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21 hyperfine multiplets, up to J = 12, have been measured for thionyl chloride (32S16035C12), 
by means of microwave spectroscopy in the region 18.0 —26.5 GHz. Nuclear quadrupole 
coupling constants along the principal axes of inertia were determined to be Xaa ~ ~ 25.004 ± 
0.040 MHz, Xbb = - 0.009 ± 0.025 MHz and Xce = 25.013 ± 0.031 MHz. Also, coupling constants 
along the S—CI bond axis (z axis) and two axes perpendicular to this have been calculated to be 
Xxx — 65.93 MHz, / v v = 30.36 MHz and / . . = - 96.30 MHz. These values have been compared 
with those of other workers and with those of other related molecules. Information about the 
electronic distribution in the S—CI bond has been obtained from the values of these constants, 
and the results have been discussed. 

I. Introduction 

The microwave spectra of three isotopic species 
of thionyl chloride, 3 2S1 603 5C12 , 32S16035C137C1 and 
32S16037C12 , have been s tudied in our laboratory. In 
a previous paper [1] we have repor ted the rotat ional 
constants and quar t ic centr i fugal distort ion con-
stants of those species, and several structures of 
thionyl chloride have been proposed and discussed. 
In the present pape r we deal with the nuclear 
quadrupole effect of the parent molecule, 32S16035C12. 

Thionyl chloride has a compl ica ted quad rupo le 
effect, because of the presence of two chlorine 
atoms, which has a l ready been s tudied by several 
authors. Journel [2], by assigning Q- and R-lines 
with m e d i u m and high J values in the parent 
molecule, de termined the a p p r o x i m a t e values of the 
coupling constants / a a and ycc. But his work was 
based on transitions with small hyper f ine splittings 
of around 1 MHz, and the coupl ing constants could 
not be calculated with suff ic ient accuracy. 

Later, Wenger et al. [3] s tudied three hyper f ine 
multiplets in CQ lines by assigning a total of 
14 hyperf ine components ; the analysis of these 
results, by using the rotat ional constants of Des tom-
bes [4], permit ted them to calculate the three cou-
pling constants with good accuracy. 

More recently, Suzuki et al. [5], for the parent 
molecule also, achieved a no tab le improvement in 
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the precision of these constants by assigning 
13 hyperfine multiplets, with a total of 46 compo-
nents, and J values up to 9. 

With our work we have fu r ther improved these 
values. Effectively, the assignment of 21 mult iplets , 
with J up to 12 and a total of 81 components , in an 
analysis where (differ ing f rom Suzuki et al. [5]) we 
have also considered the centr i fugal dis tor t ion 
effects [1], has permi t ted us to reduce the nuclear 
quadrupole coupling constant errors. 

II. Experimental 

The thionyl chlor ide utilized was Merck " fo r 
synthesis". The microwave spect rum was taken 
using a Hewlet t-Packard M R R 8460 A spectrom-
eter, in K-band, 18 .0-26 .5 GHz, and with 33.33 kHz 
square wave Stark modula t ion . 

Transitions were measured at room t empera tu re 
and at pressures f rom 10 to 2 5 | i H g . Stark fields 
ranging f rom 400 to 4000 Vcm"1 were appl ied , at 
regular intervals of 800 Vcm - 1 , to select the most 
suitable value in each measurement . These Stark 
field variations have been done in order to separa te 
the Stark components f rom unper tu rbed spect rum 
lines, so they do not interfere with the measu remen t 
of the latter. 

Finally, the sweep rate depends on the character-
istics of the transit ion which we wish to measure . In 
order to obtain a good separa t ion between the 
multiplet components , we have utilized rates f rom 
0.010 to 0.005 MHz/s . 
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III. Assignment 

The analysis of the hyper f ine mult iplets serves 
two purposes: the correct assignment of transitions, 
which is done with much conf idence by means of 
the quadrupo le effect, and the de te rmina t ion of 
nuclear quadrupo le coupling constants, which are of 
interest in order to discuss the electronic distr ibu-
tion in the molecule 's bonds. 

A theoretical precalculated spectrum was ob-
tained f rom rotat ional constants given in the 
bibl iography [6], which permit ted us to know the 
unper turbed frequencies . We have employed the 
xaa, xbb and /cc constants given by Wenger et al. [3] 
as initial data in order to know the splitting due to 
the nuclear quad rupo le effect. The f irs t-order treat-
ment proposed by Robinson and Cornwell [7] was 
used. These authors follow the I\I2IJFMf notat ion 
of Foley [8], which is the most useful for coupl ing of 
two identical nuclei. 

The quadrupo le coupling energy, i.e., the splitting 
of a hyperf ine level about the unper tu rbed level is, 
on the one hand, a funct ion of the field gradient 
created by the electrons along an axis fixed in space 
[9], and, on the other hand , a funct ion of the energy 
matrix secular de te rminant roots, s.ejf\ £ is a 
pseudo-spin q u an tum n u m b e r [7] which def ines the 
energy states. 

The frequency of a mult iplet componen t must be: 

vQi — Vq+ A Eqi , 

where v0 is the unper turbed transit ion f requency 
and A Eqi is the splitting originating f rom the 
quadrupo le effect. 

In the Q branch selection rules are (for the most 
intense multiplet components ) AJ = AF=Ae = 0, 
while in the R branch they are AJ = AF = 1 and 
Ae = 0. 

In the Q branch as well as in the R branch there 
are four multiplets componen t s which have the 
splitting aeqi= 0. This has an impor tan t practical 
consequence: the unper tu rbed transit ion, d i f fe r ing 
from the quadrupo le effect of a single nucleus, 
appears in the mult iplet , and it is precisely the line 
of greatest intensity. This has al lowed us to deter-
mine the frequency centres of 3 2S1 603 5C12 , in transi-
tions up to J = 12, which is the m a x i m u m value of 
afJF in tables [7], and, besides, to measure these 
frequency centres in 32S I6035C137C1 and 3 2S1 603 7C12 , 
in which the quad rupo le effect has not yet been 
resolved with accuracy [1, 5]. 

As we have just pointed out . we have not ana-
lyzed the quadrupo le effect in J > 12 transit ions. 
But it is not a great d i sappo in tment ; these h igh 
J value lines have the smallest splittings, and this 
phenomenon is stressed in Q lines, where, e.g., the 
1267 <- 1257 transition has a mul t ip le t whose split-
ting is a little higher than half a MHz. Higher 
J lines will have even smaller splittings. 

IV. Results 

71 transitions (J ^ 29) were assigned in the parent 
molecule, and f rom this analysis we could ob ta in 
the rotational constants and quar t ic centr i fugal 
distortion constants [1]. 

The nuclear quad rupo le hyper f ine s t ructure of 21 
of these transitions was resolved and this yielded a 

Table 1. Measured nuclear quadrupole splittings (a) of two of the observed transitions of 32S16035C12 (MHz). 

Transition Centre Frequency Hyperfine Components 

v0obs- Centrifugal obs-
VQ Obs v0 calc i'0calc distortion e F obsa calca calc 

652 - 643 23 710.000 23710.317 -0.317 -1.322 3 9 -3.050 -3 .003 -0.047 652 - 643 
1 6 -3.777 -3 .790 0.013 
3 4 -2.030 -2.047 0.017 
3 3 -4.740 -4.777 0.037 
2 6 -3.777 -3.787 0.010 

1055 21 824.700 21 824.718 -0.018 -3.132 3 11 -0.685 -0.706 0.021 1055 
3 9 -2.335 -2.371 0.036 
1 8 -2.115 -2.121 0.006 
3 6 3.000 2.957 0.043 
0 9 -2.527 -2 .533 0.006 

The hyperfine component splittings are aeQ, - vq, — v0; vq, being the frequency of each multiplet component, and v0 the 
unperturbed frequency. 



A 
B 
C 
Dj 
DJK 

DK 

bj 
<5* 

5086.831 ±0.011 
2822.657 ± 0.007 
1960.369 ± 0.005 

1.000 ±0.019 
-2.397 ± 0.028 

6.200 ±0.031 
0.371 ± 0.004 
1.402 ±0.046 

Table 2. Rotational param-
eters utilized in the nuclear 
quadrupole coupling con-
stants Fitting [1], Rotational 
constants in MHz; centrif-
ugal distortion constants in 
kHz. 

total of 81 components. The mul t ip le t resolution 
could not always be done completely, due to the 
interferences made by the other two isotopic species 
present in the sample, whose transit ions coincide 
sometimes with the mult iplet components , mak ing 
difficult, or even obstructing, its measurement . 
These hyperfine components which coincide acci-
d e n t a l with absorpt ion lines of the other species 
must be omitted f rom the fit of the nuclear 
quadrupole coupling constants [3], 

The multiplets have been measured with hyper-
fine splittings lower than 10 MHz, and with a maxi-
mum number of 7 components (centre excluded) by 
multiplet. As an example, the nuclear q u a d r u p o l e 
splittings of two transitions are shown in Table 1. 
One of them is a Q line, and the o ther is a R one. 
The complete list of assigned mul t ip le t hyper f ine 
components can be obtained f rom F e r n a n d o Ma ta 
and from Dr. Frank J. Lovas of the Microwave 
Center at the Nat ional Bureau of Standards , 
Washington, D C (USA), or f rom Dr. Barbara Stark, 
University of Ulm (West Germany) . 

the principal inertia axes, a, b, c, can be seen in 
Table 3, next to the results obtained by o ther 
authors. 

In order to relate the coupling constants to 
physical propert ies of the S—CI bond, the values of 
the constants along the bond axis were obta ined . 
This was achieved by t ransformat ion f r o m the 
principal axis system, a, b and c, to a system x, y 
and z, where the r-axis coincides with the S—CI 
bond, and the .x- and v-axes are perpendicu la r to 
this; and they are si tuated so that the >'-axis is con-
tained in the molecule symmetry plane. This trans-
format ion was carried out simply by pe r fo rming 
two consecutive rotations; first, by turning a round 
the a-axis an angle <p (equal to the one fo rmed by 
the c-axis and the >'-axis), and then, by turn ing 
around the v-axis an angle 9 (equal to the half of 
the C l - S - C l angle). 

The values of yxx, Xyy and Xzz are given in 
Table 3, and they are calculated f rom the r0 s t ructure 
obtained by us with the /^-coordinate of chlor ine 
atom, determined by monosubst i tu t ion [1]. Wi th 
these structural parameters , which can be seen in 
Table 4, the angle values are <p = 22.77° and 
6 = 48.48°. 

To obtain the coupling constants along the S - C l 
bond axis and the two other ones perpendicu la r to 
this, Suzuki et al. [5] have used their own r0 struc-
ture, whereas Wenger et al. [3] have accepted the 
electron di f f ract ion structure proposed by Hargi t ta i 
[10]. The Xxx, Xyy and / : z values obta ined by these 
authors are shown also in Table 3. 

V. Quadrupole Coupling Constants 

From the experimental values of aeq, we have 
calculated, by means of a least-squares fitt ing, the 
nuclear quadrupole coupling constants of the paren t 
molecule. We have used our own rotat ional p a r a m -
eters in these calculations [1], and they are shown in 
Table 2. The quadrupo le coupling constants along 

VI. Discussion 

By observing Table 3, one can see that there is an 
excellent agreement among the results der ived by 
Suzuki et al. [5], Wenger et al. [3], and ourselves, 
especially between the later two. Our accuracy is 
slightly better, and it can be due to the larger 

Table 3.35C1 Nuclear quadrupole coupling constants (MHz) of 32S16035C12. 

This work Suzuki et al. [5] Wenger et al. [3] Journel [2] 

-25.004 ± 0.040 -25.02 ± 0.04 -25.01 ± 0.07 ± 22.1 ± 0.1 
Xbb - 0.009 ± 0.025 - 0.25 ±0 .04 - 0.03 ±0 .45 

25.013 ± 0.031 25.27 ± 0.08 25.04 ± 0.45 ±22.8 ± 0.1 
65.93 65.62 64.1 

Xyy 30.36 31.13 31.0 
Xzz -96.30 -96.75 -95 .1 



Table 4. r0 structure, obtained by the 
authors [1] and utilized in transformation 
f r o m Xaa, Xbb, Xcc to Xx.x, Xvy, Xzz• Dis-
tances in A and angles in degrees. 

r ( S - O ) 1.4278 ± 0.0005 
r (S-Cl) 2.0744 ± 0.0003 
< C 1 - S - C 1 96.9547 ±0.0013 
< O - S - C l 107.958 ± 0.022 

number of mult iplets we have assigned and mea-
sured. The good concordance between the observed 
and calculated splittings (see Table 1) just i f ies the 
use of the first order per turba t ion t reatment [7], and 
makes it unnecessary to calculate the of f -d iagonal 
elements of the / tensor. 

Also, a compar ison among the /xx, Xw a n d Xzz 
constants of thionyl chloride and those of o ther 
related molecules, such as S0 2C1 2 [11], COCl 2 [12], 
and CSC12 [13] can be interesting. The values are 
listed in Table 5. In CSC12 it has been necessary to 
interchange Xxx a n d Xyy because the x- and >-axis 
designation of those authors is the opposi te of this 
paper and the other authors. 

The Xzz value of thionyl chloride is close to that of 
SO?Cl2 , which is the most similar molecule. The 
Xzz values of C O C l 2 and CSC12, both with C - C l 
bonds, are logically alike and a little d i f ferent f r o m 
those of the other two molecules. 

Moreover, as we have said above, in fo rmat ion 
about the S—CI (or C - C l ) bond propert ies can be 
obtained f rom the x.xx, Xvy a n d Xzz constants. Several 
simplifications can be used in the interpretat ion of 
quadrupole constants (see Ref. [14], Chapt . 14). In 
the case of these molecules, the most reasonable 
assumption is to neglect the s and d electrons and 
overlap, or, in other words, to at t r ibute the field 
gradient only to the 3 p electrons of the chlor ine 
atom. If the three 3 p orbitals hold, respectively, 
nx, nv and n: electrons, then, according to Eq. (14.107) 
in Ref. [14], 

nx + nY — 2n: = — 2 Xzẑ X o > 

where xo = 109.74 M H z [15] represents the largest 
possible value of when the 3 p ; orbital holds only 
one electron. 

Besides, the Eq. (14.108) of [14] is 

V = (X.xx — Xyy)/Xzz being the asymmetry pa ramete r 
in the tensor of nuclear quadrupo le coupling. It 
measures the deviat ion of the electronic charge 
distribution along the S —CI (or C - C l ) bond f rom 
cylindrical symmetry, that is to say, it informs us 
about the possible doub le bond character between 
the CI and the other a tom. 

However, one fu r ther assumpt ion is necessary to 
obtain the electron popula t ions of the px, py and p: 

orbitals, and. consequently, the double bond char-
acter; and the most sui table one is that the double 
bond is m a d e only with the pv orbital, perpendicular 
to the C l - S - C l (or C l - C - C l ) plane. This is the 
same as supposing nx = 2, and then it is possible to 
calculate ny and nz (see [ 13]). 

The relation between the electron populat ions, 
nx, nv and n:, and the bond characteristics is estab-
lished in the following way: the double bond char-
acter is 7 z c = n x — n y , since it is related to the 
electron loss in the px orbital . And the partial ionic 
character of the a bond is ic= n: — 1, for in order to 
know the electron excess in the p: orbital it is 
required to take away the electron of the chlorine 
atom. 

In Table 5 the values of >7, nv , n z , nc and ic ob-
tained for these four molecules are listed. At a 
glance we can see that SOCl 2 is somewhat of a 
special case, since it has a high double bound 
character and a low ionic character. 

F rom the point of view of the electronegativity 
difference between S and CI one could expect a 
higher ionic character. Nevertheless, Table 5 itself 
shows us that it is not possible to argue this so 
easily; the C a tom has nearly the same electro-

Table 5. Comparison of the nuclear quadrupole coupling constants (MHz), asymmetry parameter. 3p electron population 
of the chlorine atom and the double bond and ionic character of the S - C l or C —CI bond. 

Ref. Xxx Xw XZZ '1
 nv nz 71 c 'c 

SOCb This work 65.93 30.36 -96.30 -0.369 1.784 1.014 0.216 0.014 
SO,CK [11] 50.14 40.37 -95.51 -0.102 1.941 1.100 0.059 0.100 
COCb [12] 49.72 27.30 -77.02 -0.291 1.864 1.230 0.136 0.230 
CSCba [13] 46.01 27.69 -73.70 -0.249 1.889 1.273 0.111 0.273 



negativity as S, .vc = x s = 2.5 [16], and there fore the 
S - C l and C - C l bonds would have identical ionic 
character. The point is that in SOCl 2 the CI a tom is 
not bonded only to a S atom, but to the — SOC1 
group; and for this reason the discussion has to be 
referred to the electronegativity d i f fe rence between 
the CI atom and the rest of the molecule. According 
to this, we could suggest an increasing order of 
group electronegativities as — CSC1 < — COC1 < 
—S02C1 < - S O C 1 . A more detai led discussion 
would need the theoretical calculation of the g roup 
electronegativities [17], but they are di f f icul t to 
evaluate and are not too accurate; usually it is bet ter 
to obtain them just f rom the q u a d r u p o l e coupl ing 
constants (see [14], Sect. 14.15). 

It is even more surpris ing that the doub le bond 
character is as high as 21.6%, especially if we con-
sider that the sum of the single bond covalent radii 
is 2.03 A [18], while the S - C l bond length ob ta ined 

by other authors [5, 10] and by us (Table 4) is abou t 
2.07 A. So it is a rather high double bond charac ter 
for such a long interatomic distance. 

We think that the explanation of those anomal ies 
can lie in the merely approx imate na ture of the 
theories developed so far to interpretate the nuclear 
quadrupole coupling constants in terms of electronic 
distribution. Those theories seem to be ra ther suit-
able for many molecules, but in SOCl 2 they lead to 
slightly peculiar results. But the e laborat ion of a 
more accurate and rigorous t rea tment is beyond the 
a im of this paper . 

A cknowledgem en t 

The authors wish to thank Prof. E. Bright Wilson 
of Harvard University for his valuable comments on 
this paper 's discussion. 

[1] F. Mata and N. Carballo, J. Mol. Struct., in press. 
[2] G. Journel, Thesis, University of Lille, 1969. 
[3] H. U. Wenger, A. Bauder, and Hs. H. Gunthard, 

Chem. Phys. 1,441 (1973). 
[4] J.-L. Destombes, Thesis, University of Lille, 1970. 
[5] S. Suzuki, M. Yamaguchi, M. Onda, T. Sakaizumi, 

O. Ohashi, and I. Yamaguchi, J. Mol. Struct. 73, 41 
(1981). 

[6] G. Journel, A. Dubrulle, J.-L. Destombes, and 
C. Marliere, Compt. Rend. Acad. Sei., Paris 267 B, 48 
(1968). 

[7] G. W. Robinson and C. D. Cornwell, J. Chem. Phys. 
21,1436 (1953). 

[8] H. M. Foley, Phys. Rev. 71,747 (1947). 
[9] J. J. Bragg and S. Golden, Phys. Rev. 75,735 (1949). 

[10] I. Hargittai, Acta Chim. Hung. 60,231 (1969). 

[11] S. Kinuta, see Ref. [5], 
[12] J. H. Carpenter and D. F. Rimmer, J. C. S. Faraday 

Trans. 1174,466 (1978). 
[13] J. H. Carpenter, D. F. Rimmer, J. G. Smith, and 

D. H. Whiffen, J. C. S. Faraday, Trans II 71, 1752 
(1975). 

[14] W. Gordy and R. L. Cook, Microwave Molecular 
Spectra, Interscience Publishers, New York 1970. 

[15] V. Jaccarino and J. G. King, Phys. Rev. 83, 471 
(1951). 

[16] W. Gordy and W. J. Orville-Thomas, J. Chem. Phys. 
24,439(1956). 

[17] P. R. Wells, Progr. Phys. Org. Chem. 6,111 (1968). 
[18] L. Pauling, Nature of the Chemical Bond, 3rd ed., 

Cornell University Press, Ithaca, New York 1960. 


