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SUMMARY 

Negative Surface Ionization and Electron Affinity by Mass 
Spectrometry 

Ghassan Mohammad Ibrahim Younes, Ph.D, 1980. 

The negative surface jonizations of some halogens, metal 
hexafluorides, carbon tetrachloride, benzene and dime thy 
mercury have been studied over polycrystalline platinum, tungsten 
and tantalum filaments by mass spectrometry. 

A description is given of the construction and operation of 
the V. G. Micromass Q9 quadrupole mass spectrometer. A negative 
surface ionization source and suitable detection system has been 
designed. 

The kinetic methods of Page were applied to the results, and 
from non-zero gradients of the plots of the ratio the electron to 
jon current E', the apparent electron affinity was evaluated. 
The values of E, the actual electron affinity were then calculated 
from Page's relationship: 

E'(0) = E + Qr - D 

Although this study shows that some of the ions assumed to 
be present in the magnetron were not observed in the quadrupole 
Mass spectrometer, yet the electron affinity of the ions observed 
were found to be in good agreement with those obtained in magnetron 
and by optical methods. 

Thus a valid estimate of the electron affinity of an observed 
Species may be determined from the temperature coefficient of the 
ratio of the electron to total ion current, provided the mechanism 
of the rate determining process is known and the criteria of surface 
ionization (temperature dependence) is applied. 
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CHAPTER 1 

Negative Ions and Electron Affinity 

1.1 Introduction 

Chemistry involves a systematic study of the substances of the 

universe, of their properties and their reactions with each other 

to form new substances with different properties, and of the 

conditions governing their reactions. 

It is also concerned with condensing the acquired information 

into a series of precise generalisation called laws. 

So in the scientific approach to matter, the chemists role 

is to describe and understand nature at the molecular level, that 

is to say is primarily concerned with the study of the properties 

of the outermost electrons of atoms and molecules. It is well 

known that bonds are usually formed by sharing of these electrons, 

and jons are produced when their number in a given system is 

increased or decreased. It is of a fundamental importance to have 

a knowledge of their binding energy in any chemical investigation. 

Nowadays there are several methods of measuring the binding energy 

of the outermost electrons in neutral atoms or molecules, most of 

these methods are well established(!), and compilation of such data 

are available in most chemistry text books (223) , 

The reverse is true for the corresponding electron in negative 

ions, and this lack of general reference accurately reflects the 

paucity of the quantitative experimental data. 

The stability of a negative ion is usually given in terms of 

the electron affinity of the parent molecule. This is defined as 

the work done in bringing an electron up to the molecule from 

infinity and adding it to the lowest vacant orbital of the isolated 

gas molecule.



1.2 Importance of Negative Ions 

An understanding of the stability of negative ions is most 

important in many fields of research, particularly in flame 

chemistry(*) , due mainly to the interest in rocket propulsion and 

magneto hydrodynamic generation. 

In rocket propulsion a problem arises in the control of the 

rocket due to attenuation of the electro-magnetic signals by the 

electrons in the rocket flame. 

An electromagnetic wave, in passing through a partially ionized 

medium, excites the ions into sympathetic oscillation. The ions 

rapidly lose the directed momentum thus acquired at subsequent 

collisions with gas molecules, so that the energy of the wave is 

degraded into thermal energy of the gas. 

The attenuation may easily be controlled if the electrons are 

removed, which is done by introducing species into the flame that 

readily capture electrons, that is with high electron affinities. 

The inverse of this problem occurs in magnetohydrodynamic 

generators, where electricity is generated directly from a high 

velocity flame between the poles of a magnet. 

Since the flame is here equivalent to the armature of a dynamo, . 

and the electrical energy of the output is obtained at the expense 

of the thermal and kinetic energy of the flame gases, it is of vital 

importance that the conductivity of the flame be high, which implies 

a high concentration of free electrons. 

Heavy negative ions are undesirable parasites here, and knowledge 

of the stabilities of those negative ions which can be formed from 

the flame gases or from impurities is required, properly to assess 

the performance of an M.H.D. generator. 

Physicists have been interested in the properties and composition 

of the ionized layers in the upper atmosphere. Massey(°) drew 
2



attention to the absorption of light by the hydrogen negative ions 

in the solar photosphere, thus determining the spectral distribution 

in the visible region. Berkowitz et ai (6) emphasized the need for 

a better knowledge of the electron affinities of the atmospheric 

gases to help establish the reaction sequence in the D and E layers 

of the ionosphere, and hence the electron concentrations that deter- 

mines radio transmission. 

Lovelock et a7) raised the question of the likely link between 

the ability of certain materials to capture electrons and their high 

biological activity. 

Mul1iken(®) defined electronegativity as the average of the 

first ionization energy and electron affinity of an atom (a(1 + €)), 

hence it is very important to know the electron affinity in order to 

measure the strengths of chemical bonds. 

Christophorou?) reported the importance of the interaction of 

ionizing radiation with living tissue to form negative ions. Briegleb!°) 

asserted the necessity ofecum*electron affinity in the discussion of 

jonic-covalent resonance. 

Lange(!?) and Hedges et ai(12) demonstrated the importance of 

the knowledge of the stabilities of negatively charged species produced 

in the study of electro-chemical reactions both at ordinary and highly 

polarised electrodes, such Peden iarouraphe 

Page and Goode ‘*) discussed the importance of an understanding 

of the stability of negative ions in chemistry with reference to three 

principal fields; reaction mechanisms, electrode Processes, and 

solvation. 

For example: Surface catalysed rearrangement of hydrocarbons is 

thought to involve the intermediate formation of negative ions where 

the relative ease of transfer of an electron to and from a surface 

favours ionic reactions generally. 
3



A recent article(!3) has presented evidence that the free nega- 

tive ions in the air (about 20 ions per cm?) have a profound psycho- 

logical effect upon human beings. A reduction in the level of nega- 

tive ion concentration in the air has been related to the alertness 

of human subjects who breathe it. 

The implications of this discovery are wide ranging and further 

work is proceeding in this area of research. 

1.3 The Determination of the Stability of Negative Ions 

A measure of the stability of a negative ion A is given by the 

quantity known as the electron affinity of the parent molecule, radi- 

cal or atom A, which is defined to be 

E(A) = E) - E 

where Ey and E_ are the energies of the ground states of the molecule, 

radical or atom and the negative ion, respectively. For a stable 

negative ion the electron affinity must be positive. 

1.4 Electron Affinity, Definition. 

It is customary to define adiabatic electron affinity, E, of a 

species as the difference in the energies of the ground states of the 

gaseous neutral species and its negative ions. 
obiotle mic 

As the energy of atmolecule and its ion depend on its internuclear 

distance , it is necessary to differentiate between two types of 

electron affinity; a thermodynamic electron affinity and vertical 

The difference of the energies of the molecule and molecular 

jon at their equilibrium positions is the thermodynamic or adiabatic 

electron affinity. 

The vertical processes, one of electron attachment and the other 

of electron detachment, occur with no change in intermolecul distance. 

The vertical electron affinity of a molecule AB is the energy 

4



given up in the process of attaching a zero-energy electron to the 

molecule when at its equilib rium nuclear separation. 

The vertical detachment energy of AB is the minimum energy 

required to remove an electron from AB when at its equilibrium 

nuclear separation. Fig. (1.1). 

The earliest attempts to evaluate electron affinities followed 

the development of the Born-Haber 14215) cycle, and were confined 

to arefinement of the calculation of lattice energies on which this 

cycle is based. 

Some of the values obtained by the more accurate photodetachment 

studies (1617) WE) » especially those carried out by Cubicciotti 

who using the best available data for the dissociation energy, heat 

of sublimation and ionization energy gave the values of the electron 

affinities for F, Cl, Br and I as 3.45 ev, 3.62 ev, 3.49 ev and 

3.19 ev respectively. 

1.5 Electron Affinity Determinations 

There are several methods to determine the electron affinity, 

these could be classified into the following: 

1. Theoretical Calculations 

2. Empirical Fitting 

3. Experiment 

1.5.1 Theoretical Calculations 

These theoretical calculations are based on the quantum mechanical 

approach to estimate the electron affinity, two types of calculation 

could be distinguished. 

(1) The variational method of Pekeri sla) 

(2) Hartree-Fock self consistent field calculation 

The first method was applied to hydrogen to give a value E(H) 

of 0.75421 ev, thought to be several orders of magnitude more accurate 

5
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than any a priori electron affinity. However this approach is not 

applicable to heavier ions. 

Hartree-Fock calculations which make allowances for electron 

correlationand relativistic effects have Proved satisfactory. 

Clementi and Mclean (20) and Clementi (2!) et al have used iso- 

electronic extrapolation and experimental affinities in estimating 

correlations for their Hartree-Fock calculations. 

Recent work by Weiss (22»23)sinanoglu and oksuz (24225) and 

Schaefer et ai (2627) have refined the corrections still further. 

Although the electron affinity values of most atoms and molecules 

are so small (less than 4 ev) that their accurate calculations is 

difficult, most of the recently enlarged table of affinities is due 

to the stimulus of theorétcal methods. 

cade (28.29) has calculated E for a number of diatomic molecules. 

His value E(0H) = 1.91 ev compares favourably with Branscomb 

E(OH) = 1.83 ev. 

1.5.2 Empirical Fitting 

A variety of empirical approaches have been used to estimate 

the electron affinity because of the difficulties encountered in the 

theoretical calculations and experiments. 

1.5.2.1 The extrapolation method of Glockler(30) 

Glockler (1934) proposed the ionization energy relationship 

E(Z) = 1(Z_) = 31(Z,) - 31(Z,) + 1(Z,) ... (1) 

where I is the ionization energy of each member of the series and 

Z5° Zi» Z5 are the atomic numbers of the neutral atom and the singly 

and doubly charged positive ions of the isoelectronic sequence. 

So equation (1.1) provides the ionization or electron affinity 

+ ++ 
of nitrogen in the isoelectronic series N, 0, F 
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constants a, b and c were used to calculate the appropriate 

ionization energies through an equation of the type 

2 I(Z) = a + bZ + CZ (1.2) 

where Z is the nuclear charge. 

(32) and Kaufman (33) developed Johnson and Rohrlich(3}) , Edlen 

the equation of Glockler using more elaborate series forms with neg- 

ative powers of ionic charge. 

Comparisons with experimental results shows that the 
Glockler formula works very well for atomic hydrogen and it 
does not work well for other atomic ions. In general the 

stabilities of molecular ionsare of greatest interest, hence many 

experimental techniques have been developed to measure this quantity. 

The majority of experimental methods fall into one of the three 

main groups: 

(1) Determination of the energy threshold for destruction of 

the ion 

(2) Determination of the energy threshold for formation of the 

jon 

(3) The study of the equilibrium between atoms, electrons and 

negative ions. 

1.5.3.1 Photo detachment and Radiative Attachment 
  

Despite considerable interest in recent years in determining 

electron affinities, few reliable values have been measured experi- 

mentally. 

Accurate data (accurate within 10-20 meV) are available only 

for about a dozen atoms, including the halogens, H, C, 0, S, Se (34a) | 

(34) have reported the precise deter- Recently Hotop and Lineberger 

mination of the electron affinities of Au and Pt in a dye laser 

photodetachment experiment.



So the development of optical methods for the study of photo- 

detachment has lead to the measurement of several precise and un- 

ambiguous electron affinity values. Typical of photodetachment 

studies are those of Branscomb and co.-workers (22) , where the deter- 

mination of the limiting frequency, at which the incident light 

falling upon a beam of ions is sufficiently energetic to cause 

detachment of an electron, allows the activation energy of the 

detachment process to be evaluated. 

This method,being spectroscopic, is capable of extreme accuracy. 

The detachment of an electron from a gaseous negative ion, ALS 

may be caused by a photon of absorbed energy 

A +hv=A+e 

The reverse of this process, radiative attachment, may be an 

important mechanism in forming negative ions in arc and shock-heated 

gases. 

The measured photodetachment threshold corresponds to a vertical 

detachment energy, which for atomic systems is exactly equal to 

electron affinity. 

On the other hand, for a molecular species the adiabatic electron 

affinity of the neutral will be the same as the vertical detachment 

energy of the negative ion only when the equilibrium geometries of 

the neutral and ion are identical. 

In any case, the vertical detachment energy provides an upper 

limit for the molecular electron affinity provided that the negative 

jon is initially in its ground electronic and vibrational state. 

There are three principal techniques for exploiting this concept 

(i) Crossed Beams 

(ii) The Shock-Tube 

(iii) Ion Cyclotron Resonance (ICR) 

oc



1.5.3.1.1 The Crossed Beam Method 

In this crossed beam method, a mass selected beam of negative 

ions formed in an arc discharge intersects a perpendicular beam of 

light whose frequency is selected by means of a high intensity mono- 

chromator. More recently, the light beam has been produced by a 

tunable dye laser based on the dye Rhodamine B (36) with a band 

width of about 1A°. 

It is necessary to measure the ion and electron currents as 

functions of the light energy, and, in addition, to monitor the 

light intensity with a thermopile. 

Kuyatt and Simpson'37) used a beta-spectrometer to measure the 

energies of the detached electrons. 

The energy of photodetachment may be readily deduced from these 

electron energies and the corresponding electron currents. 

Both the photon energy and the electron energy systems of analysis 

are complementary. 

The requirements for crossed beams, then, arexsuitable ion 

source for negative ions (from a discharge constricted electrically 

and / or magnetically), an intense stable light source and suitable 

detection techniques. 

To distinguish electrons formed by collisional processes from 

photodetachment electrons, it is necessary to employ a chopped beam 

with phase-sensitive detection devices. 

To obtain an experimental photodetachment threshold using 

photon energy analysis one must plot experimental cross section 

(either absolute or relative) against photon energy and extrapolate 

the curve to zero cross section (either absolute or relative). 

The cross section probability that a photon has detached an 

10



electron is related to the other parameters by the expression 

J = KO; ( W/hy) o(1/V;) ose (1.3) 

where K is a geometrical constant, Je and J; the electron and ion 

currents respectively. 

I is the intensity of the light or 1/hv the photon flux, o is 

the photodetachment cross section, and V; js the ion speed in the 

reaction chamber. 

While theoretical cross sections have been developed it is 

easier to extrapolate an experimental curve to determine the threshold 

energy. 

(38) Wigner suggested that in the case of atoms, photodetachment 

ee 1 where K is proportion«! to the cross section op will go as K 

square root of the energy above threshold andg is the angular momen- 

tum of the electron in its final free state. 

o'Mal ley (39) , derived the relationship 

« . +3 opcaEyis Enameep) fans (1.4) 

where E and Ee restl are, respectively, the enegies of the incident 

light near threshold ae threshold. 

This has includedtlong range forcesbetween the atom and electron. 

when the electron is photodetached, the selection rule, ag = +1, 

applies. On the loss ofa p electron from an atom as a free s 

electron (1=0), equation (1.4) becomes 

74° (Ey Etnvash)® 

and this predicts an infinite slope at threshold. 

The photodetachment of Ae be a typical example; 

Fig. (1.2) shows the level diagrams of Au and Au, Au has a 5q!0 

65° Si;,ground state, the first excited state being more than 1 ev 

above and not accessible in the photon energy range of the described 

11
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experiment. 

10 1 
The ground state of Au should be 5d 6S. S with no other stable 

negative ion state being likely. 

In a measurement of the photodetachment cross section, which, 

near threshold ethresh, will exhibit the p-wave behaviour 

Since an S electron is detached, the first onset will corre- 

spond to Au’ (1S,)—# Au ay or electron affinity transitions. 

Fig. (1.3) shows the threshold behaviour of Au” during photodetach- 

ment. 

There is zero apparent cross section below 18620 cm”! 

(2.3086 eV); above that energy one finds a cross section behaviour 

compatible with Wigner's law for p-wave electrons ee 

cel tman (40) showed that cross section behaviour for photodetach- 

ment from negative diatomic ions was dependent on molecular symmetry, 

for which he derived the expression 

a 4 
o = vk" (1 + ak" + ak” + ...) ae (1.5) 

where v is the photon frequency, K is proportional to the square 

root of energy above threshold and m is a threshold exponent. 

The value of m depends on the electrons axial angular momentum 

quantum number, Age on whether the diatomic molecule is heteronuclear 

or homonuclear, and, if it is the latter, on the U, g symme try of 

the orbital from which the electron is detached. 

For non-linear polyatomic ions, the absence of symmetry pre- 

cludes the description of molecular orbitals in terms of integral 

orbital angular momentum quantum numbers, and a theoretical treat- 

cross 

ment of ,section behaviour at threshold has not been put forward. 
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Berry (41) reviews the position with respect to multiple 

threshold energy determination in some photodetachment experiments 

due to the fact that a neutral atom can have more thantbound state. 

He remarks that while virtually all negative ions have only one 

bound electronic state some may have two or more states, e.g. 

C” ions. 

There may be many excited rotational and vibrational levels in 

molecular negative ions, depending on whether the extra electron is 

bonding or non bonding. 

The problem of extracting E, the adiabatic electron affinity, 

from molecular photodetachment data is difficult because E may differ 

from Vqe the vertical detachment energy and because the populations 

of vibrational and rotational states may not be known. 

1.5.3.1.2 The Shock Tube Method 

Direct spectroscopic observation is characteristic of the shock 

tube technique. 

To observe photodetachment in the form of an absorption spectrum 

it is necessary to have the alkali halide vapour at about 3000 Ko 

16 dissociated molecules/cn® in a cell in a concentration of about 10 

10-50 cm long. A heat bath of shock-heated argon is sufficient to 

vaporize the salt, and a flash lamp will serve as the absorption 

source, the spectra being recorded photographically. The spectra 

are taken in emission with 0 , which, because of its smaller equili- 

brium concentration, must be subjected to higher temperatures 

(=4000°K). 

Alkali oxides are used as the source of oxygen and electrons. 

Berry (42) et al discusses the two photodetachment thresholds obtained 

in the case of Cl” froma plot based on the Beer’slaw expression in 

terms of the photodetachment cross section gee)» the incident 
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and transmitted intensities I)(v) and I(v), the path length 2(cm) 

and n(x), the concentration of absorbers, x ions per cm? 

an 1) (v)/I(v) = ogep(v)n (Res - (1.6) 

The threshold are identified with Py and Sa states of CI°. 

Berry et al identified the three thresholds ob served in the 

emission spectrum during the radiative capture of electrons by 

oxygen atoms to correspond to the reactions: 

0° (3p,) +e" > o°(*p,) ay ez 

0° (3p)) te” > 0° (*p3/2) ae (1.8) 

0° (3p,;) +e" > 0 Gay) a (1.9 

precesses(1.$) gave the most intense spectrum and corresponds 

to the electron affinity transition. 

From this, E(0) = 1.478 + 0.002 eV. This compares favourably 

with the value due to Branscomb‘5) of 1.465 + 0.005 eV. The ad- 

vantages of these techniques are the spectroscopic precision 

available and the freedom from interaction with other systems. 

On the other hand, because of lack of definition of the spect- 

ral states at times, it is necessary to confirm the transitions by 

other experiments or by theory. 

Relatively few photodetachment experiments have been done 

because of their experimental complexity. 

1.5.3.1.3 Ion Cyclotron Resonance (ICR) 

Another photodetachment technique involves direct spectroscopic 

observation, either of the absorption spectrum of the negative 

ions or of the emission spectrum arising from radiative attachment. 

43) Recently‘ jon cyclotron resonance (ICR) spectroscopy has 
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been used with conventional light sources as well as with the 

tunable dye laser to perform photodetachment experiments. 

This technique may be classified as a third method for study- 

ing photodetachment, since it differs distinctly from the two 

approaches described above. 

Negative ions generated by an electron beam in. the resonance 

cell are allowed to drift slowly by means of crossed magnetic and 

electric dc fields. 

The negative ion concentration is monitored as a function of 

the frequency of light which is directed into the cell. 

Q) 

(2) 

(3) 

Thus direct confirmation of the detachment process is provided. 

This technique offers a number of unique advantages: 

conventional means of mass selection are not needed, since 

ICR spectrometer allows observation of any giventundér approp- 

riate conditions. 

Since the negative ions are moving at low velocity, collisional 

detachment does not occur and the ions can be trapped 

efficiently for long periods of time. 

High negative ion densities or fluxes are not needed, and a 

wide variety of negative ions can be generated by dissociative 

electron capture. 

By monitoring the negative ion concentration, the detection 

efficiency for observing photodetachment exhibits no angular 

or wavelength dependence, wherees detection efficiency can 

be a problem in monitoring detached electrons. 
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1.5.3.2 Photoionization (44) 

By measuring the threshold photon energy, hv, in the 

resonant process 

AB+ hy = AY + BO 

Estimating the kinetic energy (K.E), of the ions from the efficiency 

function, and knowing the bond dissociation energy, D(AB), the 

ionization potential of A, I(A), the electron affinity of B,E(B), 

in the diatomic molecule AB is determined from expression 

hy = D(AB) + I(A) - E(B) + K.E 

Accurate determination of electron affinity was possible by this 

Process, for example,the value obtained for hydrogen E(H) = 0.754 

+ 0.002 ev'45) is in a good agreement with the variational value 

of Pekeris(!9) E(H) = 0.75421 eV. 

(46,47) 
1.5.3.3 Charge Transfer Between Neutrals at Hyper Thermal Energies 
  

From studies of colliding beams of alkali metal atoms and mole- 

cules, values of molecular electron affinity have been deduced 

through measurements of threshold for the formation of positive and 

negative ion pairs. 

This technique has contributed considerably to a knowledge of 

molecular electron affinity. 

There is a good agreement between electron affinities deter- 

mined by this technique and other techniques, especially for the 

halogens and oxygen. 

1.5.3.4 Charge Transfer in Ion-Molecule Collisions 
  

This method was used by Chupka et ay (48) to determine the 

electron affinity of each of the halogen molecules. 
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The atomic halogen negative ions were prepared through ion 

formation by photon absorption at threshold wavelengths with room 

temperature thermal energies , for example 

X> + Reise Xie “xX 

The x ions are accelerated to undergo endoergic reactions 

with the halogen molecule y, to produce You and xy” 

Keeley ea xt 5° 

Koga Votas Xy + y 

By measuring energy thresholds, E threshold? for the reaction the 

electron affinity of Yo and possibly xy may be determined from the 

relationships 

E(Yp) = E(x) = Ethreshold **° (1.10) 
The method yields results in fair agreement with those derived from 

some other methods. 

1.5.3.5 The Polarographic Method 

The reversible one-electron reduction of the acceptor A is 

determined by the following process: 

A +e 
solv solv 

The half-wave potential is given by the expression (49) 

= Beg cee enol (1.11) 
iE Do 

Where Ey is the formal or standard potential, R the gas constant, 

F the Faraday, and D1 and D2 are the diffusion coefficients of the 

oxidised and reduced forms in the layer near the electrode. 

Eis determined by the energetic characteristics of many 0 
(50) Processes » including the electron affinity of the acceptor 
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RT E.A = - 5.07 +22 on dy/de .... (1.12) 
F EH > AES oly 

where AE oly is the difference between the solution energies of 

AL and A. 

Since the diffusion coefficients D, and Do cannot differ by 

more than 1-2 orders of magnitude, the last term of this equation 

is negligibly small and can be neglected. 

Consequently the relation between the electron affinity in the 

gas phase and the half-wave potential of the reversible one-electron 

reduction is given by the equation 

EA= E + 5,07 (eV) .... (1.13) 37 Eso 

Since the solvation energies of neutral molecules are small, 

the quantity 4E.oj, iS determined mainly by the solvation energy 

of the corresponding radical-anion, i.e. AE = EA. The study 
solv 

of the radical-anions of aromatic hydrocarbons (2!) , and of other 

electron acceptors (5) has shown that the solvation energies of 

radical-anions do not vary significantly with the structure of the 

delocalised radical-ion. 

The following equation was used with an adequate degree of 

approximation to calculate the electron affinities of acceptors 

forming delocalised radical - ions 

FA 2 £ AG 

EA = E 
3 

where c is a constant and Ey the half-wave potential for polaro- 

graphic reduction under the same condition. 
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1.5.3.6 The Method of Charge-Transfer Complexes CT 
  

It is based on the determination of the charge-transfer 

(CT) energy for complexes of a series of donors with the electron 

acceptor investigated(®° , 

The CTC energy is usually determined from the CT band maximum. 

According to Mulliken's theory (92) the CT energy for a weak inter- 

action between the donor and the acceptor can be expressed by the 

following equation: 

AV or = IP - EA + G- C+ xX +X, vee (1.14) 

where &, is the energy of all types of interactions between the 

donor and the acceptor in the ground CTC state, 

» with the 

exception of the donor-acceptor interaction, C is the energy of the 

coloumbic interaction between the components in the excited CTC 

state, and Xy and xX, are the energies of the resonance interaction 

between p (D,A) and wy (DT,Az) jn the ground and excited CTC states. 

Using the expressions for Xo and X> it is possible to obtain the 

following equation: 

e+ Be 
h = IP-—FA-C-G + ———— OHAG 1318 
“eT 0” Ip- EA-C- 6 oe 

where Botta + Sails and By=Hoy - So") 

After simplification we obtain(53) 

voy = IP - EA+E + C1 a: (1.16) 

IP -(EA + E) 
For small values of Cl and fairly high-ionisation potentials, this 

equation acquires an even simpler form, which is frequently used 

in investigations: 

Nvey = IP - EA- W 

where W is an approximately constant quantity for the given class 

of CTC. 

In principle eqn (1.16) can be used directly to calculate the 

20



electron affinities of acceptors, provided that W is known. 

Since its exact value is not known, one usually starts with Eqn.(1.16) 

obtaining in this way the following expression for complexes of a 

common donor with a series 

° hvty - hve, = EA° - EA (1.17) 

where EA° and EA* are the electron affinities of the reference 

acceptor and the test acceptor respectively. 

; (54) 
1.5.3.7 The Potentiometric Method 

The method is based on the measurement of the potential arising 

in the A/A. redox system. A modified method, resembling potentio- 

metric titration, has found the most extensive applications. 

Measurements are made of the potential between two platinum elect- 

rodes, one of which is immersed in a standard redox system A,/Ay 

and the other in a solution containing the test redox system AIAG 

The redox sytem investigated is obtained from the titration 

curve. According to Jaguar - Crodzinski et a1 (55) | it is given by 

the expression 

(AK), 
c= €, + 0.03 \n (KA,/KA,) + 0.03 In—“»—'t ..., 

(AgsK)¢ 
(1.18) 

when Eo is the standard potential of the reaction 

Poot Ay eae AeurraA. KA, and KA, are the dissociation 

constants of the corresponding ion pairs, and (AL sk") is the sum 

of (AgsK") and A; ,k*). 

The standard potential Ey jis equal to the difference between 

the electron affinities of Ay and Ay i.e. the method yields the 

relative electron affinities. 
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There are many other methods for electron affinity deter- 

minations. 

(1) Dissociative electron attachment to form x and y from 

collisions of electrons with the molecule xy. 

(2) Field detachment 

(3) Thermal electron capture 

(4) Surface Ionization: Typical of third group studies of 

equilibrium in flames and at heated metal surface, the energy 

changes involved are computed either from the temperature 

dependence of the equilibrium constant (second law methods) 

or by the methods of statistical mechanics (third law methods). 

Because of the importance of surface ionization method in 

electron affinity determination, the next chapter is devoted 

to this method. 

56) 
1.6 Electron affinities by a variation-perturbation ssnroner 

A simple variation-perturbation method recently developed was 

applied to the calculation of electron affinities. 

In this method a common basis was used for both the jon and 

the neutral system. 

This method has been applied to calculate the EA's of the 

atoms Li, Na, F and Cl and of the molecule OH. For Li, Na and 

Cl the errors in the computed EA's were about 0.04 eV and for the 

other systems about 0.2 - 0.3 eV. The values obtained by this 

method are listed in the following table. 
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Table 1.1 

Comparison of calculated and observed electron affinities 

  

  

System EA EA 

calculated observed 

eV eV 

Li 0.577 0.620(97) 

Na 0.578 0.548(58) 

F 3.68 3.443(17) 

cl 3.66 3.61307) 

OH 2.07 7.825 (59) 
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CHAPTER 2 

Negative Surface Ionization 

2.1 Introduction 

Neutral species adsorbed on an incandescent metal surface 

may evaporate partly as neutrals and partly as ions. This 

phenomenon, first discovered by Kingdon and Langmui r(6°) , has 

been called surface ionization. 

This phenomenon received a great interest by Scientists and 

research workers because of its important application in various 

instruments and techniques, such as mass spectrometers, jon 

sources and neutral particle detectors, ion engines and the 

thermo electric conversion of thermal energy into electrical 

energy. Nowadays the study and use of surface ionization is 

quite widespread. Its applications in physicochemical investi- 

gation are enormous, for example: 

1 - Determination of the first ionization potentials of atoms 

and molecules. 

2 - Determination of the electron affinity of atoms and radicals 

(which is our main concern in this thesis). 

3 - Measurement of heats of evaporation and desorption. 

4 - Measurement of the vapour pressure of materials. 

5 - Study of the thermionic emission properties of emitters. 

6 - Study of adsorption and heterogenous reactions by the 

surface ionization method. 

When the electron affinity of the species is sufficiently 

high, negative ions may be observed; this process is described as 

negative surface ionization. 
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(61,62) 2.2 Saha-Langmuir Equation 

The 

and 

where vo 

negative 

degree of surface ionization is defined as the ratio 

= 4 for positive ions eae 2s) 
vo 

= “for negative ions meen (2 02) 

vo 

» vt, v- are the fluxes of neutral, positive and 

particles desorbing from the surface. The positive 

jon current from a polycrystalline surface is expressed in the 

Saha-Lan 

Jy 

where A, 

gmuir equation 

* * 

=evA, exp [(, + Ye - V)e/KT] Ree (26) 

* * 

=(A/S DS, exp [(4, = $, )e/KT] 
k 

effective work function in producing positive ions. 

effective pre-exponential function. 

pre-exponential function of homogenous surface. 

jon-emitting surface area. 

area occupied by patches of the k kind with work function 

oe 

electronic charge 

flux of particles adsorbing on the surface from the 

Surrounding space 

accelerating electronic field 

Kelvin temperature 

jonization potential of the species where 
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Viera tay aavee re KI. 

* 

,” may be determined by plotting Lnj,/T = #(1/T). 

The analogous equation for negative ions from a poly- 

crystalline surface 

i. = eva” exp [(E-¢" + vee) e/KT] ent ee 4) 

where AL” = S'S) Sk A(L=R:) exp [@ ~~ ¢,) e/kTI 
ieee. 

0 

Ry and R_ are reflection coefficients of neutral particles and 

negative ions from the surface. 

The equation for electron emission from a polycrystalline 

surface (Richardson -Dushman equation) (109) completes the 

equations which are necessary for deriving electron affinity 

from surface ionization in a mass spectrometer. 

" ms * 2 * 

jg = Say T° exp [-(¢p - vee) e/KT] a0 (2 <5) 

h es? : Where Ap = S es Sx Ang exP [- (4 - op ) e/KT] 

* 

and oR = effective Richardson work function 

* 

Ap = effective pre-exponential function of thermionic 

emission 

Ap = pre-exponential function of thermionic emission in 

patch of k - kind. 

By using equations (2.3), (2.4) and (2.5) in different 

combinations, a number of different approaches to electron 

affinity determinations have been developed. 
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2.2.1 The Determination of Electron Affinity By the Absolute 

Method 

By dividing equation (2.5) over (2.4) we obtain 

<n 2 kk * * 
Jeli = (T/e)( Ag /A") exp [(-E-# > 4. )e/KT] 

x * 

= (Ap /evA*) q2ey0 [-eE/KTI elec) 

or 

E = -K/e d(tn 4/3.) 4 (1/7) Pe) 

This equation was used by Ionov (1947) to determine E(I) in the 

Magnetron, 

The mode of calculation, therefore differed from that of Sutton 

63) and Mayer in the use of a Richardson-type plot, but was the 

same as that employed by Page (64) | It has been shown by Zandberg 

that this method is able to determine the electron affinity with 

a good agreement of photodetachment methods. 

2.2.2 Determination of the Electron Affinity by the Method of 

Magnetic Separation of Electrons and Negative Ions 

By comparing equation (2.3) and (2.4) one may obtain the 

ratio of the currents Ise for the simultaneous surface ionization 

of fluxes of particles 4 and Vp 

* * * * 

Ay/3_ = @ yA, (A) exp [(4,° + @g > V- Ede/kT]...(2.8) 

The negative ions were separated from the thermoelectrons by 

a magnetic field. 
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Dukel'skii and Tonov‘®*) assumed that the production of 

negative ions in the surface ionization of a well - collimated 

beam of MX molecules of alkali halide salts was governed by the 

Saha-Langmuir equations (2.3). Hendricks et a1 (66) and Johnson 

and Phipps (87) had already demonstratea it to be true for 

positive ions. 

2.2.3 Electron Affinity: Difference Method 

Tonov (1948) (68) used a mass spectrometer for the first time 

in the study of the surface ionization of alkali halide molecules 

on polycrystalline tungsten. 

It was shown that positive atomic ions M* of the alkali metal 

and negative atomic ions X” of the halogens were the only ions 

adsorbed, and that equation (2.2) was correct for the temperature 

dependence of the negative ion current. If fluxes 4 and V9 

of particles 1 and 2, respectively are ionized simultaneously on 

the same surface, the ratio of the two negative ion currents, may 

be expressed as: 

. % * ® 

Jy/ag = vzALy/voA_o exp e(E, - Ep) /KT | vomm(2.9) 

So AE could be obtained by plotting 

an J_4/i_2 = (1/T) 

This method was used to determine the electron affinity of 

69) (70). halogen atoms by Bakulina and Ionov! and Bailey 
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2.2.4 The Method of the Comparison of The Currents of 

Positive and Negative Ions of Two Elements (The 

Twofold Comparison Method) 

The j,/j_ current ratio of atomic ions for two elements 

formed simultaneously was expressed in the following 

equation: 

(S_/G,)V(S,/5_)2 = (AR/AE) 1 (AX/A*)2 

exp (E, -E, +Vq +V)e/KT] ee 2(2010) 

71) 
Zandberg et al examined the following ions desorbed 

from a tungsten surface Sb , Sby s Bie Bin. 

Zandberg et a1 (81) determined E(Cu, Sn, Pb) by the same 

method as did Zandberg et al”) for E(Si, Ge). 
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2.3 Methods Concerned with Direct Measurment of the Equilibrium 

Constant 

These methods were based on measuring the equilibrium constant 

K of the following reaction (72) 

X¢g) + 2g) = X¢g) age 51D) 

occurring at a hot filament. 

Regard any surface in temperature equilibrium at a temperature 

Ts with a gas phase containing atoms X, ions X and electrons e, 

then at equilibrium the number of each atom species a striking on 

its surface per unit time from the gas phase must be equal to the 

numbers leaving the surface = Za which have a simple relation 

(2.12) to the equilibrium pressure Pa in the gas phase and there- 

fore to the equilibrium constant K and to the standard free energy 

change AF of reaction 

Za = Pa/(2nmak Ts)? steele} 

Rowe Ai Rl es EADS 2x (on merk Ts) Se) 
Px Pe Zx Ze 

where Ts = Temperature at equilibrium 

ma = Mass of particle "a" 

R Boltzman constant 

It may be shown by methods of statistical mechanics that 
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es) rs (2.18) 

: 3 spelen .son(2.15) 

Where jx /je” is the ion to electron current ratio, TG is the 

temperature of the gas x and mx and me are the ion and electron 

masses respectively. 

From the measurements of Px, je and jx , AF may be evaluated 

(equation (2.15)), and from this by the simple calculation indicated 

in equation (2.16) the electron affinity -AEo may be found. 

Ts 

AF = aH - TAS = AEO + dias dT - TsaS men (2,16) 

° 

Where AH, AS and ACp have the usual significance. 

2.3.1 The Method of the Shift in the Volt-Ampere Characteristics 

The space- charge method is based on the Langmuir - Childs 

relationship. 

Log j = Log C (e/m)? + 3/2 log V (2a 

where V = electrodes potential difference 

C = geometrical constant 

e/m= the specific charge to mass ratio of the current 

carriers. 
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In the presence of a gas like Ibs the following equation 

applies 

je/ii = (vB - n®)/(m* - m2) see (2.18) 

Where M, me are the mass of iodine atom and the electron 

respectively. 

Thus a plot of log ji against log V for different gas 

Pressures would give a straight line, so je/j- is determined. 

This method is limited to ions which contributes considerably 

to the total current. 

It also assumes complete dissociation of the molecules on 

the filament and the absence of reflection of molecules from the 

surface during adsorption. 

Because of the low accuracy in the determination of the 

current ratio je/j- and consequently, also the values of E this 

method is no longer used. Electron affinity determinations by 

the methods discussed above are set out in table (221) 
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Table 2.1 

Electron Affinity Determination Based on the Saha-Langmuir 

  

  

Equation 

Atom} E, eV Method Reference 

H 0.8 Ms” Khvostenko and Dukel' Skii (73) 

Li 0.65<E>1.05 | MS Scheer and Fine (74) 

E 3.62 MAG* Dukel'Skii and Ionov (65) 

3.36 MS Bakulina and Ionov (75,76) 

3057 MS. Bailey (70) 

Ss Zou MS Bakulina and Ionov (69) 

Cl oa] MAG Dukel'Skii and Ionov (65) 

3.70 MS Ionov (77) 

3.60 MS Bakulina and Ionov (75,76,78) 

Sa) MS Bailey (70) 

Cu 1.50.5 MS Bakalina and Ionov (78) 

As <2 MS Bakalina and Ionov (76,78) 

Se 22 MS Bakulina and Ionov (76,78) 

Br 3.64 MAG Dukel'Skii and Ionov (65) 

3.34 MS Ionov, Bakulina Ionov (68,75,76,78) 

Eby MS Bailey (70) 

Ag 2.0 MS Bakalina and Ionov (79) 

1,900.15 MS Zandberg and Paleev (80) 

Sb }1.5020.17 MS Zandberg and Paleev (80) 

Te =2 MS Bakalina and Ionov (76,78) 

x 3.31 MAG Dukel'skii and Ionov (65) 

3.12 MS Tonov (77)           
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Table 2.1 (continued) 

  

  

  

Atom | E, eV Method Reference 

3.07 MS Bakulina and Ionov (76 ,78) 

Au 2.8+0.1 MS Bakulina and Ionov (79) 

Bi 1.76+0.16 | MS Zandberg and Paleev (80) 

Si 1.84£0.15 | MS Zandberg et al (71) 

Ge 1.74+0.15 | MS Zandberg et al (71) 

Pb 1.65£0.17 | MS Zandberg et al (81) 

Sn 1,760.16 | MS Zandberg et al (81) 

Cu 1,780.16 | MS Zandberg et al (81) 

Mo 1,020.2 Ms Fine and Scheer (82) 

Ta 0.8+0.3 MS Scheer (83) 

W 0.5+0.3 MS Scheer and Fine (84) 

Re 0.15+0.10 | MS Scheer and Fine (84)           

* MS mass spectrometer 

MAG magnetic separation of electron and negative ion currents. 
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2.4 Electron Work Function Measurement 

Using the phenomenon of surface ionization, the work 

function of emitters can be determined by many methods. 

The values of $ determined for homogenous emitters and of 

¢* for heterogenous emitters represent values of the work 

function obtainable by extrapolations from the interval of 

measurement temperatures to T= 0. Using a constant value of 

the temperature coefficient of the work function ¥ (corresponding 

to the measurement interval of the ion current). 

The work function of a material is defined as the work 

necessary to remove an electron from the highest occupied energy 

level inside that material to a point in vacuo which is outside 

the surface and free of surface interactions (89+90) | 

The importance of measuring work functions of solid 

materials and the effect of this property on the interpretation 

of observed data is exemplified in the development of flame 

chemistry (91) | 

The general understanding of ionization in flames has been 

developed from a simple equilibrium description based on Saha's 

equation (22) , 

Work functions of materials in the form of ribbons, wires, 

etc., have usually been determined under high vacuum conditions 

and the importance of using clean surfaces was realised at a very 

early stage. Kingdon (93) demonstrated that the work function 

of tungsten was raised to approximately twice its clean surface 

value when subjected to low pressures of oxygen. 

The importance of the experimental determination of work 

function changes is reflected not only in the theoretical 

35



analysis of many problems but also in the valuable information 

which can be obtained concerning a number of "quantities" 

important to both the technologist and the scientist (24), 

The following examples indicate some of the data which can 

be obtained. Since the chemisorption involves the transfer of 

electrons between adsorbent and adsorbate, the nature of the 

bonding between the adsorbing species can be investigated. The 

surface concentration of adsorbate can often be determined(2°) 

and hence a knowledge of desorption energies and energies of 

migration can be obtained(26) | 

(97) » details The elucidation of catalytic reactions 

relating to precursor states and the formation of surface 

complexes in the mixed adsorption of two or more gases (98) also 

serve as examples of the importance of such studies. 

The methods available for determining work functions and 

work function changes of surfaces are:- 

(99,100,101,102,103) (1) The thermionic method » in which the 

work function is found from the temperature behaviour of 

the emission current appearing in response to heating of 

the filament. 

(104) 
(2) The photoelectronic metho » in which the work function 

is determined by the long wavelength edge of the photo- 

electric effect. 

(105) (3) The field-emission metho » in which the work function 

is cee nyed by the current flowing when a high acceler- 
ve 

ating?is set up at the surface of the filament. 

(106) 
(4) The contact potential difference method » in which the 

work function is determined by measuring the contact 
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potential difference between the filament (cathode) and 

a second electrode having a known work function. 

(5) The calorimetric method 107) » in which the work function 

is computed by using the relationship between the quantity 

of heat supplied to heat the filament and the quantity of 

heat carried off by the electrons participating in the 

emission process. 

(6) The flame method‘ 108) | 

(7) Empirical relationships linking the work function to various 

physical characteristics are utilised in the theoretical 

computation of the work function. 

The application of thermodynamics and statistical mechanics 

to the calculation of the saturated current density, js, for 

electrons emitted from a conductor at temperature, T, leads to 

the well known Richardson - Laue - Dushman equation 

js = AT? (1 #) exp -x/KT eeg(2ang) 

where A = thermionic constant 

fr. = zero field reflection coefficient 

x = work function 

Several assumptions have been made in the derivation of this 

equation, the most important of which are that the surface of the 

conductor is uniform (i.e. a single crystal) and that the field 

necessary to produce saturation of the electron current is neglig- 

ibly small (and maybe set equal to zero). Metals usually contain 

not only absorbed gases (hydrogen, oxygen, nitrogen, S05) + but 

also carbon, sulphur, phosphors alkali metals and other impurities. 

In polycrystalline metals the impurities are found not only 
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in solution but are also concentrated at the grain boundaries. 

Therefore, when metals are heated, not only lattice atoms of the 

metal but also the impurity elements evaporate in the form of 

atoms and ions. The ion current of alkali metal impurity elements 

can reach high densities (the effect of this will be discussed 

later). 

The evaporation of atoms and ions of the base metal proceeds 

from its visible surface and does not change the concentration of 

particles on the surface. To evaporate impurity elements from 

the metal volume it is necessary to transport them to the metal 

surface. 

Therefore, the law of ion emission of the metal proper differs 

substantially from the laws of ion emission of impurity elements. 

Usually W, Ta and Pt are used as metal substrates. The 

first two metals are frequently employed. Since they permit an 

increase in the efficiency of ionization when the operating temper- 

ature is raised- the formation of an oxide with a high work 

function on their surface also leads to an increase in the ion- 

ization efficiency. However the contamination of the platinum 

surface leads to substantial lowering of its work function‘ 109) | 
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CHAPTER 3 

The Magnetron Technique 

3.1. The Statistical Theory 

The first successful theory correlating the emission current 

from a hot filament in a substrate at low pressure, with the 

electron affinity of the ions produced on the surface of the 

filament was that of Maye r(72) , 

He assumed that atoms, electrons and ions were in equilibrium 

at this surface, which therefore made it possible to compute the 

equilibrium constant and hence the energy change for the reaction 

X(g) + e(g) = X (g) woe (31) 

Sutton and Mayer used a Magnetron-type device (a thermionic vacuum 

tube provided with a uniform magnetic field at right-angles to its 

electric field) to measure j_ and dg separately. 

A magnetic field parallel to the cathode was generated by a 

solenoid and a specially designed grid, placed coaxially between 

the cathode and cylindrical anode, provided a complete separation 

of electron and ion currents. In the absence of the magnetic 

field the current due to the electrons and negative ions can be 

measured, and in the presence of the magnetic field the electrons 

are constrained into helical paths and are captured by the grid 

Whereas the heavier negative ions are virtually unaffected and 

pass through to the anode. 

Then, knowing the current due to the electrons and negative 

ions, the pressure of the substrate and the filament temperature, 
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the equilibrium constant and, therefore, the free energy change 

for the reaction at that filament temperature, can be calculated. 

The combination of this with the entropies and specific heats 

of the reaction, gives the electron affinity of the reactant. 

3.2 The Magnetron Technique and Page“) 

Mayer interpeted his observations in terms of an equilibrium 

set-up at an inert surface (the filament). It is implicit that 

the total current should be independent of the pressure of the 

substrate under these conditions. 

Page (64) , however, found this was not true. He noticed that 

the total current of electrons and ions in the magnetron was 

inversely proportional to the gas pressure. 

So he suggested that adsorption was occurring on the filament 

surface with a consequent increase in its work function. 

The arguments developed lead to essentially the same results 

as Mayers in the case of fission homonuclear diatomic mole- 

cules of low bond energy, but a very different interpretation with 

other substrates. 

3.3. The Kinetic Method of Page and Page's Equation 
  

Page argued that an equilibrium constant could be derived 

assuming equilibrium conditions at the filament, once the filament 

temperature and electron to ion current ratio are measured. 

The rate of desorption of ions under equilibrium conditions 

would be proportional to the jon concentration at the filament, 

and the rate at which the electron acceptors reach the filament 

may be found from the kinetic theory (642652110) 
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Here, the main features of Page's approach is to be described 

briefly. 

Considering the steady-state adsorption of the parent gas the 

fraction of surface covered 6 may be related to the rate of adsorp- 

tion Ky and of desorption Ko and to the pressure P of adsorbate 

by the following equation 

@ = K,P/(Kp + KP) aeniae2) 

Page suggested that the process of desorbing a negative ion, may 

be considered as equivalent to three steps. 

(1) desorption of the electron acceptor involving an energy Qa, 

heat of desorption 

(2) removal of an electron from the interior of metal to free 

space involving the work function of the metal surface X, 

(3) addition of the free electron to the acceptor in the gas 

phase involving the electron affinity E of the acceptor -E. 

The electron emission is described by the familiar equation 

je = BA(1- 9)T* exp[- x/RT] erate) 

where A is the area of the filament, B = 120 amp em”? deg’. 

Then the effective heat of desorption is 

Carta he oiele Moet) 

A similar equation may be written for the rate of desorption 

of negative ions, that is for the jon current 

je = CA@ exp[E - Qa - X/RT] svan(3.5) 
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then by dividing equation (3.3)over (3.5) we obtain the following 

je/ji = BT? (1 - @)/Ceexp[Qa - E/RT] en (ake) 

By inserting the value of @ in the equation (3.5) it leads 

to: 

Je/i = B17k,/CK,P exp Qa - E/RT] Ga) 

but K, = B exp[D - Qa - Qr/RT] 2 

where Qr is the heat of adsorption of the residue of the molecule. 

Finally the following equation would be obtained 

dep/ji = B1°/ck, exp[- (E + Qr - D/RT] ates 

Thus the apparent or experimental electron affinity obtained from 

a plot of log jeP/ji against 1/T will lead to a straight line 

whose slope the apparent electron affinity E' is given by 

E' = £ + Qr - D + nRT eno) 

Where D is the energy of dissociation of the molecule. The term 

n is introduced in connection with the correction of the observed 

values to OK°, and its value will depend on the temperature 

dependence of the pre-exponential term. 

3.4 The Mechanism of Ion Formation 

Page (4) has noted four cases under which some simplification 

of the expression for E' can be made. 
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3.4.1 Type I - Direct Capture 

In this case the acceptors are adsorbed or desorbed as atoms 

or molecules, that is there is no dissociation of the substrate 

molecule. 

In this case, D and Qr are zero and we have 

he selene 3 810) 

for example 

wa(311i) 

where the compound (SFg) consists of electronegative elements (F) 

Other examples are C,(CN), +e = Co(CN)g at 42.18) 

CeHzF0, +e = CgH3FO, Best a3) 

where the compounds may contain pi-bond systems, such as tetra- 

cyano ethylene in the first and fluorobenzoquinone in the second. 

3.4.2 Type Il Weak Bond 

This case involves molecules of low bond energy, which are 

completely dissociated into acceptors at the filament temperature 

Here again D and Qr are zero and we have 

E'=E qe aGah 

Page distinguished between 

(i) Symmetrical fission e.g. Hydrazine 

NoHy + 2e° = 2NH2 &..nt3.15) 
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(ii) Unsymmetrical fission, dimethyl mercury 

(CHa)oHg + 2e = 2CH, + Hg Er om (Sal) 

Generally, this type is characteristic of radicals capturing 

an electron to form negative ions. 

Page argued that it is possible to omit the bond energy term, 

if the equilibrium lies toward the side of the free radicals so 

that the degree of dissociation is over 50%, and increasing 

temperature will have only a slight effect on the number of 

radicals reaching the filament, so that no significant error is 

introduced in assuming that dissociation is complete. 

3.4.3 Type III Strong Bond 

In this case the bond energy is very high, so a small fraction 

is dissociated. 

Here Qr is zero, but D is now 1/n times the bond energy, in 

most cases n is found to be equal to two (n = 2) for example 

(i) Symmetrical fission 

0, + 2e = 20° Seen Vaath) 

Bete e 30/2: nesmoelS) 

where D is the dissociation energy of oxygen 

D = D(0 - 0) we. (3.19) 

(ii) Unsymme trical fission 

+e = CCl, +C1 seen (BC20) CCl 3 4 

44



Elo = E-0D 

Where D is the energy of the CCl, - Cl bond 
3 

D = D(CCI, - C1) ea(aeed) 

3.4.4 Type IV Dissociation with Adsorption 

In this case the bond energy is high, and both the bond 

dissociation energy and the heat of adsorption contribute to the 

observed results and the apparent electron affinity is given by: 

Eis £-Q-0 bens (3022) 

For example 

COly. Pelj=!scCi47. + Clg (323) 

D= (CCI, - C1) wee (3.24) 

Q = Q(CI/Filament) Mis (3125) 

Page and co-workers (4) investigated the ion formation by a 

wide range of substrate and confirmed the essential validity of 

the kinetic method. 

The results obtained show the kinetic approach to be far more 

flexible than the statistical one and represents a considerable 

advance in the interpretation of the mode of ion formation in the 

magnetron. 

Table 3.1 sets out the measurements of electron affinity made 

by Mayer and his co-workers. 
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Table 3.1 

Electron Affinities by the Space-Charge and Magnetron Technique 

  

  

        

Atom | Substrate | Electron Reference 
Affinity 

eV 

0 0, 3.0740.07 | Vier and Mayer!!!) 

No 2.33 Metley and Kimbal1(112) 

H,0 4.35 Page(!!3) 

NO, 1.42 Farragher ,Page and Wheeler (114) 

N50 Heo? Farragher and Page(!15) 

0, 1.38 Farragher and Page(!15) 

F CeH30,F |3.480.04 | Farragher and Page (115) 

s HS" 2.00.07 | Ansde11 and Page(!16) 

cl | Hel 3.48 Page(®4) 

CCl, 3,700.03 | Gaines, Kay and Page(!17) 

SnC14,Cly |3.73 McCallum and Mayer‘ 118) 

Cl, 4.02 “| Mitchel] and Mayer(119) 

Br | HBr 3.00 Page (®4) 

Bry 3.82 Glockler and calvin( 120) 

ial 3.17 Page (4) 

I, 3.14 Sutton and Mayer (72) 

i 3.26 Glockler and Calvin(!22) 

CHgl 3.24 Ritchie and Wheeler! !23) 

Bry 3.52 Doty and mayer(121) 
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3.5 Temperature Correction of Experimental Electron Affinity to 

0° 

The experimental values for the apparent electron affinity 

(E') are obtained at various temperatures. Since few results lead 

directly to electron affinities, and most have to be combined with 

other data, obtained by other techniques at different temperatures, 

it is necessary to carry out a correction to the standard conditions 

at some point during the calculations. 

The main weakness of the kinetic approach to the determination 

of electron affinity by the magnetron method lies in the uncertainty 

of the procedure to correct the measured values to Ook 

In an attempt to obtain more information about the rate of 

emission of electrons and ions from heated surfaces the theory of 

rate processes of Glasstone et ay (124) (110) was applied by Farragher 

and Goode! 125) to the calculation of the emission currents and the 

correction of the experimental electron affinity. 

The rate of emission of electrons (Richardson's equation) was 

deduced in the form: 

de = [4 (4om,(KT)%e) (1/h3)] expl- x/RT] +. (3126) 

where je is the current of electrons, d the transmission 

coefficient for electron emission, m, the mass of the electron, 

T the filament temperature, X the work function for electron 

emission, and other terms have their usual significance. 

The rate of emission of negative ions was deduced in the 

form 
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5, = (dpe)(1/2 KT9)*(Q:/0,,)exp =X-E we. (3.27) 
RT 

where j; is the current of the ions, Tg and p the temperature 

and pressure of the substrate vapour, respectively, M the mass 

of the ions, d the transmission coefficent of ion emission, Qi and 

Qn the internal partition. functions of the transition state ion 

and gas molecule, respectively, E the electron affinity of the 

jon precursor. 

The electron to ion current ratio, j,/j;, is then expressed as 

J Jig = Anme(KT)?(2 MKTg)2(1/ph°) (Q,/0i exp-E/RT ...(3.28) 

if the transmission coefficients may be assumed to cancel. 

Since the apparent electron affinity at the temperature of 

the experiment E'(T), is evaluated 

E'(T) = -R[d log (e/d;)/d(1/T) J vee (3.29) 

The value of the derivative of (3.28) with respect to (I/T) 

will rely on the temperature dependence of Q /Q . 

Farragher and Goode developed the following equations to 

correct experimental electron affinity to 0°k; 

(i) -direct capture, E'(T) = — + 2RT narutas gO) 

(ii) dissociative capture without adsorption, E (T) = 

E - D + 2RT 7. (3031) 
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(iii) dissociative capture with adsorption, E' (T) = 

E-D+Q + 3RT see (3.32) 

The validity of the equations depends on the vibration 

frequencies in the molecule for which certain assumptions are 

made. 

3.6 A critique of the Surface Ionization Systems for the Deter- 
  

mination of the Electron Affinity of Atoms, Molecules and 

Radicals 

3.61 Temperature Dependence of the Pre-exponential Function 

(109) that in the It was pointed out by Zandberg and Ionov 

surface ionization of electron affinity determination by use of 

the expression: 

* * 

dp/i. = Ap /evA - T expl[- e£/KT] $0 (3.33) 

as a basis of Plots of an J, /5_ 72 = f(1/T), then the greatest 

error incurred in the measurement of the electron affinity, E, 

will be due to the temperature dependence of the pre-exponential 

term Ap*/A_* 

3.6.2 Surface Ionization and Thermal Equilibrium 

(34) questioned whether the condition of thermal Hotop et al 

equilibrium, a key assumption for surface ionization was fulfilled 

especially when beams of atoms or complex vapour impinge on a 

heated metal surface and interact with atoms of the surface for 

an average time which is difficult to estimate. 
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He emphasizes that what one actually measures in surface 

ionization is an average over many small surface areas of quite 

different constitution and work function, and that the assumption 

that these local differences cancel out over the whole surface, 

if the two atom beams being compared impinge on the surface 

simultaneously, is only true if the two beams interact with 

exactly the same surface area. 

Hotop maintains that this condition is not easy to establish 

experimentally especially when two locally separated evaporators 

are used. 

3.6.3 Subsidiary Processes and Surface Ionization 

Zandberg and Paleev'! 26) have shown that negative ions may 

be also produced in surface ionization by secondary processes 

such as dissociative electron capture. c 

It is claimed by Paleev and Zandberg(!27) that may complex 

organic molecules in surface ionization form mass spectra of 

negative ions due to bombardment of adsorbed films by positive 

ions, and that the energy distributions are not homogeneous. 

3.6.4 The Attainment of Equilibrium at the Surface 

Both the theoretical methods (thermodynamic and kinetic) 

for obtaining expressions to determine the electron affinity 

include the assumption that the particles incident from the gas 

phase on the surface of the ion emitter are adsorbed on this 

surface and, during adsorption, reach thermal and electrical 

equilibrium with the adsorbent. 

This may be justified indirectly by the experimental values 
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obtained by other methods (e.g. photodetachment (128) and shock 

tube studies (129) ) and directly by the demonstration that the 

initial energy distribution of the emitted particles is Maxwellian 

and corresponds to the filament temperature. 

The ionic energy distribution may be determined using the 

retarding field technique (130) , 

(131,132) (133) 
Experiments for both the ion and electron 

emission have shown that the initial energy distribution of the 

particles is Maxwellian. 

In experiments using a high resolution analyser both alone (134) 

4138) a similar result was and linked to a mass spectrometer 

obtained for the initial energy distribution of thermoelectrons, 

«*,Li*, Cs* and C1” jons (both from Cl, and KC1). 

3.6.5 The Indirect Identification of the Charge Carriers in the 

Magnetron 

Experimentally, the magnetron technique can only resolve 

electrons from negative ions, no characterisation of the negative cons 

being possible. 

In consequence of this, the deductions drawn about the 

identity of the charge carriers on energetic grounds may be in 

error. 

It is possible that impurity currents may derive from the 

material of the filament. 

Toe) and Zandberg(!26) demonstrated that ions Herron et a 

predicted in the magnetron were not always observed in the mass 

spectrometer. 
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CHAPTER 4 

The Quadrupole Mass Filter System* 

4.1 Introduction 

In order to advance the investigation of negative ions formed 

by surface ionization, a negative surface ionization source was 

built (the details of which will be described later). 

Most of the magnetron critiques were based on the fact that 

only indirect identification of ions produced by surface ionization 

was possible, and therefore complex reactions which give rise to 

similar numbers of ions of the same masses may be misinterpreted 

in terms of a simple reaction. The negative surface ionization 

source was connected to a quadrupole type mass spectrometer where 

positive identification of ions under investigation is possible. 

Although there have been countless routine applications of 

quadrupole mass spectrometers, particularly in residual gas 

analysis, there are an unusual number of individualized applications 

in both science and technology which require the construction of 

specially designed or modified instruments with particular 

combinations of properties. 

Thus for many users, not primarily interested in quadrupole 

mass spectrometers as such, the instrument cannot remain merely a 

"black box", it is the characteristic qualities leading to these 

specialised applications which justify the consideration 

  

* The work has been presented at the 8th International Mass 

Spectrometry Conference, Oslo, Norway, August 12-18 (1979). 

52



of quadrupole use separately ,from general mass spectrometric 

applications (35) although there is obviously a considerable over- 

lap. 

The more recent applications of quadrupole mass spectrometry 

include chemical kinetics and surface chemistry studies, gas 

chromatography, the study of free radicals and ion neutral collision 

investigations. 

The promising characteristics of the quadrupole as a mass 

analyser which spurred development were sensitivity and moderate 

resolution in compact devices, the apparent mechanical simplicity, 

the light weight and absence of a cumbersome magnet, high-speed 

electronic scanning, the linear mass scale, and the possibility 

of trading off sensitivity against resolution by a simple adjust- 

ment of the circuitry. 

The availability of these features coincided with a leap 

forward in the routine application of high and ultra-high vacuum 

techniques. 

The ions formed at the filaments were accelerated toward 

the anode in which there was a small hole in line with the axis 

of the quadrupole field. This enabled the ions to be further 

accelerated and focussed into the quadrupole field, where they 

were mass analysed. 

The general layout is shown in plates (4.1). The following 

sections describe the various components and also the mode of 

operation of the quadrupole mass filter system used in this work. 
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4.2 The Source System 

4.2.1 The Ion Source 

The main features of the ion source. assembly #ré shown in 

Figure (4.2). 

It consists of a simple triode design, cathode (filament) 

coaxial wire grid and a perforated anode, the three parts were 

connected together over stainless steel studs and separated by 

means of pyrex spacers 5.00 mm thick. The ion source was rested 

over three studs welded to the upper flange of the vacuum system. 

A hole of 5.00 mm in diameter was made in the anode facing the 

entrance aperture of the quadrupole analyser chamber. 

For practical purposes, the filament was introduced to the 

jon source without spot welding. 

Twomolyb 4 enum springs were used to support the filament 

and were fitted around two iron rods Figure (4.3). 

The filament was usually fitted to the two springs "0" 

terminals by "knitting", this was found to be very practical when 

there was a need to change the filament or to clean the ion source. 

It was difficult to select the exact length of the filament 

which when held taut enough to prevent twisting occurring at high 

temperatures (>2500°k) would not undergo breakdown. 

After several trials, an"experimental" length was found, 

under which the above mentioned requirements were satisfied. 

It was found experimentally to be more convenient to mount 

the filament in two steps, in the first one the filament was 

mounted "knitted" as described earlier, it was stretched to 

slightly less than “experimental” length. 
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Figure (4.2) The Negative Surface Ionization Source. 
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The filament then was heated (under vacuum) to very high 

temperatures (about 2500°K) without subjecting it to breakdown 

at this stage. The filament, of course, twisted out of align- 

ment, but this was not important at this first stage. 

Later, after the filament had polycrystalised, it was 

stretched to the exact "experimental" length. A D.C. stabilised 

power supply, variable between 0-200 volts, was used to supply the 

jon accelerating potential. 

Another D.C. power supply which was capable of supplying a 

current up to 2.5 amps was used for the filament. The temperature 

at the highest heating current was found to be about 2500°K. 

Figure (4.4) shows the negative surface ionization accelerating 

voltage. 

In most of the experiments carried out, the values shown in 

this figure were adopted, these were reached after several experi- 

ments to satisfy the best experimental conditions; that is to be 

high enough to overcome the space-charge effect (saturated elect- 

ronic current) and to obtain maximum transmission efficiency 

Figure (4.5). 

This was achieved by scanning at zero mass (electrons) and 

recording the highest electronic current passing through the 

quadrupole analyser and reaching the Faraday cup. 

4.2.2. Temperature Measurement 

The temperature of the centre of the filament was measured 

by means of a disappearing filament optical pyrometer (Leeds and 

Northrup). 

The measurements made with the pyrometer were always found 
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Fig. (4.4) Negative surface ionization accelerating 
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to be reproducible within 10°K for any temperature. 

The observed temperatures were corrected to allow for 

emissivity effects and also absorption by the glass window through 

which the filament was observed. The correction was achieved 

by use of the following equation (2) 

dale ce Aen te) GA) peel) 

T S\ C, 

where T is the true temperature 

S, is the optical temperature measured at wavelength i 

is a constant (1.43879 + 0.00019 cm.K) 

A, is the absorption coefficient (0.92) 

[yt is the emissivity coefficient at a particular wavelength 

and temperature. 

Graphs of S( 8c) (Pyrometer temperature) against (T °K) (True 

temperature) for tantalum, platinum, and tungsten are shown in 

Figures (4.6), (4.7) and (4.8). 

As the filament temperature was measured from the central 

portion, any heat losses due to conduction from the ends may be 

neglected, and therefore at equilibrium the rate of heat loss by 

radiation is equal to the rate of supply. 

According to Stefan's law (assuming the filament is a 

perfect black body) 

Ee ot? oe. (4.2) 

where T is the temperature in °k, and o is the Stefan's constant 

63



  

2000 | 

1800 | 

1600 ;— 

Tr
ue

 
Te
mp
er
at
ur
e 

°K
 

1400 [— 

1200     
  

900 1100 1300 1500 

Pyrometer Temperature, ec 

Figure (4.6) Emissivity and Temperature Correction for 

Tantalum Ta 
64



Tr
u 

Te
mp
er
at
ur
e,
 

ok
 

2000 

1800 

1600 

1400 

1200 

  

    
  

900 1100 1300 1500 

Pyrometer Temperature oo 

Figure (4.7) Emissivity and absorption temperature 

correction for platinum Pt 

65



2000 

1800 

1600 

1400 

Tr
ue
 

Te
mp

er
at

ur
e 

eK
 

1200 

  

    sce ied ee eS See 
900 1100 1300 1500 

Pyrometer Temperature 6 

  

Figure (4.8) Emissivity and absorption temperature correction 

for tungsten W 

66



    

Thus E=oT* = 5, R 43) 

where j, is the filament current and R is the resistance (assumed 

constant over the temperature range studied). (Heat supplied 

to the filament and resistance is equal to heat loss by radiation) 

or dp = KT wee (404) 

Plotting de against ie will give a straight line over a range of 

temperatures for which the above mentioned assumptions are true 

Figure (4.9). 

In order to avoid difficulties in using the optical pyrometer 

for temperature measurements where there is a discontinuous change 

in the emissivity of the filament surface, Page and Gaines (4 ) 

developed a method using the electron emission directly. 

The basic equation for this method may be derived as follows: 

Richardson's equation may be rewritten as 

log i, = A- * Fes 9d, a (4.5) 

ore ene oe log je wes (4.6) 

a R xX 

where T is the temperature in°kK, and x is the work function in eV. 

The general expression used to evaluate the apparent electron 

affinity from the ion (3;) and electron (jg) currents at a pressure 

Pais’ 

Jog ~ yer aaah 
iy RT 
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i : 
B- £5 (AR. R log Je) wes (4.8) 

A ecer x 

= ci log jg see (4.9) 

So that a plot of log JQP/d; against log Je yields a straight line 

of slope + E'/X or it may be shown that a plot of log d,P 

against log Je is a straight line of slope X - E'/X. 

4.3 The Mass Filter System 

The heart of the instrument is the quadrupole filter and 

associated R.F/D.C circuitry. It consists of four stainless steel 

rods, 5" in length and 0.25" in diameter, aligned axially and 

symmetrically about an inscribed circle 0.215" diameter. 

Paul and co-workers (87) Method: in this method ions are 

injected along the axis of quadrupole radio-frequency electric 

field. This field is produced between four parallel rods of 

hyperbolic section to which the radio frequency potential and the 

superimposed D.C potential are applied (in practice the field was 

approximated by the use of cylindrical rods). The quadrupole 

theory is adequately covered in the literature and the theoret- 

ical treatment of the ideal quadrupole mass filter is beyond the 

scope of this study. 

As mentioned earlier the mass separation is basically 

accomplished by application of precisely regulated R.F and D.C 

voltage levels superimposed on the four quadrupole rods Fig (4.10) 

Opposite pairs of rods are connected together and R.F/D.C voltages 
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of opposite signs are applied to the pairs, giving zero field 

at the centre of the filter and on the axes between the rods. 

The RF signals excite oscillations of the ions about the 

zero field regions, and the D.C level regulates the amplitude of 

these oscillations. 

For a given RF level, increasing the D.C component drives the 

jon osci Ilations into a more critical region and the ion trans- 

mission becomes increasingly mass dependent, giving enhanced 

separation of the ions of adjacent molecular weights at the expense 

of the transmission efficiency (resolution increased at the 

expense of sensitivity). 

One advantage of using the mass filter "quadrupole" is its 

capability of working at noderati y high pressures, other advan- 

tages include its sensitivity, adequate resolving power and the 

possibility of baking the system to expel any ion which might 

dominate the ion emission. 

4.3 The Detector System 

As there was no access to the Electron Multiplier's last 

dynode in the analysed feedthrough flange, it was not possible 

to use the electron multiplier for negative ion detection (the 

last dynode of the multiplier was grounded inside the mass 

analyser). 

The electron multiplier was used as a routine check to 

make sure that the various parts of the mass spectrometer were 

functioning properly ( the positive ionization source was 

employed). 

Throughout our work a D.C amplifier was used,it was capable 
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-16 7 of measuring currents up to 10 amps, it had a range of 10° 

to 107'6 amps, in decade steps. Unfortunately the long time 

constant, approximately 30 seconds in the lower current range, 

precluded its use in obtaining mass spectra by means of the 

automatic scanning system. 

Later, during the investigation a digital electrometer 

(mode 616) was used. The mode 616 digital electrometer is an 

automatic ranging multipurpose electrometer which can be used to 

measure currents from + 107!8 ampere to 200 milli ampere. It 

has certain characteristics which enable reliable measurements of 

very small currents with fast response. 

A Faraday "cup" type was used, it consists of a partially 

screened electrode, at which ionic species may neutralize their 

charge and be detected. 

The ion current arriving at the Faraday "cup" was measured 

by connecting it, by means of a screened cable, to the D.C. 

amplifier. 

4.4 The Vacuum System 

Fig(4.11) shows the layout of the overall arrangement of the 

vacuum line, the full details of the apparatus can be found in 

the accompanying key. 

The source, the quadrupole mass filter and the detector 

sections were enclosed by stainless steel vacuum chambers joined 

by copper gaskets. 

The ultimate vacuum attained in the mass spectrometer was 

about 2 x 1078 torr, this was possible after out gassing by baking 

to about 150°C for more than eight hours. 
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Key to the System Arrangement of Figure (4.1) 

A.A.V. 

DSP. 

Bok olen (lee) 

Ely 

F434 
F.O.W 

Gad. 

I.G, 

MF. 

Noy 

N.I.S; 

NV. 

Rae. 

W.C. 

Air admittance value 

Diffusion pumps 

Electric feed through 

Rotable flange 

Flange sealed with copper gaskets 

Filament observation window 

Gas inlet 

Ionization gauge 

Mass filter 

Nitrogen trap 

Negative Surface Ionization Source 

Needle valve 

Rotary pump 

Water cooled baffle 
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This vacuum was obtained by an oi] diffusion pump which 

operates against a baking pressure of 1072 torr which is supplied 

by a rotary mechanical pump. 

Metal (copper) gaskets were used for joining the various 

components of the apparatus which were made of stainless steel, 

this makes the whole system above the diffusion pump bakable. 

A liquid nitrogen trap, together with water cooled baffles 

Prevent any organic vapours (in measurable quantities) from 

reaching the ionization source chamber. 

A bakable window flange made out of steel was used to allow 

the filament temperature to be determined by an optical pyrometer. 

A lead gate valve was employed to separate the ionization 

chamber from the diffusion pump, it was always closed for a few 

minutes before the pumps were switched off, to keep the vacuum 

in the mass filter chamber at less than 1074 torr, in order to 

prevent any damage to the electron multiplier of the mass filter 

while the instrument was not in use. 

4.5 The Sample Introduction System 

The sampling system is shown in Figure (4.12). The samples 

were always purified by trap to trap distillation followed by 

extensive outgassing by means of the Freeze-Thaw technique. 

Different modifications to this sampling system were employed 

depending on the substrate under study, and whether it was liquid 

or gas, or a highly volatile solid. 

A needle valve type was used to admit the sample vapour 

into the ionization chamber. 

The whole sample introduction system was made out of pyrex 
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to enable it to withstand high pressure and temperature during 

the outgassing process. 

A flexible stainless steel-glass flange was used in the 

needle valve-sampling system joint. 

4.6 Negative-ion Mass Spectrometry 

4.6.1 Introduction 

In the last few years studies involving positive ion mass 

spectra have been applied to a great variety of organic compounds 

(137,138,139) | However, very little has been published with 

respect to negative ion mass spectrometry. There also appears 

to be discrepancies in the published experimental results, which 

demonstrate the need for further work. 

The studies of gaseous negative ions which were carried out 

prior to 1960 have been reviewed by Mei tor 140) work since that 

time is described in several books !4)) and review articled!42.143, 

(144,145) The latest comprehensive review was that of Dillard 

Since 1965 there has been a continuing interest in the develop- 

ment of negative jon mass spectrometry as an aid to structure 

determination. 

4.6.2 Modes of Negative Ion Formation 

Interaction of electrons with neutral molecules leads to the 

formation of negative ions. Depending on the energy of the 

electron and the nature of the molecule, one of three basically 

different processes will occur. For a diatomic molecule AB 

these processes are conventionally classified as follows: 
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a) Resonance capture 

AB + @—> AB” 
. (4.10) 

b) Ion pair formation 

Ape tace wee taee. ay 

AB +e 

ow, 

Maeeisps oie see (412) 

c) Dissociative Resonance Capture 

A +B teen tals) 

ae 
ABOO+ e 

wre A +B see (4.14) 

In this scheme A and B may be either an atom or a molecule 

and processes (a) and (b) may involve the breaking of one or 

several bonds. Process (a) produces a molecular negative ion 

and occurs near 0 eV, process (c) may be observed in the energy 

range 0 to about 15 eV, while ion pair production (b) occurs above 

about 10 eV. 

A qualitative picture of these processes and the distribution 

of energy in the products can be obtained by considering tran- 

sitions between the potential energy curves representing the ground 

State of the molecule AB and the molecular jon AB. 

Potential energy curves representing the various types of 
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Processes are shown in Figures (4.13 - 4.15). 

The Franck - Condon principle is used in conjunction with 

these curves. Thus the speed of the incident electron is con- 

sidered large compared with the vibrating nuclei of the molecule, 

hence in electronic transitions the time for the transition was 

negligible compared with the nuclear vibration period, so that the 

nuclear separation does not change significantly. 

In the potential energy diagrams the transition may be 

represented by a vertical line. The shaded regions are known as 

the Franck-Condon regions and the most probable transition occurs 

from the centre of this region. 

The curves in Figure (4,13a) show the simplest type of non- 

dissociative electron capture process. Electron capture into 

discrete states of AB” occurs between energies in the range E 

and Eo and since the nuclear separation in AB is usually greater 

than in AB, the AB is formed in a vibrationally excited state; it 

is represented as AB *. If the vibrationally excited molecular 

jon does not emit a photon or undergo collisional stabilisation, 

the electron will be ejected by auto-detachment (Auger electron): 

ABT*—> AB* + e@ seas 4ok5) 

In Figure (4.13b) another possible process for temporary negative 

ion formation is given. 

This process is described as one where vibrational excitation 

of the neutral molecule leads to subsequent capture of the incident 

electron. However, because of the low energy of the electron, 

long interaction times may occur between the electron and the 

molecule. This means that the nuclei may change from their 

normal configuration to a position on the negative ion curve. 
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The potential energy curves in Figure (4.14a) show diss- 

ociative transitions through the region of both the attractive 

and repulsive state of AB. Franck-Condon transitions to the 

attractive state will lead to dissociative capture for electron 

energies between a and 7) if levels above the dissociation limit 

of AB are populated. Dissociative attachment will occur for 

energies between E3 and Ey for the repulsive state. 

For dissociative resonance processes where the products are 

produced from levels above the dissociation limit, A and B’ contain 

excess translational excitation energy. The translational energy 

is partitioned between Aand B according to the conservation of 

momentum. 

Dissociative attachment may occur to a bound state of the 

negative ion, which then undergoes internal conversion to a 

repulsive state that gives dissociation ionization as shown in 

Figure (4.14b) Curve 1 represents the bound state and incident 

electrons are initially captured into this state. Intramolecular 

radiationless transitions to curve 2 occur before ««fo-detach- 

ment becomes a significant problem. 

The molecule then undergoes dissociation from curve 2 to 

give A+B. 

The energy at which the fragment ion B first appears, the 

appearance potential AP (B ), is related to the electron affinity 

of B, E (B), and the bond dissociation energy, D (A - 8), by the 

following equation 

D(A- 8) = AP (B) +E (B) -SW ey IE) 

where W is the total kinetic and excitation energy which frag- 

ment species may have. Because it is difficult in practice to 
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measure the excess energy terms, equation (4.16) is frequently 

written 

D(A- 8B) <AP(B) + E (B) setae lh 

Thus the dissociative resonance process can be used to measure 

the electron affinity of ion products or the bond dissociative 

energy of AB. 

The ion-pair process, reactions (1) and (2), is shown in 

Figure (4.15) In this case electron impact reactions are not 

usually attachment reactions because the incident electron is not 

captured but merely serves to excite the molecule to an electronic 

level that leads to AY +B” (or A’ + B*). 

Ion-pair processes are produced by photo impact as well as 

electron impact, hence the curves in Figure (4,15) are valid for 

any type of excitation. 

The scattered electron can carry away excess energy and the 

Process can take place over a wide energy range from the threshold. 

The products may contain excess internal and translational energy 

in a manner similar to that noted for the dissociative resonance 

capture case. For ion-pair processes there is a minimum energy 

at which the reaction will occur to give B., usually called the 

appearance potential AP, given by 

AP(AY) = AP (BT) = D(A-8) + I (B) - E(A) +SW ...(4.18) 

where I(B), the ionization potential of B, must be greater than 

E(A) for the process to be exothermic. 

The cross-section of ion pair formation increases approximately 

linearly from the threshold up to an energy roughly three times 
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the threshold. The cross-section then steadily decreases with 

increasing energy, where the reaction cross-section is directly 

proportional to the rate of ion production. 

Although ion-pair processes can give information on electron 

affinities, bond energies or ionization potential, work has mainly 

been restricted to electron affinities and bond energies. 

Several types of mass spectrometers have been used in relation 

with negative ion formation. 

(146) These include. conventional mass spectrofrs > time of 

flight instruments (147) | spectometers with high-pressure sources (148) 

and the ion cyclotron resonance (ICR) spectrometers (149) , 

It has often been stated (140.143) that the ratio of negative 

jons to positive ions formed in an ion source is generally of the 

order 1:10°. This factor together with the experimental diffi- 

culties in obtaining suitable conditions in the ion source (i.e. 

the presence of ions produced by different processes at different 

energies of the electron beam) have been cited as reasons why 

negative ion mass spectrometry has not been generally accepted 

as an aid to the structure determination in chemistry. 

The best illustration of the use of negative ion mass spect- 

rometry for the structure determination is afforded by the spectra 

of acetylacetonate type complexes. 

MacDonald and shannon (180) first reported that compounds of 

the type (1) (M = Co or Cu) produced abundant molecular anions. 

An introductory study has shown that the negative ion spectra of 

a number of divalent and trivalent metals with hexafluoroacey1- 

acetonate and trifluoroacetylacetonate ligands are equally inform- 

ative and often more so than the corresponding positive ion spectra: 

uch systems are most suitable for negative ion studies, as 
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either the metal or the ligand may accept the secondary electrons. 

The positive and negative ion spectra of copper hexafluoroacety1- 

acetonate obtained by Bowie and Williams (151) using an R.M.U.6 

instrument operating at 70 eV, are shown in Figure (4.16). 

In general, peaks due to molecular anions and the ligand 

radical anion (L*) predominate. Peaks of small abundance due 

to fluorine migration are also present. 
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CHAPTER 5 

Electron Work Function Measurements 

5.1 Introduction 

Since the object of this study is to investigate various 

aspects of negative surface ionization in relation with electron 

affinity determination, it was desirable to study the electron 

work function of the filaments being used in this work. 

As mentioned earlier, there are several methods available 

for the experimental determination and theoretical calculation of 

the work function for a particular material. 

In this work, the work function of Ta, W, and Pt filament 

was measured by the thermionic method. 

The surfaces (109) of real emitters are nearly always heter- 

ogeneous, this means that their emission and adsorption character- 

istics are functions of the surface coordinates. 

Emitters used in practice are prepared in form of wire, 

ribbon, or in form of layers deposited on a substrete The 

structure of such materials is polycrystalline and consequently 

the surface of the emitters consti tus an irregular"mo saic" of 

various single crystal faces, which are oriented differently 

relative to the geometric surface of the specimen. 

There is also an adsqp tion of foreign particles arriving at 

the surface from the surrounding space as well as from the bulk 

of the emitter. 

It is not possible to obtain ideal homogenous surfaces of 

macroscopic dimensions, such surfaces constitute a theoretical 

abstraction. 
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5.2 The Apparent Electron Work Function 152,153) 

The application of thermodynamic and statistical mechanics 

to the calculation of the saturated current density, Jes for 

electrons emitted from a conductor at temperature, T, leads to 

the well known Richardson - Laue - Dushman equation 

J, = AT? (1 - fe) exp - x/RT eae 1) 

where A = thermionic constant 

re = zero field reflection coefficient 

work function x " 

If the surface of the emitter is uniform then from equation (5.1) 

a plot of experimental values of gn j./7? as a function of (1/T) 

will give a straight line from which the "apparent" (or Richarfson) 

work function can be calculated. 

The key assumption which been made in the derivation of 

the well known Richardson - Laué - Dushman equation (5.1) is that 

the surface of the emitter is uniform (i.e. single crystal). 

The surfaces of most experimental emitters are far from 

uniform; these surfaces consist of patches which have different 

work functions. 

Hence the electron work function measured for "patchy" 

surfaces is not expected to be"the true work function" but the 

"experimental electron work function" of that "particular" 

emitter. 

It can be seen that in order to determine the work function 

by thermionic emission, the temperature of the surface must be 

varied and if the thermionic emission is used to determine work 
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function changes there are two factors to consider: 

(1) Work function changes can only be measured at temperatures 

where thermionic emission is measurable and at this 

temperature many adsorbed films may be destroyed. 

(2) If adsorption does occur at the elevated temperatures 

required for thermionic emission then variation of the 

temperature may cause the surface coverage to change. 

If the surface concentration of adsorbed species is n 

molecules ae then at equilibrium, 

Ne sViae ass, (G2) 

where v bombardment rate from gas phase 

cf " mean life time of adsorbed species on surface. 

The variation of t with temperature is normally expressed by 

the Frenkel equation !54) 

J (_Q) 
Reno) cat 2 rast » (5.3) 

RT 

where Q = heat of adsorption 

t = constant (vibration time of adsorbed molecule with 

surface) = 107!9 sec 

Therefore, 

n= vt, exp 2) Sean (4) 

RT 

Interpretation of work function changes found by the temper- 

ature dependence of electron emission is therefore not simple but 
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it is possible providing the above factors are taken into account. 

5.3 Experimental 

It is of the utmost importance to determine the electron 

work function of the filaments used in this study before proceed- 

ing to any further investigation. 

These determinations served as a check on modifications made 

on the Ion Source and the choice of experimental conditions and 

also to study the various conditions which affect the electron 

work function of the filaments. 

In this work, tantalum, tungsten and platinum filaments 

have been used with each sample gas studied by the mass spectro- 

meter. 

When a convenient vacuum was reached (about 2 x 10°8 torr), 

the filament was heated gradually using a D.C power supply to a 

high temperature (2500°K), the filament was left at that high 

temperature for about an hour, by this time the filament was 

crystallized. 

Hifte wards pe electron current measured by an avometer was found to 

be almost constant at any temperature choosen afterwards. This 

was taken as sufficient time for the filament to be degassed. 

The electronic current dependence on temperature was studied in 

the range of (1700 - 2000)°k, (depending on the filament material). 

The electron, drawing voltage applied to the grid and the anode 

was enough to overcome the space charge effect (this was confirmed 

by increasing the grid potential and observing that the electronic 

current was, almost, constant which means that the electronic 

Current was saturated). 

In order to facilitate experimental measurements it was 
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found convenient to calibrate the temperature of the filament 

as a function of the current through it (i¢)- The optical 

temperature was measured using a disappearing filament pyrometer 

(Leeds and Northrup) - type 8630 (6530 A filter), and corrected 

to the true temperature according to Figure (5.1) to allow for 

emissivity effects and also absorption by the glass window 

through which the filament is observed. 

A plot of the filament current SF) against T, and 1 are 

shown in Figure (5.2) and (5.3). It could be seen that the plot 

of Je against 1/T is linear over a large temperature range and 

could be used for several experiments before being checked. 

However, to eliminate any sources of error which might be 

due to temperature measurement (slight changes because of the 

filament decay at high temperature), the optical temperature of 

the filament was measured in each experiment together with the 

heating current. 

Throughout the course of the measurements, it has always been 

possible, after strong pumping and heating, to reach a reproducible 

state, with a clearly defined temperature dependence of the 

electronic current. 

5.3.1 Platinum filaments 

Prior to the work function measurement the new Pt filament 

was operated continuously for many hours at high temperatures 

(>2300°K) to ensure complete outgassing of the filament and its 

support. After this treatment, pressure of ~ 2 x 10°8 torr 

could be obtained and maintained with the emitter at its usual 

Operating temperature (1300 - 2000°K) . 
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Typical log j, - ia plots for Pt both clean and with the 

presence of sample gases are shown in Figures (5.4) and (5.5). 

The average (apparent) electron work function of the platinum 

was found to be (4.55 eV) and the work function was found to remain 

unchanged in the presence of the sample gases. 

This value is in accord with literature values for a poly- 

crystalline platinum! 155) of 4.72 eV. 

5.3.2 Tantalum filaments 

The above mentioned procedure was adopted to outgass tanta- 

lum filaments. 

The average (apparent) electron work function of the clean 

tantalum surface was found to be (3.96 ev) which is in good agree- 

ment with the literature vatue( 155) (4.12eV). Exposure to organic 

materials produced carburised tantalum filaments with a much 

higher electron work function (5.25 eV) which is in agreement 

with many literature values of TaC. 

It was routine to pass benzene vapours over the hot filament 

to avoid any changes on the electron work functions during the 

experiment. Figures (5.6) and (5.7) show a typical plot of 

log Je against 1/T for Ta and TaC filaments respectively. 

5.3.3 Tungsten filaments 

The apparent electron work function for clean tungsten found 

to be 4.20 eV compared with the recommended literature (195) value 

of 4.50 eV. 

Figure (5.8) shows typical plot of log Je against 1/T. 

Lowered work function values were observed in the presence of 
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sample gases. Figure (5.9) shows a plot of log Je against 

1/T for tungsten carbide, the apparent electron work function 

was found to be 3.8 eV. 

The temperature dependence of the electronic current, 

although reproducible, could not be held to be a fundamental 

property of the filament material, since it showed a tendency to 

vary from one batch to another, and to show a slow ageing, but 

it was nevertheless a well-defined and readily measurable 

quantity, and one which could be used as the work function of a 

"particular" filament with confidence. 

Usually the variations were slight, being within the 

experimental error. The experimental work functions obtained 

in this work were close to the values quoted in the literature, 

and were used as a test of the proper functioning of the instru- 

ment. 

The results obtained above are summarised in Table 5.1. 

5.4 Measurements of Apparent Electron Affinity 
  

Calculation of E'(T) 

5.4.1 Method of Page and Goode(*) 

The apparent electron affinity, E'(T), at the mean tempera- 

ture of the experiment is evaluated from the expression of Page 

and Goode: at constant pressure 

ENT) = -Rd gn (4,/5; )/d(1/T) Dee (5-5) 

where R is the gas constant. 
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Table 5.1 Practical Electron Work Function 

  

  

Filament Experimental Literature 

eV eV 

Platinum 4.55 4.72 

Tantalum 3.96 4.12 

Tantalum Carbide 5.25 Say), 

Tungsten 4.20 4.50 

[Tungsten Carbide 3.80 4.58           
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5.4.2 Method of Gaines and Page (156) 

The apparent electron affinity, E'(T) at the mean tempera- 

ture of the experiment is evaluated from the expression of 

Gaines and Page: at constant pressure 

x(T) 3 E*(T)/x(T) = dan j,/d en j, aoe (5-6) 

where x(T) is the thermionic work function of the filament, which 

may be taken from the Titerature(1522153,157) or derived experi- 

mentally. 

t 
In the later case the appropriate expression is at constant 

pressure: 

X(t), = eRedien j,/4 (1/7) wee (5.7) 

5.5. Transmission of Electrons Through the Mass Filter 

The transmission coefficient may be defined as the ratio 

between the current produced on the filament surface (ionic and 

electronic) and the current arriving at the detector plate 

through the quadrupole field. It is of great importance to 

check the constancy of this value, to make sure of the proper 

allignment of the filament (that it does not twist upon changing 

the temperature) and that there is no considerable carbon deposits 

over the ionization source which might inhibit the ions from 

reaching the Faraday cup (which might act as a capacitor). 

This was achieved by comparing the electronic current at the 

anode (measured by an avometer) and the electronic current at the 
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Faraday cylinder (measured by the amplifier). At a given 

temperature, with the mass filter tuned to pass only electrons 

(first mass = 0), the electronic current at the anode (3,) and 

the Faraday cylinder (iQ) was measured. Measurements were 

carried out at several temperatures. A graph showing the con- 

stancy of the transmission coefficient over a wide range of tem- 

peratures is shown in Figure (5.10). 

It was noted that when the filament was heated at the 

beginning of each run there was a slight deviation from the 

straight line, this is due to desorption of gasges out of the 

filament surface. 

Figure (5.11) shows a plot of log (ip/5Q) versus 1/T where 

an almost straight line was obtained, but deviation occurs at high 

measured currents. 

The deviation from a linear behaviour may be accounted for 

by the presence of a space charge effect within the quadrupole 

field. 

Dawson and Wetten (88) have calculated the maximum ion 

current which may pass through a quadrupole field. From their 

results, the maximum electron current expected to pass through 

the mass filter is about 5 x 1078 amps. Deviation occurs at 

measured currents higher than 3 x 1078 amps, which is in agreement 

with the expected value. 

A high thermionic emission of elctrons was observed, 

especially when the mass filter was tuned at low mass number, to 

stop this strong electronic current from arriving at the Faraday 

cylinder, a handmade magnet of about one Gauss strength (measured 

by a gauss meter) was placed around the ionization source (out- 

side the instrument). 
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5.6 Electron Affinity of Clg 

The most serious problem encountered by Chamberlain‘ 18) 

was, the observation of both positive and negative ion peaks 

during his investigation of the ionization of various substituted 

pyridines, interhalogens, and cypaogen halides, whereas he 

expected negative ions only. As expected (from such an observa- 

tion) anomalous results were obtained and were explained 

quantitatively on the basis of positive ion formation, by negative 

jon collisions with the sample vapour, in the mass filter. 

To investigate the reasons behind the observation of posi- 

tive ions in the negative ion mass spectra, it was decided to 

study all the possibilities which might have le d to such 

observations. 

One of the possible reasons is the electrical conditions 

of the ionization apace The relay en between the voltages 

applied to the filament, grid collector (anode), the quadrupole 

jonization source chamber and the ion focus lens under which the 

negative ions are accelerated towards the detector. 

It was feared that the electron,drawing voltage might have 

affected the results obtained by Chamberlain and that the elect- 

rical conditions might have been favouring the acceleration of 

any positive ions produced either on filament surface or in the 

quadrupole field. In order to check this possibility, the 

negative surface ionization of carbon tetrachloride was studied 

extensively, and all the conditions which might lead to the 

formation of positive ions, and consequently their presence in 

the negative ion mass spectra were investigated. 

The first step to prevent any positive ion from reaching the 
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Faraday cylinder and consequently appear in the mass spectra, 

was to set up the electrical conditions of the ionization source 

which favour the drawing of positive ions towards the other side 

of the quadrupole field, away from the detector. 

The second step was to set the detector at a positive 

potential to ensure that the positive ions (if formed for any 

reasons within the mass filter region) will not reach the det- 

ector. 

In the first few experiments aimed at finding the best 

electrical conditions of the ionization source, positive ions 

tel") were noticed, although chlorine is well known for giving 

very strong negative currents (Cle) oreo) 

Upon variation of the electrical conditions several times, 

at one stage no ions (positive or negative) appeared in the mass 

spectra, while in another stage the only ions observed were 

negative ions. 

Figure (5.12) shows the best electrical conditions reached 

after several experiments. This was facilitated by the ion 

originally set on negative potential ( for 

positive ion detection) to extract positive ions from the ijoni- 

focusing lens which 

zation chamber and to focus them in conjunction with the filter 

end and plate into the quadrupole analyser. 

This lens could be varied between 0 and +60 volt. (Access 

being obtained by removal of the top panel and adjusting RV1 on 

PCB2 while the avometer is connected to pin No. 6 of the 

analyser feedthrough - interace connection). 

This lens was kept at slightly positive potential. The 

results obtained from these preliminary experiments clearly 

indicated that the drawing potential applied to the various parts 
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of the ionization source were of great importance, and at this 

Stage were thought to be responsible for the presence of positive 

ions peaks (other reasons yet to be examined). This is because 

as met ioned earlier the quadrupole mass spectrometer is insensi- 

tive to the sign of the charge on the transmitted jon. Hence 

for a given set of analyser field settings both positive and 

negative ions of a particular mass/charge ratio may be transmitted 

simultaneously through the filter. This is not the case with a 

magnetic sector instrument. 

The filament EMISSION ON/OFF switch (Qak) enables potentials 

to be applied to the standard ion source lens plates to facilitate 

the focusing of ions from external regions (our ionization source) 

through the source into the quadrupole filter. 

Further assistance to the transmission of a negative ion 

through the source is given by reversing the polarity of the 

jonization chamber and focus plate potentials, this is achieved 

by selecting the NEGATIVE ion position of the positive/negative 

ion switch on the rear panel of the control unit. 

In the latter switch position the ionization chamber 

potential (varied by means of the ION ENERGY dial on the control 

unit front panel) is negative with respect to ground and the 

jon focus potential is positive with respect to the ground. 

5.6.1 Composite spectra (161) 

When a Faraday plate or first dynode monitoring is used 

at the detector it is possible to accelerate negative ions through 

the standard ion source while it is operative. In this way 

three types of spectra may be produced after carefully regulating 

the parameters involved. These are: 
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(1) Negative ion spectra from the external source 

(2) Gas phase positive ionization spectra 

(3) Composite spectra 

Both positive and negative ions may be produced at the 

same mass. This is likely in the case of the more electro- 

negative elements such as F, Cl and 0. In these cases the ions 

will appear at the same point in the spectra and the composite 

results will involve diminished peaks in one particular sign. 

An example of this is shown in Figure (5.13). 

In the case of more complex molecules (e.g hydrocarbons, 

fluorinated hydrocarbons etc.) the negative ion spectra tend to 

complement the positive ion spectra and few diminished peaks 

appear in the composite spectra Figure (5.14). 

5.7 Surface Ionization of Iodine and Bromine 
  

5.7.1 Introduction 

The surface ionization of iodine and bromine on various 

metal filaments has been studied closely and their electron 

affinities well known. The following two experiments were 

carried out as a check on modifications made on the ionization 

source and the choice of experimental conditions and to make 

sure that the eletron affinities obtained were independent of 

the filament material. 

5.7.2 Electron Affinity of Iodine 

The surface ionization of iodine on various metal filaments 
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has been studied closely and its electron affinity is well known. 

In 1935, there were the first two determinations of 

the electron affinity of iodine by surface ionization, one employ- 

ing magnetron technique, and the other the space-charge method or 

shift in the volt-ampere characteristic. 

(122) 
The first, was that of Glockler and Calvin where they 

obtained a value of 3.24 eV by the space-charge method. The 

second was that of Sutton and Mayer'72) witre a value of 3.14 eV wyas obtainerl 

by the magnetron method. Since then several other methods have 

been used to determine the electron affinity of iodine, including 

optical methods (1624163) | 

As mentioned earlier the temperature dependence of the 

electron emission from a tantalum filament prior to the admission 

of iodine gave an apparent work function of 5.25 eV (Tantalum 

carbide). This value was found to be unchanged by the presence 

of iodine vapour. 

The variation of iodine negative ion (r!27 ) current with 

temperature was studied by the mass spectrometer. A typical 

plot of log of the electron to ion (1°) current ratio against 

the reciprocal of the filament temperature (lo g ili vs 1/T) 

is shown in Figure (5.15). The average apparent electron affinity 

was found to be 3.21 eV which is in good agreement withe photo 

detachment (162+163) yaiye of (3.05 to 3.10) eV. 

5.7.3 Electron Affinity of Bromine 

The early determinations of the electron affinity of bromine 

followed the work done on iodine. 

The negative ion mass spectra gave two peaks of equal intensity 
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at an m/e value of 79 and 81, which were identified as the two 

isotopes of bromine ( abundance of Br’? /Br®! is 50.57/49.43). 

A typical plot of log Jo/d. (Br) against 1/T is shown in Figure 

(5.16), 

The apparent electron affinity of bromine was found to be 

3.32 eV which is ‘Good agreement “the literature value 13) 

3.36 eV. 

The electron work function was found to be unchanged by the 

presence of bromine vapour. 

The values determined for the electron affinities of bromine 

and iodine were in good agreement within the experimental error, 

with spectroscopic values. 

5.8 Electron Affinity Determination 

  

5.8.1 Introduction 

al 

of electron, termination obtained by the magnetron method, it 

In able of the growing controversy about the validity 
i 

was decided to study#few compounds some of which have been studied 

before by the magnetron to test some of the values obtained by 

this method, and to answer some of the criticism of the surface 

jonization systems and, consequently, the magnetron, for the 

determination of the electron affinity of atoms, molecules and 

radicals. 
thal 

Chamberlain! 158) pointed out, the magnetron method is non- 

specific and that the deductions drawn about the identity of the 

charge carriers on energetic grounds may be in error. 

(136) and Zandberg and Paleey(!26) 
& oar 

that ions precicter a. the magnetron were not always observed in 

Herron et al demonstrated 
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the mass spectrometer. 

Zandberg and Ionov' 199) claimed that rela ble results can be 

obtained only by mass spectrometry. 

All the compounds mentioned in this work have been studied using Die 

QyK quadrupole mass spectrometer (the details of its construct- 

jon, and its ionization source have been described earlier). 

Carbon etrachloride has a high electric strength, which is 

often associated with ease of negative ion formation. 

Because it has been studied by the magnetron, and it is easy 

to handle, it was selected to be studied by mass spectrometry. 

5.8.2 Carbon Tetrachloride 

Negative surface ionization of carbon etrachloride was 

studied over tantalum, tungsten and platinum filaments. 

The variation of electronic and ionic currents, with temper- 

ature, at constant pressure was studied. Several experiments 

were carried out until reproducible results were obtained. 

No trial was made to select certain pressure throughout the 

whole experiments, the only criteria was to work at any pressure 

below 5 x 10” torr and make sure that this pressure remaine~ 

constant throughout the run. This was achieved by fine adjust- 

ment of the needle valve of the sampling system. 

It was always made sure that there was enough time, after 

the sample gas (C14) was admitted in the instrument, to attain 

equilibrium over the filament surface, this was achieved by 

frequent checkson the electronic and ionic currents ,this time was 

varied from one hour to several hours without noticeable effect 

on the results obtained. 
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The formation of Cl” ions from CCl, has been examined (two 

peaks were recorded corresponding to ci? and ol) No other 

jons were found in the mass spectrum over the temperature range 

studied which was between 1600 and 2000°K, although cl,” and 

cll, have been reported(!26) | 

Figure (5.17) shows the variation of ionic and electronic 

current with temperature (heating current), it is a smooth 

function of temperature. 

Figure (5.18) shows a mass scan of CCly in,negative mode, it 

could be seen that the ionic current is constant at constant 

temperature and pressure. 

126) indicated that v4«the ratio of the Zandberg and Paleev 

electron (d,) to ion (3;) current is not a function of temperature 

then the process is not surface ionization, the ions -“o not 

originate from the filament surface preeemed from a gas phase 

process. 

A plot of 4,/4; against T is shown in Figure (5.19) it 

clearly indicates that Cl” ions are produced by surface ionization. 

Then by plotting log j,/3, Baar 1/T Figure (5.20) the 

apparent electron affinity was found 27 K cal mol my which agrees 

very well with the difference between the electron affinity of 

chlorine (84 K cal mot!) and the bond energy (68 K cal mot”!), 

This result indicates that a valid estimate of the electron 

affinity of an observed species may be determined from the temper- 

ature coefficient of the ratio of the electron to total ion current 

in the magnetron provided that the mechanism of the ion formation 

is known. 
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5.8.3 Sulphur Hexafluoride 

Sulphur hexafluoride is of considerable importance as a 

gaseous dielectric. 

Knowledge of the electron affinity of SF is important in 

the understanding of the electron attachment properties of SF 

and the thermodynamic properties of SF : 

Kay and Page ( 164) reported a direct measurement of the 

electron affinity of SF with the result electron affinity 

= 1.49+0.2 eV. 

Hammond (165) analysed the charge-transfer bands of solutions 

containing SF and deduced a value of 0.61 eV /r the E.A of SFg. 

Chen et ay (166) studied the temperature dependence of the 

rate of electron attachment to SF and deduced that the electron 

affinity of SFg must be greater than ~ 0.7 eV. 

Feh Menvatd weed the observation that thermal energy 057 cons 

charge transfer to SF and that SFg charge’ transfers to atomic 

oxygen to establish a lower and upper Init 49 the electron 

affinity of SF j.e. 

0.43 < EA (SF,) < 1.46 eV 

Because of the above mentioned controversy it was decided to 

study sulphur hexafluoride by surface ionization method. 

It was very easy to obtain negative ions in the negative ion 

mode spectrum. 

Ions identified as SFe°, SF; , SF, , SF, , F were obtained. 

Zandberg and Paleey(!26) criterion (i.e. the ions formed in 

the gas phase should have a zero or very low temperature coeffi- 

cient) was applied to the ions observed Figure (221)5, It is 
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clear that these ions are not formed by surface ionization. 

5.8.4 Uranium Hexafluoride UF. 

The sample was obtained from the British Nuclear Fuels 

Limited. ey, 

The UF , observed were believed to have been formed by 

surface ionization. 

Figure (5.22) shows that the ratio of the electronic current 

de to 4, (UF, ) is temperature dependent i.e. true surface 

ionization. 

A typical graph of log d,/i. against 1/T is shown in Figure 

(S420) o 

The apparent electron affinity obtained is 4.7 eV which is in 

good agreement with the most recent (168) value of 5.1 eV. 

Difficulties due to decomposition of UF on the ionization 

source were encountered and a green deposit presumably UFy was 

formed on the filament mounts. The work done to gain more 

information about volatile uranium compounds, especially UF. 

was enhanced by the increasingly technological importance of 

such compounds and that very little is known about them in 

jonized gases. 

(169) Recently Beauchamp presented a study of endothermic 

reactions of UF, ions (generated by surface ionization) with 

various gases. 
th 

From threshold for the reaction 

Serna Bho UF, 3 4 + UF; wee nS) 
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a value for the electron affinity of UF. was deduced to be 

4.9+0.5 eV. 

5.8.5 Molybdenum Hexafluoride MoF 

A high value for an electron affinity of MOF eg has been 

reported !7°) » it was 4.1 eV. 

A sample of MoF 6 (obtained from Glasgow University) was 

used to study surface ionization of MoFe over Ta and W filaments. 

This study was hampered by the many difficulties encountered 

by the blue deposits over the ionization source ( which turned 

to greenish blue with yellow spots upon exposure to air) which 

were very difficult to remove. It was accompanied by a high 

electronic current (up to9.8 mA), 

The MoF. fragmentation products were believed to react with 

the oi] of the diffusion pump, this was noticed by the high 

Pressure (5 x 107) after these experiments while the needle valve 

was off. 

5.8.6 Dimethyl Mercury Hg(CH3), 

The electron affinity of CH has been reported to be 1.08 eV 

by the magnetron method. 

Page (4) studied the surface ionization of several substrates 

in connection with electron affinity determination. Among those 

studied by the magnetron techniquewas lead tetramethyl, lead 

tetraethy] and dimethyl mercury. Several experiments 

aimed af detectiyany CHa ions originating from surface ionization 

were unsuccessful. It was believed that either the CHa negative 
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jon current was below the detection limit of the amplifier or 

that the CHa is not produced at all. A,up to date literature 

Survey supports the second assumption. 

5.8.7 Benzene 

171) 
Gaines and Page! studied benzene, benzil, dibenzyl, 

e 
tolune, azobenzene, mercury diphenyl, and mercury di-p-toly] 

by the magnetron technique in order to determine the electron 

affinities of the phenyl and benzy1 radicals. 

The behaviour of benzil and benzene showed that the electron 

affinity of the phenyl radical is 50.9 K cal mot”! at o°k, 

The above estimate of the electron affinity of the phenyl 

radical was based on energetic grounds only, and no positive 

identification of the phenyl negative ion was achieved. 

Several workers since then have studied the negative surface 

ionization of benzene, by other methods; specifically by mass 

spectrometry (!26 2127) 

The phenyl negative ion predicted by the magnetron technique, 

was not shown by mass spectrometry. While studying benzene over 

tungsten and platinum filaments Herron et a1 (136) observed the 

following ions only C, , CoH and CN” (the latter was ascribed 

to surface impurities). 

Zandberg and Paleey(!26) studied benzene over tungsten and 

graphite (C) filaments (between 2200 - 2400 °K on the tungsten 

filament and ~ 1800°K on graphite), at a pressure of 1 x 10°? 

torr, the only ions they observed were Cos CoH. 

Quite recently Joyce !173) studied surface ionization by the 

magnetron technique and by mass spectrometry. In the case of 

the magnetron method the apparent electron affinity obtained 
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(and attributed ine radical) was 143 Kcal mol), 

He concluded that the non-zero gradient of the plot of the 

electron to jon current ratio against the reciprocal of filament 

temperature shows that the ions formed arise from the surface 

of the filament rather than as the result of subsidiary processes 

in the gas phase. 

The mass spectr of benzene Tn negative mode obtained by 

Joyce is shown in Figure (5.24). 

The surface ionization of benzene was studied over Ta and 

\ filiaments, Several attempts to obtain a 

negative ion mass spectryvmat pressure of about 5 x 107° torr 

failed (though high temperatures were reached). 

fF trial made at higher pressure,(Figure (5.25)) a 

negative ion mass spectrum, 

this spectrum was accompanied by a high elect- 

ronic current. 

The spectrum indicates clearly that no phenyl ions are present 

and the only ions observed were at m/e = 24, 25, 49 73 (very small 

peak). The base peak was at m/e 25 One 

The variation of cy and CoH jons,with temperature was 

tried, but lots of difficulties encountered inhibited this trial, 

because the filaments at this high temperature and pressure 

breaks easily, and the maximum drawing potential applied to the 

various parts of the ionization source was not enough to over- 

come space-charge effects. All the above mentioned work indicates 

clearly the difficulties encountered with the deduction of the 

reaction type occurring at the filament of the magnetron. 

In those cases where the negative ions predicted by the 

magnetron technique are not observed, it should not be assumed 
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that the magnetron method is invalid. The possibility that the 

Magnetron measurements refer to metastable negative ions must not 

be overlooked. If the negative ion which is first formed, and 

whose energetics are determined in the magnetron, is a metastable, 

in that it changes to another negative ion before it is detected, 

the observed energy will depend on the primary ion, but the mass 

spectrometer will record only the secondary negative ion; 

metastable ions are abundant in the negative ion spectra of organ- 

ometal lic(!74) (175,176,177). and organic compounds 

The negative ion mass spectra of alkylbenzenes substituted 

benzene, aliphatic acids, esters, nitriles, and ketones have been 

measured(!72) | The spectra were compared with their positive 

jon counterparts and with other work on negative ion mass spectro- 

metry. 

In their study of benzene, tolyne, ethylbenzene, n-propyl- 

benzene, o-xylene, and p-xylene, they noticed that the very large 

fragmentation observed in the negative ion mass spectra with their 

base peak at m/e 25 (HC=C _) was in marked contrast to their 

positive ion counterparts where the base peak was either the 

molecular ion or the tropylium ion Ci m/e 91. 

This difference is readily understood as the production 

of a negative molecular ion from benzene requires the insertion 

of an electron into a non bonding orbital, the introduced 

instability being released by extensive fragmentation. They 

attributed the most intense peaks (m/e 25, 49, 75, and 79) in 

the spectra to a series of acetylide anions Chie (n = 2,4,6 and 8). 

The remaining peaks (m/e 24, 36, 48, 60, 72, 84 and 96) were due 

to Cn, (n = 1 to 8) and showed a maximum for even values of n. 

(172) results were analogous to those reported| !78) 
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for the negative ion mass spectra of aliphatic hydrocarbons. 

The very weak M - 1 peak was in contrast with the observations 

of Ardene who reported both M - 1 and M - 3 peaks for a number 

of condensed aromatic systems. 

It is clear from Figure (5.24) obtained by Joyce(!73) that 

the shift in the base line before and after the measurement is 

More than the intensity of ions observed which casts some doubts 

on the reliability of these measurements. The m/e 77 and m/e 51 

peaks are suspected as positive ions (or more correctly the 

difference between negative and positive ion current). The work 

of Aplin et ay (172) supports this (see Figure 5.26) 

5.9 General Discussion 

The original model of the magnetron assumed that equilibrium 

was reached at, or very near, the ionising surface. Hotop et al 

and Hotop and Lineberger(24) said that the recent photodetachment 

results casts some doubt on the validity of even a relative deter- 

mination of an electron affinity in surface ionization experiments. 

Hotop questioned whether the condition of thermal equilibrium 

a key assumption for surface ionization, was fulfilled, especially 

when beams of atoms or complex vapour impinge on heated metal 

surface and interact with the atoms of the surface for an average 

time which is difficult to estimate. Zandberg et ai (127) 

answered this criticism by a careful examination of the assump- 

tions and experimental technique of the absolute method of 

surface ionization for re-determining the electron affinity of 

jodine, silver and gold. 

Their findings led them to conclude that systematic errors 
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due to use of polycrystalline emitters and the assumptions of 

the method, do not exceed a few hundredths of a volt. 

Page and co-workers (4) have extensively developed the 

magnetron technique. Page extended the original model of the 

magnetron to take account of some chemical reactions including the 

adsorption of molecular fragments on the surface, an extension 

which could be justified in the examples studied, but which 

offered too easy an explanation in less straightforward cases. 

Herron et ay (136) demonstrated that in many cases, the ions 

detected in a mass spectrometer bore little relation to those 

postulated as carrying the current. 

Zandberg and Paleey(!26) have shown that negative ions may 

also be produced in surface ionization experiments by secondary 

Processes such as dissociative electron capture. Criteria of 

surface ionization such as, a Maxwellian spread of the ion 

energies anda non-zero slope of the plot of 2n 4, /3_ Tf (1/T) 5 

need to be applied as a check on the source of the ions. 

They claimed that many complex organic molecules in surface 

jonization form mass spectra of negative ions due to bombardment 

of adsorbed films by positive ions, and that the energy distri- 

butions are not homogenous. 

This criteria was applied to ions observed in this study 

before the electron affinities of these ions were determined. 

The experimental electron affinities obtained in this work 

were in good agreement with literature values. 

Chamberlain 158) argued that the results of the magnetron 

are valid provided the pressure of the gas is below 10°" torr. 

In this work all the results obtained were under pressure of less 

than 5 x 10°° torr. 
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The divergence of the precise measurements of electron 

affinity by spectroscopic means and the chemical results typified 

by those obtained by surface ionization in the magnetron has been 

examined by Page( 179). 

He questioned not the reliability but the relevance of the 

"vertical affinities" based on photodetachment. He pointed out 

that chemical reactions involving negative ions relax into 

detachment in a slow process during which major molecular re- 

organisation occurs: 

The divergence between the two sets of values increases with 

complexity of the species examined, there being little disagree- 

ment when the ions are monoatomic. 

5.10 Conclusion 

The mass spectrometer was used to test the magnetron tech- 

nique ( Page kinetic approach) for determining electron affinity. 

All results obtained were consistent, and in agreement with the 

literature values, provided the criteria of surface ionization is 

applied. Thus, a valid estimate of the electron affinity of an 

observed species may be determined from the temperature coefficient 

of the ratio of the electron to total ion current in the magnetron 

provided the mechanism of the rate determining process is known. 
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