THE INITIAL DRCCLPOSITION EATE OF NITROGEN PENTOXIDE

Theszis
by

(Y

Ernest C. Waite

In partial fulfillment of the requirements

for the dsgree of Doctor of Fhilosophy.

Califernia Institute of Technology
Pasadena, California.

1924



THE INITIAL DECCMPOSITION RATE OF NITROGEN PENTCXIIE.

-Pecent developments Iin chenlstry afford few provlema more
intereeting than that of reactlon rates. The sclence of ihermodynamics
has become & most valuable tool in that it enables the chemist %o
diétinguish between resctions that are possible and those that are
impossible, as well as to determine in advance the optimum conditions
under which will operate any process invelving a system at equilibrium.
nfortunately it does not explain why certain theoretically possible
reactions actually show little or no tendency to take place, nor can
it predict how fast a reaction will proceed. The solution of these
problems of reactien velocity cannot be accomplished by the methods
of thermodynemics, but will necessitate ths deeper insipght provided
by the methods of statistical mechanics,.and it is hoped that the
work on the initial rate of decomnmosition of nitrogen pentoxide,
described in this article, may be of use in furnishing experimentzal
material which will contribute to the ultimate sclution of the problem.

The decomposition of N;0s is a reaction which 1s peculiarly well
adapted for study in comnection with theories as to reaction valocities
and thelr temperature cocefficients. It ls perhaps the only known
vnimolecular gas reaction which is not appreclably catalyzed by the
walls of the conteining vessel and it proceeds at moderate temperature
very conveniently for measurement. The chief disadvantags, its
corrosive action on ﬁercury, rubber and other materials ordinarily

uged in handling gases, was otviated by means of an all-glase pressure



(1)

measuring device employed by Taniels and Johnston, ' who demonstrated
the true unimolacular character of the reaction over the temperature

(2) found that the decomposition

range from 0° to 65°.  They further
was accelerated by blue light, bus only in the presence of the
dioxide, NO,.

In the céurse of some later work by Dlaniels, Vlf and Karrer(j)
on the nxidation of nitrogen tetroxide, a phenomenon was observed
which rzised scme question as to the behavlior of the pentoxide when
entirely free from its decomposition products. After a quantity of
W0, + 1,04 had been oxidized by & quantity of ozone just sufficlent
to give a colorless mixture, it was expected that the brown color of
NO, would reappear in a very short time due to the decomposition of
the NpOg thus formed. From a yet unknowm cause the mixture remained
colorlass for a greast length of time seven after being raised %o
temperatures where the ordinary decomposition is extremely rapid.
Attempts to explain this curious fact brought forth the suggestion
that the decomposition was retarded by the complete absence of NO;
which might bte a catalyst whose presence was necessary. Lo evidence

to support this hypothesis had beer adduced in the previous measure~

ments of the reastion velocity, for in every case the rate appearsd

(1) Danlels and Joknston, J. 4. C. S. 43, 53 (1921).
(2) Daniels and Joknston, J. A. C. S. 43, 72 (1921).

(3) Teniels, Vwlf and Xerrer, J.A.C.S. Ui, 2L02 (1922).



tc be independent of the concentration of the dioxide. Nevartheless -
the photockemlcal acesleration, alreaﬁy mentloned, and in addition
some fesults oltained by Lusck(u) in & study of the reactioﬁ in carion
tetrachloride solution offsred support to the argument for autocatalysia.

The present investigation was undertaken for the purpose of testing
the possibility that nitrogen dioxide may act as a catalyst in the
initisl stages of the gaseous reaction

05 —> 04 + #0p
It
2 NOo

As will be ssen in the sequel, this study has shown that the reaction
retains its unimolecular character even at the lowest concentrations
of dioxide that it has been possible to measure. It is felt that this

discovery considerably increases the theoretical interest and

importance 6f this reactlon.

Aoparatues and Metheds.

AT LYo msa ~t Bl ) oA - oy
Although the glass manomster used in the prsvious investigzatione

by Daniels and Johnston is cupable of weasuring moderate pressures
with considerable accuracy, i1t was necessary for the purpcses of this
sexperiment to devise & more sensitive method which would give a
waazure of the M0, inderendently of the lotal pressure. The

colorimetric principle offsred a very sinrle means of eatimating

concentrations of this reddish trown gas, and accordingly there was

(L) Lueck, J. A. C. S, Lk, 757 (1922).
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constructad an cpparatus vhich was essentially & gas coloriuweter.

Fig. 1 shows the plan and threse vertical cross %cﬁiong of “he

colorigeter. The reaction chgaker consisted of the tubes & end b,
888 and £8,2 mm. long respectively, cornected by the side arm gc.
Their ends were formed of plane wmicroscope slide glass about 1 um.
thick, fused on by a mpecial process. These tubes were jacketsd as
shown and kept at censtent Senpesrature by circulation of watsr from
and to the thermostat 4, which was provided with a acrew pwp 8 and
the conventicnel aspparstus for automatic %Lerperature regulation

(not shewm in the diagram).

The tubes 1, 2, 3, 4, 5, 6, 7 will bs referred to as tha
"one-phase standards." Each had plane glass ends and a side arm
connected to the manifold £, thus forming a single gas chamber with
seven branches, whose inside lengths ranged from 37 mum. to 259 ma. by
successive multiples of 37. This system was evacuated, then cherazed
with a measured quantity of N0, and sealed off. It was sscurely
Pastened to a cfadle-shaped matal frame capable of being rotated about
the axis g by means of the lever h and arrested in the desired position
by means of a spring-latch. Thus sach nf tha tubes could he brought
into the horlzontal plane of the reaction tubes and parallel to them.
The open-ended tubes i, j and k wers of the seme diameter (15 mm.) as
the standerd and the rsactlion tubes, and served to aqualize reflections
along the paths of the thrse light beams, which entered through the

cirgular apertures 1, m, n, after diffusing through the cral-glass



plate p, the source being a filament layp. The shutter o excluded
thé light during intsrvals hetwsan reaiings. Aftar pé\asing through the
tubes the light beams aentered the mirror-box g through glass-windowsd
apertures 6 mm. square and were reflected at right angles by the
sharp-adged speculun matal mi:rars r, 8, b, edjusted in such a poslition
that the images of the square apertures were contiguous when viewed
through the eye~piece u and the lens v focused upon them. Green or
blue color screens were sometimes introduced to aid the sye in
obtaining a sensitive match.

Cross section 3 , Fig. 1, illustrates the Ttwo-phase standard",
consisting of a short, plene-snded tube w connected by a narrow tube
to the bulb x containing liquid N0p. This sys’ceﬁn was svacuated at a
low temperature bsfore being essaled, 80 as to remove all foreign gases.
The pressure of NOp in the compartment w could be varied between wide
limits, being calculable from the temperature of the liquid and that of
the vepor, with the aid of the experimental vapor pressure curve and
Schreber's equation for the equilibrium between NOp and Ho04. This
"two-phese standard™ could be inserted in the middle, as illustrated
in the drawing, or at the left. In the former positi}on it was used for
comparison with tube g or tube b, and in the latter position for
comparison with the "ene-phase standards®™ in order to check their
titre, in which cese it was necessary to remove the tube b or to
compeneate lts ebsorption of light by interposiﬁg axtra glass slides

in the middle path.
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Cross sections A and C need little further explanation. They
show the inlet y and the outlet z of the rsaction chanmber, a1:1c1 mere
elsarly 11llustrate the arrangement of the "one-phase standards™, the
water clrceulating system, end the light-tight cabinet with removable
1id,

Initially several variations were tried in the method of
preparing the NoOs free frem M0, and of introducing it inte the
reaction chamber., As all of these gave similar results, it was
decided to adopt the most convenient procedure, which will be described
hars with the ald of Fig. 2. This final method as described was used
in all work latsr than Run Fo. 4, _

Oxygen from a commuercial cylinder was dried in contact with Pyls
and pagsed into the train at the left of the figure, its flow belng
regulated by a blow-off immersed in liquid petrolatum end registered
by a capillary flow-meter employing the same ligquid. A Siemens
ozonizer ylelded a mixture of about 4% ozons by volume when operated
steadily on 20,000 veolts at room {empesraturs and a flow of 150 c.c.
per minute. This oxygen-ozone mixture passed thence through a device
for anslyzing 1t by the pressure change attending the stbsequent
decorposition of the ozone on heating, the pressure being mesasured
with concentrated sulphuric aeid in a capillary manometaer, an arm of
which wae sealed to a closed buffer tube containing dry air at a known
pressure and egual in volume to the anslysis chamber, namely that

portion of the train between the two constrictions & and b. The



anelytical procedure coneisted simply in fusing at the constrictions
and taking readings of tanperature and of presssure bhefore and after
heeting for about four hours at 150° in the oil bath, which was
heated electrically and stirred by bubbling air from a tudbe not shown
in the sketch. This snalysis was not performed, of sourss, until
after the desired mixture of gases had been introduced into the
colorimeter.

The Np0s5 was produced by forecing M0, and M0 into the gas streem
under its om.vapor pressure from the ligquid in the Jacketed bulb, as
illustrated in the figm’e. By carefully controlling the temperature
of the water circulating through the Jacket, the liquid oxides could
be vaporiged at a steady rate, which coﬁld be varied in different runs
80 as to gi§e relatively high or low concentrations of the ¥s05 that
formed upon contact with the stream of ozons. Py0s driers were used as
ghown, and the resulting mixture of 105, 0p and O3 passed thence into
a maixing device, vhare sﬁir.ring wes accomplished by means of a glase
propeller, with hollow ‘oladéé filled with iron filings, driven by
rcta’éing 8 horséshoe megnat,

After leaving this chawber the gases passed through a tube khaving
e constriction and a glass check-valve ¢, beyond which a capillary
lad to the reaction chamber of the colorimeter. The valve and the
cepillary served to retard diffuslon into the colorimeter of the
slight quantity of gas decomposed in the proceés of fusing off the
constricted tube. The volums of the entire train was approximately a

liter, and usually the zas flow was meintained steadily at zbout



150 c.c. per minute for helf =n hour, by which time the reaction
chember contalned a fairly homogeneous mixture entirely fres from 10,
and of a distinctly bluish coler from the excess of ozone. The partial
pressure of the N:0s5 was determined from subsequent colerimetric
analyels of the X0, presant after the complete dececmposition, as will
te described in a later section. In all except the first four runs
the parltial presgure of the ozones was also estimated from the combined
data. The tempsrature of the water bath having hean adiusted to the
desired point and kept constant within about 0.02°, the system was now
ready for the main experiment and the reaction chamber was quickly
sealed off by fusion of the inlet and outlet tubes. The exact time of
this operation was recorded, tut in the calculations five minutes was
allowed for the interval during which the gas had been traversing the
mixing bulb,

In the later runs the procedure from the time of sealing off the
reaction chamber was to take brief observations of the color in the
uwein tubs a (Fig. 1), by comparison with a colorless blank at frequent
intervals. As the excess ozone was being converted %o oxygen by the
simultensous rsactions

N,05 = 04 + £0, and NoOy + O3 = N305 + Op
the blue color gradually faded out. The first appesarance of yellow
therefore marked the exhaustion of ths ozone and ths begimning of the
unreterded decompogition of the pentoxide. Since a pressure of N0 as

low as 0.0l mm. could be detected easily, an effort was mads to get a



precise ovservation of the time at this polnt of "zero® concsntration.
NVext the "one-phase standard”™ tube Io. 1 was brought into position

and rzpid observztions werse tzken at intervsls of inersasing frequency
until the intensity of its color was matched by ﬁhax of the reaction
mixture. After the intensity had excseded that of standard No. 1, tha
latter was replaced by YNe. 2 and similar cbservaticns were taken until
this was.matchad, and so on wntil &ll, or a3 wany as Jdesired, of ths
standards had been matched and the biries notsd. Due tc the linited
sensitivity of the eyes, thsre was usually a period of from bne to tan
or mors minubtes - depending mainly on the rate at which NO, wss being
formed - during which no difference could be distinguished between
the inteneitiss of the two fields. The middle polnt of such a period
was selected as the "time" of squal intensity, and was rrobably correct
to.within a fifth of the length of the period, corresponding usually to
about 5% of the interval between the match of one standard and that of
the next highest. In meany of the runs a later point on the time-
pressurs curve was obtaining by matching against thg Mwo-phase" tubs,
Finally the texperature of the reaction mixture was ralsed tb about 40°,
whare the decomposition is 997 completed in five hours, and u@on cooling
again the N0 was analyzed by matching cne or the other of the reaction
tubss g or b ageinst the two-phass mtandard. This and the othar

snalyses will be tha specilal subject of a later sasction.

A S8
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Praparation of liaterials.

The source of the N20s had no notlceable effsct on the results.
In the earlier runs funing nitric acld was dehydreted by forming a
paste with phosphorus pentoxids, from which the gases were distilled
off in a current of ozone and dried over powdered phosphorus pentoxide
in a long tubs. Pure white orystale of N;05 were ccndensed in a
U-tube at about =50° and these were later vaporized and swept with an
excess of ozone into the mixing bulb, whence the mixture was later
transfarred to the previocusly evacuated reaction chamber by means of
a glass connection like the illust;ation in Fg. 3. This was opened
by a smart tap from beneath, which knocked the glass bead agalnst the
thin, file scratched tip, and was closed by fusing the constriction.
The same device was used in place of a stopcock in other operations
as wall.

In all the later runs, as described above, the source of the N0
and Np0, was the liquid, a supply of vhich was prepared by'the
destructive distillation of lead nitrate crystals (Xahlbaum), water
vapor being carefully removed by passing through three tubes of
phosphorus pentoxide before condensing in the jJacketed contalner shown
in Flg. 2. TVhen not in use the container was semled by fusing the
censtricted opening st the top, and to open 1t the tip-was melted in
a torch flams while the pressure inside wes slightly above atmospheric.
Connection was made t0 the train by inserting into the beveled tube,
which had been ground to fit snugly over the neck of ths container.

The ozone wa: formed from cowmercial cxygen {(Linde), containing



no impurities recognized as affecting the deccmpositim Of'l‘z205.- with
the possibls excsption of water vapsr, for which drying fc.ubas ware
provided. That the ozone was reasonably stable was proven by teste of
the slow rate at which it decomposed spontansouvsly at room temperaturs.

The concentrations in various runs ranged from 2.5% to 5.2% by volume.

Analyses and Computa"cicns.

. The methods of analysis of the NO, were based on Ieer's Law that
equal amounts of light are absorbed by passsge through equal quantities
of a substance independently of the concentration. Although deviations

(

frox this law are known to occur In gases,5) they ares not of such a

nature as to introduce serious srrors in this work.

Mnalysls of NOp in Reaction Tube during Run. - ' The gradually
incressing partial pressure of NOp in the reaction tube was analyzed
by matching against the variocus Tone-phase standards." The praésure
of W0, first introduced into this standard system was 11.8E mm. Hg at
22.0°, so thst tha shortest tube, No. 1, absorbed the saue awount of
light as would be absorbed by 0.495 mm. NO, pressure in the long
regction tube at the same tempersture, the ratio of the lengths being
37:888. Similarly the pressure equivalent of No. 2 was 0.930 mm.
and so on. After Bun Ho. 7 the standard was evacuated and refilled
with a smaller quantity (6.45 mm. at 21.2°) of ges, sc that the

lowest pressure measurable was reduced to 0.269 mm. at the same

O

(5) R« Tood, "Physical Optics", Second Ed., p. Ubk; Maemillen 1921.
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temperuture. The temperature of the "one-prhase standar’" was alwoys
that of the room while that of the reaction tube usvally differed from
it, hence corrections were calculated and applied for th; effacts of
va_ris,tion in temperature both on the pressurs-volume product and on
the equilibrivm between MO, and Wp0y.

Calibration of the One-phase Standard.- The two-phase tube

constituted the ultimate standard, and the callbration of the one-
vhass standard is here illustrated by reproducing an actual example.

Observations
Tate: May 8, 1924,
Tube No. 7 (length 259 um.) matched two-phase tube (length 28.5 mm.)
Temperature of liguid in two-phase tube: ~-16°

n " vapor " ™ " mr +20.7°
Temperature of one-phase system: 2l.2°

Derived Data

' (6)

Total pressure in two-phase tube; PNoa + PNoOw = 108 mm.

z {7
Partial pressure of NpCy; : Py,0, = 0.0144g 1o,

(5) 108 mm. is the vapor pressure at -16°, obtained by intsrpolation
from the deta given in Tables Ann. Int., 2, 113 (1311).

(7) 0.01442 is the value of K, at 20.7° obtalned from Schreber's
equation; log K = log D0 —g-g—gé

Prio,
24, 651, 1€97).

- log T - 9.1%324 (Z. phyeik. Chem.,



13

Computaticns

From the above equations,

Partial pressuralof ¥Q; in two-phase tube;
-1 +V1 + (4 x 0.C1LY48 x 108)

Pro, © 2 x 0.01Lu4g
= 5B&.5 ne.
52.5 x 28.5 x (273 + 21.2)
Pre 0 one- s pl. o= <
Pressure 0, in one-phase system PEOE 259 = (273 + 20.7)

Determination of Final Pressure in Reaction Tube.- The analysie

of the final pressure of NOp after the corpletisn of a run was usually
obsained in a similer manner by matching the color in the reaction
tube agalnst the two-phaze standard. TFor the higher pressures, the
shorter tube b was matched against this standard. It was soumetimes
found convenlent %o make use of the one~phase standard also in these

analyses.

Argcuracy of the Analyses.~ It 1ls souevhat difficult to weake an

exact estimate of the accuracy of the various analyses.

In the case of the comparison betwsen the resaction tubes and the
various onse-phase standerd tubes during the run, it was found thab
the apparsnt uatch persisted throughout a period in which the partial
pressure of 1’0 must have chengad by about 2%, Since the time of the
mateh was taken as the middle of this period, 1t 1s believed that
"obeservaticnal ™ error in these concentrations was less than é%.

In the use of the two-phass standard, the couparison was made by



sijusting the temperature of the liquid or of the vapor in the
two-phase tube until a mateh was sscured. It was generally found

that a change of about 1° in elthsr temperaturs was wuffiﬁient to
destroy the match. Celculation showed thet en srror of 1° in either
of these temperatures would correspond tﬁ an error of about 3% in

the result. Since the temperatures were probably lmown to considerably
bastter than this, 1% is thought that the "observational” error in ths
concentrations thus measured was certainly less than 57.

In addition to the sbove Mobservational®™ errors, "systematlie"
errors were also undoubtedly present, owing to deviations from Beer's
Law, and to incorrectness in the figures taken for the degree of
agsociation of the NOp and for the vapor pressure of the NO; in the

two-phage standard.

Effact on Couputations.- It is evident from the forezoing that

the relaetive values of the partial pressure of N0, obteined in the

early stages of the run are falrly accurate, while the absolute values
of these pressures and the values of the final pressure are more
uwncertain, Forturetely a greater degree of accursey in these latter
figures was nct nscessary for the meln purpose ¢f the experiment,
which was to conpere ths rates in successivs stages ¢f the sarly part
of the rsaction, as represented by the familiar equation

- =
—tl nP - k

where P; and Py are pressures of the disappearing constituent N,0s
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at tiwee ¢, and ¢, respectively, and k is constant for a given
temperature. If substitubions in this equation gave a constant vslus
of ¥ for severy atage of the rsaction, its unimolecular charscter

would be substantisted. In this reaction we owWwviously may set

P BPe- 2P1 _ Pe = P}

= =

Pp . 2P0~ 2Pz Poo = P2

whera Py P2 tnd poe are presasures of the appearing preduct NOp,
provided wa take into account the eguilibrium 2 NOZ‘«‘—"NEO“I and
include the NoCy as squivalent W0, in the p terms. Thus, if the
presgure of KOp were 0.552 mu., as indicated by watching against the
one-phase standard No. 2, the corresponding valug_ of p in & 20° run
would be (taking C.01523 as the valus of Ky at 20°, of. Note T);

‘P = Irno, *+ szZOq = PI\!OE + 2 (0.01523 pgog) = 0.561 .
It will be ohserved that, for values of the final pressure relatively
large in corparison with the pressurss in early stages, a modarate
error in the determination of p,, would affect the magnitude of k to
a slight extent, but would not appreciably affect ilts constancy

throughout the early stages _g-__f: the run. The sane is true for an error

in the calibration of the one-phase standard syvstem, for this wuld but

slightly influence the relative valuss of p,, P ...p7, Or of the k's.

Typical Bun.~ Eelow srs arrenged the summarized date and
computations for s typleal run (Mo. 9). Time is in minutes from the
initial formation of the Ny0s, and pressure is in wm. Hg under standard

conditions.



_Rt_:_l}_ E"_ 9. Sumery.

Date: Juns 10, 1924, Tesperature of rezcticn: 20.0°
' Standard
Time, Matched. ' Pressure.
Period  [Point | No. | Temp. pﬁoés) + 2 pﬁeoig) =
230 |(Elank o 0
267 - 271 | 269 1 21.7 | 0.269 + 2(0.01523)(0.259)° = 0.271

303 - 309 | 306 21,3 | 0.817 + 2(0.01523)(0.537)° = 0.545
39 - 357.| 353
389 ~ 395 | 394

gz - 44o | L3y

21.5 | 0.807 + 2(¢.01523) (0.807)% = 0.227

21.5 | 1.075 + 2(0.01523)(1.075)% = 1.111

R F W N

2.3 | 1.339 + 2(0.01523) (2.339)% = 1.39

A% )

vhasa |ty 21.5

End of run| o | WO~ {}- 18.5 | 6019 + 2(0.01523)(6.019)% = 7.122

Unimolecular Taests.

2. -

Interval -—,ﬁ“—;}% log H = k

£t o t 2303 95, 1:122-0 = ' 0,00089
o 1 269 - 230 “7F 7.122 - C.271 77
by o t, ?o%%g}@ log J'T—}gg ~2: gg’% = 0.,00110
b to t3 ?%% log ;gg - ggg_? = 0,00093
by %0 by 39%}0353 log ;i;—g: Ifla% = 0.00112
ty to ts @%‘jg%gﬂ log ;gg: %;;; = 0.00120
5, to ts m%%‘s‘ log %igg: g?‘g; = 0.00109

(8) These values are the vartial pressures of NOs at 20° in the
reaction tube, as determined by the match.

(9) These values are calculated with the help of Schreber's equation.
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Hesulis.
b

Runs _ade at 20°2.- Of ths feourteen runs at 20°, twe were

unsuczessful orn accocunt of extreuely low initigl pressures of NyOs,
raguiring uninterrupted obaservations over a prohibitivel length of
time. A third run was discardsd because N0, was found to be present
gt the start. Pun Mo. 5 was the anrliest in which an attempt was
mede to note the time of the first aprsarance of 0, and to estimate
the concantration of ozons. Trior runs differsd also in the method
of preparing and intro&ubing the 505, a3 noted asbove. The sleven
comrleted runs af 20° are shown dlazramaticslly in  Table 1 below.
The short horizontal lines indicats values of p, as plotied on the
scale iﬁ the colurmn at the extreme left, while the intervening flgures
represent the value of k x 105 caloulated for the Interval. The runs
ara arranged in coluune in the order of diminishing values ¢f P,
which are shown at the bottﬁm together with the mean values of k x 105
for the entire interval betwsen the second and the lust cbservatbions.
Tha,low values of k for the first interval in Puns Nos. 5, & and
13 may be accounted for by a reesonable assumption. In addltion vo
the vrdinary experimental errcrs; thers covld be a distincet type

affecting the earliest ztage exclusivaly

¢ ¥

namely a lack of hemogenelty
in the gas mixture; for it is quite conceivable that the ozone and the
pentoxide wers not uniforuly &dstributed throughout the long narrow
tube, and consequently that all of the pentoxids did not begin
jecomposing freely at the same instant. In the other runs it wounld

appear that the mixing has been mors thorough.



Table_];.
k x 10° .
P
M. W{Weo.ll|{No.13|To. T[Mo.16(No. 5|Ne.1l|MNo. 2|1o. $|No. &|No. 6
0
02| 70 35 75 103 98 96 72
P el = = BRI [ R I U
100 | 111 | 106 101 o1 | 100 | 109 931123 | 105
1,04 — W7 | 92| —| 98| — | 9| —| 112 | 10
98 | 100 | 108 | 111 %9 o7 | 120
.57 — 117 Il_j‘ — | 14 | — — 113
107 | 102 | o | 9¢ 83 S
a0 2R T
87 113 a
2.5
A — — o8
[»! y
3.0 % | 1¢1 101 99
— 102 | —
3.5 117 92
4.0 -
’405-
g1
5!0_
5.5
6.0~
Yean k| 99 | 104 | 102 | 102 | 102 | 90| 105 | 99 109 | 105 | 111
Poo 110 Y2 | 37.71 35| 1.7 15.4] o.ue| 8.50|7.122]35.075(2,652

1g
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Varied Buns.~ Since in éll of thesa experinents the analytical
method required the admission of light at frequent intervals, “he
reaction was sxposed intermitiently to photochamlical accelsration,
though-only'fof e small frastion of the time, probably never exceeding
one-tenth. In the majority of the rums the inteneity of illuminatien,
after the 1ight has passed through the opal glass, was approximately
570 ergs psr sscond per cw? at the aperture, vhose area was 2 cm?, 80
that anv appreciladle photochemical action would have besn surprising.
However, to malre certain that the affect was negligible, two runs,
NMos. 20 and 21, were carried out at 20° with continuous illumination
of the same intensity. The results, shown in Table 2, indicate that
the photochemical effect was scarcely appreciable. Table 2 also
contains the results of three runs at 25°, one at 35° and one at yoe,
in exact observation of "zero" preasure was not talken in Run No. 1,
end was missed accldentally in Kos. 12 and 20, as was also the first
match in No. 20; but approximations arrived at from neighboring

observations indicated no abrormsl behavior.



Table 2.
M
X x 105 ‘
ace |
P Continuons 25° 35¢° 4oe
{1llumination
¥o.21 | No.20) No. 1 | Fo.l7| No.18 | ¥o.19] No.l2
© 92 172 | auh 907
1452 , 36 =)
Du 5 ] 103 L2 ?—ag géu 1940
101 g5 2Ll 137 211 686 1350
1.0-4 ¢4 86 226
226 Thl 1340
122 | 114 243 235 gsg | 1860
1.5 105 | 120 235 1530
Nt | 1a2g | 238 228 | gy | —
T il B I N
3.0~ 106 224 197 g36
3.5 219
1‘“’.0_ I
4,5 o
ligan k | 106 | 108 233 202 | 222 837 | 1480
Poo 11.78 |8.548 | 58.1 35.5 | 4.965 | 5.895] 4.950

G
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Detardativna by Ozone.-  The phenomsnon previously mentioned

ag having been observed by Daniels, Wulf ani Karrerfj) namely the
dslgyed resppearance of Nbg after the elapse of tiuws celculated for
the disintegration of the ozone, was not encountered in the fifteen
sxperiments of the present work in which the ozone concentration was
anelyzed, with the possible sxception of one doubtful case (Bun No. 13).
In evary othar ins*ance the calculated time excesled the obssrved time
gevaral fold, as ghown by the results in Table 3. The value 003 in
the third colum is the molal fractlon of ozone befors mixing with 15,04,
as obtained from the analysis of the oxygen-ozone mixture by the method
previously described., The fourth column gives the pressure of N>05 in
the reaction chamber, nemely one-half the value of p,, determined after
the run. In the fifth column PO is the excesss pressure of czone
irmediately after mixing, and is derived from the corresponding values
of Gos and PN,0s by means of the relatlionship

' Pos = Coy(P - Pu,o04) - Pr,04
where P 1lg the %tobtal, i.e. approxinatsly baromstrie, pressurs at the
moment of mixing. This is equivalent to stating that the resultant
pressure of ozone is its pressurs on dilutien, diminished by one
squivalent of cozone for each squivalent of pentoxide formed, and hence
assurmes that the resstion is thet found by Wulf, Denlels and Karrer,

NoQy + O3 = N0 + 05,

The same assumption is also the basls on which were computed the values

in column six, ueing the average observed rate k-, as follows:

Py
¢t (cale) =  —3-  minutes.
T F1505



Table 3.

Run Wo.  Temp. Co, P11,05 Pg, % (ca}c.) % (obs.)
5 20 0.039 g.2 22.2 2,370 105
6 20 0.028 1.33 183 14,100 399
7 2 0.038 17.5 9.6 532 14
g 2¢ 0.025 2.52  15.9 6,130 00
o 20 0.038 7. 56 24, 2 6,610 235

11 20 0.037 470 22.5 4,650 125
13 20 0.025 12.8 O* 0 37
14 20 0.052 21.0  16.4 758 6C
15 20 C.050 1.04  36.6 34,200 510
16 20 0.okg 9.85 24.8 2,440 125
17 25 0.050 17.8 18.6 5C2 50
18 25 0.047 2.4  32.4 6,000 215
13 35 - G.030 2.95 19.2 794 75
20 2 0.040 .27 236 5,360 260
21 20 C.0u0 5.8 23.9 3,940 183

* The actual calculetion glves a nepative value (see text).
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Discuseion of Results.

If the initial rate of the dscourosition were other than
ur.imolecular, we should expact that thé squation

1 Poo = B _
t7 -8 Ppe -pr T F

would give values of k differing in the initlal stages from those in
the latsr stages. In case the reaction had proved to be autccatalytic
at ths start and of the first order later on, as origilnally susvected,
the velocity would have presunably increased for a while as a function
of the incrsasing concentration of the catalytic product, until =
"eritical concentration" of tle catalyst has been established, after
which it would have no longsr been dependent on this variable. In
such a case the value of k calculated in the uninolecular squation
above would be low for the early stages of the decomposition,
especlally for the first interval examined, and would eventvalily
reach & constant valué coinciding with that found in. the previoua
Investigations of Danlels and Johnston.(l)
In every expsriment of the present research, the value of k
proved to be rsasonably constant threughout, though in a few instances
thers were modersts deviations for which a plavsible explanztion was
alivanced ebove. Hence the results supply no confirmation of the
-hypothesis that this reaction is autocastalvtic.
It is of sone interest tc note that in sxperiments with low

initial pressures of Ky0s, the rate of formation of N0, would be



gouswhat retarded at firnt, if the mechanism of ths dscouposition were

that proposed by Bodensteln, namely

No0s —> 103 + Op (1)
N,03 —> KO + NO, (11)
2+ 0, —> 210 (117)

Reaction II is assumed by Bodenstein to be very rarid, while reaction
IIT has been studied separately and found to bYe of the third order,
thes rate being proporticnal te the concentration of *he Cp and to the
square of the concentration of the WO. However, calculations based
en the reported rate of reaction III have indiceted that, under the
conditions of the present experiments, the large excess of 0, would
ralse the velocity of this oxidation to a par with the velocity of

reaction I in & conparatively short time. As a result the rate of

2l

predoction of NO; by the consecutive mechanism of Bodenstein would not

differ beyond sxperimental error of chsaervaticn frow the rate of its ~
production by the direct mechanism assured in this work.
Thers is substantlal agreement betwsen the values of k in the

(1)

present results and those found by Danlels ani Johnston,”’ as shown
by the comperison in the Tollowing table., The agreewvent is more
striking when attention is directed to the contrast beitwsen the
inltial preseures in the two sgta of exmerirents, and ths fact thus
established that the rate is independent of the initial pressure

furrishes additional confirmaticn of the unimolecular character of

the rsaction.
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Teble 4.
Temp. Present Results. Results of Daniels and Johnston.
(c.) | Panes of K (Ove,) | F208° of k {0vs.) | X (Cale.)

20° | 1.3 to 55 mmn. | 0.00103 275 . 0.00117 | ©0.00099
25° | 2.5 to 29 mm. | 0.00219 269 to 290 0.00203 | 0.00203
350 2.9 0.00837 £G to 308 0.00208 | £.00792
Loo 2.5 0.0148 -—- —— 0;0151

In regard to the rapid dissppsarence of the excess ozons, which
wag contrary to expectations in view of the obéervations of Daniels,
TRlf and Kafrerf3} it is felt thet no axplanation should be attempted
before ths rhenomenon Kéa besn subjected to'a wors rigorous
investigation, as it probably depende on conditions whose lupertance
has been underestimated. In Run No. 13, the one instance in which
appeargd an excepiion to the general chearacter of ths present results,
thers was reason to sugpect that the ozone oconcentration was greater
than the value found by anslysls, for tle latter would have been
insufficlent for the comlete oxidation of the N,04; moreover it is
ncteworthy that the rost probabls sources of srror in the anal-*ticsl
procedure, such as leaks or insufficient heating, would yield low
regults.
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Sﬁmmarx.

That the thermal decouposition cf gaseous nitrogen pentoxids iz a
unimoleqular reaction after the initial stage has been shown by
previocus investigators.

The rate of the decomposition in ths initiasl stage has been fcund
by the present investigation to be unimclecular.

Evidence of an autocatalytic induction pericd did nct appear at
the lowest concentrations of NOp usasurable.

A colorimetric mathod of N0, analysis has baen develored, capable
of measuring as low as 0.27 mm. with an accuracy of about 5%

The'rate of *he rea;tion was determined at tempersitures from 20°
to U0°, showing & good agresment with the results obtained by Danisls
and Johnston.

The rreliminary procedure consisted in mixing freskly preparsd
nitrogen psntoxife with oxyzen and ozons, the latter serving to
fe-oxi&ize ths decouposition products until it wae exheusted. In
contradiction to the results of Daniels, ™lf and Rarrer, the measured
excess of ozone did not retard the decorposition of the nitrogzen
ventoxide for an unduly long pgriod of time. The explanation of the
difference in the bshavior found in the two sets of experiments is an

important probtlem for further investlgation.



