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SUMMARY 

The setting-up and operation of a quadrupole mass 
Spectrometer for studying the natural ionisation in flames is 
described, Results are presented for a simple oxygen z hydrogen 
flame to which two hydrocarbon fuels, ethylene and acetylene were 
added, The ethylene flame contained forty-twd negative flame 
ion species, whereas the acetylene flame contained thirty-two. 
These ions are discussed in parallel, due consideration being 
given to the differences between the flames and to ions formed by 
the sampling process. In both flames many ions can be attributed 
to hydrated species of oxygenated parent ions, formed mainly on the 
sampling nozzle of the apparatus. Some of these hydrated species 
evidently help to stabilise the parent ion, Ring structures for 
some of these as a possible explanation of this stabilisation are 
envisaged. Ions containing C and H only are identified as 
acetylides and polyacetylides. This formation is favoured in the 
the acetylene flame because more reactions are thermodynamically possible for the formation of the precursor ions C”, CH, Cy and CoH. 

Peter Alan Bott, Ph.D. Thesis, 1980. 
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be INTRODUCTION, 

ets AIM OF WORK, 

The major part of the experimental work was to rebuild and 

set up an existing flame ionisation mass spectrometer, with due 

consideration to some of the more recent developments. The 

main differences and improvements will be discussed. 

The second part was to obtain results for a simple 

hydrogen/oxygen flame, using argon as a diluent containing small 

measurable quantities of a hydrocarbon fuel. Since most of the 

preceding work has been confined to positive ions, the experiments 

were largely devoted to the study of negative ions, and in 

particular, to quantifying a complete mass spectrum and obtaining 

ion profiles of each particular ion. These ion profiles will be 

discussed in an attempt to provide more detailed information about 

the formation of reactive intermediates in the flame, with due 

consideration to the results of previous workers in this field.



1.2. IONISATION IN FLAMES; POSITIVE IONS, 

The past twenty-five years has seen an enormous amount 

of work on ionisation in flames, Eltenton in 1947 (1) showed 

that several radical intermediates were formed in the reaction 

zones of low pressure flames, Furthermore, different radicals 

formed at different places in the reaction zone. This method 

employed a mass spectrometer with its own ionisation source, thus 

only radicals, rather than flame ions formed in the flame could 

be discussed. Mass spectrometers which analysed the natural 

Joni sation in flames were developed, notably by three separate 

groups, Calcote (2), Deckers and van Tiggelen (3), and Sugden and 

co-workers (4). All the instruments sambled ionised gas 

directly, the essential difference being the pressures at which 

the flames were burnt. From these studies many ions were 

found to form in flames, none however being negative. Both 

Calcote and Sugden suggested the same primary ionisation reaction 

and this is generally accepted as the principal mechanism for the 

production of ions:- 

CH + 0 ss CHOt > e R1 

CHo* +  H,0 7 CO + H,0° R2 
; 

H,0 + e ‘ H,0 : 4 a3 

The primary ion, cHot, is formed early in the reaction 

zone and will undergo proton transfer reactions with those 

neutral species having a proton affinity higher than CO. 

Subsequent proton transfer reactions will favour neutrals of



increasing proton affinity. Many reactions of this type have 

been measured at 300K, and are generally known to be fast 

(k = 107 7cm*molecule~'sec™") (5). In general, the ions that 

have been observed in flames are consistent with a reaction 

scheme which is dominated by proton transfer processes (6).



1,3. IONISATION IN FLAMES; NEGATIVE IONS, 

The high electrical conductivity of the reaction zones 

of hydrocarbon flames, and its association with free electrons in 

amounts of the order of 10'*om™?, has been known for many years 

(7), Up until 1964, negative ions had not been found in 

pure hydrocarbon flames; the positive ion chemistry was 

explained without recourse to atomic or corse negative ions. 

A wide variety of negative ions had been observed th seeded 

flames containing alkali halides, but only well downstream of 

the flame front (8). These ions are probably due to direct 

electron attachment processes in the cool equilibrated 

combustion products. 

Miller and Fontijn (9) detected measurable quantities 

of several ions when studying the reactions of atomic oxygen 

ahs acetylene in a low pressure flow tube. The ions were 

found mainly in the region surrounding the reaction zone, 

suggesting that they are formed predominantly by attachment 

processes. Miller and Calcote (10) studied a low pressure 

flame, (1 to 10 mbar) mass spectrometricelly and found several 

ions. The most intense peak, (0 ) was two orders of 

magnitude smaller than the largest observed positive ion peak, 

(H,0"), and the ions all peaked at a position further downstream 

in the reaction zone. A possible anomaly in much flame 

chemistry work is the position of the flame front, and hence 

the reaction zone; from this the various discussions about where 

the ions peak are derived. In this work, the method of Bohme 

et al (6 ) has been adopted; this will be discussed later.



esive ions are not as stable as positive ions, and 

this may be shown by consideration of the forces encountered on a 

Species containing an extra Sta ctvow In a neutral avom or: 

positive ion the valence electron moves in an attractive coulombic 

field modified by the charge distribution of the other electrons 

at small radii. For negative ions there is an extra electron, 

and the force exerted on this electron by the parent neutral is 

different in character, being short range and non-coulombic. The 

approximate calculations on the hydrogen atom, performed by 

Massey illustrate this point (11). 

Neglecting polarization effects, the probability that 

the atomic electron of hydrogen is found at a distance between r 

and dr from the nucleus is ameyrar, where YW is the wave 

function of the ground state of the hydrogen atom. The potential 

energy, V(r,); due to the atomic electron at point r, from the 4 

nucleus is given by:- 

  

% co 
2 22 2 Jue v(r,) . Atle [¥ r dr . 4r\e Y r dr Ei 

ic r 
1 

° Y 

where e is the electronic charge. The first term on the right 

hand side arises from the charge within the radius Ta» and the 

second term from the remainder outside r.. The wave function 4 

Vrs is given by:- 

YW =- (118?) "Fexp(-r/a,) B2 

a, is written for n°/4ne% where h is Planck's constant, ane is 

the reduced mass of the electron-proton system.



Integration of this expression and inclusion of the 

term -e*/r, which arises from the interaction of the extra electron 

with the hydrogen nucleus, results in the potential energy at r, 

becoming V(r, )s where 

V(r,) = -2°(1/r, + 1/a.,) exp(-2r, ) E3 

This gives a field of force decreasing exponentially with distance 

and not as the inverse square of the distance as the coulombic field 

does. By including the effects of polarisation this force may 

be altered to one falling off as the inverse fifth power of the 

distance, but this is still decidedly short range. 

These short range forces differ from coulombic forces in 

their properties and, in particular, they give rise to only a finite 

number of stationary states. This result when combined with the 

Pauli exclusion principle, makes it possible to understand the 

behaviour of different atoms to electron attachment. In the 

hydrogen atom with one electron, for example, no states are forbidden 

to the extra electron by the Pauli exclusion principle and a stable 

negative ion can be formed if the effective attractive field is 

strong enough. For helium, since the one-quantum state is already 

filled an extra electron can only attach in a two-quantum state. 

However, since the effective attractive field is unlikely to be strong 

enough to give rise to two stationary states, helium would not be 

expected to form a stable negative ion. 

Primary negative ioms may be produced by three processes:- 

Ve Dissociative Resonance Capture:-



AB + e = A‘ + B R4 

Zs Resonance Capture, or Three-body Attachment:- 

AB tee ae ee R5 

De Ion pair Production:- 

AB + e ee + Ws 0 ee 

A basic idea of these mechanisms can be obtained by 

consideration of the transitions between the potential energy 

curves representingthe ground states of the molecule AB and - 

the molecular ion AB. For a stable state diatomic molecule 

the potential energy is at a minimum at the equilibrium 

separation of the nuclei. As the atoms approach each other 

the potential energy rapidly increases because of the repulsion 

of the charged nuclei, and when the atoms separate, the potential 

energy increases due to the work done against the electronic 

binding within the molecule, although as the nuclear distance 

increases the potential energy tends to a limiting value 

representing dissociation of the molecule. 

The Franck-Condon principle is used in conjunction 

with the potential energy curves. This states that in 

electronic transition, because of the large ratio of nuclear to 

electronic mass, the time taken for the transition is negligible 

when compared with the nuclear vibration period and hence the 

nuclear separation dees not change significantly, i.e. in the 

potential energy diagrams the transition may be represented by 

a vertical line. In Fig.1. the shaded region is known as the 

Franck-Condon region and the most probable transition occurs from 

the centre of the region requiring an energy, E.
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Figure 1. Potential Energy Curves Illustrating the Formation of a 

Negative Ion From a Diatomic Molecule by Dissociative 

Resonance Capture.



AB” represents the negative ion, which is formed in an 

unstable excited state shown by the upper repulsive curve. The 

ion has an energy greater than at infinite nuclear separation and 

breaks up into a radical, A° and a negative ion, B. Electron 

capture occurs in the limited range of the electron energies, E, 

to Ey and the resulting radical and negative ion possess kinetic 

energy totalling between E, and E, and distributed between them, 

according to the principles of momentum conservation, as 

where KE represents kinetic energy, and M (A*) and M (B’) are the 

masses of A* and B. 

The appearance potential, P (B ) of the negative ion, 

i.e. the energy at which the ion first appears in the mass spectrum 

is given by:- 

Pe(B") = D (A-B) - €(B) +S0W E5 

where D (A-B) is the dissociation energy of AB*, €(B) the electron 

affinity of atom B, and >iW is the total kinetic and electronic 

excitation energies of the species A° and B, 

This is a dissociative resonance capture process, and 

usually occurs for electron energies up to 15 eV. 

In Fig.2. some of the possible states of the ion AB have 

an energy less than that at infinite separation.
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Figure 2. Potential Energy Curves Illustrating the Formation of a 

Negative Ion From a Diatomic Molecule by Resonance 

Capture.



Dissociation will only occur if the electron energy is greater 

than E and the kinetic energy to be shared between the two species 

is between O and E,- If the electron is captured and the .. 

resulting transition has an energy between Ey and E, then a 

vibrationally excited ion (aB7y is formed. This excited ion 

may release the captured electron and return to its neutral state 

by the reverse process, or it may be stabilised as AB” by losing 

its energy as radiation or collision with a third body. 

The appearance potential is given by:- 

P(AB’ ) = =W - ¢€(AB) E6 

where ZW is the excitation energy of AB, and ¢(AB) is the electron 

affinity. Negative ions formed by resonance capture usually 

appear at low potentials (=OeV), but at higher pressures in the 

presence of a third body it may be an important process. 

Ion-pair production is shown in Fig.3. The 

molecule AB after suffering electron impact makes an electronic 

transition into a state which dissociates to give a positive ion 

and a negative ion, (A* end B’), either of which may be in an 

excited or ground state. The electron is not captured but acts 

as a@ source of energy. This mechanism can occur over a wide 

range of electron energies. The kinetic energy to be shared 

lies in the region E,to E, and the appearance potential P(B ) 

of the ion B is such that 

PCB.) = P(A") w DUARB),. & TCA) 5 “€(B") ooh 
E7
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Figure 3. Potential Energy Curves Illustrating the Formation of a 

Negative Ion From e Diatomic Molecule by Ion-Pair 

Production,



where I(A) is the ionization potential of the atom A. 

Due to the participation of the I(A) term, the 

appearance potential of this process usually occurs at energies 

above 10eV. 

This picture is approximately applicable to polyatomic 

molecules in which only one bond is broken by electron impact. 

Although for negative atomic ions, the force exerted on the 

extra electron by the parent neutral is eet range and gives 

rise only to a finite number of stationary states, and so makes 

it improbable that any excited electronic states exist, this is 1° 

not the case for molecules. There may be a number of electronic 

states for the molecular ion which do not autoionize rapidly and 

each of these states has the same assembly of vibrational~and 

rotational levels found in the neutral molecule. 

It has been suggested that the negative ion chemistry 

of flames originates with 07 ions formed early in the reaction 

zone, but it is complicated by the fact that several types of 

reaction are possible (6). These can be listed:- 

1. Associative detachment. 

€e8e Hq + H = Hy + e 

as Charge transfer. 

Ce8- H + 0, = 0, 40H 

oe Atom transfer. 

4. Transfer of negative atomic ions. 

05 co ang: e.g. > + ae 3 +



5e Transfer of positive atomic ions. 

Cok. H + 0, = O + OH 

6. Displacement and rearrangement reactions. 

Charge transfer of electrons will favour neutrals of 

increasing electron affinity. Proton transfer reactions are 

possible for negative ions which have sufficiently high base 

strength to abstract protons from neutral “ acids '. A 

negative ion is energetically capable of proton removal from the 

neutral whose corresponding negative ion has a lower proton 

affinity. Some ions may undergo three-body association 

reactions to form cluster ions. This may be the case for some 

of the heavier ions observed in flames. In some instances 

cluster ions may undergo fast switching reactions such that the 

neutral clustered to the ion is replaced by a different neutral. 

Since all of these reactions are fast, it may not be possible 

to detect every single ion formed, even with the most sensitive 

equipment.



1.4. SOOT FORMATION. 

A study of theconstituents of soot shows that many 

species are present (12). In the burnt gas region of fuel 

rich flames many higher hydrocarbons can be detected, these 

being attributable to polyacetylenes and aromatic species 

containing several aromatic rings (13), These aromatic 

species then dehydrogenate to give graphitic carbon structures 

as the final step of soot formation. Soot particles have a 

3 compact structure, their density being 2.0 g cm ~, which is 10% 

less than that of three dimensionally ordered graphite (14). 

The process of soot formation is not well enough known 

to allow a complete reaction mechanism. However, Homann (15) 

has attempted to interpret the course of soot formation in 

premixed flames of lower hydrocarbons. In the upstream, cooler 

part of the reaction zone, free radicals lead to hydrocarbons 

containing more carbon atoms than the starting fuel, e.g.:- 

CAH, + CH, = CH, R9 

CoH, * CoH = polyacetylenes R10 

Acetylenes and the polyacetylenes predominate in the 

hotter, central region of the reaction zone. Polyacetylenes 

reach @ maximum concentration when the oxygen supply has been 

consumed: at the downstream end of the reaction zone. They 

are probably formed by free radical reactions:-



+C 5H 5 +C oH, +C oH, 

c oH —————» C 4h sa ig (+H, ) ———0C ,F, (+H, ) 

. a ae +H es oe oe 
62 2 82 a 

This mechanism for polyacetylene formation is sufficiently fast 

only in the reaction zone, which is rich in free radicals. 

Continuing growth of polyacetylenes does not lead directly to 

soot particles, since these are by no means enormous chain 

molecules. When CoH or other avohar sal radicals attack a 

polyacetylene, the probability of attack at other positions 

apart from the end carbon increases with increasing chain length. 

However, addition of this type leads either to cleavage or a 

larger molecule, which will not be a polyacetylene, since these 

cannot be branched, e.g.:- 

—_ *c=C-C= tH, HN =Cc- C,H + tar He C=C-—H H-° G C=C-H 

i i C C., R42 

| 
H H 

(I) (II) 

The radical, (I), can attain stability at lower temperatures 

by formation of (II), but at flame temperatures, it would be 

highly unstable. Therefore it is probable that a radical such 

as (I) may add on further acetylene and polyacetylides without 

loss of its free radical character. The products of these 

additions are branched radicals, which may then undergo 

cyclisation to form five-membered and six-membered rings.



Furthermore, this leads to the formation of comparatively 

hydrogen-rich hydrocarbons with side chains of up to 500 atomic 

mass units. These species probably retain their free radical 

nature at flame temperatures (16) and add on further polyacetylenes 

and combine with each other. As these soot particles grow the 

free-radical nature and hydrogen content decrease, partly due to 

the fact that more reactive higher polyacetylenes add more readily 

as the free radical nature decreases, 

Badger et al (17) have postulated a step-wise synthesis 

for the formation of benz(a)pyrene from an initial two-carbon 

species:- 

Vv VI VEE Pil IV cP pee 

= ee 
aor =e 

Compound (IV) is likely to be diacetylene or vinylacetylene; 

1,3-butadiene is unlikely since this is characteristically absent 

in the products of acetylene pyrolysis. However, some 

compounds are formed, such as pyrene and phenanthrene which are 

relatively inert (18). These are regarded as by-products 

rather than reactive intermediates since, unlike the majority of



the reactive polycyclic compounds, they continue to form in the 

burnt gases; their concentrations rise whilst the rate of soot 

formation declines. It is thus possible that they are 

formed by heterogeneous reactions on the surface of soot particles 

and evaporate off because of their’ relatively high vapour pressures. 

It has been suggested (19) that a series of stepwise 

free radical‘reactions occur involving chain lengthening of 

acetylene, followed by cyclisation to some apparently primary 

monocyclic species which may in part, be stabilised by the 

formation of intermediates such as phenylacetylene, styrene and 

indene. As can be seen, the mechanism of soot formation is by 

no means fully understood. 

The formation of soot particles is limited by nucleation. 

Nuclei may be of two types, either complex unsaturated polymeric 

molecules or simple radicals (20). The properties of the 

primary nucleus define the process of its further growth and the 

properties of the-resultant soot. The 'molecular nucleus! is 

obtained as a result of condensation, aromatization and 

dehydrogenation reactions. The final product will be a particle 

having no uniformity, being X-ray amorphous, and containing many 

volatiles. 

A ‘radical nucleus' initiates a different set of processes 

to produce soot particles that are compact and regular. The 

first stage of the process should involve the conversion of the 

radical nuckeus into a nucleus having a physical surface, This 

formation is most difficult to investigatebatmy be visualised to 

a certain extent. As mentioned above, heavier and less active



radicals are formed, and the propagation rate will slow down. 

At a@ certain stage the radical nucleus will lose its radical 

properties, attain the properties of a physical surface, and 

become a soot particle of minimum size. 

The chain-type scheme of nucleation and growth of soot 

is not strictly proved. The scheme does not take into account 

the coagulation of the growing particles which actually takes place 

and results at late stages of particle formation in the chain-like 

structure. 

Ss



I.5. A BRIEF SURVEY OF DIFFeRENT EXPERIMENTAL METHODS. 

The principal methods of detection and concentration 

measurement for reactive species in flames utilize optical or 

mass spectrometry. Optical methods include visible, ultra-violet, 

infra-red and microwave spectroscopy, and laser scattering 

techniques. 

For the study of flame species, the selection of either 

an optical or mass spectrometric technique is influenced by a 

comparison of general capabilities. Optical spectroscopy will 

detect most atoms and diatomaceous species, whereas mass 

spectrometry will detect species including polyatomics. Radical 

detection is limited to OH by direct means by optical methods but 

all radicals can be detected using a mass spectrometer. Although 

spatial resolution is better using mass spectrometry, the necessity 

for probe sampling affects the flame, and secondary reactions may 

occur which may be difficult to distinguish from pure flame reactions. 

Mass spectrometric studies may be divided into two 

classes: natural ionisation, and secondary ionisation before mass 

analysis. In the first case the mass spectrometer has no source 

for ion production, the naturally produced flame ions being 

collimated and directly focussed into the analyser region of the 

mass spectrometer. The method of electron impact, (E.I.) at 

the entrance of the mass spectrometer is useful, since it enables 

molecular beams to be used, derived from a skimmer electrode 

behind the sampling probe. This technique produces a better 

collimated beam (and thus improved resolution and reproducibility )



but it is more difficult to distinguish between the ions vhich 

occur naturally in the flame, and those which arise from ionisation 

of neutrals by the ionising source. Also, unless a low 

ionising potential is used , spurious ions and fragmentation ions 

ions will result. 

All types of mass spectrometer have been used for flame 

studies. Nowadays however, the commonest type is the quadrupole 

mass filter. Although electronically thie is more difficult 

to design and operate, it can be used in vacuum systems of 

higher pressure than in conventiftal mass spectrometers. Also, 

the ion energies of species entering the quadrupole do not have 

to be so well defined, thus the path length can be much shorter, 

( typically 5 - 10 cm from probe to filter ) and the focuging 

lens does not have to be so complex and voltages are much lower. 

Flames are usually studied either at atmospheric 

pressure or at reduced pressure (1 - 20 mbar). The advantage 

of atmospheric pressure flames is that the vacuum system is fairly 

simple, but the reaction zone is very small and the measurements 

of- ions may be difficult in this small zone. Flames of lower 

pressure have longer reaction zones, so that they can be 

characterized better, but the problems of fabrication of the 

vacuum system and alignment and movement of the burner makes this 

method rather complicated. In this work a quadrupole mass 

filter has been used to study atmospheric pressure flames,



16. THEORETICAL CONSIDERATIONS OF QUADRUPOLE DESIGN, 

The quadrupole mass filter is ideally constructed of 

four electrically conducting hyperbolic cylindrical surfaces 

described by the equation:- 

where C is a constant. Opposite electrodes of the filter are 

connected together, (Fig.4.) and to one pair is applied a 

potential 

h(t) = WU + Vcoa(2nft) E9 

where U is a d.c. voltage, V is the peak amplitude ofaradiofrequency 

voltage of frequency f, and t is the time. To the other pair of 

electrodes is applied the same potential, but of opposite sign. 

Under these circumstances, the equipotential surfaces are symmetric 

hyperbolic cylinders, and the potential on the z-axis is zero. 

In the x-direction, the ions have natural oscillation frequencies 

close to the hyperbolic surface which are considerably lower than 

the applied frequency, but highest for the lighter ions. The 

forced oscillation reaches a maximum amplitude which is higher 

the lighter the ion, and hence light ions tend to strike the 

positive rods and be lost. On the y-axis, the behaviour is 

more complicated, but whilst the d.c. field tends to drive the 

5 
ions out, the r.f. field tends to focus them in. The foouging
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Figure 4. Electrical Connections to Quadrupole Mass Filter.



is more effective the lighter the ion, so that on this axis ‘the 

heavy ions tend to be lost. Therefore it can be arranged so 

that the two conditions of stability stand with only a narrow gap 

between, through which only ions of the desired mass can have 

some chance of passing. The differential equations of motion 

in the x-y plane are Mathieu equations (21) the solutions for 

Which ‘decund on the value of m/e of the ion. With proper 

selection of U and V, ions of a given m/e will have stable 

trajectories, i.e. the ions will oscillate about the z-axis and 

ultimately emerge from the other end of the assembly. 

The mass resolution of a quadrupole mass filter is given 

by :- 

_D 057126 
An “*% Gabe. «U7 E10 

By making u/V = 0.16784, a theoretical infinite resolution may be 

obtained. The resolution can be changed by varying the ratio 

U/V. For infinite resolution the values of U and V are given by 

222 
U(volts) = 1.212mf'r) E11 

V(volts) = 7.219mf re E12 

where m is the mass in a.m.u., f is the r.f. frequency in MHz, and 

To is the radius of the circle which is tangential to the four 

hyperbolic electrodes. 

For mass separation to occur, any ion of the incorrect 

n/e must remain in the transverse fields long enough so that it 

eS a



will be rejected, and this requires that a maximum axial ion 

energy exists for a filter of length, L. The approximate 

relationship is that 

ineee 7m i eee alr ES on 25 oe ( mem E13 

E. is the longitudinal ion energy in eV. 
ion 

In a real situation, the ions are injanted into the system 

off-axis or with a transverse velocity component, and the position 

becomes more complicated. Although the mass sensitivity of 

the filter does not change, the transmission becomes a function of 

the resolution. The maximum distance of an ion's trajectory 

from the axis depends on its initial position and transverse 

energy, as the resolution is increased. If the maximum distance 

from the axis becomes too large, the ions will strike the '.°~ 

electrodes and be removed, even though its m/e velue is correct 

for transmission. For ions injected parallel to the axis, the 

maximum entrance apertureto ensure that none of the ions will 

strike the electrodes is given by:- 

eat On. im 3 
a aoe B14 

where a is the radius of the aperture. Similarly, the maximum 

transverse energy, Eys that an ion injected on the axis can have 

if its transmission is to be ensured is given by:- 

eo nt °Se E15



Thus as the resolution is increased, i.e. Am/m decreased 

the transmission will diminish until finally only the ions that 

are injected exactly on axis and travelling parallel to it will 

emerge from the mass filter. 

From equations E11 and E12, the mass variation to be 

transmitted can be accomplished through the variation of U and V, 

or the variation of f. Equation E10 indicates that constant 

resolution m/Am is maintained if the ratio v/v remains constant. 

In this system, the frequency, f, is held constant and U and V 

are varied simultaneously. 

If the quadrupole is operated in a constant resolution 

mode, equation E14 shows that the maximum aperture for entrance 

of ions is debenaint of mass, but equation E15 indicates that the 

maximum transverse energy of ions to be transmitted increases with 

mass. Thus, in this mode, heavy ions might be transmitted 

whilst light ions may not be. The mass filter should show a 

mass-dependant transmission, discriminating against lighter ions. 

If Mm were to be held constant (by careful variation of 

U and V), all ions of a given transverse energy Ey would be 

transmitted equally well, (equation E15). However in this 

resolution mode, equation E14 shows that the maximum radius of 

injection of ions to be transmitted will diminish with iom mass. 

Injecting a uniform ion current density, it would be expected 

that the transmitted ion signal, which would be the product of 

the current density and the area of acceptance aperture would 

diminish as the inverse power of the mass. This resolution 
e 

mode would also give a mass-dependaént ion transmission but would



discriminate against the high masses. 

The resolution mode and the transmission of the filter 

can be varied by letting:- 

  

ee eae a eS E16 

x5 are constants. Substituting into equation B10 

m 0.126 

An ~*~ (0.16784 -¥) +5/v_ E17 

ir be O, the constant m/Am resolution mode is operative. tag 

%is equal to 0.16784, m/A m becomes proportional to V which is 

(equation 12) proportional to m, this being the condition for 

having the constant Am resolution mode. 

To avoid mass discrimination, values of % and $ can be 

found which provide a hybrid resolution mode, but little mass 

discrimination. Since the operation of the mass filter 

depends on precise electrical fields along the entire length of 

the filter, the achievement of good resolution requires both 

high dimensional precision and stability of the applied voltages. 

The required dimensional precision is more easily achieved if 

cylindrical rods instead of hyperbolic rads are used. The 

fields near the z-axis closely approximate those of thehyperbolic 

quadrupole, when the radius of the cylindrical rods is 1.6 times 

that of the inscribed: circle. However, the trajectories far 

off-axis are no longer ideal, and equations E14 and E15 become



complex. 

To approximate the ideal hyperbolic fields, the value of 

r, can be increased, and this in turn allows Tay the entrance 

aperture to be larger, hence increasing sensitivity for a given ~ 

mass resolution. In order to have a mass filter of small 

length, L, @ high frequency is desirable. To achieve the.. 

best operating conditions, the prime requirement is that high 

power be available from the power system. 

The power, P, is given by:- 

P Oe ater E18



La, DESCRIPTION OF APPARATUS AND EXPERIMENTAL PROCEDURE, 

Il.1. BRIEF DESCRIPTION OF APPARATUS, 

The apparatus was kindly loaned by Shell Ltd. and has been 

previously used to study flames and flame additives. Although 

retauhpoes Hen teen made to its description (22), none has been complete 

and a detailed description will be given here. Briefly, the 

flame was burnt horizontally and sampled through an orifice into a 

chamber at 6 x 1074 mbar, where most of the gas was pumped away, 

Rig. The ions were formed into a beam by an electrostatic lens 

and focused throughia 2 mm hole into a second chamber which was 

maintained at 107! mbar. The ions were mass selected in a 

quadrupole mass filter and detected either by a particle multiplier 

or a Faraday cup. Both positive and negative ions could be detected 

by :reversal of the various voltages on the inlet, ion lens and 

multiplier.
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lee. DETAILED DESCRIPTION OF APPARATUS, 

Ree oa Vacuum System. 

The vacuum system comprised the two vacuum chambers, 

their respective oil vapour diffusion pumps, and a ee backing 

pump, (Fig.6.). The chambers ee fabricated from austenitic 

stainless steel, and lead gaskets were used to seal the various 

flanges. The use of lead seals precluded any sort of baking to 

improve the cleanliness and high vacuum of the system. The 

first chamber, which was 0.3m diameter, and 0.34m high, was 

4 
maintained at a vacuum of 10 ‘mbar by a vapour booster pump, 

(Edwards 9B4) capable of a pumping speed of 38001sec™| for air. 

The second vacuum chamber, which was 0.2m diameter and 0.31m high, 

f 
was maintained at 10 ‘mbar by a liquid nitrogen trapped (Edwards 

NTSM6A) oil diffusion pump, (Edwards E06) capable of a pumping 

speed of 13001sec™" Tor adg. | 

The diffusion pumps were connected by sweated joint 

copper pipeline to a single stage Kinney pump, (GKS47, kindly 

loaned by AEI Ltd., Manchester) which pumped at Bom?hr”* for air. 

This pump was adequate to back both diffusion pumps, and a 

7 pumpdown time (to 10 ‘mbar in the second chamber) of 30 minutes 

was achievable. 

Pressure measurement was by Pirani gauge (VG PIR1A) 

for the backing pressure; by Penning gauge (BirVac) for the first 

vacuum chamber, and by ionisation gauge (VG VIG21) for the second 

chamber. The output from the Pirani Gauge Control Unit was fed
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into a chart recorder (Honeywell) for pressure monitoring. 

Sa. pe Burner, Flame Carriage and Gas Supplies. 

The burner was & simple quartz capillary, (i,d. 1.5 mm) 

surrounded by a glass cylinder, (i.d. 20 mm). This was mounted 

horizontally onto @ screw driven carriage such that the burner 

could move against the inlet of the first vacuum chamber, To 

the screw was fitted a series of pulleys such that an a.c. motor 

could drive the flame carriage. A speed of of 1 mm min™' was 

used for negative ions, and 10 mm min™| for positive ions, On 

the screw, a gear was fitted, which connected to a ten-turn 

potentiometer; a voltage applied to this provided the 'x' input signal 

to an 'x-y' recorder, Fig.7. 

The flame was a simple hydrogen/oxygen flame to which argon 

was added as diluent. A flowing sheath of oxygen and argon 

surrounded the flame, so that the flame was stabilised, and nitrogen 

excluded. The exclusion of nitrogen is beneficial, since it 

greatly simplified the interpretation of the mass spectra. 

Hydrocarbon fuel (acetylene or ethylene) was added in known quantities 

up to 10 % by volume. The gases were fed from standard cylinders 

(BOC) via copper tubing to flow meters, (Meterate). The hydrocarbon 

gas was fed via seamless mild steel tubing to a flow meter. Copper 

tubing cannot be used for acetylene because copper acts as a catalyst 

converting acetylene exothermically to benzene. The gases were 

premixed after the xe flowmeters and then burnt at the burner, Fig.8.
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The flow meters were calibrated, by using a gas flow 

meter and stopwatch, so that the flow in com?min™' could be 

directly measured on the-meters (Figs. 9. 10, 11, 12, 13.’). 

These graphs were in good agreement with the fiocna Pas nite 

calibrations after conversion to S.T.P. Since the prevailing 

conditions, (temperature and pressure) could result in up to a 

10% error on the various flow rates, the gas flow rates were 

corrected on a day to day basis. 

The flame was approximately 10cm long, the reaction 

zone being typically 2cm long when the hydrocarbon fuel was 

added. The reaction zone was in the shape of a cone, and 
XY" 

coloured blue. This zone was approximately 0.5ém thick. 

  

Li eed The inlet Nozzle. 

| The inlet nozzle, which wes attached to the first 

vacuum chamber wall, provided a means by which the flame could 

be sampled. An electroformed nickel cone was clamped to a 

water cooled stainless steel flange which was bolted onto the ... 

wall of the first chamber, a rubber O-ring providing a vacuum 

seal, (Fig. 14). 

There are several theoretical considerations as to 

the size of the inlet. For the sampling of ions from 

atmospheric pressure, the most commonly used system is that of 

@ pinhole in a thin wall dividing the flame system, at 

atmospheric pressure, from the analysing apparatus. Many 

workers in this field (e.g. 23), have used a system mheréby ‘the
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flame is burnt at a lower pressure; the gas flow can then be 

collimated into a molecular beam, with a larger inlet, but a 

more complex system of focusing lenses. An aperture much 

longer than its diameter is to be avoided since ions are lost 

to the wall and unwanted secondary reactions may also occur. 

Thus, it is generally more advantageous to have as large a 

pinhole as possible (in the thinnest possible wall), an upper 

limit being set for a particular situation, by the capacity of 

the first chamber diffusion pump to maintain an adequate vacuum. 

Experiment showed that for this particular system, an inlet nozzle 

larger than 0.2mm caused the first vacuum chamber diffusion pump 

to stall. For this work an inlet nozzle of 0.12mm was used. 

The nickel sampling orifice was fabricated by 

electroforming nickel onto brass. A brass former was made . 

Onto this was electroplated nickel to a thickness 

of O.1mm. The tip of the cone was then carefully filed away 

until the brass was exposed. Measurements were made by 

travelling microscope to ensure that the hole in the nickel was 

of the correct size. The brass was dissolved away by placing 

the cone into a solution of chromic acid (chromium oxides .320g 

dissolved in sulphuric acid, 0.025M, 11). The brass dissolved 

away rapidly at first, but tooK up to three days to congetely 

dissolve. The chromic acid solution was changed twice a day, 

as older solutions tended to attack the nickel (24). 

Ei Seel Vie The Ion Lens.



The ion lens comprised the inlet flange, the second 

chamber wall, two ring electrodes and a beam shift assembly in 

the first chamber and a narrower ring electrode in the second 

vacuum chamber prior to the entrance aperture of the quadrupole 

(Fig.15~). The lens was mounted onto the second chamber 

housing using glass rods located in nylon bolts, which screwed 

into the wall. The final element was attached to the rear of 

this wall by thin ceramic rods fastened with 'Araldite' glue. 

The second chamber wall was electrically insulated from the 

other vacuum housing using a teflon flange (which also served 

as a vacuum seal), and nylon locating bolts. The beam shift 

assembly consisted of a cylinder cut into quarters longitudinally 

and held together (as a split cylinder) by ceramic rods and 

‘Araldite’ glue. 

: Electrical supplies provided for the lens were 

connected via a 9-pin feedthrough in the top of the firsf chamber. 

The inlet flange, (which was isolated from ground potential 

using a fat rubber O-ring), was supplied by its own separate 

350V d.c. power supply, (Farnell). The remainder of the lens 

was supplied by @ 2.5kV d.c. power supply, (VG), and the beam 

shift electrode scarited by a 90V battery. The different 

voltages on each electrode, and the varying voltages on the four 

elements on the beam shift electrode were obtained using simple 

circuitry and potentiometers. 

The original lens had an extra set of electrodes 

between the first and second electrodes of the modified lens,



The power supplies involved impressing voltages of different 

polarities onto the electrodes (25). This original 

arrangement was difficult to set up, and the simpler system 

chosen, The modified lens was more efficient at focuging 

ions into the quadrupole than the original. For optimum 

Signal the lens elements were moved physically with respect to 

each other so that the largest ion signal could be obtained, 

For negative ion operation, the first flange was 

floated at between -10 and -50 V, (with respect to earth). 

The second chamber wall was held at +350 V, and the other lens 

elements adjusted accordingly to obtain the largest ion signal. 

It was found that a voltage of greater than 350 V on the second 

chamber wall made no difference to the ion signal: it was 

concluded that the lens transmits nearly all ions which enter the 

system via the sampling orifice. 

Positive ions could be detected by a reversal of the 

various voltages on the lens and inlet flange. The Faraday 

detector was held at zero volts, since this produced simpler 

amplification techniques. However, it is then necessary to 

place a voltage of the same polarity as the ions on the inlet 

flange so that there is a net voltage change from sampling to 

detection, otherwise no ions would be focussed into the 
Q 

quadrupole, and detection woud not be possible. 

s The theoretical design of ion lenses is complicated -no 

attempt was made to derive a theoretically perfect lens. The 

lens that was used appeared to be of a reasonable design and good
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focusing was obtéined 

ts Cae The Quadrupole. 

The quadrupole filter was supplied: by Extranuclear, Inc. 

The poles were 0.228m long and 0.019m in diameter. The 

inscribed radius, Fe thus being 0.00822m, The rods were held 

in a stainless steel case, insulation being provided by ceramic 

discs at each end. The quadrupole was fitted into the 

“second chamber via. a steel bracket. The assembly was aligned 

visually through the second chamber wall orifice (0.002m diameter), 

and through the front flange (using a larger 0.002m diameter 

orifice). * - The power supplies were connected through a 

feedthrough on the second chamber wall and were carefully 

screened to ensure r.f. stability. 

The power supply and control unit for the quadrupole 

were also supplied by Extranuclear Inc. After the careful 

tuning procedure, a maximum mass of..400 a.m.u. could be obtained 

at an approximate frequency of 1.3MHz. The mass spectrometer 

eeala then be calibrated on two ranges, such that an integral 

reading on the mass meter on the control unit correspondeé to 

an actual integral mass, Thus full scale on the lower range 

corresponded to 200 a.m.u. (actual reading 20 ), and 400 a.m.u. 

(actual reading 20 ) on the upper range. Calibration was 

carried out for positive ion detection by seeding the flame 

with potassium chloride solution, via an aspirator. 

Potassium is particularly useful since its two most abundant



isotopes (39 and 41 a.m.u.) could be detected, and hence provided 

a useful check on calibration. This calibration was also valid 

for negative ion operation, but was checked by detecting 3917 

and $7617 in the correct isotopic amounts. Since the mass 

spectrometer range is linear, a single calibration at a low mass 

calibrated the complete mass range of the instrument. 

Ties Ion Detection. 

ta); The Particle Multiplier. 

The original multiplier as supplicd with the instrument 

was found to have outlived its useful life and therefore was 

replaced. A plot of ion current versus applied voltage for 

positive ion detection showed no characteristic plateau, 

The new multiplier (EMI EM140) was of a similar design; viz., a 

copper/‘veryiun box and grid type of multiplier, although it had 

15 rather than 14 stages. 

The multiplier was attached to a stainless steel plate, 

the complete assembly being bolted to the quadrupole housing, 

such that the multiplier was perallel but off-axis to the axis of 

the quadrupole, For positive ion detection the set up is 

quite straightforward. A negative voltage, (2.5 kV) is 

applied to the first dynode and the final dynode was earthed, 

multiplication occuring, (by as much as 10°) and the resultant 

signal being taken from the collector electrode, (Fig.16.). 

Neutrals passed out of the detection system, since they could
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not be deflected down toward the first dynode of the multiplier. 

However, negative ion detection is somewhat more complicated, 

since to attract ieedtave ions a high positive potential must be 

applied to the first dynode. The last dynode must have a 

correspondingly higher positive voltage applied to it to allow 

multiplication to occur, and this presents several problems, 

(Fig ac tls )< The potentials applied in this case were + 2.5 kV 

to the first dynode and + 5 kV to the last dynode. A 

somewhat simpler, safer and cheaper design has been reported by 

Goodings et al ( 29; a + 5 kV voltage is applied to the last 

dynode, and the first dynode is earthed by a large resistor, 

(c.a. 2 Mohm) so that the resulting potential on the first dynode 

is approximately + 2.5 kV. This method was tried and found to 

be reasonably successful. 

The output signal was fed via a large capacitor, 

(1000 pF, 10 kV d.c. working) so that the amplifier was protected 

from the large d.c. potential. In this mode, d.c. ion signals 

cannot be detected, the ion signal being a.c. coupled. Because 

of this the output had to be detected by a phase sensitive 

technique, brought about by modulating the ion beam before it 

entered the quadrupole. 

To protect the multiplier from accidental short circuits 

smaller resistors were placed in the H.T. circuit (680 kohm); 

these failed if a large voltage breakdown oceured, Large 

paper capacitors were also connected between the H.T. supplies 

and earth to act as filters, providing extra high voltage



stabilization. 

b). The Faraday Cup. 

For optimising oes and for most negative ion work, 

(since it was far simpler), a Faraday cup was used. This 

consisted simply of a solid brass cylinder, bored out into the 

shape of a cone. This was fixed immediately behind the exit 

aperture of the quadrupole so that no ions were lost before hitting 

the cup. The depth of the cup was about 3 cm long ensuring 

that most of the ions were discharged in the cup, and that secondary 

emission did not occur to an appreciable extent. The output 

signal was connected via a co-axial cable through a feed through to 

the amplifier. The signal was screened by earthing the co-axial 

cable onto the quadrupole filter casing, (which was at ground 

  

potential). 

Tee e Vad 6 Amplification. 

(a), Phase Sensitive Detection. 
  

When the multiplier was in use the signal was amplified 

with a lock-in amplifier, (Brookdeal 9503). = The a.c. signal 

was derived by impressing a square wave voltage of 200 Hz onto 

the front flange of the first vacuum chamber. The amplitude 

of this was set up so that the voltage corresponded to the voltage 

required for optimum transmission. A pre-amp preceded the 

lock-in amplifier to amplify the signal. The resultant



signal was fed into the 'y' input of the 'x-y' chart recorder 

(Bryans 20001). 

(bd). The D.C, Amplifier. 

For Faraday cup detection the d.c. signal was fed into 

a d.c. amplifier (Avo 305). The resultant signal from this 

was used as therinput to the 'x-y' recorder. The maximum 

Signal that was obtained was 107 [amps for positive ion 

operation and 107 “amps for negative ions. 

Tie, 2is Va Lie Record of Ion Profile. 

As previously mentioned the amplified signal was used as 

the 'y' input of the 'x-y' recorder, The 'x' input was 

derived from the moving flame carriage; a ten-turn potentiometer 

providinglinear movement of the chart recorder pen. Thus, with 

the flame reaction zone set a few millimetres away from the inlet 

nozzle, the flame carriage was moved against this, the pen 

moving proportionally to the burner, and a profile of a particular 

ion was recorded 

To eliminate errors when setting up the burner carriage, 

and to provide a suitable zero point on the 'x'-axis, a second 

chart recorder was used (Honeywell). This recorded the pressure 

change in the vacuum system as the flame entered the inlet. At 

the reaction zone tip, the pressure is at a minimum, steadily 

increasing as the reaction zone enters the inlet nozzle. Thus 

by setting both chart recorders to run simultaneously, the zero



point for the ion profile could be found, from the minimum point 

on the pressure profile (Fig. 18). The pressure readings were 

taken from the backing pressure change, as monitored by the Pirani 

gauge on the backing piping to the first vacuum chamber diffusion 

pump. 

To obtain a complete mass spectrum of a particular 

flame, the burner was positioned so that the reaction tip just 

entered the inlet nozzle. The 'x'-axis of the chart recorder 

was connected to theoutput of the quadrupole control unit so 

that by varying the mass (manually) on the control, a complete mass 

spectrum could be obtained. Of course, manual operation could 

not provide an accurate measurement of peak height, but this 

procedure was useful in finding particular ions, as a quick 

simple method. 

It was possible to attach a d.c. ramp voltage to the 

mass spectrometer control, so that 4& spectrum could be 

automatically obtained. Difficulties in finding, or making 

a suitable ramp voltage signal (which needed to peak at 150V) 

precluded the use of this.
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Figure 18. Reproduction of a Typical Backing Pressure Recording.



sides Fie A CRITIQUE OF THE EXPERIMENTAL TECHNIQUE, 

Several problems arose with the. experimental technique 

and these will be considered in detail, as they are of relevance 

to the system. 

Il .3.i- Ween System. 

Generally the vacuum system required little attention 

after initial setting up. The lead gaskets which sealed the 

various flanges on the high vacuum chambers needed .care in 

fabrication and occasional replacement. The oil in the 

diffusion pumps decomposed Slowly with time, its break-up being 

accelerated if it was not allowed to cool down under a rough 

vacuum. It was found on shut-down that the pumps needed to 

cool down for at least an hour after the heaters to them had been 

switched off. However oil contamination still occured, al] 

parts of the high vacuum chambers suffering some deposition of 

pump oil, especially in the first chamber. A remedy would 

have been to baffle the top of the diffusion pump, and provide 

Some sort of cooling for this, to enable the oil to condense 

more efficiently. 

td 65 ods The Burner. 

It was difficult to stop the flow meters on the gas 

% 
lines from fluctuating whist the flame was burning. In 

some cases, this represented a 10% error in the quantities



of gas flow. However, the position of a particular ion in the 

reaction zone of the flame could be found accurately because of 

the simultaneous acquisition of thespressure profile. Thus 

for experiments where the identification and position of the 

ions in the flame was required, as long as thererror in 

measurement of the gas flow was fairly small the results did not 

deviate to a great extent. 

The Sueney Lenei¢ needed careful alignment against the 

inlet nozzle, so that sampling occured on @ single axis 

perpendicular to the burner mouth, and through its centre. 

Although the burner assembly was fairly crude compared to other 

workers (e.g.26) axial alignment could be accurately adjusted by 

gently moving the burner and aligning it visually. If the 

burner was not aligned properly, the ion profiles were considerably 

altered: flat jittery peaks resulted, the profile peaked at a 

different position and the ion signal intensity was considerably 

  

lowered. 

TT 51d. The Inlet Nozzle. 

The inlet nozzle is probably the source of most of the 

unavoidable errors in this type of sampling. Anything placed 

into a flame will necessarily disturb the flow characteristics, 

and these effects need to be mimimised. At the cone tip of 

the nozzle, much of the flame flows past the inlet and comes 

into contact with the cooled outer surface and cold flange of 

the sampling systen. It is here that secondary reactions may



occur, and some work has been done to show what type of secondary 

reactions may -occur (27), Unfortunately, some of these 

secondary products can become entrained back into the main flow by 

virtue of the turbulence characteristics of the sampling system 

As the flame enters the inlet nozzle, ideally the flame 

reactions should be quenched. However this is not generally 

the case, and it has bent shown (4) that for positive fons and 

an inlet of small diameter, (less than 0.1mm) secondary ions, 

notably hydrates of oxygenated species, occur in some cases 

exceeding the parent ion signal. For example, H,0" (m/e 19) 

is known to beca true flame ion but hydrates, H,0" «nH0 

(m/e=19 + 189 n = 1,2,3,4) can occur, and the first hydrate is 

often larger than H,0". Hayhurst and Telford, (28) have done 

Some mathematical modelling of these types of reactions, 

For larger inlet orifices, (greater than 0.1mm), the 

effects of hydrates can be reduced, A change in the angle 

size of the inlet cone can also have a marked effect on the 

‘suppression of secondery- ion formation,’ (29). 

For negative ions, there appears to be no correlation 

between inlet size and secondary reaction pinedees (27) 

With the inlet in use in these experiments hydrates did form to 

an appreciable extent, and these will be discussed in the results, 

The inlet hole tended to become clogged up after 

prolonged sampling, this probably being due to the build up of 

carbonaceous species. A simple remedy was to remove the front



flange (containing the inlet) and cleaning the orifice on a day 

to day basis, 

Another problem with negative ion experiments was the: 

tendency of the ion signal to gradually decrease with time: this 

was eae prominent for ions of low mass and therefore of 

high mobility. It is thought (30) to arise from the oxidation 

of the cone tip by the flame reactions. A negative charge 

tends to build up, the resulting electric field opposing the 

tendency for the ion to be carried into the orifice by the gas 

flow. The cone was regularly cleaned to avoid excess errors 

from this source. 

The cone was made from nickel: this metal is a good 

catalyst, and it may be possible that some sort of catalytic 

effects can produce secondary reactions. No work has been 

recorded to investigate this type of behaviour but nickel may 

be used to hydrogenate unsaturated hydrocarbons such as 

ethylene to ethane, ang acetylene to benzene, and at the 

temperatures of flames this type of behaviour is quite possible, 

Die. eVeo The Ion Lens. 

The ion lens suffered mainly from oxidation and oil 

contamination from the diffusion pump. The lens elements 

were regularly removed and carefully cleaned. Over a period 

of time the ion signal decreased, due to the build up of 

contamination.



Tels > o Vie The Quadrupole. 

The connecting leads and feedthroughs to the quadrupole 

were prone to failure because of the high voltage - impressed on 

them. The ceramic lead-throughs which carried the r.f. power 

were cleaned using a saturated sodium hydroxide solution to 

remove carbon traces on the ceramic pillars of the lead-throughs. 

The ceramic insulators in the quadrupole also nedhicd replacing, and 

due to the unavailability of parts, they ice replaced with teflon 

insulators: these had an adequate resistivity, and were not 

liable to mechanical failure. The quadrupole needed occasional 

removal and cleaning, due to slight oil contamination. This 

was done by brushing the poles with mild detergent, after 

decontaminating the stainless steel with trichloroethylene. 

Ts S eV Ion Detection. 

(a). The Multiplier. 

For positive ion detectiom no problems were encountered 

except slight oil contamination, which was removed by washing in 

& polar solvent. For negative ion operation the main problem 1 

was with electronic noise brought about mainly by the two 

floating high potentials. The multiplier acts as an effective 

microphone converting mechanical noise and electronic 

imperfections into signal noise. Also stray electrons in the 

vacuum system are efficiently collected at the cathode of the 

multiplier. Typically, a multiplier connected for negative



ion detection is thirty times noisier due to stray electrons than 

a@ conventional multiplier connected for positive ion detection, 

(31). In fact, a large amount of noise was seen in the 

negative ion mode, and meaningful interpretations of the signal 

were almost impossible, even with beam modulation. A possible 

solution, suggested by these workers (%1) and now in general 

commercial use, is to convert the: negative ion beam into a 

positive ion beam by the use of a conversion dynode operating 

at, 2 kV. 

(b). The Faraday Cup. 

Although this was of simple design, it was felt that 

improvements to ke secondary ions would not be worthwhile, 

since it appeared reasonably efficient at ion detection. It 

was a deep brass cone, so that ions would be discharged completely. 

The performance of the cup was improved by polishing it with a 

proprietary cleaner. 

DE 55:0 Velie Amplification. 

The ion signal was of the order of 107 '9 amps for 

positive ions, and 1074 amps for negative ions. At these low 

currents, the d.c. amplifier necessarily had a long time constant 

7 secs). For accurate representation of the ion profile, 

therefore, the burner carriage needed to move slowly so that 

4 
a faithful record could be obtained. A movement of 1mm min 

was satisfactory for these low currents. With the particle



multiplier and lock-in amplifier in operation, the time constant 

was sufficiently large, (0.5 secs), to allow a flame movement of 

10 mm min™’.



LLIN RESULTS, 

III.1. INTRODUCTION, 
  

The experimental work involved the collection of ion profiles 

in a simple flame to which a hydrocarbon had been added, The ion 

profiles were recorded on an 'x-y! chart recorder, Fig.19. Five 

runs were taken, and an average found to.produce one profile, Wig.20. 

For each run, the zero point (t.0% that point at which the downstream 

edge of the reaction zone ocoured) was taken as the minimum position 

on the backing pressure profile, which was taken simultaneously with 

the acquisition of the ion profile, as described in Chapter II, Fig.18. 

The intensities of the ion profiles were corrected for zero before 

averaging them, by subtracting the height of the profile downstream 

of the flame front. With the flame moved well back from the inlet 

nozzle the ion signal diminished to a constant current - it was 

assumed that no ion current was detected here, and the offset on the 

plots was due to zero error on the d.c. amplifier. The ion profiles 

were averaged by taking the profile height at 0.025 mm intervals. 

This procedure eliminated most of the errors due to signal noise and 

produced a more accurate position for the profiles. 

The flame had a composition of H,:0,:Ar of 3.8:1.0:7.1 

by volume, the flow rate being about 2.5 1 min”. The 

temperature of the flame, as measured by the sodium reversal 

technique, was 2150 K, (32). The hydrocarbon fuel was added



in small amounts not exceeding 10% by volume. This preserved 

the common flame background, so that comparisons between 

different hydrocarbons could be made. 

The results and discussion will be confined to the 

negative ion experiments, since the few experiments with positive 

ions only served to gain experience and practice in setting up 

the experimental apparatus. Positive ion flame chemistry | 

has also been well documented, (e.g. 7). 

The ion currents measured were of the order of 107 "4 amps 

for negative ions. No attempt has been made to calibrate 

the ion signal to the actual number of ions. The relative 

count was taken by simply measuring the heights of each profile. 

Measurements taken by the d.c. amplifier on the second chamber 

wall and the electrode directly prior to the entrance aperture of 

the quadrupole showed that 40% of the ions in the first chamber 

reached the quadrupole. The resolving power of the mass 

spectrometer was approximately 100, measured at 45 a.m.u.
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Figure 19. Reproduction of Five Runs for One Ion Profile.
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III .2. ETHYLENE, FLAME F1, 

When 2% ethylene (by volume)was added to the flame, 42 

negative ions were detected, ranging from 16 a.m.u. to 105 a.mu,. 

The positions and intensities of each ion are given in Table 1., 

a ‘stick spectrum' of the relative intensities of these (at their 

individual peak heights) is given in Fig.21. un Table #2... the 

experimental data for each ion is presented. 

  

ULE eeles General Features, 

a All the ion profiles peaked upstream of the reaction zone 

front. 

Ze Some ion profiles (notably those containing oxygen and 

hydrated species) have a considerable extension upstream 

of the flame front. 

5% No ions have more than one peak in their ion profile, 

4. Most ion profiles drop off sharply after they have peaked, 

Se A few ions have extensions of their profiles through the 

reaction zone into the burnt gas region. 

6. The ions at 35 a.m.u. and 37 a.m.u. are anonglous, these 

can be attributed to 39017 and 717, 

= 66. <



Mass, a@.m.u. 

7 

17 

24 

5 

32 

33 

35 

36 

37 

41 

43 

45 

46. - 

49 

50 

51 

53 

60 

61 

62 

63 

64 

65 

Intensity® 

36.40 

61.00 

38.80 

162.8 

372.0 

48.00 

1680 

598.8 

709.2 

93.40 

134.4 

3240 

86.20 

40.80 

367.0 

7-40 

677.0 

355.0 

456.0 

178.4 

856.0 

677.5 

55-20 

69 

% of Total 

Ion Current 

Position in 

Flame, mm? 

-0.125 

~0.2 

-0.05 

-0.125 

-0.175 

-0.15 

-0.15 

-0.175 

-0.175° 

-0.10 

-0.05 

-0.10 

-0.15 

-0.025 

-0.15 

-0.10 

-0.175 

-0.10 

-0.10 

-0.125 

-0.125 

-0.10 

-0.125 

/conta.



Mass, &.m.u. 

66 

68 

69 

eae 

72 

73 

76 

78 

79 

84 

85 

87 

88 

90 

92 

94 

96 

97 

105 

Table 1. 

Intensity” 

117.0 

270.8 

158.4 

98.60 

444.0 

32.80 

102.6 

292.0 

776.0 

63.60 

88.80 

362.0 

57.60 

77220 

244.8 

18.60 

94.20 

204.8 

94.00 

Intensities and 

% of Total Position in 

Ion Current Flame, mm” 

0.96 -0.20 

heed -0.20 

1.30 -0.175 

0.81 -0.20 

3.66 -0.15 

0.23 -0.10 

0.85 -0.125 

2.91 -0.175 

6.39 -0.175 

0.52 -0.20 

0.73 -0.20 

2.99 ~0.25 

0.47 -0.225 

0.64 -0.20 

2.02 -0.20 

0.15 -0.20 

0.78 -0.25 

1.41 -0.25 

0.77 0.375 

_ Positions. of Negative Ions 
  

Observed in the Flame with Ethylene as Additive. 

a= 

/conta.



Notes. for Table 1. 

Intensity is in arbritrary units only. 

Position in flame has been taken with 0.00 being the 

downstream edge of the reaction zone, thus a negative figure 

implies that the profile peaked upstream of this point. 

_ The two ions at 35 a.m.u. and 37 a.m.u. are due to 35q17 

and 31017; they were discounted from the total ion current 

measurements.
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Flame 

Distance, mn, 16 

0.10 

0.075 

0.05 

0.025 

0.00 0 

-0.025 0 

~0.05 4 

-0.075 16 

-0.10 30 

-0.125 36 

-0.15 25 

-0.175 16 

-0.20 10 

-0.225 9 

-0.25 1 

-0.275 0 

-0.300 

-0.325 

-0.35 

-0.375 

-0.40 

0.425 

-0.45 

-0.475 

-0.50 

Table 2. Continued 

Te 

18 

26 

35 

42 

43 

48 

51 

58 

61 

49 

36 

30 

27 

23 

18 

o
e
 

oS 
7
u
 

24 

15 

31 

39 

36 

34 

32 

23 

73 

25 

57 

81 

138 

163 

144 

TD 

32 

76 

204 

284 

348 

372 

372 

324 

272 

220 

196 

172 

124 

96 

68 

52 

48 

28 

16 

33 

17 

26 

35 

42 

47 

48 

48 

45 

44 

41 

pe 

28 

23 

23 

20 

19 

16 

39 

300 

740 

1180 

1500 

1640 

1680 

1480 

1140 

860 

660 

480 

300 

120 

60 

20 

Ion Intensity, Arbitrary Units, for Each Mass. 

36 

37 

58 

85 

160 

274 

470 

564 

599 

998 

586 

227 

466 

373 

310 

254 

196 

154 

114 

74 

50 

38 

37 

10. 

TT 

25 

76 

230 

396 

607 

694 

709 

691 

632 

538 

410 

314 

244 

197 

132 

96 

52 

41 

28



Flame 

Distance, mm. 41 

0.10 

0.075 

0.05 

0.025 

0.00 0 

-0.025 8 

-0.05 38 

-0.075 66 

-0.10 93 

-0.125 74 

-0.15 50 

-0.175 19 

-0.20 6 

-0.225 0 

-0.25 

-0.275 

-0. 30 

-0.325 

0.35 

-0.375 

-0.40 

-0.425 

-0.45 

-0.475 

-0.50 

Table 2. Continued 

43 

30 

68 

105 

134 

121 

92 

67 

53 

34 

20 

45 

te 

2287 

2740 

3160 

3240 

3240 

3213 

3127 

3073 

2813 

2373 

1680 

1127 

oo 

453 

273 

140 

93 

60 

47 

- 74 

46 

15 

35 

51 

71 

80 

76 

71 

55 

ae 

20 

49 

9 

14 

ie 

27 

36 

41 

30 

11 

; 

0 

50 

85 

187 

276 

326 

359 

367 

340 

282 

252 

196 

163 

155 

104 

85 

70 

62 

52 

48 

45 

51 

N
s
 

AT
 
a
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Ion Intensity, Arbitrary Units, for each Mass, 

53 

220 

314 

421 

560 

639 

657 

611 

529 

409 

Joe 

272 

215 

156 

114 

91 

88: 

48 

35 

38 

60 

91 

187 

310 

355 

309 

227 

159 

102 

65 

36 

29



Flame 

Distance, mm. 

0.10 

0.075 

0.05 

0.025 

0.00 

-0.025 

-0.05 

-0.075 

-0.10 

-0.125 

-0.15 

-0.175 

-0.20 

-0.225 

-0.25 

-0.275 

-0.30 

-0. 325 

-0.35 

0.375 

-0.40 

-0.425 

-0.45 

-0.475 

-0.50 

Ion Intensity, Arbitrary Units, for Each Mass. 

61 

17 

14 

16.2. 

28 

79 

200 

338 

440 

456 

382 

271 

213 

17 

109 

70 

37 

21 

“hie 

Table 2. Continued 

62 

19 

19 
22 

22 

34 

61 

1417 

154 

167 

118 

168 

130 

93 

65 

43 

32 

23 

16 

10 

63 

12 

18 

169 

466 

703 

854 

856 

780 

628 

455 

329 

246 

176 

126 

89 

61 

40 

20 

12 

1? 

64 

25 

e> 

24 

35 

45 

188 

379 

568 

678 

655 

601 

489 

395 

279 

200 

195 

119 

88 

69 

50 

38 

65 

22 

18 

14 

13 

14 

+4 

10 

10 

66 

15 

33 

48 

75 

a2 

110 

Tact 

5 

103 

93 

82 

65 

56 

52 

45 

34 

29 

‘7 

18 

68 

128 

197 

248 

271 

252 

213 

176 

141 

116 

72 

70 

54 

42 

34 

29 

20 

69 

Af 

58 

92 

134 

150 

158 

136 

104 

76 

63 

51 

40 

27 

19 

12 

71 

82 

of 

99 

84 

tl 

50 

i 

23 

a.



Flame 

Distance, mm. 

0.10 

0.075 

0.05 

0.025 

0.00 

-0.025 

-0.05 

-0.075 

-0.10 

-0.125 

~0.15 

-0.175 

-0.20 

-0.225 

-0.25 

-0.275 

-0.30 

-0.325 

-0.35 

-0.375 

-0.40 

-0.425 

-0.45 

-0.475 

-0.50 

Ion Intensity, Arbitrary Units, for Each Mass. 

ie 

10 

85 

175 

300 

393 

438 

444 

414 

385 

301 

216 

163 

122 

Table 2. Continued 

73 

18 

oe 

33 

23 

14 

76 

48 

71 

98 

103 

97 

19 

= 

32 

ut 

76 

78 

41 
on 

155 

224 

259 

285 

292 

286 

274 

254 

215 

175 

147 
122 

96 

80 

65 

53 

43 

34 

79 

14 

14 

10 

24 

46 

94 

270 

392 

574 

688 

174 

776 

584 

570 

528 

450 

358 

284 

198 

136 

92 

56 

36 

44 

30 

84 

14 

23 

34 

44 

61 

64 

63 

60 

52 

46 

46 

38 

34 

24 

20 

85 

a2 

28 

37 

51 

66 

77 

89 

87 

82 

19 

12 

66 

35 

44 

40 

32 

29 

24 

18 

87 

15 

46 

88 

133 

203 

283 

331 

351 

362 

340 

301 

255 

200 

166 

132 

103 

92 

74 

57 

88 

15 

29 

43 

52 

58 

56 

60 

62 

66 

58 

50 

38 

30 

21 

16



Flame Ion Intensity, Arbitrary Units, for Each Mass, 

Distance, mm. 90 92 94 96 Sie as BOO 

0.10 

0.075 

0.05 

0.025 0 

0.00 0 4 0 CS 0 

--0.025 OF 4 0 0 ee: 

-0.05 a .36 0 5 0 0 

-0.075 14. 4 Sl 0 0 

-0.10 20 «68 ey 2 0 

-0.125 36-144 12 31 21 0 

-0.15 BY 64094 16 5. 8 0 

-0.175 19 Res. 46 9s Ae 2 

-0.20 1 Ba5. 2 1 Oka 0 

-0.225 16 O68 5 1 4o 92 Be 3 

-0.25 1Or 26 me. OR: POR. 10 

-0.275 G2" ° 199 7 94:0 205 47 

-0.30 48 163 a. 62 Sa ks 

0.325 37.129 6 4 48 caer Be 

-0.35 24 104 65%. 379 94 

-0.375 17 76 S796 94 

-0.40 12 6A 49. 455 67 

-0.425 eer Ad. 52 4 

-0.45 ee 37. E44 62 

-0.475 2 21 24 91 54 

-0.50 ay 16 “age. (as 

Table 2, Continued



Table.2. Experimental Data for the Ion Profiles in the Ethylene 

Flame,



ITI .3. ACETYLENE, FLAME F2 

When 3% by volume of acetylene was added to the flame, 

32 negative ions were found, from 16 a.m.u. to 97 aemeu. The 

positions and intensities of each ion are given in Table 3., a 

‘stick spectrum! of the relative intensities of these (at their 

individual peak heights) is given in Fig.22. In Table 4., the 

experimental data for each ion is presented. 

TUG els General Features. 

1s With a few exceptions, the intensities of the ions were 

much lower than the corresponding ethylene ions, (by a 

factor of 5). 

26 The ion profiles tended to peak further downstream than the 

ion found in F1. 

36 Some ion profiles exhibited multiple peaks. 

4. A few ions exhibited an extension into the burnt gas region. 

Be Some ion profiles (notably those containing oxygen and 

hydrated species) have a considerable extension upstream 

of the flame front.



Mass, &.m.u. Intensity” % of Total Position in 

Ion Current Flame, mm” 

16 37.40 1.65 -0.025 

24 73.60 3.47 -0.025 

25 62.60 3.12 -0.015 

39 36.90 1.84 -0.035 

34° 16.00 0.80 | 

35 21.20 1.06 0.00 

36 11.80 0.59 -0.010 

37 8.00 0.40 -0.020 

41 18.00 0.90 -0.110 

43 41.50 2.07 -0.150 

45 630.0 31.42 -0.070 

46 11.00 0.55 -0.090 

50° 17.00 0.85 : 

51 5.80 0.29 0.050 

53 7.50 0.37 0.00 

60 14.80 0.74 -0.030 

61 5.10 0.25, 0.015 

63 12.40 0.62 0.125 

64 10.00 0.50 -0.050 

73 43725 21.82 -0.110 

74 37-40 1.86 -0.115 

15 64.50 3.22 -0.130 

16 16.80 0.84 -0.100 

2 ye /contd.



Mass, a.m.u. Intensity % of Total Position in 

Ion Current Flame, mm” 

78 85.90 4.28 ~0.150 

79 30.80 1.54 -0.150 

81 19.50 0.97 -0.115 

87 23.00 1.14 -0.075 

CoO 17.90 0.89 | -0.160 

91 105.6 5eeT -0.150 

92 64.00 3.19 -0.160 

96 31.50 1.57 -0.20 

97 42.00 2.09 -0.170 

Table 3. Intensities and Positions of Negative Ions 
  

Observed in the Flame with Acetylene as Additive. 

Notes for Table 3. 

a). Intensity is in arbitrary units only. 

b). Position in flame has been taken with 0.00 being the 

downstream edge of the reaction zone, thus the negative 

figure implies that the profile peaked upstream of this point. 

c). Some ion signals were so small and noisy that an exact 

location of the peak top was impossible.
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Distance, mm, 
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0.15 

0.125 
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0.05 

0.025 

0.00 
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-0.075 

-0.10 

-0.125 

-0.15 

-0.175 

-0.20 

-0.225 

-0.25 

-0.275 

-0.30 

-0.325 

Ion Intensity, Arbitrary Units, for Each Mass. 
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Flame 

Distance, mn. 

0.20 

0.175 

0.15 

0.125 

0.10 

0.075 

0.05 

0.025 

0.00 

-0.025 

-0.05 

-0.075 

-0.10 

-0.125 

-0.15 

-0.175 

-0.20 

-0.225 

-0.25 

-0.275 

-0.30 

-0.325 

-0.35 

-0.375 

-0.40 

Ion Intensity, Arbitrary Units, for Each Mass. 
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Flame 

Distance, mm. 64 

0.20 

0.175 

0.15 

0.125 0 

0.10 0 

0.075 0 

0.05 0 

0.025 4 

0.00 5 

-0.025 8 

-0.05 10 

-0.075 8 

-0.10 2 

-0.125 2 

-0.15 0 

-0.175 4 

~0.20 2 

-0.225 4 

-0.25 0 

-0.275 

-0.30 

0.325 

-0.35 

-0.375 

-0.40 
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Flame Ion Intensity, Arbitrary Units, for Each Mass, 

Distance, mm, 90 91 92 96 97 

0.20 0 

0.175 1 0 

0.15 2 0 0 4 

0.125 _ 3 0 5 

0.10 0 3 0 1 2 

0.075 1 3 0 0 3 

0.05 0 5 0 0 0 

0.025 4 3 0 1 4 

0.00 3 4 2 4 0 

-0.025 0 9 7 3 4 

-0.05 7 21 15 6 6 

-0.075 11 51 19 10 13 

-0.40 13 82 42 12 27 

-0.125 17 OO 60 24 33 

-0.15 17. 106 64 29 41 

-0.175 12 99 63 31 59 

-0.20 16 96 54 32 40 

-0.225 i) 78 44 27 34 

-0.25 11 63 35 20 30 

-0.275 9 52 26 16 20 

-0.30 10: S382 20 16 20 

-0.325 6 34 15 14 15 

-0.35 5 22 343 18 

0.3575 4 14 5 a 14 

-0.40 0 15 0 5 ° 

Table 4. Continued



Table 4. Experimental Data for the Ion Profiles in the Acetylene 

Flame.



EV. DISCUSSION, 

IV.i. INTRODUCTION, 

The discussion will consider the results from ethylene 

and acetylene in parallel, with due consideration being given to 

the results of other workers in this field. Where appropriate 

the differences and similarities of the two flames will be discussed 

in detail. The assignments of the ions for each flame are 

given in Tables 5. and 6, The assignments are based on carbon, 

oxygen and hydrogen, some peaks being attributable to isotopic 

satellites. Some of the ions were unidentified. 

Ano



Mass, &.m.u. 

16 

ce 

24 

25 

32 
33 

22 

36 

37 

A 

43 

45 

46 

49 

50 

51 

pe 

60 

61 

62 

63 
64 
65 

Assignment. 

017; OH” .H,0 

25 
3Ta47 - Cis C38 

CHO 

C5HZ0 

C0,H ; CoHO 

“co.ns "ccH,07 

HOZs C,H 

05 eH,0 

HO, «H,0 

OH 2H0 

5 

z.0 

C033 Cc 

a 5 
F555 aA As oe H'cO33 "cc, 

CO,H oH.0 

m4 - 
HCO 3 3 H; "co; cc, 

2 
-. 13 e 

0 CO,H -H,0 A” 

CH,0,-H,0 

/contd.



Mass, &.m.u. Assignment. 

66 03 +H,0 

68 5°2H,0 

69 HO, «2H,0 

71 OH”. 3H,0 

72 CE 

73 CH 

76 co, 

78 CO; .H,0 

79 HCO, «HO 

84 0; +H,05 Co 

85 HO;.2H03 CH"; Og 

87 C ,H205 

88 ? 

90 ? 

92 ? 

94 CO), +H,0 

96 Cas CO; .2H50 

97 3 Cys HCO;.H,05 "Peer "200, .2,0 

105 CHO, +H,0 

Table 5, Assignments of Ions in the Bthylene Flame, 
 



Mass, &.m.u. 

16 

24 

25 

32 

34 

35 

36 

37 

41 

43 

45 

46 

50 

51 

aD 

60 

61 

63 

64 

73 

74 

2 

76 

Assignment. 

CoH,0 

COnHs CoH,O 

"c0,H} 30cH_07 
5 

0, +H,0 

HO, «H,0 

OH +2H,0 

ee 
oh Ss 
HOO, 5 CoH 

CO,H +H,0 

O13 
13 - 

CO,H +H,0 

? 

© 

CO, 

/contd.



Mass, @.m.u. Assignment. 

78 CO; .H0 

79 HCO; .H,0 

81 CO,H .2H,0 

87 C ,H205 

90 ? 

91 ? 

92 ? 

96 Cas CO; .2H,0 

97 CoH s HCO; .2H,0 

Table 6. Assignment of Ions in the Acetylene Flame, 
 



IV.2. THE PRESENCE OF CHLORINE IN THE ETHYLENE FLAME, 

The two ions which occur at 35 @.m.u. and 37 a.m.u, are 

attributable to chlorine, which forms a very stable negative ion, 

C1 Although these two ions could’ be entirely attributable 

to the two ions, OH” .H0 and C,H, the signab observed from both 

are too large to be produced from the related neutrals of these 

species, Both profiles peak at a similar place in the flame, 

(0.15 -0.175 mm upstream of the reaction zone ) and the proportions - 

of signal strength at 0.025 mm intervals along each profile result 

in the correct isotopic abundance for the two chlorine isotopes 

3901" and 3161 of 67.5% and 32.5% respectively. However, this 

still leaves a small Signal for n/e 35, which can be attributed 

to OH .H,0, Fig. 23. 

Before the experiments on ethylene were run, some dilute. 

sodium chloride solution had been aspirated into.the flame in 

order to check the calibration of the mass Spectrometer for 

negative ions, (at 35 a.m.u. and 37 a.m.u.). It is probable 

that some of this solution was deposited on the inner surface of 

the burner, thus interacting at a later stage to produce the two 

strong signals reported. To allow for this, the signal intensities 

of hs two ions bik beak omitted for the calculations of the 

relative ion currents for the individual ions,
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Figure 23, Ion Profiles for 35 a.m.u. and 37 a.m.u. in Flame F1



IV.3. THE DIFFERENCE BETWEEN THE ION INTENSITIES OF THE TWO 

FLAMES 

The most notable feature of the flame containing 3 

acetylene was that the intensity of the ion signals was greatly 

reduced when compared to the flame containg ethylene, by a factor 

of 5, for example, for m/e 45. This marked difference can be 

traced to the fact that chlorine was identified in flame F1. 

The large peaks at 35 a.m.u. and 37 a.m.u. are absent in flame F2, 

thus the strongly electronegative chlorine may have been a 

primary ion for the other ions observed. However, most of the 

ions observed in the ethylene flame have been reported 

previously, (6), also nearly all the ions found in flame F2 were 

seen in the experiments for flame F1, so the presence of Cl” does 

not prejudice the results and discussion to a great extent. 

Some of the ions which would be expected to be formed 

in flame F2 are absent; this is probably due to the much lower 

total ion current for this flame. However, by comparison 

with the ethylene flame and with particular regard to possible 

hydrates, most of the parent ions can be discussed, although 

they may be absent. 

Some of the profiles in flame F2 have peculiar shapes, 

peaking at more than one position in the flame. The weakness 

of some of these signals results in a low: signal to noise ratio, 

and the averaging technique as previously described. becomes 

inaccurate. Therefore the positions of these species can



 



IV.4. O> FORMATION, 

OP 

(32 a.m.u.) 07 is formed by attachment of most of the free 

The primary negative ion in flame chemistry is 0 

electrons to On» which is in high concentration, at least in the 

cool upstream region of the reaction zone. The ion chemistry 

commences, upstream with the reaction 

Cl OK CN es HE = -17kJ mol™’ R14, 
0, is formed by the three-body process:- 

a ° -1 E 0, + e + M « 0, + M He = -48.5kJ mol RT3. 

The CHO* and 0, are formed in a neutral-rich regime, with which 

they can react. 05 can react in several different ways with 

neutral species:+ 

ee Charge transfer of electrons will occur for neutrals of 

increasing electron affinity. 

Ze Proton transfer reactions may occur to produce negative 

ions whose base strength is lower than that of 05. 

3% 0, may also undergo rearrangements with other neutrals in 

other processes. 

4. 05 will form cluster ions by three-body attachment reactions. 

De Associative detachment reactions can also occur, whereby a 

neutral and an electron are formed. 

Examples of these modes of reaction for 05 are to be found in 

Table Z Thus 05 reacts with many neutrals in the flame regime. 

0, peaks relatively late in the reaction zone, (Figs.24 and!25.)¢ 

(-0.15 mm for ethylene and -0.05 mm for acetylene). This
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reflects the ready consumption of 0, for many chemi-ionization 

reactions with neutrals earlier in the fleme. The 0, concentration 

was 3% of the total for flame F1, and 1% for flame F2. 

Comparison of the different concentrations is difficult, since 

acetylene may favourably form neutral species with which 05 can 

react, in different concentrations to these same reactions for 

ethylene. 

05 appears to form hydrates, the ions at 50 a.m.u. and 68 

a.m.u. corresponding to the POPOROE One for both flames and the 

dihydrate for flame F1. Evidence for these ions being hydrates 

can be attributed to their similarities with the parent ion in 

peak shape and to the characteristic upstream extension of their 

ion profiles, suggesting water attachment is favoured at lower 

temperatures, For the ethylene flame, the first hydrate is as 

intense as the paremt ion; this suggests that a large proportion 

of the 05 is stabilised by hydrate formation at the cooled surfaces 

of the system. However, for the acetylene flame, the monohydrate 

signal is half as intense as that for the parent ion. This may 

indicate that 05 formed in this instance is formed at a hotter 

position in the flame, the possibility of interaction with the 

cooler, sampling surfaces being less likely. This may be 

further exemplified by the fact that the dihydrate is not seen 

for flame F2. For F1, the dihydrate is less intense, and peaks 

further upstream in the reaction zone. This indicates that it is 

likely to be formed on a cooled surface, the possibility of 

formation decreasing as the reaction zone temperature increases. 
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The hydrated ions may be drawn:- 

o—o. Seo 

oH >——_————- H q of Nex, 
> ~ 

05. H,0 

Ox 

\ ‘0 

ite 

| 
" 

05. 2H,,0 

It seems plausible that the ring structures could occur on hydrate 

formation. If so, they help to explain why the hydrated forms of 

the parent ion are steble. 

= SOL =



Charge Transfer Reactions. 

  

  

  

  

4 f E 
pe + Oca sOn se 05 H. = -99kJ mol R14 

~ t -1 
+ 0H = OH 0, Ho = -153kJ mol Ra 

0 He’ BOR 0 Be w2dTit ng 6 Oe Fok 2 Oty : , 
s = f aA 

0, + CO,H = CO,H + 0, Ho = -264kJ mol R17 

Oe ie 70C ew Ht = =159kJ mol’ R16 3 ke 2 ° 

y ah we He 8 Ria -420k3 mol Rive 2 2 oO 

Proton Transfer Reactions. 

i. a f a4 
05 > 4,00, = CO,H + HO, Ho = ~29kJ mol R20 

-~ - nik -1 05 + CH,CO = CO,H + CHO Ho = -322kJ mol R21 

Rearrangement Reactions. 

- - f -1 
oa s = Q 05 + OE = CO5H + Si Ho 339kJ mol Ree 

sy - r: -) S fete OAK t 0, + CoH, = CO5H + CH Ho = -61kJ mol he 

st e f ~4 
— J ea } 05 + von, =O + ae” Eo = ey (KI Mol R24 

- - . -1 05 + oe mB) HCO Hi = -51kJ mol R25 

0 CoH = CO,H + C Hy = =251kJ mol~’ R26 

ths BS iy } -1 O CoH = 7° CH CO, EO = -414kJ mol R27 

= — AL 4 -1 oe CB Cc Cae O94 OT. mn R 0, + CAH, = CE, co, a 212k] mol R28 

Clustering Reactions. 

ee Wee a Wi O5 a8 CO, + iW = Los ML R29 

- Miz 0; i 05 + 05 +-M = 0, + R30 

Associative Detachment Reactions, 

- if ~1 Bue oe es wee HH = -58kJ mol n> 2 3 2 e 

Ra Dies fi. Modes of Formation of Negative Flame Ions With 0, as 

the Primary Ion, 
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Vie IONS FORMED BY CHARGE TRANSFER OF NEUTRALS WITH One 

Neutrals whose electron affinity is larger than that of 

0, will form negative ions on reaction with 0, by charge transfer 

processes. Table 8 gives electron affinities of neutrals, and 

standard heats of formation of negative ions. 

LY, Sud |: ee ee Ae 

Although H was detected, and quite large. signals 

measured, it cannot be unambiguously suggested as an ion found in 

flames. This is due to the inability of diffusion pumps to 

completely remove hydrogen from the pump oil. However the 

reaction 

7 ep ea a AH = -128kJ mol”? R19 2 2 oO 

is thermodynamically favourable and quite plausible as a flame 

reaction. H” would be expected to disappear by proton 

transfer reactions with a variety of species, e.g. 

eth On AH. = -146kJ mol” R32 

* . £ a oe Ge ath +d, AH, = -31kJ mol R33 

Poe On Me CHEB ire Std sacl Rae 4 Lee 2 Ae Q 

_ j £ e H +. OHe. = <0 + E, AK, = -181kJ mol R35 

H” HO o7 H i = 400EY wet” «Rae ae ee ee ee poe ” 
x s f a4 H” + CH,OH = CHO” + , AH = -43kI mol R37 

‘ i f -1 H” + CoH.OH = CoH.O” + Hy QHD = -95kI mol R38



His + CH,0, = 

or by charge transfer 

affinities are higher 

H CHO = ‘es 

Be cat CoH On f= 
3 

H 42 CnCO ow 

Ho CH,CO, = 

Beck HCO, = 

Finally, H™ 

CHO, + H, 

reactions with neutrals whose electron 

than that of H :- 

= /C + 4H 

CH 48 

cron ee 

CH 3005 +. 3H 

HCO, + H 

could decay by virtue of 

detachment reactions such as:- 

me 40k Se 

An, = =144k3 mo17! 

Nie aos gt 

AH. = -46kI ol 

6
7
5
0
 

Wy anes oe rik 

o
f
}
 

o
'
r
 

AK. = -268k3 mol! 

-293kJ mol7! 

4 

AH. = -68kJ mol 

4 

GO
; 
F
h
.
0
 

+
5
 

= -129kJ mol” 

~102kJ mol™' 

o
f
 

~246kJ. mol” 

~78kJ mol’ 

-95kJ a 

=99kJ mo1™" 

=173kJ moi7 

AS 75K: mols 

o
r
f
 

associative 

R39 

R40 

R41 

R42 

R43 

R44 

R45 

R46 

R47 

R48 

R49 

R50 

R51 

Re 

R53



Hi +: 0, = (HO, ame AQ HE = -117KJ mol~' B84 

IV.5-ii O ', 16 amu. 

0” peaks fairly late in the reaction zone, ( 0.1mm 

upstream for both flames) and has rather a small profile (Fig. 26.). 

Formation by reaction R14, Table7, is possible although’ the 

associative detachment reaction, 
a f ~1 

05 + O = 05 + e AX, = -58kJ mol R31 

O -1 
for whieh ki = 2x 107’ °cm? mol” ‘-¢e¢ at 300K (33), is 

predominant at room temperatures. 

O” could also be produced by proton abstraction of OH 

by several ionic species of stronger basicity than O's Ceo 

OH + OH = O° + HO An eS ua ORS 

he < f _ CW Pepto et Oo a. CH, A Hy = 720kJ mol R56 

a * f “4 OBS: ct OA om O° it cH, A Hy = 7155kJ mol R57 

s - f ef CH; - Cie 67 3 CH, Ax, = -44kJ mol R58 

“ “ f a Oe OR oe Ont CoH A, = -230kJ mol R59 

is “ f ow’ Be ae Gon Hy AX, = -75kJ mol R35 

CHO” 4a OR 2 ie Oe CH,0H AH = =-33kJ mol” R60 

“i 4 f wat BOOS. ORM wi Or + HCO, AH = -185kJ mol R61 

These reactions may predominate at higher temperatures, although 

associative detachment reactions such as 

af oe



OH” + OH = HAO, + e AH, = -33kJ mats RGR 

may predominate at lower temperatures, Table 9 gives the base 

strengths of a number of flame ions, 

Since the electron affinity of 0 is quite low, only a few 

flame ions would be expected to produce O by charge transfer:- 

4 
Bag eG 08. + CR, An - -99kJ mol” R63 

Ct, 4 0: Oe OR AH ee2tks mols | Wee 

- : ~ f -1 Rr ae Oe tas ae rae A Hy = -16kJ mol R65 

Thus 0” may be formed from the two neutrals, O and OH. 

Most of the proton abstraction reactions would occur at the hotter 

region of the reaction zone, this partly explaining the late 

peaking of the profile. Loss of O by reaction with other 

neutrals would also show a reduction in the observed profile. 

Charge transfer reactions may occur:- 

OS eeHO "= “OHO 4G AH sin 13ks* mol R66 

“ - f m4 Ope CHO = C5H_0 ae 8 AB, = -25kJ mol R67 

Os CHED we -CHOO s4 °O A H = -28kJ mol” R68 

ae - £ -1 ee OR we SOR gy Oy A Hy = 732k mol R69 

es ‘ f 4 Or es 0, = 05 + 80 AH. = -59kJ mol R70 

a f of oO + HO, = HO, #1, 0 Ax, = -147kJ mol R71 

Oot CH,CO, = CH,CO, «0 AH, = -163kJ mol R72 
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HCO, + O 

Cy + O 

CoH + O 

or proton transfer reactions:- 

a 

_ 
+. HACO,, 

0 +: BO 
‘ne 

+ CH6HO OnoO: +: - OB 

HCO; + OH 

HO, + OH 

f 
AH, 

‘ 
OX, 

f 
AX, 

O° may read directly with the two hydrocarbon fuels:- 

Ethylene can react with 0, giving the hydroxyl ion. 

0 + o0 

ke <70: 

Oy CoH, 

O-'+ CAH, 

oO + CoH, 

Oct CoH, 

0 
cm 

OH + CoH, 

2 -1 
nol” ‘sec 

OH + CH 

CH os +) °.0H 

CH,CO + Hy 

CH,CO + e 

£ 
Ax, 

at 300K, (33) 

f 
AB 

f 
AH, 

£ 
+e OBS 

f 
AE, 

“177k mol R73 

=201kJ mol~’ R74 

=218kJ mol7' R75 

-A17kJ mol7' R76 

-100k3 mol7' R77 

=212kJ mol~' R78 

-145kJ mol”! R78 

+72kJ mol”! —-R79 

aw’ =T08KF, mol”: “RAD 

-557kJ mol~' R81 

-732kJ mol”’ R62 

However, 

this reaction is not possible with acetylene, being endothermic, 

R79 «. 

R 82 are both possible however, and these reactions may contribute to 

the lowering of the intensity of the 0 ion profile. 

The dissociative attachment reactions, R81 and 

Also, 

since the rearrangement reaction, (R78), favours ethylene, the ion 

profile in flame F2 would be expected to be larger, which it is, 

at AOR
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A very weak profile was noted at 34 a.m.u. in flame F2, 

this is probably due to the hydrated ion 0 .H,0. This profile 

cannot be discussed satisfactorily because much of the signal is 

lost in background noise. Therefore it is simply noted that 

O may form a hydrate. 

IV, 5.iii. OH”, 17 a.m.u.; OH «HO, 35 a.mu.; OH” .2H,0, 53 a.m.us; 

OH” .3H,0, 71 a.mou. 

For flame F1 the intensity of the ion profile related to 

OH is rather small. For flame F2, this profile was nantes ett 

(Figs 272, A reasonable profile was obtained for the first 

hydrate in the acetylene flame, but the profile for the second 

hydrate was so weak that sensible interpretation is impossible. 

It is better to interpret the OH formed with reference to flame 

F1, although further complications arise because the bulk of the 

peak at 35 a.m.u. is due to 22617. 

OH” may form by charge transfer with On» reaction R15. 

The ion profile peaks at or near the downstream edge of the reaction 

zone, and it is possible that other charge transfer reactions may occur, 

since it would be expected that these ions would have already formed. 

Thus, 

CH, + ORs. O84 CH, Au = 148k] mol” R83 

- - f ~1 
CH +. OHG+= OH + CH AH = -57kJ mol R84 

- ie f a . 

GC. 4) OR <a OR acc AH) = -55k3 mol R85 

CHO" +. OH # ‘OR + CHO Ax o attky nol R86 

oi tI0G o
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~ ~ r -1 CoHEO +” .OH ..=20H = + CoHO A Ho = -13kJ mol R87 

CHCO” +: OH iw" .0n.” + OHO AHE = -4xJ mol’ R88 

OH” may also be formed by reactions involving the 

abstraction of protons from water by sufficiently strong basic 

negative ions. For example, ions such as CHS, a3 CH, 

CoH, .and CoH. are stronger bases than OH’, and could produce 

OH’, Ce&e 

Ch. 4 R-0..0 OR” cee CE An! iw =147ks Molt” REO 
2 2 5 ° 

: £ -1 
fa H,0 =, OH. et “OH AtS= -1kJ mol R90 

CH ag Wa a OP ck Aw = <ox3.:mol™" RQ 
3 2 4 ° 

Hoewever, with the possible exception of H , none of these ions 

were observed in either flame. This does not preclude-their 

existence, since they are certainly reactive and may take part 

in other reactions (discussed later). As mentioned in the 

previous section, OH may be formed by reaction of 0 with 

ethylene, but not with acetylene; this could be a possible reason 

for the weaker signal obtained in flame F2. 

Several hydrates may be envisaged for OH. For flame 

F1 the stablest hydrate was the dihydrate, whereas the monohydrate 

was stablest for flame F2. This indicates that quite a 

large proportion of OH is stabilised via hydrate.-formation, and 

more secondary reactions occur for the ethylene flame. The 

dihydrate can presumably form a ring structure, thus 

deldoalising the negative charge. 

- ATL



H 

OH”. H,0 OH” .2H,0 

H—o. 

H—O° H 

OH” .3H,0 

The first hydrate has recently been isolated in complexes containing 

sulphur and hydroxyl groups (34). It appears that the proton 

is placed symmetrically between two hydroxyl groups. 

Crystallographic studies show that the distance between the oxygen 

atoms is 2.29 nm, 

Various spectroscopic techniques (35) have also shown 

that the hydronium ion H,0" exists as a planar ion, rather than 

having the same geometry as water, which is tetrahedral:- 

H 
Ne () 

O—H « On, 

A HON: *H 

\ 
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If this is the case, it seems plausible that hydrates may be 

formed, (for both positive and negative ions) and that reasonable 

structures can be assigned to them. Thus, for OH, the 

dihydrate would be the most stable structure, the trihydrate 

being less stable due to the third water molecule having to bond 

onto the side of the (presumably) stable ring structure of the 

dihydrate. 

OH™ may react in several ways to produce other negative 

ions; by charge transfer to neutrals of higher electron affinity 

than OH :- 

se i f caf OH + Cy, = Cl + OF AH, = -166kJ mol R92 

OH” + CoH = CoH” + OH Aut = -191kJ mol”! R93 

ss ss nf ef OR iy 0; = 05 ra A 5 7 727k mol R94 

a a f =f OH + HO, = HOS + OH AH. = -114kJ mol R95 

pa i f 4 On 44 CH,CO, = CH,CO; + OH Ai, -71kJ mol R96 

OH” + HCO, = HCOS + OH Aw =73k3 ol OF 

or by proton transfer: 

- - ir -1 OH + CH, 9 0H. + H,0 AH, -16kJ mol R98 

ie . f anit OF, + Cons C, + 4,0 AX, -153kJ mol R99 

NF 4 6.8 ee ee | EG AW a ctg89 ‘nar7) R106 22 2 2 ° 

ia ~ f in Of” +80, = 4, + H,0 AX, -69kJ mol R101 

ents «



- -1 OH + CH,OH = CH,O) + HoO = AH) = -3kJ mol R102 

OH” + CoH, OH = Cl.0 “4 BO A HE = -56k3 mo17! R103 

~ be S. OH + HCO, = HCOD + H,0 A He = -104K3 mol R104 

or by rearrangement processes:- 

OH 4 CH ei: 5 RO Ant = =280kJ mol™’ R105 

GA: + cH, a. ee - CHAO An = -177kJ mol” R106 

“ * f -1 OH: C, a GC @ CHO AH, = -76kJ mol R107 

“ - f a4 On. .% CoH, = CH, + CH,0 AH) = -194kJ mol R108 

by associative attachment:- 

OH + 0 = HO; AH, = -383kJ mol™' R109 

and finally by three-body clustering:- 

On co, +M = CHO; +. - R110 

Many reactions are thermodynamically favourable for the consumption 

of OH”, which explains its low ion profile. 

IV.5.iv. HO}. 33 a.m.u.; HO,-HA0, 51 a-m.u.; HO, .2H,0, 69 a.m.u. 

As with OH’, little evidence of this ion is shown in the 

  

acetylene flame. No parent ion is present, and only a small 

amount of the supposed monohydrate is observed, (Fig. 26; ). 

This was the smallest ion signal observed for flame F2, and most 

of the discussion will consider the ethylene flame. In flame 

Fi, HO, is found upstream in the reaction zone, Other workers, 

(e.g. 6 ) report that HO, is the earliest ion measured. In 

a 4h
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this system, other ions were found further upstream; this suggests 

that the sampling technique plays an important part in the 

formation of some of the species, 

Apart from the charge transfer reaction with Oo. reaction 

R16, HO, may arise from other sources, e.g. by proton transfer 

fron H,0,:- 

4 in ia < me OH 44 H,0, = HO, + H,0 AH, = -238kJ mol R111 

Since HO, is formed early in the flame, few other reactions for 

its formation are likely. 

As with the other oxygenated species, HO, forms hydrates, 

The stablest appears to be the dihydrate, in flame F2, which may 

be visualised as having a ring structure:- 

O—H \o—H 
tie 0—0 * ~ H 0—0 

ue se 
7 

H 

HO;. H,0 HOS. 2H,0 

The monohydrate is even weaker than HO, itself but this would be 

expected since an open structure would not help to delocalise the 

extra electron. 

HO, radicals could be expected to form from associative 

detachment reactions such as 

- rf -1 H + 0, = HO, + e AH, = -117kJ mol R54 

or by the slow oxidation of hydrocarbons:- 
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RH« + 0, = HO, + R R112 

This type of reaction would presumably occur at the sampling wall 

Since this oxidation reaction would proceed too Slowly in the main 

reaction zone of the flame, (36). 

HO, is extremely electronegative and the negative ion 

will only undergo a few charge transfer reactions with other flame 

neutrals, e.g.:- 

2 : £ -1 HOF + C, = G5 + 80, A H, = -53kJ mol R113 

HO” CoH CoH HO i = spied mol R114 2% a ee ee ae 

ue a t. oA HOS + CH,CO, = CH,CO> + HO, AH* = -16k3 nol R115 

. g f “1 HOS + HCO, = HCO> + HO, AH. = -33kJ mol R116 

No proton abstraction reactions appear possible, whereby H is 

abstracted from a neutral to form hydrogen peroxide and an ion. 

This is due to the low basicity of HO, A few proton transfer 

reactions are possible:- 

- é f a HO, + CH, = cH, + 0, AX, = -76kJ mol R117 

RO, ee ea sca. eh Ant = -390kJ mo1™' R118 2 2 2 2 0 

HO, he Oke Oe 0, AE = =116kJ mol™’ R119 

It appears therefore, RDRt HO, is a fairly stable 
ein 

negative ion, few reaction pathways, available for its consumption. 

However, little of the ion is formed, Suggesting that its parent 

neutrals, HO, and H,0, are in low concentration, being difficult 

S257



to form from the available negative ion species. 

LVicAswWe 

Fi, 0.9%, -O.1mm for F2), Fig. 295 

CHO, 41 a.m.u. 

This ion was observed in both flames (0.6%, -O.1mm for 

This ion profile is almost 

identical for both flames, suggesting a common mode of formation, 

and no particular reliance on the fuel used. 

CHO” is derived from ketene, H,C:C:0 which could be 

produced by ion-molecule reactions on both ethylene and acetylene:- 

4 f - o.+ CoH, = CH,CO + H, +e AH) = -557kJ mol R81 

o7 CH CH.CO e Ail: T32kI Mol” RBS Foyer oat eee se o Fe 

Ketene itself may react to yield the negative ketylide ion by 

proton abstraction:- 

0, + CH,CO = CHOCO .+ HO, AHS -286kJ mol~' R120 

= - nf -1 O°. + CH,CO = CHCO” + OH AH, = -417kJ mol R121 

OH” + CH,CQ = CHCO + HO AK =452kJ mol”! R122 

- - f 1 HO, + CH,CO = CHCO + H,0, AH) = -205kJ mol R123 

* - f -1 H+ CHO = CHCO’ + 4H, AH, = -492kJ mol R124 

CHO" + CH,CO = CACG CH,0H AE = =257kJ mol” R125 

o . f -1 CoH.0 + CH,CO = CHCO” + 6,H,OH AH) = -397kJ mol R126 

CHCO’, of course can form from the neutral CHCO by charge transfer 

reactions, e.g.:- 

- 118 ‘-
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rh
 

O, + CHCO = CHCO™ + 0, AH) = -130kJ mol” R127 

G+ CHO. CHO) 0 AH -31kJ mol” R128 

C+ .CBCO <= CmObs4C AH = -50kJ mol~' R129 

CH + CHCO-.=. .CHOO"?. wi: CH AR -52kJ mol” R130 

CH, + CHCO = CHCO + CH, AH -152kJ mol” R131 

CH; + CHCO = CHCO™ + CH, An -69kJ mol” R132 

H+ GHCO a CHOCO @. E AK -99kJ mol” R51 

CH,O" +. CHCO = CWO. 4 CH,0 AK -19kJ mol” R133 

CoH.O” +: CHOCO: = CHCO °4 CHO AR -9kJ mo1™' R134 

CHCO is quite strongly electronegative; its comsumption precludes 

many charge transfer reactions, but a few are feasible:- 

CHOOT + 0; = OF + CHCO AH, = -29k3 mol™! R135 

CHCO. + OH = OH ¢ CHCO A -4kJ mo17! R136 

CHCO” HO, = HO, + CHCO AH. -117kJ mol” R137 

CHCO; + CH,CO, = CH,CO, + CHCO An -133kJ mol” R138 

CHOCO. “+ HCO, = HCO, + CHCO Aut = =150kJ mol™' R139 

Proton transfer reactions, whereby the neutral, ketene is reformed 

are unlikely to occur, due to the endothermicity of ketene, 

(QH* = +328kJ mo17'), Thus, once formed CHCO is quite a 

stable negative ion, few reactions being thermodynamically 

- 120 -



favourable for its consumption. However, little appears to be 

formed, prob&ébly because ketene formed from the hydrocarbon fuel 

competes with other reactions, e.g.:- 

f -1 O + CoH, = CoH, + 4,0 AH. = -317kJ mol7’ R140 

Cea eh 0.6 CH,CO + e AHS = -391kJ mol”! 1418 

"EC 4 OH AH = -117kJ mol7! 1410 

[2°PcHco” +H AW = -117kI mol™’ R141¢ 

See 5 H,0 An = ~80k) mo17 | R141 

These proportions have been measured at room temperature, (37). 

TV 591, CHO" 43 a.m.u, 

This ion was formed in both flames, (F1, 1%, -0.05 mm 

from the downstream edge of the reaction zone; F2, 2%, -0.14 mm ) 

CoH,0- peaks at different places for the two flames, (Fig. 30.)- 

this makes it difficult to decide whether this ion is a true flame 

ion or a spurious ion produced by collision on the sampling wall. 

No thermodynamic or kinetic information is known for this ion, 

but its. neutral would presumably be fairly strongly electronegative, 

of the same order as gens 163kJ mol", Thus the neutral, 

CoH.0 would react by charge transfer with most of the flame ions 

to yield CoH,0- Also, it would probably form from acetaldehyde 

by proton transfer reactions, e.g.:- 

CH,CHO + OH = CH,CO™ + 350 ; R142 

CH,CHO + H = CH,CO” + H, R143 

oA 2h =
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a a CO CH 1 CH,CHO + CH, Cc 300 + 5 R144 

It would be expected that this ion would form hydrates 

and there are ions at 61, 79, and 97 a.m.u. which could . 

correspond to the respective three hydrates. However, these 

ions peak earlier in the flame, and could be hydrates of the ion at 

61 a.m.u., HCO; whose profile they resemble. That CH,CO” has 

@ small profile can be explained by its probable rapid reaction with 

acetaldehyde to form 3-hydroxybutanal, (discussed later). 

  

LV, 5.¥ae. CO,H”, 45 a.mu.; '-co.H”, 46 a.m.u.; CO,H HO, < Cc < 

63 a.m.u. 

The ion observed at 45 a.m.u. is the largest negative ion 

profile measured in lean flames, For the ethylene flame, the 

parent ion exhibits a broad plateau, indicating its formation 

throughout the reaction zone, by reactions in the flame and also 

on the cooler surfaces of the sampling system. In the acetylene 

flame, the ion peaks at an intermediate position (0.07mm upstream) 

suggesting that, for this flame, the bulk of the CO,H” is formed 

in the flame itself. However, the hydrate peaks at an earlier 

position (0.13 mm-upstream) suggesting that some of CO,H” is 

formed by cooler reaction processes. The peak at 46 a.m.u. 

for both flames is a ‘°c isotope of the parent ion, (Figs. 31,32). 
The electron affinity of CO,H is the largest measured 

for radicals in flame chemistry. Thus, charge transfer 

reactions with almost all of the flame ions will occur, e€.g.:- 

- - f -1 0, + CO.H = CO,H + 0, AX, = -280kJ mol R17 

1 eee



O + CO,H 

OH + CO,H 

HO, + CO,H 

C.4 CO,H 

CHO” + CO,H 

CHCO. + CO,H 

The CO,H- ion can be produced by proton 

many flame ions since its base strength 

CO. “ECO 
2 ae 

OF ot HCO, 

OH + HCO, 

A number of rearrangement reactions can 

Proton abstraction 

number, the ion being C 

= CO,H + O 

= CO,H + OH 

= CO,H + HO, 

CHO 

CHCO 

= CO,H + HO,, 

= CO,H + OH 

H,0 = CO,H + 9 

= CO,H + CH, 

= CO,H + He 

= COH + CHO 

oS OR 44° CHO 

Aut 
oO 

Shes -73kJ mol 

= -33kJ mol” 

= -177kJ mol” 

4 

4 

= -200kJ mol” 

= -169kJ mol 

= =-150kJ mol” 

4 

4 

4 

4 

R73 

ROT 

R116 

R145 

R146 

R139 

transfer reactions from 

is low:- 

Aut 
° 

Ant 
° 

f 
AE, 

ie -322kI 

= =29kJ mol7! 

= -100kJ mol 

-104kJ 

~339kI 

= -573kI 

= -247kJ mol” 

=8dlke ino”! 

: 

4 

R20 

R77 

R104 

R22 

R147 

R21 

R148a 

R148b 

from ethanol would also give the same mass 

2,0 ° 

Ok. yo 

The profile at 45 a.mu. is
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probably due to both these ions, many neutral Species contributing 

to the profile. 

The peak at 46 a.m.u. is due to the 136 isotope of the 

45 a.m.u. profile. As would be expected, the formide ion forms 

a hydrate at 53 a.m.u. If the ion were CoH.O this would 

a}so be expected to form a hydrate, 

Once formed, CO,H” is a stable ion, its electron affinity 

precluding most charge transfer reactions to produce other ions 

except possibly:- 

- ~ i -1 CO,H + C, = C, + CO,H AX, = =20kJ mol R149 

- - tT =-1 CO,H + CoH = CoH + CO,H AX, = -38kJ mol R150 

Proton transfer reactions may occur:- 

CON ‘aC. = CH: + Co, Au = =163kJ mol~’ 151 

Onn 4 ae Ba oe AH? s)-3500S mol’ 5 RaS2 2 2 2 fe) 

: ‘ f “1 GOH + CH, = CHL + CO, AH. = -269kJ mol R153 

‘le Ghee ee eee AE emia moth hia 2 2 2 2 6 

é 2 f “1 COH + 0 = OH # Co, AH. = -308k3 mol R155 

CO,H™ 0... wine co Al #<192k3 noi”. RIS6 2 re Oise = 2 ge me 

thus providing a means for co, formation in the flame, or by proton 

abstraction reactions:- 

- - tT: =~1 CO,H HEC: =, 7C + HCO, AE = -2kJ mol RI5 1 

- - tT | CO,H + - = C, + HCO, A Ho = -49kJ mol R158 

= 427%



~ ~ tf -1 CO,H + CoH, = CoH + HCO, A¥, = -50kJ mol R159 

4 

  

a f: - CO,H + HO, = 05 + HCO, AH, = -62kJ mol R160 

TV Suwiit. Os. 48 a.m.u.; 0; +H50, 66 aem.u.; 0,.2H,0, 84 amu. 
oe c 

None of these ions were observed in the acetylene flame. 

Even for flame F1, the ion signals were extremely weak, Hig e 56% 

that at 48 a.m.u. (corresponding to the parent ion), being so 

small that it was impossible to locate the peak in the profile. 

Discussion will be confined to flame F1, noting that this ion is 

probably present in undetectable quantities in flame F2,. 

The peak at 66 a.m.u. is a hydrate, indicated by the 

upstream extension of this profile. The peak at 84 a.m.u. may 

be attributable to a dihydrate, or to another species, Co. 

is difficult to envisage structures for the hydrates of 03. 

Ozone hes.a high, electron affinity: it would be expected 

It 

to react readily with flame ions by charge transfer;- However, 

the position of the profiles for 0; ( and its hydrates) suggests 

that few negative ions would have been formed with which ozone 

could react. The profiles peak at an early position upstream 

probably only enabling 05 to react:- 

05 + O> = 05 + 0, AH. = -159kJ mol R18 

05 may react by charge transfer:- 

2 . f ua 05 + 0) = <, 4 0; AX, = -141kJ mol R161 

Os Chie eer 4 OG A Bw s4 60% worm Bee 3 2 2 3 ° 

Oy eenOO nn = toe a 6 AW w -121Ky mol” * R163 
3 2 2 3 °



or by several rearrangement reactions:- 

GO. “e CHCO 
: 

2170 

ain 

As can be seen from 

=s 0 + CO, 

= 0, +..CO 

-= OH + co, 

= HO, + CO 

= CO,” + CO 

= CO,H + CHO 

= OH + 0, 

2 

= 05 + 0, 

= HO, +705 

= CO,H” + CO, 

« 634% 10 citiet” kes 

Bax 10 ama end linac 
-1 

-1 

JESS net? 

-811kJ mol7' 

=1067kJ mo17" 

~917kJ mo17! 

-1069kJ mo17" 

~609kI 

-298kJ 

-235kJ 

-252kI 

-960kJ 

(38). 

(38). 

these reactions, 0; is extremely reactive, 

especially on the formation of CO, and CO. 

the profile is so small for 0 3° 

eG ie 

R164 

R165 

R166 

R167 

R168 

R169 

R170 

R11 

R172 

RATS 

R174 

This may explain why
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Neutral 

Species, X 

C 

CH 

CH 
2 

CES. 

Hf (X), kJ mol7 

tag 

594 

385 

142 

-74 

838 

544 

227 

285 

52 

249 

145 

39 

19 

218 

15 

-238 

-18 

-236 

150 

-208 

~223 

-472 

1 

Electron Affinity 

Eki el hol” 

155 

ee 

120 

20 

103 

342 

360 

141 

42 

-201 

176 

289 

73 

154 

163 

Ache 

305 

922 

- 

H’ (X)7 kJ mol™ 

587 

469 

360 

33 

490 

172 

-145 

-276 

139 

-142 

~192 

=25 

-460 

-477 

/contd. 

4 
a



f 

  

Neutral Ht (X), kg mol”! Electron Affinity H! (X)7 kJ mol 

Species, X BoA. Gg kd mo1~! 

CH,0 -317 - - 

CO, -393 - - 

CO -110 - - 

H,0 -242 z a 

CH,CO -24 - os 

CHO 32 - a 

CH,OH -18 - a 

CH,CHO -24 F is 

CHO 328 - é 

CO, ‘ 172 ‘ 

CO, -HA9 - 201 “ 

C4H,0, -593 - on 

10, -128 - = 

Table 8, Electron Affinities, and Heats of Formation of Possible 

Flame Neutrals. 

a). The standard heat of formation at 298K for a negative ion 

X” is calculated from the expression 

(xy HY (x) - EA (X) - 6.216 kJ mol™', 

where the last term represents 5/2 RT for the electron. 

b). Values obtained from reference (6). 

c). Values obtained from reference (43). 

d). Values obtained from reference (44) 

e). Values obtained from reference (45) 

£35 Values calculated from bond enthalpies, (45). 

e152. 8 

a



Negative Ion. Proton Affinity, kJ mol7' (298K) 

CH, 1756 

q 1682 

CHS, CoHS, CoH. >1680 

OH™ 1642 

CH” 1625 

Oo” 1605 

CH,0- 1600 

CHO” € 1596 

CoH.O- >» 1583 

C5 > 1554 

Cc" 1535 

CoH > 1487 

05 1474 

CHO, 1445 

HO, 1403 

Table “9 Proton Affinities of Negative Flame Ions in Order of 
  

Decreasing Base Strength, (6). 
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1Vi6. IONS FORMED FROM O° BY PROCESSES NOT INVOLVING CHARGE 

TRANSFER, 

All neutral species whose electron affinity is greater 

than that of oxygen will form a negative ion by charge transfer. 

In the case of flame ions, most of the neutrals meet this criterion. 

However, 05 may still react with some neutrals by processes other 

than charge transfer to produce negative ions. 

nn 
Few flame neutrals have a low enough proton affinity to 

st PTE Proton Transfer Reactions Involving 0 

allow abstraction of H* by 05. In Table9 only CO,H and HO, 

are less basic than Ons these being the only ions that may be 

formed from their corresponding neutrals by proton transfer:- 

- ~ ti -1 0, + HCO, = CO,H + HO, AX, = -233kJ mol R175 

4 

.. & © H20, om BG e+ HO AH. = -77kd mol R176 22 2 2 

These reactions may be considered as alternatives for the formation 

of CO,H and HO, 

Of course, other negative ions may be found in flames 

by proton transfer of neutrals with ions other than 05 : this 

possibility has been discussed for each individual ion in the 

prece:ding’ section, 

LV V6, ia. Rearrangement and Clustering Reactions Involving 07. 

Several ions already discussed can be formed by 

VAD em



rearrangement reactions e.g.:- 

a - f at 05 + CoH, = O + CH,CHO AH) = -257kJ mol R24 

‘é = - i | Oy ti Col, =” 00,8, 4 OCH AH. = -61kJ mol R23 

Bea irr Ss “oon 4s B Hew 258k) nol 7)" R177 2 3 2 2 fy Eo eos 

0, + CH,CO s= CO,H” + CHO Au = -322kJ mol”! R178 

Product ions may also be formed from negative ions apert from 05 

by these rearrangement processes; this has been discussed for the 

individual ions formed from charge transfer reactions with 05 in 

the preceding section. 

Some of the ions which appear above 51 a.m.u. in the mass 

spectrum of the two flames can be shown to be formed by rearrangement 

processes, However it is possible that these ions may also be 

formed by three-body clustering reactions, it being difficult to 

decide which mode of formation is more likely. 

TV.6,iive. CO,, 60 a.m.u.; CO,.H.0, 78 a.m.u.; CO,>.2H50,..96 'a.m.u. 
Zz pre Jae. 

The profiles at these three masses can again be attributable 

to more than one negative ion species. The peaks at 60 a.m.u. 

and 96 a.m.u. could be attributable to the polyacetylide species 

Ce and Ce respectively. However it is known from the chemistry 

of the ionosphere that ions such as CO, and HCO, are highly 

stable (39 ). Reactions such as:- 

0; + CO, = “0; + 0, R171 

may occur , or three dody clustering reactions such as:- 

Oe CO ae Me CO + R179



OF ts G04 2 Ue CHO; + M . R180 2 

0, + CO, + M s CO, + M R181 

HO, + co, + M «& CHO, + M R182 

The latter ion, CHO, was not observed in either flame, but has 

been identified by others as a possible flame ion (40), 

These ions may also be formed by three-body association 

followed by switching reactions:- 

0, +H,0 + CO = Ore + H,0 R183 

HO, -H,0 + CO «= CHO, + H,0 R184 

0, +H,0 + co, = CO, + H,0 R185 

These reactions could account for the fate of some of the hydrates, 

and it may be possible that hydrates of co; may be formed from 

dihydrates:- 

0,+2H,0 + CO = CO,-H,0 + HO R186 

The possible structure of such hydrates is difficult to visualise, 

The peak at 60 a.mu. is sharp and maximises at 0.1mm 

upstream for flame F1. For F2 this profile peaks at 0.03 mm 

upstream, Figs. 34,35. The peak at 78 a.m.u., although slightly 

less intense, has a very broad peak, maximising at a position 

further upstream in both flames than the parent ion.. Because 

of the obvious differences between the shapes of these peaks, it 

seems likely that the bulk of the peak at 60 a.m.u. is due to a 

polyacetylide ion for the ethylene flame, and all for the acetylene 

a
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flame. Thus the peak at 78 a.m.u. probably represents the stablest 

form of the ion, that is the monohydrate. The peak at 96 a.m.u. 

poses a-sSimilar problem, there is almost certainly some contribution 

from the polyacetylide ion Cos but again because of the characteristic 

upstream extension of the profile a hydrate is suggested, This 

broad peak maximises slightly further upstream of the monohydrate, 

the conclusion being that to a certain extent the broadness and 

shift of the peaks is due to the contribution from the polyacetylide 

ions Ce and Cos the true position of the peak being for the 

monohydrated carbonate ion. 

1V.6,44.0; HCO,, 61 a.m.u.; HCO 
an 

27 &.M.Ue 

As previously mentioned these ions are produced by 

HAO -m.u.; HCO,.2H,0 zHo0, 79 a.mou.; HCO,.2H,0, 

reactions similar to those for the formation of CO.. Again 
3 

it is difficult to make positive identifications of the ions and 

ion profiles. 61 a.m.u. and 97 a.m.u. could be regarded as the 

polyacetylide species C,H and CoH. These profiles are 

generally the same as the corresponding profiles for COx, Fige. 36,51. 

However, for flame F1 the monohydrate peak is much larger (by a 

factor of 2) than the CO;+H,0 peak, Also it is much sharper 

and it has to be concluded that this peak must elso be due to 

some other, unknown species. For flame F2 the monohydrate 

peak is smaller than that for CO;.HA0, but much larger than the 

This indicates that the ion profile at 79 3° 

aem.u. for the acetylene. flame.is probably the true hydrate. 

parent ion HCO 

o vag *
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IV.6.iisc. COs 76 amu. COneH 504 94 a.m.u. 

co, is formed by similar processes to co, and HCO3, as 

mentioned previously. The peak at 76 a.m.u. is rather weak, 

peaking at 0.125mm upstream of the reaction zone front, Fig.38. 

The peak at 94 a.m.u. is extremely weak for flame Fi, and 
a 

non-existdnt for flame F2, and is inconclusive as being a hydrate. 

These three ions, COs, HCO; and co, provide evidence 

for the formation (and consumption) of carbon monoxide and carbon 

dioxide in the flame. 

142° ©
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IV.7. OTHER OXYGENATED SPECIES OBSERVED IN THE FLAMES, 

IV.7ei- C Ons 87 &.m.u.§ CHO, HO. 105 a.m.u. 

The profile at 87 a.m.u. is probably due to the ~ 

  

3-hydroxybutanal (aldol) negative ion. This may be formed by 

the reaction of acetaldehyde with OH :- 

OH” + CH,CHO = CHCHO’ + 4H,0 R142 

i 
CH,CHO” + CH,CHO = cH,—C— CH CHO R187 

It may be possible that this reaction may also occur with negative 

flame ions of stronger basicity than OH™:- 

H+ CH,CHO = CH,CO” + H, R143 

CH, + CH,CHO = CH,CO” + CH, R144 

CoH, + CH,CHO = CH,CO” + CoH, R188 

Thus it appears possible for 3-hydroxybutanal to be formed from 

several flame ions, with acetaldehyde as the precursor neutral. 

This would also explain the fairly weak profile at43 &.M.u., Since 

CH,CHO™ would be used up in aldol formation. 

The peak at 105 a.m.u. is Sanunenes a hydrated species 

possibly of C H2054 Fig. 39. However evidence for this is inconclusive 

since it peaks further upstream than the parent ion in flame Belge. 

flame F2 this profile is iis ott, It may be that the hydrate 

is stabler than the parent ion at lower temperatures, (and therefore 

peaking at an earlier position in the flame), since the neutral, 

othe



j-hydroxybutanal would be expected to form hydrates, Tt .as 

also possible for 3-hydroxybutanalto lose water to produce 

2-butenal:- 

CH CHOHCH,CHO = CH,CH:CHCHO + H,0 R189 3 3 

but whether this type of reaction would occur in a flame regime 

is uncertain. 
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IV.8. CARBONACEOUS SPECIES, 

The acetylene flame produces two intense peaks at 24.a.m.u. 

and: 25) a.meu. ¢ peaking near the hotter end of the reaction zone, 

Figs. 40,41. For ethylene, these two peaks are weak, after allowing for 

the general increase of the signal intensity for the other flame 

ions; Fig..45. These two ions are attributable to Cy and CH 

respectively, and the difference in the intensities can be 

explained by consideration of the reactions which produce them. 

For acetylene, CoH” may be formed as follows:- 

_ x f -1 0.) #0 ClH, = Ci eer on AH, = -107kI mol R80 

% & f£ -1 OW + Goh, e Chet BO AH) = -155k3 mol R100 

- < f “1 con + Cy, = iG. 4 Bo. AH, = -49kJ mol R159 

H CH Coa pon Ane Noa ua han a ee 2 Me ° 7 

GH. 4 Gun 2" oe ae Be Aut = =29kJ mol”! R194 a"9 2 2 o : 7 

cy CH 62H, CH Ai & ATI moi R198 vo are ee oe c 

is as f -1 CHCOT + CoH, = CoH + CHCO A Ho = -426k3 mol R193 : 

03 ie ola Slot ant: 80s R194 

Co Ske Oe 6 Oo ron An. ~7kJ mo1™! R195 2 oto 2 2 © 

However, these reactions are not available for ethylene. 
Q ie 

Ethylene méy react by radical reactions to produce acetylene, and 

thence form CoH :- 

= Sars



Oe CB CHS. + B20 AH, = -317kd mol R196 

f “1 CH, + CoH, = CoH, + CH, AH, = -287kI mol R197 

f “1 CH + C,H, = CoH, + CH, AH. = -277kJ mot R198 

f “1 C + CH, i= CH, + CH, AH. = -157kJ mol R199 

Ogi, Cape Ost AHO = -454k3 mol”! R200 2 oN, ata ° 

Col 0 Hoes eae OU A ae on Sri oy eR at 2 244 oto ons ° 

then 

0 + CoH, = CoH + OH 

etc. as described previously. Also, it is possible that O and 

0; can react directly with CoH, to form CoHA0, which may then react 

further to yield CoH :- 

os s mi 7 Orn 10H, = C,H,0 + H, +2 AE, = -557kKJ mol R81 

ed f me Owe CoHy = CH,CHO +e AH, = -516kJ mol R202 

Ore Un = - Cp Sao eS At < Saha R203 2 2°4 22 2 0 

al Be f =41 0, i CoH, = CH,CHO 48 AH, = =-257kJ mol R204 . 

0.0.0 «: Che om 08 Aw ~ 117k mol7’ R205 2 2 2 ° 

Thus there are seversl avenues open for the conversion of 

ethylene to CoH . However, the concentration of neutral species 

capable of forming acetylene from ethylene may be inadequate to 

ensure a large concentration of CoH. Also as can be seen 

from reactions R81, R202, R203, R204 above, competitive reactions 

wo OD



occur to produce either ketene or acetaldehyde. Acetaldehyde 

is unlikely to be able to react further to produce CoH. 

CH may now react further to produce Coy by proton 

transfer reactions involving some of the flame neutrals:- 

4 : f 2 CAH: + 6 = C, + CH AH, = -34kJ mol R206 

in is f -1 CoH + Ole C, + OH ra = -209kJ mol R207 

- - rT -1 CoH + CHCO = C, + CHCO AH, = =21kJ mol R208 

C, may also be formed by reaction of the neutral radical CoH with 

several negative flame ions:- 

es ae T ~1 Ho'+ Choe By + Hy AH, = -187kJ mol R209 

= a tT: ‘=a CH + CoH = CD + CH, Ax, = -131kJ mol R210 

= s £ - O- + CoH = Cl + OH AX, = <-111kJ mol R211 

CO°Ho. 4 Gale Choa: eG Au? ='49k3 moi"! . nise 2 2 2 ero ° 

CHO: &. Cube Cos + Be 0 Au sPi2O9KS “mole. RP42 2 2 Ze oO 

OH™ CH Ca H,0 Ant 153kJ mol~' R99 PR oer ae Eg 6 . 

CH,CO may also react to form, among other ions, Cos as mentioned in 

section IV.5<5% Acetylene may also react by rearrangement 

processes to form Cor 

2 sa f -1 CH, + CoH, = C, + CH, AE, = -172kJ mol R213 

Che On eee 8 ee Ait me -6aky met <Rasd o"2 2 3 o 

OR eC BD A H = -81kJ mol” R215 ee 2 2 oO 

e 149 s,.



Thus there are more possible reaction pathways where acetylene may 

form CH and Co than for ethylene and this may explain the 

higher concentration of these species in flame F2, 

Single carbon species may also form, although none were 

detected, possibly due to their high reactivity. Some of these 

Species may then be available for the build up of polyacetylides. 

ae 

+ 

O + 

ato 

CAH 

CoH 

EO, 

cn 

CH” 

CH 

CH™ 

CH 

CH 
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Ww 
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f 
Ak, 

f 
o 

AH 

f 
o 

AH 

f 
° 

AH 

f 
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f 
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~ ~ i -1 HO, + CoH, = CH, + CO, A¥, = -311kJ mol R228 

Thus several reactions are thermodynamically possible for the 

formation of single carbon species. These ions are presumably lost 

by formation of higher carbon species, and by charge transfer 

reactions to produce other negative ions, Most of the above 

reactions are thermodynamically possible for acetylene: few are 

possible for ethylene, therefore it is likely that the CH, species 

(m = 0,1,2,or3) would be formed in higher concentrations in the 

acetylene flame. 

If it is assumed that the above species can be formed in 

both flames, then the precursors for polyacetylide formation 

are present. For example:- 

CoH + C, = OH 

Cut 45°C = C cH 

CAH ae Oe CH 

7: Ce tar Fee 5 
etc., or by single carbon species to form C3, Ch oO, etc. by these 

methods. This process of polyacetylide formation is rapid 

enough only when the radical concentration is high, i.e. in the 

oxidation zone of the flame (41), Thus any polyacetylide species 

Should be detected in the reaction zone. For the ethylene 

flame, Cy and CH were observed, CoH being in greater concentration, 

3° 

However much of the intensity of this peak is probably attributable 

A large peak is seen at 36 a.m.u. which could correspond to C 

ken



to overlap of the two chloride peaks at 35 a.m.u. and 37 a.m.u. 

The Cy and Cn ion profiles were not observed (at 48 a.m.u. and 

49 a.m.u.), so any C4 negative ions formed are probably unstable. 
a 

Peaks were observed) 60 a.m.u. and 61 &,m.u., possibly showing the 

presence of Ce and CoH, but as mentioned previously, these two 

masses are mostly attributable to theoxygenated species CO, and 
> 

HCO; 6 A large peak was found at 72 a.m.u., which would 

correspond to C7, no other interfering species being likely. 

The small peak at 73 a.m.u. is possibly CoH. Co and CoH possibly 

form at 84 a.m.u. and 85 a.m.u. but the shapes of both these peaks 

3 
and HO, .2H,0. This is also true of the peaks at 96 a.m.u. and 

97 a.m.eu. - these being attributable to C, and C,H , or more likely, 

are broad, and both could arise from hydrated Species, 0 2H,0 

because of the peek shape to CO; .2H,0 and HCO; .2H,0 respectively. 

Therefore the only significant carbonaceous Species found 

in flame F1 are Cos C,H , and Ceo. The low concentrations of 2 

the carbonaceous species can be explained by the relative incapability 

of ethylene to form Cos CoH and the single-carbon species as 

explained previously. The profile at 72 a.m.u., Ce may be 

stabilised by virtue of some ring-closure process, although if 

this-is the case, it would be difficult to decide if the resultant 

ring was aromatic or aliphatic in nature. 

For flame F1, small upstream peaks were noted for 36 a.mu 

and 37 a.m.u., suggesting that c; and C,H are formed. Again, 

no significant peaks were found at 48 and 49 a.m.u. indicating the 

unlikelihood of the formation of Cy and CH. At 60 a.m.u. and 

61 a.m.u. the downstream position of the peaks indicates the possibility 

OE Se



of Ce and C,H formation along with the formation of the ions 

co; and HCO; The odd shape of these peaks confirm this dual 

assignment, No peak was observed at 72 &.mM.u., indicating the 

absence of Cee However a large peak was found at 73 Q.m.Ue, 

this being the second largest peak observed in the acetylene flame 

experiments, showing that CE” is formed, This peak will be 

discussed later, No peaks were found that corresponded to C7 
7 

and CoH at 84 &.m.u. and 85 a.m.u., suggesting that any CE species 

(n odd, m = 0,1) do not form for n>5, because of a low concentration 

of single-carbon species. Peaks were observed at 96 a.m.u. and 

97 @.m.u. which are possibly due to Cy and CH » but these could 

also be assigned to the hydrated Species, CO;.2H,0, and HCO; 

Acetylene forms more polyacetylides than ethylene, one 

-2H,0. 

reason being the greater ease with which acetylene can form the 

2 

in one other major aspect, in that ethylene forms mostly Ces. 

precursor ions C°, CH, C> and CoH. The two flames differ 

whereas acetylene exclusively forms CoH. . A possible explanation 

for this behaviour is that ethylene may preferentially form an 

aromatic ring structure for Ces whilst acetylene retains its 

aliphatic character to form the polyacetylide CH. The Bp 

hybridisation for the ethylene molecule may be retained in some 

way when C., reacts with C., radicals thus forming a benzenoid structure, 

Acetylene, which has sp hybridisation may be unable to lose enough 

of this character to preferentially form an aromatic ion, Cee 

5g
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IV.9. UNASSIGNED ION PROFILES. 

TV 4 64 a.m.u, 

This ion was observed in both flames, being fairly weak, 

and peaking at a position towards the hotter part of the reaction 

zone, Fig. 44. This ion would probably form by three-body 

clustering reactions such as:- 

0 0S 2 6. oO ie a R30 

Little information is available for this ion, making it difficult 

to discuss thermodynamically. However a@ reaction for its 

consumption has been observed:- 

0 Qe eC + O R229a 

» 07 .4°4805 R229b 

-1 for which KR 209 = sd e407 vont) ado ak 300 K, (39). 

Thus it appears probable that this ion may form, it being expected 

that it would have some hydrates associated with it. Unfortunately 

none were observed, 

LV. 9sii5 73 a.m.u. 

A large peak at this mass was observed in the acetylene 

flame, a smaller one in the ethylene flame, As previously 

mentioned, this ion could be assigned to the polyacetylide species 

C(H. However closer examination of this ion in the acetylene 

flame reveals the possibility of other identities for this ion. 

It is in a position upstream of the reaction zone tip, a position 
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occupied by oxygen containing species, The other polyacetylide 

Species peak later in the reaction zone. Also it has a marked 

extension upstream, at the lower temperature end of the reaction 

zone. again suggesting the presence of oxygen. More proof of + 

an oxygenated Satta is provided by a large, broad peak at 91 

&.M.Ue, again with an upstream extension, Fig. 45. The peak 

at 91 @.m.u. therefore, is likely to be a hydrate of the ion at 

73 A@ymeu. Since no polyacetylides have been found to have 

hydrates, it must be concluded that part of the peak at 73 a.m.u. 

is due to an oxygenated species, the only structure which can be 

envisaged being that of the glyoxide ion, CHOCOO” , (X);-< 

0230 
mee 
O-3C =. OH 

(x) 

Little information is available for this ion, However, the 

standard heat of formation for the parent molecule, (CHOCOOH) is 

DH. = -320kJ mol”! It is probable that aut for the radical 

CHOCOO is also negative, and thus presumably Alt for the negative 

ion would also be negative.Thus this ion would form readily and 

react with ease, 

A further complication to the assignment are smaller 

peaks at 74 a.m.u. and 75 a.m.u. The ion at 75 a.m.u. could be 

due to CHOHCOO”, (XI):- 

ba 
Be ee 

H (XI) 

This ion would be expected to form ahydrated ion at 93 a.m.u.,; 

eo 459. we



however, this ion is absent. The peak at 74 a.m.u. may be due 

to an isotopic satellite. This peak is positioned at the same 

place as that at 73 a.m.u., and is 8.5 % of the intensity. If 

the peak at 73 @.m.u. were due to C,H”, the isotope "cc. would 

be 6.6 % of the parent ion peak, Alternatively, if this ion 

were CHOCOO’, the 136 peak would be 2.2 % of the parent ion. 

No conclusions can be drawn as to the true identity of this ion 

except that it is probably a mixture of the two Species, CcH- and 

CHOCOO’. 

BND ote 90 a.m.u. and 92 a.m.u. 

Two peaks were completely unidentifiable in both flames, 

at 90 a.m.u. and 92 a.m.u. Thes two peaks have similar | 

intensities and profiles, Fig.46. Several empirical formulae 

could be written for these species. All the aliphatic 

formulae would have to be negative molecular ions, and these 

either do not appear in the flame, or are rapidly changed into 

radical species. If it is possible for aromatic Species to 

form, then these two ions could be considered as:- 

; eS 

} d 
(XII) (XIIT) 

It is known (42) that benzene has a positive electron affinity 

( e.a. >0), implying that a negative ion will form. It is 

possible that ions such as XII and XIII could be produced, the 

excess negative charge being accomodated by the aromatic ring. 
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CONCLUSIONS. 

In an oxy-hydrogen laminar flame in which small quantities 

of hydrocarbon fuels have been added many negative ions are 

formed. 

For non-sooting flames there are two distinct regions in 

_ the reaction zone where ion formation takes place. In 

the position upstream of the reaction zone tip, cooler 

reactions take place to produce species containing either 

oxygen and hydrogen or oxygen, hydrogen and carbon. Ly 

the hotter region of the flame, near the reaction zone 

edge, ions containing carbon and hydrogen are formed, these 

being attributable to polyacetylides, and possibly to some 

unsaturated aromatic species. 

Ethylene and acetylene containing flames are similar in that 

the same types of ion are.formed. -° However for acetylene 

more polyacetylide ions form, due to the more facile 

formation of Cos CoH and single-carbon ions and neutrals. 

Many oxygenated species form hydrates, some up to three 

water molecules. It is evident that hydrates tend to 

stabilise the parent ion. 

Some of the oxygenated species are formed on the wall of © 

the sampling nozzle where cooler reactions may take place. 

Using a fairly simple basic quadrupole mass spectrometer 

and detection system, flame chemistry can be studied with 

relative ease,



V1. SUGGESTIONS FOR FURTHER WORK, 

One of the main problems was assigning a particular mass 

to a specific ion. The resolution of the mass spectrometer 

was typically 100. At this low resolution it is impossible 

to discriminate between ions of integral number. A 

. resolution of 1000 would be sufficient to resolve many of 

the ions. Unfortunately, the transmission at this 

resolution would be-very low. A redesign of the ion optics 

may improve transmission sufficiently to allow a higher 

resolution, Alternatively, by using isotope doped fuels, and 

deuterium instead of hydrogen it would be possible to at least 

discriminate between the polyacetylides and the oxygenated 

species, 

The negative ion measurements were made using a Faraday cup. 

A better detection system would have been to use a multiplier 

set up for positive ion detection, and & conversion dynode 

to convert the negative signal into a positive one. This 

would eliminate problems caused by high floating potentials 

and allow a phase-sensitive detector to be used, 

The lens system in the pre-Qquadrupole region was fabricated 

from aluminium. Over a short period of time this became 

oxidised. Gold plating of the lens would considerably 

reduce this effect. 

Only one inlet nozzle was used-.in these experiments. 

Studies of ion concentrations and ion types versus inlet 

nozzle diameter may be useful to sort out which ions are 

oT



true flame ions, and which are formed by the sampling process. 

Experiments with other hydrocarbons such as methane and 

ethane may be useful in helping to corroborate the findings 

in this work. Methane would be useful since it may then 

be possible to find single-carbon species. 

Some kinetic work is neccesary on negative flame ions to 

‘ obtain data on reaction rates and types. 
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