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Abstract

Dipole (e,e) spectroscopy has been used to determine absolute photoabsorption oscilla-
tor strengths (cross sections) for electronic excitation of CCl,, CH;0H, NH3, CH3NH,,
(CH3),NH, and (CH3)3N at energy resolutions in the range 0.048-1.0 eV fwhm. These
data have been obtained in the valence, and inner shells (Cl 2p,2s; C 1s (CCly), and
C 1s (CH3;0H)), spanning the visible to soft X-ray equivalent photon energy regions
(5.0-400 eV). Absolute scales have been established using the Thomas-Reiche-Kuhn sum
rule.

Dipole (e,e+ion) spectroscopy has been employed to study the molecular and dis-
sociative photoionization in the valence shell of CH3;0H, and in the valence and inner
shells of CCly. Time-of-flight mass spectroscopy is used to determine photoionization
branching ratios and photoionization efficiencies. These data are combined with the cor-
responding absolute photoabsorption oscillator strength data, to determine the partial
oscillator strengths for the molecular and dissociative photoionization channels of these
molecules. In addition, the measurements have been used to provide detailed quantita-
tive information on the breakdown pathways of these molecules following the absorption
of energetic radiation.

The absolute photoabsorption measurements for ammonia and the methylamines have
been used in a collaborative research project with Professor W.J. Meath, involving theo-
retical work at the University of Western Ontario. The results provide accurate values for

many of the dipole properties of these nitrogen-containing molecules, as well as integrated

i



dipole oscillator strength distributions for the entire photoabsorption spectrum.

In other work, a new high impact energy electron energy-loss spectrometer of high
sensitivity has been designed and constructed. This instrument features an open scatter-
ing region, high incident electron beam energy, and multichannel detection, in order to
measure absolute photoabsorption oscillator strength data for not only stable atoms and
molecules, but also for low-density targets including free radicals, ions, and laser-excited

species.
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Chapter 1

Introduction

The study of the absorption and emission spectra of molecules has provided detailed in-
formation about the molecular structure, electron density, and nuclear properties of these
systems and has fundamentally influenced the way molecules are described. Essentially
the entire electromagnetic spectrum can be used with advantage to probe molecules. For
example, microwave radiation can be used to determine molecular geometries, and in-
frared radiation can provide information about molecular bond energies and fundamental
vibrational frequencies. Visible, ultraviolet, and X-ray radiation can be used to probe
molecular electronic structure, and proceeding to even higher energies, gamma radia-
tion can be used to probe nuclear energy levels. Thus, a wide-range of complementary
“optical” spectroscopic techniques has been developed to study atoms and molecules.
Most of the spectroscopic studies reported in the literature at present are aimed solely
at determining the energy positions of the various absorption lines, from which a great
deal of spectroscopic information can be gained. However, for many fundamental as
well as practical purposes it is also essential to determine the absolute intensity of the
absorption lines corresponding to the various excitation processes. The amount of light
absorbed by an atomic or molecular target is dependent on the wavelength of the light
and is proportional to the absolute photoabsorption oscillator strength (cross section)
of the target. Such absolute photoabsorption oscillator strength data are important in

many key areas of science and technology including the study of planetary atmospheres
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(aeronomy), astrophysics, and radiation chemistry physics and biology [1-4], or indeed
in any theoretical or modelling study where atoms and molecules are interacting with
energetic particles or radiation.

The bound electrons in atoms and molecules have binding energies from a few electron
volts (eV) to a few thousand electron volts. The dominant portion of the electronic
photoabsorption spectrum is located in the visible, ultraviolet (UV), vacuum ultraviolet
(VUV), and soft X-ray energy regions from about 1 to 1000 eV. At present there is no
single optical photoabsorption spectrometer system which can continuously span this
energy region. Thus the available absolute photoabsorption data are often limited to
certain targets and to restricted energy regions. Prior to the advent of synchrotron
radiation, published data were restricted mostly to the region below ~25 eV. Many-line
sources have been used in conjunction with double ion chambers [4] to provide wide-
ranging data in the ionization continuum up to about 150 eV. However, since the use
of a double ion chamber for determining absolute photoabsorption oscillator strengths
relies on the ionization of the target, no data in the discrete excitation region below the
first ionization potential can be determined.

More recently, very intense light sources have been produced at electron and positron
synchrotron facilities [5, 6]. It is well known from classical electrodynamics that an ac-
celerated charge will radiate energy (7]. This radiation was first regarded as a nuisance
by synchrotron designers because provisions had to be made to give the electrons circu-
lating in the synchrotron back their radiated energy in order to keep them in a circular
orbit. Despite the intense brightness of these light sources, and the available photon
wavelength range (typically 1-10000 eV, depending on the facility), these facilities are

expensive, have limited access, and are remotely located from most user laboratories.
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Electron scattering can be used as an alternative to direct optical methods to probe
the electronic structure of atoms and molecules. Furthermore, in addition to access-
ing the full range of | dipole-allowed transitions in molecular systems, electron scattering
experiments can be used to determine the energies of electronic states which are inac-
b&ssible, because of optical selection rules, by direct optical methods. An electron beam
is an excellent probe of matter. Electrons are readily produced by thermionic emission
from a heated filament, simple to deflect and energy analyze using static electric and
magnetic fields, and easy to detect using channel electron multipliers or microchannel
plates [8]. For these and other reasons many complementary spectroscopic techniques
have been developed using electrons to study atomic and molecular targets.

In the classic experiment of Franck and Hertz [9, 10] the quantization of atomic energy
states was demonstrated by scattering electrons off mercury vapour. A general theory
for the interaction of charged particle beams with matter was derived using scattering
theory and quantum mechanics by H.A. Bethe in 1930 (11}, and the Bethe theory has
been eloquently reviewed more recently by Inokuti [12, 13]. Bethe determined that
under certain scattering conditions the scattered electrons would excite transitions in
the target with the same selection rules as in optical spectroscopy. The probability of
the electronic excitation using electron beams is, however, different from the optical
transition probability, but the two quantities are linked by factors which depend only on
the geometry and kinematics of the electron scattering. These factors are only a function
of the instrument, and are independent of the electronic structure of the target being
studied. The use of electron scattering experiments for studying electronic transitions in
atoms and molecules was pioneered by Lassettre [14-16] and Van der Wiel [17, 18] and

has been further developed, and extensively applied to a wide range of photoexcitation
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and photoionization phenomena, by Brion and co-workers at the University of British
Columbia [4, 19-21].

The technique of dipole (e,e) spectroscopy as used in the present work has been shown
to provide qualitative and quantitative photoabsorption results which are entirely equiva-
lent to those obtainable using direct optical methods [4, 22]). The electric field associated
with a fast electron provides an essentially continuous source of induced electromag-
netic radiation often referred to as a “virtual photon field” (7, 23, 24]. In these dipole
(e,e) spectroscopic experiments the electrons are inelastically scattered off gaseous target
molecules thereby imparting some of their energy to the target. This energy lost by the
electron is equal to the electronic excitation energy of the target, and thus equivalent to
a photon energy. Thus the continuously tuneable energy loss of the electron is analogous
to a continuously tuneable source of energetic radiation. Furthermore, the excitation
in this electron-impact-based technique is non-resonant and therefore no errors due to
“line-saturation” problems can occur. Serious errors due to such “line-saturation” (or
bandwidth) effects can arise for discrete excitations of narrow natural linewidth [25-27]
because of the logarithmic transform involved in Beer-Lambert law optical determina-
tions of photoabsorption cross sections [28]. In addition, the dipole (e,e) method normally
establishes the absolute intensity scale using the Thomas-Reiche-Kuhn (TRK) sum rule,
and this avoids the errors associated with determinations of the sample particle density
in conventional absolute measurements.

Accurate absolute differential oscillator strength data are used as input for the con-
struction of the dipole oscillator strength distribution (DOSD) of a molecule {29]. These
input data are modified to satisfy certain quantum mechanical constraints, 1.e., the TRK

sum rule and accurate molar refractivity data. For this reason the DOSD method has
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proved useful for evaluating the quality and accuracy of measured photoabsorption data,
by determining the best combination of input data that satisfies the imposed constraints.
Furthermore, the DOSD spans the entire photoabsorption spectrum from the electronic
absorption threshold to infinite energy, and can provide estimates of oscillator strength
data where the equivalent experimental data did not previously exist. Once a DOSD is
constructed many related dipole properties can be calculated from thé DOSD. These re-
sults are important because the ab initio calculation of the oscillator strengths and dipole
properties for molecules the size of those studied during the course of the present thesis,
is not at present feasible. Thus with more extensive and improved absolute oscillator
strength measurements the DOSD technique can provide the first (reliable) determina-
tion of many of the dipole properties.

The remainder of this thesis has been organized as follows. Chapter 2 describes the
theory behind the use of fast electron impact for the determination of absolute pho-
toabsorption oscillator strengths. The methods for calculating dipole oscillator strength
distributions and dipole properties from accurate input oscillator strength data are also
reviewed. The experimental apparatus and procedures used for obtaining the absolute
photoabsorption and photoionization oscillator strength data reported in this thesis, as
well as the new spectrometer constructed during the course of the present work, are out-
lined in chapter 3. The presently measured experimental results are given in chapters 4-7.
The photoabsorption and photoionization results for CH;0H, and CCl, are given in chap-
ters 4, and 5, respectively. The absolute photoabsorption oscillator strength data, dipole
oscillator strength distributions, and calculated dipole properties for ammonia, and the
methylamines, are given in chapters 6 and 7, respectively. Chapter 8 contains some

closing remarks.



Chapter 2

Theory

2.1 Definition of the Oscillator Strength

The concept of the oscillator strength originated in the classical Thomson model to
describe electronic absorption in matter [30]. In this model the electrons were assumed
to be fixed to an atomic center by harmonic-oscillator-type forces (force constant k,, and
damping coefficient 4,) and to oscillate about their equilibrium positions in response to
external electric fields, e.g., incident light radiation. The polarizability of a substance,
a(w), is defined as the net dipole moment produced per unit of applied electric field, and
in this model it is determined to be (in c.g.s. units)

e?

(2.1)

W) = o )

for a single electron. Here m, and e are the mass and the charge of the electron, respec-
tively, w 1s the frequency of the incident radiation, and w, = \/m is the fundamental
frequency of the oscillating electron s. For a system of many electrons, if it is assumed
that there are f; electrons of fundamental frequency w,, and f, electrons of fundamental
frequency ws, etc., then the polarizability is a sum of the contributions from all these

electrons, and can be written as

a(w) = ;—22 o fs . (2.2)

—w? - i'st)
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The quantity f, defined in this manner is called the “oscillator strength” and gives an
indication of the intensity of the absorption at a particular frequency. It is interesting to

note that

Y. fi=N, (2.3)

where N is the total number of electrons in the system.

It is worthwhile mentioning at this point that this is a purely classical model. It
has long been known that for any atomic or molecular system there are many more
absorption lines than there are electrons. Thus the oscillator strength, f,, takes on real
values, not integral values as assumed in the Thompson model. However, the concept
of the oscillator strength has stuck and, furthermore, it can be redefined within the

framework of quantum mechanics as we will see in section 2.4.

2.2 Photoabsorption and Electron Energy-Loss Spectroscopy

When a photon of energy F = hv is absorbed by a molecular system, AB, many fi-
nal states of the molecule can be accessed and these are summarized, along with the
equivalent atomic processes, in table 2.1. For molecular excitation the process is given
by

AB + hv — AB®, (2.4)

where AB* represents the molecule in an excited state. The probability for this process,

as a function of energy, E, is given by the absolute total photoabsorption cross section.

T

The total photoabsorption cross section, o, is often defined with respect to the Beer-

Lambert photoabsorption law!. Consider an optical cell of sample path length, [, filled

!Note that o7 is a differential quantity in energy (or wavelength). However, it is written as above,
rather than do” /dE, because it is defined with respect to equation 2.5.
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Table 2.1: Atomic and molecular photon-matter interaction processes. Here A, and AB,
represent atomic and molecular targets, respectively, with excited states A* and AB*.
The term KE refers to extra kinetic energy which is taken away by the ionized electron
and the molecular dissociation and ionization products.

Process Description
1. A+hyr — A+hv atomic elastic scattering
2. — A*+ h/ atomic inelastic scattering
or atomic excitation
3. — At 4+e +KE atomic photoionization
4 — A*— At 4+ e + KE atomic preionization
or autoionization
5. | AB+hyr — AB+ hv molecular elastic scattering
6 — AB* + hv/ molecular inelastic scattering
or molecular excitation
7. — A+ B+ KE molecular dissociation
— A"+ B+ KE molecular dissociation
— A+ B*+ KE molecular dissociation
—» A*+ B* + KE molecular dissociation
8. — A*+B+e +KE molecular photofragmentation
— A+B*+e +KE molecular photofragmentation
9. — At 4+ B~ + KE ion pair formation
— A~ +B*+ KE
10. — AB* + e + KE molecular photoionization
11. — AB*— A+ B + KE molecular predissociation
12. — AB* — AB* + e~ + KE | molecular preionization
or autoionization
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with the target sample gas to a number density, n. The intensity of the light before and

after passing through the cell, Iy, and I, respectively, are related by
I = Iyexp(—oTnl). (2.5)

The photoabsorption cross section is a function of the wavelength (energy) of the light
source, is dependent on the sample being studied, and gives an indication of the strength
of the absorption; if the cross section is large then the incident beam will be strongly
attenuated as the radiation is absorbed. The photoabsorption cross section, o7, is gen-
erally expressed in units of cm? or in megabarns (1 Mb = 107® c¢m?) and is related to

the differential optical oscillator strength, (df /dE)°, by

2 0
T _ melh _dl_
7 = e (dE) ’ (2.6)
or equivalently by
r AN
g [Mb] = 109.75 EE [eV ] (27)

Thus the terms “oscillator strength” and “cross section” can be used interchangeably
since they represent the same quantity (within a constant factor).

It is important to note that the same molecular excitation process shown above in
equation 2.4 can occur in an electron scattering experiment using an incident electron

beam of energy Ey. This can be represented by

e”+AB — AB* +¢_ (2.8)

scattered’

where now the scattered electron imparts an energy E to the target during the excitation,
and is scattered with a final energy (Eo — E). The kinetic energy imparted to the target
molecule is small (< 1 meV) [31] with the energies and scattering geometries used in the

present work, and thus by comparing equation 2.4 and 2.8 it can be seen that the energy
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loss, E, of the electron is entirely equivalent to the photon energy hv. This is the basis for
the use of dipole (e,e) spectroscopy to measure photoabsorption oscillator strengths. The
technique of dipole (é,e) spectroscopy and other electron energy-loss-based spectroscopies

have been reviewed elsewhere [4, 32].

2.3 Photoionization

If the energy supplied to the molecule AB is above the first ionization potential then,
excluding any neutral fluorescence processes, a positively charged ion will be formed.

The total photoabsorption cross section, o7, can be written as

ol =0, + ai:fm, (2.9)

where o, is the cross section for the production of neutral species (e.g., AB*) and ol
is the total photoionization cross section. The photoionization efficiency, 7;, gives a
measure, as a function of energy, of how many ions are formed per photon absorbed, and

is defined as

total number of ionizing events per second

(F) = 2.10
mi(E) total number of photons absorbed per second’ (2.10)
and relates to the total photoabsorption and photoionization cross sections by

Tion = Mo (2.11)

A measure of the photoionization efficiency, as a function of photon energy, is there-

fore important for determining the photoionization cross section and indirectly (using

equation 2.9) for determining the cross section for the production of neutral species.
The total photoionization oscillator strength (cross section) distribution, % , for an

atom or molecule can, in general, be partitioned in two different but complementary
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manners. In photoionization mass spectrometry, or in the equivalent electron-impact-
based technique of dipole (e,e+ion) spectroscopy used in the present work, mass spectra
are measured as a function of the (equivalent) photon energy. Atomic mass spectra can
be complicated by the presence of multiply charged ions. Mass spectra of molecular
systems can be complicated by not only the presence of multiply charged ions, but also
by the products from dissociative fragmentation processes. It is important to determine
how the products of molecular and dissociative photoionization vary as a function of the
energy absorbed by the target. The branching ratio (BR28) for a particular fragment
ion, frag, determined by integration of the peaks in the baseline-subtracted mass spectra,
varies as a function of the photon energy and represents the fraction of the total number
of ions formed, as
Nfrag

frag _
BR N (2.12)

where N8 is the number of ions formed per second of the type, frag, and Ny =
Ytrag N frag is the total number of ions formed per second. The partial photoionization
oscillator strength for the production of an ion, frag, is given by the triple product of
the absolute photoabsorption oscillator strength, the photoionization efficiency, and the

branching ratio for the fragment, frag, as

o2 _ BRfragmo_T - BRfragO’iT(;n- (2.13)

0n

Thus it can be seen from equation 2.13 that the total photoionization oscillator strength
distribution is made up from a sum of the partial photoionization oscillator strengths for
the production of all the molecular and dissociative ions.

Similarly it is important to determine how the production of the electronic states of

the molecular ion varies as a function of the energy absorbed by the target. These data
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can be determined from photoelectron spectra measured using tuneable energy PES or
equivalently from dipole (e,2e) spectroscopy [4, 33]. These electronic ion state branching
ratios, BRS*2%  are determined from the background subtracted photoelectron spectrum
in a manner similar to that indicated by equation 2.12 for photoionization branching
ratios. The electronic ion state partial oscillator strength for a given electronic state of

the molecular ion is defined as

state __ state T state T
Oion = = BR n,0° = BR Gion-

(2.14)

Thus it can be seen from equation 2.14 that the total photoionization oscillator strength
distribution is made up from a sum of the partial photoionization oscillator strengths
for the formation of all the electronic ion states of the molecular ion. The ability to
partition the total photoionization oscillator strength distribution in these two comple-
mentary manners is the basis for determining the dipole-induced breakdown pathways
for a molecule, and this is discussed in more detail later in this work for the specific

examples of methanol (see section 4.2.4), and carbon tetrachloride (see section 5.2.4).

2.4 The Bethe Theory of Electron Impact

Bethe [11-13] developed a general theory to describe the scattering of fast electrons off
matter. Consider an electron of velocity, v, mass, m, and charge, —e, colliding with a
stationary target of mass, M, in an initial electronic state, |0>. The electron scatters
into a solid angle, d2, and the target is excited to a state |n> which is either part of
the discrete or continuum spectrum of the target. The energy difference between the two
states of the target |0> and |n>, E,, is gained by the target and hence is lost by the

incident electron. When the electron is fast, but still non-relativistic, the scattering cross
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section for this interaction, calculated to the lowest order in the interaction potential, V,
i.e., in the first Born approximation, is given by (11, 12]2

p K|

. 2
o = G [ R <nlVI0>dridr; .. drzdr] dn. (2.15)

Here 4 = Mm/(M + m) is the reduced mass of the system, 7 is the position of the
incident electron relative to the centre of the target, hk and hE' are the incident and final
momenta of the electron, respectively, and K = h(l::.—— % ) is the momentum transfer. The
eigenfunctions [0> and |n> are represented in the coordinates of the Z target electrons,
7;. When the interaction between the incident electron and the target can be described

by the Coulomb potential the cross section transforms to

d%, = 4 (i‘ﬁ)2 I—d"—l—k (K)[2dQ (2.16)
where
Z . -~
e(K)=<n|)_ e'R"f|0>. (2.17)
i=1

Bethe introduced a quantity called the generalized oscillator strength (GOS) given

by

1

18 = (3) tragln P (218)

where ag = h?/me? and R = me*/2h*. This is a generalization of the optical (dipole)

oscillator strength associated with photoabsorption which is written as

fi= (%) M, O (219)

2The formulae in this section are expressed in c.g.s. units. It should be noted however that, for the
purposes of the present study, the units of these equations are unimportant. This section seeks to derive
a proportionality relation between the electron scattering cross section and the optical photoabsorption
oscillator strength. The photoabsorption oscillator strength data obtained in the present work are placed
on an absolute scale using the TRK sum rule and not via these equations. Thus any proportionality
constants are unimportant in the present study.
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where

2=|f <n|zz,|o>dFl fa? (2.20)

i=1

is the dipole transition matrix element, and z; is the component of r; in the direction
of the incident radiation. Equation 2.18 is the proper expression for transitions between
two discrete bound states; the generalized oscillator strength for such a transition is just
a dimensionless number. If the upper state |n> lies in the continuum, then equation 2.18

is more properly written as

GE-s ) e e

for the differential generalized oscillator strength df (K, E)/dE. For the remainder of this
thesis we need only consider the differential (generalized) oscillator strength since any
real measurement has a finite bandwidth and thus only differential oscillator strengths are
measured in the discrete and continuum regions of the absorption spectrum of atoms and
molecules. Equation 2.19 represents the quantum mechanical expression of the oscillator
strength, f, described earlier in equation 2.2 of section 2.1. Slater [34] has demonstrated
that equation 2.19 follows naturally from the quantum theory of electronic polarization
when described using perturbation theory. The expression for the generalized oscillator
strength can be expanded in terms of even powers of the momentum transfer by expanding
the complex exponential, and by including the orthonormality of the initial and final

states, and is given by

E,
fu(K) = R € + (& = 2c16) K + (€3 + 2c165 — 2e064) K* + O(K®) + -] (2.22)

= fo4+ AK*4+ BK*+ O(K®) +---, (2.23)
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where ¢, is the ¢-th order multipole matrix element given by

1 V4
€& = E<n|2.1:}|0>, (2.24)

Jj=1

and O(K®) represents terms of the order K6 The coefficients of the terms involving
the higher powers of the momentum transfer involve higher multipole moments, e.g.,
quadrupole and octupole. From equation 2.23 it can be seen that in the limit of zero

momentum transfer the generalized oscillator strength approaches the optical oscillator

strength. Thus equation 2.16 becomes

dlo 2 e2 \2F| 1 df \°
=_(u )l_d_lﬂ(_i) (2.25)

or equivalently,

df\" _E (hym\’ k|, 22 &o
(EE) h E( pe? ) |7§7|'K' dEdQ (2.26)

in the limit of zero momentum transfer. The measured differential electron scattering
cross section, d®c/dEd(}, is related to the differential optical photoabsorption oscillator
strength, (df /dE)°, by a purely kinematical factor which depends only on the scattering
geometry and the incident electron beam energy. It is worthwhile mentioning that the
electron scattering cross section drops off even more rapidly with energy than does the
optical oscillator strength. For scattering in the forward direction, and for energy losses
which are small compared with the incident kinetic energy of the electron, T', the relation

is given by [12]
d’c

ddE|,_,

0
= 16aZR*TE® (Iz(%) : ’ (2.27)

The fact that the electron scattering cross section drops off a factor of E® faster than the
optical oscillator strength requires that a good signal-to-noise ratio be maintained in the

electron scattering experiments.
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As has already been mentioned, the momentum transfer, K , 1s an important quantity
for describing electron collisions. If the momentum transfer is low then predominantly
dipole-allowed transitions are excited. As the momentum transferred to the target is
increased higher multipole transitions can become excited. The magnitude of the mo-

mentum transfer, K , is determined from the law of cosines by

- 2

IR” = (k] +|F[* — 2|k||'| cos 6 (2.28)
= |BI’ + IR — 2RNIE(1 - 07/2+ )

~ (1| = |B1)* + [RIIE0% = - -,

where the cosine function has been expanded in a power series in the polar angle, §. The
limit of small momentum transfer, necessary for the determination of optical oscillator

strengths from generalized oscillator strength measurements, is achieved by

1. selecting only those electrons which have been scattered in the forward direction
(in practice through a small acceptance angle about zero degrees). This ensures

that 8 ~ 0°.

2. using high incident electron energy, and measuring at small energy losses (relative

to the incident energy). This ensures that |E| ~ |F].

In practice, equation 2.26 is integrated over the acceptance angles, df2, of the spectrometer

to yield a simplified equation of the form

(%)0 = B(E) T2, (2.29)

where B(FE) is the so-called spectrometer dependent “Bethe-Born” factor. This factor de-

pends on the scattering geometry of the spectrometer and is a function of the energy loss,
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E. The Bethe-Born factor for a spectrometer can be determined directly from an anal-
ysis of the scattering geometry of the spectrometer (as in the case of the low-resolution
dipole (e,e+ion) spéctrometer used in the present work—see section 3.1), or from the
ratio of the measured energy-loss spectrum (do/dE) and known (theoretical or exper-
imental) accurate photoabsorption oscillator strength data (df /dE)° in the continuum
region [26, 27]. This latter procedure was used to determine the Bethe-Born factor for the
high-resolution dipole (e,e) spectrometer used in the present work since no well-defined
acceptance angles exist for this instrument—see section 3.2.

Under the conditions of lower incident electron beam energy, and larger scattering
angles, information can be determined about other contributions to the generalized os-
cillator strength [35-37]. Especially, at larger momentum transfers, contributions from
dipole-forbidden transitions can become appreciable. Such transitions cannot be observed
using direct optical methods and therefore provide information about angular momentum
optically forbidden transitions and the production of higher multiplet states in atoms and

molecules.

2.5 Sum Rules

There are a number of physical quantities which depend on the various moments (weigh-
ted by photon energy) of the oscillator strength distribution [38]. The sum rules can be

written as
[+ df 0
— k0 k{4
S = X E,,fn+/IP E (dE) dE (2.30)

o d 0
S, = / E* (Efé) dE, (2.31)

Ep
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where as shown in equation 2.30 the integral, in theory, represents a sum over the contri-
butions from transitions to the discrete states, and an integral over the contributions from
transitions to continuum states. In practice, since only differential oscillator strength data
are measured, equation 2.30 is more properly written as the integral over the measured
differential oscillator strength spectrum from the electronic absorption threshold (Ep) to
infinite energy as indicated by equation 2.31. The TRK sum rule is Sy and is used in
the present work to place the measured relative oscillator strength data on an absolute
scale. The TRK sum rule is the quantum mechanical equivalent of equation 2.3 which
was derived in section 2.1 with regard to the classical model for electronic absorption.
It is worthwhile mentioning at this point that the oscillator strength distribution has an

asymptotic limit given by the hydrogenic or Born-dipole function

(4N _ g
Therefore, the sum rules, Sy will diverge for all integer values of k greater than 2. These,
and other dipole properties, will be discussed later in conjunction with the construction of

dipole oscillator strength distributions and the subsequent evaluation of many important

dipole properties.

2.6 Molecular Orbital Description and Spectral Interpretation

The electronic states of a molecule are conveniently described in terms of molecular orbital
(MO) theory. In MO theory the electrons are considered to be essentially independent,
and the state of an electron in a molecule is described by a one-electron wavefunction
which is also referred to as a molecular orbital. Such a description gives rise to two

main types of occupied molecular orbitals, namely valence-shell and inner-shell orbitals.
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The valence-shell orbitals have binding energies in the range from about 10 to 50 eV.
The occupied and unoccupied valence-shell orbitals are delocalized over the molecule
and account for most of the chemical bonding and chemical properties of a molecule. In
contrast, the inner-shell molecular orbitals are strongly localized at the corresponding
atomic centre and have a dominant atomic character. The binding energies of inner-shell
orbitals are generally much higher in energy than those of the valence-shell orbitals, and
each will be very close to that of the corresponding orbital in the free atom. However,
some minor differences result which depend on the chemical environment of the atom
and this is the basis of the chemical shifts observed in XPS binding energies [39].

The absorption peaks observed in electron energy loss and photoabsorption spectra
of molecules are due to transitions from occupied valence-shell and inner-shell states to
unoccupied virtual valence and Rydberg states, and also to the ionization continuum.
These transitions are shown schematically by the solid and broken lines on figure 2.1 for
transitions from inner-shell (core) states and valence-shell states, respectively. It should
be noted that each electronic state will have associated vibrational and rotational levels.
In some favorable instances individual vibrational levels can be resolved using the present
high-resolution dipole (e,e) spectrometer. However, the rotational levels are too closely
spaced to be resolved and tend to broaden the observed vibronic spectral features.

Electronic spectra are most easily assigned if sufficiently accurate ab initio calculations
are available for both the transition energies and the associated oscillator strengths.
However in practice few such calculations exist for molecular systems and semi-empirical
methods of assignment must be used. In this situation the concept of Rydberg term
values and quantum defects often provides a useful approach. These ideas have been

used in chapter 7 for assigning the presently measured photoabsorption spectra of the
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Figure 2.1: Schematic of molecular electronic states. The occupied levels of the ground
electronic state are represented by horizontal lines containing filled circles. The solid and
dashed lines represent transitions from the inner-shell, and valence-shell states, respec-
tively. Note that the energy scale on the vertical axis is broken; the inner-shell (core)
levels lie much lower in energy than the valence-shell levels.
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methylamines.
Transitions which have Rydberg upper states can be characterized by the fact that
the observed term value for the transition, T, fits into a mathematical progression of the

form

R

T = VIP - E - (n"'_ 6[)2,

(2.33)

where E is the measured absorption energy, VIP is the vertical ionization potential of
the initial state, R is the Rydberg constant, n is the principal quantum number, and
8¢ is the quantum defect for a Rydberg state of orbital angular momentum £ [40, 41].
Rydberg molecular orbitals are generally large and diffuse and, as such, an electron in
a Rydberg orbital “sees” the molecular ion core as essentially a point charge. There is
very little interaction between the electron in a Rydberg orbital and the remainder of the
molecule, and hence the term values associated with transitions to Rydberg upper states
are generally transferable from one ionization manifold to another. In contrast, the term
values for transitions to virtual valence upper states are generally not transferrable, and

frequently yield different term values for every ionization manifold.

2.7 The Variation of Momentum Transfer in Dipole (e,e) Experiments—

Effects on Measured Oscillator Strengths

In the present work absolute oscillator strengths have been obtained (see above) by TRK
sum rule normalization of Bethe-Born converted electron energy-loss spectra obtained
under conditions which are assumed to correspond to negligible momentum transfer (see
equation 2.23). In practice however, the momentum transfer is finite and increases with
increase in energy loss. It is important to assess the effects of these variations on the

resulting oscillator strengths. In this regard it should be noted that the TRK sum rule is
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only strictly valid for zero momentum transfer. On the other hand, the Bethe sum rule,
which is a generalization of the TRK sum rule, states that the integral of the GOS over
all energies is equal to the total number of electrons in the system being studied provided

that the momentum transfer is constant, i.e.,
df
E(K’ E)dE = N, K = constant. (2.34)

The varying momentum transfer conditions corresponding to the energy loss spectrum in
fact do not correspond exactly to either the TRK or Bethe sum rules. The actual situation
corresponds to a diagonal cut across the Bethe surface [12] with a slow variation in the
momentum transfer. Thus in light of these considerations there will necessarily be some
error associated with the use of dipole (e,e) spectroscopy for determining photoabsorption
oscillator strengths. The purpose of this section is to determine the magnitude of this
error.

The generalized oscillator strength is a function of energy and momentum transfer,

and can be expressed in a Taylor series as

0 I{2nf(n)

f(K,E) = E (2.35)
n=0 °
_ (N g, K
= (dE') +]gf +_..2_f +---,

where f(") represents the n-th derivative of the generalized oscillator strength with respect

to K2, evaluated at zero momentum transfer. The first term in this expression, f(1) =

2
3K?

K20’ has been calculated [42, 43] and measured experimentally [44, 45] for helium.
It was determined [45] that the largest contribution of f(!) to f(K, E) is only 1.5% for a
spectrum obtained at zero degrees (as in the present work). Recently, Bonham [46] has

studied the validity of using the TRK sum rule to place zero-angle (i.e., low momentum
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transfer) electron impact spectra on an absolute scale. The correction [46] to the TRK

sum rule is given by

|  (df 2m 4.
So = /o (E) dE = N + ﬁ2k2{|ET| - gVee}a (2.36)

where k is the momentum of the incident electron, Er is the total electronic ground
state energy of the target, and Ve is the electron-electron repulsion energy of the target.
Numerical values for the quantity (|E7| — 2Vee) have been determined [46] to be 1.83 keV
for F and 9.91 keV for Ar from data reported by Clementi [47]. For 8 keV electron
impact energy this corresponds to corrections to the TRK sum rule of 0.85% and 2.3%
for F, and Ar, respectively. In this connection it is of interest to consider the generalized
oscillator strength for atomic hydrogen which can be calculated exactly. This should
provide a further test of the magnitude of the errors associated with the methods used
in the present work for determining absolute oscillator strength scales from dipole (e,e)
spectra. The GOS for a transition from the ground electronic state of the hydrogen atom,

to a state of principal quantum number, n, is given by [12]

fu(K) = 2nS(n? — 1){%(712 ~ 1)+ (nKao)?} (2.37)
x[(n —1)2 + (nKap)?**3

x[(n+1)% + (nKag)?*]™"3

in the discrete region, and by

27{(Kao)? + (E/3R)} ER™?
{(K + k)2af + 113{(K — k)?af +1}3
x (1 — exp(—27 /kag)) ™!

X ex —2—— arct 2kao
P kao reian (1((10)2 -— (kao)2 + 1

df _
-d_E-(I{, E) -

(2.38)
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in the continuum region. Here the momentum of the ejected (ionized) electron, hk, is

related to the photon energy, E, by
kao = (E/R —1)'/%, (2.39)

In the present work, these expressions for the GOS of hydrogen were evaluated for an

incident electron beam energy (E.) of 8 keV. For zero degree scattering the momentum

/E, /E, -FE
Kao = -E - R . (240)

To simulate our present experimental Bethe-Born converted EELS method a data file of

transfer is given by,

generalized oscillator strength data for the ionization continuum of the hydrogen atom
versus photon energy was prepared using equations 2.38-2.40 at energies from 14 to
100 eV, in steps of 1 eV, and from 100 to 300 eV, in steps of 2 eV. Then a curve of
the form, AE~B, was fitted to this data from 100 to 300 eV and used to extr‘apolate
the data to infinite energy. The contribution from the discrete region was determined
by evaluating the sum of the slowly converging terms given by equation 2.37. Using this
procedure, the sum Sy was evaluated and found to be 1.002618 compared with the true
integrated oscillator strength value of exactly one. Thus there is only 0.26% error in S
when the TRK sum rule is applied to the prepared data using the present normalization
procedure. The agreement is extremely good, and well within the present estimated
experimental uncertainty of +5%.

In summary, it can be concluded that the effects of the finite but varying momentum
transfer in the present experiment are negligible (i.e., < 3% error) in the determination of
absolute oscillator strengths for atoms as large as argon. Since all the molecular systems
in the present study have fewer (valence-shell) electrons than argon it is reasonable to

assume the effects of momentum transfer variation are comparably small.
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2.8 Construction of Dipole Oscillator Strength Distributions

The reliable direct experimental determination or ab initio calculation of most of the
dipole properties for molecules the size of those studied in the present work is not at
present feasible. However, Professor W.J. Meath and co-corkers at the University of
Western Ontario have ably demonstrated that these properties can be evaluated if glob-
ally reliable molecular dipole oscillator strength distributions (DOSDs) are available for
all values of the excitation energy from the electronic photoabsorption threshold to very
high energy. Such DOSDs can be constructed, by using quantuin mechanical constraint
techniques [29, 48-52], if sufficient photoabsorption oscillator strength (cross section) and
accurate molar refractivity data are available for the molecules of interest. Molecular di-
pole properties [29, 30, 53] of particular interest include the dipole oscillator strength
sums Si, the analogous logarithmic dipole sums L, and the related mean excitation

energies [, defined by

Sk = E':" (-E%)k (%) dE (2.41)
Le = /E °° (E%)k (E%) In(E/Ey)dE (2.42)
I, = Egexp[Li/Si], (2.43)

where FE, is the electronic absorption threshold for the molecule, and Ey is 27.212 eV
(the Hartree unit of energy). The index, k, can take on many different values and each
corresponds to a different molecular property with respect to equations 2.41-2.43. These
properties are important in a variety of areas [29, 30, 53-63]. For example, I; and S,
Iy, and I_; and S_,, respectively, are part of the expressions for the straggling, stopping
and the total inelastic scattering cross sections of fast charged particles in matter. The

dipole sum S, is related to charge densities at nuclei, I to the Lamb shifts, S_; to the
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static dipole polarizability (aq = a3S_-,), and the moments of the DOSD (S-3, S_4, S_s,
--) occur in the Cauchy expansion of the molar refractivity of molecules, and in the
power series expa,nsi‘on of the Verdet constant. The quantities S_;, S_3, S_3/2, S_2, and
L_; can be used to obtain estimates for the dipole-dipole dispersion energies between
molecules, and accurate values for the dipole properties are of importance in testing ab
initio, non-empirical, or other methods for evaluating the properties [57, 64-70].
Another important property related to molecular DOSDs, is the molar refractivity,
R;, of a dilute molecular gas. R, is related to the refractive index, n(}), and the dynamic

dipole polarizability, a()), of the gas at wavelength A by

Ry = l[___zzg;\;;;] (2.44)
_ 2,3 (df/dE)
- "N (En)a / B~ (he/ 2T
= —?)—Na(/\),

where p is the molar density of the gas, k is Planck’s constant, M is Avogadro’s number,
and c is the speed of light [52, 53, 71].

The procedure for calculating the constrained dipole oscillator strength distribution,
(df /dE)°, has been outlined in other work [54, 72]. The available absolute photoabsorp-
tion oscillator strength data for a given molecule are used to prepare an initial data base
of (df /dE)° versus E values. The excitation energies for the molecule are divided into
Ny energy regions from the electronic absorption threshold to very large photon energies.
These energy regions are determined from the input data and from the structure of the
molecular photoabsorption spectrum. The initial differential dipole oscillator strength

data for the i-th spectral region are modified according to

(df/dE) = (1 + a;)(df/dE)}, i=1,2,...,Np. (2.45)
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These initial (df /dE)® data are modified to satisfy two constraints, the TRK sum rule,
So = N, and molar refractivity data for two well-separated wavelengths [73-75]. The
choice of the constraints is important since the initial data, in general, come from many
different sources and these constraints are therefore not satisfied by the initial data.
In order to determine the best {a;} the function
No
G= Ew,-a? (2.46)
i=1
is minimized with respect to the {a;} subject to the chosen constraints. This process
requires that the value of the dipole property (or molar refractivity at a wavelength \;)
obtained with the constrained distribution, S§ (or R°(};)), be equal to the experimental

value, S§ (or R¢(};)), namely

Cr = S5-5;=0, k=1,2,...,Ms (2.47)

C; = R(\)—R(X;)=0, 7=12,...,Mp.
In these generalized formulae there are Mg chosen dipole property constraints and Mg
chosen molar refractivity constraints. In practice, for the studies undertaken in the
present work, Mg = 1 and Mgr = 2. Note that any of the other dipole properties, L;
and I, can be used in the constraint procedure provided that accurate values are known
for these properties for particular values of k. This minimization procedure ensures that
the final constrained oscillator strength distribution agrees as closely as possible with
the initial distribution, while still satisfying the imposed constraints. In equation 2.46,
w; is a weighting factor which reflects the uncertainty in the initial (df /dE)° in the i-th
region. The problem of determining the modified DOSD, (df /dE)¢, is solved by using the

method of Lagrange multipliers. The M Lagrange multipliers are {y;} and {7}, where
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M = Ms + Mpg. The problem is then to minimize the function

F=G- znck—}:v, (248)

=1 j=1
with respect to the {a;}. A minimum is found by solving the N, equations

QE_
Ba,-

from which the {a;} can be determined once the Lagrange multipliers are known. These

Mg Mg
=2a;wi — ) nSh— D KR(A) =0, i=12,..., N, (2.49)
k=1 =1

quantities can be found by solving the M linear differential equations given by equa-

tion 2.50 and 2.51:

Ny SO OF 0 Ms No 0 o
. Ba. = 2(5';; = Sm) — Z Yk E Skismi/wi
=1 Wy a; k=1 =1

Mg
-2 RO,\) Jwi=0, m=1,2,...,Ms (250
.7

No My No
S EMOE gy - B - >0 L RODRO)
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=1

A DOSD can be constructed for each initial data base for a given molecule. The
amount of modification of the initial (df /dE)° versus E data that is required to satisfy

the constraints can be represented by the standard deviation (STD) defined by

1

(STD) = [Z(a, —a /No] : , (2.52)

=1

where a is the mean of the a; values.
Once the modified DOSD (df /dE)¢ is determined the values of Sf and R°(};) are

easily computed using equations 2.41, 2.44, and 2.45 as
No

Si = Y (1+a)Sk (2.53)

i=1

R(}) = :V_O:(1+af)R?()\j), (2.54)
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where

S0 = /E‘+’(E )k (ﬂr—)odE (2.55)

E; EI; dE
47N (df /dE)°

RN) = T (Bw)al /EE* e e dE (2.56)




Chapter 3

Experimental Methods

The photoabsorption and photoionization oscillator strength data presented in this work
have been measured on two high impact energy electron energy-loss spectrometers. The
dipole (e,e+ion) spectrometer, described in section 3.1, was used to obtain photoabsorp-
tion and photoionization data over a wide energy range at low resolution (1 eV fwhm).
The second dipole (e,e)! spectrometer used in the present work is described in section 3.2,
and was used to measure photoabsorption data at a much higher resolution (0.048 eV
fwhm) with special emphasis in the discrete excitation region below the first ionization
potential. This high electron resolution capability has allowed individual vibronic tran-
sitions associated with electronic states of the molecule to be identified.

During the course of the present work a third, more specialized, dipole (e,e) spectrom-
eter has been designed and constructed. This new apparatus is described in section 3.4.
Whereas the two existing dipole (e,e) spectrometers were designed to study stable gaseous
(and volatile solid and liquid) samples, this spectrometer will be used to make more ex-
tensive and detailed studies of these targets as well as of unstable species like free radicals,

1ons, and excited species.

1The notation “dipole (e,¢)” uses nuclear physics nomenclature and describes that the scattering event
involves the scattering of one incident electron followed by detection of one energy analyzed scattered
electron. Dipole (e,e+ion) spectroscopy on the other hand involves the scattering of one incident electron
followed by coincident detection of an energy analyzed scattered electron and an ion formed during the
ionization process. The term “dipole” means that the scattering conditions used favour the excitation
of dipole-allowed transitions.
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3.1 Low-Resolution Dipole (e,e) and (e,e+ion) Spectrometer

The apparatus and experimental procedures used to obtain the absolute photoabsorption
oscillator strengths and partial photoionization oscillator strengths using time-of-flight
mass spectrometry (TOFMS) and electron energy loss spectroscopy (EELS) on the dipole
(e,e+ion) spectrometer, shown in figure 3.1, have been fully described elsewhere [21, 45,
76, 77]. Electrons are produced from an indirectly heated barium oxide cathode in a
black-and-white TV gun (Phillips 6AW59) which is floated at a potential of —4 kV.
The electrons are accelerated to 8 keV and the resulting electron beam is focussed on
the collision chamber (floated at a potential of +4 kV) using three sets of electrostatic
(X,Y) deflectors. The electron beam scatters off the gaseous sample admitted into the
collision chamber, and an angular selection aperture (P3) serves to select only those
electrons which have been scattered in the forward direction (solid angle of acceptance
of 1.4x107* sr). The scattered electrons can impart some of their incident energy to the
target to excite electronic transitions and thereby lose energy. Electrons of a particular
energy loss are selected by adding the energy loss potential to the last lens element in
the deceleration lens, and to the whole analyzer. The analyzer operates with a constant
pass energy to ensure that the resolution and focussing properties of the analyzer remain
constant as the energy loss is varied. On leaving the collision region the scattered electron
beam is focussed by a series of Einzel lenses, and is decelerated to the pass energy of
the hemispherical analyser, plus any selected energy loss. The majority of the electron
beam, including the dominant primary incident beam, is not of the selected energy loss
and is collected in the primary beam dump. The deceleration lens is used to focus
a beam of the selected energy loss at the entrance of the electron analyzer and these

electrons are bent around by the analyzer and detected by a channel electron multiplier
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Figure 3.1: The low-resolution dipole (e,e+ion) spectrometer. The time-of-flight (TOF)
mass spectrometer is actually perpendicular to the focal plane of the electron analyzer,
and was used to obtain the TOF mass spectra.
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(Mullard B419AL) operating in a saturated pulse counting mode. During the course of
this work a further stage of differential pumping was added between the collision region
and the electron gun chamber. The barium oxide cathodes used in the low-resolution
dipole (e,e) spectrometer are easily “poisoned” when reactive gases are admitted into
the spectrometer. The extra stage of pumping has been found to prolong the lifetime of
these cathodes and has permitted the study of more reactive species like SiF, [78, 79).
However, no such differential pumping can be perfect and recent work on H; had to
be abandoned because the pumping was not sufficient to keep this light, fast moving
molecule, which is not easily pumped by turbo molecular pumps, from affecting the gun.
The low background pressure in the spectrometer (typically 2x10~7 Torr) is maintained
by five turbo molecular pumps.

There is an electrostatic field of 400 V-cm™! across the collision region which extracts
any positively charged ions formed during the electron scattering (ionization) events. The
ions travel down a time-of-flight tube, are focussed by ion lenses, and detected with either
a Johnston Multiplier or a microchannel plate (40 mm diameter, model VUW-8920ES,
Electro-Optical Sensors (Intevac)) ion detector. The mass resolution (m/Am) of this
TOF mass spectrometer is about 50. Great care has been taken in the present work to
characterize the response of both of these detectors to ions of different mass to charge
(m/e) ratios. The procedures, and results of this study, are detailed in section 3.1.2. The
spectrometer is controlled by an IBM-286-type computer and the acquisition and data
analysis programs were written in PASCAL by Dr. G. Cooper.

The dipole (e,e+ion) spectrometer has two “modes” of operation. In the dipole (e,e)
mode the forward scattered electron beam is analyzed as a function of energy loss. This

EELS spectrum (i.e., relative differential electron scattering cross section) is converted to
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a relative optical photoabsorption oscillator strength spectrum by multiplying the signal
by the known Bethe-Born conversion factor (4, 12, 13, 80] for the spectrometer (see equa-
tion 2.29). The relative photoabsorption spectrum is obtained by means of overlapping
data sets and is broken up in this fashion because the electron scattering signal decreases
very rapidly with energy loss (approximately as the third power of the energy loss, see
equation 2.27) and therefore, in order to maintain a good signal to noise ratio, a higher
incident electron current must be used as the energy loss is increased. The incident cur-
rent is therefore different for each data set but is monitored to ensure that it is constant
during each data acquisition and background subtraction. Background subtraction is
performed to eliminate any effects due to non-spectral electrons and residual gases. The
ambient sample gas pressure in the scattering chamber was typically 6x10~® Torr dur-
ing measurements and this was reduced by ~75% to about 2x10¢ Torr for background
subtraction.

The photoionization mass spectra were obtained in the dipole (e,e+ion) mode by
detection of the forward scattered electrons at a particular energy loss in coincidence with
the TOF mass analyzed ions. The flight time is proportional to the square root of the
m/e for each ion and is determined from a single-stop time-to-amplitude converter using
the ion signal as the “start” and the delayed electron signal as the “stop”. The baseline
of random coincidences for such an experimental arrangement decays exponentially with
increasing time [81). The TOF mass spectrometer was designed to extract and collect
all ions with equal efficiency and has strong draw-out fields to ensure uniform collection
of energetic ions with excess kinetic energies of fragmentation up to 20 eV [76]. This is
especially important to prevent discrimination against the low mass ions since they can

carry significant kinetic energies of fragmentation. TOF mass spectra were obtained at
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an energy resolution of 1 eV fwhm over overlapping energy ranges. The branching ratios
for the individual ions formed were obtained by integrating the baseline-subtracted TOF
mass spectra which had been corrected for the response function of the ion multiplier as

a function of m/e (see section 3.1.2 and reference [82] for more details).

3.1.1 The Partial TRK Sum Rule and Corrections for Pauli-Excluded Tran-

sitions

In the technique of dipole (e,e) spectroscopy a relative oscillator strength spectrum is
obtained by Bethe-Born conversion of the measured, background-subtracted electron
energy-loss spectrum. There are two main ways to place the relative oscillator strength
spectrum on an absolute scale. If accurate cross sections have been reported in the
smooth continuum region of the photoabsorption spectrum of the system being studied,
then the relative oscillator strength spectrum can be placed on an absolute scale by (one-
point) normalization to the previously published data. However, such accurate data
are not always available. A second method, often used in this laboratory for placing
relative oscillator strength spectra on an absolute scale, involves the use of a modified
Thomas-Reiche-Kuhn (TRK) sum rule. Such a procedure requires that measurements
extend to high photon energy (typically ~200 eV) and while this is usually not feasible
in optical measurements, it is readily accomplished with the dipole (e,e) method due
to the extensive flat “virtual photon field” [21]. Use of the TRK sum rule provides a
simpler and more accurate alternative to the tedious measurements of absolute target
gas pressures which are required in traditional approaches to absolute photoabsorption
measurements. The only requirement for using the TRK procedures is that the pressure

and incident electron flux remain constant during the measurements.
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The TRK sum rule [12, 83] may be expressed as

/}: (%)odE=N. (3.1)

This states that the integral of the absolute differential oscillator strength distribution
(df /dE)° for photoabsorption, from the electronic threshold (E),) to infinite energy (i.e.,
over all excitation and ionization processes), equals the total number of electrons (N) in
all shells of the given target atom or molecule. Therefore, in order to utilize the TRK sum
rule a complete knowledge of the shape of the differential oscillator strength distribution
from the electronic absorption threshold to infinite energy would be requifed (i.e., the
data would have to cover not only the complete valence shell but also all inner-shell regions
of the spectrum). In practice, however, for molecules containing first- and second-row
elements it is usually only feasible to obtain the relative valence-shell photoabsorption
oscillator strength distribution out to a moderately high energy-loss, below the inner-
shell thresholds which typically lie above 200 eV. In these circumstances a valence-shell
modification of the full TRK sum rule has been used to place the measured relative
oscillator strength spectrum on an absolute scale. We refer to this as the partial (valence-
shell) TRK sum rule and it is used as follows. A curve is fitted through the higher energy
data points in the relative valence-shell oscillator strength spectrum (i.e., the Bethe-Born
converted electron energy-loss spectrum) and the area under the curve is integrated to
infinite energy. The upper limit of the energy-loss measurements must be high enough to
ensure that molecular effects, such as shape resonances, have died out, and so that there
are a reasonable number of data points to fit over a sufficient range at higher energies
to ensure a good fit and an accurate extrapolation. The total area under the measured
relative oscillator strength distribution, plus that under the integrated fitted curve to

higher energy (typically < 10% of the total), is then set equal to the total number of
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valence-shell electrons (N,,,]) plus a small correction (Npg) to account for Pauli-excluded
transitions from the inner shells to the already-occupied valence-shell molecular orbitals.
This correction for aiready-occupied levels is typically only ~5% of the number of valence
electrons. These procedures are the basis of the normalization used in the present work

according to the partial TRK sum rule given by

J ” (if-) dE = N, + NpE. (3.2)
B \dE ] \,] va

This normalization procedure is best explained with the aid of an example. The ammonia
molecule has the ground state electronic configuration (1a;)%(2a;)*(1€)*(3a;)%. In the
particular case of NH3, the correction Npg, to the number of valence-shell electrons N,
arises because transitions from the la; nitrogen K-shell to the already occupied 2a;,
le, and 3a, valence orbitals are obviously forbidden (impossible) according to the Pauli
Exclusion Principle. The contribution from the nitrogen K-shell would be 2, the number
of electrons in the la, orbital, if these transitions were allowed. However, in reality
the integrated K-shell oscillator strength contribution must be equal to (2 — Npg) and
correspondingly the valence-shell oscillator strength must be (8 + Npg) according to
equation 3.2 in order to satisfy the TRK sum rule (equation 3.1).

The determination of Npg is not straightforward in the case of molecular targets.
For atoms, the corrections (Npg) can be obtained from numerical values of the oscillator
strength contribution for excitations from the K-shells which have been calculated by
Wheeler and Bearden [84] for several atoms ranging in atomic number from Z=2 to 82.
More recently, Inokuti [85] has calculated the contributions from all the individual shells
of all the atoms up to an atomic number of 38 using Hartree-Slater methods. In the

absence of such calculations for molecules the atomic values for the contributions from

inner-shell transitions can be used to provide approximate values of the Pauli excluded
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corrections for molecular systems.

For one-center hydrides (as discussed in section 6.2.2 for ammonia) the best method
for estimating the partial TRK sum rule normalization is to sum up the valence-shell
contributions for the atom which is isoelectronic with the molecule being studied. For
complex molecular systems (e.g., molecules with more than one central heavy atom) the
normalization factor can determined by first breaking the molecule down into compo-
nents that are, or are isoelectronic with, an atom in the periodic table. For example,
silicon tetrafluoride [78]: SiF4 = Si+4F; methanol [86): CH3OH = F+F; butane [87):
CH3CH,CH,CH; = F+0+04F; and toluene: C¢H¢CH3z = 6N+F. The normalization
factor is then obtained by summing up the calculated [85] total contributions from the
valence shells of the equivalent isoelectronic atoms. It should be pointed out that this
procedure for normalizing the valence-shell of complex molecular systems has recently
been used to obtain very accurate photoabsorption oscillator strengths for the linear
alkanes from methane to octane [87].

The above discussion was based on the fact that the inner (K) shell excitation thresh-
olds of the second-row atoms are high in energy and thus beyond the upper limit to
which the valence shell measurements are usually obtained. However, for larger atoms
and correspondingly larger molecules, the measured oscillator strength spectra will not
only involve the valence shell but also include contributions from any inner shells which
are excited over the measured energy region. In this event, a similar procedure as was
outlined above for using the partial TRK sum rule is followed, and the area under the
relative oscillator strength spectrum (to infinity) is set equal to the sum of the calcu-
lated contributions [85] from the valence shell plus the contributions from all inner shells

excited over the measured energy region. One must still ensure that there is a large
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enough region of measurement at higher energies to permit the necessary curve-fit for
the extrapolation (see above). If this is not the case (e.g., when the system has many
closely spaced shells, or when the oscillator strength spectrum is complicated by Cooper
minima or shape resonances, as for example in the oscillator strength spectra of argon,
krypton, and xenon [88]) then the partial TRK sum rule becomes difficult to use and
some alternative method for normalization or absolute scale determination is needed.
In the studies of the photoabsorption oscillator strength spectra of argon, krypton, and
xenon [88] the normalization was achieved using the highly accurate continuum cross-
section measurements obtained by Samson and Yin [89] using resonance line radiation

sources.

3.1.2 Ion Detector Response Functions

During the course of the present work a new MCP detector was built and installed on the
TOF tube of the dipole (e,e+ion) spectrometer. It was noted however that the results
obtained using this new detector were slightly different, for the same molecule, than those
obtained earlier using the Johnston multiplier ion detector. These observed differences
prompted us to determine the detector response function for each detector to ions of
different mass to charge ratio (m/e). In any branch of quantitative mass spectrometry,
e.g., photoionization mass spectroscopy or dipole (e,e+ion) spectroscopy, it is important
to fully characterize the detection system of the spectrometer if accurate results are to
be obtained.

For the present purposes the noble gas atoms He, Ne, Ar, Kr, and Xe were found
to be ideal targets. The energy loss (equivalent to a photon energy) was selected such

that only singly charged cations were formed. That is, the energy deposited to the target



Chapter 3. Experimental Methods 40

noble gas atom was above the first IP, but below the IP for double ionization, of the
target. Furthermore, since the ionization efficiency of the noble gas atoms is unity above
the first IP [90] any forward scattered electron detected with an energy loss above the
first IP will have produced an ion. Molecular targets were not used in this study because
of the greater possibility of fluorescent decay of super excited neutral states, and because
of the formation of several types of ions due to fragmentation.

The ion detector response was determined for each detector as follows. For each
noble gas studied the energy loss was set to be above the first IP, but below the second
IP. A TOF mass spectrum was collected in the dipole (e,e+ion) mode in coincidence
with forward scattered electrons of the selected energy loss. The ratio of the number of
ions formed, determined by integrating the baseline-subtracted TOF mass peak, to the
number of true energy-loss events gives the relative detection efficiency. The number of
true energy loss events was determined by collecting an energy loss spectrum at the full
pressure used for the TOF measurements, and subtracting a similar energy loss spectrum
at the base pressure of the spectrometer. Thus the fraction of “true” energy-loss events
at a particular energy loss was determined.

The ion detector response functions for the Johnston multiplier and microchannel
plate detectors are shown in figure 3.2. It is worth mentioning at this point that the
ion extraction and transportation systems of the dipole (e,e+ion) spectrometer are inde-
pendent of the mass to charge ratio of the ions studied and were therefore the same for
each detector. For this reason, the relative detection efficiency of each detector could be
determined.

A smooth curve consisting of two quadratic functions was fitted to the experimental
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Figure 3.2: Relative ion detector sensitivities determined for a Johnston multiplier and
for a microchannel plate ion detection as a function of singly charged ionic mass. The
error bars represent the standard deviation of a number of experimental determinations.



Chapter 3. Experimental Methods 42

data points for each multiplier, and these functions were found to be,

(
a;+am+azm® 1<m<3H4

dMcp =
k 10.175 m>35

(3.3)
by+bm+bsm? 1<m<60

dJM = { ’

{ cl+02m+c;;m2 61$m5140

where a; = 8.8289, a, = 0.077208, a3 = —0.0011076, b, = 5.4311, b, = 0.11879, b3 =
—0.0013299, ¢; = 9.9672, c; = —0.047567, and c3 = 0.0001787, and m is the mass to
charge ratio of the ion. It is apparent that both detectors show a decreased sensitivity
to lower mass ions, specifically below ~40 amu for the Johnston multiplier and below
~30 amu for the microchannel plate detector. The relative detection efficiency of a
Johnston multiplier was determined by Backx and Van der Wiel [76] for 8 keV ion impact
energy using essentially the same apparatus as used in the present work. However, their
study [76] was performed over the very limited energy range from 1 to 16 amu. Of the
ions produced from the electron impact ionization of methane, it was concluded [76]
that all the ions were detected with equal efficiency except H*, for which there was a
10% reduction in sensitivity. The relative detection efficiency of the microchannel plate
detector remains constant at higher masses, but that of the Johnston multiplier decreases
relative to its value at 40 amu. The relative detection efficiency of the microchannel plate
detector is greater than, and less variable than that of the Johnston multiplier, and the
TOF mass spectra measured with the microchannel plate detector have a better signal-
to-noise ratio.

It is possible that the decrease in sensitivity observed for the Johnston multiplier at

masses greater than 40 amu is similar to the “velocity effect” observed by Peart and
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Harrison [91]. Peart and Harrison [91] studied the detection efficiency of a Johnston
multiplier for atomic ions ranging in mass from helium to cesium and reported that the
detection efficiency is dependent on the velocity with which the ions strike the first dynode
of the detector. They measured absolute detection efficiencies of ~70% for incident ion
velocities of 10° m-s™!, which increased to 90% for 3x10° m-s~1. Above this velocity the
detection efficiency was found to be essentially constant and independent of the mass of
the incident ions. In the present study where 8 keV ion impact energy is used, a velocity
of 2x10° m-s~?! corresponds to ~38 amu.

The decrease in detector efficiency at low masses must be due to some other phe-
nomenon. In the situation of constant ion impact energy at the multiplier input, as in
the present spectrometer, the momentum of the incident ions increases as the square root
of the ion mass. Lower mass ions have the least momentum when striking the ion multi-
plier. Thus the decrease in sensitivity to low mass ions for both detectors could be due to
some ion impact momentum-dependent phenomenon. One way to check this hypothesis
would be to repeat the measurements for both detectors using a much higher ion impact
energy, say 20 keV. This should substantially reduce the variation of multiplier sensitivity
to mass to charge ratio. The ion impact energy could be increased by post-accelerating
the ion beam at the multiplier input. However, the present experimental arrangement
of the dipole (e,e+ion) spectrometer does not readily allow for such an experiment to be
performed.

The relative detection efficiency response curves (figure 3.2) have been used in the
present work to correct the measured TOF mass spectra to account for the variation of
the detector to ions of different mass to charge ratio. It has been shown [82] that such

correction procedures are very effective for small polyatomic molecules (C,H,, C,Hy,
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SiF4, CCl,). However, such results should be put into perspective. First, the detector
efficiencies were determined using singly charged atomic ions. The detection efficiency of a
doubly charged ion is not necessarily the same as that of the corresponding singly charged
ion of the same mass to charge ratio. Furthermore, these molecular studies [82] involve
polyatomic molecular and fragment ions. It has been reported by Dietz [92], in a study of
many singly charged atomic ions and the polyatomic ion, Na,BOJ, that the polyatomic
species was more efficient at producing secondary electrons, when hitting the emitting
surface of a discrete dynode electron multiplier, than were the atomic cation species like
Nat or Pb*, which are of lower and higher mass, respectively. Thus care should be taken
when applying these correction factors to multiply charged and polyatomic ions. Finally,
the present study has shown that, except for low mass ions (< 20 amu) the ion detection

sensitivity correction factors for both detectors are relatively small for 8 keV ion impact

energy.

3.2 High-Resolution Dipole (e,e) Spectrometer

The high resolution (0.048 eV fwhm) photoabsorption oscillator strength data were mea-
sured using the dipole (e,e) spectrometer shown in figure 3.3. Details of the design and
construction of this spectrometer have been reported previously [93]. The spectrometer
consists of four chambers, each pumped by a turbo molecular pump (Seiko-Seiki STP-
300 or STP-400), which house the electron gun, the electron beam monochromator, the
electron beam analyzer, and the scattering (collision) chamber. The electron beam in
this instrument is produced from a heated thoriated tungsten filament located within
an oscilloscope electron gun body (Clifftronics CE5AH). The cathode or filament (C),

grid (G), anode (A), and focus (F) are all floated at a potential of —3 keV with respect
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Figure 3.3: The high-resolution dipole (e,e) spectrometer.
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to the collision region which is held at ground potential. The electron beam produced by
the electron gun is decelerated and passed through the large radius (19 cm) electrostatic
hemispherical analyzer (labelled monochromator) {94]. The monochromator is not a full
hemispherical analyzer in that the hemispheres are truncated. Side plates hold the trun-
cated hemispherical sections in place and can be appropriately biased with voltages to
compensate for any field non-uniformity. A similar type of analyzer design has been sug-
gested by Jost [95]. The primary electron beam from the heated filament has an energy
spread of ~0.8 eV fwhm and the monochromator serves to reduce this energy spread.
The electron beam that passes through the monochromator is reaccelerated to 3 keV
and then is scattered off the sample gas admitted to the collision chamber (CC). Elec-
trons scattered in the forward direction are energy-analyzed by the large radius (19 cm)
hemispherical electron analyzer. Finally, the electrons are detected by a channel electron
multiplier (Mullard B419AL) and the signal is decoupled using a ferrite core transformer.
The spectrometer is controlled by an IBM 386 computer and the data acquisition and
spectral analysis progréms were written by Dr. G. Cooper.

Nine sets of deflectors (Q;—Qs) and eight apertures (P;~Pg) are used to steer and to
define the electron beam. Carefully designed electron lenses (L1-L7) are used to transport
and to characterize the beam. Using these advanced electron optics, defining apertures,
and large hemispherical analyzer and monochromator, a resolution of 36 meV fwhm
can be achieved for the main (unscattered) electron beam. The inelastically scattered
electron beam has been determined to have a resolution of 48 meV fwhm from recent
measurements of the electronic excitation spectrum of helium in the discrete region [96).

The operation and data analysis procedures of this instrument [27, 93] have recently

been adapted to provide highly accurate dipole (e,e) measurements of absolute oscillator
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strengths for discrete transitions at high resolution [26, 27, 96]. The Bethe-Born factor
for this spectrometer was used to transform the high resolution EELS spectra to a relative
oscillator strength épectrum. The high-resolution relative oscillator strength spectrum
was then placed on an absolute scale by normalization to the absolute low-resolution data
obtained in the présent work in the smooth continuum region. The photoabsorption os-
cillator strengths thus obtained are considered to be accurate within £5%. Furthermore,
the measurements are free of the “line-saturation” (or bandwidth) effects which can
cause serious errors in photoabsorption cross sections obtained for discrete transitions
using the Beer-Lambert Law [26] in situations where the natural linewidth of transitions

is comparable to or less than the incident photon bandwidth.

3.3 Sample Handling

The base pressure of each turbo molecular pumped spectrometer is ~2x10~7 Torr. Sam-
ples are admitted into the spectrometer to a pressure of ~2x10~% Torr. This pressure
is high enough to ensure that most of the scattering events are from the sample, rather
than from the residual background gas in the spectrometer, and low enough to avoid
double scattering. More importantly, since the aim of the present work is to determine
absolute oscillator strength data for the sample being studied, the small but significant
contributions from the background gases, and non-spectral electrons, must be eliminated.
To achieve this, a second spectrum is collected at about one-quarter the pressure and
this spectrum is subtracted from the first, full pressure spectrum. The safnple is not
entirely removed from the spectrometer to avoid any shift in the energy scale because of
changing contact potentials (resulting from adhesion of the admitted sample gas to the

components of the spectrometer).
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Table 3.1: Purity of samples used in the present work.

Molecular Minimum

Compound Formula Supply Company Stated Purity

Methanol CH;0H BDH (Omnisolv) 99.9%
Carbon Tetrachloride CCL BDH 99%

Ammonia NH; Matheson Chemicals Inc. 99.99%
Monomethylamine CH3NH, | Matheson Chemicals Inc. 98.0%
Dimethylamine (CH3),NH | Matheson Chemicals Inc. 99.0%
Trimethylamine (CH3)sN | Matheson Chemicals Inc. 99.0%

The gaseous and liquid samples used in the present work are listed in table 3.1 along
with their stated purity and the company which supplied the chemicals. Gaseous samples
were used as supplied from lecture bottles. The residual air in all liquid samples studied

was removed by repeated freeze-thaw-pump cycles using liquid nitrogen. No residual

48

air peaks, or significant impurities, were observed in any of the TOF mass spectra, or

high-resolution electron energy-loss spectra.
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3.4 High Impact Energy Dipole (e,e) Spectrometer

During the course of this thesis a new spectrometer has been designed and constructed.
The spectrometer uses a number of the features found on the other two spectrometers
described in the present work (see sections 3.1 and 3.2). However, the two earlier spec-
trometers were designed primarily to study gas phase targets at room temperature, and
to provide high-resolution oscillator strength data, respectively. The present high-impact
energy dipole (e,e) spectrometer has been designed and constructed to permit absolute

photoabsorption oscillator strength (cross-section) measurements of

1. the K-shell spectra of molecules containing third-row atoms (e.g., Si, P, S, Cl),

which require the energy-loss range to be extended up to at least 3 keV,

2. the L-shell spectra of molecules containing fourth-row atoms (e.g., Ge, As, Se, Br,

and transition metal compounds such as Cr(CO)g, Ni(CO)4, Fe(n>-CsHs )2, Mo(n®-
C6H6)2)’

3. unstable species and reaction intermediates including
(a) ions (e.g., Het, Ne*, Ar*, Krt, Xet, O, N*, H}, Of, N¥)
(b) metastables (e.g., He*, Ne*, Ar*, N3)
(c) free-radicals (e.g., CHz, C;Hs, H, F)
(d) laser-excited species (e.g., Na 3p),

4. compounds of biological, biomedical and pharmaceutical interest (e.g., amino acids,

amides, glyoxal, urea),
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5. low melting point (mp < 200 °C) solids (e.g., polycyclic hydrocarbons and other

organic molecules),
6. metal vapours (e.g., Li, Na, K, Rb, Cs).

Furthermore, the potential of using electron energy-loss spectroscopy as a microanalysis
tool for low Z elements [97] will be explored.

The high-impact energy electron energy-loss spectrometer is shown in figure 3.4. The
electron beam is produced at a potential equal to the negative of the electron impact
energy, that is, 0 to —10 kV (with respect to the collision region which is at ground
potential), by a black and white TV gun with an indirectly heated barium oxide cathode
(Phillips 6AW59, or equivalent). Adjustment of the grid (G), anode (A) and focus (F)
potentials result in a well-focussed, high current density electron beam. The electron
beam passes through two apertures (P1 and P2, which are 3 mm and 2 mm, respectively)
before being scattered off the sample gas in the collision chamber (CC). As the 10 keV
energy electron beam passes through each aperture its direction is maintained by two
pairs of deflector plates (D). The angular selection aperture (P3) at the exit of the main
chamber selects only those electrons which are scattered through small angles in the
forward direction. These electrons are focussed by an Einzel lens system and decelerated
to the pass energy of the analyzer (typically 100-500 eV) by the last two lens elements.
The lens element voltages, electrostatic contours, and simulated electron ray traces are
shown in figure 3.5. The electrons are energy-analyzed by a large (16 inch mean diameter)
hemispherical electrostatic analyzer. The electrons are counted by a channeltron electron
multiplier (CEM, Mullard B419AL) or a microchannel plate detector (MCP), and the
amplified output signal is sent to an IBM-PC compatible personal computer for data

storage and analysis. The MCP detector was built at UBC and features two MCPs
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Figure 3.4: A schematic of the new high impact energy dipole (e,e) spectrometer designed
and constructed in the present work. See text for details.
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Figure 3.5: Simulation of the Einzel and deceleration lens systems for an incident electron
beam energy of 10 keV, an energy loss of 1000 eV, and a pass energy of 100 eV. The
electrode potentials are reported with respect to ground. (a) A potential contour plot of
the system. The contours are from 0 to —10 keV at intervals of 500 eV. (b) Simulated
electron ray traces at 0, £0.1, and +0.2 degrees.
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(Electro-Optical Sensors (Intevac) VUW-8920ES) in a chevron configuration. The entire
scanning and data collection processes are controlled by computer programs written in
PASCAL.

The present high-energy dipole (e,e) spectrometer will incorporate the following de-
sign features:
1) High Electron Impact Energy
The incident electron beam energy will be tuneable to as high as 10 keV. This should
permit the measurement of photoabsorption oscillator strength data at energy losses
(equivalent photon energies) up to ~3000 eV. As can be seen from table 3.2, this will
permit the study of electronic excitations from third-row K-shells and fourth-row L-shells
and all higher (lower binding energy) shells.
2) Open Scattering Region at Ground Potential
Experiments involving laser-excited species can best be accomplished if the spectrometer
has an open and easily accessible scattering region. The open architecture will also be op-
timal for the study of unstable species produced using insertion devices such as an oven,
a pyrolysis unit, a microwave cavity, or an inductively coupled plasma (ICP) ion source.
Furthermore, since the collision region is at ground potential these insertion devices, and
the associated electronics, will also be conveniently operated at ground potential.
3) Multichannel Detection
The electron detection system of the spectrometer will be switchable between a single-
channel detector (channeltron electron multiplier) and a multichannel detector (two mi-
crochannel plates stacked in a chevron configuration, plus a resistive anode). There are

two reasons why multichannel detection will be important in this spectrometer:
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Table 3.2: Atomic inner-shell binding energies adapted from Egerton [97]. All energies
are in electron volts (eV).

Elemenf. Atomic Shell Row
1s 2s | 2p1j2 | 2p3;2 | 3p | 3d | Number

Z K L, L, Lz {Maz | Mys

3 Li 55

4 Be | 111

5 B 188

6 C 284 ROW 2
7 N | 400

8 0] 532

9 F 685

10 Ne | 867 18

11 Na | 1072 32

12 Mg | 1305 52

13 Al | 1560 { 118 73

14 Si | 1839 | 149 100 ROW 3
15 P |2149 ] 189 135

16 S |2472 | 229 165

17 Cl | 2823 | 270 200

18 Ar | 3203 | 320 246

19 K |[3608 | 377 294

20 Ca |[4038 | 438 | 350 | 347
21 Sc [ 4493 | 500 | 402 | 406
22 Ti [4965 | 564 | 461 | 455 | 47
23 'V | 5465 | 628 | 520 | 513 | 47
24 Cr [ 5989 | 695 | 584 | 575 | 48
25 Mn [ 6539 770 | 652 | 640 | 51
26 Fe [7113 | 846 | 721 | 708 | 57
27 Co | 7709 | 926 | 794 | 7719 | 62 ROW 4
28 Ni [8333 (1008 | 872 | 855 | 68
29 Cu [ 8979 {1096 | 951 | 931 | 74
30 Zn [9659 [ 1194 | 1043 | 1020 | 87

31 Ga 1298 | 1142 | 1115 | 105

32 Ge 1414 | 1248 | 1217 | 125 | 30
33 As 1527 | 1359 | 1323 | 144 | 41
34 Se 1654 | 1476 | 1436 | 162 | 57
35 Br 1782 | 1596 | 1550 | 182 | 70

36 Kr 1921 | 1727 | 1675 | 214 | 89
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o The electron scattering cross section drops off very rapidly as a function of energy
loss relative to the photoabsorption cross section (approximately as the third power
of the energy loss—see equation 2.27). Therefore, at high energy losses the cross

section will be very low and thus high detection sensitivity will be required.

¢ Unstable species (laser-excited species, free radicals, ions, etc.) are difficult to pro-
duce in large quantities, therefore there will be a very low sample target density in

these experiments.

The improved signal-to-noise ratio provided by multichannel detection devices will be
essential to the success of these types of studies.

4) Known Scattering Geometry

When the scattering geometry of an electron energy-loss spectrometer is known com-
pletely, the Bethe-Born factor, B(E), which converts the measured electron scattering
cross section to a relative oscillator strength scale, can be calculated (see section 2.4).
Using B(E), the relativé oscillator strength data can be placed on an absolute oscillator
strength scale using the TRK sum rule or by one-point normalization to a known pho-
toabsorption value.

5) Differential Pumping

The four separate vacuum chambers in the spectrometer are each pumped by a Seiko-Seiki
turbomolecular pump (two model STP-450 and two model STP-300). The differential
pumping is achieved by placing small apertures between the chambers which are just large
enough to allow a well-focussed electron beam to pass through. The apertures are the
only openings between the chambers, which means that the four chambers are pumped
essentially independently. Typically, the scattering chamber can be filled to a pressure

that is two orders of magnitude greater than base pressure with little or no change in the
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pressure in the electron gun chamber. Differential pumping has the advantages that it
prolongs the life of the oxide cathode electron guns which are used in the spectrometer,
and provides a more stable electron beam since the electron emitting surface of the gun
will not be affected by the sample gas. These considerations are especially important for

quantitative work when very reactive gases are being studied.

3.4.1 Specialized Sample Introduction Systems

The new dipole (e,e) spectrometer has an open scattering region at ground potential.
Several different sample introduction systems have been designed to produce a range of
chemically interesting target species.

1) Microwave Source

A microwave cavity with a flow tube and needle valve has been constructed in-house
and mounted on one of the side flanges of the main chamber of the spectrometer. Such
a source has been used by other groups [98-101] to produce free radicals (H, F, PH,,
PH, O, N) and metastable species (He*). The sample gas is flowed through the cavity,
and the microwave discharge is initiated by a spark from a hand-held tesla coil. The
quarter-wavelength microwave cavity operates at 2450 MHz and the power is supplied
by a conventional control unit (Microtron 200). The electrons accelerated inside the
microwave cavity collide with the sample gas, and the resulting products flow into the
collision chamber through a narrow (1.4 mm) quartz tube. Prior to this transportation
tube, the bulk of the gas is pumped away by a large roughing pump (160 L-min~?) to
keep the background pressure in the spectrometer as low as possible. In order to assess
what fraction of the species formed are radicals, the spectra obtained when the microwave

source is on, and off, will be compared. Such a procedure has been used to obtain accurate
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absolute oscillator strength data for atomic nitrogen and atomic oxygen [100, 101].

2) Heated Inlet System

A cylindrical copper block (0.675 inch i.d., 1.25 inch o.d.) has been attached to the
collision chamber. Slots were cut lengthwise in the block to hold two heaters (HOT-
WATT), or alternatively an externally wound heater can be used. Current is supplied
to the heaters through non-inductively wound wires using a Variac and the resulting
temperature rise in the copper block is monitored with a chromel/alumel thermocouple,
or a conventional thermocouple device (Dyna-Sense). The large slot in the copper block
holds a glass ampule which is attached to the end of a sample probe. The glass ampule
has a 1 mm hole in one end. The ampule is filled with the solid sample to be studied,
and positioned in the copper block with the sample probe rod through a Goddard valve
interlock attached to the side of the spectrometer in line with the collision chamber. As
the ampule is heated the vapour emerges from the hole and into the heated collision
region. Such a system permits the repeated insertion of solid samples directly into the
high vacuum chamber without having to take the spectrometer up to atmosphere. This
interlock system is therefore convenient and efficient.

3) Oven

Designs are being drawn for the construction of an oven to be used to produce vapours
from much higher melting point (mp < 800 °C) solids (e.g., Na, Cs). This device will
be mounted beside the collision chamber and in all likelihood will be used along with a
cold trap. The cold trap will be positioned on the opposite side of the collision chamber
from the oven and will serve to keep the background pressure low in the spectrometer.
This will allow for the use of higher fluxes from the oven.

4) Inductively Coupled Plasma (ICP) Source
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We are considering the use of an ICP source for producing large fluxes of ions, especially
Art [102]. The ions formed from the ICP torch flame, or from samples admitted into
the flame, will be mass selected using an in-line quadrupole mass analyser, before being
steered and focussed on the collision region. Since the ICP torch operates at atmospheric
pressure several stages of differential pumping and skimmer cones will be necessary in
order to maintain a low background pressure in the spectrometer when this type of device

is in operation.
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Photoabsorption and Photoionization Studies of Methanol -

4.1 Introduction

The photoabsorption and photoionization of methanol in the vacuum UV and soft X-ray
regions are of interest in many fields of science and technology. For example, methanol
has been observed in the interstellar medium and its interaction with energetic radiation
is therefore of importance to astrophysicists {103, 104]. Methanol has also been studied
as a chromophore contributing to the total photoabsorption of glucose at low photon
energies and this is of interest in biochemistry and radiation biology [105]. The present
work is of importance since it is the only data set providing photoabsorption oscillator
strengths (cross sections) over the continuous energy region from 6 to 360 eV, covering
both the valence and carbon K-shell regions. Since previously published photoabsorption
cross-section data {105-119] cover only limited energy regions the presently reported
measurements also provide the first experimental test of the wide-ranging dipole oscillator
strength distributions (DOSD) predicted semi-empirically by Jhanwar and Meath [120] on
the basis of various constraints, including sum rule considerations, mixture rules, and the
limited experimental data available. The present work also represents the first reported
absolute partial oscillator strengths for the molecular and dissociative photoionization of

CH;O0H.

Absolute photoabsorption cross sections for the valence shell of methanol have been

59



Chapter 4. Photoabsorption and Photoionization Studies of Methanol 60

measured by many groups, in various energy regions, using direct optical techniques.
Several studies have been reported in the photon energy range below 30 eV {105-116, 121-
123] while de Reilhac and Damany [117] have reported measurements in the range 31
to 124 eV. Some additional data have been obtained by Gluskin et al. [118] from 90 to
220 eV using synchrotron radiation.

The carbon K-shell excitation and ionization of methanol extends above 285 eV but
there have been comparatively few spectroscopic studies of this region. In 1974 Wight
and Brion [124] reported a high impact energy, small angle (2°), low resolution (0.5 eV
fwhm) carbon K-shell electron energy loss (EELS) spectrum of CH3;0H on a relative
electron impact excitation cross-section scale. Later, Ishii and Hitchcock [119] reported
the carbon K-shell dipole oscillator strength spectrum (0.6 €V fwhm) on an approximate
absolute scale over the energy range 282 to 324 eV. These absolute oscillator strength
data {119] were obtained by semi-empirical Bethe-Born conversion of an electron energy
loss spectrum (mean scattering angle 2°) followed by normalization to the calculated [125]
atomic carbon oscillator strengths in the continuum region at 25 eV above the carbon K-
shell ionization edge of CH3OH. In this procedure [119] the valence shell photoabsorption
oscillator strength underlying the carbon K-shell region was estimated and subtracted
from the measured spectra. It is important to test the validity of using such absolute
normalization procedures based on summed atomic photoionization oscillator strengths
at 20-30 eV above the appropriate inner shell edge. This type of normalization is typically
applied at least 20-30 eV above the particular inner shell ionization edge, since at such
photoelectron energies it has usually been assumed that molecular effects (e.g., shape
resonances) have subsided. In earlier studies from this laboratory by making absolute

dipole oscillator strength determinations in the Si 2p,2s regions of SiH, [126, 127], the
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P 2p,2s regions of PHj3 (128, 129] and the S 2p,2s regions of SO; [130, 131] we have
demonstrated that such atomic normalization procedures can be considered reasonably
accurate for third row L-shells provided that the normalization is carried out at least
30 eV above the inner shell ionization threshold. This proviso was especially important
in the case of SO, [130, 131], where molecular effects are strongly manifested in the S 2p
region. While preliminary investigations made of the C 1s (K-shell) region of CF,4 [132],
using approximate procedures, have also indicated similar conclusions, it is important
to make more direct tests for the case of second row K-shells. In the present work, the
effectiveness of atomic normalization procedures is assessed by comparing the TRK sum-
rule normalized, Bethe-Born converted, electron energy loss spectrum of CH;0H with
published atomic cross-section sums in the carbon K-shell region.

The ionization energies of methanol have been studied extensively by photoelectron
spectroscopy (PES) in both the valence [133-143] and inner shell [39, 144] regions. The
complete outer and inner valence shell binding energy spectra have also been studied
by electron momentum spectroscopy [145]. To the best of our knowledge, no partial
photoionization oscillator strengths (cross sections) have been reported for the production
of the electronic states of CH;0H* by PES or dipole (e,2e) spectroscopic techniques.
Similarly, no absolute intensity data have been previously reported for the molecular
and dissociative photoionization of methanol. However, relative photoionization yield
curves [146-151} and appearance potentials [147, 149-156] for the major photofragments
of methanol at m/e 32, 31, 30, 29, 28, and 15 have been reported. |

In this chapter results are reported for the photoabsorption of methanol measured
at low resolution (~1 eV fwhm) from 6 to 360 eV, and at high resolution (0.048 eV

fwhm) from 5 to 30 eV, using dipole (e,e) spectroscopy. The latter results were obtained
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using the recently developed high-resolution dipole (e,e) method [26] which has been
demonstrated to give very accurate optical oscillator strengths for discrete transitions in
helium [96] as well as for a wide range of other atoms and molecules [25, 27, 88, 157-160].
In addition, dipole (e,e+ion) spectroscopy has been used to measure the photoionization
efficiency and the photoion branching ratios for the molecular and all major dissociative
photoionization channels for methanol from 10.5 to 80 eV. Absolute partial photoion-
ization oscillator strengths for the molecular and dissociative channels of methanol have
been obtained as a function of the photon energy from the triple product of the presently
measured photoionization efficiency, the branching ratio for each ion and the absolute

photoabsorption oscillator strength (see section 2.3).

4.2 Results and Discussion

4.2.1 Electronic Structure

Methanol has a highest symmetry of C, and the molecular orbital electronic configuration

of the ground state in the independent particle model is:

(1a')? (2d')* (3d')%(4d')*(5a')*(1a")*(6a')*(7d’)*(2a")?

——— N~ - ~ -

O1ls Cls Valence Shell
The vertical ionization potentials (VIPs) of the six outermost orbitals have been re-
ported to be 10.96, 12.62, 15.21, 15.64, 17.62 and 22.65 eV respectively as determined by
high resolution He(I) and He(II) PES [140]. Using high resolution X-ray photoelectron
spectroscopy (XPS), Nordfors et al. have determined the VIP of the most deeply bound
valence shell orbital (3a’) to be 32.02 eV [144]. The carbon (2a’) and oxygen (1a’') K-shell
IPs were measured by XPS [39] to be 292.3 and 538.9 €V respectively.
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4.2.2 Photoabsorption Oscillator Strengths
4.2.2.1 Low-Resolution Measurements

The absolute photoabsorption oscillator strengths obtained at a resolution of 1 eV fwhm
for the valence shell region of methanol in the energy range 5 to 280 eV are presented
in figures 4.1a and 4.1b and given numerically in tables 4.1 and 4.2. The results are
compared with previously reported absolute photoabsorption data for methanol in those
energy regions where such data exist. In figure 4.1b the higher energy region of the
valence shell continuum is also compared with experimental [161] and theoretical [162]
summed (4H+C+0) atomic oscillator strengths (cross sections).

The absolute photoabsorption spectrum in the valence shell was obtained by normal-
izing the total area under the Bethe-Born converted EELS spectrum (i.e., the relative
photoabsorption spectrum) to the number of valence electrons in methanol plus a small
correction for Pauli excluded transitions, using the valence-shell TRK sum rule (see equa-
tion 3.1). The contribution to the valence shell region above the carbon K-shell excitation
region was estimated by fitting a polynomial of the form AE~'® + BE-25 + CE-35 to
the relative oscillator strength data from 90 eV to 280 eV and integrating to infinite
energy (E is the energy loss and A, B, and C are the best-fit parameters which were
determined to be A=9.0364 eV%®, B=710.68 eV'®, and C=4.0917 x 10* eV?%). This
particular functional form was chosen because of the goodness of the fit and because
of the previous success of this type of formula in fitting the shape of the high energy
valence-shell photoabsorption region of several small polyatomic moleculesb containing
second row atoms [130, 132]. The fitted curve is shown as a solid line in figure 4.1b. Dil-

lon and Inokuti {163-166] have described several functional forms for interpolating and
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shell region at higher energies. Also shown are previously published direct photoab-
sorption measurements for CH;0H {106, 107, 117, 118} and summed atomic oscillator
strengths [161, 162]. The insert to (a) shows the photoionization efficiency measured in
the present work and from photoionization studies {111, 147].
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extrapolating GOS data as a function of photon energy, and as a function of momentum
transfer. For the purposes of the present work the extrapolation function is used solely
to estimate the totai area above the last measured data point and should not be used
to provide differential oscillator strength data at high photon energies. The area under
the curve from 6 eV to infinity was set to a total integrated oscillator strength of 14.54
which corresponds to the 14 valence electrons of methanol plus an estimated contribution
of 0.54 for the Pauli excluded transitions from the inner shells to already occupied valence
orbitals (see section 3.1.1). With the implementation of these procedures, the percentage
of the total valence shell oscillator strength in the extrapolated region from 280 eV to
infinity was found to be 8.2%. The use of the above formula also provides a means of
partitioning the total measured photoabsorption oscillator strength above 285 eV into
separate valence shell and carbon K-shell contributions (see section 4.2.2.3 below).

The dipole (e,e) spectrum presented in figure 4.1 shows very little pre-edge structure
since it was obtained at a resolution of 1 eV fwhm. The small shoulder at 8.5 eV is
comprised of a superposition of unresolved Rydberg transitions while the maximum at
14.3 eV corresponds to the strong (5a’ — 3s) Rydberg transition [167]. A much higher
resolution dipole (e,e) spectrum (0.048 eV fwhm) of the valence region of methanol has
been obtained in the present work and will be detailed in section 4.2.2.2. It can be seen
from figure 4.1a that the data reported by Ogawa and Cook [106, 107] are about 10%
higher than the present work at the valence peak maximum. Ogawa and Cook [106, 107]
state that the reproducibility of their results was within 3% but that their totél error may
be higher since they did not correct their pressure readings for possible condensation in
their pressure gauge. Such corrections would make their real number density higher and

thus their cross sections lower. Excellent agreement is obtained between the present work
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and the data reported by de Reilhac and Damany [117] in the 40 to 124 eV region as well
as with the summed atomic oscillator strengths in the 80-240 eV region [161, 162]. The
parameterized data reported by Gluskin et al. [118] at 100 eV (dashed line in figure 4.1b)

lie somewhat above the presently reported measurements.

4.2.2.2 High-Resolution Measurements

Recently, the Bethe-Born conversion factor has been obtained experimentally for the
high-resolution dipole (e,e) spectrometer [26, 96]. Using this instrument, the valence
shell oscillator strength spectrum (5-30 eV) of CH;OH shown in figure 4.2 was obtained
at a resolution of 0.048 eV fwhm. The spectrum was made absolute by normalizing
the Bethe-Born converted electron energy-loss spectrum to the low resolution absolute
photoabsorption oscillator strength (see figure 4.1a and table 4.1) at 25.0 €V in the
smooth continuum region where there are no sharp structures. From figure 4.2a it can
be seen that the shapes of the dipole (e,e) oscillator strength spectra obtained in the
present work at low resolution and at high resolution are the same within experimental
error over the 20 to 30 eV smooth continuum region. This is a good consistency check
since the low- and high-resolution dipole (e,e) spectrometers have significantly different
Bethe-Born conversion factors, reflecting their different impact energies, dimensions and
acceptance angles about zero degree mean scattering angle. The average integrated
oscillator strengths of methanol recommended by Jhanwar and Meath [120] are also shown
for comparison in figure 4.2a. In order to predict results between 21 and 40 eV where
no previously measured data existed, Jhanwar and Meath [120] fitted and extrapolated
the data (figure 4.1) of de Reilhac and Damany [117] to lower energies and the data of

Ogawa and Cook [106, 107] to higher energies. Since the data of Ogawa and Cook are
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Figure 4.2: (a) Comparison of the experimental photoabsorption oscillator strengths
(cross sections) for CH3OH (5-30 eV) determined by high-resolution (0.048 eV fwhm) and
low-resolution (~1 eV fwhm) dipole (e,e) spectroscopy (dots and open squares, respec-
tively). Photoabsorption data recommended in reference [120] are also shown (crosses).
(b) The high-resolution (0.048 eV fwhm) dipole (e,e) photoabsorption oscillator strength

spectrum of CH30H (dots) in the valence-shell region from 5 to 12 eV. Direct photoab-
sorption data for CH30H are shown for comparison {108, 110, 111, 114, 116].
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higher than thé present data below 20 eV, as seen in figure 4.1a, it is not surprising
that the average integrated oscillator strength data [120] do not agree with the present
work between 20 and 30 eV. The low energy portion of the high-resolution valence-shell
spectrum from 5 to 12 eV is shown on an expanded energy scale in figure 4.2b. There is
excellent agreement between the present data and the data reported by Nee et al. [110]
while the data of Person and Nicole [111] are about 4% higher in the 10 to 12 eV region.
The positions of the peaks in the 2a” — 3p region correspond well with the data of Nee et
al. [110] and of Salahub and Sandorfy [114] which were measured using optical methods.
The differences in peak heights and widths reflect the different energy resolutions used

in the various measurements of these discrete excitation processes.

4.2.2.3 Carbon K-shell Measurements

Measurements of the photoabsorption oscillator strength have been extended into the
carbon K-shell region of methanol using the low-resolution dipole (e,e) spectrometer and
the results are shown in figure 4.3 and table 4.3. The full photoabsorption spectrum of
methanol from 6 to 360 eV is shown in figure 4.3a, while figure 4.3b shows the carbon
K-shell region in greater detail. The absolute scale in the K-shell region was obtained by
referencing the intensity in the below edge region to the TRK sum rule normalized valence
shell spectrum below 285 eV as reported in section 4.2.2.1 above. The results obtained are
in good quantitative agreement with previously reported data recorded at a somewhat
higher resolution (0.5 eV fwhm) [119] than the present work. The spectrum reported
earlier [119] was obtained for the carbon K-shell alone by subtracting the estimated

valence shell contribution from the total energy loss spectrum, applying an approximate,
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Figure 4.3: (a) The low-resolution (~1 eV fwhm) dipole (e,e) photoabsorption oscil-
lator strength spectrum (dots) for CH30H from 5 to 360 eV. (b) Detailed view of the
low-resolution (~1 €V fwhm) dipole (e,e) photoabsorption oscillator strength spectrum
in the carbon K-shell region (dots). Also shown are the dipole (e,e) data of reference [119]
and summed atomic oscillator strengths [161, 162].
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empirically determined Bethe-Born conversion factor and normalizing on the carbon K-
shell atomic cross-section reported by Doolan and Liberman [125] at 25 eV above the
carbon K edge. The carbon K-shell oscillator strength data of reference [119] have been
added to the extrapolated valence shell tail as obtained in the present work (the dashed
line in figure 4.3b, section 4.2.2.1) to permit comparison with the other data shown in the
figure. The summed atomic total (i.e., valence-shell plus carbon K-shell) photoabsorption
data (4H+C+O) also shown on figure 4.3b (open circles [162] and crosses [161]) are seen
to be in reasonable agreement with the present absolute measurements (based on TRK
sum rule normalization of the valence shell) at energies in excess of about 30 eV above the
K-shell ionization edge. This experimental assessment of such normalization procedures
in the carbon K-shell region of CH3;0H is paralleled by similar recent observations for
L-shell spectra of molecules containing third row atoms {127, 129, 131].

The sharp pre-edge structure observed in the carbon K-shell electron energy-loss
spectrum of methanol at 289.4 eV in references [119, 124] is also seen in the present work
(see figure 4.3b) and was used to set the energy scale in the carbon K-shell region. The
oxygen K-shell spectrum was not studied in the present work because of the very low

electron scattering signal at higher energy loss.

4.2.3 Molecular and Dissociative Photoionization in the Valence-Shell Re-

gion

Time-of-flight mass spectra for methanol were measured as a function of (photon) en-
ergy in the energy loss range up to 80 eV. Analysis of this data provides information
concerning the molecular and dissociative photoionization channels resulting from va-

lence shell photoabsorption by CH3OH. The positive ions detected in the TOF mass
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spectra of CH3OH were: CH30H*, CH;0*/CH,OH* at m/e=31, CH,O*/CHOH?* at
m/e=30, CHO*/COH* at m/e=29, CO*, OH*, CH}, CH}, CH*, C*, H}, Ht*. No
doubly charged species were observed although the products of dissociative double pho-
toionization cannot be ruled out in the singly charged ion yields. Such processes can
be investigated by PIPICO techniques [168]. The TOF mass spectrum obtained at an
equivalent photon energy of 50 eV is shown in figure 4.4. The ions of m/e ratios 29, 30,
and 31 have double labels since the explicit structure of the detected TOF ion cannot
be determined. The insert to figure 4.4 shows the mass 28 to mass 32 region on an ex-
panded scale. Isotopic studies have shown [146] that at low photon energy, near threshold,
mainly CHO*, CHOH*, and CH,OH* are formed, whereas at higher energies there are
also contributions from the structural isomers COH*, CH,0*%, and CH30%*. Photoion
branching ratios for the molecular and dissociative ions, determined as percentages of
the total photoionization from integration of the background subtracted TOF peaks, are
presented in figure 4.5 and are given numerically in table 4.4. These data were recorded
using the Johnston multiplier ion detector prior to the determination of the detector
response functions (see section 3.1.2). For this reason only the branching ratio for the
H* cation was corrected in this study, and this was increased by 10% as determined by
Backx and Van der Wiel [76].

The relative photoionization efficiency in dipole (e,e+ion) experiments is given by
the ratio of the total coincident ion signal to the number of forward scattered electrons
as a function of energy-loss. The presently measured ratio for methanol is found to be
constant within experimental error above 19.5 eV. Making the reasonable assumption
that the absolute photoionization efficiency (7;) is unity at higher energies we therefore

conclude that 5; reaches 1.0 at 19.5 eV. The photoionization efficiency from threshold
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ization of CH30H. The vertical arrows indicate calculated appearance potentials (see

table 4.5).
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to 80 eV is shown as an insert to figure 4.1 and is given numerically in the last column
of table 4.1. It can be seen (figure 4.1) that there is good agreement with previously
published measurements in the near threshold region [111] and at 21.22 eV [147].
Absolute partial photoionization oscillator strengths for the production of the molec-
ular and fragment ions of CH30H, obtained by taking the triple product of the photoion-
ization efliciency, the branching ratio and the total photoabsorption oscillator strength
at each photon energy, are shown in figure 4.6 and given numerically in table 4.1. The
relative photoion yields in the energy range up to 20 eV given diagrammatically in refer-
ence [146] are consistent with the presently obtained absolute partial oscillator strengths.
The fragment ion appearance potentials (£1 eV) from CH3O0H measured in the
present work are given in table 4.5 where they are compared with previously reported
values [149-151, 153-156]. Table 4.5 also includes the calculated appearance potentials
for all possible fragmentation processes leading to the production of a particular ion cal-
culated from thermodynamic data [169], assuming zero kinetic energy of fragmentation.
These thermochemical thresholds for ion production are indicated by the vertical arrows

on figures 4.5 and 4.6.

4.2.4 The Dipole-Induced Breakdown of Methanol

The total e‘Lbsolute photoionization (i.e., absolute photoabsorption x photoionization ef-
ficiency) oscillator strength distribution for an atom or molecule can, in general, be par-
titioned in two different but complementary manners. By measuring the photoionization
branching ratios, as in the present chapter for CH3OH using dipole (e,e+ion) spectro-

scopy, absolute partial oscillator strengths for molecular and dissociative photoionization
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can be determined. However, it is also possible to partition the total absolute pho-
toionization oscillator strength distribution into the partial electronic ion state oscillator
strengths by measuring the branching ratios for the production of the different electronic
states of the molecular ion. The latter data can be obtained using tuneable energy
PES or the equivalent electron impact technique of dipole (e,2e) spectroscopy (4] (see
also section 2.3). Details of the dipole-induced breakdown scheme for a molecule can
be deduced from these two sets of data since the partial oscillator strength for a specific
molecular or dissociative ion will involve contributions from the breakdown of the various
electronic states of the molecular ion [4, 170, 171]. Once the photon energy exceeds the
upper limit of the Franck-Condon region for the production of a given electronic state of
the molecular ion, its internal energy distribution is independent of the photon energy
and the remainder of the energy is carried away by the ejected photoelectron. Thus the
branching ratios for ionic photofragmentation into stable molecular and/or fragment ions
are also determined for each electronic state of the molecular ion. Thereafter only the
overall probability of direct ionization to that state will vary with increase in photon
energy for each electronic state. Thus the partial oscillator strengths for the production
of a given molecular or fragment ion are expected to be given by a fixed linear com-
bination of partial electronic ion state oscillator strengths (or vice-versa). It should be
noted however that local departures from the above simple breakdown model, based on
linear combinations of oscillator strengths, are to be expected at lower photon energies
where autoionization occurs, and also at higher photon energies if significant multiple
photoionization processes occur [170].

On the basis of the simple breakdown model presented above, a series of studies of

molecular photoabsorption and photoionization (for recent examples see references {78,
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132, 172-174]) has shown that significant quantitative information on the dipole induced

breakdown pathways of a molecule can be deduced from an overall consideration of as

much of the following types of information as is available.

1.

measured ion appearance potentials as determined by mass spectrometry,

predicted minimum thresholds for various ionic photofragmentation processes and
associated neutral products, calculated using thermodynamic data and assuming

zero kinetic energy of fragmentation,

the molecular ionization potentials and associated Franck-Condon widths deter-
mined from UV and X-ray photoelectron spectroscopy, or from electron momentum

spectroscopy,

the shapes of branching ratio curves for molecular and dissociative photoionization
determined from dipole (e,e+ion) spectroscopy, or photoionization mass spectrom-

etry,

. the shapes and magnitudes of the partial oscillator strength distributions for molec-

ular and dissociative photoionization determined from dipole (e,e+ion) spectro-

scopy, or photoionization mass spectrometry,

the shapes and magnitudes of the partial oscillator strength distributions for the
production of the electronic states of the ions determined from tuneable light source

PES, or dipole (e,2e) spectroscopy [4],

photoelectron-photoion coincidence (PEPICO) measurements.

In the case of methanol, the information in items (1), (2), (4), and (5) is available from

the present work (see tables 4.1 and 4.4, and figures 4.5 and 4.6) while that of (3) is known
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from PES [140] and EMS [145] studies of the binding energy spectra. No information on
partial oscillator strengths for the production of electronic states (item (6)) of CH;OH*
is available since no tuneable energy PES, or dipole (e,2e), measurements have been
reported for methanol to date. Nevertheless, using the available data it has been possible
to deduce some aspects of the probable dipole-induced breakdown pathways of methanol
and these are discussed below. Previously reported studies of methanol and methanol-
d4 using photoionization by tuneable light sources [146, 148-151] and photoelectron-
photoion coincidence spectroscopy (PEPICO) [148, 155, 175-177] have proven helpful
in determining various aspects of the possible dipole breakdown scheme for methanol.
However, it should be pointed out that these studies were performed in the limited
energy region below ~20 eV with the exception of the photoionization work reported by
Warneck [151] which extended to 28 €V. Thus most previous studies [146, 148-151, 155,
175-177] are restricted to the production and breakdown of the outer valence ionization
states and only relative cross sections are reported in the photoionization work [146, 148—
151]. The present work contains the first reported absolute partial oscillator strength
data for the molecular and all dissociative photoionization channels of methanol from
threshold up to photon energies of 80 eV. It also represents the first information on the
breakdown of the 4a’ and 34’ inner-valence ion states. However, the present procedures
for determining the dipole-induced breakdown scheme are limited in the case of methanol
by the relatively close spacing of the outer valence IPs and the modest energy resolution
(~1 €V fwhm) of the dipole (e,e+ion) method. The analysis has been aided by the
use of the electronic ion state Franck-Condon widths, as indicated by the respective
widths in the complete valence shell binding energy spectrum of methanol measured by

electron momentum spectroscopy (EMS) at a comparable energy resolution [145]. The
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EMS spectrum [145] clearly reveals the existence of extensive many-body (correlated)
ion states belonging to the 4a’ and 3a’ inner-valence ionization manifolds throughout the
20-40 eV binding energy range.

It is to be expected that molecular ions, stable with respect to dissociation (i.e.,
CH3;O0H*), will be formed from the 2a” ground state of the methanol cation and possibly
also from various excited ionic states. The ground state (24”) contribution to CH;OH*
is confirmed by PEPICO experiments [148, 155, 175-177]. Above the initial threshold
the partial oscillator strength (POS) curve for CH;0H* clearly shows further onsets
(indicated by dashed lines on figure 4.6) at ~15-16 eV and ~20 eV which suggest ad-
ditional contributions from the (6a’ + 1a”) and 44’ states of CH;0H™, respectively. All
previous work has suggested that the parent molecular ion, CH;0H*, comes solely from
the 2a” state. However, the higher photon energy PEPICO spectra reported by Niwa
et al. [175-177) show considerable tailing on the high m/e side of CD,0D*, suggesting
a small amount of CD30D* production from the 6a’, 1a” and possibly higher states.
No PEPICO experiments extend beyond 21.22 eV and therefore the 4a’ contribution to
CH;OH* indicated in the present work cannot, as yet, be independently confirmed.

The lowest appearance potential of CH;0*/CH;OH™* and the shape of the POS sug-
gest a dominant contribution from the 7a’ state, but the curve also shows evidence of
smaller additional contributions corresponding to new thresholds at ~15 eV ((6a’ + 1a")
or possibly 5a') and at ~20 eV (4a'). Contributions to CH;0*/CH,OH* from the 74’
state have been observed previously in PEPICO experiments by von Puttkamer [155],
Brehm et al. [148], and by Niwa et al. [175-177]. Further contributions from the 6a’
and la” states have also been measured in PEPICO experiments {175-177]. It should be

noted in this regard that the PEPICO studies by von Puttkamer {155] did not extend
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beyond 14 e€V. The POS for CH,0%/CHOH* exhibits thresholds indicative of contribu-
tions from the 7d’, (6a’ + 1a"), 5a’ and 3a’ states. Photoionization studies [146, 151] have
also suggested contributions to the POS of CH,0* JCHOH?* from the 7a’, (6a’ and/or
1a”) and 5a’ states [146, 151} but the contribution of these ions cannot be confirmed
from the PEPICO measurements [175-177] because of insufficient m/e resolution. The
POS for CHO*/COH™ (figure 4.6) shows no obvious additional onsets above the initial
threshold (13.0 eV) and it is thus likely that this fragment ion POS reflects the shape of a
dominant contribution from the (6a’ + 1a”) POS. The ‘clean’ step function nature of the
CHO*/COH* branching ratio (figure 4.5) supports the above assignment corresponding
to a contribution from only one ion electronic state. PEPICO experiments [175-177]
confirm this assignment but also suggest that a small additional contribution may come
from the 54’ state.

The CO* and OH ions show thresholds strongly suggesting that each has contribu-
tions from each of the 5a’, 4a’ and 3a’ states (see figure 4.6). The inner-valence 4a’ and 34’
states both show extensive many-body structures in the binding energy spectrum [145]
over the range 20-46 eV in addition to the main poles at 22.7 and 32.2 eV, respectively.
Similarly, from an examination of the POS threshold for CHI and the similarity of its
shape with the POS for CHO*/COHY, it is likely that CHI arises mainly from the (64’
+ 1a”) states with an additional onset at ~20 eV indicating a further small contribution
from the 5a’ state. Results from PEPICO experiments [175-177] confirm contributions
to the POS of CH} from (6a’ and/or 1a”) and a further contribution from the 5a’ state.
The CH} POS (see also the branching ratio data in figure 4.5) shows a break in the lead-
ing edge at ~16 eV indicative of significant contributions from the (6a’ + 1a”) and 5d’

ion states. A further major onset in the CHf POS at ~28 eV corresponds well with the
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3a’ inner-valence ionization threshold. The similar threshold energies and POS shapes
for the CH*, C*, and HJ cations and also for the process corresponding to the higher
onset for H* suggest a common origin for these four processes, namely ionization from
the 3a’ orbital. The sum of the POS data for the CH*, C*, and H} cations has been
calculated to obtain the shape of the electronic ion state POS for the 3a’ ion state and
this has been used to determine the approximate contributions of the 3a’ state to the
POSs of CH,0*/CHOH*, CO*, OH*, CHJ, and H*. These contributions are indicated
by dashed lines in figure 4.6. In the case of H* the initial onset at ~21 eV corresponds
to a major contribution from the 4a’ state. The approximate shape of the 4a’ ion state
POS has been determined (see figure 4.6) after the contribution of the 3a’ ion state was
subtracted from the POS of the H* cation. The different electronic ion state contribu-
tions to the molecular and various fragment ions suggested by the above analysis are
summarized in table 4.6.

It is clear from the data shown in figure 4.6 that the 3a’ and 4a’ inner-valence states
each have “step function” type POS distributions which decrease relatively slowly with
increasing photon energy. This is to be expected considering the dominant C 2s and O 2s
characters of these orbitals. In contrast, the outer valence orbitals (24", 7a’, (64’ + 1a"),
and 5a’') exhibit a rather different POS shape in keeping with their more dominant 2p
orbital characters.

To date no direct measurements or calculations of the electronic ion state partial
oscillator strengths of methanol are available for comparison with the present shape (i.e.,
relative partial oscillator strength) estimates as indicated on figure 4.6. However, the
procedures used in the present work have been shown to be quite effective in other less

complicated molecules such as PH; {128], H,0 [171], and CH, [178], where photoelectron
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or dipole (e,2e) data were available for verification. Given the approximations involved
in the present work, the results obtained (figure 4.6 and table 4.6) for the dipole induced
breakdown of methanol and for the relative shapes of the 4a’ and the 3a’ electronic
ion state POSs of methanol should only be regarded as preliminary estimates of these
quantities. Further evaluation of these results and of the suggested dipole breakdown
pathways must await direct PES studies of the electronic state partial oscillator strengths

and also more extensive PEPICO studies as a function of photon energy.



Table 4.1: Absolute oscillator strengths for the total

ization of CH30H from 6.0 to 80.0 eV.

photoabsorption and the molecular and dissociative photoion-

Photon Oscillator Strength (10=2eV-T)d , Photoionization
Energy |~ Photo- [H¥ H; C* CHT CH] CHj OH¥ CO' CHO* OCH,0f CH;0f CH;OR*| Efficiency
eV Absorption COHt CHOH* CH,OHt n
6.0 0.21
6.5 0.59
7.0 1.50
7.5 3.58
8.0 5.39
8.5 6.00
9.0 7.65
9.5 10.37
10.0 12.42 0.00
10.5 15.19 0.01 1.48 0.10
11.0 20.06 0.09 4.90 0.25
11.5 25.70 0.79 7.65 0.33
12.0 29.92 0.01 2.52 9.01 0.39
12.6 33.04 0.09 6.64 9.47 0.49
13.0 38.11 0.01 0.30 11.57 9.77 0.57
13.5 43.88 0.05 0.03 0.10 0.50 14.65 10.12 0.58
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Table 4.1: (continued) Absolute oscillator strengths for the total photoabsorption and the molecular and dissociative
photoionization of CH30H.

Photon Oscillator Strength (10=“eV~1) @ Photoionization

Energy Photo- H* Hf CY CHY CHf CH} OH¥ CO¥ CHOY CH,0f CH;0f CHSOHT Efficiency
eV Absorption COHt* CHOH* CH,OHt T
14.0 47.05 003 0.27 0.21 0.69 16.12 9.67 0.57
14.5 46.99 0.10 1.46 0.67 0.73 16.67 9.42 0.62
15.0 46.09 0.15 3.18 1.50 0.79 16.63 9.29 0.68
15.5 46.24 023 4.99 0.01 2.85 0.91 17.70 9.20 0.78
16.0 46.47 039 6.63 0.07 4.77 0.94 17.33 9.19 0.85
16.5 46.47 038 17.10 0.09 5.99 1.02 16.73 9.36 0.87
17.0 46.54 042 747 024 0.07 7.40 0.97 15.40 9.17 0.88
17.5 45.99 051 7.72 021 0.09 8.60 1.07 15.04 9.18 0.92
18.0 45.19 060 782 025 0.14 9.75 1.25 14.44 9.01 0.96
18.5 44.96 066 777 022 0.14 1056 1.28 13.72 8.91 0.96
19.0 44.78 071 773 019 008 1053 1.31 13.56 8.94 0.96
19.5 44.07 062 770 021 o011 11.07 1.40 13.83 9.14 1.00
20.0 43.05 067 729 019 012 1059 1.44 13.53 9.22
20.5 42.00 069 703 018 0.12 1035 1.35 13.32 8.98
21.0 41.06 064 691 021 016 10.10 1.36 12.83 8.85
21.5 40.11 0.02 064 676 025 0.09 9.86 1.25 12.45 8.79

¥8




Table 4.1: (continued) Absolute oscillator strengths for the total photoabsorption and the molecular and dissociative

photoionization of CH30H.

Photon Oscillator Strength (10~%eV—1)® Photoionization
Energy Photo- H¥ H C* CH* CH; CH7 OH* CO* CHO* CH,Ot* CH3O%Y CH30HT Efficiency

eV Absorption COH* CHOH'* CH,OH* ni

22.0 38.69 0.09 059 637 023 010 937 1.24 12.13 8.57

225 37.59 0.12 055 6.15 021 014 927 1.15 11.79 8.20

23.0 36.23 0.22 059 594 018 014 898 1.10 11.08 8.00

23.5 34.75 0.32 058 556 016 0.13 848 1.10 10.65 .77

240 33.53 0.33 052 537 017 011 817 1.03 10.31 7.53

245 32.30 0.34 055 5.12 018 011 7.89 0.95 9.90 7.25

25.0 31.02 0.38 053 486 014 012 7.65 0.93 9.40 701"

25.5 29.56 0.34 050 459 011 013 7.23 0.91 9.10 6.63

26.0 28.25 0.38 049 444 014 011 684 0.83 8.66 6.36

26.5 27.32 0.37 0.01 046 430 012 016 6.70 0.84 8.21 6.14

27.0 26.30 0.48 0.05 003 048 403 014 014 6.50 0.82 7.78 5.84

275 25.33 0.51 0.03 008 044 387 014 016 620 0.77 7.51 5.61

28.0 24.75 0.52 0.04 006 050 374 014 016 607 0.75 7.26 5.50

28.5 23.97 0.54 0.03 004 048 364 012 020 593 0.72 7.00 5.30

29.0 23.19 059 003 004 010 056 346 0.16 020 5.69 0.69 6.61 5.06

29.5 22.33 061 005 005 010 052 338 014 021 549 0.68 6.30 4.80

q8



Table 4.1: (continued) Absolute oscillator strengths for the total photoabsorption and the molecular and dissociative

photoionization of CH;OH.

Photon Oscillator Strength (10=%eV~')° Photoionization
Energy Photo- HY¥ H C* CH¥ CH; CH OH* CO* CHO* CH,0* CHzO* CHzOH* Efficiency

eV Absorption COH* CHOHt CH,OH* _ ni

30.0 21.67 069 006 003 011 054 320 017 025 5.21 0.62 6.12 4.67

30.5 20.76

31.0 19.81 071 0.06 006 0.15 051 283 010 024 4.89 0.54 5.48 424

315 19.56

32.0 19.16 073 0.04 003 013 052 27 015 0.29 4.63 0.53 5.22 4.13

325 18.49

33.0 17.90 075 0.08 007 021 050 256 015 0.26 423 0.51 4.85 3.74

33.5 17.51

34.0 17.15 082 009 008 023 054 241 015 029 4.18 0.49 4.36 3.51

34.5 16.56

35.0 15.91 079 007 009 022 047 218 021 024 3N 0.49 412 3.33

36.0 15.88 0.87 0.06 009 022 051 216 015 0.27 3.83 0.48 4.03 3.20

37.0 14.93 085 009 011 021 049 203 018 0.26 3.59 0.45 3.71 2.98

38.0 14.41 090 009 009 018 046 189 0.18 0.23 3.48 0.41 3.57 2.95

39.0 13.35 087 008 o011 021 041 170 017 0.22 3.26 0.38 3.30 2.64

40.0 12.76 092 0.10 009 021 040 171 022 020 3.04 0.38 2.97 2.52
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Table 4.1: (continued) Absolute oscillator strengths for the total photoabsorption and the molecular and dissociative

photoionization of CH30H.

Photon Oscillator Strength (10=“eV~")% Photoionization
Energy Photo- H* HF C¥ CH* CH; CH; OHY CO* CHO* CH,0t CHs3Ot CHaOH* Efficiency

eV Absorption COHt CHOH* CH,OH* ni

41.0 12.46 093 0.09 007 021 041 162 023 021 2.99 0.36 2.87 2.46

42.0 11.69 089 011 o010 0.19 037 154 019 0.17 281 0.33 2.72 2.26

43.0 11.21 090 0.12 009 020 039 145 023 0.17 2.65 0.32 2.58 2.09

44.0 10.64 089 009 009 017 036 133 021 017 2.58 0.32 2.41 2.03

45.0 9.99 087 0.09 011 019 038 126 021 0.16 241 0.27 2.21 1.86

46.0 9.75 0.8 0.09 010 017 036 120 023 0.15 2.35 0.28 2.13 1.83

47.0 9.71 094 012 007 020 03 123 017 0.17 2.30 0.27 2.09 1.79

48.0 9.22 08 009 008 016 032 119 017 015 2.23 0.24 2.00 1.73

49.0 8.88 084 0.09 010 017 035 110 0.18 0.16 2.11 0.23 1.87 1.68

50.0 8.37 08 010 007 019 033 101 0.18 0.17 2.00 0.21 1.77 1.50

55.0 6.90 074 008 007 014 029 084 019 0.14 1.64 0.18 1.38 121

60.0 5.94 072 008 007 015 026 070 0.16 0.15 1.38 0.15 1.12 1.00

650 5.23 070 0.07 007 0.13 023 061 015 0.2 1.20 0.13 0.95 0.86

70.0 4.30 061 007 006 012 019 052 011 0.10 0.96 0.101 0.75 0.71

75.0 3.86 0.58 0.07 005 010 0.18 044 012 0.1 0.84 0.10 0.66 0.63

80.0 3.40 053 006 004 009 016 038 010 0.08 0.73 0.09 0.57 0.565

43(Mb)=109.75df /dE(eV-1).

The photoionization efficiency is normalized to unity above 19.5 eV (see text for details).
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Table 4.2: Absolute oscillator strengths for the total photoabsorption of CH;OH from 50

to 280 eV.

Photon | Oscillator Photon Oscillator
Energy Strength Energy Strength
eV | (102 eV-1)e eV | (1072 eV-1)e
50 8.37 68 4.64
51 8.27 69 4.36
52 7.80 70 4.30
53 7.45 71 4.17
54 1.27 72 4.04
55 6.90 73 3.87
56 6.68 74 3.82
57 6.58 75 3.86
58 6.39 76 3.80
59 6.11 7 3.64
60 5.94 78 3.48
61 5.71 79 3.51
62 5.43 80 3.40
63 5.40 85 2.89
64 5.28 90 2.55
65 5.23 95 2.29
66 4.79 100 2.01
67 4.90 105 1.82
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Table 4.2: (continued) Absolute oscillator strengths for the total photoabsorption of
CH30H from 50 to 280 V.

Photon | Oscillator Pixoton Oscillator
Energy Strength Energy Strength

eV | (1072eV-1)e eV [(1072eV1)e
110 1.66 200 0.48
115 1.50 205 0.45
120 1.33 210 0.43
125 1.26 215 0.41
130 1.13 220 0.39
135 1.05 225 0.37
140 0.97 230 0.36
145 0.92 235 0.35
150 0.86 240 0.33
155 0.81 245 0.33
160 0.76 250 0.32
165 0.70 255 0.31
170 | 0.67 260 0.31
175 0.61 265 0.29
180 0.55 270 0.28
185 0.53 275 0.27
190 0.50 280 0.28
195 0.50

25(Mb)=109.75df /dE(eV~1).
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Table 4.3: Absolute oscillator strengths for the total photoabsorption of CH;;OH in the

carbon 1s region.

Photon

Photon | Oscillator Strength Oscillator Strength
Energy (1072 ev-1)e Energy (1072 ev-1)°

eV total wvalence C 1s eV total valence C 1s
280.0 | 0.28  0.28 2925 [ 212 024 1.88
2810 | 027 0.27 293.0 | 207 024 1.83
282.0 | 0.27  0.27 293.5 | 202 024 1.78
283.0 | 0.27  0.27 2940 | 190 024 1.66
284.0 | 0.27  0.27 2945 | 1.82 024 1.58
285.0 | 0.28  0.28 2950 [ 1.76 024 1.53
286.0 | 0.27  0.27 295.5 | 1.71 023 147
286.5 | 0.28 0.25° 0.03° | 2960 | 1.58 023 1.34
287.0 | 0.33  0.25 0.09 | 296.5 | 1.55 023 1.32
2875 | 0.66  0.25 0.41 2970 | 149 023 1.25
2880 | 096 0.25 0.72 || 297.5 | 1.42 023 1.19
288.5 | 1.21 0.24 0.96 | 298.0 | 143 023 1.20
289.0 | 1.92 0.24 1.67 || 2985 | 1.34 023 1.11
2895 | 222  0.24 1.98 [ 299.0 | 1.33 0.23 1.10
2900 | 205 0.24 1.81 299.5 | 1.27 023 1.05
2905 | 200 0.24 1.76 | 300.0 | 1.25 0.23 1.02
2910 | 206 0.24 1.82 f 3005 | 127 023 1.05
2915 | 212 0.24 1.88 | 301.0 | 1.26 0.23 1.03
2920 | 216 0.24 1.92 || 301.5 | 1.21 0.23 0.99
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Table 4.3: (continued) Absolute oscillator strengths for the total photoabsorption of
CH3O0H in the carbon 1s region.

Photon | Oscillator Strength || Photon | Oscillator Strength
Energy (1072 ev-1)e Energy (1072 ev-1)e
eV total valence C 1s eV total valence C 1s
302.0 } 123 0.23 1.00 || 3120 | 1.03 0.21 0.82

302.5 | 1.21 0.22 0.98 || 314.0 | 1.02 0.21 0.81
303.0 | 1.21 0.22 0.98 | 316.0 | 1.01 0.21 0.80
303.5 | 1.19 0.22 0.97 | 318.0 | 0.96 0.21 0.75
304.0 | 1.19 0.22 0.97 | 320.0 | 0.95 0.20 0.74
304.5 | 1.14 0.22 0.92 | 322.0 | 0.91 0.20 0.71
305.0 | 1.20 0.22 0.97 | 324.0 | 0.92 0.20 0.72
305.5 | 1.16 0.22 0.94 |[ 326.0 | 0.89 0.20 0.70
306.0 | 1.16 0.22 0.94 || 328.0 | 0.89 0.19 0.70
306.5 | 1.14 0.22 0.92 | 330.0 | 0.86 0.19 0.67
307.0 | 1.11 0.22 0.89 )| 335.0 | 0.83 0.19 0.64
307.5 | 1.15 0.22 0.93 )| 340.0 | 0.79 0.18 0.61
308.0 | 1.10 0.22 0.88 | 345.0 | 0.80 0.18 0.62
308.5 | 1.11 0.22 0.89 || 350.0 | 0.78 0.17 0.60
309.0 | 1.08 0.22 0.87 || 355.0 | 0.77 0.17 0.60

309.5 | 1.07 0.22 0.85 || 360.0 | 0.76 0.17 0.59

310.0 | 1.08 0.22 0.86

*0(Mb)=109.75df /dE(eV~1).

The separate valence and C Is shell contributions above 286.5 eV are obtained by extrapolation of
the fit to the valence shell spectrum (90 to 280 eV) to higher photon energies (see figure 4.1 and text
for details).
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Table 4.4: Branching ratios for the molecular and dissociative photoionization of CH;OH.

Photon Photoionization Branching Ratio (%)

Energy | HY H; CY CHY CH CHJ OHY CO¥ CHOY CH,OF CH3Of CH3;O0HT
eV COH* CHOH* CH,OH*
105 0.37 99.63
11.0 1.88 98.12
11.5 9.36 90.64
12.0 0.11 21.82 78.06
1255 0.53 41.00 58.47
13.0 0.06 1.39 53.44 45.11
135 0.18 0.12 0.39 1.99 57.56 39.75
14.0 0.10 1.01 0.78 2.56 59.72 35.83
14.5 0.33 5.02 2.32 2.50 57.39 32.44
15.0 047 10.07 4.77 2.51 52.74 2945
15.5 0.63 13.91 0.03 794 2.53 49.33 25.63
16.0 099 16.87 0.17 1214 2.39 44.07 23.38
16.5 0.93 17.46 0.23 14.73 2.51 41.13 23.01
17.0 102 1817 058 0.17 17.99 2.36 37.43 22.29
175 121 1819 050 0.22 2026 2.52 35.44 21.65
18.0 138 18.07 057 032 2254 2.90 33.40 20.83
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Table 4.4: (continued) Branching ratios for the molecular and dissociative photoioniza-

tion of CH;OH.
Photon Photoionization Branching Ratio (%)
Energy | HY Hf CY¥ CHY CH] CH] OHY COY CHO' CH.0Y CH;0%t CH3OH?

eV COH* CHOHt CH,OH*

185 150 1796 051 0.32 2441 2.96 31.73 20.61
19.0 164 1795 044 019 2445 3.05 31.50 20.77
19.5 141 1747 047 026 25.11 3.18 31.38 20.73
20.0 1.57 1693 045 0.27 24.59 3.33 31.43 21.42
20.5 163 1673 042 027 2465 3.20 31.71 21.38
21.0 1.55 16.82 0.51 040 24.60 3.31 31.25 21.56
21.5 0.05 1.59 16.87 0.62 0.23 24.59 3.11 31.04 21.91
22.0 0.23 1.53 16.46 0.61 0.25 24.21 3.21 31.35 22.15
22.5 0.33 145 1636 0.55 038 24.66 3.07 31.37 21.82
230 | 0.60 162 1642 0.50 037 24.80 3.03 30.59 22.07
23.5 0.93 166 1601 045 037 2440 3.16 30.65 22.37
240 097 156 16.01 050 032 2437 3.09 30.74 2245
245 1.06 1.71 1586 056 0.33 2443 2.94 30.65 22.45
25.0 1.21 1.71 1565 047 038 24.66 3.01 30.32 22.60
25,5 | 1.16 1.71 1554 039 044 2447 3.09 30.78 22.44
26.0 1.35 1.73 1571 0.51 039 2420 2.94 30.66 22.52
26.5 1.34 0.02 1.67 1572 044 059 2453 3.07 30.14 22.48
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Table 4.4: (continued) Branching ratios for the molecular and dissociative photoioniza-
tion of CH;0H.

Photon Photoionization Branching Ratio (%)
Energy | H* H; CY CHY CH; CH OHY COY CHO? CH,Ot CH30Y CH;0H?Y

eV COHt CHOH* CH,OHt

27.0 1.81 0.17 0.13 184 1533 053 054 24.70 3.12 29.59 22.23
27.5 199 0.11 032 174 1529 056 063 24.50 3.02 29.66 22.17
28.0 2.09 0.18 0.26 203 15.11 057 0.65 2453 3.02 29.34 22.22
28.5 225 0.11 015 1.99 15.17 048 0.83 24.74 2.99 29.16 22.13
29.0 254 013 016 042 242 1493 0.68 0.88 24.54 2.98 28.52 21.82
29.5 27 023 021 043 233 1511 063 094 24.60 3.03 28.23 21.54
30.0 320 027 016 051 247 1475 080 115 24.07 2.85 28.23 21.56
31.0 357 031 030 077 256 1429 052 123 24.70 2.72 27.64 21.40
32.0 382 020 018 069 271 1438 076 149 24.19 2.76 27.25 21.57
33.0 4.17 042 039 116 281 1432 083 145 23.64 2.88 27.07 20.87
34.0 481 050 046 133 3.15 14.06 087 170 24.38 2.85 25.42 20.46
35.0 494 043 055 138 293 1368 132 153 23.30 3.09 25.90 20.95
36.0 551 036 058 136 3.19 1360 098 172 24.14 3.04 25.37 20.15
37.0 5.72 057 0.72 142 325 1357 118 175 24.06 2.99 24.81 19.97
38.0 625 063 061 128 319 1310 126 157 24.11 2.81 24.73 20.47
39.0 653 061 080 156 3.10 1273 126 163 2441 2.84 24.72 19.81
40.0 722 07% 071 163 3.14 1338 173 158 23.85 2.96 23.28 19.76
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Table 4.4: (continued) Branching ratios for the molecular and dissociative photoioniza-

tion of CH3;0H.
Photon Photoionization Branching Ratio (%)
Energy | H¥  H; CY CHY¥ CH} CHF OHY¥ COY CHOY CH,0Y CH3O0* CH3OH"

eV COHt+ CHOHt CH,OH*

41.0 750 071 060 168 332 13.01 1.84 1.72 24.00 2.89 23.00 19.73
42.0 762 093 082 159 320 1316 1.64 149 24.06 2.85 23.29 19.34
43.0 806 110 084 176 343 1295 208 155 23.69 2.83 23.02 18.69
44.0 838 082 0.82 159 341 1247 191 1.62 2422 3.05 22.65 19.06
45.0 868 086 1.09 185 3.77 1257 208 1.60 24.12 2.74 22.07 18.58
46.0 878 090 102 179 368 1231 236 159 24.14 2.87 21.83 18.72
470 966 124 070 205 360 1270 1.7 1.77 23.73 2.82 21.55 18.42
48.0 934 097 085 174 346 1288 1.8 1.62 24.20 2.62 21.72 18.76
49.0 946 101 1.11 1.8 393 1238 206 1.8 23.69 2.64 21.09 18.94
50.0 1010 115 0.88 221 395 1204 215 201 2392 2.56 21.12 17.90
55.0 1068 117 095 210 426 1218 270 200 23.74 2.67 20.01 17.54
60.0 1210 141 116 260 430 1185 270 252 2322 2.49 18.88 16.76
65.0 13.55 141 136 244 448 1157 296 223 2288 2.48 18.11 16.53
70.0 1419 157 130 270 437 1201 263 239 2234 2.62 17.39 16.48
75.0 1503 177 122 260 462 1126 3.16 275 21.70 2.57 17.12 16.21
80.0 1570 165 123 271 484 1115 3.02 245 2151 2.58 16.86 16.30
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Table 4.5: Calculated and measured appearance potentials for the production of positive
ions from CH3;OH.

Appearance Potential (eV)
Experimental [ref.]
Process Calc- This
ulated® | Work® [151] [155] [149] [150] [156] [154] [179] [153]

(1) CH30HT™ 10.85 105 10.83 10.85 10.829 10.84 109 109 10.8
(2) CH3O0*+H 11.50 10.5 1155 1166 11.67 120 12.15 11.8
(3) CH;OHt+H 12.94
(4) CH0% + H, 11.76 120  12.05 1245 120 127 11.0 128
(5) CHOH* + H, 11.95
(6) CH.0* +2H 16.24
(7) CHOH' + 2H 16.43
(8) CHO* + H,+ H 12.77 13.0 13.06 142 142 142
(9) COH* + H,+ H 14.20
(10) CHO* + 3H 17.25 17.5
(11) COHTY + 3H 18.68
(12) CO*+ 2H, 14.81 15.5 151 13.82
(13) CO*+ Hp+ H 19.29
(14) CO*+4H 23.77 245
(15) OH*+ CHj; 16.92 17.0
(16) OH*+ CH + H» 21.52
(17) OH*+ CH,+ H 21.66
(18) OH*+ C+ H,+ H | 24.98
(19) OH*+ CH + 2H 25.99
(20) OH*+C+3H 29.46 29
(21) CHI+ OH 13.75 13.5 13.82 140 140 14.0
(22) CH}{+O+H 18.15
(23) CH¥+ H,0 13.87 13.5  14.05 155 145 154
(24) CH}+ H,+O 18.90
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Table 4.5: (continued) Calculated and measured appearance potentials for the production
of positive ions from CH;OH.

Appearance Potential (eV)
Experimental [ref.]
Process Calc- This
ulated® | Work® [151] [155] [149] [150] [156] [154] [179] [153]

(25) CH+OH + H 18.98
(26) CH}Y+ O+ 2H 23.38 | 27.0
(27) CH*+ H,0+ H 18.52
(28) CH*+ H,+ OH 19.16
(29) CH*+H,+ O+ H | 23.56
(30) CH*+ OH + 2H 23.64
(31) CH*+ O + 3H 28.03 | 27.0
(32) Ct+ H,O0+ H, 18.13
(33) Ct+ H,0+ 2H 22.61
(34) Ct+2H,+ O 23.16
(35) CY+H,+OH+H | 23.24
(36) Ct+H+O+2H | 2764 | 290
(37) C*+ OH + 3H 27.72
(38) C*+ 0O +4H 32.12
(39) H}+ CO + H, 16.22
(40) HI+ CH,0 16.31
(41) HF+ CHO + H 20.11
(42) H}+ CO +2H 20.70
(43) HI+ H,0+C 22.30
(44) HI+ CH + OH 23.94
(45) HI+ CH,+ O 24.00
(46) Hf+OH+C+H | 2741 | 25
(47) HI+CH+O+H | 28.34
(48) Hf+ O+ C+2H | 3181
(49) H}+ CHOH 777
(50) Hi+ COH +H 777
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Table 4.5: (continued) Calculated and measured appearance potentials for the production
of positive ions from CH;OH.

Appearance Potential (eV)

Experimental [ref.]

Process Calc- This
ulated® | Work® [151] [155] [149] [150] [156] [154] [179] [153]

(561) HT+ CH:OH 17.57

(52) H*+ CH30 17.97

(53) H*+ CHO + H, 18.27

(54) H*+ CO+H+ H 18.87

(55) H¥+ CH,O+ H 18.97

(56) H*t+ H,0+ CH 2148 | 215
(57) H*+ CH3+ O 21.92

(58) H*+ CH,+ OH 22.25

(59) Ht+ CHO + 2H 22.76

(60) H*+ CO + 3H 23.35

(61) HY*+ H;0+C+H 24.95

(62) H*+ OH + H,+ C 25.58

(63) H*+ CH + H,+ O 26.51

(64) H*+OH+CH+ H 26.59

(65) H*+ CH,+ O+ H 26.65

(66) H*+ H,+ O+ C+H | 29.98

(67) H*+ OH + C+ 2H 30.06

(68) H*+CH+ O + 2H 30.99

(69) H*+ O+ C+3H 34.46

(70) H*4+ CHOH + H 777

(71) H*+ COH + H, 777

(72) H*4 COH + 2H 777

9Values calculated using thermodynamic data for the enthalpy of formation of ions and neutrals
(taken from [169]) and assuming zero kinetic energy of fragmentation.
b
+1 eV.




Chapter 4. Photoabsorption and Photoionization Studies of Methanol

Table 4.6: Proposed dipole induced breakdown scheme for CH;OH.

Electronic Ion Possible Ionic
State VIP (eV) Photofragmentation products
@a"y T 10.96 CH,OH?
(7a’)7? 12.62 CH3;0*/CH,OH*, CH,0* /CHOH*
(6a’)? 15.2 CH3;0H*, CH;0*/CH,OH*, CH,O0*/CHOH,
CHO*/COH*, CH}, CH}
(1a")! 15.6 CH;0H*, CH;0%/CH,OH*, CH,0*/CHOH",
CHO*/COH*, CHY, CHF
(5a")71 17.6 CH,0*/CHOH*, CHO*/COHT,
CO*, OH*, CHY, CHY
(40,’)_1 22.6 CH30H+, CH30+/CH20H+, CO+, OH+, Ht
(3a")? 32.2 CH,0*/CHOH*, CO*, OHT,
CHf, CH*, C*, Hf, H*
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Chapter 5

Photoabsorption and Photoionization Studies of Carbon Tetrachloride

5.1 Introduction

Following the initial photographic work of Leifson [180], a range of measurements of
the absolute photoabsorption oscillator strength (cross section) distribution of carbon
tetrachloride have been reported in the valence shell below 25 eV [113, 116, 181-190]
and in the vicinity of the Cl 2p absorption edge [191]. The discrete region below the
Cl 2p edge has been studied by O’Sullivan [192] from 199 to 208 eV. In other work, small
momentum transfer electron energy-loss spectroscopy (EELS) has been used throughout
the 100-400 eV region to study the electronic transitions associated with the Cl 2p, 2s
and C 1s inner shell excitations {193], but no absolute data were reported. More recently
using empirical procedures, approximate values of absolute differential oscillator strengths
have been estimated [194] for the inner-shell regions (Cl 2p, 2s; C 1s) of CCl, from the
EELS spectra reported earlier by Hitchcock and Brion [193]. However, these absolute
measurements {113, 116, 181-191, 194] have been made over only limited energy regions,
and there is no comprehensive absolute photoabsorption data set which spans the valence-
and inner-shell regions.

The valence-shell ionization energies of CCly have been extensively studied by pho-

toelectron spectroscopy (PES) [195-201], and by angle-resolved PES [202-205] in the

100
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gas phase, and also by tuneable photon energy PES of a solid film of carbon tetrachlo-
ride [206]. These latter measurements [202-206] were made using either line sources [205]
or synchrotron radiation [202-204, 206] to deteﬁnine the variation of the asymmetry pa-
rameter [202-205), and absolute [202] or relative [206] electronic state partial cross sec-
tions, as a function of photon energy. In other work, the technique of X-ray photoelectron
spectroscopy (XPS) has been used to determine the ionization energies for the inner-shells
of CCl, [207-214]. Photoionization and electron-impact methods [215-229] have provided
information about the relative photoionization yield curves {215, 217, 222, 223, 226] and
the appearance potentials [215, 216, 218-222, 224, 227-229] for the major ionic photofrag-
ments of carbon tetrachloride.

Absolute oscillator strength data for electronic excitation and ionization in the VUV
and soft X-ray regions are useful in a number of areas of science and technology including
aeronomy, astrophysics, and radiation chemistry and physics [4]. Wide-ranging absolute
oscillator strength data for atoms and molecules are also required for the construction
of dipole oscillator strength distributions, which cover the entire photoabsorption spec-
trum, and for calculating a wide range of dipole properties [72]. More specifically, carbon
tetrachloride has been found to contribute to the “greenhouse effect”, and is a trace gas
component and harmful pollutant of the atmosphere whose amount is increasing signifi-
cantly [230]. Carbon tetrachloride is a useful electron scavenger [231], is a source of CCl;
and CCl, radicals by photodecomposition [189, 232] and is also used in the production
of chlorofluorocarbons by catalyzed fluorination with HF [233]). The absolute inner-
shell [194] and valence-shell [132, 172-174] photoabsorption oscillator strengths for the
chlorofluoromethanes (i.e., the freons CF,Cl,_., 2=1-4) have been reported previously

by Zhang et al. and the present work extends these results to the related molecule, CCly.
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Studies of such a series of molecules as the chlorofluorocarbons allow for the investigation
and evaluation of systematic trends and additivity concepts [234] in the photoabsorption
spectra of these molecules, and larger systems containing similar functional groups.

In this chapter measurements of the absolute photoabsorption oscillator strength dis-
tribution of CCly are reported from 5.5 to 400 eV, obtained using low-resolution (1 eV
fwhm) dipole (e,e) spectroscopy. These low-resolution photoabsorption data span the
visible through to the soft X-ray photon energy region of the electromagnetic spectrum.
High-resolution dipole (e,e) spectroscopy has also been used in the present work to mea-
sure oscillator strength data in the low-energy valence-shell region from 5.0 to 30 eV
where sharp discrete excitation features exist. In addition to the photoabsorption stud-
ies, the technique of dipole (e,e+ion) spectroscopy has been used in the present work at
a resolution of 1 eV fwhm to measure the photoionization efficiency and the photoion-
ization branching ratios for CCly in the valence shell from 11.0 to 80 eV and also in the
Cl 2p ionization region from 195.5 to 220.5 eV. Absolute partial photoionization oscil-
lator strengths for the dissociative photoionization channels of CCly have been obtained
as a function of photon energy from the triple product of the presently measured pho-
toionization efliciencies, photoionization branching ratios, and absolute photoabsorption
oscillator strength data. The presently obtained results have been used along with other
spectroscopic information to determine quantitative and qualitative information concern-
ing the dipole-induced breakdown of CCl, caused by VUV and soft X-ray radiation in

both the valence- and CI 2p inner-shell regions.
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5.2 Results and Discussion

5.2.1 Electronic Structure

Carbon tetrachloride has tetrahedral symmetry (T4) and the molecular orbital configu-

ration of the ground electronic state in an independent particle model is:

(1a)*(1t2)°  (2a1)®  (3a)%(2t2)°  (3t5)%(4ar)2(1e)*(1t1)%(4t)°

Cl 1s C ls Cl 2s Cl 2p
(5a,1)2(5t2)6(6al)2(6t;,)6(2e)“(7t2)6(2t1)6 (7a;)%(8t,)°
AS RSy 1/, SRR L

Valence Shell Virtual Valence

The vertical ionization potentials (VIPs) for the five outermost occupied valence orbitals
have been measured to be 11.69 (2t7'); 12.44, 12.65, 12.78 (7t;'); 13.37, 13.50 (2e7!);
16.58 (6t;'); and 20.0 eV (6a;') using He(I) and He(II) PES [197). The inner-valence
and the inner-shell VIPs, as determined using XPS [213, 214], are as follows: 24.8 (5t7!),
28.0 (5a7'), 207.04 2p3/2, 208.73 2p, 2 (Cl 2p), 278.0 (Cl 2s), and 296.3 eV (C 1s).

5.2.2 Photoabsorption Oscillator Strengths
5.2.2.1 Low-Resolution Measurements

The low-resolution (~1 eV fwhm) relative oscillator strength spectrum, obtained from
the Bethe-Born converted EELS spectrum (see section 3.1), was placed on an absolute

scale by valence-shell TRK sum rule normalization. A curve of the form

df _ -15 -2.5 -3.5
75 = AFE + BE +CFE
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was used to fit the high-energy portion of the valence-shell oscillator strength spectrum
from 98-198 eV. Here df /dE is the differential oscillator strength, E is the energy loss
(or equivalent photon energy) and A, B, and C are best fit parameters which were de-
termined to be 21.099 eV°®, 4829.4 eV'®, and —3.4397x10° eV?3, respectively. This
particular functional form was also used in the methanol study (see section 4.2.2.1) and
was chosen because of the good quality of the fit to the present data and because of
its previous effectiveness in fitting the high-energy portion of the valence shell of the
chlorofluoromethanes {132, 172-174]. Using this fitted curve the portion of the valence-
shell oscillator strength above 198 eV is estimated to be 11.8%. The total area under the
presently measured data from 5.5-198 €V plus the contribution above 198 eV (to infinity),
estimated from the extrapolation of the fitted polynomial, was set to an integrated oscil-
lator strength value of 33.14. This corresponds to the 32 valence-shell electrons of CCl,
plus an estimated contribution of 1.14 to account for Pauli-excluded transitions from the
inner-shell orbitals to the already-occupied valence-shell orbitals (see section 3.1.1).
The absolute photoabsorption oscillator strengths for the valence shell of CCly ob-
tained in the present work at a resolution of 1 eV fwhm are shown in figure 5.1a from 5.5
to 198 eV, and are given numerically in table 5.1 from 5.5 to 195 eV. The peak observed at
9.5 €V in this spectrum corresponds to contributions from the two strongest transitions in
the discrete region of CCly below the first IP. However, because of the limited resolution
only one peak is observed. A high-resolution spectrum has been measured in the present
work in the discrete region below the first IP and will be discussed in section 5.2.2.2 be-
low. In the vicinity of ~40 eV the photoabsorption spectrum of CCly progresses through
a local minimum. This so-called “Cooper minimum” has been observed previously [202]

in several of the electronic state partial photoionization cross sections of CCl,4 and is due
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Figure 5.1: Absolute photoabsorption oscillator strengths for CCly obtained using
low-resolution (1 eV fwhm) dipole (e,e) spectroscopy: (a) The valence-shell region from
5.5 to 198 eV; (b) The high-energy portion of the valence shell region from 82 to 198 eV.
Also shown are previously published photoabsorption data [191], and summed experi-
mental [161] and theoretical {162] atomic oscillator strengths for the constituent atoms
of CCly. The insert to (a) shows the photoionization efficiency measured in the present
work from 11-80 eV (see section 5.2.3).
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to the fact that the 3p wavefunction of atomic Cl has a radial node. Figure 5.1b shows
the low-resolution absolute oscillator strength data for CCl, from 82-198 eV along with
previously measured absolute photoabsorption‘data, [191] and both experimental [161]
and theoretical [162] atomic oscillator strength sums for the constituent atoms (C+4Cl).
From figure 5.1b it can be seen that there is quite good agreement from 142-191 eV
between the presently measured dipole (e,e) data and the previously reported photoab-
sorption measurements of Cole and Dexter [191). However, the latter data [191] are
higher than the present results between 124 and 142 eV. In addition, it can be seen
that although the summed atomic oscillator strength data sets [161, 162] are consistent
with each other, they are ~25% higher than the present experimental results from 90 to

200 eV.

5.2.2.2 High-Resolution Measurements

The high-resolution (0.048 eV fwhm) photoabsorption spectrum of CCl, measured in the
present work is shown in figure 5.2. This spectrum was placed on an absolute scale by one-
point normalization to the present absolute low-resolution photoabsorption spectrum (see
section 5.2.2.1) at 25 eV in the smooth continuum region. The assignments of the spectral
features in the discrete region below the first IP have been reported previously [116, 167,
181, 183, 184, 186, 189, 190]. These high-resolution data are shown in figure 5.2a along
with the presently measured low-resolution (~1 eV fwhm) data and previously reported
photoabsorption data [113, 182, 183]. The lower resolution data reported by Sowers
et al. [183] below ~11 eV are reasonably consistent with the present work. The data
reported by Person and Nicole [113] in the 13-22 eV region and the single data point
reported by Rebbert and Ausloos [182] at ~17 eV are about 16% higher than the present
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Figure 5.2: Absolute photoabsorption oscillator strengths measured in the present work
at high resolution (0.048 eV fwhm) and at low resolution (1 eV fwhm) using dipole (e,e)
spectroscopy (solid dots and open squares, respectively): (a) The low-energy valence-shell
region from 5 to 32 eV; (b) The valence-shell discrete region from 5 to 12 eV, below the
first IP. Previously reported absolute photoabsorption measurements are also shown for
comparison [113, 116, 182-190]. The vertical lines in (a) and (b) indicate the positions
of the valence-shell VIPs [197, 213].
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work. The low-energy portion of the presently measured high-resolution spectrum is
shown in figure 5.2b from 5-12 eV, along with previously reported photoabsorption data
for comparison [116, 184-190]. The present high-resolution absolute data are in good
agreement with the measurements reported by Tsubomura et al. [116], Robbins [185],
and Hubrich and Stuhl [187] in the vicinity of the broad absorption peak at ~7 eV. In
the same region the data of Russell et al. [184], Causley and Russell [186], Roxlo and
Mandl [188], and Ibuki et al. [189] are ~90%, ~40%, and ~40% lower and 17% higher,
respectively, than the present work. From 8-12 eV the present results agree best with
the recently reported optical work of Lee and Suto [190]. Most of the photoabsorption
oscillator strength data obtained using optical methods are higher than the present work
at absorption peak maxima in the region of sharp structure (8.5-11 eV) because of the

much higher resolution in the optical work [184, 186, 189, 190].

5.2.2.3 Inner-Shell (Cl 2p,2s; C 1s) Measurements

Absolute photoabsorption oscillator strengths have been measured at a resolution of 1 eV
fwhm for the inner-shells (Cl 2p,2s; C 1s) of CCl, from 195-400 eV. These data are given
numerically in table 5.2. The absolute scale was obtained by normalization to the high-
energy tail of the absolute valence-shell oscillator strength distribution determined as
in section 5.2.2.1. The assignments of the spectral features in these inner-shell regions
(C1 2p, 2s; C 1s) have been reported previously [192, 193]. The complete photoabsorption
spectrum (valence plus inner shells) measured in the present work is shown in figure 5.3a
from 5.5-400 eV while the inner-shell regions are shown in greater detail in figure 5.3b.
The direct optical photoabsorption measurements reported by Cole and Dexter [191]

shown on figure 5.3b are in very good agreement with the present work below the Cl 2p
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Figure 5.3: Absolute photoabsorption oscillator strengths obtained at a resolution of 1 eV
fwhm: (a) The measured low-resolution photoabsorption spectrum from 5.5-400 eV; (b)
The inner-shell (Cl 2p,2s; C 1s) region from 150 to 400 eV on an expanded scale. The
Cl 2p absolute inner-shell photoabsorption measurements of Cole and Dexter [191] are
shown along with experimental [161] and theoretical [162] atomic oscillator strength
sums for the constituent atoms of CCly. The vertical lines represent the positions of the
indicated inner-shell VIPs [213, 214]). The solid line in (b) is the extrapolation of the
polynomial which was fitted to the high-energy valence-shell region from 98-198 eV. This
curve was used to estimate the contribution of the valence-shell oscillator strength above
198 V.
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absorption threshold at ~198 eV but are ~12% higher above 198 eV to the limit of their
data at 270 eV. The experimental [161] and theoretical [162) atomic oscillator strength
sums for the total (valence plus inner shells) phbtoabsorption of CCly from ~190-400 eV
are ~10-20% higher than the present measurements. However, the agreement improves
above 300 eV. Although summed atomic oscillator strength data for the constituent
atoms of a molecule have been used at 20-30 eV above an absorption edge to place
inner-shell electron energy-loss spectra on an absolute scale (for examples see [119, 194])
such a normalization assumes that there are no further molecular effects (e.g., shape
resonances) beyond this energy range. However, it can be seen from a comparison of the
oscillator strength scales of the present work (figure 5.3b) and figure 6 of reference [194]
that such a procedure is not particularly satisfactory for CCly. The discrepancies are
due to the relatively close proximity of the Cl 2s and C 1s excitation features to the
Cl 2p edge, and to the presence of oscillating extended fine structure (EXELFS) in the
molecular case [194]. Similar findings and conclusions have resulted from other recent
inner-shell oscillator strength studies of SiF4 [79], SiH4 [127], PH; [129], and SO, [131].
Consideration of these studies and the results for methanol (see section 4.2.2.3), and
the present results for carbon tetrachloride suggest that absolute scales determined for
molecular inner-shell spectra using atomic oscillator strength data are likely to be subject
to appreciable errors and that such calibrations are at best only approximate.

From figure 5.3a it can be seen that the valence-shell region oscillator strength dis-
tribution is strongly peaked in the low energy region due to the large contribution from
the 3p and 3s orbitals of the third-row chlorine atoms [235]. The inner-shell oscillator

strength distribution, on the other hand, involves second row orbitals and therefore is
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much less peaked and does not fall off as quickly with increasing photon energy. As a gen-
eral rule, the more diffuse the electron density (i.e., the greater the average electron orbit
radius) in a molecule, the more the oscillator strength distribution will become peaked at
lower energies and therefore will fall off more quickly with increasing energy. The effects
are well illustrated by a consideration of the photoabsorption spectra shown in figure 5.4
where the presently reported low-resolution absolute oscillator strength data for CCly
are compared with corresponding valence-shell data measured earlier in this laboratory
for the chlorofluoromethanes {132, 172-174]. Since these molecules are all valence-shell
isoelectronic, the absolute oscillator strength scale has been obtained in all cases by
normalization to 33.1 electrons. It can be seen from figure 5.4 that with a systematic
successive replacement of fluorine by chlorine the oscillator strength distribution of the
chlorofluoromethanes becomes increasingly peaked at lower photon energies and drops
off much more rapidly with increasing photon energy as the number of chlorine atoms is
increased. The outermost electrons in a chlorine atom are in the 3p orbital, whereas they
are in a 2p orbital in a fluorine atom. The 3p orbital is more diffuse and therefore the 3p
electron is on average farther away from the nucleus than the electron in a 2p orbital. As
the number of electrons farther from the nucleus is increased the valence-shell oscillator
strength distribution is seen to peak at lower photon energies with correspondingly lower

oscillator strength values at higher energies.

5.2.3 Dissociative Photoionization in the Valence-Shell Region

The technique of dipole (e,e+ion) spectroscopy has been used to provide information on
the dissociative photoionization of CCly in the valence-shell region. Time-of-flight (TOF)

mass spectra have been measured as a function of energy-loss (equivalent photon energy)
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from 11.0-80.0 eV. Figure 5.5 shows the TOF mass spectrum obtained in the present work
at 50 eV. The cations produced from the dissociative photoionization of CCly observed
in the present work are: CCI}, CCl}, Cl}, CCI3*, CCI¥, CIt, and Ct. The chlorine-
containing peaks show structure reflecting the 3°Cl and 37Cl isotopic composition. The
N} and OF peaks shown on figure 5.5 (and the N*, and O* peaks at m/e 14 and 16,
respectively) are due to photoionization events involving the background gases in the
spectrometer. The base pressure of the dipole (e,e+ion) spectrometer used in the present
work is ~2x10~7 Torr, and the TOF mass spectral measurements were made at a total
pressure of 6x10~° Torr. The background gas peaks become appreciable in TOF mass
spectra where the photoabsorption cross section of the target being studied is very low,
as in the present case of CCly above about 40 eV (see figure 5.1). It should be noted that
the background contributions to photoabsorption have been eliminated by background
subtraction (see section 3.1). No CCI} molecular ion was observed in the present work
which is consistent with previous studies [227] which have indicated that the carbon
tetrahalide ions, CX{ (X=F, Cl, Br), are thermodynamically unstable and dissociate
exothermically to CX$ + X. The only stable multiply charged cation observed in the
present work was CCI3*.

Branching ratios for the various dissociative photoionization channels were obtained
by first integrating the peaks of the baseline subtracted TOF mass spectra. The TOF
mass spectra for carbon tetrachloride were measured using the microchannel plate-based
ion detector. These branching ratio data were then corrected using the recently deter-
mined (see section 3.1.2) ion detector response function for ions of different m/e. The
valence-shell branching ratios are shown in figure 5.6 and given numerically in table 5.3.

The mass resolution of the TOF mass spectrometer used in the present study was suffi-



Chapter 5. Photoabsorption and Photoionization Studies of Carbon Tetrachloride 114

1500 "
CCl ot CCly
4 N I

il hy=50eV + CCl,
Z 1000 A CCl I
5
o
O
Lud
=
5 500 - + N; O; 2+
o C \ cCly
= N \ +
3 oF \ cl,, |

O L L L L 1

TIME OF FLIGHT (usec)
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Figure 5.6: The branching ratios for the dissociative photoionization of CCly in the
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220.5 eV. The vertical arrows indicate the position of calculated appearance potentials

for the various fragment jons (

and Cl 2p VIPs

[197, 213, 214]

see table 5.4). The vertical line represent the valence-shell
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cient to resolve all the fragment ions of a particular stoichiometry and charge, but was
insufficient to resolve the individual peaks for all the chlorine-containing isotopomers
for each ion. Therefore, the reported branching ratios for the fragment ions from CCly
include the contributions from both the **Cl and 37Cl isotopes.

The relative photoionization efficiency in dipole (e,e+ion) spectroscopy is given by the
ratio of the total coincident ion signal to the number of forward scattered electrons as a
function of energy loss. The presently measured ratio for carbon tetrachloride is found to
be essentially constant above 18.0 eV, within experimental error. Making the reasonable
assumption that the absolute photoionization efficiency (7;) is unity at higher energies,
we therefore conclude that #; reaches 1 at 18.0 €V. The absolute photoionization efficiency
data from 11.0-80 eV are shown as an insert on figure 5.1 and are given numerically in
the last column of table 5.1.

Absolute partial photoionization oscillator strengths for the production of fragment
ions from CCl, were obtained from the triple product of the absolute photoabsorption
oscillator strength, the absolute photoionization efficiency, and the branching ratio for
each ion, as a function of photon energy. The absolute partial photoionization oscillator
strength data thus obtained for the valence shell of CCly from 11.0 to 80 eV are shown
in figure 5.7 and given numerically in table 5.1.

The molecular and fragment ion appearance potentials from CCl,; measured in the
present work are compared in table 5.4 along with literature values {215, 216, 218-222,
227]. It can be seen that there is excellent agreement (within the present experimental
uncertainty of +1 eV) between the present ion appearance potentials and those reported
previously (215, 216, 218222, 227] using electron-impact and photoionization methods.

Table 5.4 also includes the calculated appearance potentials for all possible fragmentation
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The contribution from the (6a;)~! ion state to the production of CI*, estimated in the
present work, is indicated by the dashed line in the POS for the CI* cation.
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processes leading to the production of a particular singly charged cation of CCl,. These
values have been calculated from thermodynamic data [169], assuming zero kinetic energy

of fragmentation, and are indicated by vertical arrows on figures 5.6 and 5.7.

5.2.4 The Dipole-Induced Breakdown of Carbon Tetrachloride

The procedures and theoretical background for the determination of the dipole-induced
breakdown scheme for a molecule have been summarized in sections 2.3 and 4.2.4. The
determination of the dipole-induced breakdown scheme for CCl4 has been aided by two
tuneable energy PES measurements of electronic ion state partial photoionization oscil-

lator strength data {202, 206].

5.2.4.1 The Proposed Dipole-Induced Breakdown Scheme for the Low-Energy

Valence Region

The various types of theoretical and experimental data which can assist in the eluci-
dation of the dipole-induced breakdown pathways of a molecule have been summarized
previously in section 4.2.4. Of these, the present work only provides branching ratios
(figure 5.6 and table 5.3) and partial oscillator strength curves for dissociative photoion-
ization (figure 5.7 and table 5.1), as well as the appearance potentials (table 5.4) for
the many fragment ions formed from CCl,. Additional insights can be gained from
the photoelectron-photoion coincidence (PEPICO) work of Kischlat and Morgner [226]
which lists the electronic states that contribute to the production of the CCl} (n=1-3)
cations for photon energies below 21 eV. Although PES studies of the photoionization
cross sections for production of the electronic states of CCI{ have been reported on an

absolute scale by Carlson et al. [202] in the gas phase, and on a relative scale for solid
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films by Fock and Koch [206] neither of these data sets included the contributions from
the inner-valence region. As such, the reported [202, 206] electronic ion state branching
ratios are in error above ~30 eV. Furthermoré, the sum of the absolute partial cross
sections reported by Carlson et al. [202] in the region below 30 eV is not consistent with
the TRK sum rule since it is only ~60% of the total photoabsorption cross section de-
termined in the present work (figure 5.1, table 5.1). Therefore, we have recalculated the
electronic state partial oscillator strengths from both [202, 206] photoelectron studies
as follows. Firstly, the contribution from the inner-valence (5t; and 5a;) orbitals was
estimated from the sum of the presently measured partial oscillator strengths for ClJ,
C*, and part of Cl* (see discussion below) and was subtracted from the total photoion-
ization oscillator strength distribution determined in the present work. In addition the
CCI2* yield was subtracted since doubly charged ions are not expected to arise from the
decomposition of singly charged ions. The total photoionization sum, corrected in this
fashion, was then multiplied by the respective electronic ion state branching ratios for
the outer valence orbitals, according to the data reported by Carlson [202] and by Fock
and Koch {206]. In this way, new partial oscillator strengths for the production of each of
the five outer valence states of CCI{ were derived which are consistent with the present
total photoionization results.

From an examination of the shape of the branching ratio curves (figure 5.6, table 5.3),
and the shapes and magnitudes of the partial oscillator strength curves (figure 5.7, ta-
ble 5.1), for the dissociative photoionization of CCly, as well as the VIPs [197, 213] and
the Franck-Condon widths [213] of the electronic ion states, certain aspects of the dipole-

induced breakdown scheme for CCl; may be deduced as follows. Firstly, the molecular
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ion CCI{ is unstable [227] since it is not observed on the time scale of the TOF mass spec-
trometer used in the present work. The branching ratio (figure 5.6 and table 5.3) of the
CCl¥ cation is 100% from 11.0-13.0 eV indicatiﬁg that ionization from the 2t7! and 7t;!
states yields only this ion. The branching ratio remains greater than 97% up to 16.0 eV
suggesting a further major contribution from the 2e~! state. The change in slope of the
partial oscillator strength (POS) curve for CCl} (figure 5.7) at ~20 eV corresponds closely
to the energy positions of additional peaks observed in the relative partial electronic ion
state oscillator strength spectra for the 2t7" and 7t states in solid CCly [206]. These
maxima have been assigned [203] to shape resonance channels. The present observations
concerning the production of CCl are in good agreement with PEPICO studies [226],
where it was found that the CCI} cation was produced by ionization from the 2t7?, 7t; 1,
and 2e~! states. Contributions to the CCI} cation from the 2t71, 7t;', and 2e~? states
have also been suggested by charge-exchange mass spectroscopy experiments [236).

The appearance potential (AP) of the CCI3* dication is ~32 €V, which is above the
highest valence-shell VIP of CCly. It is reasonable to assume that doubly charged ions are
formed directly by single photon absorption and not via singly ionized electronic states.
Therefore the production of the CCI3t dication has not been attributed to ionization
from any of the valence-shell states. |

The CCI3 cation has an AP of 13.5 eV, which, along with the shape of the partial
oscillator strength curve for this ion (figure 5.7), indicates a very small contribution from
the 2e~! state. The major increase in the POS curve of CCl} at ~16 eV suggests a
dominant contribution to the CCl} POS from the 6t;' state. From an examination of
the branching ratio curve for the CCl} cation, and the small shoulder in the POS curve

for CCIJ at ~25 eV, these features are perhaps attributable to a contribution from the
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5t; ! state and possibly also from the 5a7! state. The PEPICO experiments [226] confirm
a contribution to the production of CCl} from the 6t;! state.

The AP of the CCI* cation at ~17 €V, and the shape of the POS curve for this ion,
suggest that a small portion of CCIt comes from the 6t;® state. However, the steep rise
in the POS at ~20 eV clearly indicates that the dominant contribution to the CCl* POS
comes from the 6a;! state. The PEPICO experiments [226] confirm that the CCI* cation
is formed dominantly from the 6a;’! state, and the relative intensity of this contribution
is quoted [226] as about one-half of the 6t;' state contribution to the POS for CClJ,
which is in good agreement with the present work (see figure 5.7).

The Cl* cation has an AP of 19 eV which suggests a contribution to the production
of this ion from the 6a;! state. The POS curve (figure 5.7) for this ion shows a change
in slope at ~25 eV which suggests a further major contribution from the 5t;! state. The
Cl} and C* cations have very similar APs (~24 eV) which suggest contributions to the
production of these ions from the 5t;! state although contributions from the 5a7! state
(which is close in energy) cannot be discounted. It should be noted that the shapes of
the POSs for these two ions are somewhat different on their leading edges. The shape of
the POS curve for the ClI} cation suggests a contribution from each of the 5t; and 5a;*
states, whereas the dominant contribution to the POS for C* apparently comes from
the 5a;!. This is logical since the AP of the C* cation is at the high-energy side of the
Franck-Condon region of the 5t;' state, and thus any contribution from this electronic
ion state will likely be small.

The principle contributions from the different electronic ion states to the various ionic
photofragmentation products of CCly suggested by the above analysis are summarized

in the proposed dipole breakdown scheme shown in figure 5.8.
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Figure 5.8: The principle dipole-induced breakdown pathways following valence-shell

photoionization of CCl, below 80 eV.
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In summary, the above considerations suggest that

1. The (2t;)71, (7t;)72, and essentially all of the (2e)~! electronic ion states of CCl}

dissociate to give CCI} as the only charged product.
2. Almost all of the CCl} is formed from the (6t;)~? state.

3. The (6a,)! state dissociates to give essentially all the CCI* and part (8%) of the
Cl+.

4. The CIf and C* cations and the remaining portion (92%) of the Cl* cation are
formed from processes involving the breakdown of the (5t;)! and (5a;)~! states.
Therefore this oscillator strength sum (CIF + C* +0.92CI*) provides an estimate of
the summed inner-valence (5t;+5a, ) electronic ion state partial oscillator strengths.
This estimate has been used (see above) in the calculation of the electronic ion state

partial oscillator strengths from the previously published PES data [202, 206].

These findings are illustrated by the oscillator strength sum comparisons shown in fig-
ure 5.9. It can be seen that quite good agreement exists for CCl} and CCI} with the
respective electronic ion state oscillator strength sums. The situation is less satisfactory
in the case of (6a;)~! (see figure 5.9). In the case of the present estimate for the electronic
ion state partial oscillator strength sum (5t; + 5a,) it should be noted that the resulting
shape is consistent with expectations for inner-valence orbitals having large Cl 3s and C 2s
contributions. In making these comparisons it should be noted that the electronic ion
state partial oscillator strengths from Fock and Koch {206] are for solid and not gaseous
CCly and thus some shape differences might be expected. In addition, the proposed di-

pole breakdown scheme should only be regarded as a first approximation reflecting the
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Figure 5.9: Oscillator strengths sums determined from the proposed dipole-induced
breakdown scheme for CCly below 80 eV (see figure 5.8 and section 5.2.4 for details).
The presently measured absolute partial photoionization oscillator strength sums are
compared with electronic ion state oscillator strength sums determined from the PES
measurements reported by Fock and Koch [206] (solid line) for a solid film of CCly and
by Carlson et al. {202} (open circles) for gas phase CCly. It should be noted that the
electronic ion state data of references {202, 206] have been reanalyzed as branching ra-
tios including the inner-valence contributions as derived from the present measurements.
These revised electronic ion state branching ratio data have then been placed on an ab-
solute photoionization oscillator strength scale by using the presently measured absolute
photoabsorption data (see text for details).
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major breakdown processes. Undoubtedly there are other smaller contributions to the
various breakdown channels and a more detailed understanding can be provided only by

high-resolution photoelectron-photoion and photoion-photoion coincidence experiments.

5.2.4.2 The Dissociative Photoionization of CCly in the Cl 2p Inner-Shell

Region

Time-of-flight mass spectra (figure 5.10) have been recorded at 195.5 eV (valence-shell
continuum, below the Cl 2p edge), 200.5 eV (Cl 2p — o* excitation), 205.5 eV (2p —
Rydberg excitation), and at 210.5, 215.5, and 220.5 €V in the (Cl 2p)~! ionization contin-
uum, in order to investigate the changes in the dipole-induced breakdown in going from
valence-shell ionization to Cl 2p excitation and ionization. It can be seen (figure 5.11)
that significant changes in the fragmentation pattern occur particularly with regard to
the increased relative yields (see also the branching ratios in figure 5.6) of CI* and C*
and also in the significant increase in the yield of CCI3* in the inner-shell region. The
branching ratio (figure 5.6, table 5.5) and partial oscillator strength (figure 5.11, ta-
ble 5.6) data for the ionic photofragmentation products of CCly measured in the vicinity
of the Cl 2p edge provide information on the dipole-induced breakdown of CCly in the
Cl 2p inner-shell energy region. It has been assumed that the absolute photoionization
efficiency is 1.0 throughout the 195-220 eV energy region. From figure 5.6 it can be noted
that the branching ratio curves from 195-220 eV for the dissociative fragment ions can
be grouped into three classes, depending on their trend as the photon energy increases:
(1) ions whose branching ratio curves markedly decrease relative to the valence-shell con-
tribution (CCI3), (2) ions whose branching ratio curves remain approximately constant

(CClf, Clf, and CCl*), and (3) ions whose branching ratio curves increase (CCI3*, CIt,
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Figure 5.10: Time-of-flight mass spectra measured in the vicinity of the Cl 2p edge of
CCly: (a) in the valence-shell region at 195.5 €V; (b) in the region of discrete excitation
at 200.5 eV; (c) in the region of discrete (Rydberg) excitation at 205.5 eV; (d), (e), and
(f) at 210.5, 215.5 and 220.5 €V, respectively, in the ionization continuum region above
the Cl 2p edge at ~208 eV.

COINCIDENCE COUNTS
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Figure 5.11: Absolute partial photoionization oscillator strengths (cross sections) for
the dissociative photoionization of CCly in the Cl 2p region from 195.5-220.5 eV (see
table 5.6). The top panel shows the total (valence plus Cl 2p) absolute oscillator strength
spectrum from 194-224 eV. The solid line in the top panel represents the fit to the
valence-shell region from 98-198 and gives an indication of the valence-shell contribution
in the 195-220 eV region. The vertical lines in the top panel indicate the positions of
the CI 2p VIPs [214].
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and C*). These trends indicate that in general, as the photon energy is increased to
access the Cl 2p inner-shell excitation and ionization regions, the production of low m/e,
and multiply charged cationic fragments is favoﬁred over the production of larger, higher
m/e cations. For example, in the 11-40 eV region (see figure 5.6) the dominant ion is
CClZ, however in the 195-220 eV region the dominant ion is CI*.

When analyzing the partial oscillator strength data from 200-220 eV it should be
remembered that the ions detected in the TOF mass spectrum can be produced by
excitations in both the Cl 2p region and the underlying valence-shell continuum region.
However, the contribution from the underlying valence-shell continuum is quite small
and, as shown in the top panel of figure 5.11 (and figure 5.3b), comprises only ~10%
of the total photoabsorption at 220 eV. The partial oscillator strength curves for all
the fragment ions show an increase over the 195.5-220.5 eV region. However, the CCI3
cation shows the smallest relative increase with approximately 50% of the ion intensity
at higher energies still coming from the underlying valence-shell continuum. The POS
distributions for the other ions (CClJ, Clf, CCE2*, CCI*, ClIt, and C+) each show much
more pronounced increases as the photon energy increases through the Cl 2p region.

At 200.5 eV, in the region of the Cl 2p — o™ virtual valence orbital excitation [192,
193] local increases in ion yield are observed for all ions except ClF and possibly CCI
with local enhancements due to fragmentation from the o* excited state being particularly
noticeable for CCl} and CCl*. Whereas only minor further differences in fragmentation
are observed in the region of Cl 2p — Rydberg excitation at 205.5 eV, very significant
changes occur above the (Cl 2p)~! ionization edges as can be seen from the data points
(figure 5.11) at 210.5, 215.5, and 220.5 €V. In considering both the POS (figure 5.11)

and branching ratio (figure 5.6) curves above the (Cl 2p)~! edge it can be seen that
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the dominant product consists of Cl* atomic cations which are (table 5.6) more than 15
times as intense as in the valence-shell region at 195.5 eV. While the absolute intensities
are lower, similar large relative increases in inteﬁsity are also observed above 210 eV for
CCl, Cl}, CCI3*, CCl+, and C*. The large yield of CI* reflects the strong tendency
for the decomposition of the Cl 2p hole to involve further carbon-chlorine bond breaking
since CCI} is the most abundant species (in the absence of the molecular ion CCl})
throughout the valence-shell region. The large relative increase in the yield of CCI3*
above the (Cl 2p)~! edge (figure 5.11) can be attributed to Auger decay processes. The
much lower yield of doubly charged ions (see also figure 5.11) from the Cl 2p — o* excited
state at 205.5 eV is consistent with earlier findings for core excited molecules which have
been found to preferentially decay to singly charged products [237] via participator or

spectator resonance Auger processes [238-240].
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Table 5.1: Absolute oscillator strengths for the total photoabsorption (5.5-195 eV) and
the dissociative photoionization (11-80 eV) of CCl,.

Photo-
Photon Oscillator Strength (10~2eV-1)e ionization
Energy Photo- Efficiency

eV | absorption | C* CI* CCI* CCBt It CClf ccif i
5.5 1.65

6.0 1.76

6.5 3.53

7.0 5.74

1.5 7.02

8.0 11.64

8.5 26.87

9.0 60.08

9.5 75.10

10.0 53.94

10.5 49.35

11.0 63.39 5.06 0.08
11.5 74.17 14.76 0.20
12.0 87.67 33.02 0.38
12.5 104.5 59.52 0.57
13.0 133.8 96.77 0.72
13.5 153.8 0.13 116.4 0.76
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Table 5.1: (continued) Absolute oscillator strengths for the total photoabsorption
(5.5-195 €V) and the dissociative photoionization (11-80 eV) of CCl,.

Photo-
Photon Oscillator Strength (10~2eV~!)® ionization
Energy | Photo- Efficiency

eV absorption [ Ct CI* CCI* CCIZ* ClIf CClf cCif uB
14.0 165.9 0.03 129.1 0.78
14.5 170.7 020 1379 0.81
15.0 167.8 0.21 141.7 0.85
15.5 164.5 0.68 1443 0.88
16.0 166.0 3.30 140.8 0.87
16.5 155.2 5.76  140.0 0.94
17.0 151.9 0.02 11.10 127.9 0.92
17.5 144.7 0.12 14.87 119.4 0.93
18.0 131.0 0.10 18.73 112.2| 1.00°
18.5 128.6 0.32 21.25 107.1

19.0 128.1 0.12 091 23.80 103.3

19.5 126.7 0.13 1.80 2497 99.82

20.0 125.6 0.18 3.16 25.51 96.74

20.5 124.3 037 4.87 25.50 93.53

21.0 121.1 0.46 7.06 2489 88.72

21.5 119.7 0.61 8.44 24.28 86.40

22.0 116.5 043 893 23.39 83.73
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Table 5.1: (continued) Absolute oscillator strengths for the total photoabsorption
(5.5-195 V) and the dissociative photoionization (11-80 eV) of CCl,.

Photo-
Photon Oscillator Strength (10~2eV—1)® ionization
Energy | Photo- Efficiency
eV |absorption { Ct CI* CCI* CCiE* CIf ccCif cci? i
22.5 110.3 0.66 9.63 21.95 78.04
23.0 104.8 0.78 9.80 0.04 2044 173.78
23.5 99.56 0.85 9.96 0.00 19.40 69.35
240 98.07 1.13 10.92 0.08 19.04 66.90
24.5 88.48 1.34 10.29 0.07 1742 59.36
25.0 83.73 1.54 10.20 0.08 16.86 55.05
25.5 79.32 0.08 1.81 10.07 0.09 16.34 50.92
26.0 73.53 0.10 197 9.48 0.12 15.39 46.46
26.5 69.29 0.15 2.16 9.20 0.15 14.87 42.76
27.0 65.78 0.23 227 8.93 0.08 14.40 39.87
27.5 62.06 031 238 8.46 0.15 13.73 37.01
28.0 58.10 044 249 1792 0.15 13.06 34.05
28.5 53.52 0.53 2.63 7.24 0.15 12.03 30.94
29.0 48.63 0.58 2.58 6.45 0.20 11.07 27.75
29.5 46.45 0.67 2.78 6.12 0.23 10.56 26.09
30.0 40.79 0.62 2.56 5.36 0.16 9.31 22.78
32.0 26.37 0.55 2.78 3.21 0.05 0.15 6.09 13.54
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Table 5.1: (continued) Absolute oscillator strengths for the total photoabsorption
(5.5-195 eV) and the dissociative photoionization (11-80 eV) of CCly.

Photo-
Photon Oscillator Strength (10~2eV~1)° ionization
Energy { Photo- Efficiency

eV | absorption | Ct CI* CCI* CCI* Cl} CClf CClif 7
34.0 18.07 043 253 227 006 0.11 425 843

36.0 12.49 029 214 158 006 012 3.04 5.27

38.0 8.96 023 187 1.20 0.05 0.07 222 3.32

40.0 7.56 0.19 182 1.06 0.06 006 1.86 2.50

42.0 6.02 0.15 158 094 0.03 004 143 1.85

44.0 5.71 0.13 157 093 004 0.03 131 1.69

46.0 5.62 0.12 158 092 0.03 0.04 125 1.68

48.0 5.56 0.15 158 092 0.02 003 1.20 1.66

50.0 5.60 015 155 094 0.03 006 1.14 1.73

55.0 5.34 0.14 153 08 001 0.03 098 1.78

60.0 5.29 0.15 151 084 004 005 091 1.80

65.0 5.05 015 148 0.76 0.03 0.05 083 1.75

70.0 4.86 0.14 145 0.74 003 0.04 0.77 1.69

75.0 4.69 0.15 142 069 004 002 0.71 1.66

80.0 4.44 0.13 135 068 0.03 0.03 066 1.57

85.0 4.19

90.0 3.91
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Table 5.1: (continued) Absolute oscillator strengths for the total photoabsorption
(5.5-195 eV) and the dissociative photoionization (11-80 eV) of CCl,.

Photo-
Photon Oscillator Strength (10-2eV—1)2 ionization
Energy Photo- Efficiency
eV | absorption | Ct CI* CCI* CCLE* ClF cCi¥ ccif i
95.0 3.67
100.0 3.49
105.0 3.32
110.0 3.19
115.0 3.02
120.0 2.92
125.0 2.72
130.0 2.57
135.0 248
140.0 2.24
145.0 2.16
150.0 2.01
155.0 1.96
160.0 1.87
165.0 1.79
170.0 1.71
175.0 1.62
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Table 5.1: (continued) Absolute oscillator strengths for the total photoabsorption
(5.5-195 eV) and the dissociative photoionization (11-80 eV) of CCly.

Photo-
Photon Oscillator Strength (10~2eV~1)° ionization
Energy Photo- Efficiency

eV absorption | C* CI* CCI* CCE* Clf CClf ccif N
180.0 1.535

185.0 1.47
190.0 1.41
195.0 1.34

%0(Mb)=109.75df /dE(eV ).
’The photoionization efficiency is normalized to unity above 18.0 eV. See text for details.
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Table 5.2: Absolute oscillator strengths for the total photoabsorption in the inner-shell
region (Cl 2p, 2s; C 1s) of CCl, from 195 to 400 eV.

Oscillator Strength Oscillator Strength
Photon (10-2 ev-1)a Photon (10~2 ev-1)e
Energy Cl 2p + Cl 25 || Energy Cl2p 4+ Cl2s
eV Total Valence + Cls eV Total Valence + C1s
195.0 1.34 1.34 205.5 3.11 1.24 1.87
196.0 1.33 1.33 206.0 3.27 1.23 2.04
197.0 1.33 1.33 206.5 3.57 1.23 2.34
198.0 | 1.34 1.32 0.02% 207.0 | 4.02 1.22 2.80
1985 | 1.35 1.31 0.03 207.5 | 4.92 1.22 3.71
199.0 1.47 1.31 0.17 208.0 7.11 1.21 5.90
199.5 | 1.68 1.30 0.37 208.5 | 8.33 1.21 7.12
200.0 2.34 1.30 1.05 209.0 8.86 1.20 7.66
200.5 2.72 1.29 1.43 209.5 9.38 1.20 8.18
201.0 | 2.82 1.28 1.53 210.0 | 9.76 1.19 8.57
201.5 | 2.67 1.28 1.39 210.5 | 9.98 1.19 8.79
202.0 2.71 1.27 1.43 211.0 9.98 1.18 8.80
202.5 | 2.77 1.27 1.50 211.5 | 9.96 1.18 8.78
203.0 2.98 1.26 1.72 212.0 | 10.08 1.17 8.91
203.5 3.13 1.26 1.88 212.5 | 10.27 1.17 9.11
204.0 3.21 1.25 1.95 213.0 | 10.41 1.16 9.24
204.5 3.10 1.25 1.86 213.5 | 10.56 1.16 9.40
205.0 | 2.82 1.24 1.58 214.0 | 10.68 1.15 9.53
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Table 5.2: (continued) Absolute oscillator strengths for the total photoabsorption in the
inner-shell region (Cl 2p, 2s; C 1s) of CCl, from 195 to 400 €V.

Oscillator Strength Oscillator Strength

Photon (102 eV-1) Photon (102 ev-1)2
Energy Cl2p + Cl 2s || Energy Cl2p +Cl2s
eV Total Valence +Cls eV Total Valence + Cils
214.5 | 11.01 1.15 9.86 223.5 | 11.12 1.07 10.04
215.0 | 11.21 1.15 10.07 224.0 | 11.16 1.07 10.09
215.,5 | 11.48 1.14 10.34 2245 | 11.08 1.06 10.02
216.0 | 11.65 1.14 10.52 225.0 | 11.02 1.06 9.96
216.5 | 11.81 1.13 10.68 225.5 | 10.91 1.06 9.86
217.0 | 11.97 1.13 10.84 226.0 | 10.92 1.05 9.87
217.5 | 12.00 1.12 10.88 228.0 | 10.68 1.04 9.64
218.0 | 11.87 1.12 10.76 230.0 | 10.58 1.02 9.56
2185 | 11.75 1.11 10.63 232.0 | 10.52 1.01 9.52
219.0 | 11.80 1.11 10.69 234.0 | 1046 0.99 9.47
219.5 | 11.77 111 10.66 236.0 | 10.26  0.98 9.29
220.0 | 11.55 1.10 10.45 238.0 | 10.10 0.96 9.14
220.5 | 11.38 1.10 10.28 240.0 | 10.00 0.95 9.05
221.0 | 11.28 1.09 10.18 242.0 9.84 0.93 8.90
2215 | 11.38 1.09 10.29 244.0 9.67 0.92 8.75
222.0 |11.24  1.08 10.15 246.0 | 9.42 0.91 8.51
2225 | 11.31 1.08 10.23 248.0 | 9.34 0.90 8.45
223.0 | 11.22 1.08 10.15 250.0 | 9.27 0.88 8.39
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Table 5.2: (continued) Absolute oscillator strengths for the total photoabsorption in the
inner-shell region (Cl 2p, 2s; C 1s) of CCl, from 195 to 400 eV,

Oscillator Strength Oscillator Strength
Photon (102 ey-1)a Photon (10-2 ev-1)s
Energy Cl2p + Cl 25 || Energy Cl2p + Cl 25
eV Total Valence +Cls eV Total Valence +Cls
252.0 9.16 0.87 8.28 288.0 8.74 0.69 8.05
254.0 9.17 0.86 8.31 288.5 8.67 0.69 7.98
256.0 9.20 0.85 8.35 289.0 9.50 0.69 8.82
258.0 9.17 0.84 8.34 289.5 | 11.38 0.68 10.70
260.0 | 9.26 0.82 8.43 290.0 | 13.15  0.68 12.47
262.0 9.17 0.81 8.36 290.5 | 15.36 0.68 14.68
264.0 9.28 0.80 8.48 291.0 | 14.33 0.68 13.65
266.0 9.35 0.79 8.55 291.5 | 12.49 0.68 11.81
268.0 9.43 0.78 8.65 292.0 | 10.02 0.67 9.35
270.0 9.68 0.77 8.91 292.5 9.24 0.67 8.57
272.0 | 9.75 0.76 8.98 293.0 | 8.98 0.67 8.31
2740 | 9.17 0.75 8.42 293.5 | 8.63 0.67 7.96
276.0 | 9.26 0.74 8.52 294.0 | 8.60 0.67 7.93
278.0 | 9.28 0.73 8.54 294.5 | 8.63 0.66 7.97
280.0 9.15 0.72 8.43 295.0 8.82 0.66 8.16
282.0 8.96 0.72 8.24 295.5 8.81 0.66 8.15
284.0 | 8.87 0.71 8.17 296.0 | 9.07 0.66 8.41
286.0 | 8.78 0.70 8.08 296.5 | 9.02 0.66 8.36
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Table 5.2: (continued) Absolute oscillator strengths for the total photoabsorption in the
inner-shell region (Cl 2p, 2s; C 1s) of CCly from 195 to 400 eV.

Oscillator Strength ' Oscillator Strength

Photon (102 ev-1)a Photon (10-2 eV-1)o
Energy Cl 2p + Cl 2s || Energy Cl2p +Cl2s
eV Total Valence +C1s eV Total Valence 4+ Cils
297.0 | 8.95 0.65 8.30 319.0 | 7.91 0.58 7.33
297.5 | 9.03 0.65 8.38 320.0 | 7.89 0.57 7.32
298.0 | 9.19 0.65 8.54 325.0 | 7.61 0.56 7.05
298.5 9.10 0.65 8.45 330.0 7.28 0.54 6.73
299.0 9.12 0.65 8.47 335.0 7.15 0.53 6.62
299.5 | 9.16 0.64 8.52 340.0 | 6.91 0.52 6.39
300.0 | 8.80 0.64 8.16 345.0 | 6.76 0.50 6.26
301.0 | 9.10 0.64 8.46 350.0 | 6.68 0.49 6.19
302.0 9.05 0.63 8.42 355.0 6.48 0.48 6.00
303.0 9.17 0.63 8.54 360.0 6.40 0.47 5.94
304.0 | 9.09 0.63 8.46 365.0 | 6.33 0.46 5.88
305.0 | 8.99 0.62 8.37 370.0 | 6.08 0.44 5.64
306.0 | 8.92 0.62 8.30 375.0 | 6.00 0.43 5.56
307.0 | 8.70 0.62 8.09 380.0 | 5.80 0.42 5.38
308.0 8.56 0.61 7.94 385.0 5.57 0.41 5.15
309.0 | 8.29 0.61 7.68 390.0 | 5.45 0.41 5.04
310.0 8.38 0.61 7.77 395.0 5.25 0.40 4.85
311.0 | 8.36 0.60 7.76 400.0 | 5.15 0.39 4.76
312.0 | 8.38 0.60 7.78
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Table 5.2: (continued) Absolute oscillator strengths for the total photoabsorption in the
inner-shell region (Cl 2p, 2s; C 1s) of CCly from 195 to 400 eV.

Oscillator Strength

Photon (1072 eV-1)e

Energy Cl2p + Cl2s

eV Total Valence +Cls

313.0 | 8.26 0.60 7.66
314.0 | 8.29 0.59 7.70
315.0 | 8.24 0.59 7.65
316.0 { 8.16 0.59 7.58
317.0 8.13 0.58 7.55
318.0 7.96 0.58 7.38

2¢(Mb)=109.75df /dE(eV~1).

The valence-shell contribution above 198 eV was obtained by extrapolating the fit to the valence shell
spectrum (98-198 eV) to higher photon energies. The inner-shell (Cl 2p + Cl 2s + C 1s) contribution
was obtained by subtracting the valence-shell contribution from the total (valence- plus inner-shell)
photoabsorption oscillator strength.
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Table 5.3: Branching ratios for the dissociative photoionization of CCly from 11.0 to
80.0 eV.

Photon
Energy Photoionization Branching Ratio (%)
eV |CY CI¥ CCIt CCI3Y CI CClf CCi3
11.0 100.00
11.5 100.00
12.0 100.00
12.5 100.00
13.0 100.00
13.5 0.11  99.89
14.0 0.02 99.98
14.5 0.14 99.86
15.0 0.15 99.85
15.5 0.47  99.53
16.0 2.29 97.71
16.5 3.95 96.05
17.0 0.02 7.98 92.00
17.5 0.09 11.07 88.84
18.0 0.08 14.30 85.63
18.5 0.25 16.52 83.23
19.0 0.10 0.71 18.58 80.61
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Table 5.3: (continued) Branching ratios for the dissociative photoionization of CCly.

Photon
Energy Photoionization Branching Ratio (%)
eV [CF CF CCF CCIF CIf CC CCIF
19.5 0.10 1.42 19.71  78.77
20.0 0.14 2.52 20.31 77.03
20.5 030 3.92 20.52 75.26
21.0 038 5.83 20.55 73.24
21.5 0.51 7.05 20.28 72.16
22.0 037 7.66 20.08 71.88
22.5 0.60 8.73 19.91 70.76
23.0 0.75  9.35 0.04 19.50 70.37
23.5 0.85 10.01 0.00 19.49 69.65
24.0 1.15 11.13 0.08 19.41 68.22
24.5 1.52 11.63 0.08 19.69 67.09
25.0 1.84 12.19 0.09 20.14 65.74
25.5 {0.10 229 12.70 0.12 20.60 64.19
26.0 |0.14 268 12.89 0.16 20.94 63.19
26.5 |0.21 3.11 13.28 0.22 2147 61.70
27.0 1035 3.46 13.57 0.13 21.88 60.60
275 10.51 3.84 13.64 0.25 22.12 59.65
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Table 5.3: (continued) Branching ratios for the dissociative photoionization of CCly.

Photon

Energy Photoionization Branching Ratio (%)
eV Ct CI* CCIt CCli* Cif CCi cCci
28.0 |0.75 4.28 13.63 0.26 22.48 58.60
28.5 [0.99 492 1352 0.29 2247 57.80
29.0 119 531 13.27 0.41 22.77 57.06
29.5 143 598 13.18 0.50 22.73 56.17
30.0 1.51 6.28 13.15 0.40 22.82 55.84

32.0 [2.07 10.55 12.18 0.18 0.58 23.11 51.34
340 [236 1398 12,55 0.35 0.58 23.52 46.65
36.0 {232 17.12 1262 049 095 2432 42.18
38.0 {253 2090 1341 054 0.80 24.78 37.05
40.0 [2.55 24.15 14.09 0.77 0.79 24.60 33.07
42.0 [2.50 26.27 1557 0.56 0.63 23.77 30.69
440 (235 2760 16.21 0.62 0.57 23.03 29.61
46.0 [2.22 28.07 1632 056 0.69 2228 29.87
48.0 |2.66 2835 1653 040 056 21.60 29.90
50.0 |2.74 27.67 16.78 0.52 1.05 20.44 30.81
55.0 |2.58 28.69 1599 0.26 0.62 18.41 33.45

60.0 |[2.87 2854 1586 0.67 0.89 17.15 34.02
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Table 5.3: (continued) Branching ratios for the dissociative photoionization of CCl,.

Photon
Energy Photoionization Branching Ratio (%)

eV Ct CI* CCI* CCi3t Clj CCly CCl3
65.0 |2.97 2940 15.04 059 090 1638 34.73

70.0 |2.84 29.89 1526 0.56 0.87 15.90 34.69

75.0 }3.28 3030 14.67 0.82 038 15.07 3548

80.0 [3.01 30.30 15.23 0.65 0.65 14.87 35.31




Table 5.4: Calculated and measured appearance potentials for the production of positive ions from CCl,.

Appearance Potential (eV)
This Experimental [ref.])°
Products Cale- Work El EI EI El El Phlon Phlon EI
ulated® | +1 eV [215} [216] [218] [219] [220] [221, 241]¢ [222]) {227]
(1) ccif 11.47 - 11.041.0 - 11.540.1
(2 caf+a 10.84 11.0  12.240.2  11.83£0.05 11.6740.1 11.9040.07 11.65£0.10  11.47:0.01 11.2840.03  11.640.3
(3) ccni+ aly 13.04 13.5
(#) cclf+2c 15.52 160  16.040.2  16.1040.01 16.1040.02
(5) ct4ceay 14.16 16.440.5
(8) cni+ ccl+ cl 17.69
(" c1&+ C+Cly 19.84¢
() CI§'+ C + 201 22.32 230  23.0%1.0
(9) cci2t - 320  31.8%1.0
(10) ccity i+ a 15.11
(11) ccit4 s 17.59 170 17.140.2
19.0 19.540.2  19.340.02 19.3540.05
@12y cci2t - - 34.041.0
(13) at4coy 16.01 16.1040.2
(14) cat4cayta 18.12
(15) cit4 ca4 ay 1917 19.0 19.130.2
(16) ci1t4 ccit 2¢1 21.65
(17) catycicr4c, | 2380 23.5
(18) cit4c+3a 26.28
(19) cty2a, 19.62
(20) ct4cip+ 20 22.09 23.540.2 23.0540.07
(21)  ct4aa 2457 25.5

%Values calculated using thermodynamic data for the enthalpy of formation of ions and neutrals (taken from Lias et al. [169]), and
assuming zero kinetic energy of fragmentation.

bMeasured using electron impact (EI) or photoionization (Phlon) methods.

*Reported as IP of CCIf.

541
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Table 5.5: Branching ratios for the dissociative photoionization of CCly from 195.5 to
220.5 eV.

Photon
Energy Photoionization Branching Ratio (%)

eV Ct CI* CCIt CCE™ Cly CCly CCly
195.5 |3.32 3238 16.18 0.53 1.09 13.57 32.94

2005 |6.62 4032 2334 0.75 023 10.79 17.95
205.5 {8.08 50.51 1764 1.70 1.93 5.87 14.28
2105 [6.74 5737 1191 189 125 11.73 9.11

2155 16.29 59.02 1353 143 1.00 1084 7.90

2205 {744 5755 1325 211 1.14 9.94 857

Table 5.6: Absolute oscillator strengths for the total photoabsorption and the dissociative
photoionization of CCly from 195.5 to 220.5 eV*.

Photon Oscillator Strength (10~2eV-1)°
Energy | Photo-
eV |absorption | C+ CI* CCI* CCE* Clf CC} CCH
195.5 1.36 005 044 022 001 0.01 0.18 045

200.5 2.72 0.18 1.10 064 002 0.01 029 049
205.5 3.11 025 157 055 0.05 0.06 0.18 0.44
210.5 9.98 0.67 572 119 019 0.12 117 091

215.5 1148 0.72 6.78 155 016 011 124 0091

220.5 11.38 0.8 655 151 024 013 1.13 0.98

4 Assuming a photoionization efficiency of unity.

o (Mb)=109.75df /dE(eV~!).



Chapter 6

Photoabsorption and DOSD Studies of Ammonia

6.1 Introduction

Ammonia has been observed in the interstellar medium, molecular clouds [103, 104],
and in the atmospheres of Saturn and Jupiter [242] and is of importance in photochem-
istry, being a low energy source of NH, and NH radicals [243]). Therefore the absolute
photoabsorption oscillator strengths (cross sections) for NH; over the entire electromag-
netic spectrum, and the related dipole properties, are of interest to astrophysicists and
others wishing to model the interaction of energetic radiation and particles with this
molecule. There is also considerable interest in the possibility of using additivity con-
cepts and mixture rules to estimate the quantitative aspects of the interaction of ener-
getic electromagnetic radiation with large and complex molecules and to evaluate the
properties of these molecules from those of smaller, related species [54, 55, 244-246].
Therefore the present analysis for NH3 will be used to provide a foundation which will
be extended in chapter 7 to include the absolute photoabsorption oscillator strength dis-
tributions and dipole properties for monomethylamine (methanamine), dimethylamine
(N-methylmethanamine), trimethylamine (N,N-dimethylmethanamine) and subsequent
work involving the higher n-alkylamines. By comparing the oscillator strength distribu-
tions and dipole properties of ammonia and the methylamines an indication of the effect

on the oscillator strength distribution, and the dipole properties, of adding methyl or

147
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amino groups to larger molecules can be assessed.

There is a wealth of spectroscopic information available in the literature regarding
the electronic excitation of ammonia {16, 180, 247—-284]. However most of these studies
have been concerned with energy levels and only a few have reported measurements of the
absolute transition probabilities (oscillator strengths) for photoabsorption. Seven excited
states (labelled A to G) have been observed in the discrete valence-shell electronic spec-
trum of NH; as studied by single photon absorption [285]. The energies of the various
vibronic transitions within these bands have been determined using very high resolu-
tion optical absorption spectroscopy [180, 247-258]. In more recent work, multiphoton
ionization has been used to show the existence of other less intense lines (labelled with
primes) which lie beneath the stronger absorption lines in the same energy regions [262-
265]). In other work, electron energy loss spectroscopy (EELS) has been used to study
the valence-shell discrete excitation region of ammonia [16, 259, 260] as a function of
scattering angle, and also to determine the absolute integrated oscillator strength of the
first excited band [261] by extrapolation of generalized oscillator strength measurements.
It should be noted however that the lower impact energies and finite scattering angles
used in some of these studies [16, 259, 260] are such that non-dipole contributions are
expected to make appreciable contributions to the spectra. In other work, using much
higher electron impact energies, oscillator strength measurements for the photoabsorp-
tion and photoionization of NH; have been obtained directly using dipole (e,e), (e,2e),
and (e,e+ion) spectroscopies at low resolution [282-284].

The constrained least squares method used by Meath and co-workers at the Univer-
sity of Western Ontario to construct the DOSD, and to evaluate the dipole properties, for

ammonia has been used with considerable success previously for a variety of molecules.
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The previous DOSD studies of NH; [29] were, of course, based on the then available ab-
solute photoabsorption oscillator strength data. While they were reasonably successful,
the results were limited by inconsistencies betwéen, and the limited energy ranges of, the
various available oscillator strength data sets; for details see reference [29]. Recent DOSD
analyses [286), which served as a preliminary basis for the study reported here, have con-
firmed the inconsistencies and limitations of the currently available absolute photoabsorp-
tion oscillator strength data for ammonia and indicated the need for new comprehensive
measurements over as wide an energy range as possible. New measurements should also
include the valence-shell discrete excitation spectrum at high-resolution since no reliable
continuous absolute data set is available throughout this low-energy region. Recently the
dipole (e,e) method has been further developed and extended to permit absolute oscil-
lator strengths to be obtained at significantly higher resolution (0.048 eV fwhm) than
that (~1 eV fwhm) which was possible in earlier work [4]. The high-resolution technique
has been used to obtain absolute photoabsorption oscillator strengths of high accuracy
in the discrete excitation region of the noble gas atoms [26, 27, 88] and several diatomic
molecules [25, 158].

Although there have been several absolute oscillator strength data measurements for
ammonia obtained using optical [266-281] techniques, these absolute data have mostly
been measured only below 25 eV with the exception of the work of de Reilhac and
Damany [274] and Samson et al. [279]. In this chapter newly obtained absolute pho-
toabsorption oscillator strength data for ammonia are reported over an extended range
from the UV to the soft X-ray region of the electromagnetic spectrum from 5.0-31 eV
and 5.5-200 eV measured using high- (0.048 eV fwhm) and low-resolution (1 eV fwhm)

dipole (e,e) spectroscopy, respectively. The present work includes a detailed quantitative
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study of the electronic spectrum in the pre-edge excitation region at high resolution.
The technique has been considerably refined since the earlier work [282-284] and careful
attention has been given to background subtraction on both instruments. In addition, in
order to improve the accuracy of the background subtraction procedures efficient differ-
ential pumping has recently been installed [78] in the region containing the oxide cathode
of the electron gun in the low-resolution instrument.

In this chapter the results of a constrained DOSD analysis of new high- and low-
resolution measurements of the absolute oscillator strengths for NH; over the entire
energy range from the first excitation threshold to 200 eV are presented. The present
low- and high-resolution oscillator strength data measurements were used by Kumar
and Meath [72] together with molar refractivity data [287-289], to obtain constrained
DOSDs which in turn were used to calculate results of improved reliability for a wide
variety of the dipole properties of NH3. The relatively recent oscillator strength data of
Samson et al. [279], for 11.07-150 eV, are also included explicitly in the DOSD analysis
for NH;. However it should be noted that the latter data [279] do not include the
discrete excitation region below the first ionization potential. The results obtained in
the present work provide updated values of the dipole properties of ammonia, relative
to those reported earlier by Zeiss et al. [29], and provide the most reliable values yet

available for many of the dipole properties of NHj;.

6.2 Results and Discussion

6.2.1 Electronic Structure

Ammonia is a molecule with pyramidal geometry in its ground electronic state and be-

longs to the Cs, symmetry point group. The absorption spectrum will be discussed with



Chapter 6. Photoabsorption and DOSD Studies of Ammonia 151

reference to the electronic configuration of the ground state of the ammonia molecule,

which in the independent particle model, is:

(1a1)* (2a1)*(le)*(3ay)’

N - -

N 1s  Valence Shell
The vertical ionization potentials (VIPs) of the outer valence orbitals of ammonia have
been determined to be 10.85 eV for the 3a, orbital, and 15.8 eV and 16.5 eV for the le
orbitals by He(I) photoelectron spectroscopy (PES) [290]. The VIP of the 2a; orbital
has been found to be ~ 27 eV using He(II) PES [139], while the VIP of the 1a; orbital

has been measured as 405.52 eV using X-ray photoelectron spectroscopy {291}.

6.2.2 Absolute Photoabsorption Measurements for Ammonia Obtained at

Low Resolution

The low-resolution relative photoabsorption spectrum (1 eV fwhm) was obtained by
Bethe-Born conversion of the background subtracted, relative energy-loss spectrum mea-
sured from 5.5 to 200 eV. This spectrum was placed on an absolute scale by first fitting
a curve of the form

df

— -B
¥z AFE

to the high-energy valence-shell tail of the spectrum from 90 to 200 €V (df /dE is the
oscillator strength (in units of eV~!), E is the energy loss (or equivalent photon energy in
units of eV), and A and B are best-fit parameters which were determined to be 158.88 and
2.1210, respectively, from a least squares fit to the presently measured experimental data).
This functional form was chosen because of the goodness of the fit to the low-resolution
data and because of the previous success in fitting this type of function to the high-energy

valence-shell photoabsorption tail of other small polyatomic molecules {78, 126, 128]. The
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fitted curve was then extrapolated to infinity and the total area under the entire relative
photoabsorption spectrum was set to 8.34. The portion of the total valence-shell oscillator
strength above 200 eV was found to be 4.5%. The value 8.34 corresponds to the 8 valence-
shell electrons in ammonia, plus a small estimated contribution (0.34) to account for the
Pauli-excluded transitions from the inner shell 1a; orbital to the already-occupied valence
orbitals (see section 3.1.1). The value of 8.34 is 2.8% higher than the value of 8.13 used
previously to normalize relative oscillator strength spectra for NH; (see reference [284]
and the DOSD results presented in section 6.3), and the difference between these values,
and the reasons for the choice of the higher value in this section, is discussed below.
The slightly lower value used in the earlier normalization is expected to have an almost
negligible effect on the dipole properties derived in section 6.3.2.

It should be noted that the value (8.13) of N,,; + Npg used previously to normalize
relative, Bethe-Born converted valence-shell electron energy-loss spectra of ammonia (see
reference [284] and section 6.3.1), is slightly too low because it was‘ determined assuming
a value of 1.87 (interpolated by Wight et al. [284] from the data of reference [84]) to
account for the transitions from the nitrogen K-shell. This choice is not optimal because
the correction was based on the calculated value for the K-shell of atomic nitrogen. Since
atomic nitrogen has the valence-shell configuration 2s22p3, transitions will be allowed
from the nitrogen K-shell to the three half empty 2p valence levels and thus the contri-
bution to the oscillator strength from excitations from the K-shell of nitrogen in atomic
nitrogen will be greater than that from nitrogen in ammonia where the corresponding
valence molecular orbitals (2a;, le, and 3a,) are all filled. Thus the partial TRK sum
rule normalization factor for ammonia should in fact be greater than 8.13. The best

method for estimating the partial TRK sum rule normalization for one-center hydrides
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is to sum up the calculated [85) valence-shell contributions for the atom which is isoelec-
tronic with the molecule being studied. In the case of ammonia the isoelectronic atom is
neon (i.e., all 2p orbitals filled). The calculated [85] contribution to the total oscillator
strength distribution from the valence-shell of neon is 8.34 which corresponds to a K-shell
contribution of 1.66.

The absolute photoabsorption oscillator strength (cross section) data, obtained from
5.5-200 eV using low-resolution (~1 eV fwhm) dipole (e,e) spectroscopy, are shown in
figure 6.1a and given numerically in table 6.1. The sharp structure observed at 6.5
and the shoulder at 9.5 eV correspond to valence-shell discrete excitation processes.
These structures are much better resolved using the high-resolution spectrometer and
the detailed vibronic structures are discussed in section 6.2.3 below. Figure 6.1b shows
the presently measured photoabsorption oscillator strength data for ammonia from 30
to 100 eV along with two other wide-ranging data sets [279, 284] for comparison. The
data below 35 eV are shown in more detail in figure 6.2. The absolute photoabsorption
measurements reported by Samson et al. [279] are generally in very good agreement with
the present data over the energy range from 12-120 eV. However, these data [279] are
slightly lower from 17-30 eV, and higher in the 11-12 eV region, than the present work.
The earlier dipole (e,e) data of Wight et al. [284] are higher than those of the present work
above ~35 eV and diverge away from the present results as the limit of their data [284]
at 60 eV is approached. The differences in the two dipole (e,e) measurements are likely
due to a lack of background subtraction in the earlier work [284]. Similar inconsistencies
between earlier reported [292, 293] absolute photoabsorption data obtained using dipole
(e,e) spectroscopy and more recent measurements have also been observed for N, [25],

CH, [87], and CO [157]. These differences, as well as inconsistencies observed between
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Figure 6.1: Absolute oscillator strengths for the photoabsorption of NH; obtained at
low-resolution (~ 1 eV fwhm): (a) 6-200 eV, (b) 30-100 eV and (c) 90-200 eV. Also
shown are the photoabsorption data reported by Samson et al. [279] (open circles) and
Wight et al. [284] (crosses). The solid line in (c) represents a best-fit to the present data
over the energy region from 90-200 eV and has been used in the extrapolation of the
data to infinity (see text for details.)
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Figure 6.2: Absolute oscillator strengths for the photoabsorption of NH; obtained at a
resolution of 0.048 eV fwhm (a) 5-13 eV, (b) 10-34 €V. The vertical bars in (a) represent
the individual vibronic transitions which have been resolved using optical spectroscopy
at higher resolution. The left-most vertical bar shows the position of the v,=0 level in

each band.
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the other wide-ranging data sets for ammonia [279, 284] and the present work, assessed
using constrained dipole oscillator strength distribution techniques {72}, have provided
an additional motivation for obtaining the new low-resolution measurements. The earlier
dipole (e,e) photoabsorption measurements [284] were made without any correction for
background gases or non-spectral electrons and were restricted to a much more limited
energy range than the present work. In turn, the rather limited energy range resulted in
the extrapolation estimates to infinite energy having greater uncertainties. In the more
recent dipole (e,e) measurements very careful attention has been given to the background
subtraction procedures to correct both for background gases and non-spectral electrons.
For background subtraction a quarter of the sample pressure has been used instead
of entirely removing the sample gas. Such a procedure has been found to minimize
changes in the electron gun and electron beam conditions when sample gas pressures are
changed. Optimization of these conditions has been further assisted by the installation
of an additional stage of differential pumping between the gun and collision regions (see
section 3.1).

In the higher energy region (figure 6.1c) it can be seen that the data reported by
Samson et al. [279] are again in excellent agreement with the present work up to about
120 eV, but show lower oscillator strength values than the present work from 120 eV
to the extent of their data at 155 eV. Extrapolation of this rapidly decreasing high-
energy tail [279] to infinite energy results in a total valence-shell oscillator strength for
the direct photoabsorption that is less than the expected value of 8.34 (see above). When
a curve (equation 6.2.2) is fitted to the data of Samson et al. [279] from 90 to 155 eV and
extrapolated to infinity the integrated oscillator strength above 155 eV is found to be

0.23 which is significantly lower than the value of 0.51 obtained from the present work.
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Also shown on figure 6.1c is the fit to the presently measured experimental data from
90 to 200 eV which was used to estimate the amount of the total valence-shell oscillator
strength distribution above 200 eV.

There have been several photoabsorption measurements made in the smooth contin-
uum region of NH; above the first ionization potential [269-271, 273, 274] which are
reported only in rather limited energy ranges and have not been included on figure 6.1.
The cross-section data points reported by Sun and Weissler [269] from 9.0-25 eV and
at 33 eV show a very large scatter and appear to have a greater statistical error than
their quoted average error of 10%. Nevertheless, these data [269] are consistent with
the present data within their highest calculated error of 25%. The data of Walker and
Weissler [270] agree well with the present data above 10.5 eV, but are lower than the
present work below 10.5 eV. Metzger and Cook [271] have reported measurements from
12 to 22 eV which differ significantly from the present data in both shape and magnitude.
The measurements reported by Watanabe and Sood {273] in the continuum region from
12.5 to 21 eV are in very good agreement for both shape and magnitude with the present
work. In contrast, the absorption data reported by de Reilhac and Damany {274] from
28 to 99 eV are as much as 30% lower than the presently reported oscillator strengths,

and these differences exceed their estimated uncertainty of between 5 and 15%.

6.2.3 Absolute Photoabsorption Measurements for Ammonia Obtained at

High Resolution

The high-resolution (0.048 eV fwhm) photoabsorption oscillator strength spectrum of
ammonia was obtained in the present work by Bethe-Born conversion of a background

subtracted electron energy-loss spectrum, followed by normalization at 25 €V in the
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smooth continuum region to the new low-resolution data presented above in section 6.2.2
and table 6.1. The presently reported high-resolution oscillator strength measurements
for NHz shown in figure 6.2 and tables 6.2-6.6 are considered to be extremely accurate
since the high-resolution dipole (e,e) technique has produced results [26, 158] for helium
and molecular hydrogen which are in excellent agreement with the highest level ab initio
calculations reported in the literature [294-296)]. It should also be noted that the high-
resolution dipole (e,e) method is not subject to the large cross-section errors which can
occur in Beer-Lambert Law photoabsorption measurements because of “line-saturation”
effects (i.e., linewidth/bandwidth interactions) as discussed elsewhere [26, 158]. The
high-resolution absolute oscillator strength data for NH; are shown in figures 6.2a and
6.2b. The absolute photoabsorption oscillator strength (cross-section) data obtained from
the three different independent spectroscopic measurements shown in figure 6.2, namely
low- ([284] and present results) and high-resolution dipole (e,e) spectroscopy and direct
photoabsorption [279], show excellent agreement in the smooth continuum region above
about 13 eV. However, differences occur in the 10-12.5 €V region between the present
high-resolution work and the data of reference [279]. It should be noted however that
there is very good agreement between the presently measured low- and high-resolution
data, and the data reported by Wight et al. [284] in this energy region, which suggests
that the data reported by Samson et al. [279] are ~10-15% too high around the peak
maximum at about 12 eV. In the 6-13 eV region (figure 6.2a) the present high- and
low-resolution measurements show good consistency, given the differences in the energy

resolution of the two spectrometers.
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The presently reported high-resolution spectrum of ammonia shows several vibra-
tional progressions that have been stﬁdied in more detail in previously published pho-
toabsorption spectra obtained at higher resolution [247, 248, 251, 252, 254]. However
these measurements did not report absolute cross sections. All the excited electronic
states of ammonia have been shown to involve transitions to Rydberg orbitals and are
planar with D3, symmetry [285). The A~ X, D « X, E —« X, F — X,and G « X
bands correspond to electronic transitions from the 3a; orbital in the ground state (C3,)
of ammonia to the vibrational levels of the nsaj (Ds,) Rydberg orbitals, n = 3, 4, 5,
6, and 7, respectively. All the final states have A% symmetry (Ds;). The B — X and
C — X bands involve excitation from the 3a, orbital to the 3pe’ and 3pa; orbitals (in
D3, symmetry) giving final states of E” and A} symmetry, respectively. Ammonia has
four normal modes of vibration with ground-state frequencies of 3336.2, 932.5, 3443.6,
and 1626.1 cm™! [285]. However, in all the observed excited states the spacing between
the vibronic peaks is ~0.11 eV (880 cm™!) and this corresponds well with the v} out-of-

! in the ground state.

plane bending vibration (“umbrella mode”) frequency of 932.5 cm™
Excitation of the out-of-plane bending mode is consistent with the large change in the
geometry of the ammonia molecule in going from the ground electronic state of Cs, sym-
metry to the planar excited states of D3, symmetry. The A « X band has the transition
to v4=0 from the ground vibronic state at 5.73 eV and progresses through at least 14
further vibronic peaks with the transition of maximum intensity being at v,=6. Two
additional very weak peaks observed in the present spectrum at 5.50 and 5.62 eV have
been assigned previously as “hot-bands” [259]. While the lowest triplet state of ammonia

has been found to lie at about 0.4 eV below the A «— X onset [297-300] triplet state

excitation is not expected under the dipole dominated conditions of high impact energy
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(3000 eV) and zero degree mean scattering angle (i.e., negligible momentum transfer)
used in the present work. Thus the weak peaks at 5.50 and 5.62 eV are not considered
to result from transitions to triplet states. It Has been suggested that there is a broad
continuum underlying the A — X band [254], however this has not been validated exper-
imentally. Studies using jet-cooled NHj [256, 258] show very well resolved peaks in this
energy region and the apparent continuum decreases in intensity. Furthermore, calcula-
tions [301] have shown that the apparent continuum arises from the overlapping tails of
the vibronic line shapes, and the goodness of the fit of the Gaussian peak shapes to the
individual peaks in the A «— X band in the present work supports this conclusion (see
below). From higher resolution measurements [251] the B «— X band has been observed
to begin at 7.34 eV. However, in the present work the transition to v4=0 of the B « X
band is not resolved from the transition to v4=14 of the A « X band although there
is a clear asymmetry in this peak and also the next one. A third very weak progression
(C «— X) has been reported to start at about 7.9 eV in earlier, much higher resolution,
photoabsorption studies [16, 254], but this progression is largely obscured in the present
work by the more intense neighboring B « X and D « X bands. Evidence for this
third progression can nevertheless be seen in the slightly asymmetric peak shapes in the
8.0 to 8.5 eV region in figure 6.2a, as was also observed in earlier electron energy-loss
spectra reported by Lassettre et al. [16]. More recent spectroscopic work, using multi-
photon ionization techniques, has shown evidence for a further progression (¢' «— X ), in
this energy region [262-265). The D — X band [248, 249, 252] begins at 8.66 eV. The
transition to v,=0 of the E « X band has been previously reported at 9.33 eV [252].
However, in the present work both the transitions to v4=0 and v,=1 of the £ « X band

are obscured by higher transitions in the D «— X band and the subsequent members of
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the E «— X band result in the asymmetric peak shapes in the 9.5 to 10.3 eV region of
figure 6.2a. The origin of the F* « X band has been found to be at 9.64 eV [252] and
this band extends through 9 more transitions [273]. The origin of the G «— X band is
at 9.79 eV [273] and extends through at least 7 more transitions. Above ~10.5 eV the
bands observed in the present work become broad because of an overlapping of the many
vibronic transitions in the E « X , F— X and G « X bands.

In the presently obtained high-resolution spectrum (figure 6.2a) the spectral lines of
the lowest vibrational progression, corresponding to the A — X transition, have been
fitted with Gaussian line shapes (see figure 6.3) and the area of each peak yields the
oscillator strength for each individual vibronic transition. These values are shown in
table 6.2. It is found that the widths of the fitted peaks increase monotonically with
an increase in v5. The remainder of the peaks in the discrete excitation region of the
spectrum are composed of one or more overlapping vibronic transitions. The integrated
oscillator strengths obtained by integrating the present high-resolution differential oscil-
lator strength spectrum over the observed peaks are given numerically in tables 6.3-6.6.
Also included for comparison in tables 6.2-6.6 are integrated oscillator strength values
determined by first digitizing then numerically integrating previously reported absolute
photoabsorption spectra of ammonia [267, 268, 272, 273, 278, 280]. The errors in each of
the curve-fitting and numerical integration procedures are estimated to be +5%.

Table 6.2 gives the integrated oscillator strengths for transitions in the A — X band.
The present value of 0.07449 agrees within 5% with the results of Watanabe [268] and is
~25% lower than the result obtained from the data of Syage et al. [281]. In the energy

ranges above 6.12 eV there is also good agreement with results for (v,=4-14) reported
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Figure 6.3: Absolute dipole oscillator strengths for the photoabsorption of NHj; in the
region of the A «— X transition obtained at high resolution (0.048 eV fwhm). The dotted
lines represent the Gaussian peak shapes that have been fitted to the high-resolution
data. The solid line represents the sum of the fitted Gaussian peaks. The low-intensity
transition at 5.62 eV has been assigned previously as a “hot band” [259].
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by Suto and Lee [278). Tannenbaum et al. [267] and Thompson et al. [272] have re-
ported absolute cross sections below 7.2 €V and below 6.6 eV, respectively, and these
results are ~11% higher and ~33% lower thaﬁ the sum of the corresponding vibronic
transitions in the present work. In other work [261] using electron energy loss spectro-
scopy the integrated oscillator strength for the A « X band has been determined by
extrapolation of generalized oscillator strength measurements to zero momentum trans-
fer and was reported to be 0.0696. Other values for this integral are 0.13, determined
by photoabsorption [266], 0.072 determined by dispersion {288] and a calculated value of
0.0134 [266].

Table 6.3 gives the integrated oscillator strengths over the 7.42 to 8.62 eV energy
region which encompasses the B «— X (v4=1-10) and the ¢ « X bands, but excludes
the D « X band which begins at 8.66 €V. From table 6.3 it can be seen that the very-
high resolution optical measurements [268, 273] agree well with each other, but are not
consistent with either the somewhat lower resolution optical measurements [278] or the
present work. The oscillator strengths in the lower resolution optical spectrum [278] are
higher than those in the present work and the other optical measurements {268, 273] from
~8.2 to 8.6 €V, thus the integrated oscillator strength [278] over this region is almost
certainly too high. The spectrum reported by Syage et al. [281] is consistently higher than
the other spectra (the present work and [268, 273, 278)]) over the entire 7.42-8.62 energy
range. The results of the very-high resolution optical measurements [268, 273} may be too
low in this energy region because of “line-saturation” (bandwidth) effects (25, 26]. It has
been noted [263] that all of the excited states of ammonia show signs of predissociation,
which tends to broaden the spectral lines. Since higher resolution studies of the B,

and C (and C~") bands show resolvable rotational structure [250, 251, 254, 262-265],
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this indicates that predissociation has little effect on the linewidth of these bands. In
this situation the two very-high resolution optical measurements [268, 273] could well
suffer from the “line-saturation” effects, and result in too low a value for the integrated
oscillator strength over the band.

Tables 6.4, 6.5 and 6.6 show the remainder of the discrete excitation region from
8.62 to 11.53 eV. The data of Watanabe [268] agree very well, within 5%, with the
present data over the entire energy region. The data reported by Syage et al. [281] are
as much as 33% higher than the present work. The fact that the data of Watanabe
and Sood [268)] agree so well with the present work over the whole discrete energy region,
except from 7.42-8.62 eV as discussed above, further suggests that the differences between
the present dipole (e,e) results and the optical absorption measurements in this particular
energy region for ammonia, may be due to “line-saturation” errors in the optical work.
The data of Watanabe and Sood [273] agree well, within 10%, with the present data
over the energy region below 11.5 eV but show unexpected and unusual features in the
11.5-12.5 eV region. The data of Suto and Lee [278] agree well with the present data
from 8.62 to 9.32 eV (table 6.4) but are much lower from 9.32 to 11.5 €V. The results
(10.21-11.53 eV) of Xia et al. [280] are ~9% higher than the present measurements—see

table 6.6.

6.3 Constrained Dipole Oscillator Strength Distributions and Related Prop-

erties

It should be noted that the DOSD and dipole properties reported in this section were cal-
culated by Kumar and Meath {72] using the presently measured high- and low-resolution

oscillator strength data normalized to 8.13. The choice of 8.13 as the normalization factor
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was based on the work of Wight et al. [284), but the optimum normalization factor is 8.34,
as has been discussed with respect to the reported low-resolution oscillator strength data
in section 6.2.2. The slightly lower normalization factor used in this section is expected

to have an almost negligible effect on the derived dipole properties for ammonia [302].

6.3.1 Dipole Oscillator Strength Distribution for Ammonia

A DOSD for NH; was constructed some time ago (1977) by Zeiss et al. [29] who employed
methods that are the precursor to those used in this section. Such photoabsorption,
or equivalent data, as was available at the time was considered. However, because of
substantial disagreements amongst the available experimental data sets, and because of
the lack of NH; data for higher photon energies, the DOSD was based on the (Hz, N2)
mixture rule (equation 6.1) above 33 eV. It was noted [29] that the dipole oscillator
strength (DOS) data (4-100 eV) of Van der Wiel and Brion [282] generally agreed with the
mixture rule values to within 10%. New DOSDs for NH3; were constructed based on new
NH; oscillator strength data (see references {279, 303] and the present new experimental
data reported in sections 6.2.2 and 6.2.3) which have become available since the original
DOSD work on ammonia [29] was carried out. The dipole properties obtained from the
resulting constrained DOSDs are then compared with those {29] evaluated from the DOSD
of Zeiss et al. [29]. The sources of DOS data discussed and analyzed in reference [29] are
not considered explicitly in the construction of the DOSD for NH; reported below. The
data subsequently reported by Wight et al. [284] over the range 10-60 eV are also not
considered explicitly in what follows since it is now apparent that adequate background
subtraction procedures were not employed. This was confirmed by preliminary work [286)

which indicated that the data of Wight et al. [284] are too high relative to the new
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(background-subtracted) measurements reported in section 6.2.2.

The following experimental dipole oscillator strength data are considered for the con-
struction of the DOSDs for NH3: 5.685-30.88 eV (high-resolution data of section 6.2.3,
normalized to 8.13); 5.685-200 eV (low-resolution data of section 6.2.2, normalized to
8.13); 11.07-150.0 eV (Samson et al. [279]); 400-425 eV (Akimov et al. [303]). This
experimental molecular NH; data is augmented by employing the following mixture rule,

particularly for photon energies E > 150 eV,
1 3
(df [dE)(NHs) = L(df [dB)(No) + S(df[4E)(H). (6.1)

The input for this mixture rule uses the recommended N and H, DOSDs of Zeiss et
al. [29].

To construct the DOSD, the photoabsorption spectrum is divided into 26 energy
intervals as suggested by the structure of the spectrum and by the photon energy regions
corresponding to the various sources of DOS input data. The integrated DOSs for each
individual source, and for each relevant energy interval, are given in table 6.7 which also
contains the analogous results calculated from the adopted DOSD of Zeiss et al. [29].
The constraints used for constructing the DOSDs for NH; from the initial DOS input
data, are provided by Sy = 10 and by the experimental molar refractivity data of Frivold
et al. [287] and Friberg [288] at A = 2753 A and A = 5462 A, respectively. These are the
same constraints as employed by Zeiss et al. [29).

Three new DOSDs were constructed by taking the following combinations of the initial

dipole oscillator strength data:

DOSDA : 5.685-30.88 eV (present high-resolution data, normalized to 8.13); 30.88-

200 eV (present low-resolution data, normalized to 8.13); 400-425 eV (Akimov



Chapter 6. Photoabsorption and DOSD Studies of Ammonia 167

et al. [303]); all other energy regions (mixture rule equation 6.1).

DOSDB : 5.685-200 eV (present low-resolution data, normalized to 8.13); then as in
DOSDA.

DOSDC: 11.07-150 eV (Samson et al. [279]); then as in DOSDA.

Each of these initial DOSDs was modified, through requiring the constraints to be sat-
isfied, by using the constrained least squares procedure discussed earlier. The values of
the standard deviation (STD), see equation 2.52, for the resulting distributions are 2.68,
0.90 and 2.19, respectively. The STDs for all three DOSDs compare favorably with those
for many other DOSDs constructed using the methods employed here.

The constraints used to construct the DOSDs involve integrals over the DOSDs,
weighted by simple functions of E, and therefore are effective in a “global” sense over
a range of photon energies [66]. The constraints used are sensitive to different ranges
of photon energies [54, 73-75]. For example the energy region 5.685-50.0 eV yields
~98% of the molar refractivity constraints while ~100% of Sy arises from the energy
region 5.685-10* eV with ~92% arising from the 11.07-10% eV region. Therefore the
constrained DOSDs are generally reliable in the sense of yielding accurate results for
various related dipole properties, but not in the sense of providing accurate DOS values
at specific local energies or over narrow energy regions [66]. In the present context,
while the smaller values of STD imply that less modification of the initial DOS data
is required to satisfy the constraints, this cannot be used to discriminate between the
input data since the STDs are all small. The difference between the STDs for DOSDA
and DOSDB is essentially due to the energy region 5.685-7.563 €V, which contributes
only ~1% of Sy and ~10% of the molar refractivity constraints. The integrated oscillator

strengths corresponding to all the input data, and to the constrained DOSDs A, B, and C,
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are compared in table 6.7 which also contains the corresponding previously unpublished
results obtained from the recommended DOSD (STD = 2.64) of Zeiss et al. [29].

For common energy regions above 11.07 eV, the integrated DOSs obtained directly
from the presently reported high- and low-resolution data (estimated error +5%) agree
with each other, and are in essential agreement with those obtained from the data of
Samson et al. [279] (estimated error +3%), to within their combined experimental errors.
Exceptions are the results obtained from the data of Samson et al. [279] for 11.07-
12.40 €V and 124.4-150 eV which are ~12% and ~15% higher and lower, respectively,
than the present experimental work over the same energy ranges. For photon energies
below 11.07 eV the present high- and low-resolution integrated oscillator strengths also
agree well with each other except apparently in the 7.563-8.590 eV region where the low-
resolution data are larger by a factor of two. Of course in this narrow energy range the
low-resolution data are not realistic, since the fine structure in the discrete excitation re-
gion cannot be resolved. Thus local oscillator strength values in the discrete region of the
low-resolution spectrum where sharp structures exist are likely to be severely modified by
the “filling in of valleys” and “clipping of peaks” that occurs at low resolution. However,
the integrated oscillator strengths over the entire discrete region, obtained from the two
sets of measurements at high and low resolution, may be compared with each other. For
example, over the energy range 5.685-13.08 eV the high- and low-resolution integrated
oscillator strengths are 0.7125 and 0.7580 respectively; the corresponding results from
5.685-30.88 eV are 4.649 and 4.728.

The integrated oscillator strengths obtained from the constrained DOSDs generally
agree to within the estimated experimental error with the corresponding integrated DOSs

obtained from the experimental NH; data. The largest difference (~11%) occurs in the
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5.685-7.563 eV region for DOSDs A and C. Also the raw mixture rule data, used to
construct the constrained DOSDs for most energies greater than 200 eV, is only modified
by a few percent by the constraint procedures. Furthermore, the raw mixture rule data
predicts results for the integrated oscillator strengths between 150-200 eV that differ
by only ~6% with the values obtained from the constrained DOSDs. The integrated
oscillator strengths for the constrained DOSDs A, B, and C agree very well over the whole
energy domain with the largest disagreements being ~12% between DOSDs A and C and
DOSDB for 5.685-7.563 eV and ~11% and 15% between DOSDs A and B and DOSDC
for 11.07-12.40 €V and 124.4-150 eV respectively. The oscillator strength input used
to construct the adopted DOSD of Zeiss et al. [29] differs significantly from that used
to obtain the constrained DOSDs A, B, and C for the energy regions 5.685-150 eV and
400-425 eV and this results in the differences that occur between the relevant integrated
oscillator strengths in table 6.7.

The photoabsorption cross sections reported by Akimov et al. [303] in the K-edge
region exhibit structure with four peaks occurring at photon energies of 400.9, 4024,
403.6 and 404.5 €V and the cross sections at these energies are 1.398, 4.025, 1.525 and
1.751 Mb (1078 cm?), respectively. The use of the mixture rule, which was based on
atomic nitrogen data at high energies, in this energy region yields a single absorption
edge at E = 401.5 eV (i.e., the K-edge of N) with a cross section of 0.7670 Mb; the
K-edge of N is very close to the average (401.6 eV) of the energies associated with
the two most significant absorption peaks in the molecular K-edge measurements. The
mixture rule absorption maximum is about five times smaller than the highest molecular
K-edge maximum [303]. For the energy region 400-425 eV, around the K-edge, the

integrated DOSs for the mixture rule data, and the data reported by Akimov et al. [303]
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are 1.543(—1) and 2.610(—1), respectively. However at 400 eV, and for E >420 €V, the
mixture rule and molecular DOSs agree to within 10 and 20% respectively; the estimated
experimental error in the molecular cross section data reported by Akimov et al. [303] is
about 15%.

The disagreement between the mixture rule and the ammonia experimental data at,
and close to, the K-edge reflects the very different photoabsorption effects occurring in
atomic nitrogen and NH; at these photon energies. An analogous effect has also been
discussed by Kumar and Meath (74, 75] for the L; absorption of HCI (see also Eberhardt
et al. [304] and Yates et al. [246]). In general, mixture rules, which are based on additivity
principles [54, 55, 244, 245], work reasonably well for photon energies greater than about
60 eV and become more reliable for high photon energies, except near photoabsorption
edges where significant deviations from additivity can occur because of specific molecular
effects; examples can be taken from table 6.7 and references [48, 66, 73-75, 120, 305, 306].

The averaged oscillator strength results obtained from constrained DOSDA, calcu-
lated for each energy block in table 6.7, are compared with the initial high- and low-
resolution valence-shell oscillator strengths in a global perspective over the entire spectral
range in figure 6.4. Figure 6.5 provides an alternative representation of the integrated
DOSDA (table 6.7) on a linear scale in the region below 200 eV. These figures show that
the averaged constrained DOSD data provide an effective representation of the experi-

mental data from 5.685 to 200 eV.

6.3.2 Dipole Properties for Ammonia

The results for the Sk, ~12 < k < 2, and the L; and I, for —2 < k < 2, evaluated by

using the constrained DOSDs A and B, and the initial DOSDA are compared in table 6.8
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Figure 6.4: Absolute experimental low-resolution (~1 eV fwhm) and high-resolution
(0.048 €V fwhm) photoabsorption data for NH; as a function of wavelength. The hatched
lines indicate the positions of the lowest energy valence-shell vertical ionization potential
(VIP) and the nitrogen K-shell VIP. The average constrained DOSD data points, calcu-
lated for each energy block in the valence- and nitrogen K-shell regions, are taken from
DOSD A (table 6.7). The energy position of each of these data points is the midpoint
of the energy region over which the particular integrated oscillator strength value was
determined and the associated differential oscillator strength value for these data points
is the integrated oscillator strength value divided by the width of the energy region.
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40-200 eV. Each integrated oscillator strength value (table 6.7) is represented by a
hatched block with a base which spans the energy range over which the value was deter-
mined and with an area equal to the integrated oscillator strength value.
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with the results reported by Zeiss et al. [29]. The results for the constrained DOSDC
are not included in the table since they differ insignificantly from those of constrained
DOSDA and DOSDB. The dipole properties obtained from the constrained DOSDs agree
very well with each other and certainly to well within the estimated errors in the present
results for the dipole properties (these are discussed later in this section). Nominally
we choose the results for the dipole properties obtained from constrained DOSDA as
recommended values since they are derived using spectroscopically more reliable oscillator
strength input data than DOSDB, especially in the low photon energy region of the NH3
photoabsorption spectrum. The results for the molar refractivity of NH; evaluated using
constrained DOSDA are compared with experiment [287-289] in table 6.9 as a function
of wavelength; analogous results were not obtained in [29]. It is clear that the calculated
results for R, are in excellent agreement with experiment with the maximum discrepancy
being only ~0.07%. The dipole property S_, is related to the static dipole polarizability
which in turn is proportional to R,. The recommended result of S_; = 14.56 can be
compared with values obtained from refractivity measurements {307}, 14.57, and from
dielectric constant measurements [308, 309}, 14.71 and 14.2.

The results for the dipole properties (table 6.8) evaluated using the initial (unmodi-
fied) DOSDA, leading to the constrained DOSDA for NH3, agree reasonably well with the
recommended properties which indicates the high quality of the input DOSs. The effect
of applying the constraint procedure is only 0.3% for S3, ~1% for S;, ~2% for Sy, and in-
creases as k decreases, to ~3.5% for S_;, ~4.5% for S_;, and ~9.5% for S_;5. For the L;
the differences are <1% for k > 0 and ~7% for k = —1 and —2. Berkowitz [83] analyzed
the absolute photoabsorption data available before 1979 for NH; and used atomic addi-

tivity (Henke et al. [310]) to extend the molecular data for photon energies greater than
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62 eV. The dipole sums so obtained are Sy = 9.38, S_; = 8.70 and S_,; = 14.04 which are
~6.2%, 6.6% and 3.6% lower than the recommended values. Samson et al. [279] obtained
So = 9.78 by combining their DOS data from 11-150 eV with that used by Berkowitz
below 11 eV and above 150 eV.

The recommended results for the dipole properties of NH; (table 6.8) generally agree
with the results of Zeiss et al. [29] to within their estimated errors; this is partly due to
the use of the same constraints in the construction of the corresponding DOSDs. For the
Sk the discrepancies are ~2.3% for k£ = 1, <0.5% for £k = 2 and —12 < k < 0; for I}
they are <2% for all k. Error estimates were not given for the Ly in reference [29]; the
differences in the two sets of values are <1% for k¥ = 2,—1, -2, and ~2.5% for k = 1 and
0 respectively.

There are a number of ab initio calculations available for the electronic static dipole
polarizability, a(A = o0) = a3S_;, of NH3. A coupled Hartree Fock calculation [311],
using an extended complete neglect of differential overlap (CNDO) basis set, yielded
S_2 = 15.39 while a value of S_; = 13.43 was obtained [312] using an CNDO/2-FPP
(finite perturbation plus polarization) approach. There are also ab initio calculations
at the SCF level and these correspond to Hartree Fock, S_, = 12.71 [313], coupled
Hartree Fock, S_, = 12.90 [314) and 12.80 [315], time-dependent coupled Hartree Fock,
S_2 = 12.95 [316] and derivative Hartree Fock, S_; = 12.83 [317], treatments. These
results do not include the small vibrational averaging effect and are much smaller than
the present recommended result of S_; = 14.56. Only the calculations of Werner and
Meyer [318] include vibrational averaging effects. Their pseudo natural orbital configu-
ration interaction and coupled electron pair approximation results are S_, = 14.55 and

14.96, respectively; the former is in excellent agreement with the present recommended
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result, the latter is ~2.5% higher. Diercksen and Sadlej [319] have used fourth-order
many-body perturbation theory to compute S_; and their result, including the vibra-
tional averaging correction (0.26) evaluated by Werner and Meyer {318}, is 14.63. Corre-
lation contributions to S_, have also been considered by Maroulis [320] and by Wormer
and Hettema [321] using many-body perturbation theory methods and these calculations
yield values of 14.01 and 14.136, respectively.

Reinsch [322] has computed the dynamic polarizability a()), see equation 2.44, of NH;
for A = co and 2278.2 < A < 9112.7 A, using a time-dependent Hartree Fock approach
and the basis set B of Werner and Meyer [318]. The values obtained by Reinsch [322]
for A = oo and A = 9112.7 A are ~5% lower than the present results obtained using

constrained DOSDA and the discrepancy increases to ~20% at A = 2278.2 A.

6.3.3 The Reliability of Calculated Dipole Properties

The uncertainties in the recommended values of the dipole properties of ammonia deter-
mined by Kumar and Meath [72] can be estimated by employing procedures discussed
previously (29, 48, 74, 75]. The approach is to compare the adopted results with those de-
rived from alternative DOSDs satisfying the same constraints. The uncertainty estimates
thus obtained are less reliable for those properties that do not depend significantly on the
spectral regions which dominate the constraints, namely the properties corresponding to
k = 2, and to a lesser extent k¥ = 1 and k¥ < —4. A detailed discussion of the photon
energy dependence of the dipole properties can be found in references {54, 73-75]. For
k > 1, the uncertainties in the dipole properties are influenced by the uncertainties in
the very high energy DOS data used in constructing the DOSD, which are generally a

few percent.
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Using the results for various alternate DOSDs constructed for NH; (this work, and
references [29, 286]) we estimate the uncertainties in the recommended results for the
dipole properties to be <3% for S;, S1, L2, L, and I, <1% for S, 0 < k£ < -5,
and for L_,, I_,, and I_3, <1-2% for S, —6 < k < -10, L_; and I;, and ~3-4%
for S_12. The uncertainty of ~3% in Lo, and hence in Iy, is relatively high because of
a partial cancellation [74, 75] between the positive and negative parts of Lo; for NHa,
Lo(E < Eg) ~ —1.9 while Lo(E > Ey) ~ 8.4. The uncertainties in the recommended
results for the dipole properties of NH; are also based on the assumption that the molar
refractivities, used as constraints in the construction of the DOSDs, have experimental
errors associated with accurate measurements, namely a few tenths of a percent.

The application of the constrained DOSD method to NHj results in relatively little
modification of the high- and low-resolution oscillator strength data of this work, or
of the data of Samson et al. [279]. These three measurements are in close agreement
over most of their common energy regions. The high quality of the experimental DOSD
data used to construct the ammonia DOSDs is further exemplified by the comparison,
made earlier, of the dipole properties obtained from the initial DOSDA with those from
the constrained DOSDA. Relative to many other applications of the constrained DOSD
method, very little modification of the initial data is required to satisfy the constraints and
the differences between the two sets of dipole properties, see table 6.8, are relatively small.
The recommended dipole properties reported here, as obtained from the constrained
DOSDA, show only small differences from the results of the original calculations of Zeiss
et al. [29). However, the values obtained here are to be (nominally) preferred since they
are based on newer, more reliable DOS input data which span a much wider energy

range than the data available to Zeiss et al. [29]. On the other hand, the integrated
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oscillator strengths for DOSDA and constrained DOSDA are clearly preferred relative to
those obtained from the recommended DOSD of reference {29]. The excellent agreement
between the recommended dipole properties and those of reference [29] is a good example
of the usefulness of the constrained DOSD approach for evaluating molecular properties.
Very similar properties are obtained from different sets of DOS input data provided that
they are in agreement by ~10-20%. For example, the recommended DOSD of Zeiss et
al. [29] was based on the mixture rule DOS data for photon energies above 33 eV which are

significantly different from the other input DOS data considered here for 30.88-100 eV.
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Table 6.1: Absolute oscillator strengths for the total photoabsorption of ammonia from
5.5 to 200 eV measured by low-resolution (1 eV fwhm) dipole (e,e) spectroscopy.

Oscillator Oscillator Oscillator
Energy strength Energy strength Energy strength
eV | (107%eV e | ev | (10-2 eV-1)e eV [ (1072 eV-1)e
5.5 0.00 14.0 21.51 22.5 23.72
6.0 2.74 14.5 24.29 23.0 22.90
6.5 5.50 15.0 27.87 23.5 22.44
7.0 3.66 15.5 29.86 24.0 22.15
7.5 2.38 16.0 30.73 24.5 21.00
8.0 2.07 16.5 30.40 25.0 20.25
8.5 3.42 17.0 30.39 25.5 19.90
9.0 8.02 17.5 30.39 26.0 18.78
9.5 10.09 18.0 29.20 26.5 18.19
10.0 11.47 18.5 28.84 27.0 17.71
10.5 13.61 19.0 28.64 27.5 17.34
11.0 18.80 19.5 28.00 28.0 16.86
11.5 20.64 20.0 27.36 28.5 16.36
12.0 20.60 20.5 26.12 29.0 15.97
12.5 19.53 21.0 25.56 29.5 15.56
13.0 17.70 21.5 25.04 30.0 14.76
13.5 18.72 22.0 24.31 30.5 13.91
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Table 6.1: (continued) Absolute oscillator strengths for the total photoabsorption of
ammonia.

Oscillator Oscillator Oscillator
Energy strength Energy strength Energy strength
eV | (1072 eV-1)e eV [ (1072 eV-1)e eV | (1072 eV-1)e
31.0 13.77 39.5 8.26 56.0 3.62
31.5 13.49 40.0 8.15 57.0 3.51
32.0 13.03 41.0 7.84 58.0 3.37
32.5 12.74 42.0 7.36 59.0 3.26
33.0 12.30 43.0 6.87 60.0 3.12
33.5 11.74 44.0 6.56 61.0 3.03
34.0 11.48 45.0 6.25 62.0 2.89
34.5 11.15 46.0 5.92 63.0 2.81
35.0 10.84 47.0 5.68 64.0 2.70
35.5 10.51 48.0 5.40 65.0 2.63
36.0 10.12 49.0 5.20 66.0 2.55
36.5 9.57 50.0 4.89 67.0 2.45
37.0 9.57 51.0 4.70 68.0 2.32
37.5 9.24 52.0 4.41 69.0 2.21
38.0 9.08 53.0 4.28 70.0 2.18
38.5 8.82 54.0 4.11 71.0 2.13
39.0 8.70 55.0 3.90 72.0 2.01
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Table 6.1: (continued) Absolute oscillator strengths for the total photoabsorption of
ammonia.

Oscillator Oscillator Oscillator
Energy strength Energy strength Energy strength
eV | (1072eV-1)r | eV [ (1072 eV-1)e eV | (1072eV-l)e
73.0 1.96 100.0 0.90 134.0 0.48
74.0 1.90 102.0 0.87 136.0 0.46
75.0 1.74 104.0 0.82 138.0 0.45
76.0 1.77 106.0 0.81 140.0 0.44
71.0 1.69 108.0 0.75 142.0 0.43
78.0 1.68 110.0 0.74 144.0 0.41
79.0 1.60 112.0 0.69 146.0 0.41
80.0 1.57 114.0 0.67 148.0 0.40
82.0 1.49 116.0 0.66 150.0 0.38
84.0 1.38 118.0 0.64 152.0 0.37
86.0 1.31 120.0 0.60 154.0 0.37
88.0 1.24 122.0 0.58 156.0 0.35
90.0 1.17 124.0 0.57 158.0 0.35
92.0 1.11 126.0 0.55 160.0 0.34
94.0 1.06 128.0 0.52 162.0 0.33
96.0 0.98 130.0 0.51 164.0 0.32
98.0 0.96 132.0 0.49 166.0 0.31
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Table 6.1: (continued) Absolute oscillator strengths for the total photoabsorption of
ammonia.

Oscillator Oscillator Oscillator
Energy strength Energy strength Energy strength
eV | (1072 ev-1)e eV | (1072 eV-1)e eV | (1072 ev-1)=
168.0 0.30 180.0 0.28 192.0 0.24
170.0 0.30 182.0 0.27 194.0 0.24
172.0 0.30 184.0 0.26 196.0 0.23
174.0 0.28 186.0 0.26 198.0 0.24
176.0 0.28 188.0 0.25 200.0 0.24
178.0 0.27 190.0 0.25

*0(Mb)=1.0975x 102(df /dE)(eV~1).
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Table 6.2: Absolute integrated oscillator strengths for the A « X band of the
photoabsorption spectrum of NH; from 5.67 to 7.42 eV. The areas of the Gaussian
peak shapes which have been fitted to the presently measured high-resolution pho-
toabsorption oscillator strength data (see text for details) are given along with inte-
grated oscillator strength data obtained from previously reported absolute photoab-
sorption data [267, 268, 272, 278, 281]. These differential oscillator strength spec-
tra [267, 268, 272, 278, 281] have been digitized and have been numerically integrated
over the listed energy ranges.

Vibrational | Photon Integrated Oscillator Strength (1072)
Quantum Energy HR data
Number Range Present
AL (eV) Work [267) [268) [272] [278] [281)
0 5.67-5.78 0.0300 0.0294 0.0233 0.0233 0.0414
1 5.78-5.89 0.100 0.112 0.0877 0.0794 0.113
2 5.89-6.00 0.236 0309 0.264 0.184 0.270
3 6.00-6.12 0.421 0.557 0.401 0.294 0.564
4 6.12-6.24 0.628 0835 0.681 0.463 0.662 0.816
5 6.24-6.35 0.793 0995 0901 0.590 0.848 1.01
6 6.35-6.46 0.903 1.11 1.02 0.665 0.884 1.11
7 6.46-6.58 0.929 1.14 0932 0.657 0.924 1.06
8 6.58-6.70 0.868 1.05 0954 0.744 0901 1.10
9 6.70-6.82 0.757 0.774 0.834 0.752 0.996
10 6.82-6.94 0.610 0.619 0.632 0.541 0.671
11 6.94-7.06 0.473 0452 0434 0.405 0.511
12 7.06-7.18 0.332 0.300 0.313 0.282 0.423
13 7.18-7.29 0.222 0.197 0.177 0.302
14 7.29-7.42(®) | 0.147 0.134 0.105 0.264
Total 7.449 8.28 7.81 3.700 6.481 9.27

“The energy region from 7.29-7.42 eV includes contributions from the A(vh, = 14) — X and B(v, =
0) — X vibronic transitions. The position of the origin of the B — X band was determined to overlap
with the A(v2 = 14) — X transition by Douglas and Hollas using high-resolution optical absorption
spectroscopy [251).
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Table 6.3: Absolute integrated oscillator strengths for the 7.42-8.62 €V energy region of
the photoabsorption spectrum of NHs. The presently reported high-resolution differential
oscillator strength data have been integrated over the listed energy regions. Previously
reported photoabsorption spectra in the 7.42-8.62 eV energy range [268, 273, 278, 281}
have been digitized and then integrated over the same energy regions for comparison.

Photon Integrated Oscillator Strength (10~?)
Energy | HR data
Range Present
(eV) Work [268] [273] [278] [281]
7.42-7.52 | 0.0906 0.0784 0.0686 0.187
7.52-7.65 | 0.0930 0.0771 0.0624 0.0760 0.205
7.65-7.75 | 0.0994 0.0642 0.0660 0.0872 0.179
7.75-7.87 | 0.137 0.0911 0.0996 0.134 0.201
7.87-8.00 | 0.169 0.130 0.179 0.170 0.220
8.00-8.11 | 0.182 0.164 0.164 0.238 0.243
8.11-8.25 | 0.200 0.138 0.183 0.231 0.305
8.25-8.36 | 0.176 0.110 0.104 0.260 0.215
8.36-8.49 | 0.176 0.122 0.143 0.252 0.244
8.49-8.62 | 0.218 0203 0.192 0.291 0.285
Total 1.541 1.178 1.193 1.808 2.284




Chapter 6. Photoabsorption and DOSD Studies of Ammonia 184

Table 6.4: Absolute integrated oscillator strengths for the 8.62-9.32 eV energy region of
the photoabsorption spectrum of NHz. The presently reported high-resolution differential
oscillator strength data have been integrated over the listed energy regions. Previously
reported photoabsorption spectra in the 8.62-9.32 eV energy range (268, 273, 278, 281]
have been digitized and then integrated over the same energy regions for comparison.

Photon | Integrated Oscillator Strength (10~%)
Energy | HR data

Range | Present

(eV) Work  [268] [273] ([278] ([281]
8.62-8.68 | 0.137 0.134 0.133 0.171 0.160

8.68-8.83 | 0.527 0.666 0.543 0.577 0.966

8.83-8.95( 0.778 0.709 0.886 0.732 1.04

8.95-9.07} 1.04 1.01 117 131 145

9.07-9.20 | 1.27 1.18 138 1.15 1.57

9.20-9.32 | 1.37 1.52 158 131 1.68
Total 5.12 522 569 525 6.85
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Table 6.5: Absolute integrated oscillator strengths for the 9.32-10.21 eV energy region of
the photoabsorption spectrum of NH;. The presently reported high-resolution differential
oscillator strength data have been integrated over the listed energy regions. Previously
reported photoabsorption spectra in the 9.32-10.21 eV energy range [268, 273, 278, 281]
have been digitized and then integrated over the same energy regions for comparison.

Photon Integrated Oscillator Strength (10~2)
Energy | HR data
Range Present
(eV) Work  [268] [273] [278] [281]
9.32-9.45 1.38 1.50 141 1.24 155
9.45-9.59 1.45 1.57 147 1.25 147
9.59-9.72 1.31 1.25 1.52 0.968 1.37
9.72-9.84 1.21 125 142 0978 1.26
9.84-9.97 1.22 1.19 1.28 0.979 1.29
9.97-10.09 1.21 1.08 1.20 0.968
10.09-10.21 1.26 1.13 1.36 1.02
Total 9.04 897 9.66 7.40 6.94
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Table 6.6: Absolute integrated oscillator strengths for the 10.21-11.53 eV energy region of
the photoabsorption spectrum of NH3. The presently reported high-resolution differential
oscillator strength data have been integrated over the listed energy regions. Previously
reported photoabsorption spectra in the 10.21-11.53 eV energy range {268, 273, 278, 280}
have been digitized and then integrated over the same energy regions for comparison.

Photon Integrated Oscillator Strength (10~2)
Energy HR data
Range Present
(eV) Work  [268] [273] [278] [280]
10.21-10.34 1.35 1.27 1.48 1.07 1.26

10.34-10.47 1.45 137 162 120 1.83
10.47-10.60 1.69 1.68 219 144 1.79
10.60-10.72 1.64 162 169 141 1.83
10.72-10.84 1.95 1.84 197 166 2.18
10.84-10.97 2.15 209 224 180 2.36
10.97-11.11 2.54 244 265 216 2.77
11.11-11.23 2.37 226 261 192 2.70
11.23-11.38 2.92 271 3.02 238 3.21

11.38-11.53 2.97 3.17 298 237 3.26
Total 21.03 2045 2245 17.41 22.89




Table 6.7: Integrated dipole oscillator strengths in selected photon energy ranges for NH3. This table contains the
constrained integrated oscillator strengths and also the integrated oscillator strengths obtained from unmodified
experimental or mixture rule data. The integrated DOSs obtained from the recommended DOSD of Zeiss et al. [29]
are shown for comparison.

Integrated Oscillator Strength®

Energy Constrained | Constrained | Constrained High- Low- Samson Mixture Zeiss
Region Values Values Values Resolution | Resolution | et al. [279] |  Rule et al. [29]

(eV) DOSDA® DOSDB?*¢ DOSDC? Data? Data®? PhAbs. Eq 6.1 DOSD
5.685-7.563 | 8.278(-2) | 7.349(-2)° | 8.197(-2) | 7.384(-2) | 7.122(-2)° 8.023(~-2)
7.563-8.590 | 1.334(-2) | 2.622(-2)° 1.333(-2) | 1.324(-2) | 2.613(-2)° 1.141(-2)
8.590-10.19 | 1.418(-1) | 1.445(-1)° 1.408(—1) | 1.359(-1) | 1.429(-1)° 1.460(-1)
10.19-11.07 | 1.231(-1) | 1.322(-1)¢ 1.225(-1) | 1.201(-1) | 1.314(-1)° 1.267(-1)
11.07-12.40 | 2.677(-1) 2.645(-1) 2.936(—1) | 2.574(-1) | 2.618(-1) | 2.873(-1) 2.769(-1)
12.40-13.08 | 1.136(-1) 1.251(-1) 1.152(-1) | 1.121(-1) | 1.246(-1) | 1.145(-1) 1.161(-1)
13.08-14.06 | 1.736(-1) 1.855(-1) 1.709(-1) | 1.707(-1) | 1.845(-1) | 1.695(-1) 1.765(-1)
14.06-18.05 1.187(0) 1.146(0) 1.166(0) 1.105(0) 1.119(0) 1.124(0) 1.170(0)
18.05-22.03 1.084(0) 1.069(0) 1.063(0) 1.040(0) 1.050(0) 1.040(0) 1.077(0)
22.03-25.09 | 6.657(-1) 6.729(-1) 6.663(—1) | 6.532(-1) | 6.657(—1) | 6.592(-1) 6.731(-1)
25.09-28.02 | 5.371(-1) 5.275(-1) 5.235(—1) | 5.304(-1) | 5.232(-1) | 5.197(-1) 5.353(-1)
28.02-30.88 | 4.403(-1) 4.311(-1) 4.347(-1) | 4.365(-1) | 4.283(-1) | 4.323(-1) 4.167(~1)
30.88-40.0 | 9.647(-1) 9.639(-1) 9.644(-1) 9.504(—1) | 9.541(—1) ] 8.820(-1) | 9.096(-1)
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Table 6.7: Integrated dipole oscillator strengths for NH; (continued).

Integrated Oscillator Strength®

Energy Constrained | Constrained | Constrained High- Low- Samson Mixture Zeiss
Region Values Values Values Resolution | Resolution | et al. [279] Rule et al. [29]

(eV) DOSDA® DOSDB*¢ DOSDC? Data? Data‘? PhAbs. Eq 6.1 DOSD
40.0-50.0 6.245(-1) 6.255(—1) 6.236(—1) 6.199(-1) | 6.198(~1) [ 5.967(-1) { 6.011(~1)
50.0-60.0 3.835(-1) 3.841(-1) 3.912(-1) 3.820(-1) | 3.898(—1) | 4.414(-1) | 4.339(-1)
60.0-80.0 4.363(-1) 4.373(-1) 4.474(-1) 4.346(—1) | 4.457(-1) | 5.554(-1) | 5.414(-1)
80.0-100.0 | 2.328(-1) 2.332(-1) 2.417(-1) 2.324(-1) | 2.412(-1) | 2.991(~1) | 2.955(-1)
100.0-124.4 | 1.691(-1) 1.693(-1) 1.738(-1) 1.689(—-1) | 1.735(-1) { 1.913(~1) | 1.907(-1)
124.4-150.0 | 1.152(-1) 1.153(-1) 9.772(-2) 1.151(-1) | 9.764(-2) | 1.199(-1) { 1.196(-1)
150.0-200.0 | 1.421(-1) 1.423(-1) 1.422(-1) 1.420(-1) 1.341(-1) | 1.335(-1)
200.0-400.0 | 1.672(-1) 1.679(-1) 1.678(-1) 1.667(—1) | 1.663(-1)
400.0-425.0 | 2.623(-1) 2.639(-1) 2.637(-1) 2.610(—1)¢ | 1.543(-1) | 1.543(-1)
425-1000.0 1.289(0) 1.314(0) 1.311(0) 1.268(0) | 1.268(0)
1000.0-10* | 3.802(-1) 3.814(-1) 3.812(-1) 3.793(~1) | 3.795(-1)
10%-10° 3.301(-3) 3.301(-3) | 3.301(-3) 3.301(-3) | 3.300(-3)
108-00 5.832(-8) 5.832(-8) 5.832(—8) 5.832(-8) | 5.830(—8)

*Power of ten is in parentheses e.g. 8.278(—2)=8.278x102.

Determined by Kumar and Meath [72).

Involves low-resolution data. As discussed in the text, the integrated oscillator strengths in the discrete excitation region (below
11.07 eV) may not be reliable due to resolution effects, whereas the total integrated oscillator strength from 5.685-11.07 eV is reliable.

4Experiment, present work, see also reference [323) for further details.

¢Akimov et al. [303] nitrogen K-shell photoabsorption data.
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Table 6.8: The dipole sums S, logarithmic dipole sums L, and mean excitation energies Iy for NHj calculated from
various DOSDs. The previously reported results of Zeiss et al. [29] are shown for comparison. The values obtained
from the constrained DOSDA are recommended.

Property Initial Constrained | Constrained | Zeiss ef al. || Property Initial Constrained | Constrained | Zeiss et al.
DOSDA* DOSDA DOSDB DOSDA [29] DOSDA DOSDA DOSDB DOSD [29]
Sa 6.175(3) 6.193(3) 6.214(3) 6.156(3) S-12 2.457(6) 2.746(6) 2.898(6) 2.758(6)
Sy 7.257(1) 7.329(1) 7.393(1) 7.162(1)
So 9.772(0) 1.000(1) 1.000(1) 1.000(1)
S-1/2 8.341(0) 8.602(0) 8.581(0) 8.625(0) L, 3.846(4) 3.853(4) 3.861(4) 3.842(4)
S_q 8.975(0) 9.310(0) 9.290(0) 9.319(0) Ly 2.377(2) 2.395(2) 2.417(2) 2.340(2)
S_a/2 1.077(1) 1.123(1) 1.122(1) 1.123(1) Lo 6.970(0) 6.962(0) 7.049(0) 6.796(0)
S_2 1.391(1) 1.456(1) 1.456(1) 1.456(1) | P —2.480(0) | —2.671(0) -2.681(0) | —2.641(0)
S_s/2 1.906(1) 2.004(1) 2.006(1) 2.005(1) L_, —7.962(0) | —8.466(0) —8.496(0) | —8.479(0)
S_a 2.757(1) 2.913(1) 2.915(1) 2.916(1)
S_4 6.687(1) 7.140(1) 7.120(1) 7.144(1) I(eV) 1.380(4) 1.370(4) 1.359(4) 1.397(4)
S_s 1.921(2) 2.073(2) 2.056(2) 2.071(2) Ii(eV) 7.195(2) 7.143(2) 7.151(2) 7.134(2)
S-6 6.287(2) 6.855(2) 6.768(2) 6.840(2) Io(eV) 5.553(1) 5.459(1) 5.507(1) 5.369(1)
S_s 8.633(3) 9.547(3) 9.468(3) 9.527(3) I_;(eV) | 2.064(1) 2.043(1) 2.039(1) 2.050(1)
S_10 1.404(5) 1.564(5) 1.588(5) 1.565(5) I_,(eV) | 1.535(1) 1.521(1) 1.518(1) 1.520(1)

*Power of ten in parentheses e.g. 6.175(3)=6.175 x 103.
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Table 6.9: Values of the molar refractivit
evaluated using the constrained DOSD
experimental data [287-289].

Molar Refractivity Molar Refractivity
Constrained Constrained

A(A) | DOSD A Experiment || A () | DOSD A Experiment
6709.0 5.571 5.570¢ 3861.0 5.876 5.878¢°
6564.0 5.577 5.581% 3544.0 5.976 5.978¢
6440.0 5.583 5.582¢ 3342.0 6.060 6.062°
5895.0 5.612 5.615° 2968.0 6.292 6.290°
5792.0 5.618 5.618¢ 2926.0 6.327 6.326°
5771.0 5.620 5.619¢ 2894.0 6.356 6.356°
5462.0 5.642¢ 5.642b<d 2857.0 6.391 6.391¢
5210.0 5.663 5.663¢ 2760.0 6.496 6.495°
5087.0 5.675 5.675¢ 2753.0 6.504° 6.504¢
4917.0 5.693 5.697°, 5.694° || 2675.0 6.607 6.606°
4801.0 5.707 5.708¢ 2577.0 6.765 6.766°
4359.0 5.770 5.773b 2464.0 7.010 7.006°
4109.0 5.818 5.820° 2447.0 7.055 7.052°
3985.0 5.845 5.848° 2346.0 7.393 7.392¢

®Used as constraints in constructing the DOSD.
SFrivold et al. [287].
‘Friberg [288], normalized to

4Cuthbertson and Cuthberts

Frivold et al. [287) at A = 5462.0 A.
on [289], normalized to Frivold ef al. [287] at A = 5462.0 A.
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Chapter 7

Photoabsorption and DOSD Studies of the Methylamines

7.1 Introduction

The absolute photoabsorption spectra of the methylamines are of interest and importance
in many areas of science and technology. For example, monomethylamine has been
observed in the interstellar medium [103], in the atmosphere of Halley’s comet {324, 325],
has been included in models of the atmospheres of Uranus and Saturn [326, 327], and
is known from photochemistry to be a low-energy source of NH, and NH radicals [243].
The use of trimethylamine as an additive (“seed” compound) to improve the performance
of UV pre-ionized lasers has been explored [328]. Therefore, absolute photoabsorption
oscillator strength (cross-section) data for the methylamines, and the associated dipole
properties, are of importance in astrophysics, laser physics, photochemistry, or in any
other application where the interaction of high-energy radiation or particles with these
molecules is to be understood. Such measurements and properties should also provide a
test-bed for ab initio calculations of absolute oscillator strengths and dipole properties.
However, few such calculations have been reported for the methylamines. The study
of photoabsorption oscillator strength data and dipole properties for series of related
molecules also yields useful information about functional group additivity trends and
their effects on the absorption of highly energetic electromagnetic radiation. A systematic

study of such trends can be used to predict the oscillator strength distributions and dipole
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properties of larger, more complex molecules for which no data exist, or for which direct
measurement may be difficult [54-56, 244].

There is very little absolute photoabsorption oscillator strength data available in the
literature for the methylamines which is in striking contrast to the wealth of quantitative
information available for the parent member of this series, NHj (see section 6.1). Absolute
photoabsorption spectra for the methylamines and ammonia have been reported by Tan-
nenbaum et al. [267] in the limited energy region 4.8~7.8 eV. In other work, Bertrand et
al. [277] have measured differential photoabsorption oscillator strengths for CH3NH; and
(CH;3).NH at 10.03 eV, and Grosjean and Bletzinger [328] have measured the absolute
photoabsorption spectrum of (CH3)3N from 8.0-10.8 V.

In the experimental study of the methylamines CH3NH,; (monomethylamine, meth-
anamine), (CH3);NH (dimethylamine, N-methylmethanamine), and (CH3)3N (trimeth-
ylamine, N,N-dimethylmethanamine), detailed and wide-ranging absolute oscillator
strength data are obtained for these molecules in the energy region from the first excita-
tion threshold to 250 eV. In the associated theoretical work by Kumar and Meath these
measured oscillator strengths are used along with mixture rule data, and molar refrac-
tivity and Thomas-Reiche-Kuhn (TRK) sum rule constraints, to determine constrained
dipole oscillator strength distributions (DOSDs) for these molecules. The DOSDs are,
in turn, used to determine reliable values for many of the important dipole properties
for the methylamines. These absolute high- and low-resolution oscillator strength data
for the methylamines are presented in section 7.2 along with a detailed discussion of
the measured spectra and the spectral assignments. The general method used for the
construction of the DOSDs and for the evaluation of the dipole properties of the meth-

ylamines is outlined in section 2.8, and the results are given in section 7.3 along with an
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analysis of the uncertainty limits placed on the results for the dipole properties.

7.2 Results and Discussion

7.2.1 Electronic Structure of the Methylamines

The symmetry groups of highest symmetry that CH;3NH;, (CHs);NH, (CH;)sN, belong
to are C,, C,, and Cj,, respectively. The molecular orbital configurations of the ground

states of these molecules in the independent particle model are:

CH3NH2 .
n2 n?2 n2 n2 ”\2 "2 "2 "2 n2
(1a') (2a') (32')*(4a')*(1a") (52')°(6a")*(2a")*(72")”
N1s Cils Valence Shell
(CH3)2NH :
(lal)2 (lall)2(2al)2 (3a')2(2a")2(4a’)2(5a’)2(6a')2(3a”)2(4a”)2(5a")2(7a’)2(8a')2
N e’ - — - ~ — v
N 1s Cls Valence Shell
(CH3)3N .
(1a1)*  (2a1)%(1e)* @1)2(26)“(4a1)2(5a1)2(3e)“(4e)“(1az)2(5e)“(6a1)f
N 1s C 1s Valence Shell

The vertical ionization potentials (VIPs) of the valence-shell states of the methyla-
mines have been determined using high-resolution He(I) and He(II) photoelectron spec-
troscopy [134, 139, 329], while the inner shell states have been measured using X-ray
photoelectron spectroscopy [291, 330-332]. The electronic configurations and vertical

ionization potentials for the methylamines are summarized in table 7.1.
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7.2.2 Absolute Photoabsorption Measurements for the Methylamines Ob-

tained at Low Resolution

The absolute low-resolution photoabsorption oscillator strengths were determined by
Bethe-Born conversion and partial TRK sum-rule normalization of the measured back-
ground-subtracted electron energy-loss spectrum as follows. The relative oscillator
strength spectra were measured for each of the methylamines from the electronic ex-
citation threshold to an equivalent photon energy of 250 eV. These data were placed on

an absolute scale by first fitting a curve of the form

% = AE™' 4 BE%*5 4 CE73% (7.1)

to the high-energy portion of the valence-shell relative oscillator strength tail from 90 to
250 eV. In equation 7.1, df /dFE is the differential oscillator strength, E is the energy loss
(or equivalent photon energy) and A, B, and C are best-fit parameters to the data. The
values of the parameters were found to be 7.326 eV, 108.3 eV!?, and 4.980x10% eV??,
respectively, for monomethylamine, 9.932 eV%%, 151.6 eV'®, and 6.071x10* eV?®, for
dimethylamine, and 14.53 eV%%, —200.6 eV, and 1.008 x10° eV??, for trimethylamine.
This curve was then integrated from 250 €V to infinite energy for each spectrum in order
to estimate the valence-shell oscillator strength contribution above the last measured
differential oscillator strength data point at 250 eV. Using these procedures it was found
that ~7% of the total valence-shell oscillator strength distribution is located above 250 eV
for each of the three methylamines. The total area under the valence-shell spectrum (i.e.,
the contribution from the measured oscillator strengths plus that under the extrapolated
curve) was normalized to 14.54 for monomethylamine, 20.75 for dimethylamine, and

26.96 for trimethylamine. These integrated values correspond to the total number of
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valence-shell electrons in these molecules plus a small contribution (~5%) to account for
the Pauli-excluded transitions from the inner-shells (the nitrogen and carbon K shells) to
the already-occupied valence-shell orbitals. Thé Pauli-excluded transition contribution
was estimated for each molecule from sums of atomic corrections based on Hartree-Slater
calculations (see section 3.1.1). The absolute oscillator strength data thus obtained are
estimated to be accurate to +5%.

The low-resolution (~1 eV fwhm) valence-shell absolute photoabsorption oscillator
strengths for monomethylamine, dimethylamine, and trimethylamine measured in the
present work from the first excitation threshold to 250 eV using dipole (e,e) spectroscopy
are shown in figures 7.1, 7.2, and 7.3, and are given numerically in tables 7.2, 7.3 and 7.4,
respectively.  Panel (a) of figures 7.1-7.3 shows the full measured spectra from the
photoabsorption threshold to 250 eV, pa.nel’(b) shows the spectra from 30-100 eV, and
panel (c) shows the 86-250 eV energy region. The absolute photoabsorption data below
30 eV are shown, and described, in greater detail in conjunction with the high-resolution
results (see section 7.2.3 below). It is interesting to note from figures 7.1-7.3 that our
measured low-resolution oscillator strength spectra each exhibit essentially the same trend
with the sums of experimental [161] and calculated [162] atomic oscillator strengths for
the constituent atoms. In particular, the summed atomic oscillator strength data agree
quite well with the measured molecular photoabsorption oscillator strength data for the
methylamines from 70 eV to the limit of the measured data at 250 eV. However, below
70 €V the summed atomic oscillator strength data [161, 162] are increasingly lower than
the present data for all three molecules. Above 170 eV the atomic sums are slightly lower
than the measured results.

It has often been assumed (see for example reference [333]) that the sums of atomic
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Figure 7.1: Absolute oscillator strengths for the photoabsorption of CH3NH, obtained
at a resolution of ~1 eV fwhm: (a) The entire measured spectrum from 5.5-250 eV.
(b) 30-100 eV. (c) The high-energy valence-shell tail from 86-250 eV. Also shown on
(b) and (c) are the valence-shell polynomial fit (solid line), and the experimental [161]
and theoretical [162] summed atomic oscillator strengths for the constituent atoms of
CH3;NH, (open circles and crosses, respectively).
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Figure 7.2: Absolute oscillator strengths for the photoabsorption of (CHj3),NH obtained
at a resolution of ~1 eV fwhm: (a) The entire measured spectrum from 5.0-250 eV.
(b) 30-100 eV. (c) The high-energy valence-shell tail from 86-250 eV. Also shown on
(b) and (c) are the valence-shell polynomial fit (solid line), and the experimental [161]
and theoretical [162] summed atomic oscillator strengths for the constituent atoms of
(CHj3),NH (open circles and crosses, respectively).
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Figure 7.3: Absolute oscillator strengths for the photoabsorption of (CH3)3N obtained
at a resolution of ~1 eV fwhm: (a) The entire measured spectrum from 4.5-250 eV.
(b) 30-100 eV. (c) The high-energy valence-shell tail from 86-250 eV. Also shown on
(b) and (c) are the valence-shell polynomial fit (solid line), and the experimental [161]
and theoretical [162] summed atomic oscillator strengths for the constituent atoms of
(CH3)3N (open circles and crosses, respectively).
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oscillator strengths are equal to molecular oscillator strengths sufficiently far (>30 eV)
above an atomic inner-shell ionization edge. At such photoelectron energies it is assumed
that molecular effects, such as shape resonances, have died out and that the ejected
electron “sees” mainly an atomic core as it is ionized. However, in the 70-250 eV energy
region of the valence-shell photoabsorption spectra of the methylamines the electron is
not ejected from an atomic-like (core) orbital, so it is interesting to note that there
is generally quite good agreement between the sums of atomic data, and our reported
molecular oscillator strengths in this energy region. The fact that the curves cross at
~170 eV, that is, that the atomic oscillator strength sums for each methylamine are
higher than the corresponding measured oscillator strengths from 90 to 170 eV, but
are slightly lower from 170 to 250 eV, is not surprising since both sets of data should
be subject to the same total integrated oscillator strength over the entire energy range
(from zero to infinity) according to the TRK sum rule. The small differences between the
experimental [161] and theoretical [162] summed atomic oscillator strength data from 100
to 240 eV, as seen in panel c of figures 7.1-7.3, are due, at least in part, to errors involved
in the digitization of the logarithmic plots reported for the theoretical data [162). The

digitization error will compound as the number of carbon atoms increases.

7.2.3 Absolute Photoabsorption Measurements for the Methylamines Ob-

tained at High Resolution

The high-resolution relative oscillator strength spectrum for each of the méthylamines
was placed on an absolute scale by single point normalization in the smooth contin-

uum region to the corresponding low-resolution photoabsorption oscillator strength data
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obtained in the present work. The high-resolution (0.048 eV fwhm) absolute photoab-
sorption spectra of monomethylamine, dimethylamine, and trimethylamine from 4-31 eV
are shown on figures 7.4, 7.5, and 7.6, respecti\.'ely. Also shown on the figures are the
low-resolution oscillator strength data obtained in the present work (see section 7.2.2
above). It can be seen that the present high- and low-resolution oscillator strength data
are in good agreement with each other over the entire range of measurement l(4—31 eV).
This is an important consistency check on our measurements since the high- and low-
resolution dipole (e,e) spectrometers have different Bethe-Born factors owing to their
different scattering kinematics and geometries.

Since no ab initio calculations of transition energies and oscillator strengths have
been reported for the methylamines, definite assignments of the spectra cannot be made.
Therefore, in the present work the transferability of Rydberg term values [334-336] has
been used to make tentative assignments for the more prominent features observed in
figures 7.4-7.6. It might be expected that the electronic spectra of the methylamines
will be dominated by transitions to Rydberg orbitals from the occupied valence orbitals
since this behaviour appears to be the situation for the related molecules CH, [87, 124]
and NH; [124, 337]. The assignment of transitions to Rydberg upper states has been
described earlier in section 2.6. Electron momentum spectroscopy has demonstrated that
the highest occupied molecular orbitals (HOMOs) of the methylamines have a mixed s
and p character with the s content increasing with successive methylation [338, 339].
Therefore transitions are expected from the HOMO to s, p and d Rydberg manifolds
since atomic selection rule arguments have been found [334-336] to be a helpful guide for
interpretation of molecular spectra. On this basis, we have assigned the lowest energy

peaks in the spectra as transitions from the respective HOMO orbitals to the 3s and
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Figure 7.4: Comparison of the experimental high- and low-resolution (0.048 eV fwhm and
~1 eV fwhm, respectively) absolute oscillator strength spectra for the photoabsorption
of CH3NH,. The numbered vertical lines indicate the positions of the observed spectral
features—see table 7.5. For each ion state the vertical jonization potential (heavy solid
vertical line) is shown along with the positions (vertical lines) of the 3s and 3p Rydberg
transitions as predicted using the same term values as for the lowest energy transitions
(labelled 1 and 2) in the spectrum. The positions of the 3d,4s Rydberg transitions have
been predicted using equation 2.33. The manifolds assume transferability of Rydberg
term values (see text for details).
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(labelled 1 and 2) in the spectrum. The positions of the 3d,4s Rydberg transitions have
been predicted using equation 2.33. The manifolds assume transferability of Rydberg
term values (see text for details).
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(Iabelled 1 and 2) in the spectrum. The positions of the 3d,4s Rydberg transitions have
been predicted using equation 2.33. The manifolds assume transferability of Rydberg
term values (see text for details).
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3p Rydberg orbitals for each of the methylamines. From these HOMO assignments the
energies of the corresponding 3s and 3p transitions from the other occupied molecular
orbitals have been calculated assuming transfer;‘ability of term values, and the resulting
manifolds are shown on figures 7.4-7.6. The VIPs on the manifolds are from photoelectron
spectroscopic measurements [134, 139, 329]. The positions of the 3d and 4s Rydberg
orbitals are degenerate and are each predicted from equation 2.33 to have a term value
of 1.51 eV, which assumes quantum defects of 1 and 0 for the s and d Rydberg orbitals,
respectively [167]. It can be seen from figures 7.4-7.6 that the excitation spectra of the
methylamines correspond quite closely to a superposition of peaks due to the predicted
transitions to Rydberg orbitals. The assignments suggested by the transferrability of
Rydberg term values, as shown on figures 7.4-7.6, are summarized in tables 7.5, 7.6,
and 7.7, for monomethylamine, dimethylamine, and trimethylamine, respectively. For
each observed transition the term value (tables 7.5-7.7) was calculated from the measured
peak energy and the ionization potential of the initial state. Then, as a consistency
check on each assignment, the denominator of the right-hand side of equation 2.33 was
evaluated for each term value and the predicted principle quantum number, and the
predicted character of the final Rydberg state were considered to be confirmed if the
quantum defect was in the range 0.8 < §, < 1.3 for s Rydberg orbitals, 0.4 < é, < 0.8
for p Rydberg orbitals, and 0.0 < §, < 0.2 for d Rydberg orbitals [167]. As a result of
this analysis and with the above assumptions, it is found that all of the major observed
spectral features in the valence-shell photoabsorption spectra of the methyiamines can
be assigned using this Rydberg orbital scheme. The resulting Rydberg term values show
good agreement with those for the corresponding transitions in the carbon and nitrogen

K-shell inner-shell electron energy-loss (ISEELS) spectra of the methylamines reported
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earlier from this laboratory by Wight and Brion [124], and by Sodhi and Brion [337].
Such transferrability between inner shell and valence shell spectra is to be expected for
Rydberg transitions [334-336].

The low energy portions of the valence-shell spectra of the methylamines from 4-
10 eV are shown in figure 7.7. In addition to the 3s, 3p, and the degenerate 3d,4s
assignments discussed above, the predicted positions of the 4p and 5p Rydberg orbitals
are also shown. It can be seen that there is good correspondence between all the pre-
dicted Rydberg transition energies and the various structures in the oscillator strength
data. Also shown are the previously reported and limited range photoabsorption data of
Grosjean and Bletzinger [328], Tannenbaum et al. [267], and Bertrand et al. [277]. It can
be seen from the figure that the data reported by Tannenbaum et al. [267] are marginally
higher, and have a slightly different shape than the present work for all three of the
methylamines. The photoabsorption oscillator strength values reported by Bertrand et
al. [277] at 123.6 nm (10.03 eV) are ~10% and ~20% higher than the present work for
monomethylamine and dimethylamine, respectively. The data reported by Grosjean and
Bletzinger [328] for trimethylamine agree well with the present results from 8.1-9.0 eV,
but are lower above 9.0 eV to the limit of their data at 10.4 eV. In higher resolution
optical work Tannenbaum et al. [267] observed vibrational progressions in the 3s « 7a’
and 3p « 7a’ transitions in monomethylamine, and in the 3p «— 8a’ transition in di-
methylamine. Evidence for these vibrational progressions in the 3p « 7a’ transition of
monomethylamine and in the 3p « 8a’ transition of dimethylamine can be seen in the

presently reported, somewhat lower resolution, spectra.
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Figure 7.7: High-resolution (0.048 eV fwhm) absolute oscillator strengths for photoab-
sorption of the methylamines in the low-energy valence-shell region from 4-10 eV:
(a) Monomethylamine. (b) Dimethylamine. (c) Trimethylamine. Also shown on the
figures are previously reported absolute photoabsorption oscillator strength measure-
ments [267, 277, 328]. The Rydberg manifolds are as on figures 7.4-7.6 and tables 7.5-7.7
with the addition of the predicted positions of the 4p and 5p Rydberg transitions (see
text for details).
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7.3 Dipole Oscillator Strength Distributions and Properties for the Meth-

ylamines

7.3.1 General Considerations

The experimental dipole oscillator strengths used by Kumar and Meath [340] to con-
struct the DOSDs for the methylamines are the low- and high-resolution data reported
in sections 7.2.2 and 7.2.3, respectively. Previous DOS data (see section 7.1), which are
sparse as a function of photon energy and limited to the energy region below 10.8 eV,
are not considered in the constrained DOSD analysis that follows. The input data are

augmented, particularly for photon energies greater than 250 eV, by the mixture rules

d d d d
I (et = Lnmg) + L Contons) - L(cHgn=1,23  (12)

d d d
EfE_((CHL")nNHS—n) = 'JfE(NH;;) + 'J%(CH.Q) - ‘—id'%(Hg), n=1

= %(CHSNHZ) (7.3)

Hn—1) d%(cm) _ %(Hg)] . n=23

The input for these mixture rules are the recommended DOSD for NH; reported in

chapter 6, and the recommended DOSDs for C,43Hapn 44, n=1,2,3, CHy, and H; developed

by Jhanwar et al. [73], Thomas and Meath [305], and Zeiss et al. [29], respectively.
DOSDs for each methylamine have been constructed by considering the following

combinations of DOS data:

DOSD1: Eo-EHR (high-resolution data); EFR-250.0 eV (low-resolution data); > 250 eV
f f
(mixture rule 7.2). The electronic absorption thresholds (Ep) and the upper

energy limit of the high-resolution measurements (E?R) are: Ey = 5.083, 4.962,
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and 4.711 eV and E}IR = 30.15, 31.26, and 30.96 eV for CH3NH,, (CH;3),NH,
and (CH;3)3N, respectively. |

DOSD2: Asin DOSDI1 except the high-resolution data is replaced by the low-resolution
data from Eo—EyR.

DOSD3: As in DOSD1 except mixture rule 7.2 is replaced by mixture rule 7.3.

DOSD4: As in DOSD2 except mixture rule 7.2 is replaced by mixture rule 7.3.

The photon energies in each case were divided into No = 24 energy intervals as suggested
by the structure in the input DOS data. The four initial DOSDs were each modified,
for each molecule, using the constrained least squares approach outlined in section 2.8,
to satisfy Sy = N and molar refractivity constraints which depend on the particular

molecule considered (see what follows).

7.3.2 Monomethylamine

The molar refractivity constraints used are the values of R, for A = 6440.24 A and
4359.56 A, obtained from the refractive index measurements of Ramaswamy [341]. The
STDs for the four resulting DOSDis are 2.17, 2.59, 2.18, and 2.57 for i=1, 2, 3, and 4,
respectively. These results indicate that there is little to choose between the two mixture
rules and that the high-resolution DOS data is more reliable for low photon energies than
the low-resolution data, as expected.

The integrated oscillator strengths for the constrained DOSD1, together with those
corresponding to the initial DOS data for DOSDI1, are given in table 7.8. Generally
the integrated oscillator strengths obtained from the initial high- and low-resolution

measurements agree with each other, and with the constrained results, to within the
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estimated experimental errors of about £5%. All exceptions are marginal except in the
case of the low-resolution result for 10-11.8 eV which disagrees with the constrained
integrated oscillator strength by ~12%. It should be pointed out that the integrated
oscillator strengths obtained from the initial high- and low-resolution DOS data may be
expected to differ in the discrete excitation energy region since the fine structure in the
DOSs is not as well resolved in the low-resolution measurements {72].

The dipole properties evaluated using constrained DOSD:, :=1-4, differ little from
each other, particularly for DOSD1 and DOSD3. Nominally the results obtained from
constrained DOSD1 are chosen as recommended values since they are derived using
spectroscopically more reliable input data (DOSDI1 also has, marginally with respect
to DOSD3, the smallest STD of the four constrained DOSDs for monomethylamine).
The recommended dipole properties Sk, L, and I for CH3NH; are given in table 7.9.
Results for the molar refractivities of CH;NHj,, evaluated using the constrained DOSDI1,
are listed in table 7.10 which also contains the available experimental data for Ry. The
agreement with experiment is precise for the three values of R) not used as constraints;
for most values of A the results of table 7.10 augment the (sparse) experimental data for
R) as a function of A.

It is interesting to note that the recommended value of S_; = 26.50 (table 7.9) is
about 0.15% higher than the value obtained by Ramaswamy [341] by fitting the relation
(n(A) = 1) = A/(B — A7) to his refractive index data. The value of (n(}) — 1) at
A = 6440.24 A generated by this relation is ~0.1% lower than the measured value and
therefore the extrapolated value for A = oo (which yields S_,) is also expected to be low
in support of the recommended result for S_;. The value of S_, = 26.75 reported by

Wolf [308], obtained from dielectric constant measurements, is ~0.9% higher than the
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recommended value.

Table 7.9 also contains the values of the dipole properties Si, Ly and I, obtained from
the initial DOSD1 that lead to our constrained DOSD1 for methylamine. The results for
the dipole and logarithmic dipole sums obtained from the initial DOSD are smaller in
magnitude than the recommended values for all k (for example Sp and S_; are ~3% and
~4.5% lower). This is in agreement with the generally low, relative to the constrained
integrated DOSs, initial DOS values used to construct the constrained DOSD.

There are apparently no ab initio calculations for the properties of CH3NH,. Metzger
and Rhee [312], using a complete neglect of differential overlap/finite perturbation plus
polarization approach, obtained S_, = 26.93 which is ~1.6% higher than the recom-
mended result. A value of S_; = 25.10, about 5.6% lower than the recommended value,
has been calculated by Kaur et al. [342] using a double perturbation theory approach,
developed by Amos and Yoffe [343], and a non-local pseudo-potential floating spherical

gaussian model.

7.3.3 Dimethylamine and Trimethylamine

There are no refractive index measurements for these two molecules. Wolf [308] obtained a
value of S_; = 39.06 for (CH3);NH from dielectric constant measurements. For NH; and
CH;3NH; his results for S_; are ~1% higher than the recommended values evaluated from
the constrained DOSDs for these molecules (see section 6.3.2 and section 7.3.2). Therefore
Wolf’s S_, value is not used as a constraint for constructing the DOSD for ‘(CH3)2NH;
there is no analogous result for (CH3)sN. For dimethylamine and trimethylamine the

refractivity constraints are developed as outlined below.

The unmodified DOSD1 for CH;NH; yields Ry, = 9.6713 and R), = 9.9389 cm®mol !
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for the values of A\, \; = 6440.24 and )\, = 4359.56 A, associated with the accurate
values of R), 10.1216 and 10.4032 cm3®mol~?, used as constraints in the construction of

constrained DOSD1 for monomethylamine. These results yield ratios

ry, = R),(accurate)/R), (unmodified DOSD1) = 1.0466
(74)

ry, = Ry, (accurate)/R),(unmodified DOSD1) = 1.0467

The experimental oscillator strengths for all three amines are measured using the same
techniques and the refractivity constraints are completely dominated by the DOS data
for photon energies below 150 eV. Assuming that the experimental errors in the three
sets of input data used to construct the DOSDs for the three molecules are essentially
the same as a function of photon energy, we assume that the ratios given by equation 7.4
apply to (CH3):NH and (CHj3)3N as well as CH3NH,. The molar refractivity constraints
for dimethylamine and trimethylamine are therefore chosen to be the values evaluated
using unmodified DOSD1 and ); and ), scaled by the ratios given by equation 7.4,
namely R, = 14.7845 and R, = 15.1965 cm3®mol~! for (CH;3);NH and R), = 19.0998
and Ry, = 19.6938 cm3mol~! for (CH3)3N. The value of S_; = 38.70 obtained by using
the refractivity constraints for (CH3),NH is ~0.9% lower than the result of Wolf [308]
referred to earlier which is consistent with the analogous results for NH3 and (CH;3),NH
also discussed previously (section 6.3.2 and section 7.3.2).

For dimethylamine and trimethylamine the STDs for the four constrained DOSDs,
DOSD: with :=1-4, are STD = 2.19, 3.96, 2.20, and 3.93, and STD = 2.42, 6.43, 2.39, and
6.42, respectively. The dipole properties for each molecule evaluated using constrained
DOSD:, :=1-4, are very similar, especially for DOSD1 and DOSD3 which are based on

the most spectroscopically reliable DOS data. The results obtained from DOSD1 and
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DOSD3 are, nominally, recommended for (CH;3);NH and (CHj3);N, respectively (they
correspond, marginally, to the lowest STDs for the constrained DOSDs of the respective
molecules). |

The integrated oscillator strengths and the dipole properties Sk, Ly, and I; corre-
sponding to both the initial and constrained DOSD1 and DOSD3 for (CH;3),NH and
(CH3)3N, respectively, are given in tables 7.11-7.14; the molar refractivities evaluated
from the constrained DOSDs are contained in table 7.15 for 6709 A > A > 2346 A. For
both molecules the integrated oscillator strengths obtained from the initial high- and low-
resolution measurements, and from the constrained DOSDs, generally agree with each
other to within the estimated experimental errors of about £5%. All the exceptions are
marginal except for the low-resolution data for both molecules below 9 €V; as pointed
out in section 7.3.1, see also chapter 6, the integrated oscillator strengths, in the discrete
energy region, evaluated with low-resolution data need not be realistic.

A comparison of the dipole properties evaluated using the initial versus the con-
strained DOSD1 and DOSD3 for (CH3);NH and (CH3)sN, respectively, can be used to
discuss the effects of the constrained DOSD method for these molecules. Analogous to
monomethylamine, the values for the dipole and logarithmic dipole sums evaluated using
the initial DOSDs for dimethylamine and trimethylamine are smaller in magnitude than
the recommended values for all k. The effects are similar for all three molecules, partic-
ularly for the properties dominated by the photoabsorption spectra for photon energies
below 250 eV. For these properties, e.g., the Sk, ¥ < —1.5, the effects of the constraint
procedure are ~4-5% and are within the errors (£5%) associated with the high- and low-
resolution experimental data used to construct the constrained DOSD for each molecule

for photon energies below 250 eV. A detailed discussion of the photon energy dependence
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of the dipole properties can be found in the literature [73-75, 244, 245].

The recommended dipole properties for (CH3);NH and (CHj3);N, evaluated using
the constrained DOSD1 and DOSD3, respectively, given in tables 7.13 and 7.14 are
apparently the only (reliable) values for these properties available in the literature to

date.

7.3.4 The Reliability of the Calculated Dipole Properties

The uncertainties in the recommended values of the dipole properties of the methylamines
determined by Kumar and Meath [340] can be estimated by comparing the recommended
results with those derived from alternative constrained DOSDs satisfying the same con-
straints [29, 48]. The uncertainty estimates obtained in this way are less reliable for those
properties that do not depend significantly on portions of the DOSD which dominate the
constraints, for example properties corresponding to k = 2, to a lesser extent to k = 1,
and for £ < —4.

Using the results for the properties evaluated using various alternate constrained
DOSDs for the methylamines, we estimate the uncertainties in the recommended results
for the dipole properties of these molecules to be <2-3% for S,, L,, I,, Si, L;, <1% for
Sk, =5 < k<0,Ryforall \,andfor L_,, L_5, I, I_,, I_,, <2-3% for Ly and I,. For k <
—6 the errors in the S; are estimated to be <1-2% for S_s, increasing to <8% for S_,,.
The estimation of the uncertainties in the recommended results for the dipole properties
for the methylamines is based on the assumption that the molar refractivities used as
constraints in the construction of the DOSDs have errors of the magnitude associated
with accurate experimental measurements (a few tenths of a percent). While this is a

valid assumption for monomethylamine, it becomes less probable for dimethylamine and
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trimethylamine because of the method, outlined in section 7.3.3, used to obtain the R,
constraints for the two larger methylamines. The effects on the calculated properties
Sk, Lk, and I; of varying the R, constraints have been discussed previously and, as
expected from the structure of integrals 2.41 and 2.42, it is largest for ¥ < —2 and

increases as k decreases from k = —2 [74, 120].
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Table 7.1: Vertical ionization potentials for the electronic states of the methylamines
obtained from photoelectron spectroscopic measurements [134, 139, 291, 329-332].

Monomethylamine Dimethylamine Trimethylamine
Electronic | VIP Electronic | VIP Electronic VIP
State eV State eV State eV
7a’ 9.64° 8a’ 8.97° 6a, 8.44°
2a" 13.22¢ 7a’ 12.70° 5e (12.3, 12.74)°
6a’ 14.42° 5a" 13.09° lay 13.1°
5a’ 15.45° 4a" 13.9° 4e 13.67¢
la” 16.85° 3a” 15.19° 3e 15.68¢
4a’ 21.9% 6a’ 15.5° 5a; 16.0°
3a’ 27.5° 5a/ 16.69° 4a, 19.46°
4a’ 20.6* 2e 22.5b
2a" 22.4° 3a, 28.3
3a’ 28.0°
2a 291.60° 2a’ 291.437 le 291.269
la” 2a;
la’ 405.17¢ la' 404.93¢ la, 404.82¢

9Reference [134].

bReference [139].

“Reference [331].

dReference [291, 330).

¢Reference (329].

/Quoted by Sodhi and Brion [337] as the average of the carbon K-shell VIPs for monomethylamine
and trimethyamine.

9Reference [332] as corrected in reference [344).
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Table 7.2: Oscillator strengths for the total photoabsorption of monomethylamine from
5.5 to 250.0 eV.

Oscillator Oscillator Oscillator Oscillator

Energy | strength® || Energy | strength® || Energy | strength® || Energy | strength®

eV [1072evV-! eV [107%2eV? eV [1072eV? eV |[107%2eV?
5.5 0.57 14.0 48.33 22.5 42.85 31.0 21.97
6.0 1.57 14.5 50.54 23.0 41.48 32.0 19.98
6.5 2.51 15.0 53.00 23.5 39.20 33.0 19.35
7.0 447 15.5 55.34 24.0 38.01 34.0 17.87
7.5 5.96 16.0 56.88 24.5 36.04 35.0 16.13
8.0 4.95 16.5 58.01 25.0 34.20 36.0 15.59
8.5 4.79 17.0 57.72 25.5 32.86 37.0 14.35
9.0 6.45 17.5 57.61 26.0 31.70 38.0 13.40
9.5 10.26 18.0 56.35 26.5 29.67 39.0 13.00
10.0 17.53 18.5 56.07 27.0 28.76 40.0 12.34
10.5 23.61 19.0 54.18 27.5 28.56 41.0 11.93
11.0 28.25 19.5 52.78 28.0 27.18 42.0 11.12
11.5 33.26 20.0 51.10 28.5 26.10 43.0 10.65
12.0 36.10 20.5 50.27 29.0 25.35 44.0 9.82
12.5 40.91 21.0 47.83 29.5 24.31 45.0 9.37
13.0 45.66 21.5 47.19 30.0 23.22 46.0 9.05
13.5 47.88 22.0 45.23 30.5 22.40 47.0 8.48
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(continued) Oscillator strengths for the total photoabsorption of monometh-

Oscillator Oscillator Oscillator Oscillator
Energy | strength® (| Energy | strength® (| Energy | strength® (| Energy | strength®
eV |1072eV-!? eV |1072eVl| eV 1072V eV [107%2eV™?
48.0 8.04 63.0 4.18 78.0 247 145.0 0.60
49.0 7.81 64.0 3.98 79.0 231 150.0 0.55
50.0 7.28 65.0 3.85 80.0 2.22 160.0 0.48
51.0 6.99 66.0 3.73 85.0 1.97 170.0 0.43
52.0 6.85 67.0 3.54 90.0 1.72 180.0 0.39
53.0 6.49 68.0 3.45 95.0 1.51 190.0 0.35
54.0 6.17 69.0 3.33 100.0 1.32 200.0 0.32
55.0 5.95 70.0 3.09 105.0 1.20 210.0 0.30
56.0 5.67 71.0 3.08 110.0 1.08 220.0 0.27
57.0 5.36 72.0 2.89 115.0 0.99 230.0 0.25
58.0 5.15 73.0 2.87 120.0 0.90 240.0 0.24
59.0 4.85 74.0 2.76 125.0 0.82 250.0 0.22
60.0 4.73 75.0 2.64 130.0 0.76
61.0 4.52 76.0 2.51 135.0 0.70
62.0 4.37 77.0 2.47 140.0 0.64

a5(Mb)=1.0975x 10%df /dE(eV~!)
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Table 7.3: Oscillator strengths for the total photoabsorption of dimethylamine from 5.0
to 250.0 eV.

Oscillator Oscillator Oscillator Oscillator

Energy | strength® || Energy | strength® || Energy | strength® || Energy | strength®

eV |1072eV?! eV [10°2 eV eV |1072eV? eV |107%ev?
5.0 045 13.5 72.26 22.0 64.55 31.0 30.92
5.5 1.10 14.0 74.58 22.5 62.58 32.0 28.72
6.0 3.82 14.5 77.99 23.0 59.42 33.0 25.93
6.5 7.02 15.0 80.45 23.5 57.60 34.0 24.79
7.0 6.90 15.5 83.82 24.0 53.73 35.0 23.02
7.5 6.00 16.0 86.18 24.5 51.70 36.0 22.02
8.0 7.18 16.5 86.71 25.0 48.89 37.0 20.08
8.5 9.41 17.0 87.31 25.5 47.30 38.0 18.89
9.0 13.99 17.5 86.15 26.0 44 .41 39.0 17.73
9.5 21.53 18.0 85.24 26.5 42.44 40.0 16.49
10.0 28.47 18.5 82.01 27.0 42.47 41.0 16.17
10.5 34.64 19.0 80.30 27.5 39.62 42.0 15.16
11.0 40.92 19.5 78.40 28.0 38.42 43.0 14.50
11.5 45.21 20.0 76.60 28.5 36.75 440 | 13.4
12.0 50.68 20.5 72.71 29.0 36.23 45.0 12.76
12.5 56.39 21.0 71.54 29.5 34.09 46.0 12.26
13.0 64.23 21.5 69.09 30.0 32.52 47.0 1145
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Table 7.3: (continued) Oscillator strengths for the total photoabsorption of dimethyl-

amine.
Oscillator Oscillator Oscillator Oscillator
Energy | strength® |l Energy [ strength® | Energy | strength® (| Energy | strength®
eV |107%2eV™! eV |1072eV? eV ]10"%2eV-? eV |107%2eV?
48.0 10.94 63.0 5.62 78.0 3.04 145.0 0.78
49.0 10.58 64.0 5.31 79.0 2.99 150.0 0.74
50.0 10.03 65.0 5.10 80.0 2.93 160.0 0.64
51.0 9.52 66.0 4.89 85.0 2.60 170.0 0.57
52.0 9.22 67.0 4.74 90.0 2.26 180.0 0.52
53.0 8.71 68.0 4.59 95.0 1.96 190.0 047
54.0 8.30 69.0 4.37 100.0 1.74 200.0 0.43
55.0 7.97 70.0 4.17 105.0 1.57 210.0 0.39
56.0 7.70 71.0 4.05 110.0 141 220.0 0.37
57.0 7.05 72.0 3.96 115.0 1.30 230.0 0.34
58.0 6.89 73.0 3.77 120.0 1.20 240.0 0.32
59.0 6.46 74.0 3.68 125.0 1.09 250.0 0.31
60.0 6.25 75.0 3.52 130.0 0.99
61.0 6.05 76.0 3.34 135.0 0.91
62.0 5.80 77.0 3.33 140.0 0.87

a(Mb)=1.0975x 102df /dE(eV-1)
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Table 7.4: Oscillator strengths for the total photoabsorption of trimethylamine from 4.5

to 250.0 eV.

Oscillator Oscillator Oscillator Oscillator

Energy | strength® || Energy | strength® || Energy | strength® || Energy | strength®

eV [1072eV-! eV |107%2eV? eV |[107%eV! eV |1072eV™!?
4.5 1.08 13.0 72.85 21.5 88.04 30.0 43.32
5.0 2.70 13.5 80.98 22.0 84.09 31.0 40.06
5.5 4.82 14.0 89.14 22.5 80.50 32.0 37.28
6.0 7.72 14.5 96.27 23.0 77.31 33.0 34.87
6.5 8.96 15.0 101.81 23.5 75.11 34.0 32.87
7.0 9.00 15.5 106.03 24.0 71.85 35.0 30.27
7.5 9.40 16.0 108.80 24.5 67.46 36.0 28.05
8.0 10.90 16.5 110.49 25.0 64.94 37.0 26.46
8.5 15.48 17.0 111.61 25.5 62.70 38.0 24.93
9.0 21.22 17.5 109.68 26.0 59.99 39.0 23.40
9.5 27.51 18.0 107.29 26.5 57.57 40.0 21.79
10.0 34.47 18.5 106.20 27.0 55.64 41.0 21.29
10.5 41.53 19.0 104.36 27.5 53.67 42.0 20.07
11.0 47.80 19.5 102.67 28.0 51.82 43.0 18.61
11.5 52.34 20.0 99.60 28.5 50.02 44.0 17.77
12.0 57.74 20.5 95.05 29.0 48.35 45.0 16.85
12.5 64.95 21.0 91.39 29.5 46.17 46.0 15.96
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Table 7.4: (continued) Oscillator strengths for the total photoabsorption of trimethyl-
amine. '

Oscillator Oscillator Oscillator Oscillator
Energy | strength® || Energy | strength® || Energy | strength® || Energy | strength®
eV |107%2eV-! eV 1072 eV eV |107%2eV? eV |[107%2eV!
47.0 15.30 62.0 7.75 77.0 4.45 140.0 1.10
48.0 14.55 63.0 7.51 78.0 4.35 145.0 1.03
49.0 14.05 64.0 7.10 79.0 4.11 150.0 0.95
50.0 13.10 65.0 6.85 80.0 4.04 160.0 0.84
51.0 12.42 66.0 6.61 85.0 3.39 170.0 0.75
52.0 11.95 67.0 6.48 90.0 2.90 180.0 0.68
53.0 11.46 68.0 6.10 95.0 2.54 190.0 0.62
54.0 11.03 69.0 5.91 100.0 2.26 200.0 0.57
55.0 10.35 70.0 5.78 105.0 2.02 210.0 0.52
56.0 9.79 71.0 5.62 110.0 1.82 220.0 0.48
57.0 9.49 72.0 5.34 115.0 1.65 230.0 0.45
58.0 9.10 73.0 517 120.0 1.54 240.0 0.42
59.0 8.70 74.0 4.94 125.0 1.39 250.0 0.41
60.0 8.36 75.0 4.60 130.0 1.26
61.0 8.13 76.0 4.54 135.0 1.21

a5(Mb)=1.0975x10%df /dE(eV~1)
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Table 7.5: Energies, term values, and the proposed spectral assignments for the observed
photoabsorption peaks in the high-resolution spectrum of monomethylamine.

Photon Term Value (eV) Proposed Assignment
Energy Final Orbital
Peak | €V 7a) 23"  6a’ 5a’ la” | 7a’ 2a” 6a’ 5a/ 1la”
1 5.77 [3.87 - — - - 3s - - - -
2 710 [25¢ - - - -~ 3% - - - -
3 10.50 { — 272 392 - - - 3 3 - -
4 11.48 - - 294 397 - - - 3p  3s -
5 12.86 - — 156 259 399 - — 3dds 3p 3s
6 | 1562 | — - - - 16 |- - - - 3d4s
VIP (eV)* {9.64 1322 14.42 1545 16.85

3From the PES measurements of Potts et al. [139) and Katsumata et al. [134].



Table 7.6: Energies, term values, and the proposed spectral assignments for the observed photoabsorption peaks in
the high-resolution spectrum of dimethylamine.

Photon Term Value (eV) Proposed Assignment
Energy Final Orbital
Peak | eV 8a' Ta’ bHa” 4a” 3a” 6a’ 5a 8a' Ta' 5a” 4a” 3a” 6a’ 5a
1 5.92 {345 - - - — - - 3s - - - = - —
2 | 652|245 - - - - - -l - - - - - -
3 8.0 1.0 - - - - - - 4pop - - - —_ - -
4| 90 | - 37 - - - - - |- 3 - - - - =
51 97 | — 30 34 -~ - — - | — 3 3 - - - -
6 10.9 - ~ 2.2 3.0 - - —_ — - 3p 3ds - -— _
71115 | - - 16 24 37 - — | — — 3d4s 3p 3 - -
g8 | 125 | - - - - 27 30 - | - - - - 3 3 -
9 | 1341 | - - - - - 21 32| - - - — — 3 3
10 14.02 - - - - - 1.5  2.67 - - - - = 3d4s 3p
VIP (eV)® 897 12.70 13.09 13.9 15.19 155 16.69

%From the PES measurements of Potts et al. [139] and Kimura and Osafune [329].

A4
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Table 7.7: Energies, term values, and the proposed spectral assignments for the observed
photoabsorption peaks in the high-resolution spectrum of trimethylamine.

Photon Term Value (eV) Proposed Assignment
Energy Final Orbital
Peak eV 6a, Se la, 4e 4a, 2e 6a; 5e¢ lap 4e 4a; 2
1 548 | 2.96 - - - - - 3s —_ — - — —
2 | 623 (2212 - - - - - | 3% - - - - -
3| 68 |16 - - - - - |3d4s - - - - -
4| 78 o6 - - - - - |4 - - - - -
5 9.18 - 332 - - - - - 3s - - - -
6 | 1046 | — 20 26 321 - - ! - 3% 3p 3 - -
7 11.39 - - 1.7 2.28 - - - - 38d,4s 3p - -
8 | 120 - - 11 17 - = = - 4 3d4s - -
9 15.9 - - - - 3.6 - - - - - 3s -
10 16.90 - - - - 2.56 - - - — - 3p -
11 18.10 - - - - 136 - - - - - 3dds -
12 | 202 - - - - - 23| - - - - - 3
VIP (eV)® | 844 12.5° 131 1367 1946 225

%From the PES measurements of Potts et al. [139] and Kimura and Osafune [329].

b Average of the energies of the two components of the 5e state [329].
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Table 7.8: Integrated dipole oscillator strengths for CH3NH,. This table contains the in-
tegrated oscillator strengths resulting from constrained DOSD1 and from the unmodified

experimental or mixture rule data considered in this work.

Energy region Constrained High-resolution | Low-resolution | Mixture rule | Mixture rule
(eV) Values: DOSDI1 data data Equation 7.2 | Equation 7.3

5.083-6.261 1.560(-2) 1.513(-2) 1.460(—2)

6.261-8.059 7.829(~2) 7.406(-2) 7.918(-2)

8.059-10.00 1.708(-1) 1.640(-1) 1.608(-1)

10.00-11.80 5.563(—1) 5.204(-1) 4.887(-1)

11.80-14.00 1.029(0) 9.617(-1) 9.544(-1)

14.00~-16.00 1.109(0) 1.059(0) 1.057(0)

16.00-18.00 1.178(0) 1.136(0) 1.150(0)

18.00-20.00 1.106(0) 1.077(0) 1.084(0)

20.00~25.00 2.230(0) 2.143(0) 2.154(0)

25.00-30.15 1.477(0) 1.445(0) 1.451(0)

30.15-40.00 1.690(0) 1.654(0) 1.686(0) 1.909(0)

40.00-50.00 9.721(-1) 9.608(-1) 9.823(~-1) 9.817(-1)

50.00-70.00 9.947(-1) 9.832(-1) 1.013(0) 1.011(0)

70.00-100.0 6.201(-1) 6.157(-1) 6.579(~1) 6.557(-1)

100.0-150.0 4.319(-1) 4.298(-1) 4.579(-1) 4.293(-1)

150.0-200.0 2.099(-1) 2.094(-1) 2.110(-1) 2.097(-1)

200.0-250.0 1.328(-1) 1.326(-1) 1.098(-1) 1.102(-1)

250.0-283.8 4.816(-2) 4.808(-2) 4.874(-2)

283.8-400.0 7.892(-1) 7.687(-1) 8.306(—1)

400.0-425.0 3.694(-1) 3.663(-1) 3.609(-1)

425.0-1000.0 2.191(0) 2.090(0) 2.007(0)

1000.0-10* 5.955(-1) 5.915(-1) 5.779(-1)
10%-10° 5.216(-3) 5.216(-3) 4.894(-3)
10%-00 8.555(—8) 8.555(—8) 8.556(—8)
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Table 7.9: The dipole sums S}, logarithmic dipole sums L;, and mean excitation energies
Iy, for various values of k, for CH3NH; calculated using the initial and constrained
DOSD1. The values obtained from the constrained DOSD are recommended.

Property | Initial | Constrained || Property | Inmitial | Constrained
DOSD1 DOSD1 DOSD1 DOSD1
S, | 9.583(3) | 9.668(3) Sz | 3.120(6) | 3.243(6)
S | 1.240(2) | 1.272(2)
So  {1.745(1) | 1.800(1)
S_ie | 1.508(1) | 1.562(1) L 5.864(4) | 5.895(4)
S_1 1.641(1) | 1.706(1) L, 3.960(2) 4.052(2)
S_s | 1.977(1) | 2.063(1) Lo 1.208(1) | 1.233(1)
S_2 2.532(1) { 2.650(1) L, —4.807(0) | —5.127(0)
S_sp | 3.403(1) | 3.569(2) L, |-1.382(1)| —1.45901)
S_3 4.772(1) | 5.014(1)
S.e | 1.057(2) | 1.113(2) | L(ev) | 1.236(4) | 1.210(4)
S_s 2.721(2) | 2.865(2) Ii(eV) | 6.628(2) 6.571(2)
S_6 8.056(2) | 8.468(2) I(eV) | 5.437(1) 5.397(1)
S.e  |9.898(3) | 1.036(4) | I_i(eV) | 2.030(1) | 2.015(1)
S_10 1.628(5) | 1.697(5) I_,(eV) | 1.577(1) 1.569(1)
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Table 7.10: Values of the molar refractivity, in cm3mol~?!, of CH3NH, (ideal gas, STP)
evaluated using the constrained DOSD1 and a comparison with the available experimental
data [341].

Molar Refractivity Molar Refractivity

Constrained | Experiment Constrained
A (A) DOSD1 [341) X (A) DOSDI1
6709.0 10.10 4047.0 10.49
6440.24 10.12° 10.12 3861.0 10.56
6328.0 10.13 3342.0 10.82
6104.0 10.15 2968.0 11.15
5893.0 10.17 2894.0 11.24
5462.25 10.21 10.21 2753.0 11.44
5087.23 10.26 10.26 2577.0 11.82
4801.25 10.31 10.31 2346.0 12.90
4359.56 10.40° 10.40

%Used as constraints in constructing the DOSD.
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Table 7.11: Integrated dipole oscillator strengths for (CH3),NH. This table contains the
integrated oscillator strengths resulting from constrained DOSD1 and from the unmod;i-
fied experimental or mixture rule data considered in this work.

Energy region Constrained High-resolution | Low-resolution | Mixture rule | Mixture rule
(eV) Values: DOSD1 data data Equation 7.2 | Equation 7.3

4.962-5.703 1.939(-3) 1.933(-3) 7.377(-3)

5.703-7.256 9.370(-2) 8.806(-2) 8.795(-2)

7.256~9.000 1.211(-1) 1.175(-1) 1.481(-1)

9.000-11.00 5.753(~1) 5.424(~1) 5.605(—1)

11.00-13.00 1.038(0) 9.819(-1) 1.024(0)

13.00-15.00 1.558(0) 1.481(0) 1.486(0)

15.00-18.00 2.671(0) 2.528(0) 2.565(0)

18.00-20.00 1.644(0) 1.602(0) 1.608(0)

20.00-25.00 3.312(0) 3.185(0) 3.128(0)

25.00-31.26 2.610(0) 2.545(0) 2.410(0)

31.26-40.00 1.997(0) 1.963(0) 2.355(0) 2.149(0)

40.00-50.00 1.320(0) 1.305(0) 1.358(0) 1.329(0)

50.00-70.00 1.331(0) 1.316(0) 1.400(0) 1.366(0)

70.00-100.0 8.140(-1) 8.086(—1) 9.021(-1) 8.634(-1)

100.0-150.0 5.696(—1) 5.669(—1) 6.166(—1) 5.769(—1)

150.0-200.0 2.794(-1) 2.787(-1) 2.796(-1) 2.780(-1)

200.0-250.0 1.794(-1) 1.791(-1) 1.467(—-1) 1.694(-1)

250.0-283.8 6.439(-2) 6.429(-2) 6.478(-2)

283.8-400.0 1.560(0) 1.504(0) 1.557(0)

400.0-425.0 4.710(-1) 4.674(-1) 4.681(-1)

425.0-1000.0 2.981(0) 2.848(0) 2.908(0)

1000.0-10* 8.010(-1) 7.958(~-1) 7.932(-1)
10%-10° 6.982(—3) 6.982(-3) 6.822(-3)
10%-00 1.128(-7) 1.127(-7) 1.128(-7)
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Table 7.12: Integrated dipole oscillator strengths for (CH3)sN. This table contains the in-
tegrated oscillator strengths resulting from constrained DOSD3 and from the unmodified

experimental or mixture rule data considered in this work.

Energy region Constrained High-resolution | Low-resolution | Mixture rule | Mixture rule
(eV) Values: DOSD3 data data Equation 7.2 | Equation 7.3

4.711-5.641 1.547(-2) 1.516(-2) 3.183(-2)

5.641-7.005 1.260(-1) 1.179(-1) 1.128(-1)

7.005-9.480 3.388(-1) 3.214(-1) 3.656(—1)

9.480-11.35 7.668(—1) 7.295(-1) 7.502(-1)

11.35-13.36 1.270(0) 1.213(0) 1.271(0)

13.36-15.50 2.169(0) 2.062(0) 2.015(0)

15.50-17.68 2.555(0) 2.444(0) 2.405(0)

17.68-20.00 2.552(0) 2.462(0) 2.425(0)

20.00-25.00 4.247(0) 4.042(0) 4.064(0)

25.00-30.96 3.171(0) 3.067(0) 3.096(0)

30.96-40.00 2.786(0) 2.709(0) 2.729(0) 2.994(0)

40.00-50.00 1.747(0) 1.717(0) 1.816(0) 1.687(0)

50.00-70.00 1.777(0) 1.746(0) 1.783(0) 1.737(0)

70.00-100.0 1.089(0) 1.078(0) 1.149(0) 1.107(0)

100.0-150.0 7.369(~1) 7.314(-1) 7.793(-1) 7.219(-1)

150.0-200.0 3.642(-1) 3.629(-1) 3.498(-1) 3.460(-1)

200.0-250.0 2.372(-1) 2.366(—1) 1.844(-1) 2.065(—1)

250.0-283.8 8.155(=2) 8.089(—2) | 8.135(~2)

283.8-400.0 2.492(0) 2.277(0) 2.326(0)

400.0-425.0 5.733(-1) 5.739(-1) 5.667(—1)

425.0-1000.0 3.895(0) 3.634(0) 3.626(0)

1000.0-10* 1.001(0) 1.003(0) 9.909(-1)
10%-10° 8.428(-3) 8.748(-3) 8.427(-3)
10%-00 1.400(-7) 1.400(-7) 1.400(-7)
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Table 7.13: The dipole sums Sj, logarithmic dipole sums L, and mean excitation energies
I, for various values of k, for (CH3);NH calculated using the initial and constrained
DOSDI1. The values obtained from the constrained DOSD are recommended.

Property | Initial | Constrained || Property | Initial | Constrained
DOSD1 | DOSDI DOSD1 | DOSDI1
S, | 1.288(4) | 1.299(4) S_12 | 3.713(6) | 3.913(6)
S | 1.737(2) | 1.783(2)
So | 2.518(1)| 2.600(1)
S_yp | 2188(1) | 2.269(1) L, 7.830(4) | 7.871(4)
S.. | 2.390(1) | 2487(1) L, 5.474(2) | 5.603(2)
S_sp | 2.885(1) | 3.011(1) Lo 1.704(1) | 1.741(1)
S_, | 3.699(1)| 3.870(1) Ly |-7131(0) | —7.590(0)
S_sp | 4973(1) | 5.214(1) Lo, |-202301)| -2.134(1)
S_s | 6977(1) | 7.327(1)
S_e [1548(2) | 1.629(2) | L(eV) | 1.189(4) | 1.163(4)
S.s  |3.989(2) | 4.204(2) | L(eV) | 6.357(2) | 6.297(2)
S.e |1177(3)| 1.241(3) | Io(eV) | 5.355(1) | 5.316(1)
S_s | 1.395(4) | 1472(4) | I_;(eV) | 2.019(1) | 2.005(1)
S_1o | 2134(5) | 2.251(5) | I_p(eV) | 1.575(1) | 1.568(1)
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Table 7.14: The dipole sums S}, logarithmic dipole sums L;, and mean excitation energies
I}, for various values of k, for (CH3)3N calculated using the initial and constrained
DOSD3. The values obtained from the constrained DOSD are recommended.

Property | Initial | Constrained || Property Initial Constrained
DOSD3 DOSD3 DOSD3 DOSD3
S 1.606(4) 1.630(4) S_12 1.117(7) 1.168(7)

Sy |2244(2) | 2341(2)

So  |3.265(1)| 3.400(1)

S_.a2 | 2813(1) | 2.928(1) L, 9.726(4) | 9.810(4)
S_i  |3.061(1)| 3.192(1) L 7.000(2) | 7.247(2)
S_s | 3.699(1) | 3.865(1) Lo 2.274(1) | 2.382(1)
S_, |4.769(1) | 4.990(1) Ly | -9.063(0) | —9.574(0)
S_s; | 6.479(1) | 6.790(1) Lo, |-2682(1)| —2.822(1)

S_s  [9.243(1) | 9.698(1)
S_¢ ]2165(2) | 2277(2) || L(eV) | 1.161(4) | 1.119(4)
S_s |6.056(2) | 6.377(2) || L(eV) | 6.156(2) | 6.084(2)
S.e [19733)| 2080(3) | I(eV) | 5.461(1) | 5.484(1)

S_s |2.885(4)| 3.038(4) | I_,(eV) | 2.023(1) | 2.016(1)

S_1o |5.353(5)| 5.619(5) | I_a(eV) | 1.550(1) | 1.546(1)
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~ Table 7.15: Values of the molar refractivity, in cm®mol™?, of (CH3),NH and (CH3)3sN

(ideal gas, STP) evaluated using the constrained DOSD1, and DOSD3, respectively.

Molar Refractivity Molar Refractivity
A (A) [(CH3),NH [ (CHs)sN || A (A) [(CH3).NH | (CH5)sN
6709.0 14.76 19.06 || 4047.0 15.33 19.89
6440.24 14.78 19.10 | 3861.0 15.42 20.03
6328.0 14.80 19.12 | 3342.0 15.81 20.62
6104.0 14.82 19.15 | 2968.0 16.28 21.37
5893.0 14.85 19.19 | 2894.0 16.40 21.59
5462.25 14.92 19.29 2753.0 16.69 22.12
5087.23 14.99 19.39 2577.0 17.19 23.25
4801.25 15.06 19.49 2346.0 18.30 24.84
4359.56 15.20 19.69




Chapter 8

Concluding Remarks

The amount of accurate absolute photoabsorption oscillator strength data available in
the literature is limited. Yet such data are needed in many areas of science and technol-
ogy. The present study has provided wide-ranging absolute oscillator strength data for
the photoabsorption of CH;0H, CCly, NH3, CH3NH;, (CH3);NH, and (CH3)3N at a res-
olution of 1 eV fwhm. The discrete excitation region below the first ionization potential
of these molecules has also been studied at higher resolution (0.048 eV fwhm).

Atomic oscillator strength sums for the constituent atoms of a molecule have been
used with some success previously to place relative inner-shell oscillator strength spectra
on an absolute scale af 20-30 eV above the inner-shell ionization potential. In the
presently reported photoabsorption studies of CH3OH, and CCly, a marked difference was
observed in the inner-shell regions of these molecules between the measured molecular
photoabsorption oscillator strength data and the summed oscillator strength data for the
constituent atoms. This indicates that absolute oscillator strength data obtained using
such normalization procedures, based on summed atomic data, should only be taken as
approximate. These considerations are especially important in the case of CCly where
three inner-shell thresholds (Cl 2p,2s; C 1s) contribute in the 200-300 eV region.

Absolute partial photoionization oscillator strength data for the molecular and dis-
sociative photoionization of CH3OH and CCly are also reported in this work. These

results have led to a qualitative and quantitative understanding of the dipole-induced
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breakdown pathways of these molecules. In other related work, a general procedure for
determining the sensitivity of ion detectors to ions of different mass to charge ratio has
been described, and has been used to characterize the two ion detectors used in this
work. Such characterizations are important in applications where mass spectrometry is
used for accurate quantitative analysis.

The absolute high- and low-resolution oscillator strength data for the photoabsorption
of ammonia and the methylamines reported in this work have been used by Kumar and
Meath at the University of Western Ontario to determine dipole oscillator strength distri-
butions (DOSDs) and a wide range of related dipole properties for these molecules. The
direct ab initio calculation of the oscillator strengths and dipole properties for molecules
of the size studied here is not at present feasible, and therefore such data are limited.
The present work represents the first determination of most of these dipole properties for
these nitrogen-containing molecules. Future work should include a study of the higher n-
alkylamines. From a comparison of the DOSDs and dipole properties of these molecules,
and of ammonia and the methylamines, an indication of the effect on the oscillator
strength distribution, and dipole properties, of adding a methyl or amino group to larger
molecules can then be assessed.

Finally, details of the high-impact energy dipole (e,e) spectrometer designed and
constructed during the course of this work have been presented. This new spectrometer
will extend the energy loss range to 3 keV to permit the study of third row K-shells. It will
also extend the range of possible targets to include free radicals, ions, and excited species.
Absolute oscillator strength data for the photoabsorption of these types of molecules are,

at present, extremely limited.
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