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The Kinetics of the Reaction between Hydrogen and Nitrous 0
III—Effect of Oxygen

By H. W . M e l v il l e  (Senior Student, Exhibition of 1851) 

(Communicated by J. Kendall, F.R.S.—Received May 8, 1934)

One of the most striking dissimilarities between the hydrogen-oxygen and 
hydrogen-nitrous oxide reactions is the absence in the latter of sharp explosion 
limits, a feature characteristic of the former. Another important difference 
is th a t propagation of chains in the H 2-N20  mixtures is rather less easy than i-i 
H 2-0 2, for the photochemical chain length is smaller for H 2-N20 than for 
H 2- 0 2 a t the same tem peratures and pressures (see below). I t has, however 
been postulated th a t the carriers in the two reactions are identical and that at 
least one step, viz.,

o h  +  h 2 ^ h 2o  +  h ,

is common to  both reactions. The differences in the propagation factors 
would therefore be due to  these reactions

H  +  N 20  =  OH +  N 2
and

H  - f  H 2 +  0 2 =  OH +  H 20, 
or

H  +  0 2 =  H 0 2 

H 0 2 +  H 2 =  OH +  H 20 .

I t  may be anticipated th a t term ination processes will be somewhat similar, 
and consequently the observed differences in the thermal reactions will also 
be partly  due to  initiation reactions.

In  this paper, an a ttem pt has been made to  study the two reactions under 

similar conditions so th a t propagation and initiation reactions may be separated 

from  each other. Experiments have therefore been made on the effect < 

small quantities of oxygen on the high and low pressure thermal react#®1 
and on the high and low pressure photo reactions. As will be shown 
oxygen exerts a very marked effect in increasing the rate. Its additwft  ̂
been controlled so th a t the increase is comparable with the rate of 
of the oxygen-free mixtures, in order th a t the stationary concentraw^^ 
the chain carriers and the nature of the termination reactions sh ou ld  © 

for the two reactions.
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tb  aeount for the sharp explosion lim its in H 2- 0 2 m ixtures, branching is 
u nposl to occur in one of the  reaction cycles, and the  reaction presum ed to  
)e itespasible for this is

H  +  H 2 +  0 2 =  2 0 H  +  H ,
a sbn slight modification of such a reaction. The nature  of the process 
eadinqfco branching need no t be so particu larly  specified, the  essential con- 
: ttfei eing th a t in a branching collision two carriers of one type (OH) are 
aixJfcicd from one of the  other type  (H). I f  th is happens once (on the 
iveimgi before the chain is term inated, the  chain length will increase in- 
lefinatiy and explosion ensue. B u t w ith H 2-N 20  there is no possibility 
3f  A c  an occurrence w ith H  atom s or w ith OH radicals. In  the  H a- 0 2 
reaafcic branching becomes possible because the  oxygen molecule is diatom ic ; 
it lfiJtl sphtting of th is into two p arts  which ultim ately yields the  two carriers 
« for branching. N itrous oxide, on the  other hand, has only one atom  
avX aie and cannot therefore give rise to  two OH radicals even in a ternary  
eoliiski such as H  -f- N 20-f- N aO.

vitlugh a very definite m echanism for the  H 2- 0 2 reaction has been adopted, 
xvltfphaerhaps is not correct in detail, i t  will be of im portance to  find if homo- 
seii&oi reactions between nitrous oxide and simple combustible molecules do 
\ Mbi well-defined lower and especially upper lim its for explosion. I f  they  

do Ho then the following statem ent would appear to  sum up the  behaviour 
of t/iee reactions : In  combustion processes involving nitrous oxide, branching 

aiiuand therefore chain explosion limits do not occur. The lower limits 
oba|r*d are due to  therm al explosions, initiated  homogeneously or hetero- 

? (Mosly, of a tvpe similar to  those discussed by SemenofE* some tim e ago.
! i© motion must, of course, take place under such conditions th a t these 
b«Lciena are usually observed. For instance, the  m ixture should be capable 
• urea gating chains ; the  chain length should increase a t  low pressures and 

u ireje a t high pressures. These conditions can be realized w ith H 2-N20 , 
h t  o sharp limits are observed. The sharpness of a lim it m ay be masked 

■ th. occurrence of a relatively fast reaction outside the explosion region, 
ioh j occurs with H 2- 0 2-N 0 2 m ixtures.f

The Photochemical Low Pressure Reaction 
to  liminate the possibility of therm al initiation, the  experiments recorded 
I ale I  were made a t low tem peratures, using the mercury lamp with mer- 

* * Z. P h ysik ,’ vo l. 48, p. 571 (1928).
t  Norrish and Griffiths, ‘ Proc. R oy. S oc.,’ A , vol. 139, p. 147 (1933).
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cury vapour present in the reaction tube. In  Table I I  the oxygen co 
the mixture was varied, maintaining the to ta l pressure unaltered It 
be observed th a t oxygen accelerates the reaction from 340 to 600° C btfc th 
increase does not change much with temperature, the ratio of the 6 
increasing 50%  for a 20-fold increase in the rate. The energies of activati 
of the two reactions H  +  N 20  =  OH +  N 2 and H  +  0 2 +  H 2 =  H20 4- qh 

m ust therefore be nearly equal. I f  the values of R in Table II be plotted 
against the percentage of 0 2 in the gas, a linear relation is obtained up to 
33%.

Table I—5 cm tube. Composition of mixture 19*5 mm 0 2, 300 mmofH

Temperature ° C 
Initial pressure ..
Rate ...................
Rate ( 0 2-free) .. 
R o2/R ....................

Composition o f m ixture

Pressure 
R ate ....

340

and of N 20
400 460 525

15-96 16-00 17-67 18-24
0-26 0-52 0-92 2-50
0-115 0-23 0-41 0-92
2-25 2-3 2-3 2-7

Table I I —Temperature 390° C 
( O o .......... —  10 20 40 100
J H 2 .... 100 100 100 100 100
1 n 2o  .... 
lo 2% ....

100 100 100 100 100
0 4 -8 9-1 16-6 33-3

16-00 16-33 16-00 16-23 16-12
0-330  1-05 1-97 3-75 8-40

of a foreig:n gas can exert a large influence on a

600
19-68
7-0
2-20
3-2

100
100

50
1612
6-30

chain
reaction only by destroying the carriers before they would normally end, or 
by increasing the ra te  of initiation. I t  is improbable, in the present work, 
th a t 0 2 molecules affect the rate  of starting, for the quenching radius of 02 
is only twice as great as th a t of H 2.* The acceleration will therefore be due 
to the participation of oxygen in the propagation reactions.

Two possibilities m ay be distinguished :

{ a )

(*>)

H  +  H 2 +  0 2 =  H 20  +  OH

H  +  0 2 =  H 0 2
H 0 2 +  H 2 =  H 20  +  OH 
HOa +  N aO =  H  +  N 20  H- 
h o 2 =  H  +  o 2

* Zem anski, ‘ P hy. R ev .,’ vol. 36, p. 919 (1930).
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w' be considered first. The stationary  concentrations of H  and of OH 
ill be iven by the equations

§ S =  I  +  kb [OH] [H 2] -  &4 [H] [N aO] -  [H] [H 2] [ 0 2] -  [H] =  0 ,
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' f f i l  *4 [H] [N20 ]  +  [H] [H J  [ 0 2] -  * 5 [OH] [H a] -  k \  [OH] =  0 ,

rhlnce
-  {*4 [NaO] +  k la [ H j  [0 2]} i  I K

at

rflkexare difficulties in accepting tb is simple scheme, for i t  would be expected 
hait a riple collision w ith an  energy of activation similar to  th a t  of H  +  N 20  
rotsid ecur much less frequently  th a n  the  la tte r reaction, whereas in fact, 
ha f.rat of removal of H  atom s by  0 2 is faster th an  th a t by  N 20 . B y postulating 
he» foliation of the complex, H 0 2, th is difficulty can, in part, be overcome. 
? or \b) therefore,

- iE L  =  * [H] [ 0 2] -  *J2 [H 0 2] [H 2] -  k 13 [H 0 2] [N 20 ]  -  k ti [HOg] =  0,

[H O J = *,i fH] ro2i
* i2 [H 2] +  *13[N20 ]  +  fc14'

t  =  I  +  *5 [OH] [H 2] — *4 [H] [NaO] — k lx [H] [O J  — h  [H] =  0, 
at

=  h  [H] [N aO] +  k12 [ I i 0 2] [H 2] — [OH] [H 2] — k \  [OH]

d [H aO] 
dt {*4 [N 20 ] + ^11 [Q2] • ^12 [Ho]_____\  J/y

k12 [H 2] +  k12 [N.O] +  k j

0,

f 5 nd &14 are small compared w ith k12 then

1E £I = {/Cl [NaO] + [o2]} 1 /*„.
at

s s&s '[uation is in agreement with experiment in th a t the  ra te  should increase 
uifaar with [ 0 2]. A t 390° the ratio == 1 3 * 3 . Oxygen molecules

''•terete the rate of production of w ater by reaction w ith the atomic hydrogen 
rh H 2-N20  chains. A t higher tem peratures, the combination of H 2 and 

ttgOiy also increase the rate  of initiation.
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High Pressure Thermal Reaction

Having established th a t oxygen can affect the propagation, the next uesti 
is whether the homogeneous or heterogeneous combination of hydrogen ' 
oxygen may give rise to  molecules or atoms capable of initiating chain 
hydrogen-nitrous oxide. F irst of all, experiments were made on the effect * 
0 2 on the thermal reaction ; the results are given in Table III. The mixtwiles

Table I I I—1-7 cm tube. Temperature 585° C
% 0 2 ...........
Total pressure 
Rate ...............

4-75
100-5

15-0

2-37
103-0
6-0

1-18
99-0
3-8

0 -  59 
100-0

1 -  75

0-0
99-0
0-26

nitrous oxide exert about the same inhibitory action. The aPPrajjf|ff
tional

constancy of R  . Tu*and I t . p x2}  shows th a t the rate is inversely propel ^ 
to  the square root of the pressure, but when the pressure of nitrousw  VJ.XV jL A V/V/ V V/4L X r  w 7   JL

considerably greater than  th a t of hydrogen, the latter ceases to 
effect.

were made up separately in a gas holder before admission to the reaction bulb 
As might be expected, oxygen considerably increases the rate, which may. of 
course, be due to  the propagation. Examination of the values of (not 
given) will not, however, sustain this explanation entirely. Comparison of 
the experimental with the calculated values of indicated that hydrogen and 
oxygen do react to  yield H  or OH which then start off the chains. In order 
to  find whether this additional source of carriers is due to a wall or to a homo 
geneous process, the kinetics of the reaction were further investigated with 
respect to  [N20], [H 2] and packing. R is directly proportional to [02], as 
may be seen if the results are plotted. Hydrogen and nitrous oxide are 
inhibitors, for the initial rate of reaction is very nearly independent of pressure 

as is shown in fig. 1, where A p  — t curves are plotted for a mixture containing 
3 • 3%  oxygen. One prominent point is th a t the curves bend round compara- 
tively rapidly, especially a t low pressures, long before the reaction has gone 
to completion. The oxygen must therefore be consumed in the initial stages. 

To investigate the individual effects of hydrogen and of nitrous oxide, 
following procedure was adopted : Pn2o was fixed at 50 mm, po2 at ** m 
and pn2 was varied within measurable limits. A similar set of expert®®*1 

was made with pw2o =  150 mm. A third series was carried out inwhic fe, 
and po2 were respectively 50 and 2 • 6 mm, and p$2o was varied. The 
are summarized in Table IV where it will be observed that hydl^^^“
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r2o
4:2 
4:2 

- 4:2 
; 4.4 

4 0

144> 
13 6 
142

l £-5 
14*7 
{•1 

[ 4-4

Table IV—5 cm bulb. Tem perature 568° C
Po2 ^ h 2 r
2 -4  24*2 15 0 
2*4 50*0 11-4  
2*4 100*2 7*2 
2*4 199*8 4*6 
2*4 299*6 4*0

7*0 150*0 5*6 
7*0 100*4 5*6 
7*0 50*0 6*6 
7-1 25*0 6*0

2*6 48*5 2*1 
2*7 48*7 2*8 
2*7 49*1 3*6 
2*7 48*4 5*2

n P lli
7*5
8*1
7*3
6*5
6*9

6*9
5*6
4*6
3*0

R7>Na04
3*0
3*4
3*6
3*6

239-0

T im e
l-Effect o f to ta l pressure, th erm al h igh  pressure reaction , 3*3%  oxygen , tem pera- 

% r 532° C

does not cause any inhibition when added to  the extent of 200 mm to  
'•--Him of H 2- 0 2-N20  mixture. Packing experiments were also made to  
• ’ j @Bome the nature of chain term ination, using exactly the same tube and 
T>< ojsan material as employed in the therm al high pressure experiments 

-rf p. 532). For comparison, the results are given in full in Table V. A 
* • uea; of 50%, occurs in the rate, which is the same as th a t found for 0 2-free 

ix tu is .
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Table V—2-5 cm tube. Packing 0*7 cm tubes. Temperature 640- 
Composition of mixture, 10O2, 250H2, 250N2O. Total pressure loo mi

Packed
t Ap A p Ap
1 5-5 6-5 12 0
2 10 0 1 2 0 21*5
3 13-5 1 5 0 28-0
4 17-0 19 0 33 0
6 2 1 0 23*5 40-0
8 24*5 26*0 42-0

10 26-0 28-0 43-5

Empty
4p 

11 *5 
20-5 
27 0 
32-0 
38-5 
41-0

Since the discussion of the tem perature coefficients of the different reactiotW 1 
has shown th a t there may be a possibility of assigning separate values to the I  
various steps in the reaction, measurements were made of the apparent energy j 1 
of activation of the present reaction, Table VI.

Temperature 
R ate ...........

Table VI- 
C ...........

-Composition of mixture, 1002, 150H2, 150N90
510 555 572
2-9  6 0 8-5

E =  17-4 k. cal.

2> aouii 2V
590 606
11-2 13*7

6491
20-5

The change in the kinetics of the reaction is complete. The effect of pack­
ing and of inert gases show, however, th a t similar termination reactions occur. 
The initiation factor is quite different and the fall in the apparent energy of 
activation shows th a t nitrous oxide no longer plays any im p o r ta n t part in the 
first stages. I t  has been seen how oxygen affects the propagation factor, 
and in order to  make certain th a t these fundamental changes in the kinetics 
were partly  due to  initiation, the following series of runs was made. Con­
ditions for reaction were so arranged th a t the rates of the four reactions- 

thermal H 2-N20 , therm al H 2-N20 - 0 2, photo H 2-N20, photo H2-N20-02. 
were all comparable. I f  oxygen affects the propagation factor only, then the 
acceleration of the thermal and of the photo reactions should be the same 
On the other hand, if the initiation factor is also affected, then the accelerate 
of the photo reaction will be somewhat smaller than that of the therms 
The reasons for these statements can be readily seen if the general velocity 

equations are set down for the four conditions:itR p  =  P t • I t2

R t , o2 =  ( P t +  P o s) ( I t +  I o 2)a> 

p E x  ==: P t • ( I t H-  I p )̂ » 

p R t , o2 ( P t  +  P o 2) ( I t +  I o .  +  Ip)*-

* The term ination  factors are identical for all four reactions, and for s' 
n o t inserted in the equations.
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R ro2 —  R t — p R t , o2 —  pRt* 

f ]|£ ?*0 and I t %  Io 2 ^  Ip,

R t , o3 ---R t !>  p R x  — pR t , Oa- t

’ and are propagation and initiation factors. The suffixes T, 0 2, R refer 
,.fely to the therm al, the  0 2, and the photo reactions. From  these 

;qtl&tics, the relative values of I T, Io3, and I P m ay be calculated. L et 
pTj ot can be computed from the oxygen content of the m ixture and 

roe tea ts  in Table V II. Equations (1) and (3) yield

I T =  Ip {Rt2/(pR t2 — R t2)},

T _  T /lo a — I p I ” 1}
§*(1 (2), (3), and (4) give

T_ — T„
\a  — bj

here a =  PR T, o 2 — (1 +  a)2 R t2 and b =  R T, o 2 — (1 +  a)2 R t2-

leVII—5 cm tube. Composition of mixture, 5 0 2, 247H2, 247N20 . 
oc =  0*30

pr t , o3 (R r, o 3—r t) (p r t , o2~ p r t)
'ftetnj

;

Pres­
sure r t r t , o2 PR T PR T, 0 2

ftfSeo 100 0 -6 0 2-75 1-95 3-45
% 78 50 0-7 0 4-36 2 -4 0 5-00
>0872 100 1-05 4-20 3-3 5 -9
I1I7S 150 1-96 4 -9 3-2 6 0
H llS 100 3-4 8-7 5-9 10*5

Xrp * Ip  : I q . I T

9-6
10-6

8-9
1-66
201

11-7
21-9

8*9
2-60
2-87

0 • 14 
0 095  
0-112  
0-6 0  
0-5 0

2 -  15
3 -  56 
3-15  
3-0  
5-3

1 - 50
2 -  6 
2-6 
2-8 
4-6

ao2
1-22
2-07
1-00
1-57
1-43

T1 results for a few different pressures and tem peratures are collected in 
Tab VII. The acceleration of the two reactions is not equal, as will be 

' • esred from an examination of columns 7 and 8. This is more clearly shown 
Iff te calculations on the relative magnitudes of I. In  the first set, I t — 1 
atidm the second I P =  1. I P is nearly independent of tem perature and 
prearge and hence the variation of the other quantities is given in better 
perfective. The second set of calculations demonstrates th a t the thermal 
tc .i«ion, compared with the photo, is greater as the tem perature and pressure 

ase. The first shows th a t initiation by oxygen is of greatest importance
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a t low pressures and temperatures. This is in accordance with th  

E for the oxygen reaction being smaller than  E for the n o r ma f *  1 
Furthermore, since it has been found th a t the temperature coefficients I 
propagation factors are nearly the same, the effect of packing is identical 
there is initiation by 0 2, it m ust be concluded that, under these conditi 
the initiation reaction involves both H 2 and 0 2 and takes place in the , 
phase with an -energy of activation considerably less than that for the de 
composition of nitrous oxide.

0  8  1 6  2 4
In itia l pressure

F ig . 2— E ffect o f  to ta l pressure, therm al low  pressure reaction, temperature 602° €, 2,91°o 
oxygen

The Low Pressure Reaction
I t  has been mentioned previously that, above 5 0  mm the pressure of a given 

H 2-N20 - 0 2 m ixture does not affect the initial rate. As the pressure is reduced 

below this value, the rate diminishes linearly as is indicated by fig . 2. The curve 

does not pass through the origin, bu t makes an intercept on the pressure 

The reaction velocity would thus appear to drop to a very small value t  
the pressure is below a certain critical point, in the present in stance,

If  the individual runs are examined, it is found th a t A in c r e a s e s  quite rap  ̂

a t first, bu t later changes only very slowly, although the reaction  

proceeded to completion. For example, with an initial pressure o f  

A pis almost steady after attaining 4 mm, which is equivalent to 40 ,o
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dttofflible increase. H ad  the  observed value of Ap  been due to  th e  H 2- 0 2 
. fioralone. the pressure decrease would have been 0 -6  m m . The com- 
r« v .y  ab rup t bending over of th e  Ap  -  t curves is due to  th e  pressure of 
. iiii xire falling below th e  critical value. An essentially similar phenom enon 
E d  when th e  oxygen con ten t of a 1 : 1H 2-N 2Q m ixture a t  constan t 
: „ nr, is altered (Table V III). Above 12-5%  0 2, the  reaction is rap id  
X e a s e s  if the  oxygen percentage is raised to  5. A t 0 • 63% , however, th e  
. ^ a  dropped to  a very sm all value. On raising th e  tem peratu re  to  650°, 
■onvdently m easurable velocity is obtained, which does n o t greatly  depend 
t;iie tygen content and  is, indeed, no t m uch faster th an  th a t  for the  oxygen-

56 gaes.
Table V III

raj*. °~ 570 570
1*25

570
0*63

560
0*63

e lu r e .......
5

12*80 13*06 12*84 12*80

Ap
0*25 2 -2 5
0 -5 0  3 -4 6
0 -  75 4 1 6
1- 0 4 -4 4
1-25 4 -5 4
1-75 4 -8 2

Ap
0 -2 5  0*46
0*50 0*76
0*75 0*88
1 1*02
1*5 1*36
2 1*54
3 1*82
6 2*06

Ap
0*5 0*00
2 0*04
4 0*06

0*5
A p

0*38
1 0*62
2 1*00
3 1*30
4 1*56
6 1*88
8 2*10

10 2*30

Temp. ° ( 
%  O* .... 
Pressure

650
0*31
12*71

650 050
0*16
12*98 12*80

t A p  t
1 0*26 1 -5
2 0*56 3
4 0*96 4
6 1*28 7
8 1*60 10

10 1*88 15
15 2*36 21
20 2*78

A p t Ap
0*38 1 0*20
0*70 2 0*38
0*80 4 0*80
1 - 40 6 1*04
1-78 10 1*62
2 -  36 14 2*16
2*78

i i  e A p  — t curves are p lotted, the  same tendency to  bend over is not so 
rtfliitki a t 650°. The oxygen pressure would thus seem to  control the  position 
ofoibl critical point. I f  the  reaction above the  critical pressure is to  be 
ulmtied with th a t a t high pressures, i t  would be expected th a t, as w ith Oa-free 
v 4v%esthe apparent energy of activation, would decrease w ith pressure. Thii. 
ia#>cie out by the da ta  in  Table IX , where it will also be noted th a t, for a 
■ ‘-mixture a t a constant pressure, there is a critical value for the  tem perature, 
"'>dky which the ra te  is slow.
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Table I X —Composition 1202, 2001Sr20 , 200H2. Pressure 12-8 nun
5 cm tube

Temperature ° C 
Rate ...................

510
001

519 
0-95

30 -6 k. cal.

525
1-25

540 
2 05 580

3-3 8-2

Finally, packing experiments sbow clearly the importance of inhibit*
walls. For example, in the 5-cm tube a t 550° with a mixture

on bv
containing

2 • 9%  0 2, the critical pressure was 6 mm, the rates a t 7 • 67 and 20 • 10 mm beinj 
respectively 1-00 and 2*40 mm/min. On packing the tube completely wib

F ig . 3— E ffect o f  to ta l pressure, packed reaction  bulb. Temperature 710° C, 2-9%

0-7 cm tubes, no measurable reaction occurred a t all and the temperature had 
to be raised to  710° to  get a conveniently observable rate, which for a pressure 
of 16 mm was 1-55 mm/min. The rate of the H 2-JST20  reaction was now 0-50 
m m  /m in .  In  the packed tube, however, there was still evidence of the elirt®® 
of a critical pressure, for it will be seen from fig. 3, where Ap t
plotted for different to ta l pressures, the form of the curves changes betw 
9-60 and 11-24 mm. This is brought out more clearly in Table X whffl*® 
comparison is shown for an 0 2-free and an 0 2-containing m^ iure 
and a t 8 mm, i.e.,above and below the critical pressure. The aceeMljBB 
the reaction is much greater a t 16 than a t 8 mm.

I t  should be mentioned that, in all these experiments, the 
made up previously in a separate gas holder, for it was neither
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cttia to add small am ounts of oxygen to  the  H 2-N aO m ixture. A con­
i'derate number of experim ents was carried ou t in  which the  gases were added 
eftoavly to  the bulb and the  im portan t observation was m ade th a t, if only 
vdrotn an(j  oxygen were adm itted  w ithout n itrous oxide, there  was im m ediate 
xMosn and the pressure fell extrem ely rapidly. This occurred w ith pressures 
n#J temperatures above the  critical values for th e  H 2-N 20 - 0 2 reaction.

Table X —Composition of m ixture as in Table IX
sbove transition point

0 2 free
> 16 4 16-24

Ap t A p
1-64 1 0 -4 0
2-60 2 0 -8 4
3-24 4 1-74
3-94 6 2 -4 6
4-54 8 3-02
5 04 10 3-4 4

B 0 3$0 R  0 -4 2
R q/R  =  7 • 9

B elow  transition  point

8 008-06
t Ap

0 -5  0 0 9
1 0 -2 6
2 0 -5 9
3 0 -8 5
5  1-26
7 -5  1-65

R 0 0 -295
R 0/R  —

t A p
0 -5  0 -0 3
1 0-21
2 0 -3 6
3 0 -5 3
5 0 -8 3
7 -5  1-17

R 0 • 175
1-69

0*4
Intensity

F ig. 4

iffb unusual character of the  reaction is further borne out by experiments 
KiiTl effect of the intensity of the light in the photochemical reaction in the  
' -‘‘»4o of the transition point. The rate-intensity curves are given in fig. 4 
tap tree temperatures. The dark  reactions were not greater than  5%  of the  
dte 1 At 492°, a linear relation is obtained as might be expected, bu t a t 510°

CXLVI.---A. 3 H
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and still more so a t 550°, curvature is marked in such a way as t0 ‘ 
th a t the exponent of I a t 510° is 0-5 and even less a t 550° for the dotted^ j 
refers to R ~  I4. The interpretation of the results at 510° might 
be th a t the increase in rate has altered the termination process fro 
to a gas phase reaction. Although this may in part be true, the fact tk  ^ 
550°, R  ~  I 1/w where n  >  2 and th a t in the ordinary photo reaction fl v * 
a t a rate of the order of 1 mm per minute surface termination is still * 
dominant, shows th a t this explanation is not sufficient.

Discussion of the Mechanism

The critical point observed in the low pressure 0 2-reaction bears a remarkable 1 
similarity to the lower limit in H 2-0 2 mixtures. The reaction above this 
point is not, however, an explosion, for it was quite easy to get spontaneous 
inflammation a t low pressures if the temperature was raised sufficiently. 
Since the H 2- 0 2 mixture itself is spontaneously explosive and, above the 
critical point initiation is largely due to the H 2-0 2 reaction, it may be that the 1 
stable reaction observed is not unlike the degraded (“ entartete ”) explosions j| 
of Semenoff.* I t  would appear th a t there is some additional inhibition factor 
coming into operation which prevents effective branching of the chains. The 
intensity-rate relationships support this argument, for a t the highest tempera 
ture 550°, the rate  has become almost independent of intensity; that is, 
initiation ceases to play any im portant role in determining the course of the 
reaction. This la tter effect is one of the characteristics of a pure lower explosion 
limit. Nitrous oxide is, in fact, an inhibitor of the H 2-0 2 reaction for, although 
it reduces the lower limiting pressure for explosions like argon or helium,f the 
critical pressure rises again as the amount of N 20  increases, e.g.,

Temperature 515° C
p Ha+o2 ...................  1*60 1-27 1-21 1-23 1-61
pN2o .........................  —  3-20  4-81 6-57 9*61

The limit was determined by admitting a 2 : 1 H 2- 0 2 mixture until inflammati 
was observed. A short time was allowed for the water formed in the eXp0® 
to be withdrawn by the P 20 5, when the residual pressure was noted. ^  
oxide was then added and the foregoing procedure repeated.

* * Z. p hys. C hem .,’ B , vo l. 2, p. 464 (1931). (1932).
T H inshelw ood and M oelw yn-H ughes, * Proc. R oy. S oc .,’ A , vol. 138, p.
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sIRori curious observations were made during these experim ents. I f  th e  
H |-0m ixture was quickly adm itted  to  the  tube and the  lower lim it passed, 
adfouG more violent explosion occurred a t about 10 mm, which was accompanied 
o;v raid vibration of the m anom eter pointer. I f  the flow of hydrogen and  
oxi ge was arrested, the pressure fell very quickly as the  w ater was rem oved. 
Darii: this period, successive explosions were observed in  the  reaction tube, 
reaemling those obtained w ith P 4-0 2 m ixtures when the  lower lim it is passed. 
Iherenay be some connection between these two types of explosion and  th e  
e le m e n ts  of Ouellet* who used a quantum  counter for investigating th e  
lowerimit of the P 4-0 2 reaction. In  these, the  lower lim it was succeeded 
a&<a gher pressure by another explosion w ith a flash of a different colour, 
whielalone affected the counter (it m ay be noted th a t the counter was only 
sansitre to  radiation of X <C 280 m\x) and hence it  was concluded th a t  there  
wfee vo kinds of explosion in so far as the  nature  of the  chemiluminescence 
w  tncerned.

T hi modification of the  previous theory  of the  effect of oxygen to  allow for 
baancing is simply made. I t  will be assumed th a t branching occurs in  th e  
slip ;0 2 +  Ho and th a t as usual (a — 1) is the efficiency of branching, i.e .y 
> be p bability of two OH radicals being produced when one H  atom  disappears.
! fee t uations for the stationary  concentrations of H  and of OH are therefore

= 1  +  ^5 [OH] [H J  -  k t [H] [N ,0 ] -  K  [H] -  ku  [H] [0  J  =  0,

- =  I  +  K  [H] [N.O] -  k h [OH] [H J  +  «*u  [H O J [ H J  =  0,

=  [N« °3 +  ^  M  k  +  ( i  -  «) [o  J '

vc io temperatures, a is very nearly unity  and hence the second term  in th e
* o inator vanishes. The condition for explosion is k9 — ( a — 1) &n [ 0 2] 

Jri verefore the limit should be sharp as in the therm al H 2- 0 2 reaction. In  
© pesent reaction, however, a ra ther peculiar position arises. I t  has been

len iat there is a little gas phase term ination in the low pressure reaction.
' * v ^stationary concentration of H  or of OH be raised much above th a t obtain- 

uder the conditions employed in these experiments, for example, by  a  
mn>iing mechanism, gas phase term ination will become of ever-increasing

• viposance. The functioning of this additional inhibitory factor may, a t  any

* ‘ T rans. F arad ay S o c .,’ vol. 29, p . 486 (1933).
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rate in a small region, prevent effective branching and thus allow the stay 
reaction to  be measured. The transition point is therefore reached when [H 
attains a certain value, which will naturally be affected by packing, tern 
ture, and oxygen content of the mixture, in a somewhat similar manner t0 
lower limit. At high pressures gas termination is so important that a sharp 
transition is not obtained ; likewise, when the chains are short, as in a packed 
tube, transitional characteristics are only slightly in evidence.

On p. 762 it was shown th a t although oxygen is more effective than X 0 
in producing OH radicals from a hydrogen atom, yet the energies of activation 
of the two reactions are almost identical. First of all, this rules out the possi­
bility of the simple reaction H  +  H 2 +  0 2 = H 20  +  OH since, if such a 
ternary collision required the same energy of activation as H -f  N20, the 
probability of its happening would be extremely small. Recently, L. Farkas* 
has measured the rate  a t which H  atoms are removed in a mixture of H2 and 
Oa at room tem perature and found th a t the velocity was about 1/50 of that 
calculated from the number of ternary collisions H  -f- H 2 +  0 2, and is not 
changed by temperature. This discrepancy can be explained by supposing 
th a t the removal of an H  atom  is not accompanied by the production of OH. 
This la tter process requires as much activation as the reaction H + N20. 
B ut the oxygen molecule is more effective than the N 20  molecule in yielding 
OH, and therefore the rate of H 0 2 +  H 2 =  H 20  +  OH, athough possessing 
the same energy of activation, is faster than  H  +  N 20  =  OH +  N2. The 
concentration of H 0 2 m ust consequently be greater than that of H ; from the 
results in Table I, the order of magnitude is 10.

The author desires to  thank Dr. E. B. Ludlam and Professor J. Kendall for 
their continued help and encouragement throughout the course of this wo , 
which was carried out in the Chemistry Department of the University of 
Edinburgh and subsequently a t the Department of Colloid Science of the 
University of Cambridge. He also thanks the Royal Commissioners of t 

Exhibition of 1851 for a Senior Studentship.

Summary

The effect of the addition of oxygen on the kinetics of the hydrogen iu t^  
oxide reaction has been investigated in order to compare the Ha- ! 
H 2-0 2 reactions under similar conditions.

* P riva te  Com m unication.
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Sum m ary of Reactions

tion
tiMgll ;L 
•ur-e 1

MB* t

>

x  \

e w 0 2f 

allow 1
e l O f
> \§mh |\ 
■e mm O f

'*}§ o  r

K inetic equation K inetic equation  E
(observed) R  ~  (calculated)!! R  ~  (total)

[N aO] [H jO-5* rN.oi , / [n ,Q]([n ,Q] +  [h ,]) 36.6
1 * J V  <[n 2o ] +  [h 4]>

[N20]2 [H 2]0*5* [NaO]2 ([N20] +  [H 2]) 49-5

I i  TNoOl a / -------- -------------- II < 36
1 L 2 J V  ([N 20 ] +  [H 2])2

[n 2o][h 2]° i  [n 2o] • [Nao ] + ] Lh 7i • 1 14

[ 0 2] . [N 2O]-0*5 . [H 2] - o-5 ([N 20 ]  +  a [ 0 2]) \ / ([N 20 ]  +  [H 2]) 17

[ 0 2] ([N 20 ] +  a [ 0 2]) ? 31J

—  ([N 20 ]  +  a [ 0 2]) / > / (j-NaO] +  [H 2])a < l? §

[ 0 2] . R l - 0 ) t  ([N 20 ] +  a [OJ) m  14

* These exponents are to som e ex ten t a function o f  [N 20 ] .
t  E xponent depends on tem perature.
J Measured above the transition point.
§ E stim ated  from the data in  Table V II.
II The coefficients for [H] and [N 20 ]  are not inserted.

E
(in itiation)

57

50

0

0

< 5 7

< 5 0

0

0

' I 3 therm al and m ercury photosensitized reactions have been studied in 
she ressure range 1—300 mm.

J  high pressures, the addition of small quantities of oxygen increases the  
ve lcity, the kinetics change entirely and the energy of activation falls off. 
b' * sing photochemical methods it  is shown th a t oxygen participates in the 
imitation and in the propagation of the  chains. From  packing experiments it  
® an shown th a t initiation is homogeneous.

A low pressures in the  therm al reaction, a transition point is observed above 
wh:bt the reaction is com paratively rapid and below which it is slow, provided 
wic bulbs are used. This point depends on the  oxygen content and the 
tenaerature of the gases ; it  is displaced to  higher tem peratures on packing 

1 (-‘reaction tube. The phenomenon has some definite connection w ith the 
limit of the H 2- 0 2 reaction. Photo experiments confirm these observa- 

tiOT, in th a t as the  tem perature is raised the value of the  exponent n  in the  
c  ntion R ate == const. X  (intensity)” decreases from unity  to  almost zero.
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