
NOTIZEN 929

The Radiative Recombination 

of Nitrogen Atoms

K . H. B e c k e r , A. E l z e r , W. G r o t h , and D. K l e y

Institut für Physikalische Chemie der Universität Bonn 

(Z. Naturforsch. 26 a, 929—931 [1971]; received 8 March 1971)

The interaction of two reactive atoms can result in 
the formation of a stable molecule, if the internal 
energy of the collision pair [AB]* is lowered by the 
catalytic interference of a third body M or by radiative 
energy loss.

I. A + B^[A B ]*, k jk- t;
[AB]* + M-^AB + M, k2 ;

If. A-j-B ̂  [AB]* , kjk-1;
[AB] * —»■ AB + hv ,k3.

Both processes, the three-body recombination (I) and 
the radiative two-body recombination (II) can be treat­
ed by the same theoretical model if a third body in 
case (II) is introduced as a “phonon field” 1. Mecha­
nism (I) can also result in “chemiluminescence” if a 
suitable radiative state of the stabilized molecule AB 
is populated during the recombination. The lifetime of 
[AB]* depends on the energy of the relative motion 
of the colliding particles, the angular momentum, and 
on the interaction of the internal energy states. Accord­
ing to recent calculations2, metastable “resonance” 
states of the “quasimolecule” [AB]* seem to be im­
portant, at least for the recombination of atoms. These 
states are assumed to be in quasi-equilibrium with the 
continuum states of the free atoms by quantum-mecha- 
nical tunnelling through a slight potential barrier. Pre­
vious calculations for [H2] * showed 3 that the lifetimes 
of such resonance states can be as long as several 
10-10 sec. On the other hand, lifetimes of the collision 
pairs above the threshold of resonance states are in 
the order of 10~13 sec, the duration of one vibrational 
period.

Under most experimental conditions, even for long 
living resonance states, the rate constant k — i of Te- 
dissociation is still higher than k2 x (M) or k3, main­
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taining an equilibrium between [AB]* and A + B. Ra­
diative association is a very rare process at normal 
pressures and at room temperature, k3 k2 (M) ; 
whereas at higher temperatures, where excited states 
which correlate with excited atoms or where turning 
points on repulsive potential curves which are favoured 
for higher transition probabilities to lower states be­
come accessible, the probability of radiative recombina­
tion increases.

Excited molecular states can also be populated by 
inverse predissociation 4 if the potential curve on which 
the recombining atoms collide, crosses the potential 
curves of such excited states in the energy region of 
dissociation.

Two-body recombinations have been shown to occur 
for the heavy halogen atoms in hot flames5 and in 
shock waves6> 7. For astrophysical processes and for 
reactions in the upper atmospheres of planets two- 
body recombinations which involve H, C, N, and O 
atoms should play an important role 8’ 9. Quite recently 
experimental results from shock tube work 10 gave some 
evidence for a two-body recombination of 0 (3P) atoms 
via the 02(B3^ ’U-) state. Experimental results on the 
radiative recombination of 0 (3P)+N(4S) via the 
NO(a4 77) state with emission from NO(C2 77) have also 
been given n>12. The reported radiative recombination 
of 0 (3P) +H(2S) at room temperature13 seems not 
to be acceptable 14. The explanation of the N2* chemi­
luminescence in shock waves as a two-body recombina­
tion of N (4S) atoms 15 can be rejected as will be shown 
by the results of the present work.

This paper reports measurements on the intensity of 
the first positive bands of nitrogen, N2(B3 77g—> A3 ̂ u+)» 
as a function of the total pressure in a slowly decaying 
Lewis-Rayleigh afterglow. These measurements were 
extended to pressures as low as 10-4 Torr in order 
to find the region where two-body processes compete 
favourably with three-body reactions.

The experiments were carried out in a spherical re­
action chamber of 2 x 105 liters volume 16. The sphere 
was evacuated to 10-8 Torr before each measurement, 
and only gases of high purity (99.999%) were used.
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Similar to previous work 17>18, the measurements were 
performed in a static system which avoids any uncon­
trolled concentration gradient. After filling the sphere 
with active nitrogen which was produced by flowing 
pure nitrogen through a condensed discharge, the in­
tensity of the Lewis-Rayleigh afterglow between 5680 
and 5800 Ä was measured during the stepwise or con­
tinuous increase of the total pressure by addition of 
gases, such as He, Ar, or N2 . The atom concentration 
(N) and the pressure (M) were kept low enough to 
maintain the decay of the afterglow predominantly con­
trolled by wall recombination of the atoms with a first 
order decay constant of 1.2 x 10—5 sec-1. At total pres­
sures above 3 x 10-3 Torr the first positive bands were 
measured by a monochromator with a spectral resolu­
tion of about 40 Ä. At lower pressures and for com­
parison also at higher pressures, an interference filter 
with a spectral band-width of 120 Ä centered at a 
wavelength of 5740 Ä was used in front of a photo­
multiplier (EMI-6255-S).

Fig. 1 shows the pressure dependence of the Lewis- 
Rayleigh afterglow in the spectral region of 5680 Ä 
to 5800 Ä for M = N2 . Very similar dependences were 
found for the other gases which only differ in the level­
ling off at higher pressures due to electronic quenching 
and in the initial slope of the intensity versus (M) plot

N2- totalpressure [Torr]

Fig. 1. Intensity I  versus total pressure (N2).

at pressures below 10-2 Torr. It can be seen from 
Fig. 1 that there is a contribution to the afterglow with 
an intensity independent of total pressure (M). By va­
riation of the atom concentration (TV) it was found that 
the pressure independent emission as well as the pres­
sure dependent one increase in intensity proportional 
to (TV)2. The overall dependence of the afterglow in­
tensity between 5680 and 5800 Ä follows relation (1) 
at pressures below 10-2 Torr for all gases.

7-  (iV)2[a + 6(M)] . (1)
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It is known 19 that on clean surfaces atom recom­
binations can yield light emission in the visible spec­

trum. In order to distinguish between chemilumines- 

cence in the gas phase and a possible one at the sur­
face, a rotatable plate was installed in the centre of 

the sphere. The material of the plate (stainless steel 
4541) was the same as the wall material. The length 

of the radiating cone within the view of the light de­
tector could be decreased by this plate. A volume emis­

sion would follow the change of the optical path length 

whereas in the case of a surface reaction the plate 
would not cause any intensity change of the light sig­

nal because the detector views always the surface area 

by the same solid angle, independently of the plate 

position. It was found that the pressure dependent as 
well as the pressure independent part of the afterglow 

intensity between 5680 and 5800 Ä was changed by 

the same relative amount when the plate was turned. 

Therefore, both emissions originate from volume re­

actions. The spectral region of the emission excludes 
CN as well as NO emission bands which are frequently 
observed in the nitrogen afterglow.

It is concluded that the pressure independent emis­

sion is a result of a radiative recombination of two 

nitrogen atoms, whereas the pressure dependent emis­

sions was identified as first positive bands originating 

from N2(B3 Tig, v 12) molecules which are formed 
by a three-body recombination of nitrogen atoms. The 

latter result is in agreement with other recent work at 
pressures below 0.1 Torr 20-22. The emission above

3 x 10-3 Torr total pressure definitely showed the 

structure of the (12,8), (11,7), and (10,6) bands of 

the first positive band system.

Below 3 x 10-3 Torr both emissions lie within the 

same spectral region, 5740 +60 Ä. Lack of intensity 
did not allow a spectral analysis with higher resolution 

at the moment. Very likely, the pressure independent 

emission originates from levels in the vicinity of B3 I l g ,  

v' = 12.

Under the conclusion of a radiative recombination 

of two A(4S) atoms, from the pressure dependence of 
the afterglow intensity, Fig. 1, a rate constant A;r for 

the radiative recombination relative to the rate constant 

kv of the chemiluminescence reaction by a three-body 
recombinaiton can be derived, if the constant a from 

the pressure function [Eq. (1)] is taken as /cr and the 

constant b as /cp . For M = N2 the I  versus (M ) plot 

in Fig. 1 gives /cr/7cd =  4x  1013 cm3 x molecule-1. With 

the adopted value of A:d =  2 x 1 0 -33 cm6 x molecule-2 

x sec-1 for the three-body rate constant 23-25 the value 

of A:r becomes approximately 10-19 cm3 x molecule-1 

x sec-1 which should be correct in the order of magni­

tude. The accuracy of the A:r value is not only limited
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by the experimental errors but also by the uncertainty 
of k v . Nevertheless, the present results exclude any 
rate constant much higher than 10-19 cm3 x molecule-1 
x sec-1 as being related to radiative recombination of 
nitrogen atoms at room temperature. The pressure in­
dependence of the Lewis-Rayleigh afterglow intensity 
in a previous experiment of G r o s s  15 probably has to 
be explained by electronic quenching of the emitting 
N2* molecules but not by a two-body recombination 
with a rate constant of /cr =  6 x 10-18 cm3 x molecule-1 
x sec-1 at 300 °K.

The values for kn/kv and &r respectively, can be 
used for a rough estimate of the radiative transition 
probability for the pressure independent emission in 
two different ways:

I.

If by simplified kinetics from mechanism (II) 
k i /k—i x ks is taken as k-R a transition probability 
&3 =  2 x 10~4 sec-1 is obtained with

Zcr =  10-19 cm3 x molecule-1 x sec- 1 , 
k t =  10-10 cm3 x molecule-1 x sec-1 

as gas kinetic collision frequency, and with 
l/A:—i =  4 x 10-14 sec 

as one vibrational period for the lifetime of the col­
lision pair [N2]*.
N o t e :  It should be noted that because of the micro­

scopic reversibility any “bottle neck” in the 
reaction path or a long living resonance state 
of the collision

N +  N | j [ N J *  == [NJ**
p a ir  w ou ld  not change th e  overa ll ra te con stan t  
A:r  a s  lo n g  as the em itter [N 2] * *  rem ain s in  
eq u ilib r iu m  w ith  the free  atom s and as lo n g  as  
b o th  m o lecu la r  sta tes have n early  eq u a l s ta tis t i­
c a l w e ig h ts .

II.
Under the assumption of equal potential curves of 

the collision pair for three-body as well as for two-body 
recombination according to mechanism (I) and (II), 
and taking the rate constant k2 of the stabilisation by 
M  approximately as 10-10 cm3 x molecule-1 x sec-1 , 
from Är3 =  Ä;2 x (M) at 1.2 mTorr, Fig. 1, a value of 
A;3 =  4 x  103 sec-1 is obtained. In this case, no assump­
tion has to be made about the equilibrium constant 
k i / k - \  .

In both cases, the estimated k3 values are lower than 
the radiative transition probability of the first positive 
band system which is about 26 2 x 105 sec-1 . For the 
population of N2(B3Z7g , v 5̂  12) by the three-body
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mechanism 52 g+ (1. c. 23>27_29) as well as A3 2 U+ 
(1. c. 25> 29) have been postulated as precursor states. 
For the two-body recombination, no collision with M 
would weaken symmetry rules. Therefore, a radiation- 
less transition 3n g can be rejected on the basis
of the g |—»- u rule 28. A more likely candidate is 
5̂ g+ as precursor state in the case of the radiative re­
combination. This state correlates with the two N (4S) 
atoms and the formation of N2(5̂ g+) should be in 
equilibrium with the free atoms. From this potential 
curve, on which the N (4S) atoms primarily collide, a 
radiationless transition to B 3ZZg can occur with a sub­
sequent radiative transition to A 32 u+.

A direct radiative transition 52 g + 3̂ u+ with emis­
sion of a recombination continuum would explain the 
experimental results as well. In the case of inverse pre- 
dissociation, a vibrational structure of the emission 
can be expected.

The estimated k3 value from the present measure­
ments presumably is still too high for radiation from 
N2 (5̂ g+) whereas by recombination with a radiation- 
less crossing to the B 377g state, k3 is too low for the 
transition probability of the first positive band system. 
However, if the crossing point lies above the dissocia­
tion limit an activation energy term possibly could 
lower kt by exp ( — E j R  T) . In this case A:r would in­
clude k3 =  2 x 105 sec-1 as transition probability of the 
transition B 3i7 g —> A 3̂ u+-

For the three-body recombination of N atoms via 
the B 3i7g state, t/ =  12 is the highest vibrational level 
which has been observed in the Lewis-Rayleigh after­
glow 27>30. In electrical discharges predissociation in 
the v =  13 level of N2(B 3Z7g) molecules was found 31,32 
whereas predissociation from higher rotational states 
in the t/ =  12 level is quite uncertain32. The v = \ 2  
level without rotation lies 868 cm-1 below the dissocia­
tion limit J90(N2) =  78 719 cm-1 and v' =  13 lies 
485 cm-1 or 1.4 kcal/mole above33. If the t/ =  13 level 
of B 3i7g becomes predominantly populated during 
the radiative recombination, an activation energy of 
Z?a =  1.4 kcal/mole would lower kx . Taking k3 =  2 x 105 
sec-1 in the previous estimations, A;r =  10-19 cm3 x mo­
lecule-1 x sec-1 is obtained if the collision frequency 
k t is lowered by an activation energy of 1.4 to 2.3 kcal 
/mole which supports the hypothesis of a radiative re­
combination of N (4S) atoms via the B 3ZZg , i /  =  13 
state.

Measurements of the Lewis-Rayleigh afterglow at 
low pressures with higher spectral resolution and stu­
dies of the temperature dependences are in progress 
in order to confirm the assumed mechanism.
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