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Many investigations? have been made of the
reaction of hydrogen atoms with oxygen mole-
cules. One such study was that of Bates and
Lavin,® who obtained the hydrogen atoms for the
reaction by the photo-dissociation of hydrogen
iodide. It was pointed out by Bodenstein and
Schenk* that the results of Bates and Lavin might
be equally well explained on the assumption that
the reaction H+O; occurred as either a two-body
or a three-body process. The present work repre-
sents an attempt to differentiate between these
two alternatives by studying the same reaction
with improved experimental accuracy and under
much more widely varied conditions. The prob-
lem is of theoretical importance in connection
with the interpretation of a number of different
reactions? such as the explosion limits of hydrogen
and oxygen,® the effect of oxygen on the photo-
chemical hydrogen—chlorine reaction,* etc.  The
general theoretical implications of the problem
have been discussed by Kassel.®

A similar study was also made on the reaction
of deuterium iodide with oxygen. A comparison
of the results for hydrogen and deuterium iodides
is of interest in connection with the effect of mass
and zero point energy on chemical reactions.”

Method and Apparatus

The method used was similar to that of Bates and Lavin.3
A mixture of hydrogen (or deuterium) iodide with oxygen
(and also in a few cases with nitrogen) in a quartz reaction
vessel of 277.1 cc. effective volume, was illuminated, the
pressure change was noted and the products analyzed for
hydrogen and iodine. The reaction vessel was kept at
0° except in two 20° runs. The source of light was a low-
voltage mercury-argon quartz lamp designed by Duffen-
dack and Owens.® It used a nickel cathode activated by a
coating of barium and strontium oxides.
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The hydrogen iodide was synthesized by passing a mix-
ture of hydrogen and iodine vapor through a tube con-
taining two glowing platinum spirals, the first spiral being
kept hotter than the second. Deuterium jodide was made
in a similar way, using deuterium obtained by electrolysis
of 99.9% D,0O.

No stopcocks were employed in connection with the reac-
tion vessel or the storage tube for hydrogen iodide; in-
stead, two greaseless valves were employed. These made
use of a glass bellows similar to that of Bodenstein,? but
substituting for his glass-in-glass seat a fused silver chloride
seat as described by Ramsperger.1?

The hydrogen was analyzed by a method suggested by
Professor H. N. Alyea of Princeton. It made use of a
sensitive slanting mercury manometer, calibrated for the
purpose, to measure the decrease in both pressure and
volume resulting from the combustion of hydrogen in a
sample of known volume.

The rest of the apparatus was essentially the same as that
described by Bates and Lavin.?

Experimental Results
Results of the runs are incorporated in the tables.

TaBLE I
RuUns Mapg witH HYDROGEN I0DIDE AND OXYGEN
Initial HI de- Ha
HIo oxygen composed  formed ke/R1®  Rs/Ry X 104
200.6 506.4 36.57 14.84 0.084 1.20
200.5 449 .9 37.15 15.20 .090 1.53
199.9 400.7 41.92 17.39 .092 1.56
150.8 551.1 41.56 15.22 .086 1.25
150.6 550.0 44 .44 16.99 072 1.05
151.3 449 .2 32.38 13.57 .058 0.98
150.2 450.0 35.19 13.88 .079 1.34
151.4 350.6 35.23 14.89 070 1.42
150.9 352.5 32.96 14.15 .063 1.27
100.6 601.3 35.41 11.64 .072 1.04
99.9 608.8 40.48 13.19 .069 1.00
99.3 499.5 27.86 9.64 .076 1.28
101.0 451.1 37.956 14.40 057 1.06
50.0 699.4 41.07 7.07 077 1.05
49.8 700.7 34.34 6.19 081 1.10
50.2 600.3 30.01 6.83 .0B8 1.07
30.0 602.1 30.42 6.94 067 1.06
50.2 499.7 30.24 7.47 .070 1.31
H0 .1 5003 32.82 7.89 070 1.32
50.0 398.6 25.38 6.89 LO7T 1.76
B 400.0 37.77 10.36 L060 1.39
3RO 3621 101.82 3.439 L0564 1.37
255 T2 4 21.44 2.75 .59 0 82
257 5071 20.55H 3.2 L0683 1.22
2408 400 9 21.95 L0162 1 20
251 300.3 20,57 2 S042 1.52
261 3003 21.95 ST CO48 1.51

¢ Assuming that ky/k; = 0.

(9) Bodenstein, 7. physik. Chem., BT, 387 (1930).
(10) Ramsperger, Rev. Sci. Instruments, %, 738 (1931).



TaBLE I1
RUNs Mape wiTH DEUTERIUM IopIDE AND OXYGEN
Dl Imé:al DI-HIp forn:ed Ry/Rid ks/Ry X 104
198.7 516.6 51.59 17.22 0.166 2.39
200.8 513.5 29.91 10.19 .169 2.39
201.4 301.0 29.20 11.62 .158 3.21
151.2 543.0 33.95 10.65 . 147 2.16
150.0 399.7 44 .26 15.44 . 138 2.58
150.3 207.6 28.31 10.70 .148 3.38
99.3 605.0 53.37 11.73 .152 2.24
100.4 599.0 28.31 7.45 .129 1.88
100.6 499.9 25.64 7.87 .118 1.99
100.1 307.7 26.31 8.96 102 2.09
50.7 649.3 25.55 4.98 .090 1.31
52.2 300.8 26.62 7.59 .096 2.83
26.1 688.1 20.35 1.68 115 1.64
25.1 297.3 18.35 3.45 .085 2.73
101.3% 497 .6 47.64 13.18 124 2.15
100.5°  498.5 26.95 8.31 .108 1.85
* 20.0°, all other runs at 0°. ° Assuming that ky/k; = 0.
TaBLE II1
SpECIAL PAIRS OF RUNS MADE WITH AND WITHOUT
NITROGEN
Initial Initial HIo— H,
HIp 1 N: Hlp formed ky/k® ki/ki X 104
50.3  209.0 23.51 8.99 0.039 1.14
51.3 301.7 388.4 24.26 6.75 .102 1.39
50.9 198.4 30.93 12.73 .036 1.52
50.5 205.1 474.2 34.66 10.65 .096 1.34
25.6  150.3 18.97 7.58 .024 1.43
24.7 150.2 473.7 21.11 5,02 .094 1.46
DI D:
50.5 101.7 19.69 8.77 0.048 3.31
51.8 104.2 391.8 16.35 5.99 .149 2.75
24.3 100.4 14.75 6.15 .032 2.67
24.5 98.2 360.3 17.69 4.42 152 3.14

¢ Assuming that ki/k; = 0.

In general these data confirm the experimental
results of Bates and Lavin, and in addition it is
immediately evident that the following qualita-
tive statements are true: (1) in any two runs, if
all conditions are the same except that hydrogen
iodide is used in one and deuterium iodide in the
other, more of the deuterium is always oxidized
than of the hydrogen; and (2) in any two runs,
if all conditions are the same except that nitrogen
is added in one case and not in the other, a great
deal more of the hydrogen is oxidized when the
nitrogen is added than when it is absent. In
other words, the presence of an inert gas greatly
speeds up the reaction of hydrogen atoms with
oxygen molecules. This is true whether hydrogen
or deuterium is used.

Products of the Oxidation

No experimental test was made for hydrogen
peroxide in the presence of the hydrogen iodide;
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instead, the pressure of hydrogen that should
have been formed was calculated from the ob-
served decrease in pressure® (page 86) under two
assumptions: (1) that only hydrogen peroxide
formed; (2) that only water formed. These
calculated results were then compared with the
actual pressure of hydrogen formed as determined
by the gas analysis. Results showed that as-
sumption (1) gave about twice as good results as
(2), the two hydrogen pressures always lying
between the values calculated on each of the two
assumptions. Thus apparently about one-third
of the hydrogen peroxide formed!! decomposed
to water during the run. Most of the runs lasted
ten minutes; a few of them fifteen minutes.

Theoretical Discussion

The two mechanisms to be compared were as
follows.
MEecHANISM I

(A) HI+ E—>H +1 A
(1) H4+HI —>H +1 by
(2) H + Q; —> HOz k2
(4) HOz —> H + 02 k4

leading to the integrated expression

Ho) = - 5 [HE - HL +

HIy + [Oslks/k + ka/ks (1
HIr + [Ozlke/k: + Ri/k:

in which [H,] = the pressure of hydrogen formed
during the reaction; HI, = the initial pressure
of hydrogen iodide; HIr = the final pressure of
hydrogen iodide; [O.] = the average pressure of

([O¢]ks/k1) In

oxygen; all pressures being measured in milli-
meters.
MecuANISM 11
(A) HI+ E—>H 41 A
(1) H+HI—H, +1 ke
) H+0+M—HO, + M’ ks
(3) H02 + HI —> H202 + I ka

leading to the integrated expression

He) = = 5 [ - 1L+
HIy, + [0,] [M] ks/Ru
HIr + [O;] [M] ks/k1
in which [M] = the average total pressure.
From equation (I) values of ks/ky may be cal-
culated for any assumed value of k;/k;. From
equation II values of k;/k; may be calculated
directly. Results of these calculations are given
in Tables I, IT and III.

{11) Bates and Salley, TH1s JoUurNat, 55, 110 (1933).

([O2][M] ks/ k1) In (1
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It is seen that for pairs of runs in which the
only difference is the presenice or absence of ni-
trogenn (Table III) the value of ks/k remains
fairly constant, wheteas the value of ku/k; (a8-
suming ks = 0) is not constant. ky/k; values
were calculated also for values of &4/ks up to 10¢,
but the values of ky/k; did not stay constant under
any conditions. The evidence seems to show,
therefore, that Mechanism II is much to be pre-
ferred to Mechanism I, and hence that the action
of hydrogen atoms on oxygen molecules is a tri-
molecular process.

The values of k;/k; show a slight variation with
the Oy:HI ratio employed. This particular
variation can be eliminated by using a more
complicated mechanism, replacing the step H +
O: + M with the steps:

(6) H 4+ 0: + O, —> HO; 4+ 05 ke

(7) H + O; + N;—> HO: + N; kr

8 H+0,+HI—>H0,+1 ks
For this the integrated expression is found to be
1 1 LHL + K
K =~ (HI, — HIp — 2[H:]) (1 + [OQeks/k) — HIr + K

[02] ks/ki + (O] N3] ka/ky
I+ [O2] ks/k

To simplify the calculations, it was assumed
that ks=4k;. Various values of ke/k; were as-
sumed and the corresponding values of ks/k
calculated. For both hydrogen and deuterium
it was found that kg/ky == 2ks/ky; hence ks == 2ks.

The mean values found experimentally were as
follows, the errors indicated being mean devia-
tions.

(1) From Table I, hydrogen iodide plus oxygen
ks/k1 = (1.24 = (117) X 10~*mm.~1 = (2.11 = 0.29) X
108 cc. mol. 1
(2) From Table I1, deuterium iodide plus oxygen,
ks/k1 = (2.34 = 0.44) X 10~*mm. ! = (3.98 = 0.75) X
103 cc. mol. !

The rate k; of the reaction H + O, + M varies
somewhat with the nature of the third body.!?
In the present work, the third body was chiefly
either oxygen or hydrogen iodide.

Moreover, the value to be assigned to k; de-
pends on the value assumed for %, since experi-
ment gave only the ratio of k5 to 2. It is known
from the work of Bonhoeffer and Farkas!? that
(ky + 1)/ (ky + m) = 100. The reaction H +
I should go on cvery collision since the reaction
has zero activation energy and there is no reason
to ascribe to it a steric factor which would mate-

(12) Senftleben and Hein, .1nn. Physik, 32, 1 (1935).
(13) Bonhoeffer and Farkas, Z. physik. Chem., 182, 235 (1928).

Where K =
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rially differ from unity.!* However, the value
100 is only approximate and can be trusted only
to an order of magnitude.

The constant ky 4 y; may be calculated, using
the usual equation given for the number of colli-
sions per cubic centimeter per second between
the molecules of two different gases. The result
isky 4y, = 2.699 X 10Mce.2 moles~!sec.”!. Then
kH +HI = 2.699 X 1012, and kH + O+ M= 5.7 X
10, That k5 is probably smaller than this value
may be seen from the following considerations.

It was shown above that kg o, +m1 2=
2ky + 0, + 0, If the reaction H 4+ O; + HI goes
on every collision, then its specific reaction rate
as caleulated by the method outlined by Bates®™
(p. 460) using ¥ = 3804 cm. ), is by = 2.4 X 101
cc.? moles—? sec.”!, This would give kg =2 kg/2
&~ 1.2 X 10 There are two other reasons for
choosing this value rather than the maximum
value of 57 X 10% caleulated above for
H + 0 + M.

(1) Calculation shows that if the reaction
H 4+ O; + O goes on every trimolecular collision,
ke would be only 3.0 X 104 This makes the
high value ot 5.7 X 10% seem improbable.

(2) In a study of the rate of recombination of
hydtogen atoms and of the reaction H 4 O,
Farkas and Sachsse® found that ky , g 4 1, =2
3.4X10%cc.3moles—2?sec. 7!, and that ky 4w 4w,/
kH + 03 + Hz =2 500. If their value for kH + H + H: is
used together with the value of 1.2 X 10 for
Ri 4 0, + o itisseen that &y 1 y 4 m/ku + 0+ 0, =
283, which is in remarkably good agreement with
their ratio of 500 mentioned above. If Steiner’s
best value®® for by 4y g4+ m, = 1.1 X 108 is used,
1.1 X 10%/1.2 X 10" = 91, which is still in fair
agreement with the ratio found by Farkas and
Sachsse. But if Smallwood’s valuel® of &y 4 i 4 5,
= 3.4 X 10! is uged, the ratio is 3, in disagree-
ment by a factor of 6ver 150 with the findings of
Farkas and Sachsse. Extremely poor agreement
is found if the maximum value of 5.7 X 10% for
by + 0, + a is used, the ratios with the same three
values of ky 4y + g, Mentioned above being 6, 2
and 0.06, respectively.

If the value of ky + 0. + o, 18 taken, therefore, as
1.2 X 10%, and compared with the calculated
value for the same reaction if it went on every
collision, namely, 3.0 X 10, it is seen that the
reaction goes on at least one out of every two or

(14) Bates, ibid., B33, 469 (1933).
(15) Steiner, Trans. Faraday Soc., 81, 623 (1935).
(16) Smallwood, THis JOURNAL, 86, 1542 (1934).
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three trimolecular collisions, a result that is not
at all in bad agreement with the conclusion of
Bodenstein and Schenk* that H + O, + M goes
on every trimolecular collision. Their third body
was in part oxygen, but also largely hydrogen and
chlorine.

The results of the present study together with
that of Farkas and Sachsse®™ may be taken as
evidence that Steiner’s value®® for the rate of re-
combination of hydrogen atoms is much to be
preferred to Smallwood’s latest value.® In this
connection it is interesting to note that Senft-
leben in his most recent work!? completely re-
verses his previous stand' with regard to the
relative efficiencies of hydrogen atoms and mole-
cules as the third body in the recombination of
hydrogen atoms, bringing his latest findings in
this regard into line with those of Steiner!’ and
Farkas and Sachsse.” This is doubly confusing
in that Smallwood’s imethod, of all those used,
seems to offer the least possibility of experimental
difficulty. In addition, Amdur!®® in a recent
publication claims to have as yet unpublished
data which confirm the results of Smallwood.

It may also be shown in this connection that
if the trimolecular recombination of hydrogen
atoms takes place almost wholly with hydrogen
atoms as third body, as Smallwood!® believes,
the thermal decomposition of the molecules must
proceed through activation by collision with
atoms: H + Hy—> 3H. This would mean that
activation by an atomic collision must be about
100 times more effective than a similar collision
involving molecules. Why this should be is not
at present immediately evident.

There are several reasons why an exact agree-
ment between the values of ky 4 o, + 4 as deter-
mined by Farkas and Sachsse and ourselves
should not be obtained. The third bodies (M)
are different, and in addition, the re-formation of
hydrogen atoms by the reaction HO, 4+ H, might
take place to a large extent at low oxygen pres-
sures™ (p. 461). It is apparent that for a better
comparison between our work and that of Farkas

(17) Senftleben and Riechemeier, Physik. Z., 80, 745 (1929).
{18) Amdur, THiS Jourw~aL, §7, 856 (1935).
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and Sachsse the large discrepancy between the
results of Smallwood and Steiner’s work on the
rate of recombination of hydrogen atoms should
be cleared up, and an investigation of the in-
hibiting effect of iodine on the reaction H + HI
should be included in our program of photo-
reaction studies.

Deuterium Atoms

The experimental results yield the relationship
kovoeeym o kusmr _
= 1.89.
ke +0i+3r " Rp+pI
the conclusion that the rates of the two tri-

molecular reactions should not be a function of the
masses of the hydrogen and deuterium atoms,
since the increased number of collisions between
the H and O; would be just compensated by the
smaller lifetime of HO,. On the other hand, if
the full zero point energy difference (936 calories)
were operative, the reaction H 4 HI should be
7.8 times as fast as the reaction D + DI. Thus
we are led to the belief that the zero point ener-
gies of the respective activated complexes’ are
of the same magnitude as those of the halide
molecules. If this is so, the frequencies of the
complex must be fairly high, calling for a de-
pendence of the reaction rates upon mass lying
between (ui/ug)”* and (u1/us)’”?, where the p's
are reduced masses. This is in agreement with
the results found.

Kinetic theory leads to

1/y

Summary

1. Definite evidence has been given to show
that the reaction between hydrogen atoms and
oxygen molecules is a three-body process.

2. The experimental data yielded the follow-
ing mean values (with mean errors). kg 4 o, + 27/
kp 4+ = (211 =0.29) X 10% cc. X mole~?, and
kD + 0: + JI//kD +p1 = (39g == 075—)) K 103 cc. X
mole 1.

3. Evidence has been given to show that
Steiner’s value for ky 4 g - g, IS to be preferred to
the very different one given by Smallwood.*

4. Calculation shows that kg 4o, 4+ 0 =
kD + 0y + 02 =~ 1,2 X 10 cm.2 moles—2 sec. 71,
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