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ABSTRACT: A detailed ESR study of free radicals trapped in irradiated urea-poly( ethylene 
oxide) complex was carried out. On annealing at room temperature, the triplet spectrum observed 
immediately after y-irradjation at 77 K was converted to a quartet spectrum. Using the spectrum 
simulation method, the quartet spectrum was found to derive from the scission free radicals, 

Hp 
C,H3-0-C. -C in which the methylene group took on a trans-gauche type configuration. 

H. Hp· 
Temperature dependences of hyperfine splitting widths due to /3- and y-protons were observed and 
analyzed in terms of the hindered oscillation of the /3-methylene group and rotation around the 
c.-o bond axis. 
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In previous papers/·2 we concluded that the 
radical sites in urea-polyethylene complex (UPEC) 
were more mobile than those in polyethylene crystal 
by estimating the temperature dependences of ESR 
parameters of alkyl radicals and peroxy radicals. 
Our broad-line NMR study3 also clarified a much 
more mobile character of polyethylene molecules in 
the pores of urea molecules. These indicate 
that an intermolecular interaction between molec
ular chains is stronger in the polyethylene crystal 
than in UPEC due to the shorter interchain distance 
in the former. The mobility of the polymer chain 
and the intermolecular interaction are considered to 
influence the radiation effect in the polymer solids. 
Doublet and quartet ESR spectra arising from 
different radical species were observed in an ir
radiated solid of normal poly(ethylene oxide) and 
the urea-poly(ethylene oxide) complex (UPEOC), 
respectively, by Sugimoto et a/.4 •5 However, the 
precise structure of the radical and its mobility are 
still opened for further study. 

The aim of the present paper is to analyze the 
ESR spectra of free radicals produced in irradiated 
UPEOC and their mobility with regard to the 
radiation chemistry of poly( ethylene oxide) chains. 

EXPERIMENTAL 

Preparation of the Urea-Poly( ethylene oxide) 
Complex (UP EOC) 
Poly( ethylene oxide) (PEO) with a weight average 

molecular weight of 6000 was used for this study. It 
is well known that the urea-poly(ethylene oxide) 
complex can be prepared by mixing a solution of 
PEO with urea.6 •7 UPEOC was made in the follow
ing way. Urea (22 g) was added to a solution of 
poly(ethylene oxide) (lOg) in benzene (1500ml). 
This suspension was stirred in a round-bottomed 
flask for about one week. After filtering with suc
tion, the powder was dried thoroughly in vacuo at 
10-3 mmHg. UPEOC was identified by comparing 
its DSC curve with those of urea and poly( ethylene 
oxide). The melting temperature of UPEOC pre
pared in this study was found to be 146oC. 

Irradiation Technique 
The samples were subjected to 6°Co y-irradiation 

at the liquid nitrogen temperature under a vacuum 
of 10-4 mmHg. The total dose was 2.8 Mr and the 
dose rate 0.17 Mr/h- 1 . 
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ESR Measurements 
ESR spectra were recorded with a JEOL ME-2 

electron spin resonance (X band) spectrometer with 
100kHz field modulation at a microwave power of 
0.1 mW. A JEOL temperature controller was used 
to control the temperature observation. An on line 
spectrum computer JEOL EC-6 was connected to 
the spectrometer and the data were punched out on 
paper tape by an A-D converter. The double in
tegration of the first derivative curves was carried 
out by the electronic computer HIT AC 8400. In this 
way, the relative concentration of free radicals was 
computed. 

RESULTS AND DISCUSSION 

Conversion of Unstable Radicals into Stable Radicals 
A triplet-like spectrum was observed at 77 K 

immediately following irradiation at the same tem
perature. Figure 1 shows a comparison of the 
spectra observed at 77 K before and after the heat 
treatment at 218 K. It is evident that the triplet 
spectrum is changed into a quatet-like spectrum by 
warming. Figure 2 shows the variation in the re
lative radical concentration and the relative intensity, 
I, of the specified peak shown in Figure 1 with the 
temperature of the heat treatment. This specified 

77K 

__., 
0.78mT 

Figure 1. Change in ESR spectra at 77 K before and 
after heat treatment at 218 K. 
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peak is characteristic of the quartet spectrum cor
responding to "stable radicals," still remaining after 
warming at 320 K. The spectra, which were the 
basic data for obtaining Figure 2, were observed at 
77 K after heat treatment at respective tempera
tures. In spite of the increase in the specified peak 
intensity with temperature, the total concentration 
of free radicals shows no remarkable decrease with 
temperature. This fact indicates that the major parts 
of the free radical corresponding to triplet spec
trum, which we call "unstable radicals," are con
verted into more stable radicals by warming. In 
other words, it may be concluded that the unstable 
radicals are the precursor of the stable radicals. 

Assignment of the Stable Free Radicals 
Figure 3 shows the ESR spectra of stable free 
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Figure 2. Change in the relative radical concentration 
( 0) and the relative intensity (I) of the specified peak 
indicated by arrow in Fig. I (,6.). 
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0.40mT 

Figure 3. ESR spectra of stable radicals trapped in 
UPEOC observed at 293 K. 
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radicals observed at room temperature. This seems 
to be a quartet spectrum with the approximately 
equal intensities, each component of which is com
posed of quartet subsplitting with a binominal 
intensity. The main quartet is considered to be 
caused by hyperfine splittings due to two protons, 

Hp,. 
H. and Hp 1 in ether type free radicals, C-C-0 

Hp,H. 
because the orders of magnitude of the values, 1.8 
and 2.5 mT are similar to the values ofsplittings due 
to et and f3 protons of the similar radical reported in 
the other papers.8 •9 As discussed in the next section, 
hyperfine splitting due to Hp, proton should be 
canceled out. On the other hand, the value of 
quartet subsplitting is ca. 0.25 mT which is also in 
good agreement with the value ofhyperfine splitting 
due to y-proton of the ether type free radical, 

. Hr 
Consequently, the quartet-

H. Hr 
quartet spectrum is considered to be that of the scis

H 
sion type radical, The stick 

H H 
diagram in Figure 3 is a good representation of 
the assignment. The extralines observed outside 
the quartet-quartet spectrum is caused by an 
anisotropic hyperfine splitting due to et-proton; 

A 
122K 

AHr 

AHmsl 
(mT) 

181K 

(mT) 

0.40mT 

it shows a so called amorphous pattern. 
In order to certify the above assignment, the 

computer simulation was carried out under follow
ing conditions: (a) We assumed that the anisotropy 
of the coupling constant due to et-proton is axially 
symmetric and that of coupling constant due to {3-
proton is negligible. (b) The rough values of coupl
ing constant due to et, f3 and y-protons, !'J.H., !'J.Hp, 
and !'J.Hr and line width, !'J.Hmsl, are estimated from 
the values of A and B represented in Figure 3. The 
anisotropic hyperfine splitting due to et-proton, A 11 

and A j_ were also estimated to be 2. 5 and 1. 5 m T, 
respectively. The orders of magnitude of these 
values are similar to those obtained by another 
workers.9 By using the values of spectral parameters 
described previously, we could obtain theoretical 
spectra assuming that each of the components is 
gaussian line in shape. Several theoretical spectra 
were calculated by gradually changing the values of 
spectral parameters. These spectra were recorded on 
an X-Y plotter and compared with the observed 
spectra in order to get the best fit. 

The experimental spectrum observed at 293 K and 
the calculated spectrum shown in Figure 4(C) seems 
the best fit with respect to the whole line shape and 
peak positions. Consequently, it can be concluded 
that stable radicals is the scission type radical, 

Hp . Hr 
-C-C-0-CHY. It can also be assumed that 

HP' H. Hr 

D 
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...... 
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Figure 4. Change in ESR spectra of stable radicals trapped in UPEOC with observation temperature: 
--, experimental; ------, calculated. 
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Table I. Possibile free radicals produced in 
irradiated poly(ethylene oxide), 

Destructed 
chemical 

bond 

H H 1 H H 

H H H H 

Primarily produced 
free radicals 

H H 

Secondarily 
produced 
radicals 

C1-H 1 (a) 
H H H 

HH H 

HH 

HH 

(b)--> 

(c)--> 

HH 

H 

HH 

(d) 

(e) 

HH H 
-C-C-0-C· (f)--> 

H H H 

H H 
-C-C-0-CH (g) 
HH H 

during y-irradiation three types of chemical de
gradations of poly(ethylene oxide) chain, 

H H H H 
-C-C1-02-C3-C4-, occur and then var-

H H 1 H H 

ious free radicals are produced. We can also 
assume that less stable radicals are converted 
into more stable radicals as shown in Table I. 
Since the stable radicals observed in the present 
study are attributed to the scission type radical, 
(g), destruction of the chemical bond C3-C4 

during y-irradiation is very likely. Unstable radi
cal species which convert to the stable radicals, (g), 
is not identified completely. However, the un
stable radical species possibly is scission type radi
cal, (f), because of the triplet spectrum. Conse
quently, it is reasonable to consider that the radical 
conversion mentioned in the previous section is 
brought about by the migration of the proton, 

H H H 

H H H H 

Structure of Scission Type Free Radicals in UPEOC 
It is well known that the configuration of a free 

radical site can be clarified by estimating the values 

772 

of hyperfine splitting due to {3-protons. In the 
present section, we discuss again the assignment of 
the stable radical in view of the values of hyperfine 
splitting due to /3-protons of free radicals trapped in 
UPEOC and demonstrate its structure with relation 
to the conformation of poly( ethylene oxide) chains. 

The hyperfine splitting due to {3-protons of the 
neighbouring methylene group in the radical, 

Hp, . 
-C-C-, AHp,. can be considered to arise in two 

Hp 2 H. 
ways; i) by n-15 polarization involving the spin 
polarization of sp2-orbital on the {3-carbon and 
ii) by hyperconjugative interaction with the p
orbital on the ()(-carbon. These mechanism are re
presented as the first and second terms, respective
ly, in the following equation by Heller and 
McConnell, 10 

AHp,=A+Kp cos 2 8i 
(1) 

=A+Bcos 2 8i 

where K is a constant, p is the spin density, and ei is 
the projected angle between the Cpi-HPi bond and 
the n-electron axis on the plane perpendicular to the 
direction of the C.-Cp bond. 

Buley et al.U found the small splitting (0.14mT) 
to be due to the aldehydic proton, Hp,, in the 
radical, CH2 ·(OH)·C,H.-Cp,Hp,O, in which the 
aldehydic group takes a plane perpendicular to the 
p-orbitals; i.e., 8p, =90°. Hence, these authors con
cluded that the spin polarization mechanism should 
lead to a splitting only of the order of 0.1 mT with 
consideration of the splitting due to methyl protons 
in the acetonyl radical, · CH2-C-CH3 , and thus the 

II 
0 

hyperconjugation interaction was neglected. The 
spin density at /3-carbon of the ether type radical, 

Hp,. 
C-C, -0 in which the methylene group takes 
Hp2 H, 

on a tetrahedral conformation, is less than that in 
the case of the radical, CH2 (0H)C,H,-Cp,Hp,O. 
Consequently, the spin polarization mechanism in 
the hyperfine splitting due to the {3-proton of the 
ether type radical can not be neglected completely. 
Thus eq 1 may_ be simplified as follows: 

AHpi=Kp cos 28i=B cos 2 8i (2) 

The hyperfine splitting widths due to the two /3-

Polymer J., Vol. 13, No. 8, 1981 
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H .. , H .. , 
I 

I 
/'9o· 

0 c .. 'f-t, 
Hs, • HB. 

Ca 

!'J.Hp=BP cos 2 8 

Figure 5. Schematic illustration of steric configuration 
of the atoms at the site of the stable radical. 

Hp,. 
protons of the radical, were es

Hp, H. 
timated to be 2.62 and 0.0 mT in the previous sec
tion. However, if the stable free radicals are assum-

Hp, . HY H 
ed to be a chain radical, C-C-0-C-C 

Hp, H. HY H 
the value of one of the hyperfine splittings due 
to /3-protons should be of the order of magnitude of 
the coupling constant due to the y-proton, 0.24 mT. 
That is, subsplitting quartet of experimental spectra 
can be considered as arising from splittings due to 
two y-protons and one /3-proton is the chain radical. 
These assumed values of 11Hp, and 11Hp,. when 
substituted into eq 2, give the following relations, 

11Hp, =2.62=B cos 2 8, 

11Hp,=0.24=B cos 2 8, 

(3) 

(4) 

Since the /3-methylene group is in the regular tetra
hedral arrangement, eq 5 is satisfied as shown in 
Figure 5, 

82-8! =60° 

Equations 3, 4 and 5 lead to eq 6, 

cos2 81 
10.9 

and the following values were also obtained, 

8! = 13.0° 

82 =73.0° 

B=2.76mT 

(5) 

(6) 

(7) 

(8) 

(9) 

The value of B obtained in eq 9 should be less 
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probable, being much smaller than 
obtained in the studies of the aliphatic radicals 
carried out so far. 12 - 16 Griffith9 also estimated the 
value of B to be 4.1 mT in the case of the ether type 
radical, by analysing the hy
perfine splitting width of /3-methylene protons. 
Hence, it is reasonable that the stable radical should 
not be assigned to be the chain type radical, 

Hp, . HY H 
but to be the scission type 

Hp,H. HY H 
Hp, . HY 

radical, -C-C-0-CHY, as concluded in the 
Hp, H. HY 

previous section. In addition, it was concluded 
that the hyperfine splitting widths of the radical, 

Hp, . 
have ca. 2.62 and O.OmT. 

Hp, H. 
These values were substituted into eq 2 and the 
angles, 81 and 82 , were found to be 30° and 90°, 
respectively. As a result, the structure of the stable 
radical (g) can be picturized as shown in Figure 
5. It is well known that the conformation of poly
ethyleneoxide chains in normal crystalline phase 
are of trans-trans-gauche type17; i.e., a 72 -helical 
structure as represented in Figure 5. Since this 
conformation is in good agreement with that of 
the free radical (g), it can be said that the 72 -heli
cal structure of poly(ethylene oxide) chain still 
exists in irradiated UPEOC. 

Variation of ESR Spectra of Scission Type Radicals 
Trapped in UP EOC 
Figure 4 shows the change of ESR spectra of 

stable radicals produced in irradiated UPEOC with 
the temperature of observation. The ESR spectra of 
stable radicals changed remarkably and sharper 
spectra were observed when the observation tem
perature was about 200 K. Because of this motional 
narrowing of line widths, subsplittings due to y
proton were well resolved at temperatures higher 
than 200K. 

We can see that subsplittings are also observed at 
lower temperature, 122 K, as shown in Figure 4(A). 
However, at an intermediate temperature, 181 K, 
the subsplitting disappears as shown in Figure 4(B). 
This seems to result from some very complicated 
temperature dependences of the ESR parameters, 
11H., 11Hp, 11HY and 11Hmsl. For example, it may be 
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Figure 6. Hyperfine splitting widths due to {3- and y
protons and line width of the stable radicals vs. tempera
ture of observation: ,6.(--), !'J.H,; 0(--), !'J.Hp; e(--), 
!'J.Hmsl. 

-4.2K 

---- 77K 

0.40mT 

Figure 7. Comparison of the ESR spectra of the stable 
radical observed at 77K (---)and at 4.2K (-). 

considered that the ratio of 11Hy to 11Hmsl de
termines the resolution of subsplitting due to y
protons. By the computer simulation method de
scribed in the previous section, the ESR parameters 
at various temperatures were determined. 

11H. does not show any detectable decrease 
throughout the temperature range studied. Figure 
6 shows the variation in the values of 11Hp, 11HY 
and 11Hmsl. 11Hp does not change until 150 K and 
then it abruptly decreases above this temperature. 
On the other hand, 11HY begins to decrease at a 
very low temperature compared with the curve 
for 11Hp, indicating that y-protons are quite mo
bile even at the temperature of liquid nitrogen. 

As will be discussed in detail in the next sub
section, hyperfine splitting decreases with rising 
temperature and 11HY seems to increase at a tem
perature lower than 77 K. In connection with this 
matter, the spectrum of a stable redical was ob-
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served also at liquid helium temperature. A com
parison of the spectra observed at 4 K and 77 K is 
shown in Figure 7. According to the discussion on 
the stick diagram of the spectrum (Figure 3), the 
outer shoulders of the main quartet correspond to 
the values of 11HY. The spectrum observed at 4 K 
appears to have a slightly broader 11HY. Thus, it 
may be said that the difference in the spectra 
observed at 4 K and 77 K reflects the difference in 
the mobility of the radical sites at these tempera
tures. A detailed discussion on the spectral change 
at the temperatures below 77 K will be presented in 
a future study. 

Molecular Motion of the Scission Type Radical in 
UPEOC 
Recently, the effect of hindered rotation of the 

molecular site on the localization of the unpaired 
electron was discussed by Bullock and Howard18•19 

in the case of the cation of 1,2,4,5-tetrahydroxy
benzene and other related compounds. These au
thors discussed the temperature dependence of hy
perfine splitting and suggested that the value of the 
hyperfine coupling constant due to the proton of 
hydroxyl group depends on the spin density of the 
carbon atom bonded to the oxygen and the spin 
polarization. The latter is related either to the 
twisted angle of the plane of the benzene ring or the 
value of the overlap integral of p-orbitals on the 
oxygen and carbon atoms. We also made similar 
considerations in this regards. 

Rotation about the axis of the C.-0 bond in the 
HY Hp 

scission radical, was consi-
HY Hp-

dered. This rotation results in the delocalization of 
the unpaired electron at the oxygen atom, and leads 
to smaller hyperfine splitting due to y-protons. 
These interpretations fit well with experimental 
results on the temperature dependence of the hyper
fine splittings due to y-protons. The temperature 
dependence of the coupling constant due to /3-
proton shown in Figure 6 is interpreted in terms of 
the exchange of two /3-protons due to the hindered 
oscillation about the c.-Cp bond. 

When 80 and 118 are defined as the equilibrium 
angle and the displacement due to torsion, the 
average value of the coupling constant, <11Hp) due 
to /3-proton is expressed by the following equation. 1 

.Polymer 1., Vol. 13, No. 8, 1981 
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<AHp)=Bp<cos2 8)=Bp<cos2 (80 +Ae)) 

= Bp[cos2 80< cos2 AB) 

+ sin2 80(1- < cos2 Ae) )] (10) 

As stated in the previous section, 80 was found to be 
30°. Substituting this value, 80 = 30°, into eq 10, we 
obtained, 

<AHp) =Bp(l/4+(1/2) cos2 AB) (II) 

<AHp) in eq 10 or eq II decreases with increasing 
temperature since the amplitude of torsional oscil
lation, Ae, increases with increasing temperature. 
This character is well shown by experimental facts. 
Based on this discussion with regard to the motions 
of {3- and y-protons, it may be concluded that y
protons are more mobile than {3-protons in the 

H H 
scission type radical, CH3-0-C-C-. It should 

. H 

be said that the temperature dependence of AHp and 
AHY was observed separately in our study, meaning 
that, ifl this paper, it has been possible to make a 
separate discussion of the local mobilities of me
thylene and methyl groups. 
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