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The pulsed-field-ionization zero-kinetic-ener@FI-ZEKE) photoelectron spectrum of jet-cooled

05 has been recorded in the range 101 000—104 000'cifhe origins of theX *A;—X* 2A; and
X1A;,—A" 2B, transitions could be determined from the rotational structure of the bands, the
photoionization selection rules, the photoionization efficiency curve, and comparisoalwiititio
calculations. The first adiabatic ionization energy of Was measured to be 101 020.5(5) ¢m
[12.524 9%6) eV] and the energy difference between ¥ie2A, (0,0,0) andA* 2B, (0,0,0) states

was determined to b&T,=1089.7(4) cm®. Whereas th&— X" band consists of an intense and
regular progression in the bending,j mode observed up to, =4, only the origin of theX

—A™ band was observed. The analysis of the rotational structure in each band led to the derivation
of the ry structure of @ in the X* [C,,,ro=1.25(2) Aap=131.59)°] and A*[C,,,Io
=1.37(5) Aay=111.338)°] states. The appearance of the spectrum, which is regular up to
102300 cm'!, changes abruptly at+ 102500 cm?, a position above which the spectral density
increases markedly and the rotational structure of the bands collapses. On the lasimitd
calculations, this behavior is attributed to the onset of large-amplitude motions spreading through
several local minima all the way to large internuclear distances. athénitio calculations are
consistent with earlier results in predicting a seam of conical intersections betwe¥h tred A *
states~2600 cm ! above the cationic ground state and demonstrate the existence of potential
minima at large internuclear distances that are connected to the main minima ¥t thed A *

states through low-lying barriers. @005 American Institute of Physics.

[DOI: 10.1063/1.1829974

I. INTRODUCTION has been studied intensively experimentally as well as theo-
retically (see, e.g., Refs. 739NO, represents a prototypical

Ozone Q plays a fundamental role in the physics andmolecular system to characterize the spectroscopic conse-

chemistry of the earth’s atmosphérand its spectroscopic quences of a conical intersection between two electronic

properties have been studied in great defsgle, e.9., Refs. giateq(in this case the Yand the Astats. In NO,, the cross-
2—4, and references cited thereiin contrast to the neutral ing point is located in the near infrared~(L0000 cn7?
molecule, little is known about the ozone catiod @ntil  apove the ground statend leads to extensive perturbations
now. In atmospheric chemistry, the knowledge of the energyy the vibronic structure in the entire visible spectrfim.

level structure of the cation is of importance for the analysis ¢ O! cation has been studied using conventional pho-
of th?r Rydberg spectrum of_QRef. 5 and the ion chemistry toelectron spectroscopf; 1> photoionization mass spec-
of O (Ref. §. Also, modeling of the role of ozone in the yometry?617photofragment spectroscopand electron im-
lower ionosphere requires direct and dissociative |on|zat|o$act ionizatior® Already the early Hel photoelectron spec-
by photons or electrons to be taken into account, and moGyoscopic studies showed that the lowest three cationic elec-
eling of ozone in the stratosphere requires its ionization enggnic states 2A,, 12A,, and 12B, are located within an
ergy and electron affinity. Reliable values for the first ioniza—energy interval of only about 1 efthe lowest two states are
tion energy of Q and dissociation energies og@nd q are  almost degenerate and could not be resolved in the Hel spec-
central to such studies. From a spectroscopic point of VieWys) However, the energetic ordering of these three states has
O; is of interest as an isoelectronic species 0N@hich 6t yet been unambiguously established. By an analysis of
the photoelectron angular distributions, Katsumata, Shiro-
dAuthor to whom correspondence should be addressed. maru, and Kimur¥ were able to assign the highest of these
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XA, XA, A'’B, The previous Hel photoelectron spectroscopic studies
nf — 4 T — 4+ — 4 did not allow a detailed characterization of the vibronic
structure of the&X " andA™ states. At the resolution of about
n QTR H— 1 N — + A4+ — 200 cmi' ! achieved in these studies, the first photoelectron
@ band consists of partially resolved features which were as-
%/829 L e L 4 signed to progressions in the bending modes of both states.
» Q9 i i 2 e el R The irregular spacings between the bands were either ex-
81% 10% ™ % % % % 4% plained by Renner-Teller couplifg or by the large-

_ o o amplitude motion in a double minimum potentt&The vi-
FIG. 1. Schematic molecular orbital diagram of &nd G illustrating the  pronjic structure observed in these spectra was analyzed by
pronounced configurational mixing of the low-lying electronic states. The, .. | Cederb d K . ibroni
percent values indicated below each configuration correspond to the resulthppe' ederbaum, and CO-Workers usmg~a vi rorl'c cou-
of the CASSCF calculation onJRef. 24 and O (see Sec. IV. pling model and analytical potentials for th€" and A"
states derived fromab initio calculation$®?°=?" In these
studies, the irregular structure of the first photoelectron band
was attributed to nonadiabatic effects in the vicinity of a

conical intersection between thé* and A* states which
was calculated to lies2500 cmi * above the minimum of
the X" state potential.

The adiabatic ionization energy of;Mas also not been

. . .= unambiguously determined up to now. In their Hel photo-
tation of the photoelectron spectrum are depicted in Fig. 1electron spectra, Dyket al!? and Katsumata, Shiromaru

e o gy and I chseved  weak band at 1244 & hih s
tronic wave function of the ground state of &° The leading assigned to the transition to the vibronic ground state of the

configurations of the complete active space self-consiste caﬂop. This weak band was not observed i n other Stejjdjrés.
field (CASSCH wave function ard % which a value of 12.52 eV was re_ported in agre_em_ent_wnh

the result of 12.5190.004 eV obtained by photoionization

(1a;)%(1by)%(2a,)%(3a;)?(2b,)?(4a;)?(5a,)%(1b;)? mass spectromety. A value near 12.52 eV has also been

5 2 5 2 0 /a0 suggested on the basis of an analysis of the relevant thermo-
X (3b2)°(4b7)%(6a1)%(18,)%(2by)"  (~81%) @ chemical cycles®1®The simulation of the intensity distribu-
and tion of the first photoelectron band led Ner, Koppel, and
Cederbaum to propose that the spectral feature near 12.44 eV
 (4by)*(6a1)*(18,)°(2by)*  (~10%). 2 actually corresponds to a hot baffd.
In a single-determinantal picture, the lowest three cationic In the present study, the pulsed-field-ionization zero-
electronic states 4A,, 12A,, and 1°B, arise from the ion-  kinetic-energy (PFI-ZEKE) photoelectron spectrum of ;O

ization out of the h,, 6a;, and 4, molecular orbitals, was recorded with a resolution two to three orders of mag-
respectively. As in the ground state of the neutral moleculenitude higher than in previous investigations. The high reso-
several configurations significantly contribute to the elecdution enabled the observation of the rotational structure of
tronic wave functions of these cationic states. The CASSCRnany bands. The analysis of this structure turned out to be
wave function of theX " A, state consists of the dominant the key to the assignment of the vibronic symmetries of the
configurationgsee Sec. Iy cationic states using photoionization selection rules and al-
) 1 5 0 200 lowed the unambiguous determination of the energetic order-

++ (4by)"(6ay)*(1a2)%(2by)"  (=72%), ing of the 2A, and?B, states, of their corresponding adia-

three states to thB " ?A, state. Although the ordering of the
first two states is predicted to B¢ 2A; and A* 2B, by
recentab initio calculations?®~?2 this prediction remains to
be confirmed by experimental measurement.

The molecular orbitals of ozone relevant for the interpre-

- (4b,)%(6a;)1(1a,)%(2b1)%  (~4%), (3)  batic ionization energies, and of the lowest dissociation
energy of the cation. The potential energy surface of the
-+ (4by)'(6ay)%(1ay)'(2by)t  (=5%), lowest state was explored by theoretical methods to gain

insight into the mechanisms that are responsible for the com-
plex and dense vibronic structure that is observed at excita-
tion energies>1500 cm !

and the most important configurations of tAé 2B, state
wave function are

- (4by)*(6ay)*(1ay)%(2by)°  (~69%),

'-(4b2)2(6a1)1(1a2)1(2b1)1 (~T7%), (4) Il. EXPERIMENT

- (4by)Y(62,)2(18,)°(2b,)%  (~4%). A detailed description of the extreme-ultravioltUV ) .
PFI-ZEKE photoelectron spectrometer has been given

Because of configuration interaction in the neutral and ionigreviously?® and only aspects relevant to the present study
states, and electron reorganization on ionization, the orderingre discussed here. Tunable XUV radiation in the range
of the X 2A,, A* 2B,, andB™ A, states predicted theo- 101000—104000 cit was generated by resonance-
retically does not correspond to the energetic ordering of thenhanced sum-frequency mixing in a xenon gas beam using
4b,, 6a;, and 1a, molecular orbitals of the neutral mol- the (5p)°(?P3)6p[1/2](J=0)«(5p)® 'S, two-photon
ecule. resonance at =80118.974 cm?.
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FIG. 2. Survey of the PFI-ZEKE photoelectron spectrum of jet-coolgd@ween 101 000 and 104 000 chy covering the region from the first adiabatic

ionization threshold to slightly beyond the predicted position of the conical intersection betwe filg and A* 2B, potential energy surfaces. All
observed spectral features except those explicitly assigned am@®H,O represent photoelectron bands of.O

Ozone was generated by a discharge of oxy@enity  I'r,,y=0.6 cni® in the PFI-ZEKE photoelectron spectra.
99.999%, Pangasn a homemade ozonizéSouthampton  Selected bands were recorded at a higher resolution of

and stored on nonindicating silica gel in a U-tube-at9°C.  1_ . —0.4 cni'? by decreasing the amplitude of the sec-
To transfer the substance into the measurement chamber, thgq pulse to— 120 mV/cm.

_U-tube was attached to the gas inlet of the sp_ectrometer us- Apart from the spectral features of ozone, the PFI-ZEKE
ing glass and teflon-coated stainless steel tubing. The ozon

was desorbed from the silica gel at15°C, seeded into a p%otoelectron spectrum also contains bands of water and

stream of helium at a pressure of 1.3 bar, and introduced intgY9en which appear as '_”_‘p“”“es n th? gas sampie. O
the photoionization region by means of a skimmed pulsec];temS from the Qecomposmon of ozonfa_ in the gas_ system
supersonic expansion. The rotational temperatureoives ~ @nd FO from moisture trapped on the silica gel. Baking the
determined to bel,,,=6 K from the rotational structure of U-tube at 140°C before each loading with ozone did not
the photoelectron spectra. A partial decomposition of ozon&liminate the contamination with 3. To distinguish the
could not be avoided leading to a small amount of oxygen ifbands of ozone from those of these impurities, mass-
the gas sample. The gas mixture was renewed before eaetmalyzed threshold-ionizatioMATI) spectra of selected
scan. bands were recorded by monitoring the wave number depen-
PFI-ZEKE photoelectron spectra were recorded follow-dent G; ion signal generated by pulsed-field ionization of
ing single-photon XUV excitation from rotational levels of high Rydberg staté$ with a two-pulse electric field se-
its vibronic ground state to very high Rydberg states locateguence. The first pulse with an amplitude 6780 mv/cm
below the successive ionization thresholds by monitoring the\ng 5 duration of 3.Qus was triggered 100 ns after the
wave number dependent electron signal produced by pulsedz e ym ultraviolet excitation and served the purpose of

field ionizatiorf® using a two-pulse electric field sequence. : :
. ; : separating prompt Dions from the Rydberg molecules. The
The first pulse with an amplitude of 100 mV/cm and a P g promp p . y g
second pulse with an amplitude #f43.1 V/cm was used to

duration of 500 ns was triggered 500 ns after the XUV laset

pulse and served the purposes of removing spurious freQnize the Rydberg species and extract the ions. The MATI

electrons from the photoionization region and of narrowingSPECtra were not as highly resolved as the PFI-ZEKE photo-
down the range of Rydberg states which are field ionized b)glectron spectra and primarily served the purpose of identi-
the subsequent pul8The second field pulse with an am- f¥ing the bands of ozone.

plitude of —200 mV/cm was applied immediately after the The absolute wave number calibration was achieved by
first and the electrons released by this pulse were monitorelie simultaneous recording of optogalvanic spectra of neon
by setting a suitable detection gate in the electron time-ofand making reference to the line positions tabulated in
flight spectrum. This pulse sequence enabled a resolution d&tef. 32.
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FIG. 3. Comparison of the PFI-ZEKE photoelectron and MATI spectra pti@nonstrating how the bands of @ere distinguished from impurity bands.

Ill. PFI-ZEKE PHOTOELECTRON SPECTRA served in the Hel photoelectron spectra of room temperature
AND THEIR INTERPRETATION O, represents a hot band, as already suggested hieiviu
Koppel, and Cederbaufi.

Three types of bands are observed in the PFI-ZEKE pho-
A survey PFI-ZEKE photoelectron spectrum of the low- ygelectron spectrum.

est two electronic states of the ozone cation is shown in Fig.  Fjrst, in the low wave number region of the spectrum

2. The spectrum also contains bands of the impuritiga@  (see upper panel of Fig)2a regular progression of intense
H,0, which could §a34sny be identified by comparison with hands is observed which exhibit almost identical rotational
their known spectra.' ‘These bands were not present in thestryctures and thus correspond to cationic states of the same
MATI spectrum which is compared with the PFI-ZEKE pho- yipronic symmetry. The average spacing of about 620tm
toelectron spectrum in Fig. 3. All other spectral structures ohetween the bands is similar to the fundamental bending
the PFI-ZEKE photoelectron spectrum could be attributed tqygye numbefi,=700.931 cm?® of neutral Q (Ref. 3 and
ozone on the basis of the MATI spectrum and of the a”aWSi%orresponds well to the harmonic bending wave number of
of the rotational structures of the bands. The intensity of thgsz4 cnit predicted in CASSCEL7,12/aug-cc-pVTZab ini-
XUV radiation was tqo low for spgctra of sufficient quality g calculations(see Sec. IV, Hence, these bands can be
to be re_clogsded in the region from 103000 10 confidently assigned to a progression in the bending mode
103250 Cnll' The intensity scale .Of the spectrum beyond(0,v2+,0) of the X" state of the cation. The progression is
103250 cm -~ could only be approximately matched to that observed up to théD,4,0 band at 103 484 ciit-

of the region below 103 000 cri. Second, a weaker feature at 102 110 ¢nis observed

Beca}use of the uncer.tamty n th? I!ter.atur'e concemning, e, possesses a different rotational structure and hence
the precise value of the first adiabatic ionization energy o

O3, special care was taken in the identification of the origin
band of the PFI-ZEKE photoelectron spectrum. In Fig. 4, a

A. Vibronic structure

detailed view of the region of the lowest band observed in _ ' ' o’;lk'(o,o,())l '

the PFI-ZEKE photoelectron spectrum of Fig. 2 is compared g 2t . .‘g’
on a larger scale with the photoionizati¢®l) spectrum re- £ 14 | 5
corded by monitoring the © photoion signal as a function & g
of the XUV wave number. The Pl spectrum shows a clear §. 1 1 E,
step rising from a signal level of zero over the first PFI- Eod /+,v+=\2_+;q
ZEKE photoelectron band which indicates that this band cor- w

responds to the first adiabatic component. The signal-to- (U M

. : 100400 100600° 100800 101000" 101200
noise ratio of our Pl measurement would have been Wave number / em”)

sufficiently high to observe a step in the Pl spectrum corre-

sponding to the first weak band observed at 12.44 eV bFIG. 4. Comparison of the PFI-ZEKE photoelectron specttlower trace
: %nd the photoionization spectrufupper tracgof jet-cooled ozone showing

Dyke et al'. and Katsumata, S,hl,romaru’ an,d Kimdfane the adiabatic onset of thé A, —X* 2A, photoelectron transition. The ar-
attribute this apparent contradiction to the d|ﬁe_rem temperarow indicates the position of the onset of the Hel photoelectron spectrum of
tures of the @ sample and conclude that the first band ob-room-temperature 9
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—
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In Table I, the rotational selection rules for photoionizing
transitions from the vibronic ground state of neutral ©©
vibronic states of the cation with symmetky], are given in
terms of the changes of the asymmetric top quantum num-
bers AK,=K_ —KJ and AK.=K/—K!. The selection
rules have been derived from the general rovibronic photo-
ionization selection rulé§ in the molecular symmetrgMS)
groupsC,,(M) and C¢(M). The linear configuratiofiwith
its corresponding symmetry group..,(M)] is not acces-
sible in the cation at the excitation energies of less than
4000 cm * investigated in the present stifflyand is hence
_ _ not considered further. Because the electronic symmetries
EI?. 5. ngh—jiszolutlon PFI-ZEKE photoe.lectron spectrum of the I'o of the first two cationic states arg, andB, in C,,(M)

X“A1 (0,0,0)>X" “A; (0,0,0) band of @ showing the almost completely - 54 the symmetries of the normal modes are also either

resolved rotational structuigop trace. The transitions are labeled using the . "

notation Ni,,.,— Ny The lower trace represents a simulation of the (symmetric Stretchvl ?”d bend VZ_) or b, (a§ym+metr|c
ac stretch v3), only vibronic states with symmetriels, .= A;

-

PFI signal (arb. untis)
(—] 'N &S S N b '0

1 1
101010 101020 101030 101040 101050

Wave number / cm ™!

KFK* -
spectrum based onaacquantitative model for the rotational line intensities in . . .
the photoelectron spectra of asymmetric top molecules. andB, need to be considered. Both of these irreducible rep-

resentations correlate with’ in C,(M). From Table |, it can

be seen that the rotational photoionization selection rules
must be attributed to a cationic state of a different vibronicvary according to the vibronic symmetry of the cationic state
symmetry than the bands of the bending progression in thand the MS group in which they are derived. Thus, by an
X* state. This band was assigned to the origin band of tha@nalysis of the rotational structure it is possible to determine
A* state[A* (0,0,0)] on the basis of an analysis of the the vibronic symmetry of the cationic state and the relevant

rotational structure as will be discussed in detail in SecMS group. o .
1B 2. No other band showing a similar rotational structure ~ The assignment bars in Fig. 5 denote the most intense
could be identified in the entire spectrum. transitions using the notatidid, . — Ny +c+ whereN rep-

a a

4

Third, the spectrum in the regior102600cm™ is  resents the quantum number of the total angular momentum
dominated by a multitude of narrow features. Their rotationalyithout spin and’ and + denote the neutral and ionic states,
structures are all smjllar but are very different from those ofrespectively. Only transitions witl\K,AK.=ee and 0o
theX* (0p, ,0) andA™ (0,0,0) bands. As will be discussed have been observed, which indicates that the vibronic sym-
in Sec. 1V, the vibronic structure in this region of the spec-metry of the cationic state ig\jez/.\l and that the symmetry
trum is likely to be strongly influenced by the nonadiabaticgroup isC,,(M) (see Table)l Because the symmetry of the
coupling between theéX* and A* states and by large- vibrational ground state is always, it is straightforward to
amplitude motions. Because of the high density of vibronicdetermine the electronic symmetry of the cationic state to be
states and the very irregular appearance of the spectrum, g . Thus, the analysis of the rotational structure of the high-
conclusive assignment of these bands could yet be reachetesolution photoelectron spectrum enabled the assignment of

the symmetry of the lowest electronic state of ®ased

B. Rotational structure solely on experimental data.
y The rotational structure was analyzed in terms of a rigid
1. The X*2A, (0,v} ,0) bands asymmetric rotor Hamiltonian for the neutral and the cat-
A detailed view of the first band in the PFI-ZEKE pho- 10NIC states:
toelectron spectrum is shown in Fig. 5. The well-resolved Hrot=AN§+ BN§+CN§. (5)

rotational structure has been assigned on the basis of an

analysis of lower state combination differences and of simuThe rotational constantd™, B, and C* of the cationic
lations of the rotational structure after successive refinementstate and the adiabatic ionization eneiggrresponding to
of the ionic rotational constants. the Oyp— Ogq transition were fitted to the experimental line

TABLE I. Rotational selection rules in terms of changes of the asymmetric top quantum nulibeandAK .

for photoionization transitions from thé 1A, (0,0,0) vibronic ground state of neutray @ cationic levels with
vibronic symmetriesI",,. The selection rules have been derived in the molecular symn(kt8) groups
C,,(M) andC¢(M). ¢ denotes the orbital angular momentum quantum number of the photoelectron.

¢ even ¢ odd
MS group Ty AK, AK, AK, AK, Mode
C,,(M) A Odd Odd Even Even vy, VU
B, Even Odd Odd Even V3
Cy(M) A’ Even, Odd Odd Even, Odd Even vy, Vo,V3
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mann factor. Fi;é’:,il represent radial transition integrals as
defined in Eq.(25 of Ref. 38. Given that for the present
purpose only relative rotational line intensities are of interest,

TABLE Il. Adiabatic ionization energies of ozone corresponding to the
formation of theX* 2A; andA* 2B, states of @ and rotational constants
for the X" 2A, (0,0,0) andA* 2B, (0,0,0) states of Q.

X*2a, At 2B, the electronic factorsB(ﬁ 2//: |C2‘,7 2,,|2[€”| Fol 2+ (e

IE¥hc (cm™Y) 101 020.%5) 102 110.16) +1)|F§;,2,/+1|2] are treated as effective parameters and are

f (ecm™) 5.9910 2.6526) adjusted to reproduce the experimental spectrum. Angular

= —1 . . . . .

2(BT+CY) (em™ 0.39824) 0.4110 momentum contributions of other configurations in the con-
@Adiabatic ionization energy corrected for the field-induced shift of the ion- figuration interaction(Cl) wave function are taken mt? ac-
ization thresholds\ 7= —1.28(45) cm ™. count indirectly if they make a contribution to tr&!; 2

coefficients.

. . >, + . . .
positions at fixed values of the neutral state constaits In the simulation of thex™ (0,0,0) band, it was initially
B”. andC”.2 The results of the fit are listed in Table II. The assumed that photoionization occurs out of tlag olecu-
values of the fittedB™ and C* constants were identical lar orbital, because the CI expansion of the electronic wave

within the statistical uncertainty so that only the mean Va|ué‘unction ) of tqe ca;ionic Ostate_ is o_lominated by the
(B*+C*)/2 is given. The adiabatic ionization energy was " (4P2)"(6a1)7(18;)"(2b,)" configuration (see Sec. )l

determined to be IBc=101020.5(5) cm’. Assuming The 6a, orbital exhibits a strongly mixed angular momen-

C,, Symmetry, an experimental, geometry was derived tum compositionsee Fig. 1 and the single-center expansion
from the rotational constants [bond  length rq converges slowly. The best agreement with the experimental

=1.250(20) A, bond angle,=131.49(9)°]. spectrum could be achieved by taking into account a total

The lower trace of Fig. 5 represents a simulation of the®® Seven angular m%rggantum componemg;{ll;”): (0,0)
rotational structure using the fitted rotational constants and gvith the coefficieniB,*|=0.16), (1,0) (B, ;*[=0.29),

recently developed model for the rovibronic photoionization(1,* 1)(|B(f§11)| =0.29), (2,0)(B(Z§§1)| =0.29), (2x1)
i i . 6 6
cross sections of asymmetric top molecule¥: (|B(2,:11)| ~0.29), (2?:2)(|B(2,:12)| —0.24), and (3t1)
+ (6aq)| .
o' S 2N"+1 S (K (|-BS:1l |=0.29). Becguse of the large number of terms in the
”Mq” 2¢"+1 | Ty single-center expansion and the spectral congestion of the

experimental spectrum, the coeﬁicielﬁigff;f,, could only be
determined with an accuracy of about 20%.

The good agreement between the simulated and experi-
mental spectra confirms the predicted mixed angular momen-
x| 2rer|FEL 2+ (er+ 1|FEL Y2, (6)  tum composition of the & molecular orbital and indicates

' that the photoelectron is ejected as a superposition of even

Equation(6) relies on the assumption that the photoelectron, g oqd partial wave components with significant contribu-
is ejected out of a definite molecular orbitél,», whichis  ijns up tof=4.

expressed as a single-center expansion at the molecular cen- tpe resylts of the analysis of the rotational structures of
ter of mass with the expansion Coefficielﬁlgfyz,,. ¢”and the bands associated with transitions to excited bending lev-
A" are the quantum numbers of the orbital angular momenta|s (0y, ,0) of theX ™ state are listed in Table IIl. Tha*

of the components of the single-center expansion and thejptational constants of th@®,3,0 and (0,4,0 bands are con-
projection on the molecular axis.q\z, stands for the vibra- siderably smaller than those of th®,0,0, (0,1,0, and
tional part of the transition moment amxi’Ka"<c represent (0,2,0 bands, which suggests that the rotational structures of
the expansion coefficients of the asymmetric top wave functhese higher excited bending levels are probably perturbed.
tion in a symmetric top basifN,K), whereK denotes the Moreover, the wave number difference between (b&,0
guantum number of the molecule-fixed projectiom\bf p” and (0,3,0 bands is larger than the fundamental bending
is the population of the lower state which is expressed as wave numbel(see Table Il). Possible causes for these per-
product of the nuclear spin statistical weight and a Boltz-turbations are discussed in Sec. IV.

2

Xc

+ ” "
N+,K; ,K: N",K;,Kg N € N
K+ CKII _ K+ )\H KII

TABLE IIl. Rotational constants and positions relative to the ground vibronic state of the bending levels
(Op5 ,0) of theX* 2A, state of G .

Band Vot (em Y AVo(vg ,vs —1)° (cm™ 1) AT (em™h) BT +C*) (cmY)
(0,0,0 0 0 5.9910) 0.39824)
(0,1,0 616.86) 616.86) 6.21(13) 0.4014)
(0,2,0 1219.95) 603.15) 5.87(13 0.39095)
(0,3,0 1815.36) 595.45) 5.3514) 0.3911)
(0,4,0 2465.56) 650.36) 5.4318) 0.3912)

ANave number difference with respect to K& 2A, (0,0,0) band.
PWave number differencg,(0.v5 ,0)—7o(0v; — 1,0).
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Wave number / cm FIG. 7. High-resolution PFI-ZEKE photoelectron spectrum of i® the

FIG. 6. High-resoluion PFI-ZEKE photoelectron spectrum of the region 102 630—102 680 cm showing the partially resolved rotational

= ~ structure typical of most bands located beyond 102 500%cm
X 'A; (0,0,0)~A" 2B, (0,0,0) band of @ showing partially resolved ro- P 4
tational structuréupper tracg The transitions are labeled using the notation

N;;,,K,,—>N;+K+ . The lower trace represents a simulation of the spectrum
a c a ¢

based on a quantitative model for the rotational line intensities in the pho—agreement with the theoretical value Aﬂ-e_ 1038 cm
toelectron spectra of asymmetric top molecules. (see Sec. IV.
In summary, the assignment of the band around
102110 cm! to the origin band of théd ™ state is based on
the following five observations.
2. The A* 2B, (0,0,0) band _ _ o N
(1) The vibronic symmetry of the cationic state Iig,
The PFI-ZEKE photoelectron spectrum of the =B,.

X 'A; (0,0,0~A* 2B, (0,0,0) transition at 102110 ch (2) The band is the first with a rotational structure ap-
is displayed in Fig. 6. The rotational structure of this bandpreciably different from that of th&* (0,0,0) band. The
differs strongly from that of the bending progression in thex+ (9.0,1) state also has a vibronic symmefry,=By;

the cationic state. The assignment bars in Fig. 6 denote the g3g cni! (see Sec. 1V differs too strongly from the ob-

most intense transitions. Only transitions WithK,AK:  served wave number. Moreover, to a first approximation, the

=eo0 and oe are observed. Hence, it can be concluded that t'%(o 0 0)_5(+ (0,0,1) band is forbidden because the vibra-
symmetry group i<, (M) and that the vibronic symmetry tional overlap integral between the neutral and ionic states is

of the upper state iB, (see Table)l The rotational constants 7610

and the adiabatic ionization energy were determined from a (3) The observed photoionization propensity rules are

fit to the observed line positions and are listed in Table II. As - ; C
i compatible with photoionization out of theb4 molecular
for the first band, Eq(5) was used for the neutral and cat- P P 4

L . _ orbital of O;.
ionic states. Because of the higher spectral congestion, the (4) The rotational constants, and therefore the experi-

statistical uncertainties of the fitted parameters are Iargeﬁwentalr geometry, agree with the results ath initio calcu
S+ . L . 0 - ’ -
than for theX™ (0,0,0) band. The adiabatic ionization en- lations of theA* state, but differ markedly from the rota-

ergy was determined to be IE¢=102110.1(6) cm?. The tional - d th fruct ¢ theX* stat
largest rotational constamt” =2.65(26) cni® is consider- onal constants and the, structure of theX™ state (see
Secs. llIB1 and V.

ably smaller than for the X' (0,0,0) state A" - , ,
5) The experimental and theoretical energy difference
=5.99(10) cm!) and ther, geometry derived from the ro- ©) P 9y

tational constants is,=1.370(52) A andx,=111.3(38)°. between theX™ andA™ states are in good agreemdsee
The lower trace in Fig. 6 represents a simulation of thesec' V).
rotational structure using the fitted rotational constants and . ) .
Eq. (6). It was assumed that the electron is removed from th&- Excited vibronic states beyond 102 500 cm
4b, molecular orbital of the neutral moleculthe electronic The PFI-ZEKE photoelectron spectrum of two of the
wave function of theA' state is dominated by the higher excited vibronic states is displayed in Fig. 7. The
-+ (4b,)(6a;)?(1a,)?(2b,)° configuration, see Sec.).| bands exhibit a distinct shape, consisting of two sharp and
The best agreement with the experimental spectrum could batense lines surrounded by two weaker satellitese the
achieved by assuming that two angular momentum compaassignment bars in Fig.),7which is characteristic for most
nents ¢”,\")=(1,0) and (2+1) contribute to the single- bands observed beyong 102500 cm?, the only excep-
center expansion of theb4 orbital with equal weights. This  tions being thex ™ (0,3,0) and(0,4,0 bands at 102834 and
implies that the photoelectron is mainly ejected as a supert03484 cm?, respectively. The width of the partially re-
position of s, d, p, andf partial waves upon ionization t0 solved rotational structure of these bands is significantly
the A" state. smaller than for theX* (0w, ,0) andA™ (0,0,0) bands,
From the adiabatic ionization energies, the energy differwhich indicates that the effective rotational constants of the
ence between th& " ?A; and A* 2B, states can be deter- upper states are considerably reduced. The strong spectral
mined to beAT,=1089.5(4) cm?. This result is in good congestion prevented an unambiguous assignment and the

-1
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determination of the rotational consta#ks, B*, andC™* the electronic wave function necessitates a high-level treat-
and the ionization energy IE in a fitting procedure. The rotaiment of static and dynamic electron correlation effects, pref-
tional contour is compatible with valugs"<1.0 cm ! and  erably using multireference methods. The situation is analo-
(B*+C")/2<0.3 cm L. This type of band is not observed gous for the catioR?° Three types of calculations have
in the wave number regiost 102 600 cm ! suggesting that a  been carried out in the present investigation, which are as
large and abrupt change in the effective molecular geometrfollows.

of the cation takes place at excitation energies of more than , i
1500 cm ! with respect to the vibronic ground state. A pos- (1) Harmonic frequencies were calculated after geometry

sible explanation of this behavior will be given in Sec. IV. optimization using the complete active space self-consistent
field (CASSCH method®* and the aug-cc-pVTZ basis

S set** The active space encompassed the entire valence space
D. Thermochemical implications [17 electrons in 12 orbitals, CASSCF,12].
With the new accurate value for the first adiabatic ion- ~ (2) The geometry and energy of the stationary points on
ization energy of @, a precise value of the lowestjO the potential energy surfaces were calculated using the mul-
—0jy + O dissociation threshold can be derived from a therdireference configuration interaction method with singles and

mochemical cycle doubles excitatiof$*®  (MRCI-SD) following
N N CASSCK17,12 calculations using the aug-cc-pVTZ basis
Do(0; -0)=[Ea (O, ,05) ~IE(Og)J/hc set. In the MRCI procedure, only configuration state func-

=4840+ 32 Cmﬁl(ZO.GOOi 0.004 e\by (7) tions with CoefﬁCientS>0.0l Wer-e reti::liHEd. -

(3) Larger regions of the adiabatic potential energy sur-
using the value of the appearance energy bfithe photo-  faces of the lowest two electronic states of the cation were
ionization of Q [Ex(O,,0s)/hc=105860-32 cm*  explored by performing single-point calculations on an equi-
(Ref. 18]. Alternatively,Do(O, -O) can be calculated using distant grid of different nuclear configurations at the
the adiabatic ionization energy of ;,O(IE/hc=97352.2 CASSCF and the multireference second-order perturbation
+1.2cm ') (Ref. 33 and the dissociation energy of;O  theory (CASPT2 levels of theory¥’ The lowest twoA’ sur-
[Do(O,-0)=8566+3 cm ']:% faces were calculated i€, geometry in a state-averaged
Do(O;'O):{D0(02'0)+[|E(02)_IE(Og)]/hC} procedure with equal wei.ghts. .Becquse Fhese calpulations

also covered nuclear configurations involving large internu-
=4898+3 cm (=0.6073-0.0004 eV. (8) clear distances, a larger basis g&t-pVQ2 was employed
to reduce basis set superposition errors. To compensate for

These only slightly different results are in agreement with - . .
v SIgnY g the increased computational cost, tredbitals of the oxy-

the previous estimate 0Dy(0,-0)=0.59 eV given by ted f h ) i th
Moseley, Ozenne, and Cosh{This low value for the disso- g?ss'f%ms|w?re OnC]II,tAtZPTrC?LT the active space in the
ciation energy implies that Dis a very weakly bound mol- calculations 211,91

ecule and that the ground state potential energy surface is flay) calculations were performed using tivoLPRO 2002pro-
and anharmonic. gram packagé®

IV. THEORETICAL RESULTS

A. Purpose of the ab initio calculations

) B. Stationary points
and computational methods

The results for the calculations of the stationary points of
the X* 2A, and A" 2B, states are collected in Table IV
where they are compared with the present experimental re-
sults and the previous theoretical results of Schneelal?°

The purpose of thab initio calculations of the potential
energy surface of 9 was threefold. First, they enabled a
rationalization of the observed rovibronic propensity/

selection rules, primarily by providing information on the T .
molecular orbital structure of the neutral and the cafeee Although the_ zero-point V|b_rat|onal motion has not been ac-
counted for in the calculations, the theoretical and experi-

Secs. | and lll. Second, they allowed the independent deter‘mental values for the geometries and the energy difference
mination of the stationary points on the potential energy sur- 9 9y

-~ - 3+ A+ ;
faces corresponding to th¢" andA™ states as well as their between theX ™ andA " states compare favorably, especially

rotational constants and vibrational structure. This informa—for the results using the MRCI method, which represents the

tion corroborated the experimental assignme Sec. most sophisticated method employed in the present study. As

[11 B 2). Finally, the exploration of the topographic propertiesallready discussed in Sec. B2, the good agreement be-

of the potential energy surfaces was used to establish tgveen.the cglculated and experimental values supports the
framework to discuss the as yet unassigned spectral featurglsbronIC a§S|gnmenFs of the PFl'ZEKE photoelectron spec-
observed at excitation energies of more than 1500%cm trum, particularly with regard to thd™ (0,0,0) band. The
above the vibronic ground state of the cation. differences between the calculaied and expenmentil geom-
The difficulties associated with accurate electronic struc€tries are somewhat larger for th€  state than for the<"
ture calculations of neutral Ohave been thoroughly dis- State. We attribute this discrepancy to the pronounced anhar-
cussed in the literaturesee, e.g., Refs. 40, 41, and referencegnonicity of the potential energy surface in the vicinity of the
cited thereif. The high degree of configurational mixing in A* state minimum(see Sec. IV ¢

Downloaded 10 Nov 2009 to 152.78.208.72. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



024311-9 Spectroscopy of the ozone cation J. Chem. Phys. 122, 024311 (2005)

TABLE IV. Theoretical geometries, harmonic frequencies, and energy difference betweéh gmelA* states
AT, of OF calculated using different theoretical methods and the aug-cc-pVTZ basis set.

CASSCK17,12 CASPTZ17,12 MRCI* Reference 20 Expt.
X*2A, r (&) 1.249 1.251 1.238 1.256 1.230)°
a (deg 130.40 131.24 131.22 130.0 131(29)°
7,¢ (cm™1) 1016 1002
7,° (cm™ 1) 634 592 616.6)¢
P3¢ (em 1) 838
A+ 2B, r (A) 1.291 1.297 1.283 1.290 1.3B2)°
a (deg 104.45 103.99 104.14 104.9 1138)°
AT, (cm™) 1013 976 1038 1089(7)°
#0nly configuration state functions with coefficients ‘Harmonic wave number.
>0.01 were retained in the calculation. YFundamental wave number.
br, structures. CAT,.
C. Topography of the lowest two potential surfaces located on the lowest surfaceAl, and the seam of conical
intersections forms a minimum energy path on te 2ur-

As an extension to the CASSCEF calculations of the IOW_face
est two potential energy surfaces of; Operformed by . . . : .
Schmelzet al?° in C,, geometry, our calculations also cov- In Fig. 9, two-dimensional cuts through the adiabatic

ered theC, space where the O—O bond lengthsandr , are potential energy surface of theAl state along the,; andr,
unequal (517& r) coordinates are shown for fixed values@fThese cuts have

. . . -~ been calculated using the CASPT2 method. The potential is
~ In Fig. 8, the bending potential curves of tkié °A; and symmetric with respect to an interchangergfandr,. In
A" 2B, states are shown as calculated using the CASPTZig. 9a), the bond angle was kept fixed at a value of
method in C,, symmetry at an O-O bond length of _ 55 440 corresponding to the equilibrium value of e
=1.27 A. The minima of the pootenual curves were C‘:j‘lCL"state; the minimum on the potential energy surface can be
lated at t,2) :,.(1'250 A.132.11 ) and1.288 A, 104'05 ) _ seen at =r,=r,=1.240 A and exhibit<,, symmetry. The
for the X™ andA™ states, respectively. Because of their dif- potential energy curve along the path which corresponds to
ferent symmetries irC,,(M), the X* and A" states can the asymmetric stretching coordinate at small displacements
cross and exhibit a conical intersectionsat 115.0° located  from the equilibrium geometry is very flat and leads, via a
2600 cm * above theX ™ state minimum at a bond length of low-lying saddle point, to a second minimum at large inter-
r=1.27 A. The crossing occurs at a seam along the symmetuclear distances. This path corresponds to the dissociation

ric stretching coordinat®’ Because th&* 2A; andA* 2B,  coordinate of the reaction 0~ 0O, +O. The minimum of

states correlate with theAl and 2A’ states inCs symmetry  the potential well corresponding to the" state is only lo-

(r,#r5,), they can interact and the crossing of the potential<ated about 1500 cit below the saddle point which thus

is avoided as soon as the geometry deviates fromQhe lies beneath the first dissociation threshold. The saddle point

symmetry. calculated at the MRCl/aug-cc-pVTZ level of theory is
To distinguish the adiabatic from the diabatic states(r;,r,,«)=(1.354 A,1.198 A,124.282°) and is located

(which, e.g., correspond to the bending potential curves dis-

played in Fig. 8, the lowest two adiabatic states are labeled

as 1A’ and 2A’. In the adiabatic picture, the potential wells 2)

- ~ b)
corresponding to the minima of thé" and A" states are

1.6

15

T T T T T T T
478000 e ot
< S 14
£ s000}- .
—
13
?mo- .
K L. 12
2000 % J
x&x Al =
0 1'5 : l'}l 12 13
9 100 110 120 130 140 150 160 170 112 13 . c oA
Bond angle o/ deg /A n/

FIG. 8. Potential curves of th&* 2A, andA* 2B, states of Q along the ~ FIG. 9. Cuts through the adiabatic potential energy surface of Afesfate
bending coordinate. The curves were calculateddgy geometries at an  Of Os at a bond angle ofa) «=132.11° andb) «=104.05° calculated at
O-0 bond length of 1.27 A using the CASPT2 method and the cc-pvQzthe CASPT2/cc-pVQZ level of theory. The contour values are given in
basis set. cm ! and are referenced to the minimum of K& state.
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18f vibronic structure, and the nuclear motion is no longer con-
fined to a single potential energy surfd€&’ The high den-
17 sity of vibronic states observed at these excitation energies,
the irregular spacings between the bands, and the apparently
16} perturbed rotational structures of the (0,3,0) and(0,4,0
=< bands can thus be explained qualitatively by the complex
o 15F topography of the potential energy surface and the occur-
rence of vibronic coupling.
14} The vibronic structure has already been modeled by
Mdller, Koppel, and Cederbaum who also considered the
131 nonadiabatic coupling between the” and A* states>?’
The calculations were performed using an analytical poten-

tial energy surface that was adjusted to #ieinitio points
calculated by Schmelet al®° in C,, geometry. A harmonic
FIG. 10. Cut through the adiabatic potential energy surface of &estate ~ POtential function was assumed along the asymmetric
of O at r,=1.20 A calculated at the CASSCF/aug-cc-pVTZ level of Stretching coordinate which does not include the low-lying
theory. The contour values are given in chiand are referenced to the ~barriers, so that the nuclear motion was confined to relatively
minimum of theX™ state. small displacements in; andr,. The present results show
that the nuclear motion covers much larger regions of the
potential energy surface already at low excitation energies

1534 cm * above the minimum of thX ™ state. and that the long-range part of the potentials must also be
A cut at the equilibrium bond angle of the* state @ considered in vibronic structure calculations.
=104.05°) is shown in Fig. ®). The minimum of theA " Because of the complexity of the problem, an assign-

state is located at=r,=r,=1.288 A and also exhibit€,, ment of the higher excited vipronic bands YVi|| only be pos-
symmetry. This potential well is very flat and the minimum S|b!e through model calculations c_)f thg VIbI’OI’]!C structure
energy path runs via a low-lying saddle point along the dis-Wh'Eh take |I1to account the nonadiabatic coupling between
sociation coordinate. The discrepancy between the experihe X and A™ states on global potential energy surfaces.
mentalr, [1.375) A, 111.3(38)°] and the calculateq ge-  Because of the high resolution achieved in the present study,
ometries(1.283 A, 104.14°) of this state can be attributed toit is desirable that these surfaces be calculated with spectro-
the marked anharmonicity of the potential in the vicinity of SCopic accuracya few cni*) in order to make contact with

the equilibrium geometry. Only one bound state could bethe experimental data. Such calculations have recently be-
observed experimentally in this potential well, i.e., come possible on molecules of comparable size as has been
A" (0,0,0). demonstrated in the case of (NO,, H,0 and NH,%2450:51

The region around the saddle point close to the mini-

mum of theX ™ state is displayed in Fig. 10. This cut has
been calculated at the CASS@F,12 level of theory. The V. SUMMARY AND CONCLUSIONS
second bond length, was kept fixed at,=1.20 A andr,

anda were varied. The potential well of thé* state can be .
: i i - toelectron spectrum of Ohas established the symmetry as-
discerned around=130°. The minimum energy path leads . .
signment of the lowest two electronic states of the ozone

over the saddle point to a second minimum at large internu="<" <42 42

clear distances. The minimum corresponding toAtestate cation. TheX™ “A; andA™ "B, states are almost degenerate
X P 9 with an energy difference of onlAT,=1089.7(4) cm®.

The precise value of the adiabatic ionization energy deter-

minimum is discernible in the lower left corner of the figure. . -
: . . ._mined here enabled the determination of a more accurate
The topological features of the lowest adiabatic potentia . -
value for the lowest dissociation threshold of; QD

energy surface provide a qualitative explanation for the sud-" 1 . :
den reduction of the rotational constants of the bands at ex- 4898(3) cm'] using a thermochemical cycle. The ozone

citation energies of more than 1500 thabove the cationic cat|(_)n is thus only a very wegkly bound molecule V.V'th a
ground state: The nuclear motion in this region is likely topartlcularly flat and anharmonic ground state potential en-

spread over several wells on the potential surface and t5'9Y surface. Theab initio calculations performed in the

reach into the reai Y . . e‘Bresent study show that the potential energy surfaces of the
gion of large internuclear distances. We be: ~ 4

lieve that this delocalization is responsible for the congestedt andA™ states cross each other about 2600 émbove

rotational structure observed in the PFI-ZEKE photoelectrorfhe minimum of theX™ state. InCy symmetry, both states

spectra. First indications that the potential energy surface dfansform under the same irreducible representatibrand

the 1A’ state is very flat were already given by Schmelzthe crossing is avoided, which leads to low-lying saddle
et al2° but have not been studied in detail. points on the adiabatic potential energy surface of tAé 1

In the wave number region close to the conical intersecstate. These barriers connect the potential wells ofXhe

tion (about 2600 cm® above the minimum of thX ™ state, andA™ states with each other and with the region of large
nonadiabatic effects are expected to strongly influence thmternuclear distances.

The analysis of the rotationally resolved PFI-ZEKE pho-
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