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Pa6orn Bbm011HeHa B Jla6opaTOp1111 Hei1TpOHHOH <j>11311K11 11MeH11 11.M. <l>paHKa 
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11MCHl1 Yf.M. <l>paHKa, 061>CJ(1111Cllllblt\ 1111CTllTY1 

H.!lepHblX 11CCJ1C.!l0BUllHH 
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aKaJJ.eMHl1 HayK 

<l>eJJ.epanbHoe rocy JJ.apcrneHHoe 6t0JJ.)l(eTHoe 

yype)i(JJ.eHHe «neTep6yprCKHH HHCTHTYT H.!lepHOH 

<j>11311K11 11MeH11 6.n. KoHcTaHTHHosa 

HauHoHaJJbHOro Hcc11eJJ.0BaTe11bcKoro ueHTPa 

"KypYarnecK11i1 11HcT11TyT", Jla6oparnp11H 

11ei1TpOHHblX <j>l1311KO-Xl1MH4eCKHX 11CCJJeJJ.OBaHHH 
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.!ll1CCepTaU110HHOro COBeTa .ll. 720.00 .06 np11 Jla6opaTOp1111 HeHTpOHHOH <j>l1311KH 11 

Jla6oparnp1111 HJJ.epHblX peaKu11i1 06beJJ.11HeHHoro 1111crnTyrn H.!lCpHbIX 

11CCJ1C.!lOBaHl1M ( 141980, r . ,[ly611a MOCKOBCKOH 0611acrn). 
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H.!lCpHblX 11CC11C.!lOBaHl1H. 
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JJ.Hcceprnu110HHoro COBCTa 720.00 t:t)~_ A.r. noneKO 

06masi xapaKTepucTuK:a pa60T1>1 

AKTya.rtbHOCTb pa6oTbI. 1>11011ornYecKaH MeM6pa11a (E>M) - CTPYKTYPHbtH 

311CMCHT KJleTKl1, npC.UCTaBJlHIOLU11H co6oi1 .!ll1HaMl1'lHYIO <l>YHKU110HaJJbHYIO 

060110'lKy, KOTOpaH OT.ue11HeT K11eTKY OT BHewHeH cpe.!lbl (a KJJeTO'lHble opraHe1111bl 

OT Ul1TOn11a3Mbl K11CTK11) 11, KpOMC Toro, ocyll.lCCTBJJHCT Ba)f(HblC K11eTO'lHble 

npouecCbl. 0CHOBHblMl1 KOMnOHCHTaMH E>M HBJlHIOTCH Jll1nl1.!lbl (<j>oc<j>o1111n11.ub1, 

rJJl1K01111nl1.!lbl 11 .up.), 6e11Kl1 11 XOJJeCTep11H, Ka)f(.!lblH 113 KOTOpblX Bbln011HHCT 

Ba)f(HYIO pOilb B 611o<j>11311'lCCKl1X 11 611ox11M11'leCKl1X npoueccax. <l>oc<j>o1111n11.uHblH 

611c11oi1 HB11HCTCH CTPYKTYPHOH ocHoeoi1 611onor11YCCK11x MeM6paH 11 Bb1no11HHCT 

3Ha'll1MYIO pOJJb B pH.UC Ba)f(HblX <j>l13110JlOrH'leCKl1X npoueccoe: ceepTb1BaH11e 

KpOBl1, npose.ueH11e HepBHblX l1Mny11bCOB, 3KTl1BaUl1H MeM6paHHblX 11 

11113ocoManbHblX <!>epMeHTOB, pereHepau11H TKaHei1, 11MMyH011ornYecK11e peaKu1111, 

nepeHoc 311eKTpOHOB e uen11 «.!lbtxaTeJJbHblX» <!>epMCHTOB. KpoMe Toro, oco6aH 

pOilb <j>oc<j>o1111n11.uaM OTBO.!ll1TCH B <j>opM11pOB3Hl111 1111nonpOTCl1HOBblX KOMn11CKCOB. 

3Ha'l11MYIO 'l3CTb Q>oc<j>on11n11.uHoro 611C1IOH B )1(11BOTHOM 11 paCTHTC11bHOM M11pe 

COCTaB11HIOT <j>oc<j>arn.u1111x0Jll1H (11eu11T11H, <l>X) 11 Q>oc<j>arn.u11113TaH0113Ml1H 

(Ke<j>an11H, <1>3). 00Hl1M3Hl1C TaKl1X 83)f(HblX npo611eM, KaK 110KaJJl133U11H BO.Ubl 111111 

opraHl1'lCCKl1X pacrnop11Te11ei1 B MCM6paHe, pacnpe.ue11eH11e 110HOB Ha ee 

noeepxHocrn, 113MeHeH11e CTPYKTYPHbtX napaMeTpoe caM11x MeM6paH 11 

MC)f(MCM6paHHblX B3311MO.!lCHCTBl1H HBJlH1111Cb nepBOCTeneHHblM11 3a.!l3'l3Ml1 

1111nHJJ.01IOrHl1 B KOHUC xx BCKa 11 OCTalOTCH aKryaJJbHblMl1 B HaCTOHll.lCC BpCMH. 

,lVJH peweHl1H ynOMHHYTblX BblWC 33.!l3'l 11Cn011b3YIOT, K3K npae11110, 6onee 

npOCTblC 0.!lHO- 111111 .!lBYXKOMnOHCHTHblC Cl1CTCMbl - MO.!lC11bHblC 1111n11.UHblC 

MeM6paHb1: MY1lbTHc11oi1Hb1e ee311Ky11b1 (MCB) 11 o.uHocnoi1Hbte ee311Ky11b1 (OCB). 

Cpe.u11 pa31111'lHblX MCTO.!lOB 11CC11C.!lOB3Hl1H MO.!lC11bHblX MCM6paH Manoyrnoeoe 

paCCCHHl1C HCHTpOHOB (MYPH) 33Hl1MaeT Jll1.!ll1PYIOll.ll1C no311Ul111, nOCK011bKY 

no3B011HCT npoeo.u11Tb CTPYKTYPHbie 11ccne.uoeaH11H a HaT110Hoi1 cpe.ue c KOHTpo11eM 

T3Kl1X 83)f(Hb1X napaMeTpOB, KaK TCMnepaTypa 11 pH. 

noHl1M3Hl1C MCXaHl13Ma nepeHOCa pa31111'lHblX MOJJCKYil ' 'lCpC3 MCM6paHbl, 

Bbln011HHIOLUl1C 6apbepHylO <l>YHKU1110, 11MCCT 6011bWOe 3Ha'lCHl1C .!lJIH MHOrHX 

6HOJ10rH'lCCKl1X npoueccoe 11 HBJlHCTCH KJllO'lCBblM KOMnOHCHTOM B pa3Bl1Tl111 TaKl1X 

TCXH0110rHH, KaK Kp11ocoxpaHeH11e 6110MaTep11anoe, .!lOCTaBKa 11CKapcrn 11 reHHaH 

Tepan11H. D011bWl1HCTBO He60J1bWl1X HC3apH)f(CHHblX MOJ1CKYJ1 (eo.ua, Kl1C110po.u, ... ) 

.uocTaTOYHO ceo6o.uHo .u11<i><l>YHJJ.11py10T yepe3 MeM6paHb1. TpaHcnoprnpoeKa 

60JlbWl1X 111111 3apH)f(CHHblX MOJ1CKy11, TaKl1X KaK 110Hbl, caxapa 11 aMl1HOKl1C110Tbl, 

Tpe6yeT aKTl1BHblX pery11HTOpHblX MCXaHl13MOB .!lJIH 6bICTporo .!l0CTl1)f(CHl1H 

OCMOTl1'lCCKoro 6anaHca 'lepe3 n11a3MaTl1'lCCKl1C MCM6paHbl B OTBCT Ha 6bICTpblC 

113MeHeH11H pa31111YHb1x <f>11311Ko-x11M11YecK11x ceoi1crn . 

.ll.11Mern11cy11b<j>OKCl1.!l (.ll.MCO) - aM<j>11<j>111lbHaH M01leKy11a, COCTOHll.laH 113 

rn.upo<j>1111bHOi1 cy11b<j>OKCl1.!lHOi1 rpynnb1 (S = 0) 11 .usyx rn.upo<j>o6HblX rpynn 

CH3 - yee1111Y11eaeT npoH11uaeMOCTb MeM6paH. Cpe.u11 ea)f(HbIX 611011ornyecK11x 11 

MC.!ll1Ul1HCKl1X CBOHCTB .lJ.MCO CileJJ.yeT OTMCTHTb aHCCTCT114CCKl1H 11 

nporneoeocnan11Te1lbHblH 3<f><j>eKTbl, npOTHBOBl1~ ti dll I llSdk I epAanbHYIO • \ 

lt.~ni. r i:~ ~'\.cs1.sr:t.o \rt~ur~l 
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aKn1BHOCTb, B03MO)f(HOCTb CBH3blBaTb pa.UHOHYKJJH!lbl. 11MeHHO 6naronapH 3THM 

YHHKaJlbHblM CBOHCTBaM, H3yYeHHe B3aHMO,lleHCTBHH .lJ:MCO c JJHnH!lHblMH 

MeM6pattaMH, ero BJJHHHHH Ha CTPYKTYPY JJHnHnttoro 6HCJJOH H Me)f(MeM6paHHbie 

B3aHMO.UeHCTBHH !10 CHX nop OCTaIOTCH aKTYaJJbHblMH 3a!laYaMH JJHnH!lOJlOrHH. B 

HaCTOHll.lee speMH .lJ:MCO WHpOKO HCnOJJb3yeTCH B KaYecrne KpHonpOTeKTOpa. 

Ba)f(Hetlwetl JanaYeH KpH06HOJJOrHH HBJJHeTCH coxpaHeHHe, HJJH llPYrHMH CJJOBaMH 

soccTaHOBJJeHHe 6HOJJOrHYeCKHX o6beKTOB nocne HX pa3Mopa)f(HBaHHH. AMCO 

HBJJHeTCH TOKCHYHblM llJIH pHna KJleTOK )f(HBOTHOro H paCTHTeJlbHOro 

npoHCXO)f(JleHHH. B CBH3H c YeM, HaXO)f(JleHHe «HOBOfO)) KpHonpoTeKTopa HBJJHeTCH 

npHopHTernotl JanaYetl KpHo6HonorHH H KpHOMem1uHHb1 XXI seKa. 0.UHHM H3 

TaKHX «HOBblX» KpHOnpoTeKTOpOB MO)f(eT 6bITb !lH3THJJCYJJbcPOKCH!l (.lJ:3CO), 

06nana10mHtl 6onee Bb1pa)f(eHHbIM rnnpocj)o6HbIM Jcj)cj)eKTOM. 

Onttotl H3 Ba)f(HetlwHx cpyttKUHH 6HOJJOrHYeCKHX MeM6paH HBJJHeTCH 11x 

cnoco6ttocTb OT.UeJJHTb KJJeTKH OT BHeKJJeTOY HOH cpenb1. HapyweHHe uenocTHOCTH 

MeM6paHbI npHBO!lHT K rn6enH KJJeTOK. OnttaKo B KpaTKocpoYHOM speMeHHOM 

Macwrn6e JlOKaJlbHble H3MeHeHHH ueJJOCTHOCTH MeM6paHbl npHBO,llHT K C03,llaHHIO 

HOBbIX CTPYKTYP nyTeM CJJHHHHH HJJH neneHHH KJJeToK. CJJttHHHe MeM6patt HrpaeT 

Ba)f(HYIO pOJJb B cptt3HOJJOrH4eCKHX npoueccax, TaKHX KaK 3K30UHT03, ceKpeUHH, 

06pa3osattHe BTOpHYHbIX JJHJOCOM. KpoMe Toro, ttanpasnettttoe cJJHHHHe KJJeTOK c 

noMOll.lblO pa3JJH4HblX areHTOB CJJHHHHH (cpblOlKH areHTbl) in vitro WHpOKO 

HCnOJJb3yeTCH llJIH peweHHH pH.ua npo6JJeM B o6JJaCTH 6HOMe!lHUHHbl H 

6HOTeXHOJJOrHH. i13BeCTHO, 4TO MeXaHH3M CJJHHHHH 3apHlKeHHblX H HeihpaJJbHblX 

JJHnH!lOB, Bbl3BaHHbIH nsyx- H TPexsaneHTHbIMH KaTHOHaMH (Ca
2

\ La
3
+ H .up.), 

MaJlblMH opraHH4eCKHMH MOJJeKyJJaMH (tt-reKCHJl 6pOMH!l, 3TaHOJJ), He 3aBHCHT OT 

BbI6opa semeCTBa, KOTOpblM OH Bbl3bJBaeTCH, H npOHCXO!lHT B TPH CTa,llHH: 

CTepHYeCKHH KOHTaKT, noJJyCJJHHHHe H CJJHHHHe. TeM He Mettee, !10 CHX nop He 

onpeneneHbl MHHHMaJlbHble KOHUeHTpaUHH semecTB, Bbl3blBaIOll.lHX CJlHHHHe 

MeM6paH, OCTaeTCH OTKpblTblM sonpoc 0 CTa6HJlbHOCTH o6pa30BaHHblX CHCTeM npH 

H3MeHeHHH BHeWHHX, B YaCTHOCTH TeMnepaTypHblX, ycJJOBHH. 

PeanbHble 6HOJJOfH4eCKHe MeM6paHbl - KOMnJJeKCHble CHCTeMbl co CJJOlKHblM 

XHMH4eCKHM COCTaBOM. OYeBH!lHO, 'ITO naJKe Manetlwee H3MeHeHHe 0,llHOH H3 

KOMnOHeHT 3TOH CJJOlKHOH CHCTeMbl MOryT npHBO!lHTb K cymeCTBeHHblM 

H3MeHeHHHM cPYHKUHOHHpOBaHHH E>M. 003TOMY Kpatltte BalKHO 3HaTb, KaK 

H3MeHHIOTCH cpH3HKO-XHMH4eCKHe CBOHCTBa OT!leJlbHblX KOMnOHeHT CHCTeMbl B 

npHCYTCTBHH pa3JJH4HblX MOJJeKyJJ HJJH HOHOB. B naHHOH pa6oTe aKueHT cnenaH Ha 

H3yYeHHH BJJHHHHH nonHpHbIX MOJJeKyJJ H HOHOB Ca
2
+ Ha CTPYKTYPY H csotlcTsa 

cpoccpOJJHnH!lHblX MeM6paH Ha OCHOBe cpoccj)aTH,llHJJXOJJHHa. 

ll,eJlb H 33tl3'-IH pa60Tbl. Ll,eJJblO HaCTOHll.leH pa60Tbl HBJJHeTCH HCCJJe,llOBaHHe 

BJJHHHHH nonHpHbIX MOJJeKyn (cynbcpOKCHAOB) H KaTHOHOB Ha CTPYKTYPY H 

CBOHCTBa cpoccpaT11,llHJJXOJJHHOBblX MeM6paH. OcHOBHOe BHHMaHHe B pa6oTe 

yAeJJeHo onpeAeJJeHHIO ponH HOHOB Ca
2
+ HJJH rHApocpo6ttotl/rnApocpHnbHOH 

npHpone .lJ:MCO H .lJ:3CO B 6anattce CHJJ MeJKMeM6paHHOro B3aHMO!leHCTBHH . .lJ:nH 

.llOCTHlKeHHH noCTaBJJeHHOH ueJJH CTaBHJlHCb cneny10mHe 3a,lla4H: 

4 

I. OnpeneneHHe TeMnepaTypb1 ocHOBHOro cpa3osoro nepexona <l>X MeM6patt s 

npHcyTCTBHH HOHOB Ca
2

• H cynbcpOKCH!lOB llJIH np11roTOBJJeHHbIX H cnoHTaHHO 

o6pa3oBaHHbIX MYJJbTHCJJOHHbIX cHcTeM. 

2. .lJ:eTanbttoe H3yYett11e nepexona MYJJbTHCJJOHHbIX MeM6paH s «HeCBHJHoe» 

COCTOHHHe, HHllYUttpyeMoe yseJJHYeHHeM KOHUeHTpaUHH HOHOB Ca
2
+, H 

onpenenettHe pHna CTPYKTYPHbIX H cpH3HKO-XHMHYeCKHX napaMeTpos B o6nacTH 

nepexo,lla, a TaK JKe BblHBJJeHHe BJJHHHHH cnoco6a npHroTOBJJeHHH o6pa3UOB H 

TeMnepaTypttoro pelKHMa nposeneHHH 3KcnepHMeHTa Ha 3TH napaMeTpb1. 

3. nposeneHHe cpaBHHTeJlbHOfO aHaJJH3a BJJHHHHH AMCO H A3CO Ha CTPYKTYPY 

<l>X MeM6paH B WHpOKOM !1Hana30He KOHUeHTpaUHH cynbcpOKCH,llOB. 

OnpeneneHHe ponH rnnpocj)o6ttotl npHpO!lbI cynbcpOKCHAOB H cTeneHH 

,UerH,UpaTaUHH JJHnH!lHOrO 6HCJJOH npH B3aHMO!leHCTBHH cynbcpOKCH!l-JlHnHn. 

4. 11ccnenosaHHe npouecca CJJHRHHH <l>X MeM6paH B npHCYTCTBHH HOHOB Ca
2
+ H 

cynbcpOKCH.llOB AMCO H .lJ:3CO. Onpe,UeJJeHHe poJJH pa3JJH4HbIX cpaKTOpos: 

speMeHH, KOHUeHTpaUHH semeCTB, HHllYUHPYIOll.lHX CJJHHHHe, ycJJOBHH 

npHrOTOBJJeHHH o6pa3UOB Ha ,UaHHblH npouecc. l13yYeHHe KHHeTHKH CJJHHHHH 

0,llHOCJlOHHblX Be3HKYJJ B lKH!lKOKpHCTaJIJlHYeCKOH cpa3e, Bbl3BaHHOe 

no6aBJJeHHeM cyJJbcpOKCH!lOB, H HX CTa6HJJbHOCTb. 

OcHOBHb1e noJI0:1KeHHS1, Bb1HOCHMb1e Ha 33lllHTy: 

I. 11oHbI KaJJbUHH, KaK H nonHpHbie anpoTOHHbie pacTBOpHTeJJH, yseJJHYHBaIOT 

TeMnepaTypy ocHOBHoro cpa3osoro nepexoAa H3 pHnnn cpa3bI B 

lKH!lKOKpHCTaJIJJHYeCKYIO ()KK) cpa3y ( p/J, -> ~) <l>X MeM6paH. 

11cYe3HOBeHHe npennepexona H3 renesotl cpa3bI B pHnnn cpa3y ( L p' -> P/J.) 

npH MOJlbHblX llOJlHX o60HX cyJJbcpOKCH!lOB 2: 0.2 CBH,lleTeJJbCTByeT 0 

crn6HJJH3aUHH renesotl cpa3bI MCB .lJ:M<l>X. 

2. nepexon MYJJbTHCJlOHHblX I ,2-AHMHpHCTOHJJ-sn-rnHuepo-3-cpoccpanHJJXOJlH-

HOBblX (.lJ:M<l>X) MeM6paH (1.0 Mac.%) B <<HeCBH3aHHOe» COCTOHHHe B 

npHCYTCTBHH HOHOB Ca
2

' HOCHT HenpepblBHblH xapaKTep KaK B )l{K, TaK H B 

reJJeBOH cpa3aX, a caMH 3Ha4eHHH KpHTHYeCKHX KOHUeHTpaUHH HOHOB ca
2

· , npH 

KOTOpblX Ha6JJIO!laeTCH o6cy)f(JlaeMblH nepeXO,ll, 3aBHCHT KaK OT MaCCOBOH ,llOJlH 

JJHnH,lla B CMeCH, TaK HOT ycJJOBHH npose,lleHHH 3KCnepHMeHTa: 0.33 H 0.37 MM 

B L fJ. H 4 cpa3ax, coorneTCTBeHHO, npH nepexone CHCTeMbI H3 renesotl s )l{K 

cp33y; Cca2+ = 0.56 MM npH nepexone 4 -> L fJ. BO scex HccnenyeMbIX cpa3ax. 

3. npellJIOlKeH cnoco6 onpeneJJeHHH KOHCTaHTbl CBH3blBaHHH HOHOB Ca
2
+ c 

JJHnH!lHblMH MOJJeKyJJaMH H3 ManoyrnoBbIX HeHTpOHHblX ,llaHHblX no 3Ha4eHHHM 

KpHTHYeCKHX KOHUeHTpaUHH HOHOB H 3a.uaHHblX 3Ha4eHHH KOHUeHTpaUHH 

JJHnttnos: Kcaz+ = 22 M"
1 

B renesotl cpa3e H Kcaz+ = 19 M.
1 

B )l{K cp33e; 

3HaYeHHH pHAa cpH3HKO-XHMHYeCKHX napaMeTpos B o6nacTH nepexo.ua MCB 

.lJ:M<l>X B «HeCBH3aHHOe» COCTOHHHe: nJJOTHOCTb nosepxHOCTHOro 3apH.ua 

3.7·10 -
2 

Kn/M
2 

npH T = 15 °C H 2.6·10-
2 

Kn/M
2 

nptt T = 55 °C, 
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113MeHem1e :rneprn11 f1166ca COCTaBJHleT -7.4 K,[()l{/MOJ!b B L . <l>a3e 11 
p 

-8.0 K,[()l{/MOJJb B La <!>aJe; oueHKl1 113MeHeH11S1 HanpaBJ1eH11S1 P--N+ .1111nonS1 

OTHOCl1TeJlbHO HanpaBJJeHl1SI, nepneH.!111KYJJS!pHOro K nJJOCKOCTl1 MeM6paHbl, np11 
CBSl3blBaHl111 110HOB Ca2+ c noJJS!pHOH fOJIOBOH JJl1nl1.!1HblX MOJJeKyJJ: 15° B )l(K 
<l>a3e 11 20.6° B renesoi1 <l>a3e. 

4. Cynb<!>OKCl1.llbl OKa3b1Ba10T cyLUecrneHHoe BJJl1>1H11e Ha CTPYKTYPY ,[(M<l>X 
MeM6paH. 83a11Mo.11ei1CTB11e ,[(MCO-n11n11.11 np11 X;LMco = 0.2 CBll3aHo co 
3Ha411TeJJbHOH .11ern.11parnu11ei1 n11n11.11Horo 611cnoS1. CpaBH11TeJ1bHbltt aHaJJl13 
BJJl1S1H11S1 ,[(3CO 11 ,[(MCO Ha CTPYKTYPY 11 csoi1cTsa n11n11.11Hb1x MeM6paH 
n03BOJll1Jl c.11enaTb BblB0.11 0 3Ha411MOH pOI111 rn.11po<l>o6Horo 3<l><l>eKTa, KOTOpblH 
Ha116onee Bbipa)l{eH B cny4ae ,[(3CO. 

5. CnoHTaHHbie npoueccb1: MCB -+ OCB B np11cyTcTB1111 110HoB Ca2+, OCB -+ 

MCB B np11cyTCTB1111 cynh<!>OKCl1.llOB npo11cxo.11S1T nyTeM CJJHSIHl1ll <l>X MeM6paH. 
00Ka3aHO, 4TO .11aHHblH npouecc, CTa611JlbHOCTb 11CXOAHblX 11 o6pa30BaHHblX 
Cl1CTeM 3aBl1CSIT KaK OT cnoco6a np11roTOBneHl1SI o6pa3UOB, TaK 11 OT 

· TeMnepaTypHbIX ycnos11i1 npose.ueH11S1 3Kcnep11MeHTa. Ha116onee crn611J1bHOH 
S1BJJS1eTCS1 c11cTeMa c<1>opM11posaHHbIX OCB ,[(M<l>X B cMec11 CaCl2•2H20/D20 
np11 KOHUeHTpau1111 110HOB KaJJbU11SI 6onee 0.4 MM. C11cTeMa, KOTOpaS! 
B03BpaLUaeTCSI B 11cxo.uHoe cocTOS1H11e, 11cnbITb1BaS1 nepexo.ub1 OCB -+ MCB B 

)l(K <l>a3e 11 MCB -+ OCB B 06nacT11 <1>a3osoro nepexo.ua 4 -+ LP. , 

coorneTcrnyeT OCB ,[(M<l>X B 0 20 np11 .uo6asneH1111 ,[(3CO CJ0rxo = 0.1) B )l(K 
<l>a3e. 

Harrnast HOBH3Ha. BnepBbie onpe.ueneHa Kp11T114ecKaS1 KOHUeHTPaUHll 110HoB 
KaJJbU11ll, np11 KOTOpOH MYJJbTl1CJIOHHbie Be311KYJ!bl ,[(M<l>X B 1136bITKe 
paCTBOp11TeJ1SI nepeXO.llSIT 113 «CBSl3aHHOf0)) COCTOSIHl1SI B «HeCBSl3aHHOe», 11 BnepBbie 
noKa3aHO, 4TO )Ta KOHUeHTpau11S1 3aBl1Cl1T OT cnoco6a np11roTOBJ1eHl1SI o6pa3UOB 11 
TeMnepaTypHoro pe)l{11Ma nposeAeH11S1 3Kcnep11Me~na. 

OpeAJJO)KeH HOBblH MeTOA T04H0f0 onpe.ueneHl1SI KOHCTaHTbl CBSl3blBaHl1SI 
.llBYXBaJJeHTHblX KaTl10HOB c Jll1n11AHblM 611CJJOeM Ha OCHOBe AaHHblX MaJJoyrnosoro 
pacceS1Hl1S1. B pa6oTe npoAeMOHCTp11poBaHb1 yH11KaJJbHb1e B03MO)l{HOCT11 
MaJJoyrnosoro HettTpOHHOro pacceSIHl1SI AJISI onpeAeJJeHl1SI KOHCTaHTbl CBSl3blBaHl1SI 
KOMnJJeKCOB Ca2+-n11n11A 11 pS!Aa Ba)l{HbIX TepMOA11HaM114eCK11x napaMeTpos; 
onpeAeJJeHO, 4TO npouecc CBSl3blBaHl1SI 110HOB KaJJbU11SI c ,[(M<l>X MeM6paHOH 
SIBJ1SleTCSl3K30TepM114eCKl1M. 

Ha ocHose AaHHbIX MYPH snepBbie nposeAeHbI pac4eTbI, no3BOJJS110LU11e 
KOJ1114eCTBeHHO oueHl1Tb 113MeHeH11e op11eHTaU1111 p·_N + Jll1TIOJISI np11 
B3a11MOAeHCTBl111 110HOB KaJJbU11SI c nOJJS!pHOH fOJJOBOH <l>X MeM6paH. 

BnepBbie 11ccneAOBaHo BJ111S1H11e ,[(3CO Ha CTPYKTYPY 11 csoi1crna ,[(M<l>X B 
1136bITKe pacTBop11TeJ1S1 c noMOLUblO MeTo.uos MYPH 11 peHTreHOBCKoro pacceS1HHS1, 
4TO TI03BOJ111Jl0 npoBeCTl1 cpaBHl1TeJlbHblH aHaJJl13 c xopowo 113y4eHHbIM ,[(MCO 11 
BbISIBl1Tb pOJJb rHApo<!>o6HblX B3a11MO)leHCTBl1H np11 o6pa30BaHl111 KOMnJJeKca 
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cyJJb<!>OKCl1A-J111nl1A. BnepBble c TIOMOLUblO MeTOAa sap11au1111 KOHTpacrn 
KOJ1114eCTBeHHO TIOKa3aHO, 4TO ,[(MCO c MOJlbHOH AOJ!ett 0.2 B pacrnope 
,[(MCO/BOAa np11BOAl1T K 3Halfl1TeJ1bHOH AerHAparnu1111 MeM6paHHOH noBepxHOCTl1. 

npoBe)leH11e )KCnepHMeHTOB MYPH B peaJJbHOM BpeMeHl1 n03BOJ111JlO BnepBbie 
npocJ1eA11Tb Kl1HeTHKY CJ111SIHl1SI <l>X MeM6paH, l1HAyu11pyeMoro cynb<l>OKCl1AaM11, 11 
onpeAeJ111Tb <l>aKTOpbl, BJ111SllOLU11e Ha CKOpOCTb 11 CTa611J1bHOCTb )Toro npouecca. 
Ha OCHOBe nonyYeHHblX AaHHblX npeAJJO)l{eHa MOAeJJb CJll1SIHl1SI MHOfOCJIOHHblX <l>X 
MeM6paH B np11cyTCTBl1l1 110HOB KaJJbUH}I . 

JIH<iHblH BKJl3Jl .uuccepTaHTa. OcHOBHble pe3yJJbTaTbl, 113JJO)l{eHHbie B 
.D,11cceprnu1111, nonyYeHbI np11 HenocpeACTBeHHOM yyacrn11 aBTOpa. Asrnp 
AHCCepTaU1111 yYaCTBOBaJJ B nOCTaHOBKe 3a.D,a4, BbinOJJHSIJl pa60Tbl no 
np11rOTOBJ1eH1110 o6pa3UOB, npOBOA11Jl 3KCnep11MeHTbl Ha cneKTpOMeTpe 
MaJJoyrnoBoro pacceSIHl1SI HettTpOHOB ){)MO 11 peHTreHOBCKOM A11<!>paKTOMeTpe 
,[(poH-4. 06pa6oTKa 11 aHaJJl13 )KCnep11MeHTaJJbHblX AaHHbIX TaK)l{e BbinOJJ HeHbl 
aBTOpOM. ,[(11ccepTaHT aKTl1BHO yYaCTBOBaJJ B o6cy)l{AeHl111 pe3yJJbTaTOB H 
Han11caH1111 CTaTeH, npeACTaBJ1eHl111 MaTep11anoB Ha pOCCHHCKl1X 11 
Me)l{)lyHapOAHblX HayYHblX Meponp11S!Tl1SIX. 

Anpo6auust pa60Tbl. OcHOBHbie pe3yJJbTaTbl pa6oTbl 6b1J111 npeACTaBJJeHbl 
.llHCCepTaHTOM Ha pOCCl1HCKl1X 11 Me)l{AyHapOAHblX KOH<!>epeHUHSIX M COBeLUaHHSIX : 
International SAS Workshop, 2006, FLNP JINR, Dubna, Russia; XIX CoBeLUaH11e 
no 11cnOJ1b30BaHHIO paccel!HHSI HettTpOHOB, 2006, 061rnHCK, Pocc11S1; 4-th European 
Conference on Neutron Scattering, 2007, Lund, Sweden ; PCH3 - HEVIK 2009, 
2009, VIK PAH, PHU KV! , MocKBa, Pocc11S1 ; BcepoccHttCKajf HayYHall wKona Allll 
MOJIO.D,e)l{H «COBpeMeHHaSI HeHTPOHOrpa<!>11S1: <l>y1-1.D,aMeHTaJlbHbie H npHKJJaJIHble 
11CCJJeAOBaHl1SI <l>YHKU110HaJJbHblX 11 HaHOCTPYKTyp11poBaHHblX MaTep11aJJOB», 
OVl.5111, 2010, ,[(y6Ha, PocCHS1; 5th European conference on neutron scattering, 2011, 
Prague, Czech Republic; SANS-YuMO user Meeting, May 27-30 2011 , FLNP, 
JINR, Dubna, Russia; International Summer School and Workshop "Complex and 
Magnetic Soft Matter Systems: Physico-Mechanical Properties and Structure" , 3-7 
September 2012, Alushta, Ukraine; XXll COBEll.(AHl1E 11 Me)l{AyHapo11HaS1 
MOJI0}1e)l{HaSI KOH<!>epeHUHSI no HCnOJ1b30BaHl110 pacceSIHl1SI Hei1TpOHOB B 
11ccneAOBaH11S1x KOHJieHc11posaHHOro cocTOS1Hl1S1 (PHVIKC-2012), OVl>I<l> HVIU 
«KypYaTOBCKl1H HHCntTyrn, 15-19 OKTS16pS1 2012, 3eneHOropcK, Pocc11S1 ; II 
Me)KJiyHapOAHall KoH<!>epeHU11ll "MHoroMacwrn6Hoe MOAen11poBaH11e CTPYKTyp, 
CTPOeH11e BeLUecrna, HaH0MaTep11anb1 11 HaHOTexHonor1111", 11- 14 HOS16pS1 2013, 
Tyna, Pocc11S1; 17th International Seminar on "Neutron Scattering Investigation in 
Condensed Matter" , Adam Mickiewicz University, May 2014, Poznan, Poland; 
International Conference "Condensed Matter Research at the IBR-2", 2014, JIH<l> 
OVl>IVI, ,[(y6Ha, P<l> ; CoseLUaH11e 11 MonoAe)l{Hall KoH<!>epeHU11ll no 11cnonh30BaH1110 
pacceSIHl1SI Hei1Tp0HOB H Cl1HXpOTpOHHOfO 113J1y4eHl1SI B KOHJieHCHpOBaHHblX 
cpenax: PHCVl-KC-2014, 2014, <l>fEY 01151<1>, faTYHHa, Pocc11S1; International 
Summer School and Workshop "Complex and Magnetic Soft Matter Systems: 

7 



Physico-Mechanical Properties and Structure", 2014, Joint Institute for Nuclear 
Research, Dubna, Russia; International workshop "Structure and Functions of 
Biomembranes", Joint Institute for Nuclear Research, Moscow Institute of Physics 
and Technology, 2014, Dolgoprudny, Russia; 16th International Conference on 
Small-Angle Scattering (SAS-2015), 13-18 September, 2015, Berlin, Germany; 
Workshop on Condensed matter research by means of neutron scattering methods -
CMRNS Dubna, 4-7 July, 2015, Constanta, Romania; International Conference 
"Condensed Matter Research at the IBR-2", 11-15 October 2015. Dubna, Moscow 
region, Russia; XXlll Me)KJlyHapOJlHaH KOHcj>epeHU11H "MaTeMaT11Ka. KoMnblOTep. 
06pa:msaH11e.", 25-30 HHBapH 2016, )zy6Ha, Pocc11H; Future of biology and soft 
matter research on reactor PIK, 14-16 May. 2017, Peterhof, Russia; 3rd International 
Summer School and Workshop "Complex and Magnetic Soft Matter Systems: 
Physico-Mechanical Properties and Structure" - CMSMS' 17, 28-30 June, 2017, 
Dubna, Russian; Workshop on Condensed matter research by means of neutron 
scattering methods (CMRNS-Dubna-2017), 14-16 July 2017, Constanta, Romania; 
17th International Balkan Workshop on Applied Physics and Materials Science 
(IBWAP-2017), 11-14 July 2017, Constanta, Romania; V CosewaH11e no 
ManoyrnosoMy PacceHH11IO HeihpoHOB «MYPoMeu - 2017», 20-22 cewrn6pH 2017, 
raTLll1Ha, OpJJOBa powa, HYILI, KY! nl151<l>. 

ny6J1HK3UHH. no MaTep11anaM Jll1CCepTaU1111 ony6JJl1KOBaHO 6 CTaTeH B 
pocc11HCKl1X 11 Me)KJlyHapOJlHblX HayLJHblX )KypHanax, l1HJleKC~1pyeMblX B 6a3e 
Scopus [A l-A6] . 4aCTb MaTep11anos pa60Tbl OTpa)KeHa B TpyAaX KOHcj>epeHU11H. 

CTpyKTypa JIHccepTau11si. )l11cceprnu110HHaH pa6orn cocT011T 113 cn11cKa 
COKpaweHl1H 11 o603HalleHl1H, BBe}leHl1H, lleTblpex mas, 3aKJJIOLJeHl1H, cn11cKa 
W1T11pyeMOH Jll1TepaTypb1. )l11ccepTaUl1H COJlep)K11T 139 CTpaH11U Maw11Hon11CHOro 
TeKCTa, BKJllOLJaH 57 p11cyHKOB, 7 Ta6JJ11U 11 178 6116J1110rpacj>11LJeCKl1X CCblJJOK. 

CoJiep?KaHHe JIHccepTau1rn 

Bo BBeJieHHH naHo 06ocHosaH11e aKTYMbHocrn pa60Tb1, ccj>opMyJ111posaHb1 
OCHOBHaH ueJJb 11 3analll1 n11ccepTaUl10HHOH pa60Tbl, o6cy)K.llalOTCH HayLJHaH 

C 
? + 

HOBl13Ha 11 3HaLJl1MOCTb 11CCJJe.llOBaHl1H BJll1HHl1H 110HOB a- 11 cyJJbcjJOKCl1.llOB Ha 
CTPYKTYPY 11 csoiicrna <l>X MeM6paH, noJJo)KeH11H, Bb1Hoc11Mb1e Ha 1aw11Ty. 
06cy)KnaeTCH npaKTl1l1ecKaH 3HaLJl1MOCTb noJJyLJeHHblX pe1yJJbTaTos. KpaTKO 
113JJO)KeHa cTpyKTypa 11 conep)KaH11e n11cceprnu1111. 

B nepBoii rnaBe npeACTaBJJeH JJl1TepaTypHblH o63op no CTPYKType 11 ocHOBHblM 
CBOHCTBaM 6110JJOrHLJeCKl1X H JJHnH.llHblX MeM6paH, Me)KMeM6paHHblM 
s1a11MO.lleHCTBHHM. PaCCMOTpeHbl cjJH311LJeCKHe COCTOHHHH 11 cj>aJOBble nepeXO.llbl 
JJl1n11.llHblX MeM6paH, a TaK )Ke cj>aKTOpbl, BJJHHIOll{He Ha 113MeHeHHe TeMnepaTypbl 
OCHOBHoro cpa3osoro nepexona. TaK)Ke s 3TOH rnase 06cy)Kna10TCH npo6JJeMbl, 
HBJJHIOlllHecH npenMeToM n11cceprnu1111. Oco6oe sH11MaH11e yneJJeHo TaKHM 
cTpyKTYPHhlM nepexonaM B JJHn11AHhlX MeM6paHax KaK 11Hnyu11posaHHoe 
cj>opM11posaH11e OCB B np11cyTcTs1111 KaT110HOB 11 cJ111HH11e <l>X MeM6paH s 
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np11cyTCTBl1l1 CYJJbcjJOKC11LlOB. npe.llCTaBJJeHO COBpeMeHHOe COCTOHHl1e 113yLJeHl1H 
B3a11MOLleHCTBl1H 110HOB Ka!lbU11H c JJl1nl1LlHblMl1 MeM6paHaM11 11 naH o63op 
Me)KMeM6paHHblX s1a11Moneticrn11ti <l>X MeM6paH B np11cyTcrn1111 cyJJhcjJOKc11nos. B 
1aKJJIOLJeH1111 nepBOH rnaBbl paCCMOTpeHbl OCHOBHble MeTOLlbl. 11CnOJJb3YeMble B 
MeM6paHHOH 611ocj>11111Ke 11 OTHOCHllll1eCH K TeMe HaCTOHll{eH n11cceprnu1111, 
OCBell{eHbl npe11Mywecrna 11CnOJJb30BaHl1H pacceHHl1H HeHTpOHOB 11 peHTreHOBCKl1X 
JJyLJeH np11 11CCJJellOBaHl111 6110JJOrMLJeCKl1X o6beKTOB. 

BTopaH rJlaBa COCTOl1T 113 on11caHl1H 11CnOJJb30BaHHblX B pa6oTe MaTep11anos 11 
MeTOLlOB np11roTOBJJeHl1H MOLleJJbHblX OllHOCJJOHHblX 11Jll1 MHOroCJJOHHblX <l>X 
MeM6paH ( l ,2-Lll1M11p11CT011JJ-Sn-rn11uepo-3-cj>occj>arnn11JJXOJll1H c npOTOH11pOBaH­
HblM11 11Jl11 netiTep11posaHHblMl1 yrneBOJl0p0LlHblMl1 uenHMl1: )lM<l>X (C36H12NOsP), 
)lM<l>X-d54 (C36H 18N08PD54); 1,2-n11nanM 11TOl1JJ-sn-rn11uepo-3-cj>occj>arnn11JJ­
xoJ111H: ,Un<l>X (C40H80N08P)) s cMec11 CaCl 2• 2H20/sona 11JJH cyJJhcjJOKc11n/sona c 
1anaHHblMl1 KOHUeHTpaU11HMl1. 

B 3TOH )Ke rnase on11caH cneKTpoMeTp Manoyrnosoro tteHTpottttoro pacceHHl1H 
!OMO [I], Ha KOTOpOM 6bIJJa BblllOJJHeHa OCHOBHaH LJaCTb 3KCnep11MeHTOB, naHbl 
ero xapaKTep11CTHKl1 11 on11caH11e. np11seneHbl MeTOLlbl nepBHLJHOH o6pa60TKH 
cneKTpos MYPH 11 OCHOBHhie MOLleJ111 LlJIH on11caH11H pacceHHl1H OT OllHOCJJOHHblX, 
MHOroCJJOHHbIX Be311KYJJ 11 KOM611H11pOBaHHbIX CHCTeM: 

A) PacceR11ue 11a OCB. OnHocJJOHHhie se1HKYJJbI c Maccosoti noJJeH :S 2 Mac.% 
(Mac.% - MaccosaH LlOJJH pacrnopeHHOro sewecrna B npouettrnx) B pacrnop11TeJJe 
paccMaTPl1BalOTCH KaK C11JlbHO pa36aBJJeHHble 11 CJJa6o B3al1MO!leHCTBYIOlll11e Me)Kny 
co6oH MOHOLll1CnepCHbie ueHTpOCl1MMeTpHLJHbie LJaCT11Ubl, LlJIH KOTOpblX 
cTpyKTYPHhIH cj>aKTop, on11cbrnaiow11ti s1a11Moneticrn11e Me)Kny LJacT11uaM11, 
S(q) = I [2 ,3 ]. B nepsoM np116J111)KeH1111 OllHOCJJOHHhie se111KyJJhI npencrnsJJHIOT 
co6oH nOJJbie ccj>epbl c o60JJOLJKOH (JJHlll1LlHblH 611CJJOH), pa1neJJHIOllleH 
sHyTpeHHIOIO 11 BHeWHIOIO cpeny. Torna pacceHH11e Ha OCB 6yneT on11cb1BaTbCH 
cj>opM-cj>aKTopoM, HOpM11posaHHblM Ha 06beM o60JJOLJKl1, ccj>opM11poBaHHOH 
Jll11111LlHblM 611CJJOeM, (Vh) (4]: 

P(q) = .:!!._ [3V;n(P5 -p;;:;-)]i(qR;n) + 3Vv(p;;:;--ps)Ji(qRv) ]2 + bkg, (I) 
Vb qR;n qRv 

rne <P - o6beMHaH LlOJJH J111n11nttoro 611cJJOH, Vin 11 R;n - o6beM 11 pan11yc ccj>epb1, 
o6pa3oBaHHOH pacrnop11TeJJeM BHYTPH MeM6paHbI, Vv 11 Rv - o6beM 11 pan11yc 
OCB, Ps H Pm - nJJOTHOCTl1 LlJll1H pacceHHl1H MeM6paHbI H pacrnop11TeJJH, q -
seKTop pacceHHl1H, ] 1 - ccj>ep11LJecKaH cj>yHKU11H 6ecceJJH nepsoro nopHLlKa 
(]1 = (sin(x) - xcos(x))/x 2

) 11 bkg - ocrnTOLJHblH HeKorepettTHblH cj>oH, 
11Mel0ll{l1H MeCTO B 3KCnep11MeHTe no pacceHHl1IO HeHTpOHOB. 

3aKOH pacceHHl1H Ha on11HOLJHb1x se111KyJJax s 06JJacT11 q, ynosJJernopHIOllleH 
ycJJos11io 1/ Rv ~ q ~ 1/ Rt, MO)KHO 1an11caTb B s11ne np116J111)Kett11H KpaTKl1-
nopona: 

l(q) = /0 q- 2 exp [-Rfq 2
]. (2) 
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YlcnoJlbJYH 1aBHCHMOCTb In (lq 2
) OT q2 111 pa.u11yca rnpau1111 Rt MO)l{HO 

onpe.ueJlHTb TOJllUHHY MeM6paH KaK db = m Rt c TOLfHOCTbl-0 I A [5]. TOLfHOe 

3Hal.feHHe db MO)l{eT 6b1Tb noJlyLfeHO B COOTBeTCTBHH c pa60TOH [ 6]; 

E) Pacce11nue 11a MCB xapaKTep111yeTCH .u11cjlpaKuHOHHblM nttKOM c 

aMnJ111Ty.Uoi1 A 11 w11p11Hoi1 w B o6JlaCTH q "" 0.1 A- 1 
Ha KpttBoi1 MYPH, KOTOpb1i1 

MO)l{HO onttcaTb cjlyHKuttei1 rayccttaHa B BM.Ile A. exp[- (q - qo) 2 /2w 2
]. no 

nOJlO)l{eHHl-0 qo, KOTOpOMY COOTBeTCTByeT MaKCHMaJlbHaH HHTeHCHBHOCTb 

.llHcjlpaKuHOHHOro nttKa, JlerKO onpeneJlHTb nepHOll noBTOpHeMOCTH 

MYJlbTHCJlOHHOH CTPYKTYPbl KaK d = 2rr/q0 . 

)l.nH annpoKCHMau1111 KpHBOH MYPH B noJlHOM .u11ana10He BeKTOpa pacceHHHH q 
B cJlyYae pacceHHHH Ha MCB 11cnOJ1b1yeTCH cjlyHKUHH: 

l(q) = Bq-a + A· exp[- (q - q0 )
2 /2w 2 ] + bkg, (3) 

r.ue nepBblH LfJleH - CTeneHHOH 1aKOH pacceHHHH c nOKa:laTeJleM CTeneHH a < 4 B 

06J1acn1 MaJlblX q, B - Macwrn6Hb1i1 K03QlQlHuHeHT; 1 

B) Pacce1111ue na cucmeMax, cocmo111U,ux u1 OCB u MC. np11cyTcrn11e 

pa3JlHLfHblX opraHHLfeCKHX pacrnopHTeJleH HJlH HOHOB B pacrnopttTeJle MO)l{eT 

npHBO.llHTb K CTPYKTYPHblM nepexo.uaM <DX MeM6paH: OCB ---+ MCB H MCB ---+ 

OCB. B 3TOM CJlyYae nptt aHan111e 3KcnepttMeHTaJlbHblX .uaHHblX Heo6xo.u11Mo 

yYttTblBaTb BKJla.ll, KaK OT O.llHOCJlOHHblX, TaK 11 OT MYJlbTHCJlOHHblX se111KyJ1. 

YIHTeHCHBHOCTb pacceHHHH .llJlH TaKHX KOM6HHHpOBaHHblX CHCTeM HMeeT BHll: 

l(q) = 10 q-2 exp [-Rfq 2
] · ( 1 +A exp [- (q;~~)

2

]) + bkg . (4) 

TpeTbH rJJaBa nocBHLUeHa 111yYeH11t-0 BJlHHHHH HOHOB Ca
2
+ Ha CTPYKTYPY 11 

cjlaJOBble nepeXO.llbl <I>X MeM6paH, npHroTOBJleHHblX pa3HblMH cnoco6aMH H npH 

pa:!HblX TeMnepaTypHblX pe)l{HMaX. npoBe.UeHHble HCCJlellOBaHHH nOKa3arIH, LfTO 

TeMnepaTypa OCHOBHOro cjla:iosoro nepexo.ua B npHCYTCTBHH HOHOB KaJlbUHH 

yseJlttLfttBaeTCH. TaK 0.1 MM HOHOB Ca2
+ B pacrnope CaCl2•2H 20 /D20 C.llBttraeT 

T,11 Ha I °C [A.5]. 

C yseJ1w1eHtteM KOHueHTpautttt HOHOB KaJlbUHH peM111yeTCH nepexo.u MCB 

)l,M<I>X B <<HeCBH3aHHOe» COCTOHHHe, KOTopoe xapaKTep111yeTCH 3HaLfttTeJlbHblM 

yseJ1ttLfe1rneM nep110.ua nosrnpHeMOCTH ( - 250 A) MYllbTHCJlOHHbIX MeM6paH, KaK B 

reJ1esoi1, TaK H B )l{H.llKOKpttcTMJlHYecKoi1 cjla1ax (Pttc. I). AHan111 .uaHHblX, 

nollyYeHHbIX c noMOLUbl-0 MeTona ManoyrnoBoro pacceHHHH Hei1TpOHOB, no1BOJlHJl 

c11eJ1aTb BblBOll o HenpepblBHOM (Hepe1KoM) nepexone s 06e11x cjla:iax. Eclltt 

no1106Hb1i1 xapaKTep B )l{K cjla1e 6b1Jl npe11cKa1aH TeopeTttLfeCKH [7-9], TO 

no.uo6Hbli1 pe1yJ1bTaT .llJlH reJ1esoi1 cjla1b1 HeO)l{tt.llaH. KaK 111secTHO, )l{eCTKOCTb 

111r116a Jlttntt.UHbIX 611cJ1oes B cjla1e Lf3. 6oJlbWe, lfeM B cjla1e 4i_, BCJlellCTBHe Yero 

OH.llYJIHUHH XeJJbQlpttra B reJleBOH cjla:ie no.uasJleHbl. noJlyLfeHHblH BbIWe pe1yJlbTaT 

CTaBHT non COMHeHHe TaKYl-0 TOLfKY 1peHHH. 

JO 

)l,eTaJlbHbIH aHMH3 KpttBbIX MYPH !lJlH )l,M<I>X MCB B npttcyTCTBHH HOHOB 

Ca2+ B .u11ana:i0He KOHueHTpau11i1 0-1 MM B cMectt CaCli•2H20 /D20 (Pttc. 2, 

BBepxy) no3BOJlHJl ycTaHOBHTb, LfTO 3Hal.feHHH KpHTHLfeCKHX KOHUeHTpau11i1 HOHOB 

Ca2+, nptt KOTOpbIX Ha6J1t-0.UaeTcH nepexo.u MCB B <<HeCBHJaHHOe» cocTOHHtte, 

1aBHCHT KaK OT MaCCOBOH llOJlH JlHntt.ua B CMeCH, TaK H OT ycJlOBHH npose.ueHHH 

3Kcnep11MeHTa . .[{.nH MCB )l,M<I>X ( 1.0 Mac.%) 3TH JHaYeHHH onpe.ueJleHbI 111 

JaBHCHMOCTH HHTerpallbHOH nJJOLUa.UH (S;,,,g) .u11cjlpaKuHOHHOrO nHKa OT 

KOHueHTpau1111 HOHOB KaJlbUHH (PHC. 2, BHH3y) KaK: C~az+ = 0.33(3) MM B cjla1e 

Lf'>. H c~a2+ = 0.37(2) MM B cjla1e 4 nptt nepexo.ue CHCTeMbl 113 reJleBOH B 

)l{H.llKOKpHCTaJlJlHLfeCKYl-0 cjla1y (cepW! o6pa3lj08 A-[), c~a2+ = 0.56 MM npH 

nepexo.ue 4 ---+ Lf'>. BO Bcex 11ccJ1e.uyeMblX cjla:iax (cepW! o6pa3lf08 A-II, P11c. 2). 

)l.nH MCB )l,M<I>X (0.5 Mac.%) JlHHei1HaH annpoKCHMauttH 1as11c11MOCTH S1111g OT 

Cca2+ npH S1111g = 0 .uaeT CJle.Uyt-OLUHe 3Hal.feHHH: c~a2+ = 0.29(2) MM B reJleBOH cjla:ie 

H c~a2+ = 0.33(2) MM B )l{H.llKOKpHCTaJlJlHYeCKOH cjla:ie (cepW! o6pa3lf08 A-[). 
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Puc. I. 3a6ucUMocmb nepuooa noGmo­
pReMocmu d om KOHl~e11mpalfUU uo1106 
KaJlblfUR ORR MCB J{M<t>X I Mac.% 6 cMecu 
CaC/2•2H20 /D20: omKpb1mb1e Kpyzu - 6 
zellb (T = I 5 °C} u JaKpaw.eHHble Kpyzu -
6 )f(K (T = 55 °C) </Jmax 6 uumep6aJ1e 
KOHlfeHmpaZfUU UOf/06 KaJlblfUR 0 mM 5 
Cea•+ 5 JO mM, nyuKmupublMU J1uuuJ1.Mu 

0603ua1te11a 06J1acmb nepexooa MCB 6 
<<Hec6RJau11oe» cocmoR11ue I-+ If. 

00!2 006 
H1<lefll"nloHD~ FWHM 

• T•55°C • T•55JC 

.i.0010~ Q T•lcfC a r•1crc 

I 0.00. 

.Joos 

i 00061 ~-ll;,..!!"'"'.;; 1004 ~ 
looo. 

r ~~ ... ..j 0.03 

:f 0002j '!/i 

0000 002 
015 020 025 0.30 035 0-40 0-45 050 055 0.60 

KOHLt&HTpattKR MOH08 Car, MM 

Puc.2. B6epxy - KpU6bie MYPH ORR MCB 
J{M<t>X (I Mac.%) 6 cMecu CaCl2•2H20! 
D20 6 )f(K </Jme OJIR cepuu o6pa:Jlf06 A-II; 
6HU3Y - 3Q6UCUMOCmb u11mezpaJ1bHOU nJIO­
UfOOU Ou</JpOKlfUOHflblX nUK06 U U.X nOJIHOU 
w.upUflbl HQ ypo6He nOJI06UHflOU Q.MfUIU­
myObl (FWHM) om Ccaz+ OJIR cepuu 06pa1-
lf06 A-If npu meMnepamypax 55 u JO 0 C. 
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npe)lJIO)l(eH MeTOA paCl.feTa KOHCTaHTbl CBll3bIBaHHll HOHOB Ca
2
+ C MeM6paHHOH 

noeepxHOCTbIO <l>X MeM6paH (Kcaz+) np11 <!>opM11poeaH1111 KOMnneKcoe Ca
2
+/n11nHA 

)Lllll cep1111 o6pa3uoe A-I no AaHHbIM MYPH. KoHCTaHTY CBll3bIBaHHll MO)l(HO 

onpeAeJlHTb, 3Hall KOJlHl.feCTBO CBll3aHHblX HOHOB KaJlbUHll (0.08 MM) c JlHn11AHblMH 

MOJleKyJlaMH (Xh, B MOJlb/ MOJlb) 11 HCnOJlb3Yll H30TepMy aAcop6UHH JleHrMIOpa B 

B11Ae: 

Xb/(l - nXb) = Kcaz+( C~a2+ - XbC1), (5) 

rAe n - l.fHCJlO MOJleKyJl JlHnHAa, CBll3aHHbIX c OAHHM HOHOM KaJlbUHll, C1 -
KOHUeHTpaUHll ,ZJ,M<l>X e MM. Paccl.fHTaHHbie KOHCTaHTbI CBll3bIBaHHll HOHOB Ca

2
+ c 

MeM6paHHOH noeepxHOCTbIO ,ZJ,M<l>X: Kcaz+ = 22 M-
1 

B reneeol1 <!>aJe H 

K caz+ = 19 M-
1 

B )l(K <l>a3e HaXOAllTCll B xopoweM coorneTcTB1111 c AaHHbIMH, 

nonyYeHHbfMH aJlbTepHaTHBHbfMH MeTOAaMl1 )Lllll HeHTpaJlbHO 3apl!)l(eHHblX <l>X 

MeM6paH, HO c 60JlbWl1M 3HaYeH11eM Ccaz+ H111n11 np11 HaJlHl.fl1H B pacrnop11Tene 

HOHOB Na+ H Cr [10-12). 0THOWeHHe KOJlHl.feCTBa CBll3aHHblX HOHOB KaJlbUHJI K 

KOJlHl.feCTBY JlHnHAHblX MOJleKyJl B nepeXOAHOH o6JlaCTH COCTaBJllleT I /198 B 

reneeol1 <1>a3e H 1 /185 B )l(K <!>aJe. 

np11 A06aBJleHHH HOHOB Ca
2
+ HeHTpaJlbHO 3apl!)l(eHHbie <l>X MeM6paHbl C 

nJlOTHOCTbl-0 noeepXHOCTHOro 3apl!Aa O"o = 0 CTaHOBllTCll nOJlO)l(HTeJlbHO 

3apl1)1(eHHblMH. np1106peTeHHYIO nJlOTHOCTb noeepXHOCTHOro 3apl!Aa O" B o6naCTH 

nepexoAa MCB e OCB )Lllll MeM6paH, cocTOllLUHX TOJlbKO 113 <1>oc<1>on11nHAHbIX 

MOJleKyJl, MO)l(HO onpeAeJlHTb no <!>opMyne[I3]: 

a = a0 + (2e0 / A1)X b , (6) 

rAe e0 - 3JleMeHrnpHbIH 3JleKTpHYeCKHH 3apllA (1.6 · I0- 19 
Kn), A1 - nnomaAb 

noeepXHOCTH JlHnHAHOH MOJleKyJlbl. ,lJ,Jlll pacl.feTOB HCnOJlb30BaHbl 3Hal.feHHll 

A 1 = 47.2 A2 
e reneeol1 <!>aJe [14] 11 A 1 = 64.5 A2 

(ycpeAHeHHoe 3Hal.feH11e no 

AaHHbIM, nonyYeHHblX AJlll 50 11 60 ° C B [ 15]) B )l(K <l>a3e. Bbil.fHCJleHHll 

noKa3bIBaIOT, YTO e o6nacTH nepexoAa MCB ,ZJ,M<l>X 1 Mac.% 113 «CBll3aHHOro» 

COCTOllHHll B «HeCBll3aHHOe» MeM6paHHall noeepXHOCTb HMeeT nJlOTHOCTb 

noeepxHocrnoro 3apl!Aa 3.7 · I0-2 
Kn/ M

2 
np11 T = 15 ° C 11 2.6· I0-2 

Kn/M
2 

np11 

T = 55 °C. nonyYeHHbie 3Hal.feHHll a xopowo cornacyIOTCll c AaHHbIMH, 

nonyYeHHbIMH paHee e [IO]. 

OnpeAeJleH pllA TepMOA11HaM11l.feCKHX napaMeTpOB B o6nacTH nepexoAa MCB 

,ZJ,M<l>X 113 «CBll3aHHOro» COCTOllHHll B <<HeCBll3aHHOe». npeAnOJlarall, l.fTO 

MexaHl13M accou11au1111 JlHnHAHblX MOJleKyJl c HOHaMH KaJlbUHll OAHHaKOB BO ecex 

<!>aJax, KOllCTUllTa K ca2+ H3MeHlleTCll JlHHeHHO c TCM nepa·1 ypoi-1 co mac HO 

ypanHCHl1IO Bain-ro<l>tpa r 16] 

In Kcaz+ = _ t.H
0 + aso 

RT R ' 
(7) 

r:.ie R - ra3oBall r1ocHJ}IHHaH (R = 8,31 ,ZJ,)l(/(MOJlb·K)). !lH 0- WlMCHCHHe JHTa.JlbllHll 

11 !lS 0 - H3MeHeHHe 3HTponHH. 1'13 noCTpoe1111si BaHT-focjl<f>a (In Kcaz+ OT l/T), rAe 

12 

HaKJlOH npllMOH paeeH -/lH 0 
/ R, a nepecel.feH11e npllMOH c OCbIO In K caz+ eCTb 

eenHYHHa ti.S 0 
/ R, onpeAeJleHo: ti.H = -3 K,lJ,)l(/ MoJlb, ti.S = 0.015 K,lJ,)l(/ (MoJlb· K). 

nocKOJlbKY !:J.H < CJ . TO MO)l(HO CAeJlaTb BbIBOA 0 TOM, l.fTO npouecc CBll3bIBaHHll 

HO HOB KaJlbUHll C ,ZJ,M<l>X MeM6paHOH npH [ ca2+ - [~a2+ llBJllleTCll 

3K30TepM Hl.feCKHM . 

3Hall KOHCTaHTY CBll3blB3H11ll K ca2+ , MO)l(HO onpeAeJlHTb CB060AHYIO 3HeprHIO 

r1166ca (ti.G 0
) - H3MeHeHHe 3HeprHH B pe3yJlbTaTe aCCOU11aUHH HOHOB Ca2

' c 

MeM6paHHOH noeepxHOCTbl-0. B XHMHl.fCCKHX npoueccax OAHOBpeMeHHO AeHCTBYIOT 

ABa nporneonOJlO)l(HbfX <!>aKTOpa: 3HTponHHHbfH (Tti.S) H 3HTaJlbnHHHblH (llH). 
CyMMapHbIH J<!><!>eKT 3THX npOTHBOnono)l(HbIX <!>aKrnpoe e npoueccax, 

npoTeKaIOLUHX npH nOCTOllHHOM A3BJleHHH H TeMnepaType, orrpeAeJll!eT 

H3MeHeHHe 3HeprHH fH66ca: 

ti.G 0 = !lH 0 - Tti.S 0 . (8) 

Y!cnOJlb3Yll COOTHOWeHHll (7) H (8) )Lllll BeJlHl.fHHbl !lG 0 MO)l(HO noJlyl.fHTb 

CJleAyIOLUee COOTHOWeHHe: 

ti.G 0 = - RT In Kcaz+ . (9) 

TaKHM o6pa30M, H3MeHeHHe 3HeprHH r1166ca COCTaBJlllCT -7.4 K,lJ,)l(/ MOJlb B Lri ' 

<l>a3e H -8.0 K,ZJ,)l(/ MOJlb B 4 <l>a3e. nocKOJlbKY ti.GO < 0 , TO npouecc CBll3bIBaHHll 

HOHOB KaJlbUHll c MCB ,ZJ,M<l>X - caMonpoH3BOJlbHall (3K3eproHHYecKall) peaKUHll. 

,ZJ,anee npoBeAeHO cpaBHeHHe BJlHllHHll HOHOB KaJlbUHll Ha TOJlLUHHY JlHnHAHOro 

611cnoll OCB, o6pa3oBaHHbIX H3 MCB 11 np11rorneneHHbIX MeTOAOM 

3KCTpYAHpoeaHHll (PHc.3). OnpeAeJleHo, 'ITO <1>opM11poeaH11e OAHOCJlOHHbIX 

Be3HKYJl (cepzm o6pa3l/08 A-I) c TOJlLUHHOH JlHnHAHoro 611cnoll (dhm), 
coorneTcTByIOLUei1 TOJlLUHHe n11n11AHOro 611cnoll )Lllll OCB B OTCYTCTBHH HOHOB 

Ca
2

+ (dh 11), Hal.fttHaeTCll B npeAnepexOAHOH 06nacT11 np11 Ccaz+ = 0.3 MM KaK B 

reneeol1, TaK 11 B )l(K <!>aJax. B o6nacrn nepexoAa MCB 113 «CBll3aHHoro» 

COCTOllHl1ll B <<HeCBll33HHOe» Ha6JlIOAaeTCll pOCT BeJlHl.fHHbl dhm· np11 nOJlHOM 

pa3pyweH1111 MYJlbTHCJlOHHOH CTPYKTYPbl MeM6paH o6Hapy)l(eHo, YTO TOJlLU11Ha 

n11n11AHOro 611cnoll He H3MCHlleTCll c yeeJlHl.fCHHe BCJll1l.fHHbl Ccaz+ 11 Ha 2.5/ 1.5 A ( 
LP. I 4,.) 6oJlbwe, YeM eeJlHYHHa dh,, )Lllll OCB ,ZJ,M<l>X e D20. 

,lJ,Jlll cepttll o6pa3uoe A-II ycrnHOBJleHo, YTO 113 MCB <1>opM11pyIOTCll OCB c 

TOJlLU11HaMH 611cnoee, paBHbIMH TOJlLU11HaM 611cnoee np11roToeneHHbIX OCB. 

,ZJ,o6aBJleHHe 110HOB KaJlbU11ll Ha HHTepeane KOHUeHTpau11i1 0.25 MM :S Cca2+ :S 0.5 

MM He BHOCHT H3MeHeH11l1 B CTPYKTYPY JlHnHAHOro 611cnoll. B yKa3aHHOM 

A11ana3oHe 3Hal.feHHll dh,, paBHbI 40.2(3) A B La <!>aJe, 43.2(3) A 11 47.5(2) A B L p" 

<1>a3e np11 TeMnepaTypax 15 H 10 °C, COOTBCTCTBCHHO. 3rn BeJlH'IHHbf 60JlbWC, l.feM 

TOJlLUHHbI OCB 6e3 Ao6aeneH11ll 110HOB Ca2
', AJlll KOTOpb1x onpeAeJleHbI 
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cne.11.y10m11e 3Ha4eH1111: 36.2( I) A np11 T = 55 °C, 41.2( I) A np11 T = 15 °C 11 
41.8(2) A np11 T= IO °C. 

0CHOBbIBal!Cb Ha .u.aHHblX no 113MeHeHl110 T0Jlll.(11Hbl JJ11n11.11.Horo 611CJ!Oll, B 
pa6oTe npo.11.eM0Hcrp11poaaHo, 4TO 110Hb1 Ca2

+, CBll3bIBal!cb c non11pHoi1 ronoaoi1 
Jll1n11.U.HblX MOJJeKyJJ, 113MeHl!IOT HanpaBJJeH11e p--N+ .11.11nOJlll B CTOpOHY 
MelKMeM6paHHOro npocrpaHCTBa OT npaKTl14eCKl1 napanJJeJJbHOro OTHOCl1TeJlbHO 
nnocKocT11 ~M<l>X MeM6paH a ao.u.e (P11c.4): .11.Jlll o6paJuoa cep1111 A-II yron a 

MelK.U.Y BeKTOpOM p--N+ 11 HOpMaITblO K nJJOCKOCTl1 MeM6paHbl COCTaBJJlleT 65° B 4. 
<f>a3e 11 69.4° B L p' <f>aJe (T= I 0 °C) B .11.11anaJOHe KOHUeHTpau11i1 110HOB KaJlbU11ll 

OT 0.4 .u.o 1.0 MM; .11.Jlll OCB, 06paJ0BaHHb1x 113 MCB (cepUR o6pa3tfOB A-1), yron a 
COCTaBJJlleT 80°, 74° 11 72° np11 KOHUeHTpau1111 110HOB KaJlbU11ll 0.3, 0.4 11 0.5 MM, 
cooTBeTCTBeHHO, e )l{K <f>aJe, .11.Jlll np11roTOBJJeHHb1X OCB 113MeHeH11e HanpaaneHHll 
r--N+ .11.11non11 He o6HapylKeHo. 
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Puc.3. 3a6ucUMocmb mOAUJUHbl J1unu0Ho20 6ucJ10R om 

KOHl/eHmpa11uu uoH06 KQJlbl/Ufl OAR MCB /1,M<PX 

(1 Mac.%) 6 pacm6ope CaC12•2H10/D10 (cepuR A-1) u 

OCB /1,M<PX (I Mac.%) 6 zeJ1e6ou (T = 15 °C) u )f(K 
(T = 55 "C) r/Ja3ax. 

===]JJ~)~,~ 

0 MM CaCl, 0.5-1 MM CaCI, 

~~· p-

Puc.4. CxeMamu•moe u306pa:J1Ce­

HUe U3MeHeHUfl Hanpa6!1eHUfl P--N" 
ounOJlfl 6 )f(K r/JG3e: CJle6a - OCB 

/1,M<PX (I Mac.%) 6 D20; cnpa6a -

OCB /1,M<PX (I Mac.%) 6 

pacm6ope CaCl1•2H101D20. 
noAy'leHHblX u3 MCB. 

B 3aKJJI0411TeJJbHOH 4acT11 :noi1 rnaBbl npe.u.cTaeneHbI pe3yJJhTaTbI 
11ccne.11.oaaHm1 CJJHllHl1ll MCB ~M<l>X (I Mac.%), npwrOTOBJJeHHbIX B 0 20, KOTOpoe 
HH.11.YUHpyeTCll np11cyTCTBl1eM 110HOB KaJlbUHll BO BHeWHeH cpe.u.e c KOHUettrpau11ei1 
2 0.3 MM B )l{K <f>aJe (Pwc.5). J13 annpoKCHMau1111 .11.11<f>paKUHOHHb1x nHKOB 
<f>YHKUHeH fayccwaHa (Pwc.5.a, npaBall BCTaBKa) OOJl)"-leHbl 3aBHCl1MOCTH W11p11Hhl 
(FWHM - w) 11 11HTerpanbHOH nnoma.u.11 .U.H<f>paKU110HHOro OHKa OT KOHUeHrpau1111 
110HOB KaJlhUHll (P11c.5.6), OTKy.u.a cneeyeT, 4TO pa3pyrneH11e MYJJhTHCJIOHHOH 
crpyKrypbl npo11CXO.U.11T np11 c~a2+ = 0.56 MM, KaK H .11.Jlll MCB ~M<l>X, 

14 

H3Ha4anbHO npwroTOBJJeHHbIX B pacrnope CaCl2•2H20 /D20 (cepUR o6pa3lfOB A-If) 
c 3a.11.aHHOH KOHUeHrpau11eA HOHOB KaJJbUHll. 0.u.HaKO .11.Jlll .u.aHHOH Cl1CTeMbl 
<f>opM11poaaH11e OCB He Ha6n10.11.aeTCll . OueHeHHb1e Koppen11UHOHHh1e .U.JJ11Hbl 
paccellHHH KaK c; = 2n/w 11 nep110.11.b1 noeTOpHeMOCTH MYJJbTHCJJOHHOH cTpyKTYPbI 
KaK d = 2rr / q0 npe.u.crnaneHbl Ha Pwc.5.6. 
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(a) 
Puc.5. (a) - U3MeHeHue KpU6blX MYPH OJlfl MCB /1,M<PX (I Mac.%) 6 D20 npu oo6a6JleHUU 

UOH06 KQJlbl/Ufl; 6epmUKQJlbHaR nyHKmupHaR JIUHUR pG32paHU'IU6aem o6;wcmu 

ourjJpaKl/UOHH020 u Koppellfll/UOHH020 nuK06, annpOKCUMal/Ufl KOmOpblX r/JYHKl/Ueu 

I'ayccuaHa npeocma6JleHa JIUHURMU Ha 6cma6Kax OAR :JKcnepUMeHmGJlbHbLX oaHHbtX (mo'IKU) 

OJIR coom6emcm6y10UJUX KOHl/eHmpa11uu; (6) - 3a6ucUMocmb UHme2pGJ1bHOU nllOUJaOu (S1111g) 
U UWpUHbl (w) 0Ur/JpaKl/UOHH020 nuKa Om KOHl/eHmpal/UU UOH06 KGflbl/UR; (e) - 3a6UCll.MOCmb 

nepuooa noemopReMocmu (d), KOppellRl/UOHHOU OJIUHbt ((), onpeoeJ1eHHblX U3 annp0Kcw.w11uu 

ourjJpaKl/UOHH020 nuKa, u paouyca 6e3UK)lll (Rv), onpeoeJ1eHH020 U3 annpoKcUMa11uu 

Koppellfll/UOHH020 nuKa, om KOHl/eHmpa11uu UOH06 KQJlbl/Ufl. 

no nOJJOlKeHl1IO qo lll11pOKOro nHKa, KOTopoe onpe.u.eneHO 113 annpOKCHMau1111 
3KCnep11MeHTaJJbHblX .u.aHHblX <l>YHKU11eH fayccwaHa (Pwc.5.a, JJeBaH BCTaBKa), 
MOlKHO Bbl4HCJJHTb xapaKTepHblH pa3Mep c<f>opMHpOBaHHblX o6beKTOB, Ha KOTOpblX 
np0Hcxo.11.11T pacceHHl1e. TaK R9 = 2rr/q0 cocrnBJJHeT 366.5, 338.1 11 296.3 A .11.JlH 

Cca2+ = 0.3, 0.4 H 0.5 MM, COOTBeTCTBeHHO. npe.u.nonaraH, 4TO c<f>opMwpoeaHHble 
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06beKTb1 11Me10T ccj>ep11YecKy10 cj>opMy c Rv = (5/3)1!2 R9 , noJJyYeHbl pan11ycb1 

610.9, 563.6 11 493.8 A .llJlH yK33aHHblX Bbl We KOHUeHTPau11i1. 3rn 3HaYeH11J1 

cosnanalOT c KOppeJJJIU110HHblMl1 ,llJll1HaMl1 pacceHHl1JI c yYeTOM ow1160K 11X 

onpeneJJeH11J1, noJJyYeHHblX np11 aH3Jl113e n11cj>paKu110HHb1x n11KOB nJJH Tex )Ke 

KOHUeHTpau11i1 : 624.9, 573.4 11 494.6 A. KoJ111Yecrno cJJoes MCB, KOTopoe MO)l(eT 

6b1Tb oueHeHo KaK N = i; I d, B 11HTepB3Jle KOHUeHTpau11i1 110HOB K3JlbU11H OT 0.3 no 

0.5 MM yMeHbwaeTCH c 10 no 7 . Ha ocHose 3rnx naHHblX npenJJo)l(eHa MoneJJb 

CJll1J1Hl1J1 <DX MeM6paH B np11cyTcrn1111 110HOB Ca
2
'. 

TaK11M o6pa30M, B pa6oTe noKa3atto, YTO, c onttoi1 CTopoHbl , np11 yseJ111YeH1111 

KOHUeHTpau1111 110HOB Ca
2
+ (Ccaz+ 2: I MM) Cl1Jlbl 3JleKTpocrnT11YecKoro 

OTT3JlKl1BaHl1JI BHOCHT cywecrneHHbl H BKJlan B Me)l(MeM6paHHble B3al1MO,lleHCTBl1JI, 

Bbl3b1BaJ1 pa36eraH11e 611CJJOeB Ha 3Ha411TeJlbHble paCCTOJIHl1JI. c npyroi1 CTOpOHbl, 

3JleKTpOCTaTl14eCKOe OTT3JlKl1BaH11e B np11cyTCTBl1l1 He60JlbWOfO KOJll1lJecrna 110HOB 

K3JlbU11JI (Ccaz+ < 1 MM) JlerKO npeonOJll1MO, 11 MeM6paHbl MOryT Haxon11TbCJI Ha 

.llOCTaTOlJHO 6Jll13KOM pacCTOJIHl111 npyr OT npyra (cTep114eCKl1H KOHTaKT), 

4aCTl1'1HaJI ner11nparnu11J1 Jll1fll1.llHOf0 CJlOJI <DX MeM6paH np11 no6aBJleHl111 110HOB 

Ca2
+ np11son11T K ocJJa6eBaH1110 r11npaTau110HHOro OTT3JlK11BaH11J1. 3To J1BJJJ1eTCJ1 

np11411HOH CJll1JIHl1JI cocenH11X MeM6paH. 

B <ieTsepTOH rnase 06cy)l(.llaeTcJ1 BJll1J1H11e cyJJbcj>OKc11nos Ha CTPYKTYPY 11 

cj>a30Bble nepexonb1 <DX MeM6paH B 3as11c11MOCT11 OT MOJlbHOH noJ111 ,[{MCO 11 

,[{3CO (X) B pacTsope cyJJbcj>oKc11,ll/Bona. MernnoM MaJloyrnosoro pacceJ1H11J1 

HeHTpOHOB noKa3aHO, 'ITO nep110.ll noBTOpHeMOCTl1 d CBe)l(enp11roTOBJleHHblX 

MYJlbTl1CJJOHHblX MeM6paH yMeHbwaeTCH c pocTOM X, 11 np11 X;1Mrn = 0.8 

cj>opM11pyeTCJI cj>a3a c B3al1MHblM npOHl1KHOBeH11eM yrnesonoponHblX XBOCTOB 

(P11c.6). nono6Horo 3cj>cj>eKTa B np11cyTCTBl1l1 ,[{3C0 He 06Hapy)l(eHO. 4aCTl14HaJI 

3aMeHa BO.llbl Ha ,[{MCO no X;1Mrn = 0.13 np11son11T K He3Ha411TeJJbHOMY 

yMeHbWeHl1IO T0Jlllll1Hbl 0.llHOCJlOHHblX Be311KYJl dh, n3JlbHeHWl1H pocT 

KOHUeHTpau1111 ,[{MCO no X;1Mrn = 0.4 He BJ111J1eT Ha BeJ111LJ11Hy dh B L/J . cj>33e. 

YseJ111YeH11e MOJlbHOH .llOJll1 ,[{MCO B pacrnope ,[{MCO/ sona npaKrnYecK11 He 

BJll1HeT Ha TOJlllll1HY OCB B 11ccJJe.llyeMOM n11ana30He X;1Mrn B La cj>33e [A I]. 

Jl11Hei1Hoe yMeHbweH11e TOJlllll1Hbl onHocJJOHHblX se311KyJJ ,[{M<DX 6b1J10 

o6Hapy)l(eHO B n11ana30He MOJlbHblX noJJeH 0-0.2 ,[{3CO B pacrnope ,[{3CO/ D20 c 

41.2 A .llO 34.1 AB L{J' cj>aJe 11 c 36.2 A no 27.5 AB La cj>a3e [A4]. np11'111HOH 

nono6Horo BJll1JIHl1JI cyJJbcj>OKCl1,llOB Ha T0Jllll11HY J111n11nHoro 611CJlOJI JIBJlJleTCJI 

yseJ111lJeH11e p0lll1 r11.llpOcj>06HblX B3al1MO.lleHCTBl1H B CJlyYae ,[{3C0. nono6Hoe 

yMeHbWeH11e BeJll1411Hbl dh MO)l(eT 6b1Tb CJle,llCTBl1eM KaK 60JlbWero HaKJlOHa 

p-- N· n11nOJlJI B CTOpOHY Me)l(Me6paHHOfO npoCTpaHCTBa, KaK 3TO 11MeeT MeCTO B 

reJJeBOH cj>a3e B CJlyYae ,[{MCO [ 17], TaK 11 CBH3aHO c KOHcj>OpMaU110HHblMl1 

113MeHeHl1JIMl1 <DX MOJleKyJl. 

KoMnJJeMeHrnpHoe 11cnoJJb30BaH11e seJ111Y11H d 11 dh no3BOJll1JlO onpeneJ111Tb 

Me)l(MeM6paHHOe paCCTOJIHl1e (d,). noKaJaHO, lJTO d_, 3HalJl1TeJlbHO yMeHbWaeTCJI C 
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:, 

pocToM X;tMco, 11 npw X;1Mro = 0.4 cocenHtte MeM6paHbI HaXO.llHTCJI npaKTl{l{eCKH s 

cTeptt4eCKOM KOHTaKTe .upyr c .upyroM, '!TO npHBO,llHT K CJIHJIHHJO O,UHH04HbIX 

MeM6paH c 06pa3osaHtteM MYJibTHCJIOHHOH CTPYKTYPhl. 3rn 03Ha<taeT, '!TO 

yse1111lJeH11e MOJlbHOH )J,01111 ,[{MCO np11BO.UHT K yMeHbWeHHIO .ueiiCTBl1JI 

KOpOTKO,UeHCTBYIOLU11X Cl1Jl OTTaJlKHBaHHJI: KaK rn.upaTaU.HOHHbl/{, npOJIBJIJllOLU11X 

csoe .ueficTs11e Ha paccTOHHHl1 4-8 A, rnK H cTep11<teCKHX, KOrJJ,a paccTOJIHHe Me)l(.llY 

coce.ntt11M11 MeM6paHaM11 cTaHoB11TCJ1 MeHee 4 A. · 

<( 
68 - ra 

-0 64 • 

60-l 

56 

52 

48 

44 

40 

(a) I <., 

% 
:t: f?fifr'Jif;J# SF m:~n,., 
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• 
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• 

0,0 0,1 
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,llMCO 

• o o e 

XA::o "' 

(B) 

~ . 
... 0.1 

Puc.6. 3a6ucUMocmu (a) nepuooa no6mopReMocmu d, (6) moRUfUHbZ J1unuoH020 

6ucnoJZ dh u (6) Me;J/CMeM6paHH020 paccmoRHWl d., = d - db om MORbltou OOJIU 

J{MCO ORR J{M<PX-d54 MeM6paH (2 Mac.%) 6 pacmiJOpe J{MCOl6ooa 6 2ene6ou 

(T = 12.5 °C) u }f{K (T = 55 °C) c/JG3ax. OmKpblmbze u 3QKpQUlel/l/ble KfJY2U 
coom6emcm6yJOm 2ene6ou u }f{K c/JG3GM. 

I1cnoJJb30BaH11e .uefiTep11posaHHoro AMCO 11 Mernn sap11au.1111 KOHTPacrn no 

BO.Ile n03BOJll1Jll1 BnepBble oueHl1Tb KOJlH'-leCTBO MOJieKyJI ,[{MCO, CHJlbHO 

CBJl33HHblX c MeM6paHofi np11 X;1Mco = 0.2 [A I]. OnpeJJ,e11ett11e 3as11c11MOCTH 

11HTeHCl1BHOCTH B HyJieBOH yron /(0) OT t:.p JJ,aeT B03MO)l(HOCTb Bbl'IHCJlliTb TO'IKY 

KOMneHcau.w11 /(0) = 0 np11 Pm = Ps [5], KaK cneJJ,yeT H3 ypasHeHliJI 

1(0) = L ni (Pm - p5 )
2V?. To4Ka KOMneHcau.1rn onpe.uenetta 113 P11c.7. 

.., 
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Puc. 7. 3a6UCUMocmb .JI (0) om 
npOZJeHmH020 cooepJ/CaHUR DiO 
OJ/R OCB J(M<PX (2 MQC. %) 6 
pacmBope J(MCO-d616oOa 6 2eflb 
</Ja3e (T = 15 °C). MOJ/bHQR OOJ/R 
J(M</JX-d6 X;IMCO-d6 = 0.2. To11Ka 
KOMneHCQlJUU (1(0) = 0) 
coom6emcm8Jlem 34 % D 20 UJIU 

Ps,matching = 3.53•1010 CM-2. 

-0.1 

: y=O 

20 40 60 80 100 

0
2
0,% 

Heo6xo.u11Mo OTMeTHTb, '!TO B .uaHHOM cny'!ae He npe.unonaraeTCll paBeHCTBO 
OTHoweHHH .[(MCO/Bo.ua BHYTPH 11 BHe n11nocoM. Tor.ua p; B TO'IKe KOMneHcau1111 
6y.ueT onpe.ueJillTbCll TaIOKe o6beMOM pacrnopHTeJill CBll3aHHOro c MeM6paHOH. 
Mm1rno noKaJaTb, '!TO a :noM cny'lae Pm H Ps onpe.qenlllOTCll ypaBHeHHllMH (10) H 
(11 ): 

Pm = (bi + n,l\MCOb,l\MCO)f (Vz + v,l\MCOb,l\MCO) 

Ps = XPtJ.MCO + (1- x)Pw' 

(10) 

(11) 

r.ue n,l\MCO - 'IHCJIO MOJieKyJI .[(MCO-d6, CHJlbHO CBll3aHHblX c MeM6paHHOH 

TIOBepXHOCTblO, b,l\MCO = 6• l 0·12 CM H bw - .llJIHHbl paccellHHll TeTIJIOBbIX HeHTPOHOB 
MOJieKyJI .[(MCO-d6 H BO.Ubl B TO'!Ke KOMneHcaum1 (/(0) = 0) .llJlll CMeCH H10ID20, 
r.ue .llJlll 34% D20 b... = 0.54•10-

12 
CM H Ps,matching = 3.53•10

1° CM-
2
, 

COOTBeTCTBeHHO, x = 0.25 - KOJIH'leCTBO MOJieKyJI .[(MCO-d6, npHXO,lllllUHXCll Ha 

O.UHY MOJieKyJiy BO.Ubl paCTBOpHTeJill, Vw = 30• 10-24 CM3 
H V,l\MCO= J l 8• 10-24 CM3 

-

06beM MOJieKyJI BO.Ubl H .[(MCO-d6, COOTBeTCTBeHHO. BbI'IHCJieHHll TIOKaJbIBalOT, 
•no .[(MCO-d6 .UOCTaTO'IHO CHJibHO B3aHMO.UeHCTByeT c TIOJillpHOH rOJIOBOH JIHTIH.Ua, 
npOHHKall B rn.upoQ>HJibHYIO o6JiaCTb JIHTIH.UHOro 6HCJIOll. llHCJIO TaKHX 
((H36bITO'IHblX)) MOJieKyJI .[(MCO-d6 B reneBol! Q>a3e paBHO 3.65, a 06m11if 06beM 
MoneKyn .[(MCO paBeH 430 A3

, '!TO cpaBHHMO c o6beMOM caMoif nonllpHol! roJIOBbI 
JIHTIH.UHOH MOJleKyJlbl H 06bllCHlleT paHee Ha6n10.uaBWHHCll Q>aJOBbIH nepexo.u 
JIHTIH.UHOH MeM6paHbl B Q>aJy c B3aHMHbIM npOHHKHOBeHHeM ueneif. nonyqeHHblH 
pe3yJlbTaT TI03BOJlHJl c.uenaTb BblBO.U 0 TOM, 'ITO np11cyTCTBHe .[(MCO B pacrnope 
.[(MCO/BO.Ua c MOJlbHOH .UOJleH X;[Mco = 0.2 npHBO.UHT K 3Ha'IHTeJlbHOH 
.uern.upaTau1111 MeM6paHol! noBepxHOCTH. 

,[(JHI HCCJle,llOBaHHll BJlHllHHll .[(ECO Ha TeMnepaTypy OCHOBHOro Q>aJosoro 
nepexo.ua <I>X MeM6paH 6bIJl HCTIOJlb30BaH MeTO.U peHTreHOCTPYKTYPHOfO aHanHJa, 
H3MepeHHll BbITIOJlHeHbl Ha JlHQ>paKTOMeTPe .[(POH-4 [A3], a.uanrnpoBaHHOM .llJlll 
11ccne.uoeaHHll KOJlJlOH.UHbIX CHCTeM. Ha np11Mepe MCB .[(TI<I>X (50 Mac.%) 
onpe.ueneHo: .UH3THJlYJlbQ>OKCH.U, KaK H .llHMeTHJIYJlbQ>OKCH.U yBeJlH'IHBaeT 
TeMneparypy OCHOBHOro Q>aJoBoro nepexo.ua <I>X MeM6patt; 3aBHCHMOCTb Tm OT 
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X;13co HOCHT 3KcnoHeHuHanbHbIH xapaKTep; cymecrneHHOro yBeJlH'leHHll Tm npH 
TIOJlHOH 3aMeHe BO.Ubl Ha .UH3THJlCYJlbQ>OKCH.U, KaK 3TO HMeeT MeCTO B cny'lae 
X;/MCO = l, He 06Hapy)l(eHO. npH MOJlbHblX .UOJlllX 060HX CYJlbQ>OKCH,llOB 2: 0.2 
npo11cxo.u11T cTa611n11Jau11S1 reneBoif Q>aJbI MCB .[(M<I>X, o '!eM CBH.UeTeJlbCTByeT 
HC'le3HOBeHHe p11nnn Q>aJbI, ocHOBHOH Q>aJOBbIH nepexo.u c yBenH'!eHHeM X;rx o 
npoTeKaeT B 6onee yJKOM TeMnepaTypttoM .u11anaJ0He (P11c.8). 

< 
s 
t; 
0 
~ 
Q) 
0: 
a. 
~ 
"' 0 
c: 
g 
s: 
a. 
Q) 

c 

80.....-~~~~~~-.---.-~-,.--y-~~~~~--, 

I • I I I X/13CO: 0.0 (•) 

70 

60 

50 

40 
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20 30 

XJJ3CO = 0.2 (•) 

XJJ:JCO = 0.4 (~) 

XJJ3CO = 0.8 ('Y) 

x = 1.0 (0) 
... D3CO 

I~~ 
11·~ 
I I 
I I 
I I 

40 50 60 

TeMneparypa. 0c 
70 80 

Puc.8. 3a6uCUMOCmb nepuo-
oa n06mOpReMOCmU om 
meMnepamypbl OAR MCB 
4lle/>X (50 Mac.%) OAR 
pa3JIU'IHbVC MOJlbHbVC 00J1eii 
43CO 6 pacm6ope 43COI 
H10. BepmuKQJlbHble nyHK­
mupHb1e JIUHUu coom6emcm-
6Jl!Om meMnepamypGM oc­
H06HblX </Ja306bVC nepexoooa 
OAR coom6emcmeyiou1ux 

X;oco· 

l13y'leHbl CBOHCTBa cynbQ>OKCH.UOB B Ka'leCTBe areHTOB CJlHllHHll O.UHOCJlOHHblX 
Be3HKyn Ha np11Mepe .UByx c11cTeM: OCB .[(M<I>X B cMecH cynbQ>oKcH.u/Bo.ua 11 OCB 
.[(M<I>X B eo.ue c .uo6aBJleHHeM cynbQ>OKCH.UOB. noKaJaHO, '!TO OCB .[(M<I>X B 
CMeCH CYJlbQ>OKCH.u/BO.Ua CTa6HJlbHbl .UJlHTeJlbHOe BpeMll TOJlbKO npH X '.S 0.1. npH 
yBeJlH'leHHH MOJlbHOH .uonH cynbQ>OKCH.UOB npo11cxo.u11T CJlHllHHe OCB, npH 3TOM 
Q>opM11pyeTCll MYJlbTHCJlOHHall CTPYKTypa. l13y'leHa JaBHCHMOCTb cKopocTH 
CJlHllHHll MeM6paH OT HCTIOJlb3yeMoro areHTa CJlHllHHll H ero KOHueHTPaUHH B 
pacrnope cynbQ>OKCH.u/Bo.ua. np11 x = 0.2 HCCJle.uyeMbIH npouecc 3aHHMaeT Yi H I 
'lac OT MOMeHTa np11roTOBJleHHll o6pa3UOB B CMeCllX .[(3C0/BO.Ua H .[(MCO/Bo.ua, 
cooTBeTCTBeHHo; CJlHllHHe cee)l(enp11roTOBJ1eHHbIX OCB npo11cxo.u11T npH MeHbWHX 
KOHueHTPaUHllX .[(3CO (0.3), '!eM .[(MCO (0.4) B CMeCH cynbQ>OKCH.u/Bo.ua [A4] . 
TeMneparypb1 ocHOBHbIX Q>aJOBbIX nepexo.uoB .UJlll cQ>opMHpoBaHHbIX MCB BbIWe, 
'leM .llJlll np11roTOBJ1eHHbIX MCB (Tm yseJlH'IHBaeTcll Ha 4.7 °C np11 X;rxrJ = 0.2) 
[A6] . 

CnHllHHe o.uttocnoHHblX MeM6patt xapaKTepHo H np11 .uo6aBnemrn 
cynbQ>OKCH.UOB K OCB .[(M<I>X (2 Mac.%), np11roTOBJieHbIX B so.ue. <I>opM11poeatt11e 
CTa6HnbHOH MYJlbTHCJlOHHOH CTPYKTYPbI B )l{K Q>a3e npo11cxo.u11T B Te'leH11e 
HeCKOJlbKHX MHttyT nocne .uo6aBJleHHll .[(MCO c MOJlbHOH .uoneif 0.1 H 0.2, B TO 
BpeMll KaK Q>opM11poBaH11e cTa6HJibHbIX MCB np11 .uo6aBnemrn .[(3CO JaHHMaeT 
OKOJlO 3-X 'laCOB. npouecc HOCHT TIOCTeneHHblH xapaKTep B HCCJle,llyeMOM 
BpeMeHHOM HHTepBane: yMeHbUJaeTCll TOJlIUHHa JlHTIH.UHOro 6HCJ10ll H 
yBeJlH'IHBaeTCll KOJlH'lecrno MYJlbTHCnoeB .uo 4/5 np11 X;1Mco = 0. 1 /0.2. 
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C<f>opMHposaHHbie MCB s np11cyTCTBHH L(MCO (XJIMCO = 0.1, 0.2) H L(3CO 
(X;rxo = 0.2) CTa6HJJbHbl BO BCeM .u11ana30He HCCJie,nosaHHblX TeMnepaTyp, KaK npH 

nepexo.ue La ~ L /}, TaK H npH nepexo.ue L /} ~La . 
nepexo.u MCB B OCB o6Hapy)l(eH TOJlbKO .um1 CHCTeMbl B npHCYTCTBHH L(3CO 

c MOJlbHOM .llOJleM 0.1 npH oxna)l(,UeHHH B 0611aCTH TeMneparypbl OCHOBHOro 
<f>aJosoro nepexo.ua, np11 ttarpesaHHH CTPYKTypa OCB He H3Memrnacb (P11c.9.a). 

(a) (6) 
c:i: 55 

• 55 ·c 
Cl> 

:i • 50 ·c 50 .... 
• 45 ·c 

0 

.Ii • 40 ·c tJ 
• 35•c 45 0 

• 30 ·c ::c 
Ill ~1 

.. 2s•c s 
40 

0 
• 20 ·c ::c 

Cl> 
15·c .... 

::c 
:s: • 10 ·c < 35 

-o· 
- 30 
"O~ 

"' "O 25 a. 
~ 
"' a. 
Cl> 20 c: 
:::!; 
Cl> 
f- ~~3 

15 

10 
10 20 30 40 50 60 

0.01 0.1 q, A-1 T, °C 

Puc.9. (a) - H3.A<teHeHue KpU6bl.X MYPH Olli! OCB Jl,M<PX (2 Mac. %) 6 D20 noc!le 

006a611emm Jl,3CO (Xmrn = 0.1) u cma6UJ1u3Gl/llll 6 me'leHue 3 'I npu T = 55°C npu 

OXJ/G.Jl<"OeHUU om 55 00 /0°C u Hazpe6GHUU om JO 00 55 °C (6cma6Ka}. llyHKmUpHOll JIUHUeii 

noKa3aHo u1MeHeHue noJ1o:J1CeHUfl q 0; (6) - TeMnepamypHa!I 3G6UCUMocmb cmpyKmypHblX 

napaMempoB cucmeMbl, no!ly'leHHoii Olli! OCB Jl,M<PX (2 Mac. %) 6 D20 noc!le 006a6JleHu11 

Jl,:JCO (X;orn = 0.1): nepuooa no6mop11eMocmu MCB d (/); mo!IUJUHbl J1unu0Hozo 6ucJ1011 dh 
(2); Me.)l('MeM6paHHOZO paccmo11HUR d, (3); mo!IU/UHbl J111n110Hozo 611cJ1011 OCB Jl,M<PX 
(2 MGC. %) 6 D20 (4). lfepHble CUM60Jlbl - Hazpe6GHlle, cepble CUM60Jlbl - OXJ/G:JICOeHlle. 

JlllHllll - annpOKCUMGl/1111 </JYHKl/lleii (/ 0) napaMempa db II np!IMOU napaMempo6 d II d.,. 
BepmuKQJlbHGll nyHKm11pHG11 !lllHllll 0601Ha'laem meMnepamypy ocH06Hozo </JmoBozo 

nepexooa 0!111 OCB JJ.M<PX (2 MGC. %) 6 D20 np11 oo6a6JleHllll JJ,:JCO (X;oco = 0.1). 

~H 11cc11e.nyeMoi1 cHcTeMbI senwrnHa T'm onpe.ueneHa KaK 24.8(9) °C H3 
annpoKCHMaUHH 3aBHCHMOCTH . TOJll.ll,HHbl JIHnH,D.HOro 6HCJIOH OT TeMneparypbl 
<f>YHKu11ei1 EonbUMaHa (PHc.9.6, CHHHe Kpyrn). L(o yKaJaHHOM TeMnepaTypbI 
tta6mo.uaeTCH JIHHeMHbIM pocT nep110.na nosTopHeMocrn OT 43.9(1) .uo 50.2(2) A, s 
TO speMH KaK TOJll.ll,HHa JIHOH,D.HOro 611cJIOH <f>aKTH'leCKH He H3MeHHeTCH B )l(K l\>a3e, 
cpe.nHee 3Ha'leHHe dh MO)l(HO npHHHTb pasHbIM 26.9(5) A, H pacTeT .uo 32.5(2) A 
np11 T= 25 °C, 'lTO CBH3aHo c ysen1111eHHeM paccTOHHHM Me:>K.ny yrneso.nopo.nttbIMH 
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rpynnaM11 rn.npo<f>o6Horo XBOCTa JIHOH.llHblX MOJieKyJJ. B reJJeBOM cjla3e, npH 
TeMnepaType I 0 °C, d,, = 38.3(2) A .llllll OCB L(M<l>X s 0 20 c .1106as11eHHeM L(3CO, 
4TO Ha 2.9 A MeHbwe, 4eM onpeneneHo .llllll OCB L(M<l>X s 0 20, HO Ha 0.8 A 
60JibWe, LieM onpeneneHO LlJlll OCB ,n:M<I>X B .ll:3C0/020. np11 yseJ1114eHHl1 
TeMnepaTypb1 OT I 0 no 55 °C OCB .ll:M<l>X OCTalOTCH cTa611JJbHblMH. 3Ha4eH11e T,,, 
.llJlll Hl1X onpeneneHO KaK 25.9(9) °C, B )l(K cjla3e OT 30 LlO 55 °C Ha611io.11aeTCH 
JIHHei:\Hoe yMeHbweHHe TOJilllHHbI 1111n11nHoro 611cnoH OT 29.4(1) .110 25.2(1) A. 
nocnenHee 3Ha4eH11e cymeCTseHHO MeHbWe, 4eM 6b1110 onpeneneHo LlJJll OCB 
.ll:M<l>X B 020 (dh = 36.2(2) A) HJIH LlJIH OCB .ll:M<l>X B .ll:3C0/020 (dh = 3 I .4(3) A 
npH X;nrn = 0.1 ). 

YlcnOJib3Yll 3aBHCl1MOCTH d H dh OT T (P11c.9.6) MO)[{HO onpeneJJHTb H3MeHeHHe 
Me)l(MeM6paHHOro paccTOHHHH B npennepeXOLlHOH o6JJaCTH, 11cnOJ1b3Yll 
COOTHOWeH11e d, = d - d,,. Bbl4HCJieHl1H noKa3blBalOT, 4TO pacCTOHHHe Me)l(LlY 
COCeLlHl1Ml1 CJIOHMH c yMeHbWeHHeM TeMnepaTypbl OT 55 LlO 30 °C B03pacTaeT 
JIHHeHHO c I 6.5(2) LlO 22.0( I) A H yMeHbwaeTCll LlO I 7 .8(2) A np11 T = 25 °C. np11 
3TOM TeMnepaType yse1111411saeTcll TOJilllHHa n11n11nttoro 611c110H no 32.5(2) A. B 
o6nacTH ocHOBHoro cjla3osoro nepexona, npH nepexone 113 "tteHaKJIOHHoi:\" 
)[{11LlKOKp11CTaJJJll14eCKOM B "HaKJIOHHYIO" renesyio cjla3y, Be311KYJJbl 
necjlopMHPYIOTCll 3a C4eT HeOLlHOpOLlHOM KpHBl13Hbl MeM6paHbl, B03Hl1KalOll.leH 
BCJ1encrn11e cjlopMHpOBaHHll TOOOJIOfHLleCKHX necjleKTOB B HanpasneHHH HaKJIOHa, 
KaK 6b1Jl0 noKa3aHO, Hanp11Mep, B cny4ae rnraHTCKl1X OLlHOCJIOHHblX Be311KYJI 
.ll:M<l>X [I 8]. YMeHbWeHHe rnnpaTaU110HHOrO OTTaJJKHBaHHll B o6nacrn r:n 
np11BOLll1T K c6JIH)l(eH11IO coceLlHl1X 611c11oes, 11 B pe3yJibTaTe Ha611io.11aeTCH CJIHllHl1e 
MeM6paH, KOTopoe conpOBO)l(LlaeTCll pa3pyweHHeM MYJibTHCJIOMHOH cTpyKTYPhl. 
nocKOJibKY MOJ1eKy11b1 X<l> MeM6paH conep)f(aT KaK rnnpocjl1111bHY10 nonllpttyio 
ronosy, TaK 11 rnnpocjlo6Hyl0 4aCTb - yrneBOLlOPOLlHble XBOCTbl, CHCTeMa CTpeMl1TCll 
3aMKHYTbCll. B 11rnre cjlopM11py10TCll OCB. KOTOpb1e crn6HJibHbl 11 B re11esoi1 cjlaJe, 

11 npH nepexone L /i ~La, H s )l(K cjla3e. 

B 3aKJIIO'leHHH KpaTKO 0606meHb1 pe3y11bTaTbl nposeneHHblX 11cc11enosaH11i:\. 

OcttOBHbte peJyJibTaTbt n BbtBOllbt llHCcepTaunoHHOH pa6oTbt: 
I . B pe3y11bTaTe 11ccnenosatt11H cjlaJOBbIX nepexonos <DX MeM6paH ycrnttosneHo, 

4TO y)f(e He3HaL111TeJ1bHOe conep)f(att11e 11ottos KaJihUHll (0. I MM) s pacrnope 
CaCl2• 2H20I020 np11B0Lll1T K pocTy TeMnepaTypbl OCHOBHOro cjla30BOro 
nepexona .ll:M<DX MeM6paH. Ysem14ett11e MOJibHOH LlOJJH .ll:3CO s pacTBope 
cyn hcjJOKc11n/sona: (I) np11BOLlHT K 3Ha411TeJ1hHOMY poCTy sen 11411Hbl T,,,; (2) 
CTa6HJil1311pyeT re11esy10 cjla3y np11 X,orn ?_ 0.2, KaK 11 .ll:MCO; (3) yMeHbWaeT 
TeMnepaTypHblH n11ana30H nepexona npH ,-'(•r.xu = 0.8 no I 0 C. 

2. Onpenenetto, LffO nepexon MCB .ll:M<DX (1.0 Mac.%) s <<HeCBll3aHHOe» 
COCTOllHHe B np11cyTCTBHl1 HOHOB Ca21 HOCl1T HenpepblBHblM xapaKTep KaK B 
)l(K, TaK H s renesoi:\ cjlaJax. H conpoBO)f(LlaeTCll cjlopM11posatt11eM 
OLlHOCJIOHHblX Be311KYJI c TOJlllll1HOfl Jll1011LlHOro 6HCJIOll, npaKTH4eCKl1 
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cooTBeTcrny1mueH To11u.urne 1111n11nHoro 611c11oii JlJJH OCB B OTCYTCTB1111 110HOB 
Ca2+. 3Ha'-!eH11H Kp11T11'-leCK11x KOHUeHTPau11H 110HOB Ca2+, np11 KOTOpblX 
Ha6monaeTcii o6cy)l(naeMblH nepexon, JaB11CHT OT MaccoBOH noJJ11 JJ11n11na B 
pacrnope CaCl2•2H 20 /D20 11 OT TeMnepaTypHblX yc110B11H npoBeneH11H 

3Kcnep11MeHTa. 3rn JHa'-leH11ii onpeneJJeHbl KaK: 0.33 11 0.37 MM B L . 11 L 
fl a 

cj>aJax, COOTBeTCTBeHHO, np11 nepexo.ue Cl1CTeMbl 113 reJJeBOH B )f{K cj>aJy; 

Cca2+ = 0.56 MM np11 nepexone La --> L fl . BO scex 11ccJJenyeMblX cj>aJax. 

3. BnepBb1e no .uaHHblM MYPH npenJJo)l(eH cnoco6 onpeneJJeH11ii KOHCTaHTbl 
CBH3b1BaH11H 110HOB Ca2+ c JJ11n11)lHbIMl1 MeM6paHaM11: K ca2+ = 22 M- 1 B reJJeBOH 
cj>aJe 11 K ca2+ = 19 M- 1 B )f{K cj>aJe; onpeneJJeH piin cj>11J11Ko-x11M11'-lecK11x 
napaMeTpoB B o6JJacrn nepexona MCB )l,M<DX B <rnecBiiJaHHOe» cocTOHH11e: 
nJJOTHOCTb noBepxHocrnoro Japiina 3. 7 ·I 0 2 KJJ/M2 np11 T = 15 °C 11 
2.6·10-2 KJJ/M2 np11 T = 55 °C, 113MeHeH11e 3Heprn11 r1166ca COCTaBJJHeT -7.4 

K)l,)l(/MOJJb B L . cpa3e 11 -8.0 K)l,)l(/MoJJb B L cj>aJe; ycrnHOBJJeHo, '-!TO npouecc 
p a 

CBH3b!BaHl1H 110HOB KaJJbUHH C )l,M<DX MeM6paHOH np11 Ccaz+ = C~az+ HBJJHeTCH 
3KJOTepM11'-lecK11M (!:J.H = -3 K)l,)l(/MoJJb, !:J.S = 0.015 K)l,)l(/(MOJJb· K)); oueHeHo 
11JMeHeH11e HanpaBJJeH11H P-- N + n11noJJii np11 CBHJb1BaH1111 110HOB Ca2+ (0.4 ~ 
Ccaz+ ~ 1.0 MM) c noJJHpHOH roJJOBOH JJ11n11JlHblX MOJleKyJJ: 15° B )f{K cj>aJe 11 
20.6° B reJJesoH cj>a3e. 

4. y CTaHOBJJeHO, YTO B3al1MO)leHCTBl1e )l,MCO-JJ11n11n np11 X JIMCO = 0.2 CBH3aHO co 
JHa'-l11TeJlbHOH nernnparnu11eH JJ11n11nHoro 611cJJoi1. 11cnoJJb30BaHHe 
neHTep11poBaHHOro )l,MCO 11 MeTO)la Bap11au11H KOHTpacrn no BO)le n03BOJJl1Jll1 
BnepBble onpe.ue1111Tb KOJll1YeCTBO MOJJeKyJJ )l,MCO, CHJJbHO CBH3aHHblX c 
MeM6paHOH np11 X;/Mrn = 0.2. 11x lJl1CJJO paBHO 4, a 061Ul1H 06beM TaKl1X 
MOJJeKyJJ paBeH 430 A3

. 

5. OnpeneJJeHO, YTO )l,3CO cymecrneHHblM o6pa30M yMeHbwaeT TOJJIUl1HY 
JJl1nl1)lHOro 611CJlOH <DX MeM6paH: JJl1HeHHOe yMeHbWeH11e TOJllUl1Hbl 
O)lHOCJJOHHblX Be311KYJJ )l,M<DX 6b!JIO o6Hapy)l(eHO B n11ana30He MOJJbHblX JlOJJeH 

0-0.2 )l,3CO B pacrnope )l,3CO/D20 B LP. 11 La cj>aJax, B TO BpeMH KaK 

yseJJHYeHHe MOJJbHOH JlOJIH )l,MCO B pacrnope )l,MCO/BO)la npaKTHYeCKH He 

BJJl1HeT Ha TOJllUl1HY OCB B 11CCJJe.uyeMOM n11anaJOHe X;1Mrn B La cj>aJe. 

6. CpaBHHTeJJbHbtH aHaJJl13 BJJHHHl1H )l,3CO 11 )l,MCO Ha cTpyKTYPY 11 cBottcrna 
JJl1nl1}lHblX MeM6paH n03BOJJl1Jl c.ueJJaTb BblBOJl 0 Ba)l(H0CTl1 rnnpo<j>o6Hb!X 
B3al1MO)leHCTBl1H npH B3al1MO)leHCTBl111 )l,3C0-JJ11n11n. 

7. CnoHTaHHb1e npoueccb1 MCB --> OCB s np11cyTcTs1111 110HoB Ca2+ 11 OCB --> 

MCB B np11cyTcTs1111 cyJJbcj>OKc11noB npo11cxonH nyTeM cJJ11HH11H <DX MeM6paH. 
0oKa3aHO, YTO CJ111HHl1e <DX MeM6paH, a TaK)l(e CTa611JJbHOCTb 11CXO)lHblX 11 
o6pa30BaHHblX Cl1CTeM 3aBl1CHT KaK OT cnoco6a np11rOTOBJJeHl1H o6pa3UOB, TaK 11 
OT TeMnepaTypHblX ycJJoB11H npoBeneH11H 3Kcnep11MeHrn. Ha1160JJee crn611JJbHOH 
HBJlHeTcii c11cTeMa ccj>opM11poBaHHb!X OCB )l,M<DX B CMeC11 CaCl2•2H20 /D20 
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np11 KOHUeHTpau1111 110HOB KaJJbUl1H 6oJJee 0.4 MM. C11cTeMa, KOTOpaii 
B03BpamaeTcii B 11cxonHoe cocTOHH11e, 11cnb1Tb1Baii nepexo.ubt OCB --> MCB B 

)f{K cj>aJe H MCB --> OCB B o6JJacrn cj>aJosoro nepexona La --> L . , 
fl 

coorneTcrnyeT OCB )l,M<DX B D20 npH no6aBJJeH1111 )l,3CO (X11xo = 0.1) B )f{K 
cj>aJe. 
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