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SUMMARY

The interaction of gas molecules with a hot metal
surface may result in the abstraction of an electron
from the metal and the formation of a negative ion. The
transition state theory of Glasstone, Laidler and Eyring
is applied to the problem of the calculation of the
emission currents with considerable success. The treat-
ment used is simply applicable to the emission of both
ions and electrons and is used in the latter case to
interpret changes in the electron currents and thermionic
electron work functions of metal surfaces exposed to low

pressures of gases which can be strongly adsorbed.

The formation of negative ions in sparse surface
layers is investigated and comparison of theory and
experiment is made for ion formation by substituted
benzoquinones and cyanocarbon derivatives. The strong
adsorption of tetracyanoethylene is investigated in some
detail and the ions are shown to be formed in a secondary

adsorbed layer located above the primary adsorbed material.

The experimental data is used to derive the electron

affinities of the capturing molecules. This quantity is



shown to be directly proportional to the number and

nature of the substituents in the molecule. Charge-dipole
interactions are assumed to be of importance in charge
transfer spectra and a simple electrostatic calculation of
the interaction energy of the excited state of the complex
allows the energy of the charge transfer absorption band

to be calculated.
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PART I

INTRODUCTION



1 INTRODUCTION

It has been frequently stated that Chemistry
consists of a study of the properties of the outermost
electrons of atoms and molecules. Chemical bonds are
formed by the sharing of these electrons and ions are
produced when their number in a given system is increased

or decreased.

A knowledge of their binding energies is therefore
of fundamental importance in any chemical investigation,
and the use of such data is to be found in most chemistry
text books. > Methods of measuring the binding energy
of the outermost electron in neutral atoms or molecules
are equally well described 2 and compilations of such

Suft The reverse

data are available for many substances.
is true for the corresponding electron in negative ions

and this lack of general reference accurately reflects

the paucity of the quantitative experimental data.

The stability of a negative ion is usually given in
terms of the electron affinity of the parent molecule.
This is defined as the work done in bringing an electron

up to the molecule from infinity and adding it to the




lowest lying vacant orbital of the isolated gas
molecule, Experimentally there are three possible
approaches to the measurement of this quantity, which
are,
Te Determination of the energy threshold for
the destruction of the ion.
2. Determination of the energy threshold for
formation of the ion.
. PR Studies of the equilibria between electrons,

molecules and ions,

Typical of the first group are the photodetachment
studies of Branscombe : where the determination of the
limiting frequency, at which the incident light falling
upon a beam of ions is sufficiently energetic to cause
detachment of an electron, allows the activation energy
of the detachment process to be evaluated. This
method, being spectroscopic, is capable of extreme
accuracy, but the experimental technique is difficult
and few ions have been studied. Such results as are
available provide useful standards with which the

figures obtained by other methods may be compared.




The second group, of which mass spectrometric
electron capture studies are typical? is to some extent
the converse of the first since the quantity measured is
the activation energy for formation of the ion. In
order to obtain electron affinities by this means it is
necessary that the activation energy be finite, thereby
restricting the measurements to dissociative and charge-
transfer reactions. Unfortunately the products of
such reactions are often formed with excess kinetic
energy and the usefulness of the method has been limited

by the difficulty of estimating this.

Typical of the third group are studies of the
equilibria in flames and at heated metal surfaces. The
energy changes involved are computed either from the
temperature dependence of the equilibrium constant
(second law methods) or by the methods of statistical

mechanics (third law methods).

Measurements in flames, as pioneered by Rolla and
Piccardi,7 are dependent upon a measurement of the
attenuation of the electron level in a flame consequent

upon the addition of an electron acceptor. This method



is subject to considerable experimental difficulty and
requires an extensive knowledge of the reactions
occurring in the flame. Perhaps the most severe
limitation, however, is the requirement that the electron
level be sufficiently attenuated for the measurements to
be practicable. This limits the method to a study of

strong thermally stable electron acceptors.e—lo

Of the procedures available for studying the
equilibria at hot metal surfaces the space-charge method
of Glockler and Calvinll is the most simple. This
requires only the determination of the current-voltage
characteristics of a space-charge limited diode both
with and without the presence of an electronegative gaé.
From this the contribution made to the total current by
negative ions may be evaluated. Unfortunately this
method again has the limitation that the ions must
constitute an appreciable fraction of the total current.

In the method of Dukelskii and Ionov12 a

collimated beam of alkali halide molecules is allowed
to impinge upon a heated tungsten filament and the ratio

of positive to negative ions produced is measured by

separating the species with a magnetic field. Use of




the Saha-Langmuir equation then allows the electron
affinity of the halides to be computed. This method
gives results which are in good agreement with the

latest spectroscopic measurements,

The final method in this group is the 'Magnetron
method' of Sutton and Mayer $3 in which the negative ion
current formed at a heated filament is compared with the
thermionic electron current derived from the same source.
The electrons and ions are separated by the use of a
cylindrical triode filament-grid-anode assembly mounted
in a solenoid with the axis parallel to the filament.

In the presence of the magnetic field the electrons are
constrained into helical paths and are captured by the
grid whereas the heavy negative ions are virtually
unaffected and pass through to the anode. The main
disadvantage of this method lies in the fact that the
identification of the ions is only indirect and therefore
complex reactions, which give rise to similar numbers of

ions of differing mass, may be misinterpreted in terms

of a simple reaction.




The magnetron method showed the most promise for
development into a general method for the determination
of electron affinities and was chosen by Page for an

- TR : : 14-25
extensive study of the stabilities of negative lons.
Most of the reactions studied in this work proved to be
of the dissociative-capture type because the simple
direct-capture reactions tend only to occur at the

lowest temperatures where the experimental measurements

are the most difficult.

The present work represents an extension of these
measurements and is an attempt to study these direct-
capture reactions in the magnetron in order to try to
establish the theory of the method with more certainty
and to provide reference data which may be used to
relate the experimental gas phase electron affinities
to the solution measurements of charge transfer spectra
and polarography, which are thought to furnish relative

electron affinity values.



25 PRELIMINARY THEORETICAL CONSIDERATIONS
2ods Statistical Theory
1 -2
The early measurements of Mayer L 9were an attempt

to measure directly the electron affinities of atoms
derived from the dissociation of molecules at a hot
filament surface. He assumed that atoms, electrons and
jons were in equilibrium at this surface and that it was
therefore possible to compute the equilibrium constant

and hence the energy change for the reaction;
A(g) + elg) = A (9)

If the gas surrounding the filament comprises
molecules of AZ' the number, Z(Az), striking unit area

of surface per second is given by kinetic theory as;

PA2
z(a,) = B SN T

/2

(2ﬁMkTg)

where p(Az) is the pressure of A2 in the apparatus,
M is the molecular weight of the gas, Tg its temperature
and k is Boltzman's constant. If every molecule which

strikes the surface is excited to the filament



temperature (T), and T is sufficiently high for all of
these molecules to become dissociated, the number of atoms
leaving the surface may be equated to twice the number
striking it. These atoms may be considered as being
derived from a hypothetical gas of atoms at the filament

temperature, and pressure p(A), whence;

- 5 gue e S e ) S o5
z(a) A 1/2 2.2
(2.H.mA.k.T)
Therefore utilising the relationship Z(A) = Z.Z(Az)
and noting M = 2.mA :
1/2
= - 2. ----- 2'
Pa PAz [ T/TQ] 3

Also since ZAu/Ze- = ii/iﬁ . where ie is the non
space charge limited electron current deriving from the

surface and ii is the corresponding ion current,

K = exp(-AG /RT) = P,/ (P -P,)
= 4 [mh'Tg_] 22 - - = =2.4
p .i 2.m .
A2 e e

The standard free energy change, ‘AGO , is related to the

electron affinity, -ae° » Dby the equation,

O o o] (o]
-AE° = ~4G (T) + GA-(T) - Ge-‘T) - GA‘T) - i 1258




Since none of the species involved possesses rotational

freedom their standard free energies are given by;

c°(T) = RT.log 5 } 3/ 5y ] s 2.6
o R T k.T.Q

Q represents the internal partition function, taken as

being 2 for the electron. Combining equations 2.4 ;

2.8 1 and Z.biy

o _3/2 5/2 1/2-2 1/2
-AE = RT.log| 2/2.7 .m_. A2.T Tg QA 2.7
hB-PA 1e Q
2

The value of QA can be evaluated from spectroscopic
measurements and provided that the degeneracy of the
ground state of the ion is known QAf can be evaluated,
since excited states of atomic negative ions are
improbable due to the nuclear shielding being almost
complete when the electron is in a quantum state higher
than the ground state.

By the use of equation 2.7 Sutton and Mayer 13

estimated the electron affinity of the iodine atom as

2
72.4 + 1.5 kcals/mole. Doty and Mayer ® measured the
electron affinity of the bromine atom and obtained a

value of 80.49 + 0.4 kcals/mole, in good agreement with



10

the previous estimate of 80.04 kcals/mole obtained by
Weisblatt using the same technique. Attempts by Mitchell
and Mayer =2 to study chlorine in a tantalum apparatus
were hampered by the formation of tantalum pentachloride
which appeared to pyrolise upon the heated filament. By
cooling the vessel in solid C02 they were able to reduce
this effect and estimated the electron affinity of the
chlorine atom as 92.7 kcals/mole. This work was
subsequently repeated by McCallum and Mayer g’ using a
silver apparatus thinly coated with silver chloride.

They obtained a figure of 85.84 + 1.0 kcals/mole, using

both Cl, and SnCl4 as substrates. Bernstein and Metlay32

2
used fluorine as the substrate and estimated the electron

affinity of the fluorine atom as 82.2 + 4 kcals/mole.

These figures are in good agreement with the latest
spectrographic measurements 330f 83.2 kcals/mole for
chlorine, 77.5 kcals/mole for bromine, 70.6 kcals/mole

for iodine and 79.4 kcals/mole for fluorine.

Attempts to use the magnetron method for the

28,34
measurement of the electron affinity of the oxygen atom
appear, in the light of modern estimates?s'36 to have

been uniformly unsuccessful. This may have been due to
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the reaction of the gas with the filament or a failure

to accurately calculate the degree of dissociation of the
gas at the hot surface. The former of these effects is
known to markedly affect the thermionic work function of
a tungsten surface37 and the latter involves a knowledge
of the manner in which the gas molecules interact with
the filament. This failure to find suitable substrates
caused the method to be abandoned until Page 23 made a
further study of the halogens using hydrogen halides as

the source of halogen atoms.

2.2 Kinetic theory

In the arguments advanced by Mayer the ions are
assumed to be formed by the capture of electrons which
have been emitted by the filament. If this were so the
total current density should always be the same as that
deriving from the filament at the same temperature in
vacuo. Page, however, noticed that the total current
was inversely proportional to the gas pressure and inter-
preted this in terms of an adsorption process which
resulted in a raising of the work function of the surface.
The arguments developed lead to essentially the same

results as Mayer's for the case of fission of a homonuclear
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| diatomic molecule of low bond energy, but a very different

interpretation with other substrates.

The electron current from an area A cm2 of filament
surface covered by a film of adsorbed gas of area A®© cm2,
which raises the work function, will be given by

Richardson's equation > as;

ie = B.A.T?(l-e).exp[-X/RT] ----- 2.8
where X is the work function of the surface, T its
absolute temperature and B is a constant equal to 120 amps
om2 degree-z. In the present case this is a reasonable
assumption since the negative ions are presumed to be
formed upon the covered surface and this must necessarily
lead to the formation of an electrical double layer with

the negative portion directed away from the filament.39

A similar expression to equation 2.8 would be

expected to hold for the ion current, whence;
- L} : ST e MET 3
i c.A.T20.exp [(B-q,- X') /RT] 2.9

Here C and m are constants, E is the electron affinity

of the acceptor, is its activation energy for desorp-

9

tion and X ' is the electron work function appropriate to

the emission of ions. If the measurements are limited
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to conditions where © is small X and X' are identical.

The Langmuir relation,40

e = kl.p/(k2 + kl.p) ----- 2.10
may be substituted for ©, since at these low surface
coverages interaction effects will be negligible and
therefore the heat of adsorption of the gas ( W ) may be
reasonably expected to be constant, Hence, combining

equations 2.8 ; 2.9, and 2.10;

: (2-m)

s B k

e 2.exp [(@, - E)/RT]  _ _ _, 1y
]_i C.kl-p

k. may be written in exponential form as k2 = k.exp=-W/RT

2
and W may be resolved41'42

1 = + -

into W qp qr D, where D
is the energy of the bond broken in producing A and the
fragment, r, which have heats of adsorption qp and s
respectively. Substituting this into equation 2.11,

taking logs and differentiating with respect to 1/T gives

the 'apparent' electron affinity E'(T);

E'(P?) = E + SR (2=m)RT = = = = = 2.12
Since the experimental electron affinity is derived from
plotting log(ie/ii) against 1/T, this corresponds to the

apparent electron affinity at a temperature T, where T
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is defined by the mean value of 1/T of the measurements.

In order to calculate the electron affinity of the
acceptor the apparent electron affinity must be corrected
to 0°K;

Bl = B g el - BUE) < (M) e e w2503
In the interpretation of his results Page assumed that the
ratio ie.p/ii defined the equilibrium constant Kp for the
reaction A (g) + B = 2aB(g) + e (g) where g refers to
the gas phase. The apparent electron affinity is then
defined by;

~R(d.log [i_.p/i,] )/d. (/1) = RT?d.log.xp/dT

E' (T)

AH(T).

AH(T) is the enthalpy change for the reaction at the mean

temperature .

The relationship between the heat of reaction at a
temperature T and that at 0°K is given by, AQH(T) =
T
AHO + I CP.dT. where Cp is the difference in the heat

capacities at constant pressure of reactants and products.

Therefore,
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If both reactants and products are assumed to have
attained filament temperature the changes in heat capacity
due to changes in the number of degrees of translational
or rotational freedom may be treated classically as R/2
kcals/mole for each degree of freedom. Changes in the
number of vibrational degrees of freedom may be corrected
for utilising the relationship given by Fowler and
Guggenheim,43

= (,nt"/z.'r)2
sinh” (8/2T)

C
K

where P = h¥/k, » being the vibration frequency and C the
associated heat capacity. Integrating with respect to T
and rearranging,

AH/RT = x.coth.X = X = = = = = 2,15
where x = 0.72v/T. Since the vibration frequencies
associated with the bonds in any radicals formed in the
reaction are not, in general, known it is necessary to
assume that bonds which are not broken in the course of
the reaction are unaffected by fragmentation. It is then
only necessary to identify the vibration frequencies in

the parent molecule which are associated with the bond

broken.
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Using this approach Page and his collaboratorsl4-25

investigated the ion formation by a wide range of
substrates and confirmed the essential validity of the
method. The results obtained are summarised in the

following table.

TABLE X
| Other data
Ref.| Ion. [Substrate Eo(kcals/mole) rainaad
14 T 12 74.5
cl HCl 84
Br HBr 82
16 0 N20 33.4
(o] 02 33.6
(o] H20 34
25 0 N02 33.4 + 2
17 NH2 N2H4 27.6 + 2
NH3 assumed DN—H = 104.7 + 2.3
18 CH3 Hg(CH3)2 26
Pb (CHB ) 5 26
Pb(c235)4 26.8
C,H, | Hg (C2H5) 2 22
Pb(c2H5)4 22.4
n-03H7 Hg(C3H7)2 16.3
n-C ,Hy Hg(C4H9)2 15.3
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TABLE (cont'd)
]
IE Other data
Ref.| Ion., Substrate o(kcals/mole) chtalnsd
19 SH H252 52,7 + 0,7
S st 48,2 + 1.5
21 CN 02N2 59.1 + 1.2
HCN assumed DH—CN= 110.3 + 2.4
SCN (SCN)2 50.2 + 0.5
= - + -
HCNS assumed DH—CNS 114.0 + 1.8
22 c(_‘.’H5 (C6H5C0)2 50.9 + 1,
c6H6 57.4 + 2.
C.HCH, | (C.HCH)) | 20.8 * 1.9
C6H5CH3 assumed DCH2-H = 77.1 .+ 2,9
24 SF5 SZFlo 84.2 + 1
SF6 assumed DS-F = 82.6 + 2,2
SF SF 34.3 + 5
25 NO NO 20,6 + 2,5
NO, NO, 92.0 * 3.7
Where these results differ from those given in the
references they are taken from the review of Kay and
Page.44
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These figures show the kinetic approach to be far
more flexible than the statistical one and represent a
considerable advance in the interpretation of the mode
of ion formation in the magnetron. There are however
several points at which the theory may be criticised.
The first of these is the assumption that the ratio
ie.p/ii defines the pressure equilibrium constant for
the reaction postulated. From the derivation given this
is by no means certain. This therefore throws some
doubt upon the identification of the apparent electron
affinity as the enthalpy change for this reaction. Also,
in the correction of the experimental results to oK it
is assumed that the gas molecules which ultimately
dissociate to form ions are energetically at the filament
temperature. Unless the residence time of these mole-
cules upon the surface is considerably longer than one
vibration this is unlikely to be true. Increasing the
residence time will increase the fraction of surface
covered by the gas and may invalidate one of the fundamen-

tal assumptions of the theory. The final criticism is

one of the interpretation of the results. Since there is

no direct means of identifying the reaction occurring in the
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magnetron, the measurements can only be interpreted on
the basis of the reasonableness or otherwise of the energy

changes associated with the process postulated.

The broad measure of agreement between the results
obtained and other estimates, quoted in the original
papers, suggests that these criticisms are not serious.
However, in order to obtain accurate and reliable electron
affinities it is important to know just what errors these
effects contribute and part of the present work is

directed towards deriving this information.



PART II

THEORY AND EXPERIMENT



FILAMENT

The forces acting upon an electron.

FIGURE 1.
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3s THE APPARATUS

3.1 The principle of the method

The original paper on the operation of the magnetron
/ : 45 g : : 46
diode was published by Hull. The discussion given here

illustrates the essential features of the instrument.

Figure 1 shows the forces acting upon"an electron
emitted from the hot central filament of a diode placed
in a uniform magnetic field, of flux density B, running
parallel to the length of the filament. The electro-
static and electromagnetic forces acting upon the electron
are respectively:

F = €.E = €,(av/dr)

and, £ = B.€.v., where & is the electronic charge, V
is the potential at a distance r from the filament and
v is the velocity of the electron at this point. If v
is resolved into components Yo and v, along and perpendi-
cular to the radius vector, then the components of f will

be; fr = B.€.Vg, and fg = B.G.vr.

If © is the angle between the radius vector, r, and

an arbitrary line in the azimuthal plane, the angular




= T R

21
velocity of the electron is, « = (d%/dt) = v /r.
The equation of radial motion therefore becomes,
I e . e as
dt [ m.dt o= F P fr — e .dr sz Bae.r.dt = 3.1

where m is the electron mass.

The equation of azimuthal motion is found by equat-
ing the moment of the impressed force to the rate of

change of the angular momentum, thus;

2
.f = .B.e.d — d - .“3.
ft e o L (S

Integrating each side with respect to time and noting that

b= 0 as the electron leaves the filament gives,

0w %[—1 & (ri/rz)] ----- 3.2

2.m

If the small thermal velocity with which the electron
leaves the filament is ignored, its velocity at a point

at which its potential is V will be given by,

|
v = 2.6‘. v L (_42)2 +P"l d_e)z oy Q.'E 2 1/2 I
m dt dt dt ‘

At a certain value of the magnetic field strength,

B = Bc' the electron will just fail to reach the anode.
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At this point, V = Va ; dr/dt = dz/dt = 0 ; r = ra, ]
and d&/dt = v, whence,
v
S T 2.€. oo
SER T T mva ek

a a

Therefore, equating 3.2 and 3.3,

B, = [8.v_|[r, [1- (rf_,/r:)] [e/m - 3.4
whence, if r, >> Lo

Equation 3.4 shows the value of Bc to be independent
of the potential distribution between the anode and
cathode so that the presence of other electrodes or space
charge effects should not alter the cut - off conditions.
In practice the cut-off is not so sharp with grids
present, probably because of the distortion of the magnet-

ic and electric fields by these structures.

In the magnetron triode the electrons are captured
by the grid and so prevented from creating a large space
charge near the filament which would affect the emission
of the negative ions. The magnetic field strength is

usually made greater than Bc so that the apogee occurs
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near the grid. This causes the electrons to approach it
tangentially and results in a greater efficiency of
electron removal. The presence of a second grid was
shown by Page14 to lead to a further increase in efficien-
cy, presumably because of its action in trapping electrons
which had passed through the first grid because of potent-

| ial and geometrical asymmetry within the apparatus.

| 3.2 The General desiga

Figure 2.a shows the apparatus as used by Page and
2.b the modified design used for the measurements describ-
ed in this dissertation. The apparatus consists essential=
ly of a central filament (F) surrounded by two coaxial
grids (Gl, Gz) and an anode (A) which is flanked by guard
plates (Pi, P2). These latter ensure an even temperature
over the length of filament from which the measured
thermionic currents derive. In the early design the
anode and guard plates were formed from @ layer of wvacuum
deposited silver, the plates being separated by marking
(J) with a steel scribe. When using this system,

considerable difficulty was encountered in ensuring that

the silver formed a good electrical contact with the
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tungsten seals set in the wall of the bottle. The main
disadvantage of the system, however, seemed to result
from the adsorption of chemicals upon the scribed marks,
rapidly leading to electrical short circuiting between
the anode and the plates. It proved to be impossible to
adequately clean the apparatus after this had occurred
without dissolving off the silver and replating. This
resulted in the bottle becoming badly marked in the region
J. The ground glass joint between the top cap and the
main body of the bottle also tended to seat very firmly
and since the grid assembly was rather delicate, it was
easily broken while being dismantled. A further disad-
vantage of this arrangement was a lack of rigidity in the
filament and grid supports making the apparatus very

sensitive to vibration.

In the final design, the rigidity was improved by
mounting the grids upon 6 B.A brass studding which was
insulated by inserting it into glass tubing which also
served to add some support. The plated anodes were
replaced by 4 cm long x 1 mm thick molybdenum sheet

which was sprung into position. The connections to this

were made by inserting copper wire between the sheet and
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the wall of the bottle. The connection to the tungsten
seals P and A were made by means of miniature 'crocodile'
clips. This arrangement made it a simple matter to

remove the anode and plates and clean them and the bottle

without disturbing the filament assembly.

In the early apparatus the filament was secured at
one end by a grub screw and at the other by means of a
tensioning spring (S) made of spring steel. This arrange=-
ment worked well for tungsten filaments, but was incapable
of retaining sufficient tension in more ductile filaments
without stretching them and causing them to sag into the
grids when hot. This was overcome by making the spring
out of 0,01" dia. tungsten wire, This proved to be
ideal for the purpose and enabled a much wider range of
metals to be used as filament materials. The filament
assembly was mounted directly on A,E.I S5 metal to glass
seals which were brazed into a 1/4" thick brass base=-
plate (B). This was sealed on a ground glass flange by
means of a rubber '0O' ring which was lightly coated with
Apiezon L or N high vacuum grease. The bottle was made

by Mr. W. Sabin of the Department of Chemistry and was
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typically 2.5" internal diameter and 9" in length.

Figure 3a shows details of the grid assembly which
was wound with 40 swg nickel wire, mounted on an A.E.I
S13 metal to glass seal and secured by means of a 2 B.A
nut, This arrangement enabled it to be removed from
the base-plate for ease of rewinding. Normally the two
grids G1 and G2 were connected directly together si?ce
the measurements described in section 3.5 showed that
there was no improvement in the performance of the appara=-

tus if they were maintained at different voltages. This

arrangement has more rigidity than separate mountings.

Figure 3b shows the magnet design. The early models
were cooled by means of a coil of 1/4" dia copper tube
which was brazed to the copper magnet former. This was
very inefficient and caused the magnet to become apprecia=-
bly warm during use. This led to a change in the resist-
ance of the wire and hence the magnet current falling
with use, The model shown here completely obviated this
trouble. The solenoid itself was wire wound, different
models having between 10 and 15 layers (900 - 1500 turns)

of 20 s.w.g. enamelled copper wire which were not
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separated by any insulating layers in order to improve
the heat transfer properties. The operating current
usually lay between 4 and 6 amps where the heating effect

was not troublesome.

Several of these magnetron assemblies were construct-
ed, during the course of this work, which differed only
in minor details of dimension and structure. The
description given in this section is quite typical since
these differences in no way affected the operation of the

apparatus.

3.3 The Ancillary Equipment

Figure 4a shows a diagram of the apparatus. The
sample is contained in a side arm of the magnetron vessel
and is admitted through the 10 mm bore high vacuum tap,

: The other taps and all the connecting tubing are of

l.

the same internal diameter as T and are constructed of

ll
pyrex. The joints 1, 2, 4 and 5 are standard B 19 and

the pirani-head (Edwards ®5B-2), B 14. The liquid

nitrogen trap, Cl, is 1.5" dia and 4" deep and C 0.75%

2!

dia and 9" deep. The two, or three, stage mercury

diffusion pump, D, was backed by a rotary oil pump and
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the system was capable of maintaining a pressure of

less than lo-storr.

The electrical circuitry is shown in figure 5.
The anode currents were measured on an Avo, DC 1388B
amplifier in the range 10 e amps and by a Pye,
7906/S 'scalamp' or equivalent instrument in the range
10 e amps. All currents are expected to be accura-
te to better than + 5%. The plate and grid voltages
were supplied by an Exide, H1006 battery and the magnet

current was supplied from a 120V stack of lead acid

accumulators.,

Figure 6 shows the components of the sample introduc-
tion system. Gases were introduced to the needle valve,
6a, from the gas container, 6b, which was filled in an
auxiliary vacuum system, in which the gases were also
purified. Volatile solids and liquids were contained in
the simple bent side arm, 6c. Non volatile solids were
introduced from the heated sample holder, 6d, which
enabled them to be sublimed directly on to the filament.
With some compounds the magnetron bottle was heated with

an 'Isomantle' heating tape or hot air blower in order
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to prevent condensation of the material upon the walls

of the apparatus.

3.4 The measurement of temperature

Because of the deposition of material upon the walls
of the vessel, it was not always possible to measure the
temperature of the filament after each measurement of an
electron or ion current. In order to avoid this
necessity the filament temperature was measured at fixed
values of the filament heating current when the apparatus
was clean and this calibration was checked periodically
during use. The calibration was always performed with
the sample gas flowing over the filament in order to allow
for any changes in the properties of the metal due to
cooling by the gas or adsorption. These temperatures
were then used, in conjunction with the measured electron
currents, to evaluate the work function of the material
using Richardson's equation (2.8). This was used as a
check upon the reliability of the figuresl4 in both its

second and third law forms.

The temperatures were measured with a Leeds and



Northrup disappearing filament pyrometer through one
thickness of glass. In the temperature range 1000 -
2000°K the mean correction for absorption by the glass is
about +24°K4? the measured temperatures, in oc. were
therefore added to 300 to give the temperatures in °k.
This procedure should be sufficiently accurate for the
kinetic approach and the measured work functions seem to
confirm this. The highest temperatures measured always
occurred at the extreme lower end of the highest scale of
the pyrometer where considerable difficulty was experienc-
ed in obtaining reproducible measurements. In order to
assist the calibration of the temperature = heating
current characteristics of the filament, the latter func=

tion was plotted against the square of the absolute

temperature.

If the filament is long and the emission current is
only measured from the central portion, any heat losses
due to conduction from the ends may be neglected and,
therefore at equilibrium, the rate of heat loss by radia-

2

: . 4
tion is equal to the rate of supply. Hence VW .,.T =I_R.,

where U~ is Stefan's constant, T the absolute temperature

of the filament (assumed to be a perfect black body
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radiator) I the filament heating current and R the
resistance of the filament (assumed constant over the
temperature range studied). _Plotting I against T2 will
give a straight line over a range of temperatures for
which these assumptions are true. This is illustrated
in figure 7. When the measured temperatures did not
fall upon a straight line, a smooth curve was drawn
through the points. The only exceptions to this proce-
dure were tungsten in the presence of tetracyanoethylene
vapour, where adsorption was found to cause an almost
discontinuous change in the emissivity of the surface and
molybdenum carbide in the presence of the same gas, which

was found to exhibit a phase-change. (Figure 41)

With the original design of apparatus the measure-
ment of temperatures was very difficult. In order to
circumvent this difficulty Gaines and Page22 used the
electron currents to define the temperature of the fila-
ment. The basic equation for the determination of
electron affinities may be written as;

ii/iep = {K/Tz).exp (E*/RT) - = == 3.6

where ii is the ion current, ie the electron current
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and K is a constant. ie is given by Richardson's
equation (2.8), which upon substitution into equation
3.6 gives,

1og.ii = (X'-E').log.ie + log.p = 2(¥=E').log.T + log.K

——

X &

+ E'.log. (B.A) &t A B
4

Variations in log.T may be neglected compared to varia-
tions in 1og.ie and so, if the pressure is held constant
throughout the measurements, a plot of log.ii against
log.ie should yield a straight line of slope (X-E')/y .

from which E' may be evaluated if X is known.

This procedure has been used several times in the
course of this work, but in all cases X and E' have
also been measured by the normal Arrhenius procedure in

order to ensure that both methods yield the same results.

3.5 The operation of the apparatus

Figure 8 shows the effect upon the anode current of
changes in the grid voltages, both with and without the

magnetic field. The anode current was found to saturate

at +50V plate voltage but in order to ensure that there



L.{...r..;'u
|

Luemps)

The effect of magnet current upon anode current.



33

was no possibility of space charge effects it was
normally set at +120V, The most favourable grid
voltages were expected to be those which maintained a
uniform field between the filament and the anode. With
120V on the anode (r = 2,25cm) the expected voltages were
v(c2) = 93V, (r = 1.75cm) and V(Gl) = 59V (r = 1.10cm).
Figure 8 shows that there is evidence for this effect
although the voltages do not appear to be very critical
and equally good performance could be obtained with any

of the following arrangements;

V(a) = 120v; V(G2) = 72V; V(Gl) = 80OV;
V(A) = 120V; V(G2) = 72V; V(Gl) = 50V;
V(A) = 120V; V(G2) = 80V; V(Gl) = 48V;
V(A) = 120V; V(G2) = 48V; V(Gl) = 48V.

In the particular instrument upon which these
measurements were made, V(Gl) and V(G2) were normally
maintained at 48V and 72V respectively. In all other

models both grids were maintained at 48V.

Figure 9 shows the effect of the magnet current
upon the anode current. The sharp drop in the latter

at 0.26 amps magnet current is assumed to be due to the
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critical cut-off condition at the anode defined by
equation 3.5. Substituting for Bc the expression,

B = 2.\.n.i/a L el e 3

and utilising the data i = 0.26 amps, n = 142 turns/cm,
a (the magnet radius) = 6.35cm, r = 2.25cm and Va= 120v
gives €/m = 1.42x107abs.e.m.u.gmr1. This is in satis-
factory agreement with the modern value of
1.76x107abs.e.m.u.gnr1. The inflexions in figure 9
presumably correspond to the positions where the electr=-
ons are captured by the grids, but the magnet currents
necessary to produce these effects are much higher than
expected, possibly because of shielding of the magnetic
field by the nickel wires used in the construction of the
grids. This effect could also explain the rather low

value for €/m calculated above.

In operation the magnet current was set at 4.0 amps
with the magnet cold. This fell rapidly to 3.8 amps
with the magnet in use and a further fall to about 3.5
amps with prolonged usage. Since there is a plateau
on the magnet current - anode current curve in this

region these changes should be unimportant.



In use the heated filament caused some outgassing
of the glass and metal parts of the magnetron bottle
and it was necessary to ensure that this process was
carried out to completion before any measurements were
made, The usual procedure adopted was to maintain the
filament at as high a temperature as practicable, this
being determined by the melting point of the metal and
its rate of attack by oxygen at the outgassing tempera-
ture, until the background pressure fell to below 10-5
mm.Hg at the maximum operating temperature. After this
treatment the sample material was allowed to flow over
the hot filament until measurements showed the system to
have become stabilised. The filament temperatures were
then calibrated in the presence of the gas. This
procedure was greatly facilitated by maintaining the

apparatus under vacuum, with frequent pumping, even when

not in use.

In making the measurements of the electron and ion
currents, there are two possible approaches, either a
series of ion currents can be measured at fixed tempera-
tures or else the electron and then the ion currents may

be measured at each temperature. Both of these methods
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have advantages and disadvantages. The main advantage
of the former system is the rapidity with which a series
of measurements may be made. In the case of gaseous
substrates this can be very important as the pressure

can change appreciably in the course of a run and these
effects are minimised by making a series of rapid measure=-
ments of the ion currents. The disadvantages of this
procedure are that the electron currents are not measured
at exactly the same temperature nor under exactly the
same conditions as the ion currents. In general,
however, the electron currents are exactly the same with
and without the gas present in the apparatus and any
errors introduced from the failure to reset the filament
temperature to exactly the same value as that at which
the associated ion current was measured are usually small
compared to errors due to changes in the pressure of the
substrate. The main disadvantage of the latter system,
as already noted, is the tendency for the pressure to
change during the course of a run. This can be particu=-
larly troublesome with unstable substrates such as NOZ
which may decompose to an extent which is a function of

the filament temperature. Any electron affinity
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measured under such circumstances will be in error by
an amount which will depend upon the extent of the
decomposition at each temperature of measurement. This
source of error is minimised by working in a flow system
and making the measurements as rapidly as possible.

This same effect can be caused by the apparatus being
warmed by the radiation from the filament during the
course of the measurements. This may either lead to
increased decomposition of the substrate or desorption
of gases from the walls of the vessel. In the extreme
case this may result in the measurement of seemingly
different apparent electron affinities when the measure-
ments are made from high to low or low to high tempera-

tures.

Because of these effects the ion currents deriving
from gases and non volatile solids were measured separate-
ly from the electron currents, and those deriving from
liquids, and volatile solids, were measured together at
each temperature. Whenever the latter procedure was
used, measurements were made from low to high and high

to low temperatures in order to ensure that both methods

gave the same result.
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4, ELECTRON CAPTURE BY THE OXIDES OF NITROGEN UPON

PLATINUM FILAMENTS *

4.1 Experimental

The NO was supplied by the Matheson Co Inc and was
used unpurified. The Noz was prepared either by
heating lead nitrate in a stream of oxygen, following the
directions of Dodd and Robinson,48 or by oxidation of NO
and was purified by fractional distillation before use.
Attempts to measure the electron affinity of NOB‘ prod=-
uced by pyrolysis of the volatile anhydrous copper
nitrate,49 were abandoned due to the absence of essential
bond energy data and the general similarity of the resul-
ts to the N02 data. This compound was kindly supplied
by Professor C,C, Addison.

The filament materials used were platinum and

platinum - 13% rhodium, there being no significant diff-

erence in the results from either source.

* The contents of this section formed the basis of
a paper submitted25 to the Discussions of the

Faraday Society.37.1964.



TCK)

Electron capture by nitrogen dioxide.

FIGURE 10.

4of
L g
r 4
L
{ 30 —
L
‘s \
E 4 §
\\
N -
20 "\. =
o -
1o =
4
S50 60 .
4
— — A S e



4.1 Nitrgg;en dioxide

The graphs obtained from plotting log (ie/ii)
against 10{/T°K characteristically consisted of three
parts: (i) a low temperature portion having a slope
corresponding to an apparent electron affinity E'(T) of
96 kcals/mole at the mean temperature T; (ii) an
intermediate region with E'(T) = 5 kcals/mole; (iii) a
high temperature portion with E'(T) = -32 kcals/mole.
Although all of the graphs were of the same form, the

individual portions were not shown well together.

Low-temperature region

The 20 runs which showed this portion well enough
for a reasonable line to be drawn gave a mean value of
94 + 10 kcals/mole. The most reliable experimental
lines from this set had slopes corresponding to 92.8,
99,7, 97.0, 94.3, 90.5, 102 and 97.0 kcals/mole. Hence

L} = . .
El537% 96.2 + 3.7 kcals/mole. A typical result is
shown in figure 10.

It is unreasonable to suppose that this magnitude

of energy change can correspond to any process other than

the direct capture of an electron by NOZ, since, if any



e e ——

o

Electron capture by nitrogen dioxide.

|-




40

bonds are broken the final electron affinity of the
fragment must exceed 96 kcals/mole. This result must,
therefore, be attributed to the process NO, + e —)HOE.
The specific heat correction is that due to the loss of
the three translational degrees of freedom of the elect-

ron and is therefore -(3/2).RT. Hence,

EO(NOZ) = 92 + 3.7 kcals/mole.

The scatter in these results is understandably large
since the measured values will be influenced by the decom=-
position of the substrate which must be occurring upon
the hot filament and also because the measured ion curren-—
ts were very small (10-12 - 10-13A), close to the limit
of detection of the apparatus (10-14A) and comparable
with the current induced by the vibration of the appara-
tus in the field of the solenoid. The experimental

slope was also strongly affected by small errors in the

measured temperatures.

High temperature region

The most reliable lines had slopes corresponding to

-E'(T) being 31, 31, 34, 33, 33, 34 and 29 kcals/mole

(£ig, 11). Hence, -32.1 + 1,7 kcals/mole.

[ ]
E1830%K



4+
1 i NO
3 i
- hl ,
L‘." % | F=32.10 me g
GLL
L, N "
i ‘o090 o o o
:a_ =
[ (a)
s P=g O\Io.i-.-.n,
I 1 1 1 1 1 1 | 1 1 1 1 1 | 1 1 1 1 L 1 1 1
5 6 i 7
pepptety Ml T

Electron capture by nitrogen dioxide & nitric oxide.

FIGURE 12.



1 1 | 1 1 L 1 1 1 | 1 1 1 A 1 1
° et S
TCK)

Electron work functions, W & N02/W.

FIGURE 13.



41

This is attributed to the process NO, + e —»NO + 0 .
The specific heat correction is estimated as -(5/2).RT,
so that Eé = =40.8 + 1.7 kcals/mole. The 0-NO

bond energy is 72 kcals/mole50 and since Eé =B =Y,

Eo(o) = 31.2 + 1.7 kcals/mole. This is in satisfactory

agreement with the value of 34 kcals/mole deduced from

16

measurements upon NZO, H20 and 02.

Intermediate regign

The results in this region predicted a mean appar-
ent electron affinity of 5.0 + 5 kcals/mole (20 runs),
the best straight lines having slopes of 3.2, 6.4, 6.9,
1.8, 1.8, 5.0, 4.6, 7.7 and 7.7 kcals/mole. Hence
EiGTOOK = 5.0 + 2.2 kcals/mole (fig 1l2a).

There are several possible explanations of this
result, The most obvious is that, since this region
corresponds to a maximum, the apparent slope has no real
meaning. This is unlikely to be true since the only
results which were considered had flat portions which
extended over too great a temperature range to be mere

experimental error. They had moreover, no sign of a

maximum and so the reasonable assumption is that they
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represent a real process.

The reactions occurring on either side of this region
can both be attributed to the interaction of NO2 with the
filament and so it appears probable that this process
also involves NO,. There is, however, the possibility
that the result is due to electron capture by NO, formed
by the gas phase decomposition of Noz. In order to
eliminate this, the electron affinity of NO was measured.
The data obtained showed that, with NO at the same press-
ure as the Noz, the ion currents were 10 times lower than
those found in this region and the apparent electron
affinity was 26 kcals/mole. These figures are plotted

in figure 3b, for comparison. It therefore seems very

unlikely that this result is due to NO.

This leaves a reaction involving noz and yielding a
positive apparent electron affinity. Fission of the
molecule is impossible since the only reasonable prod-
ucts, NO or O , would both give rise to negative values
of E'. The only possible reaction would therefore seem
to be NO, + e -—-9[5!0; ] o The specific heat correct-
ion will be =(3/2).RT and so E!(NO,)* = O * 2.2 kcals/

mole.
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- 0 W Nitric oxide

As previously mentioned, the ion currents from NO
were very much lower than those from N02. The results
obtained were 27.4, 26.1, 21.1, 28.4 and 25.0. Whence
P 25.6 + 2.5 kcals/mole. The specific heat
correction will again be -(3/2)RT, so that

EO(NO) = 20.6 + 2.5 kcals/mole,

4.2 Discussion of results

Previous estimates of the electron affinity of N02
vary greatly. X-ray diffraction has established51 the
structure of the ion as angular with an O-N-O angle of
125° and an N-O bond length of 1.13%., The axial ratio
is therefore about 2:1 and the assumption of spherical
ions will not lead to a large error. From the known
densities of sodium, potassium and silver nitrites the
crystal radius of the ion may be estimated as 2.05, 1.98,
and 1.96%, giving a mean radius of 2.08. This is
greater than the "thermochemical" radius of 1.552
proposed by Yatskimirskii52 and used by him in conjunct-
ion with the lattice energy formula of Kapustinsky53 to

derive the lattice energies of the alkali metal nitrites.
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Based on this work Pritchard54 proposed an electron

affinity of 37.5 kcals/mole for NO If the radius

2.
of 2.08 is substituted into Kapustinsky's formula the
electron affinity becomes some 20 kcals higher. The

uncertainty in these estimates is, however, considerable.

Smith and Seman55 claim to have observed photodeta-
chment of the electron at photon energies of 3.0 e.V
thus placing an upper limit of 69 kcals/mole on the
electron affinity. Conversely Curran56 has observed
charge transfer between the ions O , SF, , SF; . o

6
and NO,. This places a lower limit of 87 kcals/mole

2
on the electron affinity. Such a high value would
be in agreement with the ease of forming NOE by
electrical discharges in air, but is to be contrasted
to the difficulty of forming it by direct electron
capture or discharges in N02.57 The electron capture

. 3 5
cross-section of NO, has been estimated by Fox 2 as

2
10-2°cm?, approximately one hundredth that of oxygen.

There have been few previous estimates of the elec-
tron affinity of NO, due largely to the impossibility of

: ¢ . 54
performing lattice energy calculations. Pritchard

has suggested a small positive value and the figure
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given here is in accord with this.

From the observations cited above it seems that
the formation of NOE is favoured by the possibility of
bimolecular collision processes, but direct electron
capture is inefficient. This may be explained if the
thermoneutral process observed here leads to the forma-
tion of an excited ion. The promotion energy of the
excited state corresponds closely to the weak absorption
band occurring at 31002 in the nitrite ion, alkaline
nitrite solutions, nitromethane, nitrosyl chloride,
nitric acid and the nitrates. This has been attributed
to an no,TT* transition.59 The occurrence of this
transition at a wavelength corresponding so closely to
the electron affinity of N02 adds some support to the
identification of the thermoneutral process.

Of the processes leading to the formation of the

ground-state nitrite ion, those which involve direct

electron capture or simple bond formation, e.g.,

NO, + e —aNO, = --=-- 4.1

o + O —>HO, s el
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are exothermic by at least 92 kcals/mole, and the
resultant ions will break down so that the process will
be very inefficient. The intervention of a chaperon
molecule will increase the efficiency but the correspon-
ding processes leading to the formation of the excited
ion will always be favoured. Since the transition to
the ground state and electron detachment are in almost
exact resonance, the excited ions will also break down
very rapidly. The overall process will therefore always

be one of very low efficiency.

Any process involving formation of the ground state
of the ion by a bimolecular mechanism would be expected

to be much more efficient and two possible examples are

NO, + X "_7N°; +X === a 4.3
NO + O, ___..;,no; L TR R 4.4

In both cases AH will be less than the excitation
energy of the ion and there is also the possibiiity of
kinetic energy transfer to the eliminated fragment.
Reaction 4.3 corresponds to the charge transfer observed
by Curran, and the value of 92 kcals/mole proposed here

for the electron affinity of NO, supports Curran's

2
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lower limit of 87. Reaction 4.4 is of interest since
5 - . :
Branscombe ? has noted that the N02 formed in discharges

through air seems to be formed at the expense of 0; ions.

In the light of these facts it seems probable that
the observation by rocket-borne mass spectrOmetersGo
that the majority of the negative ions in the E layer of
the upper atmosphere are NOE , must be explained on the
basis of reactions 4.3 and 4.4. Since 96.5% of the
negative ions are NOE , the overall equilibrium given by
reaction 4.1 may be assumed and the Saha equation used

to compute the electron affinity from the known upper

atmosphere concentrations.

o K e SN0 o 5 s e
ol T 2-%910"

1f T = 280°K, K, = [NO,] [e]/ [N0;], [0,/ [e]

T4 HEL)T s taking [NOi] O e,

il

gives

V = 0.48 eV.

It is clear therefore that the NO, and NOE are not
in thermodynamic equilibrium with the electrons.
Alternatively, assuming processes 4.3 or 4.4, since the

entropy of the reaction will be negligible,




log Kpﬁ exp (- H/RT). - - -- 4,6

Substitution again leads to the conclusion that the NOE

is not in thermodynamic equilibrium with the oxygen ions.

The NOE ion is probably present at a steady state
concentration determined by the rate of photodetachment
of the electrons, but in the absence of any data on the
rate of the radiative attachment process it is not possi-
ble to estimate the position of equilibrium, It is
probable, however, that the rate of photodetachment from
the excited state will be prohibitively large and the
NOE in the upper atmosphere is in the ground state
condition. This conclusion is borne out by the observa-
tion63 that the local polar radio dawn occurs at a time
which suggests that visible light from the sun is not
effective in causing photodetachment of the electron
from some unidentified negative ion. It appeared that
the ion must have an electron affinity such that radia-

tion shorter than 29002 was needed for detachment to

occur, This strongly suggests the ion to be NOE .

Since this work was completed a further estimate of

the electron affinity of Noz has been made from a mass
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spectrometric study of the alkyl nitrites.6 The
result obtained is in almost exact agreement with the

figure proposed here.

The results of this study can be seen to give a
good account of the known chemistry of the nitrite ion
in the gas phase. In view of the extreme difficulty
experienced in making the measurements upon this system,
the agreement between the present results and other
studies is extremely encouraging since few other

compounds have given so much trouble in measurement.

The general theory of the formation of negative
ions upon metal surfaces, developed later predicts
slightly different specific heat corrections than those
used here. The effect upon the results of this section
is however only marginal and does not alter the

arguments in any way.
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S. ELECTRON CAPTURE BY THE OXIDES OF NITROGEN UPON

TUNGSTEN FILAMENTS AND RELATED STUDIES

8s3 Experimental

The NO2 was prepared in the same manner as

described in section 4.1. NO, CO and N,.O were supplied

2
by the Matheson Co Inc and 02 by the British Oxygen
Co. Ltd. All were used unpurified.
5. 1.1 Nitrogen dioxide upon tungsten

The measurements made upon this system were made
difficult by the erosion of the filament by the N02.
This necessitated the measurement of the temperature of
the filament for each point in a run. In order to
avoid this the results were analysed by the procedure
due to Gaines and Page described in section 3.4. This
procedure requires a knowledge of the thermionic work
function of the filament. This was measured and values
of 9.61, 9.74, 9.54 and 9.51 eV were obtained, giving

a mean value of 9.60 eV, This result was not in agree=-

ment with the 'third law' value calculated from a

single electron current, assuming Richardson's equation,
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which suggested a figure of approximately 5.5 eV, It
was clear however that the electron affinities derived
from Arrhenius and log - log plots were only in agree-
; ment when the work function of 9,60 eV was used in the

analysis of the latter.

| The following electron affinities were obtained:

. . ; P 2

(i) Arrhenius analysis, E1792°K 107, 105, 103
kcals/mole.

(ii) Log - log analysis, Ei?QZOK = 108, 107, 93.6,

Figure 13 shows a work function plot together with a
measurement made upon the same filament in the absence
of N02 vapour, This latter corresponds to a 'clean

surface' work function of 4,79 eV. An Arrhenius plot

of the current ratio is shown in figure 14.

Bl 2 Nitrogen dioxide upon rhenium

These results were very similar to the W ones in

that the thermionic work function was raised from 4.0 eV

affinity were BE! = 83, 8l1.5 and 94 kcals/mole.

1550°K

Measurements with this system were made difficult by the

deposition of a brown substance on the interior surfaces
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90.0, 87.5, 88.4, 92.5 kcals/mole. ( = 9.60 eV.)

to 7.5 eV. The measured values of the apparent electron



bog, (Al

i
TR

Thermionic currents, Re & NOE/Re.

FIGURE 15.



52

of the apparatus. This was presumed to be an oxide of
rhenium and its rate of deposition suggested that react-
ions with the filament were occurring at an appreciable
rate. The most unusual feature of the results was that
the ion currents were generally larger than the electron
currents. This is shown in figure 15 where these figur-
es are combined with a 'clean surface' work function

measurement.

Dalad, Nitric oxide upon tungsten

This system again showed an anomalous thermionic
work function. The measured values were,
:Ki788°K = 160, 161, 161, 160, 159 and 158 kcals, all at
a pressure of 1.8x10 mm Hg. The results were more
complex than the NOZ/W figures in that there was eviden-
ce for a sudden rise in the thermionic work function at
low temperatures. Although this effect was well
authenticated it was not possible to draw a reliable
line through the limited number of points available in
this temperature range. The evidence however suggests

a rise in the thermionic work function to approximately

230 kcals in this region. These effects are shown,
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together with a 'clean surface' work function measurement,

in figure 16.

Arrhenius plots of the electron/ion current ratio
were linear over the temperature range in which the work
function showed changes and were non-linear in the range
in which the work function plots were linear. These

effects are shown in figure 17. The measured apparent

electron affinities were, E1740°K = 74,1, 73.1, 74.5,
79.1 and 81.5 kcals/mole.
5.1.4. Carbon monoxide upon tungsten

The complexity of the NO2 and NO measurements upon
W and Re suggested that comparison data would be valuable,
especially if the anomalous work functions could be
reproduced in the presence of gases which were simpler
than Noz and did not have the possibility of forming
such stable ions. Work function and adsorption data
are available for CO and 02 upon W and so these were
chosen for study.

The CO results were very similar to the NO in form,

but it proved impossible to distinguish the ion currents

from the background current. The measured thermionic
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work functions at a pressure of 8 x 10" mm Hg were,

]

{ ]
XI'?SOOK 162, 164, 165 kcals.

Yi610°k = 231, 229, 228 kcals.

Figure 18 shows the effect of CO and O, upon the thermio-

2

nic electron current deriving from a 'clean' W surface.

- P 5721 Oxygen upon tungsten

Two distinct series of measurements were made upon
this system in different types of apparatus. The high
pressure series were made in the conventional magnetron
described in section 3.2. The low pressure measurements
were made in a linear form of the apparatus described in
ref 20. The results of both series are summarised below.
As in the previous system, the ion currents were

indistinguishable from the background.

184, 214, 205, 207, 205, 200, 196, 205, 198, 206, 197.

Xo

p=1.0, 1.3, 2.6, 3.3, 3.9, 4.6, 5.2, 6.5, 7.5, 400, 110.

-5
. S o iy :
'Xo XT 2RT and p is in units of 10 mm Hg.

At the lower temperatures the line of the work function

plot has a pronouced curvature, presumably due to the
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reaction of the gas with the filament and desorption of
W03.

$.16. Oxygen upon iridium

Attempts to measure the electron affinity of the
oxygen molecule upon this filament material were hampered
by the adsorption of the gas giving rise to an anomalous
thermionic work function and very small ion currents.

The work function data are summarised below and the data
for p= 1.2 x 10 2mm Hg are shown in figure 19 together

with a measurement of the 'clean surface' work function.

X1sec°x = 160, 166, 162, 157, 158, 156. kcals.
p (mm Hg x 103) = 120109, 8.5 7.5 0.0

Xi570°k ('clean') = 87.0 kecals.

S.dss Nitrous oxide upon iridium

This system also gave rise to very small ion
currents and an increased thermionic work function. At
the highest pressures the measurements indicated a single
work function of 147 kcals. As the pressure was reduced
this became resolved into two regions of constant

thermionic work function. Figure 19 shows the effect
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at p= 1.8 x 1Cr4hm Hg. The work functions obtained
were,
Xie76% = 147. 140, 135, 126, 123, 128, 122 (kcals.)
p = 13, 9, 3.5, 2.5, 1.8, 1.0, 0.8 (mm Hg x 109
Ai522%% = = . =, 160, 169, 151, = , 143 (kcals.)

The 'clean surface' work function of 87.0 kcals
compares favourably with figures of 87.8, 89.2, 87.8,
88.3, 88.3, and 89.2 kcals measured with other filaments
from the same sample of iridium, With these measurements
and the 02/Ir ones, it was impossible to distinguish the

ion currents from the background (approximately 10-5ie).

s Discussion of results

S 2: 1. Work functions

The most obvious feature of the results quoted in
the previous section is the anomalous thermionic work
function of metal surfaces exposed to low pressures of
oxygen containing gases. This is possibly due to the
adsorption of the gas upon the surface and it is there-

fore necessary to consider the probable consequences of

this process upon such measurements.
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A polycrystalline surface of total area A cm2 may

be considered to be composed of i patches, where the
ith patch occupies an area eiA cm2 and has a character-
istic work function Xi' If Richardson's equation b
(2.8) describes the emission current from each patch,
then

i, = 25 o = d BHTZ ©..exp(= X./RT) = = = = 5.1

t - DR m 1 - |
where it is the total current from A cm2 of surface and
Em is the mean transmission coefficient. The 'apparent

thermionic work function' may be defined by,

XPT) = -R.dlog.:i.t/d(l/'l') _____ 5.2

whence, by differentiation of equation 5.1,
: % 2
X' (T) = 2BRT +Ziﬁixi + RT Z i,ﬁi.dlog.ei/d'r
- TZipia Xl e 5.3

where ﬁi = li/lt‘

For clean surfaces Xi and ©, may be considered

to be temperature independent so that

X'(T) = 2RT +Zipi)(i _____ 5.4
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Equation 5.4 may be used to define the mean apparent

thermionic work function of the surface,

X't = Ziﬁixi P

The mean apparent thermionic work function is not the
same as the mean work function as measured from contact

potential differences, which is defined64 as,
X = 3o,

Since the weighting factors of the two summations differ
exact agreement between contact potential and thermionic
work functions is not to be expected for anything other
than uniform surfaces.
If Richardson's equation is written in the form,

e - amBATzexp (—'xm(T)/RT) ----- 5.7
then, by differentiation,

Rile) = Y (7). - rdX (®)/ar g St

For emission from clean surfaces, the last term in
equation 5.7 approximates to zero and ](&(T) and ){EJT)
may be assumed to be identical. For this to be general=-

ly true, differentiation of equation 5.5 gives,
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Z X ;88 /dr = © ITRER T S

i
This will only be rigorously true when 0& = 1 and
)Ci = j{é(T). Its validity in other cases is associa=-

ted with the form assumed for equation 5.1.

Although a polycrystalline surface may be considered
as consisting of discrete regions of differing work
function, it is not possible to continue the summation
of equation 5.1 over such areas as the patches become
smaller. Under the conditions of small anode fields
present in the magnetron, the Schottky barrier, which
defines the point which the emitted electrons must pass
before being free from all significant interaction with
the metal, is located at about 10~%m from the surface.
Up to this distance the electrons must be considered as
being in equilibrium with those inside the metal.
Patches on an atomic scale are not discernable to elect=-
rons at such a distance and so it is only meaningful in
such circumstances to consider the surface as being
composed of areas with a mean work function which is

dependent upon the size and distribution of the crystall-

ites.




The thin wires used for filaments in the magnetron
will have a surface structure which will normally be
essentially random due to the high curvature of the
surface. This will result in all patches having much
the same work function and equation 5.8 being true.

The converse however would be expected with ribbon fila-
ments where the flat surface would favour the growth of
particular crystal faces. This would result in a
curvature of the normal plot of Richardson's equation.
Such behaviour has been observed with zirconium ribbon
filaments but it is by no means certain that this was the

cause of the effect.

For the data given in section 5.1, the values of
Xl;l(’l‘) and Xm('l') are identical for the 'clean'
surface work function measurements but not for the
'covered' surface measurements. In all of the systems
studied (excepting the NOZ/Re) the general effects are
the same, a reduction in the absolute magnitude of the
electron current relative to that deriving from the

‘clean' surface and an abnormally large apparent thermio-

nic work function.




The change in the mean thermionic work function

'Xm('l‘) , relative to the same surface in the absence
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of gas, may be calculated by comparing the 'clean' and

'covered' electron currents;

io/it = exp('xm('l‘) -'Xo)/RT =

exp.

Axmw)/RT-

where Xm(T) is the mean thermionic work function of

the surface in the presence of the gas and Xo the

corresponding figure in the absence of the gas.

The

5.10

data of figures 13, 16, 18 and 19 yields the following

values of Axm(T)

(in kcals).

System NO,/W| NO/W| CO/W |O,/W |N,0/Ir |O0,/Ir

b(mm x 10%) 2a.]. 18 g8o| 4o 1.8 12
X 103 91 | 105 | 105 s1| s

T°K

1887 18.6 |18.3

1852 20.3 119:1 |"28.2 }23.3

1818 22,0 [19.9 | 19.0 | 25.1

1786 23.6 |20.8 | 19.7 | 26.6 | 18.6 | 21.0

1754 25.1 |21.4 | 20.6 |28.4| 19.0/21.9

1724 26.5 | 22,2 | 21.4(30.5| 19.5]22.8

1695 28.0 | 23.6/| 22.0|32.6 | 20.0|23.8

1667 25,1 | 22.7.|33.5 ] 20.4 ] 24:6

1639 26.6 | 23.6 |34.5| 20.8]25.4

1613 25.1134.8| 3111261

1587 26.6 | 35.4 | 21.5]|26.8

1563 28,2 | 34.8| 21.8|27.6

1539 29.7 | 32.9 | 22.1(28.6

1515 29.6 | 32.4| 22.6|29.0

TABLE 5.1.
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System Noz/w NO/W | CO/W 02/w N, o/1ir 02/ Ir
7K

1493 29.6 | 32,5 23:2 ['29:9
1471 30.8 | 33.5 23.9 | 30.4
1449 24,4 | 31.0
1429 25.0 ['31.6

TABLE 5.1. (cent)

It is apparent from this table that me('r) varies
inversely with T, as would be expected if the adsorbed
gas which causes the increased mean work function was
being desorbed as the temperature was raised. Figures
13, 16, 18 and 19 show that X' (T) is sensibly constant
over considerable ranges of temperature and the data
given in section 5.1 shows ¥X'(T) to be, to a first

approximation, independent of the pressure of the gas.

The CO and 02/W data in table 5.1 may be compared
with other measurements of the change in mean work
function ( ziieﬁ)ii) consequent upon the adsorption of
these gases. The agreement in the case of the CO/W

data is not very satisfactory. Eisinger65 measured
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the potential difference between clean 113 faces and
those covered by CO by a photo-electric method and
found a maximum change of 0.86V (19.8 kcals) at © = 1.
These measurements however were made at much lower
temperatures and on a surface of low packing density
(3.7 x 1014atoms cm.-2 compared to the present surface
with approximately lolsatoms cmfz). Increasing this
latter would increase Axm by rather less than the
simple ratio of the packing densities because of the
mutual polarisation of the surface dipoles. The
present results differ from those of Eisinger by approx-

imately the expected amount.

Measurements of the corresponding function for
02/W are summarised in table 3 of reference 64, giving
a mean value of 1.77V (40.8 kcal). This compares
favourably with the present estimate of about 35 kcal.
The data are also in agreement with the work of Kingdg;
who measured the apparent thermionic work function of

tungsten filaments exposed to low pressures of oxygen

and obtained a figure of 212 kcal for :{6. Measure-

ments at different pressures showed this to be



independent of the gas pressure and Kingdon therefore

concluded that the surface was fully covered by oxygen

e=1).

Reiman66

This assumption was later criticised by

who used equation 5.7 and estimates of A and

64

XO to obtain a figure of 1.75 eV (40.3 kcals) for Axm

(1500°K) from Kingdon's data.

Repeating this calcula-

tion but using estimates of 0.6 for Em. a surface rough=

ness factor of 1.3

66

and the present measured value of

Xo = 105 kcals, gives the data in table 5.2.

Considering the uncertainties in the calculation, the

agreement with the present data is very satisfactory.

All of the work function changes calculated from

the thermionic data are lower than the modern estimates

of the maximum contact potential difference between

clean and oxygenated tungsten surfaces.

T°K 1667 (1639 | 1613 | 1587 | 1563 | 1539 | 1515 | 1493
éyxm(T) 211 494 130:3"131,7 132.8 134.1 1"35.2 | 3653
TABLE .2,

This adds more

weight to Reiman's original criticism of the estimate of

e=lo

Reference to the field emission work of George
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i :
and Stier ; suggests that in the present system &
changes from 0.8 at low temperatures to 0.4 at the

highest. These would appear to be reasonable estimates.

The difference between the values of ‘XI:I(T),
evaluated graphically, and :(m(T), calculated from
equation 5.7, in the case of metals exposed to oxygen
containing gases indicates that either ﬂi or ){i is
temperature dependent. The absence of any such depend-
ence for the former function in the case of emission
from the 'clean' surfaces would suggest that any varia=-
tion must be associated with :Zi. If the decrease in

Axm('l‘) with increasing temperature is due to desorp-
tion of the gas, equation 5.8 may be used to obtain a

more explicit form for X1;1£T)'

Substituting d¥ (T)/dT = [d X ,(T)/ae] [ ae/ar],
and evaluating d&/dT by differentiation of the general
isotherm

n
(1-e) = ©.k_.T.exp [-q(-r)/m-] e et o

gives, if 0©(1-B)dq(T)/de is large compared to RT,

An(™ = X, (T) - a(T).d X (T)/dq(T) - nRT.AY (T)/dq(T)

---""5.12
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The relationship between changes in the work function
and heat of adsorption has been studied by Mignolet?8

He considered the change in work function to be due to
the transfer (partial or complete) of an electron from
the conduction band of the metal into a vacant adsorbate
orbital and showed that, if the reduction in the heat of
adsorption may be entirely attributed to the reduction
in the energy of the highest occupied level of the
adsorbate, then =AX = Ag. AX and Ag being the chang-
es in the work function and the differential heat of

adsorption respectively. Therefore, if
A (T) = X, + AX(T) and q(T) = q,  AX (T),
substitution into equation 5.12 gives,
' = VY 4+ g <+ nNRT, = = =« = =
X (T) X, * 4, + BRT. 5.13
Heats of adsorption calculated from equation 5.13 are

given in table 5.3.

These assumptions also enable equation 5.7 to be
expanded into a more useful form. Substitution of

equation 5.11 into equation 5.7 gives,

. 2 ' 2
fo - d_Bak E( Tn) _© .exp [—( Xo + qo)/RT]
px (1-e)
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where ko = k'/px. The assumption of approximate
constancy of © over the range of measurements (oxr alter-
natively 6(1-8)dq(T)/d® being large compared to RT)

leads to equation 5.13 by direct differentiation of 5.14.
The value of k' will be characteristic of the adsorption
desorption process occurring and is in principle calcula-
ble by the methods of statistical mechanics. A considera-
ble simplification of equation 5.14 may be effected by
comparing the electron currents deriving from the same
surface in the presence and absence of the gas. Combin-

ing 5.7 and 5.14,

_E = ks, o AOXP (SQR/BR). 0 T LR el 5.18
iy Px (1-0©)

Equating the ©/(1-6) to unity, assuming the values of
X given in the table and making the approximation
L] - = ] n .
'Xm('l') Xo d, enables the values of k'T given

in table 5.3 to be calculated.
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System Noz/w NO/W co/w 02/W 02/Ir N20/Ir
9o tnRT 111 | 62| 132| 53| 118| 98| 73| 42| 67
(kcals)

T°k 1792 | 1788(1640|1750 [1610(1800(1590 [1678 [1522

log, k'r" | 10.0 | 5.8(14.4| 4.5(13.6(:9.2| 6.4 ] 2.6| 6.0

X 0.5 0.5( 1.0 0.5| 1.0 0.5| 0.5 0.5| 0.5

1091010/1t 2,84 | 2,54|3.56|2.56(3,44(3.13(3.71 2.63 (3.35

4,26

wi
8
W)
.
n
(o))

log, ;o (mm) 3.48 | 3.26(3.26(3.90/3.90|3.60

TABLE 5s3

For non-dissociative reactions, transition state

theory69 gives the value of kT as: kT.ns.Q(g).Q*(d).
Q(a).Q*(a)

where T is the surface temperature, n_ the number of
adsorption sites per cmz, k is Boltzman's constant,
Q(g) the gas phase partition function per unit volume,
Q(A) the adsorbed state partition function per unit area
and Q* represents the partition function for the transi-
tion state for adsorption (a) or desorption (d). This
equation is derived in section 6.2. k'T" will have a

< i

numerical value of 10~ - 1015 depending upon whether

the adsorbed layer is mobile or immobile and the
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associated value of x will be 1.

Assuming this value of x clearly gives a reasonable
value of k'T" for the low temperature NO and CO figures.
Unfortunately there is no comparison data available for
the heat of adsorption of NO upon tungsten but there
have been several studies of the CO/W system. Rigby70
estimated the activation energy for desorption of the
PB state of carbon monoxide on tungsten from the tempera-
ture of its maximum rate of desorption (about 1600°K),
by assuming first order kinetics and a rate constant of

101333c_1, as 90 kcals/mole. This is in agreement with

the results of Ehrlich71 (100 kcals/mole) and Redhead72
(75 kcals/mole) who used the same method. The present
estimate of 118 kcals/mole represents an upper limit for
q,- g(T) will be given by R Axm('r) and will be
approximately 93 kcals/mole. Redhead found the heat

of adsorption in the f% state to be approximately
independent of the total surface coverage. Although

an exact comparison of the data is not possible it is
noteworthy that in these measurements A'X_m(T) and

hence g(T) changes by only 6 kcals/mole over the tempera-

ture range where this species is desorbing (1540 - 1640°K).
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Since zaugncr) reflects a change in the average
energy of the highest occupied level of the adsorbate,
Aq(T) represents the change in the average heat of
adsorption per adsorbed species. For the process
AB(g) = A(s) + B(s), where g and s refer to the gas
phase and adsorbed phase respectively, qo = Q°/2 where
Qo is the molecular heat of adsorption at zero surface
coverage. Equations 5.14 and 5.15 therefore remain
valid for dissociative adsorption-associative desorption
processes. This treatment has ignored any variations in
the ©/(1-8) term which will result from changes in the
mobility of the adsorbed layer. This neglect is only
justified so long as this term does not contribute to
the apparent thermionic work function. This is only
true to a first approximation, but its assumption great-

ly simplifies the interpretation of the results.

For the dissociative adsorption of diatomic mole-

cules transition state theory gives

k'r® = [kr.n’.0(9).0%(d)/Q(2).Q(B).0%(a). If

Q*(a) 2 Q*(d) this should lie between 103 and 107

depending upon the mobility of the adsorbed species. In
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this case the associated value of x will be 0.5 and the
molecular heat of adsorption will be approximately

2(qo + nRT).

The NO/W and CO/W high temperature results fall
within the expected range of k'T" but suggest an immobile
adsorbed layer, which is unlikely at these high tempera-
tures. An alternative interpretation would be that the
transition state for desorption is more mobile than that
for adsorption. This conclusion is also apparently
necessary in order to interpret the ion current measure-
ments of sections 8.1 and 8.2, It is also possible
that the neglect of the 6/(1-8) term could introduce an
error of a factor of 10. The assumption that the
desorption process leads only to AB and not A,B,A, or

2

B, is also probably an oversimplification. The broad

2
measure of agreement between the observed and calculated
values of k'T" however tends to confirm the assumption

that the measurements correspond to dissociative adsorp-

tion reactions.

Again no comparison data are available for the NO/W

figures but the dissociative heat of adsorption of NO
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may be estimated from the known heats of adsorption of
N, and 0, on W.'> Q(NO) = Q(0,) + Q(N,) - D(N-N)

- D(0-0) + D(N=O) = 194 + 95 - 225 - 118 + 162 = 108
kcals/mole, which compares favourably with the present
estimate of 124 kcals/mole. The Oz/W results are also
thought to be of this type and in this case there is
sufficient data for the pressure dependence of the
electron current to be determined. This is illustrated
in figure 20 where the slopes of the lines approximate
to 0.5, The large value of k'T suggests that the
transition state for adsorption and also the adsorbed
atoms are considerably less mobile than the transition
state for desorption. The heat of adsorption of 196
kcals/mole agrees well with the calorimetric figure of

194 kcals/mole.73

The molecular heat of adsorption of oxygen upon
iridium, 146 kcals/mole, measured here, is more simil-
ar to that upon rhodium, 118 kcals/mole.73 than to
that upon platinum, 70 kcals/mole.73 This is reasonable
since rhodium bears the same relationship to iridium in

the periodic classification as palladium, Q = 67

kcals/mole, does to platinum. In this connection it




73

is interesting to note that a single measurement of

the work function of platinum exposed to 4 x 10 ~mm Hg
of oxygen gave a value of X' (T) of 145 kcals and log
lok'Tn = 4,71 (x = 0.5). Clean surface measurements
upon the same filament were not possible but experience
with this material in measuring electron affinities has
shown the work function of the clean surface to be
close to 110 kcals at these temperatures. From this
data the heat of adsorption of oxygen upon platinum

would appear to be 70 kcals/mole, in good agreement with

the value given in reference 73.

The adsorption of N02 upon tungsten is likely to be
dissociative because of the low NO-O bond energy and
high heats of adsorption of NO and O. There is insuff-
icient data to determine the pressure dependence of the
electron current, but the assumption of dissociation
into NO and O leads to reasonable agreement between the
measured and calculated heats of adsorption. Assuming
Q(NOZ) = Q(NO) + Q(0) - D(NO-0), utilising the data
from this study gives Q(Noz) = 132 43157 = 72 = 217

kcals/mole, which compares favourably with the present



elF

13:1

04 05 06 o} (8}

4 & Jcc}ua'“ =

Pressure dependence of the electron current, N20/Ir.

FIGURE 21.




74

estimate of 222 kcals/mole. The value of k'T" suggests
that the transition state for desorption is much more
mobile than that for adsorption but, as in the OZ/W
results, this may be a reflection of the importance of

W03 in the desorption reaction.

The electron currents for the system N2Q/Ir are

somewhat erratic but suggest a dependence upon 9-0'3 at

low temperatures and p-o'15 at high temperatures. These
are illustrated in figure 21. If these figures are
correct, the interaction of N20 with the filament must
be more complex than the other systems studied. The
apparent thermionic work functions also seem to show a

slight pressure dependence, in contradiction of equation

5.13.

The Noz/Re results are also more complex than the
simple theory allows. The abnormally large ion currents
suggest that ion formation may perturb the simple
adsorption desorption equilibrium. Both this system
and the NZQ/Ir require a more extensive investigation

before any detailed interpretations can be offered.

In general, the present treatment would appear to




give a satisfactory account of the order and magnitude
of changes in the apparent thermionic work functions

and electron currents of metal surfaces exposed to low
pressures of gases which raise the local work function

of the surface when adsorbed.

Sl din The determination of electron affinities

under conditions of high surface coverage

The presence of a strongly adsorbed gas upon the
surface of the filament of the magnetron will have two
effects. The first of these is the alteration of the
energy necessary to remove an electron from the metal
and the second is the reduction in the surface area upon
which other molecules may be adsorbed. The consequences
of these effects with regard to the determination of
electron affinities will depend upon the details of the

ion forming process.

Equations 2.9 and 5.7 may be combined to give,

i - (2-m)
_i = deT .exp I:- (E—QA#RT] - = === 5,16
i C.QA

represents the fraction of the total surface area
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which is covered by the ion precursor and QA is the
associated heat of desorption. This latter term may be
removed by substitution of an equation of the form of
5:41.

In the simplest type of reaction, the ion precursor
will be the same as the strongly adsorbed species. If
this is adsorbed without dissociation g(T) in equation

5.11 is equivalent to QA in equation 5.16, whence

+ m (24+n-m)
ke gt .exp [—E/RTTJ ----- 5.17
i : C - (1-9) -P

The apparent electron affinity is defined by E'(T) =
-R.[@.log(ie/ii)t]/d(l/T) and if, as before, © remains
effectively constant over the temperature range of the
measurements, then E'(T) = E + (2 + n - m)RT. This

is the process which would be expected to occur at low
temperatures with NO and tungsten filaments. The
magnitude of the result however is considerably in excess
of the electron affinity of NO as measured upon Pt fila-

ments and suggests the ions to be NO2 5 The very

large electron affinity of N02 would lead to very

efficient ion formation by this material, which is
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certain to be present in the apparatus due to the
dissociative adsorption and recombination reactions
occurring upon the hot tungsten surface. The curvature
of the high temperature region of figure 17 would be in
accord with the formation of more ions in this tempera-
ture range, where the adsorption is dissociative. At
lower temperatures the predominant adsorption desorption
process is molecular and the electron affinity measured
approximates closely to that of NOZ' which must be pres-
ent as a minor impurity in the gas. This effect

would not be troublesome with Pt filaments since NO is

not dissociatively adsorbed upon this material.

The apparent electron affinity of N02 when measured

upon W filaments is close to the value measured upon Pt.
This suggests the ion to be NOE. Dr. J.T. Herron has
investigated this system with a mass spectrometer and
shown the predominant ion to be wo; (private communica-
tion and Ref 82). The agreement would therefore seem

to be fortuitous.

Finally it is pertinent to consider the effect of

strongly adsorbed impurities which do not contribute to
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the ion current. These will again lead to equation

5.16 and equation 5.11 may be used to substitute for QA'
In this case the (1-8) term in equation 5.11 must be
replaced by l-(ei + QA) , where 91 is the fraction

of the total surface area which is covered by the strong-
ly adsorbed impurity. 1 ei remains effectively const-
ant then the poison will have no effect upon the determin-
ation of the electron affinity of A. Alternatively, if
the adsorption of A is non-activated and the total
surface coverage is small, the rate of adsorption will be
independent of © and so the impurity will again have no
effect. Since the majority of adsorption processes are
non-activated and the magnetron is normally operated
under conditions of low surface coverage, the presence

of small amounts of strongly adsorbed materials upon the
surface of the filament, whether deriving from the gas
or the interior of the metal, will not affect the
determination of electron affinities. The most common
impurity encountered in adsorption measurements is

oxygen and this has been shown to give very small ion
currents. The presence of small amounts of this gas

should not therefore influence the determination of
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electron affinities, even though it may raise the work
function of the surface above that characteristic of the
clean metal. This is an important conclusion since it
demonstrates that the electron affinities determined by
this method are not dependent upon the metal having a
work function which is not influenced by the gases

present in the system.,
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6. APPLICATION OF TRANSITION STATE THEORY TO

ELECTRON EMISSION

e 1A Emission from clean surfaces

The main weakness of the kinetic approach to the
determination of electron affinities by the magnetron
method lies in the uncertainty of the procedure used to
correct the measured values to o°k. In an attempt to
obtain more information about the rate of emission of
electrons and ions from heated surfaces, the theory of
rate processes of Glasstone, Laidler and Eyring69 has

been applied to the calculation of the emission currents.

The Schottky barrier for electron emission defines
the maximum potential energy of an electron (relative to
those in the metal) as it is transferred from the inter-
ior of the filament of the magnetron to the anode. This
is illustrated in figure 22, If the methods of transit-
ion state theory can be applied to the process of elect-
ron emission, this maximum should define the energy and
position of the transition state for the emission

reaction,
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If the transition state (T.S) is designated by an
asterisk and the electrons in this state are assumed to
be in equilibrium with those in the metal (designated by
the subscript m), then the equilibrium constant for the
formation of the T.S may be written as;

K = c¢* = Q'*.exp(ﬁ-uﬂ)/kT - - = == 6,1

0
10

where ¢ represents concentration, Q the partition function
for electrons per unit volume, Q' the partition function
for electrons per unit area, f’ the zero point energy of
the electrons in the metal and & the corresponding

figure for electrons in the T.S. The contribution to

Q'* due to motion perpendicular to the surface, which is
assumed to be rate determining, may be resolved to give
Q'* = (kT/hv).Q*, where ¥ is the frequency of the

rate determining vibration and the other symbols have

their usual meanings. Qm/cm = exp-%/kT, where
8 = (3F/5) - (ﬁzszz/IZF) and F is the Fermi energy
2 2/3 .
F = (h /Bmé)(3N/hV) e being the mass of the

electron and N the number of free electrons per volume

v -

In the magnetron the field due to the anode is
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shall and of the otiler of 4OV.cm Equating this to the
image force (&2/4x, where € is the electronic charge and
x the distance of the electron from the filament), shows
the T.S to be located approximately 1048 from the surface
and the potential energy of the electron (relative to an
electron at infinity in the gas phase) to be about lo-zev.
The zero point energy of an electron in the T.S may there-
fore be equated to that of an electron at infinity. Hence
_N'(F+ 3 -d) =X, where N is Avogadro's number and X is

the electron work function of the metal.

The electron in the transition state will have three

degrees of translational freedom. One of these has already

been allowed for as being the rate determining motion and
the other two may be treated by classical Maxwell-Boltzman
statistics, whence Q% = 2(2WmekT)/h2, the factor 2 being
introduced to allow for the spin degeneracy of the elect-
ron. If ¥ is the frequency with which the complexes
pass over the barrier, the electron current per unit area
of surface will be given by ie = cME , Making these
assumptions and introducing the transmission coefficient

d and the gas constant R = N k gives,
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3.4ﬁme(kT)%5

h3

.eXp = X/RF == == 6.2

This is clearly Richardson's equation (2.8) for the
electron current per unit area of surface and it would
seem that transition state theory is capable of adequately
describing the emission of electrons from heated metal

surfaces.

6.2 The effect of strong adsorption

When a gas is adsorbed upon a metal surface the
difference in the electronegativities of the metal and
the adsorbate leads to a charge separation and the forma-
tion of an electrical double layer at the surface. The
charge separation per individual adatom may be expressed
in terms of a dipole moment and if this dipole is indepen-
dent of the surface coverage, the system may be regarded
as a capacitor or dipole sheet whose potential is propor-
tional to the number of dipoles per unit area. Classical
electrostatics gives the change in potential due to the
double layer as AX = 4TrnS€nH , where n_ is the number

L . 2 -
of adsorption sites per cm , © the fraction of the
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surface covered by adsorbed material and/l the dipole
moment per adatom. Since there is no external field
with a perfect double layer, the potential changes sharply
at the surface and equation 6.2 may be written,

3.4iTme(kT)2e.

h3

exp =(X, + 4ih39}1 )/RT - 6.3

where Xo is the work function when € = 0.

The three types of barrier resulting from the adsorp-
tion of such a layer are illustrated in figure 23. In
23a and 23b the emission current is adequately described
by equation 6.3 but in the case of 23c, the height of the
barrier X' is greater than ’ko - Under these
circumstances X' will define the energy of the T.S
relative to the energy levels of the metal and equation
6.3 will no longer be valid. The barrier in this case
will be thinner than the separation of the double layer
and so an allowance must be made for the increase in d
due to guantum mechanical tunnelling by the electrons.

At low © 23c will reduce to 23b.

If the reduction in the heat of adsorption with

increasing surface coverage may be entirely attributed
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to the reduction in the energy of the highest occupied
level of the adsorbate, then AX = -=Agq. The rate of
adsorption of the gas is given by transition state theory
as,
c c kT

s

u = g g.Q; .exp[— Ea/RTg?] ————— 6.4

a —_—

where cg is the gas phase concentration of the adsorbate,
e is the concentration of adsorption sites, Qg is the

gas phase partition function per unit volume, QS the
partition function per unit area for adsorption sites,

Q; is the partition function per unit area for the T.S

for adsorption, Ea is the activation energy for adsorption

and Tg is the gas temperature.

If the desorption is non-associative the rate will

be given by,

u = cAkT. Qa.exp - B /RRl - o =mmieiesie 6.5
d = 6; [ d/ j

and if the desorption is associative,

ul = Sx%-%T83 exp [- EY/RT. | =i - =166
h Q095

Here QA and QB are the partition functions per unit

area for the adsorbed species which recombine,
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QE the partition function per unit area for the T.S for

desorption, E_. is the activation energy for desorption and

d
T the filament temperature. The adsorbed species are
assumed to have attained the surface temperature. Provided

that there are no side reactions, at equilibrium u, = ug.

Since Ax represents the change in the energy of the
highest occupied level of each adsorbed particle, it will
be reflected as a corresponding change in Ed and Eé/Z.
Combining equations 6.3, 6.4 and 6.5 with the substitut-
ions ¢, = nsf(e), cg = p/kTg, Ed = ‘1,0 - AX and

cs/Qs = f(1-8), gives in the case of raised work functions,

= oo 3
*
ie " dm.4nme(kT) & nsf(e). Qde.exp(Ea/RTg).
3 *
h™p £(1-6) QAQa

exp[-(X, + @ )/RT] - - - 6.7

For dissociative adsorption and associative desorption,
combining equations 6.3, 6.4 and 6.6, and making the

3 5 o = I 2
substitutions e, F oy = nsf(e), cS/Qs = £(1-8)",

Ej = 2(;{0 - 24X - D and cg = p/k‘l‘g gives,

VA - 5/2 1/2
dm. 4||me (kT) (3 nsf (9). Qgle

exp(E_/2RT ).
3 172 - g
h™£(1-8)p Q,0,0

EXPE (')(.o B G T D/2)/RT_] - = = 6.8
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Adsorption with a lowering of the work function only
involves a change of the sign of the q, and D terms
in the exponential. These are essentially the equations
which were used in the discussion of the results of

section 5.
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7¢ APPLICATION OF TRANSITION STATE THEORY TO THE

EMISSION OF NEGATIVE IONS

Tk The ion current

In extending the transition state model to the forma-
tion of negative ions, it is convenient to consider the
problem in two parts, analogous to the arguments of
sections 6.1 and 6.2. These are, firstly the calculation
of the rate of emission of ions from a surface fully
covered by ion precursors and secondly the influence of
temperature and pressure upon the number of these precurs-

ors present upon the surface.

It is important to stress at the outset that the
following derivation is only intended to apply to ion
formation in sparse surface layers, where the interaction
effects, both amongst the ions and molecules, and between
the surface layers and the energy levels of the metal,
may be ignored., Ions are presumed to be formed by the
interaction of electrons in the metal with adsorbed ion
precursors (atoms or molecules), resulting in the forma-

tion of a transition state which may be irreversibly

desorbed as an ion. As with electron emission the
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equilibrium constant associated with the formation of

the transition state may be written as,

Q*  .exp[-@-p-9)/kT] - - - - 7.1
QAQm

K* - c* = H-
h

where U is the zero point energy of the adsorbed ion
precursor and the remaining terms have meanings analogous
to those in the previous section. Making the same
substitutions as before and noting that -(o(—F-G-a_)/k =

(E - X - Ed)/R, gives,

i, = a._ll.{_;‘_I[.'_.E.cA.g_*.expEE -X = Ed)/RT.‘_\ TR i
A

where E is the electron affinity of the precursor and
Ed its heat of desorption. This is the expression for
the ion current which is equivalent to Richardson's

equation for the electron current.

If the ion formation represents only a minor perturb-
ation of the adsorption - desorption equilibrium, the
rates of adsorption (6.4) and desorption (6.5) may be

equated and substituted into equation 7.2 to give,

- *O*
iy = d.£01-0).pe 2%, exp(-B /Rt ).expfE -¥ )/RT] - 7.3

CRGTS
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For most adsorption processes at very low surface coverage
the activation energy for adsorption will be zero and

£(1-6) will approximate to unity. Hence substituting

ar/e, = w/(2ae)? ana or = aze/e
i, = d.p-€.9;  fie -X )/RT] ----- 7.4
Q(zh'mwg)l/z

where Qi and Q are the internal partition functions
for the transition state ion and the gas phase molecule
respectively, the latter being assumed identical to
those for the T.S for adsorption and the T.S for desorp-

tion.

i Application to magnetron measurements

In the magnetron measurements the work function term
in equation 7.4 is eliminated by substitution from
equation 6.2. Therefore, assuming the d terms to be

identical,

i, eETY A 2 e

e+ @ .exp[— E/RT.] - = 7.5

e
1i hBQPaQi

Equation 7.5 represents the basic equation governing ion
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formation in the magnetron. Since
E'(r) = =-R[dlog(i/i )] /a(1/T) differentiation of
7.5 gives,

E'(T) = B 4+ 2RY. T mmm e e e 7.6

The kinetic arguments advanced in section 2.2 give,

BO(P) = B . # (3/2)RF, = e was 7.7

since the only change in the degrees of freedom of the
system is the loss of the three translational motions of
the electron. Equation 7.5 is identical to the expression
used by Mayer (equation 2.7) to evaluate the electron
affinities of the halogens. (The difference of the

factor 2 arises because of the dissociation of the substra-
te) As the original arguments of Page suggested, the
kinetic method is seen to lead to exactly the same results
as the statistical arguments of Mayer in the simplest

cases.

7.3 The entropy of the reaction

Combining equations 6.2 and 7.3 and equating the a

terms, noting £(1-8) ¥ 1 and substituting Q; =

2 (2|'|'mek'1')/h2 '



% Q. QYQ*
e _ kr."g.”"d"e.exp(E_/RT_).exp(-E/RT).
—p— o --a;-— a B~ S S R e R 7.8
+s P QF
This may be written in the form,
i
= . k—T-'K.I.'KZ‘ “ k_T.exp(—AGI/RTg).exp(— AGz/RT)
iy P P
- - - - - 7,9
where Rl and K2 are the concentration equilibrium
constants for the reactions,
A*(a) = A(g) ==l @Mm=e==a- 7.10a
A * = A¥(d) + e * @ o« = = = = 7.10b

and AGl and A62 are the associated Gibbs' Free Energy
changes. AG = AH - TAS = AU + nRT - TAS, where n is
the increase in the number of molecules in the course of

the reaction.

If the adsorption process is non-activated &Hl =0

and equation 7.9 may be written,

'l_e - E.exp(-a’.\HZ/RT).exp(ASl + 652)/R. - - = = 7,11
i, P
i

Defining AS = Asl + A8, and noting
i av,
a ., e _ E'(T) e 1l 4 d.logK, = i 4 ———
ar ~%9 1, 2 T ar T RT

- RT
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whence AHZ =" AB + RT = E'(T) = AH. (Since K

2 )|

is independent of T). Therefore substituting into

equation 7.11,

AS

]

R.loqig + R.logp , E'(T)/T - R.log(kT)

- 4
i

Here AS is the sum of the entropy changes for the
reactions of equations 7.10 with all transition states in
the standard state of one mole per cm? and the gas mole-

cules in the standard state of one mole per cm3.

Comparing equations 7.8 and 7.11,

As = R.log QgQEQ;.exp(E /RT ) - (x + 1)R.
Q*Q* o
- NN O o o S R 7.13
where x is defined from E'(T) = E + (x + 1)RT.
For the purposes of calculation, it is convenient to
define the function
AG(T) = AH2 - T(Asl + Asz) = AH(T) - TAS(T).
_____ 7.14

The equations derived in this section are applied to the

discussion of the experimental data in section 8.3.
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7.4 The correction of data derived from log-log plots

to 0°K
In order to avoid the necessity of measuring the
filament temperatures, it was shown in section 3.4 that
the electron current could be used as an internal standard

provided that the emission constants B and ;E of Richard-

son's equation (2.8) are known.

Differentiating Richardson's equation (6.2),

-[R.d.109 i} /a(1/m) X, + 28T = X'(T). - 7.15
Similarly from equations 2.9 and 2.10 (or 7.3),

g(r). - 7.16

-[R.d.109 ij:l /da(1/1) g + nRT

where g = X - EJ and Eé is the apparent electron

(o]

affinity at 0°K. Hence,

TR e Y | SN ) ¢ ) S 1 e <
d.log i X ' (T) x2LT)

and E'(T) = Eé + (2-n)RT, which is identical to equation

813,

The results from log-log plots are therefore corrected
to 0°K in exactly the same manner as those from Arrhenius

plots, providing the apparent thermionic work function is
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used in equation 7.17. This is in agreement with the

observation noted in the course of the NOz/W measurements.
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8. ELECTRON CAPTURE BY CYANOCARBON DERIVATIVES

AND SUBSTITUTED BENZOQUINONES

In order to obtain data to test the equations derived
in the previous section several compounds, for which

charge-transfer measurements 12¢19

had suggested large
electron affinities, were studied. The cyanocarbon
series proved more amenable to study by the magnetron

method than the quinones because of the lower thermal

stability of the latter.

8.1 Experimental - Quinones

The chloranil was supplied by messrs. B.D.H. Ltd and
was recrystallised from toluene before use. The remaining
7
materials were all prepared by Dr. P.R. Hammond 2 and were

used without further purification.

8.1.1, Benzoguinone

The initial measurements were made upon iridium, but
since the results were influenced by the deposition of
carbon at high temperatures they were subsequently

checked by the use of tungsten carbide filaments. Because

of this deposition of carbon it was found to be more

convenient to plot the logarithm of the ion current
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against the logarithm of the electron current, the slope
of this graph being equal to Vi) = XV(R) L X EAT),
equation 7.17. Y ' (T) was measured as 108 kcals and
hence the following values of E'(1450°K) were obtained;
36.7, 36.7, 36.7., 37.2, 30.2 kcals/mole. The first
two of these results were also obtained when the temperatur-
es measured in the course of the run were used in a
conventional Arrhenius plot. Omitting the value of 30.2,
E'(1450°K) = 36.7 + 0.2 kcals/mole. There was some
evidence for a change of process at low temperatures but
no reliable estimate of the slope of the graphs could be

made.

When using tungsten filaments, the gas was allowed to
fully carbide the surface and then care was taken to
ensure that the temperature was not subsequently raised
to a level where carbon deposition occurred. The follow-
ing results were obtained from Arrhenius plots; 36.2,
37.0, 39.5, 36.0, 37.0, 37.1 kcals/mole. Hence,
E'(1630°K) . 37,2 +A4.1 kcals/mole. As before there
was a change of process at low temperatures, the most
reliable lines having slopes of 25.6, 24.2 and 24.8

kcals/mole at a mean temperature of 1470°K. Typical
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results on iridium and tungsten carbide filaments are

shown in figure 24.
8.1.2: Chloranil

Using iridium filaments and gas pressures in the
region of 10~ %mm Hg, the following results were obtained;
B'(?) = 83.2, 79.0, 79.2, 80,5, 80.5, 82.3, hence
E'(1250°K) = 80.9 + 1.5 kcals/mole. A typical measure-
ment is illustrated in figure 25. In order to obtain
sufficient pressure of chloranil and prevent its condensa-
tion upon the apparatus, the whole vessel was heated to

approximately 70°c by means of a hot air blower.

8.1.3. Duroquinone

Attempts to measure the electron affinity of duro-
quinone were hampered by the ease with which the filaments
abstracted a hydrogen atom from the molecule. The
results obtained with tungsten filaments were; 25.6,
20.0, 20.0, 24.1, 19.5, 19.5, 19.5, hence

E'(1600°K) = 21.5 + 2.7 kcals/mole. (Figure 26).

The results obtained from measurements upon iridium

filaments were; 14.2, 14.5, 17.4, 14.6, 14.6, 15.1,
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whence E'(1320°K) = 15.1 + 1.1 kcals/mole. There was
some evidence for a change of process at low temperatures
but the ion currents were too small for any reliable

estimate of the slope to be made.

8.1.4. Monofluorobenzoquinone/Ir

The measurements made with this compound indicated
three distinct processes and are illustrated in figure 27.
The limited temperature range available for the measure-
ments at the lowest temperatures prevented any accurate
estimate of the apparent electron affinity in this region.
A single measurement at a higher pressure than the remain=-
der of the measurements indicated an apparent electron
affinity of 54.8 kcals/mole at a mean temperature of
1260°K. It was not possible to recheck this result due
to there being insufficient of the sample material. The
other results obtained were,

E'(1590°K) 23.8, 29.9, 30.6, 29.9, = 28.6 + 2.8 kcals/mole.

-E' (1390°K) 0.8 kcals/mole.

27.7! 26-0' 25.6! 2601! - 26-4

|+

8.1.5. 2,3 dicganobenzoguinone

The measurements with this compound at pressures of

approximately 10" mm Hg and using iridium filaments
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indicated a single process with E'(1490°K) = 16:5, 11:4;
13.3, 13.0, 13.9 = 14.8 + 1.8 kcals/mole. A typical

measurement is illustrated in figure 28,

8.2 Experimental - Cyanocarbon derivatives

The tetracyanoethylene and hexacyanobutadiene were
supplied by Dr. O,W, Webster of E,I, duPont Inc, the
7.7.8,8 tetracyanoquinodimethan(e) and fumaronitrile were
supplied by Dr. R.H. Boyd of the same company, the
tetracyanobenzene by Mr. J.C. Thurman of The National
Chemical Laboratory, and the tetracyanopyridine and
hexacyanobenzene by Prof K. Wallenfels of the University

of Freiburg.

8.2.1. Tetracynaoethylene

Measurements upon platinum filaments at gas pressures

3 and 10 %m Hg gave the following results,

between 10
B (1360°K) = 72.3, 72.3, 72.0, 72.3,.75.0, 7.3, 71.3 =
72.3 + 1.2 kcals/mole. Iridium filaments and gas

pressures of 10_4mm Hg again showed only one process with

an apparent electron affinity of, E‘(1350°K) = 69,0,

69.3, 72.7, 68.6, 67.2, 70.0, 70.0, 68.6 = 69.4 + 1.5
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kcals/mole. Measurements with rhodium filaments were
hampered by the rate of evaporation of the metal, the
following results being obtained, E'(1730°K) = 71.8,
71.6, 68.8, = 70.7 + 1.9 kcals/mole. Typical measure-

ments are illustrated in figure 29.

8.2.2, sym-Tetracyanobenzene

Measurements using iridium filaments and gas pressures
of approximately 10-4mm Hg yielded two apparent electron
affinities in different temperature ranges. Approximately
half the measurements were made with the sample unheated
and half with it heated to approximately 50°C. Apart
from a general rise in the magnitude of the ion currents
upon heating, there was no significant difference between

the two sets of results. The apparent electron affinities

obtained were, E'(1280°K) = 65.2,.65.2, 65,2, 63.1,;
62.1, 65.9, 64.0, 64.5 = 64.4 + 1.3 kcals/mole.
E'(1490°K) = 28.3, 27.6, 28.3, 30.2, 27.7 = 28.4 4 1.0

kcals/mole. A typical measurement is shown in figure 30.

8.2.3. 7.7,8,8 tetracyanoquinodimethan (e)

The sample was heated by means of a hot water bath

and sublimed across the filament. Two regions of
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differing apparent electron affinity were discernable
(£ig 31) with the following values, E'(1270°K) = 83.6,
89.3, 87.0, 89.1, 91,0, 88.7, 89.1 = 88.3 + 2.2 kcals/
mole., and E'(l490°K) = 54,4, 55.4, 56.7, 59.4, 54.4,

56.3, = 56.1 + 1.7 kcals/mole.

8.2.4. Hexacyanobutadiene

The sample was prepared by the oxidation of an ice
cold solution of sodium 1,1,2,3,4,4 hexacyanobutenediide
with 10ml of concentrated nitric acid. The product was
filtered, washed with water, dried and purified by vacuum
sublimation. The measurements upon iridium filaments
at pressures of approximately 10_4mm Hg indicated three
processes (fig 32) with the following apparent electron
affinities; E'(1270°K) = 95.5, 93.7, 96.6, 95.9, 97.2,
100.8, 102, = 97.4 + 2.8 kcals/mole., E'(1390°K) = 82.7,
83.7, 80.0, 78.2, 86.9, = 82.3 + 3.0 kcals/mole.,
-E'(15900K) = 29,7, 22.4, 15.9, 21.0= 22.0 + 4.9 kcals/

mole.

B.2.5. sym-Tetracyanopyridine

Measurements at gas pressures of approximately

10-4mm Hg upon iridium filaments gave the following
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apparent electron affinities; E'(1230°K) = 56.0, 52.2,
54.9, 54.9, 52.2, = 54.0 + 1.9 kcals/mole. At higher
temperatures there was evidence for another process occur-
ring. This was not fully investigated since it did not
appear to correspond to a direct capture process. The
following electron affinities are however not greatly in
error. E'(1540°K) = -17.4, -17.8, kcals/mole. A typic-
al measurement which includes the high temperature process

is shown in figure 33.

8.2,6. Hexacyanobenzene

This compound proved extremely difficult to study
because of its low vapour pressure. The sample was
contained in the heated sample holder (fig 6d) and
sublimed directly on to the iridium filament. The back-
ground ion currents were measured before and after the
measurement of E' and only those measurements were used
for which the ion current in the presence of the gas was
greater than 10 times the corresponding figure in its
absence. The following results were obtained;
E'(1390°K) = 58,4, 60.2, 62.9, 59.0, 65,7, 67.7, 63.4,

65.0, = 62.8 + 3.1 kcals/mole.
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8.2:.7: Phthalonitrile

Measurements at gas pressures of approximately

1073

mm Hg upon iridium filaments indicated an apparent
electron affinity of 30 kcals/mole. The results obtained
were; E'(15400K) = 31,3, 24.3, 31.4, 32.2, 26.4, 34.8,
30.2, = 30.l1 + 3.1 kcals/mole. A typical run is illus-

trated in fig 35.

Measurements at similar pressures upon WC filaments
which were fully covered by an adsorbed layer of the gas
(evidenced by a reversible change in work function of 26.4
kcals upon exposure to the gas) yielded the following
results; E'(1520°K) = 28.9, 32.7, 30.6, 30.8, 33.0,

26.6, = 30.4 + 2.2 kcals/mole.

8.2.8, Fumaronitrile

Neasurements at 2 x 10 -mm Hg upon iridium filaments
gave the following apparent electron affinities;

E' (1410°K) = 22.8, 22.0, 21.8, 20.9, 22.0, 24.1, 24.2,

15.1, 18.7, = 21.3 + 2.7 kcals/mole. A previous series
of measurements upon iridium filaments from another

source yielded apparent electron affinities of; 18.3,

19.2, 23.2, 25.1, 24,7, whence E'(1230°K)) = 22.1 + 2.8
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kecals/mole. At higher temperatures the apparent
electron affinity dropped markedly to E'(1430°K) = 4.6,
5.5, 9.8, 6.4, = 6.6 + 2.0 kcals/mole. The failure of
the former sample of iridium to show the high temperature
process may be associated with differences in the purity
of the two samples. This explanation would be in accord
with the observed difference in thermionic work functions
of the two samples, the former having X '(1500°K) = 88
kcals and the latter X '(1500°K) = 102 kcals. These
figures were measured many times and in the presence of
many different gases. The deviation from the values

given was never greater than 5 kcals.

Measurements upon tungsten were hampered by the ease
with which the gas reacted with the filament to form a
carbide. Careful measurements in which the temperature
was kept below that at which the reaction commenced
gave the following apparent electron affinities;
E'(1620°K) = 13.1, 13.7, 17.2, 16.5, 16.5, = 15.4 + 1.9
kcals/mole. In the course of these measurements there
was no evidence for carbiding of the filament. After

the carburisation reaction was allowed to proceed to
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completion, the following results were obtained;
E'(1430°K) = 18.3, 18.3, 18.8, 19.2, 17.4, 20.9, 18.2,

19.6, 17.4, = 18.7 + 1.0 kcals/mole.

8.3 Discussion of results

Table 8.1 lists the entropy, enthalpy and ‘'free
energy' changes defined by equation 7.14, for those react-
ions in sections 8.1 and 8.2 which are thought to corresp-
ond to the direct capture of an electron and such other
data as is at present available. In the calculation

AH(T) has been assumed to be numerically equal to AH(T).

Substrate|No |T°k | P logi /i |-AG(T)| AH(Tfas(T) | s, | E

CeFg 1./11300(5.0| 2.0L | 92.6 | 32.4| 96.2| 98.8%27.2
SF, 2.|1233|8.0| 1.53 | 86.3 | 38.0[100.9| 98.5%33.1
NO 3.|1542(3.2| 3.02 [114.9]25.6]| 91.2| 97.3*19.1
B.Q. 4.{1732]4.2| 2.09 [120.6|37.1| 91.1| 99.8%*30.6
F.N. 5.11475|2.7 | 2.78 [108.0(21.3| 87.7| 98.2%15.7
P.N. 6./1530[1.7 | 3.56 [116.0]|30.1 95.5| 98.8%24.0
el 7.|1250|6.8 | 2.20 | 90.9 | 52.6(114.8|112.8]47.7
CHC1, 8.|1250|6.5| 1.97 | 88.5 | 44.2(106.2(110.5[39.2
TCNB 9.|1344| .1 | 3.18 [ 92 |e64.4|117 |112.8]59.3
TCNPy 10.|1290|0.4| 2.86 | 90.6 | 54.0(113.1[112.7]49.1
TCNE/Ir |[11.|1414| .1| 1.83 |88 |69.4[112 [111.8|64.0
TCNE/Pt |12.|1475| .1| 2.33 | 95 |72.3|114 [111.9]66.9
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Substrate|No [T°k | P logie/iJ-AG(T) AB(T)as(T) | AS, | E

FBQ 13.|1234|8.5| 1.87 | 8.5 | 54.8[116.2|110.5| 49.8
Chloranil|14.|1345/0.4| 2.35 | 91.1 |80.9[127.9 75.9
TCNQ 15.| 1290 .1 | 1.07 | 76 |s88.3|128 83.3
HCNBA 16.| 12090] .1| 1.16 | 77 |97.4[135 92.4
NO, 17.1 1537|3.0| 2.43 [110.3 | 96.2[134.4 90.1
TCNQ* 18.| 1500| .1| 4.11 [109 |56.1 110 50. 2
moNa*  |19.] 1450| .1| 2.92 | 96 |82.3[123 76.8
NO, * 20.| 1670|9.0| 2.19 [121.3| 5.0] 75.6 -1.6

TABLE 8.1

1 = hexafluorobenzene, 2 = sulphur hexafluoride,

3 = nitric oxide, 4 = p-benzoguinone, 5 = fumaronitrile,

6 = phthalonitrile, 7 = carbon tetrachloride,

8

chloroform, 9 = sym-tetracyancbenzene, 10 = sym-tetra-
cyanopyridine, 11 = tetracyanoethylene, 13 = monofluoro-
benzoquinone, 15=17,7,8,8 tetracyanoquinodimethan(e) .

16 = hexacyanobutadiene, 17 = nitrogen dioxide. The
recorded pressures are in units of 10" 3mm Hg. The

'free energy' changes for all these reactions approximate

to 96 kcals/mole. This is a consequence of the apparatus

design since the working pressure range is limited to

-2 -
10 - 10 smm Hg, the current ratios to l - 10° and
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the temperature to 1000 - 2000°K. This results in
AG(T) being limited to the range 55 - 171 kcals/mole,
with most systems giving values in the 100 kcals/mole

region.

Since AH(T) varies considerably in the reactions
studied, the constancy of AG(T) implies a compensation
effect between AH(T) and T.AS(T). This is illustrated
in fig 37. The magnitude of AS(T) is, in principle,
calculable from equation 7.13. The assumptions used in

the derivation of equation 7.5, with Qi = 2Q gives

= ® - 1 - - - -
as, 4.57 [13 25 + log, ¥ ?logloM] 3.96 e.u
where M is the mass of the molecule in a.m.u and T is

the filament temperature in OK. The entropy changes
calculated from equation 8.1 are marked with an asterisk

in table 8.1. For all the compounds studied this

predicts entropy changes of approximately 98 e.u and is

in satisfactory agreement with the observed change for
reactions involving molecules with electron affinities

below 35 kcals/mole. These values of ASK give the

contribution to AS(T) of simple kinetic terms. The




AH(T)

compensation

20




109

discrepancy T [AS (T) - ASK] should therefore give the
contribution to AG(T) of vibrational and electronic
terms. This function is plotted against AH(T) in fig
38. The lower line corresponds to the kinetic entropies
(ASK) calculated from equation 8.1 and it is readily
apparent that a much closer relationship exists between
AH(T) and the entropy deficit term T EAS(T) - ASK]
than between the former and TAS(T). From the lower line
of fig 38, AH(T) = T [AS(T) - ASK] + K, whence, if

o
K= AH ,

Aa() & AT s T.AS, . Oy el

Similar relationships are frequently observed with react-
ions in solution.” and are generally ascribed to solvent -
solute interactions. This would be in accord with the
postulate that the entropy deficits in the present syst-
ems are due to electronic contributions to the partition
functions. For materials of low electron affinity

AHO = 35.0 kcals/mole. This will represent the value

of AH(T) for which the net interaction term is zero.

For molecules having an apparent electron affinity great-

er than this, there appears to be an abrupt increase in
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AS(T). Inspection of equation 7.13 suggests that this
is most probably associated with a decrease in the magni-

tude of Q* or Q;.

If the transition state ion is located at the Schottky
barrier it is improbable that it would loose any degrees
of freedom which would not also be lost by the transition
state for desorption, which will be located nearer the
surface. The possible inferences are therefore that,
either the transition state corresponding to the rate
determining step for ion emission is not located at the
Schottky barrier, but much closer to the surface, or the
degrees of freedom are lost by the transition state for
adsorption. The former of these assumptions would appear
to require electron capture to be rate determining. If
this were so the activation energy for ion emission would
have to be greater than-(E - X - Ed),(equation 7.2)
and therefore AH(T) <ﬁ. This would seem to be unreason-
able in view of the broad measure of agreement between
the 'magnetron' and other estimates of E ( eg Noz,
TCNQ etc) This would seem to require the abrupt change

in entropy to be associated with a reduction in the

degrees of freedom of the transition state for adsorption.
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If this corresponds to the loss of two degrees of rota-
tional freedom equation 8.1 becomes modified to,
- 1 . (g9)
AS, = 4.57 [18.85 + 1 log) o (TxTyM) log, ; Tg)
Vi(s)

+ logloT] S BB e B53

The rotational degree of freedom retained is presumed to
be about an axis normal to the surface and having an
associated moment of inertia I . G (g) represents the
Ehrenfest symmetry number of the gas phase rotational
partition function and G (s) is the corresponding figure
for rotation on the surface. The agreement between
AsS(T) and AQSK is again quite good for electron affinities
below 80 kcals/mole, but the data is insufficiently
accurate for any relationship between AH(T) and

L - [AS () - ASK] to be discerned. The main source of
the error in the calculated values lies in the estimated
value of p = 0.1 x 102 mm Hg used for reactions where
the pressure was too low to be recorded on the 'Pirani’
gauge. The values of AS(T) appear to increase further
with molecules having very large electron affinities,
but this effect may be entirely due to the inaccuracies

in the estimated gas pressures.
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These observations suggest the model used in the
analysis of direct capture reactions to be adequate
and that E may be calculated from the apparent electron
affinity by means of equation 7.6 for all these measure-

ments. Using the present notation this becomes,
AH(T) = E + 2RT. - == --28.4

The values of E defined by equation 8.4 are recorded in

table 8.1.

The appearance of two processes for HCNBd and TCNQ,
both of which appear to correspond to simple electron
capture is unexpected. The high electron affinity value
for the latter compound is in good agreement with an
estimate of 86 kcals/mole from thermochemical data.78
Charge-transfer measurements suggest the electron affini-
ty of HCNBd to be greater than that of TCNQ and this
would seem to indicate that the high values for both
these compounds are the normal electron affinities.

These latter are both associated with larger entropy
changes than the low values, which would be consistent
with the formation of ground state and excited ions
respectively. In both cases the difference in the

entropies of the two processes is approximately the same
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as the difference between the predictions of equations
8.1 and 8.3. The closeness of approach of the molecule
to the surface during the process of electron capture
will influence the efficacy of the latter as a third
body. Under these circumstances it would seem reasonable
that the formation of the excited ions should be associa-
ted with weak interactions with the surface, as predicted
by equation 8.1, and that the formation of ground state
ions should require the stronger interactions implied by
equation 8.3. Similar considerations would appear to
apply to the ions from NO,, one of which has been postu-
lated as being in an excited state (section 4.2). With
this particular system however it is difficult to assess
how far dissociation of the substrate has influenced the
value of AG(T). Changes in the structure of the ion
relative to the molecule can also influence the entropy
change for the reaction. Such an influence is possible
with chloranil, where the ion is known to be more

distorted than the parent molecule.79

The hexacyanobenzene result of section 8.2.6 is
also believed to correspond to a simple direct capture

reaction, but the necessity of subliming the sample on
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to the heated filament made it impossible to estimate
the pressure and hence AG(T) with any accuracy. The
result obtained becomes 57.3 + 3.1 kcals/mole at o°k.
This is lower than the electron affinity of tetracyano-
benzene. Possible reasons for this are discussed in
Part 3 of this dissertation together with a comparison

of the present data and charge-transfer measurements.

Table 8.2 lists the AG(T), AH(T) and AS(T)
values for reactions which are presumed to correspond to
dissociative capture of the electron without adsorption

of the residue.

Substrate| T°K (mm.103)10gie/ii -ac ()| am(T)as (T)as, |-E

k
FBQ 1420 0.92 1.86 95.1 | 26.4|48.4|57.5|31.9
TCNPyY 1344 0.15 3,95 98.1 |17.4|60.0|58.6(23.5
NOZ 1420 0.92 1.90 95.3 |32.1|44.5|56.5[39.4
HCNBd 1680 0.2 3.64 120.5 | 22.0(58.0(57.3|28.3

TABLE 8.2

For reactions of the type

AB(g) + e (m) —> A (g) + B(g) - - 8.5




the probable contributory steps are,

(1)

(2)
(3)
(4)
(5)
(6)
(7)
(8)
(9)

Hence,

kl.c

g

AB(g) = AB(s) Tg

AB(s) —> AB(qg)

5

AB(s)

A(s)

A(s) + B(s)—2AB(g).

2a(s)—> A, (9)
2B(s) —> B, (9)
A(s) —> A(g)
B(s) —>B(9)

A(s) + em
m

AB(s) + e_—=A (g) +

= KyeCis

+ k_c + k. c

7 B

+ k.e.c + k

3 AB

8 A

c + k
m

T
ul = kl.c
+ B(s) T
u2 = kz'cAB
Uy = kj.c,-Cy
_ 2
2
u6 - k6.cA
u7 = k7.cB
u8 = kB'cA'cm
B(g) uy = kQ'CAB'c
2 2
4cA + kscB ES kGCA
gcAch. ----- 8.6

A1 S

If reactions (8) and (9) represent only minor perturba-

tions of the adsorption-desorption equilibrium,

i, = cme kB [klcg kZCAB - cB(kscB + k75] >
kBCB - k4cA -+ k6
kg [klcg - o (kg & el h ko) - eglke, 4 k7)]
k2

- o = e e
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Unless many of these reactions may be neglected, the
temperature dependence of the ion current will not be
capable of any expansion in terms of electron affinities

and bond energies.

The simplest reaction scheme possible is that result-
ing from a neglect of reactions 3, 4, 5, 6, 7, and 8,
giving,

- L = cEC.kle. - = = = = 8.8
m ————

i g kz
If the transition state for reaction (9) is AB *, equat-
ion 8.8 is formally identical to eguation 7.3. The
electron affinity E must, however, be replaced by the
apparent electron affinity E', where E' = E - D, E

being the electron affinity of the acceptor A, and D the

A-B bond energy.

An equally simple scheme results from the neglect of
reactions 2, 4, 5, 6, 7 and 9, and gives,

k.k
i i cmcge 18

c k
B 3

—-———8.9

Because of the s term this is not a useful expression
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unless A = B, when

M [

Substituting the absolute reaction rate theory values

for kl’ k3 and kB'

; - 1/2 '
i, = ol (kPp)LE, 03Q; .exp(—Ea/2RTg).expEE -X)/R'r.j

h 0 O*
Qg d - = == = 8,11

Equations 8.8 and 8.11 correspond to the expressions
proposed by Page for these reactions. Neglect of react-
ions 2, 3, 4, 5, 7 and 9 gives the expression proposed
for electron capture by molecules of low bond energy and
is very similar to the arguments used by Mayer in the

original work on the halogens.

All of the reactions considered in table 8.2 are
presumed to be of the type governed by equation 8.8. The
entropy of the reaction may be estimated by use of equat-

o |
ion 7.13 with the assumptions, Q; = Qg.h/(zllldk'rg)',1

3 3 3,3
= * = * = =
Ea 0, Qd Q Qiqi/Q qA ’ Qi 2Q and qi/q

(k'J.'/th)3 with ¥ 2 100 cm"l(?o)

Here g represents
the vibrational contribution to the partition function

from the vibrations which are excited to a frequency
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corresponding to 100 om! in the transition state ion.
Oonly those vibrations associated with the bond which
eventually breaks are assumed to be excited in the ion,
all others are presumed to be the same in the transition
state ion and the adsorbed molecule. If all the vibra-
tions in the adsorbed molecule are excited to the fila-
ment temperature (T), each term in dp will contribute

approximately RT to AH(T) and x in equation 7.13 will

be 1. This gives the expressions,
- 1 - o
ASy 4.57 [18.72 + 2 log) M Zloglo'l'] 3.96
----- 8.12
and,
AH(T) = E' + 2RT., = = = = = 8.13

The values of JQSK and E' given in table 8.2 are calcula-

ted from these relationships.

The agreement for TCNPy and HCNBd is very satisfact-
ory but less so for N02 and FBQ. Addition of the

apparent electron affinity of N02 to the NO - O bond
energy of 72 kcals/mole, gives the electron affinity of
the capturing species as 32.6 + 1.7 kcals/mole. This

is close to the estimates given in section 4.1.1. and

the photodetachment value for O of 33.4 kcals/mole.
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If the ion formed from fluorobenzogquinone is assumed to
be F , and the electron affinity of F is assumed to be
79.4 kcals/mole, the C-F bond energy may be calculated
as being 111.3 + 1 kcals/mole. This figure is well in
line with other C-F bond energies. The spectroscopic
value for C-F is 106 kcals, somewhat uncertain but close
to the values in methyl fluoride (107 kcals) and
trichlorofluoromethane (102 kcals). This figure is
lower than the first dissociation energy in carbon
tetrafluoride (121 kcals) and perfluorobenzene (about

145 kcals).

If the C-H bond energy in sym-tetracyanopyridine is
assumed to be 102 kcals, by analogy with benzene, the
electron affinity of the 2,3,5,6 tetracyanopyridyl
radicle may be estimated as being 78.5 kcals/mole. This
is considerably in excess of the electron affinity of
the phenyl radicle (51 kcals/mole) estimated by Gaines
and Page.22 A more probable interpretation of this
result is that it corresponds to the loss of CN either
as the ion or the radicle. Assuming the electron affini-
ty of CN to be 59.1 kcals/mole21 gives the C-CN bond

energy as 82.6 kcals. The assumption of the same
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reaction for hexacyanobutadiene gives Dc cn 87.4 kcals.
These figures are very much lower than the wvalue in
methyl cyanide (103 kcals) but are not unreasonable in

view of the repulsion between the dipoles which must exist

in these molecules.

It is, in principle, possible to obtain a more
accurate estimate of the electron affinity of the captur-
ing species in reactions of this type by inserting all
the vibrational terms into the partition functions Q.
This is unfortunately not possible in the case of complex
polyatomic molecules since the vibrational frequencies of
the ion are not, in general known. The transition states
in equation 7.13 will also have the vibrational frequenc-
ies of some bonds slightly affected by interaction with
the surface. The extent of this alteration will not be
known and so the approximations used in conjunction with
equation 2.15, although representing a more refined
argument than the assumption that each vibrational term
in qp contributes RT to the experimental slope, are
unlikely to be any more accurate. Changes in the
structure of the transition state ion will also influence

the rotational partition function and hence the entropy
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change of the reaction. The derivation of equation
8.12 has assumed this ion to retain the same structure
as the parent molecule. If the model used to describe
the reaction sequence is correct, the transition state
for the emission reaction will be some distance from the
surface and the ion may be able to alter its structure
during the transition from the surface to the Schottky
barrier. Under these circumstances the electron affini-
ties measured in the magnetron will be adiabatic and not
vertical. Such a rearrangement in the structure of the
ion could explain the discrepancy between AS(T) and
{ASK for the N02 and FBQ reactions and the unexpectedly

large electron affinities obtained during measurements

8
upon naphthalene and anthracene. .

Table 8.3 lists the AG(T), AH(T) and AS(T)
values calculated for reactions which are presumed to
proceed by a process of dissociative electron capture
with adsorption of the residue. The entropy changes
for these reactions fall between the limits given by
the direct, and simple dissociative capture reactions.
The dissociation with adsorption reaction may be

described by exactly the same sequence of reactions as
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was given for equation 8.5, with the sole exception of

the replacement of B(s) for B(g) in reaction 9.

Substrate 10910 e/:.i AH(T)AS (T) ASK ASK E' | D-E
BQ/WC 1.34 24,8 |84.41(71.9|84.7|16.0| 56.0
TCNB/Ir 3.90 24,8 |88 73.4|89,.7|15.9|50.1
CHCla/Pt 1.68 15,7 |81.0|76.8|84.7| 7.1|50.9
FN/W 1.30 15.4(74.9|71.1 5.8/66.2
DQ/WC 2:11 21.5(85.6(72,8|88.0/12.0/60.0
DQ/Ix 1,28 15.,11|77.4172.9 7.9|58.1
FBQ/Ir 1.89 28,6 (84,9(71.6|85.3{19.1|46.9
2,3 diCN=- 30l 3 14.8(86.9|73.0|88.2| 5.9|60.1
BQ/Ir
TABLE 8.3
The pressures in table 8.3 are in units of 10 “mm Hg

Neglecting reactions 3,4,5,6,7 and 8 again gives equations

8.8 and 7.3 with E' = E - D + q. where q. is the heat

of adsorption of B on the filament surface.

This is

the expression used by Page in the interpretation of many

of the reactions given in section 2.2,

The inclusion of the qa. term implies that the T.S

ion possesses an interaction energy q, with the surface.
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This is clearly impossible if this T.S is located at

the Schottky barrier. The model adopted for these react-
ions therefore assumes the T.S to consist of a linear

(S - B~ A") complex with three excited vibrations having
the limiting vibration frequencies corresponding to

100 . ~.  The rate determining motion is assumed to be
stretching of the B - A" bond instead of translation of
the whole complex normally to the surface. This model
will result in the loss of two rotational degrees of free-
dom by the complex. This may also be associated with

the loss of rotational freedom by the transition state

for adsorption. These assumptions give the expression

e 1 X
ASy 4.57 [16.84 : _iloglo(IszM) log, T

- log, ¥ (g)/v%j- 508 - = 8.4
if the transition state for adsorption retains three
rotational degrees of freedom. Iy is the moment of
inertia about the S-B-A" axis and V * is the symmetry
number of the complex. If the transition state for

adsorption also looses two degrees of rotational freedom,

1] — 1 1
asy 4,57 [19.91 = sloglo(IszM) 5 _zlogloczxxym

- log, {T(g)"/cr*cr(s)} - 2109'10'1'] - 5.95.8.15



124

The transition state for adsorption being assumed to
retain only the rotational freedom about an axis normal
to the plane of the molecule with a moment of inertia Iz

and associated symmetry number G (s).

The choice of the retention of Iz in the partition
function for the transition state for adsorption was
made by analogy with direct capture reactions. The
experimental data are not sufficiently accurate to enable
a distinction between Iy and Iz to be made since the
calculated values of .ASKbare very little influenced by
the choice of the rotation retained. The values of
AS& and AQSE calculated from equations 8.14 and 8.15
are given in table 8.3 and are clearly in very satisfact-
ory agreement with the observed values of AS(T). The
apparent electron affinities are calculated from the
relation

AH(T) = E' + 3RT. s Sy - %, 1

This again assumes that each of the three vibrations
excited to 100 cm © in the T.S contributes RT to the
experimental slope. The values of D-E are calculated
on the assumption that each reaction corresponds to the

loss of a hydrogen atom with gq_(Ir) = 66 kcals/mole,
Y H
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qH(W=WE) = 72 kcals/mole and qH(Pt) = 68 kcals/mole,

Taking Doy = 90 kcals/mole in chloroform gives

-H
E(CC13) = 29.1 kcals/mole, which is 4 kcals ggggter than
the value calculated by Kay and Page from the same data.
If the C-H bond energy in duroquinone is taken to be
similar to that in toluene (78 kcals/mole), the WC result
gives E = 18.0 and the iridium figure E = 19.9 kcals/mole.
These are close to the electron affinity of benzyl

(20.8 + 1.9) given in table 2.1. This latter is a
direct capture measurement by benzyl radicles and there-
fore is not subject to the possible sources of error
inherent in the interpretation of the present reaction.
The result of Gaines and Page22 when corrected to 0°k on
the basis of equation 7.6 instead of 7.7 gives E =

19.3 + 1.9 kcals/mole, in better agreement with the pres-
ent figures. The inverse calculation with E = 19.3,
when applied to their toluene results gives DC-H = 78.4

or D - E = 59.1 kcals/mole, in excellent agreement with

the present estimates for duroquinone.

All of the remaining figures in table 8.3 refer to

hydrogen loss from an sp2 hybridised carbon atom and SO,
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to a first approximation, it would be reasonable to
expect D - E to be constant. This is clearly not the
case. Referring again to the work of Gaines and Page,22
the direct capture electron affinity of phenyl radicles
derived from benzil was found to be 50.9 + 1.1 kcals/
mole. On the basis of equation 7.6 this becomes 49.4

+ 1.1 kcals/mole. Their benzene result of 34.5 kcals/
mole at 1563°K gives E-D = 46.8 kcals/mole at O K. The
work of Herron and Rosenstock has shown that this latter
reaction is probably more complex than was expected and
so the best estimate of D-E is probably 102 - 49.4 = 52.6
kcals/mole. This is very close to the p-benzoguinone
and tetracyanobenzene figures. Assuming D = 102 kcals
in these cases gives E = 46.0 and 51.9 kcals/mole respect-
ively. Fluorobenzoquinone is rather higher at 55.1
kcals/mole. The enhancement is possibly due to the
effect of the dipole moment of the molecule. A dipole
moment of 1.2Debye located 4.08 from the capturing orbital
would be expected to increase the electron affinity by
approximately 5 kcals/mole. This is in satisfactory
agreement with the order of magnitude of the effect
observed here. Unfortunately the same argument when

applied to 2,3 dicyanobenzoquinone predicts an increase
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in the electron affinity of the radicle and not a decrease

as is observed here.

The fumaronitrile results also do not fit into this
simple picture. If D remains at 102 kcals the electron
affinity becomes 34.1 kcals/mole from the results on Ir
filaments and 35.8 kcals/mole from the WC figures. These
values are much closer to the electron affinity of methyl
than phenyl and suggest a considerable modification of
the hybridisation of the carbon atom by the attached CN
groups. There is the possibility that the reaction
observed is the loss of two hydrogen atoms with the forma-
tion of the dicyanoacetylene anion, but this would appear
to be ruled out by the agreement between the Ir and WC
values which should differ by approximately 12 kcals if

two hydrogen atoms were adsorbed.

The measurements upon WC filaments have not been
included in table 8.3 since the modification of the work
function by the adsorbed molecules renders Richardson's
equation in its simplest form untenable. These measure-
ments give D-E = 61.8 kcals/mole or E = 40.2 kcals/mole.
These are 6 kcals in excess of the Ir result and do

suggest the loss of two hydrogen atoms. Assuming this
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to be so D1 ;s D2 - E = 133.8 kcals from the WC result
and 133.9 from the iridium data. (ignoring any changes
in the correction of the apparent electron affinities to
0°K) Making the assumption that the electron affinity
of dicyanoacetylene may be calculated on the basis of the
arguments of section 10.1 as 2x16.8 kcals/mole, the sum
of the C-H bond energies in fumaronitrile becomes 100.2
kecals. If the bond energy in the hydrogen molecule is
taken as 103.2 kcals, the difference in the heats of
formation of fumaronitrile and dicyanoacetylene becomes
=3.0 kcals/mole. The measured heats of formation of
TCNE and ethylene of 168.5 and 14.5 kcals/mole respect- '
ively give the heat of formation of fumaronitrile as
approximately 91.5 kcals/mole. Since the experimental
heat of formation of dicyanoacetylene is 128 kcals/mole,

these figures are not in very good agreement with the

estimate of =3.0 kcals/mole for their difference.

The evidence would therefore suggest the agreement
between the Ir and WC results for this reaction to be
fortuitous. The source of error is almost certainly

the strong adsorption of the gas which changes the work
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function of the surface. The complexity of such a

system is well illustrated by the data of section 9.

The general nature of these results again suggests
the model used for the interpretation of these reactions
is reasonable. It is very difficult however to assess
the reliability of any particular values since discrep-
ancies between the measured and comparison values may be
real or only apparent. The work of Herron and Rosen=-
stock82 has shown that the interpretation of some of the
early work in this field was incorrect in that a simple
interpretation of a complex reaction was advanced due to
lack of information about the ions formed. This source
of error is particularly likely with substrates such as
duroquinone where D _H'ik Age With such systems the
high heat of adsorption will facilitate dissociation
before electron capture and it will be possible to obtain
ions by alternative routes to the one assumed in equation
8.8. Errors of this type can be to some extent avoided
by measuring the electron affinity on more than one
filament material, but as the fumaronitrile figures

show, the results are not necessarily unequivocal.

Even when the nature of the ion is known with
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certainty the neglect of side reactions may make the
estimation of electron affinities meaningless. Such a
case would appear to be electron capture by HCl upon
iridium filaments where preliminary measurements have
shown that the enthalpy change AH(T) for the reaction
Hl + e —>Cl + H(s) differs in the presence and
absence of excess hydrogen and in neither case appears to
bear any simple relation to the known electron affinity,

bond energy and heat of adsorption.

The results of the measurements discussed in this
section are generally in adequate agreement with the
theory advanced and apart from minor differences in the
correction of the apparent electron affinities to 0°K
substantiate the kinetic approach advanced in section

2.2.
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9. ELECTRON CAPTURE BY TETRACYANOETHYLENE UPON TUNGSTEN,

TANTALUM AND MOLYBDENUM FILAMENTS

9.1 Preliminary observations

The data of section 8.2.1, when corrected to OOK,
gives the electron affinity of TCNE, when measured upon
platinum, rhodium and iridium filaments as 65.2 + 1.5
kcals/mole. This is considerably less than the initial
estimate of 150 kcals/mole23 which was derived from
measurements upon tungsten filaments. The reason for
this discrepancy is to be found in the complex nature of
the interaction of TCNE with tungsten, tantalum and

similar metals.

The most notable effects of this interaction are
shown in figure 39. In the presence of TCNE at a
pressure of 8 x 10" mm Hg the electron current from a
tungsten carbide filament is increased, relative to the
emission current from the same surface in the absence of
the gas, at temperatures below 1890°K and decreased at
temperatures above this. The difference between the

apparent thermionic work functions of the 'clean’

surface and that exposed to the gas is about 1 volt at
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temperatures below 1840°K. The increase in the magni-
tude of the electron current is, however, less than
would be predicted by a change in the work function of
the whole surface of this amount. Both the level of
the electron current and the thermionic work function
are sensibly independent of the gas pressure but very

dependent upon the previous history of the filament.

At temperatures below 1300°K the negative ion
current is greater than the electron current. At very
low temperatures (approximately 500°K) increasing the
filament temperature causes an initial large increase in
the ion current (marked with crosses in fig 39) and then
a rapid fall to the equilibrium value. Upon decreasing
the temperature only these latter currents are obtained.
Below 1840°K the logarithm of the electron to ion
current ratio has a temperature dependence characteristic

of an enthalpy change, A4H(T), of 76 kcals/mole.

9.2 The electron current

Tungsten and tantalum in the absence of any substrate

vapour behave quite normally having thermionic work

functions of 4.56 and 4.21 eV respectively. These
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compare favourably with preferred thermionic values of
34

4.54 and 4.25 eV. The behaviour of these two metals

upon exposure to the vapour, however, is significantly

different.

The initial measurements when a fresh tantalum fila-
ment was exposed to TCNE were somewhat erratic until the
surface had become conditioned by the vapour. The
electron currents showed a slight increase in magnitude
but for the first runs the work function remained that
characteristic of the clean surface. Determinations of
the electron affinity from the ion/electron current ratios
on fresh tantalum filaments gave, for the first runs,
values of 146, 158, 162 and 161 kcals/mole, Subsequent
runs gave apparent electron affinities which tended to
become progressively smaller with the number of determina-
tions. Typical values were 161, 123, 135, 133, 1lll and
118 kcals/mole for one series and 162, 138, 122, 129 and
131 kcals/mole for another. The second and subsequent
runs upon all of these filaments had work functions of
3.74 + 0.23 ev (14 determinations). The effect of
changing electron current level is shown in figure 40.

Removing the source of vapour and pumping the apparatus
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showed the work function of the underlying surface to
have changed to 4.69 eV. It is well known that tantalum
is very prone to surface recrystallisation and that the
surface crystal habit is readily modified by the presence
of vapours and so this behaviour is understandable. The
first electron affinity determinations on new filaments
have a mean value of 156 + 6.8 kcals/mole and the mean

of the second and subsequent runs is 128 + 8.5 kcals/mole
(13 determinations). The difference between these
figures, 28 kcals, is close to the difference in the
clean and covered surface work functions (19 kcals).
Heating the filament for 15 mins at 2000°K caused the
work function to revert to the value characteristic of
annealed tantalum (4.21 eV). Re-exposure to the gas
again gave random measurements until the work function
had fallen to 3.74 eV. Exposure of a surface of work
function 4.69 eV to the vapour caused an almost immediate
increase in the electron current and change to }fo =

3.74 eV.

If the temperature of the filament was raised above
lBOOOK in the presence of TCNE, the measured work functions

again became erratic for some time before finally
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stabilising at a value of 4.63 eV, becoming 5.24 eV

upon removal of the vapour. This change in work
function appeared to be accompanied by a change in the
resistivity of the filament material and necessitated a
recalibration of the filament temperatures. A filament
which had been subjected to this treatment appeared to
loose the facility for surface recrystallisation and it
was impossible to reproduce the behaviour described in
the previous paragraph. An X-ray examination of one of
these filaments revealed the presence of considerable

amounts of tantalum carbide.

This type of behaviour was also found to a lesser
extent with tungsten filaments. Immediately upon expos-
ure to the gas the work function measurements became
erratic before finally stabilising at a value of 4.55 eV,
which became 4.85 eV upon removal of the gas. The
initial measurements of the electron affinity were again
in the region of 150 - 160 kcals/mole and these were the
values reported by Kay and Page.23 As with tantalum
the magnitude of the result fell with continued measure-

ments, finally reaching a value of about 76 kcals/mole.

X-ray examination again showed the presence of carbide.
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In a subsequent series of measurements it was noted
that tungsten carbide filaments prepared by exposure of
tungsten to fumaronitrile at temperatures of about 2000°K
showed a considerably enhanced facility for the adsorption
of TCHNE. The work function of such a surface in vacuo
was 5.05 + 0.07 eV, becoming reduced by 0.94 eV upon
exposure to TCNE. Similar behaviour was observed with
fumaronitrile (){o reduced by 1.02 eV) and phthalonitrile

(‘Xo reduced by 1.07 eV).

Studies using molybdenum filaments were hampered by
the ease with which the gas reacted with the metal to
form a carbide. This latter appeared to show a phase
change at 1825 - 1850°K which was evidenced by a discont-
inuity in the filament heating current - temperature
calibration, The calibration temperatures exhibited
hysteresis about this point, the effect being illustrated
in figure 41. In the absence of the vapour both phases
appeared to have a work function of 4.80 eV. In the
presence of TCNE the low temperature phase showed a
slight increase in electron current and a reduction in

work function of 0.27 eV. At the temperature of the

phase change the electron current increased rapidly by
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a factor of about 20 and the work function dropped by
about 1 volt. It was difficult to make any more precise
estimate of the change in work function because desorption
appeared to set in as the temperature was raised further.

These facts are illustrated in figure 42.

From the data so far presented the interaction of
TCNE with W, Ta and Mo filaments would seem to involve
adsorption of the material with a high specificity in the
nature of the adsorption sites. This is particularly
well illustrated by the necessity for the occurrence of
surface recrystallisation with tantalum and a phase change
with molybdenum carbide, before adsorption can take place.
The dependence upon the material used to carbide tungsten
filaments also argues in favour of this interpretation.
The similarity of the change in work function consequent
upon the adsorption of TCNE, fumaronitrile and phthaloni-
trile suggests that the same or a similar species is
responsible for this in each case. If these molecules
were adsorbed with their planes parallel to the surface of
the filament they would create dipole fields at the
surface which would lower the work function in the manner

experienced, The adsorption energy however can hardly
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be electrostatic in origin since TCNE possesses a dipole
field, located on the axis of the molecule, which would
be expected to be twice as great as those in fumaronitrile
and phthalonitrile. This would presumably lead to a
greater lowering of the work function and electrostatic
heat of adsorption for this compound. The former of these
predictions is certainly not true and the latter is also
unlikely since all three materials appear to be equally
strongly adsorbed and must possess a considerable heat of
adsorption to remain on the surface at 1800°K. Measure-
ments of the pressure dependence of the ion current
described in section 9.3 suggest the heat of adsorption

of TCNE upon TaC to be 118 kcals/mole. This is close to
the heat of chemisorption of ethylene upon Ta (138 kcals
/mole) and W (102 kcals/mole). The evidence would there-
fore seem to suggest the opening of the double bond
carrying the CN groups upon the adsorption of each of
these molecules. This should lead, in each case, to a
similar configuration of the CN dipoles relative to the
surface and hence similar changes in the work function.
This method of adsorption will also be very specific with
regard to adsorption sites. The heats of ethylene

chemisorption are known to fall rapidly in the series
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Ta ) Nb ) W,Cr ) Mo ) Fe ) Mn ) Ni,Co ) Rh )Pt,Pd ) Cu,Au
and so the fact that TCNE was not adsorbed by Rh

(g = 50 kcals/mole) and Pt is understandable.

ethylene
Comparing the electron currents from the clean (io)
and covered (it) surfaces by means of equation 5.10, gives

in the present case
RT.log(J.t/J.o) = RT.log & + A'Xm(T). - == 9,1

where & is the ratio of the transmission coefficients.
This is plotted in figure 43 for a tantalum filament
exposed to 1.8 x 10~ %mm Hg of TCNE. The other data is
summarised in table 9.1. The magnitude of &K in all these
systems shows that the adsorption is accompanied by a
considerable decrease in the transmission coefficient for
electrons leaving the metal. This suggests a potential
energy barrier of the type shown in figure 23c. The
transmission coefficient through such a barrier, assuming
a perfect double layer and no image force effects, has
been calculated by Fowler.74 A barrier of this type is

illustrated in figure 44.
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Filament | p (mm Hg) [AY (T) ol 1R)| o
Ta 1.0 x 102 | 11.7 |9.31 x 1072%] 7.6 |o0.32
Ta x 10> | 19.6 |3.86 x 107%| 7.3 |o0.28
Ta 1.8 x 10°Y | 22,0 |3.34 = 10°%|7.0]0.32
Ta 5.0 x 10| 25,0 |3.50 x 1072 | 7.0 | 0.32
Ta 1.0 x 102 | 21.7 |3.34 x 1072 7.0 0.32
We* 1.0 x 10°% | 227 11.08 x 207 | 522 |1J0
WC* s.o x—-1e> lazs [1.68 %" vor 1.0
WC* 2.0 x 10° | 22.9 |1.08 x 10t 5.2 |1.0
WC 138 % Ap 6.8 |3.46 x 10 -1%6,5]0.64
MoC w307l e Lai2e s 107~ 6.9 foi5e
MoC 1E % 90t Hae 7.84 x 10>| 7.8 |0.14
Tac 2,0 x 10°Y | 14.0 | 6.58 x 1067%] 7.6 |0.29

TABLE 9.1

An asterisk denotes a carbide prepared by exposure to
fumaronitrile, all others were prepared by exposure to

TCNE. The values of A:(m('l‘) are in kcals/mole.

For the square barrier corresponding to Xo in

figure 44 the transmission coefficient will be given by

. 2[Wk=r/ )(o] W2 Rl 9.2

Qul
I

and for the barrier corresponding to ')(o - Al’m('l') the
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transmission coefficient through the potential energy hill

will be,

- e 1/2 4 1/2
d_ = e[nk'r(xo - Axm('r)j oKD= o z.l.Elem(T)]
Xo

where 22 = Bﬁzme/h2 and 1 is the thickness of the potent=-

ial energy hill. Combining equations 9.2 and 9.3,
L = 4{JKo - A%/ X) exp - 2a1[AY,(T)]
----- 9.4

The values of 1 calculated from the experimental values
of Xo' A'Xm(T) and o« , via equation 9.4, are given in
table 9.1. These figures represent lower limits for 1,
since the effect of image forces will be to reduce the
effective height of the barrier and therefore increase

the transmission coefficient.

The effective thickness of the barrier can also be
estimated by assuming that the double layer is defined by
the thickness of the adsorbed layer and the first layer of
atoms of the metal. Summing the covalent radii of

carbon and the metal and approximating to the separation

of the layers by adding the separation of the components
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in a charge-transfer complex (3.2 g), 1 = 5.38. This is
in excellent agreement with the estimate made from the

transmission coefficient for tungsten carbide prepared by
exposure of W to fumaronitrile. Estimates from the other

materials are, however, much too large.

If the adsorbed species is the same upon all of these
materials, then the WC* and Ta figures would suggest that
the local work function in the presence of an adsorbed
molecule is reduced by approximately 1 volt. Smaller
changes in work function must therefore be ascribed to a
reduction in the fraction of surface covered by adsorbate.
If these adsorbed molecules are perfectly randomly arranged
upon the surface equations 5.7 and 9.1 will adequately
define the emission current. If however adsorption
occurs preferentially upon one type of site, the arrange-
ment will not be quite random and so a summation over all
surface sites similar to equation 5.1 must be used.
Approximating this, in the present case, to emission from
two types of patch, covered or uncovered, gives the thermio-

nic electron current as,

i, = aotl-e)smzexp(- X /RT). + ESGBATZexp[-(Zo - AYX)/RT.]
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where © is the fraction of the total surface with the
reduced work function, and X % is assumed to be uniform
over the whole surface. If the second term is much

larger than the first,
RT.log(it/io) = RT.logX '® ‘+ QX . = = 9.6

Since © <1, the values of K defined by equation 9.1 will
be smaller than the true values «'. Comparing equations
9.1 and 9.6, AX = AY_ (T). Combining equation 9.4
with the estimate of 5.3% for the barrier thickness allows
© to be calculated from the experimental value of X,

These figures are recorded in table 9.1.

The small values of A'Xm('r) from WC and MoC makes
the neglect of the first term in equation 9.5 unreasona-
ble and the approximate value of the large work function
change for the latter material again makes the accuracy
of the estimate of © uncertain. All of the tantalum
figures suggest a value of © of 0.32, which is a
reasonable estimate of the maximum statistically probable
coverage by a rigid layer of molecules of such size.
Robert383 has shown that the adsorption of a diatomic

molecule occupying two sites into an immobile layer
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results in some 8% of the sites remaining unoccupied. In
the present case the molecule will cover some 5 x 6 = 30
sites. To a first approximation, it may be assumed that
only if the space between two molecules is greater than
the molecular dimensions may a third be placed between
them. If the molecules are therefore adsorbed into an
immobile layer by random adsorption from the gas phase,
each one will be surrounded by a clear band half the mole-
cular size in width. This leads to a maximum probable
surface coverage slightly greater than 0.25, in excellent
agreement with the observed value. This is the type of
surface structure which would be expected on tantalum
filaments where the total surface coverage would be expect-
ed to be governed by the random adsorption of the mole-
cules. The fact that A'Xm('l‘) changes very little from
© = 0.320onTa to © = 1 on WC*, suggests that the
emission occurs predominantly from the region of the

adsorbed molecule.

The WC* figures suggest that the carbiding of the
surface with fumaronitrile leads to a regular surface

structure which is capable of adsorbing a much larger

number of molecules. This interpretation is in agree=-
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ment with the observation that removal of the vapour by
pumping and flashing led to reproducible 'clean' surface
work functions but readsorption of the gas, although
giving reproducible work functions, only gave reproducible
electron currents after the temperature of the filament
had been raised to 1840°K. This corresponds to a
temperature at which the rate of desorption of the gas is
significant and therefore rearrangement of the randomly
adsorbed molecules to accommodate new arrivals is possible,

leading to a much greater surface coverage.

In the temperature range 1700 = 1800°K, the electron
current passes through a maximum which may be used to
estimate the heat of adsorption of the gas upon the
surface. The rate of adsorption will be given by equat-

ion 6.4 which, with the assumptions p = 10" %m Hg,

Ea = 0, cs/Qs = (1-9), ©

— 1/2

0.3 and */Q = h/(2VMKT

Q4/Q_ = B/ (2Tt )

i 16 -2 -1
gives u_ = 1.2 2 10" wols.Cnm .E8C . If the adsorbed
molecules and the transition state for desorption are
equally mobile, equation 6.5 gives the rate of desorption
28 -2 -1 o

as 1.2 x 10" exp -q/RT molecules.cm .sec = at 1840K and

e = o0.3. If the adsorbed molecules are immobile and

the transition state for desorption is mobile, the
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pre-exponential term becomes approximately 1034. In the

present system the adsorbed layer is probably immobile,
therefore estimating the rate of desorption as

32 -2 -1 .
10" "exp - g/RT mols.cm ,.sec , and equating the rates of
adsorption and desorption at 1840°K gives g(wWwc) = 137
kcals/mole. The break in the line of figure 43 corres-

ponds to the onset of desorption and the same calculation

applied to this point gives g(Ta) = 126 kcals/mole.

9.3 The ion current

The emission of ions from the surface will be governed

by an expression of the form,

ii = ©CAexp - G/RT. = = = = = 9.7

where C is approximately constant, A is the surface area,
the fraction of the total surface covered by ion precur-
sors and @ is the heat of desorption of the ion. The
fraction of surface covered by adsorbed TCNE is known from
the results of the previous section to be effectively
constant, provided the temperature is not raised above
lBOOoK, and sensibly independent of the gas pressure. If

this were the same adsorbed species as that giving rise



o

6ot .
S0 =
1580°K
1450°k
-
{250°K |
| I 1 1
80 90 100

dependence of the ion current, TCNE/TaC.

-
@
m
w
=
|
4




147

to ions, ii should be correspondingly independent of
pressure. That this is not so is shown by figure 45

where the ion current deriving from TaC filaments can be
seen to increase with pressure up to p = 5 X lo_amm Hg.
Similar behaviour was observed with all filament materials.
Figure 39 shows the ion current to exhibit a maximum at the
same temperature as the electron current. This suggests
that even though the negative ions are not formed by the
strongly adsorbed layer, their formation is in some way
associated with its presence. In the region of this
maximum the variation of © in equation 9.7 can probably
be neglected compared to the variation in A, if this latter
can be equated to the area of surface covered by strongly

adsorbed TCNE (GEAOJ.

At the maximum dii/dT = 0, which becomes for Langmuir
type adsorption, @ = (l-E)S)qS where dq is the heat of

adsorption of the strongly adsorbed layer. Now,
- 2= I D T T et e s s .8
(1-e.)/8, = k,/kp 9

where klp is the rate of adsorption and k2 the rate of

desorption, whence,

k2/k1p = ﬁ/(qs e ﬂ)- ----- 9.9
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Therefore substituting k2 = koexp[f qS/RT£]

log p = log(k /k,) + 1log (q_ - 9)/# - q/RT

Plotting log.p against 1/T, where T is the temperature at
which the maximum in the ion current occurs when the
pressure is p, should yield a straight line of slope qs/R.
This is shown for measurements upon TaC in figure 46.

The average value of dg from several such measurements was
118 + 4 kcals/mole, in good agreement with previous esti-

mates.

The intercept of figure 46 has a value of 16.34.
Figure 47 shows that the slope on the high temperature side
of the maximum in the ion current is constant and indepen-
dent of the gas pressure, and since, by differentiation of
equation 9.7 this is equal to (1-E)$)qs - @, this constancy
implies that © does not vary greatly. Assuming it to
be vanishingly small, Sy @ = 28 kcals/mole and hence ¢£}
90 kcals/mole. (The data are taken from figure 47).
Since the pressures of figure 46 are in units of 10_4mm Hg,

log kl becomes 16.22 (assuming (1-Eg) = 1) and hence

logloko = 33.07. This is close to the value estimated
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for desorption from an immobile adsorbed layer and in
agreement with the predictions of adsorbate immobility

made from the measurements of the previous section.

In the early measurements of Kay and Page it was
assumed that the ions were formed in the primary adsorbed
layer. If this were so, =g = E' = ¥ - qa and there-
fore g = $= E' -7 . Under the present conditions X
is constant and equal to 128 kcals/mole over this tempera-
ture range so that apparently E' = 156 kcals/mole. This

is also the apparent electron affinity which was measured

in the first runs upon fresh tantalum filaments (156 + 6.8
kcals/mole.) As noted in the previous section subsequent
measurements gave E' = 128 + 8.5 kcals/mole, the
difference being due to the change in work function

accompanying the increased surface coverage of the filament.

If these results are to be interpreted on the basis
of the superimposition of a changing effective surface
area for electron capture upon the normal temperature
dependence of the ion current, then 128 = E' + q. and
E' = 10 kcals/mole. This is clearly very far removed

from the value of 72 kcals/mole derived from measurements
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upon Pt, Ir and Rh. The reasons for this apparent
discrepancy are almost certainly to be found in the
assumption that the high temperature slope of figure 47

is equal to q. = . This will only be true if equations
9.7 and the Langmuir equation apply. At low surface
coverage Axm{T) will vary with © and therefore a better
expression for the slope of figure 47 in this region would
be (l-EiS)qs -p - T.diﬁrm(T)/dT. For the apparent elect-
ron affinity of 128 to yield a true electron affinity of
72 kcals/mole, with © & 0, the T.dA'Xm(T)/dT term must
contribute 62 kcals/mole to the experimental slope. This
would correspond to a change of 5.3 kcals/mole in,xﬁxm(T)
between the maximum and minimum in figure 47. A varia-

tion of this order of magnitude is quite feasible.

Measurements of the apparent electron affinity of
TCNE, when confined to the low temperature side of the
maximum in the ion current, gave much more reproducible

figures. These are summarised below.
(1) Measurements near maximum, film desorbing slowly.

TaCc AH(T) = 75.9, 73.6, 67.6, 72.8, 72.3, 70.7, 68.2,

70.5, 66.4, 65.0, 68.6, 73.6, 76.4, 73.2,
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75.4, 78,6, 76.1. Hence
E'(1550°K) = 72.5 + 3.8 and

E = 66.1 + 3.8 kcals/mole.

we AH(T) = 79.6, 76.4, 76.0, 78.8, 75.5. Hence
E'(1590°K) = 77.3 + 1.6 or

E= 71.0 + 1.6 kcals/mole.

{i1) Measurements with constant surface coverage.

Ta AH(E') 73.4; 73.8; 73.4: 71.8, 73.1, 73.6: 74.1'

74.6, 74.6, 72.3. Hence
E'(1430°K) = 73.5 + 1.0 or

E= 67.8 + 1.0 kcals/mole.

Il

AH(T)

|3

2.2, 6.5, 1.7, 14, '16.3; 164, 11.9;
76.4. Hence E'(1300°K) = 76.1 + 1.5 or

E= 71.0 + 1.5 kcals/mole.

The determinations of the electron affinity of TCNE

are summarised in the following table.

Filament Pt i Rh Ta TacC WC
E 66.9 |64.0 |63.8 |67.8 |66.1 |71.0
N h el 1.5 1.9 1.0 3.8 3.6
no of detmns 7 8 3 10 17 13

TABLE 9.2
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The weighted mean of these results is 67.2 + 2.5 kcals/

mole. (T7)

It is instructive to calculate the thermodynamic
functions, defined by equation 7.14, associated with the
formation of ions by TCNE upon covered surfaces. Equat-
ions 7.14 and 7.9 may be combined in the slightly modified

form,

ie/ii - (KkT/p) .exp [ - ﬂG/RTZ[ ----- 9.11

This gives the following figures,

Filament Pt Tr Ta Tac WC*
°K 1475 | 1414 1450 1620 1222
p(mm x 10°) | .1 i1 | o0 0.14 0.08
o & 1 ; | 3.34x10'2 6.58x10-2 1.08x10-1
loglole/:Li .33 [ 183711296 1.10 1.17
~AG(T) 95 88 106.4 90.3 66.6
AH(T) 72.3 69.4| 173.5 7258 76.1
AS (T) 114 117 110.3 100.5 116.8
TABLE 9.3

The entropy changes are close to those obtained for
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electron capture by TCNE upon metals where there is no
strong adsorption and so the mechanism of ion formation
upon the covered surface is presumably identical to that

upon the clean surface.

At very low temperatures the ion current deriving
from WC* filaments suggests an apparent electron affinity
of 84.0 + 0.6 kcals/mole (10 determinations) in the
temperature range 800 - 1170°K if the work function of
the filament is assumed to remain unchanged. However
since the temperatures used in deriving this data were
extrapolated values from the temperature calibration graph,
no great reliance can be placed on the absolute magnitude
of this result. If this increase is real it must be
associated with either a change in work function or else a
change in the mechanism of ion formation. Of these two
the former would appear more likely since the electron
current at low temperatures has already been noted as
suggesting multilayer adsorption. This process has also
been observed in adsorption studies upon iron powders.

The change in apparent electron affinity would require a
lowering of the clean surface work function by 35.5 kcals

consequent upon multilayer adsorption.
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10. DISCUSSION OF RESULTS

10.1 The Measured values

154

From the data given in tables 8.1, 8.2 and 8.3 the

entropy changes associated with the direct capture (C),

dissociative (D) and dissociative capture with adsorption
(A) reactions may be calculated as; (Figure 48)
AsS(Cc) = 110 + 17 eu (98, 112).
as(a) = 82 + 5eu (73, 85). = = = = = 10.1
AS(D) = 53 + 7 eu (57).

The values given in brackets are calculated on
of equation 7.13. These figures appear to be
istic of the reactions occurring and the value
may therefore be used as a diagnostic test for
ion type. This information should supplement

pretation of the process on the grounds of the

the basis
character-
of AS(T)
the react-
an inter-

feasibility

of the enthalpy change AH(T). It is unfortunate that

the compensation effect between AH(T) and T.AS(T)

prevents the electron affinities being calculated from

the absolute magnitude of the ion/electron current ratio,

by the methods of statistical mechanics.
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The application of transition state theory to the
emission of ions and electrons from heated metal surfaces
has shown that the measured apparent electron affinities
may be identified with the enthalpy change AH(T) for

the reaction

where the asterisk signifies that all species are in their
respective transition states for emission from the surface.
The values of AH at the temperature of the reaction (E)
are related to the values at OOK by the approximate

relationships,
AH(T) = B WY, e e 10.3
for direct capture and simple dissociative reactions, and

AH(T) = H + 3RfF; === == 10.4
for dissociative reactions involving adsorption of the
residue, The exact relationship between AH(T) and
11Hb requires a more complete knowledge of structure
and vibration frequencies of the transition state ion
than is generally available. The errors introduced by
these approximations however would appear to be small in

view of the agreement between the data derived from
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direct capture measurements upon radicles and that
derived from measurements involving dissociation with

adsorption.

The electron affinities which have been measured in
this work are summarised in table 10.l. The data for the

dissociative reactions has been discussed in section 8.3.

The direct capture electron affinities of the cyanocarbon
derivatives and quinones given in the table show evidence
of an additive relationship between the number of
substituents and the electron affinity. This is illus-

trated in table 10.2.
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TABLE 10.1

Substrate AH(T) AH E D o
NO,/Pt 96.2 + 3.7 90.1
-32.1 + 1 -39.4 32.6 (72)
5.0 + 2.2 -1.6
NO/Pt 25.6 * 2.5 19.1
BQ/Ir 36.7 + 0.2 30.9
BQ/WC 37:1. % 1.1 30.6
24.8 16.0 46 (102) (72)
chloranil | 80.9 + 1.5 75.9
DQ/WC 21.5 4 2.7 12.0 18.0 (78) (72)
DQ/Ir 15.1 % 1.1 1.2 19.2 (78) (66)
diCNBQ/Ir | 14.8 + 1.8 6.0 42.0 |(102) (66)
FBQ/Ir 54.8 49.8
-26.4 + 0.8 | -31.9 (79.4) | 111.3(c-F)
28.6 + 2.8 19.1 55.1 |(102) (66)
TCNE/Pt | 72.3 + 1.2 66.9
TCNE/Ir | 69.4 + 1.5 64.0
TCNE/Rh | 70.7 + 1.9 63.8
TCNE/Ta | 73.5 + 1.0 67.8
TCNE/TaC| 72.5 + 3.8 66.1
TCNE/WC | 76.1 + 1.5 .0
TCNB/Ir | 64.4 + 1.3 59.3
28.4 + 1 15.9 51.9 |(102) (66)
TCNQ/Ir | 88.3 + 2.2 83.3
56.1 + 1.7 50.2
HCNB4/Ir 97.4 + 2.8 92.4
82.3 + 3.0 76.8
-22.0 + 4.9 | -28.3
TCNPy/Ix 54.0 + 1.9 49.1
-17.4 -23.5 (59.1) 82.6 (C~CN)
HCNB/Ir | 62.8 + 3.1 57.3
PN/Ix 30.1 + 3.1 24.0
PN/WC 30.4 + 2.2 24.4
FN/Ir 21.3 + 2.7 15.7
6.6 + 2.0 -1.9 34.1 |(102) (66)
FN/W 15.4 + 1.9 5.8 35.8 |[(102) (72)
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Values given in brackets are assumed in the calculation

of E or D.
Molecule E (kcals/mole).
PN 2x-15.8 =
TCNB 4 % 15.8 = 2x 1.
HCNBd 6 x-15.3
TCNE 4 x 16.8
BQ 2 x 19,2 - 4x1.9
FBQ 2 x19.2 & 3 %359 * Lk
Chloranil 2x19.2 + 4x 9.4
HCNB 6x 9,6
FN 2x16.8 -~ 2 %X 9.0

TABLE 10.2

Each CN group appears to contribute 16 kcals/mole to the
total electron affinity whereas each hydrogen atom appears
to decrease the measured value by 2 kcals/mole. For
most of these molecules the first unoccupied orbital will
be low lying and, if this is so, the major contribution
to the electron affinity will be the work done in bring-
ing the electron up to the molecule from infinity against
the field due to the dipoles of the substituents. It

may be simply shown that this is equal to f.jijﬁigy where
2

3 x
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/J is the resolved part of the dipole acting along a

line joining its centre to the centre of the molecule,
the separation between these latter two being x. This
equation may be used, in conjunction with the experiment-
al dipole contributions to the electron affinity, to
compute the dipole moments of the substituents. The

data is summarised in table 10.3

85
Bond AE (kcals) | x(X) po) o (AR AE__,

c-H -1.9 2.17 -0.20 =0.4) {ss.e
C-CN 15.8 3.42 4.04 3.99 | 15.6
C-F 17.1 2.17 1.75 139 12,8
c=0 19.2 2.08 1.81 2.3 24.4
c-Cl1 9.4 2.17 0.96 1.30 | 12.7
C-Br 2.17 2:83 s e
c-1 2.17 1.30 1329
C-Me 3.65 8,717 ) 52.7
C-NO 3.53 3.81 114.1
C-CNTTCNE) 16.8 2.36 2.04

C-H(FN) -9.0 1.28 -0.32

TABLE 10.3

The agreement between the observed and calculated values
is impressive for C-H, C-N and C=0, The reduced C-Cl
dipoles in chloranil and TCNE are possibly due to mutual
polarisation effects. This would be in accord with the
observation85 that the dipole moments of the substituents

in fully substituted compounds are reduced by approximately
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20%. This calculation may be inverted and the measured
bond dipole moments used to calculate the bond contribut-
ions and hence the electron affinities of a range of

dipolar substituted benzenes. The values obtained from

such a calculation are given in tables 10.3 and 10.4.

No | Compound Eexpt(ev)dEcalc(eV).hvzipt(ev).hvcalc(ev).
1 BQ 1.34 1.44 2477 2.80
2 N02 i 2eal 1.88 2.30
3 CW . " 2,29 2.24 2,12
ke F = 2,16 2:11 2,63 2,25
4 2,16 2,53 P
64 Bxr * 217 2,50 2.20
7 I = 2,16 2399 2,21
8 Me " 1.49 2.84 2,60
9 |diCN " 3.14 173 1.70

10 | tetra CNBQ 3.87*% 1.10 1,27

11 | tetra CIBQ 3.29 3.44 2,03 1.15

12 | TCNB 2557 2.39 2,51 2,63

13 | HCNB 2.49 3.27% 1.95 2,02

14 | TcNXy 1.99*% 2,83 2.80

15 | PCNT 2.63% 2,32 2,43

16 | TCNE 2,92 U =3 4 2 1:7%

17 | TNB dedk 2,79 3.35

18 | TCNQ 3.61 1.62

19 | HCNBd 4,01 1.43

TABLE 10.4
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9 = 2,3 dicyanobenzoquinone, 14 = tetracyanoxylene,
15 = pentacyanotoluene, 17 = sym=trinitrobenzene, All
values marked with an asterisk have been reduced by 20%

to allow for the effects of full substitution.

10.2 The relationship between charge-transfer

measurements and electron affinity

The characteristic absorption bands of many molecular
complexes, which can be attributed to neither partner
alone, are believed to be associated with the transfer of
an electron from one molecule, termed the donor, to the
other, termed the acceptor. Mulliken86 considered the
complex to be due to the interaction of a no bond ground

tat (D,A) and a polar excited state (D+ A7)
v 'P s P q?l ;

to produce a stabilised ground state having a wave funct-
ion

@é - LPO(D,A) + o(lPl(D-l-,A-)

and an excited state, the charge-transfer state,

‘fi = \;1(1:*,{) + PLI'O(D,A)

The charge-transfer band is then associated with the

transition l{) ' \P b
o e 3
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The energy change associated with the charge-transfer

5 2 87
process is given by,

huCT = ID(V) - E(v) + G1 + Go + xl + xo

- = === 10.5
where ID(v) and E(v) are the vertical ionisation potential
and electron affinity of the donor and acceptor respective-
ly. X represents the resonance energy of the interaction

between the 'no bond' and 'dative' states, and the G's

contain the remaining interaction energy terms.

When o and [2 are very small the X terms may be

neglected to give the linear relationship,88
hv m L e R e B e e e 10.6

where C represents the interaction energy of the excited
state relative to the ground state. This equation and
the closely related quadratic form89 have been extensive-
ly used in the measurement of ionisation potentials,go
and several attempts have been made to relate the charge-
transfer energy to the electron affinities of a series of

91
acceptors.

In all of these measurements the assumption is made

that the interaction energy is approximately constant
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throughout a series of complexes of similar bond type.

In the case of ionisation potential measurements this
assumption has the backing of experimental evidence, since
the ionisation potentials so measured can be compared
with the values obtained from photoionisation and electron
impact studies. The paucity of electron affinity data,
however, has precluded attempts to justify this assumpt-
ion in relation to their measurement by charge-transfer
methods. The data is currently so scarce that it has
hitherto only been possible to use a single, rather
dubious, electron affinity as the basis of a whole series
of extrapolated values. Briegleb92 has attempted to
overcome this by comparing the results of several differ-
ent methods of measuring electron affinities and has
produced a table of relative electron affinities which
have a more reliable background than the original extra-

polation procedure of Batley and Lyons.gl

Unfortunately the electron affinities predicted by
these methods are uniformly much lower than the results
of the magnetron measurements predict. In the case of
charge~transfer measurements this would appear to be due

to the neglect of charge-dipole interactions in the
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excited state of the charge-transfer complex.

If the interaction energy of the excited state of
the complex is entirely electrostatic in origin, the
value of C may be calculated by summing the charge-charge,
charge-dipole and reaction field contributions and adding

to this the work of charging the dipole of the complex.93

Hence,
G et EZ/Ai.e."i 3 ZZﬂj.e.“j
r T 3/2 T A 2
t(rz S x?) / ) (r2 + x§)3/
2 2
AR Ok -
3 T /%:( ''''' Ag

where the first term represents the charge-charge inter-
action between the excited donor and acceptor at a separa-
tion r. The second term is the contribution due to the
interaction between the charge on the acceptor with the
dipoles of the donor, x and r having the same meanings

as previously. The third term is the interaction energy
of the acceptor dipoles with the charge on the donor.

The fourth term is the contribution due to the reaction
field of the dipole }1 of the excited complex with the

solvent. Here f represents the term,
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g =1 (20 = 2)
3 (237 # 1)

where a3 is the volume of the cavity in the dielectric
in which the complex lies, " being the dielectric
constant and A the polarisability of the complex. The
final term is an approximation to the self energy of the

dipole /4 and represents the work of charging the dipole

in a medium of polarisability &

In the previous section the electron affinity was
shown to be given, to a good approximation, by
Ez}ﬂj €/x*. This may be combined with equations

10.6 and 10.7 to give,

A gf g o e
3 = = 5 —— y
o (r2+ x§ y3/2

+ 2 /“i.e.xi St =10.8

(rz b 2 2,3/2 2(l-f ) 20

hy

which reduces, for a given acceptor and series of donors
to;

hy = LU

win

i Vol PR & TO.9
S totE 2y
¢ |

and for a given donor and series of acceptors,
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3
B e K= 2 NSHE 5
.3 1 . =10.10
3 2 2 2.3/2
X (xr™ + x)
33 J
% xj is approximately constant this reduces to,
hy = K = bE, == == = 10.11

where b <l .

The majority of donors used in charge-transfer
studies are hydrocarbons in which f‘i will be small and
X, large. The interaction energy term in equation 10.9
will therefore be small and a plot of hY against E
'should have an approximately unit slope. This is general-
ly observed. The converse is true for charge-transfer
from a given donor to a series of acceptors since xg will
generally be comparable to (r2 + xg)3/2. For typical
values of x; = 3.658 andar= 3.28, b= o0.62.
Figure 49 shows a plot of the observed values of h¥
against the calculated and, where available, experimental
electron affinities for the charge-transfer reactions

between pyrene and a series of dipolar substituted accept-

ors. The slope of the line drawn is 0.69.
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The value of K in equation 10.10 may be estimated,
for the donor pyrene, by assuming the following data;
r= 3.2, p(c-B) = -0.4p, a= 2r, I'"(cECl,) = 4.82,
/U = l-t:ll:)..94 XK = o(A + D(D = 4,8 x 10"23cc. Combining
this data with the polarographic estimate of 7.53eV for
the ionisation potential of pyrene gives K = 4.0l eV.
The values of b for various substituents are given in the

following table.

Group xj bj
H,F,Cl,Br,I 2:,17 0.853
CN 3.42 0.659
=0 2,08 0.866
Me 3.65 0.621
CN(TCNE) 2536 0.825
NO, 3.53 0.624

TABLE 10.5

These figures are combined with the group contributions
to the electron affinity given in table 10.3 and the
estimate K = 4,01 eV to give the calculated values of the
charge~transfer maxima in table 10.4. Apart from the

chloranil figure the agreement is excellent. The line
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of figure 48 has the equation hY (eV) = 4.01 - 0.69E,

in good agreement with the calculated values of K and b.

In view of the crudity of the model used for these
calculations, the agreement between theory and experiment
is impressive. The results suggest that attempts to
derive electron affinities by means of linear extrapola-
tions in a series of compounds will yield reasonable
approximations only if due allowance is made for the

proportionality term b associated with the electron affin-

ity. The derivation of accurate electron affinities by
means of charge-transfer measurements would appear to
require more information about the dimensions of the
complex and the dipole moments of the substituents than

is generally available.

10.3 The relationship between the Polarographic

reduction potential and electron affinity

It has been demonstrated by many workers that the

cathodic reduction of organic molecules proceeds by a

reversible step involving one electron.%-lol This was

shown by Matsen and Haedgesloo'lol to be related to the

electron affinity of the species reduced by the equation,
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t—3 - - o - — - —
Ey E + AE__, X (Hg) B . 10.12

where E1 is the reversible one electron reduction potential,

AE the difference between the solvation energies of

sol
the ion and the neutral molecule, Y. (Hg) the work function
of the mercury surface and Eo is the absolute potential of
the reference electrode. ‘ﬁEsol is usually taken as being
equivalent to the solvation energy of the ion, that of the

neutral molecule being assumed to be negligible.

Maccolllo2 has demonstrated the existence of a linear
relationship between the polarographic reduction potential
and the calculated energy of the lowest lying unoccupied
orbital of the molecule (Ei) and Pople and Brickstock1°3

have shown this energy to be related to the electron

affinity by the relation

Ei = -E = ok = Wi - = = =10.13

The energy of the highest occupied orbital is similarly

related to the ionisation potential of the molecule by,

X + F, - = = = 10.14

E. = -I
J

F may be calculated by the semiempirical ASMOSC (Antisym-

metrical Molecular Orbital Self Consistent) method.
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oA was normalised by Hedges and Matsen101 to give, with
the calculated value of F, I = 8.12 eV for naphthalene.
The electron affinities, for a range of polycyclic aroma-
tic hydrocarbons, calculated using this value of o were
then related to E; . The solvation energy term in equat-
ion 10.12 was found to decrease with increasing number of
rings in the molecule. This was attributed to the effects

of charge delocalisation in the ion, which increases with

the number of rings.

Peover104 applied equation 10,12 to the reduction of
gquinones and demonstrated the existence of a linear
relationship between the reversible polarographic reduction

potential E, and energy of the charge-~transfer absorption

1
band. He also attempted to calculate the electron affini-
ties by estimating the solvation energy of the ion. The
charge distribution in semiquinone ions is expected to be

: . S 105
largely independent of the number or size of the rings
since molecular orbital calculations suggest that the
charge will remain almost exclusively on oxygen and
contiguous carbon atoms. By estimating the solvation

energy of the p-benzoguinone ion as being similar to that

of the benzene ion, and close to that of the other



(=]
1
|

LY A

1Fr ]
Lo r o :
i . j

O
T
1

O
wn
T
L]
|

P -
Cultulated E \
\

Polarographic reduction potential as a function

of the electron affinity of the acceptor.




a7

semiquinones, Peover was able to give upper and lower
limits for the electron affinities of a range of guinones.
His upper limit of 1.46 eV for p-benzoquinone is close to
the value measured in the magnetron, which was used by
him in a later paper75 as a reference electron affinity

to establish a scale of solution electron affinity values.

Unfortunately the predicted electron affinities of
the substituted benzoquinones from both these papers seem
much too low. As in the case of the charge-transfer
measurements this can probably be attributed to the
assumption that the interaction energy term, in this case
the solvation energy, remains constant throughout the
series. In figure 50 the reversible polarographic reduc-
tion potentials are plotted against the experimental and
calculated electron affinities. The slope of the line
drawn is 0.35, which suggests that the solvation energy
changes more rapidly with electron affinity than does
the charge (donor)-dipole (acceptor) energy in charge-
transfer from pyrene complexes. The linear relationship
between charge-transfer and polarographic measurements
would seem to imply a similar form of interaction in the

two systems.
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The estimation of ionic solvation energies is a
particularly difficult problem which has not, as yet,
been adequately solved. The basis of most treatments is
the theory of Born106 who regarded the ion as a rigid
sphere of radius r, and charge zE€. He showed the differ-
ence in the free energy of the ion a vacuum and continuous

medium of dielectric constant [' to be,

AG = -(ze)? o o = s YOS
2T, n
i

from which,
AH = -(ze)?{l‘-1 gl ('cﬁ) . ===10.16
2ri n ez DTP

The entropy term in equation 10.16 is usually small and

often ignored. The direct application of this expression
is difficult for two main reasons, one being that the ions
are not rigid spheres and so the estimation of r, is
difficult, and the other is that the dielectric constant

in the region of the ion is not that of the bulk solvent.

Extensions of equation 10.16 have usually involved
an attempt to allow for the structure imposed upon the

solvent in the immediate neighbourhood of the ion. The

first such approach was made by Bernal and Fowlerlo7 who,
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for the solvation of ions by water, derived essentially

the expression,

AN w X Bk % [I‘ -1] + U_. 10.17
AR

(ri I rs)z 2(ri + 2rs) n

The first term represents the ion dipole interactions in
the primary solvation sheath; the second term the Born
energy of the primary solvated complex, and the last term
represents the electrostatic energy of one solvent mole-
cule in the bulk solvent. This calculation was refined
by Eley and Evans108 and Verwey.lo9 It is difficult to
assess the reliability of these calculations since the only
function which can be measured is the sum of the solvation
energies of positive and negative ions and the division

of this into contributions from each ion is always subject

to the assumption that the model used is correct.

In the solvation of the ions encountered in polaro-
graphic reduction of organic molecules, the ion can hardly
be considered as being a rigid sphere and the use of
acetonitrile as a solvent causes the solvation number to
be large since the solvent molecules are, in general,
much smaller than the ion. With large anions which are

capable of extensive charge delocalisation, the local




E (V)

Solvation energy as a function of electron affinitv.
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effects upon the solvent will be similar for both the
anion and neutral molecule and so the solvation energy
should approximate to the Born energy of the solvated
complex. The limiting value found in table 10.6 of 1.65
eV, corresponds to an effective ionic radius of 4.53,
which would appear to be reasonable for such molecules as

TCNQ and HCNEd.

75,104

Acceptor -El E —AEsol(eV)
BQ 0.51 1.34 322
Me " 0.58 1.49 3.00
2,5 adide * 0.67 1.53 2.87
2 0.34 2.16 2,57
2;6 @4iel  * 0.18 2.76 2.13
2,5 4aiel *~ 0.18 2.76 2+13
tricelr = 0.08 3.43 1,56
tetraCl " -0.01 3.29 1.64
daicl, 5,6 dice * -0.51 3.25 2+33
HCNBd -0.60 4,01 1.66
FBQ 0.37 2.16 2.54
TCNB 0.71 2:57 1.79
TCNQ -0.19 3,61 1.64
TCNE -0.24 2,92 2,39
tetraBr BQ 0.00 3.24 1.85

TABLE 10.6
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For the smaller molecules the solvation energy would
appear to increase with decreasing electron affinity

according to the relation,

_AESO]. = 4,1 - O0.67E. - = = = = 10.18

It would be tempting to ascribe this increase to a reduc-
tion in the solvation energy of the neutral molecule, but
unpublished work by Peoverllo has shown that El' for TCNE
and benzoquinone is only very slightly dependent upon the
nature of the solvent used. This would appear to rule

out any molecule-solvent interaction as being responsible

for the change.

The similarity of the charge-transfer and polaro-
graphic data would appear to imply similar types of inter-
actions in the two systems and the lack of any solvent

dependence of E, suggests that the term is a charge-

1
dipole (acceptor) rather than a dipole (solvent) - dipole
(acceptor) interaction. If the rate determining step is,
as generally supposed, electron transfer at the metal

surface, the separation between this surface and the mole-

cule will be too small for electrical images to have any

meaning and the relevant interaction term would therefore
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seem to involve a discrete charge located in or at the
surface. The rate determining step would seem to be
analogous to charge-transfer either from the metal or an

adsorbed ion to the acceptor molecule.

These systems would appear to require a more extens-
ive investigation as to the nature of the rate determining
step before a more exact interpretation of the interaction

terms can be evaluated.

10.4 Conclusions

The two main objectives of this work, namely the
investigation of the formation of negative ions at hot
metal surfaces and the application of electron affinity
data to the study of the formation of negative ions in
solution, have both shown indications of being susceptible

to the theoretical treatments advanced.

The application of reaction rate theory to the magne-
tron measurements has resulted in a better understanding
of the possible sources of error in electron affinity
determinations by this method, but it does little to

prevent the tendency to oversimplify the interpretation
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of the results. The use of the entropy of the reaction
as a diagnostic test for the type of process occurring is
a useful aid to the interpretation of the measurements. In
this respect, change of filament material is also a
convenient means of identifying adsorption processes. The
study of ion formation by tetracyanoethylene has proved to
be a very useful test of the equations derived for both
ion and electron emission and the nature of the results

encourages the view that the arguments advanced are essen-

tially correct.

The application of 'magnetron' electron affinities to
charge~transfer data has shown a strong correlation between
the electron affinity and the energy of the charge-~transfer
absorption band. The nature of this relationship suggests
that the neglect of charge-~-dipole terms in the interaction
energy of the excited state of the complex is not justi-
fied. A simple electrostatic model for the complex gives
surprisingly good agreement between the observed and

calculated absorption maxima for the molecules considered.

The discussion of the polarographic measurements is

limited by a lack of information as to the exact nature
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of the rate determining step. The existence of a
functional relationship between the electron affinity and
the interaction term (the 'solvation energy') is demonst-
rated, but the lack of any dependence of the reversible

one electron reduction potentials on the solvent used
suggests this interaction to be one involving the electrode
rather than the solvent. Further studies upon all of the
systems investigated here would clarify the mechanisms of

the processes occurring and demonstrate more clearly the

limitations of the naive theoretical models advanced in

the course of this study.
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