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THE THERMAL DECOMPOSITIOMN OF OZONE.

Introduction

This research is being carried out to investigate as completely as
possitle the thermal rate of a simple chemical change in the gas phase, in
order to make the reaction available as a tool for the general study of the
mechanism of chemical reaction. Thie purpose can indeed be realized only
when the complete mechanism of the reaction is understood.

A survey of the known gas reactions which possess an appreciable rate at
convenient temperatures showed very few that offered possibilities. The de-
composition of ozone, however, seemed to be an exception, possessing unusual
oprortunities, and it was therefore chosen. The reaction possesses the relative
simplicity which is usually characteristic of decompositicns. Whatever the
mechanism might prove to be, in effect the change could apparently be only the
reversion bf two molecules of ozone into three of oxygen. The normal thermal
rate of this change is convenient for measurement at 100°C, while at room
temperature it is negliglbly small. The walls of the containing vessel in
‘general promote catalytic decomposition, but by suitable cleaning of the walls
this can so far be eliminated that at 100° and above it can be negleéted in
comparison with the homogeneous change.

Although a large number of expe-imental measurements have been made, and
their results collected in this thesis, it is necessary to state here that the
purpose of this work has not yet been accomplished. However, two further
important results have been obtained. TFirst, a critical survey of the work

done up to this time on the reaction can now be made in a way impossible heretofore.



Considering the remarkable apparent discordancy that existed among the previous
investigations of this gas reaction, such a survey alone is felt to be of value.
Secondly, observations made during the present research have indeed increased
the importance of ultimately reaching a comrlete explanation of the mechanism
of the reaction, because it has been found that the reaction will then lend
itself in an effective way to several closely related studies.

In Part 1 ther9 is given a critical survey of the work done up to the present
time on this reaction. Part II contains the results of the present investigations
using the "static method", and Part III gives the results of a serles of experi-
ments performed to determine in particular the effect of the total gas pressure
and of the partial pressure of oxygen upon the decomposition. Part IV contains
‘the results of a serles of experiments carried out at a higher temperature by the
"dynamic method”;- which are believed to be leading to an explanation of the
mechanism of the decomposition.

These researches have béen caeried out under the direction of Procfessor
Richard C. Tolman, to whom the authcr is indebted for constant help and advice.
The author is also indebted to Béa’crice Wulf with whom a considerable amcunt of
the work was done. The researches have been aided on the financial side by
the Carnegle Institution of Washington through a grant made to Professor

A, A, Noyes.



PART I

Critical Survey of Previous Investigations.

There are seven outstanding researches in recent times that have contributed
to our knowledge of the kinetics of the decomposition of ozone. The following
paragraphs sumcarize these in a brief way from the standpeint of our present
knowledge.

The careful work of War‘nurgl showed that the decomposition of ozone at 100
and 127°C follows a second-order course over at least two thirds of the total
decomposition. The measurements were made by the so-called static method in an
spparatus especially devised for the purpose. In it the rate of change of the
concentration of ozone contained in a reaction chamber is followed by differ-
ential pressure measurements against a second chamber containing pure oxygen
immersed in the same temperature bath. The temperature coefflcient was found
to be 2,47 fold for 10° between 100 and 127°. Water vapor was shown to have
a real but small accelerative effect on the decomposition between the conditions
of strong drying and 0.154 mm. water vapor. The ditference in the intluence of
various 4drying agents was investigated and shown to be practically negligible.
Diffferent apparata were shown to have different accelerative effects on the
" rate. 3But also at 100° many good values of the second-order specific rate
were obtained with the most inert aprarata. In these experiments the reaction
follov}ed the second order. 'Thera were found, even here, deviations that werse
not due to the apraratus and that could not be explained. | The maximum deviation
of the results from the mean value was 14%. The average value of the second-
~order specific reactiﬁn rate at 100° and approximately 100 cm. Hg pressure was
l.25 x 102 co/mol. sec., and at 126.9° and the same pressure it was 1.42 x 103

ce/mol. sec.

1Wanﬂmrg, Ann. d. Phys.(4) 9, 1286 (13902).
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C1 ement?® investigated the decomposition by the so-called dymamic methed,
in whicﬁ the gas passes at a knovm rate of flow through a reaction vessel of
imown volume. From these two facts and an impartant assumption as to the
conditions of flow through the reaction chamber, the time during which the
ges is in the chamber is calculated. Analysis of the gas is made betore enter-
ing and after leaving the reaction chamber. Morecver, by varying the rateof
flow different lengths of time in the reaction chamber may be employed. Clement
confirmed' the fact that the reaction was second-order, but the test in this case
was much less sure. The value of the specific rate at 127° and 73.5 cm. Hg
pressure was 3.70 x 102 cc/mol. sec. - considerably greater than that found by
Warburg at the same temperature but at 100 cm. Hg pressure. Apparsntly this
was due in a large measuge t0 an incorrect assumption made in regard to the
conditions of gas flow through the chamber, although, as will be seen later,
the total pressure is also a factor. The rate of decomposition was determined
from 100 to 243°. The temperature coefficient was approximately the same as
that found by Warburg. The chief importance of the werk lies in the fact
that the rate was followed to much higher temperatures than it had been hitherto,
and in the grsat speed of decomposition an explanation found fer the failure to
obtain ozone in the attempts in which oxygen was heated to high temreratures,
since the cocling of the gases, in order to isolats thé ozone there formed,
would have to be aimost imposs;bly fast.

Jahn3, in a painstaking research, studied the decomposition of ozons at
127° with the purpose of investigating any influence of oxygen on the rate. The
work was done by two different methods. Firgt, a series of experiments were
made using the dynamic method of Clement, but with an apparatus that apj.:ears free

from the difficulty which caused Clement's results to be high. Two pressures

2Clement, Ann, d. Phys. (4), 14, 341 (1904).
3Jann/ 2. f. anorg. Chem., 4&, 260 (1906).
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were used, namely 76 cm. and 30 cm. Hg. Thus in the latter case the oxygen
concentration was less than half the value in the former. These experiments
showed the specific second-order rate to be invereely as the first power of

the total pressures The numerical value of the second-order rate at atmoepheric
pressuré was practically the same as the value found by Warburg, when compared
at the same pressure.

By the static method of Warburg, using the same type of apparatuﬁ, Jahn
iperformed a seriss of experiments working at 95 cm., 71 cm., 47 cm., and 35 cm.
- respectively. These results confirmed in a satisfactory manner the linear
dependence of the specific rate on the reciprocal of the total pressure. Jahn,
however, working to study the effect of the oxygen pressure on the reaction,
interprejed the apparent dependence on the total pressure as dependence on the
oxygen pressure., Such dependence was a possibility, but not a necessary con-
sequence, of these experimental results. On the basis of his interpretation
Jahn suggested as the probable mechanism of the decomposition the following
reactions:

03==0, + 0 (equilibrium, far to left)
03 + 0—20, (slow, and to completion).

Thus it must be sald that Jahn's research established the linear dependence
of the specific second-order rate on the reciprocai of the total pressure of
the gas. While it is true that there is the possibility that this might have been
characteristic of the particular gas used, this is not probvable, since the ..
character of the ozone, if susceptible to variations, would probably have been

different in the two methods; in each, howsver, the gas behaved the same.



Jahn investigated the effect of moisture on the dscomposition with
sbout the same’ result as Warburg, finding a real but small accelaration.

He also investigated the effect of dilution with air. This procedure was
important, as it differentiated between the effect of the total pressure and
the true partial pressure of oxygen. Seven satisfactory expseriments gave
- gpecific rates which agreed better with the inverse proportionality with the
oxygen pressure than with that of the total partial pressure of the ozone
mixture. We will in the following consider thils as strong evidence in favor
of the decomposition mechanism suggested by Jahne.

Perman and Grea,vel)"' studied the homogeneity of the decomposition and the
order of the reaction using the static method. Their obaerva}tionl approximate
nearest the second-order, but at temperatures above 80° the calculated second-
order constant increased through each run. This indicates probably the presence
of a positive catalyst. They did not, however, so interpret their results;
and in their experimente in which the surface-to-volume ratio was considerably
increased, they found a marked increase in the rate. Théy conclude that the
decomposition takes place mainly at the surfaces with which the gas is in con-
tact. The temperature coefficient of 3.2 fold for ﬁg? rv%?:?ch they found is much
higher than the values found in the researches already described. Perman and
Gréaves found that water vapor mcderately accelerates the decomposition. In
gensral the description of the experimental procedure is not given sufficimntly
for a complete interpretation of the results. The most important experiments
which they call '"warying the pressure of oxygen" and "efrect of diluting with
&ir" appear to be in the first case varying the total pressure, while for the
second case too few words are given to understand the procedure. They conclude

as follows. "The rate of decomposition is a linear function of the oxygen pressure.

———

uPerman and Greaves, Proc. Roy. Soc. (4), 80, 353 (1908).
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A greater effect 1s produced by diluting with nitrogen than by simply reducing
the pressure of the oxygen". Since it is not possible from their article to
determine definitely the experimental procedure, the possible important in-
ferences that might be drawn must be regarded as uncertain.

The work of Clarks and Chapman’ was carried out with the purpose of deter-
mining whether or not the decomposition of ozone is a homogensous gas reaction.
Thelr research appears to have answered this question satisfactorily. With
vessels of different surface-to-volume ratios the decomposition proceeded at
the same rate. The static method was used. It must be remarked that in the
six experiments which Clarke and Chapman reproduced, the second-order character
of the decomposition is only fairly well exhibited, and the second-order con-
stent shows considerable fluctuation from run to run.*

Chapnan and Jone¢6 tested in a particularly helpful manner the mechanism
which Jehn coneidered as established for the decomposition. Their method con-

- sisted in filling two bulbs with the same ozone+ at one-half ;tmosphere pressure,
| and then forcing into one of these bulbs one-half atmosphere additional pure
oxygen. The decomposition in the two bulbs at the same Yemparature was observed
gide by side. Chapman and Jones conclude from these experiments that oxygen

is without infiuence on the decomposition. Actually the four sets of curves
which they present show in every case a small ret#rdation in the bulb containing
the higher oxygen concentration; but it is indeed small. The results appear to
be strong evidence against the mechanism proposed by Jahn; There are, however,
peculiarities in the decompositions observed by Chapman and Jenes which make such

conclusions uncertain. These should therefore be discussed.

5Clarke and Chapman, Jour. Chem. Soc.,93, 1638 (1908).
*These conclusions result from calculations made by the present author on their
graphs cf the pressure change.

6Chapman and Jones, Jour. Chem. Soc., 97, 2463 (1910); 99, 1£11 (1911).
t(See fhllowing page) .



5t must be noted that the word pzome is often used in this thesis o
aseignats the mixture of oxygen and ozons, which the commn mothods of prepax-
ing vzone a1l yleld. Only mixtures containing a few parcent of oxone have
“haen used in the studies of the thermal descnposition. The words gaoniged
m will be employed to designate such mixtuream, wherever thim fact muet
e recalled to mind.
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Using a similar procedure in four rore experiments, the effect of water
vapor on the decomposition was studled. The two bulbs were filled with one
atmosphere of ozonized oxygen, but the gas which entered one was first satur-
ated by passing through distilled water. The results showed, as was found
by both Warburg and Jshn, that the effect of moisture was small, although
slightly accelerating.

An important qheck which the amthors do not mentlon is possible from
these combined data. If we compare the rates found in the four bulbs at
one-half atmosphere in the oxygen experiments with those at one atmosphere in
the water vapor experiments, we find* that, except for small variations, these
are. the same. This would indicate that these experimenters did not observe
even the effect of the td@l pressure,w:ich from Jahn's research would be ex-
pected to yleld half the rate in the one atmosphere bulbs than was observed in
those at one-half atmosphere. The only way of accounting for this discrepancy
is that Chapman and Jones may have made an error in designating in thelr paper
the unite used in the first expaoriments; that is, ir the oxygen experiments.
The following facts seem to render this probable.

Chapman and Jones tested the influence of nitrogen on the decomposition
in three experiments, of carbon dioxide in one expariment, and of carbon mon-
oxlde in one experiment, by a2 method similar to the above. Both bulbs were
filled with one-half atmosphere of ozonized oxygen. The control was filled
to one atmosphere with oxygen, while the other was filled‘to one atmosphare
with the gas whose effect was to be investigated. The particular result of
these.experiments was to show a slight accelerative effect duse to nitrogen
with en increasingly larger one for carbon dioxide and carbon monoxide

respectively.
*Celcg;ations made by the present author on ths curves given by Chapman
‘and Jones.



But the important data from these experiments is that the control
pulbs should, in all five cases, ve strictly comparable with four oxygen
pulbs in the experimenis on the effect of oxygen. As a matter of fact these
last five yield constants which are indeed of the order of twice the value
given by the four in the oxygen experiments. While this may have been actually
e variation in the ozones, since an error of a factor of two in designating
the units in the first four experiments would bring these into agreement with
the rest, it seems probable that such an error may have been made. If such is
the case, the exp=riments on the effect of oxygen definitely disagree with
Jahn's hypothesis, and with his dilution experiments, unless the oxygen in-
troduced by Chapman and Jones into the ozone bulb in ths first four experi-
mente happened tc contaln an amount of positive catalyst which nearly com-
pensated for the negative acceleration of the oxygen. However, because of
the conjecturing necessary to straighten out these difficulties, it is felt
that 11ttle weight should be given to the conclusion drawn by Chapman and
Jonas on the effect of oxygen.
| In the second research Chapman and Jones testad rigorously the effect
of moisture on the decomposition. By careful, long drying they showed that,
over a wide range, the presence of water vapor is not attended by any large
effect upon the rate.

Since the researches of Chapman and Jones no important work has been
published on the thermal decompositlon of ozone until the recent paper by
Griffith and McKeown!. These sxperimenters have examined the deconmposition
by the static method at four different total pres~ures, namely: 33.5 cm.,

54 em., 76 cm., and 102 cm. Hz. Their results agree qualitatively but not

quantitatively with those of Jahn. The apparent rate increased more slowly

Tariffith and MMcKsown, Jour. Chem. Soc., 127, 2086 (1925).
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than inversely as the total pressure. IHowever, in all experiments these
authore found not a seccnd-order deccrposition, but rather the second-order
constant as calculatsd increased with the time. This polints to the presence
of a positive catalyst, acting to give a first-crder portion to the decomposi-
tion. The presence of such a catalyst wtld explain why no quantitative check
with Jahn was obiainad. It also would explaln the fact which these investigators
record: that the increase in the second-order ccnstant throughout a run is
accentuated as the total pressure 1s reduced. It therefors appeare probable
that the presence of a positive catalyst explains thg disagresnsnt of these
resulte with those of Jahn and Warburg. t should be noted, moreover, that
from these tetal pressure expariments in the absence of any dllution or
oxygzen atdition experiments no conclusion as to the effect of oxygen is
Justifiable.

Griffith and licKeown tested further the effect of addition of helium,
carbon dioxide, nitrogen, and argon upon the decomposition, and observed
that all of these acchlerated the reaction by amcunts increasing in the order
given.

Griffith and lMcTeown suzgested a rather lntricate mechanism to account
for thelr observations. In view cf the resulte of earlier researches and
the fact that their data appear to indicafe the presence of a positive

catalyst in their czone, this dces not seem te¢ be a probable one.
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PART IT.

Experiments Using the Static Method.

Experiments were first carried out to determine independently the
specific rate cf the thermal decomposition. Since the value of the specific
rate at 100° had been found *o be different by several investigators, and
furthermore since in certain casas the crder of the decomposzition had been
merkedly 4dif ‘erent from a second crder, it was apparent that the source of
oxygen and the method of ozonization were probably lmportant factors. A
method not greatly different from the static methods used in the sarlier
reaearches was therefcre employsd to measure the specific rate of decomposi-
tlon of ozone from two different scurces. Conditions were varied consider-
ably to try to determine the factors influencing the rate. Measurenents
were made upon *hirty seven decompositions, and they are described in this
section of the thesis.

Apparatus

The apparatus with which the decomposition was observed 1s illustrated
in Figure 1. The reaction chamber R is of pyrex glass. It is connected by
capillary tubing tc a capillary U-shaped manocumeter I containing sulfuric
acid, ani to the two stopcocks (or constrictions) at A and B. The reaction
chamber is contained in a brass cylinder, the exit tubes gcing out t¥rough
stuffing boxes in its ends. The brass cylinder is covered in asbestos
insulation. Saturated steam from a boller entere at C and leaves at D,
thence to a condenser at some distance. An electric heater insures a con-

stant steam supply from the boiler. At E a thermometer enters the Jacket.






-12-

The manometer ligquid is concentrated sulfuric acid whose density has been
,‘p;‘.emmed. The side arm is not capillary. By warming the alr trapped at the
—fﬁ,P of the side arm, the liquld can be raised in the manometer arms. This is
‘.@myed when the meniscus on the right-hand side shows a tendency to become
.'miat, for by raisinga?ghe lowering the acid in the tube arms this is overcome.

‘The nmanoweter works against the constant pressure of a volume of dried
alr enclosed .1n the bulb H. This bulb is immersed in a water bath whose tem-
perature is controlled by & mercury thermal regulator and a swall immersed
g{tectric heating coll, operated from a storage cell by a relay connected with
the regulator. The bath is stirred by a slowly rising current of air bubbles.
The vessel is loosely covered on top by a card-board piece. A thermometer,
| read with a magnifying eye piece, allows the temperature of the bath to be
read to + 0.005°.

In the early runs at A and B there were no stopcocks but constrictions in
the tubing, which were sealed before the blast lamp. ILater, at & point that
will be mentioned, stopcocks lubricated with concentrated sulfuric acid were
substituted; and still later on, these were cleaned and lubricated with vaseline..

From C to J the steam line is of brass tubing, beneath which fan burnere
are arranged so that it is possible to superheat the incoming steam to such
~-an extent that the cimaxn‘ber is raised from 100 to 150° in the course of thirty
minutes, and can be held at 1750° #* 1° with ease.

Preparation of the Ozone

Two distinct methods were employed for making the ozoms. In one case it
‘Was made by the electrolysis of a dilute sulfuric acid solution with a very
high current density at an artificially cooled platinum ancde. Under these
oonditions .at room temperature the gas coming off at the anode is oxygen con-

taining gn appreciable amount of ozone, a concentration of several percent

.. being not difficult to obtain.
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Figure 2 represents the apparatus. The electrolysis was carried on in
s dilﬁ.te solution of C.P. sulfuric acid, of specific gravity 1.075. The
sold is contained in a pyrex beaker E. The cathode D is large, and is a& collar
of lead. The anode ccneiste of a small platinum tube sealed into the glass tube E
at the point C. It is sealed in so that a few small patches of the metal surface
remain exposed and only on the uprer side. The rest ie entirely covered with
glass. Cooling water enters at H and passes directly through the platinum anode
and out at G. The exposed platinum surface has an area of about 2 sq. cm. The
" gurrent density at this surface is from 80 to 10C amperes per s3. cm. The
svolved oxygen-ozone mixture is collected in ths bell A and led from here through

gapillary tubing to a small glass trap designed to catch condensed water, and
thence to a small tower filled with beads newly wet with concentrated sulfuric
asid. TFrom here the gas passee into the reaction apparatus at point F in
Figure 1.

In the second method ozone was prepared by subjecting oxygen to the action
ef the silent electric discharge, in an ozonizer of standard design, constructed
of pyrex glass. It was operated by means of a transformer, whose maximum
sscondary voltage was 25,000 volts using 110 volte on the primary circuit. The
voltags across the secondary terminals was controlled by a rheostat in the primary
oircuit. The oxygen was obtained in all cases except one from a Linde tank,
either bubbling through concentrated sulfuric acid or passing over fused calcium
chloride, before entsring the ozonizer. In one expsriment oxyzen from an
electrolytic generator was employed. In this the 2lectrolyte was saturated

barlum hydrate solution and the electrodes were of nichrome.
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The oxygen after passing through the anmular chamber of the ozonizer
,_uud to a drying tube filled with granular calcium chloride or with beads
wet with concentrated sulfuric acid. From this tube 1t was led to the reaction

spparatus at G in Figure 1.
Experimental Method

The reaction chamber was first swept out with ozonized oxygen for a period
of one to four hours to olear the apparatus. Referring to Figure 1, the ozone
entered at G or F, passed through the reaction chamber, through a long exit
gube of small bore, and finally out at B, bubbling through concentrated sulfuric
acld. Without altering the gas flow, saturated steam was admitted to the Jjacket
-and the chamber brought to 100° in about twelve minutes, this time varying
somewhat with room temperature. After the chamber had been at 100° for five
mnutes, the gas flow having been unaltered up to thie point, the chamber was
closed, either before the blast lamp or by turning the stopcocks. The constric-
tion or stopcock nearest the ozone supply was closed first, and the total
pressure of the oxygen-ozone mixture in the chamber was therefore practically
that of the atmosphere at the start of the measurements. The pressure change
in the reaction chamber was observed from this time, usually for a period
sovering about one half of the decomposition. In some of the runs it was,
‘however, considerably greater than this. The temperature of the constant-
preesure bulb against which the manometer operated was keld by the regulating
device at 29° + 0.02°.

After the desired portion of the run had been followed, the vressure cor-
responding to ccmplete dissoclation was measured by ralsing the terperature
¢f the reaction mixture, completing guickly the decomposition, and cooling

again to 100° To do this the constant-prassure bulb was closed and the incoming
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steam superheated until the jacket was at 150° (except in & few exceptional
sases). This required about 25 uinutes. The chamber was held at this tew-
perature for fifteen minutes, the decompcsition of czone of concentrations
between one and four percent being practically ccmplete in this time. This
was determined roughly by calculation and checks=d by experiment. The slow-
ness with which the superheating occurred made the time at which ozone was
at a temperature near tc 1350° considerably greatar than fifteen minutes.
Upon cooling to 100° the final pressure was read; this, witz the initial
pressure being eufficient data to calculate the initial ozone concentration.
Thus the "start®™ of the reaction could ve taken_ wherever desired, the cor-
responding pressure giving with the final pressure the "initial™ ogzone
soncentration.

At the beginning and end of each run the pressure ¢f the atwosphere was
read, eithsr by means of a barometsr or by ueans of the apparatus wanometer
iteelf, in order that no murked change in the atmosrheriec pressure should
eause wnnoticed a change in temperature of the steam.

To illustrate this rrocedure the data obtained in Run 15 are here

tabulated.



Table I (Run 15)

Czone made by corcna dischurge using Linde tank cxygen.

Time (min.)

PEEEGRBRANBacEFROVvavomrunHoO

110
112

Manometer (em. H>S0u) B,

2

P PPN OPP
SREBUSEEE

Reaction chambsr superheated.

153
168

Final presssure

Chamber first at 150°
Cooling of chamber to 1C0° begun

7.16

(em. Hp504)

4.72
4,70
4,69
LL- 27
\4- 3
}';. 62
4.58
4. 56
4453
u. ﬂ
4.48
L.42
437
)4- p
)"‘l 28
4,22
4.18
412
4.05
3.98
3.01
2%
3,69
35
.44
3.35
3.29
3.23
317
3,02
2.92
2.90
2.88
2.86
2.84
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The second colurm indicates the difference in pressure between the reas tion
ghsmber and the constant-pressure buld., The third column contains the differ-
enges between the values in the second coluwmn and the final value in the sawme
solumn. These represent the values of half the czone pressure at the respsctive
times, oxpressed in centimeters of sulfuric acid. Thus the initial ozone pres-
sure is seen to be 2 x 4.72 or .44 cms. HySOy. A column of sulfucia acid
{sp. gr. 1.832) of 564 cms. in height corresponds to & pressure of one atmos-

-phere. llence 9.U4 cms. (HpSO4) pressure of czone corresponds to a concentration of

C=.P = _ Qo _ = 5.45 x 1077 mols/ce.
RT 564 x 82.07 x 373

‘™is corresponds to a percentage by volume of ozone in the cxygen-ozone mixture

at 1 atmosphere of

5.465 x 1071 - 5,465 x 1077 . 1.68% ozone [vol.)
1/82.07x373 3,266 x 10~5 :

It may be remarked here that the concentrations used in this work extend from

about U.5% to 0.37%

The final pressure is obtained from a series of observations of the pres-
sure when the chamber, after the cooling from the superheat, has reached thermal
equilibrium; that is, after the pressure has reached a constant value not
changing with time at 100°. The final pressure of the second column, 7.16 cms.
for Run 15 ziven above, is the mean of such a series of readings taken after

the cooling.
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A siuple grarhical methcd for the determination of the order of the
reaction and the numerical value of the constant was devised. TFrom the equation
203 —> 305
{t is evident that the pressure increase aftsr complete decompositlon of the
ozone is a measure ¢f the initial czone pressure, it being egual to one half

this value, i.e. 2(p - where (pso -po) indicates the

Po) = Pos (initial)’
observed pressure increase after an infinite time has elapsed. Similarly, at
any time t the pressure increase then cbserved is related to the ozone pressure
then existing in the rixture by the relation

(po )= ps @

And if the decomposiiion is purely second-order, then the eguation

2%’“%:‘*‘#(%'Wg (2)

should represent the facts. Rearranging
Jiiksa = [ahat
(o)’
and integrating

i _ akt+LC
P (3)

Taking as a stariing point in time any convenient place in the observations,
setting this pressure at t = 0 equal to D, since we may start the measure-
ments from any point, we have

{

= 9 Jét#—d%_f

P f W)

Plotting against the time the reciprocals of ths differences of the final pres-
sure and the pressure at the various times at which observations were made, a

straight line should be cbtained, if the decomposition follows strictly the

second~order expression. And the slope of the lins is just twice the specific
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resction rate, so that k may be read very sirply from the curve. The intercept
on thé pressure axis is the reciprocal of the total pressure change over the
dooom_position. The data given in Table I for Run 15 are plotted, in accord
with this method, 1in Figure 3 and the specific rate is calculated from the
‘olope of the line. Thus a rapid granhical method of good accuracy for the
interpretation af a run and the evaluation of the constant is so obtained.
This has another impcrtant advantage. The graphs become pictures with real
meaning, for when the crrve is not a straight line, one can with experilence
often say what kind of effect is superimpcsed upon the normal second-order, as
will be shown later.

In several casez the data have been treated in the usual way by calculating
the specific rate for intervals of time epread over the course of the run.
Writing the integrated form for twoe different observations and subtracting,

there results

: J L=
A e
A third method was used to some extent, and because it possesses a
certain use by itself, it is given here, partly as an illustration of a con-
. venlent way of following such a change. Just as before, after sufficient time
"has elapsed in the reaction crurse near the start, such that conditions have
become uniform, & particular pressure is chosen as a starting point, but this
pressure, po, is get equal tc zere, thus measuring the vressure p thersafter

from this point. Then

\_ okt
Po—F  Po =2ht See (4)
Bearranging, and solving for?‘; there results

= Far )t TP
= C fao (PoO
/

(6)
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fherefore, if tha raciprocal of the pressure 1s plotted againet the reciprocal
of the time, a straight line is given 1f the reaction is of the sscond-order.
Mporeover, thie graph can be wade while the reactlon is in progres, and it way
ve of assistance irn plenning the run in a reascnable way. The intercept on
the axis of ordinates is 1/po . Wille this is not an accurate method of
determining po , it permits an estivate of its velue to be made early in the
run, and continually indicates the behavior of the reaction.

It 18 essential to voint out that sach of these methods must glve the
same results when applied to a change which is of the second-order. TFor such
changes as are not purely second-order, all three methods are of limited
spplication.

Discussion of Results

A total of thirty seven runs have been completed, and Table II gives in
outline the results. The experiments are arranged in chronological order, the
first colum giving the number of the run in the order performed. The second
column gives the specific reaction rate calculated for a change of the second-
order with respect to the ozons concentration in mols per c¢c. at unit concen-
gration multiplied by 1072, The third colwmn gives the final value of the
pressure change in centimeters cf sulftirlc acid after complete decomposlition,
corresponding to a time equal to infinity, and designated here simply poo .
This is an observed value in all cases, except in the first six runs where
it is calculated*, later resulte Justifying the method of calculation save
that the possible error in these first six values ie greater than the rest.
This asppliss to the values of the constants as well for these runs, but the

error is not sucficlent to acccunt for their differences. The fourth colum

e

*Thie value for Run 20 is 2lso calculated.
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deseribes the ozone, whether wmade by electrolysis (Flec.) or by subjecting

oxvgen to the corona discharge (Cors). The fifth cclumn describes the

material used in drving the gas, whether concentrated e.p. sulfuric acid

or fused "comriercial™ calcium chloride. The sixth and seventh columuns are

self-explanatery.

Table II
Ban kx102 Gas  Trying Changes be- Rerarks
_ec. cne., agent tween runs
mol. ssae¢. 15504
1 3.10 12,0 TFlee. HpS04 In first 5 runs apparatus cor-
rections are large. The final
2 6+38 9.5 " " preszures are calculated. The
latter is true of Kun © also.
3 5.00 11.5 " "
4 3.45 12.0 " "
5 5. 69 0.7 " "
6 2043 3.9 " " Fresh 1,504 in Constant shows no increase with
generator time; final rres. is calcuvlated.
7 14, 3~ 5« B n " Tirst superheat Ccnstant shows real increase
17.2 with time. Tinal pressure is
observed.
8 12.9- 5.6 " " Touble super- Cenatant shews real increase
17.2 heat. with time.
9 1;86 12,5 " " Arode cooled with Constent showse no increase
ice-cocled water with time.
10 1.79 9.61 " "
1 1.28 .k "
12 1.69 12.64 Cor. " How drying agents Flow unknown
13 1.60 13.33 " " Volt. same, flow 2pprox.
same as in 12.
14 1.90 g0y " " Same as 12 and 13, except

flow incraased.
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Tatle II (Cont.)

i k x 1072 P o0 Gas Trying Changes be- Remarks
o _ce. cms. agent tween runs

mol. seC., oS0y L ; .
¥ o :

Y 4 1.83 4.72 Cor. 1,804 Tow same as l4; volt. de-

creased

16 2.28 1.0 " " Flow same as 15; volt. furtie:

' decreased. '

11 2,09 6.37 Elec. " Tep-water cocling. °

18 2.54 %.97 " " Tap-water tlow reduced from

17.

19 1.60 g.90 " " Apparatus not Map watsr at 23.7°.
in use for a
month.

0 2.62 .48 " " Capillaries re- Tap water at 24.7°. Stop-
placed by stop-  cocks lesired on superheuilng.
cocks; H.SOy Final pressure calculated.
lubricant.

a 2.16 g.78 " Tap water 22.6° Trirle

superheat.

7 10.3- Be22 " " Fresh HoS0y in Tap water 23°, Double |

17.2 generator. superheat.
!} 11.1““ 5017 " " Tap watear 230.
241

o 2.95 10.41 Cor. CaCl, Flow 39 cc/win. Tolt. = 6C

25 2.67 3.7 " " Tow 39 ce/min. Volt. = 32

2% 2.87 7.98 v " Hanometer re- Apparatus swept out sevsral
paired and re- mins. befare czonizatlon.
filled before Tow 39 cc/min. Velt. = UC
run.

34 2.52 g.u8 " l'ade to duprlicate 26.

Tlow 39 ce/min. Velt. = 4o

28 2.l41- 2,28 ® " Tlew 178 z¢/min. Volt. = 40

2.07 YNote increased flow.
)] 2.UC 7.87 " " Flow 39 cc/win. TVolt. = U0

Made tc durlicate 27



Table II (Conel.) ,
g T T e — : e

g k¥ x 10"z Too Cas Trring Cronges Ye- Hemarks
- __cCs ors. agent tweer runs
mol. sec. HoSCy
am—" I - -
P 3.62- 7.32 Cor. Call, Vaseline lubri- Thoreugh rincing with dist.
2.76 cated storcocks water before this change.
Flow 39 cc¢/min. Volt. = W
n 3.8 Be 29 " S04 New dr-ing agent substituted in toth drying
' tubes. Flow 39 ce/rmin. Velt, = 40
52 2,15 5. 85 " " lMade to durlicate 31.
Flow 3% ce/min. VTolt., = 4O
5] 3.3 .38 " " Performed to see if long sweeping with cxygen
before mms has effect. Flow 39 cc/min. V.=il
W 775~ 2.54 " " Performed to duplicate 33, except volt. lowsr-
5. 69 ed to lessen conversion of I, to NO.
Flow 39 ce/min. Volt. = 3%
15 2eil- 11.48 " " Performed to accentuate effsct of volt. found
3.97 in 33 and 34, and to test for heat piling-wp.
Tlow 39 ce/min. Volt. = 6C
3% 4.1l 6.68 " " Flactrolytic oxygen Parformed to test sffsct
ew trun=forwer, of purer cxygen.
Flow 13 co/wmin. Volt. = UC
i 4, 6% 4425 " " Drying tubes rinsed Porformed to test effect cfl

3.10 and refilled. new drving agent.
Tlow 39 ce/win, Tolt. = 50,
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In order %o make uore clear the discussion ¢f these results a conclusion
that liag been reacted in this work will be first stated here.

It 1s a motter not proven, though strongly probable, that large variations
in the rate of decomposition among diferent runs are due o some characteristic
of the gas mixture itself, and not to external causes such as the conditions
of the walls of the reaction vessel, or the kind of drying agent used. Two
kinds of runs are to be distinguished: those in which within the run k is con-
stant, and those in which k varies within the run. The larger nuuber are in
the first group. Vhere k varies in the run ths first and last valuee are given
and a dash placed between them; It is remarkable that in the majority of runs
k is extraordinarily constant, and thus the change adheres almost strictly to
that of the second-order. Thus Runs 13 and 24 followed rigidly a second-order
change over the region investigated (one half to two thirds of the total change),
while the value of the specific rate in 24 is almost twice that in 13. .Again
it shculd be emphasized that runs, such as 13 and 24 in which k does remain con-
stant throughout, are the rule rather than the exception. Were it not for the
fact that all pogsibilitles of scme physical second-order change have been
investigated and excluded, it might be suspected that the change is of this
¢haracter. It should be noticed that in all runs made in this investigation the
concentration of oxygen has}been practically ccnstant, not varying at any rate
by more than 4%

The following brief discussion of each run consecutively is given to point

out relations that seem important.



The first five funs wore réad.e with the apparatus describded above, except
that certaln luwprovements had nct vet been rmade. The temperature cf the
conatant-pressure buldb varied, and was observed and corrected for. The nman-
cmeter was of such bore that the volume change cccurring with the movements
of the 1iquid could not be neglacted anri thls was corrected for also. lore-
over, the pressure change ccrrespcnding to couplete deccrposition, p, , was
not observed but calculated from the data and the second-crder character cof
the reaction (the latter being proved indepeniently of pw). Thus the correc-
tions were large and the errors in the values of k are appreciable, but not
sufficient to account for the variations that occur. Each run in itself 1s
remarkably in agrecment with a second-order change. There is, however, within
these runs a relation which was at first thought significant, but, after euc-
ceeding rune, was considered as ﬁmertain because it does not hold invariably.
Ir the first five runs the increasing values of the constant are in the same
crder as the decreasing values of po (1.0. 0z0one concentration). Thus high
ozone concentration seemed to give a low valuve of the constant.

Run 2 contains somewhat more information than the others, and this will
be mentioned in more detall later.

Tith Run 6 the correction for manometer rmovements had been eliminated by
reconstructing the manometer of capillary tubing. Superheating was attempted
for the first time, but was unsuccessful. The pyp 1s trerefcre a calculated
value. Ths very high rate is expl%dned in the discussion of Run 7.

Run 7 represents the first run in which the value of po was obtained
experimentally by the method of superheating explained above. This run, with
Runs 6 and 8 also, have; however, a very imuch higher rate than the average.
This is due to an unkmown impurity which enters from the use of fresh sulfuric

acid in the electrclysls apparatus. This is checked by Runs 22 and 23.
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It 18 an effect which disappears with the use of the acid as evidence by Run ©.
These two runs show one cther interesting feature, namely,' the constant increases
with time. This hg,s the following explanation. The heat of decompcsition of
ozone is large, amounting to 34,500 calories per mo18, The heat liberated in
the cham’oer,' if the reaction is fast, may then be sufficient to wmaintaln a
small temperature difference decreasing with time, above 100°, For these fast
- rates threre is reason to believe that this temperature effect ls appreciables.
The change in pressure caused thereby when superlmposed upon the normal second-
‘order rate will later be shown to affect the rressure change in such a way that
the specific reaction rate constant calculated as second-order will increase
with time. This is exactly what is found in Runs 7 and 8 It rust be mentioned,
however, that a change in order caused by the catalyst might be expected
here =nyway; but a catalvst does not necessarily change the order. And, moreover,
while the variation is in the direction of a first-order change, the curve ob-
tained is not a picture of a typical first-_order change calculated as of
the second-order, but is a picture of the temperature effect mentioned just above.
Conclusions such as these, which may be drawn from the general form of the curve,
will be spcken of further.

"ith Bun § the catalytic impurity has disappearsd from the czone, and an
excellent second-order change is found. The ¢ooling mentioned was not a
drastic cecoling. It was employed to lower somewhat the temperature of summer
tap water.

The conditions under which Runs 10 and 11 were made were the same as those
for Run 9, and they agree well with thie run.

Run 12 is the first run in vhich ozone made in the corona was used, and

it shows a good agresment with Runs 9, 10, and 11.

3
Jahn, Zeit. f. anorg. Chem., 60, 337 (1208).
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Run 13 is o duplicate ¢f Run 12 and agrees well with 211 of the four
preceding runs.

In Run 14 tﬁe valus of k has increased. The flow had been increased a
little, t}zéreby lowaring the ozone conceniration.

RPun 15 is again an sxcellent second-order change and is impertant in that
its rate did nct increase, though its initial concentration is low as a resulst
of the decrease in voltage on the corona ozonizer.

In contraet Run 16 shows a marked increase in rate. The concentration
has been further decreased due to still lower voltage.

Run 17 shows a high rate for electrol tic ozone (compare early runs with
this gas).

Run 18 showe a higher rate than 17 and the concentration has fallen because
the cooling was less strong.

Run 19, however, shows a low rate. It will be ncted that the apraratus
had stood idle for some time.

Run 20 shows a somewhat high rate, yet considering that powas calculated,
it agrees very well with Run 18,

Run 21 agrees well with Kun 17. Thus a couparison of Runs 2C and 21 with
12 and 17 shows that the sulfuric acid lubricant had exercised no large effect.
And Bun 21 is incidentally a run in which a test was made for complete d_ecomposi—
tion of the czone after sunerheating.

Runs 22 and 2% have been referred to abcve as zlso showing the extra-
ordinary high rate causszd by impufity from the use of new sulfuric acid in the
ozone generator. 3Both shor the terperature effect upon the constant refsrred
to previously.

In Run 24 calcium chloride was first used as a drving agent. The run shows
a high rate for a normal corona ozone wixture, as ay be seen by cerparison with

Rune 12-16.



In hun 2% the rate drcpped while the ccncentration ¢f ozone also dropped
greatly, thus agreelng in this resmect with Run 15,

Run 26 reproduces 25 well. Neither the preliminary sweering cf the
‘chamber nor the change ¢f the entire mancumet=r produced any decided sffect.

#un 27 reproduces 26 well. However, the rates c¢f these runs are higher
than the rates found in Runs 12-16.

In Run 28 the czone concentration was decreased by increasing the gzs flow
trhrough the czonizer, The rate is not constant over the run in this case. As
will be shown later, an error in tho final pressure large enough to acccunt
for this variation in the constent e of a mognitude which renders it improvable.
It is probably not justifiable to draw any concluslon frow this run as to the
behavior of the rate with low ozone concentration, although the rate does not
appear to have increased.

Run 29, in which conditions of 27 were returned to, checke it very well.

Run 3C does not give the same result as 29, although made under the same
conditions except for the change of stopcock lubricant {vaseline now being
used), and the rinsing of the apparatus carrisd out before the run.

Run 31 is high but constant.

Run 32 is lower and constant, and in fair agreewent with Run 2h.

Run 33, performed using long swesping out with oxygen as a preliminary
measure to reaiocve any residual nitrogen, was nade to see if a decrsase in
rate cculd ve obtained thereby. Yone was fcund. The rate is conestant and falls

between Runs 31 and 32 in magnitude.
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Pun 34, performed to see if the oxidation of traces of niirogen to nitroge
pent§xide in the corona could be the cause of the acceleration cf the rates
in fast runs, with a very low voltage to reduce any nitrogen oxidation, gave
a rave that was wuch higher rather than lower. It is in agrsement with that
 for low ozone concentration obtained by low voltage on the ozonizer.

Rune 33 and 34 had indicated an increase in rate with decrease in voltage.
An increase in flow in Run 28 had not appeared tc give this effect. Run 35
was performed with high voltege to see if a low rate would be found. The rate
apparently fell, but was not conetant. The run, however, was investigated
over 85% of its course, which is wore than in most cases, to discover whether
any appreciable "heat piling-up" occurred in the chamber. Thus if the exo-
thermic decomposition maintained a certain temperature greater than 100°,
might not the chamber be at a slightly different temperature when containing
2% ozone during a decomposition, if originally there were 3% ozone present,
than if originally there were 4% ozone present, due to the greater heat piling-
up in the case of the Ligher concentration® If a run were carried out over
a certain portion of 2 gquantity of ozons, and then the temperature lowered
a few dagrees for a short time, the remaining ozone then cculd be raised to
100° again and a secoad run carried out. Discontinuity between the two halves
would reault if there had been a heat piling-up; that is, the teuperature at
the end of the first portion wuld have been something above 100°, while that
at the beginning of the latter portion wuld be 100° Such a test made in
Run 35, which conasists of two parts, showed no piling-up effect. Sihilarly
Run 2, due to an accident, was carried cut in closely the same way with
respect to lowering the temperature when rartly over; and it, too, shows no

discontinuity.
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In Run 36 the conditions were the sawe as in Runs 31 and 32, except that
electrolytic oxygen was supplied to the ozonizer at a low gas flow instead
of Linde tank oxygen. The rate is constant but high.

In Run 37 Linde oxygen was again used, but the concentrated sulfurie
acid drying agent was replaced by fresh material from the same supply bottle.
The rate decreased with time. Here again as in Run 28 and others in which the
constant varied, this varigtiOn might ve caused by an error in the final pres—
sure; but the maznitude of the error necessary for thie renders i{ very
iuprobable.

Sumiaarizing, the results show variations in the value of the constant
betwaen experiments, which is remarkable when the adherence to the second-
order expression within each run is censidered. In only a small minority of the
runs is thié second-order character missing. It is of course clear that
positive catalytic influences entered or increased as the experiments progreesad,
for chronologlcally the apparent speclific rate showed a definite increase over
the thirty-seven measurements. In part this was probably due to the new drying
agent introduced at Run 24 and to the vaseline lubricant introduced at Run 0.
But the important variations are independent of these, and, for eiample, are
exhibited by Runs 17 and 18 or Runs 13 and 14, just as by Pune 31 and 32 or
Rung 31 and 3. These are the difficultles with which we are most concerned,
and which are apparently to be traced to the processes taking place when the
gas is made. The specific second-corder rates cbserved in the early experiments
using both sources of ozone (Runs 10-15) are practically the same as;tho

lowest rates that have been observed by earlier experimenters.



Tiscussglon ¢f Possible Scurces of Error

One cf the rvossible scurces of error which presented 1t§elf in this work
has been sometimes disregarded in the study of gaseous reactions in which the
changes wers followed by pressure measureuents. If the reaction is sirongly
exothermic, 1t must be showm that the reaction mixture is really held at a

éonstant temperature by the bath in which the chamber is placed. In the case

of this experimental work calculation showed that the heat liberated by the
decompesing ozone was sufficlent to make possible an elevation of the temperature
‘by an amount which would cause an appreciable effect upon the pressure readings,
this effect cbviously decreasing with time, approaching zero as the ozone con-
centration approached zero.

Experimente were made in which heat was liberated electrically in the
center of the reaction chamber by a small heating wire, at a rate calculated to
correspond approximately to 5% ozone decomposing at 100°. The pressure changes
were followed. These were not entirely satisfaciory experiments. Liberating
heat in the center of the chamber did not simulate the conditions of homogensous
ozone decomposition. Qualitatively they were of some value, as they represented
the worst that might occur. The actual effects would be considerably smaller.

The pressure changes found in theZse experiments were sufficiently large
to influence our results had they occurred in the decomposition experiments.

It was therefcre necessary to determine whether or not the ozone itself was
causing an elevation 6f the temperature in the chamber. The absence of this
effect was demonstrated by showing that the result of superimposing suck an
effect on a second-order change is to cause the donstant calculated as'lecond-
order to be initially low (by an amount being greater the greater the initial
ozone concentration) and to increase with time, approachiing the true value of

the specific reaction rate as the ozone concentration approaches zeroc.
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This can be shown as fcllows.  The terperature incremént abcve 100° is pro=-
portlonal to the rate of heat liveration so long as the increment is small,
The expzriment uentloned just &bove ccrioborated this. And the pressure in-
crement due to it is proportional to it. Therefore
Ap=Rpo (7)
for the rate of heat liberation is propertional to the rate of reaction. Hence
the observed prsssure difference p of the mancmeter columns at any time is egual
to A p plus one third of the rressure of the oxygzen in the chamber frow the
ozone which has decomposed. Therefore the trus value of the ozone pressure at
any time is given by
a[po=(p-ap]= a[bo- (p-Ap)] = fa (@
But when this effect is neglected, the value of the rate which is set proportional

to the square of the czone concentration is +2 % since then 2(pw - p) = POy
and d _ o o C , 2
A = -~ kop,

Hence it is the new value of +2 42 that is desired. Differentiating (8) we have

-QEE‘“*‘WF i‘éé"‘i -

Lo 1o (- Ly = (98

or

(9)
Thie shows that such en effect gives a value for the constant which is always
smalier than the true value, api:roaching it, however, {a finite constant value)
as the ozone concentration decreases. |
The possibility that this heating effect, when superimposed on a first-
order change, can produce the effect of a second-order change may be disposed

of by similar calculations. Thus equation (&) for this case becomes

a[ﬂ;;— ($-4p)] = a[ o= (p~Bps) ]| - 0‘@ (8a)
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since now the rate of heat liberation is proportional to the first power of the

ozone concentration. Differentiating 4
—adp i+ ap ﬁ@i—— = T
d _ d _
+adf = (Fap)-Sfe)= A (- 28) o,

or

(9a)
Thus a first-order change remains first-crdsr, the numerical value of the
‘oonatant being changed, but constant over the entire run. Therefore a first-
order change containing this heat effect, but calculated as in this werk as a
second-order change, could never give a constant quantity fur the proportionality
factor in the second-order exp;'ession.

Nor can a third~-crder change containing this heating effect explain the

facts. Fecr it similarly

3 [o = (p-a p)]= a[ o= (p-BpD]= o,
And differentiating

d (Pos
BTSNV SN

s ot

s = GO Bp= A=) py’ o

Thus a third-order change with this effect superimposed gives a value for the

or

proportlonality factor in the tlird-order expression which behaves siwllarly to
to the case of the second-order change (i.e. a valus of the calculated constant
which increases trroughout a run a_pproac}zing the true value as a limit), only the
effect is much cre pronounced.

There is another effect which will produce an increasing constant. It i
the simultaneous occurrence of a first-crder chenge with the second. It can

be shown that such givee a value of the constant which increases as the czone

Concentration decreases, but approached infinity and not a finite value.
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égﬁﬂ' A ﬁh-kfié%—~cﬁa+ )¢% (20)
Hence the value obtained by assuring a second-order change, where both a first
and second really occur, gives a value of the constant that approaches infinity
with time. Incidentally, this is a graphical way of rzcognizing a simul tanecus
first and second-order change, using the method ¢f plotting described above. It
illustrates the interpretation of the run that the plot precvides.

There ia ancther possible scurce of srror wrich it seemed essential to
evaluate and study. If, in splte of tesis rade in remneated surerheating, an
error was couilng into the final pressure, which valus constitutes the only
measure of the ozone concentration, this might have the effect of changing the
calculated speclific rate in just such a way as to explain the deviations found.
Therefore calculations were made to determine what effect an error in pgowould have
~upon (1) the numericzl value of the constant, and (2) upon the constancy of the
censtant within the run. This effect is illustrated in what follows. Let g
be the quantity obtained using the obsarved rressure values in the expression

q= —%gf-%z (21)

Then the true valus for the specific reaction rate, since tha values of p are

all tco small or too large by a constant numerical amcunt , 1s given by the

expression

k= f%_ﬂ 7'3,:0@)1 (12)

It 1s to be noted that the rate of change c¢f the pressure rezains the same.

Hence these two juantities, the true value c¢f k and the apparent value of g

obtained in the calculations, are related to one ancth-r by the expression

q=k(j:%i“>& (3)



Toroughout any une rano is a constant. But clearly g changes within a
particvlar run as the presaure clangss. Therefore the amcunt by which g
diffsrs from k depends upon the value of & for the particular run and upon the
varticular pressurs to which the calculation of g corresponds within the run,
A little wore than two thirds of the ccurse of the decoumposition was fol-
lowed in somme of these experiments, that is, the last observed praasuré vEe

roughly one third the initial rres,,ure. In such cases then

q (at start) = (7’° ) 33};“)1 (1)

a (at finien) = k (1%/) (15
where p is the last observed tressure during the run. o has been designated
as the difference between the true pressure and the observed. If this ie
positive, g is always greatesr than k, if negative it is always swaller, the
effect becowing wcre pronounced in both cases as the pressure decreases. In
order that g be twice as great or one half as great as the frue value of k
at the last observation of the pres-ure, o« must assume a value correspcnding

to the relations

(Cé?rgé—)l =2 or X = 0.4 ﬁv (16)

(¢_:"_> % or X = 0-363' Qan

And the value cf g at tre start of the run for thesse iwo cases is

qak(‘s'a:‘:o—it> = 1.3k (28)
q = k(M} {19)

Thus, to cause a relative variation over an entire run of frow le3 to 2.0 in

the value of k, the error o would have to be 0.1&—1;2 or 0.13 p,. And to cause

a relative variation over an entire run of from C.9 to 0«5 in the value of k,
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the error ok would have {o be O.3j;>9~cr el By an antire run is weant two
thirds of the decomposition,

From these considerations it follows that the variaticns which were ob-
served in the constant between the several runs can not be accounted for by an
serror in the final pressure read aftser supsrheating. TFirst, in all but rune
of the very lowest concentration 1% is known quite surely from experiment that
the arror in the final pressure is not sufficiently large; second, the calcula-
tions show that a characteristic of a valus of g which is aprreciably different
than that of the true value k, 1s that it be nct constant but that it vary in
a definite and marked way within the run. "hen the ccrrectlon 1ls nositive the
calculated values of g are largsr than k, and they increase within the run as
the pressure decrsases. Then the correction is negative, the calculated values
are smaller than k, _and decrease within the run as the pressure decreases. No
such correlation betwesn the value of the constant and its variation 1s to be
found in the thirty seven experiments made. Incidentally, the extrems con-
stancy of ¢ in the majority of runs is an excellent check on the accuracy of
the observed final pressure after superheating as corresponding to ccmplete
decorposition.

There is a possibility that, even if the chamber was being held at a some-~

what higher temperature than the bath, this fact might not show in the graph in
the way stated doves If a piling-up of heat occurred in a very special way,
80 as to just neutralize the effect mentioned in the previous pa.ragz%hs, then
the calculated constant might be practically constant over the entire run, but
of an incorrect numerical value. This rather improbable assumption woﬁld ro—
quire, for example, that the difference in temperature of the chamber frou

100° at the moment when, having started with three vercent oczone, the decomposi-

tion passes the two percent concentration mark, is different (less) than this
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difference ot the moment when, having started with four percent czone the
decoriposition passes again thse two rercent concentration mark. That is, a
piling-up more pronounced for the higher concentrations would be cbserved.

Although the many runs, when ccnsidered together, render this lumprobable,
it was felt necessary to show in some particular way that there was no such
piling-up effect. Runs 2 and 35 are given as evidence. In these runs, when
the middle of the decompoeition was in progress, the teuperature of the bath
was lowsred many degrees¢ and then breught back to 100°. If the effact had
been present irn the run, this would have erased it. A different numerical
value for the consﬁant would be found for the remaining portion of the run than
for the first part, and a discontinuliy in the pressure change with time would
be ocbserved at this point. These effects wore not found. The graphs of the
preasure changs with the time, and of the reciprocal of the preasure against
the time for Run 35, which was performed especially to study this effect, are
given in Figures 4 and 5. It happened that in this run the constant showed an
increase with time, as is evidenced by the fact that the curve in Figure 5 is
not a straight line. DBut this does not lessen the value of the two curves

for this particular use, since they show no discontinuity at the point where

the first half of the run ended and the second half began. SHimee—it—was—im—

are—hot-showns The second half was placed on the paper by extrapolating the

first half. a short distance, until the first pressure obssrved in the seoond half
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was reached, the second half being started hiere and continued from this poinﬁ

on in time. This seems Justifiable, since this is really the point the reaction
would have reached ‘in'this shorter time (actually eight. winutes in this case), if
‘the temperatﬁre had not been lowered. From the thirty seven runs considered to-

gether, and from Runs 2 and 35 in particular, it is concluded that there exists

no heat-plling-up effact in the reactlon chamber.
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‘The‘ decomposition of ozone at 100° is a change of the second-order.

Values for the specific rate have been obtained in a series of thirty
seven determinations. Thesa show a variation that practically covers the
‘region over which the values of earlier éxperimenters lay scattered. Never-
theless, in a large majority of these runs the decomposition adheres strictly
to the second-order expression. |

The decomposition of ozone proceeds at different specific rates even
for consecutive samples of the gas, from causes which can not be traced to
the conditions of the walls cf the containing vessel, nor toc the method of
drying the gas. The causes of these variations ars contained in the gas
iteelf, and are probably connected with the method by which the g#s is made.

Errors which may enter into thiQ method of measuring the rate of reaction
have been described and analyzed. Since the method is considerably used in
- studying gas reactions involving a change in the number of molecules, and
since the errors to which it is subject do not seem to have bemn sufficlently
smphasized heretofore, these results have Eeen included.

Some useful grephical methods for the interpretation of experimental

data, such as collected in the dove work, have been devised and applied.



PART III

Experiments Using a Hodified Static lMethod

Introduction

The static method of uweasuring the rate of ozone decouposition, when
carried out at one total pressure can yleld informatiorn concerning only the
character of the course ¢f the reaction. The effect of oxygen rressure can
hardly be tested, becanse the czone which is available is limited by our or-
dinary anethcds of preparation to very low concentrations, and the oxygen con-
centration is therefore always nearly constant. As described ir the introduc-
tion earlier investiga'aorlll’2’:5 have made use of the static method at various
total pressures, thus affording comparisons of the rates of decomposition
under differant cxygen cencentrations., This is, however, limited by two
difficulties. Tirst, as seen from Part I, as well as from all earlier work,
consecutive saiples of czone decompose under aprarently the same conditions
at different rates. This makes comparison between consecutive runs somewhat
uncertain. Secondly, when original ozone is put into reaction veseels at
different total vressures,not only is the partial pressure of oxygen now dif-
ferent from that in the experiments performed under one atmosphere of total
pressure, but similarly the partial pressure of every other molecular specie
present has been changed in the same way, thus the partlal pressure of the
ozone and also, it wmust be noted, the partial pressure of any catalytic impurity.

These limitations apply to the experiments of Perman and Greavesu and of
Griffith and McKeown!. but the static experiments of Jahn using the Warburg
differential ozonometer are frese from the latter Afficulty, though less so

frem the formere It scews doubtful whether a reactior chamber, which ie itself
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a silent dischiarge ozonizer, can ever produce the same character ¢f ozone twice
in succession. The very nature of the silent discharge wculd lead one to be-
lieve that the variableness of it and the effect it way have on gases occluded
in the walls wculd yield, upon consecutlve ozonizations, czone c¢f different
characteristics. That this ie undovbtedly true is borne out by Warburg's
careful early measurements.

The work of Chapman and Jonesd had indeed avoided probdably both of the two
difficulties mentioned above, for in this case the rates of decomposition of
two sasples of the same ozone wers corpared. To one of these oxygen had
actually been added.

The aprarent diecrepancy between the werk of Jahn and of Chapman and Jones
was not necessarily a real one, since the sxperinsnts were for the uost part
different., Jahn, in &ll his expariments except tlicse in which czone was diluted
with alr, measured the effect of total pressurs, while Chapman and Jones measurad
the effect of added cxygen. While a possible explanation of Jahn's results was
contained in his hypothesis, in which oxygen behaves as a nsgative catalyst
according to the interesting mechanisw described by him, a wholly 1if‘ferent
explanation could be given v the assumption of the presence of some other
negative catalyst.

It appeared impcrtant to reproduce essentially the static expsriments of
Jeln and of Chapman and Jenes by a wethod wrich need peszess only sufficlent
accuracy to differentlate batween changes ir rate of the order of one and two
fold, in order to explair if rossible the discrepancy between the results of
the two investigations.

To do this, the work described in the fcllowing pages was carried out. The
apraratus was nade as sl.rle as possible. ZEspecially the effort was uade to

avoid the need of cowparing consecutive sariples,



Tependence of the Rate on the Totel Pressure.

Apparstus and lethod

The apparatus and prccedure may be described in a few words. Teour bulos
of prrex glass, of kmown volume and nearly aliks, were sealed together in
series by weans of conunecting constricted éapillary tubes. One end of this
buvlb train was sealed by means of anothsr capillary to a course c¢f ozone
supply. The other end was sealed by means of stlll another capillary to e
gystenn of glasz tubing which possessed in 1t a wercury manometsr, a connsction
tc a water jet pump, and an outlat tube from which the ozene 2-11d pass to the
room by bubbling through concentrated sulfuric acide This bubbling tubs was
gealed to the aystem through a constricted eapillary. Figure 6 illustratee
the apparatus.

The nrocedure consisted in sweeping out thie train with ozone until all
alr was removed, the issulng gas escaping at the bubblasr. After a time longer
than that necessary to sweep the alr from the syetem, the flow of ozone was
stoppsd and the capillary at a sealed off before the flume. The capillary £
was next sealed. Then by reans of the water pump, gas was remcved from the
system until the pressure of ozonized oxygen in the four‘bulbs was approximately
560 mm. Hz. With sitopcock g closed, the capillary at ¢ was sealed. Then the
pressure in Bulde ITI and IV was further reduced tc approximately half the
value of that remaining in Bulbs I and II, and at tkis point the cepillary at
8 was sealed off, Capillaries b and 4 were now gealed, leaving all four
tulbe separated, I and IT being at a relatively high pressure, wiile ITI and IV

were at a pressure roughly one half this.






..14}.

Bulbs II and III were then placed in a clamp rack and immersed simultan-
eously in a bath of bolling watsr where they were allowed to rewain from
cne half to three gquartsrs of an hour, ddpending on the exrcriment. The bath,
vhich was heated by an electric hot-plate, was almost coupletely covered,
allowlng very little diffuse light to enter. 3ulbs I and IV were held as
controls in a bath ¢f tep water.

After the i{ime interval of reaction, Bulbs II and III were removed
shiultaneously and chillsd in tap water, then placed with I and IV, After
mmore than sufficient time for complete cooling of the bulbs (usually about
twenty minutes) the ozone in each was allowad tc react with neutral 2%
potassium lodide sclution by crushing one caplllary tip under the surface
end letting the solution be forced in until pressure equilibrium was reached.
The absorption was carried out with gentle shaking.

By cutting off the upver tip the solution cf liberated icdine in potassium
i0iide was run out, and the bulb rinsed. This sclution wag then made acld
with dilute sulfuric acid and titrated against 0.01 n. sodium thiosulfate.

Results

The data obtained using the above rrocedure gave two concentration values
over a decomposition for the same sample of ozone at two different pressures,
the two portions of the gas being at the high temperature for the same length
of time.

Assuning that the reactlon has fcllowed approximately a second-corder
course over the time interval (an assumption amply justified by all eérlier
work), we may calculate the velue cof the specific second-order rate from
the followdng familiar expression

k= (T- <)
where Bulbs T and IV each yield a Co value, while Bulbs II and III give each

the resvective value of C.
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Cur interest lies in the comparison of the ratic of these two values
in each experiment with the ratie c¢f the corresponding total pressure, or
better, its reciprocal.

Six expariments of this type ware performed. The follewing table gives

the significant data of each consecutively.

Table III |

1 37 1.73 2.85 5eT1 2.0 %56 263 2.11 1.05

2 37 1.4y 2.67 6.1 2.4 B 263 2.11 (.88

3 30 1.57 1.50 2.73 1.8 5% 2% 2.22 1l.22

4 Lo 2.15 1.55 2.83 1.9 552 248 2.23 1.22

5 45 0.58 2.95 10.3%0 3.4 553 20 2.0 C.b6

6 45 0.65 2,60 6.55 2.5 553 239 2.3 _‘,‘ggsﬂz_‘
Mean 1.05

The fourth and fifth columns show clearly the effect of the total pressure,
the increass in rate with decreasing pressure. The question whether the increase
is inversely proportidnal to the total pressure is answered in the last cocluun
where the ratio of the two products of the rate by the corresponding pressure
glves a mean value very close to unity. In expdériment 5 the ozone concen-
tration was so low that the probable error is large, especially 8¢ in the low
pressure bulbs, where the concentration of ozone was very small. It‘wiil be
seen that the low pressure value of the rate in this run is high. It is,

however, higher than would be expected even with the large error, and so the
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result must be regarded as uncertain. Run 5 was therefore omitted in taking
the mean of the final column; including it wenld, however, only bring the
ratio nearer unity.

There are certain remarks that should be mads concerning these experi-
ments, in order to glve sach its full significance. Experiments 1 and 2
were cCarried out with ozne prepared from Linde tank oxygen by the silent
dlscharge. The gas was dried once before entering and once after leaving
the ozonizer by concentrated sulfuric acid.

Fxpariments 3, U, 5, and 6 were performed at a later time, after most of
the other experiments described in this Part. They were carried out with czone
prepared from oxygen produced electrolytically from a 12% solution of pure
sodiunm hydroxide. The oxygen was never in contact with anything other than
cleaned glass surfaces and dilut%?gbncentrated pure sulfuric acid, after
being evolved from the caustic solution. The drying was accomplished without
bubbling by extended exposure to surfaces of concentrated sulfuric acid.

The ozonizer was of somewhat lmproved mechanical construction, but in principle
the familiar silent-discharge ozonizer. This epparatus is described in
Part IV of this thesis, and illustrated in Figure S .

The remarkable variation in the ozonizability of the caustic oxygen,
which is discussed more fully in Part IV, is clearly seen by a glance at the
initial concentrations of 3 and 4, as comparsd to those of 5 and 6. All
four were produced under the same electrical conditions and the same current
imput in the generator, thus the same rate of gae flow. But the former

twe were carried out not long aftar the electrolyte had been prepared, the
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latter two after the apparatus had remained idle for a month., The replenishing
with distilled water done after experiment 6 (i.e. the addition of a quantity
of dlstilled water roughly 5% of that in the entire electreclrte, this being

the extent of the depletion) brought back in a large measure the ozonlzability
of the oxygen.

Since these experiments were verformed in order to make definite our
opinion as to the effect of total pressure on the second-order rate, it is
well to briefly summarize the work done wupon it. Jahn! had carefully tested
this vsing the differential ozcnometer, and at four pressures had shown satis-
factorily the inverse proportionality of the second-order rate and the total
pressure, Our experiments are taken as confirming this fact by a different
method and with different czone. The failure of Perman dnd Greavesu and of
Griffith and McXeownl to confirm this quantitatively is probably due to the
presence of a positive catalyst in their ozone,which is indicated by the
failure to cbtain second-order rates, finding rather an increasing value of
the calculated second-order constant.

A remark must be made regarding the values of the pres:zures given in
Table III, and in all of the experiments described in Part III. As the
heading of the column indicates, they are for room temperature; that is,
measured at the time the dulbs were filled, Since it was the pressurs ratio
that was cf interest ir these exporinents, no reading of the rom temperature
was taken, so that the actual pressures under which the decomposition took
place may be obtained only approximately by applying a factor 373/295 te

the obssrved values. The intsrest in the »ressure durhng the reaction ccmes
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about cf course *trhrongh the effect of the total pressure, and is iumoritant
in conparing the rates observed in these experinents with those found in
the work of Part II as well as twcose focund by esarlier investigators. However,
the accuracy of the pressures at 100° cbtained by assw:ing the room
temperature to be 295° are entirely satisfactory considering the accuracy
with which the constant itself is measured.

The average value of the rates given in Table III for the high-pressure
bulbs, rhen corrected to one atwmesphere mressure at 100°, is 2.1 cc/mol sse.,
which 18 in good agreement with the low rates found using the static methed

of Part II.
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Zependence of the Rute on the

Arvaratus and ietvnod

Three deterrinations were made of the effect of added oxygen. In these
a fifth bulb, as illustrated in Figure 7, was used: it served as the container
for the oxygen. The experimental procedure wes wmuch the same as in the six
runs menticned in the preceding section.

Prior to the filling of Bulbs I, II, III, and IV with czone, Bulb V was
filled with cxygen by sweeping out as in the preceding expesriments, ths gas
passing first through I, II, and ITI, and finally out through the capillary at
Js bubbling through sulfuric acid. Stopcock 1 was lubricated and sealed with
sulfuric acid. 3Buld V having been filled with oxygen, this stopcock was closad
and the capillary at j sealed bvefore the flame.

Bulbs I, II, III, and IV wers then filled with ozone in the same wanner
a8 in the preceding experiments. When they had been swept completely with
ozone, and the systew sealed at g and £, the pressure in all four bulbs was re-
duced to approximately 300 mm. Hg. The capillary at ¢ was next sealed. Then
the stopcock i was carefully opened, allowing pressure equilidbrium to be
established betwsen Bulbs V, III, and IV, thus injecting nore oxygen into III
and IV, and as a natter of fact nearly doubling their oxyzen concentration. The
capillaries at b, g, and h wsre then seklad, separating all four bulbs. Trom
this point the treatment was the same as in the preceding six runs, and therefore
need not bs referred to here.

The first determination was performed using Linde tank oxygen, dried by
concentrated sulfuric acid. The second and third were perforwed with electruslytic
oxygen from the caustic sclution. In all cases ozonization was by the silent

decharge.
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The results ¢f these expsriments are collected in the followlng table.

Table IV
Source of Reaction time Initial conc. % x 10 2 ks x 1072 Total pressure
oxygen (min.) Bulb I (ce/mol.sec.) (ce/uol.sec.) {room temperature,
o (mols/cc.) original gas oxygen added T<4II  III<IV
Linde tank 37 1.27:67% 4,05 445 296 lgs
Electrolytic U5 1.29x10°° 2,22 1.74 289 523
Electrolytic L5 1.19x10-6 2,39 2.06 289 524

The table skhows in the first experiment within the 1limits of error no effect
of added oxygen, or verhaps a slight acceleration. It must be mentioned, howevar,
that two counteracting effects of the added oxygen will latsr prove Lo be the
probvable description of this result.

n the othsr hand the runs with electrolvtic camnstic oxyuzen evidence a
definite retariing effect, althcugh not that called for by the hypcthetical
‘mechanism involving the luverse first power of the oxygen. In these casss also,
however, two partly counteractiing effects due to the added oxyzen undcubtedly
were present.

While the errcres in this experimental wethod are sufficisntly large to
seriously limit the quantitative value of the resuits, these determinations do
nevertheless roughly agree with the four expsriments wade by bhapman and Joness.
But the three experiments given above indicate the importance of some other
effect thun that due to the oxygen alone. It is believed that this will lead to
a recenciliation of the results of the iuportant experiments of the earlier in-
vestigatores with those to be describved latsr in this thesie, as well as with the

results of othar investigators as Jescridbed under Part I.



Further Experiments on the Effect of Totél'Prgasugg
In the first six expsriwants on the influsnce of the total pressure the
praseure was in all cases reduced by withdrawing frow Bulbs III and IV a
portion of the ozone. The experiment described Lere was perforned as the
inverse of thie: that is, the pres-ure in Bulbs IIT and IV was increased over
that in Bulbs I and II by forcing in czonas.
Procedure
The method was identical with that used in the exp-riments orn the adlition
of oxyzen, except that Bulb V in this case contained ozone and this was forced
into Bulbs III and IV. Thuu the only diffzrsnce was that the ozonizer was
running during the filling of Buldb V.
Result

The result can test be expressed as another row of the Table on page UJ.

Tsble ¥
Linde tank oxygen

Reaction time Initial cone. k, x 1072 _:h_?_ﬁ Py P2 p2/Py /’?aj e aoa

(min.) Bulb I {ce/mol.sec.)
(mols/cce) p:c mo secp2 Rap, 2pr »

7 0.71:0°%  5.03 314 1.60 29 475  1.90  1.19

Considering the errors inherent in the nethod, the results of this experiment
are in gocd agreement with the six cthers perforwsd on the effect of total nreswura.

Furtrermore the nuerical velue of these rates corrected to cne atmosphere
prescure at 100° agres well with those found in the praceding expariments. Theilr

average hiere is 2.29 x 102 ce/mol. sec.
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Ancther experiment was carried cut in nmch the same way as the preceding
one; but the attempt was here rade to determine the effect of first decomposing
part of the ozone in Bulb V befecre adding it to Bulbs III and IV.

Procedure

Bulb V was encased in a steam bath, and after the same yrocedure as in
the last experiment up to the ccmplete filling of the system (except that the
capillary at j was not sealed), and the sealing of the capillaries at g and £,
the steam bath around Bulb V was heated to 100°. Aftsr allowing the increase
in volume at constant pressure to occur thrcugh the outlet of Bulb V, the
capillary at J was sealed, and Bulb V held at .100° for aprroximately half an
hour. It was then cooled by rassing air through the stékn Jjacket. The pressure
in the four bults was reduced to 181 mm., &ﬁd after sealing the caplllary between
Bulbs II and II], the partially decomposad ozons was allowed to enter Bulbs IIT
and IV from V, until rressure egquilitriuwm was reached. From this point the
procedurs was as described before.

Result

The result can best be expressed as still ancther row of the Table on

page 49,
' Table VI
Linje tank oxygen 4
Reaction time Initial conc. k, x 1072 A p P palps Rap. * >
{win.) (Bulb I (ce/mol. sec.) Td)—'—' 1 2 1 2
{uwols/ce.) r, P2 ndﬂl ad,, X (f"
30.5 €. 7021070 LuYe 4UO 1,02 18 383 212 2,08

The values can not be interpreted from the present point of view regarding

the decomposition. The preceding expariment (Table V), usinz the same kind of

oxygen, had ziven the total pres-ure effect satisfactorily by the same rrocadure.
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That the failure tc observe duch in this case was the result of positive catalyst
getting into the ozone of Buld V in some unknown wey is supveorted by the fellowing
facts. The initial concentration of the ozone in Bulb V is known from the analysis
of Bulb I, and the difference in pressure and temperature. This was approximately
2.33 % 10"6 wol/ce. Now in the half-hour decomposition interval this would
norually decompose by an amcunt something less than half its original value. TFrom
a comparison of the analysis of Bulb IV and Bulb I and their corresponding
pressures, the concentratlon of the ozone after decoamosition in Bulb V can be
calculated. This proves to be 0.65 x Zl.()"6 mols/ce. Calculating the svecific
second-order rate for this decomposition in Bulb V at 100° and atmospheric pres-
sure, ons finds the value 5.44 x 102 cc/mol.ssc. This is approximately four
times as fast as the decomposition in Bulbs I and II, which was 1.35 x 102 ce/mol séc.
vhien corrected to atmospheric pressure.

These calculations demonstrate the presence of a pesitive catalyst in the
6zone in Bulb V and hence account for the failure of the rate in Bulbs IV and III

to be retarded by the injected gas mixture.



Fxpsriuents or the Order of the Tecomrosition

¥ith the experimental arrangement used in the preceding exporiments it was
also possible to wake cobservaticns upon the order of the decompesitlon. Although
not so well adapted to this as tho methed described in Part II of this thesis,
and, in fact, possessing certain rpartisular 1€ficultles, it was nevertheless
felt werth while to make such measuremnants using this diffsrent method. These
experiments are described below.

In the first four experiments the same apparatus was used 48 in the first
two experiwents on the effect of total pressure. All four bulbs were filled to
the samipressure «ith ozone. Xeepinz Bulb I irmersed in tzp water as a contrel,
pulbs II, III, and IV were immersed in bolling water, each fcr a different tine
interval, and aftesr being removed frem the 100° bath, they were chilled in tap
water. The contents of all four were zndlyzed as described in the preceding
experimentss With Bulb I, therefore, each ¢f the other three gave an initial
and final concentration value over a particular time int-rval, and permitted thus
the calculation of three values of the specific rate.

Results

The resuits of these four expsriments are given in the fcllowing table.
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J¢

Reaction time ¢ x 107 k, x 1072 k x 10
(min.) (mols/ce.) (ee/mecl.secs) ssc, 1
Experiment I. Pressure = 49 om. at 100°

0 13.48 - -
15 9.83% 3.43 2. 31
b 0s 83 L.02 2.26
L5 L. 48 5. 52 2.45

Txperivent II. Pressure = 52 cm. at 100°.

o 14.38 - -
1C 9.26 6.36 4. 38
25 g. 81 2,92 1.96
&0 5. 32 3.28 1.66

Experinent III. Pressure = 70 cm. at 1CC°.

0 14,05 - -
15 10.10 3,07 2.19
U0 6.78 3,18 1.82

105 3,44 3,18 1.33
Experiment IV. FPressure = 73 cm. at 1CO°.

0 12,34 - -
14,5 B.67 10.97 5 37
39+5 5486 3. 20 1.89
23.5 3.25 4.53 1.60
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The resvlts dc not, indeed, show any betisr agreeuent with the sezond
order thon with the fir:t. Howevsr, the average value cf the constant™, ~hen
the separate valiea are zorrected to atmospteric prescure, zlthcugh high gives
e value whish is in the range of values foind in the werk of Part II by the
static method. It is somevhat higher then the majority cf the values found
in the vreceiing experiments, in wrich this method waz vsed.

It was obvious +that difficulties in the wethod prohibited 1ts use in this
ferm as a meined of detormining the order. The variations in these experiuerts,
howevsr, were not very surprising. Sevaral errors anter inte the prccedure,
perkaps the most iuportant of which are: the error in the ‘ime, particularly
for the shortest interval, i.e. 3ulb II; an? the errors intrcduced during the
sealing of the capillaries before the flame. Sericus troudle weuld cccur if
the system on each side of a capillary wsre not at the same teuverature through-
cut the cperation., Therefcre it was nscassary to te careful in the use c¢f the
flame vinile sealing the capillaries. A small rointed flame was used. ilso
there was the possibility of introduvcing decomposition products of the hot
glass into the reaction space. Wiile trouble from the sealing might be comicn
tec 2ll the exproriments using the four reaction bulbs in this way, 1t would be
made .oat apnarent in the calculations of the crder.

In spite of these sorious pos=itilities, it was felt that th tizular
variaticns irdicated a still nore fundsusntal difficulty; namsly, a seriss
of rarld variaticns in the character of the czone. That is, it appeared as
if the ozone entaring the bulbs changed serratically and within wide 1i mits
many times perhaps during the time required for the filling of a single bulbd;

thus resulting ir an unequal distribution cf kind throughout tie bulbs,

*An unknown scurce of error entered in the second value of Run IV, and tris
value was zccordingly owitted in couputing the avsrage.



Zo test this hypothesis a method was devised to eliiwinate such unegual

distrivution of the gas. The fuur bulbs were set wp in paralisl using at

b

oth ends glass wanifolds, each rosssssing one inlet and four outlets. The
four cutlets were scaled to the ends of the four bulbs by wsans of egual
lengths of capillury tubing all of the sams bore. This tubing was thin wall
and all eizht pisces could be “aken from the same nlece of original tubing
of about one foot in length., The Jjecluts were carsfully wade to aveid any
contrictions, the caﬁillary‘tubes flaring iriisdiately to a wuch larger bore as
scon as the oconstant bore portlon met the joint.

As a second precaution a bulbd of cne litsr capacity was introduced in the

n

ozone suprly line, as a valume irn which rapld variziions would be erasad by
wixing and a fairly rapresentative mixture be delivered from this tec the rsaction
bulbs.

The use of the bulbs in parallel represented the expenditure of censidarable
effert in visw of the fact that the manifold and four bulbs had tc be sealed
together in a zingle and rather fraglle tnit vefore being sealed into the vzone
train. The unit was mounted in a vertical position. The apparatus of courss
had tc be cut in pileces again during a run. Two runs were wmade with this apraratus.

The procedure cf filling the oul:s to the reguired pressure with the ozone
mixture was carried out in about the same way as with the tulbs in szries. After
the systemn was swept clear ant filled with ozone anl the exit capillary sealed,
the four upper capillaries were sealed and the pressure reduction made. Then
the four lower capillaries were sealed, isolating each bulb. Tspecial cars was
taken in sealing the capillariass as a result of a growdng ancreciation of its

importance. The remainder of ‘the prccedurs was ths sauws in detail as that used

in the sarlier expariments.



The results of thess two exp:riwents are given in Table VIII,

mable VIII.
Reaction time ¢ x 107 X, x 1072 k x 30
(min.) {uiols/ ce.) {ca/ubl. sec.) s2c

Experiuwent I. Pressure = J0 cm. at 100°

0 10,52 - -
15 9.08 1.69 0.099
40 7438 1.70 Ca 089

100 5,07 1.70 0.073

Experiment II. Pressure = 70 cm. at 100°.

0 15.15 - -
15 12.3% 1.65 0135
40 10.06 1.39 0.102

1C0 6.50 1.43 0.083

The improvement in technique is evident in the resulte. It will be
noted that the initial concentration in the two runs is different, and that
the test of the order thereby afforded shews the order to be the second. Thus
beth the censtancy of the specific rate in the runs and the agreewent betweep
the runs contrasts with the marked trend of the calculated first-order
cozfricient in each run and the lack of agreement beiween the runs. The average
value of the sscond order specific rate corrected to one atmecsphere pressure
is 1.59 x 102 cc/uol.sec.~in good agraement with the lowest rates found heretofore.
These experinents demonstrated the practicability of proving the second-
order character ¢f the reaction,if the large er-ors inherent in the wethod

were minimized as far as possible.
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It was felt that besides the general improvement in technigue, the inter-
position of the itiixing bulb had largely accounted for the lwprovement, and
that the difficult parallel arrangement of the bulbs was not so essentlal. To
‘test this, an experiment was performed using the mixing bulb, but with the
’four reaction bulbs in series. The procedurs was the same as in the earlier
runs with the bulbs in series. Unfortunately during the luuersion in the
boiling water a large crack developed in 3ulb II and some water entered.

Bulbs III and IV, however, afforded two determinations.

The results ars given in the folleowing table.

Table IX
Reaction time ¢ x 107 k x 107 k x10
(win.) (mole/co) (ce/mol.sec.) _ sec.”l

Pressere = 70 cm. at 100°

o) 13.26 - -
15 - - -
Lo 2.57 1.285 0.120

100 527 1.96 0.C95

Thus the reeults strengthened the bellef that with the wixing tulb the
reaction hilbs in series gave satisfactory results. TFer here again, not
énly do the two values for the second-order rate agres with one another,
wuile those for the first-order do net, but the former also agree with the
six values of the second-order rate found in the preceding expsriuents using

the bulbs in parallel.



The aprarent dependence upen thes initilal concentratioQ of ozone, indicatd
by the total pres-ure experiments, held sharply in wind the guestion as to
whether this was due to the method of production of the ozone, and therefores
to scme unknown impurity in the ozone, or whethsr this dependence were

actually and solely on the initial concentration of the gas. The latter seemed
improbable from almost any point of view, and et it certainly required testing.
An experiment was devised to give an answer to this question. At the same
time it yielded further evidence as to the concordancy c¢f resulis and the
agreement ¢f the rates with the sarlier values.

The prpcedﬁre was thal of the regular serles arrangement. Tour new
bulbs replaced the 0ld ones, whose ends Lhad become badly crvstallized or
burnt frowm repeated working in the flame. After the bulbs were filled and
separated, 3ulb I was kept as the control. Bulbs II, III, and IV were im-
mersed in bolling water for lengths of time totalliing 1CC wminutes in each
case, but Bulb II was withdrawn twlce and imuiersed for 10 winutes each time
in tap water before replacing in the boiling water, the czone in it baing
thus decomposed in three separate stages of 25, 25, and 50 minutes respactively.
Bulb IIIAwas treated in a siuwilar manner: it was withdrawn only once, the
ozone in it being deconposed in two separate stagzes of U0 and 60 minutes.

Bulb IV remained in the 100° tath feor 100 minutes ¢ ntinuously.

If the decomposition depended upon the character of the initial ¢zonme, then
in all tiiree bullta the decomposition should have proceeded the same auount, that
1s, with the same specific rate over each of the six seperate decomposition

stages represented. But if on the contrary the srecific rate really depended



en the initial czone coucsntration, than all three stages ir Buld IT weuld
proceed at different specific rates, as would also the two stages in Bulb III,
with the result thét Bulbs II, TII,and IV should show different awcunts of
decompcsition over the 100 minutes common rezction time.

The rasults of the expedment are given in the folleowing table.

Iable X
Reaction time ¢, x 107 kp x 1672
(mir.)
Pregsure = 70O cm.

0 12,74 -

25+25+50 = 100 5078 1.58

4O+60 = 100 5.68 1.62

100 5.75 1.59

Clearly the cooling the reheating did not influence the specific rate,
and thug it was not dependent on the initial ozone concentration. Tor by
cutting dewn the Initial ccncentration by thrze subsequent decompositicns,
the reaction-proceeded at the same rate as three in vhich the initial con-
centrations were the same.

These experiments ylelded the same numesrical value for the specific rate
a8 the preceding ones, a value which is closely that of the lowest that has

been observeds.
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Sumnary of Part IIT

A method has been descridved by which the decomposition of ozone at two
different total preSQﬁres may ve compared for the same sample.of czone. 3By
the same ﬁetﬁod the =ffect of added oxygen way be stuiied.

Using this method the inverse proportionality of the second-order rate
with the total rressure, found by Jahn3, has been agaln observed in a series
of seven measurements.

The effect ¢f added oxygen hus also been studied and the results, while
qualitatively in agresment with the observaticns of Chapman and Jones> that
oxygen exercises only little retarding effect, indicate that the conclusion
drawn by Chapman dnd Jones that oxvgen exasrcises no retarding sffect on the
decomposition is unjustified; and that there probably are iuportant impurities
in o=t oxygen. Trhat pure oxygen acceler ates the reaction inversely as its
partial pressure as concluded by Jahn still remains a nossibility. TFor the
answer o this question some other method would be nore suitable.

The specific second-order rate devends on the initial pressure of the
oxygen-ozone mixture and not on the initial concentration of the czone. Thus,
after decomposing a fraction of a certaln qantity of ozone, and after cooling
to room teuperature, the gas so obtained showed in a subseguent decomposition
tre saue specific seccnd-ordsr rate a8 was observed during the decomposition
of the first fraction,

The best values of the specific second-order rate cbiained wiile using
this method to study the problems discussed above agree, vhren corrected to at-
mosvheric. ovressure, with the best values obtained in the research of Part II -

‘& specific rat: of aprroximately 200 co/mol.sec.



PART IV

Exraoriments Using *the Dynemic liathod

Introduction

The static method of studrirg the rate of change of concentration in
cheriical kinetics has been widely used, while the dynomic method Las been
only rarely arvlied. There are advantagee and difficulities in the use of
exch, but there are conditions undsr which one is more satisfactory than
the othar. The difficulties in the latter are for ths 1wost part practical
oneg, and ths‘method, where 1t can be successfully applied, would generally be
useful. It is, howevar, hardly applicable teo any except gas reactiuns.

The dvnamic method is briefly described by the following. The reacteants
are led at a Jmown rate thrcugh the reaction chamber held at the desired
terperature. A steady stats is thus set up,and concentration measurenents,
one befors entaring and one after leavine the reaction chamber, give the
concentration decrease in & known time intsrval., By changing the rate of
flow a similar set of data may be obtained for anothar time interval, and
sd on, thus finally obtaining all the data that the static method gensrally
| vields. However, one important difference is the steady-state condition,
set up for a measurement. Divergences from constant compesition and char-
acter of the reactants in this method becowe immediately apparent, while many
statlic experiments may:be necessary to disclose them. Turther, amall deviations
are suoothed out in the averare which the dynamic method really gives. Chang-
ing conditions of the walls of the reaction chamber, and in fact any changes
aporeciably affecting the rate of the reaction become apparent by their al-
teration of the steady-state :ondition. The circumstances undsr which the
method may be aprlied are such as to permilt a much more rapid accumulation af

data than is generally possible with the static method.



with these remarks lts varticular advantages in tris research become
apparent., and the difficultiss encountered in ap-l:-ing it should now be
discussed. As raﬁarkad heretofore, howsver, these difficulties are chiefly of
a practicallnature. They will be discussed undsr the description of apparatus,
vhere they naturally arise.

Apparatus

The reaction chamber was mads of a tube of pyrex glass, and is shown at
A in Figure 8. It was approximately 1.5 cm. irn diameter and 26 cm. long over
the ccnstant bore portion, being 34 cm. from d to e. The connecting iubing wase
0.3 cm. bore. The volume of the reaction vessel and U3 cm. of commecting tubing
was fiund to be U46.0 cc. 4 C.2 eo.

The reactlion chamber was contained in a larger pyrex tube B of 3.4 cm.
inside diameter and 54 cm. long, near the‘lower end of which was wound a nichrome
heating coil E over a single layer of asbestoe paper and covered with heavy as-
bestos insulation. The tube B was nearly filled with paraffin.

C was a mercury regulator of small bore pyrex tubing with the familiar fine
thread screw adjustment contained in a brass cap of the head. This regulater
controlled the heating current in the coil T in the fcllewing way. The main
current, sufficlent to hold the bath nearly to the desired teuperature, passed
threugh a small exterlor resistance, and the relay served to wake or break a
shunt acrces this resistance. A thermometer D registered the temperature of
the bath.

It is clear from the figure that sirong convection currents were continual;y
present in the paraffin, and hence there resulted some un-uniformity of teupera-
ture. These conditicns were, however, practically constant. The thermal regula-
tor keld the thermometer within + 0.U4°, and as will be seen, these conditions

sufficed entirely for the purpose of the experiments.
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Coming new to the wain difficulty in ths dynamic method, the cenditions of
flow in the reaction chamber can not indeed be deteruined in a moment. The
asguwrption made, however, is that the time of passage.of any one wolecule
thrcugh the reaction chamber is given by the quotient of the veclume of the
chamber by the rate c¢f gas flow, and this is the assumption made also in the
previcus researches that have uszed thils method. It ehould be espocially noted
that this can not be an average time but an actual time for each molecule. That
this assmption will depend on the shape of the vessel and on the rate of flow
1s imnedlately evident, but to show that tl.ere are conditions under which it
is valid ‘is much more difficult. The justification for the assumpiion in this
work 1s given in the following raragraphs. '

The walls of the reaction tube were made of a shape approximately that of
stream lines to avoid turbulence and stagnant spuces. The rate of flow was,
moreover, always low, being in all cases legzs tihan twice the volume of the
tube ver minute. 8till a further ccnsideration showsd that even without tur-
bulence our conditions would hardly be realized unlesz some effect overweighed
the variation of velocity with the distance out from the center. TFor lamina
flow of a continuous fluid in a tube the variation of velocity from the axis
outward is a parabolic function of the distance, the velocity decreasing to
zero, of 2curse, lumedlately at the walls. Under this distribution of
velocities, molecules at different distances from the center would occupy
different times in passing through the tube.

It was felt, however, that the assumption was valid. Clem.ent2 had indeed
made an assumption under conditions where it could hardly hold, and as mentioned
in Part I, divergences of his observations from those of other investigators
are probably due in a large measure to this. Jahn3 made the assumption under
different conditions where it weuld surely be expected to hold, and with

successful resultas.



The eoffect that ~verwelghs the difference in veloolty of the varicus
eylirdrical layers as one gees outward from the axls is found in the diffuszion
of the meclecules. Thus, under the present conditions an oxygen molecule on
the average ..oves from the axis to the wall many times during its transit,
Einstein9 has given a derivation for the relatlion betwesn the average displace-

ment AX for a molecule and the time. Thus

AX = V—u—,"—' t
where D is the ccefflcient of diffuslon defined by the equation
d £ d2C
T =D dx?

C designates concéntration. The self diffusion coefficient for oxygen at crdinary
temperatures is 0.2 sg. om./sec. Solving for t for a distance of cne centimeter,
which is somewhat greater than the radius of the tube, we find the 4ime required
to move on the average a distance of one centimetsr 1s two secends, which is
small ccumpared with the 50.5 seconds required for a molscule to vass through
the reactlon tube on the basis of the assuuption and for the fastest rate of flow
cormonly used in these expariments.

A further difficulty, however, arises from this diffusion effect occurring
in and oppezlte to the direction of wotion. This causes some of the molecules
to pass through the buld in a shorter time than the average, while others take
a longer time. These two affects tend to counteract one another. That they do
not ccrpletely do so is because the decrease in concantration with the time is
aot linear, The error introduced by the fallure to compensate is neglected in

this work.

——

9mnste1n,; Ann. d. Physik, 17, 558 (190%).



Swamarizing triefly, *he arraratus illustratsd in the figure, used with
the rates of gas flow employed in these expsrinents, approximated the cendl-
tions of uniform cloud ban: flow ¢f the vzone within a space enclosad by
walls of constant temperature. That these ccnditions ware not rigerously
attained did noct prohibit the employment of the apparatus in answering the
particular guesticns of interest.

Scurces cof Oxyzen and Ozone

The exp~rimental work nzing the dynamic msthod was carried out with two
different scurces of oxygen and ozone. In the devslopment of each two new
plsces of apparatus were dsvised.

The first was an oxygen gensrator in which the electrolyte was a 12% pure
sodium hydrexide sclntlon. This, with the drying train and silent discharge
ozenizér connected with it, served also as a source cf czone in the work of

Part III, as has been mentloned before. The new features of this electrolytic

generater lay in the stirring of the electrolyte, which was accomplished without
outside mechanical stirring and without any adulxing cf the gases. This per-

mitted using i.igh currents, yet avolding the natural tendency of such cells to
polarize as a result of the concentrating of the sodium hydrexide about the
cathicde and pure water about the ancde. The present cell msy be run continu-
vsly at 12.5 arperes without any change in resistance sxcept a slight initial
ef“sct as the bath warme, and ithout any serlous heating. DProlenged tests have
not been made with hilgher currents; so the limit may be considerably higher.
This generator served as the zcurce of oxygen for one cf the kinds cof czone, the
oxygen being dried over concentrated sulfuric acid and ozonized by 'ché silent
discharge. The apparatus is illustrated in Figure 9. In speaking of this ozone
hereafter it will be referred to as "caustic ozone", and the oxygen from which

it is prepared, as "caustic cxygen".






“he other source of ozcne was an elactrulytlic czone generator using a
dilute svlfluric acid solution, with lead elsctrodes. The development of an
inexpensive water-cooled lead anode of small surface constituted a chief ad-
vance in thls pisce of apparatus. The catliiode being a lead collar of large
gurface, no difficulties from concentration polarization were encountered;
and the generatcr worked steadily without any dhaﬁge of resistance cr sericus
heating at a current of 10 awpares. Creater currents could undoubtedly be
amploveds Thls ozone was dried over concentrated sulfuric acid. TFigure 10
illustrates the apparatus. In speaking of this vzone hereafter it will be
raferred to as "acid czone".

Excerimental llethod

In carrying out the measurements on the fractlon deccupcsed in passing
through the decomposition chawbsr, when ﬁsing the"caustic"oxygen, the oxygen
was first startsd through the apparatus to clear it of any alr that night have
diffused back through the line. After this had been accouplished the dis-
charge was gturted in the ozonizer, and the drring bulb and rsaction chamber
swept out with czone.

%ith the ‘acidczone the entire system was simply swept out with the czone
until clears

Yith the paraffin bath at constant tamperature and the rate of gas flow
congtant, if the concentration of the czone enﬁaring the chamber is constant,
a steady state obtains in a few minutes at the rates actuslly euploved. A set
of data may then be obtained immediately by determining the concentration of
the ozone entsring and leaving the reaction chamber. This set may be checked
by taking a similar set a few minutes later when the steady state has agaln
besn reached. To c¢btain a geccnd determination either the initial concentration

may be changed or the rate of flow.
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Analtical Procedur

frzlyses were nade in an wmusual way «hich ragquirses jnuatification. TFrom
the figures it is ciear that the pressure in the apraratus was never much over
ore atmosphiere, for at several points the system is sealed cnly by a siall trap
of ccneentrated sulfuric zcld, as in the drving tubes, or of water at cther
peints., There being no wmarked constricticns in the line, the rssistance offered
»to the gas {low was very small. The control of the flow of gas elther cut at ¢
or at £ was had by aiﬁply stopping the cther exit with a bit of distilled water.
This keld itself in rlace at the respective orifice by'capillarity, and the gas
ficw took place entirely ihrcugh the cther.

Tlhe vzone was abscrbed in the usual way in neutral potassium iodide solu-
tion, vrich aftar subseguent acidification was titrated against standard thio-
sulfate sclution. 3ut in taking the sauple, the gas was allowed tc flow guietly
into a long test tube containing the potassiwc icdide sclution, the orifice
being approximately two centimetasrs above the surface. The remaining volume
of the tube was considerably largsr than the vclume of ths sample collected
(knewm from the rate of flow and the time) and the sample was thus ccllected
by the uwpward displaceuent of air. After ‘his, the tubs was covered, and ab-
écrption allowed to centinue for scme time (half an hour or greater,. During
the ccllection of the sauple the surface of the sclution was gently agitated by
a suall motion ¢f the lewer part of the fube.

A visual preof thut the czene was displacing the alr upward and not itself
escapring from the tube could bs cbtalned frew the uwocvement of the cloud that
forms cver the potassium izdide solution characteristic of the absorption of
ozone. It showed no marked turbulence in the tube. The gentle agitation of the

scoiution was maintained during absorption to prevent the excessive cencentration of
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fon uf the surface, for under conditions of strong slkalinity the number of

koxygen atous in the czons molecule that are available for oxldation beccmes
greator itl:an one.

To be certain, however, that this method was ylelding results sufficiently
accurate to be useful, a comparison of 1t against absorption by bubbdbling the
>gas thrcogh potassium lodide sclution was mads using a separate ozonizer con-
nected with a tank of oxygen. The fiGW'waé made 40 cc./min. which is a little
greater than the highest generally used in the expariients.

Vhile no specially devised bubbling +tube was used in the absorption by
bubbling, thus rendering the results probably a little low for this method,
the conditions sufficed for the test of interest; namely, that the new methed
was giving values comparable with the correct ones. The results showed thie,
and iun fact gave slightly highsr values for the new.method, probably for the
.above reason. In each comparison a saple was first taken by dubbling, then
ons by the new method, and again one by oubbling. The middle value was then
cémpared with the mean of the othef two. The errcr in the time over which the
sample was taken was appreciable, amounting possibly to + 2% The folloving

table gives the results of these Comrarison analyses.



Table XI

fnalyses of Samples

. -Cev thiosulfate Difference Percent
Without bubbling Ilean of two with bubbling ' deviation
18.68 18.59 +0.09 +0.5
15.36 15.13 +0, 23 +1.5
16.72 16.08 +0. 6Y4 +U4.0
19.11 18.62 +0. U9 +2.6
17.87 17.92 -0.05 0.3
16.37 16.24 +0.13 0.8
17.34 156.99 +0.35 +2.1

This data sufficed to show that the new methed gave results sufficiently
close for rough quantitative answers which were all that were desired. This
data was taken at the start of the work. With expzrience the technique has
besn bettered until it seems probable that the method ie satisfactory for

the guantitative deterrination cf ozone.

Preliminary Resulis

The character of the decomposition of czone obtained by the silent

- discharge ozonization of oxygen from caustic solution was first investigated.

A3 the work vrogressed, it became clear thét with gpparently identical conditions
of gas flow and of potantial on ths ozonizer, the czonlzability of the cxygen
was varving in a remarkable way. Thus in one experiment,when the concentration
was measured at frequant intervals after starting the generator and ozonizer,

a three-fold descrease was observed, which reached an almost constant value in

about two and one half hovrs. One of the many ccnditions which change during
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glectrolyte with distilled water at a later date (a»’.‘-";uauy a snall
addition of about 5% of the total water in the electrolyte), the ozon-
1zability of tﬁe'cxygan undsrwent a marked incressey of the crdsr of 200-
3007, At the same time the second-order rate underwsnt a dacrease.

It scems unnecessary to tabulate here the data accumulated in the
preliminary expsrhients, vwhich served only as guides to the further work.

But it was clear that the "caustic" oxygen gensrator was delivering
exygen whose ozonizability was variable, and that the resulting czone
possessed a correspordingly vafiable degree of stability. This remarkadble

relation between bhe ozonizability of the oxvgen and the stability of the
resulfing 0zoNe was'evidently cennected fundamentally with the process of

the formation of the ozone. Tor with the same ozonizer potential and the
same gas flow, when the character of ths gas was such that a large fraction
could be converted into ozone, the resulting czcne was vary stable., It

seams Certain, therefore, that an understanding of the mechanism of the
decomposition will bring with it an undesrstanding of the formation processes.
It will bs remerwbered from the work of Part II, and it will also be shown

to have been again observed In this present werk, that the property possessed
by low cnnqentration ozone of being singularly unstable is characteristic ¢f

alectrolytic czone as well as of that made in the silent discharge.



Finally, using the reaction apparatus illustrated in Tigure &, the
character of the ozone cbtainad by the action of the silent discharge on
the "caustlc" oxyzen was studied in a series of expsriments at a tenperature
of approzimately 140°. Nine series comprising & total of forty-five deterwina-
tions of the drop in corncentration in the reaction chamber over known *time
intarvals were made, exclusive ¢f scme at concentraticus tco low ¢ be satis-
factorily analyzed.

The following table sumarized the resvlts. Cy represents in sach case
the concentraztion entzring the rsactlon chamber, and was taken Jdirectly after
C, which repraesents the concentration lecving the chamber. Over thisz intsrval
of two to four minutes the concentration of the gensratad czone dvs2s not change
srpreciably except undsr the unusual conditione ceourring lirasctly after
starting the apraratus that have been msnticned. 3y kp 1s dasignated the
calcnlated specific rate, ¢n the assumptlon that the dscoupcsition had pro-
ceedéd over the time Interval according %S¢ the second-ordsr. Tor ihe purpose
of studying the large sffects that were of particular interest the conditions
of gas flow were aszsutned to Ye sirictly those of wniform clouwd bank notien
and the change in volume on decowyosition was neglected. Clearly the pressure
under which the reactlon tock place was always that of the atuscs»hzrs. The

tude of the varistions belng studied 314 net justify wsking varometric

correstion.
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Jan. l

Jan. Y4

Jen. §

eble XIZ
Reaction tiue Co % 107
oo feweeed L Twel/ese)

101.0 12,04
" 10.90

" S.23
Lo 4 1C. 50
" 9,01
5C.5 8,50
" 2.10
6743 7+ 59
" 7.36
1¢1.0 7.27
" 7.30
101.0 14. 81
" 13. 46

il 11.92

" 10.87

" 9.55

" .70
1C1.0 12.45
" 12.59

" 11.00

" 9495

" 9.12

" 8. 56

¢ x 107

..-7_4_

k'g X 104

(mol/cc.’ f{cc/uol sec.)

3.76
3.45

1'81
1.56
2,09

2.18
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Tavle XIT (Cont.)

Date Reaction tiume Co 10 C x 10‘7 kg X lQ"u
o (sec)  Gol/se) _ (ml/se) _(sa/uol see.)
Jan, 8 202.0 14.59 2.1 1.72
" 13.00 2.43 1.66
Jan. 9 6743 11.28 4.63 1.50
" 10.03 4.29 1.08
" 8.73 3.8 2.20
n 8. 58 3,50 2.52
" %.47 3.86 2,28
o 9.69 3,75 2,43
L 9.73 3.91 2.28
Jan. 14 0.5 1148 5. 50 1.87
" 11.20 5. 52 1.82
" 3,81 2.40 3,06
" 3. 52 2.20 %4 38
" 7.62 3,71 2,74
Jan. 15 0.5 1.2¢ 0.915 5.13
" 1.20 0.915 5013
" 1.15 0.905 e 25
Jen. 17 50.5 10.29 Be 37 1.72
" g.51 5438 1.50
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The tatle is arranged chronologicelly. In spite of this, the uarked
variations with the concentration are readily apparent, the specific rate
decreasing as tﬁe inisial concantration increases. This then is a phenomena
quite ap;ft frow the change in rate with the total vressure ¢f the gas
mixture studied in Part III. It is the effect, made perfeoctly clear now,
vwhich was indicated early in the work of Part II and which has und:ubtedly
veen the chief cause of the variations in absclute rate fcund in the experi-
wents of Part III.

The variaticns are, howevar, not vet entirely ordered, as 1ls evident
when the valueé of the rates found for the same initial concentration sre
compared. There is still a large variation in these. That the crder during
a particular run is not exactlv the second seewms vprobable on the basis of the
explanation of the decomprosition that will be given below, and may explain in
rart sorms of the variations in the rate for the same initiul concentration
over different time intervals. BEut still further, for the same initial con-
centration and the same time interval the valuss of the constant show rathsr
marked variations.

At this point, therefore, it seeme best to introduce the descrirticn
of czone decompositlon, which 1t is now believed accounts sutisfactorily for
the wuliitude of obssrvations that have been recorded oxn this interesting

reaction.
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The decompozition 1s of the second-order and is described by the mechaniswm

first given by Jahn:

O03==>0, + 0 (fast; eqztlibrium far to left)
O3 + 0—> 20, (measurably slow; to couplstion)

It is a reaction very susceptible to catalytic influences, probably in a large
measure thircugh their effect upon the concantratlon of monatomic oxygeu. Suéh
infiuences while tending ‘o change the order cf the reaction, way nevertheless
change the apparent rate two or three fold without greatly changing the order
of the decomposition. The reason for this arbitrary statement is to be fcund
partly in the méchanism of the dissipation of ths heat of decompcsition, which
in this reaction is very large. Upon this also depends the explanation of the
failure of the observed temperaturs coesf7iclent to agrese with that calculated
froim the increase in heat cortent during the first reaction given above, since
now with the heat of dissociation of oxygen availablg {from the werk of several
investigatorslo), it is possidble to calculate thermocherically this change
in heat content. The teuparature coefficient sc¢ found is aprroximately 3.4
f0ld for 1C degrses rise at 100°, while the cbserved valuse is 2.5 fold. The
discusaion of this subject can not be taken up here, howsver.

The variaticns in the results couplled in Tauble XII are therefore felt

to be due to the rresence of varying awncunts of nozitive catalyst contained
in the czone and introduced originally in the process of the uvxygen gensration.
In order then to inguire as to the vest value of the uninfluanced seccnd-ordsr
specific rate of ozone dscoumcsition at this teuwrperature, the valuss Culculated

fgf_the highest initisl come-ntrations should be ccnsidereds For the intrcduction
Cyarvurg, 2. Tekirochem., 26, 58 (1920);

Rorn and Gerlach, Z. f. Physik, 5, 440 (1921);

Tulf, Jour. Awer. Chem. SoC.,47, 1SUY4 (1S25);
Birge, Dull. Aucr. Phys. Sec., lar. 8, 1926, pg. &.
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of = flrst-order rate lnto cne of fthe seoond-ordsr rroduces zn =7%ect whiich
grows pral &velw lass as the cenecantration is increased, vdecsuse the con-
centration enters in the gecond puwer in the secend-crisr wechenism,
“wrt‘v.mére, Tigh inl*ial concentreticns indicate, us dsscribed uwbove, ozone
more fraz frow Catelytic contasinaticns than czoms of low lniticl concen-
traticns.

Frow this pcint of view the results uay le Couwiled graphically in o
helpfal uenner. t is of interest %o mow what specific second-crdier rate
would be characteristic of ovzene of indefinitely high concamtration. In
Figure 11 the data of the table hasg besn plotted, placing the valuss of
the second-ordsr rate as crdinates agsinst the reciprocsl of the oincentra-
tion as sbsciseae. Thus ths intercept on the uxis of crdinates of the best
curve drawn through the data should indicate the value of the spa:zific
second-orler rate at infinitely high concontration of czone.

The extent of the variations of the rate for the same concentration is
made evident in the graph. In the ranze ¢f concentrations from S$-10 x 102
mol/ce. , for instance, (i.e. ordirates 0.1 and 0.111) where the variaticn is
greatest, the rats varies almbsb two fold. It is, howsver, falr to gay that
the grarh gives a definite indication of the value of the rate at infinite
czone cencentration, The wmajority of the voints 1ie in the concentration
range of 7 — 14 x 1072 mol/ce. The two points further to the right are in
the vicinity of 3.6 x 1072 wol/ce, vMile those %o the extreme right ars
st 1.2 X 1072 nel/ce. The accuracy of measurement at these concentra‘ions
is much leszs than at the highsr onss. This waes the o fef reason for aveoid-

ing them in the iceasurements. They come in now, howsver, in an iuportant
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Way, since *hey indicate at least the general direction of the curve.

This is all that is required. The dotted curve is drawn in nct as the correct
one through these ?oints, but to emphasize that with any reasonable weighting
of the datva‘ the curve so drawn willl indicate an intsrcept some-hare between
1.5 % 10% and 1.0 x 10% ce/mol. sec.

With this conclusion drawn frowm the expariments made with "caustic® ozons,
we will pass to the experiments of a sinilar nature in which "acid"(electrelytic)
ozone was used.

Seven series comprising a total of thirty five detsrminaticns of the drer
in ccncan’cratio;z over ¥rnown tlme intervals were made at the same tsuperature
and vith the same apparatus as in the preceding weasursments. It became at
once arrvarent that the electrolytic ozone exhibited far less variation in
character than that made by the silent disch-rge ac*ing on the oxygen from
the electrolysis of sodiwa hydroxide solution.

The results are summarized in Table XIII, the columns being designated
in the same way as in Table XII. The great constancy of the rate in these
experiments is immsdiately seen, as well as the lower average value of the
constant. 'The ccncentration range due to the claracteristics of the elec-

trolytic ozonizer is moreover somewhat lower than in the preceling experiuents,

being approximately 3=9 x 10°2 mol/ce.



Zable XII1
Date Rezction time c, x 107
(soc.) o ‘_ (mol/ce.)
1926
Feb. 27 0.5 B 52
" 5 U5
67.3 5.27
" Be 32
Mar. 1 50. 5 7.06
67.3 6.18
" 6.1l4
50+ 5 3.77
" 355
67.3 3.27
" 3.10
Var. 2 04 5 7.78
" Te34
67.3 6.5
" 6.32
101.0 B 50
K 5« 5&
Mar. 6 B0 g.0u
" 7.65
101.0 5.72
" .60
50. 5 7.05
50. 5 5.92

¢ x 107 ks x 10H

{(mel/ce.) _ lco/mol sec.)
3.64 1.85
3.6L 1.8
3,19 1.84
3.03 2.11
4. 69 1.42
3,70 1.61
3. 80 1.49
2,80 1.22
2.59 2.07
2.29 1.94
2.23 1.87
4.90 1.50
4.76 1.46
3.93 1.19
3,85 1.51
2.97 1.55
2.97 1.57
Y. 28 1.59
4. 28 147
3,06 1.5
313 1'39
Y4 57 1.52
457 1.47



[od
-Z1-

Teble XIIT (Cont.)

e mpmeum SRS LS 5
Mar. 10 504 5 3.96 2.95 1.n
" 3.79 2.80 1.8Y4
" 3.25 2.47 1.92
" 3,08 2.39 1.85
101.0 2.79 1.21 1.92
" 2.71 1.84% 1.73
lar, 11 5.5 8.82 Be 32 1.48
" 8.60 5.17 1.53
101.0 6.45 3.23 1.53
" 6437 .25 1.49
5Ce 5 4,38 3.27 1.53

" 4.08 2.87 2.0
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e graph ¢f these results plotted on the sume scals o8 the duta of
Table XII ars given in Figure 12. Thile here, %00, the variation in the
constant for tde samea ini+tizl concentration is considsrable, it is much less
than in the former cass. The dotted curve in Tigure 12 is dramn in, thore-
fore, with nuch more assurance. It intsrcepts the axis of ordinates close
to & value of kp = 1.15 x 102 ce/mol. zse. - a volue in agreement with that
cbtained from the measurerents on "caustic"™ oczone, within the limits of error

1 that extrapolation.

Perthermore, the second-order clizracter of the deccupocition is showm by
the data of Table XIII. In particular the measurenents cf laf. 2 are suitable
for this cemparison. Over three different time intervals, each with two
deterwina“ions of the constant, the rats remains constant. This i3 to be fouwnd
threughout the table with very fow exceptions. TFrowm day %c¢ day, hoewever, the
rate shewe small but definite variations.

on the contrary the ligher values of the constant found in the measure-
ments on the ozene made by the sllent discharge show a tendsncy to increase
with time, as evidencsd by the measursments ¢f Jan. 1.

Theze two soriss of measurensnts confirmed the earlier cbservaticns that
the ra¥e of decoimrozition could und-rgo a varistion of an average value withicut
greatly lesing 1ts second-crder character. They gave a clear value for the
specific sscond-order rate for the "acid" vzene at this tenperature, and for
the "caustic" ozone a value, which altheough lezs certain than that for the

"2cld" ozone, agreed with the latter vithin the lindts of arror of extrapclation.
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Piluvtion Fxperimenis

At this ne int 1+ brief survey ¢f the work cccouplinhad showed clearly
that, #ith the interpretation of rest results beccuilng clear, there was one
cint ‘.-:’.fzichvstcod osut as crucial, ‘.wai*ing erp rimzntal verification. This
was the influence of oxyzen on the decermesiticn. The experiments of Chapman
and Jenes*en the effect of added oxygen and our own racorded in Part TII, in
¢

which only a amall ;etardation by oxygen was cbserved, had been explained by
assuring (vith considerable justification) the presence of a positive catalyst
in the added cxyzen. Only the faw exporiments on the dilution with alr per-
formed by JahnMnad clvan satisfactorlly the effect of oxygen predicted by the
mechanism now taken as describing the decomposition. AMnd in these the prés-
ence of nitrogen as well as the smallness of the effect itself introcduced
some uncertainty as to thelr interpretation.

These congideratisnsg left no deudt the’ the nost important prediction of
the decomposition hypothesls remaining to be verified experimentally was the
rstardation inversely as the oxygsn pressure. Zwo wxethods of attack wers

availuble, Tirst, the partial cressure of cxygen could be changed and the rate
compared with that befure. As we have seen, the static method i8 most readily
adapted to this; indesd, thres experiments in which this was dcne ars recorded
in Part III. Also, with a different technigue than the present, the dvnamic
mwethod could be used at pressures other than one atmosphere, and so it was

possible te rerform this expariment by the ijynamic wethed. Jahn had alrsady

usad the wmethed at a pressure a littls less than half an atwosphere.

" *3ge Part I, page 6.

tses Part I, vage 7.



Howev‘er, a second way of verifying the prediction presented itself.
Tilution could be carrisd out satisfacicrily using the dyneamdic method ab one
atuosphere; thaﬁ is, with our present technicue., The decoupcsition hypothesis
definitely predicts the effect of dilution with oxvgen, as contrasted with
any inert diluvents, hile the latler shculd increase the sccond-order rate in
proportion to the dilutien, uxygen sheuld leave L wnaltered, since the
wartial pressure of cxygen on dilution with oxygen reuains practially unaltered.

The apparatué was changed slightly to permit dilution. Two suwall cylindrical
bulﬁs, cornnscted in series with small tubing and at right angles to cne anoﬁhe¥;
were interposed at a short distance before the reaction chamﬁer. The delivery
tubes frow the slectrolytic ozons train and the silent discharge ozcne train
entered the first eylindrical bduldb at opposite sides of the wpner ends These
conditicns were such as to insure mixing before entering the reaction chauber.
The two delivery tubes were of small tubing such that with either gensrator
getting idle the gas in that delivery tube conld be considered as stagnant,
and diffusion through it couvld be neglected. Thus either ons of the two sets
could be run alene as befecre, or both could be run, one gas diluting the other
in the mixing bulbs.

Four series of experiments were nade during which there resulted eight
determinaticns of the rate of decoupczition of "acid" ozone diluted with its
ownh volume of "caustic" czone, eignt daterminutlcns of the rate of decompasi~
tion of "acid" ozene diluted by its own volume of "caustic" oxyzen, and ten
determinations of the rate of dscouposition of "acid" ozone undiluteds The

results of these detsrminations are collected in the following table.



, -
Tate Reaction time k x 10™* (ce/ucl.ez2e.)

(sac.) “Acid"c zone "Acid”czone and  “Acid ozone znd
‘ “caustie"oxygen  “causiic’ ozone

tiar. 16 05 1.55 2.7

" 1.65 2,01
101.0 1457
" 1.50
Mar. 20 504 5 2.39 1.88
" 2,08 1.8
" 1.77
" | 1.7k
101.0 1.55
1.69
ar. 21 0.5 1.97 1.56
" 212 1.65
101.0 1.83
" 1.69
dar. 23 101.0 1.36
" 6.75
505 1.82 1.53
" 2.05 1.78

lean 1.60 2.08 .71



-85

If the effect ¢f total vressure wsre not in reality'the affect ¢f the
oxygen rrassure, then upon dilutior of czone with 1t own volume of the
inert diluent oxygen & two-fcld inzrease in rete shoild be axrected; or,
considering the fact that threre ray be some pesitlve calalrst in the cxygen
~diluent, it wwld be falrer %o vredict an increuse at le:zst two fold. Cn
the contrary, if the rate is invarsely preportionzl te the partial pressure
of cxygen, the dilution should cause ne efect on the rate, since it produces
no change in the oxygen pressure; or bettser, a srall increase dzpending on
the awcunt of positive catalyst in the oxygen. 3ut, as was done, dilution of
czone nay slso be done with czone. Here again if the rate is inve;sely pro-
pertional to the oxygen pressure, it should remain uwnaffected. And since
from almost all points of view the action of a silent dischurge ozonizer
on oxygsn would tend if anything to remove any positive catalvst, the dilution
cf ozone with czone nade frowm the oxygen used in the previcus dilution expsri-
ments should probably show more satisfactorlily the absence of any efect on
the rate.

Table IV sheowvs the surport which these experiments lend to the point of
view that the rate is inversely prcportlonsl to the oxygen pressure. The mean
values™ show an increase in the rate of decomposition of "acid" ozone of 307
wnen diluted with "ceaustie" exygen. It falls to 79 wﬁen this cxyzen diluent
is first ozcnized by the silent discharge. Thus, grcept for tha effect due to
poeitive catalyst cccurring ir the "caustic™ oxygen which has evidenced itself

in other ways heretofore, these results are in accord with the above view-point.

*In calculating the means the value 6.75 on March 235rd «'.ich, dus o an
unknown cause is cbvicusly in error, has teen neglected.



In considering the evidence for thie wechaznism of the decompcsition
other possibilities have not been neglected; in fact all other apparent possibil-
ities have been studisd in detail. The most important of these is the pressnce
of an unknown negative catalyst. However, the evidence at present appears to
suprort the reﬁarding effect of oxygen, and the mechanism first given by Jahn.
Resting upon the above work, combined with the results c¢f other investigators,
it is advanced again still with sowe ressrve.

Folloing the experimants reccrded in Table XIV, two sets of measurements
have been made, the first on the order of the decomposition of the "acid"
ozone, and ths second on the order of the decomposition of the "caustic" ozone.
Experimental conditions were the same as 1ﬁ the preceding measurerents, and

the rssults are glven in the following tables.

Table XV
tpcid" ozone 1y
Reaction time ¢ x 107 ¢ x 10 k x 10”
(sec.) (u81/cc.) (mol/ce.) (cc/mol.sac, )
Lo 4 8.53 5. 70 1.44
" 8.18 5e 38 1.58
50. 5 2.0 4,90 1.59
" 7.83 4. 85 1.55
673 7.50 , 4.29 1.48
" 7.63 4, 51} 1.33
101.0 .35 .20 1.54%
n 6.49 3.03 174

Mean  1.53
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Table XVI
"Cans tic"Ozone Y
Reaction time Co x 107 ¢ x 107 kp x 10™

(sac.) (rmol/ce.) (mol/ce.) {ce/ucl.sec, )
4bo.4 8,28 4.61 2.38
" 7439 4.23 2.5
504 5 .09 4. 70 2.04
n 8-5& )-h749 2.09
£7.3 7. 44 3,45 2.31
" 7.45 3.40 2,37
95.3 657 2.72 2.26
" 6.68 2. 64 2,40

Hean 2.29

The agreement 0f each with the second-order is evident. Here, long
aftsr the earlier work of Part II was carried ocubt, the cbservaticns again
recall the variations in the specific rate ¢f deccmposition of ~zones that
occur without appreciable alteration cf the second-order character. Here
at this ligher temperature the same sscond-order decompésition evidences the
same racuwllaritiss which 1t showed in the many experiments carried cut at 100°,

At present the exp-rimental work is concentrated upon obtaining cxygen
of sufficient purity %o give clear cut resulis in dilution exp:riments, and
then in oxygen addition experiments. TFor this pcint is cruclal =xnd alone
racaing insufficiantly well demonstrated; namely, that the specific second-
order rate of czone d-composition varies inversely as the pariial pressure

of the cxygen.
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Sumaary of Tart IV

The "dynauic? nethed of measuring rate of resctior has been ussd o
deteruine thebofder and the specific rate at apvroximately 1UD® of the
decompcsifion of vzone obrained from two different sources.

The decowpcsitlon is a change of the second-order, and its spacific
rate aprroximately 1.2 x 10u ce/uwol., sec. at this teuperature.

Dilution of ozone with oxygen at constant pres-ure leaves the speclfic
rate of decormposzition unchanged, except for a small accsleration which ie
shovn “c be probably due to the presance of a positive catalyst.

The resulﬁa indicate that the probable mechanism of czone decompozition
is that given earlier by Jahn, and described by the equations

O3 = 0p + 0 (fast; eguilibriwn far to left)
Os + 0—>20; (measurably slow; to cupletion)

An slectrolytic oxygen generator using alkaline electrolyte, suitatble
for laboratory use with high currsnts, has been devised.

An electrolytic ozone gensrator with a simple lsad anode has been

devised, suitable for laboratory use with high currents.



Reprinted from the Proceedings of the NATIONAL ACADEMY OF SCIENCES,
Vol 12, No. 2. Feb:uary, 1926.

EVIDENCE FOR THE EXISTENCE OF ACTIVATED MOLECULES
IN A CHEMICAL REACTION

By OLIVER R. WULF
GaTeEs CHEMICAL LABORATORY, CALIFORNIA INSTITUTE OF TECHNOLOGY

Communicated January 14, 1926

It is known that when ozone decomposes rapidly radiation is emitted,
part of which at least lies in the visible and ultra-violet. Stuchtey! has
photographed the spectrum of the radiation using a quartz spectrograph.
The radiation is scattered across the visible and extends well out into the
ultra-violet. In particular, the well known bands of ozone in the vicinity
of 2450 Angstrom units come in definitely in the spectrum of the lumi-
nescence of the decomposition; there is also radiation of still higher fre-
quency extending to approximately 2200A which seems to have been the

limit of observation of Stuchtey’s work.? 1t is the purpose of this article ‘

to give the probable explanation of the emission of this remarkably short
wave-length radiation, which, as will be shown, requires for its excitation
energy quantities much larger than can be afforded by the ordinary heat
of reaction.

The heat of decomposition of ozone is well known, the best value being
that given by Jahn,® who found 34,500 calories per mol. The decomposi-
tion can under no circumstances be in entirety a simple monomolecular
process, for we cannot obtain an even number of oxygen atoms from one
of ozone. The interaction of three molecules is impossible as the complete
mechanism; for this also does not yield an even number of oxygen atoms.
The interaction of four molecules, while leading to possible mechanisms,
is so improbable that we shall not consider it here.

We hence conclude that the process leading to the decomposition of
ozone involves the interaction of two molecules and thus would make
available not more than the ‘energy of deécomposition of two molecules.
This does not meanthat the mechanism which determines the rate of
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_ decomposition is bimolecular, and indeed from our knowledge of the
kinetics of this decomposition it may be said with considerable certainty
that such is not the case. It does mean, however, that the energy avail-
able as a result of a single complete decomposition process will not exceed
the energy of decomposition of two molecules of ozone.

The individual process in the case of the decomposition of two molecules
of ozone would only liberate 2 X 34,500/6.06 X 10?® calories. Express-
ing this in terms of the frequency of a light quantum of the same energy,
or better still in terms of the corresponding wave-length, we have 4120 A.
Hence, if the decomposition results from the interaction of two ozone
molecules of normal energy content, and if the energy liberated in de-
composition were in certain of the elementary processes liberated as light,
the shortest wave-length that could possibly be emitted would be in the
blue at 4120 A.

Actually wave-lengths corresponding to an energy of practically two
times this value are observed to be emitted. Now, the spectrum of the
emitted light agrees closely with the emission spectrum of ozone molecules.
We must accordingly conclude that ozone molecules have been raised from
the normal state to states of excitation of much greater energy, the re-
version of which again to the normal state being the process of the emission
of the observed radiation. Our interest lies in discovering the source of

this energy. If we reject the highly improbable possibility of this excita-.

tion occurring in steps, then it is a consequence* of the experimental facts
that at least a part of the decomposing ozone molecules be in an activated®
state, a state of energy-content higher than the normal state, so that the
total energy available as the result of the decomposition is the energy repre-
sented by the reversion of two normal ozone molecules to oxygen plus ihe
. energy of activation of the reacting molecules. ‘That is, at least a part of the
ozone molecules do not revert to oxygen directly from their normal state;
instead these molecules first become activated to states of higher energy
content. These molecules may then revert to oxygen, the total energy

liberated, a quantity greater than that corresponding to the transformation

of two normal ozone molecules into oxygen being available for the excita-
tion of ozone molecules. These excited ozone molecules then constitute
the source of the radiation that is observed.

This seems to be a first case where in a homogeneous chemical reaction,
there is direct evidence of the formation of activated molecules prior to
reaction.

It should be noted that there is still uncertainty as to whether perfectly
pure ozone emits radiation when it decomposes.® This might be thought
to seriously limit the conclusions drawn above, since in a reaction between
ozone and impurity there might be sufficient energy liberated to account
for the very short radiation that is observed to be emitted. It is possible
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that ozone could react with a compound of carbon (for example, acetylene)
where the heat of reaction would be sufficient to account for the observed
radiation. But it does not appear at all probable that. such a possible
reaction could occur in a single step. Moreover, the phenomenon has
been observed by several investigators under conditions of gas purity
which must have varied widely. It appears very probable that the in-
fluence of the impurity is a catalytic one, accounting in this way for the
bringing out of the luminescence at lower temperatures than those at which
it appears in purer ozone. For with increased rate of decomposition the
juminescence would be expected to become visible at a lower temperature
than that at which it appears in the uncatalyzed reaction. Stuchtey

finds no change in the spectrum when it is excited by purely thermal means, -

or when excited partially by the introduction of an oxidizable impurity,
the luminescence spectrum in all cases showing far-reaching agreement with
the emission spectrum of ozone. No bands are observed that would have
to be ascribed to the impurity. The existence of activated reactants is of
course just as necessary a consequence of the catalyzed decomposition
as of the normal decomposition, since no more energy is available in the
individual process in the former case than in the latter. Therefore the
ideas expressed in this paper seem to rest upon grounds of sufficient cer-
tainty to allow of the conclusion that in ozone decomposition we have
experimental evidence that at least some of the ozone molecules suffer
activation before they revert to oxygen.”

Summary.—It is shown in this article that the radiation emitted when
ozone decomposes into oxygen, considered in relation to the quantum
theory, makes’ it necessary to assume that ozone gas, under conditions
favorable for its decomposition, contains ozone molecules in activated
states of much higher energy content than that of the normal molecule.
The existence of molecules as well as atoms in states of energy content
higher than that of the state in which they are normally found, has of
course been common experience in the study of the physical processes of
the absorption and emission of radiation. But such molectles have hith-
erto in no case been identified with the activated molecules postulated by
Arrhenius to explain the temperature coefficient of chemical reactions.
This article is believed to give the first direct evidence which has been
offered of the existence of these activated molecules.

The author gratefully acknowledges the suggestions and helpful criticism
received from Professors A. A. Noyes and R. C. Tolman and Dr. Linus
Pauling.

! Stuchtey, Zs. wiss. Photogr., 19, 161 (1920).

2 The important question as to whether the oxygen bands in the vicinity of 1900 A

which are active in converting oxygen to ozone also are present in the luminescence
spectrum remains as yet unanswered.

e
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38 Jahn, Zs. anorg. Chem., 60, 337 (1908). Kailan and John, Zs. anorg. Chem., 68, 243
(1910).

¢ Tt must be pointed out that this is a consequence only if we also reject chain re-
actions in which consecutively normal ozone molecules are decomposed for the activa-
tion of some molecule in successive steps, which, after a sufficient number of such steps,
may clearly be made to possess enough energy to account for the observed excitation
energies. Chain mechanisms of this type, and of such a design as to actually account
for the observed radiation appear, from energy considerations and our knowledge of
the kinetics of ozone decomposition, to be highly improbable.

5 By this activation there is understood any passage of the ozone molecule to a form
of higher energy. Thus a possible form of activation would be O; —> O, 4+ O.

¢ Trautz and Seidel, Ann. Physik, 67, 527 (1922).

? In regard to the possibility of reaction between ozone and impurity affording suffi-
cient energy to account for the luminescence observed without any activation of these
reactants, it may be pointed out that if it be assumed, in view of the work of Trautz
and Seidel referred to above, that it is the reaction between ozone and carbon monoxide
which yields the energy that excites the luminescence, the conclusions of this paper
remain substantially unchanged. For, while this reaction affords more energy than
the reaction of two normal ozone molecules, it does not give a sufficient amount to
account for the short wave-length radiation that is observed. ‘Thus from thermochem-
ical data it may readily be computed that the reaction Os + CO = CO; + O, is attended
by an energy liberation of 102,500 calories. ‘This might account for radiation of wave-
lengths as short as 27804, but not shorter. As has been said above, Stuchtey finds
an important part of the total radiation to be of considerably shorter wave-length than
this, namely that lying in the vicinity of 25404, and radiation extending even farther
in the direction of shorter wave-length than this latter is also observed. ‘Therefore
the conclusions of this paper can be applied equally as well to the reaction between ozone
and carbon monoxide, if this reaction be thought responsible for the luminescence.
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Possible Limits for the Heat of Dissociation of Oxygen.—The ioniza-
tion of oxygen to form singly charged oxygen molecules has been found to
occur at about 16 v. by Lockrow and Duffendack! and by Smyth.? In
their study of the low-voltage arc in oxygen, Lockrow and Duffendack
find a marked strengthening of lines and the appearance of new lines at
19.5 v.,® and they ascribe this to dissociation and sxmultanegus ionization
of one atom.! Smyth, Workmg at low pressures and using his method of
posntlve-ray analysxs, did not find oxygen atom jons below 23.0 v.

For the §1m11ar process in hydrogen Smyth showed that the appearance
of at;om ions depended on a secondary process mvplvmg colhslons, sinces
by changing the pressure in the impact region, the voltage at which atom
ions appeared could be greatly altered, this voltage decreasmg as the pres-
sure increased, until atom ions appeared at the same point as molecule
ions.

. Returning to the case of oxygen,. in view of the fact that at very low
pressure, oxygen atomi ions do not appear un.tll a conmderably hlgher voltage
used in the low-velto,g arc, 1t Wd:'.ﬂdA seem probabl;e that. exc:ted oxygen
molecule jon can dissociate into oxygen atom and oxygen atom ion upon
collision with some neutral particle, provided that its energy is greater
than, or equal to, the energy change represented in sucha process of disso-
ciation. Now, atom ions are not found to-occur at 16:v. and, therefore,
unless the state of the molecule ion corresponding to:16 v. is-metastable,
for some special. reason not being able to dissociate upon collision, the
16 v. molecule ion does not possess the energy necessary for the dissocjation.
The molecule must possess more energy than that represented by 16 v.
to be able to dissociate upon collision. It appears that at 19.5 v. the excited
molecule ion has sufficient energy to undergo this change upon collision.
It may well be, however, that the energy increase represented in the disso-
ciation is less than that corresponding to 19.5 v., but that under 19.5 v.

! Lockrow and Dufiendack, Phys. Rev., 25, 110 (1925).

2 Smyth, Proc. Roy. Soc. (London) 1054, 116 (1924).
3 Communicated by Dr. Duffendack in a letter to the author.
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there is no state of the molecule ion the energy of which is greater than that
corresponding to the dissociation. Again, there may be such a state, but
it may be metastable, one which upon collision will not undergo disso-
ciation. Considering, then, that this value may be somewhat greater than
that strictly required in the change alone, a maximum value can be calcu-
lated for the heat of dissociation of oxygen; and a minimum value can
be determined, since no atom ions occur at 16 v.

These calculations can be made in the familiar way from the following
simple thermochemical considerations. The reactions in question can be
represented by the following equations.

0y = O + O* + E- 1)
=0%4 E~ @)
Subtracting (2) from (1) there results

The heat of ionization corresponding to Equation 2 can be found from the
jonization potentxal of the atom, which has been determined spectroscop-
ically by Hopfield* to be 13.56 v. ‘This corresponds to a heat of ionization
of 312,600 cal. per mole. The heat of dissociation and simultaneous
jonization of one atom corresponding to Equation 1 is not greater than the
energy corresponding to 19.5 v. which is 450,000 cal. per mole, and not less
than that corresponding to 16.0 v. which is 369,000 cal. per mole, for the
reasons given above. The difference in the first case is 137,400 cal. and
in the second 56,400 cal. ‘Therefore, the heat of dissociation of molecular
oxygen into atomic oxygen is not less than 56,400 cal. per mole and not
greater than 137,400 cal. per mole. While these limits are wide, it is be-
lieved that they are narrower than could be given heretofore.

The writer wishes to express his acknowledgment to Professor Richard
C. Tolman and to Dr. George Glockler for helpful discussion of these
matters.
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