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Radiation-Induced Copolymerization of 
Styrene and Cellulose at Low Dose Rates 

J. L. GARNETT and E. C. MARTIN 
School of Chemistry 
The University of New South Wales 
Kensington, Austraiia 

SUMMARY 

A study has been made of the radiation-induced grafting of styrene to 
cellulose in the presence of cobalt40 gamma irradiation at low total doses 
and dose rates. For copolymerization, Whatmans 41 filter paper was im- 
mersed in solutions of styrene in methanol at various monomer concentra- 
tions. The dose rates were varied from 140 to 3100 rads/hr while the total 
dose varied from lo3 to 2 X lo5 rads. 

but a statistical analysis revealed that at all concentrations a linear relation- 
ship existed between total dose and graft %. Three factors contributing to 
the variance about the regression line were examined. Residual oxygen in the 
solution, while not important at high dose rates, was shown markedly to 
contribute to the variance in the range examined. Alinear dose-rate effect 
involving a decrease in graft with increasing dose rate was demonstrated. 
A LET effect also contributed to the over-all variance. Preliminary results 
indicate the presence of a maximum which may be a Trommsdorff effect. 

In the presence of oxygen the grafting results showed considerable scatter, 

INTRODUCTION 

A number of reports have been published showing that styrene in 
solution may be heterogeneously grafted to cellulose under the influence 
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of ionizing radiation [ 1-10]. In particular, Dilli and Garnett [ 111 have 
thoroughly investigated this copolymerization reaction at dose rates of 70 
kradslhr and higher for total doses above 10 krads. Interesting phenomena, 
including a Trommsdorff effect, were observed at the lower dose rates by 
irradiation of a solution of the monomer in which the cellulose had been 
immersed. The purpose of this present paper is to report a study of the 
same grafting process at very low dose rates and at total doses varying from 
1.2 to 164 krads. 

EXPERIMENTAL 

The grafting was effected by irradiating strips of paper in solutions of 
styrene in methanol. The styrene prepared from a commercial source by 
distillation under reduced pressure was mixed with freshly distilled methanol 
to obtain solutions of 10, 20, 30, 40, and 60% of monomer by volume. 
The methanol was purified by the magnesium-iodine technique. The paper 
was Whatmans No. 41 double acid washed sheets for chromatography cut 
into strips 70 X 30 mm, the same batch of paper being used for all runs. 
Each strip was weighed, then folded in alternate directions to  give a crimped 
strip 30 mm long. Three strips were placed in each test tube, one above 
the other, each layer being positioned at 90" to the horizontal axis of the 
previous one. A constriction was drawn in the upper part of the test tube 
and, after cooling, the paper in the tube was covered completely with 15-16 
ml of the monomer solution (see Fig. 1). Thus some space (2-3 cc) con- 
taining air was left above the solution and consequently the initial stages 
of the irradiation were done in the presence of some oxygen. 

The irradiations were carried out using an 800 Curie '%o source in the 
University of New South Wales. Fricke dosimetry was used to  calibrate the 
source and the different dose rates were achieved by setting the test tubes 
at distances varying from 60 to 200 cm from it. This gave a range of eleven 
dose rates whose approximate values were 150, 300, 450, 600, 750, 1 100, 
1500, 1900, 2200, 2700, and 3100 rads/hr. 

For the linear energy transfer (LET) effect studies a set of irradiations 
was made at three dose rates, i.e., 2000, 1143, and 667 rads/hr, in alumi- 
num canisters. This was paralleled by a set of irradiations run in test tubes 
at the same dose rates. The aluminum canisters were 75 mm in diameter 
internally and of 5 mm wall thickness. Paper strips, 50 X 50 mm, were 
arranged on a rack at  10 mm intervals so that, apart from the rack areas, 
they were at  least 10 mm from all but the solutions (see Fig. 2). For both 
canisters and tubes containing the paper but no solution, oxygen was 
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COPOLYMERIZATION OF STYRENE AND CELLULOSE 1195 

Fig. 1. Folded paper strip and sealed test tube with solvent and three paper 
strips. 

Fig. 2. Lid, rack with paper strips and spreaders in place, and aluminum 
canister. 

removed by alternatively evacuating and filling with moist nitrogen; this 
was repeated several times. The solutions were then made up from freshly 
prepared reagents. The methanol was purged with dry nitrogen for 10 min 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1.

 G
ra

fti
ng

 o
f 

St
yr

en
e 

to
 C

el
lu

lo
se

 in
 M

et
ha

no
l u

nd
er

 D
iff

er
in

g 
C

on
di

tio
ns

 o
f 

R
ad

ia
tio

n 
D

os
e,

 D
os

e 
R

at
e 

an
d 

M
on

om
er

 C
on

ce
nt

ra
tio

n 
in

 th
e 

Pr
es

en
ce

 o
f O

xy
ge

n 

4
 

D
os

e 
G

ra
ft

 
D

os
e 

G
ra

ft
 

(r
ad

s)
 

D
os

e 
ra

te
 

(%
 w
/w
) 

(r
ad

s)
 

D
os

e 
ra

te
 

(%
 w

/w
) 

x 
10

-~
 

(r
ad

s/
hr

) 
x 

10
 

x 
10

-3
 

(r
ad

s/
hr

) 
x 

10
 

Pa
rt 

(a
) 

10
%

 M
on

om
er

 
2 

14
8 

11
 

35
 

73
 5 

18
 

3 
14

0 
24

 
35

 
14

70
 

28
 

5 
13

5 
25

 
35

 
22

20
 

18
 

5 
30

4 
9 

38
 

10
50

 
56

 
7 

14
3 

6 
42

 
17

30
 

36
 

7 
29

0 
23

 
42

 
26

80
 

13
 

7 
45

5 
10

 
48

 
30

60
 

20
 

10
 

28
0 

22
 

51
 

14
10

 
87

 

10
 

43
 0 

24
 

51
 

20
90

 
40

 
10

 
60

8 
9 

54
 

11
20

 
93

 

12
 

75
0 

22
 

61
 

17
00

 
89

 
14

 
30

0 
14

 
62

 
25

50
 

46
 

14
 

58
0 

26
 

64
 

14
8 

31
5 

15
 

41
5 

23
 

71
 

29
30

 
63

 

9
 n 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



17
 

72
0 

27
 

72
 

20
1 0

 
87

 

18
 

11
40

 
10

 
72

 
15

00
 

11
9 

20
 

56
0 

27
 

84
 

17
50

 
1 6

4 

21
 

44
2 

14
 

89
 

24
60

 
11

7 

24
 

15
20

 
12

 
10

1 
21

 1
0 

18
7 

25
 

70
0 

34
 

10
1 

28
00

 
12

7 

26
 

10
90

 
27

 
12

5 
26

10
 

13
9 

29
 

59
5 

30
 

13
1 

30
4 

45
2 

29
 

18
70

 
15

 
14

4 
30

00
 

20
3 

Pa
rt 

(b
) 

20
%

 M
on

om
er

 

2 
14

8 
0 

27
 

11
40

 
45

 

4 
14

8 
8 

29
 

59
5 

30
0 

5 
13

5 
19

 
29

 
18

70
 

73
 

5 
30

4 
7 

35
 

22
20

 
10

4 

6 
29

8 
14

 
36

 
75

0 
45

3 

7 
14

8 
15

 
36

 
15

20
 

29
7 

7 
28

5 
25

 
38

 
10

50
 

2 5
6 

7 
45

5 
7 

41
 

17
00

 
78

 

(c
on

tin
ue

d)
 

h
 Y R Zi 4
 

4
 

Y
, 

v
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1 

(c
on

tin
ue

d)
 

D
os

e 
G

ra
ft

 
D

os
e 

~ G
ra

ft
 

(r
ad

s)
 

D
os

e 
ra

te
 

(%
 w
/w
) 

(r
ad

s)
 

D
os

e 
ra

te
 

(%
 w
/w

) 
x 

10
-~

 
(r

ad
s/

hr
) 

x 
10

 
x 

10
-~

 
(r

ad
s/

hr
) 

x 
10

 

10
 

10
 

11
 

12
 

14
 

14
 

15
 

15
 

18
 

18
 

20
 

22
 

24
 

25
 

26
 

26
 

28
0 

60
8 

45
5 

75
0 

57
0 

57
5 

30
4 

41
5 

75
0 

I1
40

 

56
0 

45
5 

52
0 

70
0 

07
0 

07
0 

14
 7 75
 

11
 

47
 

62
 

15
 

35
 

14
1 37
 

45
 

23
6 43

 
79

 
78

 
1 9

6 

42
 

45
 

48
 

49
 

51
 

55
 

61
 

64
 

68
 

72
 

73
 

89
 

90
 

10
1 

10
7 

14
7 

26
80

 
18

70
 

30
60

 
20

40
 

14
10

 
11

40
 

17
00

 
26

 8
0 

28
40

 
20

10
 

30
60

 
24

60
 

18
70

 
2 8

00
 

22
20

 
30

60
 

12
5 

14
4 

11
8 

36
8 

34
8 

15
2 

28
2 

34
4 

3 9
3 

3 2
2 

40
2 

41
6 

5 5
0 

40
9 

60
1 

6 
16

 

d
 

a,
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1 2 2 2 3 3 4 5 5 5 6 7 7 7 7 10
 

10
 

13
8 

14
8 

28
8 

70
5 

14
0 

41
3 

57
5 

13
5 

30
4 

70
5 

26
 2 

13
8 

14
0 

29
0 

45
5 

43
0 

60
8 

Pa
rt 

(c
) 3

0%
 M

on
om

er
 

4 
20

 
41

3 
89

0 
27

 
20

 
56

0 
20

5 
4 

21
 

29
00

 
3 9

0 
30

 
24

 
15

20
 

19
7 

54
 

25
 

70
0 

29
8 

5 
25

 
10

49
 

17
3 

7 
26

 
10

90
 

44
6 

16
 

28
 

57
5 

83
 1 

14
 

29
 

18
70

 
24

 5 
9 

34
 

70
 5 

11
95

 
11

 
34

 
14

01
 

21
8 

28
6 

34
 

14
30

 
60

7 
45

5 
35

 
22

20
 

30
1 

17
7 

38
 

10
50

 
45

0 
42

 
41

 
25

10
 

29
6 

21
7 

42
 

17
30

 
73

0 
33

 
42

 
26

80
 

31
5 

(c
on

tin
ue

d)
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



T
ab

le
 1

 (c
on

tin
ue

d)
 

D
os

e 
G

ra
ft 

D
os

e 
G

ra
ft 

(r
ad

s)
 

D
os

e 
ra

te
 

(r
ad

s/h
r)

 
(r

ad
s)

 
D

os
e 

ra
te

 
(%

 w
/w
) 

x 
10

-3
 

(r
ad

s/h
r)

 
x 

10
 

x 
10

-3
 

(r
ad

s/h
r)

 
x 

10
 

12
 

75
3 

10
6 

44
 

18
34

 
3 8

9 

13
 

53
 1

 
78

 
45

 
30

60
 

3 5
4 

14
 

28
8 

68
4 

51
 

14
10

 
61

0 

14
 

58
0 

23
4 

51
 

20
90

 
83

 2 

15
 

41
5 

13
0 

61
 

17
00

 
84

8 

I5
 

62
4 

60
 

62
 

25
50

 
92

3 

15
 

20
50

 
24

 
71

 
29

30
 

95
9 

17
 

72
0 

33
 1

 
72

 
20

1 0
 

92
1 

18
 

74
2 

11
2 

10
1 

2 8
00

 
82

9 

18
 

11
40

 
14

3 
12

0 
25

05
 

13
32

 

18
 

25
10

 
53

 Pa
rt 

(d
) 4

0%
 M

on
om

er
 

1 
13

8 
0 

24
 

15
20

 
2 5

6 

2 
14

8 
10

 
25

 
70

0 
49

6 

2 
28

8 
4 

26
 

70
0 

10
0 

I?
 n 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



7 7 7 8 9 10
 

1G
 

10
 

11
 

12
 

12
 

15
 

30
5 

41
3 

14
8 

57
5 

13
5 

30
4 

70
5 

14
8 

30
4 

45
5 

10
70

 

57
5 

28
0 

60
8 

14
40

 

45
5 

75
3 

17
20

 

41
5 

24
8 3 7 7 

12
2 57
 

23
 

92
 

66
 

10
8 

34
 

18
6 

25
3 

12
1 

49
 

10
5 

14
9 78
 

20
6 

26
 

26
 

29
 

29
 

34
 

34
 

35
 

35
 

36
 

36
 

38
 

41
 

41
 

42
 

48
 

48
 

51
 

59
 

60
 

60
 

10
70

 

10
80

 

61
0 

18
70

 

14
30

 

14
30

 

22
20

 
14

40
 

75
0 

15
20

 

10
50

 

17
07

 

25
00

 

26
 80

 

30
60

 

20
50

 

14
10

 

25
10

 

25
00

 

25
05

 

36
4 

3 8
8 

50
1 

28
4 

42
3 

4 2
4 

33
7 

50
5 

64
7 

10
7 

66
0 

4 8
3 

55
3 

31
0 

36
8 

64
6 

75
8 

59
5 

53
7 

67
 1 

cr
 

E
j 2 

(c
on

tin
ue

d)
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1 

(c
on

tin
ue

d)
 

D
os

e 
(r

aw
 

D
os

e 
ra

te
 

x 
10

-3
 

(r
ad

slh
r)

 

15
 

15
 

16
 

17
 

18
 

18
 

18
 

20
 

21
 

60
8 

20
50

 

14
8 

70
0 

75
0 

11
40

 

25
10

 

56
0 

29
00

 

1 
14

8 

2 
14

8 

2 
30

4 

3 
13

8 

G
ra

ft 
D

os
e 

(%
 w

lw
) 

(r
aw

 
Do
se
 r

at
e 

x 
10

 
x 

1
0

-~
 

(r
ad

slh
r)

 

19
9 81
 

64
4 

61
 

17
00

 

68
 

28
40

 

70
 

29
00

 

26
9 

72
 

20
10

 

21
0 

73
 

15
20

 

23
4 

73
 

30
60

 

13
5 

89
 

24
60

 

43
8 

10
1 

28
00

 

14
4 

14
7 

30
60

 

16
4 

15
20

 

Pa
rt

 (
e)

 60
%

 M
on

om
er

 
10

 

15
 

12
 

21
 

11
40

 

21
 

30
60

 

22
 

45
5 

63
 

23
 

14
40

 

G
ra

ft 

x 
LO

 

84
9 

67
5 

72
0 

95
 1 

11
33

 

47
7 

10
43

 

10
99

 

20
2 1

 

24
10

 

(%
 w

lw
) 

3 6
3 

13
2 

36
2 

30
5 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



3 4 4 5 5 7 7 7 7 7 7 

45
5 

14
8 

60
8 

30
4 

75
3 

14
8 

28
5 

28
8 

28
8 

30
4 

41
3 

16
 

32
 

21
 

58
 

29
 

15
2 

16
6 

14
4 

17
0 

10
9 

10
2 

7 
41

3 
18

6 

7 
45

5 
58

 

8 
11

40
 

65
 

9 
57

5 
13

4 

10
 

41
3 

1 5
4 

24
 

26
 

26
 

28
 

29
 

29
 

33
 

34
 

34
 

35
 

35
 

15
20

 

10
70

 

10
80

 

17
20

 

59
5 

18
70

 

30
4 

14
30

 

20
50

 

14
90

 

22
20

 

19
5 

36
0 

31
2 

26
9 

3 9
4 

25
7 

46
8 

3 9
6 

27
0 

42
1 

29
9 

36
 

75
0 

50
 1

 

40
 

17
20

 
43

 8
 

40
 

25
05

 
39

1 

41
 

17
05

 
44

5 

42
 

26
 8

0 
29

3 

10
 

41
3 

21
3 

45
 

18
70

 
43

7 

10
 

60
8 

12
7 

47
 

29
00

 
34

0 

10
 

15
20

 
57

 
48

 
20

50
 

48
5 

(c
on

tin
ue

d)
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



Ta
bl

e 
1 

(c
on

tin
ue

d)
 

D
os

e 
G

ra
ft 

D
os

e 
G

ra
ft 

(r
ad

s)
 

D
os

e 
ra

te
 

(%
 w
/w

) 
(r

ad
s)

 
D

os
e 

ra
te

 
(%

 w
/w
) 

x 
10

-3
 

(r
ad

s/h
r)

 
x 

10
 

x 
1

0
-~

 
(r

ad
s/h

r)
 

x 
10

 

12
 

70
5 

19
1 

48
 

30
60

 
29

 5 

12
 

75
0 

15
2 

49
 

20
50

 
46

5 

13
 

18
70

 
95

 
60

 
2 5

00
 

44
2 

14
 

57
0 

25
5 

60
 

2 5
00

 
45

4 

14
 

57
5 

23
 1

 
60

 
25

05
 

36
 5 

14
 

57
5 

25
 1

 

15
 

61
0 

64
 

68
 

28
40

 
5 1

4 

15
 

22
20

 
11

0 

16
 

14
8 

70
 

17
 

70
5 

21
9 

17
 

70
7 

23
6 

17
 

10
80

 
25

7 

18
 

11
40

 
16

3 

18
 

26
80

 
11

7 

70
 

29
00

 
51

 1 

73
 

15
20

 
70

5 

73
 

30
60

 
42

2 

10
7 

22
20

 
84

5 

12
8 

26
70

 
83

3 

14
7 

30
60

 
94

2 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
1
:
0
3
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



COPOLYMERIZATION OF STYRENE AND CELLULOSE 1205 

prior to mixing. Sakurada [2] and co-workers used a similar technique. 
For the test-tube irradiations the dose rate was determined as above. For 
the experiments in the canisters, however, in order to allow for the in- 
creased absorption of the impinging radiation by the aluminum, dosimetry 
was carried out within the canister itself. The canisters were found to ab- 
sorb 15% of the radiation and allowance was made for t h s  in calculating 
the distances from the source at which they were placed for dose-rates 
equivalent t o  those received by the solutions in the test tubes. 

extracted with benzene in a Soxhlet extractor for 70 to 75 hr, dried, 
humidified, and weighed. The increase in weight was calculated as a per- 
centage of the weight of the original paper. Dilli and Garnett [ 1 I ]  have 
shown this to be sufficient for complete extraction of the homopolymer 
and remaining monomer. 

After irradiation, the strips of paper were removed from their containers, 

RESULTS 

The results of the tests run in the general experiment are reported in 
Table 1. The values given for graft % are the means of each set of three 
results from each test tube. The values for each concentration were 
analyzed statistically to obtain constants for the regression lines repre- 
senting the relationship between dose and percentage graft for each 
monomer. 

[ 121 and based on standard procedures. The data were processed by an 
IBM 360 computer. The constants for the regression lines, correlation 
coefficients, and residual variance about the regression line are reported 
in Table 2. The results of the dose-rate effect study are given in Table 3 
while Table 4 shows the comparison of tests with and without oxygen. 
The LET results are given in Table 5. 

The analysis was made according to the method described by Brownlee 

DISCUSSION 

Statistical Analysis 

It is clear from the results of the statistical analysis (Table 2 and Fig. 3) 
that the relationship between graft and total radiation dose is linear within 
the limits of the experiment. The data tit Eq. (1): 

F = m c d  tr' (1) 
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1206 J, L. GARNETT AND E. C. MARTIN 

Table 2. Results of Statistical Analysis of Data in Table 1 
Calculated to Fit Eq. (1) (r = mcd t r’) 

C% 
(% v / v ) ~  m x lo5 r’(%) na ra 

10 1.85 -1.4 46 0.78 1 

20 2.48 -0.6 48 0.887 
30 3.74 4.8 57 0.797 
40 3.24 -1.6 65 0.940 
60 1.09 8.2 72 0.920 

represents the monomer % in solution, n the number 
of sets of results, and r the correlation coefficients. For 
comparison the value of r at the 0.001 level of significance 
lies 

DOSE rads x 10-5 

Fig. 3. Plot of graft % vs dose (rads). The constants given in Table 2 were 
used with Eq. ( 1 )  (I‘ = mcd t r’). 
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Table 4. Effect of Adsorbed Oxygen 

[Comparison of irradiations done in test tubes with (a) adsorbed O2 and (b) 
adsorbed Nz on cellulose. Dose 48,000 radsla 

Dose rate 20% Monomer 30% Monomer 
(rads/hr) a b a b 

~ 

2000 21.4 44.7 55.7 63.3 
1143 24.8 58.6 65.4 129 .O 

667 26.7 73.8 70.8 183.1 

aThe values in the columns headed a were calculated from data in Table 
2, i.e., with adsorbed oxygen corresponding to partial pressure of oxygen in 
air. Those in columns headed b were determined after repeated outgassing 
and simple replacement of air with moist nitrogen, 

where r represents the increase in weight per 100 g paper when irradiated 
to dose d with a 6oCo source while immersed in a solution containing 
methanol and styrene (c%). The values of the constants m and I" vary 
with conditions and are apparently the repository of such parameters as 
dose-rate effect, oxygen content of the system, LET effect, and general 
experimental error. Equation (1) is derived from the expression for the 
regression line and there is evidence that some of the effects contribute to 
both constants. Further, the effects appear to be interlinked but there is 
insufficient evidence to quantify this idea. 

One implication of the linearity of the relationship of graft and dose 
is that the rate of diffusion of styrene to the surface of the cellulose 
must be greater than the rate of grafting and further, small changes in the 
concentration of monomer do not greatly effect the amount of graft. The 
highest graft recorded in this series was 240% which amounts to about 16% 
of the total styrene present. Most grafting results were less than half of 
this amount. The possibility exists that the grafting species is not limited 
exclusively to monomer (though this may be the main source of styrene) 
but includes dimers and higher groups and may even include solvent. The 
observed linearity of the graft with dose supports the work of Huang [ 131 
with purified viscose where linear relationships up to 300% graft were 
obtained. 
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Table 5.  Linear Energy Transfer Effect 

(Comparison of data from irradiations in aluminum canisters 
with irridations in test tubes. 20% monomer solution and 

nitrogen adsorption o n  cellulose in both  cases). 

Graft (%) Dose rate Total dose 
(rads/hr) (rads) Test tube Canister 

2040 

2000 

1870 

1793 

1155 

1143 

1082 

1047 

669 

667 

636 

620 

48960 

48000 

44880 

43090 

48520 

48000 

45430 

43990 

48140 

48000 

45780 

44670 

26.2 

44.7 23.4 

22.5 

20.5 

36.8 

58.6 33.2 

29.7 

26.2 

46.8 

73.8 46.2 

38.1 

32.7 

Dose-rate Effect 

Dilli and Girnet t  [ 141 have shown the existence of  a dose-rate effect in 
the radiation-induced grafting of styrene to paper a t  dose rates o f  lo4 to 
lo6 rads/hr. When considered in terms of graft for a given dose at  various 
dose rates from lo5 t o  lo6 rads/hr, the relationship appeared hyperbolic 
in form, with the graft decreasing with increased dose rate. Over the small 
range considered in the present experiments, i.e., 140 t o  3100 rads/hr, the 
possibility that the grafting effect might be linear with dose rate was 
examined. The data in Table 1 were therefore tested by using a form of  
statistical analysis [ 12) for multiple correlation considering both independ- 
ent variables, dose and dose rate, t o  have linear relationships with the 
amount of grafting. The results of  this analysis are given in Table 3 where 
a, b, and I"' refer t o  Eq. (2). It will be observed that two new constants, 
a (for dose) and b (for dose rate), have been introduced in Eq. (2). This 
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1210 J. L. GARNETT AND E. C. MARTIN 

is because m in Eq. (1) depends upon both dose and dose rate, and these 
two variables should be separated if possible. 

Here d and dr refer to dose and dose rate, respectively, r and c are as for 
Eq. (l), and a, b, and I‘”are constants. The variance ratio due to the effects 
of dose and dose rate was highly significant in the case of 10,40, and 60% 
solutions and of some doubt in 20 and 30% solutions. However, all data 
were in agreement with Dilli and Garnett’s work in regard to the sign of 
the effect, i.e., a decrease in graft occurs with increased dose rate. Even 
in the doubtful cases (20 and 30% solutions) the effect is considered to be 
real (see below) but is masked by the magnitude of the experimental error. 

The examples of grafting at very low oxygen contents (after nitrogen 
replacement of oxygen) reported in Table 4 confirm the existence of a dose- 
rate effect in the 20 and 30% solutions. The fact that this effect is exten- 
sive when the oxygen concentration is low illustrates the dependence of 
dose rate on the oxygen content of the system. This result is in contrast 
to the work of Dilli and Garnett who found that oxygen had little effect 
at higher (70 to 140 krads/hr) dose rates. 

Concentration Effect 

Equations (1) and (2) demonstrate the dependence of graft on both 
radiation dose and concentration. The nature of the constants m and a is 
not so clear since the numerical values of these constants depend on a 
number of effects. In general terms the constants represent the slopes of 
the lines connecting graft and dose (Fig. 3) and vary in an interesting way. 
Plotted as in Fig. 4, the values of a are represented as falling on one or 
other of two curves of similar characteristics but of opposite sense, one 
representing the increasing concentration of monomer and the other the 
increasing concentration of solvent. The interaction of these curves repre- 
sents the concentration that should give the greatest response in terms of 
graft for a given dose. 

Since m in Eq. (1) is a function of both dose and dose rate, separate 
constants a and b have been used in Eq. (2) in connection with dose and 
dose rate, respectively. Thus plotting a vs concentration gives a value for 
the maximum sensitivity of the solution to grafting uninfluenced by the 
dose-rate effect as would be the case if m were plotted. The fact that a 
peak is obtained suggests that the system may exhibit a Trommsdorff 
effect [ 15) .  It is worth noting that the peak occurs at a molar ratio 
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Styrene Mole Fraction 
~2 0.4 0.6 0.a 

1211 

1 

20 40 60 00 
Styrene X by volume 

Fig. 4. Plot of slope of line representing graft % dose corrected for dose 
rate effect. The constant a of Table 3 is plotted against solvent concentra- 

tion. Volume % (0) and (X) mole fraction of styrene. 

(2: l )  of styrene (S) to methanol (M). The system might then be considered 
as a solution of the complex S2M in either styrene or methanol. The possi- 
bility that this complex is itself grafted might be studied more fully. The 
significance of the plateau in Fig. 4, between 10 and 20% styrene, has yet 
to be explained. 

The advantages of correcting the graft percentage for the effects of 
dose rate and using a standard dose rate are obvious for the comparison of 
results between different groups. It is suggested that zero dose rate be used, 
an idea analogous to the infinite dilution concept. 

Oxygen Effect 

This effect is well known and is associated with an induction period or 
delay in the onset of grafting. The usual method of avoiding the effect is 
to outgas the sample solution by repeated freeze-pump-thaw cycles; however, 
this process can possess difficulties [16]. In an attempt to overcome this 
problem the technique described above for replacement of O2 with N2 was 
used with the 20 and 30% solutions. Tests were run parallel with those done 
in aluminum canisters. The replacement of gas on the surface of the 
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1212 J. L. GARNETT AND E. C. MARTIN 

cellulose would appear to have been accomplished easily, without seriously 
changing the quantity of water bound to the cellulose. The greatly in- 
creased grafting achieved compared with that obtained when limited oxygen 
was present (Table 4) amply illustrates the importance of removing oxygen 
from the surface of the cellulose and from the solution. The method is a 
simple alternative to the freeze-thaw procedure. 

Linear Energy Transfer Effects 

Evidence is now accumulating to show that the process of grafting in 
methanol depends on the formation and reaction of solvated electrons [17).  
The electrons, arising from the interaction of 7 photons with the atoms of 
container, paper, and solvent, will be solvated by the methanolic solution. 
The lifetime of these electrons is such that they can travel only relatively 
short distances before reaction. The ideal situation of measuring the graft 
caused by the electrons arising only from the atoms of the solution on the 
unfolded strip of paper has been almost achieved using the apparatus 
shown in Fig. 2. Here the paper is oriented perpendicular to the gamma 
irradiation from the source and over 10  mm from the inside surface of the 
canister. The supporting arms of the racks are the only foreign sources of 
electrons and these latter apparently are low in number. The 10 mm 
minimum distance for complete absorption of electrons is suggested by Trump 
and Van de Graaff [ 181. Orientation of the paper parallel to the gamma 
radiation produced very little graft. 

Table 5 gives the results for irradiations within canisters at the same 
dose rates as for the test-tube samples. The very considerable differences 
are considered to be largely due to LET effects. 

The data obtained from these tests were also computerized to obtain a 
regression line relating the dose-rate effect to the graft % and dose. Despite 
the fact that the data were obtained from individual samples, each differ- 
ing by only 2 to 5% in dose rate from its neighbor, a significant result was 
obtained for the existence and extent of the dose-rate effect. The constants 
for the regression line are reported in Table 3. The large value of the 
constant, however, suggests that extrapolation below 660 rads/hr. dose rate 
should lead to considerable error. 

General Experimental Error 

The manipulation errors involved in the experiments (e.g., weighing and 
measuring volumes) were small (-l%), yet the variation between triplicates 
within each test tube was at least 5% and repeated experiments at times 
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produced even larger errors. The larger errors are attributed to two main 
sources, LET effects and oxygen effects. The removal of these as in the 
experiments reported in Tables 4 and 5 resulted in a variation between 
samples which approached the level of the manipulation errors outlined 
above. The reliability of the data, when compared with the regression 
line, is between 2 and 5%, better than the usual dosimetry errors. 
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