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SYnOPets 
When 7-radiation from W o  interacted with fibrous cotton cellulose, the localization 

of at least part of the high energy resulted in cejlulosic chain cleavage and loss in breaking 
strength of the irradiated fiben. The substjtgtion of aromatic groups on the cotton 
cellulose molecule affected this localization of energy and decreased the radiation degra- 
dation of the fiber. The nature of the linkage of the aromatic group to the cellulose 
molecule was not as important as the radiation atability of the linkage. For example, 
if localization of energy occurred which cleaved the aromatic group from the cellulose 
molecule, the radioprotection of the cellulo$c molecular chain by the aromatic group 
WBR not effective. If the aromatic group was 80 modified that the effective number of 
e lec t rons  was decreased, the radioprotection of the cellulosic chain was also decreased. 
The radioprotection of the cellulosic molecular chain by benzhydryl, trityl, benzoyl, and 
cinnamoyl groups was effective over dista~~ces equivalent to several cellobiom units. 
The radioprotection of the cellulosic chain by naphthoyl groups was significant but not 
aa effective as the listed groups. Due to the sharing of -electrons in the naphthoyl 
group, the effective number of Hlectrons was reduced, and consequently the radio- 
protective effect of the group waa also reduced. Benzyl groups were cleaved from the 
cellulose molecule on irradiation and offered nq radioprotection to the cellulosic chain, 
at least at the high radiation do- used. The ESR spectra of the irradiated celluloses, 
both substituted and unsubstituted, were similgr. This indicated that the presence of 
aromatic p u p s  did not change the nature of the long-lived free radicals induced in 
cellulose on irradiation. It WM suggested thgt selective energy absorption by the 
aromatic group from the spur of high-energy electrons produced on interaction of y- 
radiation with the cellulose molecule could account for the radioprotection of the cellu- 
losic molecular chain. 

INTRODUCTION 

When fibrous cotton Cellulose is irradiated by yradiation from W o ,  the 
energy transfer effects lead to localization of at least part of the energy 
which results in cellulosic chain cleavage and loss in breaking strength of 
the fibers.l It has been shown tbat the intramolecular transfer and 
localization of energy within the cellulose molecule can be effected by the 
substitution of benzoyl groups on the molecule. These energy transfer 
effects extended over distances of a t  least 70-80 A. These effects resulted 
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in decreased localization of the energy, which caused cellulosic chain cleav- 
age, and in increased retention of the breaking strength of the irradiated 

Experimental data are presented in this report which show that the 
nature of the linkage of the aromatic group to the cellulose molecule is not 
as important as the radiation stability of the linkage. Further it is sug- 
gested that selective energy absorption by the aromatic group is the more 
likely mechanism of effecting localization of energy in the irradiated cel- 
lulose molecule rather than intramolecular energy transfer. 

EXPERIMENTAL 

6oCo Radiation Source 

The SRRL @Co radiation source previously described was used.6 The 
dose rate, determined by ferrous-ferric dosimetry,8 was about 1.3 X 1OlS 
e.v./g.-hr. over the experimental volume irradiated. 

Preparation of Samples 
Cotton cellulose of the Deltapine variety, purified as previously re- 

portedr3 was reacted in the form of 7s/3 yarns with benzoyl chloride, a- 
naphthoyl chloride, or cinnamoyl chloride, according to the methods of 
hlalm and Hiatt.7 These methods did not change the lattice type of the 
cellulose molecule, that is, these reacted celluloses had the same lattice type 
as the purified cellulose, cellulose I. Mercerized cotton cellulose was 
reacted in the form of 7s/2 yarns with benzyl chloride: benzhydryl bro- 
mideYg or trityl chloride,1° according to the literature methods. These 
reacted celluloses had the same lattice type as the mercerized cellulose, 
celIulose 11. The degrees of substitution both before and after irradiation 
of the first three cellulosic derivatives were determined as indicated in the 
methods for their preparation and in the latter three derivatives by ele- 
mental analysis for carbon. Except in the case of benzyl cellulose, the 
apparent radiation cleavage of the linkage of the aromatic groups to the 
cellulose molecule was low and generally within the experimental error of 
the method used. 

Methods 
Samples of fibrous celluloses for the determination of the effects of y- 

radiation on their breaking strengths, as a function of degree of substitution 
of aromatic groups, were placed in glass containers. The samples were 
irradiated in air at ambient temperature to the desired dosage. Samples of 
each of the irradiated celluloses (0.1 g.) were transferred in air to quartz 
tubes. Their electron spin resonance (ESR) spectra were determined 
within less than 15 min. after removal from the radiation source in a Varian 
4502-15 EPR spectrometer system at room temperature (22°C.). 

The breaking strengths of other samples of each of the celluloses in a 
yarn form were determined in accordance with ASTM methods in the 
Instron tester." 



LOCALIZATION OF HIGH ENERGY 1131 

RESULTS 
The effects of yradiation on the breaking strengths of fibrous purified, 

mercerized, and modified cotton celluloses are shown in Table I. The 
conversion of the lattice type from cellulose I to cellulose I1 slightly in- 
creased the radiation resistance of the cotton cellulose. The substitution 
of aromatic groups on the cellulose molecule increased the radiation re- 
sistance of the cellulose. However, in the case of benzyl cellulose, the 
increase in radiation resistance was only about equal to the increase which 
resulted from the conversion of cellulose I to cellulose 11. In the case of 
naphthoyl cellulose the increase in radiation resistance was greater than 
that for benzyl cellulose but less than that for the other substituted cellu- 
loses. The increase in radiation resistance as a function of degree of sub- 
stitution indicated that the radioprotective effect extended over a distance. 

The effect of the nature of the linkage of aromatic group to the cellulose 
molecule on its radiation stability is shown in Table 11. The substituted 
celluloses are compared both on the basis of degree of substitution and on 
the basis of the average number of aromatic groups per cellobiose unit. 
The cleavage and loss of substituted groups on irradiation of the modified 

TABLE I 
Effect of Aromatic Group Substitution on Radiation Resistance of Cotton Cellulose 

Breaking strength, lb. 
Retention 

Lattice Degree of (dosage strength, 
Irradiated of 

Derivative type substitution Control x 10-*1 e.v./g.) % 
Purified 
Mercerized 
Benzyl 

Benzhydryl 

Trityl 

Benzoyl 

Naphthoyl 

Cinnamoyl 

I 0.00 
I1 0.00 
I1 0.00 

0.52 
0.00 
0.74 

I1 0.00 
0.31 
0.46 
0.87 
1.12 
1.22 

I1 0.00 
0.30 
0.53 

I 0.00 
0.80 
1.00 
1.30 

I 0.00 
1.44 

I 0.00 
1.52 

10.4 
11.3 
13.2 
9.1 

10.4 
8.7 

12.5 
11.8 
10.9 
10.0 
8.3 
9.2 

11.3 
10.8 
8.4 

10.5 
9.8 

12.6 
12.8 
10.5 
11.6 
10.0 
9.0 

1.8 (1.5) 
4.0 (1.5) 
3.4 (1.6) 
3.2 (1.6) 
1.8 (1.5) 
2.5 (1.5) 
3.1 (1.6) 
8.6 (1.6) 
8.7 (1.6) 
8.1 (1.6) 
6.8 (1.6) 
6.3 (1.6) 
3.2 (1.6) 
8.7 (1.6) 
7.4 (1.6) 
2.7 (1.3) 
8.0 (1.3) 
7.9 (1.3) 

10.3 (1.3) 
2.8 (1.2) 
5.7 (1.2) 
3.0 (1.7) 
6.9 (1.7) 

17 
35 
26 
35 
17 
29 
25 
73 
80 
81 
82 
68 
28 
81 
88 
26 
82 
63 
80 
27 
49 
30 
77 
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TABLE TI 
Effect of Linkage of Aromatic Group to Cellulose on Its Radiation Stability and on the 

Radiation Resistance of Cotton Cellulose 

Derivative 

Control 
Benaoyl 
Benzyl 
Benahydryl 
Benzhydryl 
Trityl 
Trityl 

Degree of 
substitution 

0.00 
0.80 
0.81 
0.46 
0.87 
0.30 
0.79 

No. of 
CsH6- per 
cellobiose 

0.0 
1 . 6  
1 .6  
1 . 8  
3 . 5  
1 . 8  
4 . 7  

Radiation 
dosage, 

X e.v./g. 

1.6  
1 . 3  
1 .6  
1 . 6  
1 .6  
1 .6  
1 .6  

Loss of 
groups, % 

<5 
57 
<5 
<5 
<5 
<5 

- 

Breaking 
strength 

retention, % 
26 
82 
26 
80 
81 
81 
83 

TABLE I11 
Calculated Maximum Distance Between Aromatic Groups as a Function of Degree of 

SubstitutiQna 

Degree of Maximum distance 
Derivative substitutionb between groups, A. 

Benzoyl 0.80 10-20 
Benayl 0.81 10-20 
Benahydry 1 0.46 3 0 4 0  
Benahydryl 0.87 10-20 
Trityl 0.30 40-50 
Trityl 0.79 10-20 
Naphthoyl 1.44 10 
Cinnamoyl 1.52 10 

* Calculated as a binomial distribution of aromatic groups with a probability of 

b Assuming that aromatic groups are raqdomly substituted on the cellulose molecule 
reaction 2 0.95. 

and that each hydroxyl group is equally accessible for reaction. 

celluloses to the dosages indicated were low, except in the cabe of benzyl 
cellulose. Almost 60% of the benzyl groups were cleaved from the cellulose 
molecule on irradiation at  the dosages indicated. The substitution of 
benzyl groups 6n the cellulose molecule apparently did not radioprotect the 
cellulosic molecular chain as shown by the breaking strength retention of 
the yarns on irradiation. At about the same degree of substitution, which 
is directly related to spacing of the groups on the cellulose molecule, benzoyl, 
benzhydryl, and trityl groups did radioprotect the cellulosic molecular 
chain as shown by breaking strength retention of the yarns on irradiation. 

When the radioprotective effects of these latter groups were compared 
on the basis of about an equal, average number of aromatic groups per 
cellobiose unit, the cleavage of the cellulosic chain, as shown by breaking 
strength retention of the yarns on irradiation (see Table II), was about the 
same. In order to make this comparison, benzoyl cellulose (DS = 0.80), 
benzhydryl cellulose (DS = 0.46), and trityl cellulose (DS = 0.30) were 
used. Assuming that the groups are randomly substituted on the cellulose 
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Fig. 1. ESR. spectra of irradiated celluloses containing aromatic groups (lattice type 
I): ( A )  cinnamoyl cellulose, DS = 1.1; ( B )  naphthoyl cellulose, DS = 1.6; (C) benzoyl 
cellulose, DS = 1.5; (D) purified cotton cellulose. 

molecule and that each hydroxyl group is equally accessible for reaction, 
the maximum distances between the groups along the molecule were cal- 
culated as a function of the degree of substitution. With a probability of 
reaction 10.95 these distances, as well as those for naphthoyl and cin- 
namoyl celluloses, were calculated as a binomial distribution. l2 The values 
obtained on using 10.3 A. as the length of one cellobiose unit in cotton 
cellulosela are tabulated in Table 111. In the experimental case, the as- 
sumptions will not be exactly true; therefore, maximum actual experi- 
mental distances will tend to be greater than those calculated. From the 
data on breaking strength retention of the yarns on irradiation (see Table 
11) and the calculated spacings of the groups on the cellulose molecule, it 
can be concluded that the radioprotective effects on the celIulosic molecu- 
lar chain extended over distances equivalent to several cellobiose units. 

The ESR spectra of the irradiated celluloses having lattice type I are 
shown in Figure 1. The spectra of those having lattice type I1 are shown 
in Figure 2. For each lattice type the spectra are very similar, indicating 
that the substitution of aromatic groups on the cellulose apparently did not 
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Fig. 2. ESR spectra of irradiated celluloses containing aromatic groups (lattice type 
11): ( A )  trityl cellulose, DS = 0.30; (B) benzhydryhted cellulose, DS = 0.46; (C) 
benzyl cellulose, DS = 0.81; ( D )  mercerized cotton cellulose. 

influence the location of the stable free radicals in the irradiated molecule. 
Even in the case where the aromatic group was cleaved from the cellulose 
molecule (benzyl cellulose, Figure 2C) during irradiation, the location of the 

TABLE I V  
Comparison of the ESR Spectra of Irradiated Cellulose Containing Aromatic Groups8 

Derivative 

Purified 
Benzoyl 
Naphthoyl 
Cinnamoyl 
Mercerized 
Benzyl 
Benzhydryl 
Trityl 

Degree of 
substitution 

0 .0  
1.5 
1 .4  
1 .1  
0 .0  
0.81 
0.46 
0.30 

Line width, gauss 
Spectrum, Major Nearest to Other 

lines peak major peak peak 
- 3 14 49 

3 14 49 
3 15 50 
3 12 42 
5 10 33 49 
5 9 33 45 
5 9 35 55 
5 11 32 48 

- 
- 
- 

8 The major peak was at about the free electron value. 
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stable free radicals was not changed. A more detailed comparison of the 
ESR spectra of the irradiated celluloses is made in Table IV. There was a 
small effect on line widths; however, for the ESR spectra of a solid sample, 
such as irradiated cellulose, these variations are probably within experi- 
mental error. 

DISCUSSION 

It had been shown previously that the substitution of benzoyl groups on 
the cellulose molecule radioprotected the cellulosic molecular chain. 2-4 

It can now be concluded that the substitution of aromatic groups on the 
cellulose molecule, through linkages which were not cleaved on irradiation, 
radioprotected the cellulosic molecular chain. The radioprotective effects 
appeared to be related to the effective number of a-electrons available and 
not to the nature of the linkage of the aromatic group to the cellulose 
molecule. The linkages of the aromatic groups investigated to the cel- 
lulose molecule, where R- represents the cellulose molecule, are shown in 
structure I-VI. 

R - O - a a  H H R - 0 - C a  Q 
Trityl cellulose 

rn 

I 
H 

Benzyl cellulose 

I Benzhydryl cellulose 
11 

0 O H H  

R-0 -C-C=C 
II 

R-0-C 

Beruoyl cellulose Cinnamoyl cellulose a-Naphthoyl cellulose 
V VI Iv 

The radiation stability of the linkage of the benzyl group to the cellulose 
molecule was low, as compared with the stability of the linkages of the 
other aromatic groups investigated. This lower stability may be due to the 
presence of the two hydrogen atoms on the carbon of the linkage. Radia- 
tion dehydrogenation of one hydrogen atom followed by abstraction of the 
other hydrogen atom by the first one would create a highly unstable linkage- 
which could be readily cleaved. Variation in radiation stability of similar 
type linkages had been previously s h ~ w n . ~ ~ . ~ ~  For example, methyl tetra- 
0-benzoyl-a-D-glucopyranoside had a linkage to the benzoyl group which 
ww stable and resistant to radiation cleavage. In phenyl tetra-0-benzoyl- 
8-wglucopyranoside the benzoyl groups were not cleaved on irradiation, 
but the phenyl groups were cleaved from the glycoside. Similarly, on 
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irradiation of phenyl 8-D-ghcopyranoside and phenyl hepta-O-acetyl-8- 
maltoside the phenyl groups were cleaved from the glycosides. 

The cleavage of the benzyl group from the cellulose molecule on irradia- 
tion would explain its lack of radioprotection for the cellulosic molecular 
chain at the radiation dosages used. Similarly, it had been shown that 
on irradiation of phenyl hepta-0-acetyl-@-maltoside the phenyl group was 
cleaved but did initially offer some radioprotection to the gly~oside.'~+ 
At very high dosages, after a large number of the phenyl groups had been 
cleaved, radioprotection of the glycoside was greatly decreaaed.lb At 
radiation dosages lower than reported here, where a smaller number of 
benzyl groups had been cleaved from the cellulose molecule, the substitution 
of benzyl groups on the cellulose molecule also slightly radioprotected the 
cellulosic chain. 

If the aromaticity of the substituted group was modified, such as in the 
case of the naphthoyl group, the radioprotective effect of the group for the 
cellulosic molecular chain was deckeased. The effective number of Ir-elec- 
trons in the naphthoyl group was less than that in the aromatic sextet. 
Also the energy of resonance stabilization was about 77 kcal./mole for the 
naphthoyl group as compared with about 40 kcal./mole for the aromatic 
sextet. The higher energy of resonance stabilization would be about equal 
to that required for a C - C  or C-0 bond cleavage.'" 

The mechanism of energy loss by the incident y-radiation of "OCo to the 
cellulose molecule probably includes initially random nonlocalized deposi- 
tion of energy in the form of high-energy secondary ele~trons.'~ In con- 
densed systems18 it has been suggested that this nonlocalied energy occurs 
in spurs of about 100 A.a. The localization of the energy from the spur 
in the cellulose molecule would result in cellulosic chain cleavage and initia- 
tion of a number of chemical processes. It is suggested that the radiopro- 
tective effect of aromatic groups, considering the ?r-electron system, is one 
of selective absorption of the energy of secondary electrons, produced by 
7-radiation, by aromatic groups within the spur. Dissipation of the energy 
as heat or light would then occur. Thereby the localization of energy in 
the cellulosic molecule, which results in chain cleavage and degradation of 
the breaking strength of the fibers, would be decreased. 

The authors gratefully acknowledge the assistance of Walter D. King in the prepara- 

Trade names are given as part of the exact experimental conditions and not as an 
tion of the cellulose ethers used. 

endorsement of the products over those of other manufacturers. 
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R65UIll6 
Lorsque une radiation-y provenant du Coeo reagit avec la cellulose de coton fibreuse, 

la Iocalisation d’au moins une partie de l’energie BlevBe consiste dam la rupture de la 
chaine cellulosique et la perte de la force des fibres irradiBes. La substitution dea groupes 
aromatiques dans les molBcules de cellulose de coton affecte cette localisation de 1’6nergie 
et diminue la degradation de la fibre par radiation. La nature du lien du groupe dro- 
matique de la mol6cule de cellulose n’est pas aussi importante gue la stabst6 du lien & 
la radiation. Par exemple, si la localisation de 1’6nergie se passe avec arrachement du 
groupe aromatique de la molBcule de cellulose, la radio protection des chaines mol6- 
culaires cellulosiques par le groupe aromatique n’est pas effective. Si le groupe aroma- 
tique etait modifiB de telle sorte que le nombre effectif d’electrons-r Btait diminue, la 
radioprotection de la chaine cellulosique serait Bgalement diminuBe. La radioprotection 
des chaines molkculairea cellulosiques par des groupes benzhydryles, trityles, beneoyles 
et cinnamoylea Btait efficace sur des distances equivalentes & plusieurs unit& cellobiosi- 
ques., La radioprotection de la chaine cellulosique par des groupes naphtoylea n’est pas 
a w i  efficace que les groupes cites plus haut. Par suite de l’assembhge d’dlectrons-s au 
sein du groupe naphtoyle le nombre effectif des Blectrons-a Btait reduit et codquem- 
ment, l’effet radioprotecteur du groupe etait Bgalement diminu6. Les groupes benzy- 
liques Btaient arrach6s de la molecule cellulosique par irradiation et ne presentaient pas 
de radioprotection pour la chaine cellulosique, du moins, aux doses de radiation BlevBes 
utilses. Les spectres ESR des celldoses irradiees, substitub ou non, etaient semblables. 
Eeci indique que la prbence du groupe aromatique n’affecte pm la. nature des radicaux 
libres de longue dude de vie induits dans la cellulose par irradiation. On a sugg6r6 que 
l’absorption selective d’bnergie par lea groupep aromatiques au ddpart des Blectrons B 
haute Bnergie, produits par interaction de la radiation y avec la molecule de cellulose, 
peut rendre compte de la radioprotection de la chaine mokculaire cellulosique. 

Zusammenfassung 
Bei der Einwirkung von “To- y-Strahlung auf Baurnwollfasercellulose fuhrte die 

Lokalisierung zumindest eines Teiles der hohen Energie zu einer Spaltung von Cellulose- 
ketten und einem Verlust an Bruchfestigkeit der bestrahlten Fasern. Die Substitution 
von aromatischen Gruppen am Baumwollcellulosemolekiil beeinflusste diese Energie- 
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lokalisierung und verringerte den Strahlungsabbau der Faser. Die Natur der Bindung 
der aromatischen Gruppe an das Cellulosemolekiil war nicht so wichtig wie die Strahl- 
ungsbestiindigkeit der Bindung. So war bei Energielokalisierung, die zur Abspaltung 
der aromatischen Gruppe vom Cellulosemolekiil fuhrte, keine Wirksamkeit der aroma- 
tischen Gruppe & Strahlungsschutz fur die Molekulkette der Cellulose vorhanden. 
Durch eine Modihierung der aromatischen Gruppe unter Herabsetzung der effektiven 
P-Elektronenzahl wurde der Strahlungsschutz fur die Cellulosekette ebenfalls herab 
gesetzt. Der Strahlungsschutz der Cellulosemolekulkette durch Benzhydryl-, Trityl-, 
Benzoyl- und Cinnamoylgruppen erstreckte sich fiber einen Abatand der einigen Cellu- 
loseeinheiten entaprach. Naphthoylgruppen boten einen signifikanten aber nicht so 
wirksamen Strahlungsschutz fur die Cellulosekette wie die angefuhrten Gruppen. 
Durch das Anteiligwerden der K-Elektronen in der Naphthoylgruppe wurde die effektive 
Zahl der PElektronen herabgesetzt und dadurch auch die Strahlungkchutzwirkung der 
Gruppe. Benzylgruppen wurden bei Bestrahlung vom Cellulosemolekul abgespalten 
und boten, zumindest bei den verwendeten hohen Strahlungsdosen keinen Strahlungs- 
schutz fur die Cellulosekette. Die ESRSpektren fur bestrahlte, substituierte und 
unsubstituierte Cellulosen waren ahnlich, was dafur spricht, dass die Anwesenheit 
aromatischer Gruppen zu keiner Anderung der Natur der in Cellulose durch Bestrahlung 
gebildeten langlebigen freien Radikale fiihrte. Es wurde angenommen, dass selektive 
Energieabsorption durch die aromatische Gruppe &us den hochenergetischen, bei der 
Einwirkung von ystrahlen auf das Cellulosemolekiil entstehenden Elektronen fur den 
Strahlungsschutz der Cellulose-Molekiilkette verantwortlich sein konnte. 

Received November 1, 1966 
Prod. No. 1519 


