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Hsyueno pmusuue 3,5- u 3,6-nu-mpem-6yTHIOEH30XMHOHOB-1,2 HA KUHETHYECKHE MAPAMETPHI PAAMKAIb-
HOM MONMMEPH3aLUH METUIMETAKPHIIATA H MOJIEKYIIAPHO-MACCOBBIE XAPAKTEPUCTHKH nouMepos. [Ipo-
BEIEHO KBAHTOBO-XUMHYECKOE MOJETUPOBAHHE BIAUMONEHCTBHA PANUKANIOB POCTA C HCCIENYEMbIMU
MPOCTPAHCTBEHHO 3aTPYAHEHHBIMU XUHOHAMH, A TaKKe OEH30XUHOHOM-1,2 u 6en3zoxunonom-1,4. Ouene-

HO BITHSHUE MPOCTPAHCTBEHHOTO CTPOEHHS XHHOHOB HA MX HHTMGHPYIOLIYIO AKTHBHOCTb.

IIpoGnema ynpaBneHus cTagued pocTa Lieny B yc-
JIOBUSAX PafUKAJIIBHOIO HHHLIMHPOBAHUA, B TOM YHUCIIE
IMyTEM PETYIHPOBAaHUS KMHETHYECKHX NMApaMETPOB
NOJMMEPHU3aLMH (MET)aKPUIOBbIX MOHOMEPOB C Iie-
JIBIO OCYLICCTBIICHHS MpoLEcca B OE3reieeBoM pe-
3KUME, OTHOCUTCS K YHCNY NPUOPHUTETHBIX HANPABJIC-
HUH CHHTETHYECKOW XMMHHU BBICOKOMOJEKYJISAPHBIX
coeguHeHui [1]. Ogun U3 nyTei peueHus 3Toi npo-
OneMbl CBSI3aH C HCTIONb30BAHHEM CTAOMIIBLHBIX pafiu-
KaJIOB WIH HX UCTOYHHKOB B KaYECTBE PETYIHPYIO-
mux go6aBok [2]. TakuMu peareHTaMu MOTYT CIy-
KUTh HUTpo3ocoeauHeHusi [3], HutTponsl [4, 5],
METAJIOCOepKalle MOHOMephbI [6] u apyrue co-
eIMHEeHMS, COCOOHBIE B3aMMONEHCTBOBAThL C Paju-
KallaMH pocTa ¢ 06pa3oBaHHEM OTHOCHTEILHO YC-
TONYUBBIX CIIHH-aJIYKTOB, PETYIHPYIOLIHX POCT LE-
IH 110 MEXAHH3MY OOpaTHMOTO HHFMOHPOBAHUS:

. kncan
P+ X wneP, =X, )

k(ll(’l‘
()

ky

! PaGora BbImONHEHA npu ¢uHaHCOBOIl nognepxkke Poccuiicko-
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Ba oOpaszoBanus P® “Yumeepcuterbl Poccnn” (mpoexkt YP
05.01.018).

E-mail: grishin@ichem.unn.runnet.ru (I'puwns Jmutpuii Peno-
poBHY).

rae ~~P, — pacTywmii noMMMepHbIN paguka, X — pe-
rymipyomas godaeka, X — CTaGUIBHBIA PaguKall,
HanpHUMEP HHTPOKCHI, Ky, r — KOHCTAHTA CKOPOCTH
peakuuu AaKUCNTHPOBAaHMS PAaJHKANOB POCTa CTa-
OMJIBHBIMH PAUIKANIAMH, K, — KOHCTAHTa CKOPOCTH
peakLuH pacnaja agyKTa paguKaJioB pocTa co CTa-
OIWIBHBIMU PagUKAIaMU.

B nnaxe pa3BUTHA TEOPETHUECKUX OCHOB U MPaK-
THYECKHUX HPHJIOXKCHHI KOHTPOINPYEMOro CHHTE3a
NOJIUMEPOB B YCJIOBHAX PAAHKAIBHOrO HHULMHPOBA-
HUSI HECOMHEHHBII HHTEPEC NPEICTABIAET IOUCK HO-
BbIX 3(p(PEeKTHUBHBIX PETYISATOPOB POCTA LiEMH, 00ec-
NECYUBAIOLIMX Ge3relieeBoe MPOBEACHHE CHHTE3a Ma-
KPOMOJIEKYJI M LieJ€HanpaBiIeHHOe (OPMUPOBaHUE
MOJIEKYJIIPHO-MAaCCOBBIX XapakTepucTuk. Kak nsse-
cTHO [7-10], ans perynupoBaHus KHHETHYECKHX Ma-
paMeTpPOB MOJUMEPHU3ALUN H MOJIEKYJIIPHO-MACCO-
BBIX XapaKTEPUCTHK BbICOKOMOJNEKYISPHBIX COEH-
HEHHI HEPEKO UCHONB3YIOT GEH30XHHOH, XJIOPAHUI
1 ux aHasoru. CylieCTBEHHbIM HEOCTATKOM MpUMeE-
HEHUS YKA3aHHBIX COCTUHCHUI SIBJISIETCA TO, YTO OHU
3¢ peKTUBHO PaBOTAIOT JHIUbL NPU NOJHMEPH3ALMH
CTHpOIA, a B ClIy4Yae psfa APyrix MOHOMEPOB NPOsIB-
JAIOT CKIIOHHOCTB K CONOJIMMEPH3AlMH, BCTpaHBa-
ACb B IOJIUMEPHYIO LiEb. B 11e710M noBeieHue XUHO-
HOB, OCOOCHHO NMPOCTPAHCTBEHHO 3aTPyNHEHHBIX, B
npoLeccax NOTUMEPH3ALUH H3YYEHO HEJOCTATOYHO,
1 B CBETE HOBBIX B3IJIAOB HAa MPOGIEMY YIPaBIeHUs
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IKCITEPUMEHTAJIBHOE UCCIEJOBAHME

POCTOM ILIETIH B YCIOBHSIX pagHKAIbHOTO HHHIUHPO-
BaHus [1] TpeGyeT maneHeriero usyyenus. B aroi
CBSI3H IPEACTABNANOCH NEPCHEKTUBHBIM HCCIEROBA-
HUEe nonuMepu3anuu MetwiMmerakpuiaata (MMA),
KaK OJfHOro 13 HauGojee NPOMBILIIEHHO 3HAYUMbBIX
MOHOMEPOB, B IPUCYTCTBUH XUHOHOB Pa3IH4YHOrO
CTPOCHHS, B TOM 4YHCJIE€ MPOCTPAHCTBEHHO 3aTPYA-
HEHHbIX.

B Hamel paboTe B KayecTBe OO BEKTOB HCCIEHO-
BaHusi ObLIM BbIOpAHBI NMPOCTPAHCTBEHHO 3aTPVi-
HEHHBIE XUHOHBI — 3,5-Tu-mpem-0yTHI6E H30XHHOH-
1,2 (35Q) u 3,6-mu-mpem-6yTunGeH30xuHOH- 1,2 (36Q).

9KCIIEPUMEHTAIJIBHAA YACTb

MMA ounmanu mo u3BeCTHONM Mmetopmuke [11]
MHOTOKPAaTHBIM NNPOMBIBaHHEM 5—10 %-HbIM pacTBO-
pOM IHENOYH, AAJTBHEHIIIUM OTMBIBAHHEM JO HEMT-
palbHOR CPEABI AUCTHUILIMPOBAHHOK BOJOH, CyIIMIH
Haj TPOKAJCHHBIM XITOPHAOM KaJbIUA U MEePEroHs-
JIM NpPU NMOHMKECHHOM AaBJICHUH. PH3UKO-xUMUYEC-
KM€ KOHCTAHTbI COOTBETCTBOBAIH JIUTEPATYPHBIM
gaHHbIM. 35Q # 36Q CHHTE3UpPOBANIH MO METOTUKE
[12]. JAK, ucnonb30BaHHBIH B KAYECTRE HHUIHATO-
pa, OYHILIAJIM 110 CTaHgapTHOM MeToxpuke [13].

OGpasupl A1l MOJUMEPU3ALIH [ETa3sHPOBAIH B
CTEKJISHHBIX AMMYNaxX MyTEM TPEXKPATHOrO 3aMOpa-
SKHBaHHs-PA3MOPAXKUBAHUA B XKHAKOM a30Te IPU OC-
TaTo4yHoM paryiennu 1.6 I1a, nocie yero aMmnynel 3a-
nauBand. Cootnouenue [[IAK]:[xuHon] Bapbuposa-
au B guanasone (1: 0.1) — (1 : 3).

IMomumepuzauuro nposopuwnu npu 343 K. Kour-
POJTb 3a KHHETHKO# NMpOoLecca OCYLECTBISI [PaBH-
METPUYECKUM, THIATOMETPpUYECKHM [14] U Kamopu-
MeTpudeckuM [15] MeTomamu.

Monexynsapnyio Maccy [IMMA onpenensinu Buc-
ko3umeTpudecku [16] (pacrBopuTtens xn0podopm).
Jns pacuyeTa ucnonas3oBanu ypasHenue Mapka—Ky-

ua—Xaysmuka [M] = 3.995 x 106M,”'. Awamms

MMP o6pasuos ocyiectsiusiid MetogoM [TIX Ha
YCTaHOBKE ¢ HAOOPOM MSITH CTHPOTEJIEBIX KOJIOHOK
¢ quameTtpoM mop 1 x 10°, 3 x 104, 1 x 104, 1 X 10° u
250 A (“Waters”, CHIA). B kauecTBe geTeKTOpa HC-
nons3oBanu audPepeHInANBHBI  PEPAKTOMETP
R-403 (“Waters”), amoenrom ciayxun TT®. [l ka-
JHOPOBKH NpuMeHAnu y3kogucnepcHele INC-craH-

BBICOKOMOJIEKYISIPHBIE COEMUHEHUSA  Cepus A
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naprel. [lepecuer cpemuux MM ot kKanuGpoBku no
[1C-o6pasuam k [IMMA mnposopuinu no ¢opmyJe

1g(Mmma) = 1.019 1g(0.644 M) [17].

Cuextpsl 1P perucrpupopanu Ha paguoOCHEKT-
pomerpe A3-4700 B cnenmanbHbIX aMnynax. Mero-
JIMKA KCCIIENOBaHUs AHAJIOTHYHA OMMCAHHOM B pabo-
Te [18]. B kayecTBe CIHHOBOI TOBYIIKH HCNIOJIB30Ba-
au 2-metun-2-uurposonponax (MHIT).

KBaHTOBO-XHMHYECKOE MOJICIMPOBAHHE B3aM-
MOJEHCTBUSA XHHOHOB Pa3IUYHOTO CTPOCHHS C pa-
AUKAIAMH POCTA BBINOMHSIN C HCIIOJAb30BAaHHEM B
KauyecTBE  MOJEABHOTO  paguKala  YaCTHULbI

CH;C"(CH;)COOCH,, cogepskamieiil B CBOEM cocTa-

Be aHasoruyno IIMMA-papukany TpeTHYHBIH aTOM
YrIEpOaa, METHIBHYIO U CIIOKHO3(UPHYIO IPYIIIbI:

R’ +Q - RQ.’

rae Q — XMHOH, COOTBETCTBYIOLIETO CTPOEHH, R —
papukan CH;C (CH;)COOCH;.

PaccMOTpeHB! M POaHATH3HPOBaHbl BO3MOXKHbIE
HaIpaBICHUA aATaK# PaluKaiOM MOJIEKYJIbl XHHOHA,
B TOM YHCJI€ NPUCOCOUHEHHE NO aTOMY KHCIOpoga
(O,) 1 no aTomy yriepona B 6EH30JIbLHOM KOJIbLIE B
noyoxkeHuu 4 (C,) gns Gen3oxuHOHa-1,2 u ero gm-
mpem-6yTUNLHBIX MPpou3BOAHEIX (35Q u 36Q), a Tak-
ke B monoxeHud 6 (Cg) ast 6eH30XHHOHA-1,4:

A0 A0 O
Cy \O C; \O C6 \O
35Q 36Q p-Q

IIpu npoBefeHUN KBAaHTOBO-XHMHYECKHX pacye-
TOB HCMOJb30Banu nporpammy Gaussian 98 [19]. Pac-
YEeThl BBIMOJHLIN B PaMKax TEOPUH (PyHKIHOHANA
mwrorHocTH [20, 21]. Mcnonp3oBanu HeNIOKANBLHBIA
o6MennbIi pyHkuuoHan Becke 1988 [22] coBMmecTHO
C TPalHEHTHbIM KOPPENALHOHHBIM (PYHKIMOHAIOM
Perdew 86 [23] — B3P86 ¢ 6a3ucHbiM HaGopoM 6-31G(d).
i Bcex pacCUMTHIBAEMBIX MOJIEKYN M PafiHKajioB

HAifjIecH MHHUMYM MOTCHUHATBHON IHEPTHH, CTALHO-
Ne 9
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Ta6muua 1. Bausuue koHueHtpamuu 36Q u 35Q Ha cko-
poctk monumepusanud MMA Ha HayaJBHBIX CTENEHAX
kouBepcuu ([[IAK] = 8.85 mmonn/i), T = 343 K)

Mo6aska| [Z], moms/n |vx 10* Mons/x ¢ v/[M] x 10°, 1/c
- 0 7.08 8.00
36Q 443 5.09 5.75
8.85 3.98 4.50
13.28 3.38 3.82
17.70 2.80 3.16
26.55 2.29 2.59
35Q 0.89 1.48 1.67
1.77 0.72 0.81
2.40 0.63 0.71
2.66 0.52 0.59
3.60 042 0.47
4.80 0.27 0.31

HapHbIE TOYKH OXapaKTEPU30BaHbI PacCUYE€TOM KoOJe-
6aTeNbHBIX YacTOT.

PE3YJIbTATBI U UX OBCYXIEHUE

B o061eM Bujie Npu nonuMepH3aLl MOHOMepa M
B NPUCYTCTBHU HHHLHaTOpa | U HepaguKanbHOH HH-
rHGUpYIOLIEH JOOaBKU Z MOKHO 3aIUCATh CIEAYIO-
LIYIO CHCTEMY YPAaBHEHHUI.

152 2R; R;+nM ‘e avp;
By + M e P
P +Z 22
7 +M 2= anp; 3)
. .k
~P, + P, —> HHEPTHBIE IPONYKTHI
Z +~~P, L, HHEPTHBIE MPOAYKTHI

L g B
Z' + 7' —% uHepTHBIE NPOXYKTHI

3peck k, — KOHCTAHTA CKOPOCTH peaKLUUH IPOXOJI-
KEHUA UENH (BKIIOYEHHE MOJIEKYIbI HHTUOUTOpa Z
B INOJIUMEPHYIO LENB).

IMpu xuHeTHYeCKOM aHanu3e cxembl (3) B pabo-
Tax [24, 25] 6bL10 ONYy4YEHO YpaBHEHHE

BBICOKOMOIJIEKYJIAPHBIE COEODMHEHHS  Cepus A

I'PUIIUH u pp.

C))
ko v

2
) L 120, kakolM]
kka[M]

L

’

i€ V— CKOPOCTh MOJMMEPHU3AIMH B MPUCYTCTBUH UH-
rubutropa, [Z] - KOHUCHTpauus HHrEOUTOpaA
(monb/m), [M] — KOHIIEHTpaIst MOHOMEPA, @ = V/v
(v — CKOPOCTb MOJIMMEPHU3ALUH B OTCYTCTBHE HHIH-

Guropa), @ = kz/(koky ).

Pacuer npoeoauica B npegnonoxkennu O? > 1

3
[24, 25]. B aToM ciyyae fl + ;_2::2 — 1, u ypas-

HeHue (4) npuobpeTtaeT 6onee npoctoi Buf (5)

kk,[M]
Kk,

2¢°(2) _ _kov
1-g° kM

&)

Ipu cobmogeHun cxeMbl (3) 3aBHCUMOCTbL BEJTHYH-
uel 2[Z]@*(1 — @?) (neBas yacTh ypaBHenus (5)) ot
MPHBEAEHHON CKOPOCTU nonuMmepusauun v/[M] Gy-
JET NPEACTaBAATL COOOH MPSAMYIO JIMHUIO C TAHIEH-
COM yIJIa HAaKJIOHA, PAaBHBIM k./(kkz), B OTPE3KOM,

kuko[M]

zkz

KomcrauTbl pocra k, u 06pbiBa k, onpeaeneHbl qus
IIHPOKOro Kpyra MoHOMepoB. TakuM oGpasom, u3
ypaBHeHUsI (5), 3Has 3aBUCUMOCTb CKOPOCTH UHTHOU-
POBaHHOW NMOJUMEPU3ALHMU OT KOHUEHTPAUUH HHIH-
6HTOpa, IErKO ONMPEAENUTh KOHCTAHTY CKOPOCTH aK-
LENTUPOBAHUS PAfiUKAJIOB POCTa HHIUOUTOPOM Z —

OTCEKAEMBIM MO OCH OPIHHAT, paBHBIM

k; u otHOWEHHUE ky/k .

Ha ocHOBaHWH pe3yNbTaTOB KUHETHYECKUX HC-
CNEAOBaHUH HAMU M3MEPEHBI HaYalbHbIE CKOPOCTH
nonumepusatmud MMA npu 343 K gnsi pasnuyuHbIx
KoHleHTpauui 36Q u 35Q (tab6n. 1). HavanbHbie
CKOPOCTH NOJUMEPU3ALIAH B IPUCYTCTBHHE 36Q onpe-
JICNEHbl U3 [UNATOMETPHYECKHX M3MEPEHMH st
koHBepcun MoHoMepa 0-10%. Ipu nposeneHun mno-
JTUMEpH3aLUH B NPUCYTCTBHE 35Q CKOPOCTh MOMTNUMe-
pU3aLHH HAYMHAET U3MEHATBCS (YBENTUYUBAETCS)
yxke npu kouepcun MMA 2-5% (puc. 1) B 3aBucH-
MOCTH OT Ha4yallbHOM KOHUecHTpauuu 35Q. B atom
clly4ae CKOPOCTh PacCYUTaHA M3 KHHETHYECKHUX W3-
MEpEHUI1 O KOHBEPCHU MOHOMepa 2%.

N 9
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3KCMEPUMEHTAJIIBHOE UCCIIETOBAHUE

Kousepcusi, %

12
8
4

—t

300

Bpemsa, MuH

Puc. 1. KuneTuyeckne KpHBbIC MONKMEPH3AMMU
MMA Ha panHux KoHBepcHix MMA B npHCyTCT-
suu 35Q mpu 343 K. [35Q] = 0.89 (1), 1.77 (2),
2.66 (3), 3.63 (4) n 4.78 mMonn/n (5). [[IAK] =
= 8.85 MMonB/1.

3aBuCHUMOCTD BeuuuHbl 2[Z]@%/(1 ~ ¢?) oT npm-
BeJIeHHO! ckopocTd noauMepusauuu v/[M] (puc. 2),
Kak mia 36Q, Tak u ga 35Q npepcTaBiageT co60M
NPSMYIO JIMHHIO, YTO NO3BOMSIET YTBEPXKAAT O CHpa-
BEINIMBOCTU cxeMbl (3) U ypaBHeHus (5) At JaHHBIX
mo6aBoK. MeTogoM HaHMEHBIIHX KBAgpaTOB ObLIH

kako[M]
kyk;
HHE COOTHOLIEHUS K, /(kok7) nnst 36Q okasanoch pas-
kok,[M]
kyk,
Bocnons3oBaBIIMCh ~ W3BECTHBIMH  3HAYEHHSAMH
k, = 866 11/MonbC 1 k, = 2.64 X 107 1/mMOMB C {1 MO K-
Mepusammd MMA npu 343 K [26], nony4aeM k; =

=290 n/monb c u k,/k; =4 X 1079,

PACCYUTaHbI BEJUYUHBI K,/(kkz) 1 . 3Haye-

HbeiM 105.7 Moanc/n, a = 0.0035 Moub/m.

Ons nonumepusauun MMA B nipucytcTeun 35Q
NONy4EHO COOTHOWIEHUE Ko/(kpkz) = 4.80 Monbe/a, a

koko[M]
kzkz
k; = 6340 n/monbc u ky/k; =2 x 107!, Kak cnegyer
U3 MOJYYCHHBIX AAHHBIX, KOHCTAHTA CKOPOCTH aK-
LHENTHPOBAaHUs MakpopafgukainoB 35Q Gosee 4eM B

20 pas3 npeBbIIIAET AHAIOTHYHYO BENHUUHY 111 36Q
(Tabun. 2).

Kusnetnyeckue kpupble nonumepusauud MMA B
npucyrcTBuy 36Q mpeactaBneHbl Ha puc. 3 u 4a.
BupgHo, uyto Gnaropapst HeGONbILIOH KOHCTAHTE HHIHU-
6upoBaHus (Taba. 2) HayanbHas CKOPOCTh MONHME-

=9 x 1077 monw/n. OTKyna ans 35Q umeem

BBICOKOMOJIEKYNAPHBIE COEODUHEHUSA  Cepus A

1607

2[X10%/(1 - ¢%) x 10°, Monb/n
10

(@)

1 [l L 1

3 4 5 6
viM] x 103, ¢!

2(Z19*/(1 - @) X 10°, monb/n

(6)

8F

0.5 1.0 1.5 2.0
v/[M] x 10°, ¢!

Puc. 2. PacyeT KHHETHYECKHX KOHCTAHT HHFHOHPO-
BaHuA noanMepu3amud MMA xunonamu 36Q (a) u
35Q (6) mpu 343 K. [MAK] = 8.85 mmonn/n.

pusamn MMA B npucyrcrBun 36Q yMeHblIaeTcs
He3HA4YHTENbHO (Taba. 1). OfHAKO yXe NpH IKBH-
MOJIBHOH KOHLECHTPALMH XHHOHA MO OTHOLIEHHIO K
HHULYIATOPY TeNb-3(h(PEKT NMOTHOCTRIO NMOAABIACT-
¢s1, pefieIbHast KOHBEPCHS OCTAETCA BbICOKOH — OKO-
n0 90%. TakuMm o6pa3oM, xHHOH 36Q mo3BONAET
NpoBOAUTE Oesreneerylo nomumepusamumo MMA
BILTOTh JO rIyOOKHX KOHBEPCHI ¢ HEOONBIIUM IO-
BbIIICHUEM OOLLEH MPOROMKHUTEIBHOCTH NpOLiecca.

Tadénuua 2. KOHCTaHTHI HHTHOHPOBAHUA HOMMMEPH3ALHH
MMA npxu 343 K 6enzoxuronom-1,4, 35Q u 36Q

Mo6arka key x 1073, nfmonk ¢|  kyfk x 1010
35Q 6.34 0.24
36Q 0.29 43
Benzoxuvon-1.4 2.4% -

*T=317TK (211
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Cxkopocrb, %/muH

300
Bpems, mun

400

Puc. 3. TudpdepeHnuanpHble KHHETHYECKUE KPH-

Bbie monuMmepuszanuu MMA B nmpucyrcrBuu 36Q

npu 343 K. [36Q] =0(1),4.43 (2),6.20 (3), 8.85 (¢)
u 11.51 mmons/n (5). [HJAK] = 8.85 mmonn/m.

AHaJu3 MOJIEKYJISIPHO-MACCOBBIX XapaKTE€PUCTHK
00pa3uoB MMA, CHHTe3UPOBAaHHBIX B IIPUCYTCTBHH
36Q, cBUETENBLCTBYET O TOM, 4TO KpuBble MMP
yHumopanbHel (puc. 5). C yBelmMYeHUEM KOHBEPCHH
MaKCHUMYM Ha KPHBBIX CABUTAETCS B O6/MaCTh GONBIIINX
3HayeHi MM. K KoHIty npolecca NpOUCXOIUT HEKO-
Topoe yumpenue kpusoii MMP. INonumucnepcHOCT
m3MeHseTcs ot 1.7 Ha konseperH 2% 10 2.5 Ha KOHBep-
cmu 85%. Cpemgneuncnensast MM npogykra B xofie no-
JTUMEPU3ALMY B MPUCYTCTBUM 36Q paBHOMEPHO Hapac-
Taet ot 1.5 X 10° 5o 2.8 X 10° (puc. 6, npsimast 1).

Heckonbko MHOE BIMAHHE HA MOMHUMEPHU3ALMIO
MMA oka3sbiBaeT XdHOH 35Q. B uactHOCTH, BBENC-
HHE HeOONIBLIOro KomuyecTBa 35Q B MOIMMEPU3YIO-
IIYIOCS CHCTEMY NMPAKTUYECKU HA MOPSAOK YMEHBIIA-
et ckopoctb (Tabu. 1). Ilpu aToM nmo Mepe ucyepna-
HUS XHHOHA CKOPOCThb MpOlecca 3HAYUTENBHO
yeenuuuBaetca (puc. 1). Ilpu obecupeynBaHuM pac-
TBOpA, YKa3bIBAaIOLIErO0 Ha HCYE3HOBEHHE XHUHOHA,
Habmogaercsa renb-3¢pgext. [Ipu BBeeHUU 3KBU-
MOJBHOTO (10 OTHOLUEHMIO K MHUIMATOPY) KOJnye-

Ta6auma 3. H3MeHeHue 3HEPruH NMpH B3aMMONEHCTBUM
xuHOHOB ¢ pagukanom CH;C(CH;)COOCH; (MeTog pac-
yeta B3P86/6-31G(d))

Buavenus E (k[Ix/Monb)
XHHOH NpH HANPABICHHH ATAKH
o! c4
35Q -124 -15
36Q -104 -42
Benzoxunon-1,2 -131 -71
Bensoxuuon-1,4 -98 -64

BBICOKOMOIJIEKYTSIPHBIE COETUHEHUS  Cepus A

I'PUIIMH u gp.

Kousepcus, %
100}

(a) .

20

200 400 600
Bpemsi, mun

Konsepcus, %

30

(6)

20

—
(=]
T

.
3000
Bpewms, MuH
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Puc. 4. IHTerpanbHbie KHHETHYECKHE KPUBBIE MO-
numepuszauun MMA npu 343 K B npHcyTCTBHM
8.85 MmMoms/n 36Q (a) u 35Q (6). [HAK] = 8.85 Mmons/n.

CTBa XMHOHA MMOJMMEPH3aLUs IPOTEKAET PAaBHOMED-
HO, OJIHAKO TNpefAebHasg KOHBEPCUS HE TMPEBBIMIAECT
35% (puc. 46). K xoHuy npoliecca pacTBOp o0ecLBe-
YHBAETCH, YTO TAKXKE CBHUACTENBCTBYET 00 HCYE3HO-
BEHHH XUHOHA. ClelyeT OTMETUTD, YTO CKOPOCTH MO-
JIMMEPU3alMK OCTAETCs MPAKTHYECKH MOCTOSIHHOM Ha
NpPOTSOKEHHH Beero mpotecca (6onee 30 u), HecMOTps
Ha TO, YTO B JAHHBIX TEMIIEPATYPHBIX YCIOBUSX IEPUO]
NoJTypacnajga HHULMATOPA HE MPERbILIAET 5 4.

CpennessizkocTHass MM nosiuMepa JIMHEAHO yBe-
JTHYUBAETCSA C KOHBEPCHei (puc. 6, kpuBas 2), OfHaKoO
kpusble MMP (puc. 56) HMEIOT IpKO BBIPAKEHHYIO
6umopnanbHOCTh. KoadpuimenTs! nomuaucnepcHoc-
TH 06pa3liOB BO3PACTaloOT ¢ KOHBepcuen ot 1.8 B Ha-
yajse npouecca (3%) no 2.5 B KOHIIE.

IpencTaBasnoch HHTEPECHBIM CONOCTABUThH KOH-
CTaHThl MHTUOUPOBAHHS 1 U3MEHEHHE IHEPTUH B pe-
aKUUsSX Pa3IMyYHBIX XMHOHOB C paagukaromM MMA
(Tabu. 3). Pe3ynbraThl pacyeTOB yKa3bIBAIOT HA TO,
Ne 9
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3KCIMEPUMEHTANIBHOE UCCIENOBAHUE

YTO ¢ TEPMOJAMHAMUYECKON TOYKH 3PEHUSA IIPU B3aH-
mopeiicTeun IIMMA -papskana ¢ XMHOHOM MPeRNoY-
TUTEIbHBIM HAMIPABJICHUEM ATaK! ABISCTCA [IPUCOE-
AMHEHHE MAKpOpajfikaja K aTOMy KUCIOPOfa MoJie-
Kyabl xuHOHAa. WHTepecHo, uyT0 B Cciaydae
GeH30xHHOHA-1,4 M OeH3oxuHOHA-1,2 pasnuyus B
3HEpreTHKE peakuui NPUCOCOUHCHHUS pajfiKalla Mo
aTOMaM KHCIOpOoJa U yriepoja MeHee CylleCTBEH-
Hbl, 4eM B ciay4ae 36Q u ocobenHo 35Q. [anubiil
¢aKT, HECOMHEHHO, CBA3AH C BJIMAHUEM OOBEMHBIX
mpem-0yTHIBHBIX TPYNI, 3aTPYRHAIOIIUX AaTaKy
aToMa yriepofja XMHOHA pacTyIlMM MaKpOpajHKa-
JIOM.

7\

Py

III

111

Ilpn B3amMoOAEHCTBHM pajfiukalia ¢ XHHOHOM IO
aToOMy KHCIOpOJia OTPEAENSIOUIyI0 PONb HUrparoT
3JIEKTPOHHBIE (PAKTOPBI, CBSI3aHHbIE CO CTAOMIBHOC-
ThIO 00pa3yIoLIierocs B peakiiuy pajinkana (3Heprus
peakuuy yBEIHYUBAETCA NMPH NEPEXOfie OT OEH30XH-

BBICOKOMOIJIEKYJ/IAPHBIE COEOTUHEHHNA  Cepua A
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TakuM 06pa3oM, IJIABHOE HAMPABIEHHE B3AMMO-
HEHCTBUS PAUKAJIOB POCTa C XHHOHAMM — aTaKa Mo
aToOMy KHCIIOpOfia ¢ 00pa3oBaHHEM CTAOWILHOTO pa-
Jukana ¢peHOKCHIbHOro tTuna. KBaHTOBO-XxuMHYEC-
Kue pacqum l'IOJ.ITBerQIalOT, YTO CIIHHOBas INOT-
HOCTb B 3TOM pajKaje NPaKTHYeCKH PABHOMEPHO
pacmpeneseHa MEeXKAy YEThIPbMSI aTOMaMH — TpeMs
aTOMaMH yriepofa 1 aToMoM Kucinopopa. CooTseT-
CTBYIOLLUE KpalHUE PE30HAHCHbIE CTPYKTYPbI Npef-
craBlieHbl Ha cxeMe (6) mns 35Q, u Ha cxeme (7) s
36Q.

(©6)

O

HoOHa- 1,4 k xunony 35Q). [Ipu aTake pagukamom poc-
Ta aTOMa yriepoa 3Ha4HTeNbHbIE MPENSTCTBUS 15
NPHCOENUHEHHS CO3JAIOT CTEPUYECKU 3aTPyMHEH-
HbI€ mpem-OyTUIIBHBIE TPYIIIbI, YTO HENOCPENCT-
BEHHO OTPAXKAETCs HAa IJHEPIETHKE pEaKLUH
N 9
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Puc. 5. MMP o6pasuos IIMMA, cuaTe3upoBaH-
Heix npu 343 K B npucyrcreun 8.85 mmons/n 36Q
(a) u 35Q (6). [DAK] = 8.85 mmons/n. Lludpsr y

KPUBbIX — KOHBEPCHS CHHTE3HPOBAHHBIX O0Pa3LOB.

(Tabn. 3). KpoMe Toro, NpuCOEAMHEHHE PACTYILIETO
MaKpopafgHKajlia HMEHHO K aTOMy KHCJIOpOja MOJe-
KYJIbl XHHOHA MOXET OBbITh OOBACHEHO H TEM, YTO
IIMMA -pagukan SBASETCI PafUKaIOM 3JIEKTPOHO-
aKIENTOPHOrO THNA, M B 3TOH CBA3M €ro aTaka Ino
aToMy Kuclnopopja Gonee NpeNNOYTHTENBbHA, YEM
B3aHMOJECHCTBHE C YTAEPOAHBIM aTOMOM. B yacTHOC-
TH, HMEHHO TaKO€ NMPEANOIOXKeHHe ObLIO BHICKA3aHO
B. b. ['os1yGeBbIM Ha OCHOBAHUH PE3YILTATOB UCCIIE-
HOBaHHS YePERYIOLLEHCA palHKAIBHON CONONIUMEPH-
3aliN BUHHJIOBBIX MOHOMepoB MeTogom JDIIP [10].

[Mpu wuccnegoBanum nonumepusapu MMA B
npucytcTeud 35Q ¢ MOMOIIBIO CIIMHOBOW JIOBYIIKH
(MHII) B cnektpe TP Hapsity cO CITUH-aJAyKTOM

CH,4

| .
MCHz(II—N(O)Bu-t (TpuUIIET C KOHCTAHTOM pacLLUen-
COOCH;

BBICOKOMOIJIEKYJISIPHBIE COETUHEHUSA  Cepus A  ToM 47

TPUIIYH u gp.

Mx 104

26+

20 60 100
Kongepcus, %

10 20 30
Kousepcus, %

Puc. 6. 3aBHCHMOCTBH CpegHEYHCIeHHOH (I, 2) u
cpeqHeBA3KOCTHOH (3) MM oT xoHBepcHU HpH
nonuMmepu3auuu MMA npu 343 K B npucyTcTsun
8.85 mMmone/n 36Q (I) u 35Q (2, 3). [HAK] =
= 8.85 MMoab/n.

JeHus ay = 14.8 £ 0.2 I'c) 3a¢duxcupoBaHo o6pa3oBa-
HHE ellle OHOrO YIIUPEHHOTO CUrHANA C KOHCTAaHTOH
paclieIIeHUs. Ha aToMe a3oTa ay = 12.5 + 0.3 I'c.
To4HOE OTHECEHME JAHHOTO CIEKTPa K KOHKPETHO-
MY HHTPOKCHIBHOMY PajfiuKany HaMu B JIUTEPAType
He HaiineHOo. MBI npepnonaraeM, 4TO yKa3aHHbBIH
CHI'HAJl MOXKHO OTHECTH K afAYKTy B3aHMOJAEUCTBUS
MHII ¢ opnoit u3 pesonanchbix crpykTyp I-III (cxe-
Ma (6)), oOOpa30OBaHHBIX B PE3yJbTaTe MPUCOETUHE-
HHSI Makpopajiukana K xuHoHy 35Q. OOpasoBaHus
ajlyKTOB KHCIOPOIUCHTPUPOBAHHBIX PaMKANIOB
(cxema (6), ctpykrypa IV) ¢ MHII metogom IIIP B
YCIOBHSIX 9KCNIEPUMEHTA HE OOHAPYKEHO.

I[pu npoBeaeHu: nmomuMepu3aLiu ¢ Jooaskon 36Q
B npucytcTBuM MHIT, Kak CriitHOBOM JTOBYLLKY, 3aPETH-
crpuposaH TonbKo curiai 1P c ay = 14.8 I'c. Orcyr-
CTBHE CHTHAJIA C ay = 12.5 ['c MOXET ObITh 00 BACHEHO

N9 2005



9KCIIEPUMEHTANIBHOE NCCIIEDOBAHHE

Ppas3IYHO¥ CTAaGHNIBHOCTHIO PAHKATIOB, O0Pa3yoLHX-
cs1 npu p3aumopercTeim 35Q u 36Q ¢ [IMMA -panuxa-
JioM (cxembl (6) u (7) cooTBeTCTBEHHO) {27].

TakuM 06pa3zoM, MPOCTPAHCTBEHHbIE (PAKTOPHI
0Ka3bIBAIOT CYLICCTBEHHOE BIHAHHE HA MHTHOUPYIO-
IMe CBOHCTBA XHHOHOB. Y CTAHOBJIEHO, 4TO 36Q B
otngyue oT 35Q AaeT BO3IMOXKHOCTH MPOBOAUTD MO-
nmvepnsammio MMA B OesreneeBoM pexkuMe O
ray6okux koHeepcuii. [Ipu sTom 3aBucumocte MM
OT KOHBEPCHH HOCHT JHHEHHbIH xapakTtep. OpHako
CPaBHHTENBLHO BbICOKHE 3HAYECHUA KO3 PHIHMEHTOB
MONUUCTIEPCHOCTH 00pa3sLOB CBHAETENLCTBYIOT O
HH3KOM CTE€NIEHH KOHTPOJIS POCTa NOMUMEPHOM Lenu
npu nomuMepusaun MMA B npUCyTCTBHH NPOCT-
PAHCTBEHHO 3aTPYAHEHHBIX XHHOHOB.
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Experimental Study and Quantum-Chemical Simulation
of Polymerization of Methyl Methacrylate
in the Presence of Quinones
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*Research Institute of Chemistry, Lobachevskii Nizhni Novgorod State University,
pr. Gagarina 23/5, Nizhni Novgorod, 603950 Russia
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ul. Tropinina 49, Nizhni Novgorod, 603950 Russia

Abstract—The effect of 3,5- and 3,6-di-terz-butylbenzoquinones-1,2 on the kinetic parameters of free-radical
polymerization of methyl methacrylate and molecular-mass characteristics of polymers was studied. Quantum-
chemical simulation of interaction between propagating radicals and given sterically hindered quinones, as well
as benzoquinone-1,2 and benzoquinone-1,4, was performed. The influence of the spatial structure of quinones
on their inhibiting activity was estimated.
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