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ABSTRACT

This thesis describes the kinetic and spectroscopic studies of 

singlet molecular oxygen by observing their emissions in a discharge 

flow shock tube apparatus.
M M  1The rate constants k. and k for the quenching of 0_,(a A ) andd q 2 g

0„(b^E+) by M, M = NH_, NO, HC1 and S0_, have been measured at 295 K2 g 3 2
and between 600 and 1100 K by studying the emissions at 634 and 762 nm. 

At 295 K the rate constants arer

M M 3  - 1 - 1  k /dm mol s d
. M 3 -1 -1 k /dm mol sq

CO
e (5.3710.14) x 103 (7.0510.10) x 107

NO (2.1010.28) x 104 (1.7010.13) x 107

HC1 (8.0010.34) x 104 7(1.6010.20) x 10

S02 3 x 103 (2.5010.50) x 105
HC1 s°2The values for kd and k^ , determined from extrapolation of high

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

previously.

The rate constants for quenching of 0 (a*A ) by NO, HC1 and SO2 g *
increase with temperature and can be fitted between 295 and 1100 K to

the simple Arrhenius equations:
N0 3 -1 -1 7k /dm mol s = <1.90±0.20) x 10 exp[-(2030±50)/T] d
k**C1/dm3 mol"1 s_1= (2.34±1.00) x 107exp[-(1660±180)/T] d
SO * 1 1 1  6

k. 2/dm mol s = (8.9013.45) x 10 exp[-(2370190)/T]. d
No appreciable temperature dependence was seen for the quenching of

0 (a^ ) by NH .2 g 3
For the quenching of 0o(b*E+) by HC1 and NO the rate constants2 g

are nearly independent of temperature but fall slightly above 1000 K.

A negative temperature dependence was observed for the quenching of 

02(b*Z^) by NHg. The quenching by S02 proved too slow to be measured 

by this technique.



The present results for the quenching of 0 (b1^ )  together
2 g

with previous studies show a simple correlation of the type of

temperature dependence and the room temperature quenching efficiency,

with the most efficient quenchers having a decreasing probability

and the least an increasing probability with temperature.

The different temperature dependences observed are interpreted

on the basis of long and short range interactions.

The temperature dependences of the three dimol emissions of

Ofa^A ) at 579, 634 and 703 nm has been studied between 295 and 1500 K. 2 g
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 overlapping hot-band emissions from

vibrationally excited molecules of 0_(a^A ). For 703 nm emission there2 g
is an additional contribution from hot bands of 02(b £*).

The relative emissivities of the bands and the rate constants 

for the collisional emission reactions have 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 reactivity of electronically excited singlet molecular oxygen,

02(a*A^) and For example, reactions of these metastable

states are not only thought to be involved in biological processes*
2 3upper atmosphere and air pollution chemistry but also in lasers

4of the energy transfer type, the 0 -iodine laser • Hence, on theA
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
5stability of singlet molecular oxygen 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 involved.

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 developments in both areas.

Kinetic measurements of reaction and physical deactivation of
5singlet molecular oxygen have been obtained by several techniques .

Most of these techniques have the drawback that only a small

temperature range may be obtained 200 - 406 K.
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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 higher temperatures up to 1600 K. 

Therefore, the temperature dependence of the reaction rate constants 

can be studied over a wider temperature range than hitherto have 

been possible.

This first chapter serves to introduce the area of study; 

the properties of singlet molecular 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(- E /RT) (1.1)a

provides a convenient way of displaying the temperature dependence 

of reaction rate constant, k, as a function of temperature T; where 

is the experimental activation energy and A the pre-exponential 

factor.

The units of k will depend upon the overall order of a reaction 
-3 _ifor zero order, mol dm s ; for first order, s ; and for second 

order, dm3 mol"1 s"1.

The Arrhenius equation in its simplest form equation (1.1), 

can only be an approximation since both parameters A and E show atSL

least some temperature dependence on the basis of any theoretical

approach. However, experimentally it is very 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
6reaction rates are; Simple Collision Theory , SCT, and Activated 

6Complex Theory , 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) = dAB(8KT/irn)* exp(- E^/RT) ( 1 . 2)



where a ^  is the collisional cross-section, p is the reduced mass,

K is the Boltzmann constant and E 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 of T in addition to that implied in the 

Arrhenius equation.

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

temperature dependence of the form:

£
k(T) = c r \  (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 vibrational degrees of freedom, and that the minimum 

energy cannot be determined independently.

The ACT focuses attention on the activated complex, the 

complex which has only a transient existence is formed at the top 

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 vibrational 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 ACT since a time dependent problem is changed into an

equilibrium problem.
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The rate constant for a bimolecular reaction based on ACT is 

given by:

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.
7Substitution of the appropriate partition function expressions 

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

give:

k(T) = dAg(8KT/Trn)^ exp(- E^/RT). (1.5)

4*This result is similar to that obtained from SCT where E may

be identified with the molar equivalent of the minimum energy, E .min
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 rate constants especially 

when internal excitation modes are involved 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
g

Landau-Teller theory which appears in vibrational relaxation. This 

model is based on a collinear collision between two diatomic molecules 

where one is vibrationally excited. It assumes that only the short 

range repulsive interactions influence the process of energy transfer 

and predicts that the probability of vibrational energy transfer, P^, 

from v = 1 to v = 0 at temperature, T, is given by:

I,
P1Q = C exp(- const./T) /3 ( 1 . 6 )



Experimental measurements usually give a relaxation time, x; 

the time for establishment of equilibrium between translational motion 

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

i/piO = Zt{1 - [exp(- hv/KT)]} (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
g

temperatures

Many non-polar molecules have shown a linear Landau-Teller plot
■̂/a g

of Log against T over a wide temperature range

Therefore, for reactions with an appreciable activation energy 

the SCT and ACT predict an exponential dependence of the rate constant 

on temperature while for energy transfer processes where there is no 

obvious energy barrier they predict that the rate constant will vary 

with the square root of the temperature. For a vibrational relaxation
Vsprocess the Landau-Teller theory predicts a T dependence. Clearly, 

based on these theories it is difficult to predict the form of the

temperature dependence for an electronic energy transfer process.
9,10 1 +Borrell et al. having studied the quenching of O (b Z ) by 0 , N , COA g A A A

and N O  over a wide temperature range were able to show that none hadA
a simple temperature behaviour. In contrast to these the present 

results for the quenching of 0„(a*A ) by NO, HC1 and S0„ have shown a2 g 2
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.
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1.3 Singlet Molecular Oxygen

Over the past several years there has been much interest in 

singlet molecular oxygen and its reactions. Singlet molecular oxygen 

is now believed to be involved in 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.

1.3.1 Electronic Structure

The ground state electron configuration of molecular oxygen 

may be written as:

(K) (K) (ag2s)2(au2s)2(a^2p)2(Tru2p)4(ir̂ 2p)2, 3Eg.

Figure 1.1 shows the corresponding molecular orbital energy level 

diagram.

The formulation suggests that there should be three states for 
3 - 1  1 +molecular oxygen; Z , A , and Z since the two degenerate pig g g

antibonding molecular orbitals hold only two electrons which may be

arranged in several ways, figure 1.2.
3 -The state, Z^, arises when the two electrons are unpaired and

have parallel spins. If the two electrons are paired in the same

orbital with opposed spins their angular momentum is in the same

direction, A = 2, giving rise to the first excited state 1A . Thisg
state is doubly degenerate since M = ±2. The second excited state,

1Z+, arises when the two electrons are in different orbitals with g
their spins opposed and their angular momentum in opposite direction,

A = 0.
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Figure 1.1 A molecular orbital diagram for oxygen

O atom 0 2 molecule Oatom

o (’ p) x  ’ 1 5  o (*p)

2p

Figure 1.2 Electronic states of molecular oxygen

State Symbol
Energy above 
ground state 

K J

Orbital
occupancy

2nd. excited 157 X  X
1 st. excited a'ûg 94 l i  —

ground X 3I£ 0 X  X
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According to Hund’s rule the term state with maximum

multiplicity lies lowest in energy and for states of equal multiplicity

that with the greatest A lies lowest. Therefore, in order of increasing
3 - 1  1 +energy the molecular states for oxygen are; Z , A , Z , and thereg g g

3 - 1are three degenerate Z states, two equal energy A states, and ag g
1 +unique Z state, g
Figure 1.3 shows an energy level diagram for some of the lower

g
12 1 states of molecular oxygen . The two lowest excited states; A

and are often collectively 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 similar to the molecular orbital (MO) 

symbols except that capital letters are used, which represent the total 

orbital angular momentum Ah/2ir around the symmetry axis: Z, it, A, 0, 

etc. However, there are two kinds of Z states, Z+ and Z , depending 

on whether the wave function does (Z ) or does not (Z+) change sign on 

reflection in a plane (any plane) passing through the nuclei.

For linear molecules with center of inversion, D , each symbol°°h
also contains a subscript which indicates the symmetry (g for even, 

u for odd) with respect to the operation of inversion of the wave 

function at the center of the molecule.

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 = o, i, 1,... respectively).
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Figure 1.3 A potential energy level diagram for oxygen
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1.3.2 Electronic Transitions and Spectroscopy

The states "'"A and *E+ are 0.98 eV and 1.63 eV above the g g
3 -ground state, E^, respectively.

The optical transitions:

0o(b1E+) --- >- 0o<XV )  + hv (X = 762 nm) (1.8) [4.22]« g * g

02<alAg) --- * °2<x3j:g).+ hv “ 1270 nm) (1.9)[4.4]

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, symmetry-
5forbidden magnetic dipole transition . The 1270 nm transition is a

spin-forbidden, symmetry-forbidden, and orbitally-forbidden magnetic 
5dipole transition . These transitions which involve magnetic dipole

interactions are relatively weak but their presence as atmospheric
5emission bands have been known for some time. Since transitions to 

the ground state are forbidden in an unperturbed system, both the 

*A and ^Z+ states are long lived species. Radiative life times ofs s
1 1 + -545 minutes for A , and 7 to 12 seconds for E have been reported .6> &

Simultaneous transitions can also occur under conditions where 

oxygen-oxygen collisions are more probable. For the simultaneous 

transition the spin-forbidden single molecule transition becomes 

spin-allowed. During this process the electronic energies of the 

two colliding molecules appear as a single photon:

20„<a1A ) ♦  20 <X3Z") + hv (X = 634 nm) <1.10)[4.3]* g v-o g v=o

2V a lY v = o  *  ° 2 (x3ÿ v « i  * V * 3ÿ v=o ♦

(X = 703 nm) (1.11)



It is now accepted that the dimol emission at 634 nm is the

cause for the red glow observed when 02<^A ) is generated chemically

in an alkaline. H O  - Cl system or by a microwave discharge.2 2 2
A further dimol emission seen at 579 nm arises when one of
1 14the 0„(a A ) molecules is also vibrationally excited :2 g

12

0o(a* 1 *A ) , + O . ^ A  ) + 20o<x3E~) + hv (X = 579 nm) . (1.12)2 g v=l 2 g v=o 2 gv=o

Figure 1.4 is an illustration of the emissions studied in this
15laboratory, and it has been shown 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 reported 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
16 1 + 1 3various combinations1 of I , A , E states leading to photons ofg g g

17wavelengths as short as 380 nm. For example Khan and Kasha 

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

O . U ^  ) + 0o(b1Z+) -*20<X32“> + hv (X = 478 nm) . (1.13)2 g v=o 2 g v=o 2 g v=o

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 via waveguides.

The purified oxygen at 1 to 10 torr pressure is passed through
5the discharge, after which the gas stream can contain up to 10% of

and about 0.001% of *I+. Oxygen atoms are also formed in the g g
18discharge but these can be removed from the discharge products

by passing the gas over a mercury surface prior to its entry into

the discharge. This causes a film of mercuric oxide to be deposited

after the discharge. The effectiveness 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 
1 ftflow tube .

The mechanism by which excited molecular oxygen, O^ia^A^), is

formed in the discharge is not clear but it is thought that it may
5 1 +involve atom recombination . However, 0 (b E ) is mainly formed2 g

1 19outside the discharge from O^ia A^) by the energy-pooling reaction ,

20o(a1A )■■* 0_<b1Z+> + 0 o (x3e"). (1.14) [4.5]2 g 2 g 2 g

In our apparatus, which is described in 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

. ~ 21It has been shown that the irradiation of ozone - in the region

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

0„ + hv(A = 310 - 330 nm) -*■ O ^ a 3̂  or b1!*) + 0(3P). (1.15)3 2 g g

This reaction could be an important process in the lower atmosphere
22where shorter wave lengths do not penetrate

23Irradiation of ozone with A in the region of 210 to 310 nm

appears to generate Oia^A ) and oxygen atom in an excited state 1D:2 g

0„ + hv(A = 210 - 310 nm) -*• O ^ a 3̂  ) + O^D). (1.16)3 2 g

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
24molecular oxygen in solution are well documented but gas phase

25experiments have not yet been fully tried. Steer, Sprung and Pitts 

have studied gas-phase photosensitized oxygenations involving benzene 

oxygen systems. Also in the gas phase SO has been usecF®’̂  as aA
sensitizer to produce singlet molecular oxygen. Reactions of this 

type have been thought to be responsible 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 C>2(b Zg) and 02(b  ̂^V-1‘
30Kohse-Hoinghaus and Stuhl have recently used a H2~VUV laser to 

generate 0 (3‘2+) molecules in the photolysis of 0 . A Nd-glassA g «



31 1laser has been used to produce 0„(a A ) . from ground state2 g v=l
molecular oxygen.

(b) Chemical Methods

Singlet molecular oxygen is generated from mixed hydrogen 

peroxide/sodium hypochlorite solutions:

0C1 + H O  -* Cl + H O  + CL.2 2 2 2
32 1 1 +Spectroscopic evidence has shown that both a A and b Is s

are generated according to the above equation and in methanolic

solutions the efficiency of a *A production approaches ca. 80%.
S

This reaction is the original system from which the red
12luminescence, now attributed to the dimol emission , was first

33 34observed . Since then various peroxides have been used as a means

of producing singlet molecular oxygen.
35It has been shown that organic phosphites on interaction 

with ozone yield adducts that on warming decompose to give phosphate 

and singlet molecular oxygen:

<C6H50)3P + °3
- 70°C
CH Cl 2 2

0

(C6H50)3\  /
0

0

(C6H5°>3\ /
0

> -35°C
(C6W = ° + °2<a V -

There are some other chemical methods for generating singlet

molecular oxygen for example the decomposition of superoxide ion
36,370 or that of the peroxyacetynitrate in the presence of a basea
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1.3.4 Methods for Detection of Singlet Molecular Oxygen

Methods for detecting singlet molecular oxygen can also be 

classified into physical and chemical methods.

(a) Physical Methods

Physical techniques are usually applied for the gas-phase
5detection of singlet molecular oxygen. There are several reviews

which discuss the various techniques used to detect singlet oxygen

in the gas-phase. Here, only the methods used are mentioned.

Electron paramagnetic resonance spectroscopy (epr) is used
1 38for detection of molecular oxygen in the a A^ state

1 390_(a A ) is also detected by photoionization technique 2 g
This detection method has had only limited application in singlet

1 3 -oxygen studies because it requires a relatively large a A^/x Z 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 O^ia^A^) 

and 0_(b1£+) states. Single molecule emission bands occur at 762 nm2 g
and 1270 nm, reactions (1.8) and (1.9) respectively. For high 

concentrations of 0„(a*A ), as in discharges, the cooperative emission2 g \
bands at 634 nm and 703 nm, reactions (1.10) and (1.11) respectively, 

can also be detected. This technique overcomes the limitations of 

epr and photoionization methods which only permit the detection of

0 (a A ).2 g
40Calorimetric methods 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 followed by 

monitoring the amount of heat released when the excited states are 

deactivated. The disadvantage of this method is that it is not
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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 have to be fast, specific to singlet

molecular oxygen, free from side reactions and easily analysed for

products. Of all the reactions investigated the system which is

found most satisfactory is 1,4 cyclo addition of singlet molecular
41,42 ’oxygen to conjugated dienes . . For example;

10 c

\  /c
/  \

0 c

0
I
c

II
0 c

N c
I

\  /
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 the emission 

of radiation and by several non-radiative pathways. The non-radiative 

processes can involve chemical reactions, energy transfer and physical 

quenching.

(a) Chemical Reactions

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

For example the reaction of tetramethylethylene (TME) with O^ia^A^)
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to form the hydroperoxide:

H3C \  / CH3
C =  C + 0„(a A )

/  . 2 g

H C  
3 \ C —

V CH, H2C

/ CH3C — 00H. 

X C H 3

Reactions of singlet molecular oxygen with a wide variety of 

organic compounds have been studied and the reactions reported in the
OO 40 1literature * are largely concerned with reactions of 0 (a A ) in2 g

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 O-ia^A ) acts as an excited donor molecule:2 g

20 (a A )2 g v A ;>+ v ^ v  • (1*14)[4.5]

19This reaction was first postulated by Young and Black to

account for the concentration proportionality observed between the
1 2  1 +two singlet states [0_(a A )] « [0„(b E )], in discharged oxygen2 g 2 g

system.
44Schurath has studied the energy distribution in the pooling

reaction at room temperature by observing the emission from several 

vibrational levels of (^(b^E*) and found that (2,0) transition to be 

much stronger than that expected from Boltzmann distribution. This 

suggests that in the energy pooling reaction Oib^E ) is preferentially2 g
formed in the v=2 level which is also the most nearly :resonant reaction

45channel. However, Thomas and Thrush in comparing the energy pooling 

reaction with a variety 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 interactions 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 used to study the nature of 

the energy pooling reaction by measuring its rate constant as a 

function of temperature.
i

Another example for an energy transfer process is the reaction
1 46of C>2(a Ag) with ground state iodine atom :

V ^ y  * K^s/a) 02<x3y  + I<Spi/a>- (1-17>

In this process 02<a*Ag) transfers energy rapidly to I atom to form
2the excited state I( P ).

1/2

Recent studies47 have shown this is an important energy transfer 

process in O (a*A ) - I atom transfer laser.2 g
(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:

0o(b1Z+) + M --► 0o(aXA ) + M (1.18)[4.20]2 g 2 g

and

0o(a1A ) + M --»- 0o(x3I ) + M. (1.19)[4.1]2 g 2 g

In the last few years several laboratories have studied the 

room temperature quenching reactions of singlet molecular oxygen, 

reactions (1.18) and (1.19), and have reported quenching rate constants 

for these species. However, the theories presented to account for the 

large variations seen in quenching efficiencies have not been consistent.



21

For example, Davidson and Ogryzlo studied the variation of the 

quenching rate constant of 0„(a^A ) and 0_(b^E+) with the fundamental2 g 2 g
vibrational frequency of the quencher and found that the quenching

efficiency increased with increasing value of the fundamental
45vibrational frequency. On the other hand Thomas and Thrush 

having studied the quenching of both 0„(a1A ) and 0 ib^E+) with a2 g 2 g
variety 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 repulsive part of 

the intermolecular potential.

The theoretical approaches to the quenching in these systems 

are mainly developed for the quenching of 0o(b^E+) and can be2 g
characterized in terms of long and short range interactions. These

are mentioned briefly here, but are discussed further in Chapter 7

in relation to the results obtained in this work.
49Hear and Abrahamson developed a theory based on short-range

mechanism which envisages an energy transfer when the molecules are

very close together, on the repulsive part of the intermolecular

potential energy curve. The other theory presented by Braithwaite,
50Davidson, and Ogryzlo considers quenching as a long-range interaction 

process, taking place between the transition dipole of the excited 

molecule and the transition dipoles or quadrapoles of the quencher.

Both theories assume that the electronic energy lost by the excited 

state is the vibrational energy acquired by the quencher. For a 

near-resonance quenching process the temperature dependences predicted 

by these two theories are markedly different! the one based on short 

range interactions predicts a positive temperature dependence whereas,

48
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long range interactions predict a negative temperature dependence.

Hence, a study of the temperature dependence could be useful for 

these quenching systems.

In comparison with the room temperature studies the high 

temperature studies have been limited both in the number of gases
51 52examined and the temperature range used. . Ogryzlo and co-workers '

have studied the temperature dependence of the quenching of 02(a*E*)

by H and HBr, between 173 and 393 K, and found that the sum of the 
2

two theoretical values of the rate constants best fitted the experimental
30result. Kohse-Hoinghaus and Stuhl have studied the temperature 

dependence of the quenching rate constant of 0o(b*£+) for H_, HC1,
2 g 2

NH , CH and their deuterated analogs, between 200 and 350 K and found 
o 4

that the rates increased with temperature and that they could be fitted
9 10to the Arrhenius equation. Meanwhile.Borrell and co-workers’ having

studied the quenching of 0 (a^E+) by 0 , N , CO and N O  over a much2 §£ 2 2 2 2
wider temperature range were able to show that the quenching rate

constant for 0 and N increased with temperature in contrast to those 2 2
for CO and N O  which declined with temperature. This is interesting 2 2 • ■

1 +because 0 and N are poor quenchers of 0 (b E ) at room temperature
2 2 2 g

whereas CO and N O  are efficient quenchers at room temperature.2 2
These various considerations suggest that more work is required 

both theoretical and experimental to understand the temperature 

dependences of the quenching processes.in these systems and any studies 

of the temperature dependence must be made over a large temperature 

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

to offer the best way of obtaining such results.
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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 development of the technique and its adoption to study

singlet molecular oxygen is given.

A combined discharge flow shock tube was first constructed by
53Hartunian, Thompson and Hewitt in 1966. They used an RF discharge

to dissociate nitrogen, and studied the temperature dependence of the
54afterglow recombination reaction. Gross and Cohen have used the

same system with a microwave discharge to study further chemiluminescent
55reactions. Breen, Quy and Glass 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 then it has been 

developed and modified further for studying the quenching and reactions 

of singlet molecular oxygen.

Our system differs from those used previously in the direction 

of the flow; the gas flows along the shock tube in the 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 (̂ .(a^A ) and 0_(b*E+).2 g 2 g
The reactions removing 0o(a*A ), generated in the microwave2 g

discharge, at room temperature must be slow enough so that an

appreciable concentration of 0.(8^ ) is present along the tube;2 g
then at the high temperature, the reaction must be fast enough to



produce a measurable change in the concentration of O^ia A^) within 

the hot flow time of the experiment. As it will be shown later 

(Chapters 5 and 6) for the quenchers NO, HC1, NH and SO studied inO A
this work NH did not meet the second condition.

For O^ib^E*) generated in the flow, the condition to be 

satisfied is that the two or more reactions which form and remove 

O^b^E*), establishing a steady state concentration, must have 

different temperature dependences. From the quenchers examined in 

this work S02 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
9,10in view of previously observed differences in behaviour.

The discharge flow shock tube system was used to make

measurements of the rate of deactivation of 0„(a*A ) and 0_(b^E+)2 g 2 g
both at room temperature and at high temperatures by SO , NO, NHA J
and HC1. These quenchers were chosen because of their different 

quenching efficiencies at room temperature in order to find out 

whether the form of temperature dependency will be consistent with 

the previously observed temperature behaviour where the quenching 

rate constant increased with temperature for the least efficient quencher 

at room temperature, while it decreased with an increase in temperature 

for the more efficient quencher at room temperature. Furthermore the 

study of temperature dependence of the quenching 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

0 (a^A ) at 579, 634 and 703 nm. Since in an earlier study^’̂ 7 2 g
an anomalous rise in the intensity of the dimol emission was noticed

for temperatures above 1000 K.
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2

CHAPTER TWO 

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.

In this 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 that 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 microwave cavity, the flow-tube, system of flow­

meters 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  i  n
1 1

L  x ...

1 ' v
I  * m
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Plate 2

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

console on the right houses the light screen detectors.
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is a 1/it 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 detectable air 

afterglow was observed indicating that the flowing discharged gas was 

free of atomic oxygen.

The pressure in the flow tube is measured using a pumped

diethyl phthalate manometer; the density of the diethyl phthalate was
3 -3measured as 1.1136 x 10 Kg m 

2.2.1 Gas Handling System

Figure 2.3 shows a schematic diagram for regulating and purifying 

the gases. The non-corrosive test gases are delivered from the cylinder 

to pressure regulators (Edward VPC1) 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
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is controlled by stainless steel needle valves (Edwards). After 

leaving the pressure regulators, the gas passes through a calibrated 

capillary flowmeter. Then the gas is dried and purified by passing 

through a molecular sieve, type 4A, column (60 cm x 1.0 cm i.d.) 

and the appropriate refrigerant traps. The flow in the tube is maintained 

by a water cooled pump (Edwards ISC 3000). A PTFE regulating valve 

(Corning Quickfit) is used to isolate the main tube from the pump. This 

valve is used to adjust the pressure in the flow tube. The total flow 

into the tube is usually kept constant at 28 mis * at S.T.P. giving 

linear flow velocity in the range of 1.0 to 1.6 ms V  depending upon the 

total pressure of the flow tube.

For the corrosive gases the system had to be modified since the

pressure regulators were found to be unsuitable for the handling of

corrosive gases. Figure 2.4 shows a schematic diagram of the system,

constructed to replace the pressure regulators, which was situated in
3a fume cupboard. It consisted of a 4 dm inert PTFE sampling bag 

protected from outside by another PVC bag. The corrosive test gas was 

delivered from the cylinder to the PTFE bag using PTFE tubing. An oil 

pump was used to evacuate the bag arrangement before introducing 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 

capillary flowmeters as before.

The molecular sieves are regularly regenerated and dried by 

electrically heating the columns to 473 K. At the same time gas is 

passed through the columns to sweep out the moisture.
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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 steel 

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 various flowmeter readings. The time is chosen such that the 

increase in pressure for the closed 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 stopped when the oxygen flow was 

switched off. Then the closed system was allowed to come to equilibrium 

by fully opening the needle valve which controlled the flow of oxygen, 

and the final pressure reading was taken using a mercury manometer.

The values measured were corrected for zero pressure which was obtained 

by simultaneously shutting off the oxygen flow and the valve to the main 

pump.

The volume of the evacuated closed system was measured by

expanding a known volume of air at S.T.P. into the system and noting
3

the pressure. The volume determined this way was 15.2 dm . Hence,

from these measurements the rate of flow of oxygen at S.T.P. was

determined for a given height of the flowmeter. A calibration graph

was plotted for each flowmeter.

The capillary flowmeters calibrated this way are then related
58to the rate of flow of the test gas M using Poiseulle's Law :

<f> ~ <b
°2 V " " ( 2 . 1)
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where ())q and n are the flow rate and the viscosity of oxygen 

respectively and <J>M and nM-for the test gas M. Table 2.1 gives the 

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 nitrogen as the driver gases. When the diaphragm is burst, a 

compression wave, which rapidly develops into a shock wave, moves 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 * to 1.6 Kms 1, were

obtained by varying the thickness of the aluminium diaphragms, 0.002"

to 0.004", and by adjustment of driver gas composition. Depending on

these conditions a bursting pressure range of 2.6 - 6.4 atmospheres 
2 2(2.7 x 10 to 6.4 x 10 KPa) was obtained corresponding to an overall 

temperature range of 600 - 1500 K. The pressure in the driver 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
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Table 2.1. Viscosities of Gases at 295 K

-1 -1 —5Gas, M Viscosity, n/Kgs m 10

2.04
1.51
0.99
1.88
1.43 
1.26

2
C°2
n h3
NO
HC1
S0„

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

Wavelength, A/nm Quantum Efficiency %

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 and Associated Instruments

The emissions studied in this work were measured with two 

photomultipliers (E.M.I. 9658B) fitted with interference filters 

(Balzer). The absorption characteristics of each filter were measured 

with a Pye-Unicam spectrometer; the details of these are discussed in 

chapter 8.

The two photomultipliers 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 intervals. This photomultiplier is used for measuring 

the concentration gradient along the tube whereas the other is kept 

stationary at the observation station to act as a reference. The 

photomultipliers are situated in a housing which had filter holders 

(8 cm from the cathode) with variable slit sizes to control the 

emission intensities. Figures 2.5 and 2.6 show the arrangement and 

the alignment of the photomultipliers.

The same type of photomultipliers were used to monitor all the 

emissions. Each photomultiplier was operated at the voltage recommended 

by the supplier, using Brandenburg 472 E.H.T. supply. The relative 

quantum efficiency with wavelength was taken from the manufacturer's 

data given in table 2.2.
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Figure 2.5 Photomultiplier and housing

Figure 2.6 The alignment of the photomultipliers

_______________________ 2-5 m ___________________ _

0-3 m

moveable P M  »

flow tube ------- ► to discharge

D Rii —9ioiiuiiary r .m . r

observation
station
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The output from each photomultiplier is fed via a voltage 

follower to either a digital voltmeter (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 arrival 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 taken for the shock front to travel 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 

silvered mirror. The three beams are passed via 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 independently from the shock tube frame so that any possible 

vibration 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.
59It has been shown 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; 

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 from 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 gives 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 before 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 interference.

(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 trap on 

the oxygen line. The downstream pressure is set to about 6 torr 

which is measured using the diethyl phthalate manometer. The 

discharge is started with a tesla coil, the power is adjusted to 

100 W and the cooling air is switched on. Then the overhead lights 

are switched off before turning on the E.H.T. photomultiplier power 

supply. The system is left to stabilize for at least half an hour.

The fall in emission of 0 (a*A ) or 0 (b*E+) is measured, using
S * S

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 discharge. 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 observation station and the emissions 

measured simultaneously. These recorded values 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 the sweep speed, voltage sensitivity, 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 is isolated 

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 driver gas 

inlet is immediately closed after the shock is fired. After the 

shock the discharge is switched onto the standby position and the 

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 shock waves and the associated 

phenomena in 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 greater 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 is greater than that of the sound speed, a, 

in the cool gas.

For the first increment du, a weak compression wave is propagated

moving into the low pressure region with velocity a. With the piston

acquiring the second velocity increment another wave is developed which

is travelling with a faster velocity a + da; since it is going

through a slightly heated gas. After many such successive events the

piston gains its final velocity u and the compression waves coalesce

to form a shock wave moving with velocity, v , ahead of the interfaces
between the driver and low pressure gas. Between the shock front
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and the driving piston is a column of gas of continually increasing 

length, flowing with the velocity u of the piston.

The collision processes 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 necessary 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 driven shock tube and the accompanying 

wave diagram is shown in figure 3.1. This time-distance plot shows 

the flow pattern which occurs after the rupture of the diaphragm.

The incident shock wave moves 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 travelling into a gas which is going down the 

tube with a final velocity greater than that of the incident shock 

wave.

Also propagated simultaneously from the diaphragm is the 

contact surface, the leading edge of the expanding driver gas, 

moving with a velocity slower than that of the incident shock wave.

The gas particles behind the shock front travel with velocity of the
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contact surface, 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

contact surface, which depends upon the lengths 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 overtakes and attenuates the
60shock itself. The effect of the wall 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 derived on the 

assumption that the flow is steady. Hence, the amount of matter, 

momentum and energy flowing per unit time into the control volume 

(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 wave 

shown by the dashed line.

For the purpose of having 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

B

Figure3.3 Flow through a uniform shockwave

Stationary 
shock wave

u2< u. ui

5»>*i

p2 >p, p,
t2 > t , T,

h2 > h, hi

shocked
state

1 unshocked 
state



The amount of matter transported across unit area per unit

time is the product of flow velocity u and density p, and for

conservation of mass; C

rir " 2  " 1 ,[Kg mi sec ] (3.1)

The momentum transported across each plane per unit time is
2the sum of the pressure P and the flow momentum pu . Balancing

the forces:

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

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

energy requires;

where h is the specific enthalpy. Subscripts 1 refer to the unshocked 

state and subscripts 2 refer to the shocked state. The coordinate 

system in which the velocities are given is assumed to be moving 

with the shock front as shown in figure 3.3.

To solve for the four variables additional information is 

obtained from the ideal gas equation and the specific enthalpy as a 

function of temperature. ' For an ideal gas;

hi + Pui2/2 = h2 + pu22/2 [JKe_1] (3.3)

P = pR T s (3.4)

where T is the temperature and Rg is the specific gas constant given
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where M is the average molecular mass in Kg mol units. Therefore, 

the ideal gas equation can be rewritten as:

P = 10 pRT/M. *■' [Pa] (3.6) .

Also for an ideal gas the molar enthalpy, H, is given by:

H = C (T) [J] (3.7)p

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

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

h(T) = 103H(T)/M. • [JKg”1] (3.8)

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

tables.

If pressure, density and temperature for the unshocked state 

are known, the specification of the shock strength is sufficient with 

the above equations, to determine the equilibrium state behind the 

shock front.

By eliminating all variables but pressure and density from 

above equations, the relationship for an ideal gas is:

P2/P! = (P2 " - P2P2J (3.9)

where

M2 = (Y - 1)/(Y +1) (3.10)

and Y is the ratio of specific heats C^/C^. For an ideal gas the 

specific heats at constant pressure and constant volume are independent • 

of temperature. Similarly the expression for the equilibrium temperature 

behind the shock front for an ideal gas is:



53
t

T2/Tl = <P2/P1) [ <P1 + >l2p2)AP2 + **2pi> 1 • <3.11)

The common practice is to express these expressions in terms 

of Mach Number, Ms

M = v /a (3.12)s s

where vg is the shock velocity and a is the speed of sound in the 

test gas, given by:

a = (yR T)*.' (3.13)s

Substituting for in the expressions for the ratios:

P21 = P2/Pl = i[2yMs2 - (y - l)]/(y + 1) } (3.14)

T21 = T2/Tl = {2y\ 2 “ [<Y “ 1)/<Y + 1)]}
{[(Y - D M e2 + 2]/[(y + 1)M 2]}(3.15) 

s s

A similar expression can also be written for the density ratio:

p2i = P2/Pl = [<Y + 1)Ms2]/[(Y - l)Mg2 + 2] . (3.16)
» •

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 P , T and p can be obtained from expressions2 X 2 1  21
(3.14), (3.15) and (3.16). So having measured the initial conditions P ,

T , and p the conditions behind the shock front can be determined.2 2
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3.4 Modification of Shock Parameters for Gases with Active Vibrations 

The shock parameters determined from equations derived in the

previous section are only true for gases having constant specific heats
C- ■ c

such as; monatomic gases, frozen gases and for weak shocks in some 

diatomic and polyatomic gases.

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

and rotational degrees of freedom are relaxed together with the weaker 

vibrations in a polyatomic molecule. In this case:

h2 ' hl = V T 2 "  V  <3 1 7 )

where CD only contains contributions from the active degrees of freedom 

and is constant with temperature hence the procedure becomes the same 

as before.

If the temperature rise in the shock encompasses a region in

which vibrations become active such that the attainment of equilibrium

within the vibrational levels is much slower than that of the

translational and rotational degrees of freedom, relaxed gas, then

enthalpy contains contributions from the vibration and is no longer a

simple function of the temperature:
• -

h = f(T). (3;i8)

In this case the shock equations can not be solved explicitly 

and an iterative procedure is used to determine the shocked gas 

conditions. The method requires the knowledge of the temperature 

dependence of the enthalpy for the individual gases. This is achieved 

by polynomial curve fitting to the H(T) values obtained from J.A.N.A.F. 

tables;

H = a + bT + cT2 + dT3 (3.19)
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The shock parameters are initially obtained for the frozen state 

using equations (3.14), (3J.5) and &16) then these values in conjunction 

with the coefficients obtained from equation & 19) are used as the 

starting values for the iteration process. The difference obtained 

in the enthalpy is then used to make new estimated values for 

temperature, pressure and density behind the shock front. This
V

completes the first iteration and a new one starts to calculate 

the enthalpy difference for the new estimated temperature. The 

process stops when consistent values are obtained for the conditions 

behind the shock front.

Non uniform flow, caused by the formation of boundary layer behind

the shock front, can also give rise to changes in the density and
59temperature. Pedley : studied the buildup of a boundary layer in our

system, and suggested that the effect is reasonably small and can be

ignored. In this study, no corrections were made for either the

boundary layer or the shock attenuation effects in the temperature and

density behind the shock front since their presence in the present
59apparatus was shown 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 
62from Millikan

For everyday use of finding shock parameters for each experiment

a table of Tol p.„ and.P0 . was compiled for the expected range of M .Z ZIl Z1 s
J

The values of the computed shock parameters used in the 

determination of the shocked gas behaviour gave results which agreed 

with the predicted models (Chapter 4) hence confirming their validity. .
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3.5 Laboratory and Gas Particle Times

Figure 3.4a shows the coordinates known as Laboratory

coordinates for a fixed observation station.« In the laboratory

coordinates the.shock wave is moving with velocity v into stationarys
test gas and the gas particles are following the shock front with

velocity v . Therefore, the gas being observed at the observation

station has actually 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.

The particle time, t^, is the time taken for the gas particles

to reach the observer, during which the gas has travelled the distance

v t and the shock wave v t . The laboratory time, t., is the time p p s p J L
since the shock has passed the observer travelling the distance

v t„. Thus; s L

v t  = v t  + v t. s p p p s L (3.20)

t /t = v /(v - v ). (3.21)p L s s p

Now for the shock fixed coordinates (see figure 3.4b) the flowV 'i
velocities are;

u

u

1

2

vs

(v ■ VJs p

For conservation of mass across the shock front,

V u2 - w

hence it follows;

t /t = p p L y21

(3.22)

(3.23)

(3.1)

(3.24)



Figure 3.4 Coordínate systems 

(a) Laboratory coordinate
shock front

Vp - » ■ vs

shocked test gas test gas

Shock fixed coordinate 

shock front

U2”  tVS “  VPj “  ^ *  U, -  Vy

£c) The compression of the observation time

9 >
point at which present position present position 
9as is shocked of shocked gas of shock front

observer
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and

v = ▼ <1.- 1/p >. (3.25)p s
C '

Therefore, when rate processes are measured, the time measured 

in the laboratory should be multiplied by the density 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 Enaction Profiles

In this chapter the kinetic equations are developed which 

describe the collisional quenching of the two excited singlet states 

of molecular oxygen; O^a^A^) and 02(b^Z*) in both the room temperature 

and in the high temperature studies of 634 nm and 762 nm emissions.

Also outlined is the computer program, based on these equations, which 

is 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 0-(a^A ) and 0_(b*E+). ..... 2 g • 2 g
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.

4.1.1 The Collisional Quenching of 0„(a A^)

02(a A^) is generated 1.60 m upstream of the observation 

station in the discharge and removed by collisional quenching and 

wall deactivation:

kM
0 (a1A ) + M -- ---► 0„(X3E j  + M2 g . 2 g (4.1)

O i a ^  ) + Wall — ^— ► 0„<xV). ̂ g £ g
(4.2)

02(a Ag) is also removed by émission of radiation by the dimol émission 

(4.3), by the single molécule transition (4.4) and by the energy

pooling reaction (4.5);
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20„(a A ) 2 g 20„<x3E-) + hv (X =634 nm) (4.3)2 g

0.(3^ ) ---- ► 0o(x3x") + hv (X = 1270 nm) (4.4)2 g 2 g

2 0 ^ ^ )  — *-*• 02( b V )  + 02(x3l‘). (4.5)

Reactions (4.3) and (4.4), the forbidden radiative processes,
5are very slow in comparison with reactions (4.1) and (4.2). The

loss due to the energy pooling reaction (4.5) is insignificant under
1 63 ' •our conditions where the concentration of 0 (a A ) is low .2 g

Therefore, the rate of change of 0^(a Ag) concentration is determined 

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

d[02(a1Ag)]/dt = - k“[02(a1Ag)][M] - kw[02(a1Ag)] (4.6)

= - k U O J a ^  )]d 2 g

where k^ is the overall pseudo first order rate constant for the

deactivation of 0„(a A ).2 g
64It has been shown by Whitlow and Findley that the intensity

of the dimol emission varies with the square of the concentration of

v V
t f

634, ’’ , 1A ,2
I “ [°2 <a Ag] •

Experiments, in which the emissions from 0_(a*A ) at 634 nm and 1270 nm2 g
are compared over a range of pressures, have verified the squared

15relationship in our system .

In the flow tube there is a decay of excited state molecules
634along the tube. By monitoring I along the tube the first order

decay constant, a , for the dimol emission is obtained:
Xj

In 63^I/63^I = 2 ln[0 (aXA )]/[0 (a^ )] = - a Lo 2 g 2 g o L (4.7)
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where 1^ is the emission intensity at the reference station and 
634I is that at a point along the tube, distance L, from the reference)

station.
C- c

Therefore, from equation (4.7):

[0 (aXA )] = [ O f a ^  )] exp(-arL/2) (4.8)2 g 2 g o Ij

d[0 (aXA )]/dl = (-a/2){[0.(3^ )] exp(-aL/2)} (4.9)
2 g L  2 g O L

d[0 (a1A ) ]/dl = (-0/2)/[0.(3^ )]. (4.10)
2 g li 2 g

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

distance by:

634

d[0 (a1A )]/dt = d[0o(a1A )]/dl x dl/dt (4.11)2 g 2 g

where dl/dt is the linear flow velocity, v. Hence, substituting in 

equation (4.11):

d[0 (aXA )]/dt = (-a /2)[0 (aXA )]v (4.12)
2 g L 2 g

and from equations (4.12) and (4.6) it follows that

kd = aLV/2* ” (4.13)

The deactivation of On(a^A ) is measured along the tube by2 g
observing the change in the intensity of the dimol emission as a 

function of length. In practice it is easier to follow the

comparatively intense emission (see page 67) from 0 (b1  ̂) which also2 g59 ihas been shown to vary with the square of 0^(a A^) concentration

From equation (4.8) is follows:

In [0 (a1A^)]/[0 (a1A )] =2 g 2 g o (-ctL /2 )L (4.14)



defining equation (4.14) in terms of emission intensity:

in 634I/634I (-a/2)LL

or 762 762In 1/ I (-Oj/SJL,

(4.15)

(4.16)

The slope of the In plot of intensity against distance should give

the value of a . k' is then found by multiplying the decay constant Xj q

by the linear flow velocity of the gas along the tube.

From equations (4.6) and (4.13), for oxygen alone:

k' = a_v/2' d L kd2[°2] + kW (4.17)

and for oxygen plus an additive M:

®2 M
kd = V /2 = kd [°23 + kdtM] + kW <4'18)

therefore, for constant 0 concentration:¿s *

Ak^ = k“[M] - (kj - kw) (4.19)

owhere kT„ and k,„ are the wall deactivation rate constants in thew w
absence and presence of M.

Hence, from equation ’(4.19) the second order rate constant,
M 1k., for quenching of 0„(a A ) by M can be determined for a set of
d 2 g

values of Ak^ at a known [M].

Figure 4.1a shows the variation of emission intensity as a

function of distance along the tube for oxygen and oxygen plus

quencher M, for M = HC1. The difference in the slopes provides

the value of Ak^ in combination with the linear flow velocity.

Figure 4.1b shows a plot of Ak' against [HC1] which is ad
straight line plot passing through the origin, indicating that the 

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



•m
i»

,io
n 

in
te

n.
it»

 a
, 

a 
fu

nc
tio

n 
of

 d
is

ta
nc

e 
.lo

ng
 t

h
. t

ub
e 

M
*5

%
H

C
I

63

r c

(aui/ i)u/

di
st

an
ce

 f
ro

m



* V

64

Figure4.1b A plot of first order rate constant, Ak^ vs. [ m ] .  
The slope gives the second order rate constant, k^1 f for the 
quenching of 0 2(a1A g) by M , M=HCI
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the same in the presence and absence of the quencher. Therefore,
HC1the gradient gives the value of k. directly.

- 0 d
2 63The values of k and k have been measured previously d W tC

and during the present 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 0„(b*Z^)

0 (b*£+) is produced from the energy pooling reaction (4.5) 2 g
and is deactivated by collisional and wall quenching:

202(a1Ag) — 2—  02< b V )  + 02(XV )  

1 ka02(b1Eg) + M — =-> 02<aXAg) + M

0o(b1Z+) + Wall — On(aXA or x ^ ”)2 g 2 g A g

(4.5)

(4.20)

(4.21)

and also by radiative process:

o2(bV> -*■ 02(x 2 ) + hv (X = 762 nm) , (4.22)

In the presence of an additive, M, the concentration of

0 (b1E+) at any point along the tube is determined by the steady 2 g
state between reactions (4.5), (4.20) and (4.21). Compared with

5
these reactions the radiative emission is very slow and can be 

ignored. Hence, the rate of change of 0.(b^E+) concentration is2 g
given by:

d[0 (bV)]/dt = k [0 (aXA )]2 - k"[0_(bV)][M] , 2 g P 2 g q 2 g

- - (4.23)



1„+.For a steady flow the concentration of 0 (b is constant so2 a
1„+.d[02(b Zg)]/dt = 0. Hence, rearranging equation (4.23):

1 + ' 1  2 M[0 (b E )] = {k [0 (a A )] /(k [M] + k )}. 2 g P 2 g q W (4.24)

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

[02(a1Ag)]2/[02(b1E^)] = (kq2[02l + k°)/kp (4.25)

and for oxygen plus an additive M:

1 2 1 + 2 M[02(aAAg)]V[02(b Eg)] = <kq [02] + kq[M] + kw)/kp (4.26)

since;

and

762,I “ [0 (b Z )]

634I « [02(a1A )]22 g

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

emission intensities, I, as: ■

. 0,
*0 = 634l/ 62lQ = a,',:ka2[02] + kW) A n O O O q 2 W p

, 634, ,762, , 2rn n . Mr„, . . „
+M “  V  ' m  = * <kq [<V  + k q [M ] +  V ^ p

(4.27)

(4.28)

where a', is a constant.

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

i ( W  - {V i ° si * k»’‘V  - ‘S  - (4-29)

- k"l"I-

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

presence and absence of M and are determined from equation (4.30)
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given by Derwent and Thrush65

kw = l/{[r(P1/P0)]/(8D0) + (2r/yC)} (4.30)

where r is the radius of the flow tube; D is the diffusiono
coefficient of 02(b^Z*) at atmospheric pressure, P^; y is the wall

efficiency; P is the downstream pressure; and C is the mean
1 + 02 9

velocity of 0„(b £ ). The values of k is also known 2 g q
MTherefore, the quenching rate constant, k , can be determinedq

from expression (4.29) for a set of measured values of d> and d> at
O M

a known [M], see figure 4.2; an example of a plot for HC1. The plot 

is linear passing through the origin so the slope gives the rate 

constant for quenching directly.

The emission of C>2(b*Z*) may be used to follow the concentration

of 0o(a^A ) since from equation (4.24):2 6

[0_(bV)] « [0 (aXA )]22 g 2 g

hence, for a constant oxygen pressure;

762, r#% , 1. . .2I “ [0 (b Z )] « [0 (a A )] ..2 g 2 g

Figure 4.3 shows a first order plot of the decay of 0o(a A ) along2 g
the tube by observing both the 02(b^Z^) 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 0„ (a- A )----------------------------- 2----g-
Analogously with (4.6) the concentration change for 0„(a A )

2 S
at high temperature in particle time, t , (see section 3.5) is:

C P

d[0 (a A_)]/dt 2 g P kd[o2(aly ][M] • w ^ y (4.31)

The wall constant, k , at the shock temperature, T , can be ignoredW a

since the increase in pressure and temperature render it insignificant
Mcompared to k^ at T^. So integrating equation (4.31):

[°2<a Ag)]t

[0„(a A )] 2 g

t°2(a y ]0

d[0 (a A )] = I - k [M]dt 2 g I d p

I n C O j i . ^  )]  /[02 <aXi  ) ] 0 -
P

i i M
[0 (a A )] /[0 (axA )] = exp(- k [M])t2 g t p 2  g O d p (4.32)

where [Og(a Ag^o *s concen^rat:*-on a* any Point in the tube

immediately after the shock and [C>2(a*A )J is that after time t .
1 .. ■ PThe value of [0_(a A )]. also’varies with distance along the tube 2 g 0

in the pre-shock flow due to the concentration gradient and this appears

as a variation with time in the post-shock flow. [Ogia^Ag)]^ *hen

related to the initial post-shock concentration of 02(a*Ag) at the

observation station, [0 (a^A )]° by the first order decay equation:2 g O

[<v aly  ]o - [v aly ]o “ ■><- aty 2) (4.33)

and so:

[o2(alAg)]t = exp(* kdtM] " V 2)V (4.34)



Replacing the concentration ratio with the intensity ratio for the
634same photomultiplier and noting that the emission intensity, I,

varies with the square of 0 (a^A') concentration:" 8

634, .634 o . M
1t / zo = exp<- 2kd[M] ’ atn vP

(4.35)

, 634, 634 O MIn I / I. = - (2k [M] + a )tt o  Q  t pP
(4.36)

Therefore the rate constant for the quenching of 0^(a A^) can

be determined by plotting the measured intensity against particle

time and measuring the increase of the gradient from that of the

pre-shock values, a , figure 4.4.L ^
The post-shock decay, a , is related to the pre-shock decay

constant, a , by considering equation (4.10) representing the L
change in concentration of 0„(a^A ) along the tube at room temperature

2 S

d[0„(a1A )]/dl = (- a/2)[0o(a1A )]. (4.10)2 S L 2 g

In a shock tube, the post-shock decay mirrors the concentration

gradient of 0„(a*A ) before the arrival of the shock provided that no
2 g

reaction occurs during the time it takes the shock heated gas to pass* r
the observation station. In other words, one obtains a snapshot of 

the condition of the gas upstream as it is swept past the observation 

station.

By analogy with (4.10) the concentration change for O^ia^A^) 

at high temperature in particle time, t^, is:

d[0 (aXA )]/dt = (- a./2)[0„(a1A )]2 g p t 2 g

d[0 (aXA )J/dt = d[0 (aXA )]/dl x dl/dt2 g p 2 g p

(4.37)

(4.38)

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

equations (4.37), (4.10) and (3.25)it follows:
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o
Figure 4.4 Measurement of the rate of quenching of 0 2(a1A g) 

behind the shock front
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d[0o(a1A ) ]/dt = (- v aT/2)(l - l/po1)[0(.<a1A )] (4.39)2 g p S L 21 2 g

“t = V l (1 - 1/P21> ' (4.40)

The measured pre- and post-shock slopes, corrected for shock

compression, are similar if there is no appreciable deactibation of

O-Ca^A ) at the high temperature during the observation time. Hence2 g
for ■

2*“[M] «  vaC,L(l - l/p21)

equation (4.35) reduces to:

634 .634To . '■*> . .= exp(- a t ) ,  t o t pP
(4.41)

If the dimol emission reaction is a simple collisional process,

then the immediate post-shock emission intensity from the heated gas;
634 o 6341̂ , can be related to that from the cool gas, I , by:O’ psg

634 o 634 634 2 m i= K I p„_ T „0 psg 21 21 (4.42)

634where K is a constant for any enhancement in the emission with rise 

in temperature and would be, unity in the case of a simple collisional 

process.

Combination of equation (4.42) and (4.35) relates the observed
634post-shock glow at the observation station, I , to that observed

' 634 »pre-shock, I :psg

634, 634 634 2 „ i , Mr„, _I. = K I p T , exp(- 2k.[M] - or)t . (4.43)t psg 21 21 * d t p

If there is no appreciable deactivation of O^ia^A^) at the high 

temperature then equation (4.43) reduces to:

634 634 634, 2 m h ,  ̂ ...I. = K I T exp - a t  ). (4.44)tp psg 21 21 . t p
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Equation (4.44) predicts an instantaneous rise of emission intensity 

at the shock front followed by a decay, see figure 4.5a.

This can be compared to the observed post-shock behaviour shown
r,V. .

in figure 4.5b; which shows the emission intensity of the shocked gas 

as a function of time for the dimol emission at 634 nm.

density and temperature;

(c) the fall off which reflects the decay of excited species 

along the tube before the shock; and finally

(d) which is the fall off in emission at the contact surface. 

All these observations are in accordance with the predicted

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, t . To compensate for this equations (4.43) and (4.44) must s
be integrated to allow for, tg. Therefore, the final expressions for 

the Observed i n t e n s i t v  denendence on tim e  a r e ;

Four zones can be distinguished

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

(b) the rapid rise at the shock fro n t i s  due to  the Increase in

634ItP
[exp(- 2k*'*[M]-aj)t ]dt /t d t p P'S

(4.45)

and

6341 exp(- a t  )dt /t t p p stP
(4.46)
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Figure 4.5 The comparison of the observed post-shock 
behaviour with that predicted for 634 nm emission
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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 effecttof vibrational relaxationr
in the oxygen during the period of the experiment which modifies the

concentrations. Correction for non-ideal behaviour in the flow can

qlso be made when it is required. In these experiments vibrational

relaxation is complete so correction is unnecessary and it has been 
59shown that corrections for non-ideal flow are not needed.

Figure 4.6a shows an example of the fitted shock trace for a 

system with no deactivation of (^(a^A^) at high temperature. The full 

line through the experimental points is the fit obtained using equation'.Xi . .
634(4.46). The fit for each run gives values of a,, t and K. Thet s

comparison of the post-shock decay and the measured pre-shock decay, 

corrected for shock compression, has shown that the two values are 

always similar (Chapter 6).

Figure 4.6b shows an example of the fitted shock trace for a

system with deactivation of 0„(a*A ) at high temperature. The full2 g
line passing through the points is the fit obtained by equation (4.45) 

which includes the decay at high temperature. The broken line, which
p

does not pass through the points, shows the simple predication from

the room temperature measurement of the pre-shock decay, suitably

corrected for the shock compression. The fit for each experiment
634gives values of a , t , and K. The quenching rate constant for t s

1 M0„(a A ), k,, is then determined from the difference of the decay 2 g a
slopes. This is discussed further in Chapter 6.

All these considerations show that the shape of the shock trace 

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

confirming the adopted kinetic schemes.
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The fitting which is obtained by using interactive computer 

graphics and non-linear least squares is outlined in section 4.2.3.

4.2.2. The Collisional Quenching of 0„(b*E+)---------------------------------------------------------------------- -------2---------- g

(a) With no deactivation of 0„(a A ) at high temperature------------------------------------------------- -2--------g------------------------------- -----------

The treatment which follows assumes that the decay in emission 

seen as the shock passes the observation station is purely a reflection 

of the decay prior to the shock and no 02(a^A ) is removed by collisional 

quenching in time, tp , that it takes the section of the gas to reach 

the observation station.

Analogously to the room temperature, T ,' treatment the formation 

and removal of 0 (b E+) at the new temperature, T_, is governed by2 g 2
the pooling (4.5) and the quenching (4.20) reactions:

d[02(bV)]/dtp = y 0 2( a V ) ] 2 - kJ[02(bV)][M]. (4.47)

Assuming that [02(b^Zg)] «  [02(a*Ag)] equation (4.47) can be 

integrated:

i°2<bV)it

[°2a»V>]o

d[02(bV)]/(kp[02(a1Ag)]2 - k“[02(bV)][M]) =| dtp

and so

ln{(kp[02(a1Ag)]2 - kJ[M][02( b V ) ) t )/(kp[02(a1Ag) ]2 -

M 1 + M
V Mi[°2<b V 1»’1 = (4.49)
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[02( b V ) ] t /[02( b V ) ] 0 = - { ( k p t O g i a ^ l ^ k ^ M H O g i b ^ J ^ e x p i k ^ m t p ) }

M+ {exp(k [M]t )} +, q p p
1 2 M 1 +

< y v *  v 1 /kq[M][o2<b y  v (4.50)

where [0_(b*£+)l is the concentration at any point in the tube 2 g o
immediately after the shock and [02(b E*)]^ is that after time, tp.

At equilibrium t °° so equation (4.50) simplifies to:P

[0 (bV)] = {k [0 (a^ )]2/k“[M]}2 g tp . p 2 g q (4.51)

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

constant is omitted since the increase in pressure and temperature
Mrender it insignificant compared to k^.

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

{[02<alAg)l2}T1/{t°2(blEi )3[M]}T1 = {(kq + V [1I1}T /{kp}T
(4.52)

{[Ofa^ )]2L, /{[OibVntM]'!, = {k“> /{k > . (4.53)2' Z T2--- 2 g q t2 P T2

Combination of equations (4.52) and (4.53) gives the enhancement 
762factor, K, which is defined as the ratio of the pre- and post-shock 

values of the pooling and the quenching rate constants:

762K = i(kp/k“)}T /{kp/(kJJ + 1^/tM])^ . (4.54)
2 1

On the right hand side of equation (4.50) the concentration of

the excited states and M occur only as a ratio which is the same as

that in the pre-shock but being increased by a factor of density ratio.
762Hence, rearranging for K equation (4.50) gives:
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[0 (bV)] /[0,(bV)]n = 762K + (1 - 762K)exp(- k“[M]t ),
2 g t p 2 g 0 q p

(4.55)

It must be recalled that the fall in the concentration of excited 

state in the pre-shock is reflected in the post-shock behaviour. As 

the immediate post-shock concentration, [O^b^E*) ]Q, is related to the 

initial post-shock concentration of 02(b^E*) at the observation station, 

[O^b^E*) ]°, by the first order decay equation:

t V - X ' i o  = S S » (4.56)

then the combination of (4.55) and (4.56) gives;

f762 762 M ,{ K + (1 - K) exp(-k [M]t )}q p
exp(- a t )  t p (4.57)

Replacing the concentration ratio with the emission intensity ratio:

762 762 O ,762 762 MI./ IA = ( K + (1 - K)exp(- k [M]t )}exp(- a t  ) t o q P t pP

(4.58)

702 oThe immediate post-shock glow at the observation station, 1̂ ,
702is related to the pre-shock glow, I , by:psg’

762 o 762
0 ~ psg P21" (4.59)

702Hence, the observed post-shock glow at the observation station, It ,
762 pcan be related to that observed in the pre-shock, I , by combiningpsg

equations (4.58) and (4.59):
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762 762 .762 762 M • ,I. = I Poì{ K + (1 - K)exp(- k [M]t )}exp(- a t  ).psg 21 (J p t p

r c (4.60)

Figure 4.7a shows the predicted shock regime given by equation

(4.60) where the rapid increase in the emission intensity at the 

shock front is followed by relaxation zone then the decay.

Figure 4.7b shows an observed shocked gas behaviour for emission

at 762 nm. Five zones can be distinguished in the shock trace;
762(a) the steady pre-shock glow, I , from rooin temperature

steady state concentration of 0 (b^E*); (b) the rapid rise at the shock
2 *> S

front due to compression; (c) the relaxation to the new steady state

at the high temperature, that is the curvature up to the peak;

(d) the decay due to the fall in the concentration of 0„(b*£+) along2 g
the tube and finally region (e) the complete quenching of the emission 

due to the arrival of the contact surface.

The comparison shows that the observed shocked gas behaviour is 

in accordance with the predicted model given by equation (4.60). But 

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, tg:

762. 762.
Ipsg P21 «*762 .. 762 x , _ M . *»{ K + (1 - K)exp(- k [M]t )}Q P

exp(- a t )dt /t . t p p s

(4.61)

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

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



ar
b.

 u
ni

ts
 

in
te

ns
it

y
Figure 4.7 The comparison of the observed post-shock  
behaviour with that predicted for 762 nm

(b) observed emission trace
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graphics. An example of the fit is shown by the full line in
Mfigure 4.8a; the fit for each run gives values of a , t , k andt s q

762
K '

(b) With deactivation of 0„(a*A ) at high temperature^ g
To account for the deactivation of O-ia^A ) by M at the shock2 g

temperature it is necessary to rework the rate equations. Now, at a 

point in the post-shock gas, the steady state (^(b^E*) *s determined 

by the energy pooling reaction (4.5), the quenching reaction (4.20), 

and the concentration change for Ogia^A ) at that point. The wall 

reaction can be neglected in the post-shock analysis. So the rate 

of formation of Ogia1!^) is as before, given by equation (4.47). 

Equation (4.47) can be rewritten as:

d[02(bV)]/dtp + k“[02(bV)][M] = kp[02(a1Ag)]2. (4.47)

To account for the deactivation of 0_(a A ) by M at high
2 g

temperature, [0 (a^A )] can be represented as a function of time at2 g

a point in the flow (see section 4.2.1) by:

l02<alV ]t - t°2(alV ]o “ »<- ka[MI,tpP
(4.32)

where [O^a Ag)]g is the concentration at any point in the tube

immediately after the shock and [0„(a1A )] is that after time t .2 g t p
i s- P[02(a Ag)]g also varies with 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:

[°2<aly > o  ■ ‘V aly i o exp<- » t V 2» (4.33)
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1 owhere [0 (a A )] is the initial post-shock concentration at the2 g 0
observation station. Hence, the combination of equations (4.32) and

(4.33) gives the actual concentration of-0 (a A ) as a function of2' g
time at a point in the flow:

[O.ia^ )1. / [0 (aXA )]° = exp(- k“[M] - a /2)t . (4.34)2 g t 2 g O  d t Pp

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 O^b^Z*) is [02(b^Zg)]°, then:

[02( b V ) ] t /[02(b1Sg)J° = {762K exp(- kJ[M]t ) + (1 - 762K)exp(- k“[M]t )}
P rf' '

x exp(- a t  ) (4.62) t p

762where K is the enhancement factor defined as:

■ V <k“ - ‘J v V <kl - <  * v™»>vA X
(4.63)

As before, for the same photomultiplier the concentration ratio

can be replaced by the intensity ratio,, which is then integrated to

allow for the finite slit width, characterised by a time, t ; the finals
expression for the observed intensity as a function of time is:

762, 762,
tp psg P21 {762K exp(- 2k*?[M]t ) + (1 - 762K)exp(- k**[M]t )} « P  q P

exp(- a t  )dt /t . (4.64)x p p s

This equation predicts a shocked gas behaviour similar to that 

shown for equation (4.60), figure 4.7a. The observed behaviour is also 

similar to that shown in figure 4.7b. However, it should be noted 

that here the observed post-shock decay is not only due to the
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reflection of the fall in [0 (a A )] pre-shock, but also it is due^ g
to the deactivation of 0^(a A^) by the quencher at high temperature.

Once again equation (4.64) is integrated numerically using
r c

Simpson's rule. For each run the experimental points are fitted 

to equation (4.64) using interactive graphics. An example of the 

fit is shown by the full line in figure 4.8b. The broken line, 

which does not pass through the points, is that which uses the decay
Mvalue under pre-shock conditions. The fit gives values of a^, t , k ,t s d

.M . 762 k and K .q
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 squares

The equations developed in the previous sections are translated 

into an interactive computer graphics program for use on the 

G.E.C. 4082 system with an HP 2647 graphics terminal.

The analysis proceeds by fitting the traces to equations
V '

derived in the previous sections. The aim is to evaluate the best 
Mvalues of K, k , a and t for each experiment, a. can be compared ' q t s t

Mwith the known pre-shock decay, a., to yield k. if they are found notL d
762 m Mto be the same. K,k and k. yield the rate constant, k .q d P

Interactive graphics is used to select reasonable values to 

start the numerical fitting by non-linear least squares. These 

initial values are obtained from visual or by partial fits of the 

data. Also the interactive nature of the program allows the operator

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 explored.
C e

The final optimisation of the parameters is achieved by use 

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

the traditional "blind" method of computer analysis. However, the 

use of interactive graphics allows the operator to check the goodness 

of the fit by non-linear least squares.

The digitized input data from the 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, to improve 

both the fitting and the display. This is more efficient than the 

traditonal method.

Therefore, the use of interactive computer graphics for the 

analysis of the data allows the experimenter to develop a feel for 

the understanding of the data, the validity of the analysis and the 

precision and accuracy of the results.

The program consists of numerous sub-routines, a simplified 

flow diagram is shown in Figure 4.9. The operation of the main 

sub-routines will now be described.

1. Transfer

The digitized shock trace, 1024 points, already stored on 

magnetic tape together with the run number, sweep speed and voltage 

sensitivity is transferred to G.E.C. 4082, via HP 2647, where the 

coordinates of all the points in millivolts 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 A  simplified flow diagram for the 
interactive computer graphics analysis
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2. Graph

This is a multi-stage program run in conjunction with HP 2647 

for display, visual tracking and setting of certain parameters.

The time origin is set using the graphics cursor at the start of 

the sharp rise at the shock front. In the same way the beginning 

of the decay region is set depending upon the emission being analysed. 

For traces where there is a relaxation, this is set after the 

relaxation zone. A decay line is then displayed over the points, it 

may be one predicted from the pre-shock or calculated from the trace 

by a non-linear least squares. At this stage a value 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 

temperature measurement. If the two values are found to be similar, 

no deactivation of (^(a^A^) at high temperature, the analysis is 

continued and a fit is obtained for the shock trace. Typical examples 

are shown in figures 4.6a and 4.8a for shock traces at 634 nm and 

762 nm respectively. However, if the two values are found to be 

different then the analysis is changed to a sub-routine which includes

the kinetic scheme for the deactivation of 0 (a*A ) at high temperature.* " 8
Figures 4.6b and 4.8b show typical examples for the shocks analysed at 

634 nm emission and 762 nm emission respectively. As can be seen, 

the difference is illustrated by two lines of 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 

the formation and removal of 0„(b*E+) and the fall is due to the2 g
pre-shock concentration gradient. The lower line, through the points, . 

is the result fitted with a model which includes deactivation of 

(^(a^Ag) by M at high temperature.



The ratio of the observed after glow to that predicted from

the pre-shock glow, K, is obtained by extrapolation of the fitted

decay curve to zero time. cr
The parameters to be fitted are chosen depending upon the 

emission trace analysed, up to four independent variables can be 

fitted. Each parameter can be omitted or a pre-determined value 

typed in for it.

The integration of the kinetic expressions is done numerically 

using Simpson's rule. The values of the parameters are improved by 

an iterative non-linear least squares routine. Generally after 3 

to 10 iterations" consistent values >are obtained.

The final results, the fitted trace and the run parameters 

are plotted for each experiment and all the information is recorded 

on a magnetic tape for permanent storage.

4.3 Reliability of the Discharge Flow Shock Tube Data

The reliability of the measured fundamental parameters;

time, voltage, pressure and velocity was outlined in chapter 2.

Below is given an assessment of kinetic data obtained for the
* «

quenching of singlet molecular oxygen using the combined discharge 

flow shock tube apparatus.

To obtain the room temperature kinetic data, the nature of the 

apparatus used demands that the measurements should be made some way 

from the discharge and so any interference from stray light and short 

lived species generated in the discharge is reduced to minimum. 

Comparison with previously reported 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



93

evidence that the discharge flow system is under control. Least

squares analysis is used for the determination of the rate constants

at room temperature and the error limits given are for 2a (95%
r

confidence) limits.

In contrast to the low temperature data, high temperature 

shock wave data are often characterized by a considerable scatter 

since shock experiments are imprecise because they are necessarily 

unique. For a slow shock the scatter of the experimental points about 

the fitted best line can be as high as ± 20% but may be as low as ± 5% 

for a fast shock. Hence, to improve the precision a large number of 

shock experiments are performed. Error limits are not shown for 

individual points on the plots of the high temperature rate constants 

but uncertainties of ± 15% are estimated from the scatter on the 

graph.

In these experiments the computer optimization of the analysis 

of data via interactive graphics and non-linear least squares are 

found invaluable for calculating the best values for the various 

parameters to fit the data. However, these are treated with great 

caution as the best fit may not be the true fit if the kinetic models
t ■

adopted for the reaction mechanism are not correct. In consequence, 

this is frequently checked by allowing the computer to optimise the 

fit of the function to the data around it for a fixed pre-determined 

value of one of the parameters. For example the decay value measured 

in the pre-shock flow. It was in the course of these cross-checks 

that the deactivation of O^Ca^A^) at high temperature was noticed, 

since the decay predicted from that measured in the pre-shock flow 

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

<-/■
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CHAPTER FIVE

Room-Temperature studies of the Collisional Quenching of 

both 0„(a^A ) and 0 ib^E+)------2----g-------2----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 rate 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 
3 8 3 —1 —110 - 10 dm mol s . Both the lower and the upper limits depend

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

0 . This limits the number of additives which can be studied at \¿t.

room temperature by the requirements of a measurable change in the 

emission intensity.

The quenchers studied; NH , NO, HC1 and SO , were chosen forO A
the high temperature work as described in Chapter 6. The present 

chapter describes the room temperature study of these quenching 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.2 g 2 g
results obtained are compared with previously reported values.



5.2 Determination of the Room Temperature Rate constants for the

Quenching of 0„(a*A ) by NH^, NO, HC1 and S0„<s 3 *

5.2.1 Experimental

The decrease in concentration of 0„(a A ) along the tube was2 g
measured by monitoring the voltage output from the movable photo­

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

For a set initial pressure the first measurements were taken in

pure oxygen for the decay of 0.(a*A ) as a function of distance.2 g
Then the flow was mixed with a stream of the quencher M, M = NH ,o ..
NO, HC1 and SO , to give 5% by volume mixture of M in 0 . After

A 0
^  1the flow had stabilized the new decay of 02(a A^) with distance 

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

quenching system were performed in the pressure range of 3 - 1 2  torr 

(linear flow velocity of 1 -  1.6 ms *).

5.2.2 Treatment of O^Ca^A^) Room Temperature Results -

In an oxygen/M mixture, M = NH , NO, HC1 and SO the quenching
O 0

reactions are:

O g U ^ )  + 02' — 5----► 02<XV )  + 02 (5.1)

kM
0 (aXA > + M ---   ► 0.(x3I j  + M (4.1)
* & * g

1 kw 3 -0 (a A ) + Wall — ---► 0_(x E ) (4.2) ̂ g * g
/

It was shown in Chapter 4 (section 4.1.1) that by measuring 

the decay of O^a^Ag) 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):
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Ak̂  = kd[M] + <kw - kw>. (4.19)

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

plots gives the value of Ak’ in combination with the linear flowd
velocity. Plotting Ak' against known [NH ], figure 5.2, gives the

NH3 !second order rate constant, k. , for the quenching of 0„(a A ) bya 2 g
nh3.

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

of M, (k^ - kw), which is considered to dépend only on the change inW
initial pressure was found to be negligible for x„ S 0.05 since theM
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.
1 °2The rate constant for quenching of 0„(a A ) by 0^, k. , and2 g 2 d

o 63by the wall, k , have been previously measured in this laboratory .
' ■ ' r t  O  Q  __ 4  ^ 4  *  . j

The value of k is (0.94 ± 0.03) x 10 dm mol s and k,„ = 0.11 s- d ’ w
at 295 K. These were checked frequently during the present study and

found to be the same within the experimental error.
v

5.2.3 Results

The results of the experiments performed with M = NH , HC1o
and NO are listed in table 5.1. Figure 5.2 shows a plot of the first 

order rate constant, Ak^, against concentration of quencher M. The 

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

quenching of 0,.(a A ) by M;2 g
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Table 5.1. Results for the Quenching of 0„( A ) by M at 295 K ̂ S

(a) M = n h3 0

Run No. P1 LFV A2k^/s""1 [M] /moldm 1̂
/ torr /ms ^

R 1 5.88 1.70 0.17 1.64
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 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 = HC1
R 9 5.79 1.72 2.50 1.63
RA 9 5.96 1.76s
R 10 5.09 1.96 2.21 1.43
RA' 10 5.22 2.01
R 11 6.45 1.54 3.03 1.81
RA 11 6.62 1.58
R 12 4.05 2.46 1.84 1.13
RA 12 4.14 2.54

M
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Figure 5.2 R.T. Quenching of 0 2 ( a ’Ag) by M
M = NH3, NO and HCI

c0

[m ] j  10“ 5mol dm*3
2
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NH3 3 - 1 - 1  3k. Vd m  mol s = (5.37 ± 0.14) x 10d
efNO 3 - 1 - 1  4k" /dm mol s = (2.10 ± 0.28) x 10 d

HPl 3 —1 -1 4k“ /dm mol s = (8.00 ± 0.34) x 10 .d

The error limits are 2a (95% confidence limits).

Experiments to measure the rate constant for quenching of 

0o(a*A ) by S0„ at room temperature were found to be unsuccessful2 g 2
as SO^ proved to be a poor quencher of O^ia^A^) at room temperature 

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

our system. However, at high temperature the quenching of O^a^A^) 

by SO was measurable as its quenching rate increased with temperature.
¿k

The high temperature data obtained for the rate constant was found to 

fit 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:

S02 3 -1 -1 3k. /dm mol s = 3 x 10 d

5.2.4 Discussion
v 1The values of the rate constants for quenching of 0 (a A ) by2 g

NH , NO, HC1 and SO are listed in table 5.2 together with previous 3 4

results. The value for NO agrees well with previous determinations,
70and that for NH is similar to the estimate of Leiss et al. o

The new value for HC1 shows that it is a better quencher than NO and 

NH , in keeping with its highly polar character. SO is a poorer 

quencher, but still more efficient than quenchers like CO and N O  studied
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Table 5.2. Rate Constants for the Quenching of O^C^A^) at 295 K

Quencher, M k^/dm'd
3 ..-1 -1 mol s Ref.

n h3 (5.37
(2.65

0.14)xl03
0.28)xl03

this work 
70

NO (2.10 0.28)xl04 this work
(1.50 0.14)xl04 67
(2.7 0.9) xlO4 69
2.7 xlO4 68

HC1 (8.00 0.34)xl04 this work

~ s o 2 3 xl03a^ this work

a) Extrapolated value.
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„ previously"^’®®in this laboratory. Previous studies showed that 

their quenching rate constants at room temperature were too slow to

be measured in our system. In contrast to SO the quenching of
r <2

0 (a A ) by N O  and CO was also unmeasurable at high temperatures.2 g 2 2
The room temperature rate constants reported for CO and N O  in the2 2

3 “1 “1 3 “1 *“1 71 72literature are 220 dm mol s and 45 dm mol s respectively !

5.3 Determination of the Room Temperature Rate constants for the 

Quenching of O^ib^E*) by NH„, NO, HC1 and S0„.2 g 3 *

5.3.1 Experimental

The quenching rate constant, k^, was measured for M = NH^,

NO, HC1 and SO . Experiments were performed at various mixture 
2

compositions in the pressure range of 3 - 12 torr and total flow

rate of 28 mis  ̂at STP. .

The intensity ratios; and <j> [see equation (4.29)] wereM o
measured by positioning the two photomultipliers opposite one another 

at the observation station. One was fitted with a 762 nm filter and 

the other with a 634 nm filter. For a steady flow of discharged 

oxygen at initial pressure 6f P^ the first measurement was taken then 

the desired percentage of the additive, M, was introduced to the 

flowing oxygen gas and after^the flow had restabilized the new 

pressure and emission intensities were noted. A series of experiments 

were performed for each quenching system by varying the pressure and 

the mole fraction of the additive, M, between 0 and 0.2.
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l +5.3.2. Treatment of 0̂ .(b E^) Room Temperature Results

In an oxygen/M mixture, M = NH , NO, HC1 and SO , theO A
quenching reactions are:

C
0.

° 2 < b l0  + °2  V . ^ V  + °2
(5.2)

0o(b1Z+) + M — 3 ► 0„<a1A ) + M2 g' 2 g (4.20)

0o(b1Z+) + Wall — — >- O f a 3̂  or x32~)2 g 2 g A g (4.21)

It was shown in Chapter 4 (section 4.1.2) that by simultaneous

measurement of emission intensities at 762 nm and 634 nm from 

0o(b1Z+) and 0 (a*A ) in the presence and absence of added gas, M, a2 g 2 g
quenching rate constant for the additive could be determined from 

equation (4.29) ;

ftW  - l<k°2t°2] + - V ' V  - <k* - <>

M= k [M] (4.29)'l
■> *

where f(<|> ,d> ) represents the ratio of emission intensities at 762 nm M o
and 634 nm with and without the added gas, M. The wall constant in the 

oabsence of M, k^, is determined from equation (4.30) given by Derwent 
65and Thrush . In this apparatus at 295 K equation (4.30) can be 

written as:

kw = 1/(5.2 x 10'3 + 1.16 x 10“2). [s"1] (4.30)

where is the total pressure in torr.

The small correction in the presence of the quencher, (k,it - k°) ,w w
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is considered to depend on the change in initial pressure, P^, where

the mole fraction, x < 0.2. The rate constant for the quenching by 
0 M, 2  5 3 -1 -1oxygen, , at this temperature is taken as 1 x 10 dm mol s

f Min our system (see discussion, 5.3.4). Therefore, k can be determinedq
from equation (4.29) for a set of measured values of A and <f> atM o
known [M].

For M = NH„, figure 5.3 shows a plot of f(<|> ,<t> ) against3 NH O
V

concentration of NH at various mixture compositions. The range was

obtained by varying the pressure and the mole fraction of NH„ betweeno

0 and 0.1; each point was obtained by measuing A ,  and A at aNH oJ
single point in the tube. The plot is linear passing through the

"" nh3
origin so the slope gives the rate constant, k , for the quenchingq
of 0 (b^Z+) by NH directly.2 g o

5.3.3 Results

The results of the experiments performed with M = NH , NO,

HCl and S02 are listed in tables 5.3 - 5.6. Figures 5.3 - 5.6 show

plots of f(<{>M,<j> ) against concentration of quencher M [equation (4.29)].
MThe slope of each line gives the rate constant, k for the quenchingq

of Ogib^Z^) by each gas. The results obtained by least squares are:

NH3 3 , - 1 - 1k /dm mol sq = (7.05 ± 0.10) x 108

.NO.. 3 , - 1 - 1k /dm mol sq = (1.70 ± 0.13) x 10

, HCl . 3 , - 1 - 1k /dm mol sq = (1.60 ± 0.20) x 10

S°2 3 - 1 - 1k /dm mol sq = (2.50 ± 0.50) x 10“

The error limits are 2a (95% confidence limits)
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Figure 5.3 R.T. Quenching of O^b’lg )  by NH3
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Figure 5.4 R.T. Quenching of 0 2(b1lg )  by NO
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F ig u re5.5 R.T.Quenching of 0 2(b1lg )  by HCI
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5.3.4 Discussion

The values of the rate constants for quenching of 0„(b1Z+)2 g
by NH , NO, HC1 and SO are listed in table 5.7 together with 

3 2 c

previous results. The measurements all rely on the value taken
59for quenching by oxygen itself, which is estimated by Pedley 

5 3 - 1 - 1to be 1 x 10 dm mol s in our apparatus. This can be compared
4 3 - 1 - 1  73with a value of 2.6 x 10 dm mol s reported by Thomas and Thrush

74for a completely water free system. Considering that the best value
1 + 9 3 - 1 - 1reported for the quenching of 0o(b E ) by water is 2.4 x 10 dm mol s ,2 g

indicates that the water vapour content in our apparatus is 30 ppm

despite drying the gases used and thorough pumping prior to each

experiment. Having y 30 ppm water vapour in our system does not seem

unreasonable considering the large volume of the apparatus and that it

is frequently opened to the atmosphere for cleaning. Therefore, we

cannot use the value reported by Thomas and Thrush since it is not

possible in our system to take the extreme precautions for drying the

oxygen gas that they used. Also treating the data with higher and 
°2lower values of k led to curvature and inconsistencies betweenq

5
mixtures of different composition and only the value of 1.0 x 10

0 ’3 -1 -1 2dm mol s for k^ gave consistent results and the straight lines 

passing through the origin.

It can be seen (table 5.7) that the results for NH and NO

are in broad agreement.with the previous work, although they tend to

be lower than the earlier values. This can be expected since in our

apparatus the observations are made a'long way'from the discharge,

and hence are probably freer from extraneous interference.

The values for HC1 and SO are much lower than previous

estimates. SO is a poor quencher, and so any measurement is likely 2
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.7. Rate Constants for the 'Quenching of Ĉ Cb'*'^) at 295 K

Quencher, M 

; NH3

NO

HC1

S02

k /dm molq
i. —1s Ref.

(7.05 ±0.10)xl08 e
!

this work
(1.00±0.12)xl09 30
(1.20 ±0.30)xl09 77 y ■

(1.81±0.30)xl09 75
1.3 xKT 48
1.1 xlO9 69
5.2 xlO7 76

(1.70 ± 0.13)xl0? this work
2.4 xlO7 75
3.3 xlO7 69
2.5 xlO7 76
0.93 xlO7 b> . 50

(1.60 ±0.20)xl07 this work
(7.8 ±2.4) xlO7 30
(4.4 ±1.0) xlO7 77
(4.0 ±2.0) xlO7 78
5.3 xl06b) 50

(2.50 ± 0.50)xl05 this work
(1.80±0.60)xl06 75 ■
4.0 xlO5 b> 49

b) Calculated value /
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to.be increased by impurity effects * HC1 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 0 (b*E+) by CO and NO, studied previously in this 2 g 2 2
laboratory10,5,6 indicate that in our apparatus reliable results are 

obtained.
50Braithwaite et al. have calculated rate constants for a 

number of quenchers by considering long range forces. While quite 

good agreement with experiment was obtained for HD, D , CO and N ,A A
the values, given in table 5.7, were lower for NO and HC1 than the 

best experimental estimates. It is interesting to see how near the

present results are to their predicted values. Rear and Abrahamson

calculated a value for the quenching of 02(b1E^) by SOg using a

model based on short range forces, the present experimental value

is also close to their prediction. These theoretical approaches

are outlined in Chapter 7 and have been discussed in relation to

the high temperature results obtained in this work which at present
* •

seem to offer a better understanding of these energy transfer 

processes.

49

5.4 Conclusion

The linearity of the plots obtained for both 0_(a1A ) and
2 g

0„(b1E+) indicate that the room temperature conditions in the present 2 g
apparatus are stable and reliable 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



oxygen from the discharged products across the pressure range used 

The comparison of the results obtained with those reported

previously has shown that the agreement is good. This provides
■ - °2 ■additional conformation for the value of in our apparatus and 

hence the estimated water vapour content.
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CHAPTER SIX

........... ..........................(...........................
6 High Temperature Studiesfof the Collisional Quenching of

02(a1A&) and 0„(bV)

6.1 Introduction
49It has been suggested that vibrational excitation of the

quencher is important in the quenching mechanism of 02<a1A^) and

0 (b^E+), and that evidence for such electronic to vibrational energy * g
transfer could come from the relative magnitude of the quenching rate

constants with various quenchers. The theoretical approaches for
• 49 50calculating the rates, consider either short or long range 

interactions. Although some success has been achieved with these 

approaches, a comparison of the two theories with the experimental 

values reported is not satisfactory, nor can the temperature dependence 

of the rate constants be easily predicted.

The present study was undertaken to provide experimental data 

on the temperature dependence of the quenching reactions of 0 (a^A )2 g
and 0„(b^E+) with various quenchers since the high temperature 2 g
behaviour may indicate the nature of the interactions which lead to 

energy transfer.

The range of quenching rate constant which can be measured in
5 9 3 “1 —1the present apparatus is 10 -10 dm mol s , where the lower limit 

is determined by the maximum hot-flow time which can be recorded and 

the upper limit by the shortest relaxation time that can be followed 

(section 6.4). This in combination with practical considerations such 

as toxicity, chemical reactivity and stability limits the choice of 

quenchers which can be studied in this apparatus.
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The collisional deactivation, of 0 (b^£+) by CO , NO, N , 0a ^ 2 2 2 a
56and Ar has been examined before in this laboratory. For both 

0 and N the rate constants increased with temperature but neither

set of results could be fitted to Arrhenius or Landau-Teller8

temperature dependence. However, for quenchers N^O and CO^ the rate 

constants were found to fall with an increase in temperature. For Ar 

the reaction rate increased too slowly to be measured in our apparatus. 

In these experiments it was also found that the temperature dependence 

of the rate constants for quenching of 0.(a*A ) by these gases is too2 g
small and could not have been measured within the time scale of the 

experiments.

These previous studies seem to suggest that the quenchers of 

0 (b^E+) can be classified into two groups; poor quencher at room2 g
temperature which display an increase of rate constant with temperature, 

and more efficient quenchers for which the rate constant decreases at 

high temperatures.

The quenchers studied in this work; NH , NO, HC1, S0o, were 

chosen systematically and in view pf the previously examined quenchers 

where different temperature dependences for quenching were observed.
r ■■

It seemed worthwhile to study NH^ which is a still more efficient
30quencher at room temperature but for which Kohse-Hoighaus have

reported a slight positive temperature dependence of the rate constant

between 210-350 K. Thereafter, it was decided to extend the work to

moderate quenchers; NO, HC1 and finally to SO which is a poor2
quencher, of 02<b*Z*) at room temperature. In the course of these 

studies it was found that there was an appreciable deactivation of 

02(a^Ag) at high temperatures and that we were able to measure the 

rate constants for the quenching of 0 (a^A ) by NO, HC1 and SO .2 g £
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The two species, 0„(a1A ) and 0„(b*I+), show quite different2 g 2 g
temperature dependences for quenchingi the rate constants for Ô ia. A^)

are Arrhenius in form, while those for 0 (b*E+) either decrease or are
c c ®

independent of temperature and fit with the previous results for other 

quenchers (Chapter 7).

The determination of the results for 0_(a1A ) and 0_(b*Z+)2 g 2 g
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 the

quenching of 0 (a*A ) and 0 (b*E+) by NH , NO, HC1 and SO are 2 g 2 g 3 2
measured between 600 K and 1200 K using the discharge flow/shock

tube system. The operational procedure is as described in Chapter 2.

In this apparatus two emission traces are recorded for any

one shock. For these experiments the emissions monitored were at

two wavelengths, 762 nm and 634 nm. Before each shock the change in

concentration of 0_(a*A ) along the tube was measured using the 2 g
movable photomultiplier... Experiments were performed at various

9 ■

mixture compositions with total flow rate of 28 mis  ̂giving a total 

pressure of 6 torr 800 Pa) and linear flow velocity of 'v 1.6 ms

6.3 Treatment of O^(a^A^) High Temperature Results

As described in Chapter 4 data on the collisional quenching 

of 0_(a^A ) by various quenchers can be obtained either from the high
2 g

temperature behaviour of the emission at 634 nm or 762 nm. The 

behaviour of the 634 nm emission is described below, 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). c

634 634 634 2 i f *  M
xt - K W ^ i i j  [ ^ ^ d W - V W s -
p •Y-tD SF (4.45)

Analysis by computer graphics (Chapter 4) yields values for the
634integration time, t , the enhancement factor,. K, and the post-shocks

decay constant, o . It is from the decay zone that the overall
M 1quenching rate constant, k. is obtained for the quenching of 0„(a A )d 2 g

provided that the post-shock decay constant obtained by the fitting,

a , is greater than that measured in the pre-shock flow, a , which t L
Mhas been suitably corrected for the shock compression. Thus, k^, 

the pseudo first order rate constant for quenching of O^ia^A^) is 

obtained from the difference in decay given by:

, M
kd " (0tt-°lL)/P21 [s"1] ( 6 . 1)

MThe overall rate constant, k^, is related to the quenching rate 

constants of the gases pres'ent in the system by:

O NO
kd = [kd (1-x) + kd x]p2 [s~ ] ( 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.
15 °2Previous studies have shown that k. is too small to measured

under the shock conditions and can be neglected hence the value of 
NO
kd is simply given by:

NO M
kd = V P2X [dm3 mol 1 s *] (6.3)
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If the post-shock decay constant, a , is found to be the

same as that measured in the pre-shock, a , then the quenching ofL

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

Chapter 4.

634I. = 634 634,K psg k21 21/' exp(-o.t )dt /t . t p p s (4.46)
t -t p s

634The fit for each run gives values of a , K, and t .X s
In this work NH results are analysed using equation (4.46)

<3

and those for NO, HC1 and SO using equation (4.45).
A

6.3.1 Results

(a) NH3
A series of shocks into mixtures containing 3, 5 and 7% NHo

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

9 ■

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

interactive computer graphics as described in Chapter 4. An example

of the fit is shown by the full line in figure 6.2. The results 
634obtained, ci , K and t , are listed in table 6.1. t s

The post-shock decay constant, o , given by the fitting is
v

compared with the value predicted from the pre-shock measurement

of the concentration gradient along the tube, a , and is found to beL
similar (table 6.1). The similarity of pre- and post-shock decay 

rates indicate that there is no appreciable deactivation of
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Figure 6.I Traces of the Shock Emission. 

R 2Ô9» NH3 / 0 2

a_ 634 nrr

b .  762 nm (R A  209)

Note: no base lines indicated.
»V.
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Table 6.1. Analysis of 634 nm Emission Traces, NH^ Results

3% NH3. 97% 02

Run No. T2
/K

634k “tC _i _o
/ys 10

aL ts
/p'S

R216 602 1.11 2.30 2.35 27

R213 699 0.87 2.60 2.70 18

R212 732 1.02 2.30 2.20 20

R211 876 1.26 3.40 3.30 15

R210 883 1.11 3.30 3.20 :.9

R209 901 1.09 3.00 3.08 10

R208 998 1.17 4.10 4.00 8

R214 1031 1.12 3.80 3.70 15

R215 1135 1.75 3.20 3.10 11

5% NH3, 95% 02 •

R224 754 1.27 2.30 2.20 16

R225 846 1.32 2.60 2.50 20

R226 906 1.32 2.60 2.60 18

R206 1039 1.38 3.00 2.90 12

R207 1114 1.65 j 2.90 3.00 10

7% NH3, 93% 02

R220 747 1.13 2.30 2.40 14

R219 833 1.32 2.60 2.50 11

R218 883 1.37 3.00 3.11 12

R217 956 1.37 2.90 3.00 14
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0 (a^A ) by NH at high temperatures within the timescale of our 2 g 3
experiment (% 400 ps). In this respect NH is similar in quenchingo
behaviour to CO , NO, N and 0 studied previously in this laboratory. 

2 2 2 (2

(b) NO

A series of shocks into mixtures containing 3, 5, 8% NO were 

performed. The run parameters are listed in Appendix 2 •

Figure 6.3a shows a typical 634 nm emission trace. It displays the 

expected shape; the steady pre-shock glow, the rapid rise at the 

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

(i.e. NH ) has simply reflected the decrease in concentration ofo -r-

0 (a^A ) along the tube in the pre-shock flow. There, the observed
2 g ,y

decay could be predicted from that measured in the pre-shock flow,

but in these experiments with NO as a quencher, the post-shock decay

rate, a , was found to be greater than that predicted, a (table 6.2). t L
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 illustrated by the two lines. The upper

one, which does not pass through the experimental points, is the

decay simply predicted from the room temperature measurement of the• )
pre-shock decay. The lower line, through the points, is the result

fitted with equation (4.45) which includes deactivation of 0o(a*A )2 g
by NO at high temperature.

The values of pre- and post-shock decay constants together with
Mthe overall quenching rate constant, k , and NO quenching rate constant,

NO a
k. , are listed in table 6.2.
d NO

Figure 6.5 shows a logarithm plot of k. against temperatured
as can be seen it increases with temperature. It was found that a

NO
plot of high temperature data for k vs. 1/T showed a reasonabled
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F i q u r e  6 . 3  T r a c e s o f  t h e  S h o c k  E m i s s i o n .  

N O /  0 2  m i x t u r e .

a _  6  3  4  n m  ( R  l O l )  *

b _  7 6 2  n m  ( r a  I O I  )

M  .
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138Table 6.2. Analysis of 634 nm Emission Traces, NO Results

3% NO, 97% 02 ••
Run No. T2

/K
634k

/ u s - ' i c f 3

aL
/ys *10

t
3 S/VLS

kM
/dra3mol"^s-1105

...NOkd
/dm3mol *s *

R 85 703 0.92 4.15 3 . 1 2  rv 22 C 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
R 107 916 1.05 5.92 4.41 19 1.91 1.91
R 106 977 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
R 105 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 59 683 0.91 4.47 3.82 17 1.21 1.21
R 103 710 1.03 4.95 3.21 17

ff
3.08 3.08

R 96 831 1.07 5.53 4.10 20 2.09 2.10
R 101 899 1.27 6.14 4.62 16 2.03 2.03
R 97 916 1.28 6.63 5.04 16, 2.10 2.10
R 102 937 1.27 6.20 4.92 19 1.63 1.63
R 100 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

8% NO, 92% 02
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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Arrhenius behaviour, figure 6.6. Also shown in figure 6.6 is the 

measured room temperature rate constant (Chapter 5). Extrapolation

to room temperature although long shows the value obtained experimentally
c. 4

to be within the error limits» Hence, it is reasonable to include 

this point in the fitting to obtain the overall Arrhenius equation:

N0 3 -1 -1 7k . /dm mol s - <1.90 ± 0.02) x 10 exp[- (2030 ± 50)/T]. a
(6.4)

The similarity between the results for differing mixtures
°2(figure 6.6) shows the validity of neglecting k. at high temperaturesd

[equation (6.3)].

(C) HC1

A series of shock experiments were performed on mixtures

containing 3, 5 and 7% HC1. The run parameters are listed in

Appendix 3 . The form of the dimol emission was similar to that

described for NO (figure 6.3a). So the shock traces were fitted using

equation (4.45). Table 6.3 gives the values for pre- and post-shock
M HC1

decay constants together with k. and k.
HC1 d d

The values of k. ' qre 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 k^ for runs made with three 

different mole fractions of HC1. These high temperature values are

extrapolated to the measured room temperature rate constant (Chapter
1

4 3 —1 —15). 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 by least ■ 

squares analysis is

HC1 3 - 1 - 1  7kd /dm mol s = <2.34 ± 1.0) x 10 exp[- (1660 ± 180)/T]

(6.5)
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Table 6.3. Analysis of 634 nm Emission Traces, HC1 Results

3% HC1, 97%'0

Run No. T2
634k

“t aL ts kMa
. HC1 
kd

/K /us-110“3 /us ^io ■3 /us /dm3mol 3s ^103 /dm3mol ^s ^

R 347 599 0.88 3.63 3.32 17 0.65 1.09
R 348 630 0.83 : 3.88 3.54 17 0.67 1.12
R 336 678 1.94 7.61 4.05 16 5.96 9.95
R  346 705 0.97 5.69 4.50 16 2.03 3.38
R  345 707 0.93 5.56 4.16 17 2.40 4.00
R 344 725 0.89- 5.06 4.37 18 1.12 1.87
R  334 730 1.19 5.74 4.43 12 2.00 3.33
R 343 789 1.07 6.42 4.48 A'13 3.00 5.00
R 337 804 0.90 6.43 6.16 16 3.46 5.70
R  341 838 1.09 6.30 4.83 17 2.01 3.35
R 340 893 0.84 6.15 4.85 19 1.57 2.62
R 339 964 1.18 11.25 6.83 15 5.36 8.94
R 342 1038 1.25 9.15 7.41 14 1.93 3.23

5% HC1, 95% 02
R  329 629 1.04 4.85 3.710 17 2.26 2.26
R 350 735 0.94 5.32 4.55 18 1.22 1.22
R 332 825 1.13 7.82 •4,. 15 15 5.08 5.08
R 349 860 0.97 5.60 5.07 <, 15 0.71 0.71
R 330 891 1.33 8.53 5.50 18 3.97 3.97
R 331 994 1.25 11.46 8.25 14 3.74 3.74
R 351 947 1.06 9.93 8.13 19 2.14 2.14
R 355 1021 1.29 11.65 6.80 12 5.35 5.35
R 353 1032 1.32 11.32 8.04 13 3.49 3.49
R 352 1046 1.20 11.78 8.39 11 3.61 3.61
R 356 1112 1.30 11.28 7.33 10 4.25 4.25 ■
R 354 1172 1.34 14.30 8.28 . 10 6.28 6.28
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Table 6.3 continued

Run No. T„ 634k
7% HC1,O

a T

93% 02 
t

C
k M . HC12

/K
°t

/ys_110“3
L

/WS^IO"
s

■3 /ys /dm3mol“1s~1105
k,3 “-1 /dm mol s

R 364 605 0.99 4.58 3.22 15 2.81 2.00
R 363 683 1.01 5.45 3.97 17 2.46 1.76
R 362 701 0.96 6.58 , 4.33 15 3.63 2.60
R 361 743 0.87 6.65 5.12 16 2.31 1.65
R 360 778 1.04 8.19 5.94 20 3.22 2.30
R 359 818 1.08 8.59 5.73 21 3.87 2.76
R 358 880 1.11 7.78 6.58 . 18 1.53 1.09
R 357 958 1.18 7.65 6.36 10 ,, 1.53 1.09
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Figure 6.8 Arrhenius P l o t  o f  t h e  R a t e  C o n s t a n t  f o r  Q u e n c h i n g
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(d) S02

A series of shocks into mixtures containing 10, 15 and 20%

SO were carried out. The run parameters are listed in Appendix 4.
2 C

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 HC1, so the shock traces were analysed using equation
SOM 2(4.45), as described previously, to yield values for k^ and k^

SO
The results are listed in table 6.4. The values of k^ are plotted

against temperature in figure 6.10. It can be seen that they
S°2increase with temperature. A plot of log.k. against 1/T is shownd

in figure 6.11. It displays a reasonable Arrhenius behaviour. 

Extrapolating to room temperature enables us to estimate a value for 

the rate constant since we could not measure it at room temperature 

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

squares fitting is:

SO 3 1 1  6
k, /dm mol" s = (8.90 ±3.45) x 10 exp[- (2370 ± 90)/T] d

( 6 . 6)

634(e) The Enhancement Factor,____K
634Figure 6.12 shows a plot of the enhancement factor, K against

temperature for differing mixtures of all quenchers studied in this
634work. As it can be seen the values of K are approximately equal to

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

emission is a simple collisional process [equation (4.42)]. However,
634above 1000 K there is systematic increase in K. This observation 

has been studied further in this work and is discussed in Chapter 8.
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Table 6.4. Analysis of 634 nm Emission Traces, SC>2 Results

10% S02, 90% 02

Run No. T„ 634k a CL C t *
k f 3

2 t L s d d
/K /vis_110"3 /US-110"3 /us /dm3mol 1s ^103 /dm3mol-1s-1105

R 403 663 0.87 2.47 2.16 19 0.64 3.21

R 402 673 0.94 2.49 2.01 23 0.96 4.83

R 404 753 0.83 2.93 2.24 21 1.16 5.79

R 407 764 0.98 3.35 2.57 27 1.19 5.98

R 405 776 0.93 3.36 2.88 18 . 0.82 " 4.08

R 408 786 0.94 3.22 2.99 21 0.39 1.93

R 410 836 0.98 3.39 2.80 24 0.93 4.63

R 412 863 1.12 4.03 3.09 16 1.35 6.78

R 411 884 1.09 4.23 3.21 18 * 1.47 7.35

R 417 943 1.07 4.47 3.58 14 1.21 6.06

R 415 946 1.09 4.66 3.60 17 1.49 7.43

R 413 988 1,17 4.96 3.74 16 1.60 8.00

R 419 989 1.06 5.12 3.87 16 1.57 7.85

R  416 1063 1.11 5.50 4.02 15 1.75 8.75

R  421 1102 1.36 6.34 4.16 14 2.68 13.39

, R  423 1070 1.18 4.93 3.92 16 1.26 6.28

R  418 1122 1.13 6.61 4.07 13 2.87 14.37

R  422 1130 1.14 5.93 4;l9 13 2.04 10.21

R  420 1206 1.19 6.54 - 4.67t 13 2.07 10.34

15% S02, 85% 02

R  431 663 0.96 1.94 1.62 20 0.81 2.69'

R  432 706 1.09 2.26 1.55 17 1.61 5.37

R  429 764 1.02 2.61 1.96 16 1.37 4.58

R  424 792 1.05 2.82 2.08 23 1.50 5.00

R  425 809 1.10 3.15 2.41 24 1.33 ' 4.42

R  430 812 1.07 2.94 2.27 15 1.31 4.37

R  426 865 1.09 3.22 2.55 16 1.18 3.93

R 433 934 1.10 3.67 2.72 20 1.60 5.31 '
R 434 967 1.15 4.17 3.10 18 1.66 5.54

* 427 1004 1.18 4.36 2.79 13 2.41 8.04

11 436 1052 1.45 5.24 3.51 15 2.61 8.66

* 435 1081 1.24 5.07 3.45 13 2.33 7.77 .
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20% S02, 80% 02

Run No. T2
634k at “ L t s kMd

kS°2
-ct

/K /ys-110_3 /ys“ 1io'3 /vs /dm3jnol 3s 3103 , /dm3mol

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 1.3,1 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 16 3.35 8.34

A'
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6.4 Treatment of O^(b^Z^) High Temperature Results

Data on the collisional quenching of 0„(a*£+) is obtained2 g
from the high temperature behaviour of the emission at 762 nmr

V » 1 2#  " ° i ( * Z
) + hv (X = 762 nm). (4.22)

As described in Chapter 4 the emission trace displays the 

four zones that were predicted by the developed kinetic model given 

by equation (4.60)r

762 762 .762 762 MI + / * _ P91 = t K + (1 - K) exp(- k [M]t )} exp(^ a t ).t psg 21 q P t pr

(4.60)n
762, It is from the relaxation zone and the enhancement factor, K, 

that the experimental rate constants are obtained for the collisional 

quenching reaction (4.20) and the energy pooling reaction (4.5):

kM1 + 102(b Ig) + M ---02(a Ag) + M  (4.20)

i k i
2°2<a V  ---^  °2(b V  + °2(X V ‘ (4,5>

9 -

The relaxation time, T ,, observed in the relaxation zonerel
where the level of emission intensity relaxes to the new equilibrium 

level at the high temperature is defined as

t = l/k“[M]. [s] (6.7)rel q

Equation (4.60) can be rewritten in terms of relaxation time

as:

762. 762 / Ipsg 21 = {762k +  ( 1  -
762K) exp(- t )(t .)}p rel exp(- a t  ) t p

(6 .8)



1 5 4

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 (t = °°) the ratio of emission intensities will be givenp c
by:

762 „ ,762 762„I, / I = p„, Kt psg 21 (6.9)

in the other extreme if t is very short (t = o) then,P P

762 .762I. / I = p „ ,  t psg 21p
( 6 .10)

and so relaxation measurements will not be possible. In other words,
- , . ,f

if the ratio of rate constants for the reactions forming and removing 
1 + 76202(b 2^) at the two temperatures, K, [equation (4.54)] is equal

to unity then relaxation cannot be measured. It was shown in Chapter 4
762that the enhancement factor, K, is given by:

762K = { < y kq>>T /{kp/<kq + kW/W>>T  ̂ <4-54>
2 1

• MThus the overall collisional quenching rate constant, k , at the shockq ■
temperature, T , is determined from the measurement of relaxation time, Z *

762and this value together with the value of K and the known room

temperature, T , rate constants (Chapter 5) give the rate constant for

the energy pooling reaction, k , at temperature T .P 2
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 0o(a*A ) at high2 g
Mtemperature (section 4.2.2a). ■ The fit gives values of t , k , or ands q . t

762 M 762K. The pooling rate constant, k , is determined from k and KP q
using equation (4.54) as described above. However, if C> (a*A ) is2 g
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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 thed
decay zone as described in section 6.3. In,this case the value of

C ■
Mk is determined from equation (4.63). The values of k obtained P a

from 762 nm emission trace are always found to be the same as those 

obtained from 634 nm emission trace.
MFrom the value of overall quenching rate constant, k , given 

by the fitting the rate constant for the quenching gas, for example 

NO, is determined from the equation:

NO 0.M ”o
kn = PO ~ k„ <!1 “ X>]/Xq q 2 q ( 6 . 11)

where x is the mole fraction of the quencher studied, in this case NO.
°2 9 The values of k , for pure oxygen, are known from previous study .

In this work NH^ results are analysed by the normal model, with

no deactivation of O^a^A^) at high temperature, using equation (4.61)

The results for NO, HC1 and SO are analysed using the modified model,A

equation (4.64), which includes deactivation of 0„(a*A ) at high
2 S

temperature.

6.4.1 Results

The run parameters for the results of 762 nm emission given 

below are the same as those listed for 634 nm (section 6.3.1) since 

both emission wavelengths were recorded simultaneously for each shock 

experiment.

(a) NH3

A typical high temperature 762 nm emission trace from a mixture 

containing NH^ is shown in figure 6.1b. The four regions expected 

can be seen; the steady glow from the cool gas, the rapid rise at
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the shock front, the relaxation zone and the decay. It can be seen 

from 6.1b that the relaxation zone is short.

As there is no deactivation of C>2(a*Ag) at high temperature 

(section 6.3.1a), equation (4.61) was used for the analysis. An 

example of the fit is shown by the full line in figure 6.14. The 

results obtained are listed in table 6.5. The post-shock decay 

constant, a , obtained is compared with that obtained from 634 nmX

emission trace and with the value predicted from the pre-shock 

measurements (table 6.1) to check the procedure. It can be seen 

that the values are similar.

The experimental records for NH were strikingly different fromo
those obtained with NO or HC1, presented later in this section. The

762emission level was much higher and gave a large value to K, the

enhancement factor. There are two reasons for the large value of
762 •K in the presence of NHg. First, the pre-shock glow is depressed

because NH is an efficient quencher at room temperature (table 5.7); o
second, the overall quenching rate constant, kM , scarcely changesQ
with temperature in comparison to the pooling rate constant, k , soP
that the concentration of 0 (a^Z+) at high temperature is relatively

* S
much higher. Thus, as can be seen by comparing figure 6.14 with 

figure 6.18, a fitted shock trace from 0 /NO mixture, the initialA
jump is small compared with the height of the maximum emission.

Therefore, the large enhancement factors in the presence of NH^
Mindicate that the quenching rate constant k must decrease with 

temperature (equation 4.54) .
762Figure 6.15 shows the values of K plotted against temperature 

for three different mole fractions of NH^. 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 these experiments, the relaxation time, t ,rei
[equation (6.7)] was found to be rapid and comparable to the

integration time, t , èo that the non-linear least squares fitting
( c

(Chapter 4) gave poor results for the two parameters. But it was

found that if the value of tg was fixed, calculated from shock speed

and the slitwidth, during the fitting then reliable values could be 
M Mobtained for k . To check this, the k values were also recalculatedq q

7G2using equation (4.54), from K (which is unaffected by the relaxation

zone since it is determined .from the back extrapolation of the decay '
79to the time of arrival of the shock front) and known values of

k , which is independent of the additive (section 6.4.le).P
The results from the two procedures for the three mixtures are 

plotted against each other in figure 6.16. As can be seen the results 

are well correlated and fall on the same line passing through the 

origin with the slope equal to unity. The scatter, by the standards 

of shock tube experiments, is small. Therefore, this indicates that 

both methods give correct results and that the numerical analysis is 

producing reliable results.

Figure 6.17 gives the final results for thè quenching of 

02(b1Ẑ ) with NHg as a function of temperature the points from all 

mixture fall on a single line indicating the validity of equation 

(6.11). The notable features are the slight maximum and the fall in 

the rate constant with temperature.

(b) NO

Figure 6.3b shows a typical shocked gas trace at 762 nm. It

displays the expected shape. The results obtained from the 634 nm

emission traces (section 6.3.1b) indicated that 0„(a^A ) was2 g
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

'V .
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lower line passing through the points in figure 6.18. The upper

line which does not pass through the points is that predicted by

the normal model in which the only high temperature reactions are
0 1 +  ethe formation and removal of 0„(b E ) and the fall is due to the2 g

pre-shock concentration gradient. For all runs the post-shock decay 

was found to agree well with the values obtained from the 634 nm 

emission traces.

In these experiments it was found that the relaxation was

rapid and so comparable to the integration time. This meant that

once again the relaxation constants obtained were not accurately

determined by the fitting of the relaxation zone. So as before
Mthe method of calculation was reversed and estimated k from the
q

762 Mmeasured enhancement factor K, the known values of k (obtainedd
from the 634 nm emission traces) and the energy pooling rate constant, 

k , with equation (4.63). The results obtained are listed in tablep
7626.6. It can be seen that the enhancement factor, K, rises from

2.6 at 638 K to 5.8 at 1088 K in mixtures containing 5% NO. This 
762rise in K is small in comparison to that obtained for NH^

(Table 6.5).
* •

Figure 6.17 shows a plot of the logarithm of the rate constant 
] + ' NO

for quenching of 0 (b E ) by NO, k , against temperature. The line— g q
through the points is drawn by eye. However, while the scatter of 

the points is reasonable it is systematic for the two mixtures shown, 

since the points for x =0.05 lie below those for x = 0.08. Further

experiments with a weaker mixture (x = 0.03) confirmed this, but the
Moverall second order rate constant^, k , were so close to the values

0 NO q •
for k that sensible values for k could not be determined. Thus

q q
there is a slight concentration dependence, additional to that implied
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in equation (6.11)» The possibility of a utermolecular reaction
1 +between NO and 0„(b £ ) similar to that for the ground state molecule 2 g

was considered, but it was found that the effect would be negligible
f cfor any reasonable rate constant. Figure 6.17 shows that the rate 

constant for quenching of O^ib^E*) by NO is nearly independent of 

temperature with a slight fall above 1000 K.

(c) HC1

The form of shock trace obtained for 0 /HC1 mixture was similar 

to that observed for 0 /NO mixture (see figure 6.3b). 634 nm results
a

indicated that 0 (a*A ) was deactivated at high temperature (section 2 S
6.3.1c) so here the shock traces were analysed.using equation (4»64).

A fitted shock trace was similar to that shown for NO (figure 6.18).
MIn these experiments the relaxation was rapid so k^ values were 

determined by the same method adopted for the 0 /NO system.Ck
762The values obtained by the fitting for K together with

HC1
quenching rate constants, k^ , are listed in table 6.7. Figure 6.19

HC1shows a logarithm plot of k against temperature. It can be seen 
HC1 q

that k increases slightly with temperature.q
(d) S02

9 -

A typical shocked gas emission trace at 762 nm is shown in 

figure 6.9b. It displays the expected zones. Compared to figure 6,3b, 

0 /NO mixture, the relaxation zone is very long. The shock traces£t

were fitted to equation (4.64) and the results obtained are listed in

table 6.8. As can be seen the relaxation time, t , is long varying

in the range of 40-120.ps depending on the shock temperature and this

shows also in the low values of the overall quenching rate constant,
Mk^, 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
Mobserved quenching rate constant, k^, should be the sum of two 

contributions: _ K

„ 0„ S0o, M , 2  , 2k = k X. + k xq q q so. [dm3 mol 1 s *] (6.11)

SO2 9and so for each point k can be determined using the previously
11 °2determined values for pure oxygen, k^ . However, in these experiments
Mthe values obtained for k^ were less than the corresponding values for 

^2k^ . For a mixture containing SO^ the overall quenching rate constant,
M 6 3 -1 -1 6 3 -1 -1k , rises from 1.3 x 10 dm mol s at 750 K to 1.8 x 10 dm mol sq

6at 1200 K, the corresponding values for pure oxygen are 1.5 x 10
3 - 1 - 1  6 3 - 1 - 1dm mol s , and 5.0 x 10 dm mol s respectively. This means

that at high temperatures the self quenching by 0 is much faster than
2

that by SO and that the room temperature quenching rate constant of 
2 SO

0 (b E+) by SO , k , (table 5.7) is little changed with increasing 2 g 2 q
temperature. Therefore, it is justifiable to consider SO as diluent

°2and calculate values for k from equation (6.11) and neglect the SO :q 2

k 2 = kM/ v .q q' o2 (6 . 12)

k values obtained this way are plotted against temperature in figureq
6.19. The full line in figure 6.19 represents the best line through

9 °2the previously determined values of k . All values agree withinq
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 corresnond to 2a limits (approx. ± 20%). The agreement 

is encouraging considering that the results are obtained from the study

of different binary mixtures. The previous values were determined
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Table 6.9. Rate Constants for the Quenching O A b ^ Z  ) by 0 ̂ ^
at various^ Temperatures■

T, ° 2k (previous work) ° 2k (this work)
l

/K
9 3 _i _i /dm mol s

9 3 _i _i /dm mol s

295 a) (0 .1 0 ±0 .0 1 )xl0 6 (0 .1 0 ±0 .0 1 )xl0 6

700 (1.26±0.25)xl06 (1.35±0.27)xl06

800 (1.74±0.34(xl06 (1.74±0.34)xl06

900 (2.40±0.48)xl06 (2.20±0.44)xl06

1 0 0 0 (3.16±0.63)xl06 ^ (2.51±0.50)xl06

a) Room Temperature value determined by Pedley
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from the study of 0 /N mixtures.

(e) The Energy Pooling Reaction

The rate constant, k , for the energy pooling reaction (4.5)P
e M Mis determined from the overall quenching rate constants; k^, k^ and

762the enhancement factor, K, for each run by using equation (4.63)

and the values of the room temperature rate constants determined in

the pre-shock experiments. However, for a quenching system with no

deactivation of 0 (a*A ) at high temperature k is determined from2 g p
equation (4.54). Thus to determine k^ at high temperature it is 

necessary only to know the overall quenching rate constants, not the 

individual contributions. This implies that the accuracy of k^ values 

depend on the quality of the fitting of the relaxation zone. Where 

relaxation is very fast less accurate values for k^ might be obtained

by the analysis. This is why the previous values of k^ were used in
Mrecalculation of k^ in the case of NO and HC1 as the quenchers.

Figure 6.20a shows a typical plot of k against temperature forP
all mixtures of NH . The line drawn through the points is the best «5

79line through previous measurements in 0 /N mixtures. It can be
A A

seen that points lie on or very close to the line. The similarity

between the results for various mixtures shows that there is no

composition dependence. This would be expected from eqution (4.5).

Figure 6.20b shows a plot of k against temperature forP
differing mixtures of all quenchers studied in this work. It can be

seen that k is independent of the additive. The striking agreement P
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 Emissions

Evidence was obtained for an extra emission at high temperatures

in mixtures of 0 /NO, 0 /NH and 0 /HC1.2 £ o 2 .r. 0
In mixtures 0 /NO and 0 /NH the new emission appeared at 

2 2 «5

temperatures above 1150 K whereas for 0 /HC1 mixtures it appeared at
2

temperatures greater than 1050 K.

In each case the form of the trace for 634 nm emission changed

so that the emission intensity began to rise again at times greater

than 200 ps. A similar but smaller rise was also noticed at 762 nm.'

For a typical example see figure 6.21a.

To help identify the source of the glow experiments were

carried out on undischarged oxygen plus each individual quencher.

The new emission at longer times appeared here too, though the

emission from O.ta^A ) and 0_(b^£+) was absent. For a typical 2 g 2 g
example see figure 6.21b.

The anomalous emission grew more rapidly and extensively as

the temperature was increased.

Thus the new emission lies on the short wavelength side of

762 nm and appears in mixtures of undischarged 0 and NO, NH , HC1
2 «5

at high temperatures.

A further glow was observed after a shock into HC1/0 mixtures 

followed by passing excited molecular oxygen through the tube. This 

blue green emission (see plate 3) was sufficiently intense to be seen 

with the naked eye and persisted for ^ 15 minutes. Preliminary 

experiments to determine the origin of this glow by artificial 

reproduction, for example by passing discharged oxygen over various 

metal compounds (e.g. AlClg, HgClg, Hg^Clg) was unsuccessful. Also a 

spectrum of the emission recorded by a Hilger prism spectrograph was 

unrewarding due to the low resolution.
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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 HC1/02
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

c .......... ”.........7 Temperature Dependence of the Rate Constants for the Quenching

of Singlet Molecular Oxygen by NH„, NO, HC1 and S0„.v , , , r ■ ““A

7.1 Introduction

In this chapter the temperature dependences seen for the 

quenching of singlet molecular oxygen by NHg, NO, HC1 and SO^

(Chapter 6) and their possible mechanisms in terms of energy transfer 

are discussed.

Initially the theoretical approaches to quenching in .these
. ' 6Y- ' y

systems are briefly reviewed.

7.2 The Theoretical Approaches
49 * 'Kear and Abrahamson developed an approach by considering

short range interactions for the energy transfer from Ogib^Z*) anc*

calculated quenching rate constants for a variety of quenchers at

room temperature. They imagined that the transfer is taking place

when the excited moleculq and quencher are very close together, on

the repulsive part of the intermolecular potential curve.

In their calculations of the quenching rate constant for

03(b1Z^) by various quenchers they assumed a value of unity for the

electronic matrix element for the 0o(b1Z+ -> a*A ) transition which,2 g g
of course, could be too high since this transition is forbidden. 

Consequently, the calculated rate constants appear to represent upper 

limits, although the actual predictions gave values which were lower, 

than the experimental values. This approach is similar to the 

Swartz, Slawsky and Herzfeld (SSH) treatment of vibrational relaxation8
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and appears to give largely a positive dependence of rate constant on 

temperature.
50Ogryzlo and co-workers have approached the modelling of the 

1 + Cquenching of E^) from a different direction by considering long

range forces. They assumed that for the more efficient quenchers, the

energy transfer process occurred at greater intermolecular separation

via long range attractive interactions'between the transition quadrupole

of oxygen and the transition dipoles or quadrupoles of the quencher.

The actual predictions gave values which were low but nearer the

experimental values than those predicted by Kear and Abrahamson.

A complication in these approaches is the distribution of the

electronic energy released between the"vibrational modes of 0„(a^A )2 g
and the quencher. But here, these theoretical studies stress the

importance of the conversion of electronic energy into vibrational

energy and assume near resonance between the energy released and the

vibrational energy spacing in the quencher favours the energy transfer.
51 52Ogryzlo et al. ’ having calculated rate constants for 

quenching of 02(b1Z^) by diatomic molecules at room temperature, which 

were slightly lower than those observed experimentally, next chose to
w •

study the temperature dependence of the quenching of 0 (b E+) by the2 g
same model. They studied the quenching of 0 (b*Z+) by HBr in the2 g
temperature range of 170 - 393 K. In comparing their predicted 

quenching rate constants with the experimental values (see figure 7.1) 

they suggested that the short range interactions may also contribute 

to the quenching process. So rate constants were also calculated 

using the short range interaction model. As can be seen in figure 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. Therefore, they came to the conclusion that both long and
C " . . .

short range interactions were important in a given quenching process.
80,81Parmenter and his coworkers have developed an alternative

long range approach 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, a, for a reaction 

of an excited state A* with a series of additives M at a given 

temperature:

£na„ = const. + e(A*M)/KT (7.2)

where K is the Boltzmann's constant and e is the well depth energy 

in the attractive potential curve for the complex between A* and M.

The model is shown to hold for electronic, rotational and 

vibrational relaxation for both monoatomic and polyatomic molecules
t

provided that the interactions leading 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 e(A*M) is not known, they assumed that it 

can be approximated by:

e(A*M) = [e(A*A*)e(MM)]^ (7.3)

where e(A*A*) is the well depth between excited species A* and e(MM)
80is that for partners M. Parmenter et al. give well depths for a
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large number of quenchers.

The model predicts a straight line relationship between the 

cross section or rate constant and the well depth for a series of

added gases M which collisionally deactivate A*, if the conditions 

mentioned earlier are met. The correlation may also be used to 

predict the temperature dependence of the quenching with a specific 

quencher, equation (7.2), and appears to give a negative dependence 

of rate constant on temperature.

There are also two main empirical correlations for quenching
48in these systems. Davidson and Ogryzlo plotted the logarithm of 

the rate constants for quenching of (^(b1!*) and (^(a^ ) against the 

highest fundamental vibrational frequency of the quencher, and found 

a good correlation for the quenching of both species by homonuclear 

diatomic molecules. The general trend observed was that the quenching 

efficiency increased with increasing value of the fundamental vibration 

frequency of the quencher. Based on this they suggested that the 

quenching process involves the conversion of the electronic excitation 

energy of singlet molecular oxygen into vibrational excitation in the 

quencher.
45 77Thomas and Thrush ’ having studied the quenching of both 

0 (b^E+) and 0 (a^A ) with a variety of quenchers at room temperature2 g 2 g
were able to determine the fraction of quenching steps, a , which 

resulted in population of a particular vibrational level in the 

quenching molecule. Using the statistical theory, they were able to 

predict the probability of a particular level, P^, of the quencher 

being populated in the quenching process. From these data they 

constructed a surprisal plot, plotting JlnCâ /P̂ ) against the fraction 

of energy released going into vibration, that showed a linear
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relationship for the quenching of both 0_(b^Z+) and 0„(a^A ). By2 g 2 g
this surprisal analysis they also were able to estimate that 'v» 25%

of the energy released went into translation and rotation. Based on
C °

this evidence, they suggested that resonance quenching paths were not

particularly favoured, that the quenching mechanism was not specific

and that therefore quenching probably occurred on the repulsive part

of the intermolecular potential. This partly conflicts with the

suggestion of Davidson and Ogryzlo, that the quenching rate constant

can be simply related to the ability of the quencher to become vibrationally

excited. , '

This introduction has briefly reviewed the theoretical and emperical 

studies associated with the quenching of singlet molecular oxygen. Taken 

together these various studies suggest that the short range interaction 

will lead to a positive temperature dependence and long range interaction 

to a negative temperature dependence. Whether resonance exchange is 

important for the distribution of energy in these transitions is not 

clear.

In the next section the temperature dependences observed in this 

work are discussed.
f -

7.3 Discussion of the High Temperature Results

In this section the experimental results obtained in this work 

for the quenching of O^ia^A^) and O^ib^E*) by NHg, NO, HC1 and SO^ 

as a function of temperature (Chapter 6) are discussed in relation to 

the theoretical predictions outlined in the previous section and the 

various other experimental data reported in the literature.
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7.3.1 Discussion of 0_(a A ) High Temperature Results ---------------2--- g-----------;------------:--
It was shown in Chapter 6 that the rate constants for the

quenching of 0 (a A ) by NO, HC1 and SO increased with temperature2 ff 2 _
and that each set of results could be fitted between 295 K and 

1100 K to the simple Arrhenius equations (figure 7.2)r

3 / 1 —1 ' 7k . /dm mol s = (1.9010.20) x 10 exp[-(2030150)/T)] (6.4)d

HC1 3 -1 -1 7k _ /dm mol s = (2.3411.00) x 10 exp[-(16601180)/T] (6.5) d
SO "I 1 a * ■

k . 2/dm3 mol"1 s“1 = (8.9013.45) x 10 exp[-(2370190)/T] (6.6) d

The exponential parameters correspond to activation energies

of 16.9 kJ mol 13.8 kJ mol  ̂and 19;7 kJ mol  ̂for quenching by

NO, HC1 and SO respectively. There are few studies of the temperature 2
dependence of the quenching reactions with which to compare these values, 

but the observed activation energies and the pre-exponential factors 

are similar to those found in chemical reaction of 0 ia^ ) with various
2 s82olefins .

The sharp increase of rate with temperature suggests that the

energy transfer in this quenching reactions take place at short distances
* .•

where the intermolecular potential is repulsive in form.
83Ogryzlo and Thrush used infrared spectroscopy to study the 

vibrational energy distribution produced in NO by the quenching of 

0 (a^A ) in the gas-phase, and concluded that transfer occurs 

preferentially into the v=4 state of NO:

V alV v = 0  + “°v=0 * °2<i<3V v = 0  * N0v =4 ' iH  "  6 ' 53 "  “ o l ‘ 1 <7-4>

77Later Thomas and Thrush in their surprisal analysis, discussed 

in the previous section, indicated that for most quenchers the energy
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transfer is non-specific. But they also found an exception to this 

rule, the quenching of 02(a*A^) by NO which predominantly populated 

both the v=2 and v=4 levels of the quencher. It was therefore suggested
C

that the quenching occurs on the repulsive part of the intermolecular 

potential as the present temperature dependence of NO also indicates.

However, while our results for HC1 and SO are also consistent
a

with the final conclusion, it is hard to understand why the quenching

of 0„(a*A ) by NH„ and by several other quenchers studied previously^’10 2 g 3
in this laboratory (N , 0 , CO and NO) does not increase measurably'2 2 2 2
with temperature as well, unless the reaction is specific in some way

to NO, HC1 and S02. For these quenchers the observed Arrhenius

behaviour implies that there is a favoured channel at ^ 17 kJ above 

the already excited energy level. Therefore, we can deduce that an 

activation energy is required to facilitate the energy transfer. 

However, with polyatomic and diatomic molecules there can be several 

energy transfer channels at all levels and so it is hard to see why 

one should be favoured in the case of SO , NO and HC1. This perhaps 

points to a mechanism dependent on a larger interaction potentials 

with NO, HC1 and SO at high temperatures.2 f

7.3.2. Discussion of O^ib1^) High Temperature Results-------------- 2----g-------------------------
Temperature dependences of the rate constants for quenching of

0 (b*E+) by NH , NO, HC1 and 0 are shown in figure 7.3 together with 2 g 3 . 2
9 10the 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 NO) show ao 2 2
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negative dependence of rate constant on temperature and the least

(0 and N ) show a positive temperature dependence while the 2 2 '
intermediate ones (NO and HC1) are almost temperature independent.

The results for quenching of 0 (b1E+) by NH shows that the
“ & 3

&  3 -“1 —Irate constant rises slightly from (7.5010.10) x 10 dm mol s
8at 295 K to a maximum at 750 K then falls slowly to 2.4 x 10 

3 —1 —1dm mol s at 1150 K. Also included in figure 7.3 are the five
30points of Kohse-Hoinghaus and Stuhl obtained recently in the

quenching of 0 (b1E+) by NH between 200 K and 350 K. They reported 2 g 3
their results with a slight positive temperature dependence. Within 

the combined experimental error limits, the two sets of results combine 

well with each other and show that when the whole temperature range is 

taken into account the rate constant does not change appreciably with 

temperature between 200 K and 750 K. Above 750 K it does decrease.

A qualitative picture suggests that the energy transfer at higher

temperatures involves a long range mechanism.
1 + ' ’For the quenching of 0 (b E ) by NO figure 7.3 shows that rate2 g

constant is nearly independent of temperature but falls slightly above

1000 K. It can also be seen that NO, which is a quencher of intermediate

. efficiency at room temperature, the .temperature dependence lies between

that of the poor quenchers, 0 and N , where the rate constant increases

with temperature, and the efficient quenchers NH , CO and N O  where theo 2 2
rate constants decrease with temperature.

For the quenching of 0„(b*E+) by HC1 it was found that the rate2 g
constant increased slightly with temperature. Figure 7.3 shows the

results. Also included in figure 7.3 are the results of Kohse-Hoinghaus 
30and Stuhl who measured the rate constant at six temperatures between

200 K and 350 K using a laser fluorescence method. Within their
v

temperature range they reported a slight positive temperature dependence. ■



Though we find our room temperature value to be lower than that 

found by Hoinghaus and Stuhl, the two sets of results fall within 

the error limits of the experiments. Consequently, when the whole
r  otemperature range is taken into account it appears that the rate

constant does not vary appreciably with temperature between 200 K

and 1000 K. This fits into the pattern discussed before, since HC1

occupies an intermediate position being more efficient than 0 and N2 2
and less efficient than CO and NH .2 o

77Thomas and Thrush have studied the distribution of energy 

among the vibrational levels of the quencher in the quenching of 

02(b1Z^), in the surprisal analysis discussed previously. For the 

quenching with HC1 the highest vibration level of the quencher 

excited was found to be v=2. Of all the quenching processes they 

studied this was the only process which required more energy than is 

released in quenching to v_q ', .

0o(b1Z+) + HC1 „ -»■ 0o(a1A ) - + HC1 „ . AH = 5.1 kJ mol"1 (7.5)2 g v=0 v=0 2 g v=0 v=2 '

This process is endothermic if ^ ^ ^ g ^ v - O  is quenched to ,

0o(a1A ) „. By studying the emission spectra they found no evidence2 g v=0 ,
for the presence of the necessary concentration of ^ ^ ^ g ^ v - l  nor

populated vibrational levels of HC1 up to v=4, which would be probable 
1 + 3 -if 0o(b Z ) _ were quenched to 0_(x Z ). This indicated that the2 g v=0 2 g

observed rate of excitation of HC1 to v=2 was consistent with process

(7.5) and that the observation of this level did not imply any
1 + 3 -deactivation of 0„(b Z ) -to 0„(y £ ). They suggested that the 2 g v=0 2 g

.-1energy deficit of 5.1 kJ mol was made up from translation and 

rotation.

Therefore, it was concluded that in a quenching process
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involving Oib^E+) deactivation occurs to 0„(a^A ) and not to2 g 2 g
° , ( x V ) .2 g

The quenching rate constant of 0 (b*E+) by SO could not2 g 2
, ,  fybe determined since the increase with temperature was too slow in 

comparison to the self quenching of 0 . Therefore, SO was considereda 2
as diluent and quenching rate constants were determined for (^(b^E*)

2 g
by  o2 .

As figure 7.3 shows, the rate constant for the quenching of 

0 (b*E+) by 0 increases with temperature between 295 K and 1200 K.2 g 2
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 mechanisms 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 52mechanism is consistant with the findings of Ogryzlo et al. ' who

concluded that both interations are operative.

In terms of Pamenter’s prediction from well depths figure 7.5

shows a plot of the room temperature rate constants for quenching of

singlet molecular oxygen fcy a variety of molecules for which ground

state well depths are known. The plot includes NH^, NO, HC1, SO^ and

0 together with the other quenchers studied previously in this

laboratory (CO , NO, N ).2 2 2
Two points can be made concerning figure 7.5. Firstly, most

of the rate constants for quenching of O^ib^E*) fall on or very close

to the line predicted by the theory except 0^, and D^. Secondly,

none of the values for the quenching of 0o(a*A ) fit the line. A2 g
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 positive temperature dependences for the quenching of 0 (b*Z+) by2 g
0 and 0„(a1A ) by NO, HC1 and SO have already been discussed. The

2 2 g 2
30results of Kohse-Hoinghaus show that the rate constants for the

r «1 + Cquenching of 0 (b £ ) by H and D also increase with temperature*2 g 2 2
Thus it seems that at room temperature the Parmenter correlation

is valid for the quenching of O.ib^E*) provided that it involves only
2 8

long range interactions. Once again, for the quenching of 0„(a A )2 g
by NO, HC1 and SO the evidence points to a mechanism which perhapsA
involves specific interactions.

To compare the observed decline in the quenching of 0 (b̂ "E+)2 g
by NH with the model of Parmenter, a graph of the logarithm of o

\
the quenching probability for NH against temperature is plotted, see 

figure 7.6. The full line presents the 'best* line through the results. 

Also shown in figure 7.6 is the behaviour predicted by the model, the 

broken line, using equation (7.2). As can be seen the experimental 

behaviour differs from that predicted. The decline predicted by the 

model using Parmenter's well depths is much less than that actually 

observed. So the observed decrease in reaction rate constant at high 

temperatures can not be accounted for by the well depths in the
w _

interaction potential given in the Parmenter model. This was also 

found to be the case with CO and N O  as the quenchers, studied
A  Jt

10previously in this laboratory.

Therefore, the Parmenter correlation appears to hold at a 

single temperature although, over a wide temperature range the well 

depths are not realistic enough to account for the observed decline 

in the quenching rate constants, so the model is not adequate for 

the prediction of temperature dependence. However, 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 increasing temperature. An Arrhenius plot of these results is
C "

shown in figure 7.4. It can be seen that it has a similar 

temperature dependence to that observed for the quenching of 

0 (b*Z+) by 0 , also shown in figure 7.4.2 g 2
47Recently Heidner et al. 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 are also shown

on the Arrhenius plot (figure 7.4) where it can be seen to fit well
65with our results extrapolated to the room temperature value 

44Schurath has studied the energy pooling reaction (1.14) 

by observing the emission from several vibration levels of 0^(b^Z+)2 g
as they formed: 

k
20As^L ) — ^  0o(b1E+) + 0o(XV )  . AH = 1.65 kJ mol“1 (1.14)2 g 2 g v=n 2 g I

His results showed that v=0 and v=2 transitions were significantly

stronger than those expected from the Boltzmann distribution across the
' 1 +vibrational levels of (^(b Eg) • However, the overall reaction to v=2, 

which would be a nearly resonant reaction channel, is thought to be 

favoured.

The increase in rate constant with temperature which we find,

taken with Schurath's work, seems to indicate that the energy pooling

reaction is an instance of a near-resonant energy transfer which occurs

at short range on the repulsive part of the intermolecular potential
77curve. Thomas and Thrush in comparing the energy pooling reaction 

with a variety of quenching reactions, suggested that energy pooling 

may take place by two parallel mechanisms; one which involves long 'i
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range interactions and is nearly resonant, and another involving

repulsive short range interactions and giving a more statistical

vibrational distribution. Their suggestion partly conflicts with
oour own and Schurath's findings. However, there is the possibility 

that the transitions to v=2 and v=0 may have different temperature 

dependences. This possibility would encompass 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 

0„(a*A ) and 0o(b^Z+) can not be precisely determined from these2 g 2 g
experiments, the various results obtained have revealed the following 

features.

1. The rate constants for the quenching of 0 (a*A ) by N0,,HC12 g ,
and S02 increase with temperature and the results can be fitted between

295 K and 1100 K to a simple Arrhenius equation (figure 7.2). However,

with NHg we found no appreciable increase in the rate constant for

quenching with temperature, this was also the case with N , 0 , CO
«  2 2

9 i o  .and N O  studied ’ previously in this laboratory, and so it does 2
seem that the mechanism for quenching by NO, HC1 and SO is specific2
and perhaps points to a mechanism dependent on a larger interaction 

potential.

2. The results obtained for the quenching of O.ib1! ^  by NH_, NO,2 g 3

and HC1 together with the results of the previously examined quenchers 

show that there is a simple correlation of the type 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 temperature and the least a positive temperature dependence while 

the intermediate ones are almost temperature independent. A qualitative 

picture would suggest that with poor quenchers energy transfer occurs 

by a short range mechanism on the repulsive part of the intermolecular 

potential curve, while the efficient quenchers relax by a mechanism 

which involves long range interactions in the attractive region of 

the intermolecular potential curve.

3. A comparison is made of the observed decline 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 pooling reaction hais been 

determined from 295 K to 1200 K. The reaction shows a positive 

temperature dependence. The Arrhenius plot is non-linear (figure 7.4). 

Based on the temperature behaviour together,with some spectroscopic 

data reported in the literature it is evident that the reaction proceeds 

via a short range near-resonant mechanism.

5. The temperature dependence of the rate constant for quenching of

0 (b*Z+) by 0o obtained from the study of 0 /SO mixtures confirms the Z g 2 Z 2

behaviour seen previously from the C^/N^ mixtures. This confirmation 

of the results for the quenching by 0^ is important since all other 

quenching rate constants measured rely on these values. The positive 

temperature dependence shows a non-linear Arrhenius behaviour (figure 

7.4). This indicates that the reaction mechanism must involve repulsive 

forces but the influence of attractive forces cannot be completely 

excluded.

6. The studies with mixtures of 0 and NH have provided a usefula «5
check on the validity of our numerical analysis (Chapter 6).
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7. For the observed differences between the quenchers of 0 (a*A )2 g
and O^ib £*) there is no general correlation, although some success

is achieved by the various theoretical approaches. The present
C 0

studies of temperature dependence seem to indicate that the mechanisms 

involved are more complicated and that the results obtained neither 

can be readily generalised nor be easily predicted with these approaches.

8. An anomalous emission was detected from 0 /NH , 0 /HC1 and 0 /NOA U A 2
mixtures at temperature above 1200 K. Preliminary tests indicated that 

the emission was not due to the presence of singlet molecular oxygen.

A further glow was also observed after a shock into HCl/O mixtures 

but in this case it was found that the glow did.depend on the
V.

presence of singlet molecular oxygen/ x .
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CHAPTER EIGHT

The Temperature Dependence of the Dimol Emissions
€  0

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:

«34, . «34k 634, 2 »
o psg 21 21 (4.42)

634where K is a constant for any enhancement in the emission with rise 

in temperature and would be unity in the case of a simple collisional 

process. In equation (4.42); p is the density ratio of shocked (2) 

to pre-shocked (1) gas, and T is the temperature ratio.
12Figure 6.12 shows that while the original assumption \that
\the dimol emission at 634 nm is a simple collisional process is •

634approximately true (i.e. K s 1), there is a further enhancement 

of the emission at high temperatures.
57A similar rise was also seen in the previous studies ; 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 rather abruptly near 1000 K. The present results for the

quenching of 02(a^Ag) by various quenchers (Chapter 6) confirmed this
634observation since the enhancement factor, K, 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

emissions of ):
8 C °

V V v - O  + v=0 * V * 3V v = 0  + V ^ V  .=0

+ hv (X = 634 nm) (1 . 10)

V ' V v . O  + V * ‘V h . * 02(X3V ^ 1  * V ^ V v -O

+ hv (X = 703 nm) ( 1 . 11)

V V  v l  V °2<alV V M .  - v=D * °2<X3^>.,0

+-hv (X = 579 nm) (1. 12)

So this chapter reports the variation of visible emission from shock 

heated 02(a*Ag) with temperature. Emissions measured at 634, 703 and 579 nm 

show an increase with temperature greater than that expected simply from 

concentration effects on the species preimarily responsible for the 

transitions. Now the increase is attributed to hot bands overlapping 

the main transition. From the results rate constants for dimol emissions 

involving various levels’of 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, 

so the above dimol reactions are:

(0 + 0) ■* (0 + 0) + hv (X = 634 nm). (8.1)

(0 + 0) + (1 + 0) + hv (X = 703 nm) (8.2)

(1 + 0) -»• (0 + 0) + hv (X = 579 nm). (8.3)-

In figure 8.1 tracings of the oscilloscope record of the three

emissions are given.
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8.2 Experimental

In this work the object was to obtain a comparable series -of

shocks at various temperatures at each of .the three wavelengths.

Hence, the experimental procedure described in Chapter 2 was modified.

One photomultiplier with a 634 nm filter was 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 wavelength.

As the emission ratios were measured with a single detector,

corrections were unnecessary for the geometry of the system.

The transmission curves of each filter were measured with a

Pye-Unicam spectrophotometer. Each of the filters was found to have

a maximum transmittance of 40 ± 2% and a half-width of 10 nm.

The fraction of each band seen was estimated by comparing the

band area with the filter area. This was done by matching the published

dimol spectrum with the measured filter transmission curve and calculating

the area of overlap. Dimol spectra were obtained from the following

sources; the 634 nm and 703 nm bands from the corrected spectrum of 
18Bader and Ogryzlo obtained in emission, and the 579 nm band from

17the gas absorption spectrum of Khan and Kasha

Figure 8.2 shows the dimol bands with the transmission curve of 

each filter superimposed. The transmitted intensity was then calculated 

as a percentage of the incident intensity for each band. The values 

obtained are given in table 8.1.

Corrections were also made for the change in photomultiplier 

sensitivity with wavelength using the manufacturer’s data (see table 2.2).

For these measurements singlet molecular oxygen was produced as 

before (Chapter 2) but then the flow was mixed with a stream of CO
2
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Table 8.1. Filter Transmissions

e. o

Filter/nm Band, A/nm Transmittance %

634C 634, 26.0
637 19.0
640 15.0

. 703C 703 22.5
707 17.0

■> 697 27.8
706 ' 19.8

70 3B
t >

703 20.6
707 19.8

69 7 ' 10.8
706 30.0

579 579 21.4
583 15.5
587 10.1

!



2 0 8

to give a 5% by volume mixture of CO in 0 . The CO was added to4 2 A
speed up vibrational relaxation. This is discussed further in section 

8.3.2.
c ° KThe run parameters are listed in Appendix 0•

8.3 Results

8.3.1 High Temperature Emission Traces

Figure 8.1 shows the emission intensity of the shocked gas as

a function of time for the three dimol emissions from the 0 /CO mixture.2 2
Also shown in figure 8.1 is the emission from 0^(b 2^) at 762 nm for 

comparison.

Figure 8.1a shows an oscilloscope trace of the 634 nm emission. 

As can be seen the shocked gas behaviour is similar 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 that at

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 

treatment of the shock trace is shown later. Suffice it to say here 

that the analysis allows the initial rise, relaxation zone and decay 

to be fitted as in the case of the 762 emission (Chapter 4) from 

0o(b1Z+), figure 8.Id.2 g
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8.3.2 Analysis of the Data

To account for the increase in K with temperature, the data

are analysed with a model in which the emission seen is the sum of
C 0

emission from both the normal and hot bands (a hot band is observed 

when an already excited vibration is further excited, increase of 

the population of the initial state, with increasing temperature). 

To illustrate this an example is given below.

The two bands near 634 nm are:

(0 + 0) — -— ► (0+0) + hv (X = 634 nm) 

k '
<1 + 0) — =-»• (1 + 0) + hv (X = 637 nm) .

(8 . 1)

(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, 1̂  , at time t is: 't p

■t = V oP ♦ W o (8.5)

where and A_ denote the concentrations of 0_(a^A ) - and 0„(a*A ) „0 1  2 g v=0 2 g v=l
9 ••

respectively, k^ and k^ are the temperature-independent rate constants
4and must be multiplied by T to give the normal second order rate 

constants.

At the shock front the vibrationally cold gas in the pre-shock
oflow is compressed to give the initial frozen concentrations A^ and

O  B  6A^, and these then relax to the equilibrium values A^, A^, with a 

relaxation time t . Equation (8.5) now becomes:
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Jt = ko[Ao + <Ao ■  Ao)exp(_ V T>32p

+ k [A® + (A° - A®)exp(- t_/x)][A®.+ (A° - A®)exp(- t /x)]1 1  1 1. p o 0 0 0 p

(8 . 6)

if the relaxation is a simple first order process. Previous studies 

have shown that the presence of the relaxation zone in the 579 nm 

emission complicates the analysis. So in the present experiments CO 

was used to speed up the vibrational relaxation such that to reduce T 

to a value which is less than the rise-time of the system. Then, 

after compression, the emission’immediately assumes its equilibrium 

values so that equation (8.6), with ti>> t , becomes:

Ieq - ko<Ao>2 + k_ 16 1 e
V i -

(8.7)

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, I can be related to that from the

cool gas, I , by: psg

I0 Ipsg >2(I21>4 (4.42)

where p and T are the ratios of post- to pre-shock densities anda! al
temperatures.

In the pre-shock glow, I , virtually all the molecules arepsg
in the lowest vibrational state, so that:

- V 4o)2 = k Atot ( 8 . 8)
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where A  ̂ is the total concentration of 0„(a*A ). tot 2 g
Now from equations (8.7) and (8.8) the ratio of the equilibrium 

to the initial emission is:

K
V 1«

(8.9)

where all the concentrations are equilibrium values. The value of K

provides a measure of the enhancement of the post-shock emission over

that expected from the pre-shock emission.

It was shown in Chapter 4 (section 4.2.1) that the observed

emission, I , is related to K by: 
p

exp(- a t )dt /t t p p (4.46)

if there is no appreciable deactivation of 0^(a A^) at high temperature.

As before, in equation (4.46) t is the rise-time of'the systems
and is the post-shock decay constant. Once again equation (4.46) 

is integrated numerically using Simpson's rule. The experimental points 

for each run are fitted to equation (4.46), first using interactive
9 .

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 example of the fit is shown by the full line in figure 8.3.

It can be seen to display the expected shocked gas behaviour (see 

section 4.2.3). The fit for each run gives values of t , a and KS t
(see Appendix 5 for the results). The post-shock decay, a^, is 

compared with that measured 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, kg/k^, directly at 

each temperature for a known value of K.
e °

The concentration ratios can be obtained from the Boltzmann 
84equation :

N./N = [g. exp(- e./K T)]/q 
3 3 3 a

( 8 . 10)

where N is the population of level j, N is the total population, g.J 3
is the degeneracy of level j, e is the energy of level jj K is theJ B
Boltzmann constant,.and q is the partition function given by:

q = Jj Sj exp(- ej/KgT). ( 8 . 11)

For a simple harmonic oscillator equation (8.11) can be 

approximated by:

q = [1 - exp(- hcw/KgT))-1 (8 . 12)

where for 0.(a A ) 2 g

hcto/K = 2131 K. 6 (8.13)

Therefore, the concentration ratio from equation (8.10) for 0 (a^A ) is:
2 g

Bv = Ay/Atot = exp(- 2131v/T)[1 - exp(- 2131/T)].(8.14)

Now substituting for concentration ratios (v=l) in equation (8.9):

K = [1 - exp(- 2131/T) ]2[1 + (k1/k())exp(- 2131/T)]

(8.15)

£n{{K/[l - exp(- 2131/T)]2}-!} = tn(k A  ) - 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.
C *

For these experiments reasonable graphs were obtained but 

although giving a straight line the gradient was found to be greater 

than the expected value of 2131 K. So the analysis was enlarged to 

take into account the second hot bands for the three dimol emissions 

studied as fundamentals.

(a) The 634 nm Emission

Figure 8.2a shows the transmission curve for the narrow-band

filter used in the experiment, together with curves for the possible 
., ■ v \,

dimol bands which are listed in table 8.2a. It is assumed that the

shapes for the hot bands are similar to those for the normal band,

and while the assumption is reasonable it is probably the largest

source of error in the intensity estimates.

All the bands in table 8.2a overlap the filter transmission

and can add to the observed emission. Still higher hot bands also

overlap to a small extent, but these have not been included on the

grounds of low relative population 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 comparison.
634Figure 8.4a shows the values of K determined from the 

experimental measurements of emission intensity as a function of 

temperature.
634For the three groups of bands in table 8.2a, K can be 

described by the equation, similar to equation (8.9):

634e = (A„/4tot)2[l ♦ < V l ' V o >  * < V > 0#  (8.17)
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F i g u r e  8 - 4 a  R e s u l t s ,  f o r  6 3 4  n m  E m i s s i o n .
634-

T h e  e x p e r i m e n t a l  p o i n t s  s h o w  K  v s .  T e m p e r a t u r e .

T h e  F u l l  line g i v e s  the b e s t  f i t  f o r  e q n .  8 . 1 8

T h e  d a s h e d : l i n e  — » .  c o n t r i b u t i o n s  f r o m  ( o + o - * o + o ) b a n d .

T h e  d o t t e d  line — > t h e s u m o f  t h e  ( 0 40 - * o + o )  a n d

(140-̂ 140) bands.

T,/ K io2
4
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where the concentrations refer to equilibrium values, and kQ, and 

k are the rate constants for the three bands * Once again substituting 

for concentration ratios, given by equation (8.14), equation (8.17) 

becomes:

634K = bJ[bJ + ( V kO)Bî + <k2/k0)B2]* (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 k is the sum of the rate constants for the four 

possible transitions (see table 8 .2a).

Now equation (8.18) cannot be linearised with respect to
S'*,

temperature, so it has been fitted by non-linear least squares analysis
85using a NAG routine .. The full line in figure 8.4a shows the fit 

obtained. The heights between the various lines in the figure show 

the contributions to the emission made from the various bands. At 

low temperatures only the normal (0 + 0 ■+ 0 + 0) band contributes; 

as the lowest vibrational level is depopulated at highter temperatures 

the contribution decreases, while that from the higher bands increases 

until, at 1400 K, more than half the emission is from the hot bands.

The ratios of the rate constants obtained from the fit are 

given in table 8 .2a and the final column gives the ratio corrected 

for the differing filter transmissions of the bands. The ratios and 

the accuracy of the results are discussed later.

(b) The 703 nm Emission
703Figure 8.4b shows the measured values of K 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
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Figure S.4b Results for the 703 nm Emission.

T h e  e x p e r i m e n t a l  p o i n t s  a r e7° 3J^ v a l u e s .

The full line gives the best f i t  foreqn.8.23
T h e  d a s h e d  l i n e — c o n t r i b u t i o n s  f r o m  ( o + o _ » f + o ) b a n d .

T h e  d o t t e d  line — » .  the sum o f  the ( o + o - » l - p o )  /  t h e

l i + o - * i + i } a n d  ( i + o _ » 2+ o  )  b a n d s .
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be similar. Examination of the oxygen spectrum in this region shows

that not only are there dimol hot bands but also bands from the

emission of 02 (b*Z+); table 8 .2b lists these possibilities and

figure 8 .2b shows the overlap of the various bands with the filter

transmission. The envelopes for (^(b1^) emissions are drawn from
86the known spectroscopic constants for a temperature of 1200 K.

63 j ^Previous studies have shown that, at our concentrations, 0„(b Z )
2 g v=0

emission is more intense than that of the dimol emission, so inflation 
703of the K value by these bands can be expected.

Following equation (8.7), the emission intensity can be written

as:

7 0 S l  = k 0 (A 0 ) 2  + k l A0Al  + V 2 + V s
(8.19)

where k and k refer here to the 703 nm emission, k and k are first 0 1 2
order rate constants for the 0 (b*Z+) emission, and I and Z represent

2  §  2  u

the equilibrium concentrations of 0o(b*Z+) in the second and third^ S

vibrational levels.
703Following equation (8.9) the enhancement factor, K is then:

703K = (Ao/4tot)S[l + + i(k2E2/<k0AtotT|)I

+ [k3 V <V t o t T2> 1 • ( 8 . 20 )

The temperature term T^ is included here since the dimol emission is 

being compared with 02 (b*Z*) 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 related through the known Franck- 
2 o

87Condon factors, k0/k? = The equilibrium concentrations,
2 3
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.Z and Z are determined from the Boltzmann equation, (8.10), using 
2 o
the characteristic vibrational temperature of 0_(b^Z+)*

2 g

BZ = Z /Z^ . = Z rexp(- 2015v/T)] [ 1 - exp(- 2015/T)] (8.21)
V  v tot tot -

where Z is the total concentration of 0_(b*Z+), which was determined 
tot 2 g

in Chapter 4 (section 4.2.2) by considering a steady state between 

the energy pooling reaction, (4.5), and the quenching reaction,

(4.20). Here, it may be represented as:

0 CO
rtot = V t o t v V t V  * \  2I<V> - V  • (8 . 22)

The values of k and k have been measured over this temperature p q -\
range, (Chapter 6) so Ĉ, can be determined at each temperature. 

703Thus K becomes:

703K = b ‘ [B3 .+ < W Bi l  ♦ i k2CI / k0T2 J (B2 +' “B3) - <8 -23>

\ \
The constant a is the ratio of the Franck-Condon factors multiplied 

by the ratio of the filter factors for the bands.

Once again the rate constant ratios, k^/k , and, k2^ko’ are 

determined by fitting ’the results to equation (8.23) by a non-linear 

least squares procedure. The full line in figure 8.4b shows the best 

fit obtained and the heights between the various lines show the

contributions made by the two dimol emissions and that from 0„(b1 Z+).
2 g

At low temperatures only the lowest dimol band produces emission, but 

at high temperatures the O^ib^Z^) emission produces the large increase, 

and so is responsible for the difference in behaviour 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



2 2 4

include the next group of bands, it was found that the term was

swamped by the 0„(b*E+) term, and the analysis gave unreliable 
2 g

results. Table 8.2b gives the values determined for the rate
r 0constant ratios by the analysis.

In order to compare the 703 and 634 nm emissions, the ratios 

of the emissions were measured in the pre-shock flow in 0_/C0, A  fl

mixtures. For a series of experiments at room temperature the ratio 

was found to be 0.58. This was corrected for the relative filter 

transmissions (f7Q3/fgĝ =l) and the photomultiplier quantum efficiency

< W * * S 4  ‘ °-70> S° that

703 634k(0 + 0 -»■ 1 + 0)/ k(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 emission from O ^ b 1^*) is determined 
634 . 634from the value of (k / k ) since k (0 + 0 -*■ 0 + 0) has been¿i 0

88 3 —1 —1measured by Fisk and Hays to be 0.0265 dm mol s :

k2 = 0.0265(k2/634k0)T^. [s"1] (8.25)
9 ■

634Here again the temperature, T , is introduced since kQ is the 

temperature independent part of the dimol rate constant, whereas the 

measured value contains the temperature.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 0 (a^A ) molecules and so, in the pre-shock
2 e

flow, the emission is very weak compared with those at 634 nm and 

703 nm, but still large enough to be measured at room temperature.
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So at the shock front there is a rapid increase in emission due to

the increased density and temperature of the shocked gas. It is

found to be that which would occur for a dimol emission and is
C 0given by:

579
2 (8.26)

After the instantaneous rise there is a gradual increase to

an enhanced level of emission. The other dimol emissions do not show

this (see figure 8.1). Following the enhancement there is a decay.

The enhancement observed is shown to be due to vibrational 
56relaxation . Therefore, here the enhancement factor, K,,is the 

ratio of the glow after relaxation to that predicted from the pre- 

shock glow at 634 nm emission [equation (4.42)]:

579„ 579. .634 579, ,634, 2 i
. K =  V  V  V  W C2 1 T21- (8.27)

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
9 ■

difference in sensitivity of the two detectors and filters for the 

634 nm emission.
579The values of K found between 600 and 1500 K are shown in

ff
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 8.2c shows 

the overlap of filter transmission with the bands. There are no 

02 (b1 S^) bands in this region.

The emission intensity is thus:
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579, , ,e.e , .e.e , .e.eI - k ^  + k2Al4l ♦ (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:

579K = < V 634k0)Bl[B0 + (k2/kl>Bl + (k3/kl)B2] <8-29)

where 634 refers to the (0 + 0 0 + 0) transition at 634 nm, and

k , k„ and k refer to the emissions at 579 nm.
1 2  3

The data were fitted to equation (8.29) by a non-linear least 

squares procedure and the best line is shown in figure 8.4c, together
■6-J ■ v ■with the contributions from the various bands. The ratios of the

constants are given in table 8 .2c.
579 ,634 ■The ratio ( k^/ k^) was found to be 0.995 from a series of

measurements at room temperature. The relative values for 579 nm/634 nm

emission constants are then obtained by correcting this value for the

photomultiplier efficiency at these wavelengths (<!>__f,/<|>/,0„ = 1.30)5#y bo4
and for the filter factor (fc-o/f-o. = 0.82). The final column of the' t ( 579 634
table gives the ratios with respect to the 634 nm (0 + 0 0 + 0) band.

8.3.3 Rate Constants of the Dimol Emissions
**

The room temperature rate constants for the dimol emissions

studied are calculated from the relative intensities, with respect

to the (0 + 0 -> 0 + 0) band, using the room temperature value for the
88(0 + 0 0 + 0) band reported recently by Fisk and Hays . The values

are listed in table 8.3 together with the measured relative intensities. 

Rate constants at other temperatures can be obtained using that



Table 8.3. Rate Constants of the Dimoi Emissions at 295 K 
0_ (a1A ) , + '  0  ( a 1  L  ) , .-+ 0 (X3Z~) „ + 0 (X3f  ) „ + hv
z g V 8 V 8 V ' 8 VC 0

Transition 
(v’+v'Xv" +v" )

Emission
Wavelength, X/nm

\  /63\  n o Rate constant 
/dm3mol '''s 3

(0 +0 )-(0 +0 ) 634.3 1 0.0265 a)
(1 +0 )-(1 +0 ) 673.3 3.18 0.084 i
(1+1 )-(1 +1 ) 640.2 \
(1+D-C 2 +0 ) 639.3 / 35.2 0.933
(2 +0 )-(1+1 ) 641.3 [
(2 +0 )-(2 +0 ) 640.3 I
(0 +0 )-(1+0 ) 703.8 ' 0.83 0.023
(1+0 )-(1+1 ) 707.4 ) 2.24 0.059
(1+0 )-(2 +0 ) 706.2 (
(1 +0 )-(0 +0 ) 579.8 0.93 0.025
(l+D-CL+o) 582.2) 22.3 0.591 -
(2 +0 )-(l+0 ) 583.if
(2 +l)-(l+l) 585.6 \
(2 +l)-(2+0 ) 584.7/ 49.3 1.306
(3.0)-(l+l) 587.4 i J
(3.0)-(2 +0 ) 586.5 )

, ooa) Base value measured hy Fisk and Hays .
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calculated at room temperature and equation (8.30) r.

\  - \ m  <T',295K)!
c

(8.30)

The rate constants obtained rely on the base value measured by 
88Fisk and Hays at 295 K. They compared the dimol emission with

that from the 0 + NO reaction and used the latest value of the rate

constant for the calibration. Their value appears to confirm the
14 89earlier measurements of Gray and Ogryzlo and Falik and Mahan

but it is higher than the value of Derwent and Thrush65

8.3.4 Discussion
74Arnold, Browne and Ogryzlo studied the temperature dependence 

of the dimol emission at 634 nm between 221 and 475 K and fround that 

the intensity varied with the square of the concentration of (^(a^A^) 

and that the rate constant for the (0 + 0 -*■ 0 + 0) band increased 

with the square root of the temperature. So based on these observations 

they suggested that the reaction is a simple collisional process with 

a zero activation energy.

For both the 634 rim and 703 nm emissions up to nearly 1000 K,

the present values for the enhancement factor, K, is equal to one as

expected for the collisional model hence confirming the collisional

nature of the reaction. "
57In an earlier study the rise in dimol emission at higher 

temperatures was attributed to an increase in the rate constant with 

temperature. The present suggestion that the rise observed is due to 

contributions from hot bands seems more reasonable since they do 

actually overlap in the wavelength 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 have been observed previously by Goodman and 
90Brus . They used laser radiation near 579 nm to excite oxygen, in

solid neon at 4K, to 0 (a*A ) _ state. Emissions observed were near
2 gv=l

703 nm from the ( l + 0 - > l  + l) and (1 + 0-+2+.0) bands as well as 

from the (0 + 0 ■> 1 + 0) band.

There have been two other estimates of the intensities of dimol
64transitions in the gas-phase. Whitlow and Findlay found the emission

at 703 nm to be comparable to that at 634 nm and so reported a value
703 634of 1.05 for ratio, k/ k^. The present results agree well with

17this. Khan and Kasha studied the absorption spectra and the ratio 
579 634kl/ k0 est*mated from their results is 1.44 in comparison to 0.93

given by the present study. The discrepancy seems reasonable

considering the weakness of the transitions.

The results in table 8.3 show that the rate constants for the

dimol emissions in any band increase with number of vibrational quanta

in the upper state. However, these changes do not reflect the

Franck-Condon factors for the single molecule transitions. For example,
87the ratio of the Franck-Condon factors for 1 -*■ 0/0 0 and 0 1/0 -*■ 0

1 3 -transitions of 0 (a A ) —— ► () (x I ) „ are 0.022 and 0.007, and yet in 
2 g v 2 g v

the dimol transitions <1 + 0 -*■ 0 + 0 ) / ( 0 + 0 ■> 0 + 0) and (0 + 0 -»■ 1 + 0)/ 

(0 + 0 0 + 0) the rate constants ratios are 0.93 and 0.85. Franck-

Condon factors can be a good guide to relative intensities if the 

electronic part of the transition probability is nearly constant in the 

region of the transition. It seems that in these cooperative transitions 

where the electronic part is determined by weak intermolecular forces, 

the electronic transition probability changes rapidly with distance.- 

So at higher vibrational states the interactions may take place over 

a greater range of distances giving rise to greater intensities.

The nature of the upper state [0„(a1A ), 0„<a1A )] is not clear.
2 g , 2 g
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[0 ] has been suggested as the cause of the blue colour of liquidA 2
91 92 74oxygen * . Arnold et al. concluded from their study of the temperature

dependence of the emission that an [0„]„ complex is not responsible. 2 2 »€
for the emission The fact that enhancement factor, K, does not 

decrease with increasing temperature is a further evidence that the 

emitting species can not be a dimer.
93 94The intensities of these bands have been considered theoretically ’

where the models used allow for mixing of the possible transitions due

to the intermolecular forces. The suggestion is that the dimol

transitions may gain electronic intensity from the very strong 
3 — 3 - •B( Z ) •> x (   ̂ ) transition, which is responsible for the Schumann- g g

Runge band system of .O . Some success has been achieved with these 

approaches.

In this study evidence has been presented that the extra 

temperature dependence of the observed dimol emissions from (^(a^A ) 

is due to contributions from overlapping hot bands but clearly 

confirmation requires spectroscopic identification.

8.3.5. Reliability of the Results
* •

The reliability of discharge flow shock tube technique has been 

discussed in Chapter 4 (section 4.4.3). Below is given an assessment 

of the spectroscopic data obtained in the present study.
ff

The number of experimental points and the best fits obtained 

for the data using interactive graphics and non-linear least squares 

are found invaluable for calculating the relative rate constants with 

a high precision. However, all the results have been subjected to 

two correction factors. First, corrections were made for the change 

of photomultiplier quantum efficiency with wavelength, with relative
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values obtained from the manufacturer’s data . Since the

measurements were made with a single photomultiplier the error is

probably not greater than ± 1 0%.

Second, and more important is the correction applied for

differences in transmission by the filter. The general shape of

the (0 + 0 0 + 0) band was obtained from the emission spectrum of
18Bader and Ogryzlo , after correcting their wavelength scale, and it

17is similar to that seen in absorption by Khan and Kasha and recently
96by Singh and Koroll . Clearly a shape obtained from spectra taken 

from a weak emission can hardly give precise values, but the lack of 

detail in the spectrum reduces the errors in comparative measurements. 

It is reasonable to assume that the other bands have the same shape, 

but it is difficult to be certain without knowledge of the spectra.
90Shapes of several bands can be seen in the work of Goodman and Brus 

and they are similar, but all the bands are considerably narrowed 

in the solid at 4K. Taking these sources of error into account we 

estimate a 95% confidence level at ± 25% of the values listed in 

table 8.3.

The value estimated for the (2 1) transition of the 0 (a*Z+)
2 g

emission (0.046-s "S is subject to a greater error since we had to

approximate a line spectrum by an envelope to obtain the filter
86 87 «2correction. The value ’ for the (0 - 0) band is 0.077 s , and

«f

when 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

C.  . . .  . *

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 * 2 * * 5 * * * 9

A study of the temperature dependence of the quenching of 0 (b
2

30 52by HBr and H would allow comparison with previous work0 ’ . These
2

5 52quenching systems have been modelled by Ogryzlo et al. ’ using long 

and short range interactions. The wide temperature range attainable 

with our discharge flow/shock tube should provide a good test for the 

theory.

\ +>

HBr possess the disadvantage of being highly corrosive and with

H there is some danger of explosion, especially in the presence of 
2

the discharge. So in both cases extreme care should be taken in
9 ■

carrying out the experiments.

It may also be possible to measure the temperature dependence 

of the quenching of 00<a1A ) by these quenchers if, (a) the pre-shock 

decay rate is 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 surfaces for the quenching of both 

0 (a^A ) and 0 (b*I+) are unknown it is difficult to determine the 

precise nature of these reactions solely by inferring to the measured 

temperature dependences so it would be invaluable to calculate these 

potential surfaces.
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There are several mixed dimol emissions for example:

O t a 1A ) + 0„(b1 S+) -> 20„(x32~) + hv (X = 478 nm) (1.13)
2 g 2 g 2 g

e 0
and

0 (a^ ) + 0 ( b V )  + 0 (XV )  . + 0 (XV )  + hv = 514 nm)
^  g 2 g 2 g V - l  2 g

(9.1)

that could be studied in this apparatus. The problem here will be 

due to the low emission intensity and the absence of a sensitive 

spectrometer. At present a rapid scan spectrometer, consisting of 

a simple monochromator linked to a charged coupled semiconductor array, 

is under construction which can be used to study these systems.

This rapid scan spectrometer which is designed to take a spectrum 

at our light intensities within 200 ps could be also used to identify 

the additional emissions (section 6.5) seen in this work.

9.2 Studies of Other Systems * * 3
9T 98Recently Slanger and Ogryzlo et al. have reported emission

in the visible region from the recombination of oxygen atoms which has

been attributed to several new band systems of molecular oxygen;
3 i 3 • 3 _ 1 1
A •> A , A -> Z and £ '-*■ A . The emission should be visible in 

U  g ’  u  g  u  g

our system where we can generate higher concentrations than in a normal

discharge and will enable us to study the»reactions of oxygen atoms

at high temperatures. Already a new discharge flow/shock tube system

free of mercury, which can be operated in parallel to the existing one,

is constructed to study these reactions.

The initial studies could be of the reaction of oxygen atoms
99with CF I and CH I to provide a comparison with the work of GriceO u

who studied these particular reactions with his molecular beam
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technique. Once established, the method could be used to study any

oxygen atom reactions which are of evident importance in combustion,

in the upper atmosphere and in air pollution processes.
€ °

This new system can also be used to study further the additional 

emissions seen at both 762 nm and 634 nm at longer times and higher 

temperatures in mixtures of Og/NO, O^/NH^ and 0 '/HC1. For example, 

the emission observed in 0 /NO mixtures may be due to chemiluminescence
A

from the reaction between NO and atomic oxygen which has a broad

maximum in this region. Here the atomic oxygen may be generated by'

the decomposition of oxygen itself, and if this is the case then the

observation points to a way of studying this decomposition and the

similar ones at lower temperatures than.hitherto have been possible.

The 0 + NO system, used for monitoring the concentration of

oxygen atoms, is well understood at room temperature*-̂  but there

have been few studies at high temperatures. It was the first
53reaction to be studied in a discharge flow/shock tube but the

reported temperature dependence seems unrealistic. The initial

measurements relied only on the initial shock compression and took

no account of the system rise time, vibrational relaxation or the
» ■

variation of concentration along the tube, all of which we have 

found to be important in obtaining accurate results with our method.

So it would be worthwhile to study this reaction in detail at high
ff

temperatures.

In the 0 + NO system, the oxygen atoms are usually produced 

by reaction of NO with N atoms, generated by passing N through a
a

discharge, and there are many worthwhile studies of the various 

chemiluminescent processes in the active nitrogen system*-**1.
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Barnes, Becker and Fink have reported studies at room 

temperature of the electronically excited states of and SO 

equivalent to those of 0 . The comparison'between the temperature 

dependences of the rates of these reactions of these states with 

those for 0 would be valuable. For example SO^A) and S»(’'’A ) show
2 • 2 g

energy pooling reactions:

SO^A) + SO^A) -> SOt1!) + S0(3Z) (9.2)

S ^ A l + y ^ ^ / z V s J x V ) .  (9.3)
2 g 2 g 2 g 2 g

SO and S are formed by discharging sulphur containing compounds 
2

e.g. S0C12 and SgS^.

102
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Appendix 1

Run Parameters for NH^/O^

T 1 = 295 K, TOTAL Flow Rate, 
f.

00cslIIH mis

(a)1 3% NH3, 97% 02

Run No. . * psg *1 Vs T 2 P 2 1 h i/nm /mV / torr /Kms“ 1 /K

R I.216 634 6 . 0 6.99 0.826 602 7.35 3.58
RA 216 762 16.1
R 2 1 2 634 7.0 6.62 0.978 732 10.41 4.16
RA 2 1 2 762 14.6
R 2 1 1 634 7.4 6.25 • 1.125 876 13.83 4.62
RA 2 1 1 762 19.0
R 2 1 0 634 7.1 6.87 1.129 883 14.08 4.65
RA 2 1 0 » 762 15.6
R 209 634 6 . 8 6.79 1.147 901 14.41 4.68
RA 209 762 18.1
R 208 634 8.3 6.95 1.236 998 16.77 4.92
RA 208 762 2 1 . 6

R 214 634 7.4 6.95 1.265 1031 17.56 4.99
RA 214 762 13.7
R 215 634 6 . 8 .6.45 1.354 1135 20.16 5.20
RA 215 862 18.1

(b)' 7% NH3, 93% 02

R 2 2 0 634 6.5 6.45 0.984 747 10.26 4.02
RA 2 2 0 762 6.4 '
R 219 634 6.4 6.29 1.072 « 833 1 2 . 2 0 4.29
RA 219 762 6.9
R 218 634 6 . 6 6.37 1 . 1 2 0 883 13.33 4.42
RA 218 762 8 . 0

R 217 634 7.6 5.54 1.187 956 15.03 4.60
RA 217 762 1 1 . 2 ♦
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, Appendix X continued

(c)1 5% n h3, 95% 02 €■ c -
Run No. A psg P 1

' v
S  -

T' x 2
P ' 
2 1 P 2 1/nm /mV /torr /Kms" 1 /K

R 2 0 1 634 8.3 5.63 0.870 630 8.16 3.79
RA 2 0 1 762 1 1 . 2

R 224 634 5.7 6.45 0.997 754 1 0 . 6 6 4.14
RA 224 762 8.5 ,

R 223 634 5.9 6.62 1.046 802 11.78 4.30
RA 223 762 7.3
R 225 634 6.5 6.55 ' 1.090 846 12.80 4.43
RA 225 762 10.4
R 2 2 2 634 6.3 6.50 1.119 876 13.50 4.51
RA 2 2 2  r 762 7.2
R 226 634 6.3 5.96 1.147 906 14.21 4.59
RA 226 762 8.7 •

R 205 634- 8.5 5.71 1.237 1005 16.56 4.82
RA 205 762 15.4
R 228 634 6.4 5.46 1.243 1013 16.74 4.84
RA 228 762 9.1
R 227 634 7,0 '5.92 1.259 1030 17.15 4.88
RA 227 762 8.9 .
R 206 634 8 . 1 5.67 1.266 1039 17.36 4.89
RA 206 762 13.5
R 207 634 8.3 5.63 1.331 1114 19.18 5.04
RA 207 762 12.4

««

\



Appendix 2

Run Parameters for NO/C^

/
T 1 = 295 K, F. = 28 mis- 1

(a) 3% NO, 97%
° 2

(. ■
a

Runl No. X

/nm
psg
/mV P 1

/ torr
V

S - 1/Rms
T
2

. /K
P 2 1 P 2 1

R 85 634 4.9 6.62 1.155 918 14.78 4.71
RA 85 762 291.0
R 104 634 5.1 6062 1.047 805 12.08 4.39
RA 104 762 281.0
R 8 8 634 5.4 6.62 1.067 825 12.55 4.45
RA 8 8 762 339.0
R 107 634 6.7 6.62 ■ 1.154 916 14.73 4.71
RA 107 762 409.0
r :106 634 -5.02 6.62 1.208 977 16.19 4.85
RA 106 , 762 264.0
R 87 634 4.8 6.62 1.218 987 16.44 4.88
RA 87 762 266.0
R 105 634 5.4 6.62 1.286 1065 18.36 5.05
RA 105 762 278.0
R 8 6 634 4.9 6.62 1.343 1133 20.08 5.19
RA 8 6 762 269.0

(b) 5% NO, 95% ° 2
•

P 59 634 3.7 .6.62 0.909 683 9.0 3.86
RA 59 762 140.0
r .103 634 5.0 6.62 0.939 710 9.62 3.97
RA 103 762 193.0
R 96 634 5.1 6.62 1.064 .. 831 12.42 ,: 4.37
RA 96 / 762 209.0
R 1 0 1 634 4.8 6.62 1.128 899 13.99 4.56
RA 1 0 1 762 189.0
R 97 634 4.7 6.62 1.144 916 14.39 4.60
RA 97 762 189.0 • .. ■

R 1 0 2 634 4.8 6.62 1.163 937 14.88 4.65
RA 1 0 2 762 2 0 2 . 0



Appendix ; 2 continued

(b) 5% NO, 95% ° 2 '
c

Run No. X

/nm
P S 'g
/mV V :

/torr
V
S - 1/Rms

T
2
/K

p
2 1 P 2 1

R 1 0 0 634 4.8 6.62 1.233 1016 16.76 4.83
RA 1 0 0 762 2 0 2 . 0 ,

R 99 634 4.5 6.62 1.278 1068 18.06 4.95
RA 99 762 169.0 i

P 60 634 3.7 6.62 1.293 1088 18.52 4.99
PA 60 762 132 ;0

Cc) 8 % NO, 92% ° 2
R 95 634 3.6 6.62 0.994 762 9.64 3.89
RA 95 762 93.0
R 93 »  634 3.6 6.62 1.026 , 806 11.43 4.15
RA 93 762 1 0 1 . 0

R 91 634 3.7 6.62 1.051 832 1 2 . 0 1 4.22
RA 91 762 109.0
R 92 634 3.6 6.62 1.151 941 14.45 4.50
RA 92 762 103.0 (' ■
R 94 634 3.8 6.62 1.160 951 14.68 4.52
RA 94 762 1 1 0 . 0

ff



Appendix 3

Run Parameters for HC1/C>2

T1 = 293 K, FT = 28 mis
C- ■

C.a) 3% RC1, 97%' ° 2

Run No. X P S g P 1
V

S
T2

p
2 1 ^ 2 1/nm /mV / torr - 1/Kms /k

R 347 634 7.2 6.41 0.823 599 7.47 3.65
RA 347 762 437.0
R 348 634 7.2 6.29 0.862 630 8 . 2 1 3.82
RA 348 762 436.0
R 336 634 5.3 6 . 6 6 0.919 678 9.36 4.04
RA 336 762 312.0 ■ /
R 346 634 5.9 6 . 2 1 0.950 705 1 0 . 0 2 4.16
RA 346 762 364.0
R 345 634 6 . 1 6 . 1 2 0.952 707 10.06 4.17
RA 345 762 356.0
R 344 634 6.5 6.17 0.972 725 10.50 4.24
RA 344 762 391.0
R 334 634 4.9 : 6 . 6 2 0.975 730 10.59 4.25
RA 334 762 174.0
R 343 634 5.8 5.92 1.041 789 12.05 4.47
RA 343 762 388.0
R 337 634 5.3 6,87 1.054 804 12.41 , 4.52
RA 337 762 297.0 r T

R 341 634 7.3
6 . 2 1 1.090 838 13.26 4.63

RA 341 762 448.0
R 340 634 8.5 6.58 1.143 893 14.61 4.79
EA 340 762 406.0
R 339 634 6 . 6 6.08 1 . 2 1 0 964 16.38 4.98
RA 339 762 390.0 ■
R 342 634 7.3 6 . 2 1 1.276 1038 18.25 5.15
RA 342 762 467.0
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Appendix 3 continued

(b) 5% HC1, 95% 02

Run No» X
/nm

PSg
/mV P 1 '

/ torr
V
S - 1/Kms — 

H 
^ 

N> P 2 1 P 2 1

R 329 634 7.0 6.37 0.859 629 8.17 3.80
RA 329' 762 253.0 -
R -350 634 5.6 6.25 0.981 736 10.72 4.27
RA 350 762 250.0
R 332 634 7.0 6.29 1.074 825 12.90 < 4.58
RA 332 762 224.0
R ..349 634 6 . 0 6 . 2 1 1.108 860 13.77 4.69
RA 349 762 309.0 •
R 330 .. 634 6.5 6 . 1 2 1.138 891 14.51 4.77
RA 330 762 243.0
R 331 634 6 . 2 6.50 1.199 944 15.84 4.91
RA 331 762 217.0 '
R 351 634 5.6 6.33 1.191 947 15.92 4.92
RA 351 762 ,237.0
R 355 634 5.6 6.37 1.257 1 0 2 1 17.77 5.09
RA 355 762 189.0
R 353 634 5.1 6.54 1.267 1032 18.06 5.12
RA 353 762 192.0
R 352 634 4.8. .6.45 1.278 1046 18.41 5.15
RA 352 762 173.0
R 356 634 5.9 6.08 1.335 1 1 1 2 20.08 5.29
RA 356 762 203.0
R 354 634 5.5 6.'00 i:384 „1172 21.‘61 5140
RA 354 762 186.0

i



Appendix 3 continued

(c) 7% HC1, 73% 02
,

Run No. X psg Vs T 2 P 2 1 P2t
-

/nm /mV /tort /Kms f/K

R 364 634 6 . 0 6.58 0.837, 605 7.58 3.67
RA 364 762 136.0
R 363 . 634 6 . 0 6.71 0.920 683 9.43 4.04
RA 363 762 158.0
R 362 634, 5.5 6 . 6 6 0.940 701 9 J85 4.12
RA 362 762 142.0
R 361 634 5.1 6.58 0.987 743 1 0 . 8 8 4.29
RA 361 762 142.0
R 360 634 4.9 6.54 1.024 778 11.73 4.41
RA 360 762 131.0
R 359 634

')
4o7 6.54 1.064 818 12.69 4.54

RA 359 1 6 2 134.0
R 358 634 4.9 6.37 1.125 880 14.21 4.73
RA 358 762 153.0
R 357 634 ' 5.7 6.29 1.189 958 16.15 4.94
RA 357 762 189.0



Appendix 4

Run Parameters for S02 /02 
Tx = 295 K, Ft = 28 mis“ 1

(a) 1 0 % so2, 90% 02

Ruti No. A
/nm

psg
/mV P 1

/torr
V
S - 1/Kms

y P 2 1 P21

R 403 634 1 2 . 6 7.12 0.821 663 7.87 3.53
RA 403 762 391.0
R 402 634 1 2 . 8 7.16 0.832 673 8.08 3.57
RA 402 762 361.0
R 404 634 1 2 . 6 7.28 0.912 753 9.77 3.86
RA 404 762 343.0
R 407 634 13.2 6.89 0.923 764 9.99 3.90
RA 407 762 428.0
R 405 634 12.7 6.95 0.934 776 10.25 3.93
RA 405 762 482.0
R 408 634 11.9 7.12 0.942 786 10.47 3.96
RA 408 762 329.0
R 410 634 13.0 6.19 0.989 836 11.53 4.11
RA 410 762 445.0
R 412 634 1 2 . 1 7.24 1.013 863 1 2 . 1 1 4.18
RA 412 762 360.0 • * - -
R 411 . 634 12.5 7.16 1.032 884 12.58 4.24
RA 411 762 424.0
R 417 634 13.0 7.04 1.082 , 943 13.85 4.38
RA 417 762 411.0
R 415 634 13.0 6.83 1.086 946 13.94 4.39
RA 415 762 387.0
R 413 634 13.9 6.99 1.119 988 14.86 4.48
RA 413 762 423.0
R 419 634 1 2 . 0 7.33 1.124 898 14.88 4.49
RA 419 762 374.0
R 416 634 13.0 7.28 1.179 1063 16.51 4.62
RA 416 762 414.0
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Appendix 4 continued 
(a) 10% S02, 90% 02

i
Run No. X

/nm
PSg
/mV P 1 C 

/torr
V

S _ 1/Kms
T2
/K

P 2 1 P
2 1

R 421 634 1 2 . 0 6.79 1 . 2 1 0 1 1 0 2 17.37 4.69
RA 421 762 401.0
R 423 634 1 1 . 0 6.87 1.183 1070 16.67 4.64
RA 423 762 374.0 /

7RI 418 634 13.0 7.82 1.225 1 1 2 2 17.81 4.73
RA 418 762 395.0
R 422 634 13.0 6.95 1.231 1130 18.00 4.74
RA 422 762 424.0 '

(b) 15% so2> 85% 02

R 431 634 14.0 6.62 0.784 663 7.39 3.32
RA 431 762 432.0
R 432 634 1 2 . 0 6.70 0.826 706 8.23 3.47
RA 432 762 380.0 •
R 429 634 14.0 6.46 0.879 764 9.38 3.66
RA 429 762 484.0
R 424 634 13.0 6.45 0.906 792 9.94 3.74
RA 424 ' 762 349.0
R 425 634 1 2 . 0 6.87 0.922 809 10.29 3.79
RA 425 762 309.0 9 ■

R 430 634 13.0 6.54 0.924 , 812 10.34 3.79
RA 430 762 457.0
R 426 634 1 2 . 0 6.75 0.969 865 11.42 3.93
RA 426 762 313.0

f f

R 433 634 14.0 6.54 1.026 934 12.81 4.09
RA 433 762 419.0
R 434 634 1 2 . 0 6.79 1.063 976 13.67 4.17
RA 434 762 358.0
R 427 634 13.0 6.71 1.081 1004 14.24 4.23
RA 427 634 344.0
R 436 634 1 2 . 0 6.54 1.140 1052 15.25 4.32
RA 436 762 361.0
R 435 634 1 2 . 0 6.70 1.777 1081 15.85 4.36
RA 435 762, 351.0



Appendix \  continued 
(e) 2 0 % S0 2, 80% 0 2

(
Run No. À peg *1/nm /mV X

/torr

R 439 634 1 2 . 0 6.37
RA 439 762 327.0
R 437 634 1 2 . 0 6.45
RA 437 762 324.0
R 442 634 1 2 . 0 6.54
RA 442 762 348.0
R 438 634 1 1 . 0 6.45
RA 438 762 304.0
R 443 634 12.5 6.62
RA 443 762

0
373.0

R 444 634 14.0 6.45
RA 444 762 399.0
R 445 634 15.0 6.46
RA 445 762 413.0
R 446 634 12.5 6.70
RA 446 762 337.0

V
, S - 1

c

T
2 P 2 1 0'21/Kml /K

0.814 731 8.18 3.33

0.884 814 9.71 3.55

0.909 i 846 10.31 3.63

0.916 853 10.43 3.64

0.967 919 1 1 . 6 8 3.79

1.074 1063 14.45 4.05

1.076 1067 14.51 4.06

1.123 1136 15.85 4.16
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Appendix 6

The Integration 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)

so Iobs rj  t - t
f(t)dt/tg.

However, what happens near the beginning i.e. t<tc

Now Iobs' {“' V 0 + / •
J  0

So two different integrated forms are required. This is also true

in the numerical integration
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