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Kinetics of the Gas-phase Reactions MOH+ + e- 2 M + OH or MO + H (M = Ca or Sr) 
By A. N. HAYHURST* and D. B. KITTELSON 

(Department of Chemical Engineering, Pembroke Street, Cambridge CB2 3RA) 

Summary Ionization of alkaline earths in flames is not a t  
equilibrium, the principal ion (MOH+ for an alkaline 
earth M) is produced by the reverse of either of the two 
processes in the title, with activation energies slightly less 
than endothermicities, and recombination is bimolecular 
with a large rate constant (ca. lo-' particle-lmls-1) 
displaying a negative temperature coefficient. 

A PREMIXED flame provides a flow system for the study of 
fast gas-phase reactions without interference from surfaces. 
The atmospheric pressure flames used here were steady 
laminar ones of H,, 0,, and N, with well defined tem- 
peratures (1820-2570 K) and velocities. To them were 
added traces ( g 0 . 1  p.p.m.) of Ca or Sr, which exist l s a  

principally as the mono- or di-hydroxide, but also with free 
atoms and smaller amounts of monoxide present. 

The ions in these flames were found mass spectro- 
metrically3 to be M+ and MOH+ for an alkaline earth M, 
with [MOH+] > [M+]; the free electron was also present. 
The rapid equilibration ( l ) 4  enables the ratio of the ion 

(1) M+ + H,O = MOH+ + H 
currents due to M+ and MOH+ to be used as a relative 
measure of [HI a t  the point where the flame is sampled into 
the mass spectrometer. 

The total concentration of positive ions rose rapidly in the 
first 5 nim of the burnt gases (measured from the reaction 
zone). In cooler flames (ca. 1800 K) this increase was 
followed by a gentle decrease, but in hotter ones (ca. 
2500 K) the rise continued very slowly. The rate of pro- 
duction of ions in the region close to the reaction zone was 
proportional to the amount of alkaline earth added. In 
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the cooler flames, the total positive ion concentration dis- 
played a maximum, I ,  when the rates of production and 
disappearance of ions are necessarily equal. The value of I 
was found to vary (as also did its location along the flame 
axis), when w],, the total concentration of alkaline earth 
present in every form, was altered. This dependence fitted 
well to the expression: W],y3 = A12(1 + By + Gy,) where 
A-C are constants for a given flame and y is the ratio of [HI 
at the point of maximum ion concentration to that for 
equilibrium a t  the particular flame temperature. This 
indicates that ions are produced by the forward steps of 
either one or both of the processes (2) and (3) as already 

ko 

k8 

M + O H 2  MOH+ + e- 

MO + H f M O H +  + e- 

(2) 

(3) 
~ugges ted .~-~  In addition, ions must recombine by the 
reverse reactions, as the alternative three-body process 

the only unknown parameters are the forward and back- 
ward velocity constants for (2) and (3). In fact the ex- 
perimental data fitted well to the differential equation for 
the total rate of production of ions, and 'least squares' fits 
gave these rate constants in each flame studied for Ca and 
Sr. Such a procedure depends on (2) and (3) not being 
equilibrated. 

Rate constants were derived on the assumption that (2) 
and (3) were each in turn solely operative. Those for the 
reactions producing ions were fitted to the Arrhenius ex- 
pression, A exp (-E/RT). Values of A and E for k ,  and 
k ,  are given in the Table. Activation energies are slightly 
less than endothermicities, which is consistent with the 
negative temperature coefficients derived below for re- 
combination. Also for both metals, the forward step of (3) 
requires a smaller P than (2), suggesting (3) as more likely 
for ion-production. 

No distinction can be made between the values of the 
rate constants for recombination in (2) and (3). At 2000 K 

Values of activation energy E, $re-exponential factor A and steric factor P on the assumption that either reaction (2) or (3) i s  the sole 
ion-producing process. For each metal the percentage errors in A,, A,, and steric factors are the same. 

Metal 
Rate constant 
A /(particle-l ml s-1) 

E/(kJ mol-l) 
AHasoo/(kJ m01-l)~ 

X 
Pa 

Ca 
k ,  

lot-g:s, 
1.3 x 10-a 

0.23 
130?:,S6 
166 f 15 

a Estimated on the basis of collision diameters given in ref. 1. 
b Derived from observations on (1). 

involving the less abundant ion M+ is too slow. Both pro- 
cesses (2) and (3) must operate with reactions (4)-(7) in 

M + H,O = MOH + H 

MOH + H,O = M(OH), + H 

M + H,O = MO + H, 

H, + OH = H,O + H 

(4) 

(5)  

(6) 

(7) 

equilibrium.lY8 Either (2) or (3) is equally likely to operate. 
The measured concentrations of H, M+, and MOH+ a t  

different points along several flames have been fitted using 
standard numerical procedures to differential equations 
arising theoretically from the above reaction mechanism. 
As the equilibrium constants of (1) and (4)-(7) are known, 

Ca 
ks 

1 12s":: 
2.4 x 

0.012 
58*9!6 
94 f. 15 

Sr 
ka 
1.3 x 
10.;:; 
0.23 
10229; 
138 f 16 

Sr 
k8 

2.1 x lo-" 
llkti 
0.0095 
635 i! 
99 f 15 

the recombination coefficient was 1-2 x l O - 7 4 k  O e 4  (Ca) and 
7.0 x 10-8*0f0.4 (Sr) particle-1 ml s-1. If these are taken 
to vary with temperature to the power r ] ,  r ]  = -1.9 f 2.7 
for Ca and = -2.7 f 2.0 for Sr. These recombination co- 
efficients compare well with values for similar processes, 
e.g. GU. 3.8 x 10-7 particle-' ml s-1 for dissociative recombin- 
ation of H,O+ with electrons9 a t  2000 K. Although these 
values are larger than any for reactions between neutral 
species, the time constants for (2) and (3) are large enough 
for them not to be equilibrated in a flame. This arises 
from the small concentrations of alkaline earths used here 
and is in contrast with earlier theories' of equilibrium ion- 
ization. 
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