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JUMEPU3ALUSA ©YJIVIEPEHUJIBHBIX PAJIUKAJIOB,
COIEPKAIIUX TIOJIMMEPHBIE HEIIN

© A.P. IununaxmeroBa, A.K. ®pusen, C.B. KoJsecos

[Tpr moMoImM KBAaHTOBO-XMMHYECKOTO MOJICIHUPOBAHUS HMCCICHOBAHBI PEaKIUH IUMEpH3aluu (yuiepe-
HIWIBHBIX PaguKaloB, COAEPKAIINX B KauecTBe amneHnoB monuctuponsHeie ([1C) n moanmMeTnaMeTakpuiaTHBIE
(IIMMA) uernu. BeisBIIeHO, 4TO JUMEPU3AIHsl TAKUX (YILICPESHIIBHBIX PATUKAIOB MPOTEKAST IMTyTEeM B3aHUMOJICH-
CTBHS JBYX (DyJIEpEHOBBIX A€ 110 aTOMaM C MaKCUMAaJIbHBIM 3HaYEHUEM CIHHOBOI mioTHOCTH (2, 4 u 16). Ilo-
Ka3aHo, YTO HambOosiee BeposiTHO obOpasoBanue 1,4-4',1' m 1,16-16',1' qumepos, a 1,2-2',1' auMepa 3aTpyaHEHO
cTepuyecKuMU (HaKTOpPaMU, XOTs 3HAYCHUE CIIMHOBOH TUIOTHOCTH MaKCHMalbHOE Ha aToMme 2. Pe3ynmbpTaThl KBaH-
TOBO-XMMHUYECKOT'O MOJICTUPOBAHMS JOKa3bIBAIOT, YTO 00pa30BaHKUE MEPEKPECTHBIX AUMEPOB IyTeM B3auMOJCH-
CTBUS (YJUICPCHOBBIX SAAEP Yepe3 aTOMBI, HMEIOIIHE OOJBIIOe 3HAUCHHE CIIMHOBOM IIJIOTHOCTH (aToMbl 4 1 16), ¢
aTOMaMH, UMEIOIIAMH MPAKTHUECKH HYJIEBYIO CIIMHOBYIO TUIOTHOCTH (49, 50 u 60), ManoBeposTHO. B3aumoeii-
CTBHUE (PyJIJIepEeHWIBHBIX PaJAUKAJIOB Yepe3 aTOMBI, OTJaJIEHHbIE OT paHee MPUCOSANHEHHBIX MOJTUMEPHBIX LIeTel 1
HE MMeEIOMre OOIBIIOTo 3HAYCHHUS CIIMHOBOW TUIOTHOCTH, HEBO3MOKHO C DHEPTETHICCKON TOUKH 3PEHHS, TaK KaK
peaKnus XapaKTepu3yeTcsl HaJmdreM OOJIBIIOro dSHepreTmdeckoro Oapeepa. [lokazano, uto peakmum oOpa3oBa-
HUS AaHHBIX AuMepoB Cgo, conmepkamux [1C menu, uMeroT 6ojee HU3KHE 3HAYSHHS SHEPreTHYeCKHX O0aphepos,
4yeM peakiuu oopaszoBanus AuMepoB Cgo, comepkanux [IMMA nenu. Peakius nqumepusanyu QyuiepeHUIBHBIX
PaIUKaIIOB SBISETCS 00paTHMBIM IIPOIIECCOM. PaccMOTpeHEI peakiuu pacmana AUMepoB (PyIIepeHIIBHBIX paIu-
KaJIoB, MPOXOJISIINE KaK Yepe3 CUHTJIETHbIE, TaK U TPUILJICTHBIEC TepeXoIHbIe cocTosiHUA. [Ipu 3TOM peakius pac-
naga GyuIepeHUIbHBIX AuMepoB, coaepxamux [1C u [IMMA uenwu, npeooiaeBaeT HEBHICOKUN SHEPreTUYECKHA
Oapoep (17.3-26.2 x/[k/MOJIB) I CHHIJIETHBIX HEPEXOMHBIX COCTOSHHM M CyIiecTBeHHO Oombmion (56.4—
151.1 x/[x/Moub) Ans TPUIUIETHBIX MepexoaHbIx coctostHuid. Jumepsl Cgo, copepikamue [1C nenu, crabusibHee,
yem aumepsl Cgo, comepkamiue [IMMA nenu, T.K. HAaHOOJIBIINE 3HAYCHHUS YIHEPTETUUECKUX 0apbepoB XapakTep-
HBI I pacnana QymrepeHmTsHBIX quMepoB ¢ [1C agnermamu. B manno# paboTe mpearmonokeHo, 9To B HaYalb-
HOW cTajuM paauKajJbHON TOJUMepHu3alu cTuposia B mpucyTcTBun Cgy NpoTekaeT oOpaTtumas JUMepHU3alius
(bymepeHUIBbHBIX paanuKajoB, cogepxkanux kopotkue [1C nenm.

Kimouessie cnoBa: dymreper Cgo, QyIepeHIIBHBIE paIUKAIBL, TAMEPH3ALHs, TOMUMEPHBIE [IETH, CTHPOL,
MeTHJIMEeTaKpuJiar.

N3BecTtHO, 9TO (yJUIEpEHUIIBHBIE PAKAIBI
CIIOCOOHBI B3aMMOJEWCTBOBaTh MEXIy COOOH ¢
oOpa3oBaHHEM Pa3JIMYHBIX JAUMEPOB. Bo3MOX-
HOCTh 00pa30BaHUs JUMEPOB U3 QyIIIepEHUIBHBIX
PaaMKalloB, COAEpIKAIIUX IMOJIMMEPHEIE IIeTH, 00-
CyXKJajlach B 3KCIIEpUMEHTaIbHOM padore [1], xoTs
JTIOKa3aTeNbCTBA MPOTEKAHMSI TAHHOM peaKIuu Mpu
PaAMKaAIbHOW TOJIMMEpPU3alliil BUHUIIOBBIX MOHO-
MEpOB J0 CHUX IOp He MmojydeHbl. M3BecTHO, 4TO
peakius TuMepu3anuu QyJiepeHUIbHBIX PaiKa-
JI0B o0paTtuMa, U HEepPelIKO JUMEpPhl C 00HEMHBIMU
pajuKanaMu SBISIFOTCS HEPacTBOPUMBbIMU [2—4].

CrnemxyeT OTMETUTh, YTO B HAYalbHOW CTaguM pa-
JIUKATLHOW MOJUMEPH3aIUU CTHPOJa B MPUCYTCT-
Bun Cgy 00pa3syeTcss 0CaJloK, HEpPacTBOPUMBIA B
IIMPOKO HMCIIOJIb3YEMBIX PACTBOPUTEIISX, U3-3a Ye-
T0 HEBO3MOXHO M3YYHUTh COCTAB JAHHOTO MPOIYK-
Ta [5]. OgHako wepe3 1-2 waca ocaloK pacTBOpS-
eTCs B ATOW MOJMMEPU3AIMOHHON cMecH [5], 4To
MOXHO OOBSICHUTH OOPAaTHUMOI quMepu3anueii Mo-
HOaIYKTOB Cgo, COZEPKAMUX MOTUMEPHEIC LEITH.
Jiist teTaNbHOTO U3yUYeHHsI JaHHOTO BOIIpOCa Iielie-
CO00pa3HO WCHONB30BaTh METOABl KBaHTOBO-
XUMHYECKOTO MOACTUPOBAHMSL.
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XUMUA

Pacuers! BBITIONHEHBI B ITporpamme Priroda 09
[6] meTomom PBE/3z [7]. Temobie 3dexThl peax-
mit (AH®) 1 SHTansIuu akTHBauMK peakumii (AH?)
paccunrtansl uis TemnepaTtypsl 298 K. Jlns pacue-
TOB HCIIOJIB30BaHBI MOJICIIBHBIE PATUKAIIBI POCTa
crupona (IIC) — CH3-CH,C'H-Ph u merunmerak-
puiaTta (HMMA.) — CH3CH2C.(CH3)C(O)OCH3,
rJic KoHel pactymeidl 1enu mpencrasien CHs-
rpymmoi. Hymepanust B QysuiepeHOBBIX MPOU3BO/I-
HbIX gaHa no MIOITAK [8].

B OGonmpmmHCTBE M3BECTHBIX CIy4aeB ITUMEPHI
UMEIOT cienyromee crpoenue: 1,4-4.1', 1,16-16',1’
u 1,2-2',1', a 06pazoBaHre MEPEKPECTHHIX AUMEPOB
tuna 1,4-2',1', 1,4-16",1' u T.0. cuuTaeTcs MajioBe-
positHbIM [4, 9]. OnHako B Monoarykrax I1C-Cgp
u IIMMA-Cgy” mONOXKEHH ¢ MAaKCUMAJIBHOM CITH-
HOBOM TUTOTHOCTBIO 2, 4 M 4', 16 1 16' (cnmHOBast
miotHOCTE 0.22, 0.12 m 0.05 a.e. COOTBETCTBEHHO)
MOTYT OBITH IKPaHHWPOBAHBI, MTOITOMY BO3MOXHO
o0Opa3oBaHHe AMMEPOB ITyTEM CBSI3BIBAHUS HYepe3
Jpyrue TOJOXKEHUsI, He UMEoIe OOJbIINX CTe-
PHYECKUX 3aTPYIHEHUI.

Paccunranel TepMomMHAMHYECKHE XapaKTe-
PUCTHKH peaknuii 00pa3oBaHMs TUMEPOB U3 MOHO-
anayktoB IIC-Cgy u TIMMA-Cgy’ cremyroriero
crpoenus: 1) cummerpuunsie 1,4-4',1', 1,16-16',1,
1,2-2".1" m 1,4-11',1' (Tabn. 1); 2) nepekpecTHbIE
JIMMepbI, 00pa30BaHHbIE MPUCOEAMHEHHEM OJHOIO
MOHOAJIIyKTa 4Yepe3 aToOM C HYJIEBOM CIHMHOBOM
wioTHocThIO (49, 50, 60) k atomam 4 u 16 npyroro
MoHOIIyKTa (Tabn. 1). MonxenupoBanue mpuOIH-
JKEHHsI IBYX MOHOQITYKTOB aTOMaMH 2 IMOKa3alo,
4yT0 0OpazoBaHue qUMepoB 1,2-2',1" HEBO3MOXKHO B
cuy crepudeckoro ¢akropa. O0pa3oBaHue qume-
POB IyTEM B3aWMOJEWUCTBHUS JBYX MOHOQIIYKTOB
MOCPEJCTBOM aTOMOB, C HEOOIBITUMHU 3HAYCHUSIMU
CIIMHOBOH IUIOTHOCTH, HO OTJAICHHBIX OT aJJIeH-
JIOB, HEBO3MOXHO.

Pacnao oumepos. TepMognHAMUYECKUE Xa-
paktepuctuku pacnana 1,4-4',1', 1,16-16',1" gume-
pOB MOHOaAAYKTOB, cojepxkamux [IC u [IMMA
LEMH, IpeICTaBIeHbI Ha pUc. 1 u 2.

[lo paccunTaHHBIM TEPMOIUHAMHYECKAM Xa-
pakTepucTukaM peakuuii (puc. 1) BUAHO, YTO pac-

man gumepa 1,4-4',1" TIC-Cgo-Cgo-IIC mmeer Ham-
OonpIIMii Gapbep MO CPAaBHEHHUIO C JHEpPreThde-
CKUMHU OaphepaMy pacriafa JIPYrux pPacCMOTPCH-
HBIX HAMH TUMEPOB (YJUICPCHIWIBLHBIX PaIUKAIIOB.
Pacnag aumepoB 1o TpUIUIETHOMY ITyTH MEHEE Be-
pOSATEH, YeM II0 CHHTIJIETHOMY ITyTH, T.K. 3HAYCHHS
SHEPreTHYECKUX OaphepoB pacmana Mo TPHUILIET-
HOMY TyTH CYIIECTBCHHO BBINIC. 3HAYCHHUS JH-
TalbIIMA AKTUBAIMU pacrana IUMEpPOB IO CHHT-
JICTHOMY IyTH HEOOJbBIINE, YTO CBUACTEIBCTBYET
00 obpaTuMoCTH Tporiecca AUMepu3anuu (Qyiie-
PEHIIIFHBIX paJuKaioB. Pacmany amMepoB, Kak
HMMA-Cao'C(;o'HMMA, Tak " HC-Ceo'Ceo'HC,
SIBJIICTCS SHJIOTEPMHUYECKUM TIPOIIECCOM.

Takum o00pa3oM, Ha OCHOBaHHMU PACUYCTOB
MOXXHO TIPEINOJI0KHUTh, YTO 00pa3yrTCsS TUMEPHI
cnenyromero crpoenwst: 1,4-4',1',1,16-16',1" u 1,4-
11',1". O6pazoBanme qPYTUX TUMEPOB HEBOZMOXKHO
BCIIE/ICTBHE BBICOKOTO JIHEPTEeTHYECKOTO Oapbepa.
Kpowme Ttoro, peakium obpazoBanus 1,4-4',1" TIC-
Ce0-Ceo-I1C umeroT OoJiee HU3KUE SHEPTCTUUCCKHE
Oapbepbl, YeM peakiuu 00pa3oBaHUs BCEX BUJOB
mumepoB [IMMA-Cqgo-Cgo-IIMMA. OOpatHast pe-
aKnus — pacmaj JuMepa — XapaKTepu3yeTcs Hau-
OOJBIIMM aKTHBAIIMOHHBIM 0apbepoM ISl 3TOTO
e accollmata, T.e. pachaj IuMepa 3aTpyIHUTEICH
B Cllydac IMOJIMMEPHU3AIMA CTHPOJIA, HEXKEIH IPH
MOJIUMEPHU3allid  METHWIMETaKpwiaTa. B ciyuae
MTOJIMMEPHU3AINA CTUPOIa B MpUCYTCTBUU Cgy BO3-
MOXXHO oOpazoBanme 1,4-4',1" u, Beposarno, 1,16-
16',1" numepoB u3 MOHOAIYKTOB. Takum oOpazom,
o0Opa3oBaHHE OCaJKa B IMOJMMEPU3AIIMOHHON CMe-
CH, BEPOSATHO, OOYCJIOBJICHO auMmepu3anuend Qyii-
JICPEHUJIBHBIX PaIUKAJIOB, KOTOPbIE 00Pa3yOTCs BO
BpeMsl HHAYKIIMOHHOTO TepHojia MPH MPHUCOEInHE-
HUU K QyJulepeHy KOPOTKUX PaJuKaJOB pOCTa, H
TTOCIIEAYIOMIEeH 00paTHOH peakiuei.

Paboma evinoinena 6 pamxax npoepammol
DHU zocyoapcmeennvix  akademuii Ha 2013—
2020 ze. (ecoc.  3aoanue  Ne  AAAA-AI7-
117011910026-3). Pacuemst ebinoanenvt Ha Kid-
cmepHoOM  cynepkommnwiomepe U 000py008aHuu
LKII «Xumusiy YUX YOUIL] PAH.

Tadoaunga 1

Tepmodunamuueckue xapaxmepucmuiu (AHY/AH?, k/loc/mons) peaxyuu 2RCey'— RCeo—CeoR
¢ 0bpazoganuem cCuMmMempuyHolX U nepekpecmuvlx oumepog,ede R — I1C, IIMMA

R CuMMeTpUYHBII JuMep
1,4-4"1' 14-11'1' 1,16-16',1'
I1C —22.0/4.2 -32.5/31.4 -0.6/17.3
IIMMA -3.3/14.0 -12.4/7.1 -0.9/16.8
ITepekpecTHBII TUMED
1,4-49'.1 1,4-50',1' 1,4-60',1' 1,16-49',1' 1,16-50",1' 1,16-60',1'
IC 73.8/77.8 72.4/76.4 82.2/84.5 73.5/72.7 74.9/74.0 84.2/81.9
IIMMA 77.3/80.5 81.1/82.8 91.5/91.2 75.7/74.5 75.6/74.6 85.3/82.6
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DIMERIZATION OF FULLERENYL RADICALS CONTAINING POLYMER CHAINS
© D.R. Diniakhmetova, A.K. Friesen, S.V. Kolesov

Ufa Institute of Chemistry — Subdivision of the Ufa Federal Research Centre
of the Russian Academy of Sciences,
69, prospect Oktyabrya, 450054, Ufa, Russian Federation

Dimerization of fullerenyl radicals containing polystyrene (PS) and polymethyl methacrylate (PMMA)
chains have been investigated by quantum chemical modeling methods. The study revealed that the dimerization
of such fullerenyl radicals proceeds by the interaction of two fullerene core by the atoms with the maximum spin
density (2, 4, 16). It is shown that the formation of 1,4-4’,1" and 1,16-16",1' dimers is most likely, and formation of
1,2-2',1’ dimers are hindered by steric factors, although the spin density is maximum at atom 2. The results of
guantum chemical modeling prove that the formation of cross-dimers by the interaction of Cgq core by atoms hav-
ing a high spin density (atom 4 and 16) and atoms having an almost zero spin density is unlikely (49, 50, 60). The
interaction of fullerenyl radicals by fullerene cores atoms, which distant from previously attached polymer chains
and not having a large spin density, is impossible from the energy point of view, since the reaction have a large
energy barrier. It is shown that the reactions of formation of these Cgo dimers containing PS chains have lower
energy barriers than the reactions of formation of Cgy dimers containing PMMA chains. The dimerization reaction
of fullerenyl radicals is a reversible process. The decomposition reactions of fullerenyl dimmers, which undergo
through of both singlet and triplet transition states, are considered. The decomposition reaction of fullerenyl di-
mers containing PS and PMMA chains overcomes a low energy barrier (17.3 — 26.2 kJ/mol) for singlet transition
states and significantly large (56.4 — 151.1 kJ/mol) for triplet transition states. Cgo dimers of containing PS chains
are more stable than Cg dimers containing PMMA chains, because the highest values of energy barriers are char-
acteristic for the decomposition of fullerenyl dimers with PS addends. It is assumed, that at the initial stage of the
radical polymerization of styrene in the presence of Cg the reversible dimerization of fullerenyl radicals contain-
ing short PS chains proceeds.

Key words: fullerene Cgg, fullerenyl radicals, dimerization, polymer chains, styrene, methyl methacrylate.
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