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ABSTRACT

. ..The 584 R photoelectron spectra from eight polyatomic

molecules (CH31, CH,C1, CH,Br, CH,CHO, CHSCOCHS, SF6, CH3CN and

, : 3 3 3
CZHSCNj arevdeéc;iﬁéd and showp to give ali the ioniza;ion potentials
lessvthan él.Zl:eV in ‘each case. |

' The,resultélaré.interpieted in terms of the elecfronic
éfrugtufes pf these molecules.as given by molecular orbital theory.

. They are cémﬁaied'With fesults from other sources, and agreements
' ahdAdifferences_expiained.

A brief account of other existing methods used for the
'detéfminati0h7of'ionization pofentials with' their advantages and
disadvantages is given. The major components of the instruments
 are briéfly discussed, and use of a Single-Grid Photoelectron Spectro-

meter in the detection of fine.structure in the photoelectron spectra

is pointed out.
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CHAPTER 1

INTRODUCTION

Althoughfa,largéaaﬁountnof"informationzis'available on the
inner ionizatiqn-pqtentialsgcitP’s) of diatomic: molecules, and
pblxatpmic:mﬁieéﬁlgs wifh-nélatively,highwﬁegreeS"ofisymmetry, similar
datéaare:notwfeadily‘évailabie“for:uhsymmetricalapolyatomig molecules.

The ionizétion of polyatomic molecules with relatively high
-degreesvof symmetry such. as. methyl halides and benzene can be
treated fheoretiéally in.somehhat the same fashion as diatomic
molecules (1). If, now, one.considers larger, unsymmetrical poly-
atomic molecules such as acetaldehyde, the theoretical considerations
applied in the above casesuéan no longer be emﬁloyed since the number
of elec;rdnic and vibrational states of the system is too }arge,

Thié thesis is mainly concerned with discussions of
ionization potentials obtained by studying the kinetic energy
distribution of photoelectrons éjected’from polyatomic molecules (both
symmetric and unsymmetric) when subjected to 584 A (21.21 eV)
radiation. .in this way.the;iqﬂization pdtentials of each of the
molecules which lie Below.ZO eV have béen measured.

Besides yielding values for the energy levels of the excited
states ofrthe:various.molecuiar ions, the present studies are also of
interest for the following reason. They provide one way in which
molecular orbital theories of the‘electronic sfructures of these
molecules may be tested. This is because it is known from self-
consisteht’fieid molecular orbital theories (2,3;4,5), that T.

Koopmans' theorem indicates (6) to a good approximation that the



energy of ‘an electron in a given molecular orbital is equal to minus
the I.P. referring ‘to the removal of an electron from that orbital;
and it follows that once the several I.P.'s of a molecule are known,

the energies of the various orbitals are likewise known.



A. Ionization Potentials

1. Introduction

Ioniz&pion.potentials are one of the most important properties
6f a‘molecule, andehenaavailable they.can shed much light upon its
béh#viourr . The ionizationupotential'ofAé‘polyatomic molecule may be
used (é), to help determine which orbital in the molecple is the most
’lbosely bound_(7,8);.(b),_to deduce infdrﬁation about bond strengths,
bond lengths, bond order, and the.distribution of electric éharge in
the molecule (9); and (c¢), to provide data for the calculation of
electronic'wave:functions“(2,10). It is generally recognized,
moreover, tﬁat there is a.relationship'betwéen ionization potential
and chemical reactivity. Ionization potentials are thus of both
theoretical and praétical.importance, and it is desirable to have
‘methods for their accurate measuremént. Theoretical calculations of
ionization potentials.arewextreme1y~comp1ex.even for atoms above helium
and in most cases:givé.auyery inaccurate value for the I.P.

Several experimental methods have been developed for I.P.
measurement. The more. important of these are.optical spectroscopy,

electron and photon impact ionization, and photoelectron spectroscopy.

2. Adiabatic and Vertical Ionization Potentials

Two different values of the ionization potential often
have to be considered: (1) The adiabatic I.P., which corresponds
to a transitioﬁ from the.zeroﬁh vibrational 1ével of the mgleéular
ground state to that of the ionic ground state. Spectroscopic ioniz-

ation potentials usually correspond to these 'adiabatic' values, since
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the 0-O transition can often be obtained either directly or by
extrapolation. 'The ionization: potentials obtained by.photoionization
are also:generally adiabatic..
a-The verticai.ip_corpesponds to the most probabie ionization

transition from thevground;state of the molecule. Ionization potentials
measured by eléctrdh.impact may or may not refer to the ion in its
gfognd vibrational staﬁéqQ

Thé{difference“betwgeﬁ_the adiabatic and vertical .potentials
can best be illustratéd.Wixh é diagram, Figure I, where RX is the
potential energy éurveafqrnthe normal electronic state of the molecule,
and_RX+fis thé potential. energy curve for the molecule ion.

It is apparent:fxom Figure I, that the vertical I.P. will
usually exceed the adiabatic value because usually there is a difference
of relbetween molecule;andmionf_ Experimentally, the difference is

usually between 0.02 to 0.5 eV (1).

3. Determination of Ionization Potentials

Various methods have been used for the determination of

ionization potentials, and some of them will now be described.

a) The Optical Spectroscopic Method

" This method involves the study of that portion of the far-
ultfaviolet‘absorption Spectrum produced'by Rydberg trahSitiohs. The

most. useful form in which to express the Rydberg series is



where: A and a are constants for a particular molecule and n takes on

integral values representing the different Rydberg bands.

f

v frequency in en”! of the transition

R Rydbergvconstant

This method has been used to obtain accurate values for
about 40 molecular ionization potentials. However, it cannot be
applied to those molecules which give continuous or diffuse spectra

in which it is difficult to deduce the Rydberg'éonvergence limits.

“b) The Electron Impact Method

This method uses a heated filament (usually tungsten) as a
source of electrons thch are passed through the gas under investigation.
The intensity of the ions prodﬁced is measured as a function of electron
energy, and mass analysis is usually employed.

'Experimentally; a mixture of the gas under study (for which
an ionization potential is. desired) and a gas whose ionization
potential is known (and will serve as the reference for establishing
v»the<ehergy_écale) is subjected to electron bombardment. The inert
géses Ar, Kr,_eté. are frequently usedvas.standards, since their
'ioniiatién potentials are kﬁown.with high accuracy (11). A plot of
ion current vs. electron energy provides an-'ionization efficiency
_curvé”. Now; when onebhas experimentally found the ionization
efficiency curves, the problem becomes one of evaluating these
curves to yield the desired I.P. Various techniques have been
developed to do this. Nicholson (12) gives an éccoUnt of eight.

methods available. It should be noted, however, that all of these



methods are essentially empirical, and even the better ones have
definite shortcomings.

The usual mass spectrometer ion sdurce is.unsatisfactory
for precise ionization-studies at low electron energies because of
the'largeispread'in electron enéfgies in fhe beam. (13). The other
major soUrceS of diffiéﬁlty afe (a)-'the acceieration of the electrons
by.an.unknqwn contéct poteﬁtial,difference between the cathode and
the ioﬁizatioﬁzchamber and (b) an unknown acceleration of the electrons
in their passage thfoughzthe ionization chamber because of the
presence of the electric fiéld‘necessary to extract the ions.

Thé éffectlof thé electron energy distribution is to
pbsture fine structure in the ionization efficiency curve. One
solution to thq.problem of resolving the fine structure which may be
present in these curves is to reduce the energy spread 6f the
ionizing electroﬁ_beam. |

The two most'widely used methods for reducing the energy
spread of electron beams are electron velocity selection (14,15) and
the Retérding-ﬁdtential—Difference (RPD) method (16)}. Preliminary
studies, using the electron energy selector indicate that the 21’3/2
and 2p1/2 components of the Ar® graund state doublet can be resolved.

More recent studies on hydrogen show that fine structure is clearly

+

2

attributed to the formation of the ion in its various excited vibra-

present on the ionization efficiency curve for the H, ion. This is
tional states. Recently mass spectrometric studies of the rare
gases using an electron velocity selector (17) have revealed

. . L » + + .
interesting structure in the curves for Kr and Ar . Using the



R.P.D. technique Hickam and coworkers (18) and Frost and McDowell
(19) were able to detect the higher excited states of N; and other
ions (20, 21).

Electrqh impact methods suffer from the defect that in the
- ionizationbefficiency'cufves produced by this method structure is
somefimes observed at energies‘wﬁich do nbf'correspond to the known
ekéitéd statés of‘the ion. bFox'énd Hickam (22), (in 1954), suggested
that such structure in their electron-impact curves was due to auto-
ionizatién (the same as pre-ionization) of a highly excited neutral
sta;etof-the étom or molecule cpncerned, and that this phenomenon is
of widespread occurence. Strong evidence in support of their
» suggestion comes from the photoionization curves for many diatomic
molecules, where;preionization is'cleafly‘indicéted;

é) Photoionization

Most 6f the work in fhis‘fieldvhas been done by using a
monochromator to provide a beam of photons of known nérrow energy
: épfead; A gas to‘be studied is irradiated by these photons, and the
resulting photoion current measured as a function of phot@n energy
(23, 24). The first ibhizafion potentiéls of more than a hundred
1 molecules have recently been reported by Watanabe (25) using this
technique, and his results are probably the most aécurate to date
(since he findsexcellent agreement with spectroscopic values where
these are available). This method has, however some drawbacks (26),
the most serious of which is that because of the lack of mass analysis
one has to be sure that the sample being studied is quite free of
'impurities with lower ionization potentials. Frégment ion formation

may also interfere with the 'parent' photoion curve.



This difficulty can be overcome by combining the photo-
ionization source with a mass. spectrometer. This technique has been
used by several workers (27, .28, 29) to:obtéin thé first and the
inner'ionization-potentials,of.seVeral‘mOIecules. ‘The main
'advantageiof the:mefhod'iS»fhat‘itiis.very.much easier.to obtain a
beam,of ultfaviolet radiation:ﬁith a nafrow.energy spread, and of
bﬁéccufately known energy, thanﬁan electron beam with similar properties.
Se@ondly, one ddes'not need'a.éaiibrating gas to be introduced along
with the sample inAorder‘to.éalibrate the energy scale.

A disadvantage of the photoionization method is that
often it becomes difficult to detect inner ionization potentials
.'owinghto the structure indicating thém being obscured by pre-ionization
peaks;'

‘d)\.PhotoelectrOn Spectroscopy

N Althoﬁgh widéiy used in the determination of work functions
of solids,.photoelecfrbn'spectroscopy has.only recently been applied
to the study of the I.P.'s of molecules in the gas phase. It enables
the direct measurement of all the ionization potentials of a molecule
~ smaller than the value of the ionizing radiéfion (in our case 21.21
'eV). The method was‘firsi devéloped by_Vilespv; Kurbatov and
.Terenini(SO),'whofused'a Lozierftypé apparétus éomﬁined with a vacuum
ultraviolét monochromator totmeésure the kinetic energies of photo-
electrons produced on ionization. In 1962,_Tufner_and Al-Joboury
(31,32) reportéd a new method,bforbthe measurement 6fgkinetic energy
of photOerected electrons which employs the'heiium'resonance line

(584_&) as the excitation source. Schoen (33), in 1962 started



10

similar studies using a Seya-Namioka ménochromator; But_without the
disadvantage of opticalfwiﬁdows that‘the Vileéovlét al ‘instrument
had. | N | |

» Thé principle bf the meth6d i$[that’é“photon of energy
hv causes the‘emissioh'of-atphotogelgcfrén‘of kinétic energy given
&éry“closeiy by (hQ 5.I.P.). 'Conservatipn of momentum results in
_rehérgyvpa?tition.bétween the eiectronuand'the ion in the inverse
v  ratio bfitheirvmassesj'in»the least' favourable case (H,) the mass
ratio is 104 to 1 aﬁd thus. the error in equating the electron
enérgy'with (hv.- I.P.) is llpart in 104; for larger ions the error
is cofréspbndingly less. 'Virtually all the excess energy is therefore

carried away by the photoelectron, so one can write

K.E = hv-1.P. ‘ A (1-1)
Qhere  h = Planck's constant
v = frequency of radiation
I.P.= Ionization potential .of the atom or molecule.

It follows that if a gas is irradiated by a monochromatic
photdnUbéam there.wili.result‘as many.groups of photoelectrons as the
ion.has‘energy levels attainable through-ébsorption of an incident
21.21 eV photon. Kinetié'energy measﬁreménts wil1 enable the I.P.
in.each»case to..be dedﬁced frém equation (1—1),»andvthe:re1ative
‘group intensities wiil be‘proportional to the felative transition
probabilities to thé appfo§riate ionié sfates.:‘Electron kinetic
energies m;y'ﬁonveﬁientlyABe deterﬁined'by Qsing fetéfding pofehtial
technidues. The blot of fhe photo-electroﬁ intensity as a function

of retarding voltage gives the 'integrated"photoelectron spectrum,
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which is usually found to consist of series of steps when a spherical
analyzer is employed.

In this technique we are thus examining a process or
protesses occurring in the ionization continua. The important
kdifferenceAfrom the Rydberg series convergence method, the photoion
curfent methodvqf Watanabe, and from mass spectrometric appearance
potentialvmeasﬁrements'using électron impact is that photoelectron
 spectros§opy is not aftﬁreshold'téchnique. It will usually be free
 from the limitations imposed by autoionization_processes which
‘ifreQﬁently render_higher-idnization limitg diffuse or unobservable
- by other methods. However, one does have to use a calibrating gas
(Ar;vKr) in order to calibrate the energy scale.

- The Instrument used in this work.

In this work a spherical grid analyzer is used to measure
the kinetic energy distribution of photoelectrons produced by the
interaction of 584 A radiation with gas molecules, an arrangement
differing significantly from other existing instruments. With
spherical grids the electron retarding field is alwayé parallel to
the electron tfajectory, andvthis results in a definite increase
in resolution, (as shqwn in Figure 2), over instruﬁeﬁts with

coﬁventional_cylindrical,grids (30, 31, 33).
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B. The Franck-Condon Principle (34,..35)

As pointed out earlier, transitions .induced by phofon and
electron impact obey the Franck-Condon Principle. The principle states
that an electronic transition within a molecule takes place so rapidly
in comparison to the vibrational motion that.immediately afterwards the
nuclei still have very nearly the same relative position and &elocity
as before thé “jump'. In order to apply this principle to ionization
phenomena let us consider Figure 3, in which are drawn the botential
energy curves for a diétomic molecule AB in its ground electronic and
variouS»ibﬁic excifed states.

Figure 3 (a) represents a case where the interatomic distance
is the same for the molecular ion and the neutral molecule; in this
case tﬁé appearance potential will equal the adiabatic I.P. In this
case the most probable transition will be to the lowest vibrational
“level of the ionic state, with very low probability to the higher
levels. This gives rise to a single sharp step in the photoelectron
energy spectrum, indicating the removal of a non-bonding electron.

When the interatomic distances for the two states differ
appreciably; as depicted in Figure 3 (b), it is to‘be expected that some
of the transifions will lead to Vibrationally exéited AB" ions, and
others will lead to dissociation of the AB® ion to give(K + B. or
A+ B+, etc. depending on the limit of the potential energy curve
of the upper electronic state at infinite internuclear separation).
This will lead to a phgtoelectron retarding curve exhibiting a great
deal of vibrational structure, and then a continuous rise to perhaps

above the dissociation limit.
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Figure 3 The Franck-Condon Principle
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If the upper curve is repulsive,-as in Figure 3 (c), then
the transitions are no longer to discrete vibrational levels but to
a continuum. They will result in dissociation of the molecule ion
AB*. In such a case, the relative kinetic energies of the fragments
(A+ and B in this example) will have some distribution lying between
Ey and Ex.

The electronic transition probability is proportional to
the sqﬁare of the vibrational overlap integral (the integral over the
product of the vibrational wavefunctions of the two states involved),
when the variation of electronic perturbation integrals with inter-
nuclear separation is small (36, 37). Recent work by Nicholls (38)
and others has been concerned with the calculation of these Franck-

Condon factors for polyatomic as well as diatomic molecules.
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CHAPTER II

EXPERIMENTAL

A. Introduction

The photoelectron spectrometer used in this work has been
fully described previously (39), and is shown schematically in Figure
4. Only a brief description is giveh here.

The major advantage the present spectrometer has over others
of its type is that it has a spherical grid energy analyzer. All the
previous work reported in this field has been done using cylindrical-
grid energy énalyzers. In these systems electron collection is most
efficient for those ejected at 90° to the photon beam and so the collector
current is very sensitive to the angular distribution of the photo-
electrons. This distribution is roughly a function of Sin2 8 (40),
where 6 is the angle between photon beam and ejecfed photoelectron
trajectory.

These difficulties are overcome in the Sphericai analyzer
used in this work, wherein phétoelectronsare produced in a small
volume at the centre of theISpherical grid system, so that ejection
is always normal to the retardiﬁg field. This gives rise to greatly
improved resolution owing to the 'stepped' photoelectron stopping
curve.

One important modification w;S'made during these studies.
Previously, the spherical grids were made of brass mesh ( 30 x 30 mesh
0.005 inch gauge brass) which was gold plated after etching. In this

work, new grids constructed from stainless steel mesh (50 by 0.003
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inch) were used. The new grids were more spherical and transparent,
56% against 45% with the etched brass. Both these factors helped
in improving the resolution. Further improvement in resolution came
with the use of only one spherical grid in the analyzer (41). The
retarding field is then applied between the single erstwhile 'inner'
grid and the collector. By this method all the positive ions (which
were previously repelled by a positivé.potential between the two
grids) now feach the collector. This presenfs no problem, however,
since the positive current background remains constant. This arrange-
ment dgcreases thé electron scattering between the central ionization
region and collector and improves the resolution by a factor of th.
The photéelectrbn stopping curve for argon is used to illustrate the
energy resolution attainable with one and two grids is shown iﬁ Figure
5. The former arrangement results in a peak half width of only
0.045 eV, compared with double this for the latter, and will
.obviously be advantageous in the detection of fine structure in photo-
electron spectra.

7In the work reported here two spherical grids were used,

since the singlé grid modification only occurred very recently.

B.. The Samples used and their handling system.

| The compounds used in this work and fheir origins are shown
in Table I. Mass spectral analysis showed them to be free from
any impurities which might cause ambiguities in the photoelectron

stopping curves.
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Table I
Sample Grade Origin
Methyl Iodide Spectroscopic Baker and Adamson
Products
Methyl Bromide Reagent British Drug House
Methyl Chloride ‘Matheson of Canada Ltd.
- Methyl Cyanide Spectroscopic Eastman Kodak

Ethyl Cyanide Reagent Eastman organic chemicals
Acetaldehyde Reagent Eastman organic chemicals
Acetone Spectroscopic Eastman organic chemicals
Sulfur Hexafluoride Matheson of Canada Ltd.

Sample Handling System

Figure 6 shows a diagram of the sample handling and vacuum
system. Gases are introduced directly into the reservoir R (to a
pressure of ~ 1 mm Hg) from the gas sample container. Taps T1 and

T, are initially open while taps T Ty and T5 are closed. After

3 2’
the sample is introduced into the reservoir, taps Tl and T3 are closed
and Ts opened, so that the vapour (after its initial expansion into

‘R) enters the spectrometer through a 'metrosil' molecular leak
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(sintered glass) at the required rate. The leak dimensions are such

that about a miilimeter reservoir pressure results in an ionization
gauge pressure of 5 x 1074 mm Hg. The ionization chamber pressure

is probably an order of magnitude greater than this. For liquid
_samples the procedure followed was slightly different. They are first
piaced in the tuge and degasééd by repeated freezing in liquid nitrogen,
pumping-off_and melting. Finally the vapéur is introduced into the
reservoir. The sysﬁem is evacuated by a Welch duo-seal rotary

oil pump and is controlled by tap T45 All the taps are greased with

Apiezon M.

C. The Photoelectron Spectrometer

The essential components of the spectrometer, shown in
Figure 4, are:
1) The Photon Source

and 2) The Photo-electron Energy Analyzer.

1. The Photon Source

| The photon source is the 584 A (21.21 eV) resonance emission
ffom a microwave discharge in helium. Tank helium (Canadian Liquid Air
Co) at a pressure of 20 microns flows through the axial quart:z
discharge tube. Flow control is achieved with an Edwards high vacuum
OSIC stainless steel needle valve. The discharge takes place in a
‘resonant cavity, and the power is supplied by a Raytheon Microtherm 100
- watt 2450mc/s.generator. The inside of the cavity is silver plated

for high efficiency. Differential pumping and a 5 cm long 0.5 mm



A Spherical Grid.

Figure 7.
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diameter collimating capillary éffectively prevent the helium from

entering the analyzer. The source is forced air cooled.

2, The Photoelectron Analyzer

The>énalyzer consists of two concentric spherical grids
and a collector. The grids (1.5 and 2 inches internal diameter) are
pressed from 50 by 0.003 inch diameter stainless steel mesh, giving a
‘theoretical transpafency of 75% each. A diagram of the grids appears
in Figure 7. |

As shown in Figure 4, the inner grid is kept in position by
two photon conducting tubes of gold plated brass. These two tubes
are equipotential to the inner grid, and so the space enclosed by the
inner grid and thé two tubes is electric fieldafree.

The collector, internal diameter 3 inches, is turned from
solid brass and is gold plated. The inner sufface is coated with a
colloidal suspension of graphite (YAquadag®). The purpose of this is to
minimize the reflection of photoelectrons. The whole analyzer is
enclosed in a cyliﬁder of “mumetal'" +to reduce internal magnetic
fields and so maximize the resolution. All the spacers are made of
pyrex, énd elecfrical leakage between the outer grid and the collector
is minimized by placing an earthed nickel disc between the two teflon
spacers. The sample gas flows in thfough 1/4 inch diameter holes in

the collector near the photon beam axis.

3. Operation of the Spectrometer

In the central field-free region the photon beam interacts

with sample molecules to form ions and photo-electrons. A constant
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potential difference of 3 volts is maintained between the inner and
outer grids - sufficient to prevent positive ions from passing
through the outer grid into the electron retarding field. The
photoelectron retarding voltage is applied between the inner grid and
the colleétor from a ten turn 20,000 ohm.déub}eaended helipot. The
collector is grounded thfough.the vibréting reed eleétrometer.

An glectron ejected from-a.molecgle in thé'field free region
moves to the inner grid. -it is then accelerated to fhe.second grid
and decelerated as it mové§ tbwards théAcollector. The photoelectron
energy spectrum is scéﬁnéd by decreasiné the retarding fotential
difference between the innér grid and.the collector at 1 volt per
.minute.by a Heller 2 T 60Avariable speéd motor, connected‘through a
friction clufch to the Helipot spindle. This method of scanning the
electron energy spectrum'is similar.to that used by Schoen (33), but
differs from that used by Al:Jobouryxand Turner (31,32).

A Cary model 31 Vibrating.Reed Electrometer amplifies the
collector current, finally displayed on a Leeds and Northrup strip
chart recorder. The photoelectron retarding voltage is read from a
digital voltmeter, and a push button event control marker is used to
‘produce spiked reference pulses every 0.1 volt on the chart. After
the completion of every écan, the run is repeated with no sample gas
present and the background so obtained subtracted from the original

signal to obtain the true photoelectron spectrum.

4. Vacuum System

Since scattering of the electrons by neutrals could distort

the retarding potential curves, it is desirable to work at as low a
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pressure as possible. The main spectrbmeter is pumped by a C.E.C.
'MCF 60' o0il diffusion pump fitted with’a-'dry ice'-cooled cbld—trap,
and backed by a Welch duo-seal rotary oil pump; ‘The same rotary
oil pump is used to evacuatevthe sémple reservoir. An ionization
gauge mountea:over the cold trap is used to measure sample pressure.
The background pressure is usually about 1 x 107> mm Hg.

| The_light source differential pumping is provided by a
similaf Weichvduo—seél rotary oil pump to that used for the main

vacuum system.
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CHAPTER III

The Methyl Halides

EXperimental details
The sources and pur1t1es of the sample gases are given-

below. " Krypton was. used as a callbratlng gas and the 1onlzat10n

- Table II

Sampleﬂ | | ) Grade‘.:f'11~_ J'>'h20rigin‘
Methyl Iodide ‘ 'Spectroscopief . Baker and Adamson products
‘Methyl Bromide: ~ ° Reagentf” L f~' Br1tlsh Drug House 3

_Methyl'Chloride --'=_' :t'uff: 5 o Matheson of” Canada Ltd.

-potentlals were determ1nedbn1th 1t and the unknown conpound both in

the photoelectron spectrometer at the same time. Prior to each set

of experlments the resolutlon of the 1nstrument ‘was: tested by its

ab111ty to resolve the argon doublet (of O 18 eV separatlon) The
-4

gas pressures used in thlS work were of the order of 5.x107 " mm.

of merCury for CH,I, CHsBr and CH3C1.

Experimental Results

The photoelectron current versus ionizing energy curves
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corrected for background are plotted in Figures 9, 10 and 11
respectively. Figure 12 shows the orbital energy levels for the three
methyl halides found here and in the electron impact studies of Frost
and McDowell (42) using monoenergetic electrons. The photoelectron
stopping'cufves for methyl iodide and methyl bromide shown in

Figures 9 and 10 clearly indicate the formation of these ion species
in fourvdifferent‘states° These are deduced to be the 2E1/2’ 2E3/2’
2A1 and 2E state. Thié is in agreement with the electron impact
studies done by Frost and McDowell (42) Tsuda, Melton and Hamill (43)
and the spectroscobic studies of Price (44). The corresponding
components of the CH3C1+ ground states are not resolved however.

Frost and McDowell (42) were also unable to resolve this doublet,

but Tsuda, Melton and Hamill (43) report its separation in their
electron impact studies. For this ion only three different processes
have been detected, and they lead to CH3C1+ in the ground-zE and
excited 2A and 2E electronic states. Reasons for the assignment of
the ionization processes are given in the Qiscussion, and the various
electron impact, spectroscopic and photoionization ionization potentials

of the methyl halides found by different workers are summarized in

Table III.

Discussion
The methyl halides all have a similar nuclear arrangement
and belong to the pyramidal symmetry CSV' Their electronic structure

may be represented (47) by the formula:

2 2, L2, AL 12 W41
(lSC) [Sal] (nSxalj (me) [oal] (npnxe) s A1 (3-1)



Table III

Ionization potentials of the Methyl Haiides.(eV)

Compound- Spectroscopic- : Photoionization _Electrdnmlmpact This Work
’ Watanabe Nicholson Frost § . Tsuda §
McDowell Hamill
(44) (45) (46) (42) (43)
Methyl Iodide
(1st I.P.) 9.49 . ' 9.54 9.55 9,51 9.50 .9.56 + 0.01
2 2 2
CEyp0) CEy )2 By 2
(2nd 1.P.) 10.11 S . 10.12 10.09 10.00 10.19 + 0.02
2. . 2. | 2
(/o) CEsz/2) B3/
(3rd I1.P.) 11.22 11.20 12.29 + 0.02
\ 2 2
(“a) ‘A
(4th 1.pP.) 13.14 13.10 14.30 + 0.01
2

CEsz/n, 172

w
=y



Table III (Continued]

2
CEz/2, 1/2)

Compound Spectroéscopic Photoionization ElectfonAImpgct__ This Work
- ' ' Watanabe Nicholson ‘Frost § ."Tsuda.ﬁ
‘ - ' : _ McDowell © Hamill .
(44) (45) (46) (42) - . (43
| Méthyl Bromide »
(st I.P.) 10,49 10.53 . 10.52 10.53 . 10.50 10.55 + 0.01
CEpy2) CE ) CEy/2)
(2nd 1.P.)  10.80 10.86 10.85 . 10.80 10.86 + 0.02
2 | 2 | 2.
(Es/2) (Es2) (CEg)p)
(3rd I.P.) 11.62 . 11:50 13.22 + 0.03
2 - 2
Cap) A
(4th 1.P.) 12.94 12.90 14.79 + 0.05

S¢



Table III (Continued)

_ Compdund 

Spectroscopic

This Work

Photoionization. 1 Electron Impact
Watanabe Nicholson -  Frost § - Tsuda §
. - ' , McDowell "Hamill
S (44) (45) C46) - (42) (43)
Methyl Chloride
(1st 1.P.) 11.17 11.28 1126 11.42 11.30 11.29 +0.02
2 2 2
CEy/2) CEy/2) CE1/2)
(2nd 1.P.) . 11.25 11.34 o o ©11.40
X . . o
(.53/2)
(3rd 1.P.) 12.07 11.90 14.14 + 0.04
2 2
(A ("A))
(4th I1.P.) 13.02 13.20 15.14 + 0.05
2

CEz/a, 1/2)

9¢
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where n = 3, 4, or 5 for CH3C1, CH_Br and CHSI respectively. The inner

3
electrons are omitted and the orbitals are written in order of
decreasing binding energy.

Mulliken (47) has discussed the molecular orbital formulae
of fhese compounds and'haé shdwn,thét their structures can be understood

better if they are compared with that of ﬁethane. The structure of

CH4 (symmetry Td) is (48).

2 2 ., 6 1

If we suppose one H atom slightly displaced the symmetry
can be reduced to CSV; As é consequence of this operation there are
certain alterations in the molecular orbitals.

From group theory it is known that the completely
symmetrical representations of all symmetry gréups correlate. The
methane [Sal]2 orbital is compietely symmetrical buf the [pt2]6 is not,
and so it is essential to determine how the latter orbital correlates
with the representations of the methyl halide symmetry group C3v' It
is also known from group theory (47, 49) that the triply degenerate
T, correlates with the A, and Evrepresentations of the group C3V; SO

2 1

when the CH4 symmetry is reduced from Td to C the triply degenerate

3v
[ptz] orbitals will split up into a symmetric [cai] and a doubly

degenerate pair [nme] and lead ‘to an expression similar to that given

in (3-1) for the methyl halides:

[1Sc]2 (sa,1% [ne)® [dal]z, 1A1 - (3-3)

The twofoldly degeneraté [re] here should have nearly the
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same energy as the [me] in the methyl halides. Each is confined
essentially to the CH3 radical, and the only differences are due to
secondary effects in shape and field of force within the CH3 which
result when a C-I is substituted for a C-H bond.

In equation (3-2), the ( ) brackets refer to mainly atomic
non-bonding orbitals and the square brackets refer to molecular
orbitals, although [ﬁe]_is completely, and tSal] largely localized on
the CH, radical. The orbital-[o] is the main C-H bonding orbital.

The first ionization potential corresponds to the removal
'of an electron from the (npnxe) orbital, non-bonding and largely
localized on the halogen atom. Some evidence for this comes from
fhe shape of the photoelectron stopping curves for the methyl halides
in Figures 9, 10 and 11 respectively, where a sharp step for the first
process is séen indicative of the removal of a non-bonding electron.
This would leave the molécular ion in a 2E electronic state, ha?ing
two components, 251/2 and 2E3/2’ due to spin—orbital interaction.

Whén the molecular ion CH3X+ is formed it is to be expected
-that the singly occupied orbital will be to a large degree‘loCalized
_aroﬂnd the halide atom. If this is the case then the separation of
the ionic ground state spin-orbital components for each methyl halide
would be expected to approximately equal the separation pertaining in
the corresﬁonding halogeﬁ atom and hydrogen halides. Furthermore,
since for atoms the doublet energy separation resulting from spin-
orbital interaction is proportional to the fourth power of the

2 2

atomic number (50), it follows that the E3/2 - E1/2

+ . . . . .
X" ions should increase with the atomic weight

ground state

separations for the CH3
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of the halogen atom from the chloride to the iodide. The
experimental results in Table IV bear out»this_expectation (51). It

+
is clear from Figures 9 and 10 that for CH_I and CHsBr+ the doublets

3
due to spin-qrbifal interaction have been resolved. That this
interpretation is correct is shown by far uliraviolet studies of these
mdlecules by Price (44){-photoionization studies by Nicholson (46),
and'electroﬁ impact studies By Frost and McDowell (42) and Tsuda,
Melton and Hamill (43). In 1936, Price found two Rydberg series in
this speétrél region fér methyl iodide.and fheir limits were 0.62 eV
apaft; Mulliken f47) interpreted these limits as corresponding to the
two spihforbitai coﬁponenﬁg‘of the.zE ibhic éfoﬁﬁd state. The value
of 0.63 eV. found in this work agfees well with the spectroscopic value.
The values 0.58 eV and 0.50 eV found by Frost and McDowell (42) and
Tsuda, Mu;ton énd Hamill (43) by electron iﬁpact studies are slightly
lower. |

-In.the caéerof methyl bromide, Price (44) found two Rydberg
series having a sgparation,of 0.31 eV between their limits. Frost and
McDowell (42) fouﬁd this separation to be 0.32 eV, and Tsuda, Melton
2

and Hamill>(43) found a value of 0.30 eV. In this work the E1/2 -

253/2 separation is found to be 0.31 eV, again in good agreement with
the previous studies. For CH3C1+, the'zE ground state doublet
separation would be expected to be less than 0.1 eV. From Figure 11,
it is clear that we have been unable to resolve these components.

However Price (44) found two Rydberg series having a separation of

0.08 eV between their limits.
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Spin-orbital Interaction energies of Methyl Halide Ions (eV)
Ion Worker Method Doublet
Separation
+ .

CHSI This work Photoelectron spectroscopy 0.61
Price (44) Spectroscopic 0.62

Frost & McDowell (42) Electron impact 0.59

Tsuda, Melton & Hamill (43) Electron impact 0.50
Nicholson (46) Photoionization 0.57
Morrison (52) Photoionization 0.60

CHSBr+ This Work- Phg}oe}gctrqn spectroscopy  0.31
Price (44) Spectroscopic 0.31

Frost and McDowell (42) Electfﬁn impact 0.32

Tsuda, Melton § Hamill (43)- Electron impact 0.30
Nicholson (46) Phofoionization 0.33

The next inner ionization potential above those associated

with the methyl halide doublet ground state should refer, according to

equation (3-Jto the removal of an electron from the CX orbital [oal].

This would lead to the formation of CH Xt ions in their 2A

electronic states.

3 1

Through a comparison of data of this work for

excited
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three methyl halides it is possible to éay that the process just
~ described is correct. The value found ih;this_work for the removal

sBr’

_ of an ele;tfqn.frqw the CHSI' [oal]‘orbital:is 12.29 eV, for CH
and CH,C1 bgiﬁg 13.22 an.d.A14.i4 eV respectively. |
Thg.neit ionizétion.ppteﬁtial abéVé that involving the [cal]
'orbitalishoula; frdmfgquation(343,vrefer to the.removal of an electron
from the:doﬁblyIAegenérate_twe]4 Bonding orbital'localized in the
~methyl group, _The:[ﬁe]4'orbital, Béing deri&ed_from the [ptz] orbital
of methaﬁe_when the Symmetfy is éltéfédvffom Td fo'CSV, should have an
I1.P. abproXimafeiy‘équai ‘to?thé'first I.P}”éf'méfhane, 13.16 eV. The
values obgerved for this ionizétion process'in‘this wérk are 14.30 eV
for ﬁethyl'iodidé, 14.7§'eV for_methyl_bromidé,_and 15.14 eV for
methyl éhloride. The increase in value-could‘bebéaéily acbounted for by

CH3 being more positively éharged due to. the presence of the electro-

negative atoms chlorine, bromine and iodine in the methyl halides.
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Acetaldehyde

Acetaldehyde; acetone and formaldehyde are the simplest set
of compounds céntaining the group >C¥0. It is‘well known that the
’doub1e bohd.ih these'cbmpoundé»iSVQSSQﬁiated with high polarity and
hencé it is‘to be_expecféd fhat.thelmolecu;eé' ionization potentials
will_be»stréﬁgly influénced.byjchéfge fransfer.»'éfeviOUS results
are a?ailabié fdr'thé firsf'ionizatibn potentials of these molecules
ananiil be réféffed,fo'Beléw.“ The workltofbé deséribed here shows
how the‘binding‘enérgies.ofjsdme of the more.strongly bound orbitals
" ‘differ from the values obtéined-by Sugdéﬁ and Price.(53), who studied
these molecules using aumonoéﬁérgetic (pho#o) electron impact technique.
They. found afnumbef'of b;éaks_in thé.ionizatipﬁ'éfficiency curves

" which they assumed to be inner I.P.'s

Expériheﬂfal details

V.The‘acetaidehyde was -an Easfman Kédak samp1e and was.of
reageht gfade purity) and a pressufeléf_s P 10—4~mm of mercury was
maintéihed in thg Syétem. ‘The acetone usedeas spectroscopically

pure and the calibration gas was krypton in both cases.

Experimental-Resultsr

The photo-electron stopping curve for acetalhyde is shown
in Figure 13. The curve shows clearly that there are four distinct
processes leading to ionization and these occur at 10.22 + 0.01,

12.89 + 0.1, 13.98 +.04 and 15.10 + 0.02eV.



i '
L
wos™"
L A ‘
..000".
o“...
c".
o’....
P ;
.......... ‘... :
P »

> ! 1 1 | 1 1 1 1 ]

Figure ? Photo Bctron Spectrum of Acetaldehyde
$

197



44

Discussion
Mulliken (54) has described the electronic structure of

acetaldehyde as follows (1S.electrons are omitted)

@9)? 1517 151 Geex)? 017 [2e0)® m* @2 p7 L M

"0 CHy HCC-0 CO * HCC HCC-0 CHy = 0
s SR 3o (3-4)

The electronlc structure is. essentlally that of
formaldehyde w1th the CH orbltals [S] [ ] ~added, and in [y], [2+Z],
and the second [s], - the C of CO is bonded to one H-and one C instead
of to two H's as in HZCO. No representatlon symbols have been used in
equation (3—4),;the symmetry of HZCOA(CZV) having been largely destroyed.
Strictly speaking there is interaction and mixing amongst all the
various orbitals given in equatioh (3.4).

Ffom.equation (3-4)_the first ionization potential of
_ acetaldehyde'wouid he ekpeeted to‘refef to the‘femoval of a (2 py)
electron from the C atom. Welsh (55) found three Rydberg series all
leading to the same limit at 10.18 eV,‘ahd he deduced that a non-
bonding, electfon was being removed since the sefies members were
remarkably free frem vibratiohal structure. - Mulliken (54) has also
shown that the lowest ionization potential in these simple aldehydes
.corresponds'to the‘removal of a nonabonaing 2 120 eleCtron from the
oxygen étom. “The first ionization‘potential”observed in this work
at 10.22 eV therefore should correspond to ionization of the 2 Py
non-bonding orbital. The shape of the stopping curve confirms the non-
bonding character of the orbital(»hThe first ionization potential
found in this work egrees well with photoionization values of 10.21 eV

by Watanabe (45), and of 10.25 eV by Hurzeler, Inghram_and Morrison (56)
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The value of 10.4 eV found by Sugden and Price (53) using the electron
impact technique seems to be rather high.

The first four ionization potentials found in this work are
given in Table V. Also'included are the résults_of Sugden and Price

(53).

. Table V

Tonization Potentials of Acetaldehyde (eV)

This Work . . Electron impact
‘ - Sugden and Price (53)

10.22 + 0.01 10.40
12.89 + 0.01 11.30
13.98 + 0.04 | ' 12.30

15,10 + 0.02 13.50

It is evident from Table V that the agreement between the
first ionization potential obtained by the two methods is good, but for:
higher energy processes fhe values differ widely; The electron impact
results, however could be comblicated by interference from pre-
ionization.

We assign the value-at 12.89 to ionization from the C-C
bond, bearing in mind the possible hybridisation‘betWeen the y and S
bonding electrons in this respect. The ionization potential of

C2H6 is 11.8 eV, and this corresponds to the removal of an electron from
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the C-C bonding (o a,) orbital. The higher value in our case could be
due to the presence of the strongly electro-negative oxygen atom.

In equation (3-4) the [Z+Z] and [x0 + xc] electrons provide
the o and Il bonding of the carbonyl group. The predicted ionization
potential for [xO + xc] from valence state data on the basis of the

(-]
simple eQuation (54) I > %—[I (2p0) + 1 (2p¢)],

Y
with I

17.17 eV for 2p oxygen atom  (57)

11.21'eV for 2p of carbon atom (57)

‘o0
i

is slightly greatervthan 14.2 eV. The chérge transfer is largely due
to these electrons, and consequéntly a reduction in the ionization
potential is predicted. These qualitative arguments show that the
value at 13.89 eV is by no means unreagonable for the ionization
potential of the [xO +4xc] orbital.

As pointed-out by Mulliken (54) the ionization potential for
[A] of CH3 is predicted to.be.approximafely the same as for [NI] of

Cﬁs in CH4 or CH3

fourth ionization potential'found in this work at 15.1 eV, therefore,

I, for which the estimated value is 14.4 eV. The

may well corfespond-to removal of an electron from [II] of the CH3
bonding orbital. This value is somewhat larger than that estimated
by Mulliken probably because the CH3 group here is more positively
charged owing to the presence of the strongly electro-negative
oxygen atom. Interéction with (2 py) 0 should also tend to increase
the ionization potential of [N], the ionization potential of (2py) 0

being decreased at the same time.



47

Acetone
The experimental results obtained for acetone are shown in

Figure 147 In the case of acetone there are seen to be four different
ionization processes.leading to ionization. They correspond to ioniza-
'tion potentials of 9.72 iHQ.Ol, 12.11 + 0.02, 13.8 + 0.04 and 15.40 +
0.01 eV,.and as,expectéa, they_féll genérally into line with the results
for acetaldehyde: | .

- For.acetone'a'configuraton ;imilar to eéuation (3-4) can be

3 ~The molecular

written;ABut witﬁ an [S] ahd [H}vgroup for each CH
.orbital formula (54) is:

29)%1512151% 181 [x + x1%0y1%1z + 27 s,

O CHy CH, z>c-o c-c.)' E)c Z}c-to CHy CH, O (3-5)

The lowest I.P. (9.72 eV) obviously corresponds to the non-
bonding electronVZpy, and has been observed as the culmination of a
Rydberg series by Duncan (58) at 10.20 eV, appreciébly higher than
the value found in the present work. Watanabe's (45) photoionization
‘value for this proce§$ is 9.69 + .0l eV in excellent agreement with
the presént value. The electron impact method gives the first
ionization‘potential of acetone as 9.92 eV tMorrison and Nicholson (59)),
10.2 eV (Sugden and Price (53)} and 10.1 eV (Noyes (60)). Recently Al-
Joboury and Turnef (61) found the'first ionizatioﬁ potential of acetone
to be 9.67 eV by photbelectron spectroscopy. It is ﬁoted that the
electron impact figures are conéiderablyvhigher than the value found in
this wérk, and this is probably due to the relatively low ionization
croSs—séction at threshold |

The ionization potentials obtained in this work together with

the results of Al-Joboury and Turner, and Sugden and Price are given in
-Table 6. : ’
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"Table 6

Ionization potentials of Acetone (eV)

This Work - - . AlJoboury and ‘ Sugden ard Price
_ : " Turner ' ' (53)
(61] - ’ L
_ y B
9.72 +0.00 . 9.67 . 10.2
12.11 + 0.02 1216 113
13.80 + 0.04 | 14.15 -~ s 12.2
15.40 + 0.01 | 15.55 : 13.6

No spectroscopic data is available én the inner ionization
pbtentiais of acetone however it is clear from the Table 6 that
evidence for the four ionization processes seen in the photo-electron
spectrum obtained by Al—Joboury and Turngr (61} is in good agreement
with the present work. Such is not the case with the values obtained

by Sugden and Price (53) for three inner ionization potentials.

Sulfur Hexafluoride

H

The sulfur hexéfluoridé molecule is known to have the form of
a regular octahedron from the results of electron Aiffraction
measurements and from studies of the Raman and infrared spectra (62).
No photoelectron spectrum of this molecule has been reported previously.
The far-ultraviolet absorption spectrum-has been studied by Moe and

Duncan (64) and Codling (65). Using the electron-impact method,



Dibeler and Mohleri(66), Marriot_and Craggs (67)»and Fox and

- Curran (68) have indicated thatdthe most probable ionization product
is‘the SF5 ion and that its 1on12at10n threshold is about 15.8 eV.

Very recently, D1beler and Walker (69) measured the phot01onlzat1on
efficiency between 1050 and 600 A by means of a comblned vacuum-UV
monochromator and mass spectrometer wh11e Slmpson Kuyatt and Millczarek

(70) measured the absorptlon spectrum of SF6 in the far ultraviolet by

-electron impact.

Experimental

‘The sample of SF was obtained from Matheson of Canada Ltd.

and was of high purity. Argon was used as a calibrating gas.

Experimental Results

The photoelectron spectrum from SF6’ determined at an incident
photon energy of 584 A is shown in its 1ntegrated form in Flgure 15.
Electron current is plotted ‘against (21. 21 eV minus R, the retarding
voltage) so that the binding energy can be read directly off the
_abscissa. ‘There are four ionization thresholds‘clearly in evidence,

and these occur at 15.35, 16.71, 18.11 and 19.5 eV.

DiscuSsion. .

The first two thresholdsrobseryed at'lS.SS eV and 16.71 eV
during this work correspond with SFg photoloniZation thresholds obtained
by Dibeler and Walker (69);:and-tne third with what appears to be a
definite increase in.their photoionization efficiency at about 18.2 eV.
‘The proéess occuring at. 19.50 eV?could‘either be due to SFZ formation

or to another SF; threshold, « there appears to be a slight increase
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in Dibeler's curve at tﬁis gnérgy; Fox and Curran (68) have reported
electron impact (RPD) Sngthresholds af 15.85, i7.0 and 18.0 eV. Al-
though the first is 0.56. eV highér fhan the SF; photoionization thresh-
hold, the_other.two cqrreiate.reasonébly.ﬁell with our 16.7 and 18.1
véluesg | | |

Although ho_maSé analysis.is employed in this worklthe ions
_préducted beibw 19 eV_ﬁéﬁ be téken to:b§ aimoSt>§xc1usiVe1y SF; since

+

* is only 3x10™% that of SF and other

6

positive ions haVe appearance potentials above 19 eV. Direct compari-

the relative_ébundaﬁcé of éﬁ c
son of_oui phdbelectron spectrumfmay théreﬁore_be_made with the SF;
fragmeﬁt'photoionization curvé from SF6.

The relative (maximum) intensities of the 15.29 and 16.53 eV
pfocesses agjmeasured by Dibeter and Walker.are'about 1:2, whereas ours
are about 133.v Thé differehcé-is eithér“due to fhe effects of préioni—
zation unfesslvéd-in'thé diréct‘ionizatiéﬁ;éxperiment:or to a greater
fall-off in the cross—séction.for the first process at a photon energy
of 21.21 eV. | | .

If is interestiﬁé ;o note'fhatvthé ﬁ—V absorption CTross-

section of SF, derived from inelastic electron scattering measurements

(70) shows two maxima'of almost equal intensity at energies correspon-
ding to our first.two thrésholds, That our relative intensities are so
much more in‘agreement_with Dibeler and Walker's supports their sugges-

tion that electron impacf non-ionizing processes may be responsible for

the disCfepancy.

" Methyl and Ethyl Cyanides

No work concerned with the inner ionization potentials of

;
7t

I
Ve
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these moiecules has been reperted in the literature, even though methyl
halides have been studied by many workersr fIt.was the ~purpose of this
work to determine the inner ionization potentlals of these molecules
and to attempt-te correlate them w1th the electronlc structures as

given by McDowell (71).

Experimental .

The methyl cyanlde was a- snectroscoplcally pure sample The
“ethyl cyanlde was suleled by Eastman organlc chemicals -and was found
to be free from detectable 1mpur1t1es (mass spectral analy51s) Krypton

was agaln.used as amca11bratrng gas.

Exper1menta1 Results

The photoelectron stopplng curves for CHSCN are shown in
Flgures.16 and 17 respectlvely The energles at which the steps are
observed in the curves are glven in Table 7 below Figure 18‘gives the
orbital energy 1eve1 dlagram for HCN CH CN and CZHSCN The values for
HCN are.taken from_electron impact studres (72).usrng the R.P.D. tech-

nique.

Discussion
Infra red studles (73) have shown that the methyl cyanide
3y 11ke the methyl halldes Its electronic

structure can be derived by the same method employed for the methyl

‘molecule has symmetry C

halides, i.e. it is regarded as a derivative of .a methane which has
been distorted so that it haS’a symmetry-C g McDowell (71) has des-

cribed the electronic structure of methyl cyanlde as follows:
2
]

o I8p*Ses 02y c

2 12
(S,~S.» oal] TSal] [ec+o ]

N[Hn+Hc,e] fHe] . ‘E_ o v" ‘,: . (3-6)
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Table 7

Ionization potentia1_of.methyl_eyanide and e;hylueYanide (eV)

Compound - ‘ o Tonization Potentials (eV)
-Methyl Cyanide .~ = - - . .0 12.23 + 0.0l
12.52 + 0.01

hv ;3.17 + 0.04

L | 'Vi$;29 +0.10

) ”Ethylhéyanide'fv S Tff;h “ 7:_11:8 +0.02
- 12.83 + 0.02

13.47 + 0.02

©16.29 + 0.03

'(The 1hner orbltals are. omltted)

;~In thls formulatlon the [He] orbltals are assumed to be
;largely 10ca11zed 1n the methyl group. [oc+oc,al] is the main ¢ - ¢
.bondlng orbltal, the [Hn+HC,e] repreeents}the two degenerate Il bonding
orbitals of the‘CN group‘which are mutually perpendicular.
| 'The-spectroscopié ?aiue of 11.96 eV reported by Cutler (74)
for the flrst ionization potent;al of methyl cyanlde is based on a
poorly characterlzed Rydberg series of only three members Miss Cutler
mentions several exper1menta1 d1ff1cu1t1es encountered in her work
The first ionization potentlal observed 1n'th15 work at 12.23 eV is in
good agfeement with the photoionization.data of.12.22 ; 0.0l eV By
‘Watanabe (25), 12.205 + 0. 004 eV by Nlcholson (46) and 12.33 eV by

Mak (75). Previous determlnatlons of the electron impact first
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ionization potential have been made bthcDowell and Warren (12.52 eV)
(59). |
The'first ionizationvpotentialhof‘methyl cyanrde refers to

‘the removal of-a [o * O a [ bonding.electron the bonding character
h.be1ng determlned from the shape of the photoelectron stopping curve for
‘thls process The 1dent1f1cat10n of thls process is assured for the
'follow1ng reasons. The d155001at10n energy of the C C bond in ethane
is 3. 68 eV and D(CH CN) 1s known to, be 5.8 eV (77) Relative
.dlssoc1atlon energles can be taken as a reasonable measure of the
relatlve flrmness w1th whlch electrons ‘are bound in the bonding
_orbltals. It is, therefore to be expected that the 1onlzat10n
potential of an electron in the [o + oé,'al] orbital of CH CN would
be higher than that for an electron in the [o al] orbital ofpethane,
i.e. greater than 11.8 eV. 'Further_support comesffrom‘the fact that

a methyllgroup when attached‘to a resonating systeﬁ'behaves'as if

it were‘conjugated to the attached group (78, 79).o~The contribution
of these conjugated structures can be'easily seen from the C-C bond
. distance in the moleculer 'The C-C bono drstance in this case is

1.459 R (80) which corresponds to_about 17 percentAdouble bond
character and hence to a 17 percent contribution of these conjugated
structures. Thus the first;ioni;ation;potentialpof CH,CN could well
.lie at 12.23 eVv. |
As pointedvout by McDowell (71) there will be some inter-

action.betweenvthe I orbitals of the methyl and CN groups. This will
flead,to‘twojnew morecnlar orbitalis'of.the_type-(HCH3 + HCN) and
| and so two new energy levels will arise. ‘It is therefore

ey, = Tew)>
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suggested that the second ionization'potentiél found here at 12.5 eV

refers to the removal of an electron from the (H 4 HCN) orbital,

CH
3
and that the th1rd ‘ionization potent1a1 at 13 17 eV arises from

ionization of the (H CN) orbital.

CH3

The fourth 1onlzat10n potentlalhat 15 29 eV is presumed to
refer to the removal of an electron from thei[S | SC’ o al] bondlng
orbltal.' Spratley (72) found a- value of 16 59 eV 1n case of HCN
for occurence of this process _‘Theglncreasev;h~value in the latter
case can be attr;buted to h;ghly'eieefTOpoeiﬁive heture othhe

hydrogen atom.

Ethyl Cyanide .-
Iohization’poteneials'afe obsefvedhfor c2H5cN‘é£ 11.8 eV,
12.83 eV, 13.47 eV and 16.29 eV, -

- The value found for the first ionization potentialiat 11;8'
eV is in fair agreement with the electroh impact figure of 11.85 eV -
found by Morrison andeieholeon:(59)-ano the photoionization value of
11.84 eV.found'bylWatanabe (25). This proeeesewill'refef to the
removal of an electron from‘the C¥C'b0nd' h”:.

V. In the case of C H CN the flrst 1on12at10n potential is
lower;.while'the seeond and third 1on12at10ngpotentlalsvare higher
than the cOrreéponding'ones in CHSCN, The oifferences be understood
on the basis of hyperconjogation. In:case'of CH3CN we eipect the C-C
bond. to be somewhet strengthened'by beeomihg'anvaeeeptor bond drawing
its‘hew strength from the ”dohor” bohd51oh either side (79). This

is not true in.the case of CZHSCN’ however since. as pointed out by


http://C_Hj.CN

’
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Coulson (78) the ‘degree of- hyperconjugatlon 1s a max1mum in the case

of a CH3 group and to a lesser extent for a CH CH and other alkyl

2°

radicalsv One would therefore'expect the c-C bond to be weaker and
the two 1 bonds to be- stronger in the case of CZHSCN
"It seems from thls 1nformat10n that the value of 11.8 eV

associated w1th the 1on12at10n from the-C—C bond would not be

_unreaSOnable" The values of 12. 83 eV and 13 47 eV are assigned to
the two I orbltals (these orbltals arlse from the interaction of. Il
-orbitals of methyl group w1th I orbltals of the CN group) The

fourth I.P. at 16.29 is presumed;to'refer to the removal of an -

electron from the N-C o bonding orbital.
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CONCLUSION

In the present wofk,fit ﬁas Beén>shown that the photoelectron
spectroscopic.technique caﬁ bé used;to defermine I;P.'s of molecules
to an éccuracy Of:0.0l eV. The method is capable of indicating the
existence'éfvéxcited'electrgnic states of;molecular ions, and in
- favourable cases.it'is-alsOZﬁossible to.determine the bonding or anti-
~ bonding natﬁre of the ionized orbitai from.thershape of the photoelectron
Stoppinglcufve;;1ih:additioﬁ;;thé dfdinafy phbtbh'and electron impact
‘techniques fail té distinguiéh betweeh ionization limits and auto-
ionizatién in tﬁe strong fesohance,tranéitions‘of inner electrons.

The photoelectron method’is.nof‘diyectly affected by autoionization,
and the inner I.P.'s are not obscured. by ﬁhege éufoionization peaks.

“In this WOrk:the phbtoelectr§n sp§btra from eight molecules
~have been detérmiﬁed at an incident photon energy of 584 A (21.21 eV).
A suitable extension qf this work would‘be the qsé of moﬁo—chromatic
radiation of highér energy in ordér to enable the removal of inner
shell electrons. Experiments‘both bf this type and involving the
measurement of angulér dependence of photoelectron ejection are in

progress in this laboratory.

.in this study it has béen'sHOWn thét é Single: Grid Photo-
electfon Spectrometer will be édvantageous in the detection of fine
structure in photoeiectron'spectra,'alfhough it may prove to be
difficult té measure.the relafi&e‘fransition probabilities to the

various vibronic states owing to the constant positive-ion background.
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