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EXCITED MOLECULES IN GASEOUS FLOW SYSTEMS 

ABSTRACT 

When oxygen is passed through a microwave discharges, 
the oxygen atoms being destroyed by d i s t i l 1ing^mercury 
through the discharge s an excited molecule 0 2( J^g) w a s 

observed to be the primary discharge product,, Tfaxs 
excited molecule was found to be immune to c o l l i s i o n a l 
deactivation by a wide range of added foreign gases 3 with 
the exception of certain substituted ethylenes x<rhich i t 
oxidized„ The principal mode of decay of 02('/f\ e) was 
nonradiative decay3 with ^Q^ad e c l u a l to 0,178 sec. 

The excited molecule 02(•''^ g) however, was observed 
to undergo two novel energy pooling processes, 

f 3 7 s\ „ for ? n ~f 3 <> 
hv (6340 and 7030) 

2 o 2 ( 1 A K ) — > o 2 l l Z V + ° 2 < 3 Z 

2 0 2 ( ] A g ) ^ 0 2 ( 3 Z g ) | 2 (°r 2 0 2 ( ^ 

The f i r s t of these energy pooling processes gave rise to 
two broad structureless bands at 6340 A and 7030 A which 
had not previously been observed in discharged oxygen. 
These bands, the intensity of which is proportional to the 
square of the 02(^Z\g) concentration and independent of 
the total pressure in the systems are believed to result 
from a simultaneous electronic transition in two 0 o(̂ /S. „) 

molecules with the emission of a single photon. The 6340 A 
band appears i f both molecules undergo a (0=0) transition 
in the a ^ ^ g >X 3^ g system and the 7030 A. band i f one 
molecule undergoes a (0=0) transition and the other a (0-1) 
transition. 

The second of these energy pooling processes is a 
disproportionation reaction which leads to the formation 
of a second excited molecule 02(•*•£. g) ° T n e rate constant, 
for this reaction was found to be 1,3 x 103 l,moles °^ec.' 

5 in disagreement with the results of Young and Black by 
a factor of 10 „ 

Both energy pooling processes are believed to have a 
common intermediate., [ 0 2 ( 1 & g ) | 2s which is either a 
metastable double molecule or a colliding pair of 



molecules. 

The principal mode of decay of Ĉ C g) was 
nonradiative decay,, with k n o n r a £ i equal to 64.6 sec. 

1 1 4-Unlike 0 9( /\, ) 8 0,( ) was found to be £ E> 8 
col l i s i o n a l l y deactivated by a wide variety of added 
foreign gases 3 with the most effective deactivator tried 
being water. The rate constants for the reaction 

°2(l2. p + Q — > 0 2 + Q 
were determined for fourteen different quenchers. A 
good correlation between quenching efficiency and the 
magnitude of the intermolecular potential between the 
quencher and Ĉ Ĉ T̂ g) has been obtained. 

Two additional energy pooling processes involving 
excited oxygen molecules and either molecular iodine or 
nitrogen dioxide were observed. Both resulted in the 
formation of an excited molecule,, I^C 7T Qu^ o r ^ 2 3 

which emitted in the vis i b l e . 
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SARA JOAN ARNOLD. 

EXCITED MOLECULES IN GASEOUS FLOW SYSTEMS 
Kinetics and Mechanisms of the Formation and Reactions 

of 0 2( XA g) and O^1^ i i 

ABSTRACT 

When oxygen i s passed through a microwave discharge, the oxygen 

atoms being destroyed by d i s t i l l i n g mercury through the discharge, an 

e x c i t e d molecule 0 2 ( * A g ) was observed to be the primary discharge product. 

This e x c i t e d molecule was found to be immune to c o l l i s i o n a l d e a c t i v a t i o n 

by a wide range of added f o r e i g n gases, with the exception o f c e r t a i n 

s u b s t i t u t e d ethylenes which i t o x i d i z e d . The p r i n c i p a l mode o f decay 

of 0 2 r A ) was n o n r a d i a t i v e decay, w i t h k n o n r a < j equal to 0.178 sec. 

The e x c i t e d molecule ^ ^ g ^ however, was observed to undergo 

two novel energy p o o l i n g processes. 

2 ° 2
( 1 V **" { ° 2 c 3 V } 2 ( o r 2 ° 2 ( 3 j : g ) ) * h v ( 6 3 4 0 a n d 7 0 3 ° ) 

2 O j C 1 ^ ) - 0 2 ( V ) • 0 2 ( V ) 

The f i r s t of these energy p o o l i n g processes gave r i s e to two broad 

s t r u c t u r e l e s s bands at 6340 A and 7030 A which had not p r e v i o u s l y been 

observed i n discharged oxygen. These bands, the i n t e n s i t y of which i s 

p r o p o r t i o n a l t o the square o f the 0 7(^A ) concentration and independent 
* g 

of the t\btal pressure i n the system, are b e l i e v e d to r e s u l t from a 

simultaneous e l e j e t i s S t ^ E T S n r i t i o n i n two O-^A ) molecules w i t h the 

emission of a s i n g l e photon. The 6340 A band appears i f both molecules 
1 3 -

undergo a (0-0) t r a n s i t i o n i n the a A g •*• X Z system and the 7030 A band 

i f one molecule undergoes a (0-0) t r a n s i t i o n and the other a (0-1) 

t r a n s i t i o n . 

The second o f these energy p o o l i n g processes i s a d i s p r o -

p o r t i o n a t i o n r e a c t i o n which leads to the formation o f a second e x c i t e d 



molecule OLf^E*). The r a t e constant f o r t h i s r e a c t i o n was found t o be 2 g' 
3 - 1 - 1 1.3 x 10 1.moles sec. , i n disagreement with the r e s u l t s o f Young 

4 

and Black by a f a c t o r o f 10 . 

Both energy p o o l i n g processes are b e l i e v e d to have a common 

interm e d i a t e , {C^C^A )}-» which i s e i t h e r a metastable double molecule 

or a c o l l i d i n g p a i r o f molecules. 

The p r i n c i p a l mode o f decay of O^C^E*) was n o n r a d i a t i v e 

decay, with k
n o n r a ( j equal to 64.6 sec." . U n l i k e OjC^A ), C^C £*) 

was found to be c o l l i s i o n a l l y d e a c t i v a t e d by a wide v a r i e t y o f added f o r e i g n 

gases, w i t h the most e f f e c t i v e d e a c t i v a t o r t r i e d being water. 

The r a t e constants f o r the r e a c t i o n 

0 2 ( V ) + Q - 0 2 + Q 

were determined f o r fourteen d i f f e r e n t quenchers. A good c o r r e l a t i o n 

between quenching e f f i c i e n c y and the magnitude of the i n t e r m o l e c u l a r 

p o t e n t i a l between the quencher and O-C^E*) has been obtained. 

Two a d d i t i o n a l energy p o o l i n g processes i n v o l v i n g e x c i t e d oxygen 

molecules and e i t h e r molecular i o d i n e or n i t r o g e n d i o x i d e were observed. 
3 + * Both r e s u l t e d i n the formation o f an e x c i t e d molecule, I-( II ) or N0 o , ' 2 V ou^ 2 ' 

which emitted i n the v i s i b l e . 
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1 

INTRODUCTION 

Although the r e a c t i o n s o f oxygen atoms have been s t u d i e d f o r 

many years ( 1 ) , only r e c e n t l y have i n v e s t i g a t o r s looked at the r e a c t i o n s 

of e l e c t r o n i c a l l y e x c i t e d oxygen molecules. This i s p o s s i b l y because of 

the d i f f i c u l t y i n o b t a i n i n g an atom-free stream o f e x c i t e d molecules 

s u i t a b l e f o r k i n e t i c and s p e c t r o s c o p i c s t u d i e s . 

However, i n 1958 Ogryzlo (2) showed that the e l e c t r o d e l e s s 

microwave discharge which had been u t i l i z e d so s u c c e s s f u l l y i n the 

production o f oxygen atoms could a l s o be used t o produce e l e c t r o n i c a l l y 

e x c i t e d oxygen molecules. He observed t h a t , upon d i s t i l l i n g mercury 

through the discharge and thus destro y i n g the oxygen atoms,, one can obtain 
* 

an ener g y - r i c h species 0^ i n s u i t a b l e concentrations f o r k i n e t i c s t u d i e s . 

The present work i s concerned with an i d e n t i f i c a t i o n o f the 

e l e c t r o n i c a l l y e x c i t e d molecules present i n e l e c t r i c a l l y discharged oxygen 

and with a study of some of t h e i r r e a c t i o n s . 
t 

E l e c t r o n i c a l l y E x c i t e d States of Oxygen 

What are the p o s s i b l e e l e c t r o n i c a l l y e x c i t e d s t a t e s o f oxygen? 

The lowest e l e c t r o n c o n f i g u r a t i o n o f 0^ 

KK(a 2 s ) 2 ( o u 2 s ) 2 (o 2 p ) 2 ( i r u 2 p ) V 2p) 2 (1) 

t The f o l l o w i n g d i s c u s s i o n i s simply t o f a m i l i a r i z e 1he reader with the 

p o s s i b l e e x c i t e d s t a t e s of the oxygen molecule and i s not meant t o be a 

complete survey of a l l observations o f e l e c t r o n i c a l l y e x c i t e d oxygen 

molecules. 



gives r i s e t o the s t a t e s 3E , *A , and *E +, w i t h 3E~ being the 
8 6 8 6 

ground s t a t e . 

F i r s t d e f i n i t e evidence f o r the *A s t a t e was obtained by 
g 

E l l i s and Kneser (3) i n the i n f r a r e d absorption of l i q u i d oxygen, 

where i t gives r i s e t o a progression of prominent bands, s t a r t i n g at 

12610A and extending t o s h o r t e r wavelengths. Herzberg and Herzberg (4) 
1 3 -

observed the (0-0) and (0 -1) bands of the A •*-*• E system at 12683A 
8 8 

and 10674A i n absorption. The (0-0) and (0-1) bands at 12683A and 

15800A were subsequently observed i n a i r g l o w emission by Vallance Jones 

and H a r r i s o n (5). Vallance Jones and G a t t i n g e r (6) estimated the 
1 3 -

E i n s t e i n A c o e f f i c i e n t f o r spontaneous r a d i a t i o n of the A •+ I 
v g g -4 -1 system as 1.5 x 10 sec 

The *E* s t a t e has been observed i n absorption both i n gaseous 

(7) and l i q u i d (8) oxygen, and i n emission i n airglow ( 9 ) , aurora (10), 

discharged oxygen (11) and i n c e r t a i n types o f flames (12). I t gives 

r i s e to the atmospheric 1 E + 3E~ band system, with (0-0) band at 
8 S 

7619A. Chi Ids and Mecke (8) determined the E i n s t e i n A c o e f f i c i e n t t o 

be 0.14 sec 

The f i r s t e x c i t e d e l e c t r o n c o n f i g u r a t i o n of oxygen of 

KK ( o g 2 s ) 2 ( o u 2 s ) 2 ( o g 2 p ) 2 (*u2p) V g 2 p ) 3 

1 - 3 + 3 - 3 1 + 1 gives r i s e to the s t a t e s E , E , E , A , E , A . 6 u' u' u' u u u 
The *E~ s t a t e has been observed only i n absorption by 

Herzberg (13) who assigned f i v e bands i n the 2500-2700A region t o the 
1 - 3 -
E •*• E system. The estimated l i f e t i m e o f t h i s s t a t e i s >0.1 sec. u g ' 

3 + 
The E y s t a t e , which i s the upper s t a t e of the Herzberg I 

3 + 3 -
E u Eg system, has been observed i n absorption (14) and i n emission 



3 

i n airglow (15) and i n discharged oxygen (11,16). The system c o n s i s t s 

of a p r o g r e s s i o n o f c l o s e l y spaced bands extending from 2400A t o 4900A 
3 + -3 with the r a d i a t i v e l i f e t i m e o f the £ s t a t e estimated at <_ 10 sec. 

3 - 3 - 3 -The Z s t a t e gives r i s e t o the Schumann-Runge Z *-*• Z u 6 6 u g 

bands of the u l t r a v i o l e t r e g i o n , observed both i n absorption (17) 

and i n c e r t a i n c o n d i t i o n s i n emission (18). 
3 

Herzberg (13) t e n t a t i v e l y i d e n t i f i e d the A u s t a t e on the 
3 3 -

b a s i s of fragments of two bands assigned t o the A u «- E g system, 
observed i n absorption i n the region between 2570A and 2630A. Chamberlain 

3 1 

(19) proposed that the A y A g system might account f o r three 

u n i d e n t i f i e d bands i n the 3700 A region i n blue a i r g l o w . Ingham (20), 

however, using a much higher r e s o l u t i o n spectrograph, claims t h a t the 

Herzberg I bands are the only i d e n t i f i a b l e emission a t t r i b u t a b l e t o 

molecular oxygen i n blue a i r g l o w . 
The *E + and *A s t a t e s have not been observed. A b r i e f u u 

summary of the e l e c t r o n i c a l l y e x c i t e d s t a t e s o f oxygen together w i t h 

a d e s c r i p t i o n o f the band systems they give r i s e t o i s given i n t a b l e I . 

E l e c t r o n i c a l l y E x c i t e d States of Oxygen Observed i n E l e c t r i c a l l y 

Discharged Oxygen. 

Which o f these e l e c t r o n i c a l l y e x c i t e d s t a t e s could be present 

i n e l e c t r i c a l l y discharged oxygen? 

Since approximately ten percent of the oxygen passed through 
3 

a microwave discharge undergoes d i s s o c i a t i o n i n t o ground s t a t e 0( P) 

atoms, i t i s not unreasonable t o expect t h a t any e x c i t e d s t a t e s which 

can be formed from ground s t a t e atoms could be present i n discharged 

oxygen. 



TABLE I 

P r i n c i p a l Band Systems of 0 2 

molecular 
s t a t e 

band system d e s c r i p t i o n band system p r i n c i p a l band 
heads 

type of ^ 
t r a n s i t i o n 

r e f e r e n c e 

a h a 1 * X 3E 
g g 

I n f r a r e d atmospheric 

t r i p l e Q-branch maxima 

s l i g h t l y degraded to longer 

wavelengths 

(0-0) 12683 A 

(0-1) 15800 A 

(1-0) 10674 A 

magnetic 

d i p o l e 

4,5,6 

b V b V ~ 
g 

atmospheric 

V 
g weak heads degraded 

to longer wavelengths 

(0-0) 7619 A 

(0-1) 8645 A 

magnetic 

d i p o l e 

6,7,8,9 

10,11 

b V - a 1* g i 
sharp Q-branch maxima (0-0) 19080 A e l e c t r i c 

quadrupole 

31 

A V u A 3 4 ~ 

Herzberg I 

3 . s i n g l e heads s t r o n g l y 

degraded to the red 

2400-4900 A 

r e g i o n 

11 

A 3 E + + b V u g 
Broida-Gaydon 

s i n g l e heads s t r o n g l y 

degraded to the red 

3500-4500 A 

region 

(11) 



c V u -X3E u g 
Herzberg I I 

s i n g l e heads st r o n g l y 

degraded t o the red 

B V u - v x V 
g 

Schumann-Runge 

s i n g l e heads s t r o n g l y 

degraded to the red 

C 3 A 3 , 3 -
u g 

Herzberg I I I 

three heads s t r o n g l y 

degraded to the red 

three heads s t r o n g l y 

degraded t o the red 

2500-2700 A e l e c t r i c 13 

r e g i o n d i p o l e 

1700-2500 A 17,18 

r e g i o n 

2570-2630 A 13 

r e g i o n 

3700 - 4300 A 

r e g i o n 

19 
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Figure I shows the p o t e n t i a l energy diagram f o r 0^ as compiled 

by Gilmore (21). According t o the Wigner-Whitmer c o r r e l a t i o n r u l e s 
3 

(22), two ground s t a t e oxygen atoms 0( p) on recombination can produce 

eighteen d i f f e r e n t e l e c t r o n i c s t a t e s o f 0 2, s i x o f which lead t o bound 

molecules, 3E~ *A , 1 E + , 3 A , 3 E + , and 1 E ~ , and twelve of which give g g g u' u' u' 6 

3 _ 
r i s e t o r e p u l s i v e s t a t e s . The E y s t a t e i s the only bound s t a t e formed 

3 1 
by the combination of a ground s t a t e 0( p) atom and an e x c i t e d 0 ( D ) 

atom. The 1A s t a t e i s formed by combination o f two e x c i t e d atoms, u ' 
0( 1D) + O^D), while the *E* s t a t e a l s o o r i g i n a t e s from two e x c i t e d 

atoms, 0(*D) + 0(*S). Consequently, the f o l l o w i n g e x c i t e d s t a t e s , 
1A , 1 E + , 3 E + . 3A , and *E~ could conceivably be present i n e l e c t r i c a l l y g* g* u u u r 

discharged oxygen, ( t a b l e I I ) . 

S e v e r a l i n v e s t i g a t o r s have looked f o r evidence of e l e c t r o n i c a l l y 

e x c i t e d molecules i n e l e c t r i c a l l y discharged oxygen. Kaplan, (23) who 

observed the (0-0) and (0-1) bands o f the atmospheric system i n an 

oxygen enriched n i t r o g e n a f t e r g l o w , was the f i r s t t o present 

s p e c t r o s c o p i c evidence f o r the e x i s t e n c e o f the 1 E + s t a t e i n discharges. 
8 

B r o i d a , Bass and Kurzweg, (24), subsequently, observed the (0-0) and 
\ 

(0-1) bands i n e l e c t r i c a l l y discharged pure oxygen. However, they 

d i d not comment on whether the 1 E + s t a t e o r i g i n a t e d i n the discharge 
8 

or was formed by three-body atom recombination i n the afterglow. Young 

and Sharpless, (25), producing oxygen atoms by the r e a c t i o n 

N + NO -»• N 2 + 0, (3) 

a l s o observed the (0-0) atmospheric band. They l a t e r showed t h a t the 

atmospheric bands were being e x c i t e d i n the three-body atom recombination 
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INTERNUCLEAR DISTANCE (A) 

Figure 1: P o t e n t i a l Energy Diagram f o r 0^ as complied by 
R. F. Gilmore (21). 



TABLE I I 

3 1 1 
States of the Oxygen Molecule formed by recombination of 0( P ) , 0( D) , 0( S) atoms 

States o f separate atoms molecular states e l e c t r o n 
c o n f i g u r a t i o n 

e x c i t a t i o n energy r a d i a t i v e 
l i f e t i m e 

reference 

3 3 T> + P X V 
g 

bound 0 

a \ bound KK ( o ^ s ) 2 2 2 (o 2S) (a 2p) u g 
7918 cm" 111 minutes 6 

b 
li bound 13195 cm" 7 sec 8 

c bound 36679 cm" > 0.1 sec. 13 

A *< bound 36009 cm" t» 10~ 3 sec 14 

C u bound 34329 cm"1 > 0.1 sec. 13 

l n g , ^ u , 3 n g , 3nu ^ 

5 n g , 5nu, 5Ag 

2 5 E + , V , V , V 
g> g' U ' u 

r e p u l s i v e 
s t a t e s 

oo 



TABLE I I (continued) 

3 P + *D B 3Eu" KK(02s) 2(0 2 s ) 2 ( a 2p) 2(ir 2 p ) 3 ( n 2 p ) 3 49802 cm - 1 

j u. 2 \x 2 
+ 17 r e p u l s i v e 

s t a t e s 

1 1 1 2 2 2 3 3 D + *D A u KK(o^s) (Oy2s) (o g2p) (TT U2p) (7r g2p)' 

+ r e p u l s i v e 
states 

1Q ^ l g W /•_»>_ 2 ^_\2 r_ ^•vZ O _ A 3 , . _ 3 E u KK(o 52s)'(a u2s)-(o g2p) ( o u 2 p ) - ( i i g 2 p ) -

+ r e p u l s i v e 
states 
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r e a c t i o n 

0 + 0 + M 0 2 ( 1 Z + ) + M, M = any t h i r d body (4) 
- 37 —1> — 1 

wi t h a r a t e constant o f about 10 cm." sec." and that the 

i n t r o d u c t i o n o f 0 2 increased the i n t e n s i t y o f the bands by a f a c t o r o f 

f i v e . The bands were quenched by the i n t r o d u c t i o n o f C 0 2 > N 20 and N 2 

w i t h the rate constant f o r the quenching r e a c t i o n 
OjC1!:*) + N 2 + 0 2 ( 3 2 f ) + N* (5) 

-18 3 -1 

being l e s s that 10 cm. sec." (26). Thrush, Clyne, and Wayne, (27) 

i n d i r e c t contrast t o Young and Shar p l e s s , found t h a t the i n t r o d u c t i o n 

of 0 2 had no s i g n i f i c a n t e f f e c t on the i n t e n s i t y o f the atmospheric 

bands. They a l s o observed that n e i t h e r NO nor N0 2 had any s i g n i f i c a n t 

e f f e c t on the band i n t e n s i t y , whereas the i n t r o d u c t i o n o f 0^ g r e a t l y 

reduced the i n t e n s i t y of the atmospheric bands and i n t e n s i f i e d the 

stren g t h o f the airglow emission a s s o c i a t e d with the r e a c t i o n 
0( 3p) + NO + M N0 2 + M + hv (6) 

3 

i n d i c a t i n g that 0( p) atoms are being formed. Consequently, they 

concluded that the r e a c t i o n 

- 0 2 ( 1 l g ) + O ^ A ) - 2 0 2 ( V ) + 0 ( f y (7) 
occurred t o an appreciable extent. 

3 + 3 + 3 -The Z u s t a t e which gives r i s e t o the Herzberg I Z u -> Z g bands has been observed i n discharged oxygen by Broi d a and Gaydon 

(11), who p o s t u l a t e d that i t must be formed by three-body atom 

recombination i n the af t e r g l o w , according to,the equation 

0 + 0 + M 0 2 ( 3 Z * ) + M, M = any t h i r d body. (8) 

Barth and Patapoff (28) confirmed t h a t t h i s was indeed the mechanism 

o f formation o f the 3E* s t a t e i n a pure oxygen discharge.. Young and 



11 

Sharpless (25), producing oxygen,atoms by r e a c t i o n 3, found kg equal 

t o 1 x 10~ ' cm. sec." . They showed t h a t r e a c t i o n 8 was independent 

o f the t o t a l pressure i n the system, but quenched by the a d d i t i o n o f 

0 2, N 20, and C02. Broida and Gaydon i d e n t i f i e d a: second s e r i e s 

o f bands having t h e i r o r i g i n i n the 3 Z * s t a t e , corresponding t o the 
3 + 1 + t r a n s i t i o n Z •*• Z . 

u g 

Herron and S c h i f f (29) and Forner and Hudson (30) have 

presented mass s p e c t r o s c o p i c evidence f o r the existance o f *A s t a t e 

i n discharged oxygen. Both have reported the presence of a species 

having an appearance p o t e n t i a l o f about 1 e l e c t r o n v o l t above normal 

oxygen i n discharged oxygen. Herron and S c h i f f , comparing the i n i t i a l 

slopes of the discharged oxygen curve and the normal oxygen curve, 

have estimated that ten percent o f the t o t a l oxygen i s i n the *A 
s 

s t a t e . Ogryzlo, E l i a s and S c h i f f (31), measuring the heat l i b e r a t e d 

t o a cobalt d e t e c t o r by an e x c i t e d molecule stream, showed t h a t the 

e x c i t e d molecule, which t h e y - t e n t a t i v e l y i d e n t i f i e d as 0 2(*A ) , was 

una f f e c t e d by the a d d i t i o n o f NO, C0 2 and C 2H^. A l l authors concluded 

i n view of the high c o n c e n t r a t i o n of 0 2 ( 1 A ) present t h a t i t must be 

formed as a primary discharge product, r a t h e r than by three-body atom 

recombination i n the afterglow. 

Summary: 

The r e s u l t s o f passing molecular oxygen through a microwave 

discharge can be summarized as f o l l o w s . Approximately 10% o f the 
3 

oxygen i s d i s s o c i a t e d i n t o ground s t a t e 0( P) atoms w h i l e another 10% 
1 l * and V g " 

produced i n secondary r e a c t i o n s by three-body atom recombination, (25,28) 

i 1 + 3 -i s e x c i t e d t o the AA s t a t e ( 2 ) . The Z and Z s t a t e s are 
g K g u 
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Primary process: 
0 ( Y ) ^ d i s c h a r g e ^ Q ( 3 p ) 

(9) 

Secondary process: 

20(p) + M 
0 2 ( V ) + M 

0 2 ( Y ) + M 

0 2 ( V ) • M 

(10) 

When mercury i s d i s t i l l e d through the discharge i n order t o 

destroy the oxygen atoms, the A s t a t e i s s t i l l formed i n approximately 
8 

10% c o n c e n t r a t i o n . The purpose of the present work i s t o determine 

i f any other e x c i t e d s t a t e s e x i s t i n t h i s system as the r e s u l t o f the 
secoi mdary r e a c t i o n s of 0_( A ) as w e l l as t o study the r e a c t i o n s o f 

^ 2 , 
0 2( A ) w i t h added f o r e i g n gases, 

8 



EXPERIMENTAL 

M a t e r i a l s : 

Tank oxygen was obtained from Canadian L i q u i d A i r and from 

the Matheson Company. Nitrogen was the most o b j e c t i o n a b l e i m p u r i t y 

s i n c e i t would lead t o the production o f n i t r i c oxide i n the discharge. 

Canadian L i q u i d A i r oxygen was found t o c o n t a i n the l a r g e r amount 

o f n i t r o g e n as i n d i c a t e d by the i n t e n s i t y o f the n i t r o g e n d i o x i d e 

afterglow of the discharge products. Matheson Company oxygen 

( e x t r a dry grade) was found t o c o n t a i n much l e s s n i t r o g e n and was, t h e r e f o r e , 

used throughout the experimental work, except where u l t r a n i t r o g e n - f r e e 

oxygen was r e q u i r e d . 

An attempt was made to remove more n i t r o g e n by t r a p p i n g 

the oxygen and d i s t i l l i n g o f f e i g h t y percent before using i t . Since the-

oxygen thus prepared was found t o give the same r e s u l t s , the procedure 

was abandoned. 

In experiments i n which u l t r a n i t r o g e n - f r e e oxygen was 

r e q u i r e d oxygen was prepared by the thermal decomposition o f potassium 

permanganate. The gas was passed through a dry ice-acetone t r a p t o 

remove any water present. No n i t r o g e n could be detected by l o o k i n g 

f o r evidence o f the n i t r o g e n d i o x i d e afterglow which was conspicuously 

absent. 

N i t r i c oxide was obtained from the Matheson Company. Nitrogen 

d i o x i d e , water, and n i t r o g e n were the predominant i m p u r i t i e s present. 

These were removed by three d i s t i l l a t i o n s at h a l f an atmosphere 

pressure w i t h the i n i t i a l and f i n a l f i f t h s discarded i n each d i s t i l l a t i o n . 
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Nitrogen d i o x i d e was obtained from the Matheson Company. N i t r i c 

oxide and water were found t o be the predominant i m p u r i t i e s . Water 

was removed by f r a c t i o n a l d i s t i l l a t i o n and n i t r i c oxide by the 

i n t r o d u c t i o n o f oxygen which converted i t t o n i t r o g e n . d i o x i d e . 

Any unreacted oxygen was then pumped o f f by drawing the mixture 

through a dry i c e t r a p . 

The ammonia, dimethyl e t h e r , hydrogen s u l f i d e , carbon 

d i o x i d e , hydrogen bromide, n i t r o g e n , argon, and helium used i n the 

quenching s t u d i e s o f CLC*!*) were obtained from the Matheson Company. 

Water was found t o be the only o b j e c t i o n a b l e i m p u r i t y . A l l gases 

were d r i e d b y passing them over phosphorus pentoxide, except f o r 

ammonia which was passed over potassium hydroxide, and through e i t h e r 

a dry ice-acetone or l i q u i d n i t r o g e n t r a p . The methane used was obtained 

from P h i l l i p s Petroleum Company. I t was d r i e d by passage through a dry 

ice-acetone t r a p . 

The methyl a l c o h o l , n-heptane, chloroform and carbon t e t r a 

c h l o r i d e used were s p e c t r o s c o p i c grade, guaranteed t o contain l e s s 

than 0.001% water. As a p r e c a u t i o n they were d r i e d by contact with 

anhydrous calcium s u l f a t e . 

The deuterium oxide was obtained from the Stewart Oxygen 

Company and was guaranteed t o be 99.98% deuterium oxide. 

Flow System 

The flow system used f o r the m a j o r i t y o f experiments i s shown 

i n Figure 2. The r e a c t i o n tube had an i n t e r n a l diameter of 2.5 cm. 

and a length o f 120 cm. I t was not j a c k e t e d . The oxygen was.discharged 

i n a Pyrex tube about 10 cm. above the r e a c t i o n tube. The added gases 
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were introduced i n t o the r e a c t i o n tube through an i n l e t j e t which 

extended 3 cm. i n t o the r e a c t i o n tube. 

The r e a c t i o n tube used f o r the temperature dependent s t u d i e s 

{ 0 2 ( 1 A g ) } 2 was 1.5 cm. i n diameter and 5 cm. i n length. I t was 

jacketed t o permit the c i r c u l a t i o n o f l i q u i d s or vapours over the whole 

length of the r e a c t i o n tube. The j a c k e t was covered with s e v e r a l l a y e r s 

o f asbestos i n s u l a t i o n . Two thermocouples were placed next t o the 

w a l l o f the i n n e r r e a c t i o n tube t o record the temperature o f the gas 

stream. 

The flow rates of oxygen and added gas were c o n t r o l l e d and 

measured by i d e n t i c a l systems. The flow r a t e s were v a r i e d by Edwards 

f i n e - c o n t r o l needle val v e s . The pressure d i f f e r e n c e e s t a b l i s h e d across 

a c a p i l l a r y was measured by a U-tube manometer f i l l e d with mercury i n 

the case of oxygen and with d i b u t y l p h t h a l a t e i n the case of the added 

gases. The flow r a t e o f oxygen was determined by c o l l e c t i n g the gas 

passing through the flow system when steady s t a t e c o n d i t i o n s had been 

e s t a b l i s h e d . The flow rates o f the noncondensable added gases were 

measured by observing the pressure drop, AP, due t o outflow from a 

standard volume during a time, At, under normal experimental c o n d i t i o n s . 

The average flow r a t e i s : . 

(AP)V 
f = 1 (11) 

(At) RT 

where V g = standard volume from which the gas flowed during a 

measurement of flow r a t e . The flow r a t e s o f condensable added gases 

were determined by t r a p p i n g the gas i n a l i q u i d n i t r o g e n t r a p , t r a n s f e r r i n g 

i t t o a weighing v e s s e l and weighing i t . 
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A constant pressure head was maintained f o r the flows of 

oxygen, carbon d i o x i d e , n i t r o g e n , helium, and argon by bubbling the 

excess gas through mercury. In the case o f other gases used, a f i v e -

l i t e r storage bulb had t o be used t o keep a constant pressure head 

during an experiment. 

The pressure i n the system was measured with a t i l t i n g 

McLeod gauge. The instrument, obtained from the V i r t i s Company, New 

York, measured pressures from 0.1 t o 5.0 mm Hg w i t h a r e p r o d u c i b i l i t y o f 

1%. 

E x c i t e d Molecule Production: 

A Raytheon Microwave Generator No. KV-1048B was used t o obtain 

an e l e c t r o d e l e s s discharge. The u n i t generates a continuous 2450 megacycle 

wave with a maximum power output of 125 watts. When the output i s 

d i r e c t e d at a stream o f oxygen through a d i r e c t o r , a discharge may 

b e , i n i t i a t e d under the proper c o n d i t i o n s o f pressure, flow and tube s i z e 

by the a p p l i c a t i o n of a spark (from a T e s l a c o i l ) . 

The optimum discharge tube f o r maximum e x c i t e d molecule 

production was a s t r a i g h t j a cketed Pyrex tube, 10 cm. i n length and 1.0 cm. 

i n i n t e r n a l diameter, w i t h the discharge area cooled by blowing c o l d 

a i r through the j a c k e t . With l i n e a r flow r a t e s i n the v i c i n i t y o f 

260 cm. s e c . 1 , the discharge could remain i n operation at pressures 

between 0.2 and 10.0 mm Hg w i t h the waveguide used i n these experiments. 

A type C Raytheon d i r e c t o r was s t r i p p e d o f a l l but i t s metal p a r t s , and 

bent so the r e f l e c t o r e n c i r c l e d the gas c a r r y i n g tube. Since the 

presence of water i n the oxygen was found t o almost t o t a l l y destroy 

any 0.(^Z+) present, e x t r a dry oxygen was used throughout the work. 
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The w a l l s o f the r e a c t i o n tube were cleaned by r i n s i n g with 

a 10% n i t r i c a c i d s o l u t i o n , followed by s e v e r a l r i n s i n g s w i t h water 

and a f i n a l r i n s i n g with d i e t h y l ether. The system was then allowed 

t o pump down f o r three to fou r hours before use. 

Under constant c o n d i t i o n s o f pressure and flow r a t e the 

e x c i t e d molecule concentration was observed t o increase l i n e a r l y as 

the microwave power input increased between 10 and 75 watts. 

D e s t r u c t i o n o f Oxygen Atoms: 

Since oxygen atoms are produced i n concentrations up t o 10% 

i n discharged oxygen, means had t o be found f o r t h e i r e l i m i n a t i o n from 

the system without a f f e c t i n g the e x c i t e d molecule c o n c e n t r a t i o n . Since 

Ogryzlo, E l i a s and S c h i f f (32) had shown that oxygen atoms recombine on 

a s i l v e r surface t u r n i n g the surface black due t o oxide formation, a 

c o i l o f s i l v e r wire (30 gague, 60 cm. long) was suspended i n the 

r e a c t i o n tube, j u s t i n f r o n t o f the oxygen stream. When s u f f i c i e n t 

s i l v e r wire was present i n the system t o remove the oxygen atoms, no 

e x c i t e d molecules could be detected. A copper surface y i e l d e d 

s i m i l a r r e s u l t s . In accordance w i t h Ogryzlo's observations ( 2 ) , 

i t was found that a small amount o f mercury d i s t i l l e d through the 

discharge completely removed the oxygen atoms, as evidenced by the 

e x t i n c t i o n o f the yellow-green n i t r o g e n d i o x i d e a f t e r g l o w . ^ The 

concentration of the primary e x c i t e d molecule 0_(*A ) , does,not appear 
^ g 

t o be a f f e c t e d by the presence or absence o f oxygen atoms. 

t The n i t r o g e n d i o x i d e a f t e r g l o w , which i s normally present because of 

tr a c e amounts o f n i t r o g e n i m p u r i t i e s i n tank oxygen, i s a very s e n s i t i v e 
t e s t f o r the presence o f oxygen atoms. 
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Oxygen atoms can a l s o be destroyed by the a d d i t i o n o f n i t r o g e n 

d i o x i d e through the r e a c t i o n 

N0 2 + 0 -f NO + 0 2 (12) 

This method of d e s t r o y i n g oxygen was used i n only one or two p a r t i c u l a r 

i n s t a n c e s . 

Spectroscopic S t u d i e s : 

The s p e c t r o s c o p i c s t u d i e s , undertaken t o i d e n t i f y the e x c i t e d 

molecules present i n discharged oxygen, were conducted i n a r e a c t i o n 

system s i m i l a r t o the flow system used f o r k i n e t i c s t u d i e s . The 

r e a c t i o n tube i n t h i s system had an o p t i c a l window at one end (the 

e x c i t e d molecule stream e n t e r i n g through a T j o i n t ) a l l o w i n g a 

spectrograph t o be d i r e c t e d along the tube t o achieve a long l i g h t path. 

The outside o f the r e a c t i o n tube was coated w i t h MgO p a i n t t o increase 

the l i g h t i n t e n s i t y w i t h i n the tube. 

The low r e s o l u t i o n s p e c t r a were obtained u s i n g a Hilger-Watts 

glass prism spectrometer (f/4.5) equipped with a p h o t o e l e c t r i c 

d e t e c t i o n system c o n s i s t i n g o f an RCA 7265 p h o t o m u l t i p l i e r , having an 

S-20 response, or a l i q u i d n i t r o g e n cooled RCA 7102 p h o t o m u l t i p l i e r 

having an S - l response, a 82.5 cps chopper, an AC a m p l i f i e r ( E l e c t r o n i c s 

M i s s e l s and Communications Inc., Lockin A m p l i f i e r Model RJB) and a 

recorder. The system could detect emissions i n the range 3000 -

13000A. 

The high r e s o l u t i o n s p e c t r a were photographed on a J a r r e l l - A s h 

f/6.3 g r a t i n g spectrograph, having 20A/mm despersion, u s i n g Kodak 

103F or IN spectrographic p l a t e s . 
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1 + x  

Measurement of 0,,( E g) and 0,,( A g) Concentrations: 

The absolute concentration o f 0 2( 1£*) was obtained by 

measuring the absolute emission i n t e n s i t y o f the 7619 A band due to the 
1 + 3 -

(0-0) t r a n s i t i o n of the b E + X E system and comparing i t with the 
s § 

chemiluminescence from the r e a c t i o n 

0 + NO -* N0 2 + hv (13) 

according t o the method described by S c h i f f , F o n t i j n and Meyer (32) 

who measured the absolute quantum y i e l d f o r r e a c t i o n 13. For t h i s 

r e a c t i o n the absolute emission i n t e n s i t y i s given by 

I(N0 2*) = c k 1 3 [N0][0] (14) 

while f o r the 7619 A band 

1(7619) = c k 1 5 [ 0 2 ( V ) ] (15) 

Hence, the concentration o f O^1!*) can be c a l c u l a t e d from 
L V V J _ - i i , (16) 

k 1 5 K N 0 2 ) 

where c = o p t i c a l constant f o r the measurements 

on k^g = 1/T = E i n s t e i n A c o e f f i c i e n t f o r spontaneous r a d i a t i 

= 0.14 s e c . " 1 (7) 

k ^ = rat e constant f o r the NO + 0 r e a c t i o n i n the region 

7525-7675 A 
-18 3 -1 -1 m = 2.28 x 10 cm. molecules sec. (32) 

3 

[NO] = concentration o f NO introduced i n molecules/cm. 

[0 ] = concentration o f oxygen atoms from the discharge 

i n atoms/cm. 3 

The oxygen atom concentration i s determined by t i t r a t i o n with n i t r o g e n 

d i o x i d e according to the r e a c t i o n 
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0 + N0 2 -»• NO + 0 2 (12) 

The i n t e n s i t i e s o f the 7619 A band and the n i t r o g e n d i o x i d e afterglow 

i n the region 7525-7675 A were measured w i t h an RCA 7625 p h o t o m u l t i p l i e r 

according t o the procedure described by S c h i f f et a l (33). 

P r i n c i p a l sources of e r r o r i n determining the 0 7 ( * E + ) 

concentration by a measurement of the absolute emission i n t e n s i t y o f the 

7619 A band are the e r r o r s i n k j g and k 1 3 . S c h i f f et a l quote the 

accuracy of k ^ t o no b e t t e r than +_ 30%, while the accuracy o f k j g i s 

probably no b e t t e r than an order of magnitude. 

The absolute concentration of 0 2(*A ) could not be s u c c e s s f u l l y 

determined by measuring the absolute emission i n t e n s i t y o f the 12680 A 
1 3 -

band of the (0-0) t r a n s i t i o n o f the a A + X E system because i t 
g g 

occurred i n a very d i f f i c u l t s p e c t r a l r e g i o n . Consequently, the 

02("^Ag) conc e n t r a t i o n was determined w i t h an isothermal c a l o r i m e t r i c 

d e t e c t o r . The d e t e c t o r c o n s i s t s o f a h e l i c a l l y wound s p i r a l of 

platinum wire e l e c t r o p l a t e d w i t h cobalt and movable under vacuum along 

the. r e a c t i o n tube. The platinum wire formed one arm o f the Wheatstone 

bridge c i r c u i t shown i n f i g u r e 3. 

With the discharge o f f , t h a t i s , no e x c i t e d molecules 

f l o w i n g , current i s passed through the d e t e c t o r and the b r i d g e i s 

balanced by a d j u s t i n g the current and/or the r e s i s t a n c e o f the decade 

r e s i s t a n c e box. The current through the d e t e c t o r i s then measured 

on an accurate potentiometer by measuring the current across the one 

ohm p r e c i s s i o n r e s i s t o r . With the microwave discharge on and e x c i t e d 

molecules present, the e x c i t e d molecules are d e a c t i v a t e d on the Co/Pt 

c o i l r e l e a s i n g 23 k c a l . moles" 1 ( e x c i t a t i o n energy of 0~(*A )) i n the 
* g 
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Figure 3. Diagram of Detector C i r c u i t . 
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form of heat. For the bridge t o be balanced under these c o n d i t i o n s 

the current through the d e t e c t o r must be decreased, r e t u r n i n g the c o i l 

to i t s o r i g i n a l temperature and thus t o i t s o r i g i n a l r e s i s t a n c e . From 
2 

the magnitudes of the decrease o f the squares o f the currents A ( i ) , the 
e x c i t e d molecule flow i n c i d e n t on the det e c t o r can be c a l c u l a t e d from 

1 2 0 2( A g) flow = A ( i )R moles.*„ : 
4.18E sec. (17) 

2 2 2 where A ( i ) = current squared decrease = ( i p - ( i 2 ) 

R = r e s i s t a n c e o f the d e t e c t o r 

E = e x c i t a t i o n energy o f 0 2 ( 1 A ) = 23 kcal./mole 

I n d i v i d u a l d e t e c t o r readings could be reproduced with a d e v i a t i o n o f 

le s s than 2%. 

The e f f i c i e n c y o f the d e t e c t o r could be checked by l o o k i n g 
1 3 -

to see i f any emission at 12680 A due t o the (0-0) a A -»• X Z 

t r a n s i t i o n was dete c t a b l e down stream from the d e t e c t o r or by i n s e r t i n g 

a second d e t e c t o r i n t o the gas stream down stream from the f i r s t . In 

each case the d e t e c t o r was observed t o destroy b e t t e r than 95% of the 

O^^A ) present. I 

Once i t had been e s t a b l i s h e d t h a t the i n t e n s i t y o f the 6340 A 

band was p r o p o r t i o n a l t o the square o f the 0 2 ( * A g ) c o n c e n t r a t i o n , 

changes i n the 0 2 ( 1 A g ) concentration as a f u n c t i o n o f time o r added 

gas could be e a s i l y and r a p i d l y determined by measuring changes i n 

the i n t e n s i t y of the 6340 A band with an RCA 7265 p h o t o m u l t i p l i e r . 



24 

RESULTS 

The Emission Bands: 

When oxygen i s passed through a microwave discharge a strong 

yellow-green afterglow i s v i s i b l e . This glow i s due t o the r e a c t i o n 
3 

of ground s t a t e oxygen atoms 0( P) w i t h n i t r i c oxide, formed from 

n i t r o g e n i m p u r i t i e s t o produce the n i t r o g e n d i o x i d e a i r g l o w continuum. 

0 + NO -»• N0 2* 
N0 2 + hv 

(13) 

Removal of oxygen atoms by d i s t i l l i n g mercury through the discharge 

extinguishes n i t r o g e n d i o x i d e a i r g l o w continuum, l e a v i n g a f a i n t red 

glow. 

Figure 4 shows a low r e s o l u t i o n spectrum o f the emission 

detectable i n an atom-free system w i t h a Hilger-Watts f/4.5 g l a s s 

prism spectrograph and a l i q u i d n i t r o g e n cooled RCA V i c t o r 7102 

p h o t o m u l t i p l i e r . The peak at 12680 A i s i d e n t i f i e d as the (0-0) 
1 3 -

t r a n s i t i o n o f the " i n f r a r e d atmospheric system" a A -+• X Z , 

p r o v i d i n g d i r e c t s p e c t r o s c o p i c evidence f o r the presence o f 0 2 ( A ) 

i n discharged oxygen. 

The peaks at 7619 A and 8645 A appear at the same wavelength 

as the (0-0) and (0-1) bands o f the "atmospheric system" b*Z + •*• X 3Z . 
8 8 

Figure 5 shows a high r e s o l u t i o n spectrum of the 7619 A band taken 

w i t h a J a r r e l l - A s h f/6.3 g r a t i n g spectrograph. The peak i s e a s i l y 

r e s o l v e d i n t o i t s P and R branches showing the r o t a t i o n a l f i n e s t r u c t u r e 
1 + 3 -

c h a r a c t e r i s t i c of the b Z + X E t r a n s i t i o n (7). 
g g 

The peaks at 6340 A and 7030 A have not p r e v i o u s l y been 

observed i n discharged oxygen and could not be assigned t o any known 
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6340 7030 7619 8645 12680 

A (A) 
Figure 4: 
The emission spectrum of e l e c t r i c a l l y discharged oxygen afterglow as 
obtained w i t h a Hilger-Watts f/4.5 g l a s s prism spectrograph and a 
l i q u i d n i t r o g e n cooled RCA 7102 p h o t o m u l t i p l i e r . A l l oxygen atoms have 
been removed by d i s t i l l i n g mercury through the discharge. A 500-micron 
s l i t was used. 



Figure 5. 

High r e s o l u t i o n spectrum of the 7619 A band as photographed w i t h 

a J a r r e l l - A s h f/6.3 g r a t i n g spectrograph, having 20A/mm d i s p e r s i o n . A 

30-micron s l i t was used, r e q u i r i n g an exposure time o f 15 minutes with 

Kodak IN spe c t r o s c o p i c p l a t e s . 

*R, RQ b r a n c h e s l6l£ A ,.-7621 A ?P , PQ b r a n c h e s 
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t r a n s i t i o n i n C^. Figure 6 shows the 6340 A band photographed under 

high r e s o l u t i o n under i d e n t i c a l c o n d i t i o n s t o the 7619 A band shown i n 

f i g u r e 5. U n l i k e the 7619 A band where the r o t a t i o n a l l i n e s are e a s i l y 

r e s o l v e d , the 6340 A band shows no s i g n o f any r o t a t i o n f i n e s t r u c t u r e , 

but has a half-peak width o f about 145 A. 

At t h i s p o i n t i n the experimental work, i t seemed expedient t o 

i n v e s t i g a t e the p o s s i b i l i t y t h a t the 6340 A and 7030 A bands were 

caused by i m p u r i t y emissions. Two i m p u r i t i e s commonly found i n tank 

oxygen could give r i s e t o emissions i n t h i s r e g i o n . Water absorption 

peaks have been observed at 6340 A and 7000 A (34) and n i t r o g e n d i o x i d e 

emission bands occur throughout t h i s r e g i o n . (35) Therefore, u l t r a 

n i t r o g e n - f r e e oxygen was prepared by the thermal decomposition o f 

potassium permanganate and thoroughly d r i e d w i t h phosphorus pentoxide. 

Furthermore, n i t r o g e n , n i t r o g e n d i o x i d e , and water were added i n small 

q u a n t i t i e s both before and a f t e r the discharge t o see i f t h e i r presence 

or absence a f f e c t e d the i n t e n s i t y o f the 6340 A and 7030 A bands. 

The i n t e n s i t y of the bands was a f f e c t e d n e i t h e r by the p u r i t y o f the 

oxygen used nor by contamination of the oxygen w i t h n i t r o g e n , n i t r o g e n 

d i o x i d e or water. 

Ozone could not be the e m i t t e r s i n c e the a d d i t i o n o f n i t r i c 

oxide which would r a p i d l y remove ozone by the r e a c t i o n 

0, + NO N o / + 0-
3 | (18) 

U N0 2 + hv 

had no e f f e c t on the i n t e n s i t y o f the 6340 A and 7030 A bands and f a i l e d 

t o show the c h a r a c t e r i s t i c red flame (36). 

The e f f e c t of other added f o r e i g n gases on the i n t e n s i t y of 
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X(A) 

Figure 6: 

Microdensitometer trace of the 6340 A band photographed with a J a r r e l l - A s h f / 6 . 3 - g r a t i n g 

spectrograph (20A/mm. d i s p e r s i o n , 30-micron s l i t ) on Kodak 103F p l a t e , exposed f o r 72 hours. 
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the 6340 A and 7030 A bands was q u i c k l y checked by i n t r o d u c i n g small 

q u a n t i t i e s of n i t r o u s oxide, carbon monoxide, carbon d i o x i d e , ammonia, 

helium, argon, and hydrogen a f t e r the discharge (see page43 f o r a 

d e t a i l e d d i s c u s s i o n o f e x c i t e d s t a t e quenching). None of these added 

gases had any e f f e c t on the i n t e n s i t i e s o f the 6340 A and 7030 A bands 

or on the i n t e n s i t y o f the 12680 A band of the (0-0) t r a n s i t i o n o f the 
1 3 -

a A -»• X E system but some o f the added gases almost t o t a l l y 
8 S 

extinguished the 7619 A and 8645 A bands of the (0-0) and (0-1) 
b 1 E + -»• X 3E" system, g g 

The R e l a t i o n s h i p between the 6340 A and 7030 A band i n t e n s i t i e s and  

the 0 o(^A ) concentration. 

Under steady s t a t e c o n d i t i o n s , the i n t e n s i t i e s o f the 6340 A 

and 7030 A bands were measured w i t h an RCA 7265 p h o t o m u l t i p l i e r and 

the corresponding C^f^A ) concentrations w i t h an isothermal c a l o r i m e t r i c 
8 

detector. Under each set of experimental c o n d i t i o n s , two set s o f 

measurements were made, one at 75% microwave power input and the other 

at a lower microwave power i n p u t . The r a t i o o f the band i n t e n s i t i e s 

and the CL(*A ) concentration at the two microwave power inputs i s given 
^ g 

i n t a b l e I I I . The band i n t e n s i t i e s and the 0_(*A ) conc e n t r a t i o n 
* g 

measured at the same microwave power input and at ten d i f f e r e n t pressures 

over a t o t a l oxygen pressure range from 1.0 t o 5.2 mm Hg are given i n 

t a b l e IV. 
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Table H I 

Ratios o f the I n t e n s i t i e s o f the 6340 A band, the i n t e n s i t i e s o f 

band and the 0_( A ) concentrations. 

I^63403/12(6340) 1 1 (7030)/I,,(7030) [ O ^ A J J j / t O ^ A ) ] , , 

2.40 2.33 1.56 

5.34 5.40 2.30 

3.6 3.52 1.88 

3.17 3.18 1.78 

1.81 1.79 1.35 

2.80 2.71 1.68 

3.21 3.21 1.65 

2.27 2.26 1.56 

2.43 2.39 1.61 

a The two sets o f i n t e n s i t y and conc e n t r a t i o n measurements were 

made under i d e n t i c a l experimental c o n d i t i o n s but at two d i f f e r e n t 

microwave power i n p u t s . 
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Table IV 

o 
R e l a t i o n s h i p between the i n t e n s i t y o f the 6340 A band, the i n t e n s i t y 

o i a of the 7030 A band and the 0_( A ) concentration. 

P ( t o r r ) 1(6340) 
a r b i t r a r y u n i t s 

1(7030) [ O ^ A g ) ] x 10 6 

moles l . ~ * 

1.0 43 25 7.5 

1.5 59 34 8.8 

2.0 88 53 10.7 

2.4 107 63 12.0 

3.1 128 74 13.0 

3.5 150 85 13.5 

3.8 163 94 14.3 

4.3 190 111 15.3 

4.8 220 126 16.8 

5.2 230 130 17.4 

a The measurements were made at constant microwave power i n p u t . 
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The R e l a t i o n s h i p between the 0,,( £*) concentration and the 0g( A ) 

conce n t r a t i o n : 

Under steady s t a t e c o n d i t i o n s , the i n t e n s i t y o f the 7619 A 
1 + 3 -

band, due t o the (0-0) t r a n s i t i o n o f the b Z + X E system, was 
measured with an RCA 7265 p h o t o m u l t i p l i e r and the corresponding 0 ? ( A ) 

^ 8 

concentration w i t h an isothermal c a l o r i m e t r i c d e t e c t o r . Under each set 

of experimental c o n d i t i o n s , two sets o f measurements were made, one 

at 75% microwave power input and the other at lower microwave power 

input. The r a t i o o f the band i n t e n s i t i e s and the 0 2(*Ag) concentration 

at the two microwave power inputs i s given i n t a b l e V. The 7619 A band 

i n t e n s i t y and the CLf^A ) concentration measured at the same microwave 
^ 8 

power input at ten d i f f e r e n t pressures over a t o t a l oxygen pressure 

range from 1.0 t o 5.2 mm. Hg are given i n t a b l e VI. 

Using a s m a l l e r diameter f a s t flow system (flow r a t e 'v 260 cm./sec.) 

a nonsteady s t a t e system was achieved which allowed the b u i l d up of 

Op^Zg) t o i t s steady s t a t e value t o be measured and observed. Figure 7 

shows a t y p i c a l p l o t o f the i n t e n s i t y o f the 7619 A band as a f u n c t i o n 

of distance along the r e a c t i o n tube i n d i c a t i n g the b u i l d up o f 0 2 ( 1 Z g ) 

to i t s steady s t a t e value. Over the same distance the 0 2 ( * A g ) 

concentration remained almost constant. For each o f the curves shown 

i n f i g u r e 7 the absolute 0 2 ( * E g ) concentration was determined by 

measuring the absolute emission i n t e n s i t y o f the 7619 A band. The 

steady s t a t e 0 2 ( 1 E + ) concentrations and the corresponding 0 2(*A ) 
8 8 

concentrations are given i n t a b l e V I I . 



POSITON ALONG TUBE (CM.) 
Figure 7: P l o t o f the i n t e n s i t y o f the 7619 A band as a f u n c t i o n o f d i s t a n c e along 

the r e a c t i o n tube. The values above each curve i n d i c a t e the t o t a l oxygen 

pressure i n the system i n mm. Hg. 
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Table V 

0 a 1 Ratios o f the i n t e n s i t i e s o f the 7619 A band and the C^C A ) 
* b concentrations. 

I 1(7619)/I 2(7619) C 0 2 ( 1 V ] l / C 0 2 ( l A g ) : , 2 

2.43 

5.3 

3.58 

3.12 

1.85 

2.82 

1.56 

2.30 

1.88 

1.78 

1.35 

1.68 

a The i n t e n s i t y o f the 7619 A band i s a measure of the steady 

s t a t e O-f 1!*) conc e n t r a t i o n . ^ 8 

b The two sets o f i n t e n s i t y and conc e n t r a t i o n measurements were made 

under i d e n t i c a l experimental c o n d i t i o n s but at two d i f f e r e n t microwave 

power i n p u t s . 
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Table VI 

R e l a t i o n s h i p between the i n t e n s i t y o f the 7619 A band a and the 0-( A ) 

conce n t r a t i o n . ^ 

P ( t o r r ) 1(7619) 
a r b i t r a r y u n i t s 

[ O ^ A g ) ] x 10 6 

1.0 450 7.5 

1.5 600 8.8 

2.0 850 10.7 

2.4 1050 12.0 

3.1 1350 13.0 

3.5 1500 13.5 

3.8 1600 14.3 

4.3 1900 • 15.3 

4.8 2150 16.8 

5.2 2330 17.4 

a See footnote a Table V 

b The measurements were made at constant microwave power in p u t . 



Table V I I 

Steady State C^C1!*) concentration and O-^A ) co n c e n t r a t i o n . 

P ( t o r r ) [ O 2 ] x l 0 4 [ 0 2 ( V ) ] x 10 9 [02(h ) ] x l 0 6 K f 

moles/1 moles/1 moles/1 r. 
1/moles 

* 

2.4 1.30 1.75 9.0 20.5 

3.1 1.68 2.54 11.0 21.5 

3.8 2.06 4.20 14.2 20.8 

5.1 2.77 6.24 17.5 20.3 
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Decay o f 0 (*A ) 

Figure 8 shows a p l o t o f 0 2 ( * A g ) co n c e n t r a t i o n as a f u n c t i o n 

of d i s t a n c e along the r e a c t i o n tube. S i m i l a r p a i r s of decay p l o t s , 

one at 75% microwave power input and the other at a lower microwave 

power i n p u t , were determined at s e v e r a l pressures over the t o t a l 

pressure range, 0.5 to 5.2 mm Hg. As can be seen from f i g u r e 8, the 

decay of 0 2 ( 1 A g ) i s very s m a l l , being l e s s than 20%. Consequently, 

the decay was d i f f i c u l t t o measure. In order t o e l i m i n a t e any random 

e r r o r s due to s l i g h t d i f f e r e n c e s i n w a l l c o n d i t i o n s , the r a t e o f decay, 

dtO-^A ) ] / d t , was determined at s e v e r a l p o s i t i o n s f o r each p a i r o f 
^ g 

p l o t s and the r a t i o s of the corresponding decay r a t e s 

{d[0 (*A ) ] / d t } 1 / { d , [ 0 9 ( 1 A ) ] / d t } 9 was obtained. These r a t i o s , togehter 

wit h the corresponding c o n c e n t r a t i o n r a t i o s , [ 0 2 (*Ag) ] j/[G* 2 (*Ag) ] 2 are 

given i n Table V I I I . 

Temperature dependence o f the 6340 A band. 

In order to determine the e f f e c t o f a l t e r i n g the temperature 

on the i n t e n s i t y of the 6340 A band, the temperature o f the gas stream 

was a l t e r e d between 221° K and 475° K w h i l e a l l other experimental 

v a r i a b l e s remained constant. A temperature o f 221° K was obtained by 

c i r c u l a t i n g a s o l u t i o n o f ethylene g l y c o l , cooled i n l i q u i d n i t r o g e n - a l c o h o l 

s l u s h b a t h , through the i n s u l a t e d j a c k e t surrounding the f i v e cm. long, 

1.5 cm. i n diameter r e a c t i o n tube. Temperatures o f 372° K and 475° K 

were obtained by d i s t i l l i n g water and acetophenone, r e s p e c t i v e l y , through 

the j a c k e t . 
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Figure 8: P l o t o f O^L ) concentration against d i s t a n c e along the r e a c t i o n tube. 
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Table V I I I 

Ratios of the decay r a t e , d[0_ A ) ] / d t , and the average 0~( A ) 
i g ' ^ 5 

c o n c e n t r a t i o n . a 

( d t O ^ A ^ l / d t ^ / C d f C X , ( 1 A g ) ] / d t ) 2 [ 0 2 ( 1 A g ) ] 1 / [ 0 2 ( 1 A g ) ] 2 

1.399 1.200 
1.26 1.27 
1.24 1.34 
1.295 1.405 
1.43 1.43 
1.43 1.455 
1.455 1.415 
1.505 1.435 
1.49 1.455 
1.52 1.49 
1.43 1.495 
1.57 1.425 
1.62 1.505 
1.52 1.67 
1.565 1.74 
1.655 1.685 
1.76 1.805 
1.86 1.67 
2.055 1.87 
2.255 2.254 

a See page 37 f o r a d i s c u s s i o n o f experimental procedure. 
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No change i n pressure i n the r e a c t i o n tube could be measured 

when the temperature of the gas stream was changed. However, as the 

temperature o f the gas stream was r a i s e d the half-peak width o f the 

6340 A band increased and the band height decreased. The i n t e g r a t e d 

i n t e n s i t y of the 6340 A band, i n a r b i t r a r y u n i t s , at four d i f f e r e n t 

temperatures i s given i n t a b l e IX. 

Reactions o f CLf^A ) 2-i— %i-

Several f o r e i g n gases were added t o the e x c i t e d molecule 

stream t o t e s t t h e i r e f f e c t i v e n e s s at d e a c t i v a t i n g 0 9(*A ). The 
1 

0 2 ( A ) concentration was unaffected by the a d d i t i o n o f argon, helium, 
8 

n i t r o g e n , carbon monoxide, carbon d i o x i d e , water, deuterium oxide, 

ammonia, hydrogen s u l f i d e , n i t r o u s oxide, hydrogen bromide, carbon 

t e t r a c h l o r i d e , chloroform, dimethyl e t h e r , and n-heptane even when 

the p a r t i a l pressure of these gases was 1/4 o f the t o t a l pressure i n 

the system. 

Since Bayes and Winerr (37) had observed t h a t 0 2 ( 1 A g ) could 

o x i d i z e 2,3-dimethylbutene-2 t o i t s corresponding hydroperoxide, 

(2,3-dimethyl-3-hydroperoxybutene-l), ethylene and a s e r i e s o f i t s 
methyl s u b s t i t u t e d d e r i v a t i v e s were added t o the gas stream t o see 

g 
i f they would react with 0_( 1A ). Figure 9 shows the e f f e c t o f equal 

concentrations of ethylene and f i v e o f i t s d e r i v a t i v e s on 0 2(*A ). 
8 

Ethylene only s l i g h t l y decreases the G*2(*A ) c o n c e n t r a t i o n whereas 
8 

2,3-dimethylbutene-2 almost completely quenches the 0 9(*A ). The 
g 

r e l a t i v e e f f i c i e n c i e s o f the s e r i e s at quenching 0 2 ( * A g ) were 
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Table IX 

I n t e n s i t y o f the 6340 A band at four d i f f e r e n t temperatures. 

T( K) 1(6340 A) 

i n t e g r a t e d i n t e n s i t y i n a r b i t r a r y u n i t s 

221 153.5 

296 100.0 

373 70.3 

473 49.7 
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DISTANCE ALONG TUBE CM) 
Figure 9: The e f f e c t o f the a d d i j i o n 

d e r i v a t i v e s on the O-f A ) 
2 g 

curve 1 no added gas 
2 ethylene 
3 propylene 
4 cis-butene 

of ethylene and i t s methyl s u b s t i t u t e d 
c o n c e n t r a t i o n 

5 transbutene 
6 2-methylbutene-2 
7 2,3-dimethylbutene-2 
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H CH Jt\ CH-, ,CH CH ,H CH~ ,CH_ CH q ,CH q 

,C —C < /'C=^C < /C=-C^ - /C=^C < / C — C J ^ ^C^C'. . 
H H H H H H H CH. H X CH- CH Q ^CH_ 

J 3 3 3 

w i t h 2,3-dimethylbutene-2 being approximately 100 times more e f f i c i e n t 

than 2-methylbutene-2.^ 

( I ) Mr. Y, Kubo i s c o n t i n u i n g t h i s work. 

Reactions o f 0,,(*E+) 

Several f o r e i g n gases were found to be very e f f e c t i v e at 

d e a c t i v a t i n g 0 2(*Eg) as i n d i c a t e d by the marked decrease i n the 

i n t e n s i t y o f the 7619 A band when these gases were introduced i n t o 

the system. Figure 10 shows the e f f e c t o f the a d d i t i o n o f various 
,+ q u a n t i t i e s o f water on the 0 2 ( * E + ) co n c e n t r a t i o n . In each case the 

OpC^Eg) steady s t a t e concentration i s decreased and a new steady s t a t e 

i s e s t a b l i s h e d . I n t r o d u c t i o n o f s i m i l a r q u a n t i t i e s of dry 0^ had no 

e f f e c t on the 0 7 ( 1 E + ) concentration showing that the decrease i n 0 ? ( 1 E ^ ) ' g ^ S 

on the a d d i t i o n o f the f o r e i g n gases i s not due t o a s l i g h t i n c r e a s e 

i n pressure i n the system but i s due t o a r e a l quenching e f f e c t . 

At a constant pressure, the steady s t a t e c o n c e n t r a t i o n of 

0 2 ( 1 E g ) was determined both i n the absence o f and i n the presence o f 

various q u a n t i t i e s o f added f o r e i g n gas. In t a b l e s X t o XXIV the 

0 2 ( 1 E + ) steady s t a t e c o n c e n t r a t i o n , as determined by the i n t e n s i t y 

o f the 7619* A band, and the corresponding added f o r e i g n gas concentration 

are t a b u l a t e d f o r the added gases; water, deuterium ox i d e , n-heptane, 

methanol, ammonia, dimethyl e t h e r , hydrogen s u l f i d e , carbon d i o x i d e , 
chloroform, hydrogen bromide, methane, n i t r o g e n , argon, carbon monoxide 
and helium. 

(19) 
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0 30 60 
DISTANCE ALONG TUBE ICM.) 

Figure 10: The e f f e c t of the a d d i t i o n of various amounts of 

water on the 0 2 ( 1 Z + ) c o n c e n t r a t i o n . The numbers on each 
g 

l i n e correspond to [H 9(J x 10 moles/1. 



Table X 

Water as added gas 

I ( 7 6 1 9 ) a 

a r b i t r a r y u n i t s 

0.00 100.00 

0.433 21.75 

0.480 20.00 

0.480 30.30 

0.144 47.70 

0.864 12.00 

0.954 11.00 

1.305 7.41 

1.305 8.58 

1.400 7.10 

1.730 6.72 

The i n t e n s i t y o f the 7619 A band i s a measure of the 
1 + 

0 7 ( Z ) steady s t a t e c o n c e n t r a t i o n . 

[H 20] x 10 6 

moles 1. 1 



Table XI 

Deuterium oxide as added gas. 

[D 20] x 10 6 I ( 7 6 1 9 ) a 

moles l . - 1 a r b i t r a r y u n i t s 

0.000 100.00 

0.192 51.3 

0.168 41.9 

0.289 40.0 

0.289 31.3 

0.385 34.1 

0.385 26.2 

1.000 13.6 

a See footnote a Table X . 



Table XII 

n-heptane as added gas 

[ C ? H 1 6 ] x-10< 

moles 1. 1 

1(7619)* 

a r b i t r a r y u n i t s 

0.0 100.0 

0.12 65.4 

0.312 44.1 

0.336 39.9 

0.505 25.2 

0.557 21.9 

0.562 30.9 

0.795 23.4 

1.005 18.4 

1.13 17.8 

1.13 17.25 

1.27 11.5 

1.27 11.6 

1.29 12.7 

1.53 13.2 

1.53 13.1 

2.59 9.87 

a See footnote a Table X 
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Table X I I I 

Methanol as added gas 

[CH3OH] x 10 6 I ( 7 6 1 9 ) a 

moles/l a r b i t r a r y u n i t s 

0.0 

0.193 

0.31 

0.528 

0.734 

1.03 

1.24 

1.53 

2.09 

2.09 

2.14 

2.98 

100.0 

58.5 

51.3 

37.8 

24.4 

23.3 

14.45 

18.6 

12.1 

10.5 

10.5 

5.24 

a See footnote a Table X. 
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Table XIV 

Ammonia as added gas 

[NH 3] x 10 6 I ( 7 6 1 9 ) a 

moles/1 a r b i t r a r y u n i t s 

0.0 100.0 

0.593 34.1 

0.62 42.4 

0.674 34.4 

0.674 41.3 

0.815 36.4 

0.97 28.1 

1.43 21.6 

1.43 22.20 

2.7 14.95 

4.0 10.3 

5.82 8.33 

a See Footnote a Table X. 
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Table XV 

Dimethyl ether as added gas 

[(C H 3 ) 2 0 ] x 10 6 I ( 7 6 1 9 ) a 

moles/1 a r b i t r a r y u n i t s 

0.00 100.00 

1.50 46.60 

3.30 27.10 

3.70 25.60 

2.35 38.50 

4.60 21.05 

6.35 17.25 

a See Footnote a Table X. 



51 

Table XVI 

Hydrogen s u l f i d e as added gas 

[H 2S] x 10 6 I ( 7 6 1 9 ) a 

moles/1 a r b i t r a r y u n i t s 

0.0 100.0 

0.91 66.6 

1.65 66.6 

2.24 47.2 

4.77 25.8 

7.97 18.6 

a See footnote a Table X. 



Table XXVII 
Carbon d i o x i d e as added^gas 

I ( 7 6 1 9 ) a 

a r b i t r a r y u n i t s 

0.0 100.0 

0.53 84.2 

0.57 83.0 

1.075 66.4 

1.125 67.6 

1.72 56.7 

1.9 52.4 

1.9 55.9 

2.7 49.5 

2.9 48.6 

3.07 46.3 

3.54 45.7 

4.18 42.6 

[C0 2] x 10 6 

moles/1 

a See Footnote a Table X. 
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Table XXVIII 

CHCl, as added gas 

[CHC1 ] x 10 6 I ( 7 6 1 9 ) a 

moles/1 a r b i t r a r y u n i t s 

0.0 100.00 
1.81 66.7 
1.81 63.7 
1. 72 67.2 
1.72 65.0 
1.29 73.0 
1.29 71.4 
0.73 82.0 
0.43 91.0 
0.43 85.4 
1.17 94.0 
2.8 59.5 
1.76 88.6 
1.86 81.3 
3.2 45.9 
3.2 49.1 
0.79 57.5 
1.22 56.2 
3.4 51.8 
3.4 54.1 
0.62 83.4 
1.24 75.3 
1.48 69.9 
1.055 81.8 
0.55 87.8 

a See footnote a Table X . 



Table XIX 

HBr as added gas 

[HBr] x 10 6 I ( 7 6 1 9 ) a 

moles/1 a r b i t r a r y u n i t s 

0.00 100.00 

1.00 80.00 

0.80 74.00 

2.10 74.00 

3.20 57.30 

8.30 40.00 

6.00 47.60 

a See Footnote a Table X. 
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Table XX 

CH. as added gas 

[CH 4] x 10 6 I ( 7 6 1 9 ) a 

moles/1 a r b i t r a r y u n i t s 

0.0 100.00 

1.67 86.3 

4.57 68.6 

7.85 58.3 

10.0 43.8 

10.9 51.3 

a See Footnote a Table X. 
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Table XXI 

Nitrogen as added gas 

[N 2] x 10 6 I ( 7 6 1 9 ) 3 

moles/1 a r b i t r a r y u n i t s 

0.0 100.0 

3.54 94.8 

5.38 92.6 

0.384 97.2 

0.86 94.4 

3.77 94.0 

5.38 91.0 

0.860 92.4 

1.77 91.8 

3.41 89.7 

1.29 92.7 

0.957 94.3 

2.63 88.5 

a See Footnote a Table X. 



Table XXII 

Argon as added gas 

[Ar] x 10 6 I ( 7 6 1 9 ) a 

moles/1 a r b i t r a r y u n i t s 

0.0 

0.337 

4.25 

1.48 

1.48 

8.27 

8.45 

1.00 

8.54 

4.92 

4.78 

1.94 

7.4 

100.00 

98.5 

90.4 

92.3 

93.0 

84.3 

81.0 

94.3 

86.0 

85.5 

88.5 

93.5 

83.3 

a See Footnote a Table X. 
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Table XXIII 

Carbon monoxide as added gas 

[CO] x 10 6 

moles/1 

0.0 100.00 

1.195 96.2 

1.82 93.5 

1.86 97.2 

3.55 92.3 

3.7 92.6 

5.7 90.1 

5.86 90.1 

a See Footnote a Table X. 

I ( 7 6 1 9 ) a 

a r b i t r a r y u n i t s 
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Table XXIV 

Helium as added gas 

[He] x 10 6 I ( 7 6 1 9 ) a 

moles/1 a r b i t r a r y u n i t s 

0.0 100.00 

1.2 94.3 

2.4 92.6 

3.5 91.0 

5.2 83.4 

7.1 78.7 

8.0 77.0 

a See Footnote a Table X. 
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Energy P o o l i n g Processes 

When e i t h e r molecular i o d i n e or n i t r o g e n d i o x i d e was added to 

an atom-free stream of e x c i t e d molecules, the normal red emission was 

masked by a new v i s i b l e emission. Figure 11 shows a low r e s o l u t i o n 

spectrum of the emission obtained when n i t r o g e n d i o x i d e was introduced 

i n t o the e x c i t e d molecule" stream. The emission, which appeared p a l e 

yellow to the eye, extended from 4800 A i n t o the i n f r a r e d . 

The same emission can be obtained i n a system c o n t a i n i n g both 

oxygen atoms and e x c i t e d molecules i n the f o l l o w i n g manner. When 

ni t r o g e n d i o x i d e i s f i r s t added t o a stream of oxygen atoms and e x c i t e d 

molecules a very b r i g h t yellow-green glow due to the conventional 

n i t r o g e n d i o x i d e airglow continuum i s obtained. This glow i s 

e x t i n g u i s h e d at the end p o i n t of the t i t r a t i o n o f oxygen atoms w i t h 

n i t r o g e n d i o x i d e 

0 + N0 2 * 0 2 + NO (12) 

However, i f more n i t r o g e n d i o x i d e i s added t o the gas stream a p a l e 

yellow glow due to the new emission g r a d u a l l y becomes v i s i b l e . Therefore, 

the observed; emission i s not due to t r a c e s of oxygen atoms because the 

large concentrations of n i t r o g e n d i o x i d e would r a p i d l y destroy any 

oxygen atoms present. 

Curve B, i n f i g u r e 2 shows the e f f e c t o f water on the new 

yellow emission. When s u f f i c i e n t water was introduced to quench the 

O ^ Z * ) completely, the new yellow glow disappeared. 

In order to determine the dependence o f the new emission on the 

0 o ( * Z + ) and 0„(*A ) c o n c e n t r a t i o n s , the maximum i n t e n s i t y o f the new 2 V %' 2 V gJ 

yellow emission, the i n t e n s i t y o f the 6340 A band and the i n t e n s i t y o f the 

7619 A band were determined, under steady s t a t e c o n d i t i o n s , at s e v e r a l 
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4800 6340 7030 7619 
MR) 

Figure 11: 
* 

Curve A: Low r e s o l u t i o n spectrum o f the NO- emission taken wit h a Basch 
and Lomb g r a t i n g monochrometer ana an RCA 7265 p h o t o m u l t i p l i e r . 

* 
Curba B: The e f f e c t of the i n t r o d u c t i o n o f water on the NO, emission. 
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d i f f e r e n t t o t a l oxygen pressures. Under each set of experimental c o n d i t i o n s 

two sets o f measurements were made, one at 75% microwave power input 

and the other at a lower microwave power i n p u t . The r a t i o o f the 

i n t e n s i t i e s at two microwave power inputs i s given i n Table XXV. 

When molecular i o d i n e vapour was introduced i n t o a stream 

of e x c i t e d molecules a very intense buttercup yellow glow, v i s i b l e i n room 

l i g h t , was produced. This glow i s not due to or dependent upon t r a c e 

amounts o f oxygen atoms because when s u f f i c i e n t n i t r o g e n d i o x i d e was 

introduced,to remove any tra c e s of oxygen atoms, the emission remains 

undiminished i n i n t e n s i t y . However, when s u f f i c i e n t water i s added t o 

the system to completely quench the C^C^E*), the yellow emission i s 

almost t o t a l l y e x tinguished. The e x c i t e d molecule 0_(*Z +) i s a l s o being 

produced,in the r e a c t i o n , because when the yellow emission i s at i t s 

maximum ^ the C^^E*) conc e n t r a t i o n i s ten times i t s steady s t a t e value. 

Figure 12 shows a microdensitometer t r a c i n g of a high 

r e s o l u t i o n spectrum o f t h i s y ellow emission taken w i t h a J a r r e l l - A s h f/6.3 

g r a t i n g spectrograph. The spectrum c o n s i s t s o f a s e r i e s o f bands 

beginning at 5000 A and extending i n t o the i n f r a r e d . The s p e c t r a l 

r e s o l u t i o n was not s u f f i c i e n t l y high to r e s o l v e each of the peaks 

completely i n t o i t s composite bands. However, the r e s o l u t i o n was 

s u f f i c i e n t , to permit an i d e n t i f i c a t i o n o f the e m i t t i n g s t a t e as the 
3?r + s t a t e , by comparison o f the observed wavelengths w i t h those 

(+) Under a given set of experimental c o n d i t i o n s (given O^i E*) steady 

s t a t e concentration) the maximum yel l o w emission i s obtained by 

i n t r o d u c i n g v a r ious amounts o f i o d i n e u n t i l the emission i s b r i g h t e s t . 
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Table XXV 

R a t i o s a o f the i n t e n s i t i e s o f the 6340 A band^, the i n t e n s i t i e s o f 
o b * the 7619 A band , and the i n t e n s i t i e s of the N0 2 emission. 

I 1 ( N 0 2 ) / I 2 C N 0 2 ) I (6340)/I 2(6340) 1^7619)/I 2(7619) 

2.66 

2.14 

2.33 

5.30 

3.60 

2.11 

1.79 

1.80 

2.80 

2.39 

1.623 

2.08 

1.80 

2.81 

2.22 

a The two set s of i n t e n s i t y measurements were made under i d e n t i c a l 

experimental c o n d i t i o n s but at two d i f f e r e n t microwave power i n p u t s , 
o 

b The i n t e n s i t y o f the 7619 A band i s a measure of the steady s t a t e 

0 9 ( 1 E + ) conc e n t r a t i o n . 
o 

c The i n t e n s i t y o f the 6340 A band i s d i r e c t l y p r o p o r t i o n a l t o the 

square o f the 0 9(*A ) co n c e n t r a t i o n . 









6$ 

c a l c u l a t e d using the v i b r a t i o n a l constants f o r the X Eg s t a t e as given 

b y Herzberg • (39), and f o r the s t a t e as determined by S t e i n f e l d et 

a l (40). The 3 i r Q * s t a t e can be formed by recombination of an e x c i t e d 
2 2 iodine, atom (I ^^/2^ a ground s t a t e atom -(•!: - P j ^ ) * ^ very strong 

l i n e was observed-at=13,200 A- (38) which couid*be^assigned to the 
2 2 

P ^ 2 P 3 y 2 t r a n s i t i o n of atomic i o d i n e , i n d i c a t i n g the presence 

of. e x c i t e d - i o d i n e atoms i n the system. 
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DISCUSSION 

Spectre-analysis: 

Observation o f the 7619 A and 8645 A bands due t o the (0-0) 

and (0-1) t r a n s i t i o n s of the b*E + -»• X 3E~ system was expected, 
8 8 

si n c e *E + had p r e v i o u s l y been observed i n e l e c t r i c a l l y discharged 
8 

oxygen. Observation o f the 12680 A band o f the (0-0) t r a n s i t i o n o f 
1 3 - 1 the a A ->- X E system, confirming the presence o f A i n discharged 

8 8 8 
oxygen was not unexpected s i n c e i t s presence had p r e v i o u s l y been i n f e r r e d 

by s e v e r a l i n d i r e c t observations. However, observation o f two new 

emission bands at 6340 A and 7030 A was completely unexpected. 

P r e l i m i n a r y experiments showed that the 6340 A band, u n l i k e 
* 

the emission bands normally a s s o c i a t e d w i t h 0 2 , was a broad band, 

having a half-peak width of 145 A and t o t a l l y l a c k i n g r o t a t i o n a l f i n e 

s t r u c t u r e and that n e i t h e r the 6340 A and 7030 A bands nor the 12,680 A 

were c o l l i s i o n a l l y deactived by added f o r e i g n gases. Further 

experiments showed that the 6340 A and 7030 A bands were not due t o water 

or n i t r o g e n d i o x i d e i m p u r i t i e s i n the oxygen or t o ozone. 

At t h i s p o i n t i n the i n v e s t i g a t i o n the s i m i l a r i t y between 

the 6340 A and 7030 A bands i n discharged oxygen and the red 

chemiluminescence from the hydrogen-peroxide-chlorine r e a c t i o n observed 

by S e l i g e r (41) became apparent. The emission spectrum from the 

chlorine-hydrogen peroxide r e a c t i o n e x h i b i t e d bands at 6340 A, 7030 A, 

and 12680 A. Since 0 2 ( 1 A ) and 0 2 ( 1 E + ) are c l e a r l y formed i n the 
8 8 

r e a c t i o n , i t was concluded t h a t the e m i t t e r r e s p o n s i b l e f o r the 6340 A 

and 7030 A bands must be oxygen. 
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A thorough search was made of other p o s s i b l e e x c i t e d s t a t e s o f 

0 2 t o see i f any could give r i s e t o two very broad s t r u c t u r e l e s s bands 

at 6340 A and 7030 A. As shown on the p o t e n t i a l energy diagram f o r 
3 + 3 1 i oxygen i l l u s t r a t e d i n f i g u r e 1 the A Z^, C A u, and c E u s t a t e s can 

3 
a l s o be formed by recombination o f ground s t a t e 0( P) atoms.. The 
3 + 3 + 3 -A E y s t a t e gives r i s e to the Herzberg I A ^ + H L bands and the 

Broida-Gaydon A 3 I * -*• b 1!* bands. Both systems are c h a r a c t e r i z e d by 

a c l o s e l y spaced pr o g r e s s i o n o f bands having s i n g l e heads s t r o n g l y 

degraded t o the red w i t h the most intense Herzberg I bands i n the 3000-

3600 A region (11) and the most intense Broida-Gaydon bands i n the 

4000-4500 A r e g i o n . ^ The A 3E* s t a t e , however, could not be the 

source o f the 6340 A and 7030 A bands because i t i s very r a p i d l y 

quenched by the a d d i t i o n carbon d i o x i d e and n i t r o u s oxide whereas the 

i n t e n s i t y o f the 6340 A and 7030 A bands i s unaffected by the a d d i t i o n 

of these gases (26). 
1 - . 1 - 3 -The c E u s t a t e gives r i s e t o the Herzberg I I c •* X E g 

system which i s c h a r a c t e r i z e d by a c l o s e l y spaced p r o g r e s s i o n o f bands 
3 

having s i n g l e heads s t r o n g l y degraded t o the red. The C-A s t a t e gives 
3 1 r i s e t o the Chamberlain C A •+ a A system which i s c h a r a c t e r i z e d by u g 

bands having three heads s t r o n g l y degraded t o the red. ( t a b l e I) 

(t) Herzberg I bands were observed i n the 3200 A region i n the products 

of e l e c t r i c a l l y discharged oxygen i n the presence o f Dxygen atoms. 

The bands were quenched as soon as the atoms were destroyed. 
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Although the 6340 A and 7030 A bands are due t o an oxygen e m i t t e r , they 

are not due t o a conventional e x c i t e d oxygen molecule . 

Throughout a l l these experiments one f a c t emerged; the 

behaviour of the 6340 A and 7030 A bands c l o s e l y p a r a l l e d the behaviour 
1 3 -

of the 12680 A band o f the (0-0) a A -»• X E system. N e i t h e r 
1 ' g 8 

0 9 ( A ) nor the new bands were d e a c t i v a t e d by any o f the f o r e i g n gases g 
added. Coupled w i t h t h i s observation was the f a c t that twice the 

e l e c t r o n i c energy o f 0 9(*A ) i s equal t o 1S765 cm."1 or 6343 A. 
*• g 

Consequently, i t i s proposed that the 6340 A and 7030 A bands are the 

r e s u l t o f a simultaneous e l e c t r o n i c t r a n s i t i o n i n two 0 9 ( 1 A ) molecules 
8 

i n which the energy o f both molecules appears as a s i n g l e photon. The 

6340 A band r e s u l t s when both molecules undergo a (0-0) t r a n s i t i o n i n 
1 3 -

the a A -»• X E system o f 0 o while the 7030 A band r e s u l t s when one g g 2 
molecule makes the (0-0) t r a n s i t i o n and the other the (0-1) t r a n s i t i o n . 

To t e s t t h i s theory, i t was necessary t o determine the 

r e l a t i o n s h i p between the i n t e n s i t i e s o f the 6340 A and 7030 A band* and 

the c o n c e n t r a t i o n o f O-^A ) i n the gas stream. 
8 

A modified form o f the van't H o f f d i f f e r e n t i a l method i s 
used throughout t h i s work i n order t o determine the r e l a t i o n s h i p between 

* 

the emission i n t e n s i t y I o f a band and the c o n c e n t r a t i o n . The 

method i s based upon the f a c t t h a t the instantaneous ra t e o f l i g h t 

emission, (dhv/dt), i n a r e a c t i o n o f the nth order i n v o l v i n g only 

one e m i t t i n g substance i s p r o p o r t i o n a l t o the nth power o f i t s 

concentration. The emission i n t e n s i t y I i s dhv/dt 



71 

By making two sets o f measurements o f the emission i n t e n s i t y 
* 

and the 0 2 concentration under each set o f experimental c o n d i t i o n s 

(temperature, pressure, flow r a t e , etc.) but at two d i f f e r e n t microwave 

power i n p u t s , the r a t i o Ia/Ib could be obtained 

l a _ k[02*]a 
i b ^ * ] b j (21) 

k [ 0 2
w ] b

l l [ 0 2 ' 

which gives 

log ( I a / I b ) = n log C [ 0 2 * ] a / t 0 2 * ] b ) (22) 

A p l o t of l o g (Jg/J^,) versus l o g ( [0 2 ] a/[© 2 \ ) w i l 1 g * v e a s t r a ^ 8 n t 

l i n e w i t h i n t e r c e p t zero and slope n. 

The data o f t a b l e I I I i s analysed i n t h i s manner. Figure 13 
1 shows a p l o t o f l o g j l a ( 6 3 4 0 ) / versus l o g 

_I b(6340) 
[ 0 2 ( V a ( m d l o g J I

a
( 7 0 3 0 ) 

U 0 2 ^ V ] b J l l b ( 7 0 3 0 ) 

versus l o g r l , [ 0 o ( A )] 1 2^ g J a In each case a s t r a i g h t l i n e i s obtained 

g 
and a l e a s t squares a n a l y s i s o f the data gives slopes o f 1.99 and 2.01 

r e s p e c t i v e l y . This provides good evidence t h a t the i n t e n s i t i e s o f 

D - f 1 / . 
g 

the 6340 A and 7030 A bands are p r o p o r t i o n a l t o the square o f the 0 7(^A ) 

conc e n t r a t i o n . 

I f the r e l a t i o n s h i p 

1(6340) a 1(7030) a [ O ^ A ) ] 2 (23) 

(t) The advantages o f t h i s method o f a n a l y s i s are a) any e f f e c t s due t o 

the t o t a l pressure i n the system cancel out when the r a t i o i s taken 

b) i n many places r e l a t i v e concentrations and i n t e n s i t i e s could be 
used i n s t e a d o f absolute concentrations and i n t e n s i t i e s . 
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i s independent of the t o t a l pressure i n the system, a p l o t o f 

[ O ^ A ) ] 2 / I ( 6 3 4 0 ) or [ O ^ A ) ] 2 / I (7030) versus pressure w i l l y i e l d a 

s t r a i g h t l i n e w i t h slope zero. Figure 14 shows the data of t a b l e IV 

p l o t t e d i n t h i s way. For each p l o t a s t r a i g h t l i n e having a slope o f 

e s s e n t i a l l y ^ero i s obtained, i n d i c a t i n g that 1(6340) and 1(7030) are 

p r o p o r t i o n a l t o the square of the C^f^A ) concentration r e g a r d l e s s o f 

the t o t a l oxygen pressure i n the system. 

These experiments provide strong support f o r the theory that 

the 6340 A and 7030 A bands are due t o a simultaneous e l e c t r o n i c 

t r a n s i t i o n i n two 0_( 1A ) molecules. 

A d d i t i o n a l supporting evidence comes the f a c t that simultaneous 

e l e c t r o n i c t r a n s i t i o n s i n two molecules have been shown t o account 

f o r the observed absorpiton spectrum o f compressed, gaseous, l i q u i d 

and s o l i d oxygen. 

E l l i s and Kneser ( 3 ) , i n a d d i t i o n t o observing bands due t o 
3 - 1 

the (0-0), (1-0) and (2-0) t r a n s i t i o n s o f the X E •+ a A system 
s s 

3 - 1 + 

and to the (0-0) and (1-0) t r a n s i t i o n s o f the X E -*• b E system i n 

l i q u i d oxygen, observed bands at 6320 A, 5780 A and 5335 A which they 

a t t r i b u t e t o simultaneous e l e c t r o n i c t r a n s i t i o n s o f the form 
3 - 3 - 1 1 E + E„ + A„ + V I (24) g g g g 

bands at 4775 A and 4475 A, a t t r i b u t e d t o 

3 E " + V - V + Y I I (25) g g g g 

and bands at 3815 A, 3617 A and 3453 A a t t r i b u t e d t o 

3 E " + 3 E " + Y + Y I I I (26) g g g g 1 ' 
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T h e i r assumption that these bands were due to simultaneous e l e c t r o n i c 

t r a n s i t i o n s i n two 0^ molecules was supported by t h e i r observation 

that the frequencies o f the band maxima could be represented approximately 

by the formula 

v = mv A + n v B + v'w' (27) 
3 - 1 

where v^ = frequency o f the (0-0) X -»• a A^ 

v g = frequency o f the (0-0) X 3E~ •> b Y 

m and n = 0, 1, 2 (m+n <_ 2) 

v 1 = 0,1,2,3, . .. 
w1 = 1450 cm. - 1 (approximate value f o r w' = 1509 cm. - 1 and 1433 cm. - 1 

e 
i n 1A and s t a t e s , r e s p e c t i v e l y ) used by E l l i s 8 8 
and Kneser. 

Salow and Steiner*- (42), who s t u d i e d the pressure dependence o f the 

bands o f s e r i e s I , I I and I I I , showed t h a t they were independent o f 

the pressure of added gases and depended on the square of the oxygen 

pressure, supporting E l l i s and Kneser's assignments. Dianov-Klokov (43) 

who s t u d i e d the temperature and pressure dependence o f the absorption 

bands i n l i q u i d and h i g h l y compressed gaseous oxygen, claimed t h a t the 

theory o f simultaneous t r a n s i t i o n s s u c c e s s f u l l y accounted f o r the p o s i t i o n 

o f a l l the absorption bands i n the 12600 A t o 3000 A region and was 

co n s i s t e n t w i t h the observed i n t e n s i t y d i s t r i b u t i o n and w i t h the 

temperature c o e f f i c i e n t o f the i n t e n s i t i e s . 

However, Kasha and Khan (44), at f i r s t questioned, the 

i d e n t i f i c a t i o n o f the e m i t t i n g species r e s p o n s i b l e f o r the red bands 

as | o 2 ( 1 A g ) | 2- Although S e l i g e r (41) f i r s t observed the 6340 A band 

as the s o l e emission from the hydrogen p e r o x i d e - c h l o r i n e r e a c t i o n , he 
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made no attempt at i d e n t i f y i n g i t . Kasha and Khan (44), upon r e i n v e s t i g a t i n g 

the hydrogen p e r o x i d e - c h l o r i n e r e a c t i o n , observed both the 6340 A and 

7030 A bands and t e n t a t i v e l y assigned them t o the (0-0) and (0-1) bands 

o f the bll+ -*• X 3E~ system, solvent s h i f t e d 2593 cm - 1. However, 
S S 

Browne and Ogryzlo (45), al s o studying the hydrogen p e r o x i d e - c h l o r i n e 

emission, showed that i n a d d i t i o n t o the 6340 A and 7030 A bands a t h i r d 
band at 5800 A could a l s o be assigned t o ^ ^ g ) ^ * w i t h b a n d s a t 

12680 A and 10670 A assignable t o the (0-0) and (0-1) t r a n s i t i o n s o f the 
1 3 -

a A ->• X E system and bands at 7619 A, 7708 A and 8645 A assignable t o 
8 8 3 

the (0-0), (1-1) and (0-1) t r a n s i t i o n s o f the b 1 E + •> X E g system. 

Kasha and Khan (46), now agreeing that { 0 2 ( A g ) > 2 i s the e m i t t e r 

r e s p o n s i b l e f o r the 6340 A and 7030 A bands, have very r e c e n t l y observed 

a new emission band at 4780 A which they assigned t o an { 0 7 ( 1 E * ) 0 7 ( 1 A )} 
*• g g 

double molecule. This observation r a i s e s the question as t o why 
emission bands corresponding t o ( 0 o ( 1 E + ) }., and (0_( 1A )0_( 1E*) }, were 

2 g I 2 V g' 2 g / 

not observed i n e l e c t r i c a l l y discharged oxygen, si n c e they are w e l l 

known i n the absorption s p e c t r a o f high-pressure gaseous, l i q u i d and 

s o l i d oxygen . The answer appears t o l i e i n the low concentration o f 
0„( 1E +) i n e l e c t r i c a l l y discharged oxygen; whereas on the average 

8 
6-8% of the t o t a l oxygen conc e n t r a t i o n i s e x c i t e d t o the 1A s t a t e , 

6 
le s s than 0.003% i s found i n the 1 E + s t a t e . 

g 

The r e l a t i o n s h i p between the i n t e n s i t y o f the 6340 A band 

and the 0 2 ( * A g ) concentration has been the subject o f s e v e r a l 

i n v e s t i g a t i o n s . Table XXVI shows the r e s u l t s o f these i n v e s t i g a t i o n s 

and the methods used t o measure the i n t e n s i t y of the 6340 A band 
and the 0 ( 1A ) conc e n t r a t i o n . Bader and Ogryzlo (47) and F i n l a y 

8 



Table XXVI 

Methods Used^to measure thef-Abae'lute* Concentrations of 0-(*A ) and O-f 1!*) 
* 8 ^ 8 

experimenters ' measurement of"I(6340) measurement o f [0Q( 1A )] r e l a t i o n s h i p 

Bader § Ogryzlo RCA 7265 

(42) * p h o t o m u l t i p l i e r 

isothermal c a l o r i m e t r i c 

detector 

I ( 6 3 4 0 ) o [ 0 2 ( 1 A g ) ] 2 

F i n l a y § Whitlow RCA 7265 

(43) p h o t o m u l t i p l i e r 

RCA PD 523 

germanium photodiode 

I ( 6 3 4 0 ) o [ 0 2 ( 1 A g ) ] 2 

S c h i f f et a l 

(44) 

RCA 7102 

p h o t o m u l t i p l i e r 

RCA 7102 

p h o t o m u l t i p l i e r 

( l i q u i d a i r cooled) 

(6340)o[0 2( 1A )] 

present work RCA 7265 

p h o t o m u l t i p l i e r 

isothermal c a l o r i m e t r i c 

detector 

I ( 6 3 4 0 ) o [ 0 2 ( 1 A g ) ] 2 

~~4 
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and Whitlow (48), i n agreement w i t h the present work, f i n d t h a t 

the i n t e n s i t y of the 6340 A band i s d i r e c t l y p r o p o r t i o n a l to the 

square o f the 0 2 ( 1 A g ) c o n c e n t r a t i o n , whereas S c h i f f et a l (49) f i n d 

a l i n e a r r e l a t i o n s h i p between the i n t e n s i t y o f the 6340 A band and 

the 0 o(^A ) co n c e n t r a t i o n . 2 v g' 
Accurate measurement o f the 0-( 1A ) conc e n t r a t i o n by 

8 
measuring the absolute emission i n t e n s i t y of the 12680 A band due 

1 3 -
to the (0-0) t r a n s i t i o n o f the a A -*- X I system i s extremely 

8 8 

d i f f i c u l t . The s e n s i t i v i t y of the RCA 7102 p h o t o m u l t i p l i e r , used by 

S c h i f f et a l , i s l e s s than 1% of i t s maximum s e n s i t i v i t y at 12680 A, 

with the r e s u l t that the s i g n a l to noise r a t i o i s very low. I t i s a l s o 

questionable whether the p h o t o m u l t i p l i e r response i s l i n e a r i n t h i s 

r e g i o n . The RCA PD 523 germanium photodiode, used by F i n l a y and Whitlow, 

has a very high s i g n a l to noise r a t i o w i t h a maximum s e n s i t i v i t y i n 

the range 8000-16000 A. Unf o r t u n a t e l y the RCA PD 523 germanium 

photodiode i s manufactured e x c l u s i v e l y f o r the Defence Research Board 

of Canada and i s not commercially a v a i l a b l e . Consequently, i n the work 

of Bader and Ogryzlo and i n the present work, the c o n c e n t r a t i o n of O^C^A^)' 

was measured w i t h an isoth e r m a l c a l o r i m e t r i c d e t e c t o r . The e f f i c i e n c y 

of the det e c t o r could be checked by seeing i f there was any emission 

observable at 12680 A down stream from the d e t e c t o r or by i n s e r t i n g a 

second d e t e c t o r i n t o the gas stream down stream from the f i r s t . In each 

case the det e c t o r was observed t o destroy b e t t e r than 95% o f the 0 2(*Ag) 

present. I n d i v i d u a l d e t e c t o r readings were r e p r o d u c i b l e w i t h l e s s than 

2% d e v i a t i o n . Thus the discrepency between the r e s u l t s of S c h i f f et a l and 

the present work could be explained by the method they used t o measure 

the 0 7 ( 1 A ) co n c e n t r a t i o n . 
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R e l a t i o n s h i p between the OpC^S*) c o n c e n t r a t i o n and the Cy(*Ag) concentration. 

What i s the r e l a t i o n s h i p between the O^^Z") conce n t r a t i o n 
g 

and the O ^ A ) concentration? Figure 15 shows a p l o t of 
8 

[°2cV)]2 

versus l o g j [ 0 2 ( 1 A ) ] ^ | f o r the data of Table V. 

A s t r a i g h t l i n e i s obtained and a l e a s t squares a n a l y s i s of the data gives 

a slope of 2.04. T h i s ' i n d i c a t e s t h a t under steady c o n d i t i o n s the O ^ Z * ) 

c o n c e n t r a t i o n i s p r o p o r t i o n a l to the square of the 0 2(*A ) co n c e n t r a t i o n . 
8 

Figure 16 shows that a p l o t o f [0_( A )] / [ 0 9 ( I*)] versus pressure f o r the 
* g ^ g 

data of Table VI gives a s t r a i g h t l i n e w i t h slope e s s e n t i a l l y equal to 

zero, i n d i c a t i n g t h a t , under steady s t a t e c o n d i t i o n s , the r e l a t i o n s h i p 

[ 0 2 ( Y ) ] a [ O ^ A g ) ] 2 (28) 

i s independent of the t o t a l pressure i n the system. 

sn the O - f 1 ! , 
g The existence of t h i s r e l a t i o n s h i p between the 0 2 ( * Z + ) co n c e n t r a t i o n 

and the 0 2 ( 1 A ) c o n c e n t r a t i o n suggests that 0 2 ( 1 Z + ) i s being formed i n the 
8 8 

energy p o o l i n g process 

2 0 2 ( 1 A g ) - 0 2 ( 1 Z * ) • 0 2(V) (29) 

Since t h i s r e l a t i o n s h i p i s independent of the t o t a l pressure i n the 
system'and-is obeyed along the length o f the r e a c t i o n tube, e i t h e r one 
of two mechanisms f o r the-formation; and removal o f 0 2 ( * E + ) can be 

8 
o p e r a t i v e . 
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Figure 15: P l o t o f Log ( I ( 7 6 1 9 ) j / I ( 7 6 1 9 ) 2 ) against 

Log {[0 ( ^ I j / t O ^ A ) ] 2 > 
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2D ~3D- "4.0 
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1 2 
Figure 16: P l o t of the r a t i o [0_( A )] / 1(7619) against pressure. 

^ g 
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Mechanism A: 2 0 2 ( XA g) 29 0 2(V) + 'V^p ( 2 9 ) 

k. 
2 ( * V *"'02Clg) (30) 0. (V) 1° - ' 3 

Mechanism B: 

0 2(V) + 2 0 2 ( 1 A g ) & 0 2 ( 1 Z g ) + 20 2(V) (31) 

k 

o 2 ( 1 r g ) + ° 2 ( 3 y 3 2 2 ° 2 ( 3 v ( 3 2^ 

In both mechanisms the steady s t a t e c o n c e n t r a t i o n o f 0 2 ( 1 Z + ) i s p r o p o r t i o n a l 

to the square of the 0 2(*A ) conc e n t r a t i o n and independent o f the t o t a l 
8 

pressure i n the system. Consequently, the r a t i o 

I i 2 I ^ i I = ^ °r ^1 ( 3 3 ) 

IV 1 V i ' "30 k 3 2 

depending on whichever mechanism i s o p e r a t i v e , can be determined from the 

steady s t a t e concentrations of Q^Z*) and 0 2(*A ). 
8 8 

In order t o determine the formation and removal constants 

i n d i v i d u a l l y i t i s - necessary to achieve a nonsteady s t a t e system. As i s 
shown i n f i g u r e 7 a nonsteady s t a t e system was achieved, which allowed 

g the b u i l d - u p o f 0 2 ( * E + ) to i t s steady s t a t e value to,be measured. The two 

mechanisms f o r the formation and removal o f 0 2(*E*) could now be analyzed 

as f o l l o w s : I f one uses the s i m p l i f i e d symbols 

A * 0 2 ( 1 A g ) 

Z = 0 2 ( 1 E g ) 

°2 • °2c3V 



then f o r mechanism A, 

41*1 =
 k 2 9 [ A ] " k 3 0 [ Z ] 

dt 

wit h steady s t a t e value 

Wss k29 
[A] 2 k30 1 J s s 

S o l v i n g f o r and s u b s t i t u t i n g i n t o equation 34 one gets 

d t i i = k 2 9 [ A ] 2 - k 2 9 [ E ] [ A 3 2
s 

dt m 
1 J s s 

Since the G^C^A ) con c e n t r a t i o n remains almost constant along the 

r e a c t i o n tube equation 36 reduces t o an equation o f the form 
dx _ a-bx, 
dt 

where 

which upon i n t e g r a t i o n gives 

2 . 3 0 3 { [ E ] s s / [ A ] s
2 } l o g { [ A ] 2 - [ A ] 2

s [ E ] / [ E ] s s } = k 2 9 t • constant 

For mechanism B 

k 3 1 [ A ] 2 [ O j - k 3 2 [ E ] [ 0 2 ] 
dt 
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w i t h steady s t a t e value 

[2] ss 
[A] ss 

'31  
C32 

S o l v i n g f o r k 3 2 , s u b s t i t u t i n g i n t o equation 39 and i n t e g r a t i n g one 

gets 

2.303 [I] ^ 'ss 
[ A ] S

2
S ) ss 

k 3 1 ' l ^ l 

+ constant 

Comparing equations 39 and 41 

k 4 2 = k 3 1 [ 0 2 ] = k 2 9 (42) 

A p l o t of the l e f t hand s i d e of equation 3% or 41 against t w i l l 

g ive a s t r a i g h t l i n e w i t h slope equal t o k^ 2 > Mechanism A w i l l be o p e r a t i v e 

i f k^ 2 equals a constant, independent of the t o t a l pressure i n the 

system and mechanism B w i l l be o p e r a t i v e i f k 4 2 / [ 0 2 ] equals a constant. 

Figure 17 shows such a p l o t f o r the data of Figure 7 and Table V I I . 

In each case a st r a i g h t l i n e can be drawn through a l l the 

p o i n t s . A l l the l i n e s are p a r a l l e l . The value of the slope k^ 2 obtained 

f o r d i f f e r e n t t o t a l oxygen pressures are given i n Table XXVII, These values 

are constant and independent of the t o t a l oxygen pressure i n the system, 

i n d i c a t i n g that k^ 2 equals k 2 g and that mechanism A i s o p e r a t i v e . The 

values of k.^, on the other hand are not constant but decrease as the. 

t o t a l pressure i n the system i n c r e a s e s . The average value of k 2 g equals 
3 -1 -1 

1.3 x 10 1.moles sec. The value of k^^, c a l c u l a t e d from the steady 

s t a t e value and k 2 g , i s 64.7 s e c . " 1 Therefore, mechanism A s a t i s f a c t o r i l y 

e x p l a i n s the formation and removal o f , 0 2 ( 1 Z g ) i n the afterglow. 



20 :\ 4 0 
TIME x i d 3 SEC. 

Figure 17: 
f 

P l o t o f 2.303 
log j t O j C 1 ! ) ] ' 

against t . The values above each l i n e i n d i c a t e the t o t a l oxygen 
pressure i n the system i n mm. Hg. 



Table XXVII 

Rate Constants f o r the Formation o f 0_( I + ) b y mechanism A and mechanism B 

mechanism A mechanism B 

P ( t o r r ) k, Q x 10" 3 k 

1. moles sec. 
-1 

sec. 

2.4 1.40 68.3 10.8 

3.1 1 1.30 60.5 7.75 

3.8 1.37 66.0 6.6fc 

5.1 1.30 64.0 4.70 

k 3 1 x 10" 6 

2 -2 -1 1. moles sec. 
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In mechanism A, k ^ represents the o v e r a l l f i r s t order decay 

and has the form 

k„_ = k , + k , (43) 30 rad. nonrad. v ' 

The r a t e constant f o r the r a d i a t i v e decay of 0 2(*Z*) according to the 

equation 

© o 

has a value of 0.14 sec. 1 (8) and f o r the r a d i a t i v e decay according to 

0 2 ( Y ) -> 0 2 ( Y ) + hv(19080A) (45) 

a value of 2.5 x 10 s e c (31). Therefore, k n o n r a ( i , equals 64.6 sec. 
The r a t e constants k,_ and k , are constant w i t h i n -< 

30 nonrad. 

experimental e r r o r over the pressure range (2.4 - 5.1 t o r r ) i n which the 

measurements were made. I f one assumes that the n o n r a d i a t i v e decay of 

0 2(*i:*) occurs on the w a l l s of the r e a c t i o n tube and t h a t k n o n r a ( j equals 
k w a l l ' t^ i e s u r ^ a c e d e a c t i v a t i o n c o e f f i c i e n t , e, may be approximated as 

f o l l o w s (52) 
r a t e (46) 
t o t a l number of c o l l i s i o n s w i t h the w a l l 

= NVk 
w a l l 

lU NcS 

2r k 
— w a l l 

where N = number of molecules per volume element 
2 

V = volume = irr L 
S = surface area = 2 ltr L 



88 

c = mean molecular v e l o c i t y 

r = rad i u s of c y l i n d r i c a l r e a c t i o n tube = 0.75 cm. 

The surface d e a c t i v a t i o n c o e f f i c i e n t which corresponds to the 

p r o b a b i l i t y that O-C1^*) w i l l undergo d e a c t i v a t i o n on c o l l i s i o n w i t h 
8 

the w a l l s , equals 0.0022, implying that d e a c t i v a t i o n occurs on 

approximately every 460 c o l l i s i o n s w i t h the w a l l . 

Now, i f the n o n r a d i a t i v e decay of C^C^E*) occurs on the w a l l s , 

i t i s p o s s i b l e that the r a t e o f d i f f u s i o n t o the w a l l s could be the r a t e 

c o n t r o l l i n g step and that k w a n would decrease as the pressure i n the system 

increased. According to Benson (52), d i f f u s i o n i s the r a t e c o n t r o l l i n g 

step i n w a l l d e a c t i v a t i o n i f the time r e q u i r e d f o r the molecule,to d i f f u s e 

to the w a l l s , t ^ , i s gr e a t e r than the average time f o r d e a c t i v a t i o n of 

a molecule by c o l l i s i o n w i t h the w a l l s , t . From the k i n e t i c theory 
WW 

of Brownian motion, the time r e q u i r e d f o r a molecule to d i f f u s e a 

distance X i s given approximately by 
t D * X2/D (47) 

where D = d i f f u s i o n c o e f f i c i e n t 

Now, the average time f o r d e a c t i v a t i o n o f a molecule by c o l l i s i o n w i t h 

the w a l l s i s 

t = 1 = 2r (48) cw ^ — 
w a l l ce 

For the average e x c i t e d molecule i n a v e s s e l which i s a dis t a n c e 

X from the w a l l s , d i f f u s i o n w i l l be the r a t e c o n t r o l l i n g step i n w a l l 

d e a c t i v a t i o n i f t Q >_ t . Since the d i f f u s i o n c o e f f i c i e n t , i s 

i n v e r s e l y p r o p o r t i o n a l t o the pressure 
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D " D r e f . P r e f . / P ( 4 9 ) 

the c r i t i c a l pressure P above which d i f f u s i o n i s important 

may be c a l c u l a t e d from the r e l a t i o n 

t n > t (50) D — cw v 

X 2 > 2r (51) 
(D . P . /? ce r e f . r e f . 

which reduced to 

P - | T r e f . P r e f . (52) 
re 

i f one assumes that x ^ r , the radius of the c y l i n d r i c a l r e a c t i o n 

v e s s e l and that D - ^ 1/3 T ~.c. The c r i t i c a l pressure i s r e f . r e f . r 

2.36 t o r r . Consequently, over the pressure range at which the 

measurements were made (2.4 - 5.1 t o r r ) d i f f u s i o n c o n t r o l i s 

important. However, since the pressure range i s so small the , 

e f f e c t of d i f f u s i o n would be d i f f i c u l t to detect. 

Young and Black (50), who were the f i r s t to measure the 

ra t e constant f o r r e a c t i o n 29, obtained a l a r g e r value f o r k 

1.8 x 10^ — ^'^ 1.moles * sec. g i v i n g a d i f f e r e n c e of 
29 

4 
10 i n the two determinations. The major experimental d i f f i c u l t y 
i s i n s e p a r a t e l y e v a l u a t i n g the r a t e of formation k f o r m and the 

r a t e i f l o s s k n f o r 0 _ ( * E + ) . In the present work t h i s was los s 2 V gJ r 

p o s s i b l e but Young and Black were compelled to estimate k ^ o g s 

From the f a c t that the slopes o f the Stern-Volmer p l o t s of 

I Q(7619)/I(7619) against p a r t i a l pressure of added CC^ or were 

independent of the t o t a l pressure i n the system, they concluded that 

the decay of 0_(^E +) was predominantly n o n d i f f u s i o n c o n t r o l l e d . They 

then estimated k ^ Q s s from flow and geometry c o n d i t i o n s to be 10, with 
a maximum e r r o r of 10. Consequently, t h e i r maximum value of oss 
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be 100, which i s q u i t e c l o s e to the value of k 3 Q = 64.7 s e c . - 1 obtained 

i n the present work. Therefore, the d i f f e r e n c e i n the two measurements 

i s not due to an e r r o r i n e s t i m a t i n g l ^ o s s " 

This r a i s e s the question as to the accuracy of the measurements 

of the O-f 1!*) and O-^A ) concentrations. In both cases the O-f 1!*) 2 V g' 2"- g' 2^ g' 

c o n c e n t r a t i o n was measured by measuring the absolute emission i n t e n s i t y 

of the 7619 A band so that the e r r o r i n both measurements would be 

approximately the same. Young and Black determined the G^^A ) concentration 
s 

by measuring the absolute emission i n t e n s i t y o f the 12680 A band whereas 

i n the present work the O^^A ) c o n c e n t r a t i o n was measured w i t h an 

isothermal c a l o r i m e t r i c d e t e c t o r . Since the r e l a t i v e merits of these 

two methods have been discussed p r e v i o u s l y (page 76), i t i s s u f f i c i e n t 

to note that a l a r g e r e r r o r w i l l occur i n the absolute emission i n t e n s i t y 

measurement. An e r r o r of an order of magnitude i n the measurement of the 
1 2 q 2 ( Ag) c o n c e n t r a t i o n w i l l produce an e r r o r of 10 i n k 2 g . 

A d d i t i o n a l evidence that Young and Black's value of k 2 g i s large 

by s e v e r a l orders of• magnitude comes from Bayes and Winer's (37) study 

of the o x i d i z a t i o n of 2,3-dimethylbutene-2 by 0 2 ( 1 A ). They showed 
6 

that Young and Black's value of k 2^ would p r e d i c t that the decay of 0^( A^) 

i n t h e i r system would be,second order whereas the observed decay was 

pressure independent f i r s t order and i t would p r e d i c t an impossibly low 
i 0_( A ) c o n c e n t r a t i o n i n view of the percentage of 2,3-dimethylbutene-2 g 

o x i d i z e d . In f a c t Young and Black's value of k 2 g p r e d i c t e d that only 0.006 % 
13 3 

(or 2 x 10 molecules/cm. at a pressure of 7 t o r r ) o f the t o t a l oxygen 
conc e n t r a t i o n was e x c i t e d to the 1A s t a t e , whereas, from £he percentage 

8 
hydrocarbon o x i d i z e d , Bayes and Winer estimated that the i n i t i a l A 
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concentration was c l o s e r to 10% (or 3 x 10 molecules/cm. ) of the t o t a l 

oxygen con c e n t r a t i o n . This value o f 10% e x c i t a t i o n to the *A g s t a t e i s 

comparable to the 6-8% e x c i t a t i o n found i n the present study. 
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Decay o f 0 ;,( 1A g) 

Since 0 2(*A ) decays by the second order energy p o o l i n g 
g 

processes 

2 0 2 ( XA g) - 0 2 ( V ) + 0 2 ( V ) (29) 

2 0 ( XA ) { 0 2 ( 3 E " ) ) 2 or {2 0 2(V)} + hv(6340 and 7030) (53) 
8 8 8 

i t i s of i n t e r e s t to f i n d out i f these are the dominant modes of decay. 

The r a t e o f d e a c t i v a t i o n o f 0 2 ( * A g ) can be expressed as f o l l o w s . 

R = d t c y 1 ^ = - k ^ t O ^ A g ) ] " (54) 

dt 

where k c. = the o v e r a l l r a t e constant f o r the r e a c t i o n 54 
n = the order of the r e a c t i o n w i t h respect t o 

0 2 ( A ) co n c e n t r a t i o n 
8 

According to the modified van't Hoff method (page 70) a p l o t of l o g ( R j / R 2 ) 

against l o g { [ 0 2 ( 1 A ) ] , / [ 0 2 ( 1 A ) ] 2 > w i l l give a s t r a i g h t l i n e w i t h slope 
8 8 * 

n. Figure 18 shows such a p l o t f o r the data o f Table V I I I . A l e a s t 

squares a n a l y s i s o f the data gives a slope o f 1.02, i n d i c a t i n g that 

the decay o f 0 2 ( 1 A g ) i s predominantly f i r s t order. 

The observed f i r s t order r a t e constant k_. i s now examined 
54 

phenomenologically as 
k = k i s t • w < y C 5 5 ) 

where-k-j = pseudo f i r s t - order-rate- constant-

k2nd = P s e u d ° s e c o n < * order r a t e constant 

Figure 19 shows a p l o t o f ^ 0 5 ( ^ 5 4 ) against t o t a l oxygen pressure. A 

l e a s t squares a n a l y s i s o f the data gives an i n t e r c e p t , k j s t equal to 
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0.178 s e c . " 1 and a slope 

k2nd = ( 1 , 9 8 i °- 8 2 9) x 1 q 2 1-moles - 1 s e c . " 1 

where the l i m i t s on ^ 2 n d a r e the probable e r r o r . 

A resonable mechanism to e x p l a i n the observed decay o f 

0-( 1A ) would be 2 g k 

0 ( XA ) 5 $ 0 9 ( V ) + hv(12680 A) (56) 
*• g *• g 

02ihg) Va±l C> 2( 3E g) (57) 

0 2 ( 1 A g ) + 0 2 ( 3 Z g ) k 5 ^ 2 0 2 ( 3 E " ) (58) 

2 0 2 ( X A ) •*> { 0 2 ( 3 E ' ) } 2 ( o r 2 0 2 ( 3 E " ) ) + hv(6340 and 7030) (53) 
8 S 8 

2 0 2 ( 1 A g ) 22 0 2 ( 1 E g ) • 0 2 ( 3 E " ) (29) 

20„(1A ) •+ products (59) ^ g 

with k ^ = k 5 6 • k w a U + k 5 8 [ 0 2 ] • ( k 5 3 - k 2 9 + k 5 9 ) [ 0 - 2 ( 1 A g ) ] (60) 

Decay by r e a c t i o n 56 which would c o n t r i b u t e to the pseudo f i r s t order 

decay constant i s n e g l i g i b l e s i n c e = 1.5 x 10 sec. (6) i n 

comparison w i t h k^ g t = 0.178 s e c . " 1 Since the percentage 0 2 ( 1 A f f ) 

conce n t r a t i o n was observed t o be approximately independent o f the 

oxygen pressure, equation 60 reduced to 

kobs = k w a l l + t k58 + C < k 5 3 + k 2 9 + k 5 9 » W ( 6 1 ) 

where C=0.065 = average mole f r a c t i o n of O ^ A ). However, before one 
g 

can equate k ^ to k^ t , one has to show that k w a j j i s independent of 

the t o t a l pressure i n the system. Bayes and Winer (37), i n t h e i r 

study o f the o x i d i z a t i o n o f 2,3~dimethylbutene-2 by 0 2 ( 1 A ) concluded 
8 

that the f i r s t order decay o f 0,( A ) was, pressure independent w a l l 
* g 
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equals 10~^. This value of e i m p l i e s that C^C^A ) w i l l undergo d e a c t i -

decay. 

I f one assumes that ^ w a j j * s independent of the t o t a l pressure 

i n the system and t h a t , t h e r e f o r e , k w a j j = k j s t
 = 0.178 sec. 

the surface d e a c t i v a t i o n c o e f f i c i e n t , e, c a l c u l a t e d from e q u a t i o n ^ , 

\ 

g 
v a t i o n on every 10^ w a l l c o l l i s i o n s , i n comparison witty Bayes and 

4 

Winer's observation that d e a c t i v a t i o n occured on every 3.5 x 10 

w a l l c o l l i s i o n s . The p r e s s u r e above which d i f f u s i o n to the w a l l s w i l l 

become important and above which ^ w a ^ w i l l cease to be independent of 

the pressure, can be c a l c u l a t e d from equation 52 w i t h r 0 = 1.25 cm., 

and e = 10~^. Since the c r i t i c a l pressure i s 310 t o r r . and s i n c e the 

measurements under c o n s i d e r a t i o n were made i n the pressure range 2.0 -

5.0 t o r r , the assumption that k w a u i s independent of the pressure 

i s j u s t i f i e d and 
k, = k 0.178 s e c . - 1 (62) 1st w a l l 
Therefore, the pseudo second order r a t e constant, k 2 n ( j 

equals 
k 2 n d = t k 5 8 + c ( k 5 3 + k 2 9 + k 5 9 ) ] (63) 

Owing to the s c a t t e r o f p o i n t s , the slope of the l e a s t squares l i n e 

of f i g u r e 19 i s of l i t t l e s i g n i f i c a n c e . Consequently, the l e a s t 

squares slope p l u s twice the probable e r r o r w i l l be used as an upper 
l i m i t f o r k-„ , 2nd 

2 -1 -1 
k2nd — 3 , ^ 3 5 x 10 1. moles s e c . (64) 

Since k^^ = 0.28 1.moles"*sec.~* and = 1.3 x 10 3 1.moles~*sec. _ 1 
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2 
i f one assumes k^g equals zero the upper l i m i t f o r k^g i s 2.77 x 10 
1. moles 1 sec. 1 which corresponds to one d e a c t i v a t i o n i n every 

g 
3.8 x 10 c o l l i s i o n s w i t h i n comparison with Bayes and Winer's (37) 

g 

observation o f one d e a c t i v a t i o n i n every 6.8 x 10 gas phase 

c o l l i s i o n s . 

On the other hand, i f one assumes k g g equals zero, the 

maximum decay of 0 2 ( 1 A g ) by a l l processes-second order i n 02(*A g) 
3 -1 -1 i s 5.6 x 10 1. moles sec. Since the sum of k2<j + k,.̂  i s 

3 - 1 - 1 3 ^ 1.3 x 10 1. moles sec. , k^g has an upper l i m i t o f 4.3 x 10 

1. moles~*sec-
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The Species { 0 2 ( 1 A g ) > 2 

g 
energy p o o l i n g processes 

The e x c i t e d molecule, 0 2(*A ) can undergo at l e a s t two 

2 0 2 C 1 A g j * 2 0 2(V) (or{0 2(V)} 2) • hv (S3) 

2 0 2 ( 1 A g ) + 0 2 ( 1 2 * ) + 0 2(V) (29) 

The f i r s t process ( r e a c t i o n 46) i m p l i e s a simultaneous e l e c t r o n i c 

t r a n s i t i o n i n two O^f}^ ) molecules, r e s u l t i n g i n the energy of both 

molecules appearing as a single' photon. The 6340 A band r e s u l t s when 
1 3 -

both molecules undergo a (0-0) t r a n s i t i o n i n the a A •+ X Z system 
8 8 

of C"2 while the 7030 A band appears when one molecule makes a (0-0) 

t r a n s i t i o n and the other a (0-1), t r a n s i t i o n . 

The second process, the formation of 0 2 ( * Z + ) , i s analogous 
s 

to the formation of an e x c i t e d s i n g l e t and a ground s t a t e s i n g l e t 

by t r i p l e t - t r i p l e t a n n i h i l a t i o n i n aromatic hydrocarbons (53) or to 

the f a m i l i a r d i s p r o p o r t i o n a t i o n r e a c t i o n s i n o x i d i z a t i o n - r e d u c t i o n 

processes. As i n the case of t r i p l e t - t r i p l e t a n n i h i l a t i o n s , the energy 

of both the i n i t i a l e x c i t e d molecules, here s i n g l e t s , i s pooled to 

produce an e x c i t e d s i n g l e t o f higher energy and a ground s t a t e molecule. 

Since i n the case of t r i p l e t - t r i p l e t a n n i h i l a t i o n an excimcr i s f i r s t 

formed which can e i t h e r emit d i r e c t l y or d i s p r o p o r t i o n a t e (54), i t i s 

not unreasonable to expect that r e a c t i o n s 29 and 46 have a common 

interm e d i a t e , {0_(*A ) } _ , which can undergo one of the f o l l o w i n g 

processes 
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a) r e t u r n to two unassociated 0_( A ) 
8 

b) undergo a simultaneous e l e c t r o n i c t r a n s i t i o n w i t h the 

emission o f a s i n g l e photon 
1 + 3 -

c) d i s p r o p o r t i o n a t e to form 0_( £ ) and CLC E ) 
8 8 

What i s the nature of t h i s common {OL(*A ) } _ intermediate? 
* g *• 

Is the intermediate a bound double molecule, a metastable double 

molecule or a c o l l i d i n g p a i r o f molecules (55)? Some in f o r m a t i o n on 

the nature o f the intermediate can be obtained by c o n s i d e r i n g how the 

i n t e n s i t y o f the 6340 A band v a r i e s as the temperature o f the gas i s 

a l t e r e d . Since the 6340 A band l i e s almost e x a c t l y at twice the 

e x c i t a t i o n energy t o two O^A^) molecules (6343 A) and s i n c e the 

spacing between the 6340 A and the 7030 A bands i s e x a c t l y the 
3 _ 

v i b r a t i o n a l spacing i n an i s o l a t e d 0 2 ( E ) molecule, i t does not 
8 

appear that the i n t e r a c t i o n between the two molecules can be very 

great. However, a weak i n t e r a c t i o n could s t i l l leave the band 

p o s i t i o n u n a l t e r e d but make the em i t t e r a double molecule. 

The temperature o f the gas was a l t e r e d between 221°K and 

473°K wh i l e a l l other experimental v a r i a b l e s remained constant. Since 

no change i n the pressure i n the r e a c t i o n tube could be measured 

when the temperature was changed, the con c e n t r a t i o n o f 0 2(*A ) can 
8 

be c a l c u l a t e d w i t h s u f f i c i e n t accuracy by the i d e a l gas law; 
C = P/RT where P = p a r t i a l pressure o f 0 2 ( 1 A g ) (65) 

Mechanism A: 

I f the common i n t e r m e d i a t e , {0_( 1A )}„ i s e i t h e r a metastable double 
*• 8 ^ 

molecule or a bound double molecule, one may w r i t e , u s i n g the 
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s i m p l i f i e d symbols 

0 2 ( \ ) - A 

0 2 ( Y ) = I 

o 2 ( V ) - o 2 g 

& 6 

66 
+ A + M -—»A- + M M = any t h i r d body 

where k^ g = the emission p r o b a b i l i t y d e f i n e d by 

so that 

(66) 

A 2 ° E + 0 2 (67) 

A £ ^ 2 °2 ( 0 T ( 0 2 ) 2 ) + h v ( 6 8 ) 

I = dhv = k [A.] (69) 
dt 

I = 6340 A band i n t e n s i t y 

Now, under steady s t a t e c o n d i t i o n s 

k 6 6 [A] 2[M] = k 6 6 [A 2][M] + k 6 ? [A 2] + k 6 g [ A 2 ] (70) 

k 6 6 M + k67 + k68 

Since i t was observed that the r a t e o f formation of 0 2 ( 1 E + ) was 

independent o f the t o t a l pressure i n the system, t h a t the r a t i o 
2 

A /I(6340) was independent of the t o t a l pressure i n the system and 

th a t the i n t e n s i t y of the 6340 A band was u n a f f e c t e d by the a d d i t i o n 

(71) 
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of f o r e i g n gases i f t h i s mechanism i s operative then i t i s necessary 

that 

k 6 6 M > > k 6 7 + k68 ™ 

So that k o l j s f o r the l i g h t e m i t t i n g process equals 

kobs = 68 Kc independent o f the c o n c e n t r a t i o n o f M (73) 

or the nature of M 

where Kc = k ^ / k ^ = { A ^ (74) 
[ A ] 2 

From equation 65, the A c o n c e n t r a t i o n i s given by 

[A] = P/RT where P = p a r t i a l pressure of A (75) 

so t h a t equation (74) becomes 

K c = (I/k68) = I R 2 T 2 (76) 
(P/RT) 2 k 6 g P 2 

Now, Kp = K c ( R T ) A V (77) 

where Av = number of moles of gaseous product minus the number 

of moles of gaseous rea c t a n t 

Therefore, Kp = Kc(RT)" 1 = IRT (78) 
k P 2 

68 

with the temperature dependence o f Kp described by the usual 

thermodynamic r e l a t i o n s h i p 
d In Kp = -AH° (79) 
d (1/T) R 
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or Kp = constant x e " A H "^ R T^ f o r constant AH° (80) 

S u b s t i t u t i n g f o r Kp i n equation 78 one gets 

™ I - constant x e " A H ° / R T (81) 
k 6 8 P 

which at constant P gives 

IT = constant xe - A H ° / R T (82) 

or log (IT) = [-AH°__\ 1 + constant (83) 
\ 2.303 R / T 

Therefore, a p l o t of l o g (IT) versus 1/T w i l l give a s t r a i g h t l i n e 

w i t h slope equal to -AH°/(2.303R). Figure 20 shows the data o f Table 

IX p l o t t e d i n t h i s way. A s t r a i g h t l i n e i s o b t a i n e d w i t h a slope 

of 68.6 deg. AH° i s then c a l c u l a t e d to be -314 c a l . mole" 1. Since 

AH = AE + APV = AE + Av(RT) (84) 

AE, the change i n i n t e r n a l energy on a s s o c i a t i o n (averaged over 

the temperature range 221°K to 473°K), which i s approximately equal 

to minus the bond d i s s o c i a t i o n energy (averaged over the same 

temperature range), i s +373 c a l . mole" 1. Since a p o s i t i v e value i s 

obtained f o r AE, the common i n t e r m e d i a t e , (0_( 1A ) > 2 , i s not 

bound. The p o s s i b i l i t y however s t i l l e x i s t s t h a t the common i n t e r 

mediate i s a metastable double molecule. (55) 

Mechanism B: 

I f , on the other hand the common i n t e r m e d i a t e , { 0 2 ( 1 A ) > 2 , i s 

simply a p a i r o f c o l l i d i n g molecules, then the f o l l o w i n g processes 

must be considered 
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Figure 20: P l o t o f Log (IT) against 1/T. 
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A + A , £ 5 A_ (M i s not involved) (85) 
-85 1 

k67 

A 2 -»• Z + 0 2 (67) 

k68 

A 2 2 0 2 (or ( 0 2 ) 2 ) + hv (68) 

then k Q b s f o r the l i g h t e m i t t i n g process has the form 
k . = k68 k85 (86) 

0 b s -r , , 
-85 K67 K68 

Since the i n t e n s i t y of the 6340 A band i s p r o p o r t i o n a l to 

the square of the A co n c e n t r a t i o n 

I = k . A 2 = k . P 2 (87) obs obs 7 ~ 

R V 

Assuming that the observed temperature dependence of l i g h t emission 

i s the same as the temperature dependence o f the c o l l i s i o n n u m b e r ^ 
1/2 

kobs have a T temperature dependence. S u b s t i t u t i n g f o r k Q b g 

i n equation 87 one gets 

I = constant P 2 / R 2 T 3 / 2 (88) 

3/2 
or IT = constant at constant P (89) 

3/2 

As shown i n Table XXVIII, IT i s a constant w i t h i n experimental 

e r r o r i n d i c a t i n g that the e m i t t i n g complex and hence the common 
(t) A s u f f i c i e n t c o n d i t i o n i s that (k o c + k. 0 + k,_) and k, D have 

-oi oo to/ bo 
the same temperature dependence. 
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intermediate could be a c o l l i d i n g p a i r of molecules i f the assumed 

temperature dependence of k ^ ^ i s e s s e n t i a l l y c o r r e c t . 

The preceeding d i s c u s s i o n can be summarized as f o l l o w s : 

mechanism A 

k 55 tM] 1 S n o t > >(' c67 + k 6 8 ^ r e J e c t e < * o n 

exp. evidence 

k - 6 6 ^ ^ 6 7 + k68> 

bound double molecule 
r e j e c t e d on exp. evidence 

metastable double 
molecule c o n s i s t e n t 
w i t h exp. evidence 

mechanism B -*• c o l l i d i n g p a i r of molecules c o n s i s t e n t w i t h exp. 

evidence. 
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Table XXVIII 

Value of l o g (IT) and I T 3 / 2 

T(°K) IT log(IT) I T 5 / Z 

221 340 2.53 5.07 x 1 0 3 

296 296 2.47 5.10 

373 262 2.42 5.06 

473 236 2.37 5.12 
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Consequently , on the b a s i s of a v a i l a b l e experimental evidence, the 

common intermediate {0-(*A ) } - which can e i t h e r emit at 6340 A or 
2 g 2 

1 + 
7030 A or d i s p r o p o r t i o n a t e to form 0 2 ( Eg) can be e i t h e r a metastable 

double molecule or a c o l l i d i n g p a i r o f molecules but not a bound double 

molecule. 

Considering the two processes, l i g h t emission and 

d i s p r o p o r t i o n a t i o n , the r a t i o of the observed r a t e constants f o r the 

case of the metastable double molecule i s 

R = k o b _ ( l i g h t emission) = k 5 J = k 6 g = k 6 g (91) 
k , ( d i s p r o p o r t i o n a t i o n ) , T K 7 obs k 2 g k 6 ? c k 6 7 

and f o r the case o f the c o l l i d i n g p a i r o f molecules the r a t i o i s 

» - "obs E l f r t M i s s i o n ) . ( k $ 8 hs)qhs.hs«67) • k < < (92) 

obs ( d i s p r o p o r t i o n a t i o n ) ( k6? ̂ 8 5 ^ ̂ c 8 5 + k 6 8 + k 6 7 ^ k67 

For e i t h e r intermediate the same r a t i o o f observed r a t e constants f o r 

l i g h t emission and f o r d i s p r o p o r t i o n a t i o n i s obtained, i n d i c a t i n g t h a t 

the r a t e c o n t r o l l i n g steps f o r the two processes are the l i g h t e m i t t i n g 

step or the d i s p r o p o r t i o n a t i o n step. In the present work k 2 9 (^ 0 D S ^ o r 

3 -1 -1 
d i s p r o p o r t i o n a t i o n ) was found t o equal 1.3 x 10 1.moles sec. wh i l e 
Browne (51) found KsjO^pg f ° r l i g h t emission) t o equal 0.28 1 . m o l e - 1 s e c . - 1 , 

3 

i n d i c a t i n g that d i s p r o p o r t a t i o n i s 4.8 x 10 more probable than l i g h t 

emission. A p o s s i b l e e x p l a n a t i o n i s th a t l i g h t emission r e q u i r e s the 

common intermediate to have a s p e c i f i c o r i e n t a t i o n which i s not r e q u i r e d 

f o r d i s p r o p o r t i o n a t i o n . 
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Bader and Ogryzlo (47), on the other hand found (0_( A )) 
0 -1 to be a bound double molecule w i t h -AE equal t o 600 c a l . mole . This 

discrepency can be explained by c o n s i d e r i n g the apparatus used by Bader 

and Ogryzlo to study the e f f e c t o f a l t e r i n g the temperature on the 

i n t e n s i t y of the 6340 A band. Since i n these experiments i t was 

e s s e n t i a l t o view only a very short r e g i o n o f the gas stream so that no 

app r e c i a b l e decay of the e x c i t e d molecules occurred i n the viewing 

r e g i o n , Bader and Ogryzlo shortened the e f f e c t i v e length of t h e i r r e a c t i o n 

tube by i n s e r t i n g a p i e c e o f c o b a l t wire a few centimeters from the 

viewing window. Cobalt wire very e f f e c t i v e l y removes 02(*A g) at room 

temperature, but i t was found i n t h i s work t h a t , as the temperature o f 

the gas stream i s lowered, the e f f i c i e n c y o f the c o b a l t wire decreased 

markedly so t h a t 0 7(*A ) i s not being completely removed at the lower 
^ g 

temperature. Therefore, Bader and Ogryzlo obtained an apparent very 

large increase i n emission i n t e n s i t y o f the 6340 A band as the temperature 

of the gas was lowered, which they i n t e r p r e t e d as i n d i c a t i n g t h a t the 

e m i t t i n g species was a bound double molecule. 
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Reactions o f Q 2(*Z*) 

The r a t e of d e a c t i v a t i o n o f 02(^1*) by added f o r e i g n gases 

can be>calculated as f o l l o w s . I f one uses the s i m p l i f i e d symbols 

02(\) = A 

o 2 ( V ) = o 2 

In a pure oxygen system the formation and removal of 0 2(*Z*) are by 

2 A I9 Z + 0- (29) 
k 

Z 2° 0 2 (30) 

When a quencher i s added to the system,- 0 2 ( * Z + ) i s a l s o removed by 

Z + Q -> 0 2 + Q (93) 

Under steady-state c o n d i t i o n s i n - t h e pure oxygen system 

k 2 9 [ A ] 2 = k 3 Q[Z]„ (94) 

while i n the presence- o f the- added quenching gas 

k 2 9 [ A ] ? = k 3 0 [ Z ] + k 9 3 t Z H Q ] ! (95) 

D i v i d i n g equation' 95 by equation 94, one gets 

Since, none o f the quenching gases used i n t h i s set of experiments a f f e c t e d 

the 0 2 ( X A ^ ) c o n c e n t r a t i o n , [A] = [ A ] e s 0 t h a t equation 96 reduces to the 

(96) 
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standard- Stem*Volmer r e l a t i o n s h i p 

1,(7619) = XZlo. = 1 + k 9 3 [Q] (97) 
K7619) [Z] 

A p l o t of I 0(7619)/I(7619) against quencher c o n c e n t r a t i o n , [Q], w i l l g i v e 

a s t r a i g h t l i n e w i t h i n t e r c e p t I and slope k^/k^Q-.-" Figure 21 shows a s e r i e s 

of these p l o t s f o r r d i f f e r e n t 1 added', f o r e i g n gases as c a l c u l a t e d from the 

data of Tables XX-XX1V. A l l the p l o t s obey the Stern-Volmer r e l a t i o n s h i p . 

From the value of = 64.7 s e c - 1 , and the slopes k g 3 / k 3 Q , k g 3 can be 

evaluated f o r the various added f o r e i g h gas. Table XXIX shows the values 

of k-_ (k , ) obtained. 93 v quench' 
The e x c i t e d molecule O^i Z g) can be quenched e i t h e r to the ground 

3 - 1 s t a t e 0 2 ( Z ) to the f i r s t e x c i t e d state-,'0_( A ) .1 E x p e r i m e n t a l l y , i t 

could not be -determined which r e a c t i o n occurred. This i s because the 0„(*Z +) 
-4 1 

c o n c e n t r a t i o n i s only 10 of the-O^'C A ) c o n c e n t r a t i o n , so that even i f 

a l l the 0 2 ( , Z g ) was quenched to-the A g s t a t e , the i n c r e a s e i n 0 2 ( 1 A g ) 

conce n t r a t i o n would be'so s m a l l 1 t h a t * i t could" not be detected. Throughout 

the quenching process the-0_(*A-) c o n c e n t r a t i o n remained u n a l t e r e d . 

Several attempts were made to c o r r e l a t e quenching e f f i c i e n c y 

w i t h some known molecular parameter. 

Almost immediately, an emperical c o r r e l a t i o n between quenching 

e f f i c i e n c y and b o i l i n g p o i n t was observed. Figure 23 shows a p l o t of 

^quencher a 8 a ^ n s t f o i l i n g p o i n t . With-the exception of chloroform, 

the c o r r e l a t i o n between-boiling p o i n t 5 a n d quenching, e f f i c i e n c y i s q u i t e 

good, w i t h the c o e f f i c i e n t of-.linear^ c o r r e l a t i o n having a value of 0.^2. 

However, a s i m i l a r emperical . c o r r e l a t i o n was observed b y , R u s s e l l and Simons (56) 



I l l 

o 1 1 k 1 k 1 1 

{QUENCHER CONCENTRATION} X I06MOLES"' 
Figure 21: P l o t o f I Q(7619)/I(7619) against quencher concentration 
where equals the steady s t a t e r a t i o at the same di s t a n c e 
along the r e a c t i o n tube. 



112 

TablexXIX 

Rate Constants f o r 0 ? ( E +) quenching. 

Kquencher 
Added gas Kqencher/Kwall (1/moles sec) 

H 20 8.07 x 10 6 5.3 x 10 8 

D 20 6.2 x 10 6 4.1 x 10 8 

S H 1 6 4.6 x 10 6 3.0 x 1 0 8 

CH3OH 3.65 x 10 6 2.4 x 1 0 8 

NH 3 2.2 x 10 6 1.5 x 1 0 8 

(CH 3) 20 7.8 x 10 5 5.15 x 10 7 

H 2S 5.5 x 10 5 3.6 x 1 0 7 

c o 2 3.4 x 10 5 2.3 x 10 7 

CHC1 3 3.07 x 10 5 2.0 x 10 7 

HBr 1.9 x 10 5 1.25 x 10 7 

CH 4 1.0 x 10 5 6.6 x 10 6 

N 2 3.1 x 10 5 2.1 x 10 6 

Ar 2.8 x 10 5 1.9 x 10 6 

CO 2.2 x 10 5 1.5 x 10 6 

He 0.9 x 10 4 0.6 x 10 6 



c r 
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Figure 22: 
BOILING POINT OF QUENCHER °C 

P l o t o f Log k
q u e n c h e r against b o i l i n g p o i n t o f the quencher. 
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between b o i l i n g p o i n t and t h i r d body e f f i c i e n c y - an i o d i n e atom recombination. 

Figure 23 shows a p l o t o f l o g k q u e n c h e r against l o g : * ^ . ^ b o d y . A very 

high c o r r e l a t i o n (r = 0.95) e x i s t s between the e f f i c i e n c y of an added gas 

at quenching 0 2 ( ^ 2 * ) and i t s e f f i c i e n c y at promoting i o d i n e atom 

recombination. ' T h i s . i s 1 to be expected because both e f f e c t s c o r r e l a t e w i t h 

the b o i l i n g p o i n t o f the added gas. However, molecular oxygen which i s 

q u i t e e f f e c t i v e at promoting' iodine ' atom- recombination does not quench 

0 7 ( * Z + ) . Consequently, a more meaningful c o r r e l a t i o n was sought. 

I t i s w e l l ' known that: energy t r a n s f e r can occur by a resonance 

mechanism i f there i s an e x c i t e d s t a t e o f the acceptor, i n t h i s case the 

quencher, which r e q u i r e s e x a c t l y the same energy as i s a v a i l a b l e i n the 

donor, C^C^Z*). (57). Exact resonance w i l l occur i f the quencher has an 8 
e x c i t e d s t a t e r e q u i r i n g 13,120 cm. - 1 i n the case of *Z + •* 3Z~ quenching 

8 8 

or 5,238 cm. - 1 i n the case of 1 Z g •* A g quenching. None of the 

quenchers t r i e d had a low l y i n g e l e c t r o n i c s t a t e at e i t h e r 5,238 cm. * 

or 13,120 cm. * above the ground s t a t e , i n a l l cases the f i r s t known e x c i t e d 

s t a t e l i e at consid e r a b l y higher energy. Consequently, f o r a resonance 

mechanism to be o p e r a t i v e , energy t r a n s f e r must occur, of n e c e s s i t y , to a 

v i b r a t i o n a l l y e x c i t e d l e v e l o f the ground s t a t e . In the case of the m a j o r i t y 

of quenchers, t h i s means that a number of v i b r a t i o n a l modes would have to 

be e x c i t e d simultaneously i n order to achieve a resonance c o n d i t i o n . 

For the q u e n c h e r s , ^ , water, deuterium oxide, ammonia, hydrogen 

s u l f i d e , carbon d i o x i d e chloroform and methane, a l i n e a r combination of the 

(t) The fundamental v i b r a t i o n a l frequencies of these quenchers are w e l l 

known. (58) 
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fundamental v i b r a t i o n a l modes of the form 

v = a l V l + a 2 v 2 • a 3 v 3 + ... + a n v n (98) 

where V J J V J , •••v n are the,fundamental v i b r a t i o n a l frequencies 

of the quencher 

a^,a 2 ... a n are in t e g e r s 

was c a l c u l a t e d . A s u i t a b l e l i n e a r combination of v i b r a t i o n a l modes 

r e q u i r i n g approximately 5238 cm 1 could be found f o r a 1 the quenchers 

t r i e d , (Table XXX). S i m i l a r i l y , a s u i t a b l e l i n e a r combination o f 

v i b r a t i o n a l modes r e q u i r i n g 13,120 cm - 1 could be found f o r a l l the quenchers, 

with the exception of water, the most e f f i c i e n t quencher t r i e d . Consequently, 

i t appears that quenching e f f i c i e n c y cannot be a t t r i b u t e d t o a resonance 

c o n d i t i o n e x i s t i n g between 0 2 ( * Z + ) and the quencher. 
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Table XXX 

Lin e a r Combinations o f V i b r a t i o n a l Modes of the Quenchers Approximating 

5 ?238 cm."1 or 13120 cm."1 

quencher 3 l i n e a r 
combination 

frequency 
-1 

cm 

AE 
-1 

cm 

l i n e a r 
combination 

frequency 
-1 

cm 

AE 
cm 1 

H 20 V V 2 5247 9 V 2 + V 3 12,863 257 

D 20 2 v 2 + V 3 5135 103 3 v l + 2 v 2 + V 3 13,143 23 

NH 3 V 1 + 2 V 2 5237 1 3 v 2 + 3 v 3 13,092 28 

H 2S V 1 + 2 V 2 5191 47 4 v l + V 3 13,128 8 

c o 2 4 V 1 5280 42 2 v 2 + 5 v 3 13,086 34 

CH,tl 3 V V 2 v S 5230 8 4 v l + v 2 + V 3 13,163 43 

CH. 4 5224 14 3v 1+2v 2+v 4 13,100 20 

a arrange i n decreasing order o f K 
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I t can be noted, however, that polyatomic molecules are on 

the average more e f f e c t i v e quenchers of 0^Z+) than diatomic molecules, 

that water, which known to be a very e f f i c i e n t quencher,of v i b r a t i o n a l l y 

e x c i t e d oxygen (59), i s observed to be the most e f f i c i e n t quencher t r i e d 

and t h a t , w i t h the exception of n-heptane,; p o l a r molecules were more 

e f f i c i e n t quenchers: t h a n nonpolar molecules. 

Since p o l a r molecudesr.were observed to be more e f f i c i e n t 

quenchers than nonpolar molecules, i t i s reasonable to expect that a 

c o r r e l a t i o n w i l l e x i s t between quenching e f f i c i e n c y and the magnitude of 

the i n t e r m o l e c u l a r p o t e n t i a l between -P-C^E*) and the quencher. The magnitude 

of the i n t e r m o l e c u l a r p o t e n t i a l between two molecules i s determined i n 

part by the depth o f the p o t e n t i a l w e l l , e ^ , formed when two molecules 

come together along an a t t r a c t i v e curve. For a p o l a r and nonpolar molecule, 

e.. can be c a l c u l a t e d as f o l l o w s (60): 

e. . = <^eT <Z (99) 

where e n = Leonnard-Jones p o t e n t i a l (t) parameter f o r the nonpolar 

molecule 

e^ = Stockmayer p o t e n t i a l (t) parameter f o r the p o l a r molecule 

* 3 o n = reduced p o l a r i z a b i l i t y o f the nonpolar molecule = 0
n / ° n 

(100) 

* I 3 V n = reduced d i p o l e moment o f the p o l a r molecule = w // e o P v * Kp' f p p 

(t) The values f o r the r e q u i r e d parameters were obtained from reference 

(60). 
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Up = dipole,moment o f the p o l a r molecule 

* * __ 
t = u / 7 T 
p p 

while f o r two nonpolar molecules e.. can be approximated by (101) 

e. . = J e . e . X] 1 j 

where e^, e^ = Leonnard-Jones p o t e n t i a l parameters f o r the two nonpolar 

molecules 

The values of ê .. c a l c u l a t e d f o r the various quenchers i s shown 

i n Table XXXI. Figure 23 Shows a p l o t o f l o g k q U e n c n e r
 a 8 a i n s t eij/ k» 

where k i s Boltzman's constant. The c o r r e l a t i o n between e j j A and quenching 

e f f i c i e n c y i s f a i r l y good w i t h the exception o f n-heptane. The l i n e a r 

c o e f f i c i e n t of c o r r e l a t i o n i s 0.9 i n d i c a t i n g a high degree o f c o r r e l a t i o n . 

Consequently, i t appears that the magnitude o f the i n t e r m o l e c u l a r p o t e n t i a l 

between C ^ 1 ^ ) and the quencher i s a major f a c t o r determining quenching 

e f f i c i e n c y i n the present system. 
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Table XXXI 

Values of e ^ j > t n e i n t e r m o l e c u l a r p o t e n t i a l between 0 2(*£ g) and the quencher. 

quencher 3 e j 

H 20 311 

C ? H 1 6 179 

CH 30H 224 

NH 3 206 

( C H 3 ) 2 0 221 

H 2S 200 

C0 2 147 

CHC1 3 178 

CH. 124 4 

N 2 102 

Ar 118 

CO 112 

He 10.7 

a arranged i n decreasing order o f k( 
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Energy Po o l i n g Processes. 

When n i t r o g e n d i o x i d e i s introduced i n t o an atom-free stream 

of e x c i t e d molecules a pale yellow glow, extending from 4800 A i n t o 

the i n f r a r e d i s observed. This emission which i s due to an e x c i t e d 

h 
g 

* 1 + 
s t a t e n i t r o g e n d i o x i d e , N0 2 , i s dependent on the presence o f 0 2 ( E ) 
f o r when the O^ 1!*) i s quenched by the a d d i t i o n o f water, the emission 

i s a l s o quenched. Since the emission begins at 4800 A which corresponds 

to the sum of the e x c i t a t i o n energies o f 0 2 ( * E + ) and 0 2(*A ) 
8 8 

(4761 A) i t i s not unreasonable to expect that both species are i n v o l v e d 

i n the energy p o o l i n g process r e s u l t i n g i n N0 2 . 

Assuming that both 0 2 ( * Z g ) and 0 2(*A ) are i n v o l v e d i n the 

energy p o o l i n g process, the i n t e n s i t y o f the N0 2 emission can be 

expressed as f o l l o w s : 

I(N0 2*) = k [ 0 2 ( 1 A g ) ] " [ 0 2
 ; ( Y ) ] m (102) 

where k = emission p r o b a b i l i t y 

n = order of the r e a c t i o n w i t h respect to 0 2 ( 1 A g ) conc e n t r a t i o n 

m = order o f the r e a c t i o n w i t h respect t o 0 2 ( * Z g ) conc e n t r a t i o n 

Since f o r a f i x e d quencher c o n c e n t r a t i o n , the 0 2 ( * Z g ) co n c e n t r a t i o n 

i s p r o p o r t i o n a l to the square o f the 0 2 ( 1 A ) c o n c e n t r a t i o n , equation 102 
8 

reduced to . 

I(N0 2*) = k [ 0 2 ( 1 A g ) ] P (103) 

where p = 2m + n 
Therefore, a p l o t o f l o g { ( I ( N 0 2 * ) ) / ( I 2 ( N 0 2 * ) ) } versus l o g 

{[0_( 1A ) ] 1 / [ 0 _ ( 1 A )] } w i l l g i ve a s t r a i g h t l i n e w i t h slope P. Figure ^ g i ^ g * 
24 shows such a p l o t f o r the data o f Table XXV. A s t r a i g h t l i n e i s 
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obtained w i t h a slope o f 3. Since the N0 2 emission i s dependent on the 

OjC^Eg) con c e n t r a t i o n the observation that p = 2m + n = 3, i m p l i e s that 

m = n = 1, so that the o v e r a l l equation f o r the production o f the 

N0 2 emission may be w r i t t e n 

N0 2 + 0 2 ( 1 A g ) + . 0 2 ( 1 2 g
+ ) - N0 2* • 2 0 2(V) (104) 

N0 2 + hv(> 4800 A) 

In view o f the a v a i l a b l e experimental evidence i t i s not 
* 

p o s s i b l e to say how the e m i t t i n g species N0 2 i s formed. However two 

p o s s i b i l i t i e s are; a) a low l y i n g s t a t e o f N0 2 r e c e i v e s energy from 
e i t h e r 0~(*E +) or 0_( 1A ) before the second t r a n s f e r occurs b) d i r e c t 

2 V gJ 2 V g'; 

t r a n s f e r to N0 2 takes place" f r o m a n { 0 2 ( 1 A g 1 O ^ E ^ } double molecule 

(or c o l l i s i o n complex). Although t h i s complex has not been observed 

due to the very low 0 2 ( * E g ) co n c e n t r a t i o n i n the system, i t has been 

observed i n the r e a c t i o n o f hydrogen peroxide w i t h c h l o r i n e . (46). 

The r e a c t i o n o f molecular i o d i n e w i t h e x c i t e d molecular 
3 * 

oxygen which leads to emission from the i r Q U s t a t e o f I 2 i s both 
dependent upon and produces 0 2 ( * E + ) . The I 2 emission i s i n a l l 

* 1 
p r o b a b i l i t y , l i k e the NO- emission, dependent upon both 0-( A ) and 

* g 
0 9 ( 1 E + ) . ^ ^ The e x c i t e d molecule 0 _ ( * E + ) , which has an e x c i t a t i o n 
energy o f 37.5 kcal./mole, has s u f f i c i e n t energy t o d i s s o c i a t e I 2 ( 1 E + ) 

2 2 i n t o two ground s t a t e atoms I ( The e x c i t e d atom I ( Pjy.^ which 
2 2 

i s observed to emit at 13,200 A, undergoing Pjy2 ~* P3/2 t r a n s i t i ° n » 

(t) Dr. A. E. Pearson i s p r e s e n t l y conducting a d e t a i l e d i n v e s t i g a t i o n 

o f the iodine-oxygen r e a c t i o n . 
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can be e x c i t e d by energy t r a n s f e r from e i t h e r 0 2 ( A ) or 
8 

0 o ( ^ 2 + ) . Atom recombination by 

I ( 2 P 3 / 2 ) + I ( 2 P 1 / 2 ) + M - I 2 ( 3 i r Q y + M (105) 

could y i e l d the observed e m i t t e r . The increase i n 0 2 ( * Z g ) concentration 

could be explained by a r e a c t i o n o f the form 

0 2 ( 1 A g ) + I ( 2 P 1 / 2 ) - O ^ Y ) + I ( 2 P 3 / 2 ) (106) 

However, f u r t h e r s p e c u l a t i o n along these l i n e s i s not warrented. 
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0 2 ( 1 Z g ) and 0 ;,( 1A g) i n the Upper Atmosphere. 

1 + 1 

Both 0 2 ( Z ) and 0_( A ) give r i s e to bands which are 
(f) 

prominent features of a i r g l o w ^ . V a l l a n c e Jones, and H a r r i s o n (5) 
• 1 3 -observed the (0-0) band of the a A •*• X Z i n f r a r e d atmospheric system 

§ s 

at 15,800 A i n t w i l i g h t a i r g l o w . The (0-0) band at 12,680 A i s 

reabsorbed by the great mass of oxygen i n the lower atmosphere and i t 

consequently i s not v i s i b l e from the ground. The (0-0) band, however, 

has been observed i n day airglow w i t h an airborne spectrometer (61) 

and i n n i g h t airglow w i t h a b a l l o o n borne inferqmeter (62). The height 

of the e m i t t i n g region was estimated by V a l l a n c e Jones and Noxon (61) 

as l e s s than 120 km. w i t h the i n t e n s i t y o f the (0-0) band being l O x l O 6 

r a y l e i g h t s ^ i n day a i r g l o w , dropping to 0.07xl0 6 R i n night a i r g l o w . 

V a l l a n c e Jones and H a r r i s o n (5) have estimated the emission of the 

(0-1) band to occur at an a l t i t u t d e o f 60 km. w i t h an evening t w i l i g h t 

i n t e n s i t y o f 1.76 x 10 5 R. 

Mei-riel (9 ) was the f i r s t to observe the (0-1) band of the 

b*E + •> X 3 Z _ atmospheric system at 8645 A i n n i g h t a i r g l o w . The 

(t) Airglow i s defined according to Chamberlain (62) to c o n s i s t of 

nonthermal r a d i a t i o n emitted by the earth's atmosphere w i t h the 

exception of a u r o r a l emissions and r a d i a t i o n of a c a t a c l y smic o r i g i n such 

as l i g h n i n g and meteor t r a i n s . 

(t) The brightness i n r a y l e i g h s (R) as defined by Hunten, Roach and 

Chamberlain (64) equals 4irB, where B equals the angular surface 
6 2 

brightness of the e m i t t i n g l a y e r i n u n i t s of 10 photons/cm. 

st e r a d i a n s sec. 
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(0-0) band at 7619 A, l i k e the (0-0) band of the i n f r a r e d atmospheric 

system, i s reabsorbed by the oxygen i n the lower atmosphere and i s 

not v i s i b l e from the ground. B e r t h i e r (65) has estimated that the 

emission occurs i n the 150 - 200 km re g i o n , w i t h the i n t e n s i t y of 

the (0-1) band being 1.5 x 10 3R. 

Several mechanisms have been proposed to account f o r the 

formation of 0-(*A,) and O-Ĉ Z*') in the upper atmosphere. In view 
8 8 

of the r e a c t i o n s o f 0 2(*A ) and OiC^Z*) observed i n the present work, 
8 8 

some comments can be made on these proposed mechanisms. I t i s 

e s s e n t i a l that any proposed mechanism account f o r the observed 

absolute b r i g h t n e s s , f o r the a l t i t u d e at which the emission occurs, 

f o r the day night v a r i a t i o n i n brightness and f o r the la r g e seasonal 

v a r i a t i o n i n emission i n t e n s i t y . 
V a l l a n c e Jones and G a t t i n g e r (66) have shown that the 

ozone d i s s o c i a t i o n mechanism where formation o f O-^A ) i s given by 
g 

0 + 0 3 -> 0 2 + 0 2 ( XA g) (107) 

0 3 + hv f 0 ( XD) + 0 2 ( JA g) (108) 

0 ( XD) + 0 2 •+ 0 2 ( 1 A ) + 0 ( 3P) (109) 
8 

and removal o f 0_( 1A ) by *• g 

0 ( JA ) * 0 2 + hv (111) 

0 2 ( 1 A g ) + M •¥ 0 2 • M where M = N 2; 0 2 (112) 

0„( 1A ) + 0 * 0 + 0 (113) *• g ^ 
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i s the only one of numerous mechanisms s u g g e s t e d ^ which i s capable 

of g i v i n g the observed brightness and reproducing the i n t e n s i t y 

v a r i a t i o n i n t w i l i g h t . I t , however, does not e x p l a i n the seasonal 

v a r i a t i o n or the morning evening asymmetry. 

In order to e x p l a i n the observed r a t e o f decay of 0 2 ( * A g ) , 

V a l l a n c e Jones and G a t t i n g e r found that k j 1 2
 w a s r e c l u i r e < * t 0 equal 

-19 3 
10 cm /molecules sec. In the present work, k f o r M = 0 o was 

r 112 2 
-19 3 

observed to have an upper l i m i t of 6.6 x 10 cm /molecules sec. 
Since O-f^A ) was observed to undergo the energy p o o l i n g process 8 

2 02(hg) - 0 2(V) + 0 2(V) (29) 

-18 3 
having a r a t e constant k 2 g = 2 x 10 cm /molecules sec i t can be asked 
i f t h i s process can c o n t r i b u t e s i g n i f i c a n t l y t o the decay of 0 2(*A ) at 

8 
the 70 km. l e v e l . The r a t e of decay of 0 2(*Ag) by r e a c t i o n 112 i s 

7 7 approximate 3 x 10 molecules and, by r e a c t i o n 113, * 10 molecules 
3 3 cm sec. cm sec. 

i 4 3 oirvd • by r e a c t i o n 29 , 8 x 10 molecules/cm sec. Consequently, 

r e a c t i o n 29 does not c o n t r i b u t e s i g n i f i c a n t l y to the observed decay 
1 -14 of 0 2 ( A ). However, i f Young and Black's value o f k 2 g = 3 x 10 

3 
cm /molecules sec. i s used i n p l a c e of the one obtained i n the 
present work, the decay of 0 2(*A ) would occur predominantly by the 

8 
9 3 

d i s p r o p o r a t i o n r e a c t i o n w i t h a r a t e o f 1.2 x 10 molecules/cm sec. 

Reaction 29 would have to be i n c l u d e d i n the o v e r a l l ozone mechanism 

(t) For a d e t a i l e d d i s c u s s i o n o f suggested mechanisms of 0 2 ( A g) 

formation consult V a l l a n c e Jones and G a t t i n g e r (6) (66) and 
references quoted t h e r e i n . 
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f o r the formation and removal o f O-C^A ). I t i s obvious that 
8 

a d d i t i o n a l measurements of k 2 g are r e q u i r e d , so that the importance 

of r e a c t i o n 29 can be determined. 

Several mechanisms have been proposed f o r the formation 
of 0 2 ( 1 E g ) . Since only the (0-1) band at 8645 A having an i n t e n s i t y 

3 

of 1.5 x 10 R has been observed, there i s some question as t o how 

much a d d i t i o n a l emission should be assigned to the (0-0) band at 

7619 A which i s not observed because of absorption or s c a t t e r i n g 

by 0 2 below the e m i t t i n g l a y e r . Bates has suggested that the (0-0) 

emission would undergo resonance s c a t t e r i n g by 0 2 u n t i l i t i s 

converted to (0-1) r a d i a t i o n by fluor e s c e n c e . I f one assumes that 

the (0-1) emission i s enhanced i n t h i s manner, the t o t a l emission i n 

the Atmospheric system, which can be estimated from the f a c t that 

the r e l a t i v e photon emission i n the two bands i s p r o p o r t i o n a l to 
q(v* v**) whereq i s equal to the Franck-Condon f a c t o r , may be as 

X 3 3 
low as 8 x 10 R. If, on the other hand, one assumes that resonance 
s c a t t e r i n g and fluorescence are n e g l i g i b l e , the t o t a l emission would 

3 
approach 30 x 10 R. 

Bates (67,68) has suggested that the b*Z + i s formed by three 8 3 
body recombination o f 0( P) 

0 + 0 + M •+ 0 2 ( 1 E + ) • M M = N , 0 2 (4) 
8 2 

I f one assumes that Young and Sharpless' (26) value o f k^ i s accurate, 

t h i s mechanism must be r e j e c t e d because i t would y i e l d an 0 2 ( * E + ) 8 3 

con c e n t r a t i o n which i s i n s u f f i c i e n t by a f a c t o r o f 10 t o account f o r 

the observed i n t e n s i t y of the atmospheric bands. 
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Bates and Dalgarno (69) and Seaton (70) have suggested 

that 0 2 ( 1 Z g ) could be e x c i t e d very e f f i c i e n t l y by the 

d e a c t i v a t i o n o f 0(*D) atoms by ground s t a t e oxygen molecules. 

0( 1D) + 0 2(V, v=o) * 0 ( 3 P J + 0 2(V, v=2) (114) 

s i n c e the r e a c t i o n i s n e a r l y i n exact resonance, the energy discrepency 

being only 0.04 ev. f o r v=2. The f a c t that no emission i s observed 
1 + 

from the v=2 l e v e l o f b Z i s explained by r a p i d v i b r a t i o n a l d e a c t i v a t i o n 
S 

of t h i s s t a t e by an interchange of e l e c t r o n i c energy between an e x c i t e d 

molecule and one i n the ground s t a t e 

0 _ ( 1 Z + , v>o) + 0.,(3Z~, v=o)-* 0 - ( 1 Z + , v=o) + 0_( 3Z", v>o) (115) 2 g I g 2 g 2 g 

which Bates (71) claims w i l l be very r a p i d because of an approximate 

e q u a l i t y o f e q u i l i b r i u m i n t e r n u c l e a r d i s t a n c e r and v i b r a t i o n a l 

quantum w g i n the two s t a t e s . 

Young and Black (50) c l a i m that the d i s p r o p o r a t i o n of 
1 n 

0 2 ( A g) ( r e a c t i o n 29) s a t i s f a c t o r i l y accounts f o r the formation of 
1 + 

0 2 ( Zg) i n the upper atmosphere. I f t h e i r value o f k 2 g i s used the 
r a t e of formation of 0 2 ( 1 Z * ) would be ^ 3 x 10 3 molecules/cm 3 which, 

i f a ten km t h i c k e m i t t i n g l a y e r i s assumed, would y i e l d a 
3 

t o t a l i n t e n s i t y o f 3 x 10 R. However, i f the value of k 2 g , 

determined i n the present work, i s used an i n t e n s i t y o f ^ 0.2 R i s 

obtained. This i n t e n s i t y i s very much l e s s than the observed value 

of (8-30) x 10 3 R. 

Several question can be asked. Is the value of k^ accurate? 

This value i s at best only an approximate value which could e a s i l y be i n 
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e r r o r by 10 . The r a t e constant f o r r e a c t i o n 114 has yet to be 

measured. How accurate are the concentrations of the p r i n c i p a l species 

i n the upper atmosphere known? Only a thorough l a b o r a t o r y study of 

the r e a c t i o n s of e x c i t e d oxygen molecules and e x c i t e d atoms, under 

c o n d i t i o n s where a l l the experimental parameters can be a c c u r a t e l y 

determined, can provide accurate values f o r the r e q u i r e d r a t e 

constants. These values coupled w i t h accurate c o n c e n t r a t i o n 

measurements would allow ai proper e v a l u a t i o n of each of the proposed 

mechanisms. 
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CONCLUSIONS 

Summary 

The f o l l o w i n g r e a c t i o n s o f O^A") and 0^1*) were 
8 8 

observed. 

r e a c t i o n r a t e constant source 

0 2 ( 1 A ) 5 § 0 2 ( 3 Z " ) + hv (12680 A) 1.5 x 1 0 - 4 s e c . " 1 V a l l a n c e Jones, 
g g q a t t i n g e r (6) 

4 

nonrad. 
0 ( A ) •* 0 2(V) 0.178 sec . present work 
2 8 8 

0 2 ( 1 A ) + 0 2 ( V ) 5 £ 2 0 2 ( 3 Z " ) _<2.77 x 10 2 present work 
8 6 ^ 8 - 1 - 1 

1.moles" sec." 

2 O'jC1^ ) 53> 2 0 2 ( V ) or 0.28 1 .mole" 1sec. - 1 Browne (51) 

{ 0 2 ( 3 Z " ) } 2 + hv(6340 A and 7030 A) 
8 

2 0 2 ( X A ) > O^C 1^) + 0-( 3z") 1.3xl0 3 l . m o l e s ^ s e c . " 1 present 
g g g work 

1 . 8 x l 0 7 - 0 , 5 l . m o l e s ' 1 s e c " 1 

Young,Black 
(50) 

2 0 ( XA ) £ 9 products _< 4.3 x 10 2 1 . m o l e s " 1 s e c . _ 1 

8 i present 
work 

0 2 ( Z g) 0 2 ( Z g) + hv(7619 A and 8645 A) 
0.14 s e c . " 1 C h i l d s 

Mecke (8) 

0 2 ( V ) k n o n 5 a d 0 2 ( V ) 64.6 s e c . " 1 present 
8 g work 
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r e a c t i o n r a t e constant source 

0 2 ( V ) + Q 93 Table XXX present 
work 

Suggestions f o r Further Work: 

In view of the large discrepency i n the value o f k^g 

as determined i n the present work and as determined by Young and Black, 

an independent measurement o f t h i s constant i s d e s i r a b l e . The 

ra t e constant f o r the three body recombination of oxygen atoms i n t o 
+ 
g 

the *Z + should a l s o be reevaluated 

2 0 ( 3 P ) + M •+ O-C1!*) + M 
2 V gJ 

Only when these constants are known a c c u r a t e l y , can the number o f 

p o s s i b l e mechanisms f o r the formation o f 0 2 ( 1 Z + ) i n the upper 

(4) 

atmosphere be reduced. 

The r e a c t i o n s o f 0_(*A ) with o l e f i n s should be s t u d i e d 
2 g 

i n d e t a i l to determine the mechanism and the r a t e constants. 

The energy p o o l i n g processes i n v o l v i n g e x c i t e d oxygen 

molecules and e i t h e r i o d i n e or n i t r o g e n d i o x i d e should be s t u d i e d 

i n d e t a i l to determine the d e t a i l e d k i n e t i c mechanisms f o r the 

processes. Attempts shbuld be made to f i n d other molecules which can 
undergo s i m i l a r energy p o o l i n g r e a c t i o n s w i t h e x c i t e d molecular oxygen. 

I f an improved method o f generating 0_(*A ), and hence 

O-C1^*) by r e a c t i o n 29, or i f an independent method o f producing 
& g 
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s i z a b l e q u a n t i t i e s of 0 2 ( * E + ) can be found, a search f o r metastable 

molecules [ 0 2 ( 1 E * ) 0 2 ( X A g ) ] and { 0 2 ( l Z * ) > 2 should be undertaken. 

X 
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