Keele
University

This work is protected by copyright and other intellectual property rights and
duplication or sale of all or part is not permitted, except that material may be
duplicated by you for research, private study, criticism/review or educational
purposes. Electronic or print copies are for your own personal, non-
commercial use and shall not be passed to any other individual. No quotation
may be published without proper acknowledgement. For any other use, or to
guote extensively from the work, permission must be obtained from the
copyright holder/s.



o

Kinetic and Spectroscopic Studies of Singlet

Molecular Oxygen at High Temperatﬁres

by

Razmik b. Boodaghians,‘B,Sc. 

This thesis is submitted to the University of Keele in partial

fulfilment of the requirements for the degree of Doctor of Philosophy.

Department of Chemistry '  September 1983

University of Keele



To My Parents



The work reported in this thesis was carried out by the
author under the superfision of Dr. Peter Borrell., Experimental
results in Chapter Eight were obtained in collaboration with
Dr. Patricia Borrell, who performed and analysed shocks with run
numbers beginning with P; all other shocks (beginning with R)

were performed and analysed by the author.



Acknowledgements

In presenting this thesis I would like to thank the following
people:

Dr; Peter Borrell for his superQision and aince during the
course of this work.

My co-workers, Dr. Patricia Borrell and Mr. Don Richards and
also Dr. Melanie Thorne for many helpful discussions.

Professor I.T. Millar for the facilities in the Department
of Chemistry.

Dr. P. Collis in the Computer Centre.

The technical staff of the Department particularly Chris Cork,
Ralph Pattison, Peter Holbrook, Richard Goodwin and Da&id Olivant.

Mrs. Margaret Furni§a1 for her excellent typing of the text,
Mrs. Christine Owen who patiently typed the tables and Mr. Terry
Bolam for graphic and photographic work.

Mr. Edward Melikof for his unceasing encouragement.

The Uniﬁersity of Keele for a departméntal studentship.
Olga and Ohan Mesropian for their help throughout my career.

Last but not least my wife for her patience, help and

encouragement.



ABSTRACT
This thesis describes the kinetic and spectroscopic studies of

singlet molecular oxygen by observing their emissions in a discharge

flow shock tube apparatus.

The rate constants kﬁ and kﬁ for the quenching of 02(a1Ag) and
oz(blz;) by M, M = NH_, NO, HC1 and SO,, have been measured at 295 K
and between 600 and 1100 K by studying the emissions at 634 and 762 nm.

At 295 K the rate constants are:

M kf;/dm3 mo1™t g7t kﬁ/dms mo1 t &7t
NH3 (5.37+0.14) x 103 (7.05£0.10) x 107
' 4

NO v (2.10£0.28) x 10 (1.70£0.13) x 107

HC1 (8.00+0.34) x 104 (1.60+0.20) x 107

3 5

802 3 x 10 (2.50+0.50) x 10

HC1 - SO

The values for kd and kd , determined from extrapolation of high

temperature data, are new. The rest are similar to the values determined

previously.

The rate constants for quenching of Oz(alAg) by NO, HC1 and 802

increase with temperature and can be fitted between 295 and 1100 K to

the simple Arrhenius equations:

Moo 3 14 7
ky /dm” mol™~ s~ = (1.90£0.20) x 10 exp[-(2030+50)/T]
k§01/dm3 mol™t s7l= (2.34%1.00) x 10" exp[-(1660£180)/T]

SO2 3

k, “/dn mo1™ L s71= (8.90£3.45) x 10%exp[~-(2370£90)/T].
No appreciable temperature dependence was seen for the quenching of
1
Qz(a Ag) by NH3.
+
For the gquenching of 02(b128) by HC1 and NO the rate constants
are nearly independent of temperature but fall slightly above 1000 K.

A negative temperature dependence was observed for the quenching of
Oz(blzz) by NH3. The quenching by SO2 proved too slow to be measured
by this technique.



The present results for the quenching of Oz(blz;) together
with prefious studies show a simple correlation of the type of
temperature dependence and the room temperéture quenéhing_efficiency,
with the most efficient quenchers.haQing a decréasing probability
and the least an increasing probébility with temperature.

The different temperature dependences obser&ed are interpreted
on the basis of long and short range interactions;

The temperature dependences of the three dimol emissions of
Oz(alAg) at 579, 634 and 703 nm has been studied between 295 and 1500 K.
The intensity increases with temperature and concentration as expected
for these bimolecular processes, but there is a further increase which
is attributed to the appearance of o&erlapping hot~band emissions from
vibrational;y excited molecules of Oz(alAg). For 703 nm emission there
is an additional contribution from hot bands of oz(blz;)..

The relatiQe emissi?ities of the bands and the rate constants
for the collisional emission reactions haQe been determined and are
presented in table 8.3, It appears that the intensities are governed
| by an electronic transition probability which changes rapidly with

intermolecular distance.
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CHAPTER ONE

1 Introduction

1.1 Scope of the Thesis

In the past few years there has been a great deal of interest
in the reactiQity of electronically excited singlet molecular oxygen,
Oz(alAg) and 02(bIZ;). For example, reactions of these metastable
states are not only thought to be involved in biological processes1
upp;r atmosphere2 and air pollution3 chemistry but also in lasers
of the energy transfer type, the Oz-iodine 1aser4. Hénce, on the
practical side, it is important to know the rates of collisional
quenching and the mechanism by which the electronic energy is
dissipated. From the point of view of basic science, the high
stability of singlet molecular oxygen5 permits the study
of fundamental physical processes such as energy transfer, quenching,
and relaxation. To understand these processes several pieces of
information are desirable such.as the functional dependence of the
reaction rate constant on temperature which can provide information
about the intermolecular potentials in&ol?ed.

The theoretical aspects of these reactions have not yet been
fully understood and generally there is a lack of convincing correlation
between the experimental and theoretical approaches despite the
major deQelopments in both areas.

Kinetic measurements of reaction and physical deactivation of
singlet molecular oxygen hafe been obtained by seQeral techniquegs.

Most of these techniques have the drawback that only a small

temperature range may be obtained 200 - 406 K.



The technique used’in this study of reactions of singlet
molecular oxygen is a combined discharge flow shock tube which has
the advantage of producing much highér temperafures up to 1600 K.
Therefore;'the temperaturé dépendeﬁcé of the reaction rate constants
can be studiedVOQer a wider temperature range fhan hitherto have
been possible.

This first chapter serves to introduce the area of study;
the éroperties of singlet moleculaf oxygen, the technique and concludes

with an indication of the objectives that it was hoped to achieve.



1.2 Temperature Dependence of the Reaction Rates

Studying the temperature dependence of the rate of a chemical
reaction can provide useful information about its nature..
For the majority of chemical reactions, the rate increases

with temperature and the experimental Arrhenius equation:
k(T) = A exp(- Ea/RT) (1.1)

provides a convenient way of displaying the temperature dependence
of reaction rate constant, k, as a function of temperature T; where
Ea is the experimental activation energy and A the pre-exponential

factor.

The units of k will depend upon the overall order of a reaction;

for zero order, mol dm_3 s_l; for first order, s—l; and for second

order, dm3 mol-1 s-l.

The Arrhenius equation in its simplest form equation (1.1),
can only be an approximation since both parameters A and Ea show at
least some temperature dependence on the basis of any theoretical
approach. HoweQer, experimentally it is ﬁery difficult to detect
any temperature variation for these parameters.

The two main theoretical approaches that are currently used
for understanding, and discussing the temperature dependence of

reaction rates afe; Simple Collision Theory 6, SCT, and Activated

Complex.Theory 6, ACT.

The SCT assumes molecules are simple hard spheres which can
exchange kinetic energy along the line of centres on collision.

The rate constant for a bimolecular reaction based on the SCT is

given by:

_ %
k(T) = OAB(SKT/'nu) exp(~ Emin/RT) (1.2)



where o is the collisional cross-section, u is the reduced mass,

AB
K is the Boltzmann constant and Emin is the minimum energy required

for collisions to result in reaction.
The SCT result for the rate constant has the same form as the
experimental Arrhenius equation but it has introduced a slight

temperature dependence ofrT%-in addition to that -implied in the

Arrhenius equation.

If Emin is very small or zero then the reaction rate will
depend on the collision frequency and the rate constant will have a

temperature dependence of the form:
= om?
k(T) = CT”, A (1.3)

The dimol emission at 634 nm is a good example of such collision
controlled reaction (chapter 8).

The defects of the SCT. are that there is no definite way to
allow for steric effects, that it ignores energy contributions from
rotational and Qibrationalvdegrees of ffeedom, and that the minimum
energy cannot be determined indepen&ently.

The ACT focuses attention on the actiﬁated complex, the
complex which has only a transient existence is formed at the tqp.'
of the potential energy barrier between reactants and products. The
assumption is that it behaves like a normal molecule which has lost
one of its Qibrational degrees of freedom by becoming a motion along
the reaction coordinate. The theory also assumes a state of
equilibrium between the reactants and the activated complex which
allows the use of a thermodynamic treatment. This is an important
aspect of the Acf since a time dependent problem is changed into an

equilibrium problem.



The rate constant for a bimolecular reaction based on ACT is

given by:
o *
k(T) = (KT/h)(Q /QAQB)exp(- E /RT) (1.4)

where Q* is the molecular partition function per unit volume for the
activated complex and E* is the energy barrier to the reaction.
Substitution of the appropriate partition function expressions

into equation (1.4) for the simplest diatomic-activated. complex would

give:
K(T) = 3 *
(T) = OAB(SKT/ﬂu) exp(- E /RT), (1.5)

This result is similar to that obtained from SCT where E+ may
be identified with the molar equivalent of the minimum energy, Emin'
Therefore, both theories can lead to similar numerical results and
also similar molecular. features, Neither model is entirely satisfactory
for a complete theoretical prediction of fate constants especially
when internal excitation modes are invol&ed where the understanding
of energy transfer is necessary for a reasonably complete description
of the influence of temperature.

Another form of temperature dependence is based on the classical
Landau-Teller theory8 which appears in ﬁibrational relaxation. This
model is based on a collinear collision between fwo diatomic molecules
where one is Qibrationally excited. It assumes that only the short
range repulsi?e interactions influence the process of energy transfer
and predicts éhat the probability of ﬁibrational energy transfer, PlO’

from v = 1 to v = O at temperature, T, is gi§en by:

. 1
Plo = C exp(~ const./T) /3, (1.6)



Experimental measurements usually give a relaxation time, T;
the time for establishment of equilibrium between translational motion

and the intramolecular vibration, which P10 is then calculated from:

1/Pi0 = Zt{l - [exp(- h;/KT)j}‘. | (1.7)

where Z is the collision rate.

The Landau-Teller theory does not account for the attractive
part of the intermolecular potential which becomes important for all
molecules at low temperatures, and for strongly polar molecules at all

8
temperatures .
Many non-polar molecules have shown a linear Landau-Teller plot

1
of Log P against T,/-3 over a wide temperature range 8.

10
Therefore, for reactions with an appreciable activation energy

the SCT and ACT predict an exponential dependence of the rate comstant
on temperature while for energy transfer proceéses where there is no

obvious energy barrier they predict that the rate constant will vary

For a vibrational relaxation

1
process the Landau-Teller theory predicts a T./3 dependence. Clearly,

with the square root of the témperature.

based on these theories it is difficult to predict. the form of the
temperature dependence for an electronic energy transfer process.
Borrell et al’ ‘having studied the quenching of Oz(bIZ;) by 0,, N,, CO,
and N20 o&er a wide temperature range were able to show that none had
a simple temperature behaviour. In contrast to these the present |
results for the quenching of Oz(alAg) by NO, HC1 and SO2 have shown a
linear Arrhenius temperature dependence (Chapter 6).

These various results indicate the importance of understanding

of k(T) vs. T behaviour and the need for reliable high temperature

data since the predictive ability of theory has yet to be improved.

'



1.3 Singlet Molecular Oxygen

OQer the past se&eral years>there has been much interest in
singlet molecular oxygen and its reactions. Singlet molecular oxygen
is now beliefed to be inQolQed ih many processes11 such as;
chemiluminescence, photocarcinogenicity and decomposition of oxygen
rich compounds.

This section describes structure, spectroscopy and reactions
of singlet molecular oxygen, the features which make it particularly

suitable to be studied by the discharge flow shock tube technique.

The ground state electron configuration of molecular oxygen

may be written as:

2 2 2 4 2 3_-
(K)(K)(chs) (0,28)" (5 2p)" (7 2p) (ﬂgZp) y g

Figure 1.1 shows the correspondiné mélecular orbital energy lével
diagram. a

The formulation suggests that there should be three states for
molecular oxygen; 32;, lAg, and 12; since the two degenerate pi
antibonding molecular orbitals hold only two electrons which may be
arranged in several ways, figure 1.2,

The state, 3ﬁ;, arises‘when‘the tWo'electrons are unpaired and
have parallel spiné. If the two electrons are paired in the same
orbital with opposed spins their angular momentum‘is iﬁ the same
direction,‘A = 2, giving rise to the first excited stéte lAg.” This
state is douﬁly degenergfe since ML = %2, The second'excife& ététe,

o+
lzg, arises when the two electrons are in different orbitals with

their spins opposed and their . angular momentum in opposite direction,

A=o0.



Figure 1.1 A molecular orbital diagram for oxygen

o,2p
1 1
m™y2p
2p.J_ .J_ __1_ _]_Zp
w,2p
1L/, 0

1 I’ 0,28

2s 2s
1 I’ og2s
Oatom O, molecule O atom
o(*P) X *%; o(*p)

Figure 1.2 Electronic states of molecular oxygen

Energy above Orbital
State Symbol ground state occupancy
KT
2nd. excited b'x] 157 1 L
1st. excited a'ag 94 1
" ground X3z 0 1 4




According to Hund's rule the term state with maximum
multiplicity lies lowest in energy and for statés of equal multiplicity
that with the greatest A lies lowest. Therefore, in order of increasingb
energy the molecular states for oxygen are; 32-, 1Ag,~12;, and there
are three degenerate 32; states, two.equal‘energy lAg states, agd a
unique 12; state. |

Figure 1.3 shows an energy 1e§e1 diagram for some of the lower
states of molecular oxygenlz. The two lowest excited states; 1A
and 12;, are often collecti?ely referred to as singlet molecular oxygen.

: The detailed forms corresponding to the state symbols are well
described in several texts e.g. Herzberg (1939). Here a brief summary
of the main points are given.

The state symbols are éimilar to the molecular orbital (MO)
symbols except that capital letters are uéed, which represent the total
orbital angular momentum Ah/27m around the symmetry axis: I, m, A, @f
ete. Howéver, there are two kinds of L states, Z+ and 2_, depending
on whether the waﬁe function does (Z_)‘or>does not (Z+) change sign on
reflection in a plane (any plane) passing throuéh the nuclei.

For linear molecules with center of inversion, D°° , each symbol

h
also contains a subscript which indicates the symmetry (g for eQen,
u for odd) with respect to the operation of inversion of the wave
function at the cénter of the ;oleéule. |

The state symbols are also prefixed by a multiplicity super-

script which indicates the quantum number of the resultant spin S

(1,2,3, ... for S =o0, %, 1,... respectively).



Figure1.3 A potential energy level diagram for oxygen
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1.3.2 Electronic Transitions and Spectroscopy

The states 1Ag and 12; are 0.98 eV and 1.63 eV above the
ground state, 32;, respectively.

The optical transitions:

1_+ : 3 -
Oz(b ;g) —_ 02<X Zg) + hv (A = 762 nm) (1.8)[4.22]

1270 nm) (1.9)[4.4]

Oz(a Ag) —_— 02(x Zg)r+ hy (A

are strictly electric dipole forbidden.

The numbers in square bracket are the number of these equations
as they appear in Chapter 4. A sequence of numbers has been used in
Chapter 4 for ease of reference there.

The transition at 762 nm represents a spin-forbidden, s&mmetry-
forbidden magnetic dipole transition 5. 'The 1270 nm transition is a
spin-forbidden, symmetry-forbidden, and orbitally-forbidden magnetic
dipole transition 5. These transitions which involve magnetic dipole
interactions are relatively weak but their presence as atmospheric
emission bands ha&e been known for some time. Since transitions t§
the ground state are forbidden in an unperturbed system, both the
lAg and 12; states are long liQed'species. Radiative life times of
45 minutes for 1Ag’ and 7 to 12 seconds for 12; have been reported5.

Simultaneous transitions can also occur under conditions where
oxygen-oxygen collisions are more probable. For the simultaneous
transition the spin-forbidden single molecule fransition becomes
spin-allowed. During this process the electronicbenergies of the

two colliding molecules appear as a single photon:
20_(atA ) 5 20 (x327) + BV (A = 634 nm) (1.10)[4.3]
2" "g'v=o0 2 gv=o ) : )

1, .. 3.- 3.~
0]
202(a Ag)v=o > 2(X zg)v=1 + 02(X zg)v=o + hy,

(A = 703 nm) (1.11)
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2
It is now accepted1 that the dimol emission at 634 nm is the
’ . ' 1
cause for the red glow observed when 02( Ag) is generated chemically
in an alkaline. H20 - Cl2 system or by a microwave discharge.

2

A further dimol emission seen at 579 nm arises when one of

) 14
the Oz(alAg) molecules is also vibrationally excited :
0.¢ala ). . +0.(ala ) >20_(x°c7) + hv (A = 579 nm). (1.12)

2 g v=1 2 g v=o 24X gv=o - - :

Figure 1.4 is an illustration of the emissions stﬁdied in this
laboratory, and it has been shown15 that the emission at 634 nm is a
simple collisional process.

In this work the temperature dependence of these three dimol
emissions has been studied and the anomalous rise in.their emission
intensities are assigned to.hot bands. Also réporfed.are the rate
constants determined for the hot band emissions; Chapter 8.

Simultaneous transitions which lead‘to‘“pooling" of the

excitation energy into a single photon has been also observed for

1.+ 3.~ '

16 of "I , 1A , L states leading to photons of
g g g

wavelengths as short as 380 nm. For example Khan and Kasha

various combinations

have reported the emission from a mixed cooperative band at 478 nm:

1 1.+ : 3~ ' L
Oz(a Ag)v=o + 02(b Zg)v=o-*2%;x Zghp;,hv (; = 478 nm). (1.13)

1.3.3 Generation of Singlet Molecular Oxygen

Singlet molecular oxygen can be produced by a variety of
physical and chemical methods.

(a) Physical Methods

1 - Electrical Discharge

Electrical discharges have been used as a convenient gas phase
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method of generating singlet molecular oxygen. The most commonly
used generators are microwave where the power is localized and
~directed Qia wa;eguides.v

The purified oxygen at 1 to 10 torr pressure is passed through

the discharge, after which the gas stream can contain5 up to 10% of

1 1

Ag and about 0.001% of Z;. Oxygen atoms are also formed in the

discharge but these can be remo&ed from the discharge products1§

by passing the gas oﬁer a mercury surface pfior to its entry into
the discharge.‘)This causes a film of mercuric oxide to be deposited
after the discharge. The effecti?eness of the mercury can be tested

by addition of nitric oxide to the discharged gas. The absence of

atomic oxygen is signalled when no white glow is observed in the

flow tubels.

1
The mechanism by which excited molecular oxygen, Oz(a Ag)’ is
formed in the discharge is not clear but it is thought that it may
’ +
involve atom recombinations. However, Oz(blzg) is mainly formed

19
outside the discharge from Oz(alAg) by the energy-pooling reaction .

1 o 1_+ 3.~ '
202(3 Ag) > Oz(b Zg) + 02(x Zg). (1.14)[4.5]

In our apparatus, which isdescfibédin detail in Chapter 2,
this is the technique employed .for generating'singlet molecular

oxygen.

2 - Photolysis of.Ozone
One of the mechanisms suggested for the presence of singlet
molecular oxygen in upper and lower atmosphere‘is the photolysis of

20
ozone .

It has been shown that the irradiation'bf o:dnénzl’injthe region

14
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310 - 330 nm results in the formation of singlet molecule oxygen:

0, + hv(A = 310 - 330 nm) -+ 02(a1Ag or b12;) + 0. (1.15)

This reaction could be an important process in the lower atmosphere
‘ ' 22
where shorter wave lengths do not penetrate .
2
Irradiation of ozone 3 with A in the region of 210 to 310 nm

1 ) 1
appears to generate 02(a Ag) and oxygen atom in an excited state D:

o, + hw(A = 210 - 310 nm) - Oz(alAg) + o(lpy. (1.16)

3 - Photosensitization

The sensitizer used in this technique may be any one‘of a
variety of organic compounds, a dye or an aromatic hydrocarbon,
that can absorb radiation at suitable wavelengths then act as donors
in an energy transfer mechanism. Experiments for production of singlet
molecuiar oxygen in soluthm124are well documented but gas phase
experiments have not yet been fully tried. Steer, Sprung and Pitts
have studied gas—phaserphotosensitized oxygenations involving benzene
oxygen systems. Also in the gas phase 802 has been used?6’27 as a
sensitizer to prodqce singlet_molecular oxygen. Reactions of this
type haﬁe been thought to be resﬁonsible for the presence of singlet
molecular oxygen in polluted urban atmospheres.

4 - Laser Excitation

This technique is particularly useful for selective production
of the excited states. Furthermore, the narrow bandwidth of laser
sources enable particular vibrational levels to be populated. Tunable
28,29 '

1_+ 1_+
dye lasers have been used to produce Oz(b Zg) and Oz(b Eg)v=1‘

30 havé recently used a H_-VUV laser to .

Kohse-Hoinghaus and Stuhl 2

+
generate 02(1Zg) molecules in the photolysis of 02. A Nd-glass
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laser31 has been used to produce Oz(alAg)' from ground state

v=1

molecular oxygen.

(b) Chemical Methods

Singlet molecular oxygen is generated from mixed hydrogen

peroxide/sodium hypochlorite solutions:
0c1” + H,0, > €17 + H0 + 02:

Spectroscopic efidence has shown32 thaf both alAg and blz;
are generated according to the abo&e equation and in mgthanolic
solutions the efficiency of a 1Ag production abproaches ca. 80%.

This reaction is the original system from which the red
luminescence, now attributed to the dimol emissionlz, was first

34 have been used as a means

observed33. Since then various péroxides
of producing singlet molecular oxygen.
It has been showus5 that organic phosphites on interaction

with ozone yield adducts that on warming decompose to give phosphate

and singlet molecular oxygen:

. , o
- 7000 - /7 \
(CH O P+ O -70°C | (C4H,0) P 0
CHCL, \N 7/

0
VRN > =35°C 1
P= .
(CGH50)3P\ /o — (06H50)3: 0+ Oz(a Ag)
0

There are some other chemical methods for generating singlet

molecular oxygen for example the decomposition of superoxide ion

- : 36,37
02 or that of the peroxyacetynitrate in the presence of a base .



Methods for detecting singlet molecular oxygen can also be
classified into physical and chemical methods.

(a) Physical Methods

Physical techniques are usually appiied for the gas-phase
detection of singlet molecular oxygen; There are se&eral reviews5
which discuss the Qarious techniques used to detect singlet oxygen
in the gas-phase. Here, only the methods used are mentioned.

Electron paramagnetic resonance spectroscopy (epr) is used

for detection of molécular oxygen in the alAg statess.

Oz(alAg) is also detected by photoidnization techniquesg.
This detection method has had only limited application in singlet

oxygen studies because it requires a relatively large alAg/xsz; ratio,

and it is difficult to introduce the stream of excited molecular

oxygen into the spectrometer without collisionally deactivating them.

Emission spectroscopy is used for detection of both Oz(alAg)
and oz(blz;) states. Single molecule emission bands occur at 762 nm
and 1270 nm, reactions (1.8) and (1.9) respectively. For ﬁigh
concentratiqns of Oz(alAg){ as in dischargeé; the cooperatife emission
baﬁds at 634 nm and 703 nm, reac@ions (1.10) anﬁ (1.11) respectively,
can also be detected. This technique overcomes the limitations of
epr and photoionization methods which only permit the detection of
Oz(alAg).

Calorimetric methods40 have also been used to detect singlet
oxygen in the gas-phase. In this technique a thermal probe is
introduced into the gas flow, and the detection is followe& by
monitoring the amount of heat released wheh the excited states are

deactivated The disadvantage of this method is that it is not

17



selective to any particular state or species that are present in the

flow.

(b) Chemical Methods

In comparison with the physical methods the chemical methods
used for the detection of singlet molecular oxygen in the condensed
phase are limited since they haﬁe to be fast, specific to singlet
molecular oxygen, free from side reactions and easily analysed for
products. Of all the reactions inQestigated the system which.is
found most satisfactory is 1,4 cyclo addition of singlet molecular

. 41,42 !
oxygen to conjugated dienes . . For example:

: N
1 7N VRN
0 C ‘ . 0 C
n o+ | ———— | Il
C 0
v N/
\~C C
| / \

In this laboratory singlet molecule oxygen, which has been
produced by a microwave discharge, is detected by optical emission
using photomultipliers, this is fully discussed in Chapter 2.
Absolute concentrations have not been measured since the studies

carried out have only required comparative measurements.

1.3.5 Reactions of Singlet Molecular Oxygen

Singlet molecular oxygen can lose its energy.by tﬁe emiésibn
of radiation and by seQeral non-radiative pathways. The noﬁ-radiative
processes can inQolQe chemical reactions, energy transfer and physical
quenching. | |

(a) Chemical Reactions

The gas phase chemical reactions reporte& for singlet molecular
oxygen are the ones with ozone 5 and with olefinic 5 substances.

For example the reaction of tetramethylethylene (TME) with Oz(alAg)
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to form the hydroperoxide:

:  H.C . CH

H,C \\ ,/ He Y3 3
+ 02(a1Ag) —_— >c —c éoon.

H, c*’, \\‘cns H,C z \\*cna

Reactions of singlet molecular oxygen with a wide variety of
organic compounds have been studied and the reactions reported in the
32,43

literature are largely concerned with reactions of Oz(élAg) in

solution. These reactions will not be considered here.

(B) Energy-Transfer

During this process a second species becomes electronically
excited. An example of such a process is the reaction known as

"the energy-pooling'" where Oz(alAg) acts as an excited donor molecule:
1 / ‘ 1+ 3.- . '
—
202(3 Ag) Oz(b Zg) + Oz(x Zg)_ (1.14)[4.5]

This reaction was first postulated by Young and Black!? to

account for the concentration proportionality observed between the

two singlet states [Oz(alAg)]2 « [02(b12;)], in discharged oxygen

system.

Schurath44 has studied the energy distribution in the pooling

reaction at room temperature by observing the emission from several
vibrational leﬁelg of oz(blz;) and found that (2,0) transition to be
much gtronger than that expected from Bolfzmann distribution. This
suggests that in the energy pooling reaction Oz(blzg) is preferentially
formed in tﬁe §=2 level which is also the most nearly resonant reaction
channel. Howevér, Thomas and Thrush45 in comparing the energy pooling
reaction with a Qariety of quenching reactions, suggested that energy

pooling may take place by two parrallel mechanisms; one which
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involves long-range interactions and is nearly resonant, and another
involving short-range interaction; and giving a more statistical
vibrational distribution.

As will be shown later this is one of the areas in which the
discharge flow shock tube technique is uséd to study the nature of
the energy pooling reaction by measuring its.rate constant as a
function of température.

Another example for an energy transfer process is the reaction

of Oz(alAg) with ground state iodine atom46;

1 2 ) 3.~ 2
Oz(a Ag) + I(P ) —> Oz(x Zg) + I( P1/2)' (1.17)

3/2

In this process Oz(alAg) transfers energy rapidly to.I atom to form
2
the excited state I( P1/2)'
Recent studies47'have shown this is an important energy transfer

process in Oz(alAg) - I atom transfer laser,

(c) Physical Quenching

In this process the electronic excitation energy is lost by
non-reactive collisions in the gas-phase or by deactivating collisions

with surfaces. For a quenching gas M:
1.+ : 1 o .
O (bZT ) +M— 0 (a”A) + M (1.18)[4.20]
2 g 2 g ‘

and

1 ‘ 3
Oz(a Ag) + M — Oz(x Zg) + M, (1.19)[4.1]

In the last few years several laboratories have studied the
room temperature quenching reactions of singlet molecular oxygen,
reactions (1.18) and t1.19), and héve reported quenching rate constants
for these species. Howe&er, the theories presented to account for the

large variations seen in quenching efficiencies have not been congsistent.
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For example, Davidson and Ogryzlo48 studied the variation‘of the
quenéhing)rate constant of Oz(alAg) aﬁd Oz(bIE;) with the fundamental
vibrational frequency of the,quéncher'and found that the quenching
efficiency increased with increasiﬁg'ﬁalue of the fundamental
vibrational frequency. On the other hand Thomas and Thrush45
.haﬁing studied the quenching of both 02(a1Ag) and OZ(bIZ;) with a
Qariety of quenchers were able to show a common surprisal plot for
both species. This lead them to suggest, that although energy goes
into vibration of the products, resonant quenching paths are not
important so the quenching had to occur on the repulsi;e part of
the intermolecular potential.

The theoretical approaches to the quenching in these systems
are mainly developed for the quenching of oz(blz;) and can be
characterized in terms of long anq short range interactions. These
are mentioned briefly here, but are discussed further in Chapter 7
in relation to the results obtained in this work.

Ke#r and Abrahamson49 developed a thedry based on short-range
mechanism which enﬁisages an energy transfer when the molecules are
very close together, on the repulsive part of the intermolecular
potential energy curQé. Thé othgr theory presented by Braithwaite,
Davidson, and Ogryzlo50 considérs quenching as a long-range interaction
proéess, takiﬁg place between the trénéition dipole of the excited
molecule and the transition dipoles or quadrapoles of the quencher.
Both theofies assume that the electroﬁic energy lost by the excited
-state is the Qibratidnal energy acquired by the quencher. For a
near-resonance quenching process the temperature dependenées predicted

by these two théories are markedly different; the one based on short

range interactions predicts a positive temperature dependence whereas,
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long range interaetions predict a negative temperature dependence.
'Hence, a etudy of the temperature dependence could be_useful for
these quenching systems.

In comparison with the room temperature'studies the»high
temperature studies ha&e been limited both in the number ef gases
examined and the temperature range used. .Ogryzlo end co-workerg91:52
have studied the temperature dependence of’the quenching of oz(alz;)
by H2 and HBr, between 173 and 393 K, and found that the sum of the
two theoretical Qalues of the rate constants best fitted the experimental
result. Kohse-Hoinghaus and Stuhl30 haﬁe studied the temperature
dependence of the quenching rate constant of oz(plz;) for H2,_HC1,

NH3, CH4 and their deuterated analogs, between 200 and 350 K and found
that the rates increased with temperature and that they could be fitted
to the Arrhenius equation. . Meanwhile.Borrell and co-workerghlohaving

studied the quenching of oz(alx;) by 02, N_, CO_ and N_O over a much

2’ 2 2

wider temperature range were able to show that the quenching rate
constant for 02 and Nzhincreased with temperature in contrast to those
for CO2 and N20 which declined with temperature. This is interesting
because O2 and N2 are poor quenchefs of oz(blz;) at room temperature
whereas CO2 and N20 are efficient quenchers at room temperature.

These varioﬁs considerations suggesf that more work is requiredv
both theorctical and experimental to.understand the temperature
dependences of the quenching processes.in these systems and any studies
of the temperature dependence must be made err a large temperature

range. At present time the discharge-flow shock tube technique seems

to offer the best way of obtaining such resuits,
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1.4 The Discharge Flow Shock Tube

This thesis is concerned with the study of singlet molecular
oxygen in a discharge flow shock tube. In this section a brief,
history of the deﬁelopment of the technique and its adoption to study
singlet molecular oxygen is giQen.

A combined discharge flow shock tube was first constructed by
Hartunian, Thompson and Hewitt53 in 1966. They used an RF discharge
to dissociate nitrogeh, and studied the temperature dependence of the
afterglow recombination reaction.» Gross and Cohen54 h#?e used the
same system with a microwa&e.discharge to study further chemiluminescent
reactions. Breen, Quy and Glass55 then used an RF discharge to study
the vibrational relaxation of oxygen. and hydrogen. Later on they also
studied the reaction of hydrogen atoms with nitrous oxide.

The discharge flow shock tube system in this laboratory was
constructed in 1969 to study active nitrogen. Since thén it has been
developed and modified fugther for studying the quenching and reactions
of singlet molecular oxygen.

Our system differs from those used previously in the directioﬁ
of the flow; the gas flows along the shock tube in fhe opposite
direction to the shock, the facilities for pre~-shock analysis of the
concentration gradient along the tube and the use of the whole post-
shock regime for.the analysis.

The method has certain limitations for the study of the
quenching reaction rates of Oz(alAg) and 02(b122),

The reactions removing Oz(alAg), generated in the microwave
discharge, at room temperature must be slow enough so that an-
appreciable concentration of 02(a1Ag) is present along the tube;

then at the high temperature, the reaction must be fast enough to
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1
produce a measurable change in the concentration of 02(a Ag) within
the hot flow time of the experiment. As it will be shown later
(Chapters 5 and 6) for the quenchers NO, HC1, NH3 and SOz studied in

this work NH3 did not meet the second condition.

Fo? 02(b12;) generated in the flow, the cqndition to be
satisfied is that the two or mdre reactions which form andrremove
Oz(blzz), establishing a steady stafe,concentration, must haﬁe

"different temperature dependences. .From the‘quenchers‘examined in
this Qork SO2 did not satisfy the conditions (Chapter 6).

The apparatus and experimental techniques used are described

in detail in Chapter 2.
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1.5 The Aim of the Present Work

The present project was undertaken to study further the
temperature dependence of the reactions of singlet molecular oxygen
in view of pr'eviouslyg’loobserQed differences in behax.riour.

The discharge flow shock tube system was used to make
measurements of the rate of deacti?ation of Oz(alAg) and'oz(blzg)
both at room temperature and at high temperatures by SOz, NO, NH3
and HC1l. These quenchers were choseq because 6f.their different
quenching efficiencies at room temperature in'orderbto find out
whether the form of temperature dependency. will be consistent with
the previously obserﬁed temperature behaviour where the qﬁenching
rate constaﬁt increased with temperature for the least efficient quencher
at room temperature, while it,decreased with an increase in tempera£ure
for the more efficient quencher at room temperature. ‘Furthermore the
study of temperature dependence of the quénching rate constant over a
wide temperature range were clearly needed to help to distinguish
between the roles of long and short range interactions in the
quenching process.

Also further studies were carried out on the temperature 
dependence of the emission intensity of the three dimol emissions of
ozc.élAg) at 579, 634 and 703 nm. Since in an earlier study °’¢

an anomalous rise in the. intensity of the dimol émission was noticed

for temperatures above 1000 K.
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CHAPTER TWO

2 _ Experimental

2.1 Introduction

This chapter describes the discharge flow shock tube apparatus
used in‘these experiments to study singlet molecular oxygen.

In the discharge flow shock tube, the test section of the shock
tube is also the flow tube of the discharge flow system, and the -

apparatus can be used for discharge flow experiments at room temperature.

Inlthis chapter the discharge flow and the shock tube sections

are described separately. Also outlined are the tests carried out on
the measuring devices, to make sure that the readings taken are
accurate, and thét meaningful kinetic data can be obtained from such

a system. The chapter concludes with a standard procedure for

operating the apparatus.

A general view of apparatus can be seen in plates 1 and 2 and

a schematic diagram is shown in figure 2.1.

2.2 Discharge Flow System

Figure 2.2 shows the discharge flow section of the apparatus,
it consists of the microwa&e cavity, the flow-tube, system of f;ow_
meteré and pressure regulators, a mercury reservoir prior to the
discharge, a nitric oxide supply tube after the discharge and a
wood's horn light trap.

The discharge is produced in an air-cooled quartz discharge
tube of 10 mm i.d., powered by a 2450 MHz microwave generator

(E.M.S. Microtron 200) operated at 100 W power., The cavity (E.M.S. 214L)
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Plate 1

The discharge flow/shock tube, looking towards the driver section.

The flow tube, covered with black cloth, can be seen behind the low

pressure gas handling system. The transient recorders, timers and
the oscilloscope can also be seen. At the far left the high

pressure gas handling system is visible.

p iNn

. 11
Py m



Plate 2
The discharge flow/shock tube, looking towards the discharge.

console on the right houses the light screen detectors.

The

28
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is a l/ﬁ wave radial type, tuned for a minimum reflected power reading
of the microwave unit. The microwave cavity and the discharge tube
are situated in a Faraday cage about 1.6 m upstream of the observation
station. The flow tube is 5 m long pyrex tubing with i.d. of 5 cm
(Corning Ltd.). The discharge section.is protected from the shock
wave by a cutoff valve which shuts as the shock wave lifts the movable
cap. This prevents the mercury being blown back into the system and
also stops pieces of diaphragm material reaching the cavity.

The purified oxygen is passed over a clean mercury surface
before entering the discharge to remove atomic oxygen from the products.
A film of mercuric oxide is‘deposited after the discharge. The mercury
reservoir is frequently cleaned and refilled with fresh mercury. The
. absence of atomic oxygen in the flow is tested by addition of nitric
oxide to the flow immediately after the discharge. No deiectable air
afterglow was observed indicating that the flowing discharged gas was
free of atomic oxygen.

The pressure in the flow tube iswmeasﬁred using a pumped

diethyl phthalate manometer; the density of the diethyl phthalate was
3

measured as 1.1136 x 103 Kg m

2.2.1 Gas Handling System

Figure 2.3 shows a schematic diagram for regulating and purifying
the gases. The non-corrosi&e test gases are deli&ered from the cylinder
to pressure regulators (Edward VPC1l) using 6 mm and 10 mm nylon tubing.
The pressure.regulators are set to maintain‘the pressure in the
glassware system below atmospheric at ca. 720 mm Hg (96 KPa). Rotaflow
type (Corning Quickfit) taps are used to switch on and off the flowing

gas. The amount of gas flowing into the discharge and the flow tube

31
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is controlled by stainless steel needle valves (Edwards). After
leaving the pressufe regulators, the gas passes through a calibrated
capillary flowmeter. Then the gas is dried and purified by passing
through a molecular sie§e, type 4A, column (60 cm i 1.0 cm i.4.)
and the appropriate reffigerant traps. The flow in.the tube is maintained
by a water cooled pump (Edwards ISC 3000), A PTFE regulating val&e
(Corning Quickfit) is used to. isolate the main tube from the pump. This
valfe_is used to adjust the pressure in the flow tube. The total flow
into the tube is usually kept constant at 28 ﬁls-; at S.T.P. giving
linear flow velocity in thé range of 1.0 to 1.6 ms-1 depending upon the
total pressure of the flqw tube. |

For the cor;osive gases . the system had to be modified since the
pressure regulators were féund to be unsuitable for the handling of
corrosi?e gases. Figure 2.4 shows a schematic diagram of the systep,
constructed to replace the pressure regulators, which was situated in
a fume cupboard. It consisted of ; 4 dm3 inert PTFE sampling bag
protected from outside by another PVC bag. The corrosive test gas was
deli#ered from the cylinder to the PTFE bag using PTFE tubing. An oil
pump was used to evacuate the bag arrangement before int;oducing the
test gas. The bag was usually kept half inflated to make sure of a
steady flow into the main system.' This arrangement was found satisfactory
and no fluctuations were observed in the flow rate measured by the
ﬂcapillary flowmetérs as before.

The molecular sieves are regularly regenerated and dried by
electrically heating the columns £o 473 K., At the same time gas is

passed through the columns to sweep out the moisture.



34

uwingod payded
aAdIS Jejndajow

/T

dwnd -
wnd 10 ue 03 X - .
beq
Buyjdwes
ﬁ 3dld
L —

J3j3wMmo|} e 0} \ beq .o>n_

buigny 19pujkd
341d woJ} seb
| ] _—=— 3AI1S04402
JA|eA 93]S
ssajuie}s

saseb aAlIs04102 Jo ainssasd ay) 3jenbas 0} pasn waishs ay} jo weibeip d1jeWAYIS ¥ $°Z a4nbiy



35

2.2.2 The Capillary Flowmeters and the Calibration

All gas flows are measured with calibrated capillary flowmeters
fitted with diethyl phthalate and controlled with stainless stee;
needle valves.

All the capillary flowmeters are calibrated first with oxygen.
To calibrate a flowmeter the system is set running with oxygen then
the pressure rise for the closed system is measured for a given time
at Qarious flowmeter readings. The time is chosen such_that the
increase in pressure for the glosed system did not effect the flow
rate.

The timing (timed with a stop watch) was started when the main
pump was cut off from the system and stoppe@ when the oxygen flow was
switched off. Then the closed system was allowed to come to equilibrium
by fully opening the peedlevvalve which controlled the flow of okygen,
and the final pressure reading was taken using a mercury manqmeter.

The values measured were corrected for zero pressure which was obtained
by simultaneously shutting off the oxygen flow and the valﬁe to the main
pump.

. The volume of the evacuated closed system was measured by
expanding a known Qolume of air at S.T.P. into the system and noting
the pressure. The_Qolume determined thig way was 15,2 dm3. Hence,
from these measurements the rate of flow of oxygen at S.T.P. was
determined for a gi&en height of the flowmeter. A calibration graph
was plotted for each flowmeter. |

The capillary flowmeters calibrated this way are then related

to the rate of flow of the test gas M using Poiseulle's Law58:

2 2 (2.1)
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where ¢ and n
O2 02
respectively and ¢M and nMgfor'the test gas M, Table 2.1 gives the

are the flow rate and the viscosity of oxygen

viscosities of the various gases at 295 K obtained by plotting the

literature values of viscosity against temperature.

2.3 The Shock Tube

The shock tube used in these experiments (see figure 2.1) has
a 1.3 m stainless steel high pressure driver section separated from
the low pressure test section, the 5 m long pyrex flow tube, by an
aluminium diaphragm. The tube is of cylindrical cross section with
internal diameter of 5 cm.

The shock is produced by rupturing the diaphragm using helium
and nitrog;n.as the dri&er gases. When‘the diaphragm is burst, a
compression wave, which rapidly develops into a shock wave, mo&es into
the low pressure gas. The shock strength produced in.the tube increases
with the pressure ratio across the diaphragm and with the sound
speed in the driver gas.

A wide range of shock speeds, 0.8 Kms-1 to 1.6 Kms-l, were
obtained by Qarying the thickness of the aluminium diaphragms, 0.002"
to 0.004", and by adjustment of dri&er gas composition. Depending on
these conditions a bursting pressure range of 2.6 - 6.4 atmospheres
(2.7 x 102 to 6.4 x 102 KPa) was obtained corresponding to an overall
temperature range of 600 - 1500 K. The pressure in the driﬁer section
of the shock tube was measured by a Budenberg dial gauge{ a pointer
recorded the bursting pressure,

The observation station, at which the photomultipliers are
positioned, is 4.4 m from the diaphragm along the low pressure test

\

section (see figure 2.1) and the test gases enter at the end of the



Table 2.1. Viscosities of Gases at 295 K

Gas, M Viscosity, n/Kg_s_rlm-llo-5
CO2 1.51
NH3 0.99
NO 1.88
HC1 ' 1.43
SO2 1.26

Table 2.2. Quantums Efficiency of E.M.I. 9658B Photomultiplier

Wavelength, A/nm Quantum Efficiency 7
579 14.6
634 ‘ 11.2
703 7.8

762 5.0
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test section so that the direction of flow is in the opposite direction

to the shock wave.

The high pressure driver section and the low pressure test

section are left under vacuum when not in use.

2.4 Measurement Techniques énd Associated Instruments

The emissions studied in this work were measured‘with two
photomultipliers (E.M.I. 9858B) fitted with interfefence filters
(Balzer). The absorption cﬁaracteristics of each filter were measured
with a Pye-Unicam spectrohefer; ‘the details of these are discussed in
chapter 8; |

The two photoﬁulfipliers are positioned opposite each other at
the observation station 4.4 m from the diaphragm. One of the photo-
multipliers could also be moved along the tube as it rested on a slide
running in parallel to the tube. The track is 2.5 m long and is marked
out at 10 cm inter?als. This photomultiplier'is used for measuring
the concentration éradient along the tube whereas the other is kept
stationary at the obser&ation station to act as a reference: The
photomultipliers are situated in a housing which had filter holders
(8 cm from the cathode) with Variable glit sizes to control fhe
emission intensities. Figures 2.5 and 2.6 show the arrangement and
the alignment of the photomultipliers.

The same type of photbmulfipliers were used to monitor all the
emissions. Each photomultiplier was operated at thé voltage recommended
by the supplier, using Brandenburg 472 E,H.T, supply. The relati§e
quantum efficiency with wa?elength was taken from the manufacturer's

data given in table 2.2,



Figure 2.5 Photomultiplier and

housing
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The output from each photomultiplier is fed Qia a Qoltage
follower to.either a digital Qoltmeter (Solartron 7040) to meassure
the pre-shock value or to a transient recorder (Datalab 905) for the
post-shock measurement. A block diagram of the recording circuits
is‘shown in figure 2.7.

The transient recorders are triggered by the arriﬁal of the
shock front, they in turn trigger two oscilloscopes (Hewlett Packard
series 140) allowing the shock trace to be displayed and then
photographed. After each shock the digitalized data are transferred
from the transient recorders to a graphics computer terminal (Hewlett
Packard F2647) for storage on magnetic tape and subsequent computer
analysis. The 2647 can also be run .in conjunction with the University's
main computer, G.E.C. 4082,

The shock speed is measured by means of laser light screens and
is determined from the time téken for the shock front to tra§e1 a known
distance along the tube.

Two He/Ne lasers (Ferranti GP2, 1 mW; Rofin 7906, 1.5 mW) are
used. The beam from one of the lasers is split into two by a half
silQered mirror. The three beams. are passed §ia a system of mirrors
through the tube across the laboratory onto three light screen detectors.
The optical path is 5 m long and the beam hits the tube on an angle of
about 87°, The system of mirrors, the lasers, and the photomultipliers
are mounted indepen&ently from the shock tube frame so that any possible
Qibration should not interfere with their stability.

The change  in density at the shock front deflects the laser
beams causing a sharp rise in output from the photomultipliers. The
pulse is used to trigger a trigger unit (Hewlett Packard) to start and

stop the time interval meters (Vernner TSA 5536).
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Before each shock the adjustment of each light screen is checked
by monitoring the output on an oscilloscope.

It has been shown59

that both the reflected and the refracted
beams from the back of the shock front reinforce one another.

In these experiments the fundamental measurements are;
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voltage, time, pressure and speed so the quality of the results obtained

will depend on the accuracy of these measurements. Hence, periodically
checks are carried out to make sure that the readings obtained are
correct, '

The output voltage from the crystal controlled transient
recorders, oscilloscopes and the digital voltmeters was checked
against the output of a signal generator (Marconi TF2010) to make sure
that all three instruments gave identical readings for the same voltage
input. The time scale for the oscilloscope and the transient recorder
was similarly checked using the crystal oscillator in the timer.

The pressure along the flow tube was checked by means of two
dial gauges one at each end. No pressure gradient was observed along
the tube within the experimental pressure range of 2-12 torr.

The attenuation of the shock front was checked using an extra
light screen, 1 m froﬁ the diaphragm, and it was found that the
deceleration is less than 1% per metre.
| The rise time of the detector was checked using a square wave
generator coupled with a light emitting diode, L.E.D.. The rise times
of less than 5 microseconds were found for anode load resistor of
51 Kohms, The rise time of the anode circuit depends on the resistor
load such as; high resistor load gi&es large voltage output but long
rise time whereas, a low load gives shorter rise time but poorer

voltage output. For shock experiments the rise time was determined

by the slit width.
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2.5 Hazards

Hazards which may be encountered in operating the system are;

(a) Microwave. leakage, this was reduced with surrounding

the discharge by a Faraday cage.

2
(b) The high pressure section was operated up to 6.5 x 10 KPa

pressure to prevent any structural damage. The glassware used on the

low pressure side was wrapped with sellotape to reduce the risk of
flying glass in case of an accident. Manometers were provided with an
overflow volume to prevent any spillage if the system is accidently
overpressurised. The gas.cylinders were checked for any leak

'

especially the driver section to prevent the tube from firing itself.
(c) .Hydrogen was not used as a driver gas since there is some

danger of explosion when driving into oxygen, especially in the presence

of an electrical discharge. Corrosive gases were trapped by

appropriate refrigerants hefore reaching the pumps and disposed of

later by means of a water-pump.

(d) High voltage, low impedence sources such as photo-
multiplier supplies were earthed for safety and also to reduce mains
pick up and stray inte?ference.

(e) Staring into the laser beam or viewing it directly with

optical instruments was avoided.

!

2.6 Standard Experimental Procedure

The following procedure is carried out for a typical experiment;
any modifications to this routine are described in the appropriate
chapter.

An aluminium diaphragm of the desired thickness is positioned

between the driver and the test section and both sections evacuated
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thoroughly. Oxygen flow is switched on and adjusted to the required
flow .rate. A dewar of liquid nitrogen is placed around the tfap on
the oxygen line.  The downstream pressure is set to about 6 torr
which is measured using the diethyl phfhalate manometer. The
discharge is started with a tesla coil, the power is adjusted to
100 W and the cooling air . is éwitched on. Then the overhead lights
are switched off before turning on the E.H.T. ﬁhotomultiplier power
supply. The system is left to stabilize for at least half an hour.

The fall in emission of Oz(alAg) or oz(blz;) is measured, using
the digital voltmeters, along the tube by means of. the travelling
photomultiplier. Then the quenching gas is switched on, entering the
flow tube just after the dischargé. The flow rate of the quenching
gas is adjusted to the required value relative to the flow rate of
the oxygen. Again the system is left to equilibrate and the emission
fall is measured along the tube.

for the shock measurements the two photomultipliers are placed
opposite one another at the observatién station and the emissions
measured simultaneously. These recorded Qalues are known as pre-shock
glows. The lasers are switched on and the light screen detectors are
adjusted for optimum sensitivity. 'Now the photomultiplier outputs
are disconnected from the digital voltmeters and are plugged into the
transient recorders where thé sweep speed, voltage sensitiiity, and the
delay time are set for the expected shock speed. The transient
recorders, time interval meters and the trigger units are armed.
Finally the flow rates and the total pressure are checked and the tap
to the manometer is closed.

The‘vacuum pump connected to the driver section isvisolated

and the driver gas or gases are let in at a steady, fairly slow rate.
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When sufficient pressure has been built up the diaphragm bursts and
the shock is then propagated into the flowing gas. The driQer gas
inlet is immediately closed after the shock is fired. After the
shock the dischargé is switched onto the standby position and thg
photomultiplier voltage zero corrections are checked.

Before the overhead lights are turned back on the gases,
high voltage suppliers and the lasers are switched off. The times
are recorded for the determination of the shock speed and the emission
traces are photographed. The recorded shock trace data is then
transferred from the transient recorders to the graphics computer
terminal for storage on a magnetic tape and later analysis.

The diaphragm is replaced by opening the high and low pressure
sections to the atmosphere via the driver section and for the.next
experiment the entire. procedure is repeated from the beginning.

Both sections of the shock tube are regularly cleaned using

cotton wool soaked.in ether, followed by thorough pumping.
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CHAPTER THREE

3. Shock wave theory and production of High-Temperatures.

In this chapter the nature of shdck waves and the associated
phenomenalin gases are briefly discussed. The basic equations for
a shock wave in an ideal gas; having heat capacity independent of
temperature, are derived by consideration of physical laws governing
the flow. The equations obtained are modified for a real gas and
the shock front conditions are determined from the knowledge of the

shock velocity and the initial state of the gas.

3.1 Formation of a Shock Wave

A shock wave is a moving pressure disturbance in which the
pressure amplitude is very much larger than that in a sound wave, and
whose velocity is much gre;ter than that of a sound wave.

The formation of the shock wave is best explained by
considering the expanding driver gas as a piston accelerating from
rest to a constant velocity, u, by small increments, du, in a short
but.finite time, where u 1is greater than that of the sound speed, a,
in the cool gas.

For the first increment du, a weak compréssion wave is propagated
moving into-the low pressure region with velocity a. With the piston
acquiring the second velocity increment . another wave is deQeloped which
is. travelling Qith a faster velocity a + da; since it is.going
through a slightly heated gas. After mani such successive évents the
piston gains.its final velocity‘u and the compression waves coalesce
to form a shock wave moving with velocity, vs, ahead of the interface

between the driver and 16w pressure gas. Between the shock front
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and the drivipg piston is a column of gas of continually increasing
length, flowing with the velocity u of the piston.

The collision processeé cause the change in the gas flow
velocity across the shock front. The change of this directed kinetic
energy into random kinetic or thermal energy is accompanied by an
increase in entropy, AS>0 and the irreversible process raises the
state of the shocked gas‘above that in an ordinary isentropic compression,
AS=0. However a knowledge of these irreversible collision processes
is not neceésary for the determination of the conditions of the shocked

gas since for a gas the entropy is only a function of its thermodynamic

state.

3.2 The Wave Pattern in a Shock Tube

A schematic pressure Ariven shock tube and the accompanying
wave diagram is shown in figure 3.1. This time-distance plot éhows
the flow pattern which occurs after the rupture of the diaphragm.
The incident shock wave moﬁes at constant velocity into the low
pressure gas until it is reflected from the end plate, while a
rarefaction wave spreads out into the high pressure section at
the sound speed of that gas. The rarefaction head is also reflected
from the end plate of the driver section, accelerating‘as it passes
through the fan, but now trayelling into a gas which is going down the
tube with a final velocity-greater than that of the incidént sh;ck
waQe.

Also propagated simultangously from the diaphragm is the
contact surface, the leading édge of the expanding driﬁer gas,
moQing with a velocity slower than that of the incident shock waﬁe.

The gas particles behind the shock front travel with velocity of the
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contact surfacé, their travel paths can be shown by lines parallel
to that of the contact surface.

The observation of the heated test gas is done during the hot
flow time, the time between the arrival of the shock front and the
contaét surface, which depends upon the léngths of the two sections
and the properties of the gases used.

The duration and shape: of the shock wave produced in a shock
tube is determined by wall effects and by the length of the high pressure
section. The.latter parameter enters into the problem because the
reflection of the rarefaction from the end of the tube produces a
stronger rarefaction which eventually o?ertakes and attenuates the
shock itself. The effect of the wall60 on shock velocity becomes

reasonably small if the diameter of the tube is greater than about

5 cm,

3.3 Derivation of Shock Front Conditions

The basic equations of steady gas dynamics are deri&ed on the
assﬁmption that the flow is steady. Hence, the aﬁount of mattef,
momentum and energy flowing per ﬁnit time into the control‘Qolume
'(see figure 3.2) at, A, must be equal to the amount leaving the
control volume at, B, The control volume also includes a shock waQe
shown by the dashed line.

For the purpose of ha&ing a shock wave normal to the flow
the control planes A and B are set arbitrarily close to either side
of the shock wave. Assuming that the material immediately behind the
shock front is in a state of thermodynamic equilibrium, the transition

is described by the equations of conservation of matter, momentrum

and energy.
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Figure 3.2 Control volume for derivation of

steady-flow equations

Figure 3.3 Flow through a uniform shock wave

Stationary
shock wave

- u, { U, -
5%, | %
R>F Py
T.>T, T,
h2 > h1 hi

shocked " unshocked
state state
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The amount of matter transported across unit area per unit
time is-the produét of'flow.velocity u and density p, and for

conservation of mass; e

~ -2 -1
pu, = P U, . \[ngn sec "] . (3.1

The momentum transported across each plane per unit time is
the sum of the pressure P and the flow momentum puz. Balancing

the forces: - ‘ o

2 2 -2 -3 B
: = = = 3.
PyYy * P; PO P2 [Pa = Nm Jm ], (3.2)

The energy is transported as flow,pu2/2 and as thermal energy,

h.' Hence, for unit mass across a control plane the conservation of

energy requires;
h. + Pu 2/2 = h_*+pu 2/2' [JKg-I] | : (3.3)
1 1 2 2 :

where h is the specific enthalpy. Subscripts 1 refer to the unshocked
.state and subscripts 2 refer to the Shogked state. The coordinate
system in which tﬁe velocities are given ié assumed to be moving .
with the shock front as shde in figure 3.3.

To solve for thé four variables additional information is
obtained from the ideal gas equation and the épecific enthalpy és a

function of temperature. For an ideal gas;

P = pRsT : . (3.4)
where T is the temperature and Rs is the specific gas constant given
by

R, = 10°R/M (kg ! 7Y (3.5)
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where M is the average molecular mass in Kg mol_1 units. Therefore,
the ideal gas equation can be rewritten as:
3 7 ‘f:- S
P = 10 pRT/M. © [Pa] (3.6) .
Also for an ideal gas the molar enthalpy, H, is given by:

H = Cp(T) 31 3.7

where specific heat, Cﬁ' is constant at short times or low temperatures.

The molar ehthalpy is related to the specific enthalpy, h, by:

a

ﬁ(T) = 103H(T)/ﬁ.- [JKg'lj (3.8)

The values of H as a function of temperature are known from thermodynamic

s
.

tables.

If preséure, density and temperature for the unshocked state
are known, the speciiication of the shock strength is sufficient with
the abo&e equations, to determine t#e equilibrium state behind the
shock front.

By eliminating all variables but pressﬁre and deﬁsity from

above equations, the relationship for an ideal gas is:
P /e, = (o, - w20/, - uZo) 3.9)
= pz K pl 01 M 92 _ 3.9

where

Pz = (y - 1)/(y + 1) o (3.10)

and vy 1s the ratio of specific heats Cp/Cv. For an ideal gas the
specific heats at constant pressure and constant volume are independenf-
of temperature. Similarly the expression for the equilibrium temperature

behind the shock front for an ideal gas is:



. 2 2 .
.T2/T1 = (PZ/Pl)[(Pl +u Pz)/(l:'2 +n Pl)]' (3.11)

_ . . _ _
The common practice is to express these expressions in terms

-0of Mach Number, Ms
M = v /a . o (3.12)
s . 8

where vs is the shock velocity and 2 is the speed of sound in the

test gas, given by:
- . _ %_ . .
a = (yRST) . (3.13)

Substitdting for Ms in the expressions for the ratios:

P = P_/P

2 : : :
01 2’1 {[2YMs - (Y -DI/(y + 1)} (3.14)

Tor = ‘Tz/T1‘

2 - (v - D/ s DI}

2 2
{tey - 1)Ms + 2)/0(y + 1)Ms 1} (3,15)
A similar expression can also be written for the density ratio:

‘ - 2 2
Py = pz/p1 —\ [Cy + l)Ms 1/0C¢y - 1)Ms + 2]. (3.16)
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. Therefore for an ideal gas by evaluating, 'a, from equation (3.13)

for the usual laboratory ambient temperature and the measurement of the

shock velocity values of P21, T21

(3.14);'(3,15) and (3.18). So having measured the initial conditions P

Tz, and p2 the conditions behind the shock front can be determined.

and p21 can be obtained from expressions

2’
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3.4 Modification of Shock Parameters for'Gases‘with‘Active Vibrations

’The shock parameters determined from equations deri&ed in the‘
previous section are only true for gases having-constgnt_specific heats
such as; monatomic gases, frozZﬁ gases and for weak shocks iﬁ’some "
“diatoﬁic and polyatomic gases.

In the ;frozen' shocked gas it is assumed that thg translational

and rotational degrees of freedom are relaxed together with the weaker

fvibrations in a polyatdmic moleéule,‘ In this case:

h2 - h1 = cp(’r2 - Tl) | ‘ (3.17)

where Cp only cdnfains éontribufiqhs from the acti&e degrees of freedom
and is constant with temperature‘gence the  procedure becomes the same
as before.

If the temperatufe risé in the shock encompasses a region in
which vibrations becbme active such that the aftainment.of equilibrium -
within.the vibrational levels is much_slower than that of the
translationai and rotational degreeg of freedom, relaxed gas, then
enthalpy containé contributiqns from thé vibration and is no longer a

simple function of the temperature:
h = £(T). ' , : (3.18)

In this case the shock equations can nof be solved explicitl&
and an “iteratiQe préquure is used to determine the shocked gas
'conditions. The method’requires the knowledge of tﬁe‘temperature
dependence of the enthalpy for the ipdiyiduél gases. This is achieved
by polynomial curve fitting fo the H(T) values obtained_from J.A.N;A.F.'

tables;

H = a + bT +lcT2 + dT3 B . o . (3.19)
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: The éhock parameters- are initially obtaineé_for the frozen state.
using eéuations @B14), (315) and 616) then these values in conjunction
with the coefficiéntsuobtained from equation 319) are used as the
“starting valueé for the iteratidn process.:"The,difféiencé obtainéd-ﬁ
in the enthalpy is‘then used to make ngw;estimatéd values_for
temperature, pressure and density behind the shock.froﬁt. Tﬁis
completes the/first iterati on.and a new one starts to éalculate
the enthalpy difference for the new estimated temperature. : The
process stops when consistent. values are obtained for the conditions
behind the shock front.

Non uhiform flow, causea.bé the fqrmatién of boundafy léyer behiﬁd

g - 4 ,

the Shock'front, can also give rise to changes -in the density~énd
temperéture. Pedleys?'studied the.buildup of a boundary layer in our
systém, and suggested that the effect is reasonably small and can be
ignored. In this s;u&y, no corrections were made for é;ther the
boundary layer or the shbék atfenuation effects in the.temperatufe and:
density behind the shock front sincé.their ﬁresence in the present
apﬁaratus was sﬁowﬁ?g to be negligible.' |

The shock parameters, for both the frozen and the relaxed states
are determined by computer for our system. The program is.adopted
from Millikansz. |

For eferyday.;se ofrfinding shock parameters for each experiment
a tablé of .T

and. P, was compiled for .the expected range of M.

2’ Pa3 1

s

The_values of the computed shock paramgters.uéed in the
determination of the shocked gas behaviour gave results which agreed

with the predicted models (Chapter 4) hence confirming their validity. .

1
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3.5 ;Laborétory and Gas Particle Times

Figure 3.4a shows the coordinates known as Laborétory
coordinates for a‘fixed obéervafion station.c In the laboratory
coordinates the.shock wave .is mo;ing with velocity Qs into stationaryﬁ
test gas and the gas particles are'following the shock front with
velocity vpff Therefore{ the gas being observe@rat the‘obser§ation
station‘has acfually been at the shock condition for a longer period
than which the observer sees. This effect is known as the compression
of the observation time and is illustrated in figure 3.4c. )

?he particle time, t;, is the time taken for the gas particles
to re#ch the observer, during whicp_the gas has travelled fhe distance -

vt and the shock wave vstp. The laboratory time, is the time

tL’
since the shock has passed the observer travelling the distance

L Thus; N

vt
s
s p PP s L ‘ . (3.20)

e = - : \. (3.
tp/t Vs/(vs vp). . _ .( 21)

Now for the shock fixed coordinates (see figure 3.4b) the flow

velocities are;

Uy TV _ s I (3.22)

u

9 (vs - vP). T | : (3.23)

'

For conservation of mass across the shock front,

ul/ué = ‘pz/pl‘ e e . (3.1)

hence it follows;

tp/tL = p21 | - (3.24)
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Figure3.4 Coordinate systems

(a) Laboratory coordinate .
‘ shock front

Ve g > Vg

shocked test gas test gas

(b) Shock fixed coordinate
o shock front

u,= (vs-vp) — ' — Uy= Vg

(c) The compression of the observation time

point at which present position  present position
gas is shocked of shocked gas of shock front
- Y h 4 ) 4
! observer !
I ! !
" R
Ik— Vstp | 1 ’:
: | : o
i
e vt Hle—vst —
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and
Vp ,= Vs(l - 1/021). | SR (3.25)

- €
C R
Therefore, ‘when rate processes are measured, the time measured

in the laboratory should be multlplied by the dens1ty ratio across the

shock front to obtain the true rate’ referred to the gas molecules
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CHAPTER FOUR

4, The Kinetic Analysis of Reaction Profiles

In this chaptér fhe kinetic equations are dg&eloped which
describe the collisional qﬁenching Qf the two exqited singlet states
of molecular.oxygen; 02(a1Ag) and Oz(blzg) ig both the foom tempefature‘
and in the high temperature stu@ies of 634 nm and 762 nm emissions._
Also ouflined is thg computer program, based‘on these equations, thchr
ié used for the analysis of the shock regimes.  The chapter concludes

with a discussion on the reliability of kinetic data obtained.

4.1 Room Temperature Kinetics

Kinetic equations are derived for the determination of the

) +

rate constants for collisional quenching of Oz(alAg) and Oz(blzg)
by an additive, M, at room temperature by monitoring the emissions of

singlet molecular‘oxygen at 634 nm and 762 nm in a flowing discharge.

- - 1
4.1.1 The Collisional Quenching of O_(a A )
Q g 5

Oz(alAg)“is generated 1.60 m upstream of the observation
station in the discharge and removed by collisional quenching and

wall deactivation:

-

1 kﬁ : 3 - |
0 Gr)y + M—3 0. (x°s7) + 1 : (4.1)
2 g - 2 g
K, :
o (ald ) + Wall — " 0_(x°z7). . (4.2)

Oz(alAg) is also femoved‘by emission of radiation by the dimol emission.

(4.3), by the single molecule transition.(4.4) and by the energy

"pooling reaction (4.5);
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1 o . 3_- : s .
20,(a’d ) — 20,(X 1) + By (4 = 634 mm) (4.3)

1270 nm) (4.4)

e . 3 _ ,
0,(a7h) —— 0,(xI) + hr\) (A
kK ©

L, 1 P L i 1o+ 3.~ E
202(a Ag) Oz(b Zg) + Oz(x Zg). (4.5)
Reaétions‘(4.3) and (4.4), the forbidden radiétive processes,
5 : "
are very slow in comparison with reactions (4.1) and (4.2). The
loss due to the energy pooling reaction (4.5) is insignificant under
our conditions where the concentrafion of Oz(a;Ag) is low63. '

Therefore, the rate of change of Oz(alAg)vconcentration.is determined

by reactions (4.1) and (4.2) and can be written as:

1 w1 - 1
410,(a78)1/8t = = ky[0,(a A ) IIM] = Ky [0,(a"4 )] (4.6)

- 1
- kd[Oz(a Ag)]

where ké is the overall péeudq first order rate constant for fhe
deactivation of 02(a1Ag).

It has been shown by.Whitlow'and'Findley64 that the.intensity'
of the dimol emission varies with tﬁe square of thg concentration of

1
. Oz(a Ag).

634 ‘ 1. .2
I « [Oz(a Ag] .

Experiments, in which the emissions froh Oz(alAg) at 634 nm and 1270 nm

are compared over a range of pressures, have verified the squared

relatiqnship in our sysfem;s.

In the flow tube there is a decay of excited state molecules
_along the tube., By monitoring ?341 along the tube the first order.

decay constant, o for the dimol emission is obtained:

L!

634, 634, | 1 1 _
1 "% = 2 1m0, T a0 1/10, T 01 = o1 4.7)
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€

where 63410 is the emission intensity at the refefence station and

6341 is that at a point along the tube, distaﬂce L, from the reference

statidn.
: . . ¢

Therefore, from equation (4.7):

1 1 L _
[02(a Ag)] = [02(a Ag)loexp(-aLL/z) , (4.8)
T ‘ . o .1 _ . | .
q;oz(a Ag)]/dl = (-aL/z){[ozga Ag)]oexp(-aLp/z?} (4.9)

1 = 1 )
d[02(a Ag)]/dl = (.uL/Z)/[Oz(a Ag)]. } (4.10)

The decay rate in equation (4.6) is related to that with

distance by:

d[Oz(alAg)]/dt = d[Oz(alAg)j/dl x di/dp o (4.11)
where dl/dt is the 1ine#r‘flow velocity,‘v. IHence, substituting in
equation (4.11): | |

d[o (alA )1/dt ; (—& /2)[0 (alA Ylv ' .(4.i2)

2 g L 2‘,g .
;nd from équatioﬁs (4.12) anq (4.6) it follows fhat

t o m ""0' ‘ ot .
k] av/2." (4.13)

The deactivation éfog(alAg) is méas;red aléng tﬁeitube by
observing the éhange“in the intensity of the‘dimol emission as a
funct;onydf.lengfh. In‘practicé it is e;siéf fo follow the
comp$¥ative1y intense emission (see page 67).from 02(612;) which also

: 59 ‘ :
has been shown to vary with the square of 02(a1Ag) concentration

From equation (4.8) is follows:

1, .., 1 ~ _ |
1n [02(a Ag)]/[Oz(a Ag)]o = (-aL/Z)L : (4.14)
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defining equation (4.14) in terms of emission inténsity:

n 634I 634I

o

g 1

/ (-%KQ)L ’ (4.15)
. : .

7621 (—aﬂQ)L, ' (4.16) -

o

2
or In 76 I

/

The slope of the ln plot of intensity against distance should give
the value of aL. ké is then found by multiplying the decay constant
by the linear flow velocity of the gas along the tube.
From equations (4.6) and (4.13), ké for oxygen alone:
. 0 '
k' = o.v/2 = k. 2[0.]+x° (4.17)
d a2 W ; ’

and for oxygen plus an additive M:

0 2 M ’ v
! = = '
kd aLv/2 kd [02] f_kd[M] f kw (4.18)
therefore, for constant 02 concentration:
pkt = kM) o+ o - k) (4.19)
d d kw w )
° and k  are the wall deactivation rate constants in the

wﬁére ky W
absence and preéence 6f M.

Hence, from equatidh'(4:19)'the second order rate constant,:
kg, for quenching of Oz(alAg) by M can be determined for a set of
values of Aké at a k?own [M]. - : ’

,Eigure 4.1a shows the variation of emission 1ntenéity as a
function of‘distaﬁce albng the tube for oxygen and_oxygen plus
quencher M, for M = HC1l. The differeﬁcé in tﬁe slopes provides
the value of Ak&vin combination with the linear flow velocity.

Figure 4.1b shows a plot ;f Aké aéainst [HC1] which»is a

straight line plot passing through’the origin, indicating that the

intercept is zero and that the deactivation at wall should be almost

]
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». Figured.1b A plot of first order rate constant, | Ak;, VS, [M]
The slope gives the second order rate constant, k| for the
quenching of 0,(a'ag) by M, M=HCI

A ké/s"




the same in the presence and absence of the quencher. Therefore,

. : "
the gradient gives the value of deI directly.
The values of kd2 and kw have been measured previously63
P :
(.

and during the/breSent study these were frequently checked and
found that the agreement was good. This is discussed further in

chapter 5.

4.1.2 The Collisional Quenching of Oﬂ(blzgl
02(b12;) is produced from the energy pobling reaction (4.5)

and is deactiﬁated by collisional and wall quenching:

202(a1Ag) S, oz(blz;) + 02(x3>:;) (4.5)
1_+ ' kﬁ 1

Oz(b Zg),+ M—— Oz(a Ag) + M v (4.20)
1+, kw : 1 3 - -

0,(b'}) + Wall —'— 0,(a'8_ or X'I) . (4.21)

and also by radiative prééess:
1.+ ) 3.~ :
Oz(b Zg) —_— Oz(x Zg) + hv (A = 762 nm). (4.22)

In the presence of an additive, M, fhe copcentration of
02(b12;) at any point along the tube is determiped by the steady
state between reactions (4.5), (4.20) and (4.21). Compared with
these reactions the radiative emission is ver& slow5 and can be

ignoredé“ Hence, the rate of change of Oz(blzg) concentration is

given by:

1

1_+ 1 2 M T
d[02(b Zg)]/dt = kp[02(a ég)] - kq[02(b L )I[M]:

1

- kw[Oz(b z)]. (4.23)

R + @ +
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1

For a steady flow the concentration of Oz(b Z:).is constant so
: L

d[02(bIZ;)]/dt = 0. Hencg, reafranging equation (4.23):
1.+ SPEC DU R §
[0, (67201 = {k [0, (a7A )17/ Cicy [M] +.‘kw):‘}" o .2

For oxygen alone equation (4.24) can be rewritten as:

[0:( ) )]2/[0.(b12+ -";02 0.1 + k%) /k 4.25
| 2'a g1 /1% g)J = ( a [:2.‘ Y o (4.25)
and for oxygen plus an additive M:
1, .2 1+, 0, M o
[02(a Ag{] /[Oz(? Zg)] = (kq [02] + kq[M] + kw)/kp (4.26)

since; - : ' T

762 1+
I« [oz(b”zg)]

and .

634_ - 1 2 .
I« [0,(ad)]" *

equations (4.25) and (4.26) can be rewritten in terms of the respective

emission intensities, I, as:,

2 o o
(0,0 + kg /k, (4.27)

-
1l
-
(<]
~
-
I

= a'(k

a'(k

=]

~

1~
i

S 2 M ‘ )
Ty = ; . [0, + K [M] + k) /k (4.28)

e O a O

where a' is a constant.

Combination of (4.27) and (4.28) gives the linear expression:

f(¢M,¢;) ={(k

2 O

2 o o o,
[0, + kg (8 = 0/} = ey =k (4.29)

=k

Q=

[M].

In expression (4.29), kw and k; are the wall constants in the

presence and absence of M and are determined from equation (4.30)

Al
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given by Derwent and Thrush65 :

k, = 1/{lr (Pl/PO)]/(SDO) + (2r/yc')} (4.30)

[

€
where r is the radius of the flow tube; D is the diffusion

coefficient of 0 (b Z ) at atmospheric pressure, P ; Y is the wall
efficiency; P1 is the downstream presgure; ~and c is the mean
velo¢ity of 02(b122). The values of qu is also known9

Therefore, thg quenching rate constant, kﬁ, can be determined
from expression (4.29) for a set of measured vélues of ¢° and ¢M at
a known [M], see figure 4.2; an example of a plot for HCl. The plot
is iinear passing through the origin so the slope gives the raté
coﬁétant forvquenching directly. »

The emission of 0 (b 2 ) may be used to follow the concentration

of O (a A ) since from equation (4 24):
1_+ 1 2

[OZ(b Zg)] « [Oz(a Ag)]

hence, for a constant oxygen pressuré;

762I « [02(b12

';)JG[O(aA)]

Figufé 4.3 shows a first order plot of the decay of 02(a1Ag) along
the tube by observing both the Oz(blzg)‘and the dimol emission. This

illustrates that both have identical gradients.

4.2 High Temperature Kinetics

The kinetic equations are derived along the same lines as at
room temperature but the rate constants now refer to reactions taking

place at the shock temperature in particle time.
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4.2,1 The Collisional Quenching of On(a;A )
. < L
Analogously with (4.6) the concentration change for Oz(alAg)

at high temperaturé in particle time, tp, (seg section 3.5) is;
aro, as y1/at_ = - kMo, (a¥A y1mM] - Kk [0, (a%8 )1 (4.31)
2 g p d-"2 g wtog'd g’ " :

The wall constant,‘kw, at the shock temperature, Tz, can be ignored
since the increase in pressure and temperature render it insignificant

compared tolkg at T,. So integrating equation (4.31):

2 o
. o
[0,(a8 )1, E .
: P - p
1 ' 1 M
— -, a0, (a Ag)] = - kd[M]dtp
[0, a"8,)]
1 R Y .
10521 R
t 41 E 1 . M .
1n[02(a Ag)]tp/[oz(a Ag)]O = -kd[M]tp
[0,(a8,)1, /[0,(a"A )], = exp(~ Kk [MDt . (4.32)

wyere [dz(alAg)]O.is the gonqentrgtion at any point in the tube |
immediately after the shogk and Foz(alAg)!t is that afte? time tp"
The Yalue of [Oz(alAg5]O aL;o'varies with &gstance albng the‘tube

inrthe pre-shock flow due tolﬁhe congentratiqn gradient and this appears
és f va?iation ﬁith timg\in the post-shock flbw; [Oz(alAg)j0 is then.
relaéed to t#e initial post-spock ?ogcentration Qf Oz(alAg) ?t thg

observation sfation, [Oz(alAgflg by the first order decay equation:
[o.(alA 31 = [0.alh 31°  exp(- a.t /2) (4.33)
27 g0 2°% Tg'lo - TN e’ - :
and so:

1 1 o _ M ' " |
[Oz(a Ag)]tp/[oz(a Ag)]0 = exp(- kd[M] - at/2)tp. (4.34)
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Replacing the concentration ratio with the intensity ratio for the

‘ 634
same photomultiplier and noting that the emission intensity, I,
varies with the square of Oz(alAg) concentration:
634, 634 0 .M | SR
= - - t 4.35
It / I exp( 2kd[M]} at) o ( )
p .
634 634_o M :
1n Itp/ Io = - (de[M] + at)tp, IR (4.36)

Therefore the rate constant for the quenching of Oz(a Ag) can
be determined by plotting the measured intensit&‘against particle
 time and‘measuring the increase of the gradient from that of the

pre-shock values, o., figure 4.4. t .

L’

The pdst-shock decay, o is related to the pre-shock decay

t’

by considering equation (4.10) representing the

constant,‘aL,

change in:concentration of Oz(alAg) along the tube at room temperature{
dro_(ata S]/dl = (- o /2)[0.(atA )] (4.10)
2 g - L 2" Tg’7" :

In a shock tube, the post-shock deéay mirrors the concentration
gradient of Oz(alAg) before the arrival of the Shoqk provided that no
reaction occurs during the_time it takes the shoék heated gas to pass
the observation station. In other words, one obtains a snapshot of
the condition of the gas upstream as it is swepf past the observation
station. . N

By‘analogy with (4.10) the concentration change for Oz(alAg)

at high teﬁpérature in particle time, tp, is: .

]

1 1
a[o,(a"a ) 1/dt (T 0, /2)10,(a"8 )] (4.37)

1 ‘ 1 -
0
d[ 2(a Ag)]/dtp d[Oz(a Ag)]/dl x dl/dtp (4.38)

where dl/dtp is the particle velocity (see section 3.5). From

equations (4.37), (4.10) and (3.25)it follows:
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Figure 4.4 Measurement of the rate of quenching ot Oz(a‘Ag)‘

behind the shock front

slope, 2k"! [M] + o

0)

In(*1y, /fun

particle time, t,
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- 1, o : e 1 o
a0, 1ar, = v/ ‘1/921)[02(a‘Ag)]‘ (4.39)

-

o, = Ve -1/, 0. t N . - (4.0
[ ) ’

The measured pre- and post-shock slopes, corrected for shock .’
compressioh,‘afe.similar if there is no appreciabie deactibation of
Oz(alAgj'at the high temperature during the observation time. Hence

for
o] << v oo (1 - 1/p..)
ckgltl == v b = Mhyy?

equation (4.35) reduces to:

634, 6340 . v . -
Itb/ Io = e*?‘f'“ttp)‘-:. . (4.41)

If the dimol emission reaction is a simple collisional process,

then the immediate postQEhock emission inténsity from the heated gas;

634 o 634

Io,'cén be relafed to that'frbm'fhe cool gas;' 'Ipsg; by:
6340 634, 634, 2 _ %
o Tg= KB e Par Taa (4.42)

where 634K ié a constant for any enhancement in the emission with rise
'in temperature and would be, unity in the case of a simple collisional
process}f 

Combination of equafion (4.42) and (4.35) relates the observed

~ - .
post-shock glow at the observation station, 634It , to that observed
. , p -
pre—shock,~6341 :
psg
634 634 634 2 3 M '
I = K - - o)t . .
. tp _ Tosg 021 ’1‘2‘1 ;exp( zgd[M] | t) p (4.43)

If there is no appreciable deactivation of Oz(alAg) at the high .

temperature then equation (4.43) reduces to:

634 634, 634. 2 _ 3} '
= , -—a.t). = (4.4
Itp : K psg Poq T21 exp( o p) (4.44)

e
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Equation (4.44) predicts an instaptaneous rise oflemission intensity
at the.sho;k ffont'fqllowed by a decay, see figure 4.5;..

This can bé comparéd to fhe obsefved post-shock behaviqur shown
in figure 4.5b; which shoﬁs th; émission intensity of the shocked gaé
.as’a function of time for the dimol emis;ion at 634'nm.

Four zones can be distinguished: -

(a) the beginning of the trace is a measure of the pre-shock

glow, Tosg’ .
(b) the rapid rise &t the shock front is due to the increase in

dengity and temperature;
(c) =~  the fall off which réflects the decay of excited species
.élong the tube before the shock; and finally
(d): which is the fall off in emission at the contact surface.
All.thesetébservétiops are in accbréénée with‘fhé pfedicted
model except that the actual rise at the shock front is.not vertical
due to the effect of the finite slit width characterised by a rise
time of, ts. To compensate for this equations (4.43) and (4.44) must

be integrated to allow for, ts. Therefore, the final expressions for

the observed intepsity dependence on time_are;

t

. ; p
634 634_ 634 ' 2 3 M

,Itp = ,K Ipsg p21 T21 [exp(- 2kd[M]-at)tp]dtp/tS

(4.45)
and
: t
3 Y .

634 634 634 2

It = . K psg 021 T21 exp(- attp)dtp/ts

e P 8 (4.46)



) Figure 4.5 The comparison of the observed post-shock
behaviour with that predicted for 634 nm emission

&

(a) predicted emission trace

| =4
o
g compression
£
-]
pre-shock
- glow
time
(b) observed emission trace
7))
>
c
=
)
t Sy
I |
\ |
c 1 N
o
‘(-ﬂ- |
0 N !
£ R : '
v |
! [ [
(. | |
§ | | '
1 , | |
| .2 b _C d

75



76

While expressions (4.45) and (4.46) can be integrated explicitly,
they are actually integrated numerically using Simpson's rule, as this

allows corrections to be made for the effect of vibrational relaxation
c :

in the oxygeh during‘the period of‘the experimeﬁt which modifies the':
concentrations. Correction. for non-ideal behaviouf in the flow can
also be made wﬁen it is requifed. In these experiments ﬁibrational
reiéxation i§ complete so correction is unnecessary Qnd it has been
shown59 that correctioﬁs for non-ideal flow are pét needed.

Figure 4.6a shows an example of the fitfed shock trace for a
system with no deagtivation of Oz(alAg) at higp teﬁperature. The full
liﬁe through the experimental poinii is the fit obfﬁined using equation
634 '

¢’ ts and K. The

"(4.46). The‘fit for each run gives values of o
comparison of the post-shock decay and the measured pre-shock decay,
3corrected fof shock compfession, has shown that the two ﬁalues aré
always similar (éhaﬁter‘s). .

Figure 4.6b shows an example of the fitted shock trace for a
system with deactivation of Oz(alAg) at high temperature. The full
.1line passing through the points is the fit obtained by equation (4.45)
which includes the deéay at Pigh tempergture; The broken.line, which
does not paés fhrough the points, shows the simple predication from -
the room temperature measurement of the pre-shock decay, suitably
corrected for fhe shock\compression. The fit for each experiment

34

. 4 . , 6
gives values of « ts’ and K. The quenching rate constant for

M
dl

£’
Oz(alAg), k is then determined from the difference of the decay
slopes. This is discussed further in Chapter 6.

All these consideratioﬁs show that the shape of the shock trace

obtained at 634 nm is in agreement with thé predicted model hence

confirming the adopted kinetic schemes.
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The fitting which is obtained by us1ng 1nteractive computer

graphlcs and non-linear least squares is outlined in section 4.2, 3

.
¢
4.2.2. The Collisional Quenching of 0 (b Z )

(a) With no deactivation of 0 (a A ) at high temperature

The treatment which follows assumes that the decay in emission
seen as the shock passes the observetion station is purely a reflection
of the decay prior to tbe shock and no 02(a1Ag) is remoued,by coliisional
quenching in time, tp, that it takes the eection of the gas to reech
the observation station.

Analogously to the room temberature, T ., treatment the formation

1’

T

and removal of 02<b12g) at the new temperature, T is governed by

2‘:
the pooling (4.5) and the.quenching (4.20) reactions:

L1+ o 1, .2 M 1+ ,
=k - . .
d[o, (b Zg)]/dtp p[Oz(a Ag)] kq[02(b Zg)][M] (4.47)

Assuming that’[oztblz;)] << [Oz(alAg)] equation (4.47) can be

integrated:
1_+
[Oz(b Zg)]t
1.+ 1. .2 .M 1_+
b 0 - =
d[02( Zg)]/(kp[ 2(a Ag)] ' kq[02(b Zg)][M])
. 1_+
[02(b Zg)lo
(4.48)
and so
o 1, .2 . 1, .2
k [O Z k [O -
| 1n{(k,[0,(a 8 )17 - K [MI[O, (b7 )], l3)/(, MCNCH D
m M
M 0 b Z = =k [M 4.
q[ ito,_¢ ]9)} -q[ ]tp (4.49)
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. 1_+ 1 2 M 1.+ M
: . T M
[0, (b zg)]tp/[oz(p.zg)]o {(kp[Oz(a Ag)] /kq[M][oz(b g)]o)exp(kq[ ]tp)}
+ {oxp(k[MIt )} +
. a p’ e

- : 1 2 M 1+ .- =
{kp[02(a Ag)] /kq[M][Oz(b Zg)lo} (4.50)

where [OZ(bIZé)]0 is the concentration at any point in the tube
.immediately after the shock and [Oz(blzg)]t is that after time,_tp.

. . ) P
At equilibrium tp + © go equation (4.50) simplifies to:

1+ 1 2 M '

{0, (b7Z = {k_[0_(a"A )17/k _[M]1} . (4.51)

(0,072 )1, = {k [0,(a"8,)1"/k [N] | _
- Pp

which is similar to that at room femperature (4.24). Here, the wall

constant is omitted since the increase in pressure and temperafure

render it insignificant compared to kM.

Equations (4.24) and (4.51) can be rewritten as:

1 2 1.+ _ M S 1
{[0,(a72 )1 }Tl/{[Oz(b zg)][M]}Tl = {e, + kw/[M]}Tl/{kp}T1
(4.52)
1 2 1 ; : M
= {k k . 4,53
{toz(a Ag)] }Tz/{[Oz(b zg)][M]}T2 { q}Tz/{ p}T2 (4.53)

Combination .of equations (4.52) and (4.53) gives the enhancement
factor, 762K, which is defined as the ratio of the pre- and post—shoék
values of the pooling and the qqenching rafe copstants:

7% - f(kp/kz)}fz/{kp/(kz *ly/OMy L (47§4)
On the right hand side of eduation (4;50) thé concentf#tion of
- the excited states and M occﬁr‘only as a ratio which is thé same as

that in the pre-shock but being increased by a factor of density ratio.

Hence, rearranging for 762K equation (4.50) gives:
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1_+ 1.+ . _ 762 762 M
[0, (b zg)]tp/[oz(b IPlg = K+ - TURexp(- k [MIt).

(4.55) -
. ¢

It must be recalled that the fall in the concentration of excifed
state in the pre-shock is reflected in the post-shock beheviour. Ag
the immediate post-shbck concentration, [Oz(blz;)]o’ is related to the
initialypost—shock‘concéntratibn of Oz(blzg) at the observation ;tation,

[oz(blz;)]g, by the first ordér decay equation:

1.+ _ 1+ .0 " ‘
[0, (b Zg)]0 = [0,(b Zg)lo exp(- attp) , (4.56)

then the combination of (4.55) and}(4‘56) gives;

L1+ 1.+ .0 _ (762 762 M
[0, (b Zg)kp/[oz(b £)1g = U k+@a-""0 exp(—kq[M]tp)}

-a. t). 4.57
exp(- o, p) . P ( 7
Replacihg the concentration ratio with the emission intensity ratié:.

762.  762.0 762 N
It / /10 K)exp(- kq[M]tp)}exp(- attp).

p

762
...}{

K + (1 -

(4.58)

The immediate post-shock glow at the observation station, 76218,

is related to the pre-shock glow, 7621psg’ by:

~

762 0 _ 762

o psg P21° - .;;(4.59)

- Hence, the observed post-shock glow at the observation station, 7621t ’

p
can be related to that observed in the pre-shock, 7621psg’ by combining

equations (4.58) and (4.59):
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762 762 {762K + (1 - 762K)eXp(— kx[M]tp)}exp(- attp).

<

¢ ' | (4.60)

Figure 4,7a.shows the predicted shock regiﬁe given by equation
(4.60) where fhe rapid increase in thé emission intensity at the
shock frontyis followed by relaxation zone then the decay.

Figure 4.7b shows an observed sho;ked gas behaviour for eﬁission
at 762.nm.‘ Five zoﬁes éan be distinguished in the shock trace;
(a) tﬁe stééd&ybre—shock giow, 76zIpSg, from thé room temperature
steady state concentfation of 0262322); (b) the rapid rise at the shock
front due fo compression; (c) the relaxation to the new steady staté
at the high femperature,»that is the curvature up to the peak;
(d) the decay due to thg fali in the concentrgtion of Oz(blz;) along
the tube and finally region (e) the complete quenchiné of the emission
due to the arrival of the contact surface.

The compagison/shows that the oﬁserved shocked gas beha&iour is
‘in accordance with the pred}cfed model given by equation'(4.60). But

v

once again the rise at the shock front is not vertical so equation

(4.60) needs to be modified for this effect by introducing the

integration time, 't _:

762I " 762I
tp Psg p21

{7%%¢ + 1 - "®%gyexp(- kx[M]tp)}

p s e ‘
| exp( ‘attp)dtp/ts'

(4.61)

t

Equation (4.61) is integrated numerically, using Simpson's rule.

The experimental points are fitted to equation (4.61) using interactive



Figure 4.7 The comparison of the observed post-shock
' behaviour with that predicted for 762 nm '
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graphics. An example of the fit is shown by the full line in

. M
figure 4.8a; the fit for each run gives values of at"ts’ kq and

762K. . .
: . “ _
(b) With deactivation of O,_(a A ) at high temperature
< B

To account for the deactivation_of 02(a1Aé) by M at‘the shock
témperature it is necessary to rework the rate equations. Now, at a
point in thé post-shock gas, the steady state Oz(blzz)‘is determined .
by the energy pooling reaction (4.5), the quenching reaction (4.20),
and the concentration change for Oz(alAg) at fh#t point. The wall .
reaction can be neglected in the post-shock analysis; So the rate
of formation of O (a Z ) is as before, given by equation (4.47).

Equation (4 47) can be rewritten as:
d[O (b z )]/dt + k [O (b Z )][M] k [0 (a A )] (4.47)

'To‘account for the deactivation of 02(a1Ag) by M at high
femperature, [Oz(alAg)] can be represented as a function of time at
a point in the flow (see section 4.2.1) by:

[0, (ala )1, =10 (a'a )1 exp(- xMtupt (4.32
2% %) e (8@ 8g)lg exp(= Ky p +32)

where [OzalAé)]é is the concent?ation at-anyﬂboint in the tube
immediately after the shock and [0 (alA )] is that after time tp.,

[6 (alA )] also varies ;ith distance along the tube in the pre- -shock ‘
flow due to the concentration gradient and it was shown previously( -
(section 4.2.1) that this variation with distance in the pre-shock

is reflected in the post-shock as a function of time given by

equation:

1 B 1 o |
[02(a Ag)]o = [02(a Ag)]o exp (- uttp/Z) ‘ (4.33)
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where [02(a1Ag)]g is the initial pbst—shock concéntration”at the
observation station. Hence, the combination of equations (4.32) and

(4.33) gives.the\actual concentration of Oé(alAé) as a function of
4 ’ :

time at a point in the flow:

1. 1, .0 _ oM
[0,(a Ag)]tp /10,8810 = exp(- kyH] - o /D) . (4.34)

If equations (4.47) and (4.34) are combined and integrated

with the condition that at the observation station the initial

' post-shock concentration of oz(blz;) is [02(512;)]8, then:

7

62
{7

M 62 M
X - kK [MIt 1 - "% - k_[M]t
efff g[MIt ) + - Kyexp(- k [M] p)}

1_+ 1, ..o
[02(b Zg)]tp/[oz(b Zg)JO =

- 2
x exp( attp) (4.62)

where 762K is the enhancement factor defined as:

M

76
) d

+ k /MDD, . (4.63)

2 MM
K = {kp/(kq - kd)}T .

M
k /(k -
2/{ p/( a

As before, for the same photomultiplier the concehtration ratio
can be replaced by the intensity ratio, which is then integrated to
allow for the finite slit width, characterised by a time, ts; the final

expression for the observed intensity as a function of time is:

t
P

762

t Ipsg Pa1 A

t -t
p s

. M 762 M
K e$p(- 2kd[M]tp) + (1 - K)exp(-_kq[M]tp)}
' exp(- attp)dtp/ts. - . (4.64)

This equation predicts a shocked gas behaviour similar to that
shown for equation (4.60), figﬁre 4,7a. The observed behaviour is also
similar to that shown in figure 4.7b. However, it should‘be notéd

that here the observed post-shock decéy is not only dﬁe to the | -
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reflection of the fall in toz(alAg)] pre—shogk, but_also it is due
to the deactivation of Oz(alAg) by the quencher at high temperature:
Once again equation (4.64) is integrated numerically using
¢
Simpson's rule. For each run ;he experimental points are fitted
' to“equation (4.64) using interacti&e graphics. An example of the
fit is shown by the full line in figufe'4.8b. The broken line,

which does not pass through the points, is that which uses the decay
' M

value under pre-shock conditions. The fit gives values of at, té, kd’
kﬂ and 7-62K. : - ‘ -

These various considerations for the analysis of‘762 nm shock
traces show that the kinetic schemes followed are correct as they

_agree with the predicted models.

4.2.3 Analysis of the Kinetic Data by Interactive Computer Graphics

and Non-Linear least squaresl

The equations develope& in the previous sections are translated66
into an intéractiye computer . graphics program for use on fhe
G,E.C. 4082 system with an HP 2647 graphics te?minaer

The analysis-proceggs'ﬂylfitting the‘traces to equations
dériQed in the previous se;?ions. The aim is to eﬁaluate the best
t can be compared -
to.yiéld kg if they are found not

¢ and ts for each experiment. «

M
values of K, kq, a

with the known pre-shock decay,

62 M M
to be the same. -K,kq and kd

aL,
yield the rate comnstant, kp}r
Interactive grapﬁics is used to select reasonéble values to
start the numerical fitting by non-linear least squargs; These
initial values are obtained from visual or by partial fits of the‘
data. Also the interactive ﬁature of the program alloﬁs the opefator

to stay in contact with the processing and to exercise a considerable
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degree of control over the multi-stage analysis. A variety of options
are offered at each stage so the effect of variations of values or

data can be explered.

<

( .
The final optimisation of the parameters is achieved by use

of a non-linear least squares fitting routine similar to that of

the traditionel "blind" method of cohputer analysis. However, the
use of interaetive graphies allows the operator to check the goodness
of the fit by non-linear least squares.

The digitized inpﬁt data fremrthe transient recorder can also
be edited prior to analysis to remove erroneous data or unnecessary
points; such as large spikes in the region of the contact surface,
or long flat regions at the end of the hot flow time;Ato improve'
both the f1tt1ng and the display This is ‘more efficient than the
traditonal method.

¥

Therefore, the use of interactive computer éraphies for the

analysis of the ﬁate.allows the experimenterfte developre feel for
the understanding pf_the data, the'ralidity of.the analysis and the
precision and accuracy of the results.

The‘progrsm censists of‘numerous sub-reutines, avsfmplified
“flow diagram is showh in Figure 4.9. The eperetion of'the main

sub-routines will now be describedr
1, Transfer )

The digitized shock traee, 1024 points, aiready stored on
magnetic tape together with the run number,sweep'sheed and voltage
\sensitivity is transferred to G. E C 4082 via HP 2647, where the
coordinates of all the points in mlllivolts and microseconds are

calculated and stored in a disc file with the run parameters to be

called up for analysis by the main program graph.



Figure 4.9 Asimplified flow diagram for the
interactive computer graphics analysis

¢

start

/

data improvement

/

determine time orfgin

/\

fit fall-off

pre-shock constant

with

least squares fit

AN

of fall-off

is decay constant similar?

!

no

|

determine k'(\j’1

determine kq

M

/

yes

1

determine k'\cf

i

display preliminary line (s)

/

nume

fitting with NAG

rical

final results

90



91

2. - Graph

.This is a multi-stage program run in conjunction with HP 2647’
for display, Qisual tracking and setting of‘pertain parameters.

¢ .

The time origin is set using tﬂe.graphics cursor at the start of--
vthe sharp rise at the shock front. In the same way the beginning
of the decay région is set depending uﬁon the emission being analysed.
For traces where there is a reiaxation, this is set aftér the
relaxatioh zone., A decay line is then displayed oﬁer-the pointg, it
may be one predicted from the pre-shock or calculated from the trace '
by a non-linear least squares., At this_sfage.a.ﬁalue for the decay
is displayed on the screen. ‘This.allows the experimenter to see if
the value displayed corresponds to that predicted_from the room .
t;mperature measurement., If the two values are fbund to be similar,
no aeacfivation of dz(alAg) at high temperature, ﬁhe analysis is
continued and a fif is obtained for the shock trace. T}pical examples
are shown in figures 4.6a aﬁd 4,.8a for shock trépes at 634.nm and
762 nm’respectively. However, if the two Qalues are found to be
different then the analysis is changed.to.a sub-routiné which includes
the kinetic scheme for the ?eactivation of 02(a1Ag) at high temperature.
Figurés 4.6b and 4.8b show typical examples for the shocks analysed at
634 nﬁ emission and 762 nm emission. respectively. As can be seen,
the differencé is illustrgied by  two lines éf decay. The upper one,
which does not pass through the experimental points, is that predicted
by the normal model in which the only high temperature reactions are
tﬂe formation and removal of oz(blz;) and tﬁé fall is due to the
"pre-shock concentration gradient.- The lower line, through the pqints,

is the result fitted with a model which includes deactivation of

Oz(alAg) by M at high temperature.
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The ratio of the obse;ved after glow to that'prediéted from
the ﬁre—shock glow, K, is obtained by extrapolation of the fitted
decay curﬁe to zero time. . ' .

The parémeters to be fit;ed are chosen depending upon the
emission trace analysed, up to four ipdependent Qariables can be
fitted. Each'parametér can be omitted or a pre-determined Qalue
typed in f&r it.

The integration of the kinetic expressions is done numerically
using Simpson's rule. The ﬁalues of therparaﬁeters are impfo&edkby
an 1iterative non-linear least'squares foutine. Generally after 3
to 10 iterations- conéistent #alﬁes;are obtained.

The‘final results, the fitted trace and the run parameters
are plotted for each experiment and all the information is recorded
on ; mag;gtic tape for permanent storége.

4,3 Reliability of the Discharge Flow Shock Tube Data

The reliability o; the measured fundamental parameters;
time, Qoltage, pressure andvﬁelocity was outlined in chapter 2.
Below is giQen an assessmeq@ of kinetic data obtained for the
quenching of singlet molecular oxygen using the combined discharge
flow shock tube apparatus.

To obtain the room €émperature.kineticvdata, the nature of the
apparafus used demands_that the Qéasurements should be made some way
from the discharge and so any interference from straj light and short
li;ed species generated in the discharge is reduced to minimum.

- Comparison with pre§iously réported data has shown that, where the-

measurements are made along way from the discharge, reliable results

with better precision are obtained. This also provides good
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evidence that the discharge flow system is under“control.' Least
squar;s analysis is used for the determination.of the rate constants
at room temperatdre and the error limits giign are for 20 (95%.
¢

confidence) limits. .
| In contrast to tﬁe low temperature_data, high temperature
shock wave daté are often characterized by a considerablg scatter
since shock experiments are imprecise because they are ﬁecessarily
unique. For a slow shéck the scatter of the experimental pointg about
the fitted best line can be as high as * 20% but may be as low as * 5%
for a fast‘shock.b Hence, to improve the precision a large number of
shock experiments are pérformed. .Error limits are not shown for
individual ﬁoints on thé plots of_the high tempergture rate constants
buf uncertainties of'i 15% are estimated from thebscatter on the
graph; |

In these experiments ;he computer optimization of’the analysis
of data via interactive graphics and non-linear least squares are
found invaluable for calculaping the best values for the Qarious
parameters to fit the data. _Howeﬁer, these are treated with great
caution as the best f£it may pot be the true fit if the kinetic models
adopted for the reaction mechanism are not correct. In consequence,
this‘is frequently checked by allowing the computer to optimise the

N .
data around it for a fixed pre-determined

fit of the fuhction to the
Qalue of one of the parametérs. For example the decay.&alue measured
in the pre-shock flow. It was in the course of these cross-checks.
tha£ the deactivation of Oz(alAg) at high temperature was noticedﬂ

- since the decay predicted frémvthat measured in the pre-shock flqw

could not have been fitted to.that observed at high temperature.



These various considerations and the good fits obtained for
the shocked gas behaviour indicate that the combined apparatus is
working and that the analysis is providing reliable high temperature

data.

¥
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CHAPTER FIVE

B . . e v
5 Room-Temperature gtudies of the Collisional Quenching of

both 0_(a'A ) and 0_(b1z%)
L g ) g

5.1  Introduction

Before the high temperature_behaviour of the quenching reactions
of singlet molecular oxygen by the chosen quenchers could be studied
it was necessary to measure their quenching rafe constants at room

temperature in the pre-shock flow.
The quenching rate constants which can be measured in the

discharge flow section of this apparatus are in the range of

'103 - 108 dm3 mol_1 s-;, ‘Both the lower and the upper limits depend

on the quenching efficiency of the quencher used relative to that of

0 This 11m1ts the number of additives which can be studled at

2°.

room temperature by the requirements of a measurable change in the
emission-intensity.

The quenchers studied; NO, HC1 and SOZ’ were chosen for

NH3,
the high temperature work as described in Chapter 6. The present
chapter describes the room temperature study of these'quencning systems.
The determination and the practical aspects of the quenching rate’
constants for 0 (a A ) and 0 (b Z ) are described separately and the.

results obtained are compared with previously reported values.



5.2 Determination of the Room Temperature Rate constants for the

1 .
Quenching of 0 _{(a A ) by NH , NO, HC1l and SO
& g 0

5.2.1 Experimental

The decrease in

2

’ccncentration of Oz(alAg) along'the tube was'

measured by monitoring the voltage outpnt from the movable photo-

multiplier fitted either with a 634 nm fllter or a 762 nm filter.

For a set initial pressure the first measurements were taken in

pure oxygen for the decay of 02(a Ag) és a'function of distance.

Then the flow was mixeduwith a stream of the quencher M, M= NH

3’

NO, HC1 and SO s, to give 5% by volume mixture of M in 02. After

o

the flow had stabillzed the new decay of 02(a1Ag) with distance

along'the tube was measured. A.series of experiments for each

quenching system were performed in the.pressnre range.of 3 - 12 torr

-1

(linear flow velocity of 1 - 1.6 ms )

5.2.2 Treatment of On(alA ) Room Temperature ﬁesuits.

In an oxygen/M mixture, M = NH

reactioné are:
1
Oz(a Ag)

o
Oz(a Ag)

oy '
Oz(a Ag)

It was shown in

3, NO, HC1 and SO2 the quenching
02
. kd . 3 - ,
+ 02 e — Oz(x Zg) + 02 (5.1)
: klg A T :
+ M — 02(x Zg) + M (4.1)
. kw ) 3_ ] i . .
+ Wall —— Oz(x Zg) ' : - (4.2)

Chapter 4 (section 4, 1 1) that by measur1ng

the decay of 0 (a A ) along the flow tube, for oxygen, and oxygen plus

the quencher, M, the quenching rate constant for M could be determined

from equation (4.19):

96
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o

w). (4.19)

M
t = -
Akd kd[M] + (kw k
c ¢

Figure 5.1 shows a typical plot for the variation of emission
intensity as a function of distance, for oxygen and oxygen plus M.

In this example M = NH The difference in the slopes of the two

3
Plots gives the value of Ak& in combination with the linear flow

velocity. Plotting Ak& against known [NH3]’ figure 5.2, gives the
NH .
second order rate constant, kd 3, for the quenching of Oz(alAg) by

NH3.

In equation (4.19), the wall. correction term in the presence

of M, (kw - k;), which is considered to dépeﬁd,only on the change in

initial pressure was found to be negligible for Xy £ 0.05 since the

plot of equation (4.19) gave a straight line passing through the
origin (see figure 5.2). This indicates that the wall deactivation

in the presence and absence of M is nearly the same.

The rate constant.for quenching of Oz(alAg) by 02’-kd2’ and

' : 63
g, have been previously measured in this laboratory .,

The value of kdz is (0.94-% 0.03) x 10° dn° mo1™ s”! and ky = 0.11 s~

by the wall, k
: 1:
ét 295 K. These were checked frequently during the present study and
found to be the same within the experimental efror. | .
N ,

5.2.3 Results

»The results of the experiments performed with M= NH3, HC1
and NO are listed in table 5.1. Figure 5.2 shows‘a blot of the first
order‘rate constant, Ak', against goncentration of quencher M. The

slope of each iihe gives the second order rate constant for the

quenching of Oz(alAg) by M;
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Table 5.1. Results for the Quenching of 02(1Ag) by M at 295 K

[«

(a) M =NH ¢

Run No. P, “LEV - Azké/sfl [] /moldm 310
/torr /ms"1 : '

R 1 5.88 1.70 0.17 L.64

RA 1 6.04 1.74 |

R 2 6.58 1.52 0.21 1.85

RA 2 6.83 1.54 _

R 3 5.42 1.84 0.16 1.50

RA 3 5.50 1.91

R 4 4.88 :2;04 0.14, , 1.35

RA 4 4.97  2.11 ~

(b) M = NO | |

R 5 6.64 2,15 0.56 1.48

RA 5 5.46 1.92 |

R 6 6.21 1.61 0.76 1.73

RA 6 6.37 1.65

R 7 6.83 1.46 0. 74 1.92

RA 7 7.08 1,48

R 8 5.38  1.85 0.66 1.53

RA 8 5.63 1.86 ‘

(c¢) M = HCL

R 9 5.79  1.72 2,50 1.63

RA 9 . 5.96 1.76- |

R ;10 5.09° 1.96 - 1143

RA 10 5,22 2.0l '

R 11 6.45 1,54 3.03 1.81 .

RA 11 6.62 1.58

R 12 4,05 2.46 ‘ : 1.13

1.84
RA 12 4.14 2.54 '
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Figure 5.2 R.T. Quenching of O, (a'Ag) by M
M =NH;, NO and HCI

(_.
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NH_ ‘ ' . _
kd\s/dm3 mol Y 1 = (5.37 + 0.14) x 10°

<

[
-1 (2.10 + 0.28) x 10?

kgo/dms mol ™t s

kgCI/dms mo1 * 7T

(8.00 + 0.34) x 10%.
The error limits are 20 (95% confidence limits).

Experiments to measure the rate constant for quenching'of'

1
Oz(a Ag) by SO

9 at room temperature were found to be unsuccessful

as SO2 proved to be a poor quencher of Oz(alAg) at room temperature

with a rate constant which was too slow to be measured directly in

Ik

our system. However, at high temperature the quenching of Oz(alAg)

by 802 was measurable as its quenching rate increased with temperature.

The high temperature data obtained for the rate constant was found to
 £it the Arrhenius equation (see figure 6.11). Hence, a value for the
quenching rate constant at room temperature could be estimated by

extrapolating the high temperature data. The extrapolated value is:

SO :
kd 2/dm3 mol-1 sfl =3 x 103

5.2.4 Discussion
The values of the rate constants for quenching of Oz(alAg) byl

NH3, NO, HC1 and SO_ are listed in table 5.2 together with previous

2
results. The value for NO agrees well with previous determinations,

and that for NH3 is similar to the estimate‘of Leiss et a1.7o.

The new value for HCl shows that it is a better quencher than NO and

NH3, in keeping with its highly polar character, 802 is a poorer

quencher, but still more efficient than quenchers like CO2 and N20 studied
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1

Table 5.2. Rate Constants for the Quenching of 02(1Ag) at 295 K

&

. ¢ .
Quencher, M k?/dm3mol 1 1 Ref.

NH, (5.37 0.14)x10°  this work

(2.65 0.28)X103 70
NO (2.10 0.28)x104 this work

' (1.50 0.14)x10” 67

(2.7 0.9) x10” 69

2.7 x1o* 68
HC1 (8.00 0.34)x104 this work

~F
o ‘ 3a)

- SOZ 3 ‘ =10 " this work

~a) Extrapolated value.
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. previousl§£h56in this laboratory. Previousvstudiés showed that

their quenching rate constants at room temperature were too slow to
be measured in our system. - In contrast to 892 the quenching of
¢ .

Oz(alAg) by N20 and CO2 was also unmeasurable at high temperatures.‘f

The room temperature rate constants reported for‘CO
-1 :

and NZO in the

2 .
71,72

literature are 220 dm3 mol_1 s and 45,dm3 mol-1 s fespectively

5.3 Determination of the Room Temperature Rate constants for the

Quenching of 0.(b'z*) by NH_, NO, HC1 and 50, .
~ 123 4 .

5.3.1 Experimental

o : M .
The quenching rate constant, kq, was measured for M = NH3,

NO, HC1l and SO_,. Experiments were pefformed at various mixture

2
compositions in the pressure range of 3 - 12 torr and_totalnflow
1 at STP.

rate of 28 mls

The intensity ratios; and ¢° [see equation (4.29)] were

¢M
measured by positioning the two_photomultipliers'oppqsite’one another
at the ébsérQation station. -Oﬁe'was fittéd with a 762 ﬁm filter and
the other with a 634 nm filter. For a steady flow of discharged -
oxygen at initial pressuré of fl the first measurement was taken then
the deéired percentége of tﬁe additive, M, waé introduced to the
flowing oxygen gas and after .the flow had'réstabilized the‘new
pressﬁrg and emiésion.intensitiesﬁwere ﬁotéd. ’A ;eries 6f ekperiﬁeﬁts
wéfe’performed for each Quenching system by véryihg'the pfeésuré and

the mole fraction of the additive, M, between O and 0.2.
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5.3.2. Treatment of On(b12+) Room Temperature Results.
) &~ 5 ]

‘In an oxygen/M mixture, M = NH,, NO, HC1 and SOZ’ the
quenching reactiohs are: ¢ h
(. .
koz‘
1_+ q . 1
Oz(b Zg) + 02 Oz(g Ag) + 02 (5.2)
1_+ kM 1
0. (bI)+M —I— o (a’a)+M . (4.20)
2 g 2 g L ,
1_+ kW 1 y 3.-
0 (b L + Wall —— 0_(a"A or ). (4.21)
2 g) 2 g X g) '

It was shown in Cﬁapter 4 (seqpion 4.1.2) that by simultaneous
measurement of emiésion intensities at 762 nm and‘634 nm from
oz(blz;) and bz(alAg) in the presence and absence-of added gas, M, a
quenching rate constant.for the additive could be determined from
equafion (4;29):

, N ‘ N
_£(¢M’¢o) = {(k_"[0,] * k) (by -.¢o)/¢o} - (Fw - gw)

k

Q=2 a2 O

[M] ' : v (4.29)

where f(¢M,¢°) represents the ratio of emission intensities at 762 nm

and 634 nm with and without the added gas, M. The wall constant in the

~

absence of M, ko, is determined from equation (4.30) given by Derwent

635

and Thrush . In this apparatus at 295 K equation (4.30) can be

written as:

=1/(5.2 x 1072 p_ + 1.16 x 1072y, [s™ ] (4.30)

kWﬂ 1

where P1 is the total pressure in torr.

The small correction in the presence‘ofvthe quencher, (kw - k;),
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is considered to depend on the change in initial pressure, Pl’ where

< 0.2, The rate constant for the quenching by
-1

the mole fraction, x
0 . M

. 3 -1
oxygen, qu, at this temperature is taken as 1 x 105 dn mol s
. <
¢ .
! M
in our system (see discussion, 5.3.4). . Therefore, kq.can be determined

from equation (4.29) for a set of measured values of ¢M and ¢o at
known [M].
For M = NH3, figure 5.3 shows a ﬁlot of f(¢NH ,¢o) against

3

" concentration of NH3 at various mixture compositions. The range was

obtained by varying the pressure and the mole fraction of NHé between

O and 0.1; each point was obtained by measuing ¢NH and ¢o at a
. _ 3
single point in the tube. The plot is linear passing through the
IZis
‘ Lo NH
- origin so the slope gives the rate constant, kq’ , for the quenching

1.+ : .
of Oz(b Zg)‘by NH3 directly.

5.,3.3 Results

The results of the experiments ﬁerformed with M = NH3, NO,
HC1 and SO2 are listed in tables 5.3‘-'5.6. -Figures 5.3 ~ 5.6 show
-plots of f(¢M,¢o) against conéentration of quencher M [equation (4.29)].
The slope of each line gi#es‘the rate constant, kg for the qugnching

of 02(b12;) by each gas. The results obtained by least squares are:

k:Hs/dms mo1 t st = (7.05 + 0.10) x 10°
Ikzo/dms mgl'l st = (1.70 £ 0.13) x 10’
kgCI/dm3 mo1™l sl = (1.60 * 0.20) x 107

S0 e o .

kq 2/dm3 mo1l™! g (2.50 + 0,50) x 10°.

The error limits are 20 (95% confidence limits).
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Figure 5.3 R.T.Quenching of O,(b'Z}) by NH,
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Figure 5.4 R.T.Quenching of O,(b'ia) by NO
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Figure5.5 R.T.Quenching of 0,(b'x}) by HCI

0 — . ,
1 2 -3 4
[HCI] /10"*mol dm-s



119

~ R ‘ _ R zzeor

95°¢ o ST ey €L e
R DR ; o 956

0z's \; w0ty €L 2a+g

| | 616

00°§ B (R . %0°9 2L co'a

, - . €L°8

L'y , 61T 26°S 901 co's

o E , . Ch E Z1°8

sy BT A4 68°S 20°L o011

, Lt L

12 LTl - ¥8°¢ 269 o1/

o ‘ €8°9

- we | (1T oucs %8°9 Jevo

, L 0" 9

62°¢ - e60 89°G Coes9 Jorc

< _ - 1L°S

e 20" 1 . %9°¢g “9g°9 ocec

, €9°Y

25°T ~w0°1 s°s €5°9 ot 1
mloH_uamHoa\HNOmu , oHaum\Awoe,,NOmwvm muoH\Noe mnoH\NOm@ z03/a

69 °ON *3dxd

%0 %08 ‘Cos %01 (®)

[4

g
d S6Z I® “0S %n‘A+anCNO Jo Suiyousnd i10F S3I[NSIY *9°GC 2[qE]



269
mmwo
119
L9°¢
9¢° ¢
98"y
65" Y

¢OT,_mprom/[Z0s]

C—

98°1
9¢°1
A
66°1
6%7°1

T o9rT

j

R S
KAk
91°1
£6°0

z

ot,_s/(oe ¢ o3

€

68'G
%6°G
98°¢
£8°¢Q
LLes
89°¢
9°q
09°¢
GG*g
69°S

z
o1/ %

1

S L

YA

L1 L

S1°L

0* /L

%679

8L°9
89°9
LS*9

¥G*9

[4

. 0Ss
£ 01/

@

9L°6
LL'8
Lz'6
€7°8
18°8
78°L
AR
6%° L
€0°8
71°L
6%7°L
29°9
$6°9
0£°9
S 9-
¥8°¢
96°¢
AN
¥9°¢G
€1°6

.uuou\ﬂm

0T¥ "oN *3dxy .

%o 58

«C

0S %61 (a)

penuIjuod 9°¢ 3[qEeL



121

S

qawq
om.mA
9%7°8
£€8°L
1271
LS°9
18°¢
9e°¢q

_o1__upom/ [%os]

90°T
060
_10°T
$8°1
99T
991

o1

811

9z°1

T, T
oﬁﬂlm\ﬁ oe.Omevw

€

9¢°¢
mm.m
LG
09°¢
Hm“m
9¢°¢g
am.m
167§
qv.m

A
o1/ %

-

oy
€59 ety
18
9 .
| 19°8
ov° L _—
8L L
S1°2 29°9
| 0z°L
00°L 12°9
29°9
08'9 61°c
. %09
$L°9 og* <
e
659 " egy
. 76y
%69 e
%05 T
muoH\ ) 1103/°4
TIT¥ "oN -23dxg
%0 %08 *%0s 20z ()

penuIjuOd g°¢ I[qelL



122

c-wp tow, o1/ [*0s]

: 9 12 rA 0
. 2 0
o 0¢-0
e GI-0
o 010 i
Aoy ‘os,
, %)
« . - 1 -mu
) .
o 2
‘ o o M
QO , - o
Oo ° . L S.
A

‘0S £q (82,%)%0 30 Buysuany "1y 9° ainbiy




123

-5.3.4 Discussion-
) 1
The values of the rate constants for quenching of 02(b Z;)

by NH_, NO, HC1l and SO_ are listed in table 5.7 together with
. [4

&
L4

previous results. The measureﬁents all rely on the value taken

3’ 2

. 9
for quenching by oxygen itself, which is estimated by Pedley5

3 mol-1 5-1 in our apparatus. This can be compared -

to be 1 x 10° dm
' ' 4 3 -1 -1 . 73
with a value of 2.6 x 10 dm mol 8 =~ reported by Thomas and Thrush
. : ) 74
for a completely water free system. Considering that the best value

3 mol-1 s-l,

reported for the quenching of oz(blz;) by water is 2.4 x 109 dm
indicates that the water vapour content in our apparatus is A~ 30 ppn
despite drying the gases used and thorough pumping prior to each
experiment.v_HaQing 3y 36 ppm water vasour,in our system does not seem
unreasonable considering the lérge &olume of the apparatus and that it
is frequently opened td the atmosphere. for cleaning. Therefore, we.
cﬁnnot use the §a1ue reported by Thomas.and Thrush sinée it is not
possible in our system td take the extreme precaﬁtions for drying the
oxygen;gas.that they used. Also treating fhe data with higher and

) 0 .
lower values of qu led to curvature and inconsistencies between

mixtures of different composition and only the value of 1.0 x 105

am® mo1” ! s71 for kzz géﬁe'éonsistent results and the straight lines
passing through fhe origin.

It can-pe seen:(table 5.7) that the results for NH3 and Nd
are in‘brogd agreement with the pre&ious work, although théy tend to
be lower than the earlier ﬁalues. This can be expécted since in our
apparatug the obserQations #re made a long way?f;om:the discharge,
and hence are probably freef from extraneous interference. ‘

The values for HC1l and SO2 are much lower than previous

estimates. . SO2 is a poor quencher, and so any measurement is likely



‘Table 5.7. Rate Constants for the 'Quenching of Oz(blzg) at 295 K

J

b)

S0

NH,

3

NO

HC1

Quencher, M

K¢

(1.20 +0.30)x10

" 2,5 xib

(1.600.20)x10

i

kg/dm3mol_1s_1
(7.05 £0.10)x10
(1.00 £ 0.12)x10

(1.81 +0.30)x10
1.3 x10
1.1 x10
5.2 x10

NOW W 0 W0 W

(1.70+£0.13)x10
2.4 x10
3.3  x10

NN NN

0.93 xl10

(7.8 +2.4) x10
(4.4 +1.0) x10
(4.0 +2,0) x10
5.3 - x10

Y NN NN

(2.50 iO.SO)xlOS

(1,80 £ 0.60)x10°

4.0 xlO5

Calculated vélue

b)

b)

b)

o

Ref.

1

this work
30

77
75

48
69
76

this
75

69

work

76

" 50

this
30
77
78

work

50

this
75
49

work
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. to be increased by impurity effects, HCl is an awkward gas to handle
and to be sure of its concentration. However, in this study three

different‘mixture compositions were examined and as figure 5.5 shows
‘ -, . : € . . .
the results are well consistent for the various mixtures. These

' various considerations together'with the good results obtained for

quenching of 02(b12;) by €O, and N0, studied previously in this

laboratoryuL§? indicate that in our apparatus.reliable results are

obtained.

Braithwaite et a1.50 haﬁe calculatgd rate constants fof:a
number.of quenchers by considering long range forces. While quifer
good agreement with ekperiment was ﬁbtained for HD, D2, CO and Nz,
the Qalues;'giQen in table 5.7, were {6we? for NO. and HC1l than the
best experimental estimates. It is interestiné fo see how near the

present results are to their predicted'values. Kear and Abrahamsoﬁ%g

"calculated a value for the quenching of oz(b?z;) by SO, using a

model based on short range forces, the present experimental value
is also closé to their prediction. These theoretical apﬁroaches
are outlined'in Chapter 7 and haQé been discussed in relation to
the high temperature resulté thained in this work which at present

seem to offer a better uﬁdefstanding of these energy transfer

processes.

5.4 - Conclusion

Thé linearity of the plots obtained for both'Oz(alAg) #nd
Oz(bIZ;) indicate that the foom temperature conditions in the pre;ent
apparatus are stable and reliaple results are obtained for the
quenching rate constants. The fact.that the plots are linear show

that the mercury surface is an effective way of removing atomic



‘additional cohformation for the value of‘l‘(q2

126

oxygen from the discharged products across the pfessure range used.
The comparison of the results obtained with those reported

previously has shown that the agreement is good, This provides
- . ‘. o(. . ..

in our apparatus and

hence the estimated water vapour content.
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CHAPTER SIX

6 High Temperature Studieé(of the Colligional Quenching of

0.(alA ) and 0_(b'z™)
e -3 & B8

6.1 Introduction

It has been suggested49 that &ibrational‘excitat;on‘of the
quencher is important in the quenching mechanism of Oz(alAg) and
Oz(bIZ;), and that e&idence for such electronie to vibrational: energy
transfer could come from the relatite magnitude of the quenching rate
constants with various qgenehers. .Theﬂtheoretical approaches for
calculating the rates, consider either shoft49‘ or,longsoi range -
interactions. Although some success has been achieted with these
approaches, a comparison of the two theories with the experimental
values reported is not satisfactory, nor can the temperature debendence
of the rate constants be eaeily predicted.

The present study wae undertaken to prbtide experimental data
on the temperature dependence,of~the quenching‘reactions of Oz(aIAg)
and 02(b12;) with various quenchers since the high temperature
behaviour may indicate the nature of the interactions which lead to
energ8y transfer.

The range of quenching rate constant which can be measured in
the preeent apparatus ie 105—109 dm3 mol-1 s-l, where the lower'limit
is determined by the maximum hot-flow time which can Be recofded and
the upper limit by the shortest relaxation time that can be followed
(section 6.4). This in combination with practical considerations sucﬁ
as toxicity, chemical reactivity and stabiiity limite the choice of

quenchers which can be studied in this apparatus.
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The collisional deactivation of oz(blz;) bf COZ, N20, Nz, 02
and Ar has been examined56 before in this laboratory. For both
02 and N2 the rate constants in??eased with temperature but neither
set of results could be fitted éo'Arrhenius or Laﬁdau-Teller
temperature dependence.. Howe&er, for qugnchefs Nzo and CO2 the rate
congtants were.found to fall with an increase in témperature; ‘qu Ar
the reaction>rate'increased too slowly to be measured‘in'our apparatus.
In these experiments it was also found that the temperature.depgnAence
of the rate constapts‘for quenching of 02(alAg5 5y these gases is toov
small and could not hafe been measured within the time scale of the’
experiments.

: ThesérpreQious studies seem to éuggest that the quénchers of
02(b12;) can be classified into two groupsf poor Quencher at room
temperature which display an increase of rate constant with temperature,
and more efficient queﬁchers for which the rate constané decreases at
“high temperatures.

The quenchers studied in this work; NHS’ NO, HC1, SOz, were -
chosen systematically and inlfieQ of the préviously examined quenchers

where different temperature dependences for quenching were observed.

It seemed worthwhile to study NH3 which is a gtill more efficient

{

quencher . at room temperature but for which Kohse-Hoighaus'30 have
reported a slight positive temperature dependence of the rate constant
between'210f350 K. Théreafter, it was decided to extend the work to

moderate quenchers; NO, HCl and finally to SO_ which is a poor

2
quencher. of 02(b122) at room temperature. In the course of these:
studies it was found that there was an appreciable deactivation of

Oz(alAg) at high temperatures and that we were able to measure the

- .1
rate constants for the quenching of‘Oz(a Ag) by NC, HC1 and SOZ. -
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The two species, Oz(alAg) and oz(blz;), show quite different
fempesature dependences.for quenching; the rate constants for Oz(alAg)
are Arrhenius in\form, while t?ose for Oz(btzg) either decrease or are
independent of temperature and-fit with the prenious results for other
t quenchers (Chapter 7). |
The defermination of the resulfs for Oz(alAg) andioz(blzg)v

.are described. separately in this chapter. The results obtained

are discussed in the next chapter.

6.2 Experimental

The temperature dependence of the rate constants for thev
quenching of 0 (a A ) and 0 (b X ) by NH3 NO, HC1 and 802 are‘
measured between 600 K and‘1200 K using the discnarge flow/shocks
tube system. The operetional procedure is as descnibed in Chapter 2.

In this apparatus two emission traces are recor&ed for any
one snoek.“ For these experiments the emissionslmonitored_were at
two wavelengths, 762 nm and 634 nm. Before each shock the change in
concentrat;on of 02(a1Ag) a}ong‘the tube was measured using the
‘movable photomultiniier;n Experiments were perfermed at various

‘mixture compositions with total flow rate .of 28 mls-1 giving a total

pressure of 6 torr (m 800 Pa) and linear flow velocity of v-1.6 ms-ll

6.3 ‘Treatment of 0 (a A ) Figh Temperature Results

As described in Chapter 4 data on the collisional quenching
of 0 (a A ) by various quenchers can be obtalned elther from the high
temperature behaviour of the emission at 634 nm or 762 nm, rThe
behaviour of fhe 634 nm emission is described belen, that of the

762 nm emission in the next section.
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As shown in Chapter 4 the emission trace displays the main
three zones that were predicted by the developed kinetic model given

by equation (4.45). ¢

t

634 634634 2 3 P M
S D s SR ) [exp(-2ky[Ml-a )t 1dt /t_.

P t -t _
P | (4.45)

Analysis by computer graphics (Chapter.4) yields values for the
integration time, ts’ the enhancement factor, 634K,.and the poét—shock

. It is from the'décay zone that the overall

M
d

decay constant, at

quenching rate constant, k, is obtained for the quenching of Oz(alAg)

provided that fhe post-shock decay.constant obtained by the fitting,
ut, is greater than_that measﬁred in the pre-sﬁodk flow, uL, which
.has been suitably corrected for the Ehock compression. Thus, kg,
the pgeudo first orde? rate constant for quenchiyg pf Oz(glAg) is

obtained from the difference in decay given by:

M . -1
kg = (a,-0) /0,0 \ ,[? 1 (6.1)

. " . .
The overall rate constant, kd, is related to the quenching rate

constants of the gases preéeht in the systenm by:'

o) NO ‘
M 2 , -1 ’
”kd = [k, 1-x) + k, x]o, [s 71 o (6.2)

Here, for example; the system under study is a mixture of oxygen and

nitric oxide and x is the mole fraction of nitric oxide.
' 0

d2 is too small to measure

Previous studies15 have shown that k
under the shock conditions and can be neglected hence the value of
kd is simply given by:

NO 1

M -1 -
kd = kd/pzx. | [dn™ mol -8 ] v‘(6.3)
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If the post-shock decay constant, at, is found to be the

same as that measured in the pre-shock, o then the quenching of

L’

. 1 ‘
Oz(a Ag) at the shock temperature is not lgrge‘enough to be measured
¢ ' '

and shock traces are analysed by equation (4.46) as described in

Chapter 4.
. t
634 634_ 634 2 p ’
I = - . .
¢ K psg Poy T21 exp( attp)dtp/ts ‘4 46)
P ' \ t -t
p s
‘ 634
The fit for each rumn gives values of at, K, and ts.

In this work NH3 results are analysed using equation (4.46)

and those for NO, HC1l and SO

5 using equation (4.45).

6.3.1 Results
(a) NH,

A series of shocks into mixtures containing 3, 5 and 7% NH3

were carried out. The run parameters are listed in Appendix 1.
Figure 6.1a shows a typical high temperature emission trace at 634 nm

‘from a mixture containing NH,. The three regions”expected can be

3

seen; the steady pre-shock glow, the rapid rise at the shock front

and the decay. The traces wefe analysed using equation (4.46) by

:

interactive computer graphics as described in Chapter 4. An examplé

of the fit is shown by the full line in figure 6.2. The results '

634

obtaiﬁéd,‘at, . K and ts’ are listed in table 6.1.

The post-shock decay consfant, o given by the fifting is

t’
compared with the value predicted from the pre-shock measurement
of the concentration gradient -along the tube, @ , and is found to be

similar (table 6.1). The similarity of pre- and post-shock decay

rates indicate that there is no appreciable deactivation of



Intensity joo0 mVdiv.

Intensity soo mVdiv

- 132
Fiqqre 6.0 Traces of the Shock Emission.

R 2<59,NH3/02

a. 634 nm ¢

Tt T 1 T T | | I

' o
time 100 ps div

b_762 om (RA 209)
T T T T T T

. .
time 1oo us div

Note: no base lines indicated. .
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Table 6.1.

Run No.

R216
"R213
R212
R211
R210
R209
"R208 -
R214

R215

R224
R225
R226
R206

R207

R220°
R219
R218

R217

602

699
732
876
883
901
998
1031

© 1135

754
846
906
1039

1114

747
833
883

956

3Z NH3

634K

1.11
0.87
1.02
1.26
1.11
1.09
1.17

1.12

1.75

5% NH3
1.27
1.32
1.32°
1.38

v

1.65

7% NH
1.13
1.32

1.37

1.37

. 977 02

2.30

2.60
2.30
3.40
3.30

3.00

4.10

3.80

3.20

, 95% 0,
2.30
2.60
2.60
3.00

2.90

s 937 O2
2.30
2,60
3.00

2.90

Analysis of 634 nm Emission Traces, NH3

e
e L

2.35
2.70

2.20

3.30

3.20

3.08

4,00 -

3.70

3.10

2,20

2.50

- 2.60

2.90

3.00

2.40

2‘50

3.11

3.00

Results

t
s

-3 /;_Ls-]'lo-—3 hus

27
18
20
15
"9
10
8
15

11

16
20
18
‘12

10

14
11
12

14
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oz(alAg) by NH at high temperatures within the timescale of our

experiment. (v 400 ps). In this respect NH_ is similar in quenching

3

behaviour to COZ’ N O, N

2

9 and 02 studied previously in this laboratory.
c - : N

(b) NO

A series of shocks,into miitures containiﬁg 3, 5, 8% NO were
performed. Tﬁe run parameters are listed in Appendix 2.
Figure 6.3a shows a typical 634 nm emission trace. It'displays the
expected shape; the éteady pre-shock glow, the rapid rise at Fﬁe |

shock front and the fall in emission, which in the earlier study

(i.e. NH3) has simply reflected the decrease in concentration of

/)

Oz(alAg) along the.tube in the pre-shock flow.  There, the observed
decay could bé predicted from that measured in the pre-shock flow,
but in these experiments with NO as a’quencher,:the post-shock decéy

rate, o,, was found to be greater than that predicted, aL (table 6.2).

t

\So as described in Chapter 4 equation (4.45) was used for the analysis
of the shock traces. A typical fit obtained is shown in figure 6.4.
The difference in decay is'illustréfed by fhe two lines._ The upper
one, which does not pass through the experimental poiﬁts; is'the

decay simply predicted fro? tée room temperature measurement of the
Upre—shock decay. The lower liﬁe, through - the boihts, is the résult
fitted with equation (4745) which.includes deacti&ation of Oz(alAgS‘

by NO at high temperature.

,The values of pre- and post-shock decay constants together with

M

the overall quenching rate constant, k d

NO .
kd , are listed in table 6.2,

, and NO Quenéhing rate constant,

NO

d against temperature

Figure 6.5 shows a logarithm plot of k
as can be seen it increases with temperature. It was found that a
: NO

plot of high temperature data for kd vs. 1/T showed a reasonable
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. Fiqure 6.3 Tracesof the Shock Emission.

NO/ O2 mixture.

3

a_634 nm (R ol)

Int.cnSIty so mVdiy

-1
time 100 us div

b_762 nm (RAIOI)

Intensity soo mV div

time 100 ,usdiv“'
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Table 6.2. Analysis of 634 nm Emission Traces, NO Results 138 )

i

' 3% NO, 97% o,

Run No. T, - 634¢ %t B A t k‘b&f W
/K fus 11073 s t1073 Jus Jan’mor”lsli0”. Jdm mo1 Ys 110°
R 85 703 0.92  4.15 3.12, 22 ¢ 1.43 : 2.40
R 104 805 1.00  4.97 4,26 . 21 1.02 1.69 -
R 88 895 1.10 6.17 4,06 20 2.96 4,94
R107 916 1.05  5.92 4,41 19 - 1.91 1.91
R106 977 1.19  6.77 5.03 23 2,05 3.43
R 87 987 1.23 7.15 5.58 23 1.85 - 3.10
R105 1065 1.06  7.28 = 5.26 17 2,22 3,69
R 86 1133 1.18  8.56 6.61 18 2,03 3.37
5% NO, 95%.NO
P S9 683 0.91  4.47  3.82 17 1.21 1.21
R 103 710 1.03  4.95 321 17 3.08 - 3.08
R 96 831 1.07 5.53 - 4.10 20 . 2.09 2,10
Rlo1 899 1.27 6.14 462 16 2.03 2.03
R 97 916 1.28  6.63 . 5,04 16 - . 2.10 2.10
R102 937 1.27  6.20 4,92 19 1.63 1.63
R100 1016 1.23  7.48 5.44 16 2.43 2.43
R 99 1068 1.20 8.63  6.35 19 2.60 2.60
P 60 1088 1.10 10.28 7.37 12 3.26 . 3.26
| 87 N0, 927 0,

R 95 762 0.94  4.91 3.85 20 1.97 ' 1.23
R 93 806 1.14  5.48 “ 4,13 10 2.19 1.37
R 91 832 1.22 6.21 4,53 - 14 . 2.63 1.64
R 92 941 1.30  6.73 5.42 15 ' 1.81 1,13
R

94 951 1.34 = 7.56 5.33 15 3.06 1.91
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Figure 6.6 Arrhenius Plot of the Rate Constant for Quenching

o
of,oz(oAg)by NO
€

°f NO

o e D
0w ¢ w

oK/ T
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Arrhenius behaviour, figure 6.6. Also shown in figure 6.6 is the
measured room temperature rate constant .(Chapter 5). Extrapolation

to room temperatﬁre althoﬁgh long shows the value obtained experimentally
<
¢ S ‘
to be within the error limits. Hence, it is reasonable to include

this point in the fitting to obtain thevoverall'Arfhenius equation:

NO 3 1 -1 A 7
de /dm” mol 8 = (1.90 £ 0.02) x 10 exp[- (2030 £ 50)/T].

(6.4)

The similarity between the results for differing mixtures .

(figure 6.6) shows the validity of neglecting kd2 at high temperatdres

[equation (6.3)].

(c) HC1
\A series ofvéhoqk.experiments were performed on mixtures
containing 38, 5 and 7% HCl. The run parameters are listed in -
Appéndfx 3, The form of the dimoi emigsion Qas similar to that -
‘deécribed for NO (figure 6.3a). So the shock fraces~were.fitted using

equation (4.45). Table 6.3 gives the values for pre- and post-shock
‘ HC1
decay constants together with k., and k .

o HC1 d d

The values of k, "~ gre plotted against temperature in figure 6.7.

d
It can be seen that they increase with temperature. This positive

temperature dependence was found to be simple Arrhenius form.

HC1
Figure 6.8 shows an Arrhenius plot of kd for runs made with three

different mole fractions of HCl. These high temperature values are
extrapolated to the measured room temperature rate constant (Chapter
!
‘ ’ 4 3 -1 -1
5). ‘The room temperature value is (8.00 * 0.34) x 10" dm mol s
and the Arrhenius equation obtained between 295 K and 1140 K bj least
squares analysis is
HC1

kg /dm3 mol ! g

"1 (2.34 £ 1.0) x 10' expl[- (1660 * 180)/T]

N (6.5)



Run No,

R 347
R 348
R 336
R 346
R 345
R 344
R 334
R 343
R 337
R 341
R 340
R 339
R 342

R 329
R 350
R 332
R 349
R 330
R 331
R 351
R 355
R 353
R 357
R 35¢
R 354

142

'Table 6.3. Analysis of 634 nm Emission Traces, HCl Results

/K

599
630
678
705
707
725
730
789
804
838
893

964

1038

629
735
825

- 860

891
994
947
1021
1032
1046
1112
1172

634

0.88

0.83 C

1.94
0.97

0.93
0.89.

1.19

1.07

0.90
1.09
0.84
1.18
1.25

1.04
0.9%4
1.13
0.97
1.33
1.25

1.06
1.29

1.32
1.20
1.30
1.34

o
t

3.63

3.88

7.61

5.69

5.56
5.06
5.74
6.42

6.43 .

6.30
6.15
11.25
9.15

4.85
5.32
7.82
5.60
8.53
11.46
9.93
11.65
11.32
11.78
11.28
14,30

3% HC1, 972'02

o,

3.32
3.54
4,05

450
4.16
4.37
4.43
4,48
6.16
4,83
4.85
6.83
7.41

{

t
s

17
17
16
16
17

18

12

13

16
17
19
15
14

s

5% HC1, 957,'02

3,710
4.55

4,15
5,07

5.50
8.25
8.13
6.80
8.04
8.39
7.33
8.28 .

17
18
15
15
18

14
19.

12
13
11
10
10

M
Ky

0.65
0.67
5.96
2.03
2.40
1.12
2.00
3.00

3.46

2,01
1.57
5.36
1.93

2.26
1.22
5.08
0.71
3.97
3.74
2.14
5.35
3.49
3.61
4.25

6.28

HC1
kd

1 -1.6

107 Jus 07 M an’mor Tl 0% Jam’mo1 ™t Mo

1.09
1.12
9.95
3.38
4,00
1.87
3.33
5.00
5.70
3.35

2,62

8.94
3.23

2.26
1.22
5.08
0.71
3.97
3.74
2.14
5.35
3,49
3.61
4.25
6.28



Run No.

R 364
R 363
R 362
R 361
R 360
R 359
R 358
R 357

Table 6.3

605
683
701
743
778
818
880
958

634

0.99
1.01
0.96
0.87
1.04
1.08
1.11
1.18

continued

Y%

4,58
5.45
6.58 ,
6.65
8.19 -
8.59
7.78
7.65

7% HC1l, 937 O
e 2

%L

3.22
3.97
4.33
5.12

5.94 -

5.73

6.58

6.36

t
]

15
17
15
16
20
21

. 18

10

' /usullo_3 /usmllo_3 Jus /dm3mol

7

kg
-1 -1
s

2.81
2.46
3.63
2.31
3.22
3.87
1.53
1.53

10

5

kHCl

d
/dm3mol
2,00

1.76

2.60

1.65
2.30

2.76

1.09
1.09

1 -1

s

143

106
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Figure 6.8 Arrhenius Plot of the Rate Constant for Que'nc'hing

of O2 (GdAg) by HCCI

°f, HCI
A 3
o 3
S 0 7

-
=




@ 59,
‘A series of shocks into mixtures containing 10, 15 and 20%
SO2 were carried out. The run parameters are listed in Appendix 4.
¢ . :
A typical 634 nm emission trace is shown in figure 6.9a. The

high temperature behaviour was found to be similar to that observed

for NO or HC1l, so the shock traces were analysed using equation

. o . . S0
(4.45), as described previously, to yield values for kﬁ and kd .
. : SO .
The results are listed in table 6.4. The values of kd 2 are plotted

against temperature in figure 6.10. It can be seen that they
’ so

d against 1/T is shown

increase with femperature. . A plot of log;k
in figure 6.11. It displays a.réasonable Arrhenius behaviour.
Extrapolating to foom temperature enaéies~us to estimate'a valﬁe for
the rate constant since we could not measure it at room temperature

(Chapter 5). The overall Arrhenius equation obtained by a least

squarés fitting is:

S0, '3 .1 -1 | 6
kd /dm” mol ~ 8 © = (8.90 % 3.45) x 10 exp[- (2370 * 90)/T]
(6.6)
(e) The Enhancement Factor, 634K

146

Figufe 6.12 shows a‘plof”of the enhancement factor, 634‘K against

temperature for differing mixtures of all quenchers studied iﬁ this

work. As it can be seen the values of 634K are approximately equal to

one for temperatures. up to v 1000 K. This is expected if the dimol

emission is a simple collisiohal process [equation (4.42)]L However,

634

above 1000 K there is systematic increase in K. Tﬁis observation

has been studied further in this work and is discussed in Chapter 8.



‘Intensity 200 mV div

!

-

| ntensity soo my div

~ Figure 6.9 Traces of the Shock Emission. =

SO /O mixture.
T2 T2 |

a- 634 hmr‘(R446) .

T v T 1T 7 T T 71
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-

—

time loo;usdiv"

b_762 nm (RA446).

‘time 100 us div"_
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Run No.

R 403
R 402
R 404
R 407
R 405
R 408
R 410
R 412
R 411
R 417
R 415
R 413
R 419
R 416
R 421
R423
R 418
R 422
R 420

R 43
R 439
R 429
R 424
R 425
R 439
R 426
R 433
R 434
R 427
R 43¢
R 435

Table 6.4. Analysis of 634 nm Emission Tréces, SO2

/K

663
673
753
764
776
786
836

863

884
943
946
988
989
1063
1102
1070
1122
1130
1206

663
706
764
792
809
812
865
934
967
1004
1052
1081

634

0.87
0.94

0.83

0.98
0.93
0.94
0.98
1.12

1.09-

1.07
1.09

1,17

1.06
1.11
1.36
1.18
1.13
1.14
1.19

0.96
1.09

-1.02

1.05
1.10
1.07
1.09
1.10
1.15
1.18
1.45
1.24

a
t

fus 1073 fusl1073 M8 Jamlmor”

©2.47
2.49
. 2.93
3.35
3.36
3.22
3.39
4,03
4,23

447
4.66

4.96
5,12
5.50
6.34
4.93
6.61
5.93
6.54

1.94
2.26
2.61
2.82
3.15
2.94
3.22
3.67
4,17
4.36
5.24
5.07

10% SO

2

oy,

2.16
2.01
2.24
2.57
2.88
2.99
2.80

( .

3.09

3.21
3.58
'3.60
3.74
3.87
4.02
4,16
3.92
4.07
4,19

- 4.67

157 so;; 857 0

1.62
1.55
1.96
2.08
2.41
2.27

2.55

2.72
3.10
2.79
3.51

3.45

907 02

t
S

19

23
21
27
18
21
24
16
18 #
14
17
16
16
15
14
'16
13
13
13

20
17
16
23
24
15
16
20
18
13
15
13

"y

©

k

M
d
1
]

0.64
0.96

1.16
1.19

. 0.82

0.39
0.93
1.35
1.47

/1.21

1.49
1.60
1.57
1.75
2.68

1.26 .
2.87

-1

10

2.04

2.07

0.81
1.61
1.37
1.50

1.33

1.31

1.18
1.60
1.66
2.41
2.61
2.33

5

Results

509
d

/dmsmol-ls_1

‘k

3.21
4.83
5.79
5.98

148

105

' 4.08 .

1.93
4.63
6.78

- 7.35
6.06
7.43
8.00
7.85
8.75

- 13.39
6.28
14.37
10.21
10. 34

2.69
5.37
4.58
5.00
4,42
4.37
13.93
5.31
5.54
8.04
8.66

7.77 .
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Table 6.4 continued

20% 50, 807 0,
T S DT
/X fusT107® fush07® /¥ Jandnor s M0 Jdm’mo1 L H10”

R 439 - 731 1.21  1.93 1.55 16 1.02 2.54
R 437 814 1.23  2.68 1.62 19 2.39 5.97
R 442 846 1.20  3.13 2.03 14 2.34 5.84
R 438 853 1.31  2.95 2.08 25 ~ 1.86 : 4.65
R 443 919 1.30  3.52 2.32 11 2.34 5.84
R 444 1063 1.36  4.11 2.75 17 2.36 5.92
R 445 1067 1.43  4.73 2.69 19 " 3.53 8.82

R 446 1136 1.47  5.16 3.05 6 3.35 8.34
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Figure 6.1l Arrhenjus Piot of the Rate Conston‘t for Quenching 3
I : _
of O, (q Ag) bycsc;2
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| 1+
6.4 Treatment of O_,(b I ) High Temperature Results
< g

1_+
Data on the collisional: quenching of.Oz(a Zg) is obtained

from the high température behaviour of the emission at 762 nm:

[

14, 3 - o '
02(b Eg) > 02(X Zg) + hv (A = 762 nm),

[

(4.22)

As described in Chapter 4 the emission trace displays the

four zones fhat were predicted by the developed kinetic model given

by equation (4.60):

762 762 762
Itp/ Ipsg oy = {7k

. It is from the relaxation zone and the enhancement factor,

e (1T

o

2 M : -
K) exp(- kq[M]tp)} exp (= attp).

(4.60)

762K,

that the experimental rate constants are obtained for the collisional

Quenching reaction (4.20) and the energy pooling reaction (4.5):

M
K )
oty +u —3 5 o (ala) +u (4.20)
2 g 2 g
20 (ala ) ——EP—4~ 0.t + o0 ? 3¢ E 4.5)

’ -

The relaxation time, T
; rel

» Oobserved in the relaxation zone

where the level of emission intensity relaxes to the new equilibrium

level at the‘high temperature is defined as

A M
Trey = 1k M.

[s]. (6.7

Equation (4.60) can be rewritten in.terms of relaxation time

as:

762 762I o - (762
t psg 21

76

K + (1 -

2 .
K) exp(- tp)(Trel)} exp(- attp).

(6.8)

-~
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In equation (6.8) if we assume that there. is no exponential decay
along the tube (see figure 6.13) then for a completed relaxation

process (tp = ®) the ratio .of emission intensities will be given
' c R - .

by:
762 762 _ 762
It / Ipsg = 021 ‘ (6.9)
p
in the other extreme if tp is very short (tp = o) then,
762 762 _ .
Itp/ Ipsg = p21 (6.10)

and so relaxation measurements will not be possible. In other words,

if the ratio of rate constants for the reactions forming and removing
1+ ’ 762
Oz(b Zg) at the two temperatures,. K, [equation (4.54)] is equal

to unity then relaxation cannot be measured. It was shown in Chapter 4

0 v
that the enhancement factor, 76"K, is given by:

76 M - .
/fkp/‘kq + kw/[M])}T . (4.54)

2 M
K = k_/k
(/i )

2
Thus the overall collisional quenching rate constant, kZ, at the shock

temperature, T is determined from the measurement of relaxation time,

2’

and this value together with the value of 762K and the known room

temperature, T rate constants (Chapter 5) give the rate constant for

1)

the energy pooling reaction, kp, at temperature Tz.

'These calculations are carried out in the process of the
computer graphics analysis (Chapter 4) when the experimental points
are fitted to equation (4.61) for no deactivation of Oz(alAg) at high

temperature (section 4.2.2a). ' The fit gives values of ts’ kq’ o, and

t

762K. The pooling rate constant, kp, is determined from kg and 762K

using equation (4.54) as described above. However, if Oz(alAg) is
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deactivated at high temperature (section 4.2.2b) then equation (4.64)
is used for the fitting which also yields the value of k§ from the
decay zone as described in section 6.3. In this case the value of

c.‘
' ) M
kp is determined from equation (4.63). The values of k_ obtained

d
from 762 nm emission trace are always found to be the same as those
obtained fromv634 nm emission trace. -
From the value of o&erall quenching rate constaﬁt, kg, giﬁen
by the fitting the rate constant for the quenchiﬁg gas, for exgmple

NO, is determined from the equation:

NO o

M 2
kK = [k -k %@ - )
a [ q Py M (1 -x)1/x , - (6.11)

where x is.fhe mole fraction of the qué;cher studied, in'this éase NO.
The values of‘kzz, for-pure oxygen, are known from pre&ious study?

In this work NHa‘results are analysed by the normal model, with
no deactivation of Oz(alAg) at high temperature, using.equation (4.61).
The results for NO, HC1 and 802 are analysed using the quified model;
equation (4.64), which includes deactivation of Oz(alAg) at high

temperature.

6.4.1 Results

The run parameters for tﬁ; results of 762 nm emission given
below are the same as those listed for 634 nm (section 6.3.1) sincg
both emission wavelengths were recorded simqltaneously.fof each shock
experimenf. |
(a) Nd,

A typical high temperature 762 nm emission trace from a mixture

containing NI-I3 is shown in figure 6.1b. The four regions expected

can be seen; the steady glow from the cool gas, the rapid rise at



the shock fron£, the relaxation zone and the decay. "It can be seen
from é.lb that the rela#ation zone is short.

Ag there is no deactifation of Oz(alég).at high temperature
(section 6.3.1a), equation (4.;i) wéS'used for the.analysis. An
' example of thg fit is shown by the full line in figure 6;}4. The
results obtaiﬁed are listed in table 6;5; The post-shock decay
cohstant, at, obtained is compared with that'obtained.from 634 nm'
emission trace and with the Qalue predicted from the. pre-shock
measurements . (table 6.1) to check the ﬁrocedufe- It can be seen

that the values are similar.

The experimental records for NH

3
those obtained with NO or HCl, presented later in this section. The
emission level was much higher and gave a large value to 762K, the

enhancement factor. There are two recasons for the large value of

762 First, the pre-shock gloﬁ is depressed

K in the presence of NH,,.

. because NH3 is an efficient quenéher at room teqperature (table 5.7);
seéond, the overall quenching rate constant, kg, scarcely changes
with temperature in comparigon to the pooiiﬁg rate constant, kp, so
that the concentration dfvoz(alzg) at high temperature is relatively
much higher. Thus, as can be segy by comparing figure 6.14 with
figure 6.18, a fitted shock trace from Oé/NO mixture, the initial
jump is small compared with the height of the maximum‘emission.
Therefore,”the large enhancement factors in the presence of NH3

- M .
indicate that the quenching rate constant kq must decrease with

temperature (equation 4.54).

were strikingly different from

157

o 9 , '
Figure 6.15 shows the values of 76 K plotted against temperature

for three different mole fractions of NH3; It can be seen that data

fall on three separate lines. The lines are drawn by eye through the

points.
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In thesé experiments; the relaxation time,'Trel,
[equafion (6.7)] was found té be rapid And comparéble to the
integratioh time, ts:’ go that thé non-linear least squéreé fitting
(Chapter 4) géﬁe poor resulté EZ; the two pa;ameters; But it”was

" found that if the ﬁalﬁe of ts was fixed, calculated from shock speed
an& the'slitwidth,_during the fitting"##en reliable'Qalues could be
obtained for kz,' Td check this, the kﬁ.&alueS'wereralso recalculated

7-62K (which is unaffected by the relaxation

using equation (4.54), from
zone since it .is determined,frém the back extrapelation qf the &ecay
to the time of arrivalaof the  shock front) and known vaiues79 of

kp’ which is independent of the'additife (section 6.4.1le)..

The results from the two prdcedureS.for the'three:mixtdres are
plotted against each other in figure 6.16. As;cgﬁ be seen the results
are well correlated and fall on the'samé line passing through the
‘origin with the slope équal to unity. 'The scattef, by ‘the standardé
of shoék tube experiments, is smallf .Therefore, this indicates that.
both méthods‘giVe cérrect results and‘that the ﬁumerical énalysis is
producing reliable results.

Figure 6.17 gives thé final results for the quenching of

Oz(blz;) with NH3 as a function.qf téﬁperature the points from ali
mixture fall on a single line indicating the ﬁélidity of eduation
(6.11). The notable features are the élight‘maximum and the fall in
the rate constant with temperature.
(b) NO

Figﬁfe 6.3b shows a t&pical shocked gas trace at 562 nm, It
displays the expected shape. The résults obtained from the 634 nm
emission traces (section 6.3.1b) indicated that Oz(alAg) was

deactivated by NO at high temperature so here the traces were analysed

using equation 4.64. An example of the fit obtained is shown by the

N
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lower line paséing through.the points in figure 6.18. The upper
line Which does not pass througﬁ the points is that predicted by
the normal model in which the only high temperature reéctions are
the formation and removal of o;(blz;) and tﬁe fall is‘dge to the
' pre-shock concentration gradient. For all runs the post-shock deca&
wés found to agree well with the Qaluégsobtained ffom the 634 nm
emission traces. |

In these experiments it was found that the relaxation was’
rapid and.so comparable to the integratién time. This meant tﬁat
once again the relaxat}on constants obtained were not accurately.ir
determined by the fitting of the relaxation zone. So as before
the method of calculation was reﬁefsedrand estimated kg from ihe
measured enhancement factor 762K, the known Qalues of kg (obtained
from the 634 nm emission traces) and the energy pool?ng rate constént,
kp, with equation (4.63); The results obtained are listed in table

‘ 2
6.6. It can be seen that the enhancement factor, 76 K, rises from

2.6 at 638 K to 5.8 at 1088 K in mixtures cbntaining 5% NO. This

3

)

rise in 762K is small in comparison to that obfained for NH
(Table 6.5).

Figure 6.17 shows a plot of the logarithm of the rate constant

for quenching of oz(blz;) by NO,lkzo, against temperature. The line

through the pointsvis drawh by eyg. ﬁiyeQer, while the scatter of

the‘ﬁoints is reasonable it is systematic for the two mixfures shown,

since the.points for ﬁ = 0.05 1lie below those for x =‘0.08. Further

experiments with a weaker mixture (x = 0.03) confirmed this, but the

overall seéond order rate constant;,kx, were so close to the values
o ' " NO

for qu that sensible values for kq could not be determined. Thus

there is a slight concentration dependence, additional to that implied
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in equation (6.11)- The éossibility of a -;termolecular feaqtion
'betwéen NO and 02(b12;) similar tq,thaf for the ground stgte molecule -
was considered,‘buf'it was found that the effect would bé'negligible 7
for ény reaéonable rate constghf;' Figure ;;17 shows that the rate -
constant fqr quenching of Qz(blzz) by NO is nearly independent of
tempefature with a slight fall abb?e'{boo K;

(¢)  HCL |

The form of §hock,trace obtained for'02/H01 mixture was similar
'to that obsgrﬁed for OZ/NO pigture (see'figure 6.3b). 634 nm'results
~indicated that 02(a1Ag).was deacti&ated at high temperature (secfion
6.3.ié) so here the shock traces were analysed.using gquation (4.64) .
A fitted shock trace was similar fo that shown for NO.(figur; 6.18).

. In these éxperimepts the relaxation wa;';apid so kﬁ #alues were
determined by the same method adopted for the 0,/NO system.

The values obtained by the fitting for 76?K together with
‘quenching rate constants, szI, are listed in table 6.7. Figuré 6.19
showé a logarithm plot of k2C1 against temperaﬁure, It éan be seen

HC1 -

that kq increases slightly with temperature.

(@ 5o,

A typical shocked gés emission trace at 762 nm is'shown in
figure 6.9b. It displays the e;fected zones. - Compared to figure 6. 3b,
OZ/NO mixture, the relaxaﬁion zone is very long. The éhock traceé
were fitted to equation (4.64) and the results obtained aie listed:in

table 6.8. As can be seen the relaxation time, is long varying

Trel’
in the range.of 40-120.us depending on the shock temperature an& this
shows also in the low values of the overall quenching rate constént,
¥ . . . » .
kq,.obtained by the fitting. This is also indicated by the small

size of the enhancement factors which are in the range of 1-2.5

depending on the shock temperature.
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As shown before (section 6.4) for a binary mixture the"

observed quenching rate constant, kq, should be the sum of two

contributions: c. ' ¢
[ - S0 :
Mo 2 2 3 -1 -1 ‘
kq = kq x0 + kq XSO [dmn mol s ] (6.11)
2 "2
so c 9
and so for each point k can be determined using the previously

. o]
9 ‘
determined values for pure oxygen, kq . However, in these experiments

the values obtained for kg were less than the corresponding values for
0

qu. For a mixture containing 802 the overall quenching rate‘cénstant,

M 3 -1 -1 -1 -
kq, rises from 1.3 x 106 dm mol s at 750 K to 1.8 x 106 dm3 mol 1 s 1

at. 1200 K, the corresponding values for pure oxygen are 1.5\x 106

3 -1 -1 6 3 -1 - L
dm mol s, and 5.0 x 10 dm mol s 1 respectively. This means

that at high temperatures the self quenching by 02 is much faster than

that by SO2 and that the room temperature qﬁenching rate constant of
50

1+ ‘ 2
Oz(b Zg) by SOZ, kq

, (table 5.7) ig little changed with increasing

temperature. Therefore, it is justifiable tovconsider S02 as diluent
o :

and calculate values for qu from equation (6.11) and neglect the 802:

0

2 M .

k = k /x_ . ‘ 6.12
. o, (6.12)

0
k 2 values obtained this way are plotted against temperature in figure

6.19., The full line in figure 6.19 represents the best line through

0
the previously determined values9 of qu. All values agree within

their combined error limits, table 6.9. The errors are taken from
the scatter about the best lines through the points for each set of
the results and corresvond to 20 limits (approx. + 20%). The agreement
is encouraging considering that the resﬁlts are-ébtained from the study

‘of different binary mixtures. The previous values9 were determined



Table 6.9. Rate Constants for the Quenching oz(blz;) by O

at various Temperatures:

0, ,
T, | k “(previous work) -
/K v : /demol--ls—1

295 &) (0.1Oi0.01)x106
700 (1.26+0.25)x10°
800 (1.74+0.34(x10°
900  (2.40%0.48)x10°
1000 (3.16£0.63)x10°

a) Room Temperature value determined by PedieySg.

24

(1.35£0.27)x10

02
kq (this work)

/(‘lm:’)mol_ls-1

6

6

(1.74%0.34)x10"

(2.20%0. 44)x10°

(2.5120.50)x10°

' (0.10£0.01)x10°
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from the study of 02/N2 mixtures.

(e)  The Energy Pooling Reaction

The rate constant, kp, for the energy pooling reaction (4.5)

M

- ¢ M.
is determined from the overall quenching rate constants; kq’ kd

and
the enhancement factor, 762K, fér each run by using equation (4.63;
énd the &alues of the room temperétureffate constants determined in
the pre-shock experiments. Howe&er, for a quenching system with no
deacti?ation of Oz(alAg) at high temperaturekp is determined from
equation (4.54). Thus to determine kp'at high temperature it is
necessary only to know the errall quenching rate constants, not the
individual contributiéns. Thigs implies that the accuracy of kp values
depend on the quality of the fitting of the relaxation zone. Where
relaxation is verylfast 1ess accurate Qalués,for‘kp might be obtained
by the analysis. This is why the previous Qalues of kp were used in
recalculation of kg in the case of NO and HC1l as the quenchers.

Figure 6.20a shows . a typical plot of kp against temperature for

all mixtures of NH The line drawh through the points is the best

3
line through previous79 measurements in 02/N2 mixtures. It can be
seen that points lie on or.éery close to the line. fhe similarity
between the results for'kéfious mixtures shows that there is nd
composition dependence. This,w;uld be expected from eqution (4.5).
Figure 6.20b shows a plot of kp against temperaturé for
differing mixtures of all quenchers studied in this work. It can be
seen that“kp is independent of the additive. The striking agfeement
between the previous measurements and the current work indicates.the

validity of the kinetic scheme and the nature of the energy pooling

reaction (Chapter 7).
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6.5 Additional Emissgions

Evidence was obtained for an extra emission at high temperatures
in mixtures of‘Oz/NO, 02/NH3 and Oé/HCI.

o

g -
In mixtures 02/N0 and 02/NH the new emission appeared at

3
temperatures.aone 1150 K whereas for Qz/HCI mixtures it appeared at
temperaturesygreater-than 1050 K.

In each case the form of the trace. for 634 nm emission changed
so that the emission intensity begaﬁ to rise again at times greéter
than 200 ﬂs. A similar but smaller rise was also noticed at %éz nm.”
For a typical example see figure 6.21a.

To help identify the source of the glow experiments were
carried out on uhdischarged oxygen plus each'individual'queneher.

The new emission at longer times appeared here too, though the
emission from Oz(alAg) and>02(b12;) was absent.‘ For a typical
example see figure 6.21b.

The anomalous emission grew more repidly and extensi#ely as
the temperature was increased.

Thus the new emission lies on the short wavelength side of

HC1

762 nm and appears in mixtures of undischarged 02 and NO, NH3,

at high temperatures. B

A further glow was.observed after a shock into HCl/O2 mixtures
followed by passing excited moleculaf oxygen through the tube. This
blue green emission (see plate 3) was sufficiently intense to be seen
with the naked eye aﬁd persisted for ~ 15 minutes. . Preliminary
experiments to determine tﬁe origin of this‘glow by artificial.
reproduction, for example by paesing discharged oxygen oeer Qarieus
metal compounds (e.g. A1013, HgClz, Hg2012) was unsuccessful. Also ah

spectrum of the emission recorded by a Hilger prism spectrograph was

unrewarding due to the low resolution,
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Figure 6.21 Tracesof the Shock Emissionat Higher_

Temperatures showing the extra-emission
¢ for the NO/ G, mixture.
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Plate 3
The discharge flow/shock tube, looking towards the discharge. The
blue green emission is the glow observed after a shock into HCl/O2
mixtures followed by passing excited molecular oxygen through the

tube. Pieces of aluminium diaphragm carried by the shock are also

visible near the end plate.
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CHAPTER SEVEN

R e L e oo
7 Temperature Dependence of the Rate Constants for the Quenching

of Singlet Molecular Oxygen by NH_, NO, HC1l and SOZ'
(4

7.1 Introduction

In this chapter the temperature dependences éeen for the
quenching of singlet molecular oxygen by NH3, NO, HC1 and SO2
(Chapter 6) and their ﬁossible mechanisms in terms of ehergy transfer

are discussed.

Initially the theo}etical approaches to quenching inxfhese

sysfems are briefly reviewed.

7.2 The Theoretical Approaches

Kear and Abrahamson49 developed an approach b; consideriﬁg
short range interactions for the energy transfer from oz(blz;) a#d
calculated quenching rate constanfs for a variety of quenchers at
room temperature. They imagined that the trangfer is taking placé
when the excited molecule and quencher are very close together, on
the repulsive part of the intermolecular potential cur&e.

In their calculations of the quenching rate constaht for
Oz(b%;;) by various quenchers they assumed a value of unity for the
electronic matrix element for the Oz(blzg > alAg) transition which,
of course, could be too high since this transition is forbidden.
Consequently, the calculated rate constants appear to representlupper
limits, although the actual predictions ga?e values which were lower,
than the ekperimental values. This appfoach is similar to the

Swartz, Slawéky and Herzfeld (SSH) treatment of vibrational relaxation8
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and appears to give largely a positive dependence of rate constant on

temberature.

Ogryzlo and co-workers50 ha?e appro%?hed the modelling of the
quenching of 02(b12;).from a éifferent ditection by cénsidering lopg
range forces. They aséumed that for thg more efficient quenchers, the
energy transfér process occurred at gfeater intermolecular separation
Qia long range attractiQe interactionS'betweén‘the transition quadrupole
of oxygeﬁ and the transition dipoles or quadrupoles of the quenéher.
The actual predictions gave ﬁalues which. were low but nearer fﬁe
experimental &alues than those predicted by Kear apd Abrahamson.

A complication in thesé approaches is the distribution of the
electronié énergy releaseé between theTQibratjonal'modes of 62(31Ag)
and the quencher. " But ﬁere, these theoretical studies stress the
importance of fhe con%ersion of electronic emnergy into vibrational
energy and assume hear resonance between the energy released and the
vibrational energy spacing in the quencher'faﬁours the energy transfer.

| Ogryzlo et a1.51,52 having calculafed rate constaﬁts for
quenching of Oz(blzg) by d;atomic molecules af room temperature, which
were slightly lower than those obserQed experimentally, next chose to
study the temperature dependencg of the quenching of Oz(blzz) by the
same model.. They studied the quenching of Oz(bIZ;) by HBr in the
temperature range of 170 - 393 K. In comparing their predicted
quenching rate constants with the experimental Qalues (see figure 7.1)
they suggested that the short range interactions may also contripute
to the quenching process. ‘So rate constants were also calculafed
using the short range intefaction model. As can be seen in figﬁre 7.1

the short range interactions lead to a positive temperature dependence

while the long range interactions gave a negative temperature
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dependence. It was found that the experimental behaviour was best

reproduced by adding together the results of the both theoretical

approaches. Thefefore, they'came to the conclusion that both long and
a

: ¢ o . .
short range interactiqns were important in a given quenching process.

80,81 Lo i
’ have developed an alternative

Parmenter and his coworkers
long range approéch in which energy transfer takes place by formation
of a collision complex [A* - M] between the excited species, A*,'and

the quencher, M.
A¥ + M > [A%¥ - M] > A + M, (7.1)

The correlation is between the cross section, g, for a reaction

of an excited state A* with a series of additives M at a given

temperature:

tno, = comst. + c(A*M)/KT | . (1.2)

where K is the Boltzmann's constant gnd € 1s the well depth energy
in the attractive potential curﬁe for the complex betweeﬁ A* and M.

The model is shown ?o hold for electronic, rotational and
vibrational‘relaxation for both monoatomic and polyatomic moleéules
provided that the interactions 1eading to.the state change involve
predominately attractive forces. 'Also resonances specific to certain.
M partners, but not others, must be absent.

' While the well depth c(A*M) is not known, they assumed that it

can be approximated by:

e(AXM) = [€(A*A*)€(MM)]% (7.3)

where e(A*A*) is the well depth between excited species A* and c(MM)

is that for partners M. Parmenter et al.80 give well depths for a
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large number 6£ quenchers,

The model predicts a straight line relationship between the
cross section or rate constant and the well depth for é series of
added gases M which collisioné&ly deacti?étz A¥, if the conditions
mentioned earlier are met; The correlation ﬁay'alsorbe used to
predict the temperature dependence of'fﬁe quenching with a specific
quencher, equation (7.2), and appears to gi@e a negafi&e dependence
of rate constant on temperature.

There are also two main empirical corrglations‘for quenching .,
in these systems. Dayidson and Ogryzlo48 plotted the logarithm of
the rate constants for quenching of Oz(blzg) and 02(a?Ag) againsgt the
highest fundamental Qibrational frequency‘of the quencher, aﬁd found
a good correlation for the quenching of both épecies by homonuclear
diatomic molecules. The géneral trend observed was that the quenching
efficiency increased with increasing Qalue of the fundamental vibration
frequency of the quencher. Bésed oﬁ this they suggested that the
quenching process involves the éonversion.of the electronic excitétion

energy of singlet molecular oxygen into vibrational excitation in the

quencher.

Thomas and Thrush45’77 having studied the quenching of both
oz(blz;) and Oz(alAg) with a va;iety of quenéhers at room temperature
were able to determine thé f;action of quenching steps, av, which
resulted in population of a parficular vibrational level in the
quenching molecule. —Using the statistical theory;.the& were able to
predict the probability of a particular leﬁel, Pv’ of the quenéhér
being populated in the quencping process. From these data they

constructed a surprisal plot, plotting zn(ag/Pv)-against the fraction

of energy released going into vibration, that showed a linear
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relationship for the quenching of both oz(blz;) and Oz(alAg). By
this surprisal analysis they also were able to estimate that v 25%
of the energy released went into translation and rotation. Based on

C ‘ : :
that resonance quenching paths were not

this e§idencé, they sqggested
particularly faQoured, that the quenching mechanism was not specific
and that theréfore quenching probably'occurred on the repulsiﬁe part
of the intérmolecular potential. = This partly conflicts with the
suggestidn of Da&idsoﬁ and Ogryzlo, that the quenching rate constant
can be simply related to the ability of the quencher to becomew§ibrationa11y
excited. . | |

This introduction has briefly re?iewed'the theoretical and emperical
studies asééciated with the quenching of singlef molecular o;ygen. Taken
together these various studies suggest that the'short range interaction
will lead to a positivé.teﬁperature dependence and long range interaction
to a negati?e temperature dependence. . Whether resonance exchanég is
important for the distribution of energy in these transitions islpot
clear; | | |

In the next section the temperature dependences observed in this

work are discussed.

7.3 Discussion of the High Temperature Resultsg

In tﬁis section the experimental results obtained in this work
for the quenching oftoz(alAg) and 02(b12;) by NH, NO, HC1 and S0,
as a function of temperature (Chapter 6) are discussed in relation to
the theoretical predictioné outlined in the preQious section aﬁd the‘

various other experimentalldata reported in the literature.
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7.3.1 Discussion of Oz(alAg) High Temperature Results

.‘It was shown in Chapter 6 that the rate constants for the
quenching of Oz(alAg) by NO, HC1l and 802 in:reased witﬁ temperature
and that each set of ?esults ééuld be fitted between 29§7K and

1100 K to the simple Arrhenius equations (figure 7.2):

M 3 /1 -1 FUNDUVTII SETSR '
k, /an° mol’ s™' = (1.90%0.20) x 10'exp[~(2030£50)/T)]1 (6.4)

HelL 3 -1 -1 7 s

k, /dm” mol s = (2.341.00) x 10 exp[-(1660180)/T] (6.5)
80, 3 -1 -1 | 6 ' X
k, “/dm” mol™" s~ = (8.90:3.45) x 10 exp[-(2370+90)/T] (6.6)

a

The exponential parametéfs correspond to activation energies
of 16.9 ki.ﬁol-lg 13.8 kJ mol-1 and 1977 kJ mol-; for'quench;ng by
NO, HC1‘and 802 respectively. There are few stuﬁies of the temperature
dependeﬁce of the queﬁching reactions with which to compare these values,
but the observed activation energieg and the pre-exponentiai faé?ors

are similar to those found in chemical reaction of Oz(alAg) withlvarious

olefinssz.

The sharp increase of rate with temperéture suggests that éhe
energy transfer in this quenching reactions take place at short distances
where the intermolecular pétential is repulgive iﬁ form.

Ogryzlo and Thrush83 used infrared spectroscopy to study the
vibrationallenergy distriﬁution prodﬁced in NO by the quenching of
Oz(alAg).in the gas-phase, and concluded that transfer occurs

preferentially into the v=4 state of NO:

1 ' 3.- o . -1
02(a Ag)v=0 + N0v=0 -> Oz(x Zg)v=0 + NOv=4 . AH = 6,53 kJ mol (7.9)

—_ , .
Later Thomas and Thrush in their surprisal analysis, discussed

in the previous section, indicated that for most quenchers the energy
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Figure 7.2 Arrhenius Plots of the Rate Constants for Quenching

| ’ .
ot O, (a Ag) by HCI, NO and SO,
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transfer is non-specific. But they also found an exception to this

rule, the quenching of Oz(alAg) by NO which predoﬁinant}y populated

both the §=2 and\§=4 leﬁels of the quenchér; "It wés therefore suggested

(4 . : .

that the quenching occurs on the repulsive part of the intermoleculgr

potential as the present temperature dependence'of NO also indicates.
Howevef, while our results for HCl and SO2 are also consistent

with the final conclusion, it is hard to understand why the quenching

and by several other quenchers studied previouslyg’10

of Oz(alAg) by NH3
in thjs 1aborato?y (Nz, 02, 002 and NZO) does not increasg measurgbly“
with temperature as well, unless the reaction is specific in séme way
to NO, HC1l and SOZ' For these.quéncherS'the obser&ed ArrheniPs
béhaviour iﬁplies that there is a fa&ou;ed chapﬁél at v 17 kJ above
the already excited energy leﬁel. Therefore, we can deduce that an
activation energy is réquired_to facilitate the energy transfer;l

However, with polyétomic and diatomic molecules there éan_be se&éral
energy transfer channels at all leﬁels and so it is hard to see wﬁy
one should be favoured in the case of SOZ’ NO and HC1l. This perhaés

points to a mechanism dependent on a larger interaction potentials:

with NO, HC1 and 802 at high temperatures.

7.3.2., Discussion of On(b12+) High Temperature Results
< g
Temperature dependences of the rate constants for quenching of

NO, HC1 and 02 are shown in figure 7.3 together with
9,10

1_+
Oz(b Zg) by NH3,

the results of previous studies .with other quenchers in this
laboratory. The lines for the other quenchers are 'best' lines through
the previous results. It can be seen that there is a simple correlation

of the type of temperature dependence and the room temperature quenching

efficiency. The most efficient quenchers (NH_,CO_ and NZO) show a

3’772
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negative depehdence of rafé constant on tempeiature and the least
(02 and N2)_show_a positi&e tgmperature dependence ﬁhile the
intermediate ones (NO and HCl) are almost temperature. independent.
. The results for quenchingvof Oz(bIZ;)'b&INHs shows that the
rate constant rises slightly from (7.50+0.10) x.108 dmshmol—1 s—1

at 295 K‘to a maximum at v 750 K then falls slowly to 2.4 x 108

dm3 mol-; s-l at 1150 XK. Also included in figure 7.3 are fhe fi&e
‘points of Kohse-Hoinghaus‘and Stuhl30 obtained recently in the

quenching of Oz(blz;) by NH3 between 200 K and 350 K. They reporteq~
their reéults with a slight positive temperature dependence. Within

the combined experime;tal error‘limits,'the two sets of results cémbine
well with each other and show that wth the wholg tehperature range is
taken into account the rate constant doe; hot'change appreciably with
temperature between 200 k and 750 K. Above 750 K it does decfease.

A qualitative picture sﬁggests that the energy transfer at highgr
temperatures invélves a long range mechanism. 1

For the quenching of Oz(bIZ;) by NO figure 7.3 shows ;hat‘;ate
constant is nearly independent of temperature but falls slightly abovev'
1000 K. It can also be seen that NO, which is a»quehcher of inte;ﬁediate
. efficiency at room tempérétufe, the temperature dependence lies between
that of the poor quencheré, 02'and Nz, where the rate constant inc?eases
with temperature, and the efficienf quenchers NH3, CO2 and Nzo‘where the
rate constants decrease with tehperature.

Fér the quenching of oz(blz;) by HC1 it was.found that the rate
constant inéreased slightly with temperatgre. Figure 7.3 shows the
results. .Also included in figure 7.3 are.thg results 6f Kohse-Hoinghaus
and Stuhl30 who measured the.rate constant at six temperatures between
200 K and 350 K using a laser fluorescence method. Within their

»
temperature range they reported a slight positive temperature dependence., - .



Though we find our room teﬁperature value to be lower thgn that
found by Hoinghaus and Stuhl; the two sets of results fall wifhin
the error limits of the experiments. Consequently, when the whole
temperature range is taken inéb accomt it ;bpe;rs‘that the rate
constant does not Qar& appreciaﬁly with teﬁperature bet&een 200 K
and 1000 K., This fits into the patterhAdiscussed before, since HC1
occupies an intermediate position being more efficient than 02 and N2
and less efficient than CO2 and NHS‘

Thomas and Ihrush77 haQe studied the distribution of energy
among the vibratioha{ 1e§els of the quencher in the quenching of
02(b122), in the surprisal analysis discussed pre&iously.‘ For thé '
qqenching'with HC1 the highest vibration 1e§e1‘o£ thé quencher
excited was found to belv=2. - 0f all the quenéhing processes they
studied this was the only process which required more energy than is

1
released in quenching to Oz(a Ag)v=0' - S \

1.+
Oz(b_zg)v=0 + HClV

H . AH =5.1k .
Lo T 0y(aA) o+ ECL 5.1 kJ mol™" (7.5)

This process isbenqothermic if oz(blz;)v=o ig quenched 1:0!i
02<a1Ag)Q=6' By studyin%'the emission spectra‘they found no evidence
for the presence of the necessary concentration of Oz(blzz)v=1 nor
populated vibrational levels of HC1l up to v=4, which would be probable
if 02(b1225v=0 were quenched to 02(x32;). This indicated that the
obsefved rate df excifation of HC1 to v=2 was consistent with process
(7.5) and that the observation of this levél did not imply any
deactivation of Oz(blzé)v;o to Oz(xsz;).' They suggested thatAtﬁe
energy deficit of 5.1 kJ ﬁolfl was made up from translation and
rotation,

Therefore, it was concluded that in a quenching process

192
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[} + .
involving 02(b12g) deactivation occurs to Oz(alAg) and not to
5 - .
Oz(x Zg) .
The quenching rate constant of ozcblz;) by SO, could not
be determined since the incredse with tempé}ature was too slow in
comparison to the self quenching of 02. Therefore, SO2 was considered

"as diluent and quenching rate constants were determined for 02(b122)

by 02.
“As figure 7.3 shows, the rate constant for the quenching of

oz(blz;) by 02 increases with temperature bepween.295 K and 1200 K.
An arrhenius plot of the results is shown in figure 7.4. It is -
evident that the Arrhenius plot is not linear. The curved plot
suggests that there may be two mechani§ms for the energy transfer.
At high temperatures, short range repulsive interactions could
control the energy transfer while at lower temperatures the transfer
may occur via long range attractive interactions. The overall
51,52

W

mechanism is conéistant with the fihdings of Ogryzlo ef al. ho

concluded that both interations are'operatiQe.

In terms of Parmenter's prediction from‘well‘depths figure 7.5
shows a plot of the room témperature rate constants for quenching of
singlet molecular oxyge; by ; variety of molecules for which ground
state well depths are known. The plot includes NHS’ NO, HCI1, SOZ énd
02 together with the other quenchers studied previously in this
laborafory (COz, N20, Nz).

TQo points can be made concerning figure 7.5. Firstly, most
of the rate constants for quenching of 02<blz;) fall on or ﬁery close
to the line predicted by the theory except 02, H2 and D2. Secondly,
none of the values for the queﬁching of Oz(alAg)rfit the line. A
common reason for the failure of these quenchers to fit the correlation

could be the fact that all show a positive temperature dependence.
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The.pgsitive tempe?ature dgpendences for the quenching of 02<blz;j by
O2 and 02(a1Ag) by NO, HC1l and SO2 have already been discqssed. The
results of Kohsé-Hoinghau530 show that the rate consténts for the
o -
quenching of oz(blz;) by H2 ;;diDz also increase with tempefature..
Thus it seems that at room temperature the‘Parmenter correiation
is Qalid forvthe quenching of 02(bIZ;) proQided that it involves only

. ‘ 1
long range interactions. Once again, for the quenching of Oz(a Ag)

by NO, HCl and SO2 the evidence points to a mechanism which perhaps

involves specific interactions.

To compare the observed decline in the quenching of 02(b122)

by NH_, with the model of Parmenter, a graph of the logarithm of

3
the quenéhing probability. for NH3 against temperature is plgtted,'see
figure 7.6. The full line presents the 'best’ iine through the results.
Also shown in figure'7.6 is the behaviour predicted by the'moael, the
broken line, using equation (7.2). As can be seen the expérim;ntal
behaviour differs from that predicted. The decline predigted by the
model using Parmenter's well depths is much léss than that éctu;;ly
observed. So the obser?ed decrease in reaction rate constant atihigh
temperatures can not be accounted for by the well depths in the |
interaction potential gi;en in the Parmenter model. This was also
found to be the case with CO2 and N20 as thé queﬁchers, studied
previously10 in this laboratory.

Therefore, the Parmenter correlation appears to hold at a
single temperature'although, over a wide temperaturevrange the well
depths are not realistic enough to account for the obserﬁed deéline
in the quenching rate coﬁstants, so the model is not adequéte for
the prediction of temperature dependence. Howe§er, one should be

aware that the model was originally designed for highly efficient

quenchers which none of ours are.
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7.3.3 The Energy Pooling Reaction

It was shown in Chapter 6 that the rate constant increased
with increasiné temperafure; An‘Arrheniui piot of these results is
" shown in figﬁre 7:4: It cancbe seen that it‘has a similar
temperature dependence to that obser&ed fdr the quenching of
oz(blz;) byroz, also shown" in figuré 7.4.

Recently Heidner et all47 reported results on the temperature
dependence of the energy pooling reaction which were obtained in a
jacketed flow system between 295 K and 353 K. These areyalsélshown‘
on the Arrheﬁius plot (figure 7.4) where it can be seen to fit‘well
with our results extrapolated'fo the room temperatu?e Qalue65.

'Séhurath44 has studied the energy poo}ihg reaction 61.14)

by observing the emission from several vibration levels of Oz(bIZ;)

as they formed:
1 ‘kp' 1+ . 3.- -1 E
| 202(3 Ag) —_— 02(b Zg)v=n + Qz(x Zg) . Al = 1.65 kJ @ol : \(1.14),

His results showed that v=0 and v=2 transitions were significantly
stronger than those expeéted from the Boltzmann diétribution acréss the
vibrational levels of o;(blz;). Howevér, the overall reaction to v=2,
which would be a nearly resonént reaction channel, is thought to be
favoured.

_ The increase in rate constant with temperature which we find,
taken with Schuratﬂ's work, seems to indicate that the énergy pooling
reaction is an insténce 6f a near-resonant energy transfer whiéh occurs
at short range on the repulgive part of the intermolecular potential
curve. Thomas and Thrush77 in comparing the energy pooling reactioh
with a Qariety'of quenching reactions, suggested that energy pooling

may take place by two parallel meqhanishs;' one which involves long
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range interactions and ié nearly resonant, and another involving
repﬁlsive short range interactions and giving a,mofe statistical
Qibrational distributién. Their suggestion partly cohflicts with
our own and Schurath's findiﬁgs;‘ Howe?er? tﬁere is the possibility
that the transitions to §=2 and §=O'may ha&e different”temperaturél
dependences. This possibility would éncompass all three studies.

Clearly further investigations are required in order to test the

idea.

7.3.4 Concluding Remarks

Although the detailed mechanism of the quenching reactions of
‘Oz(alAg) and 02<blz;) can not be pregisely dete;mined from 'these
experiments, the Qarious results obtained have refealed the following

features.

1. - The rate constaﬁts for the quenching of Oz(alAg) by NO,AHCl
and SOz increasé with temperature énd the results can be f;ﬁte& between
295 K and 1100 K to a simple Arrhehius equation (figure 7.2). ﬁpwever,
with NH3 we found no appreciable increase ip'the rate constant f%r
quenching with temperatufe, this was also the case with N2, 02, CO2

and N20 studiedg’lo p?é&&ously in this laboratory, and so‘it does

seem that fhe mechanism.for quenching by NO, HC1l and 802 is speci?ic
and perhaps points to a mechanism dependent on a larger interaction
potential.

2. 'l-‘he' results obtained for the quenching of 02(b12;) by NH, NO,
and HC1 together with the results of the previously examined quenchers
show that there is a simple correlation of the typé of temperature

behaviour and the room temperature quenching efficiency (figure 7.3).

The most efficient quenchers show. a negative dependence of rate constant
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on temperatute and the léast a positive temperature dependence while
the‘intermediate ones are almost. temperature independent. A qualitative
picture would suggest that with poor éuenchers energy~transfer occurs

by a short range mechanism on the repulsi;; part of the intermolecular
potential cuf&e; while the efficient quenchers relax b& a mechaniéﬁ
which in&ol?es long range interactiéns‘in the attracti&e region of

the intermolecular potential cur§e; |

3. A comparison is made of the obser&ed decliﬁe in rates, for the
more efficient quenchers, with the model of Parmenter which unfortunately
" does not fit, although his suggested correlation of rate constant with
well depth is reasonable at room‘temperature;

4. The rate constant for the energy poolingvreacfion has been -
determined from 295 K to 1200 K. The reaction shows a positiﬁe
temperature dependence. The Arrhenius plot is non-linear (figpre 7.4).
Based on the température‘behaQiour together.with some spectroséppic

data reported iﬁ the literature itvis eQident that the reac?ionxpfoceeds
via a short range near-resonant mechanism. | \

5. The temperature dependence of the rate constant for quenching of
oz(blz;) by O, obtained fioxg the study of 0,/50, mixtures confirms the
beha?iour seen pre?iousl§'from the 02/N2 mixtures., This confirmation

of the results for the quenching by Oé is important since all othqr
quenching rate constants measured rely on these values. The positive
temperature dependence shows a non-linear Arrhenius beha&iour (figure
7.4). Tﬁis indicates that the reaction mechanism must in§olve repulsive
forces but the influence of attracti&e forces cannot be completely
excluded.

6. The studies with mixtures of 02 and NH_ have provided a useful

3

check on the validity of. our numerical analysis (Chapter 6).
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7. For the obser&ed differences between the quenchers of Oz(alAg)
and 02(b122) there is no general correlation, although some success
is achieQed by‘the Qarious’theoretical approaches; Tﬁe present

°
studies of temperature depengence seem to indicate that the mechanisms
invol§ed are more complicated and that the results obtained neithér
can be readily generalised nor be eésily predicted with these approaches.
8. An apomalous emission was detected from OZ/NH3, 02/HC1 and 02/N0
mixtures at temperatﬁre abo&e 1200 K;_ Preliminary tests indicated that
the emission was not due to the preseﬁce of‘singlet molecular oxygen.,

A further glow was also observed after a shock into HCi/Oz'mixfures

but in this case it was found that the glow did.depend on the
\

™~

presence of singlet molecular oxygen:
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CHAPTER EIGHT

The Temperature Dependence of the Dimol Emissions
q /]

8.1 Introduction

It was shown in Chapter 4 that if the dimol emission at 634 nm

is a simple collisional process then the post-shock glow will be related

to that pre-shock by:

634, _ 634K 634 2 3 ' (4.42)

Io i : psg p21 T21

34K is a constant for any enhancement in the emission with rise
N .

where
iﬁltempérature and would be unity inyihé case oé a simple collisional
process. In equation (4.42); p21 is the densify ratio of:sﬁQCked (2)
to pre-shocked (1) gas, and T21 is the temperature ratio. . ﬂ

Figure 6.12 shows that while the original assumption12 | that

i

'\
the dimol emission at 634 nm is a simple‘collisional process is

634

abproximately true (i.e. K = 1), there is a further enhancement

of the emission at high temperatures.

A similar rise was also seen in the previous studies57; it
was less well characterised but still noticeable with the other two
dimol emissions at 703 nm and 579 nm. At that time the anomalous
rise was attributed to an increase in the rate constant with temperature.
But this posed difficulties since the rise was not uniform and apparently
started rafher abruptly near 1000 K. The present‘results for the
quenching of Oz(alAg) by &arious quenchers (Chapter 6) confirmed this
obser?ation since the enhancement factor, 634K, started to increase .

systematically at temperatures above 1000 K (see figure 6.12).
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In view of the anomalous behaviour, it seemed worthwhile to
investigate further the temperature dependence of the three dimol

1
emissions of 02(a Ag).

c o

1 1 . X S 3. . 3.-..
oz(a Ag)v=0 * °2<a Ag)v=0 M OZ(X Zg)v=0 * OZ(X Zg)v=

+hv (A = 634 nm) (1.10)

1. 3.-. 3_-
+ oz(a Ag)v=0 > OZ(X Zg)v=1 * OZ(X 2g)v=0

1 ,
oz(a Ag)v=0

+ hv (A = 703 nm) (1.11)

1 . 1 _ : 3.- 3.~
Oz(a Ag)v=1 * OZ(a Ag)V:O > OZ(X zg)v=0 * OZ(X Z:g)v=0

+#hy (A = 579 nm). @
So this chapter reports'the variation of visible emission fram shock
heated Oz(alAg) with temperature. Emissions measureg at 634, %03 and 579 nm
show an increase with temperature greater than that expected siﬁply from
concentration effects on the species preimarily responsible\for ¥he
transitiohs.‘ Now the increase ié attributed to hdt bands overlaﬁping
the main transition. From the results rate constants for dimol eﬁissions
involving various levelsrof the upper and lower states are deduced.

In this chapter the reactions studied are written in terms

of the vibrational quantum numbers of the upper and lower states,

s0 the above dimol reactions are:

634 nm). (8.1)

(0 +0) (0 +0) +hv (A=
(0 +0) + (1 +0) +hv (A= 703 nm) (8.2)
(L+0) > (0 +0) +hv (A =579 nm). (8.3)

In figure 8.1 tracings of the oscilloscope record of the three

emissions are given.



—>

Intensity / mV div

204

Figure 8. Oscillograms showing the time dependence of the

various emissions on shock heating,
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3;2 Experimental

In this work the object was to obtain a comparable series-of
shocks at Qariéus temperatures at each of the three wa&elengths.
Hence, the experimental procedure described invChapter'Z was modified.

One photomultiplier with a 634 nm filter wés used as a reference
throughout the experiments; the other photomultiplier was used for
the measurement of pre-shock decay along the tube and to obtain a
series of shocked gas traces at each wa?elength. |

As the emission ratios were measured with a single detector;'
corrections were unnecessary for the geometry of the system.

Thgytransmission curQes Bf'each filter were measureqzwith a
P&e-Unicam spectrophotqmeter. Each 6; the filzérs wés found to haﬁe
a maximum transmittance of 40 + 2% apd a half-width of 10 nm;

The fraction of each band seen was estimated by coméaring the
band area with the filter area. This was done by ma;ching the'published
dimol spectrum with the measured . filter transmission cur?e and éalculating
the area of oﬁerlap. Dimol spectra were obtained from the follo%iné
sources; - the 634 nm and 703 nm bands from the corrected spectrum of
Bader and Ogryzlo18 obtained in emission, and the 579 nm band from
the gas absorption spectrum of Khaﬁ‘and Kasha .

Figure 8.2 shows fhe dimol bands with the traﬁsmission curve of
each filter superimposed. Tﬁe transmitted .intensity was then caiculated
as ; percentage of the incidént intensity for each band. The values
obtained are given in table 8.1.

Corrections were also made for thé change in photomultiplier
sensitiﬁity with wa&elengfh using the manufacturer's data (see‘tablg 2.2).

For these measurements singlet molecular 6xygen was produced as

before (Chapter 2) but then the flow was mixed with a stream of CO2
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Figure 8.2 Filter Transmission and Emission bands:

a.-the 634nm
b- the 703nm
c. the 579 nm

In each the filter is shown on scale of 2 and the ‘bands

are normalized toa scale of |.

630
filtef ——— 5

scale factor

- wavelength,A / nm
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Table 8.1. Filter Transmissions

(’ [}
Filter/mm Band, A/om Transmittance % -
634C . 634, = 26.0
637 19.0 - |
640 15.0 ,
" .703C , 703 ' 22.5
707 17.0
697 27.8
706 , 19.8
7038 703 ©20.6
707 ' 19.8
697 10.8
706" - 30.0 L
579 : 579 21.4 ‘
583 15.5

587 10.1
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to give a 5% by volume mixture of 002 in 02. The COZ was added to

speéd up vibrational relaxation. This is discussed further in section

8.3.2.
¢ (]
The run parameters are listed in Appendix5-
8.3 Results

Figure 8.1 shows the emission intensity of the shocked gas as
a function of time for the three dimol emissions from the 02/CO2 mixture;
Also shown in figure“s.l‘is the emission from 02(b122) at 762 nﬁ for
comparison.

Figﬁre 8.1a shows an oscilloscope‘tracé\of the 634‘nﬁ emission.
As can be seen the shocked gas behaQiouf.is éimilar to that described

in Chapter 4.

In figure 8.1b a tracing of the 703 nm emission from shock

heated gas is shown. As can be seen it is very similar to thatlat
634.nm emission. Hence, the kinetic equations derived for the emission
at 634 nm (Chapter 4) can be applied to that at 703 nm emission. ' .

Consequently the 703 nm shock traces are analysed in a similar

manner to those at 634 nm (Chapter 4).

Figure 8.1c shows the high temperature behaviour of the emission
at 579 nm, As can be seen the 579 nm emission is markedly different
to those at 634.nm and 703 nm.  Here we see a relaxation zone. The
treatmen£ of the shoék trace is shown later. Suffice.it'to say here
that the analysis allows the initial rise, relaxation zone and &ecay

to be fitted as in the case of the 762 emission (Chapter 4) from

1.+
Oz(b Zg), figure 8.1d.
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8.3.2 Analysis of the Data

To account for the increase in K with temperatgre, the data
are analysed with a model in which the eﬁ%ssion seen is the sum of
(o . .
emission from both the normai'and hot bands (é hot band is observed
when an already excited Qibration is further excited, increase of
the population of the initial state; With incieasing temperature).

To illustrate this an example is given below;

The two bands near 634 nm are:

k ) ‘ .
(0 + 0) LU (0 + 0) + hv (A = 634 nm) “(8.1)
kl . .
(1L + 0) —— (1 + 0) ﬁ;hv (A = §37 nm). ¥ (8.4)

Reaction (8.4) is the first hot band corresponding to the normal band,

reaction (8.1). Hence, the filter passes light from both bands and
the observed emission, It , at time tp is: '
p

2 _ : ‘
Itp = kA + k A A (8.5)

’ 1 1
where Ao and Al denote”the goncentrations of 02(a Ag)v=o and 02(a Ag)v=1

and k ére the temperéture—independent rate constants

3

and must be multiplied by T® to give the normal second order rate

respectively. ko

constants.

At the shock front the vibrationally cold gas in the pre-shock
flow is compressed to give the initial frozen concentrations Ag and
Ag,.and these. then relax to the equilibrium values A:, A;, with a

relaxation time tv. Equation (8.5) now becomes:
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_ e o e _ 2
Itp = kO[Ao + (Ao - Ao)exp( tp/T)]

L.e o e e o e
+ kl[A1 + (A1 - Al?exp(- tp/T)]£A0.+ (AO - Ao)exp(- tp/T)]

(8.6)

if the relaxation is a simple first order process. Previous studies®?

ha&e shown that the presence of the relaxation zone.in the 579 nm
emission complicates the analysis. So in the present experiments COz
was used to speed up‘the &ibrational rélaxation such that: to feduce.x
to a value which is‘}ess-than the rise-time of the system. Then,
after compression, the emissibn-immediafely assumes its equilibrium

+

values so that equation (8.6), with t:>> T, becomes:-

B e 2 e,e ‘
I = kO(Ao) + k AoAl. . v(8.7)

eq 1

It was shown in Chapter 4 that if the dimol emission reaction
is a simple collisional process, then the immediate post-shock emission

intensity from the heated gas, Id, can be related to-that from the

cool gas, Ipsg’ by:

PRI
I, = Ipsg(DZI) (Ty) (4.42)

where p21 and T21 are the ratios of post- to pre-shock densities and

temperatures.

In the pre-shock glow, Ipsg’ virtually all the molecules are

in the lowest vibrational state, so that:

2

' 0.2 .
To = k(B =Xy Liot (8.8),

0



211

+ is the total concentration of Oz(alAg).

Now from equations (8.7) and (8.8) the ratio of the equilibrium

where Ato

to the initial emission is:

¢ 0

- e 2 e e ..
K = qu/Io = (Ao/Atot) [1+ (klAl/kOAO)] (8.9)

where all the concentrations are equilibrium values. The value of K
provides a measure of the enhancement of the post-shoék emission over
that expected from the pre-shock emission.

It was shown in Chapter 4 (section 4.2.1) that the observed

emission, It , is related to K by:

P \

2 3 . - '
I, =K1 0y Ty exp(-.a,t )dt /t. (4.46)

4

\

if there is no appreciable deactivation of Oz(alAg) at high teﬁperature.

As before, in equation (4.46) ts is thg rise-timg of\the'system
and at ig the post~shock decay constant. vOnce again equation (4;46)
is integrated numerically using Simpson'é rule. The experimental points
for each run are fitted Fq equatioﬁ (4.46), first using 1nteractive
graphics to obtain a rough fit and then by non-linear least squares
to get the best fit. The fitting is described in detail in section
4.2.3. An éxample of the fit is shown by the full line in figure 8.3.
It cén be seen to‘display thelexpected shocked gas behaviour (see
section 4.2.3). The fit for each run gives valués of ts' at and K
(see Appendix D for the results). The post-shock decay, at, i§
compared with that measuréd in . the pre-shock flow with the mobile

photomultiplier, suitably corrected for the shock compression; the

two values are always found to be similar.
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Equation (8.9) can be linearised with respect to temperature

to give the ratio of the emission rate constants, ko/kl’ directly at

each temperature for a known value of K.
. ¢ a ‘
The concentration ratios can be obtained from the Boltzmann

. 84
~equation

Nj/N = [gj'exp(- €j/KBT)]/q (8.10)

j is the population of level Jj, N is the total population, gj
K_  is the

is the degeneracy of level j, Ej is the energy of level j; B

Boltzmann constant, .and q is the partition function given by:

where N

=), g, exp(- € /K.T). * 8.11
a Zj gy exp(- € /KT). . (8.11)
For a simple harmonic oscillator equation (8.11) can be
approximated by:
: 4 !
q =[1 - exp(- hcw/KBT)] ‘ \ (8.12)
where for O (alA )
2 g
hew/Ky = 2131 K. (8.13)

Therefore, the concentration ratio from equation (8.10) for Oz(alA ) is:
’ g

A .
Bv = AV/Atot = exp(- 21§1v/T)[1 - exp(- 2131/T)].(8.14)

Now substituting for concentration ratios (v=1) in equation (8.9):

K = [1 - exp(- 2131/T)]2[1.+ (kl/ko)exp(— 2131/T)]
(8.15)

wn{{K/[1 - exp(- 2131/T)]°}-1} = fn(k,/k,) - 2131/T.

(8.16) :
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Therefore a plot of the left hand side of equation (8.16)
against T-1 should be a straight line with gradient equal to 2131 K

from which the rate constant ratio can be obtained from the intercept.
E L]

¢ .
For these experiments reasonable graphs were obtained but

although gi?ing a straight lihe the gradient was found to Be greater
than the expected value of 2131 K. va the analysis was enlarged to
take into account the second hot bands for fhe three dimol emissions
studied as fundamenféls.

(a) The 634 nm Emission

Figure 8.2a shows the transmission curve for the narrow;band
filter used in the experimenf,'together with cur&es for the possible
Wdimol baﬁdé which are listed in table 8.2a. it is assumed\£hat the
shapes for the hot bands‘are similar to those for the normal band,
and while the assumpfion is reasonabie it is probably the largeét
source of error in the intensity estimates‘ |

All the bands in table 8.2a o&eflap the filter transmisséon
and can add to the observed‘emission. Stillzhigher hot'bands aiso
overlap to a small extent, but these ha&e not been included on tﬁe.
grounds of low relative popuiation and also to keep the number of

parameters in the analysis small. The relative populations at 1200 K

are also given in table 8.2a for compariéon.
Figure 8.4a shows the values of 634K determined from the

experimental measurements of emission intensity as a function of

temperature.

63

For the three groups of bands in table 8.2a, 4K can be

described by the equation, similar to equation (8.9):

RPN -] 2 e e, e e
634K = (AO/Atot) 1+ (klAl/kvo) + (szz/koAO] (8.17)
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Fiqure 8.4a Results for 634 nm Emission-
. 634 A
The experimental points show ~ K vs. Temperature.

~ The Fullline gives the best fit foreqn. 8.18

The dashe d« line —s contributions from (0+040+0) band
The dotted line —sthesumof the (04050+0)and

_ (4o140) bands.
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where the concentrations refer to equilibrium values, and kO’ k;l and
k2 are the rate constants for the three bands. Once again substituting

for concentration ratios, given by equation (8.14), equation (8.17)
¢ ¢ :
becomes:

634, A A A A
K = By[By + (k /k)B, + (k,/k )B,]. (8.18)

The final term includes contributions from both of the upper
levels (1 + 1 and 2 + 0), the differences due to anharmonicity has
been ignored. Thus k2 is the sum of the rate constants for the four

possible transition;‘(see table 8.2a).

Now equation (8.18) cannot be }inearise?.with_respect to
temperature, so it has been fitted by non-linea; least squares analysis
using a NAG routinesé. .The full line in figure 8.4a shows the fit
obtained. The heights between the ﬁarious lines in Fhe figuré show
the contributions to.the emission méde from the various bands..HAt
low temperatures only the normal (0 + O > 0 + 0) band contr;b;t;S;
as the lowest vibrational leﬁel is depopulated at highter temperétures
the contribution decreases, while that from the higher. bands incfeases
until, at 1400 K, more“than‘half the emission is from the hot baﬁds.

The ratios of the‘fate constants obtained from the fit are
given in table 8.2a and the final column gi§es the ratio correcteé
fof the differing filter transmissions of the bands. The ratios and

the accdracy of the results are discussed later.

(b) The 703 nm Emission

Figure 8.4b shows the measured values of 70SK nm emission at
temperatures between 600 and 1500 K. Like the 634 nm emission, the -
emission increases more than expected, but here the increase is double

that found for the 634 nm emission to which it might be expected to N
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Figure 8.4b Results for the 703 nm Emission,

- 703
The ¢xperimental points are K values.

The full line gives the best fit foreqn.8.23
The dashe¢ line —= contributions from (0+0—%'l+0)band. }

The dotted line —— the sumof the (0+03140) the

 (Ho1+1)and (1+0-2+0 ) bands.
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be similar. Examination of the oxygen spéctrum in this region shows
that not only are there dimol hot bands but also bands from the
emigsion of 02(b122); table 8.2b lists these possibilities and
. e . ° .
figure 8.2b shows the overlap of the various bands with the filter
1_+ '

transmission. The envelopes for 02(b Eg) emissions are drawn from
the known spectroscopic constantss6 for a temperature of 1200 K.

63 i 1.+
Previous studies have shown that, at our concentrations, Oz(b Zg)v_o
emission is more inéense‘thanithat of the dimol emission, so inflation

703

of the K value by these bands can be expected.

Following equation (8.7), the emission intensity can be written

as:

703 2 - '
K T )
) + 1T, + kT | (8.19)

= o

e . e
I= kO(A0 + klAOA

where k0 and k1 refer here to the 703 nm emission, k2 and k3 are first

1 + . . .
order rate constants for the Oz(b Eg) emisgion, and 22 and 23 represent

1.+ —
the equilibrium concentrations of Oz(b Zg) in the second and third
vibrational levels. '
703

Following equation (8.9) the enhancement facfor, K is then:
03 - a®/n, %1+ 08k 097 +1ek, Tk A2 T
0" "tot 1100 2 2 0 tot 2
+ [k,z /e a2 1dyg (8.20)
33 0 tot 2"°° : ‘

[ X]

The temperature term Tg is included here since the dimol emission is

being compéred with 02(b12;) emission, which is a single molecule
transition and would not_be expected to show the collisional dependence
on temperature that the dimol emissions have (see section 4.2.2).

The constants k_ and k,_, are reléted throﬁgh the known Franck-

2 3

Condon factors, 87 kz/k3 = 0.711. The equilibrium concéntrations,
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.22 and 23 are determined from the Boltzmann equation, (8.10), using

: ) 1
the characteristic vibrational temperature of Oz(b_E;):
B =% /I = Ztotpexp(- 2015v/T)][1 - exp(- 2015/T)] (8.21)

+
where I is the total concentration of Oz(blzg), which was determined

tot .
in Chapter’4‘(section 4.2.2) by congidering a steady state between

the energy pooling reaction, (4.5), and the quenching reaction,

(4.20). Here, it may be represented as:

o co

2 2.
)/(k “10,] + k

Z = (kA

tot p tot X

2 a2 B
o [eo, D) = cpa”, (8.22)

5,
.,

The values of k_ and k_have Been measured over this temperature
can be determined at each temperature.

range,J(Chapter 6) so CZ

Thus 703K becomes:

A\

703K = Bg[Bé + (kl/ko)Bi] + [kgcz/kngl(B: +'aB§). .58.23)
\ }
The constant o is the ratio of the Franck-Condon factors multipiied
by the ratio of the filter factors for the bands.

Once again the rate constant ratios, kl/kO’ and, kz/ko, ;re
determined by fitting "thé results to equation (8.23) by a non-linear
least squares procedure.. The full line in figure 8.4b shows the pest
fit obtained and the heights between the various lines show tﬁe:
contributions made by the two dimol emissions and that from Oz(bIE;).
At low femperaturesionly the lowest dimol band produces emission, but

at high temperatures the ozcblz;) emission produces the large increase,

and 80 is responsible for the difference in‘behavidur between the

703 and 634 nm emissions.

Only one hot dimol band has been included in the analysis

although there are others which overlap. When it was attempted to



224

.include the next group of bands, it was found that the term was
. 1 + . ) )
swamped by the Oz(b Zg).term, and the analysis gave unreliable

results. Table 8.2b gives the values determined for the rate
¢ ° : .
constant ratios by the analysis.

In order to compare the 703 and 634 nm emissions, the ratios
of the emissions were measured in thé'pre—shock'flow in.Oz'/CO2
mixtures., For a series of experiments ét room temperature the ratio
was found to be 0.58. This was corrected for the relati&e filter

transmissions,(f703/163£4)an1the photomultiplier quantum efficiency

(¢703/¢634 = 0,70) 850 that

703, 0 +0+1+0/%%@+0+0+0) =0.83. (8.24)

The final column in table 8.2b gives the values of the other bands

relative to the 634 nm band.

The rate constant for the emissgion from 02(b12;) is determined.

6 : :
4k0) since 34k(O + 0> 0 + 0) has been

3 mol_1 s_lz

from the value of (kz/63

measured by Fisk and Hays88 to be 0.0265 dm

)Ti. [s"l] (8.25)

634
k2 = 0.0265(k2/ k0

1’

temperature independent part of the dimol rate constant, whereas the

Here again the temperature, T is introduced since 634k0 is the

measured value contains the temperature:r The value found for k2 is

0.046 s~1.

(c) . The 579 nm Emission

All the dimol bands in this region are hot bands since all come
from vibrationally excited Oz(alAg) molecules and so, in the pre-shock
flow, the emission is very weak compared with those at 634 nm and

703 nm, but still large enough to be measured at room femperature. . .



225

S0 at the shock front there is a rapid increase in emission due to
thé increased density and temperature of the shocked gas. It is

found to be that which would occur for a dimpl emission and is

e 0

given by:

579I _ 579I

2 3 .
2 1 P21 T (8.26)

21"

After the instaﬁtaneous rise there is a gradual increase to
an enhanced level of émission. The other dimol emissions do not show
this (see figure 8.1). Following the enhaﬁcement there is a decay:
The enhancement ébserfed_is shown to be due to Qibrational
relaxatiqn56 . Therefore, her; the enhancement factor, K,\is the
ratig of the glow after relaxation to that predicted from the pre-
shock glow at 634 nm emission [equation (4.42)]:

579 579I 634 579 634 ‘2 %

eq 0" eq psg P21 T21+ (8-2D)

The pre-shock glow at 634 nm was measured both with the
photomultiplier used for the 579 nm measurements and with the reference
photomultiplier to obtain a correction factor to account for the
difference in sensitivity of the two detectors and filters for the
634 nm emission.

579

The values of K found between 600 and 1500 K are shown in
figure 8.4c. Because of the redefinition of K, the values do not
extrapolate to K = 1 at room temperature.

Table 8.2c shows the bands in this region and figure 8.2¢ shows
the overlap of filter transmission with the bands.  There are no

1_+
02(b Eg) bands in this region.

The emission intensity is thus:



579

0.5

Figure

226
8.4¢ Results for the 579 nm Emission.‘
The cxperimentcll' points are 579!( values.
The full léne -->th'e fit obtained by eqn. 8.29
The ‘dash'éd line —s the contributions from(H-O-;O-'-O)bdnd.L
The dotted line —s the sum of the‘(h-0-90+0),dndthe |

(1+15140), ( 2+40+1+0) bands.
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579 e,e e
I = k1A1A0‘+ k AlA

= 0

3

e e
9 + k AlAz | (8.28)

where the various emissions involving 2 or 3 quanta in the upper state
have been combined together. Combining equations (8.27) and (8.28) and

‘replacing the concentration ratios by‘Boltzmann_factors.gives:

579, _ 634 A A A ’ A
K= (k/ kB /[By + (ky/k)B) + (ks/kl)gz] (8.29)

where 634k0 refers to the (0 + 0 - 0 + 0) transition at 634 nm, and“
\
kl’ k2 and k3 refer to the emissionsat 579 nm.

The data were fitted to équation (8.29) by a non-linear least

”squares procedure and the best line.is shown in figure'8.4c, together

)

with thewcontributions from the various bands. The ratias of the

constants are given. in table 8.2c. -

634

579 o .
The ratio ( k1/ ko)'was found to be 0.995 from a series of

measurements at room temperature.- The relative values for 579 nm/634 nm
emission cohstants are then obtained by correcting this value for the

photomultiplier efficiency at these wavelengths (¢ = 1.30)

579/¢634

and for the filter factor (£ / = 0.82). The final column of the

»

table gives the ratios with respect to the 634 nm (0 + O >0 + 0) band.

579 f634

8.3.3 Rate Constants of the Dimol. Emissions

The room temperature rate constants for the dimol emissiohs
studied are calculated from the relative intensities, with respect
to the (0 + 0 + 0 + 0) band, using the room temperature value for the

(0 +0 > 0 + 0) band reported recently by Fisk and Hays88

. The values
are listed in table 8.3 together with the measur;d.relative.intensities.

Rate constants at other temperatures can be obtained using that
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Table 8.3. Rate Constants of the Dimol Emissions at 295 K

1 - 1 3 - ' 3 - .
: +
Qz(a Ag)v, + Oz(a Ag)v, > 02(X ;g)v“. + OZ(X Zg) " hv

¢ ¢ v

Transition Emission -Akn/634k0 'Rate constant
BN CAL o 2 L G AE S A Wavelength, A/nm - ‘ , _‘/dm311101"15_1

(0+0)-(0+0) - 634.3 1 0.0265 &

(1+0)-(1+0) ~ 673.3 3.18 © 0.084

(1+1)=(1+1) 640.2

(1+1)-(2+0) o 6333 35.2 0.933

(2+0)=(1+1) 1641.3 ' : :

(2+40)-(2+0) + 640.3

(0+0)-(1+0) 703.8 0.83 . 0.023

(1+0)-(1+1) 707'42' . 226 0.059

(1+0)-(2+0) - - '706.2 o N

(1+0)=(0+0) ~ 579.8 0,93 0.025

(1+1)-(+0) j 582'2§ | 22.3  0.591

(2+0)-(1+0) - 583.1 : '

(2+1)~(1+1) 585.6

(2+1)-(2+0) 3847 ( 49.3 1.306 -

(3.0)=(1+1) - 587.4(

(3.0)-(2+0) - 586.5

‘ . g 88
a) Base value measured by Fisk and Hays .

"
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calculated at room temperature and equation (8;30):

A, A 3
k., ="k 95 (T/295K)".

T 9 (8.30)

C
The rate constants obtained rely on the base ﬁalue measured.by
Fisk and Hays88 at 295 K. They compafed the dimol emission with
that from the O + NO reaction and use& the latest Qalue of the rate
constant for the calibrationt“ Their Qalue appears to confirm the

14
earlier measurements of Gray and Ogryzlo .= and Falik and Mahan

) 65 -
but it is higher than the value of Derwent and Thrush .

8.3.4 Discussion

Arnold, Browne and Ogryzlo74 studied-the temperature dependence
of the dimol emission af 634 nm between 221 aﬁd 475 K and fround that
the intensity varied wifh the square of the concentration of Oz(alAg)
and that the rate constant for the (0 + 0 > 0 + 0) band increased
with the square root of fhe temperature. "So based on these 6bservations
théy suggested that the reaction is a simple collisional process with
a zero activation energy.

For both the 634.ﬁm aﬁd 703 nm emissions up to nearly 1000 K,
the present values for thé enhéﬁcement factor, K, is equal'tq one as
expected for the collisional model hence confirming thé collisional

nature of the reaction. ' ”

7 the rise in dimol emission at higher

Ih an earlier‘study5
temperatures was‘attributed to an increase in the rate constant Qith
temperature. The present suggestion that the rise observed is due to
contributions from hot bands'séems more reasonable since they do
actually overlap in the waﬁelength region of the filters_and can

contribute to the observed emission. However, the earlier suggestion

still cannot be completely excluded.
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Two hot bands ha&e been obserﬁéd previously by Goodman and
Brusgo. They used laser radiation near 579 nm to excite oxygen, in
solid neon at 4K, to 02<31Ag2§=1 state. Emissions obser%ed_were near
703 nm from the (1 +‘0 > 1+ 1) and (1 + O > 2 + .0) bands as well‘és
‘from the (0 + 0 > 1 +.0) band.

There haQe béen two other estimates of tﬁe intensities of dimol
transitions in the gas-phase. Whitlow and Findlﬁy64 found the‘emission
at 703 nm to be comparable ts thét gt 634 nm and so reported.a value
of 1.05 for ratio, 703k/634kd. '
this. Khan‘and Kasha17 étudied the abéorption spectra and the rétio

579k /634k estimated from their results is 1.44 in comparison to 0.93

The present‘results agree well with

1 0

giveh by the present study. The discrebancy'seems reasonable

..
&

cénsidering the weakpess of the tfansitions.

The results in table 8.3 shdw that the rate constants for the
dimol emissionsin any band increase with number of ﬁibrational quanta
in the upper state. Howe?er,‘these changes .do not reflect the
Franck—Condén factors for the siﬁgle molecule transitions. For example,
the ratio of thé Franckaondon factor387 for]u; 0/0'; 0 and O 4-1/0 > 0
transitions of Oz(alAg);#—*402(x32;)v" are 0.022 and . 0.007, and yet in
the dimol transitions (1 + O > 0 +0)/(0+0 > 0 +0) and@© + O > 1+ 0)/
(0O + 0 > 0‘+ 0) the rate constantsratios are 0.93 and 0.85. Fran;k-
Condon factors can be a good guide to rqlatiﬁe intensities if the
electronic‘pértvof the transition probability is nearly constant in the'
region of the transition. It seems that in theselcoqperatiQe transitions
where the electronic paft is determined by weak intermolecular forces,
the electronic transition prbbability changes rapidly with distance.-
So at higher §ibrationa1 states the inferactions may take placé over

a greater range of distances giving rise to greater intensities. .

The nature of the upper state [Oz(alAg), Oz(alAg)] is not clear. ~

AR
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[02]2 has been suggested as the cause‘of the blue colour of liquid
oxyge&n"gz.Arnold.et al.74 concluded from their study of the teﬁperature
dependence of the emission.that an [02]2 g?mplex is not responéible
for the emission The fact tﬁét enhancement factor, K, does not
'decrease with increasing temperature is a further‘eQidence-that fhe
emitfing speéies can not be a dimer...- |

Thé intensities of these bands ha&e been consi&ered theoreti_callygs'94
where the models use& allow for mixing of the possible trénsitions due
to the intermolecular forces. - The suggestibn is .that the dimo;
transitions may gain electronic intensity from the Qery strong
Bt32;) $~x(32;) tfansition, wﬁiéh is responsible for the Schumann-
/Runge bandvsystem of.oz,/.Some success has been:achiéﬁéd.with these
approaches. )

In this study.evidence.has beeﬁ presented that the extra
témperature depghdence of the obserﬁed.diﬁol eﬁissioﬁs from Oz(alAg)

is due to contributioné from overlapping hot bands but clearly

confirmatioﬁ requires spectroscopic identification.

8.3.5, Reliability of the Results

The reliability of discharge flow shogk tube. technique has been
discussed in Chapter 4 (section 4.4.3). .Below is giﬁen an assessment
of the speéfroscopic data obtained in the present study. |

v

The number of experimental points and the.best.fits obtained
for the data using interactive graphics and non-linear least squares
are found in&aluable for calculating the relati?e rate constants with
a high precision. Howe&ef, all the results haée been subjected to

two correction factors. First, corrections were made for the change

of photomultiplier qﬁantum efficiency with wavelength, with relative
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) 95
values obtained from the manufacturer’'s data .. Since the
measﬁrements were made with a single photomultiplier the error is

probably not greater than * 10%.
C

Second and more important is the correction applied for

4

_differences in transmission by the filter. The general shape of

‘the (0 + 0 > 0 + 0) band was obtained from the emission spectrum of
18 - :

Bader and Ogryzlo , after correcting their wavelength scale, and it

17

is similar to that seen in absorption by Khan and Kasha and recently

96 . Clearly a shape obtained from spectra taken

by Singh and Koroll
from a weak emission can hardly gi&e precise §a1ues,rbut the lack of
detail in the spectrum reducés.the errors in comparati?e measurements.
It is reésonable to assume that the other bands.haQe the same shape,
but it isfdifficult to be certain without knowledge of éhe spectra.
Shapes of se&eral baﬁds can be seen in the work of Goodman‘apd Brus90
and they are similar, but all the bands are consider;bly narrowed

in the solid at 4K. Taking thgse sources of error intq account we
estimate a 95% confidence level at * 25% of the Qalues listed in

table 8.3.

The value estimated for the (2 - 1) transition of the 02(3122)
emission (0.046.3-1) is subject to a greater error since we had to
approximate a line spectrum by an envelope to obtain the filter

correction. The value8 6,87

for the (0 - 0) band is 0.077 s'l, and
wheﬁ.the ratio of the Franck-Condon factors is taken into account,
the expected value is about one third of what we find. Considering

the approximations involved in comparing the single and dimol

transitions the value seems reasonable.
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CHAPTER NINE

¢ . ..
9 Suggestions for Further Studies

In this chapter some possible further studies of singlet
- molecular oxygen and other systems using the combined discharge
flow shock tube techniques are outlined in the light-of the present

work.

9.1 Further Studies of Singlet Molecular Oxygen

: 1_+
A study of the temperature dependence of the quenching of Oz(b Zg)

would allow comparison with previous workso’sz. These

‘by‘HBr ana H2
quenching éystems ha&e been modelled by Ogryzlobet a1.5’52 using long
and short range intefactions. . The wide temperature range a;tainable
with our discha;ge flow/shock tube should provide a éood test for the |
theory.
HBr possess the disad&antage of being highly corrosi&e and with
H2 there is some danger of explosion, especially in the présence of
the discharge. Sé in both cases extreme care should be taken in
carrying out thé experiments.
It may also be possible to measure the temperature dependenée
of the queﬂéhing of Oz(alAg) by these quiPchers if, (a5»th§ pre-shock
decay rate 1s large enough to be measured accurately at-room temperature;
(b) there is at least 15% increase in decay rate'at the shock temperature.
As the potential energy suffaces fbr the quenchiné of both
Oz(alAg) and o‘z(blz;) are unknown it is difficult to determine the
precise nature of these reactions solely by inférring to the measured

temperature dependences so it would be invaluable to calculate these

: potential surfaces.
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17
There are several mixed dimol emissions for example:

1 1_+ 3.- ) )
Oz(a Ag) + 02(b Zg) > 202(X Zg) + hv (} = 478 nm) (1.13)
C e
and :
1 1+ 3.-.. 3.- ’
02(a Ag) + Oz(b Zg) - 02(x zg)v=1 + 02(x Zg) + hv (A = 514 nm)

(9.1)

that could be sfudied in.this apparatus. The problem here will be
due to the low emission.inteﬁsity and the apsence of a sensitive
spectrometer. At presént a rapid scan spectrometer, consisting'bf
a simple monochromatdr linked,tq a charged coupled semiconductor érray,
is under consfrﬁction which can be used to study theée'systems.

fhis rapid scan spectromefer whiéh'is designed to\ﬁake a spectrum
at our 1ig£t intensities within 200 ﬁs could be also used to identify

the additional emissions (section 6.5) seen in this work.

9.2 Studies of Other Systems

97 ' 9 » '
Recently Slanger and Ogryzlo et al. 8 have reported emission
in the visible region from the recombination of,oxygén atoms which has

been attributed to several new band systems of molecular oxygen;

By s, 3% 3% analr S1
g u

A . The emission should be visible in
u g u g .

our system &here we can éenerate higher concentrations than in a normal
dischgrge and will enéble us to study the.reactions of oxygen atoms
at high temperatures. Already a new discharge flow/shock tube system
free of meréury, Which cén_ﬁe operated in parallel. to the existihg one, .
is constructed to study these reactions.

The inifial gtudies cohld be of the reaction of oxygen atoms

99

with CF31 and CH_I to provide a comparison with the work of Grice

3

who studied these particular reactions with his molecular beam
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technique. _6nce established, the method could be used to_study any
oxyéen atom reactions which are of e&ident importance:in combustion,
in the upper atmosphere-#nd in air pollut%fn processes.

This new system cén a{;o be used to study further thé additional
emissions seen at both 762 nm and 634 nm at longer tiﬁes and higher
temperatures‘in mixtures of Oé/NO, Oé/NHS and 02/H01. For example,
the emission obser&ed in 02/N0 mixtures may be due to chemiluminescence
from the reaction befween NO and atomic oxygen which has a broad
maximum in this region. Here the atomic oxygen may be gener;ted by"
the decomposition of,oxygen itself, and if this is the case theﬁ the
observation points to a way of studying this decomposition and the
similar‘ohes at lower temperatures than,hithgrto ha§é been possible.

The O + NO system, used for monitoring the concentration of
oxygen atoms, is weli understood at réom temperatureloo but(there
have been few studies at high temperatures. It was the first
reaction to be studied in a discharge flow/shock tube53 but the
reported temperature dependencé seems . unrealistic.. TheAiﬂitial
measurements relied only on the initial shock compression and took
no account of the systeﬁ rise time, ﬁibrational relaxation or the
variation of concentrati;ﬁ alopg the tube, all of which we ha&e
found to be important in obtaining accurate resulfs with our method.
So it would be worthwhilé to study fhis reaction in detail at high
temperatures. )

In the O + Nd system, the oxygen atoms aré usually produced
by reaction of NO with N atoms, generated by passing'N2 through a
discharge, and there are ﬁany worthwhile studies of the Qarious

chemiluminescent processes in the active nitrogen system101.
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o S
Barnes, Becker and Finklo“ have reported studies at room

temperature of the electronically excited states of Sz'and SO

equivalent to those of O Tpé comparisonrbefween‘the temperature

5°
dependences of the rafes of these reactions of these states with
those for Oz'would be valuable. For example SO(IA) and Sz(lAg) show

energy pooling reactions:
SO(lA) + SO(IA).; SO(IZ) + SO(3Z) 1(9.2)

+ SRR TS B ST f | N
5,08+ 8,08 > 8,CI) + 80T » (9.3)

SO and S2 are formed by discharéing sulphur containing compounds

e.g. SOCl2 and stlz.
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Appendix 1

T, = 295 K, TOTAL Flow Rate,
€.

(a) 37 NH3, 977 O2

Run No.

216
216
212
212
211
211
210
210 .
209
209
208
208

§W§W§W§W§'W§?—“

-]
N
=
I~

RA 214
R 215
RA 215

(b) 7% VH
220
220
219
219
218
218 -
217
217

LA psg
/om /mV
634 6.0
762 16.1
634 7.0
762 14.6
634 7.4
762 19.0
634 7.1
762 15.6
634 6.8
762  18.1 -
634 8.3
762 21.6
634 7.4
762 13.7
634 6.8
862 18.1
5 9320,
634 6.5
762 6.4
634 6.4
762 6.9
634 6.6
762 8.0
634 7.6
762 11.2

prpeg g

P

1
/torr

6.99

6.62
6.25
6.87

6.79

6.95

6.95

6.45

6.45

6.29

6.37

5.54

0.826

0.978

«1.125

1,129

1.147

1.236

1.265

1.354

0.984
1.072
1.120

1.187

Run Parameters for NH3/02

F. = 28 mls '

Te

602
732

876

883

901

998

1031

1135

747
« 833
883

956

7.35

10.41

13.83

14.08

14.41

S 16.77

17.56

20.16

10.26
12.20

13.33

15.03

Pa1

3.58

4.16

4.62

4.65

4.68 .

4.92
4.99

5.20

4,02

4,29

4,42

4.60

245



Appéndix 1 continued

(c)

Run No.

prprpRpEpEp AR Ry

5% NH

201

201

224
224

1223

223
225

225

222
222
226
226
205
205

228

228
227
227
206
206
207
207

3,

A
/nm

634
762
634
762

634
762

634
762
634

762

634
762

634

762
634

762

634
762
634
762

634

762

952 0,
pPsg Pl
/¥ eorr

8.3 5.3
11.2

37 s
8.5

3.9 .62
7.3

6.5  4.55°
10.4

6.3 . 4.50
7.2

6.3 5,96
8.7

8.5 5.1
15.4

6.4 5 46
9.1

70" 5 92
8.9

8.1 5.67
13.5

8.3 563
12.4

"

754
802

846

876

906 -

1005
1013

1030

1039

1114

21

.8.16

10.66

11.78

12.80

13.50
14.21
16.56

16.74

17.15

17.36

19.18

3,79
41k
4,30

4.43

4.51

4.59

4.82

4.84

4.88

4.89

5.04
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"R

(a) 3% NO, 977 02 R <
Run No, A pPSg ,Pl
/nm iy Jtorr

R 85 634 4.9. 6.62

RA 85 762  291.0

R 104 634 5.1 6.62

RA 104 762  281.0

R 88 634 5.4 6.62

RA 88 762 - 339.0

R 107 634 6.7 6.62 .

RA 107 762 409.0

R 7106 634 JS.OZ‘ 6.62

RA 106 . .- 762 264.,0

R 87 634 4,8 6.62

RA 87 762  266.0 .

R 105 634f / 5.4 6.62

RA 105 762 = 278.0 ‘
86 634 4.9 6.62

RA 86 762  269.0

(b) 5% NO, 95% 02.

P 59 634 3.7, 662

RA 59 762  140.0

R 7103 634 5.0 6.62

RA 103 762 193.0:

R 96 634 5.1 6.62

RA 96/ 762  209.0

R 101 ' 634 4.8 6.62

RA 101 762 189.0

RA 97 762 189.0

R 102 634 4,8 6.62

RA 102 762 202.0

: Appendix 2

Run Parameters for NO/O2

T, = 295K, F

T

= 28 mls ™"
vs_1 T,
/Kmsr. /K
1.155 918
1.047 ’805
1.067 825
1;154k 916
- 1.208 7 977
1.218 987
1.286 1065
1.343 1133
0.909 683
0.939 710
1.064 « 831
S 1.128 899"
1.144 916
1.163° 937

14.78
12.08
12.55

14.73

16.19

16.44

18.36

20.08

9.0

9.62
12.42 |

113.99

14.39

" 14.88

21

4.71
4.39
o
4.71
4.88

5.05

5.19

3.86

3.97

- 4.37
4.56 -
- 4.60 .

4.65

247
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Appendix:2 continued

() 5% NO, 95% o,

C. .
| Run‘No. ./i\m 1/):1‘% }?1 - v; ..Vs__l T2 P21 021
' /torr  /Kms /K ‘
R 100 634 4.8 ‘

6.62 1.233 1016 16.76 4.83
‘RA 100 762  202.0 ; |

R 99 634 4.5
RA 99 762 169.0
P 60 634 3.7
PA 60 762 132:0

6.62 1.278 1068 18.06  4.95

6.62 1.293 1088 18.52 4.9

(c) 8% NO, 92% oé

R 95 634 3.6 ¢ er 0.994 762  9.64 3.89

‘RA 95 762  93.0 ‘ ' | '

R 93,63 3.6 62 1.026 806 11.43  4.15

RA 93 762 101.0 ' ,

R 91 634 3.7 g6 1.051 832 12,01 4.22 .

RA 91 762 109.0 ' ' ’
R 92 634 3.6 g6 1,151 941 14.45  4.50 |
RA 92 762 103.0 . P :

R 94 634 3.8 e 1.160 951 14.68  4.52

RA 94 762 110.0 ‘ ' ’ :

”



Appendix 3

Run Parameters for HCl/O2

(a) - 37 HC1, 97% 0,

Run No.

;wgwgwgwgwgwgwgwgwgwgwgwgw“

347

347

348

348
336
336
346

346

345
345
344
344
334
334
343
343
337

337

341
341
340
340
339
339

342

342

A
/nm

634
762
634

762

634
762
634
762

§634

762
634
762
634
762
634
762
634
762

634

762
634
762

634

762
634
762

psg
[/mV

7.2
437.0

7.2

436.0

2.3

312.0

5.9

364.0

6.1
356.0

6‘.5

$391.0
4.9
174.0

5.8

388.0

5.3
297.0

7.3

448.,0
8.5
406.0
- 6.6
390.0
7.3

467.0

Ti‘é‘293 K, F
-

P

Jtorr

6.41
6.29

6.66

6.21

6.12

6.17

6‘ 06.2,,

5.92

6,87
6.21
© 6.58

6‘08 .

6.21

= 28 mls 1

[

v
52
/Kms

0.823

0.862

0.919

0.950 .

0.952
0.972
0.975
1.041
1.054
1.090

1.143

1.210

1.276

599
630

678

705 .

707

725

730

1789

804

838

893

964

1038

L 7.47

8.21

19.36

10.02

10.06

10.50

10.59

12.05

12,41

13.26

14.61

- 16.38

18.25

3.65

3.82

4.0k

4.16

4,17

4,24

4.25

4.47

. 4.52

4.63

4,79

4.98

5.15
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v AﬁpendixS continued’

(b) 5% HCI, 9sz'oz=

RA 354

Run No. A psg
/nm /mV
"R 329 634 7.0
RA 329 762  253.0
R 350 634 5.6
RA 350 762  250.0
R 332 634 7.0
RA 332 762  224.0
R .349 634 6.0
RA 349 762 309.0
R 330 . 634 6.5
RA 330 762  243.0
R 331 634 6.2
RA 331 762 217.0
R 351 634 5.6
RA 351 762 ,237.0
R 355 634 5.6
RA 355 762  189.0
R 353 634 5.1
RA 353 762 192.0
R 352 634 4.8
RA 352 762 173.0
R 356 634 5.9
RA 356 762  203.0
R 354 634 5.5
762

186.0

p. ©
1

[/torr

6.37

6.25

6.29
6.21

6.12

6.50 "

6.33
6.37
6.54
,6.45
6.08

6:00

1.199

1.191

1.257

1.267

1.278

1.335

13384

629

. 736

825
860
891
944
947
1021
1032
1046

| 1112

L1172

21

8.17

10.72

12.90 :
13.77
14.51 -

15.84

15.92
17.77
18.06

18.41

20.08

21:61

4,27

' 250

3.80

4.58

4.69 o
677 B | ;j;
4.91

4.92

- 5,09

5.12
5.15
5.29

5240
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~Appendix 3 continued

(c) 7% HCL, 73% O,

Run No. ~ A - bpsg | Pl ‘VS | T2 P21 .‘ 52’1

/nm [V : R Y l
p | /tOII /Kms /K

R 364 634 6.0 58 0.837. 605 7.58 3.67

RA 364 762  136.0 o ’ |

R 363 . 63 6.0 471 0.920 683 9.43 4.04

RA 363 . 762 158.0

R.362 634, 5.5 ¢66 0.940 701 9.85 4.12

RA 362 762 142.0 : : |

R 361 634 5.1 458 0.987 743  10.88  4.29

‘RA 361 762  142.0 '

R 360 634 49 54 1.024 778 11.73 4.1

RA 360 © 762  131.0

R 359 634 47 go54 1,064, 818  12.69  4.54

RA 359 762  134.0° ) \

R 358 634 49 637 1.125 880  14.21  4.73

RA 358 762 153.0 :

R 35763k 5.7 99 1,189 958  16.15 4.94 .

i

‘357 762  189.0

-

”



Run No.

T T LY

403

403
402

402

404
404

407

407
405
405
408
408

410

410

412

412
411
411
417
417

415
415

413
413
419
419
416
416

(2) 10% S0,,

A

/nm

634
762

634

762
634

762

634
762
634
762
634
762
634
762
634

762

634

762

634

762
634
762

634

762
634
762
634
762

" Appendix 4

Run Parameters for S0,/0
ers tor 59,70,

| . -1
T, = 295 K, Fy = 28 mls

907 O2

psg
/mV -

12.6

391.0

12.8
361.0
12.6
343.0
13.2

428.0 -
12.7 .

482.0
11.9
329.0

- 13.0

445.0
12.1

360.0-

12.5
424.0
13.0
411.0
13.0

'387.0

13.9
423.0
12,0

374.0

13.0
414.0

Py

/torr

7.12

7.16

7.28
6.89
6.95
7.12
6.19
7.;4

7.16

7.04 -

6.83

6.99

7.33 .

7.28

/Kms

0.821

0.832

0.912

0.923

0.934
d.94£
1 0.989
1;013
.1.032
1.082
1.086
1.119
1.124

“1.179

S_,

764

”

T

663
673

753

776
786

836

‘863 -

884
943
o6
988
898

1063

21

21 

7.87
8.08
9.77

9.99

10.25

10.47
11.53
12,11
12.58
13.85

13.94

14.86

14,88

16.51

3.53

3.57

3.86

3.90

3.93

3.96

4,11

4.18

4.24

4,38

4.39

4,48

4.49

4.62

252
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Appendix 4 continued

prpRERpRgRp

762

(a) 107 50,, 90% 0,
Run No; A psg
' /nm /v
R 421 634  12.0
RA 421 762  401.0
R 423 634 11.0
RA 423 762  374.0
RI 418 634  13.0
RA 418 762  395.0
R 422 634  13.0
RA 422 762  424.0
() 153 soz, 85% 0,
R 431 634  14.0
RA 431 762  432.0
R 432 634  12.0
CRA 432 762 380.0
R 429 634  14.0
RA 429 762  484.0
R 424 634  13.0
RA 424 762  349.0
R 425 634  12.0
RA 425 762 309.0
430 634  13.0
430 762  457.0
426 634 12.0
426 762 313.0
433 634 14.0
433 762 419.0
434 634  12.0
434 762  358.0
427 634  13.0
427 634 344.0
436 634  12.0
436 762 361.0
435 634  12.0
435 351.0

P

/torr

6.79

6.87

7.82

( .

6.95

' 6.62

6,70

6.46

6.45
6.87
6.54
6.75
6.54

6.79

6.71

6.54

6.70

v

1.210

1.183

'1.225

1.231

0.784

0.826

- 0.879

0.906

0.922

'0.924

0.969
1.026
1.063
1.081
1.140

1.777

s
' /Kas ;

.
/K
1102
1070
1122

1130

663

706

764

792

809

. 812

”

865

934

976

1004

1052

1081

21

17.37

16.67

17.81

18.00

7.39

8.23

9.38
9.94
10.29
10.34

11.42

12.81

13.67

"14.24

15.25

15.85

21

4.69

4.64

4.73 -

4.74

3.32
3.47

3.66

3.74

3.79
3.79
3.93
4.09
4.17
4.23
4.32

4.36

253



Appendix 4 continued -

(e) 20% SOz,
Run No. A
/nm

prpRErERRERERE AR

439
439
437
437
442

442

438
438
443
443
444
444

445

445
446
446

807 O2

P

/torrx

1 6.37

6.45

6.54

6.45

6.62

6.45

6.46

6.70

v T
s_l 2
/Kml /K
0.814 731
0.884 814
“0.909 « 846
.0.916 853
0.967 919

1.074° 1063

1.076 1067

1.123 1136

”

8.18

9.71

10.31

10.43

11.68

14.45

14.51

15.85

a1

21

3,33
3.55

3.63

3.64

3.79

- 4.05

4,06

" 4.16
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Appendix 6 -
The Integ}ation Time .

It was shown in Chapter 4 that the rise in emission at the shock

front is not instantaneous, i.e. vertical. This arises because of the

finite slit width used, The voltage recorded by the transient recorder
is an average rather than an instantaneous record at any point. The
situation can be illustrated by imagining that:

Intensity, I = f(t)

¥ Nslit width, tg

Intensity

time

. .
so I = f f(t)dt/ts.’

t-t
s

However, what happens near the beginning i.e. t(ts

Intensity

time

Now I, .= {a(ts-t) +/t f‘(t)dt}/ts .

0

So two different integrated forms are required, This is also true

in the numerical integration,
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