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Mostract:

When core ionization of an atom in a molecule causes significant
changes in bond orders, the core-hole ion is formed in a strained
configuration. This strain causes vibrational broadening of the core
line. The core-hole ion can be represented as an ordinary chemical

Speciés by applying fhe equivalent cores-épprdximétion.' Then simple

rules of classical valenée bond theory can be used ﬁb prediét change$
in the weighting of resonahce structures and corresponding changes |
.in bond orders. -Thus:qualitative changes in relative line widths can

be predicted;
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- It has recently been shown that Franck Condon vibrational exc1tat10n
COntrlbuteS importantly to core photollne broadenlng in molecules [1 2].
In general, the photoelectric process yields a molecule-ion in which
the nuclei are not in their equilibrium positions.- The more strained
the geometry of the core-hole ion, the broader the photoline.

In the absence of other effects, the core 1onlzatlon of an atom in

a molecule causes a contraction of the valence electron cloud in the

| 1mmed1ate V1c1n1ty of the atom, corresponding to avreductlon of both
the atomic size and the equ111br1um bond distances. This contraction'
of the equ111br1um distances is most pronounced when the atom is initially -
negatlvely-charged and hence has an easily contracted electron cloud.

" In such cases the core- -hole molecule-ion is formed in a highly stralned
configuration and the photollne is relatively broad This generalization
accounts for the fact that the carbon 1s line of CHk is broader than

" that of CF, [1] that the sulfur 2p line of the terminal sulfur atom
in the_San " ion is broader than that of the central sulfur atom in
that ion [3~5], and that the nitrogen 1s line of NH;+ is broader than
that of NOs [1 5]. | | |

However it is 1mportant to recognize that the correlatlon of atomlc
charge with 11ne W1dth 15 valid onl) when the formal bond orders of a11
the bonds in the molecule are unchaneed upon 1on12at10n of the core.

‘When ionization produces relatlvely large chanoes in bond order, the
line hldth is broad regardless of the 1n1t1a1 charge on the atom In
cases where 1on1zat1on of a negatively charged atom causes a decrease
in the order of the bonds to that atom, a canceilation'of effects can

occur, resulting in an unbroadened line. Significant changes in bond



‘order accompany the cére ionizations of some 6f the molecules 1listed

in Table 1; and we shall show that the relative lihé widths can be
rationalizéd by.the use of simple valence bond résonance concepts and
the equivalent cores approximation [6,71. |

_ | The carbon 1s line of the outer carbon atdms of C30, is broader
than that of the middle carbon atom in spite of fhe fact that the middle
carbon atom is more negatively charged [8]. The ground state of the
molecule can be represented by the valence bondvstructure 0=C=C=C=0,

with smali contribltions from the following resonance structures
0=C—C=C=0 <«—> 0=C=C—C=0"

The ion formed by core ionization of the middle carbon atom can be
represented,'using the'equivalent cores approximation, by the structure
0=C=N+=C;O. Because the electronegativity of nitrogen is greater than

that of carbon, the contribution of the resonance structures
=C—N=C=0 <> 0=C=N—C=0

is somewhat greater than the contribution of the analogous-strUcturés

in the’groﬁnd-state C30, molecule. This change'in,the weighting of

. the resonandevétructures tends to increase the C-C bond lengths, in
opposition to the tendency for the middlé carbén atom to contract and.

for the C-C bond lengths to shorten. The resulf.is’essentially no
change in the equilibrium C-C bond lengths and a slight shortening of

the equilibrium C-0 bond lengths. Consequently a relativeiy narrow

line is obtained for the middle carbon atom. The ion forﬁed by ionization

of an outer cafbon atom can be represented by the structure 0=C=C=N"=0.
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Table 1

- Core Line Width Data for Molecules

Molecule - | Core Level R e, ev?)
Caozb) C 1s (outer C) o 1.11
_ C1s (inner C) = . 0.97
Al[CH(COCF3)‘2] 3c) C 1s. (CO) . . ‘ 1.3
o C 1s (CFs) o | 1.13
(CF3),C0%) Cis (c0) 101
- C 1s (CFs) o | 1.05
d) -~ |
N,0™/ N 1s (outer N) 0.70
- N 1s (inner N) y - 0.59
(GH;0),00°) 0 1s (C=0) S 8-
or,S 0 1s o | 1.44
coc1©) 01s - 115
CO(CH) ;S 01s e 1.09
‘CFloe) Fls S - 1.83
CH,F®) F 1s S 1.36

.a) Because of differing instrumental contributions to the line widths,
FWHM values from different laboratories cannot be compared. b) Ref. [8].
é) T. Schaaf, unpublished data. d) Ref. [1]; e) T. D, Thomas, J. Amer.
" Chem. Soc. 92 (1970) 4184. o |



However, because of electrostatic interactions, the contributions of |
the resonance structures ~0=C-C=N"-0 and +OEC—C'=Nf:;O_are probably |
greater, aﬁd that of the resonance structure O=C=C’—N+EO+”is probably
less, than the contributions of the analogous strﬁ§£ures in the ground -
state.v (Note that the favored structures have the atoms witﬁ +1 fQZEEl
charges widely separated, whereas fhe disfaﬁored structure has these.
atoms adjacent'to one another.) Inasmuch as'thé 6u£er carbon atoms.bf
C30, are positively charged, théy‘have little tendéncy to contract ﬁpon
core ionization. We conclude that, because of the changes in bond
order, the core-hole ion of an outer carbon atom ié formed in a fairly
strained ébnfiguration, causing a vibrationélly broadened line.

In the carbon 1s spectrum of theitrishekafluoroacetylacetonate of

aluminum, A1LJCH(COCF3)2]3, the cafbohyl carbon atom line is considerably.,

broader than the CFa.carboh atom line. This result is remarkable in
view of the fact that the line widths for the ca?boﬁyl'and CF3 carbon
atomsvin hexafiuoroacetone (Table 1) and'etHy1.triflﬁoroacetaté [4] 
are approximately_the same. There seems to be»no'étructural evidence
that the bfoédening'of the carbbnyl carbon line might be due to the
existénce of nonequiﬁaieht carbonyi groups,* and so.we'believe thé
broadening'pf the carbonyl line is due to &ibratiqnal structure. In |
the gfound—state chelate, the following,reéonance structﬁfes are of

‘equal importance., L.

e 7 o9
CFs— C'---CH:-C--CFa > CF3~C:C}I~—C_--~~CF3

*Both X-ray diffraction £9] and infrared vibration [10] data 1nd1cate
that chelating groups of this type are symmetric.
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However, in the core-hole ion, the structure in which the oxygen atom
bearing a negative formal charge is bonded to the ionized carbon atom

is of principal importance. o

CFa —C— CH=N+-—CF3
Hence the ion is formed in a strained configuration.
The’nitrogen'ls line of the outer nitrogen atom of N20 is broader
than that of the imner nitrogen atom [1]. This'result is consistent,
with the rough rule that more negatively charged atoms have broader

lines, but.in‘this case the broadening is due to a lengthening, not

a shortening,'of the’equiiibrium bond to the outer nitrogen atom. In

NzO the equilibrium bond dlstances are TN = 1. 129 & and N- 0 1.187 R,

corresponding to_the Tresonance structures‘

| NEN"-0 <« N°=_N4=O
Core—ionization of the outef nitrogen atom yields an ion which can be
represented by O=N+=O which has the equilibrium‘bond’distanee ™N-0 = 1.154 R.
ObV1ously the ion is formed in a strained conflguratlon Core 1on12at10n

of the inner nltrogen atom ylelds an ion which can be represented by the

resonance structures

N=01 0T <> N=0Z0



.The r_elative rveighting of these structures is probehly similar to that
of the analogous structures of N.0. For this reasor-lv; 'a.nd because the
inner nitrogen atom is p051t1ve1y charged and not subJ ect to much contraction,
the core-hole ion is produced in a relatlvely unstralned state and the
line is not strongly vibrationally broadened.
The oxygen Is 11nes of the carbonyl oxygen atoms in (CH30) zCO and
 COF, are 51gn1f1ca.nt1y broader than the correspondlng lmes of many
‘other carbonyl compounds such as COClz and CO(CHa)z This vbroadenmg.

is due to changes in the equ111br1um distances of the bonds to the

carbonyl carbon atom upon core 1on12at10n ~ The carbonyl C-0 dlstance J.ncreases v

-and the other dlstances decrease because of the contrlbutlon of resonance -

structures of the followmg type:

: . ; ‘ ' . +
CHgO\\ | » o E\\ :
o oF | , - C—F
: | » AR

CH;0

Structures like these are of less import_ahce in the ions produced by
the core ionization of the oxygen atoms in COCl, and CO(CH;). because
of the reduced w donor characters of chlorine atoms -and methyl groups. |

- The equ1valent cores representatlors of the fluorlne 1s hole states

of CF4 and CHsF are, respectlvely,

F : B
L, | e,
F— C-—Ne and H— C— Ne S

S _ i

F o - H-




. + Co . . .
In the case of CFsNe , one expects considerable w bonding in the C-F
bonds, corresponding to significant contributions from "no-bond" resonance

structures of the following type:.

*ri
o —) ==
Z
o

‘Inasmuch agufhe CF3+ idn would be égpected to Be.avplanér tfi#ngulaf
sﬁecies with relatively short C-F bonds, one predicts that the tetrahedral
core-hole ion of CF,, is formed in a highly strained-state, yielding a |
broad line. In the case of CHsNe+,.no 7 bonding can occur and so the
core-hole ion of CH;F is not formed in aé strained a configurétion.

This work was supported by the U. S. Atomic Energy'Commission and

the National Science Foundation (Grant GP-41661x)..
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