
THEORETICAL STUDIES OF ̂ REACTIONS 

INVOLVING OXYGEN AND 020NE 

E. Kerry G i l l 

To make a theoretical study 

of the electronic states of 

oxygen and the roles of its 

electronically excited 

species in chemical reactions, 

particularly ozone formation 

and decomposition reactions. 

University of Ottawa 

15 September, 1957 

4-' i 
^T'"c\ 

Ml) w 

' uOUaw\' 
^ '<? AR1 t$ ̂  

BIBLIOTHEQUES * 



UMI Number: EC56226 

INFORMATION TO USERS 

The quality of this reproduction is dependent upon the quality of the copy 

submitted. Broken or indistinct print, colored or poor quality illustrations 

and photographs, print bleed-through, substandard margins, and improper 

alignment can adversely affect reproduction. 

In the unlikely event that the author did not send a complete manuscript 

and there are missing pages, these will be noted. Also, if unauthorized 

copyright material had to be removed, a note will indicate the deletion. 

® 

UMI 
UMI Microform EC56226 

Copyright 2011 by ProQuest LLC 
All rights reserved. This microform edition is protected against 

unauthorized copying under Title 17, United States Code. 

ProQuest LLC 
789 East Eisenhower Parkway 

P.O. Box 1346 
Ann Arbor, Ml 48106-1346 



- 2 -

Preface; 

The general subject of this research has been the 

molecule ozone, its electronic configuration, excited states, 

and component reactions. 

In an effort to gain some insight into the electronic 

structure of ozone in its ground and excited states, a survey 

was made of available spectroscopic, electron impact, and 

other pertinent data. Unfortunately, little is known about 

this aspect of Os but much useful knowledge of the various 

states of oxygen and of the elementary processes occurring in 

its radiochemical excitation, was acquired. In Part I 

the experimental data available have been used to develop a 

self-consistent scheme for the various processes. 

Part II is a consideration of certain reactions 

involving electronically excited oxygen. Particular attention 

is given to the mercury-photosensitized formation of ozone 

as well as the photochemical decomposition reaction. 

In these cases, theoretical arguments are submitted in order 

to establish the electronic state involved. This material 

was also arranged with the object of its presentation at the 

C.I.C. Symposium on HThe Structure and Reactivity of 

Electronically-Excited Species" held at the University of 

Ottawa on September 5th and 6th, 1957. 

The author is grateful to the National Research Council 

for a bursary held during the period 1956 -57 in which this 

work was undertaken. 
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PART I; ELEMENTARY PROCESSES IN THE RADIOCHEMICAL 

EXCITATION OF GASEOUS OXYGEN 

Abstract; 

Considerations are devoted to the processes occurring 

when electrons of various energies in t e rac t with gaseous 

oxygen molecules. Theoretical and experimental evidence i s 

adduced for the various excited s t a t e s of 0 2 , 0 2 and 0 2 ~. 

Based on spectroscopic, thermochemical and electron-impact 

data potent ia l -energy curves are constructed for the 

various s t a t e s of the molecule and pos i t ive ly and negatively 

charged ions. The detailed processes occurring when 

electrons of various energies in terac t with oxygen molecules 

are then considered and i t i s shown tha t i t i s now possible 

to develop a se l f -cons is ten t scheme for the various 

elementary processes. 

Introduction; 

The question of the detailed elementary processes that 

occur when electrons interact with molecules is a matter of 

considerable theoretical interest, and can very conveniently 

be treated using the method of potential-energy curves and 

surfaces. Relatively few investigations of this type have 

been carried out, and the results of some of them have been 

recently reviewed (1). The main molecules that have been 

treated so far are hydrogen (2) and water (3); in addition a 

number of other molecules have been treated in somewhat less 
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detail by McDowell (!}.)• In the present paper similar 

considerations and procedures will be applied to 

molecular oxygen, for which molecule some recent data {$,6) 

have now made it possible for a fairly complete discussion 

to be presented. 

As in the previous publications in this field (2,3,1).), 

the procedure adopted in the present paper consists of 

combining purely theoretical conclusions with the results of 

thermochemical, radiochemical and spectroscopic invest­

igations. The main experimental data that are employed are 

the spectroscopic data reviewed by Herzberg (7*9,10) for 02 

and 0 2
+ and the mass spectroscopic data of Hagstrum and 

Tate (8) and more recently of Reese, Dibeler and Mohler (6). 

For the electron affinity of the oxygen atom we have 

employed the recent value of 1 ,l\.$ eV obtained by Branscomb 

and Smith (5). 

The energies of the various species that are involved 

in the radiochemical excitation of oxygen, together with 

their source, are listed in Table 1. In Table 2 are listed 

the ions that are detected in the electron-impact experi­

ments, in order of increasing appearance potential; 

the references to the individual values are given in the 

discussion later. In the third column of this table are 

given the over-all reactions that are believed, on the basis 

of the theoretical treatment given below, to account for the 

formation of the various ions. In the last column the energy 
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requirement for the production of each ion by the reaction 

indicated is shown, and it is to be noted that this energy 

is, within the experimental uncertainty, never greater than 

the actual electron energy that in fact produces the ion. 

This is, of course, a condition for the scheme to be a 

satisfactory one. 

The Potential-energy Curves: 

The electronic states of O and 0 2 will be mentioned 

only very briefly, since this matter has been fully 

discussed elsewhere (7*9). According to the Wigner-Witmer 

correlation rules, two atoms of oxygen in their ground 

states (3Pg) can produce, on combination, eighteen different 

electronic species of the molecule, while one ground state 

atom plus one in the first excited level (1D_) can give an 
y 

additional eighteen species. Only a few of these are stable 

or relatively abundant, and Figure 1 shows the potential-

energy curves for those states of the molecule that have 

been observed spectroscopically. These have been drawn 

according to the Morse Function Q(7), page 10Q : 

U(r-re) = De f 1 - expC -(3(r-reO 

which represents the energy accurately except in the rather 

unimportant region (r -»• o). Herzberg (7,11) has collected 

and tabulated the required constants for 0 2 and 0 2
+. 

T h e X^u and ^ u states of 0 2 (
3^\u not drawn) have been 

detected by Herzberg (11). Figure 1 also includes a SJJ 

• 
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curve recently proposed by Wilkinson and Mulliken (12) to 

account for the predissociation of 0 2 (
3^u) into 3P g 

atoms. 

The ground state of 02 (
3Jj^ ") and the first two 

excited states (1Z\g a n d l5* g) have the electronic 

configuration: 

KK(<S-g2s)
2(<ru2s)

2((rg2p)
2(^u2p)

4( ^ g 2 p )
2 

and dissociate to normal 3P q atoms as shown in the figure. 

Additional excited states are formed by the transfer of an 

electron from the bonding (7Tu2p) orbital to the anti-

bonding (7^g2p) orbital to give: 

KK((T-g2s)
2(c^u2p)

2((rg2p)
2(7ru2p)

3(vrg2p)
3 . 

This configuration could produce the states iJ>* *, * Fj ~, 

• A . . °Zt 3Z: •»«« *A„. <* îch 'xi- °z!+u- °£-a 
and 3 / \ 1 1 have been observed. 35~*u d issocia tes into 

0( 3P g ) + 0( 1 D g ) , the r e s t into ground-state 0( 3P g ) atoms. 

In Figure 2 are given the potent ia l -energy curves for 

various s t a t e s of 02 . The ground s t a t e of the 0 2 ion is 

found by removing the most loosely bound electron from the 

ground s ta te of 0 2 , the r e s u l t being 

KK(<S~g2s)2(<ZTVs)2( <3-g2p)2(7Tu2p)4( 7Tg2P) . 

2 

This i s a j | g s t a t e , no others being possible from t h i s 

configuration. In the various cor re la t ions use wil l be made 

of the non-crossing rule (13), according to which the 
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Figure 1. Potential-energy curves for the ground and excited states 

of the oxygen molecule. 
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potent ia l -energy curves of the same species cannot cross each 

other- This rule appl ies to ground s t a t e s , for example, as 

follows. If, according to the Wigner-Witmer ru les , the ground 

s ta te of a molecule cor re la tes with the ground s t a t e of the 

atoms, t h i s s t a t e of the molecule must ac tua l ly d issocia te 

into the normal atoms and not into excited atoms. Consequent­

ly i t can be concluded that the ground s t a t e of 0 2
+ d i s soc ia tes 

into 0(3Pg) + 0 + ( 4 S u ) , both of which are in the ground s t a t e s , 

since th i s combination wil l give jf „ among other s t a t e s . 

The energy level of t h i s l imit i s calculated from the d i s ­

sociation energy of 02 and the ionization potent ia l of O to be 

18.665 eV. Since the dissocia t ion energy of 0 2
+ i s 6.1+8 eV 

i t follows tha t the zero-point vibrat ional level of the ion 

l i e s 12.18 eV higher than the zero-point vibrat ional level of 

the neutral molecule. 

The f i r s t excited s t a te of the molecular ion i s due to the 

removal of an electron from the ( T?u2p) o rb i ta l of 02 rather 

than from the (7Tg2p) , the resu l t ing configuration being 

KK(<Tg2s)2( C u 2 s ) 2 ( C^g2p) 2 (*r7* u 2p) 3 (^ g 2p) 2 . 

This configuration corresponds to the three possible s t a t e s 
2" |Tu, 4TT"U and 2<J>U, although only the f i r s t two are to be 

expected (llj.) if the ion i s formed from normal 0 2 . The 4 7 T U 

(a) s t a t e is known to be lower than the 2 T T u ^ ) » T n e l a t t e r 

i s the upper s t a t e of the second negative ( u l t r a - v i o l e t ) bands 

of 0 2
+ (15) , and th i s requires the curve to have the general 

form shown in Figure 2 . The posi t ion of the 0 2
+ (a : 4"[T ) 
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curve is found from a spectral transition involving a still 

higher excited state. All of the three possible states from 

this configuration are thus accounted for. The other states 

arising from the combination 0( Pq) + 0 ( Su) must come from 

a higher electronic configuration and most of them are 

therefore probably repulsive. 

The next higher electronic configuration for 0 2 is 

KK(<?'g2s)
2(G'u2s)

2«S'g2p) (7Fu2p)
4(trg2p)

2 

This gives r i s e to the s t a t e s ^ ^ q » *s „ , / \ q and 4 ^ " V , 

of which only the l a s t has been observed. The t r ans i t i on 
4^T""(b) 4—• 4 / / u^ a ^ comprises the f i r s t negative (red) 

bands of 02 + (16) . Also, two Rydberg se r i e s have been 

found which converge to 4^>7~ and 4"TTu (*7) . From the data 

i t follows tha t the most probable values for the zero-point 

v ibra t ional level of these s t a tes are 4^>TqS 18.16 eV and 
4"Tp u : 16.09 eV. The 4 ^ ! q s t a t e cannot be given by the com­

binat ion 0( 3 P g ) + 0 + ( 4 S u ) , but comes from 0(*D ) + 0 + ( 4 S u ) . 

The 0(4Dg) excited s t a t e i s known to be 1.967 eV above the 

ground s ta te ( 7 ) . The d issocia t ion limit for 4 ^ J into 

0(1D_) + 0(4SU) can be calculated as follows: 

D(02) + E(0:lDg) + 1(0) = 5.115 + 1.967 + 13-550 = 20.632 eV. 

Figure 3 shows a set of potent ial-energy curves for the 

various s t a t e s of the molecular ion 0 2~. Owing to lack of 

spectroscopic data these curves cannot be constructed as 
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1.4 1.5 1.6 1.7 1.8 

NUCLEAR SEPARATION (A) 

Figure 2. Potential-energy curves for 02 , together 
with certain, proposed curves for 02 correlating with 
0+ + 0-. 
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precisely as can those for the 0 2
+ ions and the curves shown 

in the figure represent one of a number of possibilities 

that are consistent with the known facts. In constructing 

these curves we have made use of arguments previously 

presented by Massey (18), the main points being as follows. 

The ground state configuration of 02~ is 

KK(C-g2s)
2(<T'u2s)

2(C-'g2p)
2(V/,u2p)

4(Yrg2p)
3 

which corresponds to a "|T~q s t a t e . This configuration can 

be regarded as arr iving from a ground-state configuration of 

0 2 by the addit ion of an electron to the anti-bonding (7fg2p) 

o r b i t a l . According to cer ta in empirical ru les proposed by 

Mulliken (19) th i s s t a t e would be expected to have about 

1.2 eV less binding energy than has normal 0 2 . This means 

tha t the electron a f f in i ty of molecular oxygen i s only about 

0.25 eV. 

Following the arguments of Massey (18) , the order of the 

terms, s t a r t i ng with the lowest, i s probably 

KK(<Tg2s)2(G'u2s)2(<rg2p)2(7ru2p)4(7rg2p)3 2 J f g 

KK(<rg2s)2(0-u2s)2(tf*'g2p)2(^u2p)4(Yrg2p)2(o'g3s) 4 ^ ' 

KK(<r-g2s)2(^u2s)2(<^g2p)2(^u2p)4(*ffg2p)2(<ru2p) *^~ 

KK((? 'g2s)2(<ru2s)2(©'g2p)2(^u2p)4( **Tg2p)2(<-u2p) 2 ^ u 

KK(<^g2s)2(<^u2s)2(Gfg2p)2(fru2p)3(«trg2p)4 2 JY U 

In the l a s t of these i t i s to be noted tha t an electron has 

been moved from a bonding to an anti-bonding o r b i t a l , and the 
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corresponding s t a t e i s therefore expected to be e i ther 

repulsive or to have a very low binding energy. The order 

of s t a t e s i s to some extent arrived a t by analogy with known 

s t a t e s of Cl 2
+ and Cl 2 . On the other hand there is reason 

to bel ieve that the f i r s t excited s t a t e , the 4]Zjq s t a t e , 

wil l have a minimum energy close to tha t of the ground s t a t e 

of 0 2 . 

In constructing the curves shown in Figure 3 some use 

has been made of the r e s u l t s of the electron-impact experi­

ments, as will be discussed l a t e r -

Mechanisms of Ion Formation 

In the l igh t of these potential-energy curves the 

following detai led mechanisms, consistent with the Franck-

Condon pr inc ip le and obeying the corre la t ion and select ion 

ru l e s , are suggested for the formation of the various ions 

in the electron-impact experiments. 

Q2~ (low energies) 

In the electron-swarm experiments carried out by 

Bradbury (20) and la ter by Healey and co-workers (21) i t was 

suggested that electron attachment occurs a t very low 

energies . This i s readi ly accounted for by the curves shown 

in Figure 3« There may be capture of an electron giving 

r i s e to the v ibra t ional level of the 2~| | s t a t e of 02~ 

which l i e s close to the ground level of 0 2 ; the over-al l 
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Figure 3. Potential-energy curves for 02 
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process is therefore 

If left to itself such an ion will spontaneously lose the 

added electron and become the neutral molecule. Stabiliz­

ation will result, however, if the excess vibrational energy 

is removed by collision. 

Oz~ (about 1.5 eV) 

A second attachment process is shown by the electron-

swarm experiments to occur at an energy of about 1.5 eV. 

This probably occurs by a transition to the 4^* ~ state, and 

again collisions may cause stabilization; 

O" (5.1l eV) 

Hagstrum and Tate (8), in their electron-impact experi­

ments, claimed to have observed O" ions at an energy of 

3.0 - O.lj. eV. However, Lozier (22) and more recent workers 

(6) have observed no ions in this energy region, and since 

according to recent values (5,10) the minimum energy for the 

formation of 0" from 02 is 3*66 eV it would appear that the 

observation of Hagstrum and Tate was in error. 

More recently Mariott (23) has reported the observation 

of 0" at 1±.7 - 0.1 eV, the ions formed having a kinetic 

energy of about 1.5 eV. This, however, is also inconsistent 

with the minimum energy of 3.66 eV. The latest value for the 



- 17 -

appearance of these ions, obtained by Reese, Dlbeler and 

Mohler (6) i s S»h ~ °»2 eV, but no value for the k ine t i c 

energy was obtained. If Mar io t t ' s value for the k ine t i c 

energy i s regarded as correct we obtain a value of 3.9 - 0.2 

eV for the energy of dissociat ion of 02~ into O and 0"; t h i s 

value i s , of course, consistent with the other energy data. 

The process that occurs may well be the i n i t i a l formation of 

02~ in the 2~| I u s t a t e , as follows 

0 2 ( * 2 ? g } + e "* °2~(2TTu> -* °<3pg> + °~<2pu> • 

O" (12.0 eV) 

These ions have been observed by Lozier (22). A satis­

factory explanation of the appearance of these ions at this 

potential involves the mechanism: 

Theoretically, these ions should appear at an energy given by: 

D(02) + E(0:*Su) - E4(0) = 5.115 + 9.1 - 1.1;5 = 12.7 eV. 

which is substantially higher than the observed value. 

However, it seems possible that the potential scale of Lozier 

was shifted in that, as seen above, he observed ions at l\..2 

eV that were later found to appear at 5»h eV» If a similar 

shift is applied to the present value the appearance potential 

becomes 13.2 eV, which is now above the theoretical minimum. 

In view of the uncertainty involved in this interpretation 

a curve for this state has not been included in Figure 3. 
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0+ (12.2 eV) 

The following values of the appearance potent ia l of 0+ 

have been observed: 

Hagstrum and Tate (8) 12.3 * 0.1 eV 

Hagstrum (21).) 12.1 - 0.1 eV 

Inn (25) 12.04 - 0.01 eV 

These values are to be compared with the theore t ica l minimum 

energy, calculated from spectroscopic data, of 12.18 eV. 

This appearance potent ia l obviously corresponds to the 

removal of an electron from the ( IT g2p) orbi ta l of 02 with 

the formation of 02
+(X: z~fTq^ i n t h e 9 r o u n d v ibrat ional 

leve l , as follows 

02 ( 3 ^ g ) + e-»02+(2TTg> + 2e 

0 2 +(l6 .1 eV) 

Ions were observed at this potential by Tate and Smith 

(26). Their appearance must be due to the removal of an 

electron from the ( 7f u2p) orbital of 02(X) to give the 

02
+(a:4 ||u) state in its ground vibrational level: 

Oa(
32^g) + e-*02

+(*7fu) + 2e 

From the spectroscopic data the minimum energy for th i s 

process i s 16.09 eV, in good agreement. 

0+ and 0- (17.2-17.8 eV) 

0 + ions without kinetic energy were observed by Hagstrum 

(8, 2\\, 27) at 17.2 ± 0.2 eV, and a value of 16.9 - 0.2 eV 
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was given by Thorhurn (28). In addition 0" ions, also 

formed without kinetic energy, were observed by Hagstrum at 

17.0 * 0.2 eV and by Thorburn at 17.1 - 0.2 eV. Recently 

Reese, Dibeler and Mohler (6) have given a value of 17.8 eV 

for the energy of formation of 0~. Presumably the 0 + and 

0" ions are formed by a single process, by the mechanism: 

°2<a2?g> + e ** °+(4Su) + 0-(
2Pu) + e 

From the spectroscopic data, t h i s process would require an 

energy of 17.21 eV. If the lower values of about 17.2 eV 

are accepted for the energy the existence of a curve such as 

curve 1 in Figure 2 i s presumed; If on the other hand the 

value of 17.8 eV i s correct the curve must be more as curve 

1A, although i t may have a shallow minimum instead of the 

purely repulsive form show. The Ions 0+(*Su) + 0~(2PU) gives 

r i s e to the possible s t a t e s : IE/g» ^L*u' / / g
 ar*d / / u 

as quin te ts and t r i p l e t s . Because t h i s curve crosses a 11 q , 

a II u curve, and comes close to a ^ J q curve, in view of 

the non-crossing ru le i t i s assumed to be a 2^ s t a t e , 

probably the t r i p l e t . In t h i s case the t r ans i t ion i s an 

"allowed" one and the over-a l l process may therefore be 

wri t ten a s : 

°z^X? " °*(SX~J * o+(4su) +O"(2PU) 

0+ (18.9 eV) 

0 + ions have been reported by Hagstrum (27) a t 19.2 - 0.2 

eV, and by Thorburn (28) a t 18.9 - 0.2 eV. These ions again 
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were found to be produced without detectable initial kinetic 

energy. A possible mechanism for their formation is: 

°*<3Z!g> + e ** 0 ( 3 pg ) + 0 + ( 4 s u ) + 2 e 

This process requires an energy of 18.66 eV. If the ions 

have no k i n e t i c energy i t must be supposed tha t a shallow 

a t t r a c t i v e curve such as curve 2 in Figure 2 e x i s t s . 

If, however, there i s a small amount of k ine t ic energy 

the t r ans i t i on could be to a less s table s t a t e of 0 2
+ such as 

curve 2&, and again t h i s curve may or may not have a minimum. 

0+ and O" (20.Ii eV) 

Hagstrum (27) observed O" ions a t 20.Ij. ± 0.2 eV, while 

Thorburn (28) found 0~ a t 20.2 * 0.2 eV and 0+ at 20.5 - 0.2 

eV. The ions are produced with zero i n i t i a l k inet ic energy. 

On the assumption tha t the Ions are formed in a s ingle 

process the proposed mechanism i s : 

°2<35?g> + « - O + V D J + 0-(2Pu) 

The theore t ica l minimum energy for th i s process i s 20.52 eV. 

A s t a t e of 02 i s thus proposed that has a potential-energy 

curve such as curve 3 in Figure 2 with a shallow minimum, 

d issocia t ing to the above ions and cutt ing the Franck-Condon 

region of 02(X) at about th i s dissociat ion l i m i t . 

The p o s s i b i l i t y that the 0+ ions observed here are formed by 

t r ans i t ion to the dissociat ion l imit of 0 2
+ (b : ^^^Z) seems 

s l i gh t when the disposi t ion of the potential-energy curve i s 

considered. 

http://20.Ii
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Conclusion; 

The discussion above is summarized in Tables 1 and 2 on 

the following pages. Table 1 gives the energy data for the 

various species and Table 2 is the complete scheme in which 

the experimental data has been given a theoretical inter­

pretation. It is seen that for the most part, the energy 

data for the formation of the various ions are consistent 

with other spectroscopic and thermochemical evidence. 

The mechanisms that have been deduced here are not the only 

possible ones, but represent reasonably plausible deductions 

from the experimental evidence and from theoretical consider­

ations regarding the energy levels. 

Claims to Original Research: 

It is believed that this is the first time such a 

complete scheme, including all the commonly observed ions of 

oxygen, and utilizing the latest observations, has been 

assembled. 
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TABLE I 

Energy Data 

Energy with respect 
to gaseous atom 

Species State in ground state Reference 

0 

0 

0 

0 

0+ 

0+ 

0+ 

0" 

o2 

*pg 

1Dg 

lsg 
5*u 

4*u 
2°u 
2P 
ru 2P 
u 

^* g 

(eV) 

0 

1.967 

U.188 

9.1 

13.550 

16.86 

18.51). 

-1.LL5 

-5.ni+8 

(7) 

(7) 

(7) 

(7) 

(9) 

(9) 

(9) 

(5) 

(10) 



TABLE 2 

Data for the Appearance of Var ious Ions 

Ion 

o2" 

o2~ 

0" 

0" 

o2
+ 

o2
+ 

0 + , 0" 

0+ 

0 + , 0~ 

Appearance 
P o t e n t i a l 

(eV) 

~0 

~ 1.5 

5.k (-l.5=3.9*) 

13.2 + 

12.2 

16.1 

17.2 , 17.8 

18.9 

20.k 

Theore t i c a l 
Probable o v e r - a l l Minimum 

process Energy 

(eV) 

>0 Oz + e-» 02-(2"n"g) 

0 2 + e + 0 2 " ( 4 ^ ^ ) ~ 1.5 

0 2 + e ^ 02"( 2 TTu> -* ° ( 3 p g ) + 0"( 2 Pu) 3-°6 

0 2 + e -• 0*(5SU) + 0~(2PU) 12.7 

0 2 + e •+ 0 2
+ ( 2 " | J g ) + 2e 12.18 

02 + e + 02
+(4"JTu) + 2 e l 6 * ° 9 

0 2 + e •+ O ^ ^ ) + 0"( 2PU ) + e 17.21 

0 2 + e -+ 0 ( 3 P g ) + 0 + ( 4 S u ) + 2e 18.66 

0 2 + e •+ 0+*(2Du) + 0 + ( 2 P u ) + e 20.52 

I 

*- Corrected for kinetic energy of the appearing ion 

1" Corrected value; see text 
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PART II; REACTIONS INVOLVING 

ELECTRONICALLY-EXCITED OXYGEN 

Abstract: 

Certain react ions involving some of the e lec t ron ica l ly -

excited species of oxygen molecules and atoms are discussed 

with reference to the potent ial-energy surfaces on which 

they occur. In the case of the mercury-photosensitized 

formation of ozone from oxygen i t i s concluded that both 

experimental evidence and theore t ica l arguments point to the 

fact that the oxygen molecule i n i t i a l l y formed is in an 

excited 2+n s t a t e . Consideration Is a lso given to the 

mechanism of formation of 0 2* in the carbon monoxide flame 

and in other flames. The reac t ions : 

O + Oj -* 20a* 

°2* + °3 -• 202 + 0 

are a l so discussed b r i e f l y . 

Introduction: 

A considerable number of e lec t ronica l ly-exci ted s t a t e s 

of oxygen molecules and atoms are known to ex is t , and 

spectroscopic data have provided detai led information about 

many of them as shown in Part I . Several of these excited 

species a re known to be involved in chemical reac t ions , 

e i ther as reac tants or products. The purpose of t h i s 

sect ion i s to refer to a few of the more common react ions 
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of t h i s type, to discuss the evidence for the nature of the 

species involved, and to consider deta i led reaction 

mechanisms from the standpoint of the method of po ten t i a l -

energy surfaces . 

Figure 1 of the previous section has been reproduced 

here for easy reference as i t i l l u s t r a t e s the energy 

re la t ionships between the various species with which t h i s 

discussion is concerned. 

THE REACTION: Hg*(*Pj) + Q 2 ( 3 l ? a ) - Hg^Sp) + 0 2* 

o 
Molecular oxygen i s an effective quencher for the 2537 A 

mercury l i ne , the quenching cross-sect ion being very large 

( 1 , 2 ) . This quenching process involves the t r ans i t ion from 

the 3Pj s t a t e of Hg to the ASo s t a t e , a t r ans i t ion that occurs 

with an energy l ibera t ion of lj.,88 eV or 112.5 kca l . Ozone i s 

produced during the quenching, and i t i s of in t e res t to 

consider the s t a t e of the oxygen af te r i t has reacted with 

the excited mercury atom. 

In the f i r s t place, there i s abundant evidence that the 

react ion i s 

Hg*(»Pi) + 02(*l2g> - Hg(*50) + 02» £Q 

where 02* is an excited state of oxygen, the nature of which 

is discussed below. The reasons for preferring this reaction 

to 

Hg*(3Pi) + 02 -* HgO + O [jQ 

and ., _ 
H g V P i ) + 02 - Hg[1S0)+ 20(3P ) [ £ ] 
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E (electron -volts) 

E (kcal.) 

Figure 1. Potent ial-energy curves for the ground and excited s t a t e s 

of the oxygen molecule. 
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a re b r i e f l y as f o l l o w s . React ion \jQ i s exothermic by a t 

l e a s t 61]. kcal (3) and i s t h e r e f o r e e n e r g e t i c a l l y p o s s i b l e ; 

however i f i t were followed by O + 0 2 -> 0 3 t he r e would be one 

molecule of ozone formed from each Hg atom**. Exper imenta l ly 

a t l e a s t seven molecules are formed ( 3 , i|) and the r e a c t i o n 

HgO + 0 2 -*• Hg + 0 5 i s too endothermic to be u s e f u l . 

React ion [ j G can b e excluded as being s l i g h t l y endothermic. 

According to the c o r r e l a t i o n r u l e s Hg"*(3Pi) and 

0 2 ( 3 ^ " ) can combine to give the l i n e a r complex Hg02 in 2^ 

and "J7* s t a t e s with s i n g l e t , t r i p l e t and qu in t e t m u l t i p l i c i t i e s , 

E n e r g e t i c a l l y , s ince i | .88 eV a r e a v a i l a b l e , t he 0 2 * could be 

in any one of the four lowest e l e c t r o n i c s t a t e s , namely 3J^T* 

(ground) , 1 / \ J . 1 ] > \ and z"22w ^ l l o f ^ e s e s t a t e s a re 

permi t ted by the c o r r e l a t i o n r u l e s , as may be seen as fo l lows : 

Hg(iSo) + 0 2 * ( 3 £ g or 3]?+) •+ H g 0 2 ( ^ ) 

Hg(iSo) + o / t ^ A g ) - H g 0 2 ( ^ , lJ[, *A> 

Hg(»S0) + 0 2 * ( * 2 ^ ) - H g 0 2 ( 1 ^ ) 

The quest ion now to be decided i s which of these four 

e l e c t r o n i c s t a t e s of 0 2 i s a c t u a l l y formed. Var ious sugges t ­

ions have p rev ious ly been made. Mi tche l l (5) suggested 

* Since the Hg i s converted i n t o HgO t h e r e can be no r e -

e x c i t a t i o n to Hg'55". If r e a c t i o n Q O o c c u r s , r e - e x c i t a t i o n i s 

p o s s i b l e and l a rge y i e l d s can r e s u l t . 
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t ha t , since the ground s t a t e of oxygen has a v ibra t ional 

level at Lj..86 eV, which corresponds closely to the energy 

released, t h i s s t a te wi l l ac tua l ly be formed: in other words, 

the e lec t ronic energy of the mercury wil l pass almost 

en t i r e ly into v ibra t ional energy of the oxygen. However, 

recent work has indicated Q(6) p . lOfQ that th i s resonance 

fac tor , a r i s ing from the matching of energy l eve l s , i s not an 

important one. Volman (7) on the basis of h i s r e s u l t s (3) on 

the effect of foreign gases on ozone production, suggested 

that the oxygen produced was ei ther v ibra t iona l ly excited 
3 2 ^ " or a s ing le t s t a t e , and argued against i t s being the 
3 2 ! u s t a t e » Final ly , one of us []see p . 101 of ref. (6)]]] 

has t en ta t ive ly suggested that the most probable process is 

the one involving the leas t loss of e lectronic energy, and 

•u 
should be produced. 

from th i s i t follows that the ^ ^ s t a t e i s the one that 

In the following two subsections we re-examine t h i s 

problem from both the experimental and theoret ica l points of 

view, and conclude that the 3 2 u s t a t e i s probably produced. 

Influence of Foreign Gases. The reactions subsequent to 

reaction [j~] and leading to ozone production are 

0 2 * + 02 - 09 + O QQ 

and 

0 + 0 2+M-»»0g + M + k . e . £ £ ] 

where M i s a th i rd body required to carry off the excess energy. 
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Volman's d i s c u s s i o n (7) of the probable s t a t e of t he 0 2 # 

produced in r e a c t i o n [ V ] i s based on the e f f e c t s of f o r e ign 

gases added to the system. A number of such gases were 

found to inc rease the r a t e of ozone product ion in t h e 

mercury -pho tosens i t i zed r e a c t i o n , t he order of e f f ec t i venes s 

being 

He> A > N a > C02 

These gases play a role in reaction Q Q as well as in the 

reactions 

Hg*(aPi) + M -*» Hg^So) + M* JjQ 

and 

02* + M -»• 0 2 + M* \jQ 

This behaviour of fore ign gases i s to be con t r a s t ed 

with t h e i r e f f e c t s on the un 'sensi t ized photochemical 
o 

formation of ozone from oxygen a t I8I4.9 A ( 3 ) . The fo re ign 

gases were in t h i s case found to reduce the r o l e of ozone 

format ion , t h e i r order of e f f e c t i v e n e s s a s r e t a r d e r s being 

the same as above . At t h i s wavelength oxygen d i s s o c i a t e s 

i n t o two normal 9P atoms Q 8 ) p . 2ljif] e i t h e r by a d i r e c t 

t r a n s i t i o n t o a r e p u l s i v e s t a t e of 0 2 or by a p r e d i s s o c i a t i o n 

from the 5 5 ^ „ s t a t e : ^ u 
I8I4-9 A 

0 2 + hv • 0 ( 3 P) + 0(SP) ECl 

Subsequent p rocesses a r e 

0 + 0 2 + M - * 0 3 + M Q9] 

and 

0 + 0 + M - * - 0 2 + M . £lCT] 
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The reactions occurring in the sensitized and 

unsensitized reactions may thus be compared as follows: 

Sensitized Reaction Unsensitized Reaction 

(accelerated by foreign gases) (retarded by foreign gases) 

-̂. _ 18U9X 

I Hg^(5P1)+02(
32rg)-»Hg(

1So)+02^ VI 02+hv O(5P)+0(5P) 

II 02*" + 02 -• 03 + 0 VII O + 02 + M-* 03 + M 

I I I O + 02 + M -* 03 + M VIII 0 + 0 + M-»02 + M 

IV Hg* + M -• Hg + M* 

V 02*" + M -» 0 2 + M45-

I t i s to be noted that in the sensit ized reaction M catalyses 

the production of ozone as far as I I I i s concerned and 

inh ib i t s i t in IV and V. In the unsensit ized reaction M i s a 

ca ta lys t in VII and an inh ib i tor in VI I I . 

In the sensi t ized react ion the foreign gases catalyse 

the formation of ozone, the iner t gases being the most 

e f fec t ive . Evidently the i r effect on I I I overrides that on 

IV and V. But if, as Volman a s s e r t s , the energy of Oz* i s 

largely v ib ra t i ona l , these gases would readi ly bring about 

deact ivat ion, and no over-al l accelera t ing effect would r e s u l t . 

In our view the simplest explanation of the fac t s i s that the 

exci tat ion energy of 02* Is la rgely e lec t ronic in nature. 
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If this is the case the quenching to lower electronic 

states will occur only with difficulty, and hardly at all 

with the inert gases (9). In order for the ozone-producing 

reaction II to occur readily the O^* must have at least 

91+ kcal. of energy- If this 02* is in the 3 ^ u
 s t a t e » e v e n 

if i t is in Its ground vibrational level i t s t i l l has more 

than this amount of energy. In the case of the three lower 

known electronic states, however, quenching by the foreign 

gases to the ground vibrational state would produce a 

molecule having insufficient energy to produce ozone. 

The facts are therefore completely explained if the 9 ^ u 

state is formed, but not if any of the lower states are formed. 

We may now consider whether these Ideas are also 

consistent with the facts regarding the unsensitized 
0 

formation of ozone by 18I4.9 A radiation, the mechanism for 

which is given above. To explain the retardation by foreign 

gases i t must be supposed that their effect on reaction VIII 

is more important than on VII. This is probably due to the 

relative rates of the reactions; reaction VIII presumably has 

no activation energy, while Dainton and Kimberley (10) by an 

indirect method have concluded that VII has an activation 

energy of I4..3 kcal. Furthermore, in the thermal decomposition 

of ozone, which probably occurs by the mechanism 

03 + M t Oz + O + M Q f ] 

O + 03 + 20z £\2\ 

20 + M -+ 02 + M Q £ ] 
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Griffith and McKeown (11) found that He, A, N2 and C02 

catalysed the decomposition; this indicates that the last 

reaction is influenced by M more than is VII. Reaction VIII 

has not been included in the scheme for the sensitized 

reaction since there will be a much smaller concentration of 

oxygen atoms than in the unsensitized process: the over-all 

rate is very much less. 

Volman (7) based his conclusion that 0%* is not in the 

3 2 ^ ~ state upon the relative effects of the foreign gases, 

and made no mention of the important fact that increasing 

their concentration increases the rate. It is of interest 

that the results indicate the order of the effects of the 

gases to be the same on III as on VIII. 

The conclusion of the present subsection Is that the Oa* 

produced in reaction £l~] is in the 3 ^ u state, and it would 

be of interest to have direct spectroscopic evidence of this. 

In the meantime we will now show that the same conclusion is 

suggested by the theoretical considerations. 

Potential-Energy Surfaces. It is instructive to discuss 

the mechanism of reaction Ql^ using the method of potential-

energy surfaces. Figure 2 shows a schematic representation 

of the surfaces, the method employed being that previously 

used by La idler (6, 9, 12, 13, lij.). Point A represents the 

initial state of the reaction, with Hg*(3Pi) and 02(
55Tq) 

separated from one another. Points B, C, D and E represent 



- 3k -

possible f inal s t a t e s , corresponding to Hg(1So) together 

with 02 in i t s ground s t a t e (point C) or some excited s t a t e . 

Points A, B, C, D and E are the entrances to val leys that 

proceed into the cube from the right-hand face . 

Consider f i r s t the p o s s i b i l i t y of a t r ans i t ion from A 

to B, corresponding to the process 

Hg*(3Pi) + 0Z{*X g) - Hg(*S0) + 0 E * ( 3 £ + ) £l}Q 

When the potent ial-energy curves are constructed accurately, 

using the spectroscopic data, the form of the curves in the 

region of the points A and B is as shown in Fig. 3 . I t i s 

to be seen that the crossing point b l i e s a t about the 

ground v ibra t iona l level of the 0 2 ( 3 2 ^ g ) curve, so that the 

t r ans i t i on can eas i ly occur even a t considerable separations 

between Hg* and 0 2 . The potent ial-energy surfaces therefore 

confirm our deductions from the experimental r e su l t s that 

the 0 2 formed wil l be in the 3 ^ u s t a t e , corresponding to 

the l eas t t ransfer of e lec t ronic energy into other forms. 

The fact that the t r ans i t i on can occur a t large separation i s 

consis tent with the very large quenching cross-sect ion 

observed for the react ion ( 1 , 2) -

If for any reasons the t r ans i t i on to B did not occur, 

the conclusion from the surfaces i s that the next most l ike ly 

p o s s i b i l i t y i s a t r ans i t ion to E; f a i l ing t ha t , t r ans i t ions 

to D and C could occur. In other words, the system "cascades" 

through the various e lec t ronic s t a t e s . The evidence for th is 



0-0 distance 
Hg-0 distance 

Figure 2 . Potential-energy surfaces for the Hg-O-0 system, 
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Figure 3. Enlarged version of a portion 

of Figure 2 . 
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is as follows. Figure l\. shows a schematic potent ial-energy 

prof i l e through the l ine CAJ in Figure 2 . In t h i s diagram 

the val ley s ta r t ing at A i s represented as going down as the 

Hg - O distance i s decreased; th i s corresponds to a t t r a c t i o n 

between Hg155, and 0 2 . A number of val leys will s t a r t from the 

points C, D, E, F, G and Hj some of these wil l correspond to 

repulsive s ta tes and will therefore slope upwards. 

The dotted line s t a r t i ng a t b represents the top of the 

bar r ie r separating the val leys A and B; th i s l i n e should not 

be in the plane of t h i s p rof i l e but s l i gh t l y above i t 

( i . e . corresponding to larger 0 - 0 separa t ions) . 

With regard to the valleys s t a r t ing at A, C, D and E 

there i s some choice of m u l t i p l i c i t i e s , and i t wi l l be 

assumed that those curves represented in Figure I), a l l 

correspond to the same m u l t i p l i c i t y . The non-crossing rule 

then provides for resonance s p l i t t i n g s , as shown a t K, L and 

M. At the point K a system proceeding in the direct ion AK 

may undergo a t r ans i t ion and end up a t E. Fail ing such a 

t r ans i t ion the next p o s s i b i l i t y i s a t r ans i t ion a t L, the 

system ending up a t D. Fai l ing that the oxygen wil l be the 

ground s t a t e , a t C. These l a t t e r p o s s i b i l i t i e s , however, are 

very un l ike ly . Although the curves shown in Figure 1| are 

only schematic i t does not seem to be poss ible , by modifying 

the form of the curves, to a r r ive a t conclusions other than 

those reached above. 

To summarize, our conclusion from the potential-energy 
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Hg-o distance 

Figure h. Potential-energy profile through CAJ in Figure 2. 

The designations refer to the state of the oxygen molecule. 
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surfaces is that the order of probabilities for the formation 

of oxygen in reaction £ Q is 

The conclusion that the a^? u state is the most likely 

confirms our deduction from the experimental evidence based 

on the effects of foreign gases on ozone production. 

THE REACTIONS: 0(3P) + COj1^*) -» C02*(
3~n' ) 

AND CQ2'"'(
377 ) + Q2 -» CQ2 + Q2* 

The reactions 

o(3P) + co(*£ J) -* coa*(*TT ) QjQ 

and 

C02̂ (3J|- ) + o2 -+ C02 + 02* Cl6] 

are believed to take place in the carbon monoxide flame. 

Since the mechanisms and other features of the reactions have 

recently been discussed (6, 15) only a brief discussion will 

be given here. 

The luminosity of the carbon monoxide flame is too great 

to be attributed to thermal radiation alone, so that the 

presence of electronically excited species is to be expected. 

The ground state of C02 is
 1JE]g <16) a n d t h e first excited 

states probably S~JJ and x "JJ" in that order. Spectroscopic 

observation of the flame shows no evidence of any excited CO, 
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Since CO i s a s ingle t in i t s ground s t a t e , reaction with a 

normal ( t r i p l e t ) oxygen atom wil l necessar i ly produce excited 

C02^(3"ff ) , whereas C02(X: *2^ g ) can be formed d i r ec t l y only 

from an atom in a s ing le t s t a t e : 

0»(*D) + CO(*2Tu> "* C ° 2 ( X : *5Tg) D O 

The presence of O atoms in the react ion has been 

confirmed by Gaydon (17, 18). I t i s found (19, 20) that 0(*P) 

atoms do not react with CO on every co l l i s ion , but the 

react ion between 0(1D) and CO i s much more rapid (21) . 

If the C02 formed in £J15G w e r e i n the ground s t a t e , the 

process would be exothermic by 126.7 k c a l . , whereas the 

actual heat l iberated is lower than th i s by the energy of 

exci ta t ion and i s probably about zero (18) . The spectral 

continuum of the flame has been a t t r ibu ted (18) to the assoc­

ia t ion reac t ion: 

CO + O -*• C02* -»• C02 + hv Q 8 j 

At the same time, the banded s t ructure of the spectrum i s due 

to the Schumann-Runge system: 

Hornbeck (22) observed tha t with increasing 02/C0 r a t i o , 

the in t ens i ty of the continuum decreased while that of the 

banded s t ruc ture increased. This would be explained by the 

fact that an increase in 0 2 pressure wil l increase the amount 
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Schumann-Runge bands. But a lso the C02*(3"J7~) i s brought to 

the ground s ta te by th is r ad ia t ion less t r ans i t ion and less 

will be a t hand to give the continuum reaction C l 8 3 

0 6 ) p . 723. 

The p o s s i b i l i t y of physical quenching in £16^], with the 

oxygen remaining in i t s ground s t a t e , i s not forbidden by 

the cor re la t ion ru l e s , but consideration of the disposi t ion 

of the potent ia l -energy surfaces involved (15) shows that i t 

i s very unl ikely since the 9^j£ surface l i e s much below the 

others with no apparent connection between them. 

Two excited e lec t ronic s t a t e s of oxygen have been 

detected in the flame; one i s the 3J5? u s t a t e which, by 

passing to the lowest s t a t e , gives the Schumann-Runge bands. 

This s t a t e can be formed via t r i p l e t complexes, and if ionic 

surfaces are involved, the process would be Q 6 ) p . IOQ: 

co2VTT) + °*< 3 £g) - c°z°z(3X > 3TT> - co^cTcx*^, 

, ( 15Ht) + o,*(*5*.7.) 3TT> -co2(*£+) + o2v£;;) 

The other state is the X ^ 7 q , which can be produced via 

singlet complexes: 

EM 
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THE REACTION: 0(*P) + 0*(xn) + U -* 0 2 * ( 5 2 u ) + M 

The fact that the Schumann-Runge bands have been 

observed in the hydrogen (23, 2l\., 2$) carbon monoxide (26) 

and ammonia (27) flames suggests that there may be a 

reaction such as 

0(3P) + 0*(*D) + M -*- 0 2 V £ u ) + M C22D 

common to all of these flames, by which the 02'
}{'(g^* ") is 

produced £(6) p. 7fQ. The metastable O (lD) may be produced 

thermally, from the dissociation of one of the reaction inter-

mediates such as OH* (*>% ), or perhaps, in the case of the 

CO flame, from: 

C0 2(^
+) - CO(*2+> + 0*(*D) C23D 

THE REACTIONS: O + 0 3 •* 20 * AND 0 2* + 0 3 -»• 202 + O 

The reactions 

O + 0 3 -• 202* \yiQ 

and 

02* + 03 H. 202 + O C253 

are believed to occur in the photochemical decomposition of 

ozone. The primary process of the scheme must be: 

09 + hv -* 0 2 + O Q263 

From thermal data, A H for £26j| i s 2I4..I kca l . corresponding 

to a wavelength of about 11,800 A which would be the infrared 
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l i m i t for a pos s ib l e d i s s o c i a t i o n Q 1 ) p . ll | i£]. Shor te r 

wavelengths supply energy for the fol lowing r e a c t i o n s : 

AH(Kcal) X ( A ) 

jyO °S + h v -* ° z ( 5 2 ^ g ) + ° ( 3 p ) 2 ^ . l 11,800 

£28j Os + hv^0 2 ' VAg ) + 0(»P) 1+7.1 6,200 

£ 2 9 ] 0 3 + hv -*• 0 2 * ( * 5 ^ *) + 0 ( 3 P ) 62 If,600 V i s i b l e 

D ° 3 03 + hv -• 0 2 ( 3 ^ g ) + O V D ) 70 u,ooo 

DO °s + hv - Oz*(xlZ gJ + °*( lD> 108 2 > 6 0 0 

IR 

i s i l 

\ 
uv 

I 
Consequent ly , i t has been suggested (28) t h a t the O atom of 

Q26J3 i s P when abso rp t i on takes p lace in the v i s i b l e reg ion , 

and *D when in the u l t r a v i o l e t . 

The exper imental work of Forbes and Heidt (29 , 30) 

showed a range of va lues for the quantum y i e l d $ and a complex 

dependence of 0 on ozone c o n c e n t r a t i o n , t o t a l p r e s s u r e , l i g h t 

i n t e n s i t y , e t c . Heidt (31) concluded t h a t a c t i v a t e d 

molecules must play a p a r t in the r e a c t i o n and found i t 

necessa ry to p o s t u l a t e an energy cha in : 

o3 + hv -*• o 2 * + 0 Q323 

0 + 03 - 202* [ j £ ] 

0 + 0 2 + M - * 0 3 + M D Q 
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w a l l s 
O -• 1/2 0 2 C3S[] 

0 2 * + Os •+ 202 + O Q 6 ] 

0 2 * + M -• 02 + M Q 7 | ] 

The ra ther complicated expression for 0 that r esu l t s gives 

the correct dependence of 0 on l igh t In tens i ty , pressure, and 

so fo r th . 

Whether or not the Oz** of £32]] i s e lec t ron ica l ly excited 

depends upon the wavelength used, as seen above. AH for 

react ion C^Xl l s (-92.3 + 2 Ee) kca l . where Ee i s the 

exci ta t ion energy of each 02# In ĵ 33Z3« Consequently, each 

oxygen molecule could be in the 1 5 * q s t a t e and the react ion 

s t i l l be exothermic. Now ^ H for reaction [[36] i s (25.7 - Ee) 

kca l . so that in order for i t to be exothermic, Ee ^ 25.7 

k c a l . or 1.12 eV; i . e . 02*" i s 1 ^ ^ g or a v ib ra t iona l ly excited 

form of a lower s t a t e . 

Ozone absorbs weakly in the v i s i b l e and strongly in the 

u l t r a v i o l e t region. The electronic term level of the 1£^ q 

s t a t e of 02 i s 38 kca l . which, according to Heidt, 

corresponds roughly to the difference in energy between the 

long wave l imi ts of the u l t r a v i o l e t and v i s ib l e absorption 

spectra of 0 3 , 3500 and 6500 A [.(8) p . 396J. If t h i s a lso 

corresponds to the energy difference between two electronic 

levels of O3, the upper one of which d issoc ia tes spontaneously 
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to Oz + O, then reaction \^(T] may be expected to be very 

e f f ic ien t i f the 0 2* i s 1 2Lg* I t i s therefore assumed that 

t h i s i s the e lec t ronic s t a t e involved. 

Claims to Original Research; 

Although th i s section i s more in the nature of a 

review, ce r t a in pa r t s a re or iginal work, pa r t i cu l a r l y the 

discussion of the evidence for the s t a t e of 02* in the 

mercury-photosensitized formation of ozone. 
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