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«YMHBIE» TOJUMEPBI (CMApT-MOJIUMEPBI) CTOCOOHBI OOPATUMO M3MEHSITh CBOE ArPEraTHOE COCTOSIHUE, HEPEXOJsl W3
BOZOPACTBOPUMON (OpPMBI B HEPACTBOPHMYIO, B OTBET HA HeOOJbIME M3MEHEeHWsI TemuepaTypsl, pH wimm cocraBa
pactBopa. IIpuBHBKa Takux IMOJMMEPOB HA TBEPIbIe MOBEPXHOCTU MO3BOJISET YIPABISATH UX AACOPOIMOHHBIME CBOi-
CTBAMH M CMauyuBaeMOCTbio. O630p CyMMUpYET TEOPETHYECKHe MOJEIM KOH(POPMAIMOHHBIX MEPEXOJ0B B MPHUBHUTHIX
MOJIMMEPHBIX LETSIX U MOJIMMEPHBIX IIeTKaX B COBOKYIIHOCTH € pe3yjibTaTaMu (pusnueckux usmepennii. Ocodboe BHIMaHUE
yIIeJIEHO TaKUM TapaMeTpaM, KakK JIJIMHA U TUIOTHOCTh MPUBUBKY MOJIMMEPHBIX IeTell, B3BAUMHOMY PACIIOJIOKEHHIO IIenei
HA TIOBEPXHOCTH, POJIU MOJUCTUPOJIBHBIX, OPTaHOCHJIAHOBBIX HJIM aJKAHTHOJIBHBIX MOJCIOEB, & TAK)KE MX BJIUSHUIO HA
ancopOIuro 6eJIKOB U a/Ire3uIo KJIeTOK. PAcCMOTpEeHbI OCHOBHBIE 06JIACTH TPUMEHEHHSI IPUBUTHIX «YMHBIX)» TIOJIMMEPOB —
IUIS1 KyJIbTABUPOBAHMUS M CEMAPAIIMH KJIETOK, CO3/IaHUS OMOAHAIMTUYECKUX YCTPOMCTB U GMOMATEPHAIIOB, HAIPABICHHOTO
TPAHCHOPTA JIEKAPCTB B OpPraHU3Me.
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CKHMMH CBOMCTBAMHU U 6I/IOCOBMeCTI/IMOCTb}O IIOJIMMEPHBIX MO~
¢ukatopos. [IpuMepaMu MaTEpHAIOB U YCTPOMNCTB YKa3aHHOTO
THUIA MOTYT CJIY’KHTh KOMIIO3UIIMOHHBIE COPOEHTHI 115 Grocemna-
panuu,! ~# HOoCHTENHU IS KYJIbTUBUPOBAHUS KJIETOK J1abopaTop-
HBIX JXMBOTHBIX,”$ YacTHIBI Ul HANTPABJIEHHOTO TPAHCHOPTA
JeKapcTB U TpaHcheknuu renos,” 10 Mukpodonabe cxemsr !
u 6uoceHcopsl.!? B mociennee IeCATHIETHE 1O 3TOH TEME OBIIO
ONyOJIMKOBAHO HECKOILKO OOCTOSATENBHBIX 0630poB 1315 n
MHOXECTBO OPUT'MHAJIBHBIX pa60T.

WHTEepeCHBIMI MOAU(PUKATOPAME YKA3aHHBIX MATEPUATIOB U
YCTPOUCTB OKa3allMCh «yMHbIE» TOJuMepsL,'®!7 umm cmapt-
MOJIUMEPBI (0T AHTJIMIACKOrO CJIOBA Smart — YMHBIA, YMeJIbIi,
n3SAIHLIN), T naronme BO3MOXHOCTD YIIPaBIATh PU3UKO-XUMHUYE-
CKMMH CBOWCTBAMH MOBEPXHOCTEN MyTEM M3MEHEHHs TeMIepa-
Typsl, pH WK cocTaBa KOHTAKTHPYIOIIETO C HUMH BOJHOTO
pactBopa. B 4acTHOCTH, B TEXHUKE IIMPOKO MPUMEHSFOT TOHHU-
pOBaHHBIE CMapT-CTEKJIa, OOpaTHMO HU3MeHsoIme Ko3hdu-
[IMEHT CBETONPOIYCKAHHSI MO ACHCTBUEM HEOOJIBIIIOTO 3JIEKTPH-
4ecKoro Hanpsokenus (2.5 B).18

O030p cymmupyeT HauboJiee 3HAYMTEIbHbIE TOCTUKEHUS B
obJtactu Grocenapanuu u GrnoaHaM3a, a TAKKe KyJIbTUBHPOBA-
HHSI KJIETOK XUBOTHBIX M MHXEHEPHUHU TKAHEHN C UCIIOJIL30BAHUEM
«YMHBIX» KOMIIO3HIIMOHHBIX MAaTepUaioB W ycTpoiicTs. He-
CMOTpSI Ha pacTyllee YMCJIO MCCICIOBAHWA B 3TOW 00JIACTH, B
HHX, KaK MPABUJIO, HE PACCMATPUBAIOTCS (U3UKO-XUMHUYECKUE
0COGCHHOCTH MOBEJ/ICHUS IPUBUTHIX MOJMMEPOB, APAMETPHI HX
B3aUMOJICUCTBUS C PACTBOPHUTENIEM, & TAKXKE OCOOCHHOCTHU CBSI-
3BIBAHUST OGMOMAKPOMOJIEKYJI CO CMApPT-NMOJMMEPHBIMU HOKPbI-
THSAMH, CMAapT-MOJMMEPAMU KaK TAKOBBLIMH M IMCCOIMAIMS
00pasyIoINXCs KOMILIEKCOB. Mexay (DU3MKO-XUMHUYECKUMHU
HCCIIETIOBAHUSIMU CMAPT-MIOJMMEPOB M MX MPUMEHEHHEM B OHO-
MaTepualiaX CYLIECTBYET ONPEICICHHbIH Pa3pbiB, MOITOMY MPH
peaiu3anuy  ynpasJisieMbIX aJCOPOIMOHHBIX W  aAre3MOHHBIX
B3aUMOJICUCTBUIA 3THX MATEPUAJIOB ¢ OHOMAKPOMOJIEKYIAMHU U
KJIETKAMH TOMUHHPYET SMIUPUYeCKuil moaxo/. [TonbITku uHTe-
IPUPOBATH TIOJIyYEHHBIE TPAKTUYECKUE PE3YJILTATHI B CJIOXKUB-
IIYEOCS CHCTEMY IPEJICTABICHUNA O B3aUMOJCHCTBUM OEJIKOB W
OGUOJIOTHYECKUX KJICTOK C CHHTETHYCCKUMHU MOJUMEPAMH TIpe/I-
MPUHUMAIOTCS PEAKO. DTO OTMEUYEHO B MOAPOOHO pacCMOTPEH-
HOI Huxe pabore '°.

TeopeTnyeckoe onucaHue KOHGOPMAIMOHHBIX MEPEXOI0B B
HPUBUTBIX MOJMMEPHBIX CIIOSIX, KAK MPABUIIO, OMEPEKAET MOJIy-
YCHUE DOKCIHEPUMEHTAJIbHBIX JAHHBIX, W, CJICAOBATCIIBHO, TPE-
GyeTcst XOTst ObI MPUOIU3UTEILHOE COMOCTABIICHUE PE3YIHbTATOB
paboT, MOJYYECHHBIX PAa3HBIMH METOJAMU M ONyOJMKOBAHHBIX
pasHBIME aBTOpaMU. BpeMeHHON MHTEpBaJ, BKJIFOYAIOLIMA 3TH
paboThl, TOBOJIBHO HIHPOK — OT 80-X TOI0B MPOILIOrO CTOJIETHS
0 Hacrosiero BpeMenu. ClieyeT OTMETHTh, YTO MHOTHE
pe3yJIbTaThl JBAUATHIICTHEH JaBHOCTH BOBCE HE YyTPATHIIM
CBOEH 3HAYMMOCTH, CIIOCOOCTBYIOT JIy4IIeMy IOHHMAaHUIO
MIOBEPXHOCTHBIX SIBJICHUI C yYaCTHEM CMapT-TIOJIMMEPOB U 3aCITy-
KUBAIOT BHUMATEIBLHOTO paccMoTpenust. Hacrosimit 0630p He
MpeTeH/IyeT Ha MCYEPIBIBAIOIIMI AHAJM3 BCETO MHOTOOOpPAa3usi
CTPYKTYpP U CBOICTB CMapT-TIOJIMMEPHBIX KOMITO3UTOB, HO CTa-
BUT IIEJII0O KOMIUIEKCHOE PACCMOTpEHHE (DYHKIIMOHAIBHBIX
CBOMCTB CMapT-MOJIMMEPHBIX MOKPBITHHA BO B3aUMOCBSI3H C HX
CTPYKTYPOHl U (UBMKO-XMMUYECKUMH XapaKTepUCTUKAMH, 00-
oO1eHre 0a30BBIX IPEACKA3aHUN TEOPUH, SKCIEPUMEHTAIBHBIX
PE3yJIbTATOB U OCHOBHBIX MPAKTUYECKUX JOCTIDKCHHUI U TaKUM

T B HacTosmeM 0630pe MBI UCIIOJIb3YeM 00a TepMHUHA IO NPUYHHE
pactpocTpaHeHus PHIAraTeIbHOTO «CMaPT-TIOJIMMEPHBIID
(peareHT, KOMILIEKC, KOMIIO3UT H T.IL.).

o6pa30M BBCJICHUEC YUTATEJIS BOTY HHTECHCUBHO PA3BUBAOIIYFOCS
00J1acTh HAayYKU U TEXHUKHU.

I1. OcHoBHbIe BHIBI CMAPT-NOJIMMEPOB

H KJII0YeBble JOCTHKEHHs B 00/1aCTH

OO YHKIIHOHAJIBHBIX CMAPT-NOTHMEPHBIX
KOMIIO3UTOB

«YMHBIE», I CMapT-TMOJIMMEPBl — BOJAOPACTBOPHMBIE BBICO-
KOMOJICKYJISIPHBIE COEAMHEHHsI, CIIOCOOHBIE 00PaTUMO U3MEHSITh
CBOE arperaTHoe COCTOSIHUE, Nepexo/s U3 IuApopIIbHON (pac-
TBOpPUMOH) B ruipopoOHYI0 (HEpacTBOpUMYIO) GOpMy B OTBET
Ha HeOOJIbIIMEe W3MEHeHHs Temmepatypsl, pH ymbo cocraBa
BOJIHOTO pacTBopa.'® 20 Kpome TOro, k «yMHBIM» 9aCTO OTHOCST
HEPACTBOPUMEIE B BOJIE OJIUMEPHI ¢ HPOTOXPOMHBIMH U JIEKTPO-
XPOMHBIMH CBOMCTBaMH,?! 22 a TakkKe IONUMEPHI, BOCIPUMMYH-
Bble K M3MEHEHUIO BHEIIHUX ycyioBuil. Hambosee u3BecTHbHIMU
BOJOPACTBOPUMBIMHU  «YMHBIMH»  TOJUMEPAMHU  SIBJISIFOTCS
noy( N-n3onponmiakpuiamun) (PNIPAA) n comonmmeps! Ha
ocuose N-uzonpormmnakpuwiamuaa (NIPAA),? nomu(N-suaui-
kanposaktaMm) (PVCL) u mosmMepbl HEKOTOPBIX Apyrux N-3ame-
HIEHHBIX BUHJIAMHEIOB,>* 26 a Taxke GJIOK-COMOIMMEPBI MOJIH-
stmwieHokcuaa (PEO) wm monumponunenokcuma (PPO) Ttumna
PEO-PPO- PEO (8 wactnoctu, Pluronic ®)?7-28 g momumnen-
TH/IBI C TOBTOPSIOIUMHUCS AMHUHOKUCIOTHBIMH HOCJIEI0BATE b~
HocTsiMu VPGVG, xapakTepHbIMHU JIsl 3JJACTUHOB — OEJIKOB
COEIMHUTENILHOM TKAHH MJIEKOTUTAFOIHX. >

Vka3aHnble (ha30BbIe IEPEXO/IbI IPOUCXOIST B BOJIE B BECbMa
Y3KUX MHTEpBaJlaX TEMIEpaTypsl: B Ipeiesiax OJHOTO Ipamyca
Lenbcus piist PNIPAA (mipu 32°C) 1 351acTHHOTIOAOOHBIX TTOJIH-
nentuaoB (npu 28°C). CuiuThle cMapT-TOJHMEPBI 00pa3yroT
TeJIH, TAaKXKe CIIOCOOHBIE K 0OpAaTUMBIM TIepEX0aM U3 HAO0YXIIIEero
B KoJutancupoBannoe cocrosuue.3% 31 Kpome Toro, cMapT-monu-
Mephl MOTYT ObITh NMPUBUTHI UM aJCOPOMPOBAHBI HAa TBEP/ble
MOBEPXHOCTHU, KOTOPBIE BCJIEACTBUE ITOr0 IPUOOPETAIOT CLOCO0-
HOCTb 3HAYHUTEJILHO M3MEHSTH CBOM (DM3UKO-XMMHYECKHE CBOM-
cTBa (B NEPBYIO OdYepelb CMAYMBAEMOCTb M aJCOPOIMOHHYIO
AKTUBHOCTB) B OTBET Ha HEOOJIbIIIME N3MCHEHHUSI BHEIITHUX YCIIO-
BUHA.

Taxue maTepuaisl BIepBble ObUIA pa3padOTaHbl U U3yUEHBI
TPYIIION HCCleaoBaTeNIed IMOJ PYKOBOJCTBOM mpodeccopa
Oxano (Anonus) B 1990-e roasl. Ilo3gHee 3TH pa3paboOTKu
OBIIIM MHOTOKPATHO BOCIIPOM3BEICHBI B Pa3JIMYHBIX BapHaHTaX
¥ YCOBEPIICHCTBOBAHBI KaK TOW JX¢ HAYYHOW TI'PYNION, Tak H
MHOrUMHU ApyruMu. OCHOBHBIM OTKpbITHEM OKaHO C COaBT.
OBLIIa BOBMOXXHOCTD a/IT€3MH, POCTA U KyJIbTHBHPOBAHMS KJIETOK
JKUBOTHBIX Ha HOCUTEIISIX, XUMUYECKU MOTU(UIMPOBAHHBIX IIIET-
kamu PNIPAA, npu TemnepaTtypax, IMpeBbIIAIONIMX TeMIepa-
Typy KOH()OPMAIMOHHOTO Mepexoga MPUBUTOIO IOJMMepa.
Boisiee Toro, okaszajoch, YTO NPH NOHWKEHUH TEMIEPaTyphI
HOJIyYeHHBIE KYJBTYPHI KJIETOK MOXHO OTHEJSITH OT MOBEpX-
HocTu PNIPAA-conep)ammx HOCUTENICH C COXpaHCHUEM KU3HE-
CIIOCOOHOCTH B 3HAYUTEIILHO OOJIBIIICH CTETICHH, YeM MPH TPa -
IMOHHON 00paboTKe TPUICMHOM M ITHJICHIHAMHHTETPAYKCYC-
noit kucnortoit (EDTA).3? BrocencTsun aHaJorMYHBIM 0Opa-
30M OBUIM KYyJbTHBHPOBAaHBI PpAa3JMYHBIE BHIBI KJIETOK
JKUBOTHBIX, B YACTHOCTH SUHUTEIHATbHBIC KJIETKH POTOBHUIIBI
rjasa, KOTopble 00pa30BBIBAIM KOH(IIOEHTHBIE MOHO- U TOJIU-
CJIOMHBIE KYJIbTYPBI; B 3TOM BHJI€ OHH MOTJIH OBITH OT/JEJICHBI OT
HOCHTEJISI TIOCPEICTBOM KOH(OPMAIMOHHOTO TIepexo/ia MPHUBHU-
Toro PNIPAA u najiee HCnoib30BaThCs ISl IEPECaIKK MaIHeH-
TaM C TOBPEKIAEHHON porosuneil.’? Onucanbl U Ipyrue BUIbI
KJIETOK, KYJIbTHBUPOBAHHBIX MTOJJOOHBIM 00Pa30M U IepecaeH-
HBIX B )XHBBIE OPTaHU3MBI C [IEJIbF0 BOCCTAHOBJICHUS TOBPEXKICH-
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HBIX TKaHel.3* B pabore 35 u3y4eHo KyIbTUBUPOBAHKE THOPUIOM
B T'MJIPOTeJIsIX, HOJIyYeHHBIX IIyTeM TepmoocaxaeHust PVCL.

ABTODBI HCCIIEOBAHHS 3¢ HCIIOJIL30BAIIH TBEP/IbIE HOCUTEIH,
coJiepKaIlie Ha TOBEPXHOCTH MPUBUTHIC CMAPT-TIOJIUMEDBIL, IS
pa3zaenieHus pa3MYHBIX JIMHUM KJIETOK )XHUBOTHBIX. Crieruduye-
ckue aHTuTesa aacopouposanu npu 37°C Ha TOBEPXHOCTD MOJIU-
MPONUJICHOBON MeMOpaHbl, MOAU(PUINPOBAHHON NPUBUTHIM
PNIPAA, xoTopas 3aTeM KOHTAaKTHUPOBaJia C CyCIIeH3uel KJIeTOK
JIBYX pa3JMyHbIX JUHUA. [Tocie oTMBIBKY Hecnienuduuecky cBs-
3aHHBIX KJIETOK OT/IEJICHHE CIENU(pUIECKH CBSI3aHHBIX JIOCTHU-
ragoce npu 10°C, T.e. B yclOBUSIX HaOyXaHHs IPHBATOTO
noaumepa. B paboTe 8 npogeMoHcTpupoBaHa BO3MOXKHOCTh Ce-
nupUYecKoil aare3nn KJIETOK XKABOTHBIX 32 CUET OOpa3OBaHHUS
KOMILIEKCOB MEX[y WX IMOBEPXHOCTHBIMH TJIMKONPOTEHHAMH H
0OpOHATCOAEPKALIMMHI OJIMMEPAMH, B TOM YHUCJIC TIPUBATHIMU
Ha TBepIble HOCUTEIU. BO3ZMOXHOCTH BBICBOOOXICHUS KJIETOK
IIYTEM UX KOHKYPEHTHOTI'O 3JIFOUPOBAHUA MOHOCAXapuiaMu UJIA
BCJIICTBYE caBura pH MoOXeT cTaThb OCHOBOW HOBBIX METOOB
paszesieHus ¥ KyJIbTHBUPOBAHHS KJIETOK.

OmHO W3 TEPBBIX MPUMEHEHHWH ITOBEPXHOCTHO-CBS3aHHBIX
CMAapT-MOJIUMEPOB B OOJIACTH BBIACIICHHS W OYNCTKH OEIIKOB
omucano B pabote3’: KOHTPOMMPYs KOH(POPMAIMOHHBIE MEPE-
xoabel PVCL, anmcopbupoBannoro Ha Cedapose, comepxkaiiei
kpacutenb Cibacron Blue 3G, MOXHO ympaBiIsiTb IPOIECCAMHU
copbOuuu u aecopbumu pepMeHTa JakTataeruaporeHasnl. dep-
MeHT U PVCL cBSI3bIBaOTCS ¢ yKa3aHHBIM KPACUTEJIEM, IOITOMY
nepexo1 agcopoupoBanHoro PVCL u3 cocTtosiHusI CBSI3aHHBIX C
MOBEPXHOCTELIO TJI00Y (mpu 40°C) B cocTOsiHAE HAOYXINHX H
6oJiee MOOHITBHBIX KiIyOKOB (1pu 23°C) IpUBOIUT K JecOopOnuH
crnenuuIecKd CBSI3aHHOTO ()epMEHTa 3a CUYET KOHKYPEHTHOTO
B3aumogeiicTBusi PVCL ¢ kpacutenieM. B yacTHOCTH, BbIJICJICHHAE
JIAKTATIOCTUAPOTreHA3bl M3 3KCTPAKTA MBIIICYHON TKAaHU MyTeM
ONUCAHHOTO TEMIIEPATYPHO-KOHTPOJIUPYEMOTO 3JIFOMPOBAHHUS
npourcxoanio ¢ 90%-HbpIM COXpaHEeHHEM aKTHBHOCTH (epMeHTa
npu 17-kpaTHO# oduCTKe OT mpouux OejkoB. Bmociencrsuu
MTOJIYYUJIA PacPOCTPAaHEHUE METO/IBI MeTaJLIoXeNaTHOU adpdun-
HO mpenunuTanyuy 6€JIKOB C UCIOJIb30BAHUEM CMAapT-TIOJIIMED-
HBIX pEAareHToB.38

BnusiHEe TemmepaTypbl Ha XpoMaTorpaduieckoe yaepKuBa-
HUE CTEPOMIHBIX JIEKAPCTBEHHBIX IPENapaTOB, MPOM3BOIHBIX
AMHHOKHUCJIOT U IENTHIO0B HA CHJIUKATeJISIX, MOIU(PHUIUPOBAHHBIX
metkamu PNIPAA, u conomumepo NIPAA usyuyeHo B cepuu
pabot Kanasasbl ¢ coaBT.? 40 [10BbIlIEHIE TEMIIEPATYPbI, BHI3bI-
Baromiee neruapartaimio PNIPAA u xoHpopManmoHHbIi niepe-
XOJ] B MOJIMMEPHBIX IIETKaX, IPUBOANUT K BO3PACTAHUIO YACPKH-
BaHUs YKa3aHHBIX COPOATOB, YTO JA€T YHUKAIHHYIO BO3MOX-
HOCTh XpOMaTorpaduieckoro aHaian3a (QeHHJITHOTHIAHTOMHO-
BBIX ITPOU3BOJAHBIX AMHHOKHCIIOT B YUCTO BOJHOI (OeccoieBoit)
cpelle ¢ NpUMEHEHHEM TpaaueHTa TemmepaTypbl*® Temmepa-
TYPHO-KOHTpOJIpYyeMast aIcopO1msi OEIKOB B MUKPOQTIOMTHBIX
cXeMax C HCIOJIb30BAHUEM IOBEPXHOCTH, XUMUYECKU MOIUu(U-
UPOBaHHOM npuBUTHIM ciioeM PNIPAA co cpeaHeit TomuHON
4 HM, TO3BOJIMUIA KOHIEHTPHUPOBATH M 3aNPOrPAaMMHUPOBAHHO
BBICBOOOXK/IATH OCJIKU IyTEM JIOKAJLHOTO U3MEHEHHSI TeMIIepa-
Typbl MHKPOCKOMHYECKHX (hparMeHTOB 3Tmx cxem.'! JlaHHBIMA
MPUHIUTN OBLT peajn30BaH Ha MpHMeEpEe yNpaBlsieMON ancopo-
MU — JIecOpOIMK KOHbIoraToB cTpentaBuanna 1 PNIPAA, cro-
COOHBIX CBA3BIBATHCS C IMMYHHBIMH KOMILJIEKCAMH, 4 3aT€M IIPH
HarpeBaHum ajacopoupoBathcsi Ha PNIPAA-comepxaiueit
HOBEPXHOCTH MUKPO(IFOUIHON cXeMbl. 4!

[IpuBeacHHBIC BBINIC MPUMEPHI WJLTFOCTPUPYIOT IIHPOKUN
IUana3oH peajbHBIX M BO3MOXHBIX IPHMEHEHHH IIOBEpX-
HOCTHO-TIPUBUTBIX CMapT-NOJIMMEPOB B MEUIINHE, TIPETIapaTHB-
HOIl OMOXMMUHM M MHKpOMETOAaX OmoaHaln3a. B cBsizu ¢ aTuM
CTPYKTYpa, CBOWCTBA M NOBEICHHE NPHUBHUTHIX CJIOEB CMapT-

IOJIMMEPOB OKa3aJIMCh MPEIMETOM KaK TCOPETHUYECKUX, TaK U
OKCHEPUMEHTAJIbHBIX (byHZ[aMeHTaJ'[I)HLIX HUCCJIEJOBAHUI.

II1. MoaennpoBanue CTPYKTYPbI OJUMEPHBIX
IIETOK NPH KOH()OPMAIMOHHBIX Nepexo/1ax

[MosmMepHBIME IIETKAMH HA3bIBAIOT aHCAMOJIM TOJUMEPHBIX
Lemnel, NMPUCOEIUHEHHBIX K TBEPJOW WM HMHOM IMOBEPXHOCTHU
4epe3 KOHIEBbIE TPYIIIBI B PACHOJIOKEHHBIX HACTOJBKO OJIM3KO
JIPYT K IPYTy, YTO COCEIHUE IIENHU BCTYNAIOT BO B3aMMO/IECTBHE
W TPUHUMAIOT OoJiee BBITSIHYTYIO (OpMY IO CpaBHEHHIO C
TaKUMHU Xe LEMsIMH B CBOOOMHOM pacTBope.*?*3 Teopernye-
CKOMY MOJCITUPOBAHAIO PABHOBECHBIX CTPYKTYP MOJHAMEPHBIX
IETOK M HX KOH()OPMAIMOHHBIX NEPEXOIO0B MPH H3MEHEHUH
TmapameTpa B3auMOICHCTBHS MOJIUMEPA C PACTBOPUTEIIEM ITOCBSI-
LIEHO MHOXECTBO MCCJIeOBAHMIA,* 40  BLINMOJIHEHHBIX B
3HauMuTebHOU Mepe B Poccuu (cMm. paboThl Bupiireiin ¢ coaBT.).

B nanHoM paspese M3OXKeHbI 0a30BbIE NPEICTABICHUS O
CTPYKTYpE ¥ NOBEACHUHU MOJIUMEPHBIX IIETOK, HMEIOIIHe 00JIb-
moe 3HAa4YeHWe [UJIs MOHMMAHWS MEXaHH3MOB YIpPaBIISIeMOM
aJIcopOIMK 1 aare3nu OMOMOJIMMEPOB M KJIETOK. PaccMoTpum
MPOCTEUIIYE0  MOJETb  JJIGKTPOHEHTPATbHOW  TMOJIMMEPHOMN
IIETKHU, PACIIOJIOKEHHON HA TIJIOCKON MOBEPXHOCTU U COCTOSIIIEH
W3 Ieneil TOJMIMHON a, paBHOM JJIMHE MOHOMEPHOIO 3BE€HA, CO
CTETEHbIO NOJMMEPHU3ALIUH /1 U TJIOIIAIbI0 TIOBEPXHOCTH, IIPUXO-
JALIEHCsT Ha OJHY 1IeTlb, a°0, T1€ BEJIMUUHA ¢ > | paBHA OTHOIIE-
HHUIO CpeIHeH IUIOIIAH, MPHUXOISILEHCs] Ha OJHY LIeNb, K TOJI-
e nenu. 4> 46 CTpyKTypHBIe XapaK TePUCTUKY TIPUBUTHIX MOJIH-
MEpPHBIX CJIOEB IOJIyYeHBI B 3THX paboTax B COOTBETCTBHH C
Teopueit dyopn— Xarruaca, 6azupyroueiicss Ha IpeAcTaBICHIH
CBOOOIHO SHEPTHU IIENN B IPUBUTOM CJIO€ B BUJIE CYMMBI ABYX
cJaraeMbIxX

AF = AFCI + AFconc

raie AFg — cBOOOMHAsI SHEPrHsl 3JIACTUYHOW Iedopmariuu,
AFconc — CBOOOJIHASI SHEPTUS B3aUMOJICHCTBHS 3BEHBEB IIETH C
okpyxaromeir cpenoid. [Tockosbky AFe U AFconc SIBISIFOTCS
¢yHKIIUSIME 1, ¢, TONIIMHBI cilos H © mapamerpa
Oopu— Xarruaca y, MuanMmzanys AF no H MpUBOIUT K clie-
JYIOIIAM AaCHMMIITOTHYECKUM BBIPAXKECHUSIM IS PaBHOBECHOM
BEJIMUMHBI H B Pa3HBIX PACTBOPUTEISX:

B XOpOIIIEM pacTBOpUTEIE

H~ P l—y " )/>l (1)
2 9 3 v 2

B TE€TA-paCTBOPUTEIIC

1
H~n'? 1=5 )

B IUIOXOM PacTBOpPHTENIE

H~n'/? y—l o )(<l 3)
S 2 ? 3 2

B mpocrteiiieM ciyvae M30IMPOBAHHBIX IIETIEH UX pa3Mepbl
COBIAAAIOT C pa3MepaMu CBOOOTHBIX IIETel B paCTBOPE MIPH TOM
ke 3HaueHuu y. OTMETHUM, YTO TEOPUH, PACCMOTPEHHBIE B pado-
Tax*>40 He YUMTLIBAIOT B3aMMOMEIHCTBHS INENEH ¢ HeCylleh
MOBEPXHOCTBIO, TAK YTO PACIIACTHIBAHMS LIeTIeil 3a cueT afcopo-
IIUM UX CETMEHTOB Ha MOBEPXHOCTh B paMKaX JJAHHBIX MOJIeJIeH He
MPOUCXOANUT. DTO HAKJIABIBACT HEKOTOPhIC OTPAHUUYCHUS HA UX
MPEICKA3aTEIbHYIO CHITY, TIOCKOJIBKY H30JUPOBAHHAS IIENb TEO-
peTHUYECKH TOYTH MOJHOCTBIO DPACIIACTBIBACTCS HA ancopOu-
pyIolLEel MOBEPXHOCTHU YXKe IPH HEOOJIBIIION CBOOOIHON JHEPTUH
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CBSI3bIBAHMS MOHOMepHOTO 3BeHa: 2k7T u Bbiue.* Bupodem,
peajibHble CHUCTEMBI MOTYT XapaKTEePU30BATHCS TOJIIIMHAMHU
CJIOEB B JICCSITKA HAHOMETPOB, YTO 3HAYMTEIHHO MPEBBIIIACT
TOJIIIVHY IIENH JTaXXe IMPU OUYeHb HU3KUX PABHOBECHBIX KOHIICHT-
panusx noaumMepos (0.01 mr-ma—1).50

YtoOBl MEepeTH OT ACUMITOTHYECKUX peIIeHui K OoJiee
peasMCTUYHBIM W TIPEACTABUTH 3aBUCUMOCTH H OT ) B BUIAC
HeTpepbIBHOW (DYHKIMU TpH pas3HBIX 3HAYEHHUSIX 7, aBTOPBI
paboThi®! BBeNM B NPHBEJEHHBIE BBLINIE BhIpaXeHUs s H B
XOPOIIIEM U IJIOXOM PACTBOPUTEISAX KOIPPUIUCHTHI MPOIMOP-
muoHajbHoCcTH k1 = 1.5, ko = 0.7 COOTBETCTBEHHO

ys (] 1/5 1
H~ kn 5—1 ,x<§ 4)
N3 1
szznl/z(X*E) 7g>/(>§ (5)

IIO3BOJIAOLINE TIPU Y =~ 0.5 NOJIYyYUTh 3HAYCHUSL H, OJIM3KHME K
ACUMIITOTUYECKOMY PEHICHUIO, KOTOPOEC Na€T BBIPAKECHUE (2) JUIA
TE€Ta-paCTBOPUTEJIA,

N3 3
~n'P -2 1>z 6
n (A 2) » L>3 (6)

3aBucuMoctd H OT 1, OJIyYeHHBIE C UCTIOJIb30BAHUEM NPU-
BEJCHHBIX KO03((UIMEHTOB, NpeAcTaBieHbl Ha puc. 1. Kak
BUJHO, U3MCHCHHUS TOJIIUHBI MPUBUTOTO IMOJMMEPHOTO CJIOS
MIPH MEPEX0/Iie OT MIIOXOTO PACTBOPHUTEIIS K XOPOIIIeMY HauboJiee
BBIPKEHBI ISl TIENe C BBICOKOW CTETEHBIO IMOJMMEpPU3AIIHN.
[IpumeuaTeIbHO TakXke, YTO IMEPEXO] TMOJIMMEPHOTO CIIOSl W3
ILUIOXOTO pacTBOPUTENS B TeTa-pacTBoputelb (y = 0.5) compo-
BOX/Ia€TCS OTHOCUTEIBHO HEOOJIBIIMM POCTOM DPAaBHOBECHOU
TOJILLMHBI CJ10s1 [, B TO BpeMsi KaK IIpU NEPEXO0/I€ B PACTBOPUTEIIb
¢y = 0.4 3naueHue H yBeJIUYMBAETCSI HAMHOTO OOJIbIIIE.

Kondpopmanmonaple mepexo/ibl IUIOTHO PACHOJIOKEHHBIX
MPUBUTHIX IIETIei, 00pa3yIolX MOJIAUMEPHYIO IIETKY, TOpas3ao
clokHee. B TeTa-yclioBUsIX KpUTEPHiA IEPEKPHIBAHMS U B3AUMO-
JIEWCTBUSI COCETHUX IETIeH OMpe/IeIsIeTCs] HEPAaBEHCTBOM
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Puc. 1. 3aBucumoctn TOJIIIUHBI TPUBUTOIO MOJUMEPHOTO CJIOsA

(B eMHMIIAX TOJIIMHBI LENU @) OT CTEIEHM MOJIMMEPH3ALMH JUUISl HE
B3aMMOIEUCTBYIOIIMX APYT C APYTOM ILEel IPU Pa3IHIHbIX ¥. !
x:1—03,2—04,3—0.5,4—0.55,5—0.9.

J171 OTHOLIEHUSI PABHOBECHON TOJILLUHBI IETKU H K KOHTYPHOU

nJuHe nenu L ObLIN IIOJIYUEHBI CJICAYIOIINE 3aBUCUMOCTHU OT Y U
.45
g

H (1 173
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B stom cnydae mnst ommcanust H/L B BHUIe HENpepbIBHOU
(GYyHKIIMM OT ¥y MU OT ¢ HEOOXOJMMO €€ TPEICTABUTbL B BHJIC
JIMHEHHBIX KoMOuHanmii Gynkuuin (8)—(10) mus xaxmaoi u3
obJtacTell 3HAYCHHIA ¥ M TOA00PATh COOTBETCTBYIOIIUE KO H-
IUCHTBI MPOMOPIHOHATLHOCTH, OOECIEUYNBAIOIINE KaK Hempe-
PBIBHOCTB caMO¥ (DYHKIMH, TAK U €€ IPOU3BOIHOM (3TO HEOOXO-
IAMO JIJTS TIOJIYYeHHs TUIABHOU 3aBucuMoctd H/L ot y, mpen-
CKa3aHHOM Teopuei 4°). ABTopamMu paboTh! °! MoJTydeHbI ci1eIyro-
e Gyskmn H/L nis Tpex o0nacTel 3HAYCHHH x:

H “1a(l 3 —12

zzlq G 57;( +kyo , 1 <0.45 (11)
H 1

T o2+ (1 —kso) (E_X>’ 0.6 > 7> 0.45 (12)
H I

T~k o ( 75) +kya V2|, 4> 06 (13)

OTMeTHM, YTO MPHUBEICHHBIE MTPUOIU3UTEIbHbIE BRIPAXKECHUS
(11)—(13) He maroT UOCAJIBHOIO COBHALCHUS IIPU BCEX 11 U 0 B
Toukax y = 0.45 u 0.6, HO B II€JIOM ONHUCHIBAIOT KOH(YOPMAIIMOH-
HBIE NEPEXOJbl B COOTBETCTBUM C IPEICKA3aHUAMHU Teopuu,*
JTAFOT BO3MOXHOCTB IPEJICTABUTH cebe 00IIre 3aKOHOMEPHOCTH
9TUX NEPeXoJIoB M crnpaBeiuBel B mpenenax 100 > ¢ > 6 u
1 > y > 0. Haiinenasle kK03 UIMESHTH TPOTOPUUOHAILHOCTH
HMEIOT CJIeIyIOIIUe 3HAYEHHS: ks =1.3, ka =04,
ks =3.6-1073, ke = 0.16, k7 = 1.2.

['paduku 3aBUCUMOCTEN OTHOCHUTEJILHON TOJIIIMHBI TOJIH-
MEpPHOTO CJI0sl, 00pa30BAaHHOTO MEPEKPHIBAIOLINMHUCS IIEIISIMH,
OT 0 IIPY PA3JIUYHBIX 3HAUYCHUSIX ) IPUBEICHBI HA PUC. 2,4 OT jf —
Ha puc. 3. B yka3aHHOM NOJMMEPHOM CJIO€ B3aMMOJIEUCTBHE
MEXIy CETMEHTaAMH Pa3JIMYHbIX [IeTIeil TPUBOIUT K MX BHITSATHBA-
HUIO OTHOCHTEIIBHO TayCCOBOI KOH(POPMAIINU CTATHCTHYECKOTO
KJIyOKa HE TOJIbKO B XOPOIIUX, HO M B MJIOXUX PACTBOPHUTEISX.
B pesysnbrate KOHGOPMAIMOHHBIN MEPEexXo/ BbIpaxeH ciabdee,
YeM B U30JIMPOBAHHOM KJIyOKe, M IPOUCXOIUT B H0Jiee IMPOKOM
HHTEpBaje 3HAYCHWH y, CIBUHYTOM B obiyactb y > 0.5. Ilpm
BBICOKHX IUIOTHOCTSIX TPUBHUBKH 3TH 3(QPEKTHl YCHIMBAIOTCS
(cMm. puc. 2).

Crenyer OTMETHTh, YTO TEOPHH, PACCMOTpPEHHBbIE B pabo-
Tax 4~ 47, pazpaboTaHbl MPEXKIE BCETO I OMMCaHus KOHGOpMa-
[IMOHHBIX EPEX0/I0B B MOJUMEPAX, PACTBOPUMBIX M HAOyXaro-
IIIX B OPTAHWYECKUX PACTBOPUTEISIX; B HUX mapameTp Pmopu—
Xarrusca, Kak IpaBUJIO, BO3PACTAET C MOHIKEHUEM TeMIepa-
TYpBl, & TEPMOJAUHAMUYECKOE KAUYeCTBO PaCTBOPUTEIISI COOTBET-
CTBEHHO yxyAuaercs. B aTom ciyuae Teopus npelnckas3blBaeT
IIOCTENEHHOE CXXaTHe IMOJIMMEPHOH IETKU KaK €JUHOIO LEJIOro
0e3 BepTHKATHHOU WM JIATEPAIbHOW Cerperauy Ha OTAeIbHBIC
obmactn ¢ OoNbIIell M MEHbBINEH KOHIEHTpAIWEeH MOJHMMeEpa.
B pesynbTaTe cxaTHs B IUIOXOM DPACTBOPUTENE MOJIMMEPHBIC
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Puc. 4. ACM-U300paxxeHns MUKPOCTPYKTYPbI IOBEPXHOCTH KpeM-
3 HHEBOI MIaCTUHKH, MOuduimpoBanHoil mpuButeiM PNIPAA, nomy-
0.1 - YEHHBIE B BOJHOI CPeJie B IIOJYKOHTAKTHOM PEXUME. >
4
1 1 1 1 1
0 10 20 30 40 50 o HBbIE 3BCHbSI CUUTAJNCh ONMHAKOBbIMU. Kpome Toro, ananmmsu-
pyeMasi MOJENb °2 PACCMATPUBAET 3aBUCUMOCTD 3(DPEKTUBHOTO
Puc. 2. 3aBHCHMOCTH OTHOCHTEJBHOIl TOJIIMHBI MPUBATOrO moym-  SHAdCHUS y HE TOJIBKO OT TEMNIEPATYypPBI, HO M OT 0bBemHOl 101k

MEPHOIO CIIOsl OT OTHOILEHHUS CpeIHel MIIOMAIH, IPUXOIsLIeHcs Ha
OJTHY 1IETIb, K TOJIIIMHE HENH I B3aUMOIEICTBYIOIUX APYT C APYTOM
neneit.>!

:1—03,2—04,3—0.54—0.6.
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Puc. 3. 3aBUCHMOCTb OTHOCHUTEJIHOW TOJIILIMHBI IPUBUTOIO IOJIU-
MepHOro cjost oT mapamerpa dmopu—Xarrmaca s B3aUMOJEH-
CTBYIOLIUX JIPYT C APYrOM Lered npu ¢ = 16.5!

CIIOM CTaHYT HENPOHUIAEMBIMHE IJISl IOTOKA PACTBOPUTENS, T.€.
TEOPETUYECKH MX MPOHHUIAEMOCTLIO MOXKHO YIPABIATH IIyTEM
U3MEHEHUS TEPMOMHAMUIECKOTO KAYeCTBa PaCTBOpUTENs. 4247

CylleCTBEHHO MHYIO KAPTUHY TIPEACTABJIAIOT CO60i KoHpop-
MAalMOHHBIE TIEPEXO/bI B NMOJUMEDPHBIX HIETKAX, 0OPAa30BAHHbIX
CMapT-HOJIMMEPAaMH B BOJHBIX Cpefax. B 3ToM cilydae napaMeTp
®J10pu — Xarruuea cHavaa yBeJInIuBaeTcsl HOCTENEHHO C TTOBbI-
LIEHHEM TEMIIEPATYPBLL, @ 3aT€M CKaukooOpa3Ho. s onucanus
IEPEXOIOB B LIETKAX, 00Pa30BaHHBIX CMAPT-TIOJUMEPAMH, IPH-
MEHSIFOT MOJIENb «IBYX COCTOSIHMID», COTJIACHO KOTOPOH MOHO-
MEPHBIE 3BEHbS MOJIMMEPA CYIIECTBYIOT OJHOBPEMEHHO B Heac-
COIIMMPOBAHHOW TMAPATHPOBAHHON (opMe U B (POPME THUAPO-
(OOHBIX KJIACTEPOB U3 HECKOJILKUX 3BEHBEB.>2 DTH (POPMBI HAXO-
JATCS B PABHOBECHH, Y€M YKA3aHHAS MOJENb OTIMYAETCS OT
PACCMOTPEHHBIX BBIIIE MOAEINEH,*? 47 B KOTOPBIX BCce MOHOMED-

ToJInMepa B IEeTKe; 3aBUCUMOCTDL 9(()eKTHBHOTO 3HAUCHUS ) OT
KOHIICHTPAIUM PACTBOPHMOTO MOJMMepa ObLIa 3KCIEPUMEH-
TanpbHo HaiimeHa kak mis PEO—-PPO-PEO, Ttax u mis
PNIPAA.>® OpguuM K3 OCHOBHBIX NpEICKA3aHUNA TEOPHH 2
SBJISIETCA OMMOAAIbHOE pacipeesieHne 0ObeMHONM JOJIU TOJH-
Mepa 10 HOpMaJii K IIOBEPXHOCTH, 3aBHUcsILee OT y U o. Kpome
TOTO, IPHU BBICOKHUX 3HAYECHUAX )} U 0 MOXET NPOUCXOIUTH
JlaTepalibHas Cerperais MIpUBUTOrO MOJMMepa ¢ 00pa3oBaHuEM
KOHIIEHTPUPOBAHHBIX MHUIEUIONONOOHBIX CTPYKTYD, pa3liesieH-
HBIX TPOMEXYTKAMH C OTHOCHUTEJIIBHO HHU3KOH KOHIICHTpAIUEi
noaumepa.>*

DTH TpeAcKa3aHUsl MOJYYIJIM KadyeCTBEHHOE 3KCIEePUMEH-
TaJbHOE MOATBEPKIEHHE B paboTe>>, B KOTOPOH NPHUBHUBKY
BbIcOKOMOJIEKYIsipHOTO PNIPAA Ha KpeMHHEBBbIC TUIACTUHKU
OPOBOIMJIM IYyTEM CBOOOJHOPAAUKAIHHON IOJUMEPU3AINH,
HAMEpPEHHO JOCTHUrasi HEBBICOKHMX IOBEPXHOCTHBIX IJIOTHOCTEH
npusuToro nosmmMepa. C MoMOLIBIO METOJa aTOMHO-CUJIOBOR
mukpockormu (ACM) nokasano, urto npu 26.5°C cioit npuBH-
toro PNIPAA sBiisseTcst B OCHOBHOM OZHOPOAHBIM, a mipu 40°C
MpHOOPETACT BBIPAKEHHYIO SUCHCTYIO CTPYKTYDPY € 3(h(EeKTHB-
HBIM pa3MepoM arperaToB IMOJUMEpPHBIX menei ~ 100 Hm
(puc. 4). Takoli CTPYKTYpHBIH TEPEXOJ, COMPOBOXKIAFOIIUNCS
ﬂeFI/IﬂpaTaLll/leﬁ CJIOA NMPUBUTOrO IOJIMMEPA U UBMEHCHUEM €TI0
Macchl, ObUI HE3aBHCHMO 3aperucTpUpOBaH METOIOM IIbe30-
JJIEKTPUIECKOTO MHKPOB3BEIIMBAHNsL. BBIBOIBI Teopwu 2 o
OuMO1aIbHOM pactpe/iesIeHU 00beMHOM IJIOTHOCTU CETMEHTOB
PNIPAA noatseps/eHbl B paboTe 3.

OTMmeTHM ellle pa3, YTO BBIYUCIICHHS, MPOBEICHHBIE aABTO-
pamm paboThI>!, ABIAFOTCS NPHOMM3HTENLHBIMA U CIyXaT B
OCHOBHOM JUJISl HULTIFOCTPAIIH BBIBOJOB PAHHUX TEOPETHYESCKUX
pabot. HecMoTps Ha 3TO, OHU 00JIaIalOT HEKOTOPOH MpeicKka3a-
TEJIbHOW CUJION, YTO MOKA3aHO B CJIEAYIOIINX pa3/iesiaXx JaHHOTO
0630pa. [TonpobHOE CTPOroe TEOPETUIECKOE ONMUCAHUE (Pa30BbIX
TIEPEX0I0B B CMAPT-MOJIMMEPHBIX U TOJIHAIEKTPOJIMTHBIX IIET-
KaX U3JI0XKEHO B ybmkanusx > >+ 50 (cMm. taxxke 6ubnuorpaduro
B 0630pe >%).

IV. ITapameTpsl ®PJopu — Xarrunca, pazmepbl
MOJIMMEPHBIX KJIYyOKOB H HX 3aBHCHMOCTH OT
TeMnepaTypbl VIl HEKOTOPbIX CMAPT-NOJIMMEPOB

Jasg Toro 4troObl HpeACTaBUTH cebe, Kakue TemIepaTypHbIe
HMHTEPBAJIbI O0JIbIIE BCEIO HOAXOIAT AJISl pean3aluy yupasiise-
MBIX KOHPOPMAIMOHHBIX IIEPEX0I0B B THIPATHPOBAHHBIX ITOJIH-
MEpPHBIX IIETKaX, PACCMOTPHAM HEKOTOPBIE 3KCIEPUMEHTAIbHBIE
paboTsl o onpenenenuro napamerpa daopu—Xarruaca B BOa-
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Puc. 5. TemnepatypHast 3aBucumocTbh mnapamerpa Piopu-—Xar-
runca s rugpores PNIPAA.Y7

HBIX PACTBOpPaxX «YMHBIX» MOJMMEPOB H©  THAPOTEIISX.
3aBucuMOCTh y OT TeMmepatypsl 1st PNIPAA Obuta nmostyueHa
MpU W3y4YeHNH HAOyXaHWs TeJisl 3TOr0 IOJUMEpa B BOJIE.
3aBucuMocTh y oT 1/T Gmm3ka k jmHenHOU mpu y <0.55, 4TO
COOTBETCTBYET MHTEPBAIy TeMuepaTyp ot 15 go 35°C, npoxoaut
4yepe3 TeTa-yciaoBus npu 31.5°C u mpeTepreBaeT «pa3pbiB» Mpu
35°C, a 3ateM pe3ko Bo3pactaeT Ao 3HaueHuit y = 0.8—0.9
(puc. 5).>7 Bo3ppaimasce k puc. 1 u 2, OTMETHUM, 4TO I AOCTHU-
XKEHHUs cylecTBeHHoro HaOyxanus wweTkd PNIPAA (y = 0.4)
TpebyeTcst Temmepatypa ~21°C, T.e. 3HAYUTEIHLHO HIXE TEMIIC-
paTypsI (pa30BOro nepexo1a pacTBOPUMOTO MOJIIMEPA.

®DazoBbIl MEpexoj] PACTBOPHUMOTO BBICOKOMOJIEKYJISIPHOTO
PNIPAA (c MonekyastpHOii Maccolt (M) B urTepBaie ot 1.6-10°
10 25-10° T Moab — ') H3y4eH MeTOJAME CTATHIECKOTO M JHHA-
MHYECKOTO CBETOPACCESHUS MPU HU3KUX KOHIEHTPAIMAX MOJIHU-
Mepa (~13 mr-—1).38%5 Bputo HalifIeHo, YTO C TOBBIIIEHAEM
TemmnepaTypsl oT 20 10 30.5°C pa3Mepsl HAOYXIINX MOJIUMEPHBIX
KJIyOKOB ITOCTENIEHHO YMEHBIIAIOTCS W HMPUXOA[T K TeTa-ycio-
Busm npu 30.6°C.>° Bpliiie 3TOH TeMIepaTyphl U TUIPOIHHAMHE-
YeCKUil paauyc KIIyOKOB, M panyC WX BPAILICHUS PE3KO YMEHb-
marTcs, THAPOPOOHOCTH Teneil BO3pacTaeT U OJTHOBPEMEHHO
YBEJIMUYMBAIOTCSI TPOCTPAHCTBEHHBIE (DIIYKTyallu KOIEHTPAINH
nosiumepa (Ac), TPOUCXOISIINE 3a CYET ACCOIUAIIMU U UCCOIIMA-
UM ero leneil. DTo MPUBOAUT K YBEJIMYEHHIO MHTEHCUBHOCTHU
CBETOpACCESIHUSI, KOTOPOE MPOMOPIHOHATIBHO CPETHEKBAIPATHY-
HOW (IIyKTyaluu KOHLEHTpPAIUU (Ac2>."0 da3oBbIil HEPEXO]
PNIPAA wm3ydeH Takxke mMeTolioM mupdepeHInaTbHON MUAKPO-
KaJIOPHMETPHH, IIPAYEM TOYKAa MAaKCIMyMa SHIOTEPMBI, OTIpe/ie-
JISIFOIIAsl HIKHIOIO KPUTHYECKYFO TEMIIEPATYPY PaCTBOPHMOCTH
(HKTP), pacnonaramace npu 32.2°C, 4TO COOTBETCTBOBAJIO
Ha4YaJIbHOMY YYAaCTKY TEMIIEPATYPHOU 3aBUCHMOCTH WHTCHCHUB-
Hoctu ceeTopaccesuus.®! Ipu temnepaTypax eie HKTP acco-
UaIysl TOJIMMEPHBIX LEeNel CTAHOBUTCS SPKO BBIPAXKEHHOM,
MPOUCXOAUT oOpa3zoBaHME CYOMHUKPOMETPOBBIX HACTHUIl Hepa-
CTBOPUMOTO HOJIMMEPA, KOTOPBIE 3aTeM (IIOKYIMPYIOT ¢ 00pa-
30BaHMEM ocanka. Touka nmeperunba Ha TeMIEpaTypHOIH 3aBHCH-
MOCTH CBETOPACCESIHAS (WJIM TOTJIONICHUSI CBETa) MOXET OBITh
Ha3BaHA TOYKOW (DIIOKYIISINH, IO AaHAJIOTUH C TOYKOU (IIOKYIIs-
IUH CyOMHKPOMETPOBBIX YacTHI cluuToro PNIPAA .62

TemnepaTypHble  3aBHCHUMOCTH TUAPOANHAMUYECKOT O
panuyca KJIyOKOB M CBETOpAacCesHUsl pacTBOPOB IOJUMEPOB
H3y4YeHBl W Ul APYroro cMapr-nojmMepa — Iosn(N-BHHIII-
kanpoJjaktama) ¢ M ot 10° go 23-10° - mMosb—! (cm.%3). Anaso-
TUYHO TEMIIEPATYPHBIM 3aBHCHMOCTSIM, TOJIYYCHHBIM LIS
PNIPAA, ruapoanHaMUYecKuil paauyc KJIyOKOB BBICOKOMOJIe-
kyJsspaoro PVCL B BoJie yMEHBIIIAETCS C TMOBBIICHUEM TeMIIe-
paTypbl, mpoxoauT yepe3 TeTa-yciaoBus npu 29.3°C u panee
ymenbinaetcs BiuioTh 4o HKTP (31.0°C); npu aToii Temnepatype
nporcxoaut (aszoBblii nepexoxn (puc. 6). IIpu 3TOM MHTEHCHB-
HOCTb CBETOpACCEsHUS PE3KO BO3PACTAeT BCJIEACTBHE accoLa-
U KJIyOKOB M 00pa30BaHUsI HEPACTBOPUMBIX YACTHII.

IpuMepHO TaKKe Ke 3aKOHOMEPHOCTH HalIEHBI M B paboTe %
s PVCL ¢ M = 4-10°r-moms~!. B pabote® obmapyxkeHo
YTO HIDKHSSA KPHUTHYECKass TeMIlepaTypa pacTBOPHMOCTH
PVCL, onpeneneHHas METOA0M MUKPOKATIOPUMETPUH, YBETHYH-
BaeTCsl C YMEHBIIEHHEM MOJIeKyJsipHoii Maccel ¢ 31°C
(M =1.5-10"r-momb~1) mo 37.5°C (M = 21-10° r-moub—"),
4To 0coOeHHO 3aMeTHO npu u3yuennun PVCL c nHeOonbmmmu
MOJIEKYJISpHBIMH MaccaMu. Taxxke ycraHoBjeHo, uro PVCL,
kak 1 PNIPAA c 3apshkeHHBIME KOHIICBBIMH T'PYIIIaMU, 00pa-
3yeT npu Temmepatype Bbiiie HKTP crabuiibHble KOJTOUIHBIC
CYCIEH3UU; 3TO CBUACTEILCTBYET O THAPODIIHLHOM XapaKTepe Ux
noBepxHocTH. [1pu xaxymieMcs cxoacTBe (pa3oBbIX IEPEXOI0B B
PNIPAA u PVCL temnepaTypHas 3aBUCUMOCTb YIEJIbHOI Tem-
noemkoctr st PNIPAA B obiiactu dasoBoro nepexoia pe3ko
BO3pacTaet a0 6oJiee BuIcOkUX 3Havenuii (18 Ix-r—'-K~!) no
CPaBHEHUIO C aHaJOrM4YHOW 3aBucuMoctbhio s PVCL
(3 Mox-r—1-K~), Kk TOMy %e OHa pacupocTpaHsercs: B 00J1acTh
Oosiee BBICOKHX TemrepaTyp. Ilpm 3ToM m3MeHeHHEe OO0BeMa
BOJHOTO pacTBOpa, HabmromaemMoe npu (a3oBOM mepexoie,
Takke Ooibie B ciydyae PNIPAA. DTo cBUAETENBLCTBYET O
0oJbIIIeM KOJMYECTBE BOJBI, CBA3AHHON C YKa3aHHBIM IIOJIMMeE-
poM, TMO3TOMY [UJIsl pas3pyllieHHs] TUApATUPYIOLIEH 000JI0YKU
notpeOyeTcst GOJIbIIIe SHEPTUH U IPU 3TOM BBICBOOOIUTCS 6OJTb-
IIIee 9UCII0 MOJIEKYJT BoabL.%5 Ciabee ruapatuposanusii PVCL
nMeeT Oojiee Bblcokmii mo cpaBHeHmio ¢ PNIPAA mapamerp
®yropn —Xarrunca (y = 0.52, maiinen npu 20°C mis rugporesst
PVC, ciiuroro 6mc( N-BUHILTMIUPPOIMIOHOBBIM) peareHToM, 1%

Ry, M I, yc. en.
50 - 0.40
¢
48 - : . 0'35
o
sor ° 4030
44 b “— °
o 1 0.25
42 r ©
L] . . ] .°o““0"" 7020
40 | — %o
o
o 1 0.15
38+ °
o
o -
36 - ° ) 0.10
o
L % 4005
32 1 1 1 1 1 1 Y 0
24 25 26 27 28 29 30 31 32
T,°C
Puc. 6. TemmepaTypHble  3aBUCUMOCTH  THAPOJUHAMUYECKOTO

pamunyca xiyoxkoB PVCL (Ry) 1 uHTeHCHBHOCTH cBeTopaccestHust (1)
€ro BOJHOTO pacTBopa.®?
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OT KOJIMYECTBA MOHOMEDA).%® B 0T/IMYHE OT PE3KOr0 CHKATUS TS
PNIPAA mnpu NOBBILIEHUM TEeMIEpaTypbl (CM. pHC. 5), Teib
PVCL cxxumaeTcst IOCTENEHHO, YTO OTPAaXXaeTcsl Ha U3MEHEHUU
crenenn Habyxauus ot ~ 2 mipu 20°C 10 ~ 0.3 mpu 60°C.%¢ Boee
MOJIHOE THApaTHpOBaHUEe Makpomosiekysl PNIPAA u cBsizaHHBIE
€ 3TUM pe3kue (a3oBbIe IEPEX0IbI PACTBOPHMOTO MMOJINMEPA, TO-
BUAMMOMY, CTaJIM OJHON W3 NPHYMH IIUPOKUX MCCIECIOBAHUM
PNIPAA u B TOBEpXHOCTHO-IPUBUTOM COCTOSIHUH.

V. TemnepaTypHo-3aBHCHMbIE NEPeX0/IbI
B IOBEPXHOCTHO-NPUBUTHIX CMAPT-NOIMMEPAX:
(pU3NKO-XUMHYECKHE XaPAKTePHCTUKH

CucreMaTriecKoe MCClie[oBaHne KOH(GOPMAIIMOHBIX MEPEXO0B
noBepxHOCTHO-cBsizaHHOrO PNIPAA Hawamoch B 90-x rogax
MPOIILTOTO BeKa B CBSI3U C OOHAPYKEHHBIM BIIMSIHHEM 3THX TIepe-
XOJ/IOB Ha /€310, KYJIbTHBUPOBAHNE U BEICBOOOXKICHUE KJIETOK
KUBOTHBIX. 32~ 34 [I710CKHEe CTEKISTHHBIE INTACTUHKY MTOCJIeI0OBATE-
JIbHO 00pabaThIBaid pPAacTBOPAMM JUMETWIIUXJIOPCHIAHA U
comoyimMepa CTUpOJIa ¢ aMIHOMETIIICTHPoIoM (78 : 22 Mo %)
IUIS BBEJICHUSI B COCTAB HOCHUTENST aMHHOMETHJIBHBIX TPYIIIL.
ITocite 3TOro K MOIyYeHHON MOBEPXHOCTH XMMHUIECKHU MTPUCOE/IN-
Hsumm 6o PNIPAA ¢ KOHIEBOW KapOOKCHUJIBLHOM TIpyMIOi
(M = 13200 r-momab '), mu6o conomumep NIPAA u akpuioBoii
KucioThl (97 : 3 Mo1.%), B 060UX CiIyyasx B IPUCYTCTBHH BOJO-
pacTBOPUMOro KapOOIMMMHIA B KAaueCTBE KOHICHCHUPYIOILETO
pearenra.3?

CmaunBanne PNIPAA-MomudunupoBaHHBIX MOBEPXHOCTEH
BOJIOW HCCJICIOBAJIH, U3MEPSISl KPaeBbIe YIJIbl CMAYMBAHUS TPU
pasHbIX Temreparypax. I1ojydeHHbIe 3aBUCAMOCTH HACTYIAIO-
LIEr0 W OTCTYMAIOMIEr0 YIJIOB CMAYMBAHUS HPEICTABJICHBI HA
puc. 7. Kak BugHo, 00a cnoco0a NpHCOSIMHEHHS IMOJUMeEpa
OPUBOAUIIM K TOJIyYCHUIO MOBEPXHOCTH CO CMAavyMBaeMOCTBIO,
CUJIbHO 3aBUCSIIEH OT TemnepaTypbl B unTepBasie 20—-30°C, T.e.
HECKOJIbKO HIDKE TeMmepaTypbl (asoBoro mepexoma PNIPAA
(32°C). Ilo MHEHHIO aBTOPOB HACTOSIIETO 0030pa, CIIBUT TEMIIE-
patypsl KOHGOPMAIMOHHOTO IEPEX0/Ia MOBEPXHOCTHO-TIPUBH-
TBIX TIOJIUMEPOB OOBSICHSIETCSI X AACOPOIMOHHBIM B3aUMOIEH-

0, rpan cos
90 40
o I/
o 2 14 0.1
a3
4 0.2
75 +
4 0.3
404
60 =4 0.5
4 0.6
1 1
20 30 T,°C

Puc. 7. TemmepaTypHble 3aBUCHMOCTH HACTYNAIOIIUX YIJIOB CMaYH-
BaHHS TOBEPXHOCTEH, XuUMHUYeckd MoaubummpoBaHHBIX PNIPAA
IyTeM HMPUBUBKY 33 KOHLEBYIO rpymmy (/), MHOTOTOYEYHOTO CBSI3bI-
BaHUs (2), M OTCTYNAIOILETO yIja B CIy4ae MPUBUBKU 32 KOHIEBYIO

rpymmy (3).5!

CTBUEM C rUApo(GOOHBIM MOJICIOEM MOJHUCTHPOIIA, XapaKTepH-
3yrormmest yriiom eMmadnBanmst 80° (eM.®7). B ycioBusix oTHOCH-
TenpHO ciaboro rtunpatupoBanus PNIPAA (y = 0.45-0.5),
COOTBEeTCTBYIOIIEro Temuepatypam 25—30°C (cMm. puc. 5), mom-
Mep MOXET aJICOPOUPOBATHLCS HA MOJHUCTUPOJIE 3a CYET THAPO-
(hOOHBIX B3aMMOACHCTBHIA, TAK YTO JIJISI €F0 JeCOPOIUN HEOOXO0-
nuMmbl yeioBus y < 0.4, oTBevarolue 00Jiee OJTHOMY THIPATH-
poBanuro nenei u goctmwkumsbie npu 7 < 20°C.

OTMeTHM, YTO 3HAYCHUE HACTYIMAOIEro KpaeBoro yrjia cMa-
YUBAHUS «UyBCTBHTEIHHO» K HAJIMYUIO HA MIOBEPXHOCTH THAPO-
(oOHBIX PParMEeHTOB, @ OTCTYHAIOUIETO YIJla — FHAPOMIIILHBIX
bparmenToB,*® nosToMy oueHb ciabas TeMNepaTypHas 3aBUCH-
MOCTh OTCTYHAIOIIETO yriia (CM. puUC. 7) 0O3HAYAET IMPUCYTCTBUEC
THAPATHPOBAHHOTO IMOJIMMEpPa BO BCEM H3YYCHHOM HHTEPBAJIC
TeMIIepaTyp, 4TO COTJIACYeTCS C THAPO(UIBLHBIM XapaKTepoOM
cycnensuit PNIPAA soie HKTP.%5 C yueTom 3TOro0 Bospacra-
HHE HACTYNAIOIIEro yrja P HOBBIICHUN TEMIIEPATYPBI MOXHO
OOBSICHUTH B OCHOBHOM IOSIBJICHHEM OOHaXeHHUH THIpohoOHOTrO
HOJINICTUPOJIBLHOTO TOJCIIOSl B PE3yJIbTaTe NEPEOPHEHTALNHN U
arperamn nieneit PNIPAA. O6cyxnast pa3imuHbIil XapakTep
3aBUCUMOCTEN HA PUC. 7, aBTOPLI CTaThu ®7 cles1ain BBIBOJI, YTO
MHOTOTOYEYHOE TTpucoeanHenne conommepa NIPAA —axpuiio-
Basi KUCIIOTA 3aTOPMaKUBAET ACTHIPATAINIO TIOJUMEpPA U arpe-
TalyIo €ro Lemnei.

Ha mam B3risig, MOXXHO YaCTUYHO COIJIACUTBHCS JIUIIb CO
BTOPOM YacThIO 3TOTO YTBEpXkJIeHHUs. TeopeTHyeckoe paccMOT-
peHue ancopOuuy N30JIMPOBAHHON IENH IyTeM HeoOpaTUMOTro
CBSI3BIBAHMS CETMEHTOB IIPEJCKA3bIBAET €€ IOYTH MOJIHOE pac-
IUTACTBIBAHKME HA TBEPIOW MOBEPXHOCTH C 0OPa30BAHUEM HEKO-
TOPOTO KOJIMYECTBA KOPOTKHX METEND,* KOTOpbIE MAaJoINoI-
BIDKHBI, a IOTOMY HE MOABEPXKEHBI arperanun. B Oosee peasnm-
CTHUYHOW TOCTAAMMHON aJCOPOIMM MHOTHX ILIENei MakpoMoJie-
KyJIbl, aJCOPOMpPOBAaHHBIE HA MO3JHUX CTadusX, OOpa3yroT
GOJNBIINE MET/IM M «XBOCTBI», HEMOCPEICTBEHHO HE KOHTAKTH-
pyIOILHE C TBEPJIOi MOBEPXHOCTHIO, IJIOTHO IMOKPBITOH HEsIMH,
ancopOMpOBAaHHBIME Ha TIEPBBIX CTaaAnsIX. [Ipn 3TOM KOJIMYECTBO
JUTMHHBIX CETMEHTOB HEBEJIMKO M YMEHBIIIAETCS TPOTIOPIIMOHATTh-
Ho BesmunHe s~ /3, T e s — mumna netim.*® DT cerMeHTBI MOTYT
arperupoBaTh C KOPOTKHMH TETJsAMH. Hanmume peaxnmoHHO-
CHOCOOHBIX TPYII B METEIbHBIX W XBOCTOBBIX CETMEHTaX XeMO-
CcOpOMPOBAHHBIX ILENeH MOJIYYHIO 3KCHEpUMEHTAJIBbHOE IOM-
tBepxaenne.> 7% 71 T1o Bcel BUAMMOCTH, MHOTOTOYEYHOE CBS3bI-
BaHME IOJIUMepa MPHU XeMOCOPOIMU MPUBOAUT K OoJiee IIOT-
HOMY TOKPBITHIO TIOBEPXHOCTH, Ye€M IPUCOEIMHEHUE 32 KOHIIe-
BYIO I'PYIILY, U XapaKTePU3yeTCsl O PaHMYEHHO MOIBIKHOCTBIO
MpWIeKAIUX K HEH Ierneil, Tak 4To obOpaTuMoe OOHAXKEHUE
CyOMHKpPOMETPOBBIX Y4aCTKOB TUAPO(OOHOTO MOCIOs CTaHO-
BHTCSI MEHEe BEepOSITHBIM (puc. 8).

IIpn wm3ydyenun koHpopmammoHHBIX mepexogoB PNIPAA,
MPUBUTOIO Yepe3 KOHIIEBYIO IPYHIY IMyTeM (OTOUHUIUUPOBAH-
HOU MOJIMMEpH3aluy C HCIOJIb30BAHUEM HMHH(EPTEPOB, METO-
noM ACM Haiineno,”” 4To B pe3ysibTaTe TAKMX TEMIEPATYPHO-
3aBHCHMBIX IIEPEX0/I0B U3MEHSIOTCS KakK 3(h(eKTHBHAS TOJIIMHA
MPUBHATOTO MOJMMEPHOTO CJIOSI, TaK U €r0 MHKPOMEXaHIMYeCKHe
CBOMCTBA. DTO COTJACYETCA C pe3yNbTaTaMd MyOJIUKaIyul />,
aBTOPBI KOTOPOM HCCIIEMOBANIN TEMIIEPATYPHBIE 3aBUCHMOCTHU
MOMIyYJIst ynpyroct B ciadocmmthix reisix PNIPAA. B untep-
Baje Ttemmnepatyp 30-34°C mpu COIEpKAHMU CIIUBATENS
2.4 M011.% Moayab ynpyroctu pe3ko Bozpacrtan ot 10 xIla mo
~ 1 MlIla. ITpu conepxanuu cmmpatess 4.8 Moi.% yka3aHHbBII
Hepexo] ¥MMeJ MeCTO IpH Oojiee HHU3KHX TeMIeparypax
(24-30°C), mpmuem Monayib ynpyroctd gocturai ~ 10 MIla
npu T > 32°C.

B pa6ote 7* npusuBka PNIPAA Ha 30J10ThIe IIIACTUHKH ObLIA
OCYILIECTBJIEHA METOJIOM PAJIUKAIBHON MOJIUMEPU3ANNH C Tepe-
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Puc. 8. Cxema koH(OPMAIMOHHBIX HEPEXOJOB B CMAPT-MOJUMEPAX, XUMUYECKU aICOPOMPOBAHHBIX HA IOBEPXHOCTH (¢, b) M IPUBUTHIX Yepe3

KOHIIEBYIO rpymy (¢, d).

Bricokasi MOABMKHOCTh IPUBHUTHIX Lemnel (¢, d) U UX CIOCOOHOCTh K acCOLMAIMU JPYT C JAPYIOM CHOCOOCTBYIOT YaCTUYHOMY OOHAKCHHUIO
ruApoGoOHBIX (PArMEHTOB NOBEPXHOCTU HOCUTENSI NPHU MOBBIIICHHBIX TEMIEPATYPAaX U CO3AAIOT BO3MOXHOCTH TEPMOPErYJHPYEeMOii
ancopOrmu 6enkoB (¢). IToBepXHOCTHO-(DUKCHPOBAHHBIE CETMEHTHI IIETIel, CHUIBHO PACIUIACTAHHBIX B XEMOCOPOIMOHHBIX ciosix (a, b),
3aIMUINAIOT OEJIKM OT MPSIMOTO KOHTAKTa C HOCUTEJIEM, a KOH(pOpPMAIIMOHHbIE NePeXOabl PEAKUX [UIMHHBIX IIETEJIb U XBOCTOB, HAXOISIINXCS B
TeX XKe CJIOSIX, BIUSIOT Ha afcopOLuIo 0e1KoB B Masloii creneHu. KpyxkoM 0003HaUeHO PACIIONIOKEHHE MAKPOMOJIEKYJIbI OeJIKa.

HOocoM atoMa (ATRP) ¢ mosyueHneM ciioeB MPHUBUTOTO IOJIH-
Mepa TOJIIIMHON B HECKOJIBKO JIECITKOB HAHOMETpOB. [1oBepx-
HOCTHO-MHUIIMApOBaHHAas noymMepu3anus NIPAA nmpuBoauia k
00pa30BaHUIO TOJUMEPHBIX IIETOK. XapaKTepHOH ocoOeH-
HocTbio MeTto1a ATRP sBisieTcs: paBHOBecHe MeX/1y aKTHUBHOM
dopmoit  pacTylmmx MakKpoOpagMKajdoB M HX HEaKTHBHOU
(bopMoii — KapOOIEMHBIM MOJIUMEPOM, COIEPIKAIIUM KOHIIEBOM
aTOM TaJIoTeHa, IIPH TOM YTO PAaBHOBECHE CIIBUHYTO B CTOPOHY
HeakTHBHO# (opmel. [lom neiicTBHEM BOCCTAHABIIMBAFOIIETO
KOMIUIEKCA TEePEeXOMHOTO MeTayia (OOBIMHO OTHOBAJIEHTHOM
MeIIN) YKa3aHHBIA aJIKIJITAJIOTSHH] IPEBPAIIAETCS B PACTYLIHIA
MaKpOPaJAMKaI, JIETKO HEePEeXOIsIii 0OpaTHO B HEAKTHBHYIO
¢opmy.”> BeencTBue 3TOro, BO-HEPBHIX, Majid BEPOSTHOCTH
PEKOMOMHAIINY PAAUKAIIOB, U, BO-BTOPBIX, 00pa3yIoLIrecs M0JIU-
MEpHbIE [T UMEIOT IPUMEPHO OIMHAKOBYIO JIIMHY, IIOCKOJIbKY
pacTymme MakpopaauKajbl HePeXoasT U3 aKTUBHOU B HEAKTHB-
HyI0 GOpPMY C OAMHAKOBOM YacTOTOM. Bilaromaps aToMy nmosepx-
HOCTHO-MHUIIMAPOBAHHAS PaIMKAJIbHAS MOJIMMEPU3AIINS C Iiepe-
HOCOM aToMa OOBIYHO MPUBOIUT K 0Opa30BAHUIO OJTHOPOTHBIX
TOJIMMEPHBIX HIETOK C MAJIBIMH BApHAIMAMHE TOIUHEBL ¢ Wcce-
noBanue 1eTok PNIPAA meromom ACM B BOomHOHN cpene
MOKa3aj0 YMEHbIIIEHUE UX TOJIIIMHBI OT 29 10 11 HM Npu NOBBI-
LIEHUH TEMIEPATYPBI OT 25 1o 35°C.74

Awnanornunslit moaxon k cuatedy npusutoro PNIPAA mpu-
MEHEH JUIsl TMOJIyYeHHs! IIETOK C BapbHpPyeMOW MOJIEKYJISIPHOM
Maccoil M IUTOTHOCTBIO NMPHBUBKY IENeld Ha CTEKJISHHBIE IUIa-
CTUHKM C HANBUIEHHBIM cjioeM 30Ji0Ta.’’ TlosmMepHbIH Clloi
YTOJIIAJICS C YBEJIMYCHHEM KOJIMYECTBA MMMOOIMIN30BAHHOTO
adupa 6POMHU3OMACIITHON KUCIOTHl — UCTOYHUKA MHUAIMHPYIO-

LUX HOJIMMepH3anuio panukaios. [TyTem BapbupoBaHUS 3TOH
BEJIMYMHBI OBUIH MOJIYYEHBI MTOJIMMEPHBIE IIETKA C Pa3HOM TI0T-
HocThio mpuBuUBKH PNIPAA wm cpemHed miomaapio, IpUXO/Is-
mieiics Ha 1enb, oT 2.3 10 19 aM2. TTomMMepHBIe MIETKH PA3JINy-
"o TomHbI (0T 10 70 97 HM), OJTyUYeHHbIE IPU MAKCHUMAJTb-
HOW TUIOTHOCTM TPUBUBKHM, XapAaKTEPU30BAJIUCH Pa3HBIMU
yriaaMu cMauuBaHus — oT 66 10 83° npu 25°C. [1pu noBblieHUn
TemrnepaTypbl B obsiactu 29 —33°C Bce MpUBUTHIE CIIOU TTOKA3bI-
BaJIM CTYIIEHYATOE YBEJIMYEHHE YIJIa CMaulBaHus Bcero Ha 5—10°,
CBSI3aHHOE C JeTHapaTanueii M KOHGOPMAIMOHHBIMH IEPeXo-
namu B PNIPAA. To, 4TO TepMOUYYBCTBUTEILHOCTH MOKPBITHUS
ObLTa BBIpaXKCHa OTHOCHUTEJIBHO cjlabo (CM. IJIs1 CpaBHEHHS
puc. 7), MOXHO OOBSCHUTBH €ro BBICOKOW IJIOTHOCTBIO U OJTHO-
POAHOCTBIO, a CJIEIOBATEIbHO, MAJIOM JOCTYNHOCTBIO ajIKaH-
THOJIBHOT'O NOACJIOS /IS CMa4YUBAHUS BOJIOK.

CylILeCTBEHHBIE PA3/IM4YKs B MUKPOMEXaHUYECKOM U ar€31B-
HOM moBeneHnu metok PNIPAA mpu TemmepaTypax BhIIIe U
HIDKE TEMITEpAaTyphl (a30BOTO IEPeXoia 3TOTO MOJMMepa 3ape-
TUCTPUPOBAHBI MyTEM HM3MEPEHUS CHJI OTTAJKHUBAHHUS MEXKIY
mwiacTuakaMu ¢ npuBuTbiM PNIPAA u mapasienbHO pacmoJio-
KEHHBIMH TJIACTUHKAMHU CIIIOABI, T.€. METOJIOM IOBEPXHOCTHO-
cuitoBoit Mukpockonuu (puc. 9). Ilpu Temnepatype 26°C cuibl
OTTAJIKUBAHHUS BO3HUKAIOT HA  pacCTOSIHUSIX  ~ 250 HM,
COOTBETCTBYIOIIMX KOHTypHOW mmmHe wemeit PNIPAA
(M = 263000 - M0Jib~!) 1 HAMHOTO MPEBBIMIAOIIUX TOJIIIAHY
cyxoro mpuutToro ciost (125 aM). D10 ykas3plBaeT Ha 3HAYU-
TeJbHOE HaOyxaHMe TmojuMepa B Boae npu 26°C. [danbHeifmee
cOIKEHNE MapaliIeIbHbIX TTOBEPXHOCTEH MPUBOAMIO K TOCTe-
TICHHOMY YBEJIMUCHHIO CHJI OTTAJIKUBAHHS U K X PE3KOMY POCTY
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80 JeranbHOe HCCIeNOBaHUE CTPYKTYPhl MPUBUTOIO  CJIOS
° o 1 PNIPAA npoBesieHO B paboTe 33, MOCBSIIEHHON M3yYEHHIO KOH-
- 70 .2 (bOpPMAIMOHHBIX MEPEXOJAO0B B MPUBUTHIX CIOSIX METOJIOM OTpa-
> o JKeHUs1 HeUTPpOHOB. [IpUBUBOYHYIO TTOJUMEPHU3AIIIO HA TIOBEPX-
E 60 - ° HOCTH 30JIOTBIX IUTACTHHOK mpoBommmm mMetomoM ATRP. Ha
o TIEPBOM CTAIUU CHHTE3a MOJIyYasd CMEIIaHHbIE XeMOCOPOIHOH-
% 50 - ° HbIE MOHOCJION JoAekaHTHOoJa U 1 1-cynbdanmnynaekan-1-Tuona,
g o B3STHIX B BapbUPYEMBIX COOTHOIICHUSX, IPOBOJAMUIIN AIMIIAPO-
5 40 F * o BaHME CIUPTOBBIX I'PYII C HCIOJIb30BAHUEM OpOMAaHrUIpUAA
E 20 L °o 2-OpOMINpPONMOHOBOM KHCJIOTBI, a 3aTeM IMOJUMEPU3AINIO
g o NIPAA B npucyrcreum katajmmsatopa u CuBr. B pesymbrarte
5 20 L . ObuM TOJTyueHBI mpuBHTHIE ciiom PNIPAA ¢ mounexynsipHOi
o maccoit ot 13-103 mo 230-103 r-Moap~! ¥ MIOTHOCTHIO NpH-
0 L . ° BuBkH oT 0.01 mo 0.54 nenu Ha 1 HM? WM, COOTBETCTBEHHO, CO
N © o CpeIHeil WIOmAAbI0, IPUXOIAIIeca Ha Ienb, oT 100 go 1.9 am?
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Paccrosaue, HM

Puc. 9. 3aBucumMocTu cuit oTTasKuBaHus Mexay metkoid PNIPAA u
NapauIeIbHO PACIIOJIOKEHHON IUIACTUHKOM CIIFOABI OT PACCTOSIHHS
Mesx Iy aumu ripu 26 (1), 36°C (2).77

Ha paccrosHusx ~ 120 um. Ilpu Ttemmnepatype 36°C xapakrtep
3aBUCUMOCTHU CUJI OTTAJIKMUBAHUS OT PACCTOSAHUA MEXAY IjIa-
CTUHKAMHM TPUHIMITHATILHO UHOU (CM. puc. 9): OHU MaJio BbIpa-
JKeHbI Ha pacTosiHUsIX 120—250 HM, HO OYEHb PE3KO BO3PACTAIOT
Ha paccTosHUSIX < 105 HM. DTO BBI3BAHO TEM, 4TO IPUBHUTOMN
MOJIMMEp ACTHIPATUPOBAH, HUMEET KOMIIAKTHYIO CTPYKTYpY,
KOJIMYECTBO CETMEHTOB, KCIIOHMPOBAHHBIX B PACTBOP 3a Ipe-
JleJTbl JAHHON KOMITAKTHON CTPYKTYPBI, HEBEJIHKO, IOATOMY OHH
HE OKa3bIBAIOT CONPOTHBJIEHUS COJIMKEHHIO IUtacTUHOK. Ilpu
JTaJIbHEHIIIEM YMEHBIIICHUH PACCTOSHUS COMPUKOCHOBEHUE CITIO-
JISTHOM IIJTACTUHKH C IUIOTHBIM CJIO€M KOJUTAIICHPOBAHHOT O TIOJIH-
Mepa CONPOBOXKIACTCS PE3KO HapacTAIOIIMM OTTaJKHBAHHEM.
ONuCaHHBIA SKCIIEPUMEHT OBbLT MPOBENIEH IPU MaKCHUMATbHOU
mwiotHocTu npuBuBKH PNIPAA u cpenneit miomaam, Tpuxois-
Iieiics Ha 1eMb, 2.3 HM2, YTO COOTBETCTBYET G X 5.

Cxatue npuButoro ciosi PNIPAA npu nmoBbIlIEeHUH TEMITE-
patypbl oT 17 no 37°C perucTpupoBad ¥ METOJIOM 3JUIMIICO-
METpUM B BoAHOU cpeze.’® ToMuumHa cliost HOCTENEHHO YMEHb-
majiack ot 83 1o 50 HM 0e3 pe3Koro ckavka Mpu TemmepaType
(azosoro nepexona pacresopumoro PNIPAA (32°C). Ipu cuu-
JKEHHH TeMIIepaTypbl HaOJIIOaIoCh OOpaTHMOe YBEJIHYeHHE
TOJIIIMHBI TPUBHTOTO cJiosl. [loJrydyeHHBIE Pe3yJIbTAThI COOTBET-
CTBYIOT TpEACKAa3aHUSM TEOpUH, PACCMOTPEHHBIX B pado-
Tax >4 00 yIIMpeHun TeMIepaTypPHOrO HATEPBaAa KOHpOpMA-
[IMOHHBIX MEPEXO0B B CIOSIX MPUBUTHIX MOJUMEPOB C B3aUMO-
JIeHCTBYIOLIMMH ITensiMU. Bostee TOro, n3MeHeHne TOIILUHBI CIIOS
B 1.5-2.5 pasa, maiimennoe B pabortax’’>7%, comocraBumo ¢
NpeICKa3aHUSAME PACYETOB ! [JIs BLICOKOM IJIOTHOCTHU IPUBUBKH
Heneif, XOTsT W HECKOJIbKO HWKE TEOPSTHYCCKUX 3HAUYCHMIA:
coctosiHus cucteMsbl ¢ y = 0.45 u 0.9 npu ¢ = 5 onucelBaroTCA
BesmmunHamu H/L = 0.5210.17, pacCUUTaHHBIMA IO YPaBHEHASIM
(11) m (13), T.€. COOTBETCTBYIOT M3MEHEHHIO TOJIIIIHBI TIOJIUMED-
HOTr'O CJIosI B ~3 pasa. 31ech ClieAyeT NPUHSATh BO BHUMAHHUE
clieayoliee: Bo-nepBbIx, Bbipaxenus (11) u (13) HocsT npubu-
3UTEJIbHBIA XapaKTep, U, BO-BTOPbIX, PEAJIbHBIE CUCTEMBI Xapak-
TEPU3YIOTCS IIUPOKUMHU BapualUsiMu 3HaueHuidl ¢ u H/L , 4To
MOJXeT OBbITh MPUYNHON YKa3aHHBIX OTKJIOHEeHUH. Kak oTMeueHO
BBIIIE, CHJIbI OTTAJIKUBAHUS, 3aPErMCTPUPOBAHHbBIE B padoTe 7,
BO3HHKAJIA HA PACCTOSIHUSX, PABHBIX KOHTYPHOUW JJIMHE IIETCH,
T.e. MHOTHE IIENH HAXOUIACh B TPEHCIbHO BBITSHYTHIX (WJIH
OJIM3KUX K HUM) KOH(pOpMaIusx.

(puc. 10), 9TO COOTBETCTBYET MpeacKa3anusiM Teopun.>? [1oBbI-
menue Temnepatypsl B obiactu HKTP nosm(N-uzonponui-
aKpIJIaMHJa) MPUBOIUT K JETUAPATAINHA MOJIMMEpPa, ero KOH-
(hopManmOHHOMY HEPEeXoay U CKATHIO IPUBHATOTO CJIOSI.

CymMupyst CKa3aHHOE BBIIIIE, MOXXHO 3aKJIIOYATH, 4TO TEPMO-
YYBCTBUTEILHOCTH NPUBUTHIX cioeB PNIPAA, ucciieqoBanHas ¢
HCTIOJIb30BAHUEM IIMPOKOTr0 HaO0Opa HU3UKO-XUMHIECKUX METO-
JO0B, XapaKTCPUBYETCA CXKATHUEM ITUX CJIOEB, INMOBBILNICHUEM HUX
KECTKOCTH U YXy[IIIEHHEM CMAauylMBaeMOCTH, IMPOUCXOJALINMY C
YBEJIMYECHHEM TeMIepaTypsl B uHTepBase, Oym3kom k HKTP
cBOOOAHOTO MOJIMMepa. XapaKTepHO, YTO HanboJee IIOTHBIE U
OMHOPOAHBIE CJIOM TPUBHUTHIX MOJHMEPOB AEMOHCTPHPYIOT
HaUMeHee pe3KHe HM3MEHEHUsl IOBEPXHOCTHBIX CBOWCTB, BO3-
MOXHO, B CBSI3U C 00JIee MIOJTHBIM 3KPaHUPOBAHUEM IIOBEPXHOCTH
TBepbIX HocuTenel. [loaToMy, nmpexe yeM MepexoauThb K pac-
CMOTPEHHIO B3aUMOJEUCTBUIl IMPUBUTHIX MOJIUMEPHBIX CJIOEB C
GenmkamMu, OOpaTHM elle pa3 BHHMaHHE Ha BO3MOXHYIO pOJIb
OPraHOCHUJIAHOBBIX UJIM AJIKAHTHOJIBHBIX HOJCJIOEB KaK B 9THUX
B3aMMOJICUCTBHSX, TaK M B MEXaHH3ME TeMIIepaTypHO-3aBUCH-
MBIX Tiepexo0B puBuToro PNIPAA.

Brimsame cocTaBa opraHOCHIAHOBOTO MOJCIIOS HA TEMIIEpa-
TYpHBIE 3aBUCHMOCTH YTJIOB CMA4MBAHHS IUIOCKUX MOBEPXHOC-
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Puc. 10. O6bemuas nosst PNIPAA (M = 230103 r-moub '), npu-
BUTOI'O Ha 30JI0TYIO IUIACTHHKY, KaK (DYHKIMSI PACCTOSIHUS OT TIOBEPX-
HOCTH TIpu TIoTHOCTH npuBuBKA 0.08 mermm Ha 1 Bm? (12.5 aM? Ha
nenk, ¢ & 27) npu temnepatypax 20 (1) u 39°C (2).3
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Tell, Hecymx npusutoir PNIPAA, usyueno B padote 7. Kpem-
HHUEBbIC IJIACTHHKA OJHOBPEMEHHO XUMHUYECKH MOIUPHIUPO-
B (3-aMUHONPOMII)TPUMETOKCUCUIIAHOM W TPUMETOKCH-
CIUTIJIBHBIM PEAreHTOM, COJIEpXKAIIUM THApoQoOHBIN epdTop-
AIIKAJBHBIA 3aMecTHTeb. [lociie anmmImpoBaHHs aMUHOIPO-
MUJIBHBIX TPYIIT OpOMAHTUAPUAOM OPOMU30OMACIISIHON KHCIOTHI
W TPOBEJICHUS IPUBUBOYHOM nosmmmepu3anud NIPAA mo mexa-
Hu3My ATRP aBTopsl mosyunmsim HaOOp HOcCHTEseld ¢ pa3HOU
MHKPO- U HAHOTETEPOTCHHOCTBIO MOBEPXHOCTH, 3aBUCSINECH OT
COOTHOIICHUST CHIMJIUPYIOIIMX peareHToB. Bompekn oxuma-
HUsIM, ObLTO HAWJIEHO, YTO YIJIbI CMAYMBAHMS Y TTOBEPXHOCTEH,
COZIEpPKAINX OTHOCHTEILHO HEOOIIBIIIOE KOJIMYECTBO nepdTopu-
pOBaHHOTO MOIUGHUKATOPA, OKA3BIBAKOTCS MEHBIIE, YeM Y
noBepxHocTel, Hecynmx PNIPAA B oTcyTcTBHe 3TOr0 Moaudu-
katopa. [Ipu 3ToM TemnepaTypHas 3aBUCUMOCTb YIJIa CMa4nBa-
HHS OKa3ajlach B IIEPBOM cllydyae ropaszio 0osiee CUJIBbHOI: yroJ
cMavMBaHUs U3MeHsIcs 0oJiee ueM Ha 50° 1 Bcero Jidiub Ha 25° B
OTCYTCTBUE MOIU(UKaTOpa. XapakTepHO, YTO, KaK U B padboTe '8,
koH(popmanmonnslil nepexox npusutoro PNIPAA npoucxomun
B JIOBOJILHO IIMPOKOM MHTEpBaJe Temrepatyp — ot 25 o 40°C.
OOBsICHSISI TIOJTyYEHHBIE PE3YJIbTATHI, aABTOPBI MPEIIOTIOKIIIA,
YTO B MPUCYTCTBHU MoaupukaTopa npuButoit PNIPAA opuen-
THPYETCsl HA TIOBEPXHOCTHU 3a CYET ACCONMAINU TUAPOGHOOHBIX
(parmentoB nenu PNIPAA ¢ nepdTopaIkuibHBIME IpYyNIIaMu,
[P 3TOM MOJISIPHBIE AMUIHBIC TPYIILI SKCIIOHUPYIOTCST B BOJI-
Hy!0 ¢a3y. [Ipu MOBBIIICHUN TeMIEPATYPbl KOHPOPMAITHOHHBIN
nepexos PNIPAA compoBoxaaeTcst accolManuei nerneit mpusu-
TOTO MOJIMMEPA MEXIY COOO0W M YACTHYHBIM OOHaKCHUEM BBICO-
KoruapooOHOTO MOICIOS, AaHAJIOTUIYHO TOMY, KaK IMIOKa3aHO Ha
puc. 4 u B BuIe cxeMbl Ha puc. 8(¢,d). DTO sIBJICHUE ClEayeT
YYUTBIBATH TIPU pACCMOTpPEeHUH aacopOuuu 6emkoB Ha PNIPAA-
co/iepKallie MOBEPXHOCTH, IOCKOJIbKY CBSI3bIBAHUE OCJIKOB TEO-
PETUUYECKHA MOJXET MPOUCXOJMTh KaK HAa CETMEHTAX MPUBUTOIO
nerunpatupoBanHoro PNIPAA, tak u Ha runpodpoOHOM MOI-
cioe, nogo0HO ajgcopOnum Ha 0oOpaIneHHO-(a30BBIX AJKUJICH-
JIMJTBHBIX WJIH TIEpPTOPATKIILHEIX 50 copbenTax.

VI. TemnepatypHo-3aBiUCHMbIE NEPEXO/IbI
B CHIMTBIX 1 OBEPXHOCTHO-MPUBUTHIX CMAPT-
noJiMMepax M MX B3aHMO/IelicTBHE ¢ OeIKaMu

BzaumopeiicTBie CHHTETHYECKUX MOJMMEPOB C OEJIKaMH CTaJIo
MPEMETOM CUCTEMATUYECKUX HCCIIeI0OBaHMi yxe B 80-x romax
HpPOIJIOTO BeKa B CBSI3M C pa3paboOTKOil OMoMaTepuajioB H
UMIUIAaHTaTOB. OJHA W3 BAXHBIX NPAKTHYCCKUX IIEJed ITHUX
paboT 3akiroyaniach B CO3JaHHU MATEPUAJIOB C MUHUMAILHOM
aJICOPOIIMOHHON aKTUBHOCTBIO (BBICOKOH WHEPTHOCTBIO WA
PE3UCTEeHTHOCTBIO) B OTHOIIIEHUH IIMPOKOTr0o Habopa OHMOIoIu-
MEpOB, B MEPBYIO ouepeb OeskoB. '1aBHOE yciaoBue ancopo-
OUOHHOM  PE3UCTEHTHOCTM  —  OTCYTCTBHE  CHJIBHBIX
B3aMMOJICUCTBHUN MEXy MOJIEKyJIaMU OEJIKOB M MOBEPXHOCTHIO
CHHTETHYECKOT'O MaTepuasa B (pU3MOJIOTHIeCKOil cpee. DJIeKT-
POHEUTPATILHOCTD MOJIMMEPOB MO3BOJISICT UCKJIFOUYUTH HOHHBIC
B3aUMOJICUCTBUS, a MOJISIPHOCTH (DYHKIIMOHAJIBHBIX TPYMI —
MOBBICUTh CMAaYMBAaeMOCTb MaTepualia BOAOU, T.e. €ro THAPO-
(PUIBHOCTb, ¥ TaKMM OOpa30M CHHU3UTH CBOOOJIHYIO 3HEPTHUIO
MOBEPXHOCTU pazfena (a3 MOJMMep/pacTBOp Kak ABHKYIIYIO
CHJTy aJIcopOLuM pacTBOPEHHBIX OPraHMYEcKUX BerecTB. [Iis
crpaBku: cBOOOHAs SHeprus pasnena (a3 moimmep/Boaa
coctaByigeT Bcero 3.7 w 3.1 Mk M2 COOTBETCTBEHHO IS
[EJUTIOJIO3bI M TOJIMBUHIJIOBOTO CIIUPTA, B TO BpeMs Kak s
MOJIMATHJIEHA M HEWJOHAa OHAa paBHA COOTBETCTBEHHO 53 M
42 mJIx-m~2 (cm.8!). Amcopbumsi GBIYBETO CHIBOPOTOYHOTO
anpOymmHa n3 QocdatHoro Oydeprnoro pacrsopa (pH 7.4) Ha
TIOBEPXHOCTH PA3IUYHBIX 3JEKTPOHEHTPAIBHBIX OPTraHUYECKUX

MaTepHalioB CYIIECTBEHHO BO3PACTaeT C YBEJIMYEHHEM CBOOO/I-
HOi osHeprum pasgena  (as.8? Jlng psga  HeHTpajbHBIX
oJImMepoB — TedJIioHa, HelJIoHa, HOJMBHHIIXJIOpUIA — OOHA-
PYXXECHBI aHAJOTMYHBIC 3aBHCHMOCTH aJICOPOIMH  JIPYTHX
0EJIKOB — CHIBOPOTOYHOTO aJbOYMHHA YeJIOBEKa, MMMYHOTJIO-
6ymuoB IgG n IgM, an-maxporiao6ynuna,® a Takxe 11 Guopu-
Horena.’* Vka3aHHBIE 3aKOHOMEPHOCTH B LEJOM MHOJYYMIIN
MOATBEPXKACHUE, XOTS, HapuMep, agcopouus [gG Ha noucTu-
pOJT ¥ TOJUIUMETHJICUIOKCAH YMEHBIIATACh CO CHU)KEHUEM
CMavuBaeMOCTH MaTepHajia, YTO MOIJIO OBITh CBSI3aHO C PAa3JIM-
HOM IIEPOXOBATOCTHIO MOBEPXHOCTH HOCHTEJIEH. 8

[IpuBHUTON NOJMATHIICHOKCU — OJIUH U3 HanboJiee N3ydeH-
HBIX a7ICOPONMOHHO-PE3UCTCHTHBIX CHHTETHYECKUX OJUMEPOB,
XOPpOIIIO THAPATUPYETCS B BOIHBIX Cpeldax M XapaKTepU3yeTcs
BBICOKON TMOKOCTBIO M MOABMKHOCTBIO MOJIMMEpHON ienu. He
YIJIyOJIsIsICh B I€TAJIM MOJICKYJISIPHBIX MEXaHU3MOB aCOPOINOH-
HOM PpE3UCTEHTHOCTHU, CTaBIIEH MPEAMETOM TEOPETUYECKUX
uccnenosannii 887 u oxUBIEHHBIX AUCKYCCHI,3® oTMETHM, YTO
u nedopmarnus rupaTHoi o6osiouku PEO, u orpanuyenue ynca
BO3MOXHBIX KOH(pOpMANUil OJUMEPHON IIeNH MPH KOHTAKTE C
GEJIKOBBLIMHA MOJIEKYJIAMH CIIOCOOHBI BHI3BIBATH OTTAJIKMBaHUE. 58
KonxypenTtHas ancopOmus cermMeHToB npusutoro PEO Ha mpu-
JISKAIUX y4acTKaxX TBEPIOH MOBEPXHOCTHU TAKKE MPEMSTCTBYET
afncopOImy GEJIKOB, IPX HTOM BAXHYIO POJIb HT'PAIOT KAK JJIMHA
Heneil, Tak ¥ WIOTHOCTL ux npusuBku.’” CormacHo teopun,d’
BBICOKasI IUIOTHOCTH IIPUBUBKY obecrieunBaeT 60Jiee HU3KUE PaB-
HOBECHBIE KOJIMYECTBA a1COPOMPOBAHHOTO OeJIKa, B TO BpeMsI KaK
JUTMHHBIE CETMEHTBI, SKCIIOHNPOBAHHBIE B PACTBOP, CYILIECTBEHHO
3aMEJIJISIIOT CKOPOCTh aJICOPOIHMU. DKCIEPUMEHTABHO TOKa-
3aHO, YTO MHOTHE IIETOYHBIE W XEMOCOPOIIMOHHBIE MOKPBITUS
Ha ocHoBe PEO !-%89 y npyrux HeHTpanbHBIX BOJOPACTBOPHMBIX
nomuMepoB  (mekcTpanos,’® N-3aMelIEHHBIX IIOJIHAKPUIAMH-
108 - °1) neHCTBUTENLHO 0OIANAIOT BEICOKON PE3UCTEHTHOCTBIO,
4TO CHIDKAET aJCcopOLuI0 OEJIKOB Ha TBEpAble HOCHUTEIH B
JIECSTKY pa3.

C y4eTOM CKa3aHHOTO MOXHO OBLIO OBl 0XKUAATh, YTO JCTH-
JpaTanus cMapT-NOJUMEPOB Ipu TeMnepaTypax Bbime HKTP
MPUBENIET K YBEJMUYCHUIO MX aJICOPOIMOHHONW CIIOCOOHOCTH TO
OTHOIIICHUIO K OpTraHMYeCKUM BeIIeCTBaM, BKJIrouasi Oexm. Ha
caMOM Jelie OTBET Ha BOIPOC O TOM, CIOCOOHBI JH O€NKH
CBSI3BIBATHCS CO CMAPT-TMOJUMEPAMU, HAXOISIIIMUCS B IeTUApA-
THPOBAHHOM HEPACTBOPUMOM (J1JIs1 TeJIeH 1 YaCTHIL) HJTU KOJIJIal-
CHPOBAaHHOM COCTOSIHUM (IUIsl TNIPUBHUTBLIX IleNeil), ocTraeTcs He
BIIOJIHE OJIHO3HAYHBIM. MBaHOB ¢ coaBT.”? u He3aBucUMO Jlak-
XHapHu ¢ COaBT.”> MCCIENI0BAIM XPOMATOrPaUIO CTAHIAPTHBIX
GeskoB  (JIM30IMMa, MMMYHOrJI00YMHa, > anbbymuna *3) Ha
TOPUCTOM CTEKJIE WIH CHIIUKATEJIEe, IOKPBITOM XeMOCOPOUpPOBaH-
HBIMH comojimMepamu Ha ocHoBe NIPAA u mpumum k BeIBOIY,
4TO ACTUApATAIMS U KOHPOPMAIMOHHBIN MEpexo] MPUBHUTOTO
MOoJIMMEpa BIIMSIOT HA aACOpOIUI0 OeIKOB JIUIIL B HEOOJIbIION
CTC€HIEHHU, IIPU TOM YTO BbIXO/J HAHCCCHHBIX HA KOJIOHKY 6@.]'[[(03
6JIM30K K KOJIMYECTBEHHOMY, a JJIIOMPOBAHME IPOMCXOJIUT C
MaJIBIM YAEPKUBAHUEM, MPOXOISIIIM 4Yepe3 MaKCHMyM OKOJIO
35°C, 1.e. uyts Boiie HKTP pacrsopumoro PNIPAA.? Bos-
MOHO, aJICOPOIMOHHAS] PE3UCTEHTHOCTh YKAa3aHHBIX HOCHTEIICH
00YyCIIOBJICHA OCOOCHHOCTSIMH CTPYKTYPBI XeMOCOPOIMOHBIX
CJIOEB MOJUMEPOB-MOIU(PUKATOPOB (CM. puc. 8,a,b), T.e. TIOT-
HBIM TIOKPBITUEM HOcHUTeNs comonuMepoM NIPAA %2 conepxa-
IIUM peAKHe MEeTIM M XBOCTHI, NMEPEXOAbl KOTOPHIX HE OYEHb
CUJIbHO BJIUSIFOT Ha aJCOPOIUIO OEJIKOB.

Pabota®* mocesiena BIUSAHHIO TUAPOPOOHO-TUIPOPGIIL-
HOro OajlaHca B MOJIEKYJIaX aMIHOKHCIIOT Ha MX B3aMO/IeHCTBHE
crensmu PNIPAA. YcranoBiieHO, 4T0 acOpOIUs aAMIHOKUCIIOT
¢ ruapohoOHBIMU OOKOBBIMH IIEMSIMH, TAKUX KaK BAJIMH W JIeH-
IIH, BO3PACTAET NpH Iepexoje k temmepatypam Boire HKTP
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HAMHOT'O CUJIbHEE, YeM B Citydae 060Jiee TUAPOPUITBHBIX Ty TAMHE-
HOBOW M acmapardHOBOW KHUCJIOT, MO-BHIMMOMY, H3-3a OoJiee
BBIPAKEHHOTO THAPO(POOHOr0 B3aUMOJICUCTBUS MEPBBIX C JCTH-
npatupoBaHHbME cerMeHTaMu PNIPAA. B mporecce xpomaTto-
rpadu CTEPOMAHBIX TOPMOHOB HA CHJIMKArelie ¢ MPHUBHUTHIM
PNIPAA yaepxuBanue ruapodoOHOT0 TeCTOCTepOHA ObLIO
3HAYUTEJIbHO CHJIbHEE, YeM yIepKUBaHHUE 0osiee THAPOPUIBHOTO
rUAPOKOPTH30HA,>® kak Hmke, Tak u Bbime HKTP. ABTopsI
paboTel 7 HCCNIEIOBAI U30TEPMBI aICOPOIUH OLIMLETO aNbLOy-
MMHA, OBaJbOYMHHA U JIM30IIMMAa HA MHKPOYACTHUIAX CIIUTOTO
PNIPAA. Ha mukpouacturax B Habyximem coctostaun (25°C)
copOUpPOBAJIOCH 3aMETHO OOJIbIIIEE KOJIMYECTBO OCJIKOB HA €JU-
HUIly MacChl CyXOro TOJIMMEpa, YeM Ha TeX XXE YacTUlax B
KOJIJTATICHPOBAHHOM cocTosiHn: npu 37°C, mpuyeM BO BTOPOM
ciiydyae pasjiMuue CoJIepKaHui aacopOUpPOBAHHBIX OCJIKOB OBLIO
HEe3HAYUTEIbHBIM. B TO >Xe Bpems mpu mepecuere KOJIMYECTBa
aJcOpOMPOBAHHOTO JIM30LIMMA HA EIMHHIYY MAacChl BIIAXKHBIX
rejieil KOHIEHTPAWsl aJcOPOMPOBAHHOTO OeJika B KOJUIANICHPO-
BaHHOM reJie OKa3biBajach B 1.5—2.5 pasa Bbliie. ABTOPHI I0JIa-
TarT, YTO NMPUYUHA ITOr0 — TUAPODHOOHOE B3aMMOICUCTBHUEC
OeJlka C IETHAPATUPOBAHHBIM IOJMMEPOM; B JTaHHOM CIIydae
aJICOPOIMOHHBIE IIEHTPHI JIOKAIA30BAHBI B OCHOBHOM Ha MOBEPX-
HOCTH MUKPOYACTHII, B OTJIMYME OT HAOYXIINX reyieil, BHyTpeH-
HUN 00BEM KOTOPBIX B OOJIbIIIECH CTENEHHU JOCTYIEH JJIs OEJIKO-
BBIX MOJIeKYJI. OueBUIHO, YTO U3-3a 3 (PEKTOB OOBEMHOTO CKa-
THSI CTPOTasi HHTEPIIPETAINS OJTYYSHHBIX aJICOPOIMOHHBIX JTaH-
HBIX 3aTPY/THCHA.

AHaM3 KaTaJIUTHYECKOW aKTHBHOCTH HEKOTOPBIX (epMeH-
TOB, IMMOOWJIN30BAHHBIX B TeJI CMAPT-MOJIAMEPOB, IPEACTAB-
JISeT MHTepec KaK HEe3aBHCUMBII SKCHEPHMEHTAIBHBI METO.
MCCIIEIOBAHMS KYMHBIX» MOJUMEPOB. B pabote °° nmpu nzyuenun
CBOWCTB XHMOTPHIICHHA, BKJIIOYeHHOTO B resib PNIPAA, mpu
TeMIepaTypax HUXKE U BbIIIE TeMIepaTypsl (a30BOro mepexoaa
3TOr0 NoJIMMeEpPa HAOJIIOAaIM 00PATUMOE CHIDKEHUE KAaTa TUTHYE-
CKOIl aKTUBHOCTU XMMOTPHIICKHHA B 2—5 pa3 B TeMIEpATypPHOM
untepBaie 30—-50°C. Ha ocHoBaHUM aHa/IM3a 3aBUCUMOCTEH
KaTaJIMTUYECKON aKTUBHOCTH OT COJIepKaHMs (pepMEHTa B TeJie,
a TaKXe pe3yJIbTATOB IKCIIEPUMEHTOB ¢ HEOOPATUMBIM MHAKTH-
BaTOPOM MPOTENHA3 OBLIN HCKIIFOUECHBI IPEANOIOKEHHS O BIIHSI-
HuU TUGQPY3UOHHBIX 3aTPYIHEHUN 11 MOJIEKYJ cybcTparta, a
TakXe O CTEPUUYECKUX 3aTPYIHEHUSIX [JISl €T0 B3aMMOAEHCTBHS C
aKTHUBHBIM IEHTPOM (¢epMeHTa. AJIEKBATHBIM OOBSICHCHUEM
MOXET OBITh JINIIIb HecTelM(UuIeckasi acCoMaius XUMOTPHUII-
cuHa ¢ AerunpatupoBaHHbiME nenisiMu PNIPAA, npuBosimas k
YaCTHYHOU 0OpaTUMON MHAKTHBAIMH depMeHTa. [Toxoxue Tem-
epaTypHbIE 3aBUCHMOCTH OBLJIH MOJIYYESHBI U IIPU KIMMOOIIIH3A-
man  (epmenta ypeasnl.”’ B pabore®® wm3ywema copOuus
CBIBOPOTOYHOTO albOyMuHa B 4acTumax cimroro PNIPAA, a
TaKkKe B aHAJOTWYHBIX YACTHUIAX, COACPKAIIMX MOJIOXKUTEIHHO
3apsUKEHHBIE B YCIIOBHSIX SKCIIEPUMEHTA TPETUYHBIC  YeTBEPTHY-
Hble aJIKWIaMUHOTpynnbl. Ha HeHTpasbHBIX YacTUIIaX OeJIOK He
ancobupoBasicss Hn npu 25, Hu npu 40°C, B TO Bpems Kak
AQHHOHOOOMEHHBIE 4YacTHIBI ObLIM  OoJiee  aacopOUMOHHO
AaKTHUBHBI, IpudeM Inpu Temmepatype 25°C ancopOmusi ObLia
Boine, yeM mpu 40°C, 4To OOBSICHEHO CXKATHUEM YACTHIl TPU
TIOBBIIICHHON TEMIIEpATYpe U MEHBIIEH TOCTYMTHOCTHIO UX TIOP.

Ha ocHoBaHMM TpPHBEICHHBIX IaHHBIX MOXHO 3aKJIFOYUTh,
4TO Nepexo] MHOBEPXHOCTHO-NPUBUTBHIX WM CIIATHIX Lenel
PNIPAA w3 ruipaTupOBaHHOTO B IETUAPATUPOBAHHOE COCTOSI-
HUE, KaK MPABUJIO, IPUBOIUT JIUIIb K HEOOIBIIIOMY YCUJICHHUEO UX
aJICOPOIMOHHBIX B3aUMOJCUCTBUI ¢ OeIkaMd, a B HEKOTOPBIX
CydasiX HE NMPHUBOJUT BOBCE, B OTJIMYAE OT AMHHOKHCIOT H
CTEpOUAOB. DTO MOXHO OOBSCHUTHL TeM, 4YTO THAPO(HOOHBIC
TPYNIBI B O€JIKaX B OCHOBHOM JIOKAJIM30BaHbI BHYTPH MaKpOMO-
JIEKYJI ¥ IOTOMY MEHee TOCTYIHBI. XapaKTepHO, YTO CyLLECTBEH-

HOE YCHJICHVWE ITHX B3aMMOJECUCTBHI C MOBBIIICHHEM TeMIlepa-
TYpBI OBLIO JTOCTUTHYTO IPH UCMOJIB30BaHNU BMecTO PNIPAA
conommmepa NIPAA u 6Gojee rumpopoOHOrO MoHOMEpa —
oyrmimerakpmiata (BMA) — B kauecTBe XUMHYECKOTO MOJIH-
(buxaTopa MOBEPXHOCTH cUIMKaresns.>® Bepime ObLIO OTMEYEHO,
YTO HaJIN4Ue TUAPOPOOHBIX TPYII B COCTABE OPTraHOCUIIAHOBBIX
MOZCIIOEB MOXET CHJIBHO BIHMSTh HA CMayMBAEMOCTH ITOBEPX-
HOCTH, XUMHYeCKH Mo quuiupoBannoit PNIPAA,” u Ha xapak-
Tep ee TeMnepaTypHoil 3aBucumoctu. [1o-Buaumomy, npu Bee-
Huu BMA B coctaB cMapT-nosimMepa nposiBJIsSeTCsl aHAJIOTUIHOE
BIIMSIHUE, YTO J1aeT BO3MOXHOCTH IIyT€M HM3MEHEeHUsl TeMIepa-
TYpsl B OOJIbINIEH Mepe KOHTPOJIUPOBATH CBOOOIHYIO JHEPTHUIO
TIOBEPXHOCTH U CBS3aHHYIO C HEll aICOPOIMOHHYIO CITIOCOOHOCTD
0eJIKOB.

OpnHolt M3 HauboJiee NUTHPYEMBIX NYOJUKAIMNA, KOTOPbIE
JIEMOHCTPUPYIOT BO3MOXHOCTh TEMIIEPATYPHO-YIPABISEMOM
ancopOuuu u AecopOuuy OeIKOB Ha MOBEPXHOCTH C MPUBUTHIM
PNIPAA, crana cratbs !!. ABTOpBI 3T0ii pabOTHI OCYILECTBUIIN
xumuueckyro mpuBuBky PNIPAA Ha mNOBEpXHOCTH MUKPO-
(ronIHON CXeMBbl, HeCyllel aJIKaHTHOJIbHBIE TPYIIIEL, 32 CYET
a¢dekTa mepeHoca Ha HUX LENH IMPU MPOBEICHAN PaTUKATIbLHON
nosumepusanuu NIPAA B KOHTakTHpyrOIleM pacTtBope. Bos-
MOXHBIE MEXaHU3MBI 3TOU peakiuu 0oJiee o ApOOHO 00CYKICHBI
B pabote *°. Takum 06pa3oM yIanock MOJYYUTh IPUBATOM CIIOH
PNIPAA c mioiaapio MOBEPXHOCTH, TPUXOASIICHCS HA LEMb,
~10 uM? (T.e. HE OYEHb IUIOTHBINA, 0~ 20). C HCNONIbL30BaAHUEM
METO/1a NMOBEPXHOCTHO-CHJIOBO MHKPOCKONUM ObLIO HaiJIeHO,
4yT0 3 dexTuBHas TommmHA citosi PNIPAA cocrasistiet ~ 100 HM
npu temnepatypax 20 u 23°C u ymensbinaercs go 50 HM npu
temmepatype >26°C. IlpuBuBka PNIPAA mnpenorspamaina
HEOOpaTUMYIO aJCOPOIMIO OEJIKOB, B YACTHOCTH MHUOIJIOOMHA,
npu 20°C Ha MOBEPXHOCTb HUTpUAA KpPEeMHHUS — 0a30BOTO
MaTepHalia MUKPOQIIIOUIHOM CXEMBI.

UccnenoBanne MeTONOM JIUIMICOMETPUM IOKA3aJio, YTO
ancopOIysi CHIBOPOTOYHOTO aJIbOYMUHA Ha MOJIMMEPHO-MOJIH-
(¢unupoBaHHbIE KPEMHE3eMHBIE IOBEPXHOCTH CHIDKACTCS B
10—15 pa3 mo cpaBHEHHIO C HCXOJHBIMH HEeMOIH(UIHNPOBAH-
HbiMH TIoBepxHOCTsIME (25°C), HO Bo3pacTtaeT B 20— 30 pa3 npu
MOBBIICHUH TeMrepaTypsl 10 55°C. Mukpodiironanyro sueiky
00beMOM 3 MKJI HarpeBaJjiy, epeaaBasi TemIo N0 30J0ThIM MU
IJIATUHOBBIM MUKPOJIEHTOYHBIM 3JIEMEHTAM LLII/IpPIHOﬁ oT 10 a0
50 MKM, BMOHTUPOBAHHBIM B ITO/JIOKKY W3 HUTPUAA KPEMHHSI.
Harpes muxposienTs! 70 35°C niuicst MeHee MUKPOCEKYH/IBL, YTO
ropasio Kopoue BpeMeHU oOpa3oBaHUS aJCOPOIUOHHOTO CIIOS
Oenka. B kauyecTBe OenkoBOrOo copbaTta sl M3YyYEHUS] TEPMO-
3aBHCUMOM aIcOpOIMK ObLI BEIOpAaH (IyopecleHTHO-MEUSHHBII
muorodun. C UCHoOJIb30BaHHMEM MeToda (PJIyopecHeHTHOM
MHUKPOCKOTIMM OBLIO TOKAa3aHO, YTO aJCOPOLMOHHBINA CJIOH
Oeska 0Opa3yeTcsl HeMOCPEACTBEHHO HaJl JICHTOUHBIMHU 3JIEMEH-
Tamu, HarpetbiMu 110 35°C. CycTsl BCero JIMIIb CEKyHAY MOCJe
MIpeKpalleHus] HarpeBa MHOTJIOONH ecopOupoBasics u nuddyH-
IUPOBaJ B KOHTAKTHPYIOIIUN BOIHBIA pacTBOp. Takmm obpa-
30M, C Hcnojib3oBanueM npuButoro PNIPAA oxa3aiioch BO3-
MOXHBIM CO3AaTh MHKDPO(DIIOUIHYIO CXEMY, IO3BOJISIOIIYIO
MPOBOIUTH TEPMOYIIPABJIIsIEMbIE TPOLIECCHI 41COPOLUH U 1ecopO-
M OeJKOB M 00JIaaroIIyI0 3aMedaTesIbHbIM OBICTpoOeii-
CTBUEM. YKa3aHHasi pa3paboTKa OTKpbLIA MyTb K CO3JAHUIO
EJIOTO Psifia YIPABIISEMBIX AHAJTUTHYECKUX YCTPOMCTB,S: 100102
B TOM YHCJI€ TIO3BOJISIFOIIMX KOHTPOJIMPYEMBIM 00Pa30M CBSI3bI-
BATh M BLICBOOOXIATH )KM3HECTIOCOOHBIE KJIETKM XUBOTHBIX.S 100

AncopOuust MuOrjoOMHA HA CHJIMKArejib, XHUMHUYCCKU
momudummposanneii  PNIPAA, mnogpo6Ho wm3yueHa B
pabote '93. Apcopbumst sToro Gejka Ha CHIMKAreje, MOJIH-
(punpoBaHHOM TPUMETOKCH-3-CyJTb()haHUIIP ONIIICHIIAHOM
((Me0);3Si(CH»)3SH) okazanack BecbMa BBICOKOH (90 mr-r—!
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i 0.3 mr-m~2),193 Tak 9T0 yKa3aHHBIA TOICION caM 1o cebe He
3aIUINa MUOTJIOONH U Ipyrue Oesku oT agcopormu. B pesyis-
tate npuBuBku PNIPAA, T.e. Oiaromapst o0pa3oBaHHIO TOJIU-
MEPHOTO MOKPBITHSL, KOJMYECTBO aICOPOUPOBAHHOTO HA CUJIHKA-
rejie Oeika cHmxkaaoch B 15— 30 pa3. [Ipu noHmwkeHnn Temmepa-
TYphI 0T 35 10 9°C mpOMCXOIUIIO BHICBOOOXKICHIHE MUOTJIOONHA
W3 TOKPBITOTO MOJMMEPOM CHJIMKATEIS B KOHTAKTHUPYFOLIMA
pacTBOp IpU CHUXXEHUM aJCOPOUPOBAHHOIO KOJIMYECTBa Oeska
B ~2 pa3a. [Ilpy mOBTOPHOM HarpeBe M OXJIAXJCHUH BHOBb
MPOUCXOJIMAJIO €0 CBS3bIBAHME U BBICBOOOXIeHHE. Oco00e BHU-
MaHHe o0palaeT Ha cedsl XapaKTep U30TepM aJCOpPOIMU MHUO-
riao0uHa, KOTOphIE B O0JIACTH MAaJIbIX KOHIIGHTpanuii Oeka
9KCTPANOJUPOBATIAC, K OOHOMY H TOMY K€ 3HA4YCHHUIO
~1 Mr-r—!, 4o cBUAETENBCTBYET 06 ancopOIMKM MHOTIIOOHHA
Ha OCTATOYHBIX OOHAXEHHBIX (pparMeHTax MOBEPXHOCTH HOCH-
TeJIsl, B paBHOM creneHu npoucxosieit npu 9 u 35°C (puc. 11).
B cBs13u ¢ 3TMIM OBLI C/IeJIaH BBIBOJ O TOM, YTO TEPMO3aBUCUMOE
CBsI3BIBaHME O€JIKa MPOMCXOIUT UMEHHO Ha JIeTUIPATUPOBAHHBIX
nensix PNIPAA. C yueToMm cka3aHHOTO B Havajie 3TOro pa3jelia i
B KOHIIE IIPEIBIIYIIET O, IPEACTABISCTCS BEPOSTHBIM, YTO TEPMO-

80 |-
0t

60

40 +

® O

N~

30 F

20 F

AjicopOiust MUOrJI06uHa, Mr-r !

. LI
» ° | I I I

0 200 400 600 800

PaBHOBecHas KOHIICHTpAUUsA, MKT - MJI 1

Ancopbuust muorsiobusa, mr -1 !

0 200 400 600 800

PaBHoBecHas KOHIICHTPpAIus, MKT * MJT !

Puc. 11. U3oTepmer ancopOiu muoriiobuHa Ha cuinkarese Kpoma-
cmt 100 (/) 1 Tom xe cuinkareste ¢ npuBuTeiM PNIPAA (2) n3 10 MM
dbochatHoro Oydeprnoro pactopa, conepxkaiero 0.1 M NaCl
(pH 6.0) mpu 35°C (@), m u30TepMBl aACOPOIMU MHUOTJIOOMHA Ha
cusmkareste ¢ mpuBuThiM PNIPAA npu 35 (1) u 9°C (2) (b).103

3aBUCHMasl 0OpaTUMast afacopOnus OEIKOB MPOUCXOTUT MPEKIC
Bcero Ha cermeHTax PNIPAA, mpuiexamux k ruapodobHOMY
nozciyoro npu temnepartype Bbine HKTP u nperepnesaromux
HanOOJIBIIIYIO TIEPEOPUEHTANUIO B PE3YIbTATE TUAPATAINH PH
TMIOHUKEHUU TeMITEpaTyphl (CM. puc. 8,¢).

K nogo6GHOMY BHIBOAY NPHILIM M ABTOPHI paboTsl %4, B
KOTOPO# a/ire3ust 3HI0TeInaIbHBIX KJIeTOK K PNIPA A-monndu-
IIPOBAHHBIM TOBEPXHOCTSAM CTEKJAa U MOJHUCTUPOJA PEeaU30-
BAJIACh 32 CYCT UX CBSI3BIBAHUS C MPeaacopOUpOBaHHBIM (HUOPO-
HEKTHHOM — BBICOKOMOJIEKYJISIPHBIM TJIMKOIPOTEMHOM MEXKKJIe-
TOYHOTO MaTpukca. PubponekTHH aicopouposascs mpu 37°C Ha
OTHOCHUTEJIPHO TOHKHE cjiou TpuBuTOro PNIPAA (<4 HM), HO He
aJIcopOMpOBAaJICS HA CIOM 3TOrO MOJIAMEpa TOJIIIMHON 7 HM U
Oospllie. ABTOPBI CUMTAIOT, 4TO npuBUThIe nenn PNIPAA
BOJIM3U MOBEPXHOCTH IOJHUCTUPOJIA HCHBITHIBAIOT MPOMOTHUPO-
BaHHYIO JIerujapaTaluio Ojarogaps ruapoGoOHBIM CBOMCTBAM
noaJ10%kKn. 104

B IIOJIb3Y 3TOI'0 BbIBOJA CBUACTEIIBCTBYOT U 3aBUCUMOCTHU
ancopOIuu CHIBOPOTOYHOrO ajbOymmHa M (UOPOHEKTHHA OT
miotHoct mnpuBHBKH PNIPAA, koTopble ObUIM H3y4YeHBI B
pabote '°. Uucino (yHKIMOHANIBHBIX TPYII, HHUMUUPYFOIIAX
noymMepusanmo mo Mexaumsmy ATRP, perynmuposanu, Bapbu-
pysl COOTHOIIICHHE OPTaHOCHUJIMIIBHBIX PEareHTOB, B3SITHIX IS
XUMHYECKOTO MOAUGUIIMPOBAHUS IIOCKUX CTEKOJI MITH KPEMHHUe-
BBIX IJJACTHHOK, 2 MMEHHO OPraHOTPHUXJIOPCHJIAHA, HECYILEro
KOPOTKUIl OJIUT O3 THJICHIJINKOJIb (6 —9 MOHOMEPHBIX 3BEHBEB), U
11-(2-6poM-2-Me TUIIPOTTHMOHILT) A0S AT PUXIOPCHIIAHA —
HHAIMATOpAa ToJMMepm3anuu. B pesyiabraTe OBLT IOITydYeH
Habop HocuTenel ¢ miotHocTssMu npuBuBkE PNIPAA ot 0 o
0.2 memeit Ha 1 HM2, 9TO COOTBETCTBYET cpeAHel IUIoIAIu,
OpUXOIAIIeics Ha Lemb, 5 HM? U ¢ ~ 10 (M ot 2.7-10* 1o
4.8-10* r-monp ). IpuBuBka PNIPAA Ha CMeIIaHHBIA opra-
HOCHJIAHOBBIN MOJCTION MPakTHYECKU He BIUsIA HA aJcopOuuto
oenxoB mpu 23°C, koTopas B YCIOBUSAX TUApATALMHA Nenel
PNIPAA cocrasisia 0.2—0.3 Mmr-M~—2. B To e Bpems mpu
37°C ancopOuust OeJIKOB CHJIBHO 3aBHCea OT IJIOTHOCTH IIpH-
BuBki PNIPAA mpu ee MajbIX 3HAYEHUSIX, COOTBETCTBYIOIIHNX
COCTOSIHUIO, MIPOMEXKYTOYHOMY MEXITy IIETKON M M30JIMPOBaH-
HBIMHU LEMSIMH, B YACTHOCTH JIs1 adbOyMHWHA OHA TOCTHTralia
0.9 Mr-M—2. ABTOpBI OOBSICHIIN YKA3AHHOE SIBJIEHHE B3AMMO-
nerictBueM 1ierieit PNIPAA ¢ 4acTMYHO TPOHUKAIOIIMMU B MTOJIHU-
MEPHBII CJION OEJIKOBBIMHU MOJIEKYJIAMH, IIOCKOJIbKY B YCJIOBHSIX
BBICOKO# TuioTHOCTH mpuBuBKkH PNIPAA 310 B3ammoseiicTBre
BBIpaXEHO cjaabo WM cXxoauT Ha HeT. Ha Ham B3rjsia, mpu
HEBBICOKUX IUIOTHOCTSIX NMPHUBUBKU YBEJIMYUBAIOTCS MUKPO- H
HAHOTETEPOTCHHOCTh IMIOBEPXHOCTH, YTO CIIOCOOCTBYET ancopO-
muu cerMeHToB npuBuToro PNIPAA mpu temmepatype BBIIIe
HKTP na ruapodobHOM mOACIOE, CoIepKaIleM MPOU3BOIHOE
JOJICIMIITPUXJIOpCUIIana, u ux aecopouuu Huxe HKTP, c yem u
CBSI3aHBI COOTBETCTBYIOIIME Bapualuu ajacopOumum OesKoB,
NoA00HBIE OMUCAHHBIM B paboTax '!-103.104 y ppoummocTpupo-
BaHHbIE HA puUc. 8,¢,d.

VII. TemnepatypHo-3aBHCHMBbIE NE€PEX0/IbI

B MIOBEPXHOCTHO-NIPUBUTBIX CMAPT-NOJIMMepaXx:
aJre3us U oT/ieJieHne KYJIbTYP OHOJIOrH4ecKHX
KJIETOK H TKaHel

Pa3zpaboTka MeTOIOB KyJIbTUBUPOBAHUS KJIETOK )XUBOTHBIX HA
PNIPAA-MoaudpuIupoBaHHbIX MOBEPXHOCTSIX 32734 Tpanchop-
MHUPOBAJIACh B OT/ICJIbHOE HANPABJICHUE OMOJOTUYECKOrO MaTe-
PHAJIOBE/ICHNs], BKJIFOYAIOILEEe DPAa3HOOOpAa3HbIE CIOCOOBI HpU-
BuBki PNIPAA u comosmmepoB Ha ocHoBe NIPAA, a taxxe
KyJbTHBUPOBAHUE PA3HOOOPA3HBIX KJICTOUYHBIX JIMHUI U TIOJTy4e-
HHe Mopdosoruyecku U (YHKIHOHAIBHO PA3JIMYHBIX KOH-
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(broeHTHBIX KyJIbTYp. Hambosiee pacnpocTpaHeHHBIMH CIIOCO-
6amu HaHeceHMs MOKpbITHi M3 PNIPAA Ha mosimcTtuposibHBIE
IUIAHIIETHl WM HAa MOJU(PHUIMPOBAHHBIC IUIOCKHE CTEKJIa
sBisitotTes momumepnsanys NIPAA B opraHmYeckoM pacTBOpH-
TeJle O] IeWCTBHEM ITyYKa IJIEKTPOHOB, a TAKXKe IJIa3MEHHAS
nosumepuszanus.'% B nepsom ciiyqae o6pasyeTcs yIbTpaTOHKAM
cioit crimroro rejisi PNIPAA, TosmmHaa KOTOPOTo Ha MOJIUCTH-
POJILHOM MOAJIOKKE YBEJINYMBACTCS C TOBBIIIIEHUEM KOHIIEHTpa-
muu NIPAA u Bapwpupyer B npegenax ot 15 mo 30 um,'% a
TOJIIIMHA HA CTEKJISIHHOW IJIaCTHHKE, MoauduimpoBanHoi (3-
METaKPUIOUIIIPOIHII) TPUMETOKCHCHIIAHOM, — OT 3 10 9 HM.104
IMpumeuaTenbHo, 4To B cTaThe !¢ 1 B paboTe %4 coobmieno, uto
anmcopOims GUOPOHEKTHHA M TOCIIETYIOIIAsl are3usl SHA0TEIIH-
AJIbHBIX KJIETOK MPOUCXOIUJIN JIAIIH P UCIOJb30BAHIH OYE€Hb
ToHkuX (15 HM) crmoeB PNIPAA, obGiagarommx OoJibIieit ruapo-
(obHOCTBIO: K 37°C 1 ToTMHAX 15 1 30 HM YIJIbl CMaYMBAHUS
cocTaBism 78° U 65° COOTBETCTBEHHO, IPUYEM BTOPBIE CIIOU HE
ObLTM ANre3MOHHO AKTHBHBIMH IO OTHOIICHUIO K KJIETKAM.
Makpockonuueckue remd PNIPAA, xumuuecku ciuutbie N, N'-
METHJICHOUC(AaKPIIIAMUIOM), C YIJIOM cMauuBaHus 50° Takxke He
ObLTM aACOPOUMOHHO- U aAre3uOHHO-akTUBHEI ipu 37°C,1%° yTo
corJacyeTcst ¢ pesyibraTamu pabot °%23-%8 Vmenbiienue Tom-
IIMHBI TPUBUTOTO Ha moJucTupost cinosi PNIPAA mo BenuyuH
<15 HM TO3BOJISIIO MOBBICUTH AATE3MOHHYIO AKTHBHOCTBH, HO
CO3[aBAJI0 MPOOJEMY HEMOJHOTIO OT/EJICHHS] KOH(DIIOCHTHBIX
CJIOEB KYJIbTUBUPOBAHHBIX KJIETOK IIPU IOHMXXECHHUU TEMIIEpaA-
TypbL, 1% Tak 4TO ONTHUMAJIbHAS TOJIIIMHA CJIOS OJIMMEpPA COCTa-
Bisuia 15—20 HMm.

K ¢opmupoBaHdmio  CIIUTOTO  TEPMOYYBCTBHTEIHLHOTO
TOKPBITHS NMPUBOJUT U IUIa3MeHHasi momuMepmsanuss NIPAA.
IMpusuBka PNIPAA xapakTepusyercsi B 3TOM ciIy4ae oOpa3oBa-
HUeM 0OoJiee TOJICTBIX cioeB cuToro refs (73 um npu 20°C u
64 um nipu 40°C B BOJIHO# Cpe/ie) ¥ CYIIECTBEHHO 00Jiee HU3KUMU
yraamu cvavuBanust (34° npu 20°C u 40° npu 40°C).197 Oue-
BUHO, YTO MOBEPXHOCTHO-TIPUBUTHIC T'€JIH, MOJIYYCHHBIC TTyTEM
MJIA3MEHHOW TOJIMMEPHU3AIUK, TMPETEPICBAIOT CYIIECTBEHHO
MEHEE BBIPAXKCHHBIE CTPYKTYPHBIC TIEPEXOJIbI, YeM OJUMEPHEIC
IIETKA, I KOTOPBIX TOJIIMHBI MPUBUTBIX CJIOEB MOTYT
M3MEHSATBCA B 2—3 pasa, a yrjibl cMauMBaHusi — Ha 25-35°
(em. puc. 7-9). Tem He MeHee KyJIbTUBMPOBAHKUE IHIOTEIUAIIb-
HbIX kjeTok mpu 37°C gaBajgo BO3MOXHOCTH TOJIYYHUTh KOH-
(ITFOCHTHYIO MOHOCIIOMHYIO KyJIBTYpY M Aajiee OTACIUTD €€ OT
HOCHUTEJISl IPH MOHMKEHUH TeMIIepaTyphl 10 25°C. 108

OTMeTHM, YTO HHTEpPEC K TMOJYYCHHIO OTMCAHHBIX BBIIIIC
CBEPXTOHKHX TeJiell 0OYCIIOBIICH MPEXIe BCErO BO3MOXHOCTHIO
HX MaccOBOTO TIPOM3BOJICTBA B CTAHAAPTHBIX ycioBusx.!%* B To
JKe BpeMsi ObLIO TOKa3aHO, YTO OTHOCHTEIBHO MPOCTHIC CHHTE-
THYECKHUE OIXObI, HAIPUMEP HAHECEHHNE HECIIUTHIX COMOJINMe-
poB NIPAA u mpem-0yTuinakpuiaMuaa Ha TOJHUCTUPOJIbLHBIC
IJTAHIIETHl MyTEeM OCAXACHUS! U3 UCIAPSIEMOIO0 PACTBOPHUTEIS,
obecrieunBaroOT Kak 3 GeK TUBHYIO aAT€3HIO KJIETOK, TaK ¥ UX POCT
U TIOCJIEYIOIee OTCIOCHHE TOJYYCHHBIX KYyJbTYp, TpaBia B
MPUCYTCTBUU TAKUX OEJIKOB, KaK KOJIJIAT€H U JIAMUHUH, CIIOCO0-
CTBYIOIIMX aAre3UH kieTok.!% B orimune ot reneit PNIPAA,
MOJIYYeHHBIX TUTA3MEHHOW IMOJMMepu3alyeii, TOJIIUHA OJIU-
MEpPHOTO THOKPBITHS B 9TOM CJIyyae He IMeeT MPHHIUIHAIBHOTO
3HAYCHUS ISl A[IT€3UU U PA3MHOXKEHHUS KJIETOK U MOXET BapbH-
poBaThcs B uHTepBate oT 30 HM 10 2 Mkm. ! 10 TonucTuponsHbie
IJIAHIIEThI, TOKPBIThIE ciioeM ocaxaeHHoro PNIPAA, Obliu
IIPUMEHEHBI JId KYJIbTUBUPOBAHUSA ME3CHXUMAJIbHBIX CTBOJIO-
BBIX KJIETOK, IPUYEM B IMOJIYYCHHBIX MOHOCJOWHBIX KYJIbTYpax
KJIETKHA OCTaBaJUCh HeMu(HepeHIIMPOBAHHBIMY, HA YTO yKa3bl-
BaJI COCTAB IMIOBEPXHOCTHBIX KJIETOYHBIX PEIEITOPOB B KYJbTY-
pax, OTIEJNIEHHBIX OT HOCHUTEJNsI MPHU IOHIKEHHBIX TEMIIepaTy-
pax.!'" AnajornvHbIE PE3yJIHTATH HE3ABUCHMO IIOJIYYEHBI U B

pabote !, Hanpasiennoe muddepeHimpoBanue CTBOJOBBIX
KJIETOK MMeeT OOJIbINe NepPCHEeKTUBLI MPUMEHEHHs B TePAIn:
MIPUBJIEKAET BO3MOXXHOCTb HOJIYYCHUS! MOHOCIIOWHBIX KYJIBTYDP
KJIETOK, KOTOpbIE TMpPH  HEOOXOJUMOCTH MOTYT  OBITh
nuddepeHIMpOBAHbI.

OTHOCUTEJILHO HEOOJIBIIIOE YUCIIO MyOIMKALUN MOCBSIIIEHO
M3y4YCHUIO aare3uu kiaetok Ha merkax PNIPAA, mosyyeHHBIX
OyTeM  [PUBUBOYHON  MOJMMEPU3ANUM [0  MEXaHH3MY
ATRP.1%- 112 ApTopBI pacCMOTPERHOM BhILIE Pa6oThI ' n3ydanm
anresuto ¢pudbpobiactos ymaNK 3T3 Ha PNIPAA-coaepxamux
MOBEPXHOCTSIX C Pa3HBIMH IJIOTHOCTSIMH NPUBUBKH IOJIAMEPA.
AHAJOTHYHO afcopOmmy OeKoB, aare3ms KJIETOK Ha INETKax
PNIPAA ¢ OTHOCHUTENBHO BBICOKOH IUIOTHOCTBEO TPHBHBKH
(0.2 menu wa 1 aM?, 6 ~ 10 ) mpu 37°C 6blIa HEMXE TOI, YTO
HabIrO1aTach MPH HEOOJBIINX IUIOTHOCTSIX NMPHBHUBKU. Boiee
TOrO, B MIEPBOM ClIy4ae KJIETKH MMEJH OKPYIJIbIe OYepPTaHHUs, &
BO BTOPOM IPOSIBJISUIA TEHACHIUIO K (HOKaIbHOM aare3un, KOTo-
pasi CBHIETEJIbCTBYET O BKJIIOUYCHHM B3aMMOJICHCTBHHA MEXIY
BHEKJIETOYHBIM MAaTPUKCOM U aKTHHOBBIM ITUTOCKEJIETOM, HEOO-
XOJIUMBIX JIJTSI MATPAIIAU U JICJICHUS KJIETOK.

BaxxHO OTMETHUTH, YTO OTAEJICHUE EAUHUYHBIX KJIETOK U UX
KOH(JIFOGHTHBIX KYJIbTYpP OT TEPMOUYYBCTBHUTEIBHOTO MOJUMED-
HOTO HOCHUTEJIS, IPOUCXO/SIIIee MPU MOHWKEHUN TEMIEePaTYPBhI,
CBSI3aHO HE TOJBKO C MEXaHHUYECKHM IOJABEMOM, KOTOPBIN
00ycJIOBJIEH rujapaTanueii 1 HaOyXaHHEM IOJUMEpa, HO U C
HIPOCTPAHCTBEHHOH NepeopreHTalMel KJICTOYHBIX PELEITOPOB,
neperavyeii CHTHAJIOB M C HOCIEAYIOIINMH MeTaOoIMIeCKUMUI
mporeccamu B kyieTke. Ha 3To yka3bIBaer, B 4aCTHOCTH, TO, YTO
OT/IeJIeHre KJIETOK TOJABJISIETCS IPU MHIMOMPOBAHUU B HHX
(hochopunMpoBaHusl TUPO3UHA — IMPOIECCa, BOBJICUCHHOTO B
nepegavy CHrHajla OT KJIETOYHBIX DPELENTOPOB HHTETPUHOB.
OtaeneHre KJIETOK 3aMEUISNIOCh Takke MHpU CTaOMIn3anuu
OJIHOTO U3 OCHOBHBIX KOMIIOHEHTOB ITMTOCKejeTa — F-akTuHa,
HTPAIOLIETO CYIIECTBEHHYIO POJIb B IOABIKHOCTH KJIETKH U ee
cxaTuu npu jaesiennn.! '3 Hakoren, oTaeneHne KJIETOK OT HOCHU-
TeJIsl MOXKET OBITH IOAABJICHO ITyTeM MHTHMOWPOBAHUS CHHTE3a
anenosuntpudocdara.'® Tloceanee yka3bIBaeT Ha TO, YTO MPU
OT/IEJIEHUH OT HOCHUTEJISI KJIETKHM 3aTPAYABAIOT CBOIO COOCTBEH-
Hyro suepruro. O BKJIafie SJHEPIUU KJIETOYHOTO MeTabosm3ma B
OT/IeJIeHre KJIETOK OT HOCHTEJel CBUAETENLCTBYET U TOT (pakT,
4TO OHO B PsiJie CIyYaeB MPOMCXOIUT MOJHEe MPH KOMHATHOM
Temrepatype, yeM npu 5—10°C,'13 necmoTps Ha myumee HaGy-
xanue PNIPAA npu HU3KHUX TeMmnepaTypax.

B nporecce pocra anre3npoBaHHbIE KICTKH BBIACISIOT OSJIKA
MEXKJIETOYHOTO MaTPHKCA, CienuprIecKue IJIsl KaX 101 KJIeTOY-
HOW JIMHWK W TPHOOpETAIONIMe MOIBIKHOCTH MPH KOH(pOpMA-
MUOHHBIX WK (a30BBIX MEpexoax B mosmmepe-Hocutee. [Ipu
TEMIIePATyPHO-UHUIUAPOBAHHOM OT/AEJIECHUH KOH(IIOSHTHBIX
KyJbTYp O€JIKH MOTYT YaCTHYHO aICOPOMPOBATHLCS HA IMOBEPX-
HOCTHY HOCHTEJISI, YTO MOATBEPXKACHO B psiie paboT (CM., HATIpH-
Mep, 08 113) TIpuvemM MaTpUKCHBIE GEJIKKM B OCHOBHOM OCTAFOTCS
B COCTaBE OTIEISEMOW MOHOCIOWHON KYJIBTYPBI, YTO CIOCOO-
CTBYeT COXPAHEHHIO BaXHBIX MEMOpPaHHBIX OEJIKOB, BKJIIOYAs
9KCIIPECCHPOBAHHbIE KileTouHble Mapkepsl. 1% 111 TTomumo omu-
CAHHBIX BBIIIE MOHOCJIOMHBIX KYJbTYP, [OJIyY€HbI U ITOJIUCIION-
HbIE KYJIbTYPBI KJIETOK, B YACTHOCTH KEPATHHOIIUTOB, KJIETOK
SMUAEPMHUCA, KOTOpbIe OBLIM WCIOJb30BAHBI B KIMHUKE [IJIS
neyeHnst 0%xoros. Kpome Toro, BeIpalieHbl MOJUCIONHbBIC KYJIb-
TYpbl KapJIHOMHUOLUTOB — MBIIIEYHBIX KJIETOK cepaua.’* Tlpu
MOJKOXXKHO! TPAHCIJIAHTALUK 3TUX KYJIbTYD KUBOTHBIM HaOJItO-
JIaJIoch 0Opa3oBaHKe HOBOW TKAHM, BKJIFOYAIOLIEH KPOBEHOCHBIE
cocyapl. Boiee Toro, TpaHCIUTaHTAIWsI BYCIOMHBIX KYJBTYP
KapIMOMHUOIUTOB MO3BOJISLIA BOCCTAHOBUTH (DYHKIUIO OUECHUS
cepaua npu uHpapKkTe MUOKapaa.3*
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50 MxM

Puc. 12. KyIbTypbl oIUTEIUS CIU3UCTOM 060I0YKHA PTA, NPeAHAa3HAYCHHbIE /1 TpaHCIUlaHTamum. 14

a — KOH(DITIOGHTHAS KYJbTYpa SMUATEINATBHBIX KJIETOK, KYJIbTUBUPOBAHHBIX HA KBAAPATHBIX MOIOXKKaX ¢ mpuBUTEIM PNIPAA mpu 37°C, B
TIOJINCTUPOJIbHOM vateuke [TeTpu; b — Ta xe KyJabTypa, oTAesIeHHas oT no1oxku npu 20°C 6e3 npuMeHeHHst GepMEHTOB; ¢ — OKpallliBaHHUE
TOJIYUANHOBBIM CHHUM HOKA3bIBAET CTPATU(GUKALNIO KJIETOK B ITOJIUCIONHON KyJIbTYpE.

B nanpHeiimem ObLTO MOKa3aHO, YTO TPAHCIIAHTALUS ayTO-
JIOTUYHBIX (T.€. B3SITHIX Y MAIMEHTAa) KYJIbTYP MHOOJIACTOB COMPO-
BOX/IaJIaCh YCTAHOBJICHMEM MEXKJICTOYHBIX KOMMYHHKAIIHN
MEXy TNEpPEecakeHHOM KyJIbTYpOW U KJIETKAMM OpraHu3ma, a
TaKXXe CHHXPOHM3AIHMEH Iy IbCALIUI UX 3IEKTPUUECKUAX TOTEHINA-
JI0B yxe yepe3 30 —45 MuH mociie nepecajiki U B IIeJIOM CIIOCo0-
CTBOBAJIa AKTUBU3ALUYU PEHapaTUBHOTIO MPOIIECCa B TOBPEXKACH-
HBIX TKaHsX cepaua.''* IlyTeM KyJbTUBUPOBAHMS HA MOKPBITHIX
PNIPAA HOcuTENSIX OBIIM MOJIy4eHBI ITOJIUCIIONHBIE KYIbTYPhI
SMUTEUATBHBIX KJIETOK CIU3UCTOW oGosiouku (puc. 12). Ton-
LIIHA OJHOM Takol KyJIbTyphl cocTaBisiia 50— 60 MKM U BKJItO-
yaga oT 3 [O0 5 cioeB CcTpaTUGUIMPOBAHHBIX KJIETOK
(em. puc. 12,¢). TlosyueHHbIE KYJIbTYpPbl ayTOJOTUYHBIX KJIETOK
OBLIM YCHELIHO HCIOJIB30BAHBI ISl TPAHCIIAHTALUN U TOCTIe-
NyIOIIed pereHepaluyl TKaHel, B YACTHOCTHU NPU JICYEHUU S3BBbI
mresoa. 14

I[ToMHMO ONMCAHHBIX BBIIIIE METOIOB KyJIbTUBHPOBAHUS KJle-
TOK JKMBOTHBIX HAa CMapT-NIOJUMEPHBIX IMOKPBLITHSX, 3HAYH-
TEJIbHBIA HHTEPEC MPEACTABIISIOT METOIUKH PA3/ICJICHAs] M aHA-
JIn3a 3THX KJIETOK, OCHOBAaHHBIE HA WX O0OpaTUMOH crernmpuie-
CKO1 aare3uu K GyHKIMOHAIBbHO-AaKTHBHBIM CMapT-TIOJIMMEPaM.
OJIHUM M3 TOJIXOJIOB K (PpaKIMOHMPOBAHHUIO KJIETOK SIBJISICTCS
YIOMSIHYTOE BBIIIIE CBSI3BIBAHHE C aHTUTEJIAMH, aIcOPOUPOBaH-
HBIMH Ha noJinponwieHoBoii (PP) memOpane, nOKpbITO#l miia3-
MEHHO-TIOIMMEPU30BaHHBIM PNIPAA 3¢ DTOT moaxo1 Moy
JajibHelllee pa3BUTUE NMPHU CO3J1aHMM HA OocHOBe PP-Bosiokon
TPeXMEPHBIX IMOPHUCTHIX HOCHTENEH ISl KyJIbTUBUPOBAHUS KJle-
TOK XMBOTHBIX. 1

Jpyrum noaxomoM, IprOOPETAFOIINM Bce OOJIBIIEE PACIIPO-
CTpaHEHHUe, CTaJla yIpassieMas aare3us KJICTOK Ha MOJIMMEPHBIX
IIETKAaX, COJEpXAIMX HMMMOOWJIM30BAHHbIE  OOpPOHOBBIC
KUCIOTHL. B paborax 8 116~ 118 pLimoIHEHHBIX ¢ y9aCTHEM OJHOTO
M3 aBTOPOB JJAHHOT'O 0030pa, MOKa3aHo, YTO CIIUTHIE MOJIIcaXa-
pUIHBIC YaCTHIBL,  TAKXE JPOXKIKEBBIE KJICTKH U KJICTKH KHUBOT-
HBIX CBSI3BIBAIOTCS C YKa3aHHBIMI HOCHTEJISIMU ITyTeM 00pa3oBa-
HUs 3OUPOB OOPOHOBOU KHUCIOTHI C MOBEPXHOCTHBIMH OJIUTOCA-
XapHUIaMH YacTHIl ¥ KJIeToK npu pH 8 u BhIIIIe, T. €. B YCIOBHUAX
YaCTUYHON MOoHM3anuu GpenusioopHoit kuciotel (PBA, pK, =9
(cm.''9)) M DOCTATOYHOIO KOJIHMYECTBA PEAKIHMOHHOCHIOCOOHBIX
(beHnTOOPOHATHBIX AHHOHOB. Kak dYacTWIlbl, TaK W KJICTKH
MOT'YT OBITh OTJIEJICHBI OT HOCUTENe! MyTeM 06paboTKH pacTBoO-
paMu caxapoB U MOJIHOJIOB (PPYKTO3BI, cOpOUTA), 00JIaTAFOIIUX
BbICOKOH ap(prHHOCTEIO K heHMIIO0pOHaTaM U KOHKYPHPYIOLIHX
3a CBSI3BIBAHUE C oJrocaxapuaamu. KOHCTaHTHI CBSI3BIBAHUS
MOHOCAXapuAOB H TMOJHOJIOB ¢ OopaToM M (HeHHIOOPOHATOM
npuBeneHbl B paboTe 120, CrielyeT OTMETHTB, 9TO KJIETKH KHABOT-

HBIX MOTJIM OBITH HEe TOJIBKO aJre3UpOBaHbI K OOPOHATCOIEPKA-
LM ITOJIIMEPaM, HO U KYJIbTHBHPOBAHBI HA CTEKJISIHHBIX ILIA-
CTHUHKAX, HECYIMX MOJMMEPHbIE IIETKH YKA3aHHOT'O COCTaBa.
PasmHoOXeHne rubpumoM xiaetok jmHIE M2139, aaresmpoBan-
HBIX Ha 3TUX HOcHTeJsIX, moaTrBepauia MTT-tect. KynbTusupo-
BaHHbIC KJICTKM MOTJIH OBITh 3aTeM JeCOPOUPOBAHBI PACTBOPOM
GpykTOo3bl ¢ 70%-HBIM COXPAHEHHEM HX KU3HECOCOOHOCTH.®
Bo3MoxHOCTE CrienuduuecKoro CB3bIBAHUSI IPOKIKEBBIX KJIETOK
Ha DJIKTPOAAX, HECYIIMX HMMMOOIIN30BAHHYIO OOPOHOBYIO
KHCJIOTY, C TIOCJIEYIOIIEH JecopOImeii B IpHCyTCTBUU (PPYKTO3BI
nokasana u B pabote 12!, UMMobummzanms m-aMAHOPERIIOOP-
HOI KHUCIJIOTHI Ha 30JIOTHIE 3JEKTPOIbI, oOpaboTaHHble 10-kap-
GokcuIekaH-1-TuoI0M, MO3BOJIMIIA CO3IATh CEHCOP ISl PACIO3-
HaBaHUs cuaioBoi KUCIOThI (NeuSAc), oOUIIbHO JIOKAIN30BaH-
HOIi Ha MOBEPXHOCTHU KJIETOK METACTA3MPOBAHHON MeJaHOMBI. 122
IIpenoxeHHbIi METOT IeTEKTUPOBAHUS YKa3aHHOIO caxapuaa
MOXeT CIIy)XHTb OCHOBOI1 JIJIs1 pa3pabOTKK aHAIM3a Ha 3JI0Kaye-
CTBEHHOCTb OIYXOJIEH.

Aqre3usi KJIeTOK paka MoJiouHoH xese3sl MCF-7 x moymmMep-
HOIl mmeTke w3 moJyHd(3-akpuaaMuI0PeHUIOOPHONH) KUCIOTHI,
NMPUBUTOM HAa KPEMHHUEBbIE HAHOBOJIOKHA, OOpabOTaHHBIC
(3-cybhaHUIPOTIHIT) TPUMETOKCUCHIAHOM (10 aHAJIOTHH  C
METOJAMHM, DPACCMOTPEHHBIMH B CTaThsax '-119) p3yuena B
pabote 190, KneTku cBs3bIBaauch ¢ Hocutesnem pu pH 6.8 u 7.8
M MOIJIM OBITh OTHENeHBl oT Hero npu pH 7.8 B mpucyrcrBun
70 MMOJIB - 1~ ! TIIFOKO3bL. XapaKkTepHO, 9TO a/Ire3us KIETOK IIPU
pH 6.8 B ycioBusix ciaboit monmsamuu PBA mmverna mecro B
npucyTcTBuM 70 MMOJIb 1~ ! TIJIFOKO3BI, T.€. KJIETKH MOXHO
OBLIIO OTHEISAITH OT HOCHUTEJNsI, IPOCTO MoBbIcHB pH. ABTOpBI
MMOCYUTAJIM, YTO YKAa3aHHOE SIBJIEHHE OOYCIOBJIEHO KOMILJIEKCO-
00pa3oBaHUEM CHAJIOCOACPXKALIMX OJIMIOCAXaPUIOB KJIETOU-
HOT'O TJIMKOKAaJIMKCAa C HEMOHHM3MpOBaHHOI (opmoit PBA mpu
pH <7.100

OTa KOHIENIHWs MOJIydWIa pacnpocTpaHeHHe B psisie
pabort 122-124 g narogaps ToMy, 4TO B3auMOeiicTBUE PeHrIOO0p-
HOW KHCJIOTBI CO CBOOOIHOM CHAJIOBO# KUCJIOTOM, B OTJIMYUE OT
JIPYTUX CaXapoB, IPOUCXOAUT MPU OTHOCUTEIHHO HU3KUX 3HAUE-
nusix pH, a umenno npu pH 4 - 7. B pabote '>* yTBepx) naercs, 4To
npoaykT peakiuu PBA ¢ rimnepunoBoit rpynmoit NeuSAc cra-
OMIIM3UPOBAH KOOPIMHALMOHHBIM B3aMMOCHCTBUEM MEXLY
aTomMoM 6opa u N-anetunbHoi rpymnoit NeuSAc. B pabore 123
9TOT MEXaHHW3M OCIIApPHBAETCS; B HEW yKa3aHO, YTO B3aUMOJICH-
creue npu pH <S8 mpoucxoaut 3a cyer accouuanuy JUOJIA
(eHMIGOPHON KUCIOTHI € o-THAPOKCHKAPOOKCHIIATHON TPYIITOi
NeuS5Ac. Konnesbie octatkn NeuSAc IpUCOEAMHEHBI K COCEI-
HUM CaxapuIHBIM 3BCHbSIM HMEHHO d4epe3 aToOM KHCIOPOAa
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Puc. 13. MukpodoTorpaduss TNOIMAKPUIAMHIHOTO KpPUOTEIsT C
HOBEPXHOCTHIO, MOAUPUIMPOBAHHON MPUBUTHIM OOPOHATCOAEPKA-
IIIAM COTIOJIMMEPOM, KOTOPBI a/Ir€3UPYET APOKIKEBBIE KIETKH. |26
Crpesika Ha BCTaBKE yKa3bIBA€T HA YYACTOK KPHOTENs C BBICOKOM
IJIOTHOCTBIO KJIETOK.

O-THPOKCHJIBHON TPYMIIBI TJIUKO3HWIA, MOITOMY OH HE MOJXKET
y4acTBOBATh B peakiuu. Mexanusm cBsi3biBanust NeuSAc u PBA
npu pH <8 ocraercst HesicHbiM. CaM ke (pakT TaKOro CBsA3bIBAaHUS
BBITJISIIUT MPaBIOMOAOOHBIM, TaK KaK aare3us [ecHanpOBaH-
HBIX 9PUTPOLMTOB HA 30JI0TOM 3JIEKTPOJIE C UMMOOHIN30BAHHOM
PBA npu pH 7.4 BbI3bIBaeT 3HAYMTEIHLHO MEHBIIINE N3MEHEHHS
€ro MOTEeHINAJIA IO CPABHEHHUIO C a/Ire3ueil HaTUBHBIX KJIETOK. 23
B cBssu ¢ stMM B pabotax '22-12% yTBepxkmaercs, 4TO INpH
B3aMMO/ICUCTBHH C KJIETKAMH JXUBOTHBIX B HEHTPAJIbHBIX U CJIa-
GOKHCIIOTHBIX Cpenax OOpOHATCOAEPKAIINE PEareHThI CejeK-
THBHO CBSI3BIBAOTCSI MMEHHO C CHAJIOBOM KUCIOTONH. OTMETHM,
4TO aare3us IPONOKEBBIX KIIETOK, HE COACPKAIIMX CHAIOBOM
KUCJIOTHI, K OOpOHATCOAEPKAIIMM IPUBUTHIM MOJUMEPAM IPU
pH 7, melicTBuTeNnbHO, BBIpaXKeHA OYeHb cIab0, B OTJIHMYHE OT
anresnn npu pH 8 -9.117

B craTbe %0 mokazaHbl BO3MOXHOCTH TIPENAPATUBHOTO Pa3-
JIEJICHN KJIETOKS XHUBOTHBIX MyTEM HMX OOpaTHMOU aJre3u K
MPUBUTHIM OOPOHATCOAEPKAIIAM MOJIMMepaM. B kadecTBe HOCH-
TEeJsl HMCIOJIb30BAM  [IMPOKOMOPUCTBIE TOJHAKPUITAMHETHBIC
Kpuoreiau ¢ ggameTpom mop a0 100 MKM, T.e. TOCTaTOYHBIM
JUIsl IPOHMKHOBEHUSI KaK JIPOXOKEBBIX KJETOK, TaK M KJIETOK
KUBOTHBIX BHYTpb HocuTensl. Hocutenm ykaszaHHOTO THIA
IIUPOKO HPUMEHSIOT [UIsl pas[elieHus] W KyJIbTHBHPOBAHUS
KJIETOK KXUBOTHBIX.!?’~ 131 TIpususky comosmmmepa NIPAA wu
N-axpuinomi-y-amMuHopeHnI00pHoi kucioTs! (1 : 1) mpoBoauim
MyTeM pPaJUKaJIbHOMN MOJIMMEPU3AINH, WHUIUHPOBAHHON KOM-
IJIEKCOM TUTEPHOAATKYIpATa (COCTMHEHHEM TpPEXBAJCHTHON
Me/H), KOTOPBIA paHee MPUMEHSUIH ISl IPUBUBKHA BOJOPACTBO-
PHMBIX MOHOMEPOB Ha MOJMAKPHUIAMUIRLIE HocuTenn. 32 Are-
3MBHBIE CBOICTBA KPHOTEJIs IIPOJIEMOHCTPUPOBAHBI C HCIOJIb30-
BAaHUEM JpPOXOKEBBIX KJeTok (puc. 13). Bbrpuio mokasano, 4to
HOBEPXHOCTHO-3aBUCHMBIE  KJIETKH  ((pHOPOOIACTEl  JIMHUM
Cos 7), kKak U IOBEPXHOCTHO-HE3aBUCHMBIE THOPHIOMBI JIMHUHA
CC9C10 n D9D4, nerko aare3upyroTcst K IPUBUTHIM OOpOHAT-
comepxkamuM conoumepaM NIPAA. Tlpu 3ToM THOpUIOMBI
Mor ObITh OTAEEHBI OT HOCHTEJS MyTeM daroupoBanus 0.1 M
pactBopom (¢pykTo3sl (pH 7.2), B TO BpeMst Kak Il OTACICHUS
(pubpob6IacTOB TpeboBanach KOHIEHTpAIUSl 3TOrO caxapuia
0.5 Mok -1~ 1. CToNb 3aMETHOE Pa3iInyuKe YCIOBUIMA DIIFOUPOBA-
HHSI MOXET OIPENeNIThCs Pa3HbIMU COCTABOM M KOJHMYECTBOM
MTOBEPXHOCTHBIX TJINKONPOTENHOB B KJIETKaX.

TakuMm 06pa3oM, IyTEM CTYIIEHIATOTO ITFOUPOBAHUS MOKHO
pa3meNsiTh MOBEPXHOCTHO-3aBUCUMbIE M OBEPXHOCTHO-HE3aBH-
CHMbIE JIMHUU KJIETOK XHUBOTHBIX. OTMETHM, YTO TEMIIEPATYPHO-

3aBHCUMOE JJIIOMpOBaHME ImyTeM HarpeBa g0 37°C nmaBajio
BO3MOXHOCTb JlecopOupoBaTh KJeTKu Jumb Ha 30-40%.
BeposiTHOI npuYnHON 3TOr0 MOTrJj1a ObITh ME/IJICHHAS TUCCOTIHA-
musi OOPOHATTIIMKONPOTEHHOBBIX KOMILJIEKCOB. M3BECTHO, 4TO
ooponaTtcoaepxkaiue comnosuMmepbl NIPAA B npucyTcTBUn
MYIMHOBOTO TJIMKOIPOTEHHA TEPSIOT CIMOCOOHOCTH K PE3KUM
($a3oBBIM IMepexogaM, B TO BpeMsi Kak MPHUCYTCTBHE MOHOcCaXa-
punos mpocto nosbiaer ux HKTP.120 Mykoaare3uBHble cBOM-
cTBa 60POHATCOIEPKAIIUX COMOJIMMEPOB U3yYeHbI B paboTe 133,
B nocneayrommem nociie pabots 126 necnenoanuu 34 mosy-
YeHBbI TOHKHE T€JIM, 0O0Pa30BaHHBIC MOJIUBUHIIOBBIM CIIMPTOM H
OopoHATCONEPXKAIMMHI TMOJIAMEpaMH. [ el HaHOCWIM Ha
MOBEPXHOCTh TOJIUCTHPOJIbHBIX IUIAHILIET, HA MOBEPXHOCTH
reJjiei KyabTuBupoBasm pudpobaactel tuauun NIH3T3, koTopsie
JIOCTHTAJIM Yepe3 HECKOJBbKO AHEH KOH(IIIOEHTHON CTPYKTYpHI,
MOCJIe Yero rejieBble MOAJIOKKHM YaCTHYHO pacTBopsuid B 0.2 M
pacTBope (hPYKTO3bI U MOHOCJIOWHAS KYJIbTYPa OTAEISIACH OT
reqsi. Takum o6pa3om, ObLT HalIeH HOBBIM MyTh HeepMeHTa-
TUBHOTO OTJICJICHUS! TAKHX KJETOYHBIX KYJBTYP OT HOCHTEJIEH,
aJIbTEPHATUBHBIA OMMCAHHOMY BBIIIE OT/CJICHAIO OT TEPMOYYB-
crBUTeIbHBIX PNIPAA- coepxalimx moBepxHOCTEH.

VIII. IToBepXHOCTHO-TIPUBUTDIE NOJMMEPHI H I'eJIl
B MaTepHaJiax U MeToax OHoaHam3a

CeHCOpHBIE 3JIEMEHThI COBPEMEHHBIX OMOAHAINTUYECKUX IPUO0-
pPOB, TaKMX KaK CHEKTPOMETPBI MOBEPXHOCTHOIO IIa3MOHHOTO
pe3onanca (III1P), xBapreBO-KpHCTAJINYECKAE MHUKPOBECHI
(KKpM) u nperu3noHHbIE HTHTEPPEPOMETPBL, B TOM YHCJIC CIIEKT-
pasbHO-KOppensauonHbie nHTEphepomeTpsl (CKN), BriIFOUYArOT
B ce0s1 OMOMOIEKYJISIpHBIE JIMTAHABl, MMMOOWIN30BAHHBIE HA
TIOBEPXHOCTH TBEPABIX HOCUTEJICH K OTBETCTBEHHBIE 3a CrieA(u-
YeCKOe y3HaBAaHUE M CBSI3bIBAHME AHAJIU3UPYEMBIX BEIECTB, UX
KOMIUIEKCOB (HampuMep, IMMYHOKOMILJIEKCOB) WJIN OMOJIOTHYe-
CKHX KJIeTOK. Hocutenun BocipimHUMAIOT cadble reHeprpyeMble
CUTHAJIBI ¥ IPEOOPA3yIOT UX B 00Jiee CUIIbHBIE, KOTOPBIE MOXKHO
3apETUCTPUPOBATD C TOMOIIBO 3JIEKTPHYCCKUX cUcTeM. Takumu
HOCHTEJISIMH (TIPeo0pa3oBaTeNIsIMI) SBIISTFOTCSI TOHKUE 30JI0THIC
nokpeiTust (B mMetome IIITP), kpucrayuibl kBapua (B MeTO/AEC
KKpM), miockue crekisaable miactuaku (B metoae CKU) u
KanuJuisipbl. BCC OTU MaTEpHUaJibl CHOCO6HI)I CUJIBHO U HECIICIIU-
(uyeckn copoUpOBaTh OEJIKH, JTUIONPOTEHHBI, (OCHOIUIUABI 1
JIpyTrue KOMIIOHEHTHI (PU3UO0JIOTMYECKIX KUKOCTEH U TIPOTYKTOB
MUTAHUS, YTO CHIDKAET CHEMU(PUYHOCTh U TOYHOCTH aHAJIU30B.
B cBsI3M ¢ 3TUM U B COOTBETCTBUH C IPEICTABICHUSIMU, U3JI0XKEH-
HbIMH B pazfene VI, ObUIO NpeampHHITO HEMAJIO TMOUBITOK
NpUAATh AJCOPOIMOHHYIO PE3UCTEHTHOCTH 30JI0TY, CTEKIy H
KBaply IyTeM HPHUBHUBKH HAa UX MOBEPXHOCTH Pa3HOOOPA3HBIX
TUAPOGUITBHBIX MOJMMEPOB, KaK HEHTPAIbHBIX, TAK U IIBUTTEP-
noHHBIX. [TocnemHme TaKxxe 3HAYUTEILHO CHIXKAIOT aCOPOIINOH-
HYIO aKTHBHOCTH TBEPIBIX HOCHTEJIEH. 133

Panee myis mpemoTBpallieHds: Hecmenu(pUueckol copommu
OMONOJIMMEPOB Ha IOBEPXHOCTSIX OMOCEHCOPHBIX YCTPOMCTB
ucnonb3zopamu PEO- u nexcTpancomepxaiye mokpbiTus. 0 136
B mocieqaue ToIbI UCCIETOBAHUS CKOHIIEHTPHUPOBAHBI HA pery-
JIIPYeMO#l TPUBUBOYHOU MOJMMEPHU3ANUN  OJIUT OITUIICHTJIU-
xonpMeTakpuinata (OEGMA) 137 y momoOHBIX eMy MOHOMe-
poB.!3 B paGore® ommcaHa paaumKadbHAS — MOJMMEPU3AIMS
OEGMA 1no mexanuzmy ATRP, uHuIMupoBaHHAS CIIONKHBIM
adupom OPOMHU30MACIISTHON KUCIIOTHI, KOTOpasi 00pa3yeT MOHO-
CJIOH Ha OBEPXHOCTH 30JIOTHIX IJIACTUHOK JIJISl HOBEPXHOCTHOTO
MJIa3MOHHOTO pe30HaHca. B pe3ysbrare MOJMMeEpU3aUA MOJTY-
YarOT CJIOW IPUBHUTOTO MOJIIMEPa TOJIIUHON 10 50 HM, IpaKTH-
YeCKH HEAOCTIDKUMOM MpU XuMuueckoit mmmoOunusamuun PEO.
HecmoTpst Ha BrIcOKyrO uyBcTBUTEIbHOCTH MeToaa [II1P, ¢ ero
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MOMOIIIbIO HE YCTAaHOBJEHA ajcopOuus OeiakoB u3 10- wuiam
100%-HO¥ CHIBOPOTKH KPOBH, a TaKXe U3 pacTBopa (HpuOpOHEK-
trHa (1 Mr M~ 1), 4TO CBUAETENLCTBYET O BLICOKOM PE3UCTEHT-
HOCTH IOJIy4YeHHOro mokpbiTus. Ilpum wucnosb3oBanuu PEO
(M = 2000 r-Moub ') ¢ KOHIEBBIME AMHHOTPYIIIAMH, UMMOOH-
JIN30BAHHBIMU HAa OPraHOCHUJIIJIAPOBAHHBIX CTEKJISHHBIX IIJIa-
CTHUHKAX, BO MHOTO pa3 CHU3MJIACh Hecnenuduiaeckas aacoponus
JHK 1pu OJHOBPEMEHHOM HYeTBIPEXKPATHOM YBEJIMYCHUU
BbIX0/J1a B peakiuu ruopuanzanuu [JJHK ¢ uMMoOuin3oBaHHbIMU
Ha PEO osmronykineotnnamu.'’® Camkenne Hecnenupuieckoi
ancopbmun JJHK neo6xomuMo 11t MOAaBIIeHAS] ITyMOBBIX CHT-
HAJIOB IIPH CO3JaHUH OMOCEHCOPOB, HACTPOGHHBIX HA BBEICOKOCE-
JIEKTUBHOE CBsi3bIBaHUE MyTeM rubpuausanuu JHK ¢ Habopamu
AMMOOMIIM30BAHHBIX OJIMTOHYKJIEOTHA0B. 4’ Takme HaGOPBHI,
Ha3BaHHbIE MAaTPUYHBIMU OHMOCEHCOpAMH, COAEpPXKAT OOJIBbIIOE
YUCJIO OJHOTHUIIHBIX MUKPOSYEEK; UX IIUPOKO HPUMEHSIOT IS
BBICOKOIIPOU3BOIUTEIHLHOIO CKPUHUHIA — OJHOBPEMEHHOTO
aHanm3a 60JbIIoro KosmecTsa mpob.! 4 Hocurensimu nmmobu-
JIN30BAHHBIX CHNENU(PHUYIECKUX JIMTAHAOB, B TOM YHCJIE OJIMIO-
HYKJICOTHIOB, MOTYT OBITh KaK IOJIMMEpHBIC INETKH, TaK M
CIIATBIE MUKPOTEJIH, UCIOJIb3yeMble, HApUMeEp, ISl MMMOOH-
Jm3anuu OaKTepualbHBIX KJIETOK W Iocieayromero (iyopec-
LEHTHOT'O aHAJIN3a BHYTPHUKJIETOUYHBIX ITPOIIECCOB, YTO MO3BOJISIET
KOJIMYECTBEHHO ONPEIENSATh AHTUOMOTHKY. |42

HecMoTps Ha TO 4TO KOH(GOPMALMOHHBIE NIEPEXOAbI MTPUBH-
ThIX 1eneit PNIPAA noapo6Ho ucciegoBanbl Metogamu [T1TP u
KKpM, npumeHeHre cMapT-IIOJMMEPOB B KauecTBe MouduKa-
TOPOB TIOBEPXHOCTEH COOTBETCTBYIOIIMX IpeoOpasoBaTteseit
MoKa orpaHu4eHo. [IpUYUHBI 3TOTO HE BIIOJIHE SICHBI; TOHKHUE
TUAPOTEIH TMOJMMEPOB, CO CENUPIUECKUMH JTUTaHIaMH K (W)
KPaCUTEISIMA MHOTOKPATHO U3yUYEHBI X UCTIOIb30BAHBI KAK ONTH-
YeCKHE CEHCOPHBI HA caxapa,'*? aMunbl 1 crmpTsl. !4 MMMoOum-
3amusi (PEpMEHTOB B TOHKHE TeJH, cofepxamme pH-uyBcTBH-
TeJIbHbIE KPACUTEIM M HOcieAyroiasi (oTOMeTpHUIecKasi peru-
cTpanusl KaTaJIUTHYECKUX IPOLECCOB MPEBPATUIINCH B PACIPO-
CTpaHEHHBIH METOJ JAETeKIMH (EPMEHTHBIX CyOCTpaToOB M
cy6erparonono6ubx Bemects. 4> Kpome Toro, Morocioun amu-
(PUITBHBIX TMOJMKATHOHOB C BKJIFOYEHHBIMH B HUX (pepMeHTaMU
OBLTM MHOTOKPATHO UCIIOIB30BaHBI KAK MOIA(DUKATOPHI TOBEPX-
HOCTH 3JIEKTPOAOB [JI1 HMOTEHIMOMETPUYECKOH DPErucTpariu
IIPOIIECCOB MOJIEKYJIAPHOTO y3HaBaHus. !4~ 148 Tlo-puammomy,
npuBuBovHas comnojimmMmepusanus NIPAA ¢ ¢yHKnMOHAJIBHO-
AKTUBHBIMM MOHOMEpAMH, IO KpaWHEll Mepe MO MEeXaHU3MY
ATRP, mnpexacraBisieT ompezeieHHbIE TPYIHOCTH, IMOCKOJIBKY
COJIbBATHPOBAHUE KOMILJIEKCOB OJTHOBAJICHTHOW MEIU C aMHUHO-
COJIEpPKAIIIMU JIUTAHIAMH, & TeM 0oJiee 3aMeIlIeHHAE YTHX JINTaH-
IIOB, CYIIECTBEHHO BJIMSECT HA BOCCTAHOBHUTEIbHBIA MOTEHIHAI
KOMILIEKCOB, 4 CJIEI0BATEIBHO, HA KOHCTAHTY pOCTa Hemn. 49

VkaxeM elie Ha OJMH PaCHpPOCTPAHEHHBIN OMOAHAIUTHYE-
CKUil METO, B KOTOPOM MIPUMEHEHHE «YMHBIX» MTOJIUMEPOB MOKA
HE MOJIYYUJIO MIMPOKOIO0 PACHPOCTPAHEHUS — KaNMJLISPHBIN
anektpodopes (KD). HekoTopsie BogopacTBOpUMbIE OJMMEDPDI
(Kax KaTHOHHBIE, TAK U HEHTpaJIbHBIE), HCIIOJIb3YEMbIE B KAUeCTBE
KOMITOHEHTOB pabounx Oydepos miust KD Oeinkos, npenorspa-
MIAFOT MX HEOOPATHMYIO aICOPOIIEIO HA TOBEPXHOCTHU KBAPIEBBIX
KamWUIIpOB 3a CYeT JAWHAMHYECKOTO MOM(PHUIMPOBAHUS
nosepxHocTu. >0 TTokazano, 4To (a30BLIiA MEPEXO/I B pACTBOPAX
conomumepoB Tuna PEO-PPO-PEO, npoucxonasimii mnpu
MOBBIIICHUU TEMIIepaTypbl OT KoMHaTHOU 710 38°C, mo3BossieT
peryJupoBaTh BSI3KOCTh IOABMKHOW (ha3pl U TakuM 00pa3oM
ONITHMHU3HPOBATh pa3JieJICHNEe CMecell OJIMTOHYKJICOTHIOB H
JHK.13! TTo MHeHHIO aBTOPOB JAHHOTO 0030pa, PACTBOPHI
TEPMOUYBCTBUATEIJILHBIX IIOJIMMEPOB MOTJIN OBl OBITH HCIIOJIB30-
BaHBI B NpENMapaTHBHOM BapuaHTe KO Mg OT/IeIeHNs] OYUIIeH-

HBIX BEIIECTB OT MOJIMMEPHOTO MOAU(PUKATOPA IYTEM €ro Tep-
MOOCAXKJICHHSI U3 PACTBOPA.

BosBpaiasch K cMapT-MOJUMEPHBIM KOMIIO3UTAM, OTMe-
TUM, 4TO 0c000O€ BHUMAaHHE B KAYECTBE OOBEKTA MCCIEAOBAHUS
NIPUBJIEKJIM HAHOYACTHIBI 30JI0TA, BKJIIOYEHHBIE B MOJUMEPHBIE
rugporenn Ha ocHoBe NIPAA '52 miam B MMKpOYACTHIBI STHX
reseit.!>3 TIpu cxaTuy Tenlell BCIEACTBUE MOBBIIIEHAS TEMIIEPA-
Typbl JuOO M3MEHEHHs COCTaBa BOAHOM (a3bl yBEIMUMBAETCS
IUIOTHOCTb pacnpeacjiCHus I/IMMO6I/IHI/I3OB3HHBIX HAaHOYAaCTHUIL
30J10Ta, YTO MIPUBOJIUT K «KKPACHOMY CIIBUTY» YaCTOTHI IIA3MOH-
HOro pe3oHanca. '3

B paGorax®-1>* ¢ nomompio UHTEPHEPOMETPHUECKOTO
CNEKTPaJIbHO-KOPPENSIMOHHOTO METO/Aa M3y4eHbl KOH(opMa-
MOHHBIE TIEPEXOBI comosuMepa N, N-IUMeTUIAKPAIAMAIA 1
N-axkpwioni-m-amuHopennnoopuorr  kucinotel (NAAPBA)
(9:1), npuBUTOrOo Ha MOBEPXHOCTD IJIOCKUX CTekoJI. [lepexoab
00YCIIOBIIEHBI YBEJIMYEHINEM HOHU3AIMU (DEHMITIOOPHON KUCIOTHI
NpY NOBLIIEHHH 3HaueHuil pH OT HEWTpaNbHBIX 10 9.2 U Xapak-
TEPU3YIOTCS YBEJIMUEHHEM TOJIIIMHBI TOJMMEPHON LIETKA U €€
0o6paTUMBIM yMeHbIIeHHeM npu noHmkennu pH. TTpumeua-
TENBHO, YTO B HOHM3UPOBaHHOM cocTosianu (pH 9.2) pacTBOpn-
MBI ¥ TPUBUTOM COMOJMMEPBI CAMOIPOU3BOJIBHO CBS3BIBAIOT
MYIMHOBBIN [JIMKOMPOTEMH, YTO COOTBETCTBYET YCIOBUAM a/Ire-
3MU KJIETOK XKMBOTHBIX HA aHAJOTMYHBIX HocuTensax S 118 u yka-
3pIBAa€T HA BEPOSITHBIM MeXaHu3M 3Toi aare3uu. llletku mosm-
NAAPBA, Tomumno#i 20 HM He1TaBHO MOJIyYeHbI Ha KPUCTAJLIaX
KBapia u uzyveHnl MmetogoM KKpM kak ceHcopbl Ha TIIHoKo3y. 33
CBS3BIBAHUSA JTAHHOTO TOJIMMEPA ¢ (PPYKTO30M, OCHOBHLIM KOH-
KypUPYIOIIUM CaXapuIoM, 3THM METOIOM HE 3aperucTpupo-
BaHO, YTO JaJI0 BO3MOXKHOCTD CEJIEKTUBHO U3MEPATH KOHIEHTPA-
WO TJIFOKO3HI.

Heckonbko BapMaHTOB XUMMYECKOTO MOJU(MDHUIMPOBAHUS
MOBEPXHOCTH TUIOCKUX CTEKOJI, TIPEAHAZHAYEHHBIX IS IMMOOH-
JIN3auu CHeL(I/l(I)I/I‘{eCKI/IX AHTUTECJI U UCIIOJIB30BaHUA B METOIC
CKMU, wuccnenoBaHbl C I1EJbIO ONTHUMU3AIUM MOJIEKYJISIPHOTO
y3HABAHMS U CBSI3BIBAHUS CEPJICYHBIX TPOIIOHUHOB, PErYJIATOP-
HBIX O€JIKOB, NPENCTABISIONMX HHTEPEC IS JUATHOCTHKM
nHpapKTa MEOKapaa M Apyrux Gosesneit cepaua.!>® Mpumenss
metox CKUW, MOXHO CpaBHMBATH TOJIIMHBI CJIOEB MMMOOMJIH-
30BAHHBIX AHTHUTEJ HEMOCPEACTBEHHO B IIPOLECCE MX XMMHYE-
CKOTO TIPUCOEJNHEHHSI K AKTUBUPOBAHHON MOBEPXHOCTH, a CJIe-
JIOBATEJILHO, OLeHUBATH 3 PekTuBHOCTL MMOOMIM3anuu. Crie-
U(PHUIECKOE CBA3LIBAHIE TPOMIOHUHOB PEMMCTPUPOBAIIH 10 MPU-
PAILEHUIO TOJIIIMHELI aJCOPOLUOHHOrO CJIOsl, KOTOPOE JIMHEWHO
BO3PACTAJIO C YBEJIMYEHHUEM Jiorapudpma KOHIEHTPAIMA aHaJId-
3MPYEMOTO BEILECTBA M B YCJIIOBUSIX HACBHIIIEHUS COCTABJISIO
~3 mm. Tocnenyromee CBA3BIBAHUE JETEKTUPYIOIIMX AHTHTEI,
MEUYEHHBIX OMOTHHOM, MPUBOAUIIO K JOMOJHUTETLHOMY MpUpa-
IIEHUIO TOJIIUHBI CJIOSI aICOPOUPOBAHHBIX OeKOB. OTMETHM,
YTO 3HAYUTCIIbHO IOBBICUTH YYBCTBUTECJIBHOCTH BTOpI/I‘{HOl\/II
JETEKIMH TPOMOHMHOB TO3BOJIAIO TPHUMEHEHUE MATHUTHBIX
HAHOYACTHII, HECYIIUX T€ XK€ JeTeKTupyroume antutena. Crenu-
(uueckoe CBA3BIBAHME YKA3AHHBIX MATHUTHBIX HAHOYACTHIL C
AHTUTEHAMH MOXET OBITh 3aPETHCTHPOBAHO C MCTOJb30BAHUEM
addekra ux HequHEHHOW HaMarHmdeHHOCTH.'>’ C MOMOIIBIO
9TOTO METOJA YHAJIOCh OMPEAETUTh MUKOTPAMMOBOE COEPKA-
HEE CTa(pUIOKOKKOBBIX TOKCHHOB B TAKOM CIIOXKHOM Cpejie, Kak
HEeTbHOE MOJIOKO. 18

MarunutHbele Hanowactunpl (MHY), Hecylmime mnpuBUTHIE
OJIUMEpHI, TJaBHbIM obpazoM PEO, mmpoko wu3ydaroT Kak
KOHTPACTUPYIOIIUE Ar€HThI JJIi MATHUTHO-PE3OHAHCHOM Juar-
HOCTUKH '*° 1 HOCHTeNM [UIs LIeJIeBOro TpaHcnopTa JiekapcTs. 0
[lnpokoe pacnpoCcTpaHEHHE TOJIyInIIa MAarHUTHAs cenaparus
KJIETOK XKMBOTHBIX ITyTEM UX CBS3BIBAHMS CO CIEMU(PUICCKAMME
AHTUTENIAMH, IMMOOHIM30BAHHBIMA HA MATHUTHBIX YACTHIAX,
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nokpeIThix PEO wiu apyrumu nosmmepamu. 'l OcHoBHbIe 06-
nactu npuMenennss MHY B MeauiHe u ¢pusnueckue NpUHIUIIBI
UX UCIOJIB30BaHus 0600IIEHbl B 0630pe 92, a MeToIbl XuMuye-
ckoil konbtorammu MHU ¢ HyKJIEMHOBBIMU KUCJIOTAMH MU HUX
npuMeHeHue B OuoaHanuse u Guocemapanud — B 0030pe 103
Bnaromapst 60JbII0# yIeapHOM ITOIaaM mosepxnoctu MHY
MOTYT aAcOpOMpOBATH 3HAYMTEIBHOE KOJIMYECTBO OEIKOB M
JIPYIMX OpPraHMYeCKHX BellecTs.!6% 164 Ancopbuusa mpoTtekaer
6oJiee CeJIGKTUBHO, €CITH MOJIMMEPhI-MOIU(DUKATOPBI HECYT peak-
[IMOHHO-CTIIOCOOHBIE TPYNIbl. B HemaBHux pabortax 165166 1o
HPUBUBKE METaJUI-XeJIaTHPYIOUINX HOJIMIJIeKTpoauToB Ha MHY
MIPOJEMOHCTPHPOBAHA BO3MOXKHOCTb M3BJICUECHUSI JIEKAPCTBEH-
HBIX IIPENapaToB M HOHOB TSDKEJIBIX METAJUIOB U3 (hpr3motornye-
CKUX KHUIKOCTEH /1J151 HOCJIEAYIOIIETO KOJIMYECTBEHHOTO aHAJIM3A.

Boubmmas rpynma paboT mMocBsIIeHa XUMUYECKOMY MOaAnu(H-
nupoBaHuto cMapT-nosuMepamu MHY unm BKIIFOYEHHIO 3THX
YaCTHIl B COOTBETCTBYIOIME MHUKPOTENH. YKa3aHHbIE THUCIepC-
Hble CHCTEMbl pa3pabaTbhlBajl HpPexJae BCero s ILeJeBoi
JTIOCTAaBKH JIEKApCTB MO AEHCTBMEM MATHUTHOTO IIOJS M X
TIOCTIEYIOMIErO BBICBOOOXIECHNUSI B OOJBHBIX OpraHax 3a CUeT
JIOKAJIBHOTO TIOBBIIIEHHUST TeMmepaTypsl. C 3TOH menbio ObLIH
TIOJTyYeHbl HAHOYACTHIBI MArHETUTA, IOKPBIThIE aMOP(HBIM
JUOKCHIOM KPEMHHS, KOTOPbIE 3aTeM XUMHUYECKU Moqudummpo-
BaJM (3-METAKPUIIOUIIIPOIIII)TPUMETOKCUCUIIAHOM U COIOJIU-
MepuzoBaii ¢ NIPAA B mpucyrcTBuu OHM(YHKIMOHAJIBLHOTO
CIIMBAIOIIEro areHTa. B pesyiabTaTe popMHUpoBaNCh YaCTUIIBI
cimroro PNIPAA, nmeromye popMy, 01M3KyI0 K chepHIecKoit
(mrametpom 300-500 HM) ¢ MAarHETHUTHBIM SAPOM BHYTpH.'6”
ITpu nossimenun temuepatypsl oT 20 mo 50°C mostyueHHBIE
KOMITO3UIINOHHBIE YACTHIBI CKUMAJUCH (IHAMETP YMEHBIIIAJICS
B 1.5—2 pasa), a mpu oxJIaXIeHIM IPHHAMAJIN IePBOHAYAIBHBIE
pasMepsl.

CynepnapamMarHUTHbIE CBOWCTBA MarHeTUTa MO3BOJIIOT
OBICTPO KOHIIEHTPUPOBATH M OCAXKAATh CYCIICH3MIO YaCTHIl C
MIOMOIIIBIO MMOCTOSHHOTO MaruuTa. B pabore 198 kommosurmon-
HBbIE YaCTHIBI YKA3aHHOTO THIIA OBLIM MU3y4YeHBI KaK TEPMOYYB-
CTBUTEJIbHBIE HOCHTEJIM IHKOBOW coyn (hrajionuaHmHCyIIb(o-
HOBOW KHCJIOTBI — H3BECTHOTO CpeNICTBa It (OTOAMHAMUYE-
CKOW Tepamuu omyxoJiei. B pesynbrate o0BeMHOro (hazoBoro
nepexoja B TeJIEBOH 000JIOUKE, COCTOSIICH W3 COMoJuMepa
NIPAA ¢ N-rugpoKCUMETUIaKPUIAMUIOM, IIPOUCXOTUT BBICBO-
60K /IeHHE ITOTO JIEKAPCTBA, IPHYEM IIPH TeMIepaTypax B MHTEp-
Basie 25—37°C BbICBOOOXICHUE HE3HAUYUTEIILHOE, HO OHO PE3KO
yBeJIMUUBaeTcs yxe npu temreparype 39°C, cooTBeTCTBYIOIIEH
JIBYX- WJIA TPEXKPATHOMY YMEHBIIIEHHUIO JHaMeTpa YacTHII.

O6paTtuMoe HaOyXaHHE W CXKATUE TOJUMEPHON 00OJIOUKH
n3y4eHo u st MHY, mOKPBITBIX TEPMOTYBCTBUTEIBHBIM OJIOK-
conommmepom PEO—PPO-PEO, moauduuupoBaHHBIM IOJIH-
stuneaumurom (PEI).'®® B mportusononoxnocts pabote 198
OBIJIO MOKA3aHO, YTO BBICBOOOXKIEHHE JIEKAPCTBEHHBIX CPECTB
MPOMCXOAUIIO HE TPU MOBBIILEHUH, a TIPU HOHIKEHUN TeMIepa-
Typsl B uHTepBase oT 35 no 20°C, T.e. B yclIOBUSIX HAOyXaHUS
HOJIMMEPHO 000104k YacTHI-HOcHTeNel. [To-Bunnmomy, npu-
YMHA ITUX PA3JINYUI 3aKJIF0YAeTCsl B PA3HBIX MEXaHN3MAaX CBSI3BI-
BAHUS JIEKAPCTB: €CIM CBSI3bIBaHME C N-3aMEILCHHBIM IOJIH-
AKPIJIAMHOM HPOUCXOAUT 3a CYET COBOKYIMHOCTH TOJISIPHBIX H
ruapoGOoOHBIX B3aUMOACHCTBH, 1O aHAJIOTHH C 0Opa30BaHUEM
KOMILJIEKCOB TOJIM(/N-BUHUJIJIAKTAMOB) C apOMATHYECKMMHU CO-
enunenusamu,3’- 170171 1o B cnyuae Giok-comomumepos PEO—
PPO—PEO nauboJiee BeposTHBI OKKJIFO3USI OPTaHUIECKUX MOJIe-
KyJI B IIpoIecce KOJIIATca CONoJIMMepa IPH MOBBIIEHHON TeMIIe-
paType 1 X BEICBOOOX/ICHHE NIPH e¢ OHIDKeHNH (puc. 14).

MarHuTHbIe HAHOYACTHIBL, TOKPBITEIe PNIPAA, n3yueHs! u
KaK HOCHTENM [JIi MarHUTHOW cemapanuy KjiIeTok. YacTuipl,
HecyIue OMOTHHOBYIO METKY, CBSI3BIBAIICH C ABUANHOM, 3aTEM
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Puc. 14. CxeMa HArpy3ku KOMIIO3UIIMOHHBIX MATHUTHBIX YACTHI
JIEKAPCTBEHHBIM CPEJCTBOM H €TO BBICBOOOXKIECHUE TIPH MOHMKEHUH
TemmnepaTtypsL. '

¢ OMOTHHWJIMPOBAHHBIMU AHTHUTEIAMH, JIOKAJIM30BAHHBIMU HA
MOBEPXHOCTHU JIPOXIKEBBIX KJIETOK. [IyTemM TeMmepaTypHO-pery-
JIIPYEeMOii arperanuy YacTHIl U MPHUJIOKESHIS] MAaTHATHOTO TIOJIS
MHUY c 6roadPpuHHO-CBI3aHHBIMA KJIETKAMH OBLIM CKOHIICHT-
PUPOBAHBI M OTJEJICHBI OT KJICTOK, HE COJePXKAIINX yKa3aHHBIX
aHTuTeN. 7> AHAJIOTHYHBIE TIOIXO/(bI UCIIOJIL30BAHbI B JaJIbHElH-
LIeM | /ISl Celapaluy KJIETOK )KUBOTHBIX. B pabote 73 B akcme-
PUMEHTAX C MBIIIAMH OCYIIECTBIIEHO OT/EJIEHNE HEHTpOoGhHIOB
OT Makpo(daroB MocpeCTBOM CBSI3bIBAHUS MOCJIEAHUX HA Mar-
HHMTHBIX YACTUIIAX C TEPMOYYBCTBUTEIbHBIM IIOKPLITUEM, COJEP-
KalmM UMMoOUTN30BaHHbIe anTuTea F4/80, cerududeckue k
makpogaram. Yactumes! arperuposasy npu Harpesanu 10 30°C
7 OCaXAAJIUCh BMECTE CO CBSI3AHHBIMU KJIETKAMU 1101 AeHCTBHEM
TIPHUJIOKEHOTO MarHUTHOTO ToJIs. TakuM o6pa3om, myTeM OTpH-
aTeIbHOM ceneknuu Gppakiust HeHTpopuiIoB, OoJiee TaOUIbHBIX
1 XPYIKHX KJIETOK, MOTJIA OBITh 3HAYATEIbHO oborarieHa. [Tory-
YeHHBIE KJIETKH ObLIN AaJjiee AKTUBUPOBAHBI U HCTIOJIb30BaHBI JJIs
M3YYEHUsI TPOLECCOB CEKPEIMH IIATOKUHOB. |74

IX. 3akarouenne

CyMMHpYsl CKa3aHHOE BBIIIE, MOXHO IPUUTH K HECKOJIBKUM
3akiroueHUsIM. CIOCOOHOCTh «YMHBIX» IMOJIIMEPOB H3MCEHSTH
arperaTHOE COCTOSIHUE B OTBET HA MaJIble U3MEHEHUS yCJIOBHI
OKpY>KAIOLIEH Cpebl, B YACTHOCTU HA U3MEHEHHE TEMIEPATYPBL,
3a cyeT 0OpaTUMOH TuApaTalUK —AeTUAPATANNN TTOJTUMEPHBIX
Lerned B 3HAYUTEIbHON CTENEHM COXPAHSETCS B IOJIUMEPAX,
IPUBUTHIX HA IOBEPXHOCTD Yepe3 KOHLEBYIO IPYIILY U, B HECKOJIb-
KO MEHBIIIEH CTeNeHH, B XeMOCOPOUPOBAHHBIX ITOJIMMEPAX.

CooTBeTcTBYyIOIIME KOHPOPMAIOHHBIE TIEPEX0/IbI N3yIEHBI
pa3HOOOpa3HBIMA (HU3UKO-XHMHIECKIMHI METOJaMU, BKJIFOYAIO-
M ACM, TOBEPXHOCTHO-CHIIOBYIO MUKPOCKOIHIO, JUTUIICO-
METPHIO, METOIbI OTPAKEHUSI HEUTPOHOB M M3MEPEHHsI aJIcOpO-
1y 6esikoB. OO1Iel 3aKOHOMEPHOCTBIO SIBJISIETCS CKATHE TIOJIH-
MEpPHOI'O NPUBUTOTO CJIOS IPH MOBBILICHUUM TEMIEPATYpBHI,
CONPOBOXKJAOIIEECS YBEJIMYCHUEM €r0 MHUKPOMEXaHHYECKOU
JKECTKOCTH, a B CJy4asiX IPUBUBKU CpeAHEH ILUIOTHOCTH —
JIaTepalIbHOMN cerperanueil mpuBUTOTO c10st. COOTBETCTBYIOIIHE
NIPOTHO3bI TEOPUH B Psifie CIIy4aeB HOJIyYUJIA KAYECTBECHHBIC UIH
TIOJIYyKOJIMYECTBEHHBIE IIOATBEPKACHUS.
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[Ipu BBICOKMX MJIOTHOCTSIX MPUBUBKM KOH(GOPMAIMOHHBIE U
arperatuBHbie nepexonbl PNIPAA — nHaubojiee M3y4eHHOTO
«YMHOT0» TIOJIUMEpa — OKa3bIBAIOTCS BBIPAXKEHBI cliabee, yem
MIPYU CPETHUAX W HU3KUX IUIOTHOCTSX. B TO ke BpeMs cerperanus
MPUBUTHIX TOJIAMEPHBIX CJIOEB OTKPBIBAET BO3MOXKHOCTD YIPAB-
JICHHS aICOPOIIMOHHBIMHE U a/IT€3NOHHBIMH CBOMCTBAMU ITOBEPX-
HOCTH 3a cYeT OOpaTUMOIr0 YAaCTUYHOI'O OOHAXKEHHS IOBEpX-
HOCTHU HOCHUTEJIEH, MMEIOIINX aACcOPOIMOHHO-aKTUBHBIC OpraHo-
CHUIAHOBBIE UJIM AQJIKAHTHOJIbHBIE MOJCJIOU, HEOOXOAUMBIC IS
XAMHYECKOW MPUBHUBKH MOJIMMEPOB. DTO SIBJICHUE ObLIO HCIOJIb-
30BaHO [IJIs1 KOHTPOJUPYEMOH aacopOInmu OeKOB W aJre3uH
KJIETOK JKUBOTHBIX, MX KYJbTHUBHPOBAHHMS U BBICBOOOXKIICHHUS
IyTeM TOBBIIIEHUS] TEMIIEPATYpPhl. YCTAHOBJIICHO, YTO BO3MOX-
HOCTb YNPABJICHHUS ANre3MBHBIMH CBOWCTBAMH MOJHUMEPHBIX
CJIOEB 3aBHCHUT KaK OT TOJIIIMHBI HPHUBHUTOrO CJIOS, TaK U OT
crocoba ero mnpuBHBKH. O(QPEeKTUBHOCTH BBICBOOOXKICHUS
KYJIbTUBUPOBAHHBIX KJIETOK OMPEICIISIECTCS HE TOJBKO TUaparta-
nueid 1 HaOyXxaHWeM HPUBHTOTO MOJIAMEPa, HO M MPOIECCAaMHU
CHUTHAJINPOBAHUS. U M3MEHEHUSIMH BHYTPHUKJIETOYHOTO METabo-
JIM3Ma B pe3ysibTaTe TEMIIEPATypHO-3aBUCHMON II€pEOpHEH-
TaIMX TIOBEPXHOCTHBIX KJIETOYHBIX PEIEITOPOB.

WMHTEepecHbIM HapaBJICHUEM UCCIICAOBAHUN SIBJISIETCST 0Opa-
THMaAs aare3us 6aKTCpI/IaJ'[bH])IX KJICTOK U KJICTOK )XUBOTHBIX Ha
OOpPOHATCOMEPKAIIUX TMOJUMEPHBIX IIETKaX, OTKPBIBAKOIIAS
IIUPOKHE BO3MOXHOCTH JJIsl KYJIbTUBHPOBAHUS, MMMOOIIIN3A-
AU ¥ BBICBOOOXKICHHS 3TUX KJIETOK MOJT IEMCTBAEM CaXapoB, T.¢.
B IIAJSIIMX YCIOBUSX, OJIM3KNX K (PU3UOJIOTHIECKIM. B3ammo-
neiicTBre OOPOHATCONEPKALINX TOJIMMEPOB C TOBEPXHOCTHBIMH
TJIMKOTIPOTENHAMH KJIETOK U MEXKJIETOYHOTO MAaTPHUKCA MOXKET
JIeyb B OCHOBY HAIPaBJIEHHOT'O TPaHCIOpPTa JieKapcTB. Mcnob-
30BaHME «yMHBIX» IOJIMMEPOB B KAUeCTBE HOBEPXHOCTHBIX MOIH-
(UKaTOPOB W Y3HAIOIIUX 3JIEMEHTOB OMOCEHCOPOB SIBJISCTCS
MEPCICKTUBHON W IMOKa HE OYeHb pa3pabOTaHHOW 00JacThiO
uccienoBanuii. To e OTHOCHTCS M K MAaTHUTHBIM YaCTHIIAM CO
CMAapT-MOJIMMEPHBIMHA TOKPBITHSIMH B KayeCTBE HOCHTEIICH
JIEKAPCTBEHHBIX CPEACTB.

OueBUAHO, yKa3aHHbIE HAIIPABJICHUS HCCIEIOBAaHUN OyayT
WHTEHCUBHO Pa3BUBATHCS B OJIMKakIIMe rojpl. B iesioM Bo3Mox-
HOCTH CO3JIaHKS YIPABJISIEMbIX HAHO-, MUKPO- 1 MAKPOCHCTEM Ha
OCHOBE «YMHBIX» IIOJIAMEPOB, OECCIIOPHO, MMEIOT OOJIbIIOE
Oymynee.
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ITpoananu3upoBaHbl 1 0000IIEHBI PE3YJbTATHI UCCJIEAOBAHUN B 00JIACTH IPUMEHEHUSI METO/IA TIOCTONHON XUMHYECKOMH
CcOOPKH J1JTsI IOJTYYEHUSI MYJIbTUCIIOEB HAa TIOBEPXHOCTH 3JICKTPOJIOB C IEJIBIO CO3AaHUS SJIEKTPOXUMUIECKUX CEHCOPOB ISt
onpesiesieHAs KOHIICHTPAIMI HeOPTraHMIECKUX, OPTaHNIECKAX 1 OMOOPTaHNIECKUX coeIMHeHNH. M3/105KeHa CyTh MeTo/1a U
OTMEYEHBI €r0 OCHOBHBIE JOCTOMHCTBA — BO3MOXHOCTH CHHTE3a B MSITKUX YCJIOBHSIX OT/EIBHBIX CJIOEB C 3a/IaHHBIMU
TOJIIIIMHOM ¥ COCTABOM U TMOJIyUY€HHs Ha UX OCHOBE MYJIBTHCIOEB. PaCCMOTpEHBI yCIIOBHS TIEpEHOCA 3apsiia B CIOSIX Ha
MOBEPXHOCTHU IJIEKTPO/IA MEXK/IY MOJICKYJIAMH aHAIUTA U OKHCIUTEIbHO-BOCCTAHOBUTEIbHBIMHU EHTPAMHE 3JICKTPO/IA, a
TaKKe yCIoBUs (QyHKIIMOHUPOBAHUS ONMTHMAIBHOTO 3eKTpoaa. OTMedeHa POJib 3JIEKTPOKATAIN3ATOPOB U HHTEPMEHa-
TOB B 3THX npoueccax. Ocoboe BHUMaHUE yIeJICHO CIIoco0aM CHHTe3a HAHOYACTHUIL 30J10Ta Pa3HOro pa3Mepa. [1puBeneHs!
Pe3yJIbTAThI 3KCIIEPUMEHTAIBHBIX PA0OT U 00CY K ICHBI IEPCIIEK TUBBI IPUMEHEHHS METO/1a MOCIOHON XUMUUECKO COOpKH
JUIS1 CO3/TaHUSI QJIEKTPOIOB PA3JIMYHBIX 3JIEKTPOXHMHIECKAX CEHCOPOB.

Bubmmorpagus — 241 ccpuika.
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1. Beeaenne

B xumuueckoll ceHCOpUKe SJIEKTPOXUMHUYECKHE CEHCOPBI 3aHU-
MaroT 0coboe MecTo. B HacTosiIiee BpeMsi OHU HAIIUTH IIIHPOKOE
MPUMEHEHUE B Pa3JIMYHBIX O0JIACTSX, HAYMHAS OT aHAJIM3a BO3-
qyxa paboueil 30HBL'-? ompeneseHHss TOKCHYHBIX BEILECTB W
MMAaTOTEHOB B OKPYXAoLIeW cpede W MPOJAYKTaX MUTAHUS, U
3aKaHYMBas aHAJIU30M (PU3UOJIOTUYECKUX KUIKOCTEH in situ,
BA)KHBIM U1l MEIUIIMHCKON TUATHOCTUKH.3 ~2

DPdeKkTUBHOCTh PaOOTHI TAKUX CEHCOPOB BO MHOTOM OTIpE-
JIEJISIETCS AJIEKTPOXUMHUYECKAMHU IPOLECCAMH HAa MOBEPXHOCTH

3JIEKTPOJIOB, B KAYECTBE KOTOPBIX B 3aBUCUMOCTH OT KOHCTPYK-
U CEHCOpa M Crocoba MOJTydYeHHs] aHATUTHYIECKOrO CHUTHAJA
HCIMIOJIB3YIOT YIJIEPOJIHBIE MATEPHAIIBI, 0JIATOPOIHbIE METAJLIBI,
MPOBOJISIIUE OKCUIBI U Mp. B mocieanee Bpemst Uit CO3MaHUS
HaunboJiee 3(pPeKTUBHBIX JIEKTPOJOB CTATU HNPUMEHSATH HAHO-
CTPYKTYPUPOBaHHBIE MAaTEPUAILL® !0 KOTOpBIE UMEIOT 0COOEH-
HOCTH, BaXHBIE [Tl paOOTHI CEHCOPA, B YACTHOCTH, MO3BOJISIOT
CYIIECTBEHHO YBEJIMYUTH AHAIMTUYCCKHI CHUT'HAI 32 CYET 3JIeKT-
pokaTanmuza.

JIJ1si TOJIyYeHUs] ¥ HAHECEHHWS] Ha MOBEPXHOCTH JJIEKTPOIA
TAKUX MATEPUAJIOB UCIIOJIb3YIOT U3BECTHBIC (PU3MIECKUE ¥ XUMHU-
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YECKME METOJIbI — HATbUIEHHE B BAKYYME, METOJ 30JIb— relib,!!
OCaXJEHHe W3 pacTBOpoB, MeTon JIsurmropa—Biomxkert,!?
busnuecKyro aacopOIMIo, KOBAJIEHTHOE CBS3bIBaHUE,!® Kameb-
HOE HAHECEHWE C MOCIEAyIoIIel Cymkoi '4 u mpyrue. Merton
niociioitHoi xummueckoit coopku (I1XC) — oauH U3 HHTEHCHBHO
pa3BuBaeMbIx B mocienHue 10—15 mer. OmyOiIMKOBAaHO He-
CKOJIbKO 0030pOB, MOCBSIIEHHBIX OCOOEHHOCTSM HPHMEHEHHUS
3TOr0 MeToAa JIS CO3JaHMs CEeHCOPOB Ha OpraHMYecKUe Bellle-
ctBa W Guosornyeckre o6bekTh.!3 21 OnHako B HUX He JaHa
(3a ucksroveHHEM 0630pa 6, TTOCBAIEHHOTO OCOBGEHHOCTSIM MPH-
MCHEHHSI HAHOYACTHII 30JI0TA) CPABHUTEJIbHASI XapaKTCPUCTUKA
AHAJIMTUYECKAX BO3MOXKHOCTEH TakWX CeHCOpoB. dakTuuecku
OTCYTCTBYIOT 0030pbI MYOJIMKAINN 110 CEHCOPAM ISl OTpeeie-
HUsI KOHIICHTPAIIN HEOPTaHMIECKIX aHAIUTOB.

Llenb HacTosIeH pabOThl — aHAJIU3 U 00OOIIICHUE UCCIIeT0-
BaHMI 1o npuMeHeHnro Metroaa [1XC miist mojydeHus 3J1eKTpo-
JIOB 3JIEKTPOXUMUYECKUX CEHCOPOB, KOTOPbIE MO3BOJISIFOT OIpe-
JIEJISTh NIMPOKUIT KPYT HEOPTaHMIECKUX M OPTaHMYECKHUX (BKJIIO-
Yyass OMOOPraHUYECKHE) AHAJUTOB, a TAKXKE COMOCTABJIICHUE WX
AHAJIMTUYECKAX XapaKTEPUCTHUK W MPOTHO3 AaTHHEHUIIIETO Pa3BH-
Tusg merona ITXC.

MarepuaJ npeacTaBiieH cieayrommMm odpaszom. Ilocie Bee-
nenust B paspgesie Il pacemorpern meron IIXC um wu3ioxeHa
KpaTkas ucropusi ero pasputusd. B paznmene III paccmorpenst
OCHOBHbBIC TPUHIIMIBI PAGOTHI IJTEKTPOXUMUYCCKUX U aAMIIEPO-
METPHYCCKHX CEHCOPOB, a Takke cHOpPMYJUPOBAHBI TJIABHBIC
3aJ1a41, KOTOPbIE HEOOXOIUMO PEIIUTh JIJIsl CO3IaHUSI BBICOKOA()-
(bekTUBHBIX T 3J1EKTPOJIOB 2JIEKTPOXUMUYECKOTO CeHcopa. B pas-
neste IV o6cyxnenst ocobennoctu [1XC, BaxkHbIC IPH CO3TaHIH
Takux 2JekTponoB. B paszmenax V-—VII npoananuzupoBanbl
AHAJIMTHYECKHAE BO3MOXXHOCTH CEHCOPOB Ha OCHOBE 3JICKTPOIOB
CO CJIOSIMH, CHUHTe3upoBaHHbIMH MeTonoMm [IXC, mpu ompe-
JIeJICHNH HEOPraHMYeCKUX, OPraHMYeCKUX M OHOJIOTHYECKUX
00OBEKTOB.

I1. MeToa noc.10iiHoil XuMH4YeCKOil cOOPKH
H KpaTKasi HCTOPHS ero pa3BUTHSA

IMocnoitHast xuMuueckasi cOOpKka Ha MOBEPXHOCTH JJIEKTPOJa-
TIOJIOKKH CIIOST TOJIIIIMHON Ha YPOBHE HECKOJIBKUX HAHOMETPOB
MOeT OBbITh BBHINOJHEHA NPU COOIOACHUH CIEAYIOLIUX YCIIO-
Buit: 22

— HaJIMYUEC Ha MNOBEPXHOCTU IOAJIOXKKH HCO6XO}1[/IMOFO
YHCJIa aKTUBHBIX IEHTPOB; 9TU IIEHTPHI JOJIKHBI BCTYMaTh B
peaxiuu ¢ 00pa3oBaHUEM CJIOsI, TOJIIIMHA KOTOPOTO OTpaHINYCHA
TaK Ha3bIBaeMbIM 3((HEKTOM CaMOHACHIIICHUS;

— KaX/bIl HOBBI CHHTE3UPOBAHHBIA CJIOW MOJIKEH Ipo-
SIBJISITH CBOMCTBA PEaKIMOHHOCIIOCOOHO! MOIJTOKKH TP CHHTE3€E
TIOCJICAYIOLINX CIIOEB;

— B IpOIecCe MHOTOCTAIUIHOIO MOCIEI0BATEIBHOTO CHH-
Te3a HeoOX0IUMO 00s3aTeIbHO YIAJIsATh U30BITKU pPEareHToB U
MPOJIYKTOB PEaKIUil Mocjie KaXIOoi cTaauu oOpabOTKH MOJ-
JIOXKKH.

JlaHHBIA TOXO/T K CHHTE3Y HAHOCTPYKTYPUPOBAHHBIX MaTe-
puanoB OBLT peajn30BaH B MEPBYIO OYEpedb NMPH CHHTE3E U3
ra3oBoil (a3bl CI0EB OKCHAOB METAJJIOB U3 JIETKOJIETYYHX XJIO-
PUAOB METAJIOB U MOJIYYUJI Ha3BaHHE METO/Ia MOJIEKYJISIPHOTO
Hacimausanus (Atomic Layer Epitaxy (ALE),?*~ 2% wim Atomic
Layer Deposition (ALD) 2°). B nacTosiiee BpemMs JaHHBIA METO/T

T IMom 3¢hdekTHBHOCTBIO CeHcOpa MBI OyneM IMOHHMATh PEXAM
paboThI, IPU KOTOPOM IIOJIYHYarOT JIy4IlNe aHAJINTHYECKHE XapaKTe-
PUCTUKH — 4YyBCTBUTEJIBHOCTb, Npe/e] OOHApyXKeHUs, CTaOHUIIb-
HOCTb, JINHEHHBIN ANANa30H U BPeMS OTKJINKA.

CHUHTE3a CPABHUTEJBHO IIIUPOKO MPUMEHSAESTCS B MaTEpUAIOBE Ie-
HuU. JlocTaTOYHO cKa3aTh, YTO, IO HAIUM oleHKaM, B 2013 r.
6b110 onybsmkoBaHo ~ 1100 craTeif, aBTOPBI KOTOPBIX MCHOJIb-
30BaJI €r0 JIJIS CO3/TaHUSI HOBBIX TOHKOCJIOMHBIX MaTEPHUAJIOB.

BaxxHoe MecTo TpW TMOCIOWHOM CHHTE3€ 3aHHMAIOT METO-
UK C TPUMEHEHHEM >KHAKO(PA3HBIX PEAreHTOB, K KOTOPBIM
OTHOCSATCS PAaCTBOPHI COJIEH METAJIOB, KOJUIOWAHBIX YACTHIl U
MOJIAANEKTPOIUTOB. CUHTAETCS, YTO MePBbIe PAOOTHI, TOCBSILIEH-
ueie [1XC, ¢ ucnoapb30BaHUEM KOJUIOUAHBIX PACTBOPOB MPOBEJ
Wstep,?’ ¢ mpuMeHEHNEM PaCTBOPOB coJieil MeTauioB — Huko-
nay 28 u ToncToii ¢ coaBT.??, a paCTBOPOB MOJHUIIEKTPOJIUTOB —
Hexep u Xour.>° IMepssiit 0630p 3! paGot 1m0 310t TEME Oy 611~
KoBaH B 1993 r.

CJ10u CHHTE3UPYIOT 110 METOANKAM HOHHOT O, KOJUIOUAHOTO U
HOHHO-KOJIJIONIHOTO HAcTanBaHus.’> 33 B mepBoil MpUMEHSIOT
JIUCCOIIMAPOBAHHBIE B PACTBOPE COJIU PEareHTOB, BO BTOPOH —
KOJUIOUJHBIE PACTBOPHI (BKJIIOYAsl CYCHEH3MU, MULEJUIIPHBIE U
MOJIEKYJIIPHBIE PACTBOPHI), B TPEThEl — KOJIJIOMIHBIC PACTBOPHI
¥ PacTBOPHI coJieil. B HEKOTOpPBIX paboTax JaHHBIC METOIUKH
CHHTE3a XapaKTEPU3YIOT KakK MOJIMMOHHYIO COOpKy,>* XOoTs B
OOJIBIIIMHCTBE CJIy4aeB IMPOBOISAT XHMHYECKYIO COOpPKY He
WOHOB, a KOJUIOWJHBIX YACTHI. AHIJIOS3bIYHBIMH BapHAHTAMHU
Takux Ha3BaHWi sBisitorca Layer-by-Layer (LbL) Synthesis 3’
nmn Successive lonic Layer Deposition (SILD),3¢-3% a Taxxe
Successive Ionic Layer Adsorption and Reaction (SILAR);*®
MPpUYEM, KaK BUJHO U3 JAHHBIX TCPMHUHOB, IIPU XaPAKTCPUCTUKE
MPUMEHSIEMBIX METOJMK HE BBIICIISIOT PA3JIMYHBbIC MOIXOIbI K
CHUHTE3Y, YUYUTHIBAKOIIHE MPUPOTY IPUMEHSIEMBIX PEarcHTOB.

B nacrosiee Bpemst metoauku IIXC ¢ ucnonb3oBaHueM
pacTBOPOB PEAreHTOB IINPOKO IPUMEHSFOTCS B HAHOTEXHOJIOTHH
TP CO3JaHUH HOBBIX KAIICYJI TSI JOCTABKH JIEKapCTB, MEMODaH,
AHTUKOPPO3MOHHBIX OKPBITHI, 3JIEKTPOXPOMHBIX 1 MATHATHBIX
MaTeprasioB, KaTAJIU3aTOPOB U T.O. Yucio onyOJMKOBaHHBIX B
2014 r. crateii Ha 3Ty TemMy npeBbicuiio 1500.

[TpuMeHeHne KUTKOPA3HBIX PEAreHTOB OTKPBLIO HOBBIC BO3-
MO>HOCTH JIJTSI IIOCJIOWHOTO CHHTE3a, TIOCKOJIbKY TaKUX pearcH-
TOB CYIIECTBEHHO OOJIbINE, YeM COCTUHEHUIA, JITKOJETYIYUX B
HU3KOTEMIIEpaTypHOUl 00JIaCTH, W, KaK MPABHIJIO, CAM CHHTE3
MOXeT OBbITh MPOBEICH B MSATKUX YCJIOBHSAX ((paKTUUECKH MpPH
KOMHATHOH TeMIIepaType), a 3TO AOMOJHUTEIbHO PACIIMPSET
KPYI MWCIIOJIb3YEMBIX DPEAreHTOB U TOJIOKEK, a TaKXKe HAeT
BO3MOXHOCTB HCCJIEIOBATH OMOJIOTHYECKHE OOBEKTHI.

MHoroo6pasue ycIoBHi TOCIOWHOT 0 CHHTE3a METOJJOM HOH-
HOT'O HACJIAMBAHHUS OTPAXKEHO Ha PHC. 1, HA KOTOPOM CXeMATHYHO
MMOKa3aHa MOCIeI0BATeIbHOCTh 00OPAOOTKU MOIIIOKKHA PACTBO-
pamu pearenToB. OOpabOTKA MOJIOKKHN peareHTaMu OPTraHU30-
BaHAa TaK, YTO BBIAEJSICTCS OJWH LHUKJ, KOTOPBIA BKJIFOYAET
HECKOJIbKO cTaauid. CHavana mpoBOAsAT 00pabOTKY pacTBOpPOM
COJIH, CoAepIKallleil KATHOH M3 COCTaBa PACTYILETO CJIOs, 3aTEM
YAQISIFOT U30BITOK peareHTa MyTeM MPOMBIBKH PACTBOPUTEIIEM,
najiee 00pabaTHIBAIOT PACTBOPOM, COACPXKAIIAM AHUOH U3
coCTaBa CJIOSI © BHOBb OCYIIECTBIISIFOT TPOMBIBKY. UMCIIo Takux
[IUKJIOB MMOBTOPSIIOT, UCXOIS U3 3a/1a4H CHHTE3a.

B cooTBeTCcTBHME C TaKOW CXEMOM, 711 KaKI0TO U3 PACTBOPOB
peareHToB CcjeayeT BBIOPAThb PACTBOPHUTENb, KOHIEHTPALUIO
peareHTa, ero coctaB, (POHOBBIN IMEKTPOJIHT, 3HaUYeHHEe pH pac-
TBOpA, €ro TeMmIepaTypy u BpeMs o0paboTku. Kak MUHHUMYM,
MPUMEHSIFOT JIBA peareHTa W JIBe MPOMBIBHBIC XHIKOCTH, IS
KOTOpBIX TaKXe HYXHO KOHTpOJHMpoBaTh pH, Temmepatypy,
HaJIM4Me U KOHICHTpAIio (POHOBOTO pacTBopa ! T.1. [ToaTomy
3a7a4a BBIOOpA YCIIOBHII MOHHOTO HAC/IAWBAHUS 3HAYUTEIHHO
ycaoxHsiercd. CrenyeT y4ecTb Takxke, YTO Iepel CHHTE30M
HEOOXOIMMO HAWTH YCJIOBHUS CIIeLUAJIbHON 00paboTKM mOBEpX-
HOCTH TOJUIOXKKH [UIsi oOecreueHus aacopOLyM OJHOTO U3
peareHToB ¢ 00pa30BaHNEM IIEPBOTO CIIOS.
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Puc. 1. TlocnemoBaTtenbHOCTH 0OPaOOTKHU MOIIOKKH pearenTamu npu [1XC.

], 2— pacTBOPBI COHCﬁ, KOTOPbIC IpU B3aUMO/JICUCTBUU HA IMMOBEPXHOCTHU IMOAJIOKKHU TAKOT cIoi TPYAHOPACTBOPUMOI'O COCAUHCHUA.

Taxum 00pa3zoM, POCT CJIOsI Ha MOBEPXHOCTH B MpOIEcce
I[IXC Oyaer HaOMIOOATHCS, €CIIM B IEPBOM IUKJIC HACTAUBAHUS
Ha TOJIJIOKKE MTPOU3OIILIHN CIIEAYOIINE TPOLECCHL:

— agcopOuus KaTHOH- WJIM aHHMOHCOJEpXKAalllero peareHra,
BXOJISILIIETO B CTPYKTYPY paCcTYLIEro CJIOS;

— JTaHHBIN aJICOPOUPOBAHHBII CJION TOJKEH OBITh YCTOWYHB
TIPY yTaJICHAN U30BITKA PeareHTa ImyTeM MPOMBIBKH;

— azgcopOuuss TPOTHBOMOHA TpU 00paboTKe PacTBOPOM
BTOPOTO PEareHTa;

— 00pa30BaBIIMICS CJIOH TaKXe JOJKEH OBITh YCTONYUB
IIpU yIAJICHUN N30bITKA BTOPOTO peareHTa IyTeM IIPOMBIBKHU.

B pesynbraTe 3THX peakiyii Ha MOBEPXHOCTH JOJDKEH 00Opa-
30BaThCs CJIOM, UMEIOIIHIA HOBBIE IIEHTPBI JIJIsS aJCOPOIUHN TIep-
BOTI'0 peareHTta Mpu BTOPOM U MOCJeAYIOIHNX IUKIaX HacIanuBa-
HUs. Jpyrumu ciioBamu, OCHOBHAs 3ajava IpU CHHTE3E CIIOCB
KaXJIOTO COCTaBa — HAWTH peareHTHI M yCJIOBHS CHHTE3a, yIIO-
BJICTBOPSIOLINE YKA3aHHBIM TPAHUYHBIM YCIOBUSM. OUeBUIHO,
4TO CpeAH BO3MOXHBIX PEareHTOB BCEM YCJIOBUSIM OYyIET COOT-
BETCTBOBATh TOJILKO 4YacTh, a HapyLIEHHE AaXe OIHOTO U3
ycosuii [TXC npuBeseT Kk TOMY, 4TO MIPU MHOTOKPATHOM IPO-
BEJICHUM HA MOBEPXHOCTH TAKUX LUKJIOB CJIOW 0Opa30BbIBATHLCS
He Oyner.

CpaBHHBAsl pa3MYHble METOIUKHU IOCJIOHHOTO CHHTE3a C
HCMOJIb30BAaHUEM PACTBOPOB PEATE€HTOB, CIEAYET OTMETHUTD, YTO
HMOHHOE, HOHHO-KOJUIOUAHOE ¥ KOJUIOMAHOE HACIAUBAHUS OTJIU-
YAIOTCS OT MOCJIOMHOIO CMHTE3a WJIM METOda 30Jib—reiib. Jlei-
CTBUTEJILHO, B CJIy4ae JBYX IOCJIEIHUX METOJOB IOJJIOKKY
Takke MOXHO MHOTOKpaTHO 00pabaThlBaTh pacTBOpaMHU
peareHToB U (PUKCUPOBATH OOpa30BaHKE HA MOBEPXHOCTH CJIOS,
TOJIIIMHA KOTOPOTO BO3PACTAET C YBEJIMYCHUEM YHCIIA IMKJIOB
00paboTku. TommuHa TaKOTO 105l OyIET 3aBUCETh OT BPEMEHU
00paboOTKM MOMJIOKKM pEareHTaMM W HMX KOHIIGHTpAIlMU, a
VMEHHO BCJIEICTBHE 3TOTO CHIDKAETCS] TOYHOCTh 3aJaHHOHN TOJI-
[IMHBI CHHTE3UPYEMBIX CJIOCB.

ITI. OcHoBHbIE NPUHIMIIBI PA0OTHI
3JIeKTPOXHMHYECKHX CEHCOPOB

[puHnunuaibHast KOHCTPYKIMS aMIEPOMETPHYECKOrO CeHCopa
BrepBbIe npeiokena Knapkom ¢ coasT.*? Buut co3man cencop
IUISL OTIPeJIeNIeHAs] KUCIIOPO/a, a TAaK)Ke CKOHCTPYHPOBAH HEPBBII
(bepMEeHTHBI OMOCEHCOP TSI ONIPE/IeJICHHsI TIIFOKO3bL. JlaibHei-
mee pa3ButHe paboT B ITON OOJIACTH MPHBEJIO K TOSBJICHHIO
OYEHB OOJIBIIIOTO YHKCIIA AJIEKTPOXUMUIECKUX CEHCOPOB [IJIsT OTIpe-
JIEJICHUS] HEOPTAHUYECKUX, OPTAHMIECKUX U OMOIOTUUSCKH AKTHB-
HBIX coenuHeHnil. Kak mpaBuiio, COBPEeMEHHBII JJICKTPOXHUMHe-
ckuil cencop *! mpencraBiseT coboil yCTPOWCTBO, comepxKallee
MeMOpaHy (MHOT/Ia Ta30BbIid 3a30p), CEJICKTHBHYIO MO (pu3nye-
CKUM XapaKTEPUCTUKAM — arperaTHOMY COCTOSIHHIO, pa3Mepy
yactull U T.0. (puc. 2). Jlajiee uaeT YyBCTBUTEIBHBIA CJIOW, B
KOTOPOM MPOUCXOMIST XUMUYECKUE WM OUOXMMHYECKHE Peak-
muu, obecrevnBaroIe CeJICKTUBHOCTL ompeesienus. [locen-
HSISl YacTh — MpeoOpa3oBaTesb (MOTEHIIMOCTAT) — YCTPOUCTBO,
npeobpa3yroliee OTKJIUK PACHO3HAOIIEro 3jieMeHTa ((puzmue-
CKOW WJIM XUMHYECKOW MPHUPOJbI) B MU3MEPSEMBbIil curHaj (Kak
HIPaBUJIO, JJIEKTPUYECKUii), BEJIMYNHA KOTOPOrO IMPOIOPIHO-
HaJIbHa KOHIIEHTPAIVH OIPE/IesIIEMOro BELIeCTBA VI BELIECTB.
YacTo OBOJBHO CJIOKHO MPOBECTU YETKYIO TPAHUIY MEXKIY
YyBCTBUTEJILHBIM CJIOEM H IpeoOpa3oBaTesieM; B HEKOTOPBIX
CIIy4asix TMOCJIeIHUN MOXKET BBIMOJHSATH TAKKe (YHKIUIO 1yB-
CTBUTENBHOTO ¢J1051.*2 OOpa3sHO TOBOPSA, JJEKTPOXUMUYECKHUI
CEHCOP MOXHO MPEACTABUTH B BUE MUHAATIOPHOTO AHATIUTHYE-
CKOTO YCTPOWCTBA, B KOTOPOM MeMOpPaHa OCYIIECTBIISIET CTa U0
npo600TOOPA, UYBCTBUTENIbHBIA CJIOH OOECIeuYnBaeT CUTHAJIO-
obpa3yrommii mporuecc, a mpeoOpa3oBaTeNb UTPAET POJIb HHCTPY-
MEHTA MOJIyYeHNs] aHAJIUTHIECKOT O CHTHaJIa.

B xavecTBe HHCTPYMEHTAIBHBIX METOIOB B JJICKTPOXIMUYC-
CKHUX CEHCOpAaX UCIOJIb3YIOT HOTEHIIUOMETPHIO, AMIIEPOMETPHIO
(AM), nuxsmveckyro BojbTamnepomerputo (LIBA), ciiekTpocko-
MU0 JIEKTPOXUMHUYECKOTO UMITEIAHCA, KyJTOHOMETPUIO U KOH-
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Puc. 2. YcTpoiicTBO 3JIEKTPOXUMUYECKON STUSHKH U TIPUMED TOCTe-
JI0BATEJILHOCTH PACIIOJIOKEHHUS CJIOEB B MYJIBTHCIIOE Ha IOBEPXHOCTH
3JIeKTPOJ1a JEKTPOXUMHUYECKOTO CEHCOPa.

mykroMerpuio. Hambosee pacnpocTpaHEeHBI aMIlepoMeTphye-
CKHE CEHCOPBI.

C y4eToM THIA PEaKL¥H, IPOTEKAIOIIEH B 4YyBCTBUTEIHLHOM
CJI0€, CEHCOPBI MOIPA3ACIISIOT Ha XUMUYECKHE (11 JOCTHIKECHHUSI
CEJIEKTUBHOCTH OIIPE/ICJICHNSI UCTIOJIb3YIOT XUMHYECKHE PEAKIIH)
U Guojoruyeckue (UCTIONIb3YIOT (PePMEHTATUBHBIC PEAKIIMU HJIH
OGHOCENICKTOPBDL).

OOLIYHO BBIAENSIOT TPU TOKOJIeHUs Guocencopos.* Tepsoe
TIOKOJIEHNE 0a3upyeTcst Ha ONpeAeIeHH! KUCIopoaa, oopasyro-
merocst (WM moTpedIIeMOoTo) B pe3yibTate (pepMEeHTATUBHOM
peakiuu. BTopoe HOKOJIeHHE COAEPKUT METHATOPhI JIEKTPOH-
HOT'O IEPEHOCa, KOTOPBIE IO3BOJISIOT CHU3UTDb SHEPIUIO aKTHUBA-
LMK TIePeHOCa 3JIEKTPOHA OT (epMeHTa K 3JIeKTpoay. TpeTbe
HOKOJICHHE OCHOBAHO HA NPSIMOM NEPEHOCE JICKTPOHA C 3JIEKT-
poJia Ha aKTHBHBIN IIEHTP (pepMeHTa Wi Ha060poT. B HacTosIIIee
BpeMs pa3BHBaeTCs HOBOE HalpaBiieHHe — co3jaHue Oecdep-
MEHTHBIX JIEKTPOXHUMHYECKUX CEHCOPOB.+?

OcHoBHast mpo6jeMa, ¢ KOTOPOH CTAJIKHBAIOTCS UCCIIEA0Ba-
TEJIM HPHU KCIOJIb30BAHUE OMOCEHCOPOB BTOPOIO U TPETHETO
MTOKOJICHUH, CPABHUTEJIbHO HHU3KAs OJICKTPOXUMHYECKAs
AKTHBHOCTb aHAJIMTOB OMOJIOTHYECKOM HPUPOJIBI. DTO CBSA3AHO C
OONBIIMMH pa3MepaMu M KECTKOW CTPYKTYypod OMOMOJIEKYJI.
JlokanbHOE WM3MEHEHHe 3apsiia IMpH IepeHoce JJIEKTPOHA B
TakoWl MOJIEKYJIE COIPOBOXKIAETCS CTPYKTYPHO-XMMHYECKUMU
TIPOLECCAMH, IS KOTOPBIX TPEOYIOTCsI OOJIbIIIIE SJHEPT e THYECKHE
3aTpaThl, YTO, COOTBETCTBEHHO, IPHBOJUT K BBICOKOW 3HEPrUU
AKTHBALMK DJICKTPOXHUMMYECKON cTaauu. VIMEHHO MHO3TOMY
BOIIPOC 3JIEKTPOKATAJIN3A SIBJISIETCS OCHOBHBIM IIpH pa3paboTke
aMIepOMEeTPHYEKHX OMOCEHCOPOB.

B nacrosiee BpeMst HauboJiee nepCreK TUBHBIMU 3JIEKTPOKa-
TaJIN3aTOpPaMHU  SIBJISIFOTCSL  HAHOCTPYKTYPHPOBAaHHBIE MaTe-
puaser. 104343 [IpuMmeHeHre HAHOYACTHIL B 3JIEKTPOXUMUUYECKUX
CeHCOpax — OBICTPO pa3BUBAIOLIASICS 00JIACTh JIEKTPOAHAIIH-
THYECKOIl XUMUH, O YeM CBUIETEILCTBYET 3HAUUTEIHLHOE YHCIIO
0630poB,1> 2140 mocBseHHBIX 9TOM Teme. MHorooGpasue
CBOMCTB 9JIEKTPOJIOB TaKHX CEHCOPOB NOCTHUTaeTCs Oiaromaps
pa3zHOOOPa3MIo ClIOCOOOB CHHTE3d HAHOYACTHUIL HA TIOBEPXHOCTH

JJIEKTPOJIOB. 3a CYET IJIEKTPOKATAIM3A YHAETCS CYIIECTBEHHO
YBEJIMYUTE AHAJMTHIECKUN CUTHAJ CEHCOPA U, COOTBETCTBEHHO,
MOBBLICUTDL YyBCTBUTEIBHOCTE ONpeeieHns anaauTa. Hanouac-
THUIBI METAJUIOB OCYIIECTBJIAIOT CJIEAYFOLIME BaXKHbIE (PYHKIIUH B
snekTpoananmse: 847

— CYIIECTBEHHO YBEJIMIMBAIOT MPOBOISAILYIO HOBEPXHOCTD;

— NPOSIBIISIFOT KATAMTUIECKME CBOMCTBA, OOYCIIOBJIEHHbIE
UX MaJIbIMA PA3MEPAMY,;

— OCYILECTBIISIFOT KOHTAKT HEMOCPEIACTBEHHO C OKUCIIUTENb-
HO-BOCCTAHOBUTEJILHBIMU IIEHTPAMH (DEPMEHTOB.

CrieryeT OTMETHTB, YTO JJIEKTPOKATAJIUTHYECKUI dPPeKT,
BBIPAXKAIOIIAICS B YBEJIMIEHNN KOHCTAHTBI CKOPOCTH TEpEHOCa
JJIEKTPOHA, MOXKET JOCTUraTh IIECTH IMOPAIKoB. 10-48

B mepBoM NpUOIMKEHMH MOXHO CYMTATh, 4TO HAUOOJIEE
3 dexTuBHBIM OyAeT TpaHCObIOCEP, KOTOPBIA 0OecreynBacT
HamboJIee MOJHBIA TIEPEXO] JJIEKTPOHOB OT JJIEKTPOXUMUIECKH
AKTMBHBIX LEHTPOB YYBCTBUTEJILHOTO CJIOS C MAKCUMAaJbHON
KATAJMTUYECKOW aKTUBHOCTLIO K 3JIEKTpoay. KoHuenTparms
TaKUX LEHTPOB JOJKHA OBITh ONTUMAJIBHOMN C Y4ETOM KOHEUHOM
ckopocTr AU Py3ur KOMIIOHEHTOB aHAJTM3UPYEMOTO BEIIECTBA K
noBepxHOCTH. TTocieHeE yCIOBUE CTAHOBUTCS TOHATHBIM TIPH
paccMoTpeHnH Mogesel muddy3nOHHBIX TPOLECCOB, MOCTPOEH-
HBIX B paboTax *°~ 5! 1 HECKOJIBKMX THIIOB 3JIEKTPOIOB, BKJIIO-
Yasi YaCTHYHO OJIOKUPOBAHHBIE (4ACTH TOBEPXHOCTH KOTOPBIX
MOKPBITA HEMNPOBOJALIMM BELIECTBOM, HAIPHUMED OKCHIOM),
DJICKTPOXUMHUYECCKU T'€TECPOIrCHHBIC (I/IMeI'OLL[I/Ie Ha IMOBEPXHOCTHU
YACTHUIILI C PA3HON TIPOBOJAUMOCTBIO), & TAKKE TIOPUCTLIE IJIEKT-
pombl. 323 TIpuMepOM TeTePOTEHHBIX 3JIEKTPOIOB MOTYT CIIy-
KHUTh 3JIEKTPOJALI U3 CTEKJIOyrjepoaa wid In—Sn-okcuma
(ITO),>>° Ha MOBEPXHOCTH KOTOPBIX HAXOIATCS HAHOYACTHIIBI
6JIarOpPOAHOrO MeTasuia,>>>* a MpUMEPOM MOPHUCTBIX — 3JIEKT-
POMBI, HA MOBEPXHOCTh KOTOPHIX HAHECEH CIIOM YIJIEPOIHBIX
HAHOTPYOOK UM MOJIUANIEKTPOIUTOB.> 8 QueBHIAHO, YTO BENH-
YMHA AHAJIUTHYECKOTO CHUTHAjJa OYJET 3aBHCETh OT CTENEHU
[IEPOXOBATOCTH MOBEPXHOCTH HJIEKTPOIA.

C y4eToM MHOrooGpasus MmapaMeTpoB, BIUSIOIIUX HA CTe-
neHb 3(PQPEKTUBHOCTU 3JIEKTPOJIOB IJIEKTPOXUMHUYECKUX CEHCO-
POB, CO3IaHHE ONTUMAJILHOTO JJIEKTPO/Ia — CJIOKHAS MHOTOMA-
paMeTpUIECKas 3a/1a4a B MATEPHAIOBEICHHE TOHKOTUIEHOYHBIX
cTpykTyp. CHEayeT OTMETHTB, YTO 3a4acTylO HM3-3a MHOTO-
obpa3ust pakTopoB, BIUSIONIMX HA aHAJIUTUYCCKUN CUTHAJ, MX
CJIOKHO Y4YeCTh IPU aHAJIM3e Pa3HbIX MOJIEJIeH B BBIYUCIUTEb-
HOM 3KCIIEPUMEHTE U 3apaHee MPeICKa3aTh CBOUCTBA 3JIEKTPOJIA.
TTOMBITKH «HAPABJICHHOTO» 3a[aHHsI CBOMCTB JJIEKTPOXUMHUE-
CKOTO CeHCOpa MyTEM CO3MaHMsi Ha MOBEPXHOCTH CJIOEB METO-
mamu  GoTO- WM 3JeKTponoymmepusanun,>”- 0 JleHrmropa —
BiomxerT,®! mcnapennst xamenab °2-% u apyrux, He NPHBEIH K
yCIexy, ITIOCKOJBbKY HE IO3BOJIIOT Ha TpebyeMOM YpOBHE
KOHTPOJIMPOBATH COCTAB ¥ MOP(MOJIOTUIO TaKKMX CIIOEB. B aTOM
OTHOIICHUH 0c000e 3HaueHue npuodperaror Metoauku [1XC,
KOTOPBIE HAFOT BO3SMOXHOCTB IIPECUU3UOHHO 3aAaBaTh TOJIIIUHY
CHHTE3UPYEMOTO CJIOS M MOJIy4aTh Ha MOBEPXHOCTH 3JIEKTPOJIA
BCE HEOOXOAMMBIE KOMIIOHEHTBI, T.€. CHHTE3MPOBATH MYJIbTH-
CJIOH, coAepXalluii, HanpuMep, (GepMEHTBI WM OUOCETEKTOPHI,
MEIMATOPHBI JJIEKTPOHHOTO MEPEHOCA, 4 TAKKE DJIEKTPOKATAIIH-
3aTOpBI, OOECIEUNBAIONINE CPABHUTENLHO OBICTPBIA TNEPEHOC
3JICKTPOHA OT aHaJMTa JUOO MeAuaTopa Ha BJICKTPOI H(UJIHN)
MeMOpaHy.

Heo6xoauMo chenuaibHO MOTYEPKHYTH, YTO NMPUMEHEHHE
Metona ITXC BnepBble OTKPLIBAET BO3MOXHOCTH IPEIU3MOHHO
3a/1aBaTh TOJIIIMHY KaXIOTO M3 CJIOEB B MYJIBTUCIOE M Jajiee
M3Y4aTh 3JIEKTPOXMMHUUECKHMI OTKJIMK ceHcopa. Takum oGpazom,
CpeM CepMH OMHOTHITHBIX 3JIEKTPOOB MOXKHO BEIOUpPATH HAMOO-
niee 5Q(PEKTUBHBIE C TOYKHM 3PEHHS, HATPUMED, UyBCTBUTEIb-
HocTH. B wacTHOCTH, B pabote ¢7 Ha 31eKTpo GBUIM HAHECEHBI
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Yucio MuKIJIOB

Puc. 3. V3meHeHue 4yBCTBUTEILHOCTH (/) U TMHEHHOTO AMamna3oHa
KOHIeHTpanun (2) OT umcia HUKJIOB 0o6pabotku B mporecce [1XC
JIIEKTPOJIA DJIEKTPOXUMHUUECKOTO CEHCOPA HA TJIH0K03Y.%7

CJIOW TIOJMRJIEKTPOJIUTOB — XJIOPHAA HOJUANAJUINIIAMETHI-
ammonust (ITOJA) u mosuctuposcyibponara (ITCC),

a TaKXXe TJIFOKO30KCHIa3bl. B sKcliepuMeHTax ClIoM, CHHTE3UpO-
BaHHbIE B pe3ysbTaTe Tpex mukioB I1XC, nmokazanu HaubOJIb-
LIYFO YYBCTBUTEIBHOCTh U MAKCUMAJIbHBIN JIMHEHHBIN THANIA30H
(puc. 3). [To-BuauMoOMy, IOCIIE TPOBEAECHHUSI OTMEYEHHOTO YHCIIA
[IUKJIOB HA MOBEPXHOCTU OOpa3yeTcss UyBCTBUTEIBHBIA CIOU C
MaKCHUMAaJIbHOM KOHIIEHTPAINEH 3JIEKTPOAKTUBHOTO BEIIECTBA H
MHUHAMAJIBHBIM 3JIEKTPUYECKIM CONPOTHBIICHHEM. YXyIIICHUE
XapaKTEePUCTUK CEHCOpa C 3JIEKTPOJAMH, CHHTE3UPOBAHHBIMU
MOCJIe YeThIPEX U MSATH LUKJIOB, BEPOSTHO, CICAYET CBS3ATh C
Bo3pacTanneM Au((GY3MOHHBIX OIPAHUYECHHMN B CJIOe HanOOJIb-
IIell TOJIIIVHBI ¥ YBEJINYSHNEM €T0 COIPOTHBIICHUSI.

Taxum oOpa3om, B IMOCIIEAHEE BPEMsI B MATECPHAIOBEACHIH
c(hopMUPOBAJICS HOBBI MHOT000EIIAFOIIAN MTOIXOT K CO3TAHUIO
3JIEKTPOIOB AJIEKTPOXIUMHUYECKAX CEHCOPOB, OCHOBAHHBIN HA CHH-
Te3e MYJIbTUCIIOEB, aHAJIN3E UX IJIEKTPOXUMUYECKHX CBOMCTB H
BBIOOpE ONTUMAJIBHBIX B Py OJHOTHUIHBIX 3JIEKTPOIOB, pa3Jiiy-
yarormxcs yncsiaom mukios ITXC.

IV. Oco0ennocTH MeTO A2 NOCJI0IHON XHMHYECK O
cOOpKH, BasKHbIE NMPH CHHTE3€e MYJIbTHCJI0EB HA
NMOBEPXHOCTH IJIEKTPOA0B IJIEKTPOXUMHUYECKHX
CEHCOpPOB

B macTosImee BpeMsi BO3MOXKHOCTH METOJUK HOHHOTO, HOHHO-
KOJUIOUJAHOTO U KOJUIOMJHOTO HACIAMBAHMS XOPOILIO U3BECTHEL.
OTMETUM T€ U3 HHX, KOTOPLIE MOTYT OBIThH PeaJM30BaHbI IIPH
(GOpPMHUPOBAHMU MYJILTUCIOEB HA IIOBEPXHOCTH 3JIEKTPOIOB
JIIEKTPOXUMUYECKUX CeHCOPOB. TIpexie BCero paccCMOTPHM BO3-
MOXHOCTb CHHTE32a CJIOEB Ha TOBEPXHOCTH 3JIEKTPOIOB CIIOKHOM
(GOpPMBI, BKJIFOUAst MUKPOIJIEKTPOILI ¥ 3JIEKTPOIBI C HEMOJIUPO-
BaHHOM IIEPOXOBATOMN MMOBEPXHOCTHIO. DTa 0COOEHHOCTH METOIA
I[IXC oOycioBiaeHa TeM, YTO Ha KaXIOM IMKJIe 00pabOTKu
peareHTaMu PEAKIUH OOPAa30BaHMS CJIOS NPOTEKAIOT B CIIOE
a7ICOpOUPOBAHHBIX HA TIOBEPXHOCTH TOJIOKKHA HOHOB WA KOJI-
JIOU/IHBIX YACTHUII, PABHOMEPHO €€ MOKPBIBAIOIINX. BEIGOP KOM-
nonentos s [TXC no3sosseT GOPMUPOBATH HA MMOBEPXHOCTH
3JIEKTPO/IA CJIOU PA3HOIO COCTABA M CO3/IaBATh CEHCOPHI MPAKTHU-
YeCKH Ha BCE KJIACCHI COEIAMHEHWI — HeopraHmdeckue,’s 113
opranuyeckue,' 4~ 128 Guoyormueckn aKTUBHBIE COEJAUHEHHS U
rmoko3y.'2°=217  JlaHHBIM METOIOM MOXHO CHHTE3HPOBATH
CJIOH, COJEPKAIIME BCE HEOOXOOMMBIE KOMIIOHEHTEI, BKIIIOYAS

MEANATOPbI, (PEPMEHTBI U IPYTHE BELIECTBA, OTBETCTBEHHBIE 32
(bopMUPOBaHUE AHATUTHIECKOTO CUTHAIIA.

IMonyuennsie ¢ mnpumenenneM wmerona IIXC ceHcopsl
YCJIOBHO MOXHO Pa3/Ie/iuTh Ha (hepMEHTHBIE U GechepMEHTHBIE.
B ciyyae GecdepMEHTHBIX CEHCOPOB AHAIMTHYECKMIl CUTHAI
noJtyyaeTcs 6Jaroaps 3J1eKTPOXMMUIECKON aKTHBHOCTHU aHAIIH-
ToB. IlOBBILIEHHE YYBCTBUTENBHOCTH [OCTHIAETCS 3a CYeT
UCIOJIb30BAHUSI MEANATOPOB, MIMMOOMIIM30BAHHBIX HA MOBEPX-
HOCTH 3J1eKTpOIa, T8 80. 81.85.87.96,99 101, 114,157, 161,163 165,171,174
WIM KaTaju3a IOBEPXHOCTHBIMA HAHOCTPYKTYPUPOBAHHBIMU
MaTepraaMu, CPEIH KOTOPBIX CJIEAYET BBIIEIUTEL OJHO- ¥ MHO-
TOCTEHHBIE  YIJIEPOJHBIE  HAHOTPYOKm 70-82, 100,105,108, 115,117
(CM. TaKoKe 138 144,147,148, 150,155, 162, 167. 169, 170, 173179, 186,197 -207.217)

rpagen,5%- 74,126,171 HAHOYACTHUITHI MJIATHHBL, 13- 166.177. 178
30710Ta 75-80.97.99 101,105,109, 110,129~ 132, 138, 143, 145, 149, 171,185 (cp,

Takxke 897193214 cynppuma xaamus,3* 105194 okcnmos meran-
0B, 133.155. 161

CrietyeT OTMETHTD, YTO MPH CO3JaHUU (HPEPMEHTHBIX CEHCO-
poB ITXC MOXHO BBINOJHSITH B MSTKHX YCJIOBUSIX, KAK MIPABUIIO,
NIpH KOMHATHOH Temrepatype. DTo uMeeT OoJbIIoe 3HaUeHHe
pu MOAU(UIIIPOBAHUHM JJIEKTPOIOB OHOCEHCOPOB, COIEPIKAIIUX
(bepMeHTBI 1 OeJIKK: IPEeTOTBPAIIACTCS ACHATYPALUS MOJIEKYJT
COXpAaHSETCS X AKTHBHOCTh HA IOBEPXHOCTH JJIEKTPOJA.
B Hacrosee BpemMsi TakoW MOJAXOJ IIMPOKO MPUMEHSIIOT MpHU
CO3/IaHMU  OMOCEHCOPOB Ha  TIIFOKO3y,!88-190,192-198,208 217
xoJmn, 3% 140 upokartexun,'2> 147 penos, 1% 128 ammuax 7* u ap.
[IpensioxkeHo MCHOJB30BATh 3HAYUTENILHOE YHCIO (pepMEHTOB,
KOTOPBIE MOTYT OBITh HEMOCPEJCTBEHHO BKJIFOYCHBI B MYJIbTH-
cioit B ycioBusix IIXC. K HUM OTHOCSTCS TJIFOKO30KCH-
faza, 125126, 181188 190,192 198,208 217 yepoxcmasa  xpena,'2s
¢urasa,''® tuposmnasza,'?® xomunoxcmmasa.'3% 140 Kpome Toro,
B COCTaB YyBCTBHUTEIBHOTO Ci10s1 MeTooM ITXC BBOASIT O€iKN 1
FeMIHBL 92 95103104 prpreppy, 142,144 149, 155,184,185 appra.
Mepel 173 u Ipyrue TpaauIuOHHbIE KOMIOHEHTHI OMOCEHCOPOB.

C yyeToM MOP(}OJIOTUN YyBCTBUTEJILHOIO CJIOS PA3JIMYAIOT
J(Ba BapHaHTa. B nepBoM (epMeHT HEroCpeICTBEHHO HMMOOH-
JIN30BaH HA MOBEPXHOCTH 3JIEKTPoJa (IPUMEphl MPHBEICHBI
BBIIIIE), & BO BTOPOM — HA MOBEPXHOCTH HAHOYACTHUI] METAJIJIOB
WM OKCHIOB, HAHECCHHBIX HA JIEKTPOA. B mociemnem ciydae
JocTuraeTcst 60IIbIIAs e bHAS TOBEPXHOCTh 4YBCTBHTEIBHOTO
cJIosT M, BO3MOXHO, HaOmomaercss 3QQeKT 23JIeKTpoKaTa-
m3a.81-205  Vmmobumusanust  (PEPMEHTOB  OCYIIECTBIISAETCS
BCJICACTBHE WX aJCOPONMHM HA TOBEPXHOCTH HAHOYACTHIL,
KOHTAKTUPYIOLIMX C 3JIEKTPOIOM,” 1> 102:170, 178,192,201, 202 yypy g
CJIOM MOJINAJIEKTPOJINTA, IPEIBAPUTEIHHO HAHECCHHBIE Ha HAHO-
qacTHIBl MeTomoMm  TTXC 73:90.93,95,107. 119,121,125, 139, 140, 152,159
(cM. Taxke 168 180, 182,183,201, 208, 210 -213,216)

IIpn uMMOOHIM3AIMU HA IJJIEKTPOJE HKEIATEIbHO, YTOOBI
(bepMeHT HaxoAWJCs Ha TMOBEPXHOCTH 3JIEKTPOIPOBOJISIIETO
BEILIECTBA M KOHTAKTHPOBAJ C MEAUATOPOM, 0OECIeUNBAIOIINM
3(hGEKTUBHBINA TEPEHOC 3JEKTPOHOB Ha 3yekTpoa. CeseKTHB-
HOCTBH TaKOT'O CEHCOpPa PE3KO IOBBIIIAETCS, €CJIM C BHEIIHEH 1o
OTHOIICHHUIO K 3JICKTPOJY CTOPOHBI HAXOAUTCS CIelHaIbHAS
MOJTyIIpOHKIIaeMas MeMOpaHa, 3aluiatomasi epMeHT OT BO3-
JIEWCTBUSI HEXETATEIbHBIX KOMIIOHEHTOB aHAJM3UPYEMOTO pac-
TBOpa. Jluist ceHcopa Ha TIIFOKO3Y ¢ (pepMEHTOM TIIFOKO30KCH A~
300 TAKUMU KOMIIOHEHTAMH SIBJISIFOTCSI ACKOPOMHOBASI K MOYEBast
KHCJIOTBI, & Takxke aneraMuHodeH. MemOpaHa He JOJDKHA JI0-
MYCKaTh UX B3aUMOJCHCTBHS ¢ (PEPMEHTOM, HO TOJIKHA TPOIY-
CKaTb MOJIEKYJIBI IJIFOKO3BI, KUCIIOPO/Ia, HEPOKCHIa BOAOPOIA U
TJTFOKOHOBOW KHCJIOTHI (pHC. 4).

PaccmoTtpum 6ostee moapoduo yeosus [1XC anekTporpo-
BOJSIIIIMX TOJMMEPOB M IOJYIPOHUIIAEMBbIX MeMOpaH. Takoii
CHHTE3 BBIMOJIHSIOT C MCIOJIb30BAHUEM PACTBOPOB MOJUIJICKT-
posutoB. ITpoBopsiue MoJUMEpPHBIE CIOU MOTYT OBITH IMOJTY-
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Puc. 4. Cxema pa3nn4sbix 1u(Hy3MOHHBIX, XAMHYECKHUX 1 JIEKTPO-
XUMHYECKUX MPOLECCOB B MYJBTHUCIIOE HA IOBEPXHOCTH 3JIEKTPOAA
ceHcopa Ha IJIIOKO3Y.

YeHBI ¢ MCTIOJIb30BaHueM pacTBopoB ITIJIA u cymbdorummpo-
BanHoro noymanuauHa (CITAH), nomum(atuieH-3,4-1MOKCUTHO-
¢ena) (IMEAOT) u mommstunenumuna (IIDU)?'8 wim monm-
anmmmaa (I1A),2"° a Taxxe nomubGytunensuosorena (I1BB)
u nomuctuponcyabponara (IMCC),?2° a monynpoHUIAEMBIE
MeMOPaHbI — C HCMIOJIL30BAHUEM PACTBOPOB 'YMUHOBBIX KUCIIOT

(HAs) u FeCl;, HAs u TIIJJA, TICC u ITAJA.2?! [TokaszaHo, 4To
ONTHMHU3HUPOBATH CBONCTBA TAKUX MEMOPaH MOHO, KOHTPOJIH-
pys uucio mukiaoB npu [1XC, T.e. u3MeHsIs TOJIIUHY CUHTE3U-
PYEMBIX CITOEB.

Hpyras mpobiema, KOTOPYK NPHUXOIUTCS peliaTh IIpU
CO3/IaHUM  BBICOKOA(P(PEKTUBHOTO OHOCEHCOPa, COACPIKAIIETO
(bepMeHT, CBsA3aHa C ONTUMU3ANUEH MPOLECCOB MEPEX0/Ia ITEKT-
pPOHOB OT aKTHBHOTO IIEHTpa (hepMeHTa K MOBEPXHOCTH 3JICKT-
pona. OHa BO3HMKAET U3-3a TOTO, YTO OKUCIMTEIHHO-BOCCTAHO-
BUTCJIBHBIA TEHTP (EpPMEHTAa OKpPYXEH IUIOTHOU OeJIKOBOU
000JIOUKOH, KOTOpAash YCIOXKHSET MEPEHOC JJICKTPOHOB; IS
ONTHUMU3AIMN TAaKUX IIPOIECCOB HCIOJB3YIOT MEAHaTO-
pb181- 107, 140, 169, 182,195,197,206,210 yyacTRyIOMHe B OKHCIUTED-
HO-BOCCTAHOBHTENIFHBIX DPEAKIUSAX Ha TpaHUIe pasaena dep-
MEHT/?JIEKTPO W CHHKAIOIIME TEpPEHANpPSDKEHUE JJIEKTPO-
XuMH4Yeckoil peakuuu. K umcenay Takux MenmaTopoB OTHOCAT
(beppouranuabl pa3nIuIHbIX MeTasuios,s!-87. 114,140 xommexcn
HEePEXOIHBIX METaJUIOB c OPraHUYeCKUMH JIUTaH-
faMu,33 85,149, 157.201 ourappueckne  coeutenus,’s 161,163,171
6esKi ¥ reMuHbL.1-92-95.101-104.107 Basxno, 4TO €JI0M JAHHBIX
COEMHEHMH TaKXe MOTYT OBITh IMOTy4YeHb! B ycsroBusix [TXC.

B mocnennme rompl ocoboe BHUMAaHHE YIEISETCS JIEKTPO-
KaTaJn3y HAHOYACTHIIAMHE, B YACTHOCTH yriepoAa U OJaropon-
HBIX METAJJIOB (B OCHOBHOM 30J10Ta). B 3TOH CBsi3M OoJIbIIOE
3HaYeHUE UMEIOT CIIOCOOBI UMMOOUIM3AUH TAKUX HAHOYACTHUIL
Ha IOBEPXHOCTH JIeKTpoaa. Tak, II1s 3aKpernyIeHus! KOJIJIOUIHBIX
YACTHII 30J10Ta 22 Ha TIOBEPXHOCTH ee NPeABaPUTEIbHO 0Opaba-

R2 R2

N O
(R'0)3SiR? N 7\

g 0 & 0O
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MOJINAJIEKTPOJIUTOB

OH OH OH OH OH OH OH OH

OH OH OH OH
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Puc. 5. Bo3MoxHBIE MapIIPyTHl CHHTE3a HAHOYACTHI] 30JI0Ta HA TIOBEPXHOCTH IEKTPOIA.

a — UMMOOHITI3AIHSI HA TIOBEPXHOCTH 3JIEKTPOIa KOJUIOMIHBIX YaCTUIl AU 3a CYET B3aMMO/ICUCTBHSI C PEIBAPUTEIHLHO aICOPOUPOBAHHBIM
CJI0OEM OPraHUYECKOrOo MM METAJUIOOPTraHUYeCKOro COCTUHEHHS; b — MMMOOWIM3AIUS HAa MOBEPXHOCTH JJIEKTPOAA C MPEIBAPUTEILHO
HaHeceHHBIM MeToAoM [1XC coeM MoNu3IeKTPOIMTOB; ¢ U d — MOCeI0BATEIbHBIC PEAKIIMHA BOCCTAHOBIICHUS aICOPONPOBAHHBIX AaHUOHOB
[AuCl4]~ mo MeToIMKe HOHHOTO HACTIANBAHUSI.
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THIBAIOT PACTBOPOM 3-aMUHONPOIMITPUMETOKCUCHIIaHA 1 (op-
MUPYIOT (PYHKIIMOHATIbHBIE T'PYIIbI, KOTOPbIC MPOSBISIOT IO
OTHOIICHHIO K AU-HAaHOYACTUIIAM XeJaTHbIA 3¢ ekt (puc. 5,a).
3akpenuTh AU-HAHOYACTHUIIBI MOXHO M HAa MOBEPXHOCTH CIIOS
MOJIMAJICKTPOJIUTOB, CHHTE3MPOBAHHBIX TaKXe B YCIOBHUSX
IIXC??3 ¢ ucnonszosanneM pactsopos I1A u IICC (puc. 5.b).
OnHako AaHHBIE COSAMHEHUS CYIIECTBCHHO M3MEHSIOT YCIOBHS
nepeaayy JTEKTPOHOB OT HAHOYACTHUI] K JIEKTPOAY U CHIDKAIOT
XapaKTePUCTUKH CEHCOPa.

[IpensosxeH moxxoa K cuHTE3y Au-HaHOYACTHI] (Ha IpUMepe
nosepxHoctu [TO-35mekTposa), OCHOBAHHBIN HA MPOBEICHUU B
YCIIOBUSIX MOHHOTO HACJIAWBAHUS IIOCJIEIOBATEIBHBIX MHOTO-
KPaTHBIX PEAKIINN BOCCTAHOBJICHUS aCOPOUPOBAHHBIX AHHOHOB
[AuCly]~ (puc. 5,cu d).?>* B cOOTBETCTBHH C 3TUM IIOIXOI0M, HA
cragun o0opadboTku nmosBepxuoctu pacreopom HAuCly nmpoucxo-
IUT aIcopOnysi aHHOHOB Ha €€ MOJIOKUTEIHHO 3apshKEHHBIX
LEHTPaX, a 3aTeM Ha CTaJauu oOpabOTKH pPACTBOPOM BOCCTAHO-
Butesist (NaBHs nmmum NoHs-H>O) oOpasyroTcss HaHOYACTHIIBI
AuO. Tlocnenyromass MHOrOKpaTHast 00paboTKa STUMHU peareH-
TaMU C HEIIPEMEHHBIM YIaJICHUEM UX U30BITKA MTyTeM MPOMBIBKH
BOJIOW BEJET K YBEJIUYCHUIO Pa3MEpPOB HAHOYACTHII, KOTOPBIE
MOXHO KOHTPOJIUPOBATb, BAPBUPYS YHACIO NUKIOB HOHHOTO
HacjauBaHus. Eciam B KauecTBe BOCCTAHOBUTEIS HCIOJIb30BATD
pactBop SnF», To Ha OBEPXHOCTH OOpa3yeTCsl CIOW HAHOKOM-
nosuta Au’ - SnO, - n H>0,225-227 [10cKOIIbKY B PE3yJIbTATE OKHC-
JIUTEJIbHO-BOCCTAHOBUTEJILHOM PEaKINK B CJIO€ aJCOPOUPOBaH-
HBIX HOHOB KaTuoHbI Au®™ mpeBapamarorcs B Au’, a Sn’>* B
Sn** (puc. 5,d). [IpoBeeHHbIE ABTOPAMU UCCIIENOBAHMS MTOKA-
3aJId, YTO CHHTE3MPOBAHHBINA CJION MpeACTaBiIsieT cOOOi COBO-
kynHocTh Hanouactun Au® u SnO» - n H>O.

OueBuaHO, 00pa3yromuecss B XOAE pPeakiii HAHOYACTHUIIBI
A (em. puc. 5,cu d) OyIyT HAXOAUTLCA B OMUYECKOM KOHTAKTE
¢ MaTepuaioM 3JIeKTPOJa, U 3TO, IO HAIIeMy MHEHHIO, OTIpe/ie-
J1s1eT 3 (HEeKTUBHOCTD PabOTHI TAKOTO AJIEKTPO/IA.

Taxum o6paszom, ciion, cuHTe3upoBaHHble MeToaoM [1XC,
KOTOpBIEC MPUMEHSIFOT MPU CO3IAHUU 3JICKTPOIOB JICKTPOXUMHU-
YEeCKUX CEHCOPOB, MOTYT OBITh BKJIFOYCHBI B CTPYKTYPY MYJIbTH-
CJI0S C 3aJJaHHBIM PACIIOJIOKEHUEM €0 OTICJIbHBIX KOMITOHEH-
ToB. CleayeT MOMYEPKHYTh, YTO C HCIOJb30BAHHEM METOJA
ITXC Bo3MOXHO 3 (PeKTUBHOE pellIeHUE OOJILIINHCTBA TPOOJIEM,
BO3HUKAIOIIHX IIPU CO3/TaHUH JIEKTPOXUMHUYECKUX CEHCOPOB (CM.
paznen II).

Hwuxe o6cyxeHbI pabOTHI, B KOTOPBIX PACCMOTPEHBI aHAJIH-
THYECKHE BO3MOXXHOCTH CEHCOPOB HAa HEOPraHMWYECKHE, OpraHH-
4eCKHe, OMOJIOTUYECKH aKTUBHBIE AHAJIMTHI U TJIFOKO3Yy.

V. CeHncopnbl Ha Heopranm4eckue coeNHeHns!

JIns 31eKTPOXMMHUYECKOTO HETEKTUPOBAHUS HEOPTraHHYECKHX
MOJIEKYJI 4Yallle BCETO HCIONb3YIOT YyBCTBUTEJBHBIE CJIOH,
COCTOSIIME W3 MHOJMOKcoMeTamnaTos, 8727677 pasmuyHbIx
AJUTOTPONHBIX Moaudukanuii  yriaepomaa ! rpadena,®® 74
HAHOKDUCTAJIOB  ajmasa,'®*  ogHo- ¥ MHOTOCTEHHBIX
VIJIEPOIHBIX HAHOTPYGOK. 7082 85.98.100.105,106.179.204  [Tpprnre-
HSOT ~ TAaKXkK€  HAHOYACTHMILI  OJAaropogHbIX  MeTall-
J10B, 74 75,8097 101,105,106, 109. 110 o epion i cy 1b(HAOB MEPEXO-
HBIX MeTayutoB.”!:84.86.88.103 Taxpe HamowacTWIBI 00JIATAIOT
JIOCTATOYHO PA3BUTON MOBEPXHOCTBHIO, CTEPUUYECKH JOCTYIMHOMN

i CrnenyeT OTMETHTB, 4TO OJHHM M3 IIPOAYKTOB OHOJIOTHMYECKOU
PEeaKIUU MOXET OBITh KUCIOPOJ UM MEPOKCU BOJOPOAA, TIOITOMY
CTaThHU, B KOTOPBIX HE yKa3aHbI ONOXMMUYECKUE PEAKIINI, OTHECEHBI K
paboTaMm o ceHCopaM Ha HeopraHMYECcKue coemHeHns. Beuny cpas-
HHUTEJIHO OOJIBILIOrO YHMCJIA MyOJIMKAIMHA OTAEIBHO PACCMOTPEHBI
paboTHI IO CEHCOPAM Ha TJIFOKO3Y.

JUIsL TIOJBOJA K HEH MOJIGKYJ HEOPraHHYECKHX aHAJIMTOB.
B kavecTBe MOMJIOKEK HCHOJB3YIOT OJArOPOIHBIE METAILIBI
(Au, Pt), crexmna, ciom ITO, a Takke YrJiepoJcoIepKaIime
MAaTepUabL.

Hi1st onpeiesieHust GOJIBIIMHCTBA HEOPTaHMIECKUX AaHAIUTOB
(epMeHTBI B COCTABE YYBCTBHUTEIBHOTO CJIOSI, KAK MPABUIIO, HE
HYXHBI, TaK KaK CEJICKTMBHOCTb JOCTHIAETCsl 3a CUeT BbIOOpA
HNOTEHIHMATa ACTeKTUPOBAHUS, U MOJIyYeHHE AHAIUTUYECKOTO
CHrHAJIa OOYCIIOBJICHO 3JIEKTPOXMMHUYECKOH aKTUBHOCTBHIO aHa-
JUTOB. VICKIIFOUCHHE COCTABIISIFOT CIIy4au OMPE/ICIICHUSI 3JIEKTPO-
XAMHUYECKH HE aKTUBHOrO aMMuaka.’> % B kauecTBe 3J1€KTpoKa-
TAJIM3aTOPOB UCIOJIL3YIOT Opranudeckue S 83.85.89,100, 101,107
HeopraHuyecKue MeauaTophl,d!-82-87-96 reppppy 71> 84,9395, 103,104
U HAHOCTPYKTYPBI.

W3 [O0BOJBHO MIMPOKOTO KPyra HEOPraHHYECKUX COCIHHE-
HUIf, KOTOPBIE OMPEACISIOT MPH MOMOIIU 3JIEKTPOXUMUUSCKUX
CEHCOPOB C MYJIbTHCIIOSIMH, CHHTe3UpOoBaHHbIMU MeTofoM [1XC,
npeobaalaloT  XaJdbKOTEHU/BI,’> THHUKTOreHuanl %8 -71.73.74 g
rajorenu b1, > 7® BoJIbION HHTEPEC BHI3BIBAIOT BHICOKOUYBCTBHU-
TEJIbHBIC OIpEJICJICHNsI EPOKCUAA BOIOPOJA M KUCIOpOaa —
9JIEMEHTOB, WIPAOIIUX BAXKHYIO POJIb B IPUPOJE, a TaKKe
ompenesienne pH pacTBopoB.

MeTo/10M aMIIepOMETPHUH C UCIOJIb30BAHMEM JIEKTPOIa Ha
OCHOBE MYJIbTHCIJIOEB rpadeHa u HTaJIonHaHHHOBOTO KOMILIEKCa
kobanbTa(ll), cBszannbix yepes I1JIJIA, ymamoch Q0CTHYb Mpe-
JieJia OOHApyXKEHUsI HUTPUTOB, paBHOro 8.4-10~% momp-yn—!
(taba. 1). Takoe HU3KOE 3HAUYCHHUE TOJIYYECHO 3a CUET HMCIOJIb30-
BaHMs CJIOEB IpadeHa, KOTOPBIN YBEJIMYMBAET CKOPOCTD [IEPEHOCA
9JIEKTPOHOB OT PEAKIIMOHHBIX IIEHTPOB K 3JIeKTpoy, i Coll-kom-
iekca GTajJoMaHUHA, BHITOIHSOIIETO (GYHKIUIO PEareHTa s
OKHCJIEHHsI HUTPUTOB. IIpy ompeneneHnn mepoKcuaa BOIOPOIa
METOZ0M aMIIEPOMETPHUH Ha JIIEKTPOJE, COCTOSIIEM U3 MYJIbTH-
citoeB HaHovyacTul MnO» 1 xoauHoKcuaa3bl, CIuThix TTJIA u
IAC, mocturHyT mpemen obHapyxenus 2.2°10~8 momb -~ 1,
YTO CBSI38HO C BBICOKOW KATAJMTUYECKON aKTHBHOCTHIO HAHO-
yacTul MnO». I1pu onpenesnennu Kucjiopoaa METOAOM aMIepo-
METPpUH C TPHUMEHEHHEM 3JIEKTPOJa, MOAUPUIUPOBAHHOTO
MYJIBTHCIIOSMHA [3-IINKJIOJIEKCTPUHA W HAHOYACTHIAMH 30JI0TA,
npenen obHapyxenusi cHu3mica mo 0.05 mr-a—!; moseicunach
qyBCTBUTENBHOCTb K HHUTPUTaM A0 4 HA *MKMOJb~!- 1,
nepokcuay Bomopoma — 10 0.62 A-monb ! m-eM T2, kuciIOo-
poay — 110 2.065-10~3 A-m-em—2-mr— L.

Ipu UCHOB30BAHUU JIEKTPOXUMHUYECKUX CEHCOPOB, IMOJY-
yeHHbIX MeTooM ITXC, mocturarorcst 6ojiee HU3KKUE TPEEIIbl
OOHAPYXEHUsI, YeM TPH IPHUMEHEHUH JAPYTUX 3JIEKTPOXUMHYC-
ckux ceHcopoB. Tak, mpu onpeesieHu HUTPUT-HOHOB HA 3JIEKT-
poze, Moau(pUIUPOBAHHOM KOMILIEKCOM MapraHer — GeHanTpo-
uH (CBS3aHHBIMH Y€pe3 KUCIOPOAHBIE MOCTUKH), KOTOPBIA
uMMoOmIIM3npoBal B Matpuie Nafion, mpeaen oOHapyxkeHUs
coctaBua 6.5-107° monb -~ ! (cm.2?8). Takas ke TeHACHIMS
HaOmrogaeTcss U B ciydae omnpenenenus H.O» Ha anektpone,
MOAU(UIIPOBAHHOM OKCHIIOM rpadeHa ¢ IMMOOMIN3UPOBaH-
HBIMH KaleJIbHbIM METOJIOM HaHOYacTHHAMH cepebpa. B aTom
ciydae mpesen obHapyxenus cocraBuit 1.099-10~6 Mo !
(cm.2%9),

VI. CeHncopbl Ha oprannieckue coeInHeHus!

Ipu onpeaeseHny OpraHuYeCKMX aHAIUTOB Yalle BCETO B COCTAB
€10 Ha TIOBEPXHOCTH 3JIEKTPO/IA BBOISAT HAHOYACTHUIIBI PA3JIHY-
HBIX aJUTOTPONHBIX MOIU(HMKALUNA YIJIEpoaa, B YACTHOCTH YIJle-
ponuble HaHOTPYOKH, % 115 117-126 g1 HaHOYACTHIIBI THAPOKCH-
0B mepexoanbix 20128y mnatuHoBRIX  MeTayuoB (Pt
Pd). 118,123,124, 126 3 pek TpoMOM-TIOUIOKKOM, KaK MPaBHJIO, CITy-
KaT cTeknaa ¢ mwieHkaMu 1TO, a Takxe yriiepoJHbIe MATEPHAIIEL.



Taﬁmma 1. CocraBbl MYJIBTUCJIOEB, CHUHTE3UPOBAHHBIX B YCJIOBUAX IIXC nHa MOBEPXHOCTH BJICKTPOAOB, METOAbI UBMEPECHUSA U XaPAKTCPUCTUKHU SJICKTPOXUMHUUYCCKUX CEHCOPOB JIsI ONPEACITICHUS psaaa

HEOPraHUYCCKUX aHAJIUTOB.

Cocras Marepuan  AHajuT Merox u3mepeHus XapaKkTepUCTUKU CEHCOpa CcpLi-
MYJIbTUCIIOS 3JIEKTpOIa- KU
HOIJIOKKH S, A Mo~ '-nrem—2 TO,c¢  CTb,cyr JIU, mons 1! I1O, Mosb -1~
MNOM -TIJOA C NO; LBA (—0.4-0.4), AM (—0.22) 4-1073 (em.b) <6 55 — - 68
T'paden/dranonmannn (9%¢] NO; L[BA (0.2—1.4), AM (0.8) — 5 — (0.1-1)-10—3,(2-36)-10—° 8.4-10—8 69
kob6anbra—ITJJA
OVH - COIlIT (0)%C] NO; LBA (—0.2-0.5), AM (—0.77) - - — — - 70
I'emorno6us — Fe;04 Pt NO; AM (—0.7) - - — 1.5-10--0.12-10—3 0.29-10-° 71
H>0, AM (—0.4) - - — 0.125-10-¢-0.16-10—3 3.0-10-8
[IOM -TIAY - TT1AA Au NO; LIBA (—0.2-0.4) 5-10—4 - — (0.5-70)-10—3 - 72
ClO3 1.5-10—# — - (0.9-100)-10—3 —
S,0%~ 4.32-102 — - (0.05-0.8)-10—3 —
Vpeasa, aprunaza— Au NH; counu — — — — — 73
NAOA-TICC
HY Pd-rpaden - TMA Au H>0, NO,, ILIBA (—0.4-1.4), AM (0.066) - — — — - 74
H»
HY Au-TIAOA (0)%C] As(I1D) LBA (0.1-0.6) - - — — 0.48-10—° 75
ITOM —nopdupuns ITO ClO5 LIBA (0.2—-1.2), AM(0.95) 1.6-10~1 (cm.b) - — — 13.8-10-¢ 76
oM -1gaA C H»0> LIBA (0.0-0.4) — — — — - 77
Hadron senensrit B—CAI' CYD H»0» LIBA (0.2-0.6), AM(0.38) — - 14 8-10-6-1.8-10— 0.9-10—¢ 78
car ITO H>0» LIBA (—0.2-0.8) — — 20 49-1077-24-10—4 — 79
HY Au-tHonun Au H>0, LIBA (—0.35-0.1), AM (—0.18)  22.8-10—3 — — 6.0-10-°-1.1-10—3 5.8-10—¢ 80
Iexcammanodeppar memu  (F-Sn)-oxcun H>O» LIBA (0.0—-1.2), AM (0.0 B) 3-10-2 — — — — 81
MVYH - noauTHoHuH — (0)%C] H-0> LBA (—0.6-0.3), AM (—0.5) 2.74-10—3 — — (0.099-6.54)-10—3 0.0536-10—3 82
OKCHI JKeJIe3a
Co-Kommekce TeTpacyib-  Au H>0, LIBA (—0.2-0.5) — — 14 (1-20)-10-¢ 0.4-10—° 83
bodranonmannna —
MAOA
I'emornobun—HY CdS—- CVD H»0» LIBA (—0.9-0.3), AM (—0.4) — — - 0.125-10-°-1.20-10—3 0.083-10—¢ 84
XUTO3aH
Fe-Komieke ¢rano- Au H,0> LBA (—0.1-0.6) 0.87-10—3 (cm.b) — — — 5.5-10—4 85
muanuaa — [TABC —
MOVH
MnO,-ITJOA -TTIAC (0)%C] H>0, AM (0.25; 0.45) 0.377 - — 45-10-8-1.0-10—4 2.2-10-8 86
HUY 6epnunckoit 1azypu—  CTekio H»0» AM (0.2) — - - — — 87
MMAY
TiO,-TIAY nrs H>0» LIBA (—0.2-0.6) — - — — - 88
TiN—-6pomuna 1-(3-amunao- CYD H»0» LIBA (—0.8-0.5), AM (—0.35) 3.80-10! — - 1.0-10-6-2.1-10—3 — 89
HPOMII)-3-METHII-
HMUIA30JIUS
GOX-IIAOA (0)%C] H-0> LBA (—0.05-0.5), AM (0.2) - — — (0.1-0.8)-10—3 - 90
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Ta6mma 1 (mpoaoukeHue).

CocraB Martepuan  Anamut  Meton u3MepeHus ? XapakTepUCTUKHU CEHCOPA Cceput-
MYJIbTHCIIOS 3JIEKTPO/Ia- KA
O IJIOKKHI S, A-Monp—!-1-cM—2 TO,c CTB,cyr JIU, moab-a~! 1O, monp- 1!
Me3omopHcTHIii yriepon CVD H»0, LBA (—1.0-0.3) - — 30 (1.2-57)-10—° 0.6-10—° 91
CMK-3
Muorio6us—I1CC |§C) H>0» IBA (—0.6-0.2) 0.62 - - (1-70)-10-¢ — 92
Muorino6un - ITJJA nrs H>0» IIBA (—0.8-0.2), AM(—0.1) 1.606-10—3 - - (10-130)-10—¢ 5-10—¢ 93
Temorobun —TTAY, CyD H,0, LIBA (—0.8-0.2) 43-10-1! — — 2.5-100-1.2-10—4 2.1-107 94
ICC, I1C
Temorno6un —TTA0A - CVD H»0, LBA (—0.7-0.1), AM (—0.3) - — 15 1.0-10-°-1.86-10—* 10-7 95
ME30TIOPUCTHIN
AJIFOMUHUI
BepauHckas nazypb — ITO H>0» LIBA (—0.2-1.0), AM(—0.1) - - - (0.5-3.5)-10—3 0.1-10—3 96
OJA
HY Au Cy> H>0, IIBA (—0.5-0.8) (6.33940.156)- 102 (cm.P)  — - 5.0-10=°-1.0771-10—3 — 97
AM (—0.3) (2.45240.230)- 10— 2 (cm.P)  — - 1.4745-10—3-2.5362-10-2 —
HY Au-—xuro3an— Cy> H,0, AM (—0.2) 9.221-10-2 — — 1.5-10-°-5.1-10—4 9.0-10—8 98
MVH
HY Au-noauBuosiorex Au H»,0, LBA (—0.6 - —0.31) 0.48 — — mo35-10—3 10—¢ 99
Cytc—HY Au-wnonnas (@%¢] H»0» AM (—0.2) - - - 5.0-10-°-1.15-10—3 3.0-10-¢ 100
xunkoct —MYH
Cytc—HY Au ITO H>0» AM (—0.1) - - - (0.1-0.4)-10-3 0.5-10—¢ 101
HRP — HaHOCIION OKCUIIOB (@%¢] H>0» LIBA(—0.8-0.2) 0.78 — — 2.1-1076-1.85-10—* 0.7-10—¢ 102
TUTaHA
T'emoriiobun — Fe;O4— ITO H,0, LIBA (—0.9-0.3) — — — (0.77-160)-10—° — 103
XUTO3aH
eMOTJI00MH — HAHO- (@) %C) H-0-» AM (—0.3) — — — 0.5-10-6-0.25-10—3 0.4-10—¢ 104
KPUCTAJTHYECKHE
aMasbl
HY Au-TIAOA -MVH Cy> (o)) LBA (—04-1.4) - — - — — 105
HY Pt OVH CO> LIBAc€ - - - 0-1 - 106
Cyt c—nmakka3a—cyJibda- Au (o)) IIBA (—0.35-0.3) — — — — — 107
HUJTYHJICKaHOBasl KUCIIOTA,
MOJIACTIAPAT UHOBAS
KHCJIOTA
MVH-I15U C (o)) LBA (—0.5-1.0) — — - — — 179
B-LHuxnogekctpua—HY Au  Au (0)) AM (—0.15) - — 60 0.2-6.5 (ecm.9) 0.05 (cm.9) 109
HY Au Cy> (o)) LIBA (—0.3-0.6) - — - — — 110
FeTsPc—FeT4MPyP Cy> (o)) AM (—0.15) 2.065-1077 (em.°) - 10f 0.2-6.4 (cm.9) 0.06 (cm.9) 111
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Tab6mma 1 (oxkoHUaHUE).

Cocra Marepuain AHamuT MeTtona usmepeHus * XapakTepUCTUKU CEHCOPa CcbLi-
MYJIbTHCIIOS 3JIEKTPO/Ia- KH
IO IJIOKKHA S, A-Monp~!-1reM—2 TO, ¢ CTB,cyr JIU, moab 1! 1O, monb -1~ !

IOM -TIJOA C Cm.2 IMoTerunomeTpus, 69 42 (cm.M) >7 =90 — 1014 112

LIBA (—1-0), BocC-

MIPOU3BOAUMOCTh, 3MB
IOM -TTJJA C Cm.8 LBA (—1.2-0.2) 72.1£0.4 (cm.M) — — — — 113
OVH-IIAJA Au, Cr Cm.8 Konnykromerpus (pH) — — 0-9 (cm.h) — 204

Ipumeuanue. [IpunsThl creayroume o6o3HaueHus: S — 4yBcTBUTENbHOCTh, TO — Bpems otkimnka, CTb — crabunbrocts, JIM — nuneitnblit uaTepai, [10 — npenen obnapyxenus, [IOM —

nosmokcanatel, CYD — crekoyriiepoanslii aaekTpoa, COUM — crekTpockonusi 3jiekTpoxumuueckoro ummenanca, OYH — omgnocroitabie yriepoaabie HaHOTPYOkH, COITIT — cBepXOKUCIICHHBII
noyumuposut, [TAY — nonunukimyeckue apoMatudeckue yrieBoaopobl, [IAA — nommakpunamun, TMA — xyopun 3-TpuMeTokcucmtminponuiaTpuMeTwiammonust, CAT — cIouCThIi TBOHHON
runpokena, MYH — mHorocioitnsre yriepoansie HaHOTpYyOkn, [IABC — noymaxpuiorutpuibyraauenctupos, MOYH — cMmech MHOTOCTEHHBIX M OJJHOCTEHHBIX HAaHOTPYOOoK, I1I'D — nmuposmsupo-

BaHHBII TpaduToBblit 31ekTpo1, [IAC — noym(n-anetoxcuctupout), GOX — rirokozokcuaaza, CMK-3 — mapka mezonopuctoro yriepona, ['9 — rpadurtossiii asektpon, [1C — nomctupoi, Cyt ¢ —

nutoxpoMm C, HRP — nepokcunasa xpena, FeTs — terpacynbhodranommanun xenesa(ll), FeT4MPy — terpakuc( N-metuwmupuani)nopbupu xeneza(Ill).
2 37ech U B Ipyrux Tabaumax B CKOOKax yKa3aH HHTEPBaJ u3Mepenns notenmmana (meton 1IBA) u pukcupoBansbii motennuan (Merox AM) B BosbTax. ® Pasmeprocts A - Monb —! - 1. © TloTeHImanbHbIiH

otk nemu 0.2 B. 9 Pasmeprocts mr-a—!. ¢ Pasmeprocts A -mr—! -1 ecm—2. f Vkazano uncno usmepennii. ¢ Onpenenenne pH. ! Pasmepnocts MB- (pH)~ 1.

i B emuammax pH.
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Taﬁmma 2. CocTaBsl MYJIBTUCJIOEB, CHUHTE3UPOBAHHBIX B YCJIOBUAX IIXC nHa MOBEPXHOCTH BJICKTPOAOB, METOAbI UBMEPECHUSA U XaPAKTCPUCTUKHU SJICKTPOXUMHUUYCCKUX CEHCOPOB JIsI ONPEACITICHUS psaaa

OpraHNYeCKUX AHAJIUTOB.
CocTaB MyJIbTHCIION Marepuan AHaauT Meron usmepennust, B XapakTepUCTHKH CEHCOPa Cebut-
JJIEKTpOIa- KK
TIOJIOKKHA S, A-Momb— 11 JIA, monp-n1—! I1O, Mosb -1~
Bepnunckas nazypp—CMC—-  Au ACKOpOUHOBASI KHCIIOTA LIBA (0.0-0.5) — (0-50)-10—3 10-3 114
MAY -T1IA
MVH - [IJA C To xe LIBA (—0.1-0.4), AM (0.2) 3-10~7 5-10-10-7-10—8 - 115
Hadroun senensiit B— CAT ITO » LIBA (0.2-0.8) — (1.2-55.2)-10-¢ 0.51-10—° 116
OVH-CO-IIIT CV3o » LIBA (autpur, 0.0-1.2), — 2-10=3-10—3 4.6-10—° 70
Todbavmm LIBA (—0.2-0.5), - 1-10-6-5-10-5 3.8-10-7
MoueBast KHCTIOTa AM (autpwr, 0.77) — 2-10-6-10—4 7.4-10-7
MVH-TTIJOA -TICC C Ackopb6HrHOBas KHCIIOTA LIBA (—0.2-0.5), AM (0.1) 2.27 5-107°-10—3 3-1077 117
Hobamun AM (0.25) 1.237-10! (50-350)-10—¢ 1.5-107
MovueBas KACIoTa AM (0.35) 2.53 (50—-800)-10—¢ 8-10~7
HY Au-IIB-Os Cyd AckopOMHOBAs KHCIIOTA LBA (—0.2-0.5) — (0.1-4.5)-10—3 — 118
Ouraza—ITAY -1TO (cMm.?) drasieBas KUCIOTATA LBA (—0.1-0.9), AM (0.6) — (0.5-2)-10—3 0.19-10—3 119
Ni(OH)>— Co(OH)» ITO Movenmma LIBA (—0.2-0.7), AM (0.4) 3.2-10-3 (cm.b) - . 120
Vpeasa —XuTo3aH — MOJIH- C pH [MoTenmmometpust 53 (em.9) 4-8 (ecm.9) — 121
AHWIIAH MovueBuna 70 (cm.©) 10-4-10-1!
Mesonopucteiii SiO>—-TITAJA CVYD Hurpoapomatuueckue BA (—1.0+ —0.1) — 10-2-10-7 10-° 122
COCIUHECHUA
HUY Pd—TIA (cm.?) cvd Tuapasus LIBA(—0.5-0.5) - 3.0-10-7-3.5-10—4,  5.0-10% 123
5.0-10=4-1.2-10—2
HY Pd-TIA 8%) » LIBA (—0.8-0), AM (—0.32, —0.2,0.2) 54-102 40-10-6-103 0.42-10-6 124
GOX-HRP- ITAVY -TICC (9)%€] IupokaTexun AM 76.82-10—3 (6-60)-10—° 0.9-10—° 125
n-OeHnIEH IMaMIH 1.6-10—3 (0.6-68.4)-10—¢ 0.35-10—°
o-DeHnIEH TMaMIH 1.30-10—2 (0.8—46.8)-10-¢ 0.28-10—°
m-DeHnIIEH TMAMAH 8.17-10-2 (8.5-42.5)-10-¢ 1.76-10-¢
AHUIMH 1.29-10-2 (10.5-73.5)-10—¢ 1.97-10-¢
GOX-TIOJOA —S/okcun ITO Opranuyeckue aMUHO- LBA (0.2-1.3) — 5.0-10-7-5.0-10—* 10-° 126
rpadena COC/TUHCHUS
HY Pt—-ITAMAM ITO Mertanon LIBA (0—-1.2) — — — 127
THupo3uHa3a — HAHOIEOJIUT — ITO denon AM (—0.2) — 1.0-10-8-1.8-10—5 0.5-10—° 128

~TIIOA

IMpumeuanne. [TpunsTe ciaenyromme ooo3naveHus:: CMC — kapbokcuMeTHIIeTi0103a, [1B — nonmBuHMIOBHI cnupt, BA — Bosmbramnepomerpus, [TA — nonnanuwimy, [TAMAM — nenapumep
4-noymamunoamuna. * CTB 15 cyt. ® Pasmeprocts A -MoJib !+ 1 cm— 2. © Pasmeprocts MB - (pH) ~ 1. ¢ B enununax pH. ¢ Pasmepuocts MB - (pU) ~!; pU — noka3zaTeiib KOHIEHTPALME MOYEBUHDI.

068

[006—088 (8) §8 “910T Mnwnx nxaus £ 006 —088 (8) S8 “910T “49Y "Wy "sSsny v 12 AOYeWIH'S"S



S.S.Ermakov, K.G.Nikolaev, V.P.Tolstoy

Russ. Chem. Rev., 2016, 85 (8) 880—900 [V cnexu xumuu, 2016, 85 (8) 880—900] 891

YyBCTBUTEIbHBIE CIIOU TAKUX 3JIEKTPOIOB COCTOSIT B OCHOBHOM
U3 HAHOCTPYKTYPUPOBAHHBIX MAaTEPUAJIOB M(MJIM) MEIUATOPOB,
Tak KakK JUIsl TOJyYeHHUs] aHAJIUTUIECKOTO CUTHAJIA UCTIOJIB3YEOT
MpsIMOe OKHUCJICHUE WM BOCCTAHOBJIEHHE OPTaHUYECKHUX COEIM-
HEHUI HAa TIOBEPXHOCTH IeKTpoaa. KataimzatopamMu 3TUX mMpo-
[IECCOB SIBJISIFOTCSI KOMIIOHEHTBI YYBCTBUTEJILHOTO CJIOS, U 3THM
00yCII0BIICHBI HU3KUE 3HAYCHUS IPEIesIOB OOHApY)eHus. B psiae
CJIy4YaeB B COCTAB YyBCTBUTEJILHOTO CJIOSI JIJIs JOCTHKEHHUSI CeJICK-
TUBHOCTH BBOZST hpepmenThI. 119 121,126,128

Takue 3JeKTPOJBI UCTIOIB3YIOT ISl ONPEICIICHUs BBICOKO-
TOKCHYHBIX COeIMHEHWH (THOpasuHa, MeTaHoja, (enona,?3’
apOMATHYECKUX, AMHHOCOICPKAIIAX OPTaHMYCCKHX COEIUHE-
HUIA), TPEICTABJISIOIINX YIPO3y IKOJIOTHUECKOU OGE30MaCHOCTH.
AHAJM3 9THX AHAJUTOB C IPUMEHEHHEM 3JIEKTPOJIOB CO CIIOSIMH,
mostyueHHbIME MeTogoM ITXC, moka3asl CpaBHHTEIHHO HU3KHE
npeaesibl ooHapyxeHus (Tadut. 2), HanmpuMep AJIsl TUApa3uHa —
Ha ypoBHe 5.0-10~8 momb-n—!, ¢enoma — 0.5 umonb- 1!,
AMHHOCOIEPIKAIIIX OPTraHUYECKHUX COEMHEHUI —
102 Mob -1~ !, U BBICOKYIO 4yBCTBHTEILHOCTL — HA YPOBHE
10 1.3-1078A -Mmkmoub— ! - 1. Takue 3HaueHHs OOBACHAIOTCS B
OCHOBHOM TE€M, 4TO 3JIEKTPOJIbI ISl OIpEJIE/ICHHs TAHHBIX AHA-
JINTOB COZIEPKAT HAHOYACTHIIBI OJ1aropoaHBIX MeTasuioB (Pd, Pt)
C BBICOKOH y/IeJIbHOM TIOBEPXHOCTBIO, YTO BCIECACTBHE KATATUTH-
yeckoro 3¢pdexkra U OOJBIION JIEKTPOAKTUBHONW MOBEPXHOCTHU
OPUBOJUT K YBEJIMUYCHHUIO YyBCTBUTEIBLHOCTH U CHIKEHHIO Ipe-
JIeJIOB OOHAPYXEHUSI.

[Tpumenenue merona IIXC gaer BO3MOXHOCTB YJIYYIINTh
AHAJIMTUYECKUE XaPAKTEPUCTUKU CEHCOPOB. Tak, npu GHoXuMu-
YEeCKOM aHaJin3e KPOBH [UJIS OIPEICSICHUS] ACKOPOMHOBOMN
KHUCJIOTBI M MOYEBUHBI HCIOJIb3YIOT YTOJbHBIA 3JEKTPOI CO
CJI0EM MHOTOCTEHHBIX YIJIEPOJHBIX HAHOTPYOOK, CBSI3aHHBIX
cootBerctBenHo [TJA u ITAOA —T1CC; npenen oOHapy) eHus
aCKOpOMHOBOM KHMCIOTHI cocTaBun 3°10~7, a MOYEBHHBI —
8-10~7 Mosb- 71~ ! mpH YyBCTBUTENLHOCTH OIPENEIEHUS HA
yposHe 2.53-107°A-mrmonb— -1 (em.!!7). TIpumenenue s
MPSIMOTO OTIPECSICHUsT ACKOPOUHOBOU KHUCJIOTHI M MOYEBUHBI
YIJIEPOTHBIX HAHOTPYOOK OOBSCHSIETCS TEM, YTO OHU CIIyXKaT
MPOBOAHAKAMH 3JIEKTPOHOB OT PEAKIIMOHHBIX IIEHTPOB K 3JIEKT-
pony (oOecrieurBasi HM3KHU TIpeaesi OOHAPYXKEHHUS), a TaKxKe
MO3BOJISIFOT YBEJIMYUTh JJICKTPOAKTHBHYIO MOBEPXHOCTh, YTO
MPUBOJUT K BHICOKMM 3HAYCHUSIM 1yBCTBUTEIBLHOCTH. DIIEKTPO-
XUMHUYECKUE CEHCOPBI C MYJIbTUCIIOAMU, CUHTE3UPOBAHHBIMU Ha
MOBEPXHOCTH 3JIeKTpoaoB MetomoM I[1XC, mpeBocXoaaT maxe
CCHCOPBI HA OCHOBE TEX € MaTepHaJiOB, HO HAHCCEHHBIX Ha
3JIEKTPO/I, HATIPUMED, KaleJIbHbIM METOI0M. B mociemanem ciry-
Yyae [IJIsl yrOJIbHOTO JIEKTPOAa, MOAUGDHUIUPOBAHHOTO OKCHIOM
rpadena, npeaes oOHApYKEHUST ACKOPOMHOBOW KUCIOTHI COCTa-
B 6.45-107° momb 11— (cm.?3!), a mpu ompeneneHUH MoOdYe-
BUHBI HA XMMHYECKH CHHTE3MPOBAHHBIX HaHOCTONMOWMKax ZnO,
MOAuGUIMPOBAHHBIX ypeas3oi, — 107> moab -1~ ! (cm.232).

VII. Cencopbl Ha OHOJIOrHYECKH AKTHBHbIE
CoeIHHEHHS U IJTIOKO03Y

VIHTEHCHBHOCTh COBPEMEHHBIX HCCIICIOBAHUU (IPEXJE BCETO B
00JIaCTH MEIWIMHCKON IWMATHOCTHKH) METOJOB aHaIM3a C
WCMOJb30BAHUEM JJIEKTPOXUMUYECKHX OMOCEHCOPOB 0OBsC-
HSAETCSl PSAOM HX HPEUMYIIECTB Iepel APYTUMH METOIAMH.
K 3TuM nmpenmyIecTBaM OTHOCATCS:

— CPaBHUTEJLHO BBICOKAS CEJIEKTUBHOCTh, KOTOpAst JOCTH-
raercs 3a CueT «HACTPAUBAHUS COCTABA YyBCTBUTEIBLHOIO CJIOS
1101 KOHKPETHBIM aHAJINT;

— OTCYTCTBHE CTaIUN IPOOOTOT OTOBKH;

— BO3MOJHOCTb pabOTHI C MUHIMAJIbHBIMU 00beMaMu 61o-
JIOTUYECKHX XKUAKOCTEH;

— HEBBICOKAsl CTOMMOCTB, IIO3BOJISIFOINAST KCIOJIB30BATH
OMOCEHCOPHI ISl CKpUHUHT 2 HanboJiee pacpoCTpaHEHHBIX 3200-
JIEBAHUHA.

IIpu pazpaboTKe IICKTPOXUMHUUECKMX OMOCEHCOPOB K HAHO-
MaTeprajlaM B COCTaBe 3JIEKTPOJIOB MNPEAbSIBIISIIOT JOBOJIBHO
KeCTKHe TpeOOBaHMs, OCHOBHBIE U3 KOTOPBIX — OTCYTCTBHUE
JIeHATypaIy ONOJIOTMYECKUX MOJIEKYJI IIPH UX MMMOOUIIH3aInT
HA TIOBEPXHOCTH IEKTPOJa, UHEPTHOCTH B PEAKIUSIX C AHAJIM3H-
PYEMBIM BeIIECTBOM U CTaOUIILHOCTH BO BpeMeHH. Kak mpaBuiio,
B Ka4YeCTBE TAKMX MATEPHAJIOB MCIOJB3YIOT HAHOYACTHUIIBI OJIa-
FOPOIHBIX METAIIOB (Au, Pt),129 132,135,138, 143, 145,166, 171, 177, 185
VIJIEpOHbIE HAHOTPYGKH, 32 138, 141,144, 146 - 148, 162, 167, 171, 177, 185
pexke — OKCHJBI B CyIb(HUIBI IEPEXOIHBIX METAIIOB. |33

B cimyuae ceHCOpoB Ha OHMOJIOTMYECKH AKTHBHBIC BEILIECTBA
YYBCTBHUTEJIbHBIA CJIOM MOXET COJepKaTh OUOCEIEKTOPHI,
ompeJielisieMble BHJIOM OHOJOTHYECKOTO WM OHOXUMIYECKOTO
B3aMMOJICUCTBHS,  KOTOPOE  HPHUBOJAUT K  IOJIyYCHHUIO
a"HajauTHYeckoro  cur"aia. Tak, g anamm3a  JHK
HCMOJIb3YIOT KOMIUJIEMCHTAPHOE B3aMMOJICHCTBHAE C OJIMTOHY-
KJIEOTHIAMHE, amnTaMmepamu, 2o 135-138.173 UI  AMMYHOJIO-
THYECKOTO  aHajim3a — TeH—aHTUTEHHOe B3aMMOICUCT-
BHe, 42, 144149, 155,184,185 g (hepMEHTATHBHOM AHAJIM3E HUCHOJIb-
3YIOT KaK NMPSIMYIO PEakIuio, TaK ¥ UHTMOMpOBaHUE (epMeHTa-
THBHOW peakuuu. B JuTepaType OTCYTCTBYIOT CBEICHHS O
OGakTepUaIbHBIX M TKaHEBBIX CEHCOPaX, IMOJYYaeMbIX METOJ0M
IIXC, uTo, OYEBUAHO, CBSI3aHO C HEJTOCTYIMHOCTBIO 3TUX OOBEK-
TOB ISl TAHHOW METO/IMKH CUHTE3a.

Buosiornyeckne aHaIW3bI, MPEACTABJICHHBIE B HACTOSIIEM
0030pe, TMPOBOAST C HEIbIO CBOEBPEMEHHOW AMArHOCTHUKU
Ppa3IMYHbIX 3200JI€BaHUIL, B TOM YUCIIE pPaKa, BUPYCHBIX U HH(eEK-
IIOHHBIX 3200JIeBaHUHi. BONBIINHCTBO aHATIMTOB ONPEIEIISIOT B
cocraBe KpoBH. Tak, conepxanue gjopaMUHa KOHTPOJIUPYETCS C
LEeJIbIO AMArHOCTHKM TaKHX MATOJIOTHMH, Kak Mmm3odpeHus u
6ose3np IMapkuncona. [Tpu ucnonp3oBannu [TO-a5exTpona co
CJI0OEM, COCTOSIIIAM M3 TOJUAKPIIOBON KUCIOTH U HAHOYACTHIL
CeO,, ymanoch mOCTHYL IIpefesia OOHapyXeHHs XopaMuHA
10~8 Momb-1~! W  TOBBICHTH  YyBCTBUTENBHOCTH [0
2.292 MkA -MkMonb -1 (tabm. 3). Ilpu ompeneneHun nod-
AMHHA C IPUMEHEHUEM IJIEKTPOXUMHUIECKIX CEHCOPOB HA OCHOBE
HAHOYACTHII cIUTaBa Au— Pt, OJTy4eHHBIX METOAOM UMITYJILCHON
Jla3epHO#l absauuu, mpenes oOHapy>KeHUs CHU3WJICS JIMIIb A0
6108 Mo - 1~ . TIupoKaTEXUH ONPEAEAIOT IS TUATHOCTHU-
pOBaHMs COJEPKAHMSI XOJIECTEPHHA, a TaKXKe KOHTPOJIs 00pa3o-
BaHUs NMHAPOKATEXUHAMHUHOB, CIIOCOOCTBYIOIIUX IPEIOTBpAIIE-
HUIO Pa3BUTHS Pa3IMYHBIX TEHETUYECKUX 3200JIEBAaHUI U HOBO-
ob6pa3zoBanmii. [Ipenen oOHApYKEHUS MUPOKATEXUHA B OMOJIOTH-
YeCKHX O0O0pa3nax NpU HCHOJb30BAHUM 3JIEKTPOXUMHYECKUX
cercopoB ¢ ITO-amexTpoaoM, MOAMMDUIMPOBAHHBIM CIIOSIMHU
GucdTanonraHuHa JIIOTEINs U NOJUIUKIMICCKUMI apoMaTHie-
CKVMH YIJIEBOJOPOIAMH, IOJYYeHHBIMH B DE3yJIbTaTe JABYX
mukstoB [1XC, moctur 3.75-10~7 Mojb -1~ npu 4yBCTBUTEIb-
noctr 2.0-10~8 A -MrMoub~ ! - J1. DIEKTPOXUMUYECKUH CEHCODP,
M3TOTOBJICHHBII Ha OCHOBE HAHOIOPHCTOIO 30JI0TA METOJIOM
TpaBjeHHs ciiaBa Au-—Si, mMmeeT upenesl OoOHApPYXKEHUS —
5-10~7 momb - 1! (em.233). lerextuposHue anbga-1-dperompo-
TeMHa TPOBOAST C LEJbIO BBISBJICHUS 3a00JICBAHMN TI€UCHH
(uMppo3a, TrematuTa) W JUISE MOHUTOPUHIA TNPOTEKAHUS
OEpEeMEHHOCTH Yy JKEHIIMH. MUHUMAJIbHAS omnpejesieMasi KOH-
neHTpanus anbga-1-peTonpoTenHa ¢ UCHOJIb30BAHINEM CUHTE3H-
poBanHOoro B pesynbrate 10 mukimoB ITXC Au-amexTpona,
MOMAGUIMPOBAHHOTO HAHOYACTHIAMH IUIATHUHBI, OCPIMHCKOM



Taﬁnnua 3. CocraBsl MYJIbTUCJIOEB, CHHTE3UPOBAHHBIX B YCJIOBUAX TIXC na MOBEPXHOCTH BJICKTPOAOB, METOAbI UBMECPCHUSA U XaPAKTCPUCTUKH PAJId SJICKTPOXUMUICCKUX 6HOC€HCOp0B.

CocTaB MyJIBTUCIOS Martepuan  AHajguT Merton usmepenus, B XapakTepUCTUKHU CEHCOPaA CebLt-
JIEKTPOJIa- K1
TOJIJIOXKKHU S, A-momb~!-n CTB, cyr  JIU, monb- ! 110, Mo - 1!

Ommronykiaeotuas — HY Au— Ccyd JTHK BA (0.0-0.7) — — 2.2-10-13-22-10—° 3.20-10— 14 129
naaA

HY Au-cynbpanunnponuo- Au JHK M — — — — 130
HOBas KHCJIOTa

HY Au-GSGHs ITO JHK LIBA (0.1-0.7) - - 10-'"-5-10—7 — 131

L-JInzun—Cyt c—HY Au-— CyD JHK BA (—0.4-0.0) 132
XUTO3aH

HRP-HUY Fe;04-IIJ0A - Au JHK LBA (—0.1-1.5), AM (—0.1 B), — 7 5-10-1-5-10-7 7.1-10—12 133
[cc Kynonomerpus (—0.1)

Omronykieotuns — HY Pt, Au JTHK AM (—0.1) — — 10-15-10-11 0.6-10—15 135
C-IIAOA

Onuronykiaeotuab — Rulll — (@%€] JHK BA (0.6-1.2) - — — - 136
NOgA

OJMrOHYKJICOTUBI — CYJIb(]a- Au JHK LIBA (—0.4 =+ —0.1) — — — — 137
HUJIIPOIIOHOBAS KHCIIOTA —
oxcua Zr

Osmronykieotuns — MYH Au JTHK LBA (—0.2 = —0.6) — — 5-10-10-1.0-10—11 6.2-10—12 138
C TUOJILHBIMHU T'PYIIIAMH —
HY Au

XomuHokennaza—MnO; — (0%¢] XouH AM (0.25; 0.45) (59+£3)- 1073 (cm.®) — 3.0-1077-1.0-10—% 300-10—° 86
NAOA-TIAC

Xonuuokcunaza — [T — Pt » AM (0.6) 3.79-1073,9.04-10—3 — 5-1077-1.0-1073 0.5-10—¢ 139
TMIOJA (cm.P)

XommHokcuaasa — 6-0O-3TOKCH- Pt » AM (0.0) 8.86-10~2 (cMm.?) 60 5-10-7-1.0-10—* 5-10-7 140
TPUMETHJIAMHUHOXUTO3AH —
OepimHCKast 1a3yph (cM.€)

MVYH-IIJOA (0)%C] Tuoxosnn AM (0.3) — — 1.5:10=¢-7.5-10—3 7.5-10~7 141

Wurerpun Bl (anTuren)— (@)%€] E. coli con 252.1 (em.9) — 1.0-10*-2.0-10° (cm.®)  3.5-103 (cm.9) 142

XUTO3aH

768
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Tabmma 3 (mpogonKeHne).

CocTaB MyJIBTUCIOS Martepuan  AHanut Merton usmepenus, B XapakTepUCTUKHU CEHCOPa CebLt-
JIEKTPOJIa- K1
T1OJUIOXKKHU S, A-momp~ -1 CTB, cyt JIU, monb- 1! 10, Mo - 1!

Tuonun — xuto3an—HY Au— SiO, E. coli LIBA(—0.6-0.2) — — — 250 (cm.©) 148
MVYH

HY Au—-MVYH —xuto3an— Au KA LIBA (—0.6-0.2) - 91 0.5-15.0 (em.h; 0.01 (cm.f) 144
THOHUH 15.0-200.0 (cm.h)

HY Au-HY TiO - tuonun Au KA LIBA (—0.4-0.2) — 60 1.0-80.0 (em.h; 0.20 (em.h; 145

0.2—-380.0 (cm.h) 0.07 (cm.h)

Antures—MYH-TIJJA - (©)%C) KA LBA (—0.2-0.6) 4.69-10-9, 30 0.1-2.0 (em.h), 0.06 (cm.h) 146
ICcC 0.51-10—° (cMm.8) 2.0-160 (cm.f)

Amnturen — menounas gpocda- (@%¢] KA LBA (—0.3-0.3) — - (0.1-1000)-10—3 (cm.h) 0.04-10—3 (em.)) 147
Taza—OVYH- ITJJA

AnTturen — GepiuHcKas J1a3ypb—  Au KA LIBA (—0.1-0.4) — — 0.5-2.0 (cm.f) 0.08 (cm.) 148
MOVYH —I19U —xuto3an

Awnrturena—HY Au—Co'l! Pt Tenatur b LIBA (—0.3-0.7), AM (—0.35) — — 0.05-4.5 (cm.h) 0.015 (cm.M) 149
Tpucounupuaui — Hapuon

B-Luxnonexctpua — MYH — CyD Hodamun LIBA (—0.1-0.5) 2.313 30 (0.1-25)-10—¢ 0.06-10—° 132
XHUTO3aH

HY C—(TDA)-SiCl ITO » LBA (—0.2-0.7), AM (0.45) 2.51 (em.?) 10 0.4-6)-10—° 0.135-10-¢ 151

GOX-TIAA (©)%C) » LBA (—0.2-0.6) 2.292, 20 (1-60)-10-, 0.02-10-¢, 152

8.32-10! (1-120)-10—¢ 0.27-10—°¢

ToakpuioBas KUCIoTa — 1TO » AM (0.585) — — (4-16)-10—¢ 10-8 153
HY CGOQ

IMonmannimH — pranonnaHux 1ITO » LIBA (—0.8—0.4) — — — — 154
(Fe, Ni, Cu)

Antutena—MVYH-TIJJA Au, Cr MB LIBA (—0.5-0.5), UMII — — — — 155

HRP -remornobun - CAT" ITO IMupokaTexun LIBA (—0.8-1.0) — — 6.0-10-6-1.7-10—* 5-10—¢ 156

Bucdranommanun Lu-TIAY ITO » LBA (—0.5-1.2), AM (0.3) 2-10-2 - (0-900)-10—¢ 3.75-10~7 157

KonkaBammu A—-HRP Au » AM (—0.05) 1.6 - (6.0-48)-10—¢ 0.6-10—° 158

HRP-TTIAY Au » AM (—0.05) 4.89-10—2 - (6.0-120)-10—° 0.7-10—¢ 159

Cl-ITupoxartexun —-[TAMAM Au » (ec)4! — — — — 160

Mertunenosslii cunuii — HU CyD XTI LIBA (—0.7-0.2) — 60 — 0.3 ME-mi—! 161
Au—THOMOYEBHHA

HY Pt - 6epnunckas 1a3ypn — Au Aunbpa-1-dero- LIBA (—0.1-0.6) 1.53-10~° (cMm.8), 15 0.1-15 (em.h), 0.08 (cm.fh) 162
MVYH - xurto3zan HNpPOTENH 0.11-10—° (cMm.8) 15-200 (cm.h)

HY CdS-noau-koHro (©)%C) » LBA (—0.7-0.1), AM(—0.3) — 30 0.30-250 (cm.f) 0.12 (em.f) 163
KpacHBI

®eppouenameranoa — 1A C » LIBA (0.0- 0.5) — 15 5-20 (cm.); 2 (em.h) 164

AM (0.025) 20150 (cm.h)
HY Au - Ttronun — Nafion Au » LIBA (—0.6-0.2) — 1-250 (em.h) 0.56 (cm.f) 165

[006—088 (8) S8 “910T Mnwnx nxous£] 006 — 088 (8) S8 ‘9107 4y “widay) "ssmy I 12 AOYRUIH'S'S

£68



Tab6muma 3 (oxkoHUAHUE).

CocTaB MyJIBTUCIOS Martepuan  AHAJIWAT Merton usmepenusi, B XapakTepuCTUKU ceHCopa CebLt-
9NIEKTpOIa- KH
TOUTOKKH S,A-moms—'-n1  CTB,cyr JIU, Monb- 1~} MO, Monb -1~ !

I'nmyramatmerunporenaza—HY Pt— Cy> 'K LIBA (—0.6-0.6) — 28 (0.2-250)-10—¢ 10-8 166
[TIAMAM (cm.i) AM (0.2)

MVH - cynbdonunuposannsie ITITA (@)%c] Iucrenn LIBA (0-1.1), 2.78-10—° 10 20-10--1.3-10-3 — 167
(em.h) AM (0.8) 1.38-10—8 — 230-10—¢ 0.3-10—¢

HRP-TICC, [TAY Au » LIBA (—0.4-0.6) — 60 (0.1-23.5)-10—° 0.02-10-¢ 168

AM (—0.15)

B-JlakTamasa —rematenn — MYH — (@\%¢] TenuuummH LIBA (—0.4-0.6) - — 9.3-10-°-1.0-10—3 50-10—° 169
XUTO3aH AM (0.2) (1.0-2.6)-10—3

Anramep JHK-MVH ITO Tpombun LIBA (0.0-0.7) - 24 0.3-165 (em.f) 0.14 (cm.) 170

JInzommm 21 0.2-1.66-10—3 0.17 (em.h)

Tonyuaun cunuii —rpaden — HU Au (@)%€] Tpomb6un LBA (—0.6-0.2) — — (0.001-80)-10—? 0.33-10—12 171

Amnrtamep Tpombuna—HY Au— Au » IIBA (—0.5-0.0) — — (0.12-0.48)-10—° 0.04-10-° 172
TroHMH — Nafion

Auermixomuascrepaza—OVH-TIJOA  CVD Kapbapun OBA (—0.2-1) — — ot 10~7 (em.¥) 10—2 (em.¥) 173

Femur - MYVH - ITAJIA (cm.) cyd L-Tuposun LIBA (0.0-1.0), AM (0.8) 3.1-10~'(cm.d) — (0.1-28.8)-10-6 0.01-10-6 174

MVH-TIJOA-TICC C Aneramuaoder LBA (—0.1-0.7), 3.35-10-° 21 — 5.0-10—7 175

AM (0.3)

Xonectepunacrepaza—MVYH - C Xonectepun LIBA (—0.8-0.2) 1.365-10—# 21 0.2-1)-10—3 30-10—¢ 176
TAJA AM (—0.4)

Xounecrepunacrepaza—MYH — Au » AM (0.1) - — (0.001-3)-10-3 5-10-¢ 177
HY Pt—xuro3zan—I1CC

Xounectepunacrepaza—HY Pt—MVYH 1ITO » AM (0.7) 8.7-1073 (cm.2) (0.005-10)-10—3 0.0028-10—3 178

Auermnxonuascrepasa— MY H— (@%¢] Kap6odypau LIBA (—0.2-0.8) — 21 48-10-°-0.9-10—7 4.0-10—° 179
MAJIA - TIAMAM - Au

GOX-IIOOA CYD Cunenaduin LIBA (—0.2-0.5) — 20 2.0-10-8-5.0-107, — 180

5.0-10-7-5.0-10—7

GOX Pt Kapb6amazenunx LBA (1.0-1.5) — — 10-5-5-10—4 2.75-10—3 181

I'yTaTHOHpPEAYKTa3bl, TJIFOKO3a-6- CYyD HAO®D AM (0.5) — — 0-0.2)-10-3 — 182
(dbochataeruaporenaza— I[N — I"rok030-6-hochat (0-0.16)- 103 —
(eppouen

Jlakkaza—I19U1 CVD, Pt n-Oennnenmmamus - LIBA (0.0—1.0) — — — — 183

AHTHOMOTHH UMMYHOTJIOOYJTHHA Au BuoTun nepoxcu- LIBA (0.0-0.5) — — — — 184
xracca G-0Os—-T1AY J1a3bl XpeHa

Antnans6ymun—HY Au— Au Anb6ymun con - — 6.8-10-12-6.8-10—3 6.8-10—12(ecm.k) 185
MOJIUTHPAMUH (em k)

MOVH 3YMD Serpammon LIBA (0.0-0.8) . . 20-10-8-2.0-10-6(cmX)  1.0.10-8 (cmk) 186

IMpumeuanne. [Tpunste! crienyromme odo3nauenus: GSGHs — me3zonopucTsrii rpaden/kpemunii (Hanowmctol), (TDA)SiCl — xnopuareTpaaemuimuMe | 3-(TpuMeTOKCHCHITILT ) TponiaMMonust, KA —
KapIHHOAMOPHOHHBIN aHTHTeH, MB — MeTamueBMoBupyc, XI' — xopuonmueckuii ronagotrponus, 'K — rinyramunaoBa xucinota, 3YMD — 30510To# yabTpaMukpoadsiekTpona, ME — MexmynapoaHas
€IMHMITA M3MEPEHHNS 0351 BELIECTBA, OCHOBAHHAS HA €70 GMOJIOTMYECKOM akTUBHOCTH. * PasMeprocTs A -Moib— ! m-eM~2. P TO=15¢.  TO =10 c. 4 Pasmepnocts OM - (aucino kinetok) ~ ' - mur. © Yncso

KJIETOK B OIHOM MuLIMuTpe. ' Pasmeprocts Hr-mia— 1. € Pasmepnocts A -Hr — ! - mur. M Pasmepnocts Mkr-mia—'. i TO=3 ¢. TO=5 ¢. K PasmepHOCTb Mr * 1T

—1
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Taﬁmma 4. CocraBbl MYJIBTUCJIOCB, CHHTE3UPOBAHHBIX B YCIIOBUAX I1XC Ha TIOBEPXHOCTH JIEKTPOJOB, METOABI USMEPEHUSA U XapPAKTECPUCTUKHU SJICKTPOXUMHUUCCKUX CEHCOPOB IJId ONIPEACTICHUS TJIFOKO3bI.

CocTaB MyJIBTUCIOS Marepuan Merton usmepenus, XapakTepUCTUKU CEHCOPA Cebutkn
9JIeKTpOJIa- B
HOJUIOKKH S, A-Monp—!-1-cM—2 TO, ¢ CTB, cyr JIU, moab 1! IO, monp - 1!

GOX—-HY Au-—xuro3an Au LBA (—0.1-0.7), AM (0.7) 5.55-10=% (cm.2) — — - — 187
GOX-HY Au-TTAMAM -IIBC"® ITO LIBA (0.0-1.0) (3.36+£0.02)-10—> — — - 17-10-¢ 188
GOX-HY Au-TTAMAM - IIBC?® ITO LIBA (—0.5-0.1), AM (0.0) 1.11-10—7 - - — 1.9-10—¢ 189, 190
HY Au Au LIBA (—0.05-0.55) - - — — - 191
GOX-HY Au Au AM (0.4) — — — — — 192
GOX—-HY Au—101m351eKTpOJIITHI Au LIBA (—0.2-0.8), AM (0.3) (1.92740.05)-10—2 — — — 2.3-10—¢ 193
HY Au- tuonun Au LIBA (—0.35-0.1), AM (—0.18) — — — 103103 3.5-10—3 80
Texkcanmmanodeppat menu (F-Sn)-oxcun LIBA (0.0-1.2), AM (0.0) 0.33-10—¢ — — 10 5-10-¢ 81
GOX-HY CdS-ITAMAM Pt LBA (—1.0-1.0), AM (0.5) 1.83-10—3 — - 10-6-2.5-10-3 10-° 194
GOX-0s-I1AY Au LBA (0.1-0.5) — — - - — 195
GOX —-HY Pt—xurozan CyV> LIBA (—0.6 = —0.2), AM (0.3) - — 30 1.2:10-9-2.0-10-3 4.0-10~7 196
GOX—-HRP - koHKaHABaJIMH A — Au LIBA (—0.4-0.6), AM (—0.15) - - 8 2.0-10-°-1.7-10—% 2.5-10~7 197

MYVH - nextun
GOX—-MVH — nojurucTuins (0)%C] AM (0.7) (1.94+0.03)- 103 (cm.?) 12 15 2.5-10~4-5.0-10-3 2.2-10-¢ 198
IMonunu3un —nakkaza-MVYH ITO LIBA (0.05-0.75) — — — 0o 30-10-3 — 199
GOX-MVYH-II51 (©)%C] LBA (—0.7-0.0) 1.07-10—! — - 100 0.3-10—° — 200
GOX-OYH-IIB-0s C LBA (—0.1-0.5), AM (0.3) 1.6-10—2 — 30 (0.5-6.0)-10-3 0.1-10—3 201
OVH-IIB-Os C LBA (—0.1-0.5), AM (0.3) 3.2-10-2 — — (0.3-10)-10—3 0.3-10—3 241
GOX-MVYH C AM (0.6) 3.82:1072 (em.?) — — 5-10-4-1.5-10—2 0.9-10—4 202
GOX-MVH-TIA ITO LIBA (0.0-0.5), AM (0.4) 3.97-1073 (em.?) — 21 (1-9)-10-3 0.06-10—¢ 203
OVH-TIAOA Au, Cr Kounaykromerpus (pH), 2.84-1072 (cm.?) — — (2-10)-10—3 — 204

AM (rmoxo3a, —1.0; —1.5)
MVYH-TIJOA (0)%C] LBA (—0.5-0.5) — — 21-28 15-10-6-6-10—3 7.0-10—¢ 205
AM (—0.1) — — - (15-120)-10—¢

GOX~NH>-MVH —amuHo- Au LIBA (—0.8-0.2), AM (—0.3) 7.46-10—3 — 21 1-7-10-¢ 8-10—° 206

LUCTEAMUH
GOX-OVH-IIAOA Pt LIBA (0.0-0.6), AM (0.6) 6.38-10—2 — 30 50-10=6-12-10—3  4-10—°¢ 207
GOX-HRP-TIAY ITO 208
GOX-HRP - tnoMoueBuHa CyV> LIBA (—0.65 ~ —0.3), AM (0.3) 5.73-10—3 — — (50-600)-10—° 6:10—° 209
GOX-HRP - nucreamun Au ILIBA (0.0-0.5), AM (0.28) 5.11-1073 4 28 (1-8)-10—3 9-10—¢ 210
GOX-TIAOA —Nafion CV3, P, C AM (0.6) 9.6-10—3 — 28 (0.05-7)-10—3 20-10—¢ 211
GOX-IIAOA (©)%C] LIBA (—0.05-0.5) — — — - — 212
GOX — nonenunbeH3miICyib(o- Ag AM (—0.1) 7.2-10—% — - (1-8)-10-3 1.55-10—* 213

HOBasl KHCJIOTA
GOX-HY Au-—xurozan—I1A Pt AM (0.6) 5.55-10=% (cm.2) — — (0.5-16)-10—3 7-10-¢ 214
GOX-HY ZnO ITO AM (—0.2) — — — (0.1-9)-10—3 1.94-10—° 215
GOX-II5U nrs LIBA (—0.8-0) 7.6:10~ 1 (cm.®) — — (0.5-8.9)-1073 50-10—¢ 216
GOX — cyib(paHUIIPONIOHOBAS Au AM (—0.2) — — - 10 5-10-3 58-10-° 217

kuciora—IIJJA-TICC-MVYH

a PasmeprocTh A - Mosb~ !+ 1. P TIBC — nonmBuHAICY ILGOHOBAS KMIIOCTA.
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JIa3ypH, XUTO3aHA U MHOTOCTEHHBIMHU YIJIEPOJHBIMU HAaHOTPYO-
kamu, coctaBuia ~0.08 Hr-Ma~! OpU  YYBCTBUTENLHOCTH
1.53 MxA -ur—!-mu. Onpenenenue anbda-l-peronporenna Ha
3JIEKTPOJIaX, KOTOPbIE MOIU(PHINPOBAHBI TETEPOCTPYKTYpPAMHU
Au—Fe3;04, moJly4eHHBIME METOJIOM TEPMUYECKON JECTPYKIUH,
NIPUBENIO K CHIDKEHWIO Tpesena oOHapyxkeHus mo 2.3 mr-mr— !
(cm.234),

B mocnennune necATHNIETHS OHKOJIOTHYECKHME 3a00JIeBaHMS
crajiu O):[HOI‘/II U3 TIPUYUH YBEJIUMYCHUSA CMEPTHOCTHU _]'[]-O)J,eﬁ BO
BCEM MHUpE: €XEroJHOe YHCIIO CMEPTEH OT paka INpeBbIIIAeT
MOJIOBUHY OT YKCJIa BHOBL BBISIBJIEHHBIX CITy4aeB 3a00ieBanus. >3
UYacrora 3aboseBanmii pakoM B mepmon ¢ 1975 mo 2000 rr.
yasomnack, a B 2000 r. 12% ciydaeB Bcex JIeTaJIbHBIX UCXOJIOB
00yCIIOBIICHBI OHKOJIOTHEH. HacTo BO3MOXKHOCTH CIEIUATIACTOB
JUTSL aJIeKBATHOM paHHEW JTUArHOCTHKHU, OTIEPAaTUBHOTO J1abopa-
TOPHOT'O KOHTPOJIs 3P(PEKTUBHOCTHU JICUCHHS U MPOTHO3a PA3BU-
THS1 3200JIeBaHNS, OCHOBAHHOT'O HA KOJIMYECTBEHHBIX JITAOOpaTOp-
HBIX MMOKAa3aTessX, orpaHuyeHbl. HecMOTps Ha GOJIBIIIOE YUCIIO
HCCIIEOBAaHUN B 3TON 00JacTh, Mporpecc B Hell BCe elle Hemo-
CTATOYEH, B YACTHOCTH HET IIIHPOKOTO UCIOIB30BaAHUS OHOMap-
KEPOB HA pa3jMyYHbIE BUABI paka.>3%237 Oana m3 IMarHOCTHYE-
CKUX TIEPCIIEKTUB CBSI3aHA C MPUMEHEHHEM B KauecTBEe OHMOMap-
kepa mupkyupytroniein JIHK, koTopast MoxeT ObITh OOHapyXeHa
B IU1a3Me (CBIBOPOTKe) KpoBH uesioBeka. Ananu3 [JJHK npoBoasT
C LEJIbIO BBISIBJICHUS PA3JIMYHBIX BUPYCOB, OHKOJIOTUYECKHUX U
reHernueckux 3abonesanmii. I[Ipemesnsl ob6uapyxenns JHK
MOTyT cocTaBiaTh a0 0.6 Mok -1~ !. CTOUT OTMETHUTD, YTO
IUJIE BCEX CEHCOPOB HA OWMOJIOTHYECKUE AHAJUTBHI XapaKTepPHBI
HEOOJIBINON CPOK CTAOUIILHOCTHU M 3KCIIPECCHOCTH aHAIU3A.

711 TMarHOCTUPOBAHUS OHKOJIOTHUECKUX 3a00JIeBAHNN TTPH-
MEHSIOT 3JICKTPOXUMHUYECKHE CEHCOPHI, aHAJMTHYCCKUI CUTHAI
KOTOPBIX OCHOBAaH Ha B3aNMOICHCTBAN AHTUTENIO —aAHTHUIeH. Tak,
KapUUHOSMOPHOHHBIA AHTUTEH OIPENENSIFOT [JIsl BBISIBJICHUS
paka JIeTKUX U IPYrux BHYTPeHHUX opra”os. I1pu sTom mpenen
00HapyXeHUs Ha TpIMepe AU-3J1eKTpoaa, MOAU(DUIIPOBAHHOTO
CJIOSIMH  HAHOYACTHI[ 30JI0Ta, MHOTOCTEHHBIX YIJIEPOJIHBIX
HAHOTPYOOK, XMTO3aHa W THOHWHA, coctaBuia 0.01 Hr-mua—!,
a YYBCTBHUTEJIBHOCTH ~4.69 MKA -Hr ~!-mut. JJaHHBIA 3]IEKTPO-
XUMHUYECKUI CEHCOp YCTYHAeT CEHCOpY, HM3TOTOBJIICHHOMY Ha
OCHOBE HAHOTIOPHUCTHIX CTPYKTYP 30JI0Ta U TpadeHa, Iis KOTo-
poro mpemen obHapyxkeHus coctaBun 3.5-10~ 13 momp !
(cm.238),

CeHcopsl TS onpeiesieHus] OMOJIOTMYECKH aKTUBHBIX COCJIU-
HEHUM, MOJIy4YeHHbIC IPYTUMH CIIOCOOaMU, HE YCTYMAOT O aHa-
JINTUYECKUM XapaKTEPUCTHUKAM CEHCOpPaM, IMOJIYYEeHHbIM METO-
oM ITXC. DTo MOXHO OOBSICHUTBH CIOXHOCTBIO IOCIIONHOMN
AMMOOWIN3aNU OUOCEIEKTOPOB. ABTOPBI OOJIBIIMHCTBA pac-
CMOTPEHHBIX HIKE paboT MeTooM ITXC HaHOCHIIM B OCHOBHOM
CJION HAHOCTPYKTYP M CBSI3BIBAIOIINX PEAreHTOB, YyBCTBUTEIb-
HBIH €101 HAHOCHUJIM JIUILb OJIUH.

Iupokoe nmpakTUIeckoe NPUMEHEHHE CEHCOPOB HA TJIFOKO3Y
00YCJIOBJICHO TEM, UTO B IIOCJICHUE TObI CAXapHBIN THA0ET CTa
MpoTrpeccupyroImM 3adoieBanreM. CoryiacHo JaHHBIM Beemup-
HOI OpraHuM3alMu 30paBOOXpaHeHHs, ~ 350 MIIH 4eJIOBEK BO
BceM Mupe OOJIbHBI auabeToMm, M, 1Mo mporHo3am, B 2030 r.
nuabetr OyAeT ceAbMbIM B CIUCKEe OOJIe3HEH, MPHUBOASIIMX K
cMepTi.?*° TouHbIE N3MEPEHNS U THIATEIBHBIA KOHTPOJIb yPOBHS
TJIIOKO3BI B KPOBH UMEIOT Ba)KHOE 3HAYCHHUE ISl MPABUIIBLHOM
JIUATHOCTHUKY U JIEYEHHS cCaXxapHOro auabera. TUNMYHBIN aHATN3
KPOBH B IJTFOKOMETPAX IPOBOAST C HEOOJIBIIIMM 00BEMOM KPOBH,
KOTOpBIi 00bIYHO OepyT U3 maybia. KpoBb MOIBOAUTCS K OJTHO-
Pa30BOii TECT-TOJIOCKE OJI AEUCTBUEM KAIMJUISIPHBIX CHIL. BoJib-
IIUHCTBO TECT-TMIOJIOCOK COCTOST W3 JETUAPOTCHA3BI TIFOKO3BI

WM TJTFOKO30KCUAa3bl, IMMOOMIN30BAHHBIX HA IEYATHOM 3JICKT-
poze, 1 uX IeliCTBAE OCHOBAHO HA ()epPMEHTATHUBHBIX PEAKITHIX.

B nocietHme IeCATUIIETHS TPOBOASITCS PAOOTHI IO CO3TAHUIO
6oJiee 3PPEeKTUBHBIX HEMPEPHIBHBIX METOAOB M3MEPEHHUs TJIFO-
KO3BI, KAK MHBA3WBHBIX, TAK ¥ HEMHBA3UBHBIX.>*? DepMEHTHBIN 1
GecepMeHTHBIIT METO/bI OMpPEEIeHHsI TJIFOKO3bI C MPHUMEHe-
HUEM 3JIEKTPOJOB, HA TMOBEPXHOCTU KOTOPBIX MPUCYTCTBYIOT
MYJIBTUCIION (KaK MpaBmiio, OJAropoaHbIX METAJUIOB U aJulo-
TPOMHBIX MoAU(UKALUIT yIiIepoa), HA B YeM He YCTYNAroT APYT
ZIpyry, OJHaKo OecepMeHTHBIE CEHCOPHI 00JIanaroT OOJIbIIei
CTaOUIIPHOCTD, YeM CEHCOPHI Ha OCHOBe oKkcmia3. [IpuMeHeHue
3JIEKTPOIOB CO CJIOSIMH, COCTOSIIIMMH U3 TJIFOKO30KCH[IA3bI,
MEPOKCUAA3BI XPEHA, KOHKOBAIMHA A U MHOTOCTEHHBIX YTJIEPO/I-
HBIX HAHOTPYOOK, CHHTE€3UPOBAHHBIMU B pe3yibTaTe 10 UKo
I[IXC, mnpuBeso K CHUXKCHHIO Tpelaeia OOHApYXKEHUS [0
2.5-1077 Monb-1~! WM yBENMYEHMIO UYBCTBUTEILHOCTH 10
~0.1 A-momb— ' 11-cMm—2 (Taba. 4).

VIII. 3akarouenne

MHOTOYHCIIEHHBIE KCIIEPIMEHTAIBHBIE TAHHBIE, OOCYK/ICHHBIC B
TaHHOM 0030pe, CBHIETEIILCTBYIOT O TOM, YTO JIJIsS CHHTE34 CJIOEB
Ha TOBEPXHOCTH JIEKTPOAOB MOTYT 3PPEKTHBHO TPUMEHSITHCS
Metoaukn [TXC — MOHHOE, HOHHO-KOJUIOMIHOE U KOJUIOMIHOE
HaciauBaHue. Takue METOIUKH CPABHUTENBHO IPOCTHL,
HAJCKHBI U 9KOHOMMYECKH 3 (hek TuBHBI. OHU TO3BOJISIIOT CO3/1a-
BaTh Ha MOBEPXHOCTH 3JICKTPOIOB (B TOM YHCJIE MUKPOIJICKTPO-
JIOB) MYJIbTHCJION, KOTOPBIE IPYT MU METO IAMH ITOIY4CHBI ObITh
HE MOTYT. MYJIbTHCJION MOTYT BKJTFOYATh CJION TaK HA3bIBAEMBIX
THOPUIHBIX COCTUHEHNI, COACPKAIINX, HAIPUMED, YTICPOIHbIC
HAHOTPYOKH, TpadeH WM HAHOYACTHUIBI PA3JIMYHBIX OJIArOpo-
HBIX METaJJIOB. BaXHBIM MOMEHTOM NpU CO3JAHUH MYJIbTH-
CJIOEB SIBJISIETCS BOBMOKHOCTh «KOPPEKTHPOBKU» UX COCTaBa W
MOCJIEIOBATEILHOCTA PACIOJIOKECHUS OTACIbHBIX CIOEB IyTeM
M3MEHEHHS IPOTPAMMBbI CHHTE3a C YYeTOM PEKOMEH/TAIHIA, TTOJTY-
YEeHHBIX MOCJIC AHAJIN3a PEe3YJIbTATOB UCIBITAHUS KOHTPOJIBHBIX
00pasmos.

Meton IIXC mno3BojiseT (GpOpMHUPOBATH HYyBCTBUTEJbHBIE
CJIOW I CEHCOPOB MPAKTHYECKH Ha BCE KJIACCHI AHAJIHMTOB.
OuYeBU/IHO, YTO JaJIbHEHIee pa3BUTUE ITOrO MeToja (B Yact-
HOCTH, OTIpeJIe/ICHIE YCIIOBUI CHHTE3a CJIOCB HOBBIX COCAMHCHUIN
W UX MYJIbTUCJIOCB, PA3BUTUEC U3BECTHBIX METONK CHHTE3a U UX
aJlanTanus, Hanpumep, 1isl QOPMHUPOBAHUS CIIOEB HA JIOKATBHOU
MOBEPXHOCTH MHUKPOIJIEKTPOJIOB) OTKPOET BO3MOXHOCTH IS
CO3[IaHUSI HOBBIX BLICOKOUYBCTBUTEIBHBIX M CEJICKTUBHBIX 3JICKT-
POXMMUYECKUX CEHCOPOB Ha IIIMPOKUI KpyT aHaauToB. Hanboree
BaXKHOW MepCcreKTuBOi mnpumeHenus merona [1XC, no-Buau-
MOMY, SBJIACTCA NEPEXO K CO3AAHUIO IOJHOCTBIO I'OTOBBIX K
HCTOJIb30BAHUIO JJIEKTPOXUMHUYECKUX CEHCOPOB C JICKTPOIAMH,
KOTOpBIE BKJIFOYAFOT MYJBTHUCIION, COCTOSIIHN, HAaIpUMep, U3
YYBCTBUTEJILHOTO CIIOSl, MEIUATOPA, IPeoOpa30BaTelis CUTHAIIA
1 MeMOpaHBI ¢ 3aJaHHOU (C YYeTOM MaKCHMAaJIbHOTO OTKJIMKA
CeHCOpa) TOJIIMHON. DTO MO3BOJIAT MEPEUTH B PaMKax OTHOTO
METOJla CHHTE3a OT CTAUH UCCICAOBAHUN K pa3paboTKe TeXHO-
JIOTUH CO3/IaHMS BBICOKOA(D(EKTUBHBIX CEHCOPOB.

CreflyeT OTMETHTb, YTO NMPH CO3IAHUHM HOBBIX TEXHOJIOTHYEC-
CKHUX TPOIECCOB CHHTE3a TAKHUX JJIEKTPOJIOB PEIIAIOIICH MOXKET
crath BaxHas ocoOeHHOCTh Metona [1XC, 3akimrovaroniascs B
TOM, YTO CHHTE3 MOXHO OJHOBPEMEHHO MPOBOJIUTD HA ITOBEPX-
HOCTH OOJBIIOrO YUCIIA 3JIEKTPOIOB-MOIIOKEK, U 3TO, HECOM-
HEHHO, Oy/1eT clocoOCTBOBAThH CHUKEHIIO CTOMMOCTH KOHEYHOT O
HIPOJYyKTa.

Paborta BeIimosiHeHa mpu puHaHCOBOU momnepxke CIIOIY
(mpoexT Ne 12.38.259.2014).
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Self-healing polymers

Siyang Wang® and Marek W. Urban® ™

challenges and opportunities.

Biological organisms have built-in repair mechanisms
to prevent them from losing their functions. The repair
processes in mammals and plants occur in entirely dif-
ferent chemical and morphological environments, yet
— in a general sense — the outcomes are similar. For
example, DNA damage is a fairly common event in a
cells life that may lead to DNA mutation, uncontrollable
growth (cancer) or cell death. In mammals, the key com-
ponents are pro-inflammatory cytokines, transforming
growth factors and angiogenic factors"”. Human skin
self-heals via an inflammatory response of cells below
the dermis by increasing collagen production, which
regenerates epithelial cells and tissue. In plants, oligo-
peptides, oligosaccharides or other molecules induce
changes that signal damage and initiate a sequence
of chemical events leading to macroscopic repair®’.
Regardless of the individual steps in any of these pro-
cesses, self-healing in living systems involves a cascade
of reactions, the exact chemistries of which are far from
understood.

The main approaches to self-healable polymers
involve either physical or chemical events at the molec-
ular level, although there is overlap between the two
approaches (FIC. 1). Examples of physical self-healing
processes are interchain diffusion®, phase-separated
morphologies®’, shape-memory effects® and the intro-
duction of superparamagnetic nanoparticles’. By con-
trast, predominantly chemical processes include the
incorporation of covalent'’-"?, free-radical'>'* or supra-
molecular”*""” dynamic bonds. Many self-healing
processes involve a combination of physical and chem-
ical events, such as taking advantage of enhanced
van der Waals forces'®, resulting in interdigitated copoly-
mer morphologies — embedded, reactive, encapsulated
fluids that burst open upon damage to fill up a wound
and trigger chemical reactions of reactive agents to

Abstract | Self-healing is the capability of a material to recover from physical damage.

Both physical and chemical approaches have been used to construct self-healing polymers.
These include diffusion and flow, shape-memory effects, heterogeneous self-healing systems,
covalent-bond reformation and reshuffling, dynamics of supramolecular chemistry or combinations
thereof. In this Review, we discuss the similarities and differences between approaches to achieve
self-healing in synthetic polymers, where possible placing this discussion in the context of
biological systems. In particular, we highlight the role of thermal transitions, network heterogeneities,
localized chemical reactions enabling the reconstruction of damage and physical reshuffling.
We also discuss energetic and length-scale considerations, as well as scientific and technological

repair damage'’ — and cardiovascular networks®, which
use the same concept.

In this Review, we outline the physical, chemical and
physico-chemical processes of self-healable polymers.
We discuss how leveraging advances in synthetic mate-
rials and biological systems, while using feedback and
feedforward from physico-chemical analysis and predic-
tive computational algorithms, will lead to discoveries
and technological advances. Taking self-healing materi-
als to the next level, we discuss how exchangeable bonds
triggered by thermal, chemical or other stimuli result in
the development of tunable rigid or soft vitrimers.

Interchain diffusion
Early approaches for crack healing in thermoplastic poly-
mers can be broken into five stages: segmental surface
rearrangements, surface approach, wetting, diffusion
and randomization®*'. During surface rearrangements,
factors such as topography and roughness of the sur-
faces, chain-end distribution and molecular-weight dis-
tribution come into play. As two surfaces come together
to enable subsequent molecular-level physical and/or
chemical self-healing”, they form an interface and wet
each other before diffusion occurs. Various chemical
rebonding techniques in thermosetting and thermoplas-
tic self-repairing polymers have supplemented the dif-
fusion phase”, but differentiation between the physical
and chemical processes involved is not trivial.
Mechanical damage creates interfacial regions. Local
mobility and diffusion rates in damaged areas (especially
in interfacial regions) are important in the self-healing
process®. Interfacial macromolecular interpenetration
was proposed in the 1960s (REF*) and typical diffusion
rates in solid-state polymers are 10~ mmin™" (REF*).
Furthermore, full recovery of mechanical strength is
approximately 0.4-0.8 times the radius of gyration®*%,
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Fig. 1| Self-healing mechanisms. a | Physical processes to realize self-healing include interdiffusion of polymer chains,
the introduction of phase-separated morphologies, shape-memory effects and the introduction of active nanoparticles
into a polymer matrix. b | Chemical processes to facilitate self-healing involve either introducing reactive chain ends or
supramolecular chemistries. ¢ | Physical and chemical processes can be combined to realize self-healing. Self-healing

is achieved by incorporating enhanced van der Waals interactions, or encapsulating nanocapsules or microcapsules
containing reactive liquids to heal a wound, or by mimicking cardiovascular architectures composed of hollow fibres filled

with reactive chemicals to heal a polymer matrix.

and the average interdiffusion depth is expressed as a
function of time X(¢) by

X(t)=X_(t/ )" (1)

where T is the reptation time, which is proportional
to the chain molecular weight to the third power?"**.
Accordingly, more flexible and shorter chains are more
mobile and facilitate recovery more easily*. In contrast
to the bulk, surface macromolecules exhibit high mobil-
ity, reflected in a lower glass-transition temperature
(T,), owing to their high degrees of freedom®-**, thus
facilitating enhanced diffusion. This is supported by the
observation that the T, inside a fresh cut is lower than
that in an undamaged surface®.

Fickian diffusion is enhanced above the Tg, owing
to the excess free volume, driven by entanglement
coupling and reptation®**. However, crack healing in
poly(methyl methacrylate) (pMMA) was achieved by
heating above the T, under pressure, which facilitates
a recovery of the fracture stresses proportional to t*,
where t is the heating time””". In general, lowering the
T, enhances segmental chain mobility (which can also
be achieved through the use of plasticizing solvents*>*),
thus promoting diffusion and inducing conformational
changes, but does not assure self-healing. When liquid is
dispersed in a solid matrix, diffusion favours the repair
process, which will be enhanced for lower- Tg networks,

owing to the excess free volume. Because newly formed
surfaces or interfaces resulting from damage exhibit
liquid-like attributes, relatively slow diffusion rates
(~10”?mmin™") are anticipated®. Under these con-
ditions, the reptation model (that is, a polymer chain
migrating through a tube; Eq. 1) could serve to predict
topological constraints imposed on a polymer back-
bone by the surrounding polymer chains® in the bulk.
However, this model may not be applicable in the sur-
face and/or interfacial regions, where interfacial energy
may dominate chain mobility.

van der Waals interactions

van der Waals interactions have been of interest for
over two centuries, and the presence of van der Waals
interchain forces in polymers was established dec-
ades ago. An illustrative biological system that uses
van der Waals forces to adhere to any surface is gecko
setae’’. However, only recently have such interac-
tions been recognized for their potential in designing
self-healing commodity copolymers'®. If perturbation
of van der Waals forces upon mechanical damage is
energetically unfavourable, interdigitated alternating
or random copolymer motifs will self-heal to an ener-
getically more favourable state. Molecular dynamics
simulations showed that the formation of helix-like
conformations depends on the copolymer composition
and creates a viscoelastic response that energetically

NATURE REVIEWS | MATERIALS

VOLUME 5 | AUGUST 2020 | 563




REVIEWS

favours self-recovery upon chain separation, owing
to ‘key-and-lock’ associations of the neighbouring
chains. In essence, van der Waals forces stabilize neigh-
bouring copolymers, which is reflected in enhanced
cohesive-energy density (CED) values. FIGURE 2a illus-
trates how induced dipole interactions for alternating
or random poly(methyl methacrylate-alt-ran-n-butyl
acrylate) (p(MMA-alt-ran-nBA)) copolymers owing to
directional van der Waals forces may enhance the CED
at equilibrium (CED,,) of entangled and side-by-side
copolymer chains. It is a challenge to measure van der
Waals forces, and molecular-dynamics simulations are
valuable for understanding and quantifying their role in
self-healing. For that reason, various force fields for small
molecules**? and polymers**** are useful. Although
over the years they have been modified to predict
polymer-polymer* and polymer-inorganic interac-
tions, there is a need for more precise dynamic modelling
of damage-repair cycles in polymers.

Shape memory

Shape-memory-assisted self-healing is commonly
observed in biological systems. An example of this is
wound closure in leaves, whereby, after a transversal
incision, the entire leaf bends until the wound is closed.

Poly(methyl methacrylate-
co-n-butyl acrylate)

b Crystalline
nanodomain

E-E segment

\é/SiMe:g
|

Sc*

Recent studies suggest that this is governed by a combi-
nation of hydraulic shrinking and swelling, which are
the main driving forces and growth-induced mechanical
prestresses in plant tissues*’.

In synthetic polymers, the shape-memory effect was
discovered in the 1940s and first used in dental materials
(methacrylic ester resin)*. In the 1960s, this discovery
was followed by the development of heat-shrinkable
polyethylene in films, tubing and other applications**.
The response of shape-memory materials to external
stimuli was largely neglected as part of self-healing
processes. However, if designed properly, polymers can
‘memorize’ a permanent shape that can be manipulated
to create a temporary form, and, under suitable condi-
tions triggered by external or internal stimuli (for exam-
ple, heat, light or deformation), transform back to the
memorized permanent shape. Such responses manifest
in conformational changes and/or chain contractions,
which are typically entropy-driven, resulting in mass
flow and self-healing’'. One example is light-activated
shape-memory polymers, which use one wavelength of
light for photocrosslinking, while a second wavelength
cleaves the photocrosslinked bonds to enable reversible
switching between elastomers®”. Another example is
pretensioned shape-memory alloy wires™ or fibres™ in

Distribution
_ ofinduced
. dipoles

6+

E-alt-AP segment

\é SiMe,

Sct O
O/
‘ o/
R

Fig. 2 | Self-healing through van der Waals forces or the shape-memory effect. a| Key-and-lock configuration in
self-healing poly(methyl methacrylate-co-n-butyl acrylate) copolymer. Self-healing occurs in a narrow compositional range
for copolymer topologies that are preferentially alternating with arandom component and is attributed to favourable van der
Waals forces between the polymer chains, forming key-and-lock interchain junctions. b | A self-healing and phase-separated
copolymer system comprising ethylene(E)-alt-anisyl propylene (AP). Copolymers with glass-transition temperatures below
room temperature are self-healable; however, the shape-memory effect is observed for copolymers with glass-transition
temperatures around or above room temperature. Panel b (left) adapted with permission from REF*°, ACS.
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a polymer matrix. Upon activation at elevated temper-
ature, self-healing occurs owing to forces pulling crack
surfaces towards each other.

Incorporating soft and hard segments into one
copolymer can lead to phase-separated morphologies.
For example, a material that combines rubber elasticity
and thermoplastic stiffness will expand the applications
of copolymers owing to enhanced mechanical properties
represented by enhanced storage and loss moduli. If stiff
and tough polymers are combined with dynamic and
flexible macromolecular assemblies facilitating mobility,
self-healing can be achieved’. Such materials have been
made that respond to external stimuli, including temper-
ature, electrical or magnetic fields*, solution concentra-
tion®® or light”’. Notably, the action of the shape-memory
effect during self-healing restores entropic energy upon
the release of the force creating damage to fill an open
wound in the material.

The shape-memory effect can be determined quan-
titatively in a single dynamic mechanical analysis that
enables determination of stored conformational entropy
in polymers that exhibit a T, and a rubbery plateau’".
Although the majority of polymers exhibit some kind
of shape-memory effect, they do not necessarily self-
heal. An attempt was made to relate shape memory
to self-healing by copolymerizing ethylene and anisyl-
substituted propylenes using a sterically demanding
half-sandwich scandium catalyst™. This study showed
nanodomain phase separation and self-healability for
copolymers with T, below room temperature, in parti-
cular, in aqueous environments (FIG. 2b); however, when
the Tg was tuned near or above room temperature, the
shape-memory effect was observed. This raises several
questions, including the extent to which viscoelasticity
above the T, contributes to self-healing; how enhanced
chain mobility near T, affects self-healing locally and
globally; how far from the damage area polymer chains
‘feel’ conformational changes; and the role of interfacial
energy in self-healing near the damaged regions®. In
attempts to address these questions, two mechanisms
of self-healing were identified: first, viscoelastic shape
memory driven by stored conformational entropy upon
damage, which is recovered to facilitate self-healing,
and, second, surface-energy-driven or surface-tension-
driven processes that reduce newly generated surface
areas created upon damage by shallowing and widening
wounds until healed®'.

Heterogeneous self-healing systems

Although interest in homogeneous self-healing polymers
via interchain diffusion dates back to the early 1980s,
heterogeneous systems were not conceptualized and
developed until the 2000s. The encapsulation of reac-
tive fluids that are released upon damage and, hence, fill
and repair the damaged area is one of the first examples
of self-healing heterogeneous systems' (FIC. 1¢). Initial
studies involved catalysed reactions of ring-opening
metathesis polymerization of dicyclopentadiene in the
presence of a ruthenium catalyst'’. This approach has
been reviewed elsewhere®>®. The presence of nanocap-
sules and microcapsules with reactive ingredients that,
upon cracking, fill in the damaged area resembles blood

REVIEWS

clotting in a wound, but a technological challenge is
achieving high stability of the capsules during processing
and overcoming the limitation of one-time self-repair.
A somewhat analogous concept to develop fibre-
reinforced composites that retard failure is based on
cardiovascular networks in which hollow fibres filled
with reactive ingredients serve as delivery systems of
chemicals to the wounded area. For this application,
self-healing microfibres with core-shell geometry con-
taining encapsulated binary epoxies are promising mate-
rials®’. These fibres can be formed by coaxial nozzles
that encapsulate epoxy resin and crosslinker in separate
cores. Upon damage, epoxy and crosslinker are released
from the cores of damaged fibres and self-heal. This
approach is conceptually exciting if ‘used’ self-healing
agents could be replenished after damage.

Polymers in a molten state — owing to their low
viscosity and flow — may also serve as glue to repair
mechanical damage. Because of interfacial diffusion
in the molten state, incorporating superparamagnetic
y-Fe,O, nanoparticles into a polymer matrix facilitates
repair under the application of an oscillating magnetic
field’. As a result, the polymer matrix-nanoparticle
interfacial regions melt, facilitating polymer flow and
the permanent repair of physically separated polymer
surfaces. Embedding physically responsive nanoparticles
or microparticles has several technological advantages,
particularly in materials where damage repair does not
permit the use of electromagnetic radiation, heat or other
stimuli. It may also be advantageous in fibre-reinforced
composites, where damage may not be easily detectable
and accessible, such as fibre-matrix interfaces.

Long-range sensing and signalling are intriguing
properties of biological systems, but challenging to
achieve in synthetic materials. One approach to address
this challenge is to fabricate a Diels—-Alder bond-
containing polyurethane backbone with electrically con-
ductive carbon nanotubes (CNTs), where the dynamics
of Diels-Alder bond reformation enables self-healing
and the CNTs confer electrical conductivity®. In this
case, when electric potential is applied to a damaged
specimen, the difference in electrical resistance between
the damaged and undamaged areas results in temper-
ature differentials reflected in infrared spectroscopy
thermal images, thus providing crack diagnostics. This
type of composite material can also be equipped with
strain-sensing capability and has potential technological
applications in electronic strain sensors as an alternative
to ceramic piezoelectric devices. Based on these studies,
we envision that electrically, thermally or optically con-
ductive fibres embedded into a polymer matrix may lead
to a new generation of self-healing materials. An early
example is CNTs dispersed in vitrimer-based epoxy,
which can facilitate self-healing using photothermal
energy to activate transesterification reactions®.

Multiphase heterogeneous polymeric materials
can be produced by copolymerizations. Similar to
phase-separated polyurethane containing a combi-
nation of soft and hard segments, self-healing can be
achieved in copolymers by combining hard polysty-
rene backbones with soft polyacrylate amide (PAAm)
pendant groups carrying multiple H-bonding sites’.
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Fig. 3 | Reformation of covalent bonds. a,b | Free-radical rebonding'*'*.a | Upon
mechanical damage of an oxetane-substituted chitosan precursor incorporated in

a two-component polyurethane network, four-membered oxetane rings open to create
two reactive ends. Upon exposure to ultraviolet (UV) light, chain scission of the chitosan
occurs, which crosslinks with the reactive oxetane ends, thus repairing the network.

b | Diarylbibenzofuranone (DABBF), a dimer of arylbenzofuranone (ABF) and known
antioxidant, was used as a dynamic reversible covalent bond capable of self-healing

at room temperature in the dark. ¢ | Generation of reactive amines'® capable of self-
healing. When methyl-a-p-glucopyranoside (MGP) molecules react with hexamethylene
diisocyanate (HDI) and polyethylene glycol (PEG), crosslinked MGP—polyurethane
networks are formed, which self-repair in air. DBTDL, dibutyltin dilaurate.

This approach relies on localized variations in T, intro-
duced by phase-separated high-T, polystyrene and
low-T, PAAm segments, which facilitates network
remodelling through hydrophobic and hydrophilic
interactions. Taking this concept further, triblock copoly-
mers can be prepared, benefiting from the elastomeric
properties of microphase-separated thermoplastic
block copolymers with the reversible H-bonding®’. This
is an example of how localized compositional hetero-
geneities can be used in designing self-healing polymer

networks. It is worth noting, however, that commercial
styrene and acrylic copolymers are non-self-healable.
To achieve self-healing, the chemical make-up of the
copolymer, control of the copolymer topologies and the
processing conditions are crucial. For example, it was
shown for PAAm that phase separation may induce
gel-glass-like transitions using a combination of good
and poor solvents®. In addition, phase-separated supra-
molecular architectures can also facilitate self-healing,
as demonstrated for acrylic or styrene-based triblock
copolymers®.

H-bonding can also be used to achieve self-healing
in heterogeneous systems. For example, bio-derived
carboxyl cellulose nanocrystals can be used to construct
H-bonding interactions with chitosan-decorated epoxy
natural rubber latex, where carboxyl cellulose nano-
crystal molecular chains comprise rich carboxylic and
hydroxyl groups. Moreover, chitosan molecular chains
provide abundant amino, acetamide and hydroxyl
groups, interacting with each other via H-bonding™.
Using condensation polymerization, elastomers com-
posed of polytetraethylene and tetraethylene gly-
col have been prepared that are highly stretchable,
tough and capable of self-healing”'. The key interac-
tion responsible for these properties is quadrupole
H-bonding.

Covalent-bond reforming

Free-radical recoupling can reform covalent bonds in
polyurethanes and polycarbonates cleaved by mechani-
cal damage (FIC. 3a,b). The number of free radicals formed
in these processes may vary depending upon their stabil-
ity; for example, in polyurethanes modified by oxetanes
or oxolanes, the C-O cleavage results in fairly stable
free radicals. In such cases, kinetic factors are important
in self-healing: if free radicals or other reactive groups
remain reactive for sufficient time after bond cleavage,
the chain ends terminated with free radicals will react
before they are quenched by oxidative processes. Thus,
stability and reactivity are important considerations.
Mechanical damage resulted in cleavage of a constrained
four-membered ring oxetane generating stable free rad-
icals”, and self-healing upon mechanical damage of
a crosslinked polyurethane network can be achieved
by exposing the damaged area to 302-nm ultraviolet
(UV) radiation” (FIG. 3a). Although mechanistically
and kinetically different, self-healing was also realized
with oxolane-chitosan macromonomers introduced to
polyurethane networks’. In polycarbonates produced
by heat-induced reactions and diisocyanate-terminated
poly(propylene glycol)"*, mechanical damage generates
the arylbenzofuranone radicals produced upon the dis-
sociation of tetrahydroxy-functionalized diarylbibenzo-
furanone (DABBF). For these radicals to facilitate the
rebonding of polycarbonate radical (FIC. 3b), the radicals
must have low or no sensitivity to oxygen to avoid radi-
cal quenching via free-radical reactions with molecular
oxygen”*, which impede self-healing. A similar approach
was developed for the reformation of polycarbonate
networks by adding a base (Na,CO,) to introduce
additional ester reactions’. Subsequent substitutions
between phenoxide and phenyl-carbonyl chain ends
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along with CO, recombination facilitates the repair of
polycarbonate network.

Adduct (exo or endo) formation between furan
(diene) and maleimide (dienophile) groups can also
facilitate self-healing, owing to covalent rebonding”’°. In
these studies, mechanical activation of a DABBF-based
scissile using dynamic covalent mechanophores was
covalently attached to the surface of cellulosic nanocrys-
tals. The mechanically activated radicals recombined
much more slowly than those formed by DABBF mono-
mers and DABBF-containing polymers in the other envi-
ronments, such as solutions, bulk and gels”’. Free-radical
stability and self-healing has also been explored in
self-healable alkoxyamines prepared by click chemistry,
in which UV irradiation cleaved polymer crosslinks, fol-
lowed by recombination of radical species’. Similarly,
multifold nitroxide-exchange reactions between tri-
alkoxyamines and trinitroxide monomers form cova-
lently crosslinked dynamic self-healable network with a
tunable degree of crosslinking”. The uniqueness of this
approach is the reversibility driven by concentration
changes of 2,2,6,6-tetramethylpiperidinyloxyl (TEMPO)
radicals.

The Calvin cycle — a biological process that con-
verts light energy into sugars — is a sequence of reac-
tions that includes the fixation of carbon dioxide and
various enzymatic reactions®. This sequence of reactions
is driven by forming and reforming reactive groups.
Achieving the fixation of carbon dioxide using synthetic
materials has also been realized and, similarly, enables
the reformation of bonds and the renewal of materi-
als'’. These materials are capable of self-repair in the
presence of atmospheric carbon dioxide and water by
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generating reactive amine functionalities that react to
reform urethane and carbonate linkages. More specif-
ically, methyl-a-d-glucopyranoside (MGP) reacts with
hexamethylene diisocyanate trimer and polyethylene
glycol (PEG) to form crosslinked MGP-polyurethane
networks'® (FIG. 3¢).

As described earlier, thermal energy and electro-
magnetic radiation are commonly used to initiate
self-healing. It is often difficult to determine if electro-
magnetic radiation alone causes self-healing or if
energy absorption results in temperature changes,
thus leading to the same net effect — network repair.
This energy conversion influences the reversibility
and efficiency of self-healing reactions in reversible
crosslinking via Diels-Alder reactions (for example,
in epoxies'>*'-%, bismaleimides**, polyurethanes***,
anthracene-maleimide-based polymers***, caprolac-
tones’™”, poly(ethylene oxide)®, polyesters”, crosslinked
polylactic acid® and acrylics”*?). Retro-Diels-Alder
reactions offer a disconnection between diene and dieno-
phile, but elevated temperatures reconstruct the covalent
bonds to repair the crack'? (FIG. 4a). The photochemical
[2+2] cycloaddition of a 1,1,1-tris-(cinnamoyloxy-methyl)
ethane (TCE) monomer can be used for self-healing
reactions to form cyclobutane structures via the reversi-
bility of cyclobutene to C=C bond conversion® (FIG. 4b).
In this example, the cycloaddition reaction’ capitalizes
on the C-C bond cleavage of cyclobutane rings between
TCE monomers induced by mechanical damage, result-
ing in the formation of the original cinnamoyl groups;
however, healing occurs because of the reversibility of
cyclobutane crosslinks of TCE via [2+2] photocycload-
dition upon UV exposure. A low-temperature reversible

b [2+2] Cycloaddition reactions

o
Y Damage w0
O 0O
O hv (>280nm) \
Qv
o
d Michael addition
N/Nv» P
Damage
Heat

Fig. 4 | Reversible reactions enabling reformation of covalent bonds. a| Thermally reversible Diels-Alder reaction of furan
and maleimide moieties forms a highly crosslinked network that is thermally reversible by the retro-Diels—Alder reaction'’.

b| Cycloaddition reactions can be used to photocrosslink cinnamate monomer, such as 1,1,1-tris-(cinnamoyloxy-methyl)ethane,
and uncrosslink to original cinnamoyl groups, thus facilitating crack healing”. ¢ | Three different exchange reactions can

lead to self-healing. Disulfide-exchange reactions enable self-healing of n-butyl acrylate-based star polymers by attaching
bis(2-methacryloyloxyethyl) disulfide to the arm end, resulting in a crosslinked star polymer'®. The presence of disulfide
functional groups enabled cleavage, owing to reduction reactions at the chain ends with thiol groups. Diselenide-exchange
reactions'"* (dynamic diselenide bonds incorporated into polyurethanes facilitate visible-light-assisted self-healing materials).
Siloxane-exchange reactions'* can serve in self-healing of silicone-based polymers. Under stress, siloxane bonds in the
silicone networks are cleaved, but the addition of either acid or base will catalyse stress relaxation, resulting in self-healing,
d| Michael-addition reaction'"® between a trithiol and a bisbenzylcyanoacetamide derivative forms a self-healable dynamic
network above 60°C.
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system using acid-activated dithioesters as dienophiles
in hetero-Diels-Alder reactions with cyclopentadiene™
has slow self-healing kinetics in the absence of a catalyst,
but when hetero-Diels—Alder contains cyanodithioester,
a catalyst is not required'”. Using cyanodithioester and
cyclopentadiene building blocks, healing can be accel-
erated at 120°C (REF.!"Y). It is also well established that
Diels—Alder reactions can be catalysed by antibod-
ies and RNA'", which offers the possibility of using
these reactions in chemical biology. The dynamics of
Diels-Alder bonds for self-healing in polyurethane and
CNT composites was also used in electrically conductive
networks®.

Sulfur and selenium chemistry, which is vital in bio-
logical systems, also enables self-healing. Particularly,
the robust nature of thiol-ene chemistry has led to
many synthetic opportunities'”'**. For example, fea-
tures of reversible reshuffling reactions of S-H and S-S
bonds have been used in trithiocarbonates, in which
copolymerization of n-butyl acrylate and a trithiocar-
bonate crosslinker resulted in high mobility of poly-
mer segments, triggering homolysis of C-S bonds'®.
The reversible nature of S-S bonds, that is, reduction to
form two thiol (S-H) groups, and oxidation to restore
the disulfide (S-S) linkages, can be effectively used in
self-healing'®® (FIG. 4c). Introducing reversible disulfide
(S-S) crosslinks into covalently crosslinked networks
can be achieved by poly(n-butyl acrylate)-grafted star
polymers'”. In this example, the polymer networks
originate from crosslinked cores composed of poly(eth-
ylene glycol diacrylate) and macroinitiators for the
consecutive chain extension of bis(2-methacryloyl)
oxyethyl disulfide. In another example, photoinduced
thiol-ene click-type radical addition, which generates
lightly sulfide-crosslinked polysulfide-based networks
with an excess of thiols, and the subsequent oxidation of
these thiols enables the formation of dynamic disulfide
crosslinks to yield dual sulfide-disulfide crosslinked net-
works with fast self-healing rates'*. Triblock copolymers
with a centre poly(ethylene oxide) block and dithiolane
blocks crosslinked with dithiol also enable self-healing
by reversible ring opening of the pendent 1,2-dithiolanes
via disulfide exchange between 1,2-dithiolanes and
dithiols'®. Bis(4-aminophenyl) disulfide can also be
effectively used as a dynamic crosslinker in self-healing
poly(urea—urethane) elastomers without the use of a
catalyst'’. Disulfide chemistry was also used in self-
healable polyurethanes'''. An advantage of disulfide-
exchange reactions is that S-S bonds are capable of
dynamic rearrangements upon heat, UV light and redox
conditions, and, when incorporated into low-T, gel
networks, temperature-reversible self-healing can be
achieved. The concept of disulfide links incorporated in
a rubber network resulted in the restoration of mecha-
nical properties at moderate temperatures (~60°C)'"?,
but the main challenge is to achieve self-healing in
higher-T, networks. Applying the same exchange
concept, a series of diselenide bond-containing poly-
urethane elastomers was prepared' . Aromatic diselenides
have also been incorporated into polyurethane networks
using a para-substituted amine diphenyl diselenide,
resulting in faster self-healing than the corresponding

disulfide-based materials and reprocessability at
temperatures as low as 100 °C (REF.'"*). Reversible thiol-
ene click reactions have also been used in a Michael-
addition reaction, in which trithiol was reacted with
a bisbenzylcyanoacetamide derivative to generate a
self-healable dynamic polymer network above 60°C
(REF') (FIG. 4d).

Silicone-based polymers — owing to their dynamic
network rearrangements — are perhaps the most tech-
nologically promising, yet least explored, self-healing
materials''. For example, tetramethylammonium-
silanolate-initiated ring-opening copolymerization of
octamethylcyclotetrasiloxane and bis(heptamethylcyclo-
tetrasiloxanyl)ethane produced a polymer that could
self-heal, owing to its ethylene bridges and active
silanolate end groups'’’. Perhaps one of the most
attractive features of silicone-based materials with
self-healing properties are energy''®'"? and biomedi-
cal' applications. Of particular interest are self-healing
dielectric-silicone-based elastomers that exhibit
high dielectric permittivity. These properties can be
achieved using an interpenetrating polymer network of
silicone elastomer and ionic silicone polymers'?'. The
latter are crosslinked through proton exchange between
amines and acids, and are able to self-heal after electrical
breakdown or mechanical damage. The self-healing is
attributed to the reassembly of the ionic bonds during
damage. Self-healing in silicone-based polymers was
also accomplished using thiol-functionalized silicone
oils containing silver'*” and magnetic Fe,O, nanopar-
ticles containing mussel-inspired metal-coordination
bonds with dopamine molecules'*'*.

Taking self-healing further, latexes synthesized via a
simple colloidal process undergo not only self-healing
but also colour changes in the damaged area'”. The syn-
thesis of these materials was accomplished by emulsion
copolymerization of a small fraction of photochromic
monomer (spirooxazine) into methyl methacrylate and
n-butyl acrylate copolymers. Upon mechanical dam-
age, colourless damaged areas become red and, upon
exposure to electromagnetic radiation, not only does
self-healing occur but also the red colour in the damaged
area reverts to its original colourless appearance. During
repair, which is initiated by visible light, the spirooxazine
rings close; however, the neighbouring copolymer seg-
ments form intermolecular H-bonding that forces the
copolymer backbone to remain in an extended confor-
mation. This network is an example of how combining
covalent bonding and supramolecular chemistry may
lead to self-healing and sensing.

Dynamic covalent-bond reformation

The interest in covalently bonded self-healable hydro-
gels is driven by its biomedical applications, which range
from regenerative medicine to drug and protein deliv-
ery systems or tissue-material barriers. Self-healing in
hydrogels can be achieved using reversible Schiff-base
linkages'*. For example, such hydrogels can be formed
from the reaction of OH-PEG with 4-formylbenzoic
acid and, subsequently, glycol chitosan'”’ (FIC. 5a). In
this case, a large dynamic strain (300%) can change the
elastic modulus from approximately 1.5kPa to 10 Pa and
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Fig. 5| The dynamic reformation of covalent bonds. a| Schiff-base rebonding reaction'””. b | Acylhydrazone
rebonding'®**°, ¢ | Oxime rebonding**'. d | Radical thiol-ene click chemistry is initiated by light, which enables

the reversible formation of boronic esters to yield self-healable polymers

1% e | Self-healing polymer gels are formed

by crosslinked polyrotaxane and poly(acrylamide) with reversible boronate linkages**.

induce gel-sol transitions. When implanted into the cen-
tral nervous system, neurosphere-like progenitors prolif-
erate in the hydrogel and differentiate into neuron-like
cells, causing neural repair. Schiff-base networks can
also be integrated with dynamic reversible acylhydra-
zone via acylhydrazines and aldehyde functionalities
into Diels—-Alder crosslinked networks'**. A hybrid
self-healing hydrogel system combining Schiff-base and
amine reactions with micelles exhibits rapid self-healing,
extensibility and compressibility for wound-dressing
applications'”.

Hydrozenes (C=N-X)'**" (FIC. 5b) and oximes'”
(FIC. 5¢) are commonly used conjugates labile to hydro-
lysis. Keto-functional copolymers can be prepared
by conventional radical polymerization of N,N-
dimethylacrylamide (DMAA) and diacetone acryl-
amide (DAA)"". The resulting water-soluble copolymers
(p(DMAA-stat-DAA)) can be chemically crosslinked
with difunctional alkoxyamines to obtain hydrogels
via oxime formation and sol-gel transitions induced
by the addition of excess monofunctional alkoxy-
amines to promote competitive oxime exchange under
acidic conditions at 25°C. The dynamic nature of
oxime functionalities facilitates reversible self-healing.
Similarly, polyurethane-like dynamic covalent polymers
(poly(oxime-urethanes)) with self-healing at 120°C can
be prepared'*.

Boronic acids form a variety of dynamic covalent
bonds'*”. This can be achieved, for example, through
dehydration of boronic acids to form boroxines by
reversible hydrolysis'*. The boroxine-boronic acid equi-
librium can be shifted by adjusting the temperature, add-
ing a Lewis base or changing the water concentration.

However, the property that makes boronic acids
unique in the context of self-healing is their ability to
form reversible dynamic covalent bonds with diols
to form cyclic boronate esters. For example, photoini-
tiated radical thiol-ene click chemistry was used to
form hydrogels capable of repeated healing under
ambient conditions'* (FIG. 5d). In another approach,
combining reversible and dynamic boronate ester and
disulfide chemistries facilitated the development of
pH-responsive, glucose-responsive, redox-responsive
and self-healable properties in hydrogels'*. Self-healable
hydrogels can also be prepared by covalent transester-
ification reactions of boronic acid with diols'””. These
boronate-ester-crosslinked hydrogels are capable of
self-healing under neutral and acidic conditions, owing
to the presence of an intramolecular coordinating
boronic-acid monomer, 2-acrylamidophenylboronic
acid"®. Synthetic hydrogels functionalized with
boronic acid can also be used as matrices for 3D cell
culture'”, and those generated by boronic-ester and
disulfide-exchange chemistry can self-heal in response
to several stimuli'*.

In addition to boronic acid and boronate ester,
self-healing gels with dynamic covalent bonds can be
formed from a range of other reactive groups. For exam-
ple, alkoxyamines with dynamic covalent bonds can
facilitate self-healing, although the sensitivity of atmos-
pheric oxygen at elevated temperatures (90-130°C)
leads to C-ON bond dissociations'*. Another approach
is the photoinduced [2+2] cycloaddition of cinnamoyl
groups to reversibly form cyclobutene-derivative poly-
mer gels””. This mechanism is driven by trithiocarbonate
units that undergo reshuffling reactions; these units are
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particularly attractive as photoinitiators in reversible
addition-fragmentation chain transfer (RAFT) poly-
merization'”. This concept was expanded to self-healing
networks using trithiocarbonate as photoresponsive
units to achieve remarkable self-healing properties'*'.
The latter is an excellent example of how covalently
crosslinked polymers, through light stimulation and
macroscopic fusion of separate pieces, synchronize
self-healing events. Moreover, polyrotaxanes crosslinked
by reversible bond reformation between ring molecules
and vinyl polymers using boronic linkages are another
example of rapid self-recovery upon damage'"” (FIC. Se).
Hydrogels with double networks were also developed
to achieve toughness comparable to that of rubber'*,
but many applications require the material to withstand
repeated loading-unloading cycles in a short time, along
with self-healing upon injury. To tackle this challenge,
polyurethane-based hydrogels with enhanced dipole-
dipole and H-bonding interactions were prepared'*.
These materials have superior mechanical properties
to conventional double-network hydrogels and are also
capable of self-healing.

Supramolecular dynamic chemistry
Supramolecular chemistry is non-covalent bonding
represented by hydrogen bonding, metal-ligand coor-
dination, -, ionic, guest-host and van der Waals inter-
actions'*>'*. Although these interactions are relatively
weak compared with covalent bonding, collectively, they
form mechanically strong and very dynamic systems.
Many biological assemblies are based on the principles
of supramolecular chemistry. Accordingly, supramo-
lecular processes are typically bottom-up and involve
non-equilibrium states.

The field of supramolecular chemistry has been
around for several decades'*”'** and is attractive for
development of self-healing materials because of its
reversibility, directionality and sensitivity. In contrast
to covalent bonding, networks held together with
non-covalent bonds can be remodelled reversibly —
from fluid-like, low-density and high-free-volume
states to solid-like, low-free-volume, elastic and plastic
networks. Supramolecular polymers usually exhibit low
T,, which results in soft polymers, making them popular
in the development of hydrogels. Hydrogels based on
supramolecular chemistry have been used in applica-
tions such as injectable bioimplants, printable biological
compounds and artificial skin.

In this section, we cover the different supramolecular
interactions and chemistries used to produce self-healing
materials, namely; those based on H-bonding, metal-ligand,
ionic, host-guest and m—m interactions.

Designs based on H-bonding. H-bonding is typically
among the strongest of non-covalent interactions and
its directionality and high per-volume concentra-
tion confers acceptable mechanical strength. Owing
to these attributes and reversibility, it can be used in
self-healing of thermoplastic polymers'*'*". For exam-
ple, high-segmental-mobility polyisobutylenes func-
tionalized with thymine and 2,6-diaminotriaine end
groups assemble into strong rubber-like materials by

forming triple hydrogen bonds (FIC. 6a). When supra-
molecular polyisobutylene networks are equipped with
directional associative end groups, tunable dynamic
behaviour, including self-healing, can be achieved'.
Combining four hydrogen bonds offers high associa-
tion constants*>'**. An example of this is a functional
unit of urea isopyrimidone with enhanced association
strength between units when incorporated in poly-
siloxanes, polyethers and polyesters'**~'*°. In contrast
to bis-urea H-bonding, which leads to crystallization
or clustering, resulting in brittle materials, applying
thiourea moieties leads to zigzag H-bonded arrays,
which eliminate unfavourable crystallization'’. The
dense H-bonds between thiourea appear to be ideal to
crosslink low-molecular-weight polymers to achieve
tough, room-temperature self-healable materials. In
another example, dual-amide H-bonds doped with
poly(3,4-ethylenedioxythiophene)-poly(styrene sul-
fonate) (PEDOT-PSS) offer another venue for fabri-
cation of self-healing hydrogels'*, whereas integrating
DNA-grafted polypeptides and DNA linkers provides
reversible DNA recognition for self-healing'*’. Also,
sacrificial H-bonding was introduced by incorporation
of secondary amide side chains into olefin-containing
networks to achieve self-healing'®.

Asa consequence of dynamic association-dissociation,
H-bonding plays a role in tuning mechanical proper-
ties. Supramolecular polymers based on bifunctional
ureidopyrimidinone derivatives behave like mechani-
cally stable, high-molecular-weight thermoplastic poly-
mers; however, their mechanical properties, such as
Young’s modulus and tensile strength, exhibit a strong
temperature dependence, owing to H-bonding dissoci-
ations'®’. Along the same lines, polysiloxane elastomers
containing a mixture of strong and weak H-bonding
(FIC. 6b) offer tunable mechanical properties, including
stretchability, toughness and autonomous self-healing
ability, even under water'*>. Owing to the presence of
H-bonding of different strengths, these self-healable
elastomers can distinguish external signals of different
strength, thus opening the possibilities for applications
in human-machine interactions.

Fatty diacids and triacids from renewable resources
have been used in a two-step synthetic route (FIC. 6¢)
to form self-healing networks by bringing together
two cut ends at room temperature, without external
heat'”. Condensation polymerization of acid groups
with an access diethylenetriamine and subsequent
reactions with urea involving amidoethyl imidazoli-
done, diamidoethyl urea and diamido tetraethyltriurea
groups resulted in an oligomer mixture with excessive
H-bonding. In another example, which took advantage
of variable-strength H-bonding and segmental mobil-
ity of hydrogels, self-healing could be switched on or off
by adjusting temperature or pH'®.

Using the crosslinker 2-ureido-4-pyrimidone-
4-hydroxybutyl acrylate (UPyHCBA), which consists
of an acrylic head, a hydrophobic alkyl spacer con-
nected by carbamate and a 2-ureido-4-pyrimidone
tail, both hydrophobic association and H-bonding can
be achieved. Sodium dodecyl sulfate micelles can pro-
vide a hydrophobic environment for the UPyHCBA

570| AUGUST 2020 | VOLUME 5

www.nature.com/natrevmats



REVIEWS

a Triple H-bonding

_IZN—H--O\ _<NH2 Q e \ 9% 8%5
N N - o
P|B—</ Mot ) =—= PIB—</ Nor oy N 88@ & Pe
s = —
HN—H c{ PiB NH o e 0o (88 o2 %
-_n=- 2
o8

b Combining strong and weak H-bonds

0 o | |
\{AN)]\N NJ\N/\/\OGI_O% /\/\O<S|»'—O>\/ﬂ\
H H H H n n
X 1-X
Weak H-bonding (anti-cooperative)
Strong H-bonding Weak H-bonding H H o
NN NN
o H H
( ( ( ( o Y
— ~R NN
~ 0 —~ — O o — ” H H H
( H H o
N__N N
»»»»»»»»»» \ - N™"N
Ly W f_— *'/?/ ( ( g \QAH H
! i - o H ‘0
\8 - ._/( -:«!T/y/i ~ O —~ o O — ~ /HYN NJLN/
“’8 ————— ! """ ._/) (/ ( ( fo) H H
“e ! ( (
PDMS linker Strong H-bonding (cooperative)
o) ‘/\‘ o)
WA R
H H H H
o] ‘/\‘ o)
WO R
H H H H
¢ Excessive H-bonding o ir 77777777 o o |
™ o L AN~ /' i
vwl_ll NN N | N N |
S | HoHNTSo |
| o) "IO o] 3
j-(CH2)7QCGH‘3 Amidoethyl imidazolidone § LN/\/N\/\N/]\N/\/N\/\N/\ M
CeHir (CHy) 0 o 3 Hoo®>w, T o7>w M |
817 2)7™ = i | |
| H i
® V“HN/\/N\/\NHW‘ | H |
H O)\NH H | H HN\fO H i
2 | N N !
CeHira (CHo)y= 3 (TN e
Di(amidoethyl) urea | H-bonding o] 0 3
— ‘ w0 H :
=(CHy); CeHia ! ' |
[¢] o o ! H i
| . N |
evon Lty I I SN
CgHi7  (CHp)7== ” 41\ H H H ! 0] |
07 "NH, 0" "NH, S
HOOC ® i o |
’ o . -\ AP .
Diamido tetraethyltriurea |
. COOH N~y y N | —\_f 3
COOH >_ \ ( 7'5 | —\._f”> |
HOOC Step 1 Step 2 i i
COOH SRR —

Oligomeric mixture

Fig. 6 | Examples of hydrogen bonding in self-healing polymers. a| Triple H-bonds between thymine and
2,6-diaminotriaine form self-healable supramolecular networks. b | The combination of strong and weak hydrogen
bonding in polydimethylsiloxane (PDMS)-4,4’-methylenebis(phenylurea) form self-healable networks. c | A mixture of
fatty diacid and triacid reacts with diethylenetriamine to form self-healable copolymers. Subsequent reactions with urea
form oligomeric networks with strong hydrogen bonds. PIB, polyisobutylene. Panel a adapted with permission from REF.**?,
RSC. Panel b adapted with permission from REF.**, Wiley-VCH. Panel c adapted from REF."®, Springer Nature Limited.

prepared by micellar polymerization of UPyHCBA and
acrylamide’*’. Another useful self-healing mechanism
is the formation of urea-water clusters in urea-based
polyurethanes in the presence of moisture'*®

Metal-ligand interactions. When metal ions and appro-
priate ligands — either at the end of a polymer chain or
as a pendent group — are brought together, they form
a coordination complex, linking the polymer chains
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together. Metal-ligand complexes have advantages asso-
ciated with their ability to coordinate different metal ions
and ligand substitutes, thus leading to different associa-
tion strengths. When mechanical forces are applied, such
complexes dissociate, and their reformation results in
self-healing. Another appealing feature is minimal
or no side reactions during repeated damage-repair
cycles. Reversibility upon mechanical damage is facili-
tated by metal-ion-ligand dissociations, with reforming
triggered by exposure to electromagnetic radiation or
elevated temperatures.

Exemplifying a temperature-responsive system, when
hydroxyl ethylene diamine triacetic acid is used to con-
trol the molecular weight and crosslinker density in
the presence of terpyridine-Ru, temperature changes
decouple Ru metal from the ligand, resulting in bonding
and debonding'®. In a metallosupramolecular system,
the terpyridine-Fe?* complexation pair with poly(alkyl
methacrylate) accomplishes self-healing at elevated
temperature', although, in this case, the elevated tem-
peratures may lead to adverse effects, such as polymer
degradation. In a chemically different, photoresponsive
metallosupramolecular system, polymers comprising
an amorphous poly(ethylene-co-butylene) core with
2,6-bis(1-methylbenzimidazolyl)pyridine ligands can
form metal-ion binding, which, upon mechanical dam-
age, can be mended through exposure to light'* (FIG. 7a).
Because exposure to UV light causes the metal-ligand
coordination to be electronically excited via the absorp-
tion process, the desorption of energy may lead to heat
dissipation and temporary cleavage of the metal-ligand
linkages. Other examples of the formation of self-healing
complexes are N-heterocyclic carbenes and transition
metals'®®. However, a drawback of these examples is the
substantial external energy input required.

It is important to match the electronic network prop-
erties and excitation sources when designing self-healing
polymer networks using metal-ligand coordination
chemistry. An example of this is polyethylenimine-
copper supramolecular polymer networks with revers-
ible UV-induced self-healing by the reformation of
Cu-N coordination bonds'®. This system experiences
virtually no temperature change during exposure to
electromagnetic radiation, providing high photon effi-
ciency without side reactions. The network undergoes
square-planar-to-tetrahedral (D, — T,) symmetry
changes at the C,H,N-Cu coordination complex cen-
tre without side reactions facilitated by charge trans-
fer between o(N) bonding and d,, ,(Cu) antibonding
orbitals. Combining the properties of polyurethane and
polydimethylsiloxane (PDMS) networks into one supra-
molecular and covalently crosslinked system catalysed
by CuCl,, this system reforms both coordination and
covalent bonds'”’.

Other pathways to self-healing in metal-ligand
coordination systems are shown in FIG. 7b,c. For exam-
ple, a self-healing dielectric elastomer has been synthe-
sized using 2’-bipyridine-5,5"-dicarboxylic amide as
ligand and Fe** and Zn?* with various counter anions
in which metal-ligand coordination serve as crosslink-
ing sites in non-polar PDMS'" (FIG. 7b). The kineti-
cally labile coordination between Zn** and bipyridine

endows fast self-healing under ambient conditions. In
the second example, the coordination between Fe** and
catechol ligands resulted in a pH-induced crosslinked
self-healing polymer with near-covalent elastic mod-
uli'”? (FIC. 7¢). The uniqueness of this approach is the
ability of mono-catechol-Fe’*, bis-catechol-Fe®* or
tris-catechol-Fe** formation at different pH values, thus
providing control of crosslinking without Fe** precip-
itation'”. Incorporating Eu-iminodiacetate coordina-
tion with hydrophilic poly(N,N-dimethylacrylamide)'”
and dynamic ionic interactions between carboxylic acid
groups of poly(acrylic acid) (PAA) and ferric ions'” or
polyelectrolytes'”® are other examples of self-healable
hydrogels'””'7¢.

Nature offers opportunities for designing self-healing
systems. Inspired by catechol-containing biopolymers
that mimic sea-mussel adhesives, crosslinked hydro-
gels were prepared by the complexation of branched
catechol-derivatized PEG with 1,3-benzenediboric
acid. This material exhibits tunable, covalently bonded
gel behaviour under alkaline pH, but dissociates into a
viscous liquid under neutral and acidic conditions'**'”’.
It has been used in surface modifications of synthetic
polyacrylate and polymethacrylate materials with
mussel-inspired catechols, which resulted in self-healing
initiated and accelerated by H-bonding between
interfacial catechol moieties'®.

Finally, tuning the strength of metal-ligand interac-
tions has implications for the dynamic mechanical prop-
erties of supramolecular elastomers. For example, when
2,6-pyridinedicarboxamide ligands are incorporated
along PDMS backbones, complexation of the polymer
with Fe(III) (FIC. 7d) results in an elastic material that
self-heals at room temperature. This behaviour is attrib-
uted to the bonding energies of Fe(III)-N, ., Fe(III)-
N, o and Fe(IIT)-O, ..., which may range from strong
to weak. The weaker bonds are responsible for energy
dissipation on stretching and on-demand self-healing,
whereas the metal ions maintain their location near the
ligands, thus resulting in stronger interactions and rapid

bond reformation'®'.

Host-guest interactions. Guest-host chemistry is com-
monly used in fabricating hydrogels. For example,
hydrophobic cavities in -cyclodextrin can accommo-
date a variety of guest moieties'**"'*>. If one surface con-
tains a cyclodextrin host and the other guest molecules,
host-guest interactions will result in bonding'’. The
supramolecular polymers shown in FIC. 8a are equipped
with multipoint molecular recognition sites achieved
by various water-soluble polymer backbones modified
with B-cyclodextrin hosts and hydrophobic adaman-
tine as the guest at the side chain. This simple method
produces a transparent, flexible and tough hydrogel
that self-heals in both wet and dry states'*. Because of
their amenability to chemical modifications and bio-
compatibility, supramolecular hydrogels composed of
modified hyaluronic acid with either adamantane or
B-cyclodextrin are able to rapidly form intermolecular
host-guest bonds'*”'*. The mechanical properties of this
system can be tuned by changing the concentration and
ratio of the guest-to-host moieties.
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Fig. 7 | Self-healing using metal-ligand coordination chemistry. a | Coordination of Zn(NTf), and 2,6-bis
(1-methylbenzimidazolyl)pyridine ligands responsible for self-healing in poly(ethylene-co-butylene)'°. b | Synthetic route
to prepare Zn**- or Fe?*-containing crosslinked polydimethylsiloxane networks and a schematic illustration of the dynamic
interactions within the Zn?*~ligand complex, counter anions polymer system under mechanical stress'’’. ¢ | Reversible
tris-catechol-Fe** complex'””. d | Reversible coordination complexes with 2,6-pyridinedicarboxamide ligands and Fe(ll)
centre as crosslinker for self-healable polydimethylsiloxane network*®.

Another well-known host is cucurbit[8]uril (FIG. 8b),
which has high molecular weight and sufficient chain
entanglement for physical crosslinking, and can accept
two guests, naphthyl and viologen'®. Some seminal
studies using self-assembled peptides have demonstrated
the potential of these interactions in biomedical appli-
cations'”""”", At low concentration (2.5mol%), dynamic
cucurbit[8]uril-mediated non-covalent crosslinking
yields extremely stretchable and tough supramolecular
polymer networks, exhibiting remarkable self-healing
capability at room temperature. These ionically

conductive and transparent networks can be stretched
to 100 times their original length and hold objects
2,000 times their own weight'*. Although this example
and those above are remotely related to self-healing,
if applied in the host-guest environments, potential
applications in self-healing of materials are feasible.

Ionic interactions. Ions have a key role in many bio-
logical processes. For example, molecular motors are
powered by chemical processes that result in the swell-
ing and shrinkage of macromolecular segments, thus
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causing motion. These processes are often attributed
to the imbalance between osmotic and entropic forces
resulting from stored energy between electrostatic
repulsions and negatively charged filaments. Ionic
interactions also influence polymer networks and are
primarily manifested by the formation of ionomers'*;
however, only some ionomers self-heal. For example,
poly(ethylene-co-methacrylic acid) (pEMAA) and
polyethylene-g-poly(hexylmethacrylate)'** (pEHMA)
self-repair (FIC. 9a) under ambient conditions and at ele-
vated temperatures upon projectile puncture testing'”.
Moreover, a ballistic puncture in low-density polyethy-
lene does not heal, whereas a puncture in pEMAA
does'. This is a two-stage process whereby projectile
impact disrupts the ionomeric network and the heat
generated by friction during damage is transferred to
polymer matrix surroundings, resulting in a localized
melt state. The molten polymer surfaces fuse via interdif-
fusion to seal the puncture, followed by rearrangement
of the ionic clustered regions and long-term network
relaxation.
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As a consequence of electrostatic interactions, mac-
romolecules carrying opposite charges form neutrally
charged polyelectrolyte complexes. Stiff and self-healing
gels can be fabricated with the polyelectrolyte compl-
exation of polyamines with phosphate-bearing multi-
valent anions'* (FIG. 9b). Self-healing is also exhibited in
polyelectrolyte complexes synthesized from (PAA)/poly
(allylamine hydrochloride) (PAH) pairs and NaCl, with
the self-healing efficiency increasing with NaCl con-
centration'”’ (FIC. 9¢). In this case, self-healing originates
from the disturbance of ionic interactions by adding salt,
resulting in enhanced chain mobility.

Although ionic bonds may be more difficult to break
than covalent bonds, they can be disrupted by introduc-
ing strong electrostatic interactions (for example, disso-
ciations upon addition of water or adding strong polar
salts or solvent). Therefore, the addition of water, salt
or polar solvents will influence self-healing. In the pres-
ence of water, polyelectrolyte multilayered assemblies
also exhibit self-healing upon mechanical damage. An
example of this is polyampholyte self-healing hydrogels
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Fig. 8 | Host-guest chemistry in self-healing systems. a | Water-soluble polymer backbones modified with B-cyclodextrin
as host and hydrophobic adamantine as guest at the side chain. Polymers selected to form the water-soluble backbone

of the system include poly(acrylamide) (pAAm), poly(N,N-dimethylacrylamide) (pDMAAm), poly(N-isopropylacrylamide)
(pNIPAAm), poly(hydroxymethylacrylamide) (pHMAAm) and poly(hydroxyethylacrylate) (pHEA)'*°. b | Stepwise formation
of ternary host-guest supramolecular complexation between cucurbit[8]uril and guest molecule with macrocyclic host
cucurbit[8]uril and polymerizable guest molecules (1-benzyl-3-vinylimidazolium) and acrylamide'*’. Panel b adapted with

permission from REF.**2, Wiley-VCH.
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of a self-healing ionomer, namely, poly(ethylene-co-methacrylic acid) (pEMAA)™*“.

b | Polyelectrolyte complexes with phosphate anions, for example, poly(allylamine
hydrochloride) (PAH)/tripolyphosphate ionic gel'*’. ¢ | Polyelectrolyte complexes

can be formed by ultracentrifugation with NaCl, for example, poly(acrylic acid)
(PAA)/PAH'". d | Chemical structures of anionic monomer sodium 4-styrenesulfonate
(NaS5), cationic monomers acryloyloxyethyltrimethyl ammonium chloride (DMAEA-Q)
and [3-(methacryloylamino)propyl]trimethylammonium chloride (MPTC) used for
synthesizing polyampholyte hydrogels, p(NaSS-co-DMAEA-Q) and p(NaSS-co-MPTC)**.
e lonic conductor fabrication using ion—dipole interactions between poly-(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-co-HFP) and 1-ethyl-3-methylimidazolium,
where PVDF-co-HFP is the polar polymer network comprising VDF (which is crystalline
and less polar) and HFP (which is amorphous and highly polar)”®. f | Reversible ionic
transformation between the bromine functionalities of bromobutyl rubber and ionic
imidazolium bromide groups results in self-healing rubber material?*'.

(90% healing efficiency) and tougher hydrogels (0.2 MPa
stress at break)'*® (FIG. 9d). In this system, high density of
weak bonds facilitates bond reforming, but the softness
enhances contact across the interface, thereby increas-
ing the self-healing efficiency. In another example,
star-shaped PEG chains functionalized with alendronate

REVIEWS

form reversible crosslinked networks when triggered by
Ca ions'””. Mechanically and electrically self-healing
hydrogels can be obtained using dynamic ionic inter-
actions between carboxylic groups of PAA and ferric
ions'’®. Moreover, stretchable, transparent, self-healable
ionic conductors can be formed based on ion-dipole
interactions® (FIG. 9¢). In these systems, the polar poly-
mer network is usually composed of poly-(vinylidene
fluoride-co-hexafluoropropylene) (PVDF-co-HFP).
This copolymer, which contains two building units,
VDF (crystalline and less polar) and HFP (amorphous
and highly polar), is capable of room-temperature
self-healing without external stimulus.

Moving towards commodity self-healable polymers,
ionic interactions may be important in the optimization
and modification of commercial rubber. Commercially
popular and inexpensive butyl rubber can be modified
into a self-healing product by ionic modifications with-
out the addition of conventional curatives or vulcanizing
agents. For example, the mechanical properties of bro-
mobutyl rubber (which is conventionally sulfur-cured)
can be improved by transforming its bromine function-
alities into ionic imidazolium bromide groups (FIC. 9f),
resulting in reversible ionic associations that exhibit
physical crosslinking*”'. In summary, ionic interactions
in polymers may provide a unique opportunity for the
development self-healable commodity materials.

77 interactions. T—T interactions are often viewed as
an extension of coordination chemistry. As the name
implies, these interactions are facilitated by m orbitals,
which are strongly dependent on chemical structure and
stereochemistry. —m interactions are well-documented
in many biological studies of peptides, interactions of
aromatic side groups in proteins, and nucleic acids or
DNA. Using a combination of n—m, metal-coordination
chemistry and/or H-bonding, several self-healing elas-
tomers have been developed. For example, combining
Pt--Pt and m-m interactions between a cyclometalated
platinum(II) complex and a PDMS backbone enables
high stretchability and self-healing”’. Composites with
metal nanoparticles can also be commonly applied. For
example, the blend of pyrene-functionalized polyamide
(m-electron donor), polydiimide (m-electron accep-
tor) and pyrene-functionalized gold nanoparticles can
produce thermally induced n-n stacking interactions
between functionalized gold nanoparticles and the poly-
mer matrix, resulting in self-healing””’. Combining n-mn
and H-bonding interactions can lead to thermally trig-
gered, self-healable, tweezer-shaped structures consist-
ing of bis-pyrenyl end groups and naphthalene-diimide
chains, along with a non-tweezer combination of
naphthalene-diimide end groups and mono-pyrenyl
groups””. Incorporating an ionic moiety into the same
n- stacking system may provide technological oppor-
tunities for the development of conductive self-healing
polymers, such as a cathode in lithium-sulfur batteries®”.

Regardless of the chemical reactions involved in the
self-healing of polymers, the main challenge is the ability
of the network to rearrange upon mechanical damage.
With a few exceptions — such as some heterogeneous
networks*® — recent studies have focused on low-T,
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polymers. Another challenge is to achieve self-healing
in higher-T, polymers, in which the limited free volume
diminishes the segmental mobility of macromolecular
chains and diffusion is unfavourable. Thus, the pres-
ence of localized low-T, and high-T, components may
be necessary for achieving self-healing in functional
materials.

Vitrimers

Vitrimers are a relatively new class of synthetic material
that resemble enzymatic cleavage of linkers in biologi-
cal systems. Their characteristic feature is exchangeable
covalent bonds, which, upon cleavage, can reshuffle*”%,
The exchange may be triggered by thermal, chemical or
other stimuli, and rigidity and plasticity are tunable”.
Vitrimers form covalent networks capable of changing
their topology through thermoactivated bond-exchange
reactions (FIC. 10a). At high temperatures, they flow and
behave like viscoelastic liquids; however, at low temper-
atures, slow exchange reactions result in thermoset-like
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properties. The network rearrangements impart high
mechanical recyclability and the ability to undergo ther-
mal healing, as well as rapid stress relaxations, which are
not found in conventional crosslinked thermoset poly-
mers. These networks can also exhibit shape-memory
properties, allowing for autonomous arrangement
into complex shapes through dynamic crosslinks by
the introduction of exchangeable chemical bonds.
A unique property of epoxy-based vitrimers is that their
T, can be controlled by tuning the rates of transester-
ification®'’ (FIG. 10b). An alternative to transesterifica-
tion is catalyst-free transamidation exchange reactions.
Because amide groups are thermodynamically more
stable than esters, the resulting vitrimer networks are
less susceptible to hydrolysis*™ (FIG. 10c).

Another attractive class of vitrimers is based on
bis(cyclic carbonate)s, which can react with triamines or
hydroxyl groups™' (FIG. 10d). Using transamination reac-
tions (FIG. 10¢), vinylogous urethane networks can be pro-
duced via the condensation reaction between acetoacetates
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Fig. 10| Vitrimer systems. a| General concept of topological rearrangements through exchange reactions in vitrimers.

b | Transesterification of hydroxy-ester networks
networks’®. d | Transcarbamoylation reactions leading to polyhydroxyurethanes

207

.c| Transamidation exchange reactions in polyhydroxyurethane
11, e | Transamination of vinylogous

amides or urethanes’®. f| Transcarbonation reactions leading to polycarbonates’'”. g | Dioxaborolane metathesis
reactions’”’. Panel a reprinted with permission from REF.*”’, AAAS.
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and amines®”. The bisacetoacetate monomers can be
prepared from readily available diol monomers and their
combination with commercially available polyamine
monomers allows tunability of the mechanical proper-
ties of the poly(vinylogous urethane) polymers. Another
example of a vitrimer system is the reaction of bis(cyclic
carbonate) and diols**? (FIC. 10). The problem, however,
with the aforementioned examples is their need for a
catalyst. By contrast, polyhydroxyurethane vitrimers can
be formed without a catalyst®'’, as can those formed via
metathesis reactions of dioxaborolanes?" (FIG. 10g).

Vitrimers can either be introduced to other polymer
networks or have additives added to them to improve
their properties. For example, vitrimer-based liquid-
crystalline elastomers exhibit processability owing to
monodomain alignments, thus allowing robust con-
struction of actuators with complex 3D structures;
however, the stability of these elastomers needs to be
improved*. Introducing oligoaniline into vitrimer
networks resulted in a covalently crosslinked material
that can respond to heat, light, pH, voltage, metal ions
and redox chemicals*””. This material exhibited shape
memory, self-healing, recyclability, electrochromism and
adsorption of metal ions. As mentioned earlier, CNTs
embedded in common vitrimers are able to remotely
trigger localized transesterification® and, more inter-
estingly, induce fast exchange reactions in crosslinked
liquid-crystalline elastomers, thus allowing spatial con-
trol of the alignment and fabrication of dynamic 3D
constructs in a short time*'*.

The main challenge is designing self-healable poly-
mers with high thermal resistance. These materials typ-
ically exhibit high T s. However, in the design of vitrimer
polymers, two transitions should be taken into account:
T, (glassy to rubbery state) and topology-freezing

transition (T,) (viscoelastic solid to viscoelastic liquid),
both controlled by crosslink density, monomer rigidity,
the kinetics of exchange reactions and the concentra-
tion of exchangeable bonds’"”. The presence of the two
transitions is an opportunity for developing self-healable
polymers using the exchange-reactions concept. One can
envision that, if localized damage generates a sufficient
amount of heat to reach a T,, thus triggering exchange
reactions, self-healing may occur for high-T, polymers,
as long as local damage generates sufficient segmental
chain mobility to facilitate, for example, wound closure.

Energetic considerations

During the damage-repair cycle, a polymer’s response
is in non-equilibrium state. One example is phase-
separated morphologies, where each phase responds
at different rates to damage, thus resulting in gradients
of local volume expansion and different rates of filling
the empty space. To understand these processes, knowl-
edge of the rates of response for each phase is required.
Assuming that mechanical damage causes chain cleavage
or slippage near newly created surfaces, loose chain ends
may or may not reform. A Gibbs free energy (AG) <0
will favour recombination if the entropy (AS) > 0.
Assuming that the damage-repair cycle is a transi-
tion from a non-equilibrium to an equilibrium state
achieved by a series of infinitely small equilibrated steps
described by the recoupling lattice model*>*'¥, chain
flexibility — macroscopically reflected by the T, — will
influence the number of chain configurations. To pre-
dict self-healing, a recoupling lattice model (FIC. 11a) can
be used. This relates Flory’s flexibility parameter to the
number of repeating units needed for a given AG (REF*").
Self-repair is favourable when the enthalpy (AH) <0,
implying that exothermic processes are dominated
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by macromolecular miscibility and favourable inter-
molecular and intramolecular chains (defined by the
Flory-Huggins parameter*').

In copolymers, the composition determines the CED
— the minimal amount of energy required to remove
(or add) a macromolecular chain from a surrounding
network. CED values plotted as a function of the copoly-
mer composition predict a linear dependence in the
non-equilibrated state (FIC. 11b). These predictions show
that when the molar fraction of A in the p(A/B) copoly-
mer (A with higher T, and B with lower Tg) increases, the
CED values gradually increase, owing to the larger con-
tent of B units in the chain. However, when the system is
equilibrated, taking into account composition-dependent
conformations, a maximum CED value is reached in the
vicinity of the self-healing composition'®. The maxi-
mum molar ratio corresponds to copolymer conforma-
tions that preferentially exhibit helical configurations
(self-healing is typically not observed for other copoly-
mer compositions or for homopolymer blends of the
same compositions). One can envision a copolymer
backbone with a helical topology as a spring, which,
upon compression, is distorted. When an external force is
released, the ‘spring’ decompresses, bringing the cleaved
ends together to self-heal. If low T, was the only driv-
ing force for self-healing, compositions with the higher
B content would also exhibit self-healing characteris-
tics; however, they do not and, instead, they may form
sticky, flowing films. These materials are commercially
known as pressure-sensitive adhesives.

Polymer-chain separation or rupture — an outcome
of physical damage — creates isolated chain ends,
which can be in a form of loose chain ends, free radicals
(depending on the polymer) or other reactive groups.
The repair process begins longitudinally along the bot-
tom of a scratch owing to energetically favourable inter-
actions, manifested by lower near-surface T,. During
this process, a percolation transition (that is, the min-
imum threshold of reconnected ends or recombined
chains) occurs after a given number of macromolecules
are connected longitudinally. The driving force is high
interfacial energy in the smaller-curvature areas at the
bottom of a scratch®*, which leads to close physical
proximity, high segmental mobility and entropic energy
storage during damage. If the interfacial energy and
entropy can be recovered during repair, the material will
autonomously self-heal.

If polymer chains are in extended conformations,
mechanical damage may lead to their compression.
Upon release of an applied force, decompression driven
by stored entropic and interfacial energies of spring-like
copolymer segments will restore their initial state. The
spring model of the shape-memory effect resulting
from entropy storage during mechanical damage may
also explain the driving force for self-healing behav-
iour; however, validation requires quantitative analy-
sis. In fact, the maximum storable strain (and, thus,
shape-memory storage capacity) can be accurately pre-
dicted using the junction density (that is, chemical or
physical crosslinks) and shape-memory factor®'.

We anticipate that high-junction-density polymers
(that is, those with a high number of entanglements and

high molecular weight) will self-heal via shape-memory
effects owing to their ability to store entropic energy, but
that low-junction-density polymers will self-heal as a
consequence of surface-tension effects. For example, in
thermoresponsive polyurethanes formed via the Diels—
Alder reaction between furan and maleimide moieties,
the shape-memory effect facilitated self-healing with-
out the need for an external force (in contrast to other
self-healing polymers)*. Expanding the application tem-
perature range to 130°C and thermal stability to 250°C
(compared with 60 °C for more common self-healing
polymers based on polycaprolactone*””) makes these
materials particularly attractive.

Self-healing is a local phenomenon with macroscopic
consequences. If polymer components exhibit local-
ized, endothermic, stimuli-responsive transitions****
below the T, at or near the damaged surface, macro-
molecular flow will occur?*>**® and repair may occur.
In the presence of localized heterogeneities, such as in
elastomers, concurrent H-bonding and covalent-like
bonded polyvalent clusters introduce balance between
the steady state and non-equilibrium states'®. The term
autonomous self-healing is often used to emphasize
self-healing under ambient conditions, which implies
a bulk phenomenon. However, the local dynamics of
macromolecular segments, reactivity of reactive compo-
nents (such as catalysts or reactive groups) and/or stere-
ospecificity are responsible for temperature-dependent
entropic and enthalpic contributions to the Gibbs free
energy, leading to self-healing.

From molecular to microrepair

Self-healing in biological systems occurs across all length
scales. At the molecular level, biological systems use met-
abolic processes, such as in autophagy, to self-heal*”’.
Self-healing materials can have similar metabolic charac-
ter if ‘outdated’ or degradation products are replaced by
new components, eliminating undesirable by-products.
A problem is that side reactions may lead to undesirable
products and are not easily controllable. However, com-
bining the attributes of two or more self-healing motives in
synthetic materials may lead to autonomous self-healing
with a metabolic character. The future of self-healing poly-
mer networks may comprise controllable supramolecular
networks or van der Waals interactions, which do not
generate side reactions or involve covalent rebonding.

At the atomic scale of the covalent bond length in
synthetic and natural materials, cleavage of aliphatic
chains leads to the formation of CH or CH, free radi-
cals, or slippage of polymer chains. For chain cleavage,
simple geometrical considerations indicate that, relative
to terminal —CH, represented by sp* hybridization, CH
and CH, free radicals adopt more directional sp and
sp? hybridizations. The distances between the free rad-
icals to initiate coupling are roughly 2.35-3.44 A, and
an energy of ~20kcalmol™' is typically required. When
radical coupling occurs, the bonding distances decrease
to 0.95-1.60 A and the energy required decreases to
~10kcal mol™. For radical recoupling to occur, inter-
chain diffusion should occur, which is often driven
by the access of interfacial energy in the damaged area
and the T -dependent kinetics of interdiffusion (Eq. 1).
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At the nanometre scale of skeletal muscle fibres,
mesogenic precursors are activated in the site of an
injured fibre, leading to the proliferation of myoblasts,
which repair damage by differentiating into multi-
nucleated myocytes’. By analogy with supramolecular
self-healing chemistry, satellite and myelomonocytic
cells also contribute to repair processes, in which dys-
ferlin acts as a Ca®* sensor of the muscle membrane dam-
age, triggering vesicle fusion and directing Ca®* along
the membrane to seal the lesion by sending messages to
neutrophils for repair®*.

An example of cascading processes at the micrometre
and millimetre scales are skin-injury wounds, which
penetrate into the dermis layer of skin, to which the red
blood cells transfer as a result of rupture of blood ves-
sels. Platelets and inflammatory cells or cytokines rush
to the site of the injury and receptors signal the event by
activating fibroblasts and other connective-tissue cells
to deposit collagen. As a result, new tissue at the injury
site and wound healing occurs’. The cascading processes
leading to such self-healing (not just in mammals but
also in plants) brings a different perspective to designing
self-healing in synthetic materials. However, it is neces-
sary to answer fundamental questions of how localized
individual reactions are capable of generating cascading
microscale responses leading to macroscale self-healing.
This requires the measurement of the molecular-level
events — usually inside a scratch — responsible for
self-healing of materials.

Tools for studying self-healing

Self-healing is typically measured by bulk mechanical
analysis, in which properties before and after damage
are assessed (ideally, these should match). Although use-
ful, this analysis does not reveal the molecular processes
responsible for self-healing. To identify mass transport
during the damage-repair cycle, atomic force micros-
copy may be useful if acquisition times are fast enough
to capture self-healing. The same is applicable to optical
microscopy.

Many self-healing mechanisms are not trivial to study
experimentally. For detecting local molecular events,
the most sensitive spectroscopic tools are infrared**
and Raman spectroscopy*”’, which provide satisfactory
spatial resolution. By contrast, electron paramagnetic
resonance”” and NMR spectroscopy”**, in particular,
nuclear Overhauser effect spectroscopy (NOESY) and
correlated spectroscopy (COSY) 2D 'H NMR exhibit
decent sensitivity but insufficient spatial resolution. A
promising approach for monitoring self-healing events
in polymers is dynamic nuclear polarization (DNP)
NMR spectroscopy, if it were applied to assess confor-
mational changes of dangling chain ends at the interfa-
cial regions generated during damage. In fact, the DNP
approach has the potential to improve the sensitivity of
'H NMR spectroscopy up to ~660-fold. Solid-state DNP
13C spectroscopy has been used in microporous organic
polymers®* but requires an external bis-nitroxide
radical-polarizing agent. Other intrinsic radicals as
polarizing agents can also be used”***.

Computational research is increasingly important
to predict or explain observed self-healing behaviour.
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For example, the rolling motion of microcapsules
was modelled using Brownian dynamics on an
adhesive-coated substrate to design particle-filled
microcapsules that heal cracks in the substrate”*. To
model fracture and self-healing, most models adopt
continuum-damage approaches in which cracking and
healing are considered as the degradation and recov-
ery of materials properties. By contrast, cohesive-zone
approaches treat damage as a discrete event, allowing
explicit modelling of crack evolution*”, including simu-
lation of property recovery over repeated healing events.
Looking forwards, there are opportunities for using and
developing computational models that could tackle 3D
self-healing in heterogeneous systems. Collectively, com-
puter simulations and modelling are useful for answer-
ing many of the puzzling questions that are not easily
experimentally measured, particularly for predicting
dynamic materials properties®*>',

Outlook

The past couple of decades have brought remarkable
advances in the controllable synthesis of self-healing
polymers and the development of ‘living-like’ program-
mable polymeric materials. The synthetic capabilities
afforded by continuously improving polymerizations
provide access to new, controlled-architecture macro-
molecules with precision placement of the functional-
ity needed for self-healing. New strategies for installing
self-healable moieties into existing commodity polymers
have further expanded the preparation toolbox. Further
manipulation of molecular weight and molecular-weight
distribution, molecular architecture, functional-group
placement and precise copolymer compositions will
yield self-healing polymers with new properties.
However, the technological success of self-healing poly-
mers will depend on how commodity (co)polymers can
be cost-effectively converted into their self-healable
counterparts via precisely controllable and affordable
polymerization processes, and how the structural under-
standing can be translated into specific functionalities
and applications.

In addition to one-time and repeated-cycle self-
healing, there are opportunities and challenges in the
development of sequential and parallel reactions that
may lead to physical remodelling at macroscopic scales.
Localized heterogeneous macromolecular networks
capable of transient communication and signalling of
damage that enable synchronous macroscopic rear-
rangements will become increasingly important in the
development of self-healing materials. Localized T,
gradients and associated local stimuli-responsive tran-
sitions*"*** will become crucial for achieving reasonable
self-healing kinetics. It is interesting to note that some
of the observations and questions from the late 1970s
and early 1980s remain unanswered. For example, for
pMMA slightly above T,, a diffusional interpenetra-
tion of chain segments occurs, but after short pene-
tration times (~5min), fracture toughness is regained
in short-term experiments, but long-term properties
cannot be restored”*’.

The ultimate challenge will be to produce polymer
networks with metabolic and anabolic characteristics,
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whereby synchronized events between sequential or
concurrent self-healing paths occur. An approach in this
direction is combining phase-separated supramolecular
and covalent bonding with hydrophilic and hydrophobic
interactions. For example, learning from nature, when a
protein composed of a hydrophobic packed interior and
hydrophilic exterior is placed in an aqueous environment
and exposed to hydrostatic pressure (or cutting), water
molecules are forced into the protein interior by filling
cavities and breaking up the hydrophobic structure?****.
When the forces are removed, hydrophobic interactions
prevail and the protein regains its structural and func-
tional features. There are opportunities for further
advances when hydrophobic and hydrophilic interactions
in synthetic polymers compete during the damage-repair
cycle. Similar to biological systems, the key to controlling
these macromolecular interactions is precise molecular
DNA-like sequencing. From a macroscopic view, the for-
mation of self-knotted polymer-chain topologies promises
the ability of self-healing of fibres in composites.
Applications of self-healing polymers are likely to
be found in agriculture, the food industry, medicine,
transportation, recycling and upcycling. All these sec-
tors face challenges to meet new requirements and reg-
ulations, and polymers with upcycling and self-healing
attributes may become a new standard for many indus-
tries. Despite the urgency of agricultural needs, our
understanding of how plants and other species trans-
port nutrients to their destinations in vivo is still largely
unanswered. Similarly, there are many unanswered or
unasked questions in self-healing polymers. One such
question is how the shape and symmetry of a struc-
ture will determine the arrangements of the building
blocks enabling self-healing through internal actuation

mechanisms leading to macroscopic reconfiguration of
the materials. The challenge is how to implement inter-
nal directional actuation mechanisms while retaining
physical and chemical stability. If answered, technolog-
ical advances may enable new strategies for materials
developments. It is not hard to envision that hip or other
body part replacements may have extended lifetimes
when self-healing materials are used. Biological sens-
ing and signalling pathways are mediated by interfacial
processes linked to biological growth and development.
One can envision that self-healing will be crucial for
interactions between synthetic and biological systems.
To achieve this, we need to better understand the molec-
ular processes that govern biosynthetic signalling and
decision-making processes in synthetic materials. Using
the analogy of metabolic processes in cells, we envision
that, if repeating units of a copolymer represent a her-
itable genetic identity derived during its growth, differ-
ent interfacial interactions (the ‘genotype’) will lead to
different materials ‘phenotypes.

Overall, the outcomes will be less energy used and less
waste generated. Self-healable polymers with more tun-
able time-sensitive properties are needed; a grocery bag
does not have to last more than a day or two, but paint
on a bridge or vehicle needs to last much longer. An ulti-
mate goal of future studies should lead to the develop-
ment of organism-like materials with encoded molecular
features that dictate their growth and structural assembly
in response to the environment. Organism-like materials
will consist of elements responsible for autonomous and
adaptive properties enabling the creation of synthetic
integrated systems and devices.
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