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The microwave spectra of three further isotopic species of methanesulfenyl chloride have been 
investigated. These results together with the results of investigations of isotopic species previously 
studied enable the calculation of a more accurate restructure.

The rs-distance of the S-Cl bond has been determined. Orientation and direction of the dipole 
moment and the total quadrupole coupling tensor have also been obtained.

Introduction

In two preceeding papers 1' 2 the investigation of 
the microwave spectrum of the two isotopic species 
CH3SC1* and CH3S37C1 was reported and some 
structural information was obtained by considering 
these two species only.

The spectra of the isotopic species CD3SC1, 
CD3S37C1, and CH334SC1 have now been investigated 
for the purpose of obtaining more complete struc­
tural data, the direction of the dipole moment, and 
the quadrupole coupling tensor.

Experimental

Methanesulfenyl chloride was prepared on a semi- 
micro scale suitable for the synthesis of the isotopic 
species. The method used was an adaptation of a 
procedure reported by Brintzinger 8. The advantage 
of our method is that small samples (ca. 1 ml) can 
be prepared completely in vacuo without the use of 
a solvent. The main difficulty is the complete re­
moval of sulfur dioxide produced. The reaction 
is as follows:

CH3 -  SS -  CH3 + SOoClo 2 CH3SC1 + S02.

The apparatus consisted of a standard manifold 
vacuum line, a one-liter ballast flask, and three 
sample tubes with stopcock and conical joint at­
tachable to the vacuum line. Freshly distilled di- 
methyldisulfide (5.6 mmole) was pipetted into the 
first sample tube (reaction vessel) and degassed at 
— 78 °C, 10~2torr. A degassed sample of sulfuryl 
chloride (6.6 mmole) freshly distilled at room tem-
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perature was condensed into the reaction vessel. 
After this the reaction vessel was warmed to approx­
imately — 25 °C. Sulfur dioxide was vigorously 
evolved as the reaction mixture turned red in color 
with the production of methanesulfenyl chloride. 
Portions of S02 were pumped off by repeated brief 
openings of the stopcock between the pump and the 
reaction vessel. The mixture was then brought to 
about —10 °C where S02 together with approxi­
mately 1/4 of the reaction mixture was removed. 
The methanesulfenyl chloride was condensed from 
— 10 °C into a sample tube in liquid air. Larger 
samples (up to 10 ml) prepared in this way were 
subjected to a distillation at ca. 30 torr through a 
short Vigreux column to remove traces of S02 
giving approximately 75% yield for this prepara­
tion.

Pure methanesulfenyl chloride is stable at 10 °C 
for several days in the gas phase under its own 
vapor pressure but decomposes rapidly in contact 
with air and ordinary vacuum grease. The stability 
of methanesulfenyl chloride in the liquid phase is 
considerably less. Therefore, samples of CH3SC1 
and CD3SC1 were stored at — 80 °C in air-tight 
sample tubes. They could be held several months 
without decomposition under these conditions.

The experimental apparatus was a conventional 
Stark-effect spectrometer operating in the range 
6 — 40 GHz which has been previously described 4- 5. 
The error of the frequency measurement is be­
lieved to be less than ± 0.03 MHz. The cell has been 
calibrated using //-ocs = 0.71521 as given in 0.

Spectrum

The b-type lines of the species CH384SC1, mea­
sured in natural abundance, are very weak and thus

* Atomic symbols with no specified weight refer to the most
common isotope.
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Table 1. Microwave Spectrum of CDsSCl Frequencies are in MHz. The transitions marked with an asterisk were not used 
for the calculation of the rotational constants. The lines marked with two asterisks are disturbed by other absorptions re­
sulting in a measurement error larger than 0.03 MHz. These lines were also disregarded in the calculation of the constants

given in Table 4 and in Table 8.
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Table 2. Microwave spectrum of CD3S37C1. Frequencies are in MHz (see Table 1 for comments).

J'K'-K'+ JK~K+ F' F j* (exp.) V »»(calc.) J>> j'(calc.) Zlf
(exp. — calc.)

loi Ooo 7,299.350 7,299.334 + 0.016
5/2 
3/2

3/2 7,301.461 7,301.440 + 0.021
3/2 7,290.923 7,290.911 + 0.012

ho loi 11,253.071 11,253.046 + 0.025
5/2 5/2 11.249.377 11,249.226 + 0.151
3/2 5/2 11,257.745 11,257.797 -  0.050
5/2 3/2 11,259.728 11,259.755 -  0.027

111 Ooo 17,809.198 17,809.223 -  0.025
5/2 3/2 17.808.813 17,808.881 -  0.018
3/2 3/2 17,810.752 17,810.790 -  0.038
1/2 3/2 17,807.245 17,807.264 -  0,020o-02 loi 14,560.606 14,560.636 -  0.03
7/2 5/2 14,561.547 14,561.598 -  0.051
5/2 3/2 14,561.343 14,561.391 -  0.048

* * 3 / 2 1/2 14,549.771 14,550.107 -  0.336
5/2 5/2 14,550.837 14,550.861 -  0.024
3/2 3/2 14,569.031 14,569.059 -  0.028
1/2 1/2 14,560.850 14,560.843 + 0.007

2n ho 15.341.816 15,341.826 -  0.01
7/2 5/2 15,344.084 15,344.100 -  0.016
1/2 3/2 15,336.924 15,336.928 -  0.004
5/2 5/2 15,342.131 15,342.141 -  0.01

2l2 hi 13,855.525 13,855.510 + 0.015
7/2 5/2 13,858.368 13,858.351 + 0.017
5/2 3/2 13,847.840 13,847.821 + 0.019
3/2 1/2 13,857.480 13,857.469 + 0.011
5/2 5/2 13,849.797 13,849.780 + 0.017
3/2 3/2 13,853.952 13,853.943 + 0.011
1/2 1/2 13,865.992 13,866.039 -  0.047

* 322 221 21,898.015 21,898.002 +  0.013
5/2 3/2 21,898.016 21,898.016 -  0.00
9/2 7/2 21,901.022 21,901.010 + 0.012

Table 3. Microwave Spectrum of CH334SC1. Frequencies are in MHz (see Table 1 for comments).

'K- K- Jk~K+ r F i-(exp.) V j'(calc.) zlv i'(calc.) Av
(exp. -  <

2l2 hi 15,611.75 15,611.700 +  0.050
5/2 3/2 15,600.85 15,600.813 +  0.037
7/2 5/2 15,615.63 15,615.586 +  0.044

2n ho 17,405.09 17,405.001 +  0.089
7/2 5/2 17,408.38 17,408.29 +  0.090

2o2 loi 16,461.13 16,461.091 +  0.039
7/2 5/2 16,462.46 16,462.419 +  0.041

3I3 2i2 23,388.75 23,388.754 -  0.004
5/2 3/2 23,385.75 23,385.829 -  0.079
7/2 5/2 23,386.77 23,386.766 0.004
9/2 7/2 23,390.48 23,390.524 -  0.044

3o3 2o2 24,574.27 24,574.356 -  0.086
7/2 5/2 24,574.78 24,574.855 -  0.075
9/2 7/2 24,575.08 24,575.177 -  0.097

321 2o0 24,950.77 24,950.696 +  0.074
7/2 5/2 24,940.39 24,940.348 + 0.042
9/2 7/2 24,954.91 24,954.799 +  0.111

3l2 2n 26,077.06 26,077.145 -  0.085
7/2 5/2 26,074.77 26,074.822 -  0.052
5/2 3/2 26,075.52 26,075.611 -  0.091
9/2 7/2 26,078.46 26,078.586 -  0.126

2n 2o2 14,139.48 14,139.477 +  0.003
7/2 7/2 14,136.31 14,136.311 -  0.001
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Table 3 (continuation)

J'k~k\ Jh-K+ F' F r (exp.) v v(calc.) Av r(calc.) Av
(exp. — calc.)

*413 4 04
11/2 

* * 7/2
9/2

11/2 
7/2
9/2

17,798.66 
17,803.53 
17,805.36

17,801.3 17,801.093 + 0.207
17,798.741 
17,802.941 
17,805.208

-  0.081 
0.589 
0.152

*514 5o5
7/2 

13/2
7/2 

13/2
20,722.66 
20,724.25

20,726.70 20,727.038 -  0.338
20,722.995 
20,724.706

-  0.335
-  0.456

11/2

** 15/2 
11/2 
13/2

11/2

15/2 
11/2 
13/2

20,730.52 20,730.77 -  0.25
* 0i 5 Oo6

24,517.1
24,521.36
24,522.90

24,519.33 24,520.557 1.227
24,518.168 
24,522.729 
24,524.140

-  1.068
-  1.369
-  1.240

Table 4. Rotational constants, asymmetry parameters, moments of inertia and /l's for all investigated isotopic molecules. 
The given errors are standard errors. Centrifugal distortion corrections, given in Ref. (2) for the normal species, are not 
considered here in order to have consistent data for all five species. The conversion factor used is 505.375 GHz/amu-A2 .

A=la + Ib-Ic.

Molecule A (MHz) B (MHz) C (MHz) X Bibliography

CH3SC1 17,341.65 ±  0.03 4,603.73 4- 0.01 3,719.14 ±  0.01 -  0.870128 (1)
CH3S37C1 17,291.57 ±  0.05 4,479.34 0.02 3,635.27 ±  0.02 -  0.876383 (1)
cd3sci 14,580.02 4- 0.04 4,130.10 ±  0.01 3,352.70 ±  0.01 — 0.861516 this paper
CD3S37C1 14,531.13 ± 0.04 4,021.25 ± 0.02 3,278.09 ± 0.02 -  0.867919 this paper
c h 334sci 16,874.33 ±  0.09 4,575.41 — 0.04 3,678.76 ± 0.04 -  0.864098 this paper

/ a (amu • a 2) 7b (amu ■Ä2) Ic (amu • Ä2) J  (amu • a 2)
ch3sc1 29.14227 109.7751 135.8849 3.0325 (1)
CH3S37C1 29.22667 112.8235 139.0199 3.0302 (1)
cd3sci 34.66216 122.3639 150.7367 6.2893 this paper
CD3S37C1 34.77878 125.6761 154.1675 6.2874 this paper
CH334SC1 29.94934 110.4546 137.3765 3.0275 this paper

show larger measurement error than quoted above. 
Some lines are reported even if their measurement 
was disturbed by other absorptions but were used 
only for control purposes and not for calculating 
the rotational constants. A least squares fitting pro­
cedure using only low J lines (see Tables 1 to 3) 
was performed to obtain the rotational constants. 
Centrifugal distortion effects were neglected since, 
as shown in 2, they result in only small corrections 
to the constants. Tables 1, 2, and 3 give the ob­
served spectra for the three isotopic species CD3SC1, 
CD3S37C1, and CH334SC1. In Table 4 the rotational 
constants, the asymmetry parameter, the moments 
of inertia, and the inertia defect A  are reported.

Structure

Using three isotopic species CH3SC1, CH3S37C1, 
and CH334SC1 and applying the Kraitchman equa­
tions, the coordinates of the atoms S and CI can be

Table 5. Coordinates of S and CI in the principal axis system 
calculated by Kraitschman's method and obtained from the r0- 
structure fitting. The errors of the coordinates and of the 
rs-distance S —CI include the effects of the standard errors 
of the rotational constants whereas the standard error of the 
/■„-distance results directly from the fitting procedure. The 

conversion factor used is 505.375 GHz amu- A2.

Atom Coordinates calculated by 
Kraitchman's Method

a b c*

S 0.5887 (4) 0.6474 (4) 
CI -  1.2500 (1) -  0.2134 (6) 
rs-distance S-Cl =  2.0302 (7)

0.0 
0.0

Atom Coordinates obtained from 
restructure fitting

a b c

S 0.5960 0.6464 
CI -  1.2532 -0.2086 
ro-distance S-Cl =  2.0372 (21)

0.0 
0.0

* The c coordinate is assumed to be zero.



obtained, thus allowing the calculation of the rs- 
distance between S and CI. Alternatively a least 
squares fitting procedure of all rotational constants 
given in Table 4 allows the determination of an r0- 
structure which is more complete than that given 
in 2 since the only assumption necessary in the 
present case is the C3v-symmetry of the methyl 
group. The comparison of the S and CI coordinates 
obtained in the two procedures shown in Table 5 
gives support for the validity of this r0-structure. 
The calculated restructure parameters are shown 
in Fig. 1 and listed in Table 6. The rotational con­
stants thus obtained differ from the observed ones 
by not more than 2 MHz for all species.

bX

Table 6. ^-Structure calculated by fitting the obtained rota­
tional constants. The errors in parenthesis are given in units 
of the last figure and are standard errors. Errors on the 
parameters resulting from consideration of the restructure 
method are not given. The agreement between observed and 
calculated rotational constants using these structural data is 

always within 2 MHz.

C-H (Ä) C-S (A) S-Cl (A)

1.0822 (69) 1.7875 (25) 2.0372 (23)

HC SyAx * CSC1 Tilt angle
110.21° (15) 99.45° (9) 3.69° (200)

* HC SyAx is the angle between the CH bond and the methyl 
group symmetry axis.

As can be seen in Table 6, the tilt angle ob­
tained from the restructure has a value of 3.69°. 
This is in good agreement with the tilt angle of 
4.0° obtained from the direction cosines of the 
CH3-symmetry axis with the principal inertial axes 
a and b 2 and the direction of the S — C axis given 
by the r0-structure presented in this work.

Dipole Moment

The total dipole moment and dipole moment com­
ponents for the species CD3SC1 have been calculated 
from the Stark effect pattern. They are given in 
Table 7 together with the calculated and measured 
Stark splittings. In order to take into account the 
quadrupole interactions, calculations have been 
performed with the entire quadrupole-Stark matrix. 
The corresponding data for the species CH3SC1 have 
already been given in 1. In order to reduce the er­
ror of the jub component, additional measurements 
have been performed for CH3SC1. Combining all 
these measured values it is possible to determine 
the orientation of the dipole moment if the assump­
tion is made that the total dipole moment does not 
change its value appreciably with isotopic substitu­
tion.

b «
o CHjSCl 
•  CD, SCI

Fig. 2 a. Positions of CH3SC1 and CD3SC1 in the principal 
axis system. The substitution of hydrogen by deuterium 

causes a counterclockwise rotation of 3.43 degrees.

Fig. 2 b. The measured dipole moment components of both 
molecules are related properly only if the orientation II —IV 

is assumed for the total dipole moment.



Table 7. Stark effect pattern calculations for the determination of the dipole moment components and of the total dipole 
moment for the species CD3SC1 and CH3SC1. Measurements for CH3SC1 have been repeated here in an attempt to reduce 
the measurement errors given in (1). The total quadrupole-Stark energy matrix has been used to fit the Stark splittings for 
each transition separately. The three values obtained for ua and pb were averaged to give the final values. The errors shown 
are the largest deviations from the mean values. The calculated Av are then obtained with these mean values. (Dipole

moment values are in Debye.)
CD3SC1

Transition M¥ E (V/cm) Av (exp.) Av (calc.) Av (exp.) — Comments
(MHz) (MHz) Av (calc.) (MHz)

Ooo —> 111 ±1/2
(Near high 398.4 3.63 3.691 -  0.030 Av is measured with
field conditions) 428.3 4.40 4.402 — 0.002 respect to the un­

473.1 5.60 5.565 +  0.035 disturbed line
±3/2

398.4 5.57 5.546 + 0.024
428.3 6.25 6.257 -  0.007

Ooo loi ±1/2
(3/2 -  5/2) * 191.7 4.30 4.368** — 0.068

248.0 5.50 5.493** + 0.007
loi lio ±5/2
(5/2 -  5/2) * 100.0 2.88 2.881 + 0.001 Av is measured with

152.4 6.73 6.691 + 0.039 respect to the
157.2 7.12 7.119 +  0.001 5/2 — 5/2 component

fia =  1.85 ±  0.02 Hb = 0.80 ±0.05 //tot =  2.01 ± 0.04

ch3sci

Transition My E (V/cm) Av (exp.) Av (calc.) Av (exp.) — Comments
(MHz) (MHz) Av (calc.) (MHz)

Ooo —> In ±1/2 452.6 3.53 3.492 +  0.038
(Near high field 585.4 6.83 6.760 ±  0.070 Av is measured with
conditions to 633.9 8.20 8.168 +  0.032 respect to the undis­
high field 677.4 9.58 9.528 + 0.052 turbed line
conditions) 716.9 10.81 10.841 -  0.031

886.7 17.59 17.345 ±  0.245
±3/2

452.6 6.43 6.450 -  0.020
585.4 9.71 9.719 -  0.009
633.9 10.95 11.127 -  0.177
677.4 12.61 12.487 +  0.123
716.9 13.92 13.801 + 0.120
886.7 20.45 20.304 +  0.150

Ooo -> loi ±1/2
(3/2 -  1/2) * 207.4 15.837 15.965 -  0.128

317.6 17.907 17.953 -  0.046
455.8 22.047 22.017 +  0.030

±1/2; ±3/2
(3/2 -  5/2) * 207.4 4.508 4.528** -  0.020

317.6 6.650 6.651 ** -  0.001
455.8 10.565 10.565** 0.000

±3/2
(3/2 -  3/2) * 207.4 -  10.087 -  9.970 -  0.117

317.6 -  7.79 -  7.802 + 0.012
455.8 -  4.192 -  4.117 -  0.075

loi lio ±5/2
(5/2 -  5/2) * 170.5 6.96 6.892 +  0.068 Av is measured with

191.5 8.78 8.694 ±  0.009 respect to the
226.4 12.14 12.153 -  0.013 5/2 — 5/2 component
293.2 20.54 20.383 + 0.157

fJla=  1.78 ±0.02 fib =  0.95 ±  0.05 iKtot =  2.01 ±  0.04
* (F—F') is the quadrupole component to which the My is referred.

** The zlr(calc) are weighted mean values of both Mf = 1/2 and 3/2 Stark components.



As can be seen in Figure 1 a, an isotopic sub­
stitution of the hydrogen atoms causes a counter­
clockwise rotation of the isotopic molecule in the 
inertial axis system of the normal molecule by an 
angle e — 3.44 degrees. The total dipole moment of 
the isotopic molecule is, therefore, also rotated by 
the same angle in the same direction. Considering 
now the measured dipole moment components, the 
//a-component increases from 1.78 D to 1.85 D 
going from the normal to the isotopic molecule. The 
/<b-component, on the contrary, decreases from 
0.95 D to 0.80 D. These values are only consistent 
with a dipole moment having the orientation indi­
cated by case II — IV in Figure 2 b.

The orientation of the total dipole moment is in 
agreement with the results of an approximate mole­
cular orbital calculation using the 7"0-structure given 
in Table 6 with the CNDO/2 Program 7. As a result

\
cn Pa

Mb

®jr.............

Fig. 3. Dipole moment resulting from a CNDO/2 calculation. 
The sign of the dipole moment is also given. The obtained 
values for the components are ^0=1.25 0, [A,b~ — 1.30D 

and /itot. = l-89 D.

of this calculation the sign of the dipole moment can
also be given as may be seen in Figure 3.

Quadrupole Coupling Tensor

The quadrupole coupling constants were deter­
mined by performing a least squares fitting of all 
the quadrupole components of the a and b-type lines 
up to /  = 2. The values obtained for the different 
molecular species are given in Table 8. We will now 
consider the two isotopic species CD3SC1 and 
CH3SC1. This isotopic substitution gives a possibi­
lity to determine the orientation of the principal 
axis system of the quadrupole coupling tensor, as­
suming that the electron charge distribution remains 
unchanged for an isotopic substitution sufficiently 
far from the nucleus under consideration. The 
method used is well known, but it is perhaps con­
venient to repeat it here.

For a molecule with a symmetry plane and 
having the quadrupole nucleus in this plane, as in 
our case, the quadrupole coupling tensor has the 
following form:

laa lab 0
lXgg'1 = Xba Xbb 0

Lo o *cc

where a, b, and c are the principal axes of inertia. 
If [Xgg'] is the quadrupole coupling tensor for the 
normal molecule, then there will be a slightly dif­
ferent quadrupole coupling tensor [x'gg'l for the 
isotopic molecule due to the different orientation 
with respect to the original axes.

Further, let
Xzz 0 0 

[Zq]= 0 Xxx 0 
0 Ivv

Table 8. Quadrupole coupling constants in the inertial principal axis system and in the quadrupole coupling principal axis 
system. 0 is the angle between the S —CI bond and the a-axis in the restructure, a is the angle between the reference system 
of [Xgg'] and the reference system of [^q] . The errors of the Xaa > Xbb and xcc are standard errors. The errors of the Xzz»

Xxx, tab , öl reflect the inaccuracy of the angle e.

ch3sci cd3sci CH334SC1 CH3S37C1 CD3S37C1

Xaa -  58.31 ±  0.05 -  52.79 ±  0.05 -  59.09 ±  0.08 -  46.29 ±  0.05 -42.12 ±0.05
Xbb 14.80 ±0.05 9.27 ±  0.05 15.63 ±  0.08 12.15 ±  0.05 7.83 ±  0.05
Xcc 43.51 ±0.05 43.52 ±  0.05 43.46 ±  0.08 34.14 ±  0.05 34.29 ±  0.05
Xab 43.94 ±  1.8 48.00 ±2.0 33.59 ±  1.4 36.69 ± 1.5
Xzz -  78.91 ±  1.4 -  78.92 ±  1.4 -  61.59 ±  11 -  61.53 ±  1.1
Xxx 35.40 ±0.6 35.40 ±  0.6 27.45 ±  0.5 27.24 ±0.5
Xyy 43.51 ±0.05 43.52 ±  0.05 34.14 ±  0.05 34.28 ±  0.05
£ 3.44° ±  0.15° 3.39° ±  0.15°
a 25.120 0.60° 28.56° ±  0.60° 24.49° ±  0.60° 27.88° ±  0.60°
0 (ro-str.) 24.82° ±  0.25° 28.26° ±  0.25° 24.28° ± 0.25° 24.46° ±  0.25° 27.85° ±  0.25°



be the quadrupole coupling tensor in its own princi­
pal axis system x, y, z.

The transformation between [Xgg'] and [^q] can 
be easily performed by an orthogonal similarity 
transformation where a and a + e are respectively 
the angle between the reference systems of [/q] and 
[Xgg'] and between those of [^q] and [x'gg'] • There­
fore, using the experimental values of Xgg» X gg 
and £, it is possible to calculate Xzz •> Xxx and a. 
which in turn enable the determination of Xgg' and 
x'gg' • All these data are listed in Table 8.

The possibility of obtaining the angle a between 
the reference system of [^q] and [Xgg] can give an 
information about the validity of the assumption 
made in 2 that the z axis of the quadrupole coupling 
tensor coincides with the S — CI bond axis. The

angle between the S — CI bond and the a-axis given 
by the structure of Table 6 is 24.82° ±0.25° and 
the a-angle obtained from the quadrupole coupling 
tensor is 25.12° ±0.6°. The two angles have about 
the same value within the experimental error thus 
confirming the validity of the assumption on the 
presence of symmetry in the electronic charge distri­
bution about the S — CI bond.
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