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UccnenoBaHbl THHAMU4ECKHE CBOMCTBA HEHTPANBHBIX H 3apSKEHHBIX IEHIPUMEPOB B Pa30aBIIEHHBIX pac-
TBOpaX ¢ MOMOUILIO MOAETHPOBAHHA METOROM OPOYHOBCKON THHAMHKH. Y YTEHB! 00BEMHBIE, JTEKTPOCTA-
THYECKHE M THAPOAMHAMHYECKHE B3auMOJieicTBIA. BrisiBiena uepapxus MaciiTaGoB THHAMHYECKUX PO-
IlECCOB B ICHAPHMEPAX, KOTOPBIE Pa3felAlOTCA HA TPH THIA: ABMKEHUS KaK Lenoro, Gprykryauus GopMbl
1 pa3Mepa (IyJIbCAIMOHHBIE NBHXKEHHA), a TAKXKE JIOKANbHbIC ABH:KEHUA Ha MaciuTabax mopAaxa OgHOM
cea3u. 3yueHo BIUMAHME BCEX PACCMOTPEHHEIX B3aUMOREHCTBUIT Ha ABIDKECHHA Kaxaoro tiuna. [Iposeneno
CpaBHEeHME C NpefcKasaHusMu Teopuil Pay3a u 3umma. Mosn3auus KOHUEBbIX rpynn Haubosee 3aMeTHO
NPOSABIAETCA B H3MEHEHMH MX JIOKAJIbHON OPHEHTALMOHHON MONBIKHOCTH.

BBEJEHUE

B TeuyeHHe MOCAEAHNUX JIET ACHAPUMEPEI IPUBIIE-
KAalOT 3HAYNTENbHOEC BHUMAHHE OJarofapsi CBOMM
HEOOBbIYHBIM CBOHCTBAM, 00YCIIOBIEHHBIM HX CTpOe-
HHEM. BOJBUIMHCTBO paCTBOPUMBIX B BOJIE JCHAPH-
MEPOB COACPKUT 3apsKEHHBIE IPYMIbI, KaK NpPaBH-
1o konuesbie. [loaToMy moBeneHue 3apsEKEHHBIX
[EHAPUMEPOB B pacTBOPE IPEACTABISAET OCOObII HH-
tepec. HOHN30BaHHbIE JCHAPUMEPhI HMEKOT MHOTO
MPaKTUYECKUX NIPAMEHEHUH, B OCHOBHOM CBSI3aHHBIX
C HCIONB30BaHUEM CHCTEM “TOCTb—XO35IUH”~ (Hanpu-
Mep, B KAUECTBE HAHOKOHTEHHEPOB [/ TPAHCTIOPTH-
POBKH JI€KapcTB, O€1KOB U T.1.) [1-4].

BONBIUIMHCTBO TEOPETUYECKHX PAGOT NOCBAILICHO
HCCIIEIOBAHHMIO PABHOBECHBIX CBOHCTB ICHIPHMEPOB.
Welch u Muthukumar [5, 6] U3y4usiu HeKOTOpbIe paB-
HOBECHbIE CTATUCTUYECKUE CBOWCTBA 3aPSKEHHBIX
NEHAPUMEPOB C TOMOILBIO KOMIIBIOTEPHOTO MOAETH-
poBauus MmeTofoM Monre-Kapno. Ha cerognsuuixuii
AeHb paGoThl, NOCBALICHHBIE TMHAMHYECKUM CBOUCT-

! PaGora einonnena npu ¢uHaHcoBoi moaaepkke Poccuiicko-
ro ¢onna pyHAAMEHTANBLHBIX HCCIENOBaHUIL (KOXBI POEKTOB
02-03-33135 u 03-03-06379), cdouna INTAS (rpaut 00-712),
nporpamMm SUPERNET u SIMU Esponefickoro Hay4HOro
donna.

E-mail: serge@imc.macro.ru (JTronun Cepreii BraguMupoBu4).

BaM 3apsDKCHHBIX ACHAPUMEPOB, (PaKTUUECKH OTCYT-
ctBytoT. OnHAKO MOABMXKHOCTb [CHIPHUMEPOB BO
MHOT'OM OIpPENENAET UX MPAKTHYECKOE UCTIONB30BA-
HHE. DKCIEPUMEHTANIbHOMY U3YUEHHIO 3apsKEHHBIX
AEHAPUMEPOB B pacTBOpe, 0OpPa3OBaHUIO KOMILIEK-
COB MEXJY HUMH H TPOTUBOMNOJIOXHO 3apPSKEHHBIMU
JNHHEHHBIME LENsIMU NOCBALICHBI paboThl KaGaHoBa
¢ corpyguukamu [7, 8]. JuHaMmuyeckue cCBOiCTBa
AEHIPUMEPOB HCCIENYIOTCA B IKCIIEPUMEHTAX MO Ma-
JIOYTJIOBOMY HEHTPOHHOMY paccesiHuio, IMP u T.1.
[9-12].

CyiecTByeT TONBKO HECKOIBKO TEOPETHYECKHX
paboT, NOCBALICHHBIX THHAMUKE HEHTPAJbHBIX [CH-
ApuMepoB B pactBope [13-15]. BonbnHCTBO U3 HUX
HCIIONL3YIOT Mofenb Pay3a ang cneiicepos — TuHER-
HBIX YYaCTKOB UEMef MeXAy TOYKaMM BETBIIEHHS
peHmpumepa. Mogens Paysa npeanosaraer, uTto
crieficepsl HOKUE, M UX QJIHHA JOCTATOYHO BENIHMKA
MO CPABHEHHUIO C AMMHOMN CBA3H. OHAKO B peanbHbIX
HEHApUMEpax crieiicephl COfEPKAT TONBKO HECKOIb-
KO MOHOMEPOB U SIBIISIFOTCA AOCTATOYHO KECTKUMHU.
BTopoe 4acTo UCNoNb3yeMOoe YIPOLLEHHE, B YACTHO-
ctu B padore Cai u Chen [13] — npeneGpekeHrue 00b-
€MHbIMH B3auMOReHCTBHAMH. [[71s1 ONHCaHUS AUHAMI-
YECKHX CBOWCTB JIMHEHHBIX MOJMMEPOR B paCTBOpPE Ta-
Koe npeHeOpexkeHue orpasrano. [1is aeHapUMeEpoB,
KaK OBLJIO MOKA3aHO B PAJE TEOPETHYECKHUX paboT U
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paGoT, MOCBSALICHHBIX KOMMBIOTEPHOMY MOIEAHPO-
BAaHHIO, YYET 3THX B3aMMOACHCTBUI KapAHHAIbHBIM
006pa3oM MEHSET PaBHOBECHbIE CBOVICTBA U CTPYKTY-
py aeHapuMmepa [14, 16~19]. MoxkHO OXHUAaTh, YTO
00'bEMHbBIC B3aUMOJECHCTBHA CYLIECTBEHHO BIUAIOT H
Ha AMHAMHEKY AcHapuMmepa. VI3BecTHO, YTO Ha JuHA-
MUKY JIHHEHHBIX LENER B pACTBOPE CUNIBHO BIHSAIOT U
THAPOAUHAMHYECKHE B3aHMOJICHCTBHS, CBS3aHHbIE C
YaCTHYHBIM YBJICYCHUEM PACTBOPHUTEIS MPH ABHXKE-
HHU NOJMMEpa.

AHATUTHYECKOE pellieHHE YPaBHCHMIH ABIDKCHUSA
C SIBHBIM YYETOM OOBEMHBIX, NMEKTPOCTATHYECKUX U
THAPOAUHAMHYECKHUX B3aUMOJECHCTBHI NPaKTHYECKH
HEeBO3MOXHO. YT0ObI 060¥iTH 3TH TPYAHOCTH, Chen i
Cai [14] ucmonb30oBanu npubIHKEHUE NPERYCPEAHE-
HUS THAPOAMHAMUYECKHX B3auMopfeicTBuil. Pazmmy-
Hble KOH(pHUTypaluyu AeHAPUMEPaA CTPOMIIUCH € TIOMO-
mpio Meroga Moure-Kapno. O6beMHbIE B3aUMO-
FECTBUS MEXKIY MOHOMEpPaMH 3aJJaBaiCh MOJENbIO
TBepAbIX cep. Bbutn paccunTanbl KO3PPHULUUEHTBI
nucdy3un H pa3THYHbIC BPEMEHHBIE aBTOKOPpPEs-
UMOHHbIE (PYHKUHMH, XapaKTEPH3YIOLME AUHAMUKY
[EHAPUMEPOB pa3HbIX reHepauuii. OfHaKo, KaK yKa-
3bIBaIOT CaMM ABTOpPbI, HCMONB30BAHHLIN JTHHEAPU-
30BaHHBI BapuaHT ypaBHeHusi JIaHXKeBeHa NpHBO-
AMT K HEBEPHBIM pe3yJIbTaTaM MpPH ONMCAHUHU JJHHA-
MUKH (QIIYKTyaluil pa3MepoB NEHAPUMEDA.

HaM u3BECTHO TOJNIBKO HECKONBKO paboT, MOCBS-
LICHHBIX MPSAMOMY KOMIBIOTEPHOMY MOJEIHUPOBa-
HHIO IMHAMMYECKHX CBOVICTB HE3aPSKEHHBIX JEHNI-
pumepoB. Murat u Grest {18] MeTogoM MomeKynsp-
HOUM JAHAMUKH MCCIEJOBAIH MOJENb HEHTPAIbHBIX
[EeHApUMEPOB reHepaluii g = 5-8 B pacTBopax pas-
AUYHOro KayecTBa. OCHOBHOE BHUMAHHE ObLIO yie-
JIEHO HCCIICAORAHHIO PAaBHOBECHBIX CBOHCTB ACHAPHME-
POB, TaKMX KaK CpeJHUI KBaJpaT pajvyca HHEPLVH,
pagHanbHas (PYHKUMS pacnpeacieHusl MIOTHOCTH
MOHOMEPOB H HX 3aBHCHMOCTb OT 4YHCJla FeHEPALH
¥ KadecTBa pacrBoputens. M3 guHammuyeckux xa-
PaKTEepUCTHK Oblla paccCMOTpPEHAa TONBKO AaBTO-
| KOppeNduuOHHast (PYHKIMS AN KBajgpata paguyca

HHEPLUH R; . Ho 6osbliad norpeliHocTs B onpefe-
JIEHHH BpPEMEH peJIAKCAaUUH HE TMO3BONHIA CACNATH
KOJIHYECTBEHHBIX BLIBOJJOB O 3aBUCHMOCTH 3TUX Bpe-
MEH OT YMCa FeHEPALHii.

Karatasos ¢ coaBropamu [19] nposenu Monenupo-
BaHHE METOROM MOJIEKYNSAPHOW JUHAMUKH CEPHHU
AB2 geHgpuMepoB reHepauuii g = 3—6 B pacTBOpHTE-
ne. O6beMHbIE B3aUMOJIEHCTBHS MEXAY BCEMH 4ac-

BBICOKOMOIJIEKYJIAPHBIE COEIUHEHUA  Cepuna A

THIIAMH B CHCTEME 3aflaBaNUCh NOTeHuuaioM Jlen-
Hapaa—[I>KOHCa ¢ mapaMeTpaMu, COOTBETCTBYIOLLH-
Mmu O-pacreopuremo. MccrenoBaHHbIe paBHOBECHBIE
CBOJCTBA [ICHAPAMEPOB HAXOASATCS B HEIUIOXOM CO-
[JIAaCHM ¢ UMCIOLUMUCS 3KCIEPUMEHTANbHBIMU TaH-
HBIMH JUUIsi CUCTEM 3TOro Tumna. IfonyueHHas 3aBucH-
MOCTh K03(puuueHTa Tudpy3un AeHApUMEpPa KaK
pesoro or MM cornacyercs ¢ TEOPETHUECKUMH pac-
YeTaMH Ha OCHOBE Mopenud 3HMMa [/ yCHOBHM
6-pactBoputens [14]. CnepyeT ynoMsHYTbH TaKXe
U3yYCHHE METONOM MOJEKYISApHO# [JUHAMUKYU
cBoiicTB feHapuMepoB tTuna PAMAM B Bope ¢ #AB-
HbIM 33aHHEM MOTEHLHANIOB aTOM-aTOMHBLIX B3aH-
mopeiicteuii (Lee ¢ coapropamu [20]) Kak ¢ IBHBIM
3aJlaHHEeM MOJEKYJ BOJbI, TaK H 0e3 HUX. Bapbupo-
Banu 3HaveHust pH cpegsi. B aToit pa6ote uccneno-
BaHbI TOJBKO CTPYKTYPHbIE XapaKTEPUCTUKU AEH-
ApumepoB. B nenom cnegyeT OTMETUTH, YTO HEOO-
XOOUMOCTb SIBHOTO Yy4Y€Ta PpacCTBOPHTENS MPH
MOJIETMPOBAHUU METOOM MOJIEKYJIAPHON IMHAMUKH
[IOJIMMEPOB B PacTBOpe TPeOyeT 3HAUHUTENBHO OOMNb-
LIEro MAlUMHHOTO BPEMEHH, YTO OTPAHUYMBAET Bpe-
MEHHOH MAacIuTa0 HCCAEAYEMBIX PellaKCalHOHHBIX
IPOLIECCOB.

TIpu MofeupoBaHUH METOAOM OpOYHOBCKOM Ju-
HAMUKH [BIDKCHHE MaKpOMOJIEKYNBI B PacTBOpE
OIHUCHIBACTCS ypaBHEHUEM JIaHKeBEHA I CHCTEMBI
CBSI3aHHbIX B3aMMOMEHUCTBYIOIIUX OpPOYHOBCKHX Ya-
crun, [Ipa aTOM pacTBOpHTENs paccMATPHUBAETCH
KaK HemnpepbiBHas Bsi3kas cpepa. B GonblmmHCTBE
CIy4aeB MOXKHO NpeHeOpeyb MHEPLHOHHBIMHM Ylle-
HaMU B YPaBHEHHSX JBIDKCHUS. 3TO MO3BOJISIET 3HA-
YHUTENBHO COKPATUTh YHCIO MOJECIUPYEMbIX YACTHLL
B CHCTEME H YBEJIMYUTh MAcIITad pacCMaTPUBAEMbIX
BpPEMEH. »

B npepbinyuieit padote [17] MeTon OpOYHOBCKOH
AUHAMHUKH ObLI MPUMEHEH HAMHU ISl MOICTUPOBAHUS
HEATPANBHBIX H 3apPSKCHHBIX JEHAPHUMEPOB B pac-
TBOPE C SIBHBIM YYETOM OO'bEMHBIX U MEKTPOCTATH-
YECKHUX B3aUMOACHCTBUA. Bty paccyuTaHbl paBHO-
BECHBIE pa3MEpPbl H BHYTPEHHSA CTPYKTYpPa JEHPU-
MEpa B 3aBHCUMOCTH OT 4YHCJIa TIEHEepauuid u
UHTEHCUBHOCTHU 3JIEKTPOCTATHICCKHX B3aUMOJEHCT-
Bui. B Hacrosiieit paGore MeToa GPOYHOBCKOI AM-
HaMUKH UCTIONB3YETCA [T HCCAEAOBAHUS TUHAMHYEC-
KHMX CBOWCTB HEHTpabHBIX H 3apsDKEHHbBIX ACHApUMeE-
poB. PaccMaTpuBaeTcs Ta ke MOAENb AEHAPUMEpA,
4yto U B pabore {17], HO QOMONHUTENBHO BBOASITCH
BHYTPUMOJIEKYNISPHBIE TUAPOJMHAMUYECKUE B3au-
MofeHicTBuA. Pe3ynbTaThl MOJEIUPOBAaHUSL CPaBHH-
N2
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BAIOTCs C MPEICKa3aHUsAMH TEOPHil, OCHOBAHHBIX HA
Mmopemsix Pay3za-3umma.

MOJIEJIb U METOJ MOJEINPOBAHUS

Kak n B pabore [17], MbI ucHOnb3yeM MOREINb
AEHApUMEPA, COCTOAIIETO U3 N OMHHAKOBBIX “‘OycH-
HOK” ¢ k03¢ uumeHTOM Tpenus {, COCOMHEHHBIX
JKECTKUMH CBsi3iME AnuHO# [. Crieficep MeKAY TOY-
KaMM BETBJICHHS COCTOUT U3 OfiHOI ¢Bsi3u s = 1. [Ipu
MOJIETUPOBAHUM JBIDKCHHSA YacTHL, HCMOJIb3yETCH
KOHEYHO-Pa3HOCTHAs YUCICHHAs CXeMa, OCHOBAHHAsA
Ha ypaBHeHnH Ermak—McCammon [21]:

r=or+ ﬂZDgF%o?(At), (1)

J

o

rae r? U I'; pajyc-BeKTOpHI i-if “OycuHku” (i = 0 co-
OTBETCTBYET HEHTPAJIbHOMY MOHOMEPY ACHApPHME-
pa) nepex | Nocie Mara HHTErPUPOBaHHs, Ky — KOH-
cranta bonbuMana, T — aGcontoTHAd TEMIIEPATYPa,

0

D;; — rensop nugpysum, At — ar MHTErPHPOBAHHUH,
0 . ,

®; - cnyyaitHas GpOYHOBCKas CHJa, JEHCTBYIOLIAs

Ha i-Tyr0 “6YCHHKY” CO CTOpOHBI pactBopurens, F ? -
CyMMa NOTEHLUHANBHBIX CIJT H CHJI PEaKUMH CBA3EH,
AEHUCTBYIOLHUX Ha j-TYIO “OYCHHKY” CO CTOPOHBI ApY-
I'HX JacTHL AcHapuMepa. bonee mogpoGHO HCMoONb-
3yeMbIil aNrOpPUTM MOMEIUPOBAHHA U MOCTPOCHUS
HAYanbHOW KOH(Urypauuu ACHIPUMEpPA OMHCaH B
paborte [17] (cM. Takke paboThI [22-26]).

O6BeMHBIE B3aUMOJEHCTBHS 3aJaI0TCS OTTATIKIBA-
oupM noreHuyanoM Jlennapga—[Ikonca Uy, coor-
BETCTBYIOLIUM aTEPMUUYECKOMY PacTBOpUTENHO [17].

Kak u B pa6ore [17], MBI paccMaTpHBaeM MOJENb
[EHAPUMEPA, ¥ KOTOPOTO 3apsKEHbI TOJBKO KOHIIE-
BbIE TpPyNNbl. IJIEKTPOCTATUYECKHE B3aUMOJCHCT-
BHS “GYCHHOK” C 3apsfioM |¢| = | 3a1ar0TCsi HOTECHIM-
anom [le6as—Xrokkend ¢ paguycoM [lebad rp.

I'naBHOE oTnuuMe OT mpefbiayici padoTsi [17]
COCTOHT B y4eTe rHAPOIHHAMUYECKUX B3aUMOJENCT-
Buii. [171s cpaBHEHUS NPOBEACHBI TAKXKE pacyeThl s
npoTekaeMoi Mofenu AeHgpuMepa. ['mpponuHaMu-
YecKHe B3aMMOJEUCTBHUS BBOAATCA C MOMOIIBIO TEH-
3opa Rotne-Prager-Yamakawa [27]. [lnaroHaneHbIe
3MEeMEHTRI TeH30pa auddy3un D;; onpeneneHnl Kak

DS = (kyT/C)8yp )

(3.5 — cumBon Kponekepa).

BBICOKOMOJNEKYIIAPHBIE COEMUHEHHS  Cepusa A

JIKOJIUH wu ap.

HennaronaneHbie KOMIIOHEHTHI TeH30pa Audy-
3UH NPENCTABIAIOTCA B BUIE

172

D® = n(ns3)" (3kpTI4L)(UR,) X
o, B 2 opb
X 5aB+R_ij15ij ""ziz Saﬂ_?’RijzR 4 (32)
p 3R; R;

ana Ry = [Ry| = |r,—r|22a,

Dmﬁ =

i

- R, 2 R;RS‘ 36
- @)1 3o ]| o

ij

s R;<2a

3peck R; — paccTosiHue MexXpy i-d u j-i “OycuHKa-
MH” € THAPOAMHAMHYECKHUM papguycoM a. Cuna ru-
OPOAMHAMHYECKUX B3aMMOMAECHCTBHI ONpemensacT-
cs mapameTpoM h = (3/m)V2(/(6mn,l), rae n, - BA3-
KOCTb pactBopuTtens. PaccMoTpeHa nmporekaemast
(h = 0) u HenmpoTekaemas (h = 0.25) mopgenu neHA-
pumepa. ITocaegHEMY Cly4al0 COOTBETCTBYET Be-
JMHYMHA THAPOXMHAMHUYECKOro pajuyca “OycHHKU”
a=0.2571[23].

B HacTosiel padoTe HCONb30BaHbI 6e3pa3Mep-
HbIC BEJMYHMHBI, BbIPaXKEHHbIC B COUHULAX JIUHBI
cBsi3u [, sneprum kgT, Bpemenn {/*/kyT u Tpancasiuy-
OHHOTO TpeHus “Oycunku” { = 67N ,a. Be3pasmepHbiit
wiar uHTerpuposanus At = 1074, 3to 3HayeHue Az Gbl-
JIO BBIGPAHO NS TOTO, YTOOBI MAKCHMANLHOE TIepe-
MelllcHHe “OyCMHKHM~ 3a OfMH LIar He MPERBIUIANO
10% OT pJIHHBI CRS3M.

PE3YJIIBTATBI U UX OBCYXIEHUWE

ITo aHanoruu ¢ JIUHEHHON LENOYKON B PacTBOpPE
BCE IMHAMHYECKHE MPOLECChI B JEHAPHMEPE MOXKHO
pPa3fAeNuTh HA TPH TUMA: TPAHCIALMOHHAS U OPHEH-
TALMOHHAS MOJABIIKHOCTh ACHAPUMEpPA KaK LENOro;
¢aykryauuu pasmepa U GOpMBI CHIPUMEPA; JIO-
KaJlbHbIC JBIDKEHHS HA MaclITabax mopsjgka AnuHbI
MoHoMepa. Kaxablil U3 3THX TUNOB ABIXKECHUSA 00-
CyXKIaeTcs HIKE B OTHEIBbHOCTH.

ﬂBuJICCHuH KaK yeanoe

Hocrynarenbnas pudgdysna. Ins onpeageneHus
Ko3(ppuuueHTa nocTynaTeabHoi guddy3uu AcHA-
puMepa D Mbl paccuuTaIi BPEMEHHYIO 3aBUCUMOCTD
Ne 2
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Puc. 1. BpemMeHnHda 3aBUCUMOCTB CpeSHEKBafipa-
THYHOTO CMEICHUA LEHTpa Macc (ARz(t)) HEHT-
PaNbHOTO AEHAPUMEpPA Pa3aHYHbIX TeHEpanui
g=0(,2),13,4),2(5,6),3(7,8u4(,I10)
h=025(1,3,5,7,9u0(2,4,6,8, 10).

CPEIHEKBAJIPATHYHOTO CMEILEHHS LIEHTPa Mace AEH-
mpumepa (AR%(t)) (puc. 1). [Tpu Gonbliux BpeMeHaX
3TH 3aBUCHMOCTH JHHEMHbL. Benwyuna D moxer
OBITH HaliIeHa U3 ypaBHEHUs DHHIITEHA

(AR’ (1)) = 6Dt @)

JlocTaTOYHO HafeXHbIE JaHHbIE I D MOTYT ObITh
MOJIYYEHBI TOJBKO TOIMA, KOTAAa CPEAHEKBAJpaTUy-
HOE CMELLCHHE NMPEBBIIIAET CPEAHEKBANPATHYHBIE pa3-

MEpHI AcHApHMepa (KBagpaT pajiyca HHEPIUH R: ).
B cuny orpaHUYeHHOCTH MAIIMHHOTO BPEMEHH HaM
YAANOCh NOJYYATDb BETHYHHBI KO3 UIHIEHTa CaMO-
augy3um qi1si MPOTEKaeMbIX AEHAPUMEPOB BILIOTh
[0 reHepalu g = 3 ¥ AN HEMPOTEKAaEMbIX ACHAPU-
MEPOB — IO FeHepauyy g = 4.

st 6pOYHOBCKOH 4YacTHLbI € KO3 PULUCHTOM
TPAHCISALMOHHOTO TPEHUs o, KOIDPULMEHT camO-

kyT
. Ons
gself

NpoTeKaeMoil MOfeNu fIeHApuMepa ;s paBEH cymme
K03 (PULHUEHTOB TPeHHs OTAEIbHBIX “OycHHOK” {;

mudgdy3uu D paccyuThiBaeTcs Kak D =

c.\'elf = NC.» (5)

CregoBaTenbsHO, A poTekaeMoit mogenu D = 1/N.
Pe3ynbTaTel MOAENMPOBAHUS COIJIACYIOTCS C 3TUM
npeacKa3aHueM (puc. 2a).

BBICOKOMOIIEKYJIAPHBIE COEOTUHEHHS  Cepus A
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0.1

0.01 0.1 I/N

0.1

Puc. 2. 3aBucumocts k03d¢uuueHTa camogugdpy-
suu D pana nportexkaemoit Mmoaenu ot 1/N (a) u gns
HenpoTtekaeMoil moaenu ot 1/R, (6). a: h =0, Heir-
payibHbIe AeHApuMepsl; 6: h = 0.25, I — HeitTpans-
HBIll JeHapuMep, 24 3apaKeHHble JEeHOPUMEPSIL,
rp =0.8 (2), 1.54 (3), 8.96 (4). Cnnoumbie THHAH CO-

OTBETCTBYIOT HAKJIOHY, paBHOMY 1 (a) u 0.8 (0).

Kak u cnepoBano oxXuaaTh, IJi HENPOTEKAEMOM
Mofenu AeHApuMepa Koa(gduuuenr guddysuu
Gonbllie, yeM Anst nporekaeMoid. Ha puc. 1 nokasana
€ro 3aBHCHMOCTb OT OOpATHOrO pajuyca WHEPLUH

,
/R, (R, = A/R; ,THe R: — CpeaeKBapaTHYHbIHA paju-
yC MHEPUUH ACHAPUMEpPA, PACCUUTAHHBIN B padore
[17]). DTa 3aBHCHMOCTb ONMCLIBAETCA CTENEHHOI

¢pyukuuen D ~ R;o‘g . B Hameit pabore rugpopuHa-

MH4YECKHE B3aUMOJEUCTBUA YUYUTHIBAIOTCA SIBHBIM
o6pa3oM 6e3 HCTTONb30BaHUS MPUOIHKEHHA Ipeayc-
PEAHEHMUS.

MOKHO CpaBHUTH HAIIM PE3YIbTAThI C JAHHLIMU
pacyeTos ko3t duieHToB guddy3un B padore Cai
u Chen {14] ans MOgesid AeHAPUMEPA, COCTOSALIETO U3
KECTKHUX C(PEPUYECKHX YACTHLL MPH UCMONb30BAHUH

ToM 46 N2 2004



334

Puc. 3. 3aBucumocts k03 puiuenTa camogudy-
3uM D HeliTpanpHOro ACHAPHMEpA OT YHUCNa [eHe-
paumit ana "Henporekaemou Mofenu, h = 0.25 (/).
Pesynwratei Cai u Chen [14] gns gengpumepa ¢ nc-
KITIOYCHHBIM 00BEMOM U MPEAYCPERHEHHBIMH THJI-
POAUHAMHYECKUMH B3aHMOHCﬁCTBHHMH npu pas-
JMYHBIX MPHOMMKEHUAX AN CHAPORMHAMHYECKUX
B3aHMOJICICTBHII NpUBEACHBI AN cpaBHeHu:. [1pu-
omkenus Pukcana (2), 3umma (3) u Kupxeyna (4).

pa3nuyHbIx MeTofoB (Pukcmana, 3umma u Kupksy-
Aa) MpegyCpeAHEHUs THAPOAMHAMHYECKUX B3aMMO-
petictBuii (puc. 3). XoTs 3HaueHus k03pPHUHEHTOB
augdy3u, nonyHeHHbIE B pe3yNbTaTe MOIEIHPOBa-
HHS, HE CIHULIKOM CHIBHO OTJIMYAIOTCS OT MPEACKa-
3aHHI TEOPUH, HX 3aBHCHMOCTB OT YHCJIA TEHEpaLMi g
oKa3sbIBaeTcd 0ojee cnadoii [14].

Koadrpuimentor gudysnu geHIpuMEpOB Kak
uenoro 6buTH paccuydTanbl Karatasos ¢ coaBropamu
[19] MeTopOM MONIEKYNAPHOI AMHAMUKY A MOJETU
AEHIpHUMEpPA CO CIeficepoM, COCTOALIMM U3 IBYX CBf-
3eil B 0-pacteopurene. Koadumment nuddy3um 3a-
BHCEJI OT YMCJ/IA YACTHL| B IeHApuMepe Kak D ~ N-05,
B T0 ke BpeMst Uit pafinyca HHepLuH ObIIIO NMOTyYe-
HO R, ~ N* ¢ x =0.35 £ 0.03. Takum 06pa3om, pe3yib-
TaTel paboThl [19] npeackasbiBalOT M Ciaydast
0-pacTBOpUTENS 3aBHCUMOCTB KO3(ppHIMeHTa TU(-

¢y3uu ot paguyca unepuuu (D ~ R;M) Gosee CHITb-

-0.8
Hy!0, yeM Hawia (D ~ R, ) and neHppumepa B atep-
MHAYE€CKOM pac'rsopmene‘

HempoTekeMblil IeHAPUMEP MOXKHO paccMaTpH-
BaTh KakK HIap C HEKOTOPbIM pafuycoM R, (rugponu-
HAMHYECKUI paguyCc AEHApuMepa), Koda(pHIHEeHT
TpeHust (., KOTOPOro OMHCHIBAETCA YPaBHEHHEM
Crokca (8 Haue Moften ( = 6mna = 1):

Coep = 6TNR, = R,/a (6)

BBICOKOMOJIEKYJIAPHBIE COEJUHEHHUSA  Cepua A

JIIOJIVH u fp.

CnepoearensHo, R, ~ R;” . 3Hauenue R, oka3sbl-
BA€TCH HECKOJILKO MEHbLIE, 4eM R, s feHmpuMe-
POB BCEX Fe€HEpaUuil. 3TOT BBIBOA HAXOTUTCA B CO-
TJIACHH C pe3yNnbTaTaMi, nonyyeHHbIMH La Ferla ¢ co-
aBTropami [28, 29] nna uneansHOro geHapuMepa (6e3
OOG'bEMHBIX B3aUMOJICHCTBHUI) U ACHIPUMEDPA B XOPO-
LIEM PaCTBOPUTEJE NPU PA3NUYHbIX 3HAYCHHSIX Ma-
paMeTpa 06’ bEMHBIX B3aUMOJEHCTBHIA.

BenuyuHbl ko3¢ ¢uiLpeHToB gudy3uH I 3apsi-
JKEHHBIX ICHAPUMEPOB C THAPOAHHAMUYECKAM B3au-
MOJICHCTBHEM YYTh YMEHBIIIAIOTCA C POCTOM paiuyca
Heb6as. OgHako ONHOBPEMEHHO PACTyT W 3HAYCHHS
papuyca uHepuun (cM. padorty [17]). B pesynsrate
3aBUCHMOCTB KO3 duipenta camomnddysuu D pis
HEMPOTEKaeMOi Mofienn OT 1/R, [ns 3apsioKeHHBIX
ACHApPUMEPOB (pHUC. 26) NpPaKTUYECKH COBMANAET C
TaKOMH e 3aBUCHMOCTBIO I HeliTpanbHbiX. Criefo-

08
BaTEJbHO, COOTHOUICHUE R; ~ Rg CIIPaBEANHBO U
IJIS1 3aPAXKEHHBIX JEHAPUMEPOB.

Bpamenne genfpuMepa kKak mHemxoro. Bpama-
TENbHAsA MOABHXHOCTBH JEHAPHUMEPA MOXKET ObITh
0XapaKTEepU30BaHa C MOMOLUBIO KOPPENALUOHHON
bynxuuu C(1)

C.(1) = (el (0)e, (1)) M
[17151 €JUHUYHOTO BEKTOPA €, = —£ rpe
Q4
Qg = re - rO’ (8)

Qg — BEKTOP, COCIUHAIOIMI HEHTPANbHbI y3€1 JeH-
OpHuMepa ¢ OQHON U3 KOHLIEBBIX YaCTHIL, I, — pafyc-
BEKTOP e-il KOHLIEBOU rPYIIIbI LI JECHIPUMEPA reHe-
paLyH g, BEKTOP I'y XapaKTEPU3YET NMONOXKEHUE LEH-
TPalbHOrO y3Ja (aapa) ACHAPUMEPA.

YcpenHeHnue B ypaBHEHUH (7) IPOBOJUTCS NO BpeE-
MEHHM CYETA U MO BCEM KOHLIEBBIM YacTHLaM. [Ipumep
BpeMeHHoi1 3aBucuMocti C,(t) moka3ax Ha puc. 4. Ha
3TOW 3aBHCHMOCTH MOXKHO BBIEJHTDH [Ba Y4aCTKA:
OBICTPLIH CIIaJl HA MAJIBIX BpEMEHAX U 60/ee MeIeH-
HBII craf Ha OONBIIKX BPEMEHAX. DTH JIBa y4acTKa
MOXKHO CBsI3aTh € MIOBOPOTAaMHU BEKTOPA €, HA ¢oHe
HEMOJBUKHOTO ACHAPUMEpPA U BPALCHUEM JCHAPU-
Mepa Kak LEAoro. XapakTepHOe BpeMs 3TOro Bpa-
LIEHHS] MOKET ObITh ONpPENENeHO U3 HAaKJIOHA (PyHK-
uud InC,(t) npu 60nbLIMX BpEMEHAX.
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MOOEIUPOBAHUE 3APSKEHHBIX TEHIPUMEPOB

CQ(t)
L

eBOoOOD

0l 10 30 50

t

Puc. 4. BpeMeHHds 3aBUHCHMOCTD aBTOKOPPEIIALHU-
ounbix ynxumit Cy(r) (1, 2) n C(¢) (3, 4) pns pen-
ApuMepa reHepanud g =4, HempoTeKaeMas MOJie b,
h=025. 1, 3 - seliTpanbHbIK AeHApUMED, 2, 4 — 3a-
PAKEHHBIH eHApHMED, rp = 1.54.

[Inst CBA3H 3TOr0 BPEMEHM ¢ KO3I(DPUUUEHTOM
aucpgy3nu U pasMepaMu JEHAPUMEPA MOXHO Mpef-
MOJMOXKUTDb CKEHIMHTOBYIO 3aBUCUMOCTh

T~R./D 9)

PuCYyHOK 5 OKAa3bIBAET, YTO 3TA 3aBUCUMOCTD JEHCT-
BUTENLHO BBIMOJIHAETCS NI HEATpanbLHBIX K 3aps-
XKECHHBIX }.'(CHIIpI/IMCpOB.

Penakcamus BexTopa moaoMep-saapo. B paGorax
Cai u Chen [13, 14] paccmaTpuBanach penakcauus
caMOro BeKTopa MoHoMep—snipo Q,. B penakcaupmio
3TOro BEKTOPAa MOXET BHOCUTD BKJIAJl KaK IyKTya-
LMst €ro BEJUYMHBI, TaK U €ro noBopoT. [Ins uccne-
JOBaHHA THHAMHKH 3TOH BEJIMYHHBI IS HALEH MO-
fenu GbIIM PAacCMOTPEHBI COOTBETCTBYIOLIHE ABTO-
KOppeNSLOHHbIE (PYyHKUNH

(Q,(M)Q,(2)
(29

TunuuHas BpeMeHHas 3aBUCUMOCTD Cy(f) Ha IpH-

Mepe NCHAPUMEDPA FeHEpaLiU g = 4 npecTaBicHa Ha

puc. 4. XapakTepUCTHYECKOE BpeMsl perakcauyy T,
¢yskuun Cy(2) MOXKET ObITh PACCYHTAHO KaK

Cy(r) = (10)

Co(t,) = /e (11)

BpemeHa T, Mt HEHTpPaNbHBIX AEHAPUMEPOR C THA-
PONMHAMUYECKMMH B3aHMOJCHCTBUAMH H 0€3 HHX
NOKa3aHbl Ha puC. 6a. [Ins npoTtekaeMoil MOJSTH

BbICOKOMOIJIEKYJIAPHBIE COENUHEHHUA  Cepua A
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Puc. 5. 3aBUCHMMOCTb BpPEMEH peNlakcalud T, OT

2 o
R, /D pns HedTpaNbHBIX (TEMHBIE TOUKHM) H 3aps-

KeHHBbIX (rp = 8.96) meHApUMEPOB (CBETABIC) TEHE-
pauuit g = 1-3, HenmpoTekaemas Mofiens, h = 0.25.

ACHEPUMEPA C MCKIIOYECHHBIM OOBEMOM 3aBHCH-
MOCTb TaKHMX BPEMEH OT YKcia “OyCHHOK” B LICTIH IO-
ny4eHa B Bufe T, ~ N'6. Hajigennble BpemeHa cpas-
uenbl ¢ npepckasanusamu Cai u Chen [13] (Mopens Pa-
y3a) I HACAIBHOrO EHApUMEpa

1, = 2°M UK, (12)
rae K - a¢pdekTHBHAS CHIOBask KOHCTAHTa AJIs NIPy-
KUHKH, COSHHAIOLIEH BE COCEJHHE TOYKH BETB-
nenus (K = 3kgT/1?, |? — cpegHekBagpaTH4HOE pac-
CTOSIHHE MEXJY NABYMsA COCEAHHMH TOYKAMH BETB-
nenust), { — Ko3((PHUUHEHT TpPEHUA MOHOMEpA.
Yucmo MoHOMEpOB N B ACHAPUMEPE I'eHEpaLUUU g
nponopunoHanbHo 28+ 2. Takum o6pa3oM, ypaBHe-
Hue (12) npeackaspIBacT JUHEHHYIO 3aBUCHMOCTD T,
ot N. 3aMeTuM, YTO BpeMs peJlaKCalli BEKTOPa, CO-
€MHSIOLIETO KOHLIb! LenH u3 N MOHOMEPOB, T MO-
nenu Paysa nponopusonansHo N2, Bosee cnabas (o
CpaBHEHHIO C Hallel) MONCKYAAPHO-MacCcoBasi 3aBH-
CHMOCTB [Tl BPEMEHH pefakcaluu T,, MOoJy4eHHast
Cai u Chen cesizaHa, NO-BUJUMOMY, C OTCYTCTBUEM
06 BEMHBIX B3aHMOACHCTBHIL B HX (PAHTOMHOH MOfe-
nu feHpgpumepa [13].

[na peHaApUMEPOR C THAPOAUHAMHUECKIUMHU B3au-
MOJICHCTBUSIMH MBI YCTaHOBUJIU GoJiee cnadyio 3aBu-
CHMOCTbD T, ~ N3 0 CpaBHEHHIO ¢ MPOTEKAEMON MO-
gensto. HaliieHHble 3HAUYEHUS BPEMEH pellakcanyy T,
2004
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Puc. 6. 3aBucuMocTh BpeMeH penakcauuu T, OT
YMCJIA MOHOMEPOB JJISl HEHTPAJIBHBIX AEHAPHMEDPOB
B ClIy4ae MPOTeKaeMoil (TeMHbIE TOYKH) H HENMpo-
TEKAEMOI (CBETJIBbIE) MOJIEIER (a) H T 3apsDKEH-
HbIX JEHAPHMEPOB NPH PAa3IMYHbIX 3HAYECHUAX pa-
puyca [Ie6as, Henporekaemas Moaens, £ = 0.25 (6).
a: pesyabrarel Cai u Chen [13, 14] nmoka3zaust
CIVIOIUHBIMY JIMHMSIMH, [ONY>KMPHAasA NpAaMas — Mo-
mens Pay3a {13], Toskas — Moaens 3nmma [14]; 6: 1 —
HEHATPANBHBI AeHRpuMep, 2—4 — 3apsKeHHbIH ACH-
pumep, rp = 0.8 (2), 1.54 (3), 8.96 (4).

MOTYT ObITh COMOCTAB/IEHbI C COOTBETCTBYIOLLUMH
BpeMeHamu, nony4eHHbIMU Cai u Chen [14] pna mo-
Heny ACHAPUMEPA C MPEeAyCPENHEHHBIMU THAPOAMHA-
MHYECKMMH B3auMOfeHCTBUAMH (puc. 6a). [Ias He-
NPOTEKAEMOIi MOJIE/IH TEOPHS TAKXKE IA€T MEHbILIHE
3HAYECHUsS BPEMEH T,, ¢ 60Jiee cllaboi 3aBUCUMOCTBIO
OT MOJTEKYJIsipHOI Macchl N (T, ~ N''!) o cpaBHeHuHIO
C pe3yJbTaTaMH MOEIUPOBaHuA (pHC. 6a).

[ns 3apsoKEHHBIX AEHAPUMEPOB BPEMEHA pENak-
calyH T, HEMHOT'O YBEJIMYHBAIOTCA C POCTOM pajuyca
Hebas rp, fOCTUras HACBIIUEHUA NPU GONBIIKX 3HA-
YeHHIX rp (puc. 7). OgHako BeIMYMHA MOKA3aTess
CTEMEeHHO! 3aBUCHMOCTH V ~ 1.3 coBriagaer ¢ mosy-
YEeHHOM JIISl HEATPATbHbIX JEHAPUMEPOB (pHC. 60).

BBICOKOMOIJIEKYJIIPHBIE COEOAUHEHUSA  Cepusa A

JIIOJTUH u ap.

T,
10f
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[ . .
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4 8 rD

Puc. 7. 3aBHCHMOCTB BpeMeH PelaKkcauuu T, OT Be-
Jnuy4uHbI paguyca le6as rp 1% 3apAKEHHBIX JEHN-
pHMepOB reHepauuii g = 2 (a) u 3 (0), HempoTekae-
Mas MOHEb.

BenuyuHbl BpeMeH penakcaluy NpakTHYECKU HE
MEHSAIOTCS [IPU 3Ha4YeHusxX paauyca [eGas rp = 2.

JI71s aHann3a NpUYMHbI Pa3siuynil TEOPETHIESCKUX
npeackasanuii Cai u Chen u nony4yeHHbIX HaAMH pe-
3yJIbTAaTOB AJIA BPEMEH T, Mbl CONNOCTABUITH KOoppeEas-
UMOHHY0 PYHKUHIO Cp(t) C KOPPETAUMOHHON (PyHK-
LU¥eHd COOTBETCTBYIOIIETO EJHHHYHOrO BEKTOpPA
C,(t). Ins HEATPANBHBIX U 3aPSKEHHBIX JAECHAPHME-
poB 3T PYHKUUHN NPAKTHYECKH COBMAAIOT (pHcC. 5).
3TO0 03HAYAET, YTO pellaKcalys BEKTOPAa MOHOMEDP—
PO B HAHICH MOJEH ONpPENEAETCs B OCHOBHOM
€ro MOBOPOTOM, A BKJIaR (PAYKTyaLHil €ro BETHYNHbI
MaJl, YTO CBA3aHO C XKECTKOCTBIO CNIEHCEPOB B HAILLIEH
mopenu. Cai u Chen [13, 14] paccMaTpuBainu geHapH-
MeEpBI ¢ THOKUMHU crieficepaMi, OIMHCbIBAEMBIMH MO-
genbto cyOuenei. [Ins Takux MArKUX MOJIENeid BKIaJ
BHYTPEHHHX JBUXKCHHI B PEJIaKCallI0 BEKTOPA MO-
HOMEpP—siipO 3HauuTeneH. [losToMy ast feHapumMe-
pOB ¢ rubKkMMH cneiicepaMn HaGniopaeTca Goiee
Ne 2
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MOJETUPOBAHUE 3APAXEHHBIX TEHIPUMEPOB

0.1 1 1 1

Puc. 8. XapakTepHble BpeMEHHbIC 3aBUCHMOCTH
KOPPeALMOHHOM (PyHKIHU CRZ (f) pna HeATpaIb-

8
HBIX IeHApUMepOB resepammii g = 1 (1),2(2)n 3 (3),
HeNpoTeKaeMas MOJIENb.

cnabast 3aBUCHMOCTD T,(N) 1O CPaBHEHHUIO C HALUMMH
pe3yJbTaTaMy MJIst AEHAPUMEPOB C KECTKHMH CIEi-
cepaMi MEXJy TOYKaMU BETBIICHUSA (PHC. 6a).

Daykmyayuu pazmepos 0eHopumepa

ABToKOppeauMonHas (PyHKIHA KBAAPATa paju-
yca naepuu. [InHaMuka aykryauuii pasmMepa JicH-
ApUMeEpa MOXKET ObITh OXapaKTEPU30BaHA aBTOKOP-

pensauuonHon ynkuuei C 2 (¢) I KBajpaTa paju-
yca HHEpLUH
2
(R(O)R(1)) - (RD)
(ReY - (R

C R;(f) = (13)
Penakcamusa ¢yHKImH CRz (f) MpOMCXOAUT TOJILKO

6aarofapsi BHyTPEHHUM [BIKCHUAM B JICHIPUMEDE.
BpalleHne feHApUMEpa KaK LENOro He BIUSET Ha

penakcauuio ¢yskuuu C . (1). Ha puc. 8 nokasaHel
-4

XapaKTepHble BpPEMEHHbIE 3aBHCHMOCTH (DYHKIUH
CRz (t) pns HEHTpaANbHBIX JEHAPUMEPOB reHepauui
14

g=1-3.
XapakTepHeIe BPEMEHA T ., ONPEACICHHBIE KaK
8

Cp(T2) = e”!, npuBepens! Ha puc. 9. Bpemena pe-
8 &

10 BBICOKOMOJIEKYIAPHBIE COEMUHEHUA  Cepus A
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Puc. 9. 3aBUCHMOCTB BpeMeHH peJIakCaLig T ,2)
8

OT 4MCJIa TEHEPaLMi g 1/ HENTPANBbHBIX KEHAPH-
MepoB: / — HenpoTeKkaeMasa MOfieJIb U 2 — IpoTe-
KaeMas. 3aBUCHMOCTH T () G, Hutl(g) (&, 6),

4
nonyyeHnubie Cai u Chen [13, 14] pna Mmopenu ¢ ru-
APOAHHAMHUYIECKHMH B3aUMOICHCTBHAMH W UCKIIIO-
YeHHBIM 00 bEMOM (3, 5) 1 6e3 Hux (4, 6), MOKa3aHbI
VIS CPAaBHEHMU.

JJaKkCcalluu TRZ SHAYUTCJIBbHO MEHbLLIC, YEM BPEMC-
]

Ha T,, pacCYMTaHHbIE paHee (puc. 6). Murat u Grest

{18] npu MopmeTHMpPOBaHUH METOAOM MOJEKYISPHOU

MMHAMUKH TAKXKe TOTYYHIH, 9TO T,» < T,. B T0 xke
4

BpeMs 11 MOAACIIH, pacCMOTpEeHHOU B padore Cai u
Chen[13,14], T 2 COBMAAIOT CT,. Jns npoTekaeMoit
1

MofIe/H ieHpuMepa [13] paBeHCTBO T,. = T, MOXeT
g

OBITH CBA3aHO C MCNONIB30BaHHEM (PAHTOMHOW BA3-
KO3JIaCTHYECKOH Mofenu 6e3 OO0BbEMHBIX B3aUMO-
peficTBuid. st MOJeH ¢ npegycpeRHEHHBIMU THAPO-
AMHAMMYECKUMH B3aUMOACHCTBHAMM U HATHYUEM
006 beMHbIx B3auMopericTemii Cai 1 Chen oT™Mevalor,

YTO PaBEHCTBO T,. = T, ABIAETCA apTE(aKTOM TeO-
8

PUH U3-3a HCNOJb30BAHUS TMHEAPH3OBAHHOIO BapH-
aHTa ypaBHeHus JlaHxxeBeHa [14], B geiicTBUTENLHO-

CTH T [OJKHO GbITh MeHbile T,. Hamm pesymnbra-
8

ThI OATBEPKAAIOT 3TU BhIBOALL. HHTEpecHO, uTO B
otauyue ot npeackasanuii Cai u Chen [13, 14] nony-

YEHHbIC BpEMEHA TRz cna6o U3MEHSIOTCS npu BBEOEC-
e

HUU TUAPOAMHAMMYECKUX B3aUMOAEHCTBHA. ITO 03-
HAYaeT, YTO BPEMEHA PelaKCalul T , CBSI3aHBI C IO~
4

KajibHbIMH NpoOLECCaMU B JCHAPUMEPE, KOTOpPBIC
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Puc. 10. 3aBucuMOCTbL BpeMEHH PENaKCALUH T, OT

4
BEJIMYHHBI paguyca [Ieb6as Ans neHAPUMEPOB reHe-
paumit g = 3 (1), 4 (2) u 5 (3), Hemporekaemasa Mo-
Aenb.

¢nabo YyBCTBUTENbHbI K HANMUYHIO THAPOAUHAMUYE-
CKUX B3aHMOJICHCTBHIL.

3aBHCHMOCTbD BpEMEH penakcanuu T R OT 4HCIIa
]

reHepauuii g okasbiBacTcs cnabee MpeACcKa3aHHOM
Teopetuuecku [13, 14] (puc. 9). Bpemena penakca-
[IUH, IOJYYEHHbIE B 3KCIEPUMEHTAX M0 HEHTPOHHO-
My pacceuBanuto Stark ¢ coapropamu [9] ang kap6o-
CUJIaHOBBIX AEHOPHMEPOB, KaK H BPEMEHA peJlaKca-
uuM, Imosyyaembie u3 BpeMeH T, u T, B
akcnepumenTax no AMP pns pengpumepos PAMAM
[11, 12], Takke AeMOHCTpPUPYIOT Gonee cnabyro 3a-
BHCHMOCTB OT g IO CPaBHEHHIO C MPENCKA3aHUAMH
Caiu Chen [13, 14].

Jlnst 3apsoKeHHbIX ACHIPUMEPOB YBEMYCHHE paH-
yca [ie6as BefieT K YMEHbILICHHIO BPEMEHH PEIaKCALUK
T (puc. 10). BreeHue 3MeKTPOCTATHUCEKUX B3aUMO-

2

AEWCTBUIL BHI3bIBAET YBENMYECHHE BHYTPEHHETO HAMPS-
JKEHUS B ICHAPMMEPE U COOTBETCTBEHHO YBEJIWYEHHE
ero 3¢heKTHBHON JKECTKOCTH, Pe3y/JIbTATOM YETO SB-
JISieTCS YMEHBLUIEHHE BpeMeH peakcatH (puc. 10).

Penakcamus pykTyauuii BeKTopa HeHATp Macc—
anpo. Cai u Chen [13] paccMoTpenu penakcauuro
(aykTyauuii BeKTOpa LEHTP MAacC—Afpo AEHApU-
Mmepa S:

N

1
S = N_.;._[z(r"-r(’)

i=0

(14)

BBICOKOMOIJIEKYJIAPHBIE COETUHEHUA  Cepus A

JIYOJIVH u nap.

CooTtBeTtcTBytomas Koppensauuonnas ¢pyHkuusa Cg
OTIpefeNseTcs Kak

S(0)S(¢
($9
U XapaKTEPHU3YETCs BPEMEHEM PENAKCALMUH T, 151
MPOTEKAEMON Mofienu AeHApuMepa 6e3 00 bEMHbBIX

B3aumMopeicTeuit ¢ ruébkumu cneiicepamu Cai u Chen
NMONYYHJIH BLIPAXKCHHUE [IOJisE ITUX BPEMEH B BH[C

Toom ~ GIK(3 = 242 cos(m/(g + 1)))) [13].

Mbi1 paccunranu ¢pyuxkuuio Cg A Hallled MOjie-
mu. COOTBETCTBYIOLHE BEMUYHHBI T,,,, B 3ABUCHAMOC-
TH OT YHUCJIA TEHEPALUI g MOKAa3aHbI NI HEUTPAIb-
HbIX (puc. 11a) u 3apskeHHbIX (puc. 116) peHppume-
poB. YToOblI CpaBHUTHL HAIM PE3YAbTaThl C
COOTBETCTBYIOILLIUMH TEOPETHYECKUMH TNpEAcKa3a-
HUAMHU, MBI NOJIOXKUIUA CPEACHKBAAPATUYHYIO NJIUHY
creicepa /2 B BbIpasKEHHH [ MO IS 3JTACTHYHOCTH
3kgT

K= 7

pPaBHOU KBaJpaTy MJIMHbI CBA3U B HALICH

mopenu. HaGalogaeTcs CylIECTBEHHOE pa3iHyue
MEXKAY MpENCKAa3aHWAMH TEOPHUH M PEe3ynbTaTaMH
MeTofa 6poyHoBCcKoi fuHaMukd. Mopens Paysa [13]
MPEeACKa3bIBAET MPAKTHYECKH JHHEHHYIO 3aBHCH-
MOCTb BpPEMEH T,,,, OT YUCJIa TeHepauuii g. Bpemena
penakcauyu T, HalffileHHbIE C MOMOIIBIO METOAA
6pOYHOBCKOH AUHAMUKY, HEMOHOTOHHO 3aBUCAT OT g.
ITpu ManbIX 3HaYEHUAX g BPEMEHA T,,, MPEBBIIAIOT
TEOPETUYECKUE 3HAUYCHUA, 3aTEM MNMPOXOHAT 4epe3
MAaKCHMYM H YMEHbIIAIOTCA NMpH GONBIINX 3HAYEHH-
sIX YKcia reHepauuii g. MHTepecHo, UTO NONy4YEHHbIE
Ipy¥ MOAENUPOBAHNH BPEMEHA T, IMEIOT OIUHAKO-
BYIO 3aBUCHMOCTb OT YHMCNa reHepauuid g Kak JJist
NPOTEKAEMOi1, TaK U [JI1 HEMPOTEKAEMOI MOAENEH.
st 3apAXKEeHHbIX JEHAPHMEPOB XapaKTEp 3aBHCH-
MOCTH T,,,,(g) OCTAETCH TEM XKe, OMHAKO CAMU BpEMe-
Ha YMEHbLIAIOTCA C YBeaudeHueM paauyca [debas
(puc. 116).

MBI nosiaraeM, YTO pa3jiuyue B 3aBUCHMOCTH T,
OT g MEXAy pe3yNbTaTaMu, NONy4CHHbIMU METOIOM
GpOYHOBCKOIl AMHAMMKH, U peAcKa3aHusaMu Cai and
Chen [13] cBa3aHO ¢ rHOKOCTBIO CEHCEPOB U OTCYT-
CTBHEM OO'BEMHBIX B3aUMOJEHCTBUI B TEOPETUUEC-
Koit Mmopenn. [{ng rubkux cneiicepos [13] poct uncia
reHepaluyili g NPUBOAUT K YBEIHYCHHIO BPEMEH pe-
NaKCALH T,,,, U3-3a NOBbILICHUA 3P PEKTUBHOTO KO-
Ne 2
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Puc. 11. 3aBHCHMOCTb BPEMEHH PENAKCALMH T,
OT YHC/IA TEHEPALUH g [N HEATPANBHBIX (a) ¥ A
3apAKECHHBIX AEHIPUMepPOB (0). a: / —Mopens Pay3a
[13], 2 — npoTekaeMast MOAEb, 3 — HEMPOTEKAaeMas
MOfiesib; 0: HEMpOTEKaeMas MOLENb; [ — HEATPANb-
HBIi feHIpuMep; 2, 3 — 3apsKEeHHBII JEHAPUMED, Iy
=0.8(2)u 100 (3).

auumenTa TpeHus Bcero AeHapumepa. B To xe
BpeMsi THOKOCTDb €ro crnencepoB He MeHdeTcs. Ham
AEeHApUMEDP UMeeT KkecTKue cneiicepbl. [ToaTomMy npr
YBEIMYCHUH YHUCIA TEHEPALMid BCIEACTBHE OOBEM-
HbIX B3aUMOJEHCTBUII BHYTPEHHHE HANpPSKEHUS B
AEeHApHMEPE BO3PACTAIOT. DTO NPUBOJUT K YBEJIHYE-
HUIO O0LUEl KeCTKOCTH AeHapumepa. [Ipu Manbix g
OCHOBHOW BKJIaJ B M3MEHEHHE T,,,, OT § BHOCUT POCT
o6uIero TPEHHA U BpEMEHA PENaKkCalui YBEIHYHBA-
otca. [Ipu GonplINX g HAUMHACT CKa3bIBAThCA 3¢-
(hbeKT NOBbILIEHHS XKECTKOCTH ACHAPUMEPA, YMEHBLLIA-
oyl BpeMeHa penakcaipd. COBOKYIMHOCTH 3THUX
thakTOpOB U NMPUBOAUT K HAOMIOAAEMON HEMOHOTOH-
HOM 3aBUCHMOCTH T, OT YHCIIa reHepaimii g (puc. 11).

Jlokannaan OPHEHTAUHOHHAA MOJABHIXKHOCTD. Jlo-
KaJIbHast OpHCHTALHOHHAS MOABUXKHOCTDb OTACHBHBIX
CBA3CH BHYTPH ACHAPHMEPA MOXKET ObITh OXapaKTe-

BBICOKOMOJIEKYISAPHBIE COEMUHEHHA  Cepus A
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Py, P}
1.0
cBA3K 1-3
\‘ cBsi3u 4-9
0.5F csizn 10-21
cBA3u 2245
cBA3M 46-93
cBsA3H 94-189
ok
1 1 1
0.2 0.6 1.0

t

Puc. 12. BpeMeHHAs 3aBUCHMOCTD aBTOKOpPENAIK-

., 3
OHHbIX (yHKUHMA P, (CIUTOWIHBIE KPUBBIE) H P)

(WUTPUXOBEIE) I HEHTPAILHOTO JEHAPHUMEpA Te-
HEpaUHH g = 5, HempoTeKkaeMas Moaens, h = 0.25.
Cas3u 1-3 npuUcoeRUHEHBI K APY, CBA3U 94—189 aB-
JAIOTCA TEPMUHANBHBIMM JIA ACHAPHMEpA reHepa-

uuu g = 5.

pHU30BaHa aBTOKOPPEMALHOHHbIMH q)yHKIH/IﬂMI/I P 1
ubP 2t

P,(1) = (b(0)by(1)), (16)

P(t) = 3{ (b,Obi(e)’ -5 a7

rae b;(7) — equHUYHbINA BEKTOP AJIA i~ CBS3H.

[ns XXecTKO! TFaHTENM CYLIECTBYET MPOCTOE CO-

oTHouleHue Mexgy P, u P, [30]:
3

Py(t) = Pi(2) (18)

[aHHOE COOTHOLICHHE OKAa3aloCh CHpPaBEAJIUBBIM

AN BCEX MCCIEROBAaHHBIX JECHOPHMEPOB AN NpPOTe-

KaeMoii U 71 HenpoTtekaeMou mogeneit. [Ipumep Ta-

KOrO paBEHCTBa NpHBEEH Ha puc. 12 ans Henpore-
KaeMO# MOJIETH.

TIpu paneHeiiueM aHaNU3C Mbl pacCMaTpUBaEM
TONBKO aBTOKOPpETAUUOHHYI0 yHKUm0 P\(¢). Pe-
3yJIbTaThl MOJIETHPOBAHMUS [IOKA3BIBAIOT, YTO CHIPO-
AMHAMHYECKUE B3aUMOACHCTBHA H H3MECHEHHE pafH-
yca [leGas cyLieCTBEHHO BJIUSIIOT HA IUHAMUKY CBS-
3€il, oTHOCAIMXCA K reHepayuu g = 0 (casu 1-3)
(puc. 13 u 14). Yeenuuenue papuyca [le6as Befet kK
6onee MeqiIeHHOM penakcauun P,. Bausuue snekt-
POCTAaTUYECKHX B3aUMOMEHCTBHIA ocnabeBaer s
cBs3ell cnenyrowux renepauuil (puc. 13). Beepenue
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0.88

Puc. 13. ABToxoppensauuonHas ¢dynkuus P; mis
NEPBBIX TPEX CBA3€EH, NPHCOSAUHEHHBIX K APy IS
AEeHApHMEPA FeHEPALHK g = 5 MPH Pa3/IMYHbIX 3HA-
yeHnsax pagmyca [e6as, HempoTekaeMas MOJENb.
1 — HeATpanbHBIN fEHAPUMED, 2, 3 — 3apAKEHHbII
IZeHapumep, rp = 0.8 (2) 1 8.96 (3).

TUAPOAMHAMHUYECKUX B3aMMOJACHCTBHI BbI3bIBAET
HEKOTOPOE YCKOPEHUE OPHUEHTALMOHHOM NOABIDKHO-
CTH 110 CPAaBHEHHIO C IPOTEKAEMOI MOAIETBIO (pHC. 14).
3toT 3¢ ¢eKT yCHAUBAETCS AT OOJBIINX FeHEpaLUil
(g > 3). Ha 3aBucuMocTsix P, MOKHO BBIICJINTH ABA
ydacTKa — ObICcTphIil U Gonee menneHsniin. Hakinon
npu OGONBILINX BPEMEHaxX, OTBEUAIOMiA Gonee Mef-
JIEHHOMY TNPOLIECCY, NPAKTHYECKH COBMNAJACT C Ha-
KJTOHOM KOppesiunoHHOH GyHKuuu C/(t) Ansd enu-
HUYHOTO BEKTOpa. Mbl nmpeanonaraem, 4To JBa THIIA
MPOLIECCOB BHOCAT BKJIAA B pesakcauuto Py. Havans-
Has CTagusi penakcauuu (0 BpeMeH ¢ ~ 0.1-0.2) Mo-
KET MpOHMCXOJUTH Onarogapsi 06ojiee OBICTPBIM
“NyJNIbCAMOHHBIM™ JBIDKEHHUSM B AeHApuMmepe. Pe-
naKcauys Ha OOJBIIMX BPEMEHAX CBsi3aHA ¢ Bpallia-
TENbHBIMH JBICKEHUSAMH JEHAPHMEPA KaK LEJIOro.

3a UCKITIOYCHHEM IeHApuMepa reHepanun g = 0,
COCTOALLIETO U3 YeThipex “OyCHHOK”, P, INa KOHLE-
BBIX PYNN BERYT ce0sl OTUHAKOBO Il ACHAPUMEPOB
pa3nuYHbIX reHepanuii (puc. 15a). F'mapogunamuyec-
KHe B3aUMOJICHCTBHA TaKXe HE OKa3bIBAaIOT 3aMeT-
HOro BIUsiHUA HA P, KOHLEBBIX rpymni. Takoe cxopcT-
BO B MOBEJIEHHH KK JJIsI MPOTEKAEMOI1, TaK H JJIsl He-
MpOTEKaeMoOll MOfe/el, MO-BUINMOMY, CBS3aHO C
TE€M, YTO TEPMUHAIbHbIE IPYNNbI MOIYT [JBUTAThCA
AOCTaTOYHO He3aBucMMO. Karatasos ¢ coaBTopamu
[19] npu MomenMpPOBaHUK METOROM MOJEKYISPHOU
JHHAMMKHA TaKXKe MT0Ka3aJl HE3aBHCHUMOCTb OPUEHTa-
[HOHHBIX BPEMEH peJIaKCaliii KOHLUEBbIX rpynn oT
pa3Mepa JeHapuUMepa A0 reHepauuii g = 6 1114 cBocH

Puc. 14. Brusinne rufpoqHaMUYECKHX B3aUMOEH-
CTBHIi HA ABTOKOPPEIALHOHHYIO (PyHKIMIO P| [uist
MEPBBIX TPeX CBA3CH, MPHUCOCAUHEHHBIX K SAAPY,
IUTA HEHTPANBHBIX REHIpUMepOB resepammii g = 0 (7),
1(2),2(3),3#),4(5),5(6); h =0 (cnnouHbre Kpu-
Bbi€e) U 0.25 (IITPUXOBEIE).

P
1.0}

Puc. 15. AstoxoppemsiudonHas ¢dyHkuus Py ana
TEPMHHANBHBIX TPYMN AN HEUTPAIBHbIX ACHAPU-
MepoB reHepauuit g = 0-5, 7 = 0.25 (IWITPpUXOBbIE
nuuun) u 0 (ciumoumHeie) (a), a TAKKE 1 HEHTpasb-
HbIX (/) ¥ 3apsaxkeHHbIX (2, 3) AeHIPUMEPOB reHepa-
umit g = 5, £ =0.25 upu rp = 0.8 (2) u 8.96 (3).
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MOJIENI JEeHApPUMEpaA C AJIHHOM crneficepa s = 2. Ma-
J1asi YyBCTBHTENILHOCTh BPAILATEILHON MOABHKHOC-
TH KOHHEBBIX IPYI K YHCITY T€HEPaLMIi B ACHAPUME-
pe 6blla MPOEMOHCTPHPOBAaHA IKCIEPUMEHTANBHO
B pabotax Stark ¢ coaBTopami [9] fist ReHApPUMPOB ¢
¢pTOpHPOBAHHBIMH KOHLEBHIMM IPYNINAMH.

HoHu3auus TepMUHAMBHBIX IPYTIN OKa3bIBaeT 3a-
METHOE BIUSHUE HA MX NONBIDKHOCTB. [M/if 3apsoKeH-
HBIX ICHIPMMEPOB cnajl P; I TEPMUHANBHbBIX [Py
3aMeIseTes ¢ poctoM paguyca [debas (puc. 156).

BepoaTHO, 3TO CBA3aHO ¢ OGLIUM y>KECTOUCHHEM
AEeHOpHUMEPA ¢ POCTOM HHTCHCHBHOCTH 3JIEKTPOCTa-
THYECKHX B3aHUMOJICHCTBHI, NPUBOAALIMM K YCHIE-
HHIO KOppENALUM MEXAY BpallEHHEM KOHLEBBIX
TPYNN H BpalleHHEM ACHAPUMEpPa KaK LeJoro.
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Brownian Dynamics Simulation
of Charged Dendrimers: Dynamic Properties

S. V. Lyulin*, A. V. Lyulin**, and A. A. Darinskii*
*Institute of Macromolecular Compounds, Russian Academy of Sciences,
Bol'shoi pr. 31, St. Petersburg, 199004 Russia

**Dutch Polymer Institute and Department of Applied Physics, Technische Universiteit Eindhoven,
P.O.Box 513, 5600 MB Eindhoven, The Netherlands

Abstract—The dynamic properties of neutral and charged dendrimers in dilute solutions are studied using the
method of Brownian dynamics simulation. Excluded-volume, electrostatic, and hydrodynamic interactions are
taken into account. A scale hierarchy is revealed for dynamic processes in dendrimers, which are classified into
three groups: movements of molecules as a whole, shape and size fluctuations (pulsating movements), and local
movements at scales of the order of one bond. The effect of all the considered interactions on movements of
each type is studied. A comparison with the Rouse and Zimm theories is performed. Ionization of terminal
groups is most distinctly manifested by a change in their local orientational mobility.
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