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1. ENERGY AND CHARGE OF TRITIUM ATOMS PRO-
DUCED BY NUCLEAR REACTIONSt

Tritium is obtained by the reactions 6Li(n, a)T and
3He(n, p)T, the former being of practical interest. The
capture cross-section of 6Li for thermal neutrons is
945 barns, and6Li makes up 7.5% of the mixture of lithium
isotopes. The yield of tritium is calculated from the
formula:
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where Φο is the neutron flux, σ is the cross-section of the
nuclear reaction, η is the number of atoms per cm3, χ is
the thickness of sample, t is the period of irradiation,
and λ is the decay constant. The recoil tritium atoms
obtained by the reaction 6Li(«, a)T have energy 2.73 MeV
andfree path in the condensed phase of ~ 50 μ (5 mg cm-2).
The recoil tritium atoms produced by the reaction 3He(«,i>)T
only have energy 0.192 MeV.

Chemical reactions become possible when the recoil
atoms have sufficient kinetic energy so that after collision
with a molecule they can form a stable bond with an atom
of this molecule. With comparatively low energies the
reaction between the recoil atoms and the molecule passes
through a transition complex in which the excess energy
is evenly distributed among all the degrees of freedom,
and which as a result of concentration of the necessary
energy at one of the bonds decomposes to form the reaction
products. As the energy of the recoil atom increases,
the probability of forming the transition complex will de-
crease. Kinetics are normally concerned with the minimum
energy required for a reaction and with the direction of
the reaction at a given energy. A feature of the kinetics
of the reactions of recoil atoms is that they relate to
chemical reactions of large energies.

Collisions which can produce chemical reactions will
occur when the recoil atom has the maximum possible
energy to allow for stabilisation of the tritium bond in the
molecule. If the tritium atom has a greater energy, then
on collision it will not enter into the reaction, and if after

t These atoms will subsequently be called recoil tritium atoms.
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subsequent collisions it has energy less than the bond
energy, then it may reach thermal energies and react as a
thermal atom. The latter will only occur if the probability
of reaction on collision and the number of collisions in the
high-energy region are sufficiently low.

The conditions for reactions to proceed at the maximum
permissible energy are greatly different from the condi-
tions for low energies. Limitations associated with the
energy of activation become less important, since normally
there is always an excess of energy; moreover the direc-
tion of reaction is no longer controlled by the path of
minimum energy, and the reaction can proceed much more
rapidly and in several directions. As the excess of energy
increases, the assumed equilibrium distribution of energy
throughout the whole molecule becomes less and less prob-
able. At very high energies, although the tritium atom
forms a "complex" when it collides with a molecule, there
may not be any equilibrium distribution of energy through-
out the whole molecule, and it is possible that only part of
the molecule will participate in substitution or other re-
actions, independently of the remainder of the "complex",
the time required for the reaction being of the same order as,
or less than, the period of vibration of a single bond.
There is apparently also an intermediate region of energies
where part of the excess energy is distributed throughout
the whole molecule; in this case the energy of activation
will have only a partial influence on the direction of reac-
tion.

If we had accurate information on the reactions of
particles of high kinetic energy, we could construct a graph
ofiprobability of reaction against energy of particle, and
calculate the total probability of formation of any molecule
as a function of particle energy. Fig. 1 shows such a hypo-
thetical curve for recoil tritium atoms. The probability
of any reaction is zero at energies below the energy of
activation, and also at high energies when the tritium
atom cannot form a stable bond on collision with a molecule.
The maximum probability of reaction, the width of the
high-energy sector, and the shape of the curves are generally
unknown. It can be qualitatively deduced from Fig. 1 that
reaction / will have a much greater velocity for thermal
atoms than reaction II, because of the low energy of activa-
tion. At high recoil atom energies the rates of these re-
actions will be approximately the same.

According to some data, however3»10, the initial energy
of the recoil atoms has no effect on the distribution of tri-
tium among the reaction products. Thus the yields of
active products obtained from methane and recoil tritium
atoms produced by the reactions eLi(«, a)T and sHe(«, p)T
are almost the same, 49.0% and 50.0% for HT and 30.5%
and 31.8% for CH3T respectively 1~s. Consequently the
chemical reactions of recoil atoms commence after they
have cooled to energies of the order of a few electron-volts.

At the time of its formation the recoil tritium atom has
a positive charge; as it is then slowed down in the medium
there is repeated rearrangement of charge, and most of
the recoil tritium atoms of energy of a few electron volts
are neutralised3"6. Hence it is mainly uncharged tritium
atoms which take part in reactions.

To obtain organic compounds labelled with tritium a
mixture of a finely-ground solid insoluble lithium salt with
solid or liquid organic compounds is irradiated; or
the lithium salt may be dissolved in the organic substance»
On irradiation of a mixture of organic compound and lithium
carbonate the specific gravity of the parent compound is
calculated from the formula7:

where R is the percentage introduction of tritium into the
irradiated compound, Ρ the percentage of lithium carbon-
ate in the mixture, η the neutron flux per cm2 per sec,
t the duration of irradiation in sec, and Κ a constant.

With η = 1012, irradiation for 24 h can give a specific
activity of the order of 105—10 6 disintegrations per sec,
per mg. The chemical nature of the lithium compounds
used to obtain the recoil tritium atoms has no influence
on the distribution or yield of the tritium reaction products u .

2. REACTIONS OF RECOIL TRITIUM ATOMS

Tables 1, 2, and 3 show published data on the distri-
bution of tritium when the recoil atoms react with various
compounds.

TABLE 1. Products of the reaction of recoil tritium atoms, ob-
tained by the reaction 3He(«,£)T, with gaseous or-
ganic compounds. In cases marked* the tritium is
obtained by the reaction 6Li(n,«)T in the liquid phase.

Fig. 1. Efficiency of collisions of recoil tritium
atoms with organic molecules as a function of the
kinetic energy of the tritium atoms (hypothetical
curve).

System
irradiated

CH4

CH 4*
C H 4 + I 2

C H 4 + N O
C H 4 + C , H 4

CH 4 +H 2 (13%)
C 2 H,
Q H ,

C2H,·

C^HJ+BV,
C J H , + C 2 H 4 ( 10 %)

C 2 H,+ 4 He
C2H4

C 2 H 4 + O ,

C3H,

C 3 H;+C,H 4

C3H,

Ο,Η,+Ο,

Flux,
neutrons
percn,J

per sec

5-10"
2-10»
3-101*

1.2-10"
3· 10·4

5-10"

5-101»
4-101»
3-10"

1 · 10 l )

3-10"
3-101»
5-101»
3-101»
3-ΙΟ"

5-10»
4-10"
3-101»
3-10"
4-10"
3-101»
1-10»

3-10"
3-101»
5-101»
1-10"

3-10»
3-10»

2-10·
3-10"

l - lO"

1-10»

Period of
irradia-

tion

10 min
96 h

1 h
2 min
1 h

-

30 sec
20 min

1 h

2 min
1 h
1 h

20 min
1 h
1 h

30 sec
20 min

1 h
1 h
1 h
1 h

-

1 h
1 h
5 min

12 h

1 h
1 h

40 h
144 h

12 h

_

H,

50.0
61.7
46,0
53,5
51
49,0

39.1
28.2
40

31.5
28
75
43.4
43
60

41.7
40.0
42
36
58.8
16
18

61
43
66.2
62.1

50.0
41

31.2
29.6

50

36.0

Active re

CH«

31.8
29,8
31.0
32.5
33
30.5

48.6
27.5
50

36.5
24
20

3.8
5
3.2

5.4
3.6
2.0
2.4
2.8
0.2

trace

2.5
4
3.2
5.7

3.0
3.0

1.2
1.3

3,5

2.0

C2H.

7.7
2.6
6.8

7.4
11.2

5.5
0.1

trace

6.3
3.0

27-5
28
25

37.5
22.3
37.0
26
11.8

2.3
79.0

2.4
2.5
2
4.4

1.5
5.2

0.5

—

action products

C 2H 4 +

+ C.H,

14.0
—
—

0,3
—
—

3.2
—
—

—

4
—
—
3.7

53
3.9

1,4
0.4

2.5

13
13.8

1.3
11.5

1.5
15.0

2.0

C,H,

14

9.7
9.0
5.1

5.3
0.8
•<—
7.7
7.8
1.8
—

26
36.0
23.0
21.1

39.0
25

4.5
3.7

4.6

1.0

.%

C,H6

10.4
5.4

14.2

8.9
9.3

6.5
0.4

trace

—
2,3
—

—

—
itrace

0.5
0.4

0.5

41
41.7

25.7

44.0

C 4H 1 0

and
ligher

2 4 . 1

15.3
14.0
7.1

6.2
3.8

23.1
18.5
26.3

—

8.2
14.5

3.2
5.9

23.6

8.2
8.6

3.6

Ref.

3

4
7

10
10

9
3
2

2
10
10
3
2

10

2
3
2

10
3

10
10

10
2
2

11

11
10

11

11

10
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TABLE 2. Products of the reaction of recoil tritium atoms, obtained by the reaction 3He(»,i>)T with gaseous
organic compounds.

System
irradiated

/ ^

+NO

/ \ /

/ \ /

+He«

+ N 0

/ = N
+oa

+ 0 ,

/v/\

Μ
/\/\/

Flux, neutrons
per cm per

sec

1-10»

1-10»

1-10·

1-10»

2-10»

2-10°

MO 1 2

1-10°

_

1-10»

1-10»

1-10»

M O 9

1-10·

M O 9

1-10»

1-10°

1-10»

Time, h

138

138

138

12

48

48

12

168
_

-

168

168

168

168

168

168

168

168

168

Active products, %

H,

31.2

52

31.0

62,3

47

42.6

43

55.6

47

37.3

39.2

45

43.7

47.5

44.0

34,0

49,0

61.0

55.4

56.4

CH,

2.5

1

1.9

4

3.4

1.5

2.1

1.2

2.1

3.4

2

3.5

2.2

3,3

3.0

5,5

3.6

3.6

2,0

2,4

C.H.

0,2

—

8

4

0.3

2

1.2

5.5

2.3

0.8

12.5

+ C.H,

1,5

2,3

2,3

1.3

3.5

10.4

0.6

trace

1.5

0.5

-

0,2

trace

-

0.7

1.2

8.1

1.5

1.0
1.0

9,0

0.4

trace

8.8

1.8

/ \

12.0

—

13

1.6

0.9

_

-

1.1

_

_

-

-

0,7

-

trace

0.5

-

-

1.0

0.3

22.1

37.5

11.4

—

—

—

-

-

—

—

-

-

_

-

-

-

-

-

—

-

/ \

2,1

6

1.8

0.3

11.9

14.7

17.1

11,2

17.6

10,4

13,4

8.2

10.3

6.0

5.0

0.7

0.4

0.9

10.5

6.3

> -

3.0

3.5

—

_

/ \ /

8.6

27,9

26,5

8.3

7.2

-

-

_

-

-

—

7.8

-

3.9

_

-

-

-

-

—

—

-

-

—

-

-

-

-

),6

2.6

2.5

12

2.9

2.4

26

29.1

-

1.0

6.0

2.0

0,9

0.4

-

1.2

4.5

11.9

21.2

22.6

2.6

1.6

1.8

1.1

-

—

0.5

6.4

1,7

3.8

11.3

26.8

1

0.9

_

_

trace

trace

5.4

3.6

-

—

0.3

3,5

2.1

trace

> =

39

—

—

10.0

trace

7.2

—

—

TABLE 2

System
irradiated

+N0

/\/
/\y
+He*
+NO

/ = \
+0,

) *

/ \ / \

Sy-/

y^
X

(contd).

:-h
1-10»

1-10»

110»

—

1-10»

2-10·

2-10»

1 1 0 »

1-10»

—

—

1-10»

1-10·
1-10»

1-10»

1-10»

1-10*

1-10»

110»

1-10'

Time,
h

138

138

138

—

12

48

48

12

168

—

—

168

168

168

168

168

168

168

168

168

Active products, %

7.5

1.2

9.3

5.9

7.7

4.0

16.0

7.6*

-

—

—

ΛΛ

24.8

1.5

-

-

-

-

0.9

0.4

2,0

25.8

-

-

-

-

—

0,3

28,0

-

3.2

—

_

—

2.0

0.5

21.0

8.0

—

—

24.0

1.0

-

—

—

8.0

2.1

4.5

14.5

_

-

X

4.0

_

-

1.8

15.0

1.5

1.8 1.8

Ref.

12

12

12

13

II

10

II

II

10

13

10

10

10

10

10

10

10

10

10

10
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TABLE 3. Products of the reaction of recoil tritium atoms obtained
by the reaction 6Li(w,Q!)T with solid and liquid organic
compounds.

TABLE 3 (contd).

Compound irradiated

Eenzene + Li2COs

Benzene-rf, + Li,CO,

Eenzene + LiC,Hs

Eenzene clathrate

Cyclohexane

Cyclohexene

Cyclohexa-1,4-diene

Cyclohexa-1,3-diene

Methylcyclohexanediq.)
C6HnCH,

Cyclohexanoldiq.)
C6HltOH

Cyclohexylamine
C,HUNH,

C6H,CH,

CH,OH(liq.)

C,H,OH(liq.)

CH,COCH,(liq.)

CH,COCHs(solid)

CHjCOCH,(liq.) + 30%
Η,Ο

i,(+)-CH,CH(NH2)COOfl,
14% aq. soln.

i.(+)-CH,CH(NH,)COOH
(solid)

<iZ-Threonine

Glucose(solid)

Glucose(solid)

Glucose, 48% aq.
soln.

Galactose(solid)

C.H.COOCjH,

C6HsC00CjHT

C6H,C00H

C.H.COOH

o-, m-, p-NH,C4H4C00H

o-, m-, p-N0,C6H4C00H

o-, m-, p-HOC6H4COOH
o-, m-, p-C,H4(COOH),

o-, m-, p-ErC6H4C00H

o-, m-IC6H4C00H

o-, m-FCeH4C00H
o-, p-ClCeH4C00H

Phenylpropionic acid

Maleic acid

Fumaric acid
cis-Cinnamic acid

trans-Cinnamic acid

irans-Cinnamic acid
Na salt

Acetic acid

Flux,
neutrons
per cm2

per sec

3 - 4 - 1 0 "

3 - 4 - 1 0 "

3 - 4 - 1 0 "

3 - 4 - 1 0 "

3 - 4 - 1 0 "

3 - 4 - 1 0 "

3 - 4 - 1 0 "

3 - 4 - 1 0 "

4 - 1 0 "

4 - 1 0 "

4-10"

9-10"

1.8-10"

1.8-10"

1.8-10"

4-10"

1.8-10"

1.8-10"

1.8-10"

2.5-10"

6-10'

1.8-10"

1.8-10"

1.8-10"

1-10"

1-10"

1-10"

1-10"

5-10"

5-10"

5-10"
5-10"

5-10"

5-10"

5-10"
5-10"

5-10"
5-10"

5-10"

5-10"

5-10"

1.3-10"

1.7-10"

Period of
irradia-

tion

30 min

30 min

30 min

30 min

30 min

30 min

2 h

2 h

5 h

5 h

5 h

97 h

1 h

2 h

2 h

1 h

1 h

24 h

24 h

17 h

65 h

24 h

24 h

27 h

118 h

153 h

72 h

168 h

2 h

2 h

2 h
2 h

2 h

2 h

2 h

2 h
2 h
2 h

2 h

2 h

2 h

8 h

1 h

Active products

benzene
cyclohexa-1,4-diene
cyclohexa-1,3-diene
linear C6

benzene*<i6

cyclohexa-1,4-diene
cyclohexa-1,3-diene
linear C t

benzene
cyclohexa-1,4-diene
cyclohexa-1,3-diene
linear C6

benzene
cyclohexa-1,4-diene
cyclohexa-1,3-diene
cyclohexane

cyclohexene
cyclohexane
cyclohexa-1,4-diene
cyclohexa-1,3-diene
cyclohexene
benzene
cyclohexa-1,3-diene
cyclohexa-1,4-diene
cyclohexene
benzene
H, + CH4

C»Hla

CeH,,CH3

Ha + CH4

CeHj,
CeHuOH
H, + CH4

C 6HU ^
C 6 H u NH a

C,H5CH,

CH,OH

CH
CaH, + CaH6

CSHB + C4H.O

C,H,OH and other
liquid products

CH,COCH,
CH,CHO
CHJCOCHJ

CH,CHO
iso-C,H70H
CHjCOCH,

CH,CHO
rf/-CH,CH(NHa)COOH

<i/-CHjCH(NH,)COOH

di-threonine
allothreonine
glycine
glucose

glucose

glucose

galactose

CeH,COOC,H,

C,H,COOC,HT

C,,HjCOOH

CeH,COOH

NH,C6H4C00H

NO,C6H4CO0H

H0C6H4C00H
C,H4(C00H),

ErC4H4COOH

IC6H4C00H

FC6H4C00H

C1C6H4COOH
phenylpropionic acid

maleic acid

fumaric acid
cis-cinnamic acid

trans-cinnamic acid

trans-cinnamic acid
Na salt + trans-
•cinnamic acid

acetic acid

R
ad

io
*

ch
e

m
ic

al
yi

e
ld

, 
%

26
2.5
1.2
0.3

24.2
2.6
1.1
0.2

52
5.2
2.6
1

42.5
trace
trace
10

11
9

17
5

15
29

3.3
2.6

14.1
29.0
60.9

3.9
35.2
66.3

3.9
29.8
61.9

5.3
32.8
40

23
51.4

3.5
1.7
0.4

20
23
24

9.1
24

5
1.7

25

7.5
>0.5

>12

_

—
-

10

22

1

12

16.8

10.2

25

16

32-35

27-29

43-31
32

36-42

33-36

44-5Ϊ

42-49
35

10
12

15

30

27

18
33
13

U;>*O>
ft. u V

(Λ Ο 3 .

28

26

1.7

100

8

10
90
60
65

330
60

220

1.3

2.2

2.9

3.6

1.2

82
108

11
3

266

1.7

11.3

0.188

0.217

90

150

21.7

1.6

26.7
20

26.7

23.3

36.7

31.7
23.3

6.7
8.3

10

18.3

20

1.7

Ref.

16

16

16

16

17

17
17
17
17
17
17
17

17

17

18

19

19

19

19

19

20

20

42

21

22

22

21

23

23

24

25

26

26

26
26

26

26

26

26
25

25
25

25

25

25

27

Compound irradiated

Fropionic acid

n-Eutyric acid

Isobutyric acid

η-Valeric acid

Isovaleric acid

t-Valeric acid

n-Caproic acid

t-Caproic acid

Phenylacetic acid

Nicotinic acid

Nicotinic acid
o-Toluidinic acid

Salicylic acid
Dimethyl ether

H,O(liq.)

H,O(gas)

H,0(gas)+ 4 He

E,O(gas) + NO

HaO(gas) + 0,

Methyl a-glucoside

2-Methyl-2-n-propyl-
propyne-l,3-diol
dioarbonate

Glucose diacetone

Glucose diethyl-
mercaptal

Flux,
neutrons
per cm
per sec

2 - 4 - 1 0 "

2 - 4 - 1 0 "

2 - 4 - 1 0 "

2 - 4 - 1 0 "

2-4-10"

2 - 4 - 1 0 "

2 - 4 - 1 0 "

2 - 4 - 1 0 "

7 - 1 0 "

2 - 1 0 u

1-10"

1-10"

1-10"
3-10"

2-10'

2-10'

2-10'

2-10*

2-10'

2-10"

2-10"

2-10"
2-10"

Period of
irradia-

tion

1 h

1 h

1 h

1 h

1 h

1 h

1 h

1 h

2 h

48 h

72 h

72 h
72 h

48 h

144 h

144 h

144 h

144 h

144 h

24 h

72 h

24 h

24 h

Active products

propionic acid
H,
CH 4

C 2 H 6

η-butyric acid
H,
CH4

C,H,

isobutyric acid

CH4

CSH,
η-valeric acid

CH4

C4H1 0

isovaleric acid
Ha

CH4

iso-C4H1 0

t-valeric acid

CH4

s-C4H1 0

n-caproic acid

\
CjH,,
t-caproic acid

CH4

s-CjHia

C6H,CH,C00H

nicotinic acid

nicotinic acid

o-toluidinic acid
salicylic acid

\
CH,OCH,
C,H5OCHj

H,
Η,Ο
H2

H2O
H2

Η,Ο
Ha

Η,Ο
H2

Η,Ο
methyl a-glucoside

2-methyl-2-n-propyl-
propyne-l,3-diol
carbonate

glucose diacetone

glucose diethyl-
mercaptal
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d
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·
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em
ic

al
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e
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22
43

2.1
7.5

27
49

2.6
3.7

26
47

4.7
3.3

20
65

2.0
2.2

33
48

4.5
2.1

20
43

9.6
6.8

27
46

1.3
0.9

33
34

2.8
0.8

30

6

23
25

31

77

16
3.2

10
90

4
96

2
98

4
96

1.5

98.5

6

1 
S

p
e

ci
fi

c 
1

a
c

ti
vi

ty
, 

1

33

150

100

100

100

100

50

100

100

Ref.

27

27

27

27

27

27

27

28

29
30

30

30

31

35,38

35,38

35,38

35,38

35,38

7

7

7

7

Table 1 shows that 10-50% of the tritium forms a labelled
parent molecule, 30-50% is obtained as HT molecules,
and 5-25% appears as organic compounds more complex
or simpler than the mother compound.

The gaseous reaction products from hot tritium atoms
are qualitatively similar for most substances, while the
liquid products depend on the structure of the parent
molecule, the composition of the irradiated mixture, and
the irradiation conditions.

The reactions of various classes of organic compound
with recoil tritium atoms have been studied: saturated,
unsaturated, and aromatic hydrocarbons10»12»16, alcohols19,
ketones19, esters 2 3, carboxylic acids2 7, and other com-
pounds7»22»25»26. The same types of reaction were observed
with all these compounds. Data on the influence of radical
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acceptors indicate that for most of the systems studied
more than half of the recoil tritium atoms enter into re-
action even in the high-energy region.

We shall now consider the types of reaction of recoil
tritium atoms with organic compounds, using butane as an
example, in decreasing order of probability.

Hydrogen Abstraction

This reaction proceeds mainly in the high-energy region,
since the yield does not greatly depend on the presence of
a radical acceptor; it also partly proceeds with thermal
tritium atoms.

T*+CH 3 CH 2 CH 2 CH,
CH 3CH 2CHCH 3

CH 3CH 2CH 2CH 2

+ H T .

The formation of HT is also possible as a result of in-
tramolecular elimination of hydrogen from an excited
molecule.

Hydrogen Replacement

This reaction is insensitive to the presence of a radical
acceptor, so that the parent molecule, as a rule, retains
its configuration.

T * + C H 3 C H 2 C H 2 C H 3

CH 3CH aCHTCH 3

CH 3CH 2CH 2CH 2T

The substitution reaction does not depend on the phase in
which the recoil hydrogen atoms are stabilised. The
determination of the intramolecular and intermolecular
distribution of tritium in a system having hydrogen atoms
in various positions shows that substitution occurs at all
types of carbon-hydrogen bond in saturated, unsaturated,
and aromatic compounds, etc. The substitution of hydro-
gen proceeds in random fashion in all positions; any
variation in the specific activity of a given position is the
result of the particular properties of the given molecule,
for example, the ortho-position of cis-cinnamic acid has
a lower activity than the same position in trans-cinnamic
acid25.

Where the tritium atom can react with hydrogen adja-
cent to either saturated or an unsaturated carbon-carbon
bond, it reacts with about the same probability in each
position42, whereas for thermal hydrogen atoms there is
a large difference in the rates of these reactions. The
substitution of hydrogen atoms in organic molecules by
tritium has high probability. The efficiency of a collision,
as evaluated by Wolfgang, is several orders greater than
than of collisions in thermal reactions which also demon-
strates that these reactions occur in the high-energy region.
However, the substitution reactions involving recoil tri-
tium atoms do not take place by elastic collisions48, as
is seen by the relative amounts of tritiated methane ob-
tained from CH4 and CD4.

 3 2

The substitution by recoil tritium atoms is a fast step
in the reaction (10"14 sec), taking place in a time com-
parable with the period of vibration of the bond, and there
is not always time for the excitation to be spread through-
out the molecule; consequently there is local bond rup-
ture only, and in most cases the configuration of the mole-
cule is retained 20>22»23,45,46. The attack by a recoil tri-
tium atom on a hydrocarbon molecule, as already stated, may
produce excitation of only part of the molecule; if the

attack is along the line of a C-H bond or at a small angle
to it and produces rupture of the C-H bond, the tritium
atom combines with the hydrogen to form HT; if the
direction of attack forms a large angle to the line of the
C-H bond, the product after bond rupture will be RT.3 2

An empirical formula has recently been derived32»34

for calculating the relative proportions of products obtained
by reactions of types I and // involving aliphatic hydro-
carbons.

Substitution of a Group of Atoms

This reaction produces degradation products from the
original substance in yields which also do not depend on
the presence of a radical acceptor:

CH3T

T # I /^*U ^"Ί-Ι Λ*ϊ-Ι f*\J /™*T-I /**XJ Τ

-|-ν^Γΐ3ν_ιΠ2 1^ΐϊ2ν^Π3 —• ^ . 0 3 ^ 1 1 2 i ·

CH 3CH 2CH 2T

The replacement of a radical is less probable than replace-
ment of hydrogen. After rupture of the C-C bond the tri-
tium is more likely to combine with the simpler radical;
a possible explanation of this has been given47. The yield
of RT depends on the number of R groups in the irradiated
compound; thus the yield of CH3T is greater with neopen-
tane than with isopentane, greater with the latter than with
n-pentane, and least with cyclopentane.

The recoil tritium atoms can replace other atoms and
groups in addition to Η and CH3; thus they readily replace
-NO2, -NH2, -COOH, and -OH groups and halogen atoms
in corresponding benzoic acid derivatives26.

Sometimes, it can be assumed that the substitution of a
group of atoms is a secondary process. The replacement of
hydrogen in the parent molecule by a recoil tritium atom pro-
duces an excited molecule, which decomposes with elimina-
tion of a group of atoms; for example, in the reaction of re-
coil tritium atoms with carboxylic acids an excited mole-
cule is formed as an intermediate and then decomposes:

T"+CH 3 COOH CH,TCOOH*+H
" l

C H 3 T + C O 2

The yield of decomposition products decreases as the car-
bon chain length is increased, because the excitation is
extinguished within the molecule V7,37.

It has been shown 26>49>56 that in some cases the yield of
labelled substitution products depends on the energy of the
C-X bond, increasing with decreasing stability of the bond.

Substitution of Two Groups of Atoms

This reaction produces a labelled radical:
C H J C H J C H J C H T + H . J

T * + C H 8 C H 2 C H 2 C H 3 -

C H 3 C H 2 C H T + C H 3 + H

and can give either two hydrogen atoms or one hydrogen
atom and an alkyl group by elimination from the parent
molecule. The radical produced may be captured by a
radical acceptor, or in the absence of the latter it may
decompose to a smaller radical and an alkene, by
rupture of a C—C bond.

Low yields of products are usually obtained in this
reaction34»35.
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TABLE 4. Introduction of recoil tritium atoms into cyclic hydro-
carbons (flux:4 χ 1012 neutrons per cm2 per sec);
activity of parent compound taken as 100. Period of
irradiation 5-10 h in the presence of Li2CO3.

Substance irradiated1

Cyclohexane
Cyclohexene
Cyclohexa-l,4-diene
^yclohexa-l,3-diene
Cenzene

Activity of reaction products, %

cyclo-
hexane

100
71
39
30

cyclo·
hexene

5
100

92
425

1

cyclohexa·
•1,4-diene

100
80
11

cyclohexa·
•1,3-diene

32
100

5

ben-
zene

2
5

175
875
100

methyl-
cyclo·
lexane

5

0

methyl·
eye lo-
pe ntane

6
19

0

hexenes

hexanes

25
24

0

TABLE 5. The fractions of recoil
tritium atoms reacting with
alcohols and acetone by the
various types of reaction.

Type of reaction

Replacement of in-
active hydrogen by
tritium

Replacement of labile
hyd/ogen by tritium

Replacement of a methyl
group by tritium

Formation of aldehyde
from alcohol

Formation of aldehyde
from acetone

Activity, %, as:

C,H,OH|CH,OH|(CH,),O

22

20

1

2

—

23

29

—

1

—

25

12

9

—

1

the parent molecule 12>34 and which retain the structure of
the parent molecule, being produced by the rupture of a
single bond. The yields of all products obtained in the
reaction of recoil tritium atoms with alkenes are given in
Table 2; these yields confirm the mechanism postulated
by Rice5 1 and McNesby52 for the decomposition of hot radi-
cals. The yield of HT increases and the yield of parent
compound decreases as the molecular weight of the alkene
increases, as with the alkanes.

In the reaction of hot tritium atoms with unsaturated
cyclic compounds (cyclohexene and cyclohexadienes) the
main products, besides the parent compound and hydrogen,
are hydrogenation products: cyclohexene gives cyclohexane,
and cyclohexadienes give mainly cyclohexene.

The probability of rupture of a C-C bond by addition of
a recoil tritium atom to a double bond is lower in the case
of cyclohexene and cyclohexadienes than with open-chain
alkene (Table 4) 1 7.

Cyclohexadienes also give labelled benzene in large
amount, a large quantity of benzene being obtained by radio-
lysis of the cyclohexadienes.

Recoil tritium atoms can also add to aromatic bonds16,
benzene producing a labelled cyclohexadiene radical which
is subsequently converted into cyclohexa-1,4- or cyclohexa-
-1,3-diene. Since these compounds are formed without
radiolytic carriers, they have a high specific activity and
their production is of considerable interest. Compounds
produced by opening of the benzene ring are obtained in
very low yield (Table 4).

The relative yields of products obtained from alkanes,
alcohols, and acetone by the various types of reaction are
shown in Tables 5 and 6.

TABLE 6. Yield of labelled products in the reaction of recoil
tritium atoms with alkanes (yield of labelled parent
compound taken as unity).

Labelled compound

HT
Parent compound
Lower alkanes

Methyl iodide (initially
CH?T) in the presence
of iodine

Alkene (initially a
radical)

Isomerisation and other
products

II abstraction
II replacement
replacement of

alkyl group
replacement of an

alkyl group + Η
or + 211

replacement of an
alkyl group + Η

Starting compound

1.821.971.991.92
1.01.0 1.0 1.0

2.37 2.031.40

0.12 0,15 0.15 0,17 0.19 0.210.23

0.12 0.14 0.06 0.09 0.05 0.08 0.09 0.09

0,110.080.080,090.100.090,05

0,030.000.01 0.01 0.000.000.01

1.0 1,0 1.0
3,28

0,31

0.07

0.12

0.02

Addition Reactions

A labelled radical is also produced in the reaction of
recoil tritium atoms with unsaturated hydrocarbons:

T» + R_CH 2 —CH=CH—CH a —R' — R—CH2—CHT—CH—CHj— R'*,

The resulting radicals are excited, and decompose to form
two or three fragments containing less carbon atoms than

3. INFLUENCE OF VARIOUS FACTORS ON THE YIELD
OF LABELLED COMPOUNDS

Influence of Radical Acceptors

Radical acceptors normally used in the gas phase are
iodine vapour, bromine vapour, nitric oxide, oxygen, etc.
Table 7 relates to the reaction of methane with recoil tri-
tium atoms, and shows that these radical acceptors have
the same efficiency9.

It is seen from Table 7 that even small amounts of the
radical acceptors have a large effect on the yields of the
individual products. In the presence of radical acceptors
at pressure above 1 mm the yield of labelled hydrocarbons
of higher molecular weight than methane {e.g. ethane,
propane, and butane) falls sharply, while the yield of
labelled methyl halide remains constant. The presence of
radical acceptors has no marked influence on the yield of
labelled methane. The yield of HT first falls sharply,
then with a pressure of radical acceptors > 1 mm falls
very slowly. Similar effects are given by oxygen in the
reaction of recoil tritium atoms with dimethyl ether4.

The influence of iodine concentration on the yield of
labelled products when liquid acetic acid is irradiated has
been studied27. The tritium distribution in the gaseous
products is almost independent of the iodine concentration
when the latter is below 10"4; with high iodine concentra-
tions, the yield of hydrocarbons other than methane is
markedly less, but does not fall to zero. Even with an
iodine concentration as high as 10~2 M, when the iodine
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TABLE 7. Reaction of recoil tritium atoms with methane in the
presence of radical acceptors.

Radical
acceptor

Br,
Br,
U
Br2

NO
Br,
Br»

Temperature, °C

above room temp.
. 100
~ — 60
above room temp.

45
above room temp.

15
above room temp.

Pressure of
radical
acceptor

0
—0.01
—0,6

~2—2
—9
—20
> 2 0

Yie

HT

0.535
0,42
0.37
0,35
0,32
0,315
0.29
0.23

Id of label 1

CHST

0.325

0.32
0,345
0.32
0,36
0.365
0.33
0,30

ed products ,%

CH,TX | >C,

0

0.018
0,042
0.020
0.037

0,045
0.042

0.14

0,11
0.015

<0.01
<0.01
<0.01
<0.01
<0.01

The fact that the yield of labelled ethane from ethane and
that of labelled propane from propane is unaffected by the
presence of ethylene again confirms that these products
are produced wholly by substitution of hydrogen in the ini-
tial molecule by a hot tritium atom. It might be expected
that the presence of 8% of ethylene in the irradiation of
ethane and propane would lower the yield of labelled mole-
cules of these compounds, if only by a simple dilution
effect, but in fact the yield remains constant. In this
case it may be assumed that the radical C2H4T produced
can form labelled molecules of the parent compounds,
e.g. by the reactions:

remains in the free state even after the irradiation, a con-
siderable amount of ethane is formed, apparently because
some of the radicals leave the liquid phase for the gaseous
phase, where they are stabilised by the addition of hydro-
gen atoms to form stable chemical compounds. The yield
of labelled parent compound is independent of the iodine
concentration.

When liquid benzene is irradiated together with lithium
carbonate in the presence of diphenylpicrylhydrazide, the
yield of labelled benzene hydrogenation products decreases
with increasing concentration of the diphenylpicrylhdrazidele.

All these examples show that the presence of radical
acceptors does not as a rule affect the yield of products
obtained by substitution of tritium for hydrogen or a group
of atoms. However, substances of the radical acceptor
type do not always decrease the yield of labelled products;
for example, the yield of labelled benzene in the reaction
of recoil tritium atoms with benzene is increased by about
50% in the presence of iodine40. The explanation given is
the formation of an intermolecular benzene-iodine com-
plex, which promotes removal of energy from the excited
labelled benzene molecule. The yield of labelled benzene
is shown in Fig. 2 as a function of the iodine concentration.

Sauer10 used ethylene as radical acceptor in the reaction
of recoil tritium atoms with methane, ethane, and propane;
as with halogens as radical acceptors, the yield of labelled
hydrogen falls. It may be assumed that the reaction of
thermal tritium atoms with ethylene:

C2H4-fT - C,H«T ,

will compete successfully with the hydrogen abstraction
reaction:

T+CH 4 -» CH 3+HT .

C 2H 4T+C,H, - C,H f T+C s H 4 .

C2H4T+C,H, -» C 2H 6T+C 2H 5,

and C 2 H 4 T + C H 3 - C3H7T .

There is no reaction by which labelled methane could be
produced from the ethyl radical, and therefore its yield
decreases in the presence of ethylene.

Unlike halogen radical acceptors, which combine with
tritium atoms to form hydrogen halides which are not de-
tected when the irradiated mixture is analysed by gas chro-
matography, ethylene combines with tritium to form the
radical C2H4T, the reaction products of which are readily
detected by gas chromatography. Unlike halogens, ethy-
lene only slightly reduces the yield of higher hydrocarbons.

Hydrogen readily enters into certain ionic-molecular
reactions, and so to a certain extent can act as an ion ac-
ceptor and so hinders the formation of "higher" products.
Since hydrogen is always produced in the irradiation of
organic compounds, its influence must be investigated, and
the system 3He + CH4 + H2 has been studied for this pur-
pose 1 0. Table 8 shows that there is no great change in
the yield of labelled compounds when 20% of hydrogen is
added to'the methane. The cause of the reduced yield of
CH3T may be the formation of HT by reaction between hot
tritium atoms and H2, the greater retarding efficiency of
H2 as composed to CH4, and exchange between thermal Τ
atoms and H2. All these factors increase the yield of
labelled hydrogen. The reduction of the yield of synthesis
products by half may be due to the decreased specific
activity of the HT, if it is assumed that HT molecules par-
ticipate in the production of more complex molecules.

10*3M

Fig. 2. Specific activity of benzene as a func-
tion of the iodine concentration.

TABLE 8. Influence of hydrogen on the yield of labelled products
produced by irradiation of the system 3He + CH4 + H2

(yields reported as percentage of the total observed
activity); partial pressure of CH4 = 500-600 mm,
partial pressure of 3He = 6 mm.

Labelled

H,
CH4

C,H,
C,H,
iso-C4Hl0

n-cXo

Partia

0.3 0.9

pressure of H,

5.3 9.3 12.3

yield, %

50
34
7,5
3.3
1.0
1.0

52
32
7.4
2.0
1.0
1.1

65
26
4,1
1.7
0.5
0,7

75
20
3.0
1.0
0.4
0.4

74
20
2.8
0.9
0,3
0.4

Labelled

c.
c,
c.
c.
c,

03

0.3
1.0
—
—
—

Partia

0.9

0.5
1.1
0.5
0.7
1.0

pressu

S.3

yield,%

0.2
0.6
0,2
0.2
1,1

eof H,

9 1

0.2
0.3

12.3

0.2
0.4
0.2
0.3
0.3
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If radical acceptors are added to the system after the
irradiation the yield of labelled products remains unchanged3.

Influence of Inert Diluents

The introduction of inert substances into the organic
compound-recoil tritium atom system, e.g. 4He, Ne, Ar,
Kr, etc. in the gaseous phase, suppresses the hot reactions
and the only products are those of thermal processes, i.e.
in the first instance the yield of parent compound is re-
duced3»22. The efficiency of retardation of the hot tritium
atoms by the inert gases decreases on passing in the series
from helium to xenon. These facts confirm that the recoil
tritium atoms react with methane by "hot" reactions. The
inert gases do not affect the yield of labelled products solely
by the dilution effect, since with specimens containing the
same molar fraction of different inert gases the yields are
different, and decrease in the series Xe to He. The re-
tarding capacity of the inert gases increases in the same
series. In the reaction between recoil tritium atoms and
a gaseous mixture of acetylene and propane the ratio of
the specific activity of acetylene to that of propane increases
linearly with the relative concentration of helium, because
of thermal processes by which tritium is introduced into
acetylene.

If a radical acceptor is present in addition to the re-
tarding agent, the yield of labelled organic products is
still further reduced: the yield of labelled methane from
methane and recoil tritium atoms in the presence of helium
and bromine is only 1%, the yield of HT is ~ 5± 5%, and
higher hydrocarbons are absent3. The yield of higher
hydrocarbons in the absence of a radical acceptor increases
with decreasing molar fraction of the parent compound.

Hot tritium atoms may be slowed down by the sides of
the ampoule in which the mixture is irradiated, and the
dimensions of the ampoule may therefore affect the yield
of labelled products. This effect was investigated by re-
acting recoil tritium atoms with methane in an ampoule
containing quartz powder: however, the yield of labelled
methane increased only to 37%,3 which is within the limits
of the experimental error (see Table 1).

The presence of quartz powder may appreciably affect
the yield of labelled products in other reactions; thus the
yields of individual products are greatly increased in the
radiolysis of n-pentane in the presence of silica30.

In the reaction of recoil tritium atoms with trans-but-
-2-ene and iraws-hex-2-ene there is a considerable reduc-
tion in the yields of the alkene on passing from the gaseous
to the liquid phase 54>55. The yield of labelled parent mole-
cules is also increased when cyclic hydrocarbons react
with recoil tritium atoms in the liquid and solid phases5 0.

In the reaction of recoil tritium atoms with gaseous,
liquid, and solid acetone, the distribution of tritium among
the products is independent of the phase of the acetone;
however, with water the yield of labelled products is
markedly different in the gaseous and liquid phases.

Substitution by hot and superthermal processes is thus
the main reaction of hot tritium atoms, irrespective of
the phase state of the system. In a condensed phase, how-
ever, the closer packing of the atoms and molecules en-
ables the medium to absorb the excess of energy and
motion from the activated complex obtained by collision.
Moreover the radicals and atoms obtained by dissociation
of the intermediate complex, which has too high an internal
energy to form a stable compound directly, may be held
together within a shell of surrounding molecules and so
can recombine to produce the labelled compound. These
effects explain the higher activity of the parent compound
in the liquid phase as compared with the gaseous phase.

Passing from the liquid to the solid phase also has sub-
stantially no effect on the distribution of tritium in the
products. Although the reaction mechanism in both con-
densed media is the same, the study of relatively more
complex systems discloses some new and interesting
effects. Studies of the irradiation by tritium of glucose
and many larger molecules shows that about 20% of the
tritium replaces hydrogen in C-H bonds of the parent mole-
cule; hence the reactions of recoil tritium atoms in con-
densed systems can be considered as specific substitution
or addition reactions which are more probable than ran-
dom combination with radicals formed at the end of the
free path. If the recoil energy at the end of the path were
greater than required for hot substitution, it is difficult
to see how a large molecule such as glucose would remain
unchanged when the tritium atoms were introduced. These
phenomena are in agreement with the calculations of Row-
land and Wolfgang, who showed that recoil tritium atoms
have a relatively long mean free path, and are not captured
by the solvent until their energy is very low. This means
that a very small number of radicals will be formed at the
end of the path.

Influence of Temperature and Phase State of the Initial
Compound on the Yield of Labelled Compounds

The yield of labelled products was not found to depend
substantially on temperature in the range 0°-200°.3

Further increase of temperature should affect the distribution
of tritium among the labelled products, particularly when
molecules larger than methane are irradiated. Thus it is
known that in the radiolysis of gaseous pentane above 230°
cracking occurs by chain reactions; for example, at 400°
the yield of low hydrocarbons (up to C5) is ~ 2000 moles
per eV, which is ~ 10s times the yield at room temperature5 1.

Change of the phase of the irradiated substance has no
effect on the qualitative composition of the reaction pro-
ducts with recoil tritium atoms, but has a marked effect
on their yield, as is demonstrated in the irradiation of
liquid and gaseous methane and ethane (Table 1).

Influence of Radiolysis

Radiolysis produces decomposition of the parent
material, forming radicals and molecules of new substances,
which take part in chemical reactions by which the recoil
atoms are stabilised. The yield of tritium-containing pro-
ducts and the distribution of tritium in the molecules will
thus depend greatly on the radiolysis which accompanies
the stabilisation of the recoil atoms. The labelled mole-
cules will in their turn undergo radiolytic conversions.

The source of the radiolytic action is the γ- radiation
from the nuclear reactor and the recoil nuclei of hydrogen,
helium, and tritium. In most cases the recoil nuclei make
the most contribution; when recoil nuclei are obtained
from 3He each act liberates 0. 765 MeV. While the ac-
companying γ- radiation can be varied, it is difficult to vary
the effect of the recoil nuclei. The influence of radiolysis
on the labelled compounds will increase with the period of
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exposure to the radiation, and can be shown by varying
the period of irradiation or the intensity of the neutron
flux. Specimens in which the parent compound is 10-20%
decomposed will have a considerable proportion of radiolytic
impurities, and the tritium distribution may differ greatly
from that obtained when the parent compound is only little
decomposed.

In some cases this effect is particularly marked, for
example with alkanes, which are fairly inert to reactions
with excited atoms and radicals; the impurities formed
by radiolysis will play an important part in the final tri-
tium distribution.

Table 9 shows the variation in the distribution of activity
with the period of irradiation of cyclopropane. The
labelled unsaturated compounds produced by the reactions
with hot tritium atoms are rapidly saturated by reaction
with hydrogen atoms, and the thermal tritium atoms re-
act preferentially with the alkenes obtained by the radio-
lysis of the cyclopropane. In the initial stages of irradia-
tion the main reactions will be hydrogen abstraction reactions:

Η · + Η 2 Ο H2+C3H5,

RH+C,H,,

(1)

(2)

but as time progresses the reaction products begin to build
up, and can themselves react with the atoms and radicals:

R — C n H 2 n .

(3)

(4)

The actual direction of the reaction will depend on the re-
lative rates of the individual reactions (l)-(4) for the
various radicals.

It is seen from Table 9 that the sum of the relative
yields of propylene and propane remains approximately con-
stant when the period of irradiation is varied by a factor
of 70, although the individual yields are markedly different.
This supports the suggestion that propylene reacts with
hydrogen to form a propyl radical by reaction (3), i.e.
saturated compounds are produced from unsaturated com-
pounds. The total yield of ethane and ethylene is also
approximately constant with different periods of irradiation.

TABLE 9. Influence of duration of irradiation on the yield of
labelled products in the reaction of recoil tritium
atoms with cyclopropane. The specimens contained
750 mm cyclopropane and 2 mm 3He and were irradia-
ted with a neutron flux of ~ 109 neutrons per cm2 per
sec. The activity of cyclopropane is taken as 100.

Period of irradia.
tion, h

Percentage de-
composition of

initial compound

-abelled products

/ \

HT
CH3T

C-C
C=C
C=C

C-C-C
C-C=C

138

0.2

100

141
11
28

7
2

54
9

48

0.07

100

138
9

22
10

2
48
15

24

0.03

activ

100

147
—

22
10

2
44
22

8

0.01

fy, %

100
140
—

16
10

37
31

4

0.007

100

153
—

11
12

20
49

2

O.OO3I

100

150
—

33

23
54

Period of irradia-
tion, h

Percentage de-
composition of

initial compound

Labelled products

c

r / c ~ c

C—C—C—C
c6

X

138

0.2

13

39
30

3

48

0.07

14

30
28

4

24

0.03

activ

16

?5
26

4

8

0.01

4

0.007

2

0.003

ity, %

21

15
22

3

V

7

2

29

9

_

Starting from the assumptions that: (i) hydrogen atoms
and alkenes are continuously produced in the irradiation of
cyclopropane; (it) the alkenes disappear only by reaction
with hydrogen atoms according to reaction (3) with subse-
quent abstraction of hydrogen atoms; and (Hi) the hydrogen
atoms are removed only by reactions (1) and (3) and rapidly
reach a stationary concentration, it is possible to obtain
an approximate picture of the kinetic behaviour of the atoms
and radicals produced in the irradiation of cyclopropane.
Using the above assumptions as a basis, it is possible to
construct a curve showing the variation of the alkene con-
centration with the period of irradiation. The shape of
this curve will depend firstly on the G- values for hydrogen
and the alkenes, and secondly on the ratio KjK^. The
alkene concentration becomes stationary after a certain
time, and since the total activity increases linearly with
the period of irradiation, the fraction of the total activity
contributed by the alkenes continuously decreases.

Table 10 gives the data obtained10 on the influence of
the neutron flux on the yield of labelled products in the
irradiation of 3He in methane, ethane, and propane. Com-
parison of columns A and Β shows that there is no marked
change in the distribution of tritium in the labelled products
with a tenfold change of neutron flux at a constant total
dose of irradiation. Column C gives the results of ex-
periments in which the pressure of 3He (0.1 mm) was 60
times less than in A, with the period of irradiation cor-
respondingly 60 times more. It can be estimated that the
energy distributed in the reaction vessels in unit time by
recoil nuclei of tritium and hydrogen in experiments A is
30 times the energy of the γ-radiation, while in experi-
ments C the fraction of the total energy introduced by the
y-radiation is twice that introduced by the recoil nuclei.

The intensity of the ionising radiation in experiments C
was thus 20 times less than in experiments A, but the
total energy absorbed in C was 3 times that absorbed in A.
Under these conditions the yield of HT in the reaction of
recoil tritium atoms with methane increased from 51% to
61%, while the yield of higher compounds decreased to

TABLE 10. Influence of the dose intensity and total energy ab-
sorbed from recoil nuclei and γ-rays on the yield of
labelled products obtained from carrying out the
nuclear reaction 3He(ra,£)T in methane, ethane, and
propane.

Radiation
conditions

Flux. 1 0 "
neutrons per
cm per sec

Pressure of
'He mm
Period of
irradiation

Labelled
products

H2

CH4

C - C
C-C-C

C)c-c

C-C-C—C

c.
c,
c,
c.
c,

A

2 - 3

6

1 h

51
33
7.4
3.1

1.0

1.1
0.4
1.1
1.2
1.0
—

Methane

Β

20—30

6

10 min

°

51
32
6,9
3.2

0,9

1.2
0.3
1.3
1.1
1.1
0,7

C

2 — 3

0,1

6Ch

7

61
36
2.3
0.3

0.1

0.2
0.3
_
0.3
—
—

!

D 1 A

2 — 3

0

3 min

65
29
5.5
0,7

0.3

_

_
—

2 — 3

6

1 h

60
3.2
25
5,1

0.2

3.6
1,0
_
1.2
0.5
0,6

Etr

Β

20—30

6

10 min

57
3.9
26
5,3

0.3

4.2
1.1
_ '
1.4
0.5
0.8

ane

C

2 — 3

0.1

60 h

63

3.7
25
4.9

0,2

2,2
0.3
__
0.3
0.2
—

D

2—3

6

3 min

70
3.5
19
3.0

2.0

0.7

_
_
—

A

2 — 3

6

1 h

61

2,5

2.4

26

1,0

1.1
2.5

2.0
0.3
0.3

Propane

C

2—3

0,1

60 h

%

62

3,0

2,9

25

1,7

1.0
2,3

1.4
0.0
—

D

2— i

«5

3 min

75
2 . 0

2 . 0

18

1.6

0 . 6
_

_

—

—
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one-third its former value. Similar changes were ob-
served by El-Sayed and Wolfgang3 when the intensity of
the neutron flux was varied by a factor of 2000. With
ethane and propane, however, there is no such sharp dif-
ference between experiments A and C, apparently because
while the radiolysis of methane produces mainly CH3 radi-
cals and Η atoms, which react with thermal tritium atoms
to give labelled hydrogen and labelled methane, and in-
creasing the radiation dose increases the number of these
radicals and so the total yield of labelled methane and
hydrogen, the radiolysis of ethane and propane produces,
in addition to the radical of the parent molecule and a
hydrogen atom, considerable amounts of methyl and ethyl
radicals, which give final products other than labelled
parent compound and hydrogen. Increase of the radiation
dosage will cause thermal tritium atoms to react with these
radicals also, so increasing the yield of methane in the
irradiation of ethane, and of methane and ethane in the irradi-
ation of propane. This assumption finds ready confirma-
tion in the data of Table 10. It is interesting to note
that irradiation of methane, ethane, and propane for 3 min
in a flux of 2 x 1012 neutrons cm"2 sec*1 gives a higher
yield of labelled hydrogen than irradiation for 1 h in the
same flux; this is apparently because in the short time of
3 min the system does not have time to attain a state of
equilibrium, i.e. the concentration of radicals has not
reached a stationary value. In such a case the thermal
tritium atoms will react mainly with the parent compound
with the abstraction of a hydrogen atom and the forma-
tion of labelled hydrogen.

When lithium salts are used to obtain the recoil tritium
atoms the dosage from the recoil atoms is considerably
reduced by taking particles of the salt of a certain diameter.
The free path of recoil tritium atoms of initial energy
2. 7 MeV is much greater than the average size of the
particles of a finely ground salt. By choosing large salt
particles a large fraction of the free path of the recoil
atoms will lie within the particles. The free path of
«-particles is 20% less than that of the recoil tritium
atoms, so that the diameter of the particles can be so
chosen that all the α-particles remain in the crystal, while
the tritons leave it with reduced energy. It has been shown
experimentally that for a given specific activity the life of
the irradiated compound is greater when using coarse parti-
cles than with the salt as a fine powder. For example,

TABLE 11. Stability of some organic compounds towards radiation.

Substance irradiated

Methane
Ethane
Ethanol
Eenzene
Cyclohexa-1,4-diene
Cyclohexa-l,3-diene
Benzoic acid
Ditto

Nicotinic acid
Fhenylacetic acid
Glucose
Galactose
Phenyltriphenoxy-

silane
Tetraphenoxysilane
Reserpine

i
i
16
30
46
78
80
82

122

136
180
180

393
411
608

. E " S W

"i ·? ί

90
90
12
50
50
50
17
5
1

10
3

50
10

1
1

10

=>«

a "

2 8. υ

ii s
u- t X.
5
5
2
4
4
4
2
2
2
2
2
0.006
2

10
10

2

•*· ο

• g |

30 sec
30 sec

6 h
100 h

10 h
10 h
40 h

154 h
700 h

48 Ii
3 h

72 h
27 h

12 h
12 h

2 h

"o t .

ο ,ζ, .Ξ c

47
41
23
26
17
11

6
31
10
12

24
23
18

Jo I
j i l

100
100

95
60
30
75
35
66
56

~ 50
> 95
> 95
3* 32

3 Ϊ 76
73
6

Ret.

1

1
1
9
6

7
21
21

S3
S3

7

the irradiation of cholesterol mixed with 60 μ particles of
lithium oxalate gave a good yield of a substance having a
specific activity of 200 μο g"1; the same amount of irradi-
ation using 30 μ particles gave greater decomposition, and
the use of a lithium myristate gel caused the formation
of an insoluble product from which no cholesterol could
be isolated39.

The stability of various compounds to irradiation is
given in Table 11; it decreases with increasing molecular
weight of the irradiated compound.

4. THE ISOTOPE EFFECT OF RECOIL TRITIUM ATOMS

When recoil tritium atoms were reacted with partially
deuterated methane molecules, the activity (calculated per
atom of hydrogen or deuterium) was greater for HT than
for DT3 6 (Table 12). For CH2D2 the ratio HT/DT is 1. 4,
which is in good agreement with the ratio of the vibrational

TABLE 12. Reactions of recoil tritium atoms with deuterated
methane and deuterium; irradiation for 48 h in a flux
of 3 x 109 neutrons per cm2 per sec.

Pressure, η

CH,-D,

CH4—CD,

H . - D ,

CH,D2

746
260
102
71-7

CH 4 CD 4

338 398
552 1,81
374 374

H, D 2

396 310
612 90
120 581
304 321

im Hg

•He

29
29
29
14

'He

14
14
11

'He
17
17
17
10

NO
—

56

NO

56

NO

4.3

HT/DT

1.34+0.02
1.40+0,02

1.42+0.02
1.19+0.07

1.09
3.83
1,28

1.97
9.93
0,35
2.65

HT/DT
CH./CD,

—

—

1.29
1.26
1.28

—
—

HT+DT
CH,DT+CHD,T

0.84

0.83
0.83
0.90
0.82

HT+DT

CH 3 T+CD 3 T
0.82
0.82
0.80

—

—
—

HT/DT
H./D,

1.55
1.45
1.68
2.79

frequencies for C-H and C-D bonds. The ratio HT/DT =
= 1. 27 obtained for a mixture of CH4 and CD4 is a combina-
tion of the relative probability of reaction of a recoil atom
with each molecule and the probability of the abstraction of
hydrogen from the parent molecule. The ratio HT/DT = 1.6
for a mixture of Rj and D̂  also includes these two probabilities,
and also a factor due to the large difference in the veloci-
ties of the centres of mass in the reaction of ttj and D2 with
a tritium atom of the given velocity33.

In the reaction of recoil tritium atoms with isopropyl
benzoate it was found23 that the isotope effect H/D is 1.41
for aliphatic hydrogen atoms and 1.16 for aromatic. The
introduction of tritium into benzene16 gave an isotope effect
of 1.14.

The difference in the isotope effects for aliphatic and
aromatic hydrogen atoms may be because in the latter case
the tritium is initially captured by the aromatic bonds and
this is followed by elimination of a hydrogen atom, while in
aliphatic hydrocarbons there is first a weakening of the
C-H bond and then replacement of hydrogen by tritium.
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5. THE INTRAMOLECULAR DISTRIBUTION OF RECOIL
TRITIUM ATOMS IN THE LABELLED PRODUCTS

Normally a labelled compound obtained by reaction with
a recoil tritium atom is active in all hydrogen positions,
but the relative tritium content in different positions varies
greatly in many cases; for instance, the labelled benzoic
acid obtained from o-hydroxybenzoic acid has 87% of the
total activity of the molecule in the ortho-position, while the
activity in the £ara-position is almost zero (Table 13).

In the general case the distribution of tritium within the
parent molecules tends to an equal probability distribution.
The intramolecular distribution will deviate from equal
probability mainly because of steric factors; for example,
the different tritium distributions incis- and iraws-cinnamic
acids is because the COOH group in the former effectively
screens one of the ortto-positions, and the tritium distri-
bution in the cis-acid is approximately as if one of the
orifto-positions has no tritium at all2 5.

In cyclohexene the hydrogen at the double bond is more
easily replaced by a recoil tritium atom than hydrogen at a
saturated carbon atom; however, no such difference was
observed with cyclohexa-l,3-diene41.

The specific activities for individual hydrogen positions
differ particularly greatly in molecules obtained as the re-
sult of decomposition of the parent molecule. It has been

TABLE 13 (contd).

TABLE 13. Intramolecular
products of hot

tritium distribution in the reaction
tritium atoms.

Substance

F.thanol

Cyclohexanol

Isopropyl benzoate

Toluene

Glucose

Calactose

Eenzoic acid obtained from:
o-NH2C6H4COOH

m-NH,C6Il4COOH

p-NH,C6H4C00H

o-NO,G6H4COOH

m-NO,C6H4COOH

p-N0,C6H4C00H

Activity in the given
position, %

36
26
38

60
40

64
ρ

30

ο 34.0
m 28.0
ρ 16.0

22.0

3(3)
6(6)

29(50)
14(2)

0(23)
48(16)

8
5

22
32
11

22

Ρ 1
in 7
ο 92

Ρ 7
m 86
ο 7

ρ 88
m 12
ο 0

Ρ 8
m 10
ο 82

Ρ 7
m 80
ο 13

ρ 78
m 19
ο 3

Activity per hydrogen
atom, %

12
13

5.4
40

13
ς

5

17.0
14.0
16.0

7.3

3
6

29
14

0
24

8
5

22
32
11

11
1

3.5
46

7
43

3.5

88
6
0

8
5

41

7
40
6.5

78
9.5

a

Ref.

17

17

23

18,40

21(22)

22

2β

26

2β

26

26

26

Substance

o-HOCeH4COOH

m-H0C6H4C00H

p-H0C6H4C00H

o-ErC6H4C00H

m-BrC6H4COOH

p-ErCeH4C00H

o-IC6H4COOH

m-IC6H4C00H

o-FC6H4C00H

m-FC^COOH

O-C1C,H 4COOH

P-C1C6H4COOH

o-C.H^COOH),

Aniline obtained from:
o-NH,C,H4COOH

m-NHjC.r^COOH

p-NH,CeH4C00H

Phenylacetic acid

Benzoic acid

Benzoic acid

cis-Cinnamic acid

frans-Cinnamic acid

frans-Cinnamic acid Na salt

irons-Cinnamic acid N'a salt

t(+)-Alanine(solid)

L(+)-Alanine(aq. soln.)

D(—)-Alanine obtained from
Z,(+)-alanine

D(—)-Alanine obtained from
L(+)-alanine(aq. soln.)

Cyclohexene

Cyclohexene obtained from
cyclohexa-l,3-diene

Cyclohexa-1,3-d iene

Activity in the given
position, %

Ρ 0
m 13
ο 87

ρ 8
m 82
ο 10

Ρ 77
m 12
ο 11

Ρ 4
m 7
ο 89

Ρ 7
m 84
ο 9

ρ 72
m 22
ο 6

Ρ 8
m 9
ο 84

ρ 12
m 86
ο 2

p —
m —
ο 64

p —
m 82
0 —

p —
/π —
0 86
ρ 72
m —
ο —

Ρ V
m 24
ο 69

ρ } 4 ± 4
m 1 96±4
ο J
ρ 1 12±1
m ) 88±1
ο J
ρ \ 75±1
m J 25±1
η Ι

ρ 18.3
m 29,0
ο 29.0

1.6

ρ 21
m 36
ο 43

2.2
94
7.2

ρ 23.5
ffl 42
ο 22.5

ρ 16.8
m 30.8
ο 33.4
β 11.5
α 7,6

ρ 16.8
m 30.8
ο 33,4
β 11.5
ο 7,6

β 80
α 20

β 100
α 0

β 100
α 0

β 86.5
ο 14.5

at the O C bond 24.4
at the C-C bonds 75.6

at the C=C bond 13.6
at the C-C bonds 86.4

at the G=C bond 28.5
at the C-C bonds 75

Act ivity per hydrogen
atom, %

0
6.5

43.5

8
41

5

77
β

5 5

4
ο κ
ο * ο

44.5
7

42
4,5

72
11

3

7
4.5

42

12
43

1

—

32

41

—

—

43

72
—
—

7
12

34.5

4
—

12
—

75
—

18.3
14.5
14.5

' 21
18
21.5

2.2
47
3.6

23.5
21
11,25

16.8
15.4
16.7
11.5

7.6

16.8
15.4
16.7
11.5

7.6

27.0
20

33.3

ο
33.3

0

12.2
9.5

6.8
10.8

12.5
12.1

Ref.

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

26

28

25

43

25

25

25

20

20

20

20

41

44
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shown26 that in labelled benzoic acid obtained from substi-
tuted benzoic acids 70-90% of the tritium occupies the posi-
tion of the original substituent atom or radical, and as a
rule the activity in other positions decreases as the dis-
tance from this position increases. A compound labelled
in a particular position can be obtained in this way.

With L(+)-alanine the intramolecular tritium distribu-
tion depends on the irradiation conditions20. Alanine
irradiated as crystals has 82 ± 2% of the tritium in the
/3-positionandl8 ± 2% in the α -position, while when irradi-
ated in aqueous solution it has 98 ± 2% and 2 ± 2% of the
total activity in these positions respectively.

Variation of the period of irradiation and the intensity
of the neutron flux by a factor of ten has no noticeable effect
on the distribution of tritium in benzoic acid obtained from
substituted benzoic acids.

Comparison of the intramolecular tritium distribution in
toluene, benzoic acid, and trans-cinnamic acid demon-
strates that the substituents have little influence on the
distribution of tritium within the aromatic ring.

It should be noted that Okamoto43 obtained results on
the intramolecular distribution of tritium in benzoic acid
which were completely.different from those obtained by
Milford and Rowland25.

---oOo---

The characterisitics which have been described for the
reaction of recoil atoms and ions with a substance make it
possible to choose the best method for the synthesis of
labelled compounds. The choice of the initial mixture to
be irradiated, the irradiation conditions, and the subsequent
treatment to isolate the labelled products is dictated not
only by the product which must be obtained, but also by
the mechanism by which the product is obtained from the
initial substance. Each mixture to be irradiated and each
product desired requires individual choice of materials to
be added, the method of irradiation, the isolation of the
product, and so on. However, the following general con-
siderations can be applied with benefit in choosing the con-
ditions for the hot synthesis of labelled compounds.

1. The reaction products of hot atoms contain the
labelled parent molecule, but the specific activity of the
latter cannot be high, since because of radiolysis the opti-
mum period of irradiation is 100-200 h for reaction with
recoil carbon-14 atoms, and 10-20 h for tritium.

A considerable fraction of the labelled compounds is
made up of products obtained by substitution of carbon-14
or tritium for atoms or radicals such as nitrogen, halogens,
and the C2H5 group. These products are obtained with high
specific activity.

Hydrogenation of unsaturated compounds and dehydro-
genation reactions are also characteristic of reactions with
tritium. The most probable reaction is the replacement
of atoms of similar mass, carbon and nitrogen for carbon,
and hydrogen for tritium. In many cases the substitution
is accompanied by molecular rearrangement.

A considerable fraction of radioactive atoms forms
high-boiling products, polymers, particularly in the case
of reaction products obtained from recoil 14C atoms.
Products of decomposition of the molecule, i.e. the gas-
eous fraction, play a particularly large part in the case of
tritium

2. If the molecule of the initial substance takes part
directly in the reaction with a hot atom, the substance must
be stable to radiation, and the irradiation conditions must
reduce radiation effects to a minimum.

3. If the desired labelled product is the product of re-
action of a hot atom with fragments of the initial molecules
produced by radiolysis, the initial substance should give the
maximum number of such fragments on irradiation. The
irradiation conditions will also be chosen with this mech-
anism of product formation in mind.

4. If the product is formed by hot reactions, the phase
state of the system is unimportant; however, if the pro-
duct is expected to be formed by a superthermal reaction,
it is best to irradiate solid samples. For maximum yield
of products of thermal reactions the irradiation is best
conducted in the liquid or gaseous phase.

5. In all cases the irradiation must be effected at tem-
peratures at which the substance is thermally stable; the
temperature has no influence on the yield of products from
hot reactions, but does influence the yield from thermal
reactions, since altering the temperature affects the lability
and life-time of individual radicals. Subsequent heating of
the mixture may also be useful in increasing the yield of
labelled products from thermal reactions.

6. All additives dilute the irradiated substance. To
decrease the dilution effect when additives are added {e.g.
nitrogen-containing substances in the irradiation of hydro-
carbons) they may be used in an insoluble form, i. e. hetero-
geneous systems may be employed.

7. The specific action of additives is dictated by the
mechanism of formation of the labelled substance. Thus
the dilution effect is the main influence on the yield of hot
reactions, while the addition of radical acceptors consider-
ably reduces the yield of labelled compounds obtained by
superthermal reactions.

8. Addition of substances which can become excited
reduces the decomposition, by the radiation, of the initial
materials and the products of their reactions with hot atoms,
and so increases the yield of such products.

9. Additives which undergo normal chemical reaction
with the labelled products decrease the yield of the latter,
because of secondary thermal reactions.

10. Substances which under the irradiation conditions
produce fragments able to take part in the formation of the
required labelled compounds should presumable increase
their yield.
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