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· B HaCT()J!IIJ;ee .. BpeMJ!, <lJH3HKa HaHocHcTeM 5!BJI5!eTc5! He TOJibKO 

aKryaJibH.biM HarrpasneHHeM B HayKe; HO .H HanpasneHHeM, orrpe,n:eJI5!IOIIJ;HM 

pa.3BHTHe 60JI.blliHHCTBa COBpeMeHHbiX TeXHOJIOrHH. KJIIO'!eB.biMH H Ba:>KH.biMH 

5!BJieHH5!MH B HaHOCHCTeMax '!aCTO OKa.3biBaiOTC5! Heo6paTHMbie rrpou;eCCbi, 

KOTOp.bie H, orrpe,n:eJI5!IOT . Ha6op CBOHCTB' ' IIOJiyqaeM.biX 06'beKTOB, HX 

ycToiiqHBOCTb. IJo:noMy aKTHBHbiH HHTepec • cerO.L(H5!• IIp05!BJI5!eTC5! K 

HCCJie.L(OBaHHIO · KHHeTH'leCKHX:. npou;ecCOB B HaHOCHCTeMax, K B03MO:>KHOCT5!M 

yrrpaBJI5!Tb 3THMH npou;eccaMH. I< HaH6orree aKryaJibHbiM 'Heo6paTHM.biM 

rrpou;eccaM MO:>KHO OTHeCTH arperaQHIO. HaHOq~cTHIJ; B :>KU.L(KH~, CHCTeMaX,. a 

TaK:>Ke corryrcTBYIOIUHe eii 5!BJieHH5!. .[(aHHbie rrpou;eccbr BJIH5!IOT Ha 

ycTOHqHBOCTb , rrpo,n:yKTOB DHIIJ;eBOH, IIpOM.bllliJieHHOCTH, HCIIOJI.b30BaHHe 

JieKapCTB, Ba:>KHbi B MalliHHHOH IIpOMbllliJieHHOCTH HJIH rrpn. npOH3BO.L(CTBe H 

HCIIOJI.b30BaHHH pa3JIH'dll.blX HaHOKOMII03HTOB~ , , 

113 . 3KCIIepHMeHTOB H3BeCTHa CB5!3b <!JYHKIJ;HH pacnpe,n:eJieHH5! ITO 

pa.3MepaM arperaTOB B paCTBOpe C MaKpOCKOIIH'!eCKHMH CBOHCTBaMH CHCTeMbi, 

ee <!JH3H'leCKHMH H XHM~ecimMu rrapaMeTpaMu. · TeopeTn'!ecKoe orrucauue 

3BOJIIOIJ;HH ,n:aHHOH <!JYHKIJ;HH B xo,n:e:ycTaHOBJieHHJ! KHHeTuqecKoro paBHOBeCHJ! 

B CHCTeMe' CTaHOBHTC5! He06XO.L(HMbiM 3TaiTOM HCCJie.L(OBaHHH. B HaCT05!IIJ:eH 

.L(HCCepTaiJ;HOHHOH pa60Te .L(aHHM. 3a,n:aqa p'einaeTC5! B OTHOllieHHH 'ITOJI5!pH.biX 

paCTBOpOB <!JynrrepeHOB - HOBOH aJIJIOTpOIIHOH <!JopM.bl yrrrepo,n:a, OTKp.biTOH B 

KOHIJ;e rrpomnoro BeKa. cl>ynrrepeubr C6o n ~ C1o · rrpe,n:cTaBJISIIOT : co6oH: 

yuuKarrbHbie Karru6posaubre HauoqacTHUbi, pa3MepoM · · rrop5!,n:Ka o.n:uoro 

HaHOMerpa, H HMeiOT p5!.L( rrepcrreKTHBHbiX · npHMeHeHHH, B TOM 'IHCJie B 

3JieKrponnKe u B 6noMe.n:uu;nue; IloJISipHbie paCTBOpbi <!Jynnepeua B uacTo5!m:ee 

BpeM~ paCCMaTpHBaiOTC5! KaK MO.L(eJibHbie paCTBOpbi .L(JISI anpo6aiJ;HH 

TeopeTu'!ecKux rro.n:xo.n:os K .omicaiiniO • i<nacrpoo6prooBaHH5! · · C 60, ·• a·· TaK:>Ke 

MOryT CTaTb CHCTeMOH, HCIIOJib3yeMOH .L(JI5! uerrocpe,n:CTBeHHOrO rrepeso,n:a 

<!Jyrrmipeua B so.n:y ,n:JI5! ncrrorrb30Bauu5! B su.n:e · rrei<apcTB. ClicTeMaTH'!ecKoe 

onucauue · K~HeTHKH · poem KJiac~epos B 3THX 'pacTsopax Ba)Kuo u c 

<!Jyu,n:aMennini>HOH TO'IKH, 3peHH5!,, .L(JI5! p~BHTHH rrpe,n:cntBJieH~H 0 KJiacTepHOM 
COCT05!HHH sem:ecTBa, ... 'ITO 5!BJI5!eTC5! Ba:>KHOH 3a,n:aqefi COBpeMeHHOH 

CTaTHCTH'leCKOH <!Ju3HKH Ii <lJH3HKH KouJieucupoBaHHOro COCT05!HHSI semecTBa. 
' - t " ' ' ' \ > ' : f ~ - < • - • • ' • : : ~ ' • • • • • j ~ ~ •" : '-c 

B 3TOM CBeTe; • 3KcrrepnMeHTarrbHOe' onpe.n:eneuue KHHeT~eCKHX 
K03<lJ<!Jnu;ueHTOB paCTBOpeHHJ!. H · KOMITJieKC006pa.30BaHH5! , (npou;ecca, 

KoMnrreMeu~apuoro pocTY. . KJiacTepos ), raK:>Ke · 5!BJI5!eTc5! Ba:>KHbiM ,n:JISI 

IIOCJie.n:yroru;ero pa3BHTH5! KOJIH'leCTBeHHOrO OIIHCaHHJ! KHHeTHKH B .L(aHHbiX 

CHCTeMax. B TO JKe BP~;-3aBHCHMOC~.. ;naliTibiX · K~3<lJ<!Juu;ueHTOB OT 
-! tlAYIIHO-TEXHMllECKAH 

EI1E:U.IIOTEI{A 

OM5I~I _ _. 



:reMnepaT)'pbi H ycnOBHH npHrOTOBJieHIUI MOryT 6biTb none3HbiMH npH Bbi6ope 
pe)J(HMOB npHrOTOBJieHIUl Ka'!eCTBeHHO pa3HbiX C TO'IKH 3peHH.SI arperaiJHH 

CHCTeM. PaclllHpeHHe THnOB )I(Ji)J;KOCTeH, B KOTOpbiX HCClle)J;yiOTC.H · paCTBOpbl 

cpynnepeHOB, n03BOJI.HeT C pa3HbiX CTOpOH B3rJI.HHYTh Ha HX CBOHCTBa no 
OTHOIIIeHHIO K arperaiJHH. 3cpcpeKTHBHbiMH MeTO)J;aMH 3)J;eCh · . .HBJI.HIOTC.H 

cneKTPOcpOTOMeTPH.H, ManoyrnOBOe pacce.HHH.H HeHTPOHOB (MYPH) H 
)J;HHaMH'leCKOe pacce.HHHe CBeTa ()].PC). 

IJ;eJib u 33JJ;3'1H p360Tbi. UenhiO uac:ro.Hmeii pa6o:rbi .HBJI.HeTc.H 

TeOpeTH'IeCKOe OnHCaHHe H. 3KCnepHMeHTaJibHOe HCCJie)J;OBaHHe KHHeTHKH 

pOCTa KJiaCTepOB H COnyTCTBYffiliiHX npoiJeCCOB B non.HpHbiX paCTBopax 

cpynnepeHOB. C:raBHnHCh cne.n;ymmHe 3a.n;a<m: 

1. · TeopeTH'!ecKoe oimcamie KHHeTHKH p'oc:ra Knac:repoa B pacTBopax 

cpynnepeHOB C60 ·cpe.nueii nonHpHOCTH. · Pa3pa6o:rKa Mo.n;eneii, 

Y'IHTbiBaiOIIIHX BJIH.HHHe KOMnneKC006pa30BaHH.H Ha KHHeTHKY pOCTa 
KJiac:repoa. · • 

2. Pa3BHTHe Me:ro.na pacqe:ra 3KcnepHMeHTaJihHhiX · .n;aHHhiX MYPH no 

nony'leHHhiM cpyHKIIH.HM pacnpe.n;eneHH.H KJiac:repoa no pa3MepaM. 

CpaauenHe . pe3ynhTaToB :reopeTH'leCKHX Mo.n;eneii · c 

3KCnepHMeHTaJibHbiMH pe3yJibTaTaMH. · ·; 

3. 11ccJie)J;OBaHHe KHHeTHKH paCTBOpeHH.H H conyTCTBYIOIIIHX npOIJeCCOB B 

cna6onoAApHbiX pac:raopax C 60 u · B non.HpHOM pac:rBopH:rene N­
MeTHnnHpponH,noH (NMII) Me:ro.n;oM Y<I>-BH.n; cneKTpocKonHH. 

Onpe.n;eneHHe 3aBHCHMOCTH KHHeTH'leCKHX K03cpcpHIIHeHTOB o:r ycnoBHH 

, . , , npHrOTOBJieHH.H pac:raopa. 

A. ; . 3KcnepHMeHTaJihHOe Hccne.n;oaanHe arpera:roa B pac:rBopax cpynnepenoB 

C6o H. c;o pa3HOH non.HpHOCTH MeTO)J;OM MYPH H )].PC. 11ccne,noBaHHe 

. 3aBHCHMOCTH arperaiJHH cpynnepeHa OT ycJIOBHH npHrOTOBJieHHH. 

OcHOJJHbie noJiomeumi, BbiHOCHMbie ua 33mnry 

1. 

2. 

3. 

BriepBbie npe.nno)l(eHo :reopeTH'lecKoe onHcaHH.e KH.HeTH.KH. 

K.rrac:repoo6pli3oBaHH..H a non.HpHhiX pac:raopax cpynnepeua, c. yqe:roM 

BJIHHHH.H npOIJeCCOB o6pa30B~lHH.H KOMnneKCOB cpynnepeH~paCTBOpH.TeJib. 
Pa3pa6oiau Me:ro.n pacqe:ra cTaiJH.OHapHhiX (pyiiKIJHH pacnpe.n;eneimH 

KJiac:repoa nci pa3MepaM B pac:raopax cpynnepeua cpe.n;ueii non.Hpuocm. 
Bhmoniieuo Mo.tieii:llpoaauHe .naimhnc Manoyrnoaoro ·· p~cce.HHH.H 

. · HeHTPOHOB )J;JI.H · npe,n;JIO)I(eHHhiX :reopeTH.'leCKHX MO)J;eneii, H. 

npe.n;c:raaneuo H.X cpaauenHe c 3KcnepH.MeHTOM. 

Bhmonueuo · Hccne,noBaHHe pac:raopeHH..H · 

KfiHeTme'ci(HX npOIJeCCOB B CJia6ononHpHbiX H 

4 

H corryTCTBYIOIIIHX 

nonHpHbiX pac:raopax 

4. 

cpynnepeHOB c60· BnepBbie H3Mepeua 3aBHCHMOCTb KHHeTH'leCKHX" 
K03cpcpHIJHeHTOB OT YCJIOBHH npHroTOBJieHH.H CHCTeMbl. . 

Bhmonueuo Hccne.noaaHHe pac:raopoa cpynnepeuoa B cna6ononHpHbiX H 

noAApHbiX paCTBOpHTeAAX MeTO)J;OM MaJIOYrJIOBOrO " pacce.HHIUI 
ueiiTPOHOB H ,n;HHaMH'!ecKoro pacce.HHH.H cae:ra. Pa3Mepbi o6pa3YIOIIIHXC.H 

yc:roii'IHBhiX KJiacTepoa B non.HpHOM pac:raope C60/NMI1 npeBhiiiiam:r· 

100 HM. iloKa3aHo, 'ITO pa3Mep qacTHII ·a cna6orion.HpHhiX paci'aopax C 70 
He 3aBMCHT OT Me:ro,tia npHrOTOBneHIUl. 

' . 
H3y'IH3H HOBH3Ha 

ilpe,n;JIO)I(eHO TeopeTH'leCKOe OnHCaHH.e KHHeTHKH. pOCTa KJiac:repOB B 

non.HpHbiX paCTBOpax . cpynnepeua~ c6(). 'PacCMOTPeHbl' :·.n;ae pa3JIH'!Hble 

KHHeTH'leCKHe MO)J;eJIH, KOTOpbie BKJIIO'laiOT B ce6.H xapaKTepHbie BpeMeHa, 

paCTBOpeHIUl H< KOMnneKCOo6pa30BaHH.H H no-pa3HOMy yqHTbiBaiOT BJIH.HHHe 

o6pa30BaHHH KOMnJieKCOB Ha arperaiJH.IO. ilonyqeHbl CTaiJHOHapHbie cpyHKIJlflf 

pacripe,neneHH.H KJiaCTeP.OB no pa3MepaM, KOTOpbie ,nanee H.CnOJib3YIOTC.H )J;JI.H 

MO)J;eJIHpOBaHH.H BpeMeHHOH 3BOJIIOIJHH KpHBbiX ManoyrnOBOrO pacce.HHH.H 

ueiiTPOHOB ,nn.H pac:raopa C60/NMil. Ha ocuoaauliii 3THX pacqe:roa noKa3aHo, 

q:ro Mo,tienh orpaHH'leulioro poc:ra··Katiec:raeuuo onHChiBae:r arperaiiH.IO' a 
HCCne.nyeMbiX CHCTeMaX. ' .. , .. 

MeTO)J;OM Y<I>.-BH,n crreKTj:JocKOllHH Hccne.n;oBaHa. I<H._!feTHKa pa~T~opeHHH 
cpynnepeua c60 B cha6ononHpHbiX paCTBOpH.ien.HX 'npli .Pa3H~n( Y.CllOBH.}ix 
npliro:roBneuiur. · OnRe~eneur;i . 3iaucm.1:6c:rH Ko3~cpHIJHeH:i6s' · paciaopeHHH o:r 

' •. } • J ' f' 

TeMnepaT)'pbi H ~KopoCTH nepeMeiiiHBaHHH. 

. 11ccne.n;oaaua 3BOJIIOIJH.H . cneKTPOB nornomeHIUl ,nn.H . ··· pa3HhiX 

KOHIJeHTPaiiHH H ycnoBHH npHrOTOBJieHH.H. nonHpHoro pac:raopa .. C6o/NMil . 
ITpe.n;no)l(eHa KHHeTH'leCKM Mo.n;enh ,nnH onHcaHH.H · 3BOJIIOIIHH . · nHKa 

nornomeHIUl npH 1.=330 HM, )''IHThmammaH . o6pa3oBaHH.e KoMnneKcoa. 

BnepBhie onpe.n;eneua 3aBHCHMOCTh KH.HeTH'leCKHX Ko3cpcpHIJHeH:roa · cHcTeMbi· 

OT TeMnepaT)'pbi H CKOpOCTH nepeMeiiiH.BaHH.H, coo:raeTCTBeHHO. ,· 

BnepBhie MeTo.n;oM MYPH Bhmonuelihi cHc:reMa:rJiqecKll:e ll:ccne.noaaHIUl' 
pa3Mepa qacTHII a · pacTBopax C1o/CS2 pa3nH'IHhiX · KOHIIeH:rpaiiHii · · H 

npHrOTOBJieHHhiX pa3JIH~IHbiMH MeTO)J;aMH. (paBHOBeCHOe 'pac:rsopeHHe, 
nepeMeiiiH.BaHHe H. ynhTPa3BYK). 

H3yquo-np3KTH'lecK3H ''3n3'1HMOCTb. Pa3BHTHe :reope:rH'leCKHx 
MeTO)J;OB OIIHCaHH.H KHHeTHKH · Heo6paTH.Mhix npoiJeCCOB · a· .. , ;·)l(ll)J;KHX1 

uauocHc:reMax BaJKHo .n;AA pa3n~'IHhiX · npaKTll:tiecKHx · · 3a,tiaq. ; TaK, T<>'lncie 

KOJIH'leCTBeHHOe OnHCaHHe 3BOJIIOIJHH KJiac:repHoro COCTO.HHH.H pa3JIH'IHbiX 

paCTBOpOB no3BOJI.HeT OIITHMH3HpoBaTb 1IpOH3BO)J;CTBO, xpaHeHHe H 
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3KCnnyaTau.uw MaTepuanoB, uanpuMep, B . numeaoil npoMhilllJieuuocTu u 
cj>apMau.eaTnKe. Mccne~oaauue . u onucauue KUHeTll'IecKnx 3cpcpeKTOB B 
pa3JillqHbiX paCTBOpax cpynnepeHOB ~aeT nOHUMaHUe B3allMO~eHCTBllH Me)K~y 

r 6uonoruqecKHM o6neKTOM u cj>ynnepeuaMn, qTo ueo6xo~uMo ~JIH pa3BllTllH 
6uoMe~nU.HHhi. 

JiuquhiH· BKJiaJJ: ~uccepTaHTa. OcuoBHhie pe3yJioTaThi, u3JIO)KeHHhle B 
~uccepTau.uu, nonyqeHhi npu uenocpe~cTBeHHOM yqacTuu aaTopa. ABTop 
~uccepTau.uu BhiDOJIHRJI pa60Thi no npuroToaneuuw o6pa3I..J.OB, o6pa6oTKe u 
aHanll3Y ~aHHbiX npu 3KCnepuMeHTaJibHhiX llCCJie~OBaHUHX . MeTO~OM 

Manoyrnoaoro pacceHHHH ueilrpouoa u Y<l>-Bu~ cneKTpocKonuu. B 
TeopeTuqecKOH qaCTll aBTOp yqacTBOBaJI B pa3pa60TKe o6cy)K~aeMbiX B 
~uccepTaU.IIII Mo~eneil II peanii3ai..J.IIU IIX pellleHnH ua H3hiKe 
nporpaMMIIpoaaullH Fortran. Mo~eniipoaauue · KpiiBhiX MYPH no ~aHHhiM OT 
TeopeTIIqecKIIX MO~eJieH TaK)Ke BblllOJIHeHO aBTOpOM ~IICCepTai..J.IIll. 

Anpo6aQnH pa6oThl. OcuoBHhie pe3yJihTaThi pa6oThi 6biJIII 
npe~cTaBneubl II ~oJIO)KeHhi ~IIccepTaHTOM ua Me)K~yuapo~uoil uayquoil 
Koucj>epeHU.IIII HauoTex-2011, r. Ynau6aTop, MouroJIIIH, 2011; ua 
"International Conference on Material Science", r. Ynau6aTop, MouroniiR, 
2012; Iia XXII Me)K~yuapo~HOM coaemaHIIII II Me)K~yuapo~uoil Mono~e)KHOH 
KOHcpepeHI..J.IIII «I1cnOJih30BaHIIe paCCeHHIIH HCHT)JOHOB B IICCJie~OBaHIIHX 

i~~~euciipoaauuoro coci:oHHIIH- PHI1KC-2012»,r. CaHKT I1eTep6ypr, 2012; 
Ha V Me)K~yuapo~uoif KOH~epeHI..J.IIII no BOnpocaM COBpeMeHHOll cpii3IIKII (V 
Intemational.Conference on Contemporary Physics- ICCP-V), r. Ynau6amp, 
MouroniiH, 2013; ua IV Me)K~yuapo~uou' Mono~e~uoil uayquoil IIIKone 
«I1pii60pbl II MeTO~bl 3KCnepiiMeHTaJibHOH R~epHOH cpii3IIKII 3neKTpOHIIKa II 
aBTOMaTIIKa 3KcnepiiMeHTanhHhiX ycTauoaoK»; r. )zy6ua, 2013; ua XXXVII II 
XXXIX Jace~aHIIII ITKK no cpii3IIKe KOH~euciipoaauuhiX cpe~ 0115II1, r. 
)zy6ua,• 2013 II 2014 rr; Me)K~yuapo~uoil Koucj>epeHU.IIII «l1ccne~oBaHIIH 
KOH~euciipoaaHHhiX cpe~ ua peaKTope I1EP-2», r. )zy6ua, 2014 II 2015 rr.; ua 
XIX Me)K~yuapo~uoil .. uayquoil Koucj>epeHU.IIII MOJIO~hiX · yqeuhiX II 
cneu.IIaniiCTOB K 1 00:-JTeTIIIO <l>.JI. lllaniipo, r. )zy6ua, 20 15; XII 

· Me)K~yuapo~uoll. Koucj>epeHU.IIII «CoapeMeHHbie yrnepo~Hhie uauocTpyKTypoi», 
r .. CauKT I1eTep6ypr, 2015; ua IX EaponeilcKOH lllKone no MeTo~aM 
uell.rpouHhiX IIccne~oaaHIIH, r. Ey~aneiiiT, BeurpiiH, 2015. 

IIy6nnKaQHH no TeMe ~uccepTau.uu. B .~IIccepTai..J.IIIO BKJIIO'IeHhl 
pe3y.HhTaThl llCCne~OBaHIIH, onyfiJIUKOBaHHhie B 13 ne<JaTHblX pa6oTaX, 5 ll3 
KOTopoiX - cTaThii B peu.eH3IIpyeMhiX uayquoix uJ~aunHx u3 cnncKa BAK. 
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CTpyKTypa u o6beM ~uccepTau.uu.· ,[VlccepTai..J.llH.cocTonT u3 BBe~eHUR, 
5 rJiaB, 3aKJIIOqeHllH, BhiBO~OB, CnllCKa.U.llTHpyeMOH JIUTeparyphl, COCTORlll.ero 
ll3 HHH cchiJIOK. 06muil o6neM . ~uccepTau.uu , cocTaBJIHeT I 03 . crpauuu., 
BKJIIOqM 51 pucyuKa u 3 Ta6nuu.. . · 1 

Annaparypa u o6opyJJ:osauue •. 3KcnepnMeHTaJihHM .. qacTh . ~auuoil 
pa6oTbi Bhmonueua c noMOlll.hiO uauo-cneKTpocj>oToMerpa P3 60 ~JIH. Y <l>~ Bu~ 
cnei<TpOCKonnii II ua ycTaHOBKe ~ ~JIH. Manoyrnoaoro pacceHHIIH ueilrpouoa 
IOMO nccne~oaaTeJI.hCKOH H~epuoil ycTaHOBKH J1EP-2. Mccne~oaaunH 
BhlllOJIHeHbi B Jia6opaTOpiiU HeHTpOHHOH cpii3HKH HM. I1.M. <l>paHKa, 
06'he~IIueuH:oro IIHcTnryra H~~pHhiX IIccne~oaa~nil, r. )zy6ua, PocciiH. 

XapaKTepncTuKa ucrioJIL3o;auuhlx MaTepuiw01i'. ,lLrrR ~iicc.i:re~omiiiiiR 
KIIHeTHKII pacTsopeunR iicnoJI.h3o:Barrnch: cj>ynnepe'lihi C6ri II 'C1o (qncToTa> 
99.5%; cj>npMa · «HeoTeKllpo.riaKT», · CauKT-I1e'Tep6ypr), · · -fonyon 
(qiicTOTa>99.8%, cj>IIpMa «Sigma Aldrich>>); 6eu3on (qiicToTa>97%, qmpMa 
«3KOC» ), u NMII (•m.cToTa>99.5%,' qmpMa «Merck»), cepdyrnepo~ (lfiiCTOTa 
>99 %, cj>IIpMa «Sigma Aldrich»). 

OCHOBHOE CO,li;EP)KAHIIE PAEOTbl ,.·,: 

•; -~ '' 

Bo BBCJJ:euuu npe~cTaBneua ocuoBHM u.e~b ~IIccepTai..J.IIOHHoil pa6oThi, 
o6cy~aiOTcH· npeiiMymecTBa, uayquaH HOBII3Ha· il 3Ha'fiiMOCTh:Hccne.rioaaunR 
II TeopeTIIqecKoro onucaunH. : KIIHeTnqecKIIx npou.eccoa ':. a . pacTaopax 
uauoqacTIII..J.; 06cy)K~aeTc5r npaKTuqecKaH JuaqiiMOCTh pacTaopim cj>yn.i:repeua:. 

B nepsoll. rnase, «MeTo~hi oiuicauim Kll:ueTIIK~·arperaU.HH u~·lio~mcTuu. 
II ~aHHhie n'o KnacTepoo6pa:JoaaH:mo B pacTaopax cj>y.imepeuoB», npe~cTasneu 
nnTeparypuhlil 663op no Te.M:e pa6oTbl. 06cy~~aiOTcH TeopeTn'fecKue· MeTO~hl 
~nH onucauuH KIIHeTHKII ueo6paTHMhiX npou.eccoa, a qacTiiocTu KIIHeTuqeci<In! 
ypaaueullH ~nH onucaunH cerperau.nii qacTUU. B pacTaopax. OniicaHhi caoilcTBa 
Moneeyn cj>ynnepeuoa C6o II ·C7o, · nepe<JIItneHbi aKryaJihHhie npHJTO)Keuu}I 
~aHHhiX MaKpoMoneKyn. OniicaHhi · npe~hi~ymue " . TeopeTu<Jec~ue · u 
3KcnepnMeHTaJihHhie IIccne~oBaHllH, pacTBopoB cj>ynnepeua, KJiaccucj>nKau.uH\ u 
HeKOTOphie xapaKTepHbie CBOHCTBa ~aHHhiX CIICTeM. :. ' 

.. Mo.neey.nhi cj>y.n.nepeua 6hmu OTKphi'Ihi B 1985 ro~y' B · 3KcrrepnMeHTax 
uay<JHhiX rpynn r. KpoTo; P. CMon_im u P. Kepna · (B 1996 ro~y uarpa~eui.I 
Ho6eneBCKOll npeMIIeil). <l>y.n.nepeHbl' c60 . II C7o sui.HHIOTCH Haii6o.nee 
cra6nnhHhiMll Moneey.naMu ll3 3Toro ceMeilcTBa. YHUKMhHaH cTpyKrypa 3THX 
MaKpoMo.neKy.n HBnHeTCH .. npnqiiuoil pH~a yuiiKanhHhiX . cpH3U<JecKux u 
xnMIIqecKux ca~ilcTa: I}epcneKTuai.I Ilpu'M-eueunH cj>yn.Trepeuos caHJaHhi c ux 
ucnOJib30BaHIIeM' .B Ka<JeCTBe HaHo~o6aBOK a: qi(>TOBC).HbTaUKe . (1];' ~mi 
y.ny<JIIIeHnH onmqe'cKux u '3irei<Tpu<JecKnx · caoilcTB ueKOTOphiX 
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HaHoKoMn03HTOB. · TaiOKe, ene,D,yeT OTMeTHTb · pH.D. 6uoMe,D,HQHHeKHX 

npHJIO)KeHHM [2]. B OTJilllfHe oT .D.pymx aJIJIOTPOnHI>IX cpopM yrnepo.na, 
cpynnepeHbi XOpOIIlO · paeTBOpHIOTeH B pa3JilllfHbiX paeTBOpHTemiX, BKJIIOlfaH 

opraHHlfeeKHe. Onpe,D,eneHa paeTBOpHMoeTb <!>ynnepeaoB C6o II C1o B 
pa3JilllfHbiX paeTBOpHTeJIHX npll pa3HbiX TeMnepaTYPaX (3,4], nOKa3aHO, lfTO 

cpynnepeHbi paeTBOpHIOTeH B nOJIHpHbiX paeTBOpHTeJIHX X)')Ke, . lfeM B 

opraHll'IeCKllX ll ena6onbmipHbiX )Kll)J,KOeTHX. OpH: 3TOM, llMeHHO B nonHpHbiX 

paeTBopuTeJIHX, cpynnepeHbi npoHBJIHIOT pH.D. HHTepeeHblX eBoifeTB, TaKHX KaK 

conoBaToxpo~H3M II KJiaeTepoo6pa3oBaHue. 

B. HaeTOHI.Qee BpeMH no npH3HaKy KnaeTepoo6p~oBaimH pae~Bopoi 
cpynnepeH:a pa3.D.eJIHIOT Ha TPH pa3JIHlfHI>Ix mna [5]. K nepBoMy KJiaeey 

OTHOeHTeH paeTBOpHTeJill e ,ll,ll3JieKTPHlfeeKOH_ npoHHQaeMOeTbiO Me Hollie I 0. 
<f>ynnepeHbi B 3TllX eHeTe~mX KaK npaBHJIO npueyTeTB)'IOT B cpopMe 

MOHOMepOB. bbiJIO nOKa3aHO (5], lfTO o6pa30BaHHe a{.peraTOB B 3THX eHeTeMaX 

o6yeJIOBJieHO HepaBHOBeeHbiMll yeJIOBllHMll npHrOTOBJieHHH . llJlll 

~epeei>IIQeHHeM paeTBopa. K ene,D,ymiQeMy Knaeey OTH~eHT pae~BopnTenn e 

,D,II3JieKTPHlfeeKHMII KOHeTaHTaMH 6onorne I 0 (nupH.D.«H,. NMII) .. LJ:nH 3Toro 

THna paeTBOpHTeJieH Ha6JIIO,D,aiOTeH KJiaeTepbi pa3MepaMII BnJIOTb ,ll,O 500 HM. 

LJ:nH TPeTI>ero THna paeTBOpHTeJieH, K)',D,a BXO,ll,IIT, B TOM lfiieJie U BO,D,a, 

)J,II3JieKTPHlfeeKaH noeTOSIHHaH eoeTaBJIHeT 6onee BO(;bMII,D,eesrTII. B 3TIIX 

paeTBopax Ha6JIIO,D,aiOTesr KJiaeTepoi C6o pa3MepaMH ,D,O .I 00 HM. 06pa30BaHne l1 

pOeT. arperaTOB B paeTBOpaX cpynnepeHOB onpe,D,eJIHIOT. MHOrHe llX £BOHeTBa ll 

nepeneKTHBY npaKTHlfeeKnx npHMeHeHHH. B pa6oTax [5,6] 6omo npe,D,JIO)KeHo 

TeopeTHlfeeKOe. onneaHHe · KllHeTHKll paeTBOpeHHSI ll KJiaeTepoo6pa30BaHHH 

cpynnepeHOB .··. B ena6ononHpHb1X )Kll,ll,KOeTHX. Cne.D.yroiQHM . rnaroM, 
peaJIII3)'eMbiM B paMKax ,D,aHHOM ,D,HeeepTaQIIII, HBJIHeTeH paeeMOTPeHHe l1 

onnpaHH:e KHHeTHKII. Heo6paTl1MbiX npoQeeeos B paeTBopax cpynnepeHa 

epe~HeH no~pHOeTH. 

B . HaeTOHI.Qee speMH elfHTaeTeH, lfTO o6pa3oBaHHe II poeT KnacTepoB 

cpynnepeHa B nOJIHpHbiX )KII)J,KOCTHX Henoepe,D,CTBeHHO CBH3aHO e SIBJieHHeM 

KOMIIJieKC006pa30BaHIIH B 3TIIX paeTBOpax. 06pa30BaHHe KOMnJieKeOB Me)K)J.y 

. MOJieKYJiaMH • C60 II · paCTBOpHTeJIH npOHBJIHeTCH B Bll,D,e BpeMeHHOrO 
conoBaToxpoMHoro 3cpcpeKTa, Ha6mo,D,aeMoro B pacTBopax cpynnepeHa B N­
MeTnnnupponn,D,oHe, II nupH.D.HHe [7]. llpH 3TOM Heo6xo,D,HMhi KaK 
,ll,OnOJIHIITeJibHbie HeCJie,D,OBaHHH KIIHeTIIKll ,D,aHHOrD HBJieHHH, TaK l1 pa3Bl1Tl1e 
:0IRTbiBalolQHX ,D,aHIIbiH 3cpcpeKT MO,D,eJieH .. ,ll,JISI TeopeTHlfecKoro OIIHCaHIIl:I 

npoQeccos pocTa -~rperaToB C6o B 3THX cHcTeMax. 
~ ' ~ ' j 

B~ 13T<)poii rnase, npe,D,eTasneHo TeopeTHlfeeKoe onueaHHe pocTa 

KJiaeTepoi3 . i3 nonHpHoiX. pacTnopax cpynnepeHoB. Ea3oBI>Ie KHHeTwiecKHe 
ypaBHeHIIH o6o6JQeHbl nyreM ,D,06aBJieHIIH BpeMeHHbiX K03cpcp1IL(IIeHTOB 
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cpopMllpOBaHHH KJiaeTepOB II o6pa30BaHHH. · KOMnJieKCOB, eOOTBeTCTBeHHO. 
00Ka3aHa . B03MO)KHOeTb MO,D,eJIHpOBaHHH .. 3KenepHMeHTaJibHbiX · KpllBbiX 

Manoyrnosoro pacceHHllsl HeMTPOHOB B paMKaX ·,D,aHHbiX TeopeTHlfeCKllX 
MO,D,enell:. 

OnncaHne KiliieinK« poeTa· K.riacTepoB cpynn.epe~~ B pacTsopax 

pa3BIIBaeTeH e 2005 ro,D,a [5,8]. 00,D,XO,ll, OCHOBaH Ha KllHeTHlfeCKOH TeOpllll 

HyKJieaQHH, pa3pa6oTaHHOH )J.JIH onifcaHHH cpa30BbiX nepexo,D,oB nepsoro po,D,a 
[9]. nepBbie . ~io.ri.eiin 6biJIII. npe,D,JlO)KeHa )J,JIH c60 B 'ena6ononHpHbiX 

pacTsopuienHX, TaKHx KaK CSz, 6eH3on nnn Tonyo]l [6]. Ea3oBbie ypasHeHHH 

npe,D,cTaBJIHIOT co6oll: cucTeMy ,D,HcpcpepeHQIIaJibHbiX ypasiieHHH ,D,JIH ipeMeHiioll: 

3BOJIIOti1m cpyHKQllll pacnpe,D,enemci KJiaCTepoB C6o no !tpa3MepaM, f{n,t). 
<f>yHKQHH j{n,t) ecTb o6oeMHaH KOHQeHTPaQHH KJiacTepoB, cocTosriQm( «3 · n 
MoJieKYJI cpymiepeHa, MOHOMepos, B MoMeHT ·BpeMeHH t: ·· Poci' 'if.Tm · pacna.zi 

KJiaeTepOB npOXO,ll,llT nyTeM nOrJIOIQeHHSI l1Jlll HCnyeKaHHH MOHOMepoB: 

OapaMeTPbi w~~!+t II w~~!_1 onpe,D,eJIHIOT COOTBeTeTB)'IOIQIIe 3TIIM npoQeCCaM 

sepoHTHOeTH B e,D,HHHizy speMeHH. OTHorneHne BepoHTHOCTell: w<•J Ii w<-J 
onpe,D,eJIHeTCH pa6oTOH i-To o6pa30BaHHIO KJiaCTepa, Ll~(n), paBHOM l13MeHeHIIIO 

TepMO,ll,llHaMIIlfeCKOrO noTeHQIIaJia ru66ca ClleTeMbi, KOr,D,a n MOHOMepOB B 

paeTBope o6pa3YfOT KJiacTep. 0KOHlfaTeJII>Hoe Bbipa)KeHne .D.JIH .• O,D,Horo H3 

K03cpcp1IQIIeHTOB .w<±l nonyqaeTCH II3 MO,D,eJIH pac'3HOBeCHH Me)K,ll,)' KnaeTepHbiM 

COeTOHHIIeM U cpa30H · paCTBOpHTeJIH B TeK)'lQllH MOMeHT BpeMeHII. 3TO 
CTeneHHaH 3aBHeiiMOeTb OT n, ·. a TaiOKe OT . K03cpcpH~lleHTa ,D,Hcpcpy3Hl1, 

KOHQeHTPaQIIII C MOHOMepOB B paeTBope II ,D,pyrHX napaMeTpOB ClleTeMbl. 

XapaKTep 3aBHCHMoeTH onpe,D,enHeTcH MO,D,eJibiO pocTa · KnacTepos 

,D,Hcpcpy3HOHHOH IIJIII KIIHeTHlfeCKOM. 

06IQIIH BII,ll, KIIHeTlllfeeKIIX ypaBHeHHH ene,D,YfOIQHH: 

{

8/(n,t) + . '+( ·1· ) . - /(. .1 ) . + • f( . ) .· - /( ) 

.

=. Wn-Inl n- ,f +Wn+ln n+ ,t -Wnn+l n,f -Wnn-l n,f' at · · · · · 
. . (1) 

"' 'Lnf(n,t) = c(t). 
n~I 

B (1) c(t) -KOHQeH'I]JaQHH paeTBopa. 

B ,D,aHHoll: ,D,necepTaQHH, onupaHeb Ha 3KcnepnMeHTaJibHI>Ie pe3)'JII>TaTbi, 

npe,D,JIO)KeHbi HOBbie MO,D,eJIH )J,JIH OnHCaHIIH arperaQHII B nonHpHbiX. paCTBOpaX 
cpynnepeHa. KaK 6omo OTMelfeHo Boirne, ecTo., eBH.D.eTeni>eTBa o BJIHHHHH 
KOMnJieKeoo6pa30BaHIIH Ha poeT KJiaCTepoB, ene.[{oBaTeJibHO, _3TO . HBJieHHe 

)J,OJI)KHO 6biTb )'lfTeHO npH TeopeTHlfeCKOM OnHCaHHH. OoeKOJibK)' HeT npsrMbiX 

CBe,D,eHIIH 0 . TOM,. KaKIIM o6pa30M CBH3aHbi 3TH npoQeeebi, He06XO,ll,IIMO 

paeeMOTPeTb HeeKOJibKO TeopeTHlfeeKIIX MO,D,enell:, no-pa3HOM)' peaJIII3Yf01QllX 
BJIIIHHlle o6pa30BaHIIH KOMnJieKCOB Ha arperaQIIIO. . 
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B paMKax nepsoii MOJJ.emt, · Mhi npe)J.nonaraeM, , 'ITO · o6pa3oBaHne 
~~~nneKCOB • <l>ynnepeH-paCTBOpH;enh JIBJUieTCJI npH'!HHOH . npeKpalll,eHirn 
o6pa30BaHHJI H pocTa KnacTepoB B paCTBOpe. B HCXO)J,HhiX ·ypaBHeHHHX 

r cerperaiJ.HH, K031\Jl\JHIJ.HeHThl, OTBe'!aiOlli,He 3a H3MeHeHHe pa3Mepa KnaCTepOB, 
~ononHIDOTCJI 3KCnOHeH~HMbHO 3aryxaiOlli,HM MHO:>KHTeneM: 

I (2) ,._ aPl ---+ w<±l e-;: 
n.m , n.m 

r)J.e . T - napaMerp MO)J,enH, paBHbiH · xapaKTepHOMY BpeMeHH o6pl;DOBaHHH 
KOMrrneKca Me)K)J,y MoneKynaMH paCTBOpHTeAA H c60· TaKHM o6pa30M, see 
cnarae)\1bie B npaBOH 'laCTH ypaBHeHHH ( 1) 3KCnOHeHU.HMbHO 3aTyxaiOT - poeT 
arperaTOB npeKpalll,aeTCH, B orrpe)J,eneHHbiH MOM_eHT BpeMeHH. B . pacTBOpe 
peann3yeTCH cTau.noHapHoe pacnpe)J.eneHne KnaCT(!POB no pa3MepaM. 
XapaKTepHCTHKH 3Toro ypasHeHHR onpeJJ.enHIOTCH napa_MerpaMH Ha'!anhHOH 
CHCTeMbi (1), a TaK:>Ke napaMerpoM T. 

f{n,t), M 
-3 

;=103 

6000 ~ 't= 1 02-1 05 /.,./ .... ----·-· c 

t=(l-10~). a.u II 
. 1.~; - l/r--~ 

1\ 4ooo /; 
t: .,/_ .......... 
v }/ 

2000 

w f ~ 1f[ ijl ·.· ~ .. ----i"'"'""\" ~ \ \ \1 
1010 _,, .. -.: ...... ~ ...... 1. 

1if 1~ 1~ 1~ 1~ 101 10' 10' 10' 10' 
n t, a.u 

Puc. 1. Pe3yJihTaThi Mo.uenuponaHHSI KHHeTHKH KJiacTepoo6pa3oBaHHSI B nonSipHhiX 
pacTBopax <Pynnepeua. a) Mo.uenhHaSI JBOJIJOUJHI <PYHKUHH pacnpe.ueneum1 KJiacTepon no 
pa3MepaM.f{n,t) Ha paHHHX 3Tanax; 6) I10JIHaSI BpeMeHHaSI 3BOJIJOUHS! cpe.uuero "'HCJia L!aCTHU 
B _KJiacTepe <n> .UJIS! pa3HhiX 3Haqeuull napilMeTPa Mo.uenu. 

BTopa» MO,IJ,enh, TaK Ha3biBaeMaH MOJJ.eJih JJ.ByxcTyrreH'!aToro. pocTa, 
OCHOBaHa Ha npe)J,nOllO:>KeHHH, lfTO pOCT KnaCTepOB rrpOHCXO)J,HT B ,IJ,Ba 3Tarra. 
Ha nepBOM 3Tane MOJieKyJihi <l>ynnepeHa o6pa3yiOT KOMnJieKCbi C MOJieKynaMH 
paCTBOpliTeJIH, 'ITO cnoco6CTByeT ,IJ,MbHeHllieMY pocry KnacTepoB (BTOpOH 
3Tan). ,[(nR KHHeTU'!eCKOrO onncaHHH B )J,aHHOH MO)J,enH BBe,IJ,eMKOHU.eHTPaU.HIO 
cso60JJ.HhiX MoneKyn C60 . B · pacTBope - A(t), TOrJJ.a j{ 1 ,t) - 6yJJ.eT 
KOHU.eHrpau.ueii · MOHOMepoB - KOMnneKCOB MoneKyn <l>ynnepeHa c 
pacTBopnTeneM. ITonyqaeM cne,IJ,yiOlli,YIO cucTeMy ypasHeHnii: 
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dA(t) = k(csat- A(t))-: ~i ;f(t), 
dt- . ' ,, 

aj(I,t) ~ w2,tf(2,t) _ w~d(l,t) + k' A(t), · 
at 1 · · • 

aj(n,t). + f( . ·- . + . . . -· . f ) '( ) --= Wn-l n n -l,t) + w;,+l nf(n + l,t)- wn n+lf(n,t)- wn 'n-l (n,t , 3 
at · · · · · · · · · 

f(n,O) = 0, Vn, 
<X) 

I nf(n,t) =.c(t). 
n=l ' ' ~ ; 

r)J,e Csat - KOHIJ.eHrpaU.HR HaCbilll,eHHH, k;k' - K031\J<l>HU.HeHThl paCTBOpeHHJI~ H 
KOMnneKC006pa30BaHHR. COOTBeTCTBeHHO. . 

ITocne pernei_!HR KHHeTn'!eCKHX ypaBHeHHH (2),(3), nony'!eHhi 1\JyHKU.im 
pacnpeJJ.eneHHR KnacTepos · no pa3MepaM · )J,nR · o6eux MOJJ.eneii' c pa3HOH 
BellH'!HHOH rrapaMeTpOB, OTBe'!aiOlli,HX xapaKTepHOMY : BpeMeHH 
KOMrrneKC006pa30BafiHH (Puc., 1 ). flpHMOe BbiiiOnHeHHe pac'!eTOB ,IJ,llH BpeMeH, .. · ; - ' ' . 
COOTBeTCTBYIOlli,HX 3KCnepHMeHTMbHhlM )J,aHHhiM, orpaHH'!eHO KOMnhiOTepHhlM 
speMeHeM. ITo3TOMY JJ.nH 6onbrnnx 3Ha'!eHHH r cTau.noHapHbie -<l>YHKU.HH 
pacnpe,IJ,eneHH5i paCCtfHTaHbl MeTo.zioM _ 3KCTparronHU.HH annpoKCHMHpoBaJIHbiX 
1\JyHKU.HH pacnpeJJ.eneHHR.: B pe3ynhTaTe, · noJ:iyqeH ua6op <l>YHKU.HH f{R,t), 

'OTseqaiOlli,HH. ·speMeHaM or,: Hecl<oni.Knx qacos JJ.O ··H:ecKonbKHX He,IJ,enh' 
3BOlliOIJ.HH CHC~eMhi, 'ITO COOTBeTCTByeT 3KCrrepHMeH1y (Pifc. 2). flo.KmaHo/<iTo' 
IIOllH'.ziHcrrepCHOCTb pacrrpe)J,eneiHIH arperaTOB 3Ha'!UTellbHO Bblllie ~JI~. rrepBOH 
MOJJ.enu . .[(mr o6eux MOJJ.eneii nonyqeHi.I pa3Mephi Knaciepoa' ri · JJ.Harra3oHe 20l:' 
200 HM, OTBe'!aiOlli,He 3KCnepnMeHTMbHbiM Ha6niO,IJ,eHHHM. 

~~~ ~~~ 

10" 

109 ·····. 

--t=IO' 

---- t=l06 

······ t=I0
1 

-·-·-"<';' 1 o' 

~ 
10" 

10" ~ ---------·-·-..... ·: 
\ '• \ ., 

I 'o ' '• 

-t=105 

--- t=106 

..... t=107 

-·--- t=h 10 7 

~ i '• 
10' ~; I I ' ' I .. I ' I ' I . ' I 108 I . " 

0 50 100 150 200 250 300 0 ·50 . 100 '150 200 '250 300 
&~ &~ 

Puc. 2. Pac"!eTHhie CTauuouapHhie <PYHKUHH · pacnpe.ueneHitSI KJiacrepon ·- <l>yJIJiepeua no 
pa3MepaM ,niDI: a) Mo.nenu orpauuqeuuoro pocTa, 6) .unyxcryneuqaTOll Mo.uenu. 
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B paMKax pa3BHToro TeopeTHlfecKoro no,nxo,na,. c HCnoJib30BaHHeM 

nonyqeHHbiX Bbiiiie cTaU:HOHapHbiX <j:lyHKU:Hii pacn#e.neneHIDI KJiacTepoB no 

pa3MepaM, MOJKHO CMo,nenHpoBaTb 3KcnepHMeHTaJibHbie ,naHHbie. B qacTHOCTH, 

r B HacTmnu:eM pa3,nene npHBe,neHbi'' Mo,nenbHbie KpHBhle · ManoyrnoBoro 

Heiirponnoro pacceHHIDI (MYPH) ,nJIH pacTBopoB C6oiNMII- 11HTeHCHBHOCTb 

MYPH H CTaU:HOHapHbie <j:lyHKU:HH pacnpe,neneHIDI CBH3aHbi cne.nyroiiJ:HM 

COOTHOIIIeHHeM: 
., 

l(q) = n f (j5- Ps)2 V 2 P(q,R)f(R)dR. ( 4) 
0 • 

3,necb, q - BeKTop pacceHHIDI, n - o6oeMHM KOHU:eHrpan:IDI qacTHU:, j{R) -
<j:lyHKU:IDI pacnpe,neneHIDI KJiacTepoB no pa3MepaM, p, Ps - nJIOTHOCTb ,nnHHbi 

pacceHHHH HeiirpoHOB ):{JIH KJiacTepa pa,nHyca R, H cpe,nHHH ,[{JIHHa pacceHHHH 

paCTBOpHTeJIH (NMTI), COOTBeTCTBeHHO, P(q,R)- <j:lopM-<j:laKTOp KJiaCTepa, V­
o6oeM KJiacTepa. 

,ZVIH MO,[{eJibHblX pacqeTOB npHHHMaeTCH, . '-ITO KJiaCTepbl B paCTBOpe 

HMeiOT <j:lOpMY IIIapa, TOr,na: . 

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

( 5) 
q, (qR)3 . 

C nOMOIIJ:biO Bbipa:>KeHHH (4),H (5) BblllOJIHeHO MO,[{eJIHpOBaHHe KpHBbiX 
( '' ·. -' ' . ' 

MYPH . ,[{JlH pa3JIHlfHblX 3HalfeHHH napaMeTpa T. nonylfeHHbie KpHBbJe 

npe,ncTaBneHbi Ha PHc. 3. 113 cpaBHeHHH nonylfeHHbiX pe3yni>TaToB c 

3K~~epHMeHTaJibHbiMH ,naHHbiMH MYPH ,nnH pacTBopoB C6o!NMI1 • c,nenan 

BbiBO,[{, lfTO MO,[{eJib orpaHHlfeHHOrO pOCTa npe,ncTaBJIHeT KalfeCTBeHHO Bepnoe 

onii:ca,HHe arperaU:HH <l_:lymiepeHOB HCCJie,nyeMOH CHCTeMbl. . . 

L (cM'1) L (cM;1) 

JO'~~>-W•• 102 

---·<R>-40HM 
2 ', . .. .... <R>-100HM 101 

10 -·•,, _ -·-·-<R>-200HM 

10° 101 
••• ••• -~--, 

--(1)-<R>-40 HM· 
-- (2)-<R>- 80 11M 
-- (3)-<R>- 200 HM 

10'1 
~' ·· ... ·,_ ~ '· ·. .. .. 10 1 o·l '·-., ··... .,_ .... ··. ' 

·--·-....... ···· ... 
Jo·l~. 1 o·

2 
, 1 , , , , ~~·::~--~-~-.~;L·.~~-;~iriil I I 

0,2 0,4. ,0,6 0,8 I 
q, (liM.[) 

0,2 0,4 0,6 0,8 1 
q, (HM.J) 

Puc. 3. · Mo,lleJinpoarume KpHBhlX MaJioyrnoaoro pacceRHHR Heii-rpoHOB Ha KJiacTepax B · 
paCTBopax C6o!NMII: a) ,llJijj Mo,llenn orpaHn:tieHHoro pocTa, 6) rom .llByxCT}'IleHtiaToii · 
MO,lleJIII. 
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BMecTe C TeM, CHJibHOe BapbHpOBaHHe napaMerpOB. · BTOpoii · ; MO,[{eJIH 

TaKJKe npHBO):{HT K cniaJKHBaHHIO cneKrpOB' MYPH. 11ccne,noBaHIDI KHHeniKH 

pacTBopeHHH · H o6pa30BaHii:H KOMnneKCOB B · pacTBopax · C6o/NMO no3BOJIHIOT 

c,nenaTb · ou:eHKH napaMerpoB , TeopeTHlfeCKHX Mo,neneii MH ,nani>HeiiiiiHX 

paclfeTOB. 

B Tpen.eii rJiase Hccne,nyeTCH KHHeTHKa pacTBopeHI!H · H 

KOMnJieKC006pa30BaHHH <l_:lynnepeHOB B pa3JIHlfHhlX paCTBOpHTeJIHX MeTO,[{OM 

Y<I>-BH,n cneKrpOCKOnHH. B nepBoii qacTH paccMorpeHa KHHeTHKa 

paCTBOpeHHH B CJia6onOJIHpHbiX paCTBOpHTeJIHX, TaKHX KaK 6eH30Jl H TOJIYOJI, 

npH pa3HbiX ycJIOBIDIX npHrOTOBJieHHH. ,[(anee, C IIOMOIIJ:biO IIpe,nnoJKeHHOH B 

pa6oTe MO,[{eJIH, HCCJie,nOBaHa H. OIIHCaHa TeMIIepaTypHM 3aBHCHMOCTb 

K03<j:l<j:lHU:HeHTOB KO~mJieKco6pa3(>BaHH.Si: H paCTBOpeHHH B IIOJIHpHbiX pa~TBOpax 
,[{JIH pa3HbiX CKOpOCTeH IIepeMeiiiHBaHHH. 

B IIpe,nJIOJKeHHbiX Bbiiiie MO,neJIHX ,[{JIH OIIHCaHHH KHHeTHKH pOCTa 

KJiaCTepOB B noJIHpHbiX paCTBOpax . <j:lynnepeHa BBe,neHbl K03<j:l<j:lHU:HeHTbi, 

onpe,neJIHIOIIJ:He CKOpOCTb pacTBopeimH H KOMIIJieKC006pa3oBaHHH. KaK BH,[{HO, 

OHH peryJIHpYJOT He. TOJlbKO XO,[{ pOCTa KJiaCTepoB, HO. H KOHelfHOe. COCTOHHHe 

cHcTeMbi. 3KcnepHMeHTaJibHoe · H3MepeHHe 3HalfeHHii 3THX . l<o3<j:l<j:lnciHeHTOB 

no3BOJIHT, B ,[{aJibHeiirneM:, BbiiiOJIHHTb 6onee TOlfHbie lfHCileHHble pac'!eTbi. 

J1HTepeCHbiM TaKJKe ,HimHeTCH, HCCJie,[{OB~lHHe TeMnepaTypHOH 3aBHCHMOCTH 

Ko3<j:l<j:lHU:HeHTa · KOMnJieKcoo6p~oimHHH. 3Halfl1Terii>Hoe · H3MeHeHHe cKopocTH 

o6pa30BaHHH · KOMnJieKCOB no3BOJIHJIO 6bl- HanpHMYIO onpe,neJIHTb · XapaKT~p 

B3aHMOCBH3H 3TOro npon:ecca C pOCTOM KJiaCTepOB. · 

,[(JIH H3MepeHHH KHHeTHKH npon:eCCOB paCTBOpeHHH H 

KOMnJieKC006pa30BaHHH B paCTBOpax 6biJia HCIIOJib30BaHa CIIeKTpOCKOIIHH 

norJIOIIJ:eHIDI CBeTa B BH,[{HMOM H ynnrpa<j:lHOJieTOBOM ,[{Haiia:JOHaX (Y<l>-BH,n 

cneKrpOCKOnHH). C nOMOIIJ:biO ,naHHOrO MeTo,na MOJKHO BbiiiOJIHHTb peryJIHpHbie 

H3MepeHHH K03<j:l<j:lHU:HeHTa nOrJIOIIJ:eHHH CBeTa, no KOTOpOMY onpe,neJIHTb 

KHHeTHKY H3MeHeHHH_ KOHU:eHrpaU:HH ·pacTBopa. • TaKJKe, . BCJie,ncTBHe 
~ > , ' • ' ' ; ~ I ' ! ' 

COJibBaTOXpOMH3Ma, no H3MeHeHHIO BH,[{a cneKrpa paCTBOpa , MOJKHO 

OTCJieJKHBaTb KHHeTHKY o6pa30BaHH.SI KOMIIJieKco'B MeJK,ny . MOJieKyJiaMH 
<j:lynnepeHa H paCTBOpHTeJIH. ' . ' . . .. 

B ,naHHoli rnaBe_npe~cTaBneHo Hccne,noBaHHe KHHeTHKH pacTBopeHIDI 

<j:lynnepeHa ,nnH cna6ononHpHbiX H · nonHpHbiX pacTBopoB. · C6a:: B nepBYJO 

oqepe,nb, . 6biJIH BbiiiOJIHeHbl . · HCCJie,[{OBaHIDI ,[{JIH CJia60IIOJIHpHbiX 

pacTBopHTeneli, 6eH3ona H Tonyona. obiJIH npHroTOBneHbi o6pa3U:bi pa3JIHlfHbiX 

KOHU:eHrpaiJ:HH ; npH pa3JIHlfHbiX YCJIOBHHX . - H3MeHHJIHCb ,TeMneparypa H 

'tKOpOCTb nepeMeiiiHBaHHH paCTBOpa.' ·)J.nH CJia6onOJIHpHbiX - paCTBOpOB 

<j:lynnepeHa • BI>monmeTcH · 3aKoH Eyrepa-JlaM6epTa-Eepa, 'ITO - II03BOJIHeT 

HanpHMYJO. onpe,neJIHTb KOHU:eHrpaU:HIO pacTBopa, •H3MepAA K03<j:l<j:lHU:HeHT 
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norno.rn.emrn cBeTa onpe}.l.eJieHHOii }.l.JIHH:i:.I BOJIHhi. THnHqHhiii· BH}.l. Y<l>-BH}.l. 

cneKYpOB H HX BpeMeHHaH 3BOJIWUHR }.l.JIH cna6ononHpHOrO MOJieKyJIHpHoro 

pacTBopa noKa3aH Ha Pnc. 4a Ha npnMepe. cncTeMhi C6ofC6H6. ITocKOJihKY nnKH 
llOrJIO.IIJ.eHHR llpH f...:::::274, 335 HM 6b1Crp0 . npeBbiiilaffiT MaKCHMaJibHO 

perncrpHpyeMhie 3HaqeHHR · }J.JIH cneKrpocpoTOMerpa, }J.JIH onpe}.l.eneHHR 
. KOHUeHrpaUHH paCTBOpOB HCllOJib30BaJICH llHK /...=408 HM. IJpHMep KHHeTHKH 

pocTa KOHUeHrpaUHH paCTBOpOB C60 B TOJIYOJie npH pacTBOpeHHH npe}.l.CTaBJieH 

HaPnc. 46 •. 

A, (a.u) 

'"' r, I \ I \ 
!- \ I 1 

.Ji\ \ I 1\\ 1-·-·-t=IOO MHH 1 ,8 -11 \ \ I i \ I ••••••• t~280 MHH 

~\\ \ fl.'\\\ ----t=400MHH 

If \\ \ J f/ \\ \ 1,2-f ,, .. 'J : . • ,., 

]~ ......... , ,' \, '·~:·. ·,·,, 
~ ,_, ', '<,.::::-._ 

0 0 ·:-:S"; I 
,-, ' 

2,4 2,4 --t=J0MHH 

---·t=40MHH 

'1,8 

1,2 

0,6 0,6 

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

t, (Jwuu) 

Pnc. 4. I1c~nenomume KnHeTiurn pacTBopeHn.!l <!JyJIJiepeHa C6o s HerroAApHbiX pacTBopax 
MeTo~oM Yct>~Bn.u crreKTpo<!JoTOMeTpHH. a) crreKTp rromomeHn.!l pacTsopa C6oiC6H6 
KOHUCHTpaunn 2.4 MffMJI · rrpn · KOMHaTHOH TeMrrepaType; 6) CHMBOJlbi - 3BOJI10Ullll 
KOHUCHTpaunn BO BpeMCHll AJl.!l paCTBOpa C6o/C6HsCHJ, KpHBble - MO,UCJIHpOBaHHC C 

IIOMOmhlO ypaaHeHH.!l Hoiieca-YnTHH. 

. · lJOKa3aHo, qTo KHHeTHKa paCTBOpeHHR XOpOIIIO OllHCbiBaeTCH C 

noM:o.rn.hm ypaBHeHHR Hoiieca-YnTHH: 
dx . 
-=C(S-x) (6) 
dt 

r}.l.e X - TeKY.IIJ.aH KOHUeHrpaUIIH paCTBOpa, S - KOHUeHrpaUIIH HaCbiiUeHHH HJIH 
MaKCHMaJibHaH KOHUeHrpaUHH pacTBopa (eCJIII HeT H36hiTKa cpynnepeHa), C­

. KOHCT~lHTa (cKopoCTb) paCTBOpeHIIH. 

B pe3yJihTaTe, }J.JIH pacTBopoB C6ofC6HsCH3 II C6ofC6H6 onpe}.l.eneHhi 
3aBHCIIMOCTH CKOpOCTII paCTBOpeHIIH OT CKOpOCTII nepeMeiiiiiBaHIIH paCTBOpa II 

TeMneparyphi cooTBeTCTBeHHo. KoHueHrpaunH HaCbi.IIJ.eHHH B o6onx pacTBopax 

· llpiiMepHO paBHbi, qTO ll03BOAAeT cpaBHIIBaTh KOHCTaHTbl paCTBOpeHHH II 

-C}.l.eJiaTh BblBO}.l., qTo llpii O}.l.IIHaKOBOH CKOpOCTII nepeMeiiiiiBaHIIH paCTBopeHHe 

B Tonyone npoiiCXO}.l.IIT 6bicrpee. Mo)l(HO npe}.l.nonO)l(HTh, qTo }.l.AA 

np01I3BOJihHoro cna6onoAApHoro pacTBopa C 60 KIIHeTIIKa paCTBopeHHR 6y}.l.eT 

/aHanornqHa, :raK)l(e KaK · II 3aBIICIIMOCTH · OT TeMnepaTypbi KOHCTaHT 
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pacTBopeHHH. Eonee Toro, B cne}.l.ymru.eii qaCTII, · Mhi }.l.enaeM.·.aHanorwmoe 
npe}.l.nono)l(eHHe }J.illl noAApHoro pacTBopa cpynnepeHa; > 

BTOpaH qacTb IIccne}.l.oBaHnii nocBH.IIJ.eHa IIJyqemim KHHeTHKH 

paCTBopeHHR H KOMllJieKC006pa30BaHHH B llOJIHpHbiX paCTBOpax cpynnepeHa. 

,l(mr nonHpHoro pacTBOpiiTenH NMP, KOMnneKcoo6pa3oBaHIIe, nponcxo}.l.HIUee 

O}.l.HOBpeMeHHO c pacTBopeHIIeM, BJIIIHeT Ha YCl>-BII}.l. cneKrpbi. B pa6oie [7] 
ll0Ka3aHO, qTO 3BOJIWUHH. MaKCHMyMa npH /...=330 HM B ClleKrpe norno.rn.eHHH 

pacTBopa. C6ofNMI1_cml3aHa c · xBneHIIeM KoMnneKco6pa3oBaHHH. Heo6xo}.l.IIMo 
yqeCTb 3TO HBJieHHe }.l.JIH OllHCaHIIH KIIHeTIIKII paCTBOpeHIIH. 

,l(JIH nonyqeHHR Bblpa)l(eHHR }.l.AA 3BOJIWUHII K03cpcpHUHeHTa llOrJIOIUeHHR 
6hma cocTaBneHa cHcTeMa : H:3 ll.Byx ypaBHeHIIii run a ( 6), oTBeqam.rn.nx 3a 

pacTBopeHHe H KOMnneKcoo6pa3oBaHIIe, cooTBeTCTBeHHo: 

{ 

dc(t) = k (C -c(t)) ·. 
dt I s 

. d~;t) =,k2,(c(t)- y(t)); . 

(7) . 

r}.l.e c(t)- KOHUeHrpaUIIH He CBH3aHHbiX BKOMllJieKCbi-MOJieKyJI cpynnepeHa{y(t) 

- KOHUeHrpaUIIH · KoMnneKcOB C60~ NMIT B pacTBope, Cs :- KOHUeHrpaun51 

HaCbiJUeHHH IIJIH KOHUeHrpaUHH HeHaChi.IIJ.eHHOrO pa~TBopa, ,k1 .-: KO?cpcpHUHeHT, 

oTBeqamru.IIii __ . · CKOp!JCTH p~cTBoi{~~~H,,. _ k2 ,, - K03cp~HUII~m~.. OTBe'.:uimiT(HH 

cKopocTH. KOMnneKcoo6pa3oBaHHR. TaKIIM. o6pa30M, Mhi npe}.l.nono)l(HJIII, ··.'ITO. 
paCTBOpeHHe cpynnepeHa B llOJIHpHOM pacTBOpe TaK>Ke onpe}.l.eJIHeTCH 3aKOHOM. 

BII}.l.a (6), llpii . 3TOM KIIHeTIIKa KOMllJieKC006pa30BaHIIH Ollpe}.l.eJIHeTCH . . . 
KOHCTaHTOH kz . 

YqiiThiBaH BJIIIHHIIe conbBaToxpoMH3Ma, }.l.JIH pacTBopa C6o/NMI1, 

K03cpcp1IUIIeHT norno.rn.elinH onpe}.l.enHeTCH pa3HOCThm j(kl,ki,t)=(c(f)-y(t)). 
PeiiieHIIe CIICTeMhl KHHeruqecKHX ypaBHeHIIH (7) npHBO}.l.HT K CJie}.l.ym.rn.eMy 

Bbipa)KeHIIio }.l.JIH f: 
-k · [exp(-k ; t)...:. exp(..:.k · t).] · C · 

f(kl,k2,f) = I . I k - k. 2. . s • ; (8) .. · . 
. . ; , . I 2 .. , .· _ 

3HaqeHHR KHHeTHqecKHX K03cpcpHUHeHTOB nonyqaffiTCH npH annpOKCHMaUHH 

3KCnepnMeHTMbHhiX }.l.aHHbiX _3aBIICIIMOCTbffi BII}.l.a (8) (Pnc. 5a). · . , " 

Bo BpeMH IICCJie}.l.OBaHHH 6birro npnrOTOBJieHO HeCKOJibKO o6pa3UOB 

pa3niiqHbiX KOHUeHrpauHii, B pe3ynhTaTe _q~ro 6hmaonpe}.l.enel!a OllTHM8!JhHaH 

KOHUeHrpaUIIH }.l.JIH }.l.aHHOrO MeTO}.l.a, paBHM. 0.3 i l\{r,/MJI. ·,l(ane~, • 6?IJIII 
BblllOJIHeHbl H3J1:1(!peHHH KHHeTHKH paCTB()P,eHHR_C6o B NM,Il.llflH. pa3nHqHbiX 

ycnOBHRX npHrOTOBJieHHR, , "'? pa3JIHqH<?if ~ , '_fe~meparyp~;, .II . CKOpOCTH 
nepeMeiiiHBaHHH. Onpe}.l.eneHi.I 3HaqeHIIH K03cpcp1IUIIeHTOB · · }.l.JIH 
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nepeMeiiiHBaeMblX o6pa:n~oB k1- (0.50± 0.15)·10-4 c·1, k
2
- (1.0± 0.2)'10-3 c-1 npH 

KOMHaTHoii TeMneparype, H k1- (0.8± 0.2)·10-3 C:-1, k2- (0.8± 0.2)·10-2 c-1 npH 

r6onee BI>ICOKHX TeMneparypax. 

0,12 

. ~0,08 
~ 
~ 

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

~ .. o 3KCnepHMeHT 

--MolleJib 

0,00 -
0 75 150 225 

t, (MHH) 

s·' 

Puc. 5. Y<I>-B11.D; uccJie.D;oBaHI1ll K11HeTHKI1 pacTBOpeHI1ll 11 KOMrrJieKcoo6pa:30BaHI1ll B 

pacTBOpax C6o!NMII. a) BpeMeHHal! 3aBI1C11MOCTh rr11Ka rromomeHI1ll rrp11 330 HM, 

HaCbltneHHhill paCTBOp IIp11 KOMHaTHOll TeMIIepaType,' CKOpOCTh rrepeMeUmBaHWl 400 
o6/M11H; 6) 3aBI1C11MOCTh K03«lJ«lJm:~l1eHTa k2 OT TeMIIepaTyphi 11 CKOpOCTH rrepeMe!f!HBaH11ll. 

'ii pe3ylli>TaTe, orrpe.n.eJieHbl 3aBHCHMOCTH, K03<lJ<lJHU.~eHTOB paCTBOpeHmi 
:H; i<oMnneKcoo6pa3oBamii · .1:\mr nomrpHhix' pacTBopoB ·oT TeMnepaTypM, H 

CKopocTH nepeMeiiiHBamrn (Pnc. 56). Aminn3 pe3ynoTaToB noKaJI>IBaeT, qTo 
OnTHMallbHble ycnOBHSI npHrOTOBlleHHSI; npH KOTOpbiX H3HaqanbHO <!JynnepeH 
HaXO)J.HTCSI 'B paCTBOpe , B MOneeyn.srpHOM BH)J.e, o6ecneqnBaiOTCSI CKOpOCTblO 
nepeMeiiiHBaHHSI 6onee 100 o61MHH npn n106oii TeMnepaType. 

, , 13 ', 'IeTaepToii rJiaBe npe.n.cTaBneHI>I pe3yni>TaTI>I nccne.n.oaaHnii 
HeKoTopi>Ix pacTBopoB <!Jynnepeua MeTO.n.oM MYPH. B uaqane rn~BI>r .n.aui>r 
OCHOBHI>Ie npHHJJ.Hni>I 3KCnepHMeHTOB no ManoyrnOBOMY pacceSIHHIO 
HeHTPOHOB, HeKOTOpble . npn6nH:lKeHHSI H MeTO)J.bl o6pa60TKH 
3KCllepHMeHTallbHbiX )J.aHHbiX. ,Z:(anee paCCMOTPeHbl 3KCnepHMeHTallbHI>Ie 

pe3ylli>TaTbl HCcne.n.oBaHHSI paCTBOpOB <!JynnepeHOB C7o B cs2 MeTO)J.OM MYPH, 
BI>monueHI>I .· o6pa6oTKa H auann3 .n.aHHI>IX. Bo BTOpoii qacTH rnaBI>I 
paccMaTPHBaiOTc.sr 3KcnepnMeHTI>I no MYPH H ):(PC Ha non.srpHI>IX pacTBopax 
C60/NMII, o6cy:lK)J.aiOTC~ no~yqeHHI>Ie pe3yni>TaTI>I. 

Manoyrnosoe pacce.srune ueiiTPOHOB (MYPH) .srBn.sreTc.sr o.n.unM H3 

uan6onee 3<lJ<lJeKTHBHI>IX · MeTO)J.OB nccne.n.oBaHH.sr CTPYK'fYpi>I H pa3Mepoa 
'IaCTHJJ. B pacTBOpax. 3a nocJie)J.HFie . 20 neT • 6I>InH BblllOllHeHI>I HeCKOllbKO 

3KcnepnMeHTOB no pacce.srHHIO ueiiTPOHOB ua pacTBopax <!JynnepelioB. · 
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,Z:(aHHI>Ie nccne.n.oBaHHSI MO:lKHO Pa3.n.enHTh ua .n.Be rpynnhi. Bo:.nepBbiX, 
3TO H3MepeHHSI Ha cna6onomrpHI>IX MoneKymrpimx pacTBOpax <!Jynnepeua B 
cepoyrnepo.n.e, r.n.e · HHTepec - npe'.n.cTaBmreT · · nccne.n.oBaune ~IaCTHQhi 
npe.n.enouoro nopa3peiiieun!o ,tiilll Meio.n.a MYPH pa3Mepa. B pa6oTax [iQ-:-12] 
npe.n.cmsireHI>I nccne.n.oBaHH.sr · crpyKTypi>I· qacTnri B · · pacTBopax p'a.Jnnqui.ix 

KOHJJ.eHTPaJJ.Hll, nonyqeHI>l aruipOKCHMaU.Hii . KpHBbiX MeT<J.llOM nmoe: B · 
pe3yni>TaTe noKa3aHo, qTo 3KcnepuMeHTani>HI>Ie 3HaqeHHSI Rg, pa.n.uyca HHepu.mi 
qaCTHJJ. B paCTBOpe, Ha -5-10% npeBbiiiiaiOT .· TeOpeTHqecKHe OJJ.eHKH )lJUI 

cBo6o.n.Hoii Moneeyni>I C 60 B paCTBope. PaJnnqHSJ Me:lKJJ.Y TeopeTHqecKiiMH H 
3KCnepHMeHTallbHbiMH pe3ylli>TaTaMII 6I>In0 06bliCHeHO o6pa30BaHHeM MallbiX 
arperaTOB <!Jynnepeua B pacTBopax [12]. ,Z:(o HacTO.sruiero BpeMeHH He 
BI>monH.srnoch auanornquoe .n.eTani>Hoe uccne.n.oBaHHe .llllll pacTBopoBC7oiCSz. 

~ . . ~ ~ --- ' - ., 

Ko BTopoii rpynne . MO~Ho OTHeCTH CTPYKTYPHI>Ie . _nccne.n.oBaHmi 
KnacTepuoro 'COCTOSIHIISI C6o B pa3nHqHbiX paCTBOpax [13), B. OCHOBHOM 
npe)lCTaBneHbl HCCne)lOBaHHSI non.srpHI>IX paCTBOpOB. TaK, uccne.n.oBaHHll 
KnacTepo6pa3oBaHHSI B pacTBopax C6o/NMIT MeTo)J.OM MYPH, KaK npaBuno, 
BblllOllHlllOTCSI C )J.06aBneHHeM BO)J.bl .llllll TSI:lKeJIOll BO)lbl (14), qTQ o6yCJIOBJieHO 

Mani>IMH pa3nnqn.srMH )lJIHHI>I pacce.srHHSI Me~.n.y <!JynnepeHoM H NMIT (ManM 

KOHTpaCTHOCTb ), a Til:K:lKe 60llbiiiHM pa3MepOM CTa6HllbHbiX arperaTOB. 

llpoBe.n.euHI>Ie • n paMKax .ii,li~cepTaJJ.H~HHoii _pa6oTbi ucc'.rre.n.osafil1H 

pacTBopoB <!JynnepeHa M:eTo.n.oM MYPH cocTOliT H3 .llB~ qacTeii. Bo-nepBI>Ix, 
BI>monHeHI>I nccne.n.ol3aHHSI pacTBopa C1o!CS2; npuroToBneHHoro B pa3nHqHbJX 

ycnoaH.srx H npn pa3nuqHhiX Kmiu.eHTpau.mrx. Bo~BTOphrx, paccMOTPeHhi 

pe3yJII>TaTbl nccne.n.oBaHHH C6o B nonHpHOM. pacTBopnTene ,MeTOJJ.OM MYPH . c 
.n.ononHIITeni>HI>IM .. nccne.n.oBaHIIeM MeTOJJ.OM .D.HHaMuqecKoro cBeTopacceHHHll: 
3KcnepHMeHThi no MYPH BI>monHeHhi Ha ycTaHOBKe IOMO peaKTopa HEP-
2M, JIH<I> O:IDlli, ,Z:(y6Ha, Poccn.sr. 

,Z:(nll ·H3MepeHHll Ha •;lOMO 6omH IIpHrOTOBlleHI>I HeCKOJibKO cepHH 
pacTBopoB C10/CS2: Haci>nJJ.eHHI>~e H CHJII>HO pa36aBneHHI>Ie pacTBopi>I; rrpii 3TOM 
HCIIOJib30BallHCb pa3JIHqHble . ycnOBHSI IIpHrOTOBlleHmi (paBHOBeCHOe 
paCTBOpeHHe IIpH KOMHaTHOll TeMrreparype; rrepeMeiiiHBaHIIe C IIOMOlllblO 
MarHHTHOii. MeiiianKH,. o6pa6oTKa ynoTpa3BYKOM). BaponpoBauue MeTO.llOB 
rrpHrOTOBneHHSI IIpiiMeHSillOCb )lllll IIpOBepKII pe3ylli>TaTOB, cornacHO KOTOpbiM 
HCIIOJib30BaHHe HepaBHOBeCHbiX yCJIOBHll npHrOTOBJieHHSI IIpHBO}l,IIT K 
o6pa3oBaHHIO arperaTOB B pacTBopax C6o/CS2 [15]. Pe3ynhTaTI>I H3MepeHHii 

rrpe.n.cTaimeHI>I Ha Pnc. 6. 

Ih .n.aHHhiX MYPH orrpe.n.eneHI>I ocHOBHhre napaMeTPbl · HaHoqacTIIJJ.. B 

rrepBYIQ oqepe)J.b IICIIOllb30BallOCb rrpii6llH:lKeHHe ruHbe }l,llSI onpe.n.eneHHSI 

pa.n.nyca nuepu.nn: 
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J(q) = J(O)exp( -Riq2 /3) (9) 

r.ne q- BeKTop pacceJimu1, I(q), 1(0)- HHTeHCMBHOCTh pacce~mmi H pacceRHMR B 
r HyneBoil: yron cooTBeTCTBeHHo, Rg pa,nMyc MHep~Hli. IIpH ManhiX yrnax 
pacceRHliR TIOll)"'eHa BhiCOKaR 0Ulli6Ka li3MepeHHH, TI03TOMY . HeCKOllbKO 
nepBblX 3KCnepHMeHTanbHbiX TOlfeK He liCnOnh30BanliCb npli annpOKCHMa~lili 
rliHbe. 

,!_ 

r ~ •· 

. I 
J(q), C.\{ 

A 0.97 Mr/M!I 

• 4.7 Mr/M.'1 

• 10.5] MrfMJI 

--AnnpOKCHM3UHJI. fHIIbe 

J(q), CM.J . 

] o·l .j .6 paBHOBCCHOC paCTBOpCHHC 

o yn&tpa:myK 
V nepeMeWHBaHHe 

10-2 :[TT":o!.-
::?.1>, ....... 10-2 

10-3 

~ 
10-4 jllllll,ll,ll,, '"'I , ~ 

10° 10·2 
· 10·' 1 0° 

q,A-' q, A·' 
10-' 

Pnc. 6. 3KcrrepnMeHTaJibHhre KpHBbre MYPH. ,[{Jill pacTBopoa C1o/CS2: a) o6pa6oTKa 

YJibTPa3ByKOM BO BpeMl! paCTBOpeHHll, 6) CpaBHeHHe pe3yJibTaTOB )lllil HaCbiiUeHHbiX 
paCTBOpoB; IIpHrOTOBJieHHbiX pa3HbiMH MeTO,[{aMH. . 

IIonylfeHHhie 3HalfeHMR Rg Haxo,nRTCR B HHTepBane 3.9-4.5 A co cpe,nHeil: 
OIIIH6Koil:- M3MepeHMR -0.3 A ,nnR pa3niilfHhiX KOHI~eHrpa~IIil: II MeTo,noB 
npiirOTOBneHIIR. ,lJ;nR o6pa3~0B, TIOn)"'eHHhiX npii O,UIIHaKOBbiX KOH~eHrpa~IIRX 
npn pa3JIIIlfHhiX ycnoBIIRX npnroToBneHIIR pa3HOCTh 3HalfeHIIii Rg ,nocTaTOlfHO 
Mana (5-10%). TaKIIM o6pa3oM, MO)l(Ho JaKniOlfiiTh, '-ITO pa3Mephi lfaCTII~ B 
pacTBopax C1o!CS2 He 3aBIICRT oT ycnoBIIil: npHroToBneHIIR. · 

,[J;nR IIccne,noBaHIIH arpera~IIII B nonHpHhiX pacTBopax cpynnepeHa 6bum 
npmoToBneHbi o6pa3~hi C6o/NMP KOH~eHTpa~IIII -1 Mr/Mn. 06pme~ 1 6hrn 
npiirOTOBJieH 3a ·. 4 qaca .no 3KcnepnMeHTa MYPH c IIcnonh30BaHIIeM 
MarHIITHOH MeiUanKII, BTOpoil:. o6p<be~ npiirOTOBneH 3a ,UeHb ,l{O II3MepeHIIH II 

-·xpaHIIllC5! B TeMHOTe. 
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I(q), CM-I 

~~ . C
6
/NMn,-1 Mr/Mnl 

:[I 
10-1 

10-2 

10-3 

10-4:1~ 
I II lrl ----,-~-0 '''Ill. I v ,IJ, 

70 ~ IZZJC.JNMP-0.2 NriM.n CTapwii 

- C.JNMP 0.2 ~o~r/Mn c:BelKKii 
60 . 

~so.:·-­

~40 
-"~3_0 

20 

10 

o.J I I~ ~ 

~ 

10-2 10-1 
A-1 0 30 60. . 90 120 ISO. 

q, R, (liM) 

Pnc. 7. 3KcrrepnMeHTaJibHO nccrre.noaaHHl! arperaunn B pacTBopax C601NMIT: a)' n:iM~peHne_ 
MeTO.llOM MYPH • o.nnoro pacTBopa; 6) aHaJIOrH'IHbre -~ HJMepeHHJL MeTO.llOM · Ll.PC )lllil · 

paCTBOpOB pa3HOrO B03paCTa. 

Pe3yJihTaT 3KcnepiiMeHTOB no MYPH npe.ncmBneH . Ha PIIc. . 7a. 
llHTeHCIIBHOCTh_ pacce.siH~R iieiirpoHoB' . ,nnR ,naHHhiX . pacTBopoB Mana, 
nocKonhey pa3Mepbi arperaToB C6o, B 6onhiiieil: qacTII, H.axo,URTCR 3allpe.uenoM 
pa3peiiieHII5! MeTo,na (>I 00 •· HM) .. ,XapaKTep, 3aBIICIIMOCTII Ha Pnc. 7a 
npe,nnonaraeT BbiCOKYID . nonii;incnep~HOCTb. pacnpe.neneHIUI . arperaTOB. PoeT 
KnacTepoB C6o B pacTBope NMrr -::- .uociaTOlfHO, Me,nneHHhiif, npo~ecc. II. Bhi6op 
pa3HbiX IIHTepBaJIOB BpeMeHII. nocne npHrOTO,BneHIIR; KaK O)l(li,l{anOCh, · ,l{Oll)l(eH 
no3BOniiTh o6Hapy)l(HTh pa3Hhie. rio pa3Mepy qacTII~hi .. O,nHaKo npiiBe,neHHhie 

• • ~ • " ' • ; • • ' - - " ,< ' ' '- • • 

pe3yJihTaTbl nonyqeHbl 3a KOpOTKOe .BpeMH. II3MepeHHH li liCTI0n1>3YioTC5! )J,llR 
KalfeCTBeHHOro cpaBHeHIIR c )J,aHHbiMII •• MYPH .· npii i pa36aBJieHifH •. C~o!NMII 
Bo,noil: II. KHHeTMlfecKIIx H3MepeHII~x. , B Hac:foHuie~ pa6o'fe, · pmM:ep t1acTn~ B 
,UaHHbiX paCTBOpax T3K)l(e onpe,neJI5!JIC5! MeTO,l{OM. )J,IIHaMIIlfeCKOrO .· pacceRHII5! 
CB~Ta (,[J;PC). 3KcnepHMeHThl ,[J;PC :6binii Bhl~OJIHeHhl mi' o6pil.3uax 
«Bo3pacToM» B 15 , ,nHeil:, a TaK)l(e, ,nnR cBe)l(ero pac-i-Iiopa. Pe3yn~TaThi 
3KcnepiiMeHTOB .UIIHaMHlfecKoro cBeTopacceRHIIH ( npiiMep ·IJPMBe,UeH . Ha ~ P'nc. 
76) no,nTBep)l(.D,aiOT pe3ynhTaThi 3KcnepiiMeHTOB no MYPH:. Ha6niO;:iaeM:bre . . . •, . 
pa3Mephi KnacTepoB npeBhiiiiaiOT 100 HM. 

B JaK.r:noqeHuu .D,IIccepTa~IIH . _KpaTKO,. o6o6iueHhi pe3yJihTaThi 
npoBe,UeHHbiX IICCJie)J,OB3Hli5!. 

OCHOBHLIE PE3Y Jib TAThl II BhffiO.ZU,I 
' .,. ' 

1. IIpe,nno)l(eHo TeopeTnqecKoe oniicaHHe KIIHeTIIKII KnacTepoo6pa3oBaHIIR B . 
nonHpHhi~ pacTBop~ cpynnepeFia,' J"'IITLIBaiO~ee BmiRfine ~poueccoB'' 
o6pa30BaHli5! KOMnJieKCOB cpy.rinep'eH-paCTBOpHTeJih. 'PacCMOrPeHhl ·, ,UBe .· 
Mo,ne!m )J,JIR onficaHHR .naHH~ro 3cpcpeKTa: Mo)l:eni> orpa-HniieHHoro pocTa H 

19. 



,nByxczyneHqanm Mo,nenb KJiacTepoo6pa3oBaHIDI. CocTaBneHbi cucTeMbi 
KHHeTmeCKHX ypaBHeHHH, OTBeqarornue npe,nJIO)l(eHHbiM MO,nemiM, H 
nonyqeHbi HX pemeHHH B BH,ne 3BOJIIOI.J;HH !lJyHKI.J;HH pacnpe,neJieHHH 
KJiaCTepOB no pa3MepaM Ha onpe,neJieHHOM BpeMeHHOM HHTepBaJie. 

2. Pa3pa6oTaH MeTo,n pacq(na CTau;uoHapHbiX li>YHKtiiiii pacnpe.neneHHH, 
oTseqarornux 3KcnepuMeHTaJibHbiM ,naHHbiM. IIon0reHbi nonu,nucnepcHbie 
pacnpe,ne.rieHHH arperaToB B .nuana:JoHe pa3MepoB 20-200 HM, qTo 
cooi-BeTCTByeT 3KcnepuMeHTaJibHbiM ,naHHbiM ,nHHaMuqecKoro 
cBeTopacceHHHH. BbmonaeHo Mo,nenupoBaHue ,naHHbiX ManoymoBoro 
paeeeHHHH HeihpoHoB no nonyqeHHbiM npo!lJunHM paenpe,neneHHH 
arperaTOB C60 no pa3MepaM ,l\JIH pa3HbiX MOMeHTOB BpeMeHH H napaMerpoB 
Mo,neneii. . ···: 

3. MeTo,noM Manoymosoro paeeeHHHH HeiirpoHoB npoBe,neHo Hecne,noBaHue 
paeTBopos !lJymrepeHa C7o B ena6ononHpHoM paeTBopuTene eepoymepo,ne 
CS2. .[(mi HeeKOJibKHX eepHH o6pa3I.J;OB, npHrOTOBJieHHbiX pa3JIIfqHbiMH 
MeTo,naMH (paBHoseeHoe pacTBopeHue, riepeMenmsaHue u ynhrpa3BYK) 
onpe,neneHbi pa,nuyebi IIHepu;IIH qaeTHU: B paeTBope. IIonyqeHHhre 3HaqeHHH 
pa,niiyea uiiepu;IIH (Rg) Haxo,nHre.H B HHTepBane 3.72-4.55 A (norpeiiiHOeTb 

- II3MepeHIDI - 0.24 A), KOppenHtiiiii e MeTo,noM npiiroTOBJieHIIH He 
yeniHosneHo. Pa3niiqiiH B n6nyqeHHbiX 3HaqeHIDIX ·eoeTaBAAIOT He 6onee 
10% H o6MeHHK:neH HaJIHqiieM B paeTBope · :ManbiX Knaciepos - ,nuMepos, 

~ TpiiMepoB, H TaK .nanee. TaKHM o6pa3oM, pa3Mep qaeTHU: B ena6ononHpHbiX 
paeTBopaxC7o' He 3aBHeiiT OT MeTo,na npHrOTOBJreHHH. . -

4: ·· MeTo,naMu·' Manoyrnosoro paeeeHHHH · 'HeiiTpoHoB u ,nHHaMuqeeKoro 
' cseropaeeeHHIIH BhmomieHo ueene,noBaiiue ,nsyx nonHpHhiX pacn3opos 

C6o!NMII pa3Hor() so3pacia. ,ZV!H o6eux ciieTeM noKa3aHo, qTQ pa3Mepbi 
o6pa3YrolliHXeH · yeioifqusbiX KJiacTepos npeshimaroT 100 u:M. ' Ha 
OeHOBaHHII 3THX ,naHHbiX BblllOJIHeHO . epaBHeHIIe npe,nJIO)l(eHHbiX 
TeopeTIIqeeKIIX MO,neneif poem KJiaeTepoB C60 C 3KenepHMeHTOM. 

· : IIoK<i:JaH:6, .· qTo Mo.rienh orpaHuqeHHoro poem nyqme eoorseTeTByeT 
. :3KemipHMeHTaJibHbiM ,naHHbiM MarroyrnoBoro paeeeHHUH HeHrpOHOB, qeM 
.nsyxczyneHqaTaH Mo,nenb. 

5. MeTo,noM cneKrpo!lJoroMerpuu uccne.nosaHa KUHeTUKa paeTsopeHHH 
'!lJynnep~im C60 B cna6ononHpHhix pacTBopax - 6eH3one (C£6), TOnyone 
(C6H5CH3) pa3JIIIqHbiX KOHI.J;eHrpau;uii B ,niiana30He TeMnepazyp 15-35 °C 
u npu pa3nuqHbiX eKopoeTHX nepeMeiiiHBaHHH. Onpe,neneHbi 3aBI1eu_MoeTu 
eKopocTH paeTsopeHuH oT eKopoeTii · riepeMeillusaHHH paeTsopa u 
TeMnepazypbr. 

6. MeTO,no:M . crieKrpo!lJoToMeTpiiu IIcene.nosaHa KIIHeTuKa paeTsopeHuH u 
KOMnJieKeoo6pa3oBaHIIH C60 B nonHpHOM (E = 32.2) pae.fsopiirene N-MeTUn-
2-niipponH,noH (NMII). IIpe,nJIO)l(eH MeTO,n onpe,neneHIDI KHHeTUqeeKux 
K034J!lJnu;HeHTOB no 3BOJIIOI.J;IIII K03!lJ!lJIIu;ueHTa norJIOllleHUH npu 1.=330 HM. 

/ 
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IIonyqeHa _ · ~ ,nuarpaMMa .3aBIIeUMOCTeii cKopoeTeii • •' pacTsopeHUH u 
o6pa30BaHIDI KOMnJieKCOB OT CKOpOCTII nepeMeilliiBaHUH. paCTBOpa II 
TeMnepaTypbi. 

- '-

D;IITIIPYEMMI JIIITEPATYPA 

[1] M.A. Loi, P. Denk, et al.oA Fulleropyrrolidine~phthalocyimine dyad for 
photovoltaic applications II Synth. Met. 137 1491-1492 (2003). 

[2] S. Thakral, · N.K. Thakral,. Potential Medical Applications of Fullerenes: 
An Overview II. ·in:. Bio-Nanoteehnology,· Blackwell Publishing Ltd., 

··Oxford, UK, pp. 424-441 (2013). 
[3] R.S. Ruoff, D.S. Tse, et al., Solubility of fullerene (C60) in a variety of 

. solvents II J. Phys;. Chern. 97 3379-3383 (1993). :. · 
[4] Y. Marcus, A.L Smith, M. V. Korobov, et al., Solubility ofC6o Fullerene 

II J. Phys .. Chern. B. 105 2499-2506 (2001 ). 
[5] M.B. As,nees, • B.JI. AKceHoB, T.B. TponuH, Mo.nenu 

KJiacTepoo6pa3oBaHIDI !lJynnepeHoB s ~ pacTBopax· II )J(C/JX 84 1405...:.1416 
(2010). -;,, 

[6] . V.L., Aksenov, M.V. Avdeev; et al:, Cluster growth' and dissolution of 
fullerenes in non-polarsolvents II J. Mol. Liq. 127142....:144 (2006). · 

[7] O .. A. Kyzyma, M: V. Korobov; et al.; Solvatochromism and Fullerene 
Cluster Formation in C601N-methyl-2~pyrrolidone IIFu/lerenes, Nanotub. 
CarbonNanostruct. 18 458-461 (2010): 

[8] B.JI. AKceHOB, M.B. As.nees, et -aL, KuHeTuKa -pocTa KJiacTepos B 
MoneeynHpHbiX pacTsopax !lJynnepeHa II C/JU3uKa 3LJAJI 36 108.::.125 
(2005). 

[9] I.S. Gutzow; J.W.P. Schmelzer, The Vitreous State: Thermodynamics , 
Structure , Rheology , and Crystallization, .1995; 

[ 1 0] Y.B. Melnichenko, et. al., Characterization of· fullei:enes and fullerene 
derivatives by small-angle neutron scattering and transmission 
measurements II J. Chern. Phys. 111 4724 (1999) . 

[11] K.A. Affholter, et al., Structural characterization of C6o and C1o fullerenes 
by small-angle neutron scattering II J. Chern. Phys. 99 9224 (1993). 

[12] M. V. Avdeev, T. V. Tropin, et al., On structural features of fullerene C6o 
dissolved in CS2: complementary study by small-angle neutron scattering 
and molecular dynamic simulations. II J. Chern. Phys. 132 164515 (20 1 0). 

[13] G. Torok, V.T: Lebedev, L. Cser, Small-angle neutron-scattering study of 
anomalous C6o clusterization in toluene II Phys. Solid State. 44 572-573 
(2002): '; : ' >:' •, -

[14] · T.B. TponliH, T;A. KIIpeii, E.A, KH3IIMa II ,np:, Hccne.nosaiiiie 
cMemaHHbiX .pacTBopos . C6oiNMII/TOnyon: MeTo.riaMII: •Y<I>-Bu.n 

21 



[15] 

cne:KTpOCKODHH ·H· MYPH , II IIoeepxHocmb. PimmzeHoecKue, 
CUHXpompCJHHble U HeumpOHHble UCClleooeaHWl. 15-8 (2013). 
M. V. ·Avdeev, T. V. Tropin, et al., Formation of fullerene clusters in 
carbon disulfide: Data on small-angle neutron scattering and molecular 
dynamics II J. Suif. Investig. X-Ray, Synchrotron Neutron Tech. 2 819-825 
(2008). . : ·.. . . . " 

IIY1i.JIIIKAIJ;HH ITO TEME ,lUICCEPTAD;HH 

1. T.V. Tropin, M.V. Avdeev, O.A. Kyzyma, RA. Yeremin, N. Jargalan, 
M.V. Korobov, V.L. Aksenov, Towards description of kinetics of 
dissolution and cluster growth in C6o/NMP solutions II Phys. Stat. Solidi B, 

! . 11,2728-2731,(2011) 
2. T.V. Tropin, N. Jargalan, M.V. Avdeev, O.A. Kyzyma, R.A. Eremin, D. 

Sangaa, V.L. Aksenov, Kinetics of cluster growth in polar sohitions of 
fullerene: experimental and theoretical study of C60/NMP solution-// J. Mol. 
Liq., 175, 4-11, (2012). 

3. T.B. TponHH, N. Jargalan, M.B. Aa~eea, O.A. KH3HMa, D. Sangaa, B.JI. 
AKceHoB, Pac'IeT <l>YHKQHH pacnpe~eneHHH KJiacTepoB no pa3MepaM H 
~aHHbiX. Manoyrnoaoro pacceHHHH • HeHTPOHOB ~JIH · pacTaopa C6oiN­
MeTHJirrHpponH~OH II <PIT, 56(1),.147-150, (2014). 

4 . . H. ·JKapraJiau, T.B. Tpomm, M.B. Aa~eea, B.JI. AKceHoB, I1ccne~oBaHue 
KHHeTHKH pacTaopeHIIH .·. <l?ynnepeHa - C60 a\ pacTaopnTeJIHx· pa3Hoif 
nonHp!IOCTH MeTo~oM Y<I>-Bn~ ._ crreKTpocKorrnn · II IIoeepxuocmb. 
PeHmze'HoecKue, cuuxpompoHubze u HeumpoHHbze ucclleooeauwt, I, c. I 6-20, 

""(2015). 

5. N. Jargalan, T.V. Tropin, M.V. Avdeev, V.L. Aksenov, Investigation and 
modeling of evolution of C6o/NMP solution UV-Vis spectra II Journal 
Nanosystems: physics, chemistry, mathematics, 7(1), 99-I03, (20I6). 

6. T.B; TporrnH, H. JKapraJiau, M.B. Aa~eea, O.A. KH3HMa; P.A. EpeMnH, .[(. • 
CaHraa, B.JI. AKceHoB, "KnHeTnKa pocTa KJiacTepoa <l?ynnepeHa a 
IlOJIHpHbiX paCTBOpax: 3KCI1epHMeHTaJibHOe H TeopeTH'IeCKOe HCCJie~OBaHHe 

.pacTBopa · C6o/NMD",. VII Me)l(~yHapo~HaH Hay'IHaH KoH<l?epem~n.ir: 
KnHeTHKa H MexaHH3M KpHCTaJIJIH3au;nn. KpncTaJTJIH3an;nH .. H MaTepnanbl 
uoaoro noKoneHIIH, C6opHHK Te3HCOB KOH<l?epeHu;Hn; CTP. 25, (2012). 

7. N. Jargalan, .T.V. Tropin, M.V. Avdeev, V.L. Aksenov, "Investigation of 
dissolution kinetics for fullerene C60 in toluene, benzene and NMP solvents", 
Proceedings of Institute of Physics and Technology, Vol 40, pp 15-18, 
(2013). . 

8. H. JKapraJiau, T.B. Tporrnu, M.B. Aa~eea, .[(. Cauraa, B.JI .. AKceHoB, 
"I1ccne~oBaHne KHHeTHKH pacTBopeHHH <l?ynnepeHa C6o B 6eH3one, Tonyone 
H NMTI'', Me)l(eyHapo~HaH . Mono~e)l(HaH IIIKona "CoapeMeHHaH 

22 

HeifTPoHorpa<l?IIH", C6opHHK Te3HCOB, CTP. 33, (2013). 
9. N. Jargalan, O.A. Kyzyma, T.V. Tropin, A.A. Tomchuk, L.A. Bulavin, 

M.V. Avdeev, V.L. Aksenov, "Formation and growth of clusters in non­
polar and polar C60 solutions: experimental and theoretical aspects", 
International Conference "Condensed Matter Research at the IBR-2", Book· 
of abstracts, p.23, (2014). 

10. T.V. Tropin, M.V. Avdeev, O.A. Kyzyma, N. Jargalan, M.V. Korobov, 
V.L. Aksenov, "Formation and growth of clusters in fullerene solutions: 
experimental and theoretical aspects", International Conference on Physics 
of Advanced Materials (ICP AM-1 0), Book of abstracts, p.81, (20 I 4). 

11. N. Jargalan, 'f..V. Tropin, O.A. Ivankov, RA. Eremin, M.V. Avdeev, V.L. 
Aksenov, "Experimental aspects of investigations of fullerene solutions", 
International Conference "Condensed Matter Research at the IBR-2", Book 
of abstracts, p.108, (2015). 

12. N. Jargalan, T. V. Tropin, M. V. Avdeev, V. L. Aksenov, "Investigation 
and modeling of evplution of UV- Vis spectra of C6r/NMP solution", 
International conference Advanced Carbon Nanostructures (ACNS-2015), 
Book of abstracts, p.23, (2015). 

13. N. Jargalan, T.V. Tropin, RA. Eremin, O.A. Ivankov, M.V. Avdeev, V.L. 
Aksenov, "Investigation of C1o/CS2 solutions by small-angle neutron 
scattering", XIX Me)l(~apo~HaH HayqHaH KoH<l?epeHQHH MOJIO~biX yqeHbiX 
H cneQHaJIHCTOB K 100-neTHIO <I>.JI. Illa<l?npo, C6opHHK Te3HCOB, CTP. 89, 
(2015). 

DonyqeHo 25 OKTH6pH 2016 r. 

llllllijl~ltil~llllllliiil~lll 
150995 


