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Kntouesvie cnosa:
mempa-N-anxunsamew,en-
Hole enukonvypunvy; H/D-
U30MoONon02U 800bl; CAH-
dapmHuoie MONAPHBLE 00D-
emMbl U IHMATLNUU PACHEBO-
penuss;

uzomontvie appexmot pac-
meopumens;
MoneKynsapHvle napa-
Mempol; eu0podunvHas u
eudpogobHas

eudpamavus

B 0630p6 HA OCHOBAHUU AHANU3A COOCINBEHHBIX U NOnYy4UeHHbIX bpyzumu asmo-
pamu O0aHHbLX NO CMPYyKmMypHoIM U mepmobuﬂamuwemum ceoticmeam mempa—N-
ANKUN3ameueHHolx 6MZ4MK/ZMHECKMX bucmouesuH 0KMaHo8020 pﬂba (ZﬂMKOZZby-
Hzo u Dzo
COCMOAHUU PACCMOMPEHDBL 80NPOCHL, C8A3AHHbLE C BIUAHUEM cmepeoxwvtuuec:coﬂ

punos) 8  UHOUBUOYANLHOM U  PACBOPEHHOM 8
npupoovl Imux OUOAKMUBHBIX COeOUHEHUTI HA NPoUeccyl ux eudpamavuu. B ka-
yecmee 00veKNO06 UCCIE008AHUSL ObllU PACCMOMPEHbl HUSKOMOKCUUHbLE 2/lU-
Konvypunvl, obnadaioujue Gapmaxonozuteck 6bPANEHHbIM NCUXOMPONHBIM
Odeticmeuem u ussecmuole no0 Kommepueckumu Hazséanuamu Mebuxap (mempa-
N-memunananoe), Buxapam (mempa-N-smunananoe), a maxxe yuc- u mpauc-
N-ousmunoumemunananoeu - Mebukapam u Anv6uxap. Ilocnednuti u3z nepeuic-
JIEHHBIX 2TIUKONLYPUTIOB, AETIOUWUICT XUPATIHBIM HO CINEPeOXUMU1ecKol npu-
pode, uccnedosan kax pavemam. IIpoananu3uposanvl umerousuecs pe3ynomanmot
KAZopumMempu4ecKozo, OeHCUMEMPUHECKO20 U Cchekmpockonuueckozo (0
Mebuxapa) uccnedosanuii pacmeopos enuxonvypunose 6 H/D-uzomononozax
800bl, 4 MAKKHe KBAHMOBOXUMUYECKUX DACHENO8 MOTIEKY/ISIPHbIX NAPAMEMPOs
SMUX 2eMePOUUKTUHECKUX COeOUHEHUTI 8 UdeanbH02a30801i Pase. [lokasaHo, umo
eudpamayus Kamnoo2o u3 UCCned08aHHvlx mempa-N-anKun3amemenHuix enu-
KONbYPULO8 6 UesOM MONEN PACCMAMPUBAMbCT KAK CyneprosuLus 08yx mexa-
HU3M08 — 2u0poPobHo20 U eudpodunvrozo. B cnyuae bukapama OomuHupyrouum
ABTIAEMCST Nepevlil U3 Hux, a 0 Mebukapa ouesudHo npeobnadarie 6mopozo.
Ymo xacaemcs cmpykmypHo20 cOCOSTHUS U CONbB8AMAYUL 8 600HOTL cpede 2ru-
KOnvypunos co cmewsannvim N-ankunzameweHuem - Anvoukapa u Mebukapama,
MO CepeoXUMU4eckas npupooa ux mMonexyn npedonpedensgem HAAU4UUe c60e20
poda «mepmoouHamu4eckozo bananca (0yanusma)» mexoy yKkasaHHbiMu mexa-
Husmamu. Buidenenvr omnuuumenvrvie 0cobeHHOCMU npoyecca 2udpamanyuu pa-
yemuueckoeo Anvbuxapa Ha PoHe 3PPexmos MesMONeKynAPHO20 83aumooeti-
CMBUS 6 600HOM PAcmeope axupanvHozo Mebukapama.
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BBengenue

AnKn3amelieHHbIe IPOM3BOIHBIE MOYEBVHBI B OOJIBIIMHCTBE CBOEM SIBJIAIOTCA 610- 1
busnonornd4eckyt aKTUBHBIMY COEIVHEHMAMHU, CPEM KOTOPBIX 0c060e MeCTO 3aHMMAKT 6u-
IVKINYeCKIe 6UCMOYEBIHBI OKTAaHOBOTO PSA/a, TPUBUATBHO IMEHYeMbIe eIUKonbypunamu [1-
6]. CTpoeHne «MOIEKY/LIPHOTO KapKaca» ITIMKOIbYpUIA WITIOCTpUpYeTcs puc. 1.

MHorue mpefcTaBUTeNN JAHHOTO Kiacca
reTepOIMKINYECKNX COeAVHeHN)I 06/afaoT fo- o'

BOJIPHO IIMPOKUM CIIEKTPOM IpOSIB/IEHMIT dap-

MaKOJIOTMYeCKOJl aKTMBHOCTY U, OO yxe ad- 7

(eKTUBHO NMPUMEHSAIOTCA B JIe4eOHOI MPaKTHKe, u/
/b0 CIyXKaT OCHOBOIL [JIA CO3JAHMSA IepCIeK- L 3
TUBHBIX JIeKApPCTBEHHBIX IIperaparoB. Tak, Ha O \lfl/ N
HPOTSDKEHMM HOCTIETHNX AECATUICTUI B MeIu- Y/ \2\ 7&
~

OVHE YCII€NIHO MCIIONb3YETCA B KadeCTBE ITHEB-

HOI'O TpaHKBW/IN3aTOpa, afallTOT€Ha M aHTUAe-

ITpeCcCaHTa MAJIOTOKCMIHOE IICUXOTPOIIHOE Cpel-

CTBO mebukap (mpyrue Ha3BaHU — aA0anmon U
mebuKc), Thoe AKTUBHBIM BeleCTBOM sABiserca Puc. 1. CrpyKrypa MO/eKy/Ibl ITMKOMbYpUIa ¢
2,4,6,8-Terpamermnrmukoneypun [3, 7-12]. Ha wiockocTsamu cummerpu (0! n 6%) [2, 4]
CTaguy BHEIPEHNA B KIMHNYECKYIO IPaKTUKY HaXOAUTCA IIPeNapaT XMpaabHON IPUPOLLI IPO-
UCXOX[IeHNS — anvoukap (2,6-anaTi-4,8- IMMeTVITINKOIbYPIIL, CM. PUC. 1), XapaKTepu3yo-
muiics 6o1ee MMPOKUM CIEKTPOM (PapMaKOTOTNIECKOTO AEICTBYA B IUIaHe JTe4eHN A IICUXO-
HEeBPOJIOTMYECKIX paccTpoiicTs [13-17]. Kpome Toro, K HacTosAIeMy BpeMeH! CUHTEe3MPOBaHbI
U aXypaIbHbIe SKBYMOJIEKY/IIPHBIE aHAJIOTU abOuKApa C MOTEHI[MAIbHBIM MeAVIIMHCKIM (aH-
TUJTIPEeCCAHTHBIM/aHKCUOTIUTNYeCKMM) IipunoxkeryieM - N,N-mebuxapam u N,N’-mebuxapam
(2,4-muaTnn-6,8-guMeTwI- u 2,8-IMSTUN-4,6- IUMETVITTINKOIbYPIUII, COOTBETCTBEHHO) [1, 4-6,
18, 19]. I3 gpyrux npemnapaTtoB-TPaHKBUIN3ATOPOB 3TOTO CEMEVICTBA a3areTepOLMKIIOB CIe-
IlyeT BBILEMNUTDb Oukapam (2,4,6,8-TeTpasTUIITIMKOIbYPIII), KOTOPBI 00/1afiaeT BBIPaXKEHHON
CelaTUBHOI aKTUBHOCTBIO [3-6, 20, 21].

YHMKanbHOCTb PacCMaTPUBAEMBbIX a30TCO/IEPXKAILNX COENVIHEHNI CBsA3aHa C T€M, YTO UX
OTHOCKTE/IbHO IIPOCTBIE 10 CTPOEHNIO OMIIMKIITIeCKVie MOJIEKY/IbI OO/TafJal0T KpajiHe HU3KOM
TOKCMYHOCTBIO U BBICOKOJ CKOPOCTBIO IIPOXOXKAEHNA Yepe3 MUINIAHbIe MeMOpaHsI in vivo. B
YaCTHOCTHU, Mebukap B ~150 pa3 MeHee TOKCUYEH, YeM M3BeCTHbIe (hapMaHaIOTK — 0Ud3enam
(cedyxcen) unu gpenazenam (3, 7, 11]. Ilpennomnaraercs [22], 4To 3a 610- 1 PUSMOZOCTYIIHOCTD
paccMaTpyBaeMbIX ATKII3aMeINleHHbIX IMKONIbYPIIOB OTBETCTBEHHA CIIOCOOHOCTD 3TUX CO-
eVHEeHNII IPOAB/IATh ONHOBPEMEHHO TUAPO(IIbHBIE ¥ TUIIOGUIbHBIE CBOVICTBA: OHU MOTYT
JIETKO ITPOHUKATD Yepe3 KIIeTOYHble MeMOpaHbI B )KMIBOM OPTaHU3Me U IPe0J0IeBaTh 2eMario-
aHyepanuueckuii (blood-brain) 6Gapbep, yCTaHAaBIMBAIOLINIT «B3aVIMOOTHOILIEHNUE» K/IETOK
TKaHM MO3ra (HePOHHBIX ceTell) U KalWULAPOB KPOBEHOCHON cucTeMbl. [Ipnyem, BbIcoKast

CTelleHb OVOMOCTYIIHOCTM IIPENapaToB [AaHHOJ TPYIIBl COYETAETCA C JIETKOCTBIO WX

9
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9KCKPEKIVM 13 KMBOTO opraHusMma [7, 14, 20]. BmecTe ¢ TeM MOEKy/IApHBIN MeXaHU3M ¢ap-
MAaKOJIOTMYeCKOTO HeVICTBYIA STUX COCAMHEHUI OCTAaeTCs ellle TOKa Ma/IOV3ydYeHHBIM.

[l ycTaHOB/IEHMS IPUPOJBI (PU3MOIOTNIECKOTO NeICTBUA paccCMaTpyMBaeMOll TPYIIIbI
I/IMKOJIbYPU/IOB Ba)KHO B/IafieTh MHPOpMaIyeil He TONIbKO 0 MeMOPaHHOI IPOHUI[AEMOCT U
0COOEHHOCTAX CTPOEHMsI UX MOJIEKY/I, HO U O CTPYKTYPHO-TEPMOJVIHAMIYECKMX CBOVICTBAX
9TUX COeVIHEHWIT KaK B KPUCTA/UIMYECKOM, TaK i B paCTBOPEHHOM (CO/IbBAaTMPOBAHHOM) CO-
crossanu (4, 8-10, 12]. CBepieHUs Takoro posa HEOOXONUMBI, IIPEX/ie BCETO, IS BBIACHEHUS
papmakxogpopHoii akmusrnocmuy GyHKIMOHANBHBIX (IMpodOOHBIX ¥ IPOTOHOZOHOPHBIX/ aK-
LIeNTOPHBIX) TPYIII B IIpoliecce 00pa3oBaHNUsA «IMAPATHBIX (CONMbBATHBIX) KOMIUIEKCOB» C y4a-
CTUeM paccMaTpuBaeMbIX 61omoreky. I getanbHOro onucanusa ¢papmakodopa [23, 24] ga-
CTO MCIIOJIb3YIOT OHATYS «MCK/TIOUYEHHOTO 00bE€Ma», a TaKXKe HOIYCTUMBIX MHTEPBAIOB IIPO-
CTPaHCTBEHHOJ OpMEHTAIVM BOLIOPOIHBIX CBA3el. AKKyMy/IMpoBaHye nHGopManuy o6 yka-
3aHHBIX CBOJICTBAX Ba)KHO TAKXKe U C TOUKM 3PEHNA CO3/IaHMA B IIepCIIeKTIBE MOJieTiell, OTpa-
YKAIOIVX COCTOsTHYE PM3MOMTOTMYECKY aKTUBHOTO COEfIMHEHNA B KVIBOM OpraHuaMe. [ TaBHbIM
BEKTOPOM B 9TOM HallpaB/IeHUI MOXET CIIY>)KUTb pa3paboTka (Ppu3NMKo-XMMUIEeCKIX OCHOB /IS
cosmanusa QSPR (Quantative Structure — Property Relationships) Mopenei, IpOTHO3UPYIOIUX
(GYHKIVOHAIBHYIO aKTUBHOCTD 1 ITO3BOIAIOIINX IPOBOANTD CKPMHIHT BHOBb CUHTE3UPYEMBIX
IIpeIapaToB C IOTEHIVaTbHBIM MEAVIIVHCKIM IPUIOXKeHreM [4].

Pe3ynbpTaThl IPOBEEHHBIX B 9TOI 00/1aCTV PU3UKOXMMUM PACTBOPOB MCCIEOBAHNI ITO-
Ka3bIBAIOT, YTO, HAPSy C BBIBOJJAMM M3 CIIEKTPOCKOIIMYECKOTo aHammsa [1, 6, 25], naHHbIe O
CTaHJAPTHBIX TEPMOAVHAMIYECKIX XapaKTePUCTHUKAX PACTBOPEHUA IIMKOIbYPUIOB B BOJiE U
CMEIIIAHHBIX PacTBOPUTENAX JAIOT He3aMEHVMMYI0 MH(POPMAIMI0 KaK O MEXMOJIEKY/IAPHBIX
B3aJIMOJIEVICTBIAIX B 0Opasylolieiicss OMHapHOI (TPOIHOI) CCTeMe, TaK U 00 ee CTPYKTYPHBIX
0COOEHHOCTAX. YKasaHHbIe XapaKTePUCTUKM, KaK M3BECTHO, HECYT MHGOPMALMIO TOJIBKO O
HaomonekynsapHoix (T.e. CTPYKTYPHO-YCPeJHEHHBIX) CBOVICTBAX >KMAKO(]a3HON cucreMsl [26-
29], moaToMy HeoOXOAVIMbIe CBEfIEHN S O MEeXXMOJIEKY/IIPHOM B3aMOZIEVICTBIY MOTYT OBITD I1O-
JIy4eHbl KOCBEHHBIM ITyTeM C IIpMBJ/IeYeHNeM Pa3/IYHOTO pofia MOAXO00B U IpUOIVKeHnit [27-
30]. Iemoro pspa mpobmeM ypmanoch u36eXaTb HPU MCCIELOBAHUU TepMOAMHAMUYECKIX
CBOJICTB TeTpa-N-a/IKII3aMeleHHbIX ITIMKOIbYPIJIOB B M30TONHBIX aHasorax Bopel (H,O u
D,0). MsBnekaemsle ipu atoMm D,O->H,O-usoronnsre apdexror (VD) pacTBopurens, B cury
KBaHTOBOJ IPUPOJABI UX mpoucxoxerns [30-36], HecyT neHHYI0 MHPOPMALMIO O XapaKTepe
MEXMOJIEKY/LAPHBIX CIeIPIYecKIX B3auMOAeCTBUN U ruApodoOHBIX 3PPEeKTOB, a TaKKe O
CTPYKTYPHBIX IIpe00pa3oBaHMAX BO BHOBb CHOPMIPOBAHHOM IM/IPAaTHOM KOMIUTEKCe [4].

O606m1as pe3ynbTaThl paboT, IPOBEIEHHBIX HAMU M JPYIVIMU aBTOPaMU B IIOC/IETHIIE
7iBa JeCATIWIETHS, B 9TOM 0030pe MBI CUCTeMATH3MPOBA/IN JaHHbIE KAIOPUMETPUUIECKIX, JIeH-
CUMETPUYECKIX, CIIEKTPOCKONIMYECKNX U Psfia APYTUX UCCIeJOBaHNUI pacTBOPOB TeTpa-N-as-
K/JI3aMelleHHBIX IPOM3BOAHBIX IJIMKONbYpuiaa (mebukap, anvbukap, N,N-mebukapsm u
6uxapsm) B OOBIYHON U feiTepupoBaHHON Boze. [IpnMeHeHMe mofxoa, OCHOBAaHHOTO Ha pa-
3yMHOM COYeTaHUM IIPELM3/OHHBIX 9KCIIEPMMEHTAIbHBIX MeTOROB ¢ Ipouenypoit H,O-> D,O-
M30TOITHOTO 3aMelleHNs, I03BO/IVI TIPY He3HAYNTe/IbHOM BO3MYIIEHUN CTPYKTYPBI pacTBO-

puUTeNA [IeTa/JIbHO IpOAaHAIN3UPOBATh IPOABIEHUA ¥ OCOOEHHOCTM TUAPODUIBLHON U
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ruzpodobHoI ruppatanuy papMakoPOPHBIX LIEHTPOB MOJIEKY/I PacCMaTpMBaeMO TPYIIIbI
BEIIIeCTB ¥ Cie/IaTh BBIBOJBI O COCTOSHMM TTOC/IEJHIX B BOJHOI Cpefie.

Jly11 BCeCTOpOHHEro aHa/ln3a IO0MTYy4eHHbIX CTaHJAapTHBIX OObEeMHBIX U SHTAJIbIINMITHBIX
XapaKTepPUCTUK PpacTBOPEHMA ¥ COMbBATalMM YKa3aHHbIX DmMKonbypmwioB B H,O
u D,O MbI mocunTam HeoOXOAVMBIM IIPYBJIEYb 1 MMEIOLIVeCs SaHHble M0 UX (PU3UKO-XIMMI-
YeCKVM ¥ TEPMOJVIHAMIYECKIM CBOJICTBAM B MH/IVBU/IYaIbHOM (KPUCTA//INIECKOM U Ia3000-
pasHoM) cocrossHuM. HamomumwM, uto, ncxons us pekomenpanuit VIFOITAK [26, 36], 3a cman-
dapmmoe cocmosHIe PACTBOPEHHOTO BelllecTBa (fjajiee - 2) B pacTBOpeE IPUHSATO €ro COCTOSIHIE
B I'MIIOTETUYECKM VJea/IbHOM PAacTBOPE eAVIHMYHOJ KOHLEHTPalLuy, B KOTOPOM MOJIEKY/IbI
HaXOJATCA B TOM K€ 9HEPTeTMYeCKOM ¥ CTPYKTYPHOM COCTOSIHMM, 4TO ¥ B O@CKOHEYHO pas-
6aBJIEeHHOM 110 KOMIIOHEHTY 2 pactBope. CTaHJapTHBIM COCTOsTHMEM pacTBoputens (1) B pac-
TBOpE ABJIAETCA COCTOSIHME YMCTOro pactsoputend npu gasnenun 0,1 MIla n «Texyugei» tem-
neparype. JIpyrumu crioBaMi, CTaHEAPTHOE COCTOSIHYE ITOCTY/IMPYeT OTTHOE OTCYTCTBYE 3aBM-
CSALIVX OT KOHIIEHTPALMY PACTBOPEHHOTO COeIMHEHN s 2-2-B3aMOIEICTBIIL, YTO BO MHOTOM
obseryaeT MHTEPIPETALNIO TEPMOAVHAMIYECKNX 3P PEeKTOB, MHAYIIMPOBAHHBIX 1-2-B3anMo-

IeVICTBUAMM B 0Opasylolieiicss OMHapHOI XIK0pasHOII CUCTeMe.

CPABHUTEIIBHAA XAPAKTEPUMCTMKA TETPA-N-AJTTKIWI3AMEIIEHHBIX
IMPOM3BOJHBIX I'TMKO/IBYPUMIA U1 H/D-M30TOIIHBIX AHAJIOTOB BOIbI

CaoiicTBa TEeTPAATKNINPOBAHHBIX I'TUKOIbYPWIOB B MHANBUYATbHOM COCTOAHUN

Kak MBI y>ke oTMedanu BbIIIe, pacCMaTpyBaeMble OMIVMKINYECK/e aTKVIIIPOVI3BOIHbIE
MOYEBVHBI B OOJIBIINHCTBE CBOEM AB/IAIOTCA 3P PEeKTUBHBIMY MATIOTOKCYHBIMU CPefICTBAMU
ICUXOTPOITHOTO (HEelpOTPOITHOT0) Ha3HaueHNA. brarofaps 1je/ieHanpaB/IeHHbIM YCUINAM CO-
TPYZHUKOB /1a0OpaTOpUM a30TCOAEPIKAINNX COeAVHEHNT VIHCTUTYTa OpraHMYecKoi XMMUN
uM. H.JI. 3enenckoro PAH, nporecc cTepeoKOHTPOMMPYEMOTO CMHTe3a 3TUX ITIMKOIbYPUIOB,
OCHOBAHHbBI Ha PeaKLM IVKIOKOHJEHC AN C YYaCTMeM IIMOKCAIA Uu 4,5-IUTUIPOKCU-2-
MMUJIa30/IMIMHOHA [37], IOCTOSHHO coBepLIeHCTBYeTcs [2, 5, 17].

Crepeoxummdeckue 0COOEHHOCTM CTPOEHNA TeTpa-N-aJIKVIMPOBAHHBIX I/IMKOIbYPH-
JIOB 3aK/II0YAIOTCA B TOM, YTO 13-3a )KECTKOCTY TE€TEPOLMKINYECKOTO KapKaca I Yuc-COYNIeHe-
HIIA aHHE/TVMPOBAHHBIX MMI/IA30/IUIVHOBBIX (IIATUWICHHBIX) KOJIEI] X MOJIEKY/IIpHbIE CTPYK-
TypBL B 0011eM MIMEIOT GOPMY NOIypACKpbimoil KHUey VI «KpbUIbeB Yaiiki» [1-6, 17, 38, 39]
(cm. puc. 1). brarogaps HamM4MoO aCCUMETPUYHBIX «ITIMOKCANIeBbIX» aTOMOB yriaepona C(1) u
C(5), MHOTME M3 3TUX COEAVHEHUN SBIAIOTCA XUPATbHbIMU VI HAXONATCA B PalleMIYecKon
¢dopme. Cpenut paccMaTpUBaeMbIX 3[€Ch TIMKOIbYPIIOB TAKOBBIM ABJIAETCA TONBKO MpPaHC-
KOOPJIMHUPOBAHHBIN anvoukap (puc. 2). OgHaKO U3-3a CyIIeCTBYOIIel Mpo6IeMaTHIHOCTI
BbIJie/ieHUs R/S-9HaHTMOMEPHO YMCTHIX KPUCTA/UIOB 9TOTO coefiuHenus [2, 5, 13, 15], nanee Mb
OyzmeM 0oOCYXX/IaTb TONBKO Pe3y/IbTaThl MCCIENOBAHNA CTPYKTYPHBIX ¥ TePMOAVHAMMIYECKUX
CBOJICTB palieMmn4eckoit GopMbl anvbukapa B MHAVBUAYaTbHOM U pacTBopeHHOM (B H,O un
D,0) cocrosumsax. B cBoro ouepens, axupanvHuimu IBISAIOTCS TINKONIbYPIIBL, UMEIOIIVe TI0C-

KOCTb CMMMeTpum o' wim o0 TO ecTb, oTBedarompme N(2,4)-, N(2,8)- mm N(2,4,6,8)-
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MOJIOKEHUAM OJVHAKOBBIX IO IPMPOJie ATKMIbHBIX 3aMeCTUTeeil. ITa IpyIa CoeANHEeHMII
BKIIOYaeT B  ceba  mebuxap, Oukapsm u  N,N(N)-yuc-usomepbl  mebukapsma
(cm. puc. 1 n 2). K coxxaneHuto, HaM IOKa He Yja/IOCh TOTYyIUTh Ha/Ie>KHBIX 9KCIIePYIMEHTA/Ib-
HBIX JAHHBIX IO (U3MKO-XMMWYECKVM M TePMOJAMHAMMYECKMM XapakTepuctukam N,N -
mebukapsma (2,8-guaTII-4,6-FUMETUI-I/IMKOIbYPI/Ia) KaK B MHAMBUAYAIBHOM COCTOSTHUM,
TaK M B Ka4eCTBE paCTBOPEHHOTO BelllecTBa B BOAHbIX cpefax H,O n D,O. Ilostomy manee peyn
Oymer matu tonmpko o6 axupanbHoM N,N- mwmm 2,4-nuaTin-6,8-aMeTI-3aMellleHHOM T/IU-
Konbypuie (i yro6cTBa 6yneM BIOC/IEACTBUM HAMEHOBATh €I0 IPOCTO MeOUKAPIMOM ~ CM.

pIC. 2, 6), COOTBETCTBYIOIIVIE CBOVICTBA KOTOPOTO XOPOIIO M3y4EHBbI.

Puc. 2. PaBHOBecHbIE CTPYKTYPbl MOJIEKYJI MCCIEAOBAaHHBIX ITIMKOJIBYPMJIOB IO JAaHHBIM KBAaHTOBO-XMMMNYECKNX
(DFT) pacuetoB: a — mebukap, 6 - anvouxap, 6 - mebuxapam, 2 - 6ukapam

B Tabn. 1 ckoMnmmMpoBaHbI CBeJIeHNUS O CBOJICTBAX CPAaBHMBAEMbIX ITIMKONbYPUIOB B
KPUCTA/UINIECKOM COCTOSIHUN. 3aMeTVM, YTO B HAYYHOI JIMTepaType CYIIeCTBYeT pasIiyHas
TPAaKTOBKa Ha3BaHMII 9TUX coenyHeHuil. Tak, o HoMeHKIarypHo knaccudukanuu VMIOITAK
OHM 00pa3yIoT ceMeiiCcTBO TeTpa-N-aKII3aMelleHHbIX TeTparnaponmusaso|4,5-dlummuaason-
2,5(1H,3H)-puoHoB [37]. BmecTe ¢ TeM B HacTosilee BpeMs 0ojiee MIMPOKO YIIOTpeOIsaeMoil
U1 HaMEHOBaHM IIPeJiCTaBUTe/Iell JAHHOTO K/Iacca OPTaHMYeCKUX COeIMHEHUN SAB/IAeTCA
npyras (TpuBManbHas) HOMeHKmartypa [1-5, 40]: ankmi3amelleHHble B COOTBETCTBYIOIUX

N-nono>xxenusx 2,4,6,8-rerpaasabuiukio|3.3.0]okraH-3,7-1MOHBI (MM TTIMKOIbYPWIIBI).

Ta6nuna 1. Hexoropble ¢pusmko-xuMmudeckye ¥ TEPMOAMHAMUYECKIE XaPaKTEPUCTUKI UCCIELOBAaHHBIX TeTpa-
N-anknnsaMeleHHbIX IJIMKONbYPUIOB [4]

[mvkonsypun CAS” M,° Ton® A H;e
Mebuxap CsH14N,O; 10095-06-4 198,223 507,3 36,4
Anvbuxap CiHisN4O, 71540-88-0 226,279 392,3 20,2
Mebuxapsm CioHsN4O; 71540-89-1 226,279 367,7 25,4
Bbuxapam C,H2N4,0, 42563-65-5 254,332 388,2 27,4

*Perucrpaunonnslit Homep B Chemical Abstracts Service.
S Monspras mMacca, -MO7b ™,

*Temmeparypa nnasnenns, K.

" CraH/fjapTHas SHTAIbINA TUIaBIeHNs, KIDK-Mob ™.

CpaBHeHUe M3MePeHHbIX MeTOfioM iu¢depeHIMaTbHON CKaHUPYIOLIeil KaTopUMeTpun
(c momoupio ycrpoiictBa DSC 204 F1 Phoenix) snavennit Ty, u Ay, H; (cM. Tabn. 1) maer
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OCHOBaHMsI ITOJIaraTh, YTO aKT CyIIeCTBEHHOTO BO3pacTaHye TeMIIePaTypPhl Y SHTATbIIUITHON
XapaKTepPUCTUKY Ipoljecca IIABIeHNs B CITydae MeOuKapa CBsA3aH C 3aMETHBIM YIIPOYHEHVEM
MOJIEKY/IAPHON KPUCTAINYECKOI pelIeTKY TeTpa-N-MeTHIMPOBaHHOTO ITIMKONbypuia. Ilpu
3TOM Ha (POHEe OTHOCUTENIbHON COIOCTaBMMOCTY BeuuuH Ty, I mebuxapama, buxkapama u
XUPAIbHOTO anb0uKapa MOCTeIHUI YMeeT Ha¥MeHblllee 3HaYeHUe TEeIUIOThI IIaBIeHNs, 10-
BUZIMIMOMY, 13-3a CTEPEOXMMIYECKIX 0COOEHHOCTEI CTPOEHMS paljeMidecKkoll GopMbI 3TOTO
coeguHenns. CoracHo faHHBIM [13], MoyeKynbl anvbukapa 3a cdet obpasoanus H-cszei
Yyepe3 METVHOBBIE TPYIIIBI I/IMOKCAJIEBOTO MOCTVKA TPYNIIMPYIOTCS B CJIOU C TUAPOPOOHBIM
«IIOKPBITMEM» I3 STUIbHBIX PA/IKA/IOB, YTO BO MHOTOM OOBACHAET PaKT MeTacTabMIbHOCTH
00pasyoImnxcs paleMindecKux KpICTaIoB.

Bonee 4yBcTBUTeNIbHAA K 9HEPTETUYECKOMY COCTOSHMIO KPMCTAUIMIECKON CTPYKTYpBhI
SHTA/IbIIUITHASA XapaKTePUCTHKA polecca Cybnumanni, Aqys, Hy, oydeHa moka TombKo s
mebukapa ((108,6 £ 3) x[x-monp™ mpu T = 298.15 K) mMacc-ClIeKTPOCKOIIMYECKMM METOLIOM C
apdysnonnoit suerikoit Knyncena [39]. Kpucramnmyeckne CTpyKTypbl JPYIUX COeIVHEHMI
VICCTIENOBAaHHOTO PsAfia IOKasamy 1160 BeCbMa HU3KYIO YCTOMYMBOCTD K TEPMUYECKOMY BO3-
JIeJICTBYIO, pa3/iarasAch IIpY HarpeBaHMM, MO0 Ham41e TeMIIEpaTypHOro IucTepesnca (MeTa-
CTabMIPHOCTY) B IpOlLjeccax HarpeBaHue-OXIaXK/ieHle, yKa3bIBaolljee Ha OTCYTCTBYIE TepPMO-
JMHAMIYeCKOTO paBHOBecus B 9P PYy3MOHHOI sueliKe 13-3a UMEIIINX MeCTO (Ha3oBBIX IPe0d-
pasoBaHMit B cucreMe. B cBOI0 o4epesb, KpucTamnorpagudeckie JaHHbIE IOTYy4eHBI TOTBKO
i bukapama v anvouxapa [1, 13]. Ilogo6HOTO poa pe3y/nbTaThl i MeOuKapa B MUTEpaType
OTCYTCTBYIOT 13-3a IIPO6JIeM, CBA3AHHBIX C OUHUANbHOCMYbIO (JUXOTOMMEN) ero KPUCTaIa B
I paKIMOHHBIX MCCIEOBAHMAX, HO 006001Iao1 e BBIBOABI aBTOpoB [1, 13, 38] cBupeTennb-
CTBYIOT O TOM, YTO MOJIEKY/IIPHBIE CTPYKTYPbI CPaBHMBAaEMBbIX ITIMKOIbYPUIOB KOHGOpMaLu-
OHHO 6/m3k1. Ka>kpIii 3 IeHTaHyK/IeapHBIX IIVIK/IOB MOJIEKY/IBl B OTAE/IbHOCTY MIMeeT 04T
IUIOCKO€ CTPOEHME C MAKCHMAJIbHBIM OTKIOHEHMEM aTOMOB OT YCPeJHEHHON IIOCKOCTU
IIVIK/IA, He IpeBbImaomyM 5-101° cM. DTo NposIBIIAETCA 1 B MaJIbIX Be/IMYMHAX COOTBETCTBYIO-
VX ABYTPaHHBIX YIJIOB, COCTAB/IAINUX He Ooree 9,5°. OfHAKO BCIECTBME 3HAUUTETBHOTO
CTepUYeCKOT0 HAIPsDKEHN, CYLeCTBYIOIIET0 MeX [y CMEXXHBIMY LIMK/IaMy, CTPYKTypa MoJIe-
KyJIbI IJIMIKOJIbYPUJIA B LIe/IOM Jla/ieKa OT IUlaHapHoii [1, 4, 13, 38, 39, 42].

[TpoBenennbie Hamu (coBMecTHO ¢ goi. F0.A. JKabanosbim u3 ITXTY) KBaHTOBO-XUMMU-
JecKye pacyeThl TeOMeTPIYECKMX ITapaMeTPOB MOJIEKY/I M 37IEKTPOHHBIX CIIEKTPOB I/IMKOJIbY-
PWIOB paccMaTpPUBaeMOTro psifia MO3BOININ ETANIN3MPOBATh KOHPOPMAIVIOHHbIE 0COOEHHO-
cTy MX cTpoeHus (cM. puc. 1 u 2), 06yC/IOB/IeHHbIE )KeCTKOCTBIO FeTePOLMKINYECKOTO KapKaca
¥ aHHEIVPOBAHHOTO YUC-COWICHEHSI MKy CMEeXXHBIMM aTOMaMIy a30Ta. [/ 9TUX Leseit 611
JICIIOJIb30BaH BBICOKOYPOBHEBBII MeToj Teopun ¢yHkumoHnana mwiotHoctu (DFT) ¢ 6asuc-
HbeiMK Habopamy B3LYP/cc-pVTZ n B3LYP/cc-pVQZ [39, 41, 42]. YcTaHOBIEHO, YTO pasin-
Yyie B MeXXbAJEPHBIX PACCTOSHMAX CPaBHMBAEMBIX MOJIEKY/I COCTaBIsieT He 6omee 1-107° cm, a
3HaueHMsI BaJICHTHBIX YIJIOB PacXoisaTcs He 6oree yeM Ha 2°. Vnave roBops, BBegenue CHs-
rpyni B N-MeTui3aMelleHHble MO TeTePOLMKINIeCKOr0 Kapkaca He OKasbIBaeT CyIlje-
CTBEHHOTO BJIVMSIHMA Ha FeOMeTpIIeCKOe CTPOeHNe N3ydeHHBIX MoIeKy (cMm. puc. 1 u 2). Ha
3TO yKa3bIBaeT U (aKT MOFOONA 57IEKTPOHHBIX CIIEKTPOB IIOI/IONIeHNA /I TeTpa- N-aIKuisa-
MeIIleHHbIX ITIMKOIbYPUIOB C MAaKCMMYMOM JMHBI BOMHBI B Y ®-0671acty okxono 180 HM (puc.
3).
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T T T T

T T T T T
100 150 200 250 300 100 150 200 250
X, HM A, HM
Puc. 3. Paccunrannsie (B pamkax DFT) anekTpoHHbIe CIeKTpPBI MeOukapama (a) u 6uxapama (6)

T
300

BwmecTe ¢ TeM pasBeTBIeHMe NepyePUITHBIX YITIEBOJOPORHBIX N-3aMeCTUTeNelt IIpy Iie-
pexofie OT Mebukapa K Ouxapamy yCIOXKHAET CTePEOXVMIYECKYI0 IPUPOJY MOJIEKY/IbI 13-3a
HOABJIEHNUA PsAfa HOIOMTHUTENIbHBIX KOHQOPMALMOHHBIX COCTOAHMI, KOTOPbIE PasINYaloTCsa
HIOJIO>KEHVEeM STU/IbHBIX PAiIMKaTIOB OTHOCUTE/IBHO IIOCKOCTY TeTePOLMIKINYIEeCKOTro KapKaca.
KoHdopMepbl Takoro posia pa3mmyaTcs He TOIBKO 110 SHEPreTYeCKOMY COCTOSHIIO, HO J 10
TUITy CTPYKTYpHOJ cuMMeTpuy. Hampumep, Mornekyna mebuxkapa B paBHOBecuy oOmajjaeT
crpykrypoit cummerpun C,, a cTpykrypa koHpopmepa N,N-mebuxapsma ¢ MUHMMAIbHON
9Hepryeil B paBHOBECHOM COCTOSIHMM OTHOCUTCS K TO4e4HOI1 rpyine cummerpun Cs. B cBoro
odepeb, OCHOBHbIe KOHGOpMepbl N,N’-mebukapama obnagaoT crpykrypoit cummerpun Ci.
VI3 paccunTaHHBIX LIECTY YHEPTETUYECKMUX COCTOSHUI MOJIEKY/Ibl OUKAPIMAa MUHMMAIbHBIM
YPOBHEM 3HEpPIMN, KaK 0Ka3aloch, 061afaeT KOHGOpMep ¢ TAaKMM PaCIIONIOKeHVeM 3TUIbHBIX
TPYIII, KOTOpoe obecrednBaeT Hanboblilee yaaleHne Ipyr oT Apyra coorBeTcTBymomux CHs-
rpyni. CTpyKTypa yKasaHHOTO KoH(popMepa (C HeITOCKMMM LIMK/IaM¥1) OTHOCUTCS K TOYETHON
rpymnne cummerpun Ci.

Kak y>xe yomMmHanochp BbIIlle, BO BCEX pacCMaTpyBaeMbIX HAMM CTy4asX KOH(popManys
OUIMKINYIECKOTO OCTOBA MIMEET CTPYKTYPY, HAIOMMHAIOLIYI0 GOPMY KPbUIbEB YayiKyl MM HO-
JypacKpeITOil KHUIM (cM. puc. 1), co cpefHeil BeIMYMHON TaOUIBHOTO «yI/Ia PaCKPBITHS»
ME>XAy IUIOCKOCTSIMM ABYX LIMK/INYeckux gpparmenTos ~119° [1, 38]. B kpucramnax 6ukapama
anvbuxapa i mebukapama xornesble CHs-IpynIbl STUIBHBIX pajMKaIoB PacloaraloTcsa
TIOZ KPBIIbSIMM «CK/I[4aTOr0» KapKaca MOJIEKY/IbI B 2014-TIOJIOXKEHMN 110 OTHOIIeH o K C—N-
CBA3AM, coemyHsAIMM o6a 1mkma ¢ C—C-mepeMbl4koil (IIMOKCAeBBIM MOCTUKOM,
cM. puc. 1). Cregyer o6paTUTh BHMMaHNe ¥ Ha BAXHOCTD TO¥ posy, KoTopyto urpatot C-H---O-
KOHTAKTBI Ha (pOHE IlepepacIpefie/IeHNs 971eKTPOHHOI INIOTHOCTY B MOJIEKY/Ie ITIMKOJIbYpIIa
Ipy ee MOTHOM N-aIKVIMPOBaHNUY, COIPSKEHHOM C BO3pacTaHueM «IepudepuitHol» yIIeBo-
nopopHoii nenu [13]. Tak, mepexop ot mebukapa K 6ukapamy MO>KeT IIPUBECTN He TOTBKO K
M3MEHEHMIO [JOHOPHOI/aKIIeNITOPHOI CTIOCOOHOCTM KapOOHIIBHOTO KICTIOPO/ia ¥ METVHOBBIX
(«MOCTMKOBBIX») IIPOTOHOB, HO ¥ K /IUMUHUPOBAHUI0 «aKTVBHOCTI» MOC/IEAHNX 0 IIPUYMHE
9KpaHupoBaHuA papMaKO(POPHBIX IIEHTPOB 113-3a BO3PACTAOIINX CTEPUYECKIUX IIPETIATCTBUI
U1 06pa3oBaHNA BOLOPONHBIX CBA3EIL. Y4eT TaKOTO poa GaKTOPOB ABJIAETCA HEOOXOAVMBIM
yC/IOBMeM IIpY OOOCHOBAHUY TEPMOAMHAMMYECKUX 9((PeKTOB pacTBOPEHMs U CONbBATALMN
paccMaTpyBaeMbIX IIMKOIbYPUI-IIpon3BogHbIX B H/D-n3oTononorax Bogasr [4].
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CTPYKTypHO-M30TOIHBIE Pa3IN4us OOBIYHON ¥ TKEOM (IeiiTepupOBaHHOII) BOJbI

B cootBercrBum ¢ npunsaroit VIIOITAK tepmmuonorneit [43], maoMepHble coeVIHEHMS,
MOJIEKY/IbI KOTOPBIX Pa3/INYalOTCs TOIbKO M30TOMHBIM COCTABOM, CTIefyeT HalMEeHOBATb U30-
mononozamu. K mocnegaum otHocarcsa u H/D-usorononoru Bogsr — H,O u D,0O, yTo mo3Bo-
JIsIeT HaM JICII0/Ib30BaTh 3TV Ha3BaHMUA Jajee Ipy 00CYXJeHUN TepMOMHAMIYIECKIX M CTPYK-
TYPHBIX 3 $eKTOB PaCTBOPEHNUA U IMAPATALNI TINKO/IbYPUJIOB.

OcHOBBIBasACh Ha MHOTOYNMCIEHHBIX pe3y/lbTaTaX paHee BBHIIOTHEHHBIX MCCIe0BaHMIA
(CKOMIWIMPOBAHHBIX, HAalpuMep, B paboTtax [4, 30-36, 44-46]), MOXXHO KOHCTaTHPOBATh, YTO
xupkas dasa Tspkenoit Bopsl (D,O) mo cBoeit npupoge 6ojee CTPyKTypupoOBaHa, yeM cpefa
H,O. Bénpmas crpykrypupoBanHocth D,O coderaeTcs ¢ 60/1ee BBICOKMM TEMIIOM M3MEHEHVST
€e CTPYKTYPHOTO COCTOSIHMS IOJ, BIMAHMEM M3MEHAIONIelics TeMIIepaTyphbl ¥ KOHLIEHTpaIun
PacTBOPEHHOTO BelleCTBa. ITO OOBACHACTCS TeM, YTO JIOKATbHbIE CTPYKTypHBIe 00pa3oBaHMs
H/D-130T0110/10T0B BOABI IPEACTAB/IAIOT COO0JT BBICOKOIIOABIDKHbIE O/IVDKHEYTIOPALOYeHHbIE
CUCTEMBI C HE3HAUUTETbHO PA3MMYAIOLIVIMICA SHEPIUAMY MEXMOJEKY/IAPHON BOJOPOTHON
cBasyu. Ecmm 3HaueHMme ToOCnenHell B cpefile OOBIYHON BOABL COCTAaB/IAET B CpeSHEM
~15,5 xI>x-Monb ™! [34, 44, 47], TOo B aOCOMIOTHO JleliTepO3aMellleHHOI Bojie aHeprus D-cBssu
Bo3pactaeT Ha ~1 kx/Dx-momp' [4, 30, 31, 34-36]. IloaTOMy OfMHAKOBbIe BO3/EVICTBUA HA
H/D-u3oTononory Boibl BBI3bIBAIOT IPUOIN3NTETBHO OAVHAKOBBIN 3P PEKT, HO, IOCKONbKY B
cnydae D,O oTHOCKTe/TbHOE YMC/I0 BOJOPORHBIX CBA3EI U MX IPOYHOCTD OOJIblIe, TO 1 0b1IIee
CTPYKTYpHOE M3MEHeHNe OKa3bIBaeTcsA 60jiee 3HAUNTE/IbHBIM B Cpefie TSKeIOl BOIbL.

OpHoI1 13 OCHOBHBIX IPUYMH BO3HMKHOBeHM:A H/D-130T0ONHOI pasHMUIIbI B 9HEPTUU BO-
JIOPOJTHOJI CBSI3U BOZBI SABJIAIETCS KBAaHTOBBIN 3 (eKT, KOTOPBIiT ONIpeensieTcsl pa3HOCThIO aM-
IUINTY]], AaHTAPMOHNYHBIX HY/IeBbIX Konebaumit Monexkyn H,O u D,O [31-34, 45, 46]. [lanHoe
00CTOATENbCTBO BBI3BIBAET TAK)KE MI3MEHEHIE MEXbSA/IEPHBIX PACCTOSAHMIT B MOJIEKYJIe BOZIBI I,
KaK CTIeJICTBIeE, ee BaH-/leP-Baa/lbCOBOTO 00beMa Vy ;2. Tak, samemenne O-H >O-D unpynn-
pyeT cokpallenue cBsA3u Ha ~3% [35], a BeIMUMHBI Vg, ~ Ha 0,07 HM® [34, 36]. B cBolo ove-
pelib, 3TO IPUBOJAUT K M3MEHEHMIO [JOHOPHO-AKIIeIITOPHBIX CBOMICTB MOJIEKY/IbI BOJIbI, TO €CThb
ee CHOCOOHOCTY 00pa3OBBIBATh BOZOPOJHbIE CBS3Y C COCETHUMIY MojieKynamMu. COIIacHO BBI-
BofaM (34, 48], crnencTBUeM nepepacrpereneHyisi 97IeKTPOHHON IVIOTHOCTY B MOJIEKY/ISIPHBIX
KBAaHTOBOXMMUYECKMX KOMIUIEKcax Bogabl mpu 3amemenny H,O na D,O aBnserca ycunenue
3/IeKTPOHOAKIL[EIITOPHOII CIIOCOOHOCTY BOJHON Cpefibl Ha poHe 00111ero 0c/abeHus ee 3IeKTpo-
HOJIOHOPHBIX CBOVICTB. ITO 0OCTOSATENbCTBO, HAPALY CO CHIDKEHVEM YacTOT 3aTPySHEHHbIX /Tn0-
paumit (KpyTWIbHBIX Kojebanui) Ha ~2,4 kJ[>k-Mo7b! [49] u BaeHTHO-/iepOpMaIIOHHBIX KO-
nebaHMit BHYTPUMOJIEKY/ApHOI cBsa3u O—H mpu 3amelieHuy npoToHa AeITPOHOM, NPefoIIpe-
JiefisieT BO3pacTaHye SHEPTUIU JUCCOLMAIIY BOIOPOIHBIX CBsI3ell B TsDKenol Bofie (4, 31-34].

3aMeTNM, 4TO MMeEOLIMeCs B IUTepaType MOAXOAbI K aHAIN3Y Pas3NNyuil B CTPYKTYPHBIX
csoiictBax H/D-130T0m0MOrOB BOAbBI coflep>KaT HeMao ycnoBHocTell. OgHaKo B Clydae U3y-
YeHUsA OTHOCUTEIbHBIX 110 CBOEI CyTU TepMOAMHAMMYECKMX XapaKTePUCTUK PacTBOPEHNA C
COOTBETCTBYIOIUMY VIO ITaBeHCTBYOIINMM SAB/IAETCA M3MEHEHUe HafMONEKyIApHON (Win
MaKpo-) CTPYKTYPbI XXUIKOCTY, He TpeOyroljee BBIOOpa KaKoii-M00 ONpeie/IeHHOI MOJe/N.
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PE3V/IbTATBI SKCITEPUMEHTAJIBHOTO ICCIIETOBAHWSA CBOVICTB I'TIU-
KOJIbYPUIOB KAK PACTBOPEHHBIX B M130TOIIO/IOTAX BObI BEIIECTB

AHamM3 JaHHBIX IO CHEKTPOCKOMITYECKOMY MCCTIEOBAHII0 PACTBOPOB MeOMKapa

B KOHTekcTe MccmefoBaHMA OCOOEHHOCTeN IuppaTanyy TeTpa-N-alIKyI3aMelleHHbIX
I/IMKOJIbYPU/IOB BeCbMa MH(OPMAaTUBHBIMY NIPENCTAB/IAIOTCA Pe3y/IbTaThl IpoBefeHHoro *C-
SIMP-cneKTpoCKONYecKoro NCCIefoBaHNs paCTBOPOB MebuKapa B M30TOIIONIOTaxX BOABI [4].

Ananus 3BOMIOLNII IPeACTaB/IeHHBIX HA PUC. 4 TeMIIepaTypHbIX 3aBUCUMOCTEN XMMIYe-
ckux caBuroB § aromoB yriuepopa (C) mebuxapa B H,O u D,O nokasbiBaeT, 4T0O OCHOBHOI
BKJIaJi B 00pa3oBaHye reTePOKOMIIOHEHTHBIX BOJOPOJIHBIX CBsI3ell B pacTBOpe BHOCAT Kapbo-
HwbHbIe (>C=0) rpynmsl. IIpy sToM XapakTep M3MeHeHM 3aBUCHMOCTEN Ha puc. 4 mpepmo-
JaraeT BO3MOXKHOCTb o6pasoBanus H(D)-cBs3eit ¢ BOGHBIM OKPY>KeHMEM U IIOCPEICTBOM MO-
crukoBbix C—H-rpymnn mMornekynsl mebukapa. IlocnenHee 06CTOATEIBCTBO MMEET OIPefesio-
Ijee 3HaYEHVe IpU 0O0CHOBAHUY IPUYNH, 00YCTIOBIMBAIOLINX CTO/Ib OTIMYaycs (ot 60-
Jiee «pa3BeTB/ICHHBIX» TeTpa-N-aJIKMIMPOBAaHHBIX IMKOIbYPUIOB) IPUPOAY THUpaTaLIUU
mebukapa. bonee TOro, WITIOCTpUpPyeMble pIC. 4 TeMIlepaTypHble 3aBYCYMOCTY OTHOCUTEIb-
HbIX V1D B §(PC), MHAyUMPYEMBIX Pa3IMYHBIMM MOJIEKYIAPHBIMU (pparMeHTaMyu mebukapa,
IIPUBOJAT ellie K L[e/IOMY PS/Iy BaXKHbBIX BBIBOJ[OB.

Bo-nepBbIX, Hanbosee 3HaYNTENbHBIE IIpe-

1.016 - CH, obpazoBaHusa CTpyKTyphl pactBoputenst (H.O
Lot wim D,O) mpym Bo3pacTaHMM TeMIlepaTyphl
1 MIMEIOT MeCTO B 00/1aCTV TH/[paTallNy METVIbHON

1.012
5 ] TPYIIIbI MOJIEKY/IbI MeOuKapa. ITO yKasplBaeT Ha
= 1,010 7 -
% _ JOMVHMPYIOLIYIO pPOJIb IUAPOPOOHOI COCTABIA
< 1oos IolIell B IpoIlecce TUApATallMy STON TPYIIIIbL
<, 1 C npyroii CTOpOHBI, JaHHBIN (HAKT IOATBEPKIAET

2 1.006
= ] BbIBOZBI [50] 0 TOM, uTo B cpeme D,O adpdexrsr
1004 1 ruapodoOHOI IMApaTanyy HENONAPHBIX MOJIe-
1.002 Ky (pparmMeHTOB) HmpoABIAOTCA OoOjee BbIpa-
006 JKEHO, 4YeM B OOBIYHOIT Bofie. Bo-BTOpBIX, BKIaz

. I M I M I i 1 i 1

— 1 1 - ~ ~
280 290 300 310 320 330 340  OT crenupuueckux >C—H--O-B3aumopericTBuii
LK B CTPYKTypHbIe 3 (eKTbl PaCTBOPUTENS B OKPY-

Puc. 4. TemneparypHble 3aBIUCUMOCTH OTHOCK-
13 JKEHINM TJIMOKCAJIEBOTO MOCTUKA MOTICKYTHJI
tenbHbIX VIO B xumcaBurax 6(*C) st MomeKy/bl

M66HKﬂpa B BOTHOM pacTBOpE C MOJIS/IBHOM KOH-
LieHTpauuen m = 4 Mob- (KT Bozbl) ™! CTBEHHDBIM II0 CPpaBHEHUNIO C BKIAJOM OT TMOpO-

¢$bo6HOI ruApaTanyy 9TOV IPyHIMpOBKY. B-Tpe-

mebuKapa sIBIsIeTCs1, IO-BUAMMOMY, OoJIee Cyle-

TbUX, 3¢ (eKTbl 00pa3oBaHNA IeTePOKOMIIOHEHTHBIX BOJOPOMHBIX CBA3el (rmppoduibHas
TUZipaTalysi) BHOCAT, O-BUAVMOMY, OCHOBHOII BK/Iafl B MI3MEHEHVsI 9HTA/IbIIUITHBIX U 00beM-
HBIX XapaKTepICTHK IIpoliecca pacTBoperns mebuxapa B H,O 1 D,O ¢ popmmposanueM coot-
BETCTBYIOLIVIX IMPATHBIX KOMIIIEKCOB.

Vcxopma M3 pe3ynbTaToOB MCCIENOBAHUA METOJOM MIJUIMMETPOBON abCOPOIVIOHHOI
(MMA-) cnexTpockonuu [25], kapOoHWIbHAs IPYIIIIa MOJIEKY/IbI MeOukapa ciocobHa obpaso-
BBIBATh J10 YeThbIpex cBsaselt ¢ Monekynamy H,O (D,O) B cooTBeTCTBUY ¢ MEXaHU3MOM «IOJIAP-
HOJI IIOJIOKUTENIbHON Tuppataumm». [Ipy 9TOM, Kak MBI y)Xe OTMedyajy BBIIIE, XapaKTep
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M3MeHEeHV IpeiCTaB/IeHHBIX Ha PUC. 4 3aBUCYMOCTEN! IIpe/iIoIaraeT BO3MOXXHOCTb 06pa3oBa-
Hus H(D)-cBs3elt ¢ BOOHBIM OKPY)X€HMEM M IOCPeACcTBOM MOCTUMKOBbIX C—H-rpynn more-
Ky/ibl mebuxapa. ORHAKO, 0 MHEHUIO aBTOPOB [25], 3TOT cTpykTypupyrowmmit apdekr oby-
COBIIEeH «IUAPOGOOHOI MMMOOMIM3aIIMET» IBYX-TPeX MOTIEKY/I BOZBI B IPOCTPAHCTBE BOKPYT
IIByX METVHOBBIX /1 YeThIpeX MEeTW/IbHBIX IPymII (CM. puc. 2, a). bonee Toro, o kpaitHeit Mepe,
elrle 1Be MOJIEKY/IbI BOABI B IMAPATHOI 000/I0UKe YAEPXKUBAIOTCA C COXpaHEHMEM BpallaTe/lb-
HOJI TTOJBVDKHOCTY, aHAJIOTMYHO TOMY, KaK 9TO VIMeeT MeCTO B CJIydae T.H. «OTPUIATe/IbHON
TUApaTauu» MOYeBMHBHI [51].

C BospacTanueM obbeMa (pa3BeTBIEHHOCTM) aNKMIbHBIX N-3aMeCTUTeNIeil MpY Iepe-
Xofie OT Mebukapa K mebukapamy (anvbukapy) v ganee K 6UKapamy yCuImBaroTCs TUuapodoo-
HbIe CBOJICTBA MOJIEKY/IbI ITIMKO/NbYpuIa. [Ipy 5TOM BO3pacTaioT U cTeprdecKie IpersTCTBIA
s ee cuenuduyeckux (Yepes BOZOPOIHbIE CBSI3M) B3aIMOJEICTBIUI C OKPY)KAIolleil BOTHOM
cpenoil. B COBOKYIIHOCTY 3TO NMPMBOAUT KaK K 9MMMUHMPOBAHUIO CIIOCOOHOCTM METMHOBBIX
TPYIII MOJIEKY/IBI OUKAPImMa K 00pa3oBaHIIO TeTepOKOMIIOHEHTHBIX BOJIOPOJHBIX CBA3EI C MO-
JIEKy/IaMJ M30TOIIOJIOTA BOJIBI, TAK U K MCYE3HOBEHNUIO CTPYKTYPHOI OCHOBBHI i1 3 deKTa OT-
pULIATeNbHO TUApaTaluy TeTpa-N-aIKVIMPOBAHHOTO IIMKO/IbYPUIIA.

IOHTAIbIUITHBIE U TEITTIOEMKOCTHbBIE XapaAKTEPUCTUKHN PACTBOPEHUA U TUAPATALINN

B Tab651. 2 cyMMupoBaHbI JaHHbIE TI0 CTAHJAPTHBIM (OTHECEHHBIM K 0€CKOHEYHOMY pasBe-
JICHII0) MOJIAPHBIM SHTANBIIMITHBIM XapaKTEPUCTUKaM Tpoliecca pactsopenus (A,Hy) pac-
CMaTpyBaeMbIX TeTpa-N-aJIKiI3aMelleHHbIX IPOM3BOMHBIX IMMKOIbypuaa B cpegax H.O u
DO [4, 18, 52-55]. BennunHsl Apr OBbIIV TIOTy4YeHBI IIyTeM YCPEeTHEHNs MHTEerPaTbHBIX 9H-
TanbTUIHbIX 3P dexToB pacTBopenus A,H;", usmepennsix B quanasone T = (278-318 K) c uc-
II0/Ib30BaH}EM BBICOKOTOYHOTO M30Iep1O0INIecKoro (epeMeHHOI TeMIlepaTyphl C M30Tep-
MIYeCcKOil 060/109K0I1) Karmopumetpa [56].

Tabmmuma 2. CranjapTHble — SHTAIbIMITHBIE — XapakTePUCTMKM  pacTBopennms, A Hy /(x[Dx-momb™),

TeTpa-N-aJIKuN3aMelleHHbIX IIMKObYPUIOB B OOBIYHON M TSXKENON BOJe IIPU PAa3IMYHBIX TeMIepaTypax u
p=0,1 MIla

T K Mebukap ° Anvbuxap Mebukapam Bukapam
' H,0 D0 H,0 D0 H,0 D,0 H,0 D0
278,15 - - -7,80 -8,37 -6,95 -7,35 -15,66 -16.67
+0,05 +0,07 +0,07 +0,05 + 0,06 +0.08
279,15 - - -7,49 -8,06 -6,67 -7,03 - -
+0,06 + 0,05 + 0,05 +0,07
288,15 1,96 2,37 -4,98 -5,46 -4,17 -4,52 -11,20 -12,13
+0,13 +0,03 +0,05 +0,06 +0,04 + 0,07 +0,10 +0,05
298,15 3,67 3,87 -2,15 -2,53 -1,47 -1,76 -6,83 -7,68
+0,01 +0,01 + 0,04 + 0,04 + 0,06 + 0,04 +0,10 +0,07
308,15 - - 0,63 0,38 1,41 1,17 -2,33 -3,08
+ 0,07 + 0,08 + 0,06 + 0,06 +0,04 +0,10
313,15 - - 2,15 1,92 2,80 2,64 - -
+0,06 + 0,06 +0,07 + 0,04
318,15 7,03 7,00 - - - - 1,97 1,33
+0,03 + 0,06 +0,09 +0,08

“ [laHHbIe U151 IPOTOHMPOBAHHON cucTeMbl U3 paborsl [53] (B xIx-mMonb™): 1,96 + 0,07 (288,15 K); 3,58 + 0,04

(298,15 K) 1 7,03 £ 0,07 (318,15 K).

17



OT XUMUW K TEXHONIOTUH RRITEARETNTIEANILY TOM 2, BbINYCK 3, 2021

Tab6n. 2 mokasbpiBaeT, YTO VIMEIOLIMECs Ha CeTORHALIHMI JeHb CBEHEHNS O Be/MYMHAax
APHS (T) mpnsa H/D-130TONHO-pasmnyaomnXCcsl BOAHBIX ITIMKOIbYPUI-COIEPIKALINX CUCTEM
MOTYT OBITh COIIOCTABJIEHbI HAIIPAMYIO TOBKO IPYU ABYX TemrepaTypax (288,15 n 298,15 K).
YuuTbIBas 310, puc. 5 WUTIOCTPUPYET 3aBUCALLYE OT TeMIIePAaTyphbl TeH/IeHIINY 3MeHeHu V19
pacrsopurens B A,H, (T). [Ipudem, pasMep reoMeTpiYeCKMX CUMBOJIOB Ha PUCYHKE B L[€JIOM
COOTBETCTBYET TOTPeIHOCTH onpenenenus semuann §A,H; (H,0-D,0).

Kak BuHO U3 JaHHBIX TabII. 2, pacTBOpeHue mebukapa B H/D-n3oTononorax Bogsl co-
IIPOBOXK/IAETC BO3PACTAIOIIMM C IIOBbIIIEHNEM TeMIIepaTyphl IOITIOLeHeM TeIlIa. JKCTpa-
MOJIALVS 3HAYEHUI APHE Kk T = 278,15 K mokaspIBaeT, 4TO SHTAIBINITHBIN 3P PeKT pacTBOpe-
Hus mebuxapa B H;O cranosurcs 6mmsknm x Hymo. [Ipu aToM monoxutenbublit 9 B A,Hy
Bo3pacraert Jo ~ 0,6 k[[)x-Monp™ (cMm. puc. 5). Ognaxo npu goctiokenun T = 318,15 K Benmnunna
8A,H; (H,0-D,0) ms Terpa-N-MeTMIMPOBAHHOTO TTUKONMbYPU/IA IPUHNMAET Hy/TeBOE 3Ha-
yeHue. [Tepexon k N-IVMeTHIIVSTYIbHBIM aHaIOTaM (anvbuxap, meOukapam) u OT HOCTIETHNX
- K 6uxapamy cOIpoBOXK/IAeTCs IOCTIe0BAaTe/IbHBIM POCTOM 9K30TePMIYHOCTH IIPOIjecca pac-
tBOopenusA B H,O u D,O, o cytu, Ha ogHy 1 Ty >ke BermmuuHy: ~ 8 kJ[>x-monp ' ipu T = 278,15 K
u ~ 5,5 k[x-monp™ mpu T = 298,15 K (cm. Tabm. 2).

Bmecre ¢ TeM HauboIee MHTEPECHBIM MPEfICTaB/ATCA BakT MHBepCuu 3Haka A,Hy ¢ oT-
pUIIaTeIbHOTO Ha MTOJIOXKUTEIbHBIN 71 9TU/I-COfe P KAlX INTUKOIbYPUIOB B KaXKJIOM U3 U30-
TOIIOJIOTOB BOJABI (CM. Tab1. 2). TemnepaTypa, mpy KOTOPOI HAOMIOKAETCA 3Ta MHBEPCUS, Tyyp 25
6mm3ka B cpegHeM k 304 K g mebukapama, x 307 K mns anvbuxapa v x 315 K s 6uxapama.
Ecrn nipepicraButh A,H; B BUJle PaSHUIIBI MEX/TY SHTa/TbIMAMMU CONMbBATAIINI PACTBOPEHHOTO
BemectBa, A.H;, ¥ €ro KOHJIEHCAMM B COOCTBEHHOI (KPUCTa/UIMYECKOiT) —Cpefe,
AvonoHz = =By, Hz [4, 27], MOXKHO NPMIATH K 3aK/TIOYEHNIO, YTO TIPY TEMIIEPATYPax BbIle
Tyyp,2 MOMMHUPYIOIIVIM CTAaHOBUTCS TPOLECC JIETUAPATAM MOJIEKY/T ITIMKONbypUIa BCIef-
CTBUeE CMellleHus OajlaHca MeXMOJIEKY/IIPHBIX B3auMOpeiicTBuil. OueBUHO, KaK U B CIy4dae

MmebuKkapa, CyMMapHble 3aTpaTbl SHEPTUU Ha paspy-

IIeH)Me KPUCTAUINMIECKON peIleTKM PacTBOPEHHOTO 280 290 »T(I)oK 310320
IIMKO/IbYpI/Ia I 00Pa30BaHNUA COMbBATHOM IIOTOCTHI 0.41 : L | | |

B PaCTBOPUTEJIE Y)Ke He MEPEKPbIBAIOTCS NOTHOCTBIO 'z 02 e
apdexTaMy CTAOMIN3AUNU CTPYKTYPBI IIOC/IETHETO E 0o

3a cueT 06Pa3OBaHNMA TeTEPOKOMIIOHEHTHBIX BOfO- | e
PONHBIX CBsizelt u rugpodo6Hoil rugparamy. leiite- & 027 _/v___;,;:%:
po3aMelieH1e B MOJIEKY/IaX BOZbI OKa3bIBaeT BeCbMa E 041 vIA

craboe BIAHNE Ha YKasaHHOE IlepepaclpefielieHye g A& .
BKJIQJIOB B APHE (T) (cm. Tabm. 2). OgHAKO, YUUTHIBAA E: 1 m
HEe3aBJMCUMOCTD SHTA/IBIINITHO-U30TOMHOTO 3¢ dekTa = _0'8__ .,,/'/

Kak OQYHKIUM IepeHoca OT 2—2-B3aMMOJENICTBUI, L0

o)
ananmus BemnanH 6A,H,; (H.O->D,0) na puc. 5 apns- Puc. 5. Tewmeparypusie saBMcHMOCTH

eTcsi 0ojiee 0OOOCHOBAHHBIM LIATOM B IUIAHE HOMYY€-  H/D-ysotommbix sddeKToB pacTBOpHTENs
HUS JIOTIONIHUTENbHON MHpopManyy 00 OCOOEHHO- B CTAHJAPTHOI MOJAPHOI SHTAIBIINM Pac-

CTAX TUIpaTalii O6CYXaeMbIX 37leCh TeTepOIUKIM-  TBOPerus mebuxapa (®), mebuxapsma (V),
anvouxapa (A) u 6uxapama (=) B BOGHOI

cpene

YeCKUX COeIHEeHMI.
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3 puc. 5 BUAHO, YTO TeMIIepaTypa OKasbiBaeT AMQdepeHUMpymoliee BIUIHNME Ha
HAIIPaBJIEHHOCTb M3MeHeHus SA,H, Tpu cpaBHeHNM Me6UKAPA C ero ITHII-COREePKALMMU
a"anoramy. C 0JJHOJ CTOPOHBI, IEMOHCTPUPYeMOe paclipefie/ieHNe HTaIbIINITHO-M30TOIHBIX
3¢ PeKTOB HAXOMUTCSA B COITIACUM C OOLIETIPMHATBIM BBIBOLOM [4, 54, 57, 58] 0 TOM, 4TO Kak
IIOJIOKUTE/bHbIE, TAK OTPUILATeIbHbIE 3HAYEHN A TEPMOANHAMUYECKMX Be/IMYNH NO/DKHbI BO3-
pacratb B abconmoTHOM BbIpakeHyy npu nepenoce u3 H,O ot D,O. C gpyroit cTOpoHBI, pas-

4ye B 3HaKaX IPOM3BOIHON (G(SAPHE )/ aT)p wmm VIO B TeNI0eMKOCTH PacTBOpEeHUA,

6APC§,2(H209D20), CBUJIETE/IbCTBYET 00 OYEBVJHOM pPa3IMuMy B MeXaHM3MaX TUJpaTaliin
mebukapa v bukapama. B ciydae mebukapama vt anv6ukapa HaIpaIIVBAETCs BBIBOJ O HATNYIMA
OIIpe/ieNIEHHOTO «CTPYKTYPHOTO Ayaan3Ma» BO BIMSHUM MX MOJIEKY/ Ha TUIPATHOE OKpYyXKe-

HUE.

Ta6mnia 3. TernoeMKoCTHbIE XapaKTePUCTUKM IIpoLecca pactBopers, A,Cy , / (Jox-momb ' -K™) mccmeoBaHHbIX
TJIMKO/IBYPUJIOB B OOBIYHOI ¥ TSXKENION BOJie C COOTBETCTBYIOLIMMI N3OTOIHBIMY 3¢ deKTaMy pacTBOPUTEIA U
T=1298,15Kup=0,1 MIla [4,18,52,54,55]

o) é‘A o)
CoenuHenne P2 p-pz2
H,O D,O H,O0-D,0O
Mebukap 169 £+ 9¢ 15511 -14+ 14
Aﬂb6u1cap 282,734 292,9+2.6 10,2 £ 4,3
Mebukapam 278,3%3,5 284,1+4,6 10,2 + 5,8
Buxapsm 441,3+5,2 450,5+4,7 9,270

 Tanuble n3 padotsr [53]: (167 + 18) Ix-monp K™

Kak cnemyer n3 mpefcTaBlIeHHBIX B TaOl. 3 [aHHBIX, TEIVIOEMKOCTHAsI COCTAaB/IAIOIAS
nporiecca pactBopenus, A,Cp, , = (6 (Aszo ) / aT)p, BO3pacTaeT 6e3 MajIoro B /IBa pa3a IIpy Ie-

pexofie OT mebuxkapa K anvOuxapy M mebuxapsmy ¥ IIOYTU BTpOe IIPU 3aMeHe mebuxapa
buxapamom, orpaxxas GakT ycuneHus rugpodoOHBIX CBOICTB MOJIEKY/T B YKa3aHHBIX HaIlpaB-
nenusx. [Ipu aroM Bemmanna §4, o Cp o (H:0->D,0) ins mebuxapa B mpefienax morpenHoCTi
COBIIa/IaeT C TAKOBO [T TUTIMYHO TUAPOPUIbHOT MOUeBUHBI (A ;'2 =~ -10,4 II>x-monp K
[59]), 4TO ABIAETCA BECOMBIM JOBOJOM B II0/Ib3y BHICKA3aHHOTO BBIIIIE ITPEIIOI0KEHA O IIpe-
VIMYIIIeCTBEHHO IMAPO(UIBbHOI Ipupofe TeTpa-N-MeTUIMpOBaHHOTO IMMKonbypuia. Hampo-
TUB, VIO B TEI/IOEMKOCTHOJ XapaKTePUCTHUKe IMAPATALVM OCTA/IbHBIX (9TV/I-COTEPIKalIIX) Te-
TEPOLVIK/IOB ITOJIOXKUTE/IbHBI 10 3HAKY, HO YMC/IEHHO Hepas/IN4MMBbI U3-32 JJOCTATOYHO BBICO-
KOJ1 ITOTPEIIHOCTY UX onpefenenns (cM. Tabm. 3). O6paTuM BHMMaHMe TaKk>Ke Ha TO, 4YTO OOJIb-
11Vi€e 110 A0COMIOTHO BeIMYMHE ITOI0KUTE/TbHbIE 3HAYEHV S APCS.Z (cM. Tab71. 3) yKaspIBaIOT Ha
Ha/IM4ye He TOIBbKO IMapodoOHOCTH, HO U OOIero CUIbHOTO B3aMMOJECTBIS MOJIEKYIT pac-
TBOPEHHOTO IJIMKOJIbYPU/Ia C M30TOIOJIOTOM BOJBI, BKI04ast a¢dekTel obpazoBanusa H(D)-
cBsseil. [IpyMepoM TOMY MOTYT CITY>KUTb TEIUIOEMKOCTHBIE 9P PeKThl pacTBOPEHVS CaXapuioB
B Boge [60].

Bmecre ¢ TeM, ecnut 6osbinme (110 abCOMIOTHOI BeIMYMHE) 3HAYeHNS § APHZO (H,O » D,O)
u A, C, o W51 Gukapama (cM. puc. 5 TabII. 3) aCCOLMMPYIOTCSA C IPENMYIIECTBEHHO IUApodo6-

HOJI IIPMPOZOTL €r0 MOJIEKYI, TO Kyja 6ojee CI0>KHasA B CTPYKTYPHOM OTHOLIEHWM CUTYaIVIA
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Ha0JII0faeTcs B CIy4yae TUpaTallui MeOUKApPma 1 ero XMpajbHOTo 110 IIPUPOJe mMpaHc-aHa-
nora anvoukapa (cM. puc. 2, 6, 8). MoeKy/ibl yKa3aHHbIX IJIMKOJIbYPIIOB MOXKHO IIPEJICTaBUTD
B Ka4yeCTBe CBOETO POJja «MHTEPMeMaTOB» MOIEKy/ Mebukapa u 6ukapama. OfRHaKoO, B OT/IN-
Yye OT IOC/IeJHNX, OHM 0b/afanT 6ojee cOATaHCHPOBAHHBIM «HAOOpOM» (hapMaKopOPHBIX
(rmapodMIbHLIX U IUAPOPOOHBIX) LIEHTPOB.

TepmoauHamMyueckye XapaKTePUCTUKM PACTBOPEHVS ITMX CMeELIaHHO-aIKVIIMPOBaH-
HBIX TeTEePOLIVIK/INYECKIX COeIHEHNIT B 1]eJIOM MMEIOT COIIOCTaByMble 3HaueHns. Hebomnbuine
(mo (0,2 + 0,1) xk[I)x-M0O/b ') pasnuunst OOHAPY)XKMBAIOTCS JINIID B (SApH; (H.O->D;0) npu Hus-
KX TeMIlepaTypax (cM. puc. 5). YKasaHHOe 00CTOATENbCTBO ITO3BOJIAET CAe/NaTh Ba>KHBII BBI-
BOJ, 00 OTCYTCTBUY 3aMETHOTO BJIVISTHVISA CTEPEOXMMITIECKOII IIPUPOSDI (T.€. B3aIMHOTO pacIo-
no>xeHNs N-3aMeljaeMbIX IO3MINI) MOJIEKY/Ibl AUMETVIANITUIITIMKONbYPIUIA Ha XapaKTep
B3aMIMOJIEVICTBIIS STOTO COEMIMHEHNA C M30TOII0/IOroM Bofibl. He nckiroueHo, 4To pu repexope
OT Mebuxapa K anvbukapy i meOuKapImy CTepuIecKy ellje COXpaHAeTCs BO3SMOXKHOCTD /I
crienpuyecKoro B3auMOJIelICTBYSI MOJIEKY/Ibl paCTBOPEHHOTO BellecTBa ¢ Monekynamu H,O
i D,0 depe3 MOCTUKOBbIE (METVHOBBIE) aTOMBI Bofjopofia. IIpudem aTa BO3MOXXHOCTb, CY/s
110 MMEIOIIMMCA He3HAUUTEMbHBIM pasmanam VIO B §A, ) H, cBA3aHa ¢ 0CO6EHHOCTAMM KO-

oppauHanyy N-3aMeljaeMbIX O3UINI B MOJIEKYJIE ITIMKONbYPUIA.

Tabnmua 4. SHTAIBINITHBIE TOMOTAKTIYECKIE KO3 uImeHTs! 2-2-B3anMOReICTBII, ha, / (JK-KI-MO7Ib %), MEXAY
MOJIeKy/IaMU TeTpa- N-aJIKIIMPOBaHHbIX IMIMKONbYpwIoB B H/D-130Tomomorax BoAbl ¥ COOTBETCTBYIOIINE M30-
TomHbIe 3¢ deKThl pacTBOpuTeNs, ohxn (H0-5D,0), npu T = 298,15 K [18,54,63,64]

Coenunenne h,, (H,O) h,, (D,0) 6h,,(H,O >D,0)
Mebukap* -2042 + 68 2663 £ 122 -621 = 140
Anvbukap -627 £ 15 -804 + 34 -177 £37

Meb6ukapam -358 +£23 -436 + 39 -78 £45
Bbuxapam 1389 =102 1804 = 164 415+ 193

¢ Tanuble n3 pador [61,62] (Ix-kr-monp?): (-1870 + 270) 8 H,O n (2660 + 300) B D,O.

YunutbiBass (akT CylecTBOBaHMSA TEPMOAVHAMUYECKM OOOCHOBAHHON B3aMMOCBSA3N
ME>Xy S9HTaIbIIMITHBIMI XapaKTepucTukamu 1-2- u 2-2-p3aumoperictauii 18, 28, 60, 63], no-
NOJHNUTEeNIbHASA MHPOPMALMIO O COCTOSHUM MOJIEKYNl anvbukapa ¥ mebukapama B
H/D-u3oTonHo-pasmmyanIinxcs BOSHBIX cpefiaX OblIa M3BjIe4YeHa 13 aHaIM3a NPYBeIeHHbIX
B Ta6J1. 4 MapaMeTpOB MaPHBIX B3aIMOAEIICTBIII My, [Toc/eHe OTyYeHb! TyTeM 3MepeHNs
SHTA/IbIINIA PasBefieHNs PacTBOPOB TeTpa-N-aNKUIMPOBAHHBIX TTIMKOMBYPUNIOB, Ayasy Hy', B
00bI4HOI U TsDKennolt Boge mpu 298.15 K ¢ nocnenyromeit 06paboTkoit (pasniokeHneM) sHave-
HUi Apyss Hy' B paMKax M3BECTHBIX NpubmMmKenuit [9, 28, 63-66].

/13 aHanmM3a JaHHBIX TA0M. 4 CIeRyeT, 9YTO BeNUYNHBI M), ¢ cOOTBeTCTBYomMMHy V3 pac-
TBOPUTEIS JOCTATOYHO OTYET/IMBO OTPAXKAIOT CTEPeOCIe(PUIHOCTD TUAPATALINY CPABHIBA-
eMBIX IJIMKOJIbYpIIOB. BOHBIM pacTBOpaM mebukapama i anvbuxapa OTBeYaroT OTPUILIATEIb-
Hble 3HaueHM: h,,. IIpu nepexose oT mepBOTO U3 3TUX COEAVHEHNI KO BTOPOMY MIMeeT MeCTO
HOYTY ABYKPAaTHOE BO3pAcTaHye YMCIEHHBIX 3Ha4eHWI My, U 6 hyy (H20 > D,0). Otpunarens-
HBIJI 3HAK Y BeJIMYMHBI /2, GOPMaNbHO yKas3bIBaeT Ha TO, YTO BbITecHeHMe MoneKyn H,O mmm

D,O n3 60r1ee MIOTHOYIIAKOBAHHOII TUAPATHOI K0-cepbl B okpyxeHne (in bulk) mpusoaut B
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nesioM K pocry crenenn H(D)-cBsasanHocTu atux monekyn [4,60]. Ecnm nocrynupoBath Hens-
MEHHOCTb PO OOHOI COCTABIAIONIEI H22, TO PAKT BO3PACTAHMS OTPULIATE/IBHOTO 3HAYEHIS
3TOTO IIapaMeTpa, BeposiTHee BCEro, CIefyeT OTHECTH K OOJIblleli JOCTYIHOCTI IPOTOHOMO-
HOPHBIX / aKIIeNITOPHBIX L[EHTPOB anb0uKapa K criennGudeckyM 2—2-B3ayMOJEICTBUAM C 00-
pa3oBaHNeM CONbBATOPa3fie/IeHHbIX Iap. 3aMelljeHue IPOTOHOB AEMTPOHAMM B MOJIEKY/IaxX
BOZIbI BBI3bIBaeT O0JIee 3aMeTHOE YCUJIeHNe acCOLVIALN MEXIY MOJIEKY/IaMU anvOukapa, mo
CPaBHEHMIO C MeOUKAPIMOM, YTO yKa3bIBaeT Ha Bodpacranue pomu H(D)-cBa3bpiBaHuUA B IIpoO-
Iecce TMAPATaLNyU XUPAIBHOTO (MpaHc-)13oMepa.

YunTbiBast pakT 3aMETHOTO BO3PACTaHMsI OTPUIIATE/IbHBIX 3HAYeHWI My, IS MeOukapa B
H,O u D,O (cm. Tabn. 4), a Takke 3aKOHOMEPHOCTY M3MEHEHNUs TePMOJVIHAMUYIECKUX XapaK-
TePUCTHK J/I STUX CUCTeM B Tab/muIle 3 1 Ha PUC. 5, MOXKHO YTBEP)K/ATh, YTO B JAHHOM CJIy4yae
OYEBUHBIM SIBJIAETCA IpeoOIafiaHme TUAPOPUIBHOTO «MeXaHM3Ma» TUIPATALMN ITIMKOTIbY-
pwna. C pyroit CTOPOHBI, TOTIOKUTENbHbIe 3HAUeHU My, 11 Oukapama B H/D-usoromnonorax
BOJIbI HAXOJATCSL B COIVIACUM CO CIe/IAaHHBIM HaMM BbIIIIe 3aK/ITI0YEeHNEM O IPEMMYIIeCTBEHHO
ruzipooOHOI IPUPOJie MOIEKY/I 3TOTO COefVIHEeHVI. DTO O3HAYAET, YTO IIepeKpbIBaHIe MOJIe-
KY/IIPHBIX TUJPATHBIX KO-Cep HMPUBOAMUT K 3aMETHOMY YCWIEHVIO KJIATPaTOOOpasoBaHMs
(YIPOYHEHMIO CTPYKTYpbI BOZHOTO OKPYXXEHUs C BO3pAcTaHMeM ee aXYPHOCTM) OKOJIO aji-
KVJIBHBIX TPYIIIL, 4TO CIIOCOOCTBYeT pa3obineHnto Monekyn [60-63]. [JaHHOe npegnonoxeHne
HO/ITBEPIK/IAeTCsl POCTOM 3HaYeHU My, IpU 00pa3oBaHuUM pacTBOpA OuKapIma B TSXKETIOl Bojie
(cM. Tabn. 4). UTo KacaeTcsi CTPYKTYPHOTO COCTOSIHUS B BOJZHOJ Cpefie TeTePOIVIKIOB CO CMe-
IaHHBIM N-a/IKnI3aMelleHneM - anvbukapa u meoukapama, To CTepeoXuMmdeckas Ipupoza
UIX MOJIEKY/I IIpefioNpeieNsAeT Hauuyue CBOero pofa OamaHca MeXy YKa3aHHBIMYM MeXaHU3-
MaMMI WIN CTPYKTYPHO-TePMOAVHAMUYIECKOTO 0ydiu3ma B IIpoLiecce IUApaTaIUIL.

ITpuBeneHHbIe HA PUC. 6 KOPPETIALNU JOKAa3bIBAIOT CYILIleCTBOBAHIE TEPMOANHAMIYECKN
060CHOBAHHOI B3aMMOCBA3N MeXy 3HaueHusaMu ApHy (Tabi. 2) u ha, (cM. Tabm. 4). Tlpudem
ana;ms dynximit A,Hy — hy laeT OCHOBaHMe MOTAraTh, YTO BOSMOXKHOCTD «Peajn3alium» Ta-
KOJI B3aMMOCBsI31 B c1y4ae pactBopeHHbIX B H,O 1 D,O I/MKonbypuioB BO MHOTOM 3aBUCUT
OT HaIMYMUA WIN OTCYTCTBMsI ONTUYECKON M3OMEPUM y MX OMLMKIMIecKuX Monekyn. Ode-
BUJIHO BBMJY 9TOTO, XapaKTEPUCTUKIU PALleMUIECKOTO anbOuxapa He COOTBETCTBYIOT UIUIIO-
CTPUPYEMBIM PIC. 6 KOPPE/IALMOHHBIM 3aBIUCUMOCTSIM /IS €T0 aXMPaIbHbIX aHAIOTOB.

Kak BUIHO 13 puc. 6, KaXK/jast U3 KOPPeIALMOHHBIX 3aBUCHMOCTel MEXy TapaMeTpaMu
A H3 w hy ipu T = 298,15 K siB/steTcs 671M3KOI K IMHEHOI (YHKINI, KOTOPAs MOXET OBITh
BBIpQ)XK€HA B aHAIMTUYECKOII popMe IO pesynbTaTaM ee alIpOKCUManuy (B paMKax MeToja

Hay¥MEeHbIIVX KBaJPaTOB) YpaBHEHMEM IIEPBOTO IOPSKa:

ApH3 (H,0) = -(2,58 £ 0,09)-10° - (3,06 + 0,06)h2, R = 1,0; 005 = 11,1 [ix-momn”, (1)
A HS (D:0) = (2,97 £ 0,80)-10° - (2,59 + 0,43)h, R = 0,9998; 0 o5 = 105 [x-Moms. (2)
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OnuceiBaeMble cooTHomeHUsAMuU (1) u 100045 3

(2) manHBIe Ha puC. 6 JOKa3BIBAIOT, YTO 3- NN

¢dexThl rMApodobHOI TMApaTanuy U 0bpaso- 2000 4 s

BaHNA BOJIOPOJHBIX CBsi3eil B OOJbLIeil CTe- 0- N

IIEHU IIPOABJIAIOTCA B I[eﬁ[TepMPOBaHHOIU/I BO[-
-2000
HOM Cpefe. HPI/I 9TOM COJJIbBATAlIMOHHOEC I1I0OBE-

-1
APH;, JIK-MOJIE

JE€HNE 6u7<apema IIOATBEPIKAAET BbIBOJ, O IIpe- -4000 N

VIMYIL[ECTBEHHO T'MAPOPOOHOI INpUpose ero co00 |
MOJIeKy/I. B TO >xe BpeMst BK/IIOUeHVIe MOJIEKY/I ] .

Iy
-8000 ~

mebuKkapa B CTPYKTYPHYIO MAaTpUILy OOBIYHOI

R T T T T T T T 1
mm tskenoyt (D,O) Bogpl IpUBOINUT K paiu- 5000 2000 10000 1000 2000
2 A p A pan hyss Jxc-kr-moms™

KaJIbHO MTHOMY 3¢ (eKTy, CBOICTBEHHOMY IIPO-

Puc. 6. KoppenAunoHHble COOTHOIUEHMA MEX[Y

€CCy rmapaTauqum nmpeum €CTBEHHO TN PO-
1 Y Tap 1 p ym ol CTAaHTAPTHBIMM MOJIAPHBIMU SHTAJbNUAMU PACTBO-

¢ubHBIX MOZEKYT. OTYETIMBO Ha PUC. 6 IIPO-  pepys 1 TOMOTAKTHYECKMMII SHTAMBIMITHEIMI KO-

ABNACTCA U YHNOMAHYTAA «IYaTUCTUYHOCTDH» a¢unyenTaMu MapHBIX 2-2-B3aUMOJEICTBUI IS

CpaBHMBAE€MbIX aXWMpaJlbHbIX I/IMKOJIBYPUIIOB B

CONbBATAIVIOHHON TIPUPOABI Mebuxapama,

00bIYHOII Bozie (o) U TsDKeroit Bozie (©) mpu 298.15

BBIpA)KAeMast Iepe3 KOppenmpyemble TEpMO-  jq Gurapsm (1), meGurapom (2) u me6urap (3)

AVHaMUYECKNE XapaKTEPUCTUKN.

CraHgapTHbIe 00BeMHbIe («yIIAKOBOYHBIE») XapaKTePUCTUKM MCCIeJOBAHHBIX I/IVI-
Konpypuios B H/D-usorononorax Bogpl

Tabmiua 5 comep>XnUT pe3ynbTaThl pacyeTa CTaHAAPTHBIX MAPLMAbHBIX MOJISIPHBIX 00'D-
eMoB, V;, IIIMKONbYpUIOB U3Y4€HHOTO psafa (cM. puc. 2, a-2) B cpeax HO u D,O [19, 67-69].
Bemaunst V) 6bU11 O/Ty9eHbI IOCPEACTBOM SKCTPAIIOJIALMN KOHIIEHTPAIMOHHbIX 3aBUCMO-
CTeit KaXyLlerocs MONAPHOro 06beMa, Vg 2, PACTBOPEHHOTO ITIMKOIbYPU/IA K COCTOSHUIO €T0
6eckoHeYHO pas3baBIeHHOro pacTBOPa. B cBoko odepenn, mporeaypa pacuera V' u Ve, [67-71]
OCHOBBIBA/IaCh Ha IAHHBIX 10 IVIOTHOCTY PACTBOPOB, KOTOPbIE OBIIM IIOTy4eHbI C ITIOTPEIIHO-
crpio 0,01-0,03 kr-M~ myTeM M3MepeHMii Ha Ipeln3OHHOM fieHcuMeTpe Anton Paar DMA
5000 M (c Bubpupyoreit U-o6pasnoit Tpydkoii) [71, 72].

Ta6mma 5. CrangaprHble (MapuyaibHble Iy 6eCKOHEYHOM pasBeieH1I) MOTAPHbIe 00beMbl, Vy /(M Monb ™), TeTpa-
N-anKun3aMelieHHbIX IIMKO/IbYPUIOB B OOBIMHOM 1 TsDKEJION BOJiE IIPU PasIM4HbIX TeMueparypax u p = 0,1 MIla

T K Mebukap Anvburap Mebukapsm Bukapam

’ H,0 D,0 H,0 D,0 H,0 DO H,0 DO

278,15 - - 188,34 + 186,93 + 188,43 + 186,83 + | 220,58 = | 219,78
0,02 0,03 0,02 0,02 0,01 0,01

288,15 157,02 = 156,28 + 189,85 + 189,00 = 190,11 + 189,00 + 222,54 + 222,06 =
0,10 0,06 0,02 0,02 0,02 0,02 0,01 0,01

298,15 158,87 158,40 + 191,29 + 190,89 + 191,72 190,96 = | 224,47 + | 224,14 *
0,13 0,07 0,03 0,04 0,02 0,02 0,01 0,01

308,15 160,29 + 160,09 = 192,81 = 192,78 = 193,25 + 192,85 + 226,34 + 226,14 +
0,10 0,08 0,03 0,04 0,02 0,01 0,01 0,01

318,15 161,34 + 161,31 194,34 + 194,56 + 194,80 + 194,68 = | 228,17+ | 228,10
0,04 0,08 0,01 0,03 0,01 0,01 0,01 0,01
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Ananus gaHHBIX Tab/. 5 U puc. 7 moka-
3bIBAET, YTO BO BCEX PacCMAaTPMBAEMBbIX 37I€Ch
CIy4asx HAeiiTepo3aMellleH)e B MOJIEKyIax
pacTBOpuUTENs (BOABI) IPUBOANT K YMEHbIIIe-
Hnio Vy', 0CO6eHHO 3aMeTHOMY HPU HUSKUX
Temneparypax. To ecTb, C HOHVDKEHIEM TeM-
HepaTypbl OKOJIO MOJIEKYJI Ka>KIOTO U3 TeTpa-
N-anKna3aMeleHHbIX ITIKOIbYPUIOB B Tsl-
XKeJloil Bofie popMupyeTcsi Bce 6omee IIOT-
Hasd, YeM B «HOPMA/IbHOI» BOJE, TM/paTHas
o6o/mouka. JTO He ABIAETCA HEOOBIYHBIM,
YIUTBIBasA TOT BaKT, YTO BHOCAILIVE OTPULIA-
Te/bHBIe 06beMHbIe BKIabl B V' rupodo6-
Hble 9 dekTsl 1 3 PeKTh 006pa3oBaHuA re-
TEPOKOMIIOHEHTHBIX BOJOPOJHBIX CBs3€il B
pacTBOpe Bo3pacTaioT (110 abCOMIOTHO By -
yyHe) npu H,O->D,0-3amemennn [19, 59,

TOM 2, BbINYCK 3, 2021
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Puc. 7. Temmneparypubie 3aBucumoctu H/D-

U3O0TOIIHBIX 3G PEKTOB PaCTBOPUTEINA B CTAHLAPTHOM
MOJIIPHOM obbeMe A TeTpa-N-alKMINPOBaHHBIX

67—69].O‘IeBI/I,[[HO, YTO PasIMuUs B MEXMO- IIMKOTIBYPUJIOB B BOMHOI cpefe: mebukap (e),

JIEKY/IAPHOM B3aMMOJENICTBUY, OOYCIOB/IN- meGurapom (V), anvGuxap (A) u Guxapom (x)
Barolue sHaK u Benmuuny V3 BV, (puc. 7), CTaHOBATCS Hanbosiee 3aMETHBIMU B 06/IACTY TEM-
neparyp, oTBedalomleil HaubonblIell cTpyKTypupoBanHocT H/D-m3oromonoros Boabl, T.e.
MEXXy TeMIlepaTypaMy, pyu KOTOpbIX MoysspHble 06beMbl HoO u D,O npuHumaT MyuHuK-
ManbHble 3Ha4eHNA (Vyyy 1) ~ 277 K ~ 284 K, cooTBeTcTBeHHO [31, 34, 44].

C pocToM TeMmIiepaTypbl 3Ha4eHUsA V,’ Bcex M3yIeHHbIX I/IMKOIbYPUIOB BO3PACTAIOT, YTO
CBSI3aHO C OC/IabjIeHNeM TUPATALUY M PasphIX/IeHMeM IMAPATHBIX 000/1049eK BC/IE[ICTBIE Tep-
MIYECKOTO pacHIMpeHNs CTAaH[apPTHOTO pacTBopa. IIockonbKy cpema TspKenmoll Bofbl 6osee
CTPYKTYpMpPOBaHa 10 CPaBHEHNIO C 00bIYHOI [4, 31-34, 44, 48], To MMeeT MecTO 3aKOHOMepPHOe
TepPMOAKTUBMPOBaHHOe yMeHbIneHue VI pacrsoputens B V, (cm. puc. 7). Ilpu T = 318,15 K
V3 B V; CTaHOBUTCS MPAKTUYECKY PABHBIM HYIII0 BHE 3aBUCUMOCTU OT CT€PEOXUMUYECKONL
IPUPOADbI aXUPAIbHOTO TeTpa-N-aJIKUIMPOBAaHHOTO INIMKOJIbYPUIA, a B C/Iy4ae XMPaabHOTO
anvbukapa Ipy TOM XKe TeMIlepaType CTPYKTypa HeiTepMpPOBaHHOTO IMAPATHOTO KOMITIEKCA
CTAaHOBMTCS Jake 60ee PhIXJION, IO CPAaBHEHMIO C IPOTOHMPOBAHHBIM aHAJIOTOM. MeXTy TeM
oTOOpaKeHHbIe Ha PUC. 7 Pe3y/IbTaThl He JJAIOT IOTHOTO IPeJICTAaBIeHNs O XapaKTepe YIIaKo-
BaHHOCTY BOJJHOTO OKPY>KE€HIS CONTbBATVPOBAHHON MOJIEKYJIBI IINKOIbYPUJIA.

OTyactu Takoro poja MHPOPMALVSI MOXKET ObITh M3BJIeU€HA U3 aHA/MN3a TIOKA3ATeIsI OT-
HOCUTEIbHOI NI0MHOCMU ynakoéku oOpPa3soBaBLIETOCS TIMAPATHOTO KoOMIUTeKca [34,73]:
d = V5 /Vius2>t8€ Vong 2 = Vs 2Na — 06b€M, KOTOPBIIT GOPMaIbHO 3aHIMAET OIMH MOJIb BaH-
Jiep-BaaTbCOBCKMUX MOJIEKYTI C 00 BEMOM Vg p, » (N — unco ABorampo). @akTiyecky BeTndnHa
d nipencranser gomo V', 3aHuMaeMy0 BHYTPEHHUM 00EMOM PAaCTBOPEHHOTO BellecTsa [73],
B KayecTBe KOTOPOTO 3/1eCh BBICTYMaeT Vy,y ». 3HaueHns Vg, » OBUIM paccynMTaHbl HA OCHOBE
nonxopa [74] (c ucnonvzoBaunem Cambridge Structural Database) xak cymMa 06beMOB aTOM-

HBIX IpUpALIeHN, 3aBUCAIINX OT CTPYKTYPHBIX OCOOCHHOCTE OKpYy>KeHnA KaKoro atoma C,
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O, N n H B amunukmryeckor opranndeckoir Monexysne. OueHeHHbIe TAKMM 00pa3oM Besu-
auHbl Vyppo WA Mebukapa, mebuxapsma |anvbuxapa u 6uxapama coctaBum 101,3-10°,
120,2-10°u 139,1-10° m*>Mob! COOTBETCTBEHHO.

[lanHble 10 mapameTpy d B M30TOIIHO- 0.650 4
PasIMYAIUXCA  TIUKOIbYPU/I-COEPIKALUX 0.645
BOJIHBIX CUCTEMaX IIpe/ICTaB/IeHbl Ha puC. 8, U3

0.640
KOTOPOTO BUJHO, YTO IIEPEXOJ OT MeOUKAPA K |
mebukapamy Wi anvbukapy u pamee K o0 06337
-
6uKapamy CONPOBOXKHAETCA 3HAYUTENBHBIM
=
Aﬂ

pasphIX/IeHNeM TMAPATHON O0OONOYKM MOJle-
Ky/IbL. DTO MOATBEpPIK/jaeT BBIBOABI 00 ycuie-
Huu sddexra rugpodoOHON TUApaTanuy B
yKa3aHHOM HaIlpaBJIeHNM, C/le/IaHHbIe 13 aHa-
NM3a pe3y/nbTaTOB KaOPMMETPUYECKOTO MC-

ClefoBaHUA OOCY)KHaeMBbIX 3J[leCh CTaHAapT- 1 SRS B —
280 290 300 310 320
HBIX pacTBOopoB B H/D-msoromonorax BojpbI. TIK

Honsa cBobomHoro (MaM T.H. UCKAHOUEHHO020  Puc. 8. 3aBucumoctu OT TeMIIepaTypbl OTHOCKUTE/Ib-

[73]) IPOCTPAHCTBA B CTPYKTYPHON yIIaKOBKe HOJI TVIOTHOCTY YIIAKOBKM COJIbBaTMPOBAHHBIX MO-
06pasoBaBIIETOCA TMAPATHOTO KOMIUIekca €<V Terpa-N-amcunmmkonsypwios 8 HO
(cmomuble cuMBonbl) u D,O (mosble CMMBOJIBL):
mebukap (0,e), meouxapam (V, V), anvouxap (A, A)
puTend 3aME€THO COKpalJa€TCsA TOIbKO B oba- " 6uKap3m (o,m). (3HaueHus VBAB,Z MOCTYUPYIOTCA

crtu temmneparyp Hike T = 298 K. B Toit ke 00-  mocrosHHBIMI B BHIGPAaHHOM TeMITEPaTypPHOM Jiia-

npu 3ameHe H,O na D,O B Monekynax pactBo-

JIACTY OTYET/IMBO TIPOSBIIAIOTCA U «yIIAKOBOY-  a30He)

Hble» Pa3/MuyA B CTEPEOXVMUYECKOI IPUpOJe IMMKOIbYPUIOB CO CMEIIAHHBIM THUIIOM aJl-
KIWIbHOTO 3aMeleHns. Obpamjaer Ha ce6s BHMMaHMe Takxke (PakT GOpMUPOBAHMS B Cpefie
H(D)-usoromnosnora Bofbl CyIIeCTBEHHO 00Jee IIOTHOYIIAKOBAHHBIX JIOKATBHBIX CTPYKTYp C
yJqacTueM MOJIEKYTI MeOukapa, IOfIepPKIMBAOLINIL IPEMMYILIeCTBEHHO THPOPIIIbHBIN XapaK-
Tep TUApaTalyi STOTO IIMKOIbYPUIIA.

AHajorvyHble  BBIBOABI  BBITEKAIOT 13  aHaIM3a  CTAaHAAPTHBIX  MOJIAPHBIX
(n306apHBIX) pacimpsieMocTei TeTpa-N-aNKnI3aMeleHHbIX IJIKOJIBYPUJIOB,
E,, = (0V, /9T),, B 0bbraHOI 1 TsKenoit Boge (puc. 9). SHadennus E, , GbUIM HOMyYeHbI ITy-
TeM arpOKCUMAINY TeMIlepaTypHbix 3aBucumocreii V, B H,O u D,O ypaBHeHMeM BTOPOIi CTe-
IIeH! B paMKax MeTofia HauMeHbIux KBagpaToB (MHK) ¢ mocnenyromum nuddepennmposa-
uuem 1o (T — 6), rme 6 = 298,15 K - remneparypa cpaBaenns [67-69, 71].

V3 puc. 9 BUIHO, YTO IOBBIIIEHNE TEMIIEPATYPHI B 1[eJIOM OKa3bIBaeT JOBOIBHO caboe
BO3JIe/ICTBIIE Ha CTPYKTYPHYIO YIAKOBKY KaXKIOTO U3 I'MIPATHBIX KOMIUIEKCOB C 3THI-COfiep-
KallIMIU TIMKONMbypuiaMu. PakT pe3Koro ocmabneHns «TepMOYYBCTBUTENbHOCTI» MOCTEN-
HIX, 110 CPAaBHEHVIO C JIOKAJIbHBIMM CTPYKTYPHBIMI OOpa3soBaHMAMMU B BOJZHBIX PacTBOpPax
mebuKapa, BeposiTHee BCETO, CBsA3aH C O0sbIell rnapodoOHOCTbIO MOJIEKYT Mebukapamal anv-
6uxapa v 6uxapama v MEeHbIIEil JOCTYITHOCTBIO VX JTOHOPHO-aKI[eNTOPHBIX papMakodOpPHBIX
LIEHTPOB K cnennduyueckomy (depes3 obpasosanne H- nmm D-cBs3eit) B3anMoeICTBIIO C MO-
JIeKy/IaMJ M30TOIIONIOTa BOAbL. I1pu aHa/mi3e mpeficTaB/IeHHBIX Ha piC. 9 3aBUCKMOCTel obpa-
maeT Ha ceOs BHMMaHMe Takke 1M QakT AudQepeHIpPYIONero BIUsAHNA TeMIIepaTypsl Ha
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HAIIPaBIeHHOCTb M3MeHenus E,, B pactsopax anvbukapa 8 H,O u D,0, 4ro saBnsercs eie
OIHMM IOATBEPXK/ICHMEM HalM4Msi OT/IMYUTENTbHBIX OCOOEHHOCTEN Ipollecca TUpaTaliuu
3TOTO XMPATIbHOTO II0 CTEPEOXMMIYECKOI IPUPOJie M30Mepa MebuKapama.

0.24 4

i 0.4 288.15 K o
0.22 g 1
_ 5 02 .
~ 020+ 5 1 ®
~ ] & 0.0 ‘o
a2 0184 = : A
S 1 & 024 Y
* 016 S -V A
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2, B é 0.4 - v__—"”v A ‘//,A
‘2 0.14 4 0, ] Y o
L ] o A 318.15K
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= 0124 SR = ] )
4 N \\ [N -
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0.10 L0 < j |
) AN 1 N ]
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2;30 I 250 ' 3(|)0 ' 3{0 I 350 I N
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Puc. 9. 3aBucuMoctn oT Temmeparypsl cramapT- Puc. 10. Koppenannonssie 3aBucumocty Mexnay H/D-
HBIX MOJISIPHBIX PACIIMpsieMOCTeil TeTpa-N-aJIKii- M30TOMHbIMK 9((eKTaMy pacTBOPUTE/SI B CTAHIApPT-
POBaHHBIX ITIMKOAbYpuiIoB B H,O (crutomsble cuM-  HOI MOJISIPHOI SHTIbINUM PACTBOPEHNS M CTAHAAPT-
Bonel) 1 D,O (mosmsle cumBoibl): mebuxap (O,e), HOM MOIIPHOM obbeMe meOuxapa (e), mebuxapama
mebuxapam (V, V), anvbuxap (A, A) u 6uxapam (0,=)  (V), anvéukapa (A) u 6uxapsma (=) B BOfe B MCCIIERO-

BaHHOM TeMIIEPaTypHOM MHTepBae

Hakomnen, puc. 10 1eMOHCTpUpPYET BO3MOXKHOCTDb CYL}€CTBOBAaHMA T€PMOAVHAMUYECKN
000CHOBAHHOII B3aMIMOCBS3) HE TOTBKO MEX/y TEPMOXUMIYECKIIMY XapaKTepucTukamu 2-1
2-2 B3anmopevictBuil B BogHbx (H,O mmn D,O) pactBopax TeTpa-N-ankuni3aMeleHHbIX T/IN-
KOJIbYPUJIOB (CM. puc. 6), HO ¥ MeXXAy VIO pacTBOpuTE/A B S9HTAIBIIUITHBIX ¥ 00beMHBIX XapakK-
TepUCTUKAX IIpollecca TUApaTanuy 3Tux coeguHennit. Kak BugHo Ha puc. 10, faHHbIe Koppe-
LMK IJIs1 OuKapama u me6uKkapa NpefCTaBIIA0T cO60J1 BOCXOASAILIYIO U HUCXOAAILYIO KPVBbIe
B IIPOTVBOIOIOXKHBIX II0 3HAKY TeMIIepaTypHBIX obmacTaAx V9. B cBoto oyepenb, COOTBETCTBY-
fouye GYHKIUYU I MeOukapama M anvOukapa BMecTe 0OpasylT CBOETO pOja «CTeP>KeHb
CTPENBI» C «HAKOHEYHMKOM», OTBEYAIOLMM IOJIOKUTEIbHOMY 3HaY€HIIO 5ApH2° (H,O0->D,0)
Y XMpPabHOTO IMUKONAbypuna. [lpu atom VD B V, s rugpaTMpOBaHHBIX aXMPaTbHBIX [/IN-
KOJIbYPWIOB IPMHMMAIOT Hy/leBoe 3HaYeHue BOm3u T = 318,15 K Ha ¢poHe ZONOTHNTETbHOTO
SHTA/IbIVITHO-M30TOITHOTO BK/Iafia, 00YC/IOBJIEHHOTO PAa3/INYVAMY KaK B CIelpIIecKux B3a-
VIMOZIEVICTBMSX, Tak U B apexTax ruppodooHoit mpupoas! (cM. puc. 10).

3akimroueHne

Takyum 06pa3oM, MOXXHO KOHCTaTVPOBATh, YTO TUpaTALIMsl KOXKIOTO U3 MCCIeOBAHHBIX
HaMu TeTpa-N-a/IKMI3aMellleHHBIX ITIKOJIbYPIJIOB B II€/IOM MOXXET pacCMaTpPUBAThCs KaK Cy-
HepHO3NUIVA ABYX MEXaHU3MOB — IuapodoOHOro u ruapoduibHoro. B crydae 6ukapsma (ret-
PasTUITIMKOTIbYPUIA) JOMUHUPYIOLIVM sIBJISIETCS TIePBBIil U3 HUX, a /I Mebukapa (TeTpame-
TWIITIMKONIBYPU/IA) O4YeBMAHO HpeobnagaHue BTOporo. UYro KacaeTcss CTPYKTYPHOTO
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COCTOAHNA U CONbBATAL[UN B BOJHOJI Cpefie TeTepOLKIIOB CO CMEIIAHHBIM 3aMell[eHNeM — a/lb-
6uxapa v 6ukapsma (N-FUSTUIAVIMETVITTIMKOIBYPUIIBI), TO CTepeOXMMIYecKas IpUpoja ux
MOJIEKYII IIpefioNIpefieisAeT Ha/ludye CBOEro pojia «TePMOAVIHAMIYECKOTO OalaHca» MeXy yKa-
3aHHBIMM MexaHusMamu. [Tpudem, Hamume y anvbukapa (mparc-3aMelleHHOTO U30Mepa) pa-
1IeMu4eckoii GopMsl, 06yC/IOBTIEHHON paBHOBECHBIM CYIIeCTBOBAHMEM JBYX ONTHYECKUX R/S-
9HAHTIOMEPOB, NIPOABJIAETCA B L[eJIOM pAe OTINYUTENbHBIX 0COOEHHOCTE IpoIiecca Iufpa-
TaI[M} 3TOTO XVMPAIbHOTO TeTpa-N-a/JIKMIMPOBAaHHOTO ITIMKOIbYpIIa. B 4acTHOCTH, 3TO BBIpa-
YKaeTCsl B YMEHBIIEHNM TeIIOTHI IUIAB/IeHMsI ¥ BO3PACTaHUM SHTAIbINITHBIX 9 deKToB pac-
tBopeHua B H,O u D,0O, Bxmrouasa coorsercTByouye V9 pactBopurens, 1o cpaBHEHMIO C Ta-
KOBBIMI Y aXVMPA/TbHOTO ULC-3aMell}eHHOTO u3oMepa (mebuxkapama).

OueBMUIHO, YTO PACCMOTPEHHBIE B TAHHOM 0030pe Pe3y/IbTaThl MOTYT ObITD IOJI€3HBI IJIs
HOHMMAaHMS KaK CTEPEOXMMIYECKIX 0COOEHHOCTeN IMapaTaliui, TaK 1 BKIaja apdexTa pac-
TBOpUTENS (BOABI) B MeXaHU3M (apMaKOJIOTMYecKOll aKTUBHOCTYU Mebukapd, anvbukapa v
IPYTUX IJIVKOIbYPU/I-TIPOM3BOIHBIX COeVHEHMII ~ Y3 YMC/Ia PACCMOTPEHHBIX 3/1eCh ¥ BHOBD
CMHTE3VPOBaHHBIX. JTO 06ycmoBneHo TeM, 4ro H,O->D,O-3amemenne, 6ygydn KBaHTOBBIM
apdeKToM, SABIAETCA BeCbMa TOHKVM MHCTPYMEHTOM JJIS aHA/IN3a M3MEHEHUI B CTPYKType
PacTBOPUTEIS ¥ MEXMOJIEKYIAPHBIX B3aMMOJIEIICTBYAX, MHAYIVMPOBAHHBIX KaK BIMAHNEM
TeMIIepPaTypbl, TaK U IPUCYTCTBUEM MOJIEKY/I PaCTBOPEHHOTO ITIMKONbYpIUIa. YKa3aHHbIe 00-
CTOATENIbCTBA IIPEATIONIAraloT TaKye YCIOBYS IIPOBefieHNA TePMOMHAMIYECKNX U JPYTUX VIC-
CJIe[IOBAHMUIA, IIPY KOTOPBIX, B IIPUHIINIIE, JOJDKHBI COXPAHATHCS HeM3MEHHBIMM Hab0p 00bek-
TOB M3Y4YEeHUA ¥ METONOJIOTUY KCIIEPVMEHTOB ¥ pacyeToB. DTV TpeOOoBaHNA 1 OBUIN 1IOJIO-
YKEHBI B OCHOBaHJe KOHIIEIIIVIN, OTIpe/ie/INBIIIelT COflepKaHye JaHHOTO 0630pa.

ABTOpBI BBIP@XAIOT NPU3HATENBHOCTD JI-PYy XUM. Hayk, mpod. A.H. KpaBuenko n kaHp.
xuM. HayK B.B. bapanoBy (JIOX PAH, r. Mocksa), a Takxe fi-py xuM. Hayk [I.B. barosy (VIXP
PAH), n-py xuM. Hayk B.B. Anexcanppuitckomy 1 Kaup. xuM. Hayk [0.A. XKabanosy (MII'XTY,
r. /IBaHOBO) 3a HEOLIEHMMYIO IIOMOIIb B OCYIIIeCTB/IEHN CUHTEe3a U TIO/[TOTOBKY ITIMKO/IbYPH-
JIOB ISl OIIBITOB, @ TaKXKe 9KCIEPVMMEHTAIbHOTO ¥ KBAHTOBOXMMMIYECKOTO MCCIEOBAHNA UX
CBOJICTB B PACTBOPEHHOM, KPMCTA/UINYECKOM U Fa3000pa3HOM COCTOSHMSAX.
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Knroueswie cnosa: Memobom SHEKMPOXMMu%ECKOZO omcnausanus uyueHa abee3wl aprzy—
aKpunypemanosvie NOKPoLMus, pemanosvLx NOKPuvimull K cmanu. YCmaHoeneHo 6nusHue cmpyKmypol
a0ze3ust, pesumvl OmeepuOeHUs, 2UOPOKCUTICO0EPHAULUX AKPUTOBLLX O/IU2OMEPOB U PEIUMOB OmBepcoe-
cmpy;cmypa mcpu/zoeozo 071uU20- HUA HA 9ﬂ6Kmp0XuMM%€CK06 omcnausaHue cgﬁopmupoear—u—th axpu/zype—
Mepa mMaHo8vlX noprtmuﬁ.

BBenenne

B HacTosA1€€ BpeMsA B MUPOBOII TAKOKPACOYHOI IPOMBIIIIEHHOCTY MMEETCA TEH/IEHI A
TI0 CHIVDKEHMIO BBIOPOCOB B aTMOC(epy BpeJHBIX VI TOKCYHBIX OPTaHMYECKIX PACTBOPUTEIEN.
Ha cMeHy TpaguIioHHBIM opraHOpa3taB/sieMbIM JTaKOKpaco4HbIM MaTepuanaM (JIKM) npnu-
xopAT JIKM ¢ orpaHMYeHHBIM COfiep>KaHNeM JIeTy4dnx opranndeckux coegunuernit (JIOC) nm
He Cofiep>Kalllyie VX COBCeM (B TOM 4YMC/ie BOTHO-AVUCIIEPCMOHHBIe MaTepuainsl) [1, 2]. OgHako
npu nepexojie K JIKM c orpanrueHHBIM cOfiepyKaHMeM eTY4MX OpTaHNYeCKMUX COeJUHEHNII OT
TPAfINI[MIOHHBIX KOMIIO3UINI BO3HMKAIOT C/IefyIOLIyie IPOOIeMBbl: peoIoTusa I KOHTPOIb BS3-
KOCTI; KOHTPOJIb TOJIIVMHBI IOMMMEPHBIX aiTe€3MPOBAHHBIX IUIEHOK M 3alUTHO-/I€KOPATUB-
HBIX CBOJICTB.

CHxenne copiepxanus JIOC akryanbpHo mys Bcex JIKM ¢ pa3nmuHbIMU ITIEHKOOOPasy-
fomyMy cucreMaMy. Oco6eHHO aKTyalbHO /I aKPUIYPETaHOBBIX MaTE€PUAIOB, MIMPOKO VIC-
TNI0/Ib3yeMBIX B Pa3INYHBIX chepax meATenbHOCTY. OHM NPYMEHSAIOTCA /1A MOTydeHNA BbICO-
KOKA4eCTBEHHBIX JIOJITOBEYHBIX IIOKPBITUI C IPEBOCXOHBIMY (PU3NKO-MEXaHNIECKIMI I 3a-
IMTHBIMM CBOVicTBaMU [3, 4]. OHM XapaKTepu3yTcs OBICTPBIM BpEeMEHEM OTBEPXK/ICHM A, XN-
MIYECKOJ1 CTOVKOCTBIO, aTMOC(epo-, BOJO-, abpasuBo-, MOPO30- ¥ TEPMOCTOMKOCTbI0. AKpH-
JlypeTaHOBBIe MOKPBITHA 00/1aJal0T IPEBOCXONHOI afire3ueil K pas/INIHbIM IIOJ/I0>KKaM, BKJIIO-
Jasg MeTa/lI, ApeBeCcHHY, IUTacTMacCy, 6eToH u T. I. KpoMe TOro, ToTOBbIe ITOKPBITUA MMEIOT,
KaK IIPaBWUIO, OT/INYHBI BHEIIHUI BUL,
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B ycmoBusx yxecTodeHus KOHKypeHTHOI 60pbpObl mponssogutemm JIKM c menpio cHu-
XKEeHUA Cce0eCTOMMOCTY peLleNTyp BBIHY)X/Hbl MUHUMM3MPOBATh COMlep>KaHNe He TONbKO
JIOC, Ho u goporocrosiero ceipbs B perentypax JIKM. Ha cebecToMMoCcTh KOHEYHOTO IIPO-
nykta u coiicTBa JIKII okasbIiBaeT CyliecTBeHHOE BIMAHME ITIABHBIM 00Pa3oM THUII TUPOK-
CIUJICOZEpIKAIero MOJM0Ia, TIPYMEHAIONIErocsa B KadyecTBe OCHOBHOTO INIEHKOOOpa3oBaTesid B
JTAKOKPACOYHOI CUCTeMe.

Vimeromueca B HacToslee BpeMsA Ha PbIHKE TMIAPOKCUICOep Kallllie aKpUIOBbIe COIO-
JMIMepbl pa3NMYHbIX IPOM3BOANUTENEN YaCTO XapaKTePU3YIOTCS OAVHAKOBBIMIU MTOKa3aTe/IAMMN
(ruppoxcunpHoe uncno (I'Y), kucnoraoe yncno (K4), BA3KoCTb, MaccoBasi TOJs HEETYYUX Be-
ecTB B (hopMe ITOCTaBKY, TEMIIEPATypa CTEKIOBAHUA U [p.). DTN CBOVICTBA PEryIMPYIOTCA 3
CYEeT M3MEHEHM A COCTABa I COOTHOUIEH) A MOHOMEPHBIX 3BEHbEB B I'MJPOKCUTICO/IEPKALIEM aAK-
pwrioBoM onuroMepe. TakmM oOpasoM, [iBa CONONMMeEpa C AHAJIOTMYHBIMU (PU3MYECKNMU
CBOJICTBaMI MOTYT MMeTb Pas3/IM4HbIl cocTaB. Takue MPOAYKThbl MO3ULMOHMPYIOTCS ITOCTAB-
IIMKaMM ChIpbA KaK aHa/JIoTM4YHble. 3aMeHa UX B penentypax JIKM MoxeT IpMBOAKTD K CylIie-
CTBEHHOMY VI3SMEHEHMIO CBOVICTB IIO/Ty4aeMbIX IOKPBITUIL. B O0/NBIIMHCTBE C/TydaeB 3TO sBIIA-
eTCsl HelOIyCTUMBIM 1y1s1 paspaborunka JIKM u koHeuHoro notpeburens. [Ipu 3ameHe cbIpbs
C LieJIBIO yAiellIeB/IeHN s HeoOXOMMa KOMIUIEKCHAsI IIPOBepKa (PU3MKO-MeXaHIYeCKIX Y 3alUT-
HBIX CBOJICTB IIOKPBITHIL.

B panHOI paboTe mpefcTaBIeH MaTepyal 10 UCCILOBAHNIO BVAHUA CTPYKTYPBI ] -
POKCHJICOfIepKall[eT0 aKPUIOBOTO OJIMTOMEPA U PEXMMOB OTBEPK/I€HNUA Ha a/IT€3UI0 K CTa/IN
(dbopMupyeMBIX aKpUITypeTaHOBBIX MOKPBITHIL. AZNTe3Ns M3y4eHa METOOM SJIeKTPOXVMUYe-
CKOTO OTC/IaMBaHUA.

VI3BecTeH MeTOJ; KaTOJHOTO OTCIaMBaHMsA, KOTOPbIl OCHOBAaH Ha TOM, 4TO pa3pylleHKe
a[ITe3MIOHHOTO KOHTAKTA IIPOVCXOANT 3a CYeT BbIfIe/IeHNsI BOZOposia. B HacTosAmeit pabore nc-
IIO/Ib3yETCS METOJ], B KOTOPOM IIO/ITI0KKa II07] TOKPBITHEM ITOIIEPEMEHHO MEHAET 3HAK B COOT-
BETCTBMM C YACTOTOJ HAJOXE€HHOTO HampshKeHMA. YacTora ImepeMeHHOro HaIpsDKeHMS CO-
crapysna 50 'y, ITpyu TakoM nopxozie He MPOMCXOAUT pa3pylIeHNA MHEPTHOTO aHO/IA, BbI3bIBa-
IOLIETO M3MEHEeHNe OKpy»XKawleil cpenbl. IIpu aToM ucnbITyeMblil oO6pasel] NOAK/IIOYAETCA K
OJJHOMY 13 KOHTaKTOB MICTOYHMKA IIepeEMEHHOI0 HaINpsDKeHMA. B mponecce skcnepuMeHTa ns-
MeHsAeTCsA CUjIa TOKA B elIM, KOTOpas IIpY HeM3MEHHOM HaIpsKeHNY IPONIOPLMOHA/IbHA IIJI0-
I OTCTIOMBILIETOCA OT TOJJIOKKY IIOKPBITHS.

SKCHCPI/IMCHTa}IbHa}I qacTh

ViccnemoBaHus IpOBOAMINCH HA IIpUMepe KOMIO3UIIA, COleP>KALINX Pa3INyHble TU-
POKCUICOTepoKalllyie aKpUIOBbIe OJIUTOMepPbl. AKpU/IOBBIN oiuroMep B kommosuiuu 1 (AO-1)
cofiep>Kajl IMIPeMMYILeCTBEHHO BTOPUYHBIE I'MIPOKCUJIbHbIE IPYIIbl. AKPUIOBBI OIUTOMEp
kommosuym 2 (AO-2) comeprkas IepBUYHbIE TUPOKCU/IbHbBIE TPYIIIbL. AKPVUIOBBI OJIUTO-
mep komnosunym 3 (AO-3) comepxan Kak IepBUYHBIE, TaK ¥ BTOPUYHbBIE TMPOKCUIbHBIE
TPYIIIBI B MOTbHOM cooTHoueHnn 1:1. ClmMBaroImyM areHToM CIy>Kn1 annaTidecKmit Iom-
M30LMaHAT OMypeT TreKcaMeTWIeHANN30LMaHaTa, KOTOPbI BBOAWICA B aKpUIOBbIe KOMIIO3M-
uuu n3 pacuera [-NCO]/[-OH] = 1,0.
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AKpUIOBBIE KOMIIO3MLIUY JOBOAMINCDH 10 paboueil BASKOCTY BBEIEHNEM CMECEBOTO
pacTBopuTens (Kcumosn/6yTuanerar = 1/1) 1 HAHOCUINCD IIIe/IEBBIM allIUIMKATOPOM C TOJIIIN-
HOJ1 70 MKM Ha cTa/IibHble IIacTVHBL. OTBepK/leHNe IUIEHOK B TedeHMe 14 CyTOK IpOBOANIOCh
IIpY CAEAYIOIINX TEMIIEPATYPHBIX PeXXIMax:

- IIpY KOMHATHOM TeMIIEpaType;

- 1 9ac npu 40 °C, 3aTteM IIpy KOMHATHO TeMIlepaType;

- 1 9ac npu 60 °C, 3aTeM IIpy KOMHATHO TeMIlepaType;

- 1 gyac mpu 80 °C, 3aTeM IIpy KOMHATHOJ TeMIlepaType.

Tonmuna cyxoi nmi€nka coctraBuaa 30 MKM.

O6 apres3mn akpyIypeTaHOBBIX MOKPBITHI K CTA/IN CY[VIIN 110 3aBUCYMOCTSM OTHOCH-
TE/IbHOTO M3MEHEHNA TOKA OT 9HEPIUM OTCAauBaHMA. [[71 3TOro B MOKPBITUM JIeIajiCs Haipes
IO CTa/M OIIpefie/IeHHOM IO/ KaTMOPOBAHHBIM PEXYLIMM MHCTpyMeHTOM. [InacTuHku
nomeaauch B 0,5M BogubIl pactBop NaOH, dyepes HUX POIycKany IepeMeHHbI 37IeKTpU-
4eCKMii TOK. B KayecTBe 3/1€eKTPOJOB MCIIOIb30Ba/IN IVIACTUHY 13 HEP>KaBeIollell CTa/ln U I/1a-
CTUHY C HAaHECEHHBIM aKPU/IypEeTaHOBBIM IIOKPBITHEM.

Ha puc. 1 npuBefeHbl 3aBMCUMOCTY ISMEHEHN A OTHOCUTE/IBHOTO TOKA OT S3HEPTUM OT-
C/TaViBaHMA aKPUIYPETAHOBBIX IIOKPBITHI Ha CTa/IN.

IToBbIlIeHNE TEMIIEPATYPBl OTBEPK/E€HNUA aKPWIyPETaHOBBIX IMOKPBITUI, C OFHOI CTO-
POHBI, TIO/DKHO NPUBOJAUTD K YMEHBLIEHNIO OTHOCUTEIBHOTO TOKA NP OTHON U TOJ JKe IIpU-
JIO>)KEHHOJ SHEPIMM OTCIaMBAHMA M3-3a YBEIMYEHMA T'YCTOTBI XMMUYECKON CETKM, IPENAT-
cTBytomeit 1 ysnn 37eKTPOINTa U BOAbI K Tofy10KKe. C Ipyroil CTOPOHBI, TOBBIIIEHNE TeM-
IIE€PATyPbl OTBEPXKAEHMA NO/DKHO IPUBOANUTD K YBEIMYEHNIO TOKA M3-33 HAPACTAHNA BHYTPEH-
HUX HAaIPsDKEHUI GOPMUPYeMbIX ITOKPBITHIL.

Ha6mogaemple Ha puc. 1 pacIono>keHNs 3aBUCHMOCTEN M3MEHEHM OTHOCUTETBHOTO
TOKA OT S9HEPIMM OTC/IaMBAHMA YKa3bIBAIOT HA 3TO IPOTUBOpPEYME.

(1-10)/1 (HO)/1
05 - 0,57

0,4 -

0 T T 1 !
0 10000 20000 3, K 30000 0 10000 20000 30000

3, Ox
a 0

Puc. 1. 3aBUCHMOCTDb M3MeHEHNs OTHOCUTEIBHOTO TOKA OT SHEPIMM OTCIAaNBaHMs aKPUTYPETaHOBBIX IOKPBITHII
Ha cTany, cpOpMUPOBAHHBIX Ha OCHOBE KOMITO3uImii ¢ BropyuHbiMy OH-rpynmamu (a); nepsuansivyu OH-rpyn-
namu (6). Temmeparypsl orBepoxgenus: 1 — 20 °C; 2 - 40 °C; 3 - 60 °C; 4 - 80 °C
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17151 6071ee HAaIIATHOTO BOCIIPUATYSA ITO/TyYeHHbIX JaHHBIX ObIIV CIe/IaHbI CPe3bl THUX KPH-
BBIX ITpY 9Hepruy orcnauBanys 10000 I v 1o coOpaHHBIM TaHHBIM HOCTpOeHa Tabmuia 1.

[Ipn mepBOM peXyMe OTBEPXKACHMS afire3us aKpMIYPeTaHOBBIX ITOKPBITHII OTHOCHK-
TeJIbHO BBbICOKas. IloBBIIEHME TeMIlepaTyphl OTBEP>KAEHM (IIepexof; KO BTOPOMY PeXVMY)
IPUBOAVT K Pe3KOMY YBETMYIEHIIO OTHOCUTEIBHOTO TOKa oTc/auBanuA. OfHAKO Jja/ibHeliIee
HOBBILIIEHVIE TeMIIEPATypPHI (IIepexof] K peXXMaM OTBep X/jeHusA 3 U 4) IPUBOAUT K €r0 yMeHb-
IIEHMIO.

OueBMIHO, YTO PV KOMHATHON TeMIlepaType oTBep>KaeHus (pexxum 1) popmupyercs
HEJOCTaTOYHO pa3BUTasA TpeXMepHasA CeTKa MOMMepHOIl IIeHKu. I obpasoBaHus anoda-
HaTHBIX, OMypeTHBIX (pparMeHTOB Ljeny HeOOXOAVMBI BBICOKVIE TeMIIePaTypHl, T.K. SHEpPIus aK-
TUBAIVM X 00pa3oBaHus B 3-3,5 pasa Bblllle, YeM peaKIyi B3auMOJeICTBYS IMPOKCUIbHBIX
TPYIII C M3OUMAHATHBIMU. HepasBUTOCTb TpeXMepHOI XMMUYECKO CeTKM C/1abo IperT-
CTBYeT 00pa3oBaHMI0 ME>XMOJIEKY/IAPHHBIX (JVUIIONb-AUIIONbHBIX, JUCIIEPCYOHHBIX) M XVMMI-
YecKux (Xxemocop6bums) cBsizeil MeXAy (QyHKIVMOHAIBHBIMY IPYIIIAMM ITOJIMMEPHOI ey U
aKTVBHBIMU IIeHTPaMI Ha IOBEPXHOCTY MeTajUta. Hus3koe oTcnanBaHme akpumypeTaHOBBIX I10-
KpBITUII Ha ocHOBe onuromepos AO-1 1 AO-2 nipu pexxume orBepkeHus 1 (cm. Tab. 1) 06b-
SICHSIETCS BBICOKOJI KOHLIEHTpaLMell TaKuX PpU3NIecKX ¥ XMMUIECKIX CBsI3eil «[IOMMep- Me-
TaII».

[Tepexop KO BTOPOMY U TPETbEMY PEXXUMY OTBEP>KAEHMs, C BbIAEP>KKoIl 1 yac mpu 40 u
60 °C, mMOrMYHO MPUBOAUT K yBEINYEHUIO TYCTOTHI XMMMU4YecKkol cetku. Habmomaemoe mpu
3TOM yBe/IM4eHIe OTCIauBaHNA cOPMIPOBAHHBIX IIOKPBITIIT HA OCHOBE aKPUJIOBBIX OJINTO-
MepoB AO-1 1 AO-2 (cMm. Tabr1. 1) yKkaspIBaeT Ha HapacTaHMe CTePUYECKUX IIPETIATCTBIUI 00pa-
30BaHMA QUINYECKIX Y XMMIYECKUX CBA3EN «IIO/IMMep — MEeTa».

[Tepexon K 4eTBEPTOMY PEXUMY OTBEP>KIEHNA, C BbIgep kKot mieHok mpu 80 °C B Tede-
Hye 1 9aca, HaIpOTUB, IPUBOAUT K Pe3KOMY YMEHbBIIECHNUIO CTEIIEHN OTCIAaMBaHNA ITOKPBITUI
Ha ocHoBe AO-1 n AO-2. IIpu 3TOM pexxume OTBEpKAEHMS TpeXMepHas aKpUIypeTaHOBas
CeTKa caMasi pa3BUTasA, C BBICOKMMI CTePUIECKVMI MIPEILATCTBIAMMY Jy11 00pa3oBaHMs aire3N-
OHHBIX CBSI3el MeTa/UI-nonmMep. Huskoe oTcmanBaHme STUX IVIEHOK, OYeBUIHO, BBI3BAaHO HU3-
Kol fuddysneil KOPPO3MOHHO-AKTUBHBIX aTeHTOB (BOZJA, KUCIOPOJ, 3/MEKTPOINUTHI) K IIOf-
JIO>KKe Yepes3 IJIeHKY.

Ta6bmuma 1. 3HaueHNA OTHOCUTEIBHOIO TOKa KOPPO3WM IIpu sHepruu orcinamBanya 10000 [k, 41 MOKPBITUIL ¢

coorromennem NCO/OH = 1:1

TeMnepaTypHblil pexxum AO-1 AO-2 AO-3
Ne 1 0,31 0,33 0,43
Ne 2 0,41 0,42 0,41
Ne 3 0,39 0,41 0,42
Ne 4 0,27 0,37 0,44
3aknroueHue

YcTaHOBIIEHO, YTO CTPYKTypa TMPOKCHICOAEPSKAIINX aKPMIOBBIX OIMTOMEpPOB Cylile-
CTBEHHO BJIMAET Ha afTe3VI0 AKpUIypeTaHOBBIX MOKPbITNIT. Cpeny MOKpBITHI, cpopMUpOBaH-
HBIX IIpK cTexnoMeTpudeckoM cooTHoueH NCO/OH, Haubonpuras agre3ns HabmomaeTcs y
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ITOKPBITUII Ha OCHOBE aKpUJIOBOTO OJINTOMEPA CO BTOPUYHBIMIU TUPOKCUABHBIMY IPyIIIaMU
(AO-1).

YCcTaHOBJIEHO, YTO HAVWTy4IIast afire3yis IIOKPhITUII oOpasyeTcsa npu 1-M 1 4-M pexxumax
otBepx/eHus. [Ipu 1-M pexxume — 3a c4eT 60s1ee IIOTHOTO B3ayMOAEIICTBIS PYHKIMOHAIbHBIX
TPYIII IOIMIMepa C aKTUBHBIMY IIeHTpaMM METa/lIa, a Ipy 4-M — 3a c4eT 6oee BBICOKOIL Iy-
CTOTBI TPEXMEPHOJ XVMMYECKOI CEeTKU, MPeNnATCTByomeil fudpQysnuu KOppo3MOHHO-aKTUB-

HBIX ar€HTOB.
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Knwouesvie cnosa: IIposedena npedsapumenvras 06paboma asmozuoponU3om OUOMACCHL uenyxXu
wenyxa 0éca, npedsapu-  06Ca NPu UsMeHeHUU memnepamypot npouecca 6 unmepesane 160-220 °C, spemeru
menvHas 06paboma, obpabomku 6 ouanaszome 5-60 mun u npu eudpomoodyne obpabomxu 1:10. [ns xa-
aemozudponus, 2udpo- pakmepucmuku ycnosuii npedsapumenvHoti 00pabomxu ucnonv3osancs gaxmop
mepmuueckas obpa- HecmKocmuy asmoeudponusa, komopuiii usmenancs om 2,50 0o 5,37. dppexmus-

6omka, yennionosd, ep-  HOCHb NPOBOOUMO20 ABIMOZUOPONUZA OUEHUBANIU 1O USMEHEHUI0 XUMUECKO20 CO-

MeHmMamueHviii 2udponu3  cmasa meepooil pasvt 06pabomarnHoii wenyxu osca. Ilokasano, umo asmozuopo-
71U3 OUOMACCHL UWAETLYXU 06CA NPU POCHIE HeCMKOCMU YC08ULl 06pabomxu npuso-
OUM K 3HAYUMENTbHOMY CHUNEHUIO 2eMULENINN03 6 Meepioii Pase npu docmuice-
HUU Ha nepsom amane dakmopa sxecmrocmu 4,17 u k nocnedywuemy npakmue-
cku nonHomy yoanernuio. Taxse Ha nepsom smane NPOUCXO0UM He3HAYUMENbHOE
usmeHeHue KOHUEHMPAYUYU TUSHUHA U NO8blUeHUe 00U UENION03bl 6 MEepool
Ppakyuu. JlanvHetiuiee nosviuierUe HecmMKOCMU YC0BULL HA 6MOPOM dmane npu
usmeHeHuu axmopa secmxocmu om 4,17 00 5,37 npusooum k HAKONIEHUIO ue-
HUHA 6 MeepOOM OCtnamKe 00 MAKCUMATIbHO20 3HAveHUs 45,7 % 6 pe3ynvmarme
NpomeKanus peaxyui KOHOeHCAUUU TueHunHA. V3-3a pocma cooepianus nueHuHa
00715 Uennon03vl 6 Mmeepooti Pppaxyuu chuxcaemcs. IPdekmusHocmn npedsapu-
menvHoLi 06PAbOMKU OUeHUBANU HO KOHEUHOMY HAKONIEHUIO PeOYUUPYIOUUX Be-
Uiecme, NOMyHeHHbIX 6 Pe3yNibimarme epmMeHmamueH020 eUOPOIU3A C UCHONb306A-
HueM (epMeHmH020 KOMNIIEKCA, COCMOAU4e20 U3 npenapamos «Lennonioxc-A» u
«Bprosaiim BGX». Ha nepéom amane npu cHUMIEHUU KOHUEHMPAUUU 2eMULeTITIIO-
7103 0OCHYNHOCHb UENII0NI03bL O (PepMEHINO06 SHAYUMENLHO YEeNUtUBAenC U
8bIX00 PeOYUUPYIOUUX Beujecme 00Cmuzaem MAKCUMATbHO20 3HA4eHUS 66,7 %
npu gaxmope scecmxocmu asmozudponusa 4,17. Ha emopom smane nosviuenue
JHecmKocmu ycnosuti 06pabomxu 00 3naveHus pakmopa 5,37 npusooum Kk HaKon-
JIeHUI0 JTUZHUHA 6 MeepooM ocmamke, 4mo ozpanudusdaem oeticmeue depmen-
moe. B pesynomame 3amemHo cOKPAULAEMcs 6biX00 PeOyuUpyousux eeusecms 0o
30,0 %.
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BBengenue

JIurHOLe/UTI0NTO3HbIe GMOMACCHI SBIIAIOTCS albTePHATYBHBIM BO30OHOBIIAEMbBIM PeCyp-
COM, 113 KOTOPOTO BBIJIe/IIETCS LIeJUTI0I03a Y TEMULIETITIONO3BI, VICIIOIb3YeMble ISl OTydeHs
PasIMYHBIX IPOJAYKTOB C JobaBneHHOM crouMocThio [1]. Illemyxa oBca OTHOCUTCSA K IIMPOKO
PacIpOCTpaHEHHBIM U IOCTYIIHBIM CBIPbEBBIM MCTOYHMKAM B CE/TbCKOXO3AICTBEHHBIX PEruo-
Hax U ABJIAETCA MPOAYKTOM arpOIPOMBIIIIEHHOTO KOMIDIEKCAa C HY/IeBOI ce0ecTOMMOCTRIO.
Vcnonb3oBaHMe 1Ie/UTI0/I03BI ¥ TeMMIIE/UII0NI03 B KauecTBe CyOCTpaTOB Ipy IpoBefeHnn dep-
MEHTATVBHOTO IIpoliecca ¢ 06paboTKoII TOf00paHHbIMM (epMEHTHBIMY IIpenapaTaMy I03BO-
JIsIeT NONTYyYUTh JOOPOKaueCTBEHHbIE TU/IPOIM3AThI, MCIIO/Ib3yeMble B Ka4eCTBe IMUTATe/IbHBIX
cpen B TeXHOJOIMM OMOCHMHTe3a GaKTepuanbHOI IIeJUII0N03bI (2, 3] wim [ia JanpHelnero
cOpa>xMBaHNA B TEXHOJIOTUY TIOMTy4eHMs 61103TaHO/MA. B TeXHO/IOrMY MCIIONMb30BaHNA JIUTHO-
11eJUTI0JIO3HBIX OMoMacc mpeiBapuTenbHas 06paboTka CriocoOHa MOBMMATD Ha PU3NKO-XUMMI-
YecKye CBOJICTBA 61OMAacchl U ee CTPYKTypy. OT yC/oBMil IpoBefeHNs IIpeBapUTeNIbHON 06-
paboTky 3aBUCUT 3P PeKTUBHOCTD MOCIEAYIOIINX IPOLIeCCOB PepPMEHTATUBHOTO IMAPO/N3a U
6uocunTesa [4, 5]. B HacTosIee BpeMs CYLeCTBYIOT pas/iM4Hble CIIOCOOBI IIPeIBapUTEIbHON
obpaboTku [6]. llnpokoe nprMeHeHMe HAXOAAT METO/BI IMAPOTEPMIYECKON IPeIBaPUTENIb-
Hoi1 obpabotku (aBrorupponusa). Ilo ycmoBusam mponecca 6momacca o6pabaTbIBaeTCsl MOJ
BO3/IeICTBJIEM BBICOKMX TeMIIEpATyp IIOJ] ITOBBIIIEHHBIM IaB/IeHMeM. B pesynbTaTe MOXXHO J0-
CTMYb 3HAYUTETBHOTO YBETMYEHVS JOCTYIHOCTM IIOBEPXHOCTM LIE/UIIONIO3bI I HECTBIA
¢depMeHTHBIX IpenapaToB [7, 8]. [IpoBefeHne aBTOrNpOIN3a MpeIoIaraeT MCI0NIb30BaHMe
TEXHOJIOTMM, IT0 KOTOPOT 06paboTKa MICXOJHOI 6¥I0OMAaCChI TPOVCXOANT IIPY UCIIO/Ib30BAHUY B
KadecTBe OCHOBHOJ peaKLMOHHOII cpelbl BoAbl. O6paboTKa B TaKMX YCIOBUAX IT03BOJIAET JO-
OUTBbCA TIOJTHOTO yHAJIeHMs TeMUIeIUIIN03, YaCTUYHON Jlerpajalliyl TUTHIHA U M3MEHEHN
CTPYKTYpBI Lie/Ii01o3bl [9]. B pesynbpraTe MOBBINIAETCA HOCTYIIHOCTD LIE/UTIONO3BI [T Jeil-
cTBUA PEPMEHTOB I €€ BOCIIPUIMYMBOCTD K (pepMEHTaTUBHOMY I'MAPOTIN3Y.

Ilenpio maHHON pabOTHI SABIACTCA MCCIEfOBaHNE BIUAHUA TeMIIEPATyphl 00pabOTKM U
BpEMEHU BBIIEP>KKI IIpefiBapUTeIbHO 00paboTky menyxu (Avena Sativa) oBca METOJIOM IUJi-
poTepMmdecKoit 06paboTKy (aBTOrMApON3a) Ha M3MEHEHNe COCTaBa TBEPAbIX (pakumit 61o-
Macchl. O1eHKy 3G GeKTUBHOCTI NPeABapUTE/IbHON 00pabOTKM OCYIeCTBIIANIN 110 Pe3y/IbTa-
TaM (pepMEeHTAaTMBHOTO I'MPO/IN3a TBEPHON Pppakiuy 06paboTaHHOI 61OMACChl B CPaBHEHUN

C TUAPOI30M HeoOpabOTaHHON 6MIOMACCHI LIeTyXM OBCA.
IKCcIepUMeHTaTbHAs 9aCTh

B mccnepoBanuy BbIoTHEHa 06pabOTKa JMTHOLE/UIIONIO3HOTO CBIPhEBOTO MaTepuaia
menyxu oBca (Avena Sativa). lllenyxa oBca AB/IAETCA IPOJYKTOM arpOIPOMBIIIIEHHOTO KOM-
IJIEKCa, IPeICTaB/IAI0IMM COOOI IIPOIONTOBaThle YaCTHUIIbI pasMepoM 8-10 MM 1 He Tpebyto-
MMM IpefBapUTETbHOTO M3MeNbYeHNs, U VICIIONIb3yeTCA A 0OpaboTKM B HATUBHOM BIJIE.

XMMUYeCKul COCTaB IIeJTyXy OBCa IpeJiCTaB/IeH B Ta0I. 1.
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Ta6muma 1. XviMyudeckuil cocTaB HATUBHOI 6110MacChl LIETYXM OBCa

MaccoBag gons, %
bnomacca 1Ie/ITI0NI033 TI0
TeMUIIE/ITIONO3bI JIMTHUH
Kropurnepy
IlTerryxa oBca 49,26 31,83 16,86

[ly11 mpoBefeHN s TMAPOTEPMUYECKOl 06paboTKM (aBTOTUAPOIN3a) MCIOTb30BAJICA pe-
aKTOp U3 HepyKaBelolneyl ctam 06beMoM 2,3 1. PeakTop 103BOJIsA€T IPOBOANUTD MPOLIECcC Py
JOCTIYDKEHNN MaKcuManbHON Temmeparypsl 300 °C u pabouero gasnenns fo 10 MITa. Peakrop
OCHaIlleH BHELIHUM 3/IEKTPUYECKMM HarpeBaTeIbHbIM 3/IEMEHTOM, C IIOMOLILI0 KOTOPOIO 10-
CTUTA/Iach 3aflaHHAs TeMIlepaTypa o6pabOTKM 6MOMACCHI MIeTyXu oBca. PeakTop ycTaHOB/IEH
Ha IIaPHMPHOJI OTIOpe, II03BOJIAIONIel IPOBOAVUTD KaueHye peakTopa ¢ aMIymmTygoi 150°[10].
Illerryxa oBca IpeABapuUTENIbHO CMELIMBAIACh C TIOATOTOBIEHHON OYMIIEHHON BOJION B COOT-
HOUIEHUM XUAKOCTb-TBeppoe Teno 10:1. ITonydyeHHas cycneH3us nomenianach B peakTop, pe-
aKTOp TepMETMYHO 3aKPBIBAJICA U CO3/laBaZoch M36bITOUHOE AaBneHne 30 6ap B aTMocdepe
CO, 11 mopiiepyKaHmsl BOABI B IIpoliecce 00pabOTKY B XKUKOM COCTOSIHUM TPV BBICOKUX TeM-
neparypax. [loce sarpysku npoBoawIn HarpeB CyCIeH3UM 10 3aJaHHON Temueparypbl. I1pu
JIOCTVDKEHUN TeMITePaTyphbl BBIOpaHHOI Be/TNYIMHBI IIOAIK/TI0Ya/Iach CUCTeMa KaueHNs peakTopa
Y IPOBOJMIOCH IIepeKaYMBaHyue C MaKCMMa/IbHOM aMIUIUTYON /I ITepeMeIIVBAHNA PEaKI-
OHHOJI MacChl ¥ BBIpaBHMBAHI TeMIIEpaTyphl B 00beMe pekTopa. briomacca memyxm oBca mog-
Beprajach 06paboTke B TeMnepaTypHoM puanasoHe 160-220 °C ¢ BapbupoBaHUEM BpeMeHU
npe6bIBanHuA oT 5 1o 60 MuH. [Toce Ha3HAUEHHOTO BPEMEHY PeaKLUV PeaKTOpP OX/IaXJancsa
fo TeMiiepaTypbl MeHee 100 °C 1 mpoBOAWIICS CIMB peaKLUMOHHOM Macchl. PeakijmonHasa macca
paspenaaach myreM GUIbTPALNM HA XXUAKYIO U TBepAylo ¢ppakuym. Teppas ¢ppaxuys mpen-
BapUTE/IbHO IIPOMBIBA/IACh BOJOA, CYIINM/IACH 10 BIAXKHOCTY 7-10% 1 MCTI0/1b30BaIach /i1 aHa-
N33 XMMUYECKOTO COCTaBa.

B panmpHeitieM nmpoBoamicsa pepMeHTaTUBHBIN ruApon3. TBeppas ¢ppakums uCcmonb3o-
Ba/Iach B KauecTBe CyOCcTpara IyIs M3Y4eHNs PeaKIVIOHHO CIIOCOOHOCTY K (hepMEeHTaTIBHOMY
TUAPOTN3Y C MCIONb30BaHNEM IPOMBIIIIEHHBIX (epMEHTHBIX IIpenapaToB «llemnomokc-A» u
«bproszaiim BGX». ®epMeHTaTMBHAA aKTMBHOCTD MH/IMBY/Tya/IbHbIX IIPENIapaTOB IIpeJiCTaBIeHa
B Ta0I. 2.

Ta6mia 2. GepMeHTaTHBHASA aKTUBHOCTb (ePMEHTHBIX IIPENapaToB

HanmenoBanme npenapara DepMeHTATNBHASL AKTUBHOCTD
«demnomokc-A» nemmonasHas: (2000+£200) en. InC/r
(cTaHmapTU3MPOBAH II0 Lie/ITI0Na3e) kcmta"asHas: (8000+800) ex. KC/r
000 ITO «Cub6modapm», Poccus B-rmoxanasHas: go (1500+150) e p-T'xC/t
«bprosaitm BGX» nemwmonasyas: (2100+105) ex. InC/r
(cTaHmapTM3MpPOBaAH 110 TeMUILIENIIIONA3E) Kcuta”asHast: (4200+£210) en. KC/r;
«Polfa Tarchomin Pharmaceutical Works S.A.», ITonpIua B-rmokanasnast: (530+26,5) en. p-I'xC/r.

[l mpoBenenus pepMeHTaTMBHOTO IUPOJIM3a CyOCTpaT Maccoit 5 T (abCOMOTHO CYyXOro
BEI[eCTBA) 3aChITAJICA B KOHMYECKYI0 KO0y eMKocThio 0,5 /1. B mpeiBapyTe/IbHO IIOTOTOBICH-
HOM atetaTHOM O6ydepHoM pactBope (pH=4,7) pacTBOpsAMNCh pepMeHTHBIE ITPeNapaThl, KaXK-
neit B Komrdectse 0,04 1/r cybcrpaTta. 3areM OydepHBIl pacTBOp 3amuBaicAd B KonOy u3
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pacdera nomydeHus 150 My cybcTpara ¢ KoHIeHTpauyen 33 r/n. [Jamee mpoBogumv ruaponmns
PV IIOCTOSTHHOM IlepeMernyBanuy Ha miardopme «I19-6410 M» (Poccus) ¢ gyacroroit Koje-
6anus 150 MuH"' B TedeHue 72 4. B xoe ruziponisa nopnep>KxuBaay HOCTOSHHYIO TEMIIEPATypy
(45+2) °C, mo3BONAIYI0 HOTyYUTh MAKCUMAIbHBIN BBIXOJ PefyLUPYIOIINX BELleCTB IpK
pH=4,6 [11]. B xoe depMeHTaTMBHOTrO IUAPOIN3a OTOMPAIN TPOOBI TMAPOIM3ATa KaXK/Ible 8 4.
B rupgponmusare onpenenanm KOHIEHTPaluy peAyIPYIOIIMX BEIIECTB B IEPECYETE HA TTIOKO3Y
CIIeKTpOoOTOMETPUIECKIM METOJIOM C VICIIOTb30BaHMEM PeaKTVBa Ha OCHOBE 3,5-[MHUTPOCa-
muunnoBoit  kucnorel («Panreac», Vcmanma) nHa crexkrpogoromerpe UNICOUV-2804
(«United products & instruments», CIIIA).
Pacuer pepynmpyromuyx Bemects (0T Macchl cybcTpara, %) IpousBoayIn o popmye
n =M-0,9-100,

pB
mC

rie Cp, — KOHeYHas KOHI[eHTpal[us PefyMPYIOUINX BEIECTB, I/1T; V. — 06beM ruaponmsara, I
m. — Macca cybcTpara pisa pepmenTanny, r; 0,9 — K0apuiyeHT, 06ycIoBIeHHbI IPUCOe-
HEeHVEeM MOJIEKY/Ibl BObI K aHTUIPOITIOKO3HBIM OCTAaTKAaM COOTBETCTBYIOU[MX MOHOMEPHBIX
3BEHDbEB B pe3y/bTaTe (PepMEHTATUBHOTO IMPOIN3a.

XUMUYecKuil coctaB 00pasIioB ChIPbsS U CYOCTPATOB OIPeJesIACs 10 OOIeIPUHATHIM,
pernamenTrpyemMbiM [OCTamuy, 1 crienanbHbBIM METOAAM JJI aHAIN3A PACTUTETLHOTO ChIPbs
[12]. MaccoBas gorns nemmonoss! no KioplHepy onpeznensmach myTeM 00pabOTKY 1Ie/TI0I03bI
CIMPTOBBIM PACTBOPOM a30THOJ KMC/IOTHI M KOMMYECTBEHHOTO OIIpefie/IeHNs] HepacTBOPUBIIIe-
rocs ocraTka. MaccoBas 1o/ KMCIOTOHEPACTBOPMMOTO JIUTHIHA ONIpefie/isach MeToioM Ko-
Maposa [13]. MaccoBas B0 TeMULe/UTION03 OIpefie/isinach JKee300PCHHOBBIM METOIOM 10
I'OCT 10820-75. MaccoBas o7 30715l onpefensnach MerofoM oxuranys no 'OCT 18461-93.
Boixop TBeppoit ¢ppakiyy mocie BapKy Ha MacCy MCXOJHOTO ChIPbsl PacCYUTHIBAIN IO Gop-
MyJie

(100 — W)
Men™100

n= - 100,
mM

IZie My, — Macca TBepAoH ¢pakLuy, r; my, — Macca MCXOJHOTo oOpasia 6110MacChl LIeTyXy
oBca, I; W — MaccoBas 107141 Blaru B TBepoit ppakiy, %.

MaccoBas [0/ BIary B TBEPHON GppaKiyy oNpeensIach Ha aHaIN3aTOPe BIAr0Cofiep-
skauus «MB23» («Ohaus», CIITA).

JIJ1s1 OLieHKM YKeCTKOCTY YCTIOBMIT TUPOTEPMIYECKOI 00pabOTKM MCIONMb30BAICA (ak-
TOP >KeCTKOCTM, KOTOPBIil ABJsIeTCs QYHKIVEN BpeMeHN peObIBaHNsA U TeMIIepaTyphl oOpa-
60TkM [14]:
T — TR)

)

R:lOg t-exp(m

rzie t - BpeMs o6pabotku, MuH; T — Temneparypa 06paboTky, °C; Ty — 3TallOHHas TeMIIepaTypa
peakuyn (paBHa 100 °C). 3HavyeHue 14,75 mpefcTaB/seT SMIMPUIECKUI ITapaMeTp, 3aBUCS-
NI OT SHEPTUM aKTUBALMA Y TEMIIEPATYPBL.

VccnepoBanus NPOBOAVINCH IPU MCIIONIb30BaHUY 00OpymoBaHus buiickoro perno-
HaJIPHOTO LieHTpa KoiekTuBHOro nonb3oBanys CO PAH (MIIIXST CO PAH, r. buiick).
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Pe3ynbTaThl M UX 06Cy)KaeHMe

ITo n3MeHeHMIO COCTaBa TBEPABIX QPAKINIT [TOCTIE TIPEABAPUTENBHOI 06PAOOTKY IIETyXN
OBca OIpefe/IsUIN BIUsIHIE YCIOBUIT aBTOTUAPO/N3a. V3MeHeHre cocTaBa TBepAbIX GpaKimit
nocjie 00paboOTKY B 3aBMCYMOCTY OT TeMIIepaTypbl I BpeMeH) 00paboTKY IOKa3aHo B TabL. 3.
B npouecce o6paboTkm pakTop xKecTKocT cocTaBui 2,50-5,37.

Taémuna 3. CoctaB TBep/bIX PpaKIMil TOCTIE IPeABapUTENbHO 06paboTKM

Temneparypa, °C 160 180 200 220

Bpemst o6pabotky,
5 25 60 5 25 60 5 25 60 5 25 60
MUH

DaxTop KeCTKOCTU
2,50 3,20 3,58 3,10 3,79 4,17 | 3,69 4,39 4,77 | 429 499 5,37
aBTOrMApomnsa R

Beixon, % 69,3 66,0 64,8 48,9 46,1 43,8 | 47,1 44,1 42,7 | 41,5 385 35,5
MaccoBag gons, %:
- 1IeJUTION03a 47,3 62,3 60,6 70,6 75,7 62,3 | 70,2 650 53,8 | 62,2 583 50,1
- IUTHUH 159 18,9 21,2 20,9 18,0 33,6 | 36,2 32,4 43,5 350 40,6 47,5
- remnuetonoser | 30,0 16,8 13,1 7,1 33 2,1 1,7 1,0 07 |09 05 04
Yposens pH 4,21 4,15 4,03 3,98 394 330 | 3,44 3,14 3,08 | 3,22 3,06 3,02

[Tpn yBenmuyeHuu TeMIlepaTypsl 00pabOTKM IPOMUCXORUT yAaneHye OOJIbLIEro 4yucia
OMoMacchl B CpaBHEHMM C M3MEHEHVEM, IPOUCXOMAIINM IIPY YBeMYEHUN BpeMeHU obpa-
60Tkn. C pocTOM TeMIlepaTypbl IPOMCXOANUT YBeIMYEHNUE COflepXKaHUsl MIOHOB BOZABI B pac-
TBOpeE, B pe3y/IbTaTe Yero Bojia IEVICTBYeT KaK C/1alblii IIO/IAPHBIT pacTBOpuTeb. [loaToMy mo-
BBILIEHJE TEMIIEPAaTypbl 00PabOTKY B IIEPBYIO oYepenb obecredrBaeT yhaneHye reMuLesIIo-
103 [15], 94TO OTpakaeTcsl Ha CHVDKEHMN BBIXOa OMOMAaCCHI IIPU CPeHEM BpeMeHU 00paboTKM
25 MyH ot 66,0% npu 160 °C mo 38,5% mpu 220 °C.

[l oLleHKY BIMAHUA YCIOBUI 00pabOTKY IIpU aBTOTU/POJIN3e Ha M3MEHEeHe COCTaBa
TBepyoil Pppakumy 1CIonb30BaH GaKTOp XECTKOCTH. VI3MeHeHNe cofep>KaHst TeMULIEeTITION03
B TBep/0¥1 GpaKIyy OJ BIMsIHIEM 00pabOTKY IpeACcTaBIeHo Ha puc. 1.
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Puc. 1. IameHeHne COAEPIKaHA TEMNLEIIIION03 B 3aBUCUMOCTHU OT JKECTKOCTU YC)IOBI/II?I ABTOTUAPOIN3a
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ABTOTMIPO/IN3 MIETyX) OBCa COIPOBOXKJAETCA MPAKTUYECKY TIOJTHBIM yIa/IEHNEM TeMU-
LIeJUII0I03 OT Ha4YalbHOIO copepKanuA 31,83% B mcxopHol menyxe obca 1o 0,4% mpu caMbIxX
YKECTKMX YCTIOBUAX 00pabOTKM. YCTaHOB/IEHO, YTO Hayuboblllee BIMAHME Ha YObUIb reMUIIe/-
JTI0NI03 OKa3bIBAeT JeJICTBIE TeMIIEPATYPhl IIPY paBHOM BpeMeHM 00paboTku (cM. Tabn. 3). Ha
IIepBOHAYA/IbHON CTA[[UV aBTOTY/POJIN3a IPOMCXOANT Hamboee MHTEHCUBHOE YAaleHue Te-
MMUIIEJUTION03 IIPY M3MeHEeHNU (paKTOpa XKeCTKOCTH OT VICXOJHOTO 3HaueHns 2,50 Jo 3HauYeHNA
3,79. IIpu aTMX ycnoBusAX 00pabOTKM IPOVCXOIUT CHYDKEHME KOHIIEHTPAL[UY TeMULIETIII0N03 B
TBeppoit dase ¢ 31,83 o 1,7%. [lanpHeliiee MOBBILIEHVE XXECTKOCTH YCTIOBUI 00pabOTKY OT
3HaveHus (pakTopa KeCTKOCTY aBTOTUAPOM3a 3,69 1o 3Ha4eHus 5,37 MPOUCXOANUT IIPU CHU-
JKEHMM CKOPOCTU yJaleHusA, U COofep)KaHMe IeMUILEe/IIoN03 coKpamaerca or 1,7 mo 0,4%.
Haub6oree >xectkue ycnoBust o6paboTky npu akrope >KeCTKOCTY aBTOTU/POIN3a, IIPeBbIIIa-
oeM 4,29, IpUBOJAT K NMPAKTUYECK) TIOJTHOMY Y/Ia/leHMIO TeMULIETUIION03 SO KOHEYHOIO CO-
nep>xanus 0,4%. ITogo6HbI ocTuraeMsllt aQpeKT 3aPpUKCMpPOBaH aBTOPAMU MHOTMX JCCTIe-
JIOBaHMI1, IIPOBOAMBIINX 00pabOTKy B YCIOBUAX aBTOrMApoimsa [16]. ['emuriesonoss! npu
yBe/IMYeHNN TEMIIepaTypPhl X BpeMeHM 00pabOTKM ePeXOAT B SKUAKYIO a3y, I7ie IPOUCXOUT
VX paspylIeHMe 10 OpPTaHMYeCKUX KIUC/IOT, TAKMX KaK MypaBbiHasA, YKCyCHas, MOJIOYHas, I7I1-
Konepas. C IMOBBIIEHNEM XECTKOCTY YCTIOBUI aBTOTUIPO/IN3a KOHIEHTPALA KUCIOT B JKIJ -
KoJ1 (pase yBe/IM4MBaAETCS, O Y€M CBUJIETE/IbCTBYET M3MEHEHVEe KUCIOTHOCTY CPefibl OT IIepBO-
HavajbHOTO 3HaYeHusA pH 4,21 o koHeuHOro 3Ha4YeHVst pH npu BEIOpaHHBIX YCIOBUAX 00pa-
60TKY, paBHOTO 3,02 (CM. TabI. 3), 9YTO TaK)Ke XOPOILIO COITIACYEeTCs C pe3y/IbTaTaMy MCCIeo-
BaHNI MHOTMX aBTOpOB [13]. B psage paboT ykasbIBaeTcs Ha MOSUTMBHOE M3MEHEHME CTPYK-
TYPbl JTUTHOLIE/UIIOIO3HOTO PACTUTENbHOTIO ChIpbA IIPY COYETAaHUM BO3JENCTBUA IpeBapu-
TEJIBHON 00pabOTKM aBTOIMIPOIN3OM C JOIIOHUTETbHO MeXaHM4ecKoil o0paboTKOM, 4YTO
obecrieunBaeT MO3UTUBHOE M3MEHEHMe CTPYKTYPBI ICXOJHOTO ChIpbs [17].

[lanee mpoBefieHa OIleHKA BIIMAHNA YCIOBUI 00pabOTKIM Ha MI3MEHEHIe COflep KaHNA JINT-
HIIHA [TOCTIe IPOBE/IEHHOTO aBTOTH/[PO/N3a B TBepoii (pase. XapakTep M3MeHEHN A KOHIIEHTpa-
IV IMTHYHA C TIOBBIIIEHMeM >KeCTKOCTY YCIIOBUI 00pabOTKM IIpeicTaB/IeH Ha PIC. 2.
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Puc. 2. IameHeHne COAEPKaHVIA TNTHMHA B 3aBUCYIMOCTU OT JKECTKOCTN YCHOBI/II?I ABTOTMAPOIN3a

B xoe 06paboTKM >KeCTKOCTD YC/IOBMIT aBTOTMAPOIN3A IIPY HaYa/IbHOM 3HAUeHMM XKeCT-
KoCTV 06paboTKy 2,50 MpMBOAUT K HE3HAYNTEIbHOMY CHVDKEHUIO KOHI[EHTPAIVIY INTHIHA JI0
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15,9% OTHOCUTENTBHO MCXOJHOTO COJI€P>KaHNA IMTHYHA B HATMBHOM 1Ie/TyXe oBca. OHAKO I10-
cenyolee Y)keCTo4eHye YCI0BUil 00pabOTKM B MHTepBaje 3HaYeHMIT GaKTOpa )KeCTKOCTH OT
3,20 o 5,37, KOTOpO€E MPONUCXOAUT IIPeXK/e BCEro Ipy MOBBIIEHNY TeMIIEpATypbl IIpoLiecca,
IPUBOAUT K OOpaTHOMY HaKOIUICHMIO IMTHUHA B TBepHOM ¢pakiyuyu. ITOT $aKkT yCTaHOBJIEH
MHOTYMMM VICCTIEIOBATE/LAMM Y CBSI3aH C TeM, YTO IIPY YBEMYEHUY XKeCTKOCTY 06paboTKM BO3-
MOYXHO IIPOTeKaHMe peakLuy KOHAeHcanyy murauHa. JKectkme ycnoBust o6paboTky crioco6-
CTBYIOT IIPOTEKAHVIO peaKIVy KOH/IEHCAllMy JIMTHYHA Ha IIOBEPXHOCTU TBEpPAOil (PpaKImiL,
CKOPOCTb KOTOpOII IpeobajiaeT Hajl CKOPOCTBIO IMAPO/N3A INTHIHA. B pe3ynbTaTe Takoro
IPOTEKAHUsS PeaKLMy IIPOVCXOAUT 0Opa3oBaHIe IICeBJONIUTHIHA B TBepoit ¢ppakuym [18].
Bnuanme ycnoBuit 06paboTKy Ha 1LI€/ITI0/I03y B COCTaBe TBEpHOI (ppaKiyy IMOKa3aHo Ha

pHuC. 3 B 3aBUCHMOCTH OT paKTOpa KEeCTKOCTY aBTOTUIPOIN3A.
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Puc. 3. VIsameHeHne COAEPKaHMA LEII0/I03bl B 3aBUCMMOCTI OT JKECTKOCTI YCTIOBI/Iﬁ ABTOTUAPOIN3a

ViccnemoBaHus, NpOBeIEeHHBIE C Pa3/IMYHBIMI BUAMM ChIPbS, TOKa3bIBAIOT, YTO BO3TEN-
CTBME Ha L[€JIUII0JI03y IIPU IIPOBEJEHNM aBTOTMPO/IN3A 3aBUCUT IIPEX/Ie BCETO OT IPOMCXOX-
leHN s TMTHOLE/UTIONIO3HOTO ChIpbs. Tak, Ipu peBecHBbIX BUIAX ChIpbsA MCCIIeOBATEIN OTMe-
Ya0T, YTO TUAPO/IN3 IIeJUTI0NIO3b] SB/IAETCS He3HAUMTEe/IbHBIM, B TO BpeMs Kak Ipyu o6paboTke
TPABAHMCTOIO ChIPbsA M CENbCKOXO3AMCTBEHHBIX OTXONOB MOXXET IPOTEKAThb MHTEHCUBHBIN
TUAPON3 IIeUTI0NI03bl. B maHHOI pabore mpyu ob6paboTke IIeTyXyu oBca Ipy pocTe (pakropa
JKECTKOCTHM YCIOBUI aBTOTMAponn3a ot 2,50 10 3,79 mpoucxXoguT poCcT KOHIEHTPALN 11e/ITI0-
703bI B TBeppoit ppakuu (cM. puc. 3). B ycrmoBuax o6paboTkn B TeMIIepaTypHOM AMaIa3oHe
160-180 °C He3aBUCKMO OT BpeMeHM 00pabOoTKM TUAPOIINS LeJUTI0I03bI He3HAYNTeNbHBII. [Tpn
3TOM IPOMCXOAMUT POCT KOHLIEHTpaLMy B TBeppoil ¢ase Ha ¢oHe yaaneHys OO/IbIIell 9acTu
remunenono3 (cM. puc. 1). [Tpu >xecTkocTu ycmoBuit 06paboTKy, COOTBETCTBYIOIMX 3HAYe-
HUIO (aKTOpa >KeCTKOCTH 3,79, mocTUraeTcsi HanboIblIas KOHIEHTPAUVA Le/III03bl 75,7 %,
YTO COOTBETCTBYeT YCIOBUAM 0b6paboTky npu Temmeparype 180 °C m BpeMeHU BbIJIepXKKI
25 muH (cM. Tabn. 3). IIpoBenenne 06paboTKM mpy BBICOKUX TeMuepaTypax ot 200 mo 220 °C
Y, COOTBETCTBEHHO, Y)KECTOYEHUN YCIOBMII 0OpabOTKM, CBSA3aHHBIX TAKXKe C HMOBBILIEHUEM
BpeMeHM 006pabOTKM, MPUBOAUT K CHVDKEHMIO KOHILIEHTPAIMY IIeJUTI0NIO3BI B TBepHoil ¢ase.
Taxk, mpu pocte paxTopa )KecTKOCTH ycmoBuii ot 3,79 no 5,37 copeprkaHie Le/UTI0NI03bL B TBEP-
foit ppakuum cHyKaercs ot 75,7 mo 50,1%. DTO CBUAETENBCTBYET O TOM, YTO MIMeEeT MeCTO
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TU/IPOJIN3 LIe/UII0IO3BI IeTyXY OBCa. VIMEHHO B 9TUX YC/IOBUAX O0/IbIIOE KOMYECTBO 9HEPIN,
BBOJJIMOE B PeaKIIOHHYIO Maccy, I03BOJISIET Pa3OPBaTh KPENKYIO CTPYKTYPY Lie/Tiono3sl [19].
[TosToMy HOBBIIIEHVE KECTKOCTY YCIOBUI 0OPabOTKY CIIOCOOCTBYET Pa3pbIBy BOTOKOH Iiel-
JIIOTIO3BI, ¥ KOHI[EHTpALNA 1Ie/UII0I03bI B TBEpAIoil ppakumm cHmxaercs 1o 50,1%.
ITpoBenenHas npepBapuTenbHas o0paboTKa JOMKHA 00eCednTh JOCTYI (HepMEeHTHBIX
IpenapaToB K IIe/UI0I03e /I e€ JalbHeilIero TMaponmsa o pefylIypyoIX BemecTs. [To-
3TOMY B Jja/lIbHejiIIeM TBepAyIo QPaKIMIO MCIO/Nb30BaIN B KadecTBe CyOCTpaTa [/l IpoBefie-
HIs1 GPepMEHTAaTUBHOTO IruApon3a. [1o HaKOIIeHNIo pefyLUPYIOLINX BeleCTB II0CTIe TUAPO-
nu3a 06paboTaHHOI 61OMacChl B CPaBHEHNN C TUPOIN30M HeoOpabOTaHHON 61OMAacCHI 1ile-
JTyXVl OBCa Je/la/i OLeHKy 3 eKTMBHOCTU aBTOTUPO/N3a. 3aBUCHMOCTb HAaKOIUICHNUSA Pefy-
IVPYIOIUX BellleCTB 1oc/e (epMEHTAaTUBHOTO TUAPO/IN3a TBEPAOil PpaKUMU OT XKECTKOCTU
YCTIOBUII IIpefcTaB/ieHa Ha puc. 4. [leppoHayanbHOe MOBBIIIEHNE SKECTKOCTY YCIOBMIT 06pa-
00TKNM obecreunBaeT yaydlIeHNe YCIOBUIL A JOCTyna (pepMEHTOB K IIOBEPXHOCTHU IIeJUII0-

JIO3BI.
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Puc. 4. BimsAHue )XeCTKOCTH YCIOBUIT aBTOTMAPOIN3a Ha epMEHTATUBHBII IUIPOIN3 TBEPABIX (PppaKImit

ITocne rupponmsa HeoOpabOTaHHOI 6MOMACCHI IIOyYeHa KOHLEHTPAlMsA pefyLypyio-
mux BemecTs 8,5% depe3 72 4. B pesynbraTe MoBBIMIeHNA PAKTOpa >KECTKOCTU OT IepBOHA-
YaJIbHOTO 3Ha4YeHus 2,50 o 3HayeHus 4,17 mevictBue GpepMEeHTOB YCUINBACTCS, YTO IPUBOIUT
K POCTY BbIXO/la pelylIMPyIOLIMX BEIECTB 10 MaKCYMAIbHOIO 3HauYeHnA 66,4%. JlocTmxenne
MaKCHMaIbHOTO BBIXOJ]a B 7,8 pa3a IpeBBIIIAeT BBIXOJ, peAYLIVPYIOLINX BEIIeCTB 13 HeoOpabo-
TaHHOJ 0MIOMAacCBI LIIeTYXM OBCa.

HleiicTBMe ycmoBuil 06pabOTKM Ha 3TOM 3Talle CBA3aHO IPEXJe BCETO ¢ MHTEHCUBHBIM
yHa/leHyeM TeMUIIETITI0NO03, YTO OTPaykaeTcs Ha rpadyKe 3aBMCUMOCTH COfiepyKaHMA TeMUIIeN-
JTI0JI03 TPV YMEHBIIEHNN UX YpoBHA 10 2,1% (cMm. puc. 1). HakomnneHne KOHLIEHTpaL[ Uy JINT-
HIHa B pe3y/IbTaTe peaKlyy KOHAEHC AWM Ha 9TOM JTarle 00pabOTKY TaKXe SABJIsETCs He3Ha-
YMTe/IbHBIM U cocTaBiAeT Ko 30,0% (cM. puc. 2). JlanbHeImit pocT TeMIIepaTyphl ¥ BpeMeHNI
00pabOTKM CONPOBOXKIAETCS Y>KECTOYEHMEM YCIOBUII aBTOTMAPO/IN3a C NOBbIIeHNeM (ak-
TOPa XE€CTKOCTH JIO MaKCMMaIbHOTO 3Ha4eHu 5,37. IIpu sToM oTMeUaeTCs CHYDKEHME KOHIEH -
Tpanyy HaKaIlIMBaeMbIX peAyLMpYOIIX BellecTs /1o 42,6%. Ha sToM sTane 6uoMacca memryxu
OBCa IIOfIBEPTAETCS CANIIKOM JXECTKUM YC/IOBUAM 00pabOTKM, 4YTO MPUBOAUT K KOHIEHC AN
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JIMTHVHA ¥ OCAXJEHNIO PAaCTBOPUMBIX COEJVHEHNUII JUTHUHA Ha ITOBEPXHOCTM I€/III0/IO3BI
[20]. ITopTBep>KAeHMEM IPOTEKAHMA PeaKIMM KOHACH AN AB/IAETCA MHTEHCUBHOE HaKOILIe-
Hyle JIUTHVHA B TBePHOI GpaKIyy TPy HOBbIILIeHN (PaKTOpa )KeCTKOCTM CBbILIe 3HaueHNs 4,17
(cM. puc. 2) n pakT CHMDKEHUA peaKIMOHHOI CIOCOOHOCTY I[e/UTION03bI, YTO IIPUBENIO K CHU-
YKEHMIO HaKOIUIeHVsI peyLVPYIOIX BelleCTB Ipy (epMeHTaTBHOM Iujiponuse (cM. puc. 4).

BriBonb1

[TpegBapuTenbHas 06paboTKa aBTOIMAPOINM30M, IPOBEIEeHHAs B YC/IOBMAX IMOBBIIIECH-
HOTO JIaB/IeHNs B BOJie, obecreunsia 6/1aronpysTHbIe YCIOBYS st 06paboTKy 6MoMacchl 1ie-
myxu oBca. [ToBbllIeHNe KICTOTHOCTH cpefbl o ypoBH: pH 3,02 mpu y>xecToueHUM yCIOBMI
00paboTKy 10 5,37 CBUMETENBCTBYET O IMOBBILIEHNY KUCIOTHOCTY PEaKIMOHHOI Macchl, Oa-
rofiaps 4eMy IPOXOANT IIPOLIeCC TUAPON3a 610Macchl eryxy oBca. JKecTKocTb ycmoBuii 06-
PabOTKM MOBBIIIAETCS BCIEACTBUE POCTa TEMIIEPATYPbl 00pabOTKY U YBeIMYEHMS ee IIPOJOII-
uTenbHOCTHU. [ToBBINIeHNe )KECTKOCTY YC/IOBMIT 0OpabOTKY Ha IIEPBOM ITalle B MHTEPBae
3HavyeHuN gakTopa >xecTkocTyt ot 2,50 10 4,17 IpUBOANT K MPAKTUYECKV ITOJTHOMY YAa/IeHUIO
TeMUIIE/IION03, YTO obecIiedrBaeT MOBbILIEH)e KOHIIEHTPALUN 1Ie/UTI0NIO3bl B TBEPHOI dase
nocse 06paboTKY IpU HU3KOI KOHIleHTpauuu muranHa. Ha atoM atame o6pabotku ynyunia-
eTCs JOCTYITHOCTD IIeJUTIONO3bI /LA fieficTBuA (pepMeHTOB. B pesynbrate mpoBefieHHOTO dep-
MEHTATVBHOTO I'MAPO/IN3a TBEPABIX OCTATKOB JOCTUTHYT MaKCUMAJIbHBI BBIXOJ, pefyLMpPYIO-
VX BeIleCTB 66,4%, YTO NMPeBLIIIAeT BBIXOJ, OC/Ie pepMeHTayy HeoOpaboTaHHOI 611OMaCCHI
IIeTyXu oBca B 7,8 paza. OTMedeHO, Y4TO JalbHeillllee ITOBbILIeHIEe )KeCTKOCTI YCIOBMil 06pa-
60TKM Ha BTOPOM 3Tarle OT 3HayeHus pakropa >xecTkocT 4,17 1o sHaveHus 5,37 HPUBOANT K
YXYALIEHWIO YCIOBUIL /IS IpOBefieHns PepMEHTaTUBHOTO IMPO/IN3a U K CHIDKEHVIO BBIXOJa
penyuupyroux BemecTs 50 42,6%. IIpyuunHoil ABNA€TCA CHYDKEHME JOCTYITHOCTY IIOBEPXHO-
CTU LIe/UTIONO3BI IS JielicTBMs (pepMEHTOB BC/IEACTBYE MPOTEKAHMs peaKuy KOH/IeHCaluu
JINTHUHA Y OCAKAEHNM €T0 Ha IIOBEPXHOCTb BOTIOKHA II€JITI0O/IO3BI.

Hccnedosanue svinonnero 6 pamkax eoczadarus UTIIX3T CO PAH "OynoamenmanvHole
0CHOBbL CO30aHUS UHIMEPUPOBAHHOLL MEXHOI02UU NepepabomKU /1e2K060300H06ITeMO020 HeNnu-
14€6020 PACUMENLHOZ0 CHIPBS 8 60CMpeboBaHHble IKoHOMUKOU PP npodykmut” ¢ Homepom eoc-
peaucmpavuu npoexma 121061500030-3.
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MHCTUTYT XMMUY ¥ XUMIYECKOJ TeXHOIOI MM, SIpocaBCcKuit rocyilapcTBEHHBIN TEXHUYEeCKUI YHUBepcuTeT, Moc-
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Kniouesvie cnosa: Lenvio nHacmosweti pabomvt A6UNOCL UCCTE008aAHUE BTUTHUL MEXAHOXUMU-
HAMypPanvHuill KAyUyK, 6ynKa- ueckoti 06pabomku (MXO) KomnoHenmos 6ynKaHu3yowell 2pynnvl Ha cé0ii-
HUYIOWAs 2Pynna, Mexanoxu- CM6a pe3uH0601ll CMeCU U Pe3UHbL HA 0CHOBe HAMYPANIbHO20 KAYUyKa, cooep-
Mmuueckas obpabomxa, 8ynkanu- xaueii mexyenepod N 330 ¢ Hebomvuioti 000a6K0ii 6bICOKOOUCNEPCHO20
3AUUOHHDLE XAPAKMEPUCMUKY, — KPEMHEKUCZIOMHO020 HanonHumens. Ilokasano, umo obpabomka kax om-
synKanusam, 0epopMayUOHHO-  OeTIbHBIX KOMNOHEHMO08: OKCUOA UUHKA, YCKOPUMETIA, MaK U 6Cex COCMAsIA-
NPOUHOCMHbLE C80TICMBA HOUAUX CEPHOLL 8YTIKAHU3YIOUWETi 2DYNNbL, NPUBOOUMN K NOBbIULEHUI CKOPOCTNU

U cmeneHu CIPyKmypuposanus Kay4yKka 6 21a6HOM nepuooe 6YIKAHUIAUUY,
CHUNMCEHUIO CKTIOHHOCMU Pe3UMbL K pedepcull 8 Craouu NoCMeyIKaHu3ayuu.
IIpu smom noevlUaomcs 3HAUEHUS YCTIOBHBIX HANPANEHUL U YCN06HOL
NPOHHOCU NPU PACMANEHUU PESUHDL.

BBengenue

B nocnentee Bpems TBepHodasHble IPOLIECCH, MHUIIMUPYeMble MeXaHIMIeCKIM BO3Jieil-
CTBUEM CBSI3aHBI C IEPCIIEKTVBAMY VCIIOIb30BAHNSA «CYyXMX» TEXHOTIOTMYECKUX OIepaLuii, KO-
TOpble 00JIee 9KOIOTMYeCcKy 6e30IIacHbl M S9KOHOMMYECK) BBITOJHBI II0 CPAaBHEHUIO C CYIlje-
CTByIOLIMMU. MeXaHOXMMMYecKast aKkTUBALsA — 9TO IPOLIeCC, CIIOCOOHBIIT BBI3BATh CTPYKTYP-
HOe HapylleHVe, aMOpM3alNio ¥ IOBBIIIEHHYI0 XMMIYECKYI0 PeaKTMBHOCTb B MaTepualle,
HOJBEPTHYTOM VHTEHCHBHOMY M3MenbuyeHnio [1-3]. [IpumepoM MexaHOXMMMYECKOW obpa-
OOTKM MHIPEVIEHTOB MOXET CIY>KUTb 00pabOTKa B PaslIMYHOrO pofia ME/IbHUIIAX, Jle3UHTe-
rparopax u T.%. [4-7]. [IpegBapurenpHas MexaHOXUMMIYeCKasg 00pabOTKa MHTPEAVEHTOB pe3n-
HOBBIX cMecell sB/AeTcsl 9P PeKTUBHBIM CIIOCOOOM IOBBILIEHVS MX BY/IKaHU3AIVOHHON aK-
TUBHOCTY U YIY4IIEHN Psifja IPYMOPUTETHBIX CBOVICTB pesyH [8-11]. B ocHOBY MexaHOaKTIBa-
VIV TI0/I0>KeHbI IPUHIIVIIBI IMITY/IbCHOTO XapaKTepa IIpollecca ¢ IOKa/JIbHBIM BO3/Ie/ICTBIEM
Ha BellecTBO. [Ipy MexaHO0OpabOTKe BO3HUKAET II0/Ie HAIIPsDKEHMUIT He BO BceM 00beMe TBep-
IOV YaCTMIIBL, @ TOJIBKO Ha ee KOHTAKTe C APYroii yacTuieir wi pabounm tenom. Panee [12]
OBbIIV IIPOBEJEHBI VICC/IEROBAHNSA 110 BIMSHUIO MEXaHOXMMIYECKO 00pabOTKIL KOMIIOHEHTOB

By/lKaHusytomei rpynnsl (BI), a Taxke IpOJOIKUTENTPHOCTM XpaHeHMs 00pabOTaHHBIX
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VIHTPEJIMEHTOB Ha CBOJICTBA PE3MHOBBIX CMeCEIl ¥ Pe3VH MOJIETbHOIO COCTaBa Ha OCHOBE CMH-
TeTN4ecKoro 1,4-yuc-usonpenosoro kayuyka CKM-3. IlokasaHo, 4To MexaHOXMMMUYeCKas 00-
paboTKa KOMIIOHEHTOB BY/IKaHM3YIOLIEl TPYIIIbl IPUBOAUT K MOBBILIIEHNIO CKOPOCTHU U CTe-
IIEHM CTPYKTypUPOBaHMA KaydyKa B IJTABHOM II€pUOJie BY/IKaHU3ALUY, CHUKEHNIO CKIIOHHO-

CTHnu pe3I/IH K peBepch/[ B CTagnn HOCTBYHKaHl/IsaL[I/II/I.
OcHOBHasA 4acTh

[TpemcTaBnAno MHTEpeEC OLEHNUTD, B KaKOJ Mepe MposABiAeTca 9(pdeKT yCKopeHms Ipo-
1jecca ByJIKaHM3alMM NIpU BBeJleHUM KOoMIIOHeHTOB BI, mogsepruytbix MXO B anekTpomar-
HUTHOM aIIapaTe, B CEpUITHbIE PE3THOBbIE CMECH.

B cBsA3u ¢ aTMM B KavecTBe 6a30BoIl (3Tas0OHa) ObUIAa BBIOpaHa pe3anHOBasi CMeCh Ha OC-
HOBE€ HATypaJbHOTO KaydyKa Mapku SVR-3L, comep>Kallas aKTMBHBIN TEXHUYECKNUI YTIEPOT,
mapku N 330 ¢ He60/1b1I0TT T06ABKOI BHICOKOJUCIIEPCHOTO KPEMHEKICIIOTHOTO HATIOTHUTEIS
(mmdp cmecu HKC-1). ITo mepevyHio 1 copep>kaHMI0 OCHOBHBIX KOMIIOHEHTOB CMeCh OblTa
npuOIVKeHa K CMeCsM, TpefHa3HauYeHHbIM /I 0OK/Ia/IKy MeTa/yIoKopa bpekepa mvH. Byi-
KaHM3YIOIjas IPYTINa BKII0Yasa IOIMMEPHYIO CEPY B Ka4eCTBe BY/IKAHM3YIOI[ETO areHTa, YCKO-
puUTeNnb CyIbpeHaMUTHOTO TUIIA ¥ AKTUBATOPBI — OemnIa MHKOBBIE, CTeAPVH TeXHIIECKIL.
C TOYKM 3peHMsI MacCOBOTO COOTHOIIEHMS cepbl U yckoputens BI' cnemyer oTHecT K 06bId-
HBIM BY/IKaHM3YIOLIVM cucteMaM [13, c. 186]. MexaHOXMMMYecKas aKTUBAIA KOMIOHEHTOB
BT ocymjectBsinach myreM nx o6paboTKM B anapare, pecTaBisionieM coboil kamepy (peax-
TOP), OKPY>KEHHYIO 9JIeKTPOMarHUTHOI KaTYIIKOJ, obeclieunBalolieil ojgydeHne mynibCcupy-
IOI€T0 MarHUTHOTO I10JI, Ha KOTOPYIO IMOJAETCA HAIlpsDKEHMe IepeMeHHOro Toka 220-380 B
c gacroroir 50 I'i. BHyTpnu peakropa mmerTcs pabodne MarHUTHBIE 37IEMEHTBI, U3TOTOBJICH-
Hble I3 MAarHUTOTBEPAOTO MaTtepuana. [Ipu BKIoueHn MHAYKTOPA B 3/IEKTPUYECKYI0 CeTh pa-
6ouie 3/1eMeHTBI IOABEPraloTCs BO3JEVICTBII0 MATHUTHOTO TI0JIA U IIPUBOJSATCSA B MHTEHCUB-
HOE XaoTN4YecKoe IBVDKEHIeE C Iepefiaueli sHepruy KoMioHeHTaM BI' B Teuenne 2 munyT [12].
O6paboTke nopBepramm OTAeNbHO B3siThle 6emmia ryHKoBble (HKC-2), yckopurenp ByikaHu-
samym (HKC-3), a Tak)Ke OfTHOBpeMEHHO BCe IHI'PeVIeHTbI, BXOJAIINE B COCTAaB BY/IKaHM3YIO-
eyt Tpynmsl (cepa, yckopurenb, 6emnta nuHKoBble, cTeaput) HKC-4. PesnHoBbIe cMecn To-
TOBWIN Ha Ta0OpaTOPHBIX BalbliaX. TeMIlepaTypHbIil PeXXUM U 00Ias MPOLO/DKUTEIBHOCTD
CMelIeHN s ObUIV ONVHAKOBBIMU B C/Ty4ae BCEX CMecell.

Bsskoynpyrue cBoiicTBa pesMHOBBIX cMecell ompefessim Ha npudope RPA 2000 [14],
BY/JIKaHM3aLIMIOHHbIE XapaKTePUCTUKI CMeCell B M30TEPMUYECKOM PEXMMe IIPU TeMIlepaTypax
143, 155 1 170 °C - na mpu6ope MDR-2000 (TOCT P 54547-2011).

AHanu3 naHHBIX Ta0J1. 1 TOKa3bIBaeT, YTO IIPY BBEAEHNUM B PE3MHOBYIO CMeCh KOMITOHEH-
ToB BI, mopgBepruyThix MXO, yBennumuBaeTcs e€ KOMIIEKCHBIN AMHAMUYECKIIT MOAY/Ib CIBUTA
G* mpu manoit (0,98%) n 6ombmoit (1000%) ammuTynax gedpopManyy 3a CYeT YBeTMIeHN
00erx ero yacreit: ¥ Mofy/nsA HakomwieHus G, u Mofyns norepb G”. Xapakrep M3MeHEHUs MO-
fyneit cuMOaTeH M3MEHEHMIO MMHVMAIbHOTO KPYTALIEro MOMeHTa M, KOppeIMpyIoLIero ¢

MUHVMA/IbHOM BSA3KOCTBHIO CMecell B VHAYKOVIOHHOM IIE€pMOLE BY/IKaHMU3AL VL. Kak BUIOHO N3
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puc. 1, a, sHaueHust My [yist cMeceit ¢ 06pabOTaHHBIMY KOMIIOHEHTAaMM TaK>Ke OKa3bIBAIOTCS
6071ee BBICOKMMM 110 CPAaBHEHUIO C 3TA/IOHOM IIpY BCEX TeMIepaTypax ucibiTanus. OTMedeH-
HBII1 93¢ PeKT B HECKOJIBKO OOIbIIIelT Mepe POsBIsAeTCs IpU 00paboTKe YCKOPUTEIA.
Hanb6onee BepoATHOI IPUYMHO MI3MEHEHMsI MOJY/IEil U1 B3KOCTY CMeceli sIB/IAeTCs 00-
pasoBaHMe JJOTIOJTHUTEIBHOTO KOMYECTBA JIOKA/IbHBIX CLIMBOK, YCTOMYMBBIX IIPU TeMIIepa-
Type ucnbiTauus. CBUIETENIbCTBOM B II0/Ib3Y STOTO IPEATIONIOKEHVSI MOXKET CITy)KUTb CHIDKe-
HIIe TaHTeHCa YI/Ia MeXaHIYeCKMX IIoTepb (tgd) B cMecH, B YaCTHOCTY IpU aMIuTyze gedop-
manuy 1000% (tgdioo%) (cM. Tabm. 1) mo pesynbraTaM McnbITaHMsA Ha npubope RPA 2000 u
CHIDKeHUe tgd Ipy JOCTVDKEHUY MUHVMMA/IbHOTO KPYTsALero MoMeHTa (tgd@M;) 1o pesynbTa-

TaM MUCIbITaHus Ha mpubope MDR 2000 (tabs. 2).

Ta6muua 1. VsMeHeHVe BA3KOYIPYTYX CBOJICTB* HAITOJTHEHHBIX Pe3/HOBBIX cMecelt Ha ocHose HK mmox BmsHmMeM
MEXaHOXVMMUIYECKOI 00paboTKI KOMIIOHEHTOB BI'

Mudp cmecn
ITokasaTenn HKC-1 HKC-2 HKC-3 HKC-4
(aTanon)

G o9sw, KIla 206 289 342 254
G 098 KI1a 137 190 215 181
G*o08ms K12 247 346 404 345
G’1000%, KITa 2,72 3,52 4,16 i
G”lOOO%) KHa 9’99 12)7 14,4 12’8
G*IOOO%) KHa 10’35 13)18 14,99 13)36
tg81000%, KITa 3,67 3,61 246 >33

*Pexxyim ucnipiTanust Ha mpubope RPA 2000: remmeparypa 100 °C; wactota 0,1 I'iy; pezesisl M3MeHEHUs aMILIN-
Tynsl fedopmanunu 0,56-1000%.

YBenmmuenne Mopyneii ciBUra 1 BA3KOCTY, KaK IIPaBUJIO, COIIPOBOXXAETCA IOBBIIIEHNEM
KOTe3MOHHOJ IPOYHOCTY HEBY/IKaHM30BaHHBIX cMecell. Kak usBectHo [15, c. 266-267], aTtoT
IIOKa3aTe/lb ABJ/IAETCA YPEe3BBIYANIHO BAXHBIM /11 OOK/IAJOYHBIX CMeceil, IOCKONbKY IIpH
BBICOKOJM KOTE€3MOHOM IPOYHOCTY CHIDKAETCA BEPOATHOCTb paspeXeHUs HUTEN Koppa U
00pa3oBaHys [IOP B HEBYIKAHM30BAHHBIX 3arOTOBKAX, MOABEPTraIONIVIXCA B IIpoLjecce COOPKM
10/1y(abpyuKaTOB 3HAUYNTENIBHBIM iePOPMALVIAM.

PesynbpTaThl 00pabOTKY PeOMeTPUIECKIIX KPUBBIX, IIOJTYYE€HHBIX TPV MCIIBITAHUN CMeceit
Ha Bubpopeomerpe MDR 2000, nmokassiBatoT, uro MXO Kak OJHOTrO U3 KOMIIOHEHTOB, TaK U
BCell BYJIKAHU3YIOLE I'PYTIIbI IIOBBIIIAET aKTUBHOCTD MOC/IEHEN. ITO BHIPAXKAETCA B YBETIMN-
YEHUM MAKCUMyMa CKOPOCTU R; XMMIYECKOTO CIIMBAaHNUA B ITTABHOM IIEPUOJIE U CTETIEHMN CILIM-
BaHMA B TEXHOJOTMYECKOM OINTMMYyME BY/IKaHM3ALMY, KOTOPYI0O KOCBEHHO MOXXHO OLIEHUTb
[15, c. 269; 16] o pasHOCTM MeXy MaKCMMa/IbHBIM Y MUHVMa/IbHBIM 3HAUeHVSIMY KPYTSILEro
MoMmeHTa (My - M) (puc. 1, 6 n 6). IIpofo/DKUTeIbHOCTD MHAYKIIVIOHHOTO IIepUOJa BY/IKaHM-
3alMM cMeceil fs; ¢ KOMIOHeHTaMM, oaBeprHyThiMu MXO, HeCKONbKO yBeIM4MBaeTCsA II0
CPaBHEHMIO C 3TAJIOHOM IIpu Oojiee HM3KOI TeMneparype ucnbitanus (143 °C) u, Hao60poT,

IIPpOABNIAET TEHAEHINIO K YMEHDIIECHIIO IIPU 00J1ee BBICOKUX TeMIIEpaTypax NCIIbITAHUA.
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Puc. 1. Bmmaane MXO KOMIIOHEHTOB BY/IKaHU3YIOIel TPYIIIIbI HA PeOMEeTPUYecKe M BY/IKaHU3AI[IOHHbIE XapaKTe-
PYICTVIKY HAIIOTHEHHbIX Pe3VHOBBIX cMeceli Ha ocHoBe HK

Kak crmepyer 13 aHa/m3a JaHHBIX TA0J. 2, BY/IKaHM3aTbl CMeCell, IIPU MI3TOTOBJIEHUN KO-
TOpbIX BBOAW/IN oABeprHyThie MXO xomnonenTs! BI', XapakTepusyroTcsa MeHbIlIEel CKIOHHO-
CTBIO K peBepcun, Kotopyio onpepernsanu cornacio [OCT 12535-84 o mikane BpeMeH) B MU-
HyTax (f;) OT HayaJjla 3aIMCy peOMETPIYECcKOl KpMBOJ O MOMEHTa BpEeMEeHM, COOTBETCTBYIO-

LI€TO CHIDKEHUIO My Ha BEIMYUHY ﬁ -AM , toe AM = (My - M), a x = 10%.

Ta6mmma 2. Bmaare MXO KOMIIOHEHTOB BY/IKaHW3YIOIIel TPYIITIHI Ha MeXaHWJIeCKye TOTePU B Pe3HOBBIX CMe-
CAX U peBepcuio pe3uH Ha ocHose HK

Mudp cmecn
IToxasaTennb
HKC-1 HKC-2 HKC-3 HKC-4
tgd@M, pu Temmeparype:
143 °C 0,735 0,693 0,633 0,673
155°C 0,766 0,759 0,720 0,755
170 °C 0,804 0,782 0,743 0,772
B R
peMs peBepcuM IIpu TeMIlepa 183 20,8 20,8 202
type 170 °C t,, Mun

V3 tabn. 3 crepyet, yto MXO xoMnoHeHTOB BI' mpuBOAUT K 3HAUMMOMY ITOBBIIIEHNIO

YCTIOBHBIX HAIIPSDKEHMIT BY/IKAaHM3ATOB fioo U fi00, YCTIOBHO IPOYHOCTY IIPY PACTSKEHUN f,

U HEKOTOPOMY CHVIKEHINIO OTHOCUTENDbHOI'O YIVIMHEHNS IIPU pa3pbIBE &, IIpN OTHOM M TOM K€
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BpE€MEHMN BY/IKaHMU3al VL. 3JT0 YKa3bIBa€T Ha 6omee BBICOKYIO CTE€IIEHD CIIVIBAaHMA OIIBITHBIX pe-
3UMH II0 CpaBHEHUIO C 3TA/IOHOM.

Ta6muna 3. VsmeHenne fedpopMaLMOHHO-IIPOYHOCTHBIX CBOVICTB pe3uH Ha ocHoBe HK npu ogHOOCHOM pactsi-
JKEHUY TIOf] BIIVISTHMEM MEXaHOXMMMIIECKOI 06paboTKM KOMIIOHEHTOB Bl

Mudp cmecn
IToxasaTenp
HKC-2 HKC-3 HKC-4
Afioo 1,07 1,08 1,10
Af300 1,13 1,34 1,25
Af, 1,04 1,15 1,09
Ag, 0,98 0,96 0,97

Pexxum Bynkanmsauum B anexrponpecce 155 °C, 15 MuH.
A paccuMTBIBanyM KaK OTHOIIEHNE 3Ha4eHNA TI0KasaTe OIBbITHO Pe3VHbI K 3HaYeHMIO IT0Ka3aTesd, TOTydeH-
HOMY IIpM UCTIBITAaHUM 3TAJIOHA.

[ns oueHku Bo3aMo>xHOro MexaHusMa MXO ObUTo IpoBefileHO MOfieMMpOBaHNe KUHe-
TUKJ BYJIKaHM3aLVV KOMIIO3UIMIA, VICTIO/Nb3ysl KUHETUYECKYIO CXeMY BYJIKaHM3aLUM U MeTO-
IVIKY pacdeTa, IIpef/IoKeHHYI0 B padoTax [17, 18]. B peaynbraTe ycTaHOB/IEHO, 4TO HabIIOfae-
Mble€ B 9KCIIEPMMEHTAX IO KMHETVKE BY/IKaHM3ALVY M3MEHeHNs KMHeTNYeCKIX [TapaMeTpoB,
IIpefICTaB/IeHHbIe HA pUC. 1 1 B Tab1. 2 06yc/10oB/IeHB! yBeMMdeHeM KOHCTAaHT CKOPOCTell peak-
il 00pa3oBaHus CyIbPUAMPYOIIEro KOMIUIEKCa (IeVICTBUTE/IbHOTO areHTa BY/IKaHU3aIuM,
[1AB) u ero B3auMopeiCTBMA C Kay9yKoM. ITO CBA3aHO, IIO-BUIVIMOMY, C T€M, 4TO B Xofie 00-
PpabOTKM KOMIIOHEHTOB BY/IKaHM3YIOLIEI I'PYIIIBI IPOVCXOAUT MEXaHOXMMMIYECKOe VIHVIIVI-
pOBaHMe pafiMiKaJIbHBIX PeaKIVil paciafa yCKOPUTEIIA U Cepbl, IPUBOAALINX K 00pa3soBaHNIO
COeIHEHMIT, BXOAAIIMX B cocTaB JIAB.

BrIBOABI M peKOMeHJAN

Taxum obpasom, IpeaBapuTeNIbHAA MEXaHOXMMIYECKass 00paboTka KOMIOHEHTOB cep-
HOJI BY/IKQHM3YIOIIeil TPYIIIbI I03BO/IAET NOBBICUTD €€ aKTMBHOCTD, YIYyIIINTD Aedopmanm-
OHHO-TIPOYHOCTHBIE CBOJICTBA PE3NHOBBIX cMecell 1 pesuH Ha ocHoBe HK, moBbicuTH CTOII-
KOCTb ITOC/IEfHNX K peBepcuy Ipy BynKaHnu3anuu. C yaeToM cyMMapHOro s¢dexra n3MeHeHNA
CBOJICTB Pe3MHOBBIX CMecell ¥ pe3uH Hanboriee 11e1eco00pasHoI AB/ISETCS MeXaHOXMMIYecKast
06paboTka MO0 OTHEIBbHO YCKOPUTEA BYIKAHU3ALUY, MO0 BCell BYIKAHNUSYIOIEll IPYIIIBL.
ITpu ycnoBum coxpaHeHUs CBOJICTB CMeceli U pe3VH Ha YPOBHe 3Ta/IoHa 1CIonb3oBanne MXO
KOMIIOHEHTOB OTKPbIBA€T JIONIOTHUTEIbHbIE BOSMOXXHOCTY CHVDKEHMA COleP>KaHUA CTPYKTY-
PUPYIOIINMX aT€HTOB, IIPEX/E BCETO YCKOPUTEIA B PE3MHOBOM CMECH.
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3 Paccmampusaemcst anexkmpoxumuteckuil Memoo Helimpanusayuu
INIEKMPOXUMULECKAT HellmPanu3ayus,
«KUCTIbLX» NPOMBLUUTIEHHBIX COK08. CPABHUBAIOMCS 3A6UCUMOCHIUL
«KUCTIble» CIOKU, INeKMPOnPo6o0- .
ANEKMPONPOBOOHOCU  NPOMBIUIEHHOT  800bl  OM  8peMeHU
HOCMb, 371eKMPO0bl, 2PAPUK 3a8UCUMO- 5
HellMpanu3auuy Ha NIAMUHOBHIX U CIANTbHBIX INEKMPOOax.
cmu

BBengenue

CoBpeMeHHbIe TEXHOJIOTMYECK)Ee IPOLeCCH HedTemepepaboTKM YacTO COIPOBOXKJA-
I0TCs1 00pa3oBaHMeM TOKCUYHBIX OTXOfIOB, CK/Ia[MiPOBaHyie VI/M/IM 3aXOPOHEHNe KOTOPBIX MO-
KeT HaHOCUTD CyIIeCTBEHHBIIT Bpef OKpy»Kalolleit cpefie. B SIpocmaBckoit o6macTu k 4nciy Ta-
KOBBIX OTHOCATCS KUCIIOTYIPOHHBIE NPY/bl HedTenepepabarpiatoiero 3aBoga OAO «JHII3
um. [I.VI. Menpeneesa» [1]. To mpegnpusATIe CeMaIn3NpyeTcs Ha IPOU3BOACTBE TaK Ha3bl-
BaeMBIX Oe/IbIX He(PTAHBIX Macesl — TPaHCHOPMATOPHBIX, MEAVIIIVHCKIIX, Ba3e/IHOBBIX, N30/I1-
IIVIOHHBIX, Map(QIOMEPHBIX, a TAKXe psAfa APYTUX HePTeIpOAyKTOB. [y X OYMCTKA IIpUMe-
HSJICSI CEPHOKIICIBIN METOJ, C MICIIOJIb30BAHMEM CEePHOI KUCTIOTHL U oneyMa [2]. HegocraTkom
JJAHHOTO MeTOfia ABJIAeTCA 00pa3oBaHMe KPYITHOTOHHAKHOTO OTXOZ — KIMC/IOTO TyI[POHA, KO-
TOPBIN CKIAAVIPyeTCs B NMpyJAaX-HaKONUTENAX, IpMHAIexamux 3asoay (puc. 1, 2). C Tede-
HIeM BPeMeHM COflep>KMMOe IPYA0B PACcCIanBaIoCh; IPU 9TOM B CpeIHEM C/oe 00pa3oBbIBa-
JTIach TaK Ha3bIBaeMas «KVIC/Ias» BOJA, COREprKalljas 3HaUUTeTbHOE KOMNIeCTBO HeTeIpOyK-
TOB VM CEPHYIO KICTIOTY.

[Tpynsl HaxomATCA B HENOCPeACTBEeHHON Ommsoctu oT peku Ilederma, Bmamaromert B
Bonry [3]. IIpu TasgHMM cHera u/Vy Ipy HAIMYIMM aTMOCPEPHBIX OCATIKOB YPOBEHD «KICIION»
BOJIbI B IIPY/laX ITOJHMMAETCS, BCIEACTBME YEero CO3/IaeTCs ONACHOCTD ee nepenusa B [lederpy,
YTO NMPUBOJNT Jlasiee K 3arpssHeHuo Bonrn [1, 2].
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Puc. 1. Tlpym-HakommTenb «Kmucmoro» ryapoHa um  Puc. 2. «Kucnas» Bopa, KoTopas cTekaert B p. [leuerny,

«KVICJIOV» BOJbBI a manee B p. Bonry
IKCcIepUMeHTAaIbHAs 9aCTh

[l ycTpaHeHMs yKa3aHHOJ IpoOIeMbl BIEpBble paspaboTaH MeTOX HeyTpaau3aliuin
«KIJCTIOV» BOJIBI 3JIEKTPOXUMIYECKUM crIocob6oM [4]. TTocmenunit yanThIBaeT KMCIOTHOE YVICTIO
Y1 97IEKTPOIIPOBOJJHOCTD CHIPbS U 00ecIedrBaeT HeOOXOMMYIO OYMCTKY BOZBI, IPUTOTHOM /IS
Ja7bHENIIEero NCIO/Ib30BaHMSA.

[IpenBapuTenbHO aACOPOIIMOHHBIM METOJIOM POBOIMIACH OYUCTKA BOJBI OT M3JIUIITKOB
HEe(TENPOAYKTOB C UCIIOIB30BAHUEM PA3NIMYHBIX a1cOpOeHTOB. COCTaB U CBOMCTBA «KHUCIIOM»
BOJIbI OIIPEIEIISTUCH 110 CTAHAAPTHBIM MeToauKaM (Tadi. 1).

Ta6muna 1. CopepskaHie 3arpsI3HAIOIIMX BEIECTB B «KUCTIO» BOJE

Ne ipo6bt pH Hedrenpopyxrst, mr/mv’ ITAB, mr/pm?® Cynbdarsl, Mr/om’
1 2,9 14,4 60,3 944,8
2 2,7 14,1 57,7 980,1
3 3,0 11,3 59,7 937,6

«Kucnaa» Bopa us npynos-nHakonureneit OAO «AHII3 nm. [I. VI. MenpeneeBa» sABnAerca
37IeKTPOIIPOBOJHOI Cpefioli, T.K. MMeeT KUCTIOTHOe 4nciio okono 60 mr KOH/r. B cBa3u c aTum
ObUTa IpeANPUHATA IOMBITKA 9TIEKTPOXMMIYECKOI HeMTpan3ayy BOABI 6e3 VICIIO/Ib30BaHM
HeJTPa/N3yIOIero peareHTa [5]. OKCIepuMeHT MPOBOAMICA IPY UCIIO/NIb30BAaHNN IIePEeMeH-
HOTO TOKa ¢ HanpsKeHneM 60 B 1 gacroroit 50 'l Ha IaTMHOBBIX MM CTA/IBHBIX 37IeKTPOAAX
wromaaeio 0,165 M?, HAXOJAIMIMXCA Ha PACCTOSITHUY 5 ¢M ApyT OoT jpyra. [Ipn sTom cuma Toka
nocturana 40 A. Bpemsa HelTpann3auyuy Ha IUVIATMHOBBIX 371€KTPO/IAX COCTABIIANO 45 MMH, Ha
CTa/IbHBIX 97IeKTpoaax — 40 MuH [6].

ITponecc conmpoBOXAANCA MHTEHCUBHBIM BbIJIEJIEHNEM BOJOPO/ia, KOTOPBIN B 3TOM CIIy-
Yyae Urpaet posb GOTHPYIOIIEro rasa.

Brigenenne Bofopoia — MHOTOCTAAVIIHBII IIPOLLECC, COCTOALNI 13 TPAHCIIOPTUPOBAHUA
MOJIEKY/I BOJIbI VIJIV IOHOB I'MIPOKCOHMA K IIOBEPXHOCTY KaTO/I; IIPEBpalleHNs MOHA IMIPOK-
COHUSA B aICOPOMPOBAHHBII Ha IOBEPXHOCTU METAJUIa ATOM BOZIOPO/a.

Iuddysus Bogopoma 00ycnoBIMBaeT IepeMeNIBaHe «KUCI0i» Boabl. Helttpanusanus
KJC/IBIX KOMITOHEHTOB ITPOUCXOANT 3a cuéT obpaszosanmss OH -rpynm [7].
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HpI/I OJICKTPOJN3C KKHUCIIBIX>» CTOKOB HAa
AHOJIE UYT PEaKIIUH: 404
40H - 4e > 2H,0 + Oy1

28042_— 2e > S$,04 z

w
o
1

<
g
BepoATHOCTD paspspkeHUA Ha aHofie  °
2 20+ \
Cynb(}aTHBIX TPYIII MajIa, IO3TOMY B IIEPBYI0 3
o4epenb, COTNTACHO IIOTEHIIMATY BbILETICHNA, \
10
PpaspsKarTCa TUAPOKCU/IbHbBIE TPYIIIbI, a \\\
aHOOHBIN IOTOK moukuciasercda. Ha kxatope . | P——
JJIEKTPOHBI NPUCOEAMHAIOTCA K IIO/TIOXKU- 0 10 20 30 40 50
Bpewms, muH
TEe/IbHO 3apsDKEHHBIM IOHAM M3 PacTBOpa: - nnaTAHE: o - cTans
2H* + 2e > H,1 Puc. 3. VIsMeHeHMe CHIIBI TOKA OT Bp€MEHM HENTPan-

3anun
O6 oxOHYaHNM IIpoIlecca HeilTpann3a-

IIVIVI CBUIETE/IbCTBYET yMEHBIIIEHMEe CU/IbI TOKA Ha 9JIEKTPOJAAX 0 HyIA (Ha CTa/IbHBIX 3JIEKTPO-
JlaX 9TO MPOMCXOANT Yepe3 40 MIUH, Ha IVIATMHOBBIX — Yepes 45 MIH); OffHOBPEMEHHO IIPY 9TOM
JI0 HY/IsI YMEHbBLIATACh 3IeKTPOIPOBOJHOCTD (puc. 3-5).
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Puc. 4. VameHeHne JIEKTPOIIPOBOJHOCTI «kucmoit»  Pwmc. 5. VIsmMeHeHMe KMCIIOTHOTO 4MCIA OT BpEMEHU
BOJDI C TCYEHNEM BpEMEHU HeﬁTpanmaaumA

B Tabmn. 2, 3 npuBeAeHBI pe3yJIbTATHI JEKTPOXUMHYECKON HEUTpATH3AIlUY 1 TTOKa3aTeIIH
ee 3 PeKTUBHOCTH.

Ta6mima 2. 9¢$deKTMBHOCTD 3NIEKTPOXMMUYECKOI HelTpannsaum

Addek oc
Copepyxanue, mr/gm’ fb(b THBHOCTD
3 HeliTpanusanuu, %
arpsAsHAD0ILee
P . yepes 45 MUH yepes 40 MuH
BEIIECTBO D0 HEUTpanIn- IUTATVHOBBIE CTajIbHbIE
(nmatMHOBBIE (crampHbIE
3aun 37IeKTPOJbI 3/IeKTPOJbI
37IEKTPOJIbI) 37IEKTPOJIbI)
HedremponyxTsr 5 1,2 1,6 76 68
Cynbdar-1oHsl 330 0 30 100 90,9
ITAB 26 15,5 17 40,4 34,6
Cepras KmcIOTa 38 3 4 99,2 98,9
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Ta6mua 3. [TokasaTeny «KUCIOI» BOABI IIOCTIE 3TIEKTPOXMMIYECKOI HelTpanusanyun

3HaueHus oKazaTesnen
MokazaTemu gepe3 45 MuH gepe3 40 MuH
JI0 HeWTpamu3amu™ (IIaTHHOBEIC AJIEK- (cTanbHBIC DJICK-
TPOJIbI) TPOIBI)
Cuna Toka, A 38/40 0 0
DIIeKTpUYECKas MIOTHOCTh, A/M? 230/242 0 0
DNEeKTPONPOBOAHOCTE, MS/cM 14 0 0
Kucnornoe uncio, mr KOH/r 60 6 6
ConpoTUBICHUE IEKTPOI0B, OM 0,79/1,5 200 200
Temneparypa, °C +18 +98 +95
pH 2 7 7

* B YUCIUTENNE — 1A INIATUNHOBBIX, B 3HAMCEHATE/IE€ — /1A CTAa/IbHBIX BHCKTPOHOB.
3akiaouyenne

ITormyueHHBIe pe3y/IbTAaThl MO3BOJLIOT CHENATh 3aK/II0YEHNEe, YTO JIEKTPOXUMUYecKast
HeJTpa/M3alys «KICIoi Bobl» 6omee adpdexkTuBHa (B 0COOEHHOCTM, Ha IIATMHOBBIX 3/1€K-
TpOJax: pasHMIIA IO CPaBHEHNIO C IIPOI[ECCOM Ha CTATBHBIX 3/IEKTPOfAaxX gocTuraer 8%) 1o
CPaBHEHUIO C METOfJaM!, OCHOBAaHHBIMI Ha IIPYMeHEeHUN HeMTpanu3youx areHTos [8]. ITpu-
MeHeHVe IUIATHOBBIX 9/eKTPOJIOB B MIPOMBILIIEHHBIX MACIITabax MPAaKTUYECKY MCKITIOYEHO;
IIPY 9TOM CJIelyeT 3aMeTUTb, YTO HeJTPaIN3alysa Ha CTATbHBIX 9eKTPOfiaX MIpOTeKaeT ObICT-
pee.

PaspaboTaHHas1 TeXHOIOTYS HEMTPAIM3ALUN «KVCTIOV» BOZBI — KPYITHOTOHHA)KHOTO OT-
xofla HedTenepepabaThIBAIOLIEll TPOMBIIIIEHHOCTI — O0ecIednBaeT OXpaHy OKpY>Kalomeil
Cpefibl, pecypcocbepeskeHne 1 COXpaHeHue 3[I0POBbs HaceTIeHMA.
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Knrouesvie cnosa: Boinonteno keanmoso-xumueckoe uccnedosarnue eemepopeaxyuu Junvca-
HenpedenvHvie MUOKAPOOHURL-  AnbOepa NOMy4eHUs PasAudHbIX 3ameujeHHolx 3,4-0ueudpo-2H-muonupa-
Hble COeOUHeH U, zemepopeak- Ho8. Vccnedosarvi crmepuyeckuti U I1eKmMpPoHHbIL pakmopul, enusousue Ha
yust JJunvca-Anvoepa, muonu- npomexarue peakyuu o, 3-HenpeoenvHbvIX MUOKAPOOHUNIbHBLX COeOUHEHUT ¢
PpamHbl, K6AHMOB0-XUMUUECKOE HecummempuuHvuiMu oueHopunamu. Vcnonvsosanot memoost AMI1, B3LYP.

Mmodenuposarue, meopusi pyHk- B pesynomame ananusa pacuemmvix OGHHOIX O CYHAS HECUMMEMPUHBIX

UUOHATNIA NTIOMHOCMU OueHoPun06 Ob1710 00KAZAHO, UMO Pe2UOCENEKMUBHOCIND PeAKUUU NOOHUHS-
eMmcst INeKMPOHHOMY PAKMOPY U MoHem Obimb ONUCAHA IHEPLUAMU AKMU-
8auUY Peakyul, IHEPLUAMU U NAPAMEMPAMU JIOKATUIAUUY 2PAHUUHDIX Op-
6umaneii. Pacuemmvie 0aHHble NOOMEEPHOAIOMC IKCNEPUMEHMANLHBIMU.

BBengenue

TronupaHsl ABIAIOTCA IPAKTUYECKY 3HAYVMbBIMY COEAMHEHUAMY U NIPEACTAB/IAIOT MH-
Tepec € MO3VLIMIL CUHTETNYeCKOI OpraHn4eckoil xumun. OHY MOTYT SIB/IATHCS MCXOJHBIMU CO-
eIVIHEHVAMM I CMHTe3a Pas3IMYHbIX OMOJIOTMYECKM aKTVMBHBIX BeILeCTB, JIEKaPCTBEHHBIX
IpenapaToB. B CBA3M O 3HAYMMOCTBIO THOIMPAHOB aKTya/JbHOI 3ajayeil sBJSAETCA paspa-
00TKa 11 COBEPILIEHCTBOBaHYE CIIOCOOOB UX MOTYYEeHN S U3 JOCTYITHBIX MCXOHBIX COeIVTHEHNIL.

OpHuM n3 Hambojee IEPCIEKTUBHBIX SBIAETCS CIIOCOO IOMYYeHUS TUOIMPAHOB IO
rerepopeakunu unbca-Anbaepa [1-3]. VicXoqHbIMM COEAMHEHUAMN IJIs JAHHOV peakiuu
ABJIAIOTCA o,3-HellpeiebHble KapOOHWM/IbHbIE COeJITHEHNSI B KadyeCTBe JiVIeHA VI Pa3jiyHble
nveHOWIBL; B KadecTBe CyIbQUMPYOIIEro areHTa UCIonb3yercs peakTus JlaBeccona [4]:

s R =
+ S\ \S — = + [ y —_—
2 P/ R 2
2 R S
R (0] \\S R S
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B HacrosmeM nccnefoBaHNy HaMy ObIIO IIPOBEJEHO MaTeMaTIYeCKoe MOJIe/IIPOBaHIe
JIAaHHOTO CII0CO0a MOJTy4eHNs TMOTMPAHOB [T CTy4Yas B3auMogperictBus 1,3-nudennmnporn-2-
eH-1-0Ha CO CTMPOJIOM ¥ aKPMIOHUTPIUIOM ¥ PAaCCMOTPEeHbI (paKTOPBI, BAUAIOINE HA Pernoce-
JIEKTUBHOCTD IIPOTEKAHNA PEAKLIMNL.

OcHOBHasA 4acTh

Il 6bIcTpOTO pacyeTa BCeX CTPYKTYP M PeaKL[MOHHBIX IyTell ObUT MCIIO/Ib30BaH MOJY-
amnupudeckuit Merog AM1 [5, 6]. [l mony4eHus 60ee TOYHBIX pe3y/IbTaTOB PacyeThl TAKXe
IPOBOJVIINCH MeTOJOM (pyHKIMOHaNMa 3/1eKTpoHHON noTHOcTH B3LYP (7], obecneunBaro-
MM OCTaTOYHO BBICOKYIO TOYHOCTb OIIpeMe/IeHNs TeOMETPUN IPU OTHOCUTENBHO HEBBICO-
KX TpeOOBaHMAX K KOMIIBIOTEPY.

Il71s1 pacyeToB 6BUT BBIOPAH COBPEMEHHBII TPEXIKCIIOHEHIIMaMbHBII 3( (TpuIr-3era) H6a-
3uc def2-TZVP(-f) c nonsspusaunronusiMu GyHkumsamu [8, 9], KOTOpHIit obecrieunBaeT BIIOTHE
IpYeMJIEMYIO TOYHOCTD IJIsI pacyeTa FeOMeTPIM, SHEPTeTUYECKIX U 9JIEKTPOHHBIX ITapaMeTpPOB
OpTaHMYECKVX MOJIEKYI V1 ICCTIeOBAHUA PeaKInIil.

Bce monmysmmnmpuyeckyie KBaHTOBO-XMMIYECKI€ PacyeThl ObUIV BBIIIOTHEHDI C IOMOIIbIO
nporpamMmMmbel MOPAC 2016. Bce pacuers! MeTofamu pyHKIIVIOHAIA 3/IEKTPOHHON ITIOTHOCTHU —
¢ nomoupio mporpamMmser Orca 4.0.1.2 [10].

CHauasia /I OLleHKY BIIVAHUA CTepUYecKoro (JaKTopa Ha CTPOEHMe IePEXOHOTO COCTO-
AHUA /I HECUMMETPMYHBIX JUEeHOPNIOB ObUIV pacCUMTAHBI CTPYKTYPHI IPOAYKTOB U Iepe-
XOJJHBIX COCTOSTHMII 000MX BapMaHTOB IpyucoeayHeHns (Taom. 1).

Ta6nuna 1. J[MHBI CBA3EN B pernon3oMepax HeKOTOPBIX THOMMPAHOB I IIEPEXORHBIX COCTOSIHMUAX UX 0OpasoBa-
uns (meror B3LYP)

I b T Tuonmpan IlepexogHoe cocTOsIHME
neHopun MoNMpaH - -
P Res A Reo A Res A Reo A
Ph
Ph
Ph
( 1,83 1,56 2,20 2,48
CH,
Ph S
Ph
Ph
( 1,85 1,54 2,60 2,13
CH,
Ph S Ph
Ph
CN
CN
( 1,83 1,56 2,21 2,44
Ph S
Ph
CN
( 1,85 1,54 2,47 2,17
CH,
Ph S CN
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/13 TabmuIipl BUHO, YTO B IIEPEXOIHBIX COCTOSIHVIX BO BCEX CIy4yasixX Hab/MoaeTcs yBe-
NMYeHHOe MeXaTOMHOE PacCTOSHIE CO CTOPOHBI 00EMHOT0 3aMeCTHTeIA B AyieHo(uIe, He3a-
BJMCUMO OT HaIlpaB/IeHNUA €ro nmpucoeguHeHnA. Takasd cUTyalys IMOTHOCTbIO COOTBETCTBYET
K/TaCCYYeCKMM IPEeJICTAaB/IeHNsAM O CTepudeckoM 3¢ deKTe, I03TOMY MOKHO C YBEPEHHOCTBIO
TOBOPUTD O BIVISHUU CTEPUYECKOTO (PaKTOpa Ha TeOMETPHIO IIEPEXOJHOTO COCTOSIHMA B 3TUX
peakiyax. [Js1 KOHEUHBIX IPOJAYKTOB BIMsIHME CTEPUYECKOro (akTopa Ha reOMEeTPUIO HUBe-
TIMPYETCs, Cy[A 10 MMHMMA/IbHBIM Pas3/iN4MAM B I/IMHAX COOTBETCTBYIOIINX CBA3EIL.

OpHako, IO 9KCIEepPUMEHTA/IbHBIM MAaHHBIM [1], B pesynbrare peakuuii obpasyercs

TOJIBKO OIVMH peruonsomep (coepnuenus 1 u 2):

Ph
Ph Ph
+ | —_—
CH,
Ph Ph Ph S
[S]
Ph 0 Ph S Ph
CN CN
+ | E—
CH,
Ph S
2

[Tockonbky HabmofaeMas SKCIIEPUMEHTATBHO PeTMOCeTeKTVBHOCTh He COITIACyeTcs C
B/IMSIHUEM CTEPUYECKOTo (paKTopa, OMVICAHHOTO BBIIIE, HAMY OBLIO CHE/TaHO NPEANOIOXKEHNE,
9TO IPOTeKaH)e peaKIUy HOTINHACTCA 37IEKTPOHHOMY (aKTopy.

B Tab6n. 2 npuBeneHbl pacueTHbIe SHEPTUY aKTUBALMM PEAKIY ITOJTyYeHUs Pa3INIHbIX
pernon3oMepoB UMKIONPUCOENVHEHN A TUOXATKOHA K CTUPOITY U aKPVJIOHUTPUITY.

Ta6muma 2. PacyeTHble 3HEPIUM aKTUBALUY PeaKIMM IIOTYYeHNA Pas/INYHbIX PerMoN30MepOB LIMKIOIPICOeN-
HEHU TMOXAaJIKOHA K CTMPOITY U akpwIoHUTpwuty (Metox B3LYP)

Iuenodun Tuonmpan E,, x]I>x
Ph
Ph
Ph
( 65,10
CH,
Ph S
Ph
Ph
( 79,59
CH,
Ph S Ph
Ph
CN
CN
( 55,89
Ph S
Ph
CN
( 75,70
CH, |
Ph S CN
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Kak BUjHO 13 Tab/MuUIIBL, IJIs1 CTUPOJIA Y aKPVIOHUTPUIA PacUeTHbIE SHEPIMUIU aKTYBALIUI
MeHblIle MIMEHHO I 9KCIepUMMEHTA/bHO ITOTy4eHHBIX IMPOAYKTOB. TO eCTh 3HepreTmdecKn
BBITOJJHO TIPYICOEIMHEeHNE IMeHOIIa K JUEeHY TaKM 00pa3oM, 4TO ero He3aMeIl|eHHBI aTOM
yIneposa o6pasyeT CBA3b C aTOMOM Cepbl TMOXATKOHa.

BeposTHO, 3TO CcBsA3aHO cO 3HauuTenbHON fosneit BSMO, nokanusymwolieiicss Ha aToMe
cepbl, 4To obecrmednBaeT HyKneouabHbIe CBOICTBA cephl. [na mmeHodmna, comepskalero
3JIeKTPOHOAKI[EITOPHYIO I'PYIIILY, 37IeKTPOIIbHBIE CBOJICTBA XapaKTePHBI [IA 6eTa-yIaepos-
HOTO aTOMa 10 OTHOLIEHMIO K 3TOI1 IpyTIIe.

[l/1s1 IpOBepKYM 3TOTO MPEAIIONOKEeHUs OBUIM PacCYUTAHBI KBafpaThl KO3 PUIVIEHTOB
BOJIHOBOW QyHKIMY p,-opoéutanmu B3MO Ha peakunoHHBIX LeHTpax B gueHe 1 HCMO B aue-
Homne. Tak, sneprusa B3MO troxankona cocrasser -8,508 3B, C?p, BSMO Ha aTome cepb
0,862 9B, a Ha aTome yrepopa — 0,011 aB. [Ina guenodnnos sneprum HCMO n C?p, Ha peax-
IIMOHHBIX [[eHTPax IpeCTaB/IeHbl B TaOI. 3.

Ta6nuna 3. Pacuernsie aHepruy HCMO HeKOTOPBIX HeCUMMETPUYHBIX fueHO(MUIOB U KBafpaTsl Koadduien-
TOB BOJIHOBOJI PYHKIMI Ha - U 3-yIIepoHbIX aroMax (Meton AM1)

Huenopun Excmo, 9B C?p, a-yrnepopHoro aroma C*p. f-yrnepopHoro aroma
Ph
( 0,019 0,089 0,202
CH,
CN
f -0,050 0,305 0,466
CH,

/13 TabmumIipl BUIHO, 9TO BO BCex cydanx Hambonmpinas gont HCMO puenodunos npu-
XOJMTCS Ha 6eTa-yI7IepOfiHBIIl ATOM, O0YC/IOB/INBAs €TO BHICOKYIO 3/1eKTPO(UIBHOCTD OTHOCH-
Te/IbHO a/bda-yraepogHoro atoma. TakuM o6pas3oM, Hanbostee MpefIoYTUTEeTbHOI MUIIIEHDIO
JUIA aTakyM HYKIeO(UIbHOTO aToOMa Cepbl TMOXAIKOHA SB/IAETCA BBICOKOSTEKTPOQDVIILHBIN
OeTa-yIIepoIHBIl ATOM HECUMMETPUYHOTO AMeHOoPmIa. ITO 00bACHAET HAOMIOTAEMYIO PeTy-
OCE/IEKTUBHOCTD TPOTEKAHNA TaKUX PEAKLINIA.
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Kntouesvie cnosa: Paspaboman npocmoii memoo nonywenus 1,2,4,5-mempa-
Peaxyus SAr, 1,3-0uxnop-4,6-0unumpobenson, — kuc(bensumudasonun)oensona u 1,2,4,5-mempaxuc(1H-6en-
bensumudason, 6ensmpuasorn, 1,2,4,5- 30mpuason-1-un)6eH3ona, 0CHOBAHHBLL HA 3AMeUeHUU 8Cex
mempaxuc(6eH3umudasonun)oenson, 1,2,4,5- PyHxyuonanvrvix epynn 6 1,3-ouxnop-4,6-ourumpobensone
mempaxuc(1H-6ensompuason-1-un)ben3on 8 YCcnosuax peakuuu SNAr.

BBenenne

CumMeTpuyHbIe TONMM3aMeleHHbIe TIPOU3BOHbIE O€H30/1a SB/ISIOTCS HMIMPOKO BOCTPe-
6oBaHHBIMY coefuHeHMAMU. OCOOEHHO 3TO OTHOCUTCA K apeHaM, COfIep>KallliM ITePBUYHbIE
VUYL LVIK/INYeCKlie aMUHBI OJJMHAKOBOTO CTPOeHMs. ITO CBSI3aHO C TeM, YTO Takye PyHKIVO-
HaJIbHbIE TPYIILI B 1,2,4,5-3aMelleHHBIX O€H30/1aX MOTYT BBICTYIIAaTh B KauecTBe KOOPAMHALIN-
OHHBIX IIEHTPOB [1-5] 11 00pa3oBaHMsI KOMIUIEKCOB C Pa3/IMYHbIMY coeiuHeHysIMI. [ToaTomy
HOOOHBIE CTPYKTYPbI MCIIONIB3YIOTCS B KadeCTBe JIMIAH[OB JyIA IIONy4eHMs KaTaan3aro-
poB [6], co3maHMs CBETOIOITIOMIAOINX KOMIUIEKCOB, CIIOCOOHBIX HAITV IPYMEHEHNE B ONITO-
anekTpoHuke [7] v T.1. [IpucyTcTBMe B MO/IEKy/IaX TATaH/[OB LIMKIMYECKIX aMIHOB OTKPBIBAET
BO3MO>KHOCTb VIX IIPMMeHEHV S [IPY pa3paboTKe TeKapCTBEHHBIX IIperapaToB. TaK, KOMIIEKCHI
1,2,4,5-Terpakuc(beH3nMua30/111)0€H30/I0B C IUMHKOM SABJISIOTCS MTEPCHEKTUBHBIM IPOTUBO-
OITyXOJIEBBIM CPe[ICTBOM. VIX JieiicTBYie OCHOBAHO Ha CIIOCOOHOCTY IPEOfI0NIeBaTh Pe3UCTEHT-
HOCTb KapLMHOMBI 33 CYeT MHAYKIVY MUTOXOH/IPUATbHO-0IIOCPELOBAHHOTO AllOITO3a VI 3a-
nycka ¢parmeHTanyy MutoxoHapuii [8]. OmHaKo MccmeOBaHMII 0 U3y4EeHUI0 OyoIornye-
CKOJI aKTMBHOCTY IIOJZOOHBIX KOMIUIEKCHBIX COeIMHEHNIT M3BECTHO He3HAYUTETbHOE KOInye-
CTBO. JTO CBS3aHO C OTCYTCTBMEM IIPOCTBIX, 9KOJIOTMYECKM 0e30IIaCHBIX CIOCOOOB CHMHTe3a
CYMMETPUYHBIX aPEHOB, COfIepKAIMX HECKOIbKO LIMK/INYECKIX aMIHOB B Ka4eCTBe 3aMeCTH-
Tenst. Hanpumep, i nmonmydyenns retpakuc(6eH3MMMAa30/1m1)0eH30/I0B MCIOIb30Ba/IV Harpe-
BaHue 1,2,4,5-Terpanumanobensona [9] wm 1,2,4,5-6eH30onTeTpakapOoHOBON KUCIOTH [8] ¢
1,2-beHnIeHANaMIHOM TN €T0 IPOU3BOAHBIM B moudochopHoit kucrote mpu 190 °C B Te-
4yeHue 4 4.

[TosTomy 1ebIo JTaHHON PAbOTHI ABIATACH Pa3paboTKa 3PPEeKTMBHOrO crrocoba CHHTe3a
1,2,4,5-Terpakuc(b6eH3a3osn)0eH30/I0B.

61



OT XUMHUHU K TEXHOJIOTHH [RITTARETNIITANNY TOM 2, BbINYCK 3, 2021

Panee Hamu B cratbe [10] 6bUTa MOKa3aHa BO3MOXXHOCTD 3aMelieHus B 1,3-guxnop-4,6-
nuHUTpobeH3071e (1) Bcex GYHKUMOHATBHBIX IPYIII B peakumy SNAT ¢ TMOQEHO/IaMI IIPU TeM-
nepatype 140 °C B Teuenne 4 4. B 10 xe BpeMs 06pa3oBaHMs TeTpasaMelleHHBIX IPOLAYKTOB
PV B3aVIMOZEVICTBMU C (PEHONIOM, aHWIVMHOM U MOPQOIMHOM He NpOUCXoamIo. B cBasm ¢
3TVM ObI/Ia MCCIefOBaHa BO3MOXKHOCTD JICIIO/Ib30BAHMA B JAHHOM IIpeBpallleHN) B KauyecTBe
HYK/Ie0QWIOB reTepOLMKINYECKIX aMIHOB — OeH3uMmuasona (2a) u 6ersorpuasona (2b). Pe-
axiyio npoogyy B IM®A B npucyrcrBum kapboHata kamst. Okas3anock, 4To 06a aToMa ra-
JIOTEHA M JiBeé HUTPOTPYIIIbI YCIIEIIHO 3aMeIa/IiCh Ha JICIONb3yeMble peareHThl yXe IIpu

N N
x N Ny’

110 °C cormacHo cxeMe:

o Cl N OMOA, K,CO;
/,
+4x X
‘N 110 °C, 4 u SN N
O,N NO, N N 1
X=N
1 2a,b 3a 91%
b 93%
X=a)CH,b)N

Ilnsa monmydyeHHbIX BewjecTB 6bumn 3amcansl 'H SAMP- (puc. 1 u 2) n VIK-cnextps, a
TaK>Ke MacC-CIIeKTPbI HM3KOTO U BBICOKOTO pa3pelIeH .

B 'H AMP-cniextpe npogykra 3a (cM. puc. 1) IpucyTCTBOBaIN 5 CUTHATIOB OT 22 IPOTO-
HOB 1,2,4,5-TeTpakuc(6eH3umnaasomi)oensona. B camom cimabom mose (8.53 M.Ji.) BBIXOAVI
cunret ot H? 1 H® neHTpanpHOTo 6€H30/IbHOTO KOMIbIIA, CUIBHO 1e339KPaHNPOBAHBII 4 371eK-
TPOHOAKILIENITOPHBIMY asareTepounkandeckumu ¢parmentamu. [Ipu 8.38 m.j. Habmomancs
CHHIJIET OT 4 IPOTOHOB OEH3MMI/Ia30/I0B, HAXOAAIINXCA B ITOTIOKEHUN 2 reTeporukia. Cur-
HaJIbl OCTa/IbHBIX IIPOTOHOB BBIXO[VIN B O0O/Iee CUIBHOM IIO/Ie ¥ MMM BUJ, ABYX Ay0/IeTOB U
IBYX Ty0/IeTOB TPUIUIETOB.

B macc-cnekTpe HM3Koro paspeuenus 1,2,4,5-rerpakuc(6eHsummgazonn)beHsona ot-
MeJaJICsl TOJBKO OfMH CUTHAJI OT MOJIEKY/LIPHOTO JMOHA C OOJIbIION VHTEHCMBHOCTBIO U
m/z 541. Tax)Ke OKOJI0 HEro NpUCYTCTBOBA/I PAJ, M3OTOIIHBIX MMKOB. VIHTEpecHo, 4TO BCe 0CKO-
JIOYHBIE VIOHBI, ITO-BUAVIMOMY, ObIIM Ma/IOCTAOVJIbHBL M IME/IV OYeHb MajIyl0 MHTEHCUBHOCTD.

Ha AAMP 'H cnexrpe 1,2,4,5-terpakuc(1H-6ensorpuason-1-nn)6ensona (cm. puc. 2)
IPUCYTCTBOBAIN 5 CUTHAJIOB: YeTbIpe OT MIPOTOHOB OEH30TPMA30/IbHBIX PParMeHTOB (MHTe-
rpajibHas IJIOMIAAb 16) ¥ OVH CHHITIET OT ABYX IPOTOHOB I[eHTPa/IbHOTO O€H30/IbHOTO KOJIbI[a
(nHTerpanbHas mwrowans 2). Ob6a nporona H* u H® ABismich 9KBMBaTeHTHBIMY, TIO9TOMY BbI-
XOAWIN B Bufie CuHIIeTa mpu 8.94 m.j. Takoe cuibHOe cMelleHNe B 00/1aCTh BLICOKMX YacTOT
ObUTO BBI3BAaHO HAIMYMEM YETBIPEX 3JIeKTPOHOAKIIENITOPHBIX IeTePOLVIKINYECKNX (pparMeH-
TOB, 1B B 0P110-TIOTIO>KEHNIA, @ 1B B MeMa-TI0I0>KEeHNM K KaKIOMY 113 aTOMOB BOZOpoja OeH-
3o7a. [IpoToHBI 6€H30TP1MA30/IbHBIX KOJIEL] IMe/IU BIUJ IBYX Ay0JIETOB Y IByX TPUIIIETOB.
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Puc. 2. IMP 'H-cnekrp 1,2,4,5-terpakuc(1H-6en3orpuason-1-mm)6ensona (BrukerDRX400, 400 MI'ty, DMSO-ds,
303 K)
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CpaBHUTE/NIBHYIO JIETKOCTD TONMydeHrst N-3aMeleHHbIX 1,2,4,5-TeTpaaMuHOOEH30/I0B B
PaBHEHUY C ONVICAHHBIMU paHee pe3yabTaTaMi ¢ TModeHonamu [10] MOXXHO OOBACHUTD TeM,
YTO MHOTVE IeTepOLMKINYeckyie GpparMeHTsl 00/1aaloT aKTUBUPYIOLIM 3¢ (eKTOM, CpaBHM-
MbIM ¢ TakoBbIM 151 CN u CF; rpynm [11]. Takum o6pasom, oTydeHHbIe HAMU JaHHBIE SBJIA-
I0TCsI HOBBIM IIPYIMEPOM peakiinil SyAT, aKTMBYPOBAHHBIX a30/TaMIL.

CuHTe3MpOBaHHbIe IPOAYKTBI MOTYT OBITh MHTEPECHBI KaK JTIMIAH/BI /11 META/IIOOpra-

HIYECKVIX [TOJIIMEPOB U /IS TT-KOMIUIEKCOOOPa30BaHMs B CYIIPAMOIEKY/IIPHBIX CUCTEMaX.
IKCIepUMeHTAaIbHAs 9aCTh

Temneparyps! miasneHns onpegpensi Ha nprubope PolyTherm A co ckopocTbio Harpe-
BaHuA 3 °C/MuH 1 He Koppektuposam. VIK criekTpsl perncrpuposamn Ha mpubope «Perkin
Elmer Spectrum 65 FT-IR Spectrometer» Ha npucraBke Universal ATR Sampling Accessory
merogoM HIIBO. YcnoBusa sammcu crekTpos: Anamason 4000-600 cm’', paspemenne 4 cMm™,
32 ckanupoBanus. Crekrpsl IMP perucrpuposamu Ha npubope «Bruker DRX-400» ms pac-
TBOpoB [JMCO-ds ipn 30 °C. B kauecTBe 3Ta/oHa /I OTCYETA XMMUYIECKUX CABUTOB MCIIONb-
30Ba/IV CUTHAJIBI OCTaTOYHBIX MPOTOHOB pacTBoputens B AMP 'H (812,50 m.z1.). Macc-criek-
TpBl perucrpuposamu Ha xpomaro-macc-cnekrpomerpe «FINNIGAN MAT.INCOS 50» npu
MOHM3alMIOHHOM HanpspkeHuu 70 9B 1 Temneparype B kamepe nonmsanuu 100-220 °C. Macc-
CIIEKTPBI BBICOKOTO paspenieHns 3amyceiBamy Ha mpubope «Bruker micrOTOF II» (Bruker Dal-
tonics), meron moHmsaumm - asnexTpopacubuienre (ESI), gmamasoH ckaHmpoBaHmMs Macc
(m/z 50) 3000 [Ta, mmpuneBoit BBof BemjectBa. PactBoputens MeCN wim MeOH, ckopocTb
IOTOKA pacTBOpa — 3 MKI/MUH. Temmeparypa uHTepdeitica 180 °C, ra3 pacnbplmTenb — a3oT
(4.0 n/mun).

Meronuka cuHTe3a coeguHennit 3 a,b. K pacrsopy 2.09 r (17.7 MmMonb) 6eH3uMua3ona
wm 2.11 1 (17.7 mmonb) 6ersorpuasona B 20 M JM®PA npubasnsamm 2.93 r (21.2 Mmorb) Oes-
BogHOro K;COs 1 1.00 1 (4.22 MMonb) peareHTa 1, mepememuBanu 4 4 npu 110 °C, oxmaxjanm
U BBUIMBA/IM B BOJY. BbImaBImit ocajok oTGIIbTPOBBIBA/IN, HECKOIBKO pa3 IPOMbIBA/IN BO-
IO, CYIIVIN B CYIIV/IBHOM IIKady U MepeKpUCTa/UIM30BBIBAIM M3 CMeCH 2-TIPOIIAHOT —
IMOA.

1,2,4,5-trerpakuc(bensumupgasonun)benson (3a). Beixom: 91%. 1. i = 350-353 °C.
Cnektp 'H AMP (IMCO-ds, §, m.x., J/Tu): 7.09 (1, 4H, H, ] 7.6 Ty, H>**"%"), 7.15 (1, 4H, H,
J 7.0 Ty, HES6"6"); 7.34 (n, 4H, H”7"7"7", ] 8.0 T'n); 7.57 (m, 4H, H***"*", ] 7.7 I'y), 8.38 (c, 4H,
H222"2"),. 8.53 (¢, 2H, H*®), MS, m/z (Lo, %): 541 (100) [M*]. IK (HIIBO) v/cm: 3029 (Ar),
1611 (Ar), 1529 (Ar), 1490 (Ar), 1464 (Ar), 1229 (Ar). HRMS: m/z Boruncineno CssH,3Ng*
543.2046 [M+H]*, HaitneHo: 543.2031.

1,2,4,5-terpakuc(1H-6ensorpuason-1-un)6enson (3b). Berxoa: 93%. 1. 1. = 309-313 °C.
Cnextp 'H AIMP (IMCO-ds, §, Mm.1i., J/T1): 7.42 (1, 4H, ] 7.5 T); 7.52 (1, 4H, ] 7.6 Tn); 7.72 (m,
4H, ] 8.3 I'm); 8.05 (1, 4H, ] 8.3 T'm); 8.94 (¢, 2H, H*®). IK (HIIBO) v/em™: 3091, 3058, 1606,
1493, 1450, 1282, 999, 768, 748. HRMS: m/z Beruncineno Cs;cH oN1,*547.1856 [M+H]*, Haipmeno:
547.1839.
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This review is based on the analysis of data on the structural and thermodynamic
properties of tetra-N-alkyl-substituted bicyclic bis-urea of the octane series (glyco-
lurils), singly and dissolved in H,O and DO, obtained by other authors. The paper
discusses issues of the influence of the stereochemical nature of these bioactive com-
pounds on their hydration processes. The researched substances are the low-toxic
glycolurils with pharmacologically pronounced psychotropic effects, known under
the commercial names Mebicar (tetra-N-methylanalog), Bicaret (tetra-N-ethylan-
alog), and the cis- and trans-N-diethyl-dimethyl-analogs, Mebicaret and Albicar.
The last listed glycoluril, which is chiral in stereochemical nature, was investigated
as racemate. The study also included the analysis of the available results of calori-
metric, densitometric, and spectroscopic (for Mebicar) studies of glycolurils solu-
tions in H/D isotopologues of water as well as quantum-chemical calculations of
molecular parameters of these heterocyclic compounds in the ideal gas phase. It has
been shown that the hydration of each of the studied tetra-N-alkyl-substituted gly-
colurils can be generally regarded as a superposition of two mechanisms - hydro-
phobic and hydrophilic. In the case of Bicaret, the former is dominant, while for
Mebicar the latter obviously predominates. Regarding to the structural state and
solvation in aqueous medium of glycolurils with mixed N-alkyl-substitution such
as Albicar and Mebicaret, the stereochemical nature of their molecules predeter-
mines a kind of "thermodynamic balance (dualism)" between the mentioned mech-
anisms. The paper outlines the distinctive features of the hydration process of ra-
cemic Albicar against the effects of intermolecular interaction in aqueous solution
of achiral Mebicaret.

Introduction

Alkylsubstituted urea derivatives are mostly bio- and physiologically active compounds,

among which bicyclic bis-ureas of the octane series, trivially called glycolurils, are of special in-

terest [1-6]. The structure of the "molecular framework" of glycoluril is illustrated in Fig. 1.
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Fig. 1. Structure of glycoluril molecule with symmetry planes (¢! and 0?) [2, 4]

Many representatives of this class of heterocyclic compounds possess rather wide spec-
trum of pharmacological effects and either are already effectively applied in medical practice,
or serve as a basis for promising medicines. For example, over the past decades, the low-toxicity
psychotropic drug mebicar (other names are adaptole and mebix), where the active substance is
2,4,6,8-tetramethylglycoluril, has been successfully used in medicine as a daytime tranquilizer,
adaptogen, and antidepressant [3, 7-12]. A drug of chiral origin, albicar (2,6-diethyl-4,8-dime-
thylglycoluril, see Fig. 1), is being put into clinical trials. It has a broader spectrum of pharma-
cological effects in terms of treatment of neuropsychiatric disorders [13-17]. Additionally, the
achiral equimolecular analogues of albicar with potential medical (antidepressant/anxiolytic)
application - N,N-mebicaret and N,N"-mebicaret (2,4-diethyl-6,8-dimethyl- and 2,8-diethyl-
4,6-dimethylglycoluril, respectively) were synthesized recently [1, 4-6, 18, 19]. Bicaret (2,4,6,8-
tetraethylglycoluril), which possesses evident sedative activity, should be singled out among
other tranquilizer drugs of this family of azaheterocycles [3-6, 20, 21].

The uniqueness of the nitrogen-containing compounds under consideration is because
their relatively simple in structure bicyclic molecules possess extremely low toxicity and high
speed of passage through lipid membranes in vivo. In particular, mebicar is ~150 times less toxic
than known similar pharmacological agents — diazepam (seduxen) or phenazepam (3, 7, 11]. It
is assumed [22] that the ability of these compounds to exhibit both hydrophilic and lipophilic
properties is responsible for the bio- and physical availability of the considered alkylsubstituted
glycolurils: they can easily penetrate cell membranes in the living organism and cross the blood-
brain barrier, establishing a "relationship” between brain tissue cells (neural networks) and the
capillaries of the circulatory system. Moreover, a high degree of bioavailability of this group of
drugs is combined with the ease of their excretion from the living body [7, 14, 20]. However,
the molecular mechanism of the pharmacological action of these compounds remains poorly
understood.

To establish the nature of the physiological effect of the glycolurils considered, it is im-
portant to have information not only about the membrane permeability and the structure fea-
tures of their molecules, but also about the structural and thermodynamic properties of these
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compounds both in the crystalline and in the dissolved (solvated) state [4, 8-10, 12]. This infor-
mation is necessary, first of all, to reveal pharmacophoric activity of functional (hydrophobic
and proton-donor/acceptor) groups during the formation of "hydrate (solvate) complexes” in-
volving the biomolecules in question. To describe pharmacophore in more detail [23, 24], the
concepts of "excluded volume" as well as the allowed intervals of spatial orientation of hydrogen
bonds are often introduced. Gathering information about these properties is also important in
terms of creating models reflecting the state of a physiologically active compound in a living
organism. This can be developed further by creating the physicochemical basis for QSPR
(Quantitative Structure-Property Relationships) models that predict functional activity and al-
low screening of newly synthesized drugs with potential medical applications [4].

The results of studies conducted in this field of solution physicochemistry show that,
along with conclusions from spectroscopic analysis [1, 6, 25], data on the standard thermody-
namic characteristics of glycolurils dissolution in water and mixed solvents provide indispen-
sable information on both intermolecular interactions in the formed binary (triple) system and
on its structural features. These features are known to carry information only about supramo-
lecular (i.e., structural-average) properties of the liquid-phase system [26-29], so the necessary
information about the intermolecular interaction can be obtained indirectly using various ap-
proaches and approximations [27-30]. A number of problems were avoided when studying the
thermodynamic properties of tetra-N-alkyl-substituted glycolurils in isotopic analogues of wa-
ter (H,O and D,0). The D,O->H,O-isotope effects (IEs) of the solvent, due to the quantum na-
ture of their origin [30-36], carry valuable information on the nature of intermolecular specific
interactions and hydrophobic effects, as well as on the structural transformations in the newly
formed hydrate complex [4].

We wanted to summarize the results of our works and works of other authors during the
last two decades. To do that, in this review, we have systematized the data from calorimetric,
densitometric, spectroscopic, and some other studies on the solutions of tetra-N-alkyl-substi-
tuted glycoluril derivatives (mebicar, albicar, N,N-mebicaret, and bicaret) in plain and deuter-
ated water. The approach based on the reasonable combination of precision experimental meth-
ods with the H,O->D,O-isotopic substitution procedure allowed us to analyze in detail the man-
ifestations and specific features of hydrophilic and hydrophobic hydration of the pharmaco-
phore molecules of the considered group of substances and to draw conclusions about the state
of the latter in the aqueous medium under insignificant solvent structure perturbation.

For the comprehensive analysis of the obtained standard volumetric and enthalpy char-
acteristics of dissolution and solvation of the mentioned glycoluriles in H,O and DO, we
deemed necessary to involve available data on their physico-chemical and thermodynamic
properties in individual (crystalline and gaseous) state. We would like to remind that according
to [IUPAC recommendations [26, 36], its state in a hypothetical ideal solution of unit concen-
tration, in which molecules are in the same energy and structural state as in an infinitely diluted
by component 2 solution, is taken as the standard state of the dissolved substance (2) in solu-
tion. The standard solvent state (1) in solution is the pure solvent state at pressure 0.1 MPa and
"current" temperature. In other words, the standard state postulates the complete absence of
concentration-dependent 2-2-interactions of the dissolved compound, which greatly facilitates
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the interpretation of thermodynamic effects induced by 1-2-interactions in the resulting binary
liquid-phase system.

COMPARATIVE CHARACTERIZATION OF TETRA-N-ALKYLSUBSTITUTED
GLYCOLURIL DERIVATIVES AND H/D-ISOTOPE WATER ANALOGUES

Properties of tetraalkylated glycolurils in the individual state

As we noted above, the bicyclic alkyl derivatives of urea under consideration are mostly
effective low-toxicity drugs for psychotropic (neurotropic) purposes. Thanks to the purposeful
efforts of the staff of the Laboratory of Nitrogen-Containing Compounds at the N.D. Zelensky
Institute of Organic Chemistry, RAS, the process of stereocontrolled synthesis of these glyco-
lurils, based on cyclocondensation reaction involving glyoxal or 4,5-dihydroxy-2-imidazoli-
dinone [37], is constantly being improved [2, 5, 17].

Stereochemical aspects of the tetra-N-alkylated glycoluril structure are that due to the ri-
gidity of the heterocyclic framework and cis-membering of annelinated imidazolidine (five-
membered) rings, their molecular structures in general have the shape of a half-opened book or
"seagull wings" [1-6, 17, 38, 39] (see Fig. 1). Due to the presence of asymmetric "glyoxal" carbon
atoms C(1) and C(5), many of these compounds are chiral and are in racemic form. Among the
glycolurils considered here, only the trans-coordinated albicar has both properties (Fig. 2).
However, due to the existing problems of isolation of R/S-enantiomerically pure crystals of this
compound [2, 5, 13, 15], hereinafter we will discuss only the results of studies of structural and
thermodynamic properties of racemic form of albicar in individual and dissolved (in H,O and
D,0) states. In turn, glycoluriles are achiral if they have the symmetry plane o' or o2, i.e. corre-
sponding to N(2,4)-, N(2,8)- or N(2,4,6,8)-positions of the same alkyl substituents. This group
of compounds includes mebicar, bicaret, and N,N(N')-cis-isomers of mebicaret (see Fig. 1 and
2). Unfortunately, we have not yet been able to obtain reliable experimental data on the physi-
cochemical and thermodynamic characteristics of N,N"-mebicaret (2,8-diethyl-4,6-dimethyl-
glycoluril) both in the individual state and as a dissolved substance in aqueous media H,O and
D,O. Therefore, hereinafter we will discuss only achiral N,N- or 2,4-diethyl-6,8-dimethyl-sub-
stituted glycoluril (for convenience we will call it mebicaret — see Fig. 2, c), the relevant prop-
erties of which are well studied.

Fig. 2. Equilibrium structures of the investigated glycolurils according to quantum-chemical (DFT) calculations:
a - mebicar, b - albicar, c - mebicaret, d - bicaret
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Table. 1 contains compiled information on the properties of the compared glycolurils in
the crystalline state. Note that there are different interpretations of the names of these com-
pounds in the scientific literature. Thus, according to the IUPAC nomenclature classification,
they form a family of tetra-N-alkyl-substituted tetrahydroimidazo[4,5-d]imidazole-
2,5(1H,3H)-dions [37]. At the same time, currently another (trivial) nomenclature is more
widely used for naming the representatives of this class of organic compounds [1-5, 40]:
alkylsubstituted in corresponding N-positions of 2,4,6,8-tetraazabicyclo[3.3.0]octane-3,7-dions
(or glycolurils).

Table 1. Some physico-chemical and thermodynamic characteristics of the studied tetra-N-alkyl-substituted gly-
colurils [4]

Glycoluril CAS*® M,® Thelt. Aperc Hs ¢
Mebicar CsH14N,O, 10095-06-4 198.223 507.3 36.4
Albicar C,0Hi3N,4O, 71540-88-0 226.279 392.3 20.2

Mebicaret Ci1oH1sN4O, 71540-89-1 226.279 367.7 254
Bicaret C1,H,,N,0, 42563-65-5 254.332 388.2 27.4

* Chemical Abstracts Service registration number.
® Molar mass, g-mol..

¢ Melting point, K.

4 Standard enthalpy of melting, kJ-mol ™.

Comparison of the values Tyer, and A H, measured by differential scanning calorim-
etry (using DSC 204 F1 Phoenix) (see Table 1) suggests that the significant increase in temper-
ature and enthalpy of melting of mebicar is associated with a significant strengthening of the
molecular crystal lattice of tetra- N-methylated glycoluril. Although there is a relative compara-
bility of Ty, for mebicaret, bicaret, and chiral albicar, the latter has the lowest the melting
heat, apparently, due to the stereochemical features of the structure of the racemic form of this
compound. According to [13], due to the formation of H-bonds via methine groups of glyoxal
bridge, albicar molecules are grouped into layers with hydrophobic "coating” from ethyl radicals
that in many respects explains the fact of metastability of the formed racemic crystals.

The enthalpy of sublimation, which is more sensitive to the energy state of the crystal
structure, AgypH;, has so far been obtained only for mebicar (108.6 £ 3) kJ-mol' at
T =298.15 K) by mass spectroscopic method with a Knudsen effusion cell [39]. The crystal
structures of other compounds of the studied series showed quite low thermal stability, decom-
posing under heating or temperature hysteresis (metastability) in heating-cooling processes in-
dicating the absence of thermodynamic equilibrium in the effusion cell due to the phase trans-
formations in the system. In turn, crystallographic data were obtained only for bicaret and al-
bicar [1, 13]. There are no similar results for mebicar in the literature due to the problems asso-
ciated with the biniality (dichotomy) of its crystal in diffraction studies, but the common con-
clusions of the authors [1, 13, 38] indicate that the molecular structures of the glycolurils com-
pared are conformationally similar. Each of the pentanuclear cycles of the molecule individually
has an almost planar structure with a maximum deviation of atoms from the average cycle plane
not exceeding 5-10'° cm. This can also be seen in the small values of the corresponding dihedral
angles of no more than 9.5°. However, due to the significant steric tension that exists between
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adjacent cycles, the structure of the glycoluril molecule as a whole is far from planar [1, 4, 13,
38, 39, 42].

We have carried out (jointly with assoc. prof. Yu. A. Zhabanov from ISUCT, Ivanovo) the
quantum-chemical calculations of the geometric parameters of molecules and electron spectra
of the glycolurils of the considered series. They allowed us to detail the conformational features
of their structure (see Fig. 1 and 2) due to the rigidity of the heterocyclic framework and the
annelated cis-joining between adjacent nitrogen atoms. To do that, we have applied the high-
level density functional theory (DFT) method with the basis sets B3LYP/cc-pVTZ and
B3LYP/cc-pVQZ [39, 41, 42]. It was found that the difference in inter-nuclear distances of the
compared molecules does not exceed 1:107'° cm, and the values of the valence angles diverge by
no more than 2°. In other words, the introduction of C,Hs groups into the N-methyl-substituted
positions of the heterocyclic backbone has no significant influence on the geometrical structure
of the studied molecules (see Fig. 1 and 2). This is indicated by the similarity of electronic ab-
sorption spectra for tetra-N-alkyl-substituted glycolurils with maximum wavelength in the UV

region around 180 nm (Fig. 3).
/] o
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Fig. 3. Calculated (within DFT) electronic spectra of mebicaret (a) and bicaret (b)

At the same time, the branching of the peripheral hydrocarbon N-substituents in the tran-
sition from mebicar to bicaret complicates the stereochemical nature of the molecule because
of several additional conformational states which differ in the position of ethyl radicals relative
to the plane of the heterocyclic structure. Conformers of this kind differ not only in the energy
state, but also in the type of structural symmetry. For example, the mebicar molecule in equi-
librium has the C, symmetry structure, and the structure of N,N-mebicaret conformer with
minimal energy in the equilibrium state belongs to the C; symmetry point group. In turn, the
basic N,N-mebicaret conformers possess a C; symmetry structure. From the calculated six en-
ergy states of bicaret molecule, the minimal energy level appeared to be possessed by a con-
former with such an arrangement of ethyl groups, which provides the greatest distance from
each other of the corresponding CH;-groups. The structure of the indicated conformer (with
non-planar cycles) belongs to the point group of symmetry C,.

As mentioned above, the conformation of the bicyclic backbone in all studied cases has a
structure resembling the shape of seagull wings or a half-opened book (see Fig. 1), with an av-
erage labile "opening angle" between the planes of two cyclic fragments ~119° [1, 38]. In bicaret,
albicar, or mebicaret crystals, the terminal CHs-groups of ethyl radicals are located under the
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wings of the "folded" structure of the molecule in the gosh-position with respect to the C-N-
bonds that connect both cycles with the C-C-junction (glyoxal bridge, see Fig. 1). It should be
noted that C-H---O contacts play an important role in the redistribution of electron density in
glycoluril molecule at its full N-alkylation, associated with the increase of "peripheral” hydro-
carbon chain [13]. Thus, the transition from mebicar to bicaret can lead not only to a change in
the donor/acceptor capacity of carbonyl oxygen and methine ("bridging") protons but also to
the elimination of "activity" of said protons due to the screening of pharmacophore centers be-
cause of increasing steric obstacles to the formation of hydrogen bonds. Consideration of such
factors is a necessary condition for justification of thermodynamic effects of dissolution and
solvation of the considered glycoluril derivatives in H/D-isotopologues of water [4].

Structural and isotopic differences between ordinary and heavy (deuterated) water

According to IUPAC terminology [43], isomeric compounds whose molecules differ only
in isotopic composition should be referred to as isotopologues. The latter include the H/D-
isotopologues of water, H,O and D,O, which allows us to use these names further when dis-
cussing the thermodynamic and structural effects of dissolution and hydration of glycolurils.

Based on numerous previous studies (compiled, for example, in [4, 30-36, 44-46]), we can
state that the liquid phase of heavy water (D,O) is inherently more structured than the H,O
medium. The greater structuredness of D,O is combined with a higher rate of change of its
structural state under the influence of changing temperature and concentration of the dissolved
substance. This can be explained by the fact that the local structural formations of H/D-isotop-
ologues of water are highly mobile near-ordered systems with slightly different intermolecular
hydrogen bonding energies. If the value of the latter in an environment of ordinary water: is on
average ~15.5 k]-mol™ [34, 44, 47], then in absolutely deuterosubstituted water the D-bonding
energy increases by ~1 kJ-mol™ [4, 30, 31, 34-36]. Therefore, the same effects on the H/D isotop-
ologues of water cause approximately the same effect, but since the relative number of hydrogen
bonds and their strength are greater in the case of D,O, the overall structural change is greater
in the heavy water environment.

One of the main reasons for the H/D-isotopic difference in the hydrogen bonding energy
of water is the quantum effect, which is the difference in the amplitudes of the anharmonic zero
oscillations of H,O and D,O molecules [31-34, 45, 46]. This circumstance also causes a change
in the inter-nuclear distances in the water molecule and, as a consequence, its van der Waals
volume vyqy . Thus, O-H - O-D substitution induces a ~3% bond reduction [35], while the
values vyqy » reduce for 0.07 nm® [34, 36]. In turn, this leads to a change in the donor-acceptor
properties of the water molecule, i.e., its ability to form hydrogen bonds with neighboring mol-
ecules. According to the conclusions [34, 48], the consequence of the electron density redistri-
bution in the molecular quantum-chemical complexes of water at the substitution of H,O for
D50 is the strengthening of the electron-accepting ability of aqueous medium during a general
weakening of its electron-donating properties. This circumstance, along with a decrease in the
frequencies of hindered libration (torsion vibrations) by ~2.4 kJ-mol™ [49] and the valence de-
formation vibrations of the intramolecular O—H bond at the proton replacement by a deuteron,
predetermines an increase in the dissociation energy of hydrogen bonds in heavy water [4, 31-34].

72



A&ROM CHEMISTRY TOWARDS TECHNOLOGY iidi:i ey 1dy VOL. 2, ISSUE 3, 2021

Note that the approaches available in the literature for the analysis of differences in the
structural properties of H/D-isotopologues of water contain many conditions. However, in the
study of the inherently relative thermodynamic characteristics of dissolution with the corre-
sponding IEs, the change in the supramolecular (or macro-) structure of the liquid, which does
not require any particular model, is paramount.

RESULTS OF EXPERIMENTAL STUDY OF PROPERTIES OF GLYCOLURILS AS
DISSOLVED SUBSTANCES IN WATER ISOTOPOLOGUES

Analysis of spectroscopic data on mebicarsolutions

The results of *C-NMR spectroscopic study of mebicar solutions in water isotopologues
[4] are important for the investigation of hydration specifics of tetra-N-alkyl-substituted glyco-
lurils.

Analysis of the evolutions temperature dependences of the chemical shifts J of the carbon
atoms (C) of mebicar in H,O and D,O presented in Fig. 4 show that the main contribution to
the formation of heterocomponent hydrogen bonds in solution is made by carbonyl (>C=0)

groups. At the same time, the way the depend- 1
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ences change in Fig. 4 suggests that H(D)-bonds

can form with the aqueous environment by _
bridging C—H-groups of the mebicar molecule. 1.012
The latter is especially important for such a dif- 2: Lolo
ferent (from the more "branched" tetra-N-alkyl- =<' 1
ated glycolurils) nature of mebicar hydration. é 1008
Moreover, the temperature dependences illus- g 1.006 +
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duced by different molecular fragments of 1002_’

mebicar lead to a number of other important ]
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conclusions. 280 290 300 310 320 330 340
Firstly, the most significant transfor- T,K

mations of the solvent structure (H>O or D:0)  gig, 4. Temperature dependences of relative IEs in
with increasing temperature happen in the area  chemosweeps 8(°C) for a mebicar molecule in
of hydration of the methyl group of the mebicar ~ an aqueous solution with a molar concentration
molecule. This indicates the dominant role of = 4mol(kgwater)"

the hydrophobic component in the hydration process of this group. On the other hand, this fact
confirms the conclusions [50] that in D,O medium, the effects of hydrophobic hydration of
non-polar molecules (fragments) are more pronounced than in ordinary water. Secondly, the
contribution from specific >C-H---O interactions to the structural effects of the solvent around
the glyoxal bridge of the mebicar molecule appears to be more significant compared to the con-
tribution from the hydrophobic hydration of this grouping. Thirdly, the effects of the formation
of heterocomponent hydrogen bonds (hydrophilic hydration) apparently make the main con-
tribution to the changes in enthalpy and volume characteristics of the mebicar dissolution pro-
cess in H,O and D,O with the formation of the corresponding hydrate complexes.
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Based on the results of millimeter absorption (MMA-) spectroscopy [25], the carbonyl
group of the mebicar molecule is capable of forming up to four bonds with H,O (D,O) mole-
cules in accordance with the "polar positive hydration" mechanism. At the same time, as we
have already noted above, the character of changes in the data presented in Fig. 4 dependence
suggests that H(D)-bonds can form with the aqueous environment by bridging C-H-groups of
the mebicar molecule. However, according to the authors [25], this structuring effect is due to
"hydrophobic immobilization" of two to three water molecules in the space around two methyl
and four methyl groups (see Fig. 2, a). Moreover, at least two more water molecules in the hy-
drate shell are retained with rotational mobility, similar to the case of the so-called "negative
hydration" of urea [51].

As the volume (branching) of alkyl N-substituents increases, the hydrophobic properties
of the glycoluril molecule increase with the transition from mebicar to mebicaret (albicar) and
further to bicaret. At the same time, steric hindrances for its specific (through hydrogen bonds)
interactions with the surrounding aqueous medium also increase. Together, this leads both to
the elimination of the ability of methyl groups of bicaret molecule to form heterocomponent
hydrogen bonds with water isotope molecules and to the disappearance of the structural basis
for the effect of negative hydration of tetra-N-alkylated glycoluril.

Enthalpy and heat capacity characteristics of dissolution and hydration

Table 2 combines data on standard (which is infinite dilution) molar enthalpy character-
istics of the dissolution process (A,Hy) of the considered tetra-N-alkyl-substituted glycoluril
derivatives in H,O and D,O media [4, 18, 52-55]. The values A;H; were obtained by averaging
the integral enthalpic dissolution effects A;HJ", measured in the range T = (278-318 K) using
a high-precision isoperibolic (variable temperature with isothermal shell) calorimeter [56].

Table 2. Standard enthalpic dissolution characteristics, AyHs /(k]-mol™), of tetra-N-alkyl-substituted glycolurils
in plain and heavy water at different temperatures and p = 0.1 MPa

T K Mebicar® Albicar Mebicaret Bicaret
H,O D,O H,O D,O H,O D,O H,O D,O
278.15 - - -7.80 £ -8.37 -6.95 + -7.35 =% -15.66 £ -16.67 £
0.05 0.07 0.07 0.05 0.06 0.08
279.15 - - -7.49 -8.06 -6.67 -7.03 = - -
0.06 0.05 0.05 0.07
288.15 1.96 + 2.37 -4.98 + -5.46 + -4.17 -4.52 + -11.20 £ -12.13 £
0.13 0.03 0.05 0.06 0.04 0.07 0.10 0.05
298.15 3.67 = 3.87 = -2.15 % -2.53 & -1.47 -1.76 £ -6.83 -7.68 £
0.01 0.01 0.04 0.04 0.06 0.04 0.10 0.07
308.15 - - 0.63 0.38 = 141 + 1.17 = -2.33 % -3.08 £
0.07 0.08 0.06 0.06 0.04 0.10
313.15 - - 2.15 % 1.92 + 2.80 2.64 + - -
0.06 0.06 0.07 0.04
318.15 7.03 = 7.00 = - - - - 1.97 133+
0.03 0.06 0.09 0.08

¢ Data for the protonated system from [53] (in kJ-mol”): 1.96 + 0,07 (288.15 K); 3.58 + 0.04 (298.15 K) and
7.03 £0.07 (318.15 K).
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Table 2 shows that the currently available information on the values A4H; (T) for H/D-
isotope-differentiated aqueous glycoluril-containing systems can be directly compared only at
two temperatures (288.15 and 298.15 K). With this in mind, Fig. 5 illustrates the temperature-
dependent trends of solvent IE in AgHy (T). Moreover, the size of the geometrical symbols in
the figure generally corresponds to the measurement error of §A4H; (H.O->D,0).

As can be seen from the data in Table 2, the T K
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water is accompanied by a heat absorption that 044 '

increases with increasing temperature. Extrapo- 0‘2_- .

lation of AgH3 to T'=278.15 K shows that the en- el : e
thalpic effect of mebicar dissolution in H,O & *°7 e
comes close to zero. In this case, the positive IE g 00 —r('::x;;

in AqH; increases to ~ 0.6 kJ-mol! (see Fig. 5). &' 1 VI
However, when T = 318.15 K is reached, the OT -0‘4“—7 A

value §AqH; (H,O-D,0) for tetra-N-methyl- E: o6 A& .-
ated glycoluril becomes zero. The transition to EQ 1 w7
N-dimethyl-diethyl analogues (albicar, " _0'8__ e

mebicaret) and from the latter to bicaret is ac- 104 .——”/'.

companied by a sequential increase in the exo- Fig. 5. Te;mperature dependences of H/D-isotope
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T =278.15K and ~ 5.5 kJ-mol! at T = 298.15 K  (A) and bicaret () in aqueous medium

(see Table 2).

At the same time, the most interesting fact is the inversion of the sign AgH; from negative
to positive for ethyl-containing glycolurils in each of the water isotopologues (see Table 2). The
temperature T,y » at which this inversion is observed is close, on average, to 304 K for
mebicaret, to 307 K for albicaret, and to 315 K for bicaret. If we represent AqH; as the difference
between the enthalpy of solvation of the dissolved substance AgH; and its condensation in its
own (crystalline) medium, Aconq H; = —AsuprH; [4, 27], we can conclude that at temperatures
higher than Tj,y », the dehydration process of glycoluril molecules becomes dominant due to
the shift in the balance of intermolecular interactions. Obviously, as in the case of mebicar, the
total energy expenditure for the destruction of the crystal lattice of the dissolved glycoluril and
the formation of a solvate cavity in the solvent are no longer fully offset by the effects of stabili-
zation of the structure of the latter due to the formation of heterocomponent hydrogen bonds
and hydrophobic hydration. The deuterosubstitution in water molecules has very little effect on
the indicated redistribution of contributions in Aq4H; (T) (see Table 2). However, given the in-
dependence of the enthalpy-isotope effect as a transfer function from 2-2-interactions, analysis
of §A4H; (H,O-D,0) in Fig. 5 is a more reasonable step in terms of obtaining additional in-
formation on the hydration features of the heterocyclic compounds discussed here.

Fig. 5 shows that temperature has a differentiating effect on the direction of changes of
8§A4H; when comparing mebicar with its ethyl-containing analogues. On the one hand, the
demonstrated distribution of enthalpy-isotopic effects is in agreement with the generally ac-
cepted conclusion [4, 54, 57, 58] that both positive and negative values of thermodynamic
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quantities should increase in absolute terms during transfer from H,O from D,0O. On the other
hand, the difference in the signs of the derivative of (0(§AqH3)/0T)q or IE in the dissolution
heat capacity, SAPCS'Z(H209DZO), indicates an obvious difference in the hydration mecha-
nisms of mebicar and bicaret. In the case of mebicaret and albicar, a conclusion can be drawn
about the presence of a certain "structural dualism" in the influence of their molecules on the
hydrate environment.

Table 3. Thermal capacity characteristics of the dissolution process, A4Cg ,/ (J-mol'-K™") of the studied glycolurils
in normal and heavy water with the corresponding solvent isotope effects at T = 298.15 K and p = 0.1 MPa [4, 18,

52, 54, 55]
Compound BaCaz 884Gy
H,O DO H,0-D,0O
Mebicar 169 £ 9°¢ 155+11 -14+ 14
Albicar 282.7+3.4 292.9+2.6 10.2+4.3
Mebicaret 278.3%£3.5 284.1+4.6 10.2 +5.8
Bicaret 441.3+5.2 450.5+4.7 9.2+7.0

¢ Data from [53]: (167 + 18) J-mol-K"!

As can be seen from data from Table 3, the heat capacity component of the dissolution
process AyCq, = (0(AqH3)/0T)q increases by almost 100% when transitioning from mebicar
to albicar and mebicaret and almost 200% when replacing mebicar with bicaret, which indicates
the molecules hydrophobic properties strengthening in the indicated directions. At the same
time, the value §A4Cyq, (H:O->D,0) for mebicar is, within the margin of error, the same as
that for typically hydrophilic urea (A4Cq, = -10.4 J-mol-K* [59]), which is a strong argument
for the above assumption that the tetra- N-methylated glycoluril is predominantly hydrophilic.
On the contrary, the IE in the heat capacity of hydration of other (ethyl-containing) heterocy-
cles is positive, but numerically indistinguishable due to a sufficiently high error of their calcu-
lation (see Table 3). Let us also note that larger positive values of A;Cg, in absolute value
(see Table 3) indicate the presence of not only hydrophobicity, but also a general strong inter-
action of dissolved glycoluril molecules with water isotopologue, including the effects of H(D)-
bond formation. An example of this is the heat capacity effects of dissolution of saccharides in
water [60].

At the same time, while large (in absolute value) §AqH; (H.O-> D,0O) and AdC(i , for bi-
caret (see Fig. 5 and Table 3) are associated with the predominantly hydrophobic nature of its
molecules, there is a much more structurally complex situation in the case of hydration of
mebicaret and its chiral in nature trans-analog albicar (see Fig. 2, b, ¢). The molecules of the
mentioned glycolurils can be represented as a kind of "intermediates” of mebicar and bicaret
molecules. However, unlike the latter, they have a more balanced "set" of pharmacophores (hy-
drophilic and hydrophobic) centers.

The thermodynamic dissolution characteristics of these mixed-alkylated heterocyclic
compounds have generally comparable values. Small (up to (0.2 £ 0.1) kJ-mol™) differences are
found only in §AqH; (H.O->D,0) at low temperatures (see Fig. 5). This leads us to note the
absence of a noticeable influence of the stereochemical nature (i.e., mutual arrangement of
N-substituted positions) of dimethyldiethylglycoluril molecule on the character of interaction
of this compound with water isotopologue. It is possible that in thesterical transition from
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mebicar to albicar or mebicaret, there is still an opportunity for specific interaction of the solute
molecule with H,O or D,O molecules through bridging (methine) hydrogen atoms. And this

possibility, judging by the available insignificant differences of IE in §A,H; , is connected

p(c
with specifics of coordination of N-substituted positions in the glycoluril molecule.

Table 4. Enthalpy homotactic factors of 2-2-interactions, hx/ (J-kg-mol?), between tetra-N-alkylated glycoluril
molecules in H/D isotopologues of water and corresponding solvent isotopic effects, oh. (H.O->D,0O), at
T =298.15K [18, 54, 63, 64]

Compound h2, (H0) h,, (DO) 6h,,(H,0 >D,0)
Mebicar® -2042 + 68 2663 + 122 -621 + 140
Albicar -627 £ 15 -804 + 34 -177 £ 37
Mebicaret -358 £23 -436 £ 39 -78 £45
Bicaret 1389 + 102 1804 + 164 415+ 193

“ Data from [61,62] (J-kg-mol?): (-1870 + 270) in H,O and (-2660 + 300) in D,O.

Given the fact that there is a thermodynamically valid relationship between the enthalpic
characteristics of 1-2- and 2-2-interactions [18, 28, 60, 63], additional information on the state
of albicar and mebicaret molecules in H/D-isotope-different aqueous media was extracted from
the analysis of the Table 4 parameters of pairwise interactions h,,. The latter were obtained by
measuring the enthalpies of dilution solutions of tetra-N-alkylated glycoluriles, Ag; H3", in nor-
mal and heavy water at 298.15 K followed by processing (decomposition) of Ag; H5* within
known approximations [9, 28, 63-66].

Table 4 shows that the values of h,, with the corresponding IE of the solvent quite clearly
reflect the stereospecificity of the hydration of the compared glycolurils. Aqueous solutions of
mebicaret and albicar correspond to negative values of h,,. In the transition from the first of
these compounds to the second, there is an almost 100% increase in the numerical values of h,,
and 0 hx» (H,0-D;0). The negative sign of hy, formally indicates that displacement of H,O or
D,O molecules from more densely packed hydrate co-sphere into the environment (in bulk)
leads in general to the growth of H(D)-bonding degree of these molecules [4,60]. If we postulate
the invariability of the hydrophobic component of 4,,, then the fact of the increase in the nega-
tive value of this parameter should most likely be attributed to the greater availability of proton-
donor/acceptor centers of albicar to specific 2—2-interactions with the formation of solvate-
divided pairs. Proton substitution by deuterons in water molecules causes a more prominent
association between albicar molecules compared to mebicaret, indicating an increasing role of
H(D)-bonding in the hydration of the chiral (trans-)isomer.

Considering a noticeable increase of negative values of h,, for mebicar in H,O and D,O
(see Table 4), as well as patterns of changes in thermodynamic characteristics for these systems
in Table 3 and Fig. 5, it can be argued that in this case the predominance of the hydrophilic
"mechanism" of glycoluril hydration is obvious. On the other hand, the positive h,, for bicaret
in H/D water isotopologues are in agreement with the conclusion we made above about the
predominantly hydrophobic nature of the molecules of this compound. This means that the
overlapping of molecular hydrate co-spheres leads to a marked enhancement of clathrate for-
mation (strengthening of the aqueous environment structure with an increase in its openwork)
near alkyl groups, which contributes to the separation of molecules [60-63]. This assumption is
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confirmed by the growth of hy, during the formation of bicaret solution in heavy water (see Ta-
ble 4).

As for the structural state in aqueous me- 200045 3\.
dium of heterocycles with mixed N-alkyl substi- TN
tution - albicar and mebicaret, the stereochem- 2000 - \\\\\\
ical nature of their molecules predetermines a 1 SO
kind of balance between the above mechanisms 0 \\:\\
or structural-thermodynamic dualism in the = | @2
hydration process. Fig. 6 correlations prove the B 20007
existence of thermodynamically reasonable re- E; 4000 - \‘\:\\\
lationship between the values AgH; (see Ta- < | ~,
ble 2) and h,, (see Table 4). Moreover, the anal- 6000 4 \\\\
ysis of functions AqH; - h» suggests that the ] i:
"realization” of such a relationship in the case of 80009 R i G\J
glycolurils dissolved in H,O and D,O depends 3000 2000 -1000 0 1000 2000
largely on the presence or absence of optical 39, Vg mol™

isomerism in their bicyclic molecules. Obvi- Fig. 6. Correlation relationships between standard

. . . molar enthalpies of dissolution and homotactic en-
ously, the characteristics of racemic albicar do P 15

. o thalpy coefficients of paired 2-2-interactions for
not correspond to those illustrated in Fig. 6 cor-

compared achiral glycolurils in plain water (®) and

relation dependences for its achiral analogues.  heavy water (o) at 298.15 K [18]: bicaret (1),
As can be seen from Fig. 6, each of the cor-  mebicaret (2), and mebicar (3)

relation relationships between the parameters AgH; and h», at T'=298.15 K is an almost linear

function that can be expressed analytically by the results of its approximation (using the least

squares method) by a first order equation:

AgH3 (H,0) = ~(2.58 + 0.09)-10° - (3.06 + 0.06)2, R ~ 1.0; 0g,95= 11,1 J-mol", (1)
AgHy (D;0) = -(2.97 + 0.80)-10° - (2.59 + 0.43)h2, R ~0.9998; 0y 95= 105 J-mol™.  (2)

The data described by relations (1) and (2) in Fig. 6 prove that the effects of hydrophobic
hydration and formation of hydrogen bonds are more pronounced in deuterated aqueous me-
dium. At the same time, the solvation behavior of bicaret confirms the conclusion about the
predominantly hydrophobic nature of its molecules. At the same time, the inclusion of mebicar
molecules in the structural matrix of normal or heavy (D,O) water leads to a radically different
effect peculiar to the process of hydration of predominantly hydrophilic molecules. Fig. 6 clearly
shows the mentioned "duality" of the solvation nature of the mebicaret, expressed through the
correlated thermodynamic characteristics.

Standard volumetric ("packing") characteristics of the studied glycolurils in
H/D isotopologues of water

Table 5 contains the results of calculations of the standard partial molar volumes, Vy,
glycolurils of the studied series (see Fig. 2, a-d) in H,O and D,O environments [19, 67-69]. The
values V;’ were obtained by extrapolating the concentration dependences of the apparent molar
volume, V5, of dissolved glycoluril to the state of its infinitely diluted solution. In turn, the
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calculation procedure V, and Vy, [67-71] were based on solution density data, which were ob-
tained with an error 0.01-0.03 kg-m~ by measurements on an Anton Paar DMA 5000 M preci-

sion densimeter (with a vibrating U-tube) [71, 72].

Table 5. Standard (partial at infinite dilution) molar volumes, V;’/(m?®-mol"), tetra-N-alkyl-substituted glycolurils
in normal and heavy water at different temperatures and p = 0.1 MPa

T K Mebicar Albicar Mebicaret Bicaret
' H,0 D,0 H,0 D,O H,0 DO H,0 DO
278.15 - - 188.34 186.93 188.43 + 186.83 £ | 220.58 = | 219.78
0.02 0.03 0.02 0.02 0.01 0.01
288.15 157.02 = 156.28 + 189.85 + 189.00 = 190.11 = 189.00 + | 22254+ | 222.06 +
0.10 0.06 0.02 0.02 0.02 0.02 0.01 0.01
298.15 158.87 158.40 = 191.29 = 190.89 = 191.72 19096 £ | 22447+ | 224.14 +
0.13 0.07 0.03 0.04 0.02 0.02 0.01 0.01
308.15 160.29 = 160.09 = 192.81 = 192.78 = 193.25 + 19285+ | 22634+ | 22614+
0.10 0.08 0.03 0.04 0.02 0.01 0.01 0.01
318.15 161.34 161.31 = 194.34 + 194.56 194.80 £ 194.68 £ | 228.17+ | 228.10
0.04 0.08 0.01 0.03 0.01 0.01 0.01 0.01
Analysis of the data in Table 5 and Fig. 7 280 260 T/K 3 5
300 310 320
shows that in all cases considered here, the 0.4 L L . L !
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of each of the tetra-N-alkyl-substituted glyco- ~ 2, -0.6 7 g
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hydrate shell is formed than in "normal” water. gﬂ 1.0 o
This is not unusual given the fact that the neg- < -1.2 - ) Y
ative volume contributions to V; hydrophobic < a4l
and heterocomponent hydrogen bond for- T 6] v
mation effects in solution increase (in absolute 18

value) at H,O->D,O substitution [19, 59,
67-69]. Obviously, the differences in the inter-
molecular interaction that determine the sign
and magnitude of the IE in V;’ (Fig. 7) become

Fig. 7. Temperature dependences of H/D-isotopic
solvent effects in standard molar volume for tetra-N-
alkylated glycoluriles in aqueous medium: mebicar
(@), mebicaret (V), albicar (A ), and bicaret (u)

most noticeable in the region of temperatures corresponding to the highest structurization of
H/D-isotopes of water, i.e., between the temperatures at which the molar volumes of H,O and
D,0 take minimum values (Vi 1.): ~ 277 K and ~ 284 K, respectively [31, 34, 44].

The values of all studied glycolurils increase with increasing temperature V,’, which is
associated with the weakening of hydration and loosening of hydrate shells due to thermal ex-
pansion of the standard solution. Since the medium of heavy water is more structured com-
pared to that of normal water [4, 31-34, 44, 48], there is a regular thermoactivated decrease in
the solvent IE in V; (see Fig. 7). At T = 318.15 K the IE in V,’ becomes nearly zero regardless of
the stereochemical nature of the achiral tetra-N-alkylated glycoluril, and in the case of the chiral
albicar at the same temperature, the structure of the deuterated hydrate complex becomes even
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more loose, as compared to the protonated analogue. Meanwhile, the results shown in Fig. 7 do
not give a complete picture of the nature of the packing of the aqueous environment of the
solvated glycoluril molecule.

In part, this kind of information can be extracted from the analysis of the relative packing
density of the formed hydrate complex [34,73]: d = V; /Vyq4y,2 Where Viqy 2 = Vydy2Na is the
volume which formally occupies one mole of van der Waals molecules with volume vyq4y
(N, - Avogadro number). d basically represents the fraction V', occupied by the internal vol-
ume of the dissolved substance [73], which here is V,qy . The values V4, , were calculated
based on the approach [74] (using Cambridge Structural Database) as the sum of the volumes
of atomic increments depending on the structural features of the environment of each C, O, N,
and H atom in an alicyclic organic molecule. The values V.4, , thus estimated for mebicar,
mebicaret /albicar, and bicaret were 101.3-10°, 120.2:10%, and 139.1-10° m*mol™, respectively.

Fig. 8 shows data on the d parameter

0.650
in isotope-differentiated glycoluril-contain- 1
ing aqueous systems, from which it is seen 0'645—_
that the transition from mebicar to 0.640
mebicaret or albicar and further to bicaretis _ 0635 ]
accompanied by a significant loosening of ™

the hydrate shell of the molecule. This con- ‘5 0.630
firms the conclusions about the increasing m 0. 625_'
effect of hydrophobic hydration in the indi- 1
cated direction drawn from the analysis of 0.6207
the calorimetric results of the standard so- 0.615—-
lutions discussed here in H/D-isotopes of 1
water. The share of free (or so-called ex- 06107

T
280

cluded [73]) space in the structural packing 290 30 sl0 32

of the formed hydrate complex when re-
placing H,O with D,O in the solvent mole-
cules is markedly reduced only in the region
of temperatures below T = 298 K. There are
clear "packing" differences in stereochemi-

T/K

Fig. 8. Temperature dependences of the relative packing
density of solvated tetra-N-alkylglycoluril molecules in
H,O (solid symbols) and D,O (hollow symbols): mebicar
(o,e), mebicaret (V,V), albicar (A, A) and bicaret (O,n).
(Values Vyqy , are postulated to be constant over the se-

cal nature of glycolurils with mixed type of ~lécted temperature range)

alkyl substitution in the same area. Another fact to note is the formation of significantly more
densely packed local structures involving mebicar molecules in the environment of H(D)-
isotopologue of water, emphasizing the predominantly hydrophilic nature of the hydration of
this glycoluril.

Similar conclusions follow from the analysis of standard molar (isobaric) expansibilities
of tetra-N-alkyl-substituted glycolurils, Eq, = (dV,/dT)q, in normal and heavy water (Fig. 9).
The values E, , were obtained by approximating the temperature dependences V," in H,O and
DO by a second-degree equation using the least squares method (LSM) followed by differenti-
ation by (T — ), where 8 = 298.15 K is the comparison temperature [67-69, 71].

Fig. 9 shows that increasing the temperature in general has a rather weak effect on the
structural packing of each of the hydrate complexes with ethyl-containing glycolurils. The fact
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of a sharp weakening of the "thermal sensitivity" of the latter, as compared with local structural
formations in aqueous solutions of mebicar, is most likely associated with the greater hydro-
phobicity of the mebicaret/albicar and bicaret molecules and the lower availability of their do-
nor and acceptor pharmacophore centers for specific (through the formation of H or D bonds)
interaction with water isotopologue molecules. When analyzing the data presented in Fig. 9,
one can note the differentiating influence of temperature on the direction of changes in E,, , in
albicar solution in H,O and D,O, which proves that there are distinctive features of hydration
of this isomer of mebicaret, which is chiral in stereochemical nature.

0247 O 044  288.15K @
0224 < T ' .
AVASEEE S P 7 Y
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Fig. 9. Temperature dependences of standard molar
expansibilities of tetra-N-alkylated glycolurils in
H,O (solid symbols) and D,O (hollow symbols):
mebicar (o,e), mebicaret (V,V), albicar (A,A) and
bicarat (O,m)

Fig. 10. Correlation relationships between H/D-iso-
tope effects of solvent in standard molar enthalpy of
dissolution and standard molar volume of mebicar (®),
mebicaret (V), albicar (A), and bicaret (») in water in
the studied temperature range

Finally, Fig. 10 demonstrates the possibility of a thermodynamically reasonable relation-
ship not only between the thermochemical characteristics of 2-1 2-2 interactions in aqueous
(H20O or D,0O) solutions of tetra-N-alkyl-substituted glycolurils (see Fig. 6), but also between the
solvent IEs in the enthalpy and volumetric characteristics of the hydration process of these com-
pounds. Fig. 10 also presents the correlation data for bicaret and mebicaret, which are upward
and downward curves in opposite sign IE temperature regions. In turn, the corresponding func-
tions for mebicaret and albicar together form a kind of "arrow rod" with a "tip" corresponding
to the positive value of §AqH; (H.O->D;O) in chiral glycoluril. The IEs in V, for hydrated
achiral glycolurils take on a zero value near T'= 318.15 K during an additional enthalpic-isotopic
contribution due to differences in both specific interactions and the effects of hydrophobic na-
ture (see Fig. 10).

Conclusions

We can state that the hydration of each of the studied tetra-N-alkyl-substituted glycolurils
can be generally regarded as a superposition of two mechanisms - hydrophobic and
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hydrophilic. In the case of bicaret (tetraethylglycoluril), the first one dominates, while for
mebicar, (tetramethylglycoluril), the second one dominates. Regarding to the structural state
and solvation in aqueous medium of heterocycles with mixed substitution such as albicar and
mebicaret (N-diethyldimethylglycolurils), the stereochemical nature of their molecules prede-
termines a kind of "thermodynamic balance" between the mentioned mechanisms. The pres-
ence of racemic form of albicar (trans-substituted isomer) due to equilibrium existence of two
optical R/S-enantiomers is revealed in a number of distinctive features of hydration process of
this chiral tetra-N-alkylated glycoluril. In particular, this is reflected in a decrease in the melting
heat and an increase in the enthalpy effects of dissolution in H,O and D,O, including the cor-
responding solvent IEs, as compared to those of the achiral cis-substituted isomer (mebicaret).

Obviously, the results discussed in this review may be useful for understanding both the
stereochemical features of hydration and the contribution of solvent (water) effects to the mech-
anism of pharmacological activity of mebicar, albicar, and other glycoluril derivatives - from
among those reviewed here and newly synthesized. This is due to the fact that H,O->D,O-sub-
stitution, being a quantum effect, is a very subtle tool to analyze changes in the solvent structure
and intermolecular interactions induced both by temperature effects and the presence of dis-
solved glycoluril molecules. The specified circumstances assume the conditions of thermody-
namic and other studies at which a set of objects of studying and methodology of experiments
and calculations should be kept unchanged. These requirements formed the basis of the concept
that defined the content of this review.

The authors are grateful to Dr. Chem. Professor A.N. Kravchenko and PhD Chem. V.V.
Baranov (IOC RAS, Moscow, Russia), as well as Dr. Chem. D.V. Batov (ICR RAS), Dr. Chem.
V.V. Alexandriiskii and PhD Chem. Yu.A. Zhabanov (ISUCT, Ivanovo, Russia) for invaluable
assistance in the synthesis and preparation of glycolurils for experiments as well as experimental
and quantum-chemical investigation of their properties in dissolved, crystalline and gaseous
states.
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Introduction

The global paint industry is currently on a declining trend in terms of emissions of harm-
ful and toxic organic solvents. Traditional organic solvent-based compounds are being replaced
by coatings with limited or no volatile organic compounds (VOCs), including waterborne dis-
persion materials) [1, 2]. However, the transition to VOC-limited coatings from traditional
compositions presents the following challenges: rheology and viscosity control; control of pol-
ymer adhesive film thickness and protective and decorative properties.

VOC reduction is relevant for all coatings with different film-forming systems. This is
particularly relevant for acrylic urethane materials, which are widely used in a number of dif-
ferent applications. They are used to produce high quality long-lasting coatings with excellent
physical, mechanical and protective properties [3, 4]. They are characterized by fast curing,
chemical resistance, weather, water, abrasion, frost and heat resistance. Acrylic urethane coat-
ings have excellent adhesion to various substrates including metal, wood, plastic, concrete, etc.
In addition, the finished coatings usually have an excellent appearance.

In competitiveness, coatings manufacturers are forced to minimize not only the VOC
content but also that of expensive raw materials in their coatings formulations in order to re-
duce the cost of their recipes. The cost of the final product and the properties of the paintwork
is mainly influenced by the type of hydroxyl-containing polyol used as the main film forming
agent in the paint system.

The hydroxyl acrylic copolymers by various manufacturers currently available on the
market are often characterized by the same indicators (hydroxyl number (HN), acid number
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(AN), viscosity, mass fraction of non-volatile substances in the delivery form, glass transition
temperature, etc.). These properties are regulated by changing the composition and ratio of the
monomeric units in the hydroxyl acrylic oligomer. Thus, two copolymers with similar physical
properties can have different compositions. Such products are positioned by raw material sup-
pliers as analogous. Their replacement in the formulation of coatings can lead to a significant
change in the properties of the resulting coatings. In most cases, this is unacceptable to the paint
manufacturer and the consumer. When replacing raw materials to make them cheaper, com-
plex checking of the physical-mechanical and protective properties of the coatings is necessary.

This paper presents material on the influence of the structure of the hydroxyl-containing
acrylic oligomer and the curing regimes on the adhesion to steel of the formed acrylurethane
coatings. We studied adhesion by electrochemical delamination.

The method of cathodic delamination is based on the fact that the destruction of the ad-
hesive contact is caused by the release of hydrogen. This study uses a method in which the sub-
strate under the coating alternately changes sign according to the frequency of the applied volt-
age. The frequency of the AC voltage was 50 Hz. In this case there is no destruction of the inert
anode causing environmental change. The sample is connected to one of the AC voltage source
contacts. During the experiment, the current in the circuit changes, which is proportional to
the area of the coating delaminated from the substrate if the voltage remains unchanged.

Study

The research was carried out using compositions containing various hydroxyl acrylic ol-
igomers. The acrylic oligomer in Composition 1 (AO-1) contained mainly secondary hydroxyl
groups. The acrylic oligomer of composition 2 (AO-2) contained primary hydroxyl groups. The
acrylic oligomer of composition 3 (AO-3) contained both primary and secondary hydroxyl
groups in 1:1 molar ratio. The aliphatic polyisocyanate biuret hexamethylene diisocyanate
was used as a crosslinking agent and was added to the acrylic compositions at a ratio of
[-NCO]/[-ON] = 1.0.

The acrylic compositions were made to a working viscosity by injecting a mixed solvent
(xylene/butyl acetate = 1/1) and applied with a 70 um thick slot applicator to the steel plates.
The films were cured for 14 days at the following temperature regimes:

- at room temperature;

- 1 hour at 40 °C, then at room temperature;

- 1 hour at 60 °C, then at room temperature;

- 1 hour at 80 °C, then at room temperature.

The dry film was 30 pm thick.

The adhesion of acrylic urethane coatings to steel was assessed by plotting the relative
change in current against the delamination energy. For this purpose, an incision was made in
the coating to the steel of a certain area using a calibrated cutting tool. The plates were placed
in 0.5M aqueous solution of NaOH, through which AC voltage was passed. The electrodes used
were a stainless-steel plate and an acrylurethane-coated plate.

Fig. 1 shows the correlation between the relative current and delamination energy of
acrylic urethane coatings on steel.
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On the one hand, the increase of curing temperature of acrylic urethane coatings should
lead to a reduction in the relative current at the same applied delamination energy due to an
increase of the density of the chemical lattice, preventing the diffusion of electrolyte and water
to the substrate. On the other hand, an increase in curing temperature should result in an increase
in current due to the build-up of internal stresses in the forming coatings.

By Fig. 1 the locations of the relative current vs delamination energy dependencies indi-
cate this conflict.

(1-10)/1 (1-10)/1
0,5 - 057

0,4 -

0,3 -

0,2 -

0,1

0 10000 20000 30000 0 10000 20000 30000
E,J E

a b
Fig. 1 Dependence of change in relative current on delamination energy of acrylurethane coatings on steel formed

on the basis of compositions with secondary OH-groups (a); primary OH-groups (b). The curing temperatures:
1-20°C;2-40°C;3-60°C;4-80°C

The slices were made of these curves at delamination energies of 10,000 J and Table 1 was
made.

The adhesion of acrylic urethane coatings is relatively high at the first curing mode. The
increase of the curing temperature (transition to the second mode) leads to a sharp increase of
the relative delamination current. However, a further increase of temperature (transition to
curing modes 3 and 4) leads to its reduction.

It is evident that at room temperature curing (mode 1) an underdeveloped three-dimen-
sional polymer film lattice is formed. High temperatures are required for the formation of alo-
phanate, biuret chain fragments because the activation energy for their formation is 3-3.5 times
higher than the reaction between hydroxyl groups and isocyanates. The incomplete three-di-
mensional chemical lattice weakly prevents the formation of intermolecular (dipole-dipole, dis-
persion) and chemical (chemisorption) bonds between functional groups of the polymer chain
and the active centers on the metal surface. The low delamination of acrylic urethane coatings
based on AO-1 and AO-2 oligomers in curing mode 1 (Table 1) is due to the high concentration
of "polymer-metal" physical and chemical bonds.

The transition to the second and third curing regimes, with a curing time of 1 hour at 40
and 60 °C, leads to an increase of the chemical lattice density. The observed increase in delam-
ination of formed coatings based on acrylic oligomers AO-1 and AO-2 (Table 1) indicates an
increase of steric hindrances in the formation of "polymer-metal” physical and chemical bonds.

In contrast, a transition to the fourth curing regime, with films cured at 80 °C for 1 hour,
leads to a sharp decrease of AO-1 and AO-2 based coatings delamination degree. In this curing
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regime, the three-dimensional acrylicurethane lattice is the most advanced, with high steric hin-
drances for the formation of metal-polymer adhesion bonds. The poor delamination of these
films is obviously caused by the low diffusion of corrosive agents (water, oxygen, electrolytes)
to the substrate through the film.

Table 1. Relative corrosion current values at a delamination energy of 10,000 J, for coatings with NCO/OH = 1:1

Temperature mode AO-1 AO-2 AO-3
Nel 0.31 0.33 0.43
Ne 2 0.41 0.42 0.41
Ne 3 0.39 0.41 0.42
Ne 4 0.27 0.37 0.44
Conclusions

According to the study, the structure of hydroxyl acrylic oligomers significantly affects
the adhesion of acrylic urethane coatings. The coatings based on acrylic oligomer with second-
ary hydroxyl groups (AO-1) have the highest adhesion among the coatings formed at a stoichi-
ometric NCO/OH ratio.

The best adhesion of the coatings is formed at curing modes 1 and 4. At mode 1 - by a
more complete interaction of functional groups of polymers with metal active centers, and at
mode 4 - by a denser three-dimensional chemical lattice preventing the diffusion of corrosive
agents.
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We carry out the preliminary processing of oat husk biomass by autohydrolysis. There
was a change in the process temperature in the range of 160-220 °C, the processing time
in the range of 5-60 minutes and the treatment hydromodule 1:10. To characterize the
pre-treatment conditions, we use the autohydrolysis severity factor, which varied from
2.50 to 5.37. We assessed the effectiveness of the autohydrolysis performed by changing
the chemical composition of the solid phase of the treated oat husk. The auto-hydrolysis
of oat husk biomass with increasing hardness of the treatment conditions leads to a
significant decline of hemicelluloses in the solid phase when the severity factor reaches
4.17 at the first stage and to a subsequent almost complete removal. Also, at the first
stage, there is a slight change in the concentration of lignin and an increase in the pro-
portion of cellulose in the solid fraction. A further increase in the severity of the condi-
tions at the second stage with a change in the severity factor from 4.7 to 5.37 leads to
the accumulation of lignin in the solid residue up to a maximum value of 45.7% as a
result of the lignin condensation reaction. Due to the increase in the lignin content, the
proportion of cellulose in the solid fraction decreases. The authors assessed the effective-
ness of the pretreatment by the final accumulation of reducing substances obtained as
a result of enzymatic hydrolysis using an enzyme complex consisting of the preparations
"Cellolux-A" and "Bruzime BGX. At the first stage, with a decrease in the concentration
of hemicelluloses, the availability of cellulose for enzymes significantly increases and
the yield of reducing substances reaches a maximum value of 66.7% with a severity
factor of autohydrolysis of 4.17. At the second stage, an increase of the severity of the
processing conditions to a value of a factor of 5.37 leads to the accumulation of lignin
in the fixed residue, which limits the effect of enzymes. It reduced the yield of substances
during enzymatic hydrolysis to 30.0%.

Introduction

Lignocellulosic biomass is the renewable resource. The cellulose and hemicelluloses are

extracted from it and used to produce various value-added products [1]. Oat husk is one of the

widespread and accessible raw material sources in agricultural regions and is a zero-cost agro-

industrial product. The use of cellulose and hemicelluloses as substrates in an enzymatic process

treated with selected enzyme preparations makes it possible to obtain benign hydrolysates for
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use as nutrient media in bacterial cellulose biosynthesis technology [2, 3] or for further diges-
tion in bioethanol production technology. In lignocellulosic biomass technology pretreatment
can affect the physico-chemical properties of the biomass and its structure. The efficiency of the
subsequent enzymatic hydrolysis and biosynthesis processes depends on the pretreatment con-
ditions [4, 5]. Nowadays there are various pretreatment methods [6]. Hydrothermal pretreat-
ment (autohydrolysis) methods are widely used. By the process, the biomass is treated at high
temperatures under increased pressure. As a result, a significant increase of the availability of
the cellulose surface for the action of enzyme preparations can be achieved [7, 8]. Autohydrol-
ysis involves the use of technology that treats the original biomass using water as the main re-
action medium. Processing under these conditions allows complete removal of hemicelluloses,
partial degradation of lignin and changes of cellulose structure [9]. This increases the availabil-
ity of cellulose for the action of enzymes and its susceptibility to enzymatic hydrolysis.

The purpose of this paper is to investigate the effect of treatment temperature and resi-
dence time of oat husk (Avena Sativa) pretreatment by hydrothermal treatment (autohydroly-
sis) on the composition of the solid fractions of the biomass. We assessed the effectiveness of
pretreatment by the results of enzymatic hydrolysis of the solid fraction of the treated biomass
compared to the hydrolysis of untreated oat husk biomass.

Experimental part

The study contains the information about the processing of lignocellulosic raw material
of oat husk (Avena Sativa). Oat husk is an agro-industrial product that is an oblong particle of
8-10 mm in size and does not require pre-shredding, and is used for processing in its native
form. The chemical composition of oat husk is shown in Table 1.

Table 1. Chemical composition of native oat husk biomass

Bi Mass fraction, %
iomass

Kiirchner cellulose hemicellulose lignin
Oat husk 49.26 31.83 16.86

We use 2.3 litre stainless steel reactor for the hydrothermal treatment (autohydrolysis).
The reactor allows the process to be carried out at a maximum temperature of 300 °C and an
operating pressure of up to 10 MPa. The reactor has an external electric heating element, the
set temperature of the oat husk biomass treatment is achieved by it. The hinged bearing of re-
actor allows its rolling motion with an amplitude of 150° [10]. We premixed the oat husk with
purified water in a liquid-solid ratio of 10:1. We placed the suspension in the reactor, hermeti-
cally sealed it and made an overpressure of 30 bar in a CO, atmosphere to keep the water in
liquid form at high temperatures during the treatment process. Then we heated the suspension
to the target temperature. When the temperature reached the desired value, we connected the
reactor rolling system and pumped the suspension at maximum amplitude to mix the reaction
mass and stabilise the temperature in the reactor. We treated the biomass of oat husk in the
temperature range 160-220 °C, with holding times ranging from 5 to 60 min. After the assigned
reaction time, we cooled the reactor down to below 100 °Cand drained the reaction mass. We
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separated the reaction mixture into liquid and solid fractions by filtation. We pre-washed the
solid fraction with water, dried to a moisture content of 7-10% and used for chemical analysis
Then we carried out the enzymatic hydrolysis. And use the solid fraction as a substrate to
study the reactivity to enzymatic hydrolysis using the industrial enzyme preparations "Cellolux-
A" and "Bruisheim BGX". The enzymatic activity of the individual preparations is shown in

Table 2.
Table 2. The enzymatic activity of the individual preparations
Name of the medicine The enzymatic activity
"Cellolux-A" cellulase: (2000+200) units CIS/g
(standardised for cellulase) xylanase: (8000+800) units KS/g
PA Sibbiofarm LLC, Russia B-Glucanase: up to (1500+150) units p-GcS/g
"Bruisheim BGX" cellulase: (2100+105) units CIS/g
(standardised for hemicellulase) xylanase: (4200+210) units KS/g;
«Polfa Tarchomin Pharmaceutical Works S.A.», Poland B-Glucanase: (530+26.5) units p-GcS/g.

For the enzymatic hydrolysis, we placed a substrate with a mass of 5 g (absolute dry mat-
ter) into a 0.51 conical flask. Also, we dissolve the enzyme preparations in acetate buffer solution
(pH=4.7), each in an amount of 0.04 g/g substrate and placed the buffer solution into a flask to
obtain 150 ml of substrate with a concentration of 33 g/l. Then we carried out the hydrolysis
under constant stirring on a "PE-6410 M" platform (Russia) with a frequency of oscillation of
150 min-! for 72 h. During hydrolysis, there was a constant temperature of (45+2) °C to obtain
the maximum yield of reducing substances at pH=4.6 [11] and the samples of the hydrolysates
were taken every 8 hours. We identified the concentrations of reducing substances in the hy-
drolysate in terms of glucose by spectrophotometric method using 3,5-dinitrosalicylic acid re-
agent (Panreac, Spain) on a UNICOUV-2804 spectrophotometer (United products & instru-

ments, USA).
Reducing substances (by weight of substrate, %) were calculated by the formula
Crs "V,
n., =——".09-100,
m

S

where C,; is final concentration of reducing substances, g/l; V;, - hydrolysate volume, I;
m; - mass of substrate for fermentation, g; 0.9 - coefficient due to attachment of water molecule
to anhydroglucose residues of corresponding monomeric links as a result of enzymatic hydrol-
ysis.

The authors identified the chemical composition of the raw material and substrate sam-
ples by GOST's and special methods for the analysis of plant raw materials [12]. The mass frac-
tion of cellulose by Kiirchner was analysed by treating the cellulose with an alcoholic solution
of nitric acid and quantifying the undissolved residue. The mass fraction of acid-soluble lignin
was analysed by the Komarov's method [13]. The mass fraction of hemicelluloses was analysed
by the iron orsine method according to GOST 10820-75. The mass fraction of ash was analysed
by the combustion method according to GOST 18461-93. We calculated the yield of the solid
fraction per mass of raw material by the formula

(100-W)

n="l1m_. 400,

Mm
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where mgf - mass of solid fraction, g; m,, - mass of the original oat husk biomass sample, g;
W - mass fraction of moisture in the solid fraction, %.

We analysed the mass fraction of moisture in the solid fraction by "MB23" moisture ana-
lyser (Ohaus, USA).

To assess the severity factor of the hydrothermal treatment conditions, which is a function
of residence time and treatment temperature [14]:

T —Tg
R=log<t-exp(1475)>,

where t is the treatment time, min; T- treatment temperature, °C; Ty - reference reaction tem-

perature (equal to 100 °C). The value 14.75 is an empirical parameter depending on activation
energy and temperature.

The research was carried out using equipment from the Biysk Regional Center for Col-
lective Use of the Siberian Branch of the Russian Academy of Sciences (IPCET SB RAS, Biysk).

Results and discussion

The effect of the auto-hydrolysis conditions influenced on changing of the solid fractions
composition after pre-treatment of the oat husk. The change in solid fractions composition after
treatment as a function of temperature and treatment time is shown in Table 3. The severity
factor was 2.50-5.37 during the treatment.

Table 3. Solid fractions composition after pre-treatment

Temperature, °C 160 180 200 220
Processing time,
. 5 25 60 5 25 60 5 25 60 5 25 60
min
Auto-hydrolysis
. 250 320 358 | 3.10 379 417 | 3.69 439 477 | 429 499 537
severity factor R
Yield, % 69.3 660 64.8 | 48.9 46.1 43.8 | 47.1 441 427 | 415 385 355
Mass fraction, %:
- cellulose 473 623 60.6 | 70.6 757 623 | 702 650 53.8 | 622 583 50.1
- lignin 159 189 212 | 209 18.0 336 | 362 324 435 | 350 40.6 475
- hemicellulose 30.0 16.8 13.1 7.1 3.3 2.1 1.7 1.0 0.7 0.9 0.5 0.4
pH Level 421 415 403 | 398 394 330 | 344 314 3.08 | 322 3.06 3.02

When the treatment temperature is increased, more biomass is removed compared to the
treatment time is increased. As the temperature increases, the water ion content of the solution
increases. As a result, water acts as a weak polar solvent. Therefore, increasing the treatment
temperature primarily removes hemicelluloses [15], which is reflected in a decrease in biomass
yield at an average treatment time of 25 min from 66.0% at 160 °C to 38.5% at 220 °C.

We use the severity factor to assess the influence of the treatment conditions during au-
tohydrolysis on the change in the solid fraction composition. The change of hemicelluloses con-
tent in the solid fraction as a result of the treatment is shown in Fig. 1.
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Fig. 1. The change of hemicellulose content depending on the auto-hydrolysis severity conditions

Autohydrolysis of oat husks is followed by almost complete removal of hemicelluloses
from an initial content of 31.83% in the original oat husk to 0.4% under the most severe pro-
cessing conditions. The greatest effect on the loss of hemicelluloses has the temperature at equal
treatment time (see Table 3). At the initial auto-hydrolysis stage, the most intense removal of
hemicelluloses occurs when the severity factor changes from an initial value of 2.50 to a value
of 3.79. The concentration of hemicelluloses in the solid phase decreases from 31.83 to 1.7%
under these processing conditions. The treatment conditions increase further from an auto-
hydrolysis severity factor value of 3.69 to a value of 5.37 as the removal rate decreases, and the
hemicellulose content decreases from 1.7 to 0.4%. The most severe treatment conditions with
an autohydrolysis severity factor greater than 4.29 lead to almost complete removal of hemicel-
luloses to a final content of 0.4%. A similar effect has been recorded by many authors carried
out treatments by auto-hydrolysis [16]. Hemicelluloses move to the liquid phase with increasing
temperature and processing time, where they are decomposed to organic acids such as formic
acid, acetic acid, lactic acid and glycolic acid. As the severity of the auto-hydrolysis conditions
increases, the concentration of acids in the liquid phase increases, as indicated by the change in
acidity of the medium from an initial pH value of 4.21 to a final pH value of 3.02 under the
chosen treatment conditions (see Table 3), which is also in accordance with the studies of many
authors [13]. Many works indicate a positive change in the structure of lignocellulosic plant raw
materials when combining the effects of autohydrolysis pretreatment with additional mechan-
ical treatment, which provides a positive change in the structure of the feedstock [17].

We assessed the effect of the treatment conditions on the change of lignin content after
autohydrolysis in the solid phase. The change of lignin concentration with increasing severity
of treatment conditions is shown in Fig. 2.
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Fig. 2. The change of hemicellulose content depending on the auto-hydrolysis severity conditions

During the treatment, the severity of the auto-hydrolysis conditions at an initial treatment
severity of 2.50 results in a slight reduction of the lignin concentration to 15.9% relative to the
initial lignin content of the native oat husk. However, a subsequent increase in the processing
conditions in the severity factor range of 3.20 to 5.37, which occurs especially with an increase
in the process temperature, leads to a reverse accumulation of lignin in the solid fraction. It was
confirmed by many researchers and related to the fact that a lignin condensation reaction may
take place when the severity of the treatment is increased. The severe processing conditions
cause a lignin condensation reaction on the surface of the solid fraction, at a rate that prevails
over the rate of lignin hydrolysis This reaction results in the formation of pseudolignin in the
solid fraction [18].

The effect of the treatment conditions on the cellulose in the solids fraction is shown in
Fig. 3 as a function of the auto-hydrolysis severity factor.
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Fig. 3. The change of cellulose content depending on the auto-hydrolysis severity conditions

Studies of different raw materials show that the impact on cellulose during autohydrolysis
depends primarily on the origin of the lignocellulosic raw material. For example, in case of
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woody raw materials, researchers note that cellulose hydrolysis is negligible, whereas in the case
of herbaceous raw materials and agricultural residues intensive cellulose hydrolysis may take
place. This work shows the concentration of cellulose in the solid fraction increases when the
severity factor of the auto-hydrolysis conditions rises from 2.50 to 3.79 (see Fig. 3) during the
oak husk treatment. Under processing conditions in the temperature range 160-180 °C, irre-
spective of processing time, cellulose hydrolysis is negligible. This increases the concentration
in the solid phase as most of the hemicelluloses are removed (see Fig. 1). At the severity of the
processing conditions, corresponding to a hardness factor value of 3.79, the highest cellulose
concentration of 75.7% is achieved, which corresponds to the processing conditions at 180 °C
and a holding time of 25 min (see Table 3). Conducting the treatment at high temperatures of
200 to 220 °C and increasing the processing conditions, also involving longer processing times,
results in a reduction of the cellulose concentration in the solid phase. Thus, with an increase
in the severity factor of the conditions from 3.79 to 5.37, the cellulose content of the solid frac-
tion decreases from 75.7 to 50.1%. This indicates that hydrolysis of the cellulose of the oat husk
is taking place. Under these conditions the large amount of energy introduced into the reaction
mass allows to break the strong cellulose structure [19]. Increasing the severity of the processing
conditions promotes cellulose fibre rupture and its concentration in the solid fraction is reduced
to 50.1%.

The pretreatment should allow the enzyme preparations to gain access to the cellulose for
further hydrolysis to reducing substances. The solid fraction was therefore subsequently used
as a substrate for enzymatic hydrolysis. The concentration of reducing substances after hydrol-
ysis of the treated husk biomass compared to the untreated one was used to assess the efficiency
of auto-hydrolysis. The dependence of the concentration of reducing substances after enzy-
matic hydrolysis of the solid fraction on the severity of the conditions is shown in Fig. 4. Initial
intensification of the processing conditions provides improved conditions for enzyme access to
the cellulose surface.
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Fig. 4. Influence of the severity of the auto-hydrolysis conditions on the enzymatic hydrolysis of solid fractions
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After hydrolysis of the untreated biomass, a reducing agent concentration of 8.5% was
obtained after 72 h. By increasing the severity factor from an initial value of 2.50 to 4.17, the
action of the enzymes is intensified, resulting in an increase in the yield of reducing substances
to a maximum of 66.4%. The maximum yield is 7.8 times higher than the yield of reducing
agents from untreated oat husk biomass.

At this stage the effect of the treatment conditions is primarily due to the intensive re-
moval of hemicelluloses, which is reflected in the dependence plot of the hemicelluloses content
when their level is reduced to 2.1% (see Fig. 1). The accumulation of lignin concentration as a
result of the condensation reaction in this treatment step is also negligible, up to 30.0% (see
Fig. 2). A further increase in temperature and treatment time is accompanied by a severer auto-
hydrolysis condition with an increase in the severity factor to a maximum value of 5.37. At the
same time, there is a reduction in the concentration of reducing substances accumulated up to
42.6%. At this stage, the biomass of oat husk is subjected to excessively severity processing con-
ditions, leading to condensation of lignin and deposition of soluble lignin compounds on the
cellulose surface [20]. The confirmation of the condensation reaction is the intensive accumu-
lation of lignin in the solid fraction when the severity factor rises above the value of 4.17 (see
Fig. 2) and the fact that the reactivity of cellulose decreased, resulting in a reduced accumulation
of reducing substances in the enzymatic hydrolysis (see Fig. 4).

Conclusions

Pre-treatment by auto-hydrolysis, carried out under increased water pressure conditions,
provided favourable conditions for the treatment of oat husk biomass. An increase of the acidity
of the medium to pH of 3.02 with a more severe processing condition of 5.37 indicates an in-
crease in the acidity of the reaction mixture, due to which the hydrolysis process of the oat husk
biomass takes place. The severity of the processing conditions is increasing of processing tem-
perature and time. Increasing the severity of the treatment conditions in the first stage in the
range of severity factors from 2.50 to 4.17 leads to almost complete removal of hemicelluloses,
resulting in a higher cellulose concentration in the solid phase after treatment with a low lignin
concentration. This processing step improves the availability of cellulose for the action of en-
zymes. As a result of the enzymatic hydrolysis of solid residues, a maximum yield of reducing
substances of 66.4% was achieved, which is 7.8 times higher than the yield after fermentation of
untreated oat husk biomass. The further increase of the severity of the treatment conditions in
the second stage from a severity factor value of 4.17 to 5.37 results to poorer conditions of en-
zymatic hydrolysis and a reduction of substances yield to 42.6%. The reason is the decrease of
the cellulose surface availability for the action of enzymes due to the condensation reaction of
lignin and its deposition on the surface of the cellulose fibre.

The research was carried out within the framework of the state task of IPCET SB RAS "Fun-
damental bases of creation of integrated technology for processing light renewable non-food plant
raw materials into products demanded by the Russian economy" with the state registration num-
ber of the project 121061500030-3.
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Keywords: The purpose of the article is to study the effect of mechanochemical processing
natural rubber, vulcanising (MCP) of vulcanising group components on the properties of rubber com-
group, mechanochemical pro- pound and natural rubber vulcanizate containing technocarbon N 330 with a
cessing, vulcanisation character-  small addition of high-dispersed silica filler. The processing of both individual
istics, vulcanisate, deformation components: zinc oxide as accelerator and all components of sulphuric curing
strength properties group increases the speed and degree of rubber structuring during the main

period of vulcanization, reduces the tendency of rubber to reversion at the
postvulcanization stage. This increases both the conditional stress and tensile
strength of rubber.

Introduction

Recently, solid-phase processes initiated by mechanical action have been associated with
the prospect of using 'dry’ process operations, which are more both ecologically and economical
friendly. Mechanochemical activation is a process, causing structural failure, amorphisation
and increased chemical reactivity of the material subjected to intense grinding [1-3]. The mech-
anochemical processing of ingredients proceed in various kinds of mills, disintegrators,
etc. [4-7]. The mechanochemical preprocessing of rubber compound ingredients is an effective
way to increase their vulcanisation activity and improve the rubber properties [8-11]. Mecha-
noactivation is based on the intermittence process with a local effect on the substance. The ma-
chining process does not generate a stress field in the entire volume of the solid, but only at its
contact with another particles. Earlier [12] we studied the effect of mechanochemical processing
of vulcanizing group (VG) components, as well as duration of processed ingredients storage of
rubber screps and rubbers of model composition based on synthetic 1,4-cis-isoprene rubber
SIR-3. The mechanochemical processing of vulcanizing group components increases the speed
and degree of rubber structuring during the main vulcanization period, and decreases the re-

versibility of rubbers at the postvulcanization stage.

101


mailto:solovevaoy@ystu.ru,%20%D0%A2
mailto:nikitinael@ystu.ru
mailto:soloviev56@gmail.com

A&ROM CHEMISTRY TOWARDS TECHNOLOGY Elidi:ie] 14 VOL. 2, ISSUE 3, 2021

Study

It was interesting to assess the influence of the vulcanization process accelerated by the
incorporation of VG components subjected to MCP in an electromagnetic apparatus on com-
mercial rubber compounds.

For this reason, we choose a rubber compound based on SVR-3L natural rubber contain-
ing N330 active carbon black with a small addition of a highly dispersed silica filler (code
NKS-1) as a reference one. In terms of the main components, it was similar for wire cord tyre
breaker mixtures. The vulcanising group included polysulphur as vulcanising agent, sulphona-
mide type accelerator and activators - zinc white, technical stearin. In terms of mass ratio of
sulphur and accelerator VG should be classified as conventional curing systems [13, p. 186]. We
carry out the mechanochemical activation of VG components in apparatus. It is a chamber (re-
actor) surrounded by an electromagnetic coil producing a pulsating magnetic field, to which an
alternating current of 220-380 V with a frequency of 50 Hz is applied. There are working mag-
netic elements made of magnetically hard material inside the reactor. When the inductor is
plugged in, the working elements are subjected to a magnetic field and set in an intense, chaotic
motion with energy transfer to the VG components for 2 minutes [12]. The processing included
zinc white (NKS-2), vulcanisation accelerator (NKS-3) and all the ingredients in the vulcanisa-
tion group (sulphur, accelerator, zinc white, stearin) of NKS-4 at the same time. We prepared
the rubber mixtures on lab mills. The temperature regime and total mixing time were the same
for all mixtures.

We identify the viscoelastic properties of rubber compounds by the apparatus RPA
2000 [14]. The vulcanization characteristics of compounds in isothermal mode at temperatures
143, 155 and 170 °C - by the apparatus MDR-2000 (GOST R 54547-2011).

By Table 1, the introduction of MCP-treated VG components into the rubber compound
increases its complex dynamic shear modulus G* at low (0.98%) and high (1000%) strain am-
plitudes by increasing both its parts: both accumulation modulus G"and loss modulus G". The
pattern of module change is symbiotic to the change in minimum torque M; correlating to the
minimum viscosity of the mixtures during the induction curing period. By Figure 1, a, the M,
values for the processed mixtures components are higher at all test temperatures. This effect is
slightly more evident during the processing of accelerator.

Probably, the change of viscosity of the mixtures is the formation of an additional amount
of local cross-linkings, which are stable at the test temperature. This hypothesis is supported by
the reduction of the mechanical loss angle tangent (tgd) in the mixture, particularly at strain
amplitude of 1000% (tgdi000%) (see Table 1) by RPA 2000 and the reduction in tgd when the
minimum torque is reached (tgd@M;) by MDR 2000(Table 2).

Increasing of shear modulus and viscosity are accompanied by increases the cohesive
strength of unvulcanised mixtures. As known [15, p. 266-267], this parameter is extremely im-
portant for tyre core mixtures. The high cohesion strength provides the cord thread rarefaction
and pore formation in non-vulcanised samples, which are subjected to significant defor-
mations.
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Table 1. Changes of the viscoelastic properties* of NR - based filled rubber compounds under the influence of
mechanochemical processing of VG components

Mixture code
Parameters NKS-1 NKS-2 NKS-3 NKS-4
(reference)

G o9s%> kPa 206 289 342 294
G"098%, kPa 137 190 215 181
G*o.98%, kPa 247 346 404 345
G’1000%, kPa 2.72 3.52 4.16 3.84
G "1000%, kPa 9.99 12.7 14.4 12.8
G*1000%, kPa 10.35 13.18 14.99 13.36
tgd1000%, kPa 3.67 3.61 3.46 3.33

*Test mode on the RPA 2000: temperature 100 °C; frequency 0.1 Hz; strain amplitude range 0.56-1000%.
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Fig. 1. Influence of MCP vulcanising group components on the rheometric and vulcanisation characteristics of
NR-based filled rubber compounds

The results of the rheometer curves obtained by testing the mixtures on an MDR 2000
vibroreometer show that the MCP both the one component and the whole curing group in-
creases the activity of VG. Is expresses in the increase of the maximum rate R , of chemical
crosslinking for the main period and the degree of crosslinking in the technological optimum
of curing, which can be indirectly estimated [15, p. 269; 16] by the difference between the max-
imum and minimum values of torque (Mx - M;) (Fig. 1, b and ¢). The duration of the induction
period of curing of ts mixtures with MCP-treated components increases slightly compared to
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the reference at lower test temperatures (143 °C) and tends to decrease at higher test tempera-
tures.

By Table 2, vulcanizates produced with the addition of MCP-treated VG components
have a lower tendency to reversion, which was determined according to GOST 12535-84 using
a time scale in minutes (¢,) from the beginning of the rheometric curve to the time correspond-

ing to a reduction of My by the value ﬁ -AM , where AM = (My - M;) and x = 10%.

Table 2. Influence of MCP of curing group components on mechanical losses in rubber mixtures and the reversion
of NR-based rubbers

Mixture code
Parameters
NKS-1 NKS-2 NKS-3 NKS-4
tgé@M, at temperature:

143 °C 0.735 0.693 0.633 0.673

155 °C 0.766 0.759 0.720 0.755

170 °C 0.804 0.782 0.743 0.772

Reversing time at 170 °C f,, min 18.3 20.8 20.8 20.2

By Table 3, MCP of the VG components leads to a significant increase in conditional
stresses fioo and fs00, conditional tensile strength f, and a slight decrease of elongation at failure
&, for the same curing time. This indicates a higher degree of cross-linking of the experimental
rubbers compared to the reference.

Table 3. Changes of the deformation and strength properties of NR-based rubbers at uniaxial tension under the
influence of mechanochemical processing of VG components

Mixture code
Parameters
NKS-2 NKS-3 NKS-4
Afioo 1.07 1.08 1.10
Afsoo 1.13 1.34 1.25
Af, 1.04 1.15 1.09
Ag, 0.98 0.96 0.97

Curing mode in an electric press 155 °C, 15 min.
we calculated A as the ratio of the index value of the tested rubber to the index value obtained in the reference test.

To assess the possible mechanism of MCP, we modelled the kinetics of curing of the com-
positions using the kinetic scheme of curing and the calculation method proposed in [17, 18].
As a result, the changes of kinetic parameters, presented in Fig. 1 and Table 2, observed in the
experiments on vulcanization kinetics are caused by an increase of rate constants of formation
of sulfidizing complex (actual agent of vulcanization, AAV) and its interaction with the rubber.
Probably, during the processing of the components of the curing group there is a mechano-
chemical initiation of radical decomposition reactions of the accelerator and sulphur, leading
to the formation of compounds which are part of the AAV.

Results and Conclusions

Thus, mechanochemical preprocessing of sulphuric curing group components allows to
increase activity, improves deformation-strength properties of rubber mixtures and NR-based
rubbers. It helps to increase their resistance of to reversion during vulcanization. By the cumu-
lative effect of changing the properties of rubber mixtures and rubbers, a mechanochemical
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processing of the individual vulcanisation accelerator or the entire vulcanisation group is most

appropriate. If the properties of mixtures and rubbers are maintained at the referenced level,

the use of MCP components provides additional possibilities to reduce the content of structur-

ing agents, especially accelerator, for the rubber mixture.
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Introduction

Modern oil refining processes often generate toxic waste, the storage and/or disposal of
which can be very harmful for the environment. In the Yaroslavl region, there are sour-fertiliser
ponds of the oil refinery "PJSC named after D.I. Mendeleyev" [1]. This company specialises in
the production of so-called white petroleum oils - transformer, medical, vaseline, insulating,
perfumery and a range of other petroleum products. A sulphuric acid method using sulphuric
acid and oleum was used for their cleaning [2]. The disadvantage of this method is the genera-

tion of a large-tonnage waste, sour tar, which is accumulated in storage ponds belonging to the
plant (Fig. 1, 2). As time passed, the contents of the ponds stratified, producing “sour” water in
the middle layer. It contains significant quantities of petroleum products and sulphuric acid.
The ponds are located in close to the Pechegda River. It is flowing into the Volga River [3].
When snow melts and/or precipitation is present, the level of “sour” water in the ponds rises,
thus creating the risk of its overflowing into the Pechegda, further polluting the Volga [1, 2].

S e = -

sour” sludge and “sour”  Fig. 2. The “sour” water drains into the Pechegda River
water and then into the Volga River

Fig. 1. A stofage pond for
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Experimental part

In order to eliminate this problem, we developed an original electrochemical method of
“sour” water neutralising [4]. The method includes the acid number and electrical conductivity
of the raw material and ensures the necessary purification of water suitable for further use.

We preliminarily cleaned water of oil products by adsorption using different adsorbents.

The composition and properties of the “sour” water were determined according to the standard
methods (Table 1).

Table 1. Pollutants in “sour” water

Ne Sample pH Oil products, mg/dm?® | Surface-active substances, mg/dm® | Sulphates, mg/dm’
1 2.9 14.4 60.3 944.8
2 2.7 14.1 57.7 980.1
3 3.0 11.3 59.7 937.6

“Sour” water from the storage ponds of oil refinery "PJSC named after D.I. Mendeleyev"
is an electrically conductive medium, as it has an acid number of about 60 mg KOH/g. The
authors made an attempt to neutralise water electrochemically without the neutralising reagent
[5]. We used 60 V AC at 50 Hz on 0.165 m? platinum or steel electrodes, spaced 5 cm apart. The
current was up to 40 A. The neutralisation time was 45 min on platinum electrodes and 40 min
on steel electrodes [6].

The process was accompanied by an intense release of hydrogen, which in this case plays
the role of a flotation gas.

Hydrogen release is a multistage process consisting of the transport of water molecules or
hydroxonium ions to the cathode surface; the conversion of the hydroxonium ion into a hydro-
gen atom adsorbed on the metal surface.

Hydrogen diffusion causes the mixing of “sour” water. The neutralisation of the acidic
components is achieved by the formation of OH-groups [7].

During electrolysis of “sour” wastewater, at the anode:

40H - 4e > 2H,0 + O3
28042_— 2e > 82082_

404,

The probability of the sulphate groups
being discharged at the anode is low, so the
hydroxyl groups are discharged first, accord-
ing to the extraction potential, and the anode
stream is acidified. At the cathode, electrons

A
]

N
o
1

are attached to positively charged solution

Current intensity,
>

ions:

2H" + 2e > H,1 0 10 20 30 40 50
Time, min
The reduction of the electrode current —e— . platinum; —o—  steel

to zero (40 min for steel electrodes and Fig. 3. Current intensity changes as a function of neu-
tralisation time

45 min for platinum electrodes) indicates the
end of the neutralisation process. The conductivity decreased to zero simultaneously (Fig. 3-5).
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Tables 2, 3 show the results of the electrochemical neutralisation and its efficiency parametres.

Table 2. Electrochemical neutralisation efficiency

Efficienc
Content, mg/dm’ o ’
neutralisation, %
fter 45
Pollutant 2 .er after 40 .
before minutes . platinum steel
o ) minutes (steel
neutralisation (platinum electrodes electrodes
electrodes)
electrodes)
Oil products 5 1.2 1.6 76 68
Sulphate ions 330 0 30 100 90.9
Surface-active
. 26 15.5 17 40.4 34.6
material
Sulfuric acid (H,SO4) 38 3 4 99.2 98.9

Table 3. Parameters of “sour” water after electrochemical neutralisation

Parametres value

Parameters before after 45 minutes after 40 minutes
neutralisation* (platinum electrodes) (steel electrodes)
Current, A 38/40 0 0
Electrical density, A/m? 230/242 0 0
Electrical conductivity, mS/cm 14 0 0
Acid index, mg KOH/g 60 6 6
Electrode resistance, Om 0,79/1,5 200 200
Temperature,”C +18 +98 +95
pH 2 7 7

* Numerator is for platinum electrodes; denominator is for steel electrodes.

Conclusion

The results suggest the electrochemical neutralisation of “sour” water is effective (partic-
ularly on platinum electrodes). The difference compared to the process on steel electrodes is up
to 8% in compare with methods based on the neutralising agents use [8]. The industrial
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application of platinum electrodes is eliminated. However, the neutralisation on steel electrodes
is faster.

The developed technology for neutralising “sour” water, a large-tonnage waste product of
the oil refining industry, provides environmental protection, sustainability and preservation of
public health.
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unsaturated thiocarbonyl com- reaction of various substituted 3,4-dihydro-2H-thiopyrans. We study the ste-
pounds, Diels-Alder heteroreac-  ric and electronic factors influencing the reaction of «,f-unsaturated thiocar-
tion, thiopyrans, quantum- bonyl compounds with unsymmetrical dienophiles. We used the methods
chemical modelling, density AM1, B3LYP. The analysis of calculated data for asymmetric dienophiles
functional theory shows that the regioselectivity of the reaction is subject to the electron factor

and can be described by the reaction activation energies, energies and locali-
sation parameters of the boundary orbitals. The calculations are confirmed by
the experimental results.

Introduction

Thiopyranes are important compounds in terms of synthetic organic chemistry. They can
be the starting compounds for the synthesis of various biologically active substances, pharma-
ceuticals. Thus, it is an urgent task to develop and improve methods of their production from
available starting compounds.

One of the most promising is the Diels- Alder heteroreaction method of thiopyranes [1-3].
This reaction starting compounds are «,f unsaturated carbonyl compounds as diene and vari-
ous dienophiles; Lavesson's reagent is used as sulphidising agent [4]:

This study contains the mathematical modelling of thiopyranes production in case of in-
teraction of 1,3-diphenylprop-2-ene-1-one with styrene and acrylonitrile, and considers the
factors influencing the regioselectivity of the reaction.
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Study

We use the semi-empirical AM1 method for quick calculating of the structures and reac-
tions [5, 6]. In order to obtain fine results, we made calculations by B3LYP electron density
functional method [7], which provides a high accuracy of geometry determination with rela-
tively low computer requirements

The modern triple-exponential 3{ (triple-zeta) basis def2-TZVP(-f) with polarisation
functions [8, 9] was used for this purpose. It provides quite acceptable accuracy for calculating
the geometry, energy and electronic parameters of organic molecules and reaction studies.

The semi-empirical quantum chemical calculations were made by the MOPAC 2016 soft-
ware. The calculations by the electron density functional methods were made by the program
Orca 4.0.1.2 [10].

To assess the effect of the steric factor on the transition state structure, the product and
transition state structures of both accession variants were calculated for asymmetric dienophiles

(Table 1).
Table 1. Bond lengths in the regioisomers of some thiopyranes and their transition states of formation (B3LYP
method)
. . o Thiopiran Transition state
Dienophile Thiopiran - - - :
RC-S) A RC-C: A RC-S) A RC-C: A
Ph
Ph
Ph
( 1.83 1.56 2.20 2.48
Ph S
Ph
Ph
( 1.85 1.54 2.60 2.13
CH,
Ph S Ph
Ph
CN
CN
( 1.83 1.56 2.21 2.44
CH,
Ph S
Ph
CN
( 1.85 1.54 247 2.17
Ph S CN

By the table, the transition states have increased interatomic distance on the bulk substit-
uent side of the dienophile, irrespective of the direction of its addition. It correlates with the
steric effect. So, we can note the influence of the steric factor on the geometry of the transition
state in such reactions. The influence of the steric factor on the geometry is neutralising, judging
by the minimal differences in the lengths of the corresponding bonds.

However, according to experimental data [1], only one regioisomer (compounds 1 and 2)
is formed by the reactions:
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The experimentally observed regioselectivity is not correlated with the influence of the

steric factor described above. We suppose reaction is governed by an electron factor.
Table 2 shows the calculated activation energies for the reaction of various regioisomers

of the cycloaddition of thiochalcon to styrene and acrylonitrile.

Table 2. Calculated activation energies for the reaction of various regioisomers of cycloaddition of thiochalcon to

styrene and acrylonitrile (B3LYP method)

Dienophile Thiopiran E. K]
Ph
Ph
Ph
( | 65.10
CH,
Ph S
Ph
Ph
7 7959
CH,
Ph S Ph
Ph
CN
CN
( 55.89
CH,
Ph S
Ph
CN
( 75.70

CH,

-

Ph CN

By the table, for styrene and acrylonitrile the calculated activation energies are lower ex-
actly for the experimentally obtained products. It is energetically efficient to attach a dienophile
to a diene. Its unsubstituted carbon atom forms a bond with the sulphur atom of the thiochal-

con.

Probably, it is the influence of HOMO (highest occupied molecular orbital). It is localising
on the sulphur atom, which provides the nucleophilic properties of sulphur. For a dienophile
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containing an electron acceptor group, the electrophilic properties are characteristic of the beta-
carbon atom.

The squares of the coefficients of the p, orbital wave function of HOMO at the reaction
centres in diene and LUMO (lowest unoccupied molecular orbital) in dienophile were calcu-
lated. Thus, the HOMO energy of the thiochalcon is -8.508 eV, C*p, HOMO at the sulphur atom
is 0.862 eV, and at the carbon atom 0.011 eV. HOMO for diene C?*p, by Table 3.

Table 3. Calculated LUMO energies of some asymmetric dienophiles and squares of wave function coefficients on
a- and f-carbon atoms (AM1 method)

Dienophile Eromo, €V C?p.a-carbon atom C*p. f-carbon atom
Ph
( 0.019 0.089 0.202
CH,
CN
( -0.050 0.305 0.466
CH,

By the table, the beta-carbon atom makes up the largest fraction of the LUMO of the
dienophiles, giving rise to its high electrophilicity with the alpha-carbon atom. Thus, the most
reactive for nucleophilic sulphur atom of the thiochalcon is the highly electrophilic beta-carbon
atom of the asymmetric dienophile. This explains the observed regioselectivity of such reac-
tions.

Conclusions

The analysis of the AM1 and B3LYP methods for the Diels-Alder heteroreaction of the
synthesis of 3,4-dihydro-2H-thiopyrans from unsymmetrical dienophiles and «,8-unsaturated
thiocarbonyl compounds shows the regioselectivity of the reaction corresponds to the calcu-
lated activation energy, depends on the electronic factor and characterized by the orbital local-
ization energies and parameters. The results agree with the experimentally observed regioselec-
tivity of the reaction.
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Keywords: We developed the simple method of obtaining of 1,2,4,5-
reaction SxAr, 1,3-dichloro-4,6-dinitroben- tetrakis(benzimidazolyl)benzene and 1,2,4,5-tetrakis(1H-ben-
zene, benzimidazole, benzotriazole, 1,2,4,5- zotriazol-1-yl)benzene based on the substitution of all func-
tetrakis(benzimidazolyl)benzene, 1,2,4,5- tional groups in 1,3-dichloro-4,6-dinitrobenzene under SNAr re-
tetrakis(1H-benzotriazol-1-yl)benzene action conditions.

Introduction

Symmetrical polysubstituted benzene derivatives are widely used compounds. This is es-
pecially true for arenas containing primary or cyclic amines of the same structure. The func-
tional groups of 1,2,4,5-substituted benzene can act as coordination centres [1-5] form com-
plexes with various compounds. Therefore, such structures are used as ligands to produce cat-
alysts [6]. Also, they form light-absorbing complexes that can be used in optoelectronics [7],
etc. The cyclic amines in the ligand molecules provide the possibility of their use in drug devel-
opment. Thus, complexes of 1,2,4,5-tetrakis(benzimidazolyl)benzene with zinc are promising
anticancer agents. Their action is based on the ability to overcome carcinoma resistance by in-
ducing mitochondria-mediated apoptosis or triggering mitochondrial fragmentation (8). How-
ever, there are few studies on their biological activity. This is due to a lack of easy, environmen-
tally friendly methods for the synthesis of symmetrical arenes containing several cyclic amines
as substituents. For example, the heating of 1,2,4,5-tetracyanobenzene [9] or 1,2,4,5-ben-
zoltetracarboxylic acid [8] with 1,2-phenylenediamine in polyphosphoric acid at 190 °C for 4 h
was used to obtain tetrakis(benzimidazolyl)benzenes.

Therefore, the aim of this work was to develop an efficient method for the synthesis of
1,2,4,5-tetrakis(benzazol)benzoles.

We consider [10] the substitution of all functional groups in 1,3-dichloro-4,6-dinitroben-
zene (1) in reaction of SyAr with thiophenols at 140 °C for 4 h. At the same time, there were no
tetrasubstituted products with phenol, aniline and morpholine. Thus, the possibility of using
heterocyclic amines, benzimidazole (2a) and benzotriazole (2b), as nucleophiles was investi-
gated. The reaction proceeds in dimethyl formamide (DMFA) with the presence of potassium
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carbonate (K,COs) Both halogen atoms and two nitro groups were successfully substituted for

cl cl N DMFA, K,CO; ﬁ
/
ﬁ * 4X\Nj© 110 °C, 110 °C. N
ON no, N \
@ h

1 2a,b 3a 91%
b 93%

the reagents used at 110 °C according to the scheme:

X=a)CH,b) N

For the substances obtained, 'H NMR- (Fig. 1 and 2) and IR spectra as well as low- and
high-resolution mass spectra were recorded.

The '"H NMR spectrum of product 3a (see Fig. 1) contains 5 signals from 22 protons of
1,2,4,5-tetrakis(benzimidazolyl)benzene. In the weakest field (8.53 m.d.) a singlet from H? and
H¢ of the central benzene ring, strongly descreened by 4 electron acceptor azaheterocyclic frag-
ments, emerged. At 8.38 m.d. there was a singlet from 4 benzimidazole protons in position 2 of
the heterocycle. The remaining proton signals appeared in a stronger field and had the form of
two doublets and two triplet doublets.

In the low resolution mass spectrum of 1,2,4,5-tetrakis(benzimidazolyl)benzene there was
only one signal from a molecular ion with high intensity and m/z 541. There was also a number
of isotopic peaks. All the fragment ions appeared were unstable and had very low intensity.

There were five signals in the '"H NMR spectrum of 1,2,4,5-tetrakis(1H-benzotriazol-1-
yl)benzene (see Fig. 2). Four from protons of benzotriazole fragments (integral area 16) and one
singlet from two protons of the central benzene ring (integral area 2). The protons H* and H®
were both equivalent, so they appeared as a singlet at 8.94 m.d. This strong shift to the high
frequency region was caused by the presence of four electron acceptor heterocyclic fragments,
two in the ortho-position and two in the meta-position to each of the benzene hydrogen atoms.
The protons of the benzotriazole rings were two doublets and two triplets.

The ease of obtaining N-substituted 1,2,4,5-tetraaminobenzenes in comparison with the
previously described results with thiophenols [10] may be explained in terms of many hetero-
cyclic fragments possess of activating effect comparable with that of CN and CF; groups [11].
Thus, our results are the new example of nitrogen-activated SyAr reactions.

The synthesised products are interesting as ligands for organometallic polymers and for
n-complexation in supramolecular systems.
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Fig. 1. '-N NMR spectrum of1,2,4,5-tetrakis(benzimidazolyl)benzene (Bruker DRX400, 400 MHz, DMSO-ds, 303 K)
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Fig. 2. '"H NMR spectrum of 1,2,4,5-tetrakis(1H-benzotriazol-1-yl)benzene(BrukerDRX400, 400 MHz, DMSO-ds,
303 K)
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Experimental part

We determine the melting temperatures by apparatus PolyTherm A with a heating rate
of 3 °C/min and do not correct the temperature values. We recorded IR spectra by apparatus
«Perkin Elmer Spectrum 65 FT-IR Spectrometer» on a Universal ATR Sampling Accessory us-
ing Attenuation Total Reflection method (ATRM). Spectrum recording conditions: Band
4000-600 cm™, resolution 4 cm™, 32 scans. We recorded NMR spectra by «Bruker DRX-400»
for DMSO-d;s solutions at 30 °C. The signals of the residual solvent protons in 'H NMR
(6u2.50 m.p.) were used as a reference for the chemical shift readout. Mass spectra were rec-
orded by «FINNIGAN MAT.INCOS 50» chromato-mass spectrometer at an ionisation voltage
of 70 eV and an ionisation chamber temperature of 100-220 °C. The authors obtained the high
resolution mass spectra by «Bruker micrOTOF II» (Bruker Daltonics), Electrospray Ionisation
(ESI), mass scanning range (m/z 50) 3000 Da, syringe injection. Solvent MeCN or MeOH, so-
lution flow rate 3 ul/min. Interface temperature 180 °C, atomiser gas is nitrogen (4.0 1/min).

Methodology for the synthesis of compounds 3 a,b. The researchers added solution of
2.09 g (17.7 mmol) benzimidazole or 2.11 g (17.7 mmol) benzotriazole in 20 mL DMFA to
2.93 g (21.2 mmol) anhydrous K,COs and 1.00 g (4.22 mmol) of reagent 1, stirred 4 h at 110 °C,
cooled and poured into water. After they filtered the precipitate off, washed several times with
water, dried in the desiccator and recrystallised from 2-propanol-DMFA.

1,2,4,5-tetrakis(benzimidazolyl)benzene (3a). Yield: 91%. m.p. = 350-353 °C. Spectrum
'"H NMR (DMSO-ds, §, m.d., J/Hz): 7.09 (t, 4H, H, ] 7.6 Hz, H>>***"*"), 7.15 (¢, 4H, H, ] 7.0 Hz,
He¢66"); 7.34 (d, 4H, H””"77", J 8.0 Hz); 7.57 (d, 4H, H****", ] 7.7 Hz), 8.38 (s, 4H, H>*-*"*"),.
8.53 (s, 2H, H*®), MS, m/z (Lo, %): 541 (100) [M*]. IR (ATRM) v/sm*: 3029 (Ar), 1611 (Ar),
1529 (Ar), 1490 (Ar), 1464 (Ar), 1229 (Ar). HRMS: m/z calculated C;sH»3Ng*543.2046 [M+H]*,
found: 543.2031.

1,2,4,5-tetrakis(1H-benzotriazol-1-yl)benzene (3b). Yield: 93%. m.p. = 309-313 °C. Spec-
trum 'H NMR (DMSO-ds, 8, m.d., J/Hz): 7.42 (t, 4H, J 7.5 Hz); 7.52 (t, 4H, J 7.6 Hz); 7.72 (d,
4H, ] 8.3 Hz); 8.05 (d, 4H, J 8.3 Hz); 8.94 (s, 2H, H>®). IR (ATRM) v/sm : 3091, 3058, 1606,
1493, 1450, 1282, 999, 768, 748. HRMS: m/z calculated CsHsN1,* 547.1856 [M+H]*, found:
547.1839.
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