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Y11eHbIH ceKpeTapb ~ . 
.D:IICCepTaUIIOHHOro COBeTa 720.001.~ ~ A.r. IloneKO 

06maH xapaKTCpHCTHKa pa60Thl 

AKTVaJILHOCTh TCMhl. B COBpeMeHHOii lplI31IKe KOH,n:eHCUpOBaHHOro 

COCTOHHllil 6oITbmOil: IIHTepec npOHBAAeTCH K II3yqeHIIIO HaHOCrp}'KTyp - CIICTCM C 

xapaKTepHbIMII pa3MepaMII B .!J:IIaila30He 1-100 HM. B 11aCTHOCTII, K TaKIIM CIICTeMaM 

OTHOCHTCH KnaCTepbl q>ynnepeHOB. CaMII MOJieKyJihl q>ynnepeHOB HBAAIOTCH HOBOH 

annorp01rnoil: qiopMoil: yrnepo.n:a, oTKpbIToil: B 1985 ro.n:y B Ca,Ke nocne 1Icnapemrn 

rpaq>IITa Jia3epHbIM II3Jl)"ICHIIeM. 3TO yCTOll11IIBbie CIIMMerpII'lHble o6pa30BaHIIH C 

pa3lllI11HblM 11IICJIOM aTOMOB C. HaII6onee CTa6IIJibHOil: II3 HIIX HBAAeTCH qiynnepeH C6o-
Ba)KHOil: oco6eHHOCTblO .n:aHHblX MOJieKyJI HBIIJIOCI, TO, 11TO, a OTJlll'lIIe OT 

.n:pyrnx q>OpM yrnepo.n:a (rpaq>IIT, aITMa3), q>yJ1JiepeHhl xopomo paCTBOpHIOTCH B 
illlipOKOM Knacce opraHII11eCKIIX II HeopraHH11eCKIIX paCTBOpHTeneil:. 3Ty oco6eHHOCTI, 

CBH3bIBaIOT co crpyKTypOil: qiynnepeHOB, KOTOpaH nplIBO.D:HT K cpaBHHTeJihHO cna6oMy 

B3aHMO,n:eil:CTBHIO MOJieKyn B KpIICTaITJie Me,K.D:y co6oil: II cnoco6cTByeT HX 

pacTBopeHIIIO. Ha cero,n:HHinHHil: ,n:eH1, onpe.n:eneHbl II npoaHanll3HpoaaHbl 

paCTBOpHMOCTH q>yJ1JiepeHOB B 60JII,illOM KOJIH1leCTBe ,KH,n:KOCTeil:. IlOKa3aHO, 11TO B 

uenoM OHa na,n;aeT C pocTOM IlOAApHOCTH paCTBOpHTeAA. B1,rnaneH PM Heo6hI11HblX 

CBOllCTB pacTBOpOB qiynnepeHa C6o (aHOMaITbHaH 3aBHCIIMOCTb paCTBOpHMOCTH OT 

TeMnepazyp1,1, COJibBaTOXpOMHblil: 3q>q>eKT, HeJIHHeUHaH KOHUeHTpaUHOHHaH 

3aBHCHMOCTI, OilTH'leCKOil: BocnpHHM11HBOCTII rpeThero nop.si,n:Ka). 

HHTepeCHblM HBJieHIIeM, Ha6n10.n:aeMblM B pacTBopax q>yJ1JiepeHa C6o, CTaITll 

npoueccbl o6pa30BaHllil II pocTa KnacTepoB, KOTOp1,1e }'Ka3b!BaIOT Ha 6JIH30CTI, MHOrlIX 

paCTBOpOB C6o K Knaccy KOJIJIOH,n:HbIX ClICTeM. KrracTep1,1 C6o Ha6n10,n:aIOTCH B 6on1,moM 

11lICJie paCTBOPIITeneil: II IIMeIOT illHpOKIIH Ha6op crpyKTypHbIX CBOil:CTB. Hx pa3Mep1,1 

KOJie6nIOTCH B ,n:IIana3oHe OT 1 HM .n:o HeCKOJlbKHX MKM. OHH MOryT 61,1Tb IlJIOTHO 

ynaKoBaHHhlMH IIJIH IIMeTh qipaKTaITbHYIO CTPYKTYPY· 
1-fayqeHHe KnacTepoo6pa3oBaHIIH B pacTBopax qiynnepeHa C6o HMeeT KaK 

q>yH,n:aMeHTaITI,HI,lll, TaK II npHKna;:J;HOil: xapaKTep. C o,n:Hoil: CTOpOHbl, lICCJie,n:oBaHIIe 

3TOro HBJieHHH MO,KeT ,n:aTb none3HYIO lIHq>OpMaUHIO O KnacTepHOM COCTOHHHII 

aemecTBa. O6pa3YIQmeil: e,n:HHHUeil: KnacTepoB HBAAeTcH xopomo onpe.n:eneHHaH, 

KOMilaKTHaH II ClIMMerpH11HaH MOJieKyna, 11TO o6ycnaBJIIIBaeT MHOrHe ynpomeHHH, 
npHHHMaeMble nplI OillICaHllll KnaCTepHbIX ClICTeM. C ,n:pyroil: CTOpOHbl, npaKTH'leCKHil: 

lIHTepec CBH3aH C nepcneKTHBOil: HCilOJib30BaHIIH 6HOJIOrII1leCKOH aKTHBHOCTll 

q>yJ1JiepeHa B Me.D:IIUHHCKHX npIIJIO)KeHHHX. AAA peanll3aUHII 3TOro Heo6xo,n:1IMO 

npHCYTCTBHe q>yJIJlepeHa B 6HOJIOrII'leCKIIX cpe.n:ax Ha OCHOBe BO.!J:1,1. B nocne,n:ttee 
,n:eCHTHJieTIIe 6b!JIH pa3pa6oTaHbl MeTO.!J:I,I IlOJl)"IeHHH BO.!J:HI,IX ,n:HcnepcIIil: C6o, B 

KOTOpbIX qiyrrnepeH npIIcyrcTByeT B KnaCTepHOM COCTOHHIIII. TaKHM o6pa30M, 
nepcneKTHBI,I MC.!J:IIUIIHCKIIX npIIJIO,KeHIIil: q>ynnepeHa ttanpHMYIO CBH3aHbl C 
npo6rreMo:ii yrrpaaneHIDI IIX KnacTepoo6pa3oaaHHeM. 

Ilo.n:po6tt1,1e IIccne,n:oBaHIIH cao:iicTB II CTpyKzyp1,1 KnacTepoa C60 B 
paCTBOpHTeAAX pa3JIII11HOH IlOAApHOCTII HBJIHIOTCH aKTYaITbHOil: 3a,n;a11eil:. HecMOTPH Ha 
6on1,moe KOJIII11CCTBO 3KCnepIIMeHTaITbHblX ,n:aHHbIX, IlOJIHoro IlOHHMamrn IIpll'llIH 
06pa3oaaHllil KnacTepoB H IIX CTPYKTYPhl B ttacToHmee apeMH tteT. PemeHIIe 3TO:ii 
rrpo6rreMbl rpe6yeT rrpIIBJie'leHIIH pa3JIII11Hb!X 3KCrrepIIMeHTaITI,Hl,IX MeTO.!J:OB, a TaK*e 

pacm1IpeHIIH Kpyra IICcne.n:yeMblX CIICTeM, r.n:e Ha6JIIO,n:aeTCH o6pa3oBaHHe KnaCTepoB 



cpym1epeHOB. B qacTHOCTII, 3cpcpeKTIIBHO MO)l(er IICIIOJih30BaTI,CH MarroyrnoBoe 

pacce»Hile Heil:TpOHOB, qyBCTBIITeJihHOe K .L\IlaIIa30HY pa3MepoB 1-100 HM. TaK)l(e 

HBJIHeTCH aKTYaJihHOH II rrpo6rreMa IIOCTPOeHIIH TeopeTI1qeCKI1X MO,L\erreil:, 

OIIIIChIBaIOIIIIIX o6pa30Bamie H pOCT KJiaCTepoB B pacTBopax cpyrrrrepeHa, KOTOpbie 

MOrJill 6hI IICIIOJih30BaThCH ):\ITH perneHHH 3a):\aqn 06 

KrracTepoo6prooBaHHeM cpyrrrrepeHa C6o Ha npaKTHKe. 
ynpaBJieHHH 

I.{eJib pa60TbI. U:eJihlO HaCTOHIIIeii pa6oThl HBJIHeTCH llCCJie):\OBaHHe MeTO):\OM 

MarroyrnoBoro pacce»HH» HeHTPOHOB CBOHCTB n CTPYKTyphr KJiaCTepoB cpyrrrrepeHa C60 
B pacTBopax, OTJinqaIOIIIHXCH IIOJIHpHOCThlO pacTBopnTeJIH ( crra6orroJIHpHhlll 

pacTBOpHTeJih - cepOYTJiepO.L\, paCTBOpHTeJih cpe,L\Heil: norr»pHOCTH - N-
MeTHJIIIHpOJIH.L\OH, CHJihHOnorr»pHhIH pacTBOpHTeJih - BO.Lia); TeopeTnqecKoe OIIHCaHHe 

KHHeTHKH o6prooBaHHH H pocTa KJiaCTepOB B pacTBopax c60 C HCnOJih30BaHHeM 

IIO):\XO.L\OB Teopnn HYKJieal(HII II nOIICK MO,L\eJIII ):\ITH OIIHCaHIIH KHHeTllKll paCTBOpeHHH 

cpyrrrrepeHa c yqeToM npol(eccoB KrracTepoo6prooBaH11». 

Pe3VJibTaTbI. BblHOCIIMble Ha 1amury. 

1. IloKaJaHo, qrn o6prooBaHne B pacTBopax cpyrrrrepeHa C6o B cepoyrnepo,L\e CS2 
3HaqnTeJihHhIX KOHI.(eHTPal(HH KpynHhIX KJiaCTepoB (proMep 10-100 HM) 

o6ycrrOBJieHO TepMO.L\IIHaMI1qecK11 HepaBHOBeCHhIMII MeTO):\aMH nplffOTOBJieHIIH 

(I1CIIOJih30Baune YJihTPaJByKa HJIH HHTeHCHBHOro nepeMeIIIHBaHn»). B crryqae, 

KOr,L\a paCTBOp rOTOBIITCH 6e3 IICIIOJih30BaHIIH KaKoro-rrn6o BHeIIIHero 

B03,L\eHCTBHH, 3cpcpeKTa BJIHHHHH KpynHhIX KJiacTepOB ua KpHBYIO pacce»HIIH He 

o6Hapy)KHBaeTc». 113 ,L\aHHhIX MarryornoBoro pacce»HH» HeHTPOHOB (MYPH) 

onpe,L\erreHa BerrI1qnHa pa.L\nyca IIHepl.(1111 cpyrrrrepeHa B pacTBope (0.38 ± 0.05 
HM), 6orree qeM Ha 15% rrpeBhIIIIaIOIIIM pacqeTHOe 3HaqeHI1e. IlOKa3aHo, _qTo 

Ha6JIIO,L\aeMM pa3HHI.(a MO)l(eT 6bITb 06'bHCHeHa BJIIIHHileM MaJihIX KJiaCTepoB 

C60 (.L\HMephr, TPIIMephr II T • .L\.). 

2. IloKaJaHo, qTo KrraccI1qecKa» KarrerrhHa» MO,L\errh KrracTepa ,L\aeT xapaKTepHoe 

BpeMH )l(ll3HII KBa3IICTal(HOHapHhIX KJiaCTepoB - 1 MKC II He MO)l(eT 6bITb 

HCIIOJih30BaHa ,L\JIH OIIIICaHHH Ha6JIIO,L\aeMoro B 3KCIIepI1MeHTe KJiaCTepHoro 

COCTOHHHH cpyrrrrepeHa. PaCCMOTPeHa MO,L\Hq>IIKal(HH ,L\aHHOll MO,L\eJIH, 

onHChIBaIOIIIM KaqecTBeHHO no»BJieHile KJiaCTepoB H IIX CTa6I1JihHOe 
COCTOHHHe. 

3. BnepBhie npe.L\JIO)l(eHa Mo):\eJih pacTBopeHn» cpyrrrrepeHa B crra6onoJIHpHoM 

pacTBopnTerre. Mo,L\eJih yqIIThIBaeT Ce,L\IIMeHTal(IIIO KpyrrHhIX KJiaCTepoB II 

o6'bHCHHeT HeMOHOTOHHOe IIOBe,L\eHHe KOHI.(eHTPal(HII cpyrrrrepeHa BO BpeMeHH 

rrpn pacTBopeHIIII. 

4. C IIOMOIIIhlO MeTO,L\a MarroyrnoBoro pacce»HIIH HeiiTPOHOB o6Hap~eH 3cpcpeKT 

npeo6pa30BaHIIH KJiaCTepoB B CHCTeMe C6o - N-MeTHJIIIHppoJIII.L\OH rrpu 

.L\06aBJieHHII B Hee BO.L\hl. IlOKa3aHo, ~o KpynHhie KJiaCTepbI C6o B qIICTOM N
MeTHJIIIIlppOJIIl):\OHe (xapaKTepHhIH pa3Mep > 100 HM), qacTnqHo propyrnaIOTCH. 

3cpcpeKT HOCIIT pe3KHH xapaKTep II Ha6JIIO,L\aeTc», KOr,L\a o6'beMHM ):\OJI» BO.L\hl B 

CMeCII rrpeBhIIIIaeT 40%. IIpoBe,L\eHbI KaqecTBeHHhle 01.(eHKII IIJIOTHOCTH 
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arperaTOB MeTO,L\OM BapI1al(HH KOHTPaCTa Ha OCHOBe 3aMemeHHH BO.L\OpO.L\

,L\eHTepuil:, KOTOphre YKa3hIBaIOT Ha nJIOTHYIO yrraKOBKY cpyrrrrepeHa B KJiaCTepax. 

5. C nOMOIIlhlO" MaJIOYTJIOBoro pacce»HHH Heil:TPOHOB HCCJie,L\OBaHhl .L\l!CIIepcHH 

cpyJIJiepeHa B BO.Lie, npilroTOBJieHHhie MeTO.L\OM 3aMeHhl paCTBOpHTeJIH. 

Ilo,L\TBep)l():\eHa penpO.L\YKTHBHOCTh MeTO):\a n BhICOKM CTa6HJihHOCTh 

):\HCnepCIIH. IloKaJaHO, qTQ HMeeT MeCTO 6oJihIIIM IIOJIII.L\HCIIepcHOCTh 

pacrrpe,L\erremrn KJiacTepoB no proMepaM - OT 1 .LIO 84 HM, co cpe.L\HIIM 

3HaqeHHeM rropMKa 70 HM. Ilo ,L\aHHhIM Bapilal(HH KOHTPaCTa Ha O~HOBe 

3aMemeHII» BO.L\OPO.L1-.L1eil:Tepnil: npe.L\JIO)l(eH PM MO,L\erreil: CTPOeHIIH KJiaCTepoB. 

C yqeTOM ,L\aHHhIX .L\OIIOJIHHIOIIIHX MeTO):\OB Bhr6paHa MO,L\eJih, B KOTOpoil: 

KJiaCTepbl IIMelOT IIJIOTHYIO ynaKOBKY cpyrrrrepeHa. 

HayquaH HOBH3Ha. Ha OCHOBaHHH 3KcnepHMeHTOB no MarroyrnoBOMY 

pacce»HHIO ueil:TPOHOB Ha pacTBope cpyrrrrepeHa C60 B cepoyrnepo.L1e CS2 IIOKaJaHo, qrn 

o6pa30BaHHe KPYIIHhIX KJiacTepoB (proMep 10-100 HM) o6ycJIOBJieHO 

TepMO):\I1HaMI1qecKI1 HepaBHOBeCHhIM MeTO.L\OM rrpnroTOBJieHHH pacTBopoB. B crryqae, 

KOr,L\a paCTBOp rOTOBIITCH 6e3 IICnOJih30BaHHH KaKoro-rrI160 BHeIIIHero B03,L\eHCTBIIH 

(paBHOBeCHoe pacTBopeHue ), 3cpcpeKTa KpynHhIX KJI.aCTepoB C6o Ha KpIIBhie pacce»HHH 

He o6Hap~HBaeTCH. ,[(rr» TaKOro pacTBopa PMHYC HHepl(HH qacTHI.( (0.38 ± 0.05 HM) 

6orree qeM Ha 15% rrpeBhIIIIaeT TeopeTnqel::Koe 3HaqeHne PMHyca HHepl(HH 

cpyrrrrepeHa. IloKa3aHO, qTo Ha6JIIO,L\aeMaH pa3HHI.(a MO)l(eT 6bITb o6'hHCHeHa BJIHHHHeM 

MaJihIX KJiaCTepoB C6o (.L\HMephl, TPHMephl ll T . .L\.). 

IIpe,L\JIO)l(eHa TeopeTHqecKM MO,L\eJih KHHeTHKH o6pa30BaHHH ll poem 

KJiacTepoB B crra6onorrHpHhIX pacTBopax cpyrrrrepeHa C60. IloKaJaHo, qTo KJiaccttqecKa» 

KaneJihHM MO,L\eJih KJiaCTepa ,L\aeT xapaKTepHoe BpeMH )l(ll3HH KBa3HCTal(HOHapHhIX 

KrracTepoB -1 MKC ll He MO)l(eT 6hITh HCIIOJih30BaHa ):\ITH OIIHCaHHH Ha6JIIO):\aeMoro B 

3KcrrepHMeHTe KJiacTepHoro COCTOHHHH. Ilpe,L\JIO)l(eHa MO.L\llq>HKal(HH KarreJihHOH 

MO,L\eJIH, MO,L\eJih orpaHHqeHHoro pocTa, OIIHChIBaIOIIIM KaqeCTBeHHO IIOHBJieHHe 

KJiaCTepoB tt HX CTa6HJihHOe COCTOHHHe. 

BrrepBhie rrpe,L\JIO)l(eHa MO,L\eJih KHHeTHKll pacTBopeHHH cpyrrrrepeHa B 

crra6orrorr»pHOM pacTBopnTerre, yqHThIBaIOIIIM rrpol(ecchr KJiacTepoo6prooBaHH». C 
IIOMOIIlhlO .L\aHHOH MO):\eJIH KaqeCTBeHHO OIIHCaHO HeMOHOTOHHOe IIOBe,L\eHHe 

KOHI.(eHTPal(HH B KHHernKe pacTBopeHHH cpyrrrrepeHa B cepoyrnepo,L\e. 

MeTO.L\OM MarroyrrroBoro pacce»HHH Heil:TpoHOB o6uap~eH 3cpcpeKT 

rrpeo6pa30BaHHH KJiacTepoB B CHCTeMe C6o - N-MeTHJIIIHppoJIH,L\OH IIpH .L\06aBJieHHH B 

Hee BO):\hl. IlOKa3aHO, qTo KpynHhie KJiaCTephl C6o B qllCTOM N-MeTHJIIIHppoJIH):\OHe 

(xapaKTepHhIH pa3Mep > 100 HM), qacTHqHo propyrnaIOTCH. ,[(JI» HOBhIX KJiaCTepoB 

rrpoBe):\eHhl KaqecTBeHHhie OI.(eHKH HX IIJIOTHOCTH C HCIIOJih30BaHHeM MeTO,L\a BapHal(HH 

KOHTPaCTa Ha OCHOBe 3aMeIIIeHHH BO.L\OpO.L\-):\ettTepHil:, KOTOpbie YKa3hIBaIOT Ha 

IIJIOTHYIO yrraKOBKY cpyrrrrepeHa B KJiaCTepax. 

MeTO):\OM MaJIOYrJIOBOro pacce»HHH Heil:TPOHOB HCCJie,L\OBaHhl ):\lICIIepcnH 

cpyrrrrepeHa B BO):\e. IlOKa3aHo, qTo HMeeT MeCTO 60JihIIIM IIOJIII.L\llCIIepcHOCTh 

pacrrpe,L\erremrn KJiacTepoB cpyrrrrepeHa B pacTBope rro proMepaM (1-84 HM). KnacTephr 

crra6o aHH30TPOIIHhl, HX cpe.L\Hllll proMep COCTaBJIHeT rrop».L\Ka 70 HM. Ilo ,L\aHHhIM 

BapHal(HH KOHTPaCTa Ha OCHOBe 3aMemeHHH BO.L\OPO.L\-):\eHTepHH rrpe,L\JIO)l(eH PM 
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MO,neneii CTp0eHIUI KJiaCTep0B. C yqeT0M ,naHHblX ,L\OII0JIHJHOmHx MeT0,LI0B BbI6paHa 
M0,neJib, B KOTOpoii KJiaCTepbI IIMeIOT IIJI0TH}'IO y11aK0BKY q>yJIJiepeHa. 

IIpaKTuqecKaH UCHHOCTL. IlonyqeHHbie 3KC11epHMeHTaJibHbie H 
TeopeTHqecKHe 3HaHIIJI o 11poueccax o6pa3oBaHIIJI H pocTa KJiacTepoB B pacTBopax 

cpynnepeHa M0fYT 6b1Tb IICII0Jib30BaHbl ,L\JIH 0IITHMII3auHII 11pouecCOB 3KCTpaKUHH H 

Bbl,LleJieHHJI C6o, HCII0Jib3yeMbIX 11pH CIIHTe3e cpynnepeHa. 3Kc11eplIMeHTbl Ha B0,L\HbIX 

,L\HCllepCHHX C6o JIBJIJIIOTCJI BIDKHOii K0MII0HeHT0ii II0HCKa MeT0,L\0B 3cpq>eKTIIBHOro 

HCII0Jib30BaHHJI 6HOJIOrHqecKoii aKTHBH0CTII cpynnepeHa. AHaJIH3 pacrnopoB 

cpynnepeHa C6o B N-MeTIIJIIIHppoJIH,L\OHe H CMeCH N-MeTIIJIIIHppOJIH,L\OH-BO,Lla BIDKeH B 

pa6oTe 110 II0HCKY paCTB0pHTeJieii ,L\JIH 11epeBo,na cpynnepeHa C6o B B0,L\H}'IO 
6HonornqecKYIO cpe,ny. 

Anpo6au1rn paOOTLI. OcHOBHbie pe3yJibTaTbl HaCTOJimeii pa6oTbl 6bmH 
11pe,ncTaBJieHbl H ,noJI0)I(eHbI ,nHccepTaHT0M Ha XVII H XIX CoBemaHHJIX 110 

HCIIOJib30BaHHIO pacceJIHHJI HeiiTpOHOB B HCCJie,noBaHHJIX K0H,LleHCHp0BaHH0ro 
cocTOJIHHJI, rr. fanHHa H O6HHHCK, 2002 H 2006 rr., Ha XVII II XVIII NATO ASI 

IIIK0Jiax no KOH,neHCIIpOBaHHOMY C0CT0JIHHIO Bemecrna, r. feiino, HopBerHJI, 2003 H 

2005 rr., Ha Eoron1060BcKoii KoHcpepeHUHII «IIpo6neMbI TeopeTHqecKoii H 

MaTeMamqecKoii qJII3HKH», r. )];y6Ha 2004, Ha XVIII KOHq>epeHUIIII IWEPNM: 

MoneKyJIJipHble HaHOCTpYKTYPM, r. ' K1IpK6epr, · ABCTpHJI, 2004, Ha VII 

l1ccne,noBaTen1,cKoM CoBemaHHH «Teop1IJI HyKneauHH H Ilp1IJIO)I(eH1IJI», r. )];y6Ha, 

2004, Ha VIII II IX HayqH1,1x KoHq>epeHUHHX Mono,n1,Ix yqeHblx II c11euHanHcToB, r. 

)];y6Ha, 2004 II 2005 rr., Ha IV H V COBemaHHJIX 110 11ccne,noBaHIIJIM Ha peaKrnpe 

11EP-2, r. )];y6Ha, 2005 II 2006 rr., Ha VII Me)I(,Llyttapo,nHoM CoBemaHHII «ll>ynnepeHbI 

H aTOMHble KnacTep1,rn, r. CaHKT IleTep6ypr, 2005, Ha VII BcepoiiccHiicKoii 

KOHcpepeHUHII: IPH3HKOXIIMHJI YJibTpa,LIIIC11epCHbIX (HaHo-) CIICTeM, r. EpIIIOBO, 2005, 

Ha V JleTHeii llIKone 110 Hccne,noBaHHIO KoH,neHcHpoBaHHoro CocTOJIHHJI Bemecrna, 
r. Qyou, llIBeiiuapHJI, 2006. 

IIy6JIUKau11u. Ilo MaTepHanaM ,L\HCCepTauHH 011y6m1KOBaHO 8 CTaTeii B 
pOCCHHCKIIX H Me)I(,Llyttapo,nHbIX HayqHblX )I(ypHanax. 

Jl1IqffLIU BKJia}l aBTOpa. OcHOBHble pe3yJibTaTbl, H3JI0)I(eHHble B ,L\IICCepTaUHH, 
IIOJiyqeHbl 11pH He11ocpe,ncTBeHH0M yqaCTHH aBT0pa. OH 11p1IHHMaJI aKTHBH0e yqaCTHe 

B 3Tarrax 3KC11ep1IMeHT0B 110 ManoyrnoB0MY pacceJIHIIIO HeiiTpOHOB, npoBe,neHHH 
H3MepeHHii, HHTep11peTaUHII 11onyqeHHbIX ,naHHbIX. ABTOpOM 11pe,nJI0)I(eH PM 
ofo,JicHeHHll 3aBbIIIIeHH0ro 3HaqeHHJI pa,nHyca HHepuHH qacTHU B pacrnope 

q>yJIJiepeHoB B cepoyrnepo,ne H 110KaJaHo, qrn 3T0T 3cpq>eKT o6ycnoBJieH o6pa3oBaHHeM 
MaJibIX KJiaCTepoB C6o-

IlpH HCCJie,LI0BaHHH KJiacTepHoro C0CT0JIHHJI cpynnepeHOB B pacrnopax aBT0p0M 
OCBOeH 110,LIX0,L\ TeopHH HYKJieauHH, 11pe,nJI0)I(eHbl M0,LleJIII 0IIIICaHHJI KHHeTIIKH 
KJiacTepoo6pa3oBaHIIJI II pacrnopeHIIJI cpynnepeHa B He110JIJipH0M pacrnopHTene. 
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CTpy1,,.:rvpa II ocnosHoe conepmauue pa6oTLI. 
)];HccepTaUHOHHaJI pa6orn H3JI0)I(eHa Ha 102 CTpaHIIUax MaIIIHH0IIHCHoro 

TeKCTa (B TOM ".mcne 60 pHCYHKOB) II C0CT0HT II3 BBe,neHHJI, qeTbipex rnaB, 

BKJIIOqa10mHX o63op 3KC11epHMeHTaJibHbIX ,naHHbIX, 3KC11epHMeHTaJibH}'IO qaCTb, 

Teopen1qecKyIO qaCTb, 3aKJIIOqeHHJI H CIIHCKa UHTHpyeMoii JIHTepaTyp1,1. 

Bo BBe,neHHH KpaTK0 11pe,ncTaBJieH0 C0CT0JIHHe 11po6neMbl HCCJie,noBaHHJI 

KJiaCTepHoro C0CT0JIHHJI cpynnepeHa B pacrnopax, o6ocHOBaHa aKTYaJibH0CTb TeMbl, 

cpopMyJIHpyeTCJI uen1, H 0CH0BHbie 3a,naqH HCCJie,noBaHHJI, o6oCHOBbIBaeTCJI· BbI6op 

II3yqaeMblX ofo,eKTOB, II3JiaraeTCJI HayqHaJI H0BII3Ha II 11paKmqecKoe 3HaqeH1Ie 

pa60Tbl. 

B rnaBe I 11pe,nCTaBJieHbl 0CH0BHbie CBe,neHIIJI 0 pacrnopax cpynnepeHa C6o B 

pa3JIHqHI,IX paCTB0pHTeJIJIX. O11HpaJICb Ha 3TII CBe,neHHJI, paCCMaTpHBaeTCJI 

KJiaCCHqJIIKaUIIJI pacrnoplITeneii cpynnepeHa, 0CH0BaHHaJI Ha xapaKTeplICTHKax 

)I(II,LIKOCTeii, a TaK)I(e Ha c11oco6HocT1I cpynnepeHa o6pa30BbIBaTb KnacTep1,1 B pacrnope. 

)];aH o63op 3KC11ep1IMeHTaJibHbIX MeT0,LI0B, 11p1IMeHJieMblX ,L\JIJI IICCJie,noBaHIIJI 

pacrnopoB cpynnepeHa. IloKaJbIBaeTCJI, qT0 MeTo.n ManoyrnoBoro pacceJIHUJI 

HeiiTpOHOB JIBJIJieTCJI 3cpq>eKTHBHbIM MeT0,L\0M uccne,noBaHHJI pacrnopoB C6o-

B rnaBe JI 11pe,ncTaBJieHbl pe3yJibTaTbl' 3KC11epHMeHT0B 110 ManoyrnoB0MY 

pacceJIHHIO HeiiTpOHOB Ha pacrnopax cpynnepeHa C6o B cna6011onJipHOM pacrnopHTene 
cepoyrnepo,ne (CS2). B xo,ne 3THX 3Kc11epHMeHTOB BbIJIBJieHo o6pa3oBaHIIe KJiacTepoB B 

,naHHOll CUCTeMe H BJIHJIHHe Ha KJiaCTepHoe C0CT0JIHHe C6o ycnoBnii 11pHr0T0BJieHHJI 

pacrnopoB. IlpoBe,neHo cpaBHeHne o6Hapy)I(eHHbIX KnacTepoB c KnacTepaMH, 

0IIHCaHHblMH B JIHTeparype. O6cy)I(,LlaIOTCJI llpHqHHbl 0TKJI0HeHHJI pa,nHyca HHepunH 

qacTHUbI B pacrnope, 11onyqeHHoro c 110Mom1,10 ManoyrnoBoro pacceJIHHJI HeiiTpOHOB, 

OT pacqeTH0ro 3HaqeHHJI pa,nHyca C6o H3 ,L\aHHbIX peHTreHOBCKOll .L\HcppaKUHH Ha 

KpHCTaJIJie cpynnepeHa. IlpOBO,L\HTCJI cpaBHeHHe 3KC11epHMeHTaJibHblX ,naHHblX C 

pe3yJibT!lTaMH Mo,nenHp0BaHHJI CHCTeMbl C II0M0mbIO MOJieKyJIJipHOll ,L\HHaMHKH. 

B rnaBe III 11pe,ncTaBJieHo TeopeTHqecKoe 0IIHCaHHe 11poueccoB o6pa3oBaHHJI H 

poem KJiacTepoB B pacrnopax cpynnepeHa B cna60110JIJipHoM pacrnopHTene B paMKax 

Te0pHH HyKJieaUHH. PaccMaTpHBaIOTCJI KalleJibHaJI M0,LleJib KJiaCTepa H M0,L\eJib 

orpaHHqeHHoro pocTa. IlpOBO,LIHTCJI cpaBHeHHe 3THX Mo,neneii, a TaK)I(e aHaJIH3 
B03MO)I(HOCTeii HX npHMeHeHHJI ,L\JIJI 0DHCaHHJI KJiacTepoo6pa30BaHHJI cpynnepeHa B 

Hell0JIJipH0M pacrnopHTene. Ilpe,nJIO)I(eHa M0,neJib KHHeTHKH pacrnopeHHJI cpynnepeHa B 

Hell0JIJipH0M pacrnopHTeJie C yqeT0M cpopMHpOBaHHJI KJiaCTep0B. Pe3yJioTaTbl MO,neneii 

cpaBHHBaIOTCJI C 3KC11epHMeHTaJibHblMH Ha6n10,neHHJIMH ,L\JIJI pacrnopoB cpynnepeHa C6o 

B cepoyrnepo,ne. 
B rnaBe IV 11pe,nCTaBJieHbl pe3yJibTaTbl HCCJie,noBaHUJI pacrnop0B cpynnepeHa 

C6o B N-MeTIIJIDHpOJIH,L\OHe (NMP) H B0,L\HbIX ,LIHCllepCHii c60 C HCII0Jib30BaHHeM 
MeT0,Lla ManoyrnoBoro pacceJIHHJI HeiiTpOHOB H ,LI0II0JIHJIIOmHx MeT0,L\0B. IlpHBO,L\JITCJI 
Haii,neHHble CTPYKTYPHble napaMeTpbl KJiacTepoB, Ha6n10,naeMbIX B ,naHHbIX CUCTeMax. 
}];JIJI HeiiTpOHHOfO pacceJIHIIJI HCII0Jib3yeTCJI BapHaUHJI K0HTpaCTa Ha 0CH0Be 
3aMemeHHJI BO,nopo,n-,neiiTepHii. TaK)I(e HCCJie,L\0BaHbl CMeCH NMP/Bo,na, r,ne M0)I(H0 

perynHp0BaTb II0JIJIPH0CTb pacrnopHTeJIJI H aHaJIH3Hp0BaTb ee BJIHJIHHe Ha CTpYKTYPY 

o6pa3yeMblX KJiaCTepoB. 
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XapaKTepHCTHKa IICU0Jlbl0BaHHblX MaTep11aJI0B. 

,[(JUI npuroTOBJieHIUI paCTB0p0B lICIT0Jih30BaHhl o6pa3Qhl qiynnepeHa C6o q>HpMhl 

000 «KoMnamrn qiynnepeHOBhie TexHonornu», qucmTa 99.5%. Cepoyrnepo.n CS2 
oqHIIIeHHhlll, .[\JUI HK-cITeKTpOCKOITlllI u N-MeTIIJIITllpOml.[IOH 6hIJilI ITpuo6peTeHhl B 

K0MITaHIIH 000 «XnMMe.n», MoCKBa • 

KoJIJIOH.L\Hhle pacTB0phI C60 B BO.Lie - FWS - 6hIJIH ITpe.nocTaBJieHhI K.x.r. 

r.B. AH.nprreBCKHM (I1HcTHTYT TepaITHH AMH YKpauHhI). 

AnnapaTypa 11 06opmonau11e. 
3KCITepuMeHTaJihHruI qaCTh .naHHOll pa60Thl BhIII0JIHeHa Ha TpeX ycTaH0BKax 

.Lilli ManoyrnoBoro pacce»Hmr Heii:TpOHOB: ManoyrnoBoii: ycTaH0BKe IOMO Ha 

HMITYJihCH0M peaKTope I1EP-2 Jla6opampuu Heii:TpOHHoii: <l>H3HKH HM. H.M. <l>paHKa, 

O6be.[\HHeHHOro HHcTHryTa .51.nepHhIX I1ccne.noBaHuii:, r. ,[(y6Ha, MaJI0YrJI0B0M 

.nmppaKTOMeTpe Yellow Submarine (YS) CTaIIH0HapHoro peaKT0pa Ey.naITernTcKoro 

Heii:TpOHHoro U:eHTpa (EHLI:), r. Ey.naITernT, BeHrpHH, a TaIOKe Ha ManoyrnoBoii: 

ycTaH0BKe SANS-1 B GKSS Research Center (I1ccne.noBaTeJihCKHii: U:eHTp GKSS), 

fepMaHlIH. 

I. O63op 3KcnepHMCHTaJILHblX J{allHblX no ua6JIIOJlCHIIIO KJiaCTepoB B 

pacrnopax d>VJIJiepeua C60 

<l>yJIJiepeH C6o paCTB0pHeTCH B 60JihIIIOM Knacce BeIIIeCTB, o6paJyH B 

HeK0T0phIX H3 HHX KJiaCTephl. Ilo 3T0MY ITpH3HaKy 6bIJia ITpe.[IJI0)KeHa [ 1] cne.nyioIIIrur 

KJiaCCHq>lIKaIIHH paCTBOpHTeJieii: C6o, 

bOJihIIIJIM KJiaCC0M pacTBopoB qiynnepeHa HBJIHIOTCH M0JieKyJUipHbie pacTB0phI, 

TO eCTh pacTB0phI C6o, r.ne qiynnepeH pacTBopeH B M0JieKyJUipH0M C0CT0HHHH. C10.na 

0TH0CHTCH 6oJihIIIOe qncno HeIT0JUipHhIX n cna6oITOJIHpHhIX pacTBopnTeneii:, 

apoMaTnqecKHX H opraHnqeCKHX COe.[\HHeHHll. ,[(JUI BCeX 3THX BeIIIeCTB OITpe.[leJieHhl 

K0HQeHTpaIIHH HaChIIIIeHHH q>yJIJiepeHa B pacTBopax [2,3]. HecMOTpH Ha HaJBaHne 

KJiacca, B JIHTepaType M0)KH0 BCTpeTHTh IIp0TJIB0peqnBhie 3KCITepnMeHTaJihHhle 

.naHHhle, CBH.[\eTeJihCTBYIDIIIHe 0 Hannqnn JI 0TCYTCTBHH KJiacTep0B ITPH pacTBopeHHH 

C6o B 0.[\H0M H TOM )Ke pacTBopnTeJie [4-8]. 

BTOphIM KJiaCC0M cornacH0 ITpe.[IJIO)KeHHOll KJiaCCHq>HKaIIHH HBJUIIOTCH 

KJiaCTepHhle paCTB0phI qiynnepeHa C6o B aJ0TC0.[lep,KaIIIHX pacTBopnTeJIHX. 

OTnnqnTeJihHOll oco6eHHOCThIO .naHHhIX pacTBopuTeJieii: HBJUleTCH o6pa30BaHue Me)K.[ly 

MoneKynaMn pacTBopnTeJIH (.noHopoM 3JieKTpOHOB) n qiynnepeHa (aKQeITmpoM 

3JieKTpOHOB) M0JieKyJUipHhIX K0MITJieKC0B C ITepeH0C0M 3apH.[la. l13 ITpHMep0B 

nccne.nonaHHH pacTBopoB C6o B ITHpH.nnHe (C6H5N) [9] n NMP (N
MerunITnppoJIH.noHe) [ 1,3] BH.L\H0, qTo B ITpe.ncTaBJieHH0M KJiacce pacTBopJITeneii: 

qiynnepeHhl ITp0HBJUIIOT TeH.[\eHIIlIIO K o6pa30BaHHIO H poczy KpyrrHhlX ycToii:qJIBhlX 

KJiaCTepoB. Ilpn paCTB0peHJIII C6o B aJ0TC0.[lep)KaIIIeM pacTB0pIITeJie, If3HaqaJihH0 B 

pacTBope CYIIIeCTBYIDT q>yJIJiepeHhl B BH.[\e M0H0MepoB II MeJIKHX KJiacTepoB. O.nHaKO 

paBHOBeCHOll q>OpMoii: C6o .B TaKIIX paCTB0pIITeJIHX HBJIHIOTCH KpyrrHhie KJiaCTephl 

(r-100 HM). PacTBophI C 60/NMP II C 60/NMP/H2O B IT0cne.nHee BpeMH ITpIIBJieKaIOT K 

ce6e HHTepec, IT0CK0JihKY HBJUIIOTCH oqeHh y.no6HhIMII M0.[leJihHhIMII CIICTeMaMII .[\JUI 

IICCJie.[I0BaHHH KJiaCTepHoro C0CT0HHIIH qiynnepeHa If ero CBOHCTB B pa3JIIfqHhIX 
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paCTB0pIITeJIHX JI B B0.[\Hh!X paCTB0pax B qacTH0CTII. KaK lI3BeCTH0, NMP CMeIIIHBaeTCH 

C BO.[\Oll B JII06hIX r:IP0IT0PIIHHX, ~o IT03B0JIHeT JICCJie.[\0BaTh CJICTeMy C6o/NMP/H2O B 

6onhIIIOM .nIIarraJoHe KOHIIeHTpaIIIIii: qiynnepeHa II cooTHOIIIeHJiii: NMP:H2O. 

B OT.[leJihHhlll KJiacc Bhl.[\eJUIIOTCH K0JIJI0H.[\Hhle pacTB0phI qiynnepeHa B B0.[le. 

<l>ynnepeH ru.npoqio6eH, 0.[\HaK0 B IIeJIHX ITPJIMeHeHIIH n 6nonorIIH II Me.[IIIIIIIHe 

He06XO.[\IIMO IT0JiyqaTh B0.[\Hhle paCTB0phl C6o- CyIIIeCTByeT HeCK0JihK0 ITpHeM0B 

ITepeno.na qiynnepeHa B B0.L\HYJO cpe.ny. TaK, AH.npuencKnM c coTpy.nHuKaMII [IO] 
ITpe.[IJI0)KeH MeT0.[\ ITpHroT0BJieHIIH CTa6HJihHhIX BO BpeMeHII K0JIJI0H.[\Hh!X pac'l'B0p0B 

qiynnepeHa B B0.[le 6e3 HCII0Jih30BaHHH XHMnqecKoii: MO.[IHq>HKaIIHH (FWS), KOTOphlll 

ITonyqnJI Ha3BaHne MeT0.[la 3aMeHhl paCTB0pHTeJIH. I1ccne.noBaHHH CBH.[\eTeJihCTBYIDT 0 

q>OpMnpoBaHHH KpyrrHhIX KJiaCTepoB B TaKHX pacTBopax. Oco6b1ii: HHTepec K 

pacTBopaM qiynnepeHa B no.ne, n B oco6eHHOCTH K o6cy,K.naeMhIM 3.[lech pacTBopaM 

FWS, o6ycnonneH ITepcITeKTHBaMn nx ITpnMeHeHnii: B Me.[IHIIHHe. 

Ba)KHhIM 3TaIT0M HCCJie.[\0BaIIHH pacTBopoB qiynnepeHOB HBJIHeTCH 0ITpe.neneHne 

HX pacTB0pIIM0CTH. 3aqacT)'IO .naHHhie ITO paCTB0pHM0CTH, ITPIIB0.[\HMhie B JIHTepaType, 

pacX0.[\HTCH, qT0, IT0-BH.[\HM0MY, HBJIHeTCH CJie.[ICTBHeM pa3JIHqHH B MeT0.[\HqecKHX 

oco6eHHOCTHX ITpHr0T0BJieHHH HaChIIIIeHHhlX pacTB0p0B H CBOllCTBax HCIT0Jih3yeMhIX 

TBep.[lhlX o6pa3IIOB. THITHqHhie MeT0.[IHKH OITpe.neneHHH paCTB0pHM0CTH BKJIIQqaIOT 

ITepeMeIIInBaHne pacTBopon, co.nep,KaIIIHX H36bITOK qiynnepeHa ITpn 298 K B TeqeHne 

5-48 qacoB n oITpe.neneHne K0HIIeHTpaunn qiynnepeHa B ITpe.nnapnTeJihH0 

ITpOq>HJihTpOBaHHOM HaChlIIIeHH0M pacTBope MeTo.[laMH CITeKTpOq>OTOMeTpHH, 

BhlCOK03q>q>eKTHBHOll )Kll.[IKOCTHOll xpoMaTorpagmn H MeT0.[I0M B3BeIIIHBaHHH 

HaChIIIIeHHhIX pacTBopoB .no H IT0CJie IT0JIH0ro y.naneHHH pacTB0pHTeJIH. HeKOTOpble 

pa60Thl [2,11] CBH.[\eTeJihCTB)'IOT 0 TOM, qTo ycTaH0BJieHne paBH0BeCHH B HaChIIIIeHH0M 

pacTBope Tpe6yeT 3HaqnTeJihHoro apeMeHn (6onee 48 qacon). B 3Toii: CBH3II cne.nyeT 

0TH0CHThCH C 0CT0p0)KH0CThIO K pe3yJihTaTaM ITO 0ITpe.neneHHIO pacTB0pHM0CTH 

cpynnepeHa, IT0JiyqeHHhlM C HCIT0Jlh30BaHHeM CIIJlhH0 HepaBH0BeCHhlX B03.[\eHCTBHll. 

3KCITepnMeHTaJihHhlll MeT0.[\ HCCJie.[\0BaHHH pacTBopoB c IT0M0IIIhIO Y<l>-BII.n 

CITeKTp0CK0ITHH qacT0 HCIT0Jih3yeTCH B pa6oTax ITO HJyqeHHIO pacTBopoB cpynnepeHa. 

OH IT03B0JUieT H3MepHTh K0HIIeHTpaIIHIO ITpHroT0BJieHH0ro pacTBopa, a TaK)Ke .[\eJiaTh 

3aKJIIOqeHne, B KaK0M C0CT0HHHH, M0JieKyJIHpH0M HJIH KJiaCTepH0M, HaX0.[IHTCH 

cpynnepeH B nccne.nyeMOll CHCTeMe. IlpnMepoM 0ITpe.neneHHH K0HIIeHTpaQHH 

paCTB0p0B ITO Y<l>-Bn.n CITeKTpy HBJIHeTCH pa6oTa [11], B KOTOpoii: HCCJie.[\0BaJIHCh 

pacTBophI cpynnepeHOB B cepoyrnepo.ne. l13MepHH cITeKTphI .nn» pacTBopoB c 3apaHee 

H3BeCTHhIMH K0HIIeHTpaIIHHMH, aBT0phI pa60Thl ITp0BepHJIH BhIII0JIHeHne 3aK0Ha 

Eyrepa-JlaM6epTa-Eepa .[\JIH .[\JIHHhl B0JIHhl CBeTa 0K0JI0 450 HM. 3TO IT03B0JIIIJI0 B 

.[\aJihHeii:rneM B0CIT0Jih30BaThCH MeT0.[\0M Y<l>-BII.[\ CITeKTp0CK0ITIIJI .[\JIH 0ITpe.neneHHH 

K0HIIeHTpaIIIIII paCTB0p0B ITPII paCTB0peHHJI cpynnepeHa B cepoyrnepo.ne Ha 

ITp0rn,KeHIIII HeCK0JihKIIX CYT0K. ,[(pyrIIM ITpIIMepoM ITpIIMeHeHHH Y<l>-BII.n 

CITeKTp0CK0ITIIJI HBJUleTCH IICCJie.[\0BaHJie paCTB0p0B C6o B NMP [I]. B 3T0M cnyqae 

Ha6JIIO.[\aeTCH crJia,KIIBaHIIe HaqaJihH0ro «M0H0Mepuoro» CITeKTpa qiynnepeHa. ,[(aHHhlH 

pe3yJihTaT, no MHeHIIIO aBT0p0B pa6oT, CBII.[\eTeJihCTBYeT 06 o6pa30BaHIIII B 

IICCJie.nyeM0M pacTBope ycToiiqlfBhIX KJiaCTepoB. 

I1cnoJih30BaHIIe MeT0.[la 3JieKTpOHHOll MIIKp0CK0ITIIII npII IICCJie.[\0BaHIIHX 

pacTBopoB cpynnepeua CTaBIIT PM B0ITp0C0B. ABTOphl pa60Thl [7] IICIT0Jih30BaJIII 
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ITpocB,eq1rnruomyio :meK'fP0HHYJO MIIKpocK0ITIIJO (TI3M) BbICOKoro pa3peI1IeHIIJI ,nllil 
IIccne,noBaHIIJI- pacTBopoB qiynnepeHa B ·cepoyrnepo,ne. Bo BpeMJI 3KCITepIIMeHrn ITO 

TI3M, KaITnJO pacTB0pa IT0Mell(anII Ha ITo,nnmKKY II BhIIIapIIBanII c Hee pacTBOpIITenh, 
IICCne,nyJI 0CTaBIIIIIHCJI 06pa3eu {7]. CaM ITpouecc BbIIIapIIBaHIIJI pacTBopIITellil CIIllbH0 
B03~eiicTBye~ Ha C0CTOJIHIIe <pynnepeHa B paCTB0pe, II M0)KeT IIpIIB0,!lIITb K CIIllbH0 
HepaBH0BeCHOMy' C0CT0JIHIIIO qiynnepeHOB II o6pa3oBaHIIIO IIX arperaT0B B CIICTeMe. 

MeTOJ:( ,nIIHaMIIqeciwro CBeTopac'ceJIHIIJI ITpIIMem:1eTCJI . B IIccne,noBaHIIHX 

paCTBOpC>B q>ynrrepeHa ,nnJI 0IIpe,neneHIIJI pa3MepoB KnaCTepoB. XapaKTepHbie pa3Mephl, 
K0T0pbie IIccne,nyioTCJI B 3TIIX cnyqMX, C00TBeTCTBYJOT C0THJIM HaH0Me'fl)0B. KaK 
ITpaBIIll0, ru,npO,nIIHal\mqecKIIll pa3Mep, orrpe,nellileMblll ,naHHbIM MeTO,n0M, 0'fl)a)KaeT 

HeKOT0pyio cpe,nHJOIO_ BenIIqIIHY ,!{0BOllbH0 IIIIIp0K0ro pacITpe,neneHIIJI KnacTepoB ITO 
pa3MepaM. · OrpaHIIqeHIIe ITO qyBCTBIITenbH0CTII MeTo,na He IT03B0llileT nonyqaTb 

IIHq>OpMaumo 0 q>yHKUIIII. pacnpe,neneHIIJI KnaCTepoB TIO pa3MepaM B oqeHb Ba)KH0M 
,nIIaIIa30He 1-10 HM. 

3TOT ITpq6en M0)KeT 6bITb B0CIT0nHeH IICITOllb30BaHIIeM MeTo,na ManoyrnoB0ro 
pacceJIHIIJI HeiiTpOHOB .. KpoMe 0ITpe,neneHIIJI pa3Mepa II IT0llII,!{IICIIepCH0CTII, ,naHHblll 
MeTO,n II03B0nJieT 0ITpe,nenIITb oco6eHHOCTII q>OpMbl IIccne,nyeMbIX qacTIIU II xapaKTep 
IIX ITOBep:XHOCTII. Ba)KHOH Oco6eHHOCTblO MeT0,na JIBnHeTCJI B03M0)KH0CTb ITonyqeHIIJI 
IIHq>OpMaUIIII 0 BHyrpeHHeii C'fPYKType qacTIIU C IICIT0llb30BaHIIeM BapIIaUIIII 
K0H'fl)acrn. (mMeHeHIIe · pacceIIBaJOmeii cIToco6HocTII. · pacTBopIITenJI ITocpe,ncTBoM 

II30TOITHoro 3aMemeHIIJI Bo,nopo,n-,neiiTepIIii). Hccne,noBaHIIJI pacTBopoB qiynnepeHa 

C60 B Tonyone [8], cepoyrnepo,ne [4-6], N-MemnITIIpponII,noHe [1], Bo,ne 
CBII,neTenbCTBYIOT 06 3q>q>ei<TIIBHOCTII MeTO,na MYPH B OTH0IIIeHIIII TeMaTIIKII pa60TbI. 

TaKrrM 06pa10M, ·aKryannHbie B HacToJimee BpeMJI c To<iKII 3peHIIJI 
ITpaKTIIqecKIIX IIpIIMeHeHIIll, a TaK)Ke TeopeTIIqecKIIX 3HaHIIll O KnaCTepH0M C0CT0JIHIIII 
Bell(eCTBa paCTB0phl . q>ynnepeHa IIHTeHCIIBH0 IICCne,nyJOTCJI C IICIIOllb30BaH'rteM 
pa3H006pa3HbIX '3KCnepIIMeHTanbHbIX MeT0,!{0B. B 6onbIIIOM ofo,eMe HaKonneHHOll 

IIHq>OpMaUIIII M0)KH0 BC'fl)eTIITb npomBopeqIIBbie qiaKTbI. OTCYTCTBIIe o6meii TeopIIII 
0ITIICaHIIJI paCTB0p0B q>ynnepeHa, a TaK)Ke Te0pIIII o6pa30BaHIIJI II pocrn KnaCTepoB B 

3TIIX pacTBopax, He II03B0nJieT qeTK0 C'fPYKTYPIIP0BaTb IIccne,nyeMbie CIICTeMbI. 
Heo6xo,nIIMa pa6oTa, KaK B 3KCITepIIMeHTfillbHOll o6nacTII, C IICII0llb30BaHIIeM 
HaII6onee 3q>q>eKTIIBHbIX MeT0,!{IIK, . TaK II B TeopeTIIqecKoii, ,!{ill! II0HIIMaHIIJI 
npoTeKaJOII(IIX B pacTBopax C60 ITpoueccoB. 

II. MaJioyrJiosoe paccemrne ueiiTpouos na pacTsope d>VJIJiepeua C60 B 

cepoyrnepone • 
Ll:llil IICCne,noBaHIIJI paCTB0p0B C60/CS2 o6pa3Ubl roT0BIIlllICb ITPII IT0M0II(II ,nByx 

pa3nIIqHI,IX ITpoue,nyp pacTBopeHIIJI. TiepBM cepIIJI o6pa3UOB roT0BHnacb 
pacTBopeHIIeM .q>ynnepeHa B cepoyrnepo,ne ITPH IT0M0II(H ynh'fl)a3BYKa B TeqeHrre 10 
MHHYT, JIII6o pacTBopeHIIeM ITepeMeIIIHBaimeM B TeqeHIIH CYTOK. TaKOll . MeT0,n 
ITpIIroTOBneHHJI pacTB0p0B 6nm BbI6paH, OITHpaHCb Ha llIITepaTypHbie ,naHHbie [2,4]. 
Tipoue,nypa IIpIIr0TOBneHIIJI o6pa3UOB BTOpoii cepHH 6brna cnnaHIIp0BaHa . TaKIIM, 
06pa10M, qT061,1 H36e)KaTb nJ06oro HepaBH0BecHoro B03,neiicTBIIJI Ha cIIcTeMy C60/CS2 
Ha ITp0TJI)KeHim Bcero ITeprro,na pacTBopeHHJI. TaKoii MeTo,n ITpIIroT0BJieHIIJI, B. 
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cpaBHeHIIII C 06pa1uaMII ITepBOll cepIIII, IT03BOnIIn ITp0BepIITb 3aBIICIIT nII o6pa30BaHIIe 

KnaCTepoB C6o B pacTB0pe OT MeT0,na IIpIIroT0Bnemrn 06pa1ua. 
Pe3ynbTaTbi ManoyrnoB0ro pacceJIHIIJI Hell'fl)OHOB Ha 06pa1uax ITepBOll cepIIII 

ITpe,ncTaBneHbI Ha PIIc. 1. B 0TnIIqIIe OT ITpe,n1,1,nyll(IIX 3KCIIepIIMeHT0B ITO 
ManoyrnoB0MY pacceJIHHIO Hell'fl)OHOB Ha ,naHHOll CHCTeMe [ 4-6], HaCT0JIII(He 
3KCITeprrMeHTbI ITp0Be,neHbI B 6onee HIHpOK0M ,nrraITa30He Mo,nynJI BeKT0pa pacceJIHIIJI 
0.01 < q < 0.06 A-1. OTKnOHeHIIe 3KCITepIIMeHTanbHbIX ,naHHbIX OT M0,nenbHbIX KpHBbIX 
pacceJIHIIJI ,nnJI pacTBopa cBo6o,nHwx M0H0MepoB C60 B o6nacTrr q < 0.06 A-1 

CBrr,neTen1,cTByeT o HanrrqIIrr B pacTBope KnacTepoB c pa,nIIycoM r > 50 A. KaK 
II0Ka3bIBaJOT pacqeTbI, K0HUeH'fl)aUIIJI 3TIIX KnaCTepoB Mana ITO cpaBHeHIIIO C 

KOHUeH'fl)aurreii CB06o,nHbIX MoneKyn C6o B paCTB0pe. 

0.1 

",. 
u 0.01 

~ 

tE-3 

L 
0.01 

A C6JCS
2 

7.6 Mr/Mn 

o C&/CS
2 

3.9 Mr/Mn 

0.1 

q,A-' 

........ 
'II',,\\ 

',' 

PIIc. 1. I1HTeHCIIBHOCTb pacceJIHHlI neiiTpOHOB Ha 06pa1uax ITepBOll ceprrrr. 
TiyHKTIIpHbie llHHHH - nprr6nIJ)KeHHe fHHbe ,nnll CB06o,nHbIX M0H0MepoB. 

~ 
g, 

001 ~ l--4_;: _ X 

---r-f--1:'M·_ /j"- 1 ~r 

---- ----r¼~y 
1E-3 

0,01 

_1::,._ Cfjf/CS2 7 .9 Mr/Mn 

-0- C,,jCS, 4.0 MC/Mn 

0.1 

q,A' 

' '' 

PIIc. 2. I1HTeHCIIBHOCTh pacceJIHHJI Heii'fl)0H0B Ha o6pa3uax BTOpoii ceprrrr. 
TiyHKTHpHbie JIIIHHII - ITprr6JIH)KeHrre fIIHbe ,nJIJI CB06o,nHbIX M0H0MepoB. 

KpHBbie pacceJIHIIJI ,nJIJI ,nByx o6pa3UOB BTOpoii ceprrrr ITpe,ncTaBJieHbI Ha 
Prrc. 2. KaK BH,nH0, ,nllil 3TIIX pacTBopoB He Ha6rrJO,naeTCJI 6oJibIIIOrO 0TKJI0HeHHJI 
3KCITeprrMeHTanbHbIX KpHBbIX pacceJIHIIJI OT Mo,neJibHbIX pacqeT0B ,nJIJI 
ITpe,nITorraraeMoro crryqag pacTBopeHHJI qiyrrrrepeHa B cepoyrnepo,ne B q>OpMe 

9 



MOHOMepoB Ha BCeM ,n;11ana30He q. IfraK, MO)l(HO 3aKJIJOqIITJ,, qTo o6pa30BaHIIe II pOCT 

Kpyum,Ix KJiacTepoB C60 B pacTBope 3aBIICIIT OT cuoco6a np11roT0Bnemrn o6pa3ua. 

MeTo,n;oM f11m,e oupe,n;emm11 pa,n;11yc IIHepu1111 qacTIIU B pacTBopax, 

np116nII)l(asJ K 3KCnep11MeHTanbHhlM ,n;aHHbIM 3aBIICIIMOCTb: 

I(q) = J(O)exp(-R;q2 13) (1) 

)];mi: pacTBopa c KOHUeHTpau11eii 7.9 Mr/Mn nonyq11n11 Rg=(3.84±0.18) A, ,n;mi: 

pacTBopa c KOHUeHTpau11eii 4 Mr/Mn nonyq11n11 Rg=(3.92±0.18) A. CpaBHIIBasr 

nonyqeHHbie 3Haqemrn Rg C TeopeT11qeCKII paccqIITaHHOii Ben11q11HOH ,[\illI MOneKynhI 

C60 - Rg=3.57 A, nonyqaeM, qTo 3Kcnep11MeHTaJibHbIe Ben11q11HbI Ha -20% Bhnne. 3rnT 

pe3ynb TaT COBna,n;aeT C ,n;aHHbIMII npe,n;bl,L\YIIIIIX 3KCnepIIMeHTOB [ 4-6]. PaHee ,n;mr ero 

o6MICHeHmI npe,n;nonaranOCb [5] npIICYTCTBIIe B pacTBope conbBanIpoBaHHbIX 

MoneKyn C6o- 0,n;HaKo, TIIlaTenbHbIH aHanll3 npe,n;bl,L\YIIIIIX 3KCnep11MeHTOB [6] II 

,n;aHHhie HaCTOHIIleii pa60Tbl He no,n;TBep)i(,[\aIOT 3TY rnnoTe3y. 

2.5 

.::1-. ·1 1 l -I ·- l ~- l • i- ... i 
~ I/ \--r" 

\ I -~ -'-----
\°\.I; ~ I . ::f 

2.0 

)i 1.5 , -i 
1.0 

0.5 

~ . 
I ri1,.--.,..,.,..____ 
V 

.1/ I J_. --
-____. ... , ... / fi 't . I -~ 

0.0-1--~~-~~-~~--~~--~ 
0 10 20 30 40 50 

r,A 

P11c. 3. Mo,n;en11poBaH11e pacTBopa C60/CS2 MeTo,n;oM MoneKyMpHoii ,n;11HaM11K11. 

CneBa - MrHOBeHHhlii «CHIIMOK» CIICTeMbl [12]. CnpaBa - nnOTHOCTb pacceHHIIH · 

HeiiTpOHOB Ha paCCTOHHIIII r OT ueHTpa MoneKynhI c60· 

·a o 
•o •. 
l:: 

-1 

• 3Kcnep1-1MeHT 
-MOA8nb1 
----MOA&nb2 

10•1 ~ 
l(q), 
CM·' 

10• 

8 10 12 1-4 0.01 0.1 
r,A q,A1 

P11c. 4. CneBa - npoq>IInb nnOTHOCTII pacceHHIIH MoneKynoii C6o 113 ,n;aHHbIX 
MoneKyMpHoii ,n;11HaM11K11. CnpaBa - cpaBHeH11e 3Kcnep11MeHTanbHhIX ,n;aHHbIX .LIM 
pacTBopa qiynnepeHa B cepoyrnepo,n;e, KOHUeHTpaUIIH 7.9 Mr/Mn c Mo,n;enhHblMII 
KpIIBhIMII pacceHHIIH 113 ,n;aHHhlX MOneKyMpHOH ,[\IIHaMIIKII. 

IlpIIHIIMasJ BO BHIIMaHIIe, ~o pa3Mep pacTBOpIITeM He CIInbHO OTn11qaeTCH OT 

pa3Mepa pacTBopeHHOro qiynnepeHa, MO)l(HO npe,n;nonO)l(IITb BnIIHHIIe Ha Bll,[\IIMhlii 

pa,n;11yc 11Hepu1111 qiynnepeHa B cepoyrnepo,n;e 3q>q>eKTOB 11cKJiroqeHHoro 061,el\rn. B 
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1 
) 
r 

I 
1 

{ 
r 
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pa6oTe [12] pacTBop q>yJIJiepeHa B cepoyrnepo,n;e KOHUeHTpau11eii 1.2 Mr/Mn 

MO,n;en11poBanCH MeTo,n;aMII MoneKynxpHOii ,[\IIHaMIIKII C IIOMOIIlhIO nporpaMMhl DL 

POLY. MrHoBeHHbiii «CHIIMOK» c11cTeMhI npe,n;crnBneH Ha P11c. 3, cneBa. Ilo ,n;aHHbIM 

MOneKynHpHoii ,[\IIHaMIIKII B HaCTOHIIleii pa6oTe paccq11TaHO pacnpe,n;eneHIIe nnOTHOCTII 

pacceHHIIH HeiiTpOHOB KaK q>yHKUIIH pacCTOHHIIH OT ueHTpa MOneKynhl c60 (P11c. 3, 

cnpaBa). 

IloKaJaHo, qTo 3q>q>eKTbI 11cKJiroqeHHoro 061,eMa, KaK pe3ynhTaT op11eHrnu1111 

MoneKyn cepoyrnepo,n;a oKono noBepxHOCTII C60, He OKa3hlBaIOT cymecniemroro 

BnIIHHIIH Ha 3cpcpeKTIIBHhIH pa,n;11yc cpynnepeHa B pacTBope. BMeCTe C TeM, B03ne 

noBepXHOClli MOneKynbI c60 IIMeeT MeCTO 6nII)l(HIIH nopH.n;OK B opraHmau1111 MOneKyn 

paCTBOpIITeM CS2 (P11c. 3). Han11q11e OTKJIOHeHIIH nnoTHOCTII ,n;nIIHbl pacceHHIIH OT 

cpe,n;Heii Ben11q11Hhl ,n;nx cepoyrnepo,n;a OKono noBepXHOCTII cpynnepeHa TaK)l(e BnIIHeT 

Ha ero 3cpcpeKTIIBHbiii pa,n;11yc, perncTp11pyeMhiii MeTo,n;oM MYPH. 

PaCCMOTpeHbl ,[\Be MO,n;enII npocp11nH nnoTHOCTII pacceHHIIH HeiiTpOHOB 

MoneKynoii C6o, on11pasrcb Ha ,n;aHHbie MOneeynxpHoii ,[\IIHaMIIKII. TiepBasr MO,n;enb 

yqIIThrnaeT TOnbKO 11cKJII0qeHHhiii 061,eM MoneKynhI (pa,n;11ycoM 6 A). Brnpasr Mo,n;enh 

11cnon1,3yeT np116n11)1(eHIIe K npocp11nro nnOTHOCTII pacceHHIIH B BII,n;e ccpep11qecKIIX 

o6onoqeK nocTOHHHOH nnoTHOClli (P11c. 4, cneiia). PaccqIITaHHhle Ha OCHOBe ,n;Byx 

MO,n;eneii KpIIBbie pacceHHIIH 3Haq11TenhHO OTn11qaIOTCH OT 3KCnepIIMeHTaJibHbIX 

,n;aHHhIX (P11c.4, cnpaBa). TaKIIM o6pa30M, yqeT ynopH,n;oq11BaH11H MoneKyn CS2 oKono 

noBepXHOCTII cpynnepeHa npIIBO,[\IIT K YMeHbllleHIIIO 3cpcpeKTIIBHOro pa,n;11yca 1IHepu1111 

cpynnepeHa B pacTBope. 
B HaCTOH1I1eii pa6oTe 3aBbIIIIeHIIe 3HaqeHIIH pa,n;11yca 1IHepu1111 qaCTIIU B 

pacTBopax C60/CS2 npe,n;no)l(eHo 061,xcHHTb npIICYTCTBIIeM HeKoTopoii KOHUeHTpau1111 

He6onblIIIIX KJiaCTepoB - ,[\IIMepoB, TpIIMepoB II T.,n;. B 3TOM cnyqae nonyqeHHOMy 

pa,n;11ycy IIHepu1111 Rg COOTBeTCTByeT 3cpcpeKTIIBHOe cpe,n;Hee 3HaqeH11e pa,n;11yca 

1IHepu1111 no BCeM qacTIIUaM, npIICYTCTBYIOIIIIIM B paCTBOpe. Ben11q11Ha 3TOro cpe,n;Hero 
pa3Mepa onpe,n;enxeTcH KOHUeHTpaUIIHMII KJiacTepoB. TaK, npe,n;nonarasr Han11q11e 

TOnbKO ,[\IIMepoB, ,n;nH Bll,[\IIMOro pa,n;11yca IIHepu1111 Rg nonyqaeM: 

R 2 = R'2 + l:!!_ R·2 (2) 
g g l+a g 

r,n;e R: - pa,n;11yc 11Hepu1111 o,n;11HoqHoro cpynnepeHa, a - ,n;oM cpynnepeHOB B ,n;11Mepax. 

B paMKax ,n;aHHoro np116n11)1(eHIIH m pa3HIIUhl Ha6nro,n;aeMoro pa,n;11yca 11Hepu1111 11 
pa,n;11yca 11Hepu1111 o,n;11HO'IHoro qiynnepeHa nonyqaeM, qrn oKono 10 % cpynnepeHoB B 
paCTBope ,L\On)l(Hbl HaXO,[\IITbCH B ,[\IIMepax. 

Eme O,[\HIIM IIHTepeCHbIM 3cpcpeKTOM, KOTOpbIH Ha6nro,n;ancx B xo,n;e 
3KCnepIIMeHTOB no ManoyrnOBOMY pacceHHIIIO HeiiTpOHOB Ha paCTBOpax C60/CS2, 6hIJIO 
noHII)l(eHIIe KOHUeHTpaUIIII IIccne,n;yeMblX paCTBOpOB BO BpeMeHII nocne 
npIIrOTOBneHIIH pacTBopa. ,ll;aHHbIH 3cpcpeKT Ha6nro,n;ancH Ha npOTH)l(eHIIII TpeX CYTOK. 
TionyqeHHhlii pe3ynbTaT cpaBHIIM C pa6ornii [11], B KOTOpoii aHanornqHhie ,n;aHHbie 

6bIJIII nonyqeHhl MeTO,[\OM Y<l>-B11,[\ cneKTpOCKOnIIII. TaKIIM o6pa30M, npII 

paBHOBeCHOM pacTBopeHIIII cpyJIJiepeHa C60 B cepoyrnepo,n;e Ha6nro,n;aeTcH 3cpcpeKT 
HeMOHOTOHHOH 3aBIICIIMOCTII KOHUeHTpaUIIII OT BpeMeHII - a IIMeHHO B onpe,n;eneHHbIH 
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MOMeHT BpeMem1 KOHIIeHTPa11m:r .nocniraeT MaKCIIMyMa, ITOCne qero ttaq11ttaeT 

Me,nneHHO ITOHII)KaTI,CH .no HeKOTOporo paBHOBeCHoro 3HaqeHIIH. 

m. KnueTHKa o6pa30BaHHH KJiaCTepoB c60 B CJia6onoJIHpHOM 
paCTBOpIITeJie B paMKax TeOpHH HVKJieaunn 

.[{nH OITIICaHIIH KJIHeTIIKII o6pa30BaHIIH II poem KnacTepoB B pacrnopax 

qiynnepeHa pa3BIIBaeTCH ITO,nxo.n TeopIIII ttyKneaIIIIII. KIIHeTIIqecKIIe ypaBHeHIIH 

TeOpIIII OITIICbIBaIOT 3BOllIOIIIIIO BO BpeMeHII qiyHKIIIIII pacITpe,neneHII51 KnaCTepoB ITO 

pmMepaM - f(n,t). f(n,t) oITpe,nenaeTca KaK ofaeMHM KOHIIeHTPaIIIIH B pacrnope 

KnacTepoB, COCT05IIIIIIX II3 n MOHOMepoB. I13MeHemre qiyHKIIIIII pacITpe.neneHIIH f(n,t) 
oITpe.nenaeTcH cne.nyromeil: CIICTeMoil: ypaBHeHIIH [ 13]: 

aJ(n,t') = c(t') (n-1)½ g(n- l)f(n- 1 t') + 
at· c<"') ' ,q 

c(t') ½ ( )/( I ') [LlG(n+l)-tlG(n)] (3) +~n g n n+ ,t exp -
~ ~T 

-( :~~/ J{cn-1)½ g(n-l)exp[ tlG(n)~::(n-l) ]+n½g(n)}f(n,t'). 

r.ne c(t') eCTb KOHIIeHTPaIIIIH qiynnepeHOB B pacrnope B ,naHHbIH MOMeHT BpeMeHII t', 

g(n) - HOpMIIpOBOqHaH qJyttKIIII51, c~;J eCTb KOHIIeHTPaIIII51 cerpempyIOIIIIIX qaCTIIII Ha 

ITnocKoil: rpaH1111e pm.nena c rnep.noil: qimoil:, tlG(n) ecT1> pa6om ITO o6pmoBaHIIIO B 

paernope KnaeTepa pmMepoM n. 
B1>1pa)KeHIIe .nna pa60T1>r tlG(n) OITpe.nenHeTca paecMaTPIIBaeMoil: Mo,nen1>ro 

poem KnaeTepoB. B TpeT1>eil: rnaBe ,nIIeeepmIIIIII paceMOTpeHbI ,nBe MO,nenII -

KnaeeIIqeeKM KaITen1>Haa Mo,nen1> KnaeTepa [13,14] II Mo.nen1> orpaHIIqettttoro poem 

[13]. 3aBIIeIIMOCTb epe,nHero pa3Mepa KnaeTepoB B ITepee1>rmettHOM paernope OT 

BpeMeHII .nna 3TIIX Mo,neneil: ITpe.nemBnetta Ha pIIe. 5. 

10' 

II Ill IV C,/Crtq = 10 

c,Jc., = 5 

c,jc_ =20 

<n> <n> 

10' 

100 

10' 10' 10' 10 100 1000 10000 

t' 

PIIe. 5. ITepee1>rmeHH1>ril: paernop ( co/"' > 1 ), 3BOnIOIIIIH epe,nHero pmMepa /c;q 
KnaeTepa Bo BpeMeHII. CneBa - KaITen1>HaH Mo,nen1> KnaeTepa. CITpaBa - Mo,nen1> 

orpaHIIqe1rnoro poeTa. 
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.[{nH Karren1>ttoil: Mo,nenII KoHeqHbJM c.oeTOHHIIeM ITepee1>1mettHoro paernopa 
51BnHeTeH o6pmoBaHIIe eerperIIpYIQIIIIIMII qaeTIIIIaMII rnep.noil: qJa3bI, qTo B HaIIIeM 

enyqae ITpe.nemBnHeTcH, KaK o,nIIH 6on1>moil: imacTep c KOHIIeiITPaIIIIeil: c~;J 

OKpymaIOIIIIIX ero MOHOMepOB. Bo3M0)KH0 mKoe eoqemHJie ITapaMeTPOB, qTO BpeM51 

ITpOTeKaHIIH CTa.Z(IIII He3aBIIeIIMOro poem (Ill) IIMeeT ITOp51,nOK qaeoB, .[(Heil:, MeeHUeB II 

epe,nttIIil: pmMep qaeTIIII, ITOCTOHHHblil: Ha 3TOil: eTa,nIIJI, pemeTPIIpyeTeH B 

3KeITepIIMeHTe. B cnyqae paceMaTPIIBaeMbIX paernopoB qiynnepetta B HeITonHpHoM 

paeTBOpIITene BpeMH ITPOTeKaHII51 eTa.Z(IIII He3aBIIeIIMOfO poeTa He ITpeBbIIIIaeT 10· eeK. 

,[{aHHbIH pe3yn1>TaT ITpOTIIBOpeqIIT 3KeITepIIMeHmnl>HbIM ,naHHb!M. Cne,no'BaTenbHO, 

KaITen1>HaH Mo,nen1> 11e oIT11c1>rnaeT paeeMaTPIIBaeMble paernop1>1 qiynnepeHOB C6o. 
B enyqae Mo,nenII orpaHIIqeH11oro poem 3a KOpOTKIIH IIHTepBan . BpeMeHII 

ycmHaBnIIBaeTeH eocTO5IHIIe CIICTeMbl, B KOTOpOM epe,nHIIH pmMep KnaeTepoB 
Me,nneHHO ITpII6nII)KaeTCH K. paBHOBeeHOMY, TO eeTb ITOeTeITeHHO Bee KnaeTepb! B 

eJICTeMe ITp116nJI)KaIOTC51 ITO pa3Mepy K HaII6onee 3HepreTIIqeeKII BbirO.Z(HOMY (pIIe. 5, 
eITpaBa). Mo.nenb orpaHIIqeHHOro poem KaqeeTBeHHO OITIIebIBaeT 3KeITepIIMeHTanbttble 

,naHH1>re ,nnH 11eKOTop1>Ix paernopoB qiynnepeHa, B qaeTHOeTII arperau11ro C60 B 6eH3one 
[15,16], B eepoyrnepo.ne [7], B rnnyone [8]. 

HeMOHOTOHHM KIIHeTIIKa paernopeHIIa qiynnepe11a B eepoyrnepo.ne, 
OTMeqeHHM B pa6oTe [11] II ITo,nrnep)K.Z(aeMM pe3yn1>TamM11 ,naHHOil: pa6oTbl, 

Kaqeerne11Ho 061,ac11HeTea MO,nen1>ro paernopeHIIH, ITpe.nno)KeHHOH B TPeneil: rnaBe 

.Z(IICeepmuIIII. B paMKaX 3TOH MO,nenII OITIICbIBaIOTCH ITOTOKII qaeTIIII 113 TBep.noil: qla3bl 

II o6paTHO. Bo-ITepB1>rx ITpe,nITonaraeTea, • qro 113 TBep.noil: qJa3bl C60 B paernop 11,neT 

ITOTOK MoneKyn qiynnepe11a, KOTOpbIH ITpeKpamaeTeH ITPII .noeTII)KeHJIII KOHIIeHTPaIIIIII 

Hael>IIIIeHIIH B paernope. Bo-BTOpbIX, B ypaBHeHJIHX (3) .Z(OITOllHJITenbHO yqIITbIBaeTe51 

B1>ma,nettIIe 113 paernopa 6on1>III11x KnaeTepoB qiynnepetta II3-3a IIX ee,n11MeHTaIIIIII. B 

pe3yn1>mTe ITOnyqaeTeH CIICTeMa ypaBHeHIIH e rpaHIIqHJ,IMII II HaqanbHbIMII 
yenoBII5IMII: 

of(n,t') = _c_(n -1)½ g(n- l)f(n -1,t') + 
ot' c!;J 

c ½ [tlG(n+l)-tlG(n)] +~n 3g(n)f(n+l,t')exp -~~---'--'- -
~ ~T (4) 

-(c;l J{(n-1)½ g(n-l)ex{ tlG(n)~:TG(n-l) ]+n½ g(n)+( e%· -1)}1(n,t') 

f(n,0) = 0, \In; Inf(n,t) = c(t); f(l,t) = . .-"' . {i:, c(t) < c' 

n=t 0, c(t) > C 

3.neeb c' - Ben11q11Ha KOHIIeHTPaIIIIII HaCbIIIIeHIIH, i(l,t)- eKopoeTb ITOeTYIInemrn 

MoneKyn C60 m rnep.noil: qim1>1 B pacrnop B MOMeHT BpeMe1111 t, n' - pmMep KnaeTepa 
qiynnepeHa, HaqJIHaH C KOTOporo KnaeTepbI HaqIIHaIOT Me.nneHHO BbIIIa.Z(aTb 113 
paeTBopa. 

.[{nH Bcero ,nIIaITmoHa Ha6opa ITapaMeTPOB Mo,nen11 ( c', c!;J, i:, n' ), cymeeTByroT 

qeTb!pe KaqeeTBeHHO pmnIIqffJ,JX pe)KIIMa KIIHeTIIKII paeTBopeHIIH, ITo,npo6Ho 
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ormcaHHbie B ,nrrccepTau:1m. Amr TiepBbIX ,nByx pe)l<HM0B HMeeT MeCT0 M0H0T0HHaJI 

3aBHCHM0CTh K0HU:eHTPaU:IUI OT BpeMeHH. 

IlpII yBeJIII'IeHH0M 3HaqeHIIII BeJIIIqIIH n', c'./(oo) ll yMeHbIIIeHH0M 3HaqeHIIII C I c,q 

peaJIII3yeTC5I HeMOHOTOHHbIH pe)l(IIM TI0Be,nenm, c(t) (pIIc. 6). 

10" 

1011 

f(n,t), f_\ 
[mi 1o"f'·,.,_ 

101 ~i'. --
101 1:; 

500 1000 

n 
1500 2000 

C, 

[mg/ml] 
//~./ 

c(t) 

_________ q1,I) ____ _ 

_________ Ef(n,t), n>1 _________ _ 

0.5 1.0 
t 

PIIc. 6. CneBa - :rnomou:m1 cpyHKU:IIII pacTipe,nerrenmI KJiacTepoB C60 TIO 

pa3MepaM BO BpeMeHII. CTipaBa - 3aBIICHM0CTI, c(t) - TIOJIHOH K0HU:eHTPaU:HH 

cpynnepena, f(l,t) - Konn:enTPaU:IIII M0H0MepoB C6o H Sf(n,t),n> 1 - K0HU:eHTPan:rrrr 
KJiacTepoB C60 B pacrnope OT BpeMeHII. IlapaMeTPhI Mo,neJIII: 

c'= 5.7 * 1024 M-3
, c~;l = 5.7 * 1023 M-3

·, n'= 1000, c = 10
22 

M-
3 

/ dt'. 

B 3T0M cnyqae Ha KpIIBOH c(t) na6mo,nmoTca: 1aTyxmoin:IIe Kone6aHrra: 

K0HU:eHTPaU:IIII B0Kpyr Tipe,neJibHOH BeJIIIqIIHI,I. I1MeHHO 3TY BeJIIIqIIHY 0Tipe,neJia:IOT 

3KCTiepIIMeHTaJibH0 II TipIIpaBHIIBaIOT K K0HI(eHTPaU:IIII HaCbIII(eHH5I pacrnopa. B HarneM 

)Ke cnyqae, MaKCIIMYM K0HU:eHTpan:IIII Ha rpaqmKe c(t) C00TBeTcTByeT K0HU:eHTpaU:IIH 

HaCbIII(eHH5I c'. TaKoe TI0Be,neHHe KaqecTBeHH0 C00TBeTCTByeT 3KCTiepHMeHTaJII,HI,IM 

,naHHhlM TIO KHHeTHKe pacrnopeHH5I cpynnepeHa B HeTI0JI5IpH0M pacrnopHTeJie [11], 

Kor,na ,nna: c(t) na6n10,naeTca: MaKCHMYJ\1. 
HaKonen:, Kor,na Tipon:ecc1,1 ce,nHMeHTaU:HH KPYTIHI,IX KJiaCTepoB ll TI0CTYIIJieHH5I 

M0JieKyJI C6o B paCTB0p CTaH0B5ITC5I TI0JIH0CTbIO paccorJiaCoBaHHbIMH, Ha6JIIO,naeTC5I 

aBTOKOJie6aTeJibHbIH pe)l(HM, Kor,na K0HU:eHTPaU:H5I qaCTHU: B pacrnope HeTipepbIBH0 
KOJie6JieTC5I Me)l(.!(y ,nByMa: Tipe,neJII,HI,IMH 3HaqeHH5IMH. Bo3MO)l(H0CTI, Ha6n10,neHH5I 
TaKoro pe)l(HMa Ha TipaKTHKe o6cy)l(.!(aeTca:. }];na: ero peanrr1au:rrrr neo6xo,nrrMa crrcTeMa 

C oqeHb Hll3KIIM TeMTI0M TI0CTYTIJieHII5I JierKIIX M0JieKyJI B paCTB0p II3 TBep,noil: cpa3bl, 
corrpoB0)l(,!(aIOII(IIMC5I Me,nJieHHbIMII Tipon:eccaMH o6pa30BaHII5I ll pocTa KJiaCTep0B. KaK 
ll3BeCTH0, cyin:ecTByeT OT,!(eJihHbIH KJiacc XHMHqecKHX peaKU:HH, Ha3bIBaeMbIX 

KOJie6aTeJihHbIMH (HaTipnMep, peaKU:H5I EenoycoBa-)I{a60TIIHCKOro), B K0TOpbIX 
na6JIIO,naeTC5I auanorIIqHI,Ie 3aBHCHM0CTII KOHU:eHTPaU:HH Tip0Me)l(YTQqHI,IX 

coe,nnHeHIIH rr CK0p0CTII peaKU:IIH OT BpeMeHII [ 17]. 
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IV. MaJioyrnosoe paccemme ueihpouos ua pacTsopax d>VJIJiepeua C60 B N
MeTHJin11ppoJI11Jlo11e, B Cl\lCCH N-MCTIIJIUHppOJIIIJlOH-BOJla, II KOJIJIOJlllllblX 
pacTsopax C6o B BOJle 

Pacrnop1,1 C6o/NMP roT0BIIJIHCh rrpa:MbIM pacrnopeHHeM n pa16aBneHHeM 

nac1,1in:enHoro pacrnopa. O6Hap~eHo, qrn cpym1epeH He pacrnopa:eTca: TIPH Tipa:MoM 

TI0MeII(eHIIII ero B CMeCb NMP-H2O, TI03T0MY e,nIIHCTBeHHhlM CTIOC060M 

TiprrroT0BJienna: pacrnopoB C60-NMP-H2O 6brno pa36aBJieHrre Bo,noil: pacrnopa 

C60/NMP. 
KprrBhie IIHTeHCIIBH0CTII paccea:mrn Heil:TPOHOB Ha pacrnopax C6o/NMP ,nByx 

KOHU:eHTPan:nil: (Prrc. 7, cJieBa) o6napy)l(IIBaIOT Kpail:He cna6b1il: cnrnan paccea:nrra:, 

COOTBeTCTBYIOIIt:HH KJiaCTepaM c pa3MepaMII 6oJiee 100 HM. Ilpn ,no6aBJieHHH B 
CHCTeMy B0,!(bl C o6beMHOH ,!(OJieil: OT 40% II BhlIIIe Ha6JIIO,naeTC5I 3HaqrrTeJibH0e 

yBeJirrqeHne IIHTeHCHBH0CTII paccea:HH5I B ll3Mepa:eM0M HHTepBane q (Prrc. 7, CTipaBa), 

qTQ CBII,!(eTeJibCTByeT 06 II3MeHeHHII cpynKU:IIII pacTipe,neJieHII5I KJiaCTepoB TIO pa3MepaM 

B pacrnope II 06pa10BaHIIII B pacrnope KJiacTepoB pa3MepoM < 100 HM. 

0,67 

.o C60/NMP, c = 550 MKM 

• C60/NMP, c = 250 MKM 

"~ 
o.•i 

u 

g 
0.2~ 

! 
1ii+ ❖,,,❖ 

0.0 I ,11!1~~11t i+ffh!*,*t++tht:t:i~,! H, 
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 

q,A·' 

0.6 

"a 
g 0.4 

0.2 

0.0 

~ l l>. C60/NMP/H20. C = 250 MKM 

I • C60/NMP/D20, C = 250 MKM 

\ 
'• ' .. 

''. 
'f++.t.. A A 

++ ++ + + • t: ♦*♦-f♦ • 
~ u u u u ~ u u u 

~ ~ 

Prrc. 7. Hccne,noBanrre MeTo,noM ManoyrnoBoro paccea:nrra: Heil:TPOHOB 

pacrnopoB C6o/NMP ,nByx KOHU:eHTPan:nil: (cJieBa) n C60/NMP/H2O n C6o/NMP/D2O 
(cTipaBa). 

0,5 

0,4 

0,3 

0,2 

0 
-A 
V 0,1 

0,0+-~~~~~~~~~~~~~-~~~~ 

0,0 0,1 0,2 

-0,1 x(D
2
0)/[x(D,0)+x(H,0)] 

-0,2 

Puc. 8. BapIIau:na: K0HTPaCTa .nmr CIICTeMbI C60-NMP-H2O-D2O. Cpe,nHAA 
HHTeHCIIBH0CTb paccea:HII5I paCTB0p0B c 50%-HbIM co,nep)l(aHIIeM NMP 

(C6o/NMP: H2OID2O = 1 : 1) II pa3HhlM co,nep)l(aHIIeM D2O. 
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HHTepeeHO, qTo TIPH .n;o6aBJieHHH .n;eil:Tepn:poBaHHOll B0.!l;bl BMeeT0 o6bJqHoii 

rrerKoii B0.!l;bl en:rHarr TipaKTn:qeeKH n:eqe3aeT, T.e. K0HTPaeT Me)l():(y paernopn:TeJieM 

NMP/D2O ll KJiaeTepaMH c60 6JIH30K K HYJIIO, B TO BpeMJI KaK K0HTPaeT e 

paernopn:TerreM NMP/H2O .n;oeTarnqHo BeJIHK .n;M TIP0J1BJieHn:J1 en:rnarra. 

HeTIOJib30BaHn:e MeTO,na Bapn:a11n:n: K0HTPaeTa (pn:e. 8) en:eTeMbI C60-NMP-H2O-D2O 

.n;aeT B03M0)KH0eTb 0IJeHHTb epe.n;HIOIO TIJI0TH0eTb .!l;JIHHbl paeeeJIHHJI KJiaeTepoB 

qiyrrrrepeHOB. J13 Haii,neHHOll TQqKn: K0MTieHea11n:n: x=0.78±0.2 (3HaqeHn:e 

OTHOen:TeJibHOll .!l;0JIH D2O B paernope, TIPH K0T0p0M qaeTHIJbl eTaH0BJITeH 

HeBH.!l;HMbIMH) 0Tipe,neJIHJIH epe.D;HIOIO TIJI0TH0eTb .!l;JIHHbl paeeeHHHJI KJiaeTepoB TIO 

qiopMyrre: 

p=XPv,o +(l-x)Pu,o +2pNMP (5) 

r.ne Pv,o, Pu,o, PNMP eeTb TIJI0TH0eTH .!l;JIIIHbl paeeeHHJijj .n;eiiTepnpoBaHHOll B0.!l;bl, 

rrernoii B0.D;bl H NMP eooTBeTeTBeHH0. <l>opMyrra (5) .n;aeT p = (5.6±1.4) X 1010 eM-
2
. 3rn 

BerrnqnHa 6JIH3Ka K TIJI0TH0eTII .!l;JIIIHbl paeeeHHHJI HeiiTpOHOB .!l;M KpHeTarrrra C6o, qTo 

TI03B0JIHeT Tipe,nTI0JI0)KJITh, qTo M0JieKyJibl qiyrrrrepeHa B eoernBe KJiaeTepa HaX0.!l;HTeH B 

IIJI0TH0 ynaK0BaHH0M KpIIeTaJIJIHqeeK0M eoeT0JIHIIII. O.n;HaKo, TQqHoeTb H3MepeHHll He 

.n;aeT B03M0)KH0eTII .nerraTb eTporIIii BblB0.!l; 06 0TeYTeTBIIII B KJiaeTepax K0MTI0HeHTbl 

OTJIHqHoii OT KpHeTarrJia. TeM He MeHee, pae<JeTbl TI0Ka3bIBaIOT, qTo, eorrraeH0 

IIOJiyqeHHOll T0qH0eTII, B03M0)KHaH .!l;0M TaKOll K0MII0HeHTbl, He TipeBbIIIIaeT 5%. 

)];Ba 06pm11a BO.D;HOll .nne11epeHII qiyrrrrepeHa TipIIroTaBJIIIBaJIIIeb eornaeH0 

11po11e.nype «3aMeHa paernopIITeJIH», 011neaHHoii B [10]. IIorryqeHHbie paernopbl FWS 
He 11p0HBHJIII 3HaqJIMbIX II3MeHeHHll B Y<l>-Bn.n eTieKTPaX B TeqeHHII KaK MHHHMYM 

TPeX MeeHIJeB. ,ll;M Jieerre,noBaHHH 3aBJieIIM0eTII MarroyrnoBoro paeeeHHHJI HeiiTPOHOB 

OT K0HIJeHTPaIJIIII 11epBJiqHbiii paernop paernopHrreH Bo.n;oii. TaK)Ke .n;rrH 

oeymeernrreHJijj BapIIaIJIIII K0HTpaeTa 6bIJIO TipHroT0BJieH0 HeeK0JibK0 paernopoB 

pm6aBJieHHeM TiepBHqHoro paernopa .no K0HIJeHTPaIJIIII 126 MKM eMeeHMII rrerKoii n 

rn)Kerroii B0.!l;bl TaK, qTo eo.n;ep)KaHHe D2O II3MeHM0eb B IIHTepBarre 0-40%. 

rpa<pIIKH HHTeHeIIBH0eTH paeeeHHHJI HellTPOHOB .!l;Jljj .D;Byx o6pa3IJOB paeTB0p0B 
FWS K0HIJeHTpaIJIIH 252 MKM, 11orryqeHHbie Ha pa3JIJiqHbJX MarroyrnoBbIX yernH0BKax, 

Tipe.nernBrreHbI Ha Pne. 9, erreBa. 

OTeyTeTBn:e oeo6eHHOeTeii Ha KpHBbIX paeeeHHHJI eBJI.D;eTeJibeTByeT 0 eHJibHOll 

IIOJIH.D;He11epeH0eTII KJiaeTepoB. ,ll;M epaBHeHJijj Ha PIIe. 9 110Ka3aHbl M0.D;eJibHbie 

KpHBbie paeeeHHJijj .!l;Jljj M0H0.D;HeTiepeHbIX qaeTIIU pmrrnqHoii <pOpMbl. A1111poKeHMaIJHjj 

KpHBbIX paeeeJIHIIH eTelleHHbIM 3aK0H0M Ha HHTepBarre BeKT0p0B paeeeHHHH 
q=0.02-0.2 A-1 .n;aeT TI0KmaTeJib eTeTieHH -(3.96±0.07), qTQ eoorneTernyeT 110KmaTemo 

-4 3aK0Ha Ilopo.n;a [18] II roB0pIIT 0 TOM, 'ITO II0BepXH0eTb qaeTHIJ HBMeTeH rna.n;Koii. 
CpaBHIITeJibHO BbieOKIIll !pOH B KpIIBbIX paeeeHHHJI 3Haqn:TeJibH0 yMeHbIIIaeTeH 

TIPH paernopeHHII TiepBJiqHoro 06pm11a (PIIe. 9, e11paBa). IIpoIIexo)l(,L(eHIIe :noro <poHa 
M0)KeT 6bITb eBH3aHo e 11pneyTeTBHeM B paeTB0pe 3HaqJITeJibHOll K0HUeHTPaIJHH 
qaeTHIJ MaJib!X pa3Mep0B (- 1 HM). 3TOT BblB0.!1; eornaeyeTeH e pe3yJibTaTaMH 
3KeTiepnMeHT0B TIO :irreKrpOHHOll MIIKpoeK0IIHH, r.ne B Jieerre.n;yeMbIX paeTB0pax 6brna 
BbrnBJieHa II0JIH.D;HeTiepeH0eTb KJiaeTepoB 110 pmMepaM B IIHTepBarre 1-72 HM [ 19] . 

KaK II0Ka3bIBaeT 3Ke11epnMeHT TIO BapIIaIJHII K0HTPaern, epe.n;HHll pa.n;nye 

HHep11nn qaeTIIIJ B paernope (28 ± 3 HM) He MeHHeTeH TIPII BapbnpoBaHHII TIP0IJeHTHoro 
16 

1.• 

eo.nep)KaHHJI D2O B paernopnTeJie, qTo eBn:.neTeJibeTByeT 06 0.!l;H0po.n;H0eTII qaeTIIIJ 110 

0TH0IIIeHIIIO K . BHYTPeHHeMy pae11pe.n;erreH1IIO TIJI0TH0eTII .!l;JIIIHbl paeeeHHIIJI. 
O11pe.n;erreHne epe.n;Heii TIJI0TH0eTH .!l;JIIIHbl paeeeHHJijj qaeTIIIJ e IIell0Jib30BaHHeM 

pmrrnqHblX eoOTHOIIIeHHll eMeeJI H2O II D2O TI0Ka3aH0 Ha Pne. 10, r.n;e Tipe,neTaBJieHa 

3aBJieIIM0eTb BeJIII'fIIHbl (I(0)/e)
112 

OT K0HIJeHTPaIJIIII D2O B paernope. IIorryqeHHM 

.D;0M D2O B paernope B T0qKe K0MlleHea11nII y=0.87 TI0.D;eTaBMJiaeb B <pOpMyrry: 

P = YPv,o + (1- r)Pu,o, (6) 

r.ne Pv,o II Pu,o eeTb TIJI0TH0eTII .!l;JIIIHbl paeeeHHJijj .n;eiiTepIIpOBaHHOll H rrernoii B0.!l;bl 

eooTBeTeTBeHH0. IIorryqeHHM TIJI0TH0eTb eoeTaBHJia p=(5.44±0.20)x1010 eM·2, qrn, KaK 

II B erryqae paernopoB C60/NMP/H2O, e0BTia,naeT e IIJI0TH0eThIO KpIIeTarrJia qiyrrrrepeHa . 
HeXOM H3 T0qHoeTII 3KeTiepIIMeHTa, 061,eMHM .!l;0M BToporo B03M0)KH0ro 
K0MTI0HeHTa B KJiaeTepax He TipeBbIIIIaeT 5%. 

100 -- v16P-2,Anp 2002, o6p838L{ 1 
BNC, AeK 2002, o6p23e4 2 

10 • 
GKSS, Ht0H 2003, 00pa3e1.4 2 

o_ 1 .. j 
;g: 0.1 

··~ t,··._/\ ".'i 

0.01 
0.01 0.1 

q.A' 

10 

'5 
" 0.1 g 

0.01 

1E-3 

0.01 

q,A·' 

6 FWS 126µM 
• FWS252µM 

0.1 

Pne. 9. CrreBa - KpIIBbie MarroyrnoBoro paeeeJIHIIH HeiiTPOHOB TiorryqeHHbie Ha 

pmrrIIqHbIX yernH0BKax .D;M .n;Byx 06pm110B K0HUeHTPaUIIII 252 MKM. CTipaBa -

KpIIBbie MarroyrnoBoro paeeeHHIIH HeiiTPOHOB Ha .n;Byx paernopax FWS 
pa3JIJiqHoii K0HIJeHTPaIJHII. 

0,4 

. 0,3 
::, 
.; 

" ~ 0,2 single c., 

~ 
0,1 

0,0 Y = 0.87 

0,0 0,2 0.4 0,6 

vol. fraction of D
2
O 

PIIe. 10. 3aBneIIMOeTb (I(0)/e)
112 

OT 061,eMHoii .norrn D 2O B paernopmerre. 
CTIJIOIIIHM JIHHIIJI - aIITip0KeIIMaIJJijj JIIIHeiiHOll 3aBHeIIM0eTbIO. IlYHKTHpHM 
JillHJijj - paeqeTHM KpllBM .!l;Jljj erryqM, K0r,na Bee M0JieKyJibl C6o Hax0MTeH B 
paernope B eBo60.D;HOM eoeT0JIHHH. 
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B HaeTO.lllJ~eil: pa6oTe paeeMOTpeHhl II npoaHa.JIII3IIpOBaHHhl TpII MO,D;eJIII 

eTpyKT)'Phl KJiaeTepoB C6o B BO,D;e, npe,D;JIO)KeHHhie Ha oeHOBe ,D;pyn1x MeTO,!J;OB. 

CoBna,D;eHIIe epe,D;Heil: nJIOTHOeTll ,!l;JIIIHhl paceeHHml ,!l;JIH KJiaeTepoB qiy.ri.rrepetta 

B paeTBope II ,!l;JIH KpIIeTarrJia C6o HBMeTeH M0mHhIM apryMeHTOM B nOJih3Y 

eyineeTBOBaHIIH qiynnepeHOB B IIJyqaeMhIX ,D;IIenepeIIHX B BII,D;e KpIIeTaJIJIHTOB. B 

KaqeeTBe qiaKTOpa, oTBeTeTBeHHOro 3a em6HJIII3aumo paeTBopa, MO)KeT 6hITh 

pacCMOTpeHO qiopMttpoBaHHe ,!l;OHOpHo-aKuenTOpHhIX KOMnJieKeOB BH,D;a C60@-{H2O }n, 
npe,D;JIO)KeHHhlX B [10,20), Ha noBepXHOeTH KJiaCTepoB. PacqeThl noKa3hIBaIOT, qTQ 

o6'heMHaH ,!l;OJIH o6oJIOqKII He npeBhIIIIaeT 0.1 %, H, eJie,D;OBaTeJihHO, OHa He BHOCHT 

3aMeTHOfO BKJia,D;a B paeeeHHHe. 
B pa6oTe [10) npe,D;nonararroch, qTO mKaH o6onoqKa o6paJyeTcH B0Kpyr 

Ka)K,!l;OrO qiynnepetta, II, TaKHM o6pa30M, arperaThl eoeTOHT lI3 O,!l;HHOqHhlX 

rn,D;pampoBaHHhIX qiynnepeHOB [C60@{H2O}n]m- B 3TOM enyqae 3q>q>eKTHBHaH 

em6HJIH3aUHH qaeTHU B paeTB0pe FWS MO)KeT HMeTh MeeTO Ha eTa,D;HH He3aBHCHMoro 

poem, KOTOpaH onttebIBaeTeH B paMKaX TeopHH HyKJieauHH (rrraBa 3), T.e. eaMH 

KJiaeTephI He eTa6HJihHhl, HO pearrtt3yeTeH pe)KHM, KOr,D;a Ha ,!l;Jll!TeJihHOM HHTepBarre 

BpeMeHH epe,D;HHll pa3Mep KJiaeTepoB B CHCTeMe noCTOHHeH. KoJIHqecTBO MOJieKyJI 

BO,!l;hl, eooTBeTeTBy10mee 0,!l;HOll rH,D;paTHpOBaHHOll MOJieKyJie qiynnepeHa oueHHBaeTCH 

KaK 24 [10). BMeeTe e TeM, qTOfaI y,D;OBJieTBopHTh ,D;aHHhIM MarroyrrroBOro paeceHHIJH 

Heil:TpOHOB, Heo6xo,D;HMO npe,D;nOJIO)KIITh, qTO JIHIIlh tteeKOJlhKO MOJieKyJI ( OKOJIO 6) m 

3T0ll o6onoqKH eBH3hIBaIOTeH e qiynnepeHOM H He yqaCTBYIOT B ,D;eil:Tepoo6MeHe npH 

,D;06aBJieHIIH D2O. IlJIOTHOeTh ynaKOBKH rn,D;pampoBaHHhIX qiynnepeHOB B KJiaeTepe 

npII 3TOM ,D;OJI)I(Ha Jie)KaTh B ,D;ttanaJ0He 0.64 - 0.74. 

TpeThH MO,D;eJih qaeTHU B paeTBope FWS oeHOBhIBaeTeH Ha pe3yJihmmx 

3KenepHMeHTOB no ,D;Hq>q>epeHUHa.JihHOll eKaHHpYJOmeil: Ka.JIOpHMeTpHH mCK), 

npoBe,D;eHHhIX Ha rene-no,D;o6ttoM BemeeTBe, oca)K,!l;eHHOM H3 paeTBopa [3). B pa60Te 

o6Hap~eHhl ,D;Ba 3H,!l;OTepMHqeeKHX nttKa OKOJIO T=273K. O,D;HH H3 HHX, 

eooTBeTeTBYJOmHil: TeMnepaType T=270. 7 K, MO)KeT 6hITh o6'bHCHeH nJiaBJieHHeM 

HattopaJMepHhIX KJiaeTepoB BO,!l;hI, 3aKJI10qeHHhIX B qiynnepeHOBYJO o6onoqKy [3]. 

OuettKa pa3MepoB qaeTHU H3 ,!(CK ,D;aeT Benwqwtty 54 HM, KOTOpaH B o6meM 

eorrracyeTeH e pe3yJihTamMH MarroyrrroBoro paceeHHHH tteil:TpOHOB. C ,D;pyroil: 

CTOpOHhl, noeKOJlhKY pe3yJihTaThl HaIIIHX 3KcnepttMeHTOB nOKa3hIBaIOT, qTo qaCTHUhl B 

paeTBope B o6meM 0,!l;HOpO,D;Hhl, MO)KHO c,D;eJiaTh BhIBO,!l;, qTo qaeTHUhl BTOpoil: 

KOMnoHeHThl (BO,!l;hl), He MOrYT qiopMHpoBaTh KpynHhie lI30JIHpOBaHHhie BKpanJieHHH 

pa3MepoM 6oJihIIIe qeM 2 HM. Cne,D;OBaTeJihHO, ,!l;OJI)KeH HMeTh MeCTO o6MeH 

MOJieKyJiaMH BO,!l;hl Me)K,!l;y BHyTpeHHeil: qaeThlO npe,D;JIO)KeHHOll eTpyKTYPhl H BHeIIIHHM 

paCTBOpHTeJieM, qTO ,D;eJiaeT ,!l;OBOJlhHO 3K30THqHOll npe,D;JiaraeMYJO MO,D;eJih. 
Ha oeHOBe npoBe,D;eHHOro aHa.JIH3a npe,D;JIO)KeHHhIX MO,D;eJieil: ,D;eJiaeTCH BhIBO,!l;, 

qTo ,!l;M BO,!l;HhlX ,D;Henepettil: qiynnepeHOB caMOll npe,D;noqTIITeJihHOll HBMeTeH MO,D;eJih, 

B KOTOpoil: KJiaeTephl HMeIOT nJIOTHYJO ynaKOBKY qiynnepeHa (KpHCTa.JIJIHThI), a 3a 

em6HJIII3aUHIO paeTBopa OTBeqaeT XHMHqeeKOe B3aHMO,D;eil:eTBHe qiynnepeH-BO,D;a Ha 

noBepXHOeTH KJiaCTepoB, HHHUHHpoBaHHaH B XO,D;e npttrOTOBJieHHH paCTBOpOB. 

Ilo,D;o6Hoe B3aHMO,D;eil:eTBHe ocymeeTBMeTeH H B eIICTeMe C60/NMP/H2O. 
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OcHOBHble pe3yJILTaTl,I pa6oThl 

1. MeTO,!l;0M MarroyrrroBoro paeceHHIIH Heil:TpOHOB npoBe,D;eHO 

ettcTeMaTwqecKoe Jieene,D;oBaHtte paeTBopa qiyJIJiepetta C 60 B 

ena6ononHpHOM paeTBopttTeJie - eepoyrrrepo,D; (CS2). IloKaJatto, qrn 

o6pa30BaHHe B pacTBope 3HaqJITeJihHhIX KOHUeHTpaUHll KpyrrHhIX KJiaeTepoB 

(paJMep 10-100 HM) o6ycJIOBJieHo TepMO,!l;HHaMHqecKH HepaBHOBeeHhIMH 

MeTO,D;aMJI npttroTOBJieHHH. B enyqae, KOr,D;a paeTBop roTOBHTeH 6e3 

HCnOJih30BaHHH KaKoro-Jitt6o BHeIIIHero B03,D;eil:eTBHH, 3q>q>eKm BJIHHHHH 

KpynHhlX KJiaeTepoB Ha KpHBYJO pacceHHHH He o6ttapy)KHBaeTCH. TeM He 

Mettee, onpe,D;eJieHHaH lI3 3KenepttMeHm BeJIHqHHa pa,D;ttyca HHCPUHH 

qiynrrepetta B paeTBope (0.38 ± 0.05 HM) 6onee, qeM Ha 15% npeBhIIIIaeT 

paeqeTHOe 3HaqeHHe. I1oKa3aHO, qTo Ha6JIIO,D;aeMaH pa3HHUa M0)KeT 6h1Th 

o6nHeHeHa BJIHHHH~M MaJihIX KJiaCTepoB c60 (,D;HMephI, TpHMCphl H T.,D;.). 

2. B paMKax Te0pHH HyKJieauHH paeCMOTpeH PM MO,D;eJieil: KHHeTHKII 

o6pa3oBaHHH H poem KJiacTepoB B ena6onoMpHhIX pacTBopax qiynnepetta 

C6Q. IloKaJaHo, qTo KJiacewqecKaH I<aneJihHaH MO,D;eJih KJiacTepa ,D;aeT 

xapaKTepHoe BpeMH )KH3HH KBa3HeT?UHOHapHhIX KJiacTepoB - 1 MKe H He 

MO)KeT 6hITh HenoJih30BaHa ,!l;M onttcaHHH Ha6JIIO,D;aeMoro B 3KCnepttMeHTe 

KJiaeTepHoro coeTOHHHH. Ilpe,D;JIO)KCHa MO,!l;IIqJHKaUHH ,D;aHHOll MO,D;eJIH, 

onttehIBaIOmaH KaqecTBeHHO nOHBJieHHe KJiaeTepoB tt HX eTa6HJihHOe 

eoeTOHHHe. 

3. PaceMoTpeHa KHHCTHKa paeTBopeHHH qiynnepeHa C6o B ena6onOJIHpHOM 

paeTBopHTeJie C yqeTOM B03MO)KHOro o6pa3oBaHJIH KJiaCTepoB. Ilpe,D;JIO)KeHa 

MO,D;eJih, KOTOpaH yqHThIBaeT ee,D;HMeHmUHIO KpynHhIX KJiaeTepoB H 

o6'hHeHHeT HeMOHOTOHHOe noBe,D;eHHe KOHUeHTpaUHH qiynnepetta BO 

BpeMeHH npH paeTBopeHHII. 

4. C noMomhIO MeTO,D;a MarroyrrroBoro paeceHHHH Heil:TpOHOB o6ttapy)KeH 

3q>q>eKT npeo6pa30BaHHH KJiaCTepoB B eHeTeMe C6o - N-MeTHJinttppoJIH,!l;OH 

npH ,D;o6aBJieHHH B Hee BO,!l;hl. I1oKa3aHO, qTo KpynHhle KJiaeTepbI C6o B 

qHeTOM N-MeTHJinttppOJIH,!l;OHe (xapaKTepHhlll pa3Mep > 100 HM), qacmqHo 

pa3pyIIIaIOTeH. 3qiqieKT HOeHT pe3KHll xapaKTCp H Ha6JIIO,D;aeTeH, KOr,D;a 

o6'heMHaH ,!l;OJIH BO,!l;hl B CMeCH npeBhIIIIaeT 40%. ,l(JIH HOBhIX KJiaeTepoB 

npoBe,D;eHhI KaqeCTBeHHhie oueHKH HX nJIOTHOeTJI e HCnOJih30BaHHeM 

MeTO,D;a BapIIaUHH KOHTpacm Ha OCHOBe 3aMemeHHH BO,D;OpO,D;-,D;eil:Tepttil:, 

KOTOphle yKa3hIBaIOT Ha nJIOffiYJO ynaKOBKY qiyJIJiepeHa B KJiaeTepax. 

5. C noMomhIO MarroyrrroBoro paeceHHHH tteil:TpOHOB HCeJIC,!J;OBaHhl ,D;HcnepcHH 

qiyJIJiepeHa B BO,D;e, npHrOTOBJieHHhie MeTO,!l;OM 3aMeHhl paCTBOPHTeM. 

IlO,D;TBep)K,!l;eHa penpo,D;yKTllBHOeTh MeTO,D;a tt BhieOKaH em6HJihHOCTh 

,!J;HCnepcHil:. I10Ka3aHo, qTo JIMeeT MeeTO 6oJihlllaH noJIH,D;HenepcHOeTh 

paenpe,D;eJieHHH KJiaCTepOB no pa3MepaM - OT 1 ,!l;O 84 HM, co epe,D;HHM 
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3HatJ:emi:eM IIOpH,l(Ka 70 HM. Ilo ,n:aHHhlM Bap11au1m: KOHTJ)aCTa Ha OCHOBe 
3aMem;eHHH BO,n:opo.n:-,n:eHTepHH paCCMOTJ)eH pH,!( MO,n:eneH CTJ)OeHHH 
KnaCTepoB. C }"IeTOM ,n:aHHhlX ,LIOIIOllHHIOW:HX MeTO,LIOB Bhl6paHa MO,n:em,, B 
KOTOpOH KnaCTep1,1 HMeIOT IIllOTH)'IO ynaKOBKY c]:,ynnepeHa. 
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