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The rotational spectra of the two abundant isomers of monothioformic acid, cis- and trans-
HC(:0)SH, have been assigned in the frequency region 8—250 GHz. Over 90 a-type transitions
and over 60 b-type transitions have been measured for each rotamer. The a-type transitions belong
to the Rk, 7Q,, 9Q,, 9Q; and 9Q4 branches and the b-type absorption lines encompass the K,
=1-0, 2—1, 3—2, 4—3 and 5—4 rotational sub-bands. The rotational constants and all quartic
and sextic centrifugal distortion constants have been determined for each rotamer using Watson’s
reduced Hamiltonian. In addition to the measured line positions the frequencies of some selected
low-J transitions, not observed in this work but of potential astrophysical interest, have been listed
as an aid in the interstellar search for monothioformic acid.

I. Introduction

Rotational isomerism has been the subject of
numerous spectroscopic investigations in recent
years !. Although this phenomenon is common for
larger molecules it is quite rare for small molecules.
The simplest molecule in which it can occur is one
having four atoms arranged in a nonlinear chain.
Nitrous acid, HONO, is an example of such a mole-
cule for which the existence of two rotamers has
been experimentally demonstrated in the gas phase?.
Among the five-atomic molecules which could ex-
hibit rotational isomerism, formic acid, HCOOH, is
of particular interest. Various ab initio and semi-
empirical calculations?® indicate that there should
be minima in the torsional potential at both the cis
and trans planar configurations:

ﬁ}c_o/H

cis-HC(:0) OH

H

C-0
0> “H
trans-HC (:0) OH

Although numerous experimental studies have been
carried out, the question as to whether the cis
rotamer exists in the gas phase in addition to the
abundant trans rotamer has not yet been completely
settled. The detection of cis formic acid was claimed
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in a recent infrared study of the reaction products
from the gas phase ozonolysis of 1,2-dichloroethy-
lene . However, only trans formic acid has been
detected by microwave spectroscopy despite the fact
that Lide® has carefully searched for the cis rotamer.
In the light of this controversy it seemed of interest
to investigate the rotational spectrum of the closely
related molecule monothioformic acid, HCOSH.

In analogy with formic acid monothioformic acid
could exist in one or more of four different planar
forms, namely:

H H H
O>C—S/ O>C_S\H

cis-HC (:O)SH trans-HC (:0)SH

H H H
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An early investigation of the infrared and proton
nuclear magnetic resonance spectra of the liquid
suggested that the thiol form, HC(: 0)SH, was the
more abundant, but gave no indication as to whether
one or two rotamers were present®. In a preliminary
communication we reported the identification of
both the cis and trans rotamers of HC(:0)SH
through observation of their rotational spectra’.
The present paper is the first in a series of papers
in which a complete account of our work on mono-
thioformic acid will be given. It contains the anal-
ysis of the microwave and millimeter wave spectra
of the parent isotopic species of the cis and trans
thiol rotamers in their ground vibrational states.
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In the following paper the rotational spectra of
three isotopically substituted species, DC(:0)SH,
HC(:0)SD, HC(:0)34SH, together with the mo-
lecular structure of each rotamer are presented. Sub-
sequent papers will deal with the measurement of
molecular electric dipole moments, determination of
the energy difference between the ground vibra-
tional states of the two rotamers and the investiga-
tion of the rotational spectra of H*C(:0)SH and
HC(:180)SH. In addition, a detailed study of the
infrared spectrum of monothioformic acid is cur-
rently in progress.

Recently formic acid has been detected in emis-
sion from the molecular cloud in the direction of
the galactic center radio source Sagittarius B2
(Sgr B2) by Winnewisser and Churchwell  through
observation of the 2,; —2,, transition. This dis-
covery, together with the previous observation of
several sulfur-containing molecules, notably CS, SO,
H,S, OCS, H,CS? and SO,'% in the same inter-
stellar cloud, makes a thorough search for mono-
thioformic acid seem warranted. A search for the
241 — 24, transition of cis- and trans-HC(:0)SH in
various galactic sources has been conducted. To
aid in future interstellar searches, this paper con-
tains not only a complete listing of all measured
HC(:0)SH transition frequencies but also predic-
tions of some additional low-/ transitions not ob-
served in the present work but of potential astro-
physical interest.

II. Experimental Procedures

The monothioformic acid samples employed in
the present investigation were prepared using a
somewhat modified version of the procedure de-
scribed by Engler and Gattow 8. The preparation
involves three basic steps which are summarized in
the following reaction scheme:

HCOOH + C¢H,0H NaHC00 H(C (:0) OCgH;
+ CH,4C(:0)0C (:0)CH, ” 1+ 2CH,COOH
(1)
HC (:0) OCgH; + NaSH NaHCOS
> 4 C.H,0H
(2)
NaHCOS + H3PO, (aq) HCOSH?$
” 4+ NaH,PO, (aq)
(3)

In the first step, phenol was reacted with an equi-
molar mixture of formic acid and acetic anhydride

in the presence of a small amount of sodium for-
mate catalyst to produce phenylformate !'. The re-
action was allowed to proceed at room temperature,
with stirring, for about 48 hours. The phenyl for-
mate was then separated from the reaction mixture
by fractional distillation under vacuum. In the sec-
ond step, the purified phenyl formate was added
dropwise, with stirring, to an equimolar amount of
sodium hydrogen sulfide suspended/dissolved in
ethanol. After completion of this reaction (1—2
hours), the ethanol and phenol were distilled off
under vacuum over a period of about 12 hours. In
the final step, an excess of a 50% aqueous solution
of orthophosphoric acid was added dropwise to the
solid sodium monothioformate to liberate the mono-
thioformic acid. The reaction flask was cooled to
— 5 °C throughout and the evolved gases were trap-
ped at —95 °C under vacuum. Crude product was
collected for at least five hours and then purified
by fractional distillation. The overall yield of puri-
fied monothioformic acid was typically about 40%.
The purity of the fractionally distilled samples, as
monitored on the microwave and infrared spectro-
meters, was estimated to be better than 95%.

Gaseous samples for the spectroscopic studies
were taken from the vapor above the liquid at
—63 °C. No decomposition or polymerization of
the liquid was observed even after prolonged peri-
ods at this temperature. All frequency measurements
were made at room temperature with sample pres-
sures of less than 10 millitorr. The gaseous samples
were stable in the glass free space cell but decayed
slowly (with a half-life of several hours) in the gold
plated X-band Stark cell.

Microwave measurements were made in the fre-
quency region 8 — 36 GHz using a Hewlett Packard
model 8460 A MRR spectrometer. Three different
backward wave oscillators (BWO) were used to
generate microwave power in the X, P and K bands
(8—-26.5 GHz). The 26 — 36 GHz region was cov-
ered by doubling the frequency of the P-band BWO
radiation. This was accomplished by applying P
band power to a parametric varactor diode in a
crossed wave guide mount, details of which will be
discussed elsewhere 12. Sufficient power for spectro-
scopic purposes was obtainable over the whole of
the 26 —36 GHz range. All measurements were
carried out in a two meter X-band Stark cell em-
ploying square wave modulation of the electric field
at 33.333 kHz. The absorption signals were ob-
served after phase sensitive lock-in amplification of
the detector output.

In the frequency region from 70 to 250 GHz a
millimeter wave video detection spectrometer was
employed. The millimeter wave radiation was gen-
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erated by harmonic multiplication of the fundamen-
tal frequencies produced by different OKI micro-
wave (28 —42 GHz) reflex klystrons belonging to
the V12 series. A dedicated PDP 8/I computer was
employed for data acquisition and reduction in
order to obtain high sensitivity and accurate fre-
quency measurements. The spectrometer and its
mode of operation have been described in detail
previously 13 14,

All frequency measurements, both microwave and
millimeter wave, were found to be reproducible to

within * 30 kHz.

II1. Rotational Spectra and Assignment

The rotational spectrum of monothioformic acid
is rich over the entire microwave and millimeter
wave region. This is due to the presence of two
rotational isomers, both of which have fairly small
rotational constants, and both of which exhibit
strong a- and b-type spectra. No c-type transitions
were observed for either rotamer. In addition to the
ground state rotational spectra, transitions between
rotational levels in the excited vibrational states
v; =1 and vy =1 were also observed. Although some
of these vibrational satellite lines have been mea-
sured they will not be discussed here. The micro-
wave spectrum in the frequency region 8 —12.4 GHz
is shown in Figure 1. The most important features
of this spectrum are the two 1y, —0,, transitions
near 11.7 GHz. All of the strong absorption lines
which fall in this region have been assigned to the
ground state of either the cis or the trans rotamer

of HC(:0)SH. Some of these assignments are in-
dicated in Figure 1. Despite the density of transi-
tions, the assignment process was relatively straight-
forward because the important low-J transitions are
all reasonably strong and hence were easily located.

1) The a-type Spectrum

The two rotational isomers of HC(: O)SH were
both found to be near prolate asymmetric top mole-
cules, with %= —0.980834 for the cis rotamer and
#= —0.980319 for the trans rotamer. Their a-type
spectra are thus typical of such slightly asymmetric
rotors. An overview of the a-type spectrum of
HC(:0)SH is given in Fig. 2 in the form of Fortrat
diagrams for the two rotamers.

Strong R-branch transitions were found at inter-
vals of roughly (B+C) throughout the centimeter
and millimeter wave regions. The assignment of the
low-J lines of this branch was confirmed by making
use of the Stark effect. A recorder trace showing
the /=2<1 a-type R-branch transitions is pres-
ented in Figure 3. The K, =0 components fall near
the center of this figure while the K, =1 compo-
nents, split by the inertial asymmetry of the mole-
cule, lie near both edges.

The higher-J a-type R-branch transitions, which
fall in the millimeter wave region, were also easily
located and assigned. For each J+1 <] transition
the K, components form two sub-band heads. The
pattern is essentially the same for each of the two
rotamers. The first band head occurs at K, =2 and

HCOSH
51,7515 C-bb - 43534 c-12y- 1210 €-25,,,~243 101-000
c |t trans
l l lc'l'oa'au lf'333,31'324,28 Lcis l"212,19'203.’5
'
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| i | . | A i . |
8000 10000 MHz 12 000

Fig. 1. Survey scan of the absorption spectrum of monothioformic acid from 8 to 12.4 GHz.
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Fig. 2. Fortrat diagrams for the a-type transitions of the cis and trans rotamers of HC(:0)SH. The solid and open circles
indicate measured and predicted line positions respectively. For the R-branch only the positions of the K3=1 components
are indicated. The inserts show the complete K, pattern for the J=8 <7 transitions.
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Fig. 4. Comparison of five a-type R-branch transitions of trans- and cis-HC (:0) SH. The center positions of the K3=1 dou-

blets of the different J+1 </ transitions have been aligned (vertical arrows). For the higher-J values the K3=0, 1 and 2

components of the trans and cis rotamers overlap. Deviations from the rigid rotor positions for K;>4 are indicated by
&rrows.
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Fig. 5. Oscilloscope display of a portion of the J=16 <15

a-type R-branch transition of trans-HC(:0)SH. The second

band head near K3=7 is clearly visible. A 400 sweep com-

pputer average of the absorption profile of the K;=13 line
is given.

of the second band head in the K, pattern of the
J=16 <15 transition of the trans rotamer. The
upper part of this figure shows the calculated line
positions, the lower part shows an oscilloscope dis-
play of the millimeter wave spectrum. The forma-
tion of such band heads has been previously ob-
served in the spectra of other near prolate asym-
metric top molecules 13 16,

In addition to the R-branch lines numerous a-type
Q-branch transitions belonging to the 7Q, , 7Q,, 7Q;
and 7Q, branches were also observed for each rota-
mer in the microwave region.

2) The b-type Spectrum

Over sixty b-type transitions belonging to the K,
=1-0, 2—1, 3—2, 4—3 and 5—4 rotational
sub-bands have been measured and assigned for
each rotamer of HC(:O)SH. These transitions are
widely scattered over the frequency region from 8 to
250 GHz, as shown by the Fortrat diagrams given
in Figure 6. A few of the b-type branches, notably
the "P; and "Q, branches, form band heads, but they
are not as localized and hence as easily recognized
as those found in the K, pattern of the a-type R-
branch transitions. Several low-/ transitions belong-
ing to the "P, branch fall in the microwave region,
and were assigned first on the basis of approximate
frequency predictions. Confirmation of these assign-
ments was obtained from observed Stark effect pat-
terns. Additional b-type transitions of the remaining
branches were then located using a bootstrap pro-

cis-HC{:0)SH

trans-HC{:0)SH

T T T T
0 50 100 150 200 GHz 250

Fig. 6. Fortrat diagrams for the b-type transitions of cis-
and trans-HC (:0) SH. Closed and open circles indicate mea-
sured and calculated line positions respectively.

cedure. This is an iterative process which starts with
a least squares fit to the easily assigned low-/ tran-
sitions. Rotational and centrifugal distortion con-
stants obtained in this fit are used to predict the
frequencies and standard deviations of higher-J
transitions which can then be measured and included
in a second least squares fit. The cycle is repeated
several times with new sets of progressively higher-
J lines being included in each successive fit. Simul-
taneously the Hamiltonian is gradually expanded hy
the addition of higher order terms. This procedure
was used to assign the majority of the b-type tran-
sitions as well as the high-/ a-type Q-branch tran-
sitions.

The rotational spectrum of monothioformic acid
could thus be characterized as a confusion of strong
absorption lines scattered throughout the micro-
wave and millimeter wave regions. Only when the
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TABLE I. 0BScERVeD AND CALCULATZD FRLQUENCIES OF TRANS=HCOSH IN MHz

TRANSITION OBSERVED CALCULATED FRZQUENCY 08S.=CALC. ENERGY LEVczLS IN CM-1
UPPER LOWER FREQUENCY (STANDARD DZVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE

** A TYPE R BRANCH =*+

10 ¢y 1) = 3y W) 1169449370 5eu) 11694.9335( Jeli. ) .eJ035 44393 0.0.0
2C &y 2) = 10 vy 1) 23385.07uu(1,0) 23385.6653( J.0043) el 47 1.1738 2.393
2 1, 2) = 1( 1, 1) 22834¢39uulleu) 2283443746 ( 1audl5) veuld2 34017 2.255
20 15, 1) = 10 1, &) 23945.530ul1. 1) 2394545430 ( JewuiB) =vedily 3.372 2.274
3035, 3) = <l iy 2 35068eu.uvlieu) 35.,67.9959( J.udi8) Leddhl 24340 1.170
31, 3) - <2C 1, 2) 3424848240 (2e0) 3424848189( Geull8) euuil 4.159 3.017
3C 1, 2) - 2C 1, 1 35915.48uu(1.0) 35915, 4955 ( veluu8) =uel155 +e274 3.372
302y 2) = 2( 2, 1) 35085e540uliet) 35.85.5069(C 0.0G0C7) jeud31 3.837 8.657
302y 1) - 2( 2y 4) 251.1.9430u(la0) 35101.9824( weudZ?) =Jel42é 3.838 8.6€7
bl uy 4) = 3C 35y B 46737.7354 0 2.0010) 3.899 243435
40 1y &) = 3C 1, 3 45859.9985( L.Lu010) 2.682 44159
4( 1y 3) = 3( 1, 2 47682, L475( Jeuuly) 5.868 4270
50 0y 3) = 4O Ty &) 58393471383 ( U.0012) 5.347 3.899
51y 3) = &4(C 1, ¥ 27.66487.4( Jeruld) 7.336 5.682
50 1y 4) = 4&( 1, 3)° 59844.7176( yedul2) 7.8064 5.8¢68
6C 4y d) = 50 Gy 5) 7302248340(140) 70.22.8385( uelii®) =Jeddds 3.182 5.8467
6( 1, 5) = 5( 1, 5 68468.4250(143) 68408443.1( Ledl1b) =sedu51 9.872 7.506
6(C 1y 3) = 5( 1y &) 7180velb5u(iey) 718u0e1099( UabLl1w) =ced049 1..259 7.8084
6( 2, 5) = 502, &) 701532740 (141) 70153042894C 2.1013) =.eJ154 15.687 13.348
B( 2y 4) = 5( 24 3 702941710 (1a7) 70294416940 J4u013) veldulb 15.697 13.352
B( 3y 4) = 503, I 70193.508u(1.0) 7¢193.5309( 3.0012) veuull 25.059 224718
6( 3, 3) - 5( 3y, 2) 701945790 (1e0) 7019445750 Gau012) -Ledu5Q 25.059 22.718
Bl &y 3) ~ 5( 4y 2) 7u189.u.20(ia) 7u138439875( veuuil) 0145 38.171 35.830
B 4y 2) = 50 4,y 1) 70189.ul20(ued) 7018849942( J.lwull) veO118 384171 35.830
6B( 5, 2) = 50 5, 1) 70189.9i2u(1.0) 7061094 9019( 4e0012) Zel171 55,324 524683
e6( 5y 1) = 5( 5, () 7C18949120(.00) 70189.9313( ¢a0312) veull1l 55.324 52.683
70 0, 7) = 6( Uy 6) 81630..8060( 0.0016) 1J.905 3.1382
701, 7) - 6 1, b) 79863.72u3( v.0916) 12.534 9.87¢0
7C 1, 5) - 6(1, 5 8374943410 ( Yevuiie) 13.052 104259
Bl vy 8) = 700, 7 932.8.6240(iad) 9320846279( J.L01L7) =ieu039 144014 104905
8( 1, 8) - 7C1, 7 91251.847u(1.0) 91251.8400( J.0017) “eld70 15.577 124534
8( 1, 7) = 7C 1, ®) 956904032516 0) 95695+ .30 ( La0017) Jeud20 164 244 13.052
8( 2, 7) - 7C 2, 6) 93535.u98u(ied) 935.5.2854( ueU016) Gel126 21+53€ 18,417
8( 2y B) = 7( 2y 5) 938484987u(1.0) 93648.9895( w.0316) -Je0025 21.565 18.434
8( 3, 3) = 7( 3, 5) 936054843ul140) 93605 8336( §.L014) JeUJ04 3..913 27.791
8( 3y, 3) = 70 3y 4) 93010.6520 (1.0) 9301046355( J.0014) J.0165 354913 27.731
B8( 4y 5) = T7C &4y &) 9353245.90 (veu) 93532.5074( (.0013) 40016 440025 404903
B &4y 4) = 7( 4y 3) 93592.5.94(ued) 93592.5316( 0.3013) -leu 226 444025 40903
8( 55 4) = 705, 3 935069408670 (140) $3589.8936( C.0GC14) =3e 0066 6..877 57.750
86l 55 3) = 7( 55 2) 3358940876 (Le () 93589.8936( Jl.dull) -.e.lUubb 6.,.877 57.756
8( By 3) = 7€ 6y 2) 93592.8.8u(1.0) 93592.6u48( Le0G18) vel032 81.467 784345
8( 6y 2) = T7( 6, 1) 93532.0u8ul.ai) 93592, 8u48( ye0018) LelU32 B81.467 784345
8( 7y 2) = 707y 1) 9359849330 (1e0) 9359843415( G.u(23) -.e.0085 115,787 1.2.665
8( 7y 1) - 707, 0) 935984933u(-eu) 93598.9415( d.0023) =J.0u85 105.787 102.665
9( Cy 3) = 8C ¢y &) 1.4754,8872( 3.0619) 17.5:9 14.014
9C 1, 3) - &( 1, 8) 1.2631.9522( 2.00618) 19.001 15.577
9( 1y 3) = &C 1, 7) 13762049830 ( 4.0018) 19.834 164 244
9( 2y 3) = 8( 2y, D 165173.63uc (140) 145173.6786( 0.0017) Geulll 25.044 21.5386
9( 2, 7) = &0 25, 6) 105663424601 v) 13566342609¢ UedU17) =ve 0149 2540889 214565
3 3, 7) - 8( 3y ®) 10531549590 (144) 135315.923C( 3.0015) =Jeulkl 34,426 30,913
9 3y 6) - &( 3, 5) 10532446970 (140) 1:532447199C §.0015) =0.0229 34,427 30.913
9( &4y 3) = 8( 4, 5) 10529645440 (2e D) 14529644719( D.G0L14) Seud2l 47.537 444025
S( 4y 5) = B( 4y &) 1L5236.5040( e0) 105296.5299( 0.0014) =Led259 47.537 44,325
9( 5, 3) = &( 5, &) 10529349230 (1.0) 1.529049219(C 0.C015) Jeul11 644390 60.877
9( 5, #) - 8( 55, 3 105290.9240(..0) 13529049220 ( J.0Lw15) Jelu2ld 64,390 60,877
90 6y, #) = &( 6y 3) 1u5292.823u(1.0) 1.5292.8225( 2.0019) Led0LS 84.97¢ 81+ 467
9( 6y 3) = 38( 6y 2) 105292.8230(..0) 105292.8225( J.0019) Led0u5S 84,979 81.467
9( 7, 3) = 8( 7y 2 105296849170 (1ev) 105298,9142( 2.0C24) L.d028 169.304 125.787
9( 7, 2) - 87, 1) 105298.917¢ (e () 1u5293849142( Js5024) G.0028 103,304 1.5.787
10C Js15) = 9 Cy 9) 116265.661C0( U.0019) 21.387 17.5(9
10¢ 1,13) - 9(C 1, 9 11405342914 $40019) 22.804 19,001
1L 1, 3) - 91, & 1195404 7134( 040619) 23.821 19.834
11C oy,11) = 106C 0,100 1277384239 (1.0) 127738.2452( G.0020) =Ze0002 25,648 21.387
11(¢ 1511) = 1LC 1,10 12536541u7u(uat) 1253654 4735( Ueul19) =.eJ635 20.985 22,804
11 1,10) = 100 1, 9 131447.6518( ..0C19) 28.206 23.821
i2( J912) = 110 uy1l) 13917045697 ( J.2020) 3..290 25,648
12( 1512) - 11( 1,11) 136716.9861( J.0020) 1.546 264985

120 15,11) = 110 1,10 14334041573 J.0020) 324987 284216
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TABLE I, OBSERVED AND CALCULATED FREQUENCIES OF TRANS-HCOSH
_TRANSITION 0BSERVED CALCULATED FREQUENCY 08S+=CALC. ENERGY LEVELS IN CM-1
UPPER LOWER FREQUENCY (STANDARD DZVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE
13C U913) = 12(C ,12) 150561,317G(140) 150561, 3293( 5.u020) -0e0123 35.312 30,296
13C 1513) = 120 1,12) 148058.225u(1e0) 148058422321 G.L020) ~le032 36,484 31,546
13¢ 1,12) = 120 1,11) 15521644780 (14C) 15521644797 ( 5.0020) G 384165 32.987
130 ¢912) = 22( 2,11) 15177148.56(140) 151774.7778( J.0GG18) 42,964 37.932
130 2,11) = 12( 2,16) 153213.8:76(140) 15321347995 ( Ua[018) g 43,148 384037
13 3,11) = 120 3,20) 15216348620 (1s0) 152183, 8649 ( 3.0017) ~3.0029 52.386 47,310
13C 3,150 = 12( 3, 9 15224047 126 (14 0) 15224547198C 340017) -3.0078 524391 47,313
130 4913) = 120 4, 9) 152131.2755(145) 152131, 2719C 3.0017) Ge6031 65,491 60,417
13C 4y 3) = 12( 4y B) 15213241215 (163) 15213243076C G, 0017) Sel014C €5.491 00.417
13C 55 9) = 120 5, 8) 15212440473(140) 15210349916( G.LU18) GeU154 82.342 77.268
13( 5y 8) = 12{ 5, 7 15210440070(Led) 15213349977 ( v.0018) 340093 824342 77.268
13( by 8) = 120 6, 7) 15209004760(1a3) 15209644686 ( 3.5321) Us D074 102,931 97.857
130 By 7) = 12( By 6) 35259644760 (140) 15239€.4687 ( J,2021) Jeuu73 1024931 97.857
130 7, 7) - 12( 74 ) 15209942160 (140) 152.99.1996( 3.30626) Je 0134 127.252 122.178
130 7, 8) = 12( 7, 5) 15203942105 (24 0) 152099,1996( §.0026) 19 127.252 1224178
130 3y 5) = 12( 8y S) 152118.287.(140) 152108.2731( 3.0031) 155.298 150,224
13C 8y 5) - 12C 8, 4) 15215842673 (G 0) 152108,2791( 9,0031) 155.298 1504224
130 9y 3) - 12( 9, &) 152121.8940(140) 1521214 8915( 3.3036) 1874062 181,987
13C 9y 4) = 120 9y 3) 15212148940 (Je0) 152121469150 U4 U03E) $.0025 1874062 181,987
13015y 4) = 12016, 3 15213945390 (14 0) 152133.0884( Je0041) $+0006 2224534 2174460
13(13, 3) = 12(1iy 2) 152139.4893 (04 0) 152139,0884 ( JsL041) ce0036 2220534 2174460
13(11, 3) - 12(11, 2) 1521594328y (1e4) 15215943265 ( Je0a47) JeU015 2614737 2564631
13(11y 2) = 12(11, 1) 152159.328.(.40) 15215943285( 4.0347) ve QU015 261,707 2564631
13(12, 2) = 12(12, 1) 15218242624 (1e0) 15218242684 ( J.0056) ~GedUok 304,569 299,493
13(12, 1) - 12(12y O) 15218242623 (e i) 15218242684 ( aiu056) ~Jel b4 3344569 299.493
150 1,4i%) = 1i4( 1,13 1789:3.0225(1.0) 178913..169( (40020) Jel 51 49,736 43,738
160 Jyi3) = 150 $,195) 18448445313 (1a0) 164484.6221( §40023) -iei321 52,644 464431
16 ( 1,15) = 15( 1,15) 18201ks6954u (Lal) 1820144 €940 ( s C020) 4eddJ0 53.567 474495
16 ( 1513) = 15( 1,14) 1907294159¢ (1.0) 190729.1642( §,6020) ~leui52 56.068 49.706
16( 2,15) = 150 2,14) 18661947544 (140) 186619,6921( $.0019) Ge0119 60,478 54,253
160 2514%) = 150 2,13) 289194.4G00(1s3) 189194,394U( J.0ULD) Ue0060 60.878 544567
16 C 3y14) = 15( 3,13) 167359.6150(143) 187359.6251( 0.0G19) -3.0101 69,961 634712
160 3513) = 15( 3,12) 1875204344 (1e0) 187520442140 245019) 040126 69.978 63,723
16 4513) = 150 4512) 18726146990 (143) 167281.8972( U.C320) 003018 83,060 764813
160 4512) = 150 4y11) 16728545520 (L) 18728545013 ( Ga0020) -3e0293 83,060 764813
16( 5,12) = 15( 5511) 18722546990 (54 4) 187225.,0667( 4,0023) Ge323 99,906 93.660
16( 5511) = 15( 5,10) 18722546990 (340) 187225.7092( J.0623) -Ge0132 99.906 93,660
16( 6511) = 15( 6,10) 187203.9400(1e0) 187203.9339( 0.0027) JeBuU9L 1234493 1144249
16 ( 6,23) = 15( By 9) 1872039420 (14 C) 187203,9312( G.6027) 0.0038 1204493 1144249
16( 7510) = 15( 7, 9) 187199.9060(140) 187199.9174( L406432) ~J 0114 144,814 1384570
16( 7y 3) = 15( 7, 8 18719949.65(140) 167199.9174C §.0032) -Ged 11k 144,814 138.570
16 3, 3) = 15( 8, &) 18720643754 (140) 18720643654 ( vl G0U30) U+0096 172.861 1664616
i6( 8y 8) = 15( 8, 7) 18720643750 ie0) 1872064 3654 U4 UU3E) L0096 172.861 1664616
16( 9, 8) = 15( 9, 7) 187219,917u(140) 1872199045 ¢ Ua0U039) 340130 2044626 198,381
16( 9, 7) = 15 9, 6) 187219,9170(:40) 187219.9040 ¢ £,u039) £e0130 204,626 1984381
16(1Ly 7) = 15(ii, 6) 187238.7530(143) 187238.7814( U4004D) -0.0234 24041008 233,855
16(13, 3) = 15(1ly 3) 18723847535 (e 0) 187238.7814( J.004D) -Us028% 2404106 233,855
16 (11, 6) = 15(11, 5) 18726240073 (1e0) 18726240023 Jeiub1) UelU4T7 279.275 2734029
16 (11, 5) = 15(11, &) 18726240370 (3 43) 187262, 0623 ( UJeGub1) Uel047 273,275 273.029
16(125 5) - 15(12, &) 167288,9240(140) 187288.9572( U.0046) -U.0332 32241446 315,833
16(12, 4) = 15012, 3) 18728849240 (Ze0) 18728849572( U.Cik6) -0.0332 322,140 315,893
16 (13, &) - 15013, 3) 18731942570 (1.0) 187319.2474( e0062) U.0096 3664684 362,436
16(13, 3) = 15(13, 2) 187319.2570(5.0) 187319, 2474( U.0062) T.0696 368,684 362,436
16 (14, 3) = 15(14, 2) 187352.609G(140) 18735245951 ( 940L093) 0.0139 418,895 4124645
16 (14y 2) = 15(14, 1) 187352462933 (260) 187352.5951( G,0693) Ul.0133 418,895 412.645
18( 1,17) = 17C 1,1%) 21426641830 (2.0) 214286,1956( 3.0022) -U.0126 69.971 62.823
19(C §,4i3) - 18( U,18) 21807347250 (1e0) 218,73.7387(C 4.0023) -0eJ137 734349 66375
19C 1,13) - 18( 1,18) 21586642820 (1,0) 21586642812( $.0523) Leu0i8 750040 6648393
¥+ A TYPE Q BRANCH **

101, ¢) = 101, 1) 555¢5930 ( Geddu1) 2.274 2255
2( 1, 1) = 2( iy, 2 16€647582( 3.06002) 3.072 3,017
301, 2) = 3(1, 3 3333.4348( CeG0C3) 44270 44159
401y 3) = 4 1, & 5555,4838( 0.0006) 5,868 5.682
5( 1y 4) = 5( 14 5) 8332.6250(1s0) 8332, €311( 2.0008) -0,0111 7.864 7.586
6( 1y 3) = 6( 1, 6) 11664.3925(1,0) 1166443939( 0.0011) Ce0011 1J.259 9.870
701y, 8) = 701, D) 155439,9750 (1.0) 15549, 9715 ( 0.0014) 2.0035 13,052 12,534
8( 1, 7) - 8( 1, 8) 19988.16UG(140) 19988.1615( 0.0018) -5.0015 164264 15,577
9( 1, 8) = 9( 1, 9 2497720 uu (14 0) 24977,1983( 0.C021) 340017 19,834 19,031
100 1, 9) = 150 1,19 3651446200 (14G) 30514462530 540025) -ie3033 23.821 22.804
150 2,13) = 15( 2,1%) 9433.9330(L.0) 943349274( 340016) J.0026 54.567 54.253
16( 2,14) = 16( 2,15) 12008.6255(1.8) 12008, 6292( G+0018) ~Jeli42 63,878 604478
17 ¢ 2513) = 17( 2,16) 1503545103 (1.0) 150354 5006( Uel21) Gelu3t 67.591 67.089
200 2,18) = 20C 2,19 27130.684u(140) 27133469200 §e5027) -G.912C 90.145 89,240
21( 2,13) - 2i( 2,20 322454533u(1.0) 3224545317 ( ¢«0029) =0,u017 98.47G 97.39%
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TRANSLTION 0BScRVED CALCULATED FREQUENCY 08S.=CALC. ENERGY LEVELS IN CM=1
UPPER LOWER FREQUEZNCY (STANDARD DEVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE
26( 3,23) = 26( 3,24) 845343054 (1.0) 845343582( G.0027) CeU068 1544250 153.968
270 3524) = 27( 3,25) 10453.350d(1e0) 1042043400C 0.v029) Uedu4d 164,866 1644518
28( 3525) = 26( 3,26) 12798.6354(140) 12798.€996( 0.0032) =Je0046 175.884 175.457
29( 3522) = 29( 3,27) 15v35.80uu (140) 1553548741 040034) =leblil 187. 304 186.785
39( 4,35) - 33( 4,36) 9347.8655(140) 9347.,8651( 0,0038) =ue00J1 335.13¢ 334.825
40C 4933) = 4L 4,37) 1127445850(140) 1127445797 0.0038) Ued0UJ3 350.848 350.472
410 4537) = 51( 4,38) 1351641150 (1. 1) 1351641004 0.0038) J.0146 3664961 3664510
42( 4,38) = 42( 4,39) 16137e7.5u (1) 16107+ €985 (. 4 0039) Je0d05 383.477 382.339
43( 4933) = H3( 4,40) 19u85.640.(143) 1908546373 ( yaUG45) Je0027 4074395 399.759
L ( 4y40) = L0 4,41) 2248646330 (140) 22486.6339( 0.0059) =ued09 417.718 416.968
450 4y51) = 45( 4442) 26347 42iuuie0) 2034742221C 2.0u80) =Uevi121 435,445 4344566
¥* B TYPZ R BRANCH **
101y 1) = CC Ty O €76U4.5902( U.0017) 24255 0.000
20 1, 2) = 1C 0, 1) 78744403150 0.0019) 3.017 0330
301y, 3) = 20 4y 2) 89607.1851( y.0021) 4,159 1.170
AU 1, &) = 300Uy 3 100199.1877( J.0022) 5.682 2,340
5C 1y 3) = 4( 0y &) 11052843227( 0.0024) 7.586 3.899
6( 1, 3) = 5( 0y 5) 12400649335( 4.0026) 9.870 54847
701, 7) = ol 0y 6) 13444649153 U.0027) 12.534 8,182
83C 1y 8) = 70 3y, 7 140568.6688( J.0u028) 15.577 10.965
3( 1y 3) - 8( Gy 3) 169492.0.55(1.3) 143491,9931( S.45029) Geu119 19.301 14,014
13( 1,13) = 12( 0,12) 1857.642820(1e4) 18576643013 ( w.0031) =Jeu193 Jo. 484 30290
*% B TYPE Q BRANCH **
101, 3) = 103, 1) 56465.2497 ( J.0016) 24274 04390
20 1y 1) = 203, 2) 573251244 Ue0016) 3.072 1.170
3015 2) = 303y 3 57872.€240( Ue0015) 4,270 24340
40 1y, 3) = 4( 0y 4) 59016.93561( 0.0015) 5.868 3.899
5C 1y 4) = 5( &y 5) €J47042345( 0.0015) 7.864 5,847
6( 1, 3) - bl Ly 6) 62247.5859( 0.0016) 12.259 8.182
701, 3) = 7008, 7N 64366.8042( 0.0010) 13.052 10.915
8( 1, 7) = 8( ¢y B) 6604842023C 0.0017) 160 244 14,014
3 1y 8) - SC 3y 9 6971443590 (1.0) 637 14.3042( Jeu018) Gel048 19.834 17529
100 1y 3) = 16 §,10) 72959.3590(1.0) 72989.3566( 4.0019) J.0026 23.821 21.387
11¢ 1,10) = 131( 0,11) 70098.7632( 0.0021) 28.20€ 25,648
120 1511) - 120 8,12) 8086843508( Ll.0022) 32.987 30.290
130 1912) = 130 4413 8552345190 (140) 85523,5012( (.0024) V0178 38.165 35.312
16 1,513) = 164C 5,14) 906884157u(1e0) 9066841676( L.ud26) =.euUlub 43.738 40e713
150 1,14) = 150 U,15) 96383.8173( w.lu2s) 49,736 46491
190 1,138) = 190 §y19) 124700.6285(1.3) 1264765.6045( §.0034) Leuu3s 77.510 73.349
22( 1,21) = 220 4,22 15195346940 (14 0) 15195346533 ( 0.G040) Celb 4?7 102. 46€ 974397
250 1524) = 25( 0,25) 18371546514(1.8) 183715.6584( 3.0058) =Ce U074 130.902 1244774
140 2512) = 140 1,13) 14748643530 (1.0) 14748643430 d.0032) 5401313 48.657 43,738
24 ( 25,22) = 24( 1,23) 144615.984u(1.0) 144615, 9608( 0.0047) Lel172 125,863 121,039
26( 2524) = 26( 1,25) 1495745.1200 (140) 149570.1168( U.0064%) SelL32 1464137 1414148
8( 2, 7) - 8( 1, 8) 17863545334(140) 178035.5276( Ue3u34) JelU054 21.53¢ 15.577
9( 2, 8) = 9( 1, 9 18117742510(1.3) 181177.2540( L.G034) -Ue0030 254044 19.001
110 2515) = 11( 1,11) 187133.667u(144) 187133.6595( J.0033) ve0U75 33,227 264985
120 ¢511) = 12( 1512 19u251.828u(140) 19055148500 ( 040333 -Uei 283 37.9u2 31.546
** 3 TYPE P BRANCH *+
101, 1) ~ 20 4y 2) 32523.9685 (1.0) 3252349914 ( G.0014) =Jedill 2.255 1.170
20 15 2) = 3C 30, 2029043654014 0) 2029837430 Yauil1® “uLe 053 34017 2.340
3C 1y 3) = 40 uy, 4 7801.4538(C J.0018) 44159 3.899
5 0y 5) = 4 1, W) 4329.2670( U.0015) 5.847 5.682
6( Uy 3) = 5( 1, 5 1788542360 (1.0) 17885.2351(¢ 0.001€) =JeduU51 8,182 7.586
70 ., 7) -~ 6( 1, 6) 3104048900 (1.2) 3134648916 ( U.06017) =0ed016 1J.905 9.870
8( 0y 8) = 7( 1, 7) 44391.7992( §.0019) 14.014% 124534
9C ¢y 3) - 8( 1, & 57894, 8463( Us0020) 17.509 15.577
130 Uy13) = 9(C 1, 9 71528.579u(1.0) 71528.5551( L.0021) Cel149 21,387 19.0:01
110 Jy11) = 10 1,510 852634545ul1et) 8526345089( D.u022) de.0361 25.648 22.804
120 3,12) - 130 1,11 99u68.9083( 0,0023) 33.293 264985
13C 5513) = 12( 1,12) 112913.2512( 0.0023) 35.312 31.546
180 Gsiw) =~ 13(C 1,13 12670541130 (1e0) 12076541197( 4e0023) =ue00067 4Je713 364434
15 Uyi3) = 14( 1y14) 140594, 0287 ( 0.0023) 4be 491 41.8G1
18( 0,18) = 17( 1,17 1616€9.834u (1e4) 181669.8545( J.3024) =.el215 66.075 60.015
160 2y 3) = 110 1,10) 22047.0833(1.0) 22547.5828( 4.0033) -c.0028 284941 2842128
16 ( 1,13) = 13( 2,12) 23167 4.88du(1.0) 23187.8766( (.0035) Ue 0034 43,738 42.964
17C 15158) = 16( 2,15) 70318.007¢ (1.0 7u318.0867( U.0u35) Ue0043 624823 ol0e478
18( 1,17) = 17( 2416) 86391.5010(143) 86391.5675( 0.0036) =0.0005 63.971 67.089
24 ( 1,23) = 23( 2,22) 18539648500 (1.4) 185396, 8498( 0.0048) Jedui2 1214039 114.855
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TABLE I. 0BSERVED AND CALCULATED FRZQUENCIES OF TRANS=-HCOSH

TRANSITION 03SERVED CALCULATED FREQUENCY 08S.=CALC. ENERGY LEVELS IN CM=-1
UPPER LOWER FREQUENCY (STANDARD DEVIATION) UPPER LOWER
STATc STATE (WEIGHT) STATE STATE

702, 5) - s 1, 8) 8504842400 (1e0) 85064842259 ( d4u03V) Je0141 18,434 15.577
10 2412) - 150 1,15) 34843e82uL(1ed) 34843.8116( J.0037) vel084 48.657 47.495
15( 2513) = i6( 1,16) Juli2e08uuliey) 3ubu2.L985( 03,0038 -yeu185 544567 53.567
160 291¢) = 17C 1,17) 25886418uU (L) 258864 1734 ( L. 00u40) yelulb 654878 60.u15
2ul 2518) = 21C 1,21) 17325.1600(.e0 17325.1724C 3.0043) ~seJ124 90.145 89.567
21t 2,13) = 22( 1,22) 17279.dbidulied) 172794 3734( 0.0043) “0el 134 98.470 97.893
250 2523) - 2u( 1,26) 2576947504 (2 () 25769474310 4a00UL53) ceu069 135.799 134.940
b 242%) =~ 27 1,27) 3uible9dul(iay) 30L44,9619( ue3063) se0181 1464137 145,135
c7( 2525) = 28( 1,28) 39i58.86du(le4d) 35158.8833( 4.0079) =vel233 156.876 1554723
120 3519) = 13( 2,11) 12476843284 (240) 12476843238 ( 4.0G39) ceu042 47.310 434148
150 3,13) - iel 2514) 64394640 200(1a0) B84946,C054( (.00386) Jellwb 63.712 ©0.878
190 3,17) - 2.( 2,18) 273524423014 0) 273524 4233 ( 040033 =Leud33 91.358 90+145
200 3518) = 21( 2,19 12057eu90u (100) 12057e0942( §o00G3W) =cedus2 98.872 984470
2 2,22) - 23C 3,21) 360124938uullel) 3601249879( 3.0039) =s.0079 125.863 1244662
26( 252+4) = 25( 3,23 69797.671u(240) ©9797.06533( U.0047) 40177 146,137 143.849
270 2425) = 260 3yc) 87170.ubkudl(le ) 8717.4.498( L4u052) -.e0098 156,876 153.968
16( 3,13) = 17( 2,16) 86613.336u(1.u) 8661343325( d.1032) Ueduds 69.978 ©67.089
26 3,21) = 25( 2,24) 1iUd8.6554(143) 11088.6575( §40G34) =ue0025 1344219 1334849
28 2427) = 27( 3424) 1018941050 (L. y) 10189.1605(C J3.0047) Ledl50 165,206 104.866
290 24528) = 26( 3,25) 16.844654u(1eu) 16584.65.9( va5054) -0.0009 1704420 175.884
410 2,40) = &40l 3,37) 24203.830u(140) 264263480330 2.00868) -..0333 340,466 3394656
420 2941) = 410 3,38) 19037.380ul1e0) 190973764 ( J3.0072) LelU3o 356.576 355.939
430 2542) = 42( 3,39 13027.534u(1e0) 13027050240 Geulul) =2sd024 373.059 372.625
170 4y1%) = 18( 3,1i5) i8u7084420c(24D) 16u7068.4354( J.Gubl) ~Jel154 89.698 83.668
330 3,30) = 32( 4,29 23u90¢e45iL(lay) 2309044526 ( 54CU6E) =Jelu20 237.024 2364254
17 ( 4513) = 16( 3,10) 1816006744 (100) 18100046564 ( J4U063) Ueul76 89,698 83634
2.0 4y10) = 21( 3519 146339.0760(1ed) 146339, 6941( ueu052) =J.31681 111.961 167.078
25( 4521) = 26( 3,24) 879184423y (10v) 731844198 J.iikh) Jeu032 1564901 153.968
320 4527) = 320 3,30) Cub9le9cuc(lon) 200691.9191( J.0J46) veluJs9 223.795 2234115
320 4523) = 33( 3,31) 16:8848.Cdl1.0) 1308847971 §.02047) d.0029 2304324 235.987
35( 3,33) = 34( 4,30 10350eubluliav) 1U350e0732( vaul49) Leu038 2624914 2624569
3o 3,34) - 35( 4,31) 24d118.6:50(141) 20118.60U8( Geul54) PRy EY4 2764957 276,286
29( 5,25) = 3cl &4,26) 1490632.036u(144) 149832,3327( (el 108) Ce0333 2164659 211.0661
39( 5,35) = 4. 4,36) 188564315u(1e0) 168564 3185( J.0u67) =ueu 035 3514477 350848
L2( 4538) - 41 5,37) 9966493uullei) 99664927L( Je00L59) Leut 30 383.477 383144
430 4533) = +2( 5,38) 24859,u 350 (ied) 246594362 Ja0u70) -uel 32 4024395 399.566
400 5535) = 412( 4,38) 18661.725u(1.0) 1886147135(C e 066) veluld 367.140y 36645110

44 ( 4541) - 43( 5,38) 16115.930u(144) 1611549304 ( £430692) velUiJs 416.9686 416,430
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TABLE 11, 08ScRVED AND CALCULATID FREQUENCIZS OF CIS=HCOSH IN MHz
TRANSITION 0BSERVED CALCULATED FREQUENCY 08S.=CALC. ENERGY LEVELS IN CM-1

UPPER LOWER FREQUENCY (STANDARD DEVIATION) UPPER LOWER

STATZ STATE (HEIGHT) STATE STATE
¥+ A TY3: R BRANCH **
20 Gy 1) = LU Dy B) 11719.5:50(5e D) 11719.0030( U034 140059 54391 0,303
200y 2) = 10wy D 23433.9456(1e0) 23433.9452( 3.5827) =teudi2 1,173 04391
20 1, 2) = 10 1, 1) 2268845950 (ie) 2288846815( 1.u0u7) L.0085 3.049 2.285
2¢ 1, 1) - 10 1, O) 23987.5150 (14 0) 23987452500 SeG0u7) -Jeu1ib 3.104 2.304
306y 3) = 20 Ly 2 3514ie70ud(0e0) 35143.7833( G.u611) -0e0233 2,345 1.173
301, 3) = 21, 2) 36330e3700(140) 3433543648( Satull)d ve 092 4e194 3,949
301y 2) = 201, 1) 359784520y (aeu) 35978.5535( Soubll) -0e335 4e304 3e104
302y 2) = 20 2y 1) 35157.8.uu(1e4) 35157.7975( 4.G016) GeL025 9.959 8.786
302, 1) = 2025 J) 35173.6204 (14 3) 35173.6611( 0. 0010) —ceubll 9,963 8.787
4 3y #) = 300y D 46835,7ub( C.001W) 3.9u7 2.345
40 1y %) = 301, 3 4576848721( ueG014) 5.721 4e194
¢ 1, 3) - 3C1, 2) 4796642751( velull) 5904 Led. b
SC Ly 3) 40 G, & 58513.9866( 5.0017) 5.859 3.937
50 1, 3) 80 1y ) 5720342317 4.0017) 7.629 5.721
5( 1, 4) 01, 3 59943, 5474 ( (4CULT) 7.904 5974
6( iy B) = 50 Uy 5) 7517243070 Cie0) 70172436280 §.0520) CedD42 8.20C 5.859
B( 1, 3) = o( 1, 3) ©863243614 (Zeu) 686324 37240 G4:020) ~vedlll 9.918 7.629
6 1, 53) = SC 1, & 71927.198.(1.0) 71927.1921( J4.0020) veud59 1,.3C3 7.9.4
6( 2, 3) = 5( 2y ) 7029503990 (140) 70295039870 )4G018) 340033 15.822 13,477
B( 2y #) = 502y 3) 7us334935u(1ed) 7uw33.9437( Jel018) =ue0087 15,831 13,482
B( 3y #) = 5( 3, 3) 70337+4.30(000) 70337.4953( s.0016) =.e0029 25,340 22,993
8( 3y 3) = 5( 3, 2) 7u338etu1ulled) 7u338.4972( $.0316) =ve0062 254360 224993
6 4y 3) = 5( 4, 2) 70333.578u(1e0) 730333.5776( 3.Lu15) Cediilt 38.657 360311
6( 45 2) = 50 by 1) 7U333.578.(.00) 73333.58.3( 0.0015) =ve0020 33,657 364311
6( 5y 2) = 50 5, 1) 7u335¢2440(000) 70335.1487( 4.C015) “ieGUb7 55,773 53,427
6( 55 1) = 5( 5, 0) 7u335¢1+42(.00) 7033501487 ( 0.00615) —GeGub? 55773 53427
7C 0, 7) = ol 0y &) 81806¢7243( veuul2) 10.928 8,200
70 1, 7) = b6 1, 6) 8u.55.4511( weud22) 12.588 9.918
7C1, 3) - 6( 1, 3) 83897.98606( 0.u322) 13.101 10.323
B( Ly 8) = 70Uy, D 93413e342u(100) 9341343531 ( 3.0024) -Ge0111 1hs b4 10.928
8 1, 8) = 7041, 7 9147145750 (1e3) 91471, 5579€ 3 40u24) 200171 15,640 12.588
8( 1y 7) = iC 1, 6) 9586046753 (1e6) 9586046548 ( Gs024) Jeu152 164299 13.1.1
8( 2, 7) = 70 2, 6) 93699.285u (1e ) 9369942948 ( 0..,022) ~ue0098 214682 18,557
8( 2y 8) = 70 2, 5) 94u3UebbLU(1a4) 94.30,5062( 0.0022) 3.l 262 21,710 18,574
8C 3y, 3) = 7( 3, 5) 9379648570 (1e3) 93796.8659( 9.0U20) -..0089 31.206 28,077
8( 3y 3) = 7( 3, & 338.143410(143) 938u143673( ue2020) =y+5263 31,206 28,977
B( by 3) = T( by 4) 93784473600 4) 93784.6908( U.0018) G152 44,522 414394
8 4y w) = 7 &, 3) 9378447.6u (Leu) 9376844 7128( 2.0018) -5.0068 444522 410394
8C 5, ) = 7(5, 3 93733.1.2ul14u) 93783..942( w.0019) velu78 61.639 58.511
ol 5y 3) = 705, 2) 93783+1.20 (e 3d) 93783.7943( 3.0619) Ge0077 61.639 58.511
8( 6y 3) = 7( 6y 2 93787.u28u(1.0) 93787.3240( 2.0622) LelUuD 82,550 79.422
Bl By 2) = 7( 6, 1) 9378741280 ( 0u) 93787.u246( uewd22) Go0040 824550 79.422
8( 7y 2) = 7C 7, 1) 9379442624 (143) 937944 2664 ( 0.0029) =~ue004b 1€7. 250 1040121
8( 7y, 1) = 7C 7, 0) 93794.20230C ou) 93794,2664( J.0u29) =ue004b 167.2549 1.4e121
9C 4y 3) - 8C 2y 8 15498847733 ( ve0G26) 17.546 1beJdbb
SC i, 3) - B 1, 8 102879.8729( u.0025) 19.071 15.640
90 1, 8) - 8( 1, D 107813.8579( 0.0025) 19.895 16.299
9 4y 3) = &L 4, 5) 205512310 (o) 105512, 2666 ( y.00280) Le034b 48,042 444522
3( wy 5) = 50 4y &) 11551230120 i) 13551243195( Jeiu20) -0eu185 48,042 44,522
9( 5, 3) - 8( 5, &) 1355.74950u (14 5) 105507495710 Jebu20) =Leud71 65,158 61.639
9( 5, +) 5( 55 3) 1L55L749503 (.4 0) 145567.9573( $.0020) “Le0u73 65.158 61,639
9( By #) = 8 6y 3) 105511eu 480 (2eu) 1u551143545( V. 0024) =C+0065 864069 82.550
9 6y 3) = 8L 6y 2) 1055110048, (La0) 135511..545( 0.00624) =lelub5 86.369 82,550
0 uyid) = 90 4y D 116529.8339( 1.0627) 214433 17.546
10 1910) = 90 1, 9 116279, 6439( G46027) 22,883 19,071
160 1, 3) = 9C 1, 8 11975641850 ( 34G627) 23.890 19.895
110 G912) = 10C u,10) 128.33.8813( 3.0028) 25.704 21.433
11¢ 1,11) = 14( 1514) 12567441780 (.0) 125670.1923( g.uu2?) =2.0143 27.075 22.883
110 1,23) = 1. 1, 9) 131686,1447( 3.0027) 23,282 23.830
12( Uy 22) = 110 u,11) 139498, 8062( Js0528) 354357 25.704
120 1512) = 120 1,11) 137,56.9188( 0.0028) 31.647 27.u75
12C 19110 = 110 1420) 143602.1502( 4L (28) 33,072 28.282
130 uy33) = 120 3,12) 15092342560 (14 4) 15092342321( 340029 5e0239 35,391 30.357
130 1,13) - 120 1,12) 14842143150 (1e0) 14842143073 4.0028) -.e5023 3564597 31.647
13( 15,12) - 120 1,11) 1555020534 (24C) 155502, 5414 0.60528) -.e0074 38.259 33,372
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TABLE II.  OBSERVED AND CALCULATED FREQUENCIES OF CIS=HCOSH
TRANSITION OBSERVED CALCULATED FREQUENCY 08S.-CALC. ENERGY LEVELS IN CM-1
UPPER LOHER FREQUENCY (STANDARD DEVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE

130 2,12) = 12( 2,11) 15209148060 (1e0) 1520914 8040 ( U, 0026) YeDU20 43.15€ 38,082
130 2y11) = 12C 2,10) 15348246610 (140) 153482.6799( L.0026) -0e0189 43,332 38,213
130 3,11) = 12( 3,1 15249040470 (iei) 15249040573 C deu024) -Lei5u3 524722 47.635
13C 3,10) = 12C 3, 9 15254343515 (14 0) 152543.3623( ulG024) -leu113 52,727 47.638
13( 4ylu) = 120 4, 9) 152439.962u(140) 1524399159 ( U, (023) Uelbb1 664033 604948
13C 4y 9) = 12( 4, 8) 152440.7315(140) 152445+ 6785( 3.0023) Ce053y 66,033 60,948
13( 5y 3) - 12( 5, 8) 15241541100(143) 152415.1276( J.0025) -..0176 83,147 78,063
13( 55 8) = 12( 5, 9) 15241541100 (uad) 152415,1375( 0.0025) -le0275 83,147 78.063
13( 6y B) = 12( by, 7) 15240946950 (14 4) 1524094 7136( 4eG0329) -0s0186 1044058 98.974
13( 65 7) - 12( 6, 6) 15242946950 (L4 0) 15240947137 ( S.0029) -.e0187 104,058 984974
130 75 7) = 12( 7, ©) 15241444590 (140) 152414450750 y.0035) 040485 126,759 123.675
13( 7, 8) = 12( 7, 5) 15241444598 (e d) 15241445375 J4C035) ~is0485 128,759 123.675
13( 8y b) = 12( 8, 5) 15242547113 (1e0) 15242507510 ( 0.0041) - U450 157,243 152,158
13C 8y 5) = 12( 8, &) 152425.7110(040) 152425.7516( G.5041) ~uelbuD 157,243 152.158
13( 9, 3) = 12( 9y &) 1524417420 (143) 152441, 6984 ( 1.0047) Ued436 183,501 1844416
130 9, 4) = 12C 9, 3 15244147420 (L e6) 1524414 6934 Je5047) U436 189,501 1844416
13(1Uy &) =~ 12(1L, 3) 152461.4 160 (1,0) 15246144331 ( G.0053) =-ye0231 2254525 2204440
13(40y 3) - 12(16y 2) 152461.4160(0 ¢ 0) 152461, 4391( 0,0053) “Le0231 225,525 2204440
13(11, 3) = 12(11, 2) 152484,476U(140) 1526844 4525( 0.0060) 340235 265,306 2604220
13(11, 2) = 12(11, 1) 1524B4s 4760 (le () 15248444525 ( U4 (06Q) Le0235 265,306 2604220
13(12, 2) - 12(12, 1) 15251044170 (143) 1525104 4168( 0.0072) Jed002 308,832 303.745
13012, 1) = 12012, &) 152510.4175(0.0) 1525104 4168( 0.u072) Ve 0042 3064832 303,745
150 i,14) = 14( 1,13) 179249.2040(140) 17924942006 ¢ 040028) Seuudd 49,822 43,843
16( Uy16) = 15( G,15) 16495243143 (140) 184952,3168 ( 3.0328) =G.0020 52,767 46,598
16( 1916) = 15( 1,15) 1824€645730(140) 18246645953( 040 028) -ueu223 53.722 47,635
160 1,13) = 15( 1,14) 191091.6410(140) 191091.5845( G.0U28) Je0165 56.196 49,822
16( 2915) = 15( 2,14) 187.1840513(140) 18751840423 ( JaGG27) Leu087 6i.706 She 468
16( 2514) = 15( 2,13) 1895064369y (140) 18953643654 ( J.ui26) Le0U36 61.093 54771
16( 3,1%) - 150 3,13) 187733.3170(1.0) 187733.3064( 040G26) Led136 704333 o4ey70
16 ( 3,13) = 15( 3,12) 16788440990 (140) 18788441083 ( Us0026) -Ue093 7ue349 64s031
16( 4513) = 15( 4,12) 16765841060 (1e0) 18765841050 ( 2.0827) Le0G10 83,637 77:377
16 ( 4512) = 15( 4511) 18766144580 (140) 187661, 4487 ( J.0027) 040393 83.637 77.378
16( 55,12) = 15( 5511) 1676057590 (04 0) 187635, 7314 Ua0U31) Le280 1034747 I4e 439
160 5,11) = 15( 5,100 18760547590(L40) 18760547687 ( 0.0G31) -3e0097 106747 94489
16( 6y11) = 15( 6,10) 1675870650 (140) 187587.5548( 2.0037) S.u252 1214656 115.399
16( 6,13) = 15( 6y 9 187567.0800(04G) 187587.0550( L.0037) G.0250 121,656 1154399
16( 7513) = 15( 75, 9 1875654 6b4u (140) 1875854 8525( G4U044) Jei115 146,357 1404230
16( 7y 3) = 15( 7, 8) 187565,864((La0) 187585.8525( ul0044) ve0115 146,357 140410
16( 8, 3) - 15( 8, 8) 16759541490(140) 187595.1362( J.0049) 4e3128 1744842 168,585
16C 8y 8) = 15( 8, 7) 18759541490 (ve i) 18759501362( Geu049) Je128 1744842 168,585
16( 9, B8) = 15( 9, 7) 187611.6590(140) 187611.6635( 9,0053) U 0045 207.102 200,844
160 9, 7) = 15( 9, 6) 187611.659u (74 () 187611,6635( 3,u053) - e 0045 2074102 2004844
16(10y 7) = 15(1G, 6) 187633, 7460 (140) 187633,7512( J.0054) -s.0252 243.129 2364870
16(1Jy B) = 15(13y 5) 18763347465 (Le0) 187633475120 G40054) ~3.u052 243,129 236,870
16 (11, 6) = 15(11, 5) 18766Ue4270 (140) 1870604 4441( 5.0055) =lel171 282.912 2764652
16(11, 3) = 15(11, 4) 18766644270 (UeD) 1876600 4441C L4GE55) -~CeU171 282,912 2764652
16(12, 3) - 15(12, &) 18769141570 (14L) 18769141593 ( (45062) =3e0u23 326,441 320.180
16012, #) = 15(12, 3) 18769141574 ) 187691,1593( 0.0062) -2.0023 326,441 320,180
16 (13, 4) - 15013, 3) 18772545270 (140) 187725.5167( 0. 0085) Le103 373.705 367,443
16 (13, 3) - 15(13, 2) 187725.5270(240) 187725.5167( 9.0085) Se103 373,735 367,443
16 (14y 3) = 15(14y 2) 1877634250u(1e0) 187763.2532( §40128) =3ebu32 424,690 418,427
16 (14, 2) = 15(1k4, 1) 16776342500 (240) 167763.2532( 0.0128) -L.0032 4244690 4184427
18( 15i7) = 17 1,186) 21470349250 (140) 214733,9318( 0.0029) -0.G068 76.126 62.964
19 $,13) = 18( 0,18) 218649.3780(140) 218649.3616( §.0031) 0ol 16k 73.525 664232
193¢ 1,13) - 18( 1,18) 21640840693 (140) 216408, 6897 ( J.L031) -Leg2u7 74,246 67.028
*+ A TYPE Q BRANCH **
101, 3) = 1C 1, 1 549,4332( 3.0501) 2,304 24285
20 1y 1) = 201, 2) 1048,2772( TG 2) 3.104 3.049
31, 2) = 3(1, 3 329€,4699( Dau0I4) 44304 4,194
L( 1y 3) = A( 1, &) 5493.6729( G.c006) 5.904 5.721
5( 1y 3) = 501, 5 82436223010 0) 824042186( GaG010) LoDk 7.904 74629
6( 1, 3) = 6( 1, 6) 1153500404 (1eC) 11535, 0364( Ja0ul3) 5.0316 13,303 9.918
701y 0) = 701, D 15377457035 (140) 15377.5739( 3.0017) -0.0J39 13,101 12,538
8( 1y 7) = 8( 1, &) 1976640950 (1eu) 197664 €738( $40021) 0.u192 164299 15.640
9(C 1, 8) = 9( 1, 9) 247GUe0600(L1s0) 24703.6558( 0.0026) L3042 19,895 19,071
460 1, 3) = 10 1,10) 3017702000 (10 0) 30177, 1969( G.0031) Ge0031 23,890 224883
15( 2513) = 15( 2514) 953984935y (140) 9.98493uu{ JaL017) Ledidy 54,771 54,408
16( 2y514) = 16( 2,15) 1158742555 (1. 0) 11587.2532( 0.5021) JeG018 61,093 60,716
17( 29.5) = 17( 2,16) 14515,050u(140) 14515, 2822( Ge0024) -Geu 322 67.816 674332
18( 2,156) = 18( 2,17) 1791446742 (140) 179144 €778 ( Joc028) -040078 744943 744345
200 2,18) = 2.0 2419 26238429u (140) 2623845183( Jeli35) ceu217 u.406 89,531
210 2,13) - 210 2,20 31206.340u(140) 312064 3811( Y0039 ~Cedull 984744 97.703
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TABLE 1II, 0BSERyED AND CALCULATED FREQUENCIES OF CIS=HCOSH
TRANSLTION 0BSERVED CALCULATEQ FREQUENCY 08S.=CALC. ENERGY LEVELS IN CM-1
UPPcR LOWER FRcQUeNCY (STANDARD DZVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE
27( 349264) = 27( 3,29 9629.765u(1.0) 9029.765C( G.CU36) C.0000 165.404 165.076
28( 3525) = 26( 3,26) 120U4beCUUUC1a0) 120 464CuB8( L. 004D) -Jeug88 176.438 1764036
29( 3,25) = 29( 3,27) 1403241700(140G) 146321974 0.0044) =Ce 0274 187.876 187.388
30 3,27) = 30 3,28) 1762440050 (140) 17624, 6777 ( G.5048) =Jeuta? 199.717 199.129
4 ( 4y40) = L4l 4,41) 2.6924715.(14 ) 2069247185( 3406092) =Ce0035 418.862 4184172
450 4y41) = 450 4442) 24274.7200(200) 2427447120 UW40119) JeuuU8o 4364613 4354833
** B TYPE R BRANCH **
101y, 1) = €y, O €8511,2736( 3.0L022) 24285 0.0.0
201, 2) = 1(C 0y, 1) 79684.9611( Ua0024) 3. 049 0e391
301y 3) = 2045y 2 90577.3767C 3.0G027) 4,194 1.173
bC 1y &) = 300, I 1J12u5.4655( U.0029) 5.721 2.345
50 1y 3) = 4 3y 4) 111573.1969( 3.0032) 7.629 3.937
6l 1, 8) = 5( 0,y 5) 12169145827 4. 0034) 9.918 5.859
7C( 1, 7) - ol dy &) 131574.6713( G.0036) 12.588 8.2J0
6( 1y 6) = 70 Cy 7) 141239,5046( 8.2037) 15,643 10.928
13( 1,13) = 12( G,12) 18707647910 (143) 187¢764730u( Ualu4l) lelUlD 364597 304357
*¥ 8 TYPC Q BRANCH **
1€ 1y ) = 1€ 0y 1) 5734147128( (.0U19) 2,304 0.3391
20 1, 1) - 20 0, & 57895.2931( L.0019) Je1C 4 1.173
3C 1, 2) = 3C0, 3 58733..633( 4.0319) 4e30 4 24345
LG 1, 3) = 4(C 0, & 59863.,8681( 040019 e 904 34907
50 1y 4) = 5( yy 5 ©1299.4289( 0.0u19) 7.904 5.859
6( 1, 5) = b uy 6) 6305442583( 040019 10.303 8,210
7C 1y 2) = 700, N 65145.52u6( 0.0023) 13.101 10.928
8( 1, 7) = 8( gy &) 6759248310(240) €75924 82240 5.0021) GeU08S 16.299 14e 04k
9C 1y 8) = 9C Gy 9 7ub17.93vulied) 70417.9099( U.0u22) Jeb201 13.895 17.546
160 1y 3) = 1ul uy1d) 73644.2530(1.0) 73b44.2500( G40024) =C.003C 23.890 21.433
110 1,10) = 11 Gy11) 7729645194 (40026) 28.282 25,704
120 1,11) = 12( 0,12 81399.8634( [.0028) 33.072 30357
130 15,12) = 13( 3,13) 85979.2.90(1.0) 8597941787 ( Le.uu3l) 640303 384259 354391
16 1,13) = 1640 uyid) 91(5841.80(140) 9105841050 ( $4003W Ge0O033 43,843 40.825
15( 1514%) = 15( 0,15) 966584950 ( wl0037) 49.822 46,598
17C 1518) = 17C Gy17) 20948949030 (1.0) 109489.9109( 040043 =0.0379 62,964 59.312
19( 1518) = 19( vy19) 124564466Uu(1.3) 124564.6632( L.0048) Jel108 77.683 73.525
22( 1,21) = 220 0,22) 151351.7780(2e0) 151351482010 04LU55) =Je0421 102.687 97.639
25( 142%) = 25( uy25) 182725.434u(1.0) 182725.4553( Q0.0079) -.e0213 1314185 125.590
120 2,13) = 12( 1,11) 154101.6090(1.¢) 154101.6042C 0.0040) Je0048 38,213 33.072
160 2412) = 140 1,13) 15015845640 l1e.) 15015845734 U U039 Ge 0136 48.852 434843
16( 2514%) - 160 1,15) 146795.121u(1.v) 146795.,107C0C ¢.0038) Je014) 61.093 56.196
18( 2,13) = 18( 1,17) 1663309430 (1a0) 14433049436 ( Uauid39) Ge 0024 T4e943 70.126
22 2y2u) = 22( 1,521) 164384145730 (1. 0) 14384145730C UalU4) de 003U 107.485 152.637
24( 2,22) = 24( 1,23 1462834636u(14u) 1462834 81u4( 0.0064) Je0250 1264180 121.3.0
702y 3) = 701, 7 178932.8610(1.0) 17893248631 ( G.0044) =ieU021 18.557 12.588
8( 2y 7) = 8( 1, 8) 18116046020 (lel) i811080¢6001C Jed043) ve0019 21.682 15.64u
W00 2y 3) = 10C 1,10 156473e074u(140) 180473..728( u.0042) Leld012 29,103 22.883
11( 2513) = 11( 1,11) 169561.4270 (1.0 18950144350 ( G.3042) =leuusd 33,398 27.075
*¥ B TYPE P BRANCH **
101, 1) = 2C 4y 2 3335843633(140) 3335843344 ( Deuile) Celbk56 2,285 1.173
2( 14 2) = 300y 3 211362300 (2e4) 2110642326( 0.0016) -G.0026 34049 2.345
3(.1, 3) = &4 Uy @ 663142203 (1.0) 8601.1230C ¢.0G17) =0e0030 44194 3.937
500y 3) = 4( 1, &) 414349914( u.0018) 54859 5721
6( iy 2) = 50 1, 5) 1711361630 (1.3) 17113.1525( 6.0020) 0.0075 8,203 7.629
700y 7) = o6 1, 6) 30287455uu(1au) 30287.5044(C $5.0022) =Led 044 13.928 9.918
8B( uy 8) = 7( 1, 7) 43645.4063( 0.0024) 144044 12.5388
9 0y 3) = 8( 1, 8 57162,€188( U.u026) 17.546 154640
100 uell) - SC 1, 9) 7081245900 (1.4) 7u812.5848( 0.C0u28) t.0052 214433 19.071
110 ¢y11) = L0C 1,10) 8426648110 (140) 8456648222( J.0029) =-seuill2 25.704 22.883
12( G512) = 11( 1,11) 98395.4361( J.0034) 33.357 274375
13C 0513) = 12( 1,12 11226747495( 4e0031) 354391 31.647
160 4y14) - 130 1,13) 126153400630 (1.0) 126153..353( §.0031) Jel280 4).835 3645937
150 09i5) = 14( 1,414) 140021, 3166( 4.0032) 46.598 +1.927
16 uy1d) = 15( 1,15) 15384442100 (1.0) 15304441908 ( 040L032) vesl92 52.767 ~7.635
18( 0y18) = 17C 1,417) 106125245960 (ie i) 181252.5852( J.0032) uedsl1u8 664232 60.136
502, #) = 6( 1, 5) 9515749210(1.32) 95157.9172( 340539 =Je0162 13.477 10.333
1402y 3) = 110 1510) 2663947254 (14 0) 2450947311 ( wal &) =ueluonl 29.103 284282
110 2y10) = 12(C 1,11) 9766e123ul1eu} 9766412950 y.(d41) =.eul35 33.398 336372
16( 15,13) = 13 2,12 2065de5iud(led) 20600.5074( 0.0043) Je0026 43,843 434156
22 1521) = 21( 2,2u4) 14943141670 (1e0) 1434314 15339(C J.Ud52) Cel071 102.687 97.7.3
246¢ 1923) = 23( 2,22) 16281243430 (1.0) 18281249437 S.ci61) Je.ud2 121,304 115.2.2



434 W. H. Hocking and G. Winnewisser - Rotational Spectrum of Monothioformic Acid. I

TABLE II. OBSCRVED AND CALCULATZD FREQUENCIES OF CIS-HCOSH

TRANSITION 03SERVED CALCULATED FRIQUENCY 08S.=-CALC,. ENERGY LEVELS IN CHM-1

UPPER LOKWER FREQUCNCY (STANDARD DEVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE
7( 2y 5) - 8( 1, 8) 87959.912u(1.0) 87959,8981( u.0L37) Cel139 18.574 15.640
9( 2y 7) = 14C 1,10 7069541130(140) 70695,1316( U.0038) =Ue0216 25.241 224883
15¢ 2,13) = 16( 1,16) 3146346350 (1e0) 31463470406 Gal051) =.e 01086 S4e771 53.722
16( 2,14) = 17C 1,17 27177.68403(1.0) 27177.64L2( 040053) =Leduu2 61,093 60.186
2ul 2518) = 21( 1,21) 177784655u(140) 17778.6572( w.Cd60) -J.0022 9J.406 89.813
21(C 2,13) = 22( 1,22 1746645450 (16 3) 17486453930 U.406D) LelJ57 98,744 98,160
260 2524) = 27( 1,27) 2880541000 (1e 0) 2886501132( $.3096) =Je0192 1464 48E 145,523
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transitions have been assigned and plotted in For-
trat diagrams, as shown in Figs. 2 and 6, does the
inherent simplicity of the spectrum become appar-
ent. The Fortrat diagrams also reveal the striking
similarity between the spectra of the two rotamers.

IV. Centrifugal Distortion Analysis

The observed rotational transitions of monothio-
formic acid were analysed using the reduced Hamil-
tonian reported by Watson 17 in which Rz=0. The
analysis was performed in the I” axis representation
so that the Hamiltonian may be written as follows:

H=H,+Hs+He, 1)

H,=1/2(B+C)P2 + [A—1/2(B+C)] P2
+1/2(B—C) (P2 -P2), 2)

Hy= —A;P4— A;xP2P2 — AP,
—20;P*(P2—P2?) (3)

—Og[P2 (P —P2) + (Py?—P2)P?] ,

Hy —H, P+ Hyx PP2 + Hyy P2PA+ Hi P8
+2h; PY(Py*—P2) (4)
+ hyg P[P (Py? — P.2) + (Py® — Pc?) P,?]
+ hg[Po* (Po? — Pc?) + (Py?— P2) Pgt]

where P, P,, P, and P, are the operators for the
total angular momentum and its components along
the principal inertial axes. The constants 4, B and
C are Watson’s reduced rotational constants which
contain very small centrifugal distortion contribu-
tions 7. The parameters in Eqgs. (3) and (4) are
the quartic and sextic centrifugal distortion con-
stants respectively.

An iterative least squares procedure was used to
determine values for the molecular constants which
appear in the above Hamiltonian from the observed
spectra. In each step of the iteration the energy
matrix was diagonalized with the aid of the QR
algorithm which diagonalizes tridiagonal matrices
rapidly 8.

The observed and calculated transition frequen-
cies of the trans rotamer have been listed in Table I;
the frequencies of the cis rotamer are given in
Table II. Several of the a-type R-branch lines whose
K-type splitting is calculated to be larger than
10 kHz, but could not be resolved experimentally,
were excluded from each fit. The K, components

with a calculated K-type splitting of less than
10 kHz were treated as single lines. A total of 164
transition frequencies with J < 45 were included in
the least squares analysis of the trans rotamer giv-
ing a standard deviation of the fit of 12.5 kHz. For
the cis rotamer, 170 transition frequencies with
J £ 48 were analyzed with a standard deviation of
the fit of 17.2 kHz. The slight increase in the stan-
dard deviation of the fit on going from the trans to
the cis rotamer is consistent with the observation
that the absorption lines of the cis rotamer are
significantly broader than those of the trans, and
are therefore expected to be somewhat less accu-
rately measured.

The molecular constants obtained in the least
squares fits described above are collected in Table
ITI. The rotational constants and the quartic cen-
trifugal distortion constants are well determined.
However, three of the sextic centrifugal distortion
constants (Hjg, hjx , hg) are poorly determined.

The reduced Hamiltonian presented in Egs. (1)
— (4) is only one of an infinite set of effective
Hamiltonians which may be obtained by applying a
unitary transformation to the general rotational Ha-
miltonian 17. Alternative reduced Hamiltonians 9 20
and the use of different axis representations 2! 2
have in some instances been proposed. It is there-

Table III. Rotational constants and centrifugal distortion
constants of monothioformic acid a.

cis-HC(: O) SH

trans-HC (: O) SH

4 62927.7132 (21) 62036.0911 (17) MHz
B 6134.26108 (19) 6125.30490 (14)  MHz
C 5584.75363 (19) 5569.64234 (14)  MHz
Ay 3.67858(36) 3.42871(27)  kHz
A1 —47.9619 (65) —43.1667 (51) kHz
Ax 1305.68 (18) 1250.74 (15) kHz
57 0.463122 (37) 0.434730(32) kHz
oK 17.653 (12) 16.5158 (84) kHz
Hy 0.00279 (30) 0.00137(24)  Hz
Hik —0.048(13) —0.002 (16) Hz
Hky —4.162(51) —4.737(53) Hz
Hg 80.6 (47) 8.1 (44) Hz
hy 0.001118(18) 0.000737(37)  Hz
hIk 0.014 (16) 0.019(18) Hz
hk 7.6(19) 5.9(20) Hz
ob 17.2 12.5 kHz
Ne 170 164

a2 The numbers in parentheses are standard errors.

b Standard deviation of the fit.
¢ The number of equally weighted transitions included in
the fit.
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fore desirable to check that the reduced Hamiltonian
and axis representation used here are appropriate.
Such a check is provided by a small (<107%) value
of the coefficient of the unitary transformation!% 21,22,
$111 - This coefficient was evaluated from the con-
stants given in Table III using the procedure dis-
cussed by Yamada and Winnewisser 15, case 1. The
results are s;y; =1.365 x 1077 for trans-HC(:0) SH
and sy1;=1.429%x 1077 for cis-HC(:0)SH. These
numbers indicate that the effective Hamiltonian
given in Eqgs. (1) — (4) is a suitable one for the
analysis of the rotational spectrum of HC(:O)SH.

Watson has shown that there is one set of pa-
rameters which are invariant to a unitary transfor-
mation of the rotational Hamiltonian. These parame-
ters, which are designated 2, B, €, 4000, T so00
7' ccce » Ty and 7, may be calculated from the spectral
parameters reported in Table III using equations
given by Watson1?. The results are presented in

Table IV. Also reported in Table IV are values of

Table IV. Watson’s determinable rotational constants and
quartic centrifugal distortion constants for monothioformic
acid &, b,

HC(:O0)SH ground state spectral constants follow-
ing Yamada and Winnewisser 1% 24 case 1, in order
to determine values for the seven constants o, /3,
Y, Taabb » Tobee » Taace and Tgpap - The results are col-
lected in Table V. The Kivelson and Wilson 23 rota-
tional constants, o, ', 7', contain no centrifugal
distortion contributions and hence are the appro-
priate constants to use in a structural determination.

Table V. Rotational constants and quartic centrifugal dis-
tortion constants derived from the planarity relations 2.

cis-HC (: O) SH trans-HC (: O) SH

a’ 62927.695 62036.075 MH:z
B 6134.2083 6125.2551 MHz
Y 5584.8152 5569.7002 MHz
Rt Taabb 150.03 137.39 kHz
Rt Thiee —14.086 —13.108 kHz
R4 Taace 84.617 74.555 kHz
At Tabab —36.428 —33.660 kHz

cis-HC (: 0) SH

trans-HC (: O) SH

?:I 62927.7206 (21) 62036.0980 (17) MHz
2_3 6134.18424(19) 6125.23469(14) MHz
¢ 5584.74926 (19) 5569.63993(14) MHz
7' agaa —5045.59 (72) —4844.01 (60) kHz
7' bbbb —18.4193 (15) —=17.1927(11) kHz
T cece —11.0093 (15) —10.2370(11) kHz
A 147.705 (26) 131.522(21) kHz
Ty 0.8784(25) 0.4900 (20) kHz
A7 cece —0.01447(55) —0.01992(42) kHz

a The numbers in parentheses are standard errors.
b ¢,/ =1,/(a+S+7); where a, # and y are rotational con-
stants defined by Kivelson and Wilson?3, See also Ref. 1% 2,

the quantity known as the 7-defect 3, At,.... For a
planar molecule, in its equilibrium configuration,
the 7-defect should be zero. The small negative
values of A7’,,.. given in Table IV are typical for a
planar molecule in its ground vibrational state 3.

If a molecule is planar then there exist relations
which reduce the number of linearly independent
quartic distortion constants from five to four!".
These relations are strictly valid only for the equi-
librium rotational parameters, but also apply ap-
proximately to the ground vibrational state con-
stants. The planarity constraints were applied to the

a Calculated using the planarity conditions as described in
Ref. 15 case 1.

V. Interstellar Search

A preliminary search has been conducted for the
2,5 — 2, transition of both rotamers of HC(:0)SH
in the galactic radio sources W3, W3 (OH) and
Sgr B2 using the 100 m telescope of the Max Planck
Institut fiir Radioastronomie. The results of this
search were negative. Upper limits were obtained on
the antenna temperature, T4, of the 2;, — 2y tran-
sition. These are: Ta;,<0.027K in SgrB2 and
Ta1,<0.05K in W3 and W3 (OH) for the cis rota-
mer, and Tap, < 0.05K in W3 and W3 (OH) for the
trans rotamer, where the limits represent three times
the noise level. No reliable limits could be derived
from the observations on the trans rotamer line in
Sgr B2 because it is seriously blended with various
Doppler shifted velocity components of the strong
absorption spectrum of OH. The interstellar search
for different rotational transitions of monothio-
formic acid is being continued.
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