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Threshold spectra of several isotopomers of ozone are studied using accurate quantum mechanical
calculations and arab initio potential energy surface. Shallow van der Waals minima in the
dissociation channels, separated from the deep main wells by an8bhigh barrier, are shown to
accommodate long progressions of assignable states. As a result, dense vibrational spectrum of
ozone near dissociation is dominated by van der Waals-type states for all studied isotope
compositions. ©2003 American Institute of Physic§DOI: 10.1063/1.1603737

I. INTRODUCTION the reactants and products in exchange reactions.

One of the explanations of the observed isotope effect is

Studies of highly vibrationally excited molecular eigen- . .
states near dissociation threshold is one of the central topicoslJt forward by Gao and Marctisand is based on the statis-

in modern chemical dynamidsee, for example, Refs. 1-3, tical RRKM theory. It successfully accounts for the mea-

and references therginThe reason is that chemical and sured formation rates, yet requires an adjustable “nonstatis-

physical properties of highly energized molecules differ draical” correction factor intended to parametrize dynamical

matically from their features near the equilibrium. For ex_fjifferences betwgen different isotopomers. A,t the moment it
ample, the familiar normal mode assignment of vibrational'S "ot clear to which extent the RRKM model is applicable to

spectra often becomes inappropriate at threshold. Furthefl® largely nonstatistical ozone moI_ecEﬁeHowe\{e_r, this
more, new types of vibrational states appear at high energiel1€0ry indicates the key “coarse grained” quantities which
They can come into existence as a result of “bifurcations” in€@n control the formation rate at threshold: the density of
the existing progressions triggered by sudden changes in ty@vibrational states and the average lifetime of the a_u_:tlvated
classical phase spadeSuch bifurcations were documented complex. The dependence of the threshold densities and
and analyzed for many triatomic molecules including HCP, lifetimes on the isotope constitution deserves a detailed
HOCI* HZ ,° and HOBP Alternatively, new molecular duantum mechanical investigation which goes beyond statis-
states can emerge in those regions of the intramolecular péi¢al models.
tential, which become accessible only at threshold. Loosely ~States of ozone near the dissociation threshold remain
bound orbiting states in nitrogen dioxide, held together bylittle investigated. There are no high resolution spectroscopic
long range electrostatic forces, is a good case in gdinan ~ Measurements in this energy range. In regard to theory, two
der Waals states in ozone, the main subject of the preseft/antum mechanical studies have been performed recently
article, furnish another example. using an accurateab initio potential energy surface
Our interest in threshold spectra of isotopically substi-(PES.***°While Siebertet al. gave a detailed analysis of the
tuted ozone is stimulated by recent attempts to explain thépectrum of-°0'°0* 0 in a broad energy range and showed
anomalous isotope effect in this molecule. The effect, obthat many vibrational bound states and metastable reso-
served in the formation of ozone upon+@, collisions in  nances in the dissociation continuum are clearly assigrtable,
the Earth's atmosphere,is presently under extensive they did not specifically consider the energies around disso-
experimentdf =2 and theoreticd? investigation. At room  ciation threshold. This was done in another study, in which
temperature, the collision energy of reactants is smgT(  Babikov et al!® employed a slightly modified version of
~200 cm 1) and the reaction dynamics is sensitive to theoriginal PES from Ref. 14 and calculated resonance states in
properties of low-lying metastable rovibrational stafesso-  the first 60 cm ! above threshold. They found that the reso-
nances In particular, the energy window immediately adja- nance spectra off0*%0'®0 and®0'®0®0 isotopomers are
cent to threshold seems to be of prime importance: Experigualitatively different from the spectrum 6f00'°0; the
mental studie¥ revealed a direct correlation between theformer two were significantly more dense than the latter and
relative formation rate coefficients and the tiny consisted of a series of states with large lifetimes, especially
(~22 cm Yy differences between the zero point energies ofin the narrow energy window of 22 cm above threshold.
This energy window corresponds exactly to the difference in

dAuthor to whom correspondence should be addressed. Electronic maif€ro point ene_rgieS_Of_ oxygen diatom? in the hetero_' a_nd
sgreben@gwdg.de homonuclear dissociation channels. This remarkable finding
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50 ' ' ' ' ' dered Q rotation. This coupling creates a higtynamical
barrier preventing particles in vdW minima from entering the
main wells. One way to show this is to adiabatically separate
the rotation of Q in the vibrational ground state from the
motion along the dissociation coordinafeas is commonly
done in SACM theory! The lowest adiabatic potential curve
(Fig. 1), acting as an effective potential near threshold, has a
pronounced barrier of nearly 140 ¢rh Full quantum calcu-
lations, performed for total angular momentuhs 0, con-
firm that vibrational vdW states are nested in the minimum
and, to a large extent, remain independent of the states in
main wells. As will be shown below, vdW states dominate
the spectrum of nonrotating ozone at threshold, regardless of
Yz [a,] the isotope composition. In particular, they increase the
threshold density of states by almost a factor of 10.
FIG. 1. A cut through the ozone potential along the minimum energy path to Bound and resonance states in shallow vdW minima
dissociation(solid ling). The distance between the O atom and the center of, . . .
mass of the @diatom is taken as the dissociation coordirRteéDashed line have been prewougly |nveSt|gated Tor other moIeC.ular sys-
shows the lowest adiabatic potential curve in the entrance chdfidel tems. The best StUdle_(jzthth thepreu_ca]ly {ind eXpe”mema“y’
+15010. The potential along the MEP is shifted vertically so that the &reé vdW complexe&~>* The main distinction between the
asymptotic values of the two curves coinci@e=0 corresponds to the low-  physically bound complexes and; @ that in ozone the vdW
est quantum mechanical threshold. states are found at the same energies at which bound eigen-
states of chemically bound ozone exist. The role of weak
vdW interactions has also been extensively discussed in the

might serve as a basis for a fully quantum mechanical decontext of reactive scattering at low energies. For example,
scription of the isotope effecf:'” However, several essential near-threshold long lived resonance states were recently cal-
questions have not been addressed in Ref. 15. First and forgéulated in the vdw minima in the entrance and exit channels
most, the nature of the additional states at threshold stilPf the reaction @ HCI—OH+CL?® These states were
remains unclear, as well as the physical reasons for the higq;hown to produce sharp structures in the cumulative reaction
threshold density of states in isotopically substituted ozongProbability, at least fod =0. Resonances above vdW minima

. . 26 .
Answers to these questions are of considerable importance #{ére also seen in the benchmark reactionHp.= Finally,
defining the role of the extra threshold states in ozone forydW forces were at the heart of explanation of the observed

mation: They allow one to evaluate the probability, with dyn%mical isotope effect in the reaction between Cl and
which these states can be populated in an@ collision. ~ HD."" The role of vdW states in the oxygen exchange reac-
This paper is the first in a series of two describing ozondions and the formation of Oremains to be investigated. In
states at dissociation threshold. Our main result, which folfact, the present study is the first in which these states are
lows from the detailed analysis of the PES and the eigen[eported and characterized. It is worth mentioning, however,
functions, is that the accumulation of vibrational states athat the possibility of formation of weakly bound ozone com-
threshold is intimately related to another—extremely inter-Plexes was mentioned in Ref. 28 in connection with the ob-
esting and hitherto not discussed—feature of ozone, name|§,erve_d anomalous pressure dependence of the. falloff curves.
the existence of loosely bound van der Waatiw) states in Five isotopomers of ozone have been studied at thresh-

H H H 1616,
a narrow energy strip of about 150 cfaround threshold. ©0ld in the course of preparation of this pap&io'®0to,
This feature is shared by ozone moleculesalh isotopic 1%0'%01%0, 1%0%01%0, 10100, and**01%0™ 0. Two of

combinations, including®0*00. We first deal with the them consisting of twd®0 atoms and one atofO, i.e.,

bound part of the vdW spectrum. Metastable resonances im-O'"0*°0 and*°0'®0*°0, are selected to be the main illus-
mediately above threshold are analyzed in the subsequefi@live examples throughout the paper. Properties of other
publication® isotope combinations, also summarized below, are similar.
The key factor leading to the appearance of vdW states The paper is.organized as follows: First, _detai_ls of the
is the shape of the PES in the asymptotic region. In Fig. 19uantum calculations on th_e global PES are given in Sec. Il
the potential energy profile is shown along the minimum\ﬁbrat'onf?" vdW progressions F:alculated in one |solat§d
energy patiMEP) in one of the entrance channels. At about @symptotic channel are then br'lefly sketched in Sec. Il in
5.5 bohr, the asymptotic potential has a shallow minimurrPrder to pave the way for a detailed anglyss of the threshold
mainly caused by long range quadrupole—quadrupole angpectra on the global PES present_ed in Sec. IV. _In co_nc_lu-
dispersion interactions between O ang.® The minimum  Sion, 'Fhe mﬂgence that overall rotation _and nona_dlabanc in-
lies approximately 210 ciit below the asymptote, and yet teractions might have on vdW dynamics are discussed in
its depth is significantly smaller: It is controlled by the bar- S€C- V-
rier separating the vdwW minimum from the main ozone well,
which is only 80 cm* high. Another factor contributing to Il. DETAILS OF DYNAMICS CALCULATIONS
the trapping of vibrational states in the vdW minimum is the  Eigenstates of the molecular Hamiltonian for the total
coupling between the dissociation coordinate and the hinangular momentund=0 have been calculated in the energy
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range of 200 cr® around the quantum mechanical thresh-domain of variation of the two stretching coordinates has to

old. In these calculations, the PES of Ref. 14 was employe@€ unusually large to include three main ozone wells as well
with the modifications as described in Ref. 15. This is theas three vdW regions in the asymptotic channels.
most accurate ozone potential to date, which reproduces the The kinetic and potential energy operators were ex-
measured eigenenergies within 4—5Cntsee Ref. 1#upto  Pressed in the discrete variable representafidn.the larg-
about 85% of the experimental dissociation energy. The PESSt calculations, the following grid parameters were adopted:
is constructed from thab initio datd* calculated at the 0.1a,<R=21.0a, with 290 potential optimized point3
MRCI level with the Davidson correction (MR&IQ) using  and 1.3a,<r=<23.0a, with 300 potential optimized points.
the quadruple zeta cc-pVQZ basis set of Dunrfintn the ~ Only those points were retained in the grid, whose potential
vicinity of the transition state barrier and in the asymptoticenergy was below,=1.7 eV (E=0 corresponds to an in-
vdW region, the potential is further adjustédo include the finite distance between O and, With O, at equilibrium).
results of even higher level calculations and extrapolation td hese grid extensions iR andr ensure that the vibrational
the complete basis set linff. Topological features of the states in all vdW minima are converged to at least
PES relevant for this study are specifically addressed in Sed0 > cm™*. Indeed, as will be shown below, some of these
IV A. states lie only 1 cm! below threshold. This implies that the

The Schrdinger equation was solved using filter diago- bound-state wave functions can penetrate into the classically
nalization (FD).**3! This method is well suited for calculat- forbidden region over the distances of more tharad0
ing vibrational states at threshold, where the density of states Proper choice of the coordinate system enables one to
is high and the convergence is therefore difficult to achievéalve the angular grid and thus noticeably reduce the com-
with direct diagonalization. FD is performed in two steps. putational effort. For thé®0,'%0 isotopomer, it is convenient
First, a(narrow energy window Ein, Emad iS preselected to place the'®0 atom in the apex and takR as a vector
and a basis set¥;}, optimal for this window, is generated connecting'®0 with the center of mass dfO,. The well
by applying the filtering operator I&*(E)=Im(E —H located aroundy= 7/2 will be that of1%0'80'%0 and isC,,

i i 0 . o .

—iW) L onto an initial wave packeg (En<E <Ens). The symmetric. 1The other two wells, both describing asymmetric
complex absorbing potentiali is set to zero for calculations ©ZONne with ?0 as a side atom and located gt /6 and
of bound states. The filtering is performed by expanding the?~>7/6, are related to each other through a symmetry

Green’s functionG* (E;) in terms of(modified Chebyshev Eratlinifor;n?htlomi/;wt— %Wh:h |srequ||;/atlﬁnt ftoll t:j'e rgﬁtmr]::n
polynomials® In the next step, the Hamiltonian matrix in 2 0N O the side atoms. As a result, the ull Hamiitonia

. o : - . . splits into two blocks, the one which is symmetric with re-
the basis[W¥;} is diagonalized giving the eigenenergies andS ect to — (overall parityP=+1), and another, an-
the corresponding wave functions. The number of basis funczP Yoy OV partyr= ' j

tions depends on the number of eigenstates in a given enertI ym_metrlc bI.OCk e=-1). For a_II Isotope co_mbmanons .
: . : nsidered, this symmetry can be incorporated in the numeri-
window and is usually quite small, of the order o1t our

calculations, the threshold region was split into four overlap-Cal grid in much the same way as it was recently done for

ping windows ranging in size from 120 crh at lower ener- H,O (Ref. 36; see also Ref. 37 for a general discussion of the

gies to 40 cm? at threshold. Between 120 and 190 basisSymmetry adapted DVR The angular coordinate is repre-

functions were used in each window. The number of Cheby;f:c:doiy 7<5 (/32&1 L;SnSJ%ﬁfi?:éﬁcqgi::awflaﬁ?f}ﬁ :n le
shev terms necessary to produce a convergent representatioﬁ y=m 9y 9

of the Green’s function was about 200 000. are correspondingly symmetrized to include Legendre poly-

) : . . nomials of either eveiffor P=+1) or odd order(for P=
Most calculations were performed in Jacobi coordinates ) . .
. . . S —1). Calculations for different parities are performed sepa-
as described in Ref. 14. For a molecule in equilibridRnis ratel
defined as the distance between the central oxygen atom andcY . .
. Additionally, we investigated the spectra of vdW wells
the center of mass of the two side atoms;orresponds to

. . . in a single dissociation channel. These “restricted” calcula-
the distance between the two side atoms, ans the angle . . .
L S tions help to estimate the expected threshold density of vdW
betweenR andr. Ozone has three distinct equilibrium ge-

ometries, differing in permutations of the oxygen atoms. Forstates and to classify the states in vibrational progressions.

a combination of twd®0 atoms and on&0, two equilibria The re~stgc~ted calcula-tlons were pferforr.ne.d in Jacobi coordi-
correspond td%01%01%0, while the third one describes the nates R,T,y) appropriate for the dissociation channel under

symmetric molecule®0'80%0, At energies far below consideration. For thé®0'*0+*%0 channel,R is the dis-
threshold, transitions between different permutations are erfance betweefO and the center of mass 800*°0, T is the
ergetically forbidden and the dynamics in each well are unbond length of the diatom ariglis the angle between the two
correlated. At threshold, different wells are connectedvectors. The dissociation coordingewas allowed to vary
through the asymptotic vdW minima in the dissociationbetween 4.4, and 23a,, with 270 potential optimized
channels and, strictly speaking, isomerization between differpoints. For the other two coordinates the grid parameters
ent permutations can take plagee Ref. 33 and the discus- were as follows: 1.8,<7<3.0a, with 16 potential opti-
sion in Sec. IV A below. It is therefore necessary to consider mized points and &y<= with 100 Gauss—Legendre
all permutations within a single quantum calculation. Thepoints. Only 70000 Chebyshev iterations were necessary to
Jacobi coordinates described above cover the whole config@btain a fully converged spectrum.

ration space and are suitable for our purposes. However, the The set of Jacobi coordinateR,f,7) was also used in
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the global calculations to check the convergence of the 13
eigenstates with respect to grid parameters. These conve
gence tests, performed up to energies of 50 trbelow
threshold, are based on the notion that the converged spe(_ g
trum must be independent of the coordinate system chosen t.5,
represent the Hamilton operator. R, 140 potential opti-
mized DVR points were taken in the interval (&d,10a),

T was represented on an optimized grid of 140 points in the
interval (1.3ay,12ag), while y ranged from 0 tor and in-
cluded 130 Gauss—Legendre points. Again, the resulting
eigenstates belong to eith&=+1 or P=—1 symmetry
blocks, although the DVR basis was not symmetry adaptec
in these test calculations. The eigenstates were assigned
visual inspection of the three-dimensional wave functions -53.4 cm™ (2,0)- -63.4 em™" (0,1)-
and compared with their counterparts calculated in anothe!
coordinate system. For all energy windows, the uncertainty
introduced by changing the Jacobi set never exceedet - :
0.05cm!. Closer to thresholdi.e., for energies above _— {“ LY N
—50 cmi 1) such tests became too time consuming. % i\, v ’y

-71.4 em™! (0,1)4

14

Ill. VAN DER WAALS STATES IN ONE DISSOCIATION
CHANNEL

The asymptotic ©-O, potential in one arrangement ) ]
channel is sketched in the upper left frame of Fig. 2 in Jacobi -28.1 em™ (3,0)- -29.9 em™ (0,2)4

coordinates R, 7); the bond lengtff of the diatom is fixed
at the equilibrium distance of 2.28. The potential is plot- :
~ . - \ :
ted only forR=4.4a,, and the main ozone wells are not — ;’r- € 5
shown. The two minima, symmetric abogt=90°, corre- > . oan \‘ {'.l b4
spond to the two equivalent bent vdW equilibria; they lie l
210 cm ! below the asymptote. The asymptotic part of the
surface has several saddle points. The highest are the barrie
at linearity,7=0° and 180° (150 cm® with respect to the
vdW minimum). The saddle ay=90°, separating the equi-
librium vdW geometries, describes a T-shaped transition
state and lies 120 cnt above minima. The two symmetric

saddle points aR~4.5 a, connecting vdW wells with the
main ozone minima are the lowest: their height is only
80 cm L.

These shallow wells support relatively long vibrational
progressions. For all isotope combinations but one, we founc
22 bound vdW states between the minimum and the quantun
mechanical threshold; fdfO- - -160'®0 the number of bound
vdW states is 21. Most of the stat¢8 out of 22 for
160..-1601%0, for examplé belong to pure progressions of

eitherR or 3. Typical wave functions are illustrated in Fig. o - o
2 The properties of the spectrum, e.g., the transition frequerf—'G' 2. Examples of wave functions in two vibrational progressions in the

. h . d th . d f dW well in the arrangement chann€0- - -*%0'®0 calculated on a spatially
cies, the assignments, and the energetic order of states, Stricted grid as described in Sec. Il. Shown in Jacobi coordin®&s¥)

pend only Wea_kly on the '50_'[0pe gomposmon. Commo_n Qs one particular contow(R;T,%) =| W (RT,%)|2= const, with the constant
all vdW states is their “two-dimensional” character: Excita- value being the same in all frames. Theaxis ranges from 5° to 175° and

tions occur solely iR and?¥, while the almost completely the R axis ranges from 4.4, to 13.1a,. The plots are viewed alorig in

d led hiah f il is in th d vi the direction perpendicular to the plane of the other two axes. Shading
ecouple igh frequency (scillator is in the ground vi- emphasizes the 3D character of the plots. The eigenenergy in each frame is

brational state and plays no role in the dynamics. The tw@neasured with respect to the quantum mechanical threshold for the channel.
fundamental frequencies are very lowg~40 cml and Vibrational assignments are given in parentheses. The potentidR,) (

w3~ 60 Cmfl, slightly depending on the oxygen masses, coordinates v_vitr?_ fixed at 2.28, is shown in the upper left frame. The
Moreover. the modes are strongly anharmonic. especiall icon'[our spacing is 5 meV and the lowest energy-85 meV. The dashed
! aly ! p y rI?ne denotes the contolt=0. Potential energy is normalized in such a way

R: Already the third pure excitation has a frequency of onlythatE=0 corresponds to OO with O, at equilibrium.

-6.2 cm~! (0,2)_

N2
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25 cm L. This explains the rather large number of states in 25 0.8
the vdW minima.

From the third state up, the vdW spectrum lies above the 20F lo.6—
saddle point on the path leading to the main ozone well. IE
Remember that an infinite wall is placed Bt=4.4 ag in = 15r {
these calculations, and the wave functions cannot reach the % 04,
. : = 1ot -
inner part of the potential. In order to check whether they are )
really localized in the asymptotic region, we first repeated {o0.2 ESt
the calculations with the infinite wall slightly shifted inward St
to R=4.2a,. The energies of bound states changed by less 0 . . 0.0
than 0.5 cm®. Compared to the transition frequencies, this —-100 —60 —20 20 )

variation is small, which indicates that even above the saddle
point the eigenstates in vdW minima are effectively un-
coupled from the inner wells. Unrestricted calculations ongg. 3. Quantum mechanical number of vdW staté€E), in the arrange-
the global PESSec. IV) confirm this conclusion. In the adia- ment channefGO---16(3180 bielow thresholddots and the fit according to
baic approximation, coupling betwedh and 5 creates a 1SN >Lum  dasied e The sty o i st
dynamic barrier between the inner and the outer parts of thgasition of the quantum mechanical threshold.
potential. The height of this effective hindered rotation bar-
rier, estimated from the adiabatic curve in Fig. 1, is
140 cni %, nearly twice as large as that of the bare potentiaLdissociation continuum predicts even higher values in the
It is this barrier, behind which the vdW states are trapped. first 20 cm * aboveDy.

All bound states in the vdW spectra can be assigned
vibrational quantum numbersng,n;) (the third quantum IV. VAN DER WAALS STATES ON THE GLOBAL PES
number,n;, equals zerp The wave functions, together with The threshold spectrum of ozone is more complicated
their assignments, are exemplified in Fig. 2. Since the comthan the pure vdW spectrum described in the previous sec-
plex %0 - -1%0!0 is not symmetric, the amplitudes of eigen- tion. The true spectrum comprises the states localized in the
states in the left-hand and the right-hand wells are not exmain ozone well and the vdW states in the two dissociation
actly the same. However, at energies near and above thdhannels attached to this well. Mixings between the two
saddle separating the two wells, the symmetry is almost retypes of eigenstates and the possibility of ozone isomeriza-
stored and eigenstates have either a node or a maximum néé#n further increase the complexity of the spectrum. We start
¥=90°. We denote the former states with an additional in-the discussion of threshold eigenstates by a short description
dex “—" (antisymmetrig, while the latter states have index Of the topography of the global PESec. IV A). The quan-
“+" (symmetrig. For truly symmetric complexes, for ex- tum results are then presented in Sec. IV B.
ample 1°0- - 1800, this notation becomes exact. The as-_ Topography of the global PES
signment of states shown in Fig. 2 is rather straightforward: ) o )
One counts the number of nodes along the nodal line in one 1€ coordinate grid in the quantum calculations covers
well. Intramode coupling forces the nodes of pure stretching® Whole configuration space of the molecule, including all
wave functions(Fig. 2, left column to substantially deviate hree possible conformations and the three dissociation chan-

from a straight line. The effect of coupling becomes evennels' Figure 4 illustrates how the various potential wells and
: 161 H
more pronounced for combination states, not shown in Figarrangement channels #0™0™0 are connected. Shown in

2. Their assignment is no longer trivial and should be baseg'g' 4@) is a polar plot of the PES in hyperspherical coordi-

on the structure of the underlying periodic orbits in the denates(p, X), as def'?‘.ed. in Ref. 40. The second angle;
. . fixed at theC,, equilibrium value for Q. The three main
wells. The relation between the classical and quantum dy-

namics in the vdW wells, along with the residual isotope—mlnlma (traced by thick contour lingscorrespond to the

dependent effects in the vdW spectra, will be analyzed in th%j[;]e; f\k&:}bﬁig‘zlggeézoam;crjz gtn oer(tviitz emt\f\t] Oe gge)gfigi:zg
forthcoming publicatiorf? The pure bending modéFig. 2, ’ ’

) ’ ) = identica). Far below threshold, each potential well supports
right column remains almost unaffected by coupling with o independent spectrum, characteristic of the ozone mol-
even near threshold. One expects to find such localizedcyle in question and observable by means of high resolution
states—in the form of narrow resonances—also abov@pectroscop§* Near threshold, the main wells are linked
threshold. through the shallow vdW double wellghick contour lines
The low fundamental frequencies and the large anharmmetween the main wellsin other words, the three different
nicities in vdW minima lead to a high density of states. Fig-oxygen permutations are connected through common
ure 3 shows, for®O---1%00, that the vibrational states asymptotic channels.
tend to accumulate in the vicinity of the quantum mechanical ~ Two hyperspherical coordinates are insufficient for a si-
threshold. Similar patterns are observed for all other isomultaneous description of both the inner part of the potential
topes. At threshold, the density of vdW states in one arrangeand the asymptotic region: The third coordinafe,should
ment channel reaches 0.5 percin Extrapolation into the also be allowed to vary. For the purposes of further discus-

E [em™]
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(a) ‘ ‘ ‘ metric stretch and are nondegeneft@he eigenstates of
the isomer®000 in our calculations are delocalized
over the two identical wells labeled 668 and 866. Transitions
between these two wells due to under-barrier tunneling are
negligible, so that the eigenstates wit+=+1 andP=-1

are degenerate. Each symmetry blotkr example, P
=+1) contains the full information on the spectrum of
160600, Since the isomer is nonsymmetric, the wave
function amplitudesn one wellpossess no symmetry.

The same considerations hold for the vdW spectrum.
The eigenstate®=+1 of the complex®O---%0%0 are
delocalized over the vdW regions in the two heteronuclear
channelsw. Eigenstates of different parities are degenerate in
the absence of transitions between the channels. One sym-
metry block is sufficient to describe the whole excitation
spectrum of either of the two vdW complexes. For the com-
plex 8O- --1600 in the homonuclear channg| the eigen-
states are nondegenerate. Symmetry blBek+ 1 contains
states with an even number of bending quanta, wRile
=—1 contains odd bending excitatiofsf. assignments in
Sec. ).

The diagram in Fig. &) shows how the main minima
are connected through vdW regions. For example, the 668
well is linked to its mirror image 866 through the vdW com-

B plex 8..66 in the homonuclear changglwhile the two spec-
troscopically different species, 686 and 668, are linked
FIG. 4. Topography of the ozone potentigh Polar plot of the PES in  through the complex 6..86 in the heteronuclear chamnel
EypersPc?e”C?' (;Oggdi”?ttfeﬁvfgWTeZSC%ZEt’Le@riISeKT?;S ;Ogngid”EﬁT;:“ Mixings between the vibrational states in the main wells and
toylfrirr:relusggra{tedo by 0.2 eV. The thilék line mar-ks th’e three equivalentpe,' vdW states |mplyltransmons bet\,Neen the ozone permu-
o0zone minima and the connecting vdW wells. The central minimum, correlations. We shall see in the next section that at threshold, the
sponding to cyclic ozone, is not showfb) Schematic representation of degeneracy of thB =+ 1 parity blocks in 668 and 886 wells

various constituents of the PES for the isotope combinafian 0, and s |ifted for some states, thus leading to isomerization.
0. The three stable isomefmain minima are shown with circles and

labeled 686, 866, and 668. The middle hatched area indicates a high barrier
separating the main minima and encircling the cyclic structure. Hetero- .
nuclear(a) and homonucleatB) dissociation channels are separated from B. Spectrum of eigenstates

the main minima by vdW regions labeled 6..86 and 8..66. Shading indicates The vibrati | stat f the isot binati ft
that the quantum thresholds and the vdW vibrational ground states in chan- € vibra Igna states o .e ISotope com ”jal' lon OF two
nels a have lower energy than in the chann@l The vertical dashed line OXYgen atoms®0 and one'®0 in the last 150 cm® below
denotes the symmetry axis. dissociation threshold are summarized in Table I. The wave
functions of “normal” ozone are labeled according to the

main well in which they are localizeldee Fig. 4b)]. Accu-

sion one needs only consider a two dimensional schemati@te vibrational assignment, still possible for some of these
representation as shown in Figb4 Its inner part, modeling states, is not pursued in this study. As was already discussed
the hyperspherical plot, is augmented by three asymptotith Sec. IVA, the eigenstates dfO'°0'0 are delocalized
channels, separated from the main wells by regions contairetween the two symmetric wells 668 and 866. In the calcu-
ing shallow vdW minima. One dissociation channel and thdations, these states appear as doublets with p&rity+ 1
corresponding vdW region are shared by two adjacent maighd— 1. Degenerate doublets are shown in Table | as a single
wells. The metastable cyclic ozone trapped behind a higlgtate with parityP= = 1. If, however, the doublets are split,
potential barrier in the center of the plot is not considered irfach component is shown separatéhese states are high-
this paper. The symmetry properties of the diagram in Figlighted in boldface
4(b) coincide with those of the Hamiltonian in the Jacobi set ~ Our main finding is that vdW states can be unambigu-
(R,r,7) used in the global calculations. The main symmetryously detected in the calculations on the global PES. These
element is the plane, crossing the plane of the plot at a states are also presented in Table 1. The notation for them
right angle along the dashed line. All eigenstates can be clagacludes the description of the dissociation channel in which
sified as either symmetricP(= +1) or antisymmetric P the state is locateGreek lettey and the assignment in terms
= —1) with respect to reflection imr,, . of two quantum numbers, the dissociation mdieand the

States localized in the main well situated on the middlebending mod€ey, as described in Sec. Ill. For example,
line belong to the isomet’0*00 denoted in Fig. ) as  «(0,0) denotes a vibrational ground vdW state in the hetero-
686. For this isomer, vibrational states with different paritiesnuclear channels 6..86f. Fig. 4(b)]. Note that vdW states in
correspond to either even or odd excitations of the antisymehannelsa also appear in pairs, degenerate if unperturbed.

(b)

8..66
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TABLE |. Vibrational eigenstates 0f0'%0*0 and*®0'®0'®0 near dissociation threshold.

E, eV® E—Dy, cm ! Parity Assignmenit Mixing® E, e E—Dy, cm ! Parity Assignmenit Mixing®
0.07615 —148.67 -1 686 B 0.08875 —47.01 +1 866/668

0.07647 —146.09 +1 866/668 e 0.08934 —42.27 +1 a(1,1),

0.07756 —137.29 -1 686 e 0.08957 —40.43 -1 B(0,1)_

0.07853 —129.45 *1 «(0,0° B 0.08977 —38.81 +1 686

0.07860 —128.89 *1 (0,0 0.08993 —37.54 -1 (1,
0.07893 —126.24 +1 686 0.09000 —36.94 +1 a(1,1)_ 686
0.07945 —122.05 -1 686 e 0.09018 —35.48 +1 £(2,0), 866/668
0.07970 —120.04 *1 866/668 0.09039 —33.76 -1 866668 B(2,0_
0.08028 —115.37 +1 686 0.09058 —32.28 +1 863668
0.08131 —~107.02 +1 5(0,0), 0.09062 —31.92 -1 (3,0, 866/668; B(2,0)_
0.08134 —106.78 -1 £(0,0)_ E 0.09065 —31.68 +1 (3,04 866668; 686
0.08177 —103.28 +1 686 e 0.09066 —31.58 -1 £(2,0)_ 866/668
0.08204 —101.15 +1 866/668 e 0.09088 —29.86 +1 a(0,2), e
0.08269 —95.88 +1 866/668 e 0.09108 —28.26 +1 a(3,0)_

0.08270 —-95.81 +1 686 0.09206 —-20.31 +1 B(1,1),
0.08270 —95.79 -1 686 B 0.09208 —20.14 *1 a(2,1), 866/668
0.08369 —87.84 +1 a(1,0); 0.09237 —17.80 +1 a(4,0)_CY 866/668
0.08378 —87.13 +1 a(1,0)_ 0.09261 —15.90 -1 B(1,1)_ 866/668
0.08401 —85.23 +1 866/668 e 0.09266 —15.50 +1 866/668 e
0.08441 —81.99 *1 866/668 e 0.09279 —14.42 *1 a(4,0), 866/668
0.08537 —74.26 +1 866/668 e 0.09301 -12.63 +1 a(4,0)_ e
0.08573 —~71.35 *1 a(0,1), 0.09309 —~12.01 +1 686

0.08584 —70.48 -1 686 B 0.09323 —10.86 +1 B(3,0), B
0.08621 —67.55 +1 686 0.09341 —9.42 *1 a(1,2), 866/668
0.08632 —66.60 +1 B(1,0), 0.09376 —6.65 -1 B(3,0)_
0.08640 —65.96 -1 B(1,0) 0.09378 —6.46 +1 5(0,2),
0.08670 —63.54 +1 a(0,1)_ 686 0.09382 —6.14 *1 a(0,2)_ 866/668
0.08708 —60.53 -1 686 e 0.09388 —-5.67 +1 866/668 a
0.08738 —58.10 *1 866/668 e 0.09410 —3.85 +1 a(3,1), 866/668
0.08768 —55.68 +1 a(2,0+ 0.09424 —2.74 -1 (5,04 86G668; 686
0.08770 —55.47 -1 @(2,0); 686 0.09426 —2.58 +1 «(5,0); 866668
0.08790 —53.89 +1 a(2,0_ 0.09444 —-1.12 +1 «(6,0), 686
0.08792 —53.70 -1 (2,0 686 0.09458 0.03 +1 «(5,0)_ 866/66
0.08855 —48.66 +1 5(0,1),

*Energy normalization is such th&t=0 corresponds to an infinite separation between O anai® the diatom at equilibrium.

®No vibrational assignments are given for the states localized in the main ozone wells. Instead, labels of the wells are shown, according to th&ijagram

4(b). vdW states are assigned in terms of two quantum numbers as described in Sec. Ill. Additionally, the channel to which vdW state belongs is indicated
with a Greek lettefsee Fig. 4b)]. For mixed states, the assignment is based on the main component of the wave function.

For states delocalized between the main and the vdW wells, this entry indicates the weak cofgpohére wave function.

YEnergy with respect to the quantum mechanical dissociation threBho{®, is the energy of a nonrotating,@iatom in the vibrational ground stat&he

lowest threshold for the isotope combinatiti®, %0, %0 is D,=0.09458 eV.

€This vdW state in the heteronuclear chanaesk localized in one minimum of the double well vdW potential.

This vdW state in the heteronuclear chanaeék localized in the second minimum of the double well vdW potential.

9This vdW state is born in a bifurcation near threshold. Detailed analysis will be given else(ifedre&9.

Only those states for which the degeneracy is lifted arestates is weak, especially below40 cm . Note that only
shown as separate entries in Table I. the ground vdW states in both channels are positioned below
The first wo vdW states in the global spectrum appeakne potential barrier to the main well. All other states lie
130 cm * below threshold. They belong to the heteronuclearyqye this barrier and can, in principle, be fully delocalized.
channel 6..86 and represent ground vibrational states in e*Fhey are kept in the vdW region by the coupling betw&en

ther one or the other minimum of the double well vdW po- . , . : .
tential. At slightly higher energy, one finds the first two vdwW and y, which leads to a high effective dynamical barrier at
' ghtly hig 9. tthe transition statésee Fig. 1 As in the restricted calcula-

states in the homonuclear channel 8..66. Up to about bendi itati in localized in the vdW
—65cm ! most of the states belong to the main wells. Ions, pure bending excitalions remain focalized in the v

Closer to threshold, the situation is reversed: vdw sttes '€9ions up to threshold and even above iTheir nodal
all channels outnumber “normal” ozone states. In the last Structure is identical to the bending progression shown in

10 cni ! below Dy, the spectrum is almost entirely of the Fig. 2.
vdW type. Examples of vdW statespP|?, in the stretching progres-

The data in Table | also demonstrate that the two comsion on the global PES are given in Fig. 5 f60'%0"0 and
ponents of the overall spectrum, vdW and “normal,” are *°0'®0®0. The states in the left column belong to the homo-
largely independent: the mixing between the two classes afiuclear channel 8..66 and are the easiest to display. Due to
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FIG. 5. Wave functions of vdW statdstretching pro-
gression in ozone. Jacobi coordinateR,y) are
used. The ranges of variation of the coordinates are the
same for all wave functions; they are indicated in the
upper left(for R and y) and upper rightfor r) frames.

As in Fig. 2, one contour of the three-dimensional wave
function is shown. The left column shows vdW states in
the homonuclear channel 8..66. These plots are viewed
alongr, in the direction perpendicular to the plane of
the other two axes. In the right column, the states in the
heteronuclear channels 6..86 are depicted in the full
three-dimensional representation. See text for more de-
tails. Eigenenergy in each frame is measured with re-
spect to the lowest quantum mechanical thresiind
Vibrational assignments are given in parentheses.

"+

the chosen set of Jacobi coordinates, they have the sanstates in the left column. In the Jacobi coordinat@sr ()
“two-dimensional” appearance as the vdW states in the rethe states in 6..86 channels can be displayed only as fully
stricted calculations shown in Fig. 2. Three of the four showrnthree-dimensional objects: Dissociation channelsorre-
states are of purely vdW nature. Note that the vdW statespond toR— o andr— oo with vy approaching either O ot
remain pure even 6.7 cm below the lowest dissociation |®|? is clearly symmetric with respect tg= /2. The direc-
threshold. The state (2,0)is mixed: it has minor compo- tions of nodal lines indicate the directions of the stretching
nents(with dense nodal structurem two wells correspond- normal modes in each channel. The states (14nNd (3,0).

ing to the 866 and 668 moleculg¢sf. Fig. 4b)]. This is  are decoupled from the main wells, while (2,0has a weak
probably due to an accidental resonance between the statesdantribution of the isotopomer 68@t vy~ 7/2). The state
two parts of the configuration space. which, according to its strongest component, is assigned to

The right column of Fig. 5 illustrates vdW states in the (3,0), (P=—1) has the most complicated nodal structure.

heteronuclear channels 6..86. We selected those states, fbis mixed with the states in the 866 and 668 wells and also
which the vibrational assignments are the same as for theontains a clearly visible trace of the vdW stg8é2,0)_
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FIG. 7. Quantum mechanical number of staté¢E), of 1%0'%0*0 below

FIG. 6. The differencedE, between the vdW eigenenergies in the global threshold(dots and the fit according to the equatiN(E):EiezlaiE‘ (solid

and the restricted calculations. Solid and empty circles denote the VdVYme)_ The dashed line represents a fit B{E) only up to the energy of

states in channels 6..86 and 8..66, respectively. States of both paitles, _ 500 ¢t and its extrapolation to higher energies. The density of states

+1, are shown. p(E)=dN/dE is shown with a solid line. The vertical dotted line marks the
position of the quantum mechanical threshold. Arrow indicates the energy at
which the first vdW state appears.

from the channel 8..66. “Multicomponent” states will be de-
scribed in more detail at the end of this section.

Even in the presence of mixing, the vdW spectrum pre-these contributions are almost independent of one another,
serves its clear identity. This is evidenced by Fig. 6 in whichone can easily select states, belonging to this isotopomer, out
the energies of vdW states in the global and the restrictedf the global spectrum. Shown in Fig. 7 are tRe=+1
calculations are compared. For most of the states, the diffestates of the wells 668/86€,= +1 vdW states belonging to
ence does not exceed 0.5 ¢h the agreement between two the dissociation channel 6..86, and the vdW states of both
calculations is especially good for the states in the homoparities,P= =1, localized in the channel 8..66. Far below
nuclear channel 8..66. Larger deviations indicate more mixthreshold*® the number of states grows almost linearly, lead-
ing with the main wells, but even then the difference remainsng to a constant density of states of about 0.08 I/tm
to be bounded by only 1.5 ¢, still less than the average Extrapolation to higher energies predicts the total number of
distance between states in one dissociation thresholal (1/states to be around 250. The vdW minima near threshold add
~2cm L; cf. Fig. 3). For this reason, the energetic order andabout 40 extra states to the expected number. As a result, the
the assignments of the vdW states in one particular channélensity sharply rises by nearly one order of magnitude reach-
in the global calculations are identical to those in the re-ng the value of 0.7 1/cm® at Dy.
stricted calculations: the global spectrum behaves very much vdW states dominate the threshold spectra of all ozone
like a sum of spectra of isolated main wells and three indeisotopomers. This is illustrated in Fig. 8, in which the spectra
pendent dissociation channels. A similar statement is true aff the main wells and of the distinguishable vdW regions for
other isotopomers. 1M°0'®0'%0, mixings are more pro- the three different isotope combinations are summarized. The
nounced and, consequently, the deviations of the restrictestates are sorted according to the assignment of the strongest
calculations from the global ones are larger.}f®%00  component of the underlying wave function. In each frame,
and 1%0'%0'%0 the mixings are weaker and the agreementhe energy is normalized to thewestdissociation threshold
between the restricted and global calculations is better thafor a given isotope set. For asymmetric molecylés 668/
in Fig. 6. The localization and the very existence of distinct866 or vdW regions in channetsin Fig. 4(b)], states of only
vdW states depend on the presence of a small barrier b@ne parity block are shown. For all species in Fig&)-8
tween the vdW region and the main ozone well. The heigh8(c), including the fully symmetri¢®0'0*€0, the main well
of this barrier was determined with an accuracy of 5 meVsupports a sparse vibrational spectrum, while the dense
(40cm'!) in a set of extensiveab initio calculations®  threshold component comes from the vdW states in the dis-
However, the localization is to a large extent dynamical andsociation channels. IfO'®0'®0, three wells and three vdw
being caused by thadiabaticbarrier, is only partly sensitive regions are equivalent, and it is sufficient to show only one
to the bare barrier height. main and one vdW spectruffig. 8a)]. A different situation

It is obvious from the above discussion, that vdW statesarises with molecules depicted in FiggbBand &c). For
dramatically modify the vibrational spectrum of ozone. Thethem, the vdW spectra in the homo- and the heteronuclear
energy dependence of the number and the density of statebannels are shifted with respect to each other. This shift
for the isotopomert®0'®0'%0 is presented in Fig. 7 in the amounts to about 22 ch and unambiguously correlates
interval of 1000 cm * below threshold. According to the dia- with AZPE, i.e., the difference between zero-point energies
gram in Fig. 4b), the spectrum of this molecule near thresh-of O, fragment diatoms in these channelsZPE is at the
old consists of contributions coming from the main well 668 same time the difference in positions of dissociation thresh-
and two vdW regions in the adjacent channelsndg. Since  olds. For example, the quantum mechanical threshold in the
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FIG. 8. Vibrational spectra near dissociation thresholds for three groups of isotopdmef©%0%0; (b) %00 %0 and%0*0%0; (c) ¥0'%0*%0 and
1600%%0. Energy zero in each frame corresponds to the lowest dissociation threshold in the grdnjpara (c), the thresholds for the higher lying
arrangement channels and the differences between the zero point energies of fragnZ?Es are also shown. Threshold energies used in this work are:
Do(6+66)=Do(8+ 66)=0.09722 eV;D(6+86)=Do(8+ 68)=0.09458 V:Do(6+88)=0.09175 eV.

channel 6..86 is 22 cnt lower than in the channel 8..66ee by states of the 686 moleculef. Fig. 4b)]. A state 686
Fig. 8b); this difference is also stressed by shading in Fig.(P=+1) in the vicinity of «(1,1)_ is in a near resonance
4(b)]. Accordingly, the first vdW state in the channel 6..86 With the P=+1 component of the vdW doublet thus leading
appears 22 cm* below the first vdW state in the channel to an effective shift in its energy and a doublet splitting.
8..66. This relative shift by exactl§ZPE is due to the fact Even more complicated mixing patterns are observed in the
that the Q stretching mode in the asymptotic channels iscalculated wave functions. They simultaneously involve sev-
almost completely decoupled from the remaining two de-eral perturbing states in different main wells and/or channels
grees of freedor’ [cf. the stater(3,0). in Fig. 5]. However, they can be con-
One can surmise that the sequence of vdW states will ngiidered as weak perturbations which leave the eigenenergies
abruptly stop atD,. In particular, those states, that are nearly unaffected. This is in accord with the findings of the
trapped in the channel still clos¢@..66 in Fig. 8b)] will ~ experiments at room temperature which predict negligible
remain essentially bound. For them, dissociation become§omerization probability during ozone formatith.
possible onlyAZPE above the lowest threshold—this is the
energy at which “their” channel_ opens. This observation IS\, CONCLUDING REMARKS
at the heart of the physical origin of the dense resonance
spectrum observed in Ref. 15 and will be discussed in detail In this paper we argued that the threshold spectra of all
elsewherg?® isotopomers of ozone consist mainly of the van der Waals
In conclusion, we briefly consider the mixing patterns states in the two channels adjacent to the main well. States in
arising between the vdW and the “normal” ozone states. Theeach channel form vibrational progressions and preserve a
simplest to analyze are the wells 866/668 and the dissocidarge degree of independence from the states in the other
tion channelsa: the presence of mixing is unambiguously channel and in the main ozone well. In conclusion, we would
indicated by the splitting of the states wikh= = 1. like to briefly discuss the limitations of the present study and
According to the diagram in Fig.(8), splitting of the to indicate the ways to refine the model we employed.
P==*1 states in 866/668 result from the coupling to the = The spectrum discussed above is calculated for a nonro-
homonuclear channeB. Examples are the two states at tating moleculeJ=0. If ozone is formed in collisions of O
—33.76 cm! and —32.28 cm. About 2cm! above atom with molecular oxygen, as in the atmosphere or in the
them, at—31.58 cm ', a vdW state3(2,0)_ is located(par-  lab measurements at room temperafdrthe average value
ity P=—1). Note that only one component of the 866/6680f the total angular momentum in the thermal ensemble is
doublet, the one witlP=—1, can couple to this vdW state. nearJ=20.2° How does the overall rotation influence the
As a result, this symmetry selective coupling leads to theproperties of the vdW wells at threshold? In the asymptotic
splitting A~1.5 cm ! in the doublet. Mixings imply isomer- channel, the rotation of the molecule can be characterized
ization between different ozone isotopomers. In the spliwith two quantum numbers, total angular momentiirand
doublets, the corresponding lifetime of a wave packet localits projection on the body fixed-axis,K,. For a givenK .,
ized in one of the wells is of the order ofni2A ~22 ps. the dissociation threshold lieg,K ,(K,+ 1) above the low-
The splitting mechanism for the vdW states in channelsest threshold B,=1.4 cmi ! is the rotational constant of a
« is similarly based on symmetry selection. Proper illustra-free %0, diatom). Because of the large value & and a
tions are provided by stateg1,1)_ and«(3,0), in Table I.  quadratic dependence of the threshold energyKgn only
The interaction between the symmetric channels is mediateld,~0 states contribute significantly to the spectrum in the
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500 ' ' ' ' ' multiplets thus increasing the nominal number of electronic
states with vdW minima from 4 to 8. The van der Waals
dynamics should be investigated in all these states simulta-
neously, because the strength of the spin orbit coupling
(~150 cm 1) is of the order of the depth of the vdwW well.
Moreover, spin—orbit coupling shifts the lowest dissociation
threshold 79.6 cm! downwards, placing it below the thresh-
old of the adiabatic ground electronic state considered in this
work!® This implies that some of the bound vdW states
might turn into resonances if spin—orbit interaction is turned
on. Disentangling the vdW dynamics in a network of coupled

electronic states is one of the challenges in the future studies
4 5 6 7 8 9 10 of ozone.

R [ao]
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