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Pure rotational transitions of the chlorine monoxide radical have been observed up 2an the X121'[3/2 and X22H1/2
states and transitions of tReCI*%0 isotopomer have been observed in natural abundance. Additionally, rotational transitions
for levels up toJ’ = 115/2 have been measured in the far infrared. These data have been merged with the existing microwave,
submillimeter, and high-resolution infrared transition frequencies and fit simultaneously with a set of isotopically independent
parameters. Isotopic substitution of both the Cl and O atoms has enabled the first determination of the electron spin—rotation
constanty = —296.0(43) MHz as well as the Born—Oppenheimer corrections to the rotational constanis. Academic Press

INTRODUCTION Nevertheless, using traditional source chemistry, improvemer
in the spectrometer sensitivity enabled us to observe pure ro
The importance of the halogen monoxides in atmosphetignal transitions of CIOX; andX; in thev = 2 level for the first
ozone depletion chemistry has motivated their spectroscopige. Additionally,3°CI*80 transitions were observed in natural
characterization). High-resolution spectroscopy provides &pundance fop =0 levels of bothX; and X, for three well-
method for remote sensing of these gases at the sub-parts-ggparated + 1 < J multiplets as well as transitions from one
billion level. Pure rotational transitions of the chlorine monoxidgych group fof’CI80 X;, v =0 and®*CI'80 X, v=1. These
radical, ClO, have proven especially valuable in remote senfata have been fit simultaneously with with new high-resolutio
ing applications, enabling NASA's Microwave Limb Sounder tgar infrared Fourier transform rotational data, as well as exis
retrieve accurate global stratospheric CIO concentrations ofhg rotational transition frequencies and high-resolution infrare
daily basis ). data using an isotopically independent Dunham parameter s
Rotational spectra of CI®; ITs;z andX, °ITy 2 inthev =0,  The resulting spectroscopic constants provide an improved
1 states have been investigated previously in this laborat@gtiption of the CIOX 2IT state and enable us to determine the
(3-9 and elsewhere6t-8. These studies employed an effecelectron spin—rotation constanaind deviations of the rotational
tive Hamiltonian to obtain rotational, fine and hyperfine COltonstant from the Born_Oppenheimer approximation_
stants. Coxon9) provided direct measurements of the?Il
fine structure intervah, through analysis of the VUV absorp-
tion spectrum. High-resolution infrared spectra of CIO provided EXPERIMENTAL
complementary information on the rotational energy levels for
J <87/2inv=0, 1 (10, 11 and partial characterization of The details of the submillimeter spectrometer used in thi
v=2 (11, 12. study have been described previous?,(2]). Measurements
Experiments on the atmospherically important processes Clvere made in selected regions between 70 and 850 GHz. St
O3 (13, 19 and OCIO+ hv (15-17 have shown that thesemillimeter sources not previously described include a backwal
reactions generate CIO in vibrational levels upwte-5 and wave oscillator operating between 520 and 705 GHz and
v =15, respectively. Recent experiments in this laboratory hagatiparallel planar Schottky pair multiplie?). Spectra were
resulted in the measurement of Br@8[ and 10 (L9) pure ro- recorded with the submillimeter beam passed twice through
tational spectra in excited vibrational levels of the and X, 1-m-long, 7.3-cm-diameter, temperature-controlled glass a
states containing up to 8000 ciof internal energy. We rein- sorption cell.
vestigated the rotational spectrum of CIO hoping to observeRecent experiments have shown that highly vibrationally e
similar levels of vibrational excitation; however, the dc diseited BrO (L8) and 10 (L9) are created efficiently in a dc dis-
charge source chemistry that had been successful for creathgrge plasma of £X,. This source chemistry was investi-
excited BrO and 10 failed to produce vibrationally excited ClOgated for CIO, but it resulted in only minor vibrational excitation
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1.4 K silicon bolometer. Spectra were recorded at 296 K wit
0.00278 cm? resolution and an optical path of 72 meters
Signal-to-noise in the 15-75 crhrange was improved by plac-
ing a 100 cn! low-pass filter immediately in front of the de-
tector. ClO concentrations of ca>510' molecules cm?® were
generated efficiently from the reaction of &€l Cl,O. The re-
action mixture was flowed through the absorption cell to mair
tain a total pressure of 1500 Pa and a residence time of le
than 3 seconds.

DATA ANALYSIS

Spectral assignments were straightforward using line pos
tions predicted from previous microwav8, (4) and infrared
(10-12 work. The submillimeter and far infrared transition fre-
guencies measured in this study were combined with all previo
high-resolutiorX 2IT data and analyzed simultaneously. All datz
were weighted inversely as the square of their uncertainties. T
data include transitions from ti&3’CI'6180 isotopomers and
span the quantum numberg23< J’ < 115/2 and 0< v < 2
for 3°CI60. The fit results are given in Tables 1-3. Uncertain
ties are based on the weighted least-squares fit to 324 millime
and submillimeter, 161 far infrared, and 326 infrared frequencit
(10-12 with a reduced rms of 0.93. In the tables and elsewhe
in the text, the numbers in parentheses areuhcertainties in
units of the least significant figure. The measured and predict

FIG.1. Two scans of°CI*®0 I3/, v = 0 transitions in natural abundance C|O rotational transition frequencies are available through tt

showing a hyperfine quartet @df-doublets forJ=17/2-15/2 (top) and aA-
doublet of unresolved hyperfine quartets Jes 37/2—-35/2 (bottom).

submillimeter and microwave spectral line catal@d)(on-line

at http://spec.jpl.nasa.gov. An electronic file containing the f
nal fitting parameters, transition frequencies and fitting residue
has been deposited with the Journal.

and produced spectra with relatively poor signal-to-noise due toThe data have been fit with a Hamiltonian incorporating isc
Stark broadening. We therefore reverted to the standard methogic relations through Dunham expansion of the paramete

of generating CIlO by passing a mixture of,@nd G through

involving vibration, rotation, and electronic fine structure. The

an external microwave discharge. Optimal signals were obtaini@eerpretation of these parametersfar (A > 0) molecules is
by combining the Gland Q gases prior to the microwave dis-discussed by Brown and Wats(25) in their work describing
charge cavity and adjusting the gas pressures while monitorimgthods for decorrelating the parametgrand Ap,

a strong spectral feature. Typical flow pressures, measured at the

exit of the absorption cell with a capacitance manometer, were

~4 mTorr Ch and~60 mTorr Q.
Under these optimized conditions stromg- O transitions of

both spin—orbit states exhibited signal-to-noise (S/N) ratios in

excess of 1000. Corresponding transitions initkel, 2 levels

H, =T, + B,N> — D,N*+ HN®
+ (1/2)[(Av + ADUNZ + AH N4)7 LzSz]+
+yN - S+ (1/4)[(p, + po,N?), (A2S N_

were observed with good S/N after averaging 8-16 scans. Sim- +A2S N, — (q/2)(Ai N2 4+ A2 Ni)’ [1a]

ilar signal strengths were observed for the wedk= 0 transi-

tions of*>37CIO in v = 0. The spectrometer sensitivity was also
sufficient to record strongPCI*80 v =0 transitions in natural where
abundance with good S/N after averaging 32 scans. Examples

of the3°CI*80 spectra are given in Fig. 1.

The methods used to measure the CIO rotational spectrum

in the far infrared have been described previoug$).( The

DLR experimental apparatus consisted of a temperature con-

trolled multipass absorption cell connected to a Bruker IFS
120 HR high-resolution Fourier transform spectrometer and a

Copyright © 2001 by Academic Press
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6 DROUIN ET AL.

and TABLE 1
35CIO X 2IT Mechanical Parameters

Hhts = alsz+bF| -S+ C(Izsz -1 '8/3)

Parameter Value Units Isotope Dependence
+(1/2)]d(A%1-S. + A%1,S,) + C/I -N
U /1 18692.6545(123)  MHz !
+[(eQa + N,SeQuw) (312 —17) 85! 0.4162(72) MHz p Mg
5 ) 3 1.4385(94) MHz u Mg
+eQq(ly — 15)]/141(21 — 1) [lc] ¥y 18690.79984(128)  MHz
Un Judl? —177.9784(123)  MHz w32
The principal advantage of this Hamiltonian is that each pe 8% -0.0302(130)  MHz p3MG!

rameter has awell-defined isotope dependence. This has allow 11 177.94821(297)  MHz

o ) . . Yo —0.13740(99) MHz u?
fitting fche sp_ectra_of aI_I three CIO isotopomers with a single Yor ~39.87192(227)  kHz )
set of isotopically invariant parameters. Not shown throughot y, 38.4(55) Hz u=S"?
Eq. [1] are the vibrational dependencies and centrifugal disto v, —14.44(253) Hz w3
tion terms analogous to those demonstratedBpand D, in Yo3 —0.015509(309) Hz 1 u?
Eq. [1b]. We define isotope dependencies such that if an opel ?c? 85(3)-(6)‘1%22(17(1)33) cm; et

i ioli i 10 - cm H cl
tor is multiplied by an expression of the form o _5518278(60)  om~"! pe

| N Yao —0.012560¢ em™! w3
Zin(v + 1/2)[N(N + 1)] [2a]
2 Fixed parameter.
then
that the Born—Oppenheimer correction Y, is determined
Zlﬁn x ru’f(l+2n)/2’ [Zb] pp (0]

solely from the3°CI*®0 v=1, J=35/2 — 33/2 doublet.

_ . Yo, and Yp; are both required to fit they=2 rotational
wherer contains the mass and/or nuclear momentisotope depggfa The inclusion oft»; improves the rms of the 10 mea-

dence ofZgy,. The Born—Oppenheimer corrections to the Mot red frequencies fod’ = 17/2, 21/2, and 332 from 117 to
precisely determined parameters are best described in termgpfle;Hz and their reduced rmé from, 1.95 to 0.80. The high-
_the mass—lnplependent parametdrs and AIA~n (26) as shown | iatignal transitions measured in the far infrared spectrum ha

in the equation enabled us to determinéyz quite well, with the fitted value
of —0.01551(31) Hz in very good agreement with the value ¢

Vo= gty (1 meAQ, N MeACh 3] —0.01472 Hz calculated frofho, Yoz, andYis via the Dunham
! Ln Mo Ma |- relationships 31). Fits incorporating higher order parameters
demonstrated that those parameters were poorly determined
the data and failed to produce a statistically significant improve
ment in the rms error. They were, therefore, excluded from tf

Le Roy (7) has defined isotope dependent quantiﬁ@,g,such

that final fit.
a2 0 The effective constants fo>3’CI*%0 v =0, 1 determined
Yin=u Uin — 80— - [4] in this study are not significantly different from those previ-

ously reported 4). In that studyYys3 for *°ClO was fixed by
All of the isotopic relations were fixed within the parameteDunham relations t6-0.015 Hz although it was not signifi-
inputfile forthe program SPFIRE) and the independent param-cantly determined by that data set. With the inclusion of the fe
eters determined using global fits to all isotopic data. Becausérared Fourier transform spectra, the value has been confirm
there are no infrared data for tABO species, the full isotope experimentally. In Table 1 the uncertainties of the paramete
dependence oYy could not be determined. Onlyyo and 8% Up1 andUq; are relatively large due to correlations with higher
values are reported. Parameters are defined relatfRRCt&O  order parameters and the Born—-Oppenheimer corrections. F
using fixed ratios of the reduced mass28)(quadrupole mo- comparison, the more precise valuesYpf andY;; are listed
ments, and magnetic momendg§). Note that the terms referredin the table. The uncertainties in the ground state rotation
to here as Born—Oppenheimer corrections contain all contribzenstants,By, for both 3°CIO and3’ClO, are approximately
tions of orders—2 for Yo; andp=%2 for Yq1. 0.4 kHz. The deviation of thef;o values from au~Y2 rela-
The rotation, vibration, and rovibrational coupling constantsonship is small but significant with respect to the experimentz
derived from the fit are presented in Table 1. The BorrencertaintiesY;o(*°ClO)(uss/u37)Y? is 0.00030 cmt smaller
Oppenheimer corrections are of the expected sign and ortiean the fitted value fot’ ClO. Ysq is a fixed parameter calculated
of magnitude. They areA$), ASI, AS, A9} ={-0.794(53), from the Dunham rrelations. Itsinclusion in the fit produces som
—1.419(24), —2.240(15), —4.95(213}. It should be noted small changes iiY1g andYxo from previously reported values.
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The 35CIO values of the fine structure parameters are listed TABLE 3
in Table 2. The fine structure intervale = —321.9577 cm?, $5CIO X 211 Hyperfine Structure Parameters
was fixed to be consistent with the value determined by Coxi

Lo ) . _ P 1 Val Unit Isotope Depend
(9) for the vibrational ground state GPCIO since it was im- Aremerer e e Soope Tependence
possible to determine from the present data. The vibratior g4 137.4799(252)  MHz gn
dependence of the fine structure splitting was determined ve aio —-2.5197(295)  MHz gnu~ 2
well due to the simultaneous fitting of tReCIO and3’CIO in-  bF 15.65(35) MHz g
frared data. The parametetgy, Ao, andAzp were determined EI‘;O +2¢/3) :33;3%2)“ ﬁg; &v
from the vibrational level intervals calculated via the Dunhar " % ' b B -1/2
_ (br+2¢/3)10 0.688(60) MHz Nt
potential parameters for theé; and X, states (see below) and g4, 174.705(35) MHz o
fixed during the fit. The inclusion oy in the fit altersAg 4y —3.338(41) MHz anp— 2
compared to the value reported by Burkholdeal. (11) butis  do: —0.65(33) kHz gnu™!
necessary for the correct determinatiorygf. The change ilA & 16.12(102) kHz guu™!
_ o . : : eQq140 —87.691(81) MHz 0
betweerv = 0 andv = 1 is, however, virtually identical to that 04 0.636(93) MHz o2
. . . . . . 110 —U.
in Ref. (L1) since it is determined primarily by the data reporte 011 —0.52(47) KkHz Ou!
there. . _ . eQq2 —-117.71(221) MHz 0
The electron spin—rotation constgnthas been determined eQgs 0.313(71) MHz 0

for the first time by fitting all the isotopic species simultane
ously with fixed isotope relationships among the constants. The perived frombg andcyo. The reduced uncertainty reflects their correlation
value y = —296.0(43) MHz is in reasonable agreement with b The parametets 1o andcyo could not be decorrelated and were fit together
—p/2=-339.261(32) MHz, suggesting that a single excited

electronic state is responsible for most of the-doubling in which depend on the value gfhave not been significantly al-
the X 2IT state. The sign and magnitude pf, are consistent tered in the present work.

with a?x* perturbing state located approximately 35,600¢ém  The Frosch—Foley3@) hyperfine parametess b, ¢, andd, as
aboveX 211 as pointed out in Refs6fand ©). The value ofy is  Wwell as the nuclear spin—rotation const@nt for 3°CIO are dis-
highly correlated with that oA. Because of the constraints im-played in Table 3. The axial components of the quadrupole co
posed by the isotope relations, the fitting routine maintains afing tensor have been determined for the two spin—orbit stat
almost constant value for the quantit ¢ y/2)?/(A —2B). and are represented by the average velQej, and the differ-
The calculated uncertainty ify; is primarily due to the uncer- ence between thé, andX; states given bg Qas. The sign con-
tainty in this quantity. These uncertainties largely cancel in tivention for the nonaxial termQg is that of Endcet al. (33). A
calculation of the spectrum. The previous analysis of the grougligcussion of the sign conventionsisincludedin arecent paper
state spectrum of CIO done in this laboratody ¢ontained the Tamassiat al. (34). Centrifugal distortion on the larger hyper-
implicit assumption thay = —p/2. As a result, the constantsfine constantsdp; ande Qquo;) was included, as well as vibra-
tional corrections linear in. The quadrupole and magnetic mo-
ment ratios were fixed tog = Q(**Cl)/Q(*'Cl)=1.2688773
andry, = (*°°Cl)/u; (B7Cl) = 1.2013078, respectivel$(). Pa-
rameters for thé’Cl and/or*80 isotopomers can be derived

TABLE 2
35CIO X 2I1I Fine Structure Parameters

Parameter Value Units  Isotope Dependence ~ USiNg the appropriate power of the ratio of reduced mass
and/or nuclear moments. There are no changes in the m
4. —321.957710° Cm:i . hyperfine constants from previously reported values which &
j"" _3'28(3)411;2(39) 22—1 "_1/2 fect their interpretation in terms of molecular properties. Th
A;g —0.00754668 P /’j —1 centrifugal distortion constantdy; and eQqy,, although not
Ao 0.0004715° em-! w2 well determined, are both of the correct sign and magnituc
Aot 28.8805(162) MHz ! and are consistent with similar constants recently reported f
An 0.1942(38) MHz w3 BrO (18). Previous CIO studies in this laboratory determine
Az 14.71(156) kHz w2 eQq separately for each spin—orbit state for the two main isc
Ao 124.46(97) Hz ” topes. In that work the uncertainties of the individual values
;Oo _232:25;?()6 4 xgz Z“ eQq were comparable to the Qiﬁerence betyveen them. Tt
1o —4716(153) MHz 432 present work shows that the differen@Qas, is more than
P20 —0.186(72) MHz u> four times larger than its uncertainty. Its value is consistent wit
o1 0.385(47) kHz u? that expected from the relativistic radial integrals calculated &
q -0.9879(60) MHz w2 Lindgren and Ro=i (35) and the correction factors given by
Pyykké and Seth36). The value here is slightly changed from
a Fixed parameters. the preliminary CIO value reported recently for comparison wit|

Copyright © 2001 by Academic Press
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TABLE 4 magnitude as the uncertaintyjrand, unlike the heavier halogen
CIO X 211 Dunham Potential Parameters? monoxides, does not significantly alter its interpretation.
2 2 2

Parameter M) M e CONCLUSION
re/pm 156.89335 157.01460 156.95394 ) )
aglem=! 293226.5 291410.7 292317.8 Measurements of thg ClX <11 pure rotational spectrum
a -3.17276 —3.17342 —-3.17309  have been extended to include transitions up'te- 115/2 and
a 6.45073 6.45454 645263y = 2. Transitions from thé>CI*®0 isotopomer have also been
a —~11.67428 —11.63899 —11.65658

observed. All CIO isotopic data have been fit simultaneousl
with a mass-independent Hamiltonian. This Hamiltonian, base
. , . . on the Dunham expansion, allows independent determination
V(§) = ao(l + anf + agh” + agh” + asé”), wheref = (r —re)/Te. previously correlated parameters such as the electron-spin, rc
tion constanty, and the centrifugal distortion of the spin—orbit
BrO (18), and the discussion in Refl§) is an adequate descrip-coupling constantAy;. The fitted constants have been used t
tion of the origin of the term. derive Dunham potentials for the effective?I1 state as well
Table 4 presents th¥ 2IT Dunham potential energy coeffi- as the individual>(12H3/2 and x221‘[1/2 spin—orbit states. The
cients @1) derived directly from the fitted parameters given imefined spectroscopic constants presented here enable one to
Table 1. Parameters describing the individal®ITs,, and X,  dict ClO rotational transition frequencies accurately up to 3 TH
211,, potentials have also been determined from the relatiofor all Cl and O isotopomers.
ships

aq 17.36530 17.07108 17.22507
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