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Abstract

More than 5050 rovibrational transitions were assgyin the very sensitive CW-CRDS
180, spectra in the 5900 — 7000 ¢mange leading to the first determination of 14 new
vibrational band centres. Three bands corresporntieidhighest ozone states observed so
far under high resolution. The good agreement beweredicted and observed centres
(rms deviation of 1.1 cil) confirms the accuracy of the potential functioyiously
determined from'®O; data. At this energy range situated ~ 20% belosv dissociation
energy, the small changes of masses associatedheitfO; — 03 homogeneous isotopic

substitution result in irregular isotopic shifts.



1. Introduction

Despite considerable effort from the scientific conmity devoted to the investigation
of ozone properties and spectra, there remain nsaogs and puzzling problems which are far
from being completely solved, like, for exampleg timterpretation of anomalous isotopic
enrichment effect in the ozone formation [1-3], tbalculation of the dissociation and
recombination rates [4-5], a detailed descriptidnnon-local thermodynamic equilibrium
processes in the upper atmosphere [6], or the ls@hmaptimal channels for multi-photon laser
excitation of ozone. A solution for many of thegelgems requires detailed information on
high-energy rovibrational states of the ozone igimtspecies. Accurate measurements and
calculations of these states in the energy rangeoaphing the dissociation limit are a
particular challenging issue.

The high-resolution spectroscopy of ozone has g listory. Up to 5800 cththe
infrared spectra have been mostly obtained by FH&r{er Transform Spectroscopy). The
range of fundamental and first overtone and contlmindands of the principal isotopologue,
%0;, has been covered in series of studies by Flaat)ycPeyret et al. [7-9] resulting in an
atlas of line parameters up to 3000tf8]. Barbe et al[10-13] have extended the range of
observations assigning more than 30 bands°@§ up to 5800 cm. Ozone spectroscopy
studies available up to 2003 have been reviewe8tbwfeld et al. [14], Flaud and Bacis [15],
Mikhailenko et al[16], and Rinsland et al. [17].

FTS spectra of ozone enriched'fl® and*’O were analysed in Refs. [15,18-26]. The
most extended spectral regions were investigatedChychery et al.[21,22] for the
homogeneous isotopic variaftO; and by De Backer, Barbe et al. [23-26] for the edix
variants*®0'®0"0, 180'°0"0, 10'%0™0 and*°0'®0™®0. All previously available studies of

isotopically substituted ozone spectra were peréatrhelow 4900 cih and involved bands

having at maximum &\ =) |Ae|=5 variation of the vibration quantum numbers. A trg

part of the related results are available in th&/®& (Spectroscopy & Molecular Properties of
Ozone) information system [27], which is accessib¢ethe websites 0zone.univ-reimsand

ozone.iao.ru

There are two major problems in deriving inforroatiabout the vibration levels of
ozone approaching the dissociation limit (situatedr 8500 ci [15]) from high-resolution
absorption spectra. One is experimental: band giinenare quickly decreasing with the
vibrational excitation, and a higher sensitivityaththat provided by FTS is necessary: up to

eight orders of magnitude are noted between thd barngth of th@; fundamental and that



of the bands near 7000 éntorresponding toAe =8. The other problem is related to an
increasing complexity of analyses due to many &t vibration-rotation resonance
perturbations and missing information on “dark’tesa

A breakthrough in the extension of experimental sueaments to higher energy has
been achieved with the development of very semsitger techniques [28-34]. Wentz et al.
[28] measured more than 3500 lines in tf@; spectrum recorded with a tunable single mode
diode laser between 6430 and 6670"dmt only about 400 of them could be assigned. A
further progress has been achieved with the CWiZ&ing Down Spectrometer (CW-CRDS)
developed at Grenoble University [34] in the wid56-7000 crit region [29-34], where more
than 7500 lines of°0O; have been recently recorded and assigned in co#tibn with the
Reims group. These results have been recentlywedidy Campargue et al. [34].

On the theoretical side, considerable efforts Hasen devoted to the determination of
the potential energy surface (PES) [5, 35-41 afefeaces therein], for the electronic ground
state of ozone. Extendeb initio calculations have been performed by Siebert amihise et
al. [36,37]. Babikov et al. [38] and Grebenshchilei\al [39] used these calculations to study
the metastable states and the van der Waals statggctively. Related dynamical studies
have been summarized and reviewed in Ref. [5].dJgate, the most accurate empirical PES
for the spectroscopic calculations at the openigardtion have been determined by Tyuterev
et al. [40, 41] from the fit of FTS experimentabration-rotation data dfO; below 5800 cri.
This PES has been used, for a theoretical intexfjoet of rates of formation of ozone
isotopologues [3], for the assignment of CW-CRD®csm@ of 1°0; [29-34] and for the
extrapolation towards highly excited vibrationaltst [35].

In this Letter, we report the first results of ekmental and theoretical studies of the
isotopic effect in high-resolution spectra of theoome molecule due to th0O; — 03
substitution in the 5900 — 7000 @rwavenumber range. Ro-vibrational levels correspantb
the high energy edge of this range are at about 828e dissociation limit. Contrary to the
low energy range, the isotopic shifts of the baedties appear to be irregular even though the
change in masses is small and homogeneous. Thecteethe complexity of anharmonic
interactions in the ozone molecule. Due to thetshiff about 340 cihtowards lower
wavenumbers for the band centres with respect @onthjor isotopologue, we were able to
record three'®0; new bands which correspond to the largest vibmaticexcitation ever
detected in ozone spectra at high resolution. @ieeogoals of this study was to use these new
observations to check to what extent the PES o§.HdD, 41] determined frorfO; data, is

valid for accurate predictions of th%; bands.



In Section 2, theoretical calculations of energsele and wave functions relevant to the
observed bands are briefly described; Section 8eisted to the experimental set up and
recorded spectra; Section 4 to the spectral asabsd Section 5 to the discussion of the

obtained resuilts.

2. Band centres predicted from PES

At low vibrational excitation, the assignment afooe bands has been traditionally
based on Dunham-type expansions involving Darlimguilson resonance terms which couple
stretching vibrations due to the proximity of ilagandws harmonic frequencies [15, 16]. This
simple approach is no more valid at higher energeesuse of the increasing density of states

and of the overlapping of stretching polyads defibg the conditione, + ¢, = const [11-13,

16, 21-34]. The overlapping of the polyads resufts numerous unusual resonances
corresponding to large differences in vibrationzduwtum numbers up tde =10.

In previous analysis of the CW-CRDS spectrd®af; [29-34], our assignments relied
on extrapolations from the empirical PES of Re#f, [41]. For the 21 band centres'tD;
reported in the 5850-7000 Enrange, the deviations of the predictions from oketions vary
from 0.1 to 2.4 cit with armserror of about 1 cih For the vibrational assignments of the
present®0; spectra, we used two versions of the same PESadeyeted to the Morse-cosine
kinetic model [40], another adapted to the exaate#c energy operator [41]. The
corresponding calculations using both version$efRES result in energies fbr 0 andJ = 1
levels which are in a good agreement at least fD@® cni (see Table 1): thens deviation
between two calculations is 0.9 ¢m

As far as techniques of calculations are concertvenl,complementary and completely
independent methods were applied. The first metsebs variational calculations involving
numerical integration in a large basis set of piikaiwave functions defined in internal bond
length and bond angle or Radau coordinates, asibdeddn Refs. [40, 41]. In order to achieve
a convergence of calculations in the consideredggnegion, it was necessary to extend the
size of the basis by at least one order of mageittaimpared to similar calculations for water
molecule (see Ref. [41] for the corresponding disen). The second method is purely
algebraic and uses successive high-order Contaatsiormations (CT) of the complete
vibration-rotation Hamiltonian into series of effiwe Hamiltonians defined for groups of

strongly interacting vibrational states. In our lgses, the MOL_CT suite of computational



codes [42] was used to allow for a systematicaldmg of effective Hamiltonians in normal
coordinates [42, 43]. These calculations accountésious resonance interactions specific to
the ozone molecule including inter-polyad coupling®is method has the advantage to

directly provide with the expansion of eigen-funes |W ., > of the final transformed

Hamiltonian in the normal mode basis:

_ r
|LPrNV = Z Cu,zvus leyep; >, (1)

et

Here/ is the symmetry type of the state axgis the rank number of the vibration state

according to the increasing energy for a giveh The normal mode basis
| e, u,e, >,=e, >|e, >, |e;, >, corresponds to vibrations which are decoupled riear

minimum of the potential well. Eqg. (1) stands fdbration wave functions. Similar expansions
are also obtained for vibration-rotation wave fum$ involving asymmetric top rotational
basis JK,Kc> as a direct product in the right hand side of(Bqg.This offers a rigorous

procedure for normal mode spectroscopic assignnmante-vibrational states from a given
PES.

The mixing coefficients are defined as squaragb@iexpansion coefficients:

P, =(C,.% ) with S P =1 ()

Ut

Heren = 1 corresponds to the largest contribution in @9.and the terms with = 2, 3, ...
correspond to the decreasing order of the mixirgffawents. The convergence of MOL_CT
algebraic calculations with increasing orders of @&s checked against variational
calculations with the same PES. For ti@; and the'®0; vibration levelsthe rms deviation
between these two calculations up to 7000 @re less than one wavenumber for tReoBier
of contact transformations. For this reason, onlydalculations (“calc_2") corresponding to
the PES of [41] are provided in Table 1.

In this work, we use two types of vibration staderitification. The first one is the(
N,) global assignment containing the symmetry spe€igsA; or B;) and the ranking number
Ny only. If a PES is sufficiently accuratee. (obs.-calc.) errors are much smaller than the
energy separation, this global assignment uisambiguous Further comparisons with
observations clearly show that this is our casereths no ambiguity in the global’,(N,)
assignment in the considered spectral range. Bet&860 and 7000 ch both PES [40, 41]



result in 28 calculatedBf — A;) A-type bands due to the dipole moment componentipbaia

the “linearization”z-axis and in 33 calculated{~ A;) B-type bands due to the dipole moment
component perpendicular to the “linearizatioraxis. Symmetry labels correspond to the
standard choice of axes for the open configuratibthe ozone molecule as described in [9,
15]. The second type of assignment is the tradatiorormal mode assignment relying on

v,u,u, labels corresponding to the major normal moderdmurtton in the expansion (1).

According to the nuclear spin statistics only rbrational levels ofA; andA, symmetry
types are allowed in the case 805 and'®0; [9, 15]. This means that the lowest allowed

levels correspond tof(e,)(e,)(ey) o\el JK K =000]} , for A, type vibrations and to

{(e)(e)(ey) ool IK,K =101} , for B, type vibrations. Predictions for these lowest\aéd

levels corresponding to the bands observed intthik are given in Table 1 together with their

three major mixing coefficient8, associated with normal mode contributioNs =| ¢,e,e, >,

forn=1, 2, 3.

3. Experiment

For this work, the CW-CRDS spectra’80; were recorded with the same CW-CRDS
spectrometer as used in our previous studies ofhthi@ ozone isotopologue [29-34] and of
other species of atmospheric importance such,@s[#5, 46] and°CO, [47, 48]. The detailed
description of the fibered set up can be found éfsR[29, 44, 48]. Briefly, the full 5900-7000
cm™ range was covered with a set of about 50 Disteihieed-Back (DFB) laser diodes. The
tuning range of each DFB laser is about 7 nm (€r80) for a temperature variation from -10
to 65°C. The typical sensitivity (noise equival@tisorptionami~2-5x10'° cmi?), the wide
spectral coverage and the four to five decadesadimlynamic range make this CW-CRDS
spectrometer an ideal tool for high sensitivity aipsion spectroscopy in the important
atmospheric window of transparency around jint The typical ring down times are on the
order of 60us. A few hundreds ring down events are averageddoh spectral data point, and
the duration of a temperature scan is about 70 teséntor each DFB laser. The pressure,
measured by a capacitance gauge, as well as thalown cell temperature, was monitored
during the spectrum acquisition. Note that the DI width is much smaller than the
Doppler broadening (about 10xiccm® (FWHM) at 6000 cnf), so that the observed
resolution is mostly Doppler limited since the pu@® broadening is about 5%1@m*
(FWHM) at a typical pressure of 20 Torr.



The 140 cm long CRDS cell fitted by the super misravas filled with a typical
pressure of 30 Torr dfO enriched oxygen. The quasi complete conversiaxgden in ozone
(P = 20 Torr) was obtained after a few minutes witkilant electric discharge (12 kV, 400
Hz). The®0 enrichment of the molecular oxygen used for thene synthesis was 95 %,
leading to an 86 % partial pressure of tf@; homogeneous isotopologue. Consequently, the
other minor isotopic species - maitiD'?0*0 and'*0*0™ 0 - contributed to the absorption
spectra through many weak absorption lines supeseg on thé®0; spectrum. The spectrum
analysis was further complicated by the presencabsorption lines of several impurities
which were generally’O enriched: H®O (and H*0), **c*®0, °0"C'®0 or **c*®0,. The
H,'%0, °0"C'®0 and'*C'®0 transitions were identified on the basis of tHERAN database
[49] and of our recent CW-CRDS investigation of @@, spectrum [48].

The wavenumber calibration of the spectrum is basedthe wavelength values
measured by a wavemeter (Burleigh WA1640) during FB frequency scan. When
necessary, it is further refined by simply stretchihe frequency scale (with an origin at 0) in
agreement with highly accurate positions of refeediines due to impurities.£fO and H*°O
line positions as provided by the HITRAN databa4®] [were used as reference lines. The
obtained absolute wavenumber calibration is eséthatcurate within 2x10cmi*,

The entire spectrum range of our recordings widimdb assignments and impurity

absorption features is shown in Fig 1.

4. Band centres determined from therovibrational analysis of the CRDS spectra

Among triatomic atmospheric molecules, the ozonéemue is a relatively heavy one
with dense rotational structure. In the case ofalsorption band at room temperature,
depending on the band type, the most intense doggspond td values in the 15-35 range.
As seen in Table 1, most of the bands falling im gpectral region correspond to 7 or 8
vibration quanta of the excited state. These bamdsextremely weak and a complete set of
transitions from low-populated levels with smallvalues could not be detected for some of
them, even with the achieved CW-CRDS sensitivitiisTmakes difficult an experimental
determination of the band centres.

The centre of a rovibrational band is defined asJth- O extrapolation of the upper
state energies. This— 0 limit could be accurately determined by follogriline series P, Q
or R branches in a sufficiently large rangeJK, values. This implied the full rovibrational
assignment of the recorded spectrum. As illustratezlir previous analysis of the CW-CRDS
spectrum of'®0; case [29-34], the assignment and modelling ofthioeisands of®0; lines



observed between 5900 and 7000%cepresents a considerable task. The very large auofb
possible rovibrational resonance interactions, artipular with dark states, made an accurate
modelling in the frame of the effective Hamiltonjavery difficult. The obtained spectra,
displayed in Fig. 1, were divided in five spectirgtervals corresponding to interacting bands
systems which could be treated independently: SIRB, 6170-6280, 6320-6400, 6490-6650
and 6745-6840 cth Conceptually, the assignment procedure had meatufes in common
with those encountered fdfO; spectra [29-34]. However as a consequence of thglilar
behaviour of the isotopic shifts (see below), tegonance situation is in fact quite different.
The detailed presentation of these analyses arldeofierivation of the rotational, centrifugal
distortion and resonance coupling parameters i®rikyhe scope of this letter and will be
published separately. As an illustration of theieefd results, we include in Table 2 the total
number of transitions assigned for the differentdsa Here, we limit our discussion to the
derivation of the band centre with the best possilaicuracy.

The simultaneous modelling of the bands belongmgadupled band systems made it
possible to identify the levels perturbed by resmeainteractions. The line series remaining
after the exclusion of these strongly perturbealewere fitted using an isolated band model
l.e. by using the standard Watson rotational Hami#n. The band centre was then obtained
through thel - 0 extrapolation. For most of the bands a sufficaaturacy of the band centre
was achieved using line series truncatedlatdK, maximum values of 20 and 4, respectively.
In the case of the;+3v,+4v; band, rovibrational lines up tb= 30 have been included into the
fit because the number of lines observed Jar 20 was too limited to achieve a sufficient
accuracy on the band centre determination. Thar@ztdband centres are listed in Table 2 with
their respective accuracy taken as itims deviation between the truncated (see above) $ets o
observed and calculated line positions for eachsidened band. The uncertainty for all
observed retrieved band centres is smaller thetD3 cm® which is largely sufficient in
comparison with the isotopic shifts which are olsdrto vary between 296 and 372tin
our range.

Once the experimental value of the band centre elaained, the global/T N,)
vibrational assignment was rather straightforwaglying on the good agreement between
predicted and experimentally determined band cenffeble J. (The rms value of the
deviations is 1.1 cf). The situation is more complicated for the normalde assignment. As
stated in previous works abatiO; [29-34, 40], a normal mode labelling becomes anniig
for some high vibration states above half the disgmn energy. The main reason is a strong



mixing of the basis wavefunctions due to variousamonic interactions. Table 1 shows that
for many bands no normal mode contribution is tdidyninant. In addition to the globaf’(

N,) assignment, we provide in Table 1 the normal maldeational quantum numbe(®,«2«3)

corresponding to the major contributions in Eq. @ince for small values of thkrotational
quantum numbers, the normal mode mixing coeffisigatmain nearly unchanged, we use the
decomposition given in Table 1 for the normal ma$signment of the observed bands.

Labelling the vibrational bands with the dominaiat«,«;) state follows the spectroscopic

tradition of ozone studies, but one should keemiind that these “nominative” notations may
be ambiguous at high energy range: for instance,ttfo bands at 6392 and 6643 tm
correspond to upper states having the same prineggenal mode contribution (see Table 1).
However the knowledge of the normal mode mixturefigreat help for a better understanding
of possible resonance interactions.

Note that the local mode labeling [50] does notviwle a satisfactory alternative in a
sufficiently wide frequency range for the ozone raiions either [40], because strong
interactions with the bending mode break down thee stretching model for the normal-to-

local mode transitions.

5. Discussion: isotopic effect on band centres and assignments

Fig. 2 shows a comparison of the simulated spediag assigned rovibrational lines
for 05 (upper panel) antfO; (lower panel) in the region of theBv; band as obtained in
this work and in Ref. [33], respectively. On averathe®0; bands lie at about 340 Enbelow
the correspondind’O; bands, but it is clear that individual isotopidfshare not regular. For
instance, the overlapping between thg+y; and 2,+5v3 bands is quite different for the two
isotopologues.

Irregular variations of isotopic shifts due to ot substitutions have been observed
for other molecules, however contrary to these ipre/studies th&°0; — %05 substitution is
homogeneouthat makes this situation rather unique. Indesdally an isotopic substitutions
change the forms of mass dependent normal vibagpoobing then different directions onto
the molecular PES. In our case the comparison ofatrices which link internal and normal
coordinates makes it obvious that they are examthportional. The ratio of matrix elements
Lnm (666) /L,m(888) = 1.0300 is the same in all significant digifonsequently the forms of
normal mode vibrations are identical f60; and*0s. Also the relative mass changes are very

small. In these conditions, if one assumes thanezawrmal modes form regular stretching
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Darling-Dennison (DD) polyad sequences (due to dhe- ws resonance), these polyad
structures have to be very similar for both isatogpecies and consequently the isotopic shift
would be regular as well. This is not what we oteen our energy range.

Isotopic substitutions modify importantly the effet resonance interactions leading, in
some cases, to different vibrational mixing anchttéferent vibrational labelling as illustrated
by the highest frequency bands of Fig 2. Note thmder states of these two bands have the
same global assignment 46B but the normal modgrassints belong to different stretching
polyads: (e, +¢, =5,0, = 2) for 0z and (g, +u, =6,0, =1) for *%0s. In terms of normal
modes these are mixed states (Tables 1 and [38])the extra-polyad contributions different
for °0; and '0;. Extra-polyad interactions responsible for thisassignment depend on

accidental coincidences of polyad patterns cornedipg to differente, values. This suggests

that such interactions localised in narrow enerdggrvals and distributed in an irregular way
are very sensitive to mass changes even thoudhattee are small and homogeneous. In order
to verify this suggestion we have proceeded witd tbllowing test: band centres were
calculated via the vibrational extrapolation by tpelyad effective Hamiltonian model
following increasing values oP = ¢, +¢,. This simplified DD model contains all intra-potya
coupling terms< e, £2|H*" |e, 2> , <¢, £4|H*" |e, T 4> , ...accounting for the Darling-
Dennissonmw; ~ w3 resonance but excludes all extra-polyad coupliegmns. The computed
band centre for the 45B1A band (in the middle of Fig 2) was in excellegteement with our
full calculations and with experiment for both ispologues: the error < 1 ém This is
consistent with the normal mode decomposition dbl&dl, which does not contain extra-
polyad contributions for the 45B state. But theaiiton is quite different for other two bands of
Fig 2. For the right hand side 46BLA band, the DD polyad model gave the same normal
mode assignmemnt + v, + Sv for both isotopologues contrary to full calculasofiables 1,2
and [ ), the error being -20 ¢hfor *°03 and -10 cnt for **0; . For the left hand side
44B. 1A band, the DD polyad model gave the error wit dipposite sign: +17 cirfor *°03
and +8 crit for ®0;. For both bands the test result is consistent wigh normal mode
decomposition of wave functions (Table 1 and [3Bfcause the extrapolyad contributions are
larger for'®0; than for*®0s. This means that accidental exptrapolyad normakensouplings
contribute to the isotopic shift in a rather irregumanner.

Fig. 3 represents the energy dependence of thapisathift in two ways:

11



i) in the upper panel, we plotted the differencetlné °0; and *°0; band centres
corresponding to the samé, (\,) global assignment. All observéD; bands given in Table 2
were included in this comparison. The filled synsbstand for the partner bands of i@,
isotopologue which were directly observed in Refg9-34], the grey-filled symbols
correspond to th&°0; values which were determineih “dark” state resonance perturbations
as described in Refs. [29-34], open symbols coomrdpo the bands which have not yet been
observed in®0; spectra. In the latter case, we used calculatsilipas for'°0; which proved
to be sufficiently accurate at the scale of thauFag

i) in the lower panel of Fig. 3, the comparisontbé band centres is based on the
normal mode assignments which are traditionally leygnl in ozone spectroscopy: we
associated the bands 805 and*®0; for which the upper states correspond to the iasitar
normal mode mixtures. As stated before, this procedeads to ambiguities in some cases
because the resonance situations change quiteastibBy from one isotopologue to the other.
This is clearly observed in Fig. 4, where the faspansion coefficients for the partner bands of
%0; and*®0; are plotted. Certain correlations are noted betvibe irregular variation oP;
(Fig. 4) and that of the isotopic shifts (Fig 3).

In conclusion, fourteen new band centres®af; were determined from high-sensitive
CRDS observations. Thensdeviation of theoretical predictions from obser@hd centres is
1.1 cm® confirming the validity of the empirical PES of /Re[40, 41] for this isotopologue. In
particular, the three highest ozone bands obseswédr at high resolution with upper statés (
Ny) = (A1, 82), By, 64), B1, 66), which were beyond the accessible rangé°@y; are also in a
good agreement with calculations.

Previous studies of°0O; spectra [15, 19, 21, 22] below 5000 trsuggested that
isotopic shifts varied smoothly according to thengie relation for harmonic vibration

frequencies,w /w~m, allowing for a direct transfer of the vibratiodabelling to the
partner bands. This is no more valid in our spéataage reaching 82% of the ozone
dissociation energy. The variation of tlketopic shifts still depends on normal mode quamtu
numbers(e,,w,,¢,) but appears to baoreirregular as a consequence of drastic change®in th
resonance interactions pattern and in the normaemommposition of the considered states.
As discussed above, the extrapolyad interactioang g@h important role in such behaviour. This
work gives thus an experimental evidence for th@ngt mixing of the normal modes

vibrations for some ozone states in the 6000-7060 @nge.The coupling of normal modes

12



should also have eonsiderablampact on the probabilities for dipole excitatiohannels in
this high energy range.

Very few molecules allow studying effects of homogeus isotopic substitutions, and
to our knowledge for none of them a sufficientlygka set of experimental data on high-energy
vibrations was yet availablé further step of this study will be to determiaefull set of
accurate rotational constants, centrifugal distartidipole moment transition and resonance
coupling parameters as well as “dark” state pedtimbs for all bands involved in order to
produce a synthetic spectrum. In addition, we pdastudy the isotopic effects on the spectrum
of the non-homogeneously substituted speci®®©'{0'°0, '*0'°0'®0, '*0*0%%0, and
%0'%0'%0) for which even stronger changes are expected.
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Figure Captions

Figure1:

Overview of the CW-CRDS spectrum 80; between 5925 and 6850 ¢niThe **0; sample
pressure was about 18 Torr. The displayed spectna® obtained by concatenating 39
individual spectra recorded successively with défeé DFB laser sourcegshe corresponding
ranges are shown with different colors / grey IlsyeThe CW-CRDS spectrum is observed
above the baseline fixed by the reflectivity of tteed super mirrors. The A-type parallel bands
are indicated and assigned with the usual normaentabel. Note the rapid decrease of their
band strength with the energy. The stronger abisorjands due to impurities (G@nd HO)

are also indicated.

Figure 2:

Comparison of the simulated spectra using assignetbrational lines for0; (upper panel)
and*®0; (lower panel) in the region of thevvs; bands.The global and normal mode band
assignments are showhhe vertical axe represents the absorption caeffian arbitrary units
at the same scale for both isotopologues.

Figure 3:

Isotopic shift due to th&0; - 05 homogeneous isotopic substitution for the cermérthe
180, bands observed by CW-CRDS between 5900 and 6830 cm

Upper panel(diamonds): wavenumber difference between the lwamires having the same
global assignment,ower panelcircles): wavenumber difference between the eeragEbands
associated with the most similar compositions efrtbrmal mode upper states.

See text of the Section 5 explaining the distimibetween filled, grey and open symbols.

Figure4.

Principal normal mode mixing coefficients for uppération states involved in Fig 3.

Upper panel *®0; states observed in this wotkower panel:correspondind®O; states (lower
panel of Figure 3).

The vertical axe represents the mixing coefficigpt$or the normal mode expansion of the
wavefunctions, Egs. (1,2). Triangles correspond/tofor the PKiKc]=[0 O O] level of A
vibration states. Stars correspondo for the lowest possible]KK¢]=[1 O 1] level of B;
vibration states.
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Tablel

Theoretical prediction of the lowest rovibrational levels of excited states corresponding to
the observed bands of 0 and their global and normal mode assignment

Ny E / hgem™] JKK:  R(%) W R(%) W R(%) W
Calc_1 Calc_2

A; vibration states

65 6012.31 6011.74 O

0 72 (430), 10 (322), 9 (124),
66 6047.95 6046.71 0 0
0

41 (214), 17 (124), 14 (412),
71 6245.81 6245.50 O 49 (016), 23 (304), 10 (106),

0
0
0
82 6591.83 6592.73 000 32 (134), 26 (224), 11 (422),

B, vibration statesA, ro-vibrational symmetry)

44 5985.28 5985.58 1 0 1 49 (025), 10 (223), 10 (313),
45 6013.84 6013.71 101 74 (501), 22 (303), 3 (105),
46 6073.20 6071.34 101 28 (115), 27 (313), 23 (223),
51 6272.97 6271.24 101 44 (205), 28 (403), 12 (115),
54 6394.42 6394.58 101 38 (233), 23 (143), 11 (035),
58 6558.19 6560.01 1 0 1 37 (035), 13 (323), 12 (125),
59 6611.19 6610.71 101 69 (511), 16 (313), 6 (007),
60 6644.93 6642.85 10 1 35 (233), 12 (323), 10 (431),
64 6796.01 6797.32 101 38 (125), 16 (413), 15 (215),
66 6828.44 6826.45 10 1 38 (431), 20 (323), 11 (233),

Ny : global ranking number fof;, and B, vibrational states. Calc_1: variational predictidrom the PES/M of
Ref. [40] in internal coordinatdsy, r,,8); Calc_2: non-empirical effective Hamiltonian pretehins derived from
the PES of Ref. [41] in normal coordinatgs®, ¢z using 8-th order Contact Transformations [42]K, Ke:
rotational quantum numbers; ColumiRg P,, P; indicate the first three mixing coefficients (in %gcording to

Egs. (1,2); ColumnsV;, W, W; indicate the corresponding vibration normal modarum numbers 41 « «3 ).
The subscript “0” of &1 «2«3) ¢ means that these contributions correspond to tiradrdac normal mode basis.
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Table?2

Bands of 03 analysed in the CW-CRDS spectrum between 5900 and 7000 cm™

and comparison with the calculations from the PES

Observed baqu: Normal mode Global band Num_ber of Band centres
spectrqscoplc assignment of the assignment as§|gr]ed o(exp.) d Calc 1 obs-g:lalc
notations upper vibration state ro-vib. lines (cm®) (10°cm?)  (cmb) (cm”)
B-type bands
4vy + vy (430) 65A ~ 1A 32 6011.836 9 6012.31 -0.5
2vy + vy + 4vs (214) 66A —~ 1A 184 6047.101 14 6047.95 -0.8
Vo + Bvg (016) 71A ~ 1A 91 6245.039 11 6245.81 -0.7
Vi + 3vo + 4dvs (134/224) 82A ~ 1A 339 6592.661 14 6591.83 0.9
A-type bands
2vs + 5vg (025) 44B ~ 1A 507 5984.439 6 5984.58 -0.1
5vi +v3 (501) 45B ~ 1A 567 6013.048 8 6013.12 -0.1
vi+ v+ 5v3 (115/313/223) 46B ~ 1A 599 6072.132 6 6072.49 -0.4
2v1 + 5v3 (205/403) 51B « 1A 659 6270.604 7 6272.27 -1.7
2v1 + 3vo + 3v3 () (233/143) 54B ~ 1A 344 6392.214 9 6393.72 -15
3vy + 5v3 (035) 58B ~ 1A 574 6556.788 2 6557.49 -0.7
5vi+ vy +v3 (511) 59B — 1A 254 6611.039 34 6610.48 0.6
2v1 + 3vo + 3vs (1) (233/323) 60B ~ 1A 355 6642.896 21 6644.23 -1.3
Vi + 2vo + 5v3 (125/413/215) 64B ~ 1A 385 6796.463 6 6795.31 1.2
4vy + 3vo + 3 (431/323) 66B ~ 1A 165 6825.512 6 6827.74 2.2

In case of a large normal mode mixing of the ugpates, several contributions are given in coluragrding to Table 1. Column 3 representstbeal
unambiguougssignment (see text)y is the uncertainty estimation for the experimehtid centre determinatiomhe bands at 6392 and 6643 'chave the
same principal normal mode contributions (Tablét}he upper states.
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Figure 3
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Figure 4
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