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The rotationally resolved absorption spectrum of the dimer involving the[Oz(lAg)U:0]2
<—[02(32§)U=0]2 transition has been recorded near 632.6 nm by continuous wave Cavity Ring
Down Spectroscopy in a supersonic slit jet expansion of puyreAOquadratic dependence of the
absorption in the jet versus the stagnation pressure is observed. A rotational temperature of 12 K is
derived from the (@), rotational analysis. The high spectral resolution of the CW-CRDS
measurements limited by the residual Doppler broadening in the jet and the low rotational
temperature allow the first rotational analysis in this open-shell complex. The same spectrum was
also recorded by Intracavity Laser Absorption Spectroscopy and the comparison of the
performances of the two methods is discussed. Among more than 600 lines measured between
15800 and 15 860 cit from the CW-CRDS spectrum, 40 were assigned tdg, RQ,, and"R,
branches of two subbands associated Bi{h—A; andA; «B; transitions between the ground

and excited rovibrational levels, labeled following thgs®ermutation inversion representation.
Forty five lines were assigned t,, "Q,, and"R, branches of two subbands associated with

B; <A, and A] —B; transitions. The subbands centered at 15808401 A; B, ] and
15813.134(37) cmt [B] <A | for those arising fronkK =0, and at 15812.6%80) [A; B |

and 15818.2785) [B; <A, ] when arising fromK=2, are analyzed considering §Q as a
slightly asymmetric prolate top. The rotational analysis of the Kxe0 subbands leads to very
close values of the effective rotational constaBt=(B+C)/2, for both A] and By levels:
0.095cm* for the [O,(°%),—ol, lower states and 0.063 cm for the [O,(*Ag),_o], excited

states, in close agreement with theoretical values. Hlgometry is confirmed as the most stable

for the ground electronic singlet state. A distance between the two monomersagfdntl 7.5,

is derived for the ground and excited singlet states. Similar results are obtained from tie two
=2 subbands. A vibrational assignment is given for the two rotationally analyzed subli&nds (
=0) and proposed for the main features of the whole band2000 American Institute of Physics.
[S0021-960600)01614-1

I. INTRODUCTION may help to address the “o0zone deficit problem” and numer-

ous theoreticalsee Refs. 8, 9 and references thereind
The development of powerful high resolution optical experimental studié$* relative to this chemical equilib-

techniques associated with supersonic jets has given a newum have been carried ogee the recent results and discus-

insight on weakly bound molecular species relevant to atmosion on this problem in Ref. 15

spheric physics and chemistry, such as 502 (H,0),*° According to an estimation of Ref. 16,,&omplexes

or the oxygen dime?.The importance of the oxygen dimer absorb about 1.8102 of the total solar energy reaching the

has been recently highlighted by kinetic studies relative taearth atmosphere. In particular, they may affect ozone con-

the ozone cycle. Wodktet al” showed that the oxygen centration measurements by scattering of light as some

dimer may be involved in a new production channel of ozonecollision-induced absorption bands of {)@ overlap the

in the stratosphere through the mechani@t(32§)v;26 Chappuis and Hartley bands of ozone. The recent observa-

—02(3E§)U:0]:03(X A)+O(P). This observation tion by the Hubble Space Telescope of visible absorption
bands associated with condensed phase spectra of oxygen on

3Electronic mail: Ludovic.Biennier@uijf-grenoble. fr Jupiter's satellite, Ganymede, has given a clue to the mode

YElectronic mail: Alain.Campargue@uijf-grenoble.fr of production and stability of oxygen through its latitudinal
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distribution’ In the chemical lasers research field, Yoshidature of the dimer when isolated in a neon matit.ong and
et al1® observed an unexpected red fluorescence in a Chemiewing estimated the well depth to be about 80¢ff as-
cal Oxygen lodine Laser and demonstrated the possibility teuming a Lennard-Jones intermolecular potential as previ-
get the inversion population of an excited metastable state afusly suggested by Stogryn and HirschfeléfeFhis value is
(0,),, similarly to excimer lasers. These authors succeedeth good agreement with our recent estimation of the ground
in obtaining chemical laser oscillation by exploiting the state dissociation energy from the extension of the highly
[Oz(lAg)]2—>[Oz(3E§ ),=0t 02(32§ ),—1] transition cen- congested rotational structutét also agrees reasonably well
tered at 703 nm. In another domain, this emission may serveith the potential energy surface calculated by Bussery
to determine the QlAg) concentratiort? et al3!in the case of a planar rectangular H geometry of the
The interest of the ©@complex, in particular for atmo- dimer. Indeed, these calculations predicted that the H geom-
spheric implications, has motivated a large number of experietry is the most stable for the ground singlet and triplet
mental studies(see Refs. 6, 7, 19-22, and referencesstates, whereas the strongest binding energy for the quintu-
therein. The atmospheric spectrum exhibits several weak abplet state is associated with the X geometry. The H and
sorption bands arising from collisional induced absorption bycrossed X geometries are predicted equally probable for the
oxygen in the infrared, the red, the blue, and the near ultrafour singlet states dissociating infd,(*Ag) +O0y(*Ag)].
violet regions?® Recent progress was achieved in the analyWell depths of 154, 140, and 126 care calculated for the
sis of the collision-induced absorption of ,Oin the ground singlet, triplet, and quintuplet states, respectively.
infrared®>** and a novel complex [O,(X®3;)  These different geometrical structures result from the weaker
+0,(c13,)] was identified®2° core repulsion when the two monomers get closer to each
Absorption bands associated with colliding @olecules  other in parallel configurations, and allows the attractive long
appear broad and structureless due to the short duration ofrange interactions to increase their potential well. Further-
collision. According to Ref. 27, the absorption due to themore, the triplet—triplet spin interaction between the two
bound species should roughly follow the magnitude of theO, (SEQ) monomers is stronger and antiferromagnetic for
collision induced absorption. Therefore narrow but weakthe H geometry due to a maximum of orbital overlap while
structures, revealing the existence of a bound species, ameeaker and ferromagnetic for the X geometry. As a conse-
expected to be superimposed on all these diffuse bands, bgtience, it results a ground singlet state for the dimer in the H
should be more easily observable for the strongest ones igeometry!
the visible(at 578 and 630 njnand in the near infraretht The floppy character of the dimer is highlighted by the
1.06 and 1.26um). The first evidence of a bound electronic weak predicted torsional barrier of about 35¢hfor the
state of (Q), was provided by Long and EwiR§j25 years  singlet ground state and of a few cirfor the excited singlet
ago; they recorded low resolution gas phase spectra in thetates:2—34
visible and in the infrared at a temperature of 87 K and with ~ The limited signal to noise ratio achieved in our prelimi-
a pathlength of 200 m. They assigned narrow features, surary ICLAS experiments and the congestion of the spectrum
perimposed on the collision induced absorption band at 57&ade a rotational analysis of the early spectrum imposSible.
nm, to (Q),. A vibrational assignment was proposed but theThe spectral resolution was limited by the spectrograph dis-
limited resolution of this experiment did not allow any rota- persing the laser spectrum resulting also in a loss of sensi-
tional analysi€® Considering the weakness of the narrowtivity. This stimulated us to investigate tt{6—0) band in a
features observed by Long and Ewing, high sensitivity abslit jet expansion by Continuous Wave Cavity Ring Down
sorption methods are required to detect and rotationally reSpectroscopyCW-CRDS which allows sub-Doppler reso-
solve the spectrum. In this context, we have recently applietltion. The CRDS technique has been employed as a diag-
IntraCavity Laser Absorption SpectroscopylCLAS) nostic toof° to detect or measure concentration of
coupled with a supersonic jet to the detection of the O radicals®®3’ For instance, some of us detected recently by
dimer® Two rovibronic bands near 578 and 632 nm of,© pulsed CRDS, the first ionized gas-phase spectrum of a poly-
were rotationally resolved for the first time. The spectrum aftcyclic aromatic hydrocarbon in a supersonic slit jet coupled
578 nm was also obtained by ICLAS in a cell of oxygenwith an ionizing dischargd® The sensitivity and resolution
cooled to liquid nitrogen temperatdreonfirming the attri-  of the CRDS technique can be increased by the use of CW
bution to (G), of the narrow features observed by Long andlasers for injection of ligh® which allows sub-Doppler reso-
Ewing. The first band lying at 578 nm and noted hereaftedution  recording® besides broadband continuum
(1-0 corresponds to the simultaneous excitation of two oxy-measuremeritS as the pulsed implementation.
gen molecules from the ground state to the same electronic We report hereafter the high resolution study of the
excited state with an additional vibrational excitation (0—0) band of (Q), recorded near 632.6 nm by CW-CRDS
for one of the monomers[Oz(lAg),,:oJr 02(1Ag),,:1] with an external cavity diode laser source. The same spec-
H[OZ(3E§)U:0]Z. The second band at 632.6 nm, noté¢  trum was also recorded by a newly built ICLAS spectrometer
0), is weaker and corresponds to tf{@z(lAg)vzo]z associated with a supersonic slit jet for comparison. After the
&[02(325)1,:0]2 transition. description and discussion of the experimental techniques in
The equilibrium configuration of (£, was discussed by Sec. I, we will present in Sec. Ill the first rotational analysis
Long and Ewing who formulated the hypothesis of a floppyof several subbands of tt{@—0) band based on full quantum
structure for this dimef® A few years later, Goodman and dynamical calculations of the Qdimer?#?4 The rotational
Brus determined that the H geometry is the most stable stru@nalysis, based on CW-CRDS data, will lead to the determi-
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nation of the rotational temperature of the,j©molecules. 10
We will then discuss in Sec. IV the geometry of the dimer in

its ground and excited electronic states and propose a vibra
tional assignment of the whole spectrum.

/cm)

-8

Il. EXPERIMENT
A. CW-CRDS

v T 1
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<

The CRDS technique is based on the measurement of the
decay rate of photons trapped in an optical cavity containing <
the absorbef? In CW-CRDS, the injection of photons occurs
when the optical frequency of a narrowband cw-laser coin- o7 ’ . . |
cides exactly with one of the cavity modes. This is achieved 15830 15840 15850 15860
repeatedly by using a piezoelectric transducer which modu- Wavenumber (cm™)
lates the cavity lengtf® CW-CRDS allows a very high reso-

lution and sensitivity compared to a standard pulsed-CRDS$!G. 1. Overview of the CW-CRDS jet spectrum of the @mer. Record-
(gs were performed at a stagnation pressure of 2.7 bar and at distance of

bsorption (10

Implementa,tlon' The setup used for the pre;ent ex.perlrr]e .5 mm from the slit. More than 600 lines which exhibit a typical width of
was essentially the same as the one used in .the f!rSt diodR®o MHz, were measured above a noise threshold>ol@ %/ cm taking
laser CW-CRDS experlmeﬁ?. An external cavity diode- into account of the filling ratio of the cavitithe absorption coefficient is
laser(EOSI, 5 mW @ 632 nmwas used to inject photons in given by 1/{/L)cr, with 7, the ringdown timg

the high finesse passive cavity. The laser was mode-matched

t(.) th? cawty 'ead'%% fﬁa 5|gn(|jf|cant lnr:_p rover:nent _Of t?elinearisation of the frequency scale and the detection of pos-
signal to noise ratio. After mode matching, the ratlo of - giyo |aser mode hops. Two iodine lines in each scan were

transverse to longitudinal mode excitation was measured 9sed as reference for the absolute calibraticfi Finally, we

be 1:200d A cavity pk:jgton Iifetimef-l of .abouct) ;95593 V_\II_?]S had to take into account the frequency shifbduced by the
measured, corresponding to a reflectiviy-0. - M€ 4cousto optic modulator as the laser beam probed the mol-

two supermirrors(Research Electro Optitsvere mounted ecule at a frequency of+f, whereas the reference signal

on aL.=50cm widg Jet pham_ber equipped withi 3.24 M hadno frequency shift. In this condition, a frequency shift of
long and 12um wide slit to increase the absorption path- f=80MHz was subtracted. From a series of recordings, we

. : 45 ;
Lﬁngth. Accolrdlng toltN_esblm_ al,™ the lﬁ; of a slg, rat?er II_estimated the absolute accuracy of the calibration to be better
an a nozzle, results in an increase of the number of collig,.\ + 5 002 et (60 MH2).

sions and then favors the dimer formation. We applied a

ggn;i()?uoug stagngtior; preisur% t())f pure @ir Liquide, + 15K for a stagnation pressure of 2.7 bar from the intensity
5% purity ranging from 1 to 5 bar at room temperature, of three lines lying in the vicinity of the dimer spectrum,

corresponding to a background pressure in the cavity beﬁamely PP(1), PQ(2), andPP(3) lines of theb S (v
tween 0.7 and 3.6 mbar. The maximum dimer absorption ~ e, L itior N
signal was obtained at a distance of 2.5 mm from the slit_z)(_x 29 (v=0) rovibronic wransitiort.” The gaseous
aperture which was estimated to be still far from the Mach>Y9¢", Q total absorbancjgyL: results from the contribu-
disk. Figure 1 shows an overview of the spectrum recordeéiIon of jet cooled oxyger:™ (in the active zongand ab-
between 15800 and 15 860 chat a jet stagnation pressure
of 2.7 bar.

The ratio of the intensity of the dimer lines to the base-
line noise increased up to a stagnation pressure of about 2.
bar. The increase of the noise level at higher pressures, evi 40+
dent in Fig. 2, may be due to jet turbulences. The acquisition
rate was maintained at 200 Hz for that stagnation pressure,,
An avalanche photodetector was employed to monitor the
signal. A noise level of about 410 % cm (or 2
X 10"/ cm for the full cavity length, as shown on Fig. 1,

bar
was aCh|eVed by ave ag|ng 20 |i IngWﬂ events for eac datf

1 3 bar mwnuJwaNNMMMLL*AJLinM¢JmJMMJﬁJLJ~wawaJ~
point. The scanning step was chosen sufficiently s(eakry

H P J [P WIS SUSVSVINIURININ SRR S
20 MH2) in order to accurately probe the sub-Doppler line 0+ 2bar

profiles (250 MHz FWHM). A 13 points Savitsky—Golay
smoothing® was also applied to the data without lineshape
distortion, further reducing the noise by a factor of 2.5.

For each laser scan<3.6 cm ! acquired in 10 mijh we FIG. 2. Study of the dependence of the oxygen dimer absorption spectra vs

recorded simultaneous[yaéon fringes and an iodine absorp- the jet stagnation pressure of pure oxygen. The relative intensity distribution
does not change with the pressure indicating a weak dependence of the

tion SPeCtrum using Silicon photodiodes. The sinusoitia € (qtational temperature. The zero baseline is shifted for convenience. A weak
lon fringes (0.115cm * free spectral rangewere used for distortion of the baseline is observed for pressure above 3 bar.

The G, rotational temperature was estimated to be 20

5 bar

/cm)

Absorption (10

T T T T
15809 15810 15811 . 15812 15813
Wavenumber (cm)
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tion lines (typically 250 MHz in a slit-jet expansignare
averaged. As part of time the absorption lines fall in between
laser modeg$150 MHz free spectral range in our preceding
linear configuratiop there is a loss of signal and thus of
sensitivity>® Besides its improved sensitivity, the second ad-
vantage of our ring configuration lies in the enlargement of
the cavity which decreases the free spectral range and then
favors a more continuous sampling of the absorption lines.
The only serious drawback of the present configuration was
the lower filling ratio of the cavity compared to CW-CRDS
, (about 10 timepswhich was partly compensated by operating
. . at a stagnation pressure of X7/10=9 bar as the absorption

1 pressure (bar) 10 signal depends roughly on .the pressure squgred. o

The pressure could be increased by pulsing the jet since

FIG. 3. Dependence of the,@imer absorption vs the stagnation pressure higher pressures can be used in a pulsed regime than in a
(logarithm scalg Each series represents the evolution of the intensity ofcontinuous mode as a consequence of the stagnation pressure
four strongQ lines. upper limit fixed at 5 bar by the pump system capacity. Note
that a pulsed scheme could also be applied with CW-CRDS,

sorption due to background room temperature Oxygeﬁ_e.verthelesir:esgItmg n in |mpofrtahnt IQ:TZS% of the acqui-
a®(L—1). We were able to estimate the intensity of the SItion time. The timing scheme of the ata acquisi-

absorption lines due to On the jet by separately fitting the 10N has been previously describ¥The jet was pulsed dur-
room temperature profiles from the superposed jet temperd?9 Periods of about 10 s, followed by a delay three times
ture profiles. The value of 20 K obtained for the rotational!onger- The spectral multiplex ability of ICLAS avouiis a
temperature will be confirmed and refined hereafter using@'9e consumption of gas as the spectriahout 18 cm®)
line intensities of the @ dimer itself after their rotational Was obtained in a few jet pulses-60s) whereas the record-
assignment. ing of the same spectral window required about 50 min with
As a consequence of the bimolecular reaction leading t&W-CRDS. A high resolution CC3724 pixel$ has been
the formation of the dimet° the concentration of (§,, and  employed to record the laser spectrum at the focal plane of
consequently the intensity of its absorption spectrum, is exthe grating spectrograph. This increased the resolution of the
pected to be a quadratic function of the pressure at least fdgcordings while keeping the same spectral window as
low stagnation pressures. Figure 2 shows that the relativereviously® The O, dimer spectral linewidth, limited by the
line intensities are not sensitive to the stagnation pressur@pparatus function, was measured to be about 650 MHz
indicating a weak dependence of the rotational temperaturdeWHM), i.e., 2.5 times the residual Doppler linewidth mea-
versus the pressure in the 2—-5 bar range. From Fig. 3 whicbured by CW-CRDS.
shows, in a logarithm scale, the evolution of the intensities of ~ As with the CRDS experiments, we used sharp fringes of
four strong lines vs the pressure, we derived a slop@.0  a Fabry—Perottalon, inserted when needed in the cavity, for
+0.2. Nevertheless, recent kinetics calculations fromfrequency linearization. Two iodine lin¥s*® were used as
Vigasin?* which also include the trimerization of the,O reference for absolute frequency calibration.
molecules, show that the concentration of the dimers follow A series of ICLAS measurements showed the spectra to
a quadratic dependence only up to a pressure of 4 bars. Fge reproducible with minor oscillation of the baseline. The
higher pressures, the increase is slower as a consequencergfative intensities of all the strong lines were comparable to

MR o
fe]
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(=]
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.
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n=2.0%02

N
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Absorbance (10° /cm)

the formation of clusters larger than dimers. the CW-CRDS spectrum. Figure 4 shows a comparison of
CW-CRDS and ICLAS spectra recorded at a stagnation pres-
B. ICLAS sure of 2.7 and 9 bar, respectively. A noise level of 2

An improved ICLAS spectrometer, based on a ring dye> 10/ cm (or 10"%/ cm for the full cavity lengthwas mea-
laser, allowing increased performances in terms of resolutiogured from the ICLAS spectrurFig. 4) recorded with a
and sensitivity compared to our previous investigatisee, ~ typical generation timg, of 1 ms. This limited performance,
in particular, Fig. 4 in Ref. § has been developed in order to at least one order of magnitude worse than expected, may
record the same spectrum with an expected signal to noig€sult from the fluctuations of the supersonic jet expansion
ratio comparable to CW-CRDS. Indeed, ICLAS is a verydue to the formation of large clusters.
sensitive technique which has demonstrated the ability to In consequence, the forthcoming rotational analysis will
achieve absorption coefficient of 18/ cm with a ring laser  be based on the CW-CRDS spectra only. However, this work
configuratior®? This technique has proven its efficiency in constitutes a good illustration of the complementarity of
particular when coupled with a supersonic¥&fhe limita- ICLAS and CW-CRDS techniques. In fact, we see that in
tion, in our previous investigation of the,@limer® arose  general ICLAS may be very useful in exploring large spec-
partly from the large spacing between laser modes comparetkl regions, limiting gas consumption when using a slit jet
to the narrow absorption linewidth. If the mode frequenciessupersonic expansion. On the other hand, CW-CRDS is suit-
fluctuate sufficiently during the acquisition, narrow absorp-able when more detailed investigation is needed, since it al-
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. (0a=65=90°,0=0°). The threeaxes of the inertia. momentum are given.
Wavenumber (cm’) R is the distance between the center-of-mass of the monomerd enthe

interatomic distance for the monomers.
FIG. 4. Part of the CW-CRDS and ICLAS spectrum of,J©recorded at jet

stagnation pressures of 2.7 and 9 bar, respectively. The right scales corre-

spond to the measured decay rate of the ca(@W-CRDS and to the . . . . . .
frequency selective losses due to the whole cal®y AS), whereas the left facto_nly the progression id but no_t inK, different effective
scales correspond to the 4@ absorption when we take into account the rotational constants may be obtained for eéchialue. Then

filling ratio I/L of the cavity of 509%(CW-CRDS and 5%(ICLAS). Note we note,
also that the ICLAS spectrometer induces an apparent broadening of about

three times the residual sub-Doppler width measured by CW-CRDS. B+C
PP Y Fe(d)=—5—33+1). )

. . . . . A. Assignment procedure
lows a higher resolution and consequently higher sensitivity

at sub-Doppler resolution. The initial identification is based on the presence of se-
ries of strongQ lines which should dominate the spectrum.
Indeed, for a slightly asymmetric top semi-rigid molecule,
IIl. RESULTS the Q branch is expected to be approximately twice as in-
tense as th&® or P branch®® As no rotational analysis was
About 600 lines are measured from the CW-CRDS specpreviously reported, the selection of lines at the onset is per-
trum recorded between 15800 and 15860 ¢tmith a stag-  formed on the basis of theoretical resdté® Due to the
nation pressure of 2.7 bésee Fig. 1L A schematic represen- floppy character of the Odimer, as first suggested by Long
tation of the Q dimer structure indicating the three axes of and Ewing® and confirmed by theoretical calculatiotts®
inertia (with 1,<Ig<I¢) is given in Fig. 5, when the dimer the symmetry of the rovibrational levels is labeled in @Gg
is in the planar rectanguldf(6,= 65=90°,¢=0°) geom-  permutation inversion grodp instead of an usual point
etry. This is the structure predicted by theoreticalgroup employed with rigid molecules. Furthermore, with a
calculation">***to be the most stable for the singlet and zero nuclear spin for the oxygen atom, permutations between
triplet ground states of the dimer, while the H and the
crossed X (o= 60g=¢=90°) geometries are equivalently
probable for the excited statd$>* Based on semiempirical 104
potential energy surfaces, full quantum calculations of the
rovibrational structure of both states involved in the present
transition have been conducted accounting only for the
ground singlet state qT02(32;)]2 and for the singlet ex-
cited states of[Oz(lAg)]z as the singlet-triplet and
singlet «—quintet transitions are forbidden in a first
approximatiort*3 These calculations have shown that for a
givenK value, thel sequences follow the same progression
than those of a prolate slightly asymmetric top semirigid
molecule with the rotational energy levels given (fgr low
values ofJ)

S_

Absorption (10° /cm)

B+C B+C 15804 15806 15808 _llsélo © 15812
F(J,K)=TJ(J+1)+<A— T) K2, (1) Wavenumber (cm” )

whereK is the projection of the total angular momentdm  FIG. 6. Part of the CW-CRDS spectrum of {9 which shows two sub-
on the axis joining the centers of mass of the two monomergands corresponding t4(v;=005=1) K'=1]B; «[(v;=00,=0) K

. . . =0]A{ and[(0,0),JA; +[(0,1),0B; transitions, the asterisk referring to
We note thaK is a good quantum number in the Symmetrlcthe latter. Only theQ branches assignment is given. The simulation on the

top limiting case K=K,) and when neglecting Coriolis in-  |ower part was calculated at 12 K with the experimental relative intensity for
teractions. As the calculated rovibrational levels verify satisthe P, Q, andR branches.
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TABLE |. Wave numbers, rotational assignmeint, and residuals of the tran-  The assignment of the regular series of lines dominating
e ke o ) S
ilg%fgg tchrglr.< ThJ(; Iir:(e vea\f:b::rzf)e?sl Wep;g)inc():fluiigij)zincfhnetefri?c\j/vi?r: a Fhe spe_ctrunﬁsee_ Fig. §to theRQO branCh.OfBl A t%/pe
weight proportional to the square of their relative intengéige text The is relatively straightforward. The assomat@ﬂo and "Pg
lines marked with an asterigk) are perturbed and excluded from the fit. branches are extracted with more difficulty because of super-
positions and weaker intensity. Finally 22 transitions, given
in Table I, can be assigned to this subband centered at
15813284 0023 15813.13cm’. In a second step, 18 transitions of a subband
15812.772  0.070 15813.041 0.085 15813.337 —0.001 centered at 15808.40 ¢t given in Table Il, are identified
12 gﬁ'gig _Oboéés 1?;35'153‘119_0'03%0315 fé?é'llgiég'gig and have been assigned toAd —B; type transition from
8 15810141 0081 15811.079 0005 158121840031  (he lowestk=0 level of B; symmetry. The observed line
10 15808.740 —0.050 15810.046 —0.012 15811.496 0.044 positions of the twd<=0 subbands given in Tables | and Il
12 15807.340 —0.032 15808.880 —0.013 15810.597 0.056 were used to determine the values of thg, B,
14 15807.620 —0.002 15809.512 —0.011 =(B+C)/2 andD constantdsee Eq.(3)]. The fitting pro-
16 15806.292 —0.016 cedure shows that for both subbands, @ (J) line posi-
tions are more satisfactorily reproduced by E8). than the
RP,(J) and RRy(J) line positions. This result clearly indi-
cates the limit of validity of the expression of the rotational
the atoms inside the monomers and between the two monenergy levels used in the present analysis. In consequence, in
mers must be even, so that oy andB, symmetries are the global fit of theP, Q, andR line positions, we choose to
physically —allowed for the [Ox(*%4),-0]2 and give a higher weight to thBQ,(J) lines, which are the stron-
[0x(*Ag) (s -0)]2 dimers?**?In this G, representation, the gest ones, by affecting to the wave numbers a weight pro-
electric dipole selection rules impos8; —A; and A;  portional to the square of the relative line intensity. Follow-
—B; with AJ=0,+1 andAK=*1In the ground elec- ing this procedure, we obtain the values of the rovibrational
tronic state, the lowest rovibrational level 8§ symmetry  parameters listed in Table IIl. As a consequence of the strong
(K=0J=0) is calculated about 6.9 ch below the lowest correlation between the distortion constants, the valug'of
level of B, symmetry K=0J=0).*” Then given the low which is expected to be smaller than is constrained to
temperature of the supersonic slit jet expansion, the expectegbro leading to an effective distortion terBgJ%(J+1)?,
most intense transitions correspond A =+1 subbands \yhereD is very close toD —D’. For both subbands, the
with K=0 for the lower state as the lowest and most popuyeighted root mean square deviation achieved is of the order
lated state is th&=0 level of A; symmetry. The assign- of 0.02cm?, i.e., about one order of magnitude larger than
ment is initiated by considering that the stronger lines are thgyr wave number accuracy. This result obtained after exclud-
RQo(J) lines with evenJ values since rotational levels for ing some clearly perturbed linésee Tables | and Il and Fig.
K=0 with oddJ values are calculated at higher energy for7) shows that the model used for the rotational analysis is
symmetry reasori&**and are then not observable. The waveprobably over simplified. Furthermore, the quality of the fit
number of a given transition, introducing the centrifugal dis-js probably affected by the occurrence of perturbations due

J  RPy(J) obs—calc RQuJ) obs—calc RRy(J) obs—calc

o~ DNO

tortion constant® andD’, can be written &§ to the large density of possibly interacting rovibrational lev-
B'+C’ B+C els, in particular in the excited state. A global fit performed
v=rot — J(I'+1)- — JU+D by affecting the same weight to all the assigned lines leads to
a rms error of 0.035 ¢t (instead of 0.014 cmb) but leaves
+DJ?(J+1)2-D'J'3J' +1)? (3 practically unchanged the values of the rovibrational param-

etersvg, By, andD. The most significant change between
the two fits is a slight shift of 0.02 cnt for the band center
vo=Fg/(J'=0)=F¢(J=0). (4)  of the first band [15813.15870) instead of
15813.134(37) cm'* for the weighted fit
Table Il shows the satisfactory agreement of the experi-
TABLE Il. Wave numbers, rotational assignment, and residuals of the tranmenta”y determined rOta.tional constant values with the pre-
sitions of theK’=1—~K=0 subband A/ —B;) of (0,), centered at dicted ones obtained by integrating over the whole potential
15808.40 cm'. The line wave numbers were included in the fit with a energy surfacé®* The consistency of our analysis is also
weight proportional to the square of their relative intensitge text The ; ;
RQo(12) line marked with an asterigk) is perturbed and excluded from the SEStamzdf by ;he very Cll)%se (\j/aluedOf the I’O_Ejatlon_al constants
fitting procedure. obtained for the two subbands under consideration.
As only the lowest levels of the ground state are as-
J RPo(J) obs—calc "QyJ) obs-calc FRy(J) obs-cac sumed to be populated, the subbands lying in the
15807.079 0027 15808244 0036 15808622 0030 15810—15820cm’ region should have an upper level cor-
15807.220 —0.037 15807.743 —0.026 15808.387 —0.022 responding to the lowest energy levels of fi@(*Ay),-ol2
15806.323 —0.013 15807.096 —0.008 15808.046  0.046 electronic state and are then expected to be less perturbed
8 15805290  0.085 15806.257  0.008 15807.411  0.001 than those closer to the dissociation linfite., in the blue
ig 15804.021  0.051 151:(?22':7527 0 0?3'100215 ég;ggf%g'gg part of the spectrujn We succeeded however in assignipg
14 15803.078  0.003 ' ' lines of another subband centered at 15 818.281csvrnovyn
in Fig. 8. The fit of the line positions of this subband, listed

where

oA N
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TABLE lIl. Rovibrational parameters of the lowest vibrational IeveI$@§(3E§)(v:0)]2 and[ Oy(*Ag) (,—0yl2-

o B, By AB, Desx107%  rms
K'=1—~K=0
B —A; obs 15813.13@7) 0.063427) 0.093728) —0.0298 0.17(40)  0.0140
cald 0.0604 0.0856  —0.0252
Af—B] obs 15808.4089) 0.064030) 0.096234) —0.0322 0.32670)  0.0210
calé@ 0.0601 0.0837  —0.0236
K'=1leK=2
Bi—A; obs fit 15818.27735 —0.0297(19) 0.1@) 0.015
fit2° 15818.27638) 0.062116) 0.091821) —0.0297 0.1%) 0.018
cald 0.0853
Af—B; obs fitP 15812.65620) —0.0298(23) 8 0.011
fit2° 15812.66634) 0.063524) 0.093424) —0.0299 g 0.018
cal@ 0.0847

®Calculated value from Refs. 42 and 43.

POnly the Q branch was fitted.

‘The P, Q, andR line positions were included in the fit with equivalent weight.
dConstrained to zero.

in Table IV, shows that the higher energy line atstronger than th&k and P branchegsee Table V). In the
15818.119 cm* should be assigned ©(2). Asshowed in  case of theK =2 subband at 15 812.67¢th theP branch is
Fig. 8, the absence of th@(1) line indicates that this sub- even too weak to be detected.

band probably arises froid=2 levels since alQ(J) lines The fitting procedure of the rovibrational parameters
with even and odd values (exceptJ=0 and 1 are ob- lead to a rms error of the order of 0.015¢h We give in
served. Table Il the values of the parameters obtained from the fit of

Quantum calculations which predict a strong energetidhe line positions of th€Q,(J) lines only(fit1) and from the
shift of theK=1 levels in the electronic ground state con- global (and nonweightedfit including all data(fit2). The
firm the hypothesis of excluding thé=1 levels(see Fig. 2 inclusion of the very weakP,(J) andPR,(J) lines (some
of Ref. 42. Indeed, the loweK levels are calculated at of them are tentatively assigneith the fit (fit2 in Tables IV
0.0cm?! (K=0), 26.2cm?! (K=1), 2.3cm?! (K=2) for and V) leads to very similar, though less accurate, values of
the A; symmetry levels and 6.9cm (K=0), 29.1cm* vy, AB,, andD¢ and allowsB;, andB,, to be determined
(K=1), 16.1cm?! (K=2) for theB; symmetry levels. We independently. Table Ill shows that the values obtained for
then believe that the lower state is the lowkst 2 level of  the B rotational constants of the four analyzed subbands are
A symmetry whereas the upper level correspond&to very close as theoretically predict&d*?+3
=1 and notK’'=3 as a consequence of the existence of a
Q(J=2) line (Table V). Finally, we tentatively assigned a B. Determination of the rotational temperature

fourth Q branch centered at 15812.67¢chto the "Q, After rotational assignment, the line intensity distribu-

branch of aA; B, band. Similarly to the tw&K=0 sub-  tjon within the twoK =0 subbands may be used for an ac-
bands, botlK =2 subbands show that tlgg branch is much

- 8 7 6 5 4 3 2700
10+ 3 6 4 2 9 S | | \ | T 1T T
| ' ! | |
E
—~ 54 ~
g %
= 2
°.°o \s-:/ 0+
< o £
g £
B 2
g <
£0
<
15816 15817 15818
Wavenumber (cm'l)
15811 ' 15812 ' 15813 FIG. 8. Part of the CW-CRDS spectrum showing tQebranch of the
Wavenumber (cm” ) subband centered at 15 818.28¢mcorresponding to thd (v} ,v5),K’

=1]B; +[(0,0),2A] transition. The assignment of ti@ branch is given.
FIG. 7. Details of the CW-CRDS spectrum in the range of@hbranch of ~ The absence of th@(1) line, as shown on the lower part of the plot, rules
the subband centered at 15 813.134(37) twhich corresponds té(v out aK’'=0—K=1 transition. The lower part of the plot shows a simula-
=00,=0),K'=1]A] «[(0,1),0B] transition. Note that th€(2) line is tion of the spectrum at a temperature of 12 K based on fit2. Note that the
strongly perturbed. Q(6) line is strongly perturbed.
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TABLE IV. Wave numbers, rotational assignment, and residuals of the transitions &f' thé« K =2 sub-
band B —A;]) of (O,), centered at 15 818.28 crh Fitl corresponds to the fit of thfeQ,(J) lines only,
while fit2 is a global fit where th8P,(J), PQ,(J), and”R,(J) lines were included with an equivalent weight.
Lines marked with an asterigk) are blended or perturbed, excluded from the fitting procedure.

PP,(J) PQ.(9) PRy (J)
Obs—calc obs-calc obs-calc
J obs fit2 obs fitl fit2 obs fit2
2 15817.874 0.0223 15818.119 0.019 0.020 15818.475 0.003
3 15817.522 —0.028 15817.923 0.001 0.000 15818.423 0.003
4 15817.205 0.017 15817.658 —0.033 —0.032 15818.316 0.005
5 15816.796 0.014 15817.401 0.003 —0.002 15818.119 —0.029
6 15816.319 0.001 15817.121 0.056 0.057 15817.923 -0.01
7 15816.692 0.015 0.017 15817.658 —0.01
8 15816.266 0.026 0.028 15817.375 —0.008
9 15815.745 —-0.017 —0.015 15817.002 —0.001
10 15815.236 —0.008 —0.007 15816.582 —0.028
11 15814.693 0.000 0.001 15816.220 0.036
12 15814.109 —0.003 —0.004
13 15813.512 0.004 0.002
14 15812.885 —0.002 —0.006

curate determination of the rotational temperature gf) @ quantity In{g/Ax;0x3) VS the lower state energfy-q(J)
the jet. For a prolate symmetric top molecule with perpen-obtained from Eq(2), the rotational temperaturé can be
dicular absorption bands, the intensity distribution of the ro-determined. Figure 9 shows the corresponding plots for the
tational structure is given 5§ RPy, RQo, andRR, branches of th&; < A] subband lead-
Fe(J) ing_to an average value of 12t0.9 K. The similar deterTi-
lks=C A0k, eXF<_W , (5)  nation of T from the "Q, and RR, branches of theA;
B subband, th€P, branch being too weak to be consid-
whereA; is the Hml-London factor in the case of a semi- ered, gives a value of 12:20.8 K. The linear dependence
rigid rotor, gy is the statistical weight of the ground state, observed in Fig. 9 and the good agreement between the five
is the wave number, an@ is a constant proportional to the determinations off strongly supports our rotational assign-
square of the transition moment of the band. As the observeahent. Note also that these values agree satisfactorily with
transitions are spread over a limited wave number raBge, our approximate determination of the rotational temperature
can be considered as a constant. Let us examine thetwo from the Q transitions. Table VI shows that the integrated
=0 subbands which are sufficiently intense to allow goodintensity of theP, Q, andR branches is measured to be in
relative intensity measurements. Fé&r=0, the product the ratio of 0.15:1:0.37 and 0.31:1:0.53 for the bands cen-
Ak 0k, equalsl—1, 2J+1, andJ+2 for theP, Q, andR  tered at 15813.13 and 15 808.40cinrespectively while a
branches, respective®. By plotting for each branch the ratio of 0.45:1:0.55 is calculated at 12 K from H§) in the
semirigid rotor approximation. The observed weakness of
the P branches may arise from a floppy molecule behavior of
TABLE V. Wave numbers, rotational assignment, and residuals of the tranthe (0} dimer>8
sitions of theK'=1"K=2 subband A; —B;) of (), centered at Figure 6 shows a comparison of a part of the CW-CRDS
15812.65620) cm™ L. Fitl corresponds to the fit of tH&Q,(J) lines only, . . .
while fit2 is a global fit where th€Q,(J) andPR,(J) lines were included spectrum_wnh a SImUIatI_On of the M: 0 subbands. Each
with an equivalent weight. Lines marked with an astetfskare blended or ~ SUubband is simulated with a rotational temperature of 12 K
perturbed, excluded from the fitting procedure. TiRy(J) lines were too  determined above. The relative integrated intensities of the
weak to be detected. P, Q, andR branches are fixed to their experimental values,
given in Table VI. The enlargement of the CW-CRDS spec-

PQx(9) PRy(J)
obs—calc obs-calc
J obs fitl fit2 obs fit2 TABLE VI. Average intensities of the branches for the four analyzed sub-
bands < 10~8/cm) calculated from all the observed unperturbed and non-
2 15812.480 0.003 -0.007 15812.883 0.034 blendeglines in ez branch. P
3 15812.389 0.091 0.083 15812.810 —0.005
4 15812.054 —0.005 —-0.014 15812.716 0.013 = Q R
5 15811.756 —0.005 —0.012 15812.534 0.004
6 15811.400 —0.003 —0.009 15812.267 —0.031 K'=1—K=0
7 15810.982 —0.004 —0.008 15812.042 0.036 By —A; 0.64 4.36 1.60
8 15810.532 0.023 0.021 15811.635 —0.02 Af«— By 0.58 1.9 1.00
9 15809.961 —0.011 —0.012 15811.237 —0.006 K'=1—K=2
10 15809.393 0.017 0.019 By «—A] 0.50 2.34 0.48
11 15808.709 —0.011 —0.007 AIHBI <0.40 1.10 0.50
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the rotational constant, with the theoretical values of the

obo equilibrium distance$>****The rotational constar,, is re-
2 lated to the @ bond lengthd, the mass of an oxygen atom
" g%R m, and the intermonomer distan&y by (see Fig. 5,
T=121£09°K e A
~ e | B h y 1/1 N 1
E- = X = — 4 —
8 AT R P amc  2\15 1o
2 ] e
N e g ] A 1 1
~ S R -y = R
E 4 -— 8mcm|\R; Rg+d
for the H 6 = 65=90°,0=0°) geometry, (6)
' 20 0 B f ! )
-40 - = | —5———
p 2 2
FKJ) (em’) 4mcm| R{+d</2
for the X(0,=60g=¢=90°) geometry, 7
FIG. 9. Determination of the rotational temperature from the intensity dis- X(6a BT ¢ ) 9 y @
tribution among the lines in thBy, Q,, andR, branches of th&] «— A % 1 1
subband centered at 15 813.13¢mThe given error bars correspond to the B,= + )
uncertainty of the fitting line profiles. P 8mecm R(2)+ d? R(2)+ d?/2
for the T(0,=90°,05=0°) geometry, (8

trum, given in Fig. 7, in the range of tH&Q, branch of the
A B subband shows the overall good agreement be@nd by,

tween the observed and simulated lines, despite a few per- 4 1
turbed line positions and a few relatively strong lines which Bp:m W

remain unassigned. Figure 8 shows a similar simulation of
the Q branch of the K=2 subband centered at for the linear L(6,=6z=0°) geometry. 9

15818.28 cm? obtained from the results of fit2. The two
K =2 subbands present various irregularities in the intensity "€ © bond lengthd, assumed to be unchanged compared

. 3 -
of their rotational lines. The intensity distribution in tigg  © thle free molecule, is 2.2884 and 2.304%, for the "3
branch gives a rotational temperatufeof 9.4+1.3K and and "Ag states, respectiveRy. Table VIl gives the inter-

9.7+ 1.6 K for the bands centered at 15818.28 and 15 812.68'0nomer distanc’, in the ground and excited singlet states
cm %, respectively, in reasonable agreement with preVioué:alculated for each possible geometry from the observed and

determination. predicted®*® rotational constants. The theoretical values
agree within 10% or better with the experimental values. As
IV. DISCUSSION the intermonomer distancB, is expected to be approxi-

mately equal to or slightly larger than the equilibrium dis-

tanceR., the comparison of the values given in Table VI
Information on the dimer structure can be obtained fromrules out a linear or a T-shaped structure for the dimer in its

the comparison of the intermonomer distances, derived fronground singlet states. On the other hand,FﬂﬂES value sup-

A. Structure of the O , dimer

TABLE VII. Comparison of the intermonomer distanBg obtained from observed and calculated rotational
constants of the lowest rovibrational levésee the text The equilibrium distance is also given. All values are

in ay units.
Geometry
Intermolecular Level
Electronic state distance symmetry H X T L

(0325 )u-0l2 Ro Al obs 6.14 6.13 6.02 5.91
cal® 6.44 6.43 6.33 6.22
B; obs 6.04 6.02 5.92 5.80

cal® 6.51 6.50 6.40 6.30

Re calc 6.10 6.30 7.60 8.69
[OA(*Ag),-0l2 Ro A7 obs 7.53 7.53 7.44 7.35
cald 7.73 7.72 7.63 7.53
By obs 7.51 7.50 7.41 7.32

cald 7.75 7.74 7.65 7.56

Re calcé 6.3-6.4 6.2 7.6 8.7

aSymmetry of the lowest rovibrational levels.
PReferences 32, 42, 43.
‘References 31, 33.
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ports an H geometry for the singlet ground state, in agree 20
ment with recent beam scattering experiméftSor the ex-

cited state, the observed and calculafgd values tend to

favor a perpendicular T geometry but as a wide choice ol |51 (8]
intermediate structures are not presented here, we cann
conclude about the most probable structure for the dimer ir
its excited state.
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B. Vibrational assignment

Our attempts to identify neW) branches corresponding
to other subbands remain unsuccessful. Moreover, the pre
ceding rotational analysis have showed that Bheand R —_— ; ;
branches are weaker than expected and therefore even mc Pssoo 15810 1ss20 15830 15840 15850 15860
difficult to detect. Under these conditions, in order to localize Wavenumber (cm') >
theQ 9§an,CheS’ we have affected a Lorentz_lan |II?1€ shape cEIG. 10. Broadening of the CW-CRDS spectrum. A Lorentzian line shape
0.5cm " width (FWHM) to each measured line with an ab- 4 ¢ 5 cm* width (FWHM) is affected to each line which absorption coef-
sorption coefficient above a fixed threshold of 1.2ficient is measured above a fixed threshold of<\1® 8/ cm in order to
X108/ cm, three times the noise level. The related specemphasize the regions of stror@@ lines which characterize the various
trum is shown in Fig. 10. The labeled peaks correspor@ to ?a”ds-’ M‘?Stlz?a“ir?are agggnz@tbra'(‘fheﬁ of ,S“ftffds "grieSpgﬂding
branch maxima 1(Q) and are then red-shifted f“?m the band t?arEéﬁilo’:sz.) ’The aitelriskg(‘x’a)ré)]relfer?;g [tgvtr;li)sz )s’e]colnd Er(ar’)si)t,ign.lThe
centers ¢o). As an example, th€ branch maxima of the upper state vibrational level is indicated in parenthesdsu(). The dag-
previously rotationally analyzed =0 subbands centered at gers () at 15813.82 and 15 817.43¢hindicate the subbands centered at

1y=15813.13 and 15808.40 ¢cihare shifted by— 2.1 and 15 812.66 and 15 818.28 crharising from aK =2 level whose upper state
—20cn? respectively is not vibrationally assigned. The insert is a Birge Sponer plot of the differ-

encesG[(v;+1,1),11B; —G[(v1,1),1]B; with O<v;<3.

41
3B, ‘)

Considering the dimer in the semirigid limit in the most
stable H geometry, (&, has four intermolecular normal
modes;v, associated with the intermonomer stretching mode

and correlated t@;=23.6 cm * in quantum calculations of pranch maxima compared to the band center, the difference
the ground statey,, associated with the torsion mod&¢)  of the upper levels of two successive transitiof®,(v}

(see Fig. 5and correlated t®,=6.9cm !, v; andv, asso- 1,1),1B; —G[(v},1),1]B; , leads to the Birge Sponer
ciated with the parallel and antiparallel bendin@s(ws  plot inserted in Fig. 10, which gives the dissociation energy
>,).** Again, for symmetry reasonsee Fig. 3 of Ref. Dy=49+4 cm . The stretching frequency in the upper
42), only two vibrational modes; and v, are physically glectronic state can be estimated fro@[ (1,1),1B;
allowed among the lowest vibrational levels involved in the—G[(O,l),l]B[*:‘EiElS.Zt 1.0cnil These values are

current experimental conditions. As noted before, only the:|ose to those found in Ref. 28 for the excited electronic state
lowest levels of the ground state are significantly populate(ﬂoz(lAg) 0= Ox(*Ag),_1]: Dy=41+2cm™ and @}
v= v=11- —

under our experimental conditions and the strong®st _17a+05cni?! but about twice the theoretical valugg,
branch maxima listed in Table VIIl and shown in Fig. 10 are _ 54 oyt and®;=10 oy 1.3343

expected to arise mostly from the lowest=€0) level of the From the vibrational assignmetgee Fig. 18 we infer
ground electronic state which is #f symmetry and corre- G[(0,2),JA} —G[(0,0),JA; =2&,=1.7cm and
lated t-O @1:0,U?:0) in the Semlrlgld limit. The symmetry G[(l,?)),l]BI_G[(l,l),l]BIZZ7cm_l not far from the
selection rules impRf that the upper level of these bands theoretical values of 1.1 and 1.9chy respectively’® The

must have aB; symmetry which cotresponds to an ,Odd difference between the experimental and theoretical values
number of vibrational torsion (;=0,1,2,3,4,..,v;

=1,3,5,7,..).%>* Conversely the weaker bands starting

from (K=0)B; levels correlated toy;=0v,=1) have an

(K=1) A; upper level correlated tov(=0,1,2,..,u5  TABLE Vill. Observed Q branch maxima o) of the [(v],vy).K’
=0,2,4,..). Thevibrational assignment proposed in Fig. 10 =1]B; —[(0,0)K=0]A] and[(v;,v5),1]A; —[(0,1),0B; subbands.
and Table VIII from both intensity and energetic consider-——,

ations seems to be the most reasonable. The two rotationalfy"”* 0 ! 2 3 4
analyzed subbands centered at 15813.13 and 15808 40cm 1 Bj—A] 15811.04 15829.28 15844.99 15853.27 15859.18

are then assigned td(v;=0p5=1)K'=1]B; —[(v; 3 15812.99 15832.01
v ¥ - 5 15816.55 15834.40
=0p,=0),K=0]A; and[(0,0),1A; —[(0,1),0B; tran- 5 15 810.46
sitions, respectively. Figure 11 displays the energy diagram ¢ 1582253
of the levels of interest in the forthcoming discussion. .
The strongest serie§(v;,1),1]B; «[(0,0),0/A; , cor- 0 Ar—B Eggg'ig
respond to an excitation of the stretching mode until the , 1581006

dissociation limit. Assuming a constant red-shift of tQe



J. Chem. Phys., Vol. 112, No. 14, 8 April 2000

(v, vy

15860 o [CRY)
) [€A))
15850
@n
15840 -
(1,5)
~ 15830 )
2 ]
s 0,9 -
T 15820 o3 W' v)
i =— o
§ 15810+ st = ©9)
2 K=1 K=1
s 1 - +
= 15800 = B, = 4,
v,= 15811.04 v,= 15806.40
(v=15813.13) (v=15808.40)
10 ©,1)
1 ©o i <°"Z) k=2
0,0 — K=l
0 k=2
K=0 ) )
A7 AG B

1 0 !

FIG. 11. Energy levels in the grounfO,(®s;), o], and excited
[Oz(lAg)U:0]2 electronic singlet states of the £Q dimer. The energy of
the K=0 level of B; symmetry was obtained from the determination of
AG,, whereas the upper levels energy are those ofQheranch maxima
(vq) and are then red-shifted from their origing,f. The K=2 levels
positions are placed arbitrarily.
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v, to be about 5.58 cm' in good agreement with the pre-
dicted value (6.9cmY). The related Boltz-
mann factor af =12 K is then exp{-5.58kT)=0.511 lead-

ing to a ratio of 1.96 between the intensity of the lines of the
two subbands instead of the measured value of 2.3. As the
rotational temperature is very close for both subbands, we
conclude that the transition moment is slightly higher for
B; <A/ than for A{ —B;, except if a non-Boltzmann
equilibrium between theA] and B; levels occurs in the
cooling of the jet expansion.

The subband arising from the lowelkt=2 level does
not allow an estimation of the separation between the origins
of K=2 andK=0 levels of A; or B symmetry in the
ground state because of the nonassignment of the excited
K’=1 vibrational level. Nevertheless from the above inten-
sity considerations we can estimate the separaliG3(B;
—A]) andAGy(B; —A]) for K=2 andK =0 levels in the
ground state. From the average intensity of @dranches
given in Table VI, we have exp(AG,/kT)=1.10/2.34 and
exp(—AGy/kT)=1.9/4.36 which givesAG,=6.3cm! and
AGy=6.9cm ! in good agreement with the above determi-
nation of AG, and with predicted value¥.

may result from an underestimation of the well depth of the

excited state semiempirical potentfalNevertheless, we are

aware that our experimental values cannot be sustained by\a -oncLUSION
rotational analysis in reason of perturbations that could shift

our determined band heads.

The high sensitivity and resolution of the CW-CRDS

We can infer now the separation between the lower leviechnique has allowed the first rotational analysis of a tran-

els of the two rotationally analyzed subbands with=0,
namely,[(0,0),0/A; and[(0,1),0B; . As both upper levels

sition of the (Q), open-shell complex and the first experi-
mental determination of its structure. A tentative vibrational

correspond t& =1 and as the rotational constants are closeassignment has been also given. As previously predicted,

for both excited states, we have th@ee Fig. 11

AGy(B; —A])=%,=G[(0,1),0]B; —G[(0,0),0]A; (10

=15813.13-15808.40
+{G'[(0,2),1]B; —~G'[(0,0,1]A[}.
The second term corresponds &, estimated to be
0.85cm ! just above, and the- sign before this term comes

from the fact that the lowesK(=1)B; excited state is lower
in energy than the lowesK(=1)A; excited levelsee Fig. 1

(O,), is a typical van der Waals system between normal
rigid molecules and special van der Waals dimers with free
internal rotations such as ¢}, rare gas—Hor CO-H,. In
spite of its shallow potential well, it has a large number of
bound rotational and vibrational states though only levels of
A; or B] symmetry are populated due to zero nuclear spin
of the oxygen atom. The theoretical calculations were of
great help in disentangling the lines of the analyzed sub-
bands. The spectroscopic parameters obtained here corrobo-
rate the H geometry of the ground singlet state of the O
dimer and they confirm the floppy structure of J@in its
excited state. We have gathered in Table 1X the main results

of Ref. 43. We then estimate the value of the torsion modeof the present paper. We also give for comparison the theo-

TABLE IX. Summary of the main experimental results and comparison with theoretical results.

[0x(°%g)y-0l2

[0,(*Ag)y-0l2

Expt Cal® Expf® Cal¢
Dimer geometry H H X, T
Intermonomer distancBy(ag) 6.04-6.14 6.44-6.51 7.50-7.53 7.72-7.75
Dissociation energp, (cm™?) 65+ 15 74 49+ 4 24
Stretching modés, (cm™) 23.8:0.5 236 18.21.0 10
Torsion modem, (cm™) =56 6.9 =0.85 0.55

&This work.
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*Reference 28.
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