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The oxygen molecule is unique among the common elementary diatomic 
molecules. Chemists had always considered oxygen as a bivalent atom, 
but when they began to think in terms of the Lewis theory of valence this 
fact of paramagnetism naturally caused doubt as to  whether the atom% in 
the oxygen molecule were linked by a double bond. Attempts were made 
to  argue from the reactivity of the oxygen molecule as to the nature of the 
bonding. It never became necessary to point out that reactivity depends 
on factors which are not directly related to the strength of the bonding in 
a molecule, because the proponents of the argument could not agree a': to 
the degree of reactivity to  be attributed to the oxygen molecule The 
reason for this difference of opinion lies, of course, in the erratic behaIior 
of oxygen. If oxygen supported combustion Tvith the same readine5q that 
it iupports respiration, all dry organic matter 1vould doubtles-ly be con- 
sunled in a short time. The reason for this erratic behavior i- certainly 
to be found in the fact that the lowest energy state of the oxygen molecule 
i i  a triplet state, whereas the great majority of other molecule<, including, 
of course, the products of combustion, exist in Ringlet states. The fact 
tha t  the lowest energy state of the atom is also a triplet state undoubtedly 
adds to  the  peculiarities of the behavior of oxygen. Any reaction involv- 
ing a change in multiplicity in the atom may be expected to proceed much 
more slowly than it would nere the caze otherwise. The factor is 10-7 or 
lew, qo that  such reactions may be regarded in many ca-ez as not taking 
place a t  all. 

I t  had occurred to  the author and doubtless to  many others that the 
explanatioii of the activity of oxygen in wpportiiig respiration  as to be 
sought in the paramagnetic character of the iron in hemoglobin. Recent 
norli by Pauling and Coryell (6) appears to confirm thiv idea. Hemo- 
globin is paramagnetic, xhile the oxygen conipound is diamagnetic. 

1 Presented a t  the S>mposium on 1Ioleculai Structure, held a t  Princeton Univer- 
sity, Princeton, Ne17 Jersey, December 31,1936 to January 2,1937, under the auspices 
of the Division of Physical and Inoiganic Chemistry of the American Chemical 
Society 
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Another example of a rapid reaction, involving in this case the oxygen 
atom, is the reaction 

0 + KO, = s o  + 02 
which was studied by Spealman and Rodebush (9). Here there is pre- 
sumably no change in multiplicity, and a rapid reaction is to be anticipated. 
Aside from these reactions with molecules known to be paramagnetic, 
rapid reactions involving oxygen are likely to  be rare. The direct oxida- 
tion of unsaturated molecules by addition of molecular oxygen is not a 
probable reaction. Most oxidations, as, for example, combustion reac- 
tions, are likely to involve chain reactions. These chains will presumably 
produce active species such as atoms or radicals. At higher temperatures, 
these exothermic reactions are likely to be rapid for various reasons, one of 
which is that  oxygen atoms are likely to  be produced in the higher energy 
singlet states. 

Since we can produce the various active species of atoms and radicals in 
the laboratory by photochemical activation or electronic bombardment, 
it becomes possible to study the separate steps of the hypothetical chain 
reactions. In  this paper will be reported some conclusions based on the 
study of the various activated species of oxygen and hydrogen produced by 
the electrodeless discharge at low pressures. This method of study has 
two advantages over the method of photochemical activation a t  higher 
pressures. I t  is possible to produce larger quantities of atoms or other 
activated species, and the mechanism of a homogeneous reaction can be 
established with certainty because of the infrequency of triple collision. 
There is one serious disadvantage in that seldom, and perhaps never, can 
the possibility of reactions occurring on the walls be entirely eliminated. 
Reactions on the walls will not take place to a considerable extent, how- 
ever, unless one of the reactants is strongly adsorbed. But one who works 
at low pressures becomes more and more convinced of the truth of the old 
dictum that gaseous reactions occur only at surfaces. Certainly the homo- 
geneous mechanisms which have been established for gaseous reactions 
are few in number. 

One may, of course, argue that a study of reactions a t  low pressures will 
not give much information about what happens a t  high pressures. This 
is true to  some extent, but negative evidence cannot be disregarded. On 
account of the great increase in the number of triple collisions, simple 
mechanisms are less likely to  play a r81e a t  higher pressures; certainly not 
unless they are sufficiently rapid to  be observed at low pressures. 

The technique employed in obtaining the results discussed here consists 
in dissociating a gas or mixture of gases in a bulb by means of an elec- 
trodeless discharge. The dissociation products are pumped rapidly 
through a series of traps cooled with dry ice or liquid air. If it is desired 
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to prolong the time for reaction in the gaseous phase, a 5-liter flask is inter- 
posed between the discharge and traps. This does not greatly increase 
the surface area in contact with the gas, and does greatly increase the ratio 
of collisions in the gas phase to  collisions with the walls. The pressure 
varies from 0.3 to 0.7 mm., and the time required for the gas to  pass 
through the flask may be as much as thirty seconds. 

It is 
known that the presence of Lyater tends to  reduce the catalytic activity of 
the walls in causing the recombination of hydrogen atoms, but this is not 
true for all atonis (8). Definite evidence has been obtained in this labora- 
tory that impurities increase the amount of dissociation. It is well known 
that pure nitrogen does not give an afterglow, but if oxygen, water, or 
hydrogen is present in small amounts, an  afterglow is obtained. A bril- 
liant afterglow can be obtained with a small amount of hydrogen. Recent 
work by Rabinowitch and Kood ( 7 )  suggests the explanation of this phe- 
nomenon. When a molecule is excited by  electron bombardment, it is 
likely to return to  its normal state by radiating the acquired energy. 
Collision with another molecule may prevent this by transforming the 
molecule to  a metastable or repulsive state. For reasons which may be 
siirniised, foreign gas molecules may be more effective than molecules of 
the same kind. 

The factors influencing dissociation are not \vel1 understood. 

The whole subject requires further investigations. 

THE REACTION O F  OXYGES ATOMS WITH HYDROGEN 

Oxygen atoms do not react with molecular hydrogen at lon- pressures. 
Exhaiistive experiments fail to show any trace of reaction, either in the 
gas phase or on the walls of the liquid-air trap. What the experiments 
actually prove is that the recombination of oxygen atoms is a much more 
rapid reaction than any reaction with hydrogen. The recombination of 
oxgyen atoms does not involve any change in multiplicity, but i t  requires 
triple collisions and is not particularly rapid. There is no evidence of 
catalytic activity by the Lvalls under ordinary conditions. 

The reaction 

is not to  be expected, both because of the large heat of activation and 
because of the change in multiplicity. The reaction 

0 + Hz = OH + H 

might, however, be expected to take place. I t  is slightly exothermic, and 
its failure to  take place must be due to  a fairly large heat of activation. If 
it did take place, regardless of what might happen to the hydroxyl, the 
hydrogen atoms so formed should react with oxygen molecules to  form hy- 
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drogen peroxide and water, and no evidence for this reaction could be 
obtained. Oxygen atoms can undoubtedly be made to react with hydrogen 
at higher pressures, but it seems doubtful if a simple bimolecular niecha- 
nism mill account for the results in the pressure region, where triple collisions 
are relatively frequent. The probability of reaction in a triple collision 
may, of course, be very different from that for a double collision. 

Oxygen atoms will not react with hydrogen atoms in a double colliiion. 
The possibility of their reaction on the walls of a liquid-air t rap will be 
discussed later. 

T H E  REACTION OF HYDROGEN ATOMS WITH OXTGEK XOLECULES 

Hydrogen atoms react with oxygen molecules to form hydrogen perox- 
ide and water, the relative amounts varying widely with the experi- 
mental conditions. That there is a primary gas-phase reaction here is 
almost certainly demonstrated by our experiments, in which the Miter 
flask is interposed in the system. There is evidence for the rapid disap- 
pearance of hydrogen atoms. Of course, there is possibility of reaction 
on the walls of the flask, espwially if a triple collision reaction is involved. 
It is difficult to decide what the initial step may be, in vieJv of the apparent 
rapidity of the reaction. The bimolecular mechanism 

H + 0 2  = OH + 0 

is doubtful for various reaYons, but primarily because it is probably endo- 
thermic by 10 or more large calories. Khile the heat of formation of 
hydroxyl is not known with certainty, a number of observers believe it to  
be about 105 cal. Evidence will be presented later which indicates that  
hydroxyl is not a primary product in the reaction of hydrogen atoms with 
molecular oxygen. 

The second possible mechanism is 

H + 0 2  = HOz 

This mechanism should involve a triple collision. I t  is very difficult to 
prove by experimental methods that a mechanism involving triple col- 
lisions is taking place. 

THE FORNATION OF HTDROGES PEROXIDE 

Hydrogen peroxide is formed in large amounts in two v-ays,-when 
water vapor is passed through the discharge or when hydrogen atoms are 
mixed with molecular oxygen. I n  order to obtain hydrogen peroxide, it is 
neceqsary to  use a liquid-air trap. h dry-ice trap will condense either 
water or hydrogen peroxide if either is present in the \Tapor, but in the 
experiments reported here no appreciable quantity of hydrogen peroxide 
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was ever obtained nithout the use of a liquid-air trap. We may, there- 
fore, suppose that  the final -tep in tlie formation of hydrogen peroxide 
take< place in the ~~--nlls of the liquid-air trap. It is useless, therefore, to  
speculate as to the niechanigm of these wall reactions. K e  can only in- 
quire a.; to what the activated cpecies may be that  enter the trap. 

\\-hen water vapor is passed through the electrodeless discharge, and 
immediately thereafter through the liquid-air trap, fairly consistent re- 
sults are obtained. About 45 per cent of tlie water moleculez are con- 
verted to  hydrogen peroxide, 45 per cent are condensed as water, and the 
remainder escape as hydrogen and oxygen in the molecular state. 

The first step in the cliszociation of na te r  iq probably the formation of 
hydrogen atom.; and hydroxyl radicals. There i. reason to beliexe that  
the dicsociation may be nearly complete, since, under some circumstances, 
very little of anything is condensed in a dry-ice trap. A corollary of this 
obiervatioii is that neither hydrogen atoms, oxygen atoms, nor hydroxyl 
radicals are condensed by a trap a t  -80°C. \Ye must, of course, believe 
that -.ome of the hydroxyls are further dissociated into hydrogen and oxy- 
gen by the discharge, but xi-e \hall pre*ent evidence later that  this dis-ocia- 
tion doe- not take place to  a very great extent, and i-. probably about equal 
to the amount of oxygen passing through the trap a+ molecular oxygen. 

If the tube leading from the discharge bulb to the t rap  becomes warm, 
or a i i lwr  foil is introduced into the tube, 110 peroxide ic  obtained, and the 
yield of water is increased. But if a %liter flask is interposed, the yield of 
water remains unchanged, very little peroxide is obtained, and a large 
amount of hydrogen and oxygen escape from the t rap in the molecular 
form The first two results are explained by assuming that on the surface 
of the warm tube or the silver foil the reactions 

H + OH = H2O 

O + O = O 2  
H + H = €12  

' OH + OH = H20 + 0 

are taking place. The 1a.t phenomenon could be explained if the meclia- 
nisni propoqed by Boiihoeffer and Pearsoii ( 2 )  a- a yapor-phaie reaction 

OH + OH = H20 + 0 

occurs . 
A. we h a l l  -hon latr.r, there i-. no evidence for the presence of oxygen 

atom- in the fla-k. TT-e .;hall, therefore, a>\uiiie that the reaction above 
takes place only on the nail. of the fla-k, and that the adcorhed atonic of 
oxygen recombine liefore deiorptioa. Thii n ould account for the yield of 
TT ater reniaining -.uh-tantially unchanged. 
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We may summarize the results of the observations on water vapor by 
saying that there is no evidence for any gas-phase reactions. The prin- 
cipal products of the discharge appear to be hydrogen atoms and hydroxyl, 
and there is no reason to  suppose that the direct condensation of these 
might not yield hydrogen peroxide and water. Geib (3) has suggested 
other possible mechanisms, and these may very well occur, but they pre- 
suppose, in most cases at least, rapid gas-phase reactions. The condensa- 
tion of oxygen atoms and hydrogen atoms in the liquid-air trap may pro- 
duce hydrogen peroxide, but when one allows for the considerable loss of 
molecular oxygen as such, it does not appear that  this reaction can account 
for the major part of the peroxide formation. 

I t  is 
the most elusive radical in inorganic chemistry, and no one who has spent 
much time attempting to  pin down any particular r6le on this radical would 
be dogmatic about his conclusions. Jackson (4) has shown that  carbon 
monoxide is oxidized by something in water vapor from a discharge that 
is not removed by  a platinum surface. It is known, of course, that  atomic 
oxygen is not destroyed effectively by platinum. 

The evidence in regard to  hydroxyl still remains wholly negative. 

The reaction 

0 + c0 = coz 
is a forbidden reaction in the vapor phase, but might, of course, take place 
on the walls of the vessel. On the other hand, oxygen atoms were shown 
not to  oxidize carbon monoxide, so that Jackson’s evidence falls into the 
same class with the other evidence reviewed here. In  the absence of 
evidence to  the contrary or an alternative explanation, one must attribute 
an  important rdle in these reactions to hydroxyl. 

T H E  DISCHARGE IIU MIXED GASES 

The primary products obtained on passing a mixture of hydrogen and 
oxygen through the discharge are certainly hydrogen atoms and oxygen 
atoms. 

Since the oxygen atoms have been shown not to react with hydrogen 
(except possibly in the liquid-air trap),  one might predict that  a discharge 
in mixed gases would produce the same reactions as are produced by the 
introduction of hydrogen atoms into molecular oxygen. This prediction 
is, in the main, confirmed. Since hydrogen peroxide may be produced in 
considerable amounts in mixed gases, x5-e hare studied the reactions in 
this system carefully with the idea of contrasting the behavior with that  
of water vapor. In  doing this, we reasoned that,  whereas the water vapor 
from the discharge contained large amounts of hydroxyl and relatively 
few oxygen atoms, in a mixture of hydrogen and oxygen the active species 
must be chiefly hydrogen and oxygen with relatively small amounts of 
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hydroxyl. The mechanism of the reactions to form hydrogen peroxide 
should be different in the two cases, and the behavior should, therefore, 
be different. 

Hydrogen and oxygen were niixed in the proportions in which they exist 
in water and passed through the discharge. The yield of peroxide is ex- 
tremely variable,-in some cases very small. In these cases, however, 
there was evidence of catalytic activity on fhe walls of the vessel, as shown 
by a rise in temperature. A lorn yield of peroxide was not accompanied by  
a corresponding increase in water formed, but rather by an  increased loss 
of hydrogen and oxygen in the molecular state. One may, therefore, dis- 
regard those runs in which low yields of peroxide were obtained. The 
runs in which relatively high yields of peroxide resulted on the other hand 
indicate that the catalytic activity of the walls was at a minimum, and 
these runs must, therefore, be taken a t  their face value. 

The maximum conversion to  peroxide obtained was about 37 per cent, 
calculated on the basis of the reaction 

The results obtained appear to substantiate this view-. 

in order to be comparable to the results on water vapor. This may be 
taken as the result when the catalytic activity was at  a minimum. The 
loss of oxygen and hydrogen in molecular form was correspondingly larger 
than with water vapor running from 20 to  30 per cent. On the other hand, 
if a 5-liter flask is interposed in the system, the peroxidc yield is not greatly 
reduced as in the case of water vapor, but falls to about 27 per cent, con- 
version being on the same basis as before. This behavior alone appears to 
establish a fundamental difference in the reaction mechanism in the two 
cases. 

Another test which resulted in a markedly different behavior wab made 
by introducing a piece of silver foil into the system. The peroxide yield 
dropped to  zero in every case, but with water vapor, aq has already been 
stated, the yield of water increased, while with the niixed gases, tlie r e d t  
depended upon the location of the foil. If placed near the discharge, a 
large yield of water was obtained, which can probably be explained as re- 
wlting from the reactions of atoms of one or both elements on the burface 
of the foil. When thc foil was placed at  the exit of the 5-liter reaction 
chamber, loss of oxygen and nitrogen in the molecular form increased to 65 
per cent of the total. 

T H E  PERCEKTAGE OF O X I G E S  ATOMS IS THE DISCHA4RGE 

Recently Spealnian and Rodehuhh (E)) have invectigatcd a 1 cry wikitive 
If nitric oxide i q  mixcd n-it11 atomic oxygen, a 

hich ha, apparently 
test for oxygen atom<. 
brilliant greenish-n hite luniiiie~cence 1- obtained, 
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been called by mi le  obber\ cr- tlic “oxygcn” afterglon , a i  di,tingui-lied 
from the iiitrogcii afterglon , IT liicli is an eiitircly tliffermt phenomciion. 
The iiiecliaiiisiii of this reactioii 15 tlic formation of a iiitiogeii dioxide mole- 
cule, prc>umahly by a triple dl i - ioi i  in an c>xcitctl .tat? l’hc radiation 
results from the return of tlic ~iioleculc to  it- iioriiial +tat(’. 

The iiitric oxide n-a. iiitrocluml into thc tixit entl of tlic 3-liter reaction 
chamber and allo\wd to  diffii,? back against the gai flon. \Vith the mixed 
gas(’\, a quite iiiteiiw glon was obtaincd n hicli cxxtentletl one-third to oiie- 
half of tlir way acio- the fla-L. 
intense, and did iiot extend T cxry far into tlic reaction chamber. Since n e  
kno1v from prc\ 1011- n ork that  not iiiorc’ tliaii :tbout 30 per cent of tlie oxy- 
gen is cli-ociatcd into atoiii-, it v o i i i -  (’\itlcnt that not more thaii 10 to 
15 pcr cent of tlic T\ ntcr 1- coiiiplctc.ly cli+wciated, and the oxygen atonis 
from tlii- clis\ociation d i~appc~ar  \ ei y rapidly. The abwice  of oxygen 
atoins in tlie rcac9tioii c1iambc.r ih ex itleiice againit thci ocnirrmce of tlie 
reaction 

IYith natcr  \ apor, the glon nay 1 

in tlic gas phaic. 

THE MOI.ECCI,E 

\Ye shall finally coiisiclw tlic ovitlciic~c~ for the existence of the HO, molc- 
ctilc, wliicli has bwn proposed by I\Inr.shall, Bates ( I ) ,  aiid others. Tlic 
evidence is that in thc mixc~l gases the‘ mec~liaiiism for tlie formation of 
peroxide is differciit in mi i e  stqj, at least, from that in the n-atcr vapor 
dircliargc. IVlicn tlic’ %liter rcacatioii cliamber is in tlic syhtciii, a h l i t ,  
tllirtp swoiitls is rcqiiirctl for tlic gases to pass from tlie dischargct to tlic 
trap. All of the atoiiis iuii,st ha\-cl certainly recoriibiiied in this tiin?, ant1 
according to  the cvideiicc of Olcleiiberg (5) any hydroxyl present will have 
disappcarctl. S o  pcroxick is prescnt as such. Hon-e\-cr sonic active 
species is presciit, liaviiig a lifc p(Triot1 of thirty secoiid‘ or more, whic~h 
n-ill foriii peroxitlc in a liquid-air trap, h i t  n-hicli is dccoinpos;cd into the 
original clcmriit~ hy silvor foil. The species \I-liicli bchaves in tliii n-ay 
inust liavc a miicli l o i i p ~  lifc 1)eriod thaii a hydrogen or oxygen atom, biit 
must still be very rcarti\-c>. I11 tlic aliseiice of any other possibility, one 
niust coiisicler the possibility of an  H 0 2  complex. Tlic formation of this 
coiuplex slioultl require a triplc collisioli, lnit our results indicate that t he  
reaction is rclativcly rapid :I.< cwinpnroc! with ttic’ rc~coniliiiiation of liydro- 
gen atoins. This rrsult is in  agrwiiiciit with tlic ohwrvatioiis of ot1ic.r 
iiivcstigat ors. 

O i i ~  conc~luc1c.s from tlio i‘orcyqiiig tliscii.siioti t l ia r  i i o  special cmplia~is 
,diotilti 1)lacc~I 011 t li(1 i ~ o i ~ - ( ~ c ( ~ ~ ~ i ~ r ( ~ i i ( ~ ~ ~  of rc~ictioiis uf oxygen n-it11 liydro- 
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gen, inr-olving a change in multiplicity, since it lias not bccn ~iossihle to  
prove that any hoiiiogenco~is biniolccular nirc2ianisiii, inr-olr-ing oxygen 
and hydrogen, takes place at lon- pressures;. Tile reaction 1)ctnccii  hydro- 
gen atoms and oxpgcn niol~cules, .r\-liilc rc la t i~cly rapid, certainly requires 
further study. 

The discussion in this paper lias been restricted to  results obtaiiied in 
this laboratory. This is not because the author is not an-arc of a large 
amount of significant work that has been doiip elsewhere. He has hesi- 
tated to include a discussioii of the results from other laboratorics because 
of the uncertainty that must always exist as to the comparability of ex- 
periment a1 conditions. 

The conclusions expressed liere are based upon a very large amount of 
data obtained in this laboratory, chiefly by A h .  C. IT7 .  J. IT - rnde and Dr. 
R. TIT.  Camphell. The detailed report of these experiments n-ill lie pub- 
lished elsewhere. 
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