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Abstract: The origin of the isotope effect in the reaction of recoil chlorine atoms with methane and perdeuterio­
methane was determined by diluting the systems with inert moderator to establish a unique steady-state collision 
distribution. The ratio of product yields from the hydrogenated system to those from the deuterated system as a 
function of moderator suggests that the isotope effect is primarily reactive in nature. The average probability of 
forming CH3Cl upon collision compared with CD3Cl is about 1.8 and that of forming CH2Cl compared with CD2Ci 
is about 1.6 in their respective systems. 

The area of high energy kinetics has received in­
creased attention recently as a result of the clear 

experimental demonstration that (1) a limited number 
of discrete reaction channels are responsible for the 
chemistry of atom-molecule systems even in colli­
sions at high relative translational energies; (2) these 
reaction channels often produce products not normally 
available at thermal energies; (3) the average prob­
ability of reaction upon collision at high energies may 
be orders of magnitude greater than in thermal ki­
netics ; and (4) primary products formed in hot reactions 
often contain extremely large amounts of internal 
energy and thus subsequently decompose rapidly 
via unimolecular kinetics. Many of the overall char­
acteristics of hot reactions have been recently re­
viewed.2 

Deuterium isotope effects in hot atom reactions are 
known to be quite pronounced.3-5 Such effects in 
recoil systems may originate from either moderating 
or reactive characteristics of the reaction mixture. 
Moderating isotope effects arise from the translational 
cooling down process accompanying these experiments. 
The total probability of reaction in the nuclear recoil 
case is determined by the integrated product of the 
probability of reaction upon collision and the number 
of collisions which occur over the range of influence 
of the excitation function. Since the distribution 
function for the number of collisions in any energy 
range is determined by the nature of the colliding 
species, collision partners containing different iso­
topes may have distinct moderating effects on the dis­
tribution function. Reactive isotope effects in sys­
tems utilizing a single hot-atom isotope on the other 
hand are either a result of differences in the excitation 
function and thus are manifested in the probability 
of reaction upon collision or are a result of differences 
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in the probability of unimolecular decomposition of 
excited primary products.6 

Most of the reported data on the origin and mag­
nitude of reactive isotope effects in hot systems come 
from hot tritium reactions.3-5 These effects are clas­
sified as either primary reactive or secondary reactive 
depending upon whether the isotopic substituent is 
located at the site of the hot reaction or in another part 
of the molecule. The nuclear recoil data indicate a 
primary reactive effect of about 30% in replacement 
reactions and a primary abstraction effect of about 
65% in abstraction reactions both favoring hydrogen 
sites over deuterium sites.3 Secondary effects of about 
45 % favoring hydrogen over deuterium have also been 
reported for the reaction of nuclear recoil tritium with 
trifluoromethane to give difluoromethane.3 

Deuterium isotope effects in hot halogen atom reac­
tions are less well characterized. Unlike tritium, 
the halogen atom is significantly more massive and 
larger than either hydrogen or deuterium, and as a 
result somewhat different dynamical factors will con­
tribute to reactive trajectories in halogen atom systems 
than in the recoil tritium systems. An early investiga­
tion of the reaction of 80Br with methane and per­
deuteriomethane, however, demonstrated that such 
isotope effects may be as large as 100 %.8 Unfor­
tunately in this experiment, it was not possible to 
distinguish between the reactive and moderating con­
tributions to the observed yields. 

More recently, a theoretical trajectory study of the 
reactions of 18F with HD has both demonstrated that 
the excitation function for HF formation is quite 
different from that for DF formation and that unusual 
dynamical factors may account for part of the reactive 
isotope effect.9 In particular two mechanisms appear 
to be operative with spectator stripping dominating 
at lower energy and the "abandoned atom" path dom­
inating at higher energies. 

(6) A further type of isotope effect, the source isotope effect, may 
result from a change in the isotope of the hot atom used. In practice 
such a change has not been achieved without also substantially altering 
the translational and electronic energy spectra of the hot atom as in 
nuclear recoil experiments.7 
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MODERATOR CONCENTRATION IN % 

Figure 1. Product yield dependence on moderator concentration in 
the reactions of hot chlorine atoms with CH4 and CD4. 

Experimentally the deuterium isotope effect for low 
energy 18F reactions with methane and hydrogen to 
give HF and DF has been measured in highly moder­
ated systems.10 The results indicate reaction with 
H is favored over reaction with D by about 60 to 80%. 
This is in general agreement with trajectory calcula­
tions for thermal 18F reactions with hydrogen and 
deuterium gases.11 

While the observed deuterium isotope effects appear 
to be substantial in nuclear recoil hot halogen reactions 
as well as in thermal systems, little is known with re­
spect to the source of such effects. It is the purpose 
of this study to demonstrate the origin of the isotope 
effect in the replacement reaction of hot chlorine atoms 
with methane and perdeuteriomethane to serve as a 
model for isotope effects in other hot halogen reactions. 

Experimental Section 
Chemicals used in this study without further purification were 

the following: methane and ethylene, Phillip's research grade; 
perdeuteriomethane, Merck, Sharp, and Dohme of Canada; 
carbon tetrachloride, Mallinckrodt Analytical Reagent; argon, 
Matheson 99.998% minimum purity; and iodine, Mallinckrodt 
USP resublimed crystals. Hot chlorine-38 was produced in the 
37Cl(n,7)3SCl nuclear reaction. Both the californium-252 irradia­
tion source with an average flux of 5 X 108 neutron/(cm2 sec) and 
the AGN-201 nuclear reactor with a flux of about 5 X 1 0 9 neutron/ 
(cm2 sec) in the nuclear engineering department at the University of 
Utah were used as sources of thermal neutrons. Two to three hour 
irradiations were carried out in 70-ml cylindrical Pyrex ampoules. 
Radiation damage was measured to be below 0.01 eV per molecule 
as determined by an acetylene to benzene chemical dosimeter. 
High-vacuum techniques were used in filling and handling samples 
to ensure purity. All samples contained 8 cm of carbon tetra­
chloride which acted both as a source of chlorine atoms and a 
moderator.12 Samples also contained 4% ethylene plus iodine at 
its ambient temperature vapor pressure to act as a scavenger. 
Radio-gas chromatography incorporating thin window flow 
proportional counters was used for sample analysis often with 
carriers to eliminate loss of small amounts of carrier free products.r s 

Internal monitoring of 41Ar activity was the basis for absolute yield 
determinations. Chromatography columns used in this study were 
(1) 3-m General Electric SF-96 30% Silicone Oil on firebrick, and 
(2) 3-m 40% hexamethylphosphoramide on firebrick. 
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Results and Discussion 

In order to distinguish between moderating and 
reactive isotope effects it is necessary to establish a 
nearly uniform distribution function for high energy 
collisions in both isotopic systems. This is most easily 
accomplished by highly diluting the reaction mixture 
with an inert moderator which essentially determines 
the steady state collision number over the reactive 
energy range.14 Product yields for the reaction of 
hot chlorine atoms with perdeuteriomethane have 
been determined in systems containing 60, 70, 80, 
and 90% argon plus carbon tetrachloride moderator.12 

The results are listed in Table I along with the yields 
for the reaction of recoil chlorine with methane pre­
viously reported.13'16 

The only primary products of hot reaction observed 
were methyl chloride and chloromethyl radical (CH2Cl) 
measured experimentally as chloroiodomethane-
(CH2ClI) after being scavenged by iodine. The abso­
lute product yields were determined at 1 atm total 
pressure using internal monitoring with 40Ar(n,7)41Ar 
nuclear reaction and checked using the ethylene plus 
iodine scavenger. Graphical representation of both 
systems is presented in Figure 1. It is obvious from 
both Table I and Figure 1 that the yield of individual 

Table I. Absolute Yields of Primary Products from the 
Reaction of Chlorine Atoms with CH4 and CD4 as a Function of 
Moderator Concentration 

% . Product yields, % • 
moder- • CH4 reactant . CD4 reactant . 
ation CH3Cl CH2Cl CD3Cl CD2Cl 

90 1.6 ± 0.3 0.6 ± 0.1 1.0 ± 0.2 0.6 ± 0.2 
80 3.5 ± 0.2 1.1 ± 0.1 1.8 ± 0.3 0.5 ± 0.2 
70 5.0 ± 0.6 1.2 ± 0.1 2.8 ± 0.4 0.7 ± 0.2 
60 6.4 ± 0.6 1.3 ± 0.2 3.8 ± 0.4 1.0 ± 0.2 

products is considerably smaller in the deuterated 
methane than in the hydrogenated methane. This 
result is qualitatively similar to that observed in bro­
mine-methane reactions without inert moderation.8 

In Table II are listed the ratios of individual products 
as well as the ratio of the total hot yield as a function 
of moderator concentration. If a moderating isotope 
effect were dominant, the ratios would approach unity 
as moderator concentration increases since the colli­
sion distribution function approaches the same value in 
each system at each energy. As can be seen no such 
trend is obvious suggesting that the observed isotope 
effect is of a reactive nature. This conclusion is also 

(14) An alternate analytic method of separating moderating effects 
from reactive effects in nuclear recoil reactions utilizes the kinetic 
theory of Estrup and Wolfgang (see ref 20). While this theory has 
been applied successfully to a number of systems, the precision of the 
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here as a significant improvement over the straightforward method 
proposed." The kinetic theory is especially difficult to apply with con­
fidence when data covering the whole range of moderation from 10 to 
98% are not available as is the case here. 
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Table II. Ratios of Absolute Yields of Primary Products from 
the Reactions of Chlorine Atoms with CH4 and CD4 as a 
Function of Moderator Concentration 

% 
moder­

ation 

90 
80 
70 
60 

Average 

-

CH3CVCD3Cl 

1.6 
1.9 
1.8 
1.7 
1.8 

± 
± 
± 
± 

0.4 
0.3 
0.3 
0.2 

—Yield ratios— 

CH2C1/CD2C1 

1.0 ± 
2.2 ± 
1.7 ± 
1.3 ± 
1.6 

0.4 
0.9 
0.5 
0.3 

PTiCKi)IPT(CU) 

1.4 
2.0 
1.8 
1.6 
1.7 

± 
± 
± 
± 

0.3 
0.4 
0.3 
0.2 

suggested by data in the binary fluorine reaction sys­
tems of CF4-CH4 and CF4-CD4.18 

The above data do not directly distinguish between 
different types of reactive isotope effects. It is, however, 
possible to present plausible arguments which min­
imize the effect attributable to unimolecular decomposi­
tion. In the hot chlorine atom-methane reaction no 
pressure dependence among products consistent with 
unimolecular decomposition was observed over the 
pressure range of 0.13 to 10 atm.15 This suggests that 
any excited molecules which decompose must have at 
least ~ 4 eV of internal energy.19 It might be noted 
that the path for decomposition of excited product 
molecules would probably be by elimination of chlo­
rine. This means that the hydrogen or deuterium 
atoms are not involved directly in the rate determining 
step and thus contribute only to the energy redistribu­
tion. 

Because a yield of stable products is observed ex­
perimentally at low pressures, reaction paths leading 
to products containing little internal excitation must 
be available. The probability of forming these prod­
ucts can be represented by the following equation in the 
moderated systems studied 

Pi = f ''frpir(E)n(E) dE 
J Ei 

where the probability of reaction to give product i 
upon collision with reactant r is Pi1(E); Ei and Ez are 
the lower and upper energy bounds for the excitation 
function; / r is the fraction of hot collisions with reactant 
r and n(E) is the distribution function for all collisions.20 

At any one moderator concentration both the collision 
fraction and the steady state collision distribution as 
demonstrated above are about equal for both isotopic 
methane species. Thus if p\T(E) is replaced by (^ir)av, 
an average probability of reaction upon collision, rela­
tive values for this quantity can be found for CH4 

(18) L. Spicer and A. Siuda, Radiochim. Acta, in press. 
(19) A very high energy contribution to the excitation function, if it 

exists, would imply an additional mechanism for reaction. The isotope 
effect for such a path leading to highly excited product molecules (5-10 
eV internal energy) cannot be explored in the pressure range of 0.1-10 
atm due to the fact that complete decomposition occurs without giving 
products which can be observed directly or uniquely. The fact, how­
ever, that there is no decomposition of observed products over the 0.1 to 
10 atm pressure range while a sizable fraction of product survives at 
the lower pressures suggests that the mutual overlap and interaction of 
these excitation functions for the two mechanisms would be minimal. 
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and CD4 by measuring the ratio of yields provided the 
(p\r) functions are chosen to extend over the same 
energy range in both cases. 

Pi (CH1) /Pi (CD,) = {Pi (CH1)W(^i (CD1) )av 

From Table II it can be seen that the average probability 
of forming CH3Cl from CH4 plus hot chlorine atoms 
upon collision is about 1.8 times the average proba­
bility of forming CD3Cl from CD4 plus hot chlorine 
atoms upon collision. Likewise (/?CH,CI)«V/'{PCD,CI.\V 

« 1.6. These isotope effects are of the same general 
magnitude as those observed previously for nuclear 
recoil tritium reactions.3 No obvious classical model 
accounts for such large deuterium isotope effects in 
hot halogen systems. 

Using methane and perdeuteriomethane as reactants, 
it is impossible to distinguish between primary and 
secondary isotope effects. If, however, a comparison 
with recoil tritium reactions can be made, one might 
expect reasonable contributions from both sources.3 

This implies that sites adjacent to the local point of 
replacement are participating in the reaction. Such 
a model has been examined in general for tritium 
reactions4 and is supported by the general results of 
recent trajectory calculations for tritium plus methane.21 

Such a mechanism does not imply a long-lived complex 
is being formed but merely that substituents located 
near the reaction site often have a range of influence 
which includes both the incoming hot atom and the 
leaving atom or group. This influence tends to affect 
the dynamics of the reactive collision in unusual ways 
such as those demonstrated for the simpler 18F plus 
HD reaction where at high energies the initial colli­
sion occurs with the atom which is later released while 
reaction takes place with the other "abandoned atom" 
in the hydrogen molecule. Unfortunately the chlorine 
methane reaction system is much more complex from 
a calculational point of view and thus no detailed reac­
tion mechanism has been shown to quantitatively 
account for the observed isotope effect. 

Summary 

The origin of the deuterium isotope effect in the hot 
reaction of chlorine atoms and methane was found to 
be a reactive isotope effect. The ratios of the average 
probabilities of reaction upon collision to form methyl 
chloride and methylchloro radical in CH4 and CD4 were 
found to be 1.8 and 1.6, respectively. It is suggested 
that similar isotope effects in other halogen-methane 
systems are of the same origin. 
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