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ABSTRACT

A chemiluminescence discharge-flow method was used to

determine the rate constant k in the reaction:

O(BP) + 0, + M= 0, + M 

2 3

for M=02, Ar, He, N2, CO and 002 at 295 K and for M=0 Ar

27
and CO2 in the range 196-500 K at pressures inxthe region of
1-15 torr. The kinetic method developed enabled wall
recombination cbefficients, in fhe presence aﬁd absence of
added reactant oxygen gas, to be determined individually. The
use of the'fblank method' at températures above 300 K helped
solve the discrepancy in rate constants as determined by
earlier static (pulse radiolysis, flash photolysis etc.)

and flow methods. The allowances for wall recombination
depend on the gas phase composition (blank cérrections were
not made by earlier workers). In addition, in earlier flow
experiments, the temperature dependence was determined for

a constant mole fraction of 02 ih the presénce‘of a third -

body. This work shows how an accurate, reliable determination

of kl,M is needed.

\
1) for calculations on catalytic destruction of ozone in.

the stratosphere.

2) to supply accurate data on theoretical 'computer model'’

calculations of kl M based on classical RRKM theory, and
?

3) to set up a cheap, reliéble,ﬁSensitive and alternative

T



experimental technique to expensive and more modern ones.

The results in the range 196-500 K can be written in

the form:
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Section 1. Introduction

1.1 General Concepts

Any exothermic reaction og?thé type A + B —) Ké,‘
(where A, B are atoms and ;b i;'a stable’molecuie in a
vibrational (or electronically excited) state) cannot occur
by a simple binary collisionla-since the species gb so formed
would possess total energy - ¥==] kT higher than the
dissociatidén of ordinary AB molecules. A permanent
recombination of the two atoms will oniy take place when
energy is removed during the short timeuduring which the
potential energy is smallef than at infinite separation.

This time is of the order of a period of one wvibration,
i.e. about 10”13 seconds.

| The removal of energy may occur in one of two ways:-
. either by collision with a third particle during the collision
time (recombination by 3-body collision) 5r by radiation of
the energy (recombination by 2-body colliéiqn).. For the
case of homonﬁclear molecﬁles formed by récombihation,
eege 02*,'N2*, etc. in the ground state, vibrational radiation
is forbidden by selection rules: In the case of heteronuclear
molecules, e.,g. NO*, vibrational radiation is very slow.
Also, if molecules are formed in an excited electronic state
from ground state atoms, then the probability of electronic
transition is usually very low.

Recombination by the 2-body process is very rare, since
the time that elapses on the average before an éxcited
molecule radiates (about 10-8 sec.) is %ery large compared

13

to the duration of the collision (10 7 sec.), during which

the electron jump must take place in order to lead to a



recombination. Therefore, a maximum of only 1 in 10-5
coilisions can lead to recombination by a 2-body process.

On the other hand, recombination by 3-body collision
is a much more frequent process, at high or medium pressures.
If 7 is the average duration of a collision and Z is the
collision frequency of the atoms, then the 3-body process
will predominate when 47<>10-5. This is the case forbmost
atoms such as 0, N, H etc., and the 2-body process is only
dominant at very low total pressures (<’O.1 torr).

This thesis contains an account of a médified discharge
flow method for the study of the kinetics and rate of
recombination of oxygen atoms with O2 and with SO2 by 3-body
collisions viz., ‘

O+02+M——l~§‘03+l\f
O+502+M—2—>503+M
Sections 5 andr7 contain the experimental results for the
rate constants of reactions (1) and (2) at 295K,‘and
chapter 6 describes a determination of the temperature
coeffici;nt of reactior (1) fo; various M. A complete

discussion of the experimental system, flow rates, pressures

etc. used in this study is given in section 2.

1.2 Early Studies of Oxygen Atoms

‘Very early (-~ 1922) experimental atomic recombination
‘studies were restricted to those of hydrogen atoms. Wood
and Bonhoeff3 first developed the discharge-flow method (see
sections 2.2 and 2.3 for a discussion) and produced atomic
hydrogen in an electrical discharge and pumped fhem along
a cylindrical tube. However, no gquantitative studies of

oxygen atoms were made until the 1950's.



Many workaS'%&Ve studied the air-afterglow (the emission
resulting in the region beyond ionization from discharging
air) and it's use in the study of reactions of atomic oxygen
since it's discovery in 1910 by Lord Rayleigh. He demonétrated
that nitric oxide was a necessary constituent of the glow
but wrongly assumed that ozone was the second sbecies
necessary. Spealman and Rodebﬂshé (1935) later showed that
atomic oxygen and not ozone was the second ;onstituent, and

"chemiluminescence was attributed to the reaction

* .
NO, = NO, + By - {(emission range = 400 - 900 nm)

following formation of electronically excited NO2 assumed
via a second order process (later shown to be third order)g.
Gaydon5 (1944) studied the role of atomic oxygen in
combustion. He showed that the yellow-green continuous
spectrum émitted by some flames containing nitrogen oxides
was identical with the air-afterglow spectrum and was thus
due to a réaction between atomic oxygen and nitric oxide.
Thus. the gibwkcould be used as a qualitative test for atomic
oxygen in &arious flames and this led to quantitative
applications in CO/O2 and Hz/air flames.

A Later, McGréth and Norrish6 (1957) studied the flésh-
‘phofolytic decomposition of ozone. Under isothermal conditions
in the presence qf an inert gas, they identified the
absofption spectrum of vibrationally excited oxygen (62) in
the ground electronic state, assumed to be formed by the
rapid reac?ion (2) below. They were able to obtain relative

efficiences of various gases in promoting the rate of ozone

formation viz.,



0 + 0y -2 52 + 0,
Kaufman’ (1958) established the kinetics of the afterglow
in a éischarge flow system and showed that the afterglow
obeyed the relation

- 1, [0

where Io was a constant. He thus used this relation aé a
quantitativevmeasure of oxygen atom concentration ( section
2.4) in the presence of a comprehensive range of reactants

(vhich included SO CO)'and third bodies and obtained

2
information on wall régombination rates ( also section
2.7). Clyne and Thrusﬂg‘showéd that I° depended on the
nature of M and temperature, and caléul&ted 1° from the
relative iﬁtensity measurement calibrated from the actino-
‘metric measurements of Fontyn9'9a et al. These facts are
fully discussed in section 2.4. A full mechanism for the
air-afterglow (including radiative processes, electronic

transfer etc.) is also given. Many reactions of the type

O + X0 + M :

2

luminescent and obey an emission law

1 = 1_[0][xc]

where I and Io may be the intensity for the complete band

X0, + M bhave since been found to be chemi~-

(integrated intensity) or only part of the band. Sqme
examples are provided by X = C and S. This law is
generally valid in only limited ranges of pressure and
temperature. |

A summary ?f earlier determinations of k1’02 at 295K

are given in Table 1.1. Several investigations have been

made of the thermal decomposition of O, in the range

3

'298 - 1000K in ordef fo‘obtain rate constants for reactions



(1), (-1), and (2), although only k . and k ;/k, can be

1

determined directly by this method. Benson and Axeworthyio

studied the decomposition in the range 310 - 350K and

proposed the above mechanism for 03 dissociation and

concluded that reaction (-1) is a unimolecular reaction in

the low pressure limiting regiomn, and (2) is an overall second
order reaction. This kinetic mechanism was later confirmed
by direct investigations of reaction (1) ana (2). Using

the relative efficiency of O, compared to O, of 0.44 obtained

2 3
by them and also by Castellano and Schumacherli, Benson and
. ) ’ -2 -1
Axeworthy12 later obtainedl;l = 1.33 x 101* cm6 mol ~ s 1,

and ky = 8.7 x 109 cm3 mol -1 s—1 (Ea = «5.7 écal. mol —1).
' 17,18,19

establishing the kinetic mechanism of

14

{1) and (2) is discussed below. Jones and Davidson

Further work

pointed out the need for an accurate determination of k2’

following the question raised by McGrathténd Norrish6 that

%

vibrationally (x3Z§§) (and possibly elecffonically).excited
0, formed in relation (2) might destroy further O3 by the

reaction

0, + o3 = 20, + 0 (6)} .
16

thus providing an 'energy chain'. Elias “et al. showed

(by O, flash photolysis at 7570 nm so only ground states 0,

3

and O were energetically accesible) that the vibrational

. .
intensity distribution of O, appeared identical to that

*

observed by McGrath and Norrish. Thus 02 formed in reaction

(2) originates from O(BP). Jones and Davidsonlh showed by
their shock tube thermal decomposition of 03 study that

vibrationally excited O, was produced also giving a Schumann-

2

Runge absorption spectrum similar to McGrath's . However,

the interpretation of this shock data (given below) does not



require the rapid occuran@e of reaction (6). Furthermore,
work by‘Castellano11 and Schumacher (on the red light
photolysis of 03) provided evidence against energy chains,

since an observed quantum yield of 2.0 in pure 0_ set an

3
upper limit of 1.05lf0r the chain length ét room temperature.
This was also the conclusion of Benson and Axeﬁdrthy.

Thus, Jones and Davidson14 studied 03 decomposition at
temperatures between 689 and 863K(M = Ar) aﬁd 769 and 910K
(M = N,). The combined data with data in the range 303 to

383 due to Glissman and Schumacher15 (which was re-interpreted

by Benson and Axeworthy10’12) gave kl,N = (9.4 £ 1) x 1012
exp (1700 I 300/RT) em® mo1 "2 s71, k_lg, = (5.8 £ 0.6)

11 . - : 3 —1,Lg1
x 10 exp (-23150 + 300/RT) cm” mol ~~ s and
k, = (2.4 + 0.5) x 10'% exp (-5600 ¥ 500/8T) cm’ mo1l 1 &1,
At room temperature (298K) this value of KI’NQ gives a value
of k1,02 of 1.9 x 1014 cm6 mol‘."2 5—1 in fair agreement with
Benson's and Axeworthy's value of k1,02-= 1.33 x 1014 cm6
mol -2 s"1 if the latter workeys relative efficiency of
O, : N, of 0.44 is used. . é«;

2

3 .
Zaslowsky16 et al. studied the decomposition by a

manometric method over the %reséure range 11.3 - 51.8 torr

at *emperatures of 388 - 403K and obtained a value of

2 - -
k_ 4.0 = 7.98 x 1012 exp (-24300/RT) ewm? mol "1 &7 in
=i
3

reasonable agreement with Benson's value (k 1.0 = h.61 I
i
3

3 -1 -1

)24
0.25) x 101“ exp (-24000/RT) cm” mol s and a value of

/ -2 -
= 1.37 x 101* cm6 mol s 1

2
with Benson (k1 o = 133 x 1014 cm6 mol -2 s-l) at 298K.
9 2 - .

The most reliable value for k, bas recently been

k also in good agreement
1,0

determined by Kaufman17 using a flow system under conditions

of excess 03. This value is k2 = 4.5 ¥ 0.36 x 1-09 cm3 mol
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-1 . ' ' '
s at 298K and is generally lower than those given above

(Ea = -4.31 2 O.lO‘ﬁcal. mol ~1).

A brief sﬁmmary of the work up to 1964 on réaction (1)
is given in Table i.1. Unfortunately,’the.reliability of
these rate consténts are open to doubt following the later
work of Kaufman and Kelsol*7 and Lgrkin18 and Thrush (1964).
These workers showed that small aﬁounts of atomic hydrogen
catalyse the removal of atomic oxygen throuéh the homogeneous
reaction seqﬁence

H + 02 + M = HO, + M~
0 + HO2

H

3
+
o

-0 + HO

1l
o s
+
o

hence accelerating oxvgen atom decay rates.. Kaufmanl', and
Clyne and Thrush19 showed that electronically excited o,
(13%) can react with 0

molecules'{e.g. o to regenerate O

2 3

atoﬁs and‘%hus decelerate atomic oxygen.decay via processes
such as ' o
»02,(123) +0, =0 3p) +"202 3%
and simila%-processes can presumably occur with higher excited
states of”&z. McGrath and Norrish2® showed that 0 (1D)
excited atoms react with water to generate OH radicals and
Clyné and Thrush21 showed that these react rapidly with O
atoms to give hydrogen atoms viz;

o () + H,0 = 20H

O + OH = H + 02

Thus, the presence of excited O atoms and HZO impurities can
lead to high rate constants. In the light of thlese
revelations, pre-1961 work must be considered as being
unreliable since excited O2 and/or hydrggenous impurities

in flow gases were not alwavs excluded (e.g. the value of

)
i

. S T T . : L Lieh Slhoer ewmeist
| AW . L . Do <z P
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’

k1 0 determined by Francisz‘2 is too low, probably due to
1
2 " ‘

the presence of O2 in his system). Therefore, in this work

care was taken to avoid hydrogenous impurities which generate

in an excited electronic

56

H in the discharge cavity, or 02

state, or O (lD). ‘Clyne et al. show O (1D) is absent in
discharged Ar/Oz.’ The trapping systems,.distances'and
discharge conditions used to overcome these snags are

described in section 2.

Barlier determinations of the femperature coefficient
or reaction (1) were mostly obtained from work on the

Benson12 obtained an Arrhenius
-1

~decomposition of O

3°

activation energy (Ea = -0.89 ﬂcal. mol (M =0 310 -

30
. 350K), Jones and Davidsoniq, -1.9 : 0.3 ﬁcal. inol -1

(M = N,, 767 - 910K) when extrapolated with data of Zenson

and Axeworthy. Thus serious discrepéncies exisﬁ in this
determinatién, and the determination of the temperature
coefficient éf reaction (1) forms the main part of this work
on the reaction. Previous temperature coefficients will be
compared in section 8. Comparison of the results of. the
present wérk on reaction (1) with post-1964 data will be gmiven
in section 8, table 8.1.

19%3)

On the subject of surface recombination, Smith>> (
developed a side-arm wmethod in which H:and‘HOx species.were
generated in a low pressure electrical pyrex discharge, and
the rate of radical disappearance was me;sured along a closed
pyrex side-arm by means of a catalytic thermocogple—vrobe.

(the fraction of wall collisions learding to recombination)
't

)
- was determined for l, and hOx on pvrex at 773K. Linnett”™

et al. measured (by the side-arm method) for oxvgen atoms



10

oﬁ pyrex, silica, metals, metal oxides (293 -'573K) and
found recombination'to be 1st order in atomic oxygen. lie
stated that Smith's early work on HO2 in particular must be
treated with reserve since tﬁe actual production of HO2 was
thought to be uncertain, aﬁd be always accompanied bv a
complex mixture of H, O and OH species.

Voevodski25 (1949) obtained data by a different method.
The surface temperature of a glass capillar& coated with
various substances (e.g. metél halides, hydroxides etc.) and
exposed to oxygen atoms from a Wood's type discharge was
observed to rise to a high value ( T = 1200K) b;cause of an
increase of&pxdiﬁlincreasing T. Similarly, at low surface
temperatures, where ¥ is small, little heat is released in
. recombination at the wall and T was small. Voevodski then
established ths relation (P 6%)

3 =x-o e-—ﬂ/RT

the temperature dependence (E) of recdmbination was found
to be 6.5Kcal. mol ~1,Awhereas Linnett found a rapidly
changing activation eﬁérgy,vl &cal. mol -1 at 293K rising
to 13 Kcal. mol -1 at 573K. .Kéufmanzs used'the wood-
Bonhoeffer flow method to show‘a much smaller increase ofv'
occurred between 299K and 1000K on vycor glass (96% SiOﬁ).b
For ki = 2 x 1oiq 056 mol ‘2,5“1, he obtained g 2. x 1077
at 298K in disagreement with tlhose of Linnett or Voevodski.
A summary of recent determinations of X can be faund in
section 2.7 later, and it can be seen that recomhination
coefficients vary bv several orders of magnitude. Lowever,
an .approximate order of surfaces for high values of 6’15
metals> metal oxides) éyrex > vycor > coated surfaces

(Drifilm' is an excellant surface poison for studyving
i p
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reéombinatioﬂ reactions of hydrogen atoms in flow systems
hbut a poor one fdr oxygén atoms as shown in the present worg.
In the present work, the determination of:surface rate
cons£ants was an important feature, since surface effects
have been considered to cause serious errﬁrs in flow methods
of studying atomic reactions and especially temperature
coefficients.

The reaction

0+ 0 +M=0, +M Ceee. 3

is important in atmﬁspheric phétoéhemistry (see section 1.3)
and it s rate needs to be firmly established. The reaction
was studied by Krongelb énd Strandberg27 (1951) using a
paramagnetic-resonance (E.5.R.) technigue and ogtained

3

clean pyrex at 298%. However, this value is in error since

.‘ - -2 ‘. -
k, =5 x 1015 cmb mol s 1 and § = 3.2 x 10 4 (M = Ar) on

they aftributed 21l recombination of atomic oxygen in the
lpresence o} mol@gular oxygen to occur in reaction (3) without
allowing f%r reaction (1).

Golde% and Meyerson28 (1958) reported a value‘of

1.0 x loll“cm6 mol "2 571 obtained by pulse-radiolysis in

a static system (M = 02, T = 300K) in exact agreement with

Morgan and Schirf2? (M = Nz) using a fast flow method

-2 .
(1.0 x 1014 cm6 mol ~ =~ s 1)

5

. Tke latter workers found K to

be 1.65 x 10 ° on clean pyrex and comparison with high

h .
temperature shock-tube datalt indicated that the recombination
:teﬁperature coefficient of k3 (M = Nz) is small ind

-0.5

probably not greater than T Harteck et al.33 passed

dilute mixtures of O

3 in Ar through a discharge and used a

chemiluminescent titration techni.jue to determine O atoms,

thus obtaining a high percentage dissociation resulting in
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r

reduction of O3 production. The value of 0.97 x-1014 cm’
mol -2as— is again in excellent agreement with rgferences
(28) and (29). |

The best determination of &3 has been made by Campgelljo

and Thrush in a discharge-flow system for (M = Ar, N_,

T = 196 - 327K). Their value of (k, - 6.0 £ 0.6 x 10%*

s AT
cm6 mol -2 s—l) k = 11.3 101 x 1014 2 -1
3 $N2 '

about an order of magnitude higher than thdée of —others

6 - .
cm mol. is

28,29

which probably are effécted by excited O2 forme& in discharge
tubes (discussed above). | |
The reaction
O+ NO+M=NO, + M ceee b
is a very well known atomic reaction; of the earlier workers,
Ford31 and Endéw photolysed NU2 at small partial pressures

(1 - 20 torr) in a large stifred—flow reactor and obtained

16 6 -2 -1
s

k = 1,8 x 107", cm  mol. at room temperature.

3

Kaufman32 and Harteck et al,3 both using the discharge-flow

method have obtained values of 2.5 = 0.3 x 1010 cm® mol ~2 g71

(M = Ar) and 2.7 % 0.2 x 1010 om® mo1 "2 57! (M = Ar, T'= 298K)

32

for M# respectively and in good agreement. Kaufman and

Gerri estimated a negative activation energy of 1.5 Rcal.

mol ~! or kg proportional to p-1:3,

. Clyne and ThrushBAused the discharge-flow method to

6 6 - -
measure k., obtaining 2.7 : 0.3 x 1011 cm  mol 2 s 1 (M = Ar,
4 g

gs T = 200 -

T = 293K) whick is the best value. k, (M = 0
300K) was found to bave a small negative temperature
coefficient whichk can be expressed in the form

0.8 s -2 -1
cm mol s .

k = 3 x 1016 (T/273)73°7
4,02 ‘
Reactions (3) and (i) were potentially important side

reactions in this work on reaction (1), but were made
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negligible by using very low concentrations of atomic

oxygen and nitric oxide (see Section 3.2 for choice of

experimental conditions). A brief review of other side
reactions which might be importent in the present system

€.Zo 03 + NO = NO2 + 02 will be presented in section 2.

Little work has been done on the reaction
which is important in understanding photochemical air

7

pollution. Kaufman

an upper limit ofl’c.5 = 3 x 1016 cm6 mol ~2 71 (M = Ar,

I
T = 298K). Halstead and ThrushB* reported a value with the

-
= 4,7 T 0.8 x 1015 cm6 mol * s 1

5
T = 298K) although this value may have included

same method, namely k

(M = ar, 0,,

a contribution from the reaction

< O+602+302=503+502 evee 6
35

Recently Mﬁlcahy et al used the stirred-flow with both

E.S.R. absdrption by O and chemiluminescence from 0O + NO

(air afterglow) to determine [ o]. was found by

k
34 Ar

IR '
_extrapolating to zeroA[O] to avoid interference from wall

reactions.; The experiments with E.5.R. and afterglow

detection gave 1.4 x 10 and 1.0 x 101 cm® mo1 ~2 71

respectively fork5 although several corrections need

yAr’
to be applied to this technique, which only assumes ideal
mixing in the flow reactor. Attempts to determine ks M

. ]

(M = Ar, 80,, T = 295K) in the present work have heen made,

and results of this are set out later in section 6 and

discussed in section 8. The results are similar to those

T

of Mulcahy but are interpreted in a different way.

PR T

RO SR VS N SEK NP

used the discharge flow method to obtain



o | | 1k

1.3 Atomic Oxygen Reactions in the Atmosphere and in Combustion

Reactions
Reactions of oxygen atoms produced in the atmosphere

by photolysis of 02 or NO,

5 play an important part in the

ozone balance in the strJosphere and in photochemical air

pollution; reactions of O with O 592} CO etc. are also

21
prominent in combustion processes. A brief discussion of

the roles of such O atom reactionsin these systems or

environments will now be presented.

1.3.1 Photochemical Air Pollution

The principal fuels contributing to urban atmosphere
pollution are coal and oil, which on combustion produce

mainly SO NOX, hydrocarbons and particulate matter. ‘502

21

(and traces of SO ).annual'world—Wide emission is estimated

3
to be 146 million tons. The principal mechanism for 502

removal in clean air is considered to be the photooxidation

to bO3 (M 02, o0

0 + SO2 + M = 503 + M

and thus the rate for this reaction needs to be well

N

]

Ar) via the reaction ﬂB)

established. At the altitudes (Q - 3km) involved in air
pollution, only ‘the photolysis of NO2 by U.V. radiation
between 360 nm and the ozone 'cut off' (light of?\ < 30C nm

is absorbed by the 0, shield centred at 30 km in the

3
stratosphere) can lead to appreciable O atom formation
(typicallyf\liO5 atom cm-3). An alternative mechanism36
requires photoexcitation of 502 to it's first electronic
excited state by an allowed light absorption process followed

by a radiationless . " conversion to a long lived

tfiplet state viz;
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*
lSO

SOZ.+ hy —> 2

1_.%* 3. *
) 802 e 802

*

3
302 + O2 + M —> SOu + M

SOh + 802 —_ ZSO3

SOZ4 + O2 —_—> SO3 + O3

Photooxidation of 802 also occurs by hydrocarbons, particularly
olefins but the process is slow. CO is also a common pollutant

but reacts slowly with O, or O but not with NO

3 2°

60% of the NO present in the lower atmosphere is produced
by the internal combustion engine., It is rapidly converted to NO2
(see below) which is the principﬂb light absorbing species present

~in smog. In air, the photodissociation of NO2 by sunlight

(the quantum yield A“1 between 295 and 385 nm):

NO, + hy(295-430 nm:) —> NO + 0(3P)

3

yields oxygen atoms whicﬁ'react §rimarily with molecular oxygen

37

to form ozone, reaction (l). Leighton noted the paradox
that although NO, is efficiently photodissociated (above) in
the primary photochemical act, it is ultimately reformed in
highly,complei photooxidation processes much faster than it is
destroyed, the net result being a very rapid conversion of NO

to N02. This conversion occurs by three major paths:

(i) reaction of nitric oxide with ozone:

NO + O3 > NO2 + 02
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(ii) thermal oxidation by molecular oxygen:

.
2NO + O2 —_—> 2NO2

i

(iii) reaction of nitric oxide with radicals such as hydro-

peroxy, H02', alkylperoxy, ROé, and acylperoxy, RCOi,

formed by hydrocarbon oxidation.

HO, ; HO
RO, + NO —> NO, + RO
RCO RCO

3 2

By themselves, the reactions of ozone and oxygen atoms with
hydrocarbons and nitric oxide are insufficfénf to account for
either fhe rate of conversion of NO Fo N02§9r the rates of
consumption of hydrocarbons observed‘sgth ié smog-chamber studiesho
in the torr rzgion, and in ambient air. Thérefore, other
~oxidizing species must contributé importantly to the generation

of photochemiqél smog. Radical interﬁédiates eg. OH seem most
likely; In 197077 the rate congtant for the reaction of CO

with HO was shown to be 1.1 x lOllcm3m01 -ls-l, a value 103

times greater than previously believed. This led to the proposal .

of thq'following chain reaction:

HO + CO —> H + CO2
H + O2 + M — _H02 + M
!
HO2 + NO —> HO + NO2
This proposal was important since:

(i) - it stimulated further work on reactions of HO and HO2 in

urban atmospheres;

(ii) it focused further attention on the central smog process,
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NO > NO2 conversion; and
(iii) it emphasised the possible importance of other radicai

intermediates such as H and H02.

The 'relevance' of air pollution was recently dramatically‘

reaffirmed when in June 1974, Los Angeles U.S;A., oxidant levels
exceeded maximum permitted levels of O.7p.p.m., a level reached
only a few times in history. This occurred despite 20 years of

air pollution control by scientists and legislation.

1.3.2 The Photochemistry and Kinetics of Ozone Formation and

Destruction in the Stratosphere.

lThe ozone layer of the stratosphere, centred at 30 km is
responsible for the absorption of much harmful, intense
(for A< 300 nm), u.v. radiation incident on the earth. it is
therefore of great interest to measure and to calculate the

present day concentrations of O, in the upper atmbsphere.

3

The fundamental reactions which establish the ozone 1ayef

38

are given by the 'classical' scheme for an oxygen-only

atmosphere viz;

0, + hv = 20 , AN< 2424 nm ........(a)
03+hv =0+ 0,, A< 1140 nm ceeere..(b)
O+02+M=03 + M R O
0+03 = 20, ceeeeeea(2)
20+M =O + M O..OD.OI(B)

The rate constants for these reactions together with the calculatecd

ratesAof dissociation of O2 and 0, for an overhead sun can be

3

W AT T e el i . L g - Lo [ FO T
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combined to predict the 0O, concentration at any altitude

3
(10-100 km) in the atmosphere. Satellites, rockets and balloon-
sounding equipment have been used to determine veftical dis-
tributions of 0 and 03. Hunt39 calculated a photochemical 0

profile for an oxygeﬁ only atmosphere and compared it with

3

experimental results. However, based on this model, the calculated
03 distribution wgs a gross overestimate of the observed atmos-
pheric distribution. The above scheme leads to O, concentrations

3

at photochemical equilibrium given by:

[03] = | J__k_ [@4 [o] . C e (1)

b

(since reaction (3) may be neglected below 50 km). Where k, and

k, are the kinetic rate constants for reactions (1) and (2) and
Ja and Jb are the photolytic‘rate constants for reactions (a)
and (b). Howevér, any assessment of this scheme depends critically
on the values of kl/k2 in the range 200-300 K; a reliable
" determination of this ratio is clearly needed.
Bates and Nicolet57 developed a hydrogen-oxygen (*moist!')
39

only atmosphere model and Hunt recalculated 03 profiles using

this model. The results showed a remarkable O3 concentration
reduction at all levels owing of the inclusion of H-atom reactions.

Later,»Crutzenhl pointed out that the rate constants chosen

for the chaim reaction:

-1

1 - ) -
OH + 03 = HO, + 0, (4) k =.1.5x10 12T2exp( lgoo)cmémolecule 2s

and  HO, + 03 = OH + 20, (5) (neglected)

in the 'moist' model gave closer agreement between theoretical
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and observed_O3 concentrations, but stated that since two bonds
must be broken in reaction(5), then this reaction must be slow.
This again led to Oj concentrgtions that were toollarge. Further-
more, the 'moist' model included no form of correction for
molecular and ®ddy diffusion,. particularly important at altitudes
above 80‘km.

Crutzenhl and Johnsonuz have drawﬁ attention to ghe catalytic
role of nitrogen oxides (NOX) produced by atméspheric pollution,
from supersonic air traffic (SST). Johnson calculated O3

concentrations using an extensive reaction sequence involving

the catalytic removal of 0O, by NOx and HOx. To a zero'th'

3
approximation (ie. in the absence of NOx and HOx catalyses),
the 03 concentration at a given height was given by equation I

above. The rates of production (P) and destruction (D) of

0, are given'by

E__[(_)_Q-J 3 27’ [02] - 2k20[0][0;l = P - DC

where C is the catalytlc COefflClent (unlty 1n the absence of

Catalysis) and [é]' bYoé] to a satisfactory
k[°2](M]

approximatioﬁ.

For mean.dayfime concentrations and currently accepted reactions

and rate constants in the stratosphere, some of the more important

catalytic chains to be considered are:

chain (1) O + N02 = NO + 02
NO + O3 = NO2 + O2

chain (2) 0 + HO, = OH + O,
OH + O3 = liO2 + O2
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C S = 0f 4

chain (3) O + OH = H + 0,
H+ 05 =OH+ O,

chain (4) OH + 0y = HO, + 0,
O3 + HO2 =$OH + 202

with cufrent experimental measurements of NOx and HOx; the
expression given above for [?3] still leads to a small over-

estimate (a factor of 2-3) of peak 03'leveis.

Thus Johnson42 calculates that the increase in NO_ from

estimated SST densities in the near future couid'reduce the O3
shield by a factor of about 2, thus permitting the harsh (<‘300 nm )

u.,v, radiation to permeate the lower atmosphere. This is also

43

supported by Hampson who draws attention to the potential

danger of thermonuclear warfare in that atmospherically generated

NOx could destroy the O, layer. In contrast, Tuckuh pointed

3

out that large fluxes of NOx generated by nuclear tests during
the winter of 1961-62 caused little, if any, change in O3
levels. Johnsonhz argues that this may be due to the tests being

confined to only the northerly latitudes and low altitudes

used in the largest tests in the past,

75

It has been discovered that electronically excited oxygen
0(1D) atoms react with commercial fluorocarbons at rates which

are essentially diffusion controlled viz:

0(1D) + CFCl, —> products (k = 3.5x1071 cm°mol 'ls'l)

3

(Thé principal products include COFC1l and possibly molecular

chlorine).



It has been proposed that chlorine atoms prodﬁced by photo-

dissociation of CFCl, may initiate chain sequences which might

3

deplete the 0, layer (cf. N02) eg.

3

Cl + 03 —> C10 + O2

€10 + 0 —>» C1 + 02

The potential of this mechanism in the stratosphere depends on
whether there is an appreciable vertical transport of fluoro-
carbons from the troposphere (where they are released as aerosols)

Ls

to the stratosphere. Eggleton et al. showed that O and/or

3
fluorocarbons can be transported over distances 160—1000 km

in North Western Europe and can, on occasions, pr@vidq a major
contribution to photochemical pollution in the U.K. However,

if such transport does occur, there remains the question of whether

~or not fluorocarbons would compete significantly witlh other

halogenated éompounds already present, as precursors:. to Cl atoms.

1.3.3 Roles of Atomic Oxygen in Combustion

68 - . .

In recent years, much research - on the kinetics of reactions
occuring in flames has been carried out. A flame can be
considered a$ two 'zones', (i) the primary reaction zone - an
" inner cone in which intense reaction of the pre-mixed reactants
. \ \ . . 69
occurs and (11) the 'burned' or post flame gas. KXinetic studies
have been conducted on both zones. However, rather elaborate
procedures are necessary to extract rate constants or Arrhenius

parameters from the experimental data. Many gaseous oxidations

are chain reactions involving free atoms or radicals such as

0O, H, OH and OZH' Chain mechanisms can explain the existence

= et
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of sharply defined explosion limits, the influence of inert
gases and the effects of small amounts of catalysts on reaction
rates.

Thé concehtration of radicals in flames 6an be determined
by several methods. OH radicals have been measured by their
absorption in the ultraviolet region. Radicals such as CHB’

C CH, 82 have been monitored in various flames by absorption

2’
photometry. Relative H concentrations can be determined from

the emission .intensity from CuH radicals formed in an

electronically excited state when a copper salt is added to the

5

flame. Gaydon” studied the yellow green continuum (see sectioq
2.3) in flames. The colour results from radiation from an
electronically excited state of N02, formed by reaction of
atomic oxygen and nitric oxide. Thus, addition of NO to a flame
served as a qualitative test for the presence of 02 atoms.

More recent1y70, radical concentrations have been determined by
E.S.R. spectrometry. The flame is either situated in the cavity
of the spectrometer or, with more precision, it is sampled into
the cavity by egpanding the gases rapidly through a fine probe.
The concentration of hydrogen atoms is most conveniently measured

71

‘indirectly by adding a trace of lithium salt to the reactants
(as an aqueous mist from an atomizer). The lithium exists in
the flame both as free atoms and lithium hydroxide and the

species come rapidly to equilibrium with hydrogen atoms present

by the reaction:

Li + H20 ?—9 LiOH + H
The lithium concentration is determined by atomic absorption

photometry. The standard apparatus is the flat flame burner,
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an elaborate version of a laboratory Meg%r burner. By wvarying
gas flow velocities through the burner, a range of reaction
temperatures can be obtained and measured by a thermocouple.
This'method is suitable for kinetic studies only in the post-
flame region. '

The reactions, however, occur under conditions whereby the
temperature and the linear flow velocity as well as the concen-
trations of products increase steeply with time (distance).

.The steep concentration gradients cause the reactant molecules

to diffuse rapidly forwards and product molecﬁlés backwards in

the flowing medium. Thus unfortﬁnately the concentration of a
species beinéAobserved at any boint is determined to a significant
extent by diffusion.

W@ittinéﬁamu6 studied the oxidation of 502 in a bunsen
. flame during.ihe slow combustion ofiCO aﬁd concluded that
oxidation toé? p1§ge through a termolecular addition with O
as well as éimoléﬁuzar addition depending on the nature and
concentrafioﬂ;of other.constituents. HO radicals also.play an
i@portant paf% iﬁ processes such as{

502 + OH = SO3 + H

but this redétion is endothermic and likely to be slow compared
with:

o + 502 + M = SO3 + M

' The primary reaction of the methane-oxygen flame has been

72

investigated carefully .-by Fristrom et al. It seems certain

that the endothermic reaction:
02+CHu=IiO2+CH3 veeea{c)

makes a negligible contribution to CHh consumption. Its
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maximum possible raﬁe, calculated at 1650 X is several orders

of magnitude less than the rate of formation of CHH' The likely
radical attackers are H, OH and O and since the concentration

of H is low in the presence of excess 02, this leaves O and OH.

Results of studies of the reactions:

O + CH, = OH + CHg4 .....(g)
and OH + CH, = H,0 + CHy . ' j.}..(e)
73 74

by flow-tube and flash photolysis techniques suggest that
reaction (e) is an order of magnitude faster than (d) at 1650 K.
Since, also, O is usually less abundant in flames than OH,

then to a first approximation, reaction (e) can be considered

the sole means by which methane is destroyed.

1.4 Modern Experimental Techniques

The growing and renewed interest in the che%istr# of the
Aupper atmosphere and photochemical.air poliution has ied to a
need for accurate, reliable rate data for étomic reacfions of
thé type described previously. Several new or mddified techniques

have found application in oxygen atom studies and some will now

be briefly reviewed under the headings 'flow' and 'static'
me thods.
Since 1958 (Kaufman7), many atomic recombination reactions

have been studiedbby fast-flow (or modified WOodJBonhoeffer)
methods. Flow systems are most convenient for the measurement
of O-atom combination reactions, eg. the present method can be

used to study reactions with third-order rate constants in the

13 17 6 -2 -1

range 10 =10 cm mol s .+ The flow system can be constructed



25

'so that atomic decay pfofiles along the reaction tube can be
determined (see section 2.4 and 5.2), and optimum conditions
obtained by adjusting filow rates{ pressures and mean gas flow
velocities. This limits systematic errors to instrumental
measurements (5<7% errof) and surface reaetions.' The latter

are the main disadvantages but are effectively eliminated by

the present technique. High atomic concentrations (1012-101h mol-
ecule cm°3) can be produced and measured absolutely, enabling
reactions of various kinetic orders to be measured. However,
total pressures are generally limited to 1—20‘torr although

the present method may make the study of reactions obeying

first order kinetics in atomic concentration up . to 1 atmosphere
feasible,

Other tebhniques, based on this method have fecently been
developed. Kaufman and Kelsou? have used a pyrolysis-flow tube
technique in which ozonized oxygen (0.3-0.4% 03) is dissociated
inva quartz tube at 1100-1400 K. The main advantaée of this is
‘that no excited 'species (section 2.&) are produced. Ozone has

17

also been dissociated us%ng a Nernst glowef. One further
modification of the flow-method, ie. the stirred-flow method,
is discussed below.
. L8 26 . .
Jennings and Kaufman have reviewed the various absolute
"and relative methods of determining atomic concentrations in
flow systems. Calorimetric probes, which have mainly been

applied to Hh9 and 058,16a

atoms, are sensitive and accurate
when operated isothermally but not specific and thus cannot be
used directly to follow reactions where several active species

are formed or destroyed. Wrede-gauges are also non-specific



and lose accuracy at low atomic concentrations. Furthermore,
they can be used only at fixed positions along a tube. However,
both of these methods are absolute,

The 'titration’' method7’8 is analggous to analytical
titrimetry in solution. A gaseous reactant is added to the
flowing atomic stream to be determined, and its flow rate is
increasedvuntii all the atoms are consumed. The added reactant
must react rapidly, specifically and stoichiometrically so that
no interference from other reactiops occur., ,Hencé, the number
of molecules of reactant at the 'ehd pointf is equivalent to
the number of atoms originally pfesent. In order‘to apply this
technique, a reaction is needed that occﬁrs within fewer than
a hundred or so collisions. A few of these are given be%ow in
Table 1.4. The 'end point' can be determined photometrically
(if the reaction is chemiluminescent) or by end-product analysis.

For example, on addition of NOé to O-atoms, (reaction (a) )

Table 1.4 :
i
Reaction k/cm3 mo1 ~1 g1 - Reference
at 298 K
a) 0 + NO, = NO + O 4 x 1013 67
2 7 ‘2 :
b) N + NO = N, + 0 2 x 1013 8
c) H + NO, = HO + NO 3 x 10 68
‘ 2 )
d) o + Br, = OBr + Br 5 x 10t 69

@.B. ’ reaction (b) may be used as a method of producing ground

state O-atoms to ensure the elimination of excited species,
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eg. OZ(BEE;). 02(1252) usually produced in electrical discharges
(sectidn 2.38 .

a greenish~yellow chemiluminescence appears in the flowing gas.

The glow arises from the electronically excited N02

formed in
the reaction

*
NO, + M

O + NO + M 2

]

*
N O2

NO, + hY {(green-yellow)
The method is absolute, precise, sensitive and can be applied
in simple apparatus.

E.S.R. provides a modern tool for the measurement of atomic
concentrations. The intensity of the E.S;R. signal is directly
proporfional'to the atomic concentration pfovided certain

i

conditions are met and provides a good spectific measurement.

The reaétion is not perturbed and there is wvirtually no inter-

ference from other species since magnetic fesonance occurs only

~with species of unpaired electrons. Howevér, although calibration

is relatively simple, E,.,S.R. equiphent is bulky and expénsive

and atomic éoncéntrations generally have tb be @easured at a

fixed point in a quartz tube. Measurement of temberature
coefficients thus becomes difficult and eiéborate.design oﬁ flow
systems is required. The technique cén berused as an absolute

or relative one, and is the most sensitive of all absolute methods.

9 3

Atomic concentrations as low as 10”7 atom cm haﬁe been measured.

Turning to relative methods, (resonance—fludrescence
described below can also be used as a relative one)r the technique
used in the present work stems from the chemiluminescent reaction
given immediately above. The intensity of the yellow-green

air- 'afterglow' is given (section 2.&) by I = Io[QJ[?@‘

¥ - k Cah v S , - . e Yo
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Only a minute concentration of NO is necessary since the small
amount of NO used to form excited NO2 is immédiately regenerated

by the very rapid reaction:

o + NO2 = NO + O2

The concentration of NO thus remains accurately constant along
the flow tube and the intensity of the glow at aﬁy time is
exactly proportionai to the concentration of oxygen atoms. This
technique can be made up to an order of magnitude more sensitive
than E.S.R. and can be applied sxcessfully to the measurement

of temperature coefficients and to the measurement of rates of
reactions such asf

O +CO+M=CO, +M

which have hitherto not been attempﬁéﬁ suctessfully in a flow

system,

Flash photolysis is a static technique which utilizes an
intense flash of light (Energy 100-2000 J, A =200-500 nm) to
produce rapid dissociation or excitation in a chemical system
in a time less than the time scale of subsequent reactions
involving the species produced. Reactions with half-lives down
to 10™° s can be studied (<10-%5by laser flash-photolysis).

Transient species may be produced under isothermal or adiabatic

COnditions and observed by absorption spectroscopy, mass spectro-
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metry, E.S.R.1or,some other suitébie technique. The adiabatic
technique is particularly suited to the study of pyrolytic

and explosive reactions; early work was done on anti-knock
additives in petroleum by this method. Thewisothermal

technique (in which the heat capacity of the system is increased
by addition of an inert gas) is useful for obsérving excited
reactive species, eg. in the study of intermediates in combustion
processes or the thermal dec;mposition of O

3 and oxidation of

methane. In the isothermal decomposition of O flash photolysis

3°
showed that the mechanism necessitated a chain reaction prop-
agated by vibrationally excited ground state Oé molecules
(u)l?) and not electronically excited molecules. This fact was
later re-examined by Clyne et al%9' who reported no evidence

of an energy chain but found that species such as 0, (IEZ;)
(section 1.2) decelerated O-atom decay. Flash-photolysis has
recently been used as a tool in developing new tephniques for
the determination of rates of atomic/free radical reacfions and
these are discussed below. Excellent work on pxygen atoms has

59

been done by Huie et al. with a flash photolysié-resonance
fluorescence technique (section'S). Atomic oxygen decay was
monitored by fbllowing atomic oxygen resonance radiation. The
fluorescence signal was recorded on a multi-channel analyser
~and multiple flashes (>100) were used to generate one kinetic
decay curve, thus greatly reducing statistical errors. Over
the pressure range and conditioné used (50-5000 torr), the
important advantage of this method (cf. present work) is that

secondary and wall reactions can be entirely neglected. This

method is the most reliable alternative to the discharge flow
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method although only first-order atomic reactions can be studied
at present, and apparatus is expensive and elaborate to set up.
The shock tube62 prévides a static technique for the study
of (a) very fast processes and (b) dissociation eﬁergies, by
a purely thermal method. A shock 'wave' provides a means of
producing a very high temperature in a gas by very rapid adiabatic
compreésion in times of the order lO—lo s at N.T.P. The shock
transition (a) is so abrupt that it is regarded as a mathematical
discontinuity and (b) propagates without change through the medium
(ie. it remains sharp). The shock is supersonic since some
collisional processes occur at the speed of sound. The reacting
gas, after passage of the shock front, is observed by spectro-
§copic, densitometric and other methods with a resolution <10 ms.
Several studies (section 1.2) have been made with this technique.
Jones and Davidson studied the thermal decomposition of O3 in

argon gas and obtained k_; and hence k; kncwing <4§H;703,g).

1
However, elaborate and expensive equipment 'is once again
necessary, with electronic devices for meaéuring shock velocity,
monitoring atomic decay profiles and other;problems.

In the 'stirred-flow reactor' method of Mulcahy et al.,50
a large volume (~2 1litre) spherical reactér at g‘pressure
1-8 torr was used and relative concentrations of oxygen atoms at
the inlet and oﬁtlet parts were determined photometrically
from fhe air afterglow intensities at these posi£ions. A
special 'double cavity' E.S.R. detection method was used while
studying atomic oxygen-sulphur dioxide reactions but this proved

less reliable than the photometric technique. Perfect gas

mixing is assumed to occur in this type of reactor but this has
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been criticiséd?o Several corrections are also necessary to
ailow for reactions occurring in the tubing between the measuring
poinfs and the reactor giving rise to large positive systematic
.errors (eg. rate constants are too high). Surfacé reactions,
however, are not so important‘here as in the discharge-flow
method.
Whenvoxygen is irradiated at a high dosefraté by an electron

" pulse, the primary processes leading to O-atoms are rapid compared
with the subsequent reactions of the atoms, ‘Thus pulse-radiolysis
provides a convenient method for studying these reactions.
‘Pulse-radiolysis is defined as including all experiments in
which a transient species produced by a puise of ionizing
radiation is direétly observed by meaﬁs of one of its properties,

3
eg. optical absorption, E.S.R. etc. A pulsed electron accelerator
can produce a high current, micrcsecond-pulse of électrons
(~20 MeV). Detection methods a;e basically similar to those
used in flash photolysis but a Frickendosimater is used to
measure the absolute amount of energy deposited in a cell by

50 ' .
used the technique to

= 1.9 x 1011+ cm® mol ~% g1 (T = 29531 K)a
2
value which is in excellent agreement with the present value

(2.1 x 101“ cm6 mol ~% s_l),

the electron pulse. Bevan and Johnson

determine kl,O

and observed the presence of two
intermediates in the reaction (1) which were assumed to be

vibrationally excited O However, again,pulsé—radiolysis

3
methods are restricted to first-order atomic reactions usually,

since 0, is measured spectroplhotometrically. Pressures used range

3

from 1-100 atmospheres but there seem; to be large negative

systematic errors in some cases, possibly due to the presence of

excited species such as O(lS) or O(lD), and/or due to distortion
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of.absorption bands by vibrationally excited products.
Donovan et al.6o produced oxygen atoms by flash photolysis
of O, (A\>175 nm) and observed the decay via the resonance

3

absorption transitions (3381—% 2 PJ) in the region of 130 nm

using a vacuum ultraviolet monocﬁromator (kinetic absorption
Spectroscopy). Similarly, Stuhl and Nikiél generated O-atoms
by pulsed-u.v. photolysis of NO, 02, 002 and N20 and monitored
them by N*O2 or C*O2 chemiluminescent emission. Third order
rate constants in the range 1015—10190m6 mol "2 s™1 could be
determined with good accuracy (-~10%) but with the limitations
of other resonance methods.

The technique of resonance-fluorescence/flash photolysis
has already been described above. However, in atomic resonance-
absorption, the measurement of the absorption of resonance
radiation emitted from an appropriate source is involved. Oxygen
atoms were determined using this'method‘by Slanger and Black.52
O-atoms were produced by photodissociation of O2 by 147 nm
radiation from a xenon resonance lamp. Dissociatién resulted
in the formation of one O(3P) and one O(lD) atom, the latter
being rapidly deactivated by 0, to O(BP) in a time short
compared with recombination half-lives., Resonance radiation
(130 nm) was then scattered from the O(BP) atoms into a s;lar
blindlphotomultiplier. Pulsing of the xenon lamp permitted
repeated measurements to be made of thé O(BP) decay rate, which
could be obtained as a function of the various reactant con-
dentrations, enabling rate constants to be determined. However,

the fact that the resonance lines of atoms (0, H, N) lie in the

vacuum ultraviolet makes the design and'operationAcomplicated
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and elaborate. The method can follow relative concentrations
of any specific species (that is fiuorescent), can be used at
high pressures (50—500 torr) when surface effects are entirely
negligible, and is very sensitive (concentrations.down to

10 3 can be reached). At lower pressures,

109-10 atoms cm
(o-100 torr) the main disadvantage is that the wall losses must
be minimized, otherwise the fluorescence signal becomes incon-
veniently small,

53

Cvetanovic has developed a modulation technique for
stdﬁying atomic reactions. This technique for the sinusoidally
modulated production of HgS(BPl) was adapted for modulated

generation of,O(BP) atoms in the mercury photosensitized

decomposition of nitrous oxide, viz;

N.O + Hg6(3pl) —> N, + 0(3P) + Hg6(lSO)

2 2

The oxygen atoms were then monitored by the NO, afterglow

2
fluorescence from the reaction of O(3P) with admixed NO. Decay
of O(BP) with reactant resulted in a phase shift of the NO2
fluore;cence relative to the incident 253.7 nm mercurj fesonance
radiation. The phase shifts were accurately determined and
related in a simple manner to rate constanés. Again, this new
method has only been used for fi:st-order reactions to date.
With the development of new techniques since 196&, the
discrepancies in the measurement of kl are still comnsiderably
greater than the estimated experimental errors of 10-25% (see
section 8 for table of post-1964 data), and these must be

attributed to unknown sources of systematic error. Similarly,

the absolute discrepancy at 200K of the rate constant (M:Ar,COZ)
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of reaction (l) as determined by the earlier discharge-flow and

7,16c is up to an order of magnitude. The

static systems
temperature coefficient is important in understanding photo-
chemical smog and stratospheric chemistry.

The present discharge-flow method was furthef'developed
to resolve these discrepancies fifstly by determining whether
significant changes in surface recombination rates occurred in
the presence of varioug third bodies at 295 K; for the more active
surfacgs, 02 reduces the surface efficiency by poisoning.
Secondly, the temperature coefficient needs to be‘fe-measured
in the flow-system (M:Ar,Oz,Coz) to givé a value in satisfactory
agreement with the best alternativé me thod (resonance~fluorescence).
No direct determination of the temperature coefficient for
M=020vér a lafge range of temperatuféihas rreviously be made,
even though this is'one of the abunééét third bodies in. the

upper atmosphere.

. -
Of the newer techniques, the flash phctolysis-resonance

fluorescence, flash photolysis-r¢sonance absorption, pulse
radiolysis and modulation systemé havé~beeh used only for
relative atomic concentration'neasqréments, although steps are
being made to develop absolute fluorescence and absorption
.measurements.63 Thus, the discharge-flow method is still the
most general and accurate method of determining rate constants
for reactioné of any kinetic ordér in atomic concentration.

For this reason a critical examination of absolute accuracy

. and reliability of the discharge-flow method (especially with
regard to surface effects) is especially relevant and important.

This thesis describes some new flow measurement'techniques as
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applied to reactions (1) and (5) and shows that rate measurements
as 1

are at'leastLpeliable as those of the more recent static methods.

Errors in homogeneous rate constahts due to surface reactions

are shown to be negligible. The same flow technique can be

applied to reactions of higher kinetic 6rder.

1.5 Summary

The present work was undertaken in an attempt to develop an
accurate, cheap, sensitive, reliable alfernative'method to the
modern techniques discussed abové. The determination of kl,M
is important in the photochemistry of the strafosphere and in
providing data for theoretical model tests., Furthermore, it is
necessary to solve the present discrepancy in the determination

of the temperature dependence of k (M=Ar) as determined by

i,M
earlier discharge-flow methods ahd_static @ethods (where wall
effects are negligible). This wak will séow that wall effects
(which were not.overcome in earlier flow-systems) are not a
serious drawback of the flow met%od when allowances are made

~ for their dependence on gas composition, and agreement with

the best static methods can be expected over a wide temperature
range and under very different conditions of.pressure and time

constant. This is significant for atomic reactions of higher

kinetic order which are mainly determined'by flow methods.
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SECTION 2
The Experimental Apparafus,
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2.1 Introduction

[

The present work was aimed at developing the discharge-
flow method of studyihg atomic (small free radical) reactions;
and the apparatus and techniques described are tompletely
general and can be used to study any type of atomic réaction
with a few modifications. The advantages aﬁd disadvantéges
of this method have been discussgd (section 1).

This section contains a detailed account of the
discharge-flow aéparatus and techniques_uséd)'
especially the details of the methods used to eliminate
surface reactions and other 'background' reactions, since
these are an important part of the development qf fhis
method. | |

" The regionkin which aétual chemicalvproceSSes have
been sfudied will be designated 'the Reaction System', and
the region where_dissociatidn of.gases occurred'Gill.be
defined as the 'Dischargé/System'. ¢: : The use of
vacuum lines, glass-blowing, détails ofméaugés, éiectronic

coupling and the iike will not be included since these are
1,2

(il

discussed fully . . <.u.. I %te e G

2.2 The Reaction System

Two types of reaction system of conventional design?’

were used in this work. Fig. 2.1 : shows

the essential partsbof Reaction System A which was used in

19

the determination of the rate of the reaction

0o + O2 + M = O3 + M

Ar, He, N

(T = 295K, M = 0,, 5 Fo, C02)



FIGURE 2.1

b_iagram of reaction system A
OZ/Ar
02 Mo l/
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B = Multiple-hole inlet jet
C = Moveable phdtomultiplier hpusing
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Figufe 2.2
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and fig 2.2, . shows Reaction System B, used
to determine the temperature coefficient of the reaction:21
0o + O2 + Ar = O3 + Ar
(196 - 500K)
and the rates of the reaction:
0O + 502 + M —> SO3 + M
(T = 295K, M = Ar, $0,)

The design of Reaction System B was such that it was
possible to immerse it in a large Dewar (int. dia. = 10 cm,
depth = SOvcm) connectea té a 'LAUDA' thermostatteéd
circulating system and a platinum resistance temperature
controller for maintenance of steady temperatures to within
L 0.1K. Systeﬁ A was washed with an HF/Tepol (ag.) solution

and system B with a 30% (w/w) phosphoric acid (aq.) solution,
and the effects of this will be fully discussed |
(Section 2.7). Ease of connection and disconnection of both
systems was provided by ' 'SOVIREL' high wvacuum,
greaseless, glass screw-joiﬁt seals which enabled the
discharge , reaction and pumping systems to be dismantled
independently. Reaction systgm A was cohstruc%ed from

100 cm of Pyrex glass uniform-bore tubing (r = 1.25 Z 0.01
cm) and had one jet, tapered to 1 mm diameter some 15 cm,
downstfeam from the discharge for the addition of the
‘reactant (either O2 or 802) and third body M. In system B,
the discharged gases and third body (M) passed through
about 30 cm of Pyrex glass uniform-bore tubing (r = 1.245

X 0.005 cm),. including a 'Wood's Horn' iightutrap, to

preheat or precool the reactant gases before meeting the

first of five 'pepperpot' type jets for the addition of




reactants. 'The~jets were spaced at én accurately known
distance apart of approximately 15 cn.

The quartz tube from the discharge system was 'pinched!’
in system B to minimize any back diffusion of M into the
discﬁarge.

It must be emphasised that the thiré body M was added
after the discharge (unlike the system of Thrush et al6) so that
species M capable of acting as a third body can be used
(see Section 5 for the full implications of this) and high
accuracy achieved by using lafge flow rates. Present flow
rates (0 - 600 x 10-6 mol s”1) of M could be increased
by up to an order of magnitude for eveﬁ better accuracy.

The average value of‘r in system B was measured by a
'volumetric'! method. The flow tube was first filled with
Twater to a level about 10 cm above the position. of Jet 1
(see Fig. 2.2). The downstreain end was then tightly corked.
The level of water (‘hl) in thé right hand side tube was
then measured.with a travelling microscope (to I o0.001 cm).

50 cm3

of water was then added from a standard calibrated
burette to this linear‘portion of the tube‘and tﬁe new
level ( hz) of water in the tube was measured. Thus, know-
ing the length of tubing, L cm, (h2 - hy gm) and the

| cor 3,

internal corresponding volume (50 cm then the mean radius

r cm‘of‘thevtube was calculated from the simple equation

\4
r=|[——=

L
r was found to be 1.245 em (= 0.005).
The different designs of the jets had no influence

on the rate measurements since the value of}gLAr_at 295K
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determined in reaction system A was identical with tﬁat
obtained in system B. This was also found by Clyne.5
The discharge gases (tﬁpse gases passing through the
discharge system) were principally high purity argon (50 -
-1

-6
100 x 10 ~ mol s ), (for maximum impurities see sub-

section 2.5) containing 500 p.p.m. O, and 5 p.p.m. N

2 2°
Hydrogenous impurities were rigorously excluded
(section 2.5) and tests by Clyne et a16indi;ate& the absence
of electronically excited species.‘ If too high a flow of
0, is added to the Ar (up to the order =-1%) then metastable
electronically excited states such as 12§ regenerate oxygen
atoms by reaction with ozone, formed in the reaction6
0, + 0, (& = 0o%p) + 20, Cf) Ar = -12 xeal

Similar processes can presumably also occar

03 + 0, (%ﬂg) = 0(°P) + 20,

Hydrogenous impurities must also be eliminated since

small amounts of hydrogen catalyze the removal of atomic
oxygen.7 | »
Reactant gas O2 (35 x lO-6 mol s-; when M #£ 02) and
large flows éf the third body (O.- 600 x 10"6 mol s 1)
were also highly purified and M was added in large quantities
for the reasons described above. Mean linear flow velocities
(V) were 100 - 600 cm s™! and under these conditions caacembations
é&oxygen atoms (0°P) always decayed by first order kinetics
(preliminary.discussion Sectioh 5) in the presence
and absence of 02.
In system B it was also poésible to introduce nitric

oxide through jet 6 ( Fig. 2.2) about 5 cm upstream of

the guartz observation window. 'The intensity of the after-
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glow (I) is reléted to the nitric oxide and oxygen atom
concentrations by the relationship: (5ection 2.4 and
Section 4)
1= 1,[0][x]
where Io is a constant, and since the method used in this
work is a relative and not an absolute one ( Section 1),
the accuracy of the technique may be enhanced by working with
higher intensities (since these give more stable readings ‘
than lower ones) or when working with lower concentrations
of atoms (viz. at bigh pressures). In this work nitric
oxide was purified by the standard technique of bulb to
bulb distillation and then stored (5% in pure argon) at
atmospheric pressure in a 5 litre glass bulb. However, the
technique was not used since the frace of nitric oxide
produced by the diécharge system was sufficient to act as an
tindicator' moleculé. fhe method may be more useful in the
future study of faster reacti&%s in this:system
+e.ge 0 + SO + M —> 502 + M
Gases were pumped through both flow-tubes by an
'Edwards' single stage (mechanical/oil) vacuum pump (type

ES200) having a pumping capacity of 190 litre min~% and

3

an ultimate vacuum of 5 x 10 ° torr. A 10 litre metal

bulb was interposed between the pﬁmp and the reaction system
to minimize pressure fluctuations, and pressure in the
system (typically 1 - 20 torr) was measured by a travelling
microscope to within : 0.001 cm o0il on a silicone oil
manometer. Pressures could be aécurately adjusted by a

large diaphragm valve (Edwards 1", CV grade) and this was

important since in the method used in this work, linear
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flow velocities had to be kept constant to within :!3%;

The reason for this is fully discussed in Sections %4 and 5.
A large Pyrex 'fast flow' liquid nitrogen trap was situated
between the diaphragm valve and the reaction system to
prevent the pump oil from corrosive gases in ghe flow
stream.

Figure 2.3 shows a bléck diagraﬁ of the gas handliég
system for both reaction systems. Gas purification methods
will be described later ( section 2.5). All stopcocks
were of 'Sovirel' 'Torion' mini- high vacuum type (4 mm
bore, maximum vacuum 10"4 torr) and all gas flows were
controlled by Edward's stainless ‘steel, fine coptrol,

needle valves (type 0S1D and LB1B) and measured by cali-

brated capillary flowmeters of various types (section 2.6).

2.3 The Discharge System

Throughout this work three basic types of discharge
were used, these being;
i) a 'Wood-Bonhoffer' tube, a high voltage (2000 volt)
low frequency (50 cycle s-l) A.C. type:
ii) a Radio-Frequency Oscillator type (1 - 20 MHZ)
and
iii) a Microwave 'cavity oscillator' type (= 3000 MHz)

500 - 1000 p.p.m. B.0.C. O, in an Ar carrier (< 7 p.p.m.

2
Nz) was dissociated in all three types and pumped along
the reaction system for observation. Althoughar gon was

selected for the carrier gas in the determination of the

temperature coefficient (section 6) for ease of
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comparison with other workers results, helium would have

been a more suitable carrier gas since its thermal conduct-

5

-1 - -
m s 1 degree 1 at 273K) is about

> cal cm-l s-l degree—

ivity (33.6 x 10° cal ¢
ten timeé that of argon (3.9 x 10
at 273K) thus ensuring that the dischafged gases would have
precooled or preheated to the temperature of the Dewar bath.
02 had to be kept fo below‘O.l% to ensure the absence of
excited 02. Furtherﬁore, the power in the &ischarge was

always increased until no more dissociation of O, was observed,

2

*
also ensuring no 02 was present. This was checked6by use

of a 'Chance' 0Xl1 filter (for characteristics, . -
section 2.4) to isolate the llerzberg band of molecular

*

oxygen around 360 nm. A trace of N2 is'necceéﬁary since

atomic nitrogen (N(qS)) is éroduced in the dis;harge and
reacts with O(BP) atoms to produce the 'indicaéo?; Nbsl
:molecule via the reaction (see section 2.éffor a
discussion and full mechanism) |

O+ N+ M—>NO + M .

Figure 2.4 shows the design‘of thé:%irsifvariety based
on the well established Wood's tubez’;3 v; A mains . |
frequency high voltage (2000 volt ) A.C. discharge wagstruck
between two internal aluminium electrodeé supported on
tungsten wires accomodated by a cone and socket_joint and
the electrodes were connected fo the output side of a large
ballast transformer. The tube, 36 cm in length, consisting
of‘ 14 cm of 1.7 cm internal diameter Pyrex, ana two
cavities (internal diameter 3.3 cm) e&ch 6 cm long, for the

electrodes, was designed specially to avoid spluttering and

was cooled by a water jacket to 273K. Although lower
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temperatures were not used, this would probably improve

the amount of dissociation. Atoms were taken from the
centre of the tube via 8 mm internal diameter Pyrex tubing
( figure 2.'t) to minimise loss due to surface recombin-
ation, and due to the change in dimension of the tubing
leaving the cavities, were accelerated out of the discharge.
Spluttering from metal oxides formed at metal electrodes

are known12 to travel into flow tubes and catalyse
recombination of atoms and thus the inside of the cavities
and tube were freguently washed with HF/Tepol (aqg.) solution
to efficiently clean the glass surface and minimise

surface recombinafion.

During kinetic experiments about 60 watt nominal
power was used and oxygen atoms were easily generated in
sufficiently high conéentrations. The tube was thus used
for almost all experiments in system A for 6 third bodies
(295K), aﬁd no difficulties due to spluttering were
encountered.

A radio frequency discharge was also used in some
experiments (M = Ar) since this type is also well estab-
lished6q. The discharge gases entered a quartz, 8 mm
internal diameter discharge tube, connécted to reaction
system A via graded glass seals and 'SOVIREL' Pyrex glass-
screw joints. R.F. powver from aﬁ ex-U.S5. Navy R.F.
generator operating at 7 MHz (maximum power o65 watt ) was
coupled into the discharge tube capacitively via two
strips of copper or aluminium foil wrappéd externally
‘réund the tube, placedabout 2 cm apart, and tuned by an

inductance coil. A specially designed tube shield
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surrounded the discharge and was earthed to minimise

. interference with the pbhotomultiplier tube. This also

provided a housing in which a stream of compressed air

could be passed to cool the discharge. Some difficulty

was experienced due to incomplete shielding and in some
cases the photomultiplier recordings were adversly affected.
Moreover, stability was no better than that for the Wood's
tube. However, there could be. no possibili£y of splutter-
ing and the frequency could be aajusted between 4 and 7
MHZ, Iflput power was always tuned for maximum

coupling but it was not‘possible to estimate power imput.

A miprowave ‘Cavity oscillator' operating at 2.45 GHz
was used in the determination of the temperature coefficient
(see Section 6) and the rates of the reaction

O+502+M‘——>503+M
Thisis the most common‘type'of'discharge curréntly in use.

The same discharge’ tube (described above for the R.F. type)

was used and .cooled by a stream of compressed air, forced

-

<

through the cavity and directed onto thé'dissociation area.

However, an Electro-Medical Supplies Microwave Generator

(Microtfon 200, mark III) supplied up to 200 watt (maximum)
power with optional modulation;#NS was coupled via a
Resonant Cavity (type E.M.S. 210 L) into the discharge
gases and:. was finely tuned such that the 'reflected' power
meter on the Micfotron registered a minimum'valﬁe (typical}y
less than 3 watt ). Nominal incident power used ranged
from 20 - 100 watt .

Dissociation of molecular gases at low pressures is

a result of ion-molecule interactions in discharge plasmas
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and some discussion has been reported pr‘eviously.93 It
should be stated that by using an Oz/carrier gas'mixture,
it is possible to obtain complete dissociation even with
very low impurity levels (unlike dissociation in pure O,
N2 or Hz) and thus by using a small enough concentration of
O2 the production of 62 (see above) in any discharge system
can be avoided.

Each of the three types described have various
advantages and disadvantages.lj' The Wood's type described
above dissociates a high percentage of the gas, operates
up to fairly high pressures (=¥lO cm Hg with this discharge
design) and very high powers (500 watt . or more if required)
can be coupled in. Wood's tubes are now not often used
"unless carefully designed since they can lead to contamin-
ation of reaction sysfems by spluttering, R.F. and micro-
wave power require a quartz tq%e for couﬁling since Pyrex
absorbs significantly.l5 Furthermore,vtﬁe discharge
cannot be‘cooled with water, and a liquid  such as paraffin,
which does_not absorb the power must be ﬁSed.~ .Hence
cooling by liquids becomes inconvenient. R.F. oscillators
produce a moderately large percentage dissociation and
are electrodeless, but maximum: usable pressures are low
(1 - 3 cm Hg) unless speciélly designed discharge tubes
and high power imputs are used. Finally, the microwave
oscillator is electrodeless and gives a high percentage
dissociation up to high pressures. VHowever, due to the very
high frequencies employed (=~ 3 GHz) it has been found in
part (especially for Nz) that formétion.of electronically

and vibrationally excited species occur in the discharge
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products which are usually objectionable.

2.4 The Detection System and Housing

Relative measurements of atomic oxygen concentrations
along the length of the reaction tube (atomic decay
profiles) were made by observing the air-afterglow (N62)
chemiluminescence.‘ Absolute Measurements, whicﬁ can be
;made by chemical 'titration' =~ with NOz weré’not required
'in the present work. The principle of using air-afterglow
‘chemiluminescence detection has been well established, and
was first used exténsively by Kaufmann7 . Later, Tﬁrush et
al wused the same method &hen studying the present gas system
.in a discharge~-flow system. The chehiluminescence has the
kinetics of the type described by reactions 2.1-2.4
below. The emitting specie58 in these;reactiqns is formed .
in a combination proceés invdlving participatioh by a
chaperon (M) and the slow rate determining reaction for
removal of this excited species is the collisionai
quenchihg‘step involving M, deSpribed by reaction 2.3. In
this combination reaction the steady-state,popuiation of any
vibrational’ energy level, v, of the excited electronic state,

*

NO can be represented by the rates of the following

21
processes:-

i) Stabilization and redissociation,

Jklv * ‘ . '
O+ NO+ M m—m> NO + M 2.1
. — 2(v)
! , X
-1v
- ii) Vibrational energy transfer,
K, {
O 255 2.2
NOy(y) * Mg NOy( yy + M | . 2.

Vs V



51
iii) Radiation,

* k2V : v . .
NOy(y) > NO, + B | 2.3

iv) Collisional electronic qu;nching,
* k3v
NOZ(V) f'M —_— NO2 + M : ‘ 2.4

The blue CO2 emission formed in the O‘+ CO reaction,
which was also used in the work combined with the N62
emission for the work of M = CO at 295K, can be described in
a similar manner ( Section 5). |

In this work the concentration of NO formed in the
discharge system quickly reaches a steady state in the

reaction. system since reactionZ'3 above is followed by the

very rapid réactionl9 (at 296K)
o 0o + NO2 = NO +4O2 2.5.
(k4 = 9.3 x 10"12 cm? mol -1 s-'l f8 !

and so remains accurately constant along the tubef

Kaufmannz has shown that'the'equation

I -1, [0][N0] o

is obeyed by the air-afterglow (N62) emission but did not
observe a dependence of Io on the nature éf M. <Clyne
and Thrusk?showed that Io has a small tgmperature coeffi-
cient and depended on the nature of M. They report an
approximate value for the overall absolute emission

3 mol -1 s"l for M = Ar, 0,, at

~ v
intensity I_ = 4,7 x 10’ cm
293K.

Since the NO concentration remained accurately

constant down the length of the flow tube , then since

I o [0], then
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(where I0 and [0]0 are the emission intensity and the
oxygen atom concentration in the absence of reactant O2
respectively). Thus with the nitric oxide present in the
gas stream acting as an 'indicator' the dec;easing light
intensity along the flow tube directly measured the decay

ofA[O]

iee. -dI 5§£QLJ
ax - dx
under flow conditions described in Section 4. This presented
a convenient and accurate measurement of the relative
concentration of oxygen. The amount of NO required was
very small to ensure that 'a negligible émount of oxygen
}recombinea by reactions 2.1 - 2f5; ‘ Iﬁ system B the
method of adding NO at J6 (figure 2.2) nzar the éhoto—
multiplier could be used if‘necessary for future work in
this system
e.ge 0 + S0 + M —> 502 + M

This is a better method since intensitiez can be obtained
as\high as afe required. ’

In reaction systems A and B observations of the after-
glow were made at two positions, X1 and X2 cm from the
discharge, of intensity %}1 anq IOZ (no‘addedvoz) end I1
and I2 (O2 added) respectively (see Section 5). Thus, by
measuring the ratios %Jl/Il and %)2/12 at 2 positions an
accurately known distance apart,'any smell absorption by

glass, filters, reflection losses, changes in the state of

the wall, stray light etc. was always cancelled out. This

fact is particularly important in measuring the values of

¢

¥
the wall recombination coefficients K and E in the
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preséncé and absence of O2 respectively. This will be
further discussed in . section 2.7 and Section 5. This
technique also assists in minimising interfering effects
due to a very small amount of chemiluminescence from
reacfionszo such as
NO + 0, = NO, + 0, Au = b0 Reat

whiéh occur in the gas stream although under the conditions
used in this work the influence of ﬁhis reaction 1is
negligible. 7

Observations of the N82 emission weré made using an
R.C.A. 931A photomultiplier tube having a stated overall
sensitivity of 50 Amps/Lumen and a wavelength of maximum
response equal to 400 : 50 nm.- The tube was gonveniently
suppdrted in a black, cylindrical, stainles; steel housing
which had a shutter and could accomodate filters énd was
attached to a second cylindrical, stainless stéel housing
lined with black felt (about 15 cm long) to ensure light-
tight fitting. The NO2 continuum was thus viewed normally.
In system A the whole assembly could be slid along the
length of the reaction tube (painted black where possible)
while in system B the photomultiplier viewed the after-glow
through a quartz glass window (diameter 26 mm) normally,
and at a fixed position (& 15 cm) upstream of jet fire
( figure 2.2).

The O + NO continuum extends from 400 - 900 nm and
has a maximum near 650 nm. The emissioﬁ was therefore
isolated with a Kodak wratten 61 filter which is trans-
parent in the range 500 - 560 nm. While studying the

0+ 0, (M)

reaction for M = CO, no filter was used since the blue
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emission from excited C62, formed from
0 + CO (+ M)

§f comparable intensity was used. Although both emissions
were detected’a signal was obtained proportional to [0]
sinﬁe Clyne8 %nd Thrush have shown that the relationship

| 1= 1,[o] ed]
is also obeyed under the conditions stated in Section 5 of
this work. Thus, using no filter was advantagedus for the
work on M = CO since the total emission intensity was

enhanced by addition of CO (O - 400 p mole s™1). However,

g

if reqguired, this emission (extending from 300 - 500 nm)
could be separated by using a Chance 0X1 filter.which has
a sensitivity range of 320 - 390 nm.

The phototube was incorporated in an:Evans-Electro-
Selenium "Photbmeter” stabilized power su?piy, inéluding
an amplifier and sensitivity range éontroi,'operating at
a potential of 800 volts (I 5%). This was screened from
scattered light by painting the discbargé, reaction tube
and the laboratory windows with black matt emulsion. Under
such conditions the dark current (t&picélly 5 x 1072 amp )
and effects of stray light wéré nééligible compared to the
meésuréd signal (0 - 2 x 10-6 amp ) although small
corrections for dark current were always méde. Axial
“diffusion of light aloﬂg the reaction tube was checked
experimentally (since no Wood's Horn_light trap was used
in system A) by observing thé‘intensity aown the tube with
no Oé in the discharge, but with the discharge on. This
reflected light level was found to 5e hegligible and‘work

was always carried out in - a darkened windowed laboratory.
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The output current frdm,the photomultipliér was recorded
on an eléctronic digital voltmeter (type, Weir Instruments;
series 600, O - 1900 volts with internal calibrator) which
was resistance shunted ( a variable resistance box) to
record the output current.in the 10-6 Anp region. Intensity
measurements were only made when any zero drift had
stopped. |

These types of photomultiplier tubes have a linear
. response provided the output current does not exceed the
maximum rating and that the shunt resistance used in this
work does not cause high voltages to build up on the anode,
A.‘Fontijnglet al showed the extreme sensitivity of an
E.M.I. 9558QA by measuring a nitric oxide concentration

%* .
down to 4 parts per billion when monitoring NO2 chemi-

luminescence. The dark current.in_fhis tube was 2 x 10-9v
amp , a factor of 2 befter than the R.C.A. 931A tube gsed
in this work. Also the noise level in the latter tube was
typically 1.4.x 10712 Lumen compared with 3 x 1072 Lumen
for the R.C.A. tube, and the Qverali sensitivity was i times
better t2OO amp /Lumen). Thus, bofhvtypes of tube are

particularly suited to the study of chemiluminescence

reactions émitting light of low levels.

245 The Purification of Gases

All gasés used in this work were obtained‘exclusively
from B.0.C. . Special grade gases used were s0,, €O, and CO,
mineral gases were 02, He and Ar, N2 was 'white spot'
commercial and Ar for the discharges was 'high purity’'.
Typical analyses of these gasés are given in Téble 2.1

The'feaction systems had three gas lines (see . ' Section
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2.2, fig 2.3), one for the introduction of M, one for

reactant O2 and one for carrier gas/O, 'bleed'. In the

o
case of 02 and M, the gases travelled from cylinders,

, through pressure regulating vaives, flowmeters (cf 2.6),
firstly to a 15 cm long Linde Sg molecular sieve'trap
maintained at 196K.and at a pressure just below 1 atmosphere.
This trap effectively eliminated CHQ, all wa£er vapour and
non-volatile impurities. Any sieve powder Qés trapped by
the use of porous sintered discs. CHQ and atomic hydrogen21
are known to catalyze the remo§a1 of ground state O(3P)

atoms through the reactions

0 + CH, = CH., + OH

' 3
O+ OH=H + O2
H+ 0, + M = HQ2 + M
0 + HOé = OH +»02.

o(!p) exéited atoms react with watéfzq geheratihg‘OH
radicals which react very rapidly with O(BP) atoms giving
H atoms,‘21

O(lD) + H,0 = OH + OH
"0 + OH = H.+,92
but O(lD) &aslshown to be absent in this work (See above
in section 2.2). '

The gases then passed through a secqnd type Qf trap,
again contaiﬂing (15 ém longi ;Linde' SK moléculér sieves
but maintained at 77K withlliéuid nitrogen and at pressures
of the reaction system. Discharge Argoh containing
<500 p.p.m. 02 also passed through av'Dgoxo' catalytic

unit (Englehard Industries) to remove any H, present (down

toﬁ(l‘p.p.m.)‘by convefsion’to H20 which was subsequently
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trapped} In the case of M = CO, a 15 cm long Linde 5A trap
at'??K'wés uééd but at‘ﬁressures ofi% - %'atmosphere in
an effort to ensure that ﬁoxCHd, H,0 or §e2(00)9 entered

RIS fyes ! e I BN ) : :
- the 'reaction system. This proved to be efficient and very

éatf;fadtéryéﬁ Qiliybe éhoéﬁ (Section 5). o
Inert'gaées could also be passed thfoughta B.O;é. Rare Gas
»Pufifier, which removes all tmpurities down to a level of
0.1 pfg;ﬁt, Aithoﬁgh‘itlwééﬂnot used iﬁ the>§fésent work
thié”dééice will ﬁrove uééful in tHeAfutﬁre study of
reéétiéﬁsibyithe presentwmethod sucﬁ'as ? -

e 0 +‘ééﬁitﬁﬁ; COz'f Mi |

-~

when itfé;y be reauired”tdhtédﬁce tﬁé-16velvoftN2 impufities
to d'iévél atﬁroachinglzerd'in order tb‘avoid‘interference
to the 062 emiésién (see sub-séction 2;&) by the NO, after-
glowe. g

Prev1oushuduus have‘had con51dérable dlfflculty in

52 found that their

attempts to purify CO. blanger and‘Black
reactioﬁ:ceilfhad'to be washed freqﬁéntly with'soah and
water due to wall polymerlzatlon attrlbuted tq C 3 polymers
from exc1ted CO in the flow stream; even though they trapped
CO with 1liquid N2 at low pressﬁre.;.Arin and Warnetk65
usedra long spiral trap maintained at 77K and pressure

25 torr to purify the gas and stated that molecular sieves
as adsorbant (grade unknown). proved 1neff1c1ent, suggesting
'that CH4 and not Feé()) was the contamlnant. This seems
likely since CO is prepared industrially from methyl formate.
However, Stuhl and Niki61 stored,CO'at‘l96K in vacuo and

also used a low pressure glass trap at 77K (the initial

fraction of the vapour phase was discarded before using

v
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the specimen). They state that this precedure considerably

lengthened O(BP) lifetimes, and report a value of k of

co

b

n ) 14 6 -2 -1. .
2.41 x 10 cm  mol s ., in excellent agreement with

14 5 -2 -
the value of 2.35x10 c.mb mol s 1 reported here..

The molecular sieves in this work (Linde 53) were

fréshly generated at 473K for one hour before each kinetic fum

since failure to do this resulted in rate constants much
higher (up to an order of magnitude, see sub-section 5.3)
than the final values. The 77K trap was also maintained

at a pressure of the ordér of %+ an atmosphere unlike the
methods from the literature described above (theée were all
kept at low pressure). Furthermére, the absenée of metal
-carbonyls in this work was shown by méss spectral analysis
although these compounds are expected fo be removed by a
77K trap. Thus, CI—I,l impurities are probably the main
reason for discrepancies in the values of reported rate

constants involving reactions of the gas.

2.6 Flowmeter Design andealibration
Two types of flowmeter wereAﬁsed in this apparatus,
and always used at atmospheric pressure except for the 02
'51eed' (see sub-section 2.2). The first type, made by
'Glass Precision Engineering' was 'Meterate' rot.ameter or
ball-type glass precisién flowmeters with‘interchangeable
gléss, stainless steel or other 'floats' of varioWws density.
These have the advantage that they are direct ?;ading (i.e.
cal;brated or flow rate calculable) and are resistant to
attack by cofrosive gases (hence.ﬁe}e used to measure the
' s1)

)
flow rates of SO2 in the range 0 - 70 x 10 mol
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The sécond typelwas the more common glass capillary
tube/manometer variety used previously. Non-cérrosive
gases were allowed to pass through the capillary and the
resulting pressure difference set up was measured on the
attached silicone oil (MS550R) manometer. A 'Quickfit! B7
cone-joint joined the capillary to the flowmeter and was
attached by a spring to facilitate removal or exchange. A
stopcock provided a 'short!' fof gas flow acrosé the mano-
meter, and the pressure of the manometér could be measured
"by a travelling ﬁicroscope-(to I 0.01 em) but usually a
short length of rule w@s sufficiently accurate, The gas
flow was calibrated to within © 0.25% by the timed flow
through an 'Alexander Wright' wet type gés meter.

At very low flow fates ((35 x 10-6 mol s;l) for mo§t

gases such as Nz, 02, COz

etc., Poiseiulle flow is a fair
approximation, thus; ‘
g _ .

F = ﬁz—m—\.’ Pap = K PAp
at constant p;éssuré (1 aémoépﬁere'in this work) where
F = flow rate, r = radius ofifhé céﬁi;lary;,j; gééyviscoé-
ity, L = length of the capillary, Ap =‘pres$ure_difference,
across the capillary. | » |

The flow rate is thérefore proportional to Ap.

Thus, in principle,‘the capillary couldkbe calibrated
by determining r; however, the approximation of:Poiseuille
is not satisfactory at higher flow rates and so capillaries
wvere always calibrated by thevgas metef.5 Another method
of calibrating the capillaries which is'especiélly useful
for éorrosive or water ébluble gases, is to measure the

rate of fall of preséure in a bulb for a known pressure _
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difference Ap across the capillary and given pressure p in
the bulb. The gas meter was used throughout, however,

(except for SO,) since this was the most accurate.

2.7 The Surface

The strong influence exerted on éhain reactions by
the recombination of atoms and radicals at reaction tube
walls, coupled with the fact that this phenomenon often sets
a limit to investigations of the Kinetics of elementary
gas reactions has led to the need for reliable sfudies of
heterogenous recombination. Many studies have been directed
at atomic recombination. This subject has been.well

26

reviewed by Kaufman who summarized the work done by

24

Linnet, Greaves et al who determined , the recombin-

ation coefficient (see definition below) on various surfaces
e.g. Pyrex, Silica, mefals, hetallo%ides; alkalis, Teflon
énd phosphoric acid. ' A summary of relevant values of
recently obtained are shown in}Taﬂle 8.4. This table shows
the disturbing fact that‘x‘véries.billo ;élOO in différent
laboratories. Mulcahy,SO Greaves2h.and this work (see
Section 5) havebshown the heterogenbus redombinationAto be
first order on most surfaces including Pyrex, quartz etc.
Kaufman26 reports a value of B-: 2 x 10"5 on untreated .
Pyrex in good agreement with the value of 2 - 12 x 1072
obtained here (see Section 5). |

A few suggestions for the first order surface recbm-
bination have been made. Langmuir, in deriving his
adsofption isotherm provided stfong-evidence for first

order recombination. The mechanism was later further

B ) B s e fer 3 T . . 1a
TR S T PR S RE I S RIS UM o LSRR h)
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clarified by Schuler and Laidler66 on thé grounds of energy
requirements alone.

¥ is defined as the ratio of the number of gaseous
atoms recombining to the number of gas phase atoms striking
the wall, and is, therefore, the probability that a gas
phase atom striking the surface will react to form a
product molecule. In this work the € XPression

2rk '

%= éw (for a cylindrical tube)

(where r = the radius of the tube, k, = the wall recombin-
ation rate constant and C = the mean velocity of the gas)
was used to determine Z, kw' being éalculated by the
~expression given in Section 4.u

Reaction system A'in the ;reseht work was kept clean
by washing with a 5% solution of HF‘inxTepol for one hour,

repeatedly rinsing with distilled water and leaving to dry

s
T

for 24 hours. *

Valueﬁ‘of ¥ ranged from 1 - 12 (x.lc-s) andfx was
also found tavdepend on whether Oz.wéS‘absent or present
and this h;s not been reported previously, although the
fact that.§'and X ‘ (- in the absence and presence of O2
respectiveiy) may be different was first suggested by
Benson.lo The difference is probably due to a surface
reaction such as |

0 + O2 + wall = 03.+ wall

Thus, the use of the discharge flow method has been
.advanced to gliminate all sufface errors, mainly due to
tle use of the kinetic equation described in Section. 3,3

*

which does not assumeh’-:‘é .

Reaction tube B was first rinsed with acetone to
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remove grease, distilled water and finally by a 30% (w/w)
aqueous solution of MLphosphoric acid, a well-known surface
poison. Values of K for this tube were of the order

1 -3 (x 10—5) which are slightly lower than those obtained
for HF rinsed Pyrex. No poison was used in the discharge
since there was a possibility of contamination at the
temperatures and conditions used. 'Drifilm' was found to
increase the wall'activity but in the presence of O2 this
activity wés reduced. This agrees with reports that acidic
.groups on the wall surface are better than basic ones for
‘the recombination of oxygen atoms.

The significant changes in surface recombination in
the presencg and absence of O2 mentioned above may account
for the discrepancies in the»determination of the tempera-
ture coefficient of | |

o + O2 + M = O3 + M' |
between various flow methods and static 5ystems} and a

reexamination of the temperature coefficient in the light

" of the facts mentioned above will appearﬁin Section 6.
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3.1 ' Introduction

Chemical kinetics is the study of the rate and
mechanism of chemical change. It s function is firstly to
determine the rates at which chemical reactions fake place
under different coﬁditions, for example, concentration of
reactants, temperature, pressure eté., and fhen to arrive
at an understanding of the mechanistic steps. Generally,
the rate of a reaction increases with increasing concentratibns
of reactants and also with increase of temperature. Atomic
recombination reactions such as those described in this work
afford én exception to the rul: and usually have small
negative temperature coefficieﬁts (sr have an Afrhenius
activation'energy of -(0 - 2) gcal.ﬁmpl‘fl. Abbrief .
discussion on the reason for t%is éxc?ption can be found in
section 6. ’ |

‘For a non-reversible reaction at constant temperature;

aA+bB+ seccsossees —> qQ+rR+;‘5

e

b

It is found in general

-d[a]_-a . daiB]_a . alQl_a . afr]_
dt = b dt ~q@ dt " r -dt ~ °°°

where the terms rAJ, [B], etc. denote reactantvconcentrations
in units such as mol cm—B. Thus, rates of»reaétion depend
on the overall stoichiometry of the reaction if it conéists
of a singlé step proceés. In general, for a mulfiple s@ep
process in which the first step is rate controlling, the
reaction rate can be expreéSed in the form (for_example, in

the case of (3a)

‘Rate = k[a] ®[B]®
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where k is the rate constant for the reactants A,B,... and the
terms a,b,... are defined as the orders of @he reaction with
respect to A,B,... and with the overall order of a + b + ...
When the overall order is l1lst, 2nd, and 3rd order, then the

3 mol_l, and'cm6 n1ol;-,-—2 s-'1 respectively.

ﬁnits of k are s’l, cm
Sometimes the concentrations of all reactants but one remain
effectively constant during a reaction. This may be because
their initial concentrations‘are much greater than that of the
reactant which changes. When the latter disappears according
to a first-order law, it's behaviour may be convenientiy

discussed in terms of a PSEUDO first-order rate constant k ,

i.e. for a single step reaction,

A + B —E—éA Products

then an expression :g[ﬁ] = l(EﬂEﬂ
‘ dt .

can be replaced by _—_Q_[A] e kSp[A] '
dt _
| 3

but ky,is only constant for the particular value of B .
. Similarly, single-step reactions of the type A+B+C —> Products
can be made pseudo-2nd order by arranging one component to
be in large excess over the others, or be made pseudo-lst order
‘by having two components in large excess.

The mechanism for the reaction of oxygen atoms with oxygen

molecules occuring in the present flow system can be represented

by the following scheme:

0 + wall 30, + wall - “(w)

0+ 0, + M 93 + M :- (1)
0+ Oq - 20, ,' . - (1.1)
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O + NO/+ M. =: NO, + M . A{2)
o ol ﬁ9'+TN02 !=@;Ngrf-02 B ,;gz'l)-
T 0O+ 0+ M = 0, +M (3)
TLEG L ) LTt - o

according ‘to the results of previous investigations.T’lo

Since ‘the-removal .of O-atoms by process 2.1 is much faster
than -by 2 "under the conditions of this work, the rate con-

stant for removal of O by NO is 2k ]On the other hand

2,M°
removal of O by 1.1 can be shown to be much slower than by 1
since steady-state O3 levels are not achieved.
Frem:reactions 1 and:-1;1 above, applying the steady
state approximation: o ' C :
afo] = x, [o] fo, ][] - kl.l[o][OB]

dt

]
(o}

whencé the steady state concentration of ozone in given by:

e ] L [ogf 4]

1.1

Hence, using the above relationship, typical flow conditions

ih the present work when 'FO =‘35x10“6 mol,s'l, and when

_ 2
. M = Ar, F,' = 315x10’6 mol s~ 1 (at 295 X), and using

Ar
, :
kl Ar = 1.5x10l4 cm6 mol“2 s-l (present work) and
,

kl‘i = 4x109 em3 mol"l s‘l (ref. 17) then [bé]ss = o0.hx10"
3

mol cm .

9

54

It can be shown by épplying the equation of Benson

"that steady state O3 levels are not reached for typical

conditions in this work; for consecutive reactions,

B + Zln(l—_lé) =- Ao(l-é )
K, K K éo

e
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wﬁere K=k1/kl.l’ A_= concentration of oxygen atoms at
beginning of reaction and B= concentration of intermediate
(03). By plotting B as a function of A, B(Oé) will approach
a limiting value of K only when Ao/K ié very large compared
to unity. If this cghdition does not hold, then the concen-
tration of B will remain substantially smaller than K for
the duration of the reaction.

6

Thus, for a typically maximum flow rate of M = 310x10"

0. = 35x10’6 mol s~ % at 295 K in the present
2

molls_l (M=Ar), F
work,

AO/K = Ak /kl = 0,25

(values of Ao and method of calculation are giveﬁ in Benson).
,Thus?u even for a full extent of reaction (1-A/A°=l.0),

| the concentration of ozone(B) will only be 0.091 of its
limiting value (1.0) i.e. its’steady state level, Finally,
the overall kinetics of O-atom decgy can be madé pseudo-
first order providing that reaction.(B) is a negligible

‘ sinkifor()ratoms, and £he reactantsb‘O2 aﬁd M are in lafge
excess. (Section 3.2) k o

" Several chemiluminescenf methoas.a:é known for mon-

itoring oxygen atom concentrations_in‘atomic recombination
reactions; these methods (Section 1.4) areiabsolute or
relative ones. The 'titration method' (Sectionl.l and 2;&)
concerns the titration of O-atoms with NOS in a very rapid
reaction (2a) (about 1 in 100 collisions brings about a

reaction): The yellow-green chemiluminescence which appears

arises from the formation of electronically-excited NO2 in
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a sequence of steps (Section 2.&). The intensity of the
'glow depends on the nature of M, As further NOZ is added to
the O-atoms, the intensity passes through a maximum and is
‘extinguished when the flow rafg of NO2 equals thaf of the

O-atoms.
The afterglow emission can be used to follow relative

changes in O-atom concentrations by adding NO f6 the system,

The overall emission intensity (I) is gi?en by -
= 1,[0][xo)

(see below) where Io is independent of total préssure above
0.1 torr and I_ = 4x10’ em® mol”t s—}_(hOO-BOO mn) for

M=Ar, O2 at 293 K as determined by Clyne.8 Also, Io was
found to be slightly greater for M=02 and Ar than for He and
was thus dgpendent on the nature of ﬁ aécording to the

expression for I . For M=0, in the range 200-300 K I_ has

a small negative temperature coefficient:

I = 3x10% exp (+1500 z hoo}/RT
-12 -3
In this method, a minute’ concentration ( ‘10 mol cm )

of NO is needed and thls can be added 1ndependently (Sectlon
2.2) or the small amount fqrmed in discharges can be used.
Any ﬁO consumed under these circumstances by reaction (2)

is immediately regenerated by reaction (Zm).. Thus the
concentration of NO remainsbéccurately copstant and by
relation (Gbojeyat any time. of reaction, the glow inten51ty is

directly proportional to Bﬂ. NO can thus act as an

'indicator' molecule without significantly gffecting the
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kinetics of O-atom decay. Reactions such as:
NO + O

3
2 2NO2

N02 + 0 and

2

2NO + O

can be shown to be too slow under the‘present conditions to
significantly change NO concentrations.
This method can be extended to theAstudy of other chemi-
. luminescent reactions of the type h |
. 0 +X0+M = X0, +M (X = C or 8)

However, the reaction in which X is C can alternatively be
followed by obse;ving‘the blue CO, emission since I_ in the
relation ,

1= 1, [o][ed] |
is independent of total pressure. This has been verified
between o0.86 aﬁd 2.69 torr but depends on M. C;yhe and

Thrush8 determined Io‘ over the range 198 to 284 K #@#nd found
c : .

that it increased by a factor of 8 as a function of increasing

.temperature, and fitted the expression . S
3 <1 S~1

+
mol

I, = 6x10° exp (-3700 ¥ 500)/RT cm
c ' i

)

"by using this method, filters need not necessarily bé,used to
eliminate any emission from the O + NO + M reaction since
this is several hundred times faster than than the O + CO + M

reaction.

3.2 Choice of Experimental Conditions

In studying the kinetics of a chemical reaction, it is

usually possible to adjust the experimental cohditigns such
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that the kinetics of recombination can be ddminated by an
individual term in the rate equation.
Thus, for the present study, the ideal conditions will
be shown below to be:

T FES P 5 P SN 5

M

since in this case, the homogeneous reaction (1) predominates
and the overall recombination in the presence and absence of
molecular O2 is first order in oxygen atoms; In addition

to this, the intehsity of emission (I) must be étahsufficiently
high level (Section Z.h) to obtain detection with good accuracy.
This requires that [é] and [#O] should not be too small, of

° 12 3 respectively. For all

the order 10_; and 10~ mol cm
kinetic runs attemptedv(Sections 5,6,7), [0]Vand [ﬁé] were
sufficiently large and although 5%_NO in Ar could be aéded
in system B just upstream from the obsefvation point to
‘enhance the glow, this technique was not necessary.

NO can'aiso be gsed as a catalyst to swamp any second
order.recombination besides acting as an 'indic#tor' molecule.

Thus by ensuring that the condition:

; j% kz,Mlyol

'§kLMb]

>> 1

then any second order recombination must be negligible.

. 33 _ 16 6 -2 -1 30 -
Since k2,Ar = 2.7x10 cm mol s ~, and kB,Ar
n

2 -1

6x10l cm6 mol = s at 298 K, fhen thevcondition is typically

F

F ‘
%¥§=_ _NO >> 0.022, However, this 'swamping' effect by
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NO was not used exclusively in the presént work although
FNO/FO was usually of the order 0.028-0.01.
In the present system, however, it is necessary that the

condition:

! kW + % 2k2,M‘[NO_J [M] >> %ﬁ 2k3;M[0] [M] should hold and since
k, >> ?4: 2k2,M{N0] [M]

therefore ky, > % 2k3,m[0]EM]
) M

To show that ky >> 5 2k, M[NO:I [M] |

M
Fy = 100-500x10‘6.mol st
‘ -10 -1

FNO = 1lbx10 mol s

. -6 -1
FAr(dlscharge) = 100x10 mol s

. ‘ -8 -1
FO (discharge) = 5x10 mol s

2
- -1 . . -1
v = 150-450 cm s (taking a typical value of 250 cm s )
then '
o 16 -10, 6y
- 2,2 _ (5.4x107 ) (14x10 Y(100x10 ") _ -3

2k2’ArFNOFM/(vnr )T = = 5,2x10

. 2\2
((250)(x)(1.25)%)

fos-1s &) , :

Therefore kwL}s always greater than the above term in this

system.

Typically, kw was in the range 0.5 to 1.5 s“l at 298 K .

whereas 2;-'; 2k2’-M E\TO] [M] and zi 2k3,M[O] [’VI] ranged between
3
3

5x10° s_l(minimum) and'2.5xl0-2 s-l(maximum) and between

Lx10~ s-l(minimum) and 2x10° s-l(maximum) respectively for
flow velocities of 250 cm s"l at 298 K and conditions used in

Sections 5,6.and 7.
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Thus, NO did not influence the kinetics significanfly
in the presence or absence of reactant Oé but acted mainly
as an 'indicator' molecule. Any influence that NO has on
the kinetics of reaction in this system can be neglected,
although kinetic equations will be developed including NO
for the sake of completeness, and to show_that the effects
of fNO], even when significant, do not impair the method.

However, the condition

% kl,M[°2] (] >> 3, + Zkz,»liy[NO][M;.l

k., F. ,F B ;
or ML,M 0,7 M o kw+M2k2,MFNOFM

2)2 ' 22

(; r (;nr
was not always satisfied in earlier experimental work,

| particularly for M=He or Ar at 295 K and higher temberatures.

k, ranged between 1-3 s—l while i:kliMFO Fy ranged
M ! 2

(Fnr%)*

- -1
between a minimum value of l.h_s 1 and a maximum of 7.1 s

= (1.2 to 5.1)x101h"cm6 mo1™2 st

for a range of gl,M

To show that.

| T k., ] 3
1,M 0, M
M "' 2
%'kl,mﬁ)z] [M]>> %y or Gar2)? >> oy
-1

kW = 1-2 s o
LI, 1-5x1oll4 cm® mo172 s71

] .
FO; = 35::10-'6 mol s“l

* ' 6 6 | )
Then (1x10™™*) (35x107%) (500x107°) = 1.4 71

[(250) (x) (1.25)*]%
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However, this condition was upheld reasoﬁably well for the
remaining third bodies. Thus, from this point Qf view, the
microwave discharge provides an opportunity for future im-
provement since it is capable of‘operating up to total pressures

of 1 atmosphere, and therefore F0 and FM can be increased for
2
higher accuracy (Section 2.3) and v reduced.

However, kw was reduced to a low value, O0,1-1 s‘l

(Sections 2.7 and 2.8) by surface poisoning with metaphos-
phoric acid in system B, and the ratio of homogeneous/hetero-
geneous recombination was then much more favour;ble (10—50
fold). Finally, the conditions used in this work can be

summarized as:
Z;a kl,ME)Z] [MJ >> k. + % 2k2,M[N0:| [M] >>§}:1 ZkB,M[O][M]

2 3 -1

with values ranging between 1-50 >> 0:1-3.0 >> 10" °-10 - s .

!

3.3 The Determination of Rate Constants

The rate constant of a chemical reaction.is most easily
obtained from experimental data using the rate equation in
the integrated form. The equation cannot always be directly
integrated, or the integrated equation is too complex for
ready use. It then becomes necessary to use graphical or
approximate numerical methods of integration.

A graphicdl method was used to solve a differential rate

Lo

equation by Larkin in ’his study of the recombination of

hydrogen atoms
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As this wall recombination was first-order in H, the rate
equation contained two terms, one'first;order and the other
second-order in H. A rate expfession of this kind cannot be
readily integrated but in the present system, all significant
terms are first-order in O and thus the rate expression can
be readily integrated. An integrated rate equation was used

by Hartley and Thrush,55

in determining the rate qonstant for
the related reaction:

H+ N + M= HNO + M
Their complete reaction scheme (including wall fecombination)

is anal@gous to the reaction:

0+02+M=03+M

and leads to terms which are all first-order in H. Although
their treatment is similar to that used in this work, it is
more difficult to apply and does not enatle wall recombination
rate constants to be obtained. |

The rate .equation for the reaction scheme given in

e

sl s [6] o % 2, BI040 + F %y, u[o]Ea1 0]

Section 3.1 is : ' : ;

i.e. assuming negligible second-order recombination for O-
atoms (Section 3.2)

Integration gives

in %%l’g = Ky ¢ zb:( 2k2,;M [¥o] [] ..-* % 1%1 M E)z] []

14

where [0]0 is the concentration atdt=0 and [b]at t=t;

v = ;5 x is a reaction distance corresponding to a reaction
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time £ from some arbitrary point at which t=0. Since
1=1_[0] [No] ana [No] = constant, then [0]<€I. aLso [¥]-= ;‘5

- 2, )
where V=var is the volume swept out in 1 s and F_, is the flow

X

rate of the species X in mol snl. Then:

Vj Io 2
V;lnf' = kv +§2k2MNOM+ZklMFO
2
where VR = Axnr” = reaction volume (corresponding to a reaction

time t). In this form, the equation is very suitable for

computation purposes .—=:%  }. Only the reaction volume

need be noted and not reaction distance. The reaction volume

can be measured accurately by a volumetric method (Section 2.3)
It is useful to distinguish between M=O2 and M=M!' where

# O0,. This gives the equation:
3 T o
v of _ 2 ,
= 1ln [T["] = kO o+ E' 2ky v FnoFyr ¥ 21<2’02FN0F0

*% kl,M' 0 FM' * X0

In the most general situation F.,, F, and V may be varied
2

independently and simultaneously. If one set of conditions

*
is represented by FM" F02 and V, and another set by FM"

* * '
FO and V , then the first-order decay for each set of con-

2 ;
ditions can be represented diagramatically (Fig. 3.1).

Writing equation 3.1 for each set of conditions and sub-

tracting one from the other, gives:



Figures 3,1 and 3.2

Diagramatic representation of first-order decay for conditions

described by equation 3.1.

InI

System A - Single observation'point method
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|
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'15_11_1. (v*)311*1]_ 2 %, %2 }_-
v, 32 TV nigea) = Y ke (V) 2R e Fyop ue

R R
+ 2k FonaFn + S k (F + k cees 3.2
2,0,"NoA o, =LA Fyo) 1,025‘02
¥* . * * *
where A Fy, =Fy,-Fy,, A1‘102:F02'F02’ A(F05b31)=302p>1"F02F1~1"

A F2 k2 _(r] ) *=(ry_+eg ) ey
2 2 2
The term k; indicates that, in general, kw may be depéndent
on the set of conditions chosen. In this work, it was assumed
(as indicated by previous worku7) and_as'later verified
experimentally, that kw may be different in the presence and

absence of Oz,possibly due to a wall reaction such as:

O + 02 + wall = 03 + wa>l
or a surface adsorption process which covers the active sites
on the wall, but was not dependent on Foﬁ. This phenomenon
was examined and found to be significant'but relatively
L g ‘
small (Section 5.3). A simplifation of équation 3.2 was
1
always made (apart‘from in a few preliminary eiperiments)
’ *
during this work by maintaining V and V as an accurate and
equal quantity by adjusting the main controlling needle valve.
For a given set of conditions, a determination of kl M
1

involved the maintenance of a rélationship between the two

: ' * * * .
sets of conditions (V , F. ,F_..,) and (V,F. ,F.,). The first

02 M O2 M
set will be termed the 'reference' conditions, whilst the
latter set were continually changed to enable kl M to be
. ?

evaluated.
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Determination of kl for M=O2

* * *
When V=V |, F_. =0, F_  =F then equation 3.2 can be

’
‘02 M' " M!
written as
3 * 2 .
v Il I 2 v *
v 1n [12 1*1] = po (kymky) + 2k, o Fyo +3 ko Fy,
R.F 0 : 2 Mr '
(o) 2
2 .
+ k F o1003¢3
;1,02 O2 .
where kﬁ indicates reaction (W) in the presence of 0,,
and M', the carrier gas, always argon. Thus, kl 0 can be
?
: 2
3 *
obtained from a plot of %— in il I;E - against FO .
R.F I2 T 1 2
0
2
) v2 *
When ng, FNO and FM' are maintained constant, kw —kw can

be determined from the intercept (Computer programme ) and
N

thus kw can be calculated (kw was also measured during

each run from the 'reference' conditions). The wall recom-

. * :
bination coefficients, ¥ and B'were calculated from

*

2r ZrH, P

= or b'* =
g 5 «

where r is the radius of the reaction tube, and ¢ the mean

atomic speed.
v2
bOz

. x,
In practice, the term (kw-kw) was very small since FO2

was large (Section 5.3) and it was not necessary to maintain

VZ/F02 constant. However, this requirement can be removed

. ‘ * *
altogether by arranging the conditions as V =V, F, £ 0,

* v
then equation 3.2 becomes

Fo_ 1 Fur= Fiyoo

2
v T2 1il Sk (F )
— in |22 1. ok F..+3 k, . F,, +k +
VR.AFoz Sl M 2,05"N0 T & K1 Far T ¥1,0, 0, Fo,

* e 3.1"
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*
since kw should be independent of F In this case, to

2

3 ¥*
determine kl 0 the term %— F 1n i1 E;E is plotted
Y2 RN o, I2 I'1

* ‘ .
against (Fo + FO ). This procedure is considerably more
2 2
tedious.
A . - M ‘
Determination of kl,M for M = M' # 0,

*
2=0 and FM'=F

*

*
When V =V, FO

Mt then equation 3.2 becomes

the same as equation 3.3 i.e.

3 . * 2 - )
v I1 I 2 v * .
— 1n |== == = — (k - k.,) + 2k, . F + k F
VRF02 [12 T l] F02 W W 2,02 NO EE{, 1,M' M

+ k, _F
1,02 02
The term -S‘kl;M'FM' can be expanded to Xy owmeFar * kg Py
M! 171 2 2

where Mi is argoncarfier gés and Mé the third body under
consideration. Thus if V, FNd’ FO' and FM' are maintained

2 1

constant, then k for M=M! can be obtainéd from a:plot of

1 2
y3 11 I 2 ' - .
= 1n |— —— against F__ . o -
V_F * M!
R 02 I2 I 1 2 :

Once more, elimination of the wall recombination term is

* * .
possible by choosing the conditions V =V, FO # 0, FO ’
2 2

* : o
FM' = FM' which leads to equation 3.4, but the procedure then
1 ' :

becomes tedious, no more sensitive, and any information on
wall recombination is lost. However, intensity measurements

can be made with increased rapidity since the wall always

contains adsorbed O2 and the decay profile reaches a steady
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state very rapidly.

In preliminary experiments, k and k were determined
1,02 i,M! ;

by the single observation point method, and later by the
double observation point method for accurate measurements,
both in the sliding degector/single inlet-jet system A

described below.

System A-Single Observation Point Method

A diagramatic representation of this method is given in
Fig. 3.2... The intensities here have been re-assigned for
clarity in distinguishing between the methods from the

general diagram (Fig. 3.1) thus:
* * *
I 1= I 00,  Il= I00, I 2.= I0, I2=1.

It is assumed in this methoq that I*OO = I00 and this is true
providing the addition of M' (or reactant 02) causes no serious
flow perturbations. However, a direct determination of
I"00/I00 showed that this was not strictly justified and
consequently,vthiSfmethod was lacking in accuracy (Section 5.2).

The prinCiﬁle advantage of the method is it 's rapidity.

System A/Double-observation Point Method

This method is represented diagramatically in Fig. 3.3.
This notation is used for clarificatibn when‘reference is made
to thié method. The method is exact, (unlike the single

observation point method).

Summary for System A ‘ i

’ *
Equation 3.3 requires that V=V and V be kept conétant

during a run, and therefore total flow rates and pressures



Figures 3.3 and 3.4

System A - double observation point method
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System B - Multiple inlet jet/Fixed detector method
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had to be calculated before a run. Furthermore, in general,
the total pressure needed adjusting twice for one experimental

point (once for each set of conditions) i.e. (F; . F;,) and

2

(F,
0,

up one data point on a typical plot. For M # 0,, the two

FM,). The measurement of each set of conditions makes

2

i

) * *
conditions (F, , F_.,) and (F, , F,,) differed only in as much
0] M 02 M

that a small additional flow of 02 was added to a large excess
of M' (Section 5.3) and in this case, Vi:V* without adjusting
the flow conﬁrolling valve since the overall>change in gas
flow velocity was negligible.

Another method of reducing the‘number of adjustments to

. D% *
the flow valve involves maintaining (F,  + FM').and (F, + F
-

2 )

. *
constant by increasing F,, by the amount[}ﬁk).~ However,
) 2

this method 'is almost as tedious and not used in system A

but was utilized in system B,

System B-Multiple Inlet Jet/Fixed Detector Method

i

In analysing this system, it was found that equation

3.2 can be applied only when V=V* as a result of the single
observation point, and is therefore,leés versatile in this
respect. Fig. 3.4 is the diagram for the kinetics of O-atom
decay in this system. Here, Oé is added through the inlet
jets J1 and J5, M' through a separate jet (JO).

In constructiqg the diagram, it is assumed that the
total pressure along the reaction tube is always constant
although it will be shown that the accuracy of the method is

not impaired by very small pressure fluctuations caused by
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flow pertubations at the inlet jets. This situation is now
analagous to system A with the double observation point

method, Here, I01 and IO2 are the‘intensities for sets of
conditions (F

* *
M1 F02) added at x1 and x2 respectively. Il

and I2 are intensities for sets of conditions (F F

, )
M Yo,

added at xl_and x2 respectively, and for each set of conditions,

the total pressuré must be maintained constant so that:

I1 _ I11 ang ~Xol _ Ii1
I2 - Ti2 102 - I10

Therefore; the ratio required which is %%% is equal to

I1 . * * * :
$5+ For  Since V=V, thus (FM, + Foz) = (FM, + Foz)'

(Fig. 3.4 ). The general equation (II) can now be applied

with the néw assignments

H
[
i

Il

I01, I1

Iz

"2 = 102,  1I2

Determination of k, for M=0, oxr M' £ 0,

1
' * * *
Choosing the relationships V =V, Fo =0, F,,=F_ +F and
2 M. M O2

using equation 3.2 leads essentially to‘equdtion 3.3 as

before with the exception that the term 2k2 0 FNO is éffeétively
: '2

*
. e . . N . »
cancelled, since k2,0£_' k2,Ar' This arises since FM is
 increased from FM' in equation 3.3 to FM,+FO , (the term
' : 2

2 is negligible).

k F
2,02 NO |
Once more, wall recombination can be eliminated by

, . * * * )

choosing V =V, F02 # 0 or Foz, Fyr = Fy, +LlF02 which leads

to equation 3.4 except that the term 2k F is replaced
2,02vNO

by -k; M'Fg (the latter can be made negligible and is a
, ,
2
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t

constant). In this work, equation 3.3 was used for M' £ 0,

(Sectidn 5.3)

At temperatures below 300 K (Section 6) %%%1ﬂ=l and it
* v
was possible to keep FM' = FM" This arises since
VR 9, o
1n IOl v - Fy, Ky (when the terms in Fyo are neglected)
and for M' # 02, Fyr > F02 and k, is small below 300 K,
and V >> VR' Above LOO K, this corrections is called the

'blank correction' and is not negligible (i.e. <5%)» It

)
rates are identical and thus any flow perturbations at the

should be noted, that as (F;, + Fr (FM, + Foz) then flow
inlet jets cancel: this is very significaht when flow rates
added through the inlet jets are larger or compérable to total
flow fates and extends the use of sYsteﬁ B to measurements
for M=02, although this was not carried out in this work
(see Section 7 on SOé). | »

The general equation for the determinétion of kw in

system B can be shown to be: -

* S e o %
v Far 102] o, xo,noNofar | Far * Tarl 5.5
"V_'AF 101 ~ W 2 * L ¢
RA Ar A Far
* . o

Where FAr = Flow rate of Ar through the discharge

F = Total flow rate of Ar.

Ar .

*
F = F - F , flow rate of Ar through iniet jet.

Ar Ar Ar

kw is thus obtained by plotting the left hand side of this

*
equation against EAr PAr + FAr
2 K
v bAr

Summary for systems A and B

The use of equation 3.3 for both systems A and B with
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M=O2 and M#O2 gives rate constants in which wall recombination

is subtracted out providing that V2/FO is kept constant,
2

and cancels out perturbations around the inlet jets. From’

s . CL ok *

kinetic .runs, kw, kw (and hence K andK) can be obtained.
*

The quantities kW and kW are strictly mean values if they

vary along the reaction tube (although experiments showed

kw was constant, and the same reaction zone is used during

each rate constant determination) but in spite of this

o are

not negligible. However the terms are included for the

equation 3.3 remains valid even when the terms in FN

sake of mathematical exactness, in principle, Qhen NO con-
centrations are significant. Systems A‘and B are exéctly
equivalent in the mathematical sense, but sysfem B is more
convenient for measurement of temperature'coefficients, since
intensity measurements are always ratios, then effects due

t§ wall adsorptiqn, filter absorptidn,'féfiatibh of the
quantity Io thg third body etc. cancel oﬁt. These systems
therefore allow mathematically sound rate constants to be
determined since’ no approximations'arelmade in the rate:

equations.
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M

. Elqw-rate.of gas M in mol s

86

e Ar, He, N co, Co S02.

-1

2? 2° 2’

Temperature in ’K.
Gas pressure in mmHg
Internal radius of flow tube in cm.
Mean linear gas flow velocity in cm s-l.
: 3 -1

Reaction volume swept out of flow tube in cm” s .

Concentration of gas M in mol

'The computer program 'Eureka' used to evaluate experimental data

‘from sections 5-7 to produce rate constants is listed below.

ERT



10

15

20

30

35

50

55

PRBGRAM EUREXA 74,74  QPT=2

101

123
11

c
3
4

33

12

FTN 4.6+428

PRCGRAM EUREKA (INPUT, BUTPL'T)

DIMENSION X103 +Y(16) +VBAR (107 » XX U10) .Y'Y(lO)
REAL IBI,I1,IC2.I2

READ 101,L

FORMAT (123

D2 12 LL=1.L

FORMART (12)

RERD 1N

READ 2,T,D '

FORMAT (2F5. 1) .

T IN.DEGREES K, D IS DISTANCE IN CMS.

PRINT 11!
PRINT 123

. PRINT 22,4740

FORMAT(4Xs 'T'+4Xy 'O " :
FORMAT(IX»2F5. 1)

FORMAT UK s/ //77

PRINT 4 -

DB 100 J=1,N

F IS FLBW RATE IN CC/MIN.» P IN CM. OF BJL sI IS ARBITRARY.

READ 3,F1,F2,F3,1I01,I1,102,12+P

FeRMAT(7F5.1,FB6.3)

FORMAT(3X, ' F1 33Xy 'F2'36Xs 'F3 58X 'I01 '+7Xs 'I1',5X, 'I02°,
16X, "I2'48X, 'P

FERMAT(1XH34F5.1,3X0 4F5.1:+90F6.3)

PRINT 33.,F1:F2,F3,I01,I1,1I82,I2:P

R=82.06

AREA=3. 142% (1.245%%2)

C = LOG RATIBS OF INTENSITIES....
C=ALOG ((IB2/I01) %*(I1/12))

VBAR IS MEAN LINEAR FLOGW VELOBCITY
0.888E—€ IS CONVERSIGN FACTER FBR CC/MIN MBL/SEC.

VBAR (D = ((F1+ 2> *(0.688%1 .E~6) *(B2.06) X{76%T) ) / ((PXD.078) X (ARER) )

Y (D = {LVBAR (J) ¥X3) X (AREAXRKZ) KL 7 (D*F 1%{0.688%1.E£-6))
X(J) =F3%0.688*1.E~6
FORMAT (//:%¥ VALUES OF Y= ¥*10E12.4:1//)

- FORMAT (/7 X VALUES BF X==%10€12.4,//

PRINT 7, YD 1 J=1+N) .
PRINT B8 (X +J=1/N)

FORMAT {//, % VALUES OF VBﬁQ-*lOElZ 4,77

PRINT 9+ (VBAR(J) »J=1,N)

CALL ALPHAN XM

CALL GRAPH (N2 XsT

CALL ALPHAMN XY .

CALL GRAPHIN:XsY -

CONTINUE . .

STOP C . -
END s

SUBROUTINE ALPHA 74,74 . @PT=2

10

15

20

-

30

oV AW

SUBRBUTINE ALPHA (N XY
DIMENSION X<{20) Y (200
SUMX=SUMY=SUMX2= SUHYZ-SUHXY"SUPQCX-O o]
DB 1 J=1»N
SUMX=SUMX+X (U}
SUMY=SUMY+Y {J)
SUMXX=SUMXX+X (U ®X D
XBAR=SUMXN .
YBAR=SUMY /N
XOBAR=SUMA
D8 2 J=1WN
XX=XBRR-X {J5
YY=YBAR-Y {J)
SUMXR=SUME+XXX
SUMY2=SUMY2+YYXYY
SUMXY=5IMXY = XX*YY
SL3IPC=5 IMXY /SUMKR2
TEP=ARS (SUMKVESIMXY-SUMRFSUMY)
RRAT=SGRT {TOF/ (N-2))
SC=RABT/SUMX2
Y INT=YBAR-SLOPIXRXBAR
SOI=SDRSART (XXEARY
FORMAT(// ¥ SLOPE=XE12.4: /)
FBRMAT (/1% STANDARD DEVIARTIGN=XE12.4:/7)
FeRMAT (/7 RINTERCEPT=XE12. 5, //) . .
FIRMAT {//+ 1CX, 'DATA FBR B+B2+1 ") o
PRINT 3.5L0PE ?

PRINT 4,5D ' - oo

FRINT 5.YINT
RINT 44SDI
SEXINT B
RETURN

END

24

87



SUBRBUTINE GRAPH 74/74 @PT=2 FTN 4.6+428

10

15

20

25

30

35

50

55

60

65

70

30

~NoOown ab

(9]

11
13

14

15
ie

17

18

SUBRGUTINE GRAPH (N.XaY2

REAL X (i00) »Y(10Q: +AX(101) 1AY(S1) » MINX: MINY . MAXX, MR XY
INTEGER IX (100> ,IY{100),D (101> +DOBT,SPACE,STARPLLS
DRTA DOTSPACESTARYPLUS/1H. + 1H + 1HXs L1H+/

FCRMAT (1HD)

PRINT30

MINX=X (1)

T OMAXX=X (N

SBRTING OF X AND Y INTO DESCENDING GRDER

L=N-1

K=0

00 2 J=1.L

IFCY(J+1) .LT.Y(W) GB TO 2
TOR=Y (J+1)

Y (J+1) =Y (D

“Y L) =T0R

TIP=X(J+1)

KA{J+1) =X

X =T3P

K=1

CONTINUE

SCAL ING PROCESS

IF(&K.EG.1> GG TO 1
MINY=Y (N)

MAXY=Y (1)

SCAL ING PROCESS.... '
SCALEX=100.0/ (MAXX-MINX
SCALEY=50.0/ (MAXY-MINY?

03 3 1=1,101,10

AX (I = ({{I-1) /SCALEXD +MINX
e 4 1=1,51,5 :
AY (I = C((I-1) /SCALEY) +MINYD
CONVERSIGBN T3 INTEGERS

be 5 I=1,N

XD =X =MINX ¥SCALEX
IXA(D =INT X))

YLD =AY DD -MINYD RSCALEY
IYLDY=INTOYLDN

GUTPUT PRINT SCALE
FARMAT(SX,5 (11X+E9.T3))
FORMAT (BX»ES. 3,5 (11X E9.3))
PRINT B+ (AX(I) 1 I1=11+81,200
PRINT 7, (AX(D) +I=1+101,20
GRAPH PLOATTING LOGIC ..... )
€O 8 1=2,100

D<¢Is =DeT

DB 8 I=1,101,10

C(I)=PLUS

“BRMAT (12X, 103A1) -
SRINT 10,5PACT Dy SPACE
{=M=50

.=1 :

98 12 I=1.101

D =SPACE . ___
IFCIY L) (NELX GB TO 14
IXL=IXCL) +1

" DCIX) =STAR

L=t+1

G0 78 13 E
IF(K.EQ.MGB T8 15
PRINT 10+08T,D,DBT
K=K-1

.GO T8 11 . .

J=K+1

PRINT 16,AY (W »PLUSDPLUSAY (D
FIRMAT (2X»E9,3:X,103A1,ES. B
IFXK.EQ.O0GB T8 17

K=K—1

M=M-5 .

G3 TO 11

o8 18 I=2,100

D (D) =087

00 :9 I=1,101+10

D (D =PLUS

BUTPUT PRINT SCALE

PRINT 10:SPACEDSPACE
PRINT 7, (AX(I) +»I=1,101.200
PRINT 6 (AX(I) +I=11+81,20)

. RETURN

END : C .
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SECTION 4

The Limitations of the Flow Szgtem

and Estimation of Errors

B )
-
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4.1 Introduction

Many investigations of atomic recombination reactions
have been made by flow methods, where radicals enter a flow
tube of constant cross sectional area in the main bulk of
gaf. Stable molecules enter through a diffuser jet. The
exact mathematical description of gas flows in such tubes
becomes extremely complicated if effects of wall reactions,
viscous flow and axial and radial diffusion are considered.
Krongellsz7 méde a numerical ahalysis of the flow patterns
.in the case of second'order vélume recombination and first-
order wall recombination by neglect;ng viscous pressure drop
and axial diffusion. Kaufman26 asséssed the limiting conditions
for oxygen atoms fof which diffusibg'effects and viscous
flow can be neglected in a homngenoué’pseudo}first-order
reaction (Section 4.2). The réliability of experimental

values of rate constants can also be assessed by estimating

the total error associated with them, (Section 4.3).

4,2 Limitations -

When experimental gas flows are very fast, the pressure
drop along the flow tube may not be negligible. For simple-
Poiseuille flow: S
2 2 _  16FLYRT

Py, = P F n
r R

where. p/mm Hg is the pressure, F the flow rate of gas, L the

length of the reactlon tube, r the tube ‘radius and?? the gas
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‘coefficient of viscosity. For small pressure drops, the
fractional change in p due to viscous flow is given by:

Ap _ swm

p r2p

where v is the mean linear flow velocity. The pressure drop
duriné experiments only becomes serious (1%>) in argon-oxygen
mixtufes when, (for L=50 cm, T?:=22.1x10-5 poise %3( Ar,
r=1.25 c‘m'and p=1.5 torr) v > 102 cm’ st at 295 K. ' The
relati&e error,Afp/p increases with decrease in préSsure.

. 26 rares ,
It therefore appears that slow flow ,are desirable,.

A
bécaﬁéé‘of théirinegligible pressure drop and rapid radial
~diffusion; aut this may create largé axial concentration
gradients and{inérease back diffusion.;lIf radial cbncentration
gradient is ngglected_and first‘order decay of O-atoms‘
_assumed,'then“thé steady state concentfatiqn of oxygen atoms.
ié given by;';

calo) o) _ pa®[d = 0 4,1
S aled - prealE LR

(R : 1

where D is a diffusion coefficient of O-atoms into the gas,

.The hdmogeneous fécombinatidn will'be‘#ssumed‘tb proceéd‘by

a figét order process Uﬁ_&ﬂ)- .’ H
Howéver,}if fhe diffusionlﬁérm-is‘small;‘thé firsf orderbi‘

~rate constant, k fis given by:

1’
‘ ' *( 'k*D)
kl = kl } + 3.

where k is the observed, uncorrected rate constant given by

L -vd.1nfo] _  -d.1n[o0]
dx - dt .
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Thus, the conditidn for negligible back diffusion is therefore
Dkl/;2 << 1. For a pressure of 1 torr, D==270 cm2 s—l,

kl = 1l=5 s-l due to wall recombination in a glass tube with
r = 1 cmy, the above inequality shows that for a typical flow
velocity of 100 cm s'l, the error in k is betweenVZ% andvlo%.
Thus D increases with increase of pressure for volume
recombination. The assumption of no radial. concentration
gradients is valid only if diffusion is sufficiently fast

to swamp the gradients caused by wall recombinatiéen and
viscous flow. Kaufman26 has made an approximate estimation
of radial conéentration'gradients assgming a pa;abolic
velbéity distribution. Once again assuming a first order

volume recombination, the stationary state equation for this

is given by:

v (l_r_z.) i@_ + kl [O] -'D(Qié[-g] + QE_[Q_ + _]_' _C_l_[_._(__)]__) =0
dx )

° r dx ar? ~r dr .
o
* 5 800 4.2
where'rb is the radius of the reaction“tube and ;o the flow
velocity at r=0. For the boundary conditions glb] =0
and a [o] = ~k,T [Olw at r=0 (where [O] is the atomic
dr —“EB——T— . W ‘

concentration at the wall), the solutions of the above partial

differential equation are of the form
[O] = [O] r e_ux ‘ ‘oo.on' hoj.

where p = (kl * kw) l-z(kl * kw)D]
| v 2

4
if D is small and [OJWF'—“' [0] where [O] is the average atomic

concentration,

i
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Integration of 4.2 leads to an approximate radial concentration

gradient given by
- {

[b] - [O] r2 pv r2
T R =

Taking a typical low pressure=l.5 torr, D =200 cm2 s-l and

ro=l.25 it is seen that the differences in concentration
between the centre of the tube and wall will not be > 1%
1

for kﬁﬁ:l-5 s T. At higher pressures, and in large tubes,

this effect can become large.

4.3 Estimation of Error

Errors encountered in the determination of a physical
quantity fall into two categbries, systematic and random
errors. The first category, random errors, are those whose
magnitude can vary in a random manner. The second category
are systematic errors and are considered to be those errors
which rémain constant in sign and magnitude. The reproduci-
bility or brecision of an experimental measurement depends
on the random errors inﬁolved whereas accuracy depends on
systemétic errors.

In general if a quantity y is a function of n wvariables,

X190 X5y eeex , d.e. y=f(xl,x2,....xn) so that
‘ dy = %) cdxl + %) .dx2 o0 Ll'ol‘}
; x2,x3.. ‘ 2 xl,xg,..

small errors in y are given by

dy = gx .dx + QX . .dx
' dxl x 1 dx2 . . X 2
x2, 3,..1 l’ 3,..
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In the case of systematic errors, there is a relation between'

dx dx :
1, 2....etc., and so the total systematic error is
x5 X, :

given by the arithmetic sum of terms in 4.4. For random

errors, X,9X5 000 are all independent so y becomes algebraically

less than the sum of the separate terms, and is given by 16
2 _|ax 2 dy 2
dy = (dx .dxl + (dx ). .dx2

1 x2,x3,.. 2 xl’xj"'

dx 2
Cr Yy : dinf i
or < > dlnx _x"_i) e 0 L"o 5

whére dy is the expected relative error in y..

In the present work, the total error in the rate constants

obtéinedvﬁas éssessed by estimating‘all the random and
systematié errors associated w;th eachkéf the measurements

and applying equation 4.4 and 4.5. Thes¢ errors in individual
measurements ére given below.

(a) Reaction distance:

The distance between ﬁhe two observation points'in
reaction system A was measuredbwith a standard metre rule to
within‘O.S mm. The distance between the jets in reaction
system B was measured by a travelling ﬁecroscope also to
within 0.5 mm. The total érror associated with the measurement

of reaction distances was estimated to be

= (x in cm.)

dx _ 0,05
X X

(v) Pressure:

.The total expected error in the pressure readings was
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estimated to be

dp 0.05
P

o (p in cm Hg)

(¢) Flow Rates:
The systematic error in the capillary flow meter and

gas meter measurement was estimated to be

dF _ 0.05 L -1
= = TF (F is in mol s )

(d) Temperature:
The temperature of the reaction tube was maintained to
4
within :0.500 by a thermostated bath, by acetone-solid 002
N

mixtures or by liquid nitrogen. Estimated total error :

2% were < 1x1079

(e) Radius of the Reaction Tubes:
The volume of a measured length of tube was determined

by a burette and the radius was estimated to within l%‘

Further systematic errors arise from secondary recombination
reactions or from the effects of diffusion and viscous flow.
The former.type of errors were avoided as far as was possible
by sqitably adjusting the experimental conditions (Section
3.2) while the latter contributed a total error of not more
thén 10% to the measured rate constants (Section h.2)f

The total érror in the measured rate constants can be
assessed by calculating the error associated with kl,M for

recombination according to the plots of:

3 ¥ : .
v : I1 I 2 .
V;Fo .1n[12 51 against FM for kl,M

2
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(Section 3.3) where k, y is the slope of the line. The total
H
expected error in the measurement of the term on the left

hand side is (for FM), (applying equation 4.5)

drF,. \2
F -\ 2 2 ) 2
3 9%) + 2;(§5> - 2 2 - 24
v r : F02 T
= 3 (1x10'3) + 2(1x10‘“) - 2'(ux10'4) - 2>(lx10-h)
therefore Q% A= 251077 = 0.2%

dF 2 2 '
ax _ M | 1 - =3
ané X —( FM) _(500) = 4x10

Therefore total expected error in the slope is«V 5%,

Therefore the maximum error expected is < 10%, allowing for

dF
F

The maximﬁm totallérror in the rate constant measurements
(both random and systenatic errors) is therefore probably
< 20% and the brecision of mea;urements is of the order of
10% or less, Determinetions of kl,M are made as indicated

in Section 5. = The errcr limits of k

1. M given in Sections 5,
’ .

6 and 7 refer to the error in measuring the slopes of the

graphical plots described in these sections.



SECTION 5

The Expesrimental Determination of the Rate

of the Homcgeneous Reaction: 0+0 +M=0 +M

2 3

-
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5.1 Introduction

This section contains a description of the determination
of the rate of the homdgeneous combination of oxygen atoms
with oxygen molecules at 295 K;' A report of the determination
of the temperature coefficient over the range 196-500 K is
given in Section 7. Rate coefficients of reaction (1) were
measured for six different third bodies, viz, M:Oz, Ar, He,

N CO and CO, and for each Fhird body, sufficient determ-

29

inations were made to establish the reproducibility of the

value of k until at least three values in agreement

1,M’
(5-15%) were obtained.

Although this reaction has been the subject of many
studies in recent years, (Table8.l)only a few workers have

reported values of the rate constant for three or more third

7

bodies. Thus Kaufman,' using a thermal‘decomﬁoéifion-flow

method studied nine third bodies, including M=CO,, SF¢, H,0,

0o provided_a comparison of third body efficiencies, but

29

he found that k had a larger probable error for the least

1,M _
efficient M, i.e. i'10-15‘,% for the most efficient and i1'-25‘,{7
for the least efficient. As in the present work, Kaufman's
value; showed the expected qualitative dependence on the

nature of M, increasing with molecular complexity although
here, the standard deviation is better, having values éenerally
between ~5-15%, and in many cases close to 5%. (cf. results

50

using a stirred-

for M=N_,, CO, coz). Mulcahy and Williams

2’
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flow method studied 4 third-bodies, the standard deviation
being 110% for Ar to I13% for €O, and Ing for M=0, and He.
59 '

Huie et al. using the flash-photolysis resonance~fluor-
escence technique studied 3 third bodies with standard deviations
of :5—11%. Stuhl and Niki,61 using a flash photolysis-
chemiluminescernce methoa and Meaburn ef 31.76 using pulse
radiolysis are the only workers, other than. this work, to
- report values for M=CO, tﬁe value here of 2.hxlOlh cm6 mol“2 s-l
where the standard deviation is 15% has the smallest error
margin (Stuhl and Niki. = 9% and Meaburn = 10%). Thus this
work is only the second report of a range as large as 6 third
bodies for the reactidn and the standafd deviations are as
good, and in some cases better, than those reported by other
workers. |

Howevef, fhe i@por?ant point is ﬁhat the estimated
absolute»accura;& of‘10-15% (Section 4) for the reported
réte constanté,s;nnmoét cases shows a significant improvement
on those ésti&atéd for the literature values (Table 8.1).
A comparisﬁn of the inherent absolute accuracy of this dis-
charge;flow method with fhe accuracy of al@erné;ive ﬁethods
is given in Sectioh 8.

Under the conditions described in Sections 2 and 3.2,
no significént contribution from the reaction (.. 3) or other
homogeneous reactions occured. Rate constants were computed
from the kinetic equations (Section 3.3) and the computer
program. |

The main aim of work described in this éection wasvto
re-examine and develop the discharge-flow method for deter-

mining the rate constants of fundamental atomic recombination
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reactions at 295 K by means of several steps, viz:

(l) by seeking the conditions for the complete elimination

of errors in the homogeneous rate constant kl M which arise
?

from heterogeneous surface recombination. This has not

previously been achieved satisfactorily and has been a serious

disadvantage of the method;

(2) by seeking the improvement of the precision (standard
deviation) and absolute accﬁracy of the rate measurements
over those currently reported in the literature, which are
generally not better than 10-25% and 25-50% respectively;
(3) by developing a raﬁid and systematic method for the
determination of atomic .decay profiies to enable sufficient
eiperimental points in a kinetic rate determination to be
madé in avreasonable time (1-2‘hours) using relatively quickly
constructed and inexpensive ap;aratus;l |

The first aim was achieved by maximiéing the ratio of
. homogeneous to wali recombination (see Seéfion 3.2) and also
by allowing for differences in kg and.k; ﬂequation 3.3) and
hence in X' and X*'the wall recombination coefficients in
the presence and absence of O2 respectively. Ig fact, these
are generally different and'ignoring such differences can
lead to significant errorSin the determination of the homo-
geneous rate constant. This fact is shown here for the first
time although Benson12 suggested that E' and b# may be
different as early as 1965.

The second aim was échieved by (i) measuring the parameters

in equation 3.3, i.e. temperature, pressure, distance, flow
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rate etc. (Section 2) as accurately as can be achieved with
current instruments and (ii) by adding a large excess of
third body M to ascertain that homogeneous recombination
occured predominantly by M. |

Finally, the third aim was effected by showing in pre-
liminary experiments (Section 5.2) that atomic oxygen decay
profiles were always first-order in the absence and presence
of O2 over the range of conditiéns used in rate constant
measurements (Section’3.2). ‘Hence, in the actual determination
of rate constants, first-order:decay of O could always be
assumed and decay profiles were established by making relative
measurements of [0] at two points only along the reaction
tube. This reduced the time réquired‘to measure a rate
constant to!approximateiy half an hour compared to 3-4 hours
by conventional methods. Furthermbre, the apparatué can be
constructed in a few weeks at a minimal cost (£250).

In this section some of the many advantages of the
discharge~flow method will be mentioned, and a full discussion
of the results can be found in Section 8. The experimental

apparatus used is described in Section 2.

5.2 Preliminary Experimental Work

The first part of the preliminary work was to determine
whether or not the mean linear flow velocity v remained
reasonably constant for a given setting of the main flow

controlling valve (Section 2.,2) for various mixtures of gases.
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In the case of Ar/O2 mixtures, it may be expected that v would
be slightly greater in O2 rich mixtﬂres since the coefficient
of viscosity 09) of Ar (221::10-6 poise at 296 K) is greater
than that of 0, (206x10-6 poise at 293 K) assuming Poiseuille
flow along the reaction tube (;wilfv). This was determined
in-the following manner., ‘Experimental flows of Ar and 02
(350x10—6 mol s“l each) were set up and admitted together
through the inlet jet to reaction:system A and the pressure
was then fixed at a precise value between 4 and S cm measured
on the oil manometer. The argon flow was then reduced by
increments of 70:-:10-6 mol s-l and the corresponaing changes
in pressure recorded until the argon flow rate was zero.
.The flow rate of oxygen was then reduced in a similar manner,
again noting the pressure changes. The results are shown in
Figure 5.1. The mean linear flow velicity, calculated from
the equation given in Section 3.3 over the range of flow
rates used, were found to be 10% higﬁer for pure O2 than for
Ar in agreement with the Pqiseuilie flow'equation (Section 2.6).
v had intermediate values for various gaseous Ar and O2
mixtures. Thus, generally whenever the composition of the
flow stream was changed during kinetic runs, it was necessary
to maintain V constant (to withinn/3%) by carefully adjusting
the main floﬁ controlling valve.

The second series of preliminary experiments carried
out was to show that atomic decay profiles are first—order in
0 in'thevabsence and presence of O2 over the full range of

flow conditions used in subsequent rate constant determinations.
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Graph showing,variation of mean linear flow

velocity with various gas mixtures.
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o v
As discussed (Section 3.2), atomic recombination occured
. _ . A

predominantly by reaction (1) in the presence of 0, and

predominantly by wall recombination in the absence of 02.
Thus, the 'indicator' molecule NO had no significant influence
on the kinetics of recombination. Sinceeit has been es‘l:ablishedl‘7

- that wall recombination occurs by first-order kinetics in O,
then providing the wall recombination coefficient is constant
along the reaction tube, decays of 0 along the reaction tube

2.

Also, impurities such as a hydrogenous molecules and electron-

should always be first order in the absence or presence of O

ically excited species were removed or shown to be absent
(Section 2.3); these therefore had no influence on the'decay
kinefics. Thus, the relative decay of O-etoms along the length
of the tube in reaction system A was recorded by measuring

I (intensity of light) as a function of x cm (distance) down-
etream~of the inlet jet over the full range ofvconditions

used in subsequent rate constant determinations. This pro-
cedure ignoree any chenges in the light‘transmittance of

pyrex glass aldng the tuﬁe but these are insignificant in this
system;‘ This ﬁas.shown by examining the linearity of decay
plots under conditions of negligible decay. vFurthermore, in
the determination of rate constants. by either the single or
double observation methods, this effect was absent under
conditions given in Section 3.2 and in kinetic equations
3.1-3.3. Therefore, decays of O-atoms were recorded by
manually sliding the photomultiplier down the tube and
Ameasuring the intensity at intervals of about 10 cm and plotting

loge I against x cm. Table 5.1 contains the data for

PR
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Typical atomic decay profiles showing first order decay

of oxygen atoms in the absence (A) and presence (B) of O
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Figure 5.3
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Typical atomic decay profiles showing first order decay

of oxygen atoms in the absence (A) and presence (B) of 0,.
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Fig. 5.2 showing typical atomic decay profileé for 0 ‘in the
absence of O, (A) and presence of 0, (B). The two plot§ are
both acéurately linear over several half-lives, corresponding
to the lower total pressure end of experimental conditions.
Similarly, Fig. 5.3 shows a typical atomic decay profile for
atomic oxygen in the absence (A) and presencé (B) of 0,.
These two latter plots which oorreépond'to the higher presSure,
énd of experimenfal“éénditions areAagain,linear over several

" half-lives proving accurate first-order kinetics.

Table 5.1 -

}Experihental data to construct typical atomic decay profiles
: showing‘fifst‘order decay of oxXygen in the presence and

absence of oxygen.

P=1.9% mm Hg. T =295K. . v =460 em s™5.
}Fgr =1260xl0-§.m6i é-l,ﬁ ;’Foé é?9?§10?i'mol-§-l.b’
l; iy>(ab§ence of 02) 't%j%ﬁ}' !{‘j (presencevof 02)
=;:1oge I X cm I ‘T o I 1oge I X cm
'2.907 . 10.0 18.28 . 16.22 2.787  10.0
.2.857 20,0 17.k2 © 14,93 2.705 20,0
‘. 2.822  30.0 16.79 - ~ 13.80 2.625  30.0
2,795 7 k0.0 16.37 '12.91  2.558 40.0
2.767 - 50.0 15.92 11.69  2.460  50.0
. 2.708  70.0 15,00 ©10.14  2.317 70.0

-  AN}ﬁ;‘The symbols’FAr, FO sy X, P, T are described in '‘glossary’

E 2
'[ . of symbols (Section 3).
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The value of K and Ki* were not determined from the decay
profiles but were obtained fron equation 3.3 or 3.4 during,
rate constant determinations described in Section 5.3. In
reaction system B, atomic decay profiles were aiso examined
in the presence and absence of Oé over the range of conditions
to be subsequenfly used (at 295 K). Profiles were examined
lby observing the change in afterglow intensity és a function
of distance by adding 35x10-6 mol 5-1'02 through the 5 mixing
jets (Section 2.2, Fig. 2.4), individually to the gas stream
containing between 150 and 550x10-6 mol snl Ar, and recording
each ;fterglow intensity at the fixed 6bservation window.

The data of Table 5.2 plotted in Fig. 5.4 shows typical
atoﬁic dgcay profiles in the presence of O2 for the range of
conditions used during the work. Accurate liﬁear first-order

2

kinetics in O were obeyed in all cases.

Table 5.2

]

Experimental data to construct a typical4étomic decay profile

in the presence of 02

T = 295 K 5 = 250 cm st
10° F/mo1 st Intensity readings at P/mm Heg
J1_ J2 J3 Jh J5
44,5 156.7 162.1 168.5 172.8 178.1 2.66
192.6  142.0 149.5 157.8 163.5 170.7 3.94
240.8 : . 121.0 129.8 139.3 -146.1 15&.; L4 .93
288.9 093.9  103.9. 116.1 12k.9  134.3  5.97

361.2 063.5 071.7 082.4 089.1 097.5 7.41

T T A R R T Ll it oL oy e
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presence of added 02
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.These decay profiles in system B apply, with further preliminary
experiments, to the determination of the temperature coefficient
of rgaction (l) for M=Ar, 02, CO2 and these further experiments
will be described in Section 6.2. The wall in system B was
poisoned with a layer of metaphosphoric acid (Section 2.7)

to reduce wall recombination. In the first instance, decay
profiles in the absence of O2 were measured in exactly the

same way as in system A, i.e. by measuring the afterglow
intensities at various positions downstream'of the discharge.
Values of 6* (in absence of 02) were détermined to benlelOm5
at 295‘K in'good‘agreement with the value of 2x10-5 quoted

by Kaufman for phosphoric acid. 1In system B, as in system A,
(X-— K#) was determined during actual rate constant measure-
ments ffom the equation 3.3. Also, in system B, K* could be
determined>during experimentél rﬁns in‘cases where 'blank'
measurements»(Section 6.2) were madé by equation 3.5. Under

the donditions uSéd in this work, it is 2 reasoﬁable assumption
that atomic decay pfofiles are first-ord%r in O in the presence
:and absenée of 02 (in thq absence 6f hydrogenous and elec~
-tronically-excited speciés) sinbeAthe kinetics have been well
established elsewhere as first;order in O in a reaction tube

of uniform catalytic activity. Thus the preliminary experiﬁents
pro&ed mainlyAthat thg system was‘operating satisfactorily,

the atom source was stable and that the light detection

system was sufficiently stable and sensitive.
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Having established that oxygen atoms decayed by first-
order kinetics, initial attembts were made to measure the
rate coefficient of reaction (1) in system A. Equation 3.3,
(for F;z = 0, F;, = FM') was used to compute rate constants
firstly for M=O2 by the single observation point method
(Section 3.3). However, this method assumes that addition
of 0, through the inlet jet (Fig. 2.1) causes no change in
I00, the light intensity at the inlet jet, due to any flow
perurbations, over the experimental range of cohditions. To
test this aséumption, the photomultiplier was attached 2 cm
upstream from the inlet Jet and the Ar carrier and pressure
were first set to experimental conditions (Viz’,FAr = 350x10°
mol §'l, P = 2-4 torr). Increasing rates of 0, up to 350x10°

mol s-l were then introduced through the jet and the change,

if any, of intensity was noted. Typical results given in

-Table 5.3 show that the intensity did change significantly on

addition of O2 presenting evidence of some flow perturbation

and/or back diffusion.

Table 5.3

Change of I00 at jet on addition of oxygen

T = 295 K 3 = 400 em s~t

3 -1 3 . -1
FAr/cm min Foz/cm min P/mm Hg 100 I01
350 102.0 . 2.63 56.0 77.0
350 196.0 . 3.07 35.7 h45.1

350 o 265.0 - 3.68 54,0 84.0

6
6
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Thé only advantage of the single observation point method

is it's convenience and rapidity, a rate constant can be
measured in approximately 10 minutes. Even although I0O0
changed and the term V2/F02 (Section 3.3) was not kept

" constant (the necessity of maintaining Vz/F02 constant to allow
for changes, in the wall recombinafion coefficient on addition
of O2 was not realised at this time), several kinetic runs

were attempted using one observation point and the equation

3.3 to determine k for M=0_,. The purified 0O, was admitted

1i,M 2
through the inlet jet and the ratio's IO/I at a point 50 cm

2

from the inlet jet were recorded for each individual concen-
t.rafion of 0, used,. i.e. 0—500x10'6 mol s~ t. All experimental
parameters eg.1Z:F,P,T, X, were recorded; Altoéether, about
8 runs were made with this method, of which 2 were retained
for M%02~and 2 for M=Ar.: The otﬁeﬁ‘h were rejected since
they were oﬁtained using a primitivé inigial design of Wood's
’tube‘(not the special design‘déSGribed in Section 2.3) in the
‘case of M=O2 ?nq were affected-by 'sputtefing', and in the
case of M=Ar, suffered from elebtficalvinterference'between
the R.F. unit and the digital Qoltmeter. Each kinetic run
confained between 2 and lb poihts, and aAtypical set of data
fof one run (M=Oé) is given in Table 5.4 which contains the
‘dafa for the plot in Fig. 5.5. Although this method lacked
precision (sfandard deWYiations of rate constants were about
:25%), the value for kl,Og quoted in Téble 5.h»ié only about
'10-20% above the value obtained by the final kinetic method

: *
adopted. This was possibly due to differences in ¥ and Y

partly cancelling errors due to changes in I00, It was also
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Figure 5.5

Single observation point method

Plot to determine k from data in Table 5.4.
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found that in later runs, the sfandard deviation of the slope
(calculated by the subroutine 'ALPHA' (- LP37'~) i.e. the

value for k depended on the conditions being optimum

1,M’
(Section 3.2), whereas this did not affect the accuracy of the
slopes.

The single observation point method is not the best one
since the quantity IO0O0 changed after addition of reactant
"and V2/F02 was not constant throughout a run. Therefore, in
‘an effort to improve the precision and overall accuracy of
'the technique, as a result of the theoretical érguement
V(Section‘3.3) equations 3.3 and 3.4 wére used tpvcompute rate
édnstants.l Observations of the afterglow were made at two
fixed péinté along the flow tube A, 50 cm apart; the first
observétionAPOint was 30 cm downstream from the inlet jet
(Secfion_Zé?).'_Fig. 3.3 describes the experimental decay
'sifuainn fér_fﬁisvmethod which is unaffected by I00 changing
'Q}on addition;df'02,>whéreaé'Fig.‘3.1 shows the{situation is

 affécted; £3iglis further borne out in Fig. 5;2 and 5.3 where

‘{;the de¢€j éiots d6 not-éxtfapolate back to the value of
‘ 1ogei0b.uﬁdér p£essures used subsequently. For‘eaéa point in

‘a kinetic run, the ratio (101/I1) was first determined at .,
Xi'ahd‘(IOZ/IZ) at X2 by sliding the photomultiplier along
the tube in that order. This was found to be pfeferable to
the praétice of measuring IOl and I02 together since the

‘,former_method is quicker, mofe convenient and ensures ‘that

v : .

- the ratios;qancel out any geometrical factors in intensity

measurements at X1 and X2. Intepsities were only recorded
when the readiﬁg on the output monitor was éteaay. Expéri-

mental variables were also recorded for each point and
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accurately measured, Large flow rates of M'(up to SOOx].O“6

mol s‘-l for M=02) were studied, the flow of Ar 'carrier' in
the discharge was maintaine& at a fixed steady rate of about
50-7Ox10—6 mol s-l to promofe discharge and O-atom stability
and more important, VZ/F02 was maintained at a constant value
throughout each kinetic run by_careful adjustment of the main
~controlling valve. Allowance was made for the background
~light (eg. from the discharge) and the photomultiplier dark
current (Section 2.5) during rate measurements, although they
were always less than 5% of light intensity measurements.
Axial reflection of light was negligible (Section 2.4). The
d#rk current was checked periodically sin-<e this }drifted'
about a mean reading although the drift was negligible. These
final attempts to improve the accuracy and precision of the
discharge~flow'hethod proved.tq’be-most éffective and the
results of the determination of kl’M'forZM=02, Ar, He, N,, CO
‘ and 002 and t}}e corresponding values for b/ and b’ for these

third-bodies are reported in Séction 5.3.,

5.3 Determination of the rate of the homogeneous reaction

C + 02 + M = 03,+ M

at 295 K. ..

This éection contains.a'report of the experimentally
determined rate constaﬂts obtained in this wérk, which were
produced by means of the kinetic equations previously described
and the computer program (Eureka - :*ff77 .). Values of kl.M .
] —‘K* are tabulated (Table 5.5) a full discussion of these

N R X R R O T T T R e
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values is gi&en in Section 8. Reaction system A was used for
all determinations of kl,M at 295 K. Although 25 runs were
carried out the results of only 20 were finally retained.,
The 5 rejected had‘standard deviations greater than 30% and
and linear plots were not always obtained (eg. for M=CO in
initial runs) due to the effect of impurities (Section 2.5).
The results of the 20 runs generally had an overall accuracy
of : 5-15%. No difficulties were encountered with background
light or metal sputtering, although reaction tube A was
frequently cleaned with an HF/Tepol solution followed by
rinsing with water. |

‘The first thifd body to be studiea using the double'
obser?ation pqint/slidihg detector method was 02. The special
'Wood's' type discharge (Section 2.3) was switched on and
the ground state O-atoms in the Ar carrier were allowed to

travel along the flow-tube in the absence of reactant 0, at

2
a pressure of 2 Torr, to come to a steady state with the
surface of the wall. After this surface ‘conditioning'
process, a ﬁinimum‘of about 30){10“6 mol s-l O2 acting as
feactant gég third bod&'was added through the inlet jet. The
total pressure (P) was recorded and the ratio I01/I1 was
measured as descriﬁed above. I02/1I2 was also measuﬁed in the
same manner. The floﬁ'of O2 was then further increased to a
maximﬁm of 500x10-6 mol sil, and the procedure repeated until

a run of 5 to 10 points was obtained. However, as in this

case, when reactant and M are the same, the surface term

2 * ,
yo. (kw-kw) can be neglected. A typical set of experimental
F02 . . , ,

data for M=0, is given in’ Fig. 5.6. The graphs are obtained

2
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from equation 3.3. Values of k ¥ and 8* given in Table

1,M°

5.5 with standard deviations of k and the corresponding

‘ L%
'run number' eg. (R202). ,r-’ ( was calculated as described
in Section 3.3. The linearity -of the plots indicate that

*
(kw-kw)'is negligible. The final mean value for k agrees

1,05
well with values determined by the most reliable alternative
techniques and a full comparative discussion will be given in
Section 8,

Rate constants were then determined for M=Ar and values

for kl Ar (Table 5.5A). A typical set of experimental data
’

using a radio-frequency discharge is plotted in Fig. 5.7.
It was necessary to‘include a small correction for background,

mainly electrical interference; in other runs, corrections

4 6

were insignificant. The value kl Ap = 1.46:0.09;1(10l cm
]
-2 =1

mol s was determined if system B in order to compare the

errors in the two systems. The fact that the values of kl Ar
?

obtained in systems A and B‘are reproducible using equation
3.3 indicates that the two éystems are accurate and exactly
equivalent. Run RlAr was made using a microwave discharge

and R2Ar using the Wood's tube. All remaining runs for the

deterﬁination of kl M were carried out with lO()xlO"6 mol s_l
g )

Ar passing through the discharge. The flow velocity for
M=Ar was maintained at 250 cm s_l. The mean rate constant of

l.b910.18x101h cm6 mol™% ™1 for M=Ar has a precision of 12%

C )4 .
which is better than the range reported by Kaufman 7
@15 to 25%) and as good as that of Huie'559 (10%). The agree-

ment with the results of other workers is good and this rate

constant is reasonably well established.

PN NP T e s S i e S
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Data for M=He is plotted in Fig. 5.8. The mean value

of kl He was l.3h:0.22x101h.cm6 mol-z s_l, v was maintained
?

at 200 cm s-'l and F02 35x10'.-6 mol s-l. The He flow rate was
varied between 0 and 275x10‘6 mol s-l. The rate constant
for nitrogen studied i.e. kl Nz‘appears to be absolutely

, .

established since it can be stated with 95% confidence (Table

8.3) that the value of k, Ny 1S 2.10%0.28x10%" cm® mo172 71
?

from the combined values reported here and those of other

workers (Table 8.1), this confidence limit also includes the

14 2

value of 2.52x10 cm6 mol” s_l (Slanger and Blacksz) which

is probably too high due to inadequate allowance for wall

recombination. Fig. 5.9 gives a typical set of data (Run

14 6 -2 ~1
s

no. R3N2) , the mean value of k 2.01:0.19x10 cm mol

l,N2)

is in excellent agreement with the values reported by Kaufman

and Huie. Flow velocities in these runs were 200 cm s"l

anva2 was added at a maximum of 2401{10"6 mol s_l.

Only two other determinations of kl Co-have'been reported
’ .

(Table 8.1). The value of 2.41i0.6x101A pm6 mol-2 st

(t25%) obtained 61 (Section 8) using a flash photolysis-

chemiluminescent technique ‘is in e;cellent agreement with the
mean value of 2.35:0.12x1014 cm6~mol-2 s_l (:5%) obtained

. here. Workers studyiné this gas have found considerable
difficulty in purifying it (Section 2.6), buﬁ-reproducible
results in the present w0fk were obtained using the trapping
apparatus (Fig. 2.3). The molecular sieve traps were freshly
regenerated at 473 X and then used at 196 K and 77 K in the
order shown in the block diagram.  In additioﬁ, the 77 K trap

was maintained at a pressure between 3 and 1 atmosphere to
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trap impurities such as CHu‘while permitting the free passage
of CO. This was achieved by careful setting of»fhe needle
valves. A sample of a Mathéson (B.0.C.) CO was examined by

a mass spectrometer for the presence of impurities. Iron
carbonyl was found to be absent and other impurities present
are given in Table 2.5. .Three runs were carried out which

gave accurate (:5%) and reproducible values for k A

» , i,co’
typical set of experimental results is plotted in Fig. 5.10.

¥V was maintained at 260 cm s*l. More independent determinations
of the rate of this reaction are clearly needed. There is
critical need for accurate rate data for “he reaction since it
has been ascertained thét the reactions o}‘O with 02'and o1¢]

are important in the atmospheres of Mars-ﬁnd Venus. For

similar reasons, the rate of reaction (1) for M=CO, also needs

to be well established. About 6 determinétionéipf k

7 1,C0p
have been made but the values are still in somq;ﬁisagreement,
ranging from 3.56x101h cm6 mol™2 71 by Meaburﬂ?é.to,9.7x101h

-2 -1 50

cm6 mol s by Mulcahy et al althoughlfhe latter value
is probably high due to incomplete mixing in their reactor
and substantial corrections were applied to flow equations.

‘ 6 T =2 -
However, the mean value of 5.33i0.51x101u cm mol s 1

obtained here is in good agreement with‘other workers.u7’51’76
A typiéal set of results are plotted on Fig. 5.11. Flow
ivelocities in these runs were maintained at BOOvcm s-l and
:maximum flow rates of CO2 were 380x10-6Amol s-l. In an éarly
experiment, é plot of the data of one run was curved and this

was attributed to back difiusion of CO2 to the microwave

diécharge used (in early work with the microwave discharge
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it was placed too close to the inlet jet) and use of too high
discharge power<1120 watts. This results in production of

(V) (lD) atoms by the reaction:52

co, —k-l-\-)-> co + 0('D)

which interfere with the kinetics of the system. However,-When
the discharge was moved farther away from the jet and a

minimal power (<:20 watts) used) ,?lots then became linear.

5.4 Wall recombination

The wvalue of(i=‘3x10-5 on pyrex coated with phosphoric
acid is in good agreement with Kaufman's value on the same
surface, A brief review, however, has already been given
(Section 2.7)_and a full discussion will be given later
(Section 8).. The measured values aﬁggue reliable since they
do not depend on diffusion. The linearitf of- the plots
obtained for ki,M also provide expgrimental evidence that‘

kw is independent of the flow of M.-»Furthefmore, in most

. *
cases, it can be seen that values of X' and X are significantly
different, @lthough the difference here did not cause errors

in the determination of k (discussion, Section 8). The

1,M

fact that O, changes the surface recombination coefticient

2
has not been previously reported and may well be responsible
for the discrepancy between témperature coefficients as
determined by flow methods and in a static system (where

surfate recombination is negligible). A determination of the

temperature coefficient for M=02, Ar, CO2 can be fqund in
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Section 6. 'Blank' determinations were made in Section 6
according to equation 3.5 and results of this will be fully

discussed in Section 8.



Table 5.5 (A)

* .
Mean values of k R 'b, and ¥ for reaction
. 1,M

O+02+M=O + M

121

3
Y * *
Run No. T/K kl,M/lolb' b’(xlos_) 5 - g
cmb mo]."2 s~1
R1 He 1.40 ¥ 0.26 10.6 2,2
R2 He 1.46 £ 0.31 10.0 4.0
R3 He 1.16. % 0.08 8.8 2.3
Mean value with +' -
combined S.D. 295 .1.34 I 0.22 9.8 2 1.0 2.8% 0.7
 *R1 Ar 1.46 *.0.09
R2 Ar 1.47 T 0.3 7.5 2.5
R3 Ar 1.53 % 0.11 9.5 -0.8
Mean value with +' N L.
combined S.Do B 295 l.l¢9 - 0018 8.5 - 100 116 - 0-9
R1 N, 2,05 2 0.14 9.6 . . =3.3
R2 N, 1.80 ¥ 0.13 8.8 -3.9
R3 N, 2,14 £ 0.18  13.5 -3.0
Rh N, 2.06 I 0.19 10.0
Mean value with + + +
Combined S-Do 295 2.01 - 0015 10.5 - 2.0 -3.1‘ - 005

* Measured in system B.



Table 5.5 (B)

Mean values of kl,M
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¥*
, 'U and § for reaction:

0o + 02 + M ‘.—.103 + M
Run No. T/K" kl,M/lOlu f(xlcﬁ) Y- ¥
emb mo1™% s™t

R1 O, 2.27 £ 0,09 6.9 -0.6
R2 0, 2.03 £ 0,18 9.5 -0.5
R3 0, 2.07 £ 0,24 9.0 -0.9
Mean value with + 4 +
combined S.D. 295 2,12 % 0.17 8.4 I -0.7 %
R1 CO 2.450 £ 0,13 " 2.64 5.6
R2 CO 2.37 £ 0.12  2.74 4.0
R3 CO 2.29 £ 0,11 h.52 3ok

. Mean value with : V '+ | T§+ o,
combined S.D. 295 2.35 Z 0.12  3.3,% 0.3 4.3 £ 0.3
R1 CO, 5.08 I 0.44 1.3 1.6
R2 coé 5.01 X 0,79
R3 CO, 5.91 £ 0.30
Mean value with +
combined S.D. 295 5.33 - 0.51
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Figs. 5.5 to 5011

3

v -
v F In == =5~ are represented by

Graphs of

Y and are plotted against F, represented by X

M

in the reaction:

0 + 02 + M = O3 + M

In the fabulated data at the head of each graph;‘
| T is the temperature, K.
YD is the feaction distance, cm, o
Fi is the flow rate of reactant 02; mol s-l.
FZ is the‘flow rate of M plus flow rate of Ar

from. the aﬁscharge, mol s-l.

F, is the Fflow rate of M, mol s 1.

3 :
* :

IOl I 1::
Il~'#ﬁ11’?
102 I 2;
e B i

,

f:ﬂh-xz  ?LI2i

';‘;f_i;iéhe?féaééioﬁnﬁréssure,‘émAoil;f

V.Bar is‘the mean linear flow Veiocity; cm swl.
Fige 5.6, M=0
Fig. 5.7, M=Ar
Fig. 5.8, M=He
Fig. 5.9, M=N2
Fig. 5.10, M= CO

Fig. 5.11, M=CO,
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Figure 5.6
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Figure 5.7
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Figure 5.8
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Figure 5.9
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Figure 5.10
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Figure 5.11
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SECTION 6

The Experimental Determination of the‘Temperature»

- Coefficient of reaction:

0 + 02 + M_—f> 03 +1M
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6.1 Introduction

Another important aspect of this work is the determination
of the temperature coeffiéienf of the‘reaction:’,
| 0 + 02 + M = O3 + M
for M=Ar, O2 and CO, over the range 196-500 K. .This was
carried out in reaction‘system B. The temperature coefficients
for M=Ar and 002 between 213-386 K have been reported by

Mulcahy35

but the temperature coefficient fér M=02 has not
been measured directly; The édvantage of the modified
technique used here is that temperature coefficients for
M=O2 can be easily measured. For each temperatﬁre at which
rate.ﬁeasurementé were taken, i.e. four temperatures, 2-5

determinations of the rate constant k wére made and were

1,M
retained only if they agreed and were reproducible (standard
deviations < b 10%). Rate constants were computed via the
final kinefﬁc equation 3.3 used in the determination of rate

constants at 295 K (Section 5).

have studied

1,4,50,56,59

in reéent years, several workers
the temperéturé coefficient for M=Ar over various temperature
ranges with several different techniques, there are still-
considerable discrepancies in the results of this determination.,
The temperature coefficient must be known acéurately since
the reaction is currently of considerable interest with
fefereﬁce to‘the.calculation of stratpPspheric ozone levels and

the role of certain HOx and NOx catalysts, assuming the
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temperature coefficients for M=N2 and O2 are similar. Thus
in general;

(a) there is a need for agreement between the temperature

79

coefficient of reaction (1) as calculated theoretically
by computer methods based on classical R.R.K.M. theory and
as determined by experiment;

(b) the reaction is of practicél importance since it is the
predqminant‘ozone forming reaction in the stratosphere, and
(¢) it is important in understanding photochemical air.

pollution.
159

Thus, Huie et a using the static method of resonance

4

fluOrescencé where wall recombination is negligible, studied

the reaction over the range 200-346 K for M=Ar and obtained

a negatives?ctivation energy E=-1,01 z 0.05 kcal mol_l. This

4

value conflicts with that of -1.80
_ s |

¥ 0.4 keal moli-l (M=Ar)

4

obtained bY;lene‘ét al over-the‘range 188—373 K using a

discharge—flow method. Mulcahy;5o‘using a stirred flow-

chemiluminescent method over the“fange'213-386 K obtained an

activationrenergy of —1.68_: O.l;kqal'mol-llfpr,M=Ar and

-1.45 % 0,14 kcaJ.“mol_1 for M=CO,

kcal mOl—lﬁ(M=Ar) can be calculated from O

while a value of -2.1 % 0.4

decomposition

3
studies12 at 300-400 K by manometric methods and at
800-1000 K by the shock-tube method.lu,'The value of -0.90
+ ' 1 ' L

= 0.15 kcal mol ~ (M=Ar) for the activation energy obtained

in theipresent work agreés well with the'value ﬁf Huie59
‘and corresponds to a temperature dependence of n=1.5 b 0.15
(Section 8) when k is expressed in the form:
- - k= AT

where A and n are constants,
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Thus it was the goal of this work firstly, to extend
the best conditions (Sections 3.2 and 5.2), using the fixed
detector multiple inlet jet method to a determination of
the temperature coefficient over a larger range of temperatures
than has been reported previously in a single work and,
secondly, to examine the existing discrepancy in the temperature
dépendence as determined by the static method of Huie and
the flow methods of Clyne et al. and Mﬁlcahy and Williams,
'B}ank' corrections were made for runs at-temperatureé above
300 K when they become significant. Preliminary experiments,
similar to those carried'out at 295 K were carried out

(section 6.2).

2

6.2 Preliminary Expefimentsvb

Preliminary experiments were'carried.but in reaction
system B before attempting to'determine the temperature
coefficient of the reaction. A test was made at 295 K to
determine whether it would be necessary to apply the 'blank'
corrections (see below) to allow for flow perturbations (and
small changes in V) caused by the additioh of reactant to
reactionvsystem B at 295 K over the flow rates aﬁd pressures
to be used'consequeﬁtly" These corrections are necessary at
temperatures >‘300 K when wall recombinatién efficiencies

may be high. This test was cérried ouf in Fhe foilowing
manner. - The phofomultiplier was fixed in its héusing at a

position 11.5 cm upétream of Jet 1 and thé microwave discharge
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- (Ar flow = 100x10'6 mol s'l) was switched on. A fixed, steady
flow of 'blank' Ar (172:{10—6 mol s-l), five times greater

than the O2 flow rate used in the actual experihental kinetic
runs, was then admitted through Jl. The mean flow velocity

| was then set at 200 cm sil and the light intensity at the
photomultiplier position was noted (symbol Il in Table 6.1).
The flow of Ar was then switched off and the intensity (I'l)
again noted, The Ar was then readmitted at J5 and the
intensities at the photomultiplier were again noted in the
presence (I5) and absence (I'5) of added Ar. This process. was

repeatéd over the rangeiof flow velgcitiés to be used in the

wA e

temperature coefficient determinati%ﬁ (viz. 150-300 cm s—l)
and results are given in Table 6.1.: These show that the effects

of flow perturbations are very small at 295 K or below.

Table 6.1

* . Data for initial 'Blank' test.
T .

F,. (biscﬁarge)' lOOxlOuécmol.s-l

A

0y @Discharge) = 500 prpem. I
"F,_ (Inlet. jet) = 172x10“6,m01 1

Ar h » ‘

T = 295 K
i I1 I's s v, 5 P
: cm s torr

015.8 013.8 015.6 014.0 200 ' 5.07
054.9 054.8 054.9 054.9 250 - . 3.94

' 016.5 017.3 O01l6.7 017.4 300 3.39




134

<For all runs in system B, blank corrections according to the
surface equation 3.5 were made. (Not applicable to system A).
The blank readings are given in data in Figs. 6.1-6.9.

These corrections for flqw perturbations lowered values of

’ kl’M (400-500 K) by 5-25% ;nd the results of this are also
in Section 6;3. It is important to realise the anlogy made
by the use here of 'blank' gas as a reference gas to the use
of water as a reference in standard solution kinetics Qhen
using spectroscopic techniques (Section 8). Atomic oxygen
decay profiles were constructed in system B to show accurate
first-ﬁrder kinetics in O; these have already been given
-(Section‘5.2). It is sufficient to remember that such decays
were alﬁays accurately first-order dveg'the full range of
experimentél conditions at 295 K, and were assumed to be so
at other temperatures.

The allowances for the wall recombination depend on the
gas phase coﬁposition, and the {blank' corrections used in
this work werewnot made in.the previous flow exberiments by
other workers. 1In addition, intprevious flow methods, the
.tehpefaturé dépendence was determined for a conétant'(or
approximately constant) mole fraction of O2 in the presence
of a third body M. These conditions may be the reason§ for
. the discrepancies in the temperature—dependénce'compared with
the static method (Section 8). The wall recombination
efficiencyy.xu could not be determined from experimental
measurements of k (unless 'blank' corrections were made)

i,M
% (* -
only the term § - ¥ was determined at 295 K. was determined
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in a separate éxperiment at 295 K (M=Ar), (Séctibn 2.7)

and this showed that the efficiency was much reduced (ﬁbjxlo-s)
by phosphoric acid., At temperatures other than 295 K, ¥ - K*
was determined from blank measurements and results of this

are briefly discussed in Section 6.4,

6.3 The Experimental Determination of the Temperature

Coefficient.

This section contains the results of kinetic ruﬁs‘for
reaction (1) (for M=Ar, 0,, COé) carried‘out at 196, 295,
385 and 500 K, at least two duplicaté runs which agreed
accurately were retained for each temperature. All data was
evaluéted in exactly the same way as was described for %ork
at 295 K (Section 5;3), i.e. using the kinetic equation 3,3.

The first ﬁg%k in system B was carried out at 295 X,

A

the single value obtained for k =1.4620.09 (:6%)x101 cm?

1,Ar
mol“2 s-; (?aﬂle 5.5). Values of ki;Ar obtained in reaction
<éystem A afé identical with this value and no further runs
at 295 K wére attempted. Three runs, of which two were
conducted énder safisfactory conditions were then carried out
at 196 K uging the temperature controller (Section 2.2) which
is capable?of holding the required temgerature to within

+

- 0,1 K. Reactant O

o Was added at Jets J2 and J5 and also

for runs at all other temperatures. The discharge gases
passed through about 30 cm of pre-thermostatfed glass tubing
to ensure that they came to the temperature of the thermo-

statted bath. This was shown to be true by studying decay
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Figure 6.1
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Figure 6.2
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Figure 6.3
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Figure 6.4
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Figure 6.5
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Figure 6.8
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Figure 6.9
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Figure 6.10 .

 Arrhenius plots for k,  (T=196-500K)
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Table 6.2

M=Ar Summary of data for k, (196-500 X)
]

T/K . kl,M/lolh ém6 mo1~% s”1 (kw-k:)/s-l. ([-?)x105

196 2,84 I 0,15 | -0.48 -2.38
2.88 X 0,18 _ -0.49 C 2041
Mean 2.86 % 0.17 -0.49 . -2.39 .
295 1.46 * 0.09 |
1.47 2 0.34 ' - 0.64 2.52
1.53 £ o0.11 | © . -0.19 -0.77
Mean 1.49 I 0.18 - |
385 1.6& ¥ 0.3k . -0.12 -0.43
Mean
500  0.65 ¥ 0.07 - 0.23 . 0.72
| o.fz ¥ o.oh - l'o.36 j' . .0.10
0.57 ¥ 0.05 A - 0.38 "',1.17

+

Mean 0.68 - 0.05 S 0.33 . 1.00
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Table 6.3

M=0, Summary of data for K, o (196-500 K)
. ’

T/K k /101h cm® mo1™% s~1 (kw-k:)/s-l ((-%ﬁx105 k:/s"l

1,M
196 8.57 L.0.46 <0.03 ~0.14 0.98
8.65 ¥ 0.86 -0.19 -0.97 -0.03
Mean 8.61 % 0.66 ~0.10 -0.56 -0.U1
295 2,03 % 0.18 -0.11 -0.L45
. 2.27 ¥ 0.09 *o.ob . +0.15
2.07 ¥ 0.23 - -0.31  -1.22
Mean 2.12 ¥ 0.16 S -0.15 : -0.61
385 1.31 * 0.47 ' 1-“9»*” 'i» 5.20
1.58 ¥ 0,19 \ R ‘ 1.49 o 3. 5.20
Mean 1.45 I 0.33 1.9 0 5,20
500 1.23 T 0.14 0.0k 0.13
1.07 = 0.2k 004" 0.14
Mean 1.15 I 0.20 0.0k 0.13
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M=CO, Summary of data for k (196-500 K)
2 ¥ 1,M

T/K k-l'M/lo14 em® mo1™? 71 (kw-k:)/s'l (K—B?)x105
196 14.1 % 0.13 1.66 8.09
15.8 ¥ 0.10 2,22 10,87
Mean 14.9 ¥ 0.12 1.94 9.48
295 5.08. % o.uk 0.43 1.70
5.01 ¥ 0.79 1.22 4.85
5.91 £ 0.30 1.66 6.61
Mean 5.33 % 0.51 1.10 4.39
400 - 2.64 X 0.79 0.40 1.38
4.36 ¥ 0.13 0.82 2.82
Mean = 3.50 % 0.46 0.61 2.10
500 - 3.26 ¥ 0.35 0.07 0.23
2.83 0.3k 0.15 0. bk
Mean 3.04 ¥ 0.35 0.11 0.33
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plots for different pre-thermostatted residence times (at
various V). These were always identical in decay rate. The
total Ar flow was between 100 and 3'80x10-'6 mol s-1 and v

was 200.cm s-l. The mean value of kl,Ar at 196 X (Fig. 6.1)
was 2.8610.16x101u cm6 mol-2 g~ (a summary of all determina-
tions of kl,Ar at different temperatu?es is given in Tables
6.2-6.4).

Runs were then carried out (M=Ar) at 385 K when flow
rate of Ar was varied between 100 and 500x10"6 mol s—l. Blank
corrections for this data were made (and also f&r runs at
500 K) to correct for flow perturbations and changes in the
mean lineaf flow velocity caused by introduction of gases at
the inlet jets. The blank determinations were carried out
by adding a flow of Ar through J2 and J5 equivalent to the
flow of reactant‘02 for each experimentél pqint'(i.e. one
for each set of conditions, Section 3.3)“' The results are
plotted in Fig. 6.2. However, the 'blanks' were found to be
negligible and were not included in this case. The mean

14 6 -2 -1

value of k; ,  at 385 K is 1.0120.05x10" " em® mol”™" s”.
’

Three runs were also made'in a similar manner at 500 K, (Fig.

6.3).: The flow of Ar here was varied between 68 and 275:(10-6

mol's_l and the flow velocity (v) maintained at 150 cm s~1,
The flow of discharge Ar was reduced to 68x10" -6 mol s-l to
help reduce the gas . ?tream flow ve1001ty and to obtain a

smaller ‘background’ recombination. ' The mean value for kl Ar
. ’

at 500 K using 'blank' corrections was 0.68:0.O5x101u cm6 mol™ 2

-1
s .

In a similar manner, runs were carried out for M=02'
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Figs. 6.4, 6.5 and 6.6, for M=C0' Figs. 6.7, 6.8, 6.9, The
final values of kl M in the range 196 500 K are.gummarlzed
(Tables 6.2-6.4), the accuracy is always better ‘than -10%

and in some bases -3% The value of log k was plotted

. i,M

‘(Fig. 6.10) as a function of 1/T according to the classical
'Arrhenius? equation for the determination of the acti#ation
energy and pre-exponential factor (a) and also (Fig. 6.11) as

a function of log10 (T/BOO) for the determlnatlon of the
_-temperature dependence_of the reaction accordlng to'the form
vk=ATn;' This relationship is used ﬁhenfgae phase“rete constants

",are not'expressible in'simple'Affheniue focm. ‘A simple 'least
;sduare' computer program was used toveva}uate‘the constants._’
‘;ﬁhen M=Ar,'the results agree well:w1th:thcse of ﬁcle with the

combined error limits (10—25%)vbut not‘wiEh thcseﬁof Clyne

. or Mu;cahy.. The measured temperatureedependence'is represented

(2 90%0. 10)x10 3‘exp [(900 150)/RT]

Cax “..; eigu C N

/cm6 mo1™2 s”1 =

l Ar

2]
|
=
0
E N0
N
B
o
-

Fl

k w‘?(é;;~’ (1 h9 o oh)xlo ('1‘/300)(l 5 0. 3)

Xy, Ar/em® mol

”The.temperature dependence, expressed 1ﬁ fhe form k=ATn, is

' a good linear fit to the meescrements; but the Arrhenius forﬁ
is linear only if the extreme error limits of the heasurements‘
are used., The errall Shape of the latter is cﬁrved with
iﬁcreasing-activation energy'(of slope) with decrease in
ﬁemperature.

co the values of‘k1 M/cm mol s are:

 For M=02, 2 *1,
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w
il

+
(6.2810.29)x101h (T/300)(1-7-0.3)

w
H

| +
,(2'79i0-5l)x101h (T/300)(2'2'O'5)

or k

(7.89:2.65)7(1013 exp[}991:73)/RT]

i

w
L

(2.69%0.13)x10%3 expL(12h8i137)/RT]

6.4 Heterogeneous Rate Constants (196-500 K)

From kinetic equation 3.3 used to determine the homo-

. ' %
geneous rate constant k at 295 X, (kw-kw) was determined;

1,M
* _ . 0
(kw-kw). = [Intercept - iM: klv’MFM] 2

v2

;y where the intercept

is on the Y-axis for X=0. Also, fhe heterogeneous (surface)

‘rate constants (196-500 K) can be determined by use of equation

358
Fr * 2k, F..F. F Fr
v o~ Car o, lx2l . Zf2,No NO'Ar Ar ¥ “ar
o Y * = *
VR® BF,r 171 v vZ ~F
Ar
N .
where FAr = Flow of Ar through the discharge, FAr = Flow of
Ar (M), andAFAr =F, . -F, . .
- F, F + F
Thus plots of L.H.S. against 2r AL * AAr
- v FAr

can be used to obtain kw as the intercept and ZFNOkZ,Ar as the

*

slope. From the slope, the mole fraction -

FNO

F Fr
No ¥ far

XNo =

can be calculated assumin€ fv
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k, Ar':’ (3.27io.42)x1015 exp (594%35)/T cm® mo1™? 71
?

given80 for the range 217-500 K. An example has been given
in Fig. 6.12, data in Fig. 6.4. The graph is accurately

linear. These results are discussed in Section 8.
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SECTION 7

The Experimental Determination of the

Rate of the Homogeneous Reacition

0 + 802 +’M,f SOBE+~Mv”

‘at 295 K. .
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7.1 Introduction

This section describes the determination of the rate
constant of the homogeneous gas reaction involving recom-
bination of 0O with 802 at 295 K. In the first instance the

reaction scheme was assumed, on the basis of earlier work

to be

0 + wall = %02 + wall - eeo(w)
O+ NO + M =NO, + M -

. ) 000(2)

0o + NO2 = NO + 02 :

O + 80, + M = S0y + M . oo (5)

The kinetic equation used for the studies viz:

3 - 2 o
v? o1 il _ v® S0z
Fg, 1“[1?] = F (k k) 2k2 50, NO

VR S02

+

ks5,502F50, * K5, M Fyr RRYAE

(Since I*li=I*2); where Ar is the added M' thfough the dis-
chafge and inlet jets (M' # 802); is eiacfly the same as
equation 3.3 except that 502 becomes the feaétant gas instead
of'02. The equation was slightly ﬁodified (see below) for
M:SOZ. No interference from réaction (1) occured under the
conditions‘used since [bé] was ﬁegligible. ‘Three‘runs were
carried out for M=Ar and two fhns‘for M=502 and the results
of these are set out in Section 7(3. fPreliminary work was

carried out to establish flrst order O-atom decay profiles

in the presence of S0, for M=Ar (Sect1on 7.2).
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It is now generally thought that much of the SO3 formed
in the combustion produbts of sulphur containing fuels is
formed as a result of reaction (5). However, due to the

- lack of kinetic data on the 0-302-50 system, quantitative

3

assessment cannot be made. In particulgr, thevtemperature
coefficient of reaction (5) is unknown .

The reaction also plays a major role_in the pollution
of urbaﬁ atmospheres (Section 1.3) by assisting in the form-
ation of 'photochemical smog' eg. at Los Angeles, U.S.A.

The rate of disappearance of 0 atoms in the presence of SO2

has beeh studied by only a few teams of workers and for

only a limited range of third bodies. Thus, Kaufman7

15 6 -2 -1

obtained (M=0,, T=295 K) k_=30x10 cm  mol s ~ using a

2 5
discharge-flow system. Thrush et al.al‘obtained (M:Oz, Ar,

2 -1

T=293 K) a value of k =14.7x1015 cm6 mol - s ~ in good

5

agreement with value of Allen and Cadle,82 bothh using a

83

- flow-tube aftefglow tecnique. However, Mulcahy vfirstly

reported (M=Ar, T=295 K) k_= 2.&10.15;:1015 cm® mo1~% s”1

5

using the E.S.R.-stirred flow techhique but later84 reassigned

a value (M=Ar) of’l.’-}xlOl5 c.':mé'mol_2 s1 using the same

15 6 -2

method and 1,0x10 cm  mol s-l using afterglow detection

at 300 K. He estimates that the best value is 1.110.3x1015

cm6 mol-2 sfl and attributed the high wvalues t6 a complex
surface reaction involving SO3. Adsorption of 803 by the
wall was fesponsible for an increase in kw’ which therefore
increased with increasing soﬂ in the gaseous phase. This

-caused kw~to vary sympathetically with the rate of reaction

. (5) in the flow stream and consequently, the apparent value

A LT T ' Lo L e e ,
L RTINS N LRI [ e T v e e T e [ Y
PRI RN e WP RN IR Tkl LT RS- FH I AU SR JY S ID A SIE SR CL O 2 D7 O R
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of k5 was (a) too large and (b) dependent upon [d].' Both
Mulcahy and Kaufman found difficulty in arriving at a stable

surface condition. The mean value (M:Ar, T=295 K) of

k =2.1+6i0.21x1015 cm6 mol-? s-l reported here agrees reasonably

5
well with Mulcahy'ss3 earlier value; the higher values

. found by Thrush et al. andvAllen and Cadle can be attributed
to a secondary reaction O + 50; = 802 + O2 which would give
an apparent rate constant of 2k5,Ar at‘high [d], (Section 8).
Reports of work with other third bodies in the determ-
inatioﬁ of k5,¥ware‘particularly sparse., No reports exist

CO or other third bodies, or of a report of

for M=He, N2,

the temperature coefficient. Mulcahysu obtained (M:SOZ,

- T=299 K) léihxlbls cm6 mol_2 sml in good agreement with the

15 2 <1

value (M=S@2, NO,, T=297 K) of 1lxlo cm6 mol™“ s by

2’
Jaffe and Klein85 using photolytic methods. The value

15 6 -1

(M=50 Té295 K) reported here is 14x10 cm mo].-2 s .

2’ :
Thus, further accurate determinatiohsfare needed for
different third bodies at 295 K and alsq%for temperatures

in the range 196-500 K.

7.2 Preliminary Wofk

Preliminary experiments wére carfiédvout in reaction
S&stém B using a microwave discharge to’é;tablish first-order
~atomic decay profiles over.thebfull range of conditions and
‘concentrations .of reactant“é()2 Fo'be used. These were
carried out in exactly tﬁe‘manner dgscribed'for decay prﬁfiles

in the presence of added,'O2 (Section'S;Z) i.e. by adding
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()

tog;,X

P

J1

J2

FSOZ = gﬂmo’l ¢~(
FSDZ - ,0/4,144 g_/

2 = ko pmd o
FS") :80/““&“/(9“(
‘ Féoz < fop /u;ng‘(

J3

J4
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a measured flow of 502 through jets 1 to 5. A typical atomic

decay profile in the presence of added SO ié shown in

2
Fig. 7.1 and the data for this is given in Table 7.l1. The
802 flow rate ranged from O to 70:(10_6 mol s-l, FAr was

fixed at 170x10’6 mol s™' 4nd v was maintained at 400 cm s~ T.
The plots deviate f:om linearity, curvature increasing
gradually between points J5 and J3 and markedly beyond J3.
This may be due to a change in kinetic order from third to
second with increase of pressure, (Section 8). No further

preliminary work was carried out.

7.3 The Rate of the HomogeneousbReaction;

O + SO, + M =S50, +M

This section contains experimental data obtained in

" system B for the determination of k "Three runs were

5,M°

carried out for M=Ar at 295 K and reproducibility was shown
to be within the limits of standard deviation (i.e. 5-10%).
The procedure was exactly the same as that described in

Sec¢tion 5.3 for k (M#Oz) except that the reagent was now

1,M

SO this was further dried by passage through two fresh

23

silica gel traps. FSO2 was fixed at 1Q or 14x10-6 mol s-l,

F,,. ranged from 100 to 380x1056'm61 s~1 and v was maintained

at 200 or 300 cm s-l. was determined using equation

Ke Ar

7.1, in the computer program the quantity FSO replaced F0 .
. 2 - 2

A typical set of experimental data (Run no. Rl Ar) is

plotted in Fig. 7.2; a further run (R3 Ar) which gave
k5 Ap ='A3.l:O.5x1015 cm6 mol-z_s-; fwas rejectedffor lack of
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+
accuracy (-16%). These plots according to the equation 7.1
' 5 6 -2

are curved, the slope decreasing from 3.0-3.6x10l cm mol

to 1.8-1.4 at higher values of FAr' This could be due to

either: (a) a change of reaction order from overall third
to second with increasing pressure or, (b) the attainment

of a steady state concentration of SO jfollowed by rapid

3

removal with O-atomsv fhese possibilities ‘are fully discussed
later (Section 8). in particular the way these plots helped

to decide between (a) and (b). The mean value of k5 Ar =
’
+ 15 6 -2 =1 . . .
2.46-0.21x10 cm mol s ', this is compared with leterature
values (Section 8).

In the determination of k it was necessary to use

5,502

the following equation for computation:

<r<

3 . , '
11 102] .
RAFs0, 1“[12 101] = 2K; s0,fNo * _kz,A;,FAr + Xy 50,0 Fso,

édeow 7-2

=F. -FL. ,SF.. =F. +FL_ ,
50, “s0, b 50, “s0," “so,

where A F502

FéO = 3.hx10-6 mol s-l and 101, I02 are intensity readings
2 .

for Féoé added and are introduced as 'blank' cbrrégtions
(these should be negligi.ble at 295 K). The term involving
(kioz- kw) disappears in the derivation of the above equation.
The data (Table 7.1) was used in thebcompufétiqn.lilx was
chosen as the distance between jets J5 and 53 éince the

decay plots (Frig. 7.1) were approximately linear in this
region. v was kept constant and the pressure was maintained
in the range 1.5-2.3 torr. Thé plot according to the abéve

equatién for k5,802 w§s of a pgrabolic shape and k5,502

could not be determined.

-1
s
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Figure 7.2
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- Discussion

Experimental rate measurements at 295 K have been made

for'reactions (1) i.e. O + 02 + M —> 0, + M for various

3

third bodies and the temperature dependence of the reaction

(m=Ar, 0,, and 002) has been studied in the range 196-500 K.

9

Rate constants of reaction (5) i.e O + SO +M—> S0, + M

2 3

have been made.

The results of determinations of kl M for M=He, Ar,
H

Nz,vdz, Co and 002 (Section 5.3) are summarized in Table 8.1
and the mean rate constants for these.thgfd bodies at 295 K
'compared with the results of other WorkefSﬁ(éince 1964)
‘whose experimental sYstems‘excluded'cdntamiﬁanés such as
afexcited molequleé‘or hydrogénoﬁélimbﬁrities (Sections 1;3
' and 2?3);» The present valués'lie;genéraliy'in'the middle
‘of the range and agree weilbwiﬁﬁ fﬁoéé“éf Huie%et'a1,59
Stuhl axl'ld,Niki,él and Kaufmén and'Kelso.}47 Agreement is to
within 5-10% with these workers for the‘third bodies where
a comparison is possible, aﬁd the‘estihated accuracy for the
‘present work is. 5-20%. |

For M=CO, only fwo other'values.are presently available.
The value of reference (61) is in good agreement with the
present;value but not with fhe_vélue obtéined by Meaburn
76 |

et al, even wifhin combined deﬁiations._,The values

obtained by pulse;raaiqusiélare.O.SO%,lbwer than the present
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51

work. However, Bevan and Johnson showed that the u.v.
absorption bands of 03 are distorted by vibrational excitation
which may cause errors in the pulse-radiolysis ﬁethod.,
Roseoburg and Trainor86 found that there is vibrational
excitation, following combination, in at least the 9 3 and‘) 2
modes of ozone and thatvthe‘partitioning of the. product

energy among the vibrational modes accounts for 50% of the

25 kcal mol_l exothermicity o} the reoombination. Further,

51

the measurements obtained by Bevan and Johnson for M=0

2

and 002 are in excellent agreement (to within :6%) with the

present results. The measurements obtained by Mulcahy and

50

Williams using the stirred-flow me thod are_30-80% higher
than the presenf ones and no aéreement within combined
‘standard deviations afe observed. -Their results depend on

the assumption of ideelimixing in theif bulb reactor which,
.if in error, may explain why the results are higher than

those of Clyne et a1.56 Ih'both studies, heterogeneous wall
reactions are also possible sources of error, (these errors
have been eliminated in the presenf work) and the discrepancy
in the temperature dependence (M=Ar) may be due to these
errors. The value obtained by Clyne et al.(M=Ar) is 20%

above the value obtaihed here. Furthermore,'Mulcahy generated
oxygen atoms by pyrolysis of ozone.i "Incomplete dissociation
of O, leads to the reaCtiohAO + 0

3 3

in the reactor; he also made corrections for reaction in the

= 202 causing interference

connecting tubes of the reactor. The'most reliable alternative
values are those obtained from the static method of Huie

et al.59 These measurements were conducted at higher‘total_



Table 8.1
Values of kl,M/xlOlh em® mo172 71 at 295 K.
M=0, M=Ar M=He M=N, M=CO M=CO, Ref.
2.13 1.49 1.34 2.01 2.35 A4.98 I 0is
1.35 12
0.45 22
1.50 42
2.34 1.44 1,44 2,02 5.35 L7
3.18 2.85 2.28 9.70 50
1.94 0.97 . k.79 51
1.58 2.52 52
1.90 56
1.31 1.19 2.03 59
1.80 1.66 60
2}30 1.94 2.41 61
1.44 1.54 3.56 ,?6‘
|  0.83 a1
0.90 0.66 b.15 92
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Table 8.4

Récombination coefficients (X) for oxygen atoms

on various surfaces at 295 K.

Pyrex Teflon H3P°h ‘ HZSOM " Ref.

0.02-0.1 - 0,02 .. . This

0.02 | 7
0.05 - . . . 16c
(in pure : U :

3 02)

0.12 LT 24

0.02-0.5 = 0.01-0.04 0.0k ~ . 0.02 94

1 0.,03-0.05 e g5
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presgures (50-500 torf) when wéll recombination is negligible
and at shorter time constants (10-3--'10-2 s). Agreement with
their temperature dependenée for M=Ar is satisfactory and
within combined error limits of 10-25%. The third‘body'
efficiencies obtained in the present work relative to N2
are compared with results other workers obtainea where a
range of three or more third bodies have been studied at
295 K (Table 8.2). The efficiencies compare well with those
obtained in pyrolysis experiments; photolysis experiments
and static methods. The efficiencies of Mulcahy et also
have beén'omitted since théir rate constants are probably
too high. Table 8.3 compares 95% confidence limits (calculated
by standard statistical methods.for small samples) for the
data im Table 8.1 and for the three rate‘constants for each
of the gases from the'preéent data, afFer rejecting statistically
improbable (<95%) values. -The limits din thé present déta

‘mask any systematic errors,'uﬁlike’those for the data in
Table 8.1, since the replicates were not completely independent.
>However, a comparisoﬂﬂof the most prébable §alues in Table

8.3 suggest that these errors are small.(<10%) and are of

..the‘order of estimated instrumental errors.

A feature of thé_present méphod»is that the effects of
wall and other‘backgrqund reactions aré eliminated, and the

rate constants at 295 K show no trends with wall recombination
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efficiency, whiéh ranged from lx10-5- ﬁo 12x10f5. However,
most important is the result‘that the method distinguished
between signifiéant changes in surface recombination : i in
the presence (K) and absence (X#) of O2 (Table 5.5). K*
was reproducible (i25%) in the presence of a given‘third

body on a clean pyrex tube but for different M was in the

order He Ar,(yNz, 0

5+ < CO <CO,. The results (Table 5.5)

show that the introduction of 02 reduced the efficiency

by surface poisoning as first suggested by Beﬁson.su This

is also supported by the wqu on the O+SO2 systém. Oxygen
may be strongl&.physically adsorbed on‘the wall by forces
vrdem a8 YL L WasE &w:::n~>¢  ‘heﬁce poisoning the wall,
'The differences‘in and K. are probably due to the occurence
" of a surface reaction (in the presence of added 02),occur1ng

at the wall viz:

' ' i ®* T
0 + O2 + wall 03ﬁt wal1
where O3 is in a vibrationally excited state. Presumably,

a small percentage of molecules are eXci&ed to higher states.
Deactivation then would occur bj cascading down the vibra-
tional ladder to the ground state.‘AWallvrecombination

clearly causes no 31gn1f1cant errors. in k however, since

i,M

the former varied by an order of magnltude at 295 K whereas
" the relative third body efficiehcies'are in close agreement
w1th the static. method of Huie where wall effects are absent.

":The measured values of X are compared w1th those reported

3 for an ijoh

- coated surface (in the presence of added 02) agrees well with

 previously (Table 8.4).  The value of 0.02x10
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3 1l6¢c

the values of 0.05x10 ° for pure O2 obtained by Kretschmer

and with the value of 0.02x10-3 on pyrex of Kaufman.7

50

Only
Mulcahy reports a value on Teflon which appears to be a
slightly better poison than phosphoric acid. However, values
of K reported by different workers still var& by a factor

of 10-102. Results of determinations of the temperature
dependence of reaction (1) following these.facts are discussed
below. The introduction of 'blank corrections' into the
present‘flow—System (Section 3.3) to allow for background,
wall effecfs and flow perturbations‘(which are not negligible
above 300 K) was not considered in earlier determinations of
k) ym+ Tt has already been shown ($ection 6.4) how the 'blank'’
correctiohs were made and the 'surface' equation 3.5 used

in reaction system B to defermine (x Lk ) and X , the
, o _ | Awy Wy . W 4
,:results (196-500 K) are given'inFTable’6.8u kw(calculated,

" for M=0,, T=196 K) was very small (-0.413%0.31 s”!) and also

2’

- - :
independent of FM; kw‘would increase with FM

. *
if k_was

' w
significantly large, since V, VRf FNO’ and kZ,M are constant
terms in equation 3.5. Thus_the;mole fraction of NO in the
discharged gas stream can be accurately monitored by the

present flow mefthod (this isﬂ-‘5x10“)4 p.p.m. for B.0.C. argon).

_ .
For M=0., CO,, Ar values of (k - k_ ) are all small and
2 2 : -WM WM ,

.'do not interferdwith the determination of kl; in particular

Cx , ,
" for M=CO_, the terms,(kw -k ) show a tendency to a negative

?
2 M M
ttemperature coefficient although more data is necessary for
an accurate’determination;r This work on 'surface' rate

_ constants using blank qqrreépion;is believed to be the main

ATy PEN SR
R P R AV ARl R e

er T L e e BE
B T RO



173

reason for the discrepancies which exist in values of k

7,47,50

1,M

as determined by earlier flow methods and alternative

static methods.51’52'60:6l

This work shows that wall effects
are not a serious dfawback of thé flow method when allowances
are made for their dependence on gas composition, and
agreemeﬁt with the best static mefhods can be eipected over

a wide temperature raﬁée and under very different conditions
and time constant., This is significant fdr atomic reactions

of higher kinetic order which are mainly studied by flow

methods.

The ﬁéa;uéed temperature,depeﬁéencé_of reaction (1)
f(M:Ar) is compared with the results of other workers (Fig.
‘j 8.1), inciﬁding studies of the the?ﬁal decomposition of 03‘
for M=Ar in‘the’range 188-lOOOYK; Thelrésﬁlts‘agree with
‘ " . 59

jthoéé obtéined,frOm‘the static méasufements within error

limits of 10-25% but not with the results of flow measure=-
' N 59

. v ) _ | T |
ments.so’56 The present results, and those of Huie can

be represented satisfactorily by an equation of the‘form:

' n
Ky ap = A(T/3qo)

. where n is 1.50%0.15 (for M=Ar). Combining the two sets of
. _data, weighting each rate constant determination equally,

gives n'; 1.5hi0.25.f6r M=Ar. The érror_limits borresponding




174

to the value of kl as detefmined by the earlier shock tube
study of the dissociation of O3 (750-900 K) by Jenes end
Davidsonlu are also apparent (Fig. 8.1). This value suggests
a slighfly greater value for n (451.9). However, the range
of unhcertainty in the generally accepted value of AHI(OB)=
34.8%0.4 keal mol™t at 273 K (andb thus in K, the equilibrium
constant of reaction 1) is too large to estimate a reliable
value of n; all direct measurements of kl suggest that the
lower limit of AH (0. ) at 273 K should be used in the
calculation of kl from 03 decomposition studies. The results
obtained here and those obtained with the shock tube measure-
ﬁents are %ere consistent with a T dependence (Fig. 6.9)

than for én?Arrhenius form (Fig. 6.8). If the shock tube

results wé%e raised by a factor of.i.5,‘this work wouid
extrapolaf%jlinearly for the T form and as eAsmooth'curve
for fhe Af;henfus fofm, However, the best value'ef n is
probably e;oseééo 1.5 at low préSsures sinee the value of n

v . 1
¢ .
H

j_frqm Huie'? data shows a tendency teedeeFease>fron 1.9 to
“Q'i,5 as fhe?ﬁotal‘pressure decreases from 500 tos50 tefr.-
Tﬁis agreement between the results ef Huie and- the present
"work is conclu51ve evidence for the lower temperature
dependence. The hlgher values of n (2 6 3 L) observed in
flow systems prev1ously were probably due to incomplete
f elimination of surface recomblnatlon and failure to distinguish
_ between K and X and their dependence on gas concentration.
In both flow studies, the mole fraction Af O2 was cohstant
or approx1mately constant‘end the temperature dependence

P

V*Jappears to increase wlth decrea51ng Oz.f This suggests that
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k (M=Ar, coz)A:T'(l°8:9‘3).

Although earlier workers using flow studies7’h7'5o
reported larger valueé of n, they also observed the same
dependence for M=Ar and 002.‘ Results of éhe temperature

coefficient of reaction (1) for M=0., and co, (196-500 K)

2
by a direct method are reported here for the first time.

If the ldw temperature results when M=02 have any meaning,
since plots logk/logT and logk/% are curves, then this
suggests that diffgrent homogeneous or heterogeneous reactions

are predominating at different temperatures} However, the

nature of these processes are unknown at present.

The value of kl Ar obtained can'be expressed as:
’ . .
K = 1.46%0.09x101% (B23)1:5-0.3 6 -2 -1
1,Ar T ;

"*The reverse of reaction (l),'i.e.-the rate of the dissociation’
jreacfion, can be considered as a unimolecular decomposition
. 56

at its second order limit. In the Hinshelwood~-Rice-

Rampsberger-Kassel (HRRK ) theory,87 a molecule is regarded

as energised if the molecule contains at least the'energyA

* . . . .
E required for reaction to occur, distributed in any way

amongst its ¢ normal vibrational modes. The full HRRK

equation is: ~o

x5 le Xgx:

/i, [T

.w|w
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*
: E-E.
where x = (F ) = Bactivation
I
_E

k is the first order rate constant at high pressures

t

and k is an'overall rate constant for the scheme:
1 % , o
A+ A T A+A | .
-1
. * , I : .
\ A ——59' A —3> Products
: ‘ k k .

. The activatedvcomplex at (energf‘EI),is~oné that is passiﬁg
into the final state. An energised molecule is one that
possesses'sufficient energy to become an activated moiecuie.
At low pressures,‘at the_second‘order 1imit k_lEé]’;—> 0,
and for reaction to occur, then the rate of energisation to-

% . ‘
the energy state E, the HRRK equation reduces to:

% v
Z E ys-1 X ' ,
k_ 4 =(s-1) (RT) | exp. (-E/RT) eve. 8.1

‘which is theAéame as the Hinshelwqéd equatibn‘for an activated
‘-process.. Ah'essential featﬁre‘of'thisftheory‘is that the
- energy can flow freely betweén.the‘ﬁéfious_modes so that
after sufficient time has elapsed the energy may pass iﬁto
one particuiar mode ; fhe molecule then decomposes(
Lindeman pointed out that energisation and subsequent
"~ breakdown of the molecule are distinctly different processes
‘but precisély what coﬁstitutes energisébion has been treated
in different ways.

On the contrary;fslater assuﬁeé thét there can be no
:f_flbw_of energyvbefweén modeé.w‘Reactiqn;occuré,’not when

"'the’énergy getsvinfo a particﬁiar mbde,but; when the normal
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¥

vibrations come suitably intO'phase; éo that a‘criticalv
~co-ordinate becomes sufficiently extended. Slater's
definition of energisation is mofe stringent than Hinshelwood's
because according to him,. only those molecules which initially
have the energy ﬁ distribufed in a partieular manner among

the degrees of freedom can undergo reaction. Slater's

expression is approximately:

k_y =2 <’*g‘;§)<n-1>/2 ‘l;r u exp(-E/RT)

where n is the number of relevant normal modes in the reacting
'molecule, sometimes, owing to symmetry or degeneracy, less
fhan‘the tqfal number; 4 is a quantity related to the
tamplitude factors' for various normal modes.

- Over the temperature fange considéred here for reaction
(1) (M=Ar), the equilibrium constant éan be represented by
the expression:

* . .
K = A exp(RT) where A is independent of

temperature.
:,The’temperéturéAdependencé of'the‘pre-exponential“terms in
the expressions for k-l iélthgrefore the same as that fofﬁkib
which varies as T-B/z. KSince thg collision number Z is

- proportional to T%, the teﬁpefature'dependence of the pre-
.&exponential factor of k-l is best fitted by a ?alue of 2 for
~(s-1) or #(n-1). The ozone molecule has 3 normal modes of
1yibration. The result for kl,Ar here is therefore éompatible
with the HRRK theory. However, some degrees of rotational
hifféedom are reqﬁired for Slater's theory. An_eaflier.value

' | 56 )f(j;hio.s)’cms

by Clyne et al; of kl Af = 2.8x10 (T/273
-2 -1

mol 5 1n a 31m11ar flow system to the present one was
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incompatible with Slater's'theory and only in agfeement with
the HRRK theory if rotational degrees of freedom also
participate.

79

Tsang recently carried out a detailedyRRKM treatment
comparing experimental rate data on decomposition and com-
bination reactions involvingvozone;v For a computer vibrator
model with external rotations active, qalculation.(M=Ar)'

-(1.§i0.3)

bleads to a temperature dependence of T and a collision
efficiency of 0.18. Again the assumption‘df some rotational
degrees of freedom Qere required by the Slatér theory. This
dependence is in excellent agreemént with‘the ;alue (M=Ar)

reported here and also with that of Huie.59

This agreement
is considered to be conclusive evidence for the lower value

of n in the temperature dependence equation.

Earlier values of k5 M—fof'the%hréactionlﬂ'gﬂ R
S0, + 0 + M —> 803 + M
have been reported (Section 7.1); the value obtained_in this

_ -2 -
work (M=Ar, T= 295 K) is 2, L6t 0. 21x1015 m6 mol ~ s 1. Tnis

' 16
.is about half ‘the value obtalned by Thrush (h,7i0.8x10

fcm6'mol-2 s ) uslng a 51m11ar dlscharge-flow method, and by

‘ -2 -1
"Allen and Cadle (h 8x10 16. @ ~mol s )

‘e Thrush used a
3kinetlc me thod of analy51s whlch ellmlnated parallel first

.',order atomlc oxygen reactlons occurlng in the flow .tube.
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This discrepancy is probably due to interferenee from wall
effects of the type discussed below.

The present value ls also in disagreement with that of
Davis (2.6x101h cm6 mol-2 s-l, using a relieble alternative
flash photolysis-resonance fluoreseence method)'by an order
of magnitude. His result uay Be influenced by heterogeneous
reactions involving the walls of the reaction cell, and/or
by formation of electronically excited'O2 molecules. Wall
effects were eliminated in the present work by meéns of the
kinetic equation (Section 7.1). Using an E.S,R.~-stirred
flow‘reactor, Mulcahy et'alsj reported a‘velue of 2.h:0.15
ch6 mol-2 sflb(T=295 K,‘M=Ar) in excellent agreement with
the.presentgvalue.liDifficulties are encountered with E.S.R.
flow reactipu me thod flnce it depends on the assumption of
ideal mixiug inithe bulb reactor%l However,ghesé later

15ﬁcm6 -2 -1

= 1.120.3x10 mol

5,Ar
S0
which is about half the present value.A kw

‘reported the revised value k

uaslfound.te
.depend on (1) the concentratlon of oxygen atoms, (ii) the

.ljlnitial conditlon of the reactor (v1z.*'wet' or . 'dry')- (iid)

the concentration of 802 and (1v) the concentratlon of M.

_'The values of kSOg from plots for k A at 295 K ;ncreased

"5,Ar
'k(l —> 5 s~ ) with increase in the eoncentration of argon
'(F =.O 275x10—6 mol s-l). tThe'results'of preliminary

. experiments (Sectlon 7.2) indicated (a) that the plots of
lh]ﬁﬂ agalnst t were cuuved, the slope decrea51ng with .

i reaction~time end decreasing[d] . These curves were obtalned
af constant concentratlon of argon and sulphur dioxide for

a serles of concentratlons of sulphur ledee.j The slope at
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high [b} was approximately double that at low[b] (Fig. 7.1);

and (b) that the plots of equation (7.1) at constant Foo
2

to determine k5 Ap Vere also curved. At low flow rates of
?
argon the slope was approximately double the slope at high FAr'
, 4 .
Mulcahy et a18 attributed the change in slope (also found

by them) to a surface reaction with SO Water was also

3’
present in their system (HZSOA droplets were found on the.
surface) but was absent in the present system. Experiments

with small @b5x10‘6

mol s-l) additions of SO, showed (Fig. 7.1)
negligible decay of [O] with time, thus showing that surface
reactiéns were unimbortant (only trace amouhts of SO3 would
be required to be adsorbed on the surface to affect kw' and
the effect is~independeht of [?0?]). Furthermore, as the
cdncentratiqn 6f SO3 increases with reéction time, the siopes

(1n[d] agaihét‘time) in experiments would have to increase’
with réacti@n time. The measurements of [d] in Mulcahy's
work were‘ﬁof_yeproduciblé or stablevwhereas in this work

;Jiﬁtensity meaéuremenﬁs were always reproducible and steady.

One‘bossible scheme which‘can be posfulatéd to explain

:fhése results.is é poésibility of a chénge in kinetic reaction

order. For é third order'récombination reactibn,

1

_ | . |
0 + SOz(lA) — 303(3A or_lA)
. -1 ,

(* indicates vibrational excitation)

1 . :
| 503( A)Af M ‘e—§——>, SO; + M

j‘:w_h'enc:e; i LE . [0] | _klkz [0] [802] [M_] e
: I T k_; + ko[ M]

A L LTS L AN A
R e T s et
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if K, [M] >> k_js then ‘ ‘;‘i;@ = k1[0] [SO.J

This possibilty was considered by Muléahy, Steven and Ward83

since k—l might be small due to sbih—reversal (a2 change in
kinetic order88 in the 0 + CO + M reaction bccurs at® 300 torf
due to this effect) This scheme could explaln the results
of experiment (b) but not (a) since at constant [%Oé] nd
[M] plots of ln[Oa against t would be llnear.

»An alternative approach would be the possibility of 563

not approaching a steady state under all conditions used in

experiments (a) and (b). The scheme would be written:

[

*
SO0, + M

' 1
-0,+S°2(A)+M 5

nn

802_+ 92

0+ 50,(8);

86 | = kl SO M‘
.whence 3lss = k2 [ 2] |

achie&ed,»then _quﬂ !
S dt

Ifrthe'steady stafe'is
] [502] [M]- ~
SR ] S

vshowed that the steady state is achleved only when

2k

et

5k

Benson

[of okp/%, 505 [M:I > 1, where [0]  is _the initial [0].

would need to be in the triplet state and k. would need to be

2
09-5x1010 cm3 mol-l s—l, wheréas'for singlet SO3 formation,
2 is only about 3x107 cm3=mol?1 (cf. Mulcahy et alsu)

k
However, this scheme can be ruled out by experiments (a)
lsince»the slope‘would necessarily-ihcrease with increasing

5y,

reaction time t (cf. Benson

The simplest possible scheme;ito‘describe the results
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of (a) (b) can, however, now be written;

. * ’
O + S0, + M =50, +M (1)‘
0 + S0, = S0, + 0, (2)
SO, + M = SO, + M (3)
3 3 ,
whence [SS] A= k]_[o] ESOZ] [M] .
=73 k2[0J+k3[M]

© o alo | .'21;2[;0] ks [ M]
e E%‘] i, [0] [so5] [] k[0 * %

Now, if kz[o] > kg [M], 1-8»%‘>>k /Ky »-%?@‘ 2k, ) [505] []

but if kB[M:I >> k,[0] 1eP£ | )

R SEC coIC .

- If this latter condition'holds:ﬁndef;thefédnditions-used

;

in experiments (a) and (b), then the true rate constant Ks ar
. : ? .

(T=é95 K) obtained here will be 1.23i0,1x1015 cm6_mo1‘2 s
in excellent agreement with thé fevised_value-Af Mulcahy8
but still five times higher than Davis' value. The reason
fdr this'discrepancy is unknown.i - |
| In one determination of k5 SO ‘at 295 K made (bectlon 7.3)
according to kinetic equatlop 7.2 and the method described
. there, the plot was not linearkbut appeared parabeolic. The
. reason for this is unknéwn at present._
However, the 1ntercepts from the determlnatlons bf
16 6 -2 -1

kS'Ar indicate a mean value of,lhjxlo -cm mol s. . for
. A R SR »
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k5 502 in excellent agreemeht with 1.0i0.4x1016 cm6 mol—2 st
9

obtained by Mglcahy et al. The present value is also close

o _ 16 .
to the value ks,so2 = l.4x10 (M_so2 or N02) obtained by

Jaffe and Kleins5 from photolytic experimehts. This agreement
is remarkable considering the great difference between the

experimental techniques.

The iﬁpdrtantlrole played by reaction (l)min photo-~-

chemical air pollution and in the chemistry of fhe strato-

sphere has been described (Section 1). Any assessment of

38

the 'claséiéal'»éhépman scheme depends critically on the

value of>k2/k5,'follow1ng the O3 éoncentratidn calculatiorns
-in the Stratosphere by brutzen.ul A new valuel7-of k3 has
_recently been détefmihéd'(kjj 3

='1.05x10 Mexp -2170/T cm
-]

mol s-l) and a new value of‘kz reﬁorted here. Previous
calculations?of concentrations>of O3 by the classical scheme
led to considerably h?gher valueﬁthan those observed and it
 was ﬂecessary tq postulate cataly£i¢ destfuction of O3 by
species such as NO_ or HO . However, the brésenf valﬁe of
k2/k3 is 2-3 times lower than.previously assumed‘in regions

of peak 0, levels ( 30:@!“). Furthermore, recent calculation

3
of diurnal NOx levels are 5-20 times lower than earlier
estimates in thiSiregipn, mainl&“dﬁewtp lérger;fatevconstants

" reported for-reactionsfof the tyrpe‘NO'x +'H0x.AfArbrief
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reconsideration of the evidence for Catalysis in view of
these changes can now be made.
According to Crutzen)+l (section 1), the production

(P) and destruction (D) rates of 03 are given by

. . 2__1_:[0_3] _ ‘ZJA[OZJ - ZkBC[O':I.[o;J = P-'?D'c

where the catalytic coefficient (C) is unity in the absence
(04

kZEOQDQ'f,

of catalysis and [d]: to a satisfactory approx-

 imation. |
The fesults f&r k','repdrﬁéd hefe; Shbﬁ that the

requirement of catalysis is not invalidated by the use of

" lower values of the rates k2/k3, since the margins of error

in the photolysis rate constants JA/JB,Pthe assumed éj

profile, and departure from equilibrium, is still unlikely

to Bé so large above 30 km, ac¢§rdiﬁg7t§~brﬁfzen's afguments.

Some of the more important‘catalytié‘chéins'to be considered

are, e o
Chain 1 (6] +'NOé = : b
- 1 (W)
NO + 0, = SRR
. 3’ :
- Chain 2 0o + H02 = 0H }‘02- ‘_£ , S
" iTes e e (5)
~0H + 03 = H02>+ 02 S :
(. 0+ mo. =on ‘0
or .. + 1 2 = .+ 2
3 O + OH = H + 0,
H + O2 + M-'-" HOZ + M



o+ o0, S
2 |
e (6)A
5 = OH + 0, .

Chain 3 0O + OH

H+ O

e (7))

O3 + H02 OH + 20,2

it

Chain h‘( OH + 03 'H02 + 02

which leads to

. 0-] ) |
1+ Kk, [Noa; - X [it0,, . xg[u] + x, [or]
ksloﬂ, - kBBﬂ
The mosf impoftant chains are chain 1 béfween 50-h5 km and

9

c =

chain 2 above 40 km. NO, concentrations of only 1-3x10
molecules‘cm-3 are required to accounf for all the necessary
catalysis betweeﬁ 20-40 km, which is a fécéor of 2-4 times
larger than assumed in the estimation here, Experimental
measurements in this.range'have béénlfépoffed.' However‘$ome
¢catalysis by HO# is required.abOQe Lo km. -Thus,.the'cafalyéis
theories are éatisfactory with the moéfﬁrééently accepted

rate constants and catalyst cdnpenfratidns. (quably kh =
9.ux10’12(300/T)0'5,(Ref'89), k5 ;'é.ox1o'11; kg =

and k., = j,SxIO-;zéxp‘;iZSO/T A cm3

-11(Ref. 41) -
e , 7
1 s-l(nef.'9o). ‘

2.6x10

molecules °
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The modified and improved dischargé-flow method described
in this thesis opens up new areas of research, The kinetics

and mechanism of the reaction:

O + CO + M = 002 + M

has been the;subject of numerous invéétigations'but resulté
are in poor agreement with'each_bther{*Jsomé investigators
have found the reaction tb bé seCon&»oféef, while others,
report it to be third order over a‘Siﬁilar pressure range.
Reported values for the raté constant are widely divergent
and the reported activation energy fangéé from -23.8 to 4.5
kcal mol-l. Eariier work by Clynevand ThfushS'has shéwn the
relation I = Io(b][bOJ (Section 2) to be Vaiid‘whgre I
which depends on the nature of M,’isaindependent of total
pressure in the low pressuTgiregiﬁa.:%fﬂq‘présené'mefhdd may
be used to measure the rate congfant wit@ the foliowing
reservations:, ' " | o
.  a)v-since the reaction is of the'ér&éfﬁiO? €imé; 510wer thah,
- the 0 + 0, reaction, pfessﬁrésvﬁfﬁi5;jbuﬁqff must be
used; o R
":5) ‘f1ow veloéitiéé of the 6fdé£‘50—i00 cﬁiﬁ;l'and flows of
co 5710 times highef.tﬁan'f§r'01%'02 measurements are
needéd; - .
" .e) a 'Chance OXI' filter is\needed-tojisdla£e the u.v; light
gmission of the blqe ‘COZ' glow (Sectionn2>{
d). a'dischargé'(MiCroane.of bthérWiSe)'musﬁ'Be deﬁeloped
capable of providing highé? congentfatidns'of.O(BP) than

are obtainable byythe GQuiﬁment'ahd conditions described
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(Section 2);

e) a carrier gas is neéded,free of nitrdgen (to reduce the
amount of air. afterglow produced). This may be possible
by passing the carrier over lithium metal.

Any wall effects reported by earlier workers ﬁsiqg
discharge-flow methods do not intérferé with the present
method. The above precautions will enable the 0 + CO system
to be studied and to provide a reli;ble value fér tﬁe rate
constant and activation energy, thus helping to establish a
‘classical! carbon-okygen atmosphere fér Mars and Venus,

A review of studies of the reaction:

0 + SO0, + M = SO3 + M

(section 7) emﬁhasises thé uncertéinty inkfhe overall

mechanism;.a'probiem which needs to$be"?éspl§ed,””Furfhermore

no results for direct determinatién pf £he}rateiconstént at

300 K for M:CO”, He,.N2 02,’00,Sézaéﬁistvat‘pfeéent..rln_ |

particular,Sngﬁs quotes the‘relatiye efficiency of SOz/Hé ;

as 130 compared to the wvalue 9;5 by'Véstéhbérg'éhd’debﬂﬁaé.f 

No direct Qetermination of the‘tempefafﬁré cbefficient'of

the reactién has‘yet been‘attempted’(fepqrts'indicate that

it is posiéive). Studies of tﬁese réactions can readily be’

carried out by tﬁe’preSent fiowlﬁethod by using‘smaller

' reactant gas (SOZ) flows and lowér préssﬁfes (since the

reaction is about 16 timeskfaster‘ét‘BOO K;than:the b‘+>02

:reéctioh). ‘Difficulties due to water vapouf Aqd su}phuric

| acidldroplets in the fiow tube are absent in this fiow system

.>follOWing'the trapping apparatus;usedv(Sectioh 2 and 7).

This method, in general is widely applicable, since ‘it
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is suitable for continuous operation (eg. on-line monitoring
of pollutants in the lower atmosphere and in the chemical
engineering industry). Commercial flow systems can be used

to analyse NOx pollutants at present.
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