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SUMMARY 
The Magnetron technique, which had been developed for the measure- 

ment of electron affinities from cbservations cn the equilibrium between 

neutrals, electrons and ions at a heated metal surface, was applied to 

the measurement of electron affinities of both radicals and molecules. 

A series of metal hexafluorides was studied, which showed that they 

captured electrons directly to form negative ions of the type MFg . The 

relative electron affinities of these compounds were shawn to be consis- 

tent with their relative oxidising powers. 

Electron capture by the radicals C,H., CF3., SiF3., Rj RoN. and 

RiRoP., (where R; and Ry can be phenyl (Ph), methyl (Me) or hydrogen 

(H)), was studied to determine the effect the nature of the centre of 

acceptance and substitution at this centre had upon the electron affin- 

ity of the radical. The additional electren was shawn to be localised 

as a lcne pair on the atomic centre where the free valence lay. and the 

experimental electron affinity was compared to the calculated electron 

affinity of the atomic centre, in the same valence state. as given by 

the methed of Hinze and Jaffe. 

The disadvantage of the Magnetron technique lay in the fact that 

| the identification of the ions was cnly indirect and, therefore complex 

reactions, which gave rise to similar numbers of ions of differing mass, 

could have been misinterpreted in terms of a simple reaction. To over. 
| 

come this a surface icnisaticn source was attached to an Atlas AMP 3 

Quadrupole Mass Filter, which enabled direct identification of the ions 

to be made along with the usual Magnetron type measurements.



This work was carried out between November 1965 and October 

1968 at the University of Aston in Birmingham. It has been done 

indeperdently, and has not been submitted for any other degree. 

G. Cc Goode. 

G. C. GOODE.



ACKNOWLEDGEMENTS 
a eo ee 

I wish to express my gratitude to Professor F.M. Page for 

his supervision and encouragement during the past three years. 

I would also like to thank Mr. R.E.K. Rackwitz for his 

valuable advice, and the United States Army and the Central 

Electricity Generating Board for financial support of this 

research.



"The Road goes ever on amd on 

Down from the door where it began. 

Now far ahead the Road has gone, 

And I must follow if I can, 

Pursuing it with eager feet, 

Until it joins some larger way 

Where many paths and errands meet 

And whither then? I cannot say." 

J.R.R. Tolkien 
"The Lord of the Rings."
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1. INTRODUCTION 

eee Introduction 

  

The conceptiem of a negatively charged ion dates back to the ‘onic 

theory of electrolysis. In this theory a molecule XY is supposed to 

dissociate in solution to give ions x* and Y. The application of a 

potential difference then produces a drift of the positive ions x* to 

the cathode and of negative ions Y to the anode. The drift velocity 

of these ions in the field direction is so small however that the ios 

must be regarded as forming clusters of considerable size by solvation. 

The study of the passage of electricity through gases showed that 

in this case also the carriers of negative charge were not by any means 

exclusively electrons, but often particles of molecular mass. Although 

the opportunities for cluster formation in a gaseous medium are much 

less than for electrolysis the negative-charge carriers in a gas, at 

not too low pressures (> 10% Torr), may be complex. Hence when 

quantitative meesurements are carried out the working pressure is ten 

(< ig * Torr ,) where simple reactions predominate. The most fruitful 

source of knowledge at first was the mass spectrograph used by 

J. Je Thomson” to identify a number of simple negatively charged mole- 

cules and atoms, and the study of the diffusion of ions in gases, carried 

out by Townsend et alt provided further information of a semi- 

quantitative nature. The recent spectroscopic techniques of Branscomb 

et a and Berry et al’ have given very accurate quantitative 

information about negative ions but have in the main been applied to 

atomic ions. Also various calculations and extrapolation methods 

have successfully given values for the stabilities of negative ios 

 



but again have been almost exclusively carried out for atomic ions. 

Recently a great deal of qualitative work has been done on mole- 

cular ions by mainly mss spectrometric techniques, but quantitative 

measurements are still very meagre and often contradictory. 

1.2 The occurrence of Negative Ions 

An understanding of the stability of negative ims is important 

in many fields of research, particularly in flane chemistry, astrophys- 

ics and studies of the ionosphere. 

Since the discovery of the ionized layers in the upper atmosphere 

physicists have been interested in their properties and composition. 

The proportion of negative charge in an ionized layer jwhich is present 

in the form of negative ions, depends on the balance between the rates 

of formation and destruction of these ions. During the daytime photo- 

detachment by the sun's radiation causes the concentration of negative 

ions to be very small. However at night this source of detachment is 

absent and particularly in the E layer, where the rate of attachment 

is high® , negative ions are present in quite large concentrations. 

The chief chemical constituents of the D and E layers are N2, 02 and 

No, O and possibly 02, respectively, resulting in the formation of om 

at the lowest layers and 0 , NO, and N03 at higher altitudes®. This 

has led to many experimental attempts to measure both the stability and 

the rate of formation of these Gena et 

Qne of the instances in which negative ions have played a decisive 

role in determining the nature of sn observable phenomenon is that of 

the solar continuous spectrum. It has been shown that the absorption 

of negative hydrogen ions present in the solar photosphere determines 

ee



  

the spectral distribution in the visible region’? 

colour temperature of many of the stars’, In the atmospheres of certain 

and hence the apparent 

cooler stars there appears to be a rather greater proportion of carbm 

than in other stars and it is possible that CN and C, might be import - 

ant in determining certain features of the emission spectra of these 

stars, but it is difficult to make any estimate due to the uncertainty 

in the electron affinities. 

Qne of the fields where a knowl-dge of the stability of negative 

ions is important is that of flare ionigation, due mainly to the interest 

in rocket propulsion and magnetohydrodynamic generation. 

In rocket propulsion problems arise in the control of the rocket 

due to attenuation of the electro-magnetic signals by the electrons in 

the rocket flame. When an electro-magnetic wave passes through a 

partially ionised medium the electrons, due to their small mass, are 

excited into sympathetic oscillation: this directed momentum is 

rapidly lost by the electrons colliding with the gas molecules, hence 

the energy of the wave is degraded into the 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 cap- 

tuve electrons, that is molecules with a high electro affinity. 

The inverse of this problem occurs in magnetohydrodynamic ;enerators 

where electricity is generated directly from a high velocity flame burn- 

ing between the poles of a magnet. The flame can be thought of as being 

equivalent to the armature of a dynamo, where the electrical energy 

output is obtained at the expense of the thermal and kinetic energy 

of the flame gases. and it is essential that the conductivity of the



flame is high, that is a high concentration of free electrons must be 

present. Hence it is important to know the value of the electron 

affinities of all species present in the flame to assess the efficiency 

of an M.H.D. generai-r. 

A knowledge of electron affinities is essential in the discussion 

of ionic-covalent resonance, for example if a molecule is considered 

to be a hybrid between covalent A-B and ionic A'B’, whilst it is poss- 

ible to construct potential energy curves for both species the separ- 

ation between the two curves, which is the important criterion in 

ionic-covalent resonance, depends directly on the values of the ioni- 

sation potential of A and the electron affinity of B. 

Another case where the lack of electron affinity data is unfortun- 

ate is when the strengths of chemical bonds are considered in relation 

to the electronegativities of the bonded species. This arises as elec- 

tronegativity is defined as a function of 3 |I + E] where I and E are 

the ionisation potential and the electron affinity of the particle 

being considered’. 

In the study of electro-chemical reactions both at ordinary and 

16 ,17 , a knowledge highly polarised electrodes, such as the polarograph 

of the stabilities of the negatively charged species produced is desir- 

able. For example a quax:titative study of the reduction potentials of 

neutral species in the polarograph gives a value for the change in 

energy, AE, for the overall reaction. As the reaction is carried out 

in solution AE contains solvation terms which are not in general known 

for negative ions. Hence a comparison of AE with the heat of the same 

reaction erzried out in the gaseous phase, based upon measurerents of 

aie 

 



electron affinities in the gaseous phase, will give information about 

the heats of solvation of the ions concerned and ultimately a better 

understanding of electrode processes. 

Finally a considerable amount of work has been done by Lovelock et 

a/® on the formation of negative ions by biologically active materials. 

The electron capture detector developed by this school was used, in con- 

junction with a gas chromatograph, to determine the relative reduction, 

produced by various materials, in the electron concentration of a radio- 

actively generated plasma. The relative reduction in the electron con- 

centration was found as expected to depend upon the electronegativity 

of the material, with a few exceptions, where anomalously high reductions 

occured. these were almost always with compounds that had a high biolo- 

gical activity. Although it is not implied that the ability to capture 

electrons is a direct cause of biological activity, the results suggest 

that there is a close link between the two. 

1.3 The determination of the Stability of Negative Ions 

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

quantity known as the electron affinity of the parent molecule , radical 

or atom, X, which is defined to be, 

BOGE a, SE. tei 

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

radical or atom and the negative ion, respectively: for a stable nega- 

tive ion the electron affinity must be positive. 

The static field of a neutral atom is by itself insufficient to 

bind an additional electron. However, as an electron approaches an 
Ww 

atom the coulomb field of the electron induces dipole, quadrZpole and 

ie 

 



higher multipole moments in the atom, which results in an attactive 

potential having the asymptotic behaviour - a/r* for large distances)? ; 

r, of the electron from the atomic nucleus, a being the dipole polariz- 

ability of the atom. In many cases, provided allowance is made for 

the effect of the Pauli exclusion principle, this polarization poten- 

tial is sufficiently strong to bind the extra electron to the atom to 

produce a stable negative ion. 

The Pauli exclusion principle states that two electrons with the 

same spin quantum numbers cannot have identical quantum numbers, so 

in the case of the inert gas atoms He, Ne, Ar, with completely filled 

Is, 2p, 3p shells. respectively, any additimal electron mst go into 

a shell with a higher principal quantum number. Since the polariza- 

tion field is not sufficiently strong to bind the extra electrm in 

such an orbital, the resulting negative ion will be unstable. Whereas 

ators like H, the alkali metals and the halogens, with a single elec- 

tron absent from their outer s and p shells, respectively, will form 

stable regative ions. 

If two electrons have the sare spin quantum numbers they will tend 

to stay apart due to the exclusion principle. This results in the 

effective polarizability of the atom being increased, which results in 

a stronger binding than would have been expected. It follaws that the 

greater the number of electrons in the outermost shell of the parent. 

neutral atom having the same spin quantum number as the additional 

electron, the greater will be the energy of binding of the extra elec- 

tron. For example, consider the negative ions Be ,B,C,N,0, 

and F, where the ground energy state of the negative ions are taken



to be the same as for the neutral atoms B, C, N, 0, F and Ne, that is 

2p, 2p*,  2p?, 2p*, 2p°, and 2p®, respectively, (Inner 1s? and 2s? shells 

have been omitted). As the ground state of the parent Be atom has com- 

pletely filled 1s* 2s* shells but no 2p electron it seems probable that 

Be~ in the 2p state is unstable. In B there is a single 2p electrm 

with the same spin quantum number as the additional 2p electrm, while 

in C there are two such electrons, and therefore the elec®On affinity 

of C would be expected to be greater than that of B. However for N 

there are no; electrons with the same spin quantum number as the extra 

electron, and so the probability of a stable negative ion of N is redu- 

ced. For 0 there is a single electron with the same spin quantum nunber 

as the additioal electron and in F there are two such electrons, which 

suggests that both 0 and F farm stable negative ims with F having the 

greater electron affinity. 

A similar trend is postulated for the negative ios of Mg, Al, Si, 

P and S, which have partly filled 3p shells and Cl, whose 3p shell is 

completely filled. 

These qualitative considerations are in agreement with experimental 

observations, but are insufficient to lead to any quantitative inform- 

tion on the stability of negative ims. 

The earliest attempts to evaluate electron affinities followed the 

20 and were confined to a refinement development of the Born-Haber cycle 

of the calculation of lattice energies on which this cycle is based. 

The lattice energy, U, of a crystal consisting of mM’ and X is related 

to the heat of sublimation, S, per molecule MX, the dissociation energy, 

D(MX) , of the molecule MX, the ionisation energy, I(M) of the atom M, 

ons



and the electron affinity E(X) of the atom X by the formula. 

E(X) * IM) + DMX) +S -U 1.2 

Therefore if all the quantities on the right hand side are known, the 

electron affinity can be derived. 

Calculations of thelattice energies of the alkali halides have 

a. Mayer and HeInholz‘2?? , 

25 

been carried out by Born and Heisenberg 

24 Verwey and de Boer?> , Huggins“”, Kapastinsky“~ and Ltwdin?® , all in 

good agreement. More recent calculations om the lattice energies of 

the alkali halides have been performed by Cubicciotti2’ , who using the 

best available data for the quantities D, S and I gave the values of 

the electron affinities for F, Cl, Br and I as 3.45 eV, 3.62 eV, 3.49eV 

and 3.19 eV in satisfactory agreement with those ebtained from photo- 

detachment Studies” au ; 

The lattice energy of the crystal LiH, calculated by Hylleraas?® 

and by Bichowsky and Rossini?” gave the electron affinity for H as 

0.78 eV in good agreement with quantum mechanical calculations. 

Lattice energy calculations have also been performed on the alkali 

oxides by Morris ?° 

31 

and on the alkaline earth oxides and sulphides by 

Sherman?! Mayer and Maltbie®2, Kapustinsky”® and Baughan®’. Since 

these crystals contain the doubly charged negative ions 0?” and S*” 

equation 1.2 gave the electron affinities of 0 and $ for the attachment 

of two electrons as -6.2 eV and -3,9 eV respectively’?. 

The electron affinities of various molecular systems have also been 

calculated by the application of equation 1.2. The determination of 

the latti@energies of the alkali hydroxides by Barn and Kornfe1d" , 

Kapustinsky*® and Juza®” gave the electron affinity of CH as 2.3 eV, 

ae



while the determination of the lattice energy of K03 by Nikolskii et al 

37 
gave the electron affinity of 03 as 2.9 eV. 

Sherman*+ calculated the lattice energies of the alkali cyanides 

which led to an electron affinity for CN of 3.69 eV, which may be in 

error due to the uncertainty in the value for the heat of formation of 

CN. 

Yatsimirekii® from lattice energy calculations om the hydrosulphides , 

alkali nitrites and alkali nitrates derived electron affinities for res- 

pectively SH, NO2 and NO3 of 2.6 eV, 1.6 eV and 3.9 eV, the value for 

NO, is much lower than those derived from electron impact?? » and surface 

ionisation techniques’. 

0 
Pritchard* calculated the electrm affinity of NH2 to be 1.2 eV 

from lattice energy calculations om the alkali amines, in good agree- 

kick and Evans et a from ment with recent mass spectrometric values 

lattice energy calculations on the alkali oxides gave the electrm 

affinity of 02 as 0.7 eV, which is rather high when compared with the 

value given by photodetachment studies’. 

A second useful technique for calculating electro affinities wes 

4 and later improved by Edlén’®, suggested by Glockiert 

The ioninztion energies of the members of an iscelectric series of 

atoms and ions are represented to a good approximation by the quadratic 

expression 

(2) age + age a lis, 

where 1(2) is the imizatim energy of the ground state of the member 

of the sequence with the atomic number 2 and @y> al and a2 are comstants, 

4 
which may be determined empirically. Glockier* suggested that it should 

ae



  

be valid to extend this relation to the negative ion member of the iso- 

electronic sequence for which Z = 7-. He expressed the electron affinity 

of the parent atom as: 

E(Z)> =. © IC) a 31(Z) - 31(Z,) + I(Z2) 1.4, 

where Zo Z, and Z2 are the atomic numbers of the neutral atom and the 

singly and doubly charged positive ions of the iscelectrmic sequence. 

Table 1 gives the values of the electrm affinities of atoms 

obtained using Glockler's formula, Edlén's formula, those obtained experi- 

mentally, and the theoretical values. 

  

  

Table 1 

Atom Glocklex*” Earert®) Experiment Theory!” 

H 0.74 0.63 | 0.77 * a.ch*® | o.75y i448) 
fi BOs 0.19 ; ¥ 
Li, | 0.42 0.82 : 0.58 
Be 0.22 Z a : B -0.10 0.33 © cony O80 
C 0.92 signe) Aap 0.03 1.17 
N -0.56 0.05 - ap ebay 
0 1.01 1.47 | 1.u65 * 0.004) | 1.22 
F 3.04 3.50 | 3.uu8 t o.c08” | 3.37 
Ne | -1.28 -0.57 : : 
Na, | -0.08 0.47 ” 0.78 
Me” | --0.56 5 ‘ 
Al 0.03 0.52 é 0.49 
S$ 1.07 1.46 2 1.39 
P 0.38 0.77 ner Pon 
S 1.79 BeWe 2.07 = O.0F” on [Baka 
C1 3.39 3.70 | 3.613 t 0.003” | 3.56             

All Electron Affinities are given in eV. 
*The values correspond to the 367S and 4s?S states of Be, Me 
respectively. 

In general, the extrapolation methods support the qualitative can- ge ‘po 

clusions regarding the stability of negative ions inferred by using 

nit.



  

the Pauli exclusion principle. On applying equation 1.4 to Be it was 

found that the 2p*P state of Be was unstable, as predicted om qualita- 

tive arguments, but the 3s*S state was stable by 0.22 eV. This was 

attributed to an g electro, under certain conditions, being more readily 

attracted to a neutral atom than a p electron, due to the short range 

character of the potential field and the greater penetrating power of 

an gs orbital’, The same arguments were applied to Mg but both the 

3p*P and 4s*S states were found to be unstable. 

Comparison with experimental results showed that Glockler's form- 

la works very well for atomic hydrogen but tendg to slightly under- 

estimate the value of the electron affinity for other atoms. 

Edien'® attempted to improve Glockler's formula by introducing 

additional terms into equation 1.3., to allow for the screening effect 

of the inner electrons. He gave the binding energy I(Z) of an electron 

with principal quantum number n, belonging to an atomic system of 

nuclear charge Z, effective nuclear charge Z - S, and containing N elec- 

trons as 

I(Z)/(R/n2) = o% + 2ac - b + clo +a)! 1.8: 

where o = Z - (N - 1), a is the asymptotic value for a penetration para- 

meter p defined by o + p = Z - S andb, c are cmstants which are deter- 

mined using known icnisation potentials. 

Using equation 1.5. Edlen gave the electron affinity as 

F(Z) = I (Z-) = 31(Z) - 31(21) + I(Z2) + Q 1585 

where Q = 3(I(Z,) - 21(Z,) + I(Zg) - 2R/n*) (-1(Z,) + 21(Z1) ~ (Zp) 

+ 6R/n*)/(I(Z_) - 44(Z1) + 31(Z2) - 12R/n*) 

Using equation 1.6. Fdlen obtained electron affinities in good 

ee,



agreement with experimental results, except for negative ions with small 

Z numbers. For example he found a small positio electron affinity for 

He, implying that the ground state negative ion of He is stable 

which ig uilikely, and his value for H is in poor agreement with 

the theoretical value, the experimental value and that calculated using 

Glocker's method. 

In a few cases quantum mechanical methods have been applied to the 

calculation of binding energies of negative ions. The negative hydrogen 

ion has been extensively studied by a number of variaticnal treatments. 

of differing degree; of approximation, which gave values for the electron 

affinity in very good agreement. The most accurate is that given by 

Pekeris® of 0.75415 eV in excellent agreement with photodetachment 

results’. The variational method has also been applied to He” and Li” 

50 by Wu°~ who showed that He” was unstable and gave E(Li) = 0.54 eV. More 

Sd oof ECLA) recent values for Li have been given by Strotskite and Iutsis 

= 0.54 eV and Weiss’? of E(Li) = 0.48 eV. As the extension of the vari-~ 

ational method to more complicated atoms is impracticable, due to com- 

putational difficulties, all other determinations have used the Hartree- 

Fock m'*rd. Clementi et i have calculated the values for the elec- 

tron affinities of B, C, N, 0, F, Na, Al, Si, P, S and Cl: the values 

are given in table 1 and are in good agreement with both the extrapola- 

tion techniques and the photodetachrent results. 

The stability of a negative molecular im is difficult to determinc 

accurately by calculation and the only system that has been investigated 

53 
is Hp. The earliest calculatios were carried out by Eyring et al”” who 

showed that Hz has a negative electron affinity, since the energy of the 

Dn



ground electronic state of H.” in its equilibrium configuration was 

“found to be greater than the corresponding energy for H2. This was 

followed by the more elaborate calculations of McDowell and Dalgarno”* 

and Fischer-Hjalmars”” , using the valence bond technique, both of which 

gave negative values for the electron affinity of He of ~ 3.6 eV and 

- 0.28 eV, respectively. 

A recent method of calculating the electron affinity of a molecu- 

lar system is that due to Hinze and Jaffe°®, They have produced tables 

of promotion energies for all possible valence states of atoms with no 

open d shells from which, provided the valence state of the ion- 

precursor and the ion are known along with the ground state electon 

affinity, the valence state electron affinity E,, may be calculated since 

EL = i P| + TFs 

where E., E, are the valence state and ground state electron affinities 

respectively and Pos P_ are the promotion energies of the ion precursor 

and ion, respectively. This method is discussed in greater detail in 

Chapter 5 of this dissertation. 

Although lattice energy, quantum mechanical and extrapolaticn 

methods give satisfactory results for the electron affinities of atoms 

tney are either invalid or involve too complicated mathematics to be 

generally applied to molecular ions. In general the stabilities of 

molecular ions are of greatest interest, hence many experimental tech- 

niques have been developed to measure this quantity. 

The majority of experimental methods fall into one of three sroups, 

determination of the energy threshold for destruction of the ion, deter- 

mination of the energy threshold for formation of the ion and the study 

e..



of the equilibrium between atoms, electrons and negative ions. 

Typical of the first group are the photodetachment studies of 

Branscomb et arte and Berry et aa In the technique used by 

Branscomb et al the negative ions were generated in a medium pressure 

discharge and isolated by a mass filter. They then passed into a re- 

action chamber where they were crossed by a high intensity monochro- 

matic, photon beam of sufficient energy to detach the electron. By 

varying the wavelength of the photonSbeam they determined the photo- 

detachment spectrum and hence the stability of the ion from the 

threshold for photodetachment. The results obtained by Branscomb et 

al are E(C) = 1.25 = 0.08 ev), E(O) = 1.465 2 0.005 ev") 

(3) snd E(Z) = 3.076 ¢ 0.008 ev'®, 

, ECS) = 

2.07 = 0.07 eV 

Photodetachment experiments on the halogens F, Cl, Br and I have 

G12, They produced the negative ions been carried out by Berry et al 

in sufficiently high concentration, by shock heating either pubidium 

or cesium halides. that the absorption spectra could be determined 

directly, leading to electron affinities of E(F) = 3.448 = 0.005 eV 

E(C1) = 3.163 * 0.003 eV, E(Br) = 3.363 * 0.003 eV and E(I) = 3.063 

* 0.003 eV, the value for the electron affinity of I being in close 

agreement with that obtained by Branscorb. Photodetachment techniques 

being spectroscopic give very accurate values for electron affinities 

but are restricted to negative ions that can be produced in reasonably 

high concentrations. 

Typical of the second group are electron impact studies carried 

out in a mass spectrometer. In this technique a beam of almost mono- 

energetic electrons is passed through the gas, resulting in the forma- 

ce



tion of negative or positive ions, depending upon the electron energy. 

Then from the appearance potential A(A-) of the process AB +e * A +B. 

The electron affinity of A is given as 

A(A-) = D(A - B) - E(A) + K.E. (B+ A) 1.8. 

where D(A - B) is the bond dissociation energy of A - B and K.E. is 

the kinetic energy of the products, A and B. 

A considerable amount of the information on the existence of nega- 

tive ions is derived from electron impact studies, but relatively few 

quantitative measurements have been made, due mainly to the lack of 

information on the kinetic energy term and to some extent on bond 

dissociation energies. 

The earliest studies were made by Knipping”’ , who studied the 

energy required to produce the dissociation of HX into H* and K's 

giving the values E(Cl1) = 4.25 eV, E(Br) = 2.95 eV and E€I)- =:2.65 eV, 

in reasonable agreement with later studies. Further information on 

the halogens was obtained by Hogness and Harkness” who, from a 

study of iodine showed that I”, I, and I3 were stable ions. they 

gave the appearance potential of I” as approximately OeV resulting 

in E(I) $ D(Ip). Baker and Tate°? observed Cl) in the mass spectrum 

of carbon tetrachloride and Blewett © identified Bro as a stable 

ion. 

Texen®? using a mass spectrometer demonstrated the existence of 

the ions 0°, 0), NO). NO3., CH and H 4n discharges in air, oxygen, 

hydrogen, water vapour and the inert gases although he did not detect 

the ions N, No , He , Ne or Ar 

Dukelskii and Tonov®? from studies on the vapours of selenium, 
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tellurium, antimony and bismuth established the existence of the ions 

Se” , Seo, Sez”, Sew 3,2e", Bes; Sb", ‘Sby ,Sbs , Bi, Big, Biz’ and 

Bi, + In all cases they showed that the appearance potential of the 

monoatomic ion was less than 1 eV and deduced that E(Se) > 1.74 eV, 

E(Sb) > 2.04 eV, E(Bi) > 0.74 eV and E(Te) > 2.39 eV. 

Neuert et al from mass spectrometric studies identified the ions 

63 
CoH, Cp, H’, C” and CH from acetylene’. PH. , PH , P and H from 

phosphine®", Agila”, AsH , As and H from aviaie’ Siti, , SiH, , SiR-; 

Si” and H_ from silane®", HSe” from hydrogen selenide®® , ps oe ae 

65 66 and S0)~ from sulphur dioxide and HS” from hydrogen sulphide? : 

from the appearance potentials, without consideration of the kinetic 

energy term, they determined the electron affinities E(C2H) > 2.8 ey? “ 

64 E(Hse) $1.08 ev®?, E(S) 3 2.3 ev®®, E(SO) 3 2.56 ev 

65 66 and E(HS) 3 1.65 eV. 

E(PH2) > 1 eV 

ECO) > 2.04 eV ~, E(SQ2) €1.2 eV 

Studies’ of the ionisatio: by electron impact of the molecular 

gases 02, CO, CO0.. NO, N20, NO) and S02 have been made by many investi- 

gators, giving values for the electrm affinity of monatomic oxygen 

from 1.2 to 2.3 eV. A study of CO was carried out by Lagergren®! 

and by Fineman and Petroce11i°® : From analysis of the eppearance 

potentials for positive and negative ions of C and O Lagergren conclu- 

ded that E(0) = 1.45 eV and E(C) = 1.12 * 0.2 eV, whereas Petrocelli 

et al obtained E(0) = 1.70 * 0.2 eV and found different values for 

ECC) depending on whether they based their analysis on the appear- 

ance potentials of 0° of C. From their positive ion data they found 

E(C) to be between 1.32 and 1.36 eV, in agreement with the photo- 

detachment results, while from their negative ion data they found E(C) 
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to lie between 1.71 and 1.76 eV. Other investigations include the 

electron impact studies on C02 by Craggs and Tozer®® which gave 

E(0) = 1.2 = 0.3 eV, on NOo by Collin and Lossing’© and Fox’ + which 

gave, respectively, E(O) = 2.3 + 0.2 eV and E(0) = 1.35 = 0.05 eV 

12 tn catned EGO) ©2482 = 0.1 eV. and on 02 by Randolph and Geballe 

In general the electron impact results give an average value of E(0) 

= 1.44 eV which is in reasonable agreement with photodetachment studies. 

Provided the electrons have mly a small energy spread mass spec- 

trometry readily yields accurate information about the appearance 

potentials of negative ions, although it is often difficult to extract 

electron affinity data due to unknown kinetic energy terms and bond 

dissociation energies. In addition Schultz’? has recently shown 

that the appearance potential of a negative ion is temperature depen- 

dent, and to determine realistic electrm affinities the appearance 

potential must be measured at temperatures where the ion is not formed 

in a vibrationally excited state. 

Typical of the last group are the studies of equilibria in flames 

and at metal surfaces. The idea of measuring the equilibrium between 

atoms, electrons and ions was first used by Rolla and Piecardi”®. In 

their experiment a fine metallic thread was placed in a flame and 

heated to red heat which caused electrons to be emitted and, in the 

presence of certain atoms or molecules, reactions of the type, X +e 

<2 were possible. A thin metal plate at a positive potential with 

respect to the wire ee held a short distance away, which attracted 

the electrons giving rise to a small electric current. The intro- 

duction of a substance such as methyl iodide caused a reduction in 

sel



  

the current due to the formation of I” by the reaction I + eI, since 

the iodide ions have a much smaller mobility than the free electrms. 

Hence from the reduction in electron current together with a knowledge 

of the rate at which iodine atoms were entering the system, they cal- 

culated the equilibrium constant, from which, knowing the temperature 

of the flame, T, they calculated the electron affinity of iodine. 

i.e. log K = log ae z. — E/RT $C 1.9. 
e(T) 

Using methyl iodide and ethyl bromide Piccarai® determined E(I) = 

3.56 eV and E(Br) = 3.76 eV, respectively, and using sulphur dioxide 

(S02), sclenium dioxide (Se0,) and molybdenum oxide (MO3) Rolla and 

Piccardi’® dZtermined E(SO2) = 2.80 eV, E(Se0)) = 2.30 eV and E(MOs) 

= 2.73 eV respectively. 

Equilibrium studies involving dissociation of molecular beams of 

alkali halides at hot tungsten surfaces, were investigated by Dukelskii 

and Tonov’ ®, At the hot curface the alkali halides dissociated, with 

the alkali metal atoms evaporating partZy as positive ions and the 

halogen atoms as negative ions. The resulting positive and negative 

jons were collected alternately by a Faraday cylinder: the negative 

ions were separated from the electrons by application of a magnetic 

field. The imization of the positive and negative ions is described 

8 relation as by the Ssha-Langmuir’ 

it/i- = (1 + 4 exp (y - E/kT)e)/(1 + 2 exp (T - x/kT)e) ~=—-1..10 

where e is the electronic charge, i+, i- are the observed positive 

ion and negative im currents E is the electron affinity of the halo- 

gen atom, I is the ionization potential of the alkali retal] atom, 

x is the work function of the surface and T is its temperature.



Hence from the observed positive and negative ion currents, provided I, 

T and x are known the electron affinity is readily calculated. Using 

potassium fluoride as substrate Dukelskii and Ionov determined E(F) 

= 3,62 eV: with sodium, potassium, ribidium and c2sium chlorides they 

determined an average value of E(C1) = 3.77 eV. using sodium, potassium 

and rubidium bromides they gave an average value E(Br) = 3.64 eV and 

from potassium iodide they determined E(I) = 3.30 eV, in reasonable 

agreement with the results of Rolla and Piccardi. However in view of 

the recent photodetachment values all the results are 5-16% too high. 

Another method in this group is the 'Magnetren' technique of 

Sutton amd Mayer®9 in which the negative ion current formed at a hot 

metallic filament is compared with the corresponding thermionic current. 

The negative ions and electrons are separated using a triode, fila- 

ment ~ grid - anode, assembly mounted in a solenoid with the axis para- 

Llel to the filament. In the absence of the magnetic field the current 

due to the electrons and negative ions can be measured and in the pres- 

ence of the magnetic field the electrons are emstrained 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 electrens and negative ions, the pressure of 

the substrate and the filament temperature, the equilibrium cmstant 

and, therefore, the free energy change for the reaction at the filament 

temperature can be calculated. The combination of this with the entro- 

pies and specific heats of the reaction, gives the electron affinity 

of the reactant. Mayer et al from the study of iodine determined 

ECT) = 3.14 t 0.07 eV8°, from the study of bromine they gave E(Br) = 
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3.49 * 0.02 ey’ and from the study of chlorine and stannic chloride 

they determined an average value of BCCLY = 3e7¢ t 0.04 evel, Bermstein 

and Metlay®? used fluorine as the substrate and determined E(F) = 

3.57 * 0.17 eV. All these results are in good agreement with the latest 

spectroscopic remittes However, both Mayer and vier®® and Metlay 

and Kiba?" attempted, unsuccessfully in view of later results, to 

determine the electron affinity of the oxygen atom, using molecular 

oxygen, by the magnetron technique. The results they obtained were, 

respectively, 3.07 * 0.08 eV and 2.84 = 0.11 eV, which me consider 

ably higher than the now accepted photodetachment value of 1.465 

0.005 ev’. This discrepancy is probably due to either the failure 

to accurately calculate the degree of dissociation of oxygen at the 

hot filament, or failure to account for the reaction of oxygen with 

the filament. 

The Magnetron technique was chosen by Page’? for use as a general 

method for the determination of the stabilities of negative ions. He 

found that negative ions were formed by two processes, firstly by the 

simple direct-capture process, that is AB + e > AB : an extensive 

study of direct capture reactions has been undertaken by Pagregner ” 

and Burdett’ ”; and secondly by the dissociative-capture process , 

that is, ABt+erA +B. 

This dissertatio represents a study of negative ions formed by 

dissociative-capture processes and, in particular, the effect of the 

valence state of the accepting centre and the effect of substitutim 

at this accepting centre upm the stability of the negative ion is 

investigated. 

 



  

The disadvantage of the Magnetron technique is that identifica- 

tion of the ions is not direct but done on energetic grounds, and com- 

plex reactions, which give rise to similar numbers of ions of different 

mass, may be misinterpreted in terms of a simple reaction. To over~ 

come this disadvantage the last chapter of this dissertation is con- 

cerned with the replacement of the ion source of a Varian Quadrupole 

Mass Filter by a surface ionisation source, enabling direct identifi- 

cation of the ions formed at the hot surface to be mde, in conjunction 

with the usual Magnetron type measurements of negative-ion current, 

electron current and filament temperature. 
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2. THE APPARATUS 
eee ee 

Q 

2.1. The Theory of the Magnetron’’. 
  

Figure 1 shows a cylindrical diode placed in a uniform magnetic 

field, with direction parallel to the common axis of the filament and 

anode. As the electron, e, moves from the filament to the anode the 

electromagnetic force deflects it, the curvature of its path depend- 

ing upon the flux density B, for a given anode potential; at the 

critical flux density B ¢ the electron is shown er graze the 

anode. 

The electrostatic and electromagnetic forces acting on the elec- 

tron are, respectively: 

Fs s<4b = ecdV/ap 

and f = Bev 

where e is the electronic charge, V is the potential at a dis- 

tance r from the filament, and v is the electron velocity at this 

point. 

If v is resolved into components v,, and v,, along and perpendicu- 

lar to the radius vector, then the components of f will be: 

f = Bev. and f. = Bev,, 

If S is the angle mde by the radius vector, r, with an arbitrary 

line in the azimuthal plane, the angular velocity of the electron, 

w, is: 

w = dS/dt = v/v 

If m, is the mass of the electron the equation of radial motion 
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THE FORCES ACTING UPON AN ELECTRON IN A CYLINDRICAL MAGNETRON. 

FIG. 1.



becomes: 

(d(mdr/dt)) /at F ~ f. 

edV/dr ~- BerdS/dt a2; 

The equation of azimuthal motion is found by equating the moment 

of the impressed force to the rate of change of angular momentum, thus: 

. 2 vf, = (d(m,r*dS/dt)) /at 

or substituting: 

rBedr/dt = (d(m_r2w))} /at 

Integrating each side with respect to time and with initial con- 

ditions of w = 0 at the moment the electron leaves the filament, 

i.e. when r = Pes gives: 

‘ 2 jan w = (Be/2m,) (l-pr /v ) y iy 

Since the velocities with which the electrons leave the cathode 

are negligible, the velocity v at a point where the potential is V is 

given by: 

v= (2eV/m,)? 

At the critical flux density B, the anode current is just cut 

off erd V = Vs Vw Oe Ve EVER and: 

nt 
- si 2 w = v,/0 5 = (2eV_/m,) lv, 2.3. 

Equating 2.2 and 2.3. and noting that B = B. gives: 
1 1 1 

: 2 2 2° 2 ys B, = (8V_) / (rv, (e/m,) (1 = 2,/nt_) ) 2.4. 

In the magnetron P, >> Ps hence: 

1 1 
~ 2 2 B= (8V_) fe (e/m,) 2.5. 

Equation 2.5 shows that the value of B, is independent of the 

potential distribution, so that the presence of any other grid-electrodes , 

or of space-charge between the cathode and anode should not affect the 

se anes



cut-off conditions. 

The magnetron assembly used in this work was a tetrode, consist- 

ing of a filament, two grids, at clightly different potentials and an 

anode; the grids were present to collect electrons and so prevent a 

large space charge being created near the filament, which would have 

affected the emission of negative ions. Under these conditions the 

cut-off is not sharp, as shown in figure 2, probably due to asymmetry 

of the grids, causing the elect:ons to move out of the azimuthal 

plane, producing an electron velocity component along the axis, which 

has been ignored in the above treatment. 

2.2. The design of the apparatus. 
  

The apparatus consisted essentially of a central filament, F, 

surrounded by two co-axial grids, G, and an anode A with associated 

guard plates. P, as shown in figure 3a and 3b. This arrangement 

ensured that the electron and ion currents were collected only from 

the central portion of the filament, where the temperature gradient is 

negligible and distortion of the electrostatic field, due to the fin- 

ite length of the cylindrical anode, was reduced to a minimum by the 

guard rings. 

The grid and filament assemblies were mounted directly onto metal 

to glass seals which were soldered into a 0.25" thick brass plate. 5 

this was sealed onto the ground glass lip of the megnetron bottle by 

means of a rubber '0' ring, lightly coated in Edwards silicon§ high 

vacuum grease. The grid assembly shown in 3b was wound with 40 swg 

nickel wire, the anode and guard plates were molybdenum and sprung
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into position, and tension was retained on the filament by means of 

a 0.01" tungsten wire spring. 

The magnetron bottle was mounted in a solenoid, consisting of a 

brass, water cooled former on which was wound about 1000 turns of 

20 s.w.g. enamelled copper wire. The operating current of the magnet 

was between 6 and 7 amps, where from figure 2, it is seen that the 

residual electron current is small and imdependent of magnet current. 

The complete apparatus as shown in figure 4 was pumped continu- 

ously, using a two stage mercury diffusion pump backed by a Genevac 

rotary oil pump; this system was capable of maintaining a vacuum 

of about 107° Torr. Liquid nitrogen traps were introduced at the 

positions indicated to prevent mercury and substrate residues con- 

taminating the magnetron bottle. 

The sample was introduced via a side arm on the magnetron bottle 

at a pressure of about io Torr; the pressure of gases and volatile 

liquids was controlled by an Edwards needle valve amd the pressure 

of liquids and volatile solids was controlled by water/ice or ice/salt 

mixtures. For non-volatile solids the sample and magnetron bottle 
broughy 4 rnukbeo evel 

were heated with a thermostatically eontrotted Iso-mantle tape. 

Figure 5 shows the electrical circuits for the complete appara- 

tus. The anode current was measured by an AVO D.C. amplifier in the 

13 +5 10° amps and by a Pye Scalamp galvonometer in the range 10° 

range 107° to 107° amps. The D.C. voltages to the filament, grid 

and anode assemblies were supplied by an Exide H1006 battery and the 

magnet current supplied from a continuously charged, 120 volt stack 

of lead acid accumulators. 
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2.3. The measurement of temperature 

The measurement of temperature of the filament is fundamental to 

the evaluation of Electron Affinities by the magnetron technique and 

therefore must be determined accurately. ; 

The temperature of the filament was determined using a Leeds and 

Northrup disappearing filament pyrometen reading through one thickness 

of glass. The pyrometer reading will always be lower than the true 

filament temperature due to the filament having an emissivity less 

than unity and the absorption of radiation by the glass. In the temp- 

erature range 1000 to 2000% the correction due to absorption by the 

. , 89 es ; 

glass is approximately + UK and the emissivity corrections for 

the filaments used, Platinum, Iridium and Tungsten ere given by? : 

For Pt and Ir (i/T - VP exp) = ~ .00005481 

and for W (1/T - 1/T exp) = - -00003634 

vihere T, T exp are the true and experimental filament temperatures , 

respectively, and the emissivities for Pt, Ir and W taken as 0.3, 0.3 

9}: 
and 0.45 respectively. 

Having converted the pyrometer temperature into °x and correcied 

for emissivity and glass absorption effects . the filament current was 

plotted against the square of the true temperature, as shown in figure 

6. Any deviation from the smooth curve was attributed to personal 

ignore cA 

error and hence cerreeted-fer. 

Thet the plot of filament current against the square of the temp- 

erature is a straight line follows directly from Ste Mang Lass 

If the heat lost by conduction at the ends of the filament is neglec- 

ted, the heat supplied may be set equal to the total radiation emit- 

ted E. 
~26-
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or it... « 7 

where 1,;4 is the current passing through a filament of resistance R 

at a temperature T, and o is Stephan's constant. 

2.4. Operation of the Apparatus. 

For satisfactory operation of the magnetron the apparatus has to 

be “outgassed"; the procedure adopted was to maintain the filament at 

as high a temperature as practicable, this being determined by the 

melting point of themetal, until the background pressure fell to 

below 1075 Torr and the 'cut-back' (i.e. the ratio of the electron tc 

jon current in the absence of a substrate) was greater than 10" at the 

maximum operating temperature. The sample was then allowed to flow 

over the hot filament until electron current and temperature measure- 

ments showed the system to have become stabilized. 

Having calibrated the filament temperature at set filament 

current readings, in the presence of the substrate, the total current 

(i.e. the anode current in the absence of the electromagnetic field) 

and the negative ion current (i.e. the anode current in the presence 

of the electromagnetic field) were determined for a range of filament 

current, hence temperature readings . In most cases the ion current 

was a factor of 10° less than the electron current, the electron 

current, therefore, being given by the total current. 

Then from the slope of a plot of the logarithm of the ratio of 

the electron to ion currents against the reciprocal of the correspond- 

ing filament tempereture the "Apparent Electron Affinity", Ep, of the 

substrate molecule was determined. 

te



i.e. - d (log i,/i;)/d1/T) % E,/R 246. 

If, as in the case of gaseous and verv volatile liquids. the 

sample pressure changed throughout the run the ion current had to b2 

corrected, En being given by: 

- d (log i,p/i,)/d( VT) = E,/R 2eth 

The significance of the value of the "Apparent Electron Affinity" 

is described in Chapter 3. 
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3. THEORETICAL CONSIDERATIONS OF ELECTRON AND NEGATIVE ION 

EMISSION. 

3.1 Introduction. 

The original interpretation of Magnetron results by Saver : postu- 

lated a complete equilibrium at the filament surface between the atcms, 

ions and electrons. Since equilibrium exists he was able to determine 

the equilibrium constant and hence the energy change for the reaction: - 

% + ey 7 ey 

The results obtained for the Electron Affinities of the halogens 

were sottarerilee oohee Tedeeieh toon of the theory to formation of 0° 

from O87 proved to be unsuccessful. This was possibly due to 

either incorrect calculation of the degree of dissociation of the gas 

at the hot surface or interaction of the gas with the filament sur- 

face. Failure to explain the oxygen results and lack of suitable 

substrates caused the method to be abandoned until Page” made a 

further study of the halogens, using the hydrogen halides as sub- 

strates. Page noticed that the total current emitted by the filament 

was inversely proportional to the gas pressure, in direct opposition 

with Mayer's theory, where the total current should be independent of 

pressure, as the ions are postulated to be formed by capture of elec- 

trons which have been emitted from the filament. Page interpreted 

this teeetn terms of an adsorption process which resulted in a 

raising of the work function of the surface, and using the alterna- 

tive kinetic approach he was able to extend the theory to success- 

fully inelue cases where interaction with the filament occurred. 

4 id 7 , 
As an extension to the kinetic approach, Farragher applied the theory 
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of rate processes” to ion and electron formation; and it is this 

theory which is discussed in detail and used throughout this work. 

3.2. The Application of the Theary of Rate Processes to the thermal 

emission of electrons and negative ions. 
  

3.2.1. Introduction 

The theory of absolute reaction rates’? is based upon the idea that 

a rate process is characterised by an initial configuration, AB, which, 

by a continuous change of reaction co-ordinates, passes through some 

intermediate configuration AB* before the final configuration, P, is 

attained. The intermediate configuration is termed the ‘Activated 

Complex' and is situated at the highest potential energy point of the 

most favourable reaction path. (Figure 7) The activated complex is 

regarded as an ordinary molecule possessing the usual thermodynamic 

properties, with the exception that motion in the direction along the 

reaction co-ordinate leads to decomposition at a definite rate. With 

these assumptions Glasstone et al derived by statistical methods, the 

concentration and rate at which the activated complex passed through 

the critical configuration of the activated state, the product of which 

gives the reaction rate. 

i.e. Reaction Rate = (AB*)v oie 

Where (AB*) = concentration of the activated complex at the top 

of the barrier. 

v = frequency of crossing the barrier. 

Provided that the rate of the forward reaction is small compared 

with the rate of the backward reaction the states AB and AB* can be 

30k
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considered to be in equilibrium, the equilibrium constant : K*, being 

given by: 

Ks = (ABY)/(AB) = Qape/Qap + exp (- OD - a)/kT) B32» 

Where Qape> Qap are the partition functions of the states AB*: and 

AB, respectively, and b and a are the correspond- 

ing energies. 

k is Boltzmann's constant. 

T ig the temperature in °K. 

Hence (AB*) = (AB) Qans/Qag + xP ¢ - Cad adams 

Now the partition function of the activated complex is postulated 

to contain one term which represents translational motion along the 

reaction co-ordinate; this term arises from a weak vibration of fre~- 

quency v and contributes KT/hy to the partition function, i.e. 

Qaps = QO aps kT/hyv 
Sct. 

Hence (AB*) = (kT/hv) (AB) (Q' aps/Qap) exp ¢ - (b - a)/kT) 3.5. 

Combining equations 3.1 and 3.5 gives: 

Reaction Rate = (kI/h) (AB) (Q'ans/Qap)+ exp ( - © - a)/kT) 3.6. 

3.2.2. The Emission of Electrons. 

An electron emitted from the hot filament in the magnetron is sub- 

jected to two opposing forces, the potential gradient within the mag- 

netron and its own image force. Combination of these two forces leads 

to a point of maximum potential at an energy barrier, termed the 

the Schottkby barvier?° See figure 8. 

If the methods of absolute rate theory are applied to electson 

emission the potential energy maximum at the Schottk¢y barrier should 

ale
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define the energy and position of the activated state for the emission 

reaction. 

Tf the electrons in the activated state, e*, are assumed to be 

in equilibrium with those in the metal, ¢,,; then the equilibrium con~- 

stant for formation of the activated complex, K*, is given by 3.2. 

i.e. K* = (C#)/(C,) = (Q*/Q,) exp ( - @ - ad/kT) oF 

Where (C*), (C,) represent the concentration of electrons in the 

activated state and in the metal, respectively. 

Q*, Q, represent the partition function per unit area 

for the electrons in the activated state and 

the partition function per unit volume far the 

electrons in the metal, respectively. 

a, b represent the zero point energy of the elect- 

rons in the metal and the ground state energy 

of the electrons in the activated state, respec- 

tively. 

From 3.4 Q* = Q*'KT/hv 3.8. 

Where v is the frequency of the rate determining motion 

Substituting 3.7 and 3.8 into 3.6 gives:- 

Reaction Rate for Electron Emission 

= (kT/h) (C,) (Q*'/Q,) exp (- (b - a)/kT) 3.9. 

But (C,)is given by: (Cy) = Q, exp (a/kT) 3.10. 

where d is the average kinetic energy of the electrons in the metal 

and is given by d = 3E/5 + 12k2T2/ur;* where F is the Fermi energy 

and equal to h*/8m, (3n/n) 2/3, m, is the mass of the electron, and 

n is the number of free electrons per wit volume. 
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Hence Reaction Rate = (kT/h)Q*'. exp ( - (b-a-d)/kT) 3.11. 

The electron in the transition state has three translational 

degrees of freedom; one of which has been accounted for in the rate 

determining motion and two which may be treated classically , 

i.e. Q* = 2(2nm,kT)/h? , the factor 2 being introduced to allow for 

the spin degeneracy of the electron. 

Hence Reaction Rate = 4k?nm,T?/n?. exp ( - (b - a - d)/kT) 3.12. 

Since electron current per unit area of surface, i,, is given by 

the product of the rate of electron emission and the electronic charge, 

Eo 

i, = elk?m,T?/h>. exp ( - (b - a - d)/kT) 3.33. 

From diagram 8, the work function x is given by N(U, - (a + d)), 

hence the change in work function due to the applied field, (U, - b), 

must be evaluated. 

The resultant force, at the Schottkey barrier, on the electron 

is zero, therefore if x is the distance of the Schottkey barrier from 

the surface of the metal 

e7/ux? = eVi/rg- log (r,/r,) 3.14. 

and (U,-b) = ¢7/lx + eVix/re log (r_/r,) 3.15. 

In the Magnetron Va is 120 volts, r, is 2.25 cm, rp is 1.25 x 

1072 cm and ¢ is 4.803 x 107!9 esu. Substituting these values into 

3.14 and 3.15 gives x = 4.42 x 10-® om. and (U, - b) = 1.63 x 107? 

electron volts. 

As (U, - b) is only 1.63 x 10? ev., the ground state energy of 

the electron in the activated complex may be equated to that of an 

electron at infinity. 

=3o=



Hence N (b - (a+d)) = x 3.16; 

Substituting 3.16 into 3.13, introducing the transmission co~ 

efficient, d, and noting that the gas constant R = Nk gives 

: -x/RT 1:5 (de4k? mm, /n3) T2 exp 3.17. 

which is the Dushman-Richardson?? equation for electron emission. 

3.2.3. Emission of Negative Ions 

In applying the theory of rate processes to the formation of 

negative ions it is convenient to consider the problem in two parts, 

firstly to discuss the rate of emission of ions from a surface 

fully covered by the ion precursors and secondly to discuss the influ- 

ence of temperature and pressure upon the number of jon precursors 

present on the surface. Although the model used describes a hypo- 

thetical fully covered surface, the following derivation is only 

intended to apply to sparsely covered surfaces, where interactions 

between the adsorbed precursors and desorbing ions and between the 

surface layers and the energy levels of the metal may be neglected. 

Ions are presumed to be formed by the interaction of electrons 

in the metal with adsorbed ion precursors, either atoms or molecules, 

resulting in the formation of an activated state which may be irrever- 

sibly desorbed as an ion. 

From 3.2 the equilibrium constant associated with the formation : 

of the activated complex is 

(Cans) / (5 (c,,) 

= (Qnpe/QupQ,) exp ( - (b ~ a - £)/kT) 3.18. 

Hence (Cy.4) = ((Cap) (C,) Qape/QnpQ,+ exp (- (b - a - £)/KT 
3.39, 
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where the activated complex, the adsorbate and the electrons in the 

metal are denoted by AB*, AB and m, respectively, and a, b, f are the 

zero point energy of the electrons in the metal, the ground state energy 

of the systemfion precursor and electron in the activated state)and the 

ground state energy of the adsorbed ion precursor respectively. 

Noting that (C,) = Q,- exp (d/kT) and Qn = (KT/hv)Q' apse 

and introducing the transmission coefficient, d, the rate of ion form- 

ation is given by: 

Rate = (AkT/h) ((Cyp) -Q" ppa/Qup) exp ( - (b-a- Ff - d)/KT) 3.20. 

If, as before, the energy zero at infinity is taken as the energy 

of the activated state, the algebraic sum of the energy terms may be 

equated to the sum of the work function, x, the heat of desorption, 

Ea and the Electron Affinity E of the ion precursor. 

And rate of ion emission 

= (GkT/h) ((Cyp) -Q" apa/Qap) exp ( - (Eg + x - E)/RD Apaks 

or the ion current per unit area, i; > is 

i, = CedkT/h) ((Cyp)+ Q' ppa/Qap) exP ((E - x - E,)/RT) e272. 

If the adsorption centres on the surface are regarded as reac- 

tants, and every adsarbed molecule uses up one active centre, the 

theory of rate processes defines the rate of adsorption, Us as 

= ' UL = ({C,) (c,)KT,/) (Q apt! 9,25) exp (-E,/RT,) 3.23. 

where (c,) is the gas phase concentration of the adsorbate. 

(c,) is the concentration of adsorption sites. 

Sg 
Q. is the partition function per unit area for the adsorption 

is the gas phase partition function per unit volume 

sites 
afc



Q" spe is the partition function per unit area for the 

activated complex for ecsarption. 

E. is the activation energy for adsorption 

i, is the gas temperature 

and the rate of desorption, U,, as 

Ug = ((Cap)KE/n) (Q*a/Qun) exp ( - E4/RT) 3.24. 

where Q", is the partition function per unit area for the activated 

complex for desorption 

Eq is the activation energy for desorption 

T is the filament temperature. 

Provided that ion formation represents only a minor perturbation 

of the adsorption-desorption equilibrium, the rates of adsorption and 

desorption may be equated to give: | 

(Can)/Qag = ({C,) (c,)t,/1) (Q" cp#/Q,0%30,) exp ( - E,/RT) 

. exp (E,/RT) 3.96: 

Substituting 3.25 into 3.22 gives 

i; = (edkT,/n) ((C.) (c,)) CQ" apa?! ape Ge *gQ,) EXP C - E,/RT,) 

. exp (E - x/RT) 3.26. 

As the adsorption centres are atoms of the meta, which have 

vibrational energy only, the partition functions Q, may be taken as 

unity, hence (C,)/Q, = f (1 - 6), where @ is the fraction of surface 

covered by the adsorbate. 

Hence substituting (C,)/Q, =f (1-9), C = p/KkT, and noting 

that for most adsorption processes at low surface coverage the- acti- 

vation energy for adsorption, E_,, is zero and (1 - 6) will approxi- 

ac



mate to unity, the ion current is given by: 

i; = CeSp/h) (Q' pa Q" apa/Q,0%g) exp (E - x/RT) 312%, 

As Q'.y% contains only two translational degrees of freedom, 

(since one has been allowed for in the rate determining motion) and 

assuming the internal contributions to be equal Q' apt! %, is given by: 

4 

! a 2 

As Q' AB* and Q* d each possess two translational degrees of freedom 

they can be replaced by the internal partition functions Q; and Q, which 

represent the vibrational, rotational and electronic contributions for 

the activated state ion and the gas phase molecule, respectively, assu- 

ming that the latter is identical to those for the activated stete for 

adsorption and the activated state for desorption. 

+O ' sf 2 i.e. QV" ang/Q%y = 0/0 3.29. 

Substituting 3.28 end 3.29 into 3.27 gives 

1 

rs I z 
a eg Cedp/21M,pkT (Q;/Q) exp ((E - x)/RT) 3.30 

Hence combining 3.17 with 3.30, assuming that the transmission 

coefficients are identical, gives the basic equation governing nega- 

tive ion emission in the magnetron. 

: . . a 2 

ee (AT“Q/0,) exp (-E/RT) 3.31. 

: ed 

where A = Uvan?/ ee! 2m MT Mh Ds 

3.2.4. Evaluation of 0/ Q; and temperature correction to OK. 

  

From magnetron results the apparent electron affinity, Ep: is 

determined. which is given by: 

d( log i/i,)/d(1/T) = + E,/R 2 Gis 

Hence to calculate the true electron affinity of the ion precur- 

sor, E, in equation 3.31 the contribution of 0/0; must be evaluated 

ee ays  



and a temperature correction applied due to the pre-exponential fac- 

tor being temperature deperdent. /0; will be dependent upen the 

mode of formation of the ion: there are four modes of ion formation 

possible and these will be discussed in turn. 

(i) Type 1 (Direct Capture) 

AB +e. > ABt 7 = 
So 

In this case the molecular ion is formed, that is there is no 

dissociation of the substrate molecule, and the internal partition 

function for the activated state ion and the gas phase molecule are 

identical, excent for the electronic contribution. The ground state 

of the ion will probably be a E ceener aa tthe wplale a deublet. 

é Sb ee oe Sled 

Hence 0/Q; = 2% and 3.31 becomes: 
  

at iy = 2 (AT2/%) exp (-E/RT) 3,32; 

Since E, = - Rad (leg i./1,)/4C/T) taking logarithms of 3.32 

and differentiating with respect to 1/T gives 

En ey ee eee 3.33. 

(ii) Type 2. 

This case refers to substrate molecules where fission cccurs 

through a weak bend pricr to any ion producing reaction. Energet- 

ically this is identical to a Type 1 process and the true electron 

affinity is given by 3.33. 

(iii) se 3. (Dissociation without Adsorrtion) 

In this case the substrate molecule dissociates during ion for~ 

mation and the dissociation énerey of the bord broken, D. must be 

included in the exponential term in 3.31. 

If it is postulated that the dissociation is caused by electron 

capture the only rrocess which is affected by dissociation is the 

238 os



we 
ion forming reaction, since adsorpiton, desorption and electron emi- 

ssicn precedd*¥capture or are not dependent unon it. Hence the acti- 

vated state ion is of the same form as for direct capture reactions. 

{.e. OB +e + PO + hee | | 
- 

and only the three vibrations essociated with the bond which breaks 

are considered. all others are nresumed to be the seme in the acti- 

vated state ion as in the adsorbed molecule. In the activated state 

ion the vibrations associated with the bond which eventually breaks 

must be almest fully excited. that is the vibrational frequencies 

are approximately 100 cm}! 32. Under these circumstances the ratio 

0/Q, in 3.31 is given by: 

Q/0. =TT (1 - exr Chg n/a - exp (-hv/kT) 3.34, 

where vis v are the frequencies of the vibration in the acti- 

vated state ion and the normal molecule, resrect-- 

ively. 

T is the vibrational temperature of the adsorbed 

species in “x, and assumed to be equal to the 

filament temperature. 

h, k have their usuel meanings. 

Since vf approximates to 100 om! 3.34 becomes: 

Q/0; = cmv 3/7 - exp (-hv/kT)) 

and the equation governing ion emission is: 

Pe = AT? Chv§/KD)3 TP C2 -.exp (-hv/kT))"! exp .(-(E - D)/RT) 3.35. 

Since En = - Rd(lo¢ i,/2,)dQ/T) taking logarithms of 3.35 and 

differentiating with resnect to 1/T gives 

En = E - D~ RE + R} hv/k (exp (hv/kT) - 1D) 3.36. 

=o des



If T and v are taken to be 1500°K and 1000 om? respectively 

3.36 approximates to: 

En 

(Ep © EB -D +28 
3.37. 

R E -D - PT + 3kT 

(iv) Type 4 (Dissociation with Adsorption) 

In this case the substrate molecule dissociates during ion forma- 

tion to give a negative jon, A , and a residue B, which is chemically 

adsorbed on the filament surface, S. This results in the bond disso- 

ciation energy, D, and the heat of adsorption of P on the filament 

surface, Q, being included in the exponential term in S23, 

In this case the activated state for ion formation is planar and 

the overall ion-forming reaction is, 

Ape + (1S = B -Ae, o> A+ B adeorbed 

with the rate determining step now assumed to be the stretching of the 

B - A” bord instead of translation of the whole complex normally to 

the surface. Due to the activated state for ion formation being 

attached to the surface by the atom B, it must lose two rotational 

degrees of freedom and Q/Q; is given by: 

Qe F (COnPRECE TI" Coho) 

“TO - ep (-hv#kT))/T] ~ exp (-hv/kT)) 3.38. 

Of the three vibrations associated with the bond that breaks, one is 

rate determining ard the other two are assumed. as in the previous 

case, to have a frequency of 100 om. Hence: 

1 
Q/Q; = ((8n7kT(L 1") /ogh /o*)) (hy#/KkT)? » (1 ~ exp (-h¥i/kT)) 

3 

/T]L ~ exp (-hv/kT)) 3.39. 

2



    

where v is the frequency of the surface - B vibration 

o_, o* are the symmetry factors for the gas phase molecule 

and activated state complex, respectively. 

I., I. are the moments of inertia associated with the two 

rotational degrees of freedcem lost by the activated 

state complex, Ig being the moment of inertia about 

the g- B- A* axis. 

And the equation governing ion formation is: 

3 
BI(1 ~ exp (~ hv, /kT)) Tf - exp (-hv/kT))7! i/i, 

. exp ( - (E - D + 0)/RT) 3.40. 
i 

Where B = A.(hv#/k)? (817k (11)? /a,h?/o*) 

D+Q+ RE + Ri hv/k (exp (hv/KD) - 1) And Ep =E 

~ Rhy} /k (exp (hv}/kT) - 1) . 

If as before T = 1500°K and v = v, = 1000 am™!. 3.41 approximates 

to 

E-D+Q+ RP + 3R0- 2 a 
R fe Ep E-~D+0Q+ 3R0 3.42. 

The validity of expressions 3.37 and 3.42 depends upon the vibra- 

tional frequencies in the molecule, hence expressions 3.36 and 3.41 

are more correct. Also vibrational energy transfer is a slow process 

and the vibrational temperature could lie anywhere between gas temp- 

erature and filament tempereture. This implies that the correction 

to E for dissociative capture and dissociative carture with adsorp- 

tion could lie between -RT and 2RT, and RT and 3RT, respectively. 

Since the vibrational temperature is unknown the equations used, 

in this dissertation, for evaluation of Electron Affinities are 3.33, 

3.37, 3.42, 
-4- 
 



3.2.5. Evaluation of the Electron Affinity from log-log plots 

Under circumstances where continuous deposition on or etching of 

the filament occurs it is difficult es Eatirecny evettine the fila- 

ment temperature. In such cases, provided the experimental work func- 

tion Xp is known the ‘apparent electron affinity', and hence the true 

electron affinity can be evaluated fram the slope of a plot of the 

logarithm of the ion current against the logarithm of the electron 

current. 

a Ga Prem 3.1) < Rd (log 1,)/dQ1/T) = - x- 2RT = - Xp 

From 3.27. Rd (log i,)/d(1/T) = E - x- nRT = Ep - xp 

Hence d log i,/d ee (Ep - Xp) /Xep 3.43, 

And Ep = E+ (2 - n)R 

where n depends upon the mode of ion formation and is discussed 

in 3.2.4. 

3.2.6. The Entropy of the Reaction 
  

Combining equations 3.17 and 3.27 and noting that es 2¢ 20m kWh? 

gives: 

. . = 1 Ye te 7 q sia 

fag * (kT/p) (Q,/Q apt? (Q*Q /Q" ape) &XP (E,/8T) exp a 

which may be written in the form: 

where K, and Ky are the concentretion equilibrium constants for the 

reactions: 

AB* (4) = AB 5) 3.46. 

= a * c 

If AG, and AG, are the associated Gibb's Free Energy changes , 

3.45 may be written as: 

=n,



  
i,/i,; = (KI/p) exp ( - AG, /RT) exp ( - AGo/RT) 3.48. 

Since AG = AH - TAS 3.48 becomes: 

trae e (kT/p) exp ( ~AH, /RE,) exp (AS]/R) exp ( - AH2/RT) exp (AS2/R) 
? 3.49. 

If the adsorption process is non-activated 4H1 = 0 and defining 

OS = AS; + AS, 3.49 becomes: 

i,/i; = (KI/p) exp ( - AH)/RT) exp (AS/R) 3.50, 

Taking logs of 3.50 and differentiating with respect to T and 

noting that d (log i/i,)/dt = Exp/ RI? gives F, = RI + AH). Hence tak- 

ing logs of 3.50, re-arranging and substituting for AH) gives: 

AS = R (log (i,/i,) - log (KI/p)) + E,/T - R roa 

4.56 (18.98 + lopyo (i_/i.) ~ logio (T/p)) + E/T - 1.98 
rs 3,63 

Where T is in me R and Ep are in cals/mole/°K p is in mm of 

Hg. and AS is the sum of the entropy chans<es for the reactions of 

equations 3.46 and 3.47 with all transition states in the standard 

state of one mole per cm? and the gas molecules in the standard state 

of one mole per cm’. 

Farragher ©’ found that the value for the change in entropy was 

characteristic of the mode of ion formation and could, therefore, be 

used as a diagnostic test for the reaction type. 

Type 1 and 2 being given by: AS = 110 # 17. e.u. 

Type 3 , So AS a7, eG 

Type 4 : = AS = 82°* 5. e.t.



4, POLARISATION CAPTURE AFFINITIES 
  

4,1 Introduction 

Experimental evidence shows that species which have a positive 

electron affinity can be classified into four groups, according to the 

type of ion formed. 

The first group contains ions formed when a free radical accepts 

an electron to forma singlet ion, where the electron is apparently 

localized as a lone pair. This type of ion is discussed in chapter § 

of this dissertation. 

The second group contains doublet ions which are formed from 

singlet molecules with a delocalized Il electron system. This type of 

ion has been extensively examined by Farragher®’ and Burdett®8, 

The third group contains mltiplet ions formed from miltiplet 

acceptors; the only examples so far quoted are S and 0. 

The last group contains doublet ions which are formed when a 

singlet molecule containing no delocalized I electron system Cap- 

tures an electron. The existence of these negative ions cannot be des- 

cribed simply in terms of the orbitals of the uncharged acceptor but 

must include the distortion of the electron distribution within the 

ion. An example of this type of ion is SFg , which has been identi- 

fied by Fox and Hiclaan’* using a mass spectrometer and by Herron, 

95 
Rosenstock and Shields~’, who showed that SF, was formed at a hot 

tungsten surface in the presence of SF, vapour. Page et ah e8t a 

found, using the Magnetron technique, evidence that at low tempera- 

tures ion formation occurred in the presence of SFg, CG, CHCl3, 

CH2Cl2, CoClg, BF3 and CBr, which they attributed to the formtion 

tlt. 
 



  

of, respectively, SFg~, CCly~, CHCl3~, CHgCl2~, CaCl, BF3” and CBr,”. 

In this work, using tellurium hexafluoride, tungsten hexafluoride 

and uranium hexafluoride as substrate gases, copious negative ion 

currents were observed over a temperature range 1200-1600°K, which are, 

similarly, attributed to the formation of, respectively, TeF, , 

4.2 Experimental 

All the three compounds, at low temperatures, gave a negative ion 

current that was greater than the corresponding electron current; 

hence to evaluate the electron current, the ion current (the current 

in the presence of the magnetic field) had to be subtracted from the 

corresponding total current (current in the absence of the magnetic 

field). 

Tellurium hexafluoride 
  

The sample was obtained from Professor R.D. Peacock, Leicester 

University, the filament used was platinum and the sample pressure 

was approximately 1.0x 10% Torr. The values for the apparent elec- 

tron affinity, at a mean filament temperature of 1400°K, were 64.0, 

59.4, 65.8, 67.2, 69.5, 71.8 and 59.5 kcals/mole, which gave a mean 

value for E, of 65.3 + 4.7 keals/mole. A typical graph is shown in 

figure 9. 

Tungsten hexafluoride 
  

The sample was obtained from Cambrian Chemicals Ltd., the fila- 

ment used was platinum and the sample pressure was approximately 

4.5 x 10° Torr. The values for the apparent electron affinity, at 

-45-
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a mean filament temperature of 1437°K were 75.8, 73.1, 74.0, 73.1, 74.5, 

71.3 and 75.8 kcals/mole, which gave a mean value for E, of 73.9 + 1.6 

kcals/mole. A typical graph is shown in figure 10. 

Uranium hexafluoride 

The non-active sample was obtained from the United Kingdom Atomic 

Energy Authority, the filament used was platinium and the sample press- 

ure was approximately 4.5 x 10°" Torr. The values obtained for the 

apparent electron affinity, at a mean filament temperature of 1410°K 

were 89.6, 86.5, 82.7, 97.4 and 95.6 kcals/mole, which gave a mean 

value for E, of 90.2 + 6.1 kcals/mole. A typical graph is shown in 

figure 11. 

4.3 Discussion 

The change in entropy for the overall ion forming reaction is 

given by equation 3.52 as AS = 4.56 (18.98 + logio (i/i;) - 

logig (I/P)) + E,/T - 1.98. Substituting the appropriate values into 

the above equation gives AS for TeFg, Wg and UF, as 102.0, 109.9 and 

124.4 entropy units, respectively, which are typical of a type 1 pro- 

cess, that is direct capture of an electron by the molecular species. 

Hence the reactions postulated for these compounds are: 

TeF, + @ >. Tere: 

Ween sto > WF. 

UFg + @..45¢ URE: 

For this type of process the apparent electron affinity is given 

by equation 3.33 as E, = E + 2RT, where E is the electron affinity 

of the species and T is the mean filament temperature. Substituting 

the appropriate values of E, and T for, respectively, TeFg, WFg and 

a”



  

  
6:0 

  
{ 

7-0 8-0 

  

4 

o .. 

ELECTRON CAPTURE BY WF, / Pt 

FIG. 10.4



      
70 4 8-0 

  won/t > 

o/ °K) 

ELECTRON CAPTURE BY UF; / Pt 

FIG, 11.



UF, leads to values for the electron affinities of E(TeF,) = 59.7 + 4.7, 

E(WFg) = 68.2 + 1.6 and E(UF,) = 84.6 + 6.1 keals/mole. 

With polarisation capture ions the negative charge can be thought 

of as being distributed between the outer atoms in the molecule; Hush 

and Segal’? calculated that for CFH3~ the negative charge distribution 

is 0.31l4e and 0.26e for the fluorine and hydrogen atoms respectively , 

with the central cevbon atom bearing a slightly positive charge. 

Using this calculation as a basis, a model may be constructed in 

which a tetrahedral ion, such as CCl,” is represented as a combination 

of the four states, as shown in figure 12, where the stability of the 

ion is mainly due to the electrostatic interaction of the negative 

charge with the polarizable CCl3 group, since the next available orbi- 

tals in chlorine would require considerable promotion energy. 

If the polarizebility of the CCl; group is aCCl3 and the distance 

between the negative charge and the centroid of the CCl; group is. © 

then the energy due to electrostatic interaction is given byt 

1 e 
W = OE DE. pr ° aCC13 Peet: 

The effective values of aCCl; and r may be determined approximately by 

treating the CCl3 group as three ipateeeke polarization ellipsoids , 

each contributing a quarter of the molecular polarizability, ao, 

with centroies at the mid-point of the C - Cl bond. Hence 

_.e% £ a0 
W os a ee rey 4.2 

where r may be calculated in terms of the C - Cl covalent bond length, 

a, as shown in figure 13. 

ut
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Evaluating for r gives: 

Pee oe | <i e 4.3. 

Wet oe 2:8 Gee Soe ey 

e200 
a - 0.1509 ° ae WY. 

Similarly for a planar, trigonal ion XY3 e.g. BF3_ 

e700 
W = Le 0.1088 ° ea: 4.5. 

for an octahedral ion XY, e.g. SF, 

2 
W = - 0.22983 4.6. 

and for an ion X,Yg e.g. CoCle 

2 
We 0.0128 ae 437; 

or expressing the relationship in terms of the mlar refractim, (R) 

in ces, gives: 

(R) 
Trigonal XY3 W = - 13.90 => 4.8. 

Tetrahedral XY, w = -19.20 8 4.9, 

Octahedral XY, Woe - 29.30) 4.10. 

Ethane-like X¥e  “W = - 9.20 & 4.11. 

Where a is the X-Y covalent bond length in R, and W is then in keals/ 

-4g—



mole. 

Table 2 gives the experimental and calculated electron affinities. 

  

  

Table 2 

Compound | Calculated Electron Experimental Electron 
Affinity (kcals/mole) | Affinity (kcals/mole) 

CCl, 52.8 47.4697 

CHC1; Sui 39.2697 

CHy Cly 67.8 30.1°97 

CCl¢ 38.9 32.8697) 

BF, 29.7 61.0°98) 

SF, 41.5 33.0°9 

CBr, 54.7 ug .7 698)           
In all cases the calculated electron affinity will be a maximm 

value since the Y -X bond will be significantly longer than the covalent 

bond used in the calculation. Nevertheless, the correlatim with the 

experimental electron affinities is quite good for these molecules, with 

the exception of BF3, CHCl3 and CH,Cl,. In calculating the electron 

affinities of CHCl; and CH)Clp it has been assumed, in the absence of 

charge distributim data, that the negative charge of the anion is 

equally distributed between the hydrogen and chlorine atoms. This is 

unlikely to be true, hence the contributim of the 

H H 

C . 

/\\ /\\ 
C1 jCl or H Tel 

C1 Cl 
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ionic state is over~estima ted, which due to the short C-H bond length 

leads to a high value for the calculated electron affinities. 

Many compounds of the first and second row elements may be treated 

in this manner but the extension to the heavy elements such as TeF. , 

WFg, and UF, is not satisfactory because of the unknown contribution 

of the inner shell «lectrons of the heavy atom to the total polariza- 

bility. However, an estimate for the electron affinity of the hexa- 

fluorides of the heavier e jements may be determined semi-quantitatively 

from a comparative study of the reactions undergone by these compounds . 

O'Donnell and Stewart 101 have shown that of the three hexafluorides 

of uranium, tumgsten and molybdenum, uranium hexafluoride is the much 

stronger oxidant. For example they found that tungsten hexafluoride 

was reduced only with great diffi-ultv by phosphorus trifluoride where- 

as molybdenum hexaflucrice was mach more readily reduced by phosphorus 

trifluoride, althougn there was some evidence of an equilibrium in 

the reaction, and ureniun hexafluoride was very readily reduced. 

Similarly, ueaniun hexafluoride was reduced to some extent by arsenic 

trifluoride whereas neither molybdenum hexafluoride nor tungsten hexa- 

Fluceide were reduced. Unequivocal evidence that uranium hexafluoride 

is a stronger cxident than molybdenum hexafluoride and tungsten hexa- 

fluoride was provided by the fact that uranium hexafluoride readily 

oxidised tungsten tetraflu 

corresponding hexafluoride 

oride and molybdenum pentafluoride to the 

Ss 

Since oxidation - reductio reactions involve basically the trans 

fer of electrons, where the species that is oxidised logses an elec- 

tron and conversely, the species that is reduced gains an electron, 
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then the relative oxidising powers of a series of compounds should give 

an indication of their relative electron affinities: that is the greater 

the oxidising power of the species then the greater the value of its 

electron affinity. Hence from the above experimental evidence the elec- 

tron affinities of the three hexafluorides should be in the order 

UF 6 >MoF ¢>WF'.. 

Recently several workers 012102 »103 have demmnstrated the high 

oxidising powers of the heavier metal hexafluorides by the prepara- 

tion of compounds of the type x" (MF6) “from the reaction: 

Bey. Meg? x" (MFe) (5) 

Then, provided the lattice energy of the species x" (MFg)~ is knom, 

along with the first ionization potential of X, an estimate for the 

electron affinity of MF, may be made. 

Tt has been shown that molecular oxygen and atomic xenon were 

spontaneously oxidised by platinum hexafluerige+ , a reaction that 

was not undergone by any of the other third transitim series hexa- 

fluorides. The products of these reactims has been established!” 

as respectively the salts 02° (PtFs)” and Xe*(PtFe) 7. 

Similarly, the hexafluorides of platinun!™ ; fridjun j osmiut”? ; 

103 101,102 ,103 101,102 101,102 
rhenium ~~, tungsten , molybdenum , and uranium 

were shown, with the exception of tungsten hexafluoride, to oxidise 

nitric oxide to produce the salt NO’ (MFs)~. Whereas oly osmium, 

iridium and platinum hexafluorides?™ reacted with nitrosyl fluoride 

to produce the ionic product NO” (MF,)”. The remaining four hexa~ 

103 , tungsten fiomeaflucide te ‘ 

101 
fluorides, rhenium hexafluoride 

uranium hexafluoride? and molybdenum hexafluoride reacted with 
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nitrosyl fluoride to form adducts of the type NOMF7 and (NO) oMF¢ : 

this is particularly significant since no reduction of the hexafluorides 

was necessary to form these adducts. (In all cases the ionic nature 

of the salts Xx" (MF)7 was deduced from their infra-red absorption spec- 

tra and X-ray diffraction data.) 

A summary of the reactions of the hexafluorides with, respectively, 

molecular oxygen, nitric oxide and nitrosyl fluoride is given in table 

3 and discussed below in the order i) 0) + MFg ii) NO + MF¢ 

iii) ONF + MPs. 

  

  

  

  

  

  

  

  

        

Table 3 

Reaction Products 

Compound | OQ) + MFs NO + MFs ONF + MF. 

WF, no reaction | no reaction | NOWF7 + (NO) )WF, 

ReFg i NO’ (ReFg)~ | (NO))ReFg 

OsFs " No*(OsF,)~ | NO*(OsFg)7 + NOOSF7 + ONF3+ 

IrF¢ " NO’ (IrFg)~ | NO*(InFg)7 + ONFyt + Fot 

MoF " NO*(MoFg)7 | NOMoF7 

UF¢ i" NO'(UF,)” | NOUF, 

Pts O> (PtFe)7 NO" (PEF) NO*(PtFg)” + Fot 
a 2   
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i) Since the lattice energy of 0) (MFs)” is estimated to be about 

125 kcals/mole* 03 ond the first ionisation potential of molecular 

oxygen is 281 kcals/mole™ then the electron affinity of MFe must 

be greater than 156 kcals/mole to account for the observed exothermic 

reaction PtFe(g) + O2(g) > Oo" (PtFs)~(s), which suggests that of the 

hexafluorides, platinum hexafluoride alone has an electron affinity in 

excess of 156 kcals/mole. 

ii) Similarly, the hexafluorides which react with nitric oxide to 

form salts of the type No*(MF,)7 must have a minimum value for the 

electron affinity of approximately 90 keals/mole, since the lattice 

energy of NO" (MF)7 is estimated as 125 ihalntaole” and the first 

jonisation potential of nitric oxide is 213 keals/mole??*which suggests 

that the hexafluorides of platinum, iridium, osmium, rhenium, moly- 

bdenum and uranium have an electron affinity greater than about 90 

kcals/mole. 

iii) And lastly, since the enthalphy of dissociation of ONF(g) > 

No(g) + F(g) has been given as 55 keals/mole? , which results in a 

AH for the process ONF(g) + NO'(g) + F(g) + e of 268 kcals/mole, 

a minimum electron affinity of MFg for an exothermic reaction 

ONF(g) + MEo(g) > NO*(Ms)~(s) + F(g) would be 143 kcals/mole, 

Although for the liberation of molecular fluorine this would be 

reduced to approximately 125 kcals/mole, since the bond dissociation 

energy of fluorine is 36 keals/mole. 

th the basis of the above reactions it is evident that the elec- 

tron affinity of MFs increases regularly in the sequence W, Re, Os, 

Ir and Pt and also that E(UF,) > E(MoFs) > E(WFg). Where E(ReF¢) , 
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E(MoFg) and E(UF,) have values greater than 90 kcals/mole but less than 

125 kcals/mole, E(IrF.) has a value greater than 125 but less than 

156 kcals/mole and lastly E(PtF,¢) have a value greater than 156 kcals/ 

mole. 

Hence, for the third transition series hexafluorides, the increase 

in the electron affinity with unit change in atomic number of M appears 

to be approximately 20 kcals/mole, which suggests that the electron 

affinity of gold hexafluoride could be greater than 176 kcals/mole 

and E(WFg) should be greater than 70 but less than 90 kcals/mole. 

The calculated values for uranium and tungsten hexafluorides of , 

respectively, >90 kcals/mole and > 70 keals/mole are in reasonable 

agreement with the experimentally determined values of E(UF¢) = 

84.6 + 6,1 kcals/mole and E(WE,) = 68.2 + 1.6 kcals/mole. 

Of the hexafluorides of sulphur, selenium and tellurium, SF. 

is extremely inert, whereas Sel’g and TeF, are reduced by NH, but not 

by plo, TeF, alone has a weak lewis adidity , combining with F 

in the presence of large cations to form either TeF7 or TeFg , and 

with trialkyl amines to form adducts of the formula (R3N)2TeF,. The 

reactions undergone by sulphur, selenium and tellurium hexafluorides , 

as compared with those for tungsten hexafluoride ,show WF, to have the 

higher oxidising power and presumably, therefore , the higher electren 

affinity as is found experimentally since E(SF¢) = 332° and 

E(TeFg) = 59.7 + 4.7 kcals/mole. 
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5. o CAPTURE AFFINITIES 

5.1 Introduction: 

In many cases the capture of an electron by a doublet free radical 

leads to the formatio of a stable singlet negative ion®® , for example 

NH) + e 7 WNHQ” 5.1 

and it is of interest to determine whether the electron added in form- 

ing the negative ion is localised on the accepting centre as a lone 

pair or is delocalised over the whole system. If the electron is local- 

jsed on the accepting centre as a lone pair then the stability of the 

jon would be expected to be determined by the nature and valence state 

of the accepting centre, with substitutional effects acting in a second- 

ary manner. 

Experimental evidence shows that the electron affinity of a radi- 

cal is very sensitive to the nature and valence state of the accepting 

centre; substitution at this centre has a small effect on the electron 

affinity causing values for the electron affinity to be approximately 

5 kcals/mole above or below the value, depending on the inductive effect 

of the substituents, found for the hydrogen substituted radical. This 

is in accordance with the postulate that the additional electron is 

localised on the central atom at which the free valence lay. 

Goddaral? has recently been successful in giving a quantum mech- 

anical explanation for the stabilities of H” and Li7. He showed that 

the stability of HK” and Li” arises from an ‘exchange term', in particu- 

lar the nuclear attraction part of this term; the exchange term he 

describes as being identical to the exchange term in the valence bond 

wave function of the hydrogen molecule. Extending this idea to the 
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addition of an electron to a doublet free radical would suggest, in 

general, that the stability of the resulting ion can be considered to 

arise from an interaction of the additional electron and the central 

atom, forming a o type bond. Radicals forming ions in such a manner 

are termed to have a o Electron Affinity. 

In order to study the effect that the nature and valence state 

of the accepting centre, and substitutional effects at this centre, 

have upon the electron affinity of the radical three approaches have 

been utilised. Firstly the nature and valence state of the electron 

accepting centre were kept constant and the effect of substitution at 

the accepting centre upon the electron affinity of the radical was 

determined. Secondly the nature of the accepting centre was kept 

constant but the valence state of the accepting centre was varied and 

thirdly the nature of the accepting centre was varied but the valence 

state of the centre was the same in each case. The compounds studied, 

the results and discussion are given in sections 5.2., 5.3.5 Se4., am 

5.5. 

Then provided the electron affinities of the radical and the 

atomic centre of acceptance can be equated, the experimental electron 

affinity can be compared to the th-emetical values, deduced from the 

tables of promotion energies for atoms and their ions given by Hinze 

and Jaffe°°. 

If a radical or molecule R - X is considered, where R is the 

atomic centre and X is the substituent, then the negative ion may be 

formed by two processes. 

1) Form the radical or molecule ion RX, which then Gussociat-- 
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to give the atomic ion R- 

or 2) Dissociate the radical and then form the negative atomic ion. 

The two processes can be described by the following energy cycle. 

Ba 

peek to Re RL t X 

| na =?) | OCR X) 

RX te “a7 ERK eb ei 

Hepce ER = Bex + (D (R= X) - DAR - X)) Biz 

As the term within the brackets will tend to zero, provided there 

is not a great disparity in the electronegativities of R and X or a 

change in the hybridisation of R on dissociation, then the o electron 

affinity of a radical may be identified with the electron affinity of 

the acceptor atom in the same valence state. However, if X is very 

electronegative as in the case of fluorine, considerable errors could 

be introduced. 

The method Hinze & gaffe°® used to evaluate the promotion energies 

for the various valence states of the atom was to firstly evaluate the 

Slater equations for all spectroscopic states, arising from configurations 

composed of s, p and d electrons and then evaluate the Slater Condon 

parameters by fitting the cbserved spectroscopic data to the appropri- 

ate Slater equations by a least squares method. Since valence state 

equations are expressed in Slater Condon parameters this allowed the 

determination of valence state energies. The valence state energies 

calculated by Hinze are identical with the corresponding valence state 

promotion energy since he chose the zero of the energy scale to be the 

spectroscopic ground state. 

With negative ions it is impossible to determine the valence state 

iete



promotion energies directly as no spectral determinations have been made 

but Hinze, utilising Rehrlich's/+° extrapolation method , determined the 

promotion energies for the negative ions of elements, with no open d 

shells, by extrapolating along a series of equivalent valence states of 

an isoelectronic sequence. 

For the evaluation of valence state electron affinities , the elec- 

tron affinity of the atomic ground state is required beside the promo- 

tion energy terms. As the electron affinities of the atomic ground 

states far negative ions have not in general been determined ex. erimen- 

tally, except in the case of carbon, given by Brenscomb as ECC) = 

1.25 + 0.03 eV’, the ground state electron affinities are determined 

using the extrapolation method of Edlen’®, as described in Chapter l. 

Then provided the bond energy terms in equation 5.2 are negli- 

gible, so the electron affinity of the radical can be equated to the 

electron affinity of the atom in the same valence state, the electron 

affinity of the radical for a particular valence state, Ev, is given 

by: 

by si te’ + cP. - P) 5.36 

where Eg is the electron affinity of the ground state and P, and P_ 

are the promotion energies of the atom and the ion, in the same valence 

state. 

Therefore, if the probable valence state of the radical can be pos- 

‘ulated from the knom chemical nature and in some cases the known 

geometry, then from the promotion energy and ground state electron 

affinity data it is possible to calculate the energy involved in form- 

ing the negative ion (i.e. the electron affinity of the ion precursor) , 
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assuming that no rehybridisation takes place in the ion forming process. 

This can then be compared to the experimental value. Conversely, if the 

valence state of the radical or ion is difficult to postulate then the 

comparison of the experimental electron affinity with the theoretical 

electron affinities for various valence states of the radical will allow 

prediction of the valence states of both the radical and corresponding 

negative ion to be made. 

As stated earlier, the main aim is to study systems which will indi- 

cate the way in which the additional electron is added to the ion pre- 

cursor and then compare the experimental electron affinities with those 

calculated using the promotion energy data of Hinze and Jaffe°°. 

To study the effect of substitution at the accepting centre ™m 

the stability of the negative ion a series of substituted amines were 

4O,41 
examined, as the electron affinity of NH, is well nom The 

results are given in section 5.4. 

To study the effect upon the electron affinity as one descends a 

group in the periodic table, where in each case the centre of accept- 

ance is in the same valence state, the systems CF3’, SiF3* and NH,*, FH2' 

were studied. The results are given in section 5.3 and 5.4. 

And lastly to study how the stability of the negative ion, of a 

particular centre of acceptance, is affected by the valence state of 

the centre of acceptance, the electron affinity of the C,H: radical 

was determined and compared to the values quoted by ‘Smith for eat 

and Page et. al. for B(CH3)*?? and ed.) 
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5.2. Electron Capture by Acetylene: 
  

5.2.1. Introduction: 

The chemistry of the acetylenes, for example their ability to form 

fully ionised compounds of the formula (M(H O: where M can by any 

of the alkali metals, and the abundance of C,H found in the mass spectra 

of hydrocarbons?! , aliphatic aleoioias* and flames with hydrocarbon 

additives?! suggests that C2zH has a high stability are uikely to be 

readily formed at an emitting filament. 

5.2.2. Experimental: 

The C,H was supplied by Cambrian Chemicals Ltd. , the filament used 

was tungsten and the sample pressure was approximately 2 x 10% Torr. 

The effect of acetylene upon the tungsten filament was to lower 

the work function from 112.8 + 2.1 kcals/mole for the ‘clean’ surface 

to 90.9 + 2.4 kcals/mole (the mean filament temperature was 1786°K) , 

and hence increase the electron emission for a particular temperature. 

A graph indicating this effect is shown in fig. 14. 

To ensure a reproducible filament surface the tungsten filament was 

kept at 2000°K, in the presence of acetylene vapour, for fifteen min- 

utes, prior to any measurements being taken. The effect of acetylene 

vapour upon the filament was very rapid, producing, for any particular 

temperature, a rapid rise in electron current, which attained a constant 

value after about ten minutes. 

The source of acetylene was disconnected from the Magnetron and 

the filament was heated at 1800°K while the magnetron assembly was 

continuously pumped. There was not a reduction in the electron emission 

for a particular filament temperature and the work function of the 
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tungsten surface remained at almost the same value as that given by the 

tungsten surface in the presence of acetylene, which suggests that there 

has been a chemical or physical change in the tungsten filament rather 

than adsorption of a species on the filament surface as the latter is 

a reversible effect. 

The graphs obtained from plotting log iop/i; against I/T gave 

apparent electron affinities of 32.5, 35.7, 32.0, 26.1, 26.1, 3318 , 

24.7, 33.8, 35.0 and 27.9 keals/mole, giving an average value for Ep 

of 30.7 + 4.1 kcals/mole at an average filament temperature of 1670°K. 

A typical run is shown in figure 15. 

5.2.3. Discussion 

(1) The Electron Current 
  

The relationship between the experimental work function, xp, at 

a mean temperature T and the work function at 0K, Xo? of the tungsten 

filament is given as: 

Xp ae he + 2RT 

Since from equation 3.17 

ie = AT* exp - x/RI 

and ae? AO LE cs . 

et ee ee 

Hence the work function of the 'clem' tungsten surface, x,» is 105.7 

+ 2.1 kcals/mole at O°K which is in good agreement with the preferred 

thermionic value of 104.7 Male/ncia ee Similarly the work function 

of the tungsten surface in the presence of acetylene gas, XQ» is 83.8 

tg keals/mole at OK, resulting in a change in work function, Ax 

of 21.9 kcals/mole. 

At room temperature acetylene is knawm to be rapidly, associatively 
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adsorbed onto many metal surfaces including tungsten - the adsorption ¢ 

mechanism postulated is the opening of the first Il bond and then the 

formation of two carbon-tungsten bonds 1° , as shown below 

H — H 

ocet ee 
Pe 

W..-W mae. °* cg oWale Ve 

That the acetylene molecule is adsorbed as shown above is indicated 

by the fact that in all investigations of the hydrogenation of acetylenic 

compounds by heterogeneous catalysis the cis olefin is the main 

product !® , although it is often the less stable isomer; the residual 

unsaturation in the chemi-adsorbed state is shown by the widespread 

occurrence of polmerisation under such conditions’. 

However, unlike ethane which gives ethyl radicals on Soreeten 

both at room temperature and up to 2000°K, both Robertson! 2° and 

le Gorrt*+ have shown that acetylene and ethylene on hot tungsten fila- 

ments are completely decomposed to give carbon and hydrogen. The carbon 

formed is postulated to diffuse into the tungsten, giving first a solid 

solution and then a new Wie phase, where Robertson and Le Goff suggest 

n=2andn= 1, respectively. The fact that the unsaturated hydro- 

carbons are completely decomposed is attributed to the close approach 

their carbon atoms can make to the metal surface. 

le Goff found that when acetylene reacted on a tungsten filament 

the carbon formed could diffuse into the tungsten, which meant that at 

any moment a certain fraction of the surface was bare and the rest was 

covered with carbon. They also found that there was a balance between 

the deposition of carbon and its diffusion into the tungsten and that 
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the proportion of bare surface increased with an increase in temperature. 

Since the probability for reaction increased with an increase in tempera- 

ture they suggested that ali the acetylene molecules striking the bare 

surface reacted whereas the probability of reaction on the covered © r- 

face was zero; hence the temperature variation of the probability for 

reaction depended on carbon diffusion. They measured the rate of de- 

composition of acetylene on tungsten at a temperature of about 2000°K 

and a pressure of 107° Torr and’ found that the rate of decomposition 

of acetylene was large and constant for any amount of carbon in the 

filament between O and 6% by weight, which corresponds to the carbide 

WC. However around 6% carbon content the rate of decerposition 

decreased suddenly and above 6% the rate was so small as to be undet- 

ectailé. From their observations they coneluded that the carbon for- 

med, diffused into the tungsten surface and all further reaction occur 

red at the bare surface. Reaction then proceeded until the carbon 

content of the filament reached 6% when it ceased, which they attribu- 

ted to the fact that the rate of diffusion of carbon, in the solid 

phase, is much lower in the carbide WC than in tungsten containing less 

than 6% carbon. 

In direct opposition to le Goff 's results, Robertson found that 

the rate of decomposition of acetylene on tungsten at a temperature of 

about 1850°K increased due to the initial formation of carbon and then 

became constant when there was enough carbcn to just begin to form the 

WoC phase, the W2C layer ecntinues to grow into the tungsten wire as 

more gas is decomposed. He rejected Le Goff's view of a diffusion 

controlled process as he found an increase in the gas pressure , and 
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therefore an increase in the rate of carbon deposition, does not alter 

the probability for reaction and similar rates are not found for all 

reactions giving carbon - both results are not consistent with a diffu- 

sion controlled process. 

From the results of Le Goff amd Rcbertson and the work function 

values quoted in this dissertation there are three possible reaction 

mechanisms. In all cases the acetylene decomposes completely and the 

carbon formed can 

4) Diffuse into the tungsten to produce W2C, the work function 

of which is 105.6 aasiey mie to 

$i) Diffuse into the tumgsten to form WC, the value of the 

work function is 83.0 inane tS 

tii) Not diffuse into the tungsten but form a carbon layer on 

the filament surface, which should have a work function of 

ion Kovlchile f 2 

The results obtained in this dissertation for the work function of 

a tungsten surface in the presence of acetylene gas of x, = 83.8 + 2.4 

kcals/mole is in excellent agreement with that quoted for the work func- 

tion of WC, and therefore the results advanced by Le Goff. 

It is of interest to note that Farragher, when investigating the 

jonisation of tetracyancethylene at a W surface, found for temperatures 

below 1840°K the work function of W in the presence of tetracyanoethy- 

lene was 23.0 kcals/mole lower than the 'olean' surface value, and 

also X-ray examination of the contaminated filament showed the presence 

of the carbide WC. 
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(2) The Ion Current 

Initially the ion current was erratic and stabilisation was effec- 

ted by heating the filament at 2000°K in the presence of acetylene. 

The electron current measurements suggest that the emission of 

negative ions occurs from a WC filament of work function 83.8 + 2.4 

kceals/mole. 

A mass spectrum of acetylene, using a surface ionisation source , 

attached to a Quadrupole Mass Filter showed the predaminant negative 

jon to be m/* = 25, identified as C,H. 

The possible processes leading to formation of C,H” are: 

CoHp t+ €e ———> CoH + H (a) 

———» CoH” + H (adsorbed) (b) 

The change in entropy for the overall reaction leading to negative 

jon formation is determined using equation 3.52 as 89.2 entropy units 

which is typical of type 4 mechanisms, that is dissociative attachment 

with adsorption of the uncharged fragment. Hence, reaction (b) is the 

most probable mechanism. 

For reaction (b) the apparent electron affinity of Cal, is gion 

by equation 3.42 as 

Ep 

where E, = 30.7 + 4.1 koals/mole, T = 1670°K, D is the (1gC,-H) 

it EB, -D+Q + SRT 

bond dissociation energy given as 113 Kenis mole" and Q is the heat 

87 ; ence 
of adsorption of a hydrogen atom on tungsten = 72 kcals/mole 

substituting these values into equation 3.42 gives E (CoH) = 62.8 + 

4.1 keals/mole, which is in good agreement with the value of EB (CoH) 

> 64.5 kcals/mole calculated by Neuert®? from appearance potential dat 
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and that given by Tiernan and Hughes*-° of 71.5 > E6CoH) > 57.7 kcals/ 

mole. The limits for E{C,H) were determined from a study of a series 

of negative ion - molecule reactions using a Tandem Mass Spectrometer. 

The magnetron value is, however, considerably lower than the recent 

value determined by Neuert 2", from photodetachment studies of 

E(CoH) = 85.3 kcals/mole. 

Coulson??° showed that an electrea in a carbon 2s orbital approach- 

es the nucleus more closely than a 2p electron, which suggests that 

the effective electronegativity of carbon is greater when exerting a 2s 

rather than 2p valency. Consequently the greater the s character of 

the C orbital used in bonding,the greater the electronegativity of the 

carbon atom. Continuing along these lines Walsn?2® suggested that the 

more s character the orbital possesses the more negative the carbon 

atom will be. Hence in passing from CH,, which has a C-H bond moment 

of ~0.3D in the C7H sense, to C2Hy, which has a C-H bond moment of =0.4D 

in the C-H sense, a reversal of polarity occurs, which is even more pro- 

nounced in CoH2 where the bond moment is mcre than 1.0D acting in the 

C<H sense. As chemical evidence he cited the acidic nature of acetlene 

and the high electron attracting character of the C=C group as evidenced 

by the much greater dissociation constant of propiolic acid as compared 

with acrylic acid. Also on physical evidence his view is supported by 

the fact that the increase in s character in the C-H bond from the CH 

radical through CHy,, C2H, to CgH, is accompanied by a progressive in- 

crease in the force constant, bond energy and by a progressive decrease 

in the internuclear distance. 

It follows from Walsh's suggestions that the greater the s charac- 

ter of ts: carbon orbitals then the greater the electron affinity of 
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that species, that is the electron affinity should increase along the 

series CH (pure p), sp’, sp* and sp hybridized carbon, as is in fact 

found experimentally. The values obtained are E(CH) = ees EC.) 

Sane ECC, ?) = st} and ECC.) = 62.8 koals/mole- 

Qualitative evidence for the preater stability of acetylenic ions 

over ethylenic ions is given by arcane” from a study of the negative 

jons produced in hydrocarbon flames. He showed that in flames contain- 

ing a small percentage of acetylene the main negative hydrocarbon ions 

were of the type CE and Cos both occurring at nearly the same posi- 

tion in the flame. Green found a clearly marked alternation in the 

relative intensities of the ions, with the CH” type ion, where n was 

even, being more intense than the eRe type icons and the CH type ions, 

where n was odd. 

In the first case, where n is even, an acetylenic structure may 

be written for the ion, that is 

os Ou nt
 woe H where x = 0,1,2. 

with the additional electron localized on an Sp carbon .Wnereas in the 

second case one is forced to consider an ethylenic structure of the 

type C(=0),, = Cw, where x = 1,3,5, where the electron is now local- 

ised on an Bp? carbon. 

Since the Saha Scotian equation 5.4., which gives the equili-~ 

brium position in the flame for a particular species , defines the equi- 

librium constant , Ky in terms of the electron affinity, the flame 

temperature and in a less sensitive way the spectroscopic multipli- 

cities of the species concerned, it is possible to predict the inten~ 

sity of a given species in the flame, knowing only the electron 
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affinity and the flame temperature. 

For the reaction X == Xte 

Aue wps/2 -5040E/T 

Ree ae 
where E is the electron affinity in electron volts and T is the flane 

5.4. 

temperature in iG 

Then from the Saha Equation, using the electron affinity of the acety- 

lenic carbon species as 62.8 kcals/mole and the electron affinity of 

is the acetylenic ions the ethylenic carbon species as 51.0 keals/mole 

are predicted to be about 25 times as intense as the ethylenic ions, in 

good agreement with the experimental value of 23.8 as determined from 

Green's results. 

5.3. Electron Capture by CF3 and SiF3 

5.3.1. Introduction 

The high thermal stability, resistance to chemical reaction and 

high electric strength of certain of the fluorocarbons has led to an 

interest in these compounds by the Electrical Industry, for use as 

insulating materials. As it is generally believed that the high electric 

strengths of such gases, relative to nitrogen, arise from their abil- 

ity to attach electrons, that is their electron affinity, several wor- 

kers have investigated the ionisation and dissociation processes result- 

ing from electron impact upon many of the electronegative gases/-° vee ; 

in particular sulphur hexafluoride’ *>9°, However, with the exception 

of the electron affinities quoted for the halogen atoms’ and Bibby 

and Carter' 5128 value for the electron affinity of CFs, little is known 

about the stability of the negative ions of such gases. 

Page et. al. using the Magnetron technique, studied negative ion 

Ba



  

formation in sulphur hexafluoride” , carbon tetrachloride?’ , chloro- 

fora” A it chi cewuithanse and carbon eovebnotiees: giving values for 

the electron affinities of E(SFg) = 33.0 kcals/mole, E(SFg) -=.85.3 

keals/mole, E(CC13) = 28.0 kcals/mole andE(CBr3)= 41.4 kcals/mole. 

As an extension of his work the energetics of negative ion formation 

in fluoroform, hexafluorcethané carbon tetrafluoride, trifluoro- 

bromomethane, trifluorochloromethane and silicon tetrafluoride were 

investigated. 

5.3.2. Experimental 

Fluoroform 

The CF3H was supplied by Air Products and Chemical Inc., the fila- 

ment used was platinum and the sample pressure was approximate ly 

1x 1073 torr. A plot of the logarithm of the ratio of the electron 

and ion current against the reciprocal of the filament temperature 

yielded three apparent electron affinities in different temperature 

ranges. Inthe low temperature range, at a mean temperature of 1342°K , 

the values for the apparent electron affinity were 25.6, 14.6, 19.2, 

11.4, 14.6, 17.5, 16.5 and 17.6 keals/mole, which omitting the values 

of 25.6 and 11.4 kcals/mole gave a mean value of 16.7 + 1.8 kceals/mole. 

In an intermediate temperature range, at a mean temperature of 171K, 

the values for the apparent electron affinity were “47,1, -48.9, 

-43.4, -48.9 and -42.0 kcals/mole, giving a mean value of -46+1 + 

3.2 kcals/mole. The high temperature results, at a mean temperature 

of 1562°K, gave values of 41.6, 52.5, 44.8, 48.5 and 53.9 kcals/mole, 

which gave a mean value for the apparent electron affinity of 48.3 

+ 5.2 kcals/mole. A typical run is illustrated in figure 16. 
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Hexafluoroethane 

The C)F, was supplied by Cambrian Chemicals Ltd., the filament 

used was iridium and the sample pressure was approximately 5 x 10°* Torr. 

The values obtained for the apparent electron affinity, at a mean fila- 

ment temperature of 1520°K were 1.8, 4.7, 2.7, 1.6 and 6.0 kceals/mole , 

giving a mean value of 3.3 + 1.7 keals/mole. A typical run is illustra- 

ted in figure 17. 

Carbon tetrafluoride 
  

The CF, was supplied by Air Products and Chemicals Inc. , the fila- 

ment used was platinum and the sample pressure was approximtely 1.1 

x 10°3 Torr. The values obtained for the apparent electron affinity, 

at a mean temperature of 1390°K were -11.4, -17.8, -16.9, -18.7, -17.8, 

-20.1 and -17.8 kcals/mole, which omitting the value of -ll.4 keals/ 

mole gave a mean value of -18.2 + 1.1 kcals/mole. A typical run is 

shown in figure 18. 

Trifluorobromome thane 
  

The CF;Br was supplied by Dr. H. Roberts, Runcorn Laboratories , 

I.C.I. Ltd., the filament used was platinum and the sample pressure was 

approximately 1.3 x 10% Torr. The values obtained for the apparent 

electron affinity, at a mean filament temperature of 1408°K were -1.1, 

0.0, -2.2, 1-8, +5.4, #2.2, -1.4 and +1.1 kcals/mole, which omitting 

the value of 5.4 kcals/mole, gave a mean value of -0.4 + 1.6 keals/ 

mole. A typical run is show in figure 19. 

Triflucrochlcromethane 
  

The CF;Cl was supplied by Dr. H. Roberts, the filament used was 

iridium, and the sample pressure was approximately 1.0 x 10°? Torr.
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The values obtained for the apparent electron affinity, at a mean fila- 

ment temperature of 1724°K, were -1.0, 2.0, -0.5, +2.5 and +1.6 kcals/ 

mole, which gave a mean value of 0.1 + 1.9 kcals/mole. A typical run 

is shown in figure 20. 

Silico tetrafluocride 
  

The Sif, was supplied by Air Products and Chemicals Inc., the 

filament used was platinum and the sample pressure was approximately 

1.5 x 10° Torr. It was found that during a run the filament tempera- 

ture increased with time for aparticul-r filament current, causing a 

corresponding increase in the electron current. This was thought to 

be due to etching of the filament by the SiFy and it was found to be 

more convenient to plot the logarithm of the ion current against the 

logarithm of the electrm current to determing the apparent electron 

affinity. The slope of such a graph, s, is given by s =(Xp - BX 

and hence the apparent electron affinity E, is given by E, = Xp 61 -s). 

Where Xep is the work function of the surface at the temperature of 

the filament and obtained from an Arrhenius plot to be 105.6 kcals/ 

mole. The values cbtained for the apparent electron affinity at a 

mean temperature of 1350°K where +1.1, -4.2, +1.3, +4.8, +0.4, +4.5 

and -5.3 kcals/mole, which gave a mean value of 0.4 + 3.9 kcals/mole. 

A typical run is shown in figure 21. 

5.3.3. Discussion 

Fluoroform 

In the low temperature region the change in entropy for the sur- 

face reaction leading to negative ion formation is calculated from 

equation 3.52 to be 80.6 entropy units (e.U.). This is typical of a 

PK.
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type 4 mechanism, that is dissociative capture, with the uncharged 

fragment adsorbed on the filament surface. For this type of reaction 

the apparent electron affinity E, is given by equation 3.42 as 

Ep =. E- D + Q + 3RT where E is the real electron affinity, D is 

the bond dissociation energy of the bond broken during ion forma- 

tion and Q is the heat of adsorption of the neutral fragment on the 

filament surface. 

The possible mechanisms far ion production are 

Crasher eo eerie opnpucniees Og Mie (adsorbed) (a) 

> F + CF)H (adsorbed) (b) 

——_—_—_————> H + CF. (adsorbed) (c) 

Substituting the appropriate values of D(CF3 - H) = 103 keal/molet® ; 

oA ELEY 2 D(CF)H - F) = 121 keals/mole™, Q,(Pt) = 69 kcals/mole 

79.6 kcals/mole’, E(H) = 17.8 keals/mle"®, Ey = 16.7 + 1.8 kcal/ 

1342°K for reactions (a) ,(b) (co) gives for reaction mole and T 

(a) EC(CF3) = 42.7 + 1.8, for reaction (b) QCF 2,5 (Pt) = 50.1 + 1.8 

keals/mole and for reaction (c) Qop, (PE) = 93.9 + 1.8 kcal/mole. 

In the mid temperature range AS is calculated to be 36.5 eU, 

which is typical of a type 3 mechanism, that is dissociative capture 

without adsorption. For this type of mechanism the apparent elec- 

tron affinity is given by equation 3.37 as E, = E-D+ 2RT and the 

possible reactions are 

CF3H +e ——— CF," + H (a) 

————} F" + CFoH (e) 

neers Heit OF CE) 

Substituting the appropriate values of D, E, = -46.1 + 3.2 and 

ax 
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T = 1471°%K into equation 3.37 gives for respectively (d), (e) and (f), 

E(CF;) = 51-0 + 3.2 keals/mole, E(F) = 69.0 + 3.2 kcals/mole and E(H) 

= 51.0 kcals/mole. 

In the high temperature region AS = 98.2 eU, which is typical for 

a type 1 or 2 mechanism. Since a type 1 mechanism, that is direct 

capture of an electron by CF3H to form CF 3H” ,is unlikely under these 

conditions a type 2 mechanism is postulated, that is the CF3H dissoci- 

ates at the hot surface prior to any electron attachment process. 

For a type 2 mechanism the apparent electron affinity is given by 

equation 3.33 as B, = E + 2RT. 

The possible reactions are 

CF3H —_-_—__> CFy +.H then Cr3 + e ———> CF3 (g) 

H+e—5H ¢h) 

—--——_—_5 CF,H + F then CF,H +e ——3CF,H (i) 

PF +e ————_5 F" (4) 

Substituting the values E, = 48.3 + 5.2 kcals/mole and T 1562°K into 

equation 3.33 gives a value for the electron affinity of 42.0 + 5.2 

kcals/mole. 

In the low temperature region the most probable reaction is (a), 

since it is unlikely that a tetra-atomic molecule will adsorb at these 

temperatures or have a heat of adsorption as high as 93.9 kcals/mole, 

which leads to E(CF3) = 42.7 + 1.8 kcals/mole. In the mid temperature 

region the most probable reaction is (d) giving E(CF3) = 51.0 + 3.2 

keals/mole, since the values for E(H) = 51.0 and E(F) = 69.0 keals/ 

mole are very different to the well established spectroscopic electron 

affinities. The high temperature results give the electron affinity 

ey a



  

of the ion precursor as 42.0 + 5.2 kcals/mole, which clearly is not 

applicable to reaction (h) or (j). The results suggest that either 

reaction (g) or (i) are the possible reactions, but from a comparison 

with the low and mid temperature results (g) is the more probable, 

and the value for E(CF3) = 42.0 + 5.2 kcals/mole is in good agreement 

with both the low and mid temperature values. 

Hexaflucroethane 

  

AS is calculated to be 63.5 eU which is typical of type 3 reac- 

tions. A consideration of the energy terms involved suggests that the 

most probable reaction leading to negative ion formation is: 

CoFe + 2 —— > 2CF3° 

In this case the apparent electron affinity is given by E, = — - D/2 

30 
+ 2RT, where D = D(F;C - CF3) = 96.5 + 1.0 keals/mole™*”, T = 1520°K 

and E, = 3.3 + 1.7 kcals/mole. Substituting these values into the 

above equation gives the electron affinity of CF3 as 45.5 + 2.7 keals/ 

mole, in good agreement with that determined from the flucroform 

results. 

Carbon tetraflucride 
  

AS is calculated to be 54.6 eU, which suggests a type 3 mechanism. 

However, for a type 3 mechanism, a consideration of the energetics 

of all possible ion forming reactions gives unreasonably high values 

for the electron affinity, and suggests that the most probable reaction 

is a type 4 mechanism, involving formation of CF3. with adsorption of 

the fluorine atom on the filament. 

  i.e. CF, te ———> CF; + F (adsorbed) 

where the apparent electron affinity E, is given by 5, = SD eet 

The



3RT. Substituting the values of Ep = -18.2 + 1.1 kcals/mole, T = 

1390°K and D(CF; - F) = 121 keals/mole?® and an average value for 

E(CF3) of 43.4 + 2.0 kcals/mole gives a value for the heat of adsorp- 

tion of a fluorine atom on platinum as 51.1 + 3.1 kcals/mole. A com- 

parison of Q.(Pt) with that obtained by Kay and Page for chlorine ad- 

97 
sorbed on platinum of Q. (Pt) = 35.3 kcals/mole~ and for bromine ad- 

28 48.9 kceals/mole, suggests that the sorbed on platinum of Q,,(Pt) 

value determined for Q.(Pt) is of the correct order of magnitude, 

unfortunately no values could be found in the literature for a direct 

comparison to be made. 

Trifluorobromomethane and Trifluorochloromethane 

The change in entropy for the overall ion forming reaction for 

CF;Cl and CF3Br is calculated to be 67.1 and 65.8 eU, respectively. 

These values for AS lie between the values quoted for a type 3 and a 

type 4 process. 

If a type 3 mechanism is considered, the possible reactions for 

CF;Br and CF3Cl are respectively, 

CF;Br + e ——————-> Br + CF3 (a) 

meee Or. = $B (b) 

ea CE ee (c) 

and CF3;Cl + ¢e ——_—5 Cl" + CF; (qd) 

———-_-——> CF; + Cl (e) 

eect ee CED EE (£) 

where the annarent electron affinity is given by B, =E-D+ 2RT 

and for a type 4 mechanism: 

spe



  
CF;Br + ¢ > CF; + Br (adsorbed) (g) 

  

> Br” + CF3 (adsorbed) (h) 

+ F + CF,Br (adsorbed) (i) 

CF;Cl + e ——————— CF3 + Cl (adsorbed) (}) 

<item Cl CPs. Cacnormes «) 

Siig tees Fone. Rael GROUT @) 

where the apparent electron affinity is given by Ep = E-D+Q + 3RI. 

Where for CF3Cl Ep = 0.1 + 1.9 kcals/mole, T = 1724K. Qo, (Ir) = as. 

and for CF3Br E, = -0.4 + aeey F 1408°K, Qu,(Pt) = 18.9°°, E(CF;) = 

43.4 + 2.0, E(Br) = 77.6", E(CL) = 83.4’ and ECF) = 79.6 keals/mole’. 

Then on energetic grounds the most probable reactions for negative 

ion formation in CF3Cl and CF3Br are respectively j and ¢ which gives 

values for the (CF; - Cl) and (CF; - Br) bond dissociation energies 

of 87.0 + 3.9 and 70.7 + 3.6 kcals/mole respectively, in exellent 

agreement with the values quoted by Coomber and Whittle of D(CF3 - Cl) 

ioe and by Cottre-© of = 86.1 + 0.82%, D(cr, - Br) = 69.4 + 0.8 

D(CF3 - Cl) = 83.0 and D(CF3Br) = 65.0 keals/mole. However, due to 

Br7 and Cl” having a greater stability than CF; , reactions (a) and 

(4) are possible explanations of the experinental results, although 

the values obtained far the bond energies of D(CF; - Cl) = 90.1 + 

1.9 and D(CF3 - Br) = 83.6 + 1.6 kcals/mole are not in agreement with 

those obtained by other workers. 

Silicon Tetrafluoride 

AS is calculated as 66.9 cU and, as for CF3Br and CF3Cl, lies in 

between the values quoted for a type 3 and a type 4 process. 

If a type 3 process is considered the possible reactions are 

sthiy (ps 

 



  

Sif, + 6 —+-+-) SIP; + F (a) 

— ey Fe: SIE (b) 

where E, = E- D+ RT, Ep = 0.4 + 3.9 kcals/mole, T = 1350°K and D 

is calculated from the appropriate heats of formation to be 137 kcals/ 

nolet?*,, which leads to an electron affinity value of 132.0 + 3.9 

kcals/mole, which is excessively high for either reaction. Whereas 

if a type 4 process is considered, the only possible reaction is: 

Sif, + ¢ ——_——> SiF;” + F (adsorbed) (c) 

since the adsorption of a species as large as SiF; is unlikely at 

these temperatures. Since E, = E + Q - D + 3RT a consideration of the 

energies involved leads to an electron affinity for Sif; of E(SiF3) 

= 78.3 + 7.0 kcals/mole. 

The results for the fluorocarbons are summarized in table 4. 

  

  

Table 4 

Cpd Information required Information Derived 

CF3H | D(CF3 - H),Q,(Pt) E(CF3) = 42.7 + 1.8kcals/mo}e 

043.2 

42.0 + 5.2 2 ae 

CoFg D(F3C - CF3) Eta) 2 6.5 tbe) oe 

CFy DCCF3 =F); ECEF3) Q(Pt) = $1.1 + 3.1 Seo 

CF4Br E(CE3 ) Qu (Pt) DiOrs'— Bel, 210.7 © Gabe 

CF3Cl | E(CF3), Qry (Ir) DCGEs <0) 2 87.0. 3A" 

Sify | Q.(Pt),D(SiFs - F) E(SiF3) = 78.3 + 7.0 ,         
  

The value for E(CF3) determined in the magnetron has to be com- 

128 
pared with the value quoted by Bibby and Carter of E(CF3) = 74,4kcals/ mote 

dies



and the values quoted by Page of E(CCl3) = 28.0 + 0.7! E(CBr3) = 41.4 

+ Sia 6nd E(CH3) = 24.3 keals/mole? though CH3- is not strictly con- 

parable since it is planar whereas the other species sik eet to be 

pyramidal. 

Since fluorine is more electronegative than either chlorine or bro- 

mine, on a simple interpretation, assuming that the additional electron 

forms a lone pair on the carbon, then Cry would be expected to have a 

greater electron affinity than CCl;°, CBr3 or CH3,, as is found experi- 

mentally. That the value of E(CF3) is as high as Bibby and Carters??8 

value of 74.4 kcals/mole is unlikely since E(F) is only 79.6 kcals/ 

mole’ ; in fact their value may be in considerable error, since it is 

calculated from the appearance potentials of CF3” and CF;", obtained 

from the electron impact of C)Fg, which, particularly in the case of 

the appearance potential of CF3~, could involve large errors due to 

kinetic energy terms not having been accounted for and incorrect 

calibration of the energy scale. 

5.4. Electron capture by NHj., Pip. Ri, R)N. and RRP. 
  

5.4.1. Introduction 

Several wackers’ oto » 136 have shown that the decomposition of 

ammonia, at a pressure of approximately 10+ Torr, on tungsten and pla~ 

tinum filaments gives rise to the formation of the radicals NHg° , NA: 

and N; with the NH) present in the greatest abundance. The rate con- 

trolling step on platinum surfaces at temperatures between 900°C and 

1350°C was shown by Apel'baum and Temkin to be 

NH3 (gas) ———> NHz(adsorbed) + H(adsorbed) 

ns ees



Not surprisingly, the study of negative ions produced in ammonia by 

137 
both electron impact and surface ionisation techniques®° showed that 

the predominant ion was NH); the values quoted for the electron affinity 

L874 210 of the NH2 radical were 27.9¢ in good agreement with 

Pritchard's"? value of 27.7, determined from lattice energy calculations 

on the alkali amines. 

aos also investigated the energetics of the formation of nega- 

tive ions produced in hydrazine at a hot tungsten surface. Szwarct?® 

had shown that hydrazine undergoes homogeneous thermal breakdown to 

amine radicals and Ramsay" >? demonstrated that flesh photolysis of 

hydrazine also produced amino radicals, together with some imino rad- 

icals at very high energies. The activation energy of the breakdown 

of hydrazine to radicals is 60 kcals/mole, which Szware interpreted as 

the energy of the N-N bond in hydrazine. Page deduced that if the N-N 

bond energy is of the order of 60 kcals/mole then hydrazine would be 

expected to behave as amino radicals when examined in the magnetron, 

since the N-N bonds would be almost entirely broken at the temperature 

of the filament. Ion formation should, therefore, take place by a 

type 2 mechanism. 

i.e. Noo, ———— 2NH 

Nip te — —S, NH, 7 

  

where the apparent electron affinity is given by E, = Et 2has 

Page®® found that the experimental results were consistent with 

a type 2 mechanism and determined the electron affinity of NH, to be 

E(NHp) = 25.7 kcals/mole. A study of ammonia in the magnetron, us ing 

a tungsten filament, suggested that negative ion formation went by a 

219=



type 4 process that is NH, + e ———5 NH,” + H adsorbed, consistent 

with the results from kinetic studies. Using the electron affinity of 

NH, , as determined from the hydrazine studies, Page calculated the 

first bond dissociation energy in NH, to be 104.9 + 2.0 in satisfactory 

agreement with the value quoted by Altshuller of 104 + 2 koais/aae 

As no values for the electron affinities of the substituted amino 

radicals have been either calculated @& determined experimentally, with 

the exception of MeNH, given as E(MeNH) = 36.0 kcals/mole by Col1in' + 

from mass spectrometric studies, a study of the methyl, phenyl sub- 

stituted radicals was undertaken to establish the effect of substitution 

upon the electron affinity of the species. 

The compounds studied were diphenylhydrazine , tetraphenylhydrazine , 

diphenyldimethyl tetrazene , tetramethyl tetrazene, aniline, pent afluoro 

aniline, diphenylamine, methyl amiline and dimethylamine. 

If, as expected, negative ion formation in the substituted hydra- 

zines and amines proceeds by the same mechanism as for respectively 

hydrazine and ammonia then a study of the above hydrazines and corres- 

ponding amines should lead to values for the electron affinity of 

Pho N., PANH. and (Ph,N ~ H) and (FhHN - H) bond dissociation energies. 

Gowenlock??? et. al. have shown that the substituted tetrazenes 

decompose at a temperature above 120°C by a 3 fragment process, that 

is 

RN-N=N-NR, Sat 2p + Mt 

Hence at filament temperatures of approximately 1500°K the tetrazenes 

would be expected to behave as substituted amino radicals, analogous 

to the hydrazines. Hence a study of tetramethyl and dimethyl diphenyl 
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tetrazenesy:."; the corresponding amine should lead tovaluee for E(PhMeN) , 

E(Me,No) and D(MegN - H) and D(PhMeN - H). 

From electron impact studies on phosphine Neuer’ ‘has shown that 

PH)” is the predominant negative ion, directly analogous with NH.” in 

1h Me gave a lower limit for the electron affinity of PH, 
ammonia 

as 23.0 kcals/mole as compared to 27.9 kcals/mole for E(NH,). As a 

complementary study to electron capture by the amino radical, negative 

ion formation in phosphine, diphosphine and diphenylphosphine was 

investigated, with the intention of determining the electron affinity 

of PH) and the first P-H bond dissociatim energy of phosphine and 

diphenyl-phosphine. 

5.4.2. Experimental 

Samples were obtained commercially unless stated otherwise. 

1.2.Diphenyl hydrazine 

The filament used was tungsten, the sample pressure was approx- 

imately 1.0 x 10-4 Torr and the values cbtained for the apparent elec- 

tron affinity at a mean filament temperature of 1905°K were 39.6, 45.7,40.0 

45.1, 42.9, 40.4 and 40.1, giving a mean value for Ep of 42.0 + 2.6 

keals/mole. A typical graph is shown in figure 22. 

Tetraphenyl hydrazine 
  

The tetraphenyl hydrazine was prepared following the method of 

Gattermann? 3 , in which diphenylamine is oxidised using potassium 

permanganate in acetone. The product, tetraphenylhydrazine, was re- 

crystallised from a 5 to 1 mixture of ethanol and chloroform. 

The filament used was tungsten and the sample pressure was approx- 

imately 5 x 10% Torr. Due to the low volatility of the sample the 
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sample inlet system and the Magnetron bottle were kept at 80°C. As 

the sample pressure was too small to read accurately the runs were 

done as rapidly as possible so that fluctuations in the pressure were 

minimised, and it was found to be more convenient to use log-log plo-s 

to determine the apparent electron affinity. The work functicn of 

the tungsten surface was 110 keals/mole and at a mean temperature of 

1800°K the values «htained for the apparent electron affinity were 

99.0, 34.5, 29-3, 36-7, 42.2, 32.0, 32.4, 28.8 and 41.5, which gives 

a mean value for E, of 35.2 + 5.0 kcals/mole. A typical graph is 

shown in figure 23. 

Diphenyldimethyl tetrazene 
  

The (PhMeN 2 was supplied by Dr. J.C. McGowan, I.C.1I. Plastics 

Division, Welwyn Garden City, the filament used was tungsten and the 

sample pressure was =1.0 x 107" Torr. As with tetraphenyl hr-*razine 

the low volatility of diphenyldimethyl tetrazene required the mag- 

netron bottle and sample inlet system to be kept at 80°C and again 

log-log plots were usec To determine the apparent electron affinity. 

The work function of the surface was 108.0 kcals/mole and the 

values obtained for the apparent electron affinity were 36.7, 37.8, 

47.6, 34.6, 38.9 and 42.1 keals/mole at a mean filament temperature 

of 1750°K. Omitting the value of 47.6 keals/mole gives a mean value 

for Ep of 38.0 + >.8 keals/mole. A typical graph is shown in figure 

24. 

Tetramethyl tetrazene 
  

The (MeN )2 was supplied by br. J .C. McGowan, the filament 

used was tungsten and the sample pressure was approximately 1.1 x 

82
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1072 Torr. The values obtained for the apparent electron affinity, at 

a mean filament temperature of 1600°K, were 29.4, 26.3, 26.8, 28.9, 

99.4 and 29.4 kcals/mole, giving a mean value for Ep of 28.4 + 1.20 

keals/mole. A typical graph is shown in figure 2b. 

Aniline 

The filament used was iridium and the sample pressure was 1.3 x 

1073 Torr. Below a temperature of 1500CK the ion current was very 

erratic and unreproducable, although a plot of log i, against 2.0+/T 

figure 26(b), showed that the work function was the same over the com- 

plete temperature range and identical to the clean surface work func- 

tion of 96.0 kcals/mole. For temperatures above 1500°%K a plot of 

the logarithm of the ratio of the electron to jon currents against 

10"/T gave values for the apparent electron affinity of 11.5, 14.4, 

11.5, 8.6, 11.5, 16.2, 11.4, 11.6 and 8.6 kcals/mole at a mean fila- 

ment temperature of 1613°K. This gives a mean value for E, of Lhe? 

+ 2.5 keals/mole. A typical run is shown in figure 26(a). 

Pentaf luoroani line 
  

  

The CeF5NH2 was supplied by Dr. C.R. Patrick, Birmingham Univer- 

sity, the filament used was iridium and the sample pressure was 2.4 

x 107? Torr. The values cbtained for the apparent electron affinity 

at a mean filament temperature of 14u50°K were 14.6, 9.6, 15.9, 11.8, 

14.2, 13.1 and 10.2 kcals/mole, which gives a mean value for Ey of 

12.8 + 2.3 kcals/mole. A typical graph is shown in figure 27. 

Diphenylamine 

The filament used was iridium and the sample pressure was approx- 

imately 2.5 x 10° Torr. As with ailine, the ion current measuremer” ~
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in diphenylamine were unreproducable below 15 50°K, although the work 

function of the surface was 96.5 kcals/mole over the whole temperature 

range and identical to the clean surface work function. As shown in 

figure 28(b), for temperatures above 1550°K the values obtained for 

the apparent electron affinity at a mean temperature of T = 1653°K 

were 10.6, 10.0, 12.4, 14.6 and 12.4, which gives a mean value for 

Ep of 12.0 + 1.8 keals/mole. A typical graph is shown in figure 28(a). 

The filament used was iridium, the sample pressure was 1.4 x 10° 

Torr and the apparent electron affinity values obtained at a mean fila- 

ment temperature of 1515°K were 12.8, 20.5, 18.7, 22.3, 11.4, 22.3, 

27.8, 16.9 and 20.5. Omitting the value of 27.8 kcals/mole gives a 

mean value for E, of 18.2 + 4.2 keals/mole. A typical graph is shown 

in figure 29. 

Dimethylamine : 

The filament used was tungsten, the sample pressure was approx- 

imately 1.4 x 1073 and the apparent electron affinity values at a man 

filament temperature of 1639°K were 12.3, 6.6, 11.3, 9.5, 7.6, 8.5 

and 10.4, giving a mean value for E, of 9.5 + 2.0 keals/mole. A 

typical graph is shown in figure 30. 

The diphosphine was prepared by the neutral hydrolysis of 

commerical calcium phosphide, following the method of Evers and street, 

It was found to be mare satisfactory to employ nitrogen as a sweep gas 

rather than to pump the apparatus continuously and to surround the 

first trap with an ice/salt mixture rather than by liquid ammonia. 
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The purified diphosphine was stored at dry-ice temperatures and during 

a run the sample inlet system and the magnetron bottle were kept as 

near dry-ice temperatures as possible, to prevent decomposition of the 

diphosphine into phosphine and lower hydrides. 

The filament used was platinum, the sample pressure was approx- 

imately 1.2 x 103 Torr and the apparent electron affinity values at 

a mean filament temperature of 1462°K were 49.9, 47.9, 42.5 and 41.4 

kcals/mole, giving a mean value for Lp of 45.4 + 4.1 keals/mole. A 

typical graph is shown in figure 31. 

Phosphine 

The phosphine was produced by the neutral hydrolysis of a mixture 

of calcium and magnesium phosphides supplied by Albright and Wilson, 

Oldbury. The product gases were swept out of the reaction vessel by 

a steady stream of nitrogen gas and passed through four traps > the 

first two were cooled with a dry-ice/isopropanol slush to remove excess 

water and the last two were surrounded with liquid nitrogen to freeze 

out the phosphine. When the reaction was complete the last two traps 

were isolated, and attached to a clean , evacuated trap surrounded by 

liquid nitrogen. The two traps containing the phosphine were allowed 

to warm up to dry ice/isopropanol temperatures and the gaseous phos- 

phine transferred to the liquid nitrogen trap, which was then isolated 

and transferred to a vacuum line. After repeated degassing of the 

phosphine the sample was considered pure enough for use. 

The filament used was tungsten, the sample pressure was 2.% 

1073 Torr and the apparent electron affinity values obtained at a 

mean filament temperature of 1515°K were 31.5, 27.1, 30.4, 36,6: 33:75 
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33.0, and 27.0 which gave a mean value for Ep, of 30.5 + 2.6 kcals/mole. 

A typical graph is shown in figure 32. 

Diphenyl phosphine 

The diphenyl phosphine was supplied by Albright and Wilscn, 

Oldbury, the filament used was iridium, the sample pressure was approx- 

imately 1.9 x 1073 Torr and the apparent electron affinity values at a 

mean filament temperature of 1567°K were 28.9, 25.6, 45.8, 16.2, 22.1, 

27.1, and 31.6 kcals/mole. Omitting the values u5.8 and 16.2 kcals/mole 

gives a mean value for E, of 27.1 + 4.1 kcals/mole. A typical graph is 

shown in figure 33. 

5.4.3. Discussion 

5.4.3.1. Electron Capture by R, RN 
  

1.2. Diphenylhydrazine and Tetraphenylhydrazine ; 

AS is calculated to be 90.2 eU and 86.0 eU for, respectively 

(PhHN), and (PhgN)2, which is typical of a type lor 2 mechanism. Since 

direct capture is unlikely by either compound a type 2 process is postu-- 

lated, analogous to negative ion formation in hydrazine, that is 

Ph ; Ph Ph 
( Sn) -@8.—> 7 On soe ee 
Hoe ne a. 

“Ph Fh Ph 
( Sn) Chee 2 oN ee oe 

eo 4g ee Ph Ph” 

where E, = E + 2RT. Since for (PhHN)2, Ep = 42.0 + 2.6 keals/mole 

and T = 1905°K the value for the electron affinity of PhHN is 34.4 

+ 2.6 kcals/mole and for (PhoN)2, Ep = 35.2 + 5.0 keals/mole and T 

= 1800°K the value for the electron affinity of Ph,N is 28,] + 5.0 

keals/mole. 
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Diphenyl dimethyltetrazene ,Tetramethyltetrazene: 
  

AS is calculated to be 90.2 eU and 87.2 eU for (PhMeN2)> amd 

(MegNo)2 respectively, which is typical of a type 1 of 2 mechanism. 

Since Courenionic: has shown that substituted tetrazenes decompose 

at temperatures greater than 120°C producing amino type radicals, a 

type 2 process is postulated, that is 

  

Fh 
i 

( SS Ne N), oe —> 9 ‘ N + Not meee 
pnase Me 

+2e 

Phy we 

Me 

N - N), csp 2 Me Gap tages Mee oe 
+2e 

V 
Meise 4 

2 N 

Me ~~ 

where E, = E+ 2RT. For (ThMeN))2 Ep = 38.0 + 2.8 kcals/mole and T 

= 1750°K giving the electron affinity of PhMeN as 31.1 + 2.8 kcals/mo)~. 

and for (MegNj)2 Ep = 28.4 + 1.2 keals/mole and T = 1600°K giving the 

electron affinity of MepN as 22.1 + 1.20 kcals/mole. 

Aniline and Pentaflucroaniline 
  

AS is calculated as 77.4 eU and 79.3 cU for aniline and pentafluor- 

oaniline respectively, which is typical of type 4 processes and direct- 

ly analogous to negative ion formation in ammonia. The reactions pos- 

tulated are: 

! oe.



PhNH, + e ———————> _ PHN +H (adsorbed) 

and’ CFdllte ———___> _ CGcFeNH +H Codsorped) 

For a type 4 mechanism E, = E + Q - D + 3RI, where for aniline 

Ep = 11.7 + 2.5 keals/mole, T = 1613°K Q,(Ir) = 66 kcals/mole and 

from the diphenylhydrazine results ECPANH) = 34.4 + 2.6 kcals/mole, 

giving a value for first N-H bond disscoiation energy in aniline of 

98,3 + 5.1 kcals/mole. Similarly for pentafluoro aniline E, = 12.8 

+ 2.3 keals/mole, T = 1450°K, Q,(Ir) = 66kcals/mole and assuming the 

N-H bond dissociatim energy is the same as for aniline gives a value 

for the electron affinity for CeFsNH of 36.4 + 7.4 keals/mole. 

Diphenylamine 

AS is calculated as 78.6 eU, which is typical of a type 4 process. 

The reactim postulated is as for aniline, that is amide formation 

with the hydrogen atom adsorbed on the filament. 

PhoNH + @ —————> fh)N + H (adsorbed) 

Since E, = B-D+Q + SRT and Ey = 12.0+1.8 keals/mole, T = 1653°K, 

Q,(Ir) = 66kcals/mole and E(Ph2N) " 28.1 + 5.0 kcals/mole the value 

for the first N-H bond dissociation energy in diphenylamine is 91.3 

+ 6.8 keals/mole. 

Methylaniline 

AS is calculated as 82.6 cU, which is typical of a type 4 process 

that is 

MePhNH + e ———> MePhN” + H (adsorbed) 

Substitution of E, = 18.2 + 4.2 keals/mole , Qn) = 66 kcals/mole, 

T = 1515°K and E(MePAN) = 31.1 + 2.8 kcals/mole into the equation for 

the apparent electron affinity leads to a value for D(MePhAN-H) of 

=Boe



  

88.1 + 7.0 kcals/mole. 

Dime thylamine 

AS is calculated as 76.1 eU, which is typical of a type 4 process, 

and comsistent with all the amine results. The reaction postulated is 

MepNH + © ---> Me2N” + H (adsorbed), where Ep = 9-5 + 2.0 keals/mole , 

Q,(W) = 72 keals/mole, T = 1639°K and E(Me,N) = 22.1 + 1.2 kcals/mole, 

which leads to a value for D(Me,N - H) of 94.4 + 3.2 kcals/mole. 

Table 5 summarises the derived electron affinities and gives the value 

of : E(NH,) for comparison. 

  

  

Table 5 

Compound Information Derived (kcals/mole) 

1.2. Diphenyl hydrazine EC(PhNH ) = 34.4 + 2.6 

Pentafluoro aniline E(CgFsNH) = 36.4 + 7.4 

Tetraphenyl hydrazine E(PhgN ) = 28.1 + 5.0 

Dimethyldiphenyl tetrazene E(MePhN ) = 31.1 + 2.8 

Tetramethyl tetrazene E(MegN ) = 22.1 + 1.2 

Hydrazine (86) E(NH)) = 25.7 + 2.0       
  

and Table 6 gives the derived first N-H bmd dissocation energies for 

the amines studied, and the value for D(NH) - H) for comparison. 
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Table 6 

  

  

Compound Information Derived (kcals/mole) 

Aniline D(PhHN - H) = 98.3 + 5.1 

Diphenylamine D(PhoN - H) = 91.9 + 6.8 

Methylaniline D(MePhN - H) = 88.1 + 7.0 

Dimethylamine D(Me,N - H) = 94.4 + 3.2 

Ammonia (86) D(H)N - H) = 104.9 + 2.0         

The results summarized in table 5 suggest that phenyl substitution 

at the nitrogen results in an increase in the electron affinity of the 

radical, whereas methyl substitution results in a decrease in the elec- 

tron affinity of the radical. Similarly it is found that substitution 

at the nitrogen in amines has an effect upon the base strength of the 

amine. Since the base strength of an amine is attributed to the ability 

of the lone pair electrons on the nitrogen to be shared by electron 

acceptors there should be a close parallel between the base strength 

of the amine and the electron affinity of the corresponding amino raci- 

cal, as the electron affinity will also be very dependent upon the 

electron density at the nitrogen. That is, the greater the electron 

density at the nitrogen, as compared to ammonia, the lower the electron 

affinity of the radical and the greater the base strength of the cor- 

responding amine. The reverse is true for cases where the electron 

density at the nitrogen is lover than that in ammonia. 

Table 7 gives the values for the electro affinity of the amino 

radical and the pk, value for the corresponding amine. 
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Table 7 

  

Compound PhoNH | phNHp | CeFsNH | PhMeNH { NH MeNH, | MeoNH 

  

  

keals/mole | + 5.0 +. 2.6 | + 7.4 + 2.8 + 2.0 & 12g 

pk, of 3% 2 9.38 eT 3.36 329 

amine                 
  

Where pk, is defined as the logarithm of the reciprocal of the basic 

Gissociation constant k given by the equilibrium B: + HOH oe B:H* 

+20 2, 

The greater base strength of methylamine over ammonia is thought 

to result from the greater capability of electron release of the methyl 

group as compared to hydrogen, which effectively increases the electron 

density on the nitrogen atom; this is further increased when two methyl 

groups are present, as in dimethylamine. The effect is shown below 

Ge “Ng 

CHy —p—— NH aon CH 

Assuming that the additional electron in the negative ion is local- 

ised on the nitrogen as a lone pair then the increase in electron density 

at the nitrogen should result in the methyl and dimethyl radicals having 

a lower electron affinity that the unsubstituted species, as is found 

experimentally. 

The vastly lower basicity of aniline as compared to ammonia is 

attributed to resonance. As shown below the pair of electrons on the 

nitrogen is distributed over the aromatic ring, and it is, therefore, 

one



less available for sharing in reaction with an acid. Diphenylamine with 2 

aromatic rings further reduces the electron ce nsity at the nitrogen and 

is an almost 10,000 fold weaker base than aniline. - 

@ 
NH) 

  

  

Since phenyl substitution reduces the electron denisty at the nitro- 

gen it should result in phenyl substituted amino radicals having a 

greater electron affinity than the unsubstituted and methyl substituted 

radicals, as is in fact fourd experimentally. 

Also electron withdrawing substiutents on the aromatic ring will 

further reduce the electron density at the nitrogen and, therefore , 

further reduce the basicity of the amine and increase the electron 

affinity of the amino radical; this effect is illustrated by penta 

Flucroanilinewhich has an electron affinity 2.0 kcals/mole greater than 

that determined for aniline. 

The pt, values quoted in table 7 show that phenyl substitution 

has a greater effect than methyl substitution upon the electron den- 

sity at the nitrogen atom, which suggests that the electron affinity 

of the methyl-phenyl substituted radical should be greater than that 

for NH, but less than that for PhNH or C6FsNH, as is found experimen- 

tally. ‘ 

Hence, with the exception of PhgNH the effect of substitution 

at the nitrogen atom upon the electron affinity is reasonably small 

and can be accounted for by simple inductive-resonance effects. How- 

ever, froma comparison of the base strengths of aniline and diphenyl- 
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amine the electron affinity of Ph).N. would be expected to be approx- 

imately 40 kcals/mole, which is considerably greater than the experi- 

mentally determined value of 28.1 + 5.0 kcals/mole; a discrepancy 

which is difficult to accaunt for on resonance grounds since the 

pk, value of diphenylamine indicates that the electron density at 

the nitrogen is much reduced from that in aniline, which should 

mean that the Ph)N radical has the greatest electron affinity of all 

the radicals studied. 

It is noticeable that neither of the symmetrical amino radicals , 

Me)N. and Ph)N., have very different electron affinities from Nh2., 

whereas the unsymmetrical amino radicals have considerably higher elec- 

tron affinities. 

Gaines et. a have suggested that the substitution of a group 

into the radical could stabilize the changed state by an amount ye/r* , 

where p is the dipole mement of the substituent and r is the effective 

distance from the lone pair, which could provide an alternative explan- 

ation for the values of the stabilities of the aide “Jons. 

Assuming that substitution does not affect the geometry of the 

amino radical, the electron affinities of the unsymmetrical ions , 

PhNH., MeNH. and PhMeN., should be greater, by an amount ye/r* , 

than the symmetrical ions, NH). MeN. and FhoN.. An estimate for 

this stabilization term may be made for aniline since the N-Fh bond 

moment is about o.ept (0.8 x 10°18 esu), the distance between 

the nitrogen and the centre of the phenyl group is about 2.98 and 

© is 4.803 x 10729 esu, which gives a value for ye/r* of about 6.5 

sed



    

keals/mole. This is in good agreement with the difference between the 

electron affinities of PhoN . and PhNH. of 6.3 kcals/mole. A similar 

stabilization term will be present for MeNH. and PhMeN., which would 

account for the greater stability of PhMeN over NH). and Ph2N. In 

addition Collin?+ has determined the electron affinity of MeNH, from 

mass spectral data as 36.0 kcals/mole as compared to the value for Me2N. 

of 22.1 kcals/mole, giving a difference of 13.9 kcals/mole ,in reason- 

able agreement with the aniline, diphenylamine results. However, his 

value may be in considerable errar due to the inaccuracies involved in 

deducing electron affinities from mass spectral data. A study of elec- 

tron capture by MeHN. and other mono and disubstituted amino radicals is 

necessary before an unequivocal description of the effect of substitu- 

tion at the nitrogen atom upon the electron affinity, can be postulated. 

In general substitution in a molecule affects the bond dissocia- 

tion energies, and the greater the substitution the greater the effect, 

as shown by the experimental values given in table 6. The values given 

in table 6 are to be compared with those determined by other workers , 

given in table 8. 

  

  

  

Table 8 

Bond Bond dise-ziation energies (kcals/mole) 

NH -H : yoitgttO | 

MeHN-H | 9243747 gg-g9t49 | 197450 | 94.8792 

MegN-H | s6+3t4? gg-06249 | 110189 | 99.275 

MePhN-H 74,5430 

PhEN-H gorgit8 

Pho N-H             
  

 



As seen from table 8 the agreement between different workers, and 

often, therefore, different techniques is not good; the discrepancies 

probably arise due to the inaccuracies in the various techniques, which 

are discussed belcw. 
| 

The values given in the first 3 columns 1! 9148 jaye been cal- 

culated from appropriate heats of formation. This type of calculation 

gives good values for atom-atom bond dissociation energies as only 

heats of formation of atomic species are required which are well estab- 

lished. However, in order to calculate atom-radical or radical-radical 

bond dissociation energies, the heats of formation of radicals are 

required, which are not so well known and can introduce large errors 

into the calculations. 

The values given in colum four!#9 are derived from a comparison 

with the appropriate hydrocarbon R-H and alechol RO-H, which involves 

the assumption that R will affect the D(N-H) in an identical manner 

to the affect it has upon the C-H and 0-H bonds,and must be only 

regarded as speculative values. 

The values given in colum five?®° are calculated from appearance 

potential data, derived from electron impact measurements in a mass 

spectrometer, and the appropriate heats of formation. This type of 

calculation does not in general lead to very accurate values for bond 

dissociation energies, minly due to the difficulty in determining the 

onset of ion-formation and, therefore, the appearance potential. 

The values in colum six-?t are determined from a kinetic method, 

where the accuracy depends on the experimental activation energies 

and experimental heats of formation, which may be in error by more than 
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1 kcal/mole. To reduce the errors in their calculations Gray et. al. 

compared the differences in activation energies for the hydrogen abs- 

traction reaction of ammonia and methylamine, and methylamine and 

dimethylamine. they cbtained values for D(NH)-H) - D(MeNH-H) and simi- 

larly D(MeNH-H) ~ D(Me,N-H) of 11.2 and 5.6 kceals/mole, respectively ; 

these differences are not necessarily subject to the same errors as 

+ndividual bond dissociation energies, since common terms disappear. 

They tock D(NH)-H) as 106 + 3 keals/mole which results in D(MeNH-H. 

= 94.8 and D(Me,N-H) = 89.2 keals/mole. 

With the exception of the values quoted by Dibeler et. a) 

workers are in qualitative agreement with the Magnetron results, that 

is both methyl and phenyl substitution reduce the N-H bond energy. 

5.4.3.2. Electron Capture by R,R)P. 

Diphosphine 

AS is calculated to be 106.8 e.U, which is typical of a type 1 or 

  

2 process. As direct capture is unlikely by diphosphine a type 2 pro- 

cess is postulated, analogous to negative ion formation in hydrazine , 

that is 

H Has 
os 

t2e 
i 

p); BS > 2 OP. ee Spe 
2 phase Hat Fz H i 

H~ 

For this type of process Ep = E + 2RT which, substituting the values 

Ep = 45.4 + 4.1 kcals/mole and T = 1462°K gives a value for E(PH,-) 

= 39.6 + 4.1 kcals/mole. 

Phosphine and diphenyl phosphine 
  

AS is calculated to be 86.6 eU and 91.9 eU for respectively phos- 

phine and diphenylphosphine. energetic grounds the only possible 
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process is a type 4 mechanism, although the calculated entropy values 

are rather high for this type of process. The reactions postulated are 

analogous to negative ion formation in ammonia, that is, 

  

Fig + e — > PH2” +H (adsorbed) 

and FhoPH + e ——----> PhoP +H (adsorbed) 

For this type of process E, = E-D+Qt 3RT, where for phosphine 

Ep = 30.5 + 2.6 kcals/mole, T = 1515, Qcny® = 72 kcals/mole and 

from the diphosphine results E = 39.6 + 4.1 kcals/mole, which gives a 

value for the first P-H bond dissociation energy in phosphine of 90.2 

+ 6.7 kcals/mole. Similarly for diphenyl phosphine Ep = 27.1 + 4.1 

keals/mole, T = 1567°K and Qe (1r)*” = 66 kcals/mole, which gives a 

value for E - D of - 48.3 + 4.1 kcals/mole. To evaluate D(PhyP - H) 

it is assumed that E(PhoP.) = E(PH2) + 2.4 kcals/mole, analogous to 

E(Ph)N) = E(NE)) + 2.4 kcals/mole, which gives a value for D( Phy P-H) 

of 87.9 + 8.2 kcals/mole. 

The only value quoted for the bend energies in phosphine is the 

average P-H bond energy of 77 kcals/mole?™ , as compared to the aver- 

age N-H bord’ energy in ammonia of 93.4 keals/mole. Since the first 

bond energy in ammonia is 104 kcals/mole a value of approximately 86 

keals/mole could be expected for D(PH, - H), which is in agreement 

with the experimental value, whereas from heats of formation” , since 

ao, PH, = 6.945, AHp° PH) = 30.594 and AH,°H= 51.645 the value for 

D(PH, - H) is calculated to be 75.3 kcals/mole. 

5.5. Experimental and Predicted Electron Affinities 
  

The sensitivity of the value of the electron affinity of a radi - 

cal to the valence state of the accepting centre, as shown by CH ,



CH3, CgHs and C,h, ana tc the nature of this centre as shown by NHp. and 

PH, , and CF; and SiFs;, is good evidence for the theory that the addition- 

al electron is localised as a lone pair on the atom where the free 

valence lay. Although substitution in the radical has a relatively 

small effect upon the stability of the negative ion, the electron 

affinity of a radical is basically determined by the nature and valence 

state of the atom where the free valence lay. Hence, provided the bond 

energy term in equation 5.2. can be considered to be zero then the 

electron affinity of a radical will be given by the electron affinity 

of the atom in the approp?*t>? valence state. 

The valence state electron affinity is given by equation 5.3. 

i 

Be det (P= P2 

where Eg is the ground state electron affinity Po. Fae the 

promotion energies for respectively the atomic and iconic state. 

The promotion energies for C, and C”, Si and Si’, P and P and 

N and N”, are given in table 9 and ‘ore 

In constructing tables 9 and 10 nly states of the commcn 

multiplicity have been considered, that is for example, neither the 

state of carbon with 2 singly occupied hybrid orbitals nor the case 

where all the electrons are in pairs have been included. 

The ground state electron affinities of C, Si, N and P are given 

(a tabla Wc 
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Table g 

  

  

  
  

  

  
  

  

  
    

  
  

Valence State C Si 

eV keals/mole | eV keals/mole 

sppp 8.479 | 195.6 6.223 | 143.5 

didi 7.193 | 165.9 5.415 | 124.9 

trtrirll 6.764 | 156.0 5.145 | 118.6 

tetetete 6.549 | 151.0 5.011 4. 115.6 

op Si 

s* ppp 0.682 | 15.7 Gu7u5 1h 7ae 

sp* pp 9.254 | 213.4 4.867 dg. 2 

di*diln 4.968 | 114.6 2.806 | 64.7 

didin*n 8.208 | 189.3 4.674 | 107.8 

tr*trivi 5.931 | 136.8 3.408 78.6 

trtrtri’ 7.858 | 181.2 4.610 | 106.3 

te* tetete 6.326 | 145.9 3.692 85.1             
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Table 10 
  

  

  

  

  
    
  

  

  

  

Valence State N P 

eV keals/mole | eV keals/mole 

S$ ppp 1.082 25.0 OBST 1. 2 

‘ppp Tea? b 325.6 7.891 | 182.0 

di2din 1 F.68%<\.17762 4.361 | 100.6 

didin@n 12.867 | 296.7 74a bd. 

tr2trtri 9.255 | 213.4 § Bu? 883.2 

trtrtrit 12.392 | 285.8 7.303 | 168.4 

te*tetete 9.920 | 228.8 5.795 | 133.6 

> 

eV keals/mole | eV keals/mole 

a*p*pp O:950") 85% 0.212 4.9 

sp*p*p 13. 799: | 27.22% 6.686 | 154.2 

di@di2mn 0.350 ie 0.212 4.9 

dizdin@n 6.074 140.1 3.449 79.5 

didin? 14 Pigs i 2u8.4 6.203 | 143.0 

tre? tr? tril 4,166 96.1 2.370 54.7 

tr’? tren’ 7.526 173.6 4.313 99.5 

te? te? tete 5.818 134.2 3.328 76.7         
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Table 11 

  

  

  

Atom Eg kcals/mole 

c 28.8° 

N Lez 

Si So.) 

Pe 1748         
There are a number of possible velence states for both the atom 

and ion, which suggests that a number of transitions between the 

atomic aml ionic state could occur. However, some transitions between 

the atomic and ionic states are less likely than others and the most 

probable are those in which no rehybridisation occurs, the additional 

electron entering a vacant orbital to form a lone pair. Such trans- 

itions for C --> CC, Si —9 SiS NON and P—? P are illustra- 

ted in figures 34, 35, 36 and 37 respectively. 

The most probable ground state of a carbon atom in C)H is didill, 

which suggests that the most probable valence state of the C” in C,H™ 

is di2dimm, provided the additional electron is localised as a lone 

pair on the C atom where the free valence lay. Hinze?? gives the pro- 

motion energies of C(didimm) and C(ditdimm) as 165.9 and 114.6 keals/ 

mole, respectively; the ground state electron affinity of C is 28.8 

koals/mole’. Substitution of these values into equaticn 5.3. gives 

a value for the predicted electron affinity of GH of 80.1 kcals/mole 

as compared to the experimental electron affinity of 62.8 + 4.1 kcals/ 

~1O1l-
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mole. 

Recent studies of CF3 by Esinie” and Infra red spectroscopy!?? 

have shown that CF; is pyramidal, unlike CH; which is planar, which 

suggests that the most probable valence state of C in CF3 is tetetetc, 

and the most probable valence state of C” in CF;” is te tetete. Hinz®° 

gives the promotion energies of C tetetete and C (te tetete) as 

151.0 and 145.9 kcals/mole, which leads to a value for the predicted 

electron affinity of CF3” of 33.9 keals/mole, as compared to the 

experimental value of 42.7 + 1.8 kcals/mole. 

Similarly the ground states of Sif; and SiF3 are expected to 

correspond to Si(tetetete) and si7 (te*tetete), respectively. The 

ground state electron affinity of silicon is 33.7 keals/mole and 

Hinze?” gives the promotion energies of Si (tetetete) as 115.6 kcals/ 

mole and Si” (te2tetete) as 85.1 keals/mole, which results in a 

value for the predicted electron affinity of Sif; cf 64.2 kcals/ 

mole as compared to the experimental value of 78.3 + 7.0 kcals/mole. 

Due to the strong electronegativity of fluorine the bond energy 

term for CF3 21d SiF3 may not be zero, and in this case the approx- 

imation that the electron affinity of the radical is equal to the 

electron affinity of the atomic species, in the same valence state is 

not strictly valid. Although the predicted values for both CF; and 

SiF; are lower than the experimental values, the difference in the 

predicted values of 30.3 keals/mole is in gocd agreement with the 

experimental value of 35.6 keals/mole, which suggests that even in 

cases where the radical contains a strongly electronegative group 

equation 5.3.may be used to predict relative electron affinities. 
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The prediction of electron affinities for NH2. and PHp. is com- 

plicated as there is a possibility that the lone pair on the nitro- 

gen and phosphorus could be hybridised, which would tend to increase 

the s character of the orbital accepting the electron and, therefore, 

increase the electron affinity of the radical. Peterst>4 has sugpes- 

toed that the lone pair in ammonia are partly hybridised which could 

be true of the lone pair in NH) and similarly PH. 

Since, even the lowest hybridised state, di2aif#in ould require 

a large promotional energy, as shown in figures 36 and 37, of approx~- 

imately 150 kcals/mole in the case of nitrogen and 80 kcals/mole in 

the case of phosphorus, the valence states of NH, and NH, are assu- 

med to correspond to N(s@ppp) and N“(s*p*pp). The round state elec- 

WS’ ad Hinge’” 
tron affinity of nitrogen is 1.2 keals/mole gives the 

promotion enercies of N(s*ppp) and N7(s2p@pp) as 25.0 and 8.1 kcals/ 

mole, respectively, which leads to a predicted electron affinity of 

18.1 kcals/mole, as compared to the experimental value of 25.7 + 2.0 

keals/mole. Similarly PH, and PH,” are assumed to correspond to 

P(s?ppp) and P"(s?p’pp), which leads to a value for the electron aff- 

inity of PHj. of 32.1 kcals/mole as compared to the experimental value 

of 39.6 + 4.1 kcals/mole. since the promotion energies of P(s ppp) 

and P-(s¢ppp) are respectively 19.2 and 4.9 keals/mole and the ground 

state electron affinity of phosphorus is 17.8 kcals/mole. 

The predicted values far both Nig and PH are 7 kcals/mole lower 

than the experimental values which may be due to partial lone pair 

hybridisation in these species. 
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A summary of the predicted and experimental electron affinities 

is given in table 12. 

Table 12 

  

Radical | Transition Electron affinity (kcals/mole) 

  

  

Predicted Experimental 

CoH didinn > di*dinn 80.1 62.8 + 4.1 

CF 3 tetetete + te*tetete | 33.9 42.7 + 1.8 

SiF 3 tetetete > te*tetete | 64.2 78.3 + 7.0 

NHp s*ppp > s*p¢pp 18.1. 25.7 + 2.0 

PH s*ppp > s*p*pp 32.1 39.6 + 4.1         

The predicted and experimental values of the electron affinities 

given in table 12 are in reasonable agreement, considering that both 

the promotion energies and ground s tate clectron affinities are extra- 

polated values. Hence, far many species, particularly radicals which 

have hydrogen as the substituent groups , where effects due to inter- 

actions between the substitutents and the centre on which the addition- 

al electron is localised as a lone pair are minimised, values of the 

electron affinities for varicus valence states of the central atom 

may be predicted, as given by Page 

~104-- 
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6. THE IDENTIFICATION OF NEGATIVE IONS USING A QUADRUPOLE MASS 

FILTER 

  

6.1. Introduction 

The disadvantare cf the Magnetron technique is that the identifi- 

cation cf the ions is cnly indirect and therefore ccmplex reactions , 

which give rise to similar numbers of ions of differing mass may be 

misinterpreted in terms of a sirple reaction. 

To overcome this disadvantage an all-metal Magnetron assembly was 

directly mounted onto a Quadrupole Mass Filter. The icns formed at 

the filament were accelerated towards the anode, in which there was a 

small hole in line with the axis of the quadrupole field. This allowed 

a small percentage of the ions to be further accelerated and focussed 

into the quadrupole field, where they were mass analysed. Although , 

in theory, this system should have allowed the usual magnetron type 

measurements of icn current. electron current and filament temperature 

to be made, in conjunction with the identificaticn of the negative is 

present, it was rejected because of experimental difficulties. Due to 

the attachment of the Quadrupole Mass Filter the solenoid in the sim- 

ple Magnetron assembly had to be replaced with a pair of Helmholtz 

coils whose magnetic field strengly interacted with the quadrupole 

field, and more important the intensity of the negative ics accelera- 

ted into the quadrupole field was too low to be detected after mass 

analysis. 

As an alternative, the original electron imract source of the 

Atlas A.M.P.3. Quadrupole Mass Filter was modified into a surface ion- 

isation source in such a manner that it was possible to determine the 
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electron and corresponding ion currents for a series of filament temp- 

eratures. 

The samples studied were bromine and tetracyanoethylene. Bromine 

was chosen as the first compound to be studied since at filament temp- 

eratures in the range 1200-2000°K bromine was completely dissociated 

into bromine atoms and formed bromide ions by the direct carture of an 

electron. The apparent electren affinity, determined from the tenper- 

ature dependence of the ion and electron current was directly related 

to the electron affinity of the bromine atom by equaticn 3.33, that is 

Ep rE + QRT: the experimental value for E(Br) was then compared to the 

well established. spectroscepic value of 77.6 kcals/mole’. 

Tetracyanoethylene was studied as it was known to readily form 

negative icns. Page et. ait56 determined the electron affinity to be 

150 kcals/mole., almost twice the value of the electron affinity of 

chlorine’. This was shown to be in error’! due to adsorption of the 

tetracyancethylene on the tungsten filament, and Farragher?! determine. 

the electron affinity as 65.2 + 1.5 kcals/mole. Since compounds which 

ecntain a cyano group usually decompose at the hot filament to produce 

CN” it was of interest to determine the relative contributions of the 

molecular negative ion and of CN to the total io current and thus 

q for the elec- determine the validity of the value given by Farragher® 

tron affinity of tetracyancethylene. 

6.2. Expe:Jmental 

The complete apparatus, that is ion source, quadrupole and detec- 

tion system is shown in figure 38. 

The pressure of the gas sample was controlled by an Edwards 
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needle valve, E, and maintained at anproximately 1 x 10+ Torr the 

pressure was measured with the penning gauge, P. supplied with the 

Atlas Quadrupele Mass Filter. 

A 3" optical window, Y, was mounted via a 'covar' seal and flange 

to the icn source housing, in direct line with the filament so that the 

filament temperature could be determined. As in earlier experiments 

the temperature ef the filament was determined by a leeds and Northrup 

disappearing filament pyrcreter; the experimental temperature was cor- 

rected for emissivity and absorption effects as described in 2.3. 

The ion source, the quadrupole system and the detection system are 

discussed below. 

Ton Source 
The construction of the ion source and filament circuit is shown 

in figure 39. 

All the electrodes were EN 58B polished stainless steel and the 

ball insulators were alumina. The filament was made as long as possible 

so that the temperature gradient at the centre of the filament, that is 

the sampling region, was negligible and the filament was held in posi- 

tion by two 0.01 inch tungsten wire springs, s. 

The repeller plate, P, the filament assembly, F. and electrode 

system were retained in position by means of locating plates L, insu- 

lated from each other by glass capillary tubing and mounted on four 

10 B.A. stainless steel reds. R. The entire icn source assembly was 

mounted to the Quadrupole housing by the four reds. R, so that the axis 

of the ion source, BB was located along the centre 7 exis of the quad~- 

rupole field. The potentials anplied to the electrodes were found exper- 

imentally to be the optimum values and were supplied by an Exide H1006 
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battery. 

When the switch, W, was in position b, so that the AVO D.C. ampli- 

fier was in circuit and no voltages were applied to the quadrupole reds , 

the emissicn current of the filament for a series of filament terpera- 

tures was determined. A plot of log i, against 104/T, for the case 

where no gas sample was allowed into the icn source gave a value for 

the 'clean' work function of the filement surface. The work function 

of the filament surface in the present of the gas was then determined 

in an identical manner. 

Whereas when the switch, W, was in positim a, that is 120V was 

directly applied to the final electrode, A, and with the electrical 

field applied to the quadrupole reds, the icons formed at the filament 

were accelerated into the quadrupole field and mass analysed. 

Quadrupole Mass Filter : 
  

The constructicn of the apparatus is as shcwn in figure 38. The 

negative ims are formed at the heated filament and are accelerated 

into the cuadrupole field by the electraie system shown in figure 39. 

The quadrupole field is generated by four parallel cylindrical rod 

electrodes to which a direct voltase U, with a superimposed high- 

frequency, alternating voltare V is applied. In the Quadrupole Mess 

Filter the ions are situated in an electrical field which is a linear 

function of its co-ardinates. Such fields are expressed by a potential 

of the form 

> = 6, Cox? + py? + yz") 6.1. 

where the x, y and z axes are as shown in figure 40. at f+ y= 0 

when Ad = O and in this case ao = -8 = ates and y =0, where 2r, is the 
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distance between the rod electrodes. 

There is a potential ¢, = (yy 4Vcos wt) at the electrodes and the 

potential ¢ is, therefore, given by 

6 = (WU Woos wt) (2 - ¥)/r? Biz 

The equaticn of moti for a simply charged ion therefore are 

mx + 2e (U + V cos wt) xr? = 0 6.2 

ay -~ 2e (U + V cos wt) yin? =O 6.4. 

ie Rh 6.5. 

Equation 6.5. states that ions injected into the field in the Z- direction 

will traverse it with uniform velocity in the Z-directicn and equatims 

6.3. and 6.4. describe the oscillations of the ions under the influence 

of a periodic force. They are kncwn es Mathieu differential equatims 

and by means of the transformations wt = 26, a = 8eU/me 2 we and q = 

ye/mrt* ww? they may be simplified to 

x + (at 2qcos B)x= 0 bake, 

wakes 2q cos 2@)y = O 6.7. 

The behaviour of the ions is siven by the properties of the solutions 

of these equaticns of oscillation. Both compenents of motion obey the 

same differential equaticn so that it is sufficient to consider the 

Mathieu differential equaticn in its standard form 

at 029 ee 2 be” = 0 6.8. 

Now, all solutions may be expressed in the form 

+00 . 
21s 

+00 : 

x satel® J Cue tate te F omer 6.9. 
_ 00 

There are consequently two classes of solutions, of which one is con- 

sidered stable, since for — > , ® always remains within a limited 
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range, whereas, for the unstable solution with — > ~, x increases beyond 

all limits. Which type of solution is given can be judged from the 

constant », which is known as the characteristic exponent and is given 

unanbiguously by a and q. Regions in the (a, q) plane can be given in 

which all (a,q) values lead to stable solutims and thus the stability 

diagram shown in figure 41 is obtained for the case of a Quadrupole 

Mass Filter. The motion of an ion is thus only stable if stable paths 

are show for both the x and y compments of motion. Hence the working 

point (a,, q,,) as well as (a, dy) must lie in the stable region for an 

jon to be stabilised in the Mass Filter. 

All ions of equal mass possess, for the prescribed field values 

Poo Ws U, V the same working point (a, q). As the ratio a/q = 2U/V 

does not depend on the mass, all ions of different mass in the stability 

diagram lie on a straight line passing through zero, known as the scan 

line. The gradient of the scan line depends only on the potentials 

U and V. By increase of the ratio U/V the stable q interval, which 

corresponds to a definite stable mss interval, may be made so small 

that only ions of one mass can pass stably through the field. All 

other ions will move on unstable paths, strike the electrodes and be 

eliminated. 

A mass spectrum is produced by variation of the voltage U and V. 

If the voltages are increased, the individual mass points run along the 

scan line in the direction of higher a and q values and traverse the 

stability region one after another beginning with the small mss num 

bers. 

The ions after mass analysis were detected by a Faraday collector , 
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the signal was then amplified and the jon current monitored by either 

an ammeter or recorder. 

The experimental procedure followed was to firstly determine the 

values of the electron current for a series of filament temperatures in 

the absence and presence of the gaseous sample and hence evaluate the 

values for the work function of the filament surface in the absence 

and presence of the gaseous sample. It was found that neither bromine 

nor tetracyanoethylene had any effect upon the work function of, res- 

pectively, tungsten or iridium. Then the instrument was adjusted so 

that only the ion under investigation was transmitted, and the ion 

current was determined for a series of filament temperatures. Then 

from a plot of the logarithm of the ion current against 10*/T the value 

for Ep - Xp was determined since from equation 3.30 

is = (edp/2mMygi_)* (Qi/Q) exp ((E - x)/RT) 

which gave 

Rd(log i, )/a(1/T) = nRT + E - x = Ep - Xp 

winere the value of n depends on the temperature depen ‘ence of Q and 

Q:» which in turn is determined by the mode of ion formation as dis- 

cussed in 3.2.4. However for the special case of a type 1 or type 2 

process n is zero and Rd(log i,)/d(1/T) = E - xy, which allowed the elec- 

tron affinity of the species to be calculated as the work function of 

the surface in the presence of the gas was known. 

6.3. Results 

Bromine 

  

The filament used was tungsten and the sample pressure was approx— 

imately 9 x 10° Torr. A negative ion mass spectrum, in the mass range 

-1l1-



  

  

m/e 0 to 150, gave two peaks of equal intensity at an m/e value of 79 

and 81, which were identified as the two isotopes of bromine. 

A plot of log i, against 104/T for the tungsten surface, in the 

presence of bromine gas, gave a work function, xp, of 110-0 + 1.5 keais/ 

mole, at a mean filament temperature of 1817°K. A plot of log i,/p 

against 10*/T gave values for E - x of - 29.6, -26.9, -28:3, -29-2, 

-25.1, -33.3, -29.6, -32.4, -31.0, -26.4, and -30.6 kcals/mole, giving 

a mean value of -29.3 + 2.5 kcals/mole, at a man filament temperature 

of 1817°K. A typical graph is shown in figure 42. 

The filament used was iridium and the sample pressure was approx- 

imately 1x 10° Torr. A negative ion mass spectrum in the mass range 

m/e 0 to 150 gave one peak at m/e = 128, which was identified as 

CN ~~ C= wd Ce we CN} - 

a 
CN ~ CN 

ment ion of tetracyanoethylene in the filament temperature range 1400- 

_ No evidence was found for CN” or any other frag- 

1800°K. 

A plot of log i, against 104/T for the iridium surface in the 

presence of tetracyanoethylene . at a mean filament temperature of 1640 mK 

gave the work function as 92.0 + 1.0 kcals/mole. A plot of log i; 

against 10'/T gave values for E - x of ~15.1, -19.2, -13.9, -15«1, 

-15.5, -14.2, and -15.5 kcals/mole, which gave a mean value of -15.5 

+ 1.7 keals/mole, at a mean filament temperature of 1640°K. A typical 

graph is shown in figure 43. 

6.4. Discussion 

Bromine 

From equation 3.17 the experimental work function, xp, is given 
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aS Xp = Xx + WRT. Since xp is 110.0 + 1.5 kcals/mole and T is 1817°K 

the work function of a tungsten surface in the presence of bromine 

vapour is 102.8 + 1.5 kcals/mole. 

At filament temperatures in the range 1500-2200°K bromine is dis- 

sociated into bromine atoms and forms bromide ions by the direct cap- 

ture of an electron. Hence the ion currents is given by equation 3.32 

as 

i= (A/2) exp (E - x)/RT 

and Rd (log i,)/d(1/T) 2. Ee y 

For bromine, E - x is ~ 29.3 + 2.5 kcals/mole and x is 102.8 + 1.5 

keals/mole which gives the value for the electron affinity of a bromine 

atom as 73.5 + 4.0 kcals/mole, in good agreement with the spectroscopic 

value of 77.6 keals/mole’. 

Tetracyanoethylene 

Since x, is 92.0 + 1.0 kcals/mole and T = 1640°K the work func- 

tion, x, of the iridium surface in the presence of tetracyanoethylene 

is calculated to be 85.5 + 1.0 kceals/mole. 

Nw in's ¢ a= 
CN~ “CN 

ture of an electron by tetracyanoethylene and, therefore, the ion 

The negative ion is formed by the direct cap- 

current is given by equation 3.32 as i; = (A/2) exp E - y/RT and 

Rd (log i,)/a(I/T) = E -x. Since E - x = -15.5 + 1.7 kcals/mole and 

xX = 85.5 + 1.0 kcals/mole the electron affinity of tetracyanoethylene 

is calculated to be 70.0 + 2.7 kcals/mole as compared to the value of 

65.2 + 1.5 keals/mole determined by Farragher 9? 
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6.5. Conclusions 

The value determined for the electron affinity of a bromine atom 

of 73.5 + 4.0 kcals/mole is in agreement , within experinental error, 

with the spectroscopic value of 77.6 keals/mole!s 

Tetracyanoethylene showed no sign of decomposition at filament 

temperatures in the range 1400-1800°K and only formed the molecular 

ion. The value determined for the electron affinity of tetracyano- 

ethylene of 70.0 + 2.7 kcals/mole is in reasonable agreement with 

the value determined by Farragher?! using the Magnetron technique. 

In these simple cases, where only one ion is formed by a type 

1 or type 2 mechanism the Magnetron technique produces electron aff- 

inities in agreement with other workers and ion formation is well 

described by the theory postulated by Farragher”’, However, for more 

complex systems, where there is a possibility that two or more ions 

will be formed with similar intensities, a simple "Magnetron" experi- 

ment could lead to an oversimplification of the ion-forming reaction. 

A further study, utilising the Quadrupole Mass Filter as described 

in 6.2., of all the systems investigated by the Magnetron technique 

would clarify the mechanisms of the processes occurring and demons- 
~ 

trate the validity of the theoretical models advanced by baer’ - 

lie
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