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MAXIMUM BOND ORDER HYBRID
ORBITAL CALCULATIONS OF THE S=0
STRETCHING FREQUENCIES FOR
SULPHURYL AND THIONYL COMPOUNDS

YING XIONG? and CHANG-GUO ZHAN?"*

2Department of Chemistry, Central China Normal University, Wuhan 430070, P. R.
China and "Radiation Laboratory, University of Notre Dame, Notre Dame, IN
46556, USA

(Received 15 December, 1997; In final form 16 December, 1998)

A new generalized relationship, which includes the contributions of the net atomic charges
and the orbital characters of the hybrid atomic orbitals forming the S=O bond, is employed to
elucidate the S=0 bond stretching vibrational frequencies based on the maximum bond order
hybrid orbital calculations. The S=O stretching frequencies calculated by using the explicit
relationship obtained are in good agreement with the corresponding experimental frequen-
cies.

Keywords: orbital calculations; atomic orbitals; bond stretching; bonal order; S=O bond

INTRODUCTION

As is well-known, the view of the variable character of S=0 bond was
concluded primarily from the systematic comparisons of physical and
chemical propetties of sulfoxides (R;-SO-R,) and sulfones (R;-SO,-R,),
such as the S=0 bond lengths, bond orders, bond stretching vibrational
frequencies and force constants.['22] It was reported that the S=0 stretch-
ing frequency (or the corresponding force constant) and S=O bond order
both increase with the increasing electronegativities of the group R, and

* To whom correspondence should be addressed.

65



14: 30 28 January 2011

Downl oaded At:

66 YING XIONG and CHANG-GUO ZHAN

R, in the sulfones!?2] and, therefore, Gillespie and Robinson established a
simple linear relationship,[22]

n=111x10"% +0.7 (1)

to evaluate the bond order n from the use of the force constant k for the
S=0 stretching vibration.

The IR spectra of organic sulfones show two strong absorption bands at
1260-1310 cm™! and at 1110-1160 cm™! associated with the symmetric
and asymmetric stretching vibrations of the two S=O bonds, respec-
tively.[23] Ever since the pioneering work by Koch and co-workers, /24!
there has persisted a tendency to average the two stretching frequencies,
such as by using the “average rule” pointed out by Lehmann.[%3! However,
later many observations and comparisons indicated that the changes of the
symmetric stretching frequency provide more valuable structural informa-
tion of the series of molecules.[!)

With the increasing number of these compounds for which their experi-
mental spectroscopic data have been reported, many researchers attempted
to correlate the frequencies of infrared absorption bands with specific
structural characters. Over thirty years ago, Gillespie and Robinson pro-
posed an empirical relationship between the S=0 bend length and stretch-
ing frequencies in sulphuryl and thionyl compounds,*?]

logvso = —3.7log 150 + 3.68 (2)

where rgq is the S=0 bond length, and vgq, is the root mean square of the
symmetric and asymmetric stretching frequencies of the S=0O bond. Ten
years later, the explicit relationships were given separately for the two
kinds of stretching frequencies by Brunvoll and Hargittai.[26] These
explicit relationships indicate that the standard deviation corresponding to
the symmetric stretching frequency is lower than that corresponding to the
asymmeitric stretching frequency. However, the established relationships
are useful only for discussing the change of the stretching frequencies in
the series of molecules.2! At the same time, many attempts have been
made to derive a set of semiempirical correction factors for the computed
frequencies.[zs’ 27-381 Different correction factors were used for different
vibrational mode rather than general correction factors for all modes or
groups of modes.

It is the main objective of this paper to establish a new generalized rela-
tionship for calculating the S=O stretching vibrational frequencies, as an
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extension of our recently proposed generalized relationship for calculating
nuclear spin-spin coupling constants.

In our previous work, a novel relationship[39] was introduced through a
theoretical consideration of the Fermi contact mechanism of nuclear
spin-spin coupling to calculate the nuclear spin-spin coupling constants for
the atom pairs for which the Fermi contact mechanism is dominant. (40411
Based on this relationship and a linear relationship between the bond
stretching frequencies and the coupling constants, a simple relation-
ship,[42] which includes contributions of the s-characters of the hybrid
orbitals and the net atomic charges, was introduced to calculate the bond
stretching frequencies:

vaB = Kap(s%)a(s%)B + KqaQa(s%)a+
KogpQs(5%)8 + Ka(s%)a + Kg(s%)8 + Cas (3)

Here Q4 and Qp are the net charges of atoms A and B, respectively. This
relationship has been employed, together with the maximum bond order
hybrid orbital (MBOHO) method,!43] to successfully elucidate C-H and
P=S stretching frequencies.[42'44] Recently, based on a further theoretical
analysis of the Fermi contact and non-contact terms in the Ramsey theory
of nuclear coupling constants, a more generalized semiempirical relationship
has been derived for calculating nuclear spin-spin coupling constants: [(43]

A 1B 1 A1 1A

max max max max 1
Jap= Z Z kijasW;aW;B + Z kigaQaWia + Z kiaWia
i=0 j=0 =0 =0
B 1 B

max max 1

+ Z kigeQeWiB + Z kWi + kgaQas + kesQe +cas (4)

=0 =0

where /A and (B are the maximum angular momentum numbers of
the valence orbitals of atoms A and B, respectively. Q4 and Qp are the net
charges of atoms A and B, respectively. W;4 and W, are s-characters of
the atomic orbitals associated with the angular momentum quantum
number /=i in the hybrid orbitals ¢4 and g belonging to atoms A and B,
respectively. Thus, Wya=(s%), and Wyp=(s%)g, Wis=(p%), and
Wp=(p%)g etc.. These quantities can be evaluated by use of our MBOHO
procedure.*3! Besides, kijaB> kiQas kias kiQB, kiB, kEa, kgp and cpp are
independent parameters which are constants for the same kind of chemical
bond.
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As we know, there is a good linear relationship between the bond
stretching vibrational frequencies and the corresponding nuclear spin-spin
coupling constants of C-H bonds. #2461 If this simple linear relationship is

extended to a general chemical bond A-B, then we may have
vaB = aJap +b. (5)
Substitution of Eq.(4) into Eq.(5) gives
laax—'l lgnax-l l:xnx'—l lgax_l
vaB= D > KijasWiaWis+ Y KioaQaWu+ Y KiaWia
=0 j=0 =0 =0
Bl B, -1

max max

+ Z KigeQsWiB + Z KW + KgaQa + KepQs + CaB (6)

1=0 1=0

where KijAB = akijAB, KIQA = aleA, KIA= aklA, KIQB = aleB, KIB = ak,B,
KEA = akEA, KEB = akEB and CAB =acpg + b. ObViOllSly, KUJAB’ KIQA’
Kia, Kigp, Kip, Kga, Kgg and Cap become independent parameters which
are constants for the same kind of chemical bond. Equation (6) may be
regarded as a generalized parameterized relationship for calculating
stretching vibrational frequencies of A-B bonds. This parameterized rela-
tionship is employed, in this paper, to elucidate the S=0O bond stretching
frequencies. For the case of S=O bond, {5 =2 and [0 =1, Eq. (6)
becomes

vs=0 = Kooso(s%)s(5%)o + KoqsQs(s%)s + KoqoQo (s%)o
+Kos(s%)s + Koo(s%)o + KrsQs + KgoQo + Kieso(p%)s(s%)o
+K1qsQs(p%)s + Kis(p%)s + Cso - (7)

CALCULATION METHOD

The MBOHO calculation has been carried out for a number of organic sul-
fur compounds. For a given molecule, before the MBOHO calculation we
must determine molecular geometry and calculate the corresponding
one-electron density matrix. As we know, the MNDO method presented
by Dewar et al. [47-491 5 qualified for geometry optimization of the mole-
cules containing sulfur atom even if the d orbitals are not included in the
calculation. However, the density matrix obtained from the MNDO calcu-
lation without d orbitals cannot be used to construct the MBOHOs con-
taining hybridization of d orbitals. In the present work, we employed the
MNDO method to optimize geometries of all the molecules considered,
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and because the d orbitals are not involved in our MNDO calculations the
optimized geometries were employed to perform the extended Hiickel
molecular orbital (EHMO)[47] calculations involving d orbitals of sulfur
atom. The density matrix obtained from the EHMO calculation was used
to carry out the MBOHO calculation and to evaluate the net atomic
charges based on Mulliken population analysis.

All the parameters used in the MNDO calculations were reported in lit-
erature,[*8-391 and all the parameters used to perform the EHMO calcula-
tion are the default values in the EHMO program. 7]

RESULTS AND DISCUSSION

The s-characters of S and O atoms, p-character of S atom and net charges
of S and O atoms are summarized in Table I. For each sulphuryl com-
pound, listed in Table I are the average values for the two S=0O bonds
because we concern with the symmetric stretching vibrational frequencies
reported. Based on these numerical values, the least-squares procedure of
the theoretically calculated S=O stretching frequencies versus the experi-
mental frequencies given in the literature!!1 is performed to determine the
parameters in Eq.(7). Thus, we obtain the following explicit relationship:

vs—o = 3.261(s%)s(s%)o + 7.959(s%)s Qs — 410.208(s%)o Qo
—215.156(s%)s — 475.156(s% )0 — 522.828Qs
+24197.641Q0 + 0.200(s% )0 (p%)s + 6.562Qs (p%)s
—-27.029(p%)s + 30574.762(cm 1) (8)

with a correlation coefficient of 0.98 and a standard deviation of 11.5
cm™L. Besides, if we ignore the contribution of the change of p-character
of S atom to the 8=0 bond stretching frequency, then the total number of
independent parameters to be calibrated is reduced from 11 to 8. Mean-
while, the standard deviation becomes 16.0 em™L. Tt follows that the
change of the p-character of S atom is significant for describing the change
of the S=0 bond stretching frequency.

The S=0 bond stretching vibrational frequencies calculated by Eq.(8)
are all listed in Table I compared with the corresponding experimental fre-
quencies. A survey of the data in Table I reveals that the calculated S=0
stretching frequencies are, on the whole, in good agreement with the
experimental results. Many important trends of the experimental frequen-
cies are reasonably reproduced. Illustrated as follows are the most impor-
tant trends discussed by Szmant.[!!
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TABLE I The calculated orbital characters of MBOHOs, net atomic charges and S=0 bond
stretching vibrational frequencies compared with the experimental frequencies? (in em™h)

(s%)s (s%)o (p%)s Qs Qo Expt. Calc.
CH;S0,CH; 23.64 55.52 6230 17100 -0.9670 1152 1146
CH3S0,CH,CH; 23.33 55.82 6221 1.6460 -0.9720 1144 1144
CH;3SO,CH;CH,CH; 23.62 5565 62.17 16920 -0.9730 1141 1148
CH;SOCH(CH;), 23.66 5561 6207 1.6940 -0.9710 1142 1135
CH3S0,(CH,);CH; 23.69 5569 6217 1.6810 -0.9760 1141 1147
CH3SO,C(CHy)3 23.88 5572 6124 16710 -09740 1122 1138
CH3SO,CHCH, 23.62 55.65 6236 1.6910 -0.9720 1141 1141
CH3SO,;NH, 24.66 5747 6092 17760 -0.9550 1169 1171
CH3SO,0H 25.68 5649 6002 19510 -0.9370 1174 1183
CH3S0,Cl1 2545 5725 6031 1.8520 -0.9180 1175 1192
CH;3SO,F 26.35 56.74 59.81 22080 -0.9120 1210 1219
CH;3CH,SO,CH,CH; 23.93 55.64 62.04 16740 -0.9660 1138 1139
(CH3CH,CH,),S0, 23.86 5574 6190 1.6690 -0.9630 1136 1146
"C(CH4)3)250, 24.10 5595 6094 1.6140 -09850 1102 1120
CH,CHSO,CHCH, 23.00 5620 6199 15880 -09740 1153 1151
NH,SO,NH, 25.58 5726 5940 1.8390 -09450 1163 1176
CH;0S0,0CH; 28.20 5750 5733 21760 -0.9050 1206 1198
HOSO,0H 28.16 5722 5720 21660 -0.9000 1195 1200
$ClL,0, 26.61 5857 5822 19920 -0.8970 1182 1194
SO,F, 29.70 5691 57.02 27090 -0.8590 1269 1268
CsHsSO,CeHs 22.80 5658 61.69 1.5600 -0.9910 1161 1144
CgHsSO,CHCH, 22.97 5624 62.10 1.5740 -0.9840 1153 1132
CgHsSO,NH, 24.20 56.73 60.76 17110 -~0.9680 1167 1153
CeHsSOLF 25.77 57.19 5959 2.1130 -0.9310 1213 1198
C¢HsSO,0H 25.20 57.04 5978 1.8640 -0.9520 1182 1173
CiSO,CCl;4 26.12 57.64 5767 19020 -0.9060 1183 1186
CISO,CF, 26.26 5736 6036 1.7760 -0.8860 1239 1198
C1SO,0CH; 27.34 5826 5772 2.0810 ~0.9020 1190 1202
CISO,0H 27.35 58.03 5773 20790 -0.8960 1209 1204
CISO,F 27.92 5793 57.63 23490 -0.8850 1228 1225
FOSO,F 29.66 57.11 5717 24790 -0.8510 1248 1249

HOSO,F 29.95 57.14 5712 24290 -0.8760 1230 1231
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(s%)s (s%)o (p%)s Qs Qo Expt. Calc.
CH;0SO,F 28.91 5727 5725 24350 -0.8820 1235 1231
CF3S0,F 27.52 5673 59.83 2.1530 -0.8700 1240 1234
CF3;80,NH, 25.75 5648 6090 1.7020 -0.9120 1200 1181
CH3SOCH; 21.61 52778 6872 0.6670 -0.9580 1072 1058
CH3;SOOCH; 23.14 5401 6726 09350 -0.9070 1147 1158
CH;CH,SOCH,CH; 22.06 5291 6852 0.6280 -0.9500 1066 1065
(CH;CH;CH,),SO 22.01 53.03 6845 0.6190 -0.9530 1058 1057
((CH3),CH),SO 2224 5566 67.95 0.6060 -0.9540 1053 1054
CeHsSOCgH; 2124 5490 67.14 05140 -09710 1052 1059
SOF, 24.58 55.69 6590 1.8010 -0.8270 1308 1311
SOCl, 2550  57.58 6438 1.8090 -0.8140 1229 1234

All the experimental frequencies come from Ref. [1].

1. The S=0 stretching frequency increases with increasing the electron-
egativities of the substituents attached to the S atom. This can be seen
from following examples:

M F-SO,-F F-§0,-OF F-80,-CF; F-80,-OH F-§0,-Cl F-S0,-CH,
1269/1268 > 1248/1249 > 124071234 > 123071231 > 12281225 > 1210/1219

@ CI-SOyF Cl-S0,OH  Cl-80,-OCH; CI-80,-CCly
12281225 > 12091204 > 11901202 > 1183/1186

(3)  CHySO,F CH;S0,C1  CH;-80,-0H CH;-SO;NH,  CHy-SO,CH; (cont'd)
120001219 > N75/M192 > U183 > L6YNTL > 11521146 >

CH;-S0,-CH2CH; CHy-50,-CHCH,

11441144 > 11411141

@ SOF, soct, SO(CHy), SO,F, SO.Cl SO,(CH3),
1308/1311 > 1220/1234 > 107211058 ;  1269/1268 > 11821194 > 115271146

Note that here, and below, the values under each molecular formula are
always the experimental/calculated frequencies.

2. Substituents being capable of both inductive and resonance effects,
when these two effects are in opposed direction, are primarily in accord
with their inductive effects. For example,

CeHs-SO,-F CHs-SO,-OH CeHs-50,-NH, CeHs-S0,-CeH CeHs-80,-CHCH,

1213/1186 > 11821173 > 1167/1153 > 1161/1144 > 1153/1132
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3. An increase in the bulk of substituents tends to reduce the corre-
sponding stretching frequency, such as:

(1) CH;-SO,-CHj CH;-S0,-CH,CH; CH;3-S0,-CH(CH3),

1152/1146 > 114471144 > 1142/1135
(2) CHj-80,-CH; CH3CH,-S0,-CH,CH; (C(CH3)3),80,
11521146 > 1138/1139 > 1102/1120

4. Additional terminal oxygen atoms tend to lower the corresponding
stretching frequency when the electron-withdrawing substituents are
present, while the opposite is true when the substituents are elec-
tron-donating. This can be also supported by some examples:

(1) SO,F, SOF,
1269/1268 1308/131 1

@ S0,Cl, SOCl,
1182/1194 1229/1234

3) CH;-SO,-CH, CH;-SO-CHj
1152/1146 1072/1058

) CH;CH,-S0,-CH,CH; CH;CH,-SO-CH,CHj
1138/1139 1066/1065

&) (CH5CH,CH,),S0, (CH;CH,CH,),SO
1136/1146 1058/1057

(6) CgHs-S0,-CgHs C¢Hs-SO-CgHs

1161/1144

1052/1059

It follows that the explicit relationship Eq.(8) obtained in this work is
quite satisfactory for calculating the S=O bond stretching vibrational fre-
quencies.
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