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The carbon and oxygen K-edge near-edge x-ray absorption fine structures (NEXAFS) of a series
of molecules, carbon monoxide (CO), carbon dioxide (CO,), carbonyl sulfide (OCS), acetone
[(CH;),CO], ethanol (C,HsOH), diethylether [(C,Hs),0], tetrahydrofuran (C,;HzO), and p-dioxane
(C4H30,) have been recorded in the gas phase in transmission, total-ion-yield, and luminescence-
yield modes. The results are compared with previous measurements and theoretical predictions,
and discussed generally on the basis of molecular structure and bonding. The the NEXAFS param-
eters are examined in terms of the electron-core-hole interaction, spatial characteristics of the final
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states, correlation with interatomic distance, and multiple-scattering phenomena.

I. INTRODUCTION

The rapidly increasing availability of synchrotron radi-
ation has generated a great deal of interest in gas-phase
inner-shell-excitation spectroscopies and related phenom-
ena of low-Z (atomic number) elements in molecules.
The current generation of electron storage rings and opti-
cal instruments can routinely provide high-flux mono-
chromatic photons (> 10° photons/sec mm? with good
resolution) in the vuv and soft-x-ray regions (100-3000
eV) required for some gas-phase experiments. Thus a
number of gas-phase soft-x-ray absorption and related ex-
periments have been performed.' !> One of the main
areas of interest is the dynamics of the core-level photo-
absorption processes in the vicinity of an ionization
threshold (near-edge region) and the extended energy re-
gions above the threshold [extended x-ray-absorption fine
structure (EXAFS) region].

The second-row elements are ideally suited for these
studies because the K shells of these elements are the only
atomic levels they possess as their L shells are in the
valence region and are actively involved in bonding.
Since these electrons are intimately involved in the decay
of the core hole, the decay process itself and its products
are sensitive to the chemical environment. The main ob-
jective of our studies is to investigate the influence of the
chemical environment (molecular potential) on inner-
shell photoabsorption and subsequent decay processes.
Experimental investigations to achieve this goal have led
to the development of a great variety of techniques'® such
as yield spectroscopies (total electron, partial electron,
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photoelectron, Auger electron, selected ion, fragmenta-
tion, fluorescence, and luminescence) and resonance spec-
troscopies (such as resonant Auger and resonant photo-
emission) as to be compared to the conventional absorp-
tion and photoionization techniques.

All the yield techniques for absorption-type measure-
ments are based on the idea that within the framework of
a single-particle process, all the yields are proportional to
the number of photons absorbed (hence the absorption
coefficient). This has been shown to be more or less the
case in EXAFS experiments, although the correct EX-
AFS amplitude cannot always be obtained in yield mea-
surements.'* 2% More dramatic differences are expected
in the near-edge region among different yield techniques
where several different excitation channels are accessible
in molecules: (a) bound-to-bound (molecular-orbital)
transition, (b) bound-to-bound (Rydberg) transition, (c)
bound-to-quasibound (virtual-molecular-orbital or
shape-resonance) transition, and (d) bound-to-continuum
transitions (multiple-scattering-type photoelectron
diffraction at low and intermediate energies) and each of
these channels may decay differently depending on the
electronic nature of the final state and the interaction be-
tween the electron and the core hole. Thus yield spectra
based on detecting one specific kind of particle (within a
specific energy range) would have varying degrees of sen-
sitivity for these excitations. In EXAFS at high energies,
however, the one-electron ionization channel usually
dominates. In addition, single-particle processes are
often accompanied by many-particle processes (such as
shake-up and shake-off), sometimes with appreciable in-
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tensity. It is reasonable to expect that the correlation of
the yield with absorption in the near-edge x-ray-
absorption fine structure (NEXAFS) region depends criti-
cally on the nature of the yield used in the measurement.
For example, selected ion yield (fragmentation) and
luminescence yield have been shown to be photon energy
selective for some molecules in the NEXAFS re-
gion.1:6:13.14

Several aspects of photoabsorption are of concern in
our studies. First, we are interested in the comparison of
absorption measurements with photoionization and other
yield measurements, particularly fragmentation, and
luminescence yield. Second, we are interested in the dy-
namic process through which the energy of the photon
absorbed by the molecule is redistributed via photoelec-
tron emission and the decay of the core hole. Events
such as Auger-electron emission, fluorescence, fragmen-
tation of molecules, and luminescence are results of the
decay of the core hole. Monitoring these events as a
function of photon energy in turn will greatly facilitate
the assignment of the absorption spectrum. Thus it can
be expected that if all these partial yield (cross-section)
events were measured concurrently with the conventional
absorption measurement, detailed information concern-
ing photoabsorption dynamics could be obtained. The
ionization and luminescence measurements reported here
are aimed towards this goal. Finally we want to study
the chemical systematics of the NEXAFS of these mole-
cules and in particular their molecule shape reso-
nances.”’ 73! The study of core-excited molecular shape
resonances has attracted much attention lately in connec-
tion with their correlation with bond length in small mol-
ecules suggested by Hitchcock and co-workers*>*3 There
has been a debate on the validity of such a correla-
tion.** 3¢ One of the problems in this controversy is the
assignment of the shape resonance. Most of the data
used in these studies so far are from electron energy loss
spectroscopy (EELS) measurements>?> which have great
sensitivity and resolution near the threshold but the sen-
sitivity drops markedly (proportional to E ~3, E is the en-
ergy loss) at energies farther from the threshold. There-
fore when a weak resonance is observed at 20 eV above
the threshold in the EELS spectrum, its assignment to
molecular shape resonance is sometimes justifiably chal-
lenged (shake-up would be the alternative assignment).
We believe that NEXAFS absorption measurements us-
ing synchrotron radiation will complement the EELS
data in this energy region. Thus absorption and yield
measurements with synchrotron radiation to extended
energies (including EXAFS) in combination with theory
will greatly facilitate the understanding of the core-
excited molecular shape resonances of small molecules.

It has been our continuing effort to study the K-edge
photoabsorption of low-Z elements in molecules contain-
ing carbon and oxygen in the gas phase. What can be
learned from the gas-phase experience will benefit the
study of similar phenomena in condensed phase and on
surfaces. In a recent study,!'! we reported the high-
energy features (molecular EXAFS) above the oxygen K
edge of a series of molecules containing carbon—oxygen
bonds: CO, CO,, OCS, (CH;),CO, C,H;OH, (C,H;),0,

C,H;0 (tetrahydrofuran, THF), and C,H;0, (p-dioxane).
We found that the single-particle, single-scattering theory
with plane-wave approximation is inadequate in describ-
ing the EXAFS of these molecules with low-Z elements
and short bonds. Chemical transferability has only limit-
ed success in closely related molecules. In this paper, we
report the low-energy absorption features (NEXAFS re-
gion) of the same series of molecules at both the carbon
and oxygen K edge.

This paper is arranged as follows: In Sec. II the experi-
mental procedure and data analysis are described, follow-
ing by the results and observations in Sec. III. The chem-
ical systematics of the NEXAFS of these molecules are
discussed in Sec. IV. The correlation of the shape reso-
nance and the oscillatory features beyond the shape reso-
nance at the carbon K edge with bond length are given in
Sec. V. X-ray-absorption measurements with lumines-
cence yields are discussed in Sec. VI. Summary and con-
clusions are given in Sec. VII.

II. EXPERIMENTAL PROCEDURE

The experiments were carried out at the U15 beam line
of the National Synchrotron Light Source, Brookhaven
National Laboratory. This beam line is equipped with a
toroidal grating monochromator (TGM) with a 600-
line/mm gold-coated grating. The measurements were
made with a modified Samson-type ion chamber (Fig. 1)
which has been described in detail elsewhere.”!! !> An
ultrathin silicon nitride window (1300 A thick) was used
to separate the gas from the rest of the beam line. This
allows us to carry out the experiments at relatively high
pressure (0.1-1.0 Torr) which was essential for measure-
ments with high signal-to-noise ratio without using mul-
tistage differential pumping. The length of the photon
path in the sample gas was chosen to be 83.8 mm which
enables us to use the thin-sample approximation at the
lower end of the pressure range, i.e., exp(—ut)=~1—puz,
where u is the linear absorption coefficient. The absorbed
flux of photons can thus be expressed as I,ut, where I, is
the incoming flux, and the secondary yield spectra can be
simply expressed as I utf (E), where f(E) is the conver-
sion factor of the yield. In general, f (E) varies smoothly
with the photon energy E far above the edge and the
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FIG. 1. Schematics of the experimental arrangement: A4 and
D are the photon monitors, B is the silicon nitride window, and
C is the ionization chamber.
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yield is proportional to the absorption coefficient.
Higher-order contribution of this monochromator is con-
siderable especially in the energy region below 500 eV.
The second-order radiation can be used to record the ox-
ygen K-edge absorption spectrum which would appear at
around 260 eV (together with the first-order spectrum of
the C K edge). Fortunately, the molecules being studied
have a small and smooth cross section (for the first-order
radiation) in the energy range below the carbon K edge.
Therefore, oxygen NEXAFS can be studied conveniently
with second-order photons. This measurement provides
not only more accurate energy calibration between oxy-
gen and carbon K-edge features but also x rays with
better resolution. Figure 2 illustrates the improvement in
energy resolution of the acetone O K-edge spectrum us-
ing second-order radiation. In the second-order spec-
trum, the width of the O 1s-to-7* transition (2.5 eV) is
30% narrower and features unresolved in the first-order
spectrum are revealed [resolution is 1.6 eV full width at
half maximum (FWHM) at C K edge and 2.6 eV at O K
edge]. We shall discuss further details in the following
sections.

Both the incoming (I;) and the transmitted (I) x-ray
intensities were measured with phosphor detectors.’’
The spectral response of the phosphor (P31) does not
contain any sharp features in the energy range of the ex-
periment. However, its response is roughly linear with
the photon energy, and hence the second-order spectrum
is enhanced in the data shown here. It should also be
noted that since the absorption of the window differs for
the photons of different energies, spectral structures in
the incoming x-ray beam will not be completely removed
when the data are normalized using vacuum scans. Al-
though we have developed a procedure to correct the ar-
tifact when the second-order radiation is weak,!! strong
intensities of higher orders in this experiment simply do
not allow us to make such elaborate corrections. The as-
recorded spectra presented here should be taken as semi-
quantitative when spectral intensities are compared at

B
£
3
0
[
&
C
o
g_ 2Morder
[%2)
0
<l 1 1
260 280
PR I SR VY R T USSR TR WY SN VU Y R SENN W DR ST U S S R T
525 550 575 600 625

Photon Energy (eV)

FIG. 2. Oxygen K-edge spectrum of acetone recorded with
first- and second-order radiation.

different edges. Nevertheless, we believe that all the ma-
jor features are real and reproducible.

Two photomultiplier tubes (PMT) were used to record
the phosphoresence intensity of the flux monitors. A
third PMT, mounted perpendicularly to the beam axis,
was used to monitor the optical luminescence (signal
denoted as I;) induced by the photons in the sample gas.
The ion current (signal denoted as I;) and the PMT
current were amplified by current amplifiers, digitized by
voltage to frequency converters, and recorded by com-
puter aided measurement and control (CAMAC) scalers
interfaced with a PDP-11/23 computer.

Three modes of measurements, absorption, total ion-
ization yield, and optical luminescence yield were simul-
taneously employed in recording the ‘“‘absorption spec-
tra” at both the oxygen and the carbon K edges. The
transmission function of the window was measured by a
spectral scan without sample gas in the chamber (vacuum
scan), and was used to normalize all three kinds of spec-
tra taken with the sample gases.!" The data thus ob-
tained are present as I,/1, I, /I, and I, /I, in arbitrary
units for absorption, ionization and luminescence cross
sections, respectively, versus photon energy.

III. RESULTS AND GENERAL OBSERVATIONS

The oxygen and carbon K-edge NEXAFS of CO
recorded in the three different modes are shown in Fig. 3.

(a) ABSORPTION

(b) ION YIELD

RELATIVE INTENSITY

(c) LUMINESCENCE
YIELD

-
r
r
.
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FIG. 3. Carbon and oxygen K-edge spectra of CO recorded
with first- and second-order radiation, respectively.
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Since second-order radiation was a significant part of the
photon beam in these measurements, the oxygen K-edge
spectrum appears at energies below the carbon K edge
from 260 up to 285 eV (520 and 570 eV in second order)
with appreciable intensity. Above 285 eV the oxygen
feature is obscured by the intense carbon absorption.
Fortunately, the oxygen absorption above this energy is
weak relative to the NEXAFS structure of carbon and is
slowly varying (Fig. 2).!' At the C K edge, however, the
second-order radiation not only contributes to the base
line but also suppresses sharp absorption features (thick-
ness effect®®). The most noticeable difference among
these spectra is the relative intensity of the edge jump of
oxygen and carbon and the relative intensity of the reso-
nances in the absorption spectrum [Fig. 3(a)] relative to
those of the yield spectrum [Figs. 3(a) and 3(b)]. The rel-
ative enhancement of the O K-edge spectrum in Fig. 3(a)
is the result of the more sensitive response of the
transmitted flux detector (I) to second-order relative to
the first-order radiation.!"®” The general features are
very similar in all the spectra except in the region above
the threshold where the ion yield spectrum is always
more intense. Hitchcock et al.’? have recently addressed
this situation extensively. Of the three techniques the ion
yield always gives the best signal-to-noise ratio and these
spectra are used for the identification of the absorption
features and for comparison among different compounds.
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FIG. 4. Overall comparison of the O (second order) and C
K-edge spectra of molecules reported in this study.

The carbon and oxygen K-edge spectra obtained in the
ionization mode (total ion yield) for all the molecules
studied are shown in Fig. 4 and the ion-yield and
luminescence-yield spectra of linear polyatomic mole-
cules CO, and OCS with unsaturated carbon-oxygen
bonds are shown in Fig. 5. Both yield results are very
similar except that in the region above the threshold, the
luminescence intensity is weaker, similar to what is ob-
served in the CO spectra. More drastic difference be-
tween the ion yield and the luminescence yield spectra is
seen in molecules having saturated carbon-carbon and
carbon-oxygen bonds. Some representative results are
shown in Fig. 6 where the difference between the ion
yield and the luminescence yield above the threshold is
clearly noticeable.

The general appearance of the NEXAFS and their as-
signment are discussed below in some detail. To facilitate
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FIG. 5. Comparison of ionization-yield [(a) and ()] with
luminescence-yield spectra [(a’) and (b')] for CO, and OCS, re-
spectively.
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FIG. 6. Comparison of ionization yield [(a)-(d)] with
luminescence yield spectra [(a’)-(d’)] for acetone and selected
saturated molecules.

the discussion, the molecules are divided into three
different groups: (a) linear molecules with unsaturated
C—O bonds (CO, CO,, OCS); (b) polyatomic molecule
with a saturated C—C bond and an unsaturated C—O
bond [(CH;),CO, acetone]; and (c) polyatomic molecules
with saturated C—C and C—O bonds [C,H;OH, ethanol;
(C,H;),0, diethyl-ether, C,H3O, tetrahydrofuran, THF;
and C,H;0,, p-dioxane].

A. NEXAFS of linear molecules CO, CO,, and OCS

The K-edge absorption spectra of these molecules have
been studied by many research groups,>**°~% therefore
detailed assignment to each absorption feature is not dis-
cussed here except in cases where previous measurements
have not been reproducible or assignments are uncertain.
Following a simple minimal-basis-set molecular-orbital
approach (only 2s and 2p orbitals are considered) in
which all the final states are viewed as molecular orbital
with prominent 7* or o* character, we first assign the
prominent features, then compare the data with more so-
phisticated calculations.*® 32 It should be noted that ex-
citation and ionization in the vicinity of the threshold
need not be explicitly distinguished by their energy posi-
tions relative to the ionization threshold and the absorp-
tion spectrum can be viewed as a convolution of the
square of the transition matrix element with the density
of unoccupied states of a selected symmetry in the vicini-
ty of the absorbing atom.

The carbon and oxygen K-edge spectra for CO and
CO, are shown in Figs. 7 and 8, respectively, together
with previous theoretical predictions.?®” %> The peak po-
sitions and assignments are listed in Table I together with
the EELS results of Wight and Brion*’ and x-ray-
absorption results of Barrus et al.** It can be seen from
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FIG. 7. Carbon and oxygen K-edge spectrum of CO scaled to
absolute cross sections (oxygen edge was scaled according to the
results of Ref. 11, the carbon value was scaled according to the
atomic values of Ref. 77) and theoretical predictions (see Table I
for assignments).

Table I that the peak positions generally agree very well
except that of the shape resonances which appear at
higher energy in our data than in the EELS spectrum.
We will return to this point in a later discussion. Let us
neglect the shaded areas in Figs. 7 and 8 for the moment.
It is evident from these figures that all of the spectra ex-
hibit a sharp resonance (ls-7*) below the ionization
threshold and a broad resonance (o*) above the thresh-
old except in CO, of which the O K-edge spectrum exhib-
its two resonances.

We first attempt to understand these prominent reso-
nances on minimal-basis-set molecular-orbital (MO) con-
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FIG. 8. Carbon and oxygen K-edge spectrum of CO, scaled
to absolute cross sections (same as in Fig. 7) and theoretical pre-
dictions; the XPS shake-up positions (Ref. 59) are indicated; the
shaded areas are due to multielectron processes, see Table I and
text.
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TABLE I. NEXAFS parameters of CO and CO,.

Carbon K edge

Oxygen K edge

This? Kay This* Barrus
Molecule Peak work et al.® Assignment Peak work et al.¢ Assignment
co 1 287.3 287.5 m* 1 533.1 534.2 m*
292.8 293.0 3s,3p 2 541.1 539.1 35,3p
540.4
3 295.1 294.7 4p IP 542.1 541.7 o
IP¢ 296.2 295.9 0 3 545.9 shake-up
4 301.1 298.9 shake-up 4 550.5 550.6 o* shape
resonance
5 306.6 304.5 o™ shape
resonance
This Wight and This Wight and Barrus
Peak work Brion® Assignment Peak work Brion¢ et al.c Assignment
CO, 1 290.7 290.7 * 1,2 535.0 535.4 535.3 m*
2 292.7 292.7 3s 3 539.3 538.7 539.1 3s,3p
539.1
3 295.0 294.5 3p IP 541.3 540.8 541.1 o0
4 297.0 296.3 4s,4p 4 542.5 541.9 541.5 o* shape
resonances
P 297.6 297.5 o 5 554.2 553 554 shake-up
5 300.5 301 shake-up 6 559.9 558 558.7 o* shape
resonance
6 304.2 303.6 shake-up
7 312.2 311 shake-up
8 313.8 314 o* shape
resonance

“Relative peak positions near C K edge are accurate to about 0.2 eV, and to about 0.4 eV elsewhere.

YReference 45.
‘Reference 43.
9IP values are from Ref. 65.
‘Reference 42.

siderations alone. In the case of CO, for example, the
ground-state electronic configuration is

16220%3c%4c? 1750 2760, 'S,

where 27 and 60 are the unoccupied MO’s. The 7* and
o* resonance features at both the C and O edge can be
immediately assigned to ls-27 and 1s-60 transitions, re-

spectively. Similarly, the ground state of CO, is
21,2922 29 24 27 271 414 Is+
loglo,20,30,20,40,30, 1w, 1w 27, 50,40, 2, ,

where 27, 50,, and 40, are unoccupied. By using the
same dipole selection rules, we can predict one 7* and
two o* transitions from 1o, (O 1s)-27,(7*), 10,00
Is)-50,(c*), and lo,-40,(c*), respectively, at the O
edge, and one each of 7* and o* transition from 20,(C
1s)-2m,(7*) and 20, —40,(c*), respectively, at the C
edge. It is apparent from this analysis and Fig. 7 that a
simple MO picture can account for the number and the
symmetry of the resonances observed. Quantitative
analysis of these data requires the assistance of theoreti-
cal calculation and selected partial yield measurements.
Two theoretical models so far have met with reason-
able success in predicting the energy positions of all the

main peaks and the shape of the molecular shape reso-
nances above the ionization threshold in small molecules.
One of these approaches invokes the trapping of the pho-
toelectron by a potential barrier,?®2>*7 the other relates
the shape resonances to unoccupied (virtual) molecular
orbitals.}%31:4548=52 The method of calculation in the
former involves the use of the multiple-scattering Xa
(MS-Xa) technique extended to include continuum
states, and in the latter the use of Stieltjes-Tchebycheff
moment theory (STMT).

The real difference between the two descriptions is
more technical than physical. Both predict the same res-
onance features in the photoabsorption spectra. At the
resonant photon energy (for electron kinetic energy), the
wave function of the photoelectron experiences an
enhanced overlap with a continuum channel. In
molecular-orbital theory, it is important to realize that
the wave functions are confined to a linear combination
of atomic orbital-molecular-orbital (LCAO-MO) picture.
The interpretation of the resonant continuum orbital
resembles that of an antibonding orbital, which is
governed by a large contribution of the antibonding or-
bital in the continuum wave function. By contrast, the
MS-Xa method is based on electron scattering by the
molecular potential. The electron wave function is con-
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structed from a superposition of outgoing and incoming
plane waves. As molecular wave functions possess nodal
structures (i.e., nodes in their radial and angular parts),
these nodal structures can be generated in multiple
scattering theory by constructive and destructive interfer-
ence between the outgoing (forward scattering) and in-
coming (background) waves.”> Moreover, it is not neces-
sary to introduce the concept of centrifugal or effective
-potential barrier in order to understand the resonance
process.”* Natoli has argued® that it is not possible to
have a potential barrier in molecules as suggested by
Dehmer. Nevertheless one can naively (or conveniently)
picture that the presence of a potential tends to localize
the wave function. Mathematically, what happens is that
a potential in the Schrodinger equation contributes a
node to the wave function and prohibits electrons from
passing through a certain region of space. There is “no”
clear distinction between the description of the bound
states versus the continuum states. Below the vacuum
level, in the wunoccupied space, there are discrete
Rydberg-type orbital which converge to continuum wave
functions. In addition, there will be some localized anti-
bonding orbital distributed throughout the Rydberg or-
bital. The mixing of these orbitals is governed by the en-
ergy and the symmetry of the orbital. A better descrip-
tion has been given by Keller and Lefebre-Brion.’® As
demonstrated by Robin’’ in cyclopropane, the f-type
Rydberg orbitals are higher in energy than the C-C o or-
bital and therefore do not mix with it and transition to
the antibonding orbital results in a “giant resonance”. A
general rule of thumb is that the mixing of the localized
antibonding orbital with the more diffused Rydberg or-
bital will redistribute the oscillator strength among all
the possible combinations and the bonding-antibonding
transition is ill defined and possibly spreads out in several
excitations. This is actually the original idea of Mulliken
who argued that one should not observed the antibonding
orbital in methane.’® Finally, it is important to realize in
principle that, just like the occupied Hartree-Fock molec-
ular orbital, the concept of antibonding orbital is the
consequence of molecular-orbital theory, i.e., it is from a
solution of the Schrodinger equation using a LCAO-MO
formalism.

The theoretical predictions shown in Fig. 7 are those of
MS-Xa (Ref. 47) and STMT (Refs. 46 and 48) calcula-
tions. They are in good agreement with the data except
the shaded peaks which are not predicted by these one-
electron theories. Similar agreement has been obtained
by Truesdale et al. who compare the single channel C 1s
photoelectron yield with these theories.* Our absorption
data are in excellent agreement with the photoelectron
data of Truesdale et al. (except the shaded areas). In
Fig. 8 we compare our data with theory in a manner simi-
lar to Truesdale et al.* where we also use a more recent
calculation by Daasch er al.’® who predicted the pres-
ence of two shape resonances above the threshold by us-
ing an improved STMT method.

We are particularly interested in CO, in that it is an
excellent example for the observation of the focussing
effect in EXAFS.”!! It has been noted in EXAFS experi-
ments that when the absorber, the nearest-neighboring

scatterer, and a second-nearest scatterer are in a linear
arrangement, the single-particle, single-scattering, plane-
wave approximation analysis does not yield the correct
structural and dynamic parameters.!! This is because the
forward scattering as well as the backscattering by the
second scatterer is enhanced by the intervening atom.
We look for similar effects in the NEXAFS of oxygen
where multiple scattering dominates because of the low
kinetic energy of the photoelectron. In connection with
this study, we have carried out a MS-Xa calculation of
the absorption of CO, at both the carbon and oxygen K
edges. The results correctly predict the presence (within
3 eV) of all the observed shape resonances but the pre-
dicted intensity is several times too high.

We now discuss the shaded areas in Figs. 7 and 8.
These are assigned to shake-up (or double-ionization)
peaks. Some of these have been assigned previously.* We
use the following criteria to assign these peaks: (a) The
peak is not predicted by single-particle theory such as
those shown in the figures. (b) The peak is not observed
in the partial ionization cross section (for example, the
single-channel 1s photoelectron yield for carbon and oxy-
gen such as the results of Truesdale et al.*). (c) The in-
tensity of the peak changes in other partial yield tech-
niques. In fragmentation-yield (selected ion yield) mea-
surements of CO, for example,' the shake-up final state
(double excitation) which has an extra valence hole in ad-
dition to the core hole often favors the formation of ion
fragments and multiply charged ions."* It is found that
in the photofragmentation study of CO at the C K
edge,'"® the peak at 301.1 eV is enhanced in the ion frag-
ment and doubly charged ion yield because the doubly
excited state can decay into the same final-state channels
as those of the 1s-7* transition leading to extensive frag-
mentation of the molecule.""® A schematic of this process
is illustrated in Fig. 9. From these discussions, we can as-
sign the 301.1-eV peak of CO to a shake-up peak (double
excitation because the energy is too low for ionization
shake-up) because it is neither predicted by the theory,
nor observed in the photoelectron-yield spectrum, and
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FIG. 9. Schematic energy diagram for CO and CO™", the
Is ' VL, (V)" 1,27 state has been shown to fragment predom-
inantly to yield C* and O ™.
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has an enhanced intensity in the partial ion-yield spectra.
This assignment is in agreement with that of Ungier and
Thomas.** We also note that when both shake-up and
shape-resonance peaks are present in the spectrum such
as in CO (Fig. 7), the shake-up peak(s) is often narrower
and considerably weaker than that of the shape reso-
nance. We assign the shaded peaks in the CO, spectra to
shake-up transitions using similar procedures although
no sufficient ion-yield data is available. However the re-
sults of Truesdale et al.* together with the calculation of
Daasch et al.’° and our MS-X« calculation strongly sup-
port that the first resonance above the O K edge in CO, is
not a shake-up but a shape resonance. The first two
shaded peaks in the C spectrum are assigned to double
excitation and the remaining one is assigned to ionization
shake-up based on former x-ray photoelectron (XPS) ex-
periments.”® The results of these analysis are summa-
rized in Table I.

The carbon and oxygen K-edge spectra of OCS are
shown in Fig. 10, together with the C 1s photoelectron-
yield result of Truesdale et al.* and the EELS results of
Wight and Brion.®® It can be immediately seen from
these figures that the data of Truesdale et al. are similar
to ours but we both differ markedly from the EELS re-
sults® in which no apparent shape resonance is observed
above both the C and the O K-edge threshold. Hitchcock
et al.®! have recently reinvestigated this molecule with
EELS and found that there are indeed weak but clearly
noticeable features in the 304- to 324-eV region. The
peak positions of their spectra are in qualitative accord
with the photon results, but the magnitudes remain quite
different. A close examination reveals that the two prom-
inent shape resonances observed in the photoelectron
cross-section study at the C K edge* are seen in our data
but several additional features are also observed at both

| XPS Shake-up
_—

arb. units

Total lon Yield (arb. units)
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FIG. 10. Carbon and oxygen NEXAFS of OCS together with
previous EELS (Ref. 60) and photoelectron data (Ref. 4), the
XPS shake-up peaks are also shown for comparison, the shaded
areas are assigned to shake-ups, see Table II and text for assign-
ment.

C and O edges. We can rationalize the difference be-
tween our observation and those of Truesdale et al.* by
attributing the additional features to shake-up (the XPS
energy positions of the shake-up peaks® are marked in
Fig. 10 with arrows for comparison), since these features
are not detected in a single-channel measurement. At the
present time we cannot offer an satisfactory explanation
for the discrepancy between the photon and the EELS re-
sults. On the other hand, if the photoelectron yield spec-
trum (Truesdale et al.) is shifted by about 3 eV, the two
sets of data are in reasonable agreement, without the in-
troduction of shake-up peaks.
The ground-state configuration of OCS is

TABLE II. NEXAFS parameters of OCS.

Carbon K edge
Peak position (eV)

Oxygen K edge
Peak position (eV)

This? Wight and Truesdale This Wight and
Peak work Brion et al.’ Assignment Peak work Brion® Assignment
1 288.4 288.2 288 m* 1 533.1 533.7 o*
291.4 291.0 3s,3p 539.6 ns,np,
291.5 shake-up
3 293.5 293.7 ns,np 1P 540.3 540.3 oS
4 294.4 294.4 3 545.3 545.3 shake-up
IP 295.2 o0
5 297.0 297.5 shake-up 4 550.2 o* shape
resonance
6 299.1 298.3 shake-up 5 558 o* shape
resonance
7 ~305 305 o* shape
resonance
8 ~309 shake-up
9 ~312 312 o* shape
resonance
10 ~315 shake-up

“Uncertainty in peak positions is the same as in Table I.
"Reference 4.
‘Reference 62.
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TABLE III. NEXAFS parameters of (CH;),CO.
Peak position (eV) Peak position (eV)
This* Hitchcock This Hitchcock
Peak work and Brion® Assignment Peak work and Brion Assignment
1 287.1 286.81 7*(=CO) 1 530.4 531.3 m*
288.8 288.37 3s,3p(CH,;) 2 536.0 535.7 Rydberg
289.08 35,3p(=CO) 537.6
290.53 4p(CH;)
IP (CHj;) 291.2 291.1 o IP 537.9 537.9 0
291.4
291.9 Rydberg 3 543.7 542.8 o*(CH;)
3 293.5 292.6 o*(CH;)
IP (=CO) 293.9 293.9 o0 4 545.1 545.3 o*(=CO)
4 296.7 296.8 0 *(CH;)2CO
5 303.6 301.7 o*(=CO0)
6 ~317 multiple
7 ~351 scattering

“Uncertainty in peak positions is the same as in Table I.
"Reference 63.

10%220230%40%50217%60% 7028090 27*37*47* 100 * 1 10*, 15T .

Transitions from 20 (O 1s) and 30(C 1s) to the unoccu-
pied orbital 47*, 100*, and 110 * are allowed based on a
simple MO picture. We can then predict the observation
of one 7* and two o * resonances at both the C and the O
edge. The two o* resonance peaks correspond to the
I=3,4 partial wave channels which have been predicted
by Grimm?>? and observed in the photoelectron-yield data
(so called f and g resonances, respectively). Following
their results, we assign two peaks at each edge to be the
shape resonance (Table II), and the rest of the structure
(shaded peaks) are assigned to double-excitation and
shake-up peaks based on XPS data.® The results and as-
signments are summarized in Table II.

B. NEXAFS of acetone

The ionization yield spectra of (CH;),CO are shown in
Fig. 11 together with previous EELS measurements of
Hitchcock and Brion® and our MS-Xa calculation of the
absorption spectrum of acetone on both the carbon and
oxygen edges. It can be seen from Fig. 11 that qualita-
tively both experimental measurements agree very well
except for their intensities, i.e., resonances above the car-
bon K edge are more intense in the x-ray measurements.
The lowest unoccupied orbital (LUMO) in acetone is a 7*
orbital residing primarily at the carbyonl carbon and oxy-
gen sites. It is expected that an intense ls-7* transition
from the carbonyl carbon and the oxygen site would be
observed. There are also o *-type MO’s above the 7* re-
sulting from the interaction of the carbon in carbonyl
with CH; and with oxygen. We here confirm some of the
previous assignments and reassign some features with the
assistance of our MS-Xa calculation.

The NEXAFS parameters are summarized in Table

—

III. We note that the carbonyl carbon ls-7* transition
(peak 1) can be confirmed from the fragmentation
study”® in which this transition gives rise to a very large
C* and O™ yield while the second narrow peak and the
shoulder (peak 2) due to Rydberg transitions originating
from the methyl carbon yield no such pattern. There ap-
pear to be at least two broad resonances above the ioniza-
tion threshold of both carbons in the C K-edge spectrum.

Total lon Yield (arb units)
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1 1
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FIG. 11. Carbon and oxygen K-edge NEXAFS of acetone
compared with MS-Xa calculation (this work) and with previ-
ous EELS results, the calculated carbon edge spectrum has been
shifted to lower energy by 2 eV to match the experiment, no
shift is applied to the O edge results. See Table III for assign-
ment.
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Peak 5 (303.6 eV) is assigned to a o* shape resonance
originating from the carbonyl carbon in agreement with
the previous assignment.®? It is interesting to note that
the EELS measurement of this peak appears at a lower
energy (301.7 eV). This discrepancy in the energy posi-
tion of resonances between photon (x-ray) and pseudo-
photon (EELS) absorption spectrum has been observed in
a number of cases,*?° particularly for resonances at ener-
gies far above the threshold. Although experimental un-
certainty and different data-analysis procedures may con-
tribute to the discrepancy, it is not clear whether or not
the difference is fundamental. Very little is known about
this problem. The peak at 296.7 eV was originally as-
signed to a methyl carbon ls—CH;-C o* shape reso-
nance® and was later reassigned to carbonyl carbon
1s—CH,-C o* shape resonance.’? In the later assignment
the broad peak at the carbonyl carbon threshold (293.5
eV) was also assigned to a shape resonance originating
from the methyl carbon on the basis of the shape-
resonance—bond-length correlation (Table III).

MS-Xa calculation for acetone (Fig. 11) unambiguous-
ly shows three resonances above the carbon K edge. Al-
though the absolute energies of the calculated peaks are
slightly higher than observed, the energy separation and
relative intensity of these peaks are in reasonable agree-
ment with experimental observation. Thus the calcula-
tion supports the assignment of these peaks as shape reso-
nances. It is interesting to note that the fragmentation
yield spectrum of acetone’® should be useful to the prop-
er assignment of these resonances. We note in their data
that the CH;" yield follows the general pattern of the
ionization spectrum above the threshold while the rela-
tive intensity of HY and CH,;CO™" yield decreases at
293.5 eV (or increases at 296.7 and 303.6 eV). More ex-
periments (such as Auger and ion-fragment-yield mea-
surements) are needed to understand the relationship be-
tween fragmentation and local excitation. The oxygen
K-edge NEXAFS is relatively simple. The sharp reso-
nance below the threshold can be unambiguously as-
signed to the O ls-7* transition. The weak Rydberg
peaks observed previously were not resolved here but two
broad features are observed above the threshold. The
lower energy peak was previously assigned to a shake-up
and the higher energy one to shape resonance.®? Our cal-
culation clearly predicts the presence of two resonances
and we reassign the shake-up peak to another shape reso-
nance.

C. NEXAFS of ethanol and ether molecules

Shown in Figs. 12 and 13 are the ionization yield NEX-
AFS of these compounds. Since some of these results
have not been reported before, we marked the resonance
positions on the spectrum and summarize their assign-
ments in Table IV. Our assignments are based primarily
on the work of Wight and Brion.®> We differ in that we
assign the broad peak in the vicinity of the threshold at
both edges to a o* shape resonance, in agreement with
Hitchcock er al.’? and Sette et al.® Aside from the
molecular-orbital picture which supports the presence of
one or more o *-type MO’s above the highest occupied
molecular orbital (HOMO), we also note from the EELS
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FIG. 12. NEXAFS of ethanol and diethylether (see Table
IV).

data®® and the analysis of Hitchcock et al.’? that under
favorable conditions the presence of the shape resonance
can be confirmed experimentally. Let us consider the ad-
ditivity model of absorption cross sections for the mo-
ment and compare the carbon K-edge absorption spec-
trum of CH;OH with CH,. Since oxygen only contrib-
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FIG. 13. NEXAFS of THF and p-dioxane, the EELS spec-
trum of THF has been previously reported in Ref. 78 (see Table
IV).
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TABLE 1IV. NEXAFS of C,H;OH, (C,H;s),0, C,HgO, and C,HgO,. (Uncertainty in peak positions is the same as in Table I.
MS=multiple scattering, R =Rydberg, IP values are from Ref. 65.)

Carbon K edge Oxygen K edge

Molecule Peak Energy (eV) Assignment Peak Energy (eV) Assignment
C,H;OH 1 286.9 R (3s,3p) 1 532.6 Rydberg
2 288.9 R (3s,3p) 2 536.4 o*(C—0)
IP (CH;) 291.1 0 IP 538.6 o0
IP (CHj;) 292.5 o 3 543.7 shake-up
3 293.0 o*(C—0) 4 557.8 MS
4 311.1 MS
5 354 MS
(C,H5s),0 1 286.5 R (3s,3p) 1 534.8 Rydberg
2 287.9 R (3s5,3p)
IP (CH,;) 291.2 ) 2 535.6 o*
IP (CH3) 292.5 0 1P 539.3 o0
3 293.0 o* 3 541.6 MS
4 313 MS 4 557.7 MS
5 353 MS
C,H;O 1 286.9 R(C—O) 1 535.6 o*(0—0)
2 289.9 R(C—C) IP 539.3 ©
3 291.2 o*(C—O0) 2 540.1 o*(0—0O)
IP (C—CO) 290.8 o 3 543.7 shake-up or ¢(0O—C)
IP (C—O) 292.5 0 4 556.8 MS
4 295.0 o*(C—C)
5 311.1 MS
6 354 MS
p-C,H;0, 1 286.9 R 1 533.6 R
2 288.9 R
3 293.5 o *(C—O0) 2 536.6 o*
P 293.9 0 IP 539.3 ©
4 309.1 a*(C—0) 3 542.5 shake-up
5 325 MS 4 553.8 MS
6 356 MS

utes to the baseline at the carbon K edge, the edge jump
for both molecules should be the same. In chemical
terms CH;OH can be regarded as CH, with one H being
replaced by an OH group and the bonding between the
methyl carbon and the hydroxyl oxygen is the only
difference. Thus any change in the NEXAFS must arise
from this interaction. From the data of Wight and Brion
(Fig. 14), we can clearly see a broad peak near the thresh-
old in the CH;0H spectrum, which is absent in the CH,
spectrum. The difference in absorption in this region is

very large and the most reasonable explanation for this ar
additional cross section is to attribute it to a carbon ls-
o* shape resonance of which the final state is trapped by 3 o™ Shape Resonance

the molecular potential. Similar procedure can be used
to identify the shape resonance at the oxygen K edge by
comparing the absorption spectrum of H,O and CH;OH.
In this case, the carbon absorption would only contribute
to the base line of the O K-edge spectrum and any addi-
tional cross section in the near-edge region must arise
from the bonding between O and C. We find that a cor-
responding shape resonance does exist at the oxygen K
edge for CH;OH. Thus this analysis together with MO
calculations strongly supports the presence of a o* reso-
nance. Although the maximum of the peak appears to be
slightly below the ionization threshold, it still has consid-
erable intensity at energies above the threshold. In addi-

tion, since we are dealing with a transition process, it is
irrelevant whether the final state is above the threshold or
not. In fact, more often than not the virtual MO’s are
above the vacuum level in the ground state® and drop
down to below the vacuum level upon dipole transition
due to electron—core-hole interaction. Furthermore, if
we want to consider the NEXAFS on the basis of a

EELS (Wight & Brion)
C K Edge

Normalized Intensity (arb.units)

1 1 !
300 310 320
Energy Loss (eV)
FIG. 14. Comparison of the normalized C K-edge NEXAFS
of CH, with CH;O0H from Wight and Brion (Ref. 63). The CH,

spectrum has been shifted to higher energy by 1.6 eV to line up
the IP’s.

|
290
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multiple-scattering formalism,** the so called reference
(zero) level is not the vacuum level. We return to this dis-
cussion in Sec. IV.

Returning to Figs. 12 and 13, we can confidently assign
the broad and intense peak near the threshold to a shape
resonance on the basis of the CH;OH data and their as-
signment. Although there are supposed to be two sets of
spectra arising from each carbon in the compound in
connection with carbon-carbon and carbon-oxygen bond-
ing, they are not resolved in the spectrum. Thus the en-
ergy quoted in the table is the convoluted value. The ox-
ygen edge shape resonance can be assigned without
difficulty. The assignment of other peaks are tentative at
present. More quantitative assignment awaits calculation
and additional yield experiments. We can see from these
figures that all the carbon spectra are remarkably similar
with one relatively narrow Rydberg peak and an intense
shape-resonance peak near the threshold except in the
case of THF where the two carbon sites are apparently
different enough to show two sets of Rydberg and shape
resonance transitions. The oxygen spectrum appears to
be more sensitive. The overall chemical systematics are
discussed in Sec. IV. We note that there are appreciable
oscillations in the absorption coefficient above the carbon

K edge beyond the usual NEXAFS region in contrast to
similar measurements at the O K edge.!'! We attribute
them to multiple-scattering resonance (oxygen is a better
backscatterer than carbon).

IV. CHEMICAL SYSTEMATICS
OF NEXAFS PARAMETERS

We now examine the chemical systematics of the above
described observations. The data of relevance to this dis-
cussion are the position of the 7* resonance, the intensity
of the 7* resonance (normalized to the absorption thresh-
old), the ionization potential [x-ray photoelectron (XPS)
binding energy values are used here], and the position
and relative intensity of the shape resonances. These
transitions are directly connected to orbitals that are in-
volved in bonding. Rydberg orbitals are atomiclike and
they are supported by the asymptotic wing of the
Coulombic potential (outer-well states). Hence they are
less chemically sensitive. A collection of relevant data is
presented in Table V. Before we begin the discussion, it
should be noted that the well-documented parameter in
related studies is the XPS binding energy® [or ionization
potential (IP) in the context of the discussion] which

TABLE V. Comparison of effective electron-hole interaction —final energy U — E ( f) at the carbon and oxygen edge.

Carbon K edge
*

Molecule? ¥ AE (7*) Ep® o EELS AE(c™) R AE(R)
Cco 287.3 —8.9 296.2 306.6 303.9 10.4 292.8 —3.4
CO, 290.7 —6.9 297.6 313.8 314.0 16.2 295.0 —2.6
0ocCs 288.4 —6.8 295.2 305 9.8 291.4 —3.8

312 16.8
(CH;),CO 287.1 —6.8 293.9 297.6 296.4 2.8
303.6 301.7 9.7
(CH,),CO 291.2 293.5 293.3 2.3 288.7 —2.4
CH,CH,OH 291.1 293.0 1.9 288.9 -2.9
CH,;CH,0H 292.5 293.0 0.5
(CH,CH,),0 291.2 293.0 0.8 287.9 —4.7
(CH;CH,),0 293.9 293.0 —0.9
(CH,),0°¢ 290.8¢ 295.0¢ 4.5 289.9 —0.9
292.5¢ 291.2¢ -1.5 286.9 —5.6
(CH,),0,° 293.9 293.5 —0.4 288.9 —3.7
Cco 533.1 —9.0 542.1 550.5 550.9 8.4 541.1 —1.0
Co, 534.5 —6.8 541.3 542.5 1.2 539.3 —2.0
559.9 558 18.6
ocCSs 532.8 -17.5 540.3 550.2 9.9 539.6 -0.7
558 17.7
(CH,),CO 530.4 —8.9 539.3 543.7 542.8 4.4
545.1 545.3 5.8
C,H,OH 538.6 536.4 —22 532.6 —6.0
(C,H;),0 539.3 535.6 —3.7 534.7 —45
C,H;;0 539.3 535.6 —3.7 534.7 —4.6
C,H,0, 539.3 536.6 —2.7 533.6 —5.7

#*Underscore shows the location of the core hole in the final states.

"X PS measurements for p-dioxine are not available. We used the value for ethyl ether instead.
“These compounds are cyclic molecules in which the oxygen atoms bridge two —CH,— groups.

dCarbon bonded to one oxygen and one carbon.
¢Carbon bonded to two carbons.
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probes the core state by removing the electron to a final
state in the continuum well above the ionization thresh-
old. Thus chemical trend in XPS measurements is ex-
pected and has been observed universally in organic mol-
ecules on the basis of saturation and electronegativity
considerations. This trend is seen from the IP values of
the compounds studied (Table V). The NEXAFS param-
eters such as the transition energies do not necessarily
follow the trend because the final state differs from mole-
cule to molecule and, more importantly, the electron-hole
interaction (arising from the Coulombic interaction of the
excited electron with the core hole). This interaction,
which is unimportant in XPS, plays an important role.®
A consequence of this is the dropping down of the unoc-
cupied orbital to below the vacuum level.

The chemical systematics of the electron-hole interac-
tion can be discussed in terms of a simple parametriza-
tion of energies within the framework of molecular-
orbital theory. Let us consider a neutral molecule at the
ground state. A certain amount of energy, — E (1s), is re-
quired to produce a 1s core hole in the molecule and a
free electron. Its value is the ls ionization potential (IP)
obtained from XPS binding energy.®? On the other hand,
the energy of unoccupied or virtual molecular orbitals
E(O*) is determined by the interaction of the electron
with the neutral molecule and can be measured by inverse
photoemission and/or resonant electron scattering.®®~ "0
It has been generally recognized that the transition ener-
gy in photoabsorption should be the difference between
the levels measured with inverse photoemission and pho-
toemission lowered by an electron-hole interaction
[U(1s,27*) for 1s-7* transition, for example, or the lack
of 27, 1s electron repulsion]. In practice, however, little
data is available due to experimental difficulties. Thus
the x-ray energy E(ex) used to excite an ls electron to the
unoccupied orbital (O*) does not equal to the difference
of the absolute values of E(O*) and E(ls). Their
differences U (1sO*) is attributed to the electron-hole in-
teraction (Fig. 15) and core-hole relaxation,

U(ls5,0%)=—E(1s)+E(O*)—E(ex) . (N

Although the values of most E(O*) of our molecules
are not known experimentally, we can still discuss the
chemical implications in terms of the difference of E(O*)
and U (15,0%), that is,

AE(O*)=E(0*)—U(15,0*)=E(ex)—E;p . (2)

Resonance
Electron Scattering

Ground State Photoemission Photoabsorption

Cis
FIG. 15. Energy schematics for photoemission, resonance
electron scattering, and photoabsorption of the 7* transition in
CO (following Ref. 64). KE represents the kinetic energy.

In Table V, the AE(O*)s for 7*, o*, and Rydberg (3s,3p)
states are iisted as AE (77*), AE(0*), and AE (R), respec-
tively. The implication of these parameters to the chemi-
cal bonding in molecules is discussed below for saturated
and unsaturated bonding situations.

A. Final-state electron—core-hole interaction
in unsaturated molecules CO, CO,, OCS, and (CH;),CO:
1s-to-7* transitions

We first consider the carbon ls-7* transition. The 7*
is the lowest-unoccupied molecular orbital and its pres-
ence is common to all unsaturated molecules. For the di-
atomic molecule E(7*)=1.5 eV is known from reso-
nance electron-scattering experiments.®’” Using this
value, we calculate a value of 10.4 eV for U(C 1s,27*)
from Eq. (1). This value is in excellent agreement with
previous results.®® The polyatomic molecules have nearly
identical A7* values which are less negative than the CO
value by 2 eV. This is somewhat surprising since the
carbon-oxygen bond length in CO is much shorter than
that in the rest and the term value of the antibonding #*
orbital in CO is expected to be higher than in other mole-
cules. Thus the difference between diatomic and polya-
tomic molecules can only be due to a smaller U term in
polyatomic molecules, where the electron in the 7* orbit-
al is more delocalized than in CO, hence a weaker
Coulombic interaction with the core.

The AE (7*) values for the oxygen K edge 1s-7* transi-
tions are very similar to those for the carbon K edge in
the same molecules indicating that the 7* orbital is large-
ly localized in the vicinity of both atoms and that it is
indeed the final state common to both carbon and oxygen
1s to #* MO transitions. A small increase in the AE (7*)
is observed from CO, to OCS and to (CH;),CO. This
trend may be understood in terms of the interaction of
the carbonyl moiety with additional atoms and functional
groups. A similar shift has been seen at the oxygen K
edge of CO adsorbed on Ni(111),% and has been attribut-
ed to the final-state spatial properties of the 27* wave
function (maximum charge density at the carbon site
occurs upon O 1s-7* transition which maximizes the Ni-
CO interaction). Since the electronegativity of the
moiety involved is O > S > CH;, and CH; is the most elec-
tron donating group, best charge overlap is expected to
occur at the carbonyl carbon site in acetone upon O 1s-
7* transition and hence a bigger AE (7*) value (the tran-
sition shifts to lower energy relative to the threshold).

B. Final-state electron—core-hole interaction
in unsaturated molecules: 1s-to-o *
transitions

From Table V we see that all the o* states are above
the threshold and the AE (o*) terms for these molecules
vary from compound to compound unlike those of the C
Is-* transition. This observation indicates that the en-
ergy as well as the spatial (hence the angular-momentum)
characteristics of these quasibound states must vary con-
siderably from compound to compound as a result of the
different molecular potential.

The 1s-0* transitions at the oxygen K-edge yield AE(O
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1s,0) values somewhat different from those of their car-
bon K-edge counterparts. For example the O 1s-c* tran-
sition in CO appears at a lower energy (relative to the
ionization threshold) than the C 1s-o* transition while in
polyatomic molecules CO,, (CH;),CO, and OCS, no dis-
cernible trend is found. Since the final states in these
transitions are the same in the MO picture, these
differences must arise from different U values and from
the relaxation effect. The implication of this discrepancy
is that the spatial distribution of the o* wave function is
no longer localized in the carbonyl region as in 1s-7*
transition but depends on the details of the molecular po-
tential hence leading to different AE (o*) values for tran-
sitions from different atomic sites of the molecule to the
o * molecular orbital.

C. Saturated molecules C,H;OH, (C,H;),0, C,H;O,
and p-C,-H;0,

This class of molecules does not exhibit any 1s-7* reso-
nance and their lowest-unoccupied molecular orbital
(LUMO) is of 0 * character. Thus the electron—core-hole
interaction may still bring the LUMO down to the vicini-
ty of the vacuum level upon a 1s-o* transition. The data
in Table V for these molecules present a very interesting
situation in which the o* resonance is just above the
threshold at the carbon K edge but below the threshold at
the oxygen K edge. This observation suggests that U(O
1s,0*) is stronger than U(C 1s,0*) in these molecules,
since the o * orbital in this case is the LUMO common to
both transitions. This result is consistent with what is
observed in the ls-7* transitions in OCS and acetone at
both the C and O K edge.

D. Rydberg transitions

The selected Rydberg transitions listed in Table V are
typical dipole transitions of atomic character. Thus they
should be only marginally influenced by the molecular
potential as observed. The increased interaction between
the antibonding level with the core hole is due to the
penetration of the antibonding wave function into the
molecular core. A Rydberg orbital without a precursor
will not be penetrating and the effect due to the forma-
tion of a core hole will be smaller. Thus the small AE (R)
values in Table V strongly suggest that U(C 1s, Rydberg)
is very small in comparison with U(C 1s, 27*) of the 1s-
* transition. This comparison serves to illustrate the
importance of the spatial characteristics of the final-state
wave function. The AE (R) values for the Rydberg tran-
sitions at the oxygen K edge are very similar to those ob-
served at the carbon K edge as expected. Again since the
Rydberg orbitals are quite diffuse, the electron-hole in-
teraction of the excited electron is small and relatively
unimportant.

V. CORRELATION OF SHAPE RESONANCE
WITH BOND LENGTHS

It has been suggested that the core-level excited molec-
ular shape resonance observed in molecules from the
threshold to 20 eV above can be correlated to the bond
length between the absorbing atom and its nearest

neighbor(s) in the framework of an electron-scattering
formalism. Hitchcock et al.*? and Stohr™ er al. have
studied the systematics of this correlation for a large
number of small molecules in the gas phase and adsorbed
on the surface and shown that an empirical correlation
between the position of the o* shape resonance relative
to the threshold and the bond length exists for pseudo-
isoelectronic low-Z (atomic number) molecules. This
model is based on the consideration that the low-energy
photoelectron is scattered in the interatomic region of the
atoms of interest. The physical details of this model have
recently been challenged by Piancastelli et al.’*3¢ We
present here the correlation between bond length and the
energy positions of the shape resonance observed in our
data and discuss the results in terms of various views.
Figure 16 shows the plot of the energy position of the o*
versus the bond length of the atomic pair of interest. We
can see that with the exception of CO, and OCS (which
are known to be anomalous in this respect) two parallel
correlations are observed for the carbon and oxygen K-
edge results. This pattern is similar to that reported by
Hitchcock et al.*® The general rule that for chemically
similar systems, the closer the shape resonance to the
threshold, the longer the bond seems to hold only qualita-
tively. We attribute the discrepancies (e.g., between the
diethylether and the alcohol results) to the notion that
the o* orbital is not necessarily localized in the intera-
tomic region between the atomic pairs of interest in the
same manner in all molecules. As we suggested in the
discussion in previous sections, o * being a common final
state for both carbon and oxygen 1s-o* transitions is only
loosely defined. Since a good correlation of this sort re-
quires the confinement of the photoelectron in the intera-
tomic region of the bond pair in very similar manner in
all the molecules studied, this correlation will break down
when the spatial distribution of the o *-state wave func-
tion varies drastically from compound to compound.
The fact that this correlation works semiquantitatively
for a large number of molecules indicates that the
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FIG. 16. o* shape-resonance energy position (relative to
threshold) and bond-length correlation from our measurements.
The correlations reported by Hitchcock et al. (Ref. 32) (where
Z, and Z, are the atomic number of the pair) are also shown for
comparison.
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aforementioned requirement is generally met in most
chemically similar situations. In addition, a scattering-
type correlation should be r (bond length) versus k
(momentum) or V'E. Thus an uncertainty in the peak
position of the ¢* has a much smaller effect in k, hence
the bond length r.

One would like to ask whether or not the shape-
resonance—interatomic-distance correlation can be ap-
plied to atomic pairs that are not “bonded” directly in
these molecules. Let us consider, for example, the follow-
ing pairs: the methyl carbon —CHj; and the carbonyl ox-
ygen C=0 in acetone and the terminal carbon and hy-
droxyl oxygen in ethanol. It is apparent, however, from
Table V and Fig. 11, that such a shape resonance can not
be identified. Therefore, it is reasonable to state that un-
like EXAFS this correlation does not appear to be applic-
able for ‘“nonbonded” atomic pairs in these molecules.
This is not unexpected since the o™ orbital does not local-
ize within the shortest interatomic distance of the pair of
interest.

These “‘nonbonded” entities will, however, play an im-
portant role in the behavior of the absorption coefficient
beyond the shape resonances (states that can be connect-
ed to virtual molecular orbital). In CH;CH,OH, for ex-
ample, the C 1s photoelectron of the CH; group will be
scattered by the CH, and the OH group via single or
multiple pathways. These multiple scattering processes
will modulate the absorption coefficient but in a different
manner than EXAFS (a single-particle, single-
backscattering process) would. Yet both processes would
lead to oscillations in the absorption coefficient.

The carbon K-edge NEXAFS in all the saturated mole-
cules show unusually strong oscillations in the energy re-
gion 20-100 eV above the threshold (peaks 4 and 5, and
5 and 6 in Figs. 12 and 13, respectively). This region is
well beyond the region for shape resonances but the
lower-energy part (peaks 4 and 5 in Fig. 12 and Fig. 13,
respectively) is not quite in the usual EXAFS region yet.
In Fig. 17, we show the theoretical EXAFS of ethanol us-
ing the parameters of Teo and Lee’! and of McKale
et al.” Tt is immediately apparent from the comparison
of these results with the experimental spectrum (Fig. 12)
that the conventional theory with plane-wave approxima-
tion does not account for the observation, a situation we
encountered earlier in the oxygen K-edge EXAFS
study.!! The calculated EXAFS based on spherical-wave
phase and amplitude’? yields better agreement with the
experiment in peak position, i.e., the position of peak 5 in
the enthanol spectrum (Fig. 12). However, peak 4 in the
spectrum is not accounted for in both calculations. This
low-energy peak is most likely originated from multiple-
scattering processes. A number of approaches has been
suggested to account for the behavior of the absorption
spectra of polyatomic molecules in this region, such as
the multiple-scattering formalism of Benfatto et al.” or
the spherical-wave formalism of EXAFS within the
single-scattering framework, or perhaps a combination of
both. It was pointed out recently'! that the lack of truely
core electrons and the strong molecular potential in low-
Z atoms may be responsible for the apparent phase shifts.
Our oxygen K-edge EXAFS!! of the same molecules dis-
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FIG. 17. The first oscillation of the EXAFS calculated for
the carbon K-edge of ethanol using the phase shifts and ampli-
tudes of Teo and Lee (Ref. 71) (plane wave) and those of Mckale
et al. (Ref. 72) (spherical wave).

cussed here show that the discrepancy in phase shift is
not a single function of interatomic distances, indicating
that spherical waves alone cannot describe the experi-
mental data satisfactorily, at least in these low-Z mole-
cules with short bonds. The spectral patterns shown in
Figs. 12 and 13 are remarkably similar for all the saturat-
ed molecules discussed here while much weaker struc-
tures are observed in CO, CO,, and OCS. The fast oscil-
lating behavior and large amplitude strongly suggest that
longer bonds are present and multiple scattering is im-
portant. Various formalisms’>~7° have been proposed to
treat these phenomena in the near-edge region. We do
not attempt to treat the data according to the these for-
malisms in this paper.

VI. ABSORPTION SPECTROSCOPY
WITH LUMINESCENCE YIELD

We now return to the discussion of an alternate form
of absorption spectroscopy. By-product-yield detection
has been widely used in place of the direct measurement,
especially in EXAFS.!"16726 These by-products can be
divided into two groups: the primary products generated
in the vicinity of the atomic core, and the secondary
products generated elsewhere. The primary products in-
clude photoelectrons from single-particle and multielect-
ron events (shake-up and shake-off), positive ions with
one core hole, and possibly with additional valence holes
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and excitations. It should be noted that the single-
electron ionization cross section (measurements of Trues-
dale et al.*) is not the same as the absorption coefficient
which is the sum of all partial cross sections. In addition,
the total cross section is the sum of the absorption and
scattering cross sections (although the latter is small in
many cases of interest). Decay products generated in the
cascade of the core-hole states can also be photons of en-
ergies ranging from the infrared to the x-ray region from
the deexcitation of the highly disturbed electron cloud,
free ions from rupturing bonds, and Auger electrons.
Since the primary event cannot be isolated easily from
the medium, energetic primary particles (photons, elec-
trons, and ions) will excite surrounding medium through
a series of collisions and various energy-transfer mecha-
nisms, causing more particles to be generated which we
call secondary products. Both primary and secondary
processes may yield optical luminescence.

Direct product yield from a particular channel often
has its own energy dependence and is not always directly
proportional to the absorption cross section, particularly
near the threshold. The photoelectron yield, for example,
reduces to zero below the absorption edge while absorp-
tion remains finite (excitation). In EXAFS, this partial
cross section is the one of interest, but it can be used only
when experimental conditions allow (photoelectron
diffraction complicates the detection).”® The shake-up
channel, on the other hand, peaks at energies near the ab-
sorption edge, and bears little resemblance to the single-
channel spectrum.*

Since an ion with a core hole from a particular excita-
tion in the near-edge region may decay in different chan-
nels, the number of particles in a particular channel de-
pends on the branching ratio. Therefore, the yield of the
direct product from a particular path is often not directly
proportional to the absorption cross section. But if prod-
ucts of a few major channels are collected at the same
time, such as the total current in a molecular-jet experi-
ment, the yield can be a good approximation of the ab-
sorption spectrum.

Secondary products, being generated by particles of a
wide energy range often lose the memory for a specific
process. As a result, their yields integrated over a wide
energy range, are often a good approximation of the ab-
sorption cross section, except for a smooth energy-
dependent factor simply because more secondary prod-
ucts are generated when more photon energy is deposited
in the material.

We now return to the Figs. 3, 5, and 6 and compare the
optical luminescence-yield and the ionization-yield spec-
tra with the absorption spectra. In an ion-chamber ex-
periment, the ions collected are generated in many
different decay and secondary processes. Hence the total
ion yield is expected to resemble the absorption spec-
trum. The optical luminescence however, represents only
a narrow band in the ion, atomic or molecular spectrum.
With a high-resolution spectrometer, one may selectively
study a particular decay product. Information about
these decay products will lead to the understanding of the
dynamics of core-hole states, and eventually of the ab-
sorption process itself. The use of such a technique was

demonstrated recently by Yang et al.'* in a study of the

soft-x-ray-induced optical luminescence spectrum of O,.
They identified two emission bands coming from the O, "
ions (mainly secondary products) and O, ion (mainly
decay products), respectively. The O, band was used
to detect with great sensitivity and to identify a previous
unknown shake-up state.

In our experiment, the optical emission spectra of the
molecules were not investigated and only the total emis-
sion was collected. It can be seen from Figs. 5 and 6 that
the unsaturated molecules exhibit a normal spectrum
while the saturated molecules exhibit a drastic reduction
in luminescence above the ionization threshold. Without
the emission spectrum we can only suggest that above
threshold less luminescent species become abundant or a
luminescent species which is present below threshold be-
comes less abundant. It is reasonable to expect that more
doubly charged particles and fragments are created above
the threshold particularly for larger molecules and this
may be the reason for the discrepancy. Further investi-
gation is needed before final conclusions can be reached.

VII. SUMMARY AND CONCLUSIONS

We have reported the carbon and oxygen K-edge
NEXAFS recorded with synchrotron radiation and dis-
cussed the origin of the resonances observed in connec-
tion with previous synchrotron partial cross section re-
sults, EELS results, and theoretical predictions.

Several conclusions can be drawn from these studies.
(a) NEXAFS recorded with synchrotron radiation com-
plements the EELS work in the intermediate energy re-
gion above the threshold so that shape resonance features
can be more reliably identified. (b) Multielectron process-
es associated with absorption can be identified by using
partial yield measurements (yield measurements that are
favored by the shake-up process). (c) The interplay of the
transition energy and spatial characteristics of the final
state with the electron-core interaction determines the
appearance of the NEXAFS and is chemically sensitive
to the structure and bonding of the system. (d) The
correlation of the bond length with the position of the
shape resonance seems to hold semiquantitatively for
bonding pairs indicating that the wave function of the
so-called o* shape resonance is indeed confined in the vi-
cinity of the bonding pair. For indirectly ‘“bonded”
pairs, however, such a correlation cannot be established.
(e) Strong oscillations observed beyond the NEXAFS re-
gion in the K-edge spectrum have been analyzed in terms
of the single-particle, single-scattering model. The results
show, as in the case of the oxygen results reported earlier,
that this model cannot reproduce the observed data.
This observation suggests that in all these low-Z mole-
cules, particularly the polyatomic ones, multiple-
scattering contributions may still be important in the EX-
AFS region.
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