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INTRODUCTION

(A) Spectra of the 03-NO Chemiluminescence and its
Mechanlism:

In early work this chemiluminescence was confused
with that from the oxygen atom - nitric oxide reaction.
Indeed it has turned out that their spectra and mechanisms
are quite simlilar, so that an understanding of the O0-NO reaction
(which was investigated first) will facllitate understanding
of the OB-NO reaction.

The 0-NO chemiluminescence, when first observed,
was called the "air afterglow" or "oxygen afterglow".

Thomson (17) subjected oxygen to an electrodeless discharge
at low pressures and observed a yellow-green glow, which
persisted for some time after the discharge was turned off.
Air under the same conditions also gave this glow.

Lord Rayleigh (13) postulated a reaction between
ozone and nitric oxide to account for this chemiluminescence,
although when he mixed these two gases, no afterglow appeared.
He reported that the afterglow spectrum was continuous,
extending from 4200 - 67OOX.

The conditions necessary for the afterglow were
investigated later in more detail by Lewis (25) and
Herzberg (26). Stoddart (15) reported 28 or 30 weak diffuse
bands over the range 4200 - 67OOX for the afterglow spectrum.
About the same time, Newman (16) reported at least 29 diffuse
bands superimposed upon a continuous spectrum 1n the same

range. The emitter was taken to be NO,, and oxygen atoms,



rather than ozone were shown to be responsible for the after-
glow (7, 1L).

The mechanism for the 0-NO chemiluminescence weas
first investigaeted by Keufmsn (21, 27). He concluded that

the continuum in the afterglow spectrum might arise from
O 4+ NO—> NOp, + hw

but this would not yleld the complex system of bands. By
varying separately the quantities [O], E‘IO_] and [MJ, where M
is an inert molecule, he found that the emission intensity 1

varied jointly as the concentrations thus

= k [o][no]

and wes independent of [M] and the nature of M (in the torr
pressure range).

The mechanism suggested by this author was

0O + NO + M—c—— 05 + M (1,11)

N0 —> NUp + h¥ (2)
No'g + M—>NO, + M (3)

where NOZ represents a molecule in an exclted state.

Under steady-state conditions for NOZ ’

-k, E%;Zj ) kokyfNO] [0] ]

ky + (kgtlkd ) [M]

In the experimental pressure range, (k3 + ki) [M])} ks ;

: _ ok k
et T (k1+ f:l [xo] [o]



As Kaufman pointed out, however, the ratio kl/(k3 + k) would
be expected to vary for different M, since there is no reason
why 211 M should have similar relative efficiencles in
reactions (1), (1') and (3).

The molecule Nog has generally been taken to be in
an excited electronic state. In consideration of avallable
spectroscopic data of the molecule, Broida, Schiff and
Sugden (2l) presented an elaborated scheme which included two
excited states of NO,, (B) and (C):

0O + NO + M=<—=NO0j (C) + M
NOS (C) ——> NO5 (B)
NO3 (B) —— 3 NO3 (C)
N0, —— > NO, + hw
NO, + M —> Nop + M

where (C) is the higher energy state, and undergoes transition
to (B) by a resonance transfer process.
The work of Clyne and Thrush (22) supported the now

generally accepted scheme, which 1s as follows:

O + NO + M—> NO, + M (1)
NO5 ——> NOp + hv (2)
NOS + M —> N0, + M (3)

The emission intensity will be expressed by

k, k, [0] [M0) [¥]

ko + k3LMJ

kak
-—if— [0] (o] (1)

where k3 [M] >> ko.



The ratio klkZ/kB would not necessarily be constant
for different gases, for reasons given by Kaufman gbove.

Clyne and Thrush found that this ratio did indeed change
somewhat from gas to gas. This fact had been envissged 1in
the expanded scheme of Broida, Schiff and Sugden (2l).

The proportionality (I) was found to be valid in
the pressure range 0.85 - j00 microns according to Doherty
and Jonathan (99) and in the range 3 - 20 microns, according
to Reeves, Harteck and Chace (20), although at these pressures
the inequality k3 [M]) k, may not hold.

The parellel spectroscopic and kinetic investigations
of the 03-N0 reaction were begun only recently. As no dis-
charge 1s necessary to produce this radiastion, it is not called
an "afterglow", although NO, undoubtedly is responsible for the
emission in both cases. The upper state of the NOp may, however,
differ in the two cases.

Tanaka and Shimazu (7) compared spectra of the 0-NO
and 03-NC reactions in the same appsaratus. All their work
was done at a total pressure of a few torr. The O3-NO emlission
was produced by mixing directly pure ozone and pure nitric oxide
in a flow system. At low flows it appeared very red, but at
high flows more yellowish. In this case the heat of reaction
probably decomposed some ozone, and the resulting oxygen atoms
existed long enough to produce the 0-NO flame.

If, however, the ozone producing the red flame was
discharged before mixing, the yellow-green flame appeared

instead. Cessation of the discharge brought back the red glow.



The discharged ozone showed no ultraviolet absorption bands,
and hence had been destroyed.

For the red flame, they reported 2l diffuse bands
and a continuum in the range 4300 - 6300 Z. The resolution
was limited and the results indicated that the 0-NO and 03-N0
spectra were rather similar.

Better spectra were made later by Greaves and
Garvin (10) who reported some 65 unresolved bands overlying
an apparent continuum in the range 5900 - 10,850 K. The
absolute emitted intenslty lncreased continuously toward
longer wavelengths and probably extended much further into
the infrared. The partial pressures of 03, NO and O, diluent
were 5 torr, 60 torr and 140 torr respectively. Under these
conditions the concentration of oxygen atoms was very small,
and the 0-NO radiation did not interfere. The exothermicity
of the 03-NO reaction, 47.5 kecal./mole (8), corresponds to an
einstein of radiation at 6000 K, which agrees with their short
wavelength cut-off of 5900 K. The exothermicity of the 0-NO
reaction, 72.7 kcal./mole, corresponds similarly to an einstein
of radiation at 383l &, which can account for the radiation
below 6000 4 observed by Tanaka and Shimazu.

Clyne, Thrush and Wayne (12) obtained spectrs of
this radiation and listed 12 bands in the range 7140 - 8500 Z;
they obtained the intensity distribution photoelectrically
from 6000 - 8750 X. Their results were similar to those of
Greaves and Garvin, They also compared these data with those

from the thermal emission of NO,, as observed by themselves



and by Kondratiev (28). They concur with the suggestion of
Greaves and Garvin that electronically excited NO, is respons-
ible for the chemlluminescence.

Furnival (19) has reported spectrophotometric meas-
urements of the red emission. Under appropriate conditions,
she also obtained the spurious 0-NO afterglow as observed by
Tanaka and Shimazu. The total pressure, for the red flame,
was a few torr with nitrogen as diluent. In the range 5900 -
10,500 Z she reported 5l bands upon a continuum, and the
results substantiate those of Greaves and Garvin (10) and
Clyne, Thrush and Wayne (12).

At the time of initiation of the present work, no
mechanism for this chemiluminescence had been established.
That one for 0-NO, however, provides a good analogy, so that

for the 03-NO system we can write

03 + NO——> NOp + Op (4)
03 + NO—> NO% + Op (4*)

NO§ — > N0, + hw (2)
NO% + M _— > NO, + M (3)

(B) Reactions of Ozone:

The reactions reported below are those which elther
would occur in the 03-NO system used in this work, or are

otherwlise related to the problem under study.

----- Nitrogen Dioxide -----
The stoichiometry of this reaction was first estab-
lished by Wulf, Daniels and Karrer (L43) who showed that one



mole O3 reacted with one mole Nzou in the gas phase at room

temperature. The overall reaction was

03 + ZNOZﬁ N205 + 02

and one gas could be "titrated" against the other, using the
disappearance or appearance of brown fumes as end-point,

The rate constant has been measured at constant
volume in the temperature range 13 - 29°C by Johnston and
Yost (Ldy). Its value at room temperature was 6.7 x 10717 cc./
molecule/sec. and the activation energy was approximately
7 kecal./mole. The NO, concentration as a function of time
was determined by chopped-~beam absorption photometry (Ll0OO -
4800 K). The total pressure was near one atmosphere with
oxygen as diluent. Since ozone does not react directly with

NZOA’ the mechanism was

NO, + 03 —_— N03 + O2 rate-determining
M + NO, + N03 -—4>.N205 + M fast
Ford, Doyle and Endow (45) also measured the rate

constant at room temperature, using a stirred flow reactor with
one atmosphere nitrogen. Its value was 3.3 x 10'17 ce./
molecule/sec. The effluent stream was analyzed continuously
for NO, with a photocolorimeter using flowing m-phenylene-
diamine, and for ozone by absorption photometry (2537 K).

----- Nitrogen Pentoxide =--=~--
This was first studled in detall by Schumacher and

Sprenger (L46) who observed that the disappearance of ozone



depended upon the two-thirds power of ozone concentration and
of N205 concentration. By optical absorption, they were able
to follow the concentration of the intermediate speciles N03;

the mechanism, elaborated by Johnston (63), is

M + Np0g—=—= NOp, + NO3 + M (5, 6)
NO3 + NO3 —> 2N0Op, + Op (7)

It is thus not a true 03-N205 reaction.
Assunming steady-state concentrations for NOZ’ N03

and N205,
- afog]/at = (kgkg/ke) 23 (217) Y3 @205]2/3 E>3]2/3

The values of all rate constants in this expression have been

tabulated by Schott and Davidson (6l).

----- Photolysis of Dry Ozone =-----
The early work was reviewed by Schumacher (48), and
Kistiakowsky's (44j9) was the least ambiguous. For photolysis
with both red and ultraviolet light, kinetic considerations

ruled out the primary steps

e

+h7/ﬁ'03
3 3¢
0§ + 03 —> 30%
*3‘+M——>03+M

0

w

0
Rather he suggested
03 + hw— > 0, + O (9)
0 + 03 —> 203 (10)
0 + 0p + M—>03 + M (11)



where the formation of Og can lead to a chain reaction to
explain high quantum yields (g > 2):

03 + 03 ——> 20, + 0 (12)

05 + M —> 0p + M (13)
This could account qualitatively for the variation of @, 0.1
to 3.6, at 62004 (50, 51)

At shorter wavelengths (3130 to 20803) # was as high as
6.7 (52, 53). Heidt and Forbes adopted Schumacher's scheme, adding

O3+h7—.>0§+0
and obtained the asymptotic approximation

1 _ o1, Kk [op] [M]
g 2 251 0[03]

where most of the gas was 0O,. Up to this time, Og was assumed

to be an electronically excited molecule.

The work of McGrath and Norrish (47, 54, 55) helped
to identify the atomic and molecular states in reactions (9),
(10) and (12). In flash photolysis they observed Schumann-
Runge absorption bands for O, molecules in their ground
electronic state. These molecules, formed in reaction (10),
possessed up to 17 quanta of vibrational energy and were
rotationally cold. Thus for ultraviolet light, and in con-
sideration of spin and energetic principles, they wrote

03 + hy —— 0p('ag) + 0('D)

0('D) + 03 —> 05(3Zg) + 0,337 (W)

03(32g) + 03 —> 20,(33g) + 0('D)
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3 —
where Oz( :gg) is the chain propagator. The termination
steps are (11) and (13) and

c + 0 4+ M —> O2 + M

wall 1
o ——> 30,

Benson, howsver, in contrast to this, has suggested

that the chain is photon-propagated (35, 56, 57):

03 + hy—> 0, + 0(!'D)
0(1D) + 03 —> 0,(3Zg) + 0,(33") (15)
0,(33) — 05(33g) + ¥ (2000%) (16)

O3 + h¥(20008) —> 0, + O('D)

However, reaction (15) is U kcal./mole endothermic, while (1l)
is 138 kcal./mole exothermic, and will more likely be favoured.
McGrath and Norrish also believe that the radiation from
reaction (16) would be of longer wavelength than BOOOZ, and
could not produce a photon chaln because ozone absorbs so
weakly in this region. Schumacher (58) also agrees with
these conclusions.

The existence of energy chains in the red light
photolysis of ozone has been a matter of contention (47, 58).
On energetic grounds, McGrath and Norrish believe that the
O-atom produced in reaction (9) in this case is 3p, which
cannot lead to a chaln as depicted in reaction (15). Data
for the energetics of this reaction are given in Table 1

(from reference 65):



TABLE 1

Limiting Wavelengths for Production of O, + O from 03

02
s [ =& 'S
N, A
0 (3p) 11,400 5,900 Ly, 600
0 (1D) 1,100 3,100 2,600

Recently Castellano and Schumacher (59) reinvest-
igated the photolysis in the region 5800 - 62004 with extreme
care. The highest value of ¥ observed was 2, indicating the
absence of any excited O, molecules.

Following the work of McGrath and Norrish, Fltz-
simmons and Bair (60) have measured the distribution and
relaxation of vibrationally excited O, from ozone flash
photolysis., They were able to measure the concentration
of the species

o 33, "= 1319
as a function of time, The relaxation rate constants were
large and this was interpreted as an efficient transfer of

energy between 03 and Og, taking place in single quantum steps.

----- Thermal Decomposition of Ozone -----

The pyrolysis of ozone, at first sight, would seem
to be a relatively simple process. Ostensibly there are only
three chemlical specles concerned (0, 05, 03) and all contaln

nothing but oxygen.

11
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After 25 years' research, however, Tolman and
Wulf (66) in 1927 still had just cause to say that the
kinetics of "...this bothersome chemical change [?eré]
entirely in doubt..." Previous authors' results disclosed
discrepancies of such order which belied the apparent simplic-
ity of the system.

It has turned out that ozone decomposition is an
excellent example of a chemical change which is extraordin-
arily sensitive to the presence of trace impurities acting
as catalysts. Indeed, the clarification of this "bothersome
chemical change'" may be said to have advanced in step with the
effective elimination of these impurities.

Results of earlier work (67 - TL) were summarized
by Wulf and Tolman as follows (all work was done with a dilute
03 in O, solution). The resction was followed manometrically
and generally at 100°C and above. At room temperature the
rates of decomposition were very erratic and seemed first order.
At higher temperatures the reaction was second or mixed first
and second order (corresponding to "monomolecular" and "bi-
molecular" rate constants k, and kg respectively). The rate
constant would increase during a run and might or might not
change markedly with different wall materials, vessel shape
and surface-to-volume ratio. Increasing the 02/03 ratio
usually {(but not always) decreased the rate.

The most consistent second-order rate constant ky
at 100°C was circa 2.7 x 10722 cc./molecule/sec. and the

activation energy lay in the range 25.9 to 38.3 kcal./mole.
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The mechanism thought to be operative was first
given by Jahn (69):

03 — O, + O (fast equilibrium) Kl

0+ 03 — > 20 (rate determining) (17)

and the rate of ozone dlsappearance would be

- a [os] | 2k, [0Jea [0,] = a7 [o3]° (11)

dat

which shows the second-order behaviour and inverse effect of
[pé]. Doubt was cast on its strict applicability by Tolman
and Wulf (66), who showed that the number of 03-C collisions
was too small for observed rates of reaction,

Further work (75 - 82) yielded more detalled but
not conclusive information. Addition of inert gases was
found to inhibit the monomolecular reaction and accelerate
the bimolecular, in the order of decreasing efficiency
CO>7 Np» Ar>He.  The value of k, was about 2 x 1074 sec.”t

at 100°cC. Anomglously high rates and occasional explosions

were presumed to arise from energy chains, as in the folleowing:

"MONOMOLECULAR" "BIMOLECULAR"
DECCMPOSITICN DECOMPCSITION
% 3 5

0 + 03%202 0o + 03 ——%-034— 0o

%
02 + 03 —_ 202 + 0

O+ Op+ M —> 03+ M
05 + M —> 0p + M



1l

Garvin's work (L2) at 157 - 287°C, however, showed
no evidence of chains and could be described by the Jahn
relation, equation (II).

Benson and Axworthy (35) re-interpreted the results
of Glissman and Schumacher (80) and Garvin (}2). From these
and thelr own results they concluded that there was no need to
postulate energy chains or surface effects, or to include the

reaction
O3 + 03_>302

Abnormally high rates could be accounted for by the existence
‘\

of temperature gradients in the reacting gases, as suggested

by Harteck and Dondes (82). In accordance with Garvin's

suggestion, they gave a modified Jshn mechanism:

03 + M _—>=0, + 0 + M (18, 11)
0 + 03 —> 20, (17)

where a steady-state EO] , rather than an equilibfium con-

centration is assumed, and k17 >> kg ‘

- alogd _ _ 2k qlqg [04)° (M
Sapt = 2y [0ss (03] kliEoS [_‘M]3+ kgl:{‘oﬂ (11D)

In two limiting cases, we can write
(a) Pure ozone: k4 [63]» kllE)E][M]’ Moo= 04
) dT!:%i] = 2k [04)° (V)

(b) Dilute ozons: kl?E)B]« kll@2] [I*-’I], M= 0,
- af03] = 2iy7ig O3] (v)

dt k13 [O2]
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Efficiencies of inert gases (relative to ozone) in reaction (18)
were also found., Equations (III), (IV) and (V) could clarify
previous order-of-reaction anomalies, and also the fact that
O, accelerates the reaction in pure ozone and decelerates it
in dilute ozone; addition of inert gas under any conditions
accelerates 1t.

In the followling paragraphs, the rate constants
quoted are those at room temperature, and the experimental
temperature range follows the value of the activation energy.

From their deta and existing thermodynamic vsalues,
Benson and Axworthy (85) derived the following: k17, 2.3 x
10-15 ce./molecule/sec., activation energy 6.0 kcal./mole
(70 - 110 C); k18, 3.3 x 10'26 cc./molecule/sec., 24.0 kecal./
mole (70 - 110°C).

Zaslowsky et al. (3ly) decomposed 100% ozone at
115 - 1300C; the data were completely compatible with equation
(IV), without energy chains. The values were: kg, 2.7 X
10726 cc./molecule/sec., 2.3 keal./mole.

In shock-tube experiments, Jones and Davidson (8l)
obtained rate constants at 116 - 637°C consistent with previous
values at lower temperatures: k., 3.4 x 10715 cc./molecule/
sec., 5.6 kcal./mole. Through flash sbsorption, moreover,
they recorded the presence of vibrationally excited O, mole-

cules, ;/7= 10 to 17, which they say result from

o(3p) + 03 —> o:g + 0,

although McGrath and Norrish (47, 5L) doubt the ability of
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3P atoms to form chains by this method, as do also Schumacher
and Castellano (59, 86).

The results of Pshezhetskiil et al. (83) at 70 -
170°C could elso be described without energy chains.

The value 2.5 x 10~k cc./molecule/sec. for kl7
was obtained by Phillips and Schiff (18) using mixed streams
of discharged oxygen and an 03-Ar mixture, and following

reaction with a mass spectrometer.

----- The Rate of the 03-NO Reaction -----

Previous work on the measurement of this rate
constant 1s described below, where all pressures are in torr.
The results are summarized in Table 2 which follows the
descriptive material.

Johnston and Crosby (1) followed the reaction at
-443 and -75°C. The partial pressures were: ozone and nitric
oxide, 0.l1l; nitrogen, T700. Ozone was determined in situ by
optical sbsorption photometry (2537 Z). The 1:1 stoichiometry
was established by reacting excess 03 or excess NO and determin-
ing 03 and NOp by optical absorption at 2537 and L 360 a respect-
ively.

Goyer (6) confirmed the 1l:1 stoichiometry of the
reaction, analyzing for ozone by the potassium iodide method
and for NO, by optical absorption (3500 - uBOOK). The partial
pressures were: ozone, 0-10; nitric oxide, 0.4 - 100. The
total pressure was one atmosphere at room temperature, the

diluents being 02, N2 and water vapour.
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Ford, Doyle and Endow (2) used dry air at atmos-
pheric pressure as diluent at room temperature and reactant
partial pressures of 1074, Ozone was measured by optical
absorption (2537K) and NO, by a continuous colorimetric
method. The reactants were made in situ by photolysis of
NO, at 3660A:

NO, + h¥—> N0 + O
0O + 0p+ M—>03+ M

Borok (3, L) used reactants at pressures about
1072 with nitrogen and oxygen as diluents at one atmosphere
at 609°C. Product NO, was determined continuously by a
photocolorimeter using flowing m-phenylenediamine, calibrated
gravimetrically. Initial ozone was determined iodometrically.
The rate constant was calculated from NO concentrations re-
quired for full oxidatlion, and from residence times of react-
ants in the reaction zone.

Marte, Tschuikow-Roux and Ford (11) measured the
rate of reaction in a supersonic nozzle, from - 28 to + 720C.
The partial pressures were: ozone, 2 X 10'2; NO, 2; N, 200.
Ozone was determined by optical absorption (25374).

Clyne, Thrush and Wayne (12) measured the rate
between - 57 and + L9°C. The partial pressures were: 03,

5 x 10'3; NO, 2 x 1072; Ar, 2. Ozone concentrations were
determined by using the resulting emission as a monitor,. In
this case, [ﬁ] and [ﬁé] are constant, and so the expression

I = I [03][w]
[
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reduces to
1= 1 [o]

This glves relative concentrations; presumably the initial
flowrate was determined by the iodometric method.

Using a mass spectrometer to follow 03 and NO
concentrations, Phillips and Schiff (18) measured the rate
at room temperature. The partial pressures were: 03, 7 x 10'2;
NO, 16 x 10™2; Np, 0.5.

The pre-exponential factor A for the 03-NO rate
constant has been calculated by Herschbach and Johnston (9).
It was derived in three ways, viz., (a) using a detailed form
of the activated complex theory, (b) using a cruder method of
hydrocarbon analogy and (c) using the simple collision theory.
A more refined activated complex calculation was reported by
Ford et al. (1ll1l); theoretical and experimental values are

compared in Table 2.

(C) Purpose of the present work:

At the time of initiation of this work, there existed
no data on the mechanism of the chemiluminescence of the OB—NO
reaction. It was therefore of interest to explore this prob-
lem, particularly since previous work on the 0-NO chemilumin-
escence suggested a similar mechanism by analogy. The relative
quenching efficiency of various inert gases for this chemlilumin-
escence could alsc be found without difficulty, and might provide
information on the excited molecule NOZ which is responsible for

the chemiluminescence.



TABLE 2

EXPERIMENTAL AND THEORETICAL PARAMETERS FOR

THE OZONE-NITRIC OXIDE REACTICN

19



Authors Reference Rate Constant Activation Energy Temperature Pre-exponential
cc./molecule/sec. kcal./mole Range Factor
X 1014 ¢ cc/molecule/sec.
279C 60°C x 10t
Johnston and 1 2.0 2.8% 2.50 - 75 to -43 1.3 (experimental)
Crosby
Ford, Doyle 2 5.0 - - - -
and Endow
Borok 3, L - 6.5 - - -
Marte et al. 11 3.0 L.2 2.50 - 28 to+72 2.0 (experimental)
1.3 (theoretical)
Clyne et al. 12 1.5 2.3% 2.46 - 57 to+49 1.0 (experimental)
Phillips and 18 2.1 - - - -
Schiff
Herschbach and 9 - - - - 0.73 (act.complex)
Johnston 1.1 (hydrocarbon
t analogy)
78 (collision
theory)
* extrapolated value
t requires a "normal" steric factor, about 1072

0c
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Unfortunately, the results of Clyne, Thrush and
Wayne (12) on this problem were published during the course
of the present work. The present work, however, was con-
tinued for the following reasons:

(1) the mechanism for the chemiluminescence proposed
by Clyne, Thrush and Wayne needed substantiation, and their
values for relative quenching efficienclies for inert gases
needed confirmation.

(ii) the data for testing the mechanism were to be
obtained by different and independent methods. In their work,
Clyne, Thrush and Wayne first established that, under experi-
mental conditlons, the emission intensity could be used to
monitor the ozone concentration. For testing the mechanism,
simultaneous ozone concentration and emission intensity meas-
urements were needed; in their system these quantities were not
measured independently.

In the present work, ozone concentration was deter-
mined at all times by optical absorption at 2537 X (pelieved
to be the most reliable method), and emission intensity was
detected independently by a separate phototube.

(iii) The present work extended the total pressure
range to 20 torr; previous work had been done at 3 torr or
below.

(iv) The temperature range for measurement of the
Q;NO rate constant was extended to 300°C; the temperature
used in all previous work did not exceed 72°C.

(v) The data of Clyne, Thrush and Wayne were derived



from experiments in which the maximum removal of NO and 03
was only 5% of the initial value. In the present work,

the reaction was followed to 60% reaction or farther.
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EXPERIMENTAL

(A) Cylinder Gases Used:

OXYGEN (Therapy USP, 99.5%, Liquid Carbonic Canadian)
was used exclusively for making ozone, At first it was passed
through a foretrap at -78°C to remove water before entering the
ozonizer; however, the presence of the small amount of this
impurity did not affect significantly the ozone production,
and the trap wes later removed

The following gases were treated as indicated before
entering the main flow system.

HELIUM (99.99%, Matheson of Canada and Air Reduction
Canada) was passed at atmospheric pressure through a trap at
liquid air temperatures.

CARBON DIOXIDE (Canadian Liquid Air) was passed at
atmospheric pressure through a trap at -78°C.

NITROUS OXIDE ( »98%, Matheson of Canada) was passed
through a trap at -78°C at atmospheric pressure.

SULPHUR HEXAFLUCRIDE ( »98%, Matheson of Canada) was
used without further purification.

ARGON (Canadian Liquid Air) was passed at atmospheric
pressure through a trap at -78°C.

NITROGEN (Standard Grade, Canadian Liquid Air) was
passed at atmospheric pressure through a trap at liquid air
temperatures.

NITRIC OXIDE ( ) 99%, Matheson of Canada) was passed
through a column of Caroxite (acldic oxide absorber, Fisher) to

remove NOp and condensed at liquid air temperatures, It was
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then evaporated into two 1l2-liter storage bulbs and the high

boiling fraction, consisting mainly of NZOM’ was discarded.

(B) Manufacture and Storage of Ozone:

For kinetic studies, the method of ozone production
will depend upon several Tactors, some of which are: (i) quantity
desired and the rate at which it is used, (ii) purity, (1ii)
efficiency and ease of preparation and (iv) mode of use (gas,
liquid or solid phease).

The simplest snd safest procedure for making gaseous
ozone consists of passing oxygen through the discharge and
using it immediately, with or without other inert gases. 1r
oxygen-free ozone is wanted, the ozonizer mixture (2 - 15% 03
in 02 at room temperature and cne atmosphere) may be condensed
below -183°C in a vacuum system, and oxygen pumped off (ozone
boiling point -112°C, melting point -193°C). It is then
evaporated into s storage bulb and inert gas may be added.
Convenient amounts of ozone may be accumulated in this way.

In this method, however, there is much danger of
ozone detonation. Both gas- and liquid-phase deccmpositions
of ozone are extremely sensitive to trace impurities, especially
hydrocarbons. Thorp (32) has discussed this at length and
urges the following precautions: (a) oxygen for ozonization
must be as pure as possible; (b) organic stopcock lubricant
must be absent; (c¢) metel surfsces and mercury vapour from
manometers must be excluded; (d) all glassware must be scrup-
ulously clean; (e) liquid or gaseous ozone must not be subjected

to any sudden application of localized energy, e.g., stopcock
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friction, static electricity and abrupt rise in temperature.

Despite the hazard, this method has been used widely
in the past. Representstive procedures have been described
by Benson and Axworthy (35) and Zaslowsky et al. (34).

This method, without evaporation of the ozone, has
been used by a few authors (36, 37, 38) to prepare solid and
liquid ozone for reaction with hydrogen atoms.

Certain materials (such as "activated" charcosl)
possess an enormous effective surface aree per gram and adsorb
a veriety of chemical species. Now, to bring ozone into con-
tact with carbon black is dangerous (39), but alumina andsilica
gels have adsorptive properties of sufficient magnitude to
overweligh any decomposing effects. Indeed, at low enough
temperstures, ozone on silica gel decomposes to a negligible
extent; the bonding power between ozone and silica gel is so
great as to lower appreciably its chemical reactivity. It can
be subjected to astonishing amounts of chemical, thermal and
mechanical shock without developing spontaneous decomposition
leading to detonation (30, 32).

This asdsorbent power of silica gel was first exploited
for determination of ozone in ailr, by ccncentrating enough ozone
at liquid oxygen temperature for it to be measured by standasrd
iodometric methods. Edgar and Paneth (L) separated 03 and NOp
this way by fractional distillation at -120°C.

The amount of ozone adsorbed per gram of gel is a
definite function of temperature and partial pressure of ozone
in the gas phsse. Adsorption isotherms have been obtained (30,

31) and sample curves are shown in Fig. 1. This behaviour is



FIGURE 1

ADSORPTION TSOTHERMS FOR OZONE ON SILICA GEL

Tyt -140°¢
Tyt =130
T3: -120
Th: -110
TS: -100
Té: -90

T7: -78.5
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well suited to supplying ozone (with or without carrier gas)
at a particular rate for flow experiments. For large flows,
the ozone may be desorbed at a higher temperature than that
at which it was adsorbed. The amount of gel, 1ts loading
and the adsorption and desorption temperatures may be chosen
to yield a practically constant flowrate of ozone for any
desired length of time.

The overriding attraction of this method of using
ozone is its great safety and insensitivity to shock of any
kind, and is attested by the author and others (L41).

In Fig. 2 1s shown the Siemens-type ozonizer used.
Cylinder oxygen passed first through the manostat M and then
into the annular spaces of two condensers in series. The
outside of each condenser was wrapped with several thicknesses
of aluminum foil, taped in place, and mercury was placed in
the inside tubes. 8000 v.a.c., obtained from a Variac and a
12,000-volt ccld cathode fluorescent lighting transformer, was
applied across the 2-3 mm. gap. The current in the ozonizer
under normal operating conditions was approximetely six milli-
amperes.

The 03/0p mixture, approximately 3 mole % 03, flowed
at 200 cc.(S.T.P.)/min. into a double-U trap shown in Fig. 3,
filled with 900t 1 grams of silica gel (1l4-20 mesh, Fisher).
The gel had previously been heated in vacuo at 120°C for six
hours to drive off water, The trap was then cooled to -78°C
with a dry-ice/ethanol mixture. The level of cold liquid was

always above that of the gel in the trap. The temperature of
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FIGURE 3

DOUBLE-U TRAP OF SILICA CGEL
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the liquid on all sides of the trap was explored with a copper-
constantan thermocouple probe, and was found to be uniform
within T20c. The grestest source of temperature imbalance
arose from the heat of adsorption of ozone on the gel. This
was approximately 12 kecal./mole (30), and at the gas flowrate
used, the rate of energy dissipation was about 3 cal./min.
All the ozone was adsorbed from the gas phase by the gel and
the exhaust gas passed into the atmosphere. If ozone was
generated continuously, the gel was saturated in about three
days. At this point, the flow of gas was reduced to 60 cc.
(S.T.P.)/min. to keep the gel saturated and at atmospheric
pressure, until ozone was needed for an experiment. The
ozonizer was equipped with a mercury blow-off and splash-
trap tc prevent a possibly dangerous pressure build-up.

The capacity of the gel column may be derived from
Fig. 1. In the present apparatus, the partial pressure of
ozone was about 23 torr and the temperature was -78.5°C; hence
the loading was 5.5 g./100 g. and the total amount of ozone at
saturation was about 50 grams.

The main impuritles in the oxygen used for making
ozone were water and nitrogen. After passage through the
ozonizer, the gas stream contained these possible chemically
active impurities: H50, Hy0p, NOZ(NZOM) and NpOg. As the
gas stream entered the double-U trap, these were deposited as
a fine white powder immediately above the gel coclumn. The
vapour pressures of these substances at -78°C were as

follows (100, 101):
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Pyog &L PN,0) = 3.5 x 1072 torr

K

PHy0p & PHR0 (ice) 5.6 x 1074 torr

In an experiment, the partial pressure of ozone above the gel
was of the order of 20 torr, so that the ratio [bj] / [chem-

lcally active impuriti] was about 600:1.

(C) Main Apparatus

The flow system, of Pyrex glass, ls represented
schematically in Fig. l. The volume V, was 2.22 liters.

The densities at 25°C of the manometric liquids in
Mo and M3 were measured with a Christian Becker Chainomatic
specific gravity balance. M, contained Octoil hydrocarbon
fluid of density 0.9809 g./cc., and M3 contained silicone oil
(Dow Corning # 200 fluid, 10 centistokes) of density 0.9290g./cc.
The difference in levels in M, was read from a steel rule
graduated in 0.5 mm.; that in M3 from graph paper in 0,05 inch.
Both liquids were degassed in vacuo. It was found that the
silicone fluid absorbed gases exposed to it, and so the
evacuated arm of M3 was continuously pumped when in use.

The tilting McLeod gauge T™ was used only for
measuring ultimate pump vacua, since its accuracy in the range
1 - 5 torr varied by O - 10%, when compared with HpS0), and
silicone 0il manometers read with a cathetometer.

All mercury in manometers was covered with a layer
of silicone oil or dibutylphthalate to exclude mercury vapour
as much as possible from the system. The McLeod gauge, when

not in use, was isolated by Sy,.
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FIGURE 4

GENERAL APPARATUS

One-way stopcock
Two-way stopcock
Mercury manometers
Octoil manometer
Silicone o0il manometer

Capillaries with differential
menometers

Needle valves

Known volume

Mercury bubbler
Dibutylphthalate bubblers
Traps

Mixing chamber
Tilting McLeod gauge
Hot wire

Ozonizer

Silica gel trap
10-1iter Dewar flask
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Stopcocks in the ozone flow line were lubricated
with Kel-F # 90 halocarbon grease (Minnesota Mining and
Manufacturing Co.) and all others with Dow Corning High Vacuum
Silicone grease. The halocarbon substance was never visually
attacked by ozone, but the silicone quickly became "grainy"
and lost its lubricating properties.

The needle-valves Ny, Ny and N3 were stainless-steel
(fine control, W. Edwards and Co.) and Nh was glass-teflon
(Fischer-Porter).

Most of the ozone emerging from the reaction tube
was destroyed by the hot wire HW. It was a length of B.& S,
# 18 nichrome wire in a 25-cm. coil, heated electrically to
orange-redness with a Variac. Trap Th contained silica gel
(3-8 mesh) at -78°C to adsorb NO, and WO from the gas stream.

The reaction tube, shown in Fig. 5, was 22 mm., I.D.
A movable jet for NO was at the gas entrance end. Six equally
spaced holes (dismeter 0.25 + 0.03 mm.) were blown on the
circumference of the bulb, which moved axially along the tube,
alded by glass guides. A movable copper-constantan thermo-
couple probe, encased in a thin layer of glass, also with
glass guildes, was at the gas exit end. This probe could be
moved along the entire length of the tube and beyond the
furnace. Veeco Quick Vacuum Couplings (with rubber O-rings)
were sealed to the glass by Epoxy resin.

The apparatus shown in Fig. 5 was enclosed in a

light-tight box of black plastic curtain.



FIGURE §

REACTION TUBE AND ASSOCIATED APPARATUS

PM: 1P21 photomultiplier

Q: Quartz absorption cell
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(D) Anslytical Methods for Gaseous Ozone:

Thorp (32) has compiled a bibliography of more than
240 references on this subject, which may be summarized as
follows. |

(a) Reaction with Iodide in Neutral Solution:

The extenslive literature on this method attests to
its popularity and its unsettled nature. The reaction

stoichiometry is usually taken to be
03 + 2I°7 + H20—> 02 + 12 + 20H™

and the lliberated iodine may be titrated with thiosulphate.
When large amounts of ozone react, the solution becomes
increasingly basic, causing spurious ozone decomposition and
hence low ozone determinations., Acid solutions give erron-
eously high results, and so buffers are sometimes used to
maintain pH 7. They must not, however, favour ozone de-
composition themselves or interfere in the lodometric chemical
processes. For greatest precision this method should be
checked against more reliable methods (e.g. the pressure
change at constant volume for the conversion 03-—5»% 0o5) and
solution volumes, titration times and temperature should all
be uniform. Also, iodide can be oxidized to iodine by other
substances, such as nitrogen- and chlorine-oxides.

(b) Catalytic Decomposition Calorimetry:

The heat liberated in the change

03 —> % On; Al -34.5 kecal./mole

N
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may be detected with thermocouples when the ozone 1s de-
composed catalytically and adiabatically. The sensitivity
of this method would of course depend upon the efficiency of
the catalyst, sensitivity of the detecting device, flow of the
gas and the extent of adiabatic conditions realized.

(¢) Fluorescence and Photometry:

Ozone oxidizes dihydroacridine and the resulting
compound fluoresces; the light intensity may be measured and
calibrated. Ozone also decolorizes fluorescein in a pre-
dictable manner, but in both these cases the action is not
specific and the solvent may interfers.

(d) Thermal Conductivity:

The use of a catharometer has been described by
Zhitnev (87) for detecting ozone in air or oxygen. The de-
vice uses semi-conductor thermoresistors with a thin covering
of glass; the peak height from a balancing circuit voltage was
a linear function of percentage ozone in the range 0-10%. Its
reproducibility depends upon the constancy of catharometer
temperature, of bridge current and of the rate of gas flow
through the instrument.

(e) Other Chemical Methods:

At various times the reactlon of ozone with rubber,
aldehydes, arsenite, arsenate, bromide, ferrous ammonium sul-
phate, nitrite, sulphite, manganite, etc. were tried, but all
were less reliable than the iodometric method.

(f) Absorption Spectrophotometry:

The absorption coefficient of gaseous ozone has been

determined 1n the range IOOOX - 25 microns (32) with particular



attention to the ultraviolet and visible regions. The best
work, using 2 95% ozone, was done by Vigroux (88), Ny and
Choong (89), Inn, Tanaka and Watanabe (90, 91), DeMore and
Raper (92) and Hearn (93). In the latter two the concen-
tration of ozone present was determined from the pressure

change during decomposition; this avoids chemical determinations
and gives independent and absolute coefficients. The other
authors used the lodometric method.

Thus the use of the Beer-Lambert law allows the most
precise and reliable ozone determinations, especlally at the
pronounced absorption peak near 25502. The only serious
drawback to this method would be the presence of other absorb-
ing species in the 1light path. In the OB-NO system used by
the author, thils i1s not important; hence this method was used
in the present work.

The ultraviolet absorption cell Q is shown in Figures
5 and 6. It consisted of four flat quartz plates, 29 mm. X
26 mm. x 1.5 mm. with 450 edges so that they could be cemented
together with Epoxy resin, The optically polished plates were
made from fused, clear SiO, (Pursil 453, Quartz et Silice, Paris,
France) and each transmitted 97% of radiation at 2537A. The
round ends of the reaction tube were flared to the same square
shape of the cell and were connected to it with Epoxy resin.
The final inside dimensions were: 23.0 ¥ 0.2 mm. (horizontally)
and 2.0 * 0.2 mm. (vertically).

The light source S shown in Fig. 6 was a small quartsz

Pen-Ray lamp (low pressure mercury discharge, Black Light
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FIGURE 6

ULTRAVIOLET ABSORPTION CELL FOR OZONE ANALYSIS

Mercury lamp

Gollimator

Quartz lens

Quartz cell

Aluminum front-surface mirrors
Filter solutions

Corning glass filter

1P28 photomultiplier
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Eastern Corp., Model 11/SC-1). 1Its strongest line was at
2537X; the next strongest et MBSBZ, and the ratio between
these two intensities was about 13:1. A pencil of rays about
2 mm., dismeter was selected by the collimator C and quartz
lens L. The beam passed eight times through the cell; all
traversals were co-planar. The total light path was there-
fore 18.8 T 0.2 em. The mirrors M were front-surface evap-
orated aluminum (V, Avarlaild, McGill University, and Canadian
Arsenals Ltd., Toronto). Their reflectivities at 2537K were
measured (as described on p.62) and lay in the range 95 * 5%.

The mirrors surrounding the cell were cemented to
balsa wood spacers upon a plexiglas platform supported by =
layer of polyurethane foam as cushion., The units were held
in place on a frame of plexiglaes by fine threaded rods and
nuts, which afforded the delicate adjustment for reflection
angles,

The beam, emerging from the cell, passed through the
quartz-windowed cell F.S. filled with two filter solutions (94)
to isolate 2537X radiation. The first was a 2.5 em. length of
4.2 mg. 1,)1-diphenylbutadiene (Matheson, Coleman and Bell) in
250 ml. 2-propanol (boiling range 82.2 - 82.4°C). The second
was a 5 cm. length of an aqueous solution of NiS0).6H50, 240 g./1.
and CoS0),.7Hp0, L5 g./1. (C.P. reagents). The beam then passed
through the Corning glass filter F (C.S. # 7-5lL, 1 mm.) into
the 1P28 photomultiplier P.M., operated at 900 v.d.c. for great-
est signal-to-noise ratio.

The optical transmission of the filter solutions and
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glass filter were measured with a Unicam spectrophotometer
(Model SP 500), and the results for the important lines of the

mercury lamp are given in Table 3.

TABLE 3

TRANSMISSION FRACTIONS OF VARICOUS
MEDIA FOR LIGHT AT MERCURY WAVELENGTHS

Wave- 5 ecm. 2.5 cm, Corning Quartz Total
length NiSO -CoSOu diphenyl- filter windows trans-
mp in Weter butadiene 7-54L (total) mission
in 2-propanol
25) 0.5 5.8 x 1072 0.60  0.50 8.7 x 10~3
313 0.86 0 0.8l 1.0 0
365 3.7 x 1075 0.34 0.78 1.0 9.8 x 10-6
l,05 10-10 1.0 0.2 . 1.0 2.4 x 10-11
436 1.6 x 1072 1.0 L x 1072 1.0 6.4 x 1077
shé 7.6 x 1075 1.0 0 1.0 0
577 1.3 x 10-2 1.0 0 1.0 0

These total transmissions were also verified from time
to time with a Beckmann DK spectrophotometer. The ratio of the
intensities transmitted at 2537 Z and the next strongest was
circa 103, The 1P28 photomultiplier (S=5 response) had
negligible sensitivities for wavelengths greater than 7000 Z.

The diphenylbutadiene solution was susceptible to
deterioration upon long exposure to ultraviolet light; both
solutions were replenished monthly and new stock solutions were
made twice yearly.

The filter solutions were placed in the light beam
after it had psssed through the cell, and it passed through the

-]
organic phase first. This was necessary because (a) 2537 A
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radiation caused both quartz and organic solution to fluoresce,
causing a spurious photomultiplier current, and (b) this
fluorescence was of such a wavelength that the Corning fllter
transmitted it but the NiSOu-CoSOu solution dild not (i.e., it
was in the neighbourhood of L4000 K).

Spectra of the mercury lamp radiation, both with and
without filters interposed in the light path were photographed,
using a Hilger Quartz Spectrograph Model E518, quartz optics
and Ilford NL4O plates. The table which follows glves the
exposure details for the spectra seen in Fig. 7. In all cases

the setting of the diaphragm of the spectrograph was 5.

TABLE Iy
EXPOSURE DETAILS FOR MERCURY LAMP SPECTRA

Plate Spect- Physical S1lit Collimator Exposure
rum arrangement width setting time,
mm., minutes
I (a) lamp only 0.075 9.0 0.5
I (b) lamp only 0.025 7.5 0.5
II (a) lamp only 0.015 7.0 0.5
II (b) lamp plus inorganic 0,015 7.0 u
salt solution
II (c) lamp plus inorganic 0.015 7.0 20
salt solution plus
diphenyloutadiene
solution

The spectra confirm in a qualitative manner the
quantitative transmission measurements made with the Unicam
spectrophotometer as given in Table 3.

The output current of the 1P28 (ca. 10"8 smpere) was



FIGURE 7

SPECTRA OF THE PEN-RAY MERCURY LAMP
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led into a Model Al1200R Ratio-Linear Photometer (Analytical
Instruments, Inc.). It was used as a simple one-channel
current amplifier, and the pertinent circuit is shown in
Fig. 8. The output of this amplifier was 0 - 50 millivolts
and was displayed on a Leeds and Northrup Speedomax Azar
Recorder, Model H.

For greatest precision in determining ozone con-
centration, 1t was necessary to know how much extraneous noise
this amplifier introduced. To determine this a test voltage
of -50 millivolts % 0.02% from a dry cell and dropping resist-
ors was substituted for the photomultiplier current at the
point indicated in Fig. 8. The output at the recorder
terminals was measured with a manual potentiometer (Tinsley,
Model 3184D). It had an average deviation of 0.13%, which

was considered good for this type of amplifier.

(E) Measurement of Chemiluminescence Intensity:

This was accomplished with the 1P21 photomultiplier
PM, Fig. 5, whose position was not changed during the course
of all experiments. Its photocathode was 6 cm. from the
reaction tube surface, and a 1.5 mm. collimating slit was made
from the edges of two opaque microscope slides cemented to the
housing.

This photomultiplier was operated near 1180 v.d.ec.
from a battery pack. The precise value of thils voltage was
unimportant, but it was necessary that the same value be used

for every experiment, To this end, the circuit in Fig. 9

was ussd, In practice, R2 and R3 (fine and coarse controls



FIGURE 8

CURRENT-AMPLIFIER SECTION OF THE RATIO-LINEAR PHOTOMETER

Range resistor values:

Ry : 50K T 1%

R,: 166K ¥ 3,64
Ry 500K t 1%

Ry : 1.67M T 1.8%
R oMt 1%

Ryt 16.6ML 5%

Ro soM t 5%
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FIGURE 9

SUPPLY VOLTAGE CIRCUIT FOR PHOTOMULTIPLIERS

1.1X wire-would

0 - 500K continuous

C - 10M continuous

M Tt 5%, carbon
Photomultiplier anode

Photomultiplier photocathode
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respectively) were adjusted until the stable voltage across
Ry was 0.13000 volt, as measured with a manual potentiometer.
The battery voltage, upon the closing of the DPST
switch, was allowed to stabilize for ten minutes, after which
its variation was less than 1 part in 10” during the time of

an experiment.

(F) Calibration of Inert Gas Flowmeter:

The quencher gas flowmeter is shown as N3 and 03 in
Fig. li. Before these and in series with them was placed the
system shown in Fig. 10, It consisted of an inverted burette
through which the gas flowed, and a trap after 1it. The blow-
off assured that the gas was at the measured atmospheric
pressure. As the gas moved up the burette, 1t carried a
scap bubble film with 1t, and the rate at which it swept out
the known volume was measured with a stopwatch. The trap,
cooled with liquid air, dry-ice/acetone mixture or CClh slush
(-23°C) according to the gas passing through, removed water
vapour before it entered caplllary Cs3. The differential
pressure drop Ah across the caplllary was also noted. The
flowrate was changed by adjustment of N3.

Under steady flow conditions, the mole flow was the
seme at all points in the flow system. The time-differentiat
form of the ideal gas law 1is

P4 = dogg

at at = IRT

where f 1s the mole flow. P is the partial pressure of inert

55
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FIGURE 10

MEASUREMENT OF GAS FLOW FOR FLOWMETER CALIBRATION
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gas in the burette, and if AV is the volume swept out in time
At, the mole flow may be calculated from
f = RﬁT_ . %%

A plot of £ (micromoles/sec.) versus Ah (em.Hg)
could be made, which was almost always linear, In some cases
this plot had a slight curvature. Instead, the data could be
re~-plotted as a log-log relation, which would then be more
precisely linesar, but less sensitive.

It is interesting tc note that the Poiseullle law
predicts that the relation is not linear, but that f is
proportional to (Ah)™, where m should be about 2, in the
conditions realized in this work. The fact that m was more
nearly unity indicated that Poiseuille's law could noct be
applied in the actual conditions used (e.g., the capillary was

"drawn out", and hence the radius was not constant).

(G) Experimental Check of Ozone Extinction Coefficilent:

(1) THE "GIVEN" VALUE:
The Beer-Lambert law, in the form used for gases,

is

logig (Io/Iy) = A = K,x

where

I, is the transmitted light intensity with no
(or non-absorbing) gases in the light path

Iy is the transmitted light intensity with ozone
in the light path

1

o(}\ is the extinction coefficient in em. — for

ozone at wavelength A .



X 1s the light path in em. through the gas,
reduced to S.T.P.

If the pressure of ozone 1s P atm., its temperature T°K and

the actual light path 1 cm., then

- 273
A dﬁl P x T
- 1 RT[03] L 213
2 N T
where R is the gas constant

No 1s Avogadro's number

[?é]is in molescular units

Rearranging, we have

R Ak

where the term in brackets is the extinction coefficisnt in

molecular units, Substituting in this equation the wvalues

An = 133 cm.”} at 25374

R = 82,05 cc.atm./°K mole

No = 6.02 x 1093 molecules/mole
we obtain

A = L.95 x 10718 [o3] 1

for [?i] in molecules/cec.

(i1) THE "EXPERIMENTAL" VALUE:

First the ozone content of the mixture from the

ozonizer was determined lodometrically from five consecutive

59

samples, for constant conditions of voltage and flowrate in the



ozonizer, Bach sample, exactly 300 bubbles, was passed into
a 5% KI solution, buffered according to Boelter, Putnam and
Lash (96). Only one bubble tower was used, as preliminary
experiments with two towers in series showed that more than
99,8% of the ozone was absorbed in the first. The liberated
iodine was titrated immediately with 0.005M NayS,04, with
Thyodene as indicator. The thiosulphate solution had prev-
iously been standardized against KIO3, according to Xolthoff
and Sandell, p. 59 (95).
The pertinent chemical equations are
03 + 2KI + H20 — Z2KO0H + 02 + 12

onsd cne
mole mole

2Na,S,0, + 1 — > Na_ 3, O + 2Nal
tt%o2 3 o%e 2776
moles mele
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The number of moles U, represented by 300 bubbles was

determined by displacement of water. The data are as follows:

Number of bubbles for 100 cec.: LIl
Atmospheric pressure: 753 torr
Temperature of water: 23°C = 296°K
Vapour pressure of water: 22 torr

The required quantity, noz, is obtained from

il

n PY
) RT

)

3 - 22) (100 00
2,360) (29 ’ &TT

2.80 x 10™3

i



If the titrstion regulired v ml., thicsulphate, this

to n03 moles cof czone given by

2.8y x 1076

n
O3

The mole percent. O3 was then given by n X100/n

are given in Table 5. The average 03 content was

2.51 mole %.

TABLE §

ICDOMaTRIC ANALYSLS UF CZONIZER MIXTURES

FROM THIY SAME STREAM

corresponds

and the dats

found to be

JUDER CONSTANT CONDITIONS

OF FLOWRATE AND VOULTAGE

Analysis Milliliters Moles O Mole % Gg
number thiosulphate in samp%e in sanple
fer titration

1 3.5 §.63 x 1072 2.99

2 31.8 7.95 x 1072 2.75

3 35.4 8.8 x 1o:g 3.06

Ly 30.6 7.65 x 1072 2.65

5 35.9 8.98 x 10°° 3.11

Average: 2.91

Five consecutive ozonizer samples of the

same output

at different pressures were then analyzed optically by bleeding

the gas into the absorption cell and noting I,, I and the

total pressures.

The partial pressure of ozone, PO3, was

calculated from its mole fraction as found previously, and

was converted tc concentration units as in the previous section.

The date are in Table 6.
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TABLE 6

OPTICAL ANALYSES OF OZONIZER MIXTURES

FROM THE SAME STREAM UNDER CONDITIONS AS

PREVIOUSLY, OF DIFPFERINT TOTAL PRESSURE

Room temperature: 23°C

Analysis I, Iy (I, log Totel Partial [b3]
number Arbitary |71 (I,/14) pressure pressure moletules/
units t Piogs ©f ozone, ce.

torr PO3, torr x 10715

1 96.7 17.2 5.63 0.751 8.97 0.261 8.53
2 95.0 58.9 1.6l 0.207 2.4l 0.0711 2.32
3 9.3 75.5 1.25 0.0970 1.26 0.0366 1.20
Iy 9.5 22.1 .28 0.631 6.90 0.201 6.56
5 95.1 L45.7 2.08 0.218 3.79 0.110 3.59

In Flg. 11 is plotted A (obtained from Iy /I) versus
[?é] (obtained from iocdometric calibration). The slope (by
the method of least squares) is 9.22 x 10717 ce./molecule, so
that the extinction coefficient is 9.22 x 10'17/18.8 or .91 x
10718 cc./molecule/em. By the same method the intercept is
~-0.005. These values are to be compared with the literature
values .95 x 10-18 cc./molecule/cm, and zero. Such close

agreement 1s partly fortuitous, considering the uncertainties in

iodometric analysis and ozonizer output stability.

(H) Measurement of Reflectivity of Aluminum Mirrors:

In Fig. 12 is seen a sketch of the apparatus used.
The filter F, C.S. # 7-54, 5 mm., reduced the intensity of the
o
2537 A radiation selected by the filter solutions SNS.

In (a), without the mirror, the photoctube was placed



FIGURE 11

TEST FOR THE BEER-LAMBERT LAW FOR OZONE
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FIGURE 12

MEASUREMENT OF MIRROR REFLECTIVITIES

SNS:
QL:
B
PC:
Ms

Mercury lamp
Filter solutions
Quartz lens
Glass filter
Photocathode

Mirror
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so that the beam was focussed on its photocathods. The
measured signal was Iy, representing the original unreflected
lamp intensity.

In (b), the mirror was interposed in the light beam
and the phototube was again placed at the correct focal dist-
ance. The signal was I, representing the reflected intensity.

For all six mirrors used, Iy/I_, was 0.95 * 0.05.
During the time of measurement, the observed variation in the
mercury lamp intensity was T 1%, The reflectivity of each

mirror was essentially the same over its entire area,.

(I) Furnace Design:

A furnace, of 1000 watts maximum power, was constructed
for following the reaction up to 300°C. It is shown diagram-
matically assembled in Fig. 13, dissembled in Figs. 1l and 15.

The entire furnace consisted of aluminum plates,
through which the center hole (diameter 27 wm.) was drilled
longitudinally. Layers 1, 3, L1, 5 and 7 and bases of layers
2 and 6 were 3" thick. The frames of layers 2 and 6 were
made from g" aluminum strip to form the heater troughs.

In order to hest the reacting gases evenly, the
elements were made in three sections, Fig. 16. All consisted
of B. & S. # 24 nichrome wire, 1.63n./ft. Sections A and C
both contained 5 feet of wire, section B, 10 feet. The wire
was insulated from the aluminum by and sandwiched between thin
esbestos sheet wetted for snug fist. The leads were drawn
through double-hole porcelain insulators placed in the frame.

The units were dried overnight at 105°C.



FIGURE 13

THz FURNACE LAYERS ASSENBLED
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FIGURE 14

FURNACE LAYERS 1, 2, 6 and 7
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The pairs of sections A, B and C of layers 2 and 6
were jolned in series, and each pegir was supplied from =
separate Varisc.

When the plates wers bolted together with the reaction
tube inside, they were completely surrounded by four layers of

+" asbestos board.

(J) Tempersasture Profiles

The tempersture of the heated zases in the reaction
tube could be measursed directly with the movable thermccouple
probe. A typicel temperature profile, for an alr flowrate
of approximstely 350 micromcles/sec. is seen in Fig. 17.

The resistance of esch heater was known, and the calculated
wattages for this profile were:

Section A: 188

Section B: 70

Section C: 197
The shape of the profile was independent of the helium carrier/
quencher pressure in the range 2 - 20 torr. 'or the disteance

of

3 - 33 em. in the furnace, the temperature was T°K t 2,5% or

better, for all temperatures used in the range T = 373 to 573.

X) Nitric Oxide Flow Measurement:

The flowrate of NO was obtained for each experiment
by the P-V-T method, using a "two-bulb" technique. The comp-
onents concerned, in Fig. l, were V_, Sg, Sg, My and the
2i-liter storage volume. During reaction Sg and S¢ were open,

and both volumes were used as a supply reservoir (st pressures



FIGCRE 17

A TYPICAL TEMPERATURE PRCOFILE
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near one atmosphere).

For finding the flowrate, SS was closed and the
pressure in the known volume V, diminished with time, as
shown by M,. When a measurable pressure difference was
attained, Sg was closed and SS opened to provide a continuous
flow for reaction. If a pressure difference Ap appeared
in time At, the flowrste was

r = dn = 4p v
NO at At °RR

where T 1s ambient temperature.

During the time At, the flowrate decreased somewhat
because the supply pressure in V., decreased. The value of
Ap was about 5 torr, which, in a reservoir at 700 torr,
constituted less than 1% error.

(L) Procedure for a Typical Experiment:
(with reference to Fig. l)

The mercury lamp (on a Sola Constsnt-Voltage trans-
former) and the photomultiplier battery voltage were turned on
and allowed to stabilize.

(1) Preparation of the gel column for use:

The ozonizer and gas flow were turned off, and
the gel trap SG was evacuated with the secondary pump through
S18- An auxiliary hot wire destroyed ozone befoure the pump.
The gel was flushed four times with carrier gas through ssu
and SSS, alternately being filled to 70 cm.Hg and evacuated

to 7 em. g as measured on Mu.
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(i1) The gases used:

The quencher gas and its flowrate (which
constituted almost the entire flow) were chosen with the
intention of finding its relative quenching efficiency for
NOS. Its flow wes started through the system Syg to Sqq,
and was read off from its flowmeter callbration.

The cearrier gas for the ozone would generally
be identical to the quencher gas, except SIg, 002 and N0,
which would be more or less completely adsorbed on the silica
gel colunmn. In these cases, helium was used as carrler gas,
because it was adsorbed to g limited extent only, and its
quenching efficiency was small, compared with SFg, COp, and
N50.

The carrier ges flow was started thrcugh 813
to 817. The main hot wire HW was turned on (to decompose
ozone before the pump) and trap T), was brought to -780C (to
trap nitrogen oxides before the pump during reaction). The
ozone/carrier flow was allowed to stabilize for at least L5
minutes. The flow of ozone was controlled by Nh and Ch’
the carrier flow by Co and Np.

(1ii) Measurement of initial ozone concentration:

In this optical measurement, the value of I,
was obtalned by by-passing the ozone/carrier flow through Spq,
leaving only quencher gas (non-absorbing) in the light beam.
Three or four consecutive measurements were taken. The total
pressure was measured with M3, and the gas temperature at the

absorption cell was measured with the thermocouple probe.
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(iv) Measurement of nitric oxide flow:

NO was then introduced through S7. After 1ts

flow had become stable, as indicated by the flowmeter Cy, the
flowrate was determined as described on p. 76.

(v) Measurement of ozone concentration as
a function of time:

These deta would yleld a value for the rats
constant of the 03-NO reaction. I, and Iy velues were found
for different reaction distances (1l.e., different NO inlet
positions). Three or four determinations were taken with
the inlet at each position.

(vi) Measurement of emission intensity as a
function of time:

The emission intensity was next measured as a
function of reaction distance in a similar manner. Two read-
ings were taken at each position and they agreed within T 5%.

(vii) Measurement of reaction temperature:

The temperature profile in the reaction tube
was next determined. In room temperature experiments, the
thermocouple wes pleced at the absorption cell, and the
temperature was taken as a function of reaction distance. In
experiments using the furnace, the NO inlet was placed at the
beginning of the "platesu" temperature region, and readings
were taken downstream therefrom.

(viii) "Check" messurements after cessation of
regction:

The NO flow was stopped and initial ozone
concentration redetermined. It was always within * 3% of

the starting value.
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The 1P21 dark current {no resction) was determined
as a function of NO Jet position. This was necessary because
(1) part of the NO entry tubing was outside and light-tight
enclosure and transmitted light longitudinally; (ii) since
the emission lay beyond 6000 Z where 1P21 was rather insensit-
ive, maximum applied voltage was used, making it very sensitive
to stray light.

(1ix) Preparation for next run:

The ozone supply was used for as many as four
consecutive runs. During this time, the silica gel coclumn
at the carrier entrance end became bleached of its dark-blue
colour, the remainder staying as it was. The NOp/Np03
mixture in Th was desorbed in vacuo at 100°C, the ozonizer

started and the gel column was re-saturated overnight.
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CALCULATIONS AND RESULTS

(A) The Experimental Data:

The description of the quantity 1s followed by its

symbol.

(1) Before Reaction:

(a)
(b)
(c)

(d)

(e)
(f)

Inltial ozone concentration, [@i] 00
Gas temperature of this measurement, T,,

Flowrate of carrier gas by the sogp film
method, f,

Flowrate of quencher gas from calibrated
flowmeter, fq

Room temperature, T,

Total pressure (03, carrier, quencher), Po

(11) During Reaction:

(a)

(b)

(c)

(a)

(e)
(£)

Ozone concentrastions at various resction
distances, EOj] N

Emission intensities (with photometer
range number) at various reaction
distances, %ua

For initial nitric oxide flowrate, fyo:
Ap and At

Total pressure (03, NO, products, quencher,
carrier), P!

T
Temperature of gas at ozone measurement, TO

Reaction temperature at various reaction
distances

NOTE: In room temperature experiments, items (e) and (f) were

identical.

(1ii) After Reaction:

(a)

(b)

Dark current of 1P21 photomultiplier at the
NO jet positions used, Ig,

Check on initial ozone concentration, [?é] 00
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(B) Calculation of concentrations from flowrates:

Example, Experiment L5:

In this run, argon was both carrier and quencher.

T, = 22°C = 295°K
fo = 155 micromoles/sec. (1 micromole =
1 x 10°° mole)
fq = 1390 micromoles/sec.
Too = 23°C = 296°K
Pp = 12.52-2.73 = 9.79 inches silicone oil
P& = 12.54-2.72 = 9.82 inches silicone oil
For fyq: Ap = 10.71-3.72 = 6.99 em. Octoil
At = 60 seconds
NO flowrate: fy, = Vg Ap
RT, At
= 2’22 b 4 6. O. 8
(62.4) (295) .

= 10.2 micromoles/sec.

Initial ozone concentration:

(03],

logy o(I/I) x 10.75 x 10%°
= log (94.7/46.9) x 10.75 x 10%°
= 0.3054 x 10.75 x 1015
= 3,29 x 1015 molecules/cc.
Confirmatory detecrminations of [Pé]oo yielded, in
molecules/cc. x 10-15; 3.18, 3.26, 3.15, 3.17, 3.17; average,
3.20 x 1015 molecules/cc.

Total pressure expressed in molecular units:

PT} No = )(9.79)(0.92) (25.L) 6.02 x 1023
{ RToo { 13.5 (62,1,00) (296)

559 x 1015 molecules/cc.
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Initial flowrate of ozone, fOB, may be calculated
from the time-differentiated form of Dalton's law, viz:-

f0347 = Ebj]QQ
f03 + £, + f Ep3 + carrier + quencheg]

In this experiment, argon is both carrier and quencher, so that

3 Eoll)o fargon
EPB + argon] - [93]00

(3.20 x 1015) (139041
(559 - 3) x 10+

4
o
]

8.90 micromoles/sec.

il

In gll experiments, the heat of reaction was such as
to raise the reaction temperature above ambient. This differ-
ence amounted to as much as 20°C, For experiment !j5 the data

ware:

TABLE 7

Variation of Reacting Gas Temperature
wlth Reaction Distance

Reaction Thermoc'ple Temperature
Position Distance E.M.F. T,,°C
cm., mv.

X1 2 1.94 148
x 13 1.88 L7
xg 32 1.40 35

The reaction was 60-70% finished at 13 em., and so
the average temperature over this interval was taken as the

"true" reaction temperature, Tg, which was 321°K in this case.
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The ozone concentrations measured directly during
reaction correspond of course to Ty. Initial ozone and
nitric oxide, as well as inert gas concentrations were
evaluated also according to Tg.

Now the mole flowrate 1s determined solely by flow-
meters and is independent of reaction temperature. The total
molecular concentration at Ty may be calculated from P% as
before:

[éll species] (9.82) (0.92) (25.1) (6.02 x 1023)
(13.5) (62,400) (321)
519 x 1015 molecules/ce.

il

The total flowrate, fT, in reaction 1s

15’03 + L, 4 fargon

8,90 + 10.2 + 1545

= 156l micromoles/sec.
This relation holds exactly because in the reaction
03 + NGO —>= N02 + 02

the number of moles in invariant. Side reactions, changing
the total number of moles, are relatively insignificant in
conditions reelized in this work.

The concentrations at Tr follow as before:

03],

b
_92 . [éll specieé]
frp

%-2& (519 x 1015)

= 2.96 x 1015 molecules/cc.
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Similarly
3.38 x 1015 molecules/cc.

G,
]

(C) Calculation of Reaction Time:

513 x 1615 molecules/cc.

The gas flow in reaction is assumed to be laminar,
i.e., there is no longitudinal mixing. The ideal gas law

for flowing gas in reaction is

av = fpRTR = ax
dt BT A dt
T

where A is the internal cross-sectional area of the reaction
tube and dx/dt is the linear gas velocity. The internal

dismeter was 22 mm., so that the area was (3.1&16)(2.2)2/u

or 3.8 em. 2

Hence

dx (156l x 107%) (62,1400) (321)

t (3.8)(17.2)
480 cm./sec.

it

where Pé is 17.2 torr. The reciprocel of this number is the

time equivalent of distance, i.e., 2.08 milliseconds/cm.

(D) Integrated Rate Expressions:

(1) Non-stoichiometric conditions:

The rate of ozone disappearance is given by

- L8 L e ) (]

tot is the overall rate constant, referring to the

where ku

production of both excited and unexcited NO». The rate of



disappearance of ozone by
O3 + N0, 91\103 + Oy

is negligible under experimental conditions.
Let

z = concentration of ozone which has reacted

A, = [§é]o and A = [@j]
Bo = [mO], and B = [wo]
Then
- %% = - d(a atZ) = %% = kﬁOt (Ag-2) (By-2)

which when rearranged and integrated is

1n (B/A) (BomA) KPP £+ 1n(By/Ao)

o.u3u(Bo-Ao)kﬁ°t t + log (By/Ag)

il

or log(B/A)

(VI)

The requisite data for Experiment L5 are given on

page 189. Since the reaction stoichiometry 1is 1l:1

B Bo- (Ag- A)

Fig. 18 shows a plot of log(B/A) vs. t, and the

slope S 1is given by

S = 3.8 sec.Tl = 0.L34(Bo-ag)KfO"
I AL S = 3.48 .
b 0.3 (Bo-Ag) (0.3 (0.2 x 10%5)

= 1.9 x 104 cc./molecule/sec.
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FIGURE 18

A TYPICAL SECOND-ORDER RATE PLOT

(Non-stoichiometric conditions)
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(i1i) Near-Stoichiometric conditions:
When A, 1s very close to By, the quantity B/A
hardly changes with time, and the % uncertainty in (By - 4;)
becomes very large. Hence it 1s better to proceed as follows
(from reference 29):
Put A = (Bp-4p)

B = By - (Ap=A) = A+ (Bo=hp) = A+ A

The rate expression (VI) then becomes, upon
substitution
- gA = ktOt +
o N A +4) (VII)
If we substitute in (VII) the relation A* = A + A/2, we
obtain

-aa = kﬁOt A+ A/z} {A' - A/2}

CRat (LR ktOt(A‘)Z{l -(A/EA')Z}
(VIII)

In Experiment 35, A was 0,60 x 1015 molecules/cc.
The term in brackets in equation (VIII) was initially 0.99 and
0.95 at two-thirds reaction; it may be replaced by its "constant"

average value
1 A2
- HIEK;_

and the equation may be lntegrated tc give

/a0 - 1/A = kﬁOtt {1 - AZ/LLA(')AE.}
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Fig. 19 shows a plot of 1/A' vs. t. The slope is

w2
Il

1.06 x 10”4 co. /molecule/sec.

o bob _ S ) 1.06 x 1071k
b a2 L - (0.60)2(10.1) (2.81)10~2
LATAT n
-l -
= lOOéOXQ%O Lo 1.1 x 10tk cc/molecule/sec.

-1
The expression <i - AF/MABA%) is here called " A -correction",

(BE) Confirmation of Reaction Order:

The best methuds of determining reaction order
require that the initial reactant concentrations be varied
widely. In the present work the speed of self-heating of
the reaction, and measured concentration uncertainties made
this impractical.

If, however, the reactants are present in stoichio-
netric concentrations, the over-all order may be found as

follows (after Van't Hoff). The rate law

- dA = tot  xpy
reduces to
- dA = pbot X+ 7
at Ly
and so
tot

log(-da/dt)

log ku + (X + y)log A

Fig. 20 shows the ozone concentraticn profile for
Experiment S1 in which AO/BO was 1.01; tangents to the curve

were drawn and Table 8 shows the pertinent variables, which



PIGURE 19

A TYPICAL SLECOND-ORDER RATE PLUT

(Near-stoichiometric conditions)
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A TYPICAL CZONE-DISAPPEARANCZ CURVZ
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MILLISECONDS

REACTION TIME,



are plotted in Fig. 21. The slcpe 1s 1.0.

TABLE 8

THE OVERALL REACTICN CRDIR 2Y THE MLTHOD Co VAN'T HCOKFE

Reaction time 0 10 30 60
t, sec. x 10*3
Uzone concentretion 3.52 2.10 1.25 0.70
A

molecules/cc.x 10715

—da/dt 19 6.6 3.1 1.0
molecule§{8c./sec.

x 10+°

log ( —da/dt) 17.28 16.82 16.5C¢ 16,01

(F) Mechanism for chemiluminescence:
The proposed mechanism for the chemiluminescsnce

is glven cn page 6 end is as follows:

O3 + NO—> NG, + O (L)
63 + NO—> NG5 o+ O (™)
sz — > WO, + hw (2)
NC'S + M —= N0, 4+ M (3)

The resulting kinetic expression, following the example on

page 3 1is
1 o= ki 03)d] - Iop (03] [wc]
ky (2] )
where ISp is the "specific intensity".
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slope

FIGURE 21

THE OVERALL REACTICN CRDER DETERMINED
BY THE METHOD Cif' VAN'T HOFF

A: Ozone concentration, molecules/cc.

da/dt: Rate of reaction, molecules/cc./sec.
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Upon rearrangement, this is

51Dvo]  _ 5..@. (IX)

so that, in a single experiment, the quantity on the L.H.S.

should be invariant with reaction time (the nature and con-
centration of M do not change).
In practice, the intensity as measured, I, 5, contained

a dark current I,,, sc that the corrected intensity was

I, = - 1

7ua de
The I, values were normalized to photometer range # 2 (Fig. 8)
to give values of I,. Table Q@ shows the derivation of I, for

experiment 35.

TABLE 9
CALCULATION OF I, VALULES FROM EXPLRIMENTAL DATA

FOR ZXPZRIMENT 35

Reaction time, t I, . (range) I4 I. I

sec. x 103 JE Arbitrapy units, I.U..

Lol 101 (2) 6 95 95

8.88 70 (2) Iy 66 66

13.3 142 (3) 7 135 L5

20.0 96 (3) 7 89 30

28.8 66 (3) 6 60 20

37.7 L2 (L) 1 121 12
53.3 95 (L) 20 75 7.5
71.0 68 (L) 18 50 5.0

For convenlence, the gquantity |:03:[ EWC]/II. will be

designated hereafter by § . In Fig. 22 the §—values for
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FIGURE 22

VARIATICON OF § WITH REACTION TIME
IN EXPERIMENT 35

(molecules/cc.) 2/I.U. x 10728
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Experiment 35 are plotted versus reaction time,. This increase
of -é with reaction time 1s not totally accounted for by experi-
mental uncertainty, and this behaviour appeared in almost all
runs, irrespective of the nature and concentration of M,

This indicated that, in the R.H.S. of Equation (IX),
any combination of the following changes may be taking place
as reaction proceeds: k3 increasing, Eﬁ] increasing, k,
decreasing, kﬁ decreasing. In the present work, the pertinent
changes were:

(a) temperature of reaction decreased somewhat
during reaction

(b) O3 and NO disappeared with simultaneous
appearance of N0, and 0,

Since reaction (2) 1s a radiative step, and reaction
(3) an energy transfer, their actlvation energies would be
small; that for (u%), the formation of an energy-rich molscule,
would be relatively large. The activation energy for the
overall 03-C reaction is circa 2.5 kcal./mole; since the
activated complex may be the same in this process as in
reaction (u#), they may be expected to be of the same order
of magnitude. The decrease of kﬁ as reaction proceeds might
account for some of the § -increase.

The R.H.S. of equation (IX) can be written, for
Experiment 35, as
%ﬁ_x el + 4Py + plioa] + Y[ + Sf5]r
Now & , ¥ and § would not be expected to be very different

among themselves, and since helium was in large excess, the 0o 4
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03 and NO terms would not substantially change the value of
the expression. However, since NOé is being quenched, ?
might very well be relatively large, so that increase in [?02]
during reaction would significantly affect the expression.

Ancother way of checking this explanation would be
to investigate the dependence of‘§ upon concentration of inert
gas M. If the last four terms in the exXpression for.§ in (X)
were small relative to the first term in brackets, then one
would expect a linear plot between § and EG] However, linear
plots were not obtained and in fact, depended upon the reaction
time "t". This is to be expected if the PE\IOZ] term made &
significant contribution. It is possible, however, to compare
experiments with different values of [?] at reaction times
which correspond to the same amount of NU, in each experiment.
This can be done as follows:

since [0, | = [e5], - [03], 1ts value must be
large enough so that the uncertainties in [?ﬁ]o and [?5] do
not introcduce prohibitive error. For example, let us con-
sider the runs with helium as quencher (ZExperiments 35 - 39).
For Ixperiment 35, the velue 1.50 x 1015 molecules/cc. for
[ﬁOé] would appear at 13.3 milliseconds, i.e [?i] [?é]
(3.26 - 1.77) x lO15 = 1.h9 x 1015 molecules/cc. The
corresponding§ -value at 13,3 milliseconds may bhe resad off
from a plot such as Pig. 22. Its value 1is 8.8 x 1028 (mole-
cules/cc.)2/I.U. and is entered in Teble 10.

In this way, the § -values for a series of runs with
the same inert gas were all evaluated at the same [@Oé]. Table 10

shows the @ -data and the reletive quenching efficlencies for
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TABLE 10

§ DATA FOR VARIOUS GASES AT ROCM TEMPERATURE

P& Total pressure, torr
[gnert 53%]: molecules/ce. x 10715
EF: (molecules/ce.)?/I1.U. x 10728
"slope" from Figure 23, molecules/cc./I.U. x 1071

Rel. eff: Relative quenching efficiency (N, = 1)
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NITROUS OXIDLZ AS QUENCHER

Expt. No "P"I' ET?Z' §
56 19.2 53l 39.4
57 2.77 27.8 2.2
58 8.80 216 8.6
59 13.8 37l 21,0
Slope: 7.U5 Rel. eff. 1.0

Reforence NUo concentration: 1.70 % 101D molecules/cc.

SULPHUR HIXAPFLUCRIDE AT QUZNCHER

ixpt. No. P

57 ¢

78 2.143 25. 1 2.1
79 7.27 177 19.0
80 12.7 35 39,2
81 17.3 1186 71.0

Slone: 1L.7

Rel, eff. 2.7

Reference NU» concentration:

1.7C x 101> molecules/cc,

HELTIUM AS QUENCHZR

Zxnt. No. P, Eﬂ{[ )
35 11.L 350 8.8
36 18.6 583 11.8
37 1.7 L53 10.6
38 5.36 160 3.6
39 8.88 271 7.8
Slope: 1.8L Rgl. eff. 0.3h

Reference NOo concentration: 1.50 x 10+° mﬂlecules/cc
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ARGON AS QULUWCHER

BExpt. No. P 7 E‘&r] @
L5 17.2 513 12.6
L6 3.27 90.2 C.6
L7 12.1 358 5.8
L5 7.8L 230 7.1
Slope: 2.51 Rel., eff. .06

Reference NUo concentration: 2.00 x 1015 molecules/cc.

NITROGEN AS QUINCHER

Zxpt. No, P!

N []

T
110 16.6 507 20.6
L1 §.28 250 8.2
1.3 ;.13 122 2.4
Slope: 5.41 Rel, eff. 1.0
Reference NU2 concentration: 1.50 x 1015 molecules/cc.

CARBCUN DICXIDL AS QULNCHZER

Expt. No. P! @02'] [
50 2.70 23.0 2.C
51 19.9 523 0.0
52 0.63 207 13.9
£3 1.4 386 27.0
Slope: 7.53 Rel, eff,. 1.1

Reference NCo2 concentrstion: 1.7C x 1015 molecules/cc.
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different gases at room temperature. In Fig. 23 the data are

plotted.

(G) Calculations for the Rate Constant for Overall
Reaction at LElevated Temperstures

The site of ozone concentration measurement was
beyond the furnace, and always near room temperature; hence
observed ozone concentrations were referred to reaction temp-
ergture with the use of Charles' Law.

For calculating resction times, the temperature
profile in Fig. 2} was used, where Tgxp 1s the "external"

"average" temperature

temperature, which is here taken as the
(T, + Tg)/2. The linear velocities in the Tgyp and Ty
regions were found as before.

On pages 205-217 are given the data for elevated
temperature runs. The reaction distances used in Experiment
6ly were used for all subsequent experiments, except where
indicated.

The rste constant was found from near-stoichiometric
conditions conly. This was done because, for lower ozone con-
centrations, the percent. error in measured [§3:]would have
been prohibitive; for higher ozone concentration, the heat of
reaction would have introduced too great a temperature drop
during reaction. The A -correction was always between 1.0
and 1,1, indicating the validity of this method for all twelve
experiments, Results for all temperatures are given in Tables

11 and 12, and these data are pleotted in Fig. 25.

It has been shown (12) that the disappearance of

ozone in this reaction takes place by two paths simultaneously,
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FIGURE 23

PLCT CI" DATA FROM TABLE 10

(molecules/cc.)g/I.U. x 10—28
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FIGURE 24

TEMPERATURE PRCFILE USED FOR CALCULATING THE LINEAR
VELOCITY FOR ELEVATED TiMPERATURE REACTIONS

Tryp ? Temperature beyond furnace, (T, + Tg)/2

Too! Temperature of ozone measurement without
reaction

T.: Temperature of ozone measurement during

reaction

116
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TABLE 11

RATE CONSTANTS ¥OR 03 + NO NEAR RCOM THEMPERATURE

k: cc./molecule/sec. x 104
T2 317 * 8°k
1/7: 3.15 * 0.07 x 10”3 °k~1
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Ei%T X LOG k 4+ 1L
3l 2.6 0.42
35 1.1 0.0
36 1.4 0.15
37 1.4 0.15
38 ’1 3 0.11
39 1.0 0.00
40 1.6 0.20
L1 1.5 0.18
L3 1.8 0.26
4s 1.7 0.23
L6 2.4 0.38
L7 1.9 0.28
48 2.0 0.30
50 1.9 0.28
51 1.7 0.23
52 1.7 0.23
53 1.9 0.28
56 1.9 0.28
57 2.2 0.3l
58 3.0 0.48
59 1.9 0.28
78 2.8 0.45
79 1.9 0.28
80 1.6 0.20
81 1.5 0.18

Average 1.8 * 0.5 0.25
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TABLE 12

RATE CONSTANTS FORAQB + NO AT ELEVATED TEMPERATURES




L’)%T T, K %’oK-l x 10 ccl.{/rlr(loigiile/ Loc k¥ + 1h
Sec.

6, 380 % 10 2.6L %t 0.06 3.2 0.51
65 4.3 0.63
66 3.l 0.53
67 2.8 0.45
Average 3.t 0.5 0.53
68 495 t 10 2.00 % 0.0L 2.8 0.45
69 ) 0.60
72 7.h 0.87
73 5.9 0.77
Average 5.0 = 1.7 0.67
7h s7ht 10 1.74 % 0.03 8.8 0.94
75 9.2 0.96
76 12 1.1
Tr 7.4 0.37
Average 9.4 £ 1,7 0.97




FIGURE 25

ARRHENIUS PLUT FOR THE 03-NC RATE CONSTANT

, mean value of logjgk (with its standard

deviation) at a single temperature
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viz., (L4) producing unexcited NO, and (47 producing excited
NO»o:

03 + NO——>NO5 + 0, (4%)
so that the rate equation is, more precisely,

~a fog)/at = (i + i) [63] o] = kﬁ"t[_bﬂ E\ro]

If ktot be written as

tot t !
Kot = Au"t exp(—BE°Y/RT) (X1)
: tot tot otot

From a least squares calculation, the slope of the

line of the Arrhenius plot is

- 466K = - m ot
7. 3R
Eic’t = 2.1 keal.mole

Similarly the intercept is - 12.3, and

AROt = 5,0 x 10713 cc./molecule/sec.

12

The uncertainty in E£Ot may be estimated from experi-

mental data as follows (29). Let the rate constants at two

temperatures T and To be ku(Tl) and kj, (Tp) respectively. The

Arrhenius equation (XI) can be written as

B°% = Ry,

. 1n K (T2)
(To-Ty) " ku(Tls
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Assuming errors ATy, ATy, Aky(T1) and Ak, (T2) are inde-

pendent and random,
gtot 2 T 2 2 . 2 2
AL = 2_)[(an s (i ATy
Btot T1-To J\TTy (T1-T2) T

-2 2 2
+ 1n [k (T2) Ak(T ) + Ak (Tz)
<E)i<T_l)-> ( k&(T ) ( k).L(TZ)

AR

If we substitute the values

T, = 317 T 8%
Tp = 575t 10%
kg, (1) = 1.8%0.5x 10" ec, fmolecule/sec.
ku(TZ) = 9.4 %t1.7x 10'1400./molecule/sec.

we obtaln

(5 @) ) - ) T o) 60

= 32 x 10"LL + .6 x 1074 . .1 x 1072

= by x 1072
Etot
fe = = 0.21
* wnEot
Iy

so that we may write

kﬁOt = 5,0 x 10733 exp(-2100 ¥ }JLC/RT)cc/molecule/sec.

(H) Determination of the Absolute Value of I%Q:

(i) USE OF A STANDARD CHEMNILUMINESCZNT REACTICUN:

Relative values for the specific intensity Isp
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have already been obtained (pp.97-108). Absolute values may
be found if the 1P2]1 photomultiplier is "calibrated" with a
chemiluminescent reaction of known specific intensity.

Let the phototube current for the 03—NO emission at

wavelength A in the apparatus be i{A); then

1A = Ig, @E]%TOJ G So

where G is the geometrical factor (fraction) for
this apparatus

S; 1s the sensitivity of the 1P21 at
wavelength A

For a selected wavelength interval A, to Ap,

A2
1= Ig, —E?—E%—J@ﬂ G /s) dA (XI1)

A
Similarly, if in the same apparatus the 1P21 views

light from the standard reaction C + NCp—>NC + hwz through
a filter of transmission s the phototube current will be,

for wavelength interval 7\2 to 7\3,

A3
1g = Igps [0][M] @ [SA £y dA (XIII)
A2
For simplification, we shall use the relations
M
igp = i_le. (XIV)
(030
isps = ig (XV)
foama]
where isp and isps are corresponding "specific" phototube

currents, Hence from equations (XII) to (XV),
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Az
i I Sx dA
TS-E—- = Sp Al A (XVI)
8ps A3
Isps /57\ fa dX
Az

where the required quantity I  is the only unknown.

p

(1ii) CALIBRATION EXPERIMENT:
(a) Specific Phototube Currents:
The experimental arrangement is shown in Fig. 5.
The NO jet was placed 10.0 cm. upstream from the photomultiplier
collimator.
Nitrogen atoms were produced by a microwave discharge
through nitrogen (Raytheon Diathermy Unit, Model CMD-13, 2,50
megacycles) just before the entrance to the furnace. The N-
atoms were titrated with NO so that an equivalent concentration

of O-atoms were produced by the fast reaction
N 4+ NO —> N»  + 0

and intensity readings were tsken for different NO flowrates
beyond the endpoint. Welch pumps 1L02 and 1397 were used in
parallel to obtain a high linear velocity, for minimum O-atom
decay in the 10-em, distance.

The data are (the symbols have their usual denotation):

T, = 28°
sz = 127 micromoles/sec.
Pp = 0,68 torr
Ige = UL ()

A Wratten filter # 70 (Zastman Kodak Company) was placed before

the collimating slit to reduce the emission intensity to



measurable values.
a At visual endpoint:
%Pa =15 (4); Io =11 (b); I, = 1.1
fyo = 2.42 micromolss/sec.
FPirst NO incresse:
I’,la = 145 (L); Io = 141 (4); Ip = 1.1

fyo = 2.58 micromoles/sec.

Ic

Second NO increase:

lo

Tna = 140 (3); T = 139 (3); Ip = U5.2

fyo = 2.75 micromolss/sec.

[o?

Third NC increase:

I}la = 195 (2); IC

Fourth NO increass:

Ina = 155 (1); I, = 155 (1); Iy = 515

£y = 5.13 micromoles/sec.

jo

In Pig. 26 1s plotted I, vs. fNO ; the x-axis intercept is

2.5 micromoles/sec. which was the initial C-atom flowrate.

195 (2); I, = 195; fyo = 3.4k
micromoles/sec.

Allowance must be made for the fasct that the C-atoms

decayed somewhat in the 10 cm, distance, by the reactions

¢C + W + N—>3>NO, + M (1)
G o+ Wop ——> NO 4+ 0Oy (19)
0 + ¢ + M —> 0 + M (20)

Under experimental conditions, k19 >> klﬁ\'i] so that the rate

of O~-atom removal by reactions (1) and {(19) was

Ryo = 2k [0 (o) [v]
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FIGURE 26

INTENSITY CF THE O-NO EMISSIUN AS A FUNCTICN
OF NITRIC CXIDZ FLOWRATE
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and [ﬁé] is constant since NO is regenerated in reaction (19).

The rate of removal ol C-atoms by reasction (20) is

Rrpe, = koo [EJZEKJ
. Rrre.  _  kpglo]
t Ry 217 (N0 ]

3.9 x 10731 cc?/moleculeg/sec.

it

where, at room temperature, kq
kog = 2.8 x 10732 cc?/moleculeg/sec.

and [g] / [@O was at most 19.  Hence

frEc. L o.07
Ryo

and we can write, iIn an approximation,

- afol/et =2 2 [0 [ve] [1]

which upon integration is

E] = [lo et

(0]

Por exemple, in =tep g, [ﬁO = .61 w lolu‘mmlcoules/cc.
t = 10.6 millcseconds

=
i

(2) (3.9 x 10731y (0.h2 x 1015) (c.Le x 1015) (23 x 1015)

= 8.1 sec.” 1

o]

il

(.12 x 16 5)exp(~ 8.1 x 10.6 x 10™3)
0.39 x 1015 melecules/ce.

tH

The data for steps b to ¢ are summarized in Table 13, where

I, 1s equated with 1. The value of 1sps for cur purposes

is 2.5k x 10727 I.U.cc.2/molecule?,
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TABLE 13

DETERMINATION OF THE SPECIFIC INTENSITY OF THE
0-N0 EMISSICN IN THE APPARATUS

Elb] [_—Q] on ENO] In isp.sz
Run molecules{ moleculesﬁ (molecules Arbit'y I.U.cc.?
-+

ce.x 1071 cex 107 ce)2x 10-2 units, moleoule?
I.U. x 102/

(b) 0.20 1.18 0.85 4.1 1.7
(c) 0.48 .16 1.97 Lé.2 2.3
(&) 1.57 .07 6,110 195 3.1
(e) .27 3.87 16.5 5lg 3.1

For the (3-NO reacticn, from Table 10 for M = Ny,

L0 . G
1sp = E§§jfﬁ%j N ‘L%%ig = spT oM

1.85 x 10_121.U.cc./molecule

(b) Sensitivity Integrals:
The relative sensitivity curve for the 1P21 is
given in Fig.27; since the OB-NO emission begins at 6000 X,
this radiation was detected in the range 6000 - 7000 1.
In the C-T0 experiment, the Wratten filter, whose
transmission 1s given in Table 1L, limited the range detected

to 6500 - 7000 4.

TABLE 1l

TRANSMISSION OF WRATTEN FILTER 70

K 6500 6600 6700 6800 6900 7000
b 0.006 0.105 0.35 0.55 0.70 0.79

The sensitivity of the detecting system was then S, o s whose
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FIGURE 27

RELATIVE SENSITIVITY OF 1P21 PHOTOMULTIPLIER, 6000-7000X




12dl 40
ALIAILISNAS 3AILYVIY * ¥s

6.6 6.8 70

6.4

6.2

6.0

132B

X 10

o

?



133

curve is shown in Fig. 26. Hence

7000

//;) dA

6000 8
7000 - 3.

Safyd A
65C0
(¢) Values for IspS and Isp:

The spectral distributicn of the C-NO and 03-NO
emissions are shown in Figs. 29 and 30 respectively (23, 12).

The specific intensity for any wavelength interval 1s proportional

tc the area under the curve in that interval. Hence by direct
measurement,
= - -1
Iops = 011 Ig g(total) = 0,11 x 6.4 x 10717

0.70 x 10717 cefmolecule/sec.

If it is assumed that the intensity of the C3-NO
[
emission increases linearly from 7000 tc 11,000 A, and that
one-half the total intensity resides at wavelengths less than

o
11,000 A, then

1g

0 0.03 I, (total)

Substituting these values in (XVI), we have

1.85 x 10712 _ 0,03 I (total) x 3.8
2.5 x 10727 0.70 i 10-17 >
. Ig (totel) = L5 x 1072 sec.”t
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FIGURE 28

RELATIVE SEWSITIVITY OF THE SYSTEM
(1P21 + Wratten filter 70)




Safa

RELATIVE SENSITIVITY,

0.36
0.32
0.28
0.24
0.20
o.16

0.12

008
0.04

6.7 69 Tl
A, A X 1073

135



136

FIGURE 29

SPECTRAL INTENSITY DISTRIBUTICN OF THE C-NO EMISSION
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FIGURE 30

SPECTRAL INTENSITY DISTRIBUTICN OF 04-NO &MISSICN
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DISCUSSION

The rate constant for the OB-NO reaction was obtained
in this work on the basis of ozone disappearance rates, in
common with most previous measurements. Hence these values may
be compared directly, and the corresponding composite Arrhenius
plot 1s given in Fig. 31.

The results of the present work are compared with
extrapolated values from the work of Clyne, Thrush and Wayne

(12) in Fig. 32. These were taken from their datas in the form
kﬁ"t = K+ K = Apexp(-E/RT) + Aﬁexp(-Eﬁ/RT)

where kh and ki are the rate constants for the formation of

ground-state and excited NO,:

03 + NO ——~ NO, + 0p ()

03 + ©No —> NO3 + Op (L)

end 4y =8 x 10713 ce./molecule/sec. E, = 2.4 kcal./mole
Aﬁ = }.5 x 10713 ce./molecule/sec. Eﬁ = k.2t 0,3 keal,/mole

The dotted line shows a slight upward curvature, indicating
that the dissppearance of ozone through the path of higher
activation energy, (4*), 1s becoming appreciable. The
fraction, &« , of kﬁOt contributed by kﬁ may be calculated
straightforwardly from thelr data:

X K/kfot = W/ ey, k;:)

N j
]
)
+
=

S

=
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FIGURE 31

SUMMARY OF O3 + NO RATE CONSTANTS

this work
O (lyne, Thrush and Wayne, ref. (12)
Borok, refs. (3) and (L)

® Marte, Tschuikow~Roux and Iord,
ref. (11)

0 Johnston and Crosby, ref. (1)
Phillips and Schiff, ref. (18)

A TFord, Doyle and Endow, ref. (2)
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FIGURE 32

COMPARISON OF PRESENT WORK WITH RESULTS OF
CLYNx, THRUSH AND WAYNE

I , this work

——O—— , from Clyne, Thrush and Wayne
(extrapolated)
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i AL | exp(-E)/RT)
A Af exp (-Ef;/RT)
= 1+ 1.8 exp -{ (Ez - Eu)/RT‘}
. A = 1
* e 1+ 1.8 exp (1B800/RT)

For the temperatures used in the present work, Table 15 shows

values of 4 expected herefrom:

TABLE 15

tot

FRACTION OF ku CONTRIBUTED BY ki

T, Ox 74
318 0.03
380 0.05
495 0.08
575 0.1

These figures ere approximate only, since (Ei - Eh) has an
uncertainty of at least T 300 cal./mole and Aﬁ is known to
within a factor of .

In the present work, the temperature dependence of
kﬁ was not found, and the precision of measurement does not
Justify assigmment of curvature to the Arrhenius plot. However,
it may be shown that these results are compatible with the
followlng most reliasble conclusions of the work of Clyne, Thrush

and Wayne (assuming that their value for Eh is not reliable).
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(1) Eﬁ .2 keal./mole

(i1) Aﬁ = A
If we assume Aﬁ = Au = A, then we may say, approximately

kﬁOt = A.-{exp(-Eu/RT) + exp(-hZOO/RT{}
or

tot

log kbr - A exp(-uZOO/RT{} = 1log A —-Eh/2.3RT

The quantity on the L.H.S. may be plotted versus
1/T, using several likely values for A (in the L.H.S. expression).
The desired value for A is that one to which the intercept of
the curve corresponds. The slope of the curve yields the
desired value of Eh'

The data for the four experimental temperatures are
given in Tsble 17, where two trial values for A were used.
The data are plotted in Fig. 33. The desired value for A 1s
evidently between 1 x 10713 gna 9 x 10713 cc./molecule/sec.

The intercept is — 12.3 and the slope is -u70°K'1, so that

A = antilog (I3.7)
= 5 x 10713 cc./molecule/sec.
and
Ey, = (L70)(2.3)(1.99) = 2.1 kecal./mole
which values agree, within experimental error, to those of
Clyne, Thrush and Wayne.

The value of I, of this work, for N, at 318 % 8°K

P
was found to be 0,045 sec.'l. This in in fair agreement with

the value of Clyne, Thrush and Wayne
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1

.
l

120exp (-4180/RT) sec.
1

sp
0.19 ¥ 0.11 sec.”

The relative quenching efficiencies of the inert
gases in reaction (3), found in the present work, are compared

with other authors! results below:

TABLE 16

RELATIVE QUENCHING EFFICIENCIES OF INERT GASES FOR NO;

SFg|02 |Np | Ar | He [Hp |Np0(C0p|NOp| NO |CH) |CF) (HoO | Reference

2.7 = [1.010.46(0. 3 = |1 lf2ely| - | = | = | - | = | This work
1.1{1.0]|0.6 - 1.3} 2.9] ~ |16 - - - - 12
- [0.8{1.0| - - 0.5 - ]3.0/3.5] - - - - 102
2.5/1.1|1.0[/0.68|0.68|1. 4 2.1|2.4|2.3|1.9]|2.9|3.5|6.14 105
S P ] ERN RN R R I RS R S D 106

The results illustrate the general rule that the
probability of energy transfer by a molecule increases with the
number of constituent atoms, i.e., with the number of degress
of freedom offered by the molecule. However, in the extreme
case of SFg (or HZO)’ this efficiency 1s only about an order of
magnitude greater than that for the simplest monatomic gas, He.

The quenching efficiency of NO, might be expected to
be considerably larger than those of other molecules, since in
this case the frequencles of emission correspond to frequencies
of absorption. The values of Baxter (102), Kaufman (105) and
Neuberger and Duncan (106) are considerably different; these

[
are for quenching NC, fluorescence excited by Hg 1358 and LOLT7 A.



TABLE 17

DATA FOR DETERMINING APPROXIMATE VALUES OF "a"
AND E; FROM THE PRESENT WORK

kﬁOt : cec./molecule/sec. x 10l

1/T : og~1 x 103
A exp(-L4200/RT): ce./molecule/sec. x 101k
{kﬁOt - A eXp(-QEOO/RT{}: cc./molecule/sec. x 101L

A cc./molecule/sec.
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) Kot X
kEot | 1/7 | -y200/RT (~4200/RT) | A=1 xA1:§§3( iigoiRzé'l3 (- ugbé/§§§ log-{kﬁ?t——iuexp(-hZOO/RT{}
e (®) (@) | () (a) (b)
1.8 | 3.15 | -6.67 0.0013 0.013 0.11 1.79 | 1.69 .25 0.23
3.4 | 2.64 | -5.55 0.0039 0.039 0.35 3.36 | 3.05 0.53 0.48
5.0 | 2.00 | =}.26 0.0141 0.1l 1.27 L.86 | 3.73 0.69 0.57
9.4 | 1.74 | -3.68 0.0252 0.252 2.27 .15 | 7.13 0.96 0.85

6RT
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FIGURE 33

PLOT OF DATA FROM TABLE 17

O for A 9 x 10713 ¢e./molecule/sec.

il

X for A 1 x 10713 ce./molecule/sec.
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The short wavelength cut-off for the 03-NC emission is 6000 X;
hence the values derived from studles on fluorescence represent
efficiencies for NU, molecules in higher energy states.

In the derivation of these quenching efficienciss,
it wes essumed that the intensity distribution of the 03-NO
chemiluminescence was independent of [@i], Eﬁ@] and E@], as
found by Clyne, Thrusi and Wayne (12). Only the shortest
wavelengths (600C - 7000 K) were detected for intensity meas-
urements,

The increase in the quantity § in a single run may
be accounted for as mentioned before (pp. |03 ff.). For example,

the data for Experiment 36 are as follows:

TABLE 18

DATA FOR EXPTRIMENT 36

Reaction  Temperature [ﬁoé]
time of gases moleculeg/cc. (molecules/ch)Z/I.U.
milli- °c oK x 10715 x 107
seconds
.2l [l 31h 1.00 1.16
67.6 31 30l 2.76 1.65

The expression for é in this case may be written as
k T
= 3 He Hel| + glwo (XVII)
§ kﬁkz [] 2:|

where 0 1s the quenching efficiency ol Nup relative to helium,
which from Table 16 is 5. The predicted ratio of the § te

at the twe temperaturses is
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+

IS ﬁ[Nﬁo{_l}
115 [?Oé]}.

0.71

L (05)30, . 13

XVIII
[ (kf ) 31), {E@ ( !

+

= exp(-0.23) { 0.89}

using the activation energy for kz as given by Clyne, Thrush
end Wayne. Zxperimentally, this ratic was 0.63, indicating
that, within experimental uncertainty, the datz ere consistent
with this interpretation.
In runs with a rmore efficient inert zas (CCp, NoO,
SFg) § changes very little or, within experimental uncertainty,
is constant. In such cases, 0 in equation (XVII) is much
smaller and the concentrstion ratio in equation (XVIII) is more
nearly unity.
There remains the possibility that product NOp, in
reaction (l)
03 + NG ——> NCp  + Go (1)
will compete with NG for U3, through the reaction
O3 + NC» ———9>NC3 + 0o (&)
so that the rete constsnt, based upon czone dissappearance wculd
contain a contribution from reacticn (8). The only measurc-
ment of the activation energy for this resction was reported by
Johnston and Yost (ljly) for the temperature range 286 to 302°¢K.

In this tempsrature range, kg was
1
5.8 x 10713 (T)? exp(-7000 * 600/RT) cc,/molecule/sec.

and Teble 19 contains dats for comparison:



154

TABLE 19

Extrapolated velues for kg compared with kﬁOt

in cc./molecule/sec.

Temperature, °CK

318 380 49s 575

kg [.6 x 10716 | 1.1 x 10715 | 1.1 x 10714 | 3,1 x 101k

— 9 x 1073 L x 1072 0.2 0.3

If the kg values are correct, kEOt at the higher temperatures

are significantly in error.

It is imperative, therefore, to determine whether
the actual ozone-disappearance rates indicate this competition.
To this end the following curve-matching technique may be used
(10L4). Using the symbols

a = [?Q]
b = [04]
t
6 = bdt
(7
x = e
we may write
(by-b)/ag = (2 - e *+ e V)/(y-1) (XIX)

if ¢o = 0, where a,, by and ¢, are initial concentrations.

A curve relating (by-b)/ag to log g6 is first drawn
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from experimental data. The ozone profile for Experiment 75
is given in Fig. 34, and the necessary data for this curve,

given in Fig. 35, are below:

TABLE 20

Experimental data for curve-matching technlque

a, = 1.90 x 1015 molecules/ce.
b = 1.63 x 1015 molecules/cc.
Time interveal, o leg 6 | by-b
milliseconds molecule-sec./cc. x 10711 ag
0 - 2.5 36 12.56 0.17
0 -5 66 12.82 0.28
0~ 7.5 92 12.96 0.37
0 - 15 146 13.164 | 0.56
0 - 22.5 182 13.260 | 0.66
0 - 30 205 13.312 | 0.71
0 - 37.5 221 13.34d; | 0.76
0 - U5 235 13.372 | 0.80

Next, deta for curves of (bg-b)/a, vs. log x are calculated
according to equation (XIX). Since € lies between 30 x 1011
and 240 x 1011 molecule-sec./cec. and kﬁOt between 7 X 10-1h
and 11 x 1071k cc./molecule/sec., the range of x will be
0.2 to 2.5.

Curves for y = 0.1, 0.01 and 0.5 are fourd in

Fig. 36. It will be noted that, as y decresses, the shape
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FIGURE 34

O0ZONE CCNCENTRATICN PROFILE FOR EXPERIMENT 7°5
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FIGURE 35

CURVE-MATCHING TECHNIQUE TO DETERMINE ke/

kEOt

o Experimental data

X X Calculated, y = O
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FIGURE 36

CURVE-MATCEING TECHNIQUE TO DZTERMINE kg/kf"’t

X y = 0.01
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TAELE 21

Calculated data for curve-matching technique

y = 0.1
X

0.2 0.5 1.0 1.5 2.0 2.5

log x -0.70 | -6.30 | 0.00 | 0.18 0.30 | 0.40
xy 0.02 | 0.05 | 0.10 { 0.15 | ©.20 | 0.25
e* 0.82 | 0.6L | 0.37 | 0.22 | 0.1} | 0.08
o %Y 0.98 | 0.95 | 0.91 | 0.86 [ 0.82 | 0.78
(bo-b)/a, |=2.39 | -2.61 | -2.88 | -2.93 [ -2.93 | -3.00

of the curve more nearly resembles the sxperimental curve in
Fig. 35. Hence k8<gkﬁ°t, contrary to the predicted result
using the values for activatlon energy and pre-exponential
factor of Johnston and Yost (lih). Their values must therefore
be held in doubt. In Flg. 35 the limiting case (y = 0) is
represented as the dashed curve, displaced so that it coincides

with the experimental curve. Furthermore, as a check,

‘. logx = log kﬁOt + log 6

.". log kﬁOt

.o kEOt + 6 x 107k ce./molecule/sec.

= =13.2 = 1.8

which is of the right order of magnitude and confirms the
essentlal reliagbility of the method.

The results of this work are seen to be in general
agreement with those of Clyne, Thrush and Wayne, although the

mathods used are somewhat different, and, it 1s believed,



those used in the present work are superior in some respects.
These authors established the mechanism for the
chemiluminescence in systems where the maximum removal of NO

and 03 was 5% of their initial values, e.g. where

o -3
Pro £ 5 x 1072 torr

)
903 L 5 x 10~4 torr
Par = 1,3 torr

Thus, for constant (N0}, they found I L [03] and for constant
[03].,1& EIO] By varying[M:I, they also concluded
I _ I
(3] O3 B Epgr%

where Isp is a constant. Now they do not state in their
publication how [03] was derlved, or even how ozone was made.
If [03] was determined by the iodometric method, such concen-
trations are unreliable to the extent that this chemical
determination is so. In contrast to this, the present work
utillzed the optical absorption method, believed to be the
most dependable.

Having established the relation I:O3]°C 1/ [NO],
these authors proceeded to find kﬁOt, under conditions approx-

imately as above, through the following kinetic analysis:

BiJar - -4 ;)]
'+ ainfog)/at = —kf°t [Wo]
lnE)i] = lnE)B:IO - kﬁ(’t@(ﬂt

oo (/) = 1n (Iy/[80]) - PPt (xx)
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where I; is the intensity at t = C. Hence the intensity of
emission 1s used nere as ozone monitor.

In the present work, however, the quantities E)BJ
and I were measured independently of each other, during a

single run. Hence the data for the determination of kﬁOt

are independent of wnatever value "I" may have. Again,
equation (XX) is true only if E’I]/ISP is constant in a single
run, i.e., if k3,M[M:| >> kB,NOZE\IO?] where M 1s an inert gas.

16l
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SUMMARY AND CONTRIBUTICNS TO KNOWLEDGE

A (1) A flow system was used to determine the rate
constant kﬁOt of the gas-phase 03 + WO reaction. This rate
constant was based upon the rate of disappearance of ozcne,
and ozone concentration in reaction wes determined by optlcal
absorption at 25373.

(2) The data fitted second-order integrated rate
expressions, and when the reactants were in stoichiometric
concentrations, the total reaction order was found to be 1.8.

(3) Rate constants at room temperature (318 1t 8°9K)
did not show significant dependence upon total pressure in
the range 3 to 20 torr, for the inert gases Ny, Ar, He, COp,
N0 and SFg.

(L) An Arrhenius activation energy was obtained for
kﬁOt by carrying out the reaction in a tube within an aluminum
furnace of large capacity. Side reactions were shown to be

negligible with respect to the one under scrutiny; the expression

for the rate constant may be written as

%% = 5.0 x 10713 exp(-2100 * YO/RT) ce./molecule/sec,

in the temperature range 318-575°9K,

(5) The intensity of chemiluminescence from the
reaction was measured independently of ozone concentration,
and the data were shown to be consistent with the following

mechanism:

03 + NO—> NO5 + O (L)



NO5 ——>= NO, + hw (2)
N0 + M ——> NO, + M (3)

where Nog is an excited molecule and M an inert atom or
molecule.,

(6) The kinetic analysis yielded relative values of
k3 (or quenching efficiencies) for the inert gases mentioned
above. For N, as unity, these were: He, 0.3L; Ar, 0.46;
COp, 1.h4; N0, 1.4 and SF¢, 2.7.

(7) Indirect evidence was obtained which suggested
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that NO, 1s a very efficient quencher for the chemiluminescence,

in agreement with the relative quenching efficiency of Clyne,
Thrush and Wayne.

(8) The emission detection system was "calibrated"
with the standard O + NO chemiluminescent reaction, and the
value for ISp in the expression

: = ZIsp [05][WO]
(¥2]
was found to be 0.045 sec. ! at 318°K. The value of ki
derived from this was 2 x 10”7 cc./molecule/sec., in fair
agreement with Clyne, Thrush and Wayne.
(9) The values for kEOt were shown to be consistent

with the equation

]

tot e
kh kh + ku
= Auexp(—Eﬁ/RT) + Ajexp(-E)/RT)
where kh refers to the reaction ylelding ground-state NO,
as suggested by Clyne, Thrush and Wayne.
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APPENDICES

(A) Ultraviolet Absorption of Gases other then Ozons:

By direct obsservation, no absorption at 2537X could
be detected in the apparatus, at the pressures used, for Op,
No, Ar, COp, NoU, He, NO and SFg. Extinction coefficients
for NOp, and NgCu were obtained elsewhere (97). They were,
at 250C; NOo, 3.1 x 10720 ¢e., /molecule/cm. ; Np0p, 3.7 x 10-19

ecc./molecule/cm.  The ratio

3

NZOH

603

was therefore 0.075.
The "absorbances", A, of each gas is given by the

Beer-Lambert law

Ap 1n(IO/It)03 = 6031[§3] (XX1)

3

Dividing (XXII) by (XXI), we have

Ay

€,
20, _ M0, °[§20Q] =  0.075 LEEE&;L (XXIII)

A0; €3 [05] [°5]

For a 1% error in [?i] due to absorbance by Ngou, we must have,

from (XXIIT)

0,075 &@Z%‘;'

or [&20uj - 0.13

[°5]

0.01
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It will be shown that, at all times in this work, the ratioc
[?204]/1951 was always much less than this value.
In the most unfavourable case (at the lowest temper-

ature 359C) the equilibrium constant Ky for

No0) 4= 2N0p

h~—

was 0,3183 atrosphere (98). From this value the degree of
dissoclation may be deduced as > 99,9%.
Thus, for a 1% error in [?é], the fraction ol ozone,

x, which must have reacted, will be

bead | 0.13 £ 1073 fwop] 1073«
[©s] (03] (1-x)

. e X >~O.99.

i.e., at more than $9% reaction; in prasctice, x was never more
than 0.90, and interference from Nzou was negligible under all
conditions. Similarly it may be seen that the ssme was true

for NCZ.

(B) Variation of 1P28 Photomultiplier Supply Voltage:

The effect of thls variastion upon the czones concen-
tration as measured may be analyzed into two parts, viz.,
(1) effect of phototube voltage on the outpui, and (ii) effect
of output varistion (uncertainty in I; and I4) In the Beer-
Lambert law.
(i) VOLTACE-CUTPUT RELATION:
The gain of the 1P28 is an approximate logar-

ithmic function of the applied voltage, i.s.,



169

G = (xR
where

is the gailn

is a proportlionality constant

is the applied voltsage

is the number of multiplying stages

e EESE R

Teking differentials, we have
aG = nkWOlay

and dividing by G,

av

.d__(_}_ = T
G V
or for small changes,
AG = AV
G v

For a 1P28, n = 9 and we can write
(% uncertainty in gain or output) = 9(% uncertainty in voltage)
and so the uncertainty in I, and I is almost an order of mag-
nitude greater than that in aspplied veltage.
(ii) CONCENTRATICON-INTENSITY RELATICON:
From the above, the ratic I,/I; will have an

uncertainty, for ¥ x% uncertainty in both I, and Iy,

I, t x%

o = %5 K Ic
=L, = o

Iy & xp It © 2x%

where It = Io‘

The Beer-Lambert law may be stated as

I/Iy = et = &2

o . ln(IO/It) = 1lnl, - Inly = kel = E (XXIV)
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Taking differentials, we have
de = klde = =-d{lnly) = =-dIy (XXV)

for constent 1.

Dividing (XXV) by (XXIV), we have

p
|
o
o
|

-dl ¢ = -dl ¢
¢ EL4 ﬁ;-—ﬂ

Sl

(XXVI)

so that the relative uncertainty in concentration is a minimum

-

when Ee™ 1s a maximum, for a given value of daI./I.

E

Differentisting Ee = with respect to K and equating

to zero, we obtalin

which 1s satisfied when & = 1, i.e., when

IO/It = e
which correspends to 26.8% transmission. At this transmission,
we have Irom (XXVI),

(% uncertainty in concentration) = 2.7(% uncertainty in I,/It)

cr in symbcels

<
il
E

Now for any transmission other than 36.8%, F will be
larger than 2.7; however, within certain limits it does not
vary greatly. The actual behaviour is shown in Fig. 37 (from
refcrence 95).

In the present work, the transmission lay between

0.l and 0.9, The value of Ult’ arising chiefly from amplifier
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FIGURE 37

THE UNCERTAINTY DPACTOR "F" IN THE APPLICATICY
CF THE BiBER-LAMBIRT LAW
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noise, was 0.01 or less.

(C) Decocmposition of Ozone in the Ultraviolet Beam:

It might be supposed that the esnalytical beam of
ZSBYX radiation would decompose some ozone in its path. An
einstein at this wavelength corresponds to about 112 kcal.
mole; the energy of activation for ozone decomposition is
2ly kecal./mole.

By direct observation, however, there was no detect-
able decomposition. Static mixtures representative of actusl
conditions were introduced into the absorpticn c¢ell, and the
transmission showed no significant change over a one-minute

period.

(D) Justification for Assumption of Laminar Flow:

This is necessary for calculating reaction times
(p.87). For the flow of a fluid through a tube, the degree
of turbulence may be estimated by calculation of the Reynolds

number, Re, acccrding to

Re

1

x%@— (unitless)

where

is the linear velccity of the fluid
is the diameter of the tube

is the density of the fluid

is the viscosity of the fluid

S® o<

Por Experiment l5,

4180 cm./sec.

2.2 cm.

3.5 x 10-5 g./cc. (17.2 torr at 320°K)
2.21 x 10~k dyne-sec./cm.2 (argon)

3vacd
nw oo



(480) (2.2) (3.5 x 1075)

¢ o ) 2.21 x 10°L

170

b
@
|

Ik

Turbulence 1s said to be "present" when Re reaches
values in the range 500 - 3000 (103). The experimental
Reynclds number is below the "threshold" value, indicating
that turbulence will not seriously invalidate assumption of
laminarity in this work.

(E) Justification of the Assumption that Change in

Reactant Concentrastion Down the Resction Tube
arises only from Reaction:

(i) NEGLIGIBLE VISCOUS PRESSURE DROP DCWN
THE TUBE:

Since the flow 1s laminar, we may apply the

Poiseuille law

Wru(pg-pl)(pz + pp)

£ =
1617 RT
7 rlt app
8anT
where Ap & pp = p; = p.

Hence the fractlional viscous pressure drop is

Ap \ - 87 1RTE
<'I, > 7 P2

where, as typical values (Zxperiment L5),

30 c¢cm.
. M = 2,21 x 1074 dyne-sec./em.2

R = 6.2 x 104 ce.-torr/®K-mole

174
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320°K
1.1 em. -3
1.56 x 107~ mole/sec.

¢ HH3

17.2 torr (1 torr = 1333 dynes/cm.z)

. <¥i2€> _ (8)(30)(2.21 x 10”M) (6.2 x 10M) (320) (1.56 x 10%3)
P (17.2)%(3.14) (1.1)%(1333)

1 x 10”3 or 0.1%

(ii) NEGLIGIBLE LONGITUDINAL MIXING:
In a steady laminar flow of reacting gases through

a tube, there will be set up a concentration gradlent along
the length, which will not alter with (laboratory) time. There
will be diffusion from regions of higher concentration to those
of lower (back diffusion at the jet and forward diffusion down
the tube).

We can write, for the mass balance of speclies at a

given position along the tube,

da=C ac

D——=— = v = ke = 0
ax VT ax

where D 1s the diffuslon coefficient

C 1s the concentration of the specles

X is the distance along the tube

k 1s the rate constant for removal of
this species by reaction

n is the order of thls reactlon

v

is the linear velocity

Now for diffusion to be negligible in comparison

with linear velocity, we must have



Now
ac . dc.dt _ kc®
dx dt dx v
+ 2% _ _afac) - wnc™t ac . k2nc2n-d
" axe dx \ ax v &x -

Cur conditions must satlisfy,

nDk2g2n-1 << vkGh

v v
. nn-l
) npke & 1
v
Now in Experiment L5 n = 2
D £ 5 em.2/ssc.
¥ o= 2 x 107 cc./molecule/sec.
¢ = 3x 1015 molecules/cc.
v = L80 cm./sec.
-~ n=-1 =11 ,
' nDkg - (282 x 107t (3 x 10'5)
.. v (IR

3 x 1073

e

(F) Decomposition of Czone at High Temperatures:

Rates of pyrclysis of ozone, even at the highest
temperature used in this work, were negligible compared witn
the OB—NO rate being measured.

The pertinent czone reacticns are

03 + M—_/—= 0 + O+HN (18, 11)
G3 + N ———>= NUp  + Co ()
03 + ¢ —> 20,



The maxirum rate ci’ decompositicn will be

-afo3)/at = Ry = DvluE{E]

The rate cof reaction with NU is

-dﬁﬂ/dt . Ryg = kuEBJE“O]

oo R 2]

R k), (W]

The expression for kyg, for M = He, is 2.6 x 1079

177

exp &2L,COC/RT) cc./molecule/sec. (35). At 575°K, the highest

. . . =18
tempersture used in the present work, this is 1.8 x 107°° cc./

molecule/sec.

In the most unfaevoureble case, Zxperiment 77, we have

Ry _ (2)(1.8 x 10°18) (391 x 1015)
Rxo (9 x 10-11) (1.95 x 101D)
7 x103

(G} Justification of the Steady-~Stste Treatment:

In part, this requires

3], € 5] o [

For a first approximation, we can write (pp.2, 97),

[%Q%] = kﬁ [05] [
 Jss Es (1]

In a typical room temperature case,

[ﬁ] = 9 x 1016 molecules/cc,
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- - 1
[@i] = [ﬁ@] = 1,5 x 10 5 molecules/ce.
kﬁ = 7.8 x 10716 ce./molecules/sec.

To estimate k3, Clyne, Thrush and Wayne (12) derive
2 velue of 5 x 1016 ce,/molecule for the ratio ky/kp (M =
¥, or Op) from Baxter (102). If the radiative half-life cf
NCo , ’Tl: , 1s of the order of 1077 second, then ks 1is 1n2/T;§..
or asbout 7 x 106 sec. L

Hence k3 is I x 1079 ce./moleculs/sec., and

substituting in (XXVII), we have

[?Ogjss - (7.8 x 10'16)(1.9 X 1015)
=3 0 % 10°97(5 x L1010
3]
= 3x 1079

The steady-state treatment alsc assumes that

dE\‘IO"?f]SS/dt & qfe3)/at or  afmd]/es

From (XXV1I) we have

I k*
dEIOé ST a[03]%/at
= 03] ¢

kB[I_T'I ) dE)B‘]/dt

R EL0 7 U L
d[03]/at [—_(-’3]

6 x 109



t:
A, Av:

B:

1/40:
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DATA FOR RUNS AT RCOM TEMPERATURE

Reaction time, seconds x 103
Ozone concentration, molecules/cec. x 10715

Nitric ox de concentration, molecules/cc.
x 107

cc./molecule x 1016
(molecules/cc.)? x 10739

Intensity of chemiluminescence, arbitary
units, I.U.

(molecules/cc.)2/I.U. x 1028
Initial flowrate of nitric oxide,
Flowrate of inert carrier and quencher gases

Total pressure during reaction



o »
fyo0°

fHe

'
PT

10.3 micromoles/sec.

: 206 micromoles/sec.

: 2.61 torr

[ﬁé] : 74.5 x 1015 molecules/cc.
[ﬁ@]oz 3.73 x 1015 molecules/cc.
Linear velocity: LL4O cm./sec.

EXPERIMENT 3l

t A Al %,
0 3.42 3.58 2.80
4.54 1.75 1.91 5.24
9.10 1.1 1.57 6.37
13.7 1.21 1.37 7.30
20.5 0.91 1.07 9.40
29.6 0.70 0.86 12
38.7 0.57 0.73 1l
54.6 0.40 0.56 18
72.7 0.27 0.43 23

08T



o .
fNO'

b
P% : 11l.4 torr

10.9 micromoles/sec.

He' 989 micromoles/sec.

{?é]: 350 x 1015 molecules/cc.

Linear velocity:

EXPERIMENT 35

451 em./sec.

t A B AB 2 Log> Al %, I, [}

0 3.26 3.86 1.19 0.074 3.56 2.81
. lyly 2.38 2.98 7.09 1.25 0.097 2.68 3.73 95 7.5
8.88 1.98 2,58 5.11 1.30 0.115 2,28 h.39 66 7.7
13.3 1.77 2.37 4.20 1.34 0.127 2.07 4.83 L5 9.3
20.0 1.51 2.11 3.18 1.40 0.146 1.81 5.53 30 10.¢
28.8 1.23 1.83 2.25 1.49 0.173 1.53 6.54 20 11.5
37.7 1.06 1.66 1.76 1.57 0.195 1.36 7.35 12 .
53.3 0.85 1.45 1.2 1.71 0.232 1.15 8.68 7.5 16.),
71.0 0.66 1.26 0.83 1.91 0.281 0.96 10.4 5.0 16.

18T



EXPERIMENT 36

f;o: 11.7 micromoles/sec.
fHe‘ 1719 micromoles/sec. Elej : 583 x 1015 molecules/cc.
P% : 18.8 torr Linear Veloocity: 472 em./sec.
B B
t A B AB z Logy A" 2, In [
0 3.26 3.96 1.22 0.085 3.61 2.77
L..2L 2.26 2.96 6.68 1.31 0.117 2.61 3.84 58 11'6
8.47 1.87 2.57 .80 1.37 0.138 2.22 L.51 L1 11.4
12.7 1.57 2.27 3.56 1.45 0.160 1.92 5.21 30 11.8
1.1 1.27 1.97 2.50 1.55 0.190 1.62 6.18 20 12.u
27.6 1.10 1.80 1.98 1.6l 0.214 1.45 6.90 12 16.8
36.0 0.85 1.55 1.3 1.8 0.26 1.20 8.33 8.2 16.1
50.8 0.6L4 1.34 0.86 2.1 0.32 0.99 10 5.0 17.o
67.8 0.49 1.19 0.59 2.4 0.38 0.84 12 3.2 18.5

c8t



f%o : 11.3 micromoles/sec.

i

P; : 14.7 torr

He ° 1300 micromoles/sec.

[He]: u53 x 105 molecules/cc.
457 em./sec.

Linear velocity:

EXPERIMENT 37

£ A B AB 2 Logy At %, I, )
0 3.12 3.9 1.26  0.101  3.53 2.8
4.38  2.25  3.07  6.90  1.37  0.135  2.66  3.76 70 9.9
8.76 1.85 2,67 L.oh 1.44 0.159 2.26 h.hy2 u8 10.),
13.1  1.56 2.38  3.71 1.53  0.184  1.97  5.07 35 10.6
19.7  1.28 2,10  2.69  1.64  0.215  1.69  5.92 23 11.,
28.4,  1.03 1.85 1.91  1.85  0.268 1.4}y  6.94 13 1.,
37.2 0.87 1.69 1.5 1.9 0.29 1.28 7.82 9.1 16.5
52.5 0.60 1.42 0.85 2.4 0.37 1.01 9.90 5.6 15.,
70.0  0.48  1.30 0.62 2.7  0.43  0.89 11 3.6 17.1

€81



EXPERIMENT 38
£° : 9.29 micromoles/sec.

fzz : 426 micromoles/sec. [Eé] : 160 x 1015 molecules/cc.
P% : 5.36 torr Linear veloclty: 422 cm./sec.
t A B AB 2 Log2 A" 1 I, [
0 3.04 3.49 1.15 0.060 3.27 3.06
4. 74 2.07 2.52 5.22 1.22 0.086 2.30 4.35 160 3.26
9.48 1.71 2.16 3.70 1.26 0.101 1.94 5.16 110 3.3¢
1.2 1.46 i1.91 2.79 1.31 0.117 1.69 5.92 79 3.53
21.3 1.26 1.71 2.15 1.36 0.132 1.49 6.72 49 h.38
30.8 1.04  1.49  1.55  1.43 0.156  1.27 7.87 33 he7¢
40.3 0.87 1.32 1.2 1.5 0.18 1.1 9.1 23 5.02
56.9 0.71 1.16 0.82 1.6 0.21 0.94 11 13 6.35
75.8 0.56 1.0l 0.57 1.8 0.26 .79 13 8.5 6.70

8T



: 11.1 micromoles/sec.

: 743 micromoles/sec.

[ﬁé]: 271 x 1015 molecules/cc.

EXPERIMENT 39

: 8.88 torr Linear velocity: 4438 cm./sec.

t A B AB 3 Logp Al % I, [

0 3.25 L. 0l 1.2 0.094 3.65 2.7

L.57 2.28 3.07 7.01 1.35 0.130  2.68 3.73 107 6.5¢
9.14 1.93 2.72 5.25 1.41  0.149  2.33 L.30 75 7.04
13.7 1.68 2.47 .15 1.47 0.167 2.08 4L.81 51 8.1,
20.6 1.45 2.2, 3.25 1.55 0.189 1.85 5.4 35 9.ly
29.7 1.19 1.98 2.36  1.66 0.221 1.59 6.30 22 10.4
38.8 1.03  1.82 1.87 1.77 0.247 1.43 7.00 1l 13.4
54.8 0.84 1.63 1.4 1.9 0.29 1.2 8.1 8.8 15.4
73.1 0.71 1.50 1.1 2.1 0.33 1.1 9.1 5.6 18.g

S9T



o
fNO

fNZ

1
PT

: 10.2 micromolse/sec.

: 1507 micromole/sec.

Elzj : 507 x 1015 molecules/cc.

EXPERIMENT LO

: 16.6 torr Linear velocity: 473 em,/sec.
t A B AB z Logy Al 1 I, ®
0 2.63  3.43 1.30  0.115 3.03 3.30
l.2y 2.14 2.94 6.30 1.37 0.138 2.54 3.9 31 20.),
8.47 1.85 2.65 4.90 1.43 0.156 2.25% h.4s5 23 21.,+
12.7 1.55 2.35  3.64  1.52 0.181  1.95 5.13 18 20.,
19.0 1.24  2.04  2.53  1.65 0.216  1.64 6.10 13 20.q
27.5 0.94  1.74h  1.63  1.85 0.267 1.34 7.47 8.1 20.,
36.0 0.79 1.59 1.2  2.02 0.305  1.19 8.4y 5.6 22.
50.8 0.58 1.38 0.81 2.4 0.38 0.98 10 3.2 25.5
67.7 0.ult 1.2 0.54 2.8 0.45 0.84 12 1.9 28.3

98T



o) .
fNO-

sz:
P1 :

T

8.13 micromoles/sec.

713 micromoles/sec.

EXPERIMENT L1

[ﬁé]: 250 x 1015 molecules/cec.

8.28 torr Linear velocity: LSl em./sec.
b A B AB Al =, . $
0 2.94 2.85 2.89 3.46
.1 2,27 2,18  L.94 2,22 4.51 65 7.6¢
8.82 1.86 1.77  3.29 1.8l 5.53 L8 6.9,
13.2 1.66  1.57 2.61 1.6l 6.21 35 7.bg
19.8 1.h2  1.33  1.89  1.37 7.30 2l 8.07
28.7 1.22  1.13  1.38  1.17 8.55 1 10.9
37.5 1.07 0.98 1.05  1.02 9.8 9.2 11,
52.8 0.88 0.79 0.70 0.83 12 S.4 13.4
70.6 0.79 0.70 0.55 0.76 13 3.1 17.¢

L91



o »
fNOQ

8.07 micromoles/sec.

fNZ: 338 micromoles/sec.

(ﬁé}: 122 x 1015 molecules/cc.

EXP ERIMENT 43

P; : 4L.13 torr Linear velocity: W3 cm./sec.

t A B AB -g- Logh Al %‘ I, [

0] 3.19 2.91 1.10 0.039 3.05 3.29
.52 1.98 1.70 3.36 1.17 0,066 1.84 S.hly 171 1.96
9.03 1.74 1.h46 2.54 1.19 0,076 1.60 6.25 121 2.1
13.5 1.56 1.28 2.00 1.22 0.086 1.42 7.04 8L 2.3g
20.3 1.36 1.08 1.47 1.26 0.100 1.22 8.20 L8 3.1g
29.4 1.16 0.88 1.02 1.32 0.120 1.02 9.80 29 3.51
38.4 1.02 0.74 0.76 1l.3g 0.14 0.88 11. 18 h.17
5h.2 0.92 0.6l 0.59 l.hu 0.16 0.78 13. 11 5.26
2.3 0.83 0.55 0.46 1.51 0.18 0.69 15. 8.0 5.73

981



£fO : 10.2 micromoles/sec.

NO®

Loapt 1545 micromoles/sec.

Pl : 17.2 torr

Eﬂ‘ 513 x 1015 molecules/cc.

Linear velocity:

EXPERIMENT 45

480 em./sec.

T

t A B AB 2 LogZ A 1, I, [)

0 2.96 3.39 1.15 0.059 3.18 3.15
4.17 2.10 2.53 5.32 1.21 0.081 2.32 L.31 48 11.,
8.33 1.92 2.35 .52 1.22 0.088 2.1 4.68 36 12.¢
12.5 1.6  2.07 3.40 1.26 0.101 1.86 5.38 29 11.4
18.8 1.37 1.80 2.47 1.31 0.119 1.59 6.30 21 11l.g
27.1 1.09 1.52 1.66 1.40 0.145 1.31 7.64 1k 12.,
35.4 0.90 1.33 1.2 1.5 0.17 1.12 8.93 8.6 .,
50.0 0.65 1.08 0.70 1.7 0.22 0.87 12 5.1 13.4
67.7 0.51 0.94 0.48 1.8 0.27 0.73 | 3.2 L. g

69T



f%oz 9.22 micromoles/sec.

f,pt 237 micromoles/sec.
pl : 3.27 torr

Ezﬂ: 90.2 x 1015 molecules/cc.
418 cm./sec.

Linear velocity:

EXPERIMENT L6

T
t A B AB A n I. &
0 3.36 3.51 344 2.91
4.78  1.87 2.02  3.77 1.95  5.13 598 0.63
9.56  1.42  1.57 2.23 1.50  6.67 358 0.62
.y 1.22  1.37  1.67 1.30  7.70 178 0.9k
21.5  1.03 1.18 1.21 1.11 9.0l 83 L.y
3.1  0.89 1.04 0.94  0.97 11 8 2.
40.6  0.75  0.90  0.68  0.83 12 2y 2.8
57.4.  0.63 0.78  0.48  0.71 1k 12 3.9,
76.5  0.49 0.6  0.31  0.57 18 7.3 h.2g

06T



£2 : 9,90 micromoles/sec.

EXPERIMENT 47

fzj: 1059 micromoles/sec. [éé]: 358 x 1015 molecules/ce.
Pé : 12.1 torr Linear velocity: 471 cm./sec.
t A B AB 2 Logg A 1 In 9
0 2.94  3.34 1.1}  0.055 3.1 3.19
4.25 1.86 2.26 4. 20 1.22 0.086 2.06 4.86 77 5.l
8.50 1.55 1.95 3.02 1.26 0.100 1.75 5.72 57 5.3
12.8 1.33 1.73 2.30 1.30 0.11h 1.53 6.54 Ui 5.30
19.1 1.05 1.45 1.52 1.38 0.140 1.25 8.00 29 5.26
27.6 0.86 1.26 1.2 1.46 0.17 1.06 9.4y 16 7.23
36.1 0.7h4 1.1h 0.84 I.Su 0.19 0.9 11 11 7.97
51.0 0.54 0.94 0.51 1.7 0.2L 0.74 1y 5.9 8.66
68.0 0.45 0.85 0.38 1.9 0.28 0.65 15 3.3 11.5

T6T



fgo: 8.38 micromoles/sec.

fypt 662 micromole s/sec.
1

EXPERIMENT L8

E\IZI: 230 x 1015 molecules/cec.

Pp ¢ 7.84 torr Linear velocity: U458 om./sec.
t A B AB A! %? I, ¢
0 2.78 2.91 2.85 3.51
.37 1.99 2.12 4.22 2.06 4.86 106 3.9
8.7h 1.68 1.81 3.04 1.75 5.72 82 3.7,
13.1 1.1 1.8  2.17  1.48 6.76 60 3.6y
19.7 1.24 1.37 1.70 1.31 7.6l 37 u.73
28.1 1.02 1.15 1.17 1.09 9.17 22 5.2,
37.2 0.87 1.00 0.86 0.94 11 13 6.6,
52.4 0.70 0.83 0.58 0.77 13 7.2 8.0g
69.8 0.61 0.74 0.45 0.68 15 L.l 10.,

261



o EXPERIMENT 50
fyo: 8.92 micromoles/sec.

fhet 126 micromoles/sec. [?Oé]: 28.0 x 1015 molecules/cec.
fcoaz 75.1 micromoles/sec. [ﬁé]: 47.1 x 1015 molecules/cc.
Pé : 2.70 torr Linear velocity: }26 cm./sec.
1
t A B AB A I I, $
0 3.23 3.33 3.28 3.05

4.70 1.77 1.87 3.31 1.82 5.50 236 1.hyg
9.40 1.54 1.6l 2.53 1.59 6.28 129 1.9¢

1.1 1.36 1.46 1.99 1.1 7.09 83 2.4
21.2 1.13 1.23 1.39 1.18 8.48 48 2.99
30.5 0.90 1.00 0.90 0.95 11.5 29 3.1,
39.9 0.76 0.86 0.65 0.81 12 20 3.27
56.4 0.59 0.69 0.40 0.6L4 16 11 3.79
75.1 0.43 0.53 0.22 0.48 21 6.6 3.3g

€61



o .
fNo.

fHet 229 micromoles/sec.

10.)4 micromoles/sec.

fCOZ: 1585 micromoles/sec,
Pl : 19.9 torr

EXPERIMENT 51

an: 523 x 1015 molecules/cec.
Eig__lz 75.5 x 1015 molecules/ce.
482 em./sec.

Linear velocity:

t A B AB A %, I, @

0 3.52  3.49 3.50 2.86
k.15 2.40  2.37  5.69  2.38 .20 16 35.4
8.30 2.30 2.27 5.23  2.28 k.39 12 h2.g
12,5 1.9 1.95  3.86  1.96 5.11 9.6  L4O.,
18.7 1.66 1.63 2.71 1.64 6.10 6.8 39.9
27.0 1.35 1,32  1.78  1.33 7.52 h.5  39.4
35.3 1.10 1.07 1.18  1.08 9.26 3.0 39,
49.8 0.87 0.84 0.73 0.85 12 1.6 Uh.q
66.1 0.7, 0.71 0.52 0.72 14 0.90 57.g

w6t



o . EXPERIMENT 52
£ 9.47 micromoles/sec,

fzz : 134 micromoles/sec. [§Oé]: 207 x 1015 molecules/cc.
fcoaz 600 micromoles/sec. [?é]: 46.1 x 1015 molecules/cc.
P% : 8.63 torr Linear veloelty: 62 cm./sec.
t A B AB Ix %, I, ¢

0 3.11 3.26 3.19 3.1k

h.34 2.25 2.40 5.40 2.33 L4.30 L3 12.5

8.67 1.87 2.02 3.78 1.95 5.12 32 11.9

13.0 1.62  1.77  2.87  1.70 5.88 2l 12.,

19.5 1.37 1.52 2,08 1.45 6.90 15 lh.3

28.2 1.13 1.28 1.45 1.21 8.27 8.8 16.5

36.8 0.94 1.09 1,03 1.02 9.80 5.7 18.1

52.0 0.80 0.95 0.75 0.88 11 3.2 23.¢

69.3 0.71 0.86 0.61 0.79 13 1.9 32.8

S61



10.2 micromoles/sec.

134 mieromoles/sec.

: 1160 micromoles/sec.

an: 386 x 1015 molecules/ce.
E‘Ie___}: b6 x 1015 molecules/ce.

EXPERIMENT 53

14.l4 torr Linear velocity: 478 cm,/sec.
t A B AB B Log2 Al L I, []
0 3.05 3.40 1.11 0.047 3.33 3.00
.19 2.19 2.54  5.56 1,16 0.065 2.37 h.22 20 27.),
8.38 1.90 2.25 .28 1.18 0.073 2,08 .81 15 28.0
12,6 1,62 1.97 3.20 1.21 0,085 1.80 5.55 12 26.u
18.8 1.33 1.68 2.24 1.26 0.101 1.51 6.63 8.3 27.9
27.2 1.04 1.39 1,45 1.34 0.127 1,22 8.20 5.5 26.u
35.6 0.86 1.21 1.08 1.41 0.148 1.04 9.60 3.7 28.2
50.3 0.70 1.05 0.74 1.5 0.18 0.88 11 2.1 3&.7
67.0 0.54 0.89 0.49 1.6 0.22 0.72 1y 1.1 142.9

96T



10,7 micromoles/sec.
145 micromoles/sec.

1625 micromoles/sec.

EXPERIMENT 56

E‘IZ(Z): 53l x 1015 molecules/cc.
E:Iej: Lh7.6 x 1015 molecules/cc.

19.2 torr Linear velocity: 483 em./sec.
t A B AB A" Z, I, ¢
0 3.25 3.50 3.38 2.96
L.k 2.3k 2.59  6.06  2.47 L.05 16 38.5
8.28 2.1y  2.39 5.12 2.27 L.l 12 h3.g8
12.4 1.86 2.11  3.92  1.99 5.03 9.5 5l.g
18.6 1.53 1.78 2.72 1.69 5.92 6.9 39,
26.9 1.21 1.46 1.77 1.34 T.47 L.7  37.4
35.2 0.91 1.16 1.06  1.04 9.58 3.1 3l.y
49.7 0.75 1,00 0.74 0.88 11 1.7 h2.9
66.3 0.57 0.82 0.47 0.60 17 1.0 7.

L6T



9,12 micromoles/sec.

136 micromoles/sec.

2.77 torr

: 74.9 micromoles/ssec.

EXPERIMENT 57

[§2§): 27.8 x 1015 molecules/cc.
_{@é]: 50.5 x 1015 molecules/cec,

Linear velocity: 429 em./sec.

t A B AB AY n I, )
0 3.18 3.38 3.28 3.05
4.66  1.88 2.08 3.91 1.98 5.05 198 1.97
9.33  1.51 1.71 2.58 1.61 6.21 117 2.2,
14.0 1.25 1.L45 1.81 1.35 7.41 79 2.24
21.0 1.04 l.24  1.29 1.1h 8.78 48 2.7
30.3 0.83 1.03  0.86 0.93 11 29 2.94
39.6 0.69 0.89 0.61 0.79 13 18 3.3g
56.0 0.51 0.71 0.36 0.61 17 11 3.43
4.5 0.40 0.60 0.24 0.50 20 6.5 3.67

86T



8.18 micromoles/sec.

130 micromoles/sec.

: 645 micromoles/sec,

@29: 216 x 10%5 molecules/ce.
EIQ: h3.6 x 1015 molecules/cc.

EXPERIMENT 58

8.80 torr Linear velocity: L74 em./sec.
& A B AB 4 Logp A z I, [
0 3.07  2.74 1.12  0.049  2.90 3.45
L.22 2,16  1.83 3.95 1.18 0,072 1.99 5.03 35 11.,
8.4y  1.86 1.53 2.84 1.22 0.085  1.69 5.92 27 10.,
12.6 1.49 1,16 1.73  1.29 0.109  1.32 7.58 21 8.3
19.0 1.2h 0.91 1.13 1. 0.1L 1.07 9.35 13 8.8
27.h4 1.03  0.70 0.72 1.5 0.17 0.86 12 8.0 9.0
35.9 0.79 0.46 0.36 1.7 0.2 0.62 16 5.5 6.6
50.7 0.71  0.38 0.27 1.9 0.27 0.54 18 3.0 9.1
67.5 0.59 0.26 0.16 2.3 0.35 0.42 2k 1.7 9.1

66T



fgo: 10,2 micromoles/sec.

fget 131 micromoles/sec.

fNZO: 1140 micromoles/sec.

Pr_'[. ¢ 13.8 torr

@2(2): 374 x 1015 molecules/cc.
Eie_s]: 43.0 x 1015 molecules/cc.
486 em./sec.

Linear velocity:

EXPERIMENT 59

t A B AB 2 Logy Al %‘ Ip ¢
0 2.99 3.34 1.12 0.048 3.17 3.16
hol2  2.19 2.5, 5.56 1.16 0,065 = 2.37 L.22 21 27.4
8.2, 1.90 2.25 L4.28 1.18 0.073 2.08 41.81 16 27.3
12.3 1.61 1.96 3.16 1.22 0,086 1.79 5.60 12 25.4
18.5 1,26 1,61 2.03 1.28 0.107 1.l 6.95 8.5 23.4
26.7 1.01  1.36  1.37 1.35 0.130  1.19 8., 1 5.6 26.¢
35.0 0.87 1.22 1.07 l.h 0.15 1.05 9.50 3.7 29.,
49.4 0.66 1,01 0.67 1.5 0.19 0.84 10 21 31.),
65.8 0.53 0.88 0.46 1.7 0.22 0.71 11 1.3 35.),

002



9.73 micromoles/sec.

108 micromoles/sec.

66 micromoles/sec.

ESFQ: 25.4 x 1015 molecules/cc.
Eiej: 41.6 x 1015 molecules/ce.

EXPERIMENT 78

2.43 torr Linear velocity: 418 em./sec.
t A B AB 2 Logg Al %, I, ()
0 3.31 3.75 1.13  0.054  3.53 2.8L
L.77 1.84 2.28 .19 1.2 0.093 2.06 4.86 206 2.04
9.54 1.40 1.84 2.58 1.31 0.119 1.62 6.17 125 2409
1.3 1.13 1.57 1.77 1.39 0.143 1.35 7.41 85 2.0g
21,5 0.91 1.35 1.22 1.5 0.17 1.13 8.88 48 2.55
31.0 0.76 1.20 0.91 1.6 0.20 0.98 10 26 3.h7
L40.6 0.56 1.00 0.56 1.8 0.25 0.78 13 18 3'16
57.3 0.37 0.81 0.29 2.2 0.34 0.59 17 10 2°9h
76.4 0.23 0.67 0.15 2.9 0.46 0.45 22 6 2.55

102



10.3 micromole/sec.

109 micromole/sec.

: 482 micromole/sec.

EXPERIMENT 79

[?Fé]: 177 x 1015 molecules/cc.

{ﬁé]: 0.1 x 105 molecules/cc.

7.27 torr Linear velocity: L33 em./sec.
£ A B AB % Logl 1, &
0 2.73 3.79 1.39 0.143
L.62  1.87 2.93 5.48  1.57 0.195 27 20.,
13.9 1.21 2.27 2.75 1.88 0.273 13 20.7
30.0 0.97 2.03 1.0 2.1 0.32 5.3 18.8
55.4 0.32 1.38 0.4l h.3 0.6 1.0 nn

coe



NO °
fHe b

fSF63

10.4 micromoles/sec.
110 micromoles/sec.

940 micromoles/sec,

EXPERIMENT 80

EF(;]: 345 x 1015 molecules/cc.
Eié]: 4o. L x 1015 molecules/cc.

12.7 torr Linear velocity: L35 cm./sec.
t A B AB 2 Logl I, ©
0 2.99 3.80 1.27 0,105
.61  2.13  2.94  6.26  1.38 0.140 16 140. 1
13.8 1.58 2039 3.78 1.51 00179 901 L‘loé
30.0 0.97 1.78 1.73 1.8 0.26 h.7 36.8
55.3  0.51  1.32  0.67 2.6 0.11 2.3 29.,

€oe



11.1 micromoles/sec.

110 micromoles/sec.

1320 micromoles/sec.

EXPERIMENT 81

EFQ: 486 x 1015 molecules/cc.
[He]: LOJk4 x 1015 molecules/cc.

17.3 torr Linear velocity: L31 em./sec.
t A B AB E LogB 1, ¢
0 3.06 .08 1.33 0.125
.6l 2.2 3.26 7.30 1.45 0,163 11 65. 7
13.9 1.4 2.46 3.55 1.71 0.232 5.2 68. 5
30.2 0.89 1.91 1.69 2.2 0.33 1.9 89.¢
55.7 0.48 1.50 0.72 3.1 0.50 0.54 132

toz



205

RATE CONSTANT DATA FOR RUNS AT ELEVATED TEMPERATURES

t: Reaction time, seconds x 103

A, A': Ozone concentrations, molecules/cc. x 10'15
1/4: Reciprocal concentrations, cc./molecule x 1016
fRo ° Initial flowrate of nitric oxide

fge Flowrate of hellum as carrier-quencher

P& : Total pressure during reaction

T : Reaction temperature

Texr.: Temperature beyond furnace

To @ Temperature of ozone measurement



EXPERIMENT 6l

f%oz 10.8 micromoles/sec.
fHet 1935 micromoles/sec.

Pl . 21,1 torr
T or

{%é] at Tg: 530 x 1015 molecules/cc.

Linear velocities:

To: 3779K
TQ H 302 ok
TexT: 340°K

at TR:

575 cm./sec.
at Tpxp: 519 en./sec.

{?é]o at Tp: 2.97 x 1015 molecules/cc.

Temperature To T
Dist 1

ononee t A A A T
0 0 3.52 2.81 2.89 3.46
2 3,86 2.35 1.88 1.96 5.10
7 13.5 1.50 1.20 1.26 7.94
15 29.0 0.92 0.73 0.81 12.3

25 u6.h 0.64 0.51 0.59 17.0

L8 86.4 0.35 0.28 0.36 28.0
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EXPERIMENT 65

f%oz 9.19 micromoles/sec.

fye: 429 micromoles/sec.

P; : 5.16 torr

Eie] at TR:

Linear veloclities:

o

TEXT:

Tg? 3799K
298°K
339°K

126 x 1015 molecules/cc.

at TR:

541 em./sec.

at Tgxp: UBS cm./sec.

[ﬁo o 8t T 2.72 x 1015 molecules/cc.
Temperature I, Ty

t A A A" 2

0 3.36 2,65 2.69 3.72

.18 2.08 1.64 1.68 5.96

14.6 1.45 1.1h 1.18 8.48
31.3 0.92 0.73 0.77 13.1
49.8 0.57 0.45 0.49 20.5
92.1 0.30 0.23 0.27  36.8
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EXP ERIMENT 66

f%oz 9,05 micromoles/sec. Tg: 382°K
fHe: 906 micromoles/sec. To? 295°K
Pl t 10,1 torr Toypt  3399K

[?é] at Ty: 258 x 1015 molecules/cc.

Linear velocitles: at Tg: 558 em./sec.

at Tpym: 496 em./sec.

[ﬁé]o at Tp: 2.58 x 1015 molecules/cc.

Temperature To T
t A A At %t
0 3.69 2.8 2.71 3.69
ly.02 2.4k 1.87 1.74 5.75
4.1 1.73 1.33 1.20 8.33
30.2 1.19 0.92 0.79 12.7
48.1 0.82 0.63 0.50 19.8
89.2 0.64 0.49 0.36 27.6
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EXPERIMENT 67

f§0: 10,6 micromoles/sec. Tg? 382°k

fHet 1408 micromoles/sec. Tyt 296°K
i

Py : 15.8 torr Texp:  340°K

Eﬁé] at Tr: 394 x 1015 molecules/cc.

Linear velocities: at Tp: 568 cm./sec.

at Tpyp: 506 cm./sec.

[@g]o at Tg: 2.96 x 1015 molecules/cc.

Temperature To TR
t A A Al %1
0 3.45 2.67 2.82 3.55
3.96 2.21 1.71 1.86 5.38
13.9 1.53 1.18 1.33 7.52
29.7 0.92 0.71 0.86 11.6
47.3 0.61 0.48 0.63 16.0
87.7 0.27 0.21 0.36 27.9
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f§0: 9.53 micromoles/sec.

EXPERIMENT 68

fHet 406 micromoles/sec.

Pé : 5.27 torr

Eie:l at Tg:

Linear velocities: at Tr:

Eﬁﬂo at Tp:

TR:
TO:

TEXT :

LL95°K
2979K
396°K

98.5 x 1015 molecules/cc.

658 em./sec.

at Tpyp: 527 cm./sec.

2.25 x 1015 molecules/cc.

Tempersaturs Ty Tr
1
t A A Al i
0 3.36 2,06 2.16 4.63
3.88 2.1 1.48 1.58 6.33
13.6 1.68 1.03 1.13 8.85
29.1 1.12 0.69 0.79 12.7
Lh.3 0.68 0.42 0.52 19.3
79.3 0.50 0.30 0.40 2.8
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EXPERIMENT 69

f%oz 8.98 micromoles/sec. Tg: 1,96°K
fHe® 826 micromoles/sec. To: 298°K
P; : 10.3 torr Texp® 397°K

[%é] at Tp: 197 x 1015 molecules/cc.

Linear velocities: at Ty: 663 cm./sec.
at Tgyp: 530 cm./sec.

[@é]o at Tg: 2.15 x 1015 molecules/ce.

Temperature T, Tr
1
t A A A X
0 3.4 2.08 2.12 .72
3.77 2.35 1.42 1.46 6.85
13.2 1.75 1.05 1.09 9.17
28.3 1.0l 0.63 0.67  15.0
43.2 0.72 O.L4l 0.48 2l.1
77.5 0.58 0.35 0.39  25.9
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EXPERIMENT 72

f§0: 10.0 micromoles/sec. Tg: 495°K
fhet 1337 micramoles/sec. Tos 298°K
P} 15.1 torr Texp:  397°K

[ﬁé] at Tp: 289 x 1015 molecules/cc.

Linear velocities: at TR: 935 cm./sec.

at Tgyp: 750 em./sec.

E@HO at Tg: 2.17 x 1015 molecules/cc.

Temperature To T
1
t A A Al X
0 3.40 2.04 2.11 b7k
2.72 2.19 1.31 1.38 7.25
9.52 1.50 0.90 0.97 10.3
20.4 0.94 0.57 0.6k 15.7
31.1 0.59 0.36 0.43 23.6
55.8 0.40 0.2l 0.31 32.6
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EXPERIMENT 73

f%oz 11,5 micromoles/sec. TR: 575%K
fie: 1904 micromoles/sec. To: 301°K
P; : 20.7 torr Trxp: 438°K

[@é] at Ty: 400 x 1015 molecules/cc.

Linear velocities: at Ty: 758 cm./sec.

at Tgxp: 578 cm./sec.

@(Zlo at Tr: 2.41 x 1015 molecules/cec.

Temperature To TR
1
t A A Al X'
0 3.15 1.91 2.16 L.63
3.31 2.01 1.22 1.47 6.80
11.6 1.27 0.77 1,02 9.80
2L.8 0.63 0.38 0.63 15.8
38.0 0.30 0.18 0.43 23.2
68.4 0.15 0.092 0.34 29.2
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EXPERIMENT 74

fﬁoz 8.89 micromoles/sec. TR: 575°K
fre: 426 micromoles/sec. To? 298°K
pl : 5.20 torr Tpxp:  L4379K
Eia at Tg: 83.7 x 1015 molecules/cc.
Linear velocities: at Tg: 806 cm./sec.
at Tpxp: 613 cm./sec.
EKHO at Tp: 1.73 x 1015 molecules/cc.
Temperature Ts Tr
Distance 1
oot t A A A T
0 0 3.43 1.80 1.76 5.69
7 11.5 1.71 0.90 0.86 11.6
15 2.6  0.93 | 0.49  0.45  22.3
31 bk  0.84 | 0.29  0.25  L0.8
48 65.5  0.47 | o0.24  0.20  L49.0




£9 : 9,52 micromoles/sec.

NO*

fhe: 802 micromoles/sec.

Pl : 9.79 torr

T
Elg at Ty:

EXPERIMENT 75

TR:
To:

TEXT H

Linear velocitles: at TR:

E@Jo at Ty:

575°K
298°K
1137°K

161 x 1015 molecules/cc.

792 cm./sec.

Tpxp: 602 cm./sec.

1.91 x 1015 molecules/cec.

Temperature T, Tr
Dist
stance t A A Al %
0 0 3.17 1.63 1.77 5.65
7 11.7 1.87 0.68 0.82 12.2
15 25.2 1.19 0.33 0.48 21.0
31 4s.h4 0.7h4 0.11 0.25 L40.8
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EXPERIMENT 76

f%oz 6.77 mieromoles/sec. TR? 57LO9K
fe: 1299 micromoles/sec. Tot 299°K
Pl : 14,7 torr Taxp:  437°K

[gé] at Tp: 244 x 1015 molecules/cc.

Linear velocities: at Tg: 846 cm./sec.

at Trxp: 645 om./sec.
[ﬁé]o at Tp: 1.27 x 1015 molecules/cc.

Temperature To T
Dis:;?ce & A A Al %'
0 0] 2.68 1.40 1.33 7.52
7 11.0 1.77 0.93 0.86 11.7
15 23.6 1,09 0.57 0.50 20.0
31 42.5 0.43 0.22 0.15 65.8
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EXPERIMENT 77

f%oz 10.8 micromoles/sec. TR: 575°K
fet 1918 micromoles/sec. To: 299°K
Pa ¢ 21.1 torr Toypt 379K

Eﬁé] at Tp: 350 x 1015 molecules/cc.

Linear velocities: at Tgz: 870 cm./sec.

at Tpyxp: 662 cm./sec.

[Eé]o at Tp:  1.95 x 1015 molecules/cc.

Temperature T, Ty
Distance 1
cm. t A A Al X
0 0 3.50 1.83 1.89 5.30
T 10.7 1.16 0.61 0.67 15,0
15 22.9 0.66 | 0.34  0.40  24.8
31 41.3 0.40 0.21 0.27 37.h4
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