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ABSTRACT

The technique of variable-angle electron energy-loss spectroscopy has been
used to study the electronic spectroscopy and structure of both open- and closed-
shell molecules. The experiments were performed using incident electron beam
energies between 25 ¢V and 100 eV and at scattering angles between 0° and 90°.
Energy-loss regions from 0 eV to 16 eV were examined. Spin-forbidden, dipole
symmetry-forbidden/quadrupole symmetry-allowed, and super-excited transitions
were investigated by this method.

The three small carbonyl compounds formaldehyde (CH;0), acetaldehyde
(C2H40), and acetone (C3HgO) were studied in the energy-ioss region from 0 eV
to 16 eV. Low-lying spin-forbidden n— #* and 7 — «* transitions were located on
the basis of the angular behavior of their relative differential cross sections. High-
lying (autoionizing in the case of formaldehyde) dipole symmetry-forbidden states
were also assigned on the basis of differential cross section behavior. The effect of

methyl substitution on the transition energies was also noted and discussed.

Five dicarbonyl compounds (biacetyl, acetylacetone, acetonylacetone, 1,2-
cyclohexanedione, 1,4-cyclohexanedione) were investigated by this spectroscopic
method in order to locate their low-lying spin-forbidden transitions. The energy
difference between the lowest spin-allowed and spin-forbidden n— 7w*excitations in
the cyclic dicarbonyls was found to be much larger than in the acyclic dicarbonyls;

this difference was discussed.

The spectrum of the methyl radical CH3 was investigated by the same tech-
nique as the carbonyls except that the radical was generated by pyrolysis. Three
source compounds were tried (tetramethyl tin, ethyl nitrite, di-t-butylperoxide)
with temperatures ranging from ambient to 800°C. Using di-t-butylperoxide at a

pyrolysis temperature of about 300°C, relative differential cross sections for the
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lowest allowed 2A) « 2AY 3s Rydberg transition (5.73 eV) were determined at
incident energies of 50 eV and 25 eV. The differential cross sections for this band
do not indicate the presence of any underlying spin-forbidden transition.

Finally, preliminary investigations of the spectroscopy of pyridazine and cy-
clohexanone were undertaken. For pyridazine, a new low-lying spin-forbidden
excitation was observed. The low-lying spin-forbidden transitions of cyclohex-
anone were also observed along with tentative relative differential cross sections at
30 eV and 50 eV. Rydberg bands in this molecule converging to the first ionization

potential were seen and the positions tabulated.
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CHAPTER 1. PRINCIPLES OF ELECTRON SPECTROSCOPY

1.1 Introduction

The investigation of the interaction of electrons with matter has important
applications to many fields of research. The information obtained relates to certain

upper-atmosphere processes,! electron beam transport,? gaseous discharges,3—5

6—8 9,10

plasma physics, electron beam-pumped lasers, and astrophysics.!! The
emphasis of the following research is on the location and identification of electronic
energy levels in molecules. This knowledge is especially useful in photochemistry
and radiation physics.

In particular, the work reported here uses the technique called electron energy-
loss spectroscopy (EELS) or electron-impact spectroscopy (EIS), both terms being
used interchangeably. EIS involves focusing a. monoenergetic beam of electrons of
initial energy Eo into a gaseous target and then measuring the energy of the
scattered electrons at a scattering angle § . Plotting scattered electron intensity
versus energy lost by the incident electrons yields the energy-loss spectrum and
is analogous to an optical spectrum. Details of the experimental technique are
described in Section 1.3.

Several advantages exist in using EIS rather than more conventional optical
spectroscopies. One advantage is that a single electron spectrometer is able to scan
the range from the infrared (several meV energy-loss) to the x-ray (several hundred
eV energy-loss), with constant resolution throughout. Several optical instruments
would be required to accomplish this, with the resolution of the optical instruments
worse in the far ultraviolet (and above). A second advantage in using EIS is that
the experiment contains two variables that help determine the nature of the target

excited states, namely, the incident electron energy Eqo and the scattering angle

0. The specifics of how these variables are exploited and further experimental
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considerations are given in the following sections.

1.2 Theoretical Considerations

When an electron scatters from and electronically excites an atom or molecule,
two mechanisms of excitation are possible. The first, termed Coulomb or direct
excitation, involves energy absorption by the target from the electric field caused
by the transit of the electron. The system energy is conserved; therefore, the
amount of energy absorbed by the target is manifested in an equal energy-loss of
the electron. Transitions excited primarily by such a mechanism exhibit a slow
increase in intensity as Eg increases from threshold to 50-100 eV above threshold,
then show a slow decrease as Eq is further increased.!? Transitions excited in
this direct way also exhibit an intensity peak at §=0°, decreasing by one to two
orders of magnitude as # increases from 10° to 90°.13:14 This “forward-peaked”
scattering is due to the fact that the electrostatic force which drives the excitation
is long-ranged and thus the electrons undergo little or no direction change after
interacting with the target. In addition, at high Eq and low 6, where the Born

approximation applies,!® this type of excitation obeys optical selection rules.16:17

The second mechanism of electronic excitation involves the physical exchange
of the incident electron with a target electron. The incident electron may exchange
with a target electron with either the same or opposite spin; the former may or
may not leave the target in an excited state and the latter leaves the target in
an excited spin-forbidden state. The overall spin of the system (incident electron
+ target) is conserved and the AS=0 selection rule is not violated. Transitions
excited primarily by this mechanism exhibit a rapid decrease in intensity as Eg
changes from values near threshold to higher values. These transitions also exhibit

a nearly uniform angular distribution due to the loss of the directional information
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carried by the incident electron when it spends time in the target vicinity.

The very different manner of these two types of excitations allows one to
extract information regarding the nature of transitions by examining how spectral
intensities change as a function of § and Eg. More specifically, what is measured
is the differential cross section g—g) (DCS); that is, the cross section per unit solid
angle for scattering into a given direction defined by the spherical polar angles
and ¢. For experiments in the gas phase with randomly oriented molecules the
DCS is independent of ¢.}* (In addition, another experimental value of interest is
the integral cross-section Q which is the differential cross-section integrated over
all scattering angles.)

How does the behavior of the DCS indicate the nature of the transition? A
transition which exhibits an approximately isotropic DCS (constant to within a
factor of 2 over the range §=10°-90°) is due to a spin-forbidden excitation. A
transition which displays a strongly forward peaked DCS which falls off by one to
two orders of magnitude as # increases from 10° to 90° is due to a fully allowed
transition (or elastic scattering). A DCS of intermediate behavior is most likely
due to a spin—allowed./ symmetry-forbidden transition.

One can predict the aforementioned behavior from potential scattering
theory.!*18 The problem is mathematically described by a plane wave (the electron
far from the target) incident upon a central field scattering potential. A partial
wave analysis of the problem combined with the assumption that the potential has

an “effective range” leads to the result!®

do 1 2
== " 7| > (2l + 1)mPi(cos 0) 2,
=0
for small phase shifts n; and relatively low impact energies. The magnitude of

the electron wave-number vector is k and P; is the {*# Legendre polynomial. By
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examining the above equation one can see that for long-range potentials, such as
the Coulomb interaction, more partial waves will contribute to the DCS than for
short-range potentials such as those involved in the exchange mechanism. The
more Legendre polynomials that are included the more forward peaked is the
DCS; the direct mechanism produces a forward peaked DCS whereas the exchange
mechanism produces a more isotropic DCS. A lower Eq (a lower k) also implies

inclusion of fewer partial waves and again a more isotropic DCS.

A few final comments can be made regarding the theory of electron
spectroscopy. A relation between optical results and EIS results can be found in
the first Born approximation; in fact, optical oscillator strengths can be obtained
from electron scattering measurements.!?:20:21 Also, regarding certain types of
symmetry-forbidden transitions, both Goddard?? and Read and Whiterod?3 have

used symmetry arguments to predict the behavior of the DCS.

1.3 Experimental

The results presented in this thesis were obtained using the electron spectrom-
eter fully described in the Ph.D. thesis of C. F. Koerting.!® For completeness,
a very brief description of the spectrometer is given here, including any recent

changes.

The vacuum system used in these experiments has been described previously
by Rice?4 and Flicker.25 The system consists primarily of a 70 [ stainless steel
chamber pumped by a mercury diffusion pump with a measured speed of 300-
350 I/sec. In addition to the main chamber pumping, two other pumps are used.
A 50 Il/sec turbomolecular pump differentially pumps the electron optics which are
enclosed in isolation housings. A gravity-fed liquid nitrogen cryotrap is located

in the vicinity of the sample inlet source and acts as a beam dump and as an
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aid to main chamber pumping. The main chamber base pressure is 2 X 10~7 to
1 x 1078 torr. Two orders of magnitude in pressure can be maintained between
the electron optics and the main chamber; during a scan the pressure in the optics

region is kept at 1 X 1076 to 4 x 1076 torr.

The spectrometer and electronics are contained within an RF shielded
enclosure providing 100 dB attenuation of electromagnetic frequencies in the range
of 10* to 10!! Hz. Magnetic shielding consists of a single 0.050 inch p-metal shield

reducing the ambient magnetic field in the spectrometer to approximately 5 mG.

Two sets of electron optics exist which may be used with this instrument. The
first set, designed by Flicker,?® were used initially with no success (poor current
at the scattering center and tuning difficulties). A second set was designed by
Edmonson (as described by Rianda?®) and, except for some recent minor design
changes,'® was used for the experiments reported here. A computer analysis and
comparison of these two optics sets is included in Appendix 3. Briefly, electrons are
emitted from a tungsten filament, focused onto the plane of a hemispherical-sector
electron-energy analyzer (2.25 inch mean radius), energy selected, and focused
onto the target gas. Typical beam currents at the scattering center range from
1-20 nAmp. Scattered electrons are then focused into a second hemispherical
analyzer, energy analyzed again, and finally focused onto an electron multiplier
and detected. The system resolution, measured as the full-width at half-maximum

(FWHM) of the elastic peak, is typically 30-100 meV.

The monochromator is mounted on a rotatable gear wheel and may be turned
from -15° to 110° about the rotation axis. The actual scattering angle varies from
about -10° to 100° because the analyzer and monochromator lie in a plane 20°

with respect to the horizontal (see Appendix 3).

Three gas target sources can be used with the present spectrometer. The first
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is a static gas cell consisting of a copper tube, closed on one end, with a 0.060 inch
wide slot cut 120° around its circumference at 20° with respect to the horizontal
and also two 0.060 inch holes drilled opposite the slot at 0° and 55° . These holes
allow the electron beam to exit into the analyzer and faraday cup, respectively.
This tube slides onto another copper tube, by which the sample gas is admitted,
passing through the center of the rotating table via a rotary seal. The second
sample source is an effusive jet produced by a stainless steel hypodermic needle
with a 0.050 inch ID and a length-to-diameter ratio equal to 6. The needle is
fitted into a copper cap which slides onto the same inlet tube as the gas cell. The
third inlet is a quartz pyrolysis tube. This inlet consists of a 0.25 inch OD quartz
tube drawn to form a 0.060 inch ID capillary at one end where a stainless steel
sheathed heater wire is wrapped. Temperatures in excess of 800° C, as measured
by a thermocouple located on the heater assembly, have been attained with this
source.

The detection of electrons is accomplished by a Galileo SEM 4219 Spiraltron
electron multiplier. A MSC 8001 Z80-based computer acts as a programmable
multichannel scaler and voltage sweep control. The spectrum that is collected is
plotted and stored on a diskette for transfer to the chemistry department VAX
11/780 computer where the data is analyzed. The detection and scanning system
is described in the thesis of Rianda.?® Further discussion of the data analysis

programs and their usage is given in Appendix 4.
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Electron—-Impact Spectroscopy of Formaldehyde,
Acetaldehyde, and Acetone®
K. N. Walzl®, C. F. Koerting®, and A. Kuppermann
Arthur Amos Noyes Laboratory of Chemical Physics,®

California Institute of Technology, Pasadena, CA 91125
(received )

Abstract

The three carbonyl-containing molecules formaldehyde, acetone, and ac-
etaldehyde have been studied by the technique of low-energy, variable-angle elec-
tron energy-loss spectroscopy. With this method the low-lying, spin-forbidden
transitions have been located by means of the behavior of the relative differen-
tial cross sections, providing the first identification by this technique of the low-
lying spin-forbidden states in acetaldehyde. High-lying states (super-excited in
the case of formaldehyde) were also investigated and some assignments were made
on the basis of characteristic angular behavior, evident not only for the symmetric
molecules formaldehyde and acetone but also for acetaldehyde. The trends in the
allowed and forbidden transition energies were examined and found to be relatively

linear with methyl substitution.

@ This work was supported in part by the U. S. Department of Energy, Contract
No. DE-AMO03-76F00767, Project Agreement No. DE-AT03-76 ER72004.

b Work performed in partial fulfillment of the requirements for the Ph.D. degree
in Chemistry at the California Institute of Technology.

¢ Present address: E. I. Dupont de Nemours and Co., Inc., Wilmington, DE
10898.
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1. INTRODUCTION

Small carbonyl compounds not only play an important role in terrestrial
chemical and biological mechanisms, but the prototype molecule formaldehyde has
even been detected in interstellar space. Acetone is equally interesting, containing
the same symmetry elements as formaldehyde but with each hydrogen replaced by
a methyl group. Acetaldehyde acts as a spectroscopically important intermediate

case.

By means of optical experiments all three compounds are found to possess
a weak absorption at approximately 4 eV1~3 which is identified as belonging
to the lowest n— 7* transition; the dipole symmetry-forbidden nature of this
band explains its weakness. The spectra also possess a congested region above
approximately 6.5 eV which is composed almost exclusively of transitions that are
Rydberg in nature.4~7 In particular, one sees first a band due to the 3s Rydberg
series member (plus vibrational components), second a band due to the 3p Rydberg
series member, next a band due to the 3d Rydberg series member, and then higher

series members converging to the first ionization potential (IP).

Of the three molecules in this paper, formaldehyde has been the most
extensively studied by electron spectroscopic techniques in the energy-loss region
between 2.5 and 7.5 eV;¥8~12 therefore, not a great deal is to be gained from a
further detailed analysis of this region. An area of the formaldehyde spectrum
that has not been greatly studied is that above the first IP, especially as a
function of scattering angle, even though sharp structure has been observed.!®
Like formaldehyde, the interval of the acetone spectrum between 2.5 and 7.5 eV
has been extensively examined,!0:12:14-18 }yt in this case doubt exists as to the
identity of some of the transitions. The low energy-loss portion of the acetaldehyde

spectrum has not been thoroughly investigated. Previous electron spectroscopy
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work has been performed;1%:12:19 however, the low-lying spin-forbidden states have

not been accurately identified through an examination of differential cross section

(DCS) behavior.

A comparison of the spectra of small chromophore-bearing molecules enables
one to ascertain the physical and chemical influences of various attached sub-
stituents on the chromophore. In addition, electron-impact spectroscopy is a pow-
erful technique, both in its ability to elucidate the forbidden or allowed nature of
a transition and in its ability to easily examine spectral features in the far ultravi-
olet. For this reason, a systematic study was undertaken of three simple molecules

containing the CO chromophore: formaldehyde, acetaldehyde, and acetone.

2. EXPERIMENTAL

The electron-impact spectrometer and the methods of data accumulation and
reduction have been described previously.?? In brief, an electron beam is energy
selected by a hemispherical electrostatic energy analyzer and scattered from the
target vapor in a collision cell. Incident electron beam currents were between
0.5-10 nAmp and sample pressures in the cell were estimated to be between 1-10
mtorr. The electrons thus scattered at selected angles between —15° and 100°
are energy analyzed with a second electrostatic energy analyzer and detected with

an electron multiplier.

The typical resolution for these studies was between 50 meV and 90 meV as
measured by the full-width at half-maximum (FWHM) of the elastically scattered
peak. Some of the higher resolution spectra were measured with resolutions
between 30 meV and 45 meV FWHM.

Acetone (Mallinckrodt 99.5%) and acetaldehyde (Baker 99+%) were de-

gassed by several freeze-pump-thaw cycles and used without further purification.
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Formaldehyde was generated by continuous heating of paraformaldehyde (Celanese
91-93%) at approximately 60° C. Air and water were removed from the sample
by pumping on the paraformaldehyde during heating until the most intense fea-
tures of the contaminant spectra were less than 1% of the mean intensity of the

formaldehyde bands of interest.

The areas under the elastic peak and each of several inelastic features were
obtained by numerical integration as described previously.2! The relative DCS
values for each molecule were also determined by a previously described method.??
These cross sections are normalized by setting the elastic DCS at a given impact
energy to 1.0 at the scattering angle § = 40° . The arbitrary units thus determined

are different for each molecule and impact energy.

3. RESULTS AND DISCUSSION

Tables 1-4 summarize the excitation energies obtained and the assignments
made for the transitions discussed in the following sections. (Additional transitions
are tabulated in Appendix 5.) Peak locations determined from the electron-impact
spectra have an estimated uncertainty of £0.04 eV and the Franck-Condon limits

for each transition are estimated to be within +0.12 eV.

Energy-loss spectra at Eg = 25 ¢V and § = 10° for all three compounds
(below the first IP) are shown in Figure 1. As mentioned previously, some general
features are shared. The broad band at approximately 4 eV is due to the lowest
spin-allowed n— 7* transition; the sharp bands above 6 eV are due to various
Rydberg transitions. Specifics for each molecule are discussed in the following
separate sections.

3.1 Formaldehyde

Figure 2 shows the low energy-loss region of the formaldehyde spectrum for
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several incident electron energies and scattering angles. At Eqg =50 eV and § = 10°
(Figure 2a) the spectrum appears as it would if obtained by an optical technique.*
The lowest energy band observed is that due to the n— 7* (}A2) transition with
an onset at 3.35 eV and a maximum at 3.79 eV. Vibrational structure can be seen
and is due to various numbers of quanta in both v, (C-H symmetric stretch) and
v2(C-O stretch). The vibrational components of this band and the assignments
are given in Table 1la. The agreement with the results of a comparable electron
scattering experiment by Taylor et al.!! and those of an optical study by Brand!
is to within experimental error.

As the incident energy is lowered and the scattering angle is increased, several
changes in the spectrum become apparent. The first is that the n— 7* band seems
to shift to a lower energy-loss position, with the onset shifting from 3.35 eV to
3.00 eV and the maximum shifting from 3.79 eV to 3.50 eV. The explanation is
that a spin-forbidden band partially overlaps the n— 7* (*A;) band, the spin-
forbidden band being much lower in intensity at high Eq and low 6 but becoming
of comparable intensity as Eg is lowered and 8 is increased. The identity of this
underlying band is the n— 7* (3A3) transition and has been observed previously

l. 11 and Robinson and Digiorgio.23 Vibrational structure is observed

by Taylor et a
and is due to various numbers of quanta in the modes v; and vg (out-of-plane
bend) (Table 1b). The identification of these bands as being due to either spin-
forbidden or spin-allowed transitions is made on the basis of the behavior of the
differential cross section. It is known from previous work 24:2° that a band that
exhibits a nearly constant DCS over the angular range § = 10° to 90° and shows
enhancement as the incident electron energy approaches threshold is due to a
spin-forbidden transition while a band that falls off by 1 to 2 orders of magnitude

over the same angular range is due to a fully-allowed transition. (A transition

of intermediate behavior is most likely due to a spin-allowed /symmetry-forbidden
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transition.) Figure 3 shows the differential cross sections for the n— #* (1A,) and
(3A2) bands and confirms the assignments.

The second spectral change that is observed is the appearance of a broad band
with an onset at 4.93 eV and a maximum at 5.82 eV. The DCS for this band is
shown in Figure 3; the relatively constant DCS between § = 0° and 90° reveals
that it is attributable to a spin-forbidden transition. Indeed, it corresponds to the
m — n* (3A;) transition. Vibrational structure is observed, due to excitation of
vy; the transitions and assignments are listed in Table 1c. The corresponding
m — 7* (*A;) band has not been observed even though many workers have
calculated the excitation energy, with values spanning the range from 6 eV to 15
eV.13,26=31 The consensus is that the 7 — 7* (1A;) transition most likely takes
the form of a broad band underlying the somewhat congested Rydberg region
between 7 eV and 12 eV.

A last observation that is made regarding the spectra shown in Figure 2 is
the appearance of another set of spin-forbidden transitions at 6.74 eV, 6.83 eV,
and 6.93 eV. The peak at 6.74 eV is assigned to the n—3s (3B;) transition, the
peaks at 6.83 eV and 6.93 eV being excitations of one and two quanta in v3. The
spin-forbidden nature of these transitions is confirmed by the relatively constant
DCS with scattering angle (Figure 4), particularly at Eq = 25 eV.

Figure la includes the Rydberg region up to the first ionization potential
(adiabatic IP = 10.88 eV3%). A Rydberg transition is one in which the electron
is excited far from the molecule into a hydrogen-like orbital surrounding an ionic

core. Being hydrogen-like in nature, a simple Rydberg formula

E=1IP —R/(n-6)?,

can be used to fit the series.3® E is the transition energy and R is the Rydberg
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constant 13.605 eV. It is necessary to include a correction term ¢ called the
quantum defect which is a measure of the penetration of the hydrogen-like orbital
into the ionic core. For compounds of first row elements § ~ 1.0 for an s Rydberg
series, § ~ 0.6 for a p Rydberg series, and § ~ 0.1 for a d Rydberg series.3*
Assignments for the transitions discussed in this research were made primarily on
the basis of quantum defects. (Results are given in Table 1 in Appendix 5.) The
n, —ns (1B;) transitions were fit to a Rydberg series out to n = 9 with § = 1.11.
Also, the n = 3 series member possesses vibrational structure by one and two
quanta in v;. Three n, —np series were observed. The n, —np ,(b2) transitions
are dipole symmetry-allowed in formaldehyde and are fit with a quantum defect
6 = 0.83. The n, —np ,(a;) transitions are also symmetry-allowed and are fit
with a quantum defect § = 0.77. A new n, —np . transition with one quantum of
vibrational excitation in v has also been observed. The n, —np .(b1) transitions
are dipole symmetry-forbidden/quadrupole symmetry-allowed and indeed exhibit
the angular behavior characteristic of such a transition, i.e., weak in intensity
with respect to the dipole-allowed transitions at Eq = 100 eV and 8 = 0° ,
but of comparable intensity at Eg = 100 eV and § = 10° .35 Transitions to the
3pz Rydberg orbital with one and two vibrational quanta in v3 (in-plane bend)
are observed; only the one quantum transition has been previously seen. The
assignments of the transitions to either p; —, py —, or p. —type orbitals are also
in accord with the magnitude of the quantum defects. The smallest quantum
defect belongs to the transition to the p, —type orbital (§ = 0.66), the one with
the smallest penetration into the ionic core (coordinate system, Figure 5). The
Py — and p, —type transitions possess slightly higher quantum defects, penetrating
the core to a greater extent. Two Rydberg series for n, —nd transitions were
found. The first, with a quantum defect of 0.40, is dipole symmetry-allowed and

is assigned to transitions to d orbitals of either a; or by symmetry. Peaks with
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both one and two quanta in v, are observed for transitions to the 3d orbital. The
second series has a quantum defect of 0.12 and is attributed to a n, —nd (b;)
series. A peak with one quantum also in v, is seen for the transition to the 3d(b;)
orbital.

The far-uv spectrum of formaldehyde is very interesting in that it possesses
sharp Rydberg structure beyond the lowest ionization potential and up to
the fourth ionization potential. There is no difficulty in studying this region
(corresponding to about 100 nm — 75 nm) by our technique; Figure 6 shows this
region at Eg = 100 eV and angles § = 0° and § = 10° . The spectrum is
very complicated due to the proximity of the three ionization potentials (IP2(1b;)
= 14.39 eV (vertical), IP3(3a;) = 15.85 eV (adiabatic), IP4(1by) = 17.0 eV
(vertical)®?) and again assignments are made primarily on the basis of quantum
defects. Some aid is gotten by using symmetry arguments to predict that the
Rydberg series of p;(b;)- and d(b;)-type converging to the fourth IP are dipole
symmetry-forbidden but quadrupole symmetry-allowed. Under the conditions of
high incident energy such transitions should be enhanced relative to fully-allowed
transitions upon an angular change from 0 to 10 degrees.3® Peaks at 14.40, 14.86,
15.01, 15.17, 15.75, and 16.27 eV do indeed exhibit such an enhancement as can be
seen in Figure 6 and summarized in Table 2. Weiss et al.® examined the spectrum
of formaldehyde in this same region at Eq = 250 eV, making assignments on the
basis of quantum defects. They also noted that the broad band with a maximum at
about 13.1 eV has a strong contribution due to autoionization (based on the work
of Praet and Delwiche®®). (Further tabulation of peak locations and assignments
is given in Tables 2 and 3 in Appendix 5.)

3.2 Acetone
In Figure 7 is shown the low energy-loss region of the acetone spectrum at

Eo =50 eV and § = 10° and Eq = 25 eV and 8 = 40° , 80° between 3.5 eV and
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7.0 eV energy-loss. The Eg = 50 eV and § = 10° spectrum (Figure 7a) reproduces
the result that one would obtain by an optical technique. The lowest band is due
to the n— #* singlet-singlet (S—S) transition, with an onset at 3.75 eV and
a maximum at 4.38 eV. This low intensity band has been observed in previous

electron scattering experiments!4:15

and the agreement is within experimental
error. With an increase in scattering angle and a decrease in incident energy
(Figures 7b, 7c), changes similar to those observed with formaldehyde are noticed.
The n— 7©* band appears to shift to lower energy, with the onset moving from
3.75 eV to 3.56 €V and the maximum moving from 4.38 eV to 4.18 eV. As with
formaldehyde the reason for this apparent band shift is the increasing dominance

of the underlying n— 7* singlet—triplet (S-T) transition as Eo is lowered and 6

is increased.

A second change that is noticed is the appearance of an additional band
with an onset at 5.15 eV and a maximum at 5.88 eV. This is the 7 — 7* (S-T)
band. The spin-allowed or spin-forbidden nature of all the aforementioned bands
is confirmed through an examination of their respective DCS curves (Figure 8).
In addition, none of these bands possess discernible vibrational structure. The

information concerning these bands is summarized in Table 3a.

The last band visible in the spectra of Figure 7 is attributed to the
n—3s Rydberg transition; no peaks attributable to a spin-forbidden 3s Rydberg
transition are found. Van Veen et al.l° place the position of this spin-forbidden
band at 6.26 eV. Figure 10 is an extension of the acetone spectrum up to the first
IP (adiabatic IP = 9.71 eV) at an incident energy of 100 eV and scattering angles
of 0, 3, and 10 degrees. The n, —ns series is fit up to n = 9 with a quantum defect
of 1.03. Transitions with from 0 to 4 quanta in v4 (methyl group deformation) are

observed for n = 3, transitions with 0 to 2 quanta in v4 are observed for n = 4,
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and transitions with 0 and 1 quanta in v4 are observed for n = 5.

For Rydberg transitions of the type n, —np , a relatively weak series is fit
with a quantum defect of 0.58. The 3p member shows structure, with transitions
located at 7.42, 7.46, 7.54 and 7.59 eV. In addition, a change in the scattering angle
from 0° to 10° causes the enhancement of features at 7.46, 7.95, and 9.11 eV; a
shoulder at 7.59 eV also shows enhancement with increased angle. As previously
discussed, this enhancement is indicative of a symmetry-forbidden/quadrupole-
allowed band; Rydberg transitions to orbitals of b; symmetry are of this type. In
this case the transition at 7.46 eV is assigned to the n=3 member of such a series
and the transition at 7.59 eV is assigned as the forbidden transition to the 3p(b;)
orbital with one v4 vibrational quantum included. The peak at 7.42 eV is assigned
to an allowed 3p Rydberg transition, the 7.54 eV transition being the same but
with one quantum of v4 included.

Recently there has been some controversy regarding the assignment of the 3p
Rydberg bands. Doering and McDiarmid!? studied these 3p Rydberg transitions
using an electron-impact energy-loss technique and concluded that the band origins
that they found at 7.404 eV and 7.447 eV were due to a forbidden transition to the
3p(bi) orbital and a false origin arising from the same transition enabled by the CO
bending mode. In other words, the entire spectral region between 7.2 eV and 7.6
eV arises from a single forbidden transition, explaining the observed low intensity;
the other two possible Rydberg transitions appeared to be inactive. They also
found no evidence for forbidden transitions in the nonsymmetric molecule methyl
ethyl ketone. Gedanken!® performed a magnetic circular dichroism study of this
same band in acetone and found evidence for two excited states, the assignment
being to the two allowed 3p Rydbergs !A; and 1B;. The results of the present
study suggest that a combination of the interpretations of Doering and McDiarmid

and Gedanken is appropriate. The spectral intensity changes with Eqg = 100 eV



20
and 6 varied between 0° and 10° do indeed demonstrate the presence of forbidden
3p Rydberg transitions but the fact that the 50 eV DCS curve for this band (Figure
9) decreases by over two orders of magnitude between 0 and 90 degrees reveals the
contribution of a fully-allowed transition(s) (Table 4a). All three molecules in this
study show similar behaviors and, as in the well-studied case of formaldehyde, the
presence of both allowed and forbidden transitions is indicated.

Two n, —»nd Rydberg series are observed. The first is fit out to then =5
member with a quantum defect of § = 0.37. The second, which includes the bands
at 7.95 eV and 9.11 eV, is fit with § = 0.24 and is assigned to a symmetry-forbidden
series. The 4d’ member is not definitively observed; however, there is a slight
intensity increase with angle in the shoulder at 8.75 eV which is suggestive of this
transition. (Additional Rydberg peak positions and assignments are summarized
in Table 4 in Appendix 5.)

The region of the acetone spectrum above the first IP also possesses structure,
albeit slight. Broad features are observed at 10.32, 11.65, 12.32, 13.94, 14.51, and
15.27 eV. The bands at 13.94, 14.51, and 15.27 eV correlate fairly well with the
ionization potentials at 14.06 (vertical), 14.4 (vertical), and 15.65 eV (vertical).
The bands at 10.32, 11.65, and 12.32 eV roughly fit a Rydberg series converging
to the second IP (12.78 eV, vertical) with § = 0.59. The values calculated with
this quantum defect are 10.44, 11.61, and 12.08 e¢V. Based on the size of the defect
this series could either be assigned to a p series or a strongly perturbed s series.
3.3 Acetaldehyde

Figure 11 shows the low energy-loss region of the acetaldehyde spectrum at
Eo =50eV, 0 =10° and Eq = 25 eV, 8§ =40° , 70° between 3.0 eV and 7.0 eV.
At Eg = 50 eV and § = 10° (Figure 11a) the optical result is reproduced with
the lowest band (onset at 3.56 eV, maximum at 4.27 eV) again attributed to the

n— 7* (S-S) transition. The low intensity of this band in acetaldehyde, which
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possesses a symmetry (C,) that does not make this transition forbidden, indicates
that for this molecule the symmetry of the carbonyl local environment (Cs,)
is more important in determining the selection rules. Like the other molecules
studied in this series, with a decrease in Eg and increase in 4 this band is observed
to shift to a lower energy (onset at 3.29 eV, maximum at 3.97 eV). The cause is
the underlying n— 7* (S-T) band. With this same angular and energy change
two other spectral features become prominent. The first, with an onset at 5.08
eV and a maximum at 5.99 eV, is due to the # — 7* (S-T) band. The second,
relatively sharp, is located at 6.65 eV and is assigned as the n—3s (S-T) Rydberg
band. The assignments of these bands are supported by the DCS curves shown in

Figures 12 and 13 and are tabulated in Table 3b.

Beginning with the last strong band in Figure 11 and continuing up to the first
IP (10.21 eV, adiabatic3?), the spectrum is dominated by Rydberg features (Figure
14). A n, —ns series is observed out to the n = 9 member and fit with § = .94.
Series members with one vibrational quantum in either v¢ (OCH deformation) or
v10 (CCO deformation) are also observed. Two n, —np series are observed. One
is fit with a quantum defect of 0.75, the other with a quantum defect of 0.61. The
members of the second of these two series (at 7.80, 7.95, and 9.03 eV) exhibit
the angular behavior characteristic of a dipole symmetry-forbidden/quadrupole
symmetry-allowed transition as 6 is changed from 0° to 10° in Figure 14 and are
assigned as such. As previously mentioned, the carbonyl group local symmetry
makes transitions to some p,-type Rydberg orbitals dipole symmetry-forbidden.
Vibrational quanta in either vg or v;o are observed for the n = 3 members of
both series (Table 4b). Two n, —nd series are observed and fit with quantum
defects of 6§ = 0.29 and é = 0.01 out to the n = 5 series members. Peaks with a

symmetry-forbidden nature are observed at 8.69 and 9.36 eV, just as a forbidden
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p Rydberg series were also observed. (Additional results are summarized in Table

5 of Appendix 5.)
3.4 Discussion

The spectra of the three carbonyls are remarkably similar. All exhibit angular
behavior that is characteristic of molecules possessing C;, symmetry. This is
contrasted with the results for methyl ethyl ketone in which Rydberg features
do not behave in this manner, consistent with a compound of C, symmetry.!”
Obviously a size threshold is passed in going from methyl to ethyl as a substituent;

symmetry-forbidden Rydberg transitions in propionaldehyde most likely will not
be found.

Only formaldehyde shows sharp structure above the first IP. This observation
is mirrored in the photoelectron spectra for these three molecules. The lower bands
(excluding the lowest) of formaldehyde are composed of sharp vibrational peaks
while those of acetaldehyde and acetone are broad and relatively structureless.32
This is due to the greater number of vibrational modes accessible in the larger

compounds.

In Figure 15 are plotted the two lowest ionization potentials for the three
molecules in this study along with the “term values” (term value = ionization
potential of originating orbital — transition energy) for the three lowest valence
transitions. The trends in ionization potentials demonstrate that the 7 molecular
orbital is destabilized more per methyl group than the nonbonding molecular
orbital (about 0.9 eV/methyl versus 0.6 eV /methyl). This has been explained as
being caused by a delocalization effect, methylation increasing the delocalization
of positive charge created by ionization thus stabilizing the ion,3” and also an
inductive effect, the methyl groups donating electron density and destabilizing the

neutral.38 The decrease in the term values for the three lowest valence transitions
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demonstrate that the n* orbital is also destabilized by increasing methylation
by nearly the same degree as the m orbital (0.9 eV/methyl). Indeed, all the
lower molecular orbitals studied are destabilized with methylation, including the
Rydberg orbitals by about 0.2 eV /methyl for the s-type and about 0.02 eV /methyl
for the d-type. The larger affect on the m and 7* orbitals suggests that a
delocalization effect is probably dominant to the inductive effect. In fact,
calculations by Harding and Goddard®® find slightly more delocalization for triplet
states than singlet states, which seems to be supported by the slightly larger
influence on the 3A; and 3A; states (0.93 eV/methyl) versus the 1A, state and

1A, ground state (0.89 eV/methyl).

Since the energy changes are nearly linear with methylation the search for
the spin-allowed @ — 7* excitations in thesé compounds is simplified. If this
transition is identified in one of the compounds its location can be accurately
predicted for the other two compounds. In fact, it can be seen that since both the
m and 7* orbitals are affected almost identically by methylation, the transition
energy should be equal for all three molecules. Robin4? argues for a location of

about 9.0 eV but this value has not been definitively assigned.

4. SUMMARY

In summary, through the application of the technique of variable-angle
electron energy-loss spectroscopy both low-lying singlet-triplet transitions and
high-lying dipole symmetry-forbidden/quadrupole symmetry-allowed transitions
have been observed for the three small carbonyl compounds formaldehyde, acetone,
and acetaldehyde. The spin-forbidden bands have been accurately located and
identified via the behavior of the relative differential cross sections. In the case of

acetaldehyde this is the first location of these bands by this method. Symmetry-
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forbidden autoionizing transitions in formaldehyde converging to the fourth IP
have been characterized in a similar manner. In addition, apparent symmetry-
forbidden Rydberg transitions in acetaldehyde have been detected even though
the molecular symmetry is only C,. It is observed that the energy levels of these
compounds depend linearly on the number of methyls and is strongest for the
7 and 7* orbitals and weakest for the Rydberg orbitals. The effect seems to be
primarily due to increased delocalization with increasing methyl substitution. An
examination of the trends in the valence transition energies of these molecules
indicates that the as yet unidentified spin—a.liowed m — 7m* transition should be
at the same spectral location for all three, most likely about 9 eV and obscured

by strong Rydberg excitations.
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Table 1. Formaldehyde valence transitions.®

E Av(vy,v)® Taylor et al.° Optical®
3.50 0.00 (0,0) 3.506 3.511
3.65 0.15 (0,1) 3.652 3.657
3.79 0.29 (0,2) 3.802 3.801
3.87 0.37 (1,0) 3.861 3.867
3.93 0.43 (0,3) 3.943 3.943
4.00 0.50 (1,1) 4.002 4.013
4.07 0.57 (0,4) 4.089 4.083
4.15 0.65 (1,2) 4.143 4.161
4.20 0.70 (0,5) 4.221 4.200

E Av(ve,v7)° Taylor et al.°  Opticalf
3.13 0.00 (0,0) 3.128 3.124
3.19 0.06 (0,1) 3.191 3.191
3.27 0.14 (1,0) 3.279 3.283
3.35 0.22 (1,1) 3.347 3.346
3.56 0.43 (3,0) 3.575
3.711 0.58 (4,0) 3.711
4.28 1.15 (8,0) 4.283
4.44 1.31 (9,0) 4.411
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(c) m — w*, 3A,
E v9 Taylor et al.?
5.03 3 5.03
5.15 4 5.15
5.27 5 5.26
5.38 6 5.38
5.50 7 5.49
5.60 8 5.61
5.71 9 5.71
5.82 10 5.82
5.93 11 5.92
6.02 12 6.02
6.13 13 6.12
6.22 14 6.22
6.31 15 6.31
6.41 16 6.41
6.53 17 6.51
6.61 18 6.59
6.69 19 6.69
a) All energies are in eV.
b) Av (v1, v2) = E(v1, v3) — E(0,0). ©1=0.37 eV, 1,=0.14 €V; all have
1 quantum in vg =0.08 eV.
c) Reference 11.
d) Reference 1.
e) Av (ve, v2) = E(ve, v2) — E(0,0). v2=0.15 eV, vg =0.07 eV.
f) Reference 23.
g) v2=0.11¢€V.
h) Values are taken from Reference 11, corrected by —0.04 eV.
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Table 2. Formaldehyde Rydberg transitions, IP=17.0 eV.

(a) m(1bg)—ns:

E n¢ 6 Calc?
13.34 3 1.07 13.35
13.50 3 (+1v)° 1.03
13.66 3 (+2v)

13.83 3 (+3v)
13.99 3 (+4v)
15.41 4 1.07 15.42
16.13 5 1.05 16.12

(b) m(1bg)—np

E n 6 Calc?
14.14 3(a1) 0.82 14.14
14.40 3(by) 0.71 14.43
15.66 4(ay) 0.81 15.65
15.75 4(b,) 0.70 15.75
16.21 5(a1) 0.85 16.22
16.27 5(by) 0.68 16.26
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(c) 7(1bg)—nd:

E n 6 Calc®
14.83 3(a1) 0.50 14.82
14.86 3(by) 0.48
14.98 3(a1) (+1v)f 0.40
15.01 3(by) (+1v)  0.39
15.11 3(a1) (+2v)  0.32
16.17 3(by) (+2v)  0.27
15.25 3(az or a;) 0.21 15.25
15.89 4a; +b1) 050 15.89
15.96 0.38
16.08 4(az or a;) 0.15 16.05
16.36 5(a; + b))  0.39 16.33
16.41 5(ag or a1) 0.20 16.41
16.57 6(a; +b1)  0.38 16.55

e ab0e

Using formula E = IP - R/(n — §)2.

Calculated with 6 =1.07.

l/2=0.16 eV.

Calculated with 6 =0.82 and 6§ =0.70.
Calculated with 6 =0.50 and 6§ =0.21.

v2=0.15 eV.
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Table 3. Valence transitions.

(a) Acetone:

Maximum
Transition Onset Expt Lit End
n— 7*(S-T) 3.56 4.18 4.16° 4.96
n— 7*(S-S) 3.75 4.38 4.372,4.39° 5.28
4.42°
T — 7*(S-T) 5.15 5.88 5.88% 6.18
(b) Acetaldehyde:
Maximum
Transition Onset Expt Lit End
n— 7*(S-T) 3.29 3.97 3.914,3.75° 4.89
n— 7*(S-S) 3.56 4.27 4.29f 5.16
m — n*(S-T) 5.08 5.99 6.31%.6.25°

Reference 15.
Reference 2.
Reference 14.
Reference 10.
Reference 12.
Reference 3.

& URTUCRS
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Table 4. n, —wnp Rydberg transitions®

(a) Acetone, IP=9.71 eV:

E n 6 Calc® Lited
7.42 3p 0.56 7.39 7.42,7.39
7.46 3p’ 0.54 7.44
7.54 3p (+1v)° 7.55,7.52
7.59 3p’ (+1v) 7.56
8.44 4 0.73 8.55 8.41,8.42
9.01 5 0.59 9.01 8.82,8.98

(b) Acetaldehyde, IP=10.21 eV:

E n o Calcf Lit9

7.44 3p 0.78 7.52 7.47
7.58 3p (+1v)h 7.59
7.74 3p (+2v) 7.78
7.80 3p’ 0.62 7.83
7.91 3p (+3v) 7.90
7.95 3p’ (+1v)
8.95 4p 0.71 8.92 8.96
9.03 4p’ 0.60 9.03 9.06
9.50 5p 9.46 9.51
9.74 6p 9.72

a) n, is oxygen nonbonding orbital.

b) Calculated with § = 0.58.

c) Reference 16.

d) Reference 14.

e) vg4=0.12 €V.

f) Calculated with § =0.75 or § = 0.61.

g) Reference 19.

ve = 0.16 eV.
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Figure Captions

1. Energy-loss spectra at 25 eV and 10° for: a) formaldehyde, b) acetaldehyde,
and c) acetone. Incident electron current = 5 nAmp, sample pressure = 10 mtorr.
Lower portion of spectra are multiplied by the indicated expansion factor before
plotting.

2. Formaldehyde energy-loss spectra at: a) 50 eV and 10° , b) 25 eV and 40° ,
and c) 25 eV and 80° . Conditions same as Figure 1.

3. Formaldehyde valence band DCS curves (integrated over the range of the
band): a) 25 eV, b) 50 eV. []= elastic peak (EP) x 0.1, O = n— 7* (3.0 to
49eV), A =7 — 7* (S-T) (5.0 to 6.4 eV). The arbitrary units are the same for
all curves.

4. Formaldehyde Rydberg band DCS curves: a) 25 eV, b) 50 eV. [] = 3s (S-9)
(7.0 to 7.7 eV), O = 3s (S-T) (6.5 to 6.9 V), + = 3p (S-S) (7.9 to 8.8 eV),

/A\=3p (S-T) (7.7 to 7.9 V), X = 3d (8.8 to 9.5 V).

5. Coordinate system for the carbonyl molecules, R = H or CH3. The three
bond axes represented by the heavy lines are in the yz-plane.

6. Formaldehyde energy-loss spectra between 11 eV and 16 eV at Eo = 100 eV
and § = 0°, 10° . The arbitrary units for each of the two spectra differ by a factor
of 50 and have different baselines, as indicated.

7. Acetone energy-loss spectra at: a) 50 eV and 10° , b) 25 eV and 40° , and
c) 25 eV and 80° . Conditions same as Figure 1.

8. Acetone valence band DCS curves: a) 25 eV, b) 50eV. []=EP x 0.1, O =
n— 7* (3.5 to 5.1 eV), A =7 — 7* (S-T) (5.2 to 6.2 eV).

9. Acetone Rydberg band DCS curves: a) 25 eV, b) 50 eV. [] = 3s (6.2 to
6.9 eV), /A =3p (S-S) (7.2 to 7.7 eV), O = 3p (S-T) (6.9 to 7.2 eV).
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10. Acetone energy-loss spectra between 7 ¢V and 10 eV at Eg = 100 eV and 6
= 0°,3°, and 10° . The arbitrary units for the 3° spectrum differ by a factor of
2.5 and for the 10° spectrum differ by a factor of 25 from the 0° spectrum. The
corresponding baselines are indicated.

11. Acetaldehyde energy-loss spectra at: a) 50 eV and 10° , b) 25 eV and 40° ,
and c) 25 eV and 80° . Conditions same as Figure 1.

12. Acetaldehyde valence band DCS curves: a) 25 eV, b) 50 eV. []= EP x
0.1, O =n—7* (3.3t05.2¢eV), A =r—7* (S-T) (5.1 to 6.6 V).

13. Acetaldehyde Rydberg band DCS curves: a) 25 eV, b) 50 eV. O = 3s (6.7
to 7.3 eV), /A = 3p (7.3 to 8.0 V), [] = 3d (8.2 to 8.7 eV).

14. Acetaldehyde energy-loss spectra between 7 ¢V and 11 eV at Eq = 100 eV
and § = 0°,10°.

15. Transition energies plotted versus the number of methyls for the carbonyl
compounds studied, 0 = formaldehyde, 1 = acetaldehyde, 2 = acetone. n — oo and
7 — oo represent the two lowest ionization energies, (n— #* )13 and (r — #* )3
represent the “term value” for that transition (“term value” = IP of the originating

orbital — transition energy).
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CHAPTER 3

Paper 2: ELECTRON-IMPACT SPECTROSCOPY OF
VARIOUS DICARBONYL COMPOUNDS
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Electron—-Impact Spectroscopy of Various
Dicarbonyl Compounds®
K. N. Walzlb, I. M. Xavier Jr.¢, and A. Kuppermann
Arthur Amos Noyes Laboratory of Chemical Physics,®

California Institute of Technology, Pasadena, CA 91125
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Abstract

The dicarbonyl compounds biacetyl, acetylacetone, acetonylacetone, 1,2-
cyclohexanedione, and 1,4-cyclohexanedione have been studied by the technique
of low-energy variable-angle electron energy-loss spectroscopy. With this method
low-lying, spin-forbidden transitions have been located and their relative differ-
ential cross sections determined. The energy difference between the lowest spin-
allowed and spin-forbidden n— 7* excitations in the acyclic dicarbonyls is found
to be nearly the same as that of comparable acyclic monocarbonyl compounds; in
1,2-cyclohexanedione however, this energy difference is almost twice as large. This
difference in the magnitude of the n— 7* singlet-triplet splittings is attributed to
a larger overlap of the initial and final orbitals in 1,2-cyclohexanedione compared

to the other dicarbonyls.
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1. INTRODUCTION

Due to their importance in photochemistry and photophysics, dicarbonyls
have been studied extensively by both spectroscopic!=® and theoretical®—°
methods. Dicarbonyl compounds provide useful structures for the study of
intramolecular energy transfer, found to be a relevant process in both singlet
and triplet excited states!® and interactions involving remote carbonyl groups.!?
Much work has been performed, primarily photoelectron spectroscopy,!? in order
to identify the mechanism by which carbonyl groups interact with each other.
Even though the “through-space” interaction is expected to be small between two
carbonyl groups in the same molecule,®!3 the “through-bond” interaction leads
to molecular orbitals with clearly split energies.14

In order to more fully understand the nature of the interaction between the
carbonyl groups in dicarbonyl compounds it is helpful to have a complete picture
of the low-lying electronic states, both allowed and forbidden. With the exception
of biacetyl, the low-lying triplet states have not been definitively detected in
most larger dicarbonyls. In biacetyl the two lowest singlet-triplet transitions
have been observed in fluorescence? and by opto-acoustic spectroscopy.! Electron-
impact spectroscopy is a useful technique for observing and identifying forbidden,
especially spin-forbidden, transitions in spectra. Also, spectral features in the
far ultraviolet are easily examined. The compounds biacetyl, acetylacetone,
acetonylacetone, 1,2-cyclohexanedione, and 1,4-cyclohexanedione were chosen for

study as representative samples of such compounds.

2. EXPERIMENTAL

The electron spectrometer and the methods of data accumulation and analysis

have been described previously.!® Briefly, an electron beam is energy selected by
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a hemispherical electrostatic energy analyzer (and the associated focusing lenses)
and scattered from target vapor in a collision cell. In this work the incident beam
current was between 0.5-10 nAmp and was typically 3 nAmp. Sample pressures
were estimated to be between 1-10 mtorr. Energy-loss spectra were collected at
angles between 0° — 90° by means of a second electrostatic energy analyzer and
detector.

The spectrometer resolution (as measured by the full-width at half-maximum
of the elastically scattered feature) varied between 50 meV and 125 meV for all
reported spectra and was typically 85 meV. Peak locations determined from the
spectra have an estimated uncertainty of £.07 eV and Franck-Condon limits are
estimated to be within +.15 eV.

The relative differential cross sections (DCS’s) for the elastic peak and each of
several inelastic features were obtained by a previously described method.16:17 In
the case of severely overlapping bands, dividing points for calculating DCS’s were
chosen at an arbitrary midpoint between the maxima. These cross sections (for
a particular compound at a given collision energy) are normalized by setting the
value for the elastic peak equal to 1 at the scattering angle 40° . The arbitrary
units thus determined are necessarily the same only for a given molecule and
impact energy.

Liquid samples of biacetyl (Matheson, Coleman and Bell 97+%), acetylace-
tone (J. T. Baker 99.7%), acetonylacetone (Aldrich 97%) and 1,2-cyclohexanedione
(Aldrich 98%) were subjected to three freeze-pump-thaw cycles and used without
further purification. 1,4-Cyclohexanedione (Aldrich 98%), a room temperature
solid, was warmed to approximately 50° C during scanning to increase the vapor

pressure.
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3. RESULTS

2,3-BUTANEDIONE (BIACETYL)

The biacetyl molecule is of Co, symmetry with the two highest occupied
molecular orbitals being largely nonbonding and localized on the oxygen atoms.
The degeneracy is lifted by the interaction of the two oxygen nonbonding orbitals,
n; and np. The levels arising from the symmetry-adapted linear combinations
of these orbitals are designated ny and n_, where ny = 1/4/2 (n1%n;). The
energy difference is 1.9 eV, with IP1 (n4, ag) = 9.55 eV and IP2 (n_, b,) =
11.45 eV.!® For two carbonyl groups bonded directly together the difference in
energy between the ny and n_ orbitals is found to be relatively independent
of torsional angle,'® implying that the through-bond interaction dominates the
through-space interaction even for biacetyl. The next two lower occupied =
orbitals have ionization potentials IP(bg) = 13.20 eV and IP(a,) = 14.73 eV.1°
The two lowest unoccupied molecular orbitals are analogous to these, being 7* in
nature with 7*(bg) higher than 7*(ay).

Figure 1 shows the low energy-loss region of the biacetyl spectrum between
2.0eVand 7.0eV at Eg = 25 eV and § = 10°, 30° , and 90° . In the 10° spectrum
(Figure 1a) one observes two low energy-loss features and a shoulder on the edge of
a very intense band at about 7.0 eV. The lowest is the A 'A,, «X 1A, transition
with an onset at 2.67 eV, maximum at 2.91 eV, and extending to 3.45 eV.20 Lying
between 3.82 eV and 5.28 eV with a maximum at 4.49 eV is a transition that
recent results indicate should be designated B 1B, «X 1A,.6 The broadness of
this band may be due to the presence of an enolic 7 — 7* excitation.?! The sharp
peak at 6.24 eV is the first 3s member of an s Rydberg series converging to the
lowest ionization potential, IP = 9.53 eV. As the scattering angle is increased

three spin-forbidden features become apparent (Figure 1b, 1lc). The lowest,
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overlapping greatly with the AlA, <X 1A4 band, has an onset at 2.28 eV and
a maximum at 2.54 eV. It is attributed to a combination of the a 2B, X lAg
spin-forbidden excitation,! previously seen in fluorescence experiments,? and a
3A, <A, excitation,?® the latter being the dominant contributor. A second
spin-forbidden band is seen in the region between 5 eV to 6 eV with a maximum
at 5.47 eV. Calculations place several # — 7* spin-forbidden transitions in this
region,®?? particularly a 3B, «1!A, excitation predicted to be at 5.56 eV.22 A
last relatively sharp feature is observed at 5.80 eV and seems to be identifiable as
the spin-forbidden counterpart of the 3s Rydberg excitation. The DCS curves for
the valence bands are given in Figure 2. Due to the great deal of band overlap,
all the 25 eV curves show spin-forbidden behavior while the 50 eV curves exhibit

the expected spin-allowed/spin-forbidden distinction.

The spectral region extending from 5 eV to 10 eV (just beyond the lowest IP)
is shown in Figure 3 under the optical conditions Eq = 100 eV and § = 3° . All
the transitions observed appear to be Rydberg in nature and indeed members of
three series can be distinguished. Peaks at 6.24, 8.05, and 8.70 eV can be fit as the
first three members of an s Rydberg series with a quantum defect § = 0.97. The
s members are now much weaker than in the 25 eV spectra due to the fact that
the ng —3s transition is parity forbidden by dipole selection rules. The first two
members of a p series at 7.21 eV and 8.42 eV are fit with § = 0.58 and a feature
at 7.72 eV is assigned to a 3d excitation. Transitions at 6.28 eV and 7.20 eV have

been observed previously by Ells.2

2,4-PENTANEDIONE (ACETYLACETONE)

As a room temperature vapor, acetylacetone consists of two structural
isomers. One is the expected diketo molecular structure; however, acetylacetone

exists predominantly as an enol.23:24 In the diketo form the two highest occupied
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molecular orbitals have mostly oxygen nonbonding character and are labeled n_
(IP = 9.60 V) and n4 (IP = 10.15 e€V).22 The highest occupied molecular orbitals
in the enol compound are of 7 type (IP = 9.00 eV) and nonbonding type (IP =
9.60 eV).2%

In Figure 4 are shown spectra of acetylacetone between 3.0 eV and 6.0 eV
energy loss at Eg = 25 eV and 6§ = 10° , 30° , and 90° . At 10° (Figure 4a)
one sees a very strong band between 4.10 eV and 5.73 eV with a maximum at
4.70 eV. It is identified with the lowest spin-allowed 7 — 7* transition in the enol
molecule.?4 One also observes a weak band with an onset at 3.83 eV and maximum
at 4.04 eV due to the first spin-allowed n— 7n* band in the acetylacetone diketo
form.7242® An increase in scattering angle (Figure 4b, 4c) reveals the presence
of a spin-forbidden transition beginning at 3.15 eV with a maximum at 3.57 eV
and overlapping with the diketo n— 7* (S-S) band. This feature can either be
attributed to a # — 7* (S-T) excitation in the acetylacetone enol or possibly
a n— 7* (S-T) excitation in the acetylacetone keto form. The DCS curves at
Eo = 25 eV and 50 eV for these three valence transitions are given in Figure 5.
An additonal spin-forbidden excitation is evident at 5.52 eV and is assigned as a
singlet-triplet 3s Rydberg excitation in the enol.

The 3.5 eV to 8.5 eV energy-loss region of the spectrum measured at Eq =
100 eV and § = 10° is shown in Figure 6. All the structure above 5.5 ¢V is due
to Rydberg transitions converging to the first IP of the enol. Indeed, peaks at
5.84 eV and 7.50 eV are the first two members of an s series with 6 = 0.93, peaks
at 6.52 eV and 7.75 eV are the first members of a p series with § = 0.66, and
peaks at 7.32 eV and 8.10 eV are the first members of a d series with § = 0.15.
This disagrees with the assignment of Nakanishi et al.2” who observed transitions
at 7.4 ¢V and 8.08 eV and assigned the former as a valence 7 — 7* excitation and

the latter as a valence 0 — o* excitation.
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2,5-HEXANEDIONE (ACETONYLACETONE)

The similarity between the ultraviolet absorption of 1,4-diketones and their
corresponding monoketones is striking, suggesting that the two carbonyl groups
in the dicarbonyls can be considered isolated in the ground and first excited
states.!0 In fact, Schippers and Dekkers,!® using a simple electrostatic model,?8
calculated that the splitting of the n— 7* levels should only be 50 cm~! . This
calculation results in an underestimate of the splitting, however, because it neglects
any through-bond interaction. Indeed, Dougherty et al.!? using photoelectron
spectroscopy found that for the (limited) group of 1,4-dicarbonyls they investigated
the mean splitting of the nonbonding orbitals was 0.3 eV. This splitting is still
relatively small, explaining why Schippers and Dekkers!! found that the spectra
of certain rigid, cyclic 1,4-diketones were equivalent to that of the complementary

monoketones except that the diketone spectra were approximately twice as intense.

The region of the acetonylacetone spectrum between 2.5 eV and 6.5 eV is
displayed in Figure 7. At Eo = 25 eV and 6 = 10° (Figure 7a) one observes
two broad bands a.nd the onset of a third. The lowest, between 3.97 ¢V and
5.15 eV with a maximum at 4.40 eV, can be assigned with confidence as the spin-
allowed n— 7* excitation. The second band onsets at 5.34 eV and possesses a
maximum at 5.85 eV. Since the splitting between n,7* states is expected to be
very small, an assignment for this band is the lowest 7 — 7* (S-S) excitation.
This transition is not observed in the smaller monoketones but expected to be
at a relatively high energy-loss (~9.0 eV) superimposed by Rydberg bands.?°
The large peak beginning about 6.2 eV is the n—3s Rydberg excitation (vide
infra). Increasing the scattering angle to 30° and 90° (Figure 7b, 7c) produces
two changes. The first is an apparent change in the onset and maximum of the

spin-allowed n— 7* transition to 3.55 eV and 4.16 eV respectively. As discussed
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previously this is due to the superposition of a relatively enhanced spin-forbidden
n— 7* transition. The second spectral change is the relative increase in intensity
in the region between 5.15 ¢V to 5.34 eV and is caused by a singlet-triplet
contribution. A definitive band maximum is not obtained from the spectra. The
behaviors of the DCS curves for these valence excitations (Figure 8) support the

conclusion of underlying spin-forbidden bands in this region of the spectrum.

The Rydberg portion of the acetonylacetone spectrum is included in Figure 9,
which was measured under the optical conditions Eq = 100 eV and 8 = 10° and
spans the energy-losses between 3.5 ¢V and 8.5 eV. Peaks are observed at
6.62, 7.49, and 8.17 eV. Assuming the transition at 6.62 eV corresponds to the
n—3s excitation, the transition at 7.49 eV to the n—3p excitation, and the
transition at 8.17 eV to the n—3d excitation, the best fit to previously measured
ketone (and diketone) quantum defects?® is found using an ionization potential
IP = 9.95 eV. Specifically, for an IP = 9.95 eV one calculates § (n—3s ) = 0.98,
6 (n—3p ) = 0.65, and 6§ (n—3d ) = 0.24. An additional peak was observed at
8.84 eV and is possibly due to an overlapping combination of n—4s, 4p, and 4d

transitions.

1,2-CYCLOHEXANEDIONE

Even though 1,2-cyclohexanedione is exclusively in the ketonic form in the
solid state,30 it exists to a large extent in the enolic form in solution.3! Calculations
indicate that it may be primarily enolic in the gas phase as well.32 Figure 10 shows
spectra in the energy-loss region between 2.5 ¢V and 6.0 eV at Eqg = 50 eV, § =
10° , 30° and Eq = 25 eV, § = 50° . The similarity between the spectrum of
acetylacetone and 1,2-cyclohexanedione in this energy-loss region is striking. At
Eo = 50 eV and 6 = 10° (Figure 10a) one sees an intense band between 4.34 eV

and 5.70 eV with a maximum at 4.84 eV. As with acetylacetone, this band is
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assigned to the lowest spin-allowed @ — 7* enol transition. The weak band with
an onset at 3.69 eV and maximum at 4.02 eV is due to the lowest spin-allowed
n— 7* transition of the ketonic form. Even though the orientation of the carbonyl
groups is different than in biacetyl , one expects nearly the same energy difference
(1.9 eV) between the ny and n_ orbitals because of the dominance of the through-
bond interaction.!® Thus the second lowest spin-allowed n— 7* transition should
be at approximately 5.9 eV and obscured by enol Rydberg bands. An increase in
scattering angle and decrease in incident electron energy (Figure 10b, 10c) reveals
the presence of a spin-forbidden band beginning at 2.70 eV with a maximum at
3.18 eV assigned as the lowest n— 7* (S-T) excitation of the ketonic form. The
DCS curves for these valence transitions (Figure 11) confirm their spin-allowed or

spin-forbidden nature.

The higher energy-loss region, between 4 eV to 10 eV, at Eg = 100 eV
and § = 10° is shown in Figure 12. Only three distinct Rydberg bands are
evident, located at 6.10, 6.92, and 7.48 eV. An ionizaton potential IP = 9.40 eV is
determined if one assumes the three bands are due to transitions to the 3s, 3p, and

3d orbitals and also assumes quantum defects § = 0.97, 0.66, and 0.34 respectively.

1,4-CYCLOHEXANEDIONE

1,4-Cyclohexanedione has D, symmetry (a “twist” configuration33) with
coaxial carbonyl groups. Through-space interactions provide a minimum contri-
bution, thus the splitting of the two highest occupied nonbonding orbitals is rela-
tively small (0.2 eV) when compared to that in other 1,4-diketones,'?:!8 with the
measured ionization potentials being IP(n_) = 9.65 eV and IP(n;) = 9.85 V.12

Figure 13 shows the 3.0 eV to 6.5 eV energy-loss region of the 1,4-
cyclohexanedione spectrum at Eg = 50 eV, § = 5° and Eq = 25 eV, 6§ = 35° .

The low intensity of the spectra arises from the relatively low sample pressure
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achieved for this compound (~ 2 mtorr). Under optical conditions (Figure 13a)
one observes a band with an onset at 3.73 eV and a maximum at 4.68 eV. This is
due tothen— 7* ,!A«!A dipole symmetry-forbidden transition and has been seen
previously in solution (maximum = 4.34 eV)3* and low-temperature single crystals
(onset = 3.89 eV, maximum = 4.40 e€V).35 The onset of a broad band, which
appears to be superimposed by a 3s Rydberg transition, is observed at 5.66 eV
and may be due to the 7 — 7* ,!B; «!A excitation. When the incident energy
is lowered and the scattering angle increased (Figure 13b) the n— 7* 3A<1A
transition becomes evident, onsetting at 3.20 eV and maximizing at 4.13 eV. The
presence of another spin-forbidden band with maximum at 5.78 eV is indicated.
Contributions to the intensity may come from either the 7 — #* ,3B; «!A

excitation or the n—3s (S-T) Rydberg excitation.

The 1,4-cyclohexanedione spectrum under optical conditions (Figure 13a) is
extended to 10 eV energy-loss in Figure 14. Main peaks are observed at 6.58,
7.36, and 7.95 eV. (The peak at 6.67 eV is due to an Hg impurity in the vacuum
system.) Using an IP = 9.75 eV, the mean of IP(n_) and IP(n,),!? assignments
and quantum defects of n—3s (6§ = 0.93) at 6.58 eV, n—3p (6 = 0.61) at 7.36 eV,
and n—3d (6 = 0.25) at 7.95 eV are determined.

4. DISCUSSION AND CONCLUSIONS

As one might expect from previous results,!® the energies of the lowest
n— 7* excitations for the acyclic dicarbonyls, as the distance between carbonyl
groups increases, approach those of acetone. The lowest spin-allowed and spin-
forbidden n— #* excitations are 2.91 eV and 2.54 eV for biacetyl , 4.04 eV
and 3.57 eV for acetylacetone , 4.40 eV and 4.16 eV for acetonylacetone , and

4.38 eV and 4.18 eV for acetone.?9:3® The values for these transitions in 1,4-
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cyclohexanedione are also comparable, the lowest singlet-singlet and singlet-triplet
n— 7* excitations being 4.68 eV and 4.13 eV respectively. This behavior appears
to hold also for the lowest spin-forbidden @ — 7* excitation, at least as regards
the band onsets; the onset is 5.15 eV for both acetonylacetone and acetone. The
band maximum could not be determined for acetonylacetone .

The mean value for the singlet-triplet splitting of the n,7* state in the acyclic
dicarbonyls examined in this paper is 0.35 eV, a splitting comparable to the mean
value of 0.30 eV for small monocarbonyls such as formaldehyde, acetaldehyde,
and acetone.?® A remarkable contrast is provided by 1,2-cyclohexanedione, in
which the singlet-triplet splitting for the n,n* state is 0.84 eV. The singlet-triplet
energy difference for a given electron orbital configuration results from the stronger
correlation of electron motions in the triplet state than in the singlet state; i.e., the
Pauli principle acts as a force minimizing electron-electron repulsion in the triplet
state.3” A simple qualitative analysis3® reveals that the magnitude of the singlet-
triplet energy splitting is proportional to the overlap (integral) of the initial and
final orbitals. For a single carbonyl group the highest occupied nonbonding orbital
is analogous to an oxygen p, orbital (Figure 15a) and is oriented such that there is
minimum overlap with the 7 and 7* orbitals. This small n,7* overlap also applies
to the case of biacetyl . The highest occupied n orbital and lowest unoccupied
7* orbital are linear combinations of the corresponding isolated orbitals; however,
since the carbonyl groups are oriented in a trans arrangement (Figure 15b), the
overlap is still small. In 1,2-cyclohexanedione a different orientation exists, due
to the constraint imposed by the ring (Figure 15¢). The overlap of the highest
occupied n orbital with the lowest unoccupied 7* orbital is now larger, thus the
n,m* singlet-triplet splitting is larger.

In summary, the low-energy variable-angle electron energy-loss spectroscopy

of five dicarbonyl compounds with varying carbonyl separations and orientations
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has been investigated. The increase in the number of bands compared to
the monocarbonyls is in accord with the splitting caused by the through-bond
interaction of like orbitals. Low-lying, spin-forbidden excitations have been
observed and, in the case of 1,2-cyclohexanedione, a very large singlet-triplet

splitting arises from increased overlap of initial and final orbitals.
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Figure Captions

1. 2,3-Butanedione energy-loss spectra at an incident electron energy Eq =
25 eV and scattering angles: a) § = 10° , b) § = 30° , and ¢) § = 90° . Incident
electron current = 2 nAmp. Spectra are multiplied by any indicated expansion
factors before plotting.

2. 2,3-Butanedione valence band DCS curves (integrated over the range given):
a) Eg = 25 eV, b) Eq = 50 eV. [] = elastic peak (EP) x0.1, < = 3B, «1A,x10
(5.29 eV to 5.90 eV), + = 3A, <A, and 3B, «!A, x10 (2.28 €V to 2.67 eV),
A=B1B, «X 1A, (3.82eVto5.28¢eV),and O=A 1A, «X 1A, (2.67¢V to
3.46 eV). Curves are multiplied by any indicated expansion factors before plotting.

3. 2,3-Butanedione energy-loss spectrum between 5.0 eV and 10.0 eV at Eqg =
100 eV and 8 = 3° . The peak at 6.67 eV is due to an Hg contamination in the
vacuum system.

4. 2,4-Pentanedione energy-loss spectra at an incident energy Eo = 25 eV and
scattering angles: a) § = 10° ,b) § = 30° , ¢) 6 = 90° . Incident electron current
= 2 nAmp.

5. 2,4-Pentanedione valence band DCS curves: a) Eq = 25 eV, b) Eq = 50 eV.
[J = EP x0.1, 4 = enol # — 7* (S-S) (4.10 €V to 5.73 eV), A\ = diketone
n— 7m* (S-S) x10 (3.83 eV to 4.10 V), O = diketone n— 7* (S-T) x10 (3.15 eV
to 3.83 eV).

6. 2,4-Pentanedione energy-loss spectrum between 3.5 ¢V and 8.5 ¢V at Eg =
100 eV and 6 = 10° .

7. .2,5—Hexa.nedione energy-loss spectra at an incident energy Eqg = 25 eV and
scattering angles: a) § = 10° , b) § = 30° , and ¢) § = 90° . Incident electron

current = 4 nAmp.



68

8. 2,5-Hexanedione valence band DCS curves: a) Eg = 25 eV, b) Eg = 50 eV.
O = EP x0.1, A =n— 7* (S-S) x10 (4.16 eV to0 5.15 V), O = n— 7* (S-T)
x10 (3.55 eV to 4.16 eV), M = 7 — 7* (S-S) (5.34 eV to 6.2 eV), + =
m — 7m* (S-T) (5.15 eV to 5.34 eV).

9. 2,5-Hexanedione energy-loss spectrum between 3.5 ¢V and 8.5 eV at Eg =
100 eV and 6 = 10° .

10. 1,2-Cyclohexanedione energy-loss spectra at: a) Eq = 50 eV and 6 = 10° ,
b) Eo = 50 eV and = 30° , and c¢) Eg = 25 eV and 6 = 50° . Incident electron
current = 0.5 nAmp.

11. 1,2-Cyclohexanedione valence band DCS curves: a) Eq = 25 eV, b) Eq =
50° . [J=EP x0.1, + =enol® — 7* (S-S) (4.34 ¢V to 5.7 eV), A =
diketone n— 7* (S-S) (3.69 eV to 4.34 eV), O = diketone n— 7* (S-T) (2.70 eV
to 3.68 V).

12. 1,2-Cyclohexanedione energy-loss spectrum between 4.0 eV and 10.0 eV at
Eo = 100 eV and 6 = 10° .

13. 1,4-Cyclohexanedione energy-loss spectra at: a) Eq = 50 eV, § = 5° and
b) Eg =25€V, 0 = 35° . Incident electron current = 5 nAmp.

14. 1,4-Cyclohexanedione energy-loss spectrum between 3.0 eV and 10.0 €V at
Eo =50eV and 6§ = 5°.

15. a) Orientation of the n and 7* orbitals for an isolated carbonyl group; the xz-
plane is the plane of the page. b) Orientation of the two interacting nonbonding
orbitals (n; and ny) in biacetyl; The n* orbitals are oriented with respect to
the axes as in a). c) Approximate orientation of the 7* and n’ orbitals in 1,2-

cyclohexanedione .
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CHAPTER 4

Paper 3: AN ELECTRON-IMPACT SPECTROSCOPY INVESTIGATION
OF CHz AND SOME OF ITS PYROLYTIC PRECURSORS
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An Electron—-Impact Spectroscopy Investigation of CH3
and Some of Its Pyrolytic Precursors®
K. N. Walzl®, C. F. Koerting®, I. M. Xavier Jr.4, and A. Kuppermann
Arthur Amos Noyes Laboratory of Chemical Physics,®
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Abstract

The electronic spectrum of the methyl radical CH3 was investigated by
the technique of variable-angle electron energy-loss spectroscopy. By means
of pyrolytic decomposition three possible sources of this radical were tried
(tetramethyl tin, ethyl nitrite, and di-t-butyl-peroxide). The spectra of these
precursors were obtained. Using di-t-butyl-peroxide, relative differential cross
sections for the lowest allowed 2A} «—A/ 3s Rydberg transition in CHjz (5.73
eV) were determined at incident energies of 50 eV and 25 eV. The differential
cross sections for this band are indicative of a spin-allowed transition in a closed
shell system and, as éxpected, in the vicinity of this band no transition of a spin-

forbidden nature is detected.
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1. INTRODUCTION

Free radicals play a major role in upper atmospheric chemistry, interstellar
chemistry, and combustion chemistry. Many have low-lying electronic states
energetically accessible under combustion conditions. In order to fully understand
these processes it is necessary to understand the nature of the electronic states
involved.

The methyl radical is one of the most important of the polyatomic free
radicals and, being one of the simplest hydrocarbons, is a useful model system
for molecular orbital theory. It has been extensively studied by Herzberg through
optical techniques.* CHjz is planar with D3s symmetry and has the ground state

electron configuration

(1a1)?(2a;1)?(2¢")%(2a5)1.

The ground state is of 2AY symmetry, the unpaired electron lying in a p, orbital
of a) symmetry. The lowest observed transition is the 2A] «2A/ 3s Rydberg
excitation at 5.73 eV. The forbidden excitation to the lowest 2E’ valence state has
not been observed; however, calculations by Lengsfield et al.> and McDiarmid®
place it about 1.5 eV above the lowest 3s Rydberg state. The transitions to the 3p
Rydberg states are also dipole symmetry-forbidden in D3 symmetry but Hudgens
et al.” have found them to be at 7.42 eV by a resonantly-enhanced multiphoton
ionization technique. The excitation energy of the 3d state is 8.27 eV* and the
first ionization potential (IP) is at 9.85 eV.4®

A useful technique for probing the nature of electronic transitions is the
method of variable-angle electron energy-loss spectroscopy. When an electron
scatters from and excites an atom or molecule two mechanisms of electronic
excitation are possible. The first is the long-range Coulomb excitation and is

caused by the electric field produced when an electron passes a target. The
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differential cross section (DCS) for a transition excited in this manner exhibits
a maximum at the scattering angle § = 0° (no change in direction) and decreases
by approximately two orders of magnitude as 6 increases from 0° to 90° .12 The
second mechanism of electronic excitation involves the physical exchange of the
incident electron with a target electron. The incident electron may exchange with
a target electron of either the same or opposite spin; the former exchange process
may or may not result in target excitation while the latter results in excitation to
a spin-forbidden state. Transitions excited primarily by this mechanism possess a
nearly uniform DCS as a function of scattering angle due to the loss of directional
information carried by the incident electron.!:2

With the above considerations in mind a variable-angle electron energy-loss
spectroscopy study was undertaken of the polyatomic free radical CH3z. It was
hoped that this investigation would yield information about possible low-lying,
spin-forbidden transitions. Previous electron spectroscopy of free radicals had
been limited to stable species that were triatomic or smaller; for example, Rianda
et al.® have determined the electron spectroscopy and differential cross sections
for doublet-doublet allowed and doublet—quartet forbidden transitions in NOs,.
The present paper reports the first electron impact spectroscopy investigation of

a transient polyatomic free radical.
2. EXPERIMENTAL

The spectrometer used in the present experiments has been described
previously.® Briefly, electrons are emitted from a tungsten filament and focused
into a hemispherical monochromator. The monoenergetic electrons are then
focused into the scattering region and, after interaction with the target molecules,

enter a hemispherical analyzer prior to detection.

In order to generate the methyl radicals for the study, an in situ pyrolysis
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technique was employed.8® A quartz tube of 0.060 inch ID with an outer layer of
stainless steel sheathed heater wire (Figure 1) produces an effusive jet of molecules.
Pyrolysis temperatures of up to 800° C, as measured by a thermocouple placed

on the tube’s outer surface, were used in these experiments.

Three sources of methyl radicals were investigated. The first was tetramethyl
tin (Aldrich, 99% ), known to be a reliable source of methyl radicals.® Taylor and
Milazzo!® found a 30% conversion of tetramethyl tin at ~600° C, with 20% of the
organic products existing as CHz. Using our inlet, temperatures of ~ 800° C were
required to achieve appreciable decomposition. Unfortunately after five hours of

continuous operation the quartz capillary became obstructed with metallic tin.

A second source of methyl radicals that was tried was ethyl nitrite. It is

known that ethyl nitrite thermally decomposes by the reaction!®
CH3-CH;-ONO — CHj- + H,CO + NO .

The gaseous ethyl nitrite was synthesized by mixing ethanol (U. S. Industrial

Chemicals Co., anhydrous) and isoamyl nitrite (Aldrich, 97%) in a 2:1 ratio

by volume; an ester alcoholysis takes place producing isoamyl alcohol and

continuously bubbling ethyl nitrite.}! A pyrolysis temperature of 450° C was used

for the decomposition.

The third source of methyl radicals was di-t-butyl-peroxide (Columbia
Organic Chemicals Co., Inc. ). It has been shown!?%!3 that the decomposition
of di-t-butyl-peroxide (TBP) proceeds according to the following scheme:

TBP — 2 t-butyl-O-

2 t-butyl-O- — 2 CH3- + 2 (CH3),CO .

Since this was the precursor that was used for nearly all of the investigation, an

optimization of the temperature needed for methyl production was carried out.

The ratio of the methyl peak intensity at 5.73 eV to the acetone peak intensity
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at 6.36 eV versus temperature was examined at an incident electron energy Eq =
50 eV and scattering angle § = 10° (Figure 2). The ratio was found to possess a
maximum at 300 £50° C and this temperature was used in all subsequent studies.
The number density of methyl radicals in the jet at this temperature was estimated

to be 1012 molecules/cm?® on the basis of the intensity of the 5.73 eV band.

3. RESULTS AND DISCUSSION

In Figure 3 are shown two electron impact spectra taken at Eog = 100 eV
and § = 0° between 4.5 and 9.5 eV energy-loss. Figure 3a is the spectrum
of tetramethyl tin obtained using the pyrolysis source at room temperature. It
consists of two broad features with an onset at 5.7 eV and maxima at 6.71, 8.24,
and 8.57 eV. Only two previous spectra for this compound have been reported.
The first describes merely a continuum with an onset at 5.6 eV rising up to 6.2
eV.20 The second shows a maximum at 6.7 eV and ends at 7.1 eV.22 Qurs is the
first reported UV spectrum of this compound extending to the first IP, located at
about 9.7 eV.2! Intense 3s Rydberg transitions are known to occur in molecules
with T4 symmetry if the originating orbital is of t; type.22 In this case the 6.71
eV and 8.24 eV features can be fit to the first two members of a Rydberg series
with a quantum defect of 0.84 and an IP = 9.62 eV. Figure 3b shows the same
spectral region of the compound with the source heated to 800° C. Immediately
apparent are the sharp transitions located at 5.70, 8.30, and 8.98 eV. The 5.70 eV
transition is assigned to the methyl AY 3s Rydberg excitation. The 8.30 eV and
8.98 eV transitions are assigned to the 3d and 4d Rydberg excitations, respectively.
Also of interest is the shoulder extending from 4.90 to 5.75 eV not present in the
room temperature spectrum. It is possible that this shoulder is due to incompletely

dissociated tetramethyl tin.

As stated previously, operation of the source with tetramethyl tin was limited
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to about five hours. In addition, the lowest allowed methyl transition strongly
overlaps with the lowest band of the compound, making DCS measurements
more difficult. A second precursor that was investigated was ethyl nitrite. It
was expected that there could be much overlap of the methyl bands with the
spectral features arising from the additional products NO and formaldehyde, and
this was indeed found to be the case. Figure 4a shows the spectrum of ethyl nitrite
without heating. It consists of several broad structureless features. Previous
studies!4'1% have only examined the lowest band in the region between 3.10 and
4.09 eV,!314 not shown in Figure 4a. Peaks are observed at 5.69, 6.70, 7.76,
8.24, 8.94, 9.44, and 9.76 eV. In analogy with results for methyl nitrite?4 the
transition at 5.69 eV is assigned as # — 7* from an OCH;CHj3 localized orbital
to a NO localized orbital. The remaining bands are probably attributable to
Rydberg transitions. Figure 4b shows the spectrum of the pyrolyzed ethyl nitrite;
the spectrum is highly congested. No feature can be definitively attributed to a
known methyl radical feature; every peak in the spectrum can be assigned to either
NO1'€ or formaldehyde.!7:18 One interesting observation is that the intensities of
two 7(A 25t « X 21'[) features at 5.92 eV and 6.27 eV are much larger with
respect to the nearby #(B 2II « X 2II) peaks (at 5.47, 5.75, 6.04, and 6.33 eV)
than previously reported.25:26 In fact, under conditions of similar incident electron
energy and scattering angle, the height of the transition at 6.27 eV is only about
10% of the height of the 6.34 eV transition.2%:26

The precursor molecule that was finally used to generate methyl radicals was
TBP. Figure 5a shows a spectrum of TBP between 4.25 ¢V and 7.75 eV energy-
loss at Eg = 50 ¢V and 8 = 10° at room temperature. It consists of a rising
continuum with very little structure visible (the sharp feature at 6.67 eV is due
to a Hg contamination). In Figure 5b is shown TBP at a pyrolysis temperature

of 400° C (results obtained prior to temperature optimization). The spectrum is
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drastically different and, as expected, most of the features are due to the pyrolysis
product acetone with the exceptions being the sharp peak at 5.74 eV and the
broad feature between 5.8 and 6.3 eV. The peak at 5.74 eV is again attributed to
the methyl 3s Rydberg transition.

To help confirm the nature of the methyl transition an angular study was
conducted. Figure 6a again shows the spectrum of TBP at Eo = 50 eV and
0 = 10° between 5.6 eV and 6.4 eV energy-loss and at the optimum temperature
of 300° C. In contrast, the spectrum of TBP under the same conditions except
at 6 = 60° is shown in Figure 6b. It is apparent that no drastic changes occur,
although the ratio of the methyl 3s Rydberg transition to the acetone A; 3s (S-S)
transition at 6.36 eV goes from approximately 1:2 to 1:3. Increasing the angle
further to 90° produces a change in this ratio back to about 1:2; however, due to
the increase in the relative intensity of the intervening region of the spectrum the
methyl peak is obscured. Most of the increase in the relative intensity between
5.8 and 6.3 eV is due to the presence of the # — n* (S-T) band of acetone.
As previously discussed, the intensity of such spin-forbidden bands are constant
with angle while the intensity of fully-allowed bands decreases with angle, thus
the relative increase in the acetone 7 — 7* (S-T) band. ‘

The DCS curves plotted in Figure 7 illustrate the integrated intensity changes
for these bands. The elastic peak and the acetone n—3s peak exhibit an intensity
decrease of about two orders of magnitude as should fully-allowed bands. The
methyl AY 3s Rydberg band seems to be exhibiting this behavior also, but the
curve begins to become more constant starting at § = 60° . This is the angle
where the spin-forbidden 7 — 7* band of acetone begins manifesting itself more
strongly and, if this effect is subtracted out using the known angular behavior
of this acetone band!® with the acetone 3s Rydberg transition used as a scaling

feature, the DCS curve behaves more like a fully-allowed band. At Eq = 50 eV
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there seems to be little contribution from a spin-forbidden transition in methyl in
the region of the A 3s Rydberg band.

For CH3 one would probably expect no low-lying, spin-forbidden bands to
be in evidence. All transitions from the highest occupied a! orbital are spin-
allowed because the electron is unpaired. Likewise, only a spin-allowed version
of the predicted lowest valence transition is possible. This constrasts with
allowed Rydberg transitions converging to the second IP which would have spin-
forbidden counterparts. A calculation by Millie and Berthier?” places the second
IP approximately 5 eV higher than the first IP. Thus a spin-allowed excitation
from the 2¢’ orbital to the 3s orbital would lie at about 10.5 eV and the spin-
forbidden excitation at about 9.5 €V, allowing a singlet-triplet splitting of about
1 eV (as Brongersma and Oosterhoff?® found for the 3s Rydberg transition from

a corresponding orbital in methane).

Another angular study was performed with the incident energy lowered to
Eo = 25 eV (Figure 8). In this case the DCS behavior is not as marked; however,
the general trend suggesting that there is no spin-forbidden contribution to the

methyl spectrum in the vicinity of the AY 3s Rydberg band is confirmed.

4. SUMMARY

The spectra of three pyrolytic sources of methyl radicals (tetramethyl tin,
ethyl nitrite, di-t-butyl-peroxide) were investigated by variable-angle electron
energy-loss spectroscopy, both at room temperature and elevated temperatures.
Of the three precursors, di-t-butyl-peroxide was found to be the most useful for
radical generation. The spectrum of the decomposition co-product acetone has
only moderate overlap with that of methyl and also is fairly well understood so
that its influence can be removed. Regarding the 3s Rydberg excitation in CHj,

it has been found to possess a DCS in accord with its fully-allowed nature.
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Figure Captions

Figure 1. Schematic diagram showing the free radical beam source. GI: gas
inlet, H: heater, QT: quartz tube, SL: swagelock fitting, TS: tantalum shield.

Figure 2. Graph of the ratio of integrated intensity for the methyl 3s Rydberg
transition at 5.73 eV to the acetone 3s Rydberg transition at 6.36 eV as a function
of temperature. Eg = 50 eV and § = 10° .

Figure 3. Energy-loss spectrum of tetramethyl tin with a) pyrolysis source off,
b) pyrolysis source on, T = 800° C. For both spectra Eq = 100 eV and § = 0° .
Incident electron current = 5 nAmp and estimated sample pressure = 1 mtorr.

Figure 4. Energy-loss spectrum of ethyl nitrite with a) pyrolysis source off, b)
pyrolysis source on, T = 450° C. For both spectra Eg = 50 eV and 6 = 10° .
Incident electron current = 10 nAmp and estimated sample pressure = 1 mtorr.

Figure 5. Energy-loss spectrum of TBP with a) pyrolysis source off, b) pyrolysis
on, T = 400° C. For both spectra Eg = 50 eV and § = 10° . Conditions same as
Figure 4.

Figure 6. Energy-loss spectrum of TBP at a pyrolysis temperature of 300° C
and Eg = 50 eV: a) 6 = 10° , b) § = 60° , c) § = 90° . Conditions same as
Figure 4. Vertical lines indicate magnitude of error in spectral intensity.

Figure 7. DCS plot of pyrolyzed TBP at Eq = 50 eV. Elastic scattering (EP) x
0.1: + , acetone 3s Rydberg x 100: O , methyl 3s Rydberg x 100: [] , methyl
3s Rydberg (corrected by subtracting contribution of acetone spin-forbidden band)
x 100: A\ . Arbitrary units are the same for all curves, which are multiplied by
scaling factor before plotting.

Figure 8. DCS plot of pyrolyzed TBP at Eq = 25 eV. EP x 0.1: + , acetone
3s Rydberg x 100: O , methyl 3s Rydberg x 1000: [] , corrected methyl 3s
Rydberg x 1000: /\ .



97
FIGURE 1.

> QT
|
1cm
] .
Z/f_- /GI
/ |
é B

0 70




FIGURE 2.

98

RATIO

0]

! ] ?

0

1

N 1
100 200 300 400 500 60

TEMPERATURE (°C)




99

FIGURE 3.
Sn(CH3)4 (a)
Eo= IOO eV
40_9= 0° ]
20+

2N

o

>

o

&

S

g 0] 1 1

SS, Sn(CH3)4 (b)
‘__\d E0= IOO eV .

= 44970 ~
w

=

o

j=

2._
0




100

FIGURE 4.

500
a) Ethyl nitrite Room T
Eo =50 eV
8 =10°

250
©
s,
w
~
w
E
=
O
(&)
> e
- b) 450 °C
%)
=z
wJ
}_
<

50| | .

O | J | J | J e} J A l
5 6 7 8 9 10

AE (eV)



FIGURE 5.

INTENSITY (counts/sec)

101

10
a) TBP Room T
Eo =50 eV
6 =10°
5
O A
b) 400 °C
5
O% —»AJ\/TJ —



102

FIGURE 6.
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FIGURE 7.
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FIGURE 8.
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APPENDIX 1. PRELIMINARY ELECTRON-IMPACT

INVESTIGATIONS

PYRIDAZINE

The study of the intramolecular interaction between oxygen and/or nitrogen
“lone-pair” orbitals is important and interesting. In particular, the azabenzenes
have been the subject of extensive experimentall’~® and theoretical” studies.
Azabenzenes are compounds isoelectronic with benzene but with nitrogen atoms
replacing carbon atoms in the ring. These nitrogen atoms introduce perturbations
in the benzene energy levels. New transitions arise from excitation of the now-
present lone-pair orbitals; the principal difference between benzene and azabenzene
photophysics is due to the introduction of a low-lying n— 7* excitation in the
azabenzenes. A preliminary investigation of pyridazine by variable-angle electron
energy-loss spectroscopy was undertaken in order to locate the low-lying singlet-
triplet states in this molecule. Pyridazine is the benzene analog with two adjacent

nitrogen atoms in the ring; the resulting molecular symmetry is Cs,.

Asbrink et al.® have previously investigated the pyridazine spectrum by
electron-impact spectroscopy under optical conditions (Eo= 150 eV, = 0°)
and found that # — =* transitions dominate. Figure 1 shows the pyridazine
spectrum between 2.0 eV and 9.5 €V, just above the lowest ionization potential
(9.31 eV vertical?). Under relatively optical conditions (Figure 1a), one sees
four features. The first, with an onset at 3.29 eV and maximum at 3.65 eV,
is due to the lowest n— 7*, !B; transition.!*® The other three features are due
to various 7 — 7* excitations:!:3 the 'A; transition with an onset at 4.70 eV
and maximum at 5.02 eV, the !B, transition with maximum at 6.46 eV, and a

combination of 1B5 and 'A; transitions with a maximum at 7.31 eV. Decreasing
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the incident electron energy and increasing the scattering angle (Figure 1b, 1c)
causes the manifestation of two bands attributable to spin-forbidden transitions.
The lowest, with an onset at 2.75 eV and maximum at 3.08 eV, is due to
the n— 7*, 3B; excitation and has been seen previously in phosphorescence!l
and threshold-electron excitation spectroscopy. The other, with a maximum at
4.16 eV and overlapping with the n— #*, 1B; band, has not been identified in
previous experiments. A reasonable assignment is the 7 — 7*, 3A; spin-forbidden
counterpart of the lowest # — 7* band. Calculations by Leclercq et al.” place this

transition at about 4.9 eV.

CYCLOHEXANONE

Figure 2 shows spectra of cyclohexanone in the low energy-loss region from
3.0 eV to 6.5 eV. Under relatively optical conditions (Figure 2a) one sees a band
with an onset at 3.65 eV and a maximum at 4.15 eV which is due to the spin-
allowed n— 7* transition.® The onset of the n—3s Rydberg transition is also
observed at about 6 eV. A decrease in incident energy and increase in scattering
angle (Figure 2b, 2¢) reveals the presence of two spin-forbidden bands. The lower,
with an onset at 3.44 eV and a maximum at 3.91 eV, is due to the spin-forbidden
n— 7* transition. The other has a maximum at 5.81 eV and is assigned as
the spin-forbidden 7 — #* transition. The assignment of the valence excitations
is supported by the behavior of the respective DCS curves (Figure 3), a spin-

forbidden contribution being evidenced by a relatively constant DCS with 4.

The higher energy-loss region between 6.0 eV and 11.0 eV is shown in Figure 4.
The many transitions observed in this region are Rydberg in nature® and converge
to the first ionization potential (IP = 9.15 eV!%). The complete listing of these

transitions (with assignments) is given in Table 1.
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Table 1. Cyclohexanone Rydberg transitions, IP=9.15 eV.

(a) no —ns:

E n 6 Calc?
6.30 3 0.81 6.31
6.42 3 (+1v)°
6.57 3 (+2v)

6.69 3 (+3v)

7.80 4 0.82 7.81
8.40 5 0.73 8.38
8.72 6 8.64
8.87 7 8.79

(b) no —np

E n 0 Calc?
6.95 3 0.51 6.97
7.06 3 (+1)°
7.22 3 (+2v)

8.05 4 0.48 8.04

(¢) no —nd:

E n 6 Calc/
7.55 3 0.08 7.52
7.64 3 (+1v)9
8.24 4 0.13 8.25
8.57 5 8.58

a) Using formula E = IP - R/(n — §)2.

b) Calculated with § =0.81.

¢) v =0.13 eV.

d) Calculated with § =0.50.

e) v =0.12 V.

f) Calculated with § =0.11.

g) v =0.09 eV.
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Figure Captions

Figure 1. Pyridazine energy-loss spectra at: a) Eg= 50 eV and = 20°, b) Eq=
25 eV and 6= 20°, and c¢) Eq= 25 eV and = 50°.

Figure 2. Cyclohexanone energy-loss spectra at: a) Eg= 50 eV and 6= 10°, b)
Eo= 30 eV and = 30°, and c¢) Eq= 30 eV and §= 80°.

Figure 3. Cyclohexanone valence band DCS curves (integrated over the range
given): a) Eo= 30 eV, []= elastic peak (EP)x0.1, O = n— 7*(S-S) (3.7 eV to
5.0 eV), A\ =n— 7*(S-T) (3.4 eV to 4.8 V), = — 7*(S-T)x10 (4.9 eV to
6.1 eV); b) Eg= 50 eV,[]= EPx0.1,O = n— 7*(5-S)x10, A= n— 7*(S-T)x 10,

+ =7 — 7*(S-T)x100 .

Figure 4. Cyclohexanone energy-loss spectrum between 6.0 eV and 11.0 eV at

Eo= 100 eV and 6= 6°.
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APPENDIX 2. APPLICATION OF EIS TO THE ASSIGNMENT OF
POLYATOMIC AUTOIONIZING RYDBERG TRANSITIONS

Read and Whiterod! have obtained expressions for the behavior of the
inelastic differential cross section in the Born approximation as a function of
both scattering angle § and incident electron energy Eq and have found that the
behavior is markedly dependent on the symmetry species of the excited state.
Dillon and Spence?® have begun to apply these ideas to autoionizing states of
atoms and diatomic molecules (in particular Ne, Ar, and O3) with good results.
It is this author’s conjecture (found to be valid, see Chapter 2) that extension
to the analyses of autoionizing Rydberg transitions in polyatomic molecules is
both reasonable and feasible. Such Rydberg transitions manifest themselves as
sharp structure superimposed on a continuum background and, if the background
does not vary rapidly with the § and Eq ranges studied, the angular and energy
dependence information necessary for assignment should be obtainable.

In the Born approximation, an expression for the DCS can be written and,

by various mathematical manipulations,! it can be shown that

(%) o / |Mo(Q)[2PdQ = 4n )~ M(l), (1.1)
l

where:

Mo(@) = M(Q, =0,0) = 3 / B, ¢y dOr. (1.2)

Qs represents the vibrational normal coordinates and Mo () is a sum of integrals
over initial and final electronic states, slowly varying with a maximum at Q, = 0.

P is a rotational averaging term

P(Q) = > p(JMK)|®.a(JMEK|D)|*, (1.3)
JMK
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where p is the fraction of molecules in the rotational states {JMK}. The Mg’s in

terms of spherical harmonics are

+oco  +1

Mo() =) Y 4ni'¥, M(l,m), (2.1)

=0 m=-1

and applying the orthonormality condition gives

do
- 47r;M(l), (2.2)
where
&1
M@= ) IM(,m)?, (2.3)
m=-I1
and
M(l,m) = Z / Q,zn,]}(qrf)Yzm@dndar. (2.4)

For small values of ga (valid in the Born approximation), ¢ being a length of

molecular dimensions

g~ (ga)t/1-3-5- (20 +1). (2.5)

Now, some of the M(!) are zero by symmetry and thus the DCS in (2.2) will
be dominated by the first (or first two) non-zero term in the series. The M(J)
come from terms M(/,m) which involve integrals over ®. ,, Ji, Yim, and @.,;
the quantity M(/) is non-zero only if the product of symmetry representations
T, X T1 X T’y X Tbesset contains I'y, the totally symmetric representation. T'pesse
always equals I'; and in addition T', (the ground state) usually is totally
symmetric, so for the product to contain I'; it is usually required that I'; contains
T,. Table 1 gives the minimum value of ! for which I'; contains I'pr—;.}

Simplification of prior expressions gives for the DCS in the forward direction

do(0) 2lp—4 2—1o
—, %4 orx E“~%, (2.6)
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More useful is the expression for the DCS as a function of 6

do(6) 2lo—4
— . 3.1
Rk (3.1)
where: q=ko- ks, ’kk = p = mv. Thus
g = |a| = hm((vo — vy cos0)? + (—vy sin0)2)%. (3.2)
For small (< 10°) expression (3.2) can be rewritten as
g =hm((vo — vs)? +v}0%)* = hm3V2((vVEo — VEy)? + Ef6?)?
g=hm? (AEy + E;0%)3, (3.3)
where: AE; = (VEo — \/Ey)?. Thus
do(0 ”
d((d) x (AEy + E;6%)o—2, (3.4)

For practical purposes (i.e., extracting lo from spectral data) it is easier to

rewrite (3.4) as

do(6)
Cdw

Ey
AE,

=C(AE; + Eff*)o™? =C'(1+ gAYl (3.5)

where: C and C’ are proportionality constants. Then

do(ﬂ) _ ’ _ Ef
ln—-—l—lnC + (lo 2)1n(1+AE%0 )s
InDCS = (InDCS)o + (lo — 2) In(1 + ——6%). (3.6)

AE,
3
A plot of In(DCS) versus In(1 + A—%@ﬂz) will give a slope of (lp-2) and intercept
of In(DCS)y.
Let us take as an example the Rydberg series in tetrachloroethylene, C,Cly.

C2Cly is a 36 electron system belonging to the point group Dap with an outer

molecular orbital configuration



i
..-(1b1g)%(3b2y)?(1a,)?(3bag)? (2b3y)? = Ag.
The Rydberg orbitals transform according to the symmetries s = ag, pr = ban(x)
and bz, (y), P = bin, and d = a,4. If attention is limited to transitions converging
to the first two ionization potentials, 9.5 eV and 11.4 eV* (the lowest is not
autoionizing but done for comparison), the symmetry species I'; (and thus ) can
be determined (using Table 1) for excitation to various Rydberg orbitals.

The results given in Table 2 show that for Rydberg transitions to the first
ionization potential one is able to distinguish transitions to s and d type from
p type. For Rydberg transitions to the second ionization potential one can
again distinguish s and d type from p type, now with the added possibility of
distinguishing p, from p, types. One idea to keep in mind is that the local
symmetry of the chromophore may be more important than the overall molecular

symmetry in determining these rules.
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Table 1. Minimum values of | for which I'; contains I'; .

Group T lo Group T lo Group T lo
C; Ag 2 Dy A; 2 Dan Ay 2
Cgh A’ 2 Bl 2 Az’ 3
EII 2 B2 2 All, 4
Cy B 2 Dyn Alg 2 E 2
Csn Ay 2 Ay 5 T A 3
B, 2 Ay, 4 E 2
9 29 T, A, 4
Eg 2 Blu 3 Eu 2
S4 A 2 2g 2 Eg 5
L 2 o 2 O A 4
Cﬁh Ag 2 C4v Az 4 Al 3
Eig 2 D2g Ay 2 On A, 4
Eiww 3 Ay 3 A, 9
Ey 2 B, 2 Ay, 6
D, A 2 D¢ A; 2 Asg, 3
Cow Ay 2 B; 3 E, 2
Do A, 2 Den Ay 2 Tog 2
Ay 3 At T 2 3
Bzg 2 lg A, 6
o 2 Biu 3 E 2
D3 Al 2 B29 3 Tl 3
Dayg Alg 2 Ez“ 2
3 19
lu E 2
29 4 29
- Cor A &
Csy, A; 3 o8 Bf 3
B, 3
E, 2
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Table 2. Results for various I'; = Tgyq X Tion

Rydberg Orbital '
IP State and Symmetry Iy

8.5ev 2by, s ag be, |
Po by by 2
Px ba; bly 2
bSu )
d &g bu 1
11.4eV  3bgy s ay by 2
Po blu bzu 1
Px bay b, 1
b&u 8y 3
d ag by 2
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APPENDIX 3. ELECTRON OPTICS DESCRIPTION

AND ANALYSES

The electron optics initially used were designed by Flicker! and the subsequent
system was designed by Dr. D. Edmonson (as described by Rianda?). One design
objective was to extend the effective impact energy range of prior instruments,
especially to lower energies. The present calculated impact energy range is 10 eV
to 250 eV. Another objective was to increase the angular range of the instrument,
resulting in attainable scattering angles for the Flicker design of -20° to +140°.
The angular range of the Edmonson design is only -15° to +100°. The scattering
angle is changed via a stainless steel gear wheel on which the electron gun,
monochromator, and entrance optics are mounted. Because the path of the
electron beam through the spectrometer is 20° with respect to the horizontal,

the actual scattering angle is not a linear function of rotation angle but is given

by

0 = cos~1(0.883 cos 6’ +0.117),

where 6’ is the rotation angle and 6 is the scattering angle. A last design objective
was to improve the attainable resolution of the instrument; the present attainable

value is about 25 meV.

Figure 1 shows a block diagram of the present spectrometer optics (the
Edmonson design?). The first stage of the optics is the electron gun (GUN).
Electrons are extracted through a 0.050 inch aperture in the Pierce element?®
(forcing rectilinear electron flow) from a heated tungsten filament and accelerated
through a 0.035 inch aperture in the anode. Two pairs of cylindrical plate
deflectors in the anode allow beam angle trimming to maximize electron current.

The anode, condensor, and lens M3 form a condensing lens system (voltage ratio
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2:8:1), focusing the anode image onto the entrance window of the fixed ratio
decelerator. The decelerator consists of lens elements M3 and HM1, with a
deceleration ratio of 12:1, and sets the image size, pencil angle, and beam energy
for entry into the hemispherical monochromator. Molybdenum apertures in M3 set
the beam angle. The beam is then imaged onto the focal plane of the hemispherical
monochromator with magnification 1.5 and pencil angle 0.07 radians. M3 contains

another set of cylindrical plate deflectors.

The monochromator (and likewise the energy-loss analyzer) consists of two
concentric hemispherical sections with a mean electron path radius of 2.25 inches
and a gap between the inner and outer sections of 1% inch. The large path
radius was chosen to yield a relatively high energy resolution of about 20 to
25 meV. Electrons passing through the monochromator are accelerated by the
1:12 accelerator (ACC) formed by HM2 and M4. The field lens follows, operable
for electrons in the energy range 10 to 200 eV. In the M6 field lens element are a

third set of trimmers. The last lens is a weak focusing lens (ENT).

After passing through the scattering region electrons enter an adder lens,
having the collisional-loss energy added back with no change in beam focal
properties due to the weakness of the lens. The einzel lens next forms the beam
image for the 35:1 decelerator which subsequently forms a 0.045 inch image at the
analyzer focal plane (EXT). Electrons passing through the hemispherical analyzer

(identical to the monochromator) are detected by a Spiraltron electron multiplier

(DET).

To aid in tuning the instrument a faraday cup was designed and placed near
the scattering region, accessible at an angle of about 60°. Measurements have

shown currents of greater than 10 namp at the scattering center to be typical.

The spectrometer is capable of operating in three modes. The first is the more
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common energy-loss mode in which the impact energy is fixed and the analyzer
sweeps to determine energy-loss. The second is the impact energy mode, used for
studying the excitation function of various scattering processes and for detecting
resonances. A scan consists of linearly varying the impact energy at constant
energy-loss. The third mode, called the residual energy mode, involves sweeping
both impact energy and energy-loss so as to keep the difference constant.

An analysis of the operating characteristics of the current electron optical .
system (revisions by Edmonson?) and a comparison with the previous system
(designed by Flicker!) was performed. The reason for the analysis was two-fold.
First, in the initial start-up phase of the experiment (where much difficulty arose
in spectrometer tuning) it was expected that any design flaws would be revealed
in the analysis. Also, experience gained in the analysis could be applied to the
design of another lens system if the need arose.

To perform the analysis, a group of computer programs written by Kuyatt*
which calculate operating parameters for large lens systems was employed.
Substantially used were the two programs entitled LENS and IMAGE. LENS
calculates the Gaussian electron rays into and out of each lens in a system given
the sizes, positions, and voltages of the elements. IMAGE adjusts a given variable
voltage so as to produce an image at a desired position. Many values describing
the quality of the system are calculated, but the ones deemed most important for
the analysis and comparison (given an image properly located) were: (1) beam
angle (BA), (2) pencil angle (PA), and (3) filling factor (FF). The beam and pencil
angles indicate the beam divergence. A bundle of rays producing the image forms
a pencil and the pencil angle measures the divergence of the bundle. The angle
between centers of pencils is the beam angle. The filling factor is the width of the
beam relative to the width of the lens.

The results are given in Table 1. It is immediately seen that neither lens
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system is better overall than the other. The Flicker gun stage is better, with
smaller beam angles, pencil angles, and filling factors. The accelerator/decelerator
stages are comparable but the Flicker entrance stage is again better in all three
comparison areas. In contrast, the Edmonson exit and detector optics are better,
having in general lower beam and pencil angles and smaller filling factors. The
conclusion reached is that even though the monochromator-side optics of the prior
design seem to be better, the difference is slight. Both systems have reasonably
similar operating characteristics that for the most part are good (most beam and

pencil angles < 2°, most filling factors < 0.50).
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Table 1. Calculated Lens Characteristics

Flicker?® Edmonson®

Voltages BAF€ PAc FF Voltages BA PA FF

GUN 54 0.066 0.127 40 0.066 0.127
240 0.017 0.006 1.26 186 0.020 0.001 1.26
23 0.089 0.123 0.53 24 0.099 0.129 0.70

ACC 22 0.027 0.035 24 0.032 0.032
2.2 0.004 0.064 0.50 2 0.008 0.064 0.45

ENT 23 0.027 0.035 24 0.032 0.032
76 0.009 0.022 0.18 204 0.031 0.008 0.33
54 0.008 0.023 0.34 60 0.012 0.011 0.66

10 0.028 0.022 0.47

EXT 10 0.016 0.033 20 0.006 0.014
5.0 0.012 0.036 0.27 115 0.025 0.000 0.27
100 0.046 0.018 0.37 80 0.028 0.000 0.13
45 0.056 0.024 0.05 20 0.019 0.005 0.17
114 0.029 0.018 0.45 80 0.006 0.005 0.20
45 0.022 0.003 0.58 3 0.074 0.026 0.18

7.3 0.061 0.024 0.20

DET 2.8 0.108 0.027 3.9 0.077 0.027

39 0.069 0.008 0.70 80 0.033 0.004 0.36

a) Reference 1.
b) Reference 2.

c) Radians.
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APPENDIX 4. DESCRIPTION OF EIS III DATA
ANALYSIS PROGRAMS

The following instructions describe the programs currently available for data
manipulation on the Chemistry Department VAX. All programs will be found in
the directory designated USER:(KNW.SPEC]|.

1. Data Transfer

(a) Mount the diskette in the drive, and then type MOUNT /FOR DYAO: (or
DYA1:, DYBO:, DYB1:).

(b) Type RUN PUB:FLOPPY. The program will prompt with a question
asking for the drive number in which the diskette is mounted (0, 1, 2, or 3). The
program will also ask if the diskette is in FDOS format. The EIS III system does
indeed use the FDOS system so respond with Y(es).

(c) The prompt FLOPPY) will appear. Typing D displays the diskette
directory; typing T initiates file transfer.

(d) If T is typed the computer will request the FDOS filename (upper-case
letters) and, after reading the file, an output filename (‘filename’.DAT). When the
transfer is completed the FLOPPY) prompt will reappear.

(e) The transfer process may be repeated as many times as necessary. Typing

CTRL Z exits the program.

2. Data Decoding
(a) To decode the transferred files into English (from hexadecimal) type RUN
EIS3.

(b) The program will request an input file (‘filename’.DAT). When completed,
the word DONE appears. The output file is named ‘filename’.DEC.
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(c) The decoded file is now in a form (referred to subsequently as “standard

format”) that can be printed, edited, or manipulated. It is recommended that

each file be examined for bad or incorrect entries before data analysis begins.

3. Preliminary Spectrum Smoothing

(a) The first step in analyzing the spectral results is removing noise-spikes
from and smoothing the spectra. The program used for this is a simplified version
of ANDATAL1 (vide infra) called ANDATA. The method of noise-spike removal
and smoothing is discussed in detail by Flicker.! Briefly, a data channel with a
spuriously high value is replaced with a value which is a mean of neighboring
values. The smoothing is accomplished via a 5 to 19 point quadratic-cubic routine
described by Savitsky and Golay.2

(b) Torun ANDATA, assign the spectrum to be analyzed (in standard format)
to FOR002 and assign the analysis parameter file (‘filename’.PAR) to FOR003.
The parameter file is constructed as follows:

Line 1 = Type of smoothing for each 256 channel spectrum region
= S1, S2, ... S16. 5 = 5-channel smooth, 7 = 7-channel, 9 = 9-channel,
0 = 1ll-channel, 2 = 13-channel, 4 = 15-channel, 6 = 17-channel, 8 =
19-channel.

Line 2 = Stepsize (in meV).

Line 3 = Background (in counts/second).

Line4 =1

Line5 =0

Line 6 — Line 9 = Noise-spike removal comparators. If the ratio
of adjacent points is greater than the comparator value a noise-spike is
assumed. Line 6 = EP, Line 7 = channels with < 10 counts, Line 8 =

channels with 10< n <250 counts, Line 9 = channels with >250 counts.
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Line 10 = EP flag. 0 = EP, 1 = no EP.

Line 11 = Plot flag. 0 = Plot both raw and smoothed spectra, 1 =

plot smoothed spectrum only.

Lines 1 and 11, used in ANDATAI, are not needed in ANDATA but must
be included. Finally, assign ‘filename’.INT to VOINT and ‘filename’.PLT to
VEROUT.

(c) Run ANDATA. An intermediate file is created that consists of five small
plots of various strengths of smoothing (raw, 7-, 11-, 15-, and 19-channels). These
crude spectral plots can be compared and used to decide which strength of smooth

will be used in each 256 channel region. To plot on the Versatec plotter type
VPLOT ‘filename’.INT.

4. Final Spectrum Smoothing and Analysis

(a) The final spectrum smoothing and analysis is accomplished by ANDATAL.
After deciding the amount of smoothing required and the background to be
subtracted (if any) thése values should be entered in the parameter file used for the
ANDATA run. In addition to the previous assignments it is necessary to assign
‘filename’.SMO to FOR004, ‘filename’.OUT to FOR$TYPE, and ‘filename’.PLT
to FORO0O01.

(b) After running ANDATAL, ‘filename’.SMO will contain the spectrum
without noise-spikes and smoothed (in the standard format). ‘Filename’.OUT
will contain a copy of the raw and modified data plus information concerning
peak positions and areas. ‘Filename’.PLT contains a crude plot of the spectrum
with all the changes described in ‘filename’.OUT and can be plotted on the Zeta

plotter.
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5. Final Spectrum Plotting

(a) When the spectrum has been “cleaned up” to the desired level it should be
plotted in a finished form for study and for the record book. This is accomplished
with the program called SPECPLT.

(b) Assign the file to be plotted (‘filename’.SMO) to FOR002. Assign
‘filename’.SPC to FOR001 and ‘filename’.FAC to FORO0OS5. ‘Filename’.FAC is
a file containing any integer expansion factors (maximum of two, one per line).
If only one factor is desired the other should be entered as zero. Similarly if no
expansion is desired the file should contain two zeros.

(c) Run SPECPLT. ‘Filename’.SPC contains the spectrum plot which can be
plotted on the Zeta plotter.

(d) If the spectrum does not possess an elastic peak (used to set the energy
scale) the program SPECPLTJ must be used instead of SPECPLT.

6. Band Area Calculation

(a) Two band area calculation programs can be used. BANDAREALl
calculates the areas for a set of input spectral regions. BANDAREA2 calculates
these areas but also calculates the DCS values using input elastic peak DCS
information.

(b) To calculate band areas but not DCS values assign the file to be analyzed
(‘filename’.SMO) to FOR004 and the file which contains the spectral regions to be
examined (‘filename’.BND) to FOR003. The first line of this file gives the (integer)
number of bands to be examined, the second is the channel size (in meV), the
third is a list of the onset voltages for the bands to be examined, and the fourth
contains the end voltages for the bands to be examined. Assign ‘filename’.BOT
to FORSTYPE.

(c) Run BANDAREAL. ‘Filename’.BOT contains the calculated band areas
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for each of the bands specified in ‘filename’.BND.

(d) To calculate both band areas and differential cross sections again assign
‘filename’.BND to FORO003 and assign the set of spectra files to be analyzed
(‘filenamel’.SMO, ‘filename2’.SMO, ... ‘filenameN’.SMO) to FOR004, FOR005,
... FOROO(N+3). Also assign ‘filename’.DAT to FORO002; this file contains

information concerning the elastic DCS:
Line 1 = Molecule name.
Line 2 = Incident electron energy of the data.
Line 3 = Band number (nc), angle number (na) (I212).
Line 4 = 0.0,0.0,... 0.0 (same number as nc).
Line 5-line (4+na) = angle, DCS value.
(e) Run BANDAREA2, then run DCSCALC. The files named FORO00(N+4)
to FOR00(2N+3) will contain both the calculated band areas and differential cross

sections.

7. DCS Plotting

(a) Using the differential cross section values calculated by DCSCALC one
can construct a data file (X‘filename’.DAT) from them to be plotted. The format
of this file is:

Line 1 = Molecule name.
Line 2 = Energy.
Line 3 = Nc, na (I2I2).
Line 4 = Curve multipliers (factorl, factor2, ... factor(nc)).
Line 5 — line (4+na) = angle, DCS1, DCS2, ... DCS(nc).
Assign this file to FOR002.
(b) Run DCSPLOT. A file named QMS002.QMS will be created which can be

plotted on the Laser printer. The data points will be fit to a third-order polynomial
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and this smooth curve will be drawn. If a second-order polynomial fit is preferred

then DCSPLOTQ can be run.

8. Publication-Format Plotting

(a) To plot a specific region of a spectrum in a journal-compatible form one
uses the program PAPLOT (or the variation DOTPLOT). Assign the spectrum
file (‘filename’.SMO) to FOR002. Assign ‘filename’.PRP to FORO003; this file
contains parameters for the plotting. The first line contains a scale expansion
factor (zero if not needed), the second line gives the starting voltage desired, and
the third line gives the ending voltage.

(b) Run PAPLOT. The file QMS002.QMS will be created; plot this file on

the Laser printer.
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APPENDIX 5. SMALL CARBONYL RYDBERG TRANSITIONS

Table 1. Formaldehyde Rydberg transitions, IP—=10.88 eV.

(a) no —ns, !Bj:

E n 6 Calc® Lit®e
7.10 3 1.10 7.07 7.10,7.08
7.35 3 (+1v)d 7.37
7.60 3 (+2v) 7.62
9.24 4 1.12 9.25 9.26
.98 5 1.11 9.98 10.02
10.31 6 1.11 10.31 10.33
10.52 7 10.49 10.51
10.59 8 10.59 10.61
10.68 9 10.66

(b) no —np:

E n ) Calc® Lite:df
7.98 3(b2) 0.83 7.99 7.98,7.97
8.13 3(a1) 0.77 8.14 8.14,8.14
8.26 3(a1) (+1v)9
8.40 3(b1)- 0.66 8.37
8.57 3(b1) (+1v)* 8.57
8.73 3(b1) (+2v)

9.62 4 0.71 9.58 9.65,9.63
10.14 5 0.73 10.12 10.14,10.13
10.37 6 0.82 10.38 10.39
10.52 7 0.87 10.53 10.53
10.59 8 10.62 10.63
10.68 9 10.68 10.69




(¢) no —nd:

136

E n é Calc! Lit®d
8.88 3(a1) 0.40 8.87 8.88,8.88
9.02 3(a1) (+1v)? 9.03
9.14 3(a1) (+2v)

9.24 3(by) 0.12 9.24 9.22
9.37 3(by) (+1v)

9.84 4(ay) 0.38 9.83 9.84
9.98 4(b,) 0.11 9.98

10.23 5(a1) 0.42 10.24 10.26

a) Calculated with § =1.11.

b) Reference 1.

c) Reference 2.

d) v1=0.25eV.

e) Calculated with § =0.77.

f) Reference 3.

g) v2=0.13 eV.

h) v3=0.17 eV.

—
N Nt
N—

e

Calculated with § =0.40 and é§ =0.12.

l/2=0.13 eV.
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Table 2. Formaldehyde Rydberg transitions, IP—=14.39 eV.

(a) m(1by)—mns:

E n 6 Calc®
3 10.74
12.80 4 1.07 12.81
13.50 5 1.09 13.51
13.83 6 1.07 13.83
13.99 7 1.17 14.00
(b) 7(1by)—np:
E n ) Calc®
11.45 3 0.85
11.60 3 (+1v)° 0.79
11.75 3 (+2v) 0.73 11.75
11.90 3 (+3v) 0.66
12.05 3 (+4v) 0.59
12.20 3 (+5v) 0.51
12.33 3 (+6v) 0.43
13.12 4 0.73 13.12
13.67 5 0.65 13.64
(c) 7(1by)—nd:
E n 6 Calc?
12.40 3 0.39 12.38
13.34 4 0.40 13.34

Calculated with 6 =1.07.
Calculated with § =0.73.
1/2=0.15 eV.

Calculated with 6 =0.40.

SIS

—
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Table 3. Formaldehyde Rydberg transitions, IP=15.85 eV.

(a) o(3a1)—ns:

E n 6 Calc? Lit®
12.49 3 0.99 12.47
12.64 3 (+1v)° 0.94 12.64 12.64
12.80 3 (+2v) 0.89 12.81
14.40 4 0.94 14.40
15.01 5 0.98 15.03

(b) o(3a1)—np:

E n 6 Calc? Lite
12.97 3 0.83 12.93
13.12 3 (+1v)f 0.77 18.11 13.11
14.54 4 0.78 14.55
15.11 5 0.71 15.09
15.35 6 0.78 15.35
15.51 7 0.67 15.50

(c) o(3a1)—nd:

E n ) Calc9
13.83 3 0.40 13.84
13.99 3(+1v)h 0.30
14.83 4 0.35 14.80
15.17 5 0.53 15.21
15.41 6 0.44 15.42

a) Calculated with § =0.94
b) Reference 1.
c) v3=0.15eV.
d) Calculated with § =0.77.
e) Reference 4.
f) 13=0.15¢€V.
g) Calculated with § =0.40.
h) 12=0.16 V.
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Table 4. Acetone Rydberg transitions, IP=9.71 eV.

(a) no —ns:

E n 0 Calc® Litbe
6.36 3 0.98 6.20 6.36,6.35
6.51 3 (+1v)d 0.94 6.50
6.64 3 (+2v) 0.89 6.63
6.80 3 (+3v)

6.98 3 (+4v)

8.09 4 1.10 8.17 8.09,8.08
8.23 4 (+1v) 8.22
8.44 4 (+2v) |

8.86 5 1.00 8.85 8.82,8.83
9.01 5 (+1v)

9.19 6 0.88 9.16 9.12,9.15
9.34 7 0.94 9.33 9.30,9.31
9.46 8 0.62 9.43 9.42
9.51 9 0.75 9.50 9.47

(b) no —nd:

E n ] Calc? Lit®*
7.75 3d 0.37 7.74 7.71
7.88 3d (+1v)k 7.87,7.84
7.95 3d’ 0.22 7.92 7.96
8.67 4d 0.38 8.68 8.69,8.68
9.08 5d 0.35 9.08 9.04
9.11 5d’ 0.24 9.11 9.12

a) Calculated with § = 1.03.

b) Reference 5.

c) Reference 6.

d) vs=0.15eV.

e) Calculated with § = 0.58.

f) Vg = 0.12 eV.

g) Calculated with § = 0.37 and § = 0.24.

h)

vg =0.13 eV.-
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Table 5. Acetaldehyde Rydberg transitions, IP=10.21 eV.

(a) no —ns:

E n 6 Calc® Lit>e
6.81 3 1.00 7.00 6.82,7.10
6.95 3 (+1v)¢ 6.97
7.15 3 (+1')° 7.14
7.29 3 (+1w")f
8.82 4 0.87 8.76 8.82
8.95 4 (+1v)

9.43 5 0.82 9.38 9.43
9.66 6 9.68 9.71
9.86 /4 9.84 9.88
9.96 8 9.94

10.02 9 10.00

(b) no —nd:

E n o Calc? Lit?
8.40 3d 0.26 8.36 8.43
8.54 3d (+1v) 8.56
8.69 3d’ 0.01 8.69
9.21 4d 0.31 9.22 9.24
9.36 44’ 0.00 9.36 9.38
9.66 5d 9.60 9.64

a) Calculated with § = 0.94.

b) Reference 7.

c) Reference 8.

d) Vg = 0.14 eV.

e) v =vi0+ 25 =0.34 V.

f) 1" =uv10+2vs =048 eV.

g) Calculated with § = 0.29 or 0.01.
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