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The microwave spectrum of the molecular transient disulfur monoxide, 5:0, has been
reexamined and the microwave measurements have heen extended into the millimeterwave

region. I'rom the present data, the following ground-state rotational constants and quartic
distortion constants have been obtained (MHz):

A= 49154, B = 5059.07, ¢ = 4307.19
A= 1.895 X 107, Ak = —3.192 X 1072, Ak o= 1197 X 100,
8y = 3453 X 107, and sk = 1.223 X 1072

The centrifugal distortion constants obtained from the rotational spectrum are used to
discuss the vibrational spectrum of disulfur monoxide.

I. INTRODUCTION

The first unambiguous spectroscopic evidence for the existence of the molecular
transient disulfur monoxide, SSO, was obtained from the discharge studies of Meschi
and Myers (7). They reported the first measurements of that molecule in the microwave
region and were able to observe enough transitions of the various isotopes to obtain the
molecular structure of the bent S0 molecule.

The study presented here was undertaken to obtain an improved and more complete
set of rotational parameters with the aim to use the measured distortion constants to
obtain information on the fundamental vibrational frequencies, which have not vet been
clearly established. Furthermore, we wished to study further the question of what is
the major constituent in a microwave discharge of a mixture of SO, and sulfur vapor.
Since the initial studies by Schenk (2), this problem has been studied by a number of
workers with controversial results (3-3). Various sulfur oxides, such as SO, and S:0,
were put forward to be the main constituent in the discharge product. In order to ensure
the unequivocal presence of S0, we have employed various preparation schemes.

1 Present address: Department of Physics, Mississippi State University, State College, Mississippi
39762.
2 Present address: Max-Planck-Institut fiir Radioastronomie, 53 Bonn, Argelanderstrasse 3, Germany.
¢ Present address: Department of Chemical Sciences, The Hatfield Polytechnic, Hatfield, Hertford-
shire, England.
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Sufficient rotational transitions in the microwave and millimeter wave region have now
been measured to evaluate the centrifugal distortion constants of disulfur monoxide.

1. EXPERIMENTAL
AL Preparation of Disulfur Monoxide

The 5:0 molecule was prepared by two methods: by a microwave discharge burning
in SO, mixed with sulfur vapor and by chemical preparation.

In the discharge preparation scheme of S0, it has been possible to use the millimeter-
wave spectrometer to study the conditions for the preparation of S,0O and also SO.
This was made possible by monitoring the known rotational spectra of the discharge
products S:0) and SO, while changing the composition of the carrier gases SOs and sulfur
vapor in the discharge tube. Our observations do not indicate whether S,0, was present.

Disulfur monoxide was obtained as a discharge product only with an abundance of
sulfur vapor being present (obtained by heating sulfur powder to about 70°C) while
passing SO through the discharge tube. A reduction in sulfur vapor vielded a sharp
decrease in the production rate of S»0. With no sulfur vapor being present, the radical
SO was being produced as reported earlier by Winnewisser el al. (6).

All of the S,O rotational lines obtained in this way were compared with chemically
prepared samples according to methods described by Schenk ef al. (7). At temperatures
between 140 and 160°C thionylchloride was reacted with various metal sulfides, such
as CCdS, PbS,; and CuS, according to the equation

SOCI, + CdS — S.0 + CdCl,.

[t was found that the S,O sample was alwavs contaminated with about 209, SOs..
Furthermore, the disulfur monoxide lasted only for a few minutes in the free space
absorption cell before decomposition into SO., and elemental sulfur became noticeable.

B. Measurement of the Rotalional S pectrum

The microwave measurements were carried out with a parallel plate Stark modulated
spectrometer described by Winnewisser and Cook (§). In addition, an ordinary X-band
Stark cell was also employved. Disulfur monoxide had the shortest lifetime in this cell.
The millimeterwave measurements were obtained using the spectrometer described
elsewhere (9). The millimeterwave frequencies were generated by harmonic multiplica-
tion of the fundamental frequencies. Most of the lines were measured using chemically
prepared samples of S,0), and all lines were measured with the cell at room temperature.
The observed rotational transitions are collected in Table 1.

III. ANALYSIS

The rotational Hamiltonian including the effects of centrifugal distortion can be
written in the form (10)

B =3B+ P [ — LB+ UP2— b,P 2
— APt = Ay PP — AgPA = 26,PP 2 — o[ PP 2 4 P 2PE), (1)

where P* = P2+ P2+ P2 P*=P2— P2 with s =a, x =05, y =¢, and
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TABLE 1

RoTATIONAL TrANSITIONS OF S:0 (MHz)

Observed Calculated Devia-
Transition Frequency Frequency?@ tionP Ref.
11,0 A 10’1 37 407.2 37 407.12 0.08 c
11’1 An OO,O 46 421.6 46 421,49 0.11 c
20,2 < 10,1 19 126.4 19 126.32 0.08 c
21’1 <+ 11,0 19 684.3 19 684.47 -0.17 c
21’1 “ 20’2 37 965.3 37 965.28 0.02 c
30’3 < 20,2 28 673.78 28 673.99 -0.21 d
31’3 < 21’2 27 867.0 27 867.16 -0.16 c
31,2 < 21’1 29 522.8 29 522.71 0.09 c
32,2 “« 22,1 28 699.3 28 699.35 -0.05 c
31,2 “« 30,3 38 814.0 38 814.00 0.00 c
40’4 < 30’3 38 203.0 38 203.11 -0.11 c
41’4 <« 31,3 37 149.0 37 148.97 0.03 c
41’3 “« 31’2 39 356.2 39 356.09 0.11 c
42’3 < 32’2 38 260.9 38 260.81 0.09 c
42’2 < 32,1 38 322.3 38 322.27 0.03 c
43,2 <« 33,1 38 279.04 0.06 d
38 279.1
43’1 « 33’0 38 279.29 -0.19 c
41’3 “ 40’4 39 966.8 39 966.98 -0.18 c
51’[+ « 50’5 41 442.2 41 442.27 -0.07 o
60,6 a 51,5 24 015.85 24 015.81 0.04 d
71,7 <« 60,6 96 629.70 96 629.70 0.00 d
70’7 <« 61,6 34 942.09 34 942,24 -0.15 d
82,6 <~ 81,7 102 871.77 102 871.77 0.00 d
72,6 < 81’7 25 137.23 25 137.32 -0.09 d
82,6 < 91,9 39 275.26 39 275.25 0.01 d
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TABLE 1 Continued

Observed Calculated Devia-
Transition Frequency Frequency?@ tionP Ref.
102,8 < 92’7 96 486.87 96,486,87 0.00 d,e
103,8 < 93’7 95 782.68 95 782.63 0.05 d
103,7 « 93,6 95 816.46 95 816.38 0.08 d
104’7 + 94,6 95 743.69 0.26 d
95 743.95
104,6 « 94,5 95 744,12 -0.17 d
10 « 9
6
> B’Sl 95 724.00 95 723.98 0.02 d
105 5 95 4f
10 < 9
4
6,5 6 95 717.67 95 717.55 0.12 d
106,4 < 96,3
10 ~ 9
754 7’3} 95 717.67 95 717.87 -0.20 d
107’3 s 97,2
10 < 9
1
8,2 8 95 722,17 95 722.31 -0.14 d
108,3 “ 98,2
102,8 <« 101’9 99 527.22 99 527.26 -0.04 d
92’7 < 101’10 33 312,64 33 312,71 -0.07 d
110’11+ 100,10 103 922,97 103 923.03 -0.06 d, e
111’11+ 101’10 101 883.26 101 883.26 0.00 d,e
111’10f 101’9 107 895.51 107 895.65 -0.14 d,e
112’10 102,9 105 011.71 105 011.86 -0.15 d
112’9 < 102,8 106 306.77 106 306.80 ~0.03 d
113,9 < 103,8 105 380.13 105 380.19 -0.06 d
113,8 < 103’7 105 434,94 105 434.91 0.03 d
115,7 <~ 105,6
105 304.53 105 304.50 0.03 d
115,6 < 105’5
11 <~ 10
6,6 6’5} 105 294.36 105 294.33 0.03 d
Iy 5« 10g 4
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TABLE I —Continued

Observed Calculated Devia-
Transition Frequency Frequencya tion Ref.

117’5 ) 107’4 } 105 292.83 105 292.86 -0.03 d
419,35
118’4 ) 108’3} 105 296.46 105 296.57 ~0.11 d
g 3+ 108 »
112’9 < 111,10 97 938.33 97 938.41 -0.08 d
102,8 A 111’11 27 916.31 27 916.32 -0.0L d
122’10+ 121,11 96 484.74 96 484.72 0.02 d
112’9 “ 121’12 23 137.86 23 137.89 -0.03 d
121’11+ 112’10 23 963.56 23 963.52 0.04 d
131’13+ 120’12 140 462.40 140 462.25 0.15 d
130’13+ 121’12 102 091.14 102 091.02 0.12 d
150’15+ 140,14 140 456.20 140 456.11 0.09 d
143’12« 152’13 32 150.12 32 150.13 -0.01 d
163’13+ 172,16 29 859.90 29 859.84 0.06 d
173’14« 182’17 22 155.03 22 155.07 -0.04 d
202,18+ 201,19 96 404.01 96 403.90 0.11 d
202,18 193,17 31 944.58 31 944.64 -0.06 d
212,19+ 211’20 98 528.76 98 528.61 0.15 d
222,20+V221,21 101 246,22 101 246.10 0.12 d
'224,18+ 233’21 38 984.32 38 984,36 0.04 d
22, 19% 233,20 29 626.54 29 626.59 -0.05 d
232,21+ 241,24 27 169.25 27 169.22 0.03 d
234’19+ 243’22 29 735.40 29 735.39 0.01 d

21 869.23 21 869.15 0.08 d

269 95 233 27
27, 96% 263 93 24 364.33 24 364.33 0.00 d
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TABLE I

ROTATIONAL AND DISTORTION CONSTANTS OF S,0 (MHz)#

@ = 41915.44 £ 0.03 A = 41915.44b

® = 5059.101 + 0.003 B = 5039.07"

e = 4507.163 =+ 0.003 C = 4507.19v
Ay = 1.895 X 1078 £ 0.005 X 107* Ay = —3.192 X 1072 4+ 0.008 X 1072
Ar = 1197 X 10° £ 0.002 X 10° 5y = 3.453 X 107 £ 0.008 X 1074

i = 1.223 X 1072 £ 0.012 X 1072

« The errors quoted are for 959% confidence.
b Corrected for the effects of Ry = — (48) =+ 74ue0) /32, where 741, was calculated from the planar
relations.

The distortion coefficients of Table II are linear combinations of the 7-distortion-
constants of Kivelson and Wilson (13). To relate the distortion constants to the molec-
ular force field, it is convenient to switch from the distortion constants of Table IT to
the 7-distortion constants. The three 77s, Viz., Toaua, Toobp, and 7o, and Watson’s (10)
two linear combinations of 7’s,

’
T1 = Thhee + Taace + T qabby (2)
To = fl Thbee + lgTu(lra + C'T,uubh, (3)

With 7/auss = Taavs + 2Tapas, may be evaluated directly from the constants of Table 11
(11). These are given in Table III. To evaluate the distortion constants, Taabs, Tuaces
Tobeey OF Tavan, the planar relations must be employed [see, e.g., (11)]. Because of these
relations for a planar molecule, there are only four independent distortion constants,
and for discussion of the force field we chose the constants Tasaa, Tesssy Tecee, AN Tupas.
Since five distortion coefficients have been evaluated from the spectrum, there are
various ways of calculating 7,545 from the data. Because of vibrational effects the results
of the various calculations will not be quite the same. The constants obtained by three
different procedures of calculation are given in Table 111. In one procedure Tuasb, Tosee,
and 7o are calculated via the planar relations from the constants, Tuaua, Tosss, and
7.ere. These are then used in Eq. (2) to evaluate 74445 from 71. This gives the first entry

TABLE III

ALTERNATE QUARTIC DI1STORTION CONSTANTS?
Taaaa = —3.609 £ 0.008 Tooes = —0.01034 4= 0.00002
—0.00482 + 0.00002 7 = 0.1049 4 0.0003
[ —0.0307v¢
—0.0304"4
(—0.0324b-¢

I
I

Teece

Ty = 2482 + 1.7 Tabah =

B —

2 All entries in units of MHz except 7. which has units of (MHz)%
b Calculated by means of the planar relations. See text.

¢ Irom 7.

d From 7a.

e L'rom (74, 72).
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TABLE IV

VIBRATIONAL ASSIGNMENT OF S,0

Vibrational frequencies® (¢cm™) Force constants (mdyn “A)
wy 11635 Fyy 8.34
wy 679 Fas +.27
w3y 387 1"3;; ()5§
Distortion constants (MHz)
Observed Calculated
Taaaa —4.6069 —4.119
Thhbh —0.0103 —0.0109
Tecee —0.0048 —0.0053
Tabab ‘*003 “002()

"10.)1:5' (),OJz: S S,w;;: { SSO

in Table I11. A similar calculation can be made using 7. rather than 71, In an alternate
procedure, 7y, 1s calculated from the planar relations and employing this constant 7;
and 7, are solved simultaneously for 7'..u, and 7.40.. The 7,54 can then be extracted
from 7’6 ONCE Taqps 1s calculated from the planar relations. It should be pointed out
that in the planar relations and subsequent calculations, the effective rotational con-
stants have been emploved.

For the equilibrium parameters, the following relation given by Watson (/0) holds
for a planar molecule:

2= Cri+ (1 + B)7ecee. (4)

The value of 7. calculated from this expression is 246.6 &= 1.8 (MHz)?, while the ob-

served value is 248.2 = 1.7 (MHz)2 Apparently, for S,O this planarity-constraint equa-
tion is reasonably well satisfied.

IV. VIBRATIONAL ASSIGNMENT

The infrared spectrum of the discharge products of a mixture of sulfur and SO, has
been investigated by Jones (4). Two absorption bands were observed which he believed
arose from the species S;0.. With the work of Meschi and Mvers (1), it is reasonable to
assign the infrared absorption bands at 1165 and 679 cm™! to the S-O and S-S stretching
modes of S:0. The infrared spectrum of the bending mode does not seem to have been
published; however, Meschi and Myers (/) report in a footnote that the bending mode
has been observed by Blukis at 387 em™!. As far as we are aware, no further information
on the infrared spectrum is available. It is, hence, interesting to see if these vibrational
frequencies are consistent with the distortion data of disulfur monoxide. From the three
vibrational frequencies the diagonal force constants mayv be evaluated and these are
listed in Table IV, In reality, six sets of force constants may be evaluated from the ob-
served vibrational frequencies and the results are similar to those obtained for the
molecule NSI* (Z4). The values given in Table I'V arc for the most reasonable assignment
of 1165 cm™! to the S-0 stretching motion (S1), 679 cm™! to the S-S stretching motion
(S2), and 387 cm™! to the bending motion (S3). The 7’s are directlyv related to elements
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of the inverse force constant matrix and may, hence, be calculated from the force con-
stants of Table IV. In particular,

(h/8m?)*

Tapys = — ————— 2 S g (F7Y) i v, (3)

Rlaalﬁﬁ177155 i,7
with R = 10722/2), J 05" = (81 ap/9S:). The J«s'" depend on the masses and geometry
of the molecule. Employing atomic mass units, bond distances in angstroms, (h 872 sa)
in units of MHz, and bond stretching force constants in dyn, cm, bond bending force
constants in dyvn-cm, etc., the 7’s are given in MHz units. The masses and fundamental
constants have been taken from (13) and the molecular geometry: 7(S-0) = 1465 A,
r(S-S) = 1.884 A, and £ (SSO) = 118° from (1). The calculated values of the distor-
tion constants are compared with the observed values in Table 1V. The agreement is
good and lends support 1o the vibrational assignment discussed previously. Although
one of the interaction constants could possibly be obtained by combining the infrared
and microwave data, it does not seem warranted at this time.
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