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The Relationship Between Shape Resonances and Bond Lengths 

"* M.N. Piancastelli, D.W. Lindle, T.A. Ferrett, and D.A. Shirley· 

Materials and Molecular Research Division 
Lawrence Berkeley 'Laboratory 

· and 
Department of Chemistry 
University of California 

Berkeley. California 94720 

A discussion is presented on the general nature of shape resonances 

in smilll molecules and how they may relate to molecular bond lengths. 

Criteria for assigning photoabsorption features as shape resonances are 

described, and the usefulness of photoemission experiments to such 

assignments is highlighted. Based on these criteria, all unambiguously 

identified K-shell shape-resonance features in molecules containing B, 

C, N, 0, and F are examined in an attempt to i'dentify empirically a 

shape-resonance energy/bond length relationship. Although the available 

data are insufficient to establish a quantitative correlation, they 

indicate the influence of other variables besides the bond length to the 

energy position of a shape resonance • 

* . Permanent address: Department of Chemistry, University of Rome "La 
Sapienza", 00100 Rome, Italy. 
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I. INTRODUCTION 

Molecular shape resonances are relatively common one-electron 

phenomena in small molecules containing low-Z elements, where they are 

usually observed as broad continuum resonances in the photoabsorption or 

photoionization cross section within a few eV of the ionization 

threshold. 1
-

4 This resonant enhancement nas been ascribed1- 3 to the 

trapping of the outgoing photoelectron by a potential barrier, through 

which the electron eventually tunnels and emerges in the continuum. In 

this qualitative picture, emphasis is placed on the molecular potential 

and the attractive (mostly Coulombic) and repulsive (centrifugal, 

electron screening) forces whose interplay determines the details of the 

potential. 2• 3 A second model, 4 which highlights the chemical aspects of 

shape resonances, relates them to (virtual) unoccupied valence molecular 

orbitals. Both of these qualitative pictures account adequately for 

shape-resonance phenomena, and their essential similarities have been 

noted~ 5 In the discussion which follows, we will use primarily the 

potential-barrier description, because it is better suited for 

discussing the shape resonance/bond length relationship. 

In·the particular case of molecular K-shell shape resonances, in 

which the initial state is well-localized, shape-resonant effects have 

been described as probes of the details of the molecular electrostatic 

potentia1. 2•6 It is also interesting to ask what ~ther molecular 

properties might be determinable using K-shell shape resonances as a 

"fingerprint" of the molecule. For example, one important. and highly 

successful application of shape-resonance studies has yielded 

.. 
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information about the orientation of adsorbate molecules on crystal 

surfaces by measuring the polarization dependence of shape-resonance 

excitations. 7 

.Another important candidate molecular property about which shape

• 8-11 resonance studies may yield information is bond length. If a 

quantitative relationship between shape-resonance energies and bond 

lengths could be determined, a powerful analytical tool would be at our 

disposal. Such a relationship could be applied to molecu~es in 

12 . 
different _environments. (such as surface adsorbates) or to systems with 

unknown bond lengths. Furthermore, because of the resonant nature (i.e. 

higher cross section) of the process, bond-length determination in this 

manner probably would be competitive with other techniques such as 

extended X-ray absorption fine structure (EXAFS). Because of the 

obvious desirability of a quantitative shape-resonance energy/bond 

length relationship, and because K-shell shape resonances have recently 

received increased experimental and theoretical attention, this work 

addresses the aspects involved in an empirical determination of such a 

relationship. Because most of the previous work on shape resonances has 

dealt with small ·molecules containing B, C, N, 0, and F, we will focus 

on.these K shells~ 

As a step toward determining a shape-resonance energy/bond length 

correlatiori, the purpose of this paper is to suggest necessary and 

sufficient criteria for interpreting _observed spectral features in 

photoabsorption and photoemission as shape resonances, and to apply 

these newly established criteria.to available data~ Based ~n our 

analysis, we find insufficient evidence to establish·quantitative-trends 
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between shape-resonance energies and bond lengths among widely different 

molecules. Although a qualitative link between shape-resonance energies 

. 13-15 
and bond lengths has been established in a few well-defined cases, 

the quantitative connection is complicated because the resonance 

energies depend on many parameters, and most generally on the complex 

. 2-4 6 
molecular potential. ' 

We begin in Sec. II with a description of the nature of shape 

resonances, including a discussion of an atomic-scattering picture 16 of 

shape resonances (similar to EXAFS) that theoret~cally yields a direct 

quantitative relationship between shape-resonance en~rgies and bond 

lengths. A presentation of criteria for assigning shape resonances to 

spectroscopic features is given in Sec. III. section IV contains a 

discussion of the relationship between shape-resonance energies and bond 

distances and an examination of the data which meet the criteria 

established in Sec. III. Conclusions are presented in Sec. v. 
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.II. DESCRIPTION OF SHAPE·RESONANCES 

. A shape r~sonance can be described as a one-electron continuum-

state phenomenon in which the photoelectron is resonantly trapped by a 

potential barrier through which it eventually tunn~ls. 1- 3 The barrier 

is presumed to arise from the sensitive interaction of the.Coulomb; 

screening, and centrifugal forces acting on the ionized electron in the 
. . 2 

vicinity of the molecule. Furthermore, the forces combine to produce 

shape-resonance effects (i.e. a potential barrier) only under special 

circumstances of a particular symmetry and angular momentum for the 

continuum channel. If a barrier does occur, it resides on the perimeter 
. 2 . 

. of the molecule, because that is where the attractive .and repulsive 

forces are most nearly equal. The result is a relatively weak 

anisotropic barrier, guaranteeing that shape resonances will occur only 

at low energy near threshold and will depend sensitively on the details 

·.of the molecular potential throughout the molecule. 

·According to the above description, the photoelectron kinetic 

energy at which shape resonances occur clearly will depend to a large 

extent on the shape, height, and width of the potential barrier, as seen 

in even th~ simplest case of a square-barrier potential. 17 In fact, the 

details of the potential should reflect even subtle changes in 

electronic configuration, molecular geometry, chemical environment, etc • 

Therefore, a complete description of shape-resonance energies in terms 

of molecular bond distances must account for the complicated molecular 

potential. 
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Unfortunately, a simple quantitative description of shape 

resonances in terms of molecular structure in not available for several 

reasons. 18 This has several important implications for our search for a 

shape-resonance energy/bond length correlation. To begin with, the 

kinetic energy at which the photoelectron experiences a shape resonance 

is quite small ( -_30 eV or less), allowing. the molecular valence 

electrons to interact strongly with the continuum electron, because both 

have approximately the same energy~ One result of this interaction is 

that the photoelectron is generally sensitive to the details of the 

molecular potential, because these de~ails reflect the presence of 

screening and other effects due to the valence electrons. 2 •3 Such 

effects have been observed even within simple Hartree-Slater 

calculations for atoms. 19 Secondly, while the kinetic energy of a shape 

resonance depends strongly on the shape of the potential, the dependence 

of the potential-barrier parameters on bond length is not well-

understood. For example, the width of the barrier is not described 

easily in terms of a bond distance, but is expected to play an important 

role in t~e resonant process (e.g. th~ case of a square-barrier 

potential 17). Thirdly, the shape of the potential must also depend on 

other molecular parameters besides bond length, such as the chemical 

environment (e.g. molecular symmetry, electronegativity of the atoms in 

the molecule, etc.), and the core~hole depth (i.e. which K shell is 

ionized). Finally, the molecular potential has a 3-dimensional 

character that is clearly anisotropic. Thus, .for example in.a diatomic, 

although the potential may be closely dependent on the bond length in 

the dimension along the bond axis, in any other direction the importance 
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of bond distance to the molecular potential is much less clear. These 

examples serve to illustrate some of the difficulties in parameterizing 

the multi-dimensional molecular potentiai (and thus shape~~esonance 

energies) in term~ of· a single variable (the bond length). They also 

highlight the strong influence. of the details of' the molecular potential 

on the quantification of shape-resonance phenomena. 

Nevertheless, if one neglects many of the details of the molecular 

potential and. reduces the shape-resonance problem to one dimension (i.e. 

along a bond axis)~. a dramatic simplification can be obtained by 

considering shape resonances as arising from atomic scattering within 

the molecule. .In 

tin potential has 

fact, a model of shape resonances based on a muffin-

16 been proposed which ignores the complications 

mentioned above, and which describes shape resonances in a manner 

similar to EXAFS phenomena. For want of a better term, we will refer to 

this picture as "EXAFS-like". The result is a direct and simple 

co~r~lation· between shap~-resonance energies and bond lengths. Taking 
8-11 . 

this picture one step further, recent work has used the rationale of 

this simple model to support a search for an empirical correlation 

between shape-resonance energies and bond lengths in a wide variety of 

small molecules containing the atoms B, C, N, 0, and F. With the advent 

of these first attempts to determine a quantitative correlation, it 

seems appropriate to review· what approximations are entailed in 

describing shape resonances by a model similar to that used for EXAFS, 

so that we can determine what restrictions or cautions need to be 

applied both to the interpretation of experimental data and·to the 
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empirical comparisons themselves. The remainder of this paper is 

devoted ~o discussing these topics. 

A first step in discussing the validity uf an atomic-scattering 

EXAFS-like approach to shape-resonance phenomena is to compare the 

molecular potential appropriate for "pure" EXAFS phenomena to what we 

know about the potential-barrier interaction which produces shape 

resonances. In EXAFS, the important interaction for the ionized core 

electron is with an adjacent atomic-core potential in the molecule. Th~ 

subsequent backscattering from this core and scattering off the original 

atomic core from which the electron. was ionized produces the 
. 20 

interference effect commonly referred to as EXAFS. Because EXAFS. 

is observed at relatively high kinetic energies ( -100 ev or more),' the 

interplay between·attractive and repulsive forces which produce the low-

energy details of the molecular. potential (and possibly a barrier) 

generally has a negligible effect on ·the "high-energy" photoelectron. 

Thus,- it suffices to ignore details of the molecular potential· between 

the atomic cores and to treat the problem in a single-dimensional 

picture along the bond axis. The important question is whether .this 

.type of description, which involves. the bond length in a staightforward 

way, can be applied to lower kinetic. energies, where the complex 

potential barrier can be expected to.play a more important role. 

For shape resonances, the spatially extended nature of the 

photoelectron interaction with the electron cloud rather than just with 

adjacent atomic cores is demonstrated by considering that: 



0 

. ' ' .. 

9 

l) atomic shape resonances are well.:.known and relatively well-
21 . . 

understood, and of course in these cases there_are no ~djacent 

·atoms from which to backscatter •. 

2) molecular shape resonances are exhibited not only in ionization 

from core levels localized on a single atomic core, but also 

in ionization from diffuse valence orbitals which are 

. . 15 22-25 delocalized throughout the molecule. ' 

3) even in diatomic molecules, the electron probability densitY: for 

the shape-resonance continuum state need not be localized · 

solely between the two atoms, but rather inside a more spatially 

. extensive 3~dimensional region around the molecule [see for 

· example the MSM-Xa calculations for the a i.=3 continuum 
~ 

channel in the K shell of N2 (Ref. 2)]. 

Consideration of·the above points hints at some of the complications 

inherent to shape resonances that do not apply to higher-energy EXAFS 

phenomena. Finally, these complications suggest that the most important 

intramolecular distance for shape resonances might be the distance from 

the point of ionization to the potential barrier, rather than the bond 

length. If this is true, arid because the potential barrier resides at 

the perimeter of the molecule, 2 difficulties will be encountered in 

relating bond lengths and shape-resonance energies, except in the 

somewhat restricted cases of very similar molecules or the same molecule· 

in different environments • 

Other important differen6es between an atomic-scatterini EXAFS 

model and shape-resonance phenomena exist which are relevant in trying 

to elucidate the applicability of an "EXAFS-like" approach to shape 

resonances. First, there is not in general a one-to-one correspondence 
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between shape resonances and the type or number of chemical bonds in a 

given molecule, as is the case for EXAFS. For example, CF4, 24 cc1 4, 15 

23 . 26 cs2 , and S1F4, all of which have only one type of chemical bond, 

seem to show more than one shape resonance, while other molecules such 

as F2 (Ref. 27) show no continuum resonances at all. Other aspects of 

the distinction between shape:...resonance and EXAFS processes, related to 

the resonant-versus-extended nature of the effects in energy and to the 

. 28 
differing angular-momentum character, have been detailed previously. 

Additional complications of the shape-resonance energy/bond length 

correlation will be presented in Sec. IV • 

. One final issue concerns the inclusion of below-threshold 

resonances in a search for a shape-resonance energy/bond length 

11 relation. Discrete resonances are not describable in terms of core 

scattering .from adjacent at.oms because they do not have a continuum 

electron in the firial state t·o be scattered. This problem can be solved 

if one considers shape resonances as due to a barrier in the molecular 

potential (or as unoccupied molecular orbitals), because.the character 

of both the continuum and discrete wavefunctions can be modified by 

interaction with the barrier. The intensity of discrete below-threshold 

excitations can be enhanced, and continuum shape resonances can be 

2-4 produced. 

Even within this unified picture, however, some distinction from 

continuum resonances should be maintained because the decay 

characteristics of the discrete states .are quite different from those 

observed for continuum shape resonances: above-threshold features that 

are related to shape resonances generally decay by a one-electron 
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intrachannel effect, whereas the below-threshold resonances decay by 

autoionization ·(a multielectron, interchannel process) into many 

.. 29 
channels. It is known 30 that interchannel coupling of ~ discrete 

autoionizing state to many continua perturbs the energy of the 

resonance. Therefore, it is unclear whethe~ discrete resonances are as 

suitable as continuum shape resonances for ascertaining the relationship 

betwee~ resonance energies and bond distance~. In fact, a previous 

attempt to examine the relationship between discrete resonance energies 

* and bond lengths.demonstrated that the 1s + 1r discrete resonance 

energies in the series c
2

H
2

, c
2
H

4
, and c~6 show very little if any 

. . . 11 
dependence on the carbon-carbon bond distances. This concern also may 

apply to resonances above a K-shell threshold if a doubly excited 

autoionizing state is wholly or partly responsible for the resonance 

intensity. The one-electron nature of continuum shape resonances 

suggests that they will be most useful in the search for a quantitative 

correlation. 

In related work, recent experimental and theoretical studies on 

valence photoionizatiori of SF6 (Ref. 31) and N2 (Ref. 32) have indicated 

that the shape resonances in these molecules probably exhibit 

significant multi-electron character. Although these findings are still 

to be completely understood, cases such as these .in which the one-

electron description of shape resonances breaks down will involve 

similar complications as those discussed ·above for discrate 

autoionization resonances. Additional caution with respect to the 

shape-resonance energy/bond length relationship is warranted for any 

system in which multi-electron effects play an important role. 

·''· 
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In conclusion~ both the importance of establishing a correlation 

between shape-resonance energies and bond distances and some of the 

complications involved in attempting to do so are clear.· If the 

determination of such a correlation is to be tractable, then it must be 

so despite the complexity of the molecular potential experienced by a 

low-kinetic-energy continuum electron. We have discussed several 

reasons why this complexity could pose difficulties to finding a sim~le 

relationshiP• However, because of the potential usefulness of a shape-

resonance energy/bond length correlation, we are encouraged to search 

the available data for an empir leal relationship. There ar·e recognized 

complications inherent in the incompletely understood phenomenon of 

shape resonances; thus we choose to be cautious in our selection of 
.. 

usable results for K-shell shape .resonances. This caution is reflected 

in the next section ln the criteria est.ablished for assigning sp~ctral 

features in absorption as shape resonances. The results of our search 

and comparison to previous work along these lines are presented in Sec~ 

IV. 
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III. ASSIGNMENT OF SHAPE RESONANCES 

Molecular shape-resonance phenomena constitute a relatively new 

area of study·, and no consensus has been established as to what evidence 

·. is required· to confirm the assignment of a shape resonance to a 

spectroscopic feature.. Although more experimental and theo~etical work 

is needed to understand thoroughly-the phenomena, at this time we 

propose the following requirements in order .to assign unambiguous~y a 

feature in absorption as a shape resonance: 

1) a gas-phase partial-cross-section measurement as a function of 

photon energy, demonstrating that only the main-line intensity 

is enhanced at the resonance (intrachannel decay). Angular

distribution measurements are desirable also, because they are 

likely to show an effect_in the vicinity of theresonance, and 

can be useful in comparison with theory. 

2) . theoretical support, illustrating at least the qualitative 

existence and symmetry~ and ideally the angular-momentum 

character of the shape-resonance continuum state.· Reasonable 

.quantitative agreement· with experiment is desired as well, 

especially when experimental interpretation is complicated. 

The adoption of these rather strict criteria is desirable for 

several reasons. Fi~st, the requirement that-partial cross sections be 

measured is essential because there exist above-threshold features 

related to other phenomena, such as sateilite onsets and excitations to 

doubly-excited states, which may not be distinguishable from shape

re~onance features by a photoabsorption or an electron energy-loss 
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(EELS) experiment alone. A dramatic example of this problem is 

illustrated at the carbon K edge of CO, where the EELS measurement33 

indicates a maximum in the absorption cross section at 304 ev •. The 

* maximum at this energy has been assigned as the a shape resonance in 

co. 11 However, c 1s photoemission results 34 find the maximum (and hence 

the shape resonance energy) to be about 2 eV higher in energy. This 

discrepancy recently has been determined to be due to a strong 

contribution of a C 1s satellite in co (Ref. 35) whose binding energy is 

about 304·ev, 34 and whose threshold intensity is approximately 20% of 

the c 1s main-line intensity at this energy. 37 Although the presence of 

the satellite intensity is not easily identifiable in the absorption 

measurement, it clearly shifts the energy at which the total cross 

section peaks relative to the peak in·the C 1s partial cross section. 

Another example concerns the weak maxima in the absorption coefficients 

of CH
4

, NH
3

, and H2o (C, N, and 0 1s, respectively), which have been 

11 assigned as shape resonances, but very likely could be doubly excited 

states leading to satellite thresholds. This possibility can be deduced 

by comparing the absorption results to X-ray photoelectron-spectroscopy 

measurements of the 1s main lines and related satellites for these 

molecules. 38 •39 Furthermore, hydride molecules with one central atom 

bonded soley to hydrogen atoms are unlikely to exhibit a shape resonance· 

because the hydrogens tend to be a very weak perturbation on the 

2 potential of the central atom. . A final example is provided by 

perfluoro-2-butene, 9 for which a complicated EELS spectrum has been 

40 
interprete~ without consideration of these other possible processes. 
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The added requirement that only the main-line cross section be . 

enhanced ensures that other. decay channels, which would indicate 

autoionization character (i.e. multi-electron discrete-resonance 

character), are not participating in the resonant process. A striking 

example is provided by S 1s photoionization in SF
6

, in which an above

threshold resonance in absorption previously assigned as a shape 
1 . . 

resonance recently has been interpreted as a doubly excited discrete 
. 41 

state which autoionizes to several different continuum channels. 

Secondly, theoretical calculations should provide confirmation that 

the resonance observed in a partial cross section is indeed of shape-

resonance character, especially in cases where. more than one continuum 

i .t 15,22,23,26 1 h h h ti 1 resonance ex s s. A t oug t e experimental par a cross-

section evidence may be overwhelming for interpretation as shape 

resonances, we stress the need for theoretical understanding, especially 

if comparison is to be made among different molecules. For example, the 

angular-momentum character of the shape-resonance continuum state may be 

. 2 6 
different for different molecules. ' Although it is. not completely . 

understood what quantitative effect this difference may have on the 

resonance kinetic energies from one molecule to another, it does 

illustrate a general lack of knowledge about shape-resonant trends among 

different moleecular species. Finally, using theoretical calculations 

alone to assign shape resonances can be misleading because a theoretical 

resonance energy can easily be several ev off from the experimental 
. . 24 34 

value, even in well established cases .. ' 
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IV. SHAPE RESONANCES AND BOND LENGTHS 

It is clear that shape-resonance energies and bond length~ are, in 

general, related, and in fact qualitative trends have been identified in 

a few special cases.·. For example, calculations have shown that varying 

just the bond distance in a given molecul~ [N2 (Ref. 13), co2 (Ref. 14)] 

leads to monotonic variations in the valence-shell shape-resonance . 

energies. This correlation, restricted to a single molecule, may have 

implications for studying bond-length changes as a function of molecular 
. - 12 

environment (e.g., gas-phase vs. adsorbate). - However, caution must be 

exercised even in such well-defined cases, because the molecular 

- 13 
vibrations, which-have a significant effect on the resonance energy, 

also will be modified under any circumstances in which the bond length 

changes. 

A second example of an observed shape-resonance energy/bond length 

relationship pertains to the series of isostructural molecules cc1 4, 

SiC1 4, and GeC1 4 . In this series, angular-distribution parameters have 

been measured [and theciry exists for cc1 4 (Ref~ 42)] for valence 

orbitals of the same symmetry ( 1 e and 2t2) for all thr_ee molecules. 15 

If the minima in the angular-distribution results are related to shape:-

resonance phenomena (which has been confirmed for SiC1 4 by partial- _ 

cross-section measurements 43 ), then the resonance positions appear to 

shift toward the ionization threshold on going from cc1 4 to SiC1 4 to 

Gec1 4• In this special case of very similar molecules, the resonance 

energy shift can be related to the change in the central atom and the 

concomitant bond-length change, or more generally ·to the change in the 
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overall molecular potential. However, for less similar series of 

molecules, more t~an one parameter (e.g. bond length, oxidation state, 

type of chemical bonds, core level ionized, etc.) may be changing 

. . 11 
simultaneously. Thus, in series such as c 2H2 , c 2H4, c6H6 , and c 2H

6
, 

. . 8 
.or CO, HCOOH~ and cH

3
0Hi trends identified for resonant features 

present in absorption (whether they are shape resonances or not) may be 

due to many factors. 

We have noted the occurrence of shape-resonance energy/bond length 

relationships in cases where the bond length changes in a single 

molecule or in a closely related series of molecules. To be of more 

widespread use, however, a correlation among a variety.of molecules is 

desirable. To investigate this possibility quantitatively for core-

level s~ape resonances, we show in the top panel of Fig~ 1 the resonance 

. kinetic energies (i.e. the energy above the ionization threshold) for 

all molecules in which aK-shell (B, C, N, 0, or F) continuum shape 

resonance can be identified unambiguously using the criteria established 

. . 44 
in Sec. III, without regard to the symmetry or angular momentum of the 

resonant continuum state. We plot the shape-resonance energy positions 

relative to the K edge (~) as a function of bond length for comparison 

to Fig. 6 of Ref. 11, and to ascertain the possible existence of an 

empirica~ relationship between shape-resonance energies and bond 

distances. Many candidate molecules 11 have been omitted because they do 

not satisfy at least one of the criteria presented here.· We have, 

however,· included along with the molecules in the top panel of Fig. 

those cases (discussed below) for which some incomplete evidence exists 

(bottom panel, Fig. 1). One can see from Fig. 1 that no empirical 
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relationship between shape-resonance energies and bond lengths is yet 

apparent in the available data·. 

A previous investigation 11 of the relationship between shape-

resonance energies and bond distances obtained results at odds with the 

present work. Specifically, these workers empirically found a linear 

relationship between o and bond· length for a wide _variety of molecules. 

These molecules were broken into several series distinguished by the 

parameter Z, the sum of atomic numbers of the "absorber and the 

11 · scatterer" atoms from which the "atomic-scatteringi' resonance is 

-considered to arise. Using this idea, features in photoabsorption were 

related to individual bond lengths in the molecules, even forthose 

molecules containing more ·than two atoms of B, C, N, 0, or F. Finally, 

the em~irically determined linear correlations have been used 

preliminarily as an analytical tool to estimate unknown bond lengths to 

'8-11 
±0.03-0.05A •. 

The differences in the present and previou~ findings can be traced · 

primarily to the stricter criteria applied here for assigning shape 

resonances to spectroscopic features. None of the molecules excluded in 

the present analysis have .been studied in a K-shell·gas-phase 

photoemission experiment, and only a few·have been treated 

theoretically; all of the-excluded molecules fail on at least one 

criterion from Sec. III. However, because of the dramatic difference 

_between the previous work and our findings, it is fitting to provide 

more details concerning the assignments of shape resonances in both 

studies. Therefore, we bri~fly discuss some of the specific reasons we 

used to exclude from Fig. 1 most of the molecules for which K-shell 
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photoabsorpti_on or EELS spectra are available. In doing so, we will 

highlight som~ difficulties in assigning shape resonances based on 

_absorption data alone, and we will discuss a few "borderline" cases that 

partially fulfill our criteria. 

To begin with, we have chosen not to include molecules with 

discrete resonances below the Kedge that may be associated with shape-

resonance phenomena. The reasons for this were presented in Sec. II, 

and are related to the generally complicated multi-electron nature of 

below-threshold resonances. Examples of molecules excluded on these 

grounds are 33 .45 46 . 47 
02, CH30H, CH3NH 2, CHxF4_x• and NF3 ~ In addition, 

for most of 35 45 46 . these molecules, • • previous assignments of discrete 

* resonance features have invoked Rydberg orbitals rather than a shape-

resonance phenomena to explain the below-threshold features. Without 

further experimental and theoretical work to distinguish Rydberg and 

shape resonances and to understand the multi-electron effects of 

discrete resonances, none of these molecules can be included in our 

analysis with-confidence. 

A second set of molecules is not included in Fig. 1 because of 

ambiguities in the assignments of the continuum features in the 

photoabsorption spectra. For example, one ambiguity arises in the case 

of ethane, where a cross-section feature slightly above the C K-edge· has 

been interpreted_as a a* shape resonance. 11 The uncertainty in this 

assignment is demonstrated by the lack of mention of any resonant 

feature at all above the K edge in the or~ginal report of the ethane 

. 48 49 50 spectrum. • A second example is CF4 , for which theory and 

. . 34 
experiment for C K-shell photoionizationdisagree. Aiso 
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excluded are molecules for which previous assignments based on .the 

atomic-scattering ·picture (see Sec. II) made a one-to-one correspondence 

between individual bonds (e.g. c-o double.or c-c single bonds) and 

particular features in absorption. Examples are CH
3

CHO (Ref~8) and 

c2N2 •11 While this is appropriate within an atomic-scattering picture of 

shape-resonance phenomena .as "the first EXAFS wiggle", 8 th·e complexity 

of the_molecular potential at ~ow continuum-electron energy renders such 

a straightforward correlation uncertain. The molecule OCS, for which a 

. 34 
carbon K-shell photoemission measurement has been made, also' is 

omitted on these grounds. 

The difficulty with a one-to-one correspondence can be understood 

by recourse to· the picture of shape-resonance ·phenomena as corresponding 

to-unoccupied molecular orbitals. 4 :i:n general, unoccupied molecular 

orbitals are spread throughout the molecule, especially for larger, more 

complicated systems. Likewise, the resonantcontinuum state accessed at 

a shape resonance is delocalized in the molecule, rather than being 

concentrated along one bond between a pair of atoms. This picture of 

shape resonances works well despite the fact that the resonance is in 

the continuum, because the part of the continuum wavefunction in the 

interior of the molecule looks very much like a discrete molecular 

orbita1. 2•4 Going one step further, it is this interior part of the 

continuum wavefunction that primarily determines the enhanced transition 

amplitude from the initial core level to the continuum resonant state, 

2-4 which we recognize as a shape resonance. . Thus, both accepted 

. . 2-4 
qualitative p1ctures of shape-resonance phenomena indicate that 

association of a shape resonance with a particular bond in a polyatomic 
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molecule is an unproven simplification. This point can be emphasized by 

considering highly symmetric molecules with only one bond length or type 

of bond, such as SF6 and SiF4 . For these molecules, more than one 

. . 1 26 41 . 
continuum resonance has been observed, ' ' and clearly they cannot be 

associated with different bonds in these molecules. However, tr~ating 

these multiple continuum resonances as potential-barrier effects or 

- equivalently_as ~eing related to unoccupied molecular orbitals natu~ally 

allows for the possibility of more than one resonance for these 

symmetric· molecules •. 

To continue, we have not considered molecules for which the 

observed resonances in absorption are very weak. In these cases, it is 

very possible that the weak structure is associated with multi-electron 

satellite processes (double excitation and shake-up). Examples are 
48 45. . . 

c~4 , . GH 4, NH
3

, and H2o. The latter three molecules also are 

problematic because their proposed shape resonances must be due to 

. scattering by hydrogen atoms. More intense features also may be· 

associated with double-excitation or shake-up processes. In fact, the 

continuum features chosen as shape resonances11 in c6H6 and HCN also 

have been discussed as being. the result of satellite transitions in 

. . 48 51 
these molecules. ' . 

Finally, there are a few molecules that have suggestive evidence 

for· a K-shell shape resonance, but for one reason or another do not 

satisfy the"set of criteria usea in this work (these are included in the 

bottom panel of Fig. 1)~ Probably the leading candidate of this group 

is c2H2, 52 for which theory predicts a K-shell shape resonarlCe. 53 . Only 

a photoemission experiment is needed to-confirm the assignment. There 
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- . 54 -
also exists theoretical work for the carbon K edge in c6H6, but more 

than one continuum resonance exists in experiment and theory for this 

highly symmetric molecule. For BF 3 (Ref. 24) and HCN, 25 shape 

resonances have been observed experimentally and theoretically in 

valence subshells, iridicating that shape resonances could be present in 

the K shells as well. Finally, the continuum resonance in H2co (Ref. 

55) 1s intense enough that it very likely is a shape resonance similar 

to the one already identified .in CO, 34 but no· photoemission ot · 

theoretical results are available at the carbon·K edge of formaldehyde. 

After application of the 9riteria in Sec. III, and consideration ·of 
-. 34 . 

the points listed above, we are left with the molecules CO, co2 , N2 , 

and N0 29 as the only ones exhibiting unambiguously idi:mtified K-shell .. 

shape resonances (top panel, Fig. 1). Those molecules for which 

incomplete evidence exists as discussed in the preceding paragraph are 

shown also (bottom panel, Fig. i). Clearly, either sample size is 

insufficient to ascertain a quantitative relationship between shape-

resonance energies and bond lengths. In addition, the comparisons in 

Fig. 1 are not necessarily appropriate, because the shape resonances are 

not in the same K shell, nor are they all of the same symmetry or 

angular-momentum character. Much more experimental and theoretical work 

is required to fill in Fig. 1 and test for a correlation. 

A final comment is appropriate about the data presented in Fig. 1. 

Because core-relaxation energies for different atoms can affect the 

shape-resonance energy positions, even for a single molecule a shape 

resonance observed at different K edges may not occur at the same 

kinetic energy (e.g., CO and C02). Moreover, for two molecules with the 
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same Z but with a different atomic pair (e~g~ CO and N2), the shape

resonance energies will be shifted to different extents by the 

, relaxation of the continuum state in the presence of the different 1s 

holes (among other effects). Such shifts can be several ev for core 

levels, as seen for co2 in Fig. 1, for which the difference in the 

energy positions for the shape-resonance continuum states observed at 

the C 1s and 0 1 s thresholds is about 5 eV. 3,4 This discussion itself is 

oversimplified, and other factors (i.e. hole localization, molecular 

environment, etc.) also need to be considered. 56 
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V. CONCLUSION 

An analysis of the available experimental data and theory for well-

documented K-shell shape resonances in molecules containing B, C, N, 0, 

and F does not indicate an empirical relationship between bond lengths 

and resonance energies. Although in special cases (i.e. vibrational-
,\,,, . 

.. ·.· 
,. . ·: ~ 

induced changes in molecular bond lengths, and changes in the central 

atom in isostructural molecules) a trend has been identified, there is 

no conclusive evidence at this time that this relationship is applicable 

to a wide variety of molecules. Although evidence has been reported for 

empirical correlations between bond lengths and the energies of certain 

K-shell features in molecular absorption spectra, the features have not 

been shown to be shape resonances. Until a plausible explanation exists 

for these empirical findings, their usefulness remains to be determined. 

Finally, we look forward to further progress in the experimental and 

theoretical understanding of shape resonances, and to the eventual 

determination of the quantitative connection between shape resonances 

and bond lengths. 
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FIGURE CAPTION 

Fig.1. K-shell shape-resonance energies (Refs. 24, 25,. 29~ 34, 52-55) 

.~ relativ~ to ionization thresholds·~(eV)_as a function of-bond 

length (A). The top panel inc_ludes only those molecules that 

strictly conform to the criteria established in Sec. III of the 

text. The bottom panel includes molecules which partially 

conform to these criteria, as discussed in Sec. IV. For all 

moiecules, the ionized 1s core level is denoted by the 

underlined atom. For CO, co2 , and H2co, two points are shown, 

corresponding to different 6 values for C 1s and 0 1s 

ionization.· For HCN, one point is shown which corresponds to 

the shape-resonance energy for both C and N ionization. 
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