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Pa6oTa BhIITOJIHeHa B Jia6opaTOpHH HeihpoHHoH cpH3HI<H HMeHH 11.M.<I>paHI<a 

06nerorn:eHHOro HHCTHT)'Ta JI,!!,epmrx HCCJie,!l,OBaHHH 

Ha)"IBI>Ie p)'KOB0,!1,HTemr: 

OcpH!Wa.JThHhie orrnoHeHThI: 

Be~aJI opraHmaruur: 

AKceuoe BHKTOp JJa3apeeuq 

,!l,OKTOP cpH3HKO-MaTeManrT.JeCKHX Ha)'K, i::meH­

KOppecrrOH,!l,eHT P AH, Ha)'l.JHbIB p)'KOB0,!1,HTeJih 

IleTep6yprcKoro HHCTHTyTa JI,!!,epHOH cpH3HI<H 

HMeHH E.II. KoHCTaHTHHOBa. 

Tponuu TuMyp BacHJiheeuq 
KaH,!l,H,!l,aT cpH3HKO-MaTeMaTHT.JeCKHX Ha)'K, 

CTapurnii HaYT.JHbIH COTpy,!!,HHK Jia6opaTOpHH 

HeHTpOHHOH cpH3HI<H HMeHH 11.M. <l>paHKa 

(JIH<I>), 06oe,!l,HHeHHhIH HHCTHTYT JI,!!,epHhIX 

HCCJie,!1,0BaHHH. 

ByJih AJieKcaimp HKOBJieeuq 

,!l,OKTOp cpH3HKO-MaTeMaTHtfeCKHX HayK, 

rrpocpeccop, 3aBeey10rulill na6opaTOpHe:ii cpmHI<H 

KJiacTepmrx CTPYKTYP <l>H3HKO-TeXHHT.JecKoro 

HHCTHTYTa HMeHH A.Cl>. l1ocpcpe, PAH. 
POJKKOBa HaTaJihH HHKOJiaesua 
,!1,0KTOp XHMHT.JeCKHX Ha)'K, 3aBe,!l,)'IOIUaJI 

na6opaTOpHeH cpH3HKO-XHMH'leCI<HX 

HCCJie,!l,OBaHiill HaHoyrrrepO,!!,HhIX MaTepHaJIOB 

<l>e,!!,epaJihHoro rocy,!!,apcTBeHHoro 610,!1,)!(ernoro 

YT.Jpe)l(,!l,eHIDI HayI<H I1Hcnrryrn reonorHH 

KapenhcKoro Ha)'l.JHOro ueHTpa, P AH. 

CaHKT-IleTep6yprcKHii rocy,!!,apcTBeHmrii 

ymrnepcHTeT, r . CaHKT-IleTep6ypr 

3amHTa ,!l,HCCepTauHH COCTOHTCJI " ,, 2016 ro,!l,a B - qaCOB Ha 

3aCe,!l,aHHH ,!l,HccepTal(HOHHOro COBeTa ,U 720. 00 l. 06 npH Jia6opaTOp11H 

HeHTpOHHOH cpH3HI<H H Jia6opaTopHH 51,!!,epHbIX peaKUHH 06oe,!l,HHeHHOro 

HHCnrT)'Ta JI,!!,epmrx HCcJie,!1,oBaHHii ( 141980, r. ,Uy6Ha MocKOBcI<oii o6rracTH). 

C ,!l,HCcepTaUHeii MO)l(HO 03HaKOMHThCH B 6H6JIHOTeKe OI1.5II1. 

ABTOpecpepaT pa3ocnaH" "_2016 r. 

Y tfemlli ceKpeTaph 

~ccepTaUHOHHOro COBeTa 720.001.0~ 
' 
l~ A.f. IIorreKo 

OI>IIJ:AJI XAP AKTEPllCTllKA PAI>OTbl 

AKryaJibHOCTh 

B HacToJimee apeMH, cpH3HKa HaHoc11cTeM HBJIHeTcH He TOJihKO 

aKTYaJihHblM HarrpaBJieH11eM B HayKe, HO 11 HanpaBJieH11eM, onpe,!!,eJIHIOIUl1M 

pa3B11T11e 6oJihIIIl1HCTBa cospeMeHHhIX TexHonor11ii. Kn10tfeBhIM11 11 BmKHhIM11 

5!BJieHIDIMl1 B HaHOCl1CTeMax qacTO 0Ka3b!Ba!OTC5! Heo6paTl1Mbie rrpoueCChI, 

KOTOpbie 11 orrpe,!!,eJIHlOT Ha6op CBOHCTB rronyqaeMbIX o6oeKTOB, 11X 

ycTOH'lHBOCTb. Ilo3TOMY aKTl1BHbIH 11HTepec cero,!l,HH npOHBJIHeTCH K 

11CCJie,!1,0BaHl1!0 K1rneT11'leCKHX rrpoueccos B HaHOCl1CTeMax, K B03MO)!(HOCTHM 

yrrpaBJIHTh 3Tl1MH rrpoueccaMH. K Ha116onee aKTYaJihHhIM Heo6paTHMhIM 

rrpoueccaM MO)!(HO OTHeCTl1 arperau1110 HaHO'laCT11U B )!(11,!l,K11X Cl1CTeMax, a 

TaK)!(e corryTCTB)'IOI.JJ:He eii HBJieHIDI. ,UaHHble npoueCCbI BJil15IIOT Ha 

ycTOH'lHBOCTb rrpO,!!,YKTOB IIHmeBOH rrpOMblIIIJieHHOCTl1, 11CIIOJih30BaH11e 

JieKapcTB, Ba)!(Hbl B MaIIIl1HHOH rrpOMblllJJieHHOCTl1 11Jil1 np11 np0113BO,!l,CTBe 11 

11CIIOJib30BaHHl1 pa3Jil1'1HbIX HaHOKOMII0311TOB. 

113 3Kcnep11MeHTOB 113secTHa CBH3h cpyHKU1111 pacnpe,!!,enemrn no 

pa3MepaM arperaTOB B paCTBOpe c MaKpOCKOIIH'leCKHMH CBOHCTBaMH CHCTeMbl, 

ee cpH3HtfeCKHMH 11 x11M11tfeCKHMH rrapaMeTpaM11. TeopeT11qecKoe orrHcaH11e 

3BOJIIOUHH ,!l,aHHOH cpyHKUHH B X0,!1,e ycTaHOBJieHIDI KHHeTH'leCKOro paBHOBeCHH 

B Cl1CTeMe CTaHOBJ1TC5! Heo6XO,!l,11MblM 3TanoM 11CCJTe,!l,OBaHHH. B HaCTOHJUeH 

,!l,HCCepTaUHOHHOH pa6oTe ,!l,aHHaH 3a,!l,aqa pelllaeTCH B OTHOWeHJ111 IIOJIHpHblX 

pacrnopOB cpyrrrrepeHOB - HOBOH aJIJIOTPOIIHOH cpopMbI yrrrepo,!!,a, OTKpbITOH B 

KOHUe npowrroro BeKa. <l>yrrrrepeHhI C6o 11 C10 rrpe,!!,CTaBJTHIOT co6oH 

yH11KaJihHhie Kan116posattb1e ttaHo'laCT11UhI, pa3MepoM nopH,!!,Ka 0,!1,HOro 

HaHOMeTpa, 11 HMe!OT pH,!!, nepcneKTl1BHhIX npHMeHeHl1H, B TOM 'lHCJie B 

3JieKTpOHHKe 11 B 6110Me,!l,11U11He. IIonHpHhie pacrnopbI cpynnepetta B ttacToHmee 

speMH paccMaTp11saIOTCH KaK MO,!l,eJThHhre pacrnophI ,!1,JTH anpo6aum{ 

TeopeTH'leCKHX II0,!1,XO,!l,OB K on11catt1110 KrracTpoo6pa30BaH11H C6o, a TaK)!(e 

MoryT CTaTb CHCTeMOH, HCIIOJih3yeMOH ,!l,JIH Henocpe,!!,CTBeHHOro nepeBO,!l,a 

cpynnepetta B B0,!1,Y ,!l,JIH 11cnoJih30BaHHH B BH,!l,e neKapcTB. C11cTeMaT11qecKoe 

on11catt11e KJ1HeTJ1Kl1 poCTa KJiaCTepoB B 3THX paCTBOpax Ba)!(HO 11 c 

cpyH,!1,aMeHTaJibHOH TO'lKl1 3peHl15!, ,!1,JIH pa3Bl1Tl15! rrpe,!!,CTaBJJeHHH 0 KJJaCTepHOM 

COCT05!Hl111 semeCTBa, 'lTO 5!BJIHeTC5! Ba)!(HOH 3a,!1,aqeif cospeMeHHOH 

CTaTHCTH'leCKOH cp11311Kl1 11 cp11311Kl1 KOH,!1,eHCHposaHHOro COCT05!Hl15! semeCTBa. 

B 3TOM cseTe, 3KcnepHMeHTaJihHOe orrpe,!!,eneHHe K11HeTHtfecK11x 

K03cpcp11uHeHTOB pacrnopeH11H 11 KoMnrreKcoo6pa30BaH11H (npouecca, 

KOMIIJieMeHTapttoro pocTy KJiaCTepos), TaK)l(e HBJJHeTC.H Ba)!(HblM ,!l,JJ.H 

IIOCJie,!l,yIOmero pa3Bl1Tl15! KOJIH'leCTBeHHOro omrcamrn KHHeTHKH B ,!l,aHHhIX 

CHCTeMax. B TO )Ke BpeMH, 3aBJ1CJ1MOCTl1 ,!l,aHHhIX K03cpcp11u11eHTOB OT 
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TeMnepaTyphI H yeJIOBHi1 npHrDTOBJiemUI. MoryT 6bnh noJie3HhlMH npH BhJ6ope 

pe)!(HMOB npHrOTOBJiemui: KaqeeTBeHHO pa3HhIX e TOqKH 3peHH.s! arperauHH 

eHeTeM. PaenmpeHMe TMnOB )!(H,[\KOeTei1, B KOTOphIX MeeJieeyIOTe.si paeTBOphI 

cpyJIJiepeHOB, n03BOJI.s!eT e pa3HhIX eTopoH B3rJI.s!HYTh Ha HX eBoiieTBa no 

OTHOIIIeHHIO K arperauHH. 3cpcpeKTMBHhIMH MeTO,n:aMH 3,[\eeb .s!BJI.s!IOTe.si 

cneKrpocpoTOMeTpM.s!, MaJioyrnoBoe paeee.siHM.s! Hei1rpOHOB (MYPH) 11 
,n:11HaMH:qeeKoe paeee.simre eBeTa (,LI.PC). 

:U:eJib H Ja~a·rn pa60Tb1. UeJihl() Haern.simei1 pa60Tb1 .sisJI.sieTe.si 

Teopeni:qeeKoe onH:eaHHe H 3KenepHMeHTaJihHOe HeeJie,[\OBaHHe Kl1HeTl1Kl1 

poem KJiaeTepoB 11 eonyTeTByIOm11x npoueeeos B non.sipHhJX paernopax 
cpyJIJiepeHOB. Cms11JIHeh eJie,n:yl()m11e 3a,[\aq11 : 

l. TeopeT11qeeKoe on11eaH11e K11HeT11KM poeTa KrraCTepoB B paeTBopax 

cpyrrrrepeHOB C6o epe,n:Hei1 norr.sipHoeTM. Pa3pa6oTKa MO,!l.errei1, 

yq11ThIBaIOru.11x BJIH.s!HHe KOMnJieKeoo6pa30BaH11.si Ha KHHeTHKY poem 
KJiaeTepoB. 

2. Pa3Bl1THe Mern,n:a paeqem 3Kenep11MeHTaJihHhIX ,n:aHHhIX MYPH no 

nonyqeHHhIM cpyHKl..\H.s!M paenpe,!1.eneHH.11 KJiaerepos no pa3MepaM. 

CpasHeHHe pe3ynhmTOB TeopeT11qeeKHX MO,!l.enei1 e 

3KenepHMeHTaJihHhIMl1 pe3y JihmTaM11. 

3. 11eene,n:osaHHe K11HeT11K11 paernopemrn 11 eonyTeTByIOm11x npoueeeos B 

ena6ono11.s!pHhIX paernopax C 60 H B non.sipHOM paernopHTene N­
MeT11JinHppOJIH,l\OH (NMIT) MeTo,n:oM Y<l>-B11.n: eneKTpoeKonHH. 

Onpe,n:eneHHe 3aBHeHMOeTH KHHeTHqeeKHX K03cpcpHu11eHTOB OT yenoBHi1 
np11rorosneHIDI paernopa. 

4. 3KenepHMeHTaJihHoe Heene,!l.oBaHHe arperaTOB B paernopax cpynrrepettoB 

C6o H C70 pa3HOi1 non.sipttoern MeTO,n:OM MYPH 11 ,LI.PC. J1eene.n:osaH11e 

3aBHel1MOeTH arperauHH cpyJIJiepeHa OT yeJIOBHi1 npHroTOBJiemr.si. 

OcuOBHbte noJio:iKeuust, BblHOCHMbte ua 33UlHTY 

1. 

2. 

3. 

BnepBhJe npe.n:no)!(eHo TeoperHqeeKoe on11eaHHe KHHeTHKH 

KnaeTepoo6pa30BaH11.si B non.sipHhJX paernopax cpynnepeHa, e yqeTOM 

BJil1.s!HH.s! npoueecos 06pa30BaH11.si KOMnneKeos cpy1111epeH-paernop1,nerrh. 

Pa3pa6omH MeTo,[\ paeqem emuHoHapHhIX cpyHKU.Hi1 paenpe,!1.eneHH.si 

KJiaeTepoB no pa3MepaM B paernopax cpynnepeHa epe,!1.Hei1 no11.sipttoen1. 

BhrnonHeHo Mo,n:enHposaHHe ,n:aHHhIX ManoyrnoBoro paeee.siH11.si 

HeHTpOHOB ,[\JI.II rrpe,n:JlO)!(eHHhJX TeopeTHt.feCKHX MO,[\eJieH, l1 
npe,n:emBJieHO MX epaBHeHMe c 3KCnep11MeHTOM. 

BhmonHeHo 11ccJie,!l.0BaHHe pacTsopeHH.11 

KHHeT11qeeKHX rrpoueccos B cna6onon.sipHhIX 11 
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11 conyTCTBYl()ll(HX 

non.sipHhIX pacrnopax 

4. 

cpyJIJiepeHOB c60· BnepBbJe H3MepeHa 3aBHeHMOeTh KHHeTHqeeKHX 

K03cpcp11u11eHTOB OT yeJIOBHi1 npHroTOBJieHI1.s! e11eTeMhl. 

BhmonHeHo 11eene,n:oBaH11e paernopoB cpynnepeHoB B ena6onon.sipHhIX 11 

nOJI.s!pHhlX paeTBOp11TeJI.s!X MeTO,[\OM Manoyrnosoro paeee.siHl1.s! 

HeiirpoHOB 11 ,n:HHaM11qeeKoro pacee.siH11.si eseTa. Pa3MephI 06pa3y10m11xe.si 

yernJ1qH:BhIX KJiaeTepos B non.sipHoM paernope C 6o/NMIT npeBhIIIIaIOT 

l 00 HM. fIOKa3aHo, qTo pa3Mep qaeT11u B erra6onorr.sipHhIX paernopax C 70 
He 3as11e11T OT MeTO,[\a np11roTOBJieHl1.s! . 

Hayqnasr HOBHJHa 

flpe,n:JIO)!(eHo Teoper11qeeKoe on11eaH11e K11HeT11KH poeTa KJiaeTepos B 

noJI.sipHhlX paernopax cl_>yJIJiepeHa c60· PaceMorpeHhl ,[\Be pa31111qHbJe 

KHHeTHqeeKHe MO,[\eJlH, KOTOpbie BKJlJOqaJOT B ce6.si xapaKTepHbie BpeMeHa 

paCTBOpeHH.s! 11 KOMrrneKcoo6pa30BaH11.s1 H no-pa3HOMY yqHThIBaIOT BJIH.s!HHe 

o6pa30BaHH.s! KOMnJieKCOB Ha arperau.111(). flonyqeHhl cmu110HapHbJe cpyHKU1111 

paenpe.n:eneHH.11 Knaerepos no pa3MepaM, KOTOphre .n:anee 11cnonh3Yl()TC.si .n:n.si 

MO,[\eJI11poBaHl1.s! BpeMeHHOH 3B0Jll()Ul111 KpHBhIX Manoyrnosoro pacce.s!Hl1.s! 

Hei1TpoHOB ,n:n.si pacrnopa C6o/NMIT . Ha ocH0BaH1111 3THX pacqeTOB noKa3aHo, 

qTO MO,[\eJlh orpaH11qeHHOro poem KaLJ:eCTBeHHO onHChIBaeT arperauHI() B 

Hecne.n:yeMhlX CHCTeMax. 

MeTo,n:oM Y<l>-B11.n: crreKrpocKon1111 Hccne,n:oBaHa KHHeTHKa pacTBopeHH.si 

cpynnepeHa C 60 B eJia6onon.sipHhIX pacrnop11Ten.six rrpH pa3HhIX ycnos11.six 

np11roTOBJieH11.s1. Onpe.n:eneHhI 3aBHCl1MOCTH K03cpcpHuHeHTOB pacrnopeHH.si OT 

TeMrreparyphl H CKOpOCTH rrepeMeIIIHBaHH.s!. 

I1ccne,n:oBaHa 3so1110u11.si cneKTpoB nornomeH11.s1 ,n:JI.si pa3HhIX 

KoHueHrpau11ii H ycnos11i1 npHroros11eH11.si noJI.sipHoro pacrnopa C6o/NMIT. 

flpe,n:JlO)!(eHa KHHeTH'-leCKa.si MO,[\eJih ,[\Jl.s! mrneaHH.s! 3BOJil()UHH IlHKa 

rrornomeHIDI rrpH A-=330 HM, yY.HThJBal()ll(a.si 06pa30BaH11e KOMrrneKcos. 

Bnepsb1e orrpe,n:eJieHa 3as11cHMOCTh KHHeT11qecK11x K03cpcp11uHeHTOB c11creMhI 

OT TeMrreparyphl l1 CKOpOCTH nepeMeWHBaHirn, COOTBeTCTBeHHO. 

BrrepBhie Mero,n:oM MYPH BhIIIOnHeHhI c11cTeMaT11LJ:ecK11e 11ccne.n:osaH11.si 

pa3Mepa qacr11u B pacrnopax C 70/CS2 pa3JIH'1HhIX KOHU.eHrpauHii 11 

rrpMroTOBJleHHhIX pa3Jil1Y.Hh!MH MeTO,[\aMH (paBHOBeCHOe paCTBopem1e, 

rrepeMeWHBaHiie 11 ynhrpa3BYK). 

Hay-rno-npaKTH'lecKasr JHa'IHMOCTb. Pa3BHTHe reopeTHY.ecK11x 

MeTO,[\OB on11eamrn KHHeTl1Kl1 Heo6paTl1MhIX rrpoueccoB B )!(H,[\Kl1X 

HaHOCHCTeMax Ba)!(HO ,n:JI.si pa3JIHL£HhIX npaKTMt.feCKMX 3a,n:aL£. TaK, TOY.Hoe 

KOJI11qecTBeHHOe on11caHHe 3BOJil()Ul111 KJiaCTepttoro COCTO.s!Hl1.s! pa3Jil1qHhIX 

paCTBOpOB I103BOJI.s!eT OIITHMl13HpoBaTh npOH3BO,[\CTBO, xpaHeH11e 11 
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3KcnnyaTau,mo MaTep11anoB, Hanp11Mep, B n11meBoH npOMh1wneHHOCT11 11 
<l:>apMau,eBTHKe. 11ccne.n,oBaHHe H on11caHHe KHHeTHY.eCKHX 3<P<l:>eKTOB B 
pa3JIHY.HhIX pacrnopax <l:>ynnepeHOB .n,aeT nOHl1Mamrn B3al1MO)l,eHCTBl15! Me)K.n,y 
611onor11Y.eCKHM o6oeKTOM 11 <l:>ynnepeHaM11, Y.TO He06XO)l,11MO )J.JI51 pa3Bl1Tl15! 
6110Me)J.HlJ,HHhI. 

JluqubIH- BKJia.n, .n,uccepTanTa. OcHOBHhie pe3ynhTaThI, 113JIO)KeHHhie B 
)l,Hcceprnu,1111, rronyc-IeHhI np11 Henocpe)l,CTBeHHOM y•-rncT1111 aBTopa. ABTop 
)l,11cceprnu,1111 BhIITOJIH51JI pa60Thl no rrp11roTOBJieHmo o6pa3U.OB, o6pa6oTKe 11 
aHanH3Y )l,aHHhIX npH 3KCnepHMeHTaJihHhIX 11CCJie)J.OBaHl15!X MeTO)l,OM 
ManoyrnoBoro pacce5!Hl15! HeihpoHoB 11 Y<D-811):( cneKTpocKon1111. B 
TeopeT11Y.eCKOH Y.aCTl1 aBTOp yY.aCTBOBaJI B pa3pa60TKe o6cy)K)l,aeMblX B 
)l,HCCeprnu,1111 MO)l,enei1 11 pean113au,1111 11X peweHH5! Ha 5!3bIKe 
nporpaMMHpoBaHH5! Fortran. Mo)l,en11posatt11e Kp11Bh1x MYPH no )l,aHHhIM OT 
TeopeT11Y.eCKl1X MO)l,eJieH TaK)Ke Bh!TIOJIHeHO aBTOpOM )l,l1CCepTau,1111. 

Anpo6au,uH pa6oTbl. OcttOBHhre pe3yJihTaThJ pa60ThI 6h1J111 
npe)l,crnsneHhI 11 )l,OJIO)KeHhI L\HCcepTaHTOM Ha Me)K)l,yHapo.n,Hoi1 HayY.HOH 
Kott<l:>epeHu,1111 HaHoTex-2011, r. YnaH6arnp, M0Hron115!, 2011; Ha 
"International Conference on Material Science", r. Y natt6aTop, M0Hron115!, 
2012; Ha XXII Me)KJJ.yHapo)l,ttOM cosemamrn 11 Me)KJJ.yttapoJJ.HOH MOJIOJJ.e)l(ttoi1 
KOtt<l:>epeHU,1111 «11CilOJlh30Batt11e pacce51HH5! ttei1TpOHOB B l1CCJie)J.OBatt115!X 
KOH)l,eHc11posaHHoro cocT05!Hl15! - PHl1KC-2012», r. CaHKT f1eTep6ypr, 2012; 
Ha V Me)l(JJ.yHapo.n,Hoi1 KOH<l:>epettu,1111 no sonpocaM cospeMettttoi1 cp11311K11 (V 
International Conference on Contemporary Physics - ICCP-V), r. YnaH6aTop, 
MoHroJI115!, 2013; Ha IV Me)K.n,yHapo)l,HOH MOJIO)l,e)KHOH HayYHOH wKone 
«Dp116opbl l1 MeTO)J.hl 3KCnepHMeHTaJlhHOH 5!)J.epttoi1 cp11311Kl1 3neKTpOH11Ka 11 
aBTOMaT11Ka 3Kcnep11MettTaJihHhJX ycrnttoBOK», r. ,Uy6Ha, 2013; Ha XXXVII 11 
XXXIX 3ace)l,aH1111 DKK no <l:>H311Ke KOtt.n,eHc11posaHHhIX cpeJJ. 0115I11, r. 
,Uy6Ha, 2013 11 2014 rr; Me)K.n,yHapo.n,HoH Kott<l:>epeHu,1111 «Ylccne)l,0Batt11i1 
KOH)l,eHC11pOBaHHhlX cpe.n, Ha peaKTope l1EP-2», r. ,Uy6tta, 2014 11 2015 rr.; Ha 
XIX Me)K)l,yHapo)l,HOH ttayY.HOH Kott<l:>epeHU,HH MOJIO.ll,hIX yqeHhIX 11 
cneu,11anHCTOB K 100-neTHIO <D.Jl. Wan11po, r. ,Uy6Ha, 2015; XII 
Me)K.n,yHapo)l,HOH KoH<l:>epeHu,1111 «CospeMeHHhTe yrnepoJJ.HhTe HaHocTpyKTYPhI», 
r. CaHKT DeTep6ypr, 2015; Ha IX EBponei1cKott WKone no MeTOJJ.aM 
HettrpOHHhIX 11ccne.n,osaH11i1, r. Ey .n,anewT, BeHrpH5!, 2015. 

Ily6JIHKaQHH no TeMe .n,uccepTaQuu. B .n,11cceprnu1110 BKJIIOY.eHhI 
pe3yJihTaThI 11ccne.n,osaH11H, ony6n11KoBaHtt&1e B 13 neY.aTHhIX pa6ornx, 5 113 
KOTOphIX - cTaThl1 s peu,eH311pyeMhix Hay'IHhIX 113.n,aH115!x 113 cn11cKa BAK. 
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CTpyKI)'pa u o6beM ,nuccepTaQuu. ,U11cceprnu,1151 cocTOl1T 113 BBe)J.eH115!, 
5 rnaB, 3aKJIIOY.eHH5!, BbIBO)l,OB, cn11cKa U,HT11pyeMOH JIHTepaTyphI, COCT05!1.llero 
H3 HHH cchrnoK. 06m11tt o6oeM .n,11cceprnu,m1 cocrnsn5!eT 103 cTpaH11u,, 
BKJIIOY.a5! 51 p11cyHKa 11 3 rn6n11u,. 

Annaparypa u o6opy.n,oBauue. 3KcnepHMettTaJihHM qacTh )l,aHHOH 
pa6oThI BhmonHeHa c noMOl.llhIO HaHo-cneKTpo<l:>oToMeTpa P360 L\JI51 Y<D-B11JJ. 
cneKrpOCKOl11111 11 Ha ycTaHOBKe )l,Jl5! Manoyrnosoro pacce5!Hl15! HeHTpOHOB 
IOMO 11ccne)l,0BaTenhcKoi1 5!)l,epHoi1 ycrnHOBK!1 l1EP-2. l1ccneJJ.OBatt115! 
BhITIOJIHeHbI B Jia6opaTOpHH HeHrpOHHOH <l:>H311KH HM. 11.M. <DpaHKa, 
06oe)l,11HeHHOro 11HCTl1TyTa 51.n,epHbIX 11ccne.n,0BaH11i1, r. ,Uy6Ha, Pocc115!. 

XapaKTepucTuKa ucnoJibJOBanubtX MaTepuaJioB. ,Un5! 11ccne.n,osatt115! 
K11HeTHKH pacrnopeHH5! 11cnonh30Ban11cb: <l:>ynnepetthI C6o 11 C10 (q11cTorn> 
99.5%, <l:>HpMa «HeoTeKDpo)l,aKrn, CaHKT-DeTep6ypr), rnnyon 
(Y.11CTorn>99.8%, <l:>11pMa «Sigma Aldrich»), 6eH30JI ('rncrnrn>97%, <l:>11pMa 
«3KOC»), 11 NMD (Y.11CTorn>99.5%, cp11pMa «Merck»), cepoyrnepoJJ. (Y11CTOTa 
>99 %, <l:>11pMa «Sigma Aldrich»). 

OCHOBHOE COL(EP)KAHIIE P AEOThl 

Bo BBe,neuuu npe.n,cTaBJieHa OCHOBHa51 u,enh )J.l1CCepTau,110HHOH pa60Thl, 
o6cy)l()J.aIOTC51 npe11MymecTBa, HayY.Ha51 HOBl13Ha H 3HaY.11MOCTh 11CCJie)J.OBaHl151 
11 TeopeT11Y.eCKOro on11cattH5! KHHeTl1'IeCKHX npou,eccoB B paCTBopax 
HaHoY.acn1u,. 06cy)l()J.aeTc5! npaKTH'IecKa5! 3Ha'Il1MOCTh pacrnopos <l:>ynnepeHa. 

B nepBOH rJiaee, «MeTOJJ.hI or111caH115! K11HeT11K11 arperau,1111 HaHo'IaCT11u, 
H JJ.aHHhle no KnacTepoo6pa30BaH11IO B pacrnopax <l:>ynnepeHOB», rrpe)l,CTaBJieH 
J111TepaTypHbIH ofoop no TeMe pa60Thl. 06cy)l()J.aIOTC51 TeopeTJ1lieCK11e MeTO)J.hl 
)l,JI51 om1caHH5! Kl1HeTl1K11 Heo6paTl1MbIX npou,eccoB, B Y.aCTHOCTl1 Kl1HeTJ1lieCKl1e 
ypasHeH1151 )l,JI51 on11caH115! cerperau,1111 YaCT11U. B pacTsopax. Orr11caHb1 csoH.cTBa 
MoneKyn cpynnepeHoB C60 11 C10, nepeY.11cneHhJ aKTYaJihHhie rrp11no)KeH115! 
)l,attHhJX MaKpOMOJieKyn. On11caH&1 rrpeJJ.b!JJ.Yl.lll1e TeopeT11YeCKHe 11 
3Kcnep11MeHTaJihHble 11ccne)l,0BaH115! pacrnopos cpynnepeHa, KJiacc11cp11Kau,1151 11 
HeKOTOpb!e xapaKTepHble CBOHCTBa )J.aHHhlX CHCTeM. 

MoneKyJihI cpynnepeHa 6hrn11 OTKp&IThI B 1985 ro)l,y B 3Kcnep11MeHTaX 
ttayY.HbIX rpynrr r. KpoTO, P. CMOJIJIH 11 P. Kepna (B 1996 ro.n,y Harpa)l()l,eHhl 
Ho6enescKOH rrpeMHeH). <DynnepeHhJ C6o 11 C70 5!BJI5!IOTC5! Ha116onee 
CTa611JihHhIM11 MOJieKynaM11 113 3Toro ceMei1cTBa. Ytt11Kan&tta5! CTpyKTypa 3Tl1X 
MaKpoMoneKyn 51BJI51eTC51 np11Y.11ttoH: p51.n,a yH11Kan&HhIX cp11311qecK11x 11 
Xl1MHYeCKl1X CBOHCTB. TiepcrreKTHBbl np11MeHeH!15! cpynnepeHOB CB5!3aHbl c VIX 
11Cl10Jlb30Battl1eM B KaY.eCTBe ttaHo.n,o6aBOK B cflOTOBOJibTal1Ke [ 1 ], )l,Jl51 
ynyqweHH51 onT11Y.eCKHX 11 3JieKTpHY.eCKl1X CBOHCTB HeKOTOpbIX 
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HaHOKOMII03HTOB. TaK>Ke, ene,D,yeT OTMeTl1Th p51,D, 6HoMe,D,Hl\HHeKHX 

rrpHJIO)!(emi:H: [2]. B ornwme OT ,D,pyrnx annoTporrHhIX cj:>opM yrnepo,D,a, 

cj:>ynnepeHbl xoporno paeTBOp51!0TelI B pa31Hf"!Hh!X paeTBOpHTeJilJX, BKJIIOL!alJ 

opraH11L!eeKHe. Orrpe,D,eneHa paernopHMOeT& cj>ynnepeHOB C6o 11 C10 B 

pa3JIHL!Hh!X paernopHTeJilJX rrpH pa3Hh!X TeMrrepaTypax [3,4], IIOKa3aHo, 'ITO 

cj:>ynnepeH&I paernop51IOTe51 B rron5ipH&Ix paernopHTeJilJX xy)!(e, 'IeM B 

opraH11L!eeKHX H ena6orronlipHb!X )!(Yl)J,KOeTlIX. flpvr 3TOM, HMeHHO B IIOJilipHb!X 

paernop11TeJI5!X, cj>ynnepeH&I rrpo51BJI5l!OT p51,D, 11HTepeeH&IX esoiieTB, mK11x KaK 

eOJibBaToxpOMH3M H KJiaeTepoo6pa30BaHHe. 

B HaeT05lll(ee speMlJ rro rrp113HaKy KnaeTepoo6pa30BaH115! paernop&1 

cj:>ynnepeHa pa3,D,eJI51IOT Ha TPH pa3JIHL!HhIX THrra [5]. K nepsoMy KJiaeey 

OTHOelJTelJ paeTBOp11TeJIH e ,D,H3JieKTpHL!eeKoii npoHmi;aeMOeTb!O MeHbIIIe 10. 
<t>ynnepeHbl B 3THX evreTeMaX KaK npaBHJIO npvreyTeTByIOT B cj:>opMe 

MOHOMepoB. DhIJIO IIOKa3aHO [5], 'fTO o6pa30BaHHe arperaTOB B 3Tl1X e11eTeMax 

o6yeJIOBJieHO HepaBHOBeeHhlMH yeJIOBl1lJMH npvrroTOBJieHl1lJ HJIH 

rrepee&Ill(eHHeM paernopa. K cne,D,y10ll(eMy Knaeey OTHOelJT paernopvrTenvr e 

,D,H3JieKTpHL!eeKHMH KOHemHmMH 6on&ll!e 10 (nHpH,D,11H, NMIT). LJ:n51 noro 

THrra paernopHTeJieii Ha6JIIO,D,aIOTelJ KJiaeTepbI pa3MepaMH BIIJIOTh ,D,O 500 HM. 

Ll:JilJ TpeT&ero THna paeTBOpHTeneii, Ky,D,a BXO,D,11T, B TOM "!Herre 11 BO,D,a, 

,D,H3JieKTpHL!eeKalJ noeTOlIHHalJ eoeTaBJilJeT 6onee BOebMH,D,eelJTH. B 3THX 

paernopax Ha6n10,D,aIOTe5! KnaeTep&1 C60 pa3MepaM11 ,D,O l 00 HM. 06pa30BaH11e 11 

poeT arperaToB B paernopax cj:>ynnepeHoB onpe,D,eJilJIOT MHorne 11x eBoiierna 11 

rrepeneKrnsy npaKTHL!eeKvrx rrp11MeHeHvrii. B pa6omx [5,6] 6brno npe,D,JIO)!(etto 

TeopeTH'feeKoe OIIHeaHHe Kl1HeTHKH paeTBOpeHHlJ H KJiaeTepoo6pa30BaHHlJ 

cj:>ynnepeHOB B ena6onon51pHhIX )!(11,D,Koernx. Cne,D,yIOll(HM rnaroM, 

peaninyeMhIM B paMKax ,D,aHHOH ,D,HeeepTal\HH, lJBJilJeTe.lJ paeeMOTpeHHe 11 

onHeaH11e KHHeTHKH Heo6paTHMhIX rrpoueeeos B paeTBopax cj:>ynnepetta 

epe,D,Heii IIOJI5ipHOeT11. 

B HaeTOlill(ee speMlJ e"!HTaeTelI, 'ITO 06pa30Batt11e vr poCT KJiaCTepoB 

cj:>ynnepeHa B IIOJI51pHb!X )!(H)J,KOeTlJX Herroepe,D,eTBeHHO eB513aHO e lJBJieHHeM 

KOMIIJieKeoo6pa30BaHH.lJ B 3THX paernopax. 06pa30BaHHe KOMIIJieKeOB Me)!(,D,y 

MOJieKyJiaMH C 60 11 paeTBopvrTeJI.lI npo51BJI.lieTelJ B BH,D,e speMeHttoro 

eoJI&BarnxpoMttoro 3cpcpeKm, tta6n10,D,aeMoro B paernopax cj:>ynnepetta B N­
MeTHJIIIHppon11,D,0He 11 II11p11,D,HHe [7]. flp11 3TOM tteo6XO,D,11Mbl KaK 

,D,OIIOJIHHTeJibHhie weeJie,D,OBaHHlJ Kl1HeTHKH ,D,aHHOrO lJBJieHH.lJ, TaK 11 pa3Bl1Tl1e 

YL!HThIBaIOll(HX ,D,aHHhIH 3cpcpeKT Mo,D,eneii ,D,JilI TeopeTHL!eeKoro orr11eaH1111 

rrpoueeeos poeTa arperaToB C6o B 3T11x eHeTeMax. 

Bo BTopoii niase, rrpe,n:cTaBJieHo TeopeT11L!ecKoe on11eattwe poem 

KJiaeTepoB B rronHpHhIX paeTBOpax cpynnepeHoB. Da30B&1e K11HeT11'fecK11e 

ypaBHeHHlJ o6o6ll(eHbl nyTeM .n:o6aBJieHl1lJ BpeMeHHb!X K03cpcp11u11eHTOB 
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cj:>opMHpOBaHH.lJ KJiaeTepOB 

IToKaJaHa B03MO)!(HOeT& 

Manoyrnosoro paeeelJHH.lI 

MO,D,eneii. 

H o6pa30BaHJ1lJ KOMIIJieKeOB, eOOTBeTCTBeHHO. 

MO,D,enHpOBaHH.lJ 3KCrrep11MeHTaJihHhIX KpHBhIX 

HeiiTpOHOB B paMKax ,D,aHHb!X TeopeTHL!eeKHX 

OnHeaHHe KHHeTHKH poem KJiaCTepoB cj:>ynnepetta B paernopax 

pa3BHBaeTelJ e 2005 ro,D,a [5,8]. flo,D,XO,D, oeHOBaH Ha KHHeT11L!eeKOH Teop11H 

HYKJieau1111, pa3pa6omHHOii ,D,JilJ om1eaH115! cpa30BhIX nepexo.nos nepsoro po.na 

[9]. ITepB&Ie MO,D,eJIH 6&IJIH rrpe,D,JIO)!(eHa ,D,JI.lJ C6o B ena6onoJI51pHhIX 

paernopwTeJilIX, TaKHX KaK CS2, 6ett3on 11nvr rnnyon [6]. Ea30B&1e ypaBHeHHlI 

rrpe,D,emBJilJIOT eo6oii e11eTeMy ,D,Hcpcj>epeHJ_\11aJihHhlX ypaBHeHHH ,D,JllJ BpeMeHHOH 

3BOJIIOL\HH cpyHKL\HH paerrpe,D,eJieH11.lI KJiaeTepoB C6o no pa3MepaM, f(n,t). 
<f>yHKJ_\H.lJ f(n,t) eeTh o6oeMHalJ KOHUeHTpaJ_\HlJ KJiaeTepoB, eoeTOlJ11(11X H3 n 
MOJieKyn cpynnepeHa, MOHOMepoB, B MOMeHT BpeMeHH t. PoeT HJil1 paerra,D, 

KJiaeTepoB npOXO,D,HT nyTeM IIOrJIOll(eHl1lJ 11Jil1 HenyeKaHHlJ MOHOMepoB. 

ITapaMeTµhI w~~~+ i 11 w~~!- 1 orrpe.neJilJIOT eoorneTeTBYI011(11e 3Tl1M npoueeeaM 

Bep051THOeTH B e,D,!1HHUY BpeMeHH. 0THOilleH11e Bep051THOeTei1 w (•) 11 w (-) 

onpe,D,eJI.lieTelI pa60TOH ITO o6pa30BaHmO KnaeTepa, 6G(n)' paBHOH 113MeHeHHIO 

TepMO,D,HHaMHL!eeKOro IlOTeHUHaJia rw66ea eHeTeMhl, KOr,D,a n MOHOMepOB B 

paernope o6pa3yIOT KJiaeTep. 0KOHL!aTeJI&Hoe B&rpa)!(eHHe ,D,JilI O,D,Horo 113 

K03cpcp11u11eHTOB w (•) nony'faeTelJ 113 MO,D,eJIJ1 paBHOBee1151 Me)!(,D,y KJiaeTepHbIM 

eoeTOlIHHeM 11 cpa30H paernopineJilJ B TeKyll\HH MOMeHT BpeMeHJ1. )TO 

eTerreHHalJ 3aB11e11MOeTb OT n, a mK)!(e OT K03cpcpHUHeHm .n11cpcj>y31111, 

KOHUeHTµaUHH c MOHOMepoB B paernope H ,D,pyrnx rrapaMeTpOB e11eTeMbl. 

XapaKTep 3asweHMOeT11 onpe,D,enHeTelI MO,D,eJih!O poeTa KnaeTepoB 

,D,Hcpcpy3HOHHOH 11JIH KHHeTH'feeKOH. 

06ll(HH BH,D, KHHeTHL!eCKHX ypaBHeHHH ene,D,yI011(11H: 

{

Oj(n,f) = w;_, J(n - l,f) + W~+I J(n + l,t)- w; n+if(n,t)- W~ n-J(n,f), at · · · · 
(1) 

00 

L,nf(n,t) = c(t). 
n=l 

B (1) c(t)- KOHUeHTµau11.lI paernopa. 

B ,D,aHHOH ,n:11ecepTau11H, onwpa5ieb Ha 3Kerrep11MeHTaJibH&1e pe3yn&TaT&1, 

rrpe,n:JIO)!(eHbl HOBbie MO,[(eJIJ1 ,[(JllJ OIIHCaHHlJ arperau1111 B IIOJI5ipHb!X paeTBOpax 

cpynnepetta. KaK 6&rno OTMe'feHo BbIIIIe, eeT& es11,D,eTeJI&CTBa o BJIH5!H1111 

KOMIIJieKeoo6pa30BaHl1lJ Ha poeT KJiaCTepOB, CJie,[(OBaTeJibHO, 3TO lJBJieHvre 

,n:OJI)!(HO 6&ITh YL!Tetto rrp11 TeopeT11L!eeKOM 01mcatt1111. floeKOJibKY HeT np51MhIX 

CBe,n:eHHH 0 TOM, KaKJ1M o6pa30M eB513aHbl 3Tl1 rrpoueecbJ, Heo6X0,[(11MO 

paccMOTpeTb HeCKOJibKO TeopeTHL!eeKHX MO,[(eJieH, IIO-pa3HOMY peaJIH3yI011(11X 

BJil1lJHl1e o6pa3oBaHHlJ KOMIIJieKCOB Ha arperaU11!0. 
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B paMKax nepsoi1 Mo,11.en11, Mb! npe,11.nonaraeM, YTO 06pa3osaH11e 
KOMnneKeOB cpynnepeH-paeTBOp11TeJih 51BJI51eTe51 rrp11Yl1HOH npeKpaIUeHl151 
o6pa3osamrn 11 poem KnaeTepos B paernope. B 11exo,11.HhIX ypasHeH115lx 
eerperaQ1111, K03cpcp111~11eHThI, OTBeYaIOIU11e 3a 113MeHeH11e pa3Mepa KnaeTepos, 
)J.0IlOJIH5lIOTe51 3KenoHeHQl1allhHO 3aTyXaIOIU11M MHO)l(l1Te11eM: 

I 

aP> ~a.i<±>e-~ 
n,m n,m 

(2) 

r,11.e r - napaMerp Mo,11.e1111, paBHhIM xapaKTepHoMy speMeH11 06pa30BaH115I 
KOMrrJieKea Me)l(,11.y MOJieKynaM11 paeTBOp11TeJI51 11 c60· TaKl1M o6pa30M, see 
e11araeMhie B npasoi1 qaeT11 ypaBHeHl1H (1) 3KenoHeHI~l1allhHO 3aTyxaIOT - poeT 
arperaTOB npeKpaIUaeTe51, B onpe,11.eneHHblM MOMeHT BpeMeHl1 B paCTBope 
peanmyeTe51 ernQ110HapHoe paenpe,11.eneH11e KnaeTepoa no pa3MepaM. 
XapaKTep11eT11K11 3TOro ypaaHeH115I onpe,11.e115IIOTe5I napaMeTpaM11 HaYanhHOM 
e11eTeMhI ( 1 ), a TaK)l(e napaMeTpOM T. 

j(n,t), M.J 

r=l03 
c 

!019 t=(l-104
) , a.u -

1016 

!Oil 

JOJO ~~'-'-'~~-'-"""~""""'........., 

I 0° !0
1 I 02 I 03 

!0
4 

n 

6000 ~~ 

A 4000 ., 
v 

2000 

2 !i ·' . .... - ·-·-·-·-

1=10 -10 /./ 
l/ 

1:~~~- --···· f./ 
'" .... : .. 

101 10' 10' 10
4 

105 

I, a.u 

Puc. 1. Pe3ynbTaTbI Monen11posamrn: KHHeTHKH KJiacTepoo6pa30BaHHll B nonl!pHblX 
pacrnopax cjlynnepetta. a) Monenbttal! JBOJIIOI!Hll cjlyttKIIHH pacnpet1eneHHll KnacTepoB no 
paJMepaMj(n,t) tta paHHHX JTanax; 6) ITonHal! speMeHHal! JBOJIIOIIHll cpenttero 4HCna 4aCTHII 
B KnacTepe <n> nnll pa3HbIX 3Ha4eHHH napaMeTpa Monen11. 

BTopa51 Mo,11.enh, TaK Ha3hIBaeMa51 Mo,11.enh ,11.syxeTyneHYaToro poeTa, 
oeHoBaHa Ha npe,11.no11o)l(eH1111, YTO poCT KnaeTepoB npo11exo,11.11T B ,11.sa 3Tana. 
Ha nepaoM 3Tane Mo11eKy11h1 cpy1111epeHa o6pa3YJOT KOMn11eKeh1 e Mo11eKy11aM11 
paeTBop1nen5I, YTO enoeo6eTByeT ,11.anbttei.fweMy poeTy K11aeTepos (srnpoi.f 
3Tan) . .JJ:1151 Kl1HeT11YeeKoro on11eaHl15I B ,11.aHHOM M0,11.e1111 BBe,11.eM KOHQeHTpaQl1!0 
eso60,11.HhIX Mo11eKy11 C6o B paeTBope - A(t), rnr,11.a j( l ,t) - 6y,11.eT 
KOHQeHrpaQ11ei1 MOHOMepoB - KOMn11eKeOB M011eKyn cpy1111epeHa e 
paeTBop11Te11eM. IlonyqaeM e11e)J.yIOIUYIO e11eTeMy ypaBHeHHM: 
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dA(t) I --= k(csat - A(t))- k A(t), 
dt 

af(I,t) - - + I 

--- W2 1/(2,t)- w1 if(l,t) + k A(t), 
at · · 

af(n,t) + _ + _ 
--= wn-I nf(n - l,t) + wn+I J(n + l,t)- wn n+if(n,t)- wn n-if(n,t), (3) 

a1 · · · · 
f(n,O) = 0, 'dn, 

00 

I nf(n,t) = c(t). 
n=I 

r,11.e Csa/ - KOHI~eHrpaQ1151 HaehIIUeHl151, k,k' - K03cpcp11Q11eHTbl paeTBOpeHl151 11 
KOMil11eKeoo6pa30BaHH51 eoOTBeTeTBeHHO. 

Iloe11e peweHl151 Kl1HeTHYeeKl1X ypaBHeHl1H (2),(3), no11yYeHbl cpyHKQl111 
paenpe,11.e11eHl15l K11aeTepoa no pa3MepaM ,11.1151 06e11x Mo,11.e11ei1 e pa3Hoi1 
Be1111Yl1HOH napaMeTpOB, OTBeYalOIU11X xapaKTepHOMY BpeMeHl1 
KOMn11eKeoo6pa30BaH115I (P11e. I). np51MOe BhIIlOJTHeHl1e paeYeTOB )J.1151 BpeMeH, 
eoOTBeTeTBYIOIU11X 3Kenep11MeHTallhHb!M ,11.aHHblM, orpaH11YeHO KOMilblOTepHb!M 
BpeMeHeM. Ilo3TOMY )J.1151 6011hllil1X 3HaYem1i1 T eTaQ110HapHhie cpyHKQl111 
paenpe,11.e11eHl15I paeeYl1TaHhl MeTO)J.OM 3KerpanOJ151Q1111 annpoKeHM11pOBaHHhIX 
cpyHKQ11i1 paenpe,11.e11eHl15l. B pe3y11hTaTe, no11yYeH Ha6op cpyHKQ11i1 j(R,t), 
OTBeYaIOIQ11H speMeHaM OT HeeKOJlhKl1X Yaeos )J.0 HeeK011hKl1X He,11.e11h 
3B011IOQ1111 e11eTeMhl, YTO eOOTBeTeTByeT 3Kenep11MeHTY (P11e. 2). noKa3aHO, YTO 
no1111,11.11enepettoeTh paenpe,11.e11eH115I arperaTOB 3HaYHTenhHO Bhirne .UJI51 nepaoi1 
Mo,11.e1111. ,Un51 06e11x Mo,11.e11ei1 nonyYeHhI pa3Mepb1 KnaeTepoa B ,11.11arra3oHe 20-
200 HM, OTBeYaIOIUl1e 3Kenep11MeHTallhHhIM Ha61110,11.eHl15IM. 

f(n,t') , M .
3 f(n,t') , M.

3 

~ 
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10
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' - ·- ·- · r= I 01 

- ·-· · t=2· JO 7 
I 
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I 
~-- · - · - ---·-·- .... , '• ' '• I 
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Puc. 2. Pac4eTHbie CTal!HOHapttbie cjlyHKIIHH pacnpeneneHHll KnacTepoB cjlynnepetta no 
pa3MepaM ):\Jlll: a) MO):\eJIH orpaHH4eHHOfO poem, 6) nsyxcTyneH4aTOH MO):\eJIH. 
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B paMKax pa3B11Toro TeopeT11':lecKoro no,D,xo,D,a, c 11cnonh30BaH11eM 

IIOJiylfeHHhIX BhIUie CTau11ottapHbIX cpyHKU:11H pacnpe,D,eJieHm! KJiaCTepoB no 

pa3MepaM, MO)!(HO CM0,1J,em1poBaTh 3KcnepHMeHTaJihHhie ,D,aHHhie. B lfaCTHOCTH, 

B ttacTmn1.1,eM pa3,D,ene npHBe,D,eHhI MO,D,eJihHhie KpHBhie Manoyrnosoro 

neii:rpottttoro pacceHHmi (MYPH) ,D,JIH pacrnopos C 6o/NMIT. 11HTeHCHBHOCTh 

MYPH H crau:11onapttbie cpyHKU:HH pacnpe,D,eneHHH CBH3aHhI cne,1J,y10rn.11M 

COOTHOUieHHeM: 

"' 
l(q) = nf (p-p,) 2 V 2P(q,R)f(R)dR. (4) 

0 

3,D,eCh, q - BeKTOp pacceHHHH, n - o6oeMHM KOHU:eHTpauHH ':lacrnu, j(R) -
cpyHKU:HH pacnpe,D,eneHmi KnacTepos no pa3MepaM, p, p, - nJIOTHOCTh ,ll,JI11Hhl 

pacceHHHH Heii:rpoHOB ,D,JIH KJiacTepa pa,D,Hyca R, H cpe,D,HHH ,D,JIHHa pacceHHHH 

pacrnopHTenH (NMil), cooTBeTCTBeHHO, P(q,R) - cpopM-cpaKTOp KnacTepa, V -
o6oeM KJiacTepa. 

,l(nH MO,D,eJihHh!X pac':leTOB np11HHMaeTCH, ':ITO KnacTephl B paCTBOpe 

MMeIOT cpopMy Uiapa, TOr,D,a: 

P( R) = ( 3 sin( qR) - qR cos( qR) )
2 

(S) 
q, (qR)3 

c nOMOlIJ,hIO Bbipa)!(eHMH ( 4) H (5) BhIITOJIHeHO MO,D,eJIHpOBaHMe Kp11Bh!X 

MYPH ,ll,JIH pa3JIHlfHh!X 3HalfeHHH napaMeTpa r. nony':leHHhie Kp11Bhle 

npe,D,CTaBJieHhl Ha PHc. 3. vb cpaBHemrn nony':leHHh!X pe3yJihTaTOB c 

3KcnepHMeHTaJihHhIMH ,D,aHHhIMH MYPH ,D,JIH pacrnopoB C6o!NMI1 c,D,enaH 

BhIBO,ll,, lfTO MO,D,eJib orpaHHlfeHHOro poem npe,D,CTaBJIHeT KalfeCTBeHHO Bepttoe 

OITHCaHHe arperau:HH cpynnepeHOB HCCJie,D,yeMOH CHCTeMhl. 

/, (cM./) I, (cM"
1
) 

103 - <R> -20 HM 102 - ( l}-<R>- 40 HM 

--- · <R> -40HM 
- (2)-<R> - RO llM 

102 
· · · · · · <R> - 100 HM 101 - (3 )-<R> - 200 HM 

-·-·- <R> - 200 HM 

101 10° 
I " -, 

' 10·1 
JOO ., 

., 
., 10·2 '''''111111~.v,_ 

10·1 ., 

-. ,_ I 0"3 ~ 
0,2 0,4 0,6 0,8 1 

q, (HM./) 

0,2 0,4 0,6 0,8 I 
q, (HM./) 

Puc. 3. Mo,ll,eJrnpoarurne Kp!!BhIX Manoyrnoaoro pacceJ1HllJ1 tteihpottoa Ha KJJacTepax a 
pacTBopax C6o/NMIT: a) ,ll,lli! MO,ll,en11 orpatt11'leHHoro poem, 6) ,ll,JJJI ,ll,ByxcTyrreH'laTOii 
MO,ll,em1. 
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BMecTe c TeM, CHJihHOe saph11posaH11e napaMerpos BTopoii: M0,1J,en11 

TaK)!(e npHBO,ll,HT K crna)!(HBaHHIO cneKTpoB MYPH. 11ccne,D,osaHHH KHHeT11K11 

pacrnopemrn H o6pa3oBaHHH KOMrIJieKcos s pacrnopax C6o!NMn rro3BOJI5!!0T 

c,D,enaTb oueHKl1 napaMerpos TeopeT11':lecK11x MO,D,eneii: ,ll,JIH ,1J,aJihHeii:w11x 

paclfeTOB. 

B TpeThen r~aBe 11ccne,1J,yeTCH K11HeT11Ka pacTsopeH11H 11 

KOMnneKcoo6pa30BaHl1H cpynnepeHOB B pa3Jil1':1Hh!X paCTBOp1nenHX MeTO,ll,OM 

Y<l>-BH,D, crreKrpocKon1111. B nepsoii: ':lacT11 paccMoTpeHa K11HeT11Ka 

pacTBOpeHHH B cna6onOJI5!pHh!X paCTBOpHTeJI5!X, TaKHX KaK 6eH30JI 11 Tonyon, 

npH pa3Hh!X ycnOBHj!X np11roTOBJieH11H. ,l(anee, c IlOMOlIJ,hlO rrpe,D,JIO)KeHHOtt B 

pa6oTe MO,D,eJIH, HCCJie,D,OBaHa H OITHCaHa TeMrrepaTypHM 3aBl1CHMOCTh 

K03cpcpHuHeHTOB KOMIIJieKco6pa30BaHl15! H pacrnopeHl15! B nonHpHhIX pacrnopax 

,ll,JI5! pa3Hh!X CKOpOCTeii: nepeMeUIHBaHl15!. 

B rrpe,D,JIO)!(eHHhIX BhIUie M0,1J,em1x ,D,JIH on11caH115! K11HeT11K11 pocTa 

KJiacTepoB B nonHpHbIX pacrnopax cpynnepeHa BBe,D,eHbI K03cpcp11u:11eHThI, 

onpe,D,eJI5!IOlIJ,He CKopocTh pacTsopeH115! 11 KOMnneKcoo6pa3osaH11H. KaK Bl1,ll,HO, 

OHH peryn11pyIOT He TOJihKO XO,ll, pocTa KJiaCTepoB, HO H KOHelfHOe COCTOHHHe 

CHCTeMbI. 3KcnepHMeHTaJihHOe H3MepeHHe 3HalfeHHH 3Tl1X K03cpcp11u:11eHTOB 

Il03BOJIHT, B ,ll,aJibHeii:UieM, BhIITOJIHHTh 6onee TO':IHb!e lfl1CJieHHhie pac'-!eThl. 

11HTepeCHh!M TaK)!(e HBm!eTCH 11ccne,1J,OBaH11e TeMnepaTypHOtt 3aBl1Cl1MOCTl1 

K03cpcp11u:HeHTa KOMITJieKcoo6pa30BaHHH. 3HalfHTeJihHOe M3MeHeH11e CKOpOCTH 

o6pa30BaHH5! KOMITJieKCOB 1103BOJil1JIO 6hI Ha11p5!MYIO orrpe,D,emnh xapaKTep 

B3al1MOCBH311 3T0f0 npou:ecca c pOCTOM KJiaCTepos. 

,l(JI5! 113MepeHl15! KMHeTl1KH rrpoueccos paCTBopeHl1H 11 

KOMilJieKC006pa30BaHHH B pacTBopax 6hIJia 11CITOJih30BaHa crreKTpOCKOl111JI 

11ornorn.ett11J1 csera B Bl1,ll,11MOM 11 ynhTpaqrnoneTOBOM ,1J,11a11a30Hax (Y<l>-B11,1J, 

cneKrpOCKOn11H). c IlOMOlIJ,hIO ,D,aHHOfO MeTO,D,a MO)!(HO BhIITOJIHHTh perynHpHbie 

113MepeHl15! K03cpcpHU:MeHTa nornorn.eHl15! CBeTa, 110 KOTOpOMY orrpe,D,eJI5!Th 

Kl1HeTl1KY 113MeHeHMH KOHU:ettrpau:1111 paCTBOpa. TaK)!(e, BCJie,ll,CTBl1e 

COJihBaTOXpOMH3Ma, no 113MeHeHHIO BH,ll,a cneKTpa pacTBOpa MO)!(HO 

OTCJie)!(HBaTh KMHeTHKY o6pa30BaHHH KOMnneKCOB Me)!(,ll,y MOJieKynaMH 

cpynnepeHa H pacTBopHTem1. 

B ,D,aHHOii: rnase npe,D,cTaBJieHo 11ccne,1J,0BaH11e KHHeT11K11 pacTBopeHHH 

cpynnepeHa ,ll,JI5! cna6ononHpHh!X H nonHpHhTX pacrnopos c60· B nepsy!O 

O':lepe,D,h, 6hIJil1 BhIITOJIHeHhl 11CCJie,D,oBaHl1H ,ll,JIH cna6ononHpHh!X 

pacrnopHTeneii:, 6eH3oJia 11 rnnyona. ohIJil1 npHrornsneHhI 06pa3uh1 pa3nl1':1HhIX 

KOHU:eHrpau:Hii: npH pa3Jil1'-!HhTX ycJIOBH5!X - H3MeH5!Jil1Ch TeMrrepaTypa 11 

cKopocTh nepeMeUI11BaHH5! pacrnopa. ,[J,nH cna6ononHpHhIX pacrnopos 

cpynnepetta BhIITOJIHHeTCH 3aKOH Eyrepa-J1aM6epra-Eepa, ':ITO no3sonJ1.eT 

HanpHMyIO onpe,D,eJIHTh KOHU:eHTpaumo pacrnopa, 113MepHH K03cpcp11u:11eHT 
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nornow.emrn cBern onpe.n.erreHHOH .D.JIHHbI BOJIHhl. THnHY.HbIH BH.D. Y<l>-B11:.11. 

cneKrpoB H HX apeMeHHaH 3BOJII01\HH .nrrH crra6onorrHpHoro MOJieKyrrHpHoro 

pacrnopa TIOKa3aH Ha P11c. 4a Ha npHMepe CHCTeMbl C6o/C6H6. nocKOJibKY TIHKH 

norrrow.emu1 np11 A.::::274, 335 HM 6hICTpO npeBbIWalOT MaKCHMaJibHO 

perncrp11pyeM&1e 3HaY.eHHH .nm1 cneKTpo<i>oTOMeTpa, .D.JIH onpe.nerreHHH 

KOH'-1eHrpa111111 pacrnopoB HCTIOJib30BaJICH TIHK A.=408 HM. I1pHMep KHHeTHKH 

poem KOHL1eHTpa111111 pacrnopoa C 60 a rnrryorre np11 pacrnopeHHH npe.ncrnBrreH 

Ha P11c. 46. 

A, (a.u) C, (MZIM!l) 

2,4 -W\ (\ --t~IOMHH 
I \ I I 
I \ I \ ----t=40MHH 

~\ \ f . \ -·-·- t=IOO MHll 

1,8 -lj \ \ I ! \ \ ....... 1~2so MHH 

1,2 J\:·<\,1\\ ---~00 """ 

o 6--f\,_'<.-).A:·\.:· 
'1~·0 ~ 

0 0 I ~ c::;::::::=·~·>~ 
' I I I I II I I 

2,4 -j~ 4 

1,8 

--r?~3 

1,2 
.~ ..- 1: "f -.:2 

0,6 

0,0 -!'--~-.-~~~~~-
280 320 360 400 440 0 150 300 450 600 

!, (MUii} 

Pnc. 4. Mccne):(oaairne KHHeTHKH pacTBopett11l! qiynnepe1rn C6o a HenonHpHhIX pacTBopax 

MeTOJIOM Y<l>-BHA cneKTpo<t>ornMeTPHH. a) cneKTP nornoll\eHHl! pacrnopa C6o/C6H6 
KOHUeHTpau1111 2.4 Mr/Mn np11 KOMHaTHOH TeMnepaType; 6) CHMBOnbI - 3BOnJOUHl! 

KOHUeHTPauHH BO apeMeHH )lJUI pacTBopa C6o/C6HsCH3, KpHBhle - MOJ(en11poaaH11e c 

TIOMOil.\b!O ypaBHeHHl! Hoiieca-YHTHH. 

I1oKa3aHO, 1.J.TO KHHeTHKa paCTBOpewrn xopowo OTIHCbIBaeTCH c 

noMOJ.'-lblO ypaaHeHH.R' Hoiieca-YHTHH: 

dx 
-=C(S-x) (6) 
dt 

r.ne x - TeKyW.aH KOHL1eHTpaL1HH paCTBopa, s - KOHL1eHTpa11HH HaCbJW.emrn HJIH 

MaKCHMaJibHM KOH1\eHTpa1111H pacrnopa (ecn11 HeT r136b!TKa qiynrrepeHa), C -
KOHCTaHTa(CKOpOCTb)paCTBopeHHH. 

B pe3yrr&rnTe, .D.JI.R pacrnopoa C6olC6HsCH3 H C6o/C6H6 onpe.nerreHbI 

3aBHCHMOCTH CKOpOCTH pacTaopeHHH OT CKOpOCTH nepeMeumaaHHH pacTaopa 11 

TeMnepaTyp&1 coorneTCTBeHHO. Kom.1eHTpa111111 HaCbIW.eHHH a 06011x pacrnopax 

npHMepHO paBHbl, 1.J.TO TI03BOJIHeT cpaBHHBaTb KOHCTaHTbl paCTBOpeHHH H 

c.nenaTb BhIBO.D., 1.J.TO npH O.D.HHaKOBOH CKOpOCTH nepeMelllHBaHHH pacTaopeHHe 

a rnrryorre npo11cxo.n11T 6&1cTpee. Mm1rno npe.nnorrmKHTh, lfTO .D.M 

npoH3BOJI&Horo crra6onorr.RpHoro pacTaopa C 60 KHHeTHKa pacTaopeHHH 6y.neT 

aHarrOrHY.Ha, TaK>Ke KaK H 3aBHCHMOCTH OT TeMnepaTyp&I KOHCTaHT 
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pacrnopeHHH. Eorree Toro, a crre.ny10w.eii lfaCTH, Mb! .nerraeM attarrornlfHOe 

npe.nnorro)l(eHHe .nrr.R norr.RpHoro pacrnopa <l>yrrrrepeHa. 

BTopM lfaCTb 11ccrre.noaaH11i1 nocBHW.eHa 113yqeHHIO KHHeT11K11 

pacrnopeHHH H KOMnrreKcoo6pa3oaaHHH a norrHpH&IX pacrnopax <l>yrrrrepeHa. 

,lJ,rrH norrHpHoro pacrnopHTenH NMP, KOMnneKcoo6pa3oaaHHe, npo11cxo.nHW.ee 

o.nHoapeMeHHO c pacrnopeHHeM, BJIHHeT Ha Y<D-BH.D. cneKTp&1. B pa60Te [7] 

TIOKa3aHO, lfTO 3BOJil01\11H MaKCHMyMa np11 A.=330 HM B cneKTpe TIOrJIOJ.lleHHH 

pacrnopa C6o/NMI1 CBH3aHa c HarreHHeM KOMnrreKco6pa3oaaHHH. Heo6xo.D.HMO 

yqecTb 3TO HBJieHHe .D.JIH OTIHCaHHH KHHeTHKH paCTBOpeHHH. 

,lJ,rrH norryY.eHHH Bbipa)l(eHHH .D.JIH 3BOJilOJlHH K03<l><l>HuHeHTa TIOrJIOJ.lleHHH 

6&rna COCTaBJieHa CHCTeMa H3 .nayx ypaaHeHHH THna (6), OTBet.JalOJ.lll1X 3a 

paCTBOpeHHe 11 KOMilJieKcoo6pa30BaH11e, COOTBeTCTBeHHO: 

{ 

dc(t) = k (C -c(t)) 
df I s 

dy(t) = k
2
(c(t)- y(t))' 

dt 

(7) 

r.ne c(t) - KOHl\eHTpauHH He CBH3aHHbIX B KOMTIJieKCbl MOJieKyn <l>ynnepetta, y(t) 
- KottueHTpau11H KOMnrreKcoa C 60-NMI1 a pacrnope, C. - KOHuettTpau11H 

HaCbJJ.lleHl151 HJIH KOHueHrpau115! HeHaCblll\eHHOro paCTBOpa, kl - K03cj:J<l>11u11eHT, 

OTBe'lalOW.HH CKOpOCTH pacrnopeHHH, k2 - K03<l><l>111111eHT, OTBe'laIOW.HH 

CKOpOCTH KOMTIJieKcoo6pa30BaHH51. TaKHM o6pa30M, Mb! npe.nnorrmKHJIH, 'ITO 

pacrnopettHe <l>ynnepetta a norrHpHoM pacrnope TaK)l(e onpe.ne1rneTcH 3aKoHoM 

BH.D.a (6), npH 3TOM KHHeTHKa KOMTIJieKcoo6pa30BaHHH onpe.nenHeTCH 

KOHCTaHTOH k2. 

YY.HT&rnaH BJIHHHHe corr&aaToxpoMH3Ma, .nnH paCTaopa C60/NMn, 

K03<l><l>HuHeHT nornow.eHHH onpe.nerrHeTCH pa3HOCTblO j(ki,k2,t)=(c(t)-y(t)). 
PellleHHe CHCTeMbI KHHeTHlfeCKHX ypaaHeHHH (7) npHBO.D.HT K crre.ny10w.eMy 

Bbipa)l(eHHlO .D.JIH f 
-k1 • [ exp(-k1 • t) - exp(-k2 · t)] ·Cs 

f(kpk2,t) = . (8) 
kl -k2 

3HalfeHHH KHHeTHlfeCKHX K03<l><t>11u11eHTOB norryqaIOTCH npH annpOKCl1Mau1111 

3KCnepHMeHTaJI&HblX .naHHbIX 3aBHCHMOCTblO BH.D.a (8) (PHc. Sa). 

Bo apeM.R 11ccrre.noaatt11i1 6brno np11roToarreHo HeCKOJibKO o6pa3uoa 

pa3Jil11.J.HbIX KOHl.(eHTpauHii, B pe3yJI&TaTe lfero 6&rna onpe.nerreHa OTITHMaJihHM 

KOHl.(eHTpauHH .D.JIH .naHHOro MeTO.D.a, paaHa51 0.3 Mr/Mn. ,l].arree, 6&IJIH 

a&morrHeHbl 113MepeHHH KHHeTHKH pacTaopeHHH C6o a NMI1 np11 pa3rrHlfHhlX 

ycrrOBH.R'X npHroTOBJieHH51 - pa3JIHlfHOH TeMnepaType H CKOpOCTH 

nepeMenrnaaHHH. Onpe.neneHhI 3HalJeHHH K03cpqrnuHeHTOB .nnH 
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rrepeMeuurnaeMhIX o6pa31\0B k
1
-(0.50± 0.15)-10-4 c-1, k

2
-(l.O± 0.2)-10-3 c-1 11p11 

KOMHaTHOH TeMrrepaType, H k
1
- (0.8± 0.2)· I o-3 c-1, k

2
- (0.8± 0.2)-10-2 c-l TlpH 

6oJiee BhICOKHX TeM11epaTypax. 

0,12 

~ 0,08 

~ 
$ 
~0,04 
;:::. 
tr 

~ .. • JKCnepHMeHT 
--MOAenb 

0,00 -t--~-.-~-~~-~ 
0 75 150 225 

t, (MliH) [] 

Puc. 5. Y<l>-BH.n: Hccne.n:oBaHHll KHHeTHKH pacTBopeHHll H KOMnJTeKcoo6pa:30BaHHll B 

pacrnopax C6o!NMI1. a) BpeMeHHaJI 3aBHCHMOCTh nHKa nornomeHHll np11 330 HM, 

HaCbIJ.UeHHb!H pacrnop 11pH KOMHaTHOH TeMrrepaType, CKOpOCTh rrepeMeIIIHBaHHll 400 
06/MHH; 6) 3aBHCHMOCTb KOJ<!>qrnIIHeHTa ki OT TeMrrepaTyphl H CKOpOCTH rrepeMeIIIHBaHHll . 

B pe3yJihTaTe, 011pe.n:eJieHhI 3aBHCl1MOCTl1 Ko3cpcpm.111eHTOB pacTBopett11.S1. 

H KOMl1JieKcoo6pa30BaHH51 )J.JI51 110JI5ipHhlX paCTBOpOB OT TeM11epaTyphl, 11 

cKopocnr 11epeMenmBaHH5! (PHc. 56). Attanm pe3yJihTaTOB rroKa3hrnaeT, 'ITO 

011THMaJibHhie YCJIOBH51 rrpHroTOBJieHH.SI., rrpH KOTOph!X H3Ha'laJihHO cpyJIJiepeH 

HaXO)J.HTC5! B paCTBOpe B MOJieKyJillpHOM B11.n:e, 06ec11e'lHBa!OTC5! CKOpOCTb!O 

rrepeMeIUHBaHH51 6oJiee 100 06/MHH rrpH JII06oli TeMrrepaType. 

B 'leTsepTon rJiase rrpe,n:cTaBJieHhI pe3yJihTaThr 11ccne.n:oaaHHH 

HeKoTOphIX pacrnopoa cpyJIJiepeHa MeTO,n:oM MYPH. B Hat.Jane rnaahr ,n:aHhI 

OCHOBHb!e rrpHHI..(HIIhI 3KC11ep11MeHTOB 110 MaJIOyrnOBOMY pacce.SJ.Hl1!0 

HeHTPOHOB, HeKOTOpb!e 11p116JimKeHH5! H MeTO,n:bI o6pa60TKl1 

3KC11epHMeHTaJibHbIX ,n:aHHbIX. )J,anee paccMOTpeHhl 3KCrrepHMeHTaJibHhie 

pe3yJihTaThI 11ccJie,n:oaaHH5! pacrnopoB cpyJIJiepeHOB C 10 B CS2 Mern.n:oM MYPH, 

BbIIlOJIHeHhI o6pa6oTKa 11 aHaJIH3 .n:aHHhIX. Bo BTopoJ.I t.JaCTH rnasb1 

paccMaTpHBaIOTCll 3Kcrrep11MeHThI 110 MYPH 11 )],PC Ha 110JI.S1.pHbIX pacrnopax 

C6o/NMCT, 06cy)l(.n:a10Tc.S1. rroJiyt.JeHHhie pe3ynhTaThI. 

Manoyrnosoe pacce51H11e HeHTPOHOB (MYPH) llBJilleTC.SJ. O.U:HHM 113 

Ha116onee 3cpcpeKTHBHhIX Mern.n:os 11ccJie,n:oaaH115! CTPYKTYPhI 11 pa3Mepoa 

t.JaCTHI..( B pacrnopax. 3a rrocJie,n:HHe 20 JTeT 6bJJTH Bh!TlOJTHeHhl HeCKOJlhKO 

3KCrrepHMeHTOB rro paccellHHIO HeHTPOHOB Ha pacrnopax cpyJIJiepeHOB. 
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)J,aHHhie l1CCJie.n:oaaH11.S1. MO)l(HO pa3,n:eJI11Th Ha .n:Be 1PYl111h!. Bo-11epBhIX, 

3TO H3MepeHH51 Ha CJia60110JI5ipHhIX MOJieKyJillpHhIX pacrnopax cpynJiepeHa B 

cepoyrnepo.n:e, r.n:e HHTepec 11pe.n:CTaBJT.S1.eT 11ccne.n:osaH11e t.JaCTHI.(hI 

11pe,n:eJibHOro 110 pa3peIUeHHIO )J.JI.SJ. MeTO,D,a MYPH pa3Mepa. B pa6ornx [10- 12] 

rrpe.n:crnBrreHhI 11ccrre,D,0BaHH5! CTPYKTYPhI qacTHI.( B pacTBopax pa3JIH'lHhIX 

KOHI..(eHTpal.(HH, rrorry'leHhl a1111pOKCl1Mal.(HH KpHBh!X MeTO)lOM r11Hbe. B 

pe3ynhTaTe rroKa3aHo, •no 3Kcnep11MeHTaJihHhie 3Ha'-leHH.SJ. Rg, pa.n:11yca Httepl.(1111 

'laCTl1I.( B paCTBope, Ha -5-10% 11peBh!Wa!OT TeopeT11'-!eCK11e OI.(eHKl1 ,ll,Jlll 

cBo6o,n:HoJ.i MorreKyrrhr C6o B pacrnope. Pa3rr11q1151 Me)l(.n:y TeopeTH'-leCKHMH 11 

3KCIIepHMeHTaJibHh!MH pe3yJThTaTaMH 6hIJTO o6bllCHeHO o6pa30BaHHeM MaJib!X 

aLperaTOB cpyrrrrepetta B pacrnopax [ 12]. ,Uo ttaCTO.SJ.IJ..(ero speMett11 He 

Bh!TlOJIHllJIOCh attanorn'lHoe .n:eTaJihHOe 11ccne.n:osatt11e .llJlll paCTBopoB C70/CS2. 

Ko BTOpOH Lpyrrne MO)l(HO OTHeCnf CTpyKTypHble HCCJTe.n:oBaHl151 

KrracTepHoro cocTOHHl1ll C6o B pa3Jil1'-!HhIX pacrnopax [ 13]. B OCHOBHOM 

rrpe.n:crnBrreHbI 11ccne.n:osaH11H 11onHptthrx pacTBopoB. TaK, 11ccJie,n:osatt11H 

KnacTepo6pa3oBaHHH B pacrnopax C6o/NMCT MeTo.n:oM MYPH, KaK npaB!rno, 

Bh!TlOJIHH!OTC.SI. c .n:o6aBJieHHeM BO)lhl l1JIH Tll)l(eJIOH BO)J.bl [14], '-!TO o6ycJTOBJieHO 

MaJihIMH pa3JIHt.JHHMH .n:nHHhI pacceHHHH Me)l(,n:y cpyrrrrepeHOM H NMn (Mana.SJ 

KOHTpaCTHOCTh), a TaK)l(e 60JihWHM pa3MepOM CTa6HJihHbIX arperaTOB. 

CTpose.n:ettHbie B paMKax .n:11ccepTal.(HOHHOH pa60ThI 11ccne.n:osatt11.S1 

pacrnopoB cpyrrrrepeHa MeTo.n:oM MYPH cocTo.SJ.T 113 .n:syx 'laCTeH. Bo-nepBhIX, 

BhIIlOJTHeHhI 11ccne.n:osaHHH pacTBopa C10/CS2, rrp11roTOBJTeHttoro B pa3JTH'-!HhIX 

ycnoBHHX 11 np11 pa3JIHlfHhIX KOHI.(ettTpal.(HllX. Bo-BTOpbIX, paccMOTpettbI 

pe3yrrhTaThI 11ccJie,D,osatt11I:i C6o B nonllpttoM pacrnop11Terre MeTO.llOM MYPH c 

.n:onoJIHHTeJTbHhlM l1CCJTe,n:oBaHHeM MeTO)J.OM )J.HHaMH'-leCKOro CBeTopacce.SJHH.SI. 

3Kc11ep11MeHThI rro MYPH Bh!TlOJTHeHhI tta ycrnHOBKe fOMO peaKrnpa l16P-

2M, JIH<D OI15lli, )J,y6tta, PoccttH. 

,Um1 H3MepeHHH Ha IOMO 6hIJIH 11p11roTosnetthI ttecKOJThKO cep11I:i 

pacrnopoB C10/CS2: HaChIIJ..(eHHhre 11 CHJihHO pa36asneHHhie pacrnopb1; np11 3TOM 

l1Cl10Jlh30BaJIHCb pa3Jil1lfHhie ycJIOBH.SI. np11rOTOBJiem1.S1. (paBHOBeCHOe 

paCTBOpettHe rrp11 KOMHaTHOH TeMnepaType, 11epeMew1rnatt11e c IlOMOIJ..(hlO 

MarttHTHOH MewanKH, o6pa6oTKa ynhTpa3BYKOM). Baph11posatt11e MeTO,D,OB 

rrpiffOTOBJTemrn rrp11MeH5!JTOCb ,ll,Jlll nposepKH pe3yJTbTaTOB, cornacHO KOTOpblM 

HCl10Jih30Bam1e ttepaBHOBeCHh!X ycJTOBHH 11plirOTOBJieHH.SI. np11BO)J.HT K 

06pa30BaH1uo arperaToB B pacrnopax C60/CS2 [15]. Pe3yrrhTaTbI l13Mepett11i1 

11pe,D,CTaBJieHbI Ha P11c. 6. 

I-fa ,n:aHHhIX MYPH orrpe.n:erreHhI ocHOBHbie 11apaMeTph1 HaHot.JaCTHI.(. B 

rrepsy10 oqepe.n:h l1Cl10JTh30BaJioch np116JT11)1(ett11e f11Hhe ,n:n.SJ onpe.n:enett11.S1. 

pa.n:11yca Httepl.(1111: ... 
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I(q) == J(O)exp(-R~q2 I 3) (9) 

r.D.e q - BeKrnp pacce51mrn, I(q), 1(0) - 11ttTettc11sttocTh pacce5!Hl15! 11 pacce5!Hl15! s 

ttyrresoli yrorr coorneTcTBetttto, Rg pa.D.11yc 11ttepu1111. I1p11 MarrhIX yrrrax 

pacce5!HH5! norryt.ieHa BbICOKa5! orn116Ka 113MepeHHH, TI03TOMY HeCKOJihKO 

nepBblX 3KcnepttMeHTaJihHhlX TOYeK He HCTIOJih30BaJIHCh npH annpOKCl1Maum1 
lHHhe. 

I(q), c.w-1 

A 0 97 Ml / M. I 

't' 4 7 Mr/ '1.1 

• JQ.5\ Ml / M Jl 

J(q), C.M-I 

10-I b pattHOHCCHOC pac rnopcm1c 

0 y.nt.Tp3JOYK 

--AnnpOKCHM3UHR l'HllbC v nepeMeWHBUHHC 

10·2 
:?i:JII~ 

~e... i.._ 10·2~ 

I 0-i 
I 0-i 

~ 
10-4 ,11111, 11,11 I ~I 

I 0° I 0-2 10·1 l 0° 
q,kl q,kl 

10·1 

Pnc. 6. 3Kcnep11MeHTaJJbHb1e KpHBbie MYPH mrn pacrnopoB C10/CS2: a) o6pa6oTKa 

ynbTpa:rnyKOM BO BpeMJi pacrnopeHHll, 6) cpaBHeHHe pe3ynhTaTOB )lflSI HaCblll.leHHblX 
pacrnopoB, rrpHroTOBneHHblX pa3Hb!MH MeTO)l3MH. 

ITorryqeHHhie 3Hat.Iemrn Rg ttaXO.D.5!TC5! B 11ttTepsarre 3.9-4.5 A co cpe.D.ttei1 

orn116Koif H3MepeHH5! -0.3 A .D.JIH pa3JIHt.IHhix KottueHTpau11i1 11 MeTO.D.OB 

npttroTOBJieHH51 . .[(mi o6pa3UOB, norryYeHHhIX npH O.D.HHaKOBhIX KOHUeHTpaU115!X 

np11 pa3JIHt.iHhIX ycrros1151x np11roTosnett115! pa3HOCTh 3Hat.ieHHi1 Rg .D.OCTaTOt.iHo 

Mana (5-10%). TaK11M o6pa3oM, MQ)KHO 3aKJIIOt.Il1Th, YTO pa3Mepb1 yacrnu B 

pacrnopax C1o/CS2 He 3aBHCHT or ycnos11i1 np11rornsrrett115!. 

)l,rrH 11ccrre.nosamrn arperau1111 B n01rnpHhIX pacrnopax cjJyrrrrepeHa 6bIJil1 

npttrornsrretthI o6pa3Uhl C60/NMP KottuettTpau1111 -1 MrlMn. 06pa3eU l 6brn 

npttroTosrreH 3a 4 t.iaca .D.O 3Kcnep11MeHTa MYPH c 11cnonh30Bam1eM 

MarHl1THOH MelUaJIKH, BTOpoi1 o6pa3eu npttroTOBJieH 3a .netth .no 113MepeHHH 11 

xpaHHJIC5! B TeMHOTe. 
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l(q), CM 
-1 

I· c./NMn, -1 Mr/Mn I 70 l tzZ] C,INMe 02•''"""""' ~ ~ 1: - CJNMP 0 2 MrlMJI nno1ii 

10·1 -J I 60 
- TT 

~50 

10·2-J ~ 
vi' 
~ 40 

~ 30 

10'] ·µm 20 

10 

10-4 -~ 'I 0 
10·2 10·1 

kl 0 30 60 90 120 150 
q, R, (11A1) 

Pnc. 7. 3KcrrepHMeHTaJJbHO HCcne)loBaHHll arperat1HH B pacrnopax C6olNMn: a) H3Mepem1e 
MeTO.!\OM MYPH O.!\HOro pacrnopa, 6) aHarrorn'-!Hbie H3MepeHHll MeTO!lOM .UPC !lflll 

pacrnopoB pa:iHoro B03pacrn. 

Pe3yJihTaT 3KcnepttMeHTOB no MYPH npe.ncrnsnett Ha P11c. 7a. 

l1HTeHeHBHOeTh paeee5!HIUI HeHTpOHOB .D.1151 )J.aHHhlX paernopOB Marra, 

noeKOJlhKY pa3MephI arperaTOB C6o, B 6onhrneif t.iaeTH, ttaXO.D.5!Te5! 3a npe.D.enoM 

pa3pernemrn MeTo.na (>I 00 HM). XapaKrep JaBHCHMocrn Ha P11e. 7a 

npe.D.nonaraeT BhICOKYIO non11.n.11enepcHoeTh pacnpe.D.enett115! arperaros. Poer 

KrraeTepos C6o B paernope NMIT - .D.OeraTOYHO Me.D.rretttth1i1 npoueee 11 Bb16op 

pa3HhIX HHTepsarroB speMeHH noerre np11rOTOBJiett1rn, KaK 0)!(11,[(aJ!Oeh, .D.OJI)l(eH 

Il03BOJIHTh o6Hapy)l(HTb pa3Hh!e no pa3Mepy yaeTl1l(bl. 0.n.HaKO np11se.neHHbie 

pe3yJibTaThl norryt.ietthl 3a KOpOTKOe speM5! 113Mepett11i1 11 11enOJih3YIOTC5! .D.JI5! 

Kat.ieerneHHoro epastteHHH e .naHHhIM11 MYPH np11 pa36asrrett11H C6o/NMI1 

BO.II.OH H KHHeTHt.ieeKHX 113MepeHH5!X. B HaeT051ll(ei1 pa6ore, pa3Mep LiaeTHU B 

.nattHhIX paeTBOpax TaK)l(e onpe.nen5!Jie5! MeTO.IJ.OM .D.HHaMHLieeKoro paeee5!HH5! 

eseTa (WC). 3Kenep11MeHThl )l,PC 6b1rr11 BblTIOJlHeHhl Ha o6pa3uax 

«B03paeTOM» B 15 .D.Hei1, a TaK)l(e .nrrH ese)l(ero paeTsopa. PeJyJihTaThl 

3KenepttMeHTOB .n.11ttaM11L1ecKoro eseTopaeceHHHH (np11Mep npttBe.D.eH Ha P11c. 

76) no.D.TBep)l(.D.alOT pe3yrrhTaThl 3Kenep11MeHTOB no MYPH: tta61110.D.aeMh1e 

pa3Meph1 KrraeTepos npesh1rna10T I 00 HM. 

B JaKmoqeuuu .D.Heeeprnu1111 KpaTKO o6o6w,etthl pe3yJihTaThI 

npoBe.D.eHHhIX 11eene.nosaHH5!. 

OCHOBHhIE PE3Y Jlh TA Thi II BhIBO)J.hl 

1. ITpe.D.JIO)l(eHo Teopen1qecKoe on11eam1e KHtteTHKH KrraeTepoo6pa30Batt115! B 

norrHptthIX paernopax cpyrrnepeHa, yt.iHThrna10w,ee BJIHHHHe npoueecos 

06pa30Batt115! KOMnrreKeos cpyrrrrepett-paernop11Terrh. PaeeMoTpetthI .D.Be 

Mo.nerr11 .D.JI5! on11catt115! .nattttoro 3cpcpeKrn: Mo.nerrh orpatt11t.iettttoro poem 11 
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,D,ByxcTyrreH'!aTa.sr MO,D,eJih KnacTepoo6pa30Bamu1. CocTaBJieHhI cttcTeMhI 
KHHeTl'!'ieCKHX ypaBHeHHH, OTBe'!aIOU(He rrpe,D,JIO)!(eHHb!M MO,D,em1M, H 
rronyqeHbI HX perneHHH B BH,D,e 3BOJIIOIJ.HH <l>YHKIJ.l1l1 pacnpe,D,eJieHHH 
KJiaCTepoB ITO pa3MepaM Ha orrpe,D,eJieHHOM BpeMeHHOM l1HTepBane. 

2. Pa3pa6oTaH MeTO,D, pac<Jem cmu.ttoHapHhIX <l>YHKU.tti1 pacnpe,D,eneHttH, 
OTBe<IaIOU(HX 3KcrrepttMeHTaJihHhIM ,D,aHHhIM. ITony<IeHhr rrontt,D,HcnepcHhie 
pacnpe,D,eJieHmI arperaToB B ,D,Hana:JoHe pa3MepoB 20-200 HM, '!TO 
COOTBeTCTByeT 3KCnepttMeHTaJibHb!M ,D,aHHb!M ,ll,l1HaMtttfeCKOro 
cBeTopacce.HHHH. B&monHeHo Mo,D,enttpoBaHtte ,D,aHHhIX ManoyrnoBoro 
pacce.srHHH Hei1TpoHoB no nony'leHHhIM npo<PttnHM pacnpe,D,eJieHttH 
arperaTOB C6o no pa3MepaM ,D,JIH pa3HbIX MOMeHTOB BpeMeHtt 11 napaMeTpOB 
MO,D,eneii. 

3. MeTo,D,oM ManoyrnoBoro pacce.HHHH HeiiTpoHoB rrpoBe,D,eHo ttccne,D,oBaHtte 

pacrnopoB <l>ynnepeHa C70 B cna6ononHpHoM pacrnop1nene cepoyrnepo,D,e 
CS2. .lJ:nH HeCKOJibKttx cepHH o6pa3U.OB, npttroTOBJieHH&1x pa3Jil1'!HbIMl1 
MeTo,D,aMH (paBHOBecHoe pacrnopeHtte, nepeMernttBaHtte H yn&TPa3BYK) 
onpe,D,eJieHhl pa,D,ttyChl l1HepIJ.l1H '!aCTHIJ. B paCTBOpe. nonyt.feHHhle 3Ha'leHHH 
pa,D,ttyca ttHepu,tttt (Rg) Haxo,D,HTCH B ttHTepBane 3.72-4.55 A (norpernHOCTb 
l13MepeHHH - 0.24 A), KOppeJIHIJ.11l1 c MeTO,ll,OM npttroTOBJieHttH He 
ycmHOBJieHo. Pa3JIH'll1H B rronyqeHHhIX 3Ha'!eHMHX cocTaBJIHIOT He 6onee 
10% l1 060.HCHHIOTCH HaJIH'!HeM B pacTBOpe MaJihIX KJiaCTepoB - ,ll,l1MepoB, 
TpttMepoB, l1 TaK ,D,anee. TaKttM o6pa3oM, pa3Mep qacTttu, B c11a6orrom1pHbIX 

pacTBopax C 10 He 3aBHCHT OT MeTo,D,a rrpttroTOBJieHttH. 
4. MeTo,D,aMtt ManoyrnoBoro pacceHHl1H Hei1TpoHoB l1 ,D,ttHaMtt'lecKoro 

CBeTopacceHHl1H BblfIOJIHeHO l1CCJie,D,OBaH11e ,D,BYX rron.srpHb!X paCTBOpOB 

C6o/NMII pa3Horo B03pacm . .lJ:nH o6ettx cttcTeM noKa3aHo, l!TO pa3Mepb1 
o6pa3yIOU(l1XCH ycTOH'IHBhIX KJiaCTepoB npeB&1rna10T 100 HM. Ha 
OCHOBaHHH 3THX ,D,aHHhIX BhIITOJIHeHO cpaBHeHHe npe,D,JIO)!(eHHblX 

TeopeTtt'!eCKl1X MO,D,eneii poem KnacTepoB C6o c 3Kcrrep11MeHTOM. 
I10Ka3aHO, '!TO MO,D,eJih orpaHHl!eHHOrO poem nyqwe COOTBeTCTByeT 
3KcnepttMeHTaJihHhIM ,D,aHHhJM ManoyrnoBoro pacce.srmrn Hei1TpoHOB, 4eM 

,D,ByxcTyrreH'!aTaH Mo,D,en&. 
5. MeTO,D,OM cneKTPo<PoTOMeTPttl1 ttccne,D,oBaHa KttHeTttKa pacTBopeH11.sr 

<PynnepeHa C60 B cna6orron.srpH&rx pacrnopax - 6eH3one (C6H6), rnnyone 
(C6HsCH3) pa3Jil1l.£HhIX KOHU.eHTpau.1111 B ,D,l1ana30He TeMnepaTyp 15 - 35 °C 
l1 rrptt pa3Jil1lfHhJX cKopocrnx rrepeMew11BaH11H. Orrpe,D,eneHbI 3aB11c11MOCT11 
CKOpOCTl1 pacrnopeHl1H OT CKOpOCTl1 rrepeMellJHBaHl1H pacrnopa 11 

TeMrrepaTyp&r. 
6. MeTO,ll,OM cneKTPo<PornMeTpHH ttccne,D,oBaHa KHHeT11Ka pacrnopemrn 11 

KOMrrneKcoo6pa3oBaHHH C60 B non.srpHOM (E = 32.2) pacrnopHTene N-MeTttJI-
2-nHpponH,D,OH (NtvIIT). ITpe.n:no)!(eH MeTO,n: onpe.n:eneHHH KHHeTtt'!eCKttx 

K03<l><l>ttIJ.l1eHTOB no 3BOJIIOIJ.l1H K03<l><Pttu.HeHTa nornoll(emrn nptt A,=330 HM. 
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ITonylfeHa ,D,ttarpaMMa 3aBttCl1MOCTeii cKopoCTeii pacrnopeHttH l1 
o6pa30BaHHH KOMTIJieKCOB OT CKOpOCTH nepeMeWttBaHHH pacrnopa H 
TeMneparyp&r. 
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