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On the Species of Free Radical Produced in
the Polymethylmethacrylate

Junkichi SoHmMA, Hisatsugu KASHIWABARA
Tsuyoshi KOMATSU and Tadao SEGUCHI

Abstract

It is well known that the characteristic ESR spectrum of the mixture of the strong
quintet and weak quartet is observed from the radical produced in the polymethylmeth-
acrylate being independent of the producing measures. The hypotheses underlying the in-
terpretation by various researchers were checked. The spectrum being mainly septet was
observed by us from the radicals in the initiation stage of polymerization and this spectrum
was found to transfigure to the characteristic mixed spectrum as polymerization proceeded.

We postulated a new model for the radical to which the characteristic mixed spectrum
is attributed. The model is the Ingram-type radical which has freerotating methyl group,
sp’ electronic structure at the carbon at a position. Both the various steric configuration
of methylene group to the p, orbit and the effect of this configuration to the hyperfine
splitting were taken into consideration to obtain the theoretical spectrum. The spectrum
theoretically constructed coincides sufficiently with the experimental spectrum being mixture
of quintet and quartet. The temperature variation of this characteristic spectrum and the

spectrum pattern at 4°K were discussed on this newly proposed model.

1. Ei

Polymethylmethacrylate (PMMA) {0 IS 3101, free radical A84 1, # o radical
MESR 27 PERTC &R, ESR WEa T ORMYEOPEICFIMN SN Buh 5 mb
NTHRY, Hotg Whiffen %3, PMMA Z5RICIRT, 72X10° Vv b7 v o 7 TR L
300°K ¢ ESR 2@l 1 id, Fig. LICORIEREHRO S WA & LML 4 IO R > 7o A
s hmBbndc d, HICK, LT 70 vRESTF T COH, COCH, &42 7,
polymethacrylic acid, polyethyl methacrylate % [f) U 4c#ClS L7234, PMMA &R L 5
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spectn _/\/\/\/\ xR L ®, Ovenall 37 7 ) V&S5 T %

- i%%”%,Vdg}; ST L, S8 C ESR 2 8L 7o 410 i,
I A Whiffen 20 5 & — % L = 65 BAEL S 117z €

i l LA LT AP, Ingram %3 PMMA o4

e 1% 4 5 bi 4 : ! SRS O BAICHT 5 radical 95 b, L&

A Bt ESR %<7 b atiS 5 € & & 5 g

“ER % o 2 L#c®, FlO$REE, WM &> T PMMA i

I l | l 124 U7 radical 1, 1) Fig. 1ICiR9BE7L 5 &
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Fig. 1. ESR spectrum of the irradiated PMMA . AE ST oM COH, COCH, CO,CH,
OAKFEEVTNE D ESR 27 bvicid ez sianc s, MH, o PMMA

H R
HIGRAE AR PVOENE TS S radical (& Ry—C—C—% HTH-T ESR OWIL =~ 7
H CH,

PSS RICHEMBAIBRTH 2 & AEHR LTS, FofER i RASEAE, R, poly-
mer OO %, k FAHETZEEL, D FbcoREEZNS
5 MOKRETH (70 b v) £41 radical 535 3, 4 EHORA ESR <7 bk
RTEVHHEHEE, BEOBMETISIOELNTVLCETH- T, 5L, 4 FHOEED
—FEH D free radical ICHE S EZ & TH B, i3 2 FiHO free radical ICHiE X & 5

I DV THBDBUCER DN BT TH 52009, (IZ T OIRE A7 bovhsH — o i i 5
LhRTHELT %ﬁw57@fﬂFyéﬁtiﬁ—g—gﬁmemwaﬁm&6ﬁm@E$z
Ay b EEZ S, BEE, 4 EEICHELAHEO ESR 27 b vE L Z B, KR THL
kp AMETH D, COMCDNTH, T OHAEMICH 2 DPIFEHIC X E4NH 5 15, HHO
MBIRY TR, BEART PVORMNIC OO THER BRI DO TORORICEDN 5,

Z OREic PMMA radical {2, ESR O viigm o, @it (g free radical OFEIEE S fimd B

T, BOTHES AR EN->TNEDT, CEDHIREMML, ZOREERT 5 & ki
BB K> THONIHEEZIRN, ZRICE T CEE N
2. H—uEEs

PMMA radical 705 @ ESR 27 Fovid, BLBOFIC 5 M & 4 I E QRS LA JBIC
bbb, TOBA, STEHDEKELD A radical & 4 HIHOER & 75 5 radical & 2 FFH O radical
PRIELTO B EHABOMEMTH S, LnL, CTOESR 2~y bovig, 1) B K-

5

THLUAEEDS, EEAT trap SNLEES, HIC—HE B> THDN, MalcBing o &
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IAYARE <]_‘.c 2) £ (lan Jllagd L ’fm{m Se {d ﬁj W L//J/IAX\%) %4703%“[1{1}7)”1{ {18 B c, 5
FI, 4EHOMAEE VDM OKFM MBI hNE N &%k b#E 2 T, Ingram, Whiffen
H R

£33 ESR 227 P i3 Bi— 03 Ry I% Chichlda2bnsELl, LIL, K
CH,

ﬂ%?ﬂ,%%wﬁ@Bk@fubV,%%VV@Z#@TDFV,HS#@?DFV&E@
BRlcMEERA LT, S, 4WHOR R bvELET E MO0 TR, 7 U H—Eks
%4 & A Whiffen, Ingram, Symons {3k 4% 7 ZRIC LT 5,
2-1 Whiffen OB&R

A AR PVOEREE S 5 PMMA o radical 3 Fig. 2 1ICRTHEBETH 2, D
CO,CH, i ESR 227 b Wit LISV DD SN TN ED T O TRIENTH 2
CORTHBEIC, Colld 2RHETE po Mii% 5

H1 :’ \‘5 H3
HTBY, CORGEFRSro B o7 o by &R \ Vi /
SIS 5Tt 5, LinL, #ileos O GGG
roFu by ERGICHERERET 251, ESR = Hs Hs

2 rvld, 6TEWICILBETH LM Fig. 2. Whiffe11~Ingran1 model.

Fswy, O radical MM SN AEL S WIHE 4 EHE DIRA LI ARY PV ERT HIC
B, ABTFsAarore b rvEkaBie, XC3yroFa b v ERSICHEEM ST 5
2 ODBANIB LIS, Whiffen #03 C OBREE LT OfRIcEZ 12, BIb, *Fn

FER O A F VoSS Fig. 2 oo i il Uic & 9 hid, AT~ Hyperconjugation (T
b, H, Hy,, Hy, Hy 4 7 O/CGRETFB & WSICHEAMZ T L, SEHOBMNEE S, X,
TiopRHEC NH X3 H OfMEL 503 EbHMETH S, COBAE, TEETE A F
VO b I EAF DT a b v 2 EE 3 OKEIRTHE RS EARED L
4TI D ESR 27 bPvAERTETH D, AW, 4 FBEMBLELTHDONBEKT
HbHEERT,

Whiffen ®C ®# 7 1d, @ radical T, 1) A FAHREELTOARNEERE LT
e &, 2) C 25 Co D ATHIRFRE D E DMK Z HY AT, 5L, Nid 4RO BEKRIS
BENHTEEFELTOS

Whiffen o |80 % 1 EEGMMECTH 5, PMMA radical i3, il ESR Z#EL, #
WMDBEISHAEORAE AR bBRHE LN L C &M, FEEHNCHEsh TS, —J, PMMA
DOFEFUTDNTN S A FOBREERTE AR R LTS T & NMR‘”, Fe ORI
HWEMSHED SN TN DS, > T, Whiflen OUEICHE-> T, ESR 227 bvadtlid 5 70
[2ig, PMMA @ radical ® # F 303 M CTH EHEE S, Esh Tt &2 hiEhe
WA, CNRRAMOEG T ETHRBINTHIEEINLT S, X, H20REICHEAE,
Ce WH ORI H, DAFNITNELRD TS, TOEGELEIADRA S PWEIRTETHS
faEg L, BN Fig.2o C, TRULMBEE SO A, 5 IO ESR 227

I L
1
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WEFT, FiopEs Fig 2o H, H, OB 5D 5HERIZ, C B2 HD RO 2%
TH 55, Whiffen O 2 OEIC LN, 4REIEOMEII S BHD 2 HICN2ETH D,

Ll ai5mm@@&ﬁ4mmgo§@<,wm%n@%zw{ o FA 5 &
ETIET B,
H R
Z OFE1z Whiffen O EHE Ry— C—C¥ o radical /5, 5 I, 4 I 2 FEH O ESR
H CH,

ARy PO B FHEIEEIR LA CREREN D D3, HHEENTBIEZHATHD
2:2 Ingram DRIR

Ingram & Whiffen & [f] U < Fig. 2 -C/R &N A 55 O radical 3iEA& 2= 7 PO E#E
A7z, L L, Ingram i Whiffen 320, A Fr#E-FoRElLT0Wa 228 LIZHEL
oo TOWEDS, AMETE, AFnEEo 3 roxERT& H, H, H, &ERIZCHEEN
45, =N, AFLVEOLZDOTa b ryONLEIRGETO p Uit s F—VECh B
BEICHE g, RO BFEHNDEL TS A FvE0 3570 n P Y RFCDAF L YD

7a by 1 ERSICHERBETGSY, 4707 0 by BRKdET EMEMERETEY,
S5EHID ESR 27 bwERY, X, EOBEFED p. YLEW I 2B E T, ESR
AN PWRATEICE S, A b VS e ME O LIS BIERIE, REN BHERD 2 4%

THHDT, SHEHOFMAFTHLIDEMIMB T ENTHMENG, H->T, Ingram OEHR
Tld Whiffen O 2 JUEICEDS S FERAE LY, RO Ingram OERYY 13, A Fvihhs
PHBIEEE LT WA E WD EEEIC 2 TS, B D A F VSRR CHiNET 52 &
W, BTG BHICEHERE S LTHY SN TS, Ll, CTOTHHO 4 FviobliEid
IOK PIFCRaif LT LE S & NMR OETHED LR TINEY, Ll, 5EIE 4%
HORERRS bnwi90%<a>mL‘T:%uLWiSXITWwéO A F RO P hES M I T
BT S, 4HEHFD ESR 227 bovBiilains < &g, Ingram OMR TRGLAN
DI, W A F ORISR E > T B EE A 5N 5 K Tl L7 PMMA
radical @ ESR 27 P iE? SNTVEHT DAY bovid, Ingram QR DS P X

H5HDEFEL>TNAE, TOREIC Ingram OFEZZL, A FvEROHBDIGEEZRAEAST Prd
REBUC A U2 ) TIRTTIC UL 3 3 5 78

Tz A
BE X N0,

2.3 Symons ORIR

9t Ingram O

Symons I¥, D, T DORAGRAL
7 v DK &S5 radical |3 —FiE T

— — H5HELT, Ingram o model 24 L
100 gauss THERLTNA, Wb, AF ko

Fig. 3. ESR spectrum of 7-irradiated PMMA
Irradiated and observed at 4°K. Al A (e LT A5 Ingram & [F
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FECH B, AF Vv rED2r OREREATET EDOHEEMC 20T McConnell™ # 0
FZATHED, FRHBTO o MBOH N EASMEMERZZZ T EKERT H, &840
TN B PBEBET Cs(Fig. 28R) SEa s 0T aEEE Lz, 5 p. oIz a s, T
DIF I (CoCp FI) TP Co-H, FiEHEL, ZTOMEL p TNEDETHE Y
E LTl FREETECOKE H, EOMADOHRE an, &

an, = B cos’ ¢

THROINZTEMNFHOENTVS, BRIETHELODL & hyperfine splitting 1225 LT
HIATEDLLTHY, DS d6gauss EE->TH5D

SYmons‘ W, W, $RESTTH B PMMA BRSSO o, MREERAE L,
0=60° 1275 AEAEREIRE AT & LT—BEERMlEch s & Uiz, FlOED S Symons
i3 PMMA © 227 bR s, fHE, 2OMHMMEL:2:4:6:6:6:4:2:1 09 A4
Wi, TOFPRIBERE—FLEW,

Symons {F Ingram @ model 75, 5@, 4T, H9ADR~<7 Fun@ilshsw
figf: % radical O ARESAEE L THE M T T LRI 7o, HEE 509 MR RIE D
2y PR IRS NI ot REURE ST O EBEEERNCHZEZON BT ETH D H,
(1=60"° DRI B—J/LETH 5 & T HREMTAHZ TR E DN S

fit> T, Symons ORI, radical O FEREEEF L A2 TR EDEMEL Lo ds, H
B g 2 -F AR B U e S S A 780,

B o Whiffen, Ingram, Symons 463, W91 d 5 FEI, 4 FIEHOBHA A RS g Bl—
DOWEESEP S AU, ARG, PIBEIE OIS B E 4 BIE LT ARANEZ LT3
CHIH LT, SE, 4HHOARY b3 koot Ik 2bDEEZTND
AbWn3d, PIFC OMBoEEE SN DO TR HICE~ 5,

3.1 Anderson DRR
Anderson & Hotta'® |4 methylmethacrylate (€ benzoyl peroxide % initiator & L Tt U,
77K UV RS LT, EAZIB XY, 20T S free radical & ESR THIHIL 7,
ZOREHR, BEAPHEME TR, SEIMHONAICEAMML I, WERE, CO5EIHO

H H
ESR =z~ 7 kit benzoyl peroxide MK IS TH U, 7 Y B0 radical C= I%“I?I %k
H

Kk T2b0EE L7, LrbiEgld, PMMA OS5 HEFORARY Pz e o7 Vvl
HEILTH D, 4 IO RS MvE A B radical RO S D EEZ Fo, T DE A IICH R
i & LT, Ungar'™® o fissdh 5, Ungar 253, commercial sample ® PMMA % ki
LT, #&4F® monomer %4 g U2 BUbe O SRS L 22 854y, © o80SR PMMA
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PHESEL, 4TFHOBRA A7 bvidBHIENT, T HHEOE & D LIV, ELL
WA U 72, WIS, S FIO monomer 28 A L 20 E5UEE RS LT, ESR 24 i
PMMA radical O TH 2 RGP HNL T EEARVH L, it-> T, WHHOHMNC LNIE
COREART P bHILE 7 HITIE, monomer BIEFET B & & MBAELEMTH B EICH

PHNA, COCEE, BEARY OO 5 TS A methylmethacrylate @ monomer 7>

H H
ST Y C=C-Ck 1tfizkd 5 &% 7 % Anderson EDOMBRICHF TH 5,
H R H

XK, Piette® &, ¥4 PMMA D@2 FF T, 20 ESR 2~ vl i,
TR, SWIH, 4BIHOARZ POMBIERE LA INOEP LT, Thid, ESR
27 P VDIRERTH B free radical DIEE FRHICONTHEB L TN cHTH %, Piette 1
T LR S I AR PV OREDHEDN, 4HEHIOEHF L EEZRM L, HE
LAz & B ESR A7 PV OREDOERTINES LWV CORHEE, TOSEME, 4HEKR
DARY FIVDEKE 1T - T B radical ZBETH - T, radical O 5T S R E

MWRBIDTHBEEZDLDMEMTH B, Plette 3T OEPS, 5WH, 4EIFADOHKNE
[ % free radical [Fffl—D b DT, o i 2 Hiod radical THAH EHEH LTV 3,

T DRIT, Anderson, Piette i 5 T3, 4 1% 5 2 5 radical {3 Hi—® radical Ti375 <,
2D - 72O radical TH B L #EA 7o,

L2 L, Anderson %35 FEIH A7 PO E LS radical T DNTIEFEZEL T 5
AL, ATIHR 27 POk T A radical ZOWTRMAE BT, X, #HiBd 5 EC,
B2 O™ I LT, TAOUNCBM AN B ESR 27 bid, SEIHTH L, F&LT
7THEETHB, X, PMMA radical DI E 155 5 I, 4 HIHORAS ALY b, TAR
FTMARBETHRDTHDNS, 2T, CORAR<Y P vOKNE EHOHDQFHEE 735
radical MSFTR DB T ) v radical Td B &9 AHUCE RIS 5, X, 5T, 4TI

Bk sr DULBLIC & B DRET 78155 & 53 0 BIFE radical o f77E D ELHNN 15 FEHUT 75
A EREDRIIN,

P IFDFENSHEZT, CORSARY Py 2 5o radical 1T i3
T U ENRTH D EEEDIIEN,

XHBEIDIER S

ﬁ‘dﬁ

1. X R E R

ki)

Tk # (7 methylmethacrylate (T initiator & LT, benzoyl peroxide % Adl, 4L TG
LT, £DKET S free radical ® ESR 2= bzl L, 77°K CHE L, £ORET
BRIL 7 ESR 27 b Fig d4-a l0R9, CORDOLHBRIC, COART bvidds L
T7HEYTH5, Anderson &34 LML
TWBOICLT, T2 7T HEIVEM L7, COR—HE, Anderson HDOREHBE 2D
OEOSEED LY FAE L, S/N sl cw, /&7 peak B3 52 & Aliskd, 7

BT, ISR 5 IO R8s PR L
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a b
H i
100 gauss
a) in the initiation stage b) after polymerization proceeded

Fig. 4. ESR spectrum of the radicals in the polymerization of Methylmethacrylate.

RS W EB L cdEBbh 5,

N, TPK Tl L, Zo0ukl% 195°K 19 5 45 U CBMPLL 24 D ESR =<7
bv% Fig. 4-b ICRT, CHUEEIS ic, PMMA radical I #ITE A< F v, 5HIE, 4
FHORE AT PVCIE> T 5, CORMINE TSRS ERET 20T, CO5HIE, 4
I A7 bovld monomer T RALT, polymer K> TR U TH LN BEE N B,

5 & b

b

5 M1, 4 WIHDRA A2 Fovid polymethylmethacrylate 72 iU #3013 UV G L 721,
RiT, EEDBMEARLKCH LN EZDT, Tald T DEASARS + v methylmethacrylate 7 &
W ifAr s ESR 2~< 2 bovdd#z 5, B, Anderson &0k, T DREARY D5 R
T4 13 monomer 7» 5 O radical &13#% 7 750y, Ungar™ #0345 U TU 3 #£1C, monomer
DI LUROICR CDOREARZ PVETFLELZL, Lal, RADERTHED S LI iRIC,
monomer DA TEFPIFEY T ORAHALY VBB INZL, #>T, TORAEALZ b
DER & 135 5 radical DT B 7B, BEYTH 5 & AEIEAEELR O € H > T, mono-
mer DIELEIE, £ radical AERAEET 2D EEL TBH2HBL,

5:1 model

N, RABCOREGAR7 bW l—oiifific ik 2b0EEA 5, 2NE, 5 T,
4 EIHHAPHBICE > TS, UVISHIKE-> TS, RORXESOBSTICHMICHMEN S
Mo THhHb, WbH, T ORRICHRGEHNE> THWICH U 2 Mo radical AsHisk 2 o3 JEH
WM EBZ oNBEDOTHSB, X, Anderson HENWE L TN AL WEIFADAEIRT AT b
MFEEICEEM I NI AETH S

Z TR «iZ PMMA I [HFRIRAG AR PvEBRMT 50, DTFoBRIClisEd 5,
1) Ingram @ model Z¥EHd 5,
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i
ML, CORG ALY b v O K E S5 radical i 1 HH o radical ¢ R,—C—Ck &

|
H CH,
Fi, LM Rt ESR 2~ b3 MM ch b, »F v EMmRmLT0 s &35

2) RFC.OBTHEL s IWH->TWBET 5

Mg A D sp® OBTIE Tdh 574, radical TR, #H&O LABYN, £
BT p T2 TN B EHBEAT B0, BROOBTMERI MK sy’ THD, FHID L
BEBIICOHED LN TN S, k43T o radical TA7E < &b sp® X D& sp® 1T OIS
I T ADE, FWEMELTE sp® ZFBTN&LEZ K,

3) Radical O YA E EEET 5

It @ Ingram model (25 7 D7 b vafiry, ASFEITE 70 b EHEER O
B, Q) XTRINBEIC, VIARNEKEBICERET2EHELOND,

1) FHBTFO p- MBI LT, #F L vEOKEH, H, 3o vkiiEL L DiE5
bDEES 5,

Symons [FHE—DOILAME O AEE LA, i, FOREE & S5 RQEKE S mOFEMEY
EER MBI ORICEDN S, -7, Wi—OREDOAHZELTIC, BAaRREEZEELTIN
3725, BB, radical Offd Ingram M2 A3, 4 ONKRCE % & - 7o radical 250
CaHL TIN5, L, #ESFOER, B Mgis oEBEHEEIcL>TE O H0ED
B, EOHMOREESIAIERIYURTHL, X, ZOVARENENE, hyperfine spilitting
(hfs) 5> T 575, Fo/e Mis KUAREORD HSORERMAEZE L TES Lch DR, #

WENF/cESR A=y b THEEEZL D,

Y EOWCEDW, 81, 83 OPUER KR symons DI & A TH 505, T4 d model
% Ingram-Symons @ model DR ENAEDEHZ BT EHIES

F a0 model o B, AHEIIELTHWAE A FLEDSrO 7 0 b v SRHET & W%
WCHEFERTACENDNEDT, A2y bEEd, 4 FEHCHETE, 04T, *

6

b)

Hy

R A A
TR

H.

o
b=
°

B pcsmom—
B focm—mm——

HHHE
(a)

i I I
L

1T 44 6

(

Fig. 5. a) an assumed steric configuration
b) theoretically constructed ESR spectrum from the configuration (a)
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HoN L) THe [l
\\:/ 1 I ] I I l I [] I ]
BIeE 05 05 15 15 15 15 05 05
1 3 3 i
(a) (b)

Fig. 6. a) an assumed steric configuration
b} theoretically constructed ESR spectrum from the configuration (a)

H
I
kY
1
H
H
1
v S

NG 1 l | I | ||
MHEHE 05 51 wos 1

(a) (b

Fig. 7. a) an assumed steric configuration
b) theoretically constructed ESR spectrum {rom the configuration (a)

Q:;———H‘ l I

Hiﬂf l l l
| ABHBE 1 13 33 31 1
(a) (b)

Fig. 8. a) an assumed steric configuration
b) theoretically constructed ESR spectrum from the configuration (a)

FLYEDO2FrD 7 b vOSKREIC L > TEORICHMT 2 0EEZ 5, P WBIKHT 3
Mol ity sese s A F v v ONRIRE K & LT Fig. 5-a, 6-a, 7-a, 8-a D 4 DOEEMNEAL DN
Ho NSO TE, Fig.2 o Co-Cs J7ID 6 RAKTH Y, SAHIEARHET O p- Hhiix
KT,

I) Fig. 5-a ONE

OB, *FLvE0 20Tt ryON, 1O HBAFLEO3 SO a kv E
FUHEMEREZT 20T, bIIEICKY, TOSEHROZ{E~IBAF LV YEOMD L rO 7
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oty Hicd-> T BmHICART 5, o H, o X245 (1) XC & D cos? 60° 0K F-7
Wa0T, SHHOSHHED 1/41C755, -7, COVARE TTFRENE A7 PO
1z Fig. 5-b Okpics 5,

ColigiE e, H ofiEZ Mo 7o by H, MWD TER AR P NVICRZETHALIND,
CDOARY PIVTIEM 2 257 5,

1) Fig. 6-a OfitiE

OB, AFREOT e b ICk 4RO 2B AF L VEO25D T 0 b vIC

STHIC 3 EHUCHEEL 7o ARy b ITie 5, 3 RIHOSHHEE # F vtk 50D 1/4

THbH, TOMHTTFHEINE A~y bvE Fig. 6-b IZRT, COREOEMI L TH L,

III) Fig. 7-a OCE

CORE T, AFAVICE S ATIHOE 4B H, H, 2707 a b Vi k- THIC 3 IR
W45, Z ORI, cos®30° ORT-Dzwd, JFFRICLBED /41T b, E>T, T
s B ARy rovid, Fig. 7-b OFkICii 5, COREREIER LED LA T, Eilild 1T

%)

0k

St

IV) Fig. 8-a KON E

COBAIE, AFNVEICE B ATEINE, Ja EIICAEEL, F OS5 EEI £ F VRIS &
HIED 34 TH A, HEoT, FOALY bald, Fig. 8-b OfICi Y, CONRBER2HL 55
OTHEMIZ2TH 5,

“ “ Vo420 E» S FHREINS R
~ 7 bvdN, Fig. 6-b, Fig. 7-b, Fig.
audl L ' Fie G Fie T T
588 T 8-b ZkaTEiixHELTEE L 22
waag 3
AEg 7 b Fig. 9IC/Rd, KA 7 b
183 % 2 6 6 2 o
Fig. 9. The spectrum superposed with spectra DFEE FERE O Z 152 & N, G
shown in Figs, 5b, 6 b and 7 b. BRI SED b Sl INnT L EAD

FELTHMEN, ZOWERPICITITR L Th %, E> T OREIES 2D 2 <y
P OB SN ARG, Fig 9 O MR LcBicia b, 51, 4EIORAA RS b
ML ND

COBRIT LTEHKRS NI R bovid, 20O, AP E b HECHN S 7z PMMA
radical [ 75 2 =2 M ITIERITITO,

Bis, PMMA o725 55, 4 EHOREGA<RS bR & 5 radical ({3 H—o

H R
radical T R,—C—C3k OMTH O, AFUEFHEMEELTED, KEETO p. Puics
H CH,

LT, *F v vEoKFEE Fig 5-a, Fig.6-a, Fig. 7-a il 4 LT 20t EBbh 3,

EZ LN AHERNE L L TR, FREOo=20M0c Fig. 8-a OIS 50, < ORE D
TR PETEBTNE, A7 VO, FOHHHRERKEBRESE L RoTLE

wl

NN
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5, BB, C @ radical ¥ Fig. 8-a OE & DO ERMBHEEEDND, Chid, COR
# 25 planar zigzag Mo —~FANLHETH LD T, TOT EEHFETNIT T OWRENE O I
NWEWHCEbEfiRENS
5:2 BEARY PILOBEELL

RAaARy b gk 2 O radical 532 ZRPICIE 2HEO—D1F, FEZE LT
L, 4EDE, SEHARZ PVEFUEAETHATHRLENWENS T ETHE, LL, 2O
HHE S 2 D model &EFFJE LA, AIEL, 2D model i radical OFIFH—~Tld H 5
ZONAREOM 2> Icd DG EN TS, radical OHEEE, & O radical ®ZEEEIC X
ST, BRI N A D, radical DLGTEE, MARTOVMKEEICHELTL 3, #>T,
WEEA FF T e, RANAKREOLOMF LB EL D, ORI radical 234
CHE LT CERBDTHDIFECETH D, DR, H—o radical izl Lo,
—R, SN, 4RIADWMEIC X2 HBEIRGE-> TSN 5015, P, Fig
7-a O 1 plane zigzag ORI 7L DT, MOBE T L~ *ﬂ?iﬁfﬁfﬂ\{hﬁﬂL Higo
EMTREN, CORBEDPSETBE A7 PVREEZEZ LT THHENEETHL D, O
A v, FICAEBHITHS L TWERLD, 4 BIEMSHE LD &S Plette 0%
PP JsEkiic Bt s E

5.3 EBTOXRY ML
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TASERICHFE LT B EEE LMD, E>T, TOEA, ’'a® model ¢ F LD [
5 D YT R IR I 5§, A F Vs FHET-O pr BUEITH LT, 85 LAKIRE % LT
VB EREERIER SN, > T, TOEER, MBI T 2 A FVIERT A F L v ER

FHONAREEIC L - T, £ hyperfine splitting {ZEMHICELT 2, s, B E DX
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Fig. 10. a) an assumed steric configuration at 4°K and theoretically
constructed spectrum based on this configuration.

b) the other assumed steric configuration at 4°K and theo-

retically constructed spectrum based on this configuration.

{b)

KEBKIDARY v A FOETESTNE, 1ADEBILNARS b ERD, FEROEE
FREE—H U, FRKITHRNTS, KA ENA IRBOART P BBl E s T &,
EZ ODNDAUMIEBABEDBLIDTIELAT, T ANVF—HICUEER 2,3 DILREE DA D
&Kf%céct%Mﬁbfwéoé,ngHgb@MKMﬁ®éfo@on5&?m
¥, 2O FRENEARY Fvidka Fig. 10—, d TH5, 4 Fig. 10-a DREIC 15 D
HilimdOELT, Fig 10 ® ¢, d DAY bvaEETNE, 2OE&GOR<7 i Fig
IR EN B, BahicAa~<s b Fig.3 ORG U0 E I PTN S, Fig.
10-a O VAR ERKFEETZE, KEEFL D
hyperconjugation 35—k < #2014 5 i@ T &
b, Fig. 10-b 13 #ic <, hyperconjugation
l l IR BEERBODT, BEOHWEAIE,
i
13 49629 4

f COWMBIC RIS SRR A A, K DR

33
£
1Ay k3 e
£ REME 2 38 979 8 3 2 SR Tl hyperco‘”“ga“o“ MENTET, C
Fig. 11. The spectrum superposed two O [t AS 42 RE s2H0EEbN B, Fig. 10-a
tra st in Fig. 10 a and b. . ) s .
spectra shown in Fig. 10 a and b CREBTMAEL 2 DR, ¢ QRSO
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DEETH D7D, TOMEREE S radical OFMBBNEEZ 1D TH B, O, 4K
KN 5227 boavd, FadD model TEM:MICIEBH NS
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E2

polymethylmethacrylate tfiC fE4E 9" % radical o5 @& 5 ESR =<7 hwvid, 5 fIE,

4 EHDORALIMFEDORRT bERT, OB A~7 PN E L3 radical @
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CH,

R

|
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R
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i Py, planar zigzag 1CIT0$ O 3 DISLEICHIET 5 & 1L, 0 radical 5 T
5 ESR 227 bvig 2 oM, HEHMEE S, KBEXI—UTHT LRI NTL,

R, FEICE->TEEE, 4TWHARI P VOREDOBAENR THNMENEC &b, <
@ model 7» & Bl H K7z,

Wiz, 4K c@llsnizx<s b, <@ model (CHT %, hyperconjugation M ¢
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