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Pure rotational transitions of silicon monosulfide (**Si*?S) and its rare isotopic species have been
observed in their ground as well as vibrationally excited states by employing Fourier transform
microwave (FTMW) spectroscopy of a supersonic molecular beam at centimetre wavelengths
(13-37 GHz) and by using long-path absorption spectroscopy at millimetre and submillimetre
wavelengths (127-925 GHz). The latter measurements include 91 transition frequencies for
#8i%%S, 28i*'S, 28i*S, 2°Si*’S and Si**S in v = 0, as well as $ lines for **Si*’S in v = 1, with
rotational quantum numbers J” < 52. The centimetre-wave measurements include more than 300
newly recorded lines. Together with previous data they result in almost 600 transitions (J” = 0
and 1) from all twelve possible isotopic species, including 2°Si*®S and °Si*®S, which have
fractional abundances of about 7 x 107% and 4.5 x 107, respectively. Rotational transitions were
observed from v = 0 for the least abundant isotopic species to as high as v = 51 for the main
species. Owing to the high spectral resolution of the FTMW spectrometer, hyperfine structure
from the nuclear electric quadrupole moment of **S was resolved for species containing this

isotope, as was much smaller nuclear spin-rotation splitting for isotopic species involving *°Si. By
combining the measurements here with previously published microwave and infrared data in one
global fit, an improved set of spectroscopic parameters for SiS has been derived which include
several terms describing the breakdown of the Born—Oppenheimer approximation. With this
parameter set, highly accurate rotational frequencies for this important astronomical molecule can

now be predicted well into the terahertz region.

1. Introduction

More than 130 molecules have been detected in the interstellar
medium or in circumstellar shells.'*> Nearly 10% of these
contain silicon, despite the refractory nature of silicon and
many Si-containing molecules.>® Shock vapourisation has
been proposed as the mechanism which releases silicon com-
pounds from the grains into the interstellar gas.* Many Si-
bearing molecules have been detected in the shell of the nearby
carbon-rich asymptotic giant branch star IRC + 10216 (CW
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Leo).3 Silicon monosulfide, SiS, is one of the more abundant
molecules in this source,”® where it is thought to be the
progenitor for much of the Si chemistry.* However, SiS has
also been observed toward massive star-forming regions such
as Sagittarius B2 near the Galactic centre.’ A total of seven
rare isotopic species of SiS, including two doubly-substituted
298343, 30813457 and 2%Si°S® have now been detected in space,
as have higher rotationally (J = 20 — 19%!%) and vibrationally
(v = 37) excited transitions. Maser activity in the ground
vibrational state of 28Si**S was detected toward IRC + 10216
rather early for the J = 1 — 0 transition'' and very recently for
higher-J transitions.'? Even rovibrational spectra have been
recorded toward this carbon-rich star.'?

Hoeft et al. studied the pure rotational spectrum of SiS in
the laboratory in a series of papers around 40 years ago.'*”
Transitions from the ground and excited vibrational states of
normal 28Si*2S!*!% and four singly-substituted species contain-
ing 2>%°Si and ¥3*S were reported.'*!*!” The dipole mo-
ment'>!® and the **S quadrupole coupling constant'® in the
ground vibrational state were also determined, as well as the
effect of the breakdown of the Born—Oppenheimer approx-
imation.'”'® Rovibrational transitions of SiS were subse-
quently measured by Fourier transform emission
spectroscopy?® and by diode laser infrared spectroscopy.?!
Both studies involved the four most abundant isotopic species
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Table 1 Summary of the SiS data set used in the final fit showing the isotopic species and their relative abundances. The number of lines,” the

maximum rotational J,,, and vibrational quantum number v,,,,, from previous (prev.) investigations

172022 and from the present (new) one are

also provided. Values for rotational and rovibrational data are given separately

No. of lines” Jmax Umax
Species Abundance Prev New Prev New Prev New
Rotational data
26i%s 8.8 x 107! 101 49 3 51 51 51
25i*2s 4.5 x 1072 109 29 3 50 29 31
3051328 2.9 x 1072 2 70 3 53 1 33
286i3s 6.9 x 1073 — 128 — 2 — 16
;33 3.5 x 1074 — 41 — 2 — 3
305i¥s 23 x 107* — 25 — 2 — 2
28gi34 4.0 x 1072 62 15 3 51 31 0
25i34s 2.0 x 1073 — 29 — 2 — 10
30gi348 1.3 x 1073 — 22 — 2 — 6
2gj%s 1.4 x 107 — 10 2 4
25i3¢s 7.0 x 107°¢ — 4 — 2 — 0
30si%s 45 x10°° — 3 — 2 — 1
Rovibrational data
281328 1451 — 150 — 10 —
25i*’s 361 — 107 — 4 —
3051328 289 — 101 — 4 —
2gi34s 348 — 104 — 4 —

“ Overlapping hyperfine components have been counted as one line.

(see Table 1) and went to fairly high rotational (Jax = 139%°
or 150*") and vibrational quantum numbers (Vmax 7%
or 10%h).

A few years ago, several of us measured the two lowest
rotational transitions of the three most abundant isotopic
species of silicon monosulfide, 2881328, 2%Si*?S and 28Si%*s.??
The use of a pulsed molecular beam Fourier transform
microwave (FTMW) spectrometer equipped with an electric
discharge nozzle permitted the detection of rotational transi-
tions in highly excited vibrational levels up to v = 51 for
28$i%2S, which corresponds to an energy of about 30 000 cm ™',
nearly 60% of the dissociation limit.

The present investigation extends previous FTMW mea-
surements to all 12 stable SiS isotopic species. Silicon possesses
three naturally occurring isotopes, 28Si, 2°Si and °Si, with
relative abundances of 0.922, 0.047 and 0.031, respectively,
while four isotopes occur for sulfur, 328, 33S, 3*S and 3¢S, with
abundances of 0.95, 0.0075, 0.043 and 0.00015, respectively.>
Each isotopic species has been detected in natural abundance,
including #’Si*®S and *°Si**S with fractional abundances of
about 7 x 107® and 4.5 x 107°, respectively (see Table 1). A
by-product of the present work is the determination of the *Si
and S hyperfine structure (hfs) as a function of vibrational
excitation.

Even though the lower rotational transitions of SiS have
been fairly accurately determined from previous studies (un-
certainties of 2 kHz?* or only a few kilohertz'?), frequency
predictions in the millimetre-wave and submillimetre-wave
bands have to be handled with caution, because these are
extrapolated from measurements which are quite limited in
rotational excitation—to only J = 2 — 1 or possibly 3 — 2.
Inclusion of the infrared transitions®>>!' only slightly improves
predictions of the rotational lines because the infrared data
have large uncertainties (0.5 x 107> cm™' or ~15 MHz at
best). For these reasons, we have recorded rotational spectra

of the five most abundant isotopic species of SiS, including
transitions within the v = 1 excited vibrational state for
28$i*S, up to almost 1 THz to high accuracy—to better than
1 ppm—so that astronomical observations with the existing
APEX (Atacama Pathfinder Experiment) or SMA (Sub-Milli-
meter Array) instruments or the upcoming Herschel Space
Observatory, SOFIA (Stratospheric Observatory For Infrared
Applications) or ALMA (Atacama Large Millimeter Array)
can be undertaken with precise laboratory support.

2. [Experimental details and observed spectra

Submillimetre-wave transitions of SiS were studied in Kd&ln
using the Cologne Terahertz Spectrometer, which is described
in detail elsewhere.>* Phase-locked backward-wave oscillators
were used as sources and a liquid helium cooled hot-electron
InSb bolometer as detector. The 3 m long absorption cell
was kept at room temperature. Di(z-butylsulfanyl)silane,
((CH3);CS),SiH,,%>*¢ was subjected to a flash pyrolysis in an
effort to record rotational spectra of silanethione, H,SiS.
While no transitions of this molecule were detected, strong
lines of SiS, a plausible decomposition product, were ob-
served. Transitions were recorded between 399 and 923 GHz
for 28Si*?S in its ground vibrational state. Excited v = 1
transitions as well as ground state transitions of 28Si%*S,
2Si*S and *°Si*’S were recorded in the frequency range
827-925 GHz. These frequencies are well above the Boltzmann
peak at 300 K, which falls near 580 GHz.

Millimetre- and submillimetre-wave transitions of SiS in the
ground vibrational state were observed in Bologna in a
negative glow discharge cell’’ in the frequency range
127-743 GHz for **Si*’S with a source modulation millimetre
wave spectrometelr.28 Transitions of 2°Si*?S, 3°Si3%s, 28$i33s
and *8Si**S were recorded between 335 and 582 GHz. The SiS
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molecules were produced directly in the absorption cell by a
DC glow discharge through a mixture of silicon tetrachloride,
SiCly, and hydrogen sulfide, H,S, using Ar as buffer gas.
Optimal conditions were attained using 20 mTorr of Ar, 2
mTorr of SiCly and 1 mTorr of H,S. The discharge current
was in the range 30-60 mA, and the cell was kept at room
temperature. Phase-locked Gunn oscillators working in the
frequency region 55-115 GHz were used as primary radiation
sources and the sub-millimetre investigations were carried out
with harmonic generation. Source frequency modulation at
16.7 kHz was applied, and the signal was demodulated at 2f by
a lock-in amplifier, thus obtaining the second derivative of the
actual line profile. A liquid helium-cooled InSb hot electron
bolometer served as detector.

Only a few transitions of 28Si*2S were recorded both in K6In
and in Bologna. The measurement with the smaller uncer-
tainty was used in the present analysis; for the few lines with
the same uncertainties, the average frequency was used.

Transition frequencies with assignments, uncertainties, and
residuals between the observed frequency and those calculated
from the final set of spectroscopic parameters are given for
2881328, v = 0 in Table 2. The complete line list is available as
supplementary material as well as in the Cologne Spectroscopy
Data section of the Cologne Database for Molecular Spectro-
scopy, CDMS.!?

The J” = 0 and 1 transitions of the nine remaining isotopic
species of SiS not studied in ref. 22 were recorded in at least the
ground vibrational state with the same pulsed molecular beam
FTMW spectrometer and discharge nozzle®® as previously
employed. As before, a mixture of approximately 0.2% SiH4
and 0.05% CS, was subjected to a 1.4 kV discharge. It is worth
noting that the yield of SiS is remarkably high by this method:
based on intensity measurements relative to a gas sample
containing a known fractional abundance of a stable molecule
in Ne (1% OCS), more than 10% of the silane precursor is
converted to SiS. For the comparatively abundant *°Si*’S,
rotational transitions in vibrational states up to v = 31 were
measured, while only those in v = 0 were detected for 2°Si*S
and *°Si**S, owing to their much lower fractional abundances
(Table 1). Some very high-v, J” = 0 transitions of 2*Si**S and
298i*2S, which were not recorded in the previous study, were
measured here for the first time. Transitions of 23Si*S for
v < 2 are given in Table 3 to demonstrate the centimetre-
wave dataset. Fig. 1 shows that a good signal-to-noise ratio
has been achieved even for rarer isotopic species.

3. Determination of spectroscopic parameters

The rovibrational energy levels of a diatomic molecule AB can
be represented by the Dunham expression:

E@,J) =Y Yo+ 1/2)'/(J + 1Y (1)

if

where the Y;; are the Dunham parameters. Watson has shown
that several isotopic species of AB can be fit jointly by

Table 2 Rotational transitions? (MHz) of 28Si*>S, v = 0, uncertain-
ties Unc. (kHz), residuals” O—C (kHz) and source® of the measurement

J’ Frequency Unc. o-C Source
6 127 076.186 10 8 B

7 145 227.053 10 1 B

8 163 376.785 10 5 B

10 199 672.229 10 5 B

11 217 817.663 10 10 B

15 290 380.757 10 13 B

17 326 649.109 10 1 B

18 344 779.481 10 —11 B

19 362 907.164 10 9 B

20 381 031.954 10 3 B

21 399 153.731 10 -8 B, K
22 417 272.368 10 -7 B, K
23 435 387.701 10 —14 B

24 453 499.631 20 15 K
25 471 607.935 10 0 K
26 489 712.524 10 —4 B, K
27 507 813.258 10 5 B, K
28 525 909.965 5 -1 K
29 544 002.518 5 —6 K
30 562 090.777 5 —6 K

31 580 174.604 10 4 B

32 598 253.828 5 —4 K
33 616 328.337 10 2 B

35 652 462.584 10 0 B

36 670 522.052 10 10 B

37 688 576.198 10 -1 B

38 706 624.908 10 -3 B

39 724 668.036 10 2 B

40 742 705.423 10 -3 B

44 814 794.795 20 —16 K
45 832 801.405 25 10 K
46 850 801.384 5 —4 K
47 868 794.650 5 4 K
48 886 781.041 10 15 K
49 904 760.377 10 -8 K

50 922 732.579 5 0 K

aJ — J'. " Observed frequency minus frequency calculated from the
final set of spectroscopic parameters. ¢ B: Bologna, K: Koln.

constraining the Yj; to

m(,A?. m,AB

Yy = Uy (1 I +MBI) LB ()

where U is isotope invariant, mi, is the mass of the electron, u
is the reduced mass of AB, M, is the mass of atom A, and A;,A»
is a Born-Oppenheimer breakdown term.* Ui,uf(Hz")/zAﬁme/
M, is sometimes abbreviated as 53. Moreover, it is note-
worthy that both Ag-‘ and 5? are defined negatively in some
papers. Obviously, Ag and (3,'-13- are defined equivalently.

Both Si and S only have one isotope with a non-zero nuclear
spin, 2°Si (I = 1/2) and ¥S (I = 3/2), which gives rise to
hyperfine structure in SiS from either electric quadrupole
coupling (*3S), magnetic spin-rotation coupling (*°Si), or both,
that is readily resolved at high spectral resolution. For 2°Si*3S,
the hfs may be slightly more complicated because of scalar
(normally denoted by the parameter J) and tensorial nuclear
spin-nuclear spin coupling (S). For fairly light nuclei with
small magnetic moments, the scalar contribution is typically
negligible, and the tensorial contribution is dominated by a
term that can be derived from the structure.>' For SiS, this

This journal is © the Owner Societies 2007

Phys. Chem. Chem. Phys., 2007, 9, 1579-1586 | 1581



Table 3 Rotational transitions® (MHz) of 2Si**S, v = 0, 1 and 2, and
residuals® O-C (kHz)

v=20 v =1 v =2
J" F' —F" Frequency O-C Frequency O-C Frequency O-C
0 0.5-1.5 17895651 0.9 17809.245 —0.4 17 722.832 —0.1
0 2.5-1.5 17897.869 0.5 17811.413 —1.2 17 724950 —-1.9
0 1.5-1.5 17900.591 1.9 17814.074 1.1 17 727.549 —-0.3
1 0.5-1.5 35791.721 2.2 35618.895 —1.8 35446.053 —-5.0
1 1.5-1.5 35794469 1.5 35621.586 2.4 35448.684 0.6
1 25-1.5 35796438 2.6 35623.508 —4.5 35450.564 —4.5
1 3.5-2.5 35796.447 -0.6 35623.520 0.5 35450.576 0.5
1 0505 35796.662 42 35623.723 —1.4 35450.773 -2.1
I 1.5-2.5 35797.189 0.9 35624.244 1.7 35451279 —1.8
1 2525 35799.162 0.8 35626.170 —1.2 35453.166 0.2
1 1.5-0.5 35799.408 1.5 35626410 —1.2 35453.400 —0.6

@ J' — J'; uncertainities are 2 kHz throught. > Observed frequency
minus frequency calculated from the final set of spectroscopic
parameters.

term amounts to 0.256 kHz—a value that is almost negligible
in the present analysis—and therefore fixed in the fit. The
quadrupole coupling parameters eQg;; scale with u T2 g
do S; and J; while the spin-rotation parameters C; scale
with g 0+¥+22,

The atomic masses were taken from a recent compilation of
Audi ef al.** The precision of the atomic masses has improved
over the past few decades to the point that they are usually not
a limiting factor in analyses of diatomic spectra, but this was
not the case in early studies of SiS.!7:!°

Together with the new data, nearly all previously published
data have been folded into the present global fit. The two
infrared spectroscopic investigations>®?! are somewhat com-
plementary, since the latter?! extends to higher J and v while
the former? has a greater coverage in J, particularly for lower
vibrational states.

29,.33 e — R

Sl S,U=0 ’

#si%s,0=3 -

12-3/2

17562 17564 17566 17568
Frequency / MHz

Fig. 1 Portion of the rotational spectrum of silicon monosulfide in
the region of the J/ = 1 — 0, v = 0 transition of 298i33S obtained in an
integration time of 15 min. The transition is split into three widely
spaced hyperfine components because of the quadrupole moment of
the **S nucleus. The assignments of the **S hyperfine components are
given. The line off scale is due to the / = 1 — 0, v = 3 transition of
298i%2S. Each line is further split into four components, two because of
the Doppler effect as the supersonic molecular beam travels parallel to
the propagation of the microwave radiation and two because of small
nuclear spin-rotation splitting (~ 18 kHz) due to the 7 = 1/2 spin of
the 2°Si nucleus.

Most of the rotational transitions reported by Hoeft
et al.'"*'7 have been remeasured in our first FTMW study
on SiS,?? but a few transitions with J” = 2 have been retained
in the present fit. A small number of transitions from ref. 22
have been reanalysed because measured frequencies differed
from those calculated from the best-fit parameters by more
than 2.5 times their measurement uncertainties.

As indicated in eqn (2), in theory, one isotopic substitution
for each atom should be sufficient to determine all of the
required Born—-Oppenheimer breakdown terms; additional
substitutions simply yield redundant information, except, for
those, such as 28Si**S which also provide **S hyperfine para-
meters. In practice, however, multiple substitution of each
atom is desirable to reduce correlations between the para-
meters and their Born—Oppenheimer breakdown terms, and
redundancy has the beneficial effect of reducing calculated
uncertainties. In addition, it provides a consistency check on
the data. In fact, the very small hyperfine splitting of the J =
2 — 1 transition of 2°Si*?S which was close to the resolving
capabilities of our spectrometer, was interpreted slightly dif-
ferently in the present study compared with the previous one.?
Instead of assigning the strong line of a two line pattern to the
overlap of the two strong AF = + 1 components and the weak
one to the weak AF = ( component, the present, more
extensive data set is consistent with assigning the two lines
to the two strong AF = +1 components while the AF = 0
component is likely too weak to be observed. Relative inten-
sities of lines in FTMW spectroscopy should be viewed with
caution, especially so in the case of closely spaced lines.

All fits and predictions have been performed employing
Pickett’s SPFIT and SPCAT programmes.*® The input data
were weighted inversely proportional to the measurement
uncertainties, as is usually the case. The adequacy of these
uncertainties was tested by checking how well various subsets
of the data could be reproduced. Such tests are particularly
important for an extensive and diverse data set as the present
one. The choice of spectroscopic parameters was rather
straightforward from the previous FTMW study.?? Transi-
tions of ®Si*”S in the highest three vibrational states (v = 49 —
51) proved to be difficult to reproduce. A trial fit with Y7,
included in the fit reduced the residuals considerably, but its
value was deemed to be too big: (—5.9 + 0.5) x 10~'2 MHz;
moreover, it also resulted in sizable changes in the lower-order
Y,1 parameters. Trial fits with fixed values for Y5, indicated
that a value of around —0.5 x 10~'*> MHz is required to
account for the residuals of the high-v transitions. This value
was kept fixed in the final fit.

Three infrared transitions from ref. 21 were omitted from
the fit because their residuals exceeded three times their
measurements uncertainties and because the omission had
only a negligible effect on the derived parameters. Three other
R-branch transitions with v = 3 — 2 and J” ~ 150 had also
large residuals; we have doubled their measurement uncertain-
ties in the present analysis.

The Born—Oppenheimer corrections for Y, were used for
the first time while those for Yy, were omitted because they
were not determined with significance, they appeared to be too
large in magnitude, and they had only a negligible effect on the
quality of the fit. The parameter Y3, as well as the hyperfine
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Table 4 Spectroscopic parameters’ (MHz) of 2Si*’S determined

from the global fit

Table 5 Comparison of Sis Born—Oppenheimer breakdown terms”
Ao and Ay, with those from previous studies

Parameter Value This work Ref. 19 Ref. 21 Ref. 20 Ref. 22

Ulo,u’l"’2 x 107¢ 22.473 483 2 (304) A3 0.893 (43) — 1.31 (12)  0.929 (22) 0.890 (57)

Uson™ A5y m./Ms; 393.5 (189) A3y —0.174 (54) — 0.25 (16) —0.257 (27) —0.179 (70)

Ujou™ ' 439 m,/ Mg —67.2 (207) Agr —1.3935 (42) —1.392 (59) —1.45 (20) —1.203 (52) —1.097 (22)

Yo x 107° 22.473 809 43 (261)° A3, —1.8728 (55) —1.870 (64) —1.91 (24) —1.944 (58) —1.772 (15)
St e

jéo 8?23 ?5‘431;["' ¢ Numbers in parentheses are one standard deviation in units of the
10 —0. L

Yoo x 10 ~77.531 63 (93) least significant figures.

Y3 30.909 (167)

Y40 x 10 —203.8 (99)

Ugip ™! 9100.078 47 (123)

H .
UOI,u:iA(zllme/MSi
Uoi™ Agime/ M

1
32 i

Unp 3/7A(§1"1(:/M5i

Uy~ Agime/ Ms

A3

A3

Y, x 10°
Yy x 10°
Y4 x 10°
Y51 X 109
Yer x 10°
Y7 x 102
Yoz X 102
Y1, x 10°
Yy x 10°
Y03 X 10]2
Y13 x 102
€Qqoo(*S)

e0q10(’S)
f—’Q6120(33S) x 10°
Coo(*’Si) x 10°
Coo(*3S) x 10°
Soo % 10°

—0.248 65 (65)
—0.292 41 (86)
9099.537 406 (74)
—1.393 5 (42)"¢
—1.872 8 (55)*
—44.165 497(188)

0.000 126 (144)
0.000 990 (109
—44.164 381 (60
—0.146 (132)¢
—1.306 (144)*°
—0.999 8 (130)
—0.223 76 (111)
—2.854 (44)
43.52 (81)
—0.382 2 (56)
—0.512¢
—5.967 274 (45)
—5.512 6 (320)
—0.112 52 (339)
—33.0 (84)
—19.20 (180)
11.076 84 (148)
—0.249 84 (62)
1.125 (43)
—14.446 9 (219)
7.001 (87)
0.256¢

“ Numbers in parentheses are on standard deviation in units of the
least significant figures.  Derived value. ¢ Unitless. ¢ Kept fixed in the
fit, see Section 3.

terms C;, were not used in the final fits for similar reasons. As
discussed in section 4, Y3 was retained in the fit even though it
appeared to be rather large with respect to Yj;.

The final set of spectroscopic parameters for the 25Si*?S is
given in Table 4. The rms error is 0.753 for the global fit, an
indication that the input data are generally well reproduced to
within the experimental uncertainties. The rms errors for the
individual subsets vary between 0.502 and 0.984.

4. Discussion

Almost all of the spectroscopic parameters included in the
final fit have been determined with significance. The Born—
Oppenheimer breakdown terms 5% and 63} have been included
despite their large uncertainties relative to their values because
their uncertainties are comparable in magnitude to those of 63
and 63, respectively.

The use of Y3 in addition to Y3 requires special considera-
tion, as both are of similar magnitude, and Yy; is only
determined to 25%. The comparison of the decrease in the
series Yy, (n < 3) with that in the Yj, reveals that it is not Y13

that is particularly large in magnitude, rather Yy; is particu-
larly small. In fact, these two parameters were already in the fit
of Frum ez al.®® with rather similar values.

The spectroscopic parameters determined here agree well
with those obtained previously,!” > even though the present
data set is much more extensive, e.g. there are more than twice
as many pure rotational data than in ref. 22, see Table 1. In
addition, the uncertainties of the parameters are generally
much smaller than in the previous work; e.g. the parameter
uncertainties of Yy, Yo> and Y3 were reduced by factors of 5,
20 and 6, respectively, despite inclusion of additional para-
meters, such as Yi3.

The reassignment of the hyperfine structure in the J = 2 — 1
transitions of 2°Si*?S in the present analysis compared with ref.
22 has a small, but non-negligible effect on the centre frequen-
cies of these transitions which, in turn, affects predominantly
Up; and 45, The reassignment increases the value for C(Si) in
magnitude from —10.39 + 0.21 kHz to —14.44 + 0.02 kHz.
The agreement between the previous and the present value for
Yo1 is very good, as is that of most other parameters.

The Born—-Oppenheimer breakdown terms 4,9 and A4g;
derived for SiS in the present investigation and in previous
ones are compared in Table 5. The agreement is generally
fairly good. Rather remarkable is the agreement of the present
Aoy with those from ref. 19. The uncertainties of the 4,y from
ref. 20 are smaller than the present ones because their un-
certainties have been derived for an ideal rms error of 1.0, as is
quite common, whereas in the present work no such scaling of
the parameter uncertainties was made.

Among the Born—-Oppenheimer breakdown terms the ones
for Yy, =~ B, are usually the ones determined best while others
often were obtained without or with little significance. It is
therefore not surprising that only these terms have been
discussed in detail. According to Watson,>® these terms con-
tain three contributions, (i) a term that originates in the
Dunham formalism and is usually very small, (ii) a diabatic
(or non-adiabatic) term that is proportional to the dipole
moment u and the molecular g-value g,, and finally, (iii) an
adiabatic term that is derived by subtracting the two former
contributions from the experimental value. Tiemann et al."’
discussed Born—Oppenheimer breakdown terms for two
groups of molecules with ten valence electrons consisting of
C to Pband O to Te as one atom and of Ga to In and F to I as
the other. They found that the adiabatic contribution is more a
property that depends on the respective atom than on the
particular molecule. Moreover, its value is negative and
usually small in magnitude for light or fairly light atoms,
but it may have a large one for heavier atoms such as Sn and

This journal is © the Owner Societies 2007

Phys. Chem. Chem. Phys., 2007, 9, 1579-1586 | 1583



Table 6 Comparison of Born—Oppenheimer breakdown terms® 4o,
Ao, and A4y for molecules AB with A = C, Si,and B = O, S

Table 8 Comparison of the **S quadrupolp coupling parameters
eQq; (MHz)" and the ratios Ry of eQq,n’"*”? for CS and SiS

co’ Cs¢ Sio4 Sis¢
A% 0.69463 (52)  0.7606 (115) — 0.893 (43)
A% —0.16628 (26) —0.6598 (346) — —0.174 (54)
Ay —2.05603 (23)  —2.5434 (49)  —1.294 (35)  —1.3935 (42)
A —2.09934 (28) —2.3945 (34)  —2.0682 (95) —1.8728 (55)
A —1.641 (33) —2.697 (130)  — —0.146 (132)
A% —1.814 (32) —0.985(118)  —1.678 (58)  —1.306 (144)

“ Numbers in parentheses are one standard deviation in units of the
least significant figures. ® Ref. 40, 41. ¢ Ref. 1. ¢ Ref. 22. ¢ This work.

In, and even more so for Pb and Tl because of the finite
nuclear sizes.>** This conclusion has been corroborated by
recent theoretical calculations.*

Born—-Oppenheimer breakdown terms for SiS and related
molecules are shown in Table 6. The 4,y values are compara-
tively small in magnitude, and the three available values for
the respective A atom are all positive. In contrast, there seems
to be no clear trend in the 4,;.

The SiS equilibrium bond lengths r, have been calculated for
the various isotopic species according to 12 x B, x u = X and
are given in Table 7. Here B, is the equilibrium rotational
constant derived from the Y, u is the reduced mass as above,
and X = 505 379.0094 + 0.0034 amu MHz A is the conver-
sion constant with 1 A = 100 pm. The value of X has recently
been re-evaluated from the Compton wavelength of the pro-
ton, the mass of the proton and the speed of light.>”*® The
bond distance in the Born—-Oppenheimer approximation is
evaluated according to 12 x Uy = X. It should be noted that
B, is slightly different from Yo:.° In the case of Si*?S B, is
2.454 + 0.033 kHz larger than the Y,; value. The difference
given by Tiemann et al.,'7 4 & 3 kHz, is less accurate than the
present value, but compatible with it within error bars. In
contrast, 19 + 2 kHz as deduced from Birk and Jones®'
appears to be too large.

The value for r, is independent of the isotopic species in the
Born—-Oppenheimer approximation. The breakdown of this
approximation leads to bond lengths that are longer by about

Table 7 SiS equilibrium bond lengths r, (pm)“ in the Born-Oppen-
heimer limit and values for the various isotopic species taking into
account the deviations from the Born-Oppenheimer approximation

Species Value

SisBo 192.926 350 9 (261)
251328 192.932 086 6 (24)
81328 192.931 995 6 (24)
303328 192.931 910 9 (24)
25i¥s 192.931 992 6 (24)
251333 192.931 901 7 (24)
305338 192.931 816 9 (24)
28i*s 192.931 904 4 (23)
235134 192.931 813 5 (23)
3053345 192.931 728 8 (23)
25i%s 192.931 742 2 (25)
2gj’s 192.931 651 2 (25)
30536 192.931 566 6 (25)

“ Numbers in parentheses are one standard deviation in units of the
least significant figures.

cs? Sis¢ R
eOQdoo 13.0265 (68) 11.07684 (148) 1.1760
eQqio —0.4007 (39) —0.24984 (62) 0.976
eQqro x 10° 2.50 (48) 1.125 (43) 0.82

“ Numbers in parentheses are one standard deviation in units of the
least significant figures. © Ref. 1. ¢ This work.

6 fm, a relative difference of ~5 x 107>, with isotopic
differences in the bond length that are one to two orders of
magnitude smaller, as can be seen in Table 7. The difference
between B, and Yj; corresponds to a change of only 26 atto
metre in the interatomic distance, which is essentially the same
as the uncertainty of the bond length in the Born—Oppenhei-
mer approximation, but about an order of magnitude larger
than the uncertainties of the bond lengths when the break-
down of that approximation has been taken into account.

The equilibrium nuclear quadrupole coupling parameters
eQqoo of 3S in CS and SiS in Table 8 are rather similar, as one
might expect for related molecules. The vibrational corrections
eQqi0 and eQq,g of the latter molecule are smaller than those
of the former because SiS is much heavier. However, the ratio
R of the reduced nuclear quadrupole coupling terms eQg;.
w372 is decreased slightly, and, the vibrational corrections
relative to the vibrational energy are increasing slightly for SiS
with respect to CS, as might be expected because the SiS
molecule is less rigid than CS.

The spin-rotation coupling parameter C is the sum of an
electronic part C; and a nuclear part Cy,; the latter can be
calculated directly from the geometrical structure, as described
e.g. in ref. 31. C, is proportional to the rotational constant B,,
the magnetic g factor of the nucleus and the paramagnetic
shielding o, at the nucleus. As an excited state property, it is g,
and thus also C, that is a challenge for ab initio calculations.
The value of o, can be obtained as a sum in which each
summand is proportional to (+~3), which is the expectation
value over electron coordinates on valence orbitals of the
respective atom, an occupation or weighting number and
inversely proportional to the energy of excited singlet states
in the case of a singlet molecule; see, e.g., in ref. 31.

The values for C, Cyye, Cei and g, for the molecules CS, SiS
and SiO are given in Table 9. Trial fits with the vibrational
corrections Cjq increased the uncertainties of C by about 50%,
with essentially no change in the value for Si and a decrease in

Table 9 Comparison of nuclear spin-rotation coupling parameters
C?, their nuclear C,,q and electronic contributions Cg (kHz) and
paramagnetic shielding ¢," (ppm) at the nucleus N for CS, SiS and SiO

N C Cnucl CEI Op
csk B¢ 27.02 (59)  —5.53 32.55 —576.8 (105)
cst s 17.98 (25) —0.63 18.61 —1079.4 (145)
Sis¢  ¥Si —14.447 (22) 1.286 —15.733 —952.8 (13)
sisc  ¥s 7.001 (87)  —0.435 7436  —1165.2 (136)
Si0o?  Si —21.40 (34) 197  -23.37 —591.1 (86)

“ Numbers in parentheses are one standard deviation in units of the
least significant figures. © Ref. 1. ¢ This work. ¢ Ref. 22.
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the value for S by 0.14 kHz, slightly more than the increased
uncertainty. The effects on the derived paramagnetic shielding
values are of similar relative magnitude.

The paramagnetic shielding at S is very similar in CS and
SiS. The small differences are likely caused by the lower-lying
electronic states of SiS relative to those of CS. The difference
in the shielding is more pronounced at the other nucleus. The
increase in (r~2) from C to Si is responsible for much of this
difference, as may be deduced from calculated () values.*?
The remaining difference is caused by different occupation or
weighting numbers and appears to be about twice as large as
that of the S nuclei. The shielding at Si is smaller in SiO than in
SiS, as expected, but the magnitude of this difference is quite
large. It can largely be accounted for by the lower excited
electronic states of SiS relative to those of SiO: the two lowest
singlet states are near 29 000 cm~' in SiS*’ while the two
lowest and corresponding states in SiO are near 39 000 cm ™~ '.**
70 hyperfine parameters for the electronic ground state of
SiO are presently not available.

5. Conclusion

Very accurate rotational transition frequencies of all 12 stable
SiS isotopic species are now available in the microwave region.
They cover very high vibrational states for the more abundant
species. The >3S nuclear electric quadrupole coupling para-
meter and vibrational corrections have been determined along
with nuclear magnetic spin-rotation parameters for 2°Si and
33; the values derived here compare favourably with those of
related molecules. Rotational transition frequencies exceeding
100 GHz and reaching almost 1000 GHz have been deter-
mined for the first time in the course of the present work for
several isotopic species. The improved spectroscopic para-
meters permit reliable predictions of rotational transitions well
into the terahertz region. The predicted uncertainties of the
ground state rotational transitions of 2*Si*?S reach uncertain-
ties of ~7, 150 and 830 kHz at 1.0, 1.5 and 2.0 THz,
respectively, which corresponds to J” of 54, 82 and 111. These
uncertainties are almost irrespective of the isotopic species or
vibrational state considered. By comparison, the Boltzmann
peak of the SiS pure rotational spectrum occurs near 0.58 THz
at 300 K. We estimate that actual transitions are found not
farther away from the predicted frequencies than three to ten
times of the predicted uncertainties as long as J is smaller than
120 or the frequency is below 2.15 THz.

Predictions of the rotational spectra of various SiS isotopic
species, including those for excited vibrational states as well as
rovibrational transitions for the more abundant ones, will be
available in the catalogue section of the CDMS.!? Knowledge
of the permanent dipole moment and the vibrational transition
moments are necessary to derive SiS column densities or
abundances in space from the pure rotational or the rovibra-
tional spectrum, respectively. The permanent electric dipole
moment u of SiS has been determined experimentally in the
ground vibrational state with moderate accuracy to be 1.73 £
0.06 D' or 1.74 £+ 0.07 D.'"® Vibrational and rotational
corrections to the dipole moment ;g and py; are only avail-
able from ab initio calculations and are about —12.2 mD and
—5 uD, respectively, with x, being positive.* The calculations

should be viewed with some caution as the observed magni-
tude of ;0 for SiO* is about 50% larger than the calculated
one.* Taking into account the experimental p;, values for
CS,* SiO and GeO* as well as the derived value for CO,*® the
SiS value is probably more like —17.5 + 1.0 mD, which is, as in
the SiO case, about 50% larger than the calculated one. The
transition dipole moments of thev = 1 —0andv =2 — 0
vibrational bands have been estimated to be 130 and —6.3 mD,
respectively.*’
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