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The nuclear quadrupole coupling of [35C1,35C1]- and [35Cl,37Cl]-sulfur dichloride was investigated 
using waveguide microwave Fourier transform (MWFT) spectroscopy. The analysis was performed 
with direct diagonalization of the Hamilton matrix. Due to some measured transitions with near 
degeneracy it was possible to determine the off diagonal elements xab °f th e quadrupole coupling 
tensor with high accuracy. 

S35C12: x a f l(3 5Cll) = xaa(35C12) - -38.671(11) MHz, Z c c(3 5CU) = Xcc(35C\2) = 47.7945(66) MHz, 
Zf l fc(35Cll) = —xab( C\2) = ± 53.76(23) MHz. 

S35C136C1: * a a ( 3 5Cl) = -37.756(13) MHz, xcc(35Cl) = 47.7915(75) MHz, 
Xah(35Cl) = ± 54.018(83) MHz, * a a ( 3 5Cl) - -31.217(13) MHz, 
Xcc (37C1) = 37.6759(66) MHz, x a b ( 3 1 C 1 ) = + 42.285(98) MHz. 

We also determined the quadrupole coupling constants in their principal axes system. In comparison 
with the restructure the z-axis of the coupling tensor was found to be tilted 1.3° out of the S - C l bond 
axis. 

Introduction 

Microwave investigations of SC12 were first per-
formed by Murray et al. [1] in 1972. They determined 
the restructure, the dipole moment, and the chlorine 
quadrupole coupling of the most abundant isotopomer. 
With further investigations and analyses with second 
order perturbation theory Murray et al. [2] were able 
to determine the off diagonal element of the coupling 
tensor %ab = ±64(10) MHz. The S - C l bond axis was 
assumed to be a principal axis of the field gradient 
tensor. In 1977 Davis et al. [3] investigated the spec-
trum of S35C12 in the vibrational ground and first 
excited ( v 2 = 1) state and S35C137C1 in the vibrational 
ground state. They evaluated a particular restructure, 
centrifugal distortion constants, and the quartic 
potential function as well as an averaged structure of 
the (0 0 0) and (010) levels. 

In this work the spectra of S35C12 and S35C137C1 
were recorded with high resolution. We improved the 
values of the coupling constants of S35C12 and 
S35C137C1 and determined the off diagonal elements 
yab. The knowledge of the complete coupling tensor 
enabled us to determine the orientation of the cou-
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pling tensor and its principal coupling elements with-
out further assumptions. Using the molecular struc-
ture [3] it is possible to get experimental information 
on the possibility of bent bonds. 

Experimental 

SC12 was purchased by Aldrich Chemie, Steinheim. 
Air and Cl2 were removed by repeated freezing and 
melting the substance in vacuum. The substance was 
then used without further purification. During the 
measurements in metal cells rapid decomposition of 
the substance caused problems, as also mentioned in 
[2] and [3]. Since SC12 is in equilibrium with S2C12 

2 SC12 S2C1 + Cl2 

and Cl2 reacts with the walls of the cell the reaction 
favors to go to the right hand side. The substance 
reacts fast with copper cells, slower with brass cells. 

The measurements were performed with wave-
guide-MWFT-spectrometers in the frequency range 
from 4 to 40 GHz [4-6] with a flow system in a pres-
sure range of 0.1 to 0.3 Pa (1 to 2 mTorr) and temper-
atures around 243 K. 

In order to eliminate overlap effects [7] the frequen-
cies were determined by a least squares fit to the 
molecular time domain signal [8]. A list of some se-
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Table 1. Selected ro ta t ional t ransi t ions of sulfur dichloride. v: measured f requency [MHz], <5hfs: observed-minus-calculated 
frequency of the hyperfine componen t [kHz], v0: hypothetical center f requency [MHz] , 

Table l a : S35C12. b) Table 1 b: S35C137C1 

J'K'aK'c-JKaKc 

v o 

/ ' F' / F V ^hfs 

3 0 3 - 2 1 2 3 5 3 4 4 779.983 3.0 
4 776.6610(15) 1 2 1 1 4 779.011 0.1 

3 4 3 3 4 777.837 1.1 
3 6 3 5 4 776.766 3.8 
1 4 1 3 4 774.773 1.4 
3 4 3 4 4 774.412 - 3 . 3 
1 3 1 2 4 773.918 1.4 
3 1 3 1 4 772.604 - 1 . 8 
3 3 3 2 4 771.360 0.9 
1 2 3 2 4 769.193 2.1 
3 2 1 2 4 769.138 - 3 . 3 
3 3 1 3 4 767.951 -10.3 
3 2 3 1 4 766.163 5.3 
3 5 3 5 4 762.923 - 0 . 4 

3 2 1 - 3 1 2 3 4 3 4 34 427.504 - 4 . 0 
34 426.3509 (23) 3 5 3 5 34 427.005 - 3 . 3 

1 4 1 4 34 426.293 -0 .1 
3 6 3 6 34 425.770 5.3 
1 3 1 3 34 425.391 1.9 

4 1 4 - 3 0 3 1 4 1 3 30 934.918 14.8 
30 929.9232(18) 3 7 3 6 30 934.314 1.5 

1 5 1 4 30 929.856 -1 .1 
3 3 3 2 30 928.558 - 5 . 5 
3 6 3 5 30 928.367 1.7 
1 3 1 2 30 926.106 - 9 . 3 
3 4 3 3 30 924.127 - 0 . 3 
3 5 3 4 30 923.580 - 1 . 4 

5 1 5 - 4 0 4 2 5 2 4 35 148.291 - 1 . 2 
35 143.0789(29) 2 7 2 6 35 143.059 2.7 

0 5 0 4 35 137.800 - 1 . 4 
5 1 4 - 5 0 5 3 6 3 6 16 038.537 - 0 . 4 
16 027.0963(17) 3 5 3 5 16 034.861 -12 .2 

1 4 1 4 16 034.277 2.4 
3 7 3 7 16 031.537 -3 .1 
1 6 1 6 16 026.454 - 8 . 3 
3 4 3 4 16 025.360 19.6 
3 3 3 3 16 020.683 - 0 . 4 
3 8 3 8 16 019.690 - 0 . 2 
1 5 1 5 16017.315 3.0 

5 2 3 - 5 1 4 3 2 3 2 32 726.740 -3 .1 
32 724.0350(18) 1 5 1 5 32 726.013 0.9 

3 8 3 8 32 725.413 0.4 
3 3 3 3 32 725.368 - 5 . 4 
3 4 3 4 32 724.401 -1 .1 
1 6 1 6 32 723.860 - 0 . 2 
3 7 3 7 32 723.081 1.4 
1 4 1 4 32 722.322 0.2 
3 5 3 5 32 722.296 2.7 
3 6 3 6 32 721.658 4.2 

6 2 4 - 6 1 5 0 6 2 6 31 830.066 - 1 . 7 
31 828.1581 (21) 2 7 2 7 31 828.526 3.4 

2 5 2 5 31 828.290 - 1 . 6 
2 4 2 4 31 828.205 0.3 
2 8 2 8 31 827.966 0.1 
2 6 0 6 31 826.187 - 0 . 3 

7 0 7 - 6 1 6 3 8 3 7 29 048.435 1.8 
29 044.2176(16) 3 7 3 6 29 046.687 - 0 . 0 

1 6 1 5 29 046.509 - 0 . 4 
3 9 3 8 29 046.193 1.0 
1 8 1 7 29 043.902 - 2 . 7 
3 6 3 5 29 043.346 1.2 
3 10 3 9 29 041.829 0.7 
3 5 3 4 29 041.260 - 1 . 2 
1 7 1 6 29 040.790 0.6 
3 4 3 3 29 039.398 - 1 . 4 

J'K'aK'c-JKaKc 

v o 

/ ' F' I F V <V5 

4 1 4 - 3 0 3 1 4 1 3 30 428.562 - 0 . 5 
30 423.9312(11) 2 4 0 3 30 428.336 - 2 . 2 

3 7 3 6 30 427.883 7.8 
3 4 3 4 30 425.206 -10 .0 
3 2 3 1 30 424.749 - 2 . 6 
1 5 1 4 30 424.292 - 0 . 8 
2 6 2 5 30 424.079 3.4 
2 2 2 1 30 423.703 - 4 . 5 
2 5 2 4 30 423.463 2.5 
2 3 2 2 30 423.345 - 0 . 9 
3 3 3 2 30 423.277 - 1 . 7 
3 6 3 5 30 422.340 5.1 
1 3 1 2 30 420.509 - 2 . 3 
0 4 2 3 30 419.207 - 2 . 6 
3 4 3 3 30 418.783 3.7 
3 5 3 4 30 418.230 4.2 

4 2 3 - 4 1 4 3 6 3 6 38 026.313 - 8 . 3 
38 020.4102(16) 2 3 2 3 38 021.020 13.5 

2 5 2 5 38 020.894 - 4 . 7 
2 2 2 2 38 020.574 - 2 . 8 
2 6 2 6 38 020.181 - 5 . 2 
1 5 1 5 38 018.982 0.2 
3 3 3 3 38 016.623 2.1 
3 7 3 7 38 012.875 6.2 

5 1 5 - 4 0 4 3 2 3 1 34 549.413 - 2 . 7 
34 544.0982(12) 1 5 1 4 34 548.914 - 1 . 0 

3 8 3 7 34 548.156 5.0 
3 3 3 2 34 545.530 - 5 . 0 
2 6 1 5 34 544.621 2.7 
3 4 3 3 34 544.403 0.7 
2 7 2 6 34 544.287 3.8 
2 3 2 2 34 543.914 - 2 . 0 
1 6 2 5 34 543.622 3.1 
2 4 2 3 34 543.420 - 1 . 0 
3 7 3 6 34 542.530 4.6 
1 4 1 3 34 540.316 - 1 . 8 
3 5 3 4 34 539.334 - 4 . 3 
3 6 3 5 34 538.555 - 1 . 2 

5 2 3 - 5 1 4 3 2 3 2 32 674.608 -3 .7 
32 672.0825 (20) 3 8 3 8 32 674.469 8.7 

1 6 1 6 32 674.060 8.1 
2 7 2 7 32 673.646 14.5 
2 6 2 6 32 673.498 13.0 
1 4 1 4 32 672.021 8.9 
3 7 3 7 32 671.367 - 9 . 6 
0 5 2 5 32 670.575 2.1 
3 6 3 6 32 669.950 3.6 

6 2 4 - 6 1 5 3 3 3 3 31 798.676 - 8 . 0 
31 794.1401 (17) 1 6 1 6 31 797.084 6.3 

0 6 2 6 31 796.555 3.4 
3 9 3 9 31 795.606 3.4 
2 8 3 8 31 794.963 7.2 
1 7 1 7 31 794.369 2.4 
2 7 2 7 31 794.142 - 3 . 5 
3 8 2 8 31 793.498 5.7 
3 7 3 7 31 793.460 7.4 
2 6 0 6 31 793.401 -7 .1 
1 5 1 5 31 793.080 - 1 . 5 
3 6 3 6 31 793.045 8.0 

7 0 7 - 6 1 6 3 8 3 7 28 038.942 0.1 
28 035.0612(11) 0 7 0 6 28 038.269 - 0 . 2 

3 7 3 6 28 037.339 - 0 . 4 
1 6 1 5 28 037.196 0.4 
3 9 3 8 28 036.957 1.7 
2 6 2 5 28 035.327 - 2 . 2 
2 8 2 7 28 035.245 - 1 . 2 
2 5 2 4 28 035.135 3.1 
2 9 2 8 28 034.983 1.9 
1 8 1 7 28 034.595 2.9 
3 6 3 5 28 034.015 1.6 
3 10 3 9 28 032.844 - 0 . 2 
3 5 3 4 28 032.320 - 2 . 8 
2 7 2 6 28 032.037 - 2 . 0 
1 7 1 6 28 031.752 - 2 . 6 
3 4 3 3 28 030.632 1.2 
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a ) 

j \ ; 
31822 .9 MHz 

b) 

31833 .4 MHz 

31822 .9 MHz 31833 .4 MHz 

c) 

Table 2. Rotational-, centrifugal distortion- and quadrupole 
coupling constants of S35C12 and S35C137C1 in MHz. Single 
standard error in brackets. 0 z a : angle between the z-principal 
axis of the quadrupole coupling tensor and the a-principal 
axes of the inertia tensor in degress. N: number of lines in the 
fit, a : standard deviation of the fit in kHz. 

S35C1, S35C137C1 

A = 14 613.582(6) 
B = 2 920.8662(16) 
C = 2 430.6917(14) 
Aj = 1.318(17) • 10" 3 

A,r= — 14.53(13) • 10" 3 

138.2(12) • 10" 3 

0.3399(21)- 10~3 

3.506 (27)- 10" 3 

JK 
ak = 
<5, = 
Sr = 

A 
B = 
C = 
Aj = 
A,v = JK 
ak = 
Sj = 
Ö* = 

= 14 490.198 (2) 
2 841.1987(3) 
2 371.9665 (3) 

1.2568(18)-10"3 

-14.108(23)- 10" 3 

134.90(35)- 10~3 

0.31989(35)- 10-
3.535(28)- 10" 3 

Xaa(C\\)=Xaa(C\2) 
= -38.671(11) 

Zfcb(Cl 1) = Xbb(C\2) 
= -9.1231(43) 

Zcc(dl) =Xcc(C\2) 
= 47.7945(66) 

Xah(C\l) = -Xab(C\2) 
= ±53.76(23) 

*af l(35Cl) = -37.756(13) 

Xbb(35Cl) = -10.0360(58) 

Z c f ( 3 5 Cl )= 47.7915(69) 

*fli,(35Cl) = ±54.018(83) 

= ±37.317(31) 

I— . 
31822 .9 MHz 31833 .4 MHz 

Fig. 1. Influence of second order quadrupole coupling effects 
in the rotational spectrum of 35C12. - a) Experimental spec-
trum of S35C12 showing the transition J'K'aK'c-JKaKc = 
6 2 4 - 6 1 5 . Polarizing frequencies 31 825.0 MHz, pressure 
0.3 Pa (2 mTorr), temperature 239 K, 1.1 • 106 averaging 
cycles, sample interval 20 ns, 1024 data points supplemented 
with 3072 zeros prior to Fourier transformation. - b) Theo-
retical spectrum calculated with diagonalization of the 
Hamilton matrix. - c) Theoretical spectrum calculated with 
first order perturbation theory. 

lected frequencies [9] for both the 35C1,35C1 and the 
35C1,37C1 isotopomer are presented in Table 1. A com-
plete list is also given in [10]. 

Analysis and Discussion 

An analysis of the hyperfine pattern with first order 
perturbation theory was not possible. The energy lev-
els of some transitions were strongly influenced by 
matrix elements which depend on xab and connect 
levels with similar energy. An example which shows 
the magnitude of the influence of these matrix ele-
ments is shown in the spectra of S35C12 given in Fig-
ure 1. The energy difference between level 6 2 4 and the 

W 3 5 C 1 ) = 31.86(23) 
Z„(35C1) = 47.7945(66) 
Izz ( CI) = —79.65(23) 

a = 5 . 1 
N = 94 

xaarc\)-

xJ'Cl)--
xab(31c\)--

0za(l5CX)-
0 z a ( 3 5 Cl) : 
Z „ ( C 1 ) 
Z,,( C1) : 

xxxrc\) 
XyyC'Cl): 
X:A31C 1) 
a =4 .1 
AT = 283 

-31.217(13) 
-6.4586(58) 
37.6759(66) 

+ 42.285(98) 

±37.804(12) 
+ 36.841(19) 

; 31.872(91) 
47.7915(69) 

-79.664(93) 
: 25.22(10) 

37.6759(66) 
: -62 .90(10) 

connected level 43 2 is 62 MHz and between 6 1 5 and 
5 2 3 it is 726 MHz. In comparison to the prediction 
with first order treatment there are additional splittings 
and frequency shifts. In the given example transition 
some hyperfine components are shifted up to 390 kHz. 
The analysis was performed with direct diagonaliza-
tion of the Hamiltonian matrix. The Hamiltonian is 
based on considerations in [11] and is set up in a 
coupled basis where the coupling scheme 7 : + / 2 = 7, 
I + J = F is used. Rotational and centrifugal distortion 
constants were determined with the program ZFAP4 
and held fixed during the fit of quadrupole coupling 
constants. Fit parameters were xbb, xcc, Xab a n d the 
hypothetical unsplit line frequencies. Due to some 
measured transitions with near degeneracy it was pos-
sible to determine the off diagonal elements xab °f th e 

quadrupole coupling tensor with high accuracy. The 
determined coupling constants are given in Table 2. 
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Fig. 2. Sulfur dichloride in its principal inertial axes system 
(a, b). The x- and z-axes are principal axes of the quadrupole 
coupling tensor. The z-axis is tilted out of the S - C l inter-
nuclear axis by 1.3°. For better recognition this angle is 
drawn too large in the figure. 

Since the axis perpendicular to the molecular plane 
is a principal axis of inertia and of the coupling tensor 
(c- and y-axis respectively), the knowledge of i a b 

allows the calculation of the angle 9za between the 
z-principal axis of the coupling tensor and the a-prin-
cipal axes of the inertia tensor and the %gg, g = x, y, z 
coupling elements in the principal axes system of the 
inertia tensor. For the axis system see Figure 2. A 
comparison with the molecular structure [3] indicates 
that the z-axis of the coupling tensor is tilted 1.3° with 
respect to the S - C l bond direction. The angle between 
both z-tensoi axes is larger uy 2.6° than the CI —S 
bond angle. A speculation that the principal axis of the 
coupling tensor in SC12 might not coincide with the 

S - C l bond axis was given by Murray et al. [2] in 1976 
for the first time. They found a tilt-angle of 0.2° be-
tween the principal axis of the coupling tensor and the 
S - C l bond axis. But this difference was within their 
experimental error of their measurements. The analy-
sis of our MWFT data with direct diagonalization 
confirms the guess of these authors, but we found a 
larger tilt angle of 1.3°. 

The electronic surrounding of the chlorine nuclei in 
both isotopomers can be expected to be the same and 
therefore for 35C1 we expected the same coupling con-
stants xgg (9 — x> y> z) in the principal axes system of 
the coupling tensor for S35C12 and S35C137C1. The 
experimental result is given in Table 2. A comparison 
with the structure indicates that in S35C137C1 the z-
axis of the coupling tensor is also tilted 1.3° with 
respect to the S - C l bond direction in the same way as 
in S35C12. This additionally supports the hypothesis 
of a bent bond. It seems interesting to us to look 
whether such effects also occur in other molecules. In 
1,2-dichlorobenzene [12] there is a tilt angle of 1.3° 
between the axis of the coupling tensor and the bond 
axis whereas in 1,3-dichlorobenzene [12] both axes 
coincide. 
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