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The total-ion-yield (TIY) spectrum of ozone has been recorded in the K-edge region for the first time with
high photon energy resolution and without significantd@ntamination. Spectral features have been clearly
observed in the high energy region below the two ionization thresholds. The assignment for the core excitation
processes from the “terminal” and “central” oxygen atoms, given for the first time in the whole spectral
range, is based on high level ab initio calculations. The QDPTCI (quasidegenerate perturbation theory
configuration interaction) theoretical approach provided an excitation energy pattern and photoabsorption
oscillator strengths that were found in good agreement with the experimental TIY spectrum. The decay dynamics
of the core excited resonant states is shown to be strongly dependent@n tiitibonding character of the

virtual MO involved in the excitation process.

Introduction contamination of the ozone sample allowed new features to be
h lecule has b h bi ¢ 2 high b clearly observed in the high energy spectral region. If oxygen
The ozone molecule has been the subject of a high numberig - eqent.2 this region contains highly structured and intense

of investigations because of its importance in human life as a dbera features of £xhat overlap bands of Omaking their
solar radiation filter in the Earth’s upper atmosphere. Although ogservzgtion and assiﬁglnment diffiEuIt am g

considerable attention has been paid to the reactivity and Th itati . d photoab i ilator st th
spectroscopy of this molecule, relatively little is known about € excitation energies and photoabsorption oscifiator strengths
have been calculated by high level ab initio methods. It has

core photoexcitation and photoionization processes. To our ) e )
knowledge, only a few experimental and theoretical studies on long been known that the theoretical description of the electronic
the photoabsorption, photodissociation, and resonant Augerstructurg of @ requires an explicit account of t.he'c.orrelatlon'
spectroscopy of §in the K-edge region have been carried out, effects; in fact already the ground state has significant multi-
reference character due to the strong mixing of the HGMO

namely by Gejo et al-2 Naves de Brito et aP and by Wiesner -hal ’ 1c
et al* These recent works follow the previous X-ray photo- LUMO excitation and also several low-lying transitions have

electron spectroscopy (XPS) study by Banna ét@tone is a significa}nt double expitgtion character. Besides the electronic
C,, symmetry molecule in the ground state with two chemically corre_latlon, the des_crlptlon of core excited eI_ectronlc states also
different oxygen atoms, the “central” and the two “terminal” requires the inclusion of the strong relaxation effects on the
ones. The large difference in the chemical shift of the two kinds Valence orbitals following core hole formation. The ab initio
of atoms, 4.7 eV as measured by XPSuggests that site- configuration interaction (CI) approach is able to account for
specific core excitation processes and decay dynamics of inneroth these effects in a very effective way. The relaxation can
shell resonant states could be selectively studied using high-be explicitly included by employing different orbital sets
resolution photon sources. optimized for the ground and the core ionized states while the
High resolution, intense, and linearly polarized light, currently correlation effects can be described at various levels of
provided by third generation synchrotron radiation (SR) undu- @pproximation. The simplest model for the description of core
lator beamline§, has been used in this work to study inner- excitations is the relaxed *ip CI which includes the single
shell excitation and dissociation processes in the 0zone moleculeeXcitations from the specific core level of the probed atom and
using time-of-flight (TOF) mass spectrometry (PEPICO) and the important coupling between different channels in the case
angle-resolved photofragment ion yield spectroscopy. The latter Of degenerate core holes (2p for example). This scheme has
technique has been proved to be an effective method to proved to be adequate to describe the main structures of the

characterize core excited states formed by photoabsorption inXAS spectra both of simple and rather complex molectés.
small molecule$:1° In the present work the very low O A more accurate description of the oscillator strength distribution

among the discrete valence and Rydberg transitions can be
* Corresponding author. E-mail: stranges@axcasp.caspur.it. Tel, @chieved by including higher order correlation effects making
+39-06—49913362. Fax+39—06—490324. use of perturbative schemes at the CI level. In this work we

10.1021/jp003902v CCC: $20.00 © 2001 American Chemical Society
Published on Web 03/06/2001



Photoabsorption and Dissociation of Ozone J. Phys. Chem. A, Vol. 105, No. 13, 2003401

employed the second-order quasi degenerate perturbation theory W
approach (QDPT-CI§ which has been shown to be very
effective if a detailed analysis of the individual levels is required,
in particular in the Rydberg region, as reported in previous
theoretical investigation'

Since core-hole localization and relaxation effects, and
electron correlation have been included in the theoretical
method, more accurate excitation energies and, for the first time,
transition probabilities have been calculated for inner-shell
absorption processes in the ozone molecule. Therefore, a reliable
and more detailed assignment of the experimental resonant 7
features observed in the TIY spectrum in the K-edge spectral
region is here proposed.

lon Yield (arb. units)

530 535 540 545 550
Experimental Section Photon Energy (eV)
. . . Figure 1. Oxygen K-edge total ion yield (TIY) spectrum of ozone.

Experimental Spectra. The experiment was carried out at  The measured O 1s photoionization thresholds, 541.75 and 546.44 eV,
the ARPES end station of the Gas-Phase undulator beam lineare also reported. The weak feature at 530.7 eV is due to the-© 1s
at ELETTRAZS The photon resolution used in the oxygen K-edge * transition of a small amount of £present in the sample.
region was about 50 meV, and the beam spot size in the
ionization region was about 0.8 0.3 mm. All spectra were  spectra were normalized with respect to the incident photon flux,
recorded using a PEPICO (photoelectron-photoion-coincidence)measured by a silicon photodiode (IRD AXUV-100) mounted
time-of-flight spectrometer mounted on a rotating support to at the end of the experimental apparatus, and to small and slow
vary the angle of detection with respect to the polarization plane changes in the ozone pressure that was monitored continuously
of the linearly polarized synchrotron light. The ozone effusive and stored during the photon energy scans.
inlet system consisted of a small Teflon pipe with its end lined  The sample was produced according to an established
externally with a grounded copper shield close to the ionization method’” by discharging pure ©in a commercial ozone
region. The gas inlet system was mounted on the rotating supportgenerator and trapped on silica gel at low temperature in an
with its axis perpendicular to the direction of the photon beam. acetone-dry ice slush bath. The residual was removed by
The spectrometer consists of the extraction region, defined by long pumping just before the experiment and the effusive gas
two gold meshes (90% transmission), the ion acceleration inlet system was designed to avoid contact between metal
section, the ion drift tube, the ion detector (a MCP “Z” three- surfaces and the ozone gas. Thgeddntamination in the first
element assembly), and a large input cone channeltron multi- measurements (spectrum in Figure 1) was estimated to be about
plier, mounted close to the extraction region, as the electron 8%, as measured by the(O,)/7*(O3) peak area ratio. The O
detector. Extraction and acceleration electric fields were chosenrelative concentration decreased slightly during the experiment.
to minimize fast electron and fragment-ion detection losses. The The O contribution to the ozone spectra was estimated by
constancy of total electron and ion yield spectra were checkedrecording pure @spectra at different detection angles in the
by recording spectra at different detection anglés%@.7, and same experimental conditions used for the ozone. The tests
90°). The spectrometer was operated in two different modes: showed that this contribution was less than 3% of the total signal
(a) the electric field free mode, to record the fragment-ion yield in the 533-547 eV spectral region and therefore negligible in
(FIY) as a function of the angle of detection, and therefore to this energy range.
study the anisotropy of the fragment-ion emission from the core-  Ab Initio Calculations. The CI calculations of the discrete
excited resonant states, and (b) the PEPICO mode, recordingexcited states have been performed employing the correlated
mass resolved TOF spectra. In this latter mode the photoelectronbasis set cc-pVTZ (correlation consistent polarized valence triple
start and ion stop signals were sent to a time-to-pulse-heightzeta) proposed by Dunnirdg§j.e., the (10s,5p,2d)/(5s,3p,2d) set.
converter (ORTEC, model 467). The start/stop time interval was The set has been enlarged by adding some diffuse functions
converted into a voltage analogic signal that was stored in the needed to describe the transitions toward Rydberg orbitals. In
memory of a gVt multichannel analyzer (LeCroy model 3001). particular we have added four diffuse s,p functions with
The ion peak areas, namely, the sum of the channel contentsexponents obtained with the even tempered criteripr=(3)
contributing to each of the TOF ion peaks, were stored and five d functions, the first with exponeat = 0.2144 and
separately into scaler channels (LeCroy, model 2551) as athe last four with the same exponents as the last four p functions.
function of the photon energy, thus allowing the ion-yield (IY) The final basis for the oxygen is the (9s,7p,7d) set, which is
spectra to be recorded. The total number of detected ions wasemployed for describing the O atom on which the core hole is
stored in a different channel enabling the total ion-yield (TIY) localized; for the other two oxygen atoms the original (5s,3p,2d)
to be registered. Also, icrion coincidence events, due to setis employed. Calculations have been performed employing
double- and multiphotoionization processes, were recorded asa fully orthogonal basis obtained by preliminary atomic calcula-
a function of the photon energy by selecting ion signals from tions with the GTO basis employed. This eliminates interatomic
different parts of the TOF mass spectrum and processing themnonorthonormality rendering the AO composition of the MOs
using AND logic units. more transparent.

The photon energy calibration was based on the intense and Separate calculations have been performed for excitations
sharp bands obtained in high-resolution iOn yield spectra from the O 1s orbital of the central oxygen atomcj@nd the
recordedsimultaneouslyvith the ozone spectra, in an absorption terminal one (@). In each case SCF orbitals for the corre-
cell located behind the experimental chamber and differentially sponding O 1s core hole state have been employed. This
pumped. The energy values used for the calibration were thosetreatment, in the case of core excitations, is a standard approach
reported in high-resolution absorption and EELS wdfSAll for taking into account the strong relaxation associated with
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the core hole formation at the zero order, and giving a 5452 1h23b,%4b,%6a° 1a,2b,° 73" 5b,°
substantially improved description of the spectra calculated at
the 1h—1p ClI level. In the case of the two equivalent terminal valence MOs (O2p AOs)
oxygen atoms (§), the core hole has been localized on a single
center and the molecular symmetry reduced accordingly. .
Coupling between excitationsyfrom d)i/fferent holes has bge):l 1s) vv_h|Ie_ the 2a and 1b are almost purely even ar_1d odd
neglected, as it is usually assumed negligible because of thecomblnauons of the.ls terminal oxygen AOsr(Ts). The Inner
small value of the matrix elements involving the strongly valence part comprises the;3ah, and_ 4a MOs derlve(_j frOT“
localized holes that are spatially well separated. the 2s AOs of the oxygen atoms, Wh”? the 2p AOs give rise to
The core excited spectra are first calculated in the Iyin CI the two 5‘1‘ and 3 MOs with o bonding character, the two
scheme allowing all the single excitations from the fixed 1s nonbonding 6aand 4k MOs which represent the terminakO

core hole localized separately on the central and on the terminallon_ebpa('jr_s' ang the two _sz]ﬁn(lj Sh unoccuple(_j '(\j/ll\(/|)(§ Wmﬁ*
nonequivalent oxygen atoms. antibonding character. The lowest unoccupig is the

: ; 7a. The 1h occupied MO is the @ 2p(w) orbital while 1a
The highly correlated computational scheme used for the L
QDPTCI calculations has been described in detail in previous and 2l are combinations of the {ut-of-plane 2p AOs. The

papers®20 Here we report only the computational strategy 1a MO is occupied in the HF description of the ground state,

adopted. The main point is the choice of the zero order referenceVNile 201 is the lowest unoccupied MOr), 'ghe LUMO’ and
represents the complement of the bbonding orbital.

space, R, which is generated by the most interacting configura- ) . -
tions plus all other strongly interacting or lower lying configura- ~ 1he most intense transitions expected in the K-edge photo-
tions. A good starting point is the relaxed-1hp ClI scheme, absorption and the_TIY spectrum of;@re electron excitations

which comprises all the singly excited configurations from the from the core MOs into the three relatively compact unoccupied
fixed core hole and has relatively modest dimensions. The valence MOs. Weaker transitions into the more diffuse Rydberg

reference space is completely diagonalized and the lowestOrbitals are expected at higher photon energies below the two
physically important eigenvectors of R define the zero order O 1s ionization thresholds. Within the minimal b_a5|§ set scheme
Hamiltonian and a corresponding smaller zero order P space.diven above only the stronger valence excitations can be
The R space can be enlarged by inclusion from the Q perturbing described. A more refined theoretllcal picture is needed to include
space of the possible intrusive configurations (which are not Rydberg transitions and the possible valence/Rydberg character
uncommon in core excited spectra) and further perturbative Mixing for high energy excitation processes. Also, when we
selection with a threshold coefficieatpreviously fixed. Inthe ~ consider excitations where the 1s core hole is localized on the
present case the full 3t8p space is employed as perturbing Q terminal oxygen atom (§), the Gy symmetry is broken and
space while the threshold coefficient usectis= 0.010. This ~ theCssymmetry has to be used in considering theMDs; in
value has proven to be accurate in previous studies. With this Particular the three unoccupied valence orbitals becone 3a
¢ value iterative selection on the perturbing Q space for the (%), 11& (0%), and 12a (o%).

generation of the final reference space has been performed The experimental high-resolution TIY spectrum of ozone in
before applying the QDPT. The same scheme has been alsdhe K-edge region is reported in Figure 1. Two intense bands
applied to the ground state. Note that for the description of the at low energies dominate the whole spectrum. The former at
core excited states we enforce a single hole in the relevant core529.25 eV is due to the £(1s) — 3d' (7*) excitation while
orbital (1s) while such a restriction does not apply to the GS. the latter, centered at 534.9 eV with intensity approximately
This difference in configuration spaces may cause a slight double that of the first band, is ascribed to the two valence
nonorthogonality between the ground and the excited state wavetransitions @ (1s) —2b; (7*) and Or (1s)~11d (0*). This
functions of the same symmetry, despite employing the sameassignment is in accord with a recent repértThe fwhm
orbital set. For this reason the transition moments are reportedobserved for the first peak, 1.09 eV, is larger than the one
only in the dipole velocity form observed in the corresponding resonance peak of £0.75

eV) that was recorded simultaneously in the absorption cell.
This finding can be explained in terms of a more extended
unresolved vibrational envelope in the larges i@olecule. In
contrast with @, no vibrational structure was observed in the
which is less affected by the nonorthogonality problem. SCF, Os Spectrum even using photon energy resolution better than
Cl, and transition moments calculations are performed with the 50 meV. As for the second band, the composite nature of the
MELDF set of program8! The ground-state experimental P€ak has been investigated experimentally by us in some detail.
equilibrium geometry of @has been employed in all calcula- The fragment ion yield (FIY) spectrum recorded at different

The innermost lacore orbital is the 1s central oxygen AO{O

f= %afllvlz, M = [, Vip,0

tions. detection angles with respect to the polarization plane of the
light, namely at 0, 54.7, and 90, and using a narrow photon
Results and Discussion band-pass is reported in Figure 2. The detection acceptance angle

was about 4 The spectrum at 54°7the magic angle) is not

Experimental Spectra. We would like to remind first the g5y in the figure since it was very similar to the TIY spectrum
electronic structure of the ozone molecule and some symmetry Figure 1. The angular distribution of the fragment ion

considerations that are useful for describing the results obtained
in this work and their discussion. The ground-state electronic
structure of @ (Cy, symmetry) in the molecular orbital picture

emission from the two different valence resonances, with
ando* characters, is remarkably different. It is clear from the
strong change in the peak shape of the second band on going

can be described as follows: from 9 to O° that the G (1s)—11d (¢*) resonance decays
o 2o emitting fragment ions preferentially in the polarization plane
1a°2a°1b, core MOs (O 1s AOs) of the light (C°). This does not seem to be the case for the O

22 2 ) (1s)y—2by(r*) resonance. Furthermore, TOF mass spectra have
33" 2b,"4a inner valence MOs (O2s AOs) been recorded with different angles of detection and at different
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Figure 2. Oxygen K-edge fragment ion yield (FIY) spectrum of ozone - rigre 3. (a), (b) Q* fragment ion time-of-flight spectrum recorded

recorded at Dand 90 with respect to the polarization plane of the  harajiel () and perpendicular (99 to the polarization plane of the

light. The spectrum at the magic angle (53,7ot shown, is very |ight at photon energies labeled (a) and (b) in Figure 1. (£) &hd

similar to the TIY spectrum (Figure 1). O* PIY spectra recorded for the second experimental band. The O
yield is due to both ©® and Q?* ions.

photon energies, from the low to the high energy side of the 6
band, as well as at the energy corresponding to the top of the 0, 1h-1p
band observed in the TIY spectrum. The arrival time distribution 5-
of the Q' fragment ion, namely the £ peak shape in the
TOF spectra, obtained at the energies labeled (a) and (b) in
Figure 2 are reported in Figures 3a and 3b. The photon energies
were chosen to probeelectiely the two different resonances.

In the case b) the arrival time distribution is described by a
single symmetric peak when the detection axes is perpendicular
to the polarization plane (9@urve) while it displays a double-
peak shape with forward and backward parts when the detection
axis is in the polarization plane{@urve). This finding is typical

of an angular distribution with a maximum &t &nd character- ol AN M .|, | g H “ ”h -

ized by a high3 (asymmetry parameter) value. In the case (a) 530 535 540 545 550

the difference in peak shape is much less pronounced suggesting Excitation Energy (eV)

a more isotropic angular distribution. From the analysis of the Figure 4. QDPTCI calculated O 1s core excitation spectrum ef O
O," TOF peak profiles using methods published recetth, Lines are convoluted with Gaussians of 1.0 eV fwhm. The experimental
asymmetry parameters of 0.350.2 and 1.15+ 0.2 have been O 1s photoionization thresholds are shown.

derived for the two photon energies labeled (a) and (b) in Figure
2. These two positive values do not agree with/he 0 value
reported in a previous stuélpbtained at the energy correspond-

ing to the peak center. While the discrepancy at the higher yiqn1avs 3 proad feature that extends over about 8 eV. Four
e :
photon energy (mainly* character) can be due to the higher o 4q |apeled BG in the figure, are observed in this spectral

energy resolution, thus higher state selectivity, of the present region at 537.9, 539.7, 542.0, and 543.8 eV, respectively. Bands
experiment, the reason for the difference observed at 534.355 ;4 E are located below the first ionization threshold (O
eV is unclear. In contrast the time-of-flight spectrum rgcorded 1s), while F and G are between the two thresholds. In this region
on the lowest energy resonancer(Gs—s*, not shown) yields  ansitions intas* valence and Rydberg unoccupied orbitals are

af value of—0.4+ 0.2. The latter value is in 92°°d agreement oynected. The assignment of this part of the spectrum will be
with the result reported previously by Gejo ealVe plan to guided by the results of the ab initio calculations.
examine the angular distribution of the fragments and its photon ™ ap |nitio Calculations. The calculated O 1s excitation

energy dependence in more detail in a future experiment usingspectrum using the QDPTCI and 1h-1p Cl methods is reported
a three-dimensional time-of-flight technique. in Figures 4 and 5. The QDPTCI oscillator strengths and the
Partial ion yield spectra have been recorded in the K-edge excitation energies relative to the first calculated excitation
region. All ion channels have been stored simultaneously as aenergy (@ 1s—x* transition) are collected in Table 1 together
function of the photon energy. The;Oand O PIY spectra in with the experimental data. The experimental excitation energies
the region of the second band are reported in Figure 3c. Theconverge to the @1s and @ 1s ionization thresholds located
O,*/O™ ratio increases significantly on going from thé to at 541.75 and 546.44 eV respectively, as measured in this work
the o* resonance thus providing a further experimental evidence at 565.0 eV photon energy by XPS using & a calibration
of the existence of more then one state contributing to the secondgas?*
experimental band. The photodissociation decay channels yield- The spectral region at energies higher than the second band
ing two ions have been investigated by detecting—imm has not yet been interpreted systematically, and to our knowl-
coincidence events as a function of the photon energy. Bhe O  edge no accurate theoretical calculations with an extended basis
O" decay channel has been found to be by far the most set are present in the literature. Therefore, the present theoretical
important one. These coincidence data, however, in the contextstudy improves the understanding of the high energy excitation
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of this work, do not add new information concerning the
photoabsorption energetics and therefore are not reported here.
At energies higher than 537 eV the TIY spectrum (Figure 1)
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labeled A, B, and C in Table 1, are 1, 4.61, and 5.66,
respectively. These values were obtained using a Voigt function
fit where the Gaussian and Lorentzian components were used
as free parameters. The fwhm (full width at half-maximum)
values for the three Voigt peaks were 1.06, 1.05, and 1.48 eV
for the states A, B, and C, respectively. The experimental
relative intensity and the fwhm found for the B and C
components of the second spectral band are close to the ones
shown in Figure 1b of ref 2. The calculated oscillator strength
of the ¢ (%) and Or (o) transitions appears over-estimated
with respect to the first calculated transition and also to the
intensity ratio observable for the two valence experimental
peaks. The discrepancies between the present theoretical and
experimental data in the valence energy region indicate that
possible inadequacies in the computational scheme employed
can probably be due to an incomplete description of the stronger
correlation effects associated with the quasi-degenerate set of
the & orbitals 1h, 1&, and 2k. The inclusion of higher
excitations in ther space could be required already at the zero

processes which characterize the threshold regions. It is well-Oder level; this hypothesis is corroborated by the analysis of
known that even in relatively small molecules a detailed analysis (€ results obtained at the 1h-1p Cl level, which represents the
of the individual excited levels can prove difficult, as well as Starting zero order reference space in our computational scheme.
the distinction between valence and Rydberg structures, becausé'S S€€n in Figure 5 the deficiencies affecting the-1p CI-

of possible mixing of orbitals of the same symmetry to form description of the first three valence transitions are only partially
excited states of composite valence-Rydberg character. In thismProved at the QDPTCI level, at variance with the higher
respect, the theoretical calculations represent an essential suppoRNergy part of the spectrum which is completely modified in
to determine the nature of the electronic transitions and to assignPaSsing from the Hhlp Cl to the high correlated results.

the related spectral features. Turning now to the high energy region of the €pectrum,

Let us consider in detail the more accurate QDPTCI results the experimental structures observed in this region (Figure 1,
(Table 1 and Figure 4). The calculated spectrum (Figure 4) labels D-G) appear less resolved than the valence peaks;
compares well with the experimental one and clearly shows the however it is possible to distinguish clearly four bands, whose
complexity of the higher energy part which has contributions relative energies are reported in Table 1 (8.65, 10.45, 12.75,
from a large number of lines of considerable intensity, although and 14.55 eV). The QDPTCI results describe correctly the
well defined features are clearly apparent which correspond experimental pattern (see Figure 4) and display clearly that the
closely to those experimentally detected. As seen in Table 1 calculated features derive from a large number of possible final
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Figure 5. 1h-1p CI calculated O 1s core excitation spectrum ef O
Lines are convoluted with Gaussians of 1.0 eV fwhm. The calculated

DSCF O 1s photoionization thresholds, 547.65 and 540.84 eV, are
shown.

the excitation energies of the first two lines (529.09 and 535.1
eV) compare very well with the experimental values (529.25
and 534.8 eV). Also, the intensities are well described, with
the second line (©1s—x*) only slightly less intense than the
first one (G 1s—x*), as seen in Figure 1. The next line, the
single intense @ 1s—o¢* transition, is instead calculated to be
too high by more than one eV. This discrepancy is attributed
to incomplete treatment of correlation at the present QDPTCI
level, which is most important for the position of the next

states over which the oscillator strength is distributed. In
particular, we can observe several lines of decreasing intensity
converging to the @1s ionization threshold followed by two
more intense lines above the first threshold and a final weak
structure close to the highercQs threshold. From the results
reported in Table 1 it is apparent that, apart from the first three
valence excitations, all the lines calculated below the first
ionization threshold are due to transitions from the terminal
oxygen atoms and are well separated from the transitions

states, as will be apparent from the comparison with the single involving the Q: 1s orbital. This energy region is characterized

particle 1h-1p CI results (see below). This overestimate is

by the presence of the remaining G* valence transition as

responsible for the large separation between the second and thirdvell as of transitions to Rydberg states. It has been often
calculated lines and the consequent appearance of two distincobserved in the core excitations of several moledélést a
peaks in the theoretical spectrum in place of the second wide mixing between Rydberg and valence components in the final

experimental peak.
The experimental energies measured in this work for the two

state can redistribute the oscillator strength over several transi-
tions to mixed valence-Rydberg final states, reducing the

transitions contributing to the second band do not agree intensity of the valence transitions. This mixing characterizes

guantitatively with the values published receritlyhe photon

also the excited states associated with ther@nsitions, which

energy calibration method used in ref 1 was suggested to beinvolve final states with different contributions from valence

affected by nonlinear effeétGood agreement is found instead

o* and s, p and d Rydberg components, as we can infer from

for the energy separation between the two states. In this workthe orbital composition of the ©1s core hole MOs. In

an energy separation of 0.950.05 eV was obtained by fitting

particular, in the case of the two final states labeled hH2al

simultaneously the FIY spectra obtained at the three different 134 (at 9.39 and 10.27 eV) the mixed valence-Rydberg character

angles 0, 54.7, and 90 (Figure 2). The calculated intensity
of the third & 1s—o¢* transition is larger than the oscillator
strength of the @ 1s—x* excitation. This is in accord with the
experimental relative intensities estimated in this work for the

is responsible for the drop in their intensity with respect to the
pure-valence transition at lower energies. Furthermore, we
observe that the calculated oscillator strength of these two lines
is very different: this reflects the quite different distribution of

two components contributing to the band in the TIY spectrum. the ¢* valence contribution between the 12and 134 MOs

The experimental relative intensities for the first three states,

revealed by the orbital composition. The 12&tual MO has a
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TABLE 1: Experimental and Calculated O 1s Core Excitation Energies (eV) and Oscillator Strength$X102 for O 3?

experimental QDPTCI final state
E/label E fx 1 symmetry assignment dominant character
(529.25) A (529.09) 4.862 A 3d’ 1s— a* (O7)
5.55 B 6.01 4.614 B 2y 1s—a* (O¢)
650 C 7.99 5.661 A 114 1s—o* (O7)
9.39 0.278 A 124 1s—o* + ns (O)
865 D 10.27 1.637 A 134 1s— o* + np (O
10.43 0.146 A" 44 1s—np+ z* (O7)
10.55 0.143 A 144 1s—np+ nd (O
1045 E 11.23 1.919 A 154 + 194 1s— ns,nd+ o*, nd (Or)
11.37 0.783 A 15d+ 194 1s— ns,nd+ o*, nd (Or)
11.57 0.154 A 174 + 194 1s—nd+ o*,nd (Or)
11.59 0.056 A 6d’ 1s—nd (Or)
11.63 0.176 A 184 1s—nd,ns (Q)
11.72 0.037 A 74 1s—np (Or)
11.77 0.025 A 204 1s—np,nd (Q)
11.90 0.720 A 194 + 244 1s—o* +np,nd (@)
12.08 0.077 A 214 + 254 1s—nd,np (Q)
12.11 0.059 A 224 + 234 1s— nd,np,ns (@)
12.18 0.028 A 9d’ 1s—nd,np (Q)
12.25 0.038 A 104’ 1s—np (O
12.27 0.026 A 26d 1s—nd,np (@)
12.43 0.990 A 304 + 284 1s—~ o*,np + ndo* (O7)
12.74 0.500 A 304 + 284 1s— ndo* + o*,np (Or)
12.82 0.139 A 294 + 304 1s— nd+ o*,np (Or)
1275 F 13.78 2.659 A Ta 1s— 0* (O¢)
1455 G 15.53 5.022 B 5h, + 6b, 1s— o* + o*,np (Oc)
15.97 0.028 A 8a 1s—ns (Q;)
17.01 0.036 B 3y 1s—np (&)
17.11 0.117 A 9a 1s—ns+ o* (O¢)
17.29 0.698 B 6b, + 50, 1s— o*,np + 0* (O¢)
17.98 0.030 A 10a 1s—ns (Q;)

a Absolute excitation energy is given for the first line (1sf©x*). Excitation energies relative to first line are reported for the following
transitions. The experimental O 1s+{Cand O 1s (Q) ionization energies measured in this work are 541.75 and 546.44 eV, respectively.

smaller contribution from the O2p atomic component with Let us consider now the last features falling between the two
respect to the 13aMO and a quite important O2s component. O 1s ionization thresholds. The lines calculated in this energy
This renders the transition from therQs orbital to the 12a range are due to transitions from the @s orbital. The two
MO unfavorable reducing drastically the oscillator strength. The strong lines at 13.78 and 15.53 eV are assigned to transitions
calculated oscillator strength is in fact able to map the to the 7a and 5k o* virtual valence MOs. The excited state at
contribution to the final state of the atomic orbital carrying most 1553 eV is dominated by the (13)5b;, configuration with a

of the transition moment, namely in this case the O2p atomic partial contribution also from the (13%b; configuration. The
component. A high oscillator strength is calculated for the two oscillator strengths calculated for these two lines are quite
transitions at 11.23 and 11.37 eV, whose final states have gjfferent, as it is well apparent in Figure 4, and reflect the
contributions from two strongly mixed 1h-1p configurations, — gifferent content of the O2p atomic component present in the
the (1s)*154 and (1s)*194. While the 15avirtual orbital has 75 and 5h virtual MOs, this being much stronger in Sthan
essentially Rydberg character, the ‘19&tual orbital is char- in 7a. Also the 6b virtual MO has a notable O2p atomic
acterized by a large* valence contribution responsible for the . tribution. The 7a MO is instead characterized by the

th:e hllgf:hqsullatot;}s_trz.r]lfgth CflchatleS ;qr tthege t.WO eXC'.tetdC{)resence of an important O2s component which renders the
states. In this case their different calculated intensity IS associateq o gjtions from the © 1s orbital less favorable. It should be

with the d!fferent extent of the cpr]flguratlon mixing in .the noted that the intensity distribution over the* valence
resulting final states. The remaining calculated transitions . . o
4 o . transitions from the @ 1s orbitals is different from the one
converging to the @ 1s ionization threshold are assigned to observed for the* O ones: the higher* O valence transition
excited states of Rydberg nature and appear very weak. T 9 ¢
| h its indi hat th oond (at 15.53 eV) appears in fact much more intense than the lowest
n summary, the present results indicate that the seen one (at 13.78) reversing the trend observed for the valetice

\e’ﬁlggcﬁ g?ﬁ&l \c/)\fittrlﬁggrglzegeixygri)?tzr:mi?/i?}asrzg ?gesrg\),/e?gh Ot transitions. Furthermore, the concentration of the calculated
g Y 9 gving oscillator strength essentially on the twg* Oc valence

excited states of mixed valence-Rydberg character over WhIChtransitions is related to the lack of mixing between the valence

the oscillator strength tends to redistribute. Finally, we can note and Rydberg components, as it is apparent also from the

that th 1st iti Iculated in th fi . ; o .
abaout g ? e\/S tcr)aln?? I eli)/nrse;:;utr? eefir;? twg ﬁ:’éehrgeyn:}élg% arr? (;2_ composition of the final states (Table 1). This different behavior

observed in the experimental spectrum (Figure 1, labels D and could be partly ascribed to the different symmetry around the
E). The main deficiency of the theoretical results derives from core-hole at the Pand Q atoms.

the over-estimate of the Oexcitation energies, as already Moreover, it is important to underline that a possible
underlined for the lowest Po* transition, which shifts the overestimate of the calculated intensities for #1eD ¢ valence
relative calculated structure toward high energy. transitions can be an artificial effect of using a finite basis set



3406 J. Phys. Chem. A, Vol. 105, No. 13, 2001 Stranges et al.

in a spectral region where the “discrete” transitions from the tion of the two states contributing to the second band, tke O

Oc atom are embedded in ther@s ionization continuum. 1s— 7*(2b;) and G 1s— o*(11d) resonances, in terms of
The small calculated structure around the & threshold angular anisotropy of the photofragment emission and different

derives its intensity essentially from the transition at 17.29 eV O,*/O™" ion yield ratio.

toward a final state partly contributed from the 1h-1p (35, A reliable theoretical description of the experimental data in

configuration, which gives a partiat valence character to the  terms of excitation energy pattern and photoabsorption oscillator

excited state and it is responsible for the intensity gain with strengths was achieved only using a high level ab initio

respect to the other states calculated in this energy region. Theapproach. The assignment of the high energy part of the TIY

tail at higher energy extends over a few eV above thel® spectrum was based crucially on the theoretical predictions.

experimental ionization threshold and is contributed from Good agreement was found between the experimental and

transitions toward final states with predominant Rydberg theoretical results. Finally, it was clearly shown that standard

character, which show a negligible intensity. The calculated O theoretical approaches (e.g., 1tp CI scheme) giving a

transitions pattern matches well the experimental bands falling satisfactory description of XAS spectra of closed shell molecules

between the two ionization thresholds, apart from the over- do not describe correctly the highly correlated ozone molecule.

estimated intensity of the higher* (5b,) transition, already
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