The Rotational Spectrum of Monothioformic Acid. II.
cis- and trans-HC(:0)SD, DC(:O)SH, HC(:O)3*SH 1 2
William H. Hocking and Gisbert Winnewisser

Max-Planck-Institut fiir Radioastronomie, Bonn, and
Physikalisch-Chemisches Institut, Justus Liebig-Universitdt Giessen

(Z. Naturforsch. 31a, 438—453 [1976] ; received March 11, 1976)

The rotational spectra of three isotopically substituted species of monothioformic acid, DCOSH,
HCOSD, HCO?!SH, have been investigated. Transitions arising from two different isomeric forms
have been observed in each instance. Rotational constants and quartic centrifugal distortion con-
stants have been determined for all species using Watson’s reduced Hamiltonian. It has been estab-
lished that the two abundant isomers of monothioformic acid are the planar cis and trans thiol
rotamers. The structure of cis-HC (:0)SH is found to be: r(C—H)=1.100 A, r(S—H) =1.336 A,

r(C—S)=1.7714, r(C=0)=1.2104, <C(0OCS)=122.4°, <{(HSC)=94.7°

and <r(HCS)=

114.6°; whereas for trans-HC (:0)SH: r(C—H) =1.100 A, r(S—H) =1.351 A, r(C—S) =1.763 A,
r(C=0)=1.218 A, < (0CS) =126.0°, < (HSC) =92.7° and << (HCS) =111.8°.

I. Introduction

The first paper in this series ! (hereafter called I)
presented our analysis of the ground state rota-
tional spectra of the parent isotopic species of mono-
thioformic acid, H'2C16032SH. Two isomeric forms
of this molecule were observed to be present in the
gas phase at room temperature. These were identi-
fied in a preliminary communication? as the cis
and trans rotamers of HC(:O)SH. In the present
paper we report the results of our investigation of
the rotational spectra of three isotopically substi-
tuted species of monothioformic acid: H'>C'6032SD,
D*2C160%2SH and H!2C'®0%!SH. For each isotope
rotational transitions originating from the ground
vibrational states of both isomeric forms have been
assigned and measured. This additional isotopic
data proves unequivocally that the abundant isomers
of monothioformic acid are the cis and trans rota-
mers of HC(:0)SH. The molecular structure of
each rotamer has been determined. The slight dif-
ferences between the structures of the two rotamers
are discussed in terms of nonbonded forces.

II. Experimental Procedures

The sample of monothioformic acid in which the
labile hydrogen atom is replaced by a deuterium
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tember 15—19 (1975), as Paper C 6.
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atom, HCOSD, was prepared by adding a deu-
terated (99% D) aqueous solution (50% D,0) of
orthophosphoric acid to solid sodium monothio-
formate, Na (HCOS). On the other hand, the sample
in which the nonlabile hydrogen atom is replaced
by a deuterium atom, DCOSH, was obtained by
starting with formic-d acid, DCOOH, having 90%
deuterium enrichment. Except for the use of the
appropriate deuterium substituted acid, both prepa-
rations were performed following exactly the proce-
dure described in Paper I for the preparation of the
parent isotopic samples. The required deuterium
enriched acids, orthophosphoric acid-d; and formic-d
acid, were purchased from Merck Sharp and Dohme
Canada Limited.

The samples of HCOSD and DCOSH were puri-
fied and handled following essentially the routines
outlined for HCOSH in Paper I. However, it was
necessary to deuterate the spectrometer cells before
studing HCOSD in order to prevent serious reduc-
tion in the isotopic purity of the spectroscopic
samples through acid proton exchange with water
adsorbed on the cell walls. This was accomplished
by repeatedly filling the cell with D,O vapor. None-
theless, the isotopic purity of the HCOSD samples
was still degraded in the spectrometer cells from
better than 90% to less than 60%. On the other
hand, the DCOSH samples showed the expected
deuterium enrichment of close to 90%. Both micro-
wave and millimeter wave frequency measurements
were made on each of the deuterium substituted
isotopic species.

The sulfur-34 substituted rotamers, HC (:0)34SH,
were studied in natural isotopic abundance (4.22%).

Because of the low intensity of the absorption lines,
only microwave transitions were measured.
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The microwave and millimeter wave spectro-
meters and their mode of operation were described
in Paper I. The accuracy of the frequency measure-
ments reported here is estimated to be better than
+30kHz for the absorption lines of HC(:0)SD
and DC(:0)SH and better than =50kHz for the
weak lines of HC (:0) SH.

I1I. Rotational Spectra and Assignment

The rotational spectra of the three isotopically
substituted species of monothioformic acid investi-

gated in this work, HC(:0)SD, DC(:0)SH and
HC(:0)3*SH, like that of HC(:0)SH, consist of
only a- and b-type transitions. For the species studied
using isotopically enriched samples, HC(: 0)SD and
DC(:0)SH, the analysis was straightforward and
was carried through along the lines described in
Paper I. More than 70 transitions have been mea-
sured and assigned for both the cis and trans rota-
mers of each of these two species. The measured
transitions were selected from amongst the much
larger number of observable lines in such a way as
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Fig. 1. Survey scan of the absorption spectrum of monothioformic-d acid, DCOSH, from 8 to 12.4 GHz.
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TABLE 1. OBSERVED AND CALCULATED FREQUENCIES OF TRANS-DCOSH IN MHz

TRANSITION OBSERVED CALCULATED FRZQUENCY 08S.-CALC. ENERGY LEVELS IN CM-1
UPPER LOWER FREQUENCY (STANDARD DEVIATION) UPPER LOWER
STATE STATe (WEIGHT) STATE STATE

** A TYPE R BRANCH **

10 0y 1) = L0 4y 4) 11477,6256(144) 11477.6433C 0.0055) Ge357 3.383 g.0.0
2C &y 2) = 10 &y 1) 2294647100 (1.0) 2294647048 J.0C10) Jes52 1.148 0.383
20 1y, 2) = 1( 1, 1) 222654124 (140 222654,121C0( C.L039) =JeDull 24523 1.730
20 1, 1) = 10 1, u) 236454380 (140) 23645,386.( T.0J1d) ~.ed086J 2.5%2 1.323
3C Gy 3) = 20 4y 2) 34398.7350(2a0) 34398.7325( J.i01Ww) 340025 2.296 1.148
301y 3) = 201, 2) 33392.2b30u(1.0) 33392.2675( u.3014) =.e0J75 3.8637 24523
301, 2) = 2C1, 1) 3546245430 l1a ) 3546245415 ( Je0014) =.edl15 3.775 24592
30 2y 2) = 202, 1) 344334150 (1e0) 34433.2308(0 Coull1d) Dedlu2 74332 64733
3C 2y 2) = 2 2y L) 34400e3.50(100) 3440645187 ( §.0013) -Le0137 7933 6.783
8( ¢y 8) = 700, D 91114,930u(1e3) 91211449384 ( 2.0530) 13.723 13.684
8( 1, 8) - 7C 1, 7N 8869443224(1.0) 80894.3182( U.0028) 14,7064 11.7938
8( 1, 7) - 7( 1, 6) 943387.2310(1.4) 943937.2268( 3.0329) 154591 12442
8( 2y 7) = 72y ®) 917.2.353.(1.0) 91i712.8275( ¢..026) 19.4(9 16,350
8L 2y ) = 7( 2, 5) 92412.2420(14u) 92412.2493( J.0u28) 19.468 164385
B( 3, 53) = 7( 3, %) 91921.275u(1.0) 91911.2727( g.LC22) 264468 23,432
8( 3, 3) = 7( 3, &) 91827.533u(140) 91927+5452( v.ul22) 264409 234432
8( 4y 2) = 7( 4y &) 91879.7396(Sev) 91873.6983( yavi21) 36.322 33.258
B( 45 %) = 7( 4, 3) 9187947390 (e 0) 31879.8338( jeiu21) 364322 33.258
8( 5y %) = 705, 3 91d64.98uulleu) 913864.9822( bv.0027) 454992 454328
8( 55 3) = 705, 2) 91804e98uC(Ved) 9106449827 ( J.uc27) 484992 45.328
8( 6y 3) = 7( 6y, 2) 9185945214 (143) 91853.5179( 09.GL39) 644473 61.4.9
8( By 2) = 7( by 1) 91859.521u (. 40) 3185945179 ( Jeud39) b4a 473 61le4.9
8( 7y 2) = 707, 1) 9185840170 l.e ) 91358.6433( 6a0G37) 82.764 79.7( 48
8( 7y 1) = 7C7, 0) 918E58.017u(Lev) S1658.6433( 0.C057) 82.764 79.7.3
13( ¢y13) =~ 12C 0,y12) 146353.7530 (24 0) 146383.7524( 4.0028) 34.472 29.589
130 1513) = 120 1,12 144037.876u (1) 144037.8741( j.0C28) 354113 30.3.9
13C 1912) = 120 1,11) 15281040930(1.0) 15281041083( (.0028) 37.1945 ' 32,093
13( 2,12) = 12( 2411) 148698.1160(1.0) 14806498+ c006( 0.u027) 40e413 354453
130 2511) = 12( 2,10) 151490e7110(140) 151490e 7055( Lo 0C27) 40.776 35.723
130 3511) = 120 3,10 149639.3380(1.0) 149699,3343( J.0E29) 474558 424572
13C 3923) = 120 3, 9) 1649690+370vul(140) 14909043722(¢ G.UL3D) 474575 42.582
13( 4515) = 12( by 9) 14961344080 (140) 14941343971 Je004D) 57.402 52.418
13C 4y 3) = 12( 4, 8) 149418,0760(1.0) 14941684634 ( Uauubki) 57.432 524418
13(C 5y 3) = 120 5, 8) 149343e441ulue ) 14934344052( 0.0059) 7..064 65,083
13( 5y 8) = 12( 5, 7) 149343.4410(.40) 149343.4623( (43059) 72,064 65,083
13( 6y 8) = 220 6y, 7) 14937943400 (ie () 143309.3604( 0.3G84) 85.542 60.502
130 6y 7) = 120 by 6) 14930943400 1) 149309.3638( U.ul84) 85,542 80.502
130 7, 7) = 120 7y 6) 149293.0290(. . 0) 149233,0686( u.u115) -ueJd 396 133.831 38,3852
130 7, 3) = 120 7, 5) 1492934uU29L (Le ) 149233, 1686( J.U115) -.¢03396 103.831 384852
146C Jypis) = 130 Uyl 157253.9550(1.0) 15725345443 G.uu29) Je0137 39.718 4els72
14( 14914%) = 130 1,13) 15501443430(1.2) 1555144 3455( 0.0028) =uelu2s 43.284 35.113
** A TYPE Q BRANCH **
501, 4) = 5(1, 5) 10349.5306(1.0) 16349.5293( (.0013) S.u027 7.322 6.977
6( 1, 5) = bl 1, 6) 1448549530 (1eu) 14485495550 v 0017) CelGul 3.0886 9.2°3
701, 3) - 701, D 183.7.510c(1.0) 193074993 Jeub22) Gel107 124442 11.798
9¢ 45 3) = 9 15 N 30989.1iuuied) 30969.1068( uel032) Jeug92 19.131 18.0498
12( 2,10) = 12¢ 2,11) 81J8e12J30 (10 0) 8108e1174C Juuil€) Ged026 35.723 35,453
13( 2411) = 13( 2412 1097047605 (140) 10903475083 Jeil19) Vel 037 42.77€ 40e413
140 2,12) = 14( 2,13) 14294e5750l1e4) 1429045717 ( 4el323) =Jedi1? 464228 45.751
15( 2,13) = 15( 2,14) 18322.84%40d(143) 18322, 8426( uw.Cid20) =G.00206 52.073 51.4638
170 2,15) = 170 2,16) 2844801200 (1eu) 2844841221 ( Usu032) ~Uedual 64,9832 64ey 31
16( 2510) = 18( 2,17) 34583e14uu (1 () 3458341600 Ce0u36) =usu2.4 72,034 70.876
21 3,513) = 21C 3,19) 8u55.1500(1.0) 8U55.1463( 0.0027) 0.3337 161.563 161.232
22( 35,13) = 22( 3,24) 1042941900 (i3 10429.1842( v.0036) Jel058 11..384 139.736
230 3,25) = 23( 3,21) 13308e54uy(1ey) 1330845334 ( uve0uU4E) ce0066 119.00¢€ 118.502
24 ( 3421) - 24C 3,22) 16752.290u(1e ) 1675242036 Geuubi) Je0264 1284330 127.771
27( 3,24) = 27( 3,25) 3099646100 (540) 3u996.5376( J.0130) 0.0724 158.718 157.684
** B TYPE R BRANCH *»
4C 1, &) = 300y I B84711.3006(2.0) 84711.35430 J.(032) f.0051 5.121 2.296
501y 3) = «( 4y & 945.1e476u(149) 945114 4906( J.2035) =Led1l4o 0.377 3.8324
110 1511) = 10C 0,y13) 148453.523u(140) 148453.5158( J.CL39) celu72 25.871 23.919

120 1912) = 110 u,y11) 15702047420 (14 0) 157u264 7544 ( u.0038) =Jeulds 344308 254071
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(CONTINUZD

TRANSLTION OBStRVED CALCULATED FR-ZQUENCY 08S.-CALC. ENcRGY LeVELS IN CH=-1
UPPER LOWER FREQUENCY (STANDARD DZVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE
** B TY?E Q BRANCH **
1460 1413) = 14( 0,14) 886i7.2640(1.0) 3861742536 §.06036) Jeullle 42.673 39.718
200 1513) = 20 (y20) 145533.6915(100) 145533, €973( J.L067) ~Ued063 83.589 78.735
21( 1,20) = 21C 4,210 156971.888.(140) 156971, 8669( J..087) vey21l 91,725 8644569
100 2, 3) = 10C 1,10) 14600447640 (140) 146004.7763( C.d042) -0e0123 204671 21.833
110 2,18) = 11( 1,11) 149923.671u(140) 14992349003 (€ y.uUaD) =UeU233 334872 254871
12( 2,11) = 12( 1,12) 154213.4.9.(140) 1564213,4127(C velus1) =5eL3237 354453 304329
** B TYPE P BRANCH **
101, 1) = 2( 0, 2) 18939,680C(1.0) 1893946904 y.0U15) =Jed 134 1.78¢ 1.148
50 Gy 3) = &4( 1, %) 18331.72Jd0(1.0) 18331.7057( (.L020) Geulsd 5.733 5.121
B( Uy 3) = 5( 1, 5 3127448400 (16 0) 3127448605( 4aL02) =leu235 8e.420 6.977
1wl 0y10) = 9C 1, 9 84580.3740(1.0) 8458043564 ( vlui32) Leul?6 2449189 18.398
15C 0,515) = 14( 1,14) 151992.5570(1.40) 151069245834 ( L.0031) ~Lel204 454324 40,234
7¢ 2, ) = 8( 1, 7) 2274845630 (14 0) 2274845773 U.LG41) =0e0173 164350 15.591
8( 2, 7) - 9( 1, 8 8326.4730(1,0) 8326.4736( J.LC042) -_eui98 19.409 19.131
110 1,23) = 150 2, 9 2136643800 (1.0) 2136643771( J.0G044) Vel 329 27.383 26.671
19( 1,13) = 18( 2,17) 148385.793d(1.0) 148385473837 ( 4. L0G56) Ceul93 75.826 70.876
12( 25,15) = 130 1,13) 18283.665u(140) 18283, 6500 ( U.004W) £e0090 35.723 350113
130 2511) = 14( 1,14) 14760.0200(1.0) 1476001600 J.0044) B.0048 41.776 «0.284
1€ 2512) = 150 1,15) 12221eu7uulley) 12221450626 ( J40044) Je 0074 46,228 45.820
15¢ 2,13) - 16( 1,16) 130749.530u(1.0) 1070¢9.5326( d.u04W) =Jelu2e 52.079 51.722
16( 25,1k) = 17( 1,17) 102570500 (1) 132570433 Ua0343) Ceuobl 584329 57.987
17C 2,15) = 18( 1,18) 10883.54Jul1eu) 10683.5399( Leul4d) Celuul 64,980 64.617
18( 2516) = 19( 1,19) 12597 .4403(1.0) 12597.4469( 05.0054) =J.00869 72.033 71.619
19¢ 2,17) = 20( 1,20 153964 365u(1eu) 1539643744 ( DL, 0071) =Ue0U9%% 79.479 784965
16( 3,12) = 15( 2,13 25508.5000 (1.0) 2550845656 ( 0.0046) =U.0058 52.930 52,079
15( 3,13) = 160 2,14) 1067846950(140) 10678.6856( 9.5045) Cel09% 584686 584329
18( 2518) = 17( 3,15) 20351+820u€140) 20351.8356( u.0045) -U.U158 72,038 71.351
22( 2524) = 21( 3,19 875G143194(1.0) 8750143517( JeLubl1) -ie0327 104,210 101.292
100 3, 7) = 110 2,10) 8643b6.677u(1,0) 8643646714( 3.06057) Ce0056 33.755 3G.872
17 0 3514) = 18( 2,17) 1665645504 (1e0) 1665645425( J.5039) Ca 0075 71.432 70.876
18( 3,153) = 19( 2,18) 8277.4100(140) 8277.4046( Lel342) Ce0054 78.372 78.096
23C 2,22) = 22( 3,19 18720.83906(1.0) 18720.8880( J.uG86) 0.0023 115.798 110,084
26( 2,25) = 250 3,22) 331134920060 ei) 3011349358( 0.0177) -0e0158 139.060 138.356
27( 2526) = 26( 3,23) 3187441400(ue0) 31874.17C09( $.0224) =Geu3i9 149.248 148.185
22( 4513) = 23( 3,20) 17129.3306(140) 17129.8471( §.0083) =Je0171 119,578 119.636
25( 3522) = 24( 4,21) 1250044930 (Le ) 125606 4277C G.0111) ve(623 138.056 1374637
17( 4,13) - 18( 3,16) 8771343670 (140) 87713.3518( 2.0093) Uel152 81.18¢ 784260
23( 44513) - 24( 3,22 20153.0400(140) 20153.0564( 0.G080) =Ue.0104 1284443 127.771
24( 4,23) = 25( 3,23 94734243006 0) 9473.2655( 3.0L090) =3 0255 137.678 137.382
27( 3525) = 20 4,22) 1102442430(040) 11024.1918( G.0121) Uelbs2 157.684 157.316
29 3,27) = 28( 4,24 30017.1649udev) 30017.3905( Q.U170) ue0635 179.524 178.523
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TABLE II. OBSERVED AND CALCULATED FREQUENCIES OF CIS=DCOSH IN MHz

TRANSITION OBScRVED CALCULATED FREQUENCY 08S.=CALC, ENERGY LEVELS IN CM-1
UPPER LOWER FREQUENCY (STANDARD DZVIATION) UPPER LOKWER
STATE STATE (NEIGHT) STATE STATE

** A TYPE R BRANCH **

1029 3) = GC Gy 0) 11497.9300(1.0) 11497.9146( d.00U6) Jel15k Ue3Bl 0,000
2C 3y 2) = 1C Gy 1) 22987.4750 (1400 2298747720 U.0012) =G.0022 1.150 0.384
20 1, 2) = 1( 1, 1 223130.5u(140) 22309.9883( 4l.0010) Ge 170 20539 1.795
2015, 1) = 1€C 1, O) 23068147030 11.0) 23681.7120(C U.0012) =Ge0120 2.6u8 1.818
303Gy 3) = 203, 2) 3446543208(1.0) 34460434520 0.5017) =G.0252 2,300 1.150
3(1, 3) = 2( 1, 2 33459.,6600(1.0) 33453.6726( (.G017) =0.0126 34655 2,539
301y 2) = 201, 1) 35517+1435(140) 3551713360 y.0017) GelJbl 3.792 2.6.8
302y 2) = 20 2y 1) 3449 el4uu(1.0) 34494435327C 0.0015) Ge0073 7.992 6841
3025, 1) - 202, O 3432740950 (1.0) 34527.1025( 0.0015) «3.0075 7.993 60852
8l Gy 8) = 700y, 7} 9129240533 (1. 0) 91292.C446( 0.0036) De035% 13,749 1074
8 1y 8) = 70 1, 7) 89376.6980(1.0) 89076.8761( 0.TG35) Ge0219 14.805 11.834
8 1, 7) = 70 1, 6) 945u4be1130(1e3) 9454641060 ( 340035 =0e003d 15.627 12. 474
8( 2, 7) = 7( 25 6) 91877.1900(1.0) 91877.2170C JeLUu3l) =Jeu270 19.490 164425
8( 2y 3) = 70 2, B 92561.460u(1.0) 92561.4554( 3.0031) J.0106 19.547 16,460
8( 3, 3) = 7L 3, 5 92071.60670(1e0) 92G71e0494( Y. 00U27) Ue0176 264619 23,548
8( 3y 5) = 70 3, & 9208742930 (140) 9238743064 ( §.0027) =C2.0074 264620 23,548
8( 4y 3) = 70 &4y, &) 9204140880030 92341.0139( 0.0L025) UelBIL 364572 33.542
8( 4y #) = 7( &y I 92041.0800€3.0) 92341.1482( 4.002%5) =3.u682 364572 33.502
81 55, 4) = 705, 3 92027+112u(140) 92527.1067¢ 0,u032) 0ed113 49,368 4602938
8( 5y 3) = 7€ 5, 2) 92027+1120(Ce0) 92027.1012( uC032) U.01u8 43,368 46,298
B 6y 3) = 7L 6y 2 9202243120(1e0) 92022+3353( U.0048) -0.0233 65,004 61.935
8( 6y, 2) - 7C 6, 1 920223120 (ue ) 920224 3353( 2.0048) -.ed233 65. Uik 61935
13C 0y13) ~ 120 3412 146700.421011,0) 146700.4183¢ 0.0035) c.0027 34,541 29.648
130 1513) = 12( 1,12) 144341.2343(10) 1464341.28935( U.0034) ve0UWSD 354197 30.382
130 1,12) = 12( 1,11) 1530645730 (1.0) 15306445924 ( G.0034) =Ge 194 37.261 32,156
13¢ 2,12) = 120 2,11) L48971.0620(1e0) 148971.0438( 3.0033) GeD182 454532 35.563
130 2,11) = 12C 2,10) 151709.1670(i.0) 151709.1683( J.00633 =Ce0ul3 L5.888 35.827
13¢ 3,11) = 120 3,10 14975643290 (1.0) 149756, 3342( 3.0036) =0edu52 47.746 42,7530
130 3510) - 12( 3, 9 149940.,1930(1.0) 1499434 2073( L.02036) =Jel14d 47,762 424761
13 4y15) = 120 4, 9) 14967146220 (10 d) 14967145388 ( (.0349) Le.0232 57.688 52.696
13( &y 9) = 12( &4, 8) 149676.036u(140) 149676430208( 3420k Lel152 57.688 52.696
13C 5, 3) = 12C 5, 8) 149670348973 (Ge0) 149633.8691( 3.0071) G.0279 710477 65. 487
13( Sy 8) = 12( 5, ) 149603.,8970(J.0) 14960U3.9223( 0.0070) =Leu253 Tiel77 65,487
13C 6y 3) = 120 65, 7) 149571.523u(1.0) 149571, 5248( u.0102) ye0022 86,110 81.121
130 6y 7) = 12( By ©) 149571.5230(L.4) 149571.,5212( 0.0102) Ue0018 864110 81.121
1307, 7) = 120 75 &) 164955646540 (e 0) 14955647017 J.0139) =Je 0477 1644582 99.533
13( 7y 3) = 120 7, 5) 149556.6540(s540) 14955647017 ( 0.0139) =0.0477 104.582 99,593
160 Oyd%) = 130 G,13) 157599.842G(1.0) 157599, 8327( 0.0439) 0.3093 33.798 3ke541
160 1519) = 130 1,13 155342.589u(1.0) 1553424 5754( L.u03W) sel136 404379 354137

** A TYPE U BRANCH **

S5(1, 4) - 5( 1, 5 10285.515G(1.0) 10285.,4958( 0,0C16) Vel 192 74345 7.002
6( 1y 5) = 6 1, 6) 14396.395C(1.4) 14396.3766( 0.0021) Ce016k 9.713 9.232
701, 8) = 701, D 19188427 0u(1.0) 19188.2572( U.0027) Ce0128 12,474 11.834
9( 1, B) = 9( 1, 9 3079847C0u(140) 30798, 6835( Q.0039) Le0165 19,173 18.146
130 2,11) = 13(C 2,12) 1067643133(1.7) 10676.3052( 0.00624) UeD048 43.888 40,532
14( 2512) = 14(C 2,13 14002.3550(1.,00 14002.3683( 3.0G28) =0.0133 4be 3647 45,880
15( 2,13) = 15( 2,14 17361.9556(1.0) 1796149597 C geLu32) =0e0097 52,206 514607
17 2913) = 17C 2,16) 27917.800¢(1.0) 27917.8128( 0.L039) -U.0128 654125 bhe194
18( 25,15) = 18( 24,17 339574954 (1e0) 3395749783( Jei043) =Ue0283 724185 714052
22( 3,13) = 22( 3,20 10061.3650(1.0) 10361.3516( U.0042) Ce008% 110.365 116.029
230 352.) = 230 3,21 12846455006(1.0) 1284€.5536( 0.0054) =0.0006 119,300 118.871
24 3,21) = 24( 3,22) 16181.31uu(i.0) 16161.2996( U.L071) JeU1llk 128.6386 128,096
27( 3524) = 27( 3,29 33Ulle8hu0lie0) 3001147481 240154 Jed919 159.063 158.062

** B TYPE R BRANCH *»

bC 1, &) = 300, I 85235.7 180 (1.1) 85235.6949( §.0040) J.0231 50143 24300
501, 5) = & uy &) 950U65.7.40(1,0) 9506547182 ( J.0043) “leulb2 7.002 3,831
11 1542) = 23 C£y1d) 149180.018u(144) 1491580, 0035( J.C048) Usl 145 25.935 204359
120 1512) = 11( 0511) 157773.3615(1.0) 157773.3680( J.0046) =0e047¢ 30.382 25.120

** B TYPE Q BRANCH **

160 1513) = 140 3r14) 68623.8555(1.0) 88623479939( 0.0045) 0.0051 42.754 39.798
20( 1,13) = 24( &,2D) 145114,193d(1.3) 145114,2004( veu082) =Jel13% 83. 7l 78,904
21( 1524) = 21( §y21) 156498.6190(1.0) 15649845954 el 1T Leu286 91,896 86.676
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TABLE 1II. OBSERVED AND CALCULATED FREQUENCIES OF CIS-DCOSH (CONTINUED
TRANSITLON OBSERVED CALCULATED FREQUENCY 0BS.-CALC. ENERGY LEVELS IN CHM-1
UPPER LOWER FREQUENCY (STANDARD DEVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE
W 2y, 3) = 100 1,10 147147.7680(140) i47147,7778( 5.C053) =le0098 264764 21.856
110 251u) = 11( 1,11) 15104142374 (2e0) 15104142630 ( U40G52) =uel260 33,973 25.935
12( 2411) = 12( 1412) 15530246640 (1430) 1553024 €949( 5.0052) -0e0109 354563 30382
** B TYPL P BRANCH **
101, 1) = 20 uy 2) 19323.295u(1ei) 19323.3u56( 3.3019) -2e0156 1.795 1,153
50 6y 3) = 4( 1, 4) 1799544730 (1) 17995.4551( 340024) Lel149 5.743 5¢143
6( iy 8) = 5( 1, 5 309534800 (14l) 34953.7920( G.00G28) U.0080 8.035 7.002
1w uyll) = 9C 1, 9) 8433844520(140) 8433844333( 9.0038) L0187 234959 184146
150 p13) = 140 1,14) 25103941430 (1 w) 15153941775 ( Geuu36) ~l. 0340 45,417 48,379
7C 2, 3) 8( 1, 7) 23923.830uu(1.0) 23923.9135( 3.0049) -0.2235 16.425 15.627
8( 2, 7) = 9( 1, 8) 9497, 4304u(1ei) 9497.451u( U.0650) -ie0210 19,490 194173
110 1518) = 100 25 D 2025200904 (140) 2024243793 veGu51) Geulu7 27.438 264764
12( 1511) = 120 2510) 3544541500 (1eu) 35445.1377( $e6052) 0.0123 32.156 30.973
130 1,18) = 16( 2417) 147309.U5ui(1.0) 1473u9.0225( 4.0064) ~0.0185 75.966 71.052
13(C 2511) = 140 1,14) 1526641900 (140) 1526641735( 04G058) te01C5 4..888 40,379
14 2,12) = i5( 1,15) 126u5484uulle) 12605.8343( $.00657) Uel 057 460347 45,927
15( 2513) - 16l 1,18) 1v901.815L(1.0) 10961.8062( 0.0056) Ue0088 52.2u6 51.841
16( 2514) = 17 1,17) 1436646500 (1e4) 1036€.5831( Go0054) Ge0109 584 466 584120
170 25,15) = 16( 1,18) 108414355024 0) 108412874 ( 08,0056 Geu13d 65,125 64,763
16 ( 2915) = 19C 1,19) 12395469490 (143) 12395,6874( 3.0065) 5.0026 724185 714774
193C 2,17) = 20t 1,200 15u284850u(140) 15328.8813( 3.3085) -5e0313 79.644 79.143
14 ( 3,12) = 150 2,13) 2757947800 (149) 27579.7746( $.0051) Se0054 534126 524296
15 3,13) = 160 2,14) 127844530, {10 0) 1278445197 ( 5.GG53) Ge0103 58,892 584466
i6( 2510) = 17( 3515) 181684563u(140) 1816845772( 3.6051) -3.0172 72.185 71.579
19( 2517) = 186( 3,16) 343110040u(140) 3431106554 ( UeuL56) ~3e0154 79,644 78.510
22( 2,2v) = 21¢ 3,19) 85165,1ukulieb) 851654 1042( 0.0096) =3.0002 1044412 101,571
130 35 7)) = 110 2,10) £8290+9550(1.0) 88290.9487( U.006W) 0.0u63 33.918 30.973
17C 351%) = 18( 2,17) 181244775u(140) 18124.7639( J3.0647) Je0J61 71.657 71.052
18( 3,1i3) = 19C 2,13) 9651.670u(1.0) 9651.6632( 0.G050) Ve U068 78.608 784286
22( 2421) = 21( 3,18) 12092441530 (1eL) 1209244073 C ueduBY) Je0027 102.233 131.830
23 2,22) = 22( 3,19 1767841100140 1767841144 ( Leb100) =004k 113,961 1104365
50 2924) = 240 3,21) 268284580u(uel) 26828.5901( (.0163) =Jed1ul 129.531 128.636
27 ( 2525) = 26( 3,23 31855437dulieu) 31855.4156( L,.0265) ~JeU450 149.579 1484516
17C 4yi4) = 16( 3,15) 86995.2090(140) 86395.2030( 3.0097) 240080 81.510 78.608
22( 4513) = 230 3,20) 2005241650 (14C) 200652,2094( ¢.6135) =Ueuluis 119.969 119.300
17¢ 4513) = 18( 3,16) 96315.8710(140) 9u315.8512( 5.46098) Ue0198 81.513 784530
24 4920) = 25( 3,23) 117624850 (G 0) 11782.91063¢ 5.0123) -Ue06D3 138.09€ 137.753
27 3,23) - 26( 4522) 8876497l (iau) 887648667 ( Us0161) Ue1033 1584062 1574765




444 W. H. Hocking and G. Winnewisser - Rotational Spectrum of Monothioformic Acid. IT

TABLE III. OBSERVED AND CALCULATED FREQUENCIES OF TRANS=-HCOSD IN MHz
TRANSITION OBSERVED CALCULATED FREQUENCY 08S.=CALC. ENERGY LEVELS IN CH-1
UPPER LOWER FREQUENCY (STANDARD DEVIATION) UPPER LOMWER
STATE STATE (WEIGHT) STATE STATE

** A TY?E R BRANCH #*

103y, 1) = 0C 0, O 1151643100 (143) 11516.30342( U.0038) L.0058 J+384 0.0500
2( Uy 2) = 1C 0y 1) 2302543650 (143) 23025.3616( 0.0012) de0036 1.152 0,384
2014, 2) = 1( 1, 1) 2237645400(160) 22376453260 D.06011) Ce0O074 24622 1.876
201, 1) - 101, D 236884.69uu(14v) 23688.6966( 0,0012) ~U.0066 2.688 1.8938
3C Gy 3) = 2C 0y 2) 34519.9508 (1. 1) 34519.9326( §,0017) Uel174 2,304 1.152
31, 3) - 21, 2 33500e1600(1.0) 33560e 1714( U.0016) =de011b 3.742 20622
301, 2) = 201, 1 355284230u(1.0) 35528.3102( 3.0017) =Je03u2 3.873 2,688
3025 2) = 2( 25, 1) 364549.100ul140) 34549.1142( 0.C015) =Ged142 84316 7.163
302y 1) - 202, D) 34577.78ui(1.0) 34577.7652( 0.U015) Ge0148 8,317 7163
500y 5) = &0 Gy &) 5743648387y (140) S743648731( 0.0027) Je0139 5.754 3.838
S5C 1y, &) = 40 1, J) 59168.258u(1.0) 59188,2592( 0.0026) =0.0012 Tek27 5.453
502y ) = 4( 2, 3 5756448600(1.0) 57564, 8649( G.5022) =Ue 0349 11.772 9.852
5 2y 3) = 4C 2, 2) 5770748756l10) 57707+ 8659( 8.0022) TedUkL 11.781 9.856
5( 3, 3) - 4( 3, 2) 576.5.967u(1.0) 57605.98u3( U.0019) -yed133 19.287 17.365
503, 2) = 4( 3, 1) 5760649770(1.0) 57607.0064( 0.0019) =3.029 19.287 17.365
5C 4y 2) = 4 4,y 1) 57599.2870(140) 57599.3088( 0.0021) -uel218 29.802 27.881
50 4y 1) = &4 4, 5759942870 (.e0) 57599.3115( 0.0021) =Le0240 29.8u2 27.881
8( 3y, 8) = 70 0, 7 91529.112G(1.0) 91529.106G( 0.9035) G.0060 13.779 10.726
8( 1, B) = 7C 1, 7) 89363.4190(1.0) 89363.4186( U.0033) Ge0D04 14.926 11.946
B( 1, 7) = 7( 1, ©) 94597.9210(1.0) 94597.9168( (+003%) JedG42 15.713 12.558
8( 2, 7) - 70 2, ©) 92037.5930(1.0) 92037.5815( 0.0030) Ue0115 19,833 16.763
8( 2y 3) = 7( 25 5) 92631.9J94(160) 92631, 9106( 043030 =040016 19,883 164793
8( 3, 8) = 7( 3, 5) 922066608 (140 922066 6393( 0.0030) Jel207 27.360 26,284
8C 3, 3) = 7( 3, & 92218.9333(1.0) 92218.9283( 0.0030) UeQ W7 27.360 24,284
B( 4y 3) = 70 4y &) 92179.5140(i. D) 92179.4636( 3.0039) G.0504 37.873 34,798
8L 4y &) = 7( &4,y 3) 92179.5144(C40) 9217945547 ( 4.0039) =0e 0407 37.873 344798
B( 5, ) = 705, 3) 92167.3714(1.0) 92167.3631( §.C059) Ged079 514390 484315
8( 5, 3) = 7 5, 2) 92167.3710(s M 92167.3635( 0.0059) V0075 51.390 484315
8( 6y 3) = 7( 06, 2) 92163,193¢(1.0) 92163,1953( 0.L087) -Ge0020 67.907 BLk.832
8( 6y 2) = 70 6, 1) 92163.1930(Je ) 9216341950 ( 0.0087) =G0eD020 67,907 64,832
8C 7y 2) = 707, 1) 92162.9670 (L) 92162.9988( 0e0122) =Us0318 874421 844347
8( 7y 1) = 707, D 92162.967L (Ue i) 92162.9988( G.i122) =Je 0318 87.421 84347
1001, 3) = 9C1, & 118122.6730(5.0) 118122, 66350 G.0037) Ge0095 23.202 19.261

** A TY>E Q BRANCH **

5( 1, 4) = 5( 1, 5 9839,2300(1.0) 9839.2197( 0.0014) Ue 0133 7.427 7.099
6( 1, 5) - b( 1, b) 13772.245u(1.0) 13772.2291( 0.4018) Ve 159 94796 9.336
8( 1, 7) - 8( 1, 8) 23591.9250(1.0) 23591.9248( 0.04628) Le0002 15.713 14.926
100 1, 3) = 10( 1,19) 3599ueb+ui(1,0) 35990.u383( 0.00837) Ue 0017 23.202 22,001
13( 2511) = 13C 2,12} 9335.uiuulie0) 9335.0021( 3.00619) =Je.U02L 41,226 40,915
160 2512) = 140 2513 1227 4eu 850 (140) 122744u859( 23.4022) -0.0009 46.684 464275
15( 25,13) = 15( 2514) 15789.4700(1.0) 15789.4710( 0.0026) =uel010 52,541 524016
17 2,15) = 17( 2,16) 2469841000 (1e0) 2469841104( 0.0033) =se U104 650 454 64630
22( 3513) = 22( 3,20 8J2641400(140) 802601383( 02,0034 U.0017 111.154 110.886
230 3,24) = 23( 3,21) 10282.080ul1e0) 10268240677 G UC4YW) J.0123 123,084 119,741
24 ( 3,21) - 24( 3,22) 12999.95uc(1.0) 12999.93256( 4«0058) Uel2b4i 129.416 128,981
25( 3522) = 25( 3,23 16233.2750(L.4) 16233,2327( ¥.0076) 0.0423 139,145 138,603
29 ( 3,26) = 29( 3,27) 35278.060u(ue0) 35277.9206( 0.0212) Uel1536 182,095 1804918

% B TYPE Q BRANCH **

8( 1, 7) - 8C 0, 8 57996.845u(1.0) 5799648571 ( 3.05028) =led121 15,713 13.779
140 1513) = 140 Uy14) 88297.348u(140) 88297+ 3489( 0.5041) =0.0009 42.865 39.920

*¥ B TYPE P BRANCH **

1C1, 1) = 2C 3, 2 21697.6%30(1i.0) 216977337 ( §.00621) -U.0137 1.876 1,152
201y 2) = 3C i, A 955443000 (1e0) 955443037 ( 0.0019) =0ev037 20622 24304
5 iy 5) = 401, & 1557648650 (1,4) 15576.8858( 0.0621) Ue0842 5.754 5.234
702, 3) = 8( 1, 7) 3140544130(1.3) 31465.4221C 0.,0851) =0.3121 16.763 15.713
8( 2, 7) = 9(1, @ 17132475561, 0) 17132.7639( 040049 =Je3050 19.833 19.261
110 1,10) = 15 2, 9 12361.48u0(1.0) 123614 4744C Cauu45) Jedu5b 27,533 27.121
16( 1413) = 130 2,12) 584704794u(1.0) 5847079230 0.0041) ve0017 42.865 40.915
16( 1513) = 15( 2,14) 90239.8600(1.0) 90239.8977( 4.0046) -Ge0177 55.024 52,014
1002, 8) = 110 1,11) 34261436J0(140) 34261¢3482( 0.0046) Ue0118 27.237 264094
140 25,12) = 150 1,15) 1579060740 (1.0) 157390.0754( 0.0046) =ve0051 46.684 464157

15( 2413) = 16( 1,16) 134u08e980ulie) 1340U8.9851( J.0044) =5e0051 524541 52,093
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TABLE III. OBSERVED AND CALCULATED FREQUENCIES OF TRANS=-HCOSD (CONTINUED
TRANSITION 0BSERVED CALCULATED FREQUENCY 08S.=CALC. ENERGY LEVELS IN CM=-1
UPPER LOWER FREQUENCY (STANDARD DEVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE
16 ( 2516) = 17C 1,17) 22567.980u(1e0) 12007.9854( 0.0043) ~ieJ054 58,797 58.397
17( 2,13) -~ 18C 1,18) 1161%.3300(1.0) 1161443135C 3403042) 043165 654454 85,066
18( 2513) = 19( 1,19 12245.310u(1.D) 12245,3338( 0.0046) G.0062 72.510 72.102
193¢ 2,17) = 20( 1,20) 13908.535u(1ed) 13908.5420( 0.0059) -Ge0078 79.967 79.503
20( 2518) = 21( 1,21) 166020 430u(1e0) 16602+ 4259( 0.6084%) vedubl 87.823 87.269
15( 3513) = 16( 2,14) 2638647700(140) 26386.7632( 0.0044) 0.03068 59.677 58.797
16( 351%) = 17(C 2,15) 11477.6400(1.0) 11477.6428C 3.0042) -0.3028 65,836 65,454
19( 2,17) = 18( 3,16) 196424770y (16 0) 196424 7798 ( §.0052) ~3e0098 79.967 79.312
20C 2518) = 19C 3,17 35838.6uub(140) 35838.6065( 8,6067) -0.6065 87.823 86.628
19( 3,135) = 20( 2,19) 1075448260(440) 107544 82220 0.0046) =Jel022 86¢ T4l 864355
230 2922) = 22( 3519 1164949450 (140) 11L49,9392( 0,0066) 040058 111.522 111.154
24C 2523) - 23( 3,20 169294320 (1.0) 16929.3136( U.0079) 34009 120,649 120,084
28( 2,27) = 27( 3,24) 318u5.4400(Ja0) 3180545014 0.0202) =Jelb1b 160,874 159,813
29(C 2526) = 28( 3,29 33088.1830u(Ue0) 33u8843162( 0.40258) =-0.1362 171.855 170.752
18( 4,15) = 19( 3,16) 9164347390(1.0) 91643+ 7404( G.0110) -0.0014% 89.801 860744
28 ( 4921) = 25( 3,22) 1L 242.4250(3.0) 16242,5325( U.0163) -001075 139.487 139,145
28( 3,25) = 27( 4,24 35925.3600(Le i) 35925, G898( D.0286) Je 2702 170.752 1694553
250 4,21) - 26( 3,24) 1649648250 (uel) 16496,9057( U+0136) -3.0807 149,159 148,609
29( 3,27) - 28( 4,24) 143171600 (Lo D) 143164 9588( 040186) Jel412 1804918 1800 441
TABLE 1IV. OBSERVED AND CALCULATED FREQUENCIES OF CIS=-HCOSD IN MHz
TRANSITION 0BSERVED CALCULATED FREQUENCY 08S.~-CALC. ENERGY LEVELS IN CM-1
UPPER LOWER FREQUENCY (STANDARD DZVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE
#% A TYPE R BRANCH #*
1¢ 3y 1) = CC 0, O) 11325.155u(1.3) 11325.1513( 0.0038) LelUU37 Te378 0.000
2C 0y 2) - 1€ 0, 1) 22645.0200(1.0) 22645, 0216( 3.,0015) =0.3016 1,133 0,378
201, 2) = 1C 1, 1) 2206449400 (1,0) 2236449254 ( 0.0014) Ued 146 2.751 2.015
201, 1) - 1 1, 0) 23235.7003(1.0) 23235.7151( 0.,0015) -0.U151 2.81C 24035
30 Gy 3) - 2( 0, 2 3395443505 (1,0) 3395443339( 3.6022) Jel161 2.266 1.133
301, 3) - 2C 1, 2) 33593.9906(1.0) 331093.9856( L.0021) Ue 0050 3.855 2.751
31, 2) - 201, 1) 34850.U640(1.0) 34850.0914( 0.0022) =-0.031% 3.972 2.810
3C 2, 2) = 2( 25, 1) 3397574001 0D 33975.7132( 040019 40268 8.854 7.721
3C 2y, 1) = 2C 2, W) 33396.430u(1.0) 33996.5272( 8.0019) -Je372 84855 7.721
50 Gy 5) = LU 0, &) 5652042750014 0) 5652002828( 0.0034) =-0.0u78 5.660 3.775
5C 1y &) = 4 1, 3 5806447380 (1.0) 58(064.,7186( 0.0033) Je019 7.4538 5.522
52y ) = 40 2, 3 56613.6200(1.0) 56613.6223( 0,0029) -Je0023 12254 100365
52y 3) = 4( 2, 2) 56717.5580(1.0) 56717.5652( 0.0029) -§e0072 12,2640 10.368
5¢ 3, 3) = 4( 3, 2) 56643.9440(140) 5664309323 440027) Geu117 20,489 18.599
5 35 2) = 4( 3, 1) 56644.5600(1.0) 56644.5393( 0.0027) G.0207 20,489 18.599
S5C 4y 2) = 4 4y 1) 56639455940 (140) 56639.5419( 90.0030) 00171 32.013 30.124
50 4y 1) = &0 4, Q) 56639+5530(i.0) 56639.5429( £,0030) Vel 161 32,013 30.124
B( 0y 8) = 7C 0, 7 90151.2713(1.0) 90161.2715( U.0046) =5.0045 13.563 10.555
8( 1y, 8) = 7C 1, 7) 86153.9810(1,0) 8815349955( T.0044) -Uel145 14,887 11.946
8( 1, 7) = 7C 1, 6) 928284298 (140) 9282843523( §+0045) =~GeG043 15.589 12,493
B( 2, 7) = 7(C 2, 6) 90532.824u(1.0) 9id532.8261( U.0041) -uel021 20.182 17.162
8( 2y 3) = 7¢C 2, 5) 9U9664299u(1.0) 909664 2968( 0,0041) Jei022 200218 17.186
8( 3, ) = 7( 3, 5) 80657.0580(1+0) 30657.0524( 0.06%1) J.0G56 284426 25.402
8C 3y 3) = 7( 3,5, &) 9u6o4e314u(1. D) 90664e 3246( G.0041) =Ued1ub 28.426 25.402
BC 4y 3) = 7C &4y #) 90637,366u (e 0) 90637.3495( §.G052) 440165 39,949 364925
8C iy 3) = T(C 4y 3) 93637.3660(e0) 9063739341 D.0052) =Je 0274 39. 949 364925
8( 5, #) - 70 5, 3) 90629.6380(1.0) 9u629.,6281( 3.0076) vebu99 54.762 51.739
B( 5y 3) = 705, 2 9u629.638u(3.0) 90629.6282( G.0376) G.0098 54,762 51.739
8( By 3) = 7( 6y 2) 90627.9160(1.0) 90627.9186( 0.G111) =-Us0026 72.862 69.839
8( 6y 2) = 7( 6, 1) 90627.9160(0ed) 90627.9186( G.0111) -0.0326 72,862 69,839
8L 75 2) = 7¢ 7, 1) 90629.3070(u.00 90629, 3341( 0.U154) =0.0271 94,246 91.222
8( 7y, 1) = 7( 75, D) 90629433735(3.0) 90629.3341( 0.0154) -0,3271 Qu4e 246 91,222
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TABLE 1V, OBSERVED AND CALCULATED FREQUENCIES OF CIS-HCOSD (CONTINUED
TRANSITION 0BSERVED CALCULATED FREQUENCY 08S.=CALC. ENERGY LEVELS IN CM-1
UPPER LOWER FREQUENCY (STANDARD DEVIATION) UPPER LOWER
STATE STATE (WEIGHT) STATE STATE

*+ A TYPE Q BRANCH **

501y 4) = 5C 1, 5) 8779.5750(1.2) 8779.57u6( G.0019) Jel 044 74459 7.166
6( 1y 3) = b6( 1, ®) 12289.705¢(1. D) 12289, 6903( §.0026) Ve 150 9.782 9,372
701, 5) = 701, 7} 16362.7950(143) 163827787 ( 5.0034) Le0163 12,493 114946
160 1, 3) = 1¢( 1,10 32138.ukcu(leu) 3213840199( 0.00656) vedaot 224939 21.867
140 2512) - 140 2,13) 9085.,9250(1.0) 9085.9335( 0.0030) =U.0085 46504 46,201
150 2,13) = 15( 2,14) 1174442890(1.0) 11744.28458( U«0036) -Ue0048 524242 51.850
16( 2514) = 16( 2,15) 1489601454 (140) 1489641503 ( 1L.0042) -0.0163 584371 57.874
200 2518) = 20( 2519) 3305241400(140) 33052.1058( §.0077) Ze0342 86.802 85.700
25( 3,22) = 25( 3,23 10016.0233(C.0) 1001660150 Gal1i8) Jde 0050 138,120 137.786
26( 3423) =~ 26( 3,24 12451.49040(C.0) 12451.4804C G.01310) Ce0096 143,041 147.626
27 3524) = 27C 3425) 15318.5750(C.0) 15318.5366( 0.0166) Je0384 158,354 1574843

4% B TYPE R BRANCH *+
L 1y %) = 3C 3, 9176048.50(1.0) 9176047937( 2.0055) 0eu113 5.327 2.266

** 8 TYPE Q BRANCH *#

701, 8) = 7045, D 58uThe948U(1.0) 5807449357 ( 0.0036) c.0123 12,493 10.555
B( 1, 7) - 8( 3y 8) 6U741.9540(1.0) 60741.9666( 3.006338) -Ue0126 15.589 13.563
15( 1514) = 150 y¥,y15) 92949.8970(1.0) 92949.8998( 0.0070) ~Ueb 28 48.034 4449306

** B TYPE P BRANCH *¥

101y 1) = 20 vy 2) 26437.19G0(1.0) 26437.2151( 0.0025) -0.0251 2.015 1.133
20 1y 2) = 3C 0, 3 145647.8550(1.0) 14547, 8066( U.0024) Je 0436 2.751 24266
50 Uy 5) = &4(C 1, & 10007320610 100u7.3156( 0.6027) Cel0bb 5.664d 5.327
7C Ly 7) = 6C 1, 6) 3540541200 (140) 35465.1457( 4.0035) -0.0257 10.555 9.372
11¢ 9511) - 16¢ 1,10) 882i1.7u96(1.0) 882ul.7092( 0.0645) =i.0002 24,809 21.867
8( 2y, 7) - 9(C 1, 8 33305.810u(1e0) 3330508143 ( 5.0606Q) =G.0043 2u.182 19,071
9( 2y 8) - 10C 1, 9) 1918549563 (1.0) 19185.9643( 0.0059) =0s0143 23.579 22.939
12( 1511) = 110 2,10 9797.50ud(1.0) 9797.4948( 0.0059) U.6052 31.827 31.531
13( 1,12) = 12( 2,11) 24641.4900(1.0) 24641, 4902(C J.0058) =ued002 364847 36025
19( 1,28) = 18( 2,17) 11774942130 (1.0) 117749.2302( 0.0094) =del172 74,9689 71.042
12( 25150) = 13C 1,13 3346Ueb4uL(1.0) 3348046585 ( 0.0069) =Je0185 364195 35,079
16( 2,14) = 17( 1,17) 1722645400 (140) 172264 5409( 040067) =0e0009 58.371 57.796
17¢ 2,15) - 18( 1,18) 15211.6556(1.0) 15211.€528( 0.C063) Jead22 644891 b4e384
18( 2,15) = 19( 1,19 14077452041, 9) 14577.5196( D.0061) UeB032 71.803 71,333
19( 2,17) = 20(~1,20) 1384401130104 1384441084( u.06E) Ue 0016 79.106 78.645
200 2518) - 21( 1,21) 1452441800 (143) 145244184CC 0.0084) ~0.0040 86.802 86.318
21( 2,13) = 22( 1,22) 16123.40.u(1.9) 16123445910 0.0117) Ge0039 94.890 94,352
25( 2,23) - 26( 1,26) 31604.8:00(5.0) 316U4.73606( C.C397) ve063% 131,146 130.032
12( 3,19) = 13( 2,11) 9449343340 (1a0) 9449343201 0.0084) Te0139 44,307 41.155
17( 3515) = 18( 2,16) 26376.8750(1.0) 26376.8815( 4.0055) =Lae00065 72.683 71.833
18( 3,13) = 19( 2,17) 1164244900 (1.0) 11642, 4678( 3.0057) veD222 79.495 79.106
21( 2513) = 24 3,18) 18987.040u(1.0) 18987.U168( 0.0079) -ue0168 94,890 94.256
22( 2420) = 21( 3,19 3486947700 (2090) 34869.7501( 0.0101) Ge0199 103.368 122,235
130 3513) = 140 2,13) 9U872.960u(140) 90672,9727( 0,0075) =¢el127 49,232 464231
19C 3,15) = 2L( 2,19 31667.660u(1eu) 31667.6505( 0.0081) 040095 864756 85.740
21C 3,18) = 22( 2,21) 145829400 (1.0) 14582.9572( 0.0118) “eu172 1024330 101.843
26( 2,25) = 25( 3,22) 13435.C02u0 (L 0D 13434,9425( (,0256) 540775 138.568 138.120
21( 4y18) = 22( 3,19) 907543650 (14 0) 9JG75¢ 3655( J40G144) =Jed05 113.760 110.635

27( 4924¢) = 28( 3,25) 9u59.4750(. . 0) 9059,7167( D.U245) -Ge2417 163.362 169.059
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TABLE V. OBSERVED AND CALCULATED FREQUENCIES OF TRANS=HCO34SH IN MHz
TRANSITION 0BSERVED CALCULATED FRZQUENCY 08S,-CALC, ENERGY LEVELS IN CM-1
UPPZR LOWER FREQUZINCY (STANDARD DZV.ATION) UPPER LOWER
STATE STATE (HEIGHT) STATE STATE
*¥ A TY3E R BRANCH *»*
100, 1) =~ 0C 0y W) 11615442900(2.0) 114164,2813(C 046019 0.0047 0.381 0.3C0
2( 0, 2) = 1( 3, 1) 228244760 (1e13) 22824475530 0.0037) Ge3097 14142 C.381
201, 2) = il iy, 1) 2229941930 (140) 222994 .685( Ll.U035) &ed220 2.994 2.250
201, 1) - 10 1, w) 23358412501(143) 2335841333( C.0036) =5.0083 3.047 2.268
303y 3) = 20 vy 2) 34227.64%0d(1.8) 34227.5967( 4,605 Cel433 2,284 1,142
301, 2) = 2( 1, 1) 35034465450 (2e0) 355344 €387 ( La0ES5I) Ged113 4e215 3047
31, 3) - 20 1, 2 334464250u(1.0) 3344642557 3.4053) =Le2257 bel10 2.99%
3( 2y 1) = 20 2, O) 342584300 (140) 34258.4619( U.0065) =C.u219 9.797 8.654
32, 2) = 2( 2, 1) 34243.5200 (14 8) 36243.5232( 0.5065) -ied8932 9.797 84654
#* A TY?E Q BRANCH **
6( 1, 3) = B( 1, B) 11110.5056(L,0) 1111645998 ( 2.2037) L.0052 10.057 9.686
703, ) - 70 21, 7) 146.9.8855(1.1) 14819.8885( velub5) =Le0035 12.782 12.288
9C 1, 8) = 9C 1, 9 238.5.5654(140) 23805.5752( L.0059) =6e0102 19.398 18.634
a0 1, 3) = 100 1,10) 290844290 (2e0) 29.84¢3263( 0.4u363) =Je0163 23.288 22,318
11C 1523) = 11(C 1511) 34883.3850(1.0) 34068303674 ( Ue00G6T) beul76 27.566 264432
150 2,13) = 15( 2,14) 8579.430¢(1.30) 8579.4439( 2.0039) -0.3139 53,436 53.150
16( 25,1%) = 16( 2,15) 10930.095u (1) 1393041056 0.0C45) =Le 0136 59.591 59. 227
17¢ 2,15) = 17( 2,18) 1363841243 (Le0) 1369841140 ( J.2051) Le 0000 66.138 65.681
18( 2,13) = 18( 2,17) 16914.8600(1.0) 169144 3771( U.5055) =Gel171 73.077 72.512
190 25i7) = 190 2,18) 20658.295u(1.0) 20608.3367( G.0058) =0e0117 Bl.408 79.721
21( 2513) = 21( 2524) 2951045708 (1. 2) 2951645570 §.L066) Se0130 96.251 95,266
22( 2523) = 22( 2421) 347664240ul1,u) 3476602253( G.0078) Ged 147 104.762 163.603
28( 3,25) = 28( 3,26) 1112841505 (le0) 11128.3978( J.L143) 0522 172.048 171.676
31C 3927) = 36t 3,28) 1633442250 04) 16304.1135( Jel214) GelUES 194,714 1944170
** B TYPE P BRANCH *»*
101, 1) = 20 4, 2) 3321640200 (100) 3321645348 ( G.5058) =Gel148 2.253 1.142
20 iy 2) = 3C Ly D 2123746:0U1.4) 21287.0u61( 3.5043) =Je0861 2.994 24234
301y 3) = &0 3, & 9114,8350(1.0) 9114.8638( G.003%) -Lu.0088 44110 3.835
6( Iy 3) = 5( 1, 5) 1591149756 (1.0) 1591149592(C §.5043) ve0158 7.987 T+ 456
7C iy 7) = b( 1, B) 287332400 (1e0) 28733.2293¢ 3.0053) vel1ul 1i.645 9.686
W0 2, 3) = 110 1,10 263.5.6100(1.0) 26305, 6144( 0.0081) =leJd4b 28,443 27.566
210 2910) = 1<l 1,11) 118751706 (200) 11875.,1730( 0.L470) “Ue¥uld 32,627 32.231
1€ 1,13) = 13 2,12) 170444783010 0) 17644478040 $43072) UeBU26 42,720 42,131
15( 151%) = 140 2,13) 327i7.290u(1.9) 3271743133( 0..091) -0.u233 48,543 47,451
15( 2,13) - 16( 1,16) 321044300 (2e0) 321T04e 42020 G.CGBA) Cedil8 53.436 52.365
16( 2,18) = 17( 1,17) 278017940020 0) 27851471740 uwe0B6) Ue0226 59.591 58.654
170 25i3) = 18( 1,18) 24216480600(1.0) 24210.8681( 0.0480) -GelUBL 65,138 65,330
26( 2,18) = 21( 1,21) 179970940 (144) 17997.£961( 0.C0893) =GeU061 88.133 87.533
21 2513) = 22( 1,522) 175.846150(14C) 17518.6182( 0.0128) “Beui32 96,251 95.667
27( 2525) = 28( 1528) 3194843700 (i.0) 31948.2496( 0.0646) vel2il 153.212 152,146
130 3,27) = 20 2,18) 35220.62L0(1.0) 35220.6219( G.0145) -G.0019 83.308 884133
230 2,21) = 220 3,20) 10Ubueb9ui(1e0) 15360449540 y.LE8I) =2.0056 113.667 113,332
260 2,22) = 23¢C 3,21) 25847.Ubuu(ied) 25847..571( 0.0123) Ued029 122,965 122,133
220 3513) = 23( 2,22) 33318.%00u(1.0) 33318.4063( 0.0123) =Gebib3 113.426 112,314
240 3,21) = 25( 2,24) 16433.8953(..0) 16493.8351( (.0188) GedG43 131.413 130.860
25( 3,22) = 26( 2,525) 8728.7.00Cie) 872847337 ( Ga0244) =ue0037 143.985 150,694
29( 2,23) = 28( 3,25) 11467.7360¢50) 11487,6846( 0,C545) Ge015k 172,431 172. 048
3ul 2523) = 29( 3,26) 17.5947250(50) 1715947076 ( u..697) Cell7l 183.753 183,134
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TABLE VI. OBSERVED AND CALCULATED FRCQUENCIES OF CIS-HCO34SH IN MHz
TRANSITION 0BSERVED CALCULATED FREQUENCY 0BS.=CALC. ENERGY LEVELS IN CM~-1
UPPER LOWER FREQUENCY (STANDARD DZVIATION UPPER LOWER
STATE STATE (WEIGHT) STATE STATE

®¥ A TYPE R BRANCH ¥+

10 0y 1) = €Uy, 0) 11649.8950(1.0) 11449.8959( J.4029) =3.00u09 0.382 0,000
20 3y 2) = 10 Gy 1) 2289640400 (14 0) 22896,0.6181( y«0057) =C.0218 1.146 0.382
201, 2) = 10 1, 1) 22373.5750(1.0) 22373.5758( L.0056) -ieu008 3.020 2.274
201, 1) - 1( 1, D 2342641950(1,0) 2342642136( 4.0056) =0.0186 3.073 2,292
3C 3y 3) = 200, 2 3633447856 (140) 34334 7701( (40084) Ue 0149 24291 1.146
3C i, 3) - 2( 1, 2) 33557.900u (1. 0) 3355749091 ( 3.0084) =le0091 “ell 3.020
301, 2) - 2( 1, 1) 35136.8140(1.0) 35136.7976( 0.0084) Uel124 4e245 3.073
302y 2) = 202, 1) 3435045200(100) 34350, 4751( §.0112) Cel449 9,895 84749
3C 2y, 1) = 2€ 2, D) 3436449300(Ce0) 34365.C534( y.0111) =0e1234 9.895 8.749

** A TYPE Q BRANCH **

701y, 3) = 701, 7) 14731.3260(1.0) 1473142766 0.0U85) Uel 4346 12.837 12,345
10¢ 1, 3) = 10 1,10) 2891047500 (140) 28910.7588( 0.0112) ~Je.0U88 23.374 2244359
11( 1520) = 11( 1,11) 3467545700(140) 34675.5665( U.u114) 0.0035 27.664 264507
16( 2514) = 16( 2,15) 1068441700(1.0) 10684.1782( 0.0080) =5eJ082 59,836 59,480
17 (¢ 2515) = 17( 2,16) 13393.990u(140) 13393.9779( 4.0087) deulzl 86,401 65,955
18( 2413) = 18( 2417) 16544.9450(1.0) 1654449453 ( y.0034) =3e0033 73.360 72,818
21( 2413) = 21( 2,20 28935.8600(140) 28905.8779( 0.0152) ~0e0179 964599 95.634
22( 2920) = 22( 2,521) 340624370G(0e0) 34062,2728( Ge(209) Ceu972 1054134 103.997

¥+ B TYPE P BRANCH *#

101, 1) = 2C 0, 2) 33826.990U(1.0) 33827.50424( 0.C088) ~LeU520 2,274 1.146
20 14 2) = 3C 0,y 3 21865,8350(1.0) 21665.8482( 0.0065) =uveu 132 3.0230 24291
301y, 3) = 4Cuy &) 96061.4450(140) 96614 4571( (.0053) =te0121 4elbi 3.817
6( Gy 3) = 5( 1, 5) 1542643670(1.0) 15426, 3745( 0.0068) “4e 0075 8.012 7.497
7C 4y 7) - 6( 1, 6) 28277.8106(140) 28277.7925( {+0081) Led175 15,678 9.735
10C 2, 3) = 110 1,10 280 53.4200(1.0) 28053.4048( J.0150) te0152 28.600 27.664
110 2,13) = 12( 1,11) 136.3.4186(1.0) 13603.4082( U.3122) UelOu9s8 32.796 32342
10 1,13) = 13( 2,12) 1595349950 (146) 15954, 0026( 0.0110) =(«0076 42,863 424330
15( 1414) = 14( 2,13) 31044.9200(1.0) 31044.9302(C 4.0169) =Jeliid2 484703 47.667
15( 2513) = 16( 1,16) 3314643133 (L40) 33146.3820( 0.0134) =J.u720 53.664 52,558
16( 2514) = 17( 1,17) 2872646500(140) 287264 6266( (40132) 00236 53.836 58.878
17¢ 2,15) - 18( i,18) 2500943000 (140D 25509.3333¢ d.0127) -J.0333 66,401 65.567
18 ( 2416) = 19( 1,19 22025.4654(1.0) 22325, 4545( G40119) 040105 73.364 72.625
21( 2413) = 22( 1,22) 17721.3600(1.0) 1772143815( 4. 0135) =ued015 96,599 96,007
22( 2520) = 23( 1,23) 1789444850 (1e0) 17894, 4823( 0.,0186) Jedoaz 105,134 104,537
27( 2,25) = 28( 1,28) 3105943000 Cuat) 3105849564( 0.0912) Le3436 153.717 152.681
210 3,13) = 22( 2,20 8513.22uu(1.0) 8513.2370¢C J.0200) =Sedli74¢ 105.418 105,134
22( 3513) = 23( 2,22) 35561.3800(1.0) 35561.3641( 0.0152) Jed159 113.923 112,737
23( 3524) = 24( 2,423) 26840.5100(1.0) 2684045177 ( Ge0179) =Le0077 1224747 121.852
25( 3,22) - 26( 2,25) 10620.185C(c.0) 106204 3108( 0.9430) =0e.1258 141.562 141,208
29( 2,28) = 28( 3,25) 10ub14755u(e ) 10u61.5601( 0.1026) 001949 173. 047 172,712
3¢ 2,23) - 29( 3,20) 1551842400(543) 15818.0049( 0.1281) Ue2351 184,407 183.879
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HCOSH Fig. 3. Comparison of the absorption
T 0o 1~ 0gg spectra of HCOSH, HCOSD and DCOSH
| \ e in the region 11.3—11.8 GHz.
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to provide a nearly uniform sampling of the acces-
sible branches, and hence to assure the accurate
determination of rotational constants and quartic
distortion constants.

The rotational spectrum of DCOSH in the fre-
quency region 8 —12.4 GHz is shown in Figure 1.
It is similar in appearance to that of the parent
isotopic species (see Fig. 1 of Paper I), but has a
slightly higher density of lines. This is due primarily
to the decrease in the A rotational constants of the
two rotamers (from over 60 GHz to less than
50 GHz). The outstanding feature of this region is
the pair of 15; — Oy, transitions near 11.5 GHz. For
DC(:0)SH, like HC(:0)SH and HC(:0)3!SH, the
line belonging to the cis rotamer falls slightly
(<40 MHz) to high frequency of that produced by
the trans rotamer. The opposite is true in the case
of HC(:0)SD where the cis line falls over 180
MHz to low frequency of the trans line. This latter
situation is illustrated in Fig. 2 which shows the
spectrum of a mixed sample of HCOSD and HCOSH
in the 11.3 —11.8 GHz frequency range. The four
191 — 0go transitions due to the cis and trans rota-
mers of HC(:O)SH and HC(:0)SD have been
labelled in Figure 2. Both the zero field and cor-
responding Stark shifted absorption lines are iden-
tified in each case. The observed shifts in the fre-
quencies of the 1y, — 0y, transitions upon substitu-
tion of the labile hydrogen atom with deuterium
provided the basis for our initial identification of
the abundant isomers of monothioformic acid as the
cis and trans thiol rotamers. A comparison of the
microwave spectra of HCOSH, HCOSD and DCOSH
in the region of the 1y, — 0y, transitions is presented
in Figure 3.

The analysis of the spectra of the sulfur-34 sub-
stituted species, cis- and trans-HC(:0)34SH, was
more difficult because of the low intensity of the
absorption signals. In the spectrum of pure HCOSH
shown in Fig. 3 the 1y; — 0y transition belonging
to the trans rotamer of HC(:0)3*SH in natural
abundance is clearly visible, while that of the cis
rotamer is just discernable. The bootstrap procedure
outlined in Paper I was used to assign all of the
measured HC(:0)3!SH transitions, starting with
the low-/ a-type lines. Initially the analysis was
based on the centrifugal distortion constants ob-
tained for the parent isotopic species. Some care
was necessary in order to avoid confusing the sul-
fur-34 signals with weak lines belonging to the

parent isotopic species in different excited vibra-
tional states.

IV. Centrifugal Distortion Analysis

The measured rotational transition frequencies of
the various isotopic species of monothioformic acid
were analysed in the I” axis representation using the
reduced Hamiltonian derived by Watson3. Only
rigid rotor and quartic centrifugal distortion terms
were considered. The effective rotational Hamil-

Table VII. Rotational constants and centrifugal distortion
constants of monothioformic acid 2.

cis-HC (: 0)SD

trans-HC (: O) SD

% 55038.2202 (35) 50809.8095 (29) MHz
B 5955.31696(39) 6086.24103 (31) MHz
c 5369.84705 (39) 5430.07687 (31) MHz
A 3.1865 (10) 3.42625 (90) kHz

A1k —23.553(22) —22.105(18) kHz

Ak 746.23 (20) 582.53(13) kHz

oy 0.411391 (96) 0.486644 (83) kHz

0K 15.473(21) 16.642 (10) kHz

b 16.3 117 kHz

Nc¢ 63 63

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

% 48403.2600 (24) 47970.8473 (19) MHz
B 6091.93570(31) 6083.92022 (25) MHz
{6 5405.99264 (31) 5393.71191 (25) MHz
A 3.42549 (68) 3.20376 (55) kHz

AJK —25.735(11) —22.9348(95) kHz

Ak 627.28(11) 609.78(11) kHz

o7 0.523121(76) 0.489187 (62) kHz

0K 16.072(11) 15.0373(88) kHz

b 16.4 13.4 kHz

Nec 82 82

cis-HC (: 0)3*SH trans-HC (: O) SH

é 62712.427 (15) 62013.8403 (92) MHz
B 5988.1552 (15) 5971.92667 (95) MHz
C 5461.7548 (15) 5442.36776 (95) MHz
A 3.534(13) 3.2769 (70) kHz

Ak —46.95(36) —41.66(20) kHz

Ak 1297.3 (43) 1245.1(23) kHz

o7 0.43568 (58) 0.40447 (28) kHz

0K 16.917 (51) 15.823 (28) kHz

ob 23.0 15.9 kHz

Nec¢ 32 39

2 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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tonian and the general analysis procedure were de-
scribed in detail in Paper I. To ensure that the
results would not be seriously biased by the neglect
of sextic and higher distortion terms, the data sets
were restricted to include only transitions with J
less than 25 and K, less than 7. The observed and
calculated transition frequencies have been collected
in Tables I—VI; the spectroscopic constants are
summarized in Table VII.

As a check on the correctness of the above analy-
sis, the least squares fits were repeated using data

Table VIII. Watson’s determinable rotational constants and
quartic centrifugal distortion constants for monothioformic
acid 2, b,
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sets restricted to include all measured transitions
with /J less than 20 and K, less than 6. The resulting
constants agree with those given in Table VII to
within 2 standard errors.

Tables VIII and IX contain derived constants
that were calculated from the spectroscopic con-
stants given in Table VII. Watson’s determinable
parameters 3 which are invariant to a unitary trans-
formation are listed in Table VIII. Application of
the planarity constraints * yielded the constants col-
lected in Table IX. For a discussion of the meaning
and determination of these derived constants the
reader is referred to Paper I.

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

cis-HC (: O)SD

trans-HC (: O) SD

A 55038.2266 (35) 50809.8164 (29) MHz
B 5955.26801 (39) 6086.19152(31) MHz
(O 5369.86164 (39) 5430.09588 (31) MHz
7 qaaa —2903.45 (80) —2255.40(52) kHz
7' bbb —16.0371 (41) —17.5982 (37) kHz
' cece —9.4549 (41) —9.8118(37) kHz
7 55.974 (89) 47.305(73)  kHz
Ty —4.1467 (85) —4.8148(76)  kHz
A% ¢ece —0.0152(14) —0.0228(11) kHz
cis-DC(: 0) SH trans-DC (: 0) SH
A 48403.2668 (24) 47970.8537 (19) MHz
B 6091.88362 (31) 6083.87264 (25) MHz
(O 5406.00695 (31) 5393.72643 (25) MHz
7’ qaaaa —2419.88 (44) —2360.19 (44) kHz
7' bbbb —17.8869 (28) —16.7285 (22) kHz
T ceee —9.5170(28) —8.9015 (22) kHz
Ty 61.834 (45) 53.294 (38) kHz
Ty —3.0623 (50) —3.2380 (43) kHz
A cecc —0.0168 (10) —0.02255(83) kHz
cis-HC (: 0) 34SH trans-HC (: 0) 3*SH
A 62712.434 (15) 62013.8468 (92) MH:z
B 5988.0806 (15) 5971.85911 (97) MHz
¢ 5461.7496 (15) 5442.36511 (97) MH:z
7’ qaaa —5015.(17) —4826.9(92) kHz
7' bbbb —17.621(52) —16.343 (28) kHz
' ccee —10.650(52) —9.872(28) kHz
7 145.4 (14) 127.32 (80) kHz
T, 0.85(12) 0.312(68) kHz
A7 cece —0.013(11) —0.0173 (60) kHz

cis-HC (: 0)SD

trans-HC (: 0) SD

a’ 55038.203 50809.791 MHz
b 5955.2739 6086.1956 MHz
Yy 5369.8985 5430.1314 MHz
[ Ak 2P 91.096 89.841 kHz
R4 Tobee —12.172 —12.982 kHz
R4 Taace 46.429 45.756 kHz
R4 Tavan —34.689 —37.655 kHz
cis-DC (: 0) SH trans-DC (: O) SH
a’ 48403.242 47970.831 MHz
B 6091.8895 6083.8766 MHz
Y 5406.0475 5393.7635 MHz
R4 Taabb 99.379 91.101 kHz
h4 Thbec —12.846 —11.997 kHz
R4 Taace 48.076 41.767 kHz
h4 Tabab —36.387 —33.788 kHz
cis-HC (: 0)34SH trans-HC (: 0)3*SH
a’ 62712.410 62013.824 MHz
)i 5988.1047 5971.8792 MHz
Yy 5461.8136 5442.4230 MHz
R4 Taabp 145.3 132.0 kHz
Rt thbee —13.56 —12.56 kHz
R4 Taace 82.88 72.42 kHz
h4 Tabab —3464 —3225 kHZ

a Calculated using the planarity conditions as described in
Ref. 4, Case 1.

V. Molecular Structure

The moments of inertia and inertial defect, 4, of

a The numbers in parentheses are standard errors.

b 7,’=1,/(a+f+y); where a, f and y are rotational con-
stants defined by Kivelson and Wilson °.

each of the isotopic species of monothioformic acid
studied so far were calculated from the Kivelson
and Wilson® rotational constants, o', 8, 7, re-

ported in Table IX of this paper and Table V of



452 W. H. Hocking and G. Winnewisser - Rotational Spectrum of Monothioformic Acid. II

Paper I using the conversion factor® (5'-1,) =
505379.0(38) MHz-uA2. Since they do not contain
any centrifugal distortion contributions, the o, f’
and 7" constants are the appropriate rotational con-
stants to use in a structural determination. The cal-
culated inertial defect values are reported in Table X.
They show that both isomers are planar in their
equilibrium configuration.

Table X. Inertial defect 2 of monothioformic acid b.

cis trans
HC(:0)SH 0.07352 0.08325 uA?
HC(:0)SD 0.06856 0.08597 uA?
DC(:0)SH 0.08368 0.09320 uAz
HC(:0)34SH 0.07369 0.08327 uA?
a A =IC—Ib‘—Ia &

b The errors in the inertial defect values are determined by
the uncertainty in the conversion factor:
(Ip-B") =505379.0 (38) MHz-uAz2.

The substitution coordinates ? of the two hydro-
gen atoms and the sulfur atom were calculated for
each isomer using Kraitchman’s equations ®

A 12
Iaf:{ii’(u—ld_l“lb)} . (la)

Al, AL, \|*
-l ) o

where 41, —=1," — 1, is the change in the gth moment
of inertia on isotopic substitution and x is the re-
duced mass. The carbon and oxygen atoms were
then located by applying the center of mass and
moment of inertia equations

Zmiai=0a Zmibi=0§ (2)
2mal=Iy, ZmbE=1I,. (3)

Since Kraitchman’s equations yield only the magni-
tude of a substitution coordinate there are 16 physi-
cally distinct possible ways of choosing the signs for
the hydrogen and sulfur coordinates. Furthermore,
for each choice of these signs there exist four solu-
tions to Eqs. (2) and (3), giving a total of 64 dif-
ferent structural possibilities for each isomer of
monothioformic acid. The product of inertia,
2_.' m;a; b;, provides a useful criterion for selecting

1
the two correct structures from amongst the 128 so-
lutions of the inertial equations. This quantity is

identically zero for an equilibrium structure. For
structures calculated from ground state moments of
inertia it is typically less than a few tenths of
1 uA2. Most of the 128 solutions to Egs. (1) — (3)
could thus be easily eliminated because they yield
too large a value for Z m;a;b;. The 20 solutions

(10 for each isomer) which give values of 2 m;a;b;

1

of less than 1 uA2 were examined closely. For each
isomer only one of these solutions is physically
reasonable, i.e. the atoms are arranged in such a
way that the bond lengths and angles are consistent
with the known structures of related molecules. The
two correct solutions, which correspond to the cis
and trans rotamers of HC(:O)SH, are reported in
Table XI as structures 1.

Table XI. Alternative structures for monothioformic acid.

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

I II I 11
a(H) 2 0.722 0.722 1.569 1569 A
a(S) 1.047 1.047 1.019 1019 A
a(H) b —0.741 —0.741 —0.748 —0.748 A
a(C) —0.642 —0.642 —0.650 —0.650 A
a(0) —1.610 —1.610 —1.602 —1.602 A
b(H) 2 —1.353 —1.353 1.096 1.096 A
b(S) —0.039 —0.042 —0.121 —0.122 A
b(H) b 1.559 1.559 1.566 1.566 A
b(C) 0.461 0.463 0.469 0470 A
b(0) —0.280 —0.277 —0.278 —0276 A
S mijai b 0.188 0.000 0.071 0.000 uA?

1

a Labile hydrogen atom. b Nonlabile hydrogen atom.

A second structure (II) has also been reported in
Table XI for each rotamer. It is the same as struc-
ture I except that the small sulfur b-coordinate was
determined using the product of inertia relation
(2 m;a;b;=0) rather than Equation (1b). Since

Kraitchman’s equations normally yield inaccurate
results for coordinates smaller than 0.15 A, this is
presumed to be the best method for calculating the
sulfur b-coordinate 7. The bond lengths and angles
corresponding to the coordinates of structures II
are presented in Table XII. The geometry of each
rotamer and its orientation with respect to the prin-
cipal axis system are illustrated in Figure 4.

The uncertainty in the structural parameters re-
ported in Table XII, due to zero point vibrational
effects, is estimated to be +0.01 A for the bond
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Table XII. The molecular structure of HC (:0) SH.

trans cis A(c—t)a
r(C—H) 1.100 1.100 0.000 A
r(C=0) 1.218 1.210 —0.008 A
r(C—S) 1.763 1.771 0.008 A
r(S—H) 1.351 1.336 —0.015 A
<X (0CS) 126.0° 122.4° —3.6°
<L (HSC) 92.7° 94.7° 2.0°
<L (HCS) 111.8° 114.6° 2.8°

a Change in the molecular structure on going from the trans
to the cis rotamer.

lengths and +1° for the bond angles. Nonetheless,
a comparison of the structures of the two rotamers
with each other should be valid to a much higher
accuracy, since the vibrational contributions are ex-
pected to be similar in each case. Thus the slight
changes observed in the bond lengths and angles on
going from the trans to the cis rotamer are believed
to be real. The opening of the HCS and HSC angles
and (in part) the closing of the OCS angle may be
attributed to repulsion of the hydrogen atoms in the
cis rotamer. Furthermore, the shortening of the CO

and SH bond lengths, the lengthening of the CS

1 W. H. Hocking and G. Winnewisser, Z. Naturforsch. 31 a,
438 [1976] ; Part I.

2 W. H. Hocking and G. Winnewisser, J. Chem. Soc. Chem.
Comm. 63 [1975].

3 J. K. G. Watson, J. Chem. Phys. 46, 1935 [1967].

4 K. Yamada and M. Winnewisser, Z. Naturforsch. 30 a, 672
[1975]; erratum ibid. p. 1794.
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bond length, and the closing of the OCS angle are
all consistent with a weak attraction of the labile
hydrogen atom by the electronegative oxygen atom
in the trans rotamer. This latter effect may be rep-
resented by a small contribution to the structure of
the trans rotamer by the resonance from

H
O_>C =3 H*

The corresponding ionic resonance form for the cis
rotamer is expected to be less important since it is
not stabilized by electrostatic attraction. A similar,
but more pronounced example of this phenomenon
has been observed by Cox et al. in cis and trans
nitrous acid 9.
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