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Fourier transform millimeter-wave spectroscopy of the HCS radical
in the 2A’ ground electronic state
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The 1y;—0q rotational transition of the HCS radical in the?A’ ground electronic state has been
observed with a Fourier transform millimeter-wave spectrometer in combination with a pulsed
discharge nozzle. The radical is produced by discharging a mixture @la@ti H,S diluted in Ar.

Six fine and hyperfine components are detected, and the effective rotational constant, spin—rotation
interaction constant, and hyperfine interaction constants are determined accurately. The Fermi
contact term of the hydrogen nucleus is found to be much smaller than that for the isovalent radical,
HCO, indicating that the HCS radical is more close to a linear structure than the HCO radical.
© 1998 American Institute of Physids50021-960808)01521-9

INTRODUCTION have been reported for geometrical structure, vibrational fre-
quencies, and dipole moment of the HCS radicaft’

The HCS radical is a fundamental reaction intermediate  On the other hand, the rotational spectra of the related
containing a single sulfur atom in combustion processes,isovalent species have been studied extensively. The pure
interstellar chemistry, and during the collision of comet rotational spectrum of the HCO radical was first detected by
Shoemaker-Levy 9 with JupitérThis radical was also iden- Saito!* and further measurements including the submilli-
tified as a reactive intermediate in hydrogen abstraction remeter-wave lines were carried out by Austnall? and
actions of methyl mercaptane (GBH) with F atoms by Blake et al!® The rotational spectrum of the HSIO radical
means of photoionization mass spectroscbpyextraterres- was recently detected by Izuhe all* They produced the
trial environments like cold, molecular clouds, the sulfur HSIO radical in a discharge plasma of SiEnd NO, and
chemistry is closely related to the carbon chemistry, andeported detailed molecular constants including hyperfine in-
hence, a number of sulfur-bearing neutral species such deraction constants. The rotational spectrum of the HSIS radi-
H,S, CS, HCS, OCS, GS, and GS are known to be abun- cal was found in a discharge plasma of gighd OCS by
dant in various astronomical sourcgsA chemical model Brown et al®
calculation of interstellar molecular clouds predicts a moder- A reason why the rotational spectrum of HCS has not
ate abundance of HCS; Lest al? estimated the fractional been detected so far seems to be a small dipole moment
abundance of HCS relative to the Bbundance to be 181,  along thea axis (0.4 D).>® As a result, thea-type transitions
about 1/10 of HCS. Therefore HCS should be detectable inof HCS are fairly weak. On the other hand, a search for the
molecular clouds by radioastronomical observations, and itg-type transitions would be difficult because of a large un-
abundance would be of crucial importance to test chemicagertainty in the rotational constam, The Fourier transform
models of molecular clouds. millimeter-wave spectroscopy combined with a pulsed dis-

Despite the importance of the HCS radical, no spectrocharge nozzle is a powerful method for studying a free radi-
scopic study has been reported for this important reactiogal with a small dipole moment. We have recently extended
intermediate until recent, tentative detection by the farthe observable frequency of our spectrometer up to 52 GHz
infrared laser magnetic resonance Spectros&opy_ this with sufficient sensitivity for transient species. With this new
study, a number of resonances were observed in a dischargeectrometer, we have detected thg-Dy, rotational tran-
plasma of HS and CO, but they were too complicated to besition of HCS for the first time.
assigned definitively. Although the observed resonance lines
are considered to be due to HCS on the basis of the produc-
tion chemistry and the isotopic studies, no molecular con—%XPEFu'\AE'\IT
stants have been determined. A faly initio calculations A Balle—Flygare type Fourier transform millimeter-
wave spectrometer newly developed at the University of To-
9Also at: Department of Physics, Technical University Chemnitz-Zickau, KYO Was used in combination with a pulsed discharge nozzle.
09107 Chemnitz, Germany. Details of the spectrometer will be described elsewhere. A
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FIG. 2. Fine and hyperfine structure pattern observed for the Oy, tran-
sition. All the six components are detected in the present study.

AM =0

We carried out a deep search for the other hyperfine
components around the 40 263 MHz line, and successively
found five other paramagnetic lines as shown in Fig. 2. The
PRSPPI ISP PRI B lines show a typical pattern for the fine and hyperfine struc-

40262 402625 40263 402635 tures of the doublet radical with the hyperfine structure of the
Frequency [MHz] | =1/2 nucleus. This pattern is very similar to that expected
FIG. 1. A typical example of the =2—1 andl=3/2—1/2 component of the ~ for the 15;—0qg line of HCS, and hence, we finally concluded
10:— 0o transition of HCS. The lower trace is obtained without correction of that the observed lines are due to the HCS radical. On the
the earth magnetic field parallel to the polarization of the free inductionbasiS of the observed intensity, we assigned the individual
dfcay. jhree Zeeman components whh=1-1, M=0-0, and M= components as indicated in Fig. 2
(=1)—-(—1) are observed. . .

We inspected the Zeeman effect of the observed lines for
further confirmation. For this purpose, the power supply for
one of the Helmholtz coils was turned off, giving the residual

gaseous mixture of CHand HS was diluted in Ar, and earth magnetic field parallel to the polarization of the micro-
released into the vacuum chamber from the pulsed dischargeave. In this condition, the Zeeman component lines with
nozzle. A pulsed high voltage of 1.5 kV was added to theAM =0 are observed. Since the 40 263 MHz line is assigned
discharge electrodes attached to the nozzle. For measunetheF=2—1 component, we expect three Zeeman compo-
ments of paramagnetic lines, the earth magnetic field warents withM =0 andM = + 1. The observed Zeeman pattern
compensated by using three Helmholtz coils placed perpershown in the lower trace of Fig. 1 is consistent with this
dicularly to one another. The production conditions were firstexpectation. On the other hand, the 40 331 MHz line is as-
optimized by monitoring the gi— 0y line of H,CS. signed to theF=1—1 component, and we expect two Zee-

The rotational constants of HCS were estimated by usingnan components witM = + 1. Note that theV =0 compo-
the geometrical structure reported by thab initio  nent has no intensity. In fact we observed two Zeeman
calculations>®° We predicted the frequencies of the hyper-components as shown in Fig. 3. These results further
fine components of the -0y, transition with aid of the strengthen our conclusion that the lines are due to the HCS
spin—rotation interaction constants and hyperfine interactiomadical.
constants taken from those of HEOwith corrections for The optimum condition for production of HCS in our
difference in the rotational constants. We searched for thgystem is as follows; ;% (0.5%9 and CH, (0.5% are diluted
HCS line on the basis of the prediction. After scanning overin Ar, and are introduced into the pulse discharge nozzle
the 200 MHz range, we first found a paramagnetic line atith the stagnation pressure of 2.0-2.5 atm. We integrated
40 263 MHz as shown in Fig. 1. This line was also observed.000-6000 shots with a repetition rate of 5 Hz to obtain the
by discharging a mixture of Gsand CH, H,S and CO, or spectral lines with sufficient signal-to-noise ratio for precise
(CH,)5S, diluted in Ar. However, the line was not observed measurements. The line frequency was determined by aver-
with CH, or CS, diluted in Ar. These chemical behaviors aging at least three measurements. The results are summa-
indicate that the molecule responsible for the line containsized in Table I.
the C, S, and H atoms. The GSiradical ¢E) is expected to On the basis of the present data, we have just succeeded
give a number of hyperfine components of the 3/2—-1/2  detecting the highN rotational lines withK,=0 with a
transition around the 40 GHz region. Although we calculatedmillimeter- and submillimeter-wave absorption spectrometer,
transition frequencies of all the fine and hyperfine compo-details of which will be described separately.
nents of CHS by use of the molecular constants reported in
Ref. 16, none of them corresponds to the 40 263 MHz line
In fact we observed one of the G8llines, and found that it
is much weaker than the 40 263 MHz line in the above dis- The HCS radical is an asymmetric top molecule which is
charge system. Therefore the line observed at 40 263 MHzery close to a prolate symmetric top. Since the rotational
was thought to be a good candidate for one of the hyperfinkevels of K,=0 are well isolated from the othéd(, levels
components of the HCS radical. because of a largé rotational constant, we can treat the

RESULTS AND DISCUSSION
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L B L L RO B TABLE Il. Molecular constants of HO®MHz).2

Constants
HCS F: 1-1
Bt 20 145.455(B6)
1,.—0 J:1/2-1/2 Veft —54.2962(127)
01 00
b 119.75%24)
c 23.01443)

@Numbers in parentheses represent three times the standard deviation in
units of the last significant digits.

AM = O I, and the obtained molecular constants are listed in Table II.
The standard deviation of the fit was 5 kHz, which is com-
parable to the frequency measurement error. The correlation
matrix is given in Table Ill. The maximum correlation coef-
ficient is 0.817 between two hyperfine interaction constants,
. indicating that the constants are well determined in the fit.
40330 40330.5 40331 403315 The effective rotational constant determined above cor-
Frequency [MHz] responds to By+ Cy)/2 in the asymmetric top representa-
_ tion. Senekowitsclet al® reported the equilibrium rotational
TG' g' Atypical example of thé =1-1 and)=1/2-1/2 componentofthe ., \otants vibration—rotation interaction constants, and cen-
01— Ogo transition of HCS. The lower trace is obtained without correction of ™ B . o .
the earth magnetic field parallel to the polarization of the free inductiontfifugal distorsion constants bgb initio calculations. From
decay. Two Zeeman components whh=1-1 andM=(—1)—(—1) are  their result, the effective rotational constant is calculated to
observed. Note that thié =0—0 component has no intensity, and hence, it he 19 800 MHz. This value is about 2% smaller than the
is not observed. observed valu¢20 145.455(06) MHz]. On the other hand,
it is calculated to be 20 099 MHz on the basis of the geom-

spectral lines withK,=0 as if they were of a linear mol- etry reported by Kaiseet al,’ which is in good agreement
ecule. Since we only observed the,;10,, transition, we  With the obseryed value. _ .
analyzed the observed frequencies by using the conventional The Fermi contact termb+c/3, is determined to be

Hamiltonian for a linear free radical with tH& state includ- ~127.427 MHz in the present study. The positive value indi-
ing hyperfine interactioh’8 cates that the HCS radical is the radical, in which the

) unpaired electron occupies the molecular orbital extending
H=BefiN"+ yeiN-S+ bl -St IS, (D within a molecular plane. This further supports that the HCS
whereN, S, andl represent the angular momentum operatorgadical has a bent structure with tA&’ ground electronic
for the end-over-end rotation, the electron spin, and thétate. However, the observed Fermi contact term of HCS is
nuclear spin of the hydrogen nucleus, respectively. We emmuch smaller than the corresponding value for the related
ployed the Hund’s case () basis set for constructing the molecules; 388.89 MHz for HC&,451.32 MHz for HSiO!*
Hamiltonian matrixlyB where the Coup|ing scheme of the an- and 335.74 MHz for HSIé5 Since noab initio calculation
gular momenta is as follows: for the hyperfine coupling constants of HCS has been re-
ported so far, we qualitatively discuss the relatively small
J=N+S, (2a) Fermi contact term of HCS in terms of its geometrical struc-
and ture as follows. The HCO radical is known to have a bent
FeJt (2b) §trl_1cture With_ the HCO angle of 1_24". According to t;hlle
' initio calculation®® the corresponding angle for HCS is es-
The energy levels were obtained by numerical diagonalizatimated to be 132°, which is somewhat larger than that for
tion of the Hamiltonian matrix. The effective rotational con- HCO. If the molecule were in the linear form, the Fermi
stant, spin—rotation interaction constant, Fermi contact termgontact term would take a small negative value. In this case,
and dipolar hyperfine interaction constant were determinethe molecular orbital of the unpaired electron has a node
by a least-squares fit. The result of the fit is shown in Tablealong the molecular axis, and hence, the orbital hasno
character. Instead an effect of spin polarization makes the

TABLE |. Observed };,—0qq transition frequencies of HC8Hz).

F J Obs. Obs.—Calc. TABLE Ill. Correlation matrix.
0-1 1/2-1/2 40 337.535 0.000 B b
eff Yett ¢

1-0 1/2-1/2 40 458.131 —0.004

1-1 1/2-1/2 40 330.713 0.004 Best 1.000 0.426 0.182 —0.082
1-0 3/2-1/2 40 282.098 0.003 Veft 1.000 0.480 —0.265
1-1 3/2-1/2 40 154.665 —0.004 b 1.000 —0.817
2-1 3/2-1/2 40 262.996 0.001 c 1.000
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Fermi contact term of the hydrogen atom negative. In fact H,CSH"+e—HCS+H+H. (4)
the negative Fermi contact term is obtained for the isovalent
species, HCCCS, which has definitively a linear structureHowever, we like to point out that reactio(® and(4) have
with the 2I1 ground electronic stat€.On the other hand, the never been studied in the laboratory, and hence, branching
Fermi contact term of the hydrogen atom becomes largeatios are completely unknown. Second, a more realistic
positive value if the molecule is in the bent form as in theroute seems to be the reaction of atomic carbon irf’l-?trc,
case of HCO? The relatively small Fermi contact term sup- electronic ground state with interstellar hydrogen sulfide,
ports that the HCS radical is more close to a linear structurgy,s?,
than the HCO radical.
The dipolar interaction termg, which corresponds to C+H,S—HCS+H. (5)
(3/2)T,, for the asymmetric top case, is determined to be
23.01443) MHz. This value is slightly larger than the Recent crossed molecular beam studies of this reaction de-
(3/2)T,, of the HCO radical(17.34 MH2.®® The dipolar tected the HCS radical as the reaction prodticEinally,
interaction of the hydrogen nucleus mainly originates fromphotolyses of thioformaldehyde ,8S, to HCS and H could
the interaction with the unpaired electron localized on thecontribute to interstellar HCS in photon dominated regions.
carbon atom. The tensor component along the C—H bond Thea component of the dipole moment is expected to be
therefore takes a large positive value, whereas that perpesmall, and hence, the spectral lines of HCS from interstellar
dicular to the C—H bond a negative value. The angle betweemolecular clouds may not be very strong. However it is
thea axis and the C—H bond in HCS is smaller than that inworth searching for them with a sensitive radiotelescope,
HCO, theT,, constant of HCS is expected to take a largersince the related species,ES and HS, are abundant in
value than that of HCO. This is consistent with the observednterstellar molecular clouds:>* The abundance, or at least
trend in thec constant. the upper limit to the abundance, of HCS will provide us
Both the HCS and HCO radicals should have #ie  with important information for modeling the production
ground electronic state in the linear configuration. However a&hemistry of sulfur bearing organic species in molecular
mechanism of the Renner—Teller interaction removes the deslouds.
generacy, and stabilizes the bent structure wittsymmetry
for both species. The large HCS angle implies that theACKNOWLEDGMENTS
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