
T h e  33S  N u c le a r  Q u a d ru p o le  H y p e rf ln e  S tru c tu re  in  th e  
R o ta tio n a l  S p e c tru m  o f  32S , 33S  D im e th y l D isu lfide

H. Hartwig, U. Kretschmer, and H. Dreizler
Institut für Physikalische Chemie, Universität Kiel, Olshausenstr. 40-60, D-24098 Kiel

Z. Naturforsch. 50 a, 131-136 (1995); received November 11, 1994

Dedicated to Prof. Dr. D. Sutter ort occasion of his 60th birthday

We investigated the rotational spectrum of 32S, 33S dimethyl disulfide in natural abundance by 
molecular beam Fourier transform microwave spectroscopy. We were able to determine the com­
plete 33S quadrupole coupling tensor, the rotational and centrifugal distortion constants and the 
internal rotation parameters of the two methyl tops. The rotational constants were found to be 
A = 8113.8847(23) MHz, B = 2800.6203(30) MHz and C = 2557.2245 (32) MHz. The results are 
compared with former publications.

Introduction

In the course of our studies on the 33S nuclear 
quadrupole coupling we have become interested in the 
coupling constants of dimethyl disulfide (DMDS), as 
sulfur is bonded differently in comparison to the hith­
erto investigated molecules [1]. The disulfide bridge, 
-S -S -, is an important structural feature in organic 
chemistry.

First studies on the microwave spectrum of DMDS 
were made by Sutter et al. [2]. A partial r0 structure 
was determined. Kuhler et al. [3] carried out an analysis 
of the deuterated isotopomer CH3SSCD3 (DMDS-d3) 
in order to investigate the interaction between the 
methyl internal rotation and the torsion along the SS 
bond. Frankiss [4] presented a detailed IR and Raman 
study of non-deuterated DMDS. Molecular structures 
are available from electron diffraction studies [5] and 
ab-initio calculations [6]. General force fields for di- 
alkyl disulfides have been derived from experimental 
data by Sugeta [7]. An ab-initio force field for this type 
of molecule was published by Zhao and co-workers 
[8], [9]. Recently Meyer [10] has measured three iso­
topic species of DMDS in order to determine the 
heavy-atom geometry and methyl internal rotation 
parameters. Ab-initio calculations have been carried 
out to determine the complete structure, the eis and 
trans barriers to torsion along the SS bond, the dipole, 
and molecular quadrupole moments.

Reprint requests to Prof. Dr. H. Dreizler.

After having finished some investigations on the 
sulfur containing heterocycles thiophene [11], thiazole 
[12], and isothiazole [13] we extend our studies to 
molecules with other sulfur bond types. Among these 
the -S -S -  bridge type is interesting. In DMDS the 
methyl internal rotation complicates the rotational 
spectrum, but additional information can be obtained. 
Using molecular beam (MB) Fourier transform mi­
crowave (FTM W) spectroscopy, the high sensitivity of 
this method allows us to measure 33S isotopomers of 
many molecules in natural abundance. No difficult 
and expensive preparation work is needed.

In this work we will present our studies on 32S, 33S 
DMDS, using our program XIAM which calculates 
the microwave spectra of molecules with one quadru­
pole nucleus and two internal C3v-rotors.

Experimental

A sample of DMDS (purity 99%) was obtained 
from Aldrich-Chemie, Steinheim. The spectra were 
recorded using a MB-FTMW spectrometer [14] in the 
frequency range from 8 to 17.5 GHz. In order to in­
crease sensitivity and resolution of the spectrometer, 
the molecular beam was pulsed through one of the 
mirrors along the resonator axis [15]. For all measure­
ments we used a mixture of 1 % DMDS in argon with 
a backing pressure of 50 kPa (0.5 bar). The time do­
main signals were recorded sampling 16 k data points 
at an interval of 10 ns. The frequencies were calculated 
using a Fourier transformation. Up to 30 k averaging
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Fig. 1. Part of the Jk-k+ = 
32.i -  31>2 transition of 32S, 33S- 
DMDS measured in natural abun­
dance. The quantum numbers 
F = J + / and the symmetry species 
a i o2 are given. Experimental con­
ditions: 27 768 averaged experi­
ment cycles, measuring time 30 min, 
0.5 ps MW pulse duration, 16 k data 
points, 10 ns sample interval, polar­
izing frequency 15 623.50 MHz, 1% 
dimethyl disulfide in argon, backing 
pressure 50 kPa.

15622.0

cycles, taking approximately 30 minutes, were neces­
sary to get a sufficient signal-to-noise ratio for the 
32S, 33S dimethyl disulfide as displayed in Figure 1. 
We measured the spectra up to the angular momen­
tum quantum number J  = 4.

Spectral Analysis

The spectrum of the 32S, 33S isotopomer of DMDS 
shows two kinds of fine structures for each transition: 
a wide splitting into hfs components caused by the 
nuclear quadrupole coupling of the 33S nucleus and a 
smaller splitting due to the internal rotation of the two 
non equivalent methyl groups. The former one is up to 
10 MHz, the latter one mostly below 1 MHz. The pre­
diction of the spectrum was done by taking the mean 
value of the corresponding 32S, 32S, and 32S, 34S tran­
sitions given by [16]. The hyperfine free line centers 
were found within a few MHz around the mean value 
of the corresponding 32S and 34S frequencies, the in­
ternal rotation splittings were similar to the one of 
32S, 34S DMDS. Due to the low natural abundance of 
33S and the splitting of the rotational lines into vari­
ous components the spectrum turned out to be rather 
week. For DMDS the natural abundance of the 33S 
isotopomer is 1.52% because of the two equivalent 
sulfur nuclei. This compensates partially the loss of 
intensity by the splitting.

We started assigning the JK- K+ = l xa — 0o 0 and 
the 212 —101 transitions. Using the program HFS 
[17], [18], which diagonalizes the Hamiltonian matrix 
containing overall rotation, nuclear quadrupole cou­
pling, and centrifugal distortion, the 33S quadrupole 
coupling constants could be extracted from the spec­
tra. With these constants and the internal rotation 
splittings of the 32S, 34S isotopomer we were able to 
measure and assign all the transitions given in Table 1.

A final analysis of the nuclear quadrupole coupling 
was done by a least squares fit of all rotational lines of 
the a 1ff2 = 00 (or A A) torsional sublevel, because 
these follow a pseudo rigid rotor spectrum. We were 
able to determine the complete 33S quadrupole cou­
pling tensor of DMDS and the effective rotational 
constants of the a x o2 = 00 spectrum. The results are 
given in Table 2, together with the values for the 
32S, 32S, and 32S, 34S isotopomers. Because only seven 
transitions were measured, the centrifugal distortion 
constants had to be fixed to the mean value of those 
resulting from the 32S and 34S spectra.

To obtain moments of inertia of the molecule, which 
reflect the real structure of DMDS, internal rotation 
components are to be taken into account. To analyze 
the multiplet pattern we used the internal axis method 
(I AM) in the formulation of Woods [19] and modified 
by Vacherand et al. [20]. It uses an internal axis system 
for each top. These coordinate systems are fixed in the 
frame of the whole molecule, called ß-axis system, 
therefore this treatment is also called £-axis method



H. Hartwig et al. • The 33S Nuclear Quadrupole Hyperfine Structure 133

Table 1. Measured transitions of 32S, 33S dimethyl disulfide. Table 1. (continued) 
vobs denotes the observed frequency, vcale the calculated fre­
quency. ö gives a) the difference between the observed and 
calculated component of <t1ct2 = 00 and b) the difference 
between the observed Avobs = (v00 — vr)obs and the calculated
internal rotation splitting. <xK 
dard deviation of the hfs fit and <r, 
internal rotation fit, respectively.

= 2.0 kHz is the stan- 
introt-fit = 4-5 kHz of the

JK_K+ J'K'_K'+ r

F

t t l  000
5/2 3/2

1/2 3/2

3/2 3/2

2 12 10 1
7/2 5/2

5/2 3/2

3/2 1/2

5/2 5/2

3/2 3/2

2 2 0 2 1 1 
7/2 7/2

5/2 5/2

vJMHz 0/kHz ôbs ĉalc/
INTROT- kHz 
FIT HFS-FIT

00 10670.646 -3.2
±10 10670.506 -2.2
0 ± 1 10670.506 1.4
+ 1 ±1 10670.408 0.1
±1 +1 10670.327 0.2
00 10667.938 -1.3
±10 10667.798 -2.2
0 ± 1 10667.798 1.3
+ 1 +1 10667.701 1.2
±1 +1 10667.618 0.4
00 10673.756 4.5
+ 10 10673.618 -1.2
0 ± 1 10673.618 2.3
+ 1 +1 10673.519 -1.0
±1 +1 10673.439 0.4

00 15785.559 -6.7
+ 10 15785.416 -2.7
0 ± 1 15785.416 1.0
+ 1 +1 15785.286 -3.5
±1 +1 15785.260 -0.4
00 15788.745 5.2
±10 15788.601 -4.6
0 ± 1 15788.601 -0.9
+ 1 +1 15788.476 -0.4
±1 +1 15788.448 0.5
00 15778.439 2.2
±10 15778.298 -1.3
0 ± 1 15778.298 2.4
00 15781.327 -1.3
±10 15781.186 -1.7
0 + 1 15781.186 2.0
±1 +1 15781.028 -2.1
00 15791.778 0.6
+ 10 15791.637 -0.5
0 ± 1 15791.637 3.2
+ 1 +1 15791.510 1.3
±1 +1 15791.483 3.1

00 15945.054 -8.7
0 ± 1 15946.750 -4.3
±10 15946.718 0.4
00 15955.666 0.0
0 ± 1 15957.360 3.0
±10 15957.335 0.6
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13/2 13/2

vJMHz <5/kHz ôbs ĉalc/
INTROT- kHz 
FIT HFS-FIT

00 16666.621 8.9 3.8
±10 16664.389 -3.8
0 ± 1 16664.346 -1.2
±1 ±1 16666.011 2.4
00 16678.262 1.7 1.1
00 16669.923 -6.6 -3.0

00 15619.328 13.7 2.0
±10 15619.555 -2.2
0 + 1 15619.555 -0.6
±1 +1 15620.668 -3.3
00 15624.388 -16.4 -0.8
±10 15624.620 2.4
0 ± 1 15624.620 3.8
±1 ±1 15623.901 2.2
00 15622.048 12.9 0.3
±10 15622.279 1.8
0 ± 1 15622.279 3.1
+ 1 +1 15621.559 1.0
±1 +1 15623.388 -2.9

0 0 17037.996 -2.3 0.1
±10 17037.203 0.0
0 ± 1 17037.184 1.3
±1 ±1 17037.337 -1.8
00 17044.086 6.2 0.9
±10 17043.293 0.5
0 ±1 17043.275 -0.5
±1 ±1 17043.427 -1.0
00 17041.229 -5.8 -3.9
+ 10 17040.438 2.5
0 ± 1 17040.417 -1.6

00 15225.078 -3.1 0.2
+ 10 15225.019 2.5
0 ±1 15225.006 -0.1
+ 1 +1 15224.633 5.6
±1 +1 15225.260 0.7
00 15227.992 1.3 0.6
±10 15227.931 0.0
0 ± 1 15227.918 -3.0
+ 1 +1 15227.541 -1.9
±1 +1 15228.174 -0.8
00 15226.972 -1.8 2.3
±1.0 15226.915 4.8
0 ±1 15226.896 -3.8
±1 ±1 15226.517 -4.9

00 14797.343 - -4.5
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Table 2. Rotational, van Eijck's centrifugal distortion con­
stants [27] (/r representation) and 33S quadrupole coupling 
constants of the cr = 00 (AA) species of the sulfur isoto- 
pomers of dimethyl disulfide. * denotes derived constants, a 
the standard deviation of the fit and + marks the centrifugal 
distortion constants kept fixed in the fit to the mean value of 
the 32S, 32S and 32S, 3*S isotopomers. Basis for the data of 
the 32S, 32S and 32S 34S isotopomers was the frequency list of 
[16]. For the sign of Xqq, see text.

CH3SSCH3 ch334ssch3 ch333ssch3

A' /MHz 8163.8928 (31) 8066.55639 (63) 8114.03235(37)
B' /MHz 2816.5019(16) 2785.31400(34) 2800.62324 (41)
C /MHz 2570.4164(12) 2544.49968 (26) 2557.29712(33)
van Eijck's centrifugal distortion constants:
D'j /kHz 1.588 (26) 1.5378 (54) 1.563 +
D'jk /kHz -5.055 (68) -4.624(10) -4.840 +
D'k /kHz 27.19(80) 25.36(17) 26.28 +

/kHz 0.4832 (30) 0.4613(37) 0.4723 +
K /kHz -0.0872 (33) -0.0861 (37) -0.8670 +
a /kHz 2 1 2

Quadrupole coupling constants of sulfur 33S:
laa /MHz -29.6475(42) Xx.J MHz 48.7(12)
Xbb ~ X«/MHz -4.0334 (95) X j MHz -39.2(11)
Xab /MHz 20.2(13) xz:,/MHz -9.52(32)
Xac /MHz 18.3(12)
Xbc /MHz 24.43(17)
Xbb /MHz 12.807 (31)*
Xcc /MHz 16.840 (26)*

Table 3. Simplified correlation table of the groups Cj
and i j  =1,2.
C3v®C3+ c ^ o c 2 ffjffj

AA AA 00
EE E,A 

AE;
+ 10 
0 ±1

AE E tE, + 1 +1
EA E.E; ±1 +1

Table 4. Rotational, centrifugal distortion, nuclear quadru­
pole coupling and internal rotation constants of S, 33S 
dimethyl disulfide fitted to all measured transitions simul­
taneously. Top 1 is bond to the 33S and top 2 to the 32S 
nucleus, q, ß, and y are internal rotation parameters given by 
[19], V3 is the hindering potential and F the internal rotation 
constant. + marks parameters held fixed in the fit and * 
denotes derived constants.

Rotational constants:
/MHz 
/MHz 
/MHz

8113.8847 (23) 
2800.6203 (30) 
2557.2245 (32)

Watson's A centrifugal distortion constants:
A.. /kHz 1.82(32)
Ajk /kHz -6.17(11)
AK /kHz 21.41+
öj /kHz 0.378 (30)
<5X /kHz 15.52+

Quadrupole coupling constants:
Xaa /MHz -29.645(7)
Xbb ~~ Xcc /MHz -4.064(15)
Xbc /MHz -24.803(41)

International rotation parameters of top 1:

V,
/kJ
/cm"1

/rad 
/rad 
/GHz

6.426 (32) 
537.2 (2.9)* 

0.030877 (108) 
0.4947 (21) 
0.5354(82) 

162.38 *

Internal rotation parameters of top 2:
/kJ
/cm - 1

/rad 
/rad 
/GHz

6.442 (36) 
538.5 (26)* 

0.031155(116) 
2.6563 (18) 
0.5500 (69) 

162.66*

Freedoma

0.20 
0.13 
0.09

0.17 
0.25

0.20

0.94 
0.92 
0.59

0.02

0.03 
0.03 
0.15

0.02

0.03 
0.03 
0.17

Grabow [28],

(RAM) in [21]. It should be mentioned that the top- 
top interaction described by F' and some potential 
parameters are neglected here as only the torsional 
ground state is analyzed. Because of the shift and 
rotation of the principle axes of 32S, 33S DMDS com­
pared with the C2 symmetric 32S, 32S isotopomer the 
methyl groups are no longer equivalent. The symme­
try group of the Hamiltonian of 32S, 32S DMDS is 
CJV ® C3, for the nonsymmetric isotopomers it is re­
duced to C \® C j [22]. This leads to a confusing 
nomenclature of the torsional sublevels as shown in 
Table 3. We decided to use the symmetry label a of 
each top to specify the symmetry of the internal rota­
tion levels.

Finally all transitions given in Table 1 where used 
to fit rotational, centrifugal distortion, quadrupole 
coupling, and internal rotation constants simulta­
neously. The result is given in Table 4. The absolute 
frequency of each hfs component F — F', a, o2 = 00 
and the splittings between the a 1(r2 = 00 and the 
other four torsional states of the same hfs component 
were used as input data. The determined internal rota­
tion parameters are g,ß,y, and the hindering barrier 
V3 for each top. q is given by
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were Ig is the moment of inertia of the molecule for 
rotation about the g axis and 7a is the moment of 
inertia of the top for rotation about the internal rota­
tion axis, ß and y are in the / r representation defined 
by

a Qa Qb ß = arccos —, y = arccos —=-------
2 +

The value of the internal rotation constant F, which is 
needed in the calculation, is derived from Q,ß,y and 
the rotational constants A, B, C in each iteration. In 
this fit only one off-diagonal quadrupole coupling pa­
rameter /bewas determinable because no off-diagonal 
elements in J  are included in this calculation of the 
nuclear quadrupole Hamiltonian matrix. This leads to 
a worse residuum and to higher errors in the rotational 
constants compared with the fit of the <r1 o2 = 00 lines 
only, were the nuclear quadrupole Hamiltonian is 
treated without any neglections (Table 2). This simpli­
fication affects mainly the absolut frequencies of the 
hfs patterns, the internal rotation splittings are not 
influenced.

93.3°

Fig. 2. Position of the principal inertia and principal 33S 
quadrupole coupling tensor axes of 32S, 33S dimethyl disul­
fide. The structure was given by Meyer [29]. The position of 
the hydrogen nuclei results only from quantum chemical 
calculations. The principal axes of the coupling tensor are 
drawn with dashed lines. There is no coincidence between a 
principal coupling axis and the sulfur bonds nor the bisector 
of the * (C "S 3lS).

Discussion

Since we were able to extract the whole quadrupole 
coupling tensor x from our a x o2 = 0 0  spectra, we 
were able to calculate the quadrupole coupling tensor 
in his own principle axis system by diagonalizing x- 
We derived the principal coupling constants of 33S in 
32S,33S DMDS to be

Xxx= 48.7 (12) MHz, 
Xyy — — 39.2 (11) MHz, 
Xzz = -  9.52 (39) MHz,

and the corresponding eigenvectors are

z =

0.327 (15) 
0.6502 (74) 

\0.6858 (71)/

' -0.069 (49)V 
-0.707 (22) 

0.704 (17)/

y =
0.9424 (54) 

-0.277 (39) 
\ -  0.186 (40)/

So we can calculate the angles between the principal 
inertia axes system of 32S, 33S DMDS and the princi­
pal coupling tensor axes system of the 33S nucleus. In

Fig. 2 we have indicated the following angles:

*  (c, x) = 46.7 (56)°, *  (b,y) = 106.1 (24)°,
< (a, z) = 93.3 (28)°.

An illustration is given in Figure 2. The structure of 
DMDS given by Meyer was used. No principal axis of 
the quadrupole tensor coincides exactly with the SC 
or SS bond nor with the bisector of the angle
* (C 33S32S).

It should be noted that only the product of the sign 
of the three off-diagonal elements of the nuclear 
quadrupole coupling tensor can be obtained from the 
spectra [23],

These results should be compared with quantum 
chemical calculations. These calculations are very ex­
pensive because of the sophisticated methods and ba­
sis sets that have to be applied [24].

The internal rotation analysis gives analogeous re­
sults compared with the 32S, 32S, and 32S, 34S isoto- 
pomers in [25]. The value of V3 and Ia are within the 
errors of the other isotopomers. To compare the direc­
tion cosines kg = cos (£  i, g),i = 1,2 (internal rotation 
axes) g = a, b,c of all isotopomers it is necessary to
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Table 5. Comparison of the internal rotation constants of three isotopomers of dimethyl disulfide. The given angles £ (g, i), 
g = a, b,c are between the internal rotation axes i = 1,2 and the principal axes of the 3 S, 32S isotopomer. Top 1 is bond to 
the 32S, 34S or 33S and top 2 to the 32S nucleus. /„ is the moment of inertia and V3 is the hindering barrier of the internal 
rotating top.

32S,32S* 32S,33S 32S,34S ^-Structure *

Top 1 Top 2 Top 1 Top 2

6.394 (2) 6.426 (32) 6.442 (35) 6.460 (50) 6.531 (54) _
iju k 2 3.213(9) 3.198 (20) 3.193 (20) 3.187(25) 3.152 (26) —
* (M r 57.84 (6) 57.79(15) 57.55 (13) 57.17(10) 57.45 (20) 60.83
*(M /° 45.31 (6) 45.20 (39) 45.00 (33) 45.17(10) 45.27(19) 43.81

61.89 (8) 62.06 (44) 62.57 (37) 62.29(17) 62.35 (24) 60.56

* IAM [29], angles of the SC bond.

take the change of the principal axes system into ac­
count. This calculation was based on the r0 structure 
given by Meyer. After the transformation of the direc­
tion cosines of the nonsymmetric DMDS into the 
principal axes system of the 32S, 32S isotopomer the 
values of the angles £  (g, i) are in a good agreement. 
It must be noted that the transformed direction cosi­
nes contain additional errors caused by the uncer­
tainty of the r0 structure. These errors are not consid­
ered in Table 5. It should be noted that the angles 
arccos (Xg) disagree with the angles between the S-C 
bonds and the principal axes calculated from the 
structure. The value of this tilt angle (about 3.1°) is 
beyond the standard error of the calculated angles and 
also larger than for comparable molecules with

methyl groups not bound to the same atom (trans-2,3- 
dimethyloxiran: 0.4° [26]). One explanation is the in­
fluence of other low vibrational modes, particularly 
the SS torsion. This motion can modify the rotational 
constants or couple with the internal rotation, but a 
more precise treatment can not be given presently.

Acknowledgements

We thank the members of our group for help and 
discussion, J. Kohlscheen and M. Schulz for initial 
measurements, PD Dr. W. Stahl for critically reading 
the manuscript, the Deutsche Forschungsgemein­
schaft, the Fonds der Chemischen Industrie, and the 
Land Schleswig Holstein for funds.

[1] MOGADOC, Molecular Gasphase Documentation, 
STN International, Karlsruhe.
J. Vogt, J. Mol. Spectrosc. 155, 413 (1992).

[2] D. Sutter, H. Dreizler, and H. D. Rudolph, Z. Natur- 
forsch. 20 a, 1676 (1965).

[3] M. Kuhler, L. Charpentier, D. Sutter, and H. Dreizler, 
Z. Naturforsch. 29a, 1335 (1974).

[4] S. G. Frankiss, J. Mol. Struct. 3, 89 (1961).
[5] Y. Yokozekin and S. H. Bauer, J. Phys. Chem. 80, 618 

(1976).
[6] M. Aida and C. Nagata, Theor. Chim. Acta 70, 73 

(1986).
[7] H. Sugeta, Spectrochim. Acta, Part A 31, 1729 (1975)
[8] W. Zhao and S. Krimm, J. Mol. Struct. 224, 7 (1990).
[9] W. Zhao, J. Bandekar, and S. Krimm, J. Mol. Struct. 238, 

43 (1990).
[10] M. Meyer, J. Mol. Struct. 237, 99 (1992).
[11] U. Kretschmer, W. Stahl, and H. Dreizler, Z. Natur- 

forsch. 48a, 733 (1993).
[12] U. Kretschmer and H. Dreizler, Z. Naturforsch. 48 a, 

1219 (1993).
[13] J. Gripp, U. Kretschmer, and H. Dreizler, Z. Natur- 

forsch. 49 a, 1059 (1994).
[14] U. Andresen, H. Dreizler, U. Kretschmer, W. Stahl, and 

C. Thomsen, Fresenius J. Anal. Chem. 349, 272 (1994).

[15] J. U. Grabow and W. Stahl, Z. Naturforsch. 45 a, 1043 
(1990).

[16] loc. cit. [10], Tables 3 and 4.
[17] J. Gripp and H. Dreizler, Z. Naturforsch. 45 a, 715 

(1990).
[18] J. Gripp, Thesis, Kiel 1989.
[19] R. C. Woods, J. Mol. Spectrosc. 22, 49 (1967).
[20] J. M. Vacherand, B. P. van Eijck, J. Burie, and J. De- 

maison, J. Mol. Spectrosc. 118, 355 (1986).
[21] J. T. Hougen, I. Kleiner, and M. Godefroid, J. Mol. 

Spectrosc. 163, 559 (1994).
[22] H. Dreizler, Z. Naturforsch. 16a, 1354 (1961).
[23] U. Spoerel, H. Dreizler, and W. Stahl, Z. Naturforsch. 

49 a, 645 (1994).
[24] D. Cremer and M. Krüger, J. Phys. Chem. 96, 3239 

(1992).
[25] loc. cit. [10], Tables 1 and 2.
[26] H. Hartwig and H. Dreizler, Z. Naturforsch. 47 a, 1051 

(1992).
[27] B. P. van Eijck, J. Mol. Spectrosc. 53, 246 (1974).
[28] J.-U. Grabow, N. Heineking, and W. Stahl, J. Mol. Spec­

trosc. 152, 168 (1992).
[29] loc. cit. [10], Table 9.


