ligand
between the two copper(II) ions. The I and II amide bands were practically not shifted during
the formation of complexes 3 and 4. However, the vibration bands of the carboxylate groups
and Av were changed, as in the previous case (see Table 1, using NaABC and complex 4 as
examples). In all cases, absorption bands were also observed in the 550-500 cm™ region,
described in the literature as characteristic of Cu-O bond vibrations [19, 20].

Cu—Q
-
Cu—OI

Fig. 4. Coordination of carboxylate ligands in complexes 1-4

UV-visible spectra were obtained for solutions of complexes 1-4 in acetonitrile,
and partially in DMSO. A weakly intense broad band was observed in all spectra with
a maximum in the range 705-740 nm, which corresponds to the d-d-transition 2E;>°T,
(the so-called band I [22]). The position of this band indicates an octahedral
or square-pyramidal local geometry for the ligand environment of copper ions. A band was also
present in the spectra of the complexes in the interval 362-395 nm (the so-called band II [22]).
Its presence is usually associated with electronic transitions between the orbitals of copper(II)
ions within the biyaderic structure of the complexes. The band around 300-310 nm
(the so-called band III [22]) is partially masked by the bands of n->m* transitions of ligands and
therefore appears as a shoulder, corresponded to the ligand-to-metal charge transfer (LMCT)
in the complexes. Indeed, there is no significant shift of the indicated bands occurred in the
spectra of the complexes when changing the solvent, as well as during dilution (e.g., for complex
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3, band I in acetonitrile and DMSO at 709 and 713 nm, respectively), i.e., there was

no solvatochromic effect in this case.

Table 1. Comparison of some spectral data for complexes 1-4 with analogs

IR UV-visible, Coordinati
oordination
Complex Vasym(CO2), | vsym(CO2), | AV, Amax, NM mode Geometry Link
cm’! cm! cm?| (&1 moltcm™)
6652 (60),
1,595 1,425 44072 (150), bidentat -
[Cua(mef)s(H:0)5] 170 (150) icentate ) square 23
(very st.) (very st.) 3352 (7,800), bridging pyramidal
2922 (14,200)
1,582 1,407 7152 (230),
[Cuz(lox0-0,0)4(H20)2] 175 (230) the same the same 12
(very st.) (very st.) 2952 (6,000)
1,588 1,407 670,
[Cuaz(ibu)a] 181 the same the same 24
(very st.) (med.) 218-260
7202 (160),
1,575 1,408
[Cua(ket)s(H20)2] 167 3092 (2,100), the same the same 5
(very st.) (med.)
2902 (10,900)
1,603 700 (D),
[Cu2(OAC)4(H20),] ’ 1,418 (st.) | 185 370 (II), the same 22
(very st.) the same
250-330 (I11)
1,610 720 (I
[Cu(AcVal)(H20)]. 1,410 (st.) | 200 (D the same the same 17
(very st.) 380 (IT)
709 (1),
[Cuz2(BzVal)s(H20)] - - - 390 ((I;) the same the same 16
NaAK 1,547 (st.) | 1,403 (st.) | 144 - - - this paper
NaAB 1,547 (st.) | 1,405 (st.) | 142 - - - this paper
NaABC 1,592 (st.) 1,406 (st.) | 186 - - - this paper
1,582 1,408 705 (55, D), bidentate square
[Cux(AK)«(H:0)2] (1) ’ ’ 174 | 362 (lever, II), o AU this paper
(very st.) (very st.) 307 (7,000, I1T) bridging pyramidal
L 400 740 (50, 1),
[Cu2(AB)4(H20):] (2) 1,554 (st.) (Ve) st) 154 | 382 (lever, II), the same the same |this paper
Ty st 320 (7,300, TIT)
709 and 7132
90 and 953, 1),
[Cu2(AKB)4(H20)2] (3) 1,612 1,414 198 (390a(rllever H)) the same the same |this paper
313 (11,500, IIT)
725 (105, 1),
[Cu2(ABB)4(H20):] (4) 1,608 1,414 194 | 395 (lever, II), the same the same |this paper

308 (10,000, IIT)

AV = Vagym(CO2) - Vm(COy); 2data for solutions in DMSO; loxo - NSAID loxoprofen; very st. - very strong;
st. - strong; AcVal - N-acetylvalinate; BzVal - N-benzoylvalinate.

The values of molar electrical conductivity measured for solutions of complexes 1-4

in DMSO were in the range of 3.0-9.0 cm cm? mol'. Thus, the obtained complexes

are predominantly non-electrolytes [12]. Moreover, the combination of data obtained from

electronic spectra of the complexes and molar electrical conductivity measurements may

indicate that complexes 1-4 retain the integrity of their structure in solution.

Hence on the basis of comparison with similar copper(II) carboxylate complexes

described in the literature [5, 12, 16, 17, 20-25], we can conclude complexes 1-4 have a structure

similar to the "Chinese lantern" model. The optimized molecular structures of the clusters
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of the synthesized complexes were obtained using the semiempirical PM7 method (Fig. 5, using
complex 1 as an example) implemented in the MOPAC2016™ program. The coordination
environment of each copper(II) ion (CuO:s) is formed by four oxygen atoms belonging to the
four anions of the corresponding carboxylate ligands in a bidentate bridging mode
in the biuclear complex, and an oxygen atom of a coordinated water molecule at the vertices
of the distorted square pyramid. The values of interatomic distances Cu-Cu 2.859 A,
Cu-O(carboxylate) 1.935-1.950 A and Cu-O(water) 2.005-2.010 A obtained for complex 1 were
quite close to the data of X-ray diffraction analysis for [Cu,(OAc)4(H,0):], equal to 2.616, 1.967
and 2.162 A, respectively [22, 12]. A similar trend was obtained for other geometrical
parameters, such as total bridge length (for 1 6.40-6.42 A, and for [Cu,(OAc).(H,0),] 6.45-6.46
A) and Cu-O(carboxylate)-C valence angles (for 1 123.1-124.5°, and for [Cux(OAc)s(H.O)-]
122.5-123.0°).

Fig. 5. Molecular structure of the complex [Cu,(AC)4(H,0).] (1) obtained by PM7 optimization. Cu atoms are
shown in dark gray, C in gray, O in red, H atoms in the adamantyl fragment are omitted for convenience

Thus, the obtained results showed that copper(Il) ions with anions
of 1-adamantanecarboxylic acid, 4-(1-adamantyl)benzoic acid and their amino acid derivatives
form sufficiently stable hydrated complexes, apparently, of a biuclear structure with bidentate
coordination of ligands of the type [Cu**,(RCOO")4(H:0),], with RCOO" as carboxylate ligands.
Obviously, in order to increase the probability of significant biological activity of these
complexes it is necessary to introduce N-donor ligands, such as pyridine, picolines and
phenanthroline, into their structure. It will be the subject of the following studies.

Experimental part

For this study we used commercially available reagents: copper(II) acetate monohydrate
(analytical grade, 99.1%, Russia), copper(II) chloride dihydrate (high-purity grade, 98.7%,
Russia), acetonitrile (reagent grade, Ecos-1), dimethyl sulfoxide (reagent grade, Ecos-1),
ethyl alcohol (96%). The initial carboxylic acids with the adamantane fragment were
synthesized according to the previously developed methods: 1-adamantankabonic acid from
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1-bromadamantane [26], 4-(1-adamantyl)benzoic acid from 4-(1-adamantyl)toluene [13],
and further their corresponding L-valine derivatives were obtained [13].

We performed elemental analysis using a FLASH EA 1112 CH,N,S analyzer.
We recorded the IR spectra on a Spectrum RX1 FTIR spectrometer (PerkinElmer) using the
disturbed total internal reflection (TIR) method in the frequency range 4000-400 cm™.
We obtained UV-visible spectra using an Ekros PE-5400UV spectrophotometer for solutions
of the complexes in CH;CN or DMSO (complex concentration 0.1-5.0 mmol/l). We measured
the molar electrical conductivity for solutions of the complexes in DMSO (concentration
1.0 mmol/l) on an Expert-002-2-6-p conductometer.

Synthesis [Cuz(AK)4(H:0).] (1) (method A). We added 0.20 g (1 mmol) of Cu(OAc),H,O
dissolved in 3 ml of acetonitrile to 0.36 g (2 mmol) of 1-adamantanecarboxylic acid in 10 ml
of acetonitrile under stirring and heating. We stirred the obtained solution under heating for
2 h. After that we slowly evaporated the reaction mixture to 1/3 of the initial volume, filtered
off the formed solid precipitate of blue color, which was dried in air. We obtained 0.20 g (45%
based on the starting acid) of the product containing an impurity of the initial carboxylic acid
according to IR spectroscopy.

General procedure for the synthesis of copper(Il) complexes with anions
of 1-adamantanecarboxylic acid (1), 4-(1-adamantyl)benzoic acid (2) and their L-valine
derivatives (3, 4) (method B). We added 0.40 g (0.33 ml) of NaOH solution with a concentration
of 20% to a solution of a 2 mmol suspension of the initial carboxylic acid in 10 ml of ethyl
alcohol to neutralize it to a pH equal to 7. We slowly evaporated the resulting solution to form
a solid residue of the sodium salt of carboxylic acid, which was further used without
purification. For this purpose, we dissolved it in 10 ml of water and mixed it with 0.17 g
(1 mmol) of CuCl;2H,O dissolved in 2.5 ml of water, and then stirred the resulting reaction
mixture at room temperature for 1 h. We filtered the resulting solid precipitate of blue color
and dried it in air.

[Cux(AK)4(H,O),] (1). Obtained 0.37 g (84%). Found, %: C 59.55; H 7.52.
For CyHgO10Cu, (M = 883.10) calculated, %: C 59.79; H 7.70. IR, Vma, cm’': 3,362 med.,
Viinked(O—H); 2,902 very st., Vagym(CHz); 2,850 st., voym(CHz); 1,582 very st., Vagym(CO2); 1,450 med.,
O(CH,); 1,408 st., Voym(CO»); 504 med., v(Cu-0O). UV-visible (in CH;CN), Amax, nm (g, 1 mol* cm™):
705 (55); 446 (250); 362 (lever); 307 (7,000). Ay, Cm cm? mol!: 3.0.

[Cux(AB)4(H2O).] (2). Obtained 0.52 g (88%). Found, %: C 68.39; H 7.22.
For CeHssO10Cu, (M = 1187.10) calculated, %: C 68.73; H 7.08. IR, Vma, cm™: 3,370 med.,
Vinked(O-H); 2,901 very st., Vaym(CHa); 2,848 st., vym(CH,); 1,599 st., v(C=C); 1,554 med.,
Vagym(CO»); 1,448 med., §(CH,); 1,400 st., Vgym(CO»); 524 med., v(Cu-0O). UV-visible (in CH;CN),
Amax, M (g, 1 mol™* cm™): 740 (50); 474 (190); 382 (lever); 320 (7300). Ay, Cm cm? mol™: 4.0.

[Cu(AQW)4(H20).] (3) Obtained 0.47 g (73%). Found, %: C 60.30; H 8.35.
For CssH10sN4O1sCu, (M = 1279.10) calculated, %: C 60.04; H 8.13; N 4.38. IR, Vinax, cm': 3,442
med., Vinked(O-H); 3,418 med., v(N-H); 2,903 very st., Vasym(CH,); 2,851 st., voym(CH,); 1,639 st.,
v(C=0), I amide; 1,612 very st., Vaym(CO2); 1,513 st., §(N-H), II amide; 1,448 med., §(CH,);
1,414 st., vym(CO,); 548 med., v(Cu-0O). UV-visible (in CH3CN), Amax, nm (g, I mol™* cm™): 709
(90); 464 (315); 390 (lever); 313 (11,500). Ay, Cm cm? mol™: 8.0.
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[Cu2(ABB)4(H,0),] (4). Obtained 0.55 g (70%). Found, %: C 66.45 H 7.31.

For CgsHi20N4O01.Cu, (M = 1,583.10) calculated, %: C 66.71; H 7.58; N 3.54. IR, Vimay, cm': 3,424
med., v(N-H); 3,340 med., Vinkea(O-H); 2,901 very st., Vasym(CH,); 2,848 st., voym(CH,); 1,646 st.,
v(C=0), I amide; 1,608 very st., Vaym(CO:); 1,553 st., v(C=C); 1,533 st., §(N-H), II amide;
1,448 med., 6(CH,); 1,414 st., Voym(CO»); 544 med., v(Cu-0). UV-visible (in CH3CN), Amax, nm
(¢, Imoltcm™): 725 (105); 450 (280); 395 (lever); 308 (10,000). Am, Cm cm? mol: 9.0.
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