Inner-shell excitations in weak-bond molecules
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It is proposed that Rydberg and valence o* conjugate orbitals have separate existences and can
be seen in the same spectrum if the o* MO can be disentangled from the Rydberg manifold.
Because the energy of the o* MO is a consequence of the o—o™* split resulting from bond
formation, the spectra of molecules having weak bonds should show low-lying transitions to o*
in addition to the conjugate Rydberg bands. Inelastic electron scattering spectra in the x-ray
region (270-730 eV) of molecules having bond strengths in the 20-50 kcal/mol regime clearly
show well-isolated transitions to low-lying o* MOs, and in some cases the simultaneous
presence of virtual o* and Rydberg conjugate orbitals. The general characteristics of
excitations from C 1s, O 1s, and F ls inner orbitals to o* MOs are listed and illustrated by the
x-ray spectra of several compounds in which the weak bond involves the O-O or O-F linkage.
Quantitative inner-shell optical oscillator strengths derived from the energy loss spectra are
reported for H,0, F,0, CF;0F, CF,0,CF,, (CH;);COH, and (CH,),CO,C(CH,);. The
valence-shell spectrum of F,O also has been determined. Low-lying inner-shell excitations to
o* valence MOs are identified by their relatively large term values and oscillator strengths. The
term values of transitions to o* MOs in weak-bond molecules correlate with the relevant bond
lengths when considered together with the sum of the atomic numbers of the atoms forming

the weak bonds.

1. INTRODUCTION

Our understanding of the electronic spectra of saturated
molecules is far less advanced than it is for unsaturated sys-
tems containing, for example, pi-electron or d-electron chro-
mophores. For saturated systems, a few generalizations can
be made which bring the problem into focus:

(1) All saturated molecules contain at least one o bond
and except for van der Waals molecules, have at least one
occupied o MO and one vacant antibonding o* MO in the
ground state. Except for hydrogen, such molecules also will
possess lone pair orbitals n, which in the most general sense
may be taken as either in the outer shell (2p on the oxygen
atom of water, for example) or in the inner shell (1s on the
carbon atom of methane, for example).

(2) All saturated molecules must exhibit n —o* and/or
o —o* excitations in zeroth order.

(3) In addition to the valence excitations terminating at
o*, all neutral molecules will show manifolds of Rydberg
transitions below the relevant ionization potentials.

The uninitiated reasonably might expect from the three
points listed above that with excitations to o* necessarily
being a part of every polyatomic molecular spectrum, they
would have been studied extensively. There must be a large
body of spectral data and interpretation involving o* MOs,
else how could spectroscopists study the spectra of such key
molecules as CH,, H,O, C,H,, C;H,, etc., and feel confident
in their interpretation? In reality, almost nothing is known
about the excitations to o* either in these molecules or in
almost all others for that matter, saturated or not. While we
are not able to offer a general solution to this pressing prob-
lem, we hope to add a new point of view in this work.

For along time, the spectra of saturated molecules in the
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region from several eV to several thousand eV were inter-
preted largely in terms of excitations terminating at o* MOs.
More recently, the pendulum has swung toward reinterpre-
tation of these spectra as consisting almost totally of Ryd-
berg excitations,’ leaving the fate of the excitations to o* an
open question. The answer to this question is further compli-
cated, for Mulliken? takes the view that the delineation of
excitations as either Rydberg or valence is only a semantic
game without any real meaning (for example, he equates the
3sa, Rydberg orbital of methane with the antibonding va-
lence orbital a,0*), whereas Robin,!”* Schwarz et al.,>3
and Lefebvre-Brion and co-workers®!® argue for the sepa-
rate realities of antibonding valence o* and Rydberg orbi-
tals, but with allowance for more or less mixing of the two
extreme types on a case-by-case basis. In those molecules
where the interaction between o* and Rydberg MOs is very
large, the designation of the resulting MOs as o* or Rydberg
clearly does lose its meaning. Rydberg-valence orbital pairs
such as 3sq, and a,0* in methane or b,o* and 3pb, in water,
which not only belong to the same symmetry representation
but also have similar patterns of nodal surfaces are called
“Rydberg—-valence conjugates.” ! Answers to the three ques-
tions concerning (1) the reality of Rydberg—valence conju-
gates, (2) the reality or uniqueness of excitations to o* in
saturated molecules, and (3) the energies of excitations to
o* if they exist, are of prime importance to our understand-
ing of molecular excited states. Of course, the same problems
in regard to o* MOs exist in 7 unsaturated and ligand-field
molecules as well, but it is possible to avoid them by limiting
one’s attention to the 7 —#* or d —d spectra, an option no
longer available when dealing with saturated molecules.
There is one class of compounds for which the question
of o* vs Rydberg conjugate MOs has been answered to ev-
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eryone’s satisfaction: the alkyl chlorides, bromides, and io-
dides.*#!1-13 In these compounds, the lowest excitations to
o*(C-X) fall well below the lowest Rydberg excitations. An
explanation for this unusual situation has been advanced,
based upon the energies of the carbon—halogen bonds in the
ground state. Referring to Fig. 1, the rationale is as follows.
Both the bond strength of the X-Y bond and the splitting
between the o(X-Y) and o*(X-Y) MOs depend directly
upon the overlap between the X and Y atomic functions
given equal or near-equal atomic energies. If the X-Y bond
is weak due to a small overlap of the X and Y atomic func-
tions, then there is a small o—o* splitting and thus a low-
lying o* MO, whereas a strong X-Y bond implies a larger
o—o* splitting and thereby a higher energy for n - o* excita-
tion. As expressed in the figure, the lowest o* terminating
MO may fall below the Rydberg stack if the bond between
AX:- and -YB is weak (region I}, within it (region II), or
above it if the bond is very strong (region III); apparently
the alkyl iodides, bromides, and chlorides with their C-X
bond energies in the 50-80 kcal/mol range are region I pro-
totypes. The relative positions of * and the Rydberg MOs in
the alkyl halides is discussed further in Sec. III C 1.

In this discussion, the phrase “weak-bond” implies the
conventional single, two-electron/two-center chemical
bond. Note however, that the assumption of a direct rela-
tionship between bond energy and o—o* splitting may be too
naive in some instances. Thus in cases where there is non-¢o
bonding (2pm-3dr) and/or ionic contributions to the bond,
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FIG. 1. Relative placement of 0*(X-Y) and the Rydberg manifold with
increasing strength of the X-Y bond. The o—o* splitting § is related to the
X-Y bond strength while Q, the average term value of the X- and Y- com-
ponents prior to X-Y bond formation depends upon the effective nuclear
potentials, i.e., the atomic numbers of X and Y. Both § and Q will affect the
1s—0*(X-Y) term value.

for example, the bond energy may be large whereas the o—o*
orbital splitting remains small.

In most saturated molecules, the lowest excitations to
o* are difficult if not impossible to find, for in most mole-
cules these are in regions Il and III. In region I, the o* MO
falls among the Rydberg levels and frequently is lost due
either to spectral congestion or to mixing with and dissolu-
tion in the conjugate Rydberg sea. Ammonia and water,
with bond strengths in the 110-120 kcal/mol regime are ex-
amples of region II chromophores. In region III, the transi-
tions to o* usually are very broad due to autoionization and
may be easily confused with other processes which also give
a cross-section maximum (shake-up, shake-off, two-clec-
tron promotion, EXAFS, Cooper minima, etc.). Boron tri-
fluoride is a prime example of a molecule in region III, for its
lowest excitations to o* fall above the relevant ionization
potentials, correlating with its very large B-F bond strength
of 153 kcal/mol.

Region I is most inviting if one wishes to study excita-
tion to o*, and so one is tempted to focus upon molecules
containing a weak bond. This argument is the driving force
behind the present study. In particular, we focus upon the
spectra of molecules of the sort RO-OR in which there is a
weak O-0 bond, and RO-F in which there is a weak O-F
bond, expecting to find low energy excitations to o* MOs in
them. Spectra of the corresponding alcohols where available
also are determined for comparison with their weak-bond
cousins. The bond energies'* of several relevant species are
listed in Table I. Those molecules in Table I which have bond
energies in the 20-50 kcal/mol regime are taken as “weak-
bond”” molecules, with excitations to o* most likely to fall
below the lowest Rydberg excitation (region I).

The assignment of an observed electronic transition
within an independent-particle model requires characteriza-
tion of both the originating orbital and the terminating orbi-
tal. The difficulties in this are reduced considerably by work-
ing in a spectral region where the originating orbital is
unambiguously determined by the energy of the transition.
Thus, for example, excitations at ~300 and at ~540 eV in
an alcohol must originate at C 1s and O 1s inner-shell orbi-
tals, respectively. We thus turn to inner-shell spectra as be-
ing inherently easier to interpret; on the other hand, the reso-
lution in these x-ray spectra is far less than for visible/UV
spectra. Once the ordering of terminating levels has been
determined in the x-ray region, this information then can be
applied to spectral interpretation in the visible/UV. It is now
well established that spectra obtained by inner-shell electron
energy loss spectroscopy (ISEELS)?® in scattering regimes
where electric-dipole transitions dominate are equivalent to
optical x-ray absorption spectra. Recent extensions of our
ISEELS analysis procedures®” have been applied in this
work to provide an additional dimension to the x-ray spec-
troscopy in the form of absolute oscillator strengths.

1. EXPERIMENTAL

The C 1s, O 1s, and F 1s inner-shell spectra of F,O,
CF,OF, CF;00CF;, (CH;);COOC(CH,);, and
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TABLE 1. Selected bond energies, inner shell o* term values and distances.

Molecule/bond Energy, kcal/mol® o*TV, eV® Z° R, Ad
FKr-F 10.6° 10 45 1.875
F,B-OH, ~16° 13
F,N-NF, 218 14  1.492
(C0)sMn-Mn(CO), 22.1* 2.977
F-F 36 145 18 1.418
(CH,),CO-OC(CH,), 37 88 16 1.480
FO-F 38.4% 11.3(11.8) 17  1.405
CF,0-F 435! 111 17 1.421
F,CO-OCF,; 46.28 8.3 16 14191
HO-OH 51 16 1475
H.Si-SiH, 51 om0
H,N-NH, 60 1.6 14 145
H-I 70 68 54 1.61
H,C-CH, 80 —0.5 12 1.533
(CH,);Sn-Sn(CH,;), 808
H-Br ° 86 6.7 36 141
HOO-H 90 9 0950
H,N-H 102 8§ 1.012
H-Cl 102 6.4 18 1.27
0-0 118 —1.9 16 1.207
HO-H 118 9 0958
H-F 134 6.7 10 092
F,B-F 153" —23" 14 1307
N-N 225 —9%0 14 1095

“Bond energies from Ref. 14 unless otherwise noted.

®Term values from this work (and unpublished), unless otherwise noted.
Theoretical inner-shell o* term values as predicted by the empirical TV-R
relationship (Ref. 15) are given in parentheses.

¢ Z is the sum of the atomic numbers of the atoms forming the bond indicat-
ed in the molecular formnla.

¢Bond lengths from Ref. 16 unless otherwise indicated.

“Reference 17.

fReference 18.

& Reference 19.

b Reference 20.

iReference 21.

iReference 22.

k Reference 23.

'Reference 24.

™ Value unknown for Si,Hg, but is approximately 4 eV for Si,(CH,; ).

" Reference 25.

(CH,;);COH were recorded by electron energy loss spec-
troscopy with the McMaster ISEEL spectrometer operated
under dipole-dominated conditions (2.5 keV final electron
energy and scattering angles less than 2°).

The resolution of 0.6 eV FWHM is dictated largely by
the energy width of the unmonochromatized incident elec-
tron beam. Further details on the ISEEL spectrometer and
operating procedures have been presented elsewhere.?"?®
Each of the samples is a commercial product (F,0, Ozark
Mahoning; CF,OF and CF,00CF;, SCM Corp,;
(CH,);COOC(CH,);, Pfaltz and Bauer; (CH,),;COH,
Fischer Scientific). The purities of the samples were moni-
tored inside the ISEEL spectrometer using a quadrupole
mass spectrometer. Liquid samples were subjected to several
freeze-pump-thaw cycles in order to remove dissolved air
and any other volatile impurities. In all cases except F,O, the
energy loss spectra were determined with a sample pressure
of ~ 10~* Torr in the collision cell. For F,0, a reduced pres-
sure of ~ 107> Torr was used in order to minimize damage

to the spectrometer from this highly reactive material.
(Note that extreme caution is necessary when handling
CF,OF and F,O because of the violent reactions that can
occur between them and other organic materials.) Calibra-
tion of the inner-shell spectra was effected by the addition of
CO, CO,, O,, or N, as appropriate. In the O ls spectra of the
two peroxides, weak bands observed at 532 eV are attributed
to O, as an impurity, while the C 1s and O 1s spectra of
CF;OF contain contributions from CO, as an impurity. En-
ergy losses arising from the impurities have been removed
from the spectra by subtraction of appropriately scaled spec-
tra of O, and CO,, recorded under identical conditions. The
procedure employed in converting the recorded energy-loss
amplitudes into absolute optical oscillator strengths is pre-
sented in Sec. III D.

Ill. RESULTS AND DISCUSSION

A. Predictions for inner-shell excitations in weak-bond
molecules

For purposes of interpretation, we consider not only the
energy of the excitation with respect to the ground state of
the neutral molecule, but also with respect to that of the ion
formed by removal of an electron from the originating MO.
This latter energy difference is called the term value (TV in
Fig. 1) and takes on characteristic values depending upon
the nature of the terminating orbital.! Not only is the term
value of great use in distinguishing between (1s, o*) valence
and (1s, R) Rydberg excited states, but in the former it also
correlates well with specific bond distances and so has a pos-
sible use in determining spectral assignments and/or molec-
ular structure.!>?»?® This well-documented relationship
between (1s, o*) term value and bond length is used here to
guide our spectral assignments since the molecular struc-
tures are known. ¢

We list several general expectations regarding excita-
tions to o* MOs in inner-shell spectra.

(i) Whereas the term values of the lowest-lying inner-
shell Rydberg excitations do not exceed 6 €V, and often are
far smaller, those of n—o* excitations in weak-bond mole-
cules (region I') can be far larger (Table I). The (n, 0*) term
values in molecules having bond strengths appropriate to
regions II and ITI will equal approximately those of the con-
jugate Rydberg excitations or will be negative, respectively
(Fig. 1).

(ii) Molecules containing both weak bonds and strong
bonds will show transitions to o0* MOs in both regions 1 and
II/T11.

(iii) The term values of n —» o* (X~Y) transitions where
the X-Y bond is weak will be similar in the X 1sand Y 1s
spectra even though these spectral regions might be hun-
dreds of eV apart.

(iv) Energies of the (#, R) Rydberg levels will be unaf-
fected by where the o* MOs fall, except possibly for the
lowest Rydberg levels of s and p type. In this case, the 3s and
certain 3p orbitals may interact strongly with their conjugate
o* MOs due to their large penetration. If the spectral type is
that of region I, then the conjugate mixing with o* can act to
make the (n, 3s) and (n, 3p) Rydberg term values abnor-
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mally small, whereas a region II situation leads to abnormal-
ly large (n, 3s) and (n, 3p) Rydberg term values. Mixing of
these Rydberg excited states with their o* valence conju-
gates will intensify the former at the expense of the latter.

(v) A low-lying excitation to o* in the outer-shell spec-
trum of a molecule implies related low-lying excitations in
the inner-shell spectra originating at the atoms involved in
the o* orbital.

(vi) In accord with the expected inverse relationships
between bond length and bond strength, and that between
bond strength and term value [point (i) above], the (n, o*)
term value will depend directly upon the appropriate o bond
length,'>?! with due consideration also being given to the
sum of atomic numbers of the relevant atoms (vide infra).

(vii) Inner-shell excitations to low-lying o* MOs which
are electric-dipole allowed will be relatively very intense, for
the spatial overlap of 1s with valence o* MOs will be larger
than with Rydberg orbitals. For compounds in region II, the
n—o* intensity will not be as prominent, for the (n, o*)
configuration will be mixed more or less into the surround-
ing Rydberg levels. Excitations to o* in region III molecules
generally will be very broad, although exceptions to this gen-
erality are known.

(viii) n - o* intensity develops in the inner-shell spectra
of only those atoms on which o* has significant density. If
the low-lying o* MO is the result of a weak bond between
atoms X and Y, then the transitions to o* will be most in-
tense relatively in the X 1sand Y 1s spectra, and absent when
originating at other atoms, which will show Rydberg transi-
tions and transitions to o* in regions II and/or III.

(ix) The relative intensities of X 1s—o*(X-Y) and
Y ls—o*(X-Y) transitions will reflect both the relative
atomic (ls|er|2p) transition moments (squared) and the
relative weights of the X and Y atomic orbitals in the o*
wave function. Assuming a localized core hole in a molecule
composed of first-row atoms (H through F), the squared
transition moment |{1s|er|o*)|? governing the X 1s—o* os-
cillator strength will be proportional to four factors: (1) the
number of X atoms involved in the weak ¢* MO, (2) the
square of the coefficient of the X atom AO in o*, (3) the
fraction of 2p character in the X-atom AO involved in o*,
and (4) the square of the inherent atomic transition moment
|{X 1s|er|2p)|*. (The oscillator strength also depends di-
rectly upon the transition energy.) Inasmuch as factors (2)
and (3) are necessarily equal to or less than unity, the atomic
X 15— 2p oscillator strength is an approximate upper limit to
the valence X 1s—o* oscillator strength on a per-X-atom
basis.

(x) Excitations to o* generally will be broader than
those to Rydberg orbitals because the Rydberg orbitals are
nonbonding whereas the o* MOs are antibonding. The
(1s, o*) states will be strongly dissociative.

(xi) Configurations based on inner-shell excitations to
o* and to Rydberg orbitals will give rise to both singlet and
triplet states. As with the oscillator strengths, the singlet—
triplet splittings will depend upon 1s/0* or 1s/Rydberg or-
bital overlap, and so will be far larger for transitions termi-
nating at o* valence MOs than for those terminating at Ryd-
berg MOs. Observation of the singlet — triplet excitations

using ISEELS is facilitated by using large angle scattering at
near-threshold impact energies. Under these conditions,
*I1-'11 splittings up to 1.5 eV have been observed recently in
inner-shell spectra.’® Splittings of similar magnitude are ex-
pected for intense 1s—o*(X-Y) transitions.

(xii) In a weak-bond molecule AX-YB, excitations
from A to o*(X-Y) may have a very weak but detectable
intensity. Because the transition involves a significant
charge transfer (A —»X-Y), its term value will be smaller
than for the corresponding transitions originating at X or Y.

Let us now take these qualitative ideas as guides to the
interpretation of the x-ray spectra of weak-bond molecules.
The spectral aspects of interest to us are transition energies,
term values, and oscillator strengths in the regions of the
inner-shell ionization potentials. Many of the expected spec-
tral features listed above are realized in the x-ray spectra of
the weak-bond molecules F,0, CF;0OF, CF,00CF;, and
(CH,),COOC(CH,) ; these are discussed in the context of
the spectra of related “strong-bond” molecules in the subse-
quent sections.

B. Weak-bond spectra
1. Oxygen difluoride

As expected for a saturated molecule with strong bonds,
the O 1s electronic excitations of water (Fig. 2) are primarily
of Rydberg character (as are the outer-shell transitions'),
albeit with somewhat large term values and intensities for
the excitations terminating at 3sand 3pb,, TableII. The O 1s
spectrum of H,O newly recorded for this work is in excellent
agreement with that reported by Wight and Brion.?' In the
case of F,Q, it is calculated that the overlap population in the
O-F bond is much smaller than that in the O-H bond of
H,0,** and indeed, the bond energies for F,0 and H,O are
reported to be 38.4> and 119 kcal/mol,'* respectively. This
very large disparity in bond energies leads one to expect very
large differences in the electronic spectra of F,O and H,O in
regard to o* MOs, as is the case. The Rydberg features in
both the O 1s and F 1s spectra of F,O (Fig. 3 and Table II)
appear to be regular, with term values roughly similar to
those in H,0O and with the intensity to 3p larger than that to
3s. However, these Rydberg excitations in F,O are dwarfed
by the broad, intense features at 534.6 and 683.75 eV, bands
for which there are no counterparts in H,0, Fig. 2. It is clear
from the term values of these bands of F,O (approximately
11 eV in both the O 1s and F 1s spectra) that they must
terminate at g* (O-F). Note that the O 15— o* transition in
F,0 is more than ten times as intense as the entire Rydberg
spectrum integrated up to the ionization limit. As measured
by term values and intensities, it is clear that the O-F bond of
F,0 is a region I chromophore, whereas the O-H bond of
H,O is region II.

According to the theoretical work of Valenta et al.,> the
lowest o* MO in F,0 has a, symmetry and so O 1s—o*isan
allowed excitation. Most interestingly, the excitation from
O lsto the second o* orbital (b,) alsois allowed formally, yet
no second intense transition is apparent. One possibility for a
second transition to o* from O 1s in F,O is the band at 549.6
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FIG. 2. Quantitative comparison of the O 1s optical oscillator strength spec-
tra of F,0 and H,0, shifted so as to align the O 1sionization potentials. The
final electron energy is 2.5 keV, the scattering angle is 2°, and the resolution
is 0.6 eV FWHM. The spectra shown are the result of the conversion of the
raw data to absolute optical oscillator strength scales as described in the
text.
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FIG. 3. Inner-shell energy loss spectra of oxygen difluoride, expressed in
optical oscillator strength in the region of the O 1s (upper) and F 15 ioniza-
tion potentials (lower). The inset figures show resolutions of the lowest
bands into sums of two Gaussians as determined by least-squares fitting.

TABLE 1L Inner-shell excitations (AE, eV), term values (TV, eV}, and oscillator strengths ( £, 10~?) in H,O and F,0.

H,0 (O 1s) F,0 (O 15} F,0 (F 1s)
Band AE TV f Band AE TV f Band AE TV f Assignment
12¢ 533.7 11.6 1.0 fbe 683.75 113 74 5a,0*(0-F)
e . 2% 534.8 105 96 25e 686.24 88 14 4b,0*(O-F)
1 534.0 57 14 3 541.6 3.7 007 3 691.0 40 0.15 3s/0*
2 5359 3.8 1.6 3pb,/o* ¢
3 537.1 26 1.2 4 542.6 27 041 4 692.2 2.8 066 3p/o*
4 538.5 1.2 09 5 544.0 1.3 056 5 694.2 08 09 4p'/o*?
539.7¢ 0 S 545.33f 0 695.07° 0 P
“-- e 6 549.6 —43 6 699.8 —4.8 2e?
5 555 —15 7 558(?) - 13 7 706 —-11 Shake-up?

® Maximum calibrated as 534.6 ¢V, 3.82 eV above the 15— 7* transition of O, at 530.8 eV.

bMaximum calibrated as 683.8 eV, 149.2 eV above the O 1s—o* transition of F,O at 534.6 eV.

© A least-squares fit to a sum of two Gaussians results in these energies and oscillator strengths (see inserts to Fig. 3) with y? values of 0.08 (O 1s) and 0.04 (F
1s). However, four fits to the O 15— o*(O-F) profile were readily obtained which were visually as good as that quoted in the table. These fits, with y* values
between 0.12 and 0.21, gave average peak energies of 534.1 and 535.3 eV, and average oscillator strengths (X 107?) of 4.5 and 6.1, respectively.

9Some o* (O~H) character is likely for these features of H,O. By contrast, the corresponding transitions in F,0 are more purely Rydberg in character.

*Reference 31.
fReference 32.
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eV (band 6), which has a counterpart at 699.8 eV in the F 1s
spectrum. However this assignment results in an a,0*-b,o*
split of 15 eV, which seems extreme in view of the facts that
the separation of the corresponding occupied 3a,0-3b,0
ground-state MOs is only ~ 3 eV** and that Von Niessen*®
calculates the 5¢,0*—4b,0* virtual-orbital splitting in F,O to
be only 1.07 V. Were the a,0*-b,0* splitting in F,O as
small as 1 €V, then the two allowed ls—o* transitions in
both the O 1s and F 1s spectra would be barely resolved.
Indeed, as shown in the insets of Fig. 3, the F ls—o*(O-F)
profile has a distinct high-energy shoulder and the full pro-
file is unambiguously fitted by two Gaussian components
separated by 2.2 eV. The best fit to the O 1s—o*(O-F)pro-
file indicates a separation of 1.1 eV, with inversion of the
relative intensities as compared with the F 1s—0*(O-F)
transition. However, this fit is not unique, since others were
found which were visually satisfactory, although with y? val-
ues 1.5 to 2.5 times larger. In spite of the ambiguity, in every
case the 5a,0*-4b,0* splitting in the O 1s spectral decompo-
sition was 1-2 eV. We conclude that each of the lowest peaks
in Fig. 3 actually consists of two allowed transitions:
1s—5a,0*(0-F) and 1s—4b,0* (O-F). The relative inten-
sities of the transitions to 5a, and 4b, in the O 1s and F 1s
spectra indicate that the 5a, o* orbital has a much greater
density on the fluorine atoms, whereas 4b, o* is oxygen lo-
calized. It follows from our assignment of the 5a,0*—4b,0*
splitting as 1-2 eV that the broad transitions at 549.6 and
699.8 eV in F,0 cannot be one-electron excitations terminat-
ing at o*; they are tentatively assigned as two-electron exci-
tations.

TERM VALUE, eV

1 I 1 | ] 1 L
12 13 14 15 16 17 18
z

FIG. 4. Plot of the (1s, o*) term value vs Z, the sum of atomic numbers of
the two atoms involved in the o bond. The points between Z = 12 and 16 are
calculated for bond lengths of 1.405 A (F,0) and 1.421 A (CF,OF), while
the points at Z = 17 are those found for F,O and CF,OF in this work.

The energies of the transitions to o* in both the F 1s and
O Is spectra are consistent with the previously documented
correlation between (1s, o*) term values and bond
lengths.”>*! In Refs. 15 and 21, a parameter
6 = AE — IP = — TV was used, rather than the term value.
According to the correlation, the term value depends on
both R (the bond length, 1.405 A for F,0'¢) and Z (the sum
of the atomic numbers of the atoms forming the bond, 17 for
F,0). Because F,0 represents one of only two members of
the Z = 17 correlation line, we demonstrate its consistency
with past results by first calculating the term value at R
= 1.405 A for Z between 12 and 16. The extrapolation of
this line to Z = 17, R = 1.405 A predicts a (1s, o*) term
value of 11.8 eV for F,O (Fig. 4). This is in good agreement
with the term values [10.7 (O 1s) and 11.3 eV (F 1s)] ob-
served for the lowest resolved 1s—o*(O-F) excitations in
the O 1s and F 1s spectra.

As can be seen in Table III, the o*(O-F) term value
determined for F,O fits nicely into the series observed for
first row fluorides from BF, to F,. This series shows in a
striking way how the o* term value varies inversely with the
corresponding bond energy and linearly with Z. It is
noteworthy that these term values have a better linear fit to Z
(correlation coefficient » =0.998) than to bond energy
(correlation coefficient » = 0.973); the bond length varies
systematically in this series from 1.31 A in BF, to 1.42 A in
F,.

The comparison of Rydberg inner-shell term values in
H,O and F,O (Table II) is worthy of comment in light of
point (iv) above. The observation of anomalously large in-
ner-shell and outer-shell term values for transitions termi-
nating at 3sa, and 3pb, Rydberg orbitals in H,O implies that
the as-yet unidentified conjugate a,0* and b,0* valence
MOs lie above the Rydberg orbitals, so that the mixing of
these conjugates depresses the latter. By contrast, in F,O the
corresponding zero-order o* MOs are considerably below
their conjugate Rydberg levels. As a result, the (1s, 3s) term
values are normal while the 3pb, MO is unresolved from the
other 3p components, again as is normally the case.! Note
that the F,O inner-shell spectra show not only the two possi-
ble excitations to the o* valence MOs, but also that to the
conjugate 3s Rydberg MO as well (and possibly that to
3pb,). The simultaneous presence of conjugate Rydberg and
valence transitions in a molecular spectrum is a rare event,

TABLE III. Bond energies and (1s, o*) term values in the first-row fluor-
ides.

Bond energy, (1s, o*) term
Molecule z kcal/mol® value, eV Region
BF, 14 153 —-23 I
CF, 15 116 3.3 1I
NF, 16 65 6.6 I
OF, 17 38.4 113 I
FF 18 36 14.5 I

*Sum of atomic numbers of the two bonded atoms.
®See Table I for references.
*From Ref, 15, which contains references to the original literature.
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and supports the argument for the separate existence of these
conjugate electronic configurations in at least some if not all
molecules.’-1°

As a consequence of the decreased mixing of Rydberg
and conjugate configurations in F,0, the oscillator strength
for the Rydberg region in the O 1s spectrum of F,O (538~
545 eV) is considerably smaller than that for the corre-
sponding region of H,O where mixing with o* intensifies the
transitions to 3s and 3pb,, Fig. 2. As seen in the figure and
Table II, the excitation to o*(O-F) in F,0O is more intense
than any single excitation in H,0, and results in a ratio of
discrete to continuum intensity of 1.45 in the former com-
pared to only 0.37 in the latter, Table IV. Alternatively, the
lower intensities of the Rydberg spectrum of F,O may be
viewed as a consequence of the potential barrier generated by
the F atoms.>” This barrier acts to distance the Rydberg elec-
tron from the molecular core, transforming the wave func-
tion into an “outer-well” level. This not only lowers the
ls— R transition densities as compared to the situation in
H,0, but also lowers the Rydberg term values, as observed.
With regard to valence excitations, the barrier generated by
the F atoms also acts to form a localized inner-well level
(o*) having a large electric-dipole moment matrix element
with 1s. The descriptions of these upper levels in terms of
valence and Rydberg MOs on the one hand, and in terms of
inner-well and outer-well levels separated by a potential bar-
rier on the other, are thought to be equivalent.

The inner-shell spectral results can be applied to the
outer-shell spectrum of F,0. The lowest ionization potential
of F,0 is 13.25 eV?%; given this and an inner-shell (n, o*)

TABLE IV. Integrated oscillator strengths ( X 10~2)* below and above
the inner-shell ionization potentials.

3f (discrete)®  f’ (continuum)®
Compound
(orbital) IP, eV  Total Peratom Total Peratom ZXZf/f"
(C1ls)

(CH,),COH 2905 214 59 113 281 019
[(CH,),CO], 290.5¢ 453 57 231 289 019
CF,0,CF, 3008 786 393 450 225 175

CF,0F 301.1 45 45 23.5 23.5 1.91
(O 1s)

H,0 538.9 5.2 52 13.7 13.7 0.38

(CH,),COH 5384 5.5 55 15.7 15.7 0.35

[(CH,),CO], 541.5¢ 265 13.3 31.6 15.8 0.84
CF,0,CF, 5419 21.8 10.9 34.3 17.1 0.64

CF,0OF 543.6 18.1 18.1 16.5 16.5 1.10
F,0 545.3 18.8 18.8 13¢ 13 1.45
(F 1s)
CF,0,CF, 694.7 311 52 72.8 12.1 0.43
CF,OF 695.0 234 59 44.8 11.2 0.52
F,0 695.1 12.3 6.1 19 9.5 0.65

*One unit of oscillator strength corresponds to 109.7 Mb in cross section.

®The sum of all oscillator strengths of bands below the stated ionization
potential.

“The integrated oscillator strength from the ionization potential to 25 eV
higher energy.

4Estimated values.

©Obtained by extrapolating the measured curve by 3 eV so as to reach 25 eV
beyond the ionization potential.

term value of 11.3 eV which must be diminished by ~0.7 eV
to account for the higher effective nuclear charge in an inner-
shell excited configuration (so-called “exhaltation” !),
leads to the expectation of an excitation to o* at ~3 eV in the
visible spectrum. Indeed, F,O is described as a pale yellow
gas> in strong contrast to the colorless nature of H,O. In
order to place this observation on a more quantitative foot-
ing, we have determined the F,O outer-shell spectrum by
electron impact at 2.5 keV final energy and 2° scattering an-
gle, Fig. 5. A weak energy loss at 4.64 eV with a term value of
8.6 eV is observed. This likely is the 2b,—~a,0* transition
predicted by Valenta et al. to come at 5.6 €V its low energy is
a direct consequence of the low strength of the O-F bond.
Figure 5 represents the first report of the valence-shell exci-
tation spectrum of F,O to our knowledge. The photoioniza-
tion efficiency curves for producing F,O" and OF* from
F,0 have been presented by Berkowitz et al.*® The positions
of the photoionization peaks observed by Berkowitz ef /. in
the 14-19 eV region are in reasonable agreement with struc-
tures in Fig. 5, although relative intensities differ and not all
of the energy-loss features above the first ionization potential
(13.1 eV) appear in the photoionization curves.

2. Trifluoromethy! hypofiuorite

As with F,0, trifluoromethyl hypofluorite (CF,OF)
has a small O-F overlap population®® and an O-F bond ener-
gy of only 43.5 kcal/mol**; thus one again expects a low-
lying o*(O-F) MO. The outer-shell spectrum of CF,OF
shows this to be the case, with the lowest energy electronic
transition being extremely nonvertical and having a term
value of over 7 eV,* whereas the lowest observed Rydberg
excitation has a term value of only 2.5 eV. It is no surprise
then, Fig. 6 and Table V, that the lowest-energy excitations
in the O 1s and F 1s inner-shell spectra of CF,OF exhibit
term values (11.0 and 11.1 eV) which are far too large to
support Rydberg assignments. (The 1s ionization potentials
used for the calculation of the CF,OF term values, Table V,
were deduced from those tabulated for related compounds®!;
the near equality of the term values of the lowest energy
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FIG. 5. Outer-shell energy loss spectrum of oxygen difluoride taken at a
final electron energy of 2.5 keV and 2° scattering angle. The left-hand edge
of the hatched area indicates the first ionization potential.
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FIG. 6. Optical oscillator strengths derived from the inner-shell energy loss
spectra of trifluoromethyl hypofluorite recorded with a final electron ener-
gy of 2.5 keV, a 2° scattering angle, and a resolution of 0.6 eV FWHM.
Estimated ionization potentials are indicated by the left-hand edges of the
hatched areas. The signal due to a small amount of CO, impurity has been
subtracted from the raw data to produce the C 1sand O 1s spectra shown as
full curves. The dashed curves labeled “CO,” indicate the contributions of
the most intense 15— 7* transitions of CO, to the as-recorded spectra.

excitations in the O 1s and F 1s spectra suggests that the
estimated ionization potentials are close to the true ones.)
The term values in CF;OF closely match those of the lowest
energy bands in F,0 (O 1s, 10.7eV; F 15, 11.3 V) where the
transitions are assigned as terminating at o*(O-F). It is
clear as well from the relative weakness of the excitation to
o*(0O-F) in the C 1s spectrum (band 1) compared to its
intensities in the O 1s and F 1s spectra of CF,OF that the
excitation terminates at o0* (O-F). The near-equality of the
[1s, 0*(O-F)] term values in F,0 and CF,OF implies a
near equality of (O-F) bond lengths, Fig. 4, and this is ob-
served (1.405 vs 1.421 A). The remaining features in the
spectra of CF,OF are assigned as in Table V. In this, we note
that several term values are compatible both with Rydberg
assignments and with assignments to region II/III o* va-
lence MOs as deduced from bond lengths. These are de-
scribed simply as R /o*, without implying the relative im-
portance of the two components, although the strong
intensity in the discrete region (Table IV) is suggestive of a
large valence contribution.

3. Alkyl peroxides

According to Table I, the two peroxides di(¢-butyl) per-
oxide [(CH;),CO-OC(CH,);] and bis-trifluoromethyl
peroxide (CF;0-OCF,) have weak O-O bonds,*>** with
energies approximately equal to that of the O-F bonds of
F,0 and CF;OF. The inner-shell spectra of these peroxides
(Figs. 7 and 8, and interpreted in Tables VI and VII) show
the low-lying excitations to o* (0-0O) MOs expected of re-
gion I chromophores. As in the cases of F,O and CF,OF, the
O 1s—o* energy loss at 533.6 eV (band 1) in CF,0,CF,
dominates the spectrum (Fig. 7), and has a term value (8.3
eV) which is far too large to permit a Rydberg assignment.
That the transition to o* is so prominent in the O s spec-
trum of CF,0,CF, whereas it is very weak or absent in the
C Isand F 1sspectra illustrates point (viii) above. That is to
say, the intensities to o* are largest when originating at
atoms where o* has the largest density. The spectra in Fig. 7
show in a dramatic way that the 0* MO in question is strong-

TABLE V. Inner-shell excitations (AE, eV), term values (TV, eV), and oscillator strengths ( f, 10~2) in CF,OF.

Cls Ols Fis
Band AE TV f Band AE TV f Band AE TV f Assignment
1 294.1 7.0 1.1 1 532.5° 11.1 6.7 1 684.0° 11.0 5.2 o*(O-F)
2 297.4 3.7 2 539.3 4.3 2 690 5.0 3s
3 298.0° 3.1 3 540.8 2.8 3 693.5 1.3 3p/a*(C-F)
43.3 6.7 26
4 298.8 2.3 3’
5 300 1.1 4 543 0.5 4 695 0.0 R /0*(C-0)
301.1¢ 543.64 695.0° IP
6 313 -12 5 557 —13 5 710 — 14 EXAFS?

*Calibrated as 2.90 eV below the O 15— 7* transition of CO, (535.4 eV).
® Calibrated as 149.8 eV above the O 15— 7* transition of CO (534.2 eV).
°Calibrated as 10.6 eV above the C 15— 7* transition of CO (287.40 eV).

4 Estimated ionization potentials deduced in the following way: C 1s equal to that in CF,OCFj; O Isaverage of those in CF,OCF, (541.9 V) and F,O (545.3
eV); F 1s average of those in CF;0CF,; (694.9 eV) and F,O (695.1 eV) (Ref. 41).
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FIG. 7. Optical oscillator strengths derived from the inner-shell energy loss
spectra of bis-trifluoromethyl peroxide recorded in the regions of the C 1s
(upper), O 1s (middle), and F 1s ionization potentials (lower). The final
electron energy is 2.5 keV, the scattering angle is 2°, and the resolution is 0.6
eV FWHM. The signal due to a small amount of O, (O 1s—#*, dashed line
in the O 1s spectrum) has been subtracted from the raw data to produce the
full curve shown here.

ly oxygen localized and so justifies experimentally our de-
scription of this MO as o* (0-0) in CF;00CF,. The large
differences in the intensities of transitions to o* (0O-0O) from
the various atomic ls orbitals of CF,0,CF; clearly demon-
strate the utility of inner-shell spectroscopy in mapping the
spatial distribution of virtual valence orbitals. This aspect of
ISEELS has been employed recently to determine quantita-
tively the distribution of the 7* molecular orbital among the
C, O, and X atomic orbitals of substituted carbonyls
(HCOX with X = NH,, OH, and F),*® and similar analyses
have been made for the fluoroethylenes.?’

The C 1s spectrum of CF,;0,CF; is dominated by a
poorly resolved cluster of transitions centered at ~298 eV
(bands 2-5). Features with similar term values, widths, and
equally prominent intensities are observed in the C 1s spec-
tra of molecules containing the CF; group, as for example, in
CF;OF (Fig. 6), perfluoroethane and perfluoroneopen-
tane.*® These bands have been assigned as terminating at

orbitals which are hybrids of 3s and 3p Rydberg MOs,
strongly mixed with their o* (C-F) conjugate valence MOs.
The F 1s spectrum of CF;0,CF,; is dominated by a broad
band around 694 eV having shoulders on both sides. This
feature is similar to the second band in the F 1s spectrum of
CF,0F (Fig. 6), indicating that we are dealing with an exci-
tation which is characteristic of the CF, group. These broad
F 1s features are similar to those observed in saturated per-
fluorocarbons such as C,Fg and C(CF;),.*® In these, the
upper orbitals are assigned as mixed Rydberg/valence shell,
with large ¢*(C-F) character. The term values of the
F 1s— R /o*(C-F) transitions are systematically 1.5-2.5 eV
smaller than those for the corresponding features in the C 1s
spectra of the fluorocarbons.?”*547 The high energy shoul-
ders in the F 1s spectra of CF,0,CF; (band 3) and CF,0F
(band 4) possibly terminate at o* (C-0O) orbitals, while in
the O 1s spectra the corresponding transitions are band 3 in
CF,0,CF; and band 4 in CF,OF.

Preceding the CF; group signature, there is a weak
broad band in the C 1s spectrum of CF;0,CF, centered at
294.8 eV (band 1) having a term value of 6.0 eV. On the basis
of its large term value, this transition would appear to be
C ls-0*(0-0). A similar weak feature with a term value of
7.0 eV is observed in CF;0F (Fig. 6), and is assigned as a
low-lying C 1s—¢o*(O-F) promotion. It is noteworthy that
the term values of these features are considerably smaller
than those of the stronger X ls—o*(X-Y) and
Y Is—o*(X-Y) transitions. A corresponding situation is
found in the substituted carbonyls, where transitions from
the inner-shell orbitals of the substituent (N 1s, O s, and
F 1s) to the 7*(C=—0) orbital have term values several eV
smaller than those originating at the C 1s or O 1s orbitals of
the C=0 group.*’ This can be interpreted in terms of an
“energy penalty” which must be paid whenever there is an
appreciable charge transfer involved, as must occur in tran-
sitions from a localized inner-shell orbital to a spatially re-
mote, localized virtual o* or 7* valence orbital.

Interpretation of the inner-shell spectra of
(CH,);CO,C(CH,),, Fig. 8, follows that given above for
CF;0,CF;. The excitation from O 1s to ¢*(0-0) in this
peroxide is observed as an intense transition (band 1) cen-
tered at 533.0 eV. Calculation of the term value for this band
is hampered by the lack of an experimental O 1s ionization
potential, however, a reasonable estimate can be made from
the ionization potentials of related compounds. From the
O 1s ionization potentials of HO,H, CF,0,CF,, and
CF,0,CF,; of 541.8, 541.9, and 541.5/542.7 ¢V,* respec-
tively, we estimate that for (CH;);CO,C(CH,), tobe 541.5
eV. This results in an [O 1s, *(0-0) ] term value of 8.5 eV
for the band at 533.0 eV, to be compared with 8.3 eV for the
corresponding band in CF;0,CF,.

In the C 1s region of (CH;);CO,C(CH,),, Fig. 8, there
is again a weak band (285.1 eV) with a term value (7.4 eV
with respect to the estimated C 1s (C-QO) ionization poten-
tial) which is just too large for a Rydberg assignment in a
molecule of this large size and composition; the upperstate
configuration must be (C 1s, o*) if the transition is due to
(CH;);CO,C(CH,);. There then follows a strong band
(band 2) with a term value of 2.6 eV relative to the
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FIG. 8. Optical oscillator strengths derived from the inner-shell energy loss spectra of di(z-butyl) peroxide (upper) and s-butanol (lower) taken in the region
of the C 1s (left) and O 1sionization potentials (right). The final electron energy is 2.5 keV, the scattering angle is 2°, and the resolution is 0.6 eV FWHM. The
signal due to a small amount of O, [dashed line in the O 1s spectrum of di(z-butyl) peroxide] has been subtracted from the raw data to produce the full curve
shown here. The spectra are aligned at the ionization potentials. Thus the energy scales are identical in the C 1s spectra whereas the O 1s spectra are offset by
3.1 eV with respect to one another. The upper scale is appropriate to (CH;);CO,C(CH,), and the lower scale to (CH;),COH.

C Is(CH,) ionization potential which is attributed to unre- up to 3 eV. Bands similar to that observed in
solved excitation from C 1s to 3s/0* and 3p/o*. Because the (CH,;);CO,C(CH;); at 288 eV are observed in the C 1s
t-butyl group is close to the alkyl limit, the difference of term spectra of neopentane and other saturated alkanes, where
values involving 3s and 3p orbitals is close to zero." On the  the 0*(C-H) character of the upper obital has been empha-
other hand, the corresponding transitions are somewhat re- sized by a 3p/0*(CH,) labeling.”® The C 1s spectrum of
solved in CF,0,CF, because the molecule is close to the (CH,),CO,C(CH,), is dominated by the C 1s—»o*(C-C)
perfluoro limit, where 3s and 3p term values are separated by shape resonance (band 4) appearing at 293.5 eV. There is no

TABLE VL. Inner-shell excitations (AE, eV), term values (TV, eV), and oscillator strengths ( £, 10~2) in CF,;000CF,;.

Cls Ols Fls
Band AE TV f Band AE TV f Band AE TV f Assignment

1 294.8 6.0 4.2 1 533.6* 8.3 12.0 o*(0-0)
297.2 3.6 1 690.3 44 3s/o*

3 297.7° 3.1 2 540.4 1.5 2 693.2° 1.5 3p/o*(C-F)

75 12 48

4 298.8 2.0 '

5 299.8 1.0 3 542.4 —0.5 3 695 —-03 o*(C-0)
300.78¢ 541,939 694,749 P

6 313 —-12 4 555 —13 4 711 —16 EXAFS?

* Calibrated as 132.6 eV above the N 15— #* transition of N,.

®Calibrated as 10.30 eV above the C 1s—#* transition of CO.

“Calibrated as 159.6 eV above the O 15— 0*(0-0) transition of CF;0,CF,.
4 Reference 44.
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TABLE VILI. Inner-shell excitations (AE, eV), term values (TV, eV), and oscillator strengths ( £, 10~2) in (CH,),CO,C(CHj;); and (CH,),COH.

Cls
[(CH;),CO], (CH,),COH Assignment
Band AE TV(CH;) TV(CO) f Band AE TV(CH,) TV(CO) f CH, co
1 285.1 7.4 0.6 o*(0-0)
1 287.0 3.5 3s/o*
12
2 287.9* 2.6 28 2 287.9° 2.6 3p/o*(C-H)
3 289.8 0.7 2.7 79 3p/0*(C-H)
290.5° 290.5° 1P
3 291.3 1.2 4 291.5 1.0 o*(C-0)
292.5¢ 292.5¢ IP
4 293.5 -3.0 5 293.6 -3.1 o*(C-C)
5 300 -9 6 301 —10 o*(C-C)
O 1s
[(CH;);CO], (CH;),COH
Band AE TV f Band AE TV f Assignment
1 533.0° 8.5 13.9 o*(0-0)
536.5 5.0 3s
1 533.9° 4.5 1.4 3s/0*(0-H)
2 5359 25 1.8 3p
3 538.2 33 3 5317 0.7 o*(C-0)
541.5¢ 538.4" IP
4 543 - 15 o*(C-C)%2e?
5 551 -9 4 543 —4.6 EXAFS?

2 Calibrated as 2.80 eV below the C 15— #* transition of CO, (290.74 V).
®Calibrated as 2.83 eV below the C 1s—#* transition of CO, (290.74 ¢V ).

¢ Estimated from the ionization potentials of neopentane (290.4 eV) and s-butanol (290.5 eV) (Ref. 41).
9 Estimated from the ionization potentials of CH,OH (292.4 V) and the methylene carbon of C,H,OH (292.5 eV) (Ref. 41).

©Calibrated as 245.24 eV above feature 1 in (CH,);CO,C(CH,),.
fCalibrated as 3.06 eV above the O ls—#* transition of O, (530.8 eV).

8 Estimated from the ionization potentials of HOOH (541.8 V), CF,00CF, (541.93 ¢V), and CF,0,CF; (541.5 eV for the external oxygens) (Ref. 41).

hFrom Ref. 41.

corresponding feature in the spectrum of CF;0,CF;, as ex-
pected. Because the transition to o*(C-C) is weak in the
O 1s spectrum and that to o*(0-0) is weak in the C 1s
spectrum, it is clear that there is very little mixing of the
o*(C-C) and o*(0-0) bond orbitals in
(CH;);CO,C(CH;),.

In order to validate the assignment of the 533.0 eV band
of (CH;),CO,C(CH;); as O ls—o*(0-0), we recorded
the spectra of (CH,);COH. These alcohol spectra should
differ from those of the peroxide in two respects: (1) the
alcohol will not show a transition to o*(0-0) in the O 1s
spectrum, and (2) transitions common to the alcohol and
peroxide will have only half the intensity in the former as
compared to the latter. The inner-shell spectra of di(#-butyl)
peroxide and ¢-butanol are compared in Fig. 8, with energy
scales chosen so as to align the relevant ionization potentials.
As expected, the alcohol spectrum shows no band corre-
sponding to that in the peroxide at 533.0 eV, and though the
C 1s and O 1s spectra are otherwise closely similar, those for
the alcohol are only ~ 50% as intense as those for the perox-
ide (see also Table IV). Thus comparison of the peroxide
and alcohol spectra nicely confirms our assignment of the
low-lying O 1s and C lsbands in the former as terminating at
o*(0-0).

Other differences exist between the O ls spectra of
t-butanol and di(z-butyl) peroxide. The band at 533.9 eV

(TV = 4.5 eV) in the alcohol does not have a clear counter-
partin the peroxide. A well-resolved, low-lying band of simi-
lar intensity is observed in the O 1s spectra of methanol®! and
the higher alcohols,*® suggesting that this is a transition ter-
minating at an orbital of mixed 3s/0*(0O-H) composition
characteristic of the -OH group. Another difference
is the energies of the features we have attributed to O 1s
—o*(C-0) promotions on the basis of the bond-length cor-
relation.*! This difference is discussed further in Sec. III E.

C. Weak-bond effects in the spectra of other
compounds

1. Halides

In regard weak-bond molecules, the alkyl halides are
especially interesting, for they offer many examples of undis-
puted excitations to low-lying o* MOs. Furthermore, be-
cause the series CH,;X (X = F, Cl, Br, I) is one of constant
geometry but variable C-X bond strength, it allows a more
straightforward view of the relation between transition ener-
gy and bond strength. As previously discussed for the methyl
halides, ' the term values of the npm — o* (C-X) <« bands in
the UV spectra (npw is the pw lone-pair orbital of principal
quantum number n on the halogen atom) and the
C 15— 0*(C-X) bands of the x-ray spectra increase linearly
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with decreasing C-X bond strength. Thus, for CH,I with a
C-I bond strength of only 55 kcal/mol (region I), the
(C 1s, o*) term value is 5.65 €V, which places it far below the
C 15— 3s Rydberg transition. On the other hand, in CH,;F
the relevant bond strength is increased to 110 kcal/mol (re-
gion II), and the lowest excitation to o* (C-F) is extrapolat-
ed to be almost degenerate with the transition to 3s (4.52 eV
term value). The excitations to o* in CH;Br and CH,Cl are
intermediate with respect to the extreme situations offered
by CH,I and CH,F."? Alkylation of a methyl halide de-
presses the (npm, o*) term value in the ultraviolet spectra,
and the (C 1s, o*) term value will likely decrease as well. In
accord with the decreasing C-X bond strength, the term
values of transitions to o*(C-X) increase on going from
CH,X to CX,.*

The situation in the boron halides parallels that in the
alkyl halides. Thus in BCl, and BBr;,%* the B 1s—o™* transi-
tions have positive term values of 2.85 and 3.22 eV, respec-
tively; the B-X bond strength in BCl, is 110 kcal/mol. On
the other hand, in BF, one has a B-F bond strength of 153
kcal/mol (region III) and a negative (B 1s, o*) term value
of — 2.29 eV.? It is in this paper on the boron halides® that
one finds the first mention in the literature to our knowledge
of the influence of bond strength on the energy of excitations
to a o* MO.

Spectral data is available in the literature on two satu-
rated molecular fluorides having very weak bonds. One is
KrF,, with an average Kr—F bond strength of only 10.6
kcal/mol. In the Kr 1s spectrum of this molecule there is an
intense transition at 14 319 eV, approximately 10 eV below
the Kr 1s ionization potential.’® The upper state clearly in-
volves the o*(Kr-F) MO as terminating orbital. This o*
MO of KrF, is closely related to that involved in the
4d - o* transition in the weak-bond molecule XeF¢, where
the (4d, o*) term value is 10 eV.!

In the F 1s spectrum of F,, the excitation to o*(F-F)
leads the parade, with a term value of 14.5 VP! As might be
expected for such a large term value, the F-F bond strength
is rather small, being only 36 kcal/mol, Table III. Thus it is
seen that as one goes from BF,; to F, in the first-row fluor-
ides, the inner-shell excitations to o* (X-F) move smoothly
from region III to region I behavior, paralleling the X-F
bond strengths.

In the context of the orbital ordering in F,, the situation
in regard the position of the o* MO in HF is most interest-
ing. Inasmuch as the H-F bond strength is 134 kcal/mol,"*
we expect the [F ls, o*(H-F)] term value to be consider-
ably smaller than the 14.5 eV observed for F,. Indeed, ac-
cording to Hitchcock and Brion,’! the first excitation in HF
originating at F 1s has a term value of 6.7 eV (5.8 eV in the
outer shell spectrum’?) ], and in each case corresponds to an
excitation terminating at o* (H-F) rather than at 3s. The
assignment of these bands as valence excitations at first sight
seems unlikely considering that the H-F bond strength
places it solidly in region III, which implies a negative term
value. Similarly, low-lying excitations to
o* (H=X) are found in the Br 3d spectrum of HBr’? and the
14d spectrum of HI,>* and yet the bond energies of 86 and 70
kcal/mol, respectively, would suggest that these molecules

are more likely region II species in which strong valence-
Rydberg mixing is to be expected. The lesson to be learned
here is that whereas weak bonds imply low-lying o* MOs,
the reverse is not necessarily true. Thus in C¢F¢> and in
F,C—CF,"?” one again encounters low-lying o* MOs, but
the cause lies with the differential depression of o and o*
MOs by fluorination in planar systems (the perfluoro ef-
fect34736) rather than with weak bonds.

2. Other systems

It was seen above that going from H,O to F,O intro-
duced a weak bond into the molecule, the spectral response
being the appearance of intense, low-lying transitions to the
o*(0-F) MO in both the inner-shell and outer-shell spec-
tra. Similarly, introduction of the weak bond on going from
H,O to HO-OH again should introduce low-lying transi-
tions to ¢*(0-0) in the peroxide’s inner-shell and outer-
shell spectra. Indeed, unlike the situation in H,O, in
HO-OH the Rydberg manifold in the outer-shell spectrum
is preceded by two valence excitations to o* (0-0).>” Close-
ly similar inner shell and outer shell excitations to o* (0-0)
are expected at low energies in higher alkyl peroxides, oxe-
tanes, and peracids.

It has been noted" that the UV spectra of the methylated
polysilanes H,C[Si(CH,),],CH, are very different from
those of the corresponding alkanes, the reason being that the
polysilanes have relatively weak Si—Si bonds (51 kcal/molin
H,Si-SiH,) compared to the C—-C bonds of the alkanes (80
kcal/mol in H,C-CH,). As a consequence, the polysilanes
are in region I (Fig. 1) and in fact do show low-lying - o*
excitations,”® whereas the corresponding ultraviolet excita-
tions in alkanes have yet to be found. On this basis, we simi-
larly expect the x-ray spectra of the polysilanes to exhibit
low-lying excitations from Si 2p to g*(Si-Si) MOs, and in-
deed, recent photoionization studies® reveal that Si, (CH,) ¢
exhibits a feature at 102.2 eV having a 4 eV term value which
is assignable as Si 2p —o*(Si-Si) since it is 2 eV below the
lowest energy feature in the Si 2p spectrum of Si(CHj;),.%°
The characterization of the Si 2p spectrum of Si, (CHj;)4 by
photoionization mass spectometry>® offers the possibility of
testing the Si 2p —o*(Si-Si) assignment, for one expects a
fragmentation pattern exhibiting enhanced Si-Si bond
breaking in the [Si 2p, 0*(Si-Si) ] excited state.

A number of other molecular systems are good candi-
dates for low-lying o* MOs on the basis of their region I
bond energies. Beside those in Table I, we list CF,0-
0O-OCF,, (NO,)-(NO,), RO-NO, RO-NO,,
C.H;CH,-CH,C,H,, and C,H,—Hg-C,H, as compounds
which should be studied. As our inner-shell spectrum® of
N,H, (N-N bond energy of 60 kcal/mol) did not show a
low-lying excitation to o* (N-N), this sytem apparently is in
region II; however, N,F,, with an N-N bond energy of only
21 kcal/mol (Table I) is certain to exhibit region I spectral
behavior. In light of our concern with bond strengths and
their effect on inner-shell spectra, the addition compound
formed between BF, and H,O is most intriguing. In this
complex, the component molecules have quite strong bonds
whereas the complex itself is joined by a B-O bond having an
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energy of only ~ 16 kcal/mol.'® Consequently, we expect
transitions to o*(B-0) in the complex which lie far below
any of those in the component molecules. Indeed, in the out-
er-shell spectrum of the complex, there are four excitations
reported in the 1-5 eV region whereas the lowest band of
H,O is at 7.4 eV and that of BF; is at 7.9 eV.'® Thus we
expect that the B 1s and O 1s spectra of the complex will
show transitions to o*(B-O) of extraordinarily large term
values, and that these transitions will be missing from the F
Ls spectrum for reasons of overlap. The BF,-H,0 complex is
but an example of an entire class of complexes involving
Lewis acids and bases. To the extent that the donors and
acceptors in these complexes are bound by 10-30 kcal/mol,
each is an excellent prospect for a low-lying transition to o*.
The spectroscopic consequences of a weak bond extend
beyond inner-shell and valence-shell excitation. Recent
work has shown that the energies of 1s—g* valence excita-
tions correlate with those temporary-negative-ion (TNI) re-
sonances of the molecule in which the incident electron is
captured in a o* MO.*"5>%? Expanding upon this idea, the
relatively low energies of the 1ls—¢* bands in weak-bond
molecules suggests that o* TNI resonances in these mole-
cules also will occur at relatively low energies. This is evident
in the chloromethanes,®® where negative ion resonances ap-
pear several eV below the lowest in methane. Similarly, those
cyclic perfluoroalkanes which exhibit a low-lying inner-shell
excitation to o* also show negative-ion resonances at much
lower energies than those of the acyclic systems.*¢
Let us extend our thinking one step beyond weak o
bonds. Though the o*(C-C) bond in ethylene is a strong
one, the barrier to rotation due to the 7 MOs is only 50-60
kcal/mol. Thus one can think of the 7 component of the C-C
bonding in ethylene as consisting of a weak two-elec-
tron/two-center bond (region I) capable of resulting in a
C ls—7r* transition in ethylene which lies below the 1s— 3s
Rydberg band, but probably not by much. This, of course, is
just the case, the (C 1s, 7*) term value in ethylene being 5.4
eV, whereas the (C 1s, 3s) term value is only 2.6 eV.2*7
Similarly, in the outer-shell spectrum of ethylene, 77— 3s pre-
cedes w— * by 0.5 eV in the singlet manifold. When viewed
in this way, one sees that the spectra of olefins are not that
different from those of saturated molecules, as they closely
resemble those in region I having weak bonds.

D. Oscillator strengths

The Bethe-Born theory of charged-particle scattering®
provides a well-defined relationship between inelastic elec-
tron scattering cross sections and optical oscillator strengths
in the regime of small momentum transfer (g), i.e., small
angle scattering, and at energy losses small with respect to
the impact energy. According to this treatment, the shapes
of the optical and energy loss spectra are related by a factor
of E 73, in the limit of zero momentum transfer. Since ¢ is
finite (chiefly because of the energy transfer term ®) and
has a range of values due both to the finite divergence of the
electron beam and the angular acceptance of the electron

analyzer (®,,), the effective relationship between the two
types of spectra is somewhat different from the idealized E —3
proportionality. Our approach is outlined below.

After a background subtraction obtained from extrapo-
lation of a least-squares fit of the pre-edge data to c(E — b)*
with a approximately 4, the relative optical cross section o5,
was obtained from the relative energy loss cross section o=
using the formula of Leapman et al.5:

ot =0’J‘/10g[ I +( ) ] ,
o,

where @y = E /2(E + 2500) for our spectrometer operat-
ing with a constant final electron energy of 2.5 keV, and ®,,
was taken as 2°. Over a typical 50 eV range, this shape correc-
tion factor tilts the energy loss spectra upward by 32%,
19%, and 15% in the C 1s, O 1s, and F 1s regions. We note
that other correction formulas exist®® which differ slightly
from that given above.

The relative optical spectra were then converted to abso-
lute intensities using a one-point normalization to the calcu-
lated atomic oscillator strength for the relevant inner-shell
photoionization®” at an energy 25 eV above the ionization
potential. Thus, for example, for CF,0,CF, the normaliza-
tion factors in units of 1072 eV~! were 2X0.77, 2X0.45,
and 6X0.37 for the C 1s, O 1s, and F 1s relative optical
spectra. This approach assumes that molecular effects are
negligible 25 eV above an ionization edge and that the atomic
calculations are accurate. A more complete discussion of
this normalization technique, its systematic errors and de-
monstration of its ability to reproduce direct measurements
of inner-shell optical oscillator strengths is presented else-
where.”” When tested against independent measurements,
our absolute intensities are found to be uncertain to + 20%.

The oscillator strengths determined from integrated
areas of resolved peaks or groups of peaks are summarized in
the spectral data Tables (II, V, VI, and VII). In addition, the
total integrated intensities in the discrete and near-contin-
uum (threshold to 25 eV above the ionization potential) are
presented in Table IV, and the sums of X 1s—o0*(X-Y) and
Y 1s—o*(X-Y) oscillator strengths for all o* (X-Y) in this
series of compounds appear in Table VIII. It is noteworthy
that the features terminating at o*(X-Y) in an XYZ mole-
cule are observed to be more intense in the X Isor Y 1s
spectra than in the Z 1s spectra [part (viii) of Sec. IIl A},
although weak Z 1s—o*(X-Y) features can be identified
[e.g., O I1s—o*(C-F) transitions in CF,OF and
CF,00CF;]. It is also interesting that there seems to be a
roughly constant intensity per o* transition for each type of
o* (see Table VIII). The intensities of 1s—o* transitions
increase as Z and the term values increase (i.e., as the o*
orbital becomes more bound and more localized). There
also is a trend to smaller 1s—o*(C—O) intensity as the num-
ber of electronegative atoms in the molecule, and thus the
potential barrier, decreases. This parallels the effect of
changes in the strength of the potential barrier on the intensi-
ties of C 1s and F 1s—o*(C-F) transitions that has been
documented in the series C4F,, C,F,, C,Fs, and CF,.%®

The effects of potential barriers on the inner-shell spec-
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TABLE VIII. Systematics of 1s—o* oscillator strengths.

4357

3f/n*
Bod Z TV,, FOF CF;OF CF,0,CF, [(CH,),CO],  (CH,),COH
O-F 17 11.0 9.7 11.9
o0 16 8.4 12.0 13.9
C-F 15 22 (5.8) (5.0)
CcC-0 14 0.9 (4.2) (3.9) (1.9) (2.1)
Cc-C 12 -3.1 (0.5) (0.5)

*Summed oscillator strengths (1072) of 1s—o*(X-Y) in the X lsand Y Is spectra, divided by the number of
X-Y bonds in the molecule. The values in parentheses are peak (1072 eV ') rather than integrated intensi-

ties.

tra of our weak-bond compounds also are evident in the in-
creased intensity below the ionization thresholds in the more
highly fluorinated molecules (Table IV). This arises primar-
ily because of the enhanced oscillator strengths to spatially
localized inner-well orbitals which are low lying and have
large overlaps with the originating orbital. In addition, the
intensities of the near-continuum regions of the more highly
fluorinated compounds decrease on a per-atom basis, pre-
sumably because the potential barrier excludes inner-shell
ion states with low photoelectron kinetic energies.’” Both
effects contribute to the dramatic changes of the discrete
/continuum intensity ratios observed for the C 1s and O 1s
spectra (Table IV).

The regularities of the oscillator strengths for corre-
sponding ls—o*(X-Y) transitions in different molecules
are remarkable. Because the o*—o* splitting between the two
local o* (O-F) bonds of F,Q is only 1-2 eV, one expects that
in CF;OF with only a single O-F bond, the [1s, 0*(O-F)]
term values in this molecule will lie close to those of F,0. As
seen in Table II, this is the case. Arguing further along the
line of weakly interacting o*(O-F) group orbitals, one ex-
pects that the oscillator strength of the F 1s — o* (O-F) tran-
sition in F,O will be twice that of the same transition in
CF;OF. Similarly, the oscillator strength ratio of the corre-
sponding transitions originating at O ls should equal 2. Ex-
perimentally, the ratio of the F 1s—¢*(O-F) oscillator
strengths in F,O and CF;OF is 1.69, while the ratio of
O 15— 0*(0-F) oscillator strengths in the same compounds
is 1.58.

Turning to the peroxides, the O 1s—o*(0-0) transi-
tions might be expected to have equal oscillator strengths in
CF,0,CF, and (CH,);CO,C(CH,),; the measured ratio is
0.86. Somewhat more surprising is the comparison of inten-
sities between O—O and O-F chromophores. In the simplest
picture one expects the sum of the O ls—o0*(0O-F) and
F 1s—o0*(O-F) oscillator strengths in CF,OF to roughly
equal that of the O 15— o*(0~0) transition in CF;0,CF,;.
In fact, a ratio of 0.98 is observed.

That the excitations to o* (O-0) in the peroxides and to
o*(0-F) in CF,0F and F,O have intensities predominantly
in the appropriate O 1s and F 1s spectra, and the fact that
their oscillator strengths scale rather well with the numbers
of O and F atoms in the weak bonds both suggest that the
O-0O and O-F bonds are highly localized in these com-

pounds. Inasmuch as these weak-bond group orbitals are
very localized and have little or no Rydberg character in the
antibonding levels, it is understandable why there appears to
be a sum rule on the oscillator strengths of transitions to
them from 1s. However, one factor must be recognized in
this: the 15— 2p atomic transition moment for the Q atom is
about 20% larger than for the F atom.

E. Bond lengths from 1s—¢* term values

According to Refs. 15 and 21 there is a simple, linear
relationship between the term values of 1s - o*(X-Y) tran-
sitions and the X-Y bond lengths, within classes of mole-
cules of similar potentials in the region of the X-Y bond. For
convenience these classes have been identified by a param-
eter Z, the sum of the atomic numbers of X and Y. This very
localized picture was derived from the spectra of diatomics
and “pseudodiatomics.” The applicability of this picture to
polyatomics containing different types of X-Y bonds (a
theme of several recent studies>®?°*%°) would seem to de-
pend in large part on the degree of localization of the o*
molecular orbitals. Thus, in this work, it is not surprising
that good agreement with the correlation'>?! is found for
transitions to the obviously very localized o* (O-F) orbitals
in F,0 and CF,OF and the o*(0-0) orbitals in the perox-
ides. Possibly more surprising is the level of agreement that
is found between the molecular structure and the positions of
features attributed to 1ls—o*(C-0O), o*(C-F), and
o*(C-C) transitions in these molecules. The bond length-
term value correlations for all five molecules of this study are
summarized in Table IX. The features associated with tran-
sitions to o* (C-0), o*(C-F), and o*(C-C) provide corre-
lation-predicted bond lengths that are in good agreement
with literature values,”>?” or with estimated bond lengths
where experimental values are not available. One interesting
point is the increased term value of the feature attributed to
the 15— o*(C-0) transition on going from (CH,),COH to
(CH;);COOC(CH,);. This shift (which is particularly
clear in the O s spectra) can be interpreted in terms of bond
lengthening of 0.03 to 0.06 A ( depending on whether one
uses the average of the C 1s and O 1s or just the O 1s term
value). Alternatively, the shift may not be solely geometric
in origin but rather partially connected with an energy split-
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TABLE IX. Correlation of X 1s—0*(A-B) term values (TV, V) and bond lengths (R, A).

Molecule X A-B Z  Band v v, Reu® Ryt
F,0 0O OF 17 1,2 10.1¢ 10.6 1.33 1.405
F OF 17 1,2 1.1°
CF,OF O OF 1 1 11.1 11.0 1.35 1.421
F OF 17 1 11.0
C CF 15 3 31 2.1 1.32 1.319
F C-F 15 3 1.3
[0 CF 15 3 2.8
C cOo0 1 5 1.1 0.8 1.44% 1.395
o co 14 4 0.5
CF,00CF, O 00 16 1 8.3 8.3 1.42 1.419
[C 00 16 1 6.0]
C CF 15 3 31 2.3 1.33 1.320
F CF 15 2 1.5
[0 C-F 15 2 1.5
C CcOo i 5 1.0 0.3 1.43¢ 1.399
0O CcO 1 3 —~05
[(CH,);€0], O 00 16 1 8.5 8.5 1.43 (1.44)
[C 00 16 1 7.4)
cC ¢co0 1 2 12 2.1 1465 (1.45)
0O Cco 1 3 3.3
cC ¢cCc 1 4 —30 —30 1.50 (1.53)
[0 cCc 1 4 —1.5]
(CH,),COH C CcCOo0 14 4 1.0 0.8 1445 (1.43)
O CcOo0 1 3 07
cC cC 1 5 -31 -3 1.50 (1.53)
[0 ¢cCc 12 4 —4.6]

*See Tables II-V for the transition energies and ionization potentials used to obtain term values.

®For X-Y bonds where 1s—o*(X~Y) transitions are observed in both the X 1s and the Y 1s spectra, the
average of the two term values is used in the correlation. Note that where there is a large difference in the
atomic number of X and Y, the X 1sand Y 1s term values can be several eV different {e.g., TV [C 15— 0*(C-
F)]is ~2 eV greater than TV [F 1s—0*(C~F)1}.

°Predicted from the least-squares correlation lines reported in Ref. 15 except for the values for Z = 17, where
the distances were obtained from: T'= — 14.06 + 18.57R. This is derived from Z = 17 data obtained by
extrapolation of a family of least-squares curves as in Fig. 4 for R = 1.20, 1.25, 1.30, 1.35, 1.40, 1.45 A,

9Data from electron diffraction (Ref. 16). Values listed in parentheses have been estimated from standard
bond lengths (C-C, C-O) or from similar compounds. Note that the O—O bond length in the peroxides is
difficult to estimate accurately since R(0-O) = 1.475 A in HOOH but 1.217 A in FOOF. The latter is
anomalously short because of ionic contributions.

¢ Resolved maxima of the 15— o* (O-F) peaks. This corresponds to an intensity-weighted average of the transi-
tions to a,0* (O-F) and b,0*(0-F).

fData in brackets are from the 1s spectra of atoms not involved in the indicated bond. Their term values are not
used in calculating TV, .

$There is a misprint in Table II of Ref. 15. The parameters for Z = 14 based on the data of Table I of Ref. 15 for

8 = m — n*R should be m(eV) =42.19 and n(eV A~1) = 29.81.

ting between symmetric and antisymmetric combinations of
the two localized o* (C-0) orbitals in t-butyl peroxide. The
higher lying O 1s—o*(C-O) transition could then be as-
signed to feature 4, which is more intense in the O 1s spec-
trum of the peroxide than in the alcohol.

In addition to the principal 15— o* transitions, there are
weaker features in the continua of many of these spectra
which in some cases could be additional one-electron excita-
tions to higher-lying o* levels. This explanation for the 300
eV features in (CH,;),CO,C(CH;); and (CH;),COH is
identical to that suggested for similar features in the C 1s
continua of alkanes?® and cyclic alkanes.®® However, these
continuum features are very weak compared to the principal
1s—o*(X-Y) transitions and thus they do not generate any
ambiguity in the bond length correlation (in contrast to
cases like the aromatics,?® where the 1s—o* intensity ap-
pears to be split nearly equally among several, widely dis-
persed transitions). Of course there are other possibilities for

J. Chem. Phys., Vol. 87,

these broad, weak continuum features (e.g., double excita-
tion, shake-up continua, or EXAFS). Calculations and com-
plementary spectroscopic studies are desirable to clarify the
origin of these features. The continuum peaks in the O 1sand
F 1s spectra of F,O are particularly intriguing since there are
no high-lying o* molecular orbitals upon which to base one-
electron excitations. F,O could be another example, like
CF,,”® where there is not a one-to-one correspondence
between core excitation shape resonances and minimal basis
set, unoccupied MOs.® Given the relative simplicity of F,O it
would appear to be a particularly worthwhile target for de-
tailed theoretical study.

IV. OVERVIEW

We see from the present work that certain weak-bond
molecules exhibit intense, low-lying 1s— o* excitations hav-
ing characteristic term values: for transitions to o*(F-F),
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o*(0-F), and o*(0-0) MOs, the term values are 14.5,
11.3, and 8.5 eV, respectively. On the other hand, the bond
energies for the F-F, O-F, and O-O (peroxide) bonds are
nearly the same (36—46 kcal/mol, Table I). This shows that
while there is qualitative value to the weak-bond concept in
spectroscopy, there is no simple quantitative relation
between o* term values and bond energies. The discrepancy
arises because the o* term value will depend not only on the
o—o* split (a nondiagonal term in the energy, quantity S in
Fig. 1) but also on the energies (electronegativities) of the
component AOs at infinite separation (a diagonal term in
the energy, quantity Q in Fig. 1). This latter factor increases
systematically with the atomic number for first-row atoms.
It is partly because Q plays as large or a larger role than S'in
determining (1s~?, o*) term values that the term-value data
for first-row fluorides (Table III) provides a better correla-
tionwithZ (TV = — 61.3 — 4.24Z, with a correlation coef-
ficient of 0.998) than with the bond energy BE
(TV = 16.9 — 0.128 BE, with a correlation coefficient of
0.973).

Similarly, it is because the 2p ionization potential (term
value) of Fis ~ 6 eV larger than that of O, that the F-F bond
has a o* term value ~ 6 eV larger than that for O-O even
though the bond energies are essentially equal. Interestingly,
the o*(O-F) term value is just equal to the average of the
o*(F-F) and o*(0-0) term values. In light of these trends,
the value of the o*(N-N) term values in F,N-NF, is of
interest. The low nuclear charge of N will act to make the
[1s, o* (N-N) ] term value small, however this will be coun-
tered by the small o—o* split implied by the N-N bond ener-
gy of only 21 kcal/mol. This molecule is now under study.

The idea that a weak X-Y bond implies a low-lying
o* (X-Y) MO as depicted in Fig. 1 is in harmony with the
results of several calculations on the Rydberg/valence na-
ture of upper states as a bond in the molecule is stretched.’
Taking CH, as an example,”” ab initio calculations show that
at the equilibrium geometry of the ground state, the lowest
excited state is (%0, 3s). However, as one C-H bond is
lengthened, the Rydberg character of the upper orbital rap-
idly decreases, so that after an extension of 0.5 A, the upper
orbital has been transformed into the valence MO
a,0*(C-H). This de-Rydbergization can be understood in
terms of Fig. 1 in the following way. In its ground-state equi-
librium geometry, methane is a region II system in which the
o* MO is dissolved in the Rydberg sea. However, as the C-H
bond is progressively lengthened and weakened, a region I
situation develops in which the o* MO eventually drops be-
low the Rydberg manifold and so assumes its full valence
character. In parallel with this avoided curve crossing which
converts the lowest Rydberg MO into a o* MO, there also is
a o* MO at higher energy which is converted by the same
process into a Rydberg MO.”* Similar region II-region I
de-Rydergization has been calculated to occur in C,Hj,
SiH,, NH,, PH,, CH,, and H,O as one M-H bond is length-
ened in each.’
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