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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’isvpresented on the general nature of shape resonances
in small molecules and how they may relate to molecular bond lengths. .
Criteria for assigning photoabsorption features as shape resonances are

described and the usefulness of photoem1551on experiments to such .

assignments is highlighted. Based on these criteria, all unambiguously

identified K-shelllshape—resonance features in molecules containing B,

c, N,‘O,,andrF are examined in an attempt to identify empirically a
shape—resonanCe'energy/bond.length relationship. Although the available
data are insufficient to establish a quantitative correlation, they
indicate the 1nfluence of other variables beSides the bond length to the.

energy position of a shape resonance.

* _ ' -
Permanent address: Department of Chemlstry, Univer31ty of Rome "La -
Sapienza", 00100 Rome, Italy. -



I. INTRODUCTION

Molecular shape resonances are relatively common one—electron
phehomena in smali molecules containing low-2Z elements, Wherevthey are . 4 -
usually observed as broad continuum resonances in the photoabsorption or
photoienizatioh cross section within a few eV‘of.tﬁe.ionizatien

threshold. % 3

This resonent enhancement has been ascribed' > to the
trapping ofbthe outgoing phetoeleceron by a potential barrier, through
which the electrqn‘eventually tunnels ahd emerges in the continuum. In
tris.quali;atire picture,>emphasis is placed on the molecular potentiel
ard the attractive (mostly Coﬁlombic) and'repﬁlsive_(ceﬁtrifugal,
.electron séreeniné) forces whose interplayvdetermines the deﬁaiis of tﬁe

2,3 4 second medel}u which highlights the chemical aspects of

potential.
‘shape'resonances, relates ‘them to (virtual) unoccupied valence molecular
orbitals. Both ofvthese qualitative pictures acceunt adequately for
shape-resonaﬁce phenohena, and their essential sim;larities have been
ndted;5 In the discussion which folloys, we will use‘primariiy the
: petential-barrier'descripfion,.beceuse it is betterrsuited for
vdiscuséinglthe shape resonance/bond iergth relationship}

In-the particular case of molecular K-shell sﬁape resonances, in
which the ihitial_state is well-locaiized. shape—resonaht effects have
A been describedAes probes of the details of the melecular electrostatic
potentiel.?’6 It is also interesting tp ask wﬁatvbther meiecular'
properties might berdeterminable ueing K—ehell 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 debendence'of shaoe-resonance

.excitations.'7

_Another important candidatermolecular property about which'shape-
resonance studies may yield information is bond length 8-11 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 molecules in

Adifferent environment31 (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

obviousudesirability 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, O, and F, ue will focus
on,theée_K shells. . |

As avstep toward determining a shape—resonance energy/bond length
correlation, the:purpose‘of this paper is to suggest necessary and
sufficientioriteria for“interpretingvobserved spectral features in

photoabsorption and photoemission as shape resonances,_and to "apply

these newly established criteria to available data. Based on our

analysis,-we find insufficient evidence to.establish'quantitative~trends

e -



betweeﬁ shape—fesonance energies'énd'bond lengﬁhs among’widely'different
molecules. Although a qualitative'link‘betwéen shépe-resonahce_eﬁérgies
~and bond lengths has been established in a few»well-defihed cases,13—15‘
the quantitative connection is combiicaﬁed because the resonance
energiés depend>on many'paraMeters, and most generally on the compiex
molecular pétent;al.z-u’6 |

We begin in Sec. II with a deécription of the nature of shape
resonances, including -a discussion of ah atomic-séattefinévpicture16 of
shape resonances.(similar to EXAFS) that theofetically yields a direct
quéhtitati?é relationship between shape-resonanceienéfgies.ahd bond
lengths. A preséntation_of criteria_féf assigning shapé resonances to
‘spectroécopic:featﬁres is given in Sec. III. .section-IV contains a
discussion Qf'the'reiétionship betwéen shape-resonance enérgiés and bond

distances and an examination of the data which meet the criteria

established in-Sec. III. Conclusions are presented in Sec. V.



~ in even the simplest case of a square-barrier potential.

II. DESCRIPTION OF SHAPE - RESONANCES R

. A-shape résonance 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 turinéls.T“3 The barrier

18 presumed to arise from the sensitive interaction of theycoulomb;

screéning, and centrifugal forces acting on the ionized electron in the

 vicinity of- the molecule.2 Furthermore, the forces combine to produce

_ shape—reéonance-effects (i.e. a potential barrier) only under special

cihcumstances of a particular symmetry and angular momentum for the

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

of the 'molecule;2 because that is where the attractive and repulsive

foréés are most nearly equal.' The result is a relatively weak

anisotropic barriér, guaranteeing that shape résonances willioccur only

_Aat_ldw energy near thfeshgld and will erend sensitively on the details

‘“of_the:molegular potential throughout the molecule..

’-'Acpording to the abpvérdeécriptIOn, the photoeleétron kinetic )
engfgy at which shape beéonanceé'occur.clearly wi;l dependvtq a large.'
éxtenf on the'shape,:héight, aﬁd width of fhe'bbtential babrien,‘aé seen
- » " In fact, the -

details 6f the potentiél should réflect even subtle chénges in

- electronic configuration, molecular gedmetry, chemiéal environment, etc.

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

" of molecular bond distances must account for the complicated molecular

potential.



Udfortunately,‘a simple quantitative deScribtioh of_shape
resonanceé in terms of molecular structure in not avéilable for.several
reaséns.18 Tﬁis’has severél important implications for our seéfch.for a
shabé—resonance energy/bond length correlation. To begin with; the
kihetic ehergy at which the photqelectron experiencesva shéﬁe resonance
is quite small (~30 eV or less), ailowing,the molecular valence
e;éctrons to interact strongly with.the continuum electron, because_botﬁ
havé-approximately phe'séme-energy; Qneiresult of-this interaction is
that the photoelectron is generaily sensitive to fhe détails of the .

molecular potential, because these details reflect the presence of
2,3

screening and other effects due to the valence electrons; Such
effects have been observed even within simple Hartree-Slater
calculations for atoms.19-'Secondly, Whilevtﬁe Kinetie enebgy.of a shape i

resonance_depends strongly on the shape of the potential, the dependence
of the potential-barrier paraméteﬁs on bond length is not well~ .
understood. For éxample, ﬁhe width of the barrier is noﬁ déséribed
easily in termé of a bond distance, but is[expectéd tovplay én important
role in the resonant process (e.g. thevcase of a square-barrier

potential17).

.Thirdly, the shape of the potential must also depend on
other:moleculaﬁ’parameters'besides bond length, such as the chemical
environmént (e.g. molecularvsymmetry, electrodegagivity of the.atoms in-
the molecule{vetc.), and the corthole depth (i.e. which K sheli is -
ionized). finaily, thé molecular potential has a 3-dimensibnal.
character that is clearly anisotropic. Thus,-for_example in a diétomic,

although the pdtential may be closely dependent on the bond length in '

the dimension along the bond axis, in any other direction the importance



. this picture one step further, recent work

of bond ‘distance to the”¢olécu1ab'poténtia1 is much less clear. These

examples serve to illustrate some of the difficulties in parameterizing

the multi-dimensional molecular potential (and thus shape-resonance

‘energies) fn_tgbmsﬂof"a‘single variable (the bond length). They also

’highlight the strong infldence<of the details of the molecular potential

on the_quantification'of shape-resonance phehomena.

Neventhe;ess, if one neglects many of the details of the molecular.

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

along a bond axis), a dramatig»simplification cah be obtained by

considering shape resonances as arising from atbmic scattering within

‘the molecule. In fact, a model of shape resonances based on a muffin-
o tin poteﬁtiai has been pro_posed16 which ignores the compiications
:mentibhed above, éﬁd'which describes shape resonances in a mannerl

" 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

correlation between shape-resonance energies and bond lengths. Taking

8-11 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 determiné a Quantitative correlation, iﬁ

seems apprqpbiate‘to.revieQUWhat apbroximations,are entailed in ;
describing éhape resonances by a model similar to that used for EXAFs;
so that we can determine what_restrictibns or-cautions need to be.

applied both to the interpretation of experiménta; data and-to the



empirical comparisoné themselves. The remaindef of this paber is
devoted to discussing these tbpics.. |

A first step iﬁ discussing the validity of an atbmic—scattering
EXAFS—like approach to Shape-reSoﬁance phenoména ishto éompar§>the
molecuiarvpotential appropriate for "pure“ EXAFS phenomena to what we
know about the potential-barrier interaction whichlprodﬁces shape
resonances. In EXAFS, the,ihﬁqrtant intéractioh for £he ionized cofe
electron is with ah adjacéht aiomic—core poténﬁial ;n the molecule. Thé
subsequent backscapﬁer;ng from this core and écattering off the originai
atomic'eobé;from which the electron was ionized produces ﬁhe
interference effect C6mhonly referred to as EXAFS.ZO Because EXAFS .

'is observed at relatively high kinetic energies (~100 eV or more).fthe'

intérplay between attractive and repulsive forces which produce thé'low-v

energy details of the moleculaf.potential (and possibly a barrier)
generally’has a negligib;e efféct on -the “high-energY“ photéelecfron.
Thus, it suffices to ignore details of the molécular'potentiallbetween
the étomic gofesvand_to treat thé problem in a éinglefQimensional |
picture}aloné the bond axis.r The important:questiqn ié whethef,this
2ty§e of.descriﬁtion, which involves the ﬁond length in a staightforward
way, can be applied to'lower kinetic,energies, wheré the complex
potential barrier can‘be expected tdfpiay a more important role.

For shape resoﬁénéés, the spatially extended natpre of'thé
bﬁotoelectron interaction with the elecpron cloud rather‘than just'with

adjacent atomic cores is demonstrated by considering that:



1) atomic éhépé resonances are well-known and relétivély:welir ,
undersﬁood,21 and éf'course ih these cases there are no adjacent“
_atoms from which to béckScattér,‘. | |
'é) moleculér shape reSonanceS are.éxhibited not only in'ibnizatiOn v
'fhom core levels 1océliz¢q on a singié atomic core;'but also
in ionization from diffuse valence orbitalé which aré
delocalized throughout the rf1olecule.15"‘2~2-25
_3)'eyen in diatbmié molecules, the electron probabiliﬁf density for
the shape-resonance céntinuum state need not be 1ocaliied‘
sblely between the twélatqms, but rather inside a more spatia;ly
‘:extéhsive'3fdimensional region aroqnd thg_molecule tsee for
1iexample the.MSM-Xavéalculations for thé ou,z=3 _continhum

channel in the K shell of N, (Ref. 2)1.

Consideratidn_bf;the above points hints at some of the complications

inherent to‘shabe resonances that do not apply to higher-energy EXAFS
phenomeﬁa. Finally, these complications suggest that theimostvimportant
intramolécular distance-for-shapeAEesonanées might be theAdistance from
the point'oflionizatiob to the potential barrier, rather than the bond
length. 1f this is true, and because the potential barrier resides at

the périméter of the molecﬁle,2 difficulties will be encountered in

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

somewhat restricted cases of véry similar molecules or the same molecule
in_different environments.
Other important_differendes between an atomic-scatterihg EXAFS

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

to elucidate the applicability of an “EXAFS—likeV 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, CFM;?M o 15

23 26 '
2%

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

Cs all of which have ohly one type of chemical bond,

and SlFu.

as F, (Ref. 2T) show no continuum resonances at all. Other aspects of

2

the distinction between shape-resonance and EXAFS processes, related to

the_resonant—vérsus—extended nature of the effects in energy and to the .

differing angular-momentum character, have been detailed pr‘eviohsly.'28

Adcitional.complicétions of the shépe-résonance énergy/pond 1ength{
correlaticn will be presented‘in Sec. IV.
.One final issue‘concerns the inclusion of below-threshold
.resonances in a'search,for‘a shape?resonance'energ&/bond length |
11 .

relation. Diécréte_resonances are not describable in terms of core

scattéring‘fbom adjacent atbms because they do not'hévé a cont inuum

electron in the firial state to be scattered. This problem can be solved

ifione considerslshape rcsonahces as due to a barrier in the mclecular
potential (or as unoccupied molecular orbiﬁals), because the character
of both the continuumxand‘discrete wévefunctions can be modified by
interacpion with»the‘bafrier., The intensity of discrete below-threshold
Aexcitations'can ce enhaﬁced, and contincum shape resonances can be |
Dr“odu_cecl.z;l4 : o
Even within this unified picture, however, some distinction from
contiﬁuum cesonances should.be maintainedAbecause the decay |
characteristics of the discrete-states:are quite different from those -

observed-fcr continuum shape resonances: aboveéthreshold features that

are related to shépe.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 It is known3o that interchannel cdupling of a discrete -

channéls;
autoionizing state to many continua’pérturbs the energy ‘of the
resonance, Therefore,'ip is.unclear whether discrete resonances are as
suitable:as'continugm éhapé.nesonénées for aséértaining the relationship
between\reéonanceréhergies éndrbond distancés} :In fact, a previous
éttempt to examine'the.relationship between discheté resonance energiesf

o . *
and bond lengths demonstrated that the 1s » m discrete resonance

energies in the series CZHZ’ CZHH’ and C2H6 show{very little if any

dependencé on the carbon—carbon-bond distanées.11 This concern also may

apply to resonances above a K-shell threshbld.if a doubly excited
autoionizing stéte ié wholly or partly'reéponsible_for thé fesonahce
intensity. The one-electron nature of coﬁtinuum shape resonances
suggests thaﬁ they wiil pe‘most useful in the séarch forlg qﬁantitétiye
cobpelatioh.»I |

. In reléped»work, recent expérimental and theoretical studies on
valence photoidniiat%ohvof SF6 (Ref. 31) and NZ (Ref. 32) have indicated
thatvthe shape resonances invthese mdlecules probably exhibit
significant multi-electron éhérécter. Although these findings aré still
to be completeiy'hnderstood, éases such as these in which the one-
elecpron_description of_shape resonanceé bfeaks down will ihvol%é'
similar complicatibns as those discussed -above for dfscfete
autoionizatién resonances. Additional caution wiﬁh reépect to thé
gshape-resonance”energy/bond lenéth'relationship isgwarraﬁﬁed for any

system in which multi-electron éffects play an important role. -
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: iIh conclusion;.both-the'importance éf establiéhing a correlatioh A
betweenvshapé-resonancé ehergies and bond distances and SOme>of thé
complications involved in attempting td do éo afe clear.  If the
deteﬁmination of such a correlation is to;be ﬂractable, then it muét be | M
s0 despite the éo@blexity of the molecular potént;al experienced by a |
_lqw—kinetic-énéfgy continuum‘elec;ron.' We have discussed se&érél -
reasons why'thisvcomélexity could poée qifficulties'to-finding a simple
relationship. HoWever; bécadse.of the potential usefulness of a shépg-
resbnance energy/bond length cdrrelaﬁion, we ére gncouraged to seérch
the available daia fof an empirical relatibnship. There are recognizedv
comp;ications inherent-in thé incompletely uhderstood'phenomenon of
shape resonanceég thﬁé we choose to'be cautious in our seléctidn of
usable résults for K—shell’shape,Eesonances.v This caution is reflecteq
in the next section in the.cr;teria estéblished for assigning spgétralv 
feaﬁunes in absorption as shape rgsonances.. The'resdlﬁs of our searéh
and comparison to previous work_élqngvﬁhesé lines are:preéented in Sec.

Iv.
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III. ASSIGNMENT dF SHAPE RESONANCES .

Molecular shape resonanoe 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 :

) spectrOScopiovfeaturef Although more:experlmental and theoretical work |

is needed to understand thoroughly - the phenomena, at this time we
propose'the followiog’requireuents in order,to.assign'unambiguously-a
feature in absorption‘as a shape resonance:

.vl)- a gas-phase partial—orOSS-section measurement‘as a function of
photon energy, demonstrating that only the mainfline 1ntensity
iS‘enhanced at the resonance (igtrachannel déca&). Angularf
distribution measurements are desirable also,‘because they are.
likely to show an effeot_iu the vicinity of the resonance, and
can be useful;ln comparison with theory.

2) .theoretical_supoort, illustrating‘atileast the qualitative
existence and symﬁetry; and ideally the angular-momentum
character of the shape-resonancevcoutiuuum state.“Reasonable
_quantltative agreement'with exberiment~is desiredlas well,
especially when experimeutal-lnterpretation is complioated.

The adoption of these rather strict criteria is desirable for

several reasons. First, the requirement that~partial oross seotiohs be

measured is essential because there exist . above -threshold features
related to other phenomena, such as satelllte onsets and ex01tat10ns to
doubly-ex01ted states, which may not be distinguishable from shape-

resonance 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 intthe absorption cross section at 304 eV.  The

. . _
maximum at this energy has been assigned as the ¢ shape resonance in

1 3Y

Cco. However, C 1s photoemission results find the maximum (and hence

the shape'resonance energy) to be about 2‘eV higher in energy. This
discrepancy recently has been determlned to be due to a strong

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

34

about 304 ev, and whose threshold intensity is approx1mate1y 20% of

37 Although the presence of

the C‘1S'main-llne intensity at thisvenergy.
the satelllte intensity is not ea31ly identifiable in the absorption
measurement, it clearly shifts the energy at which the. total cross
section peaks relatlve to'thevpeak in-the C 1s partial cross sectioh.
Another exampleiconcerns the weak maxima in the absorption coefficients

of CH , and HZO (C, N, and 0 1s, respectively), which have been

yr NH3
assigned as shape resonances,11 but yery likely‘could be doubly excited
states leading to satellite thresholds. This p0531b111ty can be deduced
by comparlng the absorption results to X—ray photoelectron spectroscopy

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

38,39 Furthermore hydride molecules with one central atom

molecules.
bonded. soley to hydrogen atoms are unllkely to exhibit a shape resonance’
because the hydrogens tend to be a very weak perturbation on the

potentialef the central atom.2 A final‘example is provided by

9

perfluorc-2-butene,” for which a complicated EELS SpectrUm has been

interpreted without consideration of these other possible processes.u

W
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The added réquirement that On;y the main-line cross section be
enhanced ensures_that other decay channels,-whibh,would indicate
autoionization character (i.e. multi-electron discrete-resonance .

character), are not participating~in the resonant process. ‘A strikihg

_example is provided by.S 1s photoionization in SF6, in which an above-

threshold resonance in absorption-previously assigned as a shape

. r‘esonance1 recently has been intebpreted as a doubly excited discrete

'state which autoionizes to several different continuum channels.u1

‘Secondly, theoretical calculations should provide confirmation that
ﬁhevresonance observed in a par;iai cross sectionvié indeed of shabe-
resonanée.chéracter, eépecially ih cases wﬁéﬁe‘morevthan.one cont inuum
rééonahce exiéts,15'22’23’267 Although the ékperimental.partiai cross-
section evidenée may be overwhelming for interpretation as shépe |

resonances, we stress the need for theoretical understanding, éspecially

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

angular-momentum character of the shape-resonance continuum state may be
different'for different'molechleé.?’6 Although it is not coﬁpletely._
understood what quantitativé effect this difference may have on the
resdnance kiﬁetic énergies from'one molecule to anqther, it does
i;lustraﬁe‘a general lack of knowledge aboﬁt éhape-resbnaht trends among
‘different moieecular species. .Finally, using theoretical calculations

alone to assign shape resonances can be misleading because a theoretical

ffesonance energy can easily be several eV off from the eXperimental

value, even in well eétablished cases. 2t 38
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IV. SHAPE RESONANCES AND BOND LENGTHS

It is clear that shape—resonance energies and bond lengths are, in
general, related, and in fact qualitative trends'have been identified in :
‘a few special cases.feFof example; calculations have'shown.that varying
just the bond distance in a given molecnle tN (Ref. 13), CO, (Ref 113
leads to monotonic varlatlons 1n 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-moleoular
environment (e:é.. Sas-phase vst.adsorbate).12--Howeven; caution must be
exercised even in-suoh well-defined cases, becanse the molecular
v1brations, which have a sxgnlficant effect on the resonance enex"gy,i3
also will be modified under any circumstances in which the bond length
changes. | |

A second example of an observed shape-nesonance energv/bond length
relationship pertains to the series of isostructural molecules CClu

SiClu, and GeCl In thls serles, angular-dlstributlon parameters have

y*
been measured [and theory exists for CClu (Ref 42)] for valence

- orbitals of the same symmetry (1le and‘2t2)-for all three molecules.15

If the minima in the angular-distribution results are related to shape-
. resonance phenomena (which has been confirmed for SiClu by partial-

43)

cross—section measurements , then the resonance positions appear toé o -

shift toward the ionization threshold on going from CClu to SiClu to
. . ’ . : . ’ v
GeClu. 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
N molecules more than one parameter (e. g bond 1ength ox1dation state,

type of chemical'bonds, core level 1onized,,etc.) may be changing _
simultaneously. Thus, in series such as C C Hu, C6 6° and C 6’11

2 2’

..or CO, HCOOH; and CH OH;8 trends 1dentified for resonant featureS'

3
fpresent in absorption (whether they are shape resonances or not) may be

‘ _due_to-many'f‘actorsf

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

relationships in cases where the bond length changes in a single

molecdle 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-
vlevel shape 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 inewhich~a”K-shell (B, C, N, O, or F) continuum shape
AresonanCe’can be identified ﬁnamniguouslv asing the criteria established
_in Sec. III, without regard to the symmetryuu-or angular momentum_of the
'_resonant.continuum state. We plot the shape-resonance energy positions
relative.toithe K edge (8) as a function of bond length for comparison
to Fig. 6 of Ref. 11, and tosascertain the'possible existence of an
empirical relationship between shape-resonance energies and bond
distances. Many candidate molecules'' have been omitted becacse 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. 1
those'cases (discussed below) for which some incomplete evidence exists

(bottom panel, Fig. ]). One can see from Fig. 1 that no empirical

e
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relationéhip between shape—reédnance energies and bond lengths is yet
apparent in the available data. |

A previogs investigation11 6f the relationship between éhape—
reéoﬁance energies and bond distancés obtained results at odds with the
present work. Specifiéally, these workers empirically féund é 1inear |
'relationship between Gsénd bond'length for a wide!variety>of ﬁoieculeé.
These molecules-Were broken into several seriés.distinguished by'thé_
vparameten Z, the sum of étomic,numbers of the "apsorbef.énd the
" scatterer" atoms11 from which the "atomic-scattebing“.resonance is
"considered to arise. Using this'idea; features in,photoabsorptioh were
related t6 individuai bond.lehgths in the molecules, eveh for'those'»
mo;eculeé_contaiﬁing more'than.two gtoms of B, C,'N,‘O, or F. Finally;
the empirically detefmined linear correlations have been used |
preliminarily as an anal&tical todi to estimate unknown bond lengths to
+0.03-0.054. 71" | ' | .

Tﬁe diffefencés in the present and previéus findings can be traced’
primarily to the stricter’critefiavapplied hébe for assigning shape
'resonancés to spéctroscopic feature$; None of ﬁhe molecules exciuded in
the present analysis ha?e.been'studied in évK—shellwgas—pbase
photoemissidn‘exberiment, and dnly,a few‘havé been treated
pheOretically; éll of the'excluded molecules fail on‘at least one
criterion from Sec. III.. However, becauéé pf the dramatic difference
_Setwéen ihe preQious work and. our findings, it is fitting to provide
more'details édncerning the assignmehts of shape resonances in bothj
' stpdies. Therefore, we briefly discuss some of the specific reésons.we

used to exclude from Fig. 1 most of the molecules for which K-shell
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ﬁhofoabéofption’dr EELS épectra abe_availéble._ Ih}doing'so; wé will
highliéht,soﬁe diffiéulties ip assigning shape resonancés:baSed on
‘abso%ption déta aloné, and_wevwili discuss a few "bordérline"vcaseé that
partially'fulfill our criteria. | | | .
-To bggin with, we have chosenvnbt'to include moleéules witﬁv

discrete resonances below the K edge -that may be associated with shape-
resonancéApheﬁQmena. The reasons for this were'presented.in Secf II,
and are related ﬁo the generaiiy compliéated multi-eiectron nature of

below-threshold‘resonances. Examples of molecules excluded on these

33 45 46 _. 47
grounds are 02, CH3OH CH3NH CHxFu-x’~ and.NF3T _In addition,
for most or_these'moleCules.35 MS,M6 previous assignmenté of discrete

", resonance featdres have invoked Rydberg orbitaia rather than ¢ "shape-
resonance phenomena to’expiain the below-threshold features. withoutA
further experimental and theoretical work to dlstinguish Rydberg and
shape resonances and to understand the multi-electron effects of
discrete resonances, none of these molecules can b;,inc;uded in 6ur
analysis Qithﬂconfidence. ’ | |

Alsecbnd set ‘of molééules is not included in Fig. 1 because of
ambiguities in the assignmghts of the contihuum'features in fhe\_
photoabsorption spectra;- For,example,xone>ambigui£y arises in the case
of ethane, where a cross-section feature slightly aboVe'the_C K-edge’ has
been interpreted as a o*'shape r*_eséna’nc:e.1_.1 -The»uhcertainty in'this
asgsignment 'is demonstfated'by the lack of mention of any resonant
featufe at all above the K,édgebin the original report of‘the~éthade_

spectrum.MB’ug A second example is‘CFu, for wﬁich_theoryso and

experiment3u for C K-shell photoionization disagree. Also
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" excluded abe molecules for which previous assignments based on the
atomic-scattering picture (see Sec. II) made a'oné-to-one correspondence
‘between individual bonds (e.g. C-0 double or C-C single bonds) and
particular features in absorption. Examples are-CH3CHO (Ref.8) and
11 ' ' :

shape-resonance phenomenajas "the first EXAFS wiggle",8 the complexity‘

‘While this is appropriate within an atomic-scattering pictufe of

~ of the molecular potential at low continuum-electron energy renders such
a straightfopward.corrélation unéertain.. The molecule OCS, for which_a' |

34 also is

carbon Kfsheli_photoemissidn ﬁeasuremenﬁ has been made,
| omitted on these grounds.

The difficﬁlty with a one-to-one correspondence. can pe undersﬁood
‘__by necoursé to‘thé.picture éf'shape—reéonance'phenomena_aé corresponding
to‘unocdupied molecular orbitals;g Ain genéral; unoécupied molécular
orbitals are spread thfoughout,ﬁﬁé moleéule, esbecially foﬁ largeh, more‘
complicaﬁéd Systems.- Likewisé; the resonant’ continuum stateﬁacééssed at
a shapé résonance is délocaiized ;n the holecule, Eather thanvbeing
vconceﬁthéted along one bond between a pair of aﬁoms. This picture of
shape Egsonances worké'Well de;pité the fact tﬁat the resonance is in
the continuum, because theibaft of thé'COntiduuh Qavefhnctionvin the.
interior of ﬁhe mdiecule looks very much like a’discrete molecular

orbital.z’u

Going one step further, it is this interior part of the
continuum wavefunction that pﬁimarily Qetermines‘the enhanced transition
amplitude from the initial core level to the continuum resonant state,

which we recognize as a shape resopanee.z* Thus, both accepted
qualitative picturesz—u 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. ThlS p01nt can be emphas1zed by

considering highly symmetrlc molecules W1th only one bond length or type

'fof bond, such as SF6 and SiFu. For these molecules, more than one

continuum resonance has been observed,1’26’u1 and clearly they. cannot. be

associated with different:bonds_in these molecules. However; treating

‘these multiple continuum resonances as'potential—barhier effects or

-equivalently"es being related to'unoccupied molecular orbitals naturally

allows for the possibility of more than one resonanoe'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'possiblefthat'the-Weak structure is associated with multi-electron

satellite processes (double excitation and shake-up). Examples-ebe
s | |

‘-CZHN"~ CHM’ NH3, and H O. The latteh three molecules also arep-
problematic because their proposed shape resohences 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 r'esonancesj1 in CcH, and HCN also

‘have been discussed as'being.the‘hesult of satellite transitions in

these molecules.u8’51

Finally, there are a few molecules that have suggestive evidence
for a K-shell shape resonance, but forjone reason or anotherAdo not
satisfy the set of oriteria used in this work (these are 1ncluded in the

bottom panel of Fig. 1);> Probably the leading candidate of this group
52 . 53

lis C H - for which theory predicts alK-shell shape_resonahce. .Only

22

a.photoemission experiment_is~neeﬁed to confirm the assignment. There
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also exists theoretical work for the carbon K edge in C6H6,5u-but more

than one continuum resonance exists in experiment and theory for this

5

highly symmetric molecule. For BF3 (Ref. 24) and HCN}Z. shape

resonaﬁces have been observed experimentally and theoretically iﬁ
valence sﬁbéhells, indicating that shape resqnanceé could be preéent in
the K shells as wel;. Finally, the continuum resonance in‘HZCO (Réf.v
55) ié‘;ntense énough that iﬁ very likely is a éhape resonance similar

34

to the one already identified in CO, but noﬁphotoemission oy‘

~.theoret;cal results are available at the carbon K edge of formaldehyde.
After application of the criteria in Sec. III, and consideration of
the points listed above, we are left_with'the molecules CO, C02.3y
9 ,

N2-’A

as the only ones exhibiting unambiguously identified K-shell

and N02
shape resonances (top panel, Fig. 1)5 Those mdlecules for which
incomplete evidence ekists as disqussed'in the preceding“paragréph'are
shown also (bottoh_pahel, Fig. 1). Clearly, either sample $1ze is
insufficient to ascertain a quantitative nelationshipvbetween shabe-
resonancevenergies and bondAlengths;AVIhbaddition; the compérisons ih
Fig; 1 ére ﬁot'neeessafily appropriaﬁe, because ﬁhe shgpe resonaﬁces ébe
not in the samé'K'shell,vndr are they all of the samé‘symméﬁry brv
aﬁgular—mbméntum-éharacter. Much morevexperiméntal éﬁd_theoretiéal work
is required to fill in'Fig.'i and test fof a correlation.

A final comment is>abpropriate about the data presented in Fig. 1.
Because core—relaxation_éneﬁgies.for different atoms can éffect the ;
shape-resonance energy positions, even for a»Single molecule a shape
resonance dbseﬁved at different K edges may not occur ét the same

kinetié energy (e.g;, CO and C02)° Mcreover, for two molecules with the
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.same Z but with é 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 CO, in Fig. 1, for which the difference in the

2
energy positions for the shape-resonance continuum states observed at
34

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

oversimplified, and cher 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 resonénces in molecules containing B, C, N, O,
and F does not indicate an empirical relationship between bond lengths
and resonance energies. A%gbpugh in special cases (i.e. vibrational-
induced changes in molecuiéf¥59nd lengths, and changes in the central
atom in isostructural ﬁoleéules) a trend has been identified, there is
no conclusive evidence aﬁ 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 ih 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'ﬁnderstanding of shape resonances, and to the eventual
determination of the quantitative connection between shape resonances

and bond lengths.
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FIGURE CAPTION

K-shell shape-resonance energies (Refs. 24, 25, 29, 34, 52-55)
relative to ionization thresholdS’G(eV) és a function of- bond
length (R). The top panel includes 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
molecules, the ionized 1s core level is denoted by the
2CO,-two points are shown,

connésponding to different Givélues for C 1s and O 1s

ionizétioh,' For HCN, one point is shown which corresponds to

lthe shape-resonance enehgy-for both C and N»ionization.
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