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&BSTRACT
This study has been concerned with an examination of some of
the mechanisms which lead to the formation of stable, gas-phase
negative ions when molecules are bombarded with low-energy

(o

to

20 ci) electrons. In particular, the mechanism known as resonance
capture which, for a diatonic molecule IT, can be described by the
reaction IT 4 e - Xf and that known as dissociative resonance
capture i.e.

xi s . -, x

f, have been studied.

Initially, these electron-capture phenomena have been described
in a qualitative say by considering the potential energy curves of
the molecule IT and negative ion if and by using the Pranok-Condon
principle. The basic energy relations have been set down. Later,
more rigorous theoretical treatments have been reviewed and their
historical development traced up to the present day.
These mechanisms were studied experimentally by examining
negative ionisation efficiency as a function of the energy of the
impinging electrons for a range of chemical compounds. A Bandix
time-of-flight mass spectrometer (Model 3015) was used in the
work and this has been described. A detailed account has been
given of the experimental procedure.
One of the major problems of the electron-bean method is
due to the spread of energies associated with electrons produced
by thermionic emission and the various physical devices developed
and used to overcome this have been reviewed briefly. For the
present study, it was decided to make use of an analytical technique
already proposed by Morrison (J. D. Morrison, J. Chem. Pkiys.,
200 (1963).)

16 V 14

As a preliminary to the treatment of experimental data, an
attempt was mad, to masses the usefulness and reliability of the
method under conditions which approach the experimental situation.
A computer program was written to perform the necessary calculations.
Negative ionisation

4P Sir4
6' 1

.

BJ'3,PJ3, OF2O, CF3 ore C?,00CF,, C2?4, OF22'

C 276
molecule

was studied for the molecules 3O2 & CO,

CP,QN, and C% R. A variety of electron—

fragmentation processes have been observed and identified

and, in favourable cases, this has allowed the esctron affinities
and the heats of formation of certain species, as well as several
bond-dissociation energies, to be deduced.

1
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CUPTR 1
INTIODUCTIOZ
The formation of negative ions in the gas phase has been
known since the early days of mass speotrometry when a number of
ions such as

C. 07 and °2 were identified by J. J. Thomson

It might therefore be anticipated that the research carried out
on negative ions would be comparable with the extensive
investigations made of positive ions and that, for both species
of ions, the principal features determining their formation and
reactivity would be well understood, This is clearly not the
case.
In general, it is the physicist who has been interested in
the formation of negative ions, studying such process.s as the
attachment of low energy electrons to stoma and molecules and
the detachment of electrons from negative ions.

In this respect,

much attention has been paid to the oxygen molecule 2 partly
because of the significance of these processes in the ionosphere.
At least part of the reason for the relative lack of interest
of the chemist in negative ions is in the experimental
difficulties associated with their formation and detection.
In mathan. , for example, the most abundant positive and
negative ion. are 004 and C respectively and at 90 eT electron
energy, the ratio of the intensities, ca4 /c, is about
This characteristic low intensity of negative ions often makes
their measurement difficult. Also, formation often occurs at
very low electron energies ( 2 eV) and this gives rise to
additional difficulties in energy scale calibration due to scale
alinearity arising from apace—charge effects.

2.
Nevertheless, it is clear that the study of negative ions
will become of increasing interest to the chemist. Already,
their observation in flames has suggested that they may play an
important part in combustion processes and, in the chemical
analysis of organic compounds, the use of negative ion mass
spectra often offers advantages over that of positive ion mass
spectra in that the former are often stapler and more easily
interpreted. The attachment of low energy electrons to some
large organic molecules such as C 18 IL3
6
attention •

17

01 has received a little

It seess that, in such cases, the large negative

molecular ion dose not undergo extensive decomposition and the
method suggests itself as being very useful in the analysis of
such molecules. Studies of negative ion formation as a function

of the energy of the bombarding electrons often lead to direct
determinations of bond strengths and to values for the electron
8
affinities of molecules and radicals both of which are of great
interest to the physical

chemist—

Accordingly, this project was undertaken to examine negative
Ion formation in a variety of molecules of chemical interest by
the electron—beam method and, since such studies had not been
undertaken in this laboratory before, to develop an experimental
routine which would allow this examination to be carried out on an
extensive number of systems fairly rapidly and accurately.
Molecules of a range of chemical character were chosen for
study by way of a partial survey of the field although this range
itself can be divided into distinct groups. Initially, systems
already studied by other worker* were re—examined by us in order
to obtain some confidence in our own methods but later this was

3
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extended to several new systems. The energy interval chosen was
nominally zero to twenty electron-volts to allow dissociative and
non-dissociative capture processes to be examined when they
occurred, ion-pair processes reeeiving little or no attention.
Ion moleoule reactions were identified in several oases but no
attempt was made to measure reaction rates. Finally, the effects
of the energy spread of the electron beam were partially removed
from the experimental data by the iterative smoothing and unfolding
methods of Morrison

4.

When an electron interacts with a molecule one of several
processes may occur depending on the energy of the electron and
the nature of the soleouls. Of these, the processes which Lead
to the formation of negative ions are conventionally classified
as followsi

Dissociative resonance capture;

for a diatomic

molecule, IT, the reaction is
T + e —p X 4
Resonance captures
IT + e Ion—pair productions
IT 4

e

-

4 f 4 .

(a) A qualitative description of electron capture processes.
An elementary and qualitative picture of these aeakianiea.s
can be obtained by considering transitions between the potential
energy curves representing the ground state of the aolcule IT
and of the molecular ion if.

For a diatonic molecule in a

stable state, the potential energy curve has a minimum at the
equilibrium separation of the nuclei. When the atoaa approach

one another, the potential energy rapidly increases due to the
repulsion of the charged nuclei and when the atoas separate,
the potential energy increases due to the work done against the
electronic binding within the molecule, although as the distance
between the atoms increases, this potential energy tends to a
limiting value representing dissociation of the molecule.

5
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In conjunction with these potential energy curves, the
?ranok-Condoft principle is used. This states that in an
electronic transition, because of the large ratio of nuclear to
electronic mass, the timo taken for the transition (15
seconds or 1.8.) is negligible when compared to nuclear
vibration period (1012 to 107i, seconds) and hence the nuclear
separation dose not change significantly.

Thus, in the potential

energy diagrams, the electronic transition may be represented by
a vertical line from a vibrational level of the neutral molecule.
In Figure i(s), the shaded region is known as the Franck-Condon
region and the most probable transition occurs from the centre of
the region requiring an energy E.

if represents the molecular negative ion which, in this case,
is formed in an unstable excited state shown by the upper
repulsive curve. The ion has an energy greater than at infinite
nuclear separation and so decomposes into a radical X and a
negative ion T provided that it does not revert back to its
neutral state by the reverse process of auto-detachment (also
called auto-ionisation).

lectron capture occurs mainly in the

limited range of electron energies ga to gb and the resulting
radical Rnd negative ion possess kinetic energies totalling between
and 3 and distributed between them, according to the principle
of conservation of momentum, as
C

M(I)
14(I)

where XE represents kinetic energy and 14(I) and )1(T) are the
masses of I and T respectively.
The appearance potential i(t) of the ion 1, i.e. the

(1)
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6.
electron energy at which the ion first appears in the aase
spectrus, is given by the relation
i(f)

a

D(X-T)

- €..(i) 4

(2)

where D(X-Y) is the dissociation energy of Xi, E(Y) the electron
affinity of toa I and

is the total kinetic and excitation

energy which the species .1 and f say have. The electron affinity
may be defined as

the energy difference between the ground

electronic, vibrational and rotational state of the atom or
molecule and that of the negative ion.
This is an example of a dissociative resonance capture

process which, in practice, usually occurs in the 0 to 10 eV
energy range.
In Figure 1(b) some of the possible states of the ion if
have an energy less than at infinite nuclear separation.
Dissociation occurs only if the electron energy is greater than
L and the kinetic energy to be shared between the two species is
in the range sero to I V
If the electron is captured, and the resulting transition
has an energy between Lb and L, then a vibrationally excited
negative ion (if)' is formed. This excited ion may release
the captured electron and return to its neutral state by the
reverse process or it may be stabilised as if by losing its
excess energy in collision with a third body. At the low
pressures (106 ma iig.) normally used in a mass spectrometer
ion-source however, collisions are too infrequent for such
stabilisation and the ion tends to lose its electron.

In

higher pressure experiments, for example in electron-swarm

7
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experiment., stabilisation may occur to a significant extent.
Also, the spontaneous loss of the captured electron may
depend on the number of degrees of freedom of the ion. In the
case of a diatomic considered her., auto—detachment normally
predominates but for polyatoaio molecules, the excess energy may
be distributed amongst the several degrees of freedom and lead to
a comparatively stable ion of long lifetime.
When such capture occurs, it is known as resonance capture
and usually takes place at very low electron energies ( - o cv).
The appearance potential A(Xf) of the ion xf is given by
-

-

E(xr)

+

where E(X) is the electron affinitj of X.T and

( 3)
is the excitation

energy of XI.
A slight variation of the situation represented in Figure 1(b)
occurs when the well of the parent ion potential energy curve
falls below that of the neutral molecule, the curves intersecting
at some point on the lower nuclear separation side of the well
at s level equivalent to a vibrationally excited state of the
neutral.

In this case, no transition can occur without

vibrational excitation of the neutral molecule.

Once excited,

the chance of capture to form a vibrationally excited ion is high.
The process can be thought of as the initial vibrational
excitation of the neutral by the electron followed by electron
capture. Collision stabilisation is again r.quired.
Figure 1(b) may also be used to explain the phenomena of
'vertical onset' which is found experimentally in some oases

' 11 .

8.
For electrons of energy lees than £, the negative ion f formed by
dissociative capture cannot occur since the parent negative ion
will be bound together in the potential well and will either
auto-ionise or be stabilised. However, for energies above S.
IT will have enough energy to dissociate and the ion ! will
appear. Thus the cross-section for f formation will rise
vertically from zero at an energy equal to 9,
The third mechanism for negative ion formation is by
Ion-pair production and is illustrated in Figure 1(o).
The molecule XY after suffering eleatron impact makes an

electronic transition into a state which dissociates to give a
positive and a negative ion

(x and

the ground or an excited state.

f') either of which may be in

In this ease, the electron is

not captured but eerily acts as a souroe of energy. Some of this
energy may be carried off by the electron itself and so the
mechanism can occur over a comparatively wide range of electron
energies. The kinetic energy to be shared between the ions
lies in the range 9 to 1 and the appearance potential i(f) of
the ion T is such that
A(f)

2

A(14 ) = D(X-T) +

1(x) - E(T) +w

(4)

where 1(1) is the ionisation potential of the atom I and the
other terms have their previous meaning. Owing to the
participation of the 1(x) term, the appearance potential of
this process usually occurs in the 1(-15 cv energy range.
In the above discussion, mainly diatomia molecules have been
oonaiered but it can be seen that the arguments presented apply,
at least approximately, to polyatoinio molecules in which only one

9
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bond is broken by electron impact.

(b)

The

shape

of electron capture cross-asotiona.

If the extent of negative-ion formation by electron impact
is experimentally measured as a function of the energy of the
Impinging electrons, the resulting curve is known as the ioktion
efficiency cur v e. For negative ions formed by Procya (i) and
(ii) such ionisation efficiency curv e, have aii4d~' shapee; the
extent of ion formation increases from a zero or very low value,
reaches a maximum and falls to zero again as the electron energy
is varied over the appropriate range. Neglecting any effects
due to the energy spread of the electrons, this energy range may
vary from a few tenths of an electron volt to several electron
volts depending on the ion formed and the nature of the parent
neutral.

This ion formation over a limited energy range has

already been discussed in the previous section and a similar
qualitative picture of the shape of the ioniaation efficiency
curve between these limits can be obtained from the potential
energy diagrams of the neutral and parent negative ion by a simple
reversal of the process usually known as the reflection method.
In Figure 2(a),

2 is the square of the initial vibrational

wave function of XI and is a measure of the probability of the
molecule XI having a particular internuclear separation.
the function

If

is reflected from the X1 potential energy curve

in the Pranok-Condon region onto the energy axis, the shape of
the ionisation efficiency curve is produced.

The zero of

energy is taken as the vibrational ground state of the neutral
molecule.

E
e
Nude.Qr sc'Qtion

-
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Figure 2.

-

1.0.
From the curve xrTi) for dissociative attachment, the
ionisation efficiency curve I1.) results. The curve has an
appearance potential close to
and returns to zero close to Ra

b(i)s,

w.

reach.s a maximum at 9 (i)
It may be noted that since

penetrates the potential barrier on each aide of the
Pranok-Condon region to a small extent, the ionisation
efficiency curve also slightly exceeds the

Sa(i)

to

Lb (i) ••W

rang..
Curve x(ii) leads to a similar effect but has been drawn
to show that the ionisation efficiency curve i(ii) is not
necessarily symm.trio. An drawn, XT( ii ) corresponds to
resonance capture but if adjusted along the bond length axis can
give rise to dissociative capture with a vertical onset. In this
case, Figure 2(b), the part of the ionisation efficiency curve
below the energy required for dissociation, £d, is erased, the
cross-section falling vertically to zero at this energy,
In the ease of ion-pair production, the ionisation
efficiency curve has a completely different shape, rising from
zero to a maximum over a range of a few electron volts and
slowly tailing off over a broad energy range. Although the
ion-pair producing reaction can occur only over a limited
energy range, it can be induced by electrons with greater
energy, the excess being carried off by the scattered electron.
According to the Wigner12 , Wannier1 ' and Coltman 14 formulation,
the threshold law for the process is a step-function or a peak
in the first differential 15 of the ioniaation efficiency curve.

11.
(o) karlier theoretical treatments of electron capture.
weoe

Until recently, the phenomena of electron capture was treated
as an effect due to the weak coupling between electronic and nuclear
motion which is disregarded in the Born-Oppenheimer separation
approximation.

In this section, the historical development of

such treatments is reviewed.
The first theoretical attempt to discuss the problem was
16 in order to explain the experimental
made by Block and Bradbury
results of Bradbury 17 on electron capture by molecular oxygen to
The mechanism proposed for the process was the capture

form

of the electron into a bound state of the molecule and, as a result
of the weak coupling between electronic and nuclear motion, the
simultaneous excitation of molecular vibrational and rotational
energy levels. De-excitation of the resulting negative ion was
supposed to occur via collision, with energy transfer to other
molecules.

If the discussion is restricted to diatomic molecules

then the probability of electronic transitions due to the electronicnuclear coupling may be calculated by applying the Born-Oppenheimer
approximation and by using perturbation theory with the nuclear

kinetic energy as the perturbation.
For the centre of gravity of the molecule at rest, the
interaction between the electron and the molecule is described
by the potential V

(I, z) which depends on the position vector z

of the electron and on the veator.A of the relative positions of
the two nuclei.

If k is a stationary state of the electron at

a given relative position of the nuclei, the corresponding energy

level is £ () and the oigenfunotion is

¶frk

z);

the

connection between the stationary states (denoted by the same

12.
symbol k for different vectors .) is that of the adiabatic
variation of R.

Similarty, V is used to denote a stationary

state of nuclear motion under the action of a potential Uk(A)
whore
Uk()
and

1:

0

(1)

+

-

(5)

is the potential of nuclear motion ci uic acuirai

molecule. For this state, the sigenfunction i

and

Elk is the energy level.
:erturbation theory give the equation for the tiae
variation of the oefficirt as
(/i)&K k

where

k1 a1 k1

(6)

2 is the probability of finding the molecule in

the state described by K and k andTk

k1 is the matrix

element of the perturbation energy which in this case is the
kinetic energy of the nuclei.
iie physically interesting quantity is tne probability
(d.Pl/dt) that an electron during unit time will make a
transition from a free to a bound state associated with the

transition is.

-*

K 1 of the moleoule6

tesuaa that only

bound state .i tne eleoron in the molecule is important.

one
if

is the probability of an electron in tne electron energy
distribution having an energy between and 4 d. and A is the
number of molecules per unit volume, then from (6) it is found
that
dPl

(211)
SKi

where 5KK1 () is closely related to T, K

k1 above in that
1
the functions of the initial free state are normalised per

unit volume and k has to be taken such that E

Xk = il 1.

13.
i the kinetic energy of the free electron for which this
condition 1. fulfilled.
The capture cross-section

cf

oan be introduced by tt•

relation

dP 1.
KK
dt

-

v

0

(d_'C'icK lN

where V0 is the average

speed of

an electron in ttLe gas.

Tr

KK'

KK

(IV Q )

where V

(2/)

hu

(k*)

(9)

(i)

() d

and a is the mass of the electron.
From the order of magnitude of

cr0 ,

the authors disise the

possibility of capture by rotational excitation,

in terms of

capture by vibrational excitation, an appropriate expression for
is evolved i...
E £2Z-3
N
çV0

(O Ca
) 1

(1)

2(nl -1) ç()

(a)

(11)

(a = 1, 2 9 3 ....)
where am 1 is a numerical constant of order of magnitude unity,
N the arithmetic mean of the atomic masses and E. the electron
affinity of the moleoule. The quantity a is related to E. by
-

2/2

and is of the order of molecular d1,sansione

is the mean square of the elongation in the ground state of
the nuclear oscillation.
A further factor has to be considered. This is the
probability that the ion will make a stabilising collision
before ejection of the electron.

This obviously depends on the

14.
pressure and temperature of the gas. For variation

with

pressure,

a correction factor equal to p/(p + p1 ) may be included in
equation (11) where p is the gas pressure and p a 'critical
pressure' for which the time between collisions is equal to the
lifetime of the ion before ejection of the electron. Thus

(_L)

( 1

(0 ) i

a

M 46 V

2(n - i) ç: (g5% p1

(ii)

a

Finally, the experimental results for oxygen indicate that
vibrational excitation occurs only to the a'z 1 state and

henàe

equation (12) reduces to
L a
.s V0

Massey

ç(E)
p4p

18 also contends that the weak coupling between

nuclear and electronic motion is the perturbation leading to
liin calculation is formal and is as follows.

electron capture,,

Pros perturbation theory, the number of transitions per second
between two states i, f of a system under the influence of a
perturotioa enery V Is 1if where
Tif

- ut:

(14

j yin2

If the wve function of the initial state of the system of
molecule and electron is

(.r.

l'f

v

.) )(f (f);

b'i (z

R)

Xi. (n);

the

final otate is

V the kinetic energy operatoi i

2 , where/kin the reduced mass of the nuclei, then
4 1,

Vi

5

jbfa

Xf

5

V2

X i)

dl dZ

(15)

where the asterisk indicates the complex conjugate of the wave
function.

15.
is normalised to unit current and the remaining
functions to unit density then (14) gives the effective cross—
section for the process concerned.

Stanton 19 , in 1960, attempted to carry the process further
by not only using the nuclear kinetic energy as the perturbation
leading to capture but by purporting also to show that this wa.s
the only way to treat the problem.

The standard procedure for separating nuclear and electronic
c4

motion is summarised as follows. The Shr8dinger equation for the
combined system of neutral molecule and free or bound electron

can be written as

ii
A

a

where

(_.Q)
(
t)

(16)

H (n)
(1?)

i... the Hamiltonian operator of the system is the sun of the
-ii'i1toriiana for electronic and nuclear motion and
() y 2

H

v11

.1 Vee (z)
and
(n)

r

a

(j2 )
2

- _

2

(19)

in ue writt en as

Ai (t)

(., z)

l3ij(t)

•Xij (&

i ezp (-. i wi,3 t)
=

fij

ij

ex'p (— I wij t)

(20)
(21)

16.
there

=

(' z)

(

e) (;)

+ £(e)

and

()

())

(22)

(i z)

=

()

(23)

Using the definition of the Hamiltonian operators given in
(18) and (19) and the wavt function (20) in equation (16) gives
LI

-

= 1ij

a 0

(24)

provided that all derivatives with respect to the nuclear
co-ordinates.1 may be ignored.
The contention of the author is that sines equation (24)
indicates that the various coefficients are independent of time
and that no transitions can occur between the eigsnfunetions of
A( 9

R , this means that, in the same approximation, capture is
)

impossible. This in demonstrated by showing that in an actual
physical situation, the initial wave function of a system of
neutral molecule and impinging electron contains no contribution
from any negative-ion eigenstate. If this is the case, then by
equation (24), the wave function can contain no contribution from
any such state at any time.
However if the adiabatic approximation is dropped, then
from first order perturbation theory
k1 = exp
where

L

(i 'ki t)

1- e cit

ki -

(25)

is a bound eigenstate, T is the nuclear kinetic

energy operator and
state of the system.

e

is the wave function describing the initial
This is essentially Plassey's expression18 .

Selection rules are also developed. Assuming that the

17.
initial and bound states can be represented by a single
determinant for electron motion together with an associated
nuclear wave function thin

O(t

-

o)

(t)

13

and
-

41

X

(—

•xp

(26)

jut)

X3

where

(n!) L/(i)

and

(!)

(27)

1/2(2)
1
1 (.I) b 2 (2)

P,(

....

(28)

,,

1

~'

(n) (29)

where ê(t a o) is the wave function describing the system at zero
time, the subscripts F and B refer to the free and bound electron
respectively and n is the number of electrons in the system.
From this it may be shown that, for capture to occur, the
representation of

must contain at least as many molecular spin

orbitals of a given spin symmetry as that of
The theory may be tested out in the case of hydrogen. H2 has
two possible bound state configurations appropriately gerade and
ungerade, namely:

lao.l

cbBU

and

g

-

(3!)-J1soc&(1)

(2)

2po

(30)

c&(3)

P (3)

Z po(2) 1 pc u

(31)

For the free electron,
(3J)jO-:1) 18O 9 3(2)

ti, (,

t)

and it in concluded that capture in possible only into a
state. This is the one in which
a given spin symmetry as

4.

(32)
Ba

contains as many states of

18.
Stanton has claimed that this prediction is fulfilled by
the experimental observations of Shul 20 and of Khvostenko and
Dukel , aki2 who find that the process

H

4 e - II 4 a occurs

in two energy intervals from about 8 to 1U sY and from 14 to
16 iv.

The above theory requires that the hydrogen atom should

not be in its ground state in both energy range. and Sluils, by a
study of the kinetic energy of the
the 14 - 16 eV range the

il

il

ion, has concluded that in

atom is in an excited state.

In the 6 - ic eV region, huls'a data shows a dip in the
maximum of the ionisation efficiency curve. This suggests the
intersection of two capture processes, one leading to a gerede
and one to an ungerade state of the molecular negative Lou.
ioweer Shulz, again from kinetic energy measurements, has shown
that if capture into both states were possible, then the potential
energy diagrams of the two states must coincide near the
equilibrium separation of the hydrogen nuclei.

Since this

conclusion seems to be contrary to all predictions of molecular
orbital theory, Stanton considers it more reasonable to assume
that capture into the geradi state is forbidden.

22 the effect of the coupling
Chen (1963) has also examined
terms between electronic and nuclear motion and has atte&pted
an 'a priori' calculation of the cross—section for the
reaction
U2 4 e
In Chen's procedure, the 'distorted wave' method 23 is used
to simplify the coupling matrix.

This involves assuming that

the non—diagonal matrix elements Cnn 1 are so small that they may

19.
be neglected with the exception of Cno which involves the
initial state 1 0 0

.

The cross-section,
d f

fo' is then Calculated to be

/64 Tt3ko

Hf0

2d50 d31

()

where a is a statistical factor (1 or 2 for heteronuoliar or
homonuolear diatomic molecules respectively), ko is the magnitude
of the initial propagation vector of the incident electron and
the 9foare the transition matrix elements. The whole is
integrated over the solid angle elements dSo and 4Sf to account
for different orientations of the molecule to the incident
(dSo) and to the scattered (4sf) electron.
This result in then applied to the above re..tion for H
and 11

in their ground states.

The 2

1 state f 112 in

used, the effective nuclear potential being represented by a
Worse curve with the constants calculated from various theoretical
derivations of the state and the ground state
approximated by a linear harmonic oscillator model.

H2 is
The

cross-section for the reaction is calculated as a function of
the incident electron energy.
!caparison of the calculated results with the experimental
results 20 over the range in which U is formed in its ground
state, shows that for certain of the theoretical derivations of
the

2

ground state the above theory leads to good order of

magnitude agreement with experiment and also shows fair agreement
in shape.

In particular, the theory predicts two resolved

peaks in the Franok-Condon energy range of the ground state of
and the ciperimental data also suggest this by a slight dip in

20.
the maximum region of the 8 - 13 .Y peek.

(d) Discussion of resonance phenomena
Later theoretical treatments of electron capture consider
the phenomena as a resonance and it may be appropriate at this

point to discuss what is meant by a resonance.
Resonance phenomena may be divided into two main types
24
called respectively by Taylor et al. , 'core-excited' resonance
and 'single-particle' or 'potential' type resonances.

The 'core-excited' resonances Ja molecules may be regarded
as being due to the formation of short-lived (16-14to 10-13
seconds) electron-molecule ooapound states containing two or

more excited electrons.

such a compound state is an excited

state of the negative ion formed by addin6 the impinging electron

to the target molecule in an excited state.

This model is,

analogous to the 'compound nualus' model of nuclear physics 25 .
The mechanism of the process can be thought of as the
promotion of one of the electrons in the molecule to an excited

state resulting in the nuclei being lees well screened and the
binding of the bombarding electron for a short period of time to
form a negative ion. Thus, well-defined excited states of the
target are observed. The molecule negative ion is obviously
unstable to the re-emission of the bombarding particle and will
do so if all of the energy carried in by the electron remains
concentrated on the electroi.

lovever, tiis particle may be

bound to the molecule for long enough to allow such of its
energy to become distributed about the nuclear framework and

21.
perhaps lead to bond dissociation. Alternatively, the energy
say become re-localised causing the electron to be •mittsd, the
ion decaying back to the target molecule plus the scattered
The relatively long lit, of such compound ions

electron.

gives rise to resonances which are narrow in energy.
The second type of resonance, the 'single particle' or
'potential' resonance occurs when the negative ion is formed
by the incoming electron moving in the field of the target
ground state. A combination of polarisation, exchange and
centrifugal-barrier effects lead to the electron being trapped
for a short time (lees thanseconds).

These effects

produce a potential which is considerably weaker than that seen
by the electron in the case of core-excited resonances and hence
the negative ion has a shorter lifetime and exhibits broader
resonances.
A simple potential model can be used to demonstrate the
resonance effect, namely s-wave scattering by a square-well
potential of the form
•

v(r)

-vo

for

r' R

0

for

r

>

(34)

R

By a standard result 25 of scattering tkieory, the crosssection o- for scattering of a beam of particles by a potential
is given by
0-

(21 + 1) sin 2

S

1
where It z 2

(35)

• 0

and X is the je Broglie wavelenbtb of the

incident particle; 1 is a quantum number associated with the

22.
l'th prtial wuve of the ikci6w1t pactici o' iular momentum

about the ori..in of

-rIrit

ii

Siz

i

the

phase-shift suffered by the 1 0 th partial wave due to scattering
by the potential.
For low incident energies, only the 1 - o or the s-wave is

important.

Thus equation (35) reduces to

(36)

-

0-

By matching the solutions of the 4theddinger equation for
the regions r > R and r K R, the phase-anift due to this potential
can be calculated as

tan -1

(ko

tan koR — kR

(37)

where ko is k referred to the region r . R.
Aasuaing kR 4 1 and k/ko 4 1 in the limit of

small

incident

energy and that koR does not have values such that tan koa 1 0

thin
k tan koR — MR

or

sin

and

o-

L

kR

41tR2

sin

(38)

(tan koR
( io
(tan koR
( koE

-1

2

This approximation predicts that if kok
then tan koR

—p

oO

and o-

—p oo

/2,

however, these koR violate

the assumptions made in obtaining equation (40) but it is
Indicated that in a more exact treatment the cross-section will

have a particularly large value for these koit,

iron equation

(37) 9 it can be shown that this is the case, the phase-shift

23.
S.assuzing a value of koR and the cross-section a large but
finite value 411/k 2 .

tinder these conditions, the cross-section

exhibits an a-wave resonance.
Comparison of this result with the condition for just binding
a new 1

=

0 state in a square potential shows that when the

potential binds the state near zero total energy (zero energy b.in
the top of the well) it also has an s-wave resonance near that
energy.

The reason for this 18 that, at resonance, the

elgenfunotion for the particle has a particularly large value
in the region of the potential and this is exactly trio condition
that characterises a bound state. Thus, It is often said that
the potential has 'virtual' states or 'virtual' levels at all
energies for which it exhibits resonances even though these
energies are all positive and correspond to situations in which
the particle is actually unbound.
Returning to the core-excited type of resonance, the
possibility of electrons 'binding' into virtual levels is also
present.

This occurs if the energy of the negative-ion

resonant state 18 above that of the excited parent-target
states.

Short lifetimes and hence broad resonances will occur

in the same way as for potential resonances.

(.)

ore recent theoretical treatments of electron oa;ture
So far, treatment of dissociative electron capture as a

resonance phenomena flas been approached in tnree way; by
26
J3ardsley at al.
using the Kspar-Peior1s formaliaQ ana by
Chen27 and by ('Z'alley 28 using the Pesbach treatment of

resonances.

24.
It may be noted that both Y3ardsley et el. and O'Malley
question the conclusion of Stanton
iinpoeelble within the

19

that electron capture is

adiabatic approximation.

Stanton's

argument is based on the assumption that the initial and final
electronic states of the system of molecule and electron are
conventional eigenstatea of the electronic Hamiltonian.
However, the fact that the final electronic state is auto-ionising
and not an eig.natate in the normal sense seems to invalidate
+
20
state
his conclusions.
Also, a later treatment
of the
of R2 has shown that this state, used by Chen 22 in his
calculations

on dissociative capture in molecular hydrogen, is

unstable to auto-ionisation at small

internuclear separations

and this, as Chen himself has pointed out 27 , violates the
'distorted wave' method he employed.

assumptions of the

Resonance scattering theord provides

28

equation (41) for

the dissociative electron-attachment cross-section, o-,
vibrational and electronic ground ette of

r

2

emp

[

L.

from the

ditomic io1 ;cule.

(: } (fld)2

0

(41)
]

In this equation,

is the electron energy, LU is the incident

4

electron wave number, g 18 a statistical factor 'into *aioh are
lumped the wri,bt factors for rotation

and electronic angular

the relative spin mu1tiplicity

moiutum an well as

1½

aria

Fa

are the partial and total auto-ionisation widths respectively
(an

t ,' 11

and

/F&

are the associated lifetimes) of the

compound state and Pd is the experimentally observed dissociation
width.

The quantit.

F6 0 -

-

is defined by the relation
+

( 42)
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where Ho is the electron energy associated with a transition
from the equilibrium position or the molecular nuclei and

4r

v is the zero - point energy of molecular vibration.

Finally the factor

ei

is known as the survival probability.

The latter concept is interesting and can be considered
in more detail, It was first proposed by kiolstein30 that the
capture cross—section for dissociative attachment could be
written as
0-

*

(43)

0-'-0 X p

where o— is the cross—section for capture into a repulsive
state of the molecular negative ion and p is the probability
that the electron will remain capturei while the ion is
dissociating. Re proposed that the factor p be written as
P -

exp (-i/

L

)

(

44)

where Ia is the auto-ionisation lifetime and '1' is the time
taken for the constituent nuclei to move beyond the crossing
point of the original molecular state and the dissociating
negative ion state.
Later, Bardaley et &1., 26 within the Born-Oppenheimer
separation approximation and with molecular rotation neglected,
calculated the survival probability to be
= exp

ra

(R)

dR
(nj

(45)

[
where v (R) is classical velocity of the dissociating particles
as & function of the internuclear separation R and is and no
are respectively the internuclear separation at the point of
formation of the negative ion and at the crossing point of the
neutral and negative ion states. It is assumed that auto-

26.
ionisation becomes insignificant at separations greater than Ro.
This staple proportional dependence of the capture

arose-section on the survival probability has been examined by
Then and Peacher" who show that it is not a general expression.
Rather the cross-section can be expressed as a sum of products
of a capture cross-section and a survival probability for the
various contributing angular momentum states of the constituent
nuclei. Also the expression for the survival probability (44)
Is only valid for cases where
jAv(R) 2 7fla(R)

(46)

where y. is the reduced mass of the nuclei. A numerical study
of the (e, E 2 ) system reveals a strong dependence of the
survival probability on the rotational state of the molecule
(and hence on the temperature) for g —p u dissociative
attachment but a much weaker dependence for the g - g process.

Prom the present state of the theory, it is fairly clear
that rigorous 'a priori' calculations of capture arose-sections
in terms of their absolute magnitudes and energy dependenoes,
even for the simplest systems, are not likely to be made in the
near future. The major difficulty ii.s in the lack of
knowledge of the nature of the intermediate compound-ion
states. However, as is often the case in the physical sciences,
it is possible, to some extent, to use the experimental results
in conjunction with theory to obtain information about these
states. In this respect, experimental isotope and temperature
effects have been discussed by several authors*
Much of this discussion has centred on the experimental

27.
results of Rapp et al.

32 and of Shulz and Aeundi33 on the

isotopes of hydrogen. An attempt by Chen and Peaoher 31 to
calculate the ratio of the cross-sections

and dL2/6'D 2

for the g—u dissociative capture process using the theoretical
interaction potential between the ground states of U and if
derived by Bardsley et al has been made. The calculated
values of 5.01 and 55.85 respectively compare not very
favourably with the experimental values of 7.62 and 200 and part
of the reason for this failure must be ascribed to the description
of the 24 state employed. However, use of the ob8erved
u
ratios has enabled the same authors35to calculate the complex
potentials of both the 21 and 24 states of the 1i oo*pou&Ld
Ion.
In general, the isotope effects in different processes
seem to depend in a complicated way on the relative importance
of the various factors affecting the cross-section (the relative
importance of these factors often varying drastically between
processes) and on the

dependence of these factor.. This )k

dependence itself may also alter between processes.

For

example, Chen and Peacher35 calculate that the sass dependence
of the nuclear overlap integral for the g—g process in
hydrogen is/A 4 and that for g—u process this is reversed,
the square of the overlap integral increasing with increasing
reduced mass. The suggestion by Deakov' 6 that the isotope
effects in dissociative capture can be explained solely in
terms of the mass dependence of the survival probability seems
to be in error in the light of the present theory which ascribes
a ease dependence to other factors and also from the calculation.

28.
of Compton and Chrintophorou' 7 which show, that for a certain
class of process, isotope effects can be explained without
considering auto-ionisation to be ocouring at all. Also, the
38
'inverse' isotope effect found by Sharp and Dov*11 for the
production of

if

from

OR

and D from CD

seems to be explicable

in terms of equation (41) if it is assumed that
not large.

£, and p is

28 the mass dependence of oIn this asset

IBJ,k&*

as pointed out by Christophorcu at al, 39 , (1ucR3-lipCD -D)
3

4

and,
a

0.84 is close to the ratio of 0.8 found experimentally.
Temperature effects observed in the formation of 0 from
41
02 by Pita at al. 40 have been discussed by O'Malley and used
by him to obtain information about the 02 compound-ion state.
In this case, the capture cross-section was assumed to be an
average over vibrational and rotational states of the molecule
and the compound-ion state put into a parametric form with the
parameters chosen to fit the experimental data. It was shown
that the considerable temperature shift observed experimentally
(at 21000 K, the peak is shifted to lower energies by 1 eV and
the onset by more than 2 cv) could be accounted for by the
effect on vibrationally exalted states of the rapidly varying
survival probability.
A more general approach has been that of Uhristophorou and
Stookdale42 which has allowed some classification to be imposed
on the fair variety of systems, involving both diatomic and
polyatomic molecules, studied to date. By plotting the
experimentally observed maximum capture cross-section

max

for some 30 molecules against the electron energy E max at
which this maximum occurs, molecules can be seen to fall into

29.
three groups. These are described as Group I for which £ max
is lower than the energy of known excited states of the molecule
and the negative-ion state is purely repulsive in the Franck-Condon
region, Group II for which £ max is greater or equal to known
excited electronic states of the molecule and Group Ill for which

the cross-section is very small, the negative-ion state being
attractive and allowing dissociation to occur only over a limited
range of interatomic separations in the Franok-Condon region.
Negative-ion states for the molecules of Group I seem to
correspond to the single-particle or potential resonances of
Taylor •t al. 24 and the molecules consist mainly of polyatomio
halogenated compounds which give halogen negative ions. In
this Group, the cross-section is mainly determined by
(equation (43)), auto-jonjeation ocouring only by elastic or
inelastic scattering to various vibrational levels of the ground
electronic state.

Separation times

Ts

(equation (44)) are

short, cross-sections are large and isotope effects are imall.
For molecules of this group, Compton and Christopborou' 7 have
shown that isotope effects can be explained without considering
auto-ionisation to be in competition with dissociation and by
applying first-order perturbation theory taking the nuclear
kinetic energy operator as the perturbation. This is only
valid for this Group where auto-ionisation is unimportant and
the theoretical treatments of dissociative capture as a resonance
and as an effect of the coupling of nuclear and electronic motion
become equivalent.
Group II molecules are mostly diatomic or triatomic and
yield

f

or 0. The negative-ion states are identified as

'C.
core-excited resonances and in this case an additional autoionisation channel to electronically excited states of the
neutral is available and much more probable than those available
to Group I molecules. Thus the cross-section is dependent to
a great extent on the survival probability and isotope effects
may be large.
Group III processes are those which occur with a vertical
onset.

This implies an attractive potential for the negative-

ion state, a greater probability of auto-ionisation and hence
very small arose-sections and large isotope effects.
Finally, in the light of resonance scattering theory, some
comments may be made on the accuracy of the reflection method
which has already been used to explain the qualitative shapes
of ionisation efficiency curves for capture processes. In the
normal usage of this method, the above procedure is reversed and
the experimental results used to draw the negative-ion potential
energy curve in the Franck-Condon region. From equation (41)
for the dissociative resonance capture cross-section,

10

is the

electron energy associated with a transition from the equilibrium
position of the nuclei in the neutral molecule or from the
maximum of the square of the ground vibrational wave function
and according to the reflection method is also the energy of
the maximum in the phenomenological cross-section6 in terms
of equation (41), this is equivalent to ignoring the energy
dependence of other factors such as

p(s)

and k 2 . The danger

of doing this has been adequately demonstrated by O'Malley

41 who

has shown that in the (e,0 2 ) ayat.ia, the survival probability
alone shifts the observed peek to lower energies by about 1 eV

31.
at root temperature.

In this case, uncritical

USC

of the

reflection method would lead to an 02 potential energy curve
in error by 1 cY in the Franck—Condon region. Clearly, this
method is at best only approximate and its use to map the
negative—ion state in the Franck—Condon region, as has
frequently been done previously 43 ' 44 , must be undertaken with
great caution.

32.
CkiAPTR III
EXPRI?ZNTAL
(a) Basic machine description
The experimental work reported hers was carried out using a
Bendix Model 3015 time—of—flight mass spectrometer. Details
of such instruments have been

discussed by

Wiley and AoLaren 45 ' 6

and only a brief summary of the operation of the mass spectrometer
will be given here.
Figure

3

is a schematic diagram of the apparatus whioh

consists basically of an electron gun, a collision chamber where
ions are formed, a drift—tube for mass analysis of the products
and an electron multiplier and associated electronics to allow
detection and measurement of lone.
Electrons are pulsed into the ionisation region at high
frequency, are collected on the electron trap and the resulting
current measured by a mioroamaster. After each burst of
electrons has passed, any ions formed are drawn out of the
source region by a pulse applied to the first ion-grid and are
accelerated by a further series of grids into the field-free
drift—tube. The potential of this latter region is normally
held at 2.8 kV. Since the kinetic energy attained by the ions
in the acceleration region depends on their charge and not on
their mass, ions of the same charge but different mass reach
the drift—tube with different velocities. Lighter ions attain
higher velocities and arrive at the electron multiplier before
those of greater mass.

The electron multiplier is of the

magnetic, re:dative—strip type with a maximum gain of 108.
Secondary electrons from each ion packet, after multiplication,
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33,
are collected on one of several aaodee selectively gated to accept
electrons associated with a particular mass. The gating pulse
is adjustable in time and can be used to monitor any one mass
of ion or can be scanned in time to collect all or part of the
mass spectrum. Slectroaeter unite, covering a range from 10 713
to 10' 7 A, are used to measure the multiplied-electron currents
and to read out these values to recorders. Alternative readout
is provided by gating all electron packets through an oscillosoops
whose horizontal sweep is synotironieed with the ion draw-out
pulse. This provides a useful preliminary visual indication of
the nature and behaviour of any ions formed.
The entire process, from ion formation to collection, is
repeated at frequencies from 10 to 100 kHz* At 10 kHz, about
98 paec of the 100 1Mssc cycle period are available for ion drift.
:ith a flight tube of 200 an and a drift potential of 2.8 kV
this allows masses up to 1200 to be observed. Mass resolution,
defined for a time-of-flight mass spectrometer as that mass M
which, when a peak of mass x 4 1 of equal height is introduced,
suffers an increase of 1%, varies between 150 and 600 depending
on the initial kinetic energies of the ions formed and on
certain operating conditions such as the use or non-use of the
ion optics.
In the present instrument, sass range and resolution were

found to be quite adequate for all necessary experimental work.

(b) More detailed apparatus dacriptiou and sttin-up procedures
Figure 4 is a schematic diagram of the vacuum and
refrigeration system of the Model 3015 mass spectrometer.
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ion source and flight-tube are evacuated by an Edwards ED150
mechanical pump which backs an Edwards model 6M3tt this, stage,
six-inch mercury diffusion pump. A liquid nitrogen trap is
mounted below the flight-tube and this is supplemented by a
refrigerated chevron baffle (-35° c) within the vacuum system.
Vapours from the mechanical pump are trapped by a molecular
sieve filter in the backing line. Pressure in the flight-tube

is measured by a Veeco nude-type, hot-filament ionisation gauge
(io

to107,10as Hg) and in the backing line by a Hastings

thermo-couple gauge (i - ICO ma Hg). With liquid nitrogen in

the trap, this system normally reached background pressures of
2 - 4 x 10f 7 am Hg without bakeout.

The electron beam, Figure 5, is produced by theraionio
emission from a filament of 0005 inch tungsten wire. ilectrons
are accelerated into the ionisation region by biasing the
filament with an adjustable voltage (o to -100V nominal) with
respect to the ioniaation chamber which is itself held at or near
ground potential during the ionisation period.
operation cycle

the

For most of the

electron beam is prevented from reaching the

ionisation chamber by a negative bias potential on the first
electron grid.

At the beginning of each cycle, this bias is

over-ridden by a 60V positive-going pulse of about 250 n sea

duration which allows electrons to pass and initiate ionisation.
Collimation of the electron beam is achieved by a series of slits
and by a transverse magnetic field of about 150 gauss.

Finally

the electrons are collected on a trap and the resulting current
is measured on a microammeter.

After the passage of the eleotroi beam, the ions formed are

'.35.
pulsed from the source by a positive pulse of up to 80T on
ion-grid No, 1.

Ion-grid No, 2 with a zero to 400 VDQ bias,

ton-grid No, 3 with a 900 YDC bias and finally ion-grid No. 4
with the full 2800 VDC bias accelerate the ions into the fieldfree drift region.
For experimental work, the ion source was set up as follows.
The potential of the electron trap and the bias potential of the
first ion-grid were both set to zero in order to r.duoe any
spreading of the electron beam energy distribution due to
electric fields within the ionisation region. Also, 3o11u1z has
warned47 of the possibility of errors in energy scale calibration
at very low energies when the first ion-grid in the present type
of source is biased with respect to the ionisation region.

In

practice, it was found that, at minimum setting, a small positive
potential ('0.4V) remained on the first ion-grid due perktapsto a
residual effect of the ion draw-out pulse.
The filament heating current was turned up to about 3.OA,
the electron accelerating potential set to -bY and the high
voltage turned on. Correct orientation of the collimating
magnets within the vacuum system was achieved by drawing hand-held
external magnets over the metal housing of the source, at the
same time tapping lightly with

a rubber

mallet, until peak trap

current was recorded on the mioroammeter.

A

maximum electron

trap current of about 1 ,,& A was normally obtained depending on the
alignment of the filament and the collimating slits.

Insulation

of the electron-trap shield from the normal operating ground
potential
tLiere

and

connection to an •leotroiaeter indicated th&t,

conditions, less than l"'. of the electrons in txie ueaia

under

36.
reaching the ionisation chamber were being scattered and not
collected by the trap.

This was considered to be insignificant

and to indicate the probable absence of unwanted electric field&
within the ion source at least in the direction perpendicular
to the beam.

iowever, if the first ion-grid were biased with

respect to tne ioniaation region, electron bearn deflection
occurred to a significant extent depending on the magnitude of
the bias. As expected, increasing the potential on tae electron
trap increased the current to the trap and decreased the fraction

of scattered electrons. however, this was associated with a
positive shift in the electron energy scale and prevented very
low energies

(.-c e v) from being attained.

The ratio of trap

to shield-current was fairly insensitive to the position of the
collimating magnets in the region of optimum setting although
this position did seriously affect the total current reaching

the trap and shield.
A special feature of tkiiu ion source is the electrv-beam
current regulation device incorporated within it,

sj use of a

feedback mechanism, the filament heating current is continuously

adjusted to provide a constant electron current to the trap.
This proved to be of extreme usefulness in the study of certain
gases. For example, with sulphur dioxide in the ion source, it
was found that the d.c. filament current required to produce a

fixed trap current of say O.Ol,,uA fell from about 2.6A to 1.6A
over a period of eight hours. This fall-off was probably

associated with filament erosion and change of resistance since

breakage usually followed soon afterwards.

In this case, use of

a constant d.c. filament current would have been unsatisfactory
and probably would have led to a continuously increasing current
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to the trap and such earlier filament breakage.
At low and 'negative' electron accelerating energies, as
the electron beam is prevented from reaching the trap by the
attractive potential on the filament, this device, if left to
itself, would simply drive up the filament current to maintain
constant trap current. However, it was also possible to limit
the filament current to some upper level and hence to preserve
the natural fall—off in trap current in the low energy region.
This required very careful empirical adjustment of the trap
current demanded and of the level of filament current
limitation.

In practice, using this mode of operation, it

was found that as the electron accelerating voltage was increased,
filament current dropped off gradually by as much as 0.2A over
about 5V under conditions in which filament erosion was not
serious. The effect of this on the energy distribution of the
electron beam is discussed in a later section.
Following the adjustments to the ion source which have been
described above, the remaining operations of the instrument were
set up as follows. The gas under study was admitted into the
sass spectrometer to a flight—tubs pressure of about 5 x 107 6 Am
the ion accelerating voltage was set to 2.8 kV and the operating
frequency to 10 kHz. From the resulting negative ion sass
spectrum viewed on the oscilloscope display, the ion draw—out
pulse of the first ion—grid and the bias of the second ion—grid
were adjusted for maximum signal as was the external magnet
assembly of the electron multiplier. Because of the magnetic
fields within the source and multiplier regions, compensating
magnets of opposite orientation to these fields are required at

let
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either end of the flight-tube to correct ion trajectories in the
initial and final parts of their flight.

Adjustment of these

magnets was carried out according to the manufacturer's advice
i.e. the source compensating magnets were varied in strength
by the addition or removal of iron shims until all masses in
the spectrum 'peaked' with the same potential applied to the
Ion vertical deflection plates in the flight-tube and the
multiplier compensating magnets were similarly treated, to
produce simultaneous peaking of all masses on adjustment of
the horizontal deflection plate potentials. Normally, the
ion-focussing lens in the flight-path was also used to obtain
the maximum ion-current to th. multiplier. The manufacturer
states that the use of this lens tends to reduce mass resolution
but this was not found to be serious and the ten-fold improvement
in signal to the multiplier with the lens in use was considered
to be a great advantage.
With the electron multiplier not close to its maximum gain,
the secondary electron current from the multiplier was collected
on the *nodes using the gating pulses adjusted to their maximum
height in order that the electron packets be fully gathered.
Finally the current was measured by the electrometer units and
read out to the recorders, the 5 VDC full-scale output of the
electrometers being stepped down by simple potential dividing
circuits to suit the maximum input of the lent 1 mV potentiometric
recorders.
It may be stated at this point that one of the aims of tilese
setting-up adjustments was to obtain the maximum signal at
output consistent with good experimental practice. In this way,
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it was possible to use the minimum electron trap current and, to
a lesser extent, the minimum source pressure to obtain the desired
level of ion intensity.

(a) The inlet Dystsm
Figure 6 is a schematic diagram of the Bendix 1072 Heated
Molecular Leak Unit. The system of va].ve seats and connecting
passageways of the inlet manifold are machined from four blocks
of stainless steel which are bolted together. Tube connections
are of stainless steel and are fitted with SrVagelok couplings.
Valves 2 to 13 are Hoke valves of the bellows type and valve 1
a 00ke valve with Teflon packing. Three separate leaks to the
mass spectrometer are provided at IL, J and K, the smallest of
these, a 0.005 inch orifice fitted at K, being normally used.
The whole is enclosed by a stainless steel oven and is bakeabis
to 220°C.
The pumping system consists of a Welch rotary-vane mechanical
pump and a Consolidated Vacuum two-stage oil diffusion pump.
Thermocouple vacuum gauges are located at N and G.
More accurate measurement of gas pressure in the volume C
can be made using the micromanometer at M. This is an MXS
Baratron Type 77 pressure meter with a head reading up to
10 mm Hg and allows gas pressure to B. determined to within at
least 41 x 10 2 us gg.
Gaseous samples can be introduced via the inlet A and
volatile liquids via C by hypodermic syringe injection. £
quantity of gas or vapour can be held in the sample volume D
and leaked directly into the mass spectrometer or alternatively
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expanded into the five litre volume C. Normally, with plentiful
samples, the larger volume C was used as a high pressure reservoir
because of its slower depletion rate. It was found that the
pressure in C fell off by no more than lO over the period from
commencement to completion of any one experimental run and
careful use of valve 11 as a throttle allowed the pressure in
the mass speotoset.z to be maintained within such closer limits
than this.

(d) Maps calibration of the maps spectrometer
The time-of-flight T of ione in this type of sass spec troaster

Is related to their mass M and kinetic energy IN by
L2

( ci)

_
HE

where L is the length of the flight-tube.

10raally, the absolute

time-of-flight is difficult to determine and it is not possible
to identify ion masses in this way-.

It is possible, however,

to measure a related quantity Ti, namely the ties setting of
the collection gating pulse which, apart from the ion time-offlight, includes a contribution from the time taken for the
secondary electron packets to traverse the multiplier. Thus,
using two or more ion peaks from a calibrating gas, the equation
T

12

(48)

• AM 4 B

can be solved for the constants A and B.
Alternatively, a large number of known ion peaks can be
used to draw a calibration curve of

Ti

against Me

For assess up to about 150 9 use of such a calibration curve
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was found to be straight-forward and convenient. Above this
value, because of flattening of the curve, assess were identifiable
to no better than 42 units and a more careful procedure involving
the solution of equation (48) using known masses in the vicinity
of the unknown peak was required.

C.)

Experimental procedure
When measuring ionisation efficiency curves, the following

experimental procedure was normally used.
After the initial setting-up of the mass spectrometer as
described above, the sample under study, either liquid or gas,
was introduced into the inlet system and into the five litre
reservoir to a pressure of about 10 an flg as measured on the
Baratron aicronanoseter. This was further leaked into the mass
spectrometer to a flight-tube pressure not exceeding 2-3 x 16-5
an Hg. The actual pressure used in the mass spectrometer
depended on the intensity of the ion under examination but was
limited to this upper level by a sharp increase in the oollisional
loss of ions within the flight-tubs. When energy-scale
calibration was required, the standard gas was mixed with the
gas under study to a partial pressure sufficient to produce the
calibrating ion with an intensity similar to that of the ion
under investigation. Mixing of the gases was necessary to
correct for different small potential gradients over the ion
source surfaces which may hay, been produced by adsorption of
the gases. Also it was found experimentally that, when the
calibrating ion was above one order of magnitude more intense
than the ion under study, spurious peaks or 'bumps' often
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appeared in the iorai,atiOn efficiency curve, of this latter ion
in the region of peaks in the calibrating ion. This was
especially true for the calibrating ion 0/S0 2 and occurred even
with ions of mass far removed from that of

(f.

It was assumed

that some type of ion-molecule reaction involving the 0 ion was
taking place. The above procedure was used to reduce this effect
and in doubtful cases the unknown ion was run by itself several
times to establish the true shape of the curve.
For certain molecules which formed ions of very low

intensity, it was found necessary to calibrate all the ions
internally, usually against the most intense ion in the sass
spectrum, and finally to measure this ion against the calibrating
ion.
il.otron trap current was adjusted to the minimum love]
consistent with reasonable ion currents. This was done for
three r.aeon.,nasely to keep to a minimum any spreading of the

electron energy distribution due to space-charge effects, to
reduce the temperature of the filament and the resulting
breakdown of molecular species on it and finally to reduce the
rats of filament erosion or evaporation and to lengthen its
lifetime. experimentally, it was found that over the range
of trap current levels attainable at low electron energies
i.e. up to about 0.05,*&A, no noticeable broadening of the
electron energy distribution occurred. Unfortunately, for
certain ions of very low intensity, it was necessary to use
trap currents in excess of this (up to 0.5jAA) when broadening •
did occur. This was clear from the ionisation efficiency curves
of the calibrating ions. The breakdown of certain molecular
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species on the filament and the formation of negative ions on
the filament surface also occurred to some extent. This was
partially removed by lowering the filament temperature but in
certain oases negative surface ionisation effects were almost
as important as those of electron capture. Finally, filament
breakage accounted for the greater part of the instrument
'down-time' and the increase in filament lifetime obtained by
working at low temperatures was very useful.
The peaks from the standard and unknown' ions were
monitored simultaneously on separate output channels and the
electron energy, as measured by a Solartron L1'1620 voltmeter,
was scanned in steps of 0.1 V over the energy range of interest.
For each energy step, the output was traced on the recorder
charts over a period of one to two minutes, or longer for
noisy signals, with the charts running at one inch per minute.

When electrometer range changes were required, the ion current
was measured before and after the change to provide intercalibration of the ranges. In practice, it was found the
electrometer range multiples (z2 and x5) of the instrument were
net always the most suitable for accurate measurement and so
the gating pulse of the collecting anode was adjusted up and
down to provide other attenuation factors. This had to be done
carefully to avoid interference between the collection pulses
of the two channels and was normally limited to occasions
when the pulses were well separated in time. In any case,
inter-calibration was carried out as described. It may be
mentioned that attenuation of ion intensity during an
experimental run must not be achieved by varying the electron
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trap current since this can cause drastic shifts in the energy
scale and result in major errors,
chart output was read by drawing an 'average' straight Line
through the tracing at each energy step and by measuring the

deflection from a baseline recorded with the electron beam turned
It was found that the minimum rang. (10' 3 A) of the

off.

electrometers was too noisy for this type of read-out and low
Intensity measurement was limited to the 10

2A range. At the

10 10 A level the output at each energy step was almost a perfect
straight line and, in consequence, output currents of greater

than 10'9A were not used, reduction of either the trap ourrent
level or of the ion source pressure being preferred.
Normally, ionisation efficiency curves for any one ion

were measured at least four times
When pressure dependence studies were required, ti'e ion
source pressure was assumed to be proportional to We pressure

in the inlet reservoir at a fixed leek position. This assumption
was originally tested using ions of known pressure dependence
and was found to be satisfactory within the experimental lim.tts.
Gas was introduced into the sample reservoir in increments, the

pressure being read from the L3aratron miorosanometer.

After a

few minutes delay to allow stabilisation to occur, the ion
current for each value of pressure was measured as described
above.

(f)

leotron *neray scale calibration

Because of unknown contact and surface potential 'within the

-y #.

ion source of a mass spectrometer, the electron energy, as
measured by a voltmeter between the filament and ionisation
chamber, is no more than a first approxtmation to the real
electron energy.

Consequently, some method is required to

calibrate the electron energy scale. This is often done by
using standard ions whose appearance potentials have been found
directly or indirectly by other methods and this procedure was
adopted in the present experimental work.
Three separate calibrating ions were used covering between

them the energy range of interest. They were the S76 ion from
sulphur h•xafluorid.,the 0 ion from sulphur dioxide and the

(r

ion from carbon monoxide.
The appearance potential of the SF ion formed by resonance
capture from sulphur hexafluoride has been examined by a number
of workers and especially by Iiickaxn and 7ox 48 and by Fox and

Curran49 .

Both of these latter studies used the Retarding

Potential Difference (E.P.D.) method of Fox et a3.50, the energy
scale being calibrated from the experimental electron retarding
curve. The procedure of Ref. 49 was adopted in this work and
the appearance potential of the SP

ion was taken as G.QeV.

As has already been said, 3hu1s 47 has warned of possible
error in the use of this ion as an energy scale calibrant in
ion-sources where negative ion extraction is achieved by a
positively biased draw-out grid. In such a case, the effect of
the draw-out potential is to accelerate the electron beam as

It crosses the ionisation region and electrons of effectively
zero energy can be obtained only at the edges of the collision
chamber. These low energy electrons are captured to form
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and a peak in the formation of this ion is seen. However, for
most of their flight the electrons have a minimum energy greater
than zero and the energy scale calibrated from the 816 isin
error.

Consequently, in the present work, the ion-source was

operated with the ion draw-out grid bias Bet at or very close to
zero,

however, even with very careful precautions to exclude

extraneous electric fields from their source, Chriatophorou et .i.51
have found, in the application of their 'swarm-beam' technique that
ions calibrated against SF6 required further energy correction
of up to 0.4eV to give the best fit between electron-beam and
swarm data and this must clearly be borne in mind in any consideration
of low en€rgy appearance potentials.
Because of the very narrow resonance exhibited in the
formation of

6'

this ion can also be used 48 to measure the

energy distribution of the electron beam. The observed shape
of the resonance is almost entirely due to this distribution and
simple reversal of the measured SF6 ionisation efficiency curve
on the energy axis provided the estimates of the distribution
which were used for the unfolding procedure carried out in this
present work.
In order to reduce the possibility of calibration errors due
to energy scale alinearity, it is desirable to employ scale
calibrants other than the

SP

ion at higher electron energies

and consequently the 07 ion from sulphur dioxide was used in the
2 to Buy range. The appearance potential of this ion was taken
as a calibration point at 4.20. This value has been estimated 52

using an R.D.D. method, the energy scale being calibrated from the
electron retarding curve.

4 -(.
Finally, at even higher energies, the 0 ion from carbon
sonozide was used. Since this ion probably rises vertically to
its maximum arose-section at threshold, neither the experimentally
determined appearance potential nor the peak maximum provide
reliable calibration points, the positions of both being strongly

dependent on the electron energy distribution. However,

assu m ing

that the arose-section behaves as a step function between threshold
and maximum, the true threshold for the process can be taken as
the point of maximum gradient on the onset side of the experimental
peak.

In a recent study

11 , Cb.antry has shown that the electron

impact threshold for the formation of the (7 ion probably occurs
at the energy calculated from the dissociation energy of 00 and
the electron affinity of 0 i.e. at 9.2.V and this value was
adopted in the present work. Chentry'a results were obtained
using a retarded energy distribution froa an R.F.D. gun and
the energy scale was calibrated using the appearance potential
of CO 4 from CO at 14.0eV.
In some of the earlier work of the present study, the
maximum of the resonance curve for 07co was used as an energy
reference 53 at 10.1eV. Although the observed peak maximum
of this ion is a function of the electron energy distribution,
the 'real' maximum ocouring doss to 9.60, it would ease that,
with the present electron energy distribution, the value of
10.1eV is not seriously in error.
Discussion of the experimental results obtained for all

three calibrating tons is reserved for a later section.

(g) Materis13

'V.

Table 1. lists the various substances used in this work,
the source of supply and, where available, the manufacturers
quoted purity levels. All were used as supplied without further
purification. No negative ions were detected which indicated
the preseue of impurities with the exception of BY and PP3 which
showed small amounts of the 'mixed' ions BftOEy and PYxOlif.
These probably arose from partial hydrolysis of the gases in the
inlet system or ion source.

However, it is believed that the

major ions detected and their behaviour were due to the molecules
BP, and PF3 and not to hydrolysis products.
C2 14 was prepared by heating the polymer

F4 )n under

vacuum in a silica bulb at 450-500° C and distilling the product
from liquid nitrogen. Gas chromatographic analysis showed the
product to contain less than 1% of C3 6 as an impurity.

Table 1.
Purity

Sample

3ouxo
Cambrian Chemicals Ltd., London

BF,

99

CO

99.5

Cambrian Chemicals Ltd.

COS

96

Cambrian Chemicals Ltd.

CF2O

98

Pierce Chemical Co., Illinois, U.S.A.

CF3 li

98

Cambrian Chemicals Ltd.

CS

-

Hopkin and Williams Ltd., iiaex
aabrian Chemicals Ltd.

OF

95

CF3O?

98

Pierce Chemical Co.

99

Cambrian Chemicals Ltd.
Chemical Co.

Cl'3 CH

C2 P4

Gift from I.C.I., Widnes

-

99

Prepared in laboratory

Ss*D1e
C2 F6
013 00CF3

Pu ri tv
99.6
93

Source
Cambrian Chemicals Ltd.
Piero* Chiioa1 Co.

PIP

-

I.a.I., Widnea

302

-

British Drug ilouaes, Poole

Si P4

99.6
-

Cambrian Cheioala Ltd.
Ur Products, Stoke-on-Trent
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CHAPTI IT
DATA DCQNYQLUTION PROCDUR
(a) Introduction
If useful appearance potential data are to be obtained by
the method of electron impact and any fine structure to be seen
in ionisation efficiency ourve8, it is necessary that the energy
of the ionising electron beam be homogeneous. Any width in the
energy distribution of the beam may cause the point of appearance
of an ion to be uncertain and separate ion—formation processes,
which occur within an energy range of less than the half—width

of the distribution, to be unresolved.

In mass spectrometric

studies, the source of ionising electrons usually is a heated
filament and the emitted electrons consequently have appreciable
thermal energies with a spread of 1-2eV.

The reduction or

removal of the effects of this energy spread has been one of the
major problems of the electron impact technique and many solutions,
of varying applicability, have been proposed.

In positive ion studies, much attention has been paid to the
determination of ion appearance potentials from data obtained
using the full electron beam energy width. Vanishing current
55 and a
methods have been employed by Smyth 54 and by Warren
linear extrapolation technique by Smith 56 and by Asundi and

Iurepa 57 .

s a result of the exponential character of the

high—energy tail of the quasi—Maxwellian electron energy
distribution, Honig has proposed a logarithmic method and
this has been used and adapted by various other workers ' 60 ' 6 .

In negative ion studies also, vanishing ourrent62 and linear
extrapolation methods have found application. The former

JJ.

method is usually criticised on the ground that the experimental
determination of the vanishing point of the ion currant is
necessarily subjective and the latter method, although it has
proved successful in certain oaees, rune the risk of ignoring any
real exponential 'to.' on the ionisation efficiency curve apart
from that introduced by the suction energy distribution and hence
of overestimating the appearance potential. The maxims of
resonance capture peaks have also been taken 63 as critical points
to indicate appearance potentials for transitions from the centre
of the Franok-Condon region but, in the light of recent theoretical
developments 289 this interpretation is uncertain.
In any case, the application of such methods is limited to
the determination of appearance potentials. No improvement in
energy resolution is obtained and the methods can be regarded as
useful only when other techniques fail or are not available.

A more direct approach to the problem of the electron bean
energy width has been to use physical devices to select a narrow
energy segment from the bean. An early attempt to do this was
made by Nottingham64 using a magnetic selector and he

was able to

observe fi ne structure in the ionisation efficiency curve of
mercury. Electrostatic selection has been used by Clarke 65 .
Es 127 0 selector has produced beams of 0.2 .V spread and has
enabled fine structure to be aeon in the curves of 1 24
from nitrogen. Improvements have been made by Marmot and
68 enabling
Kerwin 66 , by Marmot and Morrison 67 and by Brion St al
the bunt width to be reduced to as low as 0.02 •Y at half height and beam currents of up to 10-7 A to be achieved.

00"

Hemispherical 69 and parallel-plat*70 selectors have also been

-

71
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used,
Perhaps the most widely applied technique has been that of
Fox et al 50 , the Retarding Potential Difference (a.P.D) method*
In the Pox modification of the conventional electron gun, an extra
electrode or grid is introduced between the filament and the
ionisation chamber. This electrode, the Fox or retarding electrode,
is biased slightly n.gative with respect to the filament by an
amount Yr and removes from the electron bean the component of
thermal energy less than Vr, resulting in a sharp, lot energy
cut-off in tne beam profile.

7T

increain, the negative bias

potential of thth electrode by a small amount Avr, a further

energy slice of width &r is removed. The resulting change in
ion current Ai, wkioh occurs when LWr is applied, is taken to be
due to a band of electrons homogeneous in energy to within AVr eV.
Modifications of the R.P.D. method are due to Cloutier and
3ohiff44 who used the properties of a space-charge-limited diode
to produce the retarding potential and to Dame 7 who modulated
the retarding potential, the modulated component of the ion
current being detected and used to display difference currents
directly,
In practice, this technique seems to suffer in that it
requires long and careful adjustment to the ion source and, in
the direct method of Fox, is slow and tedious in producing
ionisation efficiency curves. Moreover, the loss of electron
bean current which occurs when the Pox grid is introduced and
the fact that differences in ion currents are measured, greatly
reduces the signal to noise ratio in the final ionisation data.
This becomes particularly serious when negative Lone, with their

characteristic low intensity, are being studied.
The LP.D, method has been criticised by Marmot 72 using
arguments based on the experimental work of flartwig and Ulmer 73 .
Marmot has pointed out that, once passed the retarding electrode,
the sharp energy out—off in the electron bean may not be
maintained but, due to space charge effect., a complete or
partial symmetrization of the distribution may occur.

From this,

he has shown that 'ionisation efficiency curves' obtained by the
LP.D. method may show significant instrumental effects and may be
compounded of the true ionisation efficiency pattern plus some
unknown traction of its derivative.

A simple and attractive analytical procedure for treating
conventional ionisation efficiency data has been proposed by
Winters et al called the Energy Distribution Difference (.D.D.)
method. In this technique, the electron energy spread is
effectively reduced by subtracting from the distribution a fixed
fraction of the distribution at a slightly higher accelerating

voltage.
Unfortunately, it has been found in the present work that,
when the observed data are treated using this asthod, the
resulting curves are often seriously affected by random noise
which is sharply amplified in the differenoing process. Thus,
in spite of its simplicity, this method was not used in the
Present study.
More complicated procedures involving deconvolution of the
electron energy distribution from the observed ionisation data

9 Two separate
have been suggested by Morrison.

technique. are

S

presented, the first of which divides the Fourier transform of the
ionisation efficiency curve by that of the electron energy
distribution and taken the transform of the result and the second
of which uses

the iterative method of van Cittert 75 to find a

function which when convoluted with the electron energy distribution,
produces the observed

data,

loup and Thomas 76 have considered the relative merits of
these latter methods and found the Fourier technique elegant,
rapid and probably preferable for treating very smooth data.
However, two of their comments seemed to be of particular
Importance in the present case, namely that the single stage
Fourier unfolding may result in a sudden, disasterous increase
in the notes level whereas, in the Iterative process, noise builds
up with each successive step and the process may be terminated
before noise becomes restrictive and also the iterative process
does not shift the unfolded function with respect to the original
observed data whereas, in certain circumstances, this may occur
with the Fourier method. Clearly then, the iterative procedure
is preferable for the treatment of data which may be noisy and
when it is important to know the position of the function on
the energy axis. The fact that smoothing procedures are readily
applicable in both cases also indicates that the deoonvo]ution
techniques are probably well suited to the treatment of ioniaatIon
efficiency data.
For these reasons, it was decided to process the experimental
results of the present work using the methods outlined by Morrison
end, because of the nature of the data, to do this by the iterative
techniques.

(b) Description of the data smoothing and deconvolution procedures.
The unfolding and smoothing techniques used in this present
study have been discussed by Morrison9 and others 75 ' 76 ' 77 and a

summary of the Morrison—van Cittart methods can be given as
follows.
Thermionioally emitted electrons possess an energy
distribution such that the probability of a particular electron
having an energy in the rang. U to U + Aff may be described by

N&(U)AU where N is the total number of electrons. The function
m(U) is such that
00

= t

(49)

In the electron gun of the ion source, the electrons are
accelerated by a potential difference V and emerge with an
energy £ where E

a U

4 V. If the probability of formation of a

particular ion by an electron of energy Z is a function of

L9

namely I(s), then the probability of formation of the ion by a
beam of electrons of nominal energy V is i(v) where
00

I(Vu.

(u

AU.

(50)

In measuring ionisation efficiency curves, the normal
experimental method is to sample the ion current i(v) at equal
intervals in V and the purpose of the unfolding procedure is to
find the corresponding values of I(s) which satisfy equation (50),
when the electron energy distribution a(u) is known at the
same intervals in energy and i(v) and .(u) are bounded by zero

at the lover and upper ends of the energy range, it is possible
to obtain unique solutions for at comparable intervals in X.

5h I
One way of doing this is by the method of van Cittert 75 where the
set of iterative equations

I()) +Jv tends to 1(E) as n increases.

i()c

(51)

(u)Au

14

This procedure takes a trial.

convolutes it with the electron energy

function 1(E) oslo

distribution in accordance with equation
result with the original i(v).

(so)

and compares the

The difference is then used as

a correction to calculate a new trial function 1(E) oalo (n 4 i)
and the procedure is repeated. The original trial function used
is the set of i(V) itself i.e. when n = a, i(&) cab (n) =
Rowever, as Norrison 9 has pointed out, if this process is
applied to actual experimental data, the solution obtained for
T(E) is usually so obscured by noise as to be effectively useless;
smoothing of the original data is necessary before deconvolution.
Since the electron energy distribution is known, smoothing can
be achieved to some extent by removing from the data any
'inco*patible' noise i... that part of the observed data which
could not possibly arise from a real function 1(E) convoluted
with (u).

To carry out this smoothing, the following iterative

process may be used,

-(u) & u,
4o

=

L(v)

- L(V)(m)

MA

(52)

In addition, if at any stage in te operations (51) and (52)

i(s) goes negative then, because of the obvious physical
restriction on such solutions, i(s) may be not equal to zero.
This also has the effect of damping noise oscillations.

57.
(o) Tests of the smoothing and deconvolution procedures using
artificial system.
Since theae unfolding and smoothing techniques had not been
used previously in this laboratory, it was not known to what
extent appearance potentials, the energy of resonance peak maxima
or peak width, obtained using then could be considered reliable
or how random noise in the experimental data or poor estimates
of the electron energy distribution would affect this reliability.
Accordingly, an attempt was made to assess these factors by
constructing artificial examples, convoluting them with an
experimental electron energy distribution and deconvoluting them
and comparing the initial and processed functions. Various
levels of random noise were added to the convoluted forms and
several inexact descriptions of the electron energy distribution
were used in the deconvolution procedure.
In Figure 7(a) and (b), two artificial functions A and B
are shown before and after convolution. The electron energy
distribution used was that shown in Figure 13(a) and was measured
experimentally using the

ion from

It has been saisn48

that the energy dependence of this ion is very closely related,
on a reversed energy scale, to the electron energy distribution.
It is apparent from Figure 13(a) that the distribution is fairly
symmetrical, about 44% of the electrons being on the low energy

side; the width at base line is about 3 eV and at half peakheight about 0.8 cv.

The artificial functions were originally

chosen because, when oonvoluted,they showed some resemblance to
certain experimental ionisation efficiency curves observed in the
present work.

convolution was carried out using equation (50),

the upper limit of the summation being finite in practice.
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58.
Computer programs were written to perform both this and the

unfolding and smoothing operations.
In Figure 8(a) and (b) the results of performing 15 smoothing
and 20 unfolding iterations upon functions A and B are shown
together with the original functions. In these examples,
smoothing is probably superfluous since the only error involved
in the input to the unfolding program arises from the rounding-off
of the output from the convolution but it was decided to include
these operations for the asks of consistency. In any case, it
is apparent that the positions of the ionisation thresholds, the
peek maxima and the peek widths together with the relative
intensities of the peaks are accurately recovered.

However, these results are obtained under experimentally
unrealisable conditions; in practice, experimental data contain
random scatter in the individual points. As a t69t of a system
corresponding more closely to an experimental one, random noise
was added to the convoluted functions of Figure 7 and the
smoothing and deconvoluting operations repeated.

Random noise

was added in the following way; five—digit random numbers

were read from a table 78 10 the first two digits being used to
indicate the sign of the number and the remaining digits to
indicate its magnitude. The numbers were multiplied by the
square root of the appropriate i(v) to relate the magnitude of
the noise to that of the i(v) and finally by a constant to
limit the maximum ratio of noise to signal for any individual
point to some upper value.

Two levels of noise were added,

the upper level being approximately twice as large as the
lower.

In the case where the upper noise level was added,
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59.
the resulting scatter in the data points was probably greater
than in the majority of the present experimental work.
Figures 9(a) and (b) show the synthetic convoluted functions
with the higher level of noise added; the full lines in the
Figures refer to the original smooth forms.
The results of 15 smoothing and 20 unfolding iterations
on these data are shown in Figure 10 together with the original
functions. The results for the lower added noise level are
shown in Figures 10(a) and (c) and for the higher level in (b)
and (d).

It is clear that, for both artificial, functions at

the lower n013e 1.v.1, the energy values for the onsets, peak
maxima and the widths of the peaks are again accurately
recovered.

In the case of function B. it appears tilat taere

is a small change ('5) in the relative peak heights.
At the higher noise level, for function A. the onsets and
the maxima for both peaks are identical with those of the original
but there is a slight broadening of the major peak and a small
change in the relative intensities of the peaks. For function
B, the change noted in the relative peak heights at the lower
noise level has become more apparent and there is a shift of
one energy interval in the positions of the first onset and
peak maximum.

This shift corresponds to 0.1 eV experimentally.

In general, it in seen that any effects of the random
scatter of the data upon the deconvolution operation can be

dealt with effectively if the smoothing procedure is used.
The scatter in the unfolded data is certainly no worse and
may even be better than in the original noisy function and the

I—

z
w
cc
cc

U

z

0

DO
ENERGY
Figure I].

ENERGY- -)
Figure 12.

___

ENERGY
Figure 12. (contd.)

60.
effects such as shifts in onsets and peak maxima are not of

fundamental importance but are of the type which would probably
average out over several experimental runs. The considerable

loss of definition that results when smoothing is not used can
be seen in Figure 11(a) where 20 unfolding iterations have been
applied to the data of function A with the lower noise level

added. The shape of the function, although qualitatively
apparent, is effectively lost as a source of information about
onset energies, peak widths eta.

A

considerable improvement

is noted - Figure 11(b) - when negative values of i() are not
equal to zero during deconvolution but comparison of Figures 11(b)
and 10(a) indicates the desirability of smoothing when accurate

ionisation data are required.

In the teats reported above, 20 unfolding iterations were
used in each case.

The effect upon the shape of function A

of using different numbers of iterations can be seen in Figures
12(a)-(d). After only 4 iterations, the two peaks are
distinguished and resolved but are broader than in the original
function and their thresholds are displaced to lower energies.
Increasing the number of iterations decreases the peak widths,
correctly establishes the relative peak heigZits and leads to
sharper and more accurate onset energies. A noticeable

improvement is obtained by increasing the number of iterations
from 10 to 20 but from 20 to 30 the difference in only marginal
i.e. after 20 iterations, convergence of the trial function to
the correct solution in essentially complete or has become
so slow as to render it impractical to continue unfolding.
Accordingly, to save computing time, in the work reported here,
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16-20 unfolding iterations were used to analyse the data. A
check on the convergence of the process was easily made by
comparing the difference between successive i(s) oalo and their
magnitudes. For the smoothing process, 15-20 iterations were
usually sufficient to produce similar convergence.
Morrison9 has suggested that quite large variations in
the electron energy distribution used in the unfolding have
little effect on the resolution of structure in ionisation
efficiency curves. The importance of this effect has also
been examined in the present work.
Figure 13 shows four different estimates of the energy
distribution which have been used, The 'correct' distribution
is shown in Figure 13(a); distribution 2 (13(b)) is an
overestimate, distribution 3 (13(c)) is an underestimate and
distribution 4 (13(d)) is based on the correct form but has a
severely curtailed high energy portion.
The results of smoothing and unfolding function A using
these approximations is shown in Figure 14. As might be
expected, distribution 2 causes the peak widths to be narrower
than in the original and the onsets to be displaced;
distribution 3 does not give complete resolution of the peaks
and again the onsets are displaced. Distribution 4 has the
most fundamental effect, producing an extra peak at low energy
and giving poor recovery of the onset energies.
It is clear then that, although poor estimates of the
electron energy distribution do result in an improvement in
energy resolution and could be used to give qualitative or
semi—qualitative information about ionisation processes, to
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obtain reliable values for appearance potentials, peak maxima
and peak width., a fairly accurate description of the electron
energy is required.

An a final teat of the deconvolution procedure, three other
artificial examples have been examined and these are shown in
Figure 15 together with the unfolded results. Function C is
broad compared with the electron energy distribution and has
slowly increasing and decaying 'wings', function D consists of
two incompletely resolved peaks and function I rises vertically
to a maximum at threshold. It is seen that the broad function
C is recovered extremely well after 20 unfolding iterations.
For function D, the onset and peak maxima are reproduced and,
although the separation of the peaks is not as well defined as
in the original, no great lea, of information has occurred.
Function E. however, probably demonstrates one of the major
weaknesses of the method namely its slow convergence in regions
of rapid change of amplitude. After 20 unfolding iterations,
the peak maximum, which shifted by four energy intervals as a
result of convolution, has recovered by only one interval.
From the correction factors between successive trial functions
it is clear that the trend is towards the correct solution but
that, especially around the peak maximum, the convergence is
very slow; the difference between trial functions 19 and 20
is of the order of only 0.1 of their absolute values. A
spurious inflexion on the high energy side of the peak is also
noted.
Although in this latter case acme other deconvolution

procedure is probably preferable 9 , the present method does have
advantages. The considerable 'sharpening—up' of the function
simplifies the selection of the point of maximum gradient and,
even if an experimental peek is not recognised as having a
vertical onset, the 'zero current' appearance potential, as
compared with the point of greatest elope, is not likely to be
in error by more than two or three energy intervals (0.2 - 0.3 cv
experimentally).
The slow convergence problem is probably most acute for the
vertical onset typo of curve. The asymmetry of the function
makes it susceptible to shifts of the maximum on convolution and
it is the recovery of the true peak maximum that is difficult.
With more symmetric curves, little or no shift in the maximum
occurs and even if the amplitude of the function varies rapidly
and convergence of the unfolded result to the exact form of the
original function is slew, this has little effect on the overall
shape of the curve.

The functions £ and B considered above

demonstrate this quite clearly.
As a result of these tests carried out on artificial
functions, it is seen that, with a few exceptions, the
deoenvolution procedure can lead to accurate values for
appearance potentials, peek maxim* and teak widths and, whereas
a certain level of random noise can be tolerated in the
experimental data if the smoothing procedure is used, a fairly
accurate estimate of the electron energy distribution is required

to achieve this.

(d) Teats of the smoothing and deoonvolution procedures
using experimental systems
Once the general properties of the smoothing and unfolding
techniques had been examined using artificial systems, it was
decided to study certain well known experimental systems in
order to compare the results obtained with those of other
authors. In particular, the negative ions formed by sulphur
dioxide and by carbon monoxide were chosen.
A few paints of practice when treating experimental
data may be mentioned here. For the purposes of smoothing
and unfolding, the current from any ion was considered to be
zero if it fell to a value of lees than 0.05% of that recorded

at the resonance peak maximum. In the case of ions of low
intensity, the current could net always be followed accurately
down to this level and the zero was taken when no detectable
deflection was recorded on the lowest useable range of the
electrometer (16-12 A)or when the signal became submerged in
noise. However,, an ion current of about 1% of the peak
maximum normally gave a detectable signal.
For ion currents that did not fall to an effective zero
at either or both ends of the electron-capture energy range,
it was necessary to use some means of bringing the ends down
in a natural way. Non-zero values at the ends of the
experimental data arose for several reasons, the most frequent
being the onset of an unresolved ion-pair process at the high
energy side or the interference of & lower energy process when
it was desirable to examine some section of the ienisation
curve in more detail.

In these latter oases, suitable starting

or terminating data were added to the experimental results prior

U,.

to processing. Morrison9 has given a generating function for
the terminating data, An, namely:

°(56)

where K is the highest value of U for which m(U), the electron
energy distribution, is non—zero. The sot of numbers are scaled

so that Ae is approximately the average of the final three or
four values of i(v) obs. Similarly, a suitable not of starting
data is given by
mU

LA o

where m*

(u)

indicates m(U) reversed on the energy scale and the

upper limit of U occurs when

returns to zero. If

necessary, such data were usually added to the experimental data
in regions of fairly uniform amplitude of the observed curve.
In certain cases, especially at low electron energy, it was
found that ion currents would net fall to zero on the low energy
side of the capture peak when it was obvious that no ether capture
process was occurring. This effect was ascribed to formation of
ions by negative surface ionisation of the molecular species on
the hot filament. Reduction of the filament temperature caused
the ion current from this source to become lees important in
relation to that from electron capture due to bombardment but
unfortunately it was often necessary to work with a fairly high
filament temperature in order to see conventional electron
capture and hence surface effects could not always be eliminated.
As has been said in a previous chapter, the filament temperature
tended to fall off slightly as the electron energy was increased

S

and in accordance with this, it was usually found that the ion
current decreased to a such lover level on the high energy side
of the capture peak. In such oases, if the effect on the low
energy side was not too large (less than a few percent of the
peak aaxiaua), it was assumed that the current s due to ions formed
on the filament, was decaying exponentially with increasing electron
energy. Certain of the experimental results of this study (the
formation of polyeulphur negative ions in 008 and 082) indicated
that this assumption was reasonable. Thus, an exponential
function was fitted to the data at either end of the ionisation
curve, solved at each energy interval and eubtacd from the
observed points. If the effect was too large, it was necessary
to add starting data in the way already described.
Since it was not possible to make an accurate forecast of
the number of unfolding iterations which any set of data could
endure without excessive build-up of noise, it was found that
the inclusion of a crude graph-plotting routine in the unfolding
program to draw out every second trial function, greatly simplified
the decision of when to stop the process. After some use of
this method, it became possible, through experience, to Judge
roughly the extent to vhioh noisy data could be treated and
hence to limit the number of unfolding cycles with a considerable
saving in computing time.

Negative ion formation in sulphur dioxide has been studied
by several workers 5263 ?960
the present work were 0, 50,* 8

The negative ions detected in
and 802; the intensity of

the ions 0, 30 and 8 depended on the first power of the
ion-source pressure and the ions are thus primary, that of 802
depended on the second power of the ion-source pressure
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U,.

and the ion is secondary.

At the maximum of their major resonance

capture peaks, the intensities of the ions 0, 30 and S were in
the ratio 1000:940:30 and at 70 •V were 1000:250130. As has
already been said, the 0 ion from this molecule was used as an
energy scale oalibrant, the appearance potential being taken as

1,2 iT.
The experimental curve found for 073 02 in the present work
is shown in Figure 16(a). Two resonance peaks are noted and
smoothing and deoonvolution of those data lead to the peaks shown
in Figure 16(b).

The threshold energy for the first peak is

sharp and when set at 4.2 iv rises to a maximum at 4.9 10.1 .V.
As throughout this study, the error quoted indicates the maximum
scatter of values found over several experimental rune.

This

52
(4.7 ST)
latter value is slightly higher than that found by Kraus
and by Dorman 63 (4.6 el) and considerably higher than that of

Reese St al. 80 (4.3 cv) and of Rosenbaum and Neuert 79 (4.4 OT).
The value found, of course, depends on the onset used and Reese's

value (only the peek maximum is given) seems incompatible with
an onset of 1.2 eV; Rosenbaum and Neu.rt measured 3.5 .1.

The

second peak remains incompletely resolved even after decoavolution
but has an appearance potential close to 6.6 eV, the value found

by Kraus and a maximum at 7.8 10.1 •V (Kraus 3.0 iv).
Formation of the 0 at the first peak can be ascribed to
the reaction
30 2

+S

0 4 30

From thermochemical data (see Appendix i), the dissociation
energy, D(S0 - o), of the 80 - 0 bond can be calculated to be
5.67 cv.

Thus, for reaction 1 0 the appearance potential

0O.

&p(o) of the C ton can be found from the relation

D(SO - 0) - E(o)
where a(0) is the electron affinity of atomic oxygen. The
appearance potential of the ion is equal to the minimum energy
for the reaction in the absence of relative kinetic energy and of
excitation energy of the products. Otherwise the appearance
potential is greater than the minimum energy. Using
E(0) . 1.47 oT leads to AP(0) ) 4.2 cv.

This value is in

excellent agreement with that used (4.2 eV) if the reaction goes
with no excess energy. In fact, Dorman has found that the 0
ion ia formed with no excess kinetic energy.
Formation of the 0 ion at the second peek say be ascribed
to a process similar to reaction 1 but involving excess kinetic
energy or excitation of the SO radical. It may be said at this
is for believing that atomic negative
point that there are reasons
ions do not have more than one bound state for the extra electron
and are not formed in excited states.

Sons of the excess energy

of a reaction can be accounted for in this way.
9
5.36 eV62 ' 83 the minimum energy for the

Using D(S - 0)
reaction 80

2 •
5.67 4 5.36 - 1.47

o

=

4 s 1. 0 can be calculated to be
9.56 .Y.

Since the 07 ion current falls

to zero by about 9 cv, it say be assumed that this reaction does
not occur.
The remaining primary ions measured are shown in Figure 17(a)
and the deconvoluted forms in 17(b). In these Figures, as in
others to be presented, the ionisation efficiency curves have
been normalised to the same value at their maxima. The results
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obtained for appearanc, potentials and peak maxima of theee Ions
are given in Table 2 together with the values of Xraus 52 .
Table 2. Negative ions from 802.
Ion

Peak
maximum (eV)

A.?.

4.2 (ealibrant)

4,9
7.8

1 0.1
1 0.1

4.2
6.6

6.6 ±0.1
SO

4.5 10.1
7,0 ±0.1
3.8 10.1
4
6.5

It

Kraus 52

Appearance
potential (cv)

Max.
4.7 tool
8.0

5.3 ±0.1

4.58 ±0.1

7.6 ±0.1

7.1

48 -40.,1

3,75 4-0.15

9.2

10

can

be seen that the present results are in good agreement

9.7 10.2

with those of Kraus.
The S0 ion first appears at 4.5 10.1 •V and the reaction is
°2•

2> s0+0

D(so - o) - £(so)

From the relation AP(80)

and using

It has been
1.2 4 0.1 .v.
a 5.67 cv, then E.(5o)
postulated 80 that the second peak occurs with the formation of

D(so a)

the oxygen atom in the 1 1)2 state with an excitation energy of
1.95 cv. Assuming no other excitation or kinetic energy, this
indicates a probable appearance potential of about 6.5 •V which
is somewhat lower than that observed (7.0 10,1 eV).

Thus the

interpretation is uncertain.

The 3 ion initially appear. at 3.8 40.1 eT and can be
accounted for by the reaction
302 4
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From the energy required to atomise 302 (5.67 + 5.36 a 11.03 cv)
and D(00): 5.12 eY84 0 t . electron affinity of sulphur,

E(s)

- 2.1 ±0,1 eV. This value may be compared with that of

Branecoab and Smith 85 (2.07 ±0.07 sv) and probably indicates that

reaction 3 proceeds with no excess energy.

The second peak onset. at 6.5 10.1 •Y and may be associated
with an excited state of the oxygen molecule or excess relative
kinetic energy of the products. A close examination of the
unfolded results for 3

(Figure 17(b)) indicates that the second

peak may itself consist of two unresolved peaks; this effect
was consistently produced.
Te fia1 pea-_-c at 9.2 ±C.2 eV probably occurs via the
reaction
302 + •

> 3' 1. 20

and indicates E(S) > 1.8 ±0.2 cv in good agreement with that

(2.1 1-0.1 .v) found from the first resonance peak of the 37 ion.
For completeness, the secondary ion 802 was also studied.
The curve observed for this ion is shown in Figure ia together
with a curve for the 80' ion recorded simultaneously. By
normalising the data for both ions at their maximum value, it is

seen that the curves fit each other very well at least over the
region of the major peak. This indicates the occurrence of
the charge—exchange reaction.
80 4-302
and that E(so 2 )'

5

so

430

E.(so) i.e. ((802)>/l.2 ±0.1 .V.

Kraus

et al, 86 , from a study of similar oharge.-ezobange reactions in

mixtures of SO and 03 2 and of 50 2 and liii,, have found the

IL.

electron affinity of 802 to be close to 1.1 .V. Accepting this
value of Kraus and inverting the argument then E(30)
(s0) E 1.1 •V.

or

This indicates that reaction 2 for the formation

of 807 proceeds with no excess energy.
Over the region of the second maxima there is a consistent
divergence of the curves, the 802 ion being relatively more
intense than the 307 ion. It is possible that a second changeexchange reaction is taking place and, from a consideration of
the relative intensities, electron affinities and energy
dependencies of the remaining primary ions 0 7 and 8, it would
seem that this is
6
302

°2

0

The 37 ion is low in intensity, especially in this energy range,
and probably has a fairly high electron affinity

> 2.1 eV).

On the other hand, O is the most intense ion in the mass
spectrum with a peak close to this energy. Although SO
probably has an electron affinity which is less than that of C
(1.2 eV compared with 1.5
forced at 6.6

cv), if it assumed that the 0 ion in

cv with excess kinetic energy, the endothermic

reaction 6 becomes possible at least in terms of its energy
balance.

The 0 ion from carbon monoxide was also used as an energy
11
In a recent stud, hantry
scale calibrant in this work.
has found that the onset, 9.7 10.1 eV, for this ion are8
with that calculated (9.62 cv) for the reaction
00 4e
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-

assuming D(C - 0) = 11.09 eV87 and E(0) = 1.47

I'.

He also

found that the ion probably rises vertically to its maximum at
threshold and that a second process, involving an excited state
of the carbon atom occurs at about 11 eV.
The observed and unfolded curves found in the present work
are shown in Figures 19(a) and (b). In a previous section of
this chapter, the difficulties involved in the deconvolution of
this type of curve were discussed. It was seen that, even
after unfolding, the 'zero current' appearance potential is not
completely reliable and the threshold should be taken to occur

at the point of maximum gradient on the onset side of the curve.
In the present work, this point was chosen by differenoing the
data produced after 20 unfolding iterations and plotting the
resultant gradients against energy values midway between the
data points. Prom the curve obtained - inset Figure 19(b) the data point which occurred with an interpolated gradient
closest to the maximum (arrow.d in Figure 19(b)) was taken to

refer to 9.6 iT and the energy scaled accordingly. It may be
added that another, though less reliable, method could be used
to choose the real point of onset. From the output of the
deoonvolution program, it was possible to follow the trend of
various points in the curve. Reading from the peak maximum
to lower energy, the first few points tended to higher values
but at one point this was reversed and the remaining lower
energy data tended downwards. The point at which this reversal
occurred was clearly that of the onset in the limit of unfolding
and normally co-molded with the point of maximum gradient. In
either case, an error of ±0.1 eT associated with the choice of
this point was recognised and included in the experimental error.

I.

On the energy- scale thus calibrated, the maximum of the
observed resonance capture peak occurs at 10.1 10,2 .7 in good
agreement with that found by Asundi it al. 53.
The unfolded curve of Figure 19(b) shows a 'bump' in the
region of 11 eY. The interpretation of this is uncertain since,
as has been seen, spurious Inflexions may arias when this type of
curve is unfolded. On the other hand, the bump occurs close to
the energy region of the second process observed by Chantry, and,
if it in assumed that the first peak tails off slowly to 12 eV,
it would seem to indicate a second peak about 1/20th as intense
as the first, in good agreement with the ratio of oroas-seotions
for the two processes found by him (21i1). A second peak at this
88
energy has also been noted by Lagergren.

Finally, the effect of deconvolution on the

ion from

sulphur hexafluoride may be examined. This ion was used
as a means of estimating the electron energy distribution.
By deconvoluting the curve with itself an approximate indication
is obtained of the electron energy spread remaining after
unfolding.
The observed and deconvoluted data for this ion are shown
in Figure 20. The observed curve of Figure 20 is somewhat
more detailed than that showing the electron energy distribution
in Figure 13(a) in that extra care has been taken to measure the
leae intense points at the upper and lower ends of the energy
range and is closer to that used in the unfolding of the present
experimental data. Non-zero values (greater than 0.05 of the
peak maximum) occur over an energy range of about 4 cv and the
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Me
width at half-peak-height is close to 0.8 eV. Frequent measuresent, of the shape of this function over the period of the
present experimental work showed it to be highly reproducible
and no detectable energy broadening occurred with electron trap
currents of up to 0.05 ,pA.
After deoonvolution, the width at half-height is reduced to
about 0.45 eV and at baseline to 0.8 eV. If this narrowing can
be taken as an indication of the general effect of deconvolution,
it is seen that the unfolded experimental data reflect an
electron energy distribution which is a good deal more homogeneous
than the original.

These tests of the smoothing and deconvolution procedure.,
and indeed of the experimental method itself seem to be
satisfactory. The examination of artificial functions shows
that, with few exceptions, the original curves can be well
recovered even in the presence of a realistic level of random
noise. When used to analyse experimental data, the methods
produce results which compare favourably with those obtained by
other workers. In a previous chapter it was mentioned that,
with the present experimental apparatus, the source filament
temperature required to produce a constant electron trap current
tended to fall off slightly with increasing electron energy.
Again from the results presented in this section it seems that
this was not having a serious effect on the electron energy
distribution and that, in the present case, the distribution
measured using the SP ion at close to zero electron energy
could be applied to data pertaining to much higher energies.
In general, it is felt that the smoothing and deconvolution

'I.

procedures discussed above can, with confidence, be applied to the
whole range of experimental data. A real improvement in energy
resolution can be obtained with all the advantages which this
implies and with few of the disadvantage, so often present in
other experimental techniques.

Iva

C1AP?ER T

In this chapter, the experimental results of this study
will be presented and discussed.

(a) The molecules CT4 , Si F4 ,

BY

and PP

i) Carbon tetrafluorid., C?4
Negative ion formation in carbon tetrafluoride has been
examined by several work.r. 62989 ' 90 . The ions detected and
measured at low electron energies in the present study were
and C? both of which are primary. At the mxima of their
respective capture peaks, the ions P and

OF

were found to

occur in the ratio 1000*570 and at 70 eV in the ratio 100046.
Ionisation efficiency curves for these ions are shown in Figure
21(a) and, after deoocvolution, in 21(b).

The measured

appearance potentials, referenced to 07802 at 4.2 •Y, are
given in Table 3 together with the values obtained by other
worker.,
Table 3. Negative Ions from CF4 .
Ion

Appearance Potential
Present work

or3—

(cv).

Bibby

go

Dibeler st al, 62

4.7 ±Q,]

4.5 1 01

4.5 10.3

5.4 10.1

5.0±0.1

4.9 ±0,3

Within experimental error, the present value for the
appearance potential of the F' ion is in agreement with those
of Bibby90 and of Dibeler et al. 62 . The value for the
however, is slightly higher in the present case.
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The F ion from carbon tetrafluoride occurs as a broad peak

appearing at 47 10.1 eT and stretching over more than 6ev at
baseline.

1.raggs et al. 89 have reported two separate peaks for

this ion, the first appearing in the region of 2 eV. In the
present work, the first peak was not detected and the observed
ion-current fell to less than 0.05% of the major peak maximum
at energies below 4 cv.
This point has been discussed by
Bibby90 also, who found that only with a high source pressure
and high electron trap current was a lower energy peak
discernible and that this was of very lo, intensity compared

with the major peak.
From thermochemical data (Appendix i) and taking the electron

affinity of fluorine to be 3.45 •793, the minimum energy
required for the reaction
CF4

4.

8)

_ 4 CF

can be calculated to be 2.16 e7.

This however, implies a

C?3 - F bond strength of 5.61 V which in somewhat lower

than

that of 6.3 ±0.2 .V suggested by Bibby 90 from his results for both
positive and negative ion formation in carbon tetrafluorid.
It may be informative to re-exaaine briefly the arguments
proposed by Bibby in favour of D(C13 - F) = 6.3 ±0.2 eV, The
appearance potentials of the positive ions CT 3 and F4 are given
by him as 15.9 ± 0.1 eY and 24 ± 1 cv respectively. Assuming

that the adiabatic ionieation potential of the CF3 radical is
9.3 OT (this value has recently been confirmed by Lifsflitz and
Chupka92 ) and correcting for the 0.5 •7 of excess kinetic energy
of the reaction CF

4

9

4? 4 2. gives D(CF3 - F) = 6.1 10.1 .V.

However, some doubt remains . to wetiier the observed appearance
loutary 93 ,

potential of CF reLers to the 10 in its around state.

from a photoionisatlon study of a range of fluorocarbons and
trifluoromethyl halides, has in fact suggested that

OF

is

normally formed in a vibrationally exalted state. Thus it is
possible that the figure of 6.1 ±0.1 .Y for D(0F 3 - i) represents
an upper limit to the value.
Because of the large experiwrital error in A'(F4 ), the
result for the CF3 - P bond strength calculated using it
(6.6

±1 cv) embraces both the thermochemical and the proposed

value and is once more an upper limit since possible excitation

of the CF3 radical is not considered.
From the results for the negative ions, it in clear that
whichever Yalu* of

DOT - )

is used, the i ion initially occurs

via a reaction involving excess energy. Since the splitting—out
of two fluorine atoms from the carbon tetrachloride molecule
probably requires more energy than is available at the measured
onset, reaction 8 is the F forming process. For D(C73 = 6.3 eV or 5.6 cv, the minimum energy for this reaction is
2.8 sY or 2.1 ST respectively. The observed appearance
potential of the ion at 4.7 4—0.1 .v (present value) implies an
90
excess energy in the range 1.9 to 2.6 •V. Since Bibby has

found that this is not accounted for by kinetic energy of the
products and in the absence of suitable excited states of the
fluorine atom 94 it must be assigned to excitation of the OF
radical. However, with no knowledge of the extent of this
excitation, the
strength.

Y ion can give no real indication of the bond

I

From his values of £P(cF3

) a

5.0 ±0.]. eV and E(C1 3 )

90
= 1.45 ±0.1 eT, Bibby claims that D(CF3 - F) - 6.45 ±02 eT.

This again is apparently only an upper limit to the value since
the possibility remains that the CF ion is formed in an
excited state. As has been said previously, there are theoretical
reasons

is fornot assigning electronically excited states to

atomic negative ions but it seems that

there are none against

vibrationally, or rotationally, excited polyatomic ions.

Once

sore, for the CF3 ion, the level of excitation is not known.
In general, although the range of values found by Bibby is
suggestive of D(C73

-

a 6.3 .V,

it is by no means certain that

the interpretation of the results is as simple as implied; no
one value of the bond strength is wholly favoured by electron
impact data.
Returning to the results of the presett study, it can be
seen that the unfolded ionisation efficiency curve for the F ion
shows an inflexion in the region of 8 sY and to a lesser extent
at 9 •Y. The former occurs in the energy range of the second
peak for 07502. in certain oases, it has been noticed that,
with 302 in the ion-aouroe, spurious peaks or 'bumps' appear in
the curve of the measured ion in the region of peaks in the 0
curve. In the present example however, both inflexionc were
reproduced over several experimental runs when 802 was absent from
the ion-source and may be assumed to be real properties of the
curve.
At 6 eV, the inflexion can be associated with the reaction
074

S

4

9, P4 F 4

or2

'd.

The minimum energy for this process is 6.3 10.5 e'V, the large
uncertainty arising from the heat of formation of the OF species
which is not accurately known (-35 ±10 k cal/m01e95 ).

It is

difficult to estimate an appearance potential for reaction 9 from
the present curve but it is certainly possible that the onset
occurs before the gross peak maximum at 6.8 eS. No further
conclusions than these can be drawn.
A similar obvious assignment cannot be made to account for
the inflexion at 9 .V. From thermochemical evidence, the
minimum energy for the reaction

OF

+ e—Y

4 F2 4 vF is about

10.3 eV which is too high to fit hers. In tact, this reaction
probably does not occur significantly since the F' ion-current
falls to zero close to this energy.

ion occurs with a measured appearance potential

The CF

of 5.4 ±0.1 .V; the resonance peak is broad with a width of
1.5 ±u.l eS at half-peak-height. Formation of the ion can be

accounted for by the reaction

or

4

0

Using D(0P3 — F)
.

(OF3 )

E. (OF3 )

10

0F

4 7

5.6 .V indicates the electron affinity

0.2 ±0.1 eV and using D(CP 3 — p) - 6.3 ±0.2 s! indicates
Bibby 90 has found no excess kinetic
s!
0.9

energy associated with the ion.

ii) Silicon retrafluoride, Si 7 4
Negative ion formation occurs extensively in silicon

tetrafluoride, the ions detected and measured being F, F
i F3 , all primary, and the uecondary 2pecieb i

2The

Lad

observed ionisation efficieno, curves for the primary ions are
illustrated in igure 22(a) and, after deconvolution, in 22(b).
At their capture maxima, the relative intensities of the ion.
Si P3 . F and F2 are in the ratio 1000:450*20 and at 70 aT
are 29:1000:2.
All three primary negative ions from this molecule are
unusual in that the dissociative capture processes forming them
occur at comparatively high energie; in no case was an
ion-current detected below 9 eV, Also it seems that all three
ions exhibit a vertical rise to ximum at threshold. The
reasons for believing this may be outlined as follows:Both before and after unfolding, the rise of the cross-section
of each Ion from apparent onset to peak maximum is as sharp
as that for 67co which itself shows the vertical onset
effect.

In fact, after normalisation of the observed peaks

to the same height at maximum and an appropriate shift on
the energy scale, the leading edges of the curves for all
three ions can be closely superimposed on that of 07cc.
This is demonstrated in Figure 23(a) where the Si F onset
edge, after an energy shift of -0.95 eV, is fitted to that of
0/c0.
The capture peaks all have a width which in similar to that
of 67co.

This observation must be added to that of a)

since, under the influence of a finite electron energy

distribution, a capture peak may ii.e as sharply as 07c0
and not have a vertical onset if the overall width of the
peak is considerably less than that of the C ion. For
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F4

peaks of similar width, a non-vertical onset will always show a
slower rise to maximum.
Assuming that all three primary ions in this case do show a
vertical rise to maximum at

to possible methods suggest

themselves for the determination of the onset energies. In
one method, the point of maximum gradient on the onset edge of
the unfolded peak may be compared with that for o7co at 9.6 eV.
The selection of this point is inexact to ±0.1 iT and leads to
a minimum uncertainty of 10.2 ST in calculating a difference.
However, an has been seen, the leading edges of the ion curves
In this case can be fitted

extremely well

to that for 0-/00 and

the experimental energy shifts required to achieve this provide
a second, more accurate determination of the onset energies.
For any ono set of data, the energy shift could be fixed to
within 1 0.05 •V. Clearly, both methods should, and normally
did, produce the same result within their respective experimental
errors and both were used to cross-shack one another.
Table 4 lists the measured onset energies for the negative
ions from Si

The values given are computed in three

different ways i.e. from the differences in the points of
maximum gradient on the onset edges of the unknown and
calibrating ion curves, from the energy shifts required to
achieve superposition of these edges and finally from the point
of sire current after unfolding on an energy seals calibrated
from the point of maximum gradient for 07co.

The latter values

are included for completeness and apply if, in fact, the onset
edges of the ionisation curves are not vertical. There seems
to be no reported literature values with which these data may
be compared.

U).

Table 4. Negative ions from Si F.
Appearance Potential (cv)

Ion

Superposition of
edges

Zero
current

10.9 10.2

10.85 ±0105

10.6 ±0.2

10.6

10.55 ±0.10

10.3 10.3

10.55 ±0.05

10.3 ±0.2

L Maxiwum
gradient

Ir

1 0.3
10.6 4-0.2

Si F

The

r

-0.05 •Y
ion from silicon t.tzafluoride onset. at 10.85 4

and rises vertically to its maximum cross-section at threshold.
The resonance peak is narrow; after unfolding the width at
half-height In 0.8 ±0.1 •V. Formation of the ion can be
assigned to two possible reactions?
31F4
or

4.

11

jr

12

—
F 4 F 4

4 SiP,
8112

Reaction 12 is preferred in the present case since; as later
calculations will show, the minima energy for reaction 11 in
probably in the region of 2 eV and necessitates the assignment
of 9 sY of excess energy. It seems more reasonable to accept
reaction 12 as the f forming process.
From thermoohesical data (Appendix I) and taking the electron

affinity of fluorine to be 3.45 •V 91 , the minimum energy for
reaction 12 in calculated to be 13.26 ±0.5 — 3.45 = 9.8,1±0.5 •Y.

The large uncertainty arises from the heat of formation of the
Si F

species which is not accurately known (— 118 ±10 k cal/sole).

Thus, the appearance of the f ion at 10.85 .Y implies an excess
4
energy of 0.96 -0.5
.V. Normally with a diatomic species and

I.,.,.

cleavage of a single bond to form a negative ion and a neutral
atom, the occurence of a vertical onset in the ionisation
efficiency curve is an indication of a potential well in the
compound negative-ion state and hence of the formation of the

products with no relative kinetic energy at onset. In polyatoinic
molecules, the situation is more complicated; the compound
negative-ion state is described by $ multi-dimensional potential
surface and, as in the present case, more than one bond may be
broken. With no experimental knowledge of even the kinetic
energy of the ion, this precludes any unique assignment of
excess energy to the various degrees of freedom of the products.
Since the heat of formation of the Si P species is not
2
known accurately, it may be instructive to reverse the computation
and calculate a limit to this value on the basis of reaction 12
and the measured appearance potential of the F ion. Thus the
heat of formation of Si F is negative and has an absolute value
of -94 ±1 k al/mole whion compares with a thermochzniea1 value
of -118 ±10 k cal/mole.
The unfolded data for the

Y ion indicate a second peak

onsetting in the region of 12 sY. There is some doubt as to
whether this is real or is a badly unfolded tail of the major
peak. Teats made by convoluting artificial data with a similar
second peak and those with a long exponential tail indicate
that there would probably be very little difference between the
experimental curves observed in either case. Lleo, a low level
of noise in the experimental data might influence the unfolded
solution quite strongly. On the other hand, there seems to be
a consistent indication of a second peak in the experimental data

for this ion and all unfolded curves show it in the same position.
No obvious process, apart from that described by reaction
12 but with additional excess energy, can be ascribed to this
second peak. The reaction Si F 4 4 e —F 4 F2 4 Si I
which has the next lowest energy requirement cannot occur below
about 14.5 eV.

The Si F ion from silicon tetrafluoride has a measured
onset of 10.55 1 0.05 eV and, after unfolding, a peak width of
018 c.1 cv at half-height. Formation of the ion can be
accounted for by the reaction
8174

4.

13
--

5i5

4?

Unfortunately, there seems to be no thermochemical data available
for the Si

r

species and the Si P - F bond strength is not

known. If it is assumed however, that the energy required to
break this bond is close to one half of the energy required to
dissociate the molecule into Si

y2 plus two fluorine atoms then,
from thermochemical evidence, D(Si ? - 1) can be calculated to
be approximately 6.6 ±0.3 eV. Some justification for this
assumption can be obtained from the bond strengths in the related
molecule CR4 where D(CR - H) and D(CR 2 -

are both96 close to

4.5 cv.

The dissociation energy D(Si F, - F) has already provided the
estimate of the minimum energy requirement of reaction 11 discussed
above in connection with F formation from this molecule. For
reaction 13, the minimum energy is 6.6 eV

- a(si r,)

and the

observed onset at 10.55 cv indicates an excess energy of greater

4
than 4,0 - 0.3 cv.

If the observed vertical onset can, by analogy

with single bond breaking in a diatomic species, be taken to
indicate the absence of relative kinetic energy of the products
of reaction 14, this excess energy must be ascribed to
excitation of the Si 7 ion. The ion then has sufficient energy
to eject the electron if all the excess is concentrated in the
correct code.
The unfolded data for the Si 7 ion indicate a second,
smaller peak at about 12 cv.

As with the F ion, it is difficult

to decide whether this peek is real or is a badly unfolded tail
of the first peak.

If the peak is real, no simple collision

process, apart from that described by reaction 13 but with
additional excess energy, can account for it.

F2 formation occurs with a measured onset at 10.55 10.1 cv.

The intensity of this ion shows a linear dependence on the
ion-source pressure and the ion is apparently formed by a
rearrangement process and not by an ion-molecule reaction.
Within experimental error, the onset energy of F 2 is the same
as that for the Si F ion. In Figure 22, the curves for
these ions have been drawn slightly apart in order to distinguish
between thee but experimentally the onset edges co-maide to
within ±Q.05 cv.

This was verified by simultaneous measurement

of both ions. The possibility of either ion being the product
of an ion-molecule reaction is discounted since both show a
primary pressure dependence. Also, the F2 curve in slightly
but consistently narrower ('-0.1 •V at half-peak-height) and
falls off core rapidly with increasing electron energy.
The P species, as will be seen later, is observed in the

negative-ion mass spectrum of many fluorinated compounds which
suggests that F has quite a large electron affinity.

Since

the ton seems to be stable against the ioowpoition 4 F,
this electron affinity (using E(F)

1.60 ev94 )
3.45 and D(F - I)
is probably £rerter than 1.9 eV. Reese et el 80 , from a study of
-

.

negative ion formation in SO2F2 have calculated

Z

3.0 •Y.

In the present case, F can occur via the reaction
14

SiT4 4 e

-4 S1,P2

Further stripping of fluorine atoms from the parent molecule is
rejected on energetic grounds e.go the process Si F

4 e-t
4
'From tIAS t2lermocheL4cal data, the

requires 18.0 - (r2) eV.

minimum energy for roactiou 14 is 11.6 10.5 ev -E(1 2 ). The
observed onset at 1.55 ±0.1 eV, indiodtes E.
It may be noted that

US1AL C

.

EL

$ F2 4 -

>,- 1.0 ±0.6 •V.
cal/mole, calculated

from the appearance of f/.i E4 9 leads to a AaL a imum enwry of
4
. 12.6
0.1 sY - E (?2) for reaction 14 and hence E
. 2.0 1 0.2 •V.

£ secondary species Si F was also detected. The electron
energy dependence of this ion initially indicated its parent to be
either 12 or Si P but simultaneous measurement of these primary
ions with Si P

proved the parent to be in fact Si 1 3 .

Ionisation curves for Si P and Si F 5 are compared in i'igur. 23(b).
In this example, the parent and product ion curves were fitted to
one another by normalising the Si 1 5 data using a numerical
constant chosen by a 'least-squares' computation.

The parent

Si F data were assumed exact and a normalising constant calculated
to minimise the total square of the differences between the two
sets of data at each energy interval.

To oneok the relative

I.

electron energy dependencies of the parent and product ions,
shifts of up to 0.2 eV either way on the energy scale were
iparted to the Si 75 data.

However, in all oases a zero

shift proved best. In a similar way, the Si 7 5 curves always
showed a better fit to those for Si F rather than those of
Formation of the St. F 5 ion can therefore be accounted for by
the reactionsF

4

$i F

15

?

4

Si F2

iii) Boron Trifluoride, B!3
In boron trifluoride, the rimarj negative ions detected
and measured were F,
species IF4 .

and iS

totter with the secondary

lonisation efficiency curves for F

shown in Piguree 24(a) and (b) and for

ansi

F

2

are

in Fiuree 25(a) and

(b). At their capture maxima, tt.e primary ions have intensities
in the ratio 1000(Y):27(F2 ):1(BF2 ) and at 70 eV in the ratio
100005: <1.
As in silicon tetrafluoride, formation of tue major negative
ions P and 2 occurs at unusually high electron energies, no
ion-current being detected below about 9 .1, Also as with Si 74 0
the F ion appears to rise vertically to a maximum at threshold
and this was confirmed by comparison with the 0 ion from CO.
The 77 ion, although it also rises rapidly to its maximum, shows a
consistent divergence from the 07 ion especially close to onset and
it seems that the ion does not have

a

vertical onset edge.

Appearance potential data for the ions F and F are summarised
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u,.

in Table 5, the onset energies being given in three separate
ways as before.
Table 5. Negative ions from F3 .

crie 'oteritial (eV)

Ton

A maximum
gradient

superposition
of edge

Zero
Current
10.7 ±0.2

10.5 ±0.1

10.5 ±0.2

1' formation from

10.2 ±0.2

BF has been studied previously by

Marriot and Craggs who found an appearance potential of
The present value is slightly lower at 10.7 ±0.2 .Y.

11.4 ±0.2 sY.

may occur by either of the energetically possible reactions
173 4
or

5

1c
17

,_ 4

1 4 IsPI

Prom thermochemical data (Appendix I) and taking the electron
affinity of fluorine to be 3.45 •,91, the minimum energy

requirements of reactions 16 and 17 are 6.72 10.3 - 3.45
3.27 ±0.3 c v and 11.37 ±0.3 - 3.45 • 7.92 ±0.2 respectively.
Thus, it would seem more reasonable to accept that Y' occurs via

reaction 17 but, for reasons to be given later, reaction 16 is
not completely ruled out. For reaction 16, tne excess energy
to be distributed amongst the fragments is 7.4 ±0.5 •'V and for
reaction 17 it is 2.8 10.5 eV.

The F2 ion onsets vertically 10.5 10.1 cv and can be
assigned to the reaction

3F3 4

e

18>

2 4 B?
which requires an energy of 9.73 4 0.3 - E(72 ) ST.

Thus energy is

is excess by at least 0.8 10.4 sY at onset.
From Figure 24(b), the unfolded

ioaisatioa curve shows

a second peak at about 11.5 ST which is also clearly present is
the observed data. It is unlikely that this peak is due to the
reaction By

4 e -

4 B 4 P cisc* this requires about

18.3 - €(P2) eV of .nergy, However, the 000urenoe of the i' tea
peak In this energy range suggests the possibility of as ion—aol.oule
reaction of the fore

+

-

19

-

>

'2

4 BF

In fact, although the pressure dependence of the

ion latsasity

is primary at the first peak aazinua, at 1 .1 electron energy
beyond this, the pressure exponent is 1.7 10.1 and it would seen
that sons, secondary process is contributing to the

ion
'2
formation. BP2 is ruled out as a possible parent because of
its very low relative intensity and its electron energy dependence.
Thus reaction 19 aust be the process involved. However, this
reaction, which is the most energetically favourable involving

f, is endothermic by 5.6 ±0.3 •V eyes with 7 2 assigned an
.l.otron affinity of 3.0 OVOOwhich in close to the mazinumi value
that in likely. If

f' is formed by reaction 17, this amount of

energy is clearly not available. If, on the other hand. P is
formed by reaction 16, energy is in excess by 7.4 10.5 cv and if
4
all this excess is kinetic energy, 5.3 — 0.4 eV can be portioned to
the Y ion. Thus reaction 19 apparently becones energetically
possible although it is not clear to what extent the kinetic
energy of the f' ion could be degraded to reaction energy or
how nuch of it would be carried off as kinetic energy of the products.
Thià ±ite eon favours reaction 16 for the production of f
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ions but an experimental measurement of the kinetic energy of the
ion could decide the question more surely.

A third primary species

is formed but is of very low

intensity. Figures 25(a) and (b) show a typical curve for this
ion; a low and fairly constant level of ionization is maintained
from energies of less than 5 el up to about 7 el whence the
intensity increases in an untidy fashion to a maximum at 11.5 IV.
Beyond this energy, the out-off is sharp. The structure on the
onset side of the peak was not consistently produced and no attempt
was made to measure on appearance potential for the ion. For
the reaction
By + •

20,

BF

4 1

a minimum energy of 6.7 ±0,3 - E(BJ' 2 ) cv is required.
The out-off portion of the B12 ion peak is perhaps more
interesting since the decrease from peak maximum to zero ion-currant
Is as rapid as the rise of any of the vertical onset curves
observed in this study. It seems possible that the out-off is
itself close to vertical. From thermochemical data, the calculated
minimum energy for the reaction
BF34.

21 ,

J3F4T4F4e

where the electron causes dissociation of the molecule but is not
itself captured, in 11.4 10.3 •V. This is very close to the BY 2
ion peak maximum.
It may be informative to consider briefly the general type
of process involved in reaction 21.

For a diatomic species I'!,

9
the reaction is
xT + I-"

4

T 4 •

and this can probably be classified within the category of
molecular excitation by electron impact. If the usual
generalisation of the Wigner 2 , Wsnnier' and Geltasn 4
formulation holds for the present kind of excitation, with one
electron leaving the collision complex XT, the cross-section for
the process will resemble that for ion-pair formation and ideally
will be a step-function at threshold.
It is suggested that the step-wise onset of reaction 21
causes a similarly shaped cut-off in the reaction leading to
812 formation. Also, depending on the relative cross-section
of reaction 21, a similar mechanism may be partially affecting the

Y ion in its fall-off region.
Since reactions similar to 21 do not produce charged species,
apart from an electron, they are not directly detectable in the
conventional mass-spectrometer. However, since at the threshold
of the process the secondary electron produced probably has lost
most of its energy, it 1s suggested that such reactions may be
detected by employing the electron scavenging technique. This
method is based on an observation by Curran and uses the strong
resonance electron-capture process in sulphur hexafluorids at
A-0.0 OV48 to 'scavenge' electrons which have suffered inelastic
collisions with a sample gas in the ion-source. Electrons with
an energy very close to the excitation (or dissociation) threshold
Of a molecule K! can effectively lose all of their energy by
inelastic scattering and be subsequently captured by SIP 6 i.#.

.
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14

93.
e (fast) 4 IT— Xi' 4 • (slow)
e (slow)
£ peak in the secondary

ioncurr.nt can be expected close

to the excitation threshold of the molecule Xi.
Curran 98 first demonstrated the technique in a high pressure
(-0.2 mm Hg) mixture of SY and 12 and it has been used by
Jacob. and Henglein 99 to study excitation and ionisation processes
and by Compton et al. 100 to investigate molecular excitation and
temporary negative-ion states.
It is recognised that other processes, such as vibrational
excitation, say be of such a relative cross-section as to swamp
any effects from dissociation but, in any case, it would seem
that, if possible, the measurement of the threshold energies of
reactions similar to 21 would provide additional electron impact
evidence for the strength of chemical bonds apart from that
available from conventional positive and negative ion studies.

A. secondary Lou 374 is also observed in 1P3 and electron
energy dependence studies indicate the parent to be

The
P'2'
curves for both ions, normalised by the 'least-squares' calculation
already described are shown in Figure 26. The reaction is
assumed to be
F3 4 P'2

IV)

22

BF 4 -4 p

Phosphorus Trifluoride, PP
In phosphorus trifluoride, negative ion formation by

4.

dissociative electron capture occurs with a very low probability;
the average cross—section is perhaps two orders of magnitude
smaller than that for Si

The negative ions detected and

measured were ! F2' Pj and FF2 all of which are primary.
Formation of F ion from this molecule is unusual in that it
does not occur by a clearly defined resonance process and so
discussion of the ion is reserved to the end of the present
section. The remaining ions, at their respective capture maxima
occur in the ratio 1000(PP2 )i590(P7)8485(F2 ),

At 70 sY, for

all of the ions, the ratio is 100(P):'l(P12 )s<l(P?)s6(P2 ).
Once again, as in silicon t.trafluoride and boron trifluorl4s,
negative ion formation occurs only at comparatively high electron
energies (> i'- 8 cv).

Also, all of the ions detected as clear

resonance peaks, with the possible exception of Py

2 #
vertical rise to maximum cross-section at threshold,

show a
lonisation

curves for PF2 , PF and 7 are shown in figures 27(a) and (b).
For 'work on this molecule, because of the very low ion
intensities observed, it was necessary to use such higher electron
trap currents than normal (up to 0.5tA) with a consequent
broadening of the electron energy distribution. Since the
deconvolution was performed using the narrower energy distribution
measured at low electron trap currents, the unfolded ionisation
curves also reflect a broader energy distribution than normal.
In Figure 27(b), a typical set of 0/C0 data measured at the
higher electron trap—current has been included to illustrate the
extent of the residual broadening and it can be seen that the
ion curve is somewhat less sharp at onset than that shown in
Figure 19(b). It may also be noted that any slight differences
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16'

ions apparent in
2
Figure 27 can be accounted for entirely by variations in the

between the onset edges of the pi and P

shape of the electron energy distribution. At high electron
trap currents, this shape is a good deal lees stable than at
low currents. In all experimental runs however, the ion onset
edges could be matched to that for 0/C0 measured simultaneously.

Appearance potential data for the ions IF2 , P1 and F2 are
summarised in Table 6 9 the onset energies being given in three
separate ways as before.
Table 6. Negative lone from PP 3 .
Ion

Appearance potential (cv).
A Maximum
gradient

Superposition
of edge.

Zero
Current

P72

10.2 ±0.2(?)

io.

±o.1(i')

9.5 ±0.2

PF

11.3 1092

11.4

10.1

10.8 ±0.2

10.9 ±0,2

1009 4 0.1

10.3 10.2

In the Table, the
with a vertical

ion has been treated as if it occurred

rise to maximum at onset, lovovsr, there is some

alight doubt about this. With ions of very low intensity and a

broad electron energy distribution it is more difficult to be
certain about matching edges with 0/C0. For the ions PP and
the weight of several experimental rune was clearly in favour
of closely matched edges but for P1 2 , the overall impression was
of a slower rise to maximum. This can be seen from the
'sero-current' appearance potential for the ion which is relatively
lover (-0.8 eV) with respect to the other values quoted than is
the case for Pf and p2 (-0.6 cv).

It is preferred to accept

the 'zero-current' appearance potential of the

as the real

96.
onset energy of the ion.

The PF2 Ion appears at 9.5
width at half-height.

±0.2

eV with a peak of 1.3 ±0.1

•v

From the available thermochemical

evidence (Appendix i), the minimum energy necessary for the
reaction
PP3 4 e

23

1P

pip

2-

is 5.6 11 eV - E(PP 2 ). Since no such lone are formed below
9.5 -0.2 eV, the excess energy of reaction 23 is3.9 -1.2 eV.

The Pi ion onsets vertically at 11.4 ±4).1 •V and exhibits
a peak which is 1.3 10.1 •Y wide at half-height. Two possible
reactions are
4 e
and PP3 4

24

. -25

-

TP'

4 P2

4

.&ZF

with minimum energy requirements of 8.8 ±0.4 ST - E(PP) and
10.5 1 0.4 •V - E. (PT) respectively. Because of the higher
appearance potential of the ion it is suggested that reaction
25 is responsible for Pf formation with an excess energy of
greater than 0.9 ±0,5 cT

rises vertically to a maximum cross-section at 10.9 1001 eT
and is formed with a half-height peak width of 1.2 10.1 sY. One

possible reaction is
PP3 .1.

26
S

2

which requires a minimum energy of 8.8 ± 0.4 .'V and must involve

97.
an excess energy of greater than 2.1 1 05 eV. However in the
present case, the process is more likely to be
PF3 4 •

27

4 p + p

which requires 13.9 10.5 •V - E(1'2 ). The appearance of the
ion at 10.9 ±C.l iv thin implies that the electron affinity of
±0.6 •V. This value, despite
E 72 >,
its large uncertainty, compares well with that (3.0 ci) of Re..*

molecular fluorine,

et a180 and probably indicates that reaction 27 in indeed the
relevant process.
From Figure 27(a), it can be seen that the F2 ionisation
curve doss not return completely to zero beyond 14 sV. This
is due to an unresolved non—resoanoe process beginning to appear.
After deconvolution, the ion—current falls to zero at about 12.9 si
and the remainder of the curve has been omitted from Figure 27(b)
for the sake of clarity.

The f ion from phosphorus trifluoride is somewhat unusual
in that no clearly defined resonance capture peak is observed.
A typical ionisation efficiency curve for this ion, together with
the first differential of

the data, is shown in Figure 28.

In

this case, the differential was calculated by simple differenoing
of the observed data and, since the resultant function was
extremely noisy, subsequent smoothing. The smoothing procedure
used is well known and involves reconstituting a smoothed
function from a limited number of terms of the Fourier transform
of the noisy function. For the present data, quite severe
smoothing was required and only the initial 20 of the transform
terms were used.

-

U-

-

-----

04
'1
cD

A

cD
S

I
£
I
A

I

A

z

A
/

'A

/

F- PF

I

'

-.----k-

A
j

800'

OBSERVED.
FIRST DIFFERENTIAL.

1

LU

I

U
0
H

'1

/

I
I

A

1/
A

-

IS

t..

ELECTRON ENERGY (V CORRECTED).

I?

It

1-1

The direct and differentiated curves of Figure 28 show that
the

r

is first of all formed at about 8

cv.

At higher electron

energies, the ion—current becomes more intense, the rats of
increase reaching a maximum in the region of 11.3 eV, falling
off to about 13 cv and rising to a second maximum at 14

cv.

Beyond this, the ion—current levels off and its gradient drop.
rapidly. Between 16 •Y and the limit of measurement at 20 iT, the
intensity remains fairly constant.
From these data, it seems that the feature above 13 •T is
due to a non—resonance ion—pair process,

liowever, an examination

of the positive ions in the mass spectrum of phosphorus
ani Mr, 24 which are

trifluoride and in particular of the ions P1

likely co—products with 1 in such a reaction, revealed no ion
with a similarly shaped cross—section in the relevant energy
range or even one with an intensity similar to

Y.

The ions

F4 and P4 can probably be eliminated since the most energetically
favoured reactions involving them i.e.
P7, 4 e
and

28

F- 4 F4 4 'F 4 •

r

___ 29

+S

4 P4

require more than 24 eV and 21 eT of energy respectively
(assuming that the ionisation potential of fluorin, Is 17.4 sY
*viol )
For the ions PT24 and
and that of phosphorus is 10.5
PT4 , possible reactions are
PT3 4

and

e

30>
31

-/

PP24 4

F 4. •

4 T_ 4

1 4 e

3ovever, no positive identification could be made.

99,
At energies below 13 eY, the situation is even more abiguoua;
although the differential of the ton data reveals a peak at 11.3 eT
which would normally indicate an ion-pair process, this may be
spurious in the present case. The overall high energy of
formation of the other negative ions from this molecule sakes it
rather likely that if Y were to originate via a capture process,
it too would occur in the 10-13 eY range. Thus the lower energy
,

feature in Figure 28 is possibly an unresolved resonance peak
and in fact, two dissociative capture reactions are possible in
this energy rang..

e
and

These are
32

r 4. p2

--,--

1_ 4 P + 2)'

with minimum energy requirements of 10.5 ±0.5 •V and 12.1 ±0.5 eV
respectively,

However, once again no definite identification

can be made.

V)

Summary
In this section, a brief review in made of the most likely

negative-ion forming reactions in the molecular systems already
discussed and of any conclusions concerning bond strengths,
electron affinities eta. deduced from them.

CF : The observed reaotions are
F' +Cy 3

+5

and

-

1:41

3

4 P.

1 C.
On the bais of the dissociation every D(C13 -

5.6 eV or

6.3 tO.2 eV, the electron affinity, E(cF 3 ) >,, 0.2 10.1 eV or
, Q'9 ±0,3 eV respectively.

i F4 :

From the experimental appearance potential of the reaction

SIP4 4

F

7 4 31F2 +

•

i8 fOund to be negative and to

the heat of for...tc. AJ f i F

have an abso1e 1u of , 94± k cal/mole.

Other observed

rcaoticns are
Sip4

+

+

e

and

F

4 Si P2

'

Using the conventional value of tHf Si IP

1.0 ±0.6 •Y

then

but from the present calculated values E (p2 )

2.0 ±0.2 eV.

Finally, the following ion—molecule reaction ocouras5174 4 SiF3

The observed reactions ares-

+ e
'

or

Y

+ BF

f

4 P 4 8?,
3F V

4.
b 3 4 F

and

BF + C
3
BY 4

.1. 7
13F4 4

P.

PF3 : Negative ion forming reactions are:PF3 4 e

PP2 4 P
4

Pf
'

2?

4 P 4 F.

From the latter reaction it was deducted that E(P 2 )

(a)

The molecules

cp2o, ci 3 0F

3.0 ±0.6 ST.

and CF300C)'3

1) Carbonyl Fluoride, 072 0
The negative ions detected and studied from the carbonyl
fluoride molecule were 7, P and CPC, all of which are primary.
At their respective capture maxima, these ions were observed in
the ratio 1000:104:30 and at 70 eT in the ratio 10001456. Basic
experimental data and the unfolded results are illustrated in
Figures 29(a) and (b) on an electron energy scale calibrated
from 07302 at 4.2 eV.
It is apparent from Figure 29 that all three negative ions
show low intensity peaks at about 1 •V. The.e peaks were always
observed in this region but their intensity depended on the source
filament temperature, increasing with increasing temperature,
and it is believed that they are spurious to the 'real' Ionisation
processes.

Since very low electron trap-currents ( - 0.005,,tA)

were used in these measurements and since the electron energy
distribution has been shown to be stable with trap currents of
up to ten times La high, it would not appear that the observed
changes in the relative intensities of these peaks are due to
space-charge effects 7' 9 9

The peaks are accounted for either by
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the thermal decomposition of oarbonyl fluoride around the hot
source-filament and the subsequent ionisation of products or by
negative surface ionisation on the filanent. The slight decrease
in tesperature experienced on raising the filament voltage bias
caused these effects to disappear quite rapidly. A decrease in
the overall filament temperature, achieved by demanding a lower
level of electron trap-current, resulted in a corresponding
decrease in the relative intensities of the minor peaks but,
unfortunately, in order to maintain a reasonable ion-current at
the major peaks, some spurious ionisation had to be tolerated.
The energetic calculations presented below are based entirely
on the properties of the major peaks.
Appearance potential data for the negative ions from carbonyl
fluoride are summarised in Table 7. There are no known literature
values with which these say be compared.
Table 7.
Ion

dO

Negative ions from 0120
Peak
Maximum

Appearance
Potential (cv)

(cv)

Peak Width
At 4-height (eV)

2.1 ±0.1

2.6 ±0.1

0.65 10.05

2.6 ±0.1

3.1 ±0.1

0.65 ±0.05

2.8 10.1

33 10.1

0.55 ±0,05

The f ion appears sharply at 2.1 1 0.1 eY.

Possible

dissociative processes which could account for ion formation in
this region are
0120 4 e
and

34

F 4 CPO

35

! - 4 1 4 CO.

-

Since the enthalpy of formation of the fluoroforsyl radical is not
known, the enthalpy requirement for reaction 34 cannot be deduced.
However for reaction 35, this is greater than or equal to
3.6 10.2 .V and it is therefore apparent that reaction 34 is
responsible for ion formation at 2.1

cv

and that no process

corresponding to reaction 35 is occurring since the ion-current
falls to zero above 3.2 iv.

Using the relation

cvo) 4 &p (i) 4

D (, -

(F)

in conjunction with E(F) • 3.45 •V leads to D (F -

cPo)

This may be compared with some other reported
C-F bond disco iation energies, for example 5.6 eY (c?4)102,
5.55 10.1 •V.

cv (c65 ) 03 .

6.3 eV (0P4)90 and 5.0
Also, D

- ceo)

(

1

D (F - co) may be calculated to be

7.0 ±0.2 iT so that D (F - CO),-, 1.45 ±0.3 CV.
D (o -

ci)

Similarly

3.0 10.8 •T.

From reaction 34, the heat of formation, AH

(cio),

is

negative and has an absolute value of greater than 1.78 ±0.3 eT
(

- 41 ±7 k cal/mole).

has & measured appearance p.tentia]. at 2.6

±0.1

iT and

can be produced via the reaction

36

+ e

P2

-

+ Co

From thermochemical evidence, reaction 36 requires a minimum
energy of 5.4

±0.2

eY

molecular fluorine, E
well with that,

-

'2' Thus, the electron affinity of
2.8 4-0.3 eV.

This value compares

. 3.0 4-0.6 iv, already found from the study of

P)', and that of Reese et al. 80 ,

3.0 eV, for P2 formation in

302F2 .
It say be noted that if the email, low-energy peak for this

ion Is taken to be real, then

4.4 ST. This value is

considered to be excessively high and provides an additional
reason for regarding the minor peak as spurious.

For the CF07 ion, the ioaisation process suet be
cF20

37

+ •

P0_

4 P

If no excitation or relative kinetic energy is associated with
reactions 34 and 37, then
AP

(cj'o)

i

F- (CPO) = i. (p)

(p)

The present appearance potential of CP0 at 2.8 ±0.1 .T
indicates E(CFO)

2.75 10.2 •T.

There seems to be no other

reported values with which this estimate may be ooapared.

ii) Trifluoromsthyl bypofluorits, CP30P
In CF301, negative ion formation by dissociative capture
occurs over two separate energy ranges. At very low electron
energies (-'0 cv), the primary ions P andCP

are observed in

high abundance and in the ratio 1000:158. At higher energies,
both ions fall off steeply but show second, incompletely resolved
maxima in the region of 6 cv. For F', the second peak exhibits
a primary pressure dependance and has a height which is about
0.5% of the first peak. For CP,0, the second peak is also
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.'vi.

pxiaary and is approxiaately 0.3% of the first peak.

In this

higher energy range, the primary ions C? 3-and OY first appear
and at the respective peak saxisa, intensities for all ions are
In the ratio 1000(7),90(CF30),65(Of),39(073 ),

At 70 eV,

the ratio is 1000,380:1: <1.
The lower energy peaks for

Y and C? C are shown in

3
Figures 30(a) and (b), the higher energy peaks in Figures 31(a)
and (b) and the results for C13 and OF in Figures 32(a) and
(b). Appearance potential data for all of the ions are given
In Table 8. At low electron energies, the energy seals
calibrant used was 8F67876 *t 0.0 •Y and at higher

energies

was 0730 at 4.2 •V.
Table 8.
Ion

Negative ions from CF3OP
Appearance
Potential (ey)

Peak
Maximum (cv)

Peak width
At 3.-height

(.v)

7

0.0 ±0.1
4,3 ±0.1
(unresolved
minimum)

0.

±0.1
60 10.2

0.75 1 0.05
3

CF 0

0.0 10.1
3.9 -0.1
(unresolved
minimum)

0.6 1 0.1
6.4 -0.2

0.65 10.05
2.5

0P

3.9 ±0.1

6.0 ±0.1

1.8 ±0.1

C73

4.4 ±0.1

6.3 10.1

1.7 ±0.1

Y is initially formed with high intensity and with a
narrow resonance peak at 0.0 1-0.1

cv.

In this energy region,

two collision processes are possible, namely
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A

II

(\' CORRECTED).

II

19,

'3

38

C1?3 0? 4 e
and

F 4

39 H>

Recently, D

(ct,o - r)

4F3 C

F 4 7

has been found ° to be 1.9 ±0.1 .V so

that reaction 38 requires 1.9 ±0.1 iv

or less than sero

energy. Also reaction 39 requires 2.8 10.2 •V - £(7).

Thus,

both processes can occur at effectively sera electron energy and
it is not possible, in the present case, to decide which is
responsible for

Y formation.

The ion has a second, unresolved appearance potential at
4,3 10.1 •V. At higher energies, as illustrated in Figure 31(b),
the peak in very broad with a slight inflexion in the region of
8 cv and non-zero ion-current up to the limit of measurement at
12.6 cv.

Several reactions may be considered for production of

the Lou in this range and these are suamirised in Table 9
together with their minimum energy requirements. For proo.aua
involving the fluoroformyl radical, M1 (CFO) 4 - 41 ±7 k cal/mole,
deduced from the study of carbonyl fluoride, has been used to
calculate minimum energies.
Table 9. Possible P forming reactions in
CP3 0F at energies above 0 .V
Minimum
nsrgy (ev)

Reaction
C?, OF

4

•4U,
41>
42
43,
44

45
46,

47
48

F

r
F
F
Fr

4
4
4.
4

+

0

C?3
P2 4 CJ'0
2? 4 CFO
OF 4 C?2
0 4 F +
07

F

4
4.

Y

4

0

4

4

0

4

F-

2.80±0.1

4

or

4

C?2

F4

4
27

4

Cl

Cr
CF

3.25 ±Q.3
4 4.90 10.3
4.9 ±1
7.0 ±0.5
8.7

±0.1

10.6

±0.5

11.0

0.1
4
4-0.1

12.6

Other reactions, involving further stripping of fluorine stoma
from the carbon nucleus, all require more than 13 eV of energy
and, since this is beyond the limit of the present measurements,

they are not considered.
The tonisation curve for F is not completely resolved at
the onset of the second peak but extrapolation to the energy
axis (Figure 31(b)) indicates that the appearance potential for
the peak could be as low at 3.5 IV. From the processes listed
in Table 9, either reaction 40 or reaction 41 may be responsible
for the initial rise in ion—current and, since the observed peak
to very broad, reactions 42 and 43 may be included within it.
The inflexion noted at about 8 cv is possibly due to reaction 44.
Reaction 45 is perhaps improbable since it requires the transfer
of a fluorine atom from on* end of the molecule to the other but
reactions 46 and 47 are not inhibited in this way and may both

occur. Tinally, reaction 48 Is unlikely to take place before
12.6 .V which is beyond the limit of the present experimental

measurements.

The Or 7 ion initially appears at 0.0 ±0.1 iv and Its
30
formation say be attributed to the reaction
CF3O? 4 •49

C;P 7 4
30

If D (ci3o - 1) z 1.9 10.1 •Y

4 0 the observed appearance

potential indicates that the electron affinity of the
trifluoroaethoxyl radical, E(0F 30) >>1.9 ±0.2 eV.
The second appearance of the ion ocouxi as an unresolved
minimum at 3.9 ±0.1 cv and extrapolation of the unfolded data

to the energy axle indicates that the 'real'
is close to 3.6 ±C.]. eT.

appearance potential

Reaction 50 is probably the process

involved i.e.
073 0? + •

50

4 F

It may be noted that this reaction differs from reaction 49 in
that this ions produced are isomers.

For 49,, the fluorine atom

removed is originally linked to the carbon nucleus via the oxygen
atom; for 50 9 the fluorin, atom is attached directly to the
carbon. If it is assumed that the electron affinity of the

CF3O and C72 01 species are similar and that
then from the

E(CF3 O) 1.9 ±0.2 .Y

alp2oY appearanc, at 3.6 4-0.1 eT the dissociation

energy D (t - 01 2 0 ?) 5.5 ±0.3 eV. This value may be compared

with that for D (F - cpQ) which has already been calculated as
5.55 ±0.1 iT and with other C - F bond strengths, for example
5.6 •V

(or4 ) 02 and 5.0 .v

As is the case with F', the second peak for this ion is
very broad (-2.5 eV at half peak-height). An inflexion

observed at about 8 eV cannot be simply explained except in
terms of a process similar to reaction 50 but involving excess
energy.

CP3 from 01,0? has an appearance potential at 4.4 10.1 .V
and two reactions can be written to account for its formation.
These are
CP3OP 4 e
and

51

C?, - 4

52>

C? 3 4 0 4 F

or

From thermochemical calculations, reaction 51 requires
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(v

CORRECTED).

4

10

4.2 10.5 iv -

and the observed appearance potecitial at

44 ±0.1 IV necessitates more than 0.2 ±0.6 BY of excess energy.
However, reaction 52 is preferred; in this case, the energy
requirement is 6.2 ±0.1 iv - E (C?3 ) and thus, the electron
affinity of the trifluoromethyl radical,

a(cr3 )

1.8 ±0.2 eve

Bibby 90 has calculated 1.45 10.1 cv for this quantity.

The 0F ion appears in a similar energy range and is first
detected at 3.9 ±0.1 eV.

Since the species is observed, it may

be assumed to be stable against the decomposition O?— Y

4 0

and hence E(OF) >x 1.4 1 0.5 BY. In the present example, two
reactions ar. possible s-

cp,op 1

e

"

OF 4 C?,

54

OF 4

OF

4 1

Process 53 requires energy amounting to 4.2 ±0.5 SY - E(OF) and
54 requires 8.4 ±1 BY - E(07).
E (op)

The latter reaction leads to

4.5 ±1.1 By which is considered to be excessively high.

Reaction 53 is preferred and hence (0F) 0.3 ±0.6 iv.

iii) Bis (trifluorometkiyl) peroxide, CF3000F3
Negative ion formation from this molecule occurs with high
Intensity.
OF

The species detected and measured were CF30, F and

at their capture maxima theae ions were observed in the

ratio l000(c730),180(f):12(C?3 ) and 70 BY in the ratio
1000s150:5. At the higher energy the 07 ion was also observed

in some abundance but the spocies was not sufficiently intense
to be noasured over the r*sonance capture range.
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7 and f are shown in Figures
30
33(a) and (b) and for Cr; in Figures 34(a) and (b). From
Ionieation curves for OF

Figure 33 it is apparent that, at low energies, the species C1 30
and

f

are partially formed by mechanisms other than direct

electron impact. When compared with 8767816, the CP,O ion above
a mor. pronounced low energy 'wing' and this is reflected in the
unfolded data by a peak at 'negative' electron energies,

o'vever,

the effect is not very serious and the appearance potential of
the ion can probably be taken as 0.0 1 0.2 cv. On the other hand,
spurious 7' forming Ionisation is almost as important as the
electron impact contribution and when unfolded, the curve for this
ion has a large peak at 'negative' energies. Extrapolation of the
real part of this curve bask to the energy axis indicates that the ?
appearance potential may be as low as 0 eV. Since the onset
edge of an electron impact ionisation peak cannot be more sharp
than that of the sleotron energy distribution which produced it,
the separation between the peak maxima of this ion and of the
energy calibrant

provides an upper limit to the

appearance potential. Experimentally this is 1.2 10.2 •'Y. Per

no such effects were observed and the ion was calibrated
in the normal way using
Appearance potential data for negative ions from 0P300C13
are summarised in Table 10.

There are no known literature

values with which these may be ooapared.

S

Table 1'.

Negative ions from
Appearance
Potential (.v)

Ion

Peak
Maximum

(.v)

Cy

0.0 ±C.2

0.7 10.1

F

C - 1.2 ±0.2

1.7 10.2

CF,

4.4 !0.2

6.2 10.2

Peak Width
at f-height

(iv)

1.0 ±0.1

1.6 ±0.1

The heat of formation of bis (trifluoromathyl) peroxide is
not known directly but an approximate value has been estimated
using group energy teras 05 , This oaloulation, which is given
more fully in Appendix I. was based upon the -0- contributions
to heats of formation of di-methyl 105 , di-etliyl106 and di-t-butyl 1 '
peroxide, and the CF3- contribution to that of hexaf1uoroethane

2.

The result is the heat of formation, MI(CF,00CF,)
-337

t 2o k cal/mole or -14.6 ii eV,

The C?3 0 ion formed at low electron energies is the most
abundant ion in the mass spectrum of this molecule. It is

/a?6 , was the
6
only ap.oies of those observed throughout this study for which the
interesting to note that this ion, apart from

'ion' packets arriving at the detector of the mass epeotroiteter

could be clearly separated into ionio and neutral component..
This type of phenomenon was first reported by Edelson et &1 b07
who investigated auto-detachment of electrons from SY using a
time-of-flight instrument and it has subsequently been used by
105
to measure the lifetimes of a range of
Compton it
temporary parent negative ions. The effect can be explained
simply as follows s- if a number of temporary negative ions are
drawn out of the mass spectrometer ion source, a fraction of them,
depending on their lifetime, will decay to neutral speaies before

£

reaching the detector. Per example for F 6 the process is
SP6

, SF6 + S

In the normal field-free drift-tube of the time-of-flight
instrument, these neutral species stay with the ion-packet for
the remainder of their flight and are recorded as ions at the
detector.

If, however, a potential barrier is introduced into

the flight path by biasing the ion-lens or the time-of-flight-adjust
elements (Figure ) with respect to the drift-tube liner, the

retarded charged species and unaffected neutrals can be separated
in time and recorded as two distinct peaks in the mass spectrum.

The time of flight before separation and the relative intensities
of the ionic and neutral components at the detector have been
used 107,108 to measure the lifetimes of long-lived

(4

lop sea.)

temporary parent negative ions. In the present case, with an
oscilloscope output, the separation and merging of the peaks due
to CIP 7 and CP,O were clearly visible on adjustment of the
30
ion-optics elements.
However, it is not known of any case where such a phenomenon
has been observed for ions other that parent species formed by
direct electron capture. Its occurrence for the non-parent
sp.oies, CP5 0, can be explained In several ways, for example,
the effeot'h&s aey become evident because of the high abundance
of the CF3 0 ion which is comparable in Intensity with sP 67s16 ;
for less abundant ions the much smaller neutral peak is not

detected. Alternatively, C7,O is in fact a parent ion formed
from the CF,O radical wiih Itself arises from decomposition of
the peroxide on the hot source-filament or finally, the ion is

simply a comparatively abort lived species which decays by

—d

S

auto—detachment to a radical plus an electron. Theo various
explanations were not tezted by experiment in the present vork but
remain as subjects for future study.
To account for the formation of theFO ion at 0.0 10.2 •V,

two reactions can be written and these are
56

•F3 O0CF3 4
and

4

1
4

FQ

CF3 O 4 Ap 2 0 + F

Already, the electron affinity of the trifluoromethozyl radical
eirv'oiack

has been .#lculatsd to be
then D(C1P3 0

-

oci3 )

1.9 4—0.2 eV and if reaction 56 applies

1.9 1'0.4 eV.

This value may be used to

check the estimated heat of formation of the peroxide; if
D(CF3 O - F) =

43.5 ±0.5 k cal/mo1e

then te heat of formation

of the C730 radical can be calculated to be, &1f (CZ3 0) =
k cal/mole.
or

s

—152.7 ±0.5

From the present result that D(c!3 c - ccF3 ) 1.9 4
-0.4 •V

43•5 ±0.9 Ic cal/mole, the beat of foraatiou,

—349 ±1 Ic oal/mole, That estimated using ro

cury terms

Is —337 1 2: Ic cal/mole so that, within experimental error, both
values are in aeei*.t.
The present dissociation energy, D(cF30

— oc 3 ) 1.9 ±0,4 cv

may be compared with similar quantities in other peroxides e.g.
1.6 cv (P!,OOM.), 1.5 •V (EtooEt) and 1.6 •y (t oc

t) 1 o6

Loi,ever, reaction 57 ir also possible at 0.0 4 0.2 •V if
4
cal/mole.
1.9 0.2 eY and 4f (CF30OCF3 ) —328 115
Since this again is in fair agreement with the beat of formation
calculated from group energy terms, both reaction 56 and 57 may
occur and it is not possible to choose between them.
CP5 000P3

58

4

4

0

The reaction
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which has the next lowest energy requirement is discounted since
it necessitates

€(cp3 o)

5.7 11.2 ST which is certainly

excessively high.

The appearance potential of the P ion is difficult to
evaluate because of spurious ionisation from the hot source-filament
but an upper limit of 1.2 ±0.2 •V has been act. Assuming that the
reaction involved is
OF OOCF 3 4 e
3

i

and using E(P) * 3.45 •,91, then D(7 - cP2 oocF3 )

< 4.75

±0.2

cv.

This value say be compared with other C-F bond strengths already
calculated i... D(?

5,5

±0,3

- cr0)

4 5.55 ±0.1 eV and D(P

cv and with others 102,103

- cr2 OF)

Although the present value

fits in fairly well, the identification of the reaction is tentative
since alternatives exist at low energy. These are
CP,000F3

s

and

60>

p 4 CF3 O 4 0F20

61

f

4 F 4 2CF20

for which the minimum .nthalpy requirements are -1.2 ±1.1

cv

and -0.2 1 1.3 ST respectively and, within the limits of error,

both can occur at effectively zero energy.

The ion CF3 initially appears at 4.4 ±0.2 ST and exhibits
a fairly broad resonance peak (1.6

±0.1

•V at half-height).

If it is assumed that the reaction responsible is

c,13 00cF3

4

62 )
S

and it, as previously found,

C?, - 4 OOCF,

€(cr3 )

1.8 ±0.2 ST. then

D(CP3

- ooct,)

6.2 ±0.4 ST. From th•rsoohenieal evidence, the

dissociation of the sisilar boid CF, - OF requires only 4.2 10.4 OT
so that the present high value may indicate that reaction 62 is
not viable.
Other possible reactions in this energy rang. are
63

01300CP3

C73 4 0 4 Cl,,

64G73-4 0 4 CP 3
65

4

66

and
requiring 4.8 ±1 .7 -

(a?3 )

073

or

4

0

0720

40474

5-(CF3

and 6.6 ±1.2 cv - E

) 0

0120

597 ±1 eV - (CF,). 6.0 ±1.5 .7 -

(ct3 )

respectively. Although

reaction 65 necessitates sose intraaolecular rearzangsaent,
either or all of these say occur and lead to electron affinities
. (OF ) >, 0.4 ±1.2 iT, > 1.3 ±1.2 .7,

1.6 ±1.7 .7 and2.2 11.4 .7.

Unfortunately, because of the large errors involved, no single
process can be definitely identified,

iv) suasAry
0720. The reaction
11

t20 4 •---P

indicates D(P

- oto) 4

010

4

5.55 1,1 .7 and h9 f (C10) < -41 ±7 k cal/sole.

is produced by
0720 4
and E

4 00
- 2.8 10.3 eV.

For 070,

0720 4 .—C7O 4 P
sad t(avo)

2.75 ±0.2 iv.

CP3 01. For F formation, no single process can be clearly
in the case of CP,0 the reaction

identified,
0730? 4

9

—CP30 I P
The reaction

require. E(C730) 1.9 1 0.2 eV.

CF3OP 4

Indicates D(P

—,c 2oi

0

c,2 OF)

4 7

5.5 0.3 iv.

For OF 3

+ 0 + P
or + 0
3
and E(C13 ) ', 1.8 ±0.2 •T. Stability of 07 against decomposition
OF

07

requires . (0?)

alp3 0F

4

7,

1.4 4
-0.5 ST and the reaction

• - or

4 C,,

gives E(OF) ' 0.3 ±06 iT.
The reaction producing C7,0 cannot be clearly
07 00CT .
3
3
Identified, For 1, if the process is

CP 00CP +—F 4 CF 200CP3
3
3
then D(P - 2 000 P3) 4 475 10.2

IV

but the mechanism is tentative. In the case of CP, again no
definite process can be identified.

(c) The molecules C2?4, 072C12 and C2H4 .

i) T.trafluoro.tbylene, C2P'4
Negative ion formation from tetrafluoroethyl.ne has
previously been studied, at least in part, by Morrison

and

by Bibby90 . In the present case, ionisation was detected and
measured over a 'wide energy range (i - 15 cv) which, for
convenience, was split into two overlapping sections from 1 to

A46

f.

10 cv and 8 to 15 •V. In the lower energy range, the negative

Ions observed were F, C?2 , CP,

and C2F3 and, at their

respective capture saxien, the.* occurred in the ratio 1000168*14s4.
The behaviour of all of these ions was exasined as a function of
the electron energy. In the higher energy range, f, Cr, '2'
!'2 C?3 and C2F3 were formed in the ratio 1000:8.314.6*3.7:
1.7:2.3 and of these, P' and CF were studied nor* closely.
The ratio of the first to the final peek for f was 15*2.

At

70 eT, negative ions and relative intensities were 0 (4.5),
<i)
(2.2), 72 (<1), 012 () t OF
and 02?, (i). Over the rang. 1 - 15 iT, all of the ions
(boo), 02

p

(1.4), C?

measured were primary.
lonisation efficiency curves are illustrated in Figures 35 9
36(a) and (b) and appearance potential data are summarised in
Table 11.

Below 10 cv, the electron energy scale was calibrated

using 07302 at 4.2 .Y and above 10 eT by 0700 at 9.6 eV.
Table 11.

I on

f

Iegative ions from 02P4.
Peak
Appearance
maximum (ev)
Potential (.v)
1.8 4-0.1
5.6 10.2
(unresolved
minimum)
6.3 10.2
(unresolved

3.6 ±0.1
5.9 ±0.2

Peak Width
at 4-height (eV)
1.3 ±0.1

7.0 ±0.2

siniaue)

CF-

0F2
0 F3

Cl

1.4 ±0.2

10.0 ±013
(unresolved
minimum)

11.5 ±0.3

3.2 ±0.1

4.9 ±0.1

6.4 -0.1
(unresolved
minimum)

6.9 -0.1

2.9 ±0.1

3.7 4-0.1

0.9 ±0.1

3.0 ±0.1

4.3 ±0.1

1.1 ±011

10.0 ±0.3

11.9 ±0.3

1.3 ±0.2
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For the 1r ion, Bibby 90 has obtained an initial appearance
potential of 2.25 ±0.1 aT by linear extrapolation of the upper part
of the ionieation curve. The difference between this and the
present value of 1.8 ±0.1 •V is probably due to the pronounced
exponential toe observed on the curve oven after unfolding
(Figure 35(b)).

Data presented by Horriaon 109 for the ion show

an inflexion on the low energy side of the major peak but this
was not observed in the present work. Both Bibby 90 and

109

describe three separate capture peaks and although, apart from the
initial appearance measured by Bibby, neither author states
explicit values for appearance potentials, these seem to coincide
fairly p.11 with the present onsets at 1.8 ±0.1 eV, 6.3 ±0.2 ST and
10.0 ±0.3 •V. In addition, an inflexion on the high energy side of
the major peak and a low-intensity process at 5.6 ±0.2

cv are noted.

The unfolded data, Figure 36(b), for the higher energy

f forming

process apparently show side peaks on the major feature but these
9976 and to be
are considered to be due to diffraction effects
spurious. When 'normal' data, with zero values at the upper and
lower limits are unfolded, the procedure of setting negative
solutions of the deoonvolution equations to zero effectively
damps such diffraction peaks and they either disappear or become
negligible. However, when as in this ease, the observed ioncurrent has positive values at both limits the procedure does not
apply and the effects sometimes become obvious.

Y initially appears at 1.8 ±0.1 eT; if the reaction
involved is
C 2P4 4 e

67

and using the relation

F 4 02F3

D(C2 P3 - )

Ap(r) + E(F)

then D(C 2 13 - F) < 5.25 ±0.1 .T. Other C-F bond strengths already
measured in this study include 4 5.55 ±0.1 .Y 072 0),5.5 1 0.3 •T

(cr3 0i)

and perhaps$ 4.75 ±0.2 •Y (ct3 00o 3 ). The present value

fits in fairly well with these. Since the heat of formation of
the 0 2 P. radical in not known from thermochemistry, it has been
calculated using these data and has been found to be
$-50 13 k cal/aol..
In the energy range 2 to 9 •V, several further f forming
processes are possible. These include the reaction
C2,4 4 •

68 ->

P;- 4 7

with a calculated minimum energy of 2.6 10,7 eT and
C2?4 4

69

F 4 Ct2 4. C?,

70)
71.

'

4
'

3 4
C7

CO

2

72, F 4 2? 4 C2 ?

with ainisum energies of 5.7 ±0.5 iT, 6.5 ±0.1 iT, 6.9 ±0.5 ST
4
add 8.5 Th.5 iv respectively.
It is possible that reaction 63
a000unts for the structure observed by Morrison 109 just above
the initial threshold of the ion. There seems to be no process,
apart from reactions 67 or 68 with excess energy, to account for
the inflexion at about 5 •V noted in this present 'work (Figure
35(b)). Reactions 69, 70 and 71 may be responsible for the
incompletely resolved peaks at 5.6 and 6.3 •T. Of these
processes, 70 would perhaps sees unlikely since it involves a
rearrangement and a highly aesyametrio dissociation of the

molecule, forming the neutrals

OF

and C.

However, the negative

ionis observed in the mass spectrum at this energy and
indicates that at least the necessary rearrangement is possible.
Reaction 72 does not occur significantly, the unfolded ion—current
falling to zero in the 8.5 iT energy range.
Beyond 9 eT, the possible F' forming process.. ares..
02 F4

73

+e

,
,

and

75,

t4CF2

4F#C,

1 4 F 4 20P,

-I P

+ F 4 C2

with minimum energy requirements of 10.7 ±0.5 •Y, 11.4 ±0.1 ST and
13.4 1 0.3 •T respectively. For the high—energy peak onset,
measured at 10.0 ±0.3 eV, reaction 74 requires more energy than
In available. Reaction 73 would seem more likely at least on the
bents of energy requirements, but, as with reaction 70 9 it requires
an assymuetric splitting of the moleou]., one half, a

OF

group,

being left intact and the ether oomplete].y dissociated. Again,
however, the

ion is observed in the mass spectrum above 10 ST.

OF

Although no onset energy was measured for this ion, its appearance,
which probably requires a reaction similar to 73 but with the
electron goin€ to the

OF

group, indicates that such splitting is

possible. Reaction 74 may contribute to the fairly broad peak
observed. An has been said, the small peak at 13 .V is considered
to be spurious so that it is not possible to decide if reaction 75
occurs and other

Y

forming processes all require energy beyond

the limit of the present measurements.

The CF3

Ion initially appears it 3.2 ±0,1 eV and must be

.L'J..

due to the reaction
C2?4 4

S

76

02Y 3

4

p

If no kinetic or excitation energy is involved, in processes
67 and 76 then

E(cF3 ) . AP(F') 4
or E (c2r3 )

j)

There are no known literature

2.05 ±0.2 •V.

value, with which this may be compared.
A second peak for this ton is clearly present at 6.4 eV and
must be associated with excess kinetic energy of the products of
reaction 76 or vibrational excitation of the C 2 F, ion. If all
of the available excess were portioned to vibration of C 213 , the
ion would have sufficient energy to eject Its electron and an
assignment of at least part to the translational mode is more
likely.

The remaining low energy ions are

OF

and CF with similar

appearance potentials at 2.9 10.1 eV and 3.0 ±0.1 ST respectively.
CF2 can arise by the symmetric splitting of the C-C bond i.e. by
C! 4 C

24

This requires 3.5 10,9 cv - (OF2) and leads to (CF2 ) . 0.6 ±1.0 .V.
Further dissociation of the

OF

neutral to CF and F is discounted

on energetic grounds since it requires E(0P2 ) 6.3 ±Q,6

CV.

1'o*a rearrangement of a fluorine atom in necessary,
namely
C2?4 4 •

73

-

+ OF

Liezo

Thermochemical evidence indicates a minimum energy of 5.0
10.1 eT -

(

c 3

)

and from the observed appearance potential,

t(c,) >, 2.0 1 C.2 eV. This value is in good agreement with
previously calculated from C!,OF, namely

€(c?3 ) 1.8 ±0.2 cv.

Finally, the CY ion is not detected in the lover energy range
but first appears at 10.0 ±0.3

iv.

Possible collision processes

are
C2?4 4.

e

79
80

and

requiring 9.2 ±0.5 •V

- 4
>

r # CF

CF 4 F + CF
E (CF) and 13.2 1 0.1 .Y - ( c?) respectively.

Reaction 79 would involve excess energy of greater than 0.8 ±0.8 aT
but 80 indicates E(CF)3.2 1 0.4 eT. If reaction 80 does in fact
apply, the calculated electron affinity is comparatively high but

not impossibly so and is similar to that of molecular fluorine

(

- 3 •v).

Cr - F 4

Stability of the Cf ion against tue decomposition
can unfortunately givt. no useful information about

dci') because D(C - F) is greater than E(F) and the dissociation
would remain .xothermio even if E(CF) were zero. Itowever, the
present value is believed to be reasonable and reaction 80 is
taken to be the relevant process.

ii) 1 0 1 - Difluoroethylene, CF0

Negative ion formation by dissociative electron capture from
191 - difluoroethylene cocurs over a broad range of energies; all
of the ions detected exhibited it least two major maxima, the first
being alose to 7 •V and the second in the 10 - 12 .Y range. The
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tone observed and measured were

2' 02 and
occurring, at their 10 - 12 eV maxima, in the ratio 30110008491
65830 and at 70 eT in the ratio 25t1000:340*108s295.
efficiency curves for these species are illustrated

iLl

Ionisation
Fi.ures

37 and 38. Because the data for rf, the ion of lowest intensity
of the set, were found to be excessively noisy after only a few
unfolding iterations, the deconvoluted form has not been included
in 'igure 37(b) and, in Figure 38, the curve shown in that
obtained after 20 smoothing iterations rather than that observed
directly.
From both of the Figures it can be seen that all of the
n.gative ions measured exhibit a resonance peak at or very close
to 7.0 cv.

Following iorae.n 63 it is suggested that this

ooinoid.noo of peaks In due to the competitive dissociation of

a single state of the molecular negative ion CF20H2 . This
situation can be visualised as follows s- an impinging electron
with the required energy adds to the neutral molecule into a
'compound-ion' state which is able to diseoeiate in a number of

different ways. sach of the, decomposition routes to fore

02

1 9 Y,

and 02F is possible but occurs with varying probability

and thus all of the ions are observed at the sane electron energy,
which is related 28 to the energy of the compound-ion state, but
with an intensity proportional to the probability of the various
dissociation paths. The present ease is perhaps the clearest
example of such an effect observed throughout this study.
At higher electron energies, the cluster of peaks between
10 and 12 cv is probably due to more than one or even to a band
of closely spaced oomound-ion states.

It is also ioticeatLe that the negative ions formed from
bads i.e. the species

this molecule tend to have unbroken

and especially c 2 ? are formed abundantly.

This is

opposite to the case of 0 2 ?4 where the ion C 2 ? is the only 02
containing species and that at low intensity.

The difference is

probably due to the variation in C-C bond strengths between the
two molecules; from thermochemical evidence D(C1' 2
133!15 k cal/sole but D(C? 2 - c'2 )

82 ±20 k cal/mole.

Clearly the weaker C-C bond in 0 2 F is more likely to rupture
4

under electron iraet.
Appearance potential data for the negative ions formed from
1 9 1 - difluoroethylene are summarised in Table 12.
Table 12.

Ion

02?

Negative ions from CP2 CH2 .

Appearance
Potential (eV)

Peak
sazimum (ev)

1.6 10.3

-2.5

4.6
.,
(unresolved
minimum)
5•4 ±Q.3
(unresolved
minimum)

:5:2

2

0.9 ±0.1

8.7 ±0.3
(unresolved
winiium)

10.6 ±0.2

11.1 10.3
(unresolved
minimum)

11.4 ±0.2

4•9 ±C,2

7.0
10.2 4-0.2

1.3 ±0.1
1. ±0.2

7.0 ±0.2
11.6 ±0.2

1.2 ±0.1
1.3 ±0.].

8.3 -40.3
(unresolved
minimum)
C

7.3 ±0•2

Peak Width
at -height (ST)

5.5 10.2
10.0 ±0.2
(unresolved
minimum)

doublet

±0.2

-

,

Table 12 (Continued)
Ion

Appearance
Potential (ST)

Peak
Maximus (ev)

Peak Width
at 4-height (sy)

3.5 ±0.2
6.1 4 0.3
(unresolved
.dnixana)
4 others

5.3 10,
7.0 ±0.2

1.2 ±0.2
1.0 4.0.1

Co

5.0 ±0.3
(extrapolated)
8.5 ±0.3
(unresolved
minimum)

7.2

±0.2

10.7 ±0.2

2.3 ±0.3

In the initial onset region of Y formation, the ion occurs
with loi probability from 1.6 -40.3 •V up to about 5.4 •V and within

this range there appears to be considerable structure in the
ionisation curve involving three separate low-intensity capture

peaks. Because of an almost complete lack of thermochemical
data for the various possible neutral fragments from CF2 CH 0 it
is difficult to assign decomposition processes to these peaks.
However, if it is assumed that the first appearance of the ion at
1.6 ±0.3 cv is due to the reaction
CP2CH2 4 a

then D(P - cPcH 2 )

81

crcfl

5.05 ±0.3 eV and this value fits reasonably

well into the general rang. of C-F bond strengths already found
1-0.1 erY
5.55 4

e.g.

(c2 p4

(c' 2 o),

5.5 ±0.3 cv (c 3o) and E 5.25 ±0.1 91

).

On the basis of reaction 61 0 the heat of formation of the
CFCH radical can then be calculated to
k cal/mole.

be

-8
Ailf (C?Cfl2 ) .< 420 4

At electron •nergiee beyond the initial appearance of the
ion, little sore can be done than to list some of the possible
reactions, for examples-

or

ON 4 .

and

82

,_ 4 7 4

83

P' + F + ][OCR,

84 il

7 4

85

f 4 H 4 ICC?,

86

? 4-

1(7 4 COli,

li

+ CC,

Of these, minimum energy requirements can be calculated for only
83, 84 and 86 and are 3.9 -40.1 .7, 2.9 -40.5 eV and 3.5 ±0.5 eV
respectively. Reaction 83 say be unlikely since it involves
considerable rearrangement of the molecule to fore acetylane as
one of the neutral products. Others, notably reactions 84 and
but sine, as

86, also require r.arranges.nts to fore K? and

will be seem later, such species suet be postulated in order to
explain the formation of some of the other negative ions from
this molecule, neither reaction can be ruled out.
The first major peak of the ? ion occurs with an unresolved
minimum at 5.4

±0.,

sTand suet involve some of the reactions 82

to 86, perhaps with excess energy, but no definite assignment
can be sade.
Beyond 8.7 10.2 Y, the ionisation curve for

Y

exhibits a

very broad peak (-3 .7 at half-height) which is resolved by
d.00nvolution into a closely spaced doublet.
these peaks, none possible processes arel-

For the first of

CP2CH2

+ •

87
00

F + C + F +

89,

f + a + CC?,

90>

,

91,
92)

4

CHP,

cap,
+ H +

?4H4?#call

with minimum energy reruireaents of 7.3 ±0.3 •V, 7.8 ±0.3 IV,

8.1 0.5 iv, 8.1 10.5 •Y, 8.7 ±0.3 iT and 8.8 4-0.5 IV.

It may be

noted that, although the heat of formation of the C1 species is
not known directly, an approximate value of 4.30 ±10 k cal/sole
was calculated from the mean of the heats of formation of 072

(..35 ±]fj k cal/role ) and 0112 (490 ±4 k cai/aoie 6 ) and this was
used to estimate the minimum energy aecessary for reaction 90,
At the second of the doublet of peaks, possible reactions

+ .

93

? 4 F 4 H2 4 C 21

4

F+aP+Cf CR.

"'
96,

and

f 4 112 +
C +

C + Cl
H + CR7

requiring 10.0 ±0.3 IV, 11.4 ±0.1 iT, 11.4 ±0.2 iT and 11.7 ±0.5 eY
respectively.
It is unfortunate that for this ion, partly because of the
complexity of the observed ionisation efficiency curve and partly
because of the lack of exact th.rwoohesical knowledge of many of

the possible reaction products, none of the above processes can

$

be positively identified. The mere listing of possible reactions,
although unsatisfactory, is all that can be done at present.

The interpretation of the behaviour of the 0 2f' ion is a good
deal simpler since few reactions can be written to account for
its formation. Initially, the ion appears at 4.9 10.2 ST and
say involve one of two processes
Cl2CH2 •+

97

S

98

and

i

1-

a 2 Jr 3 7 4 U 2
c2y + ar + n

Reaction 97 requires 7.1 ±0.5 iT -

of energy and leads

to E(C2 F) >/ 2.2 ±0.7 eT; 98 requires 5.7 1 0.5 iT - E(C2 7) and
leads to

(c2 P)

0.8 ±0.7 iT. Before deciding which of these

mechanism, is the more likely, it may be informative to exanine
the higher energy process at 8.3 ±0.3 •7. Here eme reaction can
be writt.us-

c,'2ca 2

i

•99

C2F +

F + 211

requiring 11.6 ±0.5 .7 - E(C 2 F) or indicating

±08 cT

Of 97 and 98 1, the former is more consistent with this value of
E(c2 P) and probably also requires the simpler intramolecular
rearrangement to form

n2

Thus reaction 97 is postulated as the

low energy process.
F ionisation curve at about
2
11 .7 my be associated with reaction 99 but involve excess energy
The inflexion observed in the C

either of translation of the products or of excitation of the
Ion.

For the C2H' species, three reactions in all can be written:-

100,

CF2CR2 4 •

and

C2E

4. fl1' 4 p

101 )

+a

102,

02 H + K 4 2?

requiring 6.4 1 0.5 •V - a(0 2 a), 10.7 1 0,5 cv 12.3 10.5 cY - E02 a) respectively.

and

Reaction 100 is taken to

be responsible for the initial formation of the ion at 5.5 iC.2 •V
and leads to an electron affinity for the 02 9 species,
A value of ,2.8

0.9 10.7 cv.

quantity by

Y.

€.(c2 kL)'

cv has been calculated for this

Tr.pka and Neu.rt 110 .

Between the major peaks for the ion, a fairly high level of
current is maintained over a 2 cv energy range and, although it
is not possible to estimate an appearance potential from the
present data, ion-formation may be due to reaction 101.
Reaction 102 in ascribed to the large resonance peak which
onsets at 10.0 10.2 eV and, from the energy requirements of the
process, leads to t(c2a) ', 2.3 10.7 •v.

For C 2 , the first recorded onset is at 3.5 10.2 .Y and must
involve the reaction
0P2 all 2

•
•I

103f

2

2liP

which requires 6.3 10.3 .V - a(0 2 ). This process has a minimum

necessary energy which is about 6 cv lover than any other and
even if the rearrangement to give two molecules of hydrogen

fluoride is unusual, it must be postulated in this case. On the
basis of the reaction and the observed appearance potential, the
electron affinity of the 02 species, E(0 2 )'2.8 ±0.5 .Y.

Compared

with monatomia carbon (E(C) = 3.1 eV 81 ), this value is high but
other known estimates are equally so. From the molecular
sublimation of graphite, Ron19 11 has calculated E(C 2 ) n

3.1 sY

and from an electron Impact study of a range of hydrocarbons,

a(c 2 ) >, 2.9 .v.

v. Trepka and Neuert 330 have found

At greater electron energies, other possible reactions are
CF2 CR2 + 5

104
105,
106

C2

107,
021 06

and

a2

+

4

lii

4

i

a2

4

2?9

4

2ff

4

F 21

4

2fl

4

2?

2—

c2

which require, respectively, 11.8 ±0.3 eT 13.4 -40.3 sY -

12.2 ±0.3 ST -

16.5 1 0.3 .V - ( c2 ) and 18.1 ±0.3 .V

- €(c2 ). Using the calculated minimum electron affinity of
(2.8 1 0.5 ev), these energies reduce to the approximate values of
910 10.8 cv, 9.4 ±0.8 .V, 10.6 ±C.8 sY, 13.7 ±0.8 .T and 15.3 10.8 eve
It is unlikely that the major C 2 peak oneetting at 6.1 1 0.3 ST
is due to any reaction other than 103 but with excess energy; the
next available process cannot occur below about 9 ST.
The small maximum at about 8 aT may be a diffraction peak

9v76

from that at 7 eV but the structure of the 0 ionisation curve
beyond this energy is probably real and may correspond to all or
some of the reactions 105 to 107. Reaction 108 probably requires
more energy than is available at the present limit of ausurement
at 15.5 eve

J.

aq
1

1

CD

ca
OD
.

ELECTRON ENEY (01 CORRECTED).

Finally, H7 is formed with low intensity over an energy
range which is similar to that of the other ions from this
molecule. Because of its low abundance, the data for ( were
found too noisy for the deconvolution procedure to be applied and
the ionisation curve, shown separately in Figure 38, is that
obtained after 20 smoothing iteration, of the directly observed
results. From the Figure, certain gross features may be

distinguished, namely a smaller resonance peak onsotting at an
extrapolated energy of about 5 cv and reaching a maximum at
7.2 ±0.2 cv and a second, such larger peak with an initial upward
at about 8,5

break

cv and a maximum 10.7 10.2 eV. Compared with the

other ions from this molecule, the second peak, with a width of
2.3 ±0.3 at half—height, is very broad and this suggests that more
than one process is included within it. In fact, deconvolution
of the curve shown, though in a very inconsistent way, that there
are at least two such processes.
For the lower energy onset at about 5 cv, several reactions
can be written but, in the absence of thermochemical data, minimum
energy rquirenents for some of these cannot be calculated. The
reactions are
OF OR 4

0

109>
110 >

and

112

a

4

H

.1. H 4 PC FS
2

4

HP 4 0 2 F

C+

F 4 EC2 F

Assuming the electron affinity of hydrogen E(S) & 0.75 OV112 then
110 and ill both require 4.9 iC.? eV. If the heat of formation
of the RC2 P species is taken to be midway between that of 702?

(-51 115 k ca1/mo1e

3 ) and that of aC2H 454.2 k

.i,10113) then

0 110 k cal/mole and 112 requires 5.6 ±0.5 eV.

Thus

either of the reactions 110 to 112 may be occurring, although 111,
necessitating extensive rearrangement, is perhaps unlikely. On
the ba813 of reaction 1C9, the dissociation energy D(7202 li - i)

However, C-H bond strengths tend to be somewhat
lower than this, for example 96 D(C2 a -. H) • 4.5 ci, D(CU 5.8 10.3 eV.

4.7 iv and D(C72 a

- a) • 4.4 cv

a) .

so that reaction 109, if it

occurred, would probably require the assignment of up to 1.5 ci
excess energy.
Again, for the higher energy peak oae.tting at about 8.5 ii,
an array of reactions say be written. These are snaarised in

Table 13 together with their minimum energy requirements; that
for reaction 113 was calculated on the basis of the cleavage of
96
two C-K bonds each worth about 4.5 OV
Table 13. Possible reactions leading to IC formation from
OF 22 at energies in the 8 to 14 eV range.
Minimum
Reaction
energy (ci)
CF2 Ca2

4

e

113

a

4

H 4

114

El

4.

L,

4

CII

4

4

G2
2 4
H 4 F 4

4

1 4

-

115
116>

u

.1

9.4•0.5

I
•

118)

H

119 3

H- 4 21 4

120
121

-

8.2 ±0.5

72 C2

H

4.

HF

97

+

H 4

4
-

r2

9.5 10.5
9.9
C2 F

HF 4

4

C2

C a

10.8 4-0.5
11.4

0.3

11.5 ±0.5

4.

CF

12.7 -4 0.1

CF 4

Cl

4
13.7 -0.].

C

Reaction 113 would sees reasonable to account for the onset at
8.5 eV but any of the processes 114 to 119 could be occurring
within the broad peak observed. Reactions 120 and 121 perhaps
require too such energy to have been clearly observed, the present
measurements ending at 14.5 eV.

iii) £thylene,
In ethylene, all of the negative ions detected as products
of dissociative electron capture, occurred with extremely low
cross-sections. With the mace spectrometer adjusted to maximum

signal, no ion-current gave sore than half of full scale deflection
on the lowoet uaable range of the output electrometers. Kelton
and Rudolph3 have measured the ratio 0 2 il44 /02 at 90 eV to be
approximately 3 x 10
At low electron energies, the negative ions detected were
CC, CH 2-and C2 R in the ratio 35,75Cs67011000 but of these, If
was not sufficiently intense to be measured further. At a
110 have found this ratio
similar energy, V. rrepka and Neusrt
to be 840045255:1000. The major difference between this and
the present result is in the re1tive intensity of the C ion;
Y.

Trepka and Neuert found it almost is abundant as the

species.

It is recognised that, because of its uniquely low

mass, this ion normally requires special focussing of the mass
spectrometer but, even under optimum conditions, the relative
intensity given above was never exceeded. The mass spectrum
obtained at 70 •V is shown i.n Table 14 together with those by
110 , both measured
Melton and Rudolph3 and by v. Trirpka and Neuert

at 90 eV. Since at these accelerating potentials, ionisation is
not a strong function of energy, the various mass spectra may be
meaningfully compared and from Table 14 the data, apart from

are in reasonable agreement.

Negative ion mass spectrum of ethylene.

Table 14.

Electron
Energy (eV) Ion H

I

f CC

CH

"2

Relative Intensity
- 390 26C 100 1000

770

600 280 156 70 1000

725

90
(Ref 3)
90
(Ref iio)

80 310 240 110 1000 740

70
(present
work)

Ionisation efficiency curves for the ions

c(, CH and

are illustrated in Figures 39(a) and (b) and appearance potential

data are summarised in Table 15 together with those of v. Trepka
and Ieuert

Table 15*
Ion

110

negative ions from C 214
Appearanoe Potential (cv)
?resent

work
CC

CK2

C R

7.0 ±0.3
8.4 ±0.3
(unresolved
minimum)

Ref

Peak
Maximum (cv)

110

7•3 1 0,4
8.7 ±0.3

7.8 1.3

7.9 1 0.3
10.1 ±0.3

1.2 ±0.2

8.8 ±0.2
8.8 -40.3

6.9 10,3

7.1 ±0,4

8.5 ±0,3
9.5 -0.3

10.0 4-0.3

10.7 ±0.3

8.8 -0.3

10.3

10.3

9.1 ±0.3
(unresolved
minimum)

(unresolved
minimum)
9.8 10.3
(unresolved
minimum)

Peak Width
at f-height (e

1.2 1 0.2

1.0 ±0.2
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Figure 39.

At low electron energies, C 2H is the most abundant ion and
has three separate apeararioe potential at 6.9 1 0,3 •V, 8.8 ±0.3
ani 9.8 1 0.3 eV.

•v

The second of the3e is not iven explicitly by

v. Trepka and Neuert 11° but their ionisation efficiency curve for
suggests a small peak in this region; it would appear that
energy resolution is slightly superior in the present case.
For the ion, only two reactions can ba written and these are
C

122

C

4 H2

1 !3

and

4 3 1

which require 6.8 10.4 eV - E(02 K) and 11.3 1 0.4 eV - E(C211).
The first appearance most probably involves reaction 122 and
indicates excess energy of greater than 0.1 ±0,7 cv and the second at
8.8 103 may be due either to the sans process with additional.
•X0588

In the latter case, E(0 2 a)

energy or to reaction 123.

>2.5 ±0.7 •Y which is in fair agreement with the value ot2.8 5T
suggested by v, Prepka and ?Ieuert110 and that of >, 2.3 ±0.7 •V

calculated from CF2OHS On the basis of this interpretation,
the major peak for the ion onsetting at 9.8 1 0.3 eV must invol,e
an excess energy process. Otherwise from reaction 123,
E

(a 2 H)

1.5 1-0,7 •V.

The CC ion has two observed appearance potentials at
7.0 ±0.3 cv and 84 4L0.3 sY.
C2114 4 e

124
125 >

and

126,

Possible reactions are
CC 4 CE3 ,
+

2 + H,

CC 4 CH +

4
where process 124 requires 7.1 -0.1. .V - E(C11), 125 requires

11.8 1 0.3 - E(R) and 126 requires 11.8 1 0.1

.V - E(c!I).

A value of 1.65 •V for E(CH), obtained from an early work
115 ' 11° ' 117 but
by Saith14 has been widely quoted in the literaturs
it may be informative to re-examine the basis of this value.
In the course of a study of electron impact ionization in methane,
Smith 114 found the 011 ion to have an appearance potential at
10.2 10,3 eV and this was attributed to the reaction

CH

4. e

127

CH

4 311

From a calculated minimum energy of 11.6 •T - E(CU), reaction 127
indicates E(CH)

1.4 •V.

Pr1tohard35 seems to have

updated

the thermochemical calculation and quotes a value of E(CH) - 38

k cal/mole (-l.65 cv).

JLowevei, more recent thern400benioal data

show that reaction 127 in fact requires 13.1 1 0.1 eV - e(cit) and
either E(a) >, 3.5 10.$ .V or some other process is responsible.
A re—determination of the appearance potential of the ion by
V,

Trepka and Neuert10 puts it at 9.6 10.3 eV and raises the

required electron affinity even higher to . 4.1 1 0,4 •V. At
first eight this value seems .zoensive but the sane authors, from
a study of a range of hydrocarbons, suggest E(C11) 3.1 sT so
that, with due regard to the experimental errors involved, reaction
127 may be just possible. Interpretation of the phenomena in
terse of the process
CH

+ e

128

H2 4

a

requires energy to be in excess by at least 0.4 10,4 eV
In the present oaas, for .thyl.ne, the initial appearauos
of OH' at 7,0 ±0.3 eV must be ascribed to reaction 124, otherwise

£) I .

for reaottoa ]25 or 126, E(CH) ,4.8 ±0.6 sY or >,' 4.5 1 0.4 eV which
values are certainly too high.

For 124, E(cH)

>x 0.1 1 0.4

eV and

thus excess encrr is probable.
Reviver, either of reactions 125 and 126 any account for the
second appearance at 8.4 ±0.3

iv

requiring

e(cli)

)- 3.4 1 0,6 eV and

3.4 1 0.4 IV respectively. It is not possible to decide which
of these processes is responsible and either nay give rise to the

inflexion observed in the ionisation curve at about 9 eV.

The

CH

ion also has two separate appearance potentials

at 7e ±00 •V and 9.1 10.3 iT. The first of the.* is not given
by v. Txepka and 4suert,2reausably because the peak is so awall,
To account for the formation

but they do indicate that it occurs.

of the ion, three possible reactions can be written and those are
C2R4 4

S

129

on2 4

CR2.

130
13].

and

CR2

4.

OR

+ ii

2' 10.d 1 0.3 eV -2 and 11.8 ±0.3 .V

requiring 7.3 1 0.4 eV -

FJOR in that order.
-2
The situation with regard to the electron affinity of the CR2
radical, as with CR, is .oa.what confused and a value of -0.95 •V
has been quot.d 116 . Again, the basis for the value is the early
work of Smith 114 on methanol from an appearance potential of

8.9 ±0.3 cv for the reaction

CH

4

5

132

02- 4 2H

—0.8 .V. However, more recent th.raooheaical data and a

---,

.

redetermination of the appearance potential by v. Trepka and Neuert
indicate a positive electron affinity of>,0.9 1 0.4 eV.
In the present case for

clç/c2H4 , the first appearance of

the ion at 7.8 10.3 •V may be due either to 129 with excess energy
of reater than 0.5 1 0,7 eV or to 13C with E(C11 2 )>,3.0 ±0.6 •V.
This latter electron affinity is high but is not inconsistent with
the range of values obtained for similar species e.g.

cv, >,

2.8 ±0.5

2.9 e1110 and

a(CH)

>, 3.4 ±0.6

.v,

(c e ) ~-

3.1 eV110 sad,

if the second appearance at 9.1 1 0.3 eV is associated with 131, them
2.7 ±0,6 .V which is in fair agreement with that already
calculated.

However, another interpretation is possible; for the ions
C2 H and CC it was necessary either to ascribe the initial
appearance of the ion to the reaction of lowest energy and to
assume that energy was in excess or to apportion electron affinities
which are considered to be excessively high. If this holds true
for

then reaction 129 is responsible for ion formation at

CH

7.8 ±0.3 eV, 130 for that at 9.1 ±0.3 eV and hence
1.7 1 0.6 .V.
Or even 130 may not occur but only 129 and 131 and, as before,
,

2.7 10.6 eV.

In the absence of an iadepeade*t determination of

neither of these explanations can be wholly favoured but no matter
which applies, the lowest value of

E(ca2 )

is consistent and so it

is almost certain that £(02 ) 1.7 1-0.6 eV but it may be as high
as

3.0 10.6 eV.

iv) summary.
C2

!'4

Prom the i' forming reaction
CT, +
24

+ 0,!,

• -,

D(02 P3 - P) 5.25 10.1

iv and bdf (C2 F3 )$— 50 13 k cal/mole.

Other reactions cannot be clearly identified. for Q 2 !3 the
process is
0F

-

'24 +

and E(c 2 F3 ) 2.05 ±0.2 iT.

.. p
C12

000urs

via

012 4.

C2F4 4 e

and indicates E(07 2 ) ), 0.6 ±l..O sV while OF is a result of

and hence

a(c 3 ) 2.0 ±0.2 •V.

Uc)

oY

>/ 3.2 ±0.4 eV.

CP2 0H2 . If P

or 22

is initially produced by the reaction

• -p
- F)

the.

For

4

(1?

-

0 2F4 4 e

and

4 Cl

CP

0214 4

Y

4. CFCH2

5.05 ±0.3 iT and a(CcU2 ) 420 ±8 k cal/mole.

Further reactions cannot be clearly identified. Two processes
leading to
'IF eq

and

2 F i.e.
4 e

-p

4 P + if2
C2 14 F 4 2H

a-y

.

require that E( 2 ) >, 2.' 1(.7 ,V an4 , 3. 7 ±C.8 .T respectively.
For

-_

and

+

ai

4
2
CH 4

C

4 .

i

+ 2?

if

). 0,9 10.7 eV and >, 2.3 10.7 eV.

indicate

The ion

initially formed via the process

4
and

e(c2 )

7 + 2ff?
2

C

2.8 10.5 eV.

No reaction leading to ( can be clearly

identified,
C 2 R4 .

For C2 ff, the reaction
4

requires

S

4 311

—p

2.5 1 0.7 cv and for C(

C 7 L14 4. e -,

4

requires £(CU) ', 0.1 4-4).4 CV.

Both of the reactions

J4
and

-

2

CA- + Cli

are consistent with E(CU) , 3.4

4a
4

li2

±o.€ .v.

For Ca,, the reactions were not clearly fitted to peaks but
.' 1.7 ±0.6 eV is consistent with any interpretation and
E(cH2 ) may be as high as 3.0 tO.6 eV.

(4)

The molecules CS and COS
In this and the following section of the present chapter, the

earlier experimental work of this study is described. All further
data to be presented were obtained before the development of the
deconvolution procedure and are given in their observed forms
only. Although, as has been said previously, at low electron
trap—currents, the electron energy distribution experienced with
the present ion—source remained stable in shape over long periods
of tine and it might have bees reasonable to apply that measured
later In the project to earlier work, the considerable amount of
computing tins that this would have required prohibited any
treatment of the early data. Moreover, the quality of the data
In perhaps not as high as that achieved later and it did not seen
to justify such an expenditure of computing tine.

i) Carbon disulphide, 032'
Negative ion formation is carbon disulphide has been studied
extensively by other workers, for example, by Kraus et al. 5286, by
Rosenbaum and Neuert 79 , by iorman6' and by Dillard and Franklin 118 .
In the present case, the ions detected and measured were 3, CS #
2 and C' and ionisatioa efficiency curves for these species
2' C8
are shown in Figures 40 and 41. Al]. of the ions exhibit an
intensity maximum in the region of 6 eV

(C l 32 and C have

others) and, at this energy, occurred in th* ratio i000(s):

2350s),215(82 )r75(032 ): io(c).

At 45 ,V, this ratio was

100003130i180z60. Also detected at low electron energies were
the polymeric sulphur ions 8 (n.6) but, since these species were
formed more abundantly in carbonyl sulphide, discussion of their
origin is left to the section reserved for that molecule.
Appearance potential data for the negative ions from carbon

disulphide are summarised in Table 16 together with the results
obtained by other workers. Onset energies were estimated from
upward breaks in the ionisation efficiency curve..
Table 16. Negative ions from CS 2 .
Ion

Appearance
Potential

Peak
Maximum
(.y)

2.9 ±0.2
54 ±0.2
7.2 4-0.2

3.7 10.1
6.3 ±0.1

3.0 4-0.2

5.2 4 0.2

4.1 10.1
6.3 4-0.2

5.3 10.2

6.3 4-0.1

±0.2

6.3 ±0.1

54 ±0.3
7•9 ±o.y

6.8 ±0.2
8.2 4
-0.4

(cv)

37

CS

DF
Ref 118
(sax)

D
Ref 63
(sax)

RN
Ref 79

;

3.4
6.1

3.2; 3.9
5.8; 6.6

;

7.9

3.7
6.4
811

K
Ref 52,86

3.04; 3.5
6.1
5.6
7.6
7.9 4-0.1 7.2

'6.4
55

6.2
7.5

;

;

;

6.1

6.1

6.1

6.1

6.9
8.3

6.9
8.3

-6.4

K • Kraus .t al. D7 - Dillard and Franklin,
RN - Rosenbaum and leu.rt
Dorman and
D

Although it is apparent from Figure 40 that

37 0 32 is formed

at lower energies (due to decomposition of the molecule on the hot
source-filament), the first onset corresponding to a 'real'
ionieation process occurs at 2.9 10.2 O r the resonance peak

reaching a maximum at 3.7 ±0.1 •V. The increase in ion-current
corresponds to the reaction

CS

4 •133

r

4

CS

(a)
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From thermochemical evidence, the minimum energy required for
reaction 133 is 4-B ±0.7 eV - E(5). The measured appearance
potential thus indicates the electron affinity of sulphur,
Despite its large uncertainty, this value

€(s) >' 1.9 ±0.9 •T.

agrees well with those already found from 37 formation ii 30
(' 2.l ±0.1 .V and , 1.8 ±0.2 .v) and that of Brwacoab and Smith85
(2.07 40.07 cv).

Using the measured appearance potential and this

latter value of €(s) leads to b(CS - s) .. 510 ±0.3 .v.
The ion has a second, incompletely resolved appearance at
5.4 ±0.2 eT. This cannot be ascribed to the reaction
032 •l'

0

134

5- 4. C 4 3

which requires a minimum energy of 12.0 1 1.4 eT - £(S).

The peak

must them be associated with a process similar to reaction 133 but
with excess kinetic energy or excitation of the CS radical.
A third peak for the ion is also detect.d. Application of
the .D.D. method of Winters et a1. '

improved energy resolution

sufficiently to allow an appearance potential of 7.2 ±0.2 .7 to be
allocated to the process. Again, reaction 134 can be discounted
on energetic grounds and it is necessary to postulate a a.ohaaiu
involving excess kinetic energy or excitation of the CS radical.

The 3 ion, Figure 40 9 initially appears at 3.0 ±0.2 .7 and
reaches a maximum at 4.1 10.1 .V. ?or the reaction

as 2 4 e

135)

4 0

the minimum energy required in 7.6 tO.1 cv - E(3 2 ). Thus to
account for ion formation at 3.0 •V necessitates £(82)>/4.6 1 0.3 •V

VT.

and this value is excessively high. Rather, 3

i5

due to the

ion—molecule reaction

s_' 4

l!

4 CS

CS

The second appearance of the ion at 5.2 ±0.2 cv however, is
probably due to reaction 135 and hence E(s2 ) , 24 ±0.3 iv.
Thus it is likely that the 3 ion is secondary at its first
maximum and mainly primary at the second peak. Some secondary
contribution from reaction 136 sight be expected over the complete
range of 8' formation, but because of the overall fall—off in 8
Intensity at higher energies, this is swamped by the primary 3 2
producing process.

CS ion formation at 5.3 ±0.2 cv is attributed to the rsaetion
137

0S2

- 4

requiring 48 4-0.7 eV - E(Cs). Thus energy is in excess by at
least 0.5 4-0.9 aT.

082 is a secondary ion and it has been suggested 86 that it
is formed by a charge—exchange mechanism involving CC i.e. by
CS7 4

03

138,

C32 4 08

The present data for the ions 08 and C82 (Figure 41) show than
to have similar energy dependences, both resonance peaks reaching

maximum levels at 6.3 cv and this supports the
charge—transfer process.

Although

suggestion of a

1 also exhibits a resonance

peak in this energy range, charge—transfer involving 87 is not
expected since the electron affinity of 082 is unlikely to exceed

o

cs/c$,.

• cs,- Ic S x

o
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--r.0 V

that of sulphur.

Finally, C is formed with low intensity at 5.4 1 00 eV. If
the electron affinity of carbon is 1.1 *Vale thea the minimum
energies for reactions 139 and 140 are 6.5 ±0.1 eV and 10.8 114 eV
respectively.

as 2 4 •

139,

C 4 82

140,

C + 28

Clearly thq at the observed onset, the ion must be occurring via
an ion—molecule reaction and from the energy dependences of the

other ions, the parent is probably 08

as

4 08

141

is.

c i ( Cs,)

There is evidence of a slight inflexion in the C curve at about
6.5 eY and this may be due to reaction 139.

The second peak for this ion, appearing at 7.9 ±0.3 eT may
also be associated with reaction 139 but involve excess energy.

ii) carbonyl sulphide, COS.
At 50 eye the intensities of the negative ions from oarboayl
fluoride were found to be in the ratio l000(3)s24.2(0)t16.7(C)1

'i(s) ci(os)t

1(32).

At low electron energies, C was

absent which suggests that it is formed only by neans of an
ion-pair process. No CO or co( ions were observed but, as in
carbon disulphide, polymeric sulphur ions, 3 (a 6) were formed
at low electron energies.

Appearance potential data for the negative ions from carboxyl
sulphide are summarised in Table 17 together with the results of
Dillard and ?ranklin 118 . Onset energies were again evaluated from
upward breaks in the ionisation efficiency curves.

Table 17. Negative ions from 005.
Appearance

Ion

Peak
:aximum (ev)

otentia1 (eV)
1.3 10.2
6.7 ±0,3

2.1 ±0.1
7.5
10.4 1 0.3

9.2 10.3
.1
13.2 - 0.3
S2

1.3 10.2

2.1

1 0.1

03"

5•5 10•

6.9

10.2

07

3.9 1-0.2
7,4 10,2

5.2 10.2
8.9 ±0.2

03

4.5 1 0.2

5.7

DY

Ref 118

1.2 (onset)

5.6 (maximum)

DY a Dillard and Franklin.

Typical data for the S7 ion from carbonyl suiphide are shown
in Figure 42. The increase in ion-current at about 1.3 cv is

accounted for by the reaction
003 4

•

142

S7 4

Co

Because of the large S 7 background due to thermal decomposition
of COS, the exact threshold is difficult to evaluate but the peak

maximum

8

clearly at 2.1 -0.1 eV.

For reaction 142, using

thermochemical data, the miaiwum energy neoeseary is 3.2 ±0.7 cT -

04
'-1
CD

0 S -/ Cos
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Ui
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PI

0

a(s)

E(S) or

1.9 10.9 eV. Again, despite the large

uncertainty, this compares well with the result of Branecoab and
Smith85 (2.07 10.7

.v)

and those values already found from the

study of 802 and 09
20

flillard and 7rank1in' have found only

thermal kinetic energy associated with the
Using the value of

a(s)

ion at its threshold.

found by Branacomb and Smith and the

expression
D(O - 5) 4 AP(S7) + E(S)
then D(C0 - 8) 4 3.4 ±0.3 IV. This may be compared with the C-S
bond strength of 4 5.0 ±0.3 cv found in CS 2*
Pirther icateation proosseen of very low cross-section

(io

times that for reaction 142) have onsets at 6.7 1 00 eV, 9.2 ±0.3 .T
and 13.2 1
-0.3 .V. The minimum energy necessary for reaction 143 is
14.4 ±.7 eT COS

4 .

143

8 4 0 4 C,
-

and this may correspond to the onset at 15.2 1 00 sY and leads to

a(s)

The lower energy proosasan then must involve

1.2 11.0 eV.

reaction 142 but with excess kinetic energy or excitation of the
CO species.

Dillard and Franklin.118 have suggested that the S2ion is
formed via the ion-molecule reaction
S_• 4 COS

144

4 CO

The present data in Figure 42 show that both S7 and S exhibit a
similar energy d.peadence at about 2

iv

and this supports the

occurrence or such a reaction. At higher energies, the

S.
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I
7

intensity shows no increase at 6.7 or 9.2 eV correspondimb to

those for S , This may merely reflect the present experimental
limitations however, since at these energies, the observed ion-currents
for S2 are extremely stall.

The C& ion is formed in very low abunance in the energy

range below 10 eV;

typical ionisation data are shown in Figure 43.

The resonance peak onsetting at 5.5 ±0.2 •Y cam be attributed to
the reaction

cos

4

e

145,

as

0

which, with a minimum necessary energy of 7.1 ±0.1 .V indicates E(Cs)1.6 ±0.3 eV.
The species O initially appears at 3.9 10.2 eV and reaches a
maximum at 5.2 10.2 eV (Figure 43).

cos

4

6

146

o

the minimum energy required, if

For reaction 146 i..

4 CS

€(o)

1.5

i 5.6 ±0.1 .V

which is a good deal higher than the observed onset. Thus 146 is
clearly not responsible for 0 formation. There seems to be no
obvious explanation for this effect apart from decomposition of
the carbonyl sulphide on the source filament or possible impurities

within the ion source. Because of the absence of a suitable
parent, production of 0 by an ion-molecule reaction is unlikely.

Dissociation of the CS radical produced in reaction 146 leads
to a process with a minimum energy of 12.9 10.8 eV which is well
beyond the second appearance potential of the 0 ion at 7.4 eV.
Possibly, if it is not spurious, the second peak reflects a

L .

reaction similar to 146 with excess energy.

The 08 ion from this molecule presents similar difficulties.
For formation by the reaotioa
COS 4 .

147

-

05 +

0

the minimum energy required is about 8.8 cv

- E(o8) aid if
However, the observed

E(OS) - 1.1 eV, then this is 7.7 eV.

appearance is at 4,5 ±0.2 eV and the 10* has effectively disappeared
by 7 •V which indicates that 147 is not occurring. The 0

ion has

an energy dependence which bears some resemblance to that for 05
and it may be that an ioa-.sol.oule process is leading to 0S
formation i.e.
4

cos

148,

cs

i Go

Rowever, this identification is tentative.

Finally, polymeric sulphur ions

s'

(n6) were detected from

both carbonyl sulphide and carbon disulphide. The intensity of
these ions decreased steadily with increasing mass and no ions
with * ' 6 were observed although a .uroh was made for then. A
typical curve of ion-current as a function of electron energy is
shown for 35700$ in Figure 44(a). For the ions

to

from

both 00$ and 032 the curves are similar; formation 000ara most
abundantly at low .nergiee with a peak at about 1 eV and falls off
rapidly with increasing energy.
Dillard and Franklin have also reported
these ions in 003 and C32•

118 the formation of

With a high pressure ion-souxe (up

to 6011A) and at high electron energies (50 ev) they consider the

ions to occur via consecutive ton-aolecile reactions of the tpez-

4 cos
4O3

149
2
150,

4 20 etc,

and this is probably the case under such conditions. However, with
the present ion-source, gas pressures do not exceed 5 x 10 mug.

and such a aechealec is unlikely;

reaction 149 may account for most

of the observed S2 formation but the ions 8

to 86 must be

explained in some other way.
It is suggested that COS and CS

are partially broken down to

elemental sulphur by the source filament. Folymeric sulphur ions
are subsequently forced by angative surface ionieatloa on the hot
filament and are detected in the ease spectrometer. The higher
temperature experienced at low electron energies causes the ions
to occur In greater abundance. With ia3reaaing electron energy
and hence decreasing filament temperature, the intensity of the
ions decays rapidly. The peak in abundance below about i.

cv can

also be explained as follows:- at 'negative' electron energies,
any tons forced on the filament are prevented from reaching the
collision chamber and from being detected by the repulsion of the
electron grids. As this bias is decreased and becomes attractive,

ions are drawn through the electron slits and trace out an intensity
curve which is similar to that for electrons under the same
conditions. However, the simple sigmoidal function is codified
by the concurrent decay of temperature and a peak in intensity is
observed.

The detection by 1.x!on et

of similar species up

to 3 by ionisatioa of hydrogen sulphide on a hot tungsten
6
filament leads weight to this argument.
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Figure 44.

It may also be noted that the decay of theee ions with
decreasing filament teerature provides an indication of the
behaviour of other species formed on the filament. In an earlier
chapter it was stated that, at low electron energies, ion-currents
often did not fall to an effective zero on the onset edges of
electron capture peaks but did so to a greater extent at the high
energy sides. Between these limits, it was assumed that spurious
ionization from the filament was following an exponential decay
with increasing electron energy and such a decay was subtracted
from the observed data before deconvolutioa was applied. This
assumption can now be justified to some extent by the behaviour
of these polymeric sulphur ions.
It is likely that ions with m> 2 are due entirely to filament
effects and contain no contribution from any ion-msleoule reactions
and thus their behaviour provide a direct indication of such
filament effects. From Figure 44(a), it is clear that, above
about 1 cv, the decay of 3 with increasing electron energy is
close to exponential and this is confirmed by Figure 44(b) which
shows the logarithm of the ion-current as a function of electron
energy to be a straight line. Thus it would seen that the
subtraction of an exponential decay from the observed data for
other ionic species is a reasonable procedure. Of course, the
exact form of such a decay (y - a x •zp(-b.

.v)

wher, a and b

are constants and eV is the eleotroi t energy) was determined
independently from each set of data and was not used when filament
ionisation was excessive.

iii) Summary.

as2' 37 is formed by the reaction

as

-)

+S

S7 + CS

and this indicates a(s) , 1.9 10.9 eT or conversely D(C8
500 10.3 iv.

a)

2 initially occurs via the reaction

s

052 4 37

I C$

and later by
032 4

S

4 C

32.

whs*oe a(s 2 ) ), 2.5 4-0.8 .T. 08 can be accounted for by
as

-

4 .

C37 4 3

a*d C52 by

as

+ Cs'_

4 CS.

C32

For C, resotion. are

a

032 4 08
and 032 4

c

.

(as3 )

4

4 32are observed.

1o1ynerio sulphur ions up to

003. The reaction
005 4

•

indiosts. a(s)
005 4 e

1 4

CO

.'1.9 1 0.9 iv or conversely D(co
S 4 0 4 0

indioat.. a(s) >, 1.2 ±1,0 sT

a) 4 3.4 1 0.3 .Yj

- - _.
'2

is formed via

f

i

OS

-,

; cc.

For C(,
- 03 4 0

005 4 •

-0.3 iT.
and E(CS) >, 1.6 4
The mechanism of formation of the 0 7 sad 037 ions are uncertain.
Polymeric sulphur ions, up to 36, are observed.

(.) The molecules G 2?69 CF3CH and CP3H.
i) Rexafluoroethane, 0276.
Negative iosisatioa in huafluoroethane has been studied

previously by Reese et al. 120 and by Bibby and Carter7 ' 21 . In
the present wort, at 70 eT, the following ions were observed
(their abundances relative to the fluoride ion are gives in

*f

),
(1000) 9 of (16), P2
021 (2), "p2
(12) and 0215 (<i). The ions Cr and 0275 have not been

parenthethea)

observed previously although C275 is present in the mass—epeotrua
were examined as
25
functions of electron energy; typical ionisation curves are

of p.rfluoropropaae12 . ?, C?j and 0

illustrated in Figures 45(a) - (o) and appearance potential data
are summarised in Table 18 together with the result, of other
vorkers120 ' 12

Threshold energies for these ions were estimated

from upward breaks in the iosisatioa efficiency curves.
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Table 18. N.gative ions from C2?6 .

Ion

Appearance
Potential (el)

Peak
Maximum (iv)

Bibby and
Carter 121

&e.ss st al. 120

1.7 ±0.1
2.3 4-0.1

2.1 4-01
3.8 ±0.2

2.2; 3,75

4.3 (az)

1.6 ±0.1
2.2 4-01
2.7 10.1

1.9 4-0.1
2.5 ±0.1
2.8; 3.75

4,6 (sax)

4.O±0.,1

4.8±0.1
6.1 0.1

CF

C

2 P5

5.8

3.9

+- 0.1

Although the

r

ion is forged in some abundance at lower

energies due to deooapoeition of the molecule by the hot source
filament, the first onset corresponding to a 'real' ionisation
process is at 1.7 4 0.1 el. A second peak of such larger cross4
section has an onset at 2.3 01 aT reaching a maximum at 3.8 ±0.2 ST.

The considerable width of this peak (1.8 ST at half-height)
suggests that sore than one process say be included within it

and in fact there seems to be a consistent indication of an
incompletely resolved peak at about 4.5

cv.

2iboy and Carter 121

do not report the presence of the low-intensity process at 1.7 IV

but the present data for the second peak are in good agreement
with the results given by thea.

For the ionisation process at 1.7 4 0.1 •V, the proposed
reaction is
C2?6

I

.

and hence D(C2 P5

151)

Y 4 C2 F 5

- ) < 5.15 10.1

ST.

This value may be compared

with some other C-F bond strengths calculated in the course of

5.5 4-0.3 cv

this study, for example, 45.55 ±0.1 .v (c 2o),

(OF ,oF) . 5.25 10.1 ev

(c24

(c,2ca2 ).

and < 5.05 1 0.3 cv

)

k.ieo,

the heat of formation of the pentatlueroethyl radical is found to
be

-221 ±3 k cal/mole.

Afff2'5
Other

Y

forming reactions cannot be used to explain the

observed appearance at 2.3 4
-0.1 sY since, for exampl.,the reaction.
02!6 4

s

152
153

and

-

F 4

f

require energies of 5.55 4.0.1

F 4 C2?4

4 C?2 + 0F3

iv

and 4.9 1 0.5 eV respectively.

Thus the peak must be due to reaction 151 but with excess energy,
The incompletely resolved peak at about 4.5 cv may be due to 153.

The OF ion has three separate low-energy appearance
potentials at 1.6 4 0.1 .v, 2.2 10.1 •V and 2.7 10.1 ST but of these,
Bibby and Carter 121 report only that at 2.7 •Y. The reaction of
lowest energy leading to 01 formation is
0276 + •

154

or,

4 073

which requires 4.2 4-0.1 eV - E(CF3 ) and, if this is assigned to
the onset at 1.6 10.1 eV, then
values of >, 1.8

±0.2 .v

e.(cr3 ) >, 26 4-0.2

SV.

Already,

(OF ,OF) and-2.0 ±0.2 •Y (02F4) have been

calculated for this quantity; the present result is slightly higher

than these. Although it is recognised that all such values for
electron affinities are lower limits and that those calculated
from 07307 and C 2'4 are completely consistent with

- 2.6 •V,

this work on C2 ?6 was completed at an early stage in the present

study and since the data is perhaps of a lower quality than that
achieved later, it is preferred to accept the lower range of
values as being representative of

The reaction
.4.

155-)

S

C?3

-

4

CF2 4

P

which has the next lowest energy requirement at 8.4 ±0.5 SY -

cF3 ) cannot be ubed to explain the onsets observed at 2.2 .V and
2.7 •V without the assignment of unreasonably high values to E(CP3 )

and so thes* peaks suet be ascribed to reaction 154 but with excess
energy.

The Ion C 2P5 with appearance potentials at 4.0 ±0.1 •V and

5.8 10.1 sY suet be due to the process
156

C2 ?6 4 e

C2?5 - 4 P.

If reaction 151 and 156 involve no excess energy than
.&P(c2p5 )

4

E(c2 P5 )

4 E(!')

and for AP(C275 ) = 4.0 -4 0.1 eV, El
1.15 -40.2 .V.
Bibby
and Carter 121 have deduced a value of 3.3 iv for this quantity .
The second onset at 5.8 eV suet be ascribed to reaction 156
but with excess energy.

1 - trifluoro.tha.ne ,73 CU3 .
The intensity of ion formation from this molecule was very low.
Reese it al.

2°

found no negative tons over the energy range 0-70 eV.

In the present case, F ion formation was examined and found to
have several appearance potentials.

The quality of the data was

poor because of the very low ion currents experienced but the major
and consistent app.aranoes noted for the ion were at 1.5 10.1 eY,
2.4 10.1 .1, 2.9 1-0.1 .V, 3.6 ±0.1 cv and 5.2 ±0.1 .V together
with a resonance peak of relatively large cross section at 8.5 eV.
Lack of thermochemical data makes it difficult to calculate
enthalpy requirements for various fragmentation processes but the

first appearance of the ? ion at 1.5 ±0.1 eV probably corresponds
to the reaction
157)

aF3 cg3 4 a

p_ 4 CF2CH

and indicates that D(F - 072 CS) s4.95

±0.i

OT and

.85 ±).k a1/mole.
Sons other reactions with energy requirements of less than
9 cv are lise4 iu Table 19.
Table 19. Possible F - forming processes in C1 3CE3 at
energies below about 9 •V
Minimum Ehergy

Reaction

+

•

158

P

4

HI 4

159

1

4

H

160

f

4

a2

4

HF

161
-

4

4

F

4

HF 4

163

f

4

Cl2

?

4

K2

165
166

43.2 ±0,4

CF2CR2

4.0±0.1

4.0 10.5

162-

164,

CPCH2

H

4

FC2H

£

11F 4

4.5 .0.5
5.1±0.5

4

4

4.5±0.5

P4

FO2K

5.9±0.5

. 4 2li 4
F- 4 a 4 F 4 CFCa2

8.4 ±0.5
9.1

±0.4

(.v)

It may be noted that in calculating the minimum energies for
these reactions, the following approximate heats of formation were
used. For reactions 158 and 166, 6a(CPCH 2 ) 20 18 k cal/sole was
that found from ?

formation in OF2Cl2 . That for CF2C, used in

160 and 165, was estimated from the heat of formation of Of 2 CH 2
(_77.5 1 0.8 Ic 0a1/mol. 22 ) and an approximate C-H bond strength
of 45 •,96 and was Mf (OF2CH) -27 110 k cal/aol.. Also,
Adf (PC 2 ) for reactions 121 and 164 was taken as the mean of those
for PC 2? (-51.3 15 Ic aal/261e3) and KC2H (-54.2 Ic oal/zao1e113 )
i.e. as 0 110 k cal/aol..
The fitting of reactions to the various peaks is difficult

but the onsets at 2.4 10.1 eV, 2.9 ±0.1 .V and 3.6 10.1 •V may be
due to any of the processes 157 to 162 perhaps with excess energy
and that at 5.2 101 eV to 163 or 164.

Finally, either 165 or 166

may account for the onset at 8.5 eV and both would seem to be
equally likely.

iii) Pluorofora, CF,flThe following negative ions were observed to be present in
the sass spectrum of fluoroform (their intensities at 70 eV
relative to that of the fluoride ion are in par.ntb.thes)s t(i000),
H7(1.5).
The ?

'iC'(<i), cf(6.2), 1P2(10)9 cp2 (i) and CP,(85.4).

ion only has been reported previously

120 and since the

overall intensity of ion formation was very low, this ion alone
was studied as a function of electron energy. At the low energy
limit of measurement at 2 eV, ioniaation was detected and further
processes appeared at 2.9 10.1 eT, 3.7 10,1 .V and 9.3 1 0.2 .Y.

It is likely that the simple dissociation
CF3H 4

0

167,

F 4 0F211,

if it occurs, does so at energies of less that 2 eV (from
thermochemistry it is 1.6 10.1 cv) which is below the limit of
the present measurements. Other possible reactions ar.
6
C?? 4 e

1 8

-

F 4 CF 4

169

F 4 OF

170)

and

ff7 9

2

7 4 C?H 4 1

requiring 5.1 10.1 eV, 5.3 1 0.5 .V and 6.7 10.5 oT respectively.

All other processes need more than 10 sY of energy.
Thus, the appearances at 2.9 10.1 •Y and 3.7 10.1 eV must be
associated with reaction 167 but with excess energy. That at
9.3 ±0.2 is probably due to 170, again with excess energy.

iv) Summary.
C2?6 : From the reaction
C2?6 4 e
D(C 2 15 - F)
For CY

.

-,

f

4

5.15 1 0.1 eV and Lti(C 2 F5 )

—221 13 k cal/mole.

the reaction

C 2 F6 4

0

)

C?3

4 OFIR

leads to E(C13 ) >, 2.6 10.2 cv and for C2 ?5 ,
C2F6 4

0

requires E.(c 21'5 )

)C 2P5 4 1

1.15 ±0.2 •Y.

The reaction
CF3CH3

)

1

indicates that D(F -

4 OF 23

4.95 10.1 cv and

4-83 ±3 k cal/sole.

o process could be clearly identified.

(r) 3uxaary of r*eult, for electron affinities, bond dissociation
energies and heats of formation.

In this section, values obtained for electron affinities,
bond dissociation energies and heats of formation are collated,
disoua3eI and compared with the results obtained by other workers.
Table 20.

Electron Affinities
'Aectron

Species

S

Affinity (cv)

>, 2.1 ±0.1
1,8 ±0.2
>1.9 ±0.9
l.9 ±0,19

Source
Molecule

so2
so2

Values (.v)
2.07 10.07 85

082

1.2

008
008

CS

1.6 ±0,3

cos

Os

1.2 ±0.1

so 2

so 2

Other
Literature

.>,1.2 10.1

so

2.5 ±0.8

CS

86
1.186

Table 20 (Continued)
Specie.

Electron
Affinity (.y)

CU

.0.1 10.4
3.4 10.6

Source
Rolecule

>,3.1h10

CH
C

Other
Literature
Values (.v)

20

>,1.7 ±0.6 to
3.0 ±0.6

OF

CF

3.2 10.4

02F4

0.6 ±1.0

a 27

0.2 ±0.1

C?

or20.9 -0.3
1.8 10.2

CFO

5

3.25 121
1.45 10.1 90

C

z2.0 10.2
2.6 10.2

0P

t2.75 ±0.2

CP2

0?

C

0

C?3 0

1.9 ±0.2

CP 0?
3

C2

2.8 1 0.5

CP2CK2

3.1 ill

'0.9 4-0.7
2.3 -0.7

IF 2CH2

>2.8]10

C? CU2

2.5 10.7

02114

2.2 ±0.7

CF CU2

3.3 10-8

C72CH2

C2 ?,

2.05 ±0.2

C2 ?4

C2 P5

1.15 ±0.2

F
02 6

CP

,

3.3 121

Table 20 (Continued)

Species

,1eotron
kffthity

Source
Molecule

(.v)

1.4 ±0.5
(stability)
'0.3 1 0.6
(experimental)

OF

),1.9 1001
(stability)
±0.6
or 2.0 -0.2
4
,,3.0 0,6
2.8 -.0.3
(experiments])

p

2

Other
Literature
Talus. (.v)

C? OF

3.080
StI'

Pp
Cl2 0

From Table 20, it can be seen that all of the values deduced
for the electron affinity of atomic sulphur, within experimental
error, are in agreement with one another and with that by

Branscoab and Smith85 . The preferred result is that from 8
formation in 302 and is E(s)

2.110.1 sT

For the species CS, OS, 502 and a 2' the electron affinities
were obtained from single reactions but of these, E(OS) and hence
£(302), which is found from a charge-exchange process involving OS_p
86
Joither
are in good agreement with the results of Kraus it al.
F(CS) nor

has been measured previously but the present work

puts them at 1,6 ±0.3 .V and>,2.5 ±0.8 iT respectively.
For Cil, the highest value, E(Cu),3.4 ±0.6 cv, is in agreement
11° but because of some
with the result of v. Trepka. and Nsuert
uncertainty in the interpretation of the ionisation data for CA 2

the corresponding electron affinity, E(Cd 2 ), can be restricted
only within the range,/, 1.7 10,6 eV to /3,0 10.6 cv.

Of the species CT, CF2 and C?, the latter alone has
previously been assigned an electron affinity; Bibby and Carter 121
and Bibby 90 find E(CP,) to be 3.25 •V and 1.45 ±0.1 .Y respectively.
In the present case, the highest value obtained for this
quantity was e(cp'3 ),2.6 10.2 iT but since this was the result of
early work, it is viewed with less confidence than are the values

),1.8 10.2 cv and >/ 2.0 ±0.2 eV which are preferred.

The electron

affinities E(CF) and E(CF2 ) are calculated to be/3.2 1 0.4 •V and
>,0.6 11.0 cv respectively.
Neither E(CFO) nor E(073 o) has been measured before but the
present work puts them at 2.75 10.2 eV and 1.9 10.2 iT.
From one determination,

(c2 )',2.8

±0,5 •V in good agreement

with the values proposed by Honig "' (3.1 cv) and by v. Trepka
and NeuertUO (,2.9

.v).

The latter authors 110 also give

€(c2a) >' 2.8 .T which compares favourably with the highest value
obtained in the present work (2.5 10.7 .v).
For 027P C 2

and C2?5 , the corresponding electron affinities

are 3.3 ±0.8 cv (highest value) * -, 2.05 10,2 cv and 1.15 ±0.2 CV.
Bibby and Carter121 have proposed the somewhat higher value of
3.3 eV for

a(a25 ).

Finally, €(CF) and e(F2 ) can both be assigned lower limits
(1.4 ±0.5 sy and 1.9 10,1 .v) from the stability of the corresponding
negative ions against decomposition to F and 0 or F. For 0?, the
result of a single experimental determination is or)>,0.3 10,6 .V
which is below the calculated lower limit and probably indicates

excess energy for the relevant reaction. however, there is a good
deal of evidence for a(F 2 )3 •V; the present work includes two

separate results of),3.0 10.6 iT and

2.8 ±0,3 .V which agree well

with the value of 3.0 proposed by Reese et al. 80 from a study of
S02F2 .
Bond dsoci*tion energies and heats of formation.
Ad f 2.180K
Dissociation
Other
Species
(k cal/mole)
Energy (aT)
Literature
Values (eV)

Table 21.
Bond

F - CFO

45.55 1 0.1

0F0

F - CF2 OP

x5.5 ±0.3

CF2 OF

-70 ±7

kP2 00CF3

-246 ±25

cp2ooa 3 ()

F
P

-

CPF2

5,757

45.25 10.1

F - CPCU
F - CP2 F

4.75 ±0.2

.45.05 10.3

3

F - 0F20H3

6.25

5.15 1 0.1

13

CPa?2

4-50

CFCI 2

4+20 18

cP2

-0.1
4.95 4

,-41 17

0F

3

-221 13

CF2 0kL3

£-83 4 3

S - CS

4 5.0 30.3

4.8 10.7113

3

<71 ±7

CO

43.4 -4 0,3

3.2 10.7113

s

*72 ±7

-

Table 21 summarises the bond dissociation energies and the
heats of formation which have emerged from this study.
Comparison of the results

-

and 1)(Y

- c 2 r3 )

with those obtained by Bibby and Carter7 shows that the present
values are somewhat lover but, for both of these bonds, the
discrepancies are due to differences in the measured appearanoe
potentials of the respective

Y

ions.

For the range of C-F bonds examined, the dissociation energies

are all clustered around 5

cv, the lowest, a slightly doubtful

case due to an uncertain reaction identification, being

- cp2oocp3 ) at 4.75 1 0,2 cy and the highest being about
5,55 ±0.1 eV (D(F - CFO)). No obvious trends are observed, the
number of data being insufficient to establish any.

The bond strengths of S-CS and S-CO are in fair agreement with
the thermoohe,ica1 13 values. In theee case., the procedure

employed was to identify the 8 forming reaction from thermochemical
evidence and, on this basis, to estimate the electron affinity of
sulphur.

Then the calculation was reversed and

and Smith 85 was used to estimate the relevant bond

s(s) of Branecoab
strength.

Using the JANAP113 values for the heat, of formation of 03 2 , COS,
CS and 10 leads to two very similar values ( 71 ±7 k cal/mole and
72

17

k cal/mole) for the heat of formation of atomic sulphur.

The JPJAF13 value for this quantity is 66.4 ±15 k cal/mole.

iAPTE.R V.1
CONCLUSIONS

As has been seen, this study of negative-ion formation as a
result of electron impact in a range of chemical compounds has
led to the detection and identification of a series of electronmolecule reactions and to a number of values for the electron
affinities of radicals and atoms and bond dissociation energies.
Also, some experience has been gained of the technique itself,
enough perhaps to sake some judgement as to its status, its
usefulness, its limitations and difficulties and to hint at its
future development.
Consider first of all the actual experimental method; here
the aim is to obtain, from the sass-spectrometer, ionisation
efficiency data which exhibit the minimum distortion due to
instrumental effects i.., which are accurately related to the
electron energy seals and which show little broadening due to
the electron energy distribution. Most of the practical
difficulties associated with achieving this have been partially
or wholly overcome. To fir the energy scale accurately,
aiibrant ions can be used and in the future it seems likely
that these will become progressively more reliable. As it is,
above one or two electron volt., the energy scale can be located
in a routine fashion to within 1 0.2 sV and, if ths additional
labour is considered worthwhile, to such closer limits than thee..
At lower energies there may be complications from, for example,
space-charge effects and extraneous electric fields47 but it is
expected that improved ion-source design 51 or even a combination
of techniques such as in the 'swarm-beam' method 51 will eventually

lead to a satisfactory solution.
As to reducing distortions arising from the energy distribution
of the electron beam, the various physical and analytical methods
of doing this have already been reviewed. In the present study,
it was chosen to use the analytical technique described by
Morrison9 and to test it 'in the field' by applying it to a range
of experimental results. As has been seen, the method has shown
itself successful in improving energy resolution and has done so
with f.w experimental complications; the most difficult operation
has been to measure a reliable electron energy distribution and,
with care, this would seem to have been achieved. 3oae of the
advantages of the method are obvious; the lack of special
experimental equipment or technique, the ability to handle fairly
noisy data and produce reasonable results and, moat significantly
in some oases, since no reduction in instrument sensitivity is
involved, the ability to examine ionisation processes of vary
low cross-section. With the present apparatus, negative
ionisation in 0 2K4 , for example, was barely above the background
noise level and any reduction in the sensitivity of the mass
spectrometer, such as occurs with toe R.P.D. method, would have
extinguished it completely. As it was, Morrison's method allowed
the processes to be studied and data with reasonable energy
resolution to be produced,
However, it is not claimed that this, or any other method,
holds the complete answer to the problem; in the present
analytical case the ultimate energy resolution that can be
achieved is limited9 by the original beam width and the R.P.D.
and other selection techniques have the disadvantage of reducing

sensitivity and are often difficult to put into practice. But
as is the case for energy scale calibration, where a combination
of the eleotron-avani and the electron-beam methods has 1.4 to
greater accuracy, a combination of physical and analytical energy
selection could be a powerful tool. For example, it is possible
that the R.P.D. method be used to achieve the initial narrowing
of the electron energy distribution and further refining carried
out analytically, this would seem to be an interesting topic
for further study.
Once ionisation data are obtained with accurate energy

scaling and with the required energy resolution, it remains to
Interpret the results in terms of electron-molecule fragmentation
processes and perhaps to extract values for bond dissociation
energies or electron affinities. For email molecules, the
identification of reactions is often simple; if accurate
thermochemical data are available and the electron affinity of the
ion-forming species is known, the measured appearance potential
Immediately indicates the likely process and even the extent of
any excess energy. If an electron affinity or a bond etrength
is not known, a lower or upper limit may be deduced assuming the
reaction can be identified.
fiowever, as molecules become larger, it becomes more difficult

to do this. Accurate thermochemical data become sparse and, even
if the electron affinity of the ion-forming species is well known,
it is often not possible to calculate the minimum energy requirement
of a "action to better than 11 eV. At the same time, the number
of possible fragmentation processes increases, many of which
require similar energies, and this is reflected, as for example

with

22'

in an increasingly complex ionisation efficiency

curve. Under such circumstances, all that can be done is to
list the possible reactions over any energy range and perhaps to
eliminate some which seem unlikely from the geometry of the molecule.

However, in favourable oases, bond dissociation energies and
electron affinities can be calculated with reasonable accuracy.
The bond strengths thus produced provide valuable complementary
evidence to that available from positive ion and theraociemical
studies but perhaps the most striking result of this present study
is the large number of electron affinities which have emerged.
Negative ion work would seem to be a very fruitful source of such

data and worth pursuing for this reason alone.

But, in the

absence of kinetic energy measurements such values as do occur,
being only lower limits, tend to show a large scatter range.
For example, from the present results, two separate determination.
of E(CE) put it at 0.l 1 0.4 cv and >'3.4 10.6 eY.

However, when a

fair number of values of any one electron affinity are accumulated,
the upper limit does become obvious and the real value can be
defined with some confidence. This can be seen clearly in the

present results for i(s).
The scatter that is obtained in the calculated values for
bond strength.s and electron affinities is, of course, due to the
kinetic energy and excitation energy with which reaction products

are formed. Of these, the kinetic energy term can be measured
and a variety of techniques 123-126 has been developed to do this
using the conventional magnetic mass spectrometer or specially
designed instruments. Recently, Franklin it al. 127 have produced

a method for use with a time—of—flight mass—spectrometer which is

based on an analysis of the width of ion peaks in the mass spectrum
and the adaption of this procedure to the present instrument would
perhaps provide a useful adjunct to ionisation studies and is
suggested as one possible topic for future study.
Finally, apart frorL the energetics of negative ion formation,
'k
such new and Intorestinghis being done to clarify and use the
11)0

properties of such ions. The measurement of parent negative ion
lifetimea, of iorisation cross-sections and energy dependences 51
by the 'swarm-beam' method, the study of molecular excitation and
of temporary parent negative ion states by the St6 scavenger
40 and
technique 1°0 , the relating of experimental temperature
isotope38effects to the theory of dissociative resonance capture,
128
and
of negative-ion mass spectra to the quasi-equilibrium theory
the study of negative ion-molecule reactions

129 are all topics,

many of which are well suited to the time-of-flight instrument,
which should ensure the continuing development of the subject for
some time to come,
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£PPNMX I
Theziooheai.oa1 Data
In this appendix, all of the therinoobsaical data used in
the main text to calculate the minimum energy requirements of
various reactions are tabulated together with their literature
references. For convenience, the data relevant to each molecule
have been grouped together in the order in which the molecules
were considered and when any species occurs for more than one
systes, its heat of formation is given on each occasion.
Table Il. Thersochaioal data
Heat of
Formation at 298°X
(k oal/aole)

Literature
Source Reference

Molecule

Species

30 2

$02
80
0

-70.96
0.12
0.03

Ii

0F4
CF
C?2
C?
P

-227.87 ±0,38
-112.5 ±1.2
-35 ±10
76.121
18.86 ±0.1
0.0

12
13
14
Ii
Ii
Il

-385.98 10.19

15

-118 ±10
1013
18.86 ±0.1
0.0

Ii
Il

C?4

Sir

5' P4
3113
81?
P

B?,

U,

59.56

Ii
Il

312

-270.0 ±2,0
-133.8 ±5

BY

-45.5 15

B
F
p2

132.6 ±4
18.86 ±0.1
0.0

Ii.
Il
Ii
Ii
11
I].
Ii
11

A 10.

Table Ii (Continued)
molecule

Species

Rest of
Formation at 29801
(k cal/mole)

Literature
Source Reference

Pp

py

-220.7

10

Ii

P7
P
P
72
0120

11

-17

Ii

798
18.86 10.1

II.

0.0

Ii

0720
0P0

-150.2 ±5

Ii

Co
7

-26.42 4-0.62
18.86 ±0.1

Ii

0
CF OF

-109 -15

Ii

0.0

Ii

59.56 1 0.03

Ii

CF OP

-177.3

16

0730

-152.7 -6.5

16 9 17

CF 0
CFO

-150.2 -

Ii

CF

-112.5 11.2
-35 1 10

CF OF

072
01

CF 0CC7
'

'

-42 17

76.121

calculated
from 0720
13
14
Ii

CO

-26.42 10.62

o

59.56 ±o.0

Il
I].

7
7

18.86 1 0.1
0.0

II.
Ii

OF

32.4 -1C

ii

072

7.6 ±2

11

F OOCF
3
CF3 00072
CF 00

-337 ±20

073 0

-152,7 -0.5

estimated
(see below)

16, 17

179.
Table I]. (Continued)
Molecule

Species

deat
Formation at 298 1
(k cal/mole)

CF3OCCP,

CF0

-150.2 ±5

(aontd.)

0?0

C?

o

0 2P4

-112.5 -1.2

U
calculated
from OF20
1

II

F

59.56 -0.03
18.86 ±0.1

OF

32.4 1 10

II

02

0.0

Ii

Ii

0214
C2 F,

-15197 1 1.1

18

PC2 !

Ii

C2

-51.3 -15
66 ±10
197±5

CF

-112.5 ±1.2

13

C?2

-35 -10
76.121

14

C2 ?

or

CF2CR2

<-42 17

Literature
8ouros Reference

19
Ii

Ii

0

170.89 10945

Il

1

18.86 ±0.1

Ii

0.0

11

''22
C1CR

-77.5 ±0.8

18

CCR2
54.2

II.

02R

117 ±]C

0

197±5

19
U

2
CC?2

C ±10

Cl

4
-5193 -15
66±10

CF
CR!'2

-17 -5
-68 ±5

oaF

30 i1

estimated
(S.. text)
Ii
19
19
19
estimated
(so. text)

Table Ii (Continued)
molecule

species

CF20112
(contd.)

CH
OF

14
110

C?

76.121

Ii

R

52.10 ±0.06
0.0

I].
Ii

18.86 -0.1

Ii

0.0

Ii

CI
24
02K
01
012
CA

—65.1 10.3

12.5

+

117 -10
32
90±4

Ii

11
19
II.
110
110

1

142 11
170.89 ±0.45
52.10 ±0.06

12

0.0

I].

082
08

27.55
71.5
66.4 ±15
30.84 4-0.15
170.89 1 0,45

Ii

o

3
C
00$

11

110

142

UI'

032

9C 14
-35 4 10

Literature
Source Reference

CA

A2
P

CI
24

!sat of
Tor'aation at 29
(k ael/inole)

Ii
11

Ii
Ii
Ii
U

005

-32.8

U

CO

-26.42 ±0.62

U

CS

71.5

Ii

0
03

170.89 4-0.45
0.12

U
Ii

0

59.56 4-0.03
66.4 ±15

Ii
11

ii.

Table Ii (Contiaed)

Literature
Source Reference

molecule

Specie.

Heat of
Formation at 298 °K
(k oil/mole)

C2?6

C216

-321.1 ±1.5

13

-151.7 ±1.1
-112.5 11.2
-35 -10
18.86 40.1

18
13
14
I].

-178.3 ±0.8

18

-e

calculated
from
estimated

0 2?5
CA
C!
Cl
F
F3CH3

CF3CH3

23
CFCH2
0P2 C11
7C2E

-27 110
t;
0 4!i

c2a

111 -10

C

32

(see text)
estimated
(see text)
19
Ii

Cl

-112.5 -1.2

13

C?

-35 110

14

P

18.86 -0.1

Ii

F

0.0

Ii

R

52.10 -0.06

Il

11 2

0.0

Ii

IF
Cy U

20

-65.1 10.3

11

-166.8 ±0,7

13

CY

-68 -5

19

C?

-35

CF

a

CPA
CF
F
1
K?

ilo

30 -10
76.121
18.86 ±0.1
52.10 ±0,06
-65.1 4-0.3

14
estimated
(see text)
U
Il
11
I]

The heat of formation of CF300CP5 ,
This heat of formation iaa not known experimentally and so
was estimated using the group energy terms of Franklin (Ili) to
calculate the -0- contributions to the heats of formation of a
range of peroxides and by using the CF 3 - contribution to the
heat of formation of hexafluoroethane.

The calculation can be

described as follows:- for di-methyl, di-.thyl and di-t-butyl
peroxide., the heats of formation are known (112) and are -30.0,
-45.6 and -81.6 k cal/sole respectively. Also, the groups Me-.,

Bt- and But- contribute -10.1, -15.1 and-29.5 k cal/mole (Iii) so
that, with two such groups in each solsoule, the -0- contributions

to the heats of formation of these peroxides are -4.9, -7.7 and
-11.3 k cal/mole respectively. An average -0- contribution is
thus about -8 k cal/mole. Prom the heat of formation of
(-321 k cal/mole 1(3)), the C!3 _ term has a value of -321/2
k cal/mole.
Thus, assuming that

the

-0- contribution in the fluorinated

peroxide is similar to that in the hydrogenated species, the
heat of formation, ALf (OF300CP3 ), can be taken as 2(-321/2) +
2,i(-8) • -337 k cal/mole.

The associated error is estimated to

be ±20 k cal/sole.

I].. 'JANAP Thermochemical Tables', Dow Chemical Co., Midland,
Mich., (1961).
12. Domalski, E. S. and Armstrong, G. T., J. Re.. Natl. iar.
Standards, 2" 105 (1967).
139 Coomber, J. V. and Whittle, i., Trans. Faraday
§1 1394 (1967).

4OC.

xargrave, J. L., Ilature,

In

376 (1963).

Wise, S. S., Lirgrave, J. L., ?eder, H. A. and itubbard, We 1.,
J. Phy., Chem., 67 815 (1963).
!eml!itt, p. D. 4. and Sharp, 1). W. A., Advances in
Chsaistry, 4 142 (1965).

luorins

a.

j., Thea.

Csarteweki, 3., Castellano, L . and Sohaaohsr,
Coamunioations, p. 1255, (1968).

Nougobamor t C. and Aargriave, J. I.., J. Pbya. Ch.*.,
(1956).
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1318

Vedeneyev, V. I., Gurvioh, L. V., Iondrat'yev o V. N.,
,

)Iedvedev, V. A. and Frarikivich, Ye. L., 'Bond in.rgies,
Ionisation Potentials Lad Electron Affinities',. Edward

Arnold, London, (1966).
110. Kerr, J. A., Chem. Review,

§1

Ill. Franklin, J. L., J. Chem. Pbys.,

465 (1966).
U 2029

(1953).

112. Baker, C., Littlefair, 3. H., Shaw, H. and Thynne, J. C. 3.,
J. Chea. Soc., 6970 (1965).

2INPX ;
Smoothing sd deoonvolutipn - com puter Program

This appendix contains a listing of the computer program
used in the .soothing and deconvolution of observed ioniaation
efficiency data. The program language is nip(A). Comments
and explanations have been included within square brackets

L Ti

and are not part of the program. Data was processed uin, the
Edinburgh Regional Computing Centre 13K 360/50 computer.

1 BEGIN
2 %RALZLON
3 %RiALARRAT II(Oz53),O,D,TZZ(0t320),I(0t20,0t320)
4 %R&&1&mT Kzz,Tor(0150)
T,R,J
5
REAL JZZ,K
7 °RkAL P,C,W
8 %a'.&i, 14A1 ,CZZ,UZZ
9 IRM C0UIT,?IRST

10 I1TIOfl A,B,C,R,U,T,E,BZZ,X,S,T
11 :INTHGR Z
12 INTEGRARBAY LzzZZ(0i320)
13 1zRgAD(A);RKA.D(B);RsAD(C);UAD(a);READ(R)RAD(W)RIAD(Z)
14 RgAD(couT)
15 NEWPAC
16 PRINTTXT'
17 SYSTEM HVKBER
18 PRINTFL(A2)
19 %PRIN?TgXv
20 ION NUMBSR
21 PRINTTL(3,2)
22 $PTXNTTXT'
23 RUE WITH ION AMER '
24 PRIITPL(C,2)
25 %PaINTTxT'
26 ftUE iufl

27 PRINTI'L(R,2)
TR.r&d5 in and prints out the identifying numbers A t B, C and 4
where A define, the molecular system, 3 the ion under study, C
the ion used to calibrate the electron energy scale and A the
experimental run. Also read. in R. the electron accelerating

potential associated with the first observed data point, W the
spacing of data points in electron volts (usually 0.1 si), Z. a
number to be explained later and COUNT, a number which controls
the addition of suitable starting or terminating data to the
observed results. COUNT can have values 1 to 4 and if COUNT a 1 0
then no data are added, a 2, terminating data alone are added,
• 3, starting data alone are added and - 4, both starting and

terminating data are added-]
28 B50
29 BZZ-B
30 T.50
31 8AaO
32 21RLD(N(L))
i' (A)<0110 + 3
33
A.A41
34
35 •2
36 3:$CYCL CA,1,50
37 N(C)=O
38 AREPRAT
39 NO
40 %CYCL 0O,1,A
41 F1F44(C)
42 %REPEAT
43 v.i/
44 %CYCLIC C00 0 1 0 L
45X(C)a(C)SIP

46 %NEPUT
[Reads in the electron energy distribution which suet begin and
end with zeroes. Up to 50 values are allowed and these are
terminated by a negative number. The input values are nor5alised

so that their sun is equal to unity. Note: A, 1 9 C and Z ar* no
longer required for identification and are being used freely for
other purposes.]
47 9rCTCLz CO,l,B-1
48 I(09C)=O
49 REPAT
50 %IP COUNT ' 2 %TW 9 44
51 45
52 441PRIN?TUT'
53 START-DATA-LDDD'

PR11IflEXT'
54
55 LIPT DATA BEGINS AT LV. z'
56 PRnrrPL(R,3)
57 IEAD(flRsT)
58 %crCLs CO,1 9 4-1
59 xzz(c),ii(A -i-a)
60 %REPEA?
61 ?0T(0)*0
62 %CTCLE C1,1,A-2
63 TOT(C)RTOT(C-i)+MZZ(C)
64 RPEA?
65 PFIRST/T0T(A-2)
66 CYCLZ C0,1,L-2
67 I(0,B+c).1roT(c)
68 REPAT
69 1(0 9 flZZ4A-1).PIRST
70 BUIMA
71 !h.R-Wii(A-2)
72 51RAD(I(0,B))
73
I(o,i) < 0 1IlI- 47
74 BB41
75 45
76 47 t?IF COUNT.1 %OR aOwrT.3 OUN 4 6
71 -13
78 43CPEIJTTEXT'
79 TERMINATING DATA ADDBD'
80 TOT(L-2).O
81 'CTCLZ C.O, 1 A-2
82 TOT(A-2),T0TA-2)4M(C)
83 %RPEAT
84 pI(o,B-1)/ToT(A-2)
CTCLE Cu.A-3 9 -i 3 O
85
86 To'r(c)T0T(c41)-(c4i)
87 REPEAT
88 CYCLE C.'0,1,A-2
1(O,B4C)aJT0T(A-2.-C)
89
90 %REPLT
91 BsB4A-2
92 6s%I7 COUNT >1 %THEN 4 100
xv i(o,zz).o %viu 4 ioo
93
94 %PRINTTX'
95 LIPONENTIAL DICAT SUBTRACTED'
I(O,5O)
96
97 J.(LOC(I(O,B..1)/I(0,50) ) )/(u-51)
98 CTLE Ciu50,10-1
99 Jzz1.i*xP(J.(o-50))
100 i(o,).i(o,)-jzz
101 REPEAT
102 100:CTCLB C.B,i,320
103 I(o,c).o
104 fR3P&AT
(Reads in the ezperia.ntal ionisation data. If required,
starting or terminating data are calculated, scaled and
included. Alternatively, an exponential decay is subtracted

.
from the observed data to bring the ends to zero.

About 150

ionisation values (not including the artificial starting and
ending points) can be used, the read-.in to be stopped by a
negative number.]
105 501 %C!CLZ C.0,1020
106 TZZ(C).O
107 %RP&&T
108 rCYCLE V.0 9 1,B$2
109 TRO
110 %CTCLk C.0 1,1 9 A
in. %IF I(O,C4V).0 THEN 51
112 T.T4(I(0,C4V)aM(C))
113 51xRPhAT
114 TZZ(V4Z).T
115 BPELT
116 )COTOLE V.0,1 320
117 I(i,v).Tzz(v5
118 2RPAT
119 7CICLE 3.2 9 1,20
120 CCL V.0,1,320
121 D(V),I(O,V)-I(S-1,V)
122 TZz(V).o
123 %REP1kr
YCL V.-A,1,B4Z410
124
125 TC
126 XCTCL
0 9,1 9 A
127 XIF (4v)<0 AR D(4V).o
%Tau 4 61
128 T(D(4T)*A(C))
129 61:RPEAT
(v4:)>o %oa (v4z).o TNU T7.z(V4z).T
130 %i
131 %REP.EAT
132 !CYCLE V.0 9 1 9 320
133 I(s,v),I(s-i,v)4'!zz(v)
ra i(8,V)aO
134 ;I7 I(8,v)<o
135 %RKPAT
136 I7 3)19 %TEEN 4 10
11
137
138 10:LWPAGE
139 %PRINTTXT'
140 NO OF SMOOTHING 0r-RATI0Ns .'

141 PRINTFL(S,2)
142 PR1NTTXT'
143 LCCLrtkTXNG POTENTIAL'
144 SPACS(5)
145
PRINTTUT' SJI0OT1D ION CURRENT'
146 SPLCS(5)
147 PRINTTIT' DIFFERENCE'
148 SPACES(15)
149 %PRIrTTEXT' INPUT DATA'
150 CTCL V1,1,250
151 NWLIJE
152 PRINTPL(((Y-T).W)fR,3)
153 SPACES(20)

154 ?aINTPL(I(s,Y),5)
155 3PAC3(10)
156 PRINTFL((I(5,V)-I(3-1,V)),5)
157 sPics(io)
158 PRIITPL(I(0,V),5)
159 %REnA?
160 11tPEA?
[smoothing procedure. Twenty iterations are used but only the
final result is printed out. To check convergence, the difference

between the results of 19 and 20 iterations are also printed out
as ar. the input data.

Negative values which occur in the

ionisation data are set equal to zero.

The number Z read early

in the program can now be explained; part of the smoothing
procedure requires that data be convoluted with the

electron

energy distribution but the convolution operation, as carried
out by this program, causes an undesired shift of all ionisation
data along the energy axle. This can be overcome by re-shifting
the data along the ails by z Intervals (see lines 114 and 130).

In practice, the number Z Is determined as followes- reading
from the low energy side of the electron energy distribution
and ignoring the initial zero, Z is the number of points to an

including the maximum of the distribution e.g. for a fairly

symmetric distribution of fifty points, is in the region of
22 to 27.j
161
'Y'
V60 1 20
162 ii;:i7s:v
163 'REPEAT
164 2YLL 0g0 9 19320
165 ?Zz(C)C
166 'R.PEAT
167 CYCLE Va-A 9 1 9 B4Z410
168 P0
169 4,CTCLF, C0,1 9 L
170 IF (v)o %oi I(i,+v)o
4(x(1,+y)x(c))
171
172 71: REPAT
0R (v4z)o
17 %IF (v4z)>o
174 RPILT

ATRU 4 71

*u

flZ(V4Z)aT

JDS.

175

V0,1 320

176 I(2,v)1(1 v4(I(1,Y)-Tzz(v))
177

I7 I(2,v<cdN I(2,V)s0

178 %RPEAT
179 WCLR 11.3,1,20
180 YCL Y04020
11 TZ(V)C

182 fwREPKAT
183 %CYCLE V.-A,1,B4Z410
184 TaO
185 %JYCLZ C.0 9 1 0 L

186
(c4v)<o oa z(u-1,c4v).o
187 T.T4(I(J-1,C4V).(C))

%T

4 81

188 81sf'EP1A?

n' 'v42))o 0R (v4z).o %MEN ?zz(v4z).T
139
190 %RgPAT
191 ;,',CY10'LS V.0,1,320
192 i(u,v).i(u-i, v)4I(1,v).-rzz(v)
193 Ii I(i,v)o*u x(u,v).o
194 7RZPiAT

195 IP 11<10 Td1N 9 20
196 %It PLRIn(a)-1
197 MAX-0
198 ,CYCLA '150,l,320

199 IF i(u,v)>ix $THgn
200 4REPSAT
201 OZZ.1900/MAX
202 BZ.41O
203 XTCLS Y650,1,BZZ
204
205 %RPgLT
206 N1WFAG
207 PRIJTTXT'
208 TRILL FUNCTION NUKBU

i 20

i&x.i(u,v)

'

209 FRITtL(U,3)
210
PKINTTgXT'
211 ACCELERATING POTENTIAL'
212 SPACES(8).
213 FRINTT1XT' UNF0L.DD ION CURRENT'
214 SPACES(S)
215 JPRI1TTEXT' DI)'TEREWCZ'
16 3PACEs(10)
PRI11TTEXT' NORMALISD I.C.'
217
218
YCL1 V.50,1,IZZ
219 NbLI1
220 PaIErZL(((v-!)W)4R,3)
221. sP(20)
222 PRINTFL(I(U,V) 9 5)
223 8PAC(2U)

224 PRINTPL((I(1,Y)...TZZ(Y)) 9 5)
225 SPACES(10)
226 PRITJ'L(0(Y),5)
227 %REPILT

LDeconvolutjou prooedum Twenty unfolding iterations are used
and after ten iterations alternate sets of results, noraalis.d for

190.
convenience, to a maximum value of 1900, are printed.

Again,

the shift of Z intervals is required after each unfolding cycle

and negative solutions are set equal to zero, To check convergence,
the differences between consecutive results are also pnint.d.3
228 NEWPAGS
229 PRIITTZT'
230

GRAPV

231 %PRINTTET'
232 TRIAL FUNCTION EMBER '
233 FRINT7L(U,2)
234 XLXO
235 %C!CLI Y50,l,3ZZ
236 OF i(u,
MAX %ra3l
237 %RPA?
238 CZZ100/XLX
239 %CTCL Yu50,l,BZZ
240 LzzzZ(Y)INT(CZZ.I(U, v))
24.1. %UPLT
242 JBWLIRES(4)
243 %CYCLR Va50,1 9 BZZ

iu.i(u,v)

244 NIILINR

245 PRI1TFL(((Y-Y)1)4R,2)
246 5PkCs(LzzZz(v))
247 %rRINTTNIT'e'
248 2UPAT
249 201%RPL4T
250 +1
ID 07 PROGRAJI
251

This section uses the line-printer output to oroduce a rough

graph of the unfolded function and to give a rapid indioation of
its shape and of the build-up of noise. Finally, the whole process
can be repeated for the next experimental run.

Data are read in the following orders- first of all the
identifying numbers A, 3 9 C and fi followed by the electron
accelerating potential of the first observed ionisation point,
the energy interval between points, the correcting shift Z and

the starting or terminating data controller COUNT. Next noses
the electron energy distribution bounded at its upper and lover
halts by seroes and terminated by a negative number and the

observed ionisation data also terminated by a nelati'!. number.
For any one experimental run, all these data must be
inolud.d.

LP?*NDIX III
Pubiiah•d Paisr
This appendix consists of a single paper on the subject
of negative ion ease spectra which was published in the
Traneactioneof the Faraday Society.

Offprinted from the Transactions of The Faraday Society
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NEGATIVE-ION MASS SPECTRA OF POLYATOMIC MOLECULES

Negative-Ion Mass Spectra of Polyatomic Molecules
By K. A. G. MACNEIL AND J. C. J. THYNNE
Chemistry Dept., Edinburgh University
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A mass-spectrometric investigation has been made of negative-ion formation in twelve different
halogenated molecules under conditions where ion-pair formation is the major ionization process.
The relative abundances are reported for the ions formed and some general patterns for negative-ion
formation have been deduced.

When molecules are bombarded with electrons in the ion source of a mass spectrometer both positive and negative ions may be formed, the latter often several orders
of magnitude less abundantly. If the energy of the ionizing electrons is greater
than about 30 eV the relative abundances of the positive ions produced are generally
independent of electron energy and positive-ion mass spectral data for many molecules
are available.' However, few data have been reported rega.rdng the identity
and distribution of the negative-ion species produced when molecules of chemical
interest undergo electron bombardment.
For negative ions there are three mechanisms by which ion formation may occur.
viz., at low electron energies (- <2 eV) by electron capture,
XY+e-XY - ;
at intermediate energies ('.-. 2-10 eV) by a dissociative resonance process,
XY+e-'X+Y - ;
and at higher electron energies by ion-pair formation,
XY+e-*X+Y - +e.
Hence the ions observed and their abundance are markedly energy-dependent,
and at high ion-source pressures all three formation processes may occur concurrently
because of secondary reactions. However, at energies above about 30 eV and with
ion source pressures of 10 mm Hg, the predominant mode of negative-ion formation
is by ion-pair formation.
In view of the lack of information on negative ion mass spectra we have examined
a variety of halogenated molecules and identified the ion species formed and their
relative abundances with a view to evaluating the general features which determine
the patterns of negative-ion formation. No attempt has been made to measure the
appearance potentials of the ions observed.
EXPERIMENTAL

Mass spectra were measured using a Bendix time-of-flight mass spectrometer, model
3015. Spectra were recorded using a Kent I mV potentiornetric recorder. The same ion.
source pressure (10 mm Hg) was used for all compounds in order to reduce the differences
in the relative abundances of the ionic species due to possible ion-molecule reactions, and
also to minimize the contributions of processes involving capture of the slower secondary
electrons produced in the ion-pair formation step. All spectra were measured with ionizing
electrons of energy 70 eV unless otherwise specified.
2112
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RESULTS
We have tabulated our results for the intensities of the negative-ion species
observed relative to the intensity of the most extensively formed ion (usually C1
or F -).
(a)
H-

C- CH- Cj

relative ion
currents

07

03

CCI3—CH 2CI
Cl
relative ion currents 16

C2H

F1000

135

Cl
1000

C 2 H101

CCI
57

Cl;
67

(30 eV)
C 2CI213

Co1-I

Cl;
75

C2CI 4_
3.5

C2 F 2

CF;
1

CF;
12

FLUOROFORM

Cl1000

F1000

CF
62

CCI
200

(9) CHLOROFORM
Cl CH1000
71

C
15

F
100

CF 2
08

CF;
854

Ci;
130

CCI;
40

CCI;
20

CO 3•3

Cl;
4.3

CCI;
10

C1
1000

CCI2

Cl;
21

METHYLENE DICHLORIDE

CH6

C1
(i)

CH;
2

(30 eV)
CH- CH; C1
1000
46
53

METHYL CHLORIDE

Cl3

(j) METHYL IODIDE
CH C73
264

H
42
(k)

CF3 COCF3
0
relative ion currents 530

F
1000

SF,
relative ion currents 160

(1)
S
30

67

03

CARBON TETRACHLORIDE

C25

CH 3CI
H
relative ion currents 2'6

C2
170

F;
5

CH08

C24

(h)

CH 3 I
relative ion currents

38

25

CCI; C 2CI;

HEXAFLUOROETHANE

CF
16

(f)

CH2Cl 2
relative ion currents

385

C1
1000

C330

(e)

CHCI 3
relation ion currents

12

TETRACHLOROETHYLENE

(d)

CCL
relative ion currents

HCi

CHI
10

CH
16

C
15

CF3 H
Hrelative ion currents 15

C1 2

UNSYMMETRICAL TETRACHLOROETHANE

(c)

C2F6
relative ion currents

Cl- CCI C2C1

40 1000

32

05
(b)

CCI 2 ==CCI 2
relative ion currents

(30 eV)

SYMMETRICAL TETRACHLOROETHANE,

cl-IC! 2 CHC12

CH;
126

CCI CHCI- CH 2CI20
07
40
CH;
37

1000

HEXAFLLJOROACETONE

CF66

F;
66

C2F
66

CF; CF; C 3 F 6033
38
31

SULPHUR HEXAFLUORIDE

F
10

SF- SF; SF;
56
04
02

SF4 SF; SF;
13•6
1000
02
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DISCUSSION

CHC12—CHCl2 , CH 2CI—CCI 3 AND CCI2=CCI2
Extensive negative-ion formation occurs for all three compounds. A notable
feature is the formation of a molecular ion by tetrachioroethylene, formed presumably
because the ion is stabilized with respect to decomposition by virtue of its symmetry
and the strong carbon-carbon bonding. The tendency of the three molecules not
to fragment symmetrically by carbon-carbon bond fission but for the two carbon
atoms to be present in the fragment ions is noted. In ethane, ethylene and acetylene,
the ions C 2 and C 2 H are formed and the intensity of these fragments increases as
the bonding between the carbon atoms becomes stronger. This is similar to the
behaviour observed for CHCl 2—CHC1 2 and CC1 2=CCI 2 . The HCl ion is observed
with the symmetrical tetrachloroethane; this is unexpected since it is not formed
with the structurally similar chloroform or methylene chloride. The CCI; ion is
absent, or only formed to a minor extent which suggests that Cd 2 has a low electron
affinity. With the unsymmetrical compound no fragment ion containing two carbon
atoms in conjunction with a halogen atom is observed although such ions are abundant with the other two compounds, and the symmetrical compounds show an
appreciably greater tendency to form larger fragment ions. No ion is formed
containing carbon, hydrogen and halogen atoms; this is unexpected since the election
affinities of CH 3 and CCI 3 are similar.
Cd 4, CCI 3 H

AND

CCI 2 H 2

Negative-ion formation in carbon tetrachloride has been studied by several
workers. -1-7 Reese et al. 5 have reported that the Cl; and CCI; ions are formed
45 and 450 times less respectively than the Cl - ion, in good accord with our results
where the respective ratios are 75 and 500. We have observed CCl to be formed
extensively; there appears to be no previous reference to the formation of this ion
in carbon tetrachloride and the ion appears to be formed more readily than is the
comparable CF ion from fluorocarbons.
Of interest is the formation of the CCI; ion since our results for hexafluoroethanc
and fluoroform would suggest that, by analogy with CF;, this ion should be produced
to only a minor extent. It appears that the greater stability of Cl - compared with
F also extends to ions containing these species although the work of Page et al. 8
has suggested that substitution in an acceptor has little effect on the electron affinity.
For chlorinated hydrocarbons, the fragment ions are formed more abundantly and
also ions with odd-electron structures are formed more readily than with the fluorinated
compounds.
Ions previously reported for chloroform were Cl - and 1-ICI 2 . We found no
evidence for HCI; ion formation and conclude the ion was incorrectly identified
and was confused with Cl;. We have conrmed the identity of the ion observed
by adding fluoroform to the system and using the CF; ion formed as a mass-marker
at (m/e) = 69. Under these conditions, the ion corresponds to Cl; and not HCl.
The ratio of CHIC - in methylene dichloride is approximately the same as
observed for chloroform and the identity of the CI; ion (as distinct from 1-ICI 2- )
was confirmed by the addition of fluoroform as the mass marker. No fragment ion
which contained carbon, hydrogen and halogen has been observed and the ion CCI
is absent, whereas it is formed in the spectrum of chloroform and carbon tetrachloride.
A trend exhibited by this series of compounds is that the largest observed chlorinecontaining ion contains one chlorine atom less than the maximum possible number,
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i.e., Cd 4 yields CClV, CC1 3 H, CC1 2 and CC1 2 H 2 gives CCI. It appears that as
the proportion of halogen in the molecule decreases so the molecule shows a decreasing
tendency to form a large halogenated ion. Ions of the type CHCI are not formed
and ions such as CH - are produced to a lesser extent than their chlorinated counterparts although the electron affinities of CCI 3 and CH 3 appear to be similar.'
CH 3CI

AND

CH 3 I

No mixed ions containing carbon, hydrogen and halogen, nor ions containing
carbon and halogen, are observed for the iodide in sharp distinction with the observations for methyl chloride. From the low intensity of the ion currents measured,
methyl iodide shows less tendency to form negative ions than does methyl chloride,
although this may be expected since the electron affinity of iodine is some 12 kenl
mole -1 less than that for chlorine.
The iodide fairly readily forms ions such as CH - . CI-1 and CH, whereas with
methyl chloride such ions are produced much less abundantly relative to the major
ion, and the CH ion appears not to be formed when methyl chloride is examined.
This behaviour is in marked contrast with our results for methylene chloride, chloroform and fitioroform where no ion containing carbon, hydrogen and halogen together
were observed. The H ion is also produced though our values for the relative
intensity of this ion must be treated with some reserve in view of the possible mass
discrimination towards such a light ion.
CF3 H

AND

C2 F 6

The formation of the F - and the CF ions have been reported previously for
hcxafluoroethane. 5 The absence of the C 2 F ion from the spectrum is unexpected
since, in. view of its stable electronic structure, it might have been formed extensively.
In the positive-ion mass spectrum, C,F is an abundant ion, being formed to about
41 0' of the major ion CF. In the negative-ion spectrum there is n.o evidence for
the formation of ions of the type C 2 F or for any fragment ion containing two carbon
atoms except for a small C 2 F ion. This is in marked distinction with results reported
for ethane 10. 1 I where the Cj and C 2 H are the principal carbon-containing ions.
Only the formation of the F - ion has been reported previously for fluorofornt 5
The most extensively formed ions are F - and CF 3 and the negative mass spectrum
shows many similar features to that of hexafluoroethane, notably the appreciable
formation of the CF and F ions and only a low intensity ion due to CF. In
addition, H - and CH are formed but not as abundantly as the analogous fluorine
fragments.
The CFj ion is formed much more extensively (relative to F - ) in fluoroform than
in hexafluoroethane; this probably reflects the greater tendency for the ion-pair
reaction
CF 3 H+e-l'CF' +H 4 +e,
to occur than the ion-pair reaction
CF3CF3 +e-*CF +CF +e.
In the positive-ion mass spectrum of fluoroform the major ions are CF and CF 2 H,
the latter being about 90 % of the former. In the negative ion spectrum no fragment
ions containing both hydrogen and fluorine are observed although an ion such as
CF2 H has a stable electronic structure and, by analogy with CF, might have been
expected to have been formed extensively. Possibly it is formed but decomposes
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by hydrogen fluoride elimination, i.e.,
CF2 H -.CF- + H F
since CF is formed appreciably.
Comparison of the negative ion spectra of chloroform and fluoroform shows that
the CH - ion is much more abundant with the former. The most notable difference,
however, is in the trihalogenomethyl ion for there is large CF ion formation whereas
the CCli ion is not observed with the chloride.
HEXAFLUOROACETONF

CF3COCF3

The negative-ion mass spectrum of hexafluoroacetone consists of the ions 0 -,
F-, CF-, F, C 2 F- , CF, CF and CF 3 COCF. The parent ion is formed abundantly; also another molecular ion was observed with a molecule containing a double
bond, viz., tetrachioroethylene.
Apart from the parent ion the largest two-carbon fragment ion is C 2 F-, and in
this respect it is similar to the spectrum of hexafluoroethane where C 2 F - is the
largest two-carbon fragment observed. Also, the ratios CF;/CFj and CF 3- / C2 Fare close to those observed with hexafluoroethane. The actual intensity of the 0
ion is doubtful because of the background contribution to this ion. In the positiveion spectrum, CF is the most extensively formed species, other ions being formed
include CF 3 CO and a molecular ion of low intensity. We found no evidence for
the formation of an ion such as CF 3CO.

SF6
Negative-ion formation in sulphur hexafluoride has been studied by several
workers," 12. 13 particularly at low electron energies where formation of the SF
ion by an electron capture process has been used to indicate the energy spread of the
ionizing electrons and also as a calibrant for the electron-energy scale. From our
data, although SFg and F are the most abundantly formed ions seven other
ionic species, including SF - and SF, are observed. These latter two ions appear
not to have been reported previously.
On the basis of their electronic structure it is to be expected that the ions SF
and SF will be formed abundantly; however, it is surprising that the ion SF is
of such a low intensity. Also, the parent ion is formed much more extensively than
the F- ion, the only case in which the halogen ion is not the most abundant.
SULPHUR HEXAFLUORIDE,

CONCLUSIONS

Although only a limited range of molecules have been examined, some general
patterns of negative ion formation may be deduced. Our results suggest that, for the
halogen-containing molecules examined, negative-ion formation is more extensive
in chlorine-containing compounds than in those containing fluorine or iodine and
that fragmentation tends to favour the formation of ions containing an odd number
of halogen atoms and not to produce "mixed" ions such as CHX. Another
feature is the ability of all the halogenated molecules to form the ion X and comparison of the results for chloroform and fluoroform indicate that the ion is formed more
readily when X is fluorine than when X is chlorine. Comparison of Cl formation
with methylene dichloride and symmetrical-tetrachioroethane indicates that both
molecules (which contain the unit-CHCl 2 ) readily form this ion.
Production of negative ions is clearly influenced by the size, symmetry and bonding
of the molecule being bombarded with electrons; in general, large, symmetrical
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molecules containing multiple linkages tending to undergo less fragmentation and
consequently to form larger negative ions, sometimes including the molecular ion.
We thank the Science Research Council for a grant in aid of this work and Miss
K. J. Caldwell for help with some of the experimental work.
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