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5.9; mol wt, 474.6. Found: C, 58.0; H, 9.1; N, 5.4; mol wt (bp in ben- 
zene), 470. 

The infrared spectrum showed a characteristic ester band at 1735 
cm-’ and additional bands at 1190,1160,1100,1010, and 850 cm-’ 
all absent in the staring material: NMR (CDC13) 6 1.29 (s, CHz), 2.32 
( t , J  = 6 Hz,a-CH2),3.69 (s,OCH3),4.50 (s, HCN02), and no COOH 
absorption at 6 10-11. 
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ABSTRACT: The possible reactions of polybutadiene and other diene rubbers, with oxygen during initial processing, 
low-temperature mechanical degradation, and subsequent handling, are reviewed. Radicals formed following tensile 
testing of polybutadiene and polyisoprene at 83 K in predominantly nitrogen atmospheres, hut containing different 
amounts of oxygen, are examined using electron spin resonance (ESR) techniques. It is concluded that two or more 
radical species result from mechanical deformation at low temperature when oxygen is present. Radicals identifed 
are a peroxy radical and most probably an allyl radical arising from main chain rupture. Peroxy radicals are shown 
to arise mainly from combination of radical species with oxygen in the test environment, al though a small proportion 
is attributed to oxygen incorporated into the rubber network during processing. The relative stability with increasing 
temperature of the peroxy to other radical species present is studied quantitatively. 

I. Introduction 
The effect of atmospheric oxygen on unsaturated rubbers 

at ambient temperature and above is pronounced and has 
been widely It is known that chain rupture me- 
chanically induced by mastication produces radicals which 
are stabilized by reaction with oxygen.3 For natural rubber this 
leads to a reduction in molecular weight into the processable 
range. More recently, the application of electron spin reso- 

nance (ESR) technique to monitor radical formation during 
mechanical deformation of diene rubbers in the glassy state, 
close to  the liquefaction temperature of nitrogen, has also 
revealed oxygen-containing radicah4-8 The reactivity of 
oxygen with polymer radicals formed by mechanical degra- 
dation has been recently reviewed by Sohma and Sakagu- 
~ h i , ~ J ~  while DeVries” has reviewed radical formation in 
rubbers. The  presence of such oxygen-containing radicals is 
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both a nuisance and a source of interest to the study of the 
deformation of rubbers in the glassy state. I t  is a nuisance in 
that it confuses the spectrum of the expected primary allyl 
radical resulting from main chain scission, but it is interesting 
to an understanding of the role of oxidation in the mechanical 
deformation of glassy polymers. 

I t  has been found that ESR is a sensitive method for mon- 
itoring the oxidation of diene rubbers both during ageing and 
during mechanical deformation below the glass transition 
temperature when the radical species are stable. Concentra- 
tions of oxygenated radical species as low as -lO+g mol (10l6 
spin/g) may be detected using ESR, and this compares very 
favorably with other techniques such as infrared,12 weight 
gain, oxygen take-up methods, and cross-link density changes 
resulting from 0xidati0n.l~ 

ESR spectra observed after mechanically deforming poly- 
b ~ t a d i e n e , ~  natural r ~ b b e r , ~  and polychloroprene6 a t  low 
temperatures are normally composed from at least two radical 
species, that due to the allyl radical following main chain 
rupture and that due to oxidation reactions which appears as 
a peroxy radical. The oxygenated radicals can derive from 
several sources, and it is the purpose of this present paper to 
examine some of these sources and the stability of the oxy- 
genated radicals formed. 

There are three stages a t  which oxygen may be introduced 
into the rubber which subsequently gives rise to the oxygen- 
ated radicals. First tlhe rubbers are compounded on an open 
mill and pressed into sheets. During these operations oxygen 
may be either conjugated into the rubber network as oxygen 
bridges or may be introduced simply in the form of dissolved 
air for later reaction. Oxygenated radicals may alternatively 
be formed during mechanical testing at  the low temperature 
by reaction of the primary radicals formed with dissolved 
oxygen or oxygen in the test environment. Finally oxygenated 
radicals may be formed, or destroyed, following mechanical 
testing as the material is returned to ambient temperature. 
All these possibilities have been examined and ESR has been 
used to monitor the quantity, nature and stability of the ox- 
ygenated and other radicals throughout the rubbers history 
of manufacture, mechanical testing a t  low temperature, and 
subsequent warming. 

11. Oxygenated Radicals in  Rubbers  
Many different reactions have been suggested to occur 

between oxygen and rubbers during processing. Some of the 
possible oxidative structural units resulting from these reac- 
tions are shown in Table I, although the reactions are not 
completely understood. A commonly proposed path involves 
the formation of hydlroperoxides (ROOH) and their subse- 
quent decomposition to give chain rupture, aldehydes, and 
 ketone^.^^^^^^^^ For 1,4-polybutadiene this path could proceed 
as follows. 

H H H H  H H H OOH 

I I I I  I l l 1  
R,C-C=C-CR, + 0, - R,C-C=C-CR, 

I 1 -  I 1 -  
H H 

I 

H A 

I 
H 

H: I I 
H 

A similar reaction a t  l,B-vinyl units can lead to the oxidative 
structural unit listed as B in Table I. Hydroperoxides are 
readily reacted and brief heating a t  403 K (130 "C) leads to 
their complete destruction.12,22 

Competitive oxidation reactions during initial processing 

are those that result in cross-links rather than chain rupture 
and reduction in molecular weight. I t  has been stated12 that 
oxidative cross-linking reactions depend on hydroperoxide 
decomposition and can result in peroxy, ether, or a hydro- 
carbon cross-link. An ether cross-link, suggested for zinc oxide 
cross-linked polychl~roprene ,~~ is shown as type F in Table 
I. Furthermore, peroxide groups may exist as inter- or intra- 
chain bonding. Two possible types of intrachain peroxy 
bonding are shown as types D and E in Table I. 

The network of the cross-linked rubbers is strained during 
tensile testing a t  low temperatures and molecular rupture 
occurs progressively as the strain is increased, giving rise to 
a monotonically increasing number of radicah4v5 I t  is rea- 
sonable to assume that molecular rupture occurs a t  the 
weakest link of the most highly strained network chain; the 
vulcanization technique used provides a cross-linked network 
with a wide range of network chain lengths. Possible radicals 
formed as a result of chain scission are given in Table I, while 
Table I1 lists the related bond energies. From a consideration 
of bond energy alone, it can be seen that rupture a t  a peroxy 
group, contained either in the backbone chain or as a cross- 
link, is the most favored rupture site. Rupture of the main 
chain between the a-methylene groups is also relatively easily 
accomplished. Rupture a t  the hydroperoxide group (ROOH - RO- + .OH), although thermodynamically favorable, is 
unlikely to occur by mechanical deformation alone since it is 
a pendant group. Since it is unlikely that all network chains 
will neither necessarily contain a peroxide group nor be 
equally strained, it is considered that mechanical deformation 
is most likely to lead to the simultaneous formation primarily 
of R1O. and R2CH. radicals following homolytic cleavage of 
interchain peroxide links and carbon-carbon bonds 6 to the 
double bond. Kraus and R ~ l l r n a n ~ ~  found an activation energy 
of 40 kcal mol-' for mechanical reaction during the mastica- 
tion of polybutadiene in the absence of air. This value, being 
significantly lower than the 60 kcal mol-' for allyl radical 
formation and close to that for peroxide link rupture, suggests 
the predominant molecular rupture mode to be that of peroxy 
bond cleavage. 

Whether the above alkoxy (R10.) and allyl (R2CH2.) radi- 
cals can be observed following tensile testing using ESR de- 
pends on their stability both during testing and subsequent 
warming. Some authors26-28 suggest that the alkoxy radical 
is unstable and readily converts to the more stable peroxy 
radical (RO2) by the reaction. 

RO + ROOH + RO2 + ROH 
Any allyl radicals of the form RzCH2. could also combine with 
dissolved oxygen, again leading to the formation of a peroxy 
r a d i ~ a l . ~ ~ - ~ ~  Whether the latter reaction proceeds during 
low-temperature tensile testing (-90 K) is questionable. Less 
stable alkyl radicals are known to react with oxygen at  150-200 
K. The more stable allyl radicals may thus only react with 
oxygen a t  higher temperatures nearer to the glass transition 
temperatures (T,) of the rubbers. The activation,energy of 
formation of peroxy radicals as a secondary reaction in glassy 
thermoplastics has been reported as about 6 kcal m 0 1 - l . ~ ~  I t  
has been suggested35 that processes a t  liquid nitrogen tem- 
perature requiring over 6 kcal mol-' will not occur, which 
would suggest that peroxy radical formation during tensile 
testing at  low temperature is only marginally possible. Ohnishi 
et al.29930 report that allyl radicals formed in polyethylene react 
with oxygen to form peroxy radicals a t  temperatures above 
160 K; they also report that the allyl radical can be recovered 
by pumping on the specimens at  77 K. However, this appears 
to be the only reported reversible peroxide formation for an 
allyl radical. In careful studies on cis-polyisoprene and cis- 
polybutadiene, Carstensen observed a 25% maximum peroxy 
conversion from allyl radicals even by warming to T,.31J2 
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Table I 
Oxidative Structural Units and Possible Scission Products 

Type Oxidative structural unit Possible scission product Ref 

H H H  

*CCH=CHCH,- 
I I I  

I 
A -cc=cc- 

I1 

II 
0 H 

II 
0 

or -CCH=CHCH, 

0 

B 

c 

D 

E 

F 

0 

-CH,C 
II 
I 
CH 
I1 
CH, 

-CH,CH=CHCH- 
I 
OOH 

-CH,CH=CHCH,O,CH, 
CH O,H 
I 7  

CH, I 
-CH,C=CHCHCH,CI‘CHCH, 

I I 
0 0- 

-CH,C=CHCH, 
I 
I 
0 

-CH,C=CHCH, 

Table I1 
Thermodynamic Strength of Some Chemical Bonds 

Bond energy, 
Bond kcal mol-’ Ref 

80 19 
4 -cc-cc- 

60 23 
i =cc-cc= -c-0- 19 

RO-OH 
RO-OR 
R-OOH 70 
ROO-H 90 

24,25  

Several authors report that free radicals formed in glassy 
polymers, including diene rubbers, by mechanical deformation 
or irradiation, decay a t  or close to the glass transition tem- 
perature.4-11,31,32,4g,52 Mechanisms for the decay of radicals 
involving oxygen and the decay of peroxy radicals have been 
discussed by L o Y . ~ ~  He suggest the following possible reac- 
tions. 

Re + 0 2  + RO2 

ROz + R’H + ROOH + R’. 

R’. + R’. - R’R or R’. + 0 2  - R’Oz 

Further intermediate stages have also been suggested, for 
example,37 

*CH,C=O 
I 

CH 
II 
CH, 

H 
I 

-CH,CH=CHV * 
I 
I 

OOH 
or *CH,CH=CHCH- 

OOH 
I 

-CH,CH=CHCH,O’ 

? Y O z H  
CH, 

0. 

14 

15 ,16  

1 7  

18 

19 

1 2  

19 

6 

2RO2 + 2R0 + 0 2  

RO + ROOH + RO2 + ROH 

The first stage of this latter reaction is interesting. In a series 
of tests carried out in this laboratory, samples of gas evolved 
from the deformed polybutadiene as it was warmed to its T ,  
were analyzed quantitively by mass spectrometry. An increase 
in oxygen content was detected in some tests as the rubber 
approached its T,. However, the technique adopted for the 
quantitative analysis was to calibrate the mass spectometer 
with known mixtures of gases and study the relative peak 
heights of the constituents in the mass spectrograph. This 
technique is not precise, and the observed oxygen increase is 
considered as interesting but open to some doubt. 

It can be seen that there are many opportunities for oxygen 
to react with the rubbers during their history of preparation, 
tensile testing, and subsequent warming, giving rise to  the 
oxygenated radicals observed by ESR. 

111. Experimental Section. 
Rubbers used for the experiments were: (a) synthetic cis-polyiso- 

prene, Shell, 96% cis, containing no stabilizer or oil; (b) synthetic 
polybutadiene, Shell Cariflex BR1202,94% cis; (c) Intene 55NF, In- 
ternational Synthetic Rubber Co., 40% cis, 50% trans, and 10% 1,2- 
vinyl units; (d) high vinylpolybutadiene, greater than 50% 1,2-vinyl 
units and specially prepared at the National College of Rubber 
Technology, London. 

The T,’s for the cross-linked materials (a) to (d) were assessed using 
a Du Pont differential thermal analyzer and found to be 213,188,203, 



Vol. 11, No. 1, January-February 1978 Polybutadiene and Polyisoprene 59 

and 220 K, respectively. The cross-linking agent used with all the 
rubbers was dicumyl peroxide. The rubber was mixed with dicumyl 
peroxide on an open labmoratory mill, using 0.1 pph dicumyl peroxide 
for the polybutadiene and 0.5 pph with polyisoprene. The mill rolls 
were unheated but mastication naturally caused heating of the rub- 
bers during mixing. After mixing the rubbers were pressed into 2-mm 
thick sheets and cross-linked at  180 "C in a press. No provision existed 
for controlling the environment during milling and pressing. Tensile 
test specimens were stamped from the prepared sheets and tested in 
a low-temperature cabinet attached to an Instron testing m a ~ h i n e . ~ , ~ *  
The atmosphere within the test chamber could be modified by purging 
and sweeping continuously during testing with gas from a cylinder. 
Commercial grades of nitrogen and oxygen-free nitrogen were used 
for this purpose. The test environment temperature was maintained 
a t  approximately 83 K. ,411 specimens were oriented by 100% a t  room 
temperature prior to testing to ensure a ductile mode of deformation 
a t  the low temperature and hence a high radical ~oncentration.~ The 
particular ductile mode obtaining during the tensile tests was crazing, 
which meant that the environment was able to diffuse easily to all 
parts of the specimen through the crazes and hence contact any rad- 
icals formed within the body of the specimen. 

Following tensile testing to rupture, a section of the deformed 
specimen was removed, placed in a Spectrosil tube, and transferred 
to the ESR cavity precooled to 123 K. The entire specimen removal 
and transfer to the ESR was carried out at, or close to, a temperature 
of 83 K to avoid radical decay. The Varian E.9X-band spectrometer 
used was fitted with a variable temperature controller capable of 
operating in the range !33-563 K. Microwave power of 0.2 mW was 
used, which avoided power saturation and spectra distortion. A 
modulation frequency of 100 kHz was used with an amplitude of 6.3 
G. Radical concentratimons and g values were evaluated using di- 
phenylpicrylhydrazl (DI?PH). The first derivative ESR spectra were 
integrated to obtain absorption spectra and doubly integrated to 
determine the total radical  concentration^.^^ The method of deter- 
mining the relative quantity of peroxy to other radicals present will 
be described in section 6. 

To examine the effect of relaxation on warming on the radicals 
produced, one experiment was carried out in which the specimen was 
deformed and then held at  constant strain while ESR measurements 
were taken, using a specially designed insitu-tensile testing appara- 
tus.40 

A Phillips UV irradiation lamp was used to irradiate samples either 
in evacuated tubes or in .the presence of liquid nitrogen which was not 
oxygen free. The tubes were transferred to the ESR cavity at  regular 
intervals until a clearly identifiable spectrum was obtained. 

IV. ESR Spectra foir Polybutadiene 
Figure l a  shows a typical first derivative ESR spectrum 

obtained from dicumyl peroxide cross-linked cis-polybuta- 
diene after uniaxial deformation in the glassy state in a com- 
mercially pure nitrogen atmosphere. It is seen to be a five-line 
asymmetric spectrum. The line at  lowest field has a g value 
of 2.033. The remaining four lines on the high-field side of the 
spectrum are observed to have equal splittings of 1 2  G ap- 
proximately. 

Figure l b  shows the spectrum of a peroxy radical. The 
double peak in this instance arises from g-value anisotropy 
and not from nuclear hyperfine splitting. Spectral subtraction 
of the peroxy radical spectrum (Figure Ib) from the spectrum 
obtained from polybutadiene (Figure l a )  yields the spectrum 
shown in Figure IC. The result is a symmetric four-line spec- 
trum of 50 G overall width. The typical spectrum for poly- 
butadiene deformed in the presence of oxygen is considered 
to arise from a combination of that due to a peroxy radical and 
that due to a polymer radical species. The peroxy radical 
produces the low-field line at g = 2.033 and gives rise to the 
asymmetry in the spectrum. The four-line polymer radical 
species could be due to three equal protons, since the intensity 
ratio of the four-line spectrum is approximately 1:3:3:1. 

Figure 2b shows the ESR spectrum recorded a t  123 K ob- 
tained by tensile testi:ng polybutadiene in an oxygen-free ni- 
trogen atmosphere. The peroxy content is much reduced, as 
can be seen by comparing the relative magnitudes of the line 
a t  g = 2.033 in Figures l a  and 2b. The spectrum shown in 
Figure 2b is a nearly symmetrical quartet or perhaps sextet, 

g i 2.03 q - 1.992 

Figure 1. First-derivative ESR spectrum: (a) from cis-polybutadiene 
following tensile testing in commercial purity nitrogen gas a t  83 K 
(spectrum recorded a t  123 K); (b) for a peroxy radical; (c) as for (a) 
above, but after spectral subtraction of the peroxy radical spec- 
trum. 

9 - 2 . 0 3 3  9 = I .992 

V 

Figure 2. First-derivative ESR spectra recorded a t  123 K for poly- 
butadiene following tensile testing: (a) tensile tested in commercial 
purity nitrogen; (b) tensile tested in oxygen-free nitrogen. 

although the residual peroxy radical continues to distort the 
spectrum making it difficult to resolve the polymer radical 
species definitively. By comparison with the subtracted 
spectrum shown in Figure IC, the quartet seems the more 
likely candidate in the case of polybutadiene. 

Spectra obtained from similarly deformed high trans (In- 
tene 55NF) and high vinylpolybutadiene in oxygen-free ni- 
trogen also gave similar symmetrical quartet structures with 
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V 
Figure 3. First-derivative ESR spectra from peroxide cross-linked 
cis-polybutadiene after UV irradiation a t  77 K in partial vacuum 

mm Hg). Spectra recorded at specimen temperatures of (a) 123 
K, (b) 173 K. 

12 G splitting and an intensity distribution of approximately 
1:3:3:1. The four-line spectrum of the polymer radical species 
therefore appears to be independent of chain conformation. 
It is assigned to a allyllic radical species and possibly the result 
of main-chain scission between the a-methylene groups. Three 
factors which support the scission of the carbon-carbon co- 
valent bond of the main chain follow: 

(a) Scission is most likely to occur at the energetically most 
favorable position, Le., the weakest bond in the main chain. 
(b) The allyl radical formed by main-chain scission between 
the a-methylene groups is the only one whose spectrum will 
be independent of chain conformation. (c) Zhurkov et al.41 
have studied the skeletal vibrations of oriented stressed 
polypropylene by infrared spectroscopy. A shift in the C-C 
vibrational frequency was observed which was attributed to 
straining of the C-C bonds in the main chain. 

Carstensen31 showed, from theoretical considerations, that 
a symmetrical spectra with 12 G splitting could only occur 
with the allyl radical species -CH&H=CHcH2 - 
-CH&HCH=CH*. Such a radical species should give rise to 
a symmetrical six-line spectrum, although an allyl radical 
species of the form -CH=CHcHz would only produce a 
four-line spectrum. since only a quartet spectrum is observed 
from deformation of high-trans and vinylpolybutadiene, 
particularly in the presence of oxygen, assignment of the 
spectra to main-chain scission radicals must be regarded as 
tentative, although strongly favored. 

A six-line spectrum was observed by Carstensen after UV 
irradiation of uncross-linked polybutadiene. Hence UV irra- 
diation was also applied to the rubbers used in the present 
work in order to compare the spectra produced by irradiation 
and mechanical degradation. Specimens used for irradiation 
were placed in spectrosil tubes which were then evacuated 
prior to irradiation. Radicals thus formed were produced in 
vacuo, which was not possible in the case of the mechanical 
tests. 

Figure 3 shows ESR spectra obtained from cross-linked 
cis- polybutadiene following UV irradiation a t  77 K in partial 
vacuum mm Hg). Irradiation of the Cariflex BR1202 
sample in partial vacuum produces a quartet spectrum with 
hyperfine splitting of -12 G. However, the overall width of 
the spectrum is -100 G which suggests either the presence of 
additional lines or that some peroxy radical is again present. 
The slight asymmetry of the spectrum is thought to be due to 
the peroxy radical. In contrast to spectra obtained from tensile 
tested specimens, the spectra obtained following UV irra- 

v 
Figure 4. First-derivative ESR spectra from peroxide cross-linked 
cis-polybutadiene after UV irradiation at 77 K for specimens in 
commercial purity liquid nitrogen. Spectra recorded at specimen 
temperatures of (a) 123 K, (b) 143 K, and (c) 173 K. 

diation are not well resolved a t  comparable temperature (123 
KI. This may be due to different radicals being formed in the 
two different circumstances or reflect the different confor- 
mation of the same allyl species; in the tensile tests the mol- 
ecules are preferentially oriented. Line narrowing is observed 
as the specimen is warmed through 173 K and the spectrum 
is then indistinguishable from that obtained by mechanical 
degradation of the polymer. 

Figure 4 shows ESR spectra obtained from cis-polybuta- 
diene UV irradiated in commercial purity liquid nitrogen. The 
spectrum at 143 K shows a high peroxy radical content, which 
changes to the symmetrical quartet when the specimen is 
heated to 173 K. The radicals obtained by irradiation in liquid 
nitrogen are thus very similar to those obtained by mechanical 
degradation at low temperature in commercial purity nitrogen 
gas. 

A possible explanation of the line narrowing which occurs 
as the specimen is warmed above 173 K is that the polymer 
radicals are formed in pairs following main-chain scission, and 
heating causes the chain ends to move apart. This would re- 
duce dipolar interaction between the radicals and therefore 
one source of line broadening. The oriented chains of the 
tensile tested specimens would be more prone to such radical 
separation on warming than the unoriented UV irradiated 
samples. The small differences between the ESR spectra ob- 
tained by UV irradiation and tensile testing may be due to the 
different chain conformations in the two cases. However, the 
possibility of the two different radical species being produced 
by the two methods cannot be completely excluded. 

V. ESR Spect ra  for Polyisoprene 
Typical first-derivative ESR spectra for dicumyl peroxide 

cross-linked cis-polyisoprene following tensile deformation 
a t  83 K in commercial purity nitrogen environment and oxy- 
gen force nitrogen are shown in Figure 5 .  Figure 5a is a broad 
asymmetric signal which is predominantly due to a peroxy 
radical. For the peroxy radical spectrum, gL and gli correspond 
to a maximum and zero points on the first derivative curve, 
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r e~pec t ive ly ,~~  and the average g value (gav) is gav - '/3 (gil + 
2g,) = 2.015, while Pg = (gll - g l )  = 0.03. 

In a previous section it was shown that  some oxidation 
mechanisms lead to oxy radicals (RO.) while others lead to the 
formation of peroxy radicals (R&). It would be convenient 
if ESR could be used to distinguish between these oxygenated 
radicals and hence help to distinguish between the possible 
mechanisms operating. I t  has been stated43 that the oxy and 
peroxy radicals can be distinguished by their average g values, 
that  for peroxy radicals being in the range 2.014-2.019 and 
that for oxy radicals less than 2.01. Whether oxy radicals have 
been observed by ESR is disputed in the literature. Broad 
singlets with g N 2.0013 have been attributed to alkoxy radi- 
cals.44>45 The majority of references, while not excluding the 
possibility of oxy radicals, consider it unlikely that oxy radicals 
have been observed clue to  their reactivity to form peroxy 
r a d i ~ a l s . 2 ~ * * ~ - ~ ~  It therefore appears that  ESR cannot un- 
equivocably distinguish between the types of possible oxy- 
genated radicals and mechanisms discussed in the previous 
section. 

In contrast to the spectrum obtained following tensile 
testing in commercial purity nitrogen, testing in oxygen-free 
nitrogen produces a symmetrical spectrum, as shown in Figure 
5b. The latter spectrum has possibly six lines, although the 
continued presence of some peroxy radicals giving the line at  
g = 2.033 is a complicating feature. Spectral subtraction of the 
peroxy-radical spectrum, suitably scaled, from Figure 5b 
yields Figure 5c. Figure 5c is seen to be a symmetrical, prob- 
ably six-line spectrum with 12 G splitting and is thought to 
be that  arising from the primary polymer radical species. 

Ca r~ tensen3~  has shown that two different allyl radicals 
should theoretically form by main-chain scission of the 
polyisoprene chain a t  the weakest C-C bond, 

and 

The first of this pair should give an eight-line spectrum while 
the second should give rise to  a six-line spectrum. Hence the 
resultant spectrum should be a superposition of both. The 
spectrum shown in Figure 5b, and more particularly Figure 
5c, is similar to that reported by Carstensens2 from UV irra- 
diated uncross-linked polyisoprene. However, only six lines 
are observed in the spectrum produced by tensile testing, 
whereas Carstensen detected eight following UV irradiatin, 
of which the outermost lines were very weak in intensity. 
Spectra obtained by IJV irradiation of cross-linked polyiso- 
prene in the presence o f  oxygen show a poorly resolved broad 
singlet of total width 110 G at  103 K. 

I t  is considered that the radicals resulting from both UV 
irradiation and tensile testing of cis-polyisoprene a t  ap- 
proximately liquid nitrogen temperatures are similar and are 
tentatively assigned to primary radicals produced by main- 
chain scission a t  the weakest bond, as was the conclusion 
reached in the case of polyhutadiene. However, the primary 
radicals produced at  the low temperature are different for the 
two rubbers because of the different molecular structures. 
Differences between the observed and theoretically derived 
spectra may be due to different conformations of the chains 
or possibly to  different radical species produced in the pres- 
ence of oxygen. Hence the ESR spectrum obtained by me- 
chanically deforming polyisoprene is tentatively assigned to 
an allylic radical species because of the 12 G splitting and 
symmetry of the spectra when the peroxy content is sub- 
tracted. 

VI. Factors Affecting Peroxy-Radical Concentration 
A number of tests halve been performed to establish which 

experimental parameters affect the peroxy content in the 

-c!H~c(cH~)=cHCH~ 

-CH&H=C(CH3)CH2 

952.005 

20 G - 

Figure 5. First-derivative ESR spectra from cis-polyisoprene fol- 
lowing tensile testing a t  83 K: (a) tensile tested in commercial purity 
nitrogen; (b) tensile tested in oxygen-free nitrogen; (c) as for (b) above, 
but after spectral subtraction of the peroxy-radical spectrum. 

spectrum recorded at  123 K following tensile testing at  83 K. 
The following treatments produced no observable change in 
the peroxy-other radical concentration: (i) evaculating the 
specimens for 1 day to a pressue of less than lod5 Torr a t  room 
temperature to remove air absorbed during processing before 
tensile testing; (ii) soaking the rubbers in oxygen for 12 h at  
room temperature prior to testing in commercial purity ni- 
trogen at 83 K; soaking the polybutadiene specimens for 2 
weeks in oxygen caused them to become brittle; (iii) after 
tensile testing in commercial purity nitrogen and transferring 
the specimens to the Spectrosil tubes, the tubes were evacu- 
ated prior to the ESR spectra being recorded at  temperatures 
in the range 123 to 173 K; (iv) heating the rubbers to 373 K in 
air prior to tensile testing; and, (v) the form of the spectrum 
was found to be independent of strain and sample strain 
rate. 

The following treatments produced significant changes in 
the ratio of peroxy-other radical species: (i) performing the 
tensile tests in an oxygen-free nitrogen atmosphere instead 
of commercial purity nitrogen significantly reduced the pro- 
portion of peroxy content for both rubbers tested; (ii) heating 
the samples to 393 K in oxygen-free nitrogen for 15 min prior 
to tensile testing in oxygen-free nitrogen reduced the per- 
oxy-radical content; (iii) raising the temperature of the sample 
while repeatedly recording ESR spectra following tensile 
testing in commerical purity nitrogen resulted in a rapid de- 
cline in the peroxy-radical portion as the temperature ap- 
proached the glass-transition temperature of the rubber; (iv) 
deforming the samples in commercial purity nitrogen near the 
liquefaction temperature of oxygen increased the relative 
peroxy radical content; and (v) stressing the rubbers for sev- 
eral days in air prior to low-temperature tensile testing in- 
creased the resultant peroxy content. 

The effects on the spectra from cis-polyisoprene specimens 
following the heat treatment at various elevated temperatures 
for 15 min in an oxygen-free nitrogen atmosphere prior to  
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Figure 6. Effect of heat treatment on the peroxy-radical content in 
the ESR spectrum from cis-polyisoprene following tensile testing in 
oxygen-free nitrogen at 83 K: (a) no heat treatment; (b) heated for 15 
min at 90 "C, (c) 120 "C, (d) 150 "C, and (e) 160 "C. 

tensile testing a t  83 K in a similar atmosphere are shown in 
Figure 6. The line at g = 2.033, due to peroxy radicals, is clearly 
present when no heat treatment is applied. Heating for 15 min 
at  90 "C prior to testing results in a significant reduction in 
the peroxide radical content and a possible six-line spectrum 
of approximately equal 14 G splitting begins to emerge. There 
is still evidence of line broadening of the six-line spectrum. 
Heating at  120 O C  for 15 min prior to tensile testing results in 
a more clearly defined six-line symmetrical spectrum on which 
is superimposed a small peroxy-radical content giving rise to 
the line at  g = 2.033. An additional complication with the 
heat-treated specimens is that the ESR spectra may result 
from a single radical species in different configurations due 
to the magnetic environment. The heat-treatment technique 
does not therefore unambiguously show the existence of the 
hydroperoxide-radical species. 

It is clear from the above listed tests that the majority of the 
peroxy-radical content arises from reaction with oxygen in the 
test environment and that only when oxygen is rigorously 
excluded can the peroxy content be reduced. The residual 
peroxy radical following testing in oxygen-free nitrogen can 
possibly be attributed to the oxygen dissolved into the rubber 
during processing. Excess oxygen dissolved in the rubber 
initially does not apparently increase the peroxy content be- 
yond a certain level obtained with a small quantity of oxygen. 
A proportion of the peroxy radical content is not attributable 
to atmospheric oxygen reaction, since it can only be removed 
by heat treatment of the rubbers to 393 K in oxygen-free ni- 
trogen. This proportion is believed to be associated with hy- 
droperoxide groups formed during initial processing which 
are readily reacted at  about 400 K. Failure to remove such 
radicals by performing the heat treatment in air is no doubt 
due to the recombination with oxygen on subsequent cool- 
ing. 

The peroxide radicals observed in the spectra of samples 
tested in commercial purity nitrogen are therefore attributed 

Figure 7. First-derivative ESR spectra for cis-polyisoprene following 
tensile testing at 83 K in commercial purity nitrogen, recorded for 
specimen temperatures at: (a) 123 K, (b) 193 K, (c) 203 K, and (d) 213 
K. 

to two sources. First the reaction of allyl radicals with any 
oxygen in the test environment; this forms the major source 
of peroxy radical formation and is greatly assisted when 
crazing occurs, permitting the environment to diffuse easily 
through the specimen. A second, and more minor, source is 
the hydroperoxide radicals formed during initial processing 
of the rubbers. 

VII. Stability of the  Peroxy Radical with Increasing 
Temperature  

Figure 7 shows the variation in the ESR spectrum obtained 
from a cis-polyisoprene sample, following tensile testing at  
83 K, as the sample temperature is raised from 123 K to just 
below its glass-transition temperature ( TG).  6(X). Figure 8 
shows similar data for cis-polybutadiene, which has a lower 
glass-transition temperature. The environment used for the 
tensile tests was commercial purity nitrogen, which gave rise 
to the large peroxy radical content in the spectra. Both Figures 
7 and 8 show that the peroxy-radical content decreases with 
increasing temperature and that the peroxy radical decays 
more rapidly than the other radical species with increasing 
temperature. At temperatures just below the respective T ,  
of the two rubbers, the peroxy radical has apparently com- 
pletely decayed. 

Figure 7 shows that as the temperature increases, the 
asymmetric spectrum given by cis-polyisoprene changes to 
a four-line spectrum just below T,. This spectrum is identical 
with that obtained from polybutadiene at  an equivalent 
temperature (Figure 8b). This four-line spectrum persists as 
the samples are recooled to 123 K without the reappearance 
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Figure 8. First-deriva.tive ESR spectra for cis-polybutadiene fol- 
lowing tensile testing at  83 K in commercial purity nitrogen, recorded 
for specimen temperatures at: (a) 123 K, (b) 173 K. 

of the peroxy radical or the addition of further lines. I t  
therefore appears that the radical species present just below 
T ,  is identical for both rubbers. Since it has been argued in 
the previous section that a six-line spectrum probably exists 
initially a t  123 K in the case of polyisoprene, it would appear 
that the polymer radical species in this case possibly changes 
as the sample is warmed toward T ,  and the peroxy radical 
decays. No suggestion of similar changes is observed in the 
case of polybutadiene. 

Attempts have been made to quantify the relative amounts 
of peroxy to other radical species present throughout the 
temperature range studied. The analytical technique adopted 
was to double integrate the first derivative curve to determine 
the total concentration of all radical species present. To obtain 
the absolute radical concentration, the area ( A T )  derived by 
double integration was compared with that obtained by 
double integration of the singlet from a DPPH sample of 
quoted radical concentration. A typical first-derivative 
spectrum for a peroxy radical (Figure lb )  was taken and 
similarly double integrated to obtain a reference area ( A p ) .  
In order to progress further, it is necessary to assume that the 
line at  g = 2.033 in any first-derivative spectra can be solely 
attributed to the peroxy radical. A scale fraction ( a )  was de- 
termined by comparing the peak heights a t  g = 2.033 with that 
in the peroxy reference spectrum. The proportion of the total 
radical concentration which could be assigned to peroxy 
radicals is then quoted as the ratio a A p l A ~ .  

This method of double integration and spectra subtraction 
is known to be inaccurate and the values so determined are 
only presented as a rough assessment of the ratio of peroxy- 
radical content to  the other radical species present. 

Figures 9 and 10 show the variation of the total radical 
concentration with temperature for polybutadiene and 
polyisoprene, respectively. Also shown on Figures 9 and 10 is 
the peroxy content of the total radical concentration. Figures 
9 and 10 show that thie total radical concentration varies little 
as the temperature is raised from 83 K to approximately 50 
K below the T ,  of thle elastomer concerned. The peroxy rad- 
icals disappear at teinperatures near T ,  and approximately 
20 K below the total decay point of all other radicals, showing 
that  the peroxy radical is less stable than the allyl radical 
present a t  that temperature. The remaining radicals decay 

rapidly as the T ,  is approached, with all sign of the allyl rad- 
icals disappearing at  or just above the T ,  of the rubber. 

VIII. Anomalous Radical Decay in Polybutadiene and 
Polyisoprene 

Both Figures 9 and 10 show an increase in the total con- 
centration as the T ,  of the material is approached. This 
anomalous maximum in the radical concentration is only 
observed when the polymers are produced by mechanical 
deformation, either in tensile testing or by grinding the 
p0lymers .5~~~ The increase in radical concentration as T ,  is 
approached does not occur when the radicals are produced by 
UV irradiation. Both previous references considered the in- 
crease in radical concentration to be a real effect, the first 
attributing it to the formation of new radicals as a result of 
mechanically stored energy release5 and the second suggesting 
that the environment, particularly oxygen and earthing the 
specimen, affected the radical decay characteristics near T,.49 
Since the increase in the total radical concentration occurs 
simultaneously with the decline in the peroxy-radical content, 
the extra radicals formed must be only polymer radicals. 

Initially the specimens used for radical determination 
purposes were unrestrained and the increase in radical con- 
centration was thought to be due to longitudinal contraction, 
resulting in more material being drawn into the cavity. Al- 
though this contraction might result in some increase in the 
radical content, it cannot explain the fourfold increase ob- 
served in the case of polyisoprene (Figure 10). The availability 
of alternative equipment allowed the tests to be performed 
in oxygen-free nitrogen and the radical decay to be observed 
in specimens held at constant extension while the temperature 
was varied. Figure 11 shows the variation with temperature 
of total radical concentration for cis- polybutadiene specimens 
held at  constant extension when tested in oxygen-free nitro- 
gen. The increase in total radical concentration just below T ,  
is absent in contrast to Figure 9, and the total radical con- 
centration following testing in oxygen-free nitrogen is much 
lower than when testing in commercial purity nitrogen, as has 
also been previously reported by S ~ h m a . ~ l  Hence the increase 
in radical concentration just below T ,  may be related to the 
presence of oxygen in the test environment, or, alternatively, 
may be associated with nonuniform relaxation of the deformed 
network on warming, this network straining being absent in 
the case of the UV irradiated samples. Further testing shows 
that if the tensile tests are carried out in oxygen-free nitrogen 
and relaxation is not restrained, the rise in radical concen- 
tration near T,, although still present, is much reduced. I t  
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Figure 10. Variation, of total radical concentration and peroxy-radical 
content with temperature for cis-polyisoprene following tensile testing 
at 83 K: (a) total radical concentration following tensile testing in 
commercial purity nitrogen; (b) peroxy-radical content followiing 
tensile testing in commercial purity nitrogen, (c) peroxy-radical 
content following tensile testing in oxygen-free nitrogen. Relaxation 
on warming unrestrained. 

therefore, appears that both the presence of oxygen in the test 
environment on warming and the relaxation of strain or energy 
release on the network in unrestrained mechanically deformed 
samples are contributory factors to the increase in radical 
concentration near T,  in mechanically deformed samples. 
From the data obtained, it appears that the presence of oxygen 
is the major contribution to the process. Uncharacteristically 
it results in an increase in the allyl-radical content, since the 
peroxy radicals decay rapidly in this region. 

A further possible explanation for the radical concentration 
increase concerns the mechanical scission of chains in loaded 
polymeric s0lids.49~5~ Johnson and K1inkenberg5l step strained 
Nylon 6 fibres between 206-273 and 273-290 K. The tests 
showed the same result of stepwise increase of radical con- 
centration with temperature as in the stepwise increase of 
strain tests. Increasing the temperature of the test produced 
stress relaxation and an increase in radical concentration. The 
stepwise temperature increase produced a proportional 
number of radicals, over the complete temperature range, 
whereas in the studies presented here the radical concentra- 
tion rapidly increased a t  50 K below T,. 

Sohma and SakaguchigJ0~~~ have recently discussed the 
anomalous decay of polymer radicals in polypropylene pro- 
duced by mechanical friction, ball milling, and sawing in liquid 
nitrogen. Decay curves similar to Figures 9 and 10 were ob- 
served but in these cases a more enhanced anomaly was ob- 
served than with a ground sample. Sohma and Sakaguchi 
confirmed the effect of the excess electric charge on the 
anomalous phenomenon by using electron scavengers which 
resulted in no anomalous increase being observed during the 
decay. According to Sakaguchi and Sohma the excess electric 
charge produced by friction, or triboelectricity, and the 
presence of oxygen molecules was necessary for the anomalous 
radical concentration behavior in the decay of the mechano- 
radicals of polypropylene. Similar experiments to those of 
Sohma et al. are required in order to establish if a similar 
mechanism can account for the anomalous decay in uniaxially 
deformed polybutadiene and polyisoprene. Recently Pillar 
and Ulbertb3 have observed an anomalous radical increase 
with temperature and in the presence of oxygen of radicals 
produced by vibrational grinding of poly(ethy1ene glycol 
methacrylate). Their explanation for the anomalous decay 
appears to be different from that of Sohma et  al., since Pillar 
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Figure 11. Variation of total radical concentration for cis-polyhu- 
tadiene following tensile testing at 83 K in oxygen-free nitrogen. 
Relaxation on warming restrained. 

and Ulbert believe that the formation and gradual decom- 
position of polymer tetroxide is also the cause of the anoma- 
lous radical increase with temperature. 

I t  is therefore apparent that a simple explanation of the 
anomalous effect is not possible for the rubbers tested in the 
present work or other polymeric materials. 

IX. Conclusion 
The ESR spectra obtained from diene rubbers following 

mechanical deformation at  cryogenic temperatures in a 
commercial purity nitrogen atmosphere are composite spectra 
arising from two or more radicals. The two radicals are thought 
to be an allyl radical resulting from main-chain rupture and 
a peroxy radical. 

The majority of the peroxy radicals observed in the com- 
posite spectra are formed as a result of oxygen in the test en- 
vironment reacting with the allyl radicals formed shortly after 
chain rupture occurs. However, it appears that a small pro- 
portion of the peroxy radicals arise from oxygen incorporated 
into the rubber network during the processing stage before 
mechanical testing commences. Only if oxygen is rigorously 
excluded at  all stages of processing and testing is the true 
spectrum of the primary allyl radical observed following me- 
chanical degradation, showing that the chain rupture site is 
a t  the weakest bond, between the a-methylene groups. Oxy- 
genated radical species incorporated during processing can 
be removed by heat treatment, provided the heat treatment 
is carried out in an oxygen-free atmosphere. 

The radical stability vs. temperature tests have shown that 
the peroxy radical decays at  a temperature approximately 20 
K lower than the allyl radical, which in turn decays rapidly in 
the vicinity of the T ,  of the rubber. 

I t  appears that the anomalous increase in radical concen- 
tration near T,, particularly noticeable in the case of me- 
chanically deformed polymers, possibly arises from stored 
energy release on warming assisted by the presence of oxygen, 
oxygen being the major contributor to the process. However, 
the anomalous effect appears to be complex and other factors 
may contribute to it. 

I t  is generally concluded that the ESR technique offers a 
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sensitive method of observing the oxidation of polybutadiene 
and other diene rubbers. 
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Coenzyme Models. 10. Rapid Oxidation of NADH by a 
Flavin Immobilized in Cationic Polyelectrolytes 

Seiji Shinkai, Shinji  Yamada, and Toyoki Kunitake* 
Department of Organic Synthesis, Faculty of Engineering, Kyushu University, 
Fukuoka 812, Japan. Receioed June  8,1977 

ABSTRACT: The title flavin rapidly oxidizes NADH, the observed enhancement being of 460-4650-fold compared 
with 3-meth:yltetra-0-acetylriboflavin. Analysis of the kinetic data a t  30 “C established that the reaction proceeds 
according to the Michaelis-Menten kinetics a t  low ionic strength (p = 0.02: K ,  = ca. M, kcat. = 0.06-0.37 s-l) 
and according to the simple second-order kinetics a t  high ionic strength (p = 0.3), the largest rate difference being 
342-fold. On the other hand, the oxidation of l-benzyl-1,4-dihydronicotinamide, a NADH model compound, was not 
accelerated by the use of the title flavin. I t  is concluded, therefore, that  the formation of the polymeric flavin-NADH 
complexes due to the electrostatic interaction is responsible for the marked rate enhancement. This is the first exam- 
ple that the oxidation of NADH is facilitated in the nonenzymatic system. 

Of many flavin coenzyme dependent reactions, the oxida- 
tion-reduction reaction couple between NADH (reduced form 
of nicotinamide-adenine dinucleotide) and flavoprotein is of 
special interest.293 Although the reaction occurs in nonenzy- 
matic systems, NADH by itself acts as a less reactive reducing 
agent for flavins than :simple NADH model compounds such 
as l-alkyl-1,4-dihydr~~nicotinamide.~~~ I t  is clear, therefore, 
that the environment of enzymes (e.g., FMN oxidoreductase) 
is performing the role of catalyst. 

We recently found that rates and equilibrium constants for 
the addition of cyanide and sulfite ions to poly[l-(4-vinyl- 
benzy1)nicotinamide chloride] (cationic polyelectrolyte) are 
markedly enhanced in comparison to the monomeric ana- 

l o g ~ e . ~ , ~  Since the association constant can be correlated with 
the reactivity of NAD+ (and analogues): it  is suggested that 
the nicotinamide group in cationic polyelectrolytes would 
serve as an excellent oxidizing agent, especially for the oxi- 
dation of anionic species. With the expectation to develop 
efficient oxidizing agents for flavin-mediated reaction systems, 
we synthesized the following flavin-containing polymers and 
assessed the oxidation of NADH(po1yanion) and the model 
compound, l-benzyl-1,4-dihydronicotinamide (BzlNicH) (eq 
1). We found that the oxidation of NADH is remarkedly ac- 
celerated by the use of a flavin immobilized in cationic poly- 
electrolytes and that the reaction proceeds according to the 
Michaelis-Menten kinetics. To our knowledge this is the first 
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