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The exchange of tritium atoms between T 1 gas and methane as induced by radioactive decay of the tritium has been 
studied. Kinetic data indicate the existence of three distinct mechanisms: (1) Decay of tritium in Tj yields H e T + which 
reacts rapidly with CH4 to yield excited CH1T +. This species reacts further to yield CH3T. The mechanism shows the 
required first order dependence of Ti pressure and is insensitive to scavenging by xenon. (2) The tritium beta radiation 
causes formation of several species with lifetimes limited by recombination. One of these, probably CH 5

+ , undergoes 
reaction with Tj leading to CH tT. This mechanism gives an observed 3/2 power dependence on Ta pressure and is sensitive 
to ion scavengers. (3) A small square power term in the kinetics probably arises from the beta radiolysis of the Tj itself. 
The type of mechanisms postulated may be applied to the exchange of tritium with other substances. However, the present 
dearth of information on elementary ion-molecule processes makes it difficult to establish detailed, unique mechanisms for 
more complex systems. 

Introduction 
We have attempted to determine the mechanism 

of a simple ion-induced reaction in the gas phase. 
In this reaction the exchange of T2 gas with methane 
is induced by the radioactive decay of the tritium 
and the beta radiation associated therewith. The 
system can be represented by 

Tj + CH4 — > CHjT + other labeled products 

Interest in this type of system stems from two 
main sources. One is the growing pool of infor
mation on elementary ionic reactions in mass 
spectrometer ion sources. This provides some 
hope that one may be able to understand the more 
complex ionic reactions occurring in gaseous chem
ical systems at ordinary pressures in terms of the 
elementary processes found in the mass spectrom
eter. The system methane-T2 was chosen for 
investigation because it is still sufficiently simple 
so that a relatively unique determination of the 
reaction path might be possible. This system 
also represents a simple case of the method of 
labeling developed by Wilzbach1 in which tri
tium gas is mixed with the compound to be labeled. 
Despite several investigations,1-4 including the 
quantitative studies of Yang and Gant, the mecha
nism of the self-induced tritium exchange process re
mains somewhat doubtful. 

The experimental approach used in the present 
investigation involved mixing small amounts of 
tritium gas with methane in Pyrex bulbs. From 
time to time small aliquots were removed from 
each bulb, the labeled products separated by gas 
chromatography, and assayed by passage through 
an internal now-proportional counter.6 The pro
portions of reactants were varied from run to run 
and in some samples small amounts of various 
other substances were added. In this manner the 
dependence of the rate of exchange on the con
centration of tritium gas and on the presence of the 
noble gases, iodine and nitric oxide was determined. 

In developing a mechanism for the exchange 
from these results, it became necessary to consider 
certain possible ion-molecule reactions which 
had not been investigated previously. The cri
terion for predicting the direction of these re-

(1) K. E. Wilzbach, T H I S JOURNAL, 79, 1013 (1957). 
(2) P. Riesz and K. E. Wilzbach, J. Phys. Chem., 62, 6 (1958). 
(3) K. Yang and P. L. Gant, J. Chem. Phys., 30, 1108 (1959). 
(4) K. Yang and P. L, Gant, ibid., 31, 1589 (1959). 
(fi) R. Wolfgang and F. S. Rowland, Anal. Chem., SO, 903 (1958). 

R. Wolfgang and C. MacKay, Nucleonics, 16, #10, 69 (1958). 

actions is that they must be exothermic. Fur
thermore resonant or near resonant reactions have 
a higher cross section than those in which there is 
a large energy difference.8 The heats of reaction, 
AHr, for the ion-molecule reactions used in the 
discussion have been evaluated from the heats of 
formation of the ions.7-9 The numbers to the 
right of the chemical equations in the discussion 
are the calculated Ailr values in units of kilo-
calories per mole with a negative sign indicating 
that the reaction is exothermic as written. 

Experimental 
Procedures.—The samples were prepared by expanding 

the gaseous constituents in the order of increasing pressure 
into previously evacuated (<0 .1 micron) sample bulbs. 
These samples were analyzed immediately for tritium con
tent and then allowed to stand for several days at ambient 
temperature (23°). At successive time intervals, aliquots 
were removed for separation and analysis by gas chroma
tography. The masses of the eluted constituents were 
monitored by a thermal conductivity detector using therm
istors in a Wheatstone bridge circuit. The sensitivity of 
this apparatus was ca. one micromole, and there was never 
observed a mass peak of any hydrocarbon except methane. 
The radioactivities of the eluted constituents were moni
tored by a method described earlier which consists of mix
ing the effluent with methane and passing it directly into 
an internal flow counter.5 

The sample vessels consisted of 30 cm.8 Pyrex spheres 
equipped with a capillary tee stopcock. One outlet of this 
stopcock connected with the bulb, the outlet opposite was 
sealed off to enclose a small volume and the outlet in be
tween connected to the analytical vacuum line. This 
configuration allows withdrawal of an aliquot which is 
negligible compared to the whole, but adequate for analysis, 
by rotating the stopcock back and forth through 90°. The 
vacuum system was calibrated so that a known portion of a 
sample could be admitted to the gas chromatographic 
apparatus. Then, from the number of observed disinte
grations of tritium, the flow rates of the eluents, the volume 
of the counter and the fraction of the sample analyzed, the 
concentration of the labeled reaction products could be 
determined. I t was found that the reproducibility of this 
procedure was within 3 % . 

The substrates used in the gas chromatographic apparatus 
were (a) 40-60 mesh silica gel for the separation and analysis 
of hydrogen, methane, ethane, ethylene and acetylene; 
and (b) silicone oil (Dow Corning #703) on 40-^60 mesh 
firebrick for the separation and analysis of the higher hy
drocarbons. The aliquots were removed from the sample 
bulbs by expansion into a vacuum line and injected into 
the gas chromatographic apparatus by sweeping the line 
with helium. With this procedure, one would expect some 

(6) H. S. W, Massey and E. H. S. Burhop, "Electronic and Ionic 
Impact Phenomena," Oxford University Press, London, 1952, 

(7) F. H. Field and J. L. Franklin, "Electron Impact Phenomena," 
Academic Press, Inc., New York, N. Y., 1957. 

(8) F. W. Lampe and F. H. Field, Tetrahedron, 7, 189 (1959). 
(9) O. A. Schaeffer and S. O. Thompson, Rad. Res., 10, 671 (1959). 
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fractionation of the higher boiling hydrocarbons; therefore, 
no quantitative results were taken for labeled hydrocarbons 
above the butanes even though hexanes and above were ob
served. 

Materials Used.—Phillips Petroleum Co. "Research 
Grade" methane, stated to contain less than 0.04% im
purities, was admitted to the vacuum line by a bulb to bulb 
distillation from liquid nitrogen temperatures taking a center 
cut from each of the three bulbs used. This procedure was 
used each time that a series of samples was prepared. 

The tritium purchased from Oak Ridge National Labora
tories was found to contain trace amounts of labeled hydro
carbons as well as its H e ' decay product. These impurities 
were removed by diffusing the tritium through the walls of 
a hot nickel tube.10 Samples then could be prepared which 
contained no detectable labeled hydrocarbons at zero time. 
The manufacturers stipulated the tritium to be carrier free; 
it is assumed to be in the form of Tj when the samples are 
initiated. 

Air Reduction Co. "Assayed Reagent Grade" noble gases 
were admitted to the samples without further purification. 
They were stipulated, by mass spectrographs analysis, to 
contain less than these mole per cent, impurities: Ne, 
0.005%; Ar, 0.005%; Kr, 0.03%; and Xe, 0 .01%. 
Matheson regular grade helium, stated to be of 99.99% 
purity, was admitted to the samples through a liquid nitro
gen t rap . 

Matheson regular grade nitric oxide, stated to be of 
99.0% purity, was passed into a previously evacuated liquid 
nitrogen trap from which a center cut was distilled slowly 
into the sample vessel. 

Baker and Adamson Co. "Reagent Grade" iodine was 
purified by vacuum sublimation into small Pyrex ampoules 
equipped with fragile break off tips. These ampoules were 
inserted into the sample bulbs prior to filling; after the 
samples were prepared, the ampoules were broken open by 
vigorous shaking of the sample bulbs. 

A further purification step was taken by placing a Dry 
Ice trap a t the entrance of the sample bulb. This prevented 
the mercury vapors of the vacuum system from entering 
the samples. 

TABLE I 

LIMITING RATES OF FORMATION OF C H I T 
/ d j C H i T \ 
V d( / o 

Additive Tritium X 10"' 
and pressure activity,a (molecules/ 

(mm. Hg) (mc/cm.*) cm.1 sec.) R/Ri 

0.47 0.84 
No. 

1 
2 
3 
4 
5 
6 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
•> Total 

Tritium 
activity,a 

(mc./cm.8) 

0.15 
0.90 
1.8 

4 
1 
6 
4 
7 
7 

He 14 
Ne 12 
A l O 
Kr 20 
Xe 31 
Xe 27 
Xe 27 
Xe 6 
Is (satd.) 
I2 (satd.) 
I i /Xe (satd.)/20 
NO 20 
NO 26 
Xe /Ne 13/29 
pressure 327 mm. 

6 
5.6 
4.2 
1.5 
1.4 

.8 

.2 

.8 
1 

.9 
0.93 
1.2 
1.0 
2 .8 
3.6 
5.3 
6 Total 

12.7 
29.6 
43.8 

107 
115 
168 
164 
121 
74.6 
27.0 
20.0 
28.2 

1 
4 

10 
9.95 
0.86 
1.22 
1.05 

<0 .36 
< 0 . 1 8 

5.8 
pressure 153 

.17 

.59 

.4 

8 
8 
8 
2 

0.27 
.34 
.40 
.40 
.25 
.27 
.28 

< .036 
< .02 

.30 
mm. 

density is 0.08 mg./cm. , one half of the energy of the tri
tium beta is absorbed. In the present investigation, the 
radii of the sample bulbs were 2.0 cm. (30-31 cm. ' ) in which 
case the methane "half-pressure" is calculated to be 41 
mm. (at 25°). All of the samples were filled to a total 
pressure of 675 ± 3 mm., except where noted in Table I ; 
therefore, the absorption of energy is virtually complete. 
Since all of the energy is absorbed, the initial step in the 
radiolysis of the methane, i.e., production of ions, radicals, 
etc., is dependent only on the concentration of tr i t ium. 

Results 
The limiting rates of formation of labeled 

methane, reported in Table I, were determined by 
taking the slope of the concentration vs. time 
curves at zero time. These curves were of four 
types. Fig. 1 is representative of samples 1 through 
10 containing no additives which show a slight 
decrease in the rate of production of labeled meth-

6-

4->. 

•l-

CH^ 

Energy Absorption.—Dorfman11 has shown that when the 
product of the radius of the spherical container and the gas 

(10) K. Landecker and A. J. Gray, Rev. Set. / »« . ,28 , 1151 (1954). 

0 2 4 6 8 IO 12 14 

Seconds x IC"6. 
Fig. 1.—Concentration of labeled methane and ethane 

is. time in sample 2: • , CH,T; O, C2HsT. Activity: 
0.90 mc./cm.3. 

ane and ethane with time. Samples containing 
noble gases with ionization potentials above that of 
methane show a greater decrease in the rate of 
producton of labeled methane with time, and the con
centration of labeled methane has a maximum value. 
In samples containing xenon there is an increase 
in the rate of production of labeled methane and 
ethane with time. The presence of iodine, how
ever, results in rates of production of both labeled 
methane and ethane that are constant with time. 
Addition of iodine plus xenon results in behavior 
similar to that of samples containing only iodine, 
and the xenon plus neon sample behaved similarly 
to the samples containing only xenon. The amount 
of labeled methane and ethane formed in samples 
with nitric oxide additive were too small to moni
tor quantitatively; however, upper limits to the 
rates of production of labeled methane were deter
mined and are reported in Table 1. 

The limiting rates of production of labeled 
methane at zero time vs. the activity of tritium 
are plotted in Fig. 2. There are two distinct loci: 
one for samples 1-6 containing no additives (un-
scavenged); and one for samples 15-21 scavenged 
either by xenon or by iodine. Experiments with 
added He, Ne or Kr give points falling above 

(11) L. M. Dorfman, Phys. Rev., 95, 393 (1954). 
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Fig. 2.—Rate of formation of labeled methane vs. concentra
tion of tritium: • , unscavenged; O, scavenged. 

Fig. 3.—Logarithm of the rate of formation of labeled 
methane vs. the logarithm of the tritium concentration: 
• , unscavenged; O, scavenged. 

both curves, and with added NO the points 
fall below both curves. A plot of the logarithm 
of the rate of formation of labeled methane vs. 
the logarithm of the concentration of tr i t ium, 
Fig. 3, results in straight lines for both I2 or Xe 
scavenged and unscavenged samples. These 
correspond to the empirical ra te equations 

Ra = 8.0 X lO'a1-60 

R, = 9.3 X 1O6S1-20 
(D 
(2) 

where Rn and i?s are the rates of formation of 
labeled methane in the unscavenged and scavenged 
samples, respectively, and a is the concentration of 
tr i t ium in the sample in units of mc./cm.8 . Ex
pression 1 shows tha t the rate of production of 
labeled methane in the unscavenged samples is 
dependent on the 3/2 power of the tr i t ium concentra
tion. However, the 1.2 power of the tr i t ium 
concentration in expression 2 suggests t ha t there 
are two or more competing reactions which lead 
to labeled methane in the scavenged samples. 
A more convenient way to express these data is 

2 : n C / C ^ . 

Fig. 4.—R/Rd values vs. the tritium concentration: • , 
no additive; O, xenon and/or iodine added; O, He added; 
©, Ne added; C, A added; ©, Kr added. R/Rd = rate of 
exchange as fraction of rate of decay. 

to calculate the ratios of the observed rates, 
R11 or Rs, to the rate of decay of tr i t ium, Rd, in 
the sample. These ratios are given in Table 
I and plotted against the tr i t ium concentration 
in Fig. 4. Here the scavenged samples form a 
straight line with an intercept of 0.25 and a slope 
of 0.021 from which we obtain the expression 

R./Rd = 0.25 + 0.021a (3) 

Now, remembering tha t 

Rd = 3.70 X 107a (4) 

we can express the limiting ra te in the scavenged 
runs 

Ra = 9.2 X 106a + 7.8 X 105a2 (5) 

This expression, with integer exponents of a, 
yields essentially the same curve as does (2) in 
Figs. 2 and 3. 

At this point, it is assumed tha t the reactions 
responsible for the labeling of methane in the 
scavenged samples are also occurring in the un
scavenged samples as well. Therefore, the com
bination of equations 1 and 5 forms the over-all 
empirical ra te equation 

i?u = 9.2 X 106a + 7.4 X Wa3/' + 7.8 X 10%2 (6) 

which is an equivalent expression for (1), within 
the experimental error. 

Labeled hydrocarbons up to and including the 
Ce's have been observed as reaction products. All 
of these hydrocarbons were saturated except in the 
samples containing iodine in which case labeled 
ethylene also was detected. Table I I gives the 
distribution of products in terms of the number of 
t r i t ium disintegrations observed in a typical sam-

TABLE II 

PRODUCTS OBSERVED FROM THE INTERACTION OF TRITIUM 

AND METHANE 

Addi t ive 

N o n e (#2) 
X e (#15) 

I J (S1IS) 
X e + Ii ( /20) 

C H 4 

100 ,000 
12 ,400 
1 1 , 9 0 0 
13 ,300 

C i H . 

4 4 , 8 0 0 
3 , 2 4 0 
2 , 3 6 0 
2 , 2 8 0 

C 2 H 4 

0 
0 

2710 
1500 

C i H 8 

8020 
2190 

191 
182 

CiHio 

2400 
88 
86 
55 

CiHio 

3500 
960 
192 
158 

C H 3 I 

1980 
3500 
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pie, normalized to the same initial t r i t ium concen
tration, t ime, and 100,000 counts of methane in an 
unscavenged sample. 

The experimental error in the determination of the 
number of counts observed as a consti tuent passes 
through the flow counter is ± 4 % . This is a re
sult of the accuracy with which the flow of the elut-
ing gas was determined. An error analysis of the 
calibration of the analytical vacuum system showed 
tha t the determinations would be expected to have a 
precision of ± 3 % and an absolute accuracy of 3 0 % . 
An error of this na ture would of course be reflected 
in the magnitudes of the ra te constants bu t would 
not change the na ture of the following arguments 
since the relative concentrations of all radioactive 
constituents would be the same. 

Discussion 
Equat ion 6 indicates tha t there are a t least three 

separate mechanisms by which methane can be 
labeled. Two classes of reactions must be consid
ered: (a) The initiating species is H e T + formed by 
the decay of T2.3,4,12 This is termed the decay-
induced mechanism, (b) The initiating species is 
produced by the self-irradiation of the mixture with 
the tr i t ium beta rays. This is termed the irradia
tion-induced mechanism. Thus we have three ini
t iat ing steps 

T2 >• HeT + 

for the decay-induced13 mechanism and 

CH4 >-
T2 *»—> 

for the irradiation induced mechanism. I t will be 
shown tha t these initiating steps each give rise to a 
term in the empirical ra te equation 6. 

I. Decay Induced Mechanism.—A mechanism 
accounting for the first term in equation 6 must be 
consistent with the first order concentration of 
tr i t ium, scavenging by NO, bu t no scavenging by 
X e and I2. The rate of production of H e T + is 
first order in tr i t ium. Now, if the subsequent reac
tions of this species lead to labeled methane with 
the same probability a t all dose rates, then the over
all kinetics will be first order. I t is therefore 
postulated t ha t the formation of H e T + is ra te deter
mining. This species must have a short lifetime in 
methane, since if it did not, it would be scavenged 
by rare gas additives in exoergic reactions of the 
type 

HeT+ + G — > GT+ + He 

H e T + probably reacts in the first few collisions with 
methane ( C H 4 T + ) * 
HeT+ + CH4 — > (CH4T+)* + He 

- 89 < AH1 < - 6 7 (7) 

The s ta te of high excitation of the resulting 
( C H 4 T + ) * makes its fate somewhat uncertain. If 

(12) A. H. Snell, F. Pleasonton and H. E. Leming, J. lnorg. Nuclear 
Chem., 5, 112 (1957). 

(13) Gant and Yang have used the term "recoil labeling" to describe 
the postulated interactions of HeT +. This term previously has been 
applied1* to the chemical reactions of high energy tritium atoms 
recoiling from nuclear reactions. We find it somewhat misleading 
to use the same term to describe the reaction of HeT + , which has no 
significant recoil energy. 

(14) M. A. El-Sayed, P. J. Z. Estrup and R. Wolfgang, J. Phys. 
Chem., 62, 1356 (1958). 
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it survived long enough it could form CH 3 T by 
transferring a proton to CH 4 (reaction 18) or to a 
molecule of scavenger. I t s lifetime can be esti
mated using the Kassel model of unimolecular dis
sociation.16 According to this the unimolecular 
ra te constant HE, which is the inverse of the mean 
life T, is given by 

ke = A Il — - p ) ~ T 

A, the frequency factor for intramolecular energy 
transfer is taken as 1014, E0 as about 50 and E about 
70. The t rea tment appears to give best results for 
simple molecules when r is taken as 2 /3 the number 
of internal degrees of freedom. Thus r — 1 •—• 7 is 
used here. T is then approximately 1 0 _ u sec. 
which is an order of magnitude less than the period 
of a molecular collision. I t is therefore likely 
(though hardly certain in view of the approximate 
nature of the calculation) t ha t ( C H 4 T + ) * will dis
sociate before undergoing bimolecular reaction 

(CH4T+)* — > CH2T+ + H2 29 < AH, < 44 (8) 

We now consider two possible mechanisms for the 
conversion of C H 2 T + to CHsT. They are denoted 
IA and IB . 

Mechanism IA.—In the mass spectrometer 
C H 2 T + ions will react rapidly with methane by the 
reaction 

CH2T+ + CH4 — > C2H4T+ + H2 AH1 = - 2 0 (9) 

There is no direct evidence from mass spectrometry 
on the further reaction of C 2 Hs + with methane; bu t 
it is energetically possible for the C 2 H 4 T + ion to 
undergo such reaction to yield higher labeled hydro
carbon ions. However, the lifetimes of these higher 
hydrocarbon ions must be correspondingly longer or 
else once the chain is initiated the reaction will 
continue rapidly to give polymer. The radiation 
chemistry of methane shows tha t the yield of higher 
hydrocarbons decreases with the number of carbon 
atoms.16 In this s tudy it was found tha t the longer 
the carbon chain the smaller the yield of the labeled 
hydrocarbon; see Table I I . I t is therefore to be 
expected t ha t the lifetime of the C 2 H 4 T + ion would 
be sufficiently long so tha t neutralization processes 
become significant. If this is the case, then the 
reaction 

C2H4T+ + e" —=- CH2T.* + CH2: * AH1 = -134 
(10) 

would yield a hot CH2T-* radical. By virtue of its 
excess energy this could then suffer an exchange 
reaction with methane to yield labeled methane; 
viz. 

CH2T-* + CH4 — > CH3T + CH,- AHr « 0 (11) 

If the tr i t ium remains with the CH2* fragment, 
then labeled ethane could result from the reaction 

CHT:* + CH4 ^C2H6T AH, = - 6 1 (12) 

Although the lifetime of C 2 H 4 T + is postulated to 
be long, no effect of xenon or iodine scavenging is 
expected since the charge transfer reactions (elec
tron or proton) of this ion with xenon and /o r iodine 
are all endothermic. This is in accord with the 
experimental result t h a t reactions which give rise 

(15) A. F. Trotman-Dickenson, "Gas Kinetics," Buttervvorths 
Scientific Publications, London, 1955, p. 61 el SeQ. 

(16) F. W. Lampe, T H I S JOURNAL, 79, 1055 (1957). 
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to the first order term in (6) are not affected by 
xenon or iodine. However, inhibition of the reac
tion sequence by nitric oxide is observed. This 
could result from 

C H 1 T + - T - N O — > C2H4TNO + AIL ~ O 

which is exothermic unless the heat of formation of 
C 2 H 6 N O + differs from tha t of C H 3 N O + by some 64 
kcal . /mole, which is unlikely. (AHf (CH 3 NO + ) = 
184 kcal./mole.7) 

Mechanism IB.—An alternative mechanism for 
the decay-induced labeling of methane can be 
postulated which involves hydride ion transfer8 to 
C H 2 T + , produced in (8); viz. 

CH2T+ + CH, — > CH,+ + CH1T AH, ~ O (13) 

If (13) is to account for the labeling it is necessary 
t ha t it compete successfully with (9) and tha t the 
C H 2 T + ion must have a lifetime long enough to be 
scavenged by nitric oxide. I t is possible tha t the 
C H 3 + ions produced from methane by electron 
impact are in different energy states than those pro
duced by other processes. If this is the case then 
the C H 2 T + ion produced in (8) may suffer several 
collisions with the surrounding molecules before 
any reaction occurs, while C H 3

+ ions produced by 
the irradiation of the methane will react on first 
collision to yield C 2 H 6

+ — as they do in the mass 
spectrometer. On this hypothesis the scavenging 
properties of xenon and nitric oxide can be accounted 
for. Scavenging by xenon would not be expected 
because the charge transfer reaction to xenon from 
C H 2 T + i s endothermic. The action of nitric oxide 
could result from the reactions 

CH8T+ + NO — > NO+ + CH2T- AH1 = - 1 8 

CH2T- + NO —>• scavenged pioducts 

Scavenging by iodine, through charge transfer from 
C H 2 T + , is energetically favorable, bu t this term in 
the rate equation is not affected by iodine. Even 
though the concentration of I3 is one-thirtieth 
tha t of NO, the absence of such a scavenging effect 
casts some doubt on this mechanism, IB , and would 
favor mechanism IA instead. 

The maximum rate of formation of labeled meth 
ane by the above mechanisms is the decay rate of 
t r i t ium; i.e., no more than one CH 3 T can result per 
H e T + formed. However, one would expect tha t 
C H 2 T + would be produced by (8) in only 6 0 % of 
the events, neglecting isotope effects. Since the 
C 2 H ^ + ion as produced in (a) would also lead to 
the formation of labeled higher hydrocarbons, e.g. 
reaction 12, the 0.25 intercept of the i?s/i?d vs. 
activity curve, Fig. 4, is not unreasonable. The 
decay-induced mechanisms, reactions 8-13, are 
thus compatible with experiment in view of the 
observations of first order kinetics, scavenging by 
nitric oxide, no scavenging by xenon and /or iodine, 
and production of labeled higher hydrocarbons. 

The above decay-induced mechanisms are not 
unique for the production of CH 3 T from H e T + 

and several other alternatives have been considered 
bu t discarded as improbable. For example, the 
H e T + could react with methane by an electron 
ra ther than a proton transfer, i.e. 

HeT+ + CH4 ^ C H 4
+ + H e + T-* - 3 7 < AHr < - 7 

to give a T* with about 1 ev. of excess energy. 

T-* + CH1 — > CH1T + H-

The lat ter reaction, however, is unlikely since 
Schwartz, Williams and Hamiil have shown17 t h a t 
it does not occur with 1-2 ev. hydrogen atoms. 

I I . Radiation Induced Exchange.—The second 
term in the kinetic expression (6) is also believed 
to be due to ion-molecule reactions. The da ta 
indicating this are the scavenging action of xenon, 
which eliminates this term, and the 3/2 power de
pendence of the tr i t ium concentration. The sig
nificance of the lat ter becomes apparent in develop
ing the kinetics of a general reaction mechanism 
involving exchange with radiation produced ions. 

The concentration of ions originating in the radi-
olysis of methane and eliminated primarily by neu
tralization is governed by the ra te of production 

h 
CH1 *«—>• ions+ + e~ 

and neutralization 

h 
ions+ + e — > uncharged products or intermediates 

(A homogeneous reaction is assumed since the life
t ime of an ion does not permit migration to the 
walls. This can be justified by comparing the dif
fusion rate as calculated by Schaeffer and Thomp
son,9 with the recombination lifetime estimated 
using the method of Stevenson.18) Invoking the 
steady state condition and assuming tha t there are 
no doubly charged ions 

then since 

(ion+) = (e") 

(ion+) - - ^ j (T2) 

If exchange then occurs involving a rate deter
mining step of the type 

k, 
ion+ + Ti —=• CHjT precursor (14) 

then 

~ ~ ^ = £»( i on+XT ') = *«(T*)V> 

where ki — kz s/'ki/ki. This is the form of equa 
tion I.19 

Exchange of T2 with ions, the lifetime of which is 
limited by recombination, thus gives the experi
mentally observed form of kinetic expression and 
can also account for the scavenging. I t is difficult 
to postulate any other type of reaction which will 
meet these criteria. However, although it is thus 
very probable tha t this class of mechanism accounts 
for the 3/2 power term in equation 6 in a unique 
manner, a determination of the exact ion or ions 
involved cannot be made with the same degree of 
assurance. 

The ions which are formed by the action of beta 
rays on methane and their relative abundances may 

(17) H. A. Schwartz, R. R. Williams and W. H. Hamiil, T H I S JOUR
NAL, 74, 0007 (1952). 

(18) D. P. Stevenson, / . Phys. Chem., 61, 1453 (19.57). 
(19) This conclusion is contrary to a statement of Gaut and Yan^* 

that the amount of labeling caused by the radiation per decay should 
increase linearly with Ts concentration; i.e., that the total radiation 
induced labeling should be second order in the concentration of Tj . 
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be assumed to be similar to those produced in the 
mass spectrometer.20 This is justified by the fact 
that essentially all of the ionization of the methane 
is caused by low energy electrons or delta rays. 
The rate of production of ions in the CH4-T2 system 
can be calculated using an average beta ray energy 
of 5.69 kev. and an energy requirement per ion pair 
of 26.8 ev.21 The rate of production of ions. I, 
comes to 7.8 X 109 ions/mc. sec. or 7.8 X 109 a 
ions/cm.3 sec. Considering the 3/2 power term of 
(6) and using a = 5 mc./cm.3, it is seen that the 
relative abundance of the ion or ions responsible 
for this term must exceed 2%. The most abun
dant ions in the mass spectrum of methane are 5 1 % 
CH4+, 40% CH3

+ and 4% CH2
+.19 We may there

fore limit our considerations to these ions, and pos
sible other ions formed by their reaction with 
methane. 

The charge exchange of CH2
+ and CH 3

+ with 
xenon is energetically unfavorable. Thus even if 
their lifetime is long enough to permit reaction 14 
to occur, it would be difficult to account for the ob
served xenon scavenging. 

The CH4
+ ion can exchange with T28 by 

C H 1
+ + Tj > CH4T+ + H- - 1 4 < A i f r < 0 (15) 

and it also can be scavenged by xenon by 
CH1

+ + Xe —z~ Xe+ + CH1 &Hr = -23 
However, the competing reaction with methane 
CH1

+ + CH4 —>• CH4
+ + CH,- -18 < AHr < - 3 

(16) 
has a rate constant which is two orders of magnitude 
larger than (15) .8 Furthermore, the concentration 
of CH4 is larger than that of T2 by a factor of 104-
106. Therefore, we may exclude reaction 15 as a 
significant factor in the exchange. 

The lifetime of the CH 6
+ ion formed in equation 

16 is thought22 to be limited only by its rate of re
combination with electrons. We may thus postu
late the exchange 

h 
CH6

++ T2—J-CH4T++ HT (17) 
CH4T

+ + CH4 —> CH6
+ + CHsT (18) 

The proton transfer reaction 18 is a familiar type of 
ion mechanism,8 but there is no precedent for ex
change reaction 17. However, if we assume that it 
is the rate determining step for the 3/2 term in the 
kinetic expression 6, its activation energy may be 
estimated. This is done by comparing the rate law 
for this mechanism with the second term of the rate 
equation 6. 

d ( C ^ ' T ) = WCH6
+)(T2) = 7.4 X 10'(T2)V, 

To approximate (CH6
+) we take the relative abun

dance of the ions in the mass spectrum of methane20 

and assume that all CH4
+ reacts to yield CH6

+ . 
Then from the rate of production of the ions and the 
rate of neutralization we estimate (CH6

+) = 4.4 X 
10' o' / l ions/cm.8 From this a value of k$ of 1.6 
X 1O-6 cm.'/molecule Sec. is obtained. Comparing 
this with the prediction from transition state theory 

(20) L. G. Smith, Phys. Rev., Bl, 203 (1937). 
(21) J. Weiss and W. Bernstein, ibid., 98, 1828 (1955). 
(22) G. C. Meisels, W. H. Hamill and R. R. Williams, Jr., J. Phys. 

Cham., 61, 1456 (1957). 

of a value of 10~l4-10~13 for the pre-exponential 
factor of a reaction of a linear with a non-linear 
molecule, we can approximate the activation energy 
as being 2-4 kcal./mole. The value thus obtained 
on the basis of regular "non-sticky" collision kinet
ics is perhaps unexpectedly low, although there is 
very little relevant information on which such a 
judgment can be based. This suggests that CH6

+ 

and T2 may form an ion cluster, such as have again 
been postulated recently.9-23'24 

Charge exchange of CH6
+ with Xe, NO and I2 is 

exoergic and its concentration should therefore be 
negligible in the presence of these species. This 
accounts for the observed scavenging of the 3/2 
power term in equation 6. 

Many other specific mechanisms of type 14 may 
be considered since other types of ions, both known 
and unknown, may be present in sufficient abun
dance. However, we have not been able to es
tablish any more satisfactory medium for this ex
change than the CH6

+ exchange 17 and 18. Thus 
CH3

+ produced by electron impact has been shown 
(e.g., ref. 8) to react rapidly with CH4 to produce 
C2H6

+. 

CH1
+ + CH4 — ? - C2H4

+ + Hj Affr = - 2 0 (19) 

A sequence involving C2H7
+ (e.g., ref. 9) 

C2H6
+ + T2 —>• C2H6T2

+ AHr «= +20 (20) 
CjH6T2

+ + e~ —>• CHiT precursor (21) 

might be possible if it were not for the fact that (20) 
appears exoergic. We have considered and dis
carded a number of such mechanisms. 

III. Exchange of Radiation Activated Tritium.— 
Another series of reactions which could produce 
labeled methane must be considered. This is a pos
sible sequence initiated by the action of the betas, or 
secondary electrons, on tritium molecules. Such a 
mechanism would yield a kinetic expression de
pendent on the square of the tritium concentration. 
The square term in the empirical rate equation 6 
can be ascribed to a mechanism involving initia
tion reactions of this type. However, there are 
other mechanisms (discussed below) which also 
may be used to explain the square dependence. 

IV. Radical and Other Mechanisms.—Kinetic 
considerations show that reactions involving free 
radicals produced by the irradiation of the methane 
are not likely to be involved in the production of 
labeled methane. Mechanisms involving the reac
tion of these radicals with tritium to yield a CH3T 
precursor in a rate determining step lead to kinetic 
expressions of the form 

when a steady state condition is invoked. If the 
steady state concentration of radicals is limited by 
a second order process such as radical-radical re
combinations, then n — 3/2; but if it is limited by 
a first order process, such as diffusion to the walls, 
then n = 2. If, however, first and second order 
processes compete, then 2 > n > 3/2 (neglecting 
zero and/or third order processes). With this in 
mind, it is difficult to imagine radical mechanisms 

(23) J. L. Magee and K. Funabashi, Rad. Res., 10, 622 (1959). 
(24) R. F. Pottie and W. H. Hamill, / . Phys. Chem., 6S, 877 (1959). 
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which could lead to the first order term in the em
pirical rate equation, (6). It is also unlikely that 
the 3/2 term in (6) comes from a radical reaction 
since with such a mechanism it is difficult to ac
count for the scavenging by xenon. However, this 
possibility cannot be excluded. 

In the case of excited states, n = 2 if one supposes 
that the steady state concentration of excited 
methane is limited by a first order decay of the 
excitation and that there are no significant second 
order mechanisms by which the excitation can be 
quenched. It is therefore unlikely that the linear 
and/or 3/2 term in (6) are due to excited states. 
However, the square term may be due, at least in 
part, to reactions involving radicals or excited 
states. 

V. Higher Products.—In discussing at some 
length the exchange to give CH3T, we have so far 
largely ignored the formation of higher labeled 
hydrocarbons (see Table II). The production of 
the latter can be rationalized readily by invoking 
ion condensation reactions such as (9). However, 
not enough is known about the elementary processes 
involved to make it possible to decide the relative 
importance of a large number of possible reaction 
paths. 

VI. Secondary Reactions.—It is obvious that 
as the reaction proceeds and products accumulate 
the system becomes too complex for meaningful 
analysis. The decrease in the rate of formation of 
methane with time (c/. Fig. 1) could be due to (a) 
the dilution of the T2 by the HT formed as a reac
tion product, and/or (b) the formation of reaction 
products of low ionization potentials (e.g., C2H6, 
CBHS) which act as ion scavengers. The increase 
in the rate of formation of labeled methane with 
time in the xenon samples probably results from a 
secondary reaction which is not itself scavenged by 
xenon. 

The increase in the initial reaction rate caused by 
the addition of He, Ne, A or Kr (c/. Fig. 4) could 
arise from the reaction 

GT+ + C H 4 — > CH4T+ + G AH1 < 0 

where G is one of the noble gases mentioned above. 
The origin of the G T + ion-molecule is, however, 
unknown. 

VII. Other Systems.—Several other tritium-
hydrocarbon systems have been investigated2-4 

with the aim of studying the exchange mechanism 
rather than merely labeling compounds. However, 
the only extensive kinetic investigation is that of 
Gant and Yang4 for the tritium-ethylene system. 
A rate expression derived from their data exhibits a 
first and a second power term in the tritium concen
tration. The first power term is stated as probably 
resulting from exchange of HeT + with ethylene 

HeT+ -f- C2H4 —>• C2HiT + HeH + 

or possibly the reaction of energetic tritium atoms 
produced by its neutralization 

HeT+ + e~ > He + T* 

However, the neutralization mechanism is slow and 
so, most probably, is the exchange. These reac
tions probably would not be able to compete with 
the rapid charge transfer that must be expected. 

HeT+ + C2H4 —> C2H4T
+ + He 

-83 < AH, < -79 (22) 
A resonant proton transfer reaction can then yield 
labeled ethylene. 

C2H4T
+ + C2H4 —> C2H6

+ + C2H3T (23) 
(The CjH4T+ formed by (22) has sufficient excita
tion energy so that it may dissociate before the 
next collision. If so, the following reactions will 
intervene between (22) and (23) 

C2H4T
 + * —> C2H2T

+ + H2 

C2H2T
+ + C2H4 —> C2H4T

+ + C2H2 

The latter of these has been identified in the mass 
spectrometer.8) 

The second power term in the tritium concentra
tion apparently is in accord with a mechanism in
volving radiation activated tritium. However, the 
system appears too complex to establish a unique 
and detailed mechanism. Nevertheless, this term 
appears analogous with a similar one in the tritium 
methane exchange. 

The tritium ethylene reaction does not exhibit a 
3/2 power term. This suggests that ethylene itself 
is acting as a scavenger so that there are no long 
lived ions (or radicals) in the system which can 
react with tritium to yield labeled ethylene. 

This comparison between methane and ethylene 
points up the differences that may be expected 
between systems. The mechanism types postulated 
probably are generally applicable but their par
ticular modes and relative importance will vary 
greatly depending on the molecules involved. In 
view of the scarcity of relevant information on ele
mentary ion-molecule processes, it will be difficult 
to ascribe detailed and unique mechanisms in more 
complex systems. 

Conclusions.—(1) Three general types of mecha
nisms for the exchange between T2 and CH4 have 
been identified. 

(a) A decay induced mechanism which is first 
order in the concentration of T2 and may be de
scribed by the process 

T2—>• HeT+ + e" 
HeT+ + CH4 —> CH3T precursor 

(b) Exchange of tritium with a radiation pro
duced species, probably an ion, the lifetime of which 
is recombination limited. This leads to a 3/2 order 
term in the concentration of T2 and may be described 
by the process 

CH1M.—> ion+ + e-
ion + + T2 > CH3T precursor 

(c) Exchange of a radiation activated tritium 
species which is second order in the concentration 
of tritium. 

Unfortunately, assignment of specific and unique 
reaction paths corresponding to these general types 
of mechanisms cannot be made with the same de
gree of assurance. 

(2) For the decay induced mechanism the fol
lowing sequence is likely to be occurring 

HeT+ + CH4 > (CH4T+)* + He 

The (CH4T+)* may form CH3T directly by trans
ferring a proton to a CH4 molecule. However it is 
more likely to decompose 
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(CH 4 T + )* — > - C H j T + + H2 

There are then at least two possible paths by which 
CH2T+ can lead to CH3T. 

(3) For the exchange of tritium with a radia 
tion produced ion the specific sequence postulated 
is 

C H , ™ ^ C H 1
+ + e " 

C H 4
+ + CH4 — > • CH 5

+ + CH3 

C H j + + T2 — > • C H 4 T + + HT 

C H 4 T + + CH4 — > • CH 6
+ + CH3T 

(4) The general types of mechanisms as given 
in (1) are applicable to the exchange of Ta.with 
other systems. In this sense the results of this 

Introduction 
There are several features common to the 

photolysis2 and radiolysis3 of ethyl iodide in the 
liquid phase. In particular the correlation between 
structure of alkyl iodides and yields of iodine in 
both photolysis4 and radiolysis4'6 in the liquid phase 
suggests that common mechanisms are involved. 
This correlation is that the quantum yield, or G-
(100 e.v. yield), for iodine production increases 
with increasing number of hydrogen atoms in the 
0-position. The rate controlling steps are assumed 
to be competitive processes, e.g., C2H6 + I —»• 
C2H6I and C2H5 + I -*> C2H4 + HI. Iodine defi
nitely results from the reaction6 C2H6 + HI -*• 
C2H6 + I. The relation between the number of 
/3-hydrogens and the relative efficiency of reactions 
of disproportionation and dimerization is not pecul
iar to reactions between alkyl radicals and iodine 
atoms. Striking examples of the /3-effect have been 
observed for several alkyl radicals.7 

(1) From the Ph.D. dissertation of H. A. Gillis, University of Notre 
Dame, August, 1957. A contribution from the Radiation Project of 
the University of Notre Dame, supported in part under AEC contract 
AT(ll- l)-38 and Navy equipment loan contract Nonr-06900. 

(2) R. H. Schuler and W. H. Hamill, T H I S JOURNAL, 73, 3460 
(1951). 

(3) R. H. Schuler and W. H. Hamill, «6«i., 74, 6171 (1952), R. H. S. 
doctoral dissertation. University of Notre Dame, June, 1949. 

(4) E. L. Cochran, W. H. Hamill and R. R. Williams, Jr., ibid ,76, 
2145 (1954). 

(5) E. O. Hornig and J. E. Willard, ibid., 79, 2429 (1957). 
(6) D. L. Bunbury, R. R. Williams, Jr., and W. H. Hamill, ibid., 78, 

6228 (1956). 
(7) (a) J. W. Kraus and J. G. Calvert, ibid., 79, 5921 (1957); 

(b) A. S. Newton, J. Ptiys. Chem.. 61, 1485 (1957). 

work can be applied to T2 exchange with other 
compounds to provide general mechanisms for WiIz-
bach labeling. However, with larger molecules the 
knowledge of the ions present, their state of excita
tion and their reactivity is so fragmentary as to 
make assignment of unique and detailed reaction 
paths for the exchange process very difficult. 
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The effect of added hydrogen iodide, over a range 
of concentration, upon the photolysis of ethyl 
iodide has been interpreted6 in terms of a dif
fusion-controlled reaction between the neighboring 
ethyl radical-iodine atom pair following dissocia
tion of the C-I bond. The present work is a 
parallel study of evidence which might indicate 
diffusion-controlled processes in the radiolysis of 
liquid methyl and ethyl iodides from measure
ments of the yields of hydrocarbon products as 
functions of the concentrations of iodine and of 
hydrogen iodide. 

Experimental 
Materials.—Methyl and ethyl iodides were purified by the 

same procedure. After passing through a 60 cm. column of 
silica gel they were distilled through a 4 ft. glass-helix packed 
distilling column. The middle cut of ethyl iodide retained 
boiled at 72.4° (760 mm.) and » M D was 1.5138. Methyl 
iodide boiled at 42.5° (760 mm.) and « 2 0 D was 1.5307. Re-
sublimed iodine was used as received. Hydrogen iodide was 
prepared from phosphoric acid and potassium iodide. Phos
phorus pentoxide was added to 8 5 % phosphoric acid until it 
dissolved only very slowly. This acid was added in vacuum 
to finely ground potassium iodide until evolution of gas 
virtually stopped. The gas was freed of most of the con
taminating iodine by three distillations and then dried with 
phosphorus pentoxide at —45°. M-CjDi0 was prepared by 
exchange between butane and deuterium over a platinum 
catalyst at 75° (courtesy of Dr. A. Kupperman). 

Apparatus.—-The 150 curie Co60 source has been described 
by Lazo.a In one run X-rays from a Van de Graaff genera
tor were used at a target current of 78 ,uamp. and 1.5 m.e.v. 

Procedure.—Samples of 5 ml. in 1.6 cm. i.d. Pyrex cells 
were used for all gamma irradiations. They were first out-
gassed by three cycles of freezing and pumping, then thaw-

(8) R. M. Lazo, Ph.D. thesis, University of Notre Dame, 1953. 
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Liquid methyl and ethyl iodides have been irradiated at room temperature with a Co60 source at dose rates approximating 
1019 e.v. h r . _ l m l . - 1 in air-free samples with added HI and I2. In ethyl iodide, C4Hi0 is a small but significant product; 
G(C2H4) decreases a t H I or I2 concentrations > 1O -2 M; G(C2H6) increases at HI concentrations > 10 - 2 M provided I 2 / 
HI ~ 0 ; G(C2H6) decreases at I2 concentrations > 1 0 - 2 M provided H I / I 2 <~ 0; G(C4Hi0) decreases at HI or I2 concentra
tions > 1O -2 M. In methyl iodide, G(CH4) increases at HI concentrations > 10 - 2 M, and G(C2H6) decreases at I2 or HI con
centrations > 1O-2 M. These results indicate that C2Hs and CHs are involved in diffusion-controlled reactions, as 2C2H5 —*• 
C4Hi0; C2Hs + I —»• C2H4 + H I ; 2CH3 -*• C2H8, etc., Disposition of radicals favorable to diffusion controlled reencounters 
may arise from track effects in general. In particular they would be favored by the pairing of alkyl radicals following 
charge neutralization of the products of ion-molecule reactions, as C H 3 I + + CH3I —»• C 2 H 6 I + + I and C2H5I + + C2HsI -*• 
C4HioI+ + I which have been observed in the mass spectrometer. The reaction products are qualitatively and quantita
tively consistent with electron impact cracking patterns as determined by mass spectrometry. 


