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THE PHOTOIONIZATION. AND DISSOCTIATION OF MOLECULES

ABSTRACT

The photoionization and disseociation of molecules was
studied using a combination of a vacuum monochromator and
a mass spectrometer. The work was performed to obtain
fundamental information about some simple molecules and
their ions, and it was hoped that this method would pro-
vide a good means for the determlnatlon of accurate ioni-
zation potentlals°

Photoionization efficiency curves of sixteen.atoms
and molecules, namely: argon, krypton, xenon, oxygen,
nitrogen, carbon monoxide, chlorine, hydrogen chloride,
ammonia, water, methane, methane-d,, propylene, acetylene,
methyl cyanide and methyl alcohol for the energy range
from eight to twenty-one electron volts were obtained.
Numerical values of ionization and appearance potentials
were determined from the initial onset of the photoioni-
zation efficiency curves, and the ionization potentials
are discussed and- compared with those obtained by. other
investigators. The threshold ionization potentials of
these molecules are in close agreement with the spectro-
scopic values and are superior to those obtained by the
electron impact method.

The shape of the photoionization efficiency curve
near the threshold gives an indication as to the type
of electron removed in the photoionization process, and
the correct electronic configuration of the molecule can
some-timesbe deduced from the numerical values of the
ionization potentials as demonstrated in the case of
methyl cyanide, '

The dissociation of ammonia, methane, methane-d4,
propylene, acetylene, methyl cyanide and methyl alcohol
was studied, and the mechanisms for the dissociation
processes were discussed. From the photoionization
efficiency curves of the fragment ions, numberical values
of bond dissociation energy, ionization potentials of
radicals and zero-point difference for the isotopic 1ons
are deduced.



Autionization processes were observed in the study
of krypton, xenon, oxygen, nitrogen, carbon monoxide,
hydrogen chloride and acetylene. That the peaks observed
in the photoionization efficiency curves of these species
are indeed due to dutoionization has been confirmed by
comparison with corresponding peaks in the optical
absorption spectra. The vibrational. frequencies of hydro-
gen chloride and acetylene in the excited states could
be deduced from the energy sepafatibn between two adjacent
autoionization peaks.
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(ii)
ABSTRACT

The present work is concerned with photoionization
efficiencies of gases and vapors determined as a function of
photon energy by vacuum spectroécoﬁy and mass analysis. The
- photoionization work was performed to obtain fundamental
information about some simple molecules, and it was hdped
that the results would provide a means to explain the
apparent discrepancies of threshold ionization potentials
previbusly reported by other workers.

Results on the photoionization of sixteen atoms and
molecules, namely: argon, krypton,  Xxenon, oxygen, nitrogen,
carbon monoxide, chlorine, hydrogen chloride, ammonia, water,
methane, methane-d4, propylene, acetylene, methyl cyanide and
methyl alcohol for the energy range fromréigh£xto twenty-one
electron volts are presented. Photbionization efficiency
curves of these molecules were obfained from which numerical
values of ionization potentials, dissociative-ionization
appearance potentials and dissociation energies are deduced,.
and the fine structure and autoionization processes are
interpreted.

The results are discussed and cbmpared with those
obtained by other investigators. ' The threshold and inner
ionization potentials of these molecules are in close agreement
with spectroscopic values and are superior to those obtained
by the electron_impact method.

A brief account of the historical developments lead-.
ing to the present work is described, and a few existing methods

for the determination of ionization potentials with their



(iii)
advantages and limitations are pointed out. The essential
components of the instrument and their special characteristics
are briefly discussed, and the major sources of error are also
included. The limitations of the apparatus at the present
stage are pointed out, and improvements are suggested . The
reasons for the choice of molecules for this work is mentioned,

and an outline for further work is also suggested.
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CHAPTER ONE

INTRODUCTION

A. General

This thesis is mainly concerned with the results of the
Jionization and dissociation of molecules when subjected to photon
“impact in the wavelength region 15008 - 500X (about‘8 to 21 eV.).
Ultraviolet radiation in this energy range is.capable of removing
the valence electron from the atom or molecule, and sometimes
electrons which are somewhat more strongly bound. This radiation
is also capable of breaking chemical bonds.

. A l-meter Seya-Namioka type scanning vacuum ultraviolet
monochromator coupled with a Nier-type mass spectrometer was used
to measure ionization potentials of moleculeswand appearance
potentials of their fragment ions. |

Mass spectrometric studies of photoionization results
have often led to a better understanding of the various reactions
which occur when molecular and fragment ions are formed by photon
impact. Careful examination of the detailed form of the photoioni-
zation efficiency curves has in general enabled ionization and
fragmentation’processes to be distinguished and identified, and
the shapes of the curves to be interpreted in terms of electronic
and vibrational energy states.. |

This work is concerned with three problems: (a) to
determine accurately the photon energy necessary for the removal
of ‘an electron from a molecule to fofm an ion, this amount of
energy being equal to the ionization potential of the molecule,
(b) to determine the photon energy required to form X' ion from a

molecule XY, and from this energy to obtain the dissociation energy



of the bond X-Y, and (c) to determine the products of moiecular
photoionization, if any, e.g. whether in methane, the absorption
of photon of a given energy produces CH4+(n‘ CH3+ ions, and if
both are possible, what the relative probabilities are of forming

them.



B. _ Ionization Potentials

1. Introduction

Duriﬁg the last forty years, the study of ionization
potentials of gaseous atoms and molecules has occupied an increas-
ing number of workers, and a considerable number of fairly
accurately determined ionization potentials -have appeared in the
literature. These have.been made possible by methods of pptical
spectroscopy, photoelectron spectroscopy, theoretical and sémi—
empirical calculations, charge transfer spectra, apd electron and

photon impact ionization.

2. Adiabatic and Vertical Ionization.Potentials .

The adiabatic ionization potential of a molecule is
defined as the energy required to remove an electron completely
from the ground vibrational level of fhe-lowest electronic state
of the molecule to the ground vibrational level of the relevant

-electronic s#ate of the molecule-ion.

The probability of ionization of a diatomic molecule by

electron impact as well as photoionization can be considered to

be governed by the Born-Oppenheimer approximation:-

. 2 |
Pu‘u" L l } \Vu'\\lu" Ly l ........ 1.1

where Vv is the vibrational wavefunction of the level v' of the
ion, WY is the vibrational wavefunction of the ground state (v'=0)
of the neutral molecule, and r is the internuclear separation.
Diatomic molecqles can. be treated as anharmonic oscilla-
tors, and the vibrational wavefunctions for different vibrational

levels of the molecule and its ion have the form shown in Figure 1.



I1.P. (adiabatic)

POTENTIAL
ENERGY /" . - N

> INTERNUCLEAR SEPARATION

Figure 1 - POTENTIAL ENERGY CURVES



Suppose the minima of the two electronic states are vertically
above one another. It is clear that the (0-0) transition has high
probability, whereas (0-1), (0-2) etc. transitions have a much
lower probability, because the negative part of the integral partly
cancels the positive part.

The adiabatic ionizatioﬁ potential is the difference in
energy between thé ground vibrational state of AB and the ground
vibrational state of ABT. If the equilibrium internuclear dis-
tances for the molecule and its ion are the same, the ionization:
potentials obtained by optical spectroscopy, electron impact and
the photoionization method should all correspond to the adiabatic
value, provided that the instruments used are sensitive enought.

But when the equilibrium internuclear distance of the
ionic state is greater than that of the molecular ground state, the
most probable transition is to a higher vibrational level and the
ionization potential found by these methods may be higher than the
adiabatic value. The same is true when the equilibrium inter-
-nuclear distance of the ionic state is less than that of the
molecular ground state, and the higher.value fof the ionizétion
potential is usually called the vertical ionization potential.. The
(0-0) transition however, still has small finite probability, and
the value for the ionization potential obtained by electron and
photon.impact should depend iargely on the sensitivity for
detection of ions. The general picture for polyatomic molecules
should be similar.

In photoionization studies, ionization poteﬁtials
obtained from the onset of the photoidnizatioh efficiency curves
are in general in good agreement with the adiabatic ionization

potentials obtained by other methods. When ionization is caused
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by the removal of a bonding electron and the minima of the ground
and ionic electronic states are not vertically above one another,
the photoionization efficiency curve usually shows curvature near
the threshold. .The vertical ionization potential can be measured
from the curve at the point of steepest slope before the curve
reaches the first maximum;

. The vertical ioniéation potential of a molecule will
always be equal to or higher than the adiabatic value. In fact,
experimental evidence has shown that the difference is usually

between 0.02 to 0.5 electron volt.

3. Determination of Ionization Potentials

Ionization potentials are among the most important
properties of a molecule, and it is desirable to have methods of

determining them accurately.

a) The Optical Spectroscopic Method

One of the most accurate methods for the determination
of jonization potentials employs opxical spectroscopy. .This
involves a study of absorption spectra, and the fitting of the

‘data into Rydberg series:-

v = I -_::.—_-—B+_ .............. 1.2
(n + a)2

where: 1 and a are constants specific to a particular molecule,
v is the wavelength of a particular molecule,
R is the Rydberg constant,

n is an integral value representing the particular
Rydberg band.

Once the Rydberg (0-0) transition is identified by
analysis of the Rydberg bands of the absorption spectra, or by

comparison with the spectra of isotopic molecules, the ionization



potential of a molecule can readily be calculated. The wave-
length of spectral bands in spectroscopic work can be mgasured
_with a high degree of accuracy, and the uncertainty in the value
of the ionization potential derived from it is usually only a
few parts of a thousand. However, this method cannot be applied
to quite a large number of molecules which give continuous or
diffused spectra, and an unambiguous assignment of the Rydberg

transitions is not then possible.

b) The Cyclic Method

When the absorption spectrum of a molecule is so
complex that the Rydberg series leading to the ground state of
the ion cannot be obtained, some workers (84) have used a cyclic
method to determine the adiabatic ionization potential indirectly.

- This method is based on the following equation:-
I(XY) + D (XY") = I(X) + Do(XY) .......... 1.3

where I(XY) is the ionization potential of XY, I(X) is the
ionization potential of X, DO(XY) and DO(XY+)'are the dissocia-
tion energies of the molecule and the ion respectively. Tf
I(X), D,(XY) and DO(XY+) are known accurately, the I.P.(XY) of

the molecule can be determined.

c) The Electron Impact Method

The ‘essentials for making electron impact measurements
are a beam of electrons of known energy which may be passed
through the gas under investigation, and a device for detecting
the ions produced and for measuring their intensity. Electron
impact studies have been highly developed,.and are far more

generally applicable because molecules with strongly bound



electrons may be investigated.. For many molecules, the electron
impact method provides the only way to determine the ionization
potential.

The electron impact method suffers from several
defects. The first arises through using an electron beam emitted
from a hot filament. This electron beam will not be monoenergex
tic.in character but will possess an energy spread of about one
electron volt which will be mainly Maxwell-Boltzman in nature,
and is, of course, governed by the temperature of the filament.
In additién, a further energy spread will be imparted to the
electron beam by the variation of temperature along the filament
due to conduction of heat through the supporting leads, and by
the voltage drop across the filament. Since electrons are
charged particles, the electric field which is necessary to
produce an ion beam in the ion . source usually also perturbs the
electron energy. The difficulty of obtaining an electron beam
-with sufficiently low energy spread causes much of the informas
tion obtained by the electron impact method to be of low preci-
sion, and fine details in the ionization efficiency curves to be
unresolved.

The diminution of the energy spread in the electron
-beams used in the electron impact method is at present under
investigation in this and okher laboratories using electrostatic
"selectors. Success in this field of study will greatly improve
the accuracy of values of the ionization potentials obtained by
the eléctron impact method.

Wannier (131) proposed a theory for the ionization of
molecﬁle by electron impact near the threshold. ‘He stated that

the two slow electrons, upon emerging from the ion, remain



within the reaction zone at the threshold energy of the impacting
electron. Only.when each slow electron has appreciable kinetic
energy can it escape from this region and only then does the ion
current start to grow. For this.reason, it is quite possible that
iohiiation cross sections are zero or vanishingly. small for electron
(impacting) of an energy equal to or just exceeding the threshold
ionization energy. 1If this is so, it places a restriction on the
ultimate accuracy obtainable for electron impact measurements of
ionization potentials, even with improved methods of obtaining

effectively mondenergetic electron beams.

d) Photoelectron.Spectroscopy

This is a rather new technique reported by Kurbatov,
Vilesor and Terenin (66), Schoen (107) and Turner and Al-Joboury
(127-129), for the direct measurement of ionization potentials of
a molecule less than 21.21 eV. The gas under study is illuminated
by a beam of photons of energy 21.21 eV. These photons can cause
the emission of photoelectrons, and a cylindrical energy analyzer
is used to study the photoelecfron energy distribution. A photo-
electron energy spectrum consists of peaks which can be shqwn to
lead directly to the vibrational and electronic energy levels of
the molecule. The donization potentials of quite a number of mole-
cules have been reported using this method and in some favorable
caseé vibrational structure can also be seen.

. Frost, McDowell and Vroom (41) have reported recently the
use of a spherical energy analyzer of greatly improved resolution to
study the photoelectron energy distribution of hydrogen. They have
been able to measure accurately the first five vibrational energy

levels of Hz+ (3 Zﬁg), and the relative transition probabilities



to them. The vibrational structure of the hydrogen ion.in the
photoionization efficiency curve is known (13, 20) to be obscured
completely by autoionization, and the five clearly resolved '"steps"
in the photoelectron retarding curve for hydrogen indicate that
autoionization may be avoided in spherical photoelectron spectros-

copy.

e) The Photon Impact Method

This method consists of a combination of both photoioni-
zation and mass spectrometry. A sample of gaseous molecules to be
investigated is illuminated by a beam of monochromatic ultraviolet
radiation. If the photon energy of the radiation is gradually
increased, successive stagés of excitation can be reached until the
energy of the photon reaches a certain vélue when ionization takes
place. The ionization potential of a moiecule can be obtained
from the point of initial onset of ionization. With further in-
crease of photon energy, a curve of photoionization efficiency as
a function of photon energy can be derived. In favourable cases
the upper energy states and the vibrational levels of the molecule
and its ions can be.studied from photoionization.efficiency curves.
A mass spectrometer is used to focus the particular ion under inves-
tigation, and to measure the intensity of ion currents produced.

The photoionization method is far more generally applic-
able than optical spectroscopy, as some molecules With complex
spectra which do not exhibit wéll defined Rydberg series can readily
be investigated b& the former method.

. The reasons for the superiority of this method are
threefold. Firstly, it is much easier to obtéin monoenergetic
photons than it is to obtain monoenergetic electrons; secondly, a

gas to calibrate the éhergy scale needs not be introduced into the
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mass spectrometer concurrently with the molecule to be studied as
is the regular practice in the electron impact method; and thirdly,
the steep rise in photoionization cross section at the ionization
threshold permits a sharp separation of ion-formation processes.
The photon impact method is inherenfly more accurate,

and numerical vaitues of jonization and appearance potentials based
on this method are in excellent agreement with those obtained by
optical spectroscopy. Precise data have thus been made available
for a large number of molecules, and information obtained from the
photoionization efficienty curves can be correlated with molecular
properties and molecular structure, and to check the theories of
threshold laws and processes of autoionization. The results fur-
nish reliable information for sbme theoretical and semi-empirical

molecular quantum mechanical calculations which are now being made.
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C. HiStorical Review of Photoionization

\

Since the discovery of the ionization of gases by X-rays,

and the photoelectric effect of light on solids and metals, several
investigations have been made on the ionization of gases when
exposed to ultraviolet radiation.

Hertz (46) in 1887, when penforming experiments on the
sparking between electrodes, observed that ultraviolet radiation
could be used to ionize gases. Lenard (67) in 1901, carried out
some similar experiments and found that air was made conducting -
under the action of a very absorbable kind of ultraviolet light.

Stark (110) investigated the effect of ultraviolet light
on the conductivity of gases and bbtained results with certain
organic compounds in the vapor étate: anthracene, diphenylmethane,
diphenylamine and oL—naphtpylamine. |

During the period 1926—1930, experiments on photbioniza-
tion were conducted mostly with vapors of the alkali metals,
especially caesium, rubidium and potassium. The experimental
techniques were, as a whole, greatly improved after  1920. However,
lack of:high resolving power and the relatively low sensitivity
of the instruments used has left the data of'many of these workers
in a somewhat uncertain state. A considerable amount of data has
been col@ected and reviewed by several writers:  (57,97).

Between 1930 and 1950, very little work concerning pho-
toionization appeared in the literature, and the study of mole-
cular ionization seemed to be dominated mainly by electron impact
studies using mass spectrometers. Many investigators have used
the electron impact meithod to measure ionization potentials of
molecules and appearance potentials of fragment ions, to deter-

mine the energy needed to split up a polyatomic molecule into
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specified radicals, and to determine ionizatién.potentials of

' radicals. Hundreds of papers have already been published in this
field and ionization potentials of several hundred molecules have
been studied. In many cases, this method has provided the only
available data. |

The difficulty of obtaining an electron beam with suffi-
ciently low energy spread and accurately known energy caused much
of the information from the electron impact method to be inaccus
rate. The fiorm of the ionization.probability curve for a single
process is such that when several are superimposed, the resolution
of separate threshold potentials is difficult.

.After 1950? photoionization studies resumed their steady
pace, largely due to the development of ingenious designs for
grating monochromators and better means for producing and measur-
ing photon radiation in the farihltraviolet.

The development of a low-cost grating monochromator by
Seya (108) and Namioka (89) helped to facilitate the studies of
photoionization. It is basically a one-meter monochromator, and
the gas pressure in the monochromator is maintained at a pressure
of about 10~° mm of Hg. by differential pumping. It has a fixed
entrance and exit slit system, and the wavelength of the monochro-
‘matic light passing through the exit slit may be altered by
rotating the grating.

Johnson et al (62) in 1951, found that coating a
photoelectron multiplier with a thin layer of fluorescent material
rendered it satisfactory for the measurement of far ultraviolet
radiation intensity. Sodium salicylate was found to be best
suited since it is stable, does not evaporate in vacuo and gives

reproducible results up to 8508. Furthermore, its response is
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excellent and its quantum efficiency is nearly constant (62).

In 1953, Watanabe, Marmo and Inn (133) and Wainfan,
Walker, and Weisslef (141) reported'data on photoionization meas-
urements in the vacuum ultraviolet region. The total absorption
cross—secfion of a molecule was measufedvin an absarption ceil,
and the ionization was found to correspond to the long wavelength
limit of the ionization continuum, They showed that the accurate
determination of ionization'potentials is possible by utilizing
monochromatic light of 0.001 eV. band width. However, their
methods do not give any information about the products which are
formed by photoionization, and no mass analyses were introduced to
differentiate between the parent and fragment ions. Also ions\may
arise from any impurities in the sample. Because of the lack of
mass analysis, one has to be quite sure that the sample being
studied is free of‘impurities with lower ionization potentials.

Threshold ionization potentials of more than a hundred
ﬁolecules were reported in 1959 by Watanabe (139). His results
are Comparable to those obtained by spectroscopic methods.

Terenin and Popov (124) were the first to use mass ana-
lysis (in the photoionization of thallium halides). More recently,
Lossing and Tanaka (70) used a vacuum ultraviolet light source
for thergenerationlof ions in a ﬁass spectrometer. . A krypton dis-
charge lamp With a lithium fluoride window, emitting the tWo
resonance lines 12368 (10.03 eV.) and 11652 (10.64 evV.) provided
enough energy to cause photoionization of acetone, butadiene,
butene, propylene, anisole, allyl iodide, dimethyl mercury etc.,
but not enough to form ibn}c fragments. Their experiments suf-
fered from the défect of a fixed photon energy, so the phofoioni—

zation yield could not be studied as a function of'energy.
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Terenin and Vilessov (125) and Morrison, Hurzeler and
Inghram (58, 83) used a combination of §acuum monochromator and
mass spectrometer in a detailed study of the formation of ions by
photon impact. The source of light was a high voltage h&drogen
lamp, and a lithium fluoride window was used to isolate the resi-
dual gases in theiUghf;source from the ionization chamber. The
lithium fluoride window cuts off radiation below 10508'(11.50 ev.)
and molecules with ionization potentials greéter than this cannot
be studied. _ |

Wéissler, Samson, Ogawa and Cook (146) and Comes and
. Lessmann. (10), using é low-pressure repetitive spark source and
differential pumping to retain a low pressure in their apparatus
were able to obtain phoféionization résﬁlts #p to about 30 eV.
-without using a lithium fluoride window; However; their light
source proiided a widelyfspaced line spectfﬁm, and so there were
of course '"gaps'" in their photoionization éfficiency curves. This
frequently made it impossible to determine the onset of ionization
processes within several tenths of a volt.

Recently, Dibeler, Krauss, Reese and Hartlee (19) have
developed a'Hinterégger type bhoton source which provides a
Hopfield helium continuum, and have studied normal and deutera-
ted hydrogen, ﬁethane and benzéne. Cook.and Metzger (12) have
computed photoionizatibn cross-sections of several hydrogen-
containing molecules from .ionization spectra using the Hopfield
helium continuum as a continuous background-radiation source.
The development of continuous photon spectra marked a major

advance in this field.



15.

CHAPTER TWO

THEORETICAL

A. Photoionization and Dissociative Ionization

In this work, we are concerned mainly with ionizing
collisions of photons with atoms and molecules. A photon of
energy hv can be absorbed by an atom or a molecule to take the
system from a state of lower energy E" to a state of higher

energy E', i.e.

hv = E' - E" N 2.1
where h is Planck's constant, v is the frequency of the radia-
tion. The absorption of radiation by the molecule XY can be

represented by: -
XY + hv —»XY* ... 2.2

where XY and XY* are ground and excited states of the molecule
respectively. This process is called photoexcitation.
Ionization can be caused by the interaction of a

photon of sufficiently high energy to cause the "process:
XY + hv — XYt + e ..., 2.3

this process is called photoionization, and the photon energy
‘necessary for this process is called the threshold ionization
potential of XY. Beyond the energy of‘the ionization threshold,
there will be a region of continuous absorption. . The measure-
ment of positive ion current as a function of photon energy
provides the usual method of studying this process.

If the absorption of radiation’leads to the following

reaction:
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XY + hv— X" + Y + e ..., 2.4

the process is callded dissociative ionization, and the photon
energy necessary for this reaction is calded the appearance
potential of X*.  The dissociation energy orvbondvstrength of
the molecule D(X-Y), can be calculated from the appearance

potentiél by the following relationship:
V(X*) = I1(X) + D(X-Y) + K.E. + E.E. ..... 2.5

where V(X') is the appearance potential of X, I(X) is the
ionization potential of radical X, K.E. is the kinetic energy
with which X' and Y’ may be endowed and E.E. is any excitation
energy they may have. Most atomic ionization potentials are
known from optiéai spectroscopy, and if K.E. and E.E. are known,
the dissociatioh energy can be obtained by measurement of the
appearance potential. Otherwise, the appearance potential gives
an upper limit for thes energy necessary to break the X-Y bond

plus the ionization energy of X.
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B. Autoionization

In ionization efficiency curves for molecular ions
produced by electron impact, breaks are offen observed at ener-
gies which do not correspond to any known electronic state of
the positive ion species formed. Many peaks in photoionization
efficiency curves are also observed at energies above the
threshold ionization potential, and the positions of these peaks
correspond closely with some of those obtained from absorption
.spectra. This phenomenon has been established by several workers
(10, 27, 54, 91) as due to autoionization of a highly excited
state of the atom or molecule concérned.

Autoionizatibn phenomenon can be explained by reciprocal
intgraction of discrete states with one or more continua as shown‘
'in Figure 2. The excitation of an electron in series 2 from the
ground state to a discrete state above the ionization continuum‘of
series 1 is followed rapidly by a non-radiative transition to the
continuum at the same energy. The excited atom or molecule becomes
ionized by losing one of its electrons. Since this process is
governed mainly by photoexcitation, and the threshold law for
excitation is a delta function; peaks should be observed in the ~
photoionization efficiency curve for autoionization processes.

Massey (78) proposed another mechanism for the autoioni-
zation process. It is possible to imagine discrete states of the
normal molecule in which two or more electrons are excited. An
atom or molecule in such a condition will not usually give up its
energy of excitation by radiation. Instead it will bréak up much
more quickly in the following way. Of the two excited electrons,
one drops to a more firmly bound state, thereby releasing energy’

which is absorbed by the other to take it free of the atom or
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molecule altogether.  The excited atom or molecule therefore
becomes ionized.

In the work reported here, autoionization processes are
found to occur strongly in atoms and diatomic molecules such as
krypton, xenon, oxygen, nitrogen, carbon monoxide and hydrogen
chloride. For methane and numerous hydrocarbon molecules, no
autoionization structure seems to be present. The possible
excitations in such molecules appear to result only in continuous

absorption, and do not give discrete peaks in the photoionization

efficiency curves.
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C. The Threshold Laws

In order to determine reliable ionization limits
from observed photoionization efficiency curves, it is
necessary to interpret the shape of the curves, especially
near the threshold. The threshold law describes the
variation of the ionization efficiency with energy above
the threshold.

. The ion current produced by electron impact
increases linearly as the energy of the impacting electron is
increased above the threshold. Wigner (147) has shown that
for a singly charged atom or molecule the ionization efficiency
varies with the 1.12th power of the excess energy. However,
Fox (51) showed that the ionization efficiency curve for
helium singly charged is linear over the first eight volts
above the threshold.

It has been established by photoionization studies
(83,91,136,146) that the threshold law for direct single
ionization, when induced by photon impact, is approximately
a step function of excess photon energy, and that for double
ionization is approximately a linear function. The autoioni-
zatioﬁ process, induced by photon impact, is governed mainly
by the photoexcitation of an electron in the normal molecule.
. The appearance of sharp peaks for the autoionization process
in the photoionization efficiency curve indicates that the
threshold law for photoexcitation is a delta function.

Wannier (131) proposed a theory of the threshold
law for multiplevionization. The two slow electrons, upon
emerging from the ion after the single ionization by: electron

impact, remain within a spherical reaction zone of radius b
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around the ion. Only when each electron has a kinetic energy
T greater than ez/b can it escape from this region. In Figure
3, the kinetic energies T; and Tg of the two emerging electrons
are plotted, and the region in which ionization occurs is -
limited by two straight lines parallel to the axes. Now a line
of constant energy excess N E in this diagram is straight and
of slope -1; the segment of it leading to ionization is marked
iﬁ the figure. Clearly, the length of this segment is propor-
tional to the energy excess and so the ionization efficiency

increases linearly with the excess energy.

g
e

AE
N 4
A

Region of .
Ionization

N > T1

Fig: 3. Region in which ionization occurs in the case of
single ionization. Tj; and T9 are the kinetic energies
of the two emerging electrons, and E is the energy
excess.

In single ionization by photoionization, only one

slow electron emerges from the ion.- When the electron has a

kinetic energy T greater than e2/b,'photoionization takes

place. The photoionization efficiency remains constant after:
the threshold energy plus the kinetic energy T, and the excess
energy of the incident photon is carried away by the slow

electron. The photoionization efficiency for single ionization

is therefore a step function.
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Detailed theoretical calculations by Geltman (43) of
ionizatién by photon and electron impact have established that
the ionization efficiency above the threshold energy would be
determined by the conditions of the distribution of excess
energy of the incident particles among the separating particles.
Table I summarises the threshold laws for ionization and

excitation by photon and electron impact.

Table 1

The Threshold Laws

Number of

separating Types of reactions Ionization Function
particles o Efficiency
1 A + hv — A% delta
A+ e —>A" U B
2 A + hv — At + e | step
A+ e—P»A*x + e S
3 A+ hv — At | 2¢ linear
A+ e— At 1+ 2e ___~////

Thus, we would expect from the photoionization
efficiency curves a delta function for a photoexcitation
process, and a step-function for a single photoionization
process. These are, however, idealized situations, and the
actual curves obtained do not always show'perfect steps or
delta functions. Some fine structure and steps corresponding
to the highef ionization potentials of several molecules
cannot be obtained because of the interference and competition

of multiple autoionization processes.
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D. Theory of the Mass Spectrometer

The term 'mass spectrometer' is now usually restrictded.
to an instrument in which separated ion beams are measured
electrically. It will be useful to write down the simple
equations governing the motion of a charged ion in a mass
spectrometer.

I1f the charged particle of mass M(g), charge e(e.s.u.)
and velocity v (cm per sec) is sent into a magnetic field of
force H(e.s.u.), the equation of motion may be described as
follows.

Since the force is always at right angles to the.
direction of motion of the particle, there is no linear, hut
a constant angular acceleration. From elementary mechanics,
it is seen that the particle will experience a centrifugél
force, and for'equilibriuh this must balance the force due to

the magnetic field, i.e.

2 .
Y = Hev e e 2.6

where R is the radius of curvature of the ion beam.
If it is assumed now that the'chargedwparticle

‘acquires its velocity by falling through an electrostatic

: ~potential difference V(e.s.u.), the potential energy must be

the same as the kinetic energy of the particle after acceler-

ation, i.e.

'If equations 2.6 and 2.7 are combined, eliminating v, then



The equation 2.8 may be termed the mass
spectrometer equation. Ih the mass spectrometer used in the
present work, the radius of curvature of the charged particle
is fixed, and when analysis of the ions formed from a given
molecule is desired, either the ion accelerating voltage is
maintained constant, and the magnetic field-strength varied
continuously (magnetic scanning), or the axcelerating voltage
is varied keeping the magnetic field strength constant

(voltage scanning) .

23.
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E. The Hydrogen and Helium Spectra

In order to obtain a monochromatic photon beam of
varying energy it is necessary to excite gaseous molecules
éuch as hydrogen or helium in the light source. The light
emitted from the source is scanned by a 30,000-lines per inch
grating'to give a spectrum of photon intensity as a function
of photon energies. The spectrum obtained is characteristic
of the gas employed in the light source: that of hydrogen is
useful from 9008 - 15008 (8 - 14 eV.), and that of helium is
useful from 5008 - 12008 (10 - 21 eV.). By employing a com-
bination of both spectra, it is possible to obtain photoioni-

zation results in the energy range of 5008 - 15008 (8 - 21 eV.).

a) The Hydrogen. Spectrum

.The hydrogen lamp gives an intense '"many-line"
spectrum in the 9008 - 15003 region, and the spectral charac-
teristic of the hydrogen spectrum is illustrated in Figure 4.
The rapid change in intensity with wavelength of the "line"
causes a problem in the interpretation of the photoionization
efficiency curve. The contour of the hydrogen spectrum appears
in the photoionization efficiency curve for almost every mole-
cule studied. There is an additional complication due to the
fact, as Nicholson (92) has indicated, that a strong isolated
line in a region of the spectrum where the true photoionization
efficiency curve is increasing linearly with energy will pro-
duce a false 'hump' in the curve at an energy just below the
line and a false 'dip' above it.

Judging from the shape of the hydrogen spectrum, it

is reasonable to assume that the spectrum consists of peaks

e e Ty s
. L ..
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supefimposed on a hydrogen continuum. The photoionization
efficiency (P.E.) at the'top of a peak represents the true
P.E. at that photon energy, and the P.E. at the bottom of the
valley between two photon peaks represents the contributions
among three faétors: the two neighbouring peaks and the
hydrogen continuum. The P.E. contributions from the neigh-
bouring peaks are functions of the peak heights and the
distance between the valley and the "peak maximum". Taking
these factors into consideration, data points on the hydrogen
continuum and their corresponding ion intensities are calculaéﬂ
ted, and the true P.E. curve drawn. In this way false

structure on the P.E. curve can be eliminated.

b) The Helium - Spectrum

The helium lamp gives an intense continuum in the
5002 - 12008 region, and the spectral characteristic of the
helium continuum is illustfated in Figure 5. The slow varia-
tion of intensity with photon energy and the continuous nature
of this emission spectrum are of particular advantage in this
work, and the problem caused by the "many-line" ‘hydrogen
spectrum previously discussed is not significant here. The
helium spectrum was used for most of the molecules studied in
this work.

It can be seen in Figure 5 that the continuum has
two principal intensity maxima, at about 8108 and 6708. The
resonance line of atomic helium at 5848 is very small because
it is strongly self-absorbed. The several lines observed
around 9008 are -impurity lines from nitrogen atoms and oxygen

.molecules as indicated by Weissler, Samson, Ogawa and Cook
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(146) . The two lines at 7368 and 744% are resonance lines

.of atomic neon impurity which appear with considerable
intensity. Because of its favourable position in the spectrum
and its considerable intensity, the ionization caused by the
744X resonance line of the atomic neon is used for the location
of the ion beam.

The helium emission continuum is produced by
transition from the excited state to the ground state of the
helium molecule. The two main continuum maxima at 8108 and
6708 are the result of transitions Alilu ~ X1§3g and D123u -
X1§Zg respectively (123).

The helium continuum is a function of the helium
pressure in the 1light source. At low helium pressure, the
resonance line of the atomic helium at 584R% appears with
considerable intensity, while both maxima at 8108 aﬁd 670X
are at low intensities. As the pressure of helium is in-
creased, the intensitieé of the two continuum maxima increase
while the 5848 line diminishes because of strong self-

absorption.
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CHAPTER THREE

EXPERIMENTAL

A. Introduction

The work described in this thesis was done in a
photoionization mass spectrometer which was a combination of
two major components: the 60 degree Nier type single focus-
sing mass spectrometer and the Seya-Namidoka type l-meter
scanning vacuum monochromator. The two parts could be
isolated by a two and a half inch diameter Crane wedge-type
valve, so that either side could be opened to air for servic-
ing. This valve was fitted with an appropriate O-ring.

A simple form of the apparatus was illustrated
schematically in Figure 6. A sample of gaseous or liquid
compound to be studied was stored in a sample tube, a fraction
of it was expanded into three large evacuated glass bulbs.

The gas then moved through a very fine leak into the ion source
of the mass spectrometer, where the pressure was measured with

an ionization gauge. This pressure was kept constant at about

5 x 1079 mm. of Hg. for several hours.

The monochromator utilized an aluminized, 30,000
lines per inch grating, and a repetitive, high voltage spark
through gas in a pyrex glass capillary served as a light
source. - The gases used in the light source were either pure
hydrogen or pure helium maintained at about 50 microns
pressure. Entrance and exit slit widths of 0.020 to;0.040
inch limited the resolution to 4% or about 0.05 eV. at a

photon energy of 10 eVv.



Figure 6: The Monochromator and Mass Spectrometer
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Vacuum ultraviolet radiation was generated from the
light source L, and passed through a narrow entrance slit to
a grating G, sitting on a table T. By turning the arm A,
monochromatic radiation of different wavelengths could be
selected. The refracted monochromatic light traversed the exit
slit of the monochromator, passed through the ion chamber and
was incident on a photodetector'which had beenlsensitized to
vacuum ultraviolet radiation by coating it on the outside with
a thin layer of sodium salicylate.

Positive ions were formed in the ion source by the
absorption of vacuum ultraviolet light if it had sufficient
energy. The positive ions formed in the ion source were forced
through a small slit byra repeller (with a positive potential
of a few volts), and were then accelerated by a potential
difference of about 2000 volts. They passed through a system
of slits of controlled voltage which caused them to be collima-
ted into a narrow béam, and thence down to the magnetic
analyser.

In the magnetic field region, the ions were deflected
and followed a circular path. The radius of the path depended
upon the mass, the velocity of the ion and upon the magnetic
strength. By suitable adjustment of the magnetic field strength,
a homogeneous beam of ions of the same mass per charge ratio
could be focussed at the exit slit. |

The small curfent due to the ion beam was then
amplified by a 17-stage electron multiplier. Near the mass
spectrometer exit slits, two parallel plates were installed,
one of them at ground potential and the other at 100 volts

positive or negative. The potential of the second plate was
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adjusted so that the ion beam through the exit slit was
focussed on the first stage of the electron multiplier. The
output electron current from the electron multiplier was fed
into a vibrating-reed amplifier and then into a recorder.
Currents from the photodetector and from the
vibrating reed were recorded separately as the grating was
rotated, and a plot of ions per photon (arbitrary units)
against photon enefgy constituted the photoionization

efficiency curve.
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B. The Mass Spectrometer

The mass spectrometer was a Nier (93) type instrument,
using a 60° sector shaped magnetic field for mass analysis; the
permitted radius of dion path was 15 cm. The ion source used
yielded an ion beam nearly homogeneous in energy. A calibrated
potentiometer supplied the  ion accelerating voltage which
was continuously variable over the range of 580 to 2800 volts.
The magnetic field was provided by a steel electromagnet, and
enabled focussing over the range of mass numbers 10 to 300 with

an ion accelerating voltage of 2500 volts.

1. The Ion Source

The ion source was placed behind the exit slit of
the monochromator as shown in Figure 6. A diagram of the end
and side section of the ion source was illustrated in Figure 7.
The electrodes 1, 2, 3, 4, 5 and 6 were made of stainless
steel, chosen for its non-magnetic properties and corrosion
resistance. The ion source and its associated members were
also made of stainless steel. All the spacers, insulators and
the sample inlet tube were made of pyrex glass.

At the section through A (Figure 7), two deflection
plates at a potential of 500 volts were installed to deflect
secondary photoelectrons which were produced when photons hit
the metallic part of the monochromator exit slit.

A tungsten filament mounted behind a slit'provided a
beam of electrons which passed over the ion exit slit at right
angle to the direcéion of the photon beam. This filament
provided a means of obtaining electron impact results for

comparison. Photoionization cross sections were one or two
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orders of magnitude less than those for impact by 70-volt
electrons, (ionization cross section for electron impact is
about 10"16 cmz), but the ion currents obtained were smaller
by two or three orders of magnitude, because the flux density
in terms of ionizing particles was much less for any presently
available light source than in the case of electron beams (25).
An ion accelerating potential of 2000 volts was
applied to electrode 1, and a small fraction of it to the
electrodes 2, 3 and 5. The potentials on electrode 2 and each
half of 3 and 5 could be adjusted to align the ion beam in the
ion source. Electrodes 4 and 6 were at ground potential.
Gaseous molecules entered the ion chamber and diffused:
"into the photon beam. Positive ions produced by photon impact
were drawn out of the ion chamber by a small electric field
between the ion repeller and the electrode 1. The ion repeller
was made of tungsten mesh and was maintained at a positive pot-
ential of a few volts, so that neutral molecules could diffuse
thfough it, but positive ions formed in the ion chamber were
forced down throﬁgh the electrode 1. After passing through the
ion chamber, the ion beam was accelerated by electrode 1 and
focussed by electrodes 2, 3 and 5, and finally passed the exit

slit 6 into the mass analyser.

2. The Analyser and the Electromagnet

The:lanalyser:tube was made from a 5 cm. diameter
copper tube bent through 90° on a radius of curvature of
17.2 cm. 1t was flattened over the centre section to fit
between the 2.2 cm. pole gap of the analyser magnet. The

complete unit was rigidly locked to the framework of the
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instrument so that its position could be fixed with respect
to the magnet.

The electromagnet comprised five 10,000-turn coils
wound on a low carbon steel core of 6" x 3" section. The
machined pole pieceé were made of the same material and had
a gap of 2.2 cm:. The maximum field strength in the pole gap
was approximately 5,000 gauss, and could be varied for the
detection of ions over the?r?nge of mass numbers of 10 to 300
with an ion acceleréting voltage of 2,500 Volté.

In the analyser, a beam of ions passing at right
angle through a homogeneous magnetic field was deflected by
an amount which was determined by the momentum of the ions.

Since, in general, the beam emerging from the ion source was

inhomogeneous in momentum, the several types of ions having . ... ..

differept momenta would be deflected by different amounts. 1In
practice, the ion accelerating potential was maintained constant,
and ions of equal charge in the original beam were homogeneous
in energy the momentum depended only on the mass of the ion.
Fbr a fixed system of slits, one could collect a homogeneous
beam of ions of the same mass at the exit slit. By continuous-
ly changing the magnetic field strength, one could defermine

the mass spectrum of the ions formed from a given compound.

On emerging from the magnetic analyser, the resolved
ion beam passed through the 2 mm. wide slit, and fell on to
the first plate of the electron multiplier. Between the slit
and the electron multiplier a suppressor electrode (maintained
at negative 22% volts) suppressed aﬁy secondary electrons from
ion bombardment of the siit“ Furthermore, two parallel plates

were recently installed to focus the ion beam. The potential
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difference between the two plates was of the order of 100 volts,
and could be varied continuously in order to obtain the maximum

ion current.

3. The Electron Multiplier

The 14 stage electron multiplier was a sensitive
detector of ions. The positive ions ffom the magnetic analy-
ser impinged upon the first plate of the detector giiing rise
to secondary electrons. These electrons were in turn caused
to strike a succession of plates, each giving a secondary
electron yield greater than unity. The plates were made of
2% Be-Cu, and were connected to 14 successively higher positive
potentials, and the secondary electrons were directed from
plate to plate by the potential difference across them. The
principal merits of the electron multiplier were its extreme
sensitivity, fast response and low-noise, wide-bandwidth
amplification. |

The final electron current from the last plate was
collected by a fine tungsten mesh, and then directed to a Cary

Model 31 wibrating reed electrometer.

4, The Vibrating Reed Electrometer

The main usefulness of a Vibrating reed electrometer
is in the measurement of small d.c. currents. The electrometer
consisted of two parts: the head unit and the main amplifier.
The input d.c. potential which arose from the passage of the
electron current through a large resistor of the order of 1012
ohms, was converted to a.c. potential by applying it through a
series resistor to a capacitor whose capacitance was periodica-

lly varying with time. This a.c. signal then underwent several
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stages of amplification and the rectified output was displayed
on a meter situated in the rack unit.

The input resistor and capacitor were mounted in small
individual plug-in units to facilitate changes of range and
response time. Théxinput capacity could also be varied internal-
ly in the range of O to 10 pf. Internal sensitivity controls
enabled the amplifier gain to be adjusted in the range 1 to
30,000. This was useful for scaling the output to reduce ion-
ization curves to almost equal sensitivity.

With an input resistance of 1012

ohms and capacitance
of 5 pf., currents as low as 10_16 amperes could be measured.
The time constant in this range was about five seconds. The

amplifier output was fed into a chart recorder which enabled

automatic recording of current from the ion source.



C. The Monochromator

Essentials for making photon impact experiments are
a beam of monochromatic light of known energy passing through
the gas under study and a device for detecting and measuring
the photon intensity. A l-meter monochromator based on the
Seya-Namioka (89,108) mounting was constructed. The body of
the monochromator was constructed as a compact brass unit,
with fixed entrance and exit slits. The instrument was espec
ially good for the vacuum region because the source and exit
slits did not need to be moved as the wavelength was changed.
The only mechanical motion involved was a simple rotation of
the concave grating, which greatly simplified the vacuum seal

problems.

1. The Light Source

The light source used in this work was basically a
repetitive, high voltage spark discharge through gas in a
pyrex capillary capablé of emitting a vacuum ultraviolet con-
tinuum from 8 to 21 eV. when it was scanned by the grating.
The light source consisted of two major components:

a) The McPherson Model 720 high voltage A.C. power
supply which was capable of supplying 0 - 10,000 volts at a
maximum current of 60. milliamperes, from a controlled high
frequency tungsten spark source. Stable operation was
achieved by adjustment of the jet of air blowing across the
spark gap. The air jet removed the ionized gases and ﬁetal
vapors resulting from each electrical breakdown. Further
stability was gained by the use of a mercury vapor ionization

lamp which illuminated the spark gap.

35.
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b) The McPherson Model 630 vacuum ultraviolet light
source and a diagram of the light source is illustratéd in
Figure 8. It was a capillary discharge light source, consisted
of water cooled capillary, a water cooled Anode and an air
cooled céthode. The cathode was air cooled by a built in blower.
In operation, this light source could_produce a line spectrum or
continuum, and it was connected to the monochromator with or
without a 1ithium—fiuoride window. 1In the present work a window-.
less. light source was used. Therefore it was necessary to keep gas
pressure in the mass spectrometer as small as possible, and so
differential pumping was employed between the soﬁrce and monochro-
mator inlet slit._ A cam operated sliding plunger sealed against
the entrance slit jaw, and the monochromator was further evacua-
ted by a 6" o0il diffusion pump at the grating housing.

A gas regulating system consisting of a two-stage tank
regulator, throttling valve and absolute pressure indicator cali-
brated 0 to 100 mm. Hg. was connected between the gas tank and
the light source. Before the gas from the gas tank entered the
light source, it first passed through a U=tube containing Linde
synthetic zeolites (molecular Sieves) cooled to liquid nitrogen
temperature in order to eliminate any impurities from the gas.

- The gases used in the light source were mainly hydrogen
or helium. A continuous spectrum was produced by. helium from
SOOX to IZOOX (10 to 21 eV.), and hydrogen was useful for the
wavelength region of 9008 to 15002 (8 to 13 eV.). The gas pressure
was usually maintained constant at 50 mm. Hg. as indicated in the

absolute pressure indicator.

2..The Grating System

In the present work, a 30,000 lines per inch, 54 cm. focal
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length concave grating with an active area of 25 x 30 mm. was used.
The grating rotated about a vertical axis through the centre of the
grating which enabled wavelengths between 5002 and 15002 (about 8
to 21 eV.) to be selected with a resolution of about 42.

The grating G, and the external driving system were
shown schematically in Figure 6. The grating was clamped in a
holder in position on a péble T inside the grating housing. The
grating was rotated by moving the 1l2-inch arm A which was connected
to a spindle passing through a vacuum seal to the grating table
base. The arm A bore against a precision micrometer screw Z which
could either be turned manually or by the variable speed motor. U.

D was a rubber—ringed gear wheel which helped to transmit a smooth

drive to the micrometer.

3ﬂ The Photon Monitor

A RCA-1P28 glass-enclosed photomultiplier tube was used
to measure the phqtbn intensity. It was capable of multiplying the
feeble photoelectric current produced at the cathode by a mean
value of 1.0 x 10~'6 when 6perated at 100 volts per stage. The out-
put current of the 1P28 was a linear function of the photon inten-
sity under normal conditions.

The photomultiplier was sensitized to vacuum ultraviolet
radiation by coating it on the outside with a thin layer of sodium
saiicylate dissolved ‘in methyl alcohol. The quantum efficiency of
fluorescence of this material has been measured and found to be
constant in the wavelength region above IOOOX, and is a linear
function of the photon energy in the wavelength region below IOOOX
(134) .

The output current of the photomultiplier was amplified

further by a Keithley d.c. electrometer, capable of measuriﬂg down
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-1
to 10 2 amperes. The final output signal from the Keithley

electrometer was recorded in a Speedomax recorder.

4. The Energy Conversion Scale

The wavelength of a particular beam of monochromatic
light depends on the angular position of the diffraction grating,

ahd is given by the Bragg Equation:-
nN = 2dsind ... 3.1

where n is the order of the line, d is the grating spacing, and ¢

is the angle of the diffraction for wavelength N\ . The order n,
can be roughly determined by spectrum analysis. (Only n = 1 was
used in this work). The grating spacing d is an accurately

determined constant. A relation therefore exists between the
wavelength and the angle of diffraction for any wavelength in the
spectrum. The grating table ﬁSed in the present work was connec-
ted to a 12-~-inch arm A which bore against a precision micrometer
screw. The 5848 helium resonance line, the 7448 neon impurity
line of the heiium spectrum and the IZIBR L line of the hydrogen
.spectrum were focussed separately, and the micrometer readings
were recorded for each line. Using these three readings, a cali-
bration curve was drawn, which is a straight line relating wave-
length to micrometer reading, from which the wavelength of any
other spectral line could be determined directly from the micro-
meter reading.

The relation E = %g_gives us a means of comparing our
resﬁlts which are in terms of photon wavelength with the electron
impact data which are in electron volts. E is the energy of the
radiation in electron volts, h is Planck's constant, ¢ is the

velocity of light, and N is the wavelength of the radiation.
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A conversion table for wavelengths to electron volts

based on this equation was published in 1961 by Samson (106) and
1 8

the conversion factor used was 1 cm™~ = 12397.8 + 0.5 x 10™° eV.

This table was used throughout this work for all energy conversions.
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D. The Vacuum System

A good vacuum is essential in photoionization work,
because atmospheric species such as oxygen and nitrogen absorb
ultraviolet radiation strongly in the wavelength region helow
ZOOOX. Also atom-atom and ion-atom reactions will arise if the
ion source pressure of the mass spectrometer is not under a good
vacuum. The vacuum system used follows the conventional lines
for mass spectrometers, and can be subdivided into four different

sections.

1. The Analyser Tube::

The analyser tube was pumped from the source end by a
2-inch all-metal MCF-60 fractionating oil diffusion pump fitted
with a cold trap, and backed by a Welch duo-seal vacuum pump.

The ultimate vacuum of these pumps was about 5 x 10—7 mm. Hg.,
and net pumping speed was between 20 to 30 litres per second.
A NRC-518 ionization gauge mounted near the ion source,

was used to measure the pressure in this region.

2. The Monochromator

The monochromator was pumped near the grating mounting
by a 6-inch all-metal MCF-700 fractionating oil diffusion pump
fitted with cold-baffles, aﬁd backed by a large Welch duo-seal
rotary pump.

A NRC-501 thermocouple, mounted on the top of the gra-
ting housing, was used to measure the pressure of this region

before the o0il diffusion pump was switched on.

3. The Light Source

Two Welch duo-seal vacuum pumps, one in front and the

other behind the monochromator entrance slits, were employed to
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minimise the gas pressure in the light source region. It is
important to evacuate this region, because the photon intensity

will be diminished if the radiation is allowed to cause ionization

there.
4. The Gas Handling System
A Welch duo-seal type rotary pump was used to evacuate
the gas particles in the three storage glass bulbs. It was seba—

rated from the bulbs by means of a tap before samples were intro-
duced into the storage bulbs and also during a run. The pressure
in this region was usually maintained in the order of 10_4 mm of

-Hg .

5. The measurement of Pressure - Gauges

The Thermocouple Gauge

This type of gauge consists of a wire through which a
fixed current of about 6 mA is passed. The temperature of the wire
depends upon the rate of heat loss from the wire and, therefore,
upon the gas pressure, and is measured'by means of a thermocouple
attached to the wire. The output of the thermocouple is observed
on a meter, which is calibrated directly in terms of pressure.

Ionization Gauge

The NRC-518 ionization gauge is simply a discharge tube
relying on ionization for its principle of operation. It consists
of a tungsten filament, a grid at constant potential, and a plate.
The filament emits electronS\mﬁch ionize. gas molecules in the
gauge, and the plate (negative with respect to the grid) is used
to collect the ions. The number of ions hitting the plate depends
on the gas pressure, and the plate current is amplified and

observed on a meter calibrated directly in terms of pressure.
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The ionization gauge is equipped with a safety relay

which will automaticall& turn off the gauge when the pressure
reaches some set value, say 1% times the full scale indication

of the particular range selected.
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E. Experimental Techniques
1. §égpling

The water used was distilled and the gaseous compéﬁnds
used in this research were pure samples suppLuﬂiby Matheson of
Canada Co. Ltd. and were not further purified.®

Before the study of a molecule by photon impact was
carried out, a mass spectrum of the sample  was first taken. This
was done by focussing the intense 744X (about 16.64 eV.) neon
impurity line of the helium spectrum and keeping the ion accelera-
ting voltage at about 2000 volts, the magnetic field strength was
scanned slowly by a_motor, and the ion current was measured and
displayed on the recorder. 1In each case, peaks corresﬁonding to
the parent and fragment ions were observed on the mass spectrum,
but impurities if any, were not observed. The reasons for taking
the mass spectrum were threefold, firstly, to detect the approxi-
mate positions of the parent and its fragment ions in the mass
spectrum; secondly, to measure their relative ionization probabil-

ities' at a certain photon energy; and thirdly, to detect impuri-

ties in the sample.

2. Experimental Procedure

In order to obtain photoionization data for various
molecular ions, the followihgjrocedure was followed for each gas.

The system was pumped down to approximately 10_»6 mm Hg.
and the electronic equipment was allowed to warm up for a period ::
of half anfhoﬁr. The sample to be studied was introduced into the
gas handling system and subsequently leaked into the ion chamber
of the mass spectrometer. The gas pressure in the ion chamber was
maintained at 3 x 1072 mm Hg., and remained constant for a period

of at least three hours.
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v When all these preparations had been completed, the

intense 744% (about 16.64 eV.) neon impurity line of the helium
spectrum was focussed. . The magnetic field strength was adjusted
to bring the ion to be studied to focus at the collector with an
ion accelerating voltage at about 2000 volts. Sometimes it was
also necessary to adjust the ion accelerating voltage, the poten-
tials at the repeller electrode, electrodes 2, 3 and 5 (Figure 7),
and the two electrodes between the ion exit slit and the electron
multiplier, to give the maximum ion current.

The spectrum of hydrogen or helium was scanned at 38 per
minute by rotating the grating with a multiple-speed motor, and
light of various wavelengths contained in the sourceﬁwas allowed
to enter the ion chamber. The scanning.was started at a photon
energy well below the threshold ionization potential of the
molecule, and the ion and photon current intensities for each
wavelength were measured separately on two recording charts.
Finally, a?photoionization efficiency curve was obtained. For
each molecule, the experiment was repeated six-gr more times until
close agreemenf between the successive runs was obtained.

When the ion and photon current intensities became very
low, both the rotary andldiffusion,pumps were stopped, and air was
- introduced into the system. The grating was taken out, dismounted,
and sprayed with pure toluene. The photoelectron detector was
cieaned with methanol, and coated with a fresh layer of sodium

salicylate. After these operations, both the ion and photon cur-

rent inténsity were found to be greatly improved.

3. The Photoionization Efficiency Curve

The significance of the detailed shape of+<the photoioni-

zation efficiency curves, is not only for the accurate measurement
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of ionization and appearance potentials, but also for the identi-
fication of the varibus pfocesses leading to the ion and the
detection of higher energy states. These curves were drawn, from
the experimental data, rekﬁﬁng the number of ions of a given kind
pgf number of incident photons, produced by photon impact, against
the photon energy of the ionizing radiation.

The photoionization efficiency for a given molecule at

a certain photon energy is defined by  the equation: -

Efficiency4= numberIdf<§fimarYHidnfpaifs‘fdfmed
number of incident ‘photons absorbed

_ o ramplitude of the ion current 3 9
amplitude of the photon current

These photoionization efficiencies have been found to be rela-
tively unaffected by external perturbations such as gas pressure,
applied field, and the-geomdﬁy of the ionization chamber (139) .

| The instrument used in this work has a resolution of
42, and as a result, the actual 'threshold' value of the ionizing
photon energy will be greater than the value obtained from the
photoionization efficiency curves by a;hélf—width of the resolu-
tion, namely 2R A correction has been made for all measurements

reported in this work.
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F. Sources. of Error

One of thé major sources of erfor was due to the inter-
pretation of the photoionization efficiency cuf&es. The threshold
ionization potentials of all the_molecﬂles could be defermined to -
a high degree of accuracy. . Howevef, the noise to signal ratio
of the ion"énd;photon intensity. measurements after the threshold
in some caées was rather high, and it was difficult to localize
the point where maximum change of slope indicated the inner ioni-
zation potentials. Only estimated positions were obtained from =
the experimental curves in spite of the fact that the band width
of the photon beam used was only;0.0S»eV. at 10 eV. photon energy.

. The second source of error was caused by the variation cy
of the gas preséure during a run. In the early phase of the
work, a three-litre stofage bulb was used for sample, and the gas
was allowed to leak slowiy3into the mass spectfometer. It was
found that aftef ébdut threé’houré of operation, the gas pressure
dropped . to nearly half its original value, and as a result the
ion current decreased'significantly while the photon current
remained constant. Two‘fiﬁe-litre gas bulbs were since then
~added to the-supply;system-ﬁaking a total capacity of thirteen
litres. The gas pressufe:dropsfor the same period of time was
very small, and the droﬁ.in,ion current per photon at a particu-
lar wavelength during a run was negligibile.

The threshold?ionizatidn,potentials of all the mble-
cules studied represent the average of six or more runs. The
photoionization efficiency curves of several runs exhibited
‘good reproducibility, and the difference of this ionization po-

tentiél betweenveadh run was usually less than 0.05 eV.
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CHAPTER FOUR

PHOTOIONIZATION OF ATOMS

The photoionization efficiencies of 'nobleu gaseous
atoms are of special interest in that the ionization potential
of these atoms :ismknownyaccpgatelyfrom spectroscopic data.
A compafison of dafa obfaiﬁed by the: two methods provides a
means‘of determining the accuracy and reliability of the photo-
ionization results. Photoionization results on the 'noble' atoms
also provide a check for the validity of theoretical models of
excitation and autoionization.procésses.

. Argon, krypton and xenon each has an outer mp6 shell,
where m. = 3 for argon, 4 for krypton and 5 for xenon, and the
ionization of thesé molecules refers to the removal of one of the
six p electrons. The ground state of the ion formed is split into

2 2

two levels, the' P3/2 and P1/2'

Beutler (3) studied the absorption spectra of these

. The latter has the higher energy.

‘.gases, and‘obtgined iqnigation thresholds of the 2P3/2 and 2P1/2
statés 6f the ioné from thézﬁnﬂysis of the Rydberg series. He
observed that the series members convefging to the higher energy
sublevel of the ground state of the ion (2P1/2) become very

diffuse near the ionization limit, and proposed that this was due ¢
' to autoionization, i.e. the 'noble'’ atom was first excited to one
of itsbexcited states, and subsequently ionized by a radiationless

transition to the ionization continuum.

A. Argon
The absorption coefficients for argon have been
measured by Weissler and Lee (142) and Huffman, Tanaka and

Larrabee (54). The phdtoionization_efficienéy of argon has been
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measured by Wainfan, Walker and Weissler (143), Weissler,
Samson, Ogawa and Cook (146) and Comes and Lessman (9). All
their data were obtained using a line spectrum as their light
source. Frost and McDowell (35), Foﬂer and Nall (29), Marmet
and Kerwin (77) studied argon using the electron impact method.
Figure 9 shows the photoionization efficiency for
argon as a function of the photon energy. The threshold ioni-
zation of argon to give a 2P3/2 state of the ion is obtained
from the point of initial onset of the argon curve at 15.73 ¢
0.05 eV., which is in good agreement with the spectroscopié
value at 15.76 eV. (1), with the photoionization results at
15.7 eV. by Weissler et al. (146) and with the electron impact
data at 15.76 eV. by Dibeler et al. (17), at 15.77 eV. by
Morrison (81) and at 15.74 eV. by Foner and Nall (29) .
From this threshold, the ionization efficiency is
”observed to rise steeply as would be expected in the case of a
monatomic gas. The spectroscopic separation between the 2P342
and 2P1/2 state of Art is 0.18 eV., and with our present mono-
chromator resolution we do not expect to resolve any structure
between these two states. That aﬁtédénization peaks appear in
~ this region has been demonstrated by the total absorption ex-
periment of Huffman, Tanaka and Larrabee (54), and Cook and
Ching (14).
The photoionization efficiency of Ar* remains
fairly constant at higher energies up to about 16.5 eV.
However, Comes and Lessman (9) found several peaks in their
Art curve up to 18 eV., and they correlated these with breaks
found by various workers using electron impact methods. We

would expect to be able to resolve most of the peaks appearing
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in the Comes and Lessman curve, but we find no evidence for
them.  Huffman, Tanaka and Larrabee (54) using a much smaller
energy bandwidth (0.02 eV. at 6008) found no evidence for
these transitions either, and it seems unlikely that photo-
ionization efficiency curves should be very different from
total absorptidn curves for this simple case. Of course,
there are different selection ruiég for electron impact ex-
citation, and their observed transitions may be optically
forbidden. This would explain their absence in the results
reported here but not in the Comes and Lessman observations.
. The main difference between the two sets of data lies in the

light source - the Comes and Lessman data was obtained using

a line spectrum, and ours using a helium continuum.

.B. Krypton

Krypton has been étudied by Beutler (3), Huffman,
Tanaka and Larrabee (53) using‘the spectroscopic method.
.Frost and McDowell (35) using . the electron_impact method
studied Kr* ion and found that the grophd;étate of Krt con-
sists of two components, 2P3/2 and 291)2 states, whose
separation is 0.68 eV. o

The photoionization éfficiency curve of krypton
is shown in the lower half of Figure 10; and the top curve
is the absorption coeff. curﬁe of krypton by Huffman, Tanaka
and Larrabee (53) for comparison.  The threshold ionization
potential of krypton obtained at the point of initial onset of
the former curve is found to be 13.99 ¢ 0.05 eV. which is in

good agreement with the spectroscopic ionization potential of
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krypton at 14.009 eV. (1) and the electron impact data of
Dibeler (17) at 13.96 eV.

After the threshold energy, the curve of Krt is
observed to rise steeply as would be expected in the case of
a monatomic gas. A strong photoionization peak is observed at
14.09 eV. which partially obscures the ionization continuum
of the 2P3/2 state of Krt. Several less intense ionization
peaks are also observed at higher energies. These peaks have
been. found previously by Beutler (3) and Huffman (53) as
autoionized in their absorption spectra.

The position of the peaks in Figure 10 are compared
with those found by Huffman (53) in the absorption spectra of

Kr in Table II.

Table II

Peak Energies for Krypton Ion (eV.)

This work 13.99 (1IP.) 14.08 14.26 "14.37 14.47

‘Huffman (53) 14.09 14.26 14.36 14.47

The good agreemént between absorption spectroscopy and the
photoionization data strongly suggested that the peaks
determined here.ar&;e frqm autoionization.

At 14.75 eV. another small ionization continuum is
observed from the curve for Krt (Figure 10), this continuum
corresponds to the ionization of krypton to the 2P1/2 state.

The 2P3/2 and 2P1/2 ground state separation in Kr* is found

to be 0.78 eV. which is higher than the value of 0.666 eV.



Wavelength, A\(R)

850 900
| ] LB | { | | | § | ] | @
| aptap (zP,,z)ndl )
Wietio o ° |
[~ 1513 - -
- -
Krt Krt

+
. Kr \ -
i 1.4 1 1 0L 1L 1 | N |
145 14

Photon energy , eV

Figure 10



bl.
obtained by the spectroscopic method (1). The large difference in
energy is probably due to the fact that the ionization continuum
for the 2P1/2 statefofﬁKrf ié%vegyismall, and the accurate
determination of the ionization potential responsible for this
process is difficult with the resolution at present attainable

3

with the apparatus.

C. Xenon

Xénon has been studied by Beutler (3), Huffman, Tanaka
and Larrabee (53)(AbSorption Spectroscopy), by Nicholson (91),
Matsunage, Jackson and Watanabe : (79) (Photoionization) and by
'Dibeler, Mohler and Reese (17), and Foner and Nall (29) (Electron
Impact). | |

The photoionization efficiency curve of xenon is shown
in Figure 11. The threshold ionization potential of xenon measured
at the point of steepest slope is found to be 12.13 + 0.05 eV.
which is in excellent agreement with the spectroscopic value 12.129
ev. (1).

After the threshold energy, several peaks appear on the
efficiency curve for xenon. These peaks have been found previously
by Beutler (3) as autoionized in his absorption spectrum, and that
they are indeed due to this type of process has been recently
confirmed by Nicholson (91) in a total photoionization apparatus.

The present photoionization work was done with mass
analysis and with much lowér sample pressure (10'5 mm. of Hg.)
than those used by Nicholson (20 - 100 pa). Atom-atom and ion-
atom reacti0n5~are therefore virtually eliminated.

In‘Table II1 below the position of peaks in Figure 11

are compared with those found by Beutler (3), Huffman (53) and
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Watanabe (79) in the absorption spectrum of xenon, and also by

Nicholson (91) using the total photoionization apparatus.

Table III

Peak Energies for Xe' (eV).

‘This work Beutler(3) Huffman(53) Watanabe: (79) Nicholson(91)

12.12 (IP.) : 12.15 (IP.) 12.129 (1IP.)
12.43 12.45 12.46 12.46 12.48

12.81 12.82 12.83 12.83 12.86

13.03 13.02 - 13.02 | 13.00 13.05

13.18 13.14 13.15 13.16

13.23 13.21 13.21 13.25
. 13.45 13.48

13.63

The closeness of the agreement between the absorption spectroscopy
and the photbionizationvdata'prove beyond doubt that the peaks

determined here ... arise from the process of autoionization.

The 2P3/2 - 2P1/2 ground state separation in Xet is

found to be 1.32 eV., which is in good agreement with the separa-

tion of 1.31 eV. obtained by the spectroscopic method (1).
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CHAPTER FIVE

PHOTOIONIZATION OF DIATOMIC MOLECULES

A. Oxygen

Oxygen is a major component bf the atmoéphere, énd the
study of its photoionization is of fundamental importance in
molecular spectroscopy and ionospheric physics.

_Oxygen has been the subject of many fairly detailed
studies. . Price and Collins,(9§) studied ﬁhe molecule by the opti-
cal spectroscopic method, and Mulliken and Stevens (84) using the
cyclic method have obtained the first iénization potential of
oxygen as 12.2 eV. Photoionization studies of oxygén have been
done by Inn (60), Watanabe (138), Nicholéon (91) and Samson and
Cairns (105).,Tate and Smith (122), Hagstrum (44), Frost and
McDowell (38), Clarke (5) and{Brioh (4) have studied oxygen by the
‘electron impact method.

The ground state of the oxygen molecule has fhe electro-

nic structure:

(¢ g2s)2(o‘u25)2(6'g2p)2(n u2p)4_(n g2p)2; 8%~ ....5.1
The moleéular orbitals are listed in the order of decreasing
binding energy, omitting the inner ones. The first ionization
potential refers to the removhl of an eleétron from the outer
antibonding (T g2p) orbital leaving the 02+ ion in its XZITg
ground state. '

The photoionization efficiency curves for oxygen are
shown in Figures 12 and 13. The ionization potential of oxygen
measured from the point of initial onset of the curve is 12.06 £

0.05 eV. which is in excellent agreement with other photoioniza-

tion values at 12.065 eV. by Nicholson (91), 12.063 eV. by
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Samson (105) and 12.07 eV. by Watanabe (138).

54.

The close agree-

ment between the photoionizatioh results using different tech-

niques proves beyond doubt that the photoionization methods of

obtaining ionization potentials are reliable.

by electron impact methods are slightly higher. The various

Values obtained

electron impact, spectroscopic and photoionization ionization

potentials of oxygen found by diffefent workers are summarised

in Table 1V.

Table~1V

Threshold Ionization Potential of Oxygen

1.P.(eV.) WORKERS METHODS YEAR
12.06 + 0.05 Present result Photoionizationv 1968—
12.04 + 0.01 Inn (60) Photoionization 1953
12.07 + 0.01 Watanabe (138) Photoionization 1957
12.065 Nicholson (91) Photoionization 1963
12.063 Samson (105) Photoionization 1965
12.2 Mulliken (84) Cyclic Method 1933
12.2 + 0.1 Price (99) Spectroscopy 1934
12.5 + 0.1 Tate (122) Electron Impact 1941
12.1 + 0.2 Hagstrum (44) Electron Impact 1951
12.21 + 0.04 Frost (38) Electron Impact 1958
12.04 + 0.02 Clarke (5) Electron Impact 1964
12.20 + 0.05 Brion (4) Electron Impact 1964
After the threshold ionization potential of oxygen, the
photoionization efficiency curve exhibits many peaks. The whole

region after the threshold energy is known to be overlaid with

many autoionization states (130),

and a comparison of the absorp-

tion spectrum and the photoionization efficiency curve shows that

the peaks in the photoionization spectrum correspond well with
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peaks in the absorption spectra. Table V shows a comparison of
peaks in photoionization efficiency curves obtained in this work
with those obtained in the work of Nicholson. (91) and Watanabe
(138), and in the absorption spectra of Huffman (55), Cook (11)
and Price and Collins (99). . The agreement between photoioniza-
tion and absorption peaks establish with certainty that certain
of the oxygen peaks arise from autoionizing levels.

The lettering scheme of figure 12 and 13 is such that
bands in the groups H, I, J, K ...., H', I', ...., M,N, O..... s
M', N',...., belong to Rydberg series' approaching the limit
characteristic of each particudar grdup (99).

“'The well established statés of oxygen ions are XZT\'j
a 4“u’ A zﬂu and b 4Zg—. The energy state of 02+'- 2 g is
obtained by the removal of a (ﬂ“gZp) electron, the a 41Tu':>and
A zTTu states are obtained by the removal of (Ttuzp) electfons,
and b 4§:g“ étate‘is obtained by the removal of an (G'gZp) elec-
tron. The present photoionization data for oxygen gives evidence
for the excitation of only two types, namely the transitions to
2

X“W, and b 4Zg‘ states. 1In the region of the ‘\Tu\ electronic

g

transitions, autoipnizing transitions éSpecially the neon impuri-
ty lines are so intense that the electrdnic levels of the ions
are obscured by the resolutions of the monochromator.

» The ionizatdion potential of oxygen leading to the
b 423g' state is obtained from the break of the curve at 18.20 eV.
This value is in close agreement with those at 18.16 eV. by
- Price and Collins (99) and 18.17 eV. by Huffman, Larrabee and

Tanaka (55). The electron impact work of Frost and McDowell

(38) gives a value of 18.42 eV.



Comparison of Peaks in Photoionization Efficiency

Table !

56.

Curves and Absorption Spectrum of Oxygen

Designation This Work Huffman Cook 'Nicholson Price Watanabe
(56) - (55) (11) (91) (99) (138)
- 12.16 12.16 - - _ -
H, 12.30 12.30 - 12.33 12.33  12.33
Hg 12.45 12.47 - 12.47  12.48 12.48
Hy 12.53 12.53 12.56 12.61  12.61  12.61
- 12.68 12.69 12.68 - - -
H, 12.76 12.75 12.75 12.75 12.75  12.76
Hy' 12.87 12.88 12.88 12.84 12.84 12.84
H,' 12.97 12.97 12.97 12.97  12.97  12.98
M, 13.10 13.08° 13.08 13.09 13.08  13.09
M, 13.31 13.31 13.31 13.31  13.31 13.31
Mg 13.51 13.52 13.52 13.52  13.52  13.53
M, 13.63 13.62 13.63 13.62  13.62  13.62
- 13.77 13.76  13.77 13.75 - 13.77
- 13.94 13.95 13.95 13.96 - -
- 13.99 13.98 13.99 13.99 - 13.98
J 14.14 14.11  14.13 - - _
J 14.25 14.25 14.25 - - -
J 1434 14.33 14.34 - - -
K 14.49 14.48 14.48 - - -
- 14.57 14.56  14.57 - - -
I 14.67 14.66 14.66 - - -
1 14.79 14.79 14.79 - - -
I, K 14.92 14.91 14.91 - - -
I’ 15.07 15.07 15.06 _ - -
I 15.16 15.17 15.17 - - -
N '15.32 15.33  15.33 - - _
P 15.45 15.45 15.45 - - -
- 15.56 15.55 15.55 - - _
P 15.60 15.60 15.60 - - -
P 15.77 15.77 15.77 - - -
15.80- 15.80 15.80 -

PR T
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The interatomic distance, according to Frost and
McDowell (38), for the various states of oXygen and its
molecular ions are: Oy 1. 204A (X 32: 02+: 1.12278: (X 2“’),
1.38138 (a *W ), 1.4038% (A 27 ) and 1. 27953 (o *Z,7). The
most probable transitions in photoionization according to the
Franck-Condon Principle (and with the interatomic distances
between the molecule and the ion in mind), will be those near
the vertical line rising frbm the ground state of the oxygen
molecule to one of the low lying vibrational levels of X 2ﬂ'g
and B 4Z:g: states of the oxygen ion. The transitions to a ?1Tu
and A ZT‘u states of the oxygen ion are less probable since they

lie at a greater interatomic distance.
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B. Nitrogen

| Nitrogen has been studied by many workers. The
absorption coefficients of nitrogen have been measured by
‘Huffman, Tanaka and Larrabee (55), Cook and Metzger (11), Ogawa
and Tanaka (95), Watanabe and Marmo (136), Itamoto and
McAllister (61) and Clarke (5). Only a few papers on the photo-
ionization of nitrogen, particularly those measuring photoioniza-
tion efficiencies, have been published. Earlier work was done
by Wainfan, Walker and Weissler (141), Cook and Metzger (11),
Samson and Cairns (103) and Coméé and Lessman (8).

Earlier workers, however, measured absorption coeffi-
cients using a well-resolved line source. In some cases, the ccuw
source iemission line used. by these authoré did not coincide with
an actual nitrogen absorption maximum or minimum so that the
coefficientg listed for comparison are those at the two nearest
maxima or minima. . The present data is based 6n a continuum source,
and such difficulties are not expected.

The electron configuration of nitrogen predicted from

elementary molecular orbital theory;is:-
2 2 4 2. 1 +
KK (o'gzs) (6,28) (W ,2p) (T ,2p) %5 =T . 5.2

The molecular orbitals are listed in the order of decreasing
binding energy, omitting the inner orbitals.

The photoionization efficiency,of nitrogen as a func-
tion of the photon energy is shown in Figure 14. The threshold
ionization potential of nitrogen measured from the poinf of
initial onset of the curve is at 15.55 + 0.05 eV. This value
refers to the removal of an electron from the outer ((rgZp)

‘orbital, to leave the N2+ ion in its X Z}Ig ground state. The
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value of 15.55 eV. is in good agreement with the spectroscopic
value of 15.576 eV.(48); and_the[ﬂknxﬁonization ionization
potential of ni&rogen’at_15.580 eV. by Watanabe and Marmo (136),
and by Ogawa ana'Tanaka (95) . Numerous workers have obtained
electron impact value for the first ionization potential of
nitrogen. Frost and McDowell (38), Fox and Hickman (30).and
.Cloutier and Schiff (6) have used a R.P.D. method andgbbtained
values of 15.63 eV., 15.60 eV. and 15;58 eV. respectively for
the threshold ionization potential of nitrogen. The various
electron impact, spectroscopic and photéioﬁization ionization

potentials of nitrogen are summarised in Table VI.

Tabl€ VI

Threshold Ionization Potential of Nitrogen

I1.P. (e.V.) WORKERS . METHODS YEAR
15.55 + 0.05 Present result Photoionization 1966
15.6 + 0.1 Weissler (146) Photoionization - 1956
15.580 -~ Watanabe (136) Photéionization 1956
15.580 Ogawa (95) - Photoionization 1962
15.58 Huffman (55) Photoionization 1963
15.576 Herzberg (48) . Spectroscopy 1950
.15.65 Tate (121) Electron Impact 1936
15.60 Fox (52) - Electron Impact 1954
15.63 + 0.02 Frost (35) "Electron Impact 1955
15.58 i’0.0Z Cloutier (6) Electron Impact . 1959

The photoionization efficiency curve of nitrogen
(Figure 14) exhibits a slight curvature near the threshold energy,

and this confirms the fact that there is a small difference in
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equilibrium interatomic distance-between the ground states of the
nitrogen molecule am{its ion. The‘qquilibriﬁm intératomic dis-~

tances of the gfouné states of the molecule and its ions are
1.0948 and 1.1162 réspectively-(48); |

There has been some question in the electron ippéct

data.concerningvthe shape of the ionization efficiency dﬁ;ve of
nitrogen in the region of a few volts above the threshold energy.
Clarke's data- (5) usiné an electrostatic selector shows a non-
linearity in this region of his Né* curve, which was not observed
by other investigatdrs using conventional electron impact methods
(30). . Fox (32) using a R.P.D. method confirmed the nonlinéarity

in the same region of the N, ' cirvé, anB attRibuted €hEs to an

2
addition ionizationﬁprocess-sﬁch as autqiéhizafion.

. The photoionization_efficiency curve for nitrogen exhi-
bits a series of sharp peaks above the threshold. Table VII shows
a comparison.of.these peaks with the absorpfion épectra of thfman
Tanaka and Larrabee (55) and Cook and Metzger (11). The close
agreementbin peak;energies found by the tws techniques proves
beyond doubt that they arise from the process of autoionization
and that the region_abové the threshold energy is overlaid with
autoionized sfates.

More peaks appear in the absorption spectrum of nitrogen
‘than in thevphotoionization spectrum in the same region. This may
be due to two reasons::firStly,'the resolution df the photoioniza-
t@Qhamonochromator is very much less than that in the absorption
sﬁectroscopy,.so that a separation of less than 43 between two
peaks cannot be ;esoived'in the photoionization spectrum but are
easily resolved in the absorption speétrum; and secondly, the

autoionization process is governed by - certain selection rules
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Table VII

Comparison of Peaks in the Photoionization Curve

and Absorption Spectrum o0f Nitrogen

Designation This work Huffman (56) Cookp(ll)
15.55 (1IP.)
R 8.1 15.65 15.65 15.65
R, 3.3 15.79 15.81 15. 80
P 0.0 15.97 15.98 15.98
R 4.1 16.06 16.06 16.06
P. 1.0 16.18 16.19 16.19
R, 5.1 16.38 16.39 16.39
R, 4.3 16.53 16.52 16.52
R, 6.2 16.75 16.76 16.76
P 3.0 16.65 16.65 16.65
R, 3.0 17.14 17.14 17.13
- 17.41 - -

R 4.0 17.84 17.84 17.84
R 5.0 18.18 18.18 18.18
R, 7.0 18.46  18.46 18.46

which determined the reciprocal interaction between the excited
states of molecule and the ionization continuum. Not all exci-
tation of electrons to the excited states of the molecule results
in ionization, and this explains why peaks observed in the

absorption spectrum are absent in the photoionization spectrum.
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C. Carbon Monoxide

The absorption spectrum of carbon monoxide in the
vacuum ﬁntravidlet has been studied=by many workers. The most
recent work on photoionization is by Huffman, Tanaka and Larrabee:
(56), Watanabe, Zelikoff and Inn (132), Sun and Weissler (145),

. Tanaka, Jursa and LeBlanc (120) and  -Witanakbe, Nakayama and
Mottl (140). Fox and Hickam (30) and Hagstrum (44) have studied
carbon monoxide by the electron impact method.

The carbon monoxiée molecule has 14 electrons, and
the gfoﬁndvstate has the following electron cdnfiguration:

| 2 2 4 2 1e +
l(o‘g2s) (6 ,28)7(W ,2p) (O'ngp) ;- Zg 5.3

where the moiecular orbitals are arranged in the order of de-
creasing binding energy,vomitting the inner orbitals.

The photoionization efficiency curve for carbon
monoxide is shbwn.in,Figures 15 and 16. The threshold ioniza-
tion potential measured from the point of initial onset of the
curve is 13.98 + 0.05 eV. which refers to the removal of an

(féZp) electron to give an ion in the X 25+ ground state.
The'value‘of>13;98 eV. is in close agreemént with the spectros-.
_copic value of 14.01 eV. by Watanabe'(1405 and the electron
impact value of 13.98 eV. by Fox and Hickam.(30) and 14.1 eV.
by Hagstrum (44).

The efficiency curve of carbon monoxide rises sharply
‘after the threshoid onsetas predicted from the Franck—Condén
principle since the equilibrium interatomic distance of the

normal molecule is almost the same as .the CO" ion in the ..

X 25:+ state.
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Fox (32) observed.a deviation from linearity in his
electron impact data points in the vicinity of the X 22"'
threshold, and Wallace (130) has measured the carbon monoxide
autoioniéation bands in his absorption spectra. The photoioni-
zation efficiency curve of carbon monoxide also exhibits many
peaks aﬁové the threshold ionization potential. Table VIII
shows a comparison of the position of peaks in the photoioniza-
tion spectrum and the absorption spectra of»Huffman‘(SG).and
Cook (14). |

_Table VIII

Comparison of Peaks in Photoionization Curves

and Absorption Spectrum of Carbon Monoxide

Designation This work Huffman (56) Cook (14)
13.98 (IP.)

Ry 7.1 14.01 14.01 14.01
Ry 10.1 | 14.17 14.17 14.17
- 14.26 14.25 14.26
- 14.31 14.31 14.31
- 14.57 14.56 14.56
Hy 14.77 14.78 14.78
Hy 14.98 14.98 14.98

- 15.08 15.09 ~15.08
Hy | 15.16 15.16 15.16
R, 3.0 ' 15.29 - 15.29 15.29
H, 15.54 15.55 15.54
R, 3.2, P, 15.66 15.66 15.66
R, 3.3, 15.84 15.84 15.84

Ry 4.1, Pg 15.99~ 15.99 15.99
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Table VIII (continued)

Designation .This work Huffman (56) Cook (14)
P, 16.33 16.33 : 16.33
Pg 16.54 16.54 16.54
Py, Pg 16.71 16.71 16. 72

- 16.87 16.88 16.88
B . 17.04 17.07 17.04
P, 17.96 17.96 17.96

A comparison of the photoionization efficiency curve and the
absorption spectra shows that the peaks in the photoionization
spectrum agree well with the corresponding peaks in the absorp-
tion spectra. Close agreement between the two shows that the
peaks“(fig115‘and.16)'ih our phoéoionization efficiency curve
are from autoionizing levels.

The second ionization potential of carbon monoxide
refers to the removal of electron to form -cot in the excited
A 2T\’istate, and the spectroscopic value for this limit is
16.536 eV.‘(119) as showhgin Figure 16 by broken arrow. This
-ionization potential was not observéd for the following reason.
The eduilibrium interatomic distances as'given.by-Herzberg (48)
are: 1.1281%, X 1‘zg+”of;C‘('); 1.1150%8, x 2%, and 1.24368,

A 21‘1 of CO+. The large difference in equilibrium interatomic
distance for the CO(X 12:+) and COT (A thi) stétes results in
the probability for this transition'being-distributed fairly
equally over several vibrational leveis, and the 0-0 transi-

tion between the X 1{:g+ of the molecule and the A Zl\i state
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of the ion is smali. This meaﬁs that there are probably

several steps in the continuum .threshold for this state, and
apparently the competition of the autoionization process in
the same region is so intense that the steps are obscured at

the resolution of the experiment.
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D. Chlorine

The iny spectroscopic ionization,potential of the
chlorine molecule ﬁés been rebértéa by=Gaydon (42) . Watanabe
(138), using the photoionization method has obtained the
threshold ionization potential, and Morrison and Nicholson (90)
and-Thprburn (126) have measured the dglectron impact ioniza-
tion potentials. Frost and McDowell (39) using the R.P.D.
electron impact method have been able to measure first and
inner ionization poténtials of the molecule.

According to Mulliken (86), the electronic structure
of chlorine may be represented. by the formula:

(0 ¢35)2(0 438)2(0 23p) 2(W B * (W 3p)%, 1E,F ... 5.4
The inner electrons”are omitted and the orbitals are listed in
~order of decreasing binding energy.

The photoionization efficiency curve for the chlorine
molecule is shown in‘Figure 17. The threshold ionization pot-
ential (obtained from the point of initial onset of the curve)
at 11.47 Or05 eV. refers to the removal of an electron from
the anti-bonding.(ﬂ'ng) orbital. This value is higher than
the spectroscopic value at 11.32 eV. found by Gaydon (42), but
it is in excellent agreement with the value at 11.48 eV. found
by Watanabe (138). The electron impact method gives the thres-
hold ionization potential of the chlorine molecule at 11.8 eV.
(Morrison and Nicholson (90)), 11.8 eV.. (Thorburn .(126)). and
11.63 eV. (Frost and Mcwaell-(éQ)). It is noted that the
electron impact figures are considerably-higher than the value
found in this work, and this is probably due to the difference
in the ionization cross-section at the threshold, and in the

degree of sensitivity in the ion current measurement.
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The ionization efficiency shows a slight curvature

near the threshold, and this indicates a change of equilibrﬁum

+
2

2
ion ( TTg), and confirms that the primary ionization involves

internuclear distance between the molecule (normal) and Cl

the removal of an Qntibonding electron.
The outer (ﬂ’ng) and (M ;3p) orbitals are mainly
atomic in character, and the ions formed by the removal of

electrons from these orbitals will be in 2

T and 2TI states,
g u

and each of these 21T states would be a doublet. Frost and

McDowell (39) indicated that there appear to be several ionic

energy levels within about 0.6 eV. of the ionization threshold,

but we have not been able to resolve these ionic energy levels.

Since the curve for C12+ above the threshold energy appears

abnormal in shape, this suggests the overlapping of several

ionization processes.
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E. Hydrogen Chloride

Hydrogen chloride has been studied extensively by
infrared and Raman spectroscopy, but data in the far ultra-
violet region are scarce. The photoionization efficiency
curve of hydrogen chloride is shown in Figure 18. From the
curve the threshold of ionization is 12.56 + 0.05 eV., which
refers to the removal of a non-bonding electron localized in
‘the halogen atom as discussed by Mulliken (88) and Price (100)
leading to a X 2TT3/2 ground state for the molecular ion. This
value is in good agreement with the value of 12.56 eV. found by
Fox (31) using the R.P.D. method, and 12.53 eV. by Morrison (81)
using the electron impact method. Howevér, it is lower than -
the value at 12.74 eV. by 'Watanabe (138) using the photoelec-
tric measurement, and at 12.90 eV. by Price (100) using : .
spectroscopic means.

The curve for hydrogen chloride rises sharply after
the threshold energy, agreeing with the fact that the single
photoionization'process is indeed a step function. There is
a further sharp increase of photoionization efficiency around
14 eV. and the steepest ascent of the curve is selected as the
onset of the ionization to the A 250+ excited staté of the
hydrogen chloride ion at 14.04 eV. and it is 1.48 eV;,above
the ionic ground state. This value agrees with the values at
1.6 eV. by'Fox (31) and 1.5 eV. by Morrison (81), and is con-
sistent with the values of 1.14 eV..and 2.83 eV. for the
similar states in HF' and HIT respectively by Frost and
McDowell (37), if one assumes that the energy,separation of
the X 2TT3/2 - A 22:+ states should increase progressively.

However, it is not in agreement with the spectroscopic value
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of 3.48 eV. obtained by Norling (94).

The A223+ state for the hydrogen halide results
from the removal of an electfon_from a 2p0 type bonding orbital,
and thus one might expect the binding energy of the electron
to vary as the dissociation energy of the H - X bond. Since
the dissociation energy decreases progressively for these
molecules (5.83 eV. for HF, 4.43 eV. for HCl1l, 3.75 eV. for
HBr and 3.06 evV. for HI), one might expect the value'of the
X2173/2 - AZZ:+ energy separation to vary in a progressive
manner. If this is so, the 1.48 eV. value for the energy
separation of these two states is consistent whereas the 3.48
eV. value by 'Norling is not.

The photoionization efficiency curve exhibits many
peaks of nearly equal energy separation aftef the second
jonization potential leading to the A2S* state of the HC1*
ion. These peaks can be explained as the autoionized peaks
which are caused by the excitation of an electron to an excited
state of the molecule which has an energy greater than the sec-.
ond ionization potential, and followed rapidly by a radiation-
less transition to the ionization continuum with the formation
of an ion. The photon energy at the. top of each peak is given
in Table IX} The’energy_separation between two adjacent peaks
(o v) differs by the order of 100 cm~! which corresponds to
only 0.008 eV. The average energy separation between the peaks
is 1450 cm"1 which gives the vibrational frequency for the
excited state of the hydrogen chloride molecule. Since the
internuclear distance for HC1l (normal ) is nearly eqqal to
that for'HCly(Zfl), the vibrational frequency for HC1l (excited)

should be the same order of magnitude as that for HCl+.(221).
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Autoionized Peaks of Hydrogen Chloride
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Transitions E (ev.) v (cm'l)- AV (cm‘l)
0-0 14 .55 117371
1535
0-1 14.74 118906
1431
0-2 14 .92 120337
‘ 1466
0-3 15.10 121803
1273
0-4 15.26 123076
1148
0-5 15.40 124224 Average:
1601 1
0-6 15.60 125825 1450 cm™
1472
0-7 15.78 127307
1760
0-8 16.00 129067
1436
0-9 16.18 130503
1189
0-10 16,34 131792
1630
0-11 16.54

133422

The vibrational frequency for the A2£Z+ state of HC1l" ion is

given by Herzberg (47) as 1526.5 cm

l.v Therefore it is

reasonable to interpret the autoionized peaks as being due

to the vibrational structure of the excited state of the

hydrogen chloride molecule.
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CHAPTER SIX

Photoionization of Polyatomic Molecules.

A. Ammonia

The ammonia molecule is known. (47) to have pyramidal
symmetry. Cg,,, and its molecular orbital formula is: -

(1a1)2(2a7)2(1e)%4(3a7)2; 1a; ..., 6.1
The molecular orbitals are listed in the ofder of increésing
energy. The electronic structure of the ground state of the
ammonia molecule can be compared with that of the nitrogen atom,
which has a configuration of lsz, 282, 2p3. When a nitrogen
atom and three hydrogen atoms combine to form an ammonia mole-
cule, the two 1s electrons of the nitrogen atom occupy the
(lal) orbital; the innermost orbital of the ammonia molepule.
The two (2a1) orbital electrons are bonding electrons to a
ceftain extent, and the electrons occupying this-.orbital are
the 2s electrons of the nitrogen‘atom. One of the 2p electrons
" of the nitrogen atom, and the three electrons of the hydrogen
atom form the four (le) orbitals in ammonia. These are strong-
ly bonding orbitais.. The two remaining 2p electrons of the
nitrogen atom form the non-bonding orbital of (3a;), which is
an orbital consisting a pair of unshared electrons and is
localized largély on the nitrogen atom of ammonia.

The photoionization efficiency curve for the ammonia
molecule is shown in Figure 19. The photon energy at the
point of initial onset of ionization at 10.12'+ 0.05 eV. ob-
viously refers to the energy required to remove an electron
from the non-bonding (3aj) orbital to form an NH3+ ion in its
2Al grohnd state, assuming the Cgy symmetry is retained in

the ion.
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The threshold ionization potential of ammonia at 10.12
eV. is in good agreement with the results obtained by other
workérs using different methods. 1Inn (60) in 1953 and Watanabe
(137) in 1959, measured the absorption and photoioniziation coeff-
icients of ammonia using far ultraviolet radiation, and determined -
the threshold ionization pétential of ammonia as 10.13 eV. and
10.15 eV. respectiﬁely.. Walker and Weissler (144) in 1959 mea-
sured the photoionizationvefficiency.and cross section of ammonia
and found the first ionization potential to be 10.07 eV. All
these workers used photoionization instruments of different design,
and used different methods for the interpretation of the photoioni--,
zation data. |

The values for the first ionization potential of
ammonia obtained by the electron impact method are in all cases
slighfly higher than these obtained by photoionization. Mann,
Hustrulid énd Tate (76) in 1940'using the electron impact method,
found the first ionizafion.potentiél of ammonia to be 10.5 eV.
Later; Frost and McDoweil (37) ip 1958, and Morrison and Nicholson
(82)'in 1952, using a modified and much more sensitive mass spec-
trometer, found " . the first ionization potential.of ammonia to
be 10.40 eV. and 10.42 eV..respectively. The fact that the
electron impadt method tends to measure the vertical process and
not necessarily the minimum energy required for ionization,
accounts for the ionizatioh potentials obtained by these methods
being generaliy larger (by 0.02 to 0.5 eV.) than the.adiabatic
values.

A'theoretical calculation on the orbital energies of
ammonia was undertaken by Duncan (22) in 1957, and he found the

first ionization potential of ammonia to be 9.94 eV., which is
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considerably lower than all the reported experimental values.
Table X summarises the reported values of the threshold

ionization potentials of ammonia:-

Table X

Threshold Ionization Potential of Ammonia

1.P. (eV.) Workers Methods Year
10.12 + 0.05 Present work Photoionization 1965
10.13 + 0.02 Inn (60) Photoionization 1953
10.07 + 0.05 Weissler (144) Photoionization 1955
10.15.1‘0.02 Watanabe (139) Photoionization 1959
10.15 + 0.02 Cook (12) ‘Photoionizatdon 1964
10.5 + 0.1 Tate (76) Electron Impéct 1940
10.42 + 0.05 Morrison (82) Electron Impact 1952
10.40 + 0.02 "Frost “(37) Electron Impact 1958
9.94 | . Duncan (22) Theoretical 1957

The photoioniZation4efficiehcy,curve of ammonia

(Figure 19) shows curvature:near the threshéld, and this confirms
the finding of Watanabe (139) that the 0-0 transition of ammonia
from the ground state of the molecule to the ground state of the
ion is rather non—Vértical.. The ionization efficiéncy rises .
steadily with increasing photon energy up to about 14 eV. after
the threshold ionizationvpotenfial. .Between 14 and 15 eV., the
ionization efficiency remains fairly constant. . At the latter
enérgy, an inner or second ionization potential is indicated,
since the curve begins to rise again. The photon energy at the
point of stéepeéf ascent is 15.30 eV. corresponds to the second
vertical ionization potential. This second ionization potential

is identified as being due to the formation of the first excited
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state of the NHS+ ion, i.e. the ZE state, formed by the removal
of an electron from the (le) degenerate orbital of the ammonia
molecule. This (le) orbital of ammonia is the main bonding
orbital which spans the three N-H bonds, and the removal of an
electron from here may cause the dissociation of the molecule
with the formation of the NH2+ ion. A maximum ionization effi-
ciency was observed ‘at 15.70 eV. on the curve.

Walker and Weissler (144) have found evidence of a

second ionization potential of ammonia : a little over 15 eV.

Duncan (22) calculated the second ionization potential of ammonia

to be at 16.20 eV., and Frost and McDowell (37) used the electron
impact method finding the second ionization potential to be 15.31
ev.

The Dissociation of Ammonia

+
2

is shown in Figure 19. The appearance potential of NH2+ is 15.55

The photoionization efficiency curve for %he NH ion

+ 0.05 eV. This value is slightly lower than that obtained by

Wilkinson and Johnson (148) at 15.8 eV. in 1950. The NH2+ ion
can be formed from the zAl state of the»NH3+ ion. If the NH2+

ion is assumed to have the symmetry C the electronic configu-

2v’
ration of the ion is probably:-

<2
(lep) (2a1)2(1e)2(3a1)?; 1Al ........... 6.2
The combination of’NHé* (lAl) + H (2s8) correlates with NH3+
(2Al), and thus the formation of NH2+ from the 2A1 state of NH3+

is allowed by group theory.
AN
Recent studies of the photochemica} decomposition of
ammonia (21) give a mechanism for the NH2+ ion"formafibn which

requires a primary dissociation and ionization process:
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NH3 + hv = NH2 + H e 6.3
+
NH2 + hv = NH2 + e ... e 6.4

In the initiation step, the ammonia molecule is disso-
ciated into a radical NH2 and a hydrogen atom. In the second
+

step, the NH2 radical is ionized to give an.NH2 ion.. The NH2+

ion will be predominent, since the ionization potential of NH2
is much less than that of the hydrogen atom.

An alternative and equally probable mechanism is: -

NH, + hv —> NH3+ CE) v e 6.5

NH;’(ZE) —s Nu. ¥

2 +H ........... 6.6

All these mechanisms will be operative in the formation
~of NH2+ ions at the expense of the ammonia parent ions. They
help to explain the decline of the photoionization efficiency for
the ammonia parent ions at about 15.70 eV., if the peak'is not
caused by autoionization.

The energy required to remove the first hydrogen atom,
i.e. D(NHo-H), is known (117) to be 104 Kcal. (4.52 eV.). The
appearance potential of the NH2+ ion, or V(NH2+), has been obtain-
ed from Figure 19 as 15.55 eV. Hence, using the following equa-

tion: -
V(NH2+) = D(NH,-H) + I(NH;) + K.E. + E.E...... 6.7

(where K.E. and E.E. are the kinetic and excitation energies of
the NH2+Lion), and since the NH2+ ion is known to have little
excess kinetic and excitation energy (72), the ionization potential

of NH2 is equal to or less than 11.03 eV.
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B. Water

Water vapor'has been extensively studied by absorption
spectroscopy below the threshold ionization potential. However
above this energy data is scarce. Photoionization of water vapor
is important in upper atmospheric studiés, because the extreme
ultraviolet light from the sun can ionize the molecule.

According to Mulliken (87), the electronic ground state

of water ha51A1 symmetry and is derived from the electronic con-

figuration: -

(1a))2(2a)) 2(1b) 2(3a) 210 %5 Ay Ll

Recent self-consistent molecular orbital calculations by Ellison
and Shull (24) hae shown that this is the correct order of the
orbitais and that the (lbl) is a pure 2py orbital of oxygen, the
main bonding ofbitals being (3a1) and (1b2).

The photoionizatibn efficiency curve of water is shown
in Figure 20. The initial onset of the curve at 12.56 + 0.05 eV.
gives the enefgy for the removal of an electron from the (lbl)
non-banding orbital. This value is in excellent agreement with
the spectroscopic work by Price, Teegen and Walsh (102) who were
able to arrange the bands into four Rydberg series with a common
limit at 12.56 eV., and is also in good agreement with the value
of 12.59 eV. found by Watanabe, .Nakayama and Mottl (140), and
.Cook and Metzger (12) using the photoionization method, and 12.60
eV. by Frost and McDowell (37), and Foner and Hudson (28) using
the electron impacf technique.'

The photoionization efficiency curve of water rises
gradually after the threshold energy and reaches a maximum about

16 eV. Within this range, no excited states or autoionization
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peaks were observed, and this confirms the findings of Cook and
Metzger (12). Sugden and Price (116) reported in 1948 the find-
ing of excited states of water ions at 16.2 and 18.0 eV.; but
Field and Franklin ¥33) considered these excited states were
doubtful probably on the ground that Price;s work was done with-
out mass analysis, and the excited states observed might be due
to impurities. However, Frost and McDowell (37) reported excited
states of the water ion at 14.35 and 16.34 eV. by the electron
impact method. The failure to observe the excited states on the
photoionization efficiency curves is probably due to the difference
in ionization cross sections in the photoionization and electron
impact methods.

The excited states of the water ions were probably
formed by the removal of electrons from the main bonding orbitals

2

(lbz) and (3a1), and the ions formed will be in 2B., 2A. and “B

1’ 1 2
states. The removal of an electron from the main bonding orbitals
may cause the breaking of the O0-H bond and dissociation of the
water molecule with the formation of H' or OHT. A survey of the

literature found that the appearance potential of OH' is at about

18 eV. and that for H' is at about 19.6 eV.
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C. Methane and Deutero-methane

Methane, deutero-methane and their fragment ions have
been subjected to considerable study by many workers using
photoionization and electron impact methods. Several discus-
sions have been reported about péssible inconsistencies in the
electron impact results, and the accuracy of the derived dis-
sociation energy of the CHg-H bond have been questioned. The
appearance of ions in the phdtoionization efficiency curves of
methane and deutero—methane énd their fragment ions has been
fairly sharp and this permits quite accurate determination of the
appearance poﬁentidls of the ions and the qissociation energies
of the parent molecules. |

There are ten electrons in methane, and these can be
put into five doubly occupied orbitals. The electronic structure

of methane can be represented by:
(1so)2(sap) 2(pte)®, 1a; ... ...... 6.10

Mulliken (85) has” shown that the triply degenerate (ptg) orbital
has fhe lowest binding energy, and the ionization potential of
methane obtained from the photoionization efficiency curve
(Figure 21) at 12.87 eV. can be referred to the removal of an
electron from the_(ptz) orbital to leave a CH4+ ion with the

electronic structure:
(1s.) 2(sap) 2(ptgy)®, 219  ......... 6.11

This threshold ionization potential of methane at 12.87 eV.
agrees with the value at 12.8 eV. found by Weissler (143), at -
12.98 eV. by Watanabe (140) and at 12.71 eV. by Dibeler, Krauss,

Reese and Hartlee (19) using the photoionization method. The
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reported values by electron impact methods give a somewhat

higher value, Table XI summarizes the ionization and appearance

potentials of methane, deutero-methane and the fragment ibhs.
Table XI

Ionization Potentials of Methane, Deutero-methane

and Fragment Jons.

I.P. (evV.) Workers Method Year

CH4+

12.87 + 0.05 This work Photoionization 1966
12.8 £ 0.2 Weissler (143) Photoionization 1955
12.98 £+ 0.05 Watanabe (140) _Photoionization 1962
12.71 + 0.02 Dibeler (19) Photoionization 1965
13.2 + 0.4 Smith (110) Electron Impact 1937
13.0 + 0.2 Koffel (64) Electron Impact 1948
13.04 + 0.03 Honig (52) Electron Impact 1948
13.04 + 0.02 Mitchell (80) Electron Impact 1949
13.12 + 0.03 McDowell (71) Electron. Impact 1951
CH3+

14.25 £+ 0.05 This work Photoionization 1966
14.25 + 0.05 Dibeler (19) Photoionization 1965
14.5 £+ 0.4 Smith (109) Electron Impact 1937
14.4 + 0.3 Koffel (64) Electron Impact 1948
14.5 £ 0.05 Mitchell (80) Electron Impact 1949
14.39 £ 0.02 McDowell (71) Electron Impact 1951
CD4+

13.00 £ 0.05 This work ‘Photoionization 1966
12.87 + 0.02 Dibeler (19) . Photoionization 1965
cDg”

14.46 + 0.05 This work Photoionization 1966
'14.38 £ 0.03  Dibeler (19) Photoionization 1965

The ionization potential of CD4 at 13.00 + 0.05 eV.
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is a little higher than that obtained by Dibeler et al. (19)
at 12.87 eV. However, a study of their curve near the onset
showed long tailing extending more than 0.5 eV. The extra-
polated values, as they admitted, have no fundamental sig-
nificance. The values obtained by electron impact are as usual
higher: Lossing, Turner and Bryce (69) obtained a value of
13.21 eV., and Honig (52), a value of 13.30 eV. A difference
of ionization potentials between CH4 and CD4 is also observed,
and the différence:
I(CDg) - I(CHg) = 0.I3 eV. ......... 6.12 -

is also in good agreement with thQée obtained by'Dibeler et al.
. (19) of 0.16 eV. and by Lossing et al. (69) of 0.18 eV.

McDowell (72) pointed out that the (ptz) orbital of
the methane molecule will be divided into two orbitals: (We)
of symmetry E and (zbz) of symmetry Bog; and the resultant shift
of the potential minimum can lead to a change in the relative
populations of the different vibrational levels in the ibns of
CH4 and CD4 as the amount of such vibrational excitation will
depend upon the éverlap integral between the ground vibrational
state and the upper states, which is appreciably greater for
CH4 than for CDg4. This may provide a possiblé explanation for
the large difference observed in the ionization potentials of
CH4 and CDg4.

The photoionization efficiency curves of CH4+ and
CD4+ rise after the threshold energy until about 14 eV. where
they start levelling off. No autoionization peaks have been
observed in the curves for the molecular or fragment ions, and
this is consistent with the observed fact that for hydrocarbons,

the possible excitations result only in continuous absorption,
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and do'not give discrete peaks in the photoionization
efficiency curves.

The appearance potential of CH3+ is obtained from the
initial-onset of the curve at 14.25 eV. and is in good agreement
with that obtained by Dibeler et al. (19) at 14.25 eV., but
about 0.2 eV. lower than that obtained by the electron impact
method.

The formatian of the CH3+ ion can be represented by
the process: |

o CHg + hv. = CH3" + H+ e  ......... 6.13

McDowell (74) indicated that at 'a photon energy of .about 14 eV,
the CH4+ ion will be formed in a vibrationally excited state,
a;d consequently dissociation to yield the methyl ion and hydro-
gen atom could take place. The levelling off of the CH4+ curve
at this energy indicates that the formation of the CHé+ ion can
indeed arise from the dissociation of CH4'+ parent ions.

The appearance potential of CD3+ measured from the
initial onset of the curve at 14.467eV. is a little higher than.
that obtained by Dibeler et al. (19) at 14.38 eV. The differ~
ence is quite small considering the long tailing at the onset
on their curves. The difference between the appearance poten-
tials of CH3 and CDg of 0.21 eV. indicates that there is
considerable displacement of the minima of fhe groﬂnd state of
the parent ion relative to that of the molécular ground state.

The dissociation energy of CH3-H can be obtained
from the following equation:

A(CH3)" = D(CHz-H) + I(CHg) + K.E. + E.E. ...... 6.14
where the appearance potential of CHéf A(CHBTt has been found

to be 14.25 eV., and the spectroscopic ionization potential of
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the methyl radical, I(CHg), is 9.843 eV. (50). McDowell (72)
pointed out that-the formation of CH3+’i6ns at this energy does
not involve kinetic or excitation energies, and this is in

agreement with the finding of Berry (2) from discrimination

+

experiments that the kinetic and excitation energies of CH3

ion are 0.032 eV. in excess of the thermal energy.

Therefore, the dissociation energy of CH3—H can be
obtained from equation 6.14 as 4.41 eV. which agrees with the
value of 4.41 eV. found by Dibeler et al. (19), 4.42 eV. by
Stevenson (113) and 4.42 eV. by Eyring (26).

Similarly, with the appearance potential of CDg as
14.46 eV. and the ionization potential of methyl—ds as 9.832
eV.. (49), the dissociation energy of CD3-D can be obtained as
4.63 eVv.

The difference in the appearance potentials between

CHg and CD3 can be used to determine the zero—pbint energy

difference for the CH3+ and CD3+ ions (19).

I

+ ! -
D(CH5* -H) E + Zepgy = Zogy, oo 6.15

i

D(CD3*-D) E + Zopg+ = ZCDg+ v e - 6.16

where Z; denotes the zero-point energy of the ion species x.

. Also:

D(CH3" -H) A(CHg") - I(CH)) ......... 6.17

|

D(CH3"-D) ACD;) - T(CDY) ......... 6.18
Equating 6.15 and 6.17; 6.16 and 6.18, we have,

- = +)y -
E + Zogay ~ Zopgs A(CHz*) - I(CHy) ..... 6.19
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+
E + A(CD3 ) - I(CD4) ..... 6.20

Z - Z
Substracting 6.20 from 6.19, we have,

The zero-point ener difference, Z - Z
P &y CHg+ CDg+

(Zeg,+ = Zop,y) ~ 1(CHg) + 1(CDg)+ A(CH3) - A(CDy)

0.23 eVv.

here, (Z - Z
where, ( CHye CD4+

) = 0.31 ev. (47).
The value at 0.23 eV. is in good agreement with the value at 0.18
eV. found by Dibeler et al (19). For comparison, we note that
the zero-point difference for:the isotopic ammonias, NH3 and ND3
is 0.22 eV. (47).

The mass spectra of methane and deutero-methane at a j

photon energy of 16.66 eV. is shown in Figure 22. The relative

ionization probabilities of these molecules are:

CDy CHy CHy  CDg

100 96 80 69
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D.  Propylene

Because of the great importance to organic chemistry
of C=C bonds ahd the resonance effects which arise from the conju-
gation of them, the 'study of propylene has been underfaken by SR
many workers. Price and Tuttle (101) have s{udied the molecule's
absorption specfrum in the far ultraviolet region; Watanabe (139)
measured the ionization potential of'prbpylene using the photo-
electric method, and Steiner, Giese and Inghram (114) combined
mass spectrometer with monochromator and measured the photoioni-
zation efficiency between 1050-13003. Using the electron impact
method, Fox and Hickam (30), Stevenson and Hipple (111), Mitchell
and Coleman. (80) and Honig (52) have obtained a fairly accurate
ionizatipn potential of the molecule.

The photoionization efficiency curves of parent and
fragment ions of propylene are shown in Figure 23. It is seen
that the curve, unlike those obtained by electron impact, exhibits
a sharp onset near the threshold energy. The initial onset of the
curve yields the threshold ionization potential of 9.70 + 0.05 eV.
which is in good  agreement with the spectroscopic value at 9.70 eV.
by Price and Tuttle (101), and the photoionization values at 9.73
eV. by Watanabe (139) and Steiner, Giese and Inghram (114). The
ionization potential of the molecule obtained by the electron
impact data is a little higher. Table XII summarises the ioniza-
tion potentials of propylene obtained in this work and by other
workers. -

At a photon energy below 11 eV. the photoionization
efficiency for propylene shows apmaximuﬁ. Why this should be
so0 is not clear, unless autoionization is responsible for it.

The ion intensity begins to rise after 11 eV. indicating an
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inner ionization potential.
r - P T e

R RPN SRS O Toer

The phpton energy at the point of
the steepest ascent in this region, about 11.1 eV., should
correspond fo the second vertical ionization potential which
refers to the removal of a O electron. This value at 11.1 eV.
is higher than those at 10.54 eV. by Price and Tuttle (101) and
10.54 eV. by Fox and Hickam (30).

Table XII

Ionization Potentials of Propylene

I1.P. (e.V.) Workers Method Year
CSH6 (Threshold“1.P.)
9.70 Present result Photoionization 1966
9.70 Price (101) Spectroscopic 1940
9.73 Watanabe (139) Photoionization 1956
9.73 Inghram (114) Photoionization 1957
9.84 anig (52) Electron Impact 1948
10.05 Mitchell (80) Electron Impact 1949
9.77 Stevenson (111) Electron Impact 1942
9.78 Fox‘(30) Electron Impact 1954
CyHg (second 1.P.)
11.1 Present resuit Photoionization 1966
10.54 Price (101) Spectroscopy 1940
10.54 Fox (30) Electron Impact 1954
C3H5+ (appearance potential)-
11.95 Present result - Photoionization 1966
11.96 Stevenson (111) Electron Impact 1942

The photoionization efficiency curve of propylene

shows a decrease at about 11.8 eV., and this may be due to the

dissociation of the parent ion with the formation of a.CéH5+:

fragment.

The appearance potential of the 03H5+ ion is



86.

cntos g :
obtained from the initial onsét of the photoionization efficiency

curve (Figure 23) at 11.95 eV., which is in good agreement with
the value -at 11.96 eV. by Stevenson and Hipple (111). Table XII
summarises the ionization potentials of propylene and the
appearance potential ova3H * ion obtained by different workers.
Barring molecular rearrangement, the CSH5+ ion formed

by the photo-dissociation of propylene should arise from the

following mechanism: -

¥ hv. = CH“,CH—CH;¥+LHf+'e~

CH,=CH-CH 2

2 3 - +..6.20

because the (C-H) bonds of the methyl group are generally weaker
(more reactive) than the bonds attached to unsaturated carbon
atbmé.

The bond dissociation energy of propylene D(allyl-H),
can be obtained from the appearance potential of the allyl ion

by the following equation: -
+ =
V(CSH5“) = D(C3H5—H) + I(C3H5) + K.E. + E.E..... 6.21

where V(03H5+) is ‘the appearance~potentia1 of the allyl ion
(11.65 eV.) and K.E. and E.E.- kinetic.éndfexcitation;énergies-
of the dissociation products. The ionization potential of the
allyl radical, I(C3H5), is 8.16 + 0.03 eV. obtained by Lossing,
Ingold and Henderson (68), Since the allyl ion formed is known
to have little or no  excess kinetic and excitation energies,
the bond dissociation energy D(allyl-H) is equal or less than
3.79 eV. in good agreement with the value at 79 + 6'kca1./mole
or 3.43 110.4 eV. obtained by McDowell, Lossing, Henderson and
Farmer (75) in a study of the ionization potentials of methyl

substituted allyl raaicals.
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E. Acetylene

A great deal of data has been accumulated on the ace-
tylene moleciile. It is known that it is linear and symmetrical,
and five frequeﬂcies have been identified in the excited and
unexcited states. Acetylene has been studied by Dibeler and
Reese (18) using the photoionization method, and by Price (98)
using a Lyman continuum (who obtained an extensive system of
bands from 1520—1OBOR which yielded a spectroscopic value for
the ionization pofential and a plausible 'value for the triple
C-C bond). Acetylene has also been studied by Turner (129) using
photoelectron spectroscopy, and by Lossing, Tickner and Bryce
(69) using the electron impact method.

Acetylene is a linear molecﬁle which has: fourteen
electrons. The ground state configuration of the molecule can

be represented by:

[s o) 2 [o, (cm)] 2 [gg(céi] 2 Mot ... 6.21

The molecular orbitals are listed in the order of decreasing
binding energy, "omitting the inner electrons.

The photoionization efficiency curve for the acetylene
molecule is shown in Figure 24. The curve shows a slight curva-
ture at the initial onset, and this means that the equilibrium
internuclear distances are substantially changed in the ions as
compared to the neutral molecule, and the electron involved in *
the ionization process is a bonding or anti-bonding electron.

The initial onset of the acetylene curvé at 11.40 eV. is selected
as the threshold ionization potential which is associated with
the energy for the removal of an electron from the (. TT u) bonding

orbital. The threshold ionization potential is in good agreement
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with the value at 11.41 eV. from the spectroscopic determination
by Price (98), and the photoionization measurements made by
Dibeler and Reese (18). Turner (129) obtained a value of 11.36
eV. using photoelectron spectroscopy, and a value of 11.40 eV.
was obtained by Lossing, Tickner and Bryce (69) using the elec-
tron impact method.

After the threshold energy, there are many peaks on
the photoionization efficiency curve for acetylene as illustra-
ted in Figure 24. The energies corresponding to the tops of
each peak on the photoionizatioh efficiency curve are recorded
in Table XIII.

Table XIII

Peaks due to Vibrational Structure of Acetylene

Transitions E (eV.) v (cm'l) AV (cm‘l)

0-0 11.40 91952
1856

0-1 11.63 93808
1854

0-2 11.86 95662
1830

0-3 12.09 97492
' 1858

0-4 12.28 99050
1613

0-5 12.48 100663

1774 Average AV
0-6 12.70 102437
2098 = 1780 cm~!

0-7 12.96 104535
. 1754

0-8 18.19 106389
1659

0-9 13.40 108084
1550

0-10 13.58 109634
1918
0-11 13.83 111552 1
1855

0-12 14.06 113407

From Tabde XIII, the energy separation between two
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adjacent Qeaks, (!kvl, differs by the order of 100 cm~1 which
E&QQésgéﬁdé fo ;gié 0:008 eV. It is reasonable to say that
each peak is separated from one another by an equai amount of
energy, and the averageeﬁergy separation between two adjacent
peaks is 1780 cm™!. The value of 1780 em~! is very close to
the carbon-carbon stretching frequencies o} 1849 cm"1 for the
- 3R states of acetylene reported by Wilkinson (149).
The photoh energy for the first four peaks as shown
~in the photoionization efficiency curve for acetylene (Figure
24) are in excellent agreement with the four peaks in the
photoionization efficiency curve obtained by Dibeler and Reese
(18), who termed them vibrational transitions, 0-0, 0-1, 0-2,
and 0-3, of the (1n'u) state: Turner (129) in a study of the
photoelectron apectrum of acetylene, also reported vibrational
structure for acetylene, but he showed only two peaks at almost
the same energy as the first two peaks in the curve reported
here.

‘From the evidence of Wilkinson, Dibeler and Reese,
and Turner, the peaks observed from the photoionization ef-

ficiency curve for acetylene are most probably due to the

vibrational transitions of the (lTYu) state.

Dissociation of "Acetylene

The photoionization efficiency curve for the CZHT
fragment ion is ilTustrated in Figure 25. The appearance
potential of this ion is obtained from the point of initial
onset at 17.76 + 0.05 eV. This value agrees well with that
at 17.8 eV. by Coats and Anderson (7) and Tate, Smith and

Vaughan (121), and at 17.9 eV. by Kusch, Hustrulid and Tate
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(65), all using the electron impact method. There were no
photoionization and spectroscopic data for comparison.
" The bond dissociation energy;D(HCz—H) can be obtained

from the following equation: -
D(HCo-H) = V(CoH)" - I(Co,H) - K.E. - E.E. ...6.22

The appearance potential, V(C2H+), is found to be 17.76 eV.,
and the ionization potential of the 02H radical is 11.3 eV.
obtained by Elénton (23). If the kinetic and excitatioﬁ ener-
gies are small and can be neglected, the bond dissociation
energy D(HC9-H) -is equal to or less than 6.46 eV. in good agree-
ment with the value of 6.5 eV. foundnby Coats .and Anderson (7).

The photoionization efficiency curve for the C2H+
ion remains fairly constant between.18.4 and 18.7 eV. as shown
in Figure 25. ™An inner appearance'potentiél of C2H+ ion is
indicated as the curve starts to rise after the latter energy.
. The second appearance potential of the C2H+ ion is found from

the point of steepest ascent to be 18.96 eV. . The photoioniza-

tion efficiency curve remains constant after about 19.2 eV.
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F. Methyl Cyanide

Very little work concerned with the ionization of
methyl cyanide has been reported in the literature even though
methyl halides and “hydrogen cyanide have been studied by many
workers. McDowell (74) has described the electronic structure

of methyl cyanide as follows:-

(Co +C@ al)z(TrN + T, atmet ... 6.23

c’
with the molecular orbitals listéd in the order of decreasing
binding energy, omitting the inner orbitals. ((YC +G‘C, al) is
the main bonding C - C orbital, the (ﬂ‘N +TTC, e) represents the
two mutually perpendicular degenerate bonding orbitals of the

CN group, and the (T e) orbitals are largely localised in the

CH3 group. |

The photoionization efficiency curve of methyl cyanide
~is shown in Figure 26. The thfeshold ionization potential of
methyl cyanide measured from the point of initial onset of the
curve is 12.33 éV. which is in good agreement with the electron
impaét data of 12.39 eV. by Morrison (82) and 12.52 eV. by
McDowell and Warren (73). After the threshold energy, the photo-
ionization efficiency shows three distinct Steps.

The second and third ionization potentials measured at
the points of steepest ascent of the curve are 13.01 eV. and
13.80 eV. respectively as indicated in Figure 26 by arrows.

The ionization efficiency curves of methyl cyanide and
krypton by electron impact aré shown in Fig.27(40). Three distinct
breaks are observed on the methyl cyanide curve, and the energies
of these breaks correspond to the energies for three processes

responsible for the CH3CN+ ion formation. These values are
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12.34 + 0.1 eV., 12.96 + 0.1 eV. and 13.92 + 0.1 eV. which are
in good agreement with the values obtained by photoionization.

The three ionization potentials from:. -  photoionization
and electron impact studies should be related to the outer three
orbitals, since the next innermost orbital is largely localised
in the CH3 group, and the similar: corbitals in methane and the
methyl halides are bound by about 19 eV.

The energybrequired fdr the removal of an electron
from the (We) orbital of the methyl cyanide should be close to
that from the similar orbital of methane, which is 12.87 eV., and
one would expect to require about 13.7 eV. (ionization potential
of hydrogen cyanide) in order to remove an electron from the
CH(TTN.+1TC, e) orbital of the methyl cyanide.

| Interaction between the Ty orbitals of the CH3 and CN

)

= ill d t bital f the t .
groups wi produce two new orbitals o e type (“-CH3 + T‘CN

and (W -W_ ), and so it is suggested here that the second
CHj CN

ionization potential at 13.01 eV. refers to the removal of an

electron from the (‘WCH3 + T‘CN)orbital, and the third ionization

potential at 13.80 eV. arises from the removal of a (W CHg —TYCN)

prédominantly bonding electron. The methyl cyanide ion will be

2E state in each case.

formed in a
The threshold ionization potential of methyl cyanide

at 12.33 eV..apparently refers to the removal of a (Gb + G, al)

bonding electron, as the slight curvature near the onset of 'the

photoionization efficiency curve of methyl cyanide indicates that

the bonding electron may be involved in the threshold ionization.

The ionization poténtial of ethane, C2H6, is 11.8 eV., and»this

refers to the removal of an electron from the C-C bonding (G'al)

orbital. The dissociation energy of ethane, D(HBC—CHB), is
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3.68 eV., and the dissociation of methyl cyanide, D(H3C-CN),
is 5.8 eV. (40). Since dissociation energy may be considered
to give a fair indication of the firmness with which electrons
are held in bonding orbitals, we expect to find the ionization
potential for methyl cyanide somewhat higher than 11.8 eV.
This threshold ionization potential of methyl cyanide could
well lie at 12.33 eV., which is the energy at the initial onset
in the methyl cyanide photionization efficiency curve. Further-
more, if the assignments regarding the two higher ionization )
potentials of methyl cyanide are correct, the remaining one -
the lowest of all =~ should be associated with the ¢ bonding
orbital since the next higher unaésigned orbital /ishould have an
energy of about 19 eV. as mentioned above.

Thus, the electronic structure of methyl cyanide
should be written as follows:
: 4 4 2

-------- (1\'CH3 - Tay) (“CH3+“CN) (Cc+ T, a7) ... 6.24

I.P.(eVv.) 13.80 13.01 12.33

Dissociation of Methyl Cyanide

The photoionization efficiency of the CHZCN+ fragment
ion is shown in Figure 26. The appearance potential of CHoCN*
ion as measured from the point of initial onset of the curve is
13.86 eV. which is lower than the electron impact data at
14.30 eV. by McDéwell and Warren (73).

For the first half of a volt after the threshold
energy, the ion intensity increaseé fairly constantly, and a
change of slope is Qbserved at 14.25 eV. which may correépond

to the vertical transition of the electron impact data at
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14.30 eV. Three steps are not so well defined as those in
the parent ion curve because of the smaller ionization .
probability.

The process observed hefe for‘the formation of the
CH2CN+ fragment ion at 13.86 eV. can be represented as follows:

CH3CN + hv. = CHoCN* + H+ e  ......... | 6.25

and the energetics of the fragment ion formation are given by:

V(CHoCN*) = D(H-CHoCN) + I(CHoCN) ........ 6.26
Since I(CHéCN), the ionization potential of the fragment ion,
is unknown, D(H-CH9CN), the dissociation energy of the
(H-CHoCN) bond cannot be obtained. If we assume D(H-CHoCN) =
D(H-CH3), i.e. 4.41 eV., the ionization potential of the
CH2CN fragment ion is approximately 9.4 eV.

Tabie XIV

Relative Ionization Probabilities of Methyl Cyanide

Ton .- This WoTrk McDowell(73) (at 50V.)
CH3CN* 100 100

CHoCN 71.5 50.0

CHCN™ 20.0 14.7

CHy" 6.5 8.6

The mass spectrum of methyl cyanide is shown in
Figure 28. Table XIV shows the relative ionization probabili—
ties of the ﬁarent and fragment ions at a photon energy of
16.66 eV. obtained in this work, and those of McDowell's (73)

at an electron energy of 50 V.
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G. Methyl Alcohol

There are no; spectroscopic ionization potential
values for this molecule, because the vacuum ultraviolet
spectrum of methanol does not exhibit well defined Rydberg
series. Photoionization of this molecule has been studied by
Inn (60) and Watanabe (135). Using the electron impact method, -
Morrison and Nicholson (82), Stevenson (112), Cummings and
Bleakney (16), Cox (15), Omura, Baba and Higasi (96) and
Friedman, Long and Wolfsberg (34), were able to obtain an
approximation to the vertical ionization potential.

-According to Mulliken (87), the ground state of
methanol should be 1A state, and this has the following

electronic configuration: -

CH,OH: (2)2(y)2(x)2+2(x")2, W .. ... ... 6.27

with the“molecular orbitals listed in order of decreasing
binding enérgy, omitting the inner orbitals. The electrons
in the (é') orbital are localized in the oxygen atom, and are
practically free from mixing. Théy have the lowest energy of
any eiectron in the molecule. The (x) orbital is split into
two orbitals differing slightly in énergy, belonging essen-
tially to the CHg group. The (z) and (y) orbitals together
give the 0-H and O0-C bonding respectively, but the actual
orbitals musf, however, be mixtqres of these extreme forms.
The photoionization efficiency curve for methanol
_is shown’in Figure 29. The threshold ionization potential,
at the point of initial onset of ionization, is 10.53 eV.
which refers to the removal of an electron from a non-bonding

orbital (x') localiZed mainly on the oxygen atom. This value
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is in excellent agreement with the photoionization value at
10.52 eV. by Inn.(60). However, Watanabe (135) obtained a
higher value at 10.35 eV. The curve given by Watanabe does
not show a distinct break near the ionization threshold, but
a weak, long tail in the yield curve which was ascribed to
impurity.

The photoionization efficiency curve in Figure 29
éhows a slight curvature near the threshold energy, and this
indicates that. the equilibrium internuclear distances of the
molecule (neutral) and ion are different. . This might be one
of the reasons that Lo'well—defined Rydberg series are obtained
from the absorption spectra of methanol. The elecﬁron impact
data for the ionization potential range from 10.8 to 10.97 eV.
and these are supposed to represent the vértical ionization
potential.

Table XV summarizes the threshold ionization
potentiéls of methanol:
Table XV

Threshold Ionization Potential of Methanol

I.P.(eV.) Workers Method Year
10.53 £ 0.05 Preseht work Photoionization 1966
10.52 ¢+ 0.03 Inn (61) Photoionization 1953
10.85 + 0.05 Watanabe (142) Photoionization 1954
10.8 + O. Bleakney (15) Electron impact - 1940
10.95 + 0.1 Morrison (84) Electron Impact 1952
10.86 + 0.05  Caqx (14) Electron Impact 1954
10.97 + 0.05 Omura (100) Electron Impact 1956
10.9 =+ O

.1 Friedman (34) Electron Impact 1957

The second ionization potential of methanol (obtained

from the point of steepest ascent of the curve), is found to be
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12.90veV. and refers to the removal of an electron from the
(x) orbital, belonging essentially to the CH3 group. Three
maxima were observed from. the photoionization efficiency curve
at 13.5, 15.75 and 17.4 eV., and the reason for those maxima
is not clear. Harrison (45) has also reported two maxima in

his absorption spectra of methanol.

Dissociation of Methanol

The photoionization efficiency curve for the CHnOH'
fragment ion is illustrated in Figure 29. The appearance
potential of this ion is obtained from the point of initial
onset of the curve at 11.52 + 0.05 eV. which is slightly lower
than the value at 11.8 eV. obtained by Cummings and Bleakney
(16) .

The_dissOciation of the methanol molecule involves
the breaking of a C-H bond, and CH3-O-H can become CHo=0%-H
after dissociafion. Furthermore, the change from single to
double bond 'gives back' some of the energy ordinarily re-

quired to break a C-H bond.

.b The;bond dissociation energy D(H—CHZOH) can be
obtained from the appearance potential of the CH20H+ ion by
the following equation:;

D(H-CH,0H) = V(CHyOH') + AE - I(CH30) - K.E. - E.E.

........... 6.28

where the apﬁearance potential, V(CH20H+), is 11.52 eV., A E
is the energy difference between C-0 and C=0 bonds which is
equal to 3.65 eV. (16), and the.ionization potential of the
(CH30) radical, I(CH30),-is 10.7 eV. (63). If the kinetic
and excitation energies are small and cah be neglected, the

bond dissociation energy D(H-CH3) is 4.41 eV.



98.

CHAPTER SEVEN

Conqlusion

In the present woik, we have been concerned with the
resulté of ionization and dissociation of Various.speCiesi.u
produced by photoionization in:a mass spectrometer. We have
discussed in some detail the interpretation of the photoibniza-
tion efficiency curves and the measurement of ionization and
appearance potentials, and the use'of such data in the evaluation.
of bond-dissociation energies and zefo—point energy differences
between isotopic ions. We have also attempted to understand the
nature of the threshold ionization law for photoionization and
the mechanisms fdr different types of processes such as excita=: .
tion, autoionizafion and photqd@ssociation. In addition, we
have been concerned withvtheiﬁﬁgﬁt which these studies can
,ﬁﬁmﬁdeon problems concerning the electronic structures of
molecules and ions.

Photoionization measurements with mass analysis
providé a poWerful method for the determinationvof ionization
and appearance potentials. This method (together with the less
accurate elecfron impact one) is often the only available method
- of studying those molecules for which the Rydberg series near
the ionizafion pbtential is complex, and for which the ioniza-
tion limit is not available. In favorable cases, this method
can also detect vibrational structures such as tﬁose found in
acetylene and hydrogen chloride.

Previous work on photoionization in this laboratory
utilized a many-line light source, and this limited the number

-of data points on the photoionization efficiency curves. The

¢
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'gép between two data points wés often large aﬁd fhis prevented
certain fine features from being observed. In this work, a
McPherson spark source produced a hydrogen or helium continuum
of fairly strong intensity, and a tcontinuous photoionization
efficielncy curve could be obtained.

Reproducible results on the photoio.nization of Ar,

Kr. Xe, Oy, Ny, cO, Clz-l,vHCl, NHj, NO,, HZO,_: CHy, CDy, G3Hg,
CZHZ' CI+I3CN and CH3OH have been obtained in the enérgy region
between 8 and 21 eV. The accuracy of ibn_izatior; and app'eérance
potential in this work is comparable to that of the spectroécop—
ic method, and superior té that of the electron impact'method.

The atoms ahd.molecules investigated are Qf consider-
able importance in many ‘fields.. They are rathei simple mole -
cules. The\t-é'lectronig structures and the fine features of the
photoionizatior; efficiency curves of theée molecules seérﬁf com=
paratively easy to explain. Also, the io.nization and
appearance potentials of both the parent and fragment ions of these
molecules are within our working range of 8 to Zl.electern volts.

‘Sp.me of these molecules have beeﬂ studied b3;/ many workers
using different »ap'proaches, however the reported literature values
were often inconsistent. The wish was to present new photoionizatibn
measurements, and try to explain the earlier inconsistencies.

The main difficulty in this work is that the photon
flux is quite low, and the ionization cross section is much

smaller than that obtained by the electron impact method. In
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order to secure WOrkable photo-ion currents, the mass spectro-
meter and monochromator slit widths have to increaée at the
expense of resolution. This affects the accuracy of the numeri-
cal values obtained from the efficiency curves, and also
prevents certain fine structure from being resolved.

Watanabe has reported the accidental discovery that
a small amount of platinum vapor deposited on the surface of
a grating has an effect that gréatly increases the light
intensity, and he gives convincing evidence for this in 1atér
experiments. Thus,:fﬁrther research pointing in this direction
should not be delayed. However, a grating usually contains
about 30,000 lines per inch, and the spéce between two adjacent
lines is exceedingly small. The method of coating a thin layer
of platinum without affecting the functioning of the grating is
another problem one will have to face.

The other difficulty is that for some molecules such
as nitrogen, carbon monoxide, and oxygen, the photoionization
probabilifies leading to higher ionization potentials are small
in éomparison with the competition of those proéesses such as
autoionization. ' . Theophotoionization efficiency curve often
exhibits strong autoionized peaks, and the inner ionization
continua of those molecﬁles cannot be clearly seen.

Photoionization is a powerful method for studying
the electronic structure of molecules, and in recent years it
has been extended to free radical studies. The reactions of
atoms and free radicals in the gas phase are of considerable
importance in chemistry, and they have provided subject .

matter for a great many investigations. Most of the data
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concerning the ionization of free radicals are given by the
spectroscopic and electron impact method in the past, and
photoionization of free radicals has shown significant progress

in recent years (59).
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