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A NON MASS DEPENDENT ISOTOPIC FRACTIONATION EFFECT: 
A HYDROGEN-DEUTERIUM EXCHANGE EXPERIMENT; Franqois Robert 
and J6r6me Halbout, Laboratoire de GCochirnie des Isotopes Stables, UniversitC Paris VII, 
2 place Jussieu, 7525 1 PARIS CEDEX 05, FRANCE. 

The discovery of a non-mass dependent oxygen isotope effect occuring during the 
synthesis of ozone [I] has been interpreted by various mechanisms [I-51. The central idea of 
the most recent interpretations is that only the odd rotational states of the 160160 molecule 
are allowed by the selection rules. However the isotopic vibrational states are known to be 
mass dependently related because contrary to the rotations, no difference should exist 
between 160160, 1 7 0 ~ 6 0  and 180160, and they are the crutial parameter of the rate 
constant values. Therefore it remains unclear how the treatment developed by Urey [6] and 
Bigeleisen [7] could be wrong by such a magnitude. All these interpretations of the ozone 
effect assume that the isotopic exchange between 0 atom (or ozone) and molecular oxygen 
yields a distinctly mass-dependent isotopic fractionation (MDF). The aim of the present 
work is to examine if such an assumption is correct in non-thermal situations. 

With the present experiments we compare the rates of the isotopic exchange reactions: 
H2 + D2 <==> 2 HD (1) 

with H+ + D2 <==> HD+ + D and D+ + H2 <=> HD+ +H (2) 
Reaction (1) has been performed by mixing H2 gas (with measured traces of HD and 

D2) with D2 (with measured traces of HD and H2). The ratio HD/H2 is expressed in the 
usual delta units: (rel. to H2) = ( (HD/H2)t / (HD/H2)o - 1 ) x 1000 with (HDIHz)~ 
the composition at time t (here 3 hours at 300°C) and (HD/H2)o the initial composition of the 
mixing. The aHD (rel. to D2) can also be expressed with D2 in place of H2. According to 
the usual (PVZDF) isotopic fractionation theory the rate of formation of HD can be expressed 
by: 

d(HD) / dt = (H2) . (D2). K1- (HD) . (HD) . R 1  (3) 
with K1 and K-1 the rate constants for reaction (1) in its forward and reverse directions, 
respectively. For a small degree of D2 exchange, the observed fractionation follows 
precisely the general form of equation (3), namely: i) a perfect symmetry in the diagram JHD 
(rel. to H2) versus D2/H2 and ii) a 1: 1 slope in the diagram aHD (rel. to H2) versus aHD 
(rel. to D2) (see Fig. 2). 

Reactions (2) have been produced in the source of a anass spectrometer. Owing to the 
electric field extracting the ions from the source, reaction (2) is markedly out of thermal 
equilibrium since the collision H+-D2 occur between neutral species (D2) and a charged 
proton with a velocity several orders of rnagitude greater than the neutral molecule. Previous 
studies have shown that the combination of the two reactions H+ + D2 <==> HD + D+ and 
D++ H2 <==> HD + H+ gives a value for the equilibrium constant of the reaction H2 + D2 
<==> 2HD in close agreement with the measured value [8]. Therefore reactions (1) and (2) 
are directly comparable; they should differ only by the magnitude of their isotopic 
fractionation and test the validity of the MDF rule. The isotopic exchange between the 
incident ion and the recoil molecule (without charge exchange) cannot be detected here 
because: 1) H+ is not measured, and 2) Df can be shown to be negligible relative to the 
main mass 2 signal (H2+). The experiment was realized as follows: all the masses of the 
unmixed H2 and D2 gases were mass spectrometically determined and summed to give the 
H2+, HI)+ and D2+ initial proportions, i.e. (HD+/H2+),. The two gases were then mixed 
in the ion-source by connecting the two capillaries of the H2 and D2 reservoirs, immediatly 
before the ion source, so that the two gases were never in contact under thermal conditions. 
Because of the reaction in the source, the HD current increased and the value (HD+/H2+)t 
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was determined. In this experiment the time t represents the residence time of primary ions in 
the source. 

This hydrogen isotopic system has the following advantages: 1) the products of the 
isotope exchange between ions and molecules are directly analyzed since ions are extracted 
faster than they thermalize; 2) the possible molecular symmetry effects can only modify the 
magnitude of the isotopic fractionation since HD is the only product of the reactions. 
Therefore the interpretations proposed for the ozone anomaly are not relevant to this isotopic 
system. Contrary to the exchange experiment under thermal condition (reaction (I)), the 
results show large departures from equation (3) (see Fig. 1 and 2). This can be understood 
by the mechanism proposed by Robert [9] to interpret non MDF effects: in an 
undistinguishable isotopic exchange (such as H2 + H+ <==> H +H2+) the collision cross 

section should be written [f(8) + f(7c - 8)12 while it appears only under the form of [f(8)l2 

for distinguishable isotope exchange. The two functions in 8 and in n - 8 describe the 

molecules that did and did not exchange in the course of the collision, respectively (with f3 
the angle of the collision expressed in the center of mass frame). Therefore in non-thermal 
conditions, the non-reactive cross sections cannot be neglected (contrary to the 
MDF treatment). The introduction in the calculation of the non-reactive collisions gives a 
perfect fit with the data. 
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a ~ u r e  1: Isotopic variations of SHD(rn~rn H2) .% 

the HDIH2 ratio, expressed in a 
uni ts  (see text),ve r s  u s  the 
relative H2 concentration and 
the D21H2 ratio. The results 
ob t a ined  in  n Q n  t h e r m a l  
conditions (reactions (2)) do not 
fit the theoretical exchange rate 
(dashed line, measured under 
thermal conditions). 

F i ~ u r e  2; Experimental results of reactions 
(2) are  reported as stars in a plot of the 
HDIH2 ratioversus the -HD/D2 ratio, both 
expressed in a units. Results define a trend 
markedly different from the expected 1:l  
slope l ine observed  unde r  t he rma l  
conditions. Therefore the MDF rule cannot 

01 be applied to this system. 
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