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ORBITAL CALCULATIONS OF' THE S=O 

STRETCHING FREQUENCIES FOR 
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46556, USA 
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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=O 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=O bond was 
concluded primarily from the systematic comparisons of physical and 
chemical properties of sulfoxides (Rl-SO-R,) and sulfones (Rl-S02-R2), 
such as the S=O bond lengths, bond orders, bond stretching vibrational 
frequencies and force constants.['-221 It was reported that the S=O 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. 
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66 YING XIONG and CHANG-GUO ZHAN 

R2 in the sulfones[221 and, therefore, Gillespie and Robinson established a 
simple linear relationship,[221 

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

The IR spectra of organic sulfones show two strong absorption bands at 
1260-1310 cm-' and at 1110-1 160 cm-' associated with the symmetric 
and asymmetric stretching vibrations of the two S=O bonds, respec- 
t i ~ e l y . [ ~ ~ ]  Ever since the pioneering work by Koch and c o - w ~ r k e r s , ' ~ ~ ~  
there has persisted a tendency to average the two stretching frequencies, 
such as by using the "average rule" pointed out by Lehmann.[251 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=O bend length and stretch- 
ing frequencies in sulphuryl and thionyl compounds,[221 

( 2 )  

where rso is the S=O bond length, and vso is the root mean square of the 
symmetric and asymmetric stretching frequencies of the S=O bond. Ten 
years later, the explicit relationships were given separately for the two 
kinds of stretching frequencies by Brunvoll and Hargittai.[261 These 
explicit relationships indicate that the standard deviation corresponding to 
the symmetric stretching frequency is lower than that corresponding to the 
asymmetric stretching frequency. However, the established relationships 
are useful only for discussing the change of the stretching frequencies in 
the series of molecules.[261 At the same time, many attempts have been 
made to derive a set of semiempirical correction factors for the computed 
frequencies.[25* 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 

loguso = -3.71o.q rso + 3.G8 
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ORBITAL CALCULATION 67 

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 F e d  contact mechanism is 
Based on this relationship and a linear relationship between the bond 
stretching frequencies and the coupling constants, a simple relation- 
ship,[421 which includes contributions of the s-characters of the hybrid 
orbitals and the net atomic charges, was introduced to calculate the bond 
stretching frequencies: 

~ A B  = KAB(~%)A(~%)B + KQAQA(s%)A+ 
KQBWB(S%)B + KA(s%)A + KB(s%;'~)B +CAB (3) 

Here QA and QB 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,[431 to successfully elucidate C-H and 
P=S stretching frequencies.[427441 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: [451 

l!L-1 L - 1  

+ c ~ Q B Q B W Z B  + ~ B W ~ B  + ~ E A Q A  + ~ B Q B  + CAB (4) 
k 0  1=0 

where l,,, A and l,",, are the maximum angular momentum numbers of 
the valence orbitals of atoms A and B, respectively. QA and QB are the net 
charges of atoms A and B, respectively. W, and WiB are s-characters of 
the atomic orbitals associated with the angular momentum quantum 
number Z=i in the hybrid orbitals @A and @B belonging to atoms A and B, 
respectively. Thus, WOAs(s%)A and WOBE(S%)B, WIA=@%)A and 
W I B ~ @ % ) B  etc.. These quantities can be evaluated by use of our MBOHO 
procedure.[431 Besides, k y ~ ~ ,  ~ Q A ,  klA, ~ Q B ,  k l ~ ,  ICE*, ~ E B  and CAB are 
independent parameters which are constants for the same kind of chemical 
bond. 
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68 YING XIONG and CHANG-GUO ZHAN 

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.[42346] If this simple linear relationship is 
extended to a general chemical bond A-B, then we may have 

UAB =  JAB + b. ( 5 )  
Substitution of Eq.(4) into Eq.(5) gives 

i=o j = o  1=0 l = O  

k m  - 1 L. - 1 

+ K~QBQBWZB + K ~ B W ~ B  + KEAQA + KEBQB + CAB (6) 
k 0  1=0 

where KUAB = akgAB, K ~ Q A  = aklQA, K~A= aklA, KiQB = UklQB, Km = akm, 
KEA = UkEA, KEB = UkEB and CAB = UCAB + b. Obviously, Kgm, KlQA, 
KIA, K ~ Q B ,  Km, Km, KEB and C ,  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=O bond stretching 
frequencies. For the case of S=O bond, l:ax = 2 and ZEax = 1 , Eq. (6) 
becomes 

W=o = Kooso(S%)s(S%)o + K o ~ s Q s ( s % ) s  -k Ko~oQo(S%)o 
+Kos(s%)s + Koo(s%)o + ~ ( E S Q S  + KEOQO + Kioso(.~%)s(~%)o 

(7) +KIQSQS~'%)S + Kis(p%)s + Cso . 

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 aZ.[47-491 is 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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ORBITAL CALCULATION 69 

and because the d orbitals are not involved in our MNDO calculations the 
optimized geometries were employed to perform the extended Hiickel 
molecular orbital 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- 
e r a t~ re , [~*-~~I  and all the parameters used to perform the EHMO calcula- 
tion are the default values in the EHMO 

RESULTS AND DISCUSSION 

The s-characters of S and 0 atoms, p-character of S atom and net charges 
of S and 0 atoms are summarized in TableI. For each sulphuryl com- 
pound, listed in Table I are the average values for the two S=O 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['] is performed to determine the 
parameters in Eq.(7). Thus, we obtain the following explicit relationship: 

VS=O = 3 . 2 6 1 ( ~ % ) ~ ( ~ % ) 0  + 7.959(s%)sQs - 410.208(S%)o&o 
-215.156(~%)s - 475.156(~%)0 - 522.828Qs 

+24197.641Qo + 0.200(~%)0(p%)s + 6.562Qs(p%)s 

-27.029(p%)s + 30574.762(crn-l) (8) 

with a correlation coefficient of 0.98 and a standard deviation of 11.5 
cm-'. Besides, if we ignore the contribution of the change of p-character 
of S atom to the S=O 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 cm-l. It follows that the 
change of thep-character of S atom is significant for describing the change 
of the S=O bond stretching frequency. 

The S=O 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=O 
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.[ll 
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70 YING XIONG and CHANG-GUO ZHAN 

TABLE I The calculated orbital characters of MBOHOs, net atomic charges and S=O bond 
stretching vibrational frequencies compared with the experimental frequencies' (in cm-') 

23.64 

23.33 

23.62 

23.66 

23.69 

23.88 

23.62 

24.66 

25.68 

25.45 

26.35 

23.93 

23.86 

24.10 

23.00 

25.58 

28.20 

28.16 

26.61 

29.70 

22.80 

22.97 

24.20 

25.77 

25.20 

26.12 

26.26 

27.34 

27.35 

27.92 

29.66 

f S % h  ( S W O  ( P W  Q s  Qo Expt. Calc. 

55.52 62.30 1.7100 -0.9670 1152 1146 

55.82 

55.65 

55.61 

55.69 

55.72 

55.65 

57.47 

56.49 

57.25 

56.74 

55.64 

55.74 

55.95 

56.20 

57.26 

57.50 

57.22 

58.57 

56.91 

56.58 

56.24 

56.73 

57.19 

57.04 

57.64 

57.36 

58.26 

58.03 

57.93 

57.11 

62.21 

62.17 

62.07 

62.17 

61.24 

62.36 

60.92 

60.02 

60.31 

59.81 

62.04 

61.90 

60.94 

61.99 

59.40 

57.33 

57.20 

58.22 

57.02 

61.69 

62.10 

60.76 

59.59 

59.78 

57.67 

60.36 

51.72 

57.13 

57.63 

57.17 

1.6460 -0.9720 

1.6920 -0.9730 

1.6940 -0.9710 

1.6810 -0.9760 

1.6710 -0.9740 

1.6910 -0.9720 

1.7760 -0.9550 

1.9510 -0.9370 

1.8520 -0.9180 

2.2080 -0.9120 

1.6740 -0.9660 

1.6690 -0.9630 

1.6140 -0.9850 

1.5880 -0.9740 

1.8390 -0.9450 

2.1760 -0.9050 

2.1660 -0.9OOO 

1.9920 -0.8970 

2.7090 -0.8590 

1.5600 -0.9910 

1 S740 -0.9840 

1.7110 -0.9680 

2.1130 -0.9310 

1.8640 -0.9520 

1.9020 -0.9060 

1.7760 -0.8860 

2.0810 -0.9020 

2.0790 -0.8960 

2.3490 -0.8850 

2.4790 -0.8510 

1144 1144 

1141 1148 

1142 1135 

1141 1147 

1122 1138 

1141 1141 

1169 1171 

1174 1183 

1175 1192 

1210 1219 

1138 1139 

1136 1146 

1102 1120 

1153 1151 

1163 1176 

1206 1198 

1195 1200 

1182 1194 

1269 1268 

1161 1144 

1153 1132 

1167 1153 

1213 1198 

1182 1173 

1183 1186 

1239 1198 

1190 1202 

1209 1204 

1228 1225 

1248 1249 

29.95 57.14 57.12 2.4290 -0.8760 1230 1231 
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ORBITAL CALCULATION 71 

fs%)s (s%’o)o (p%Js Qs Qo Expt. Calc. 

C H 3 0 S O 2 F  28.91 57.27 57.25 2.4350 -0.8820 1235 1231 

27.52 

25.75 

21.61 

23.14 

22.06 

22.01 

22.24 

21.24 

24.58 

25.50 

56.73 

56.48 

52.78 

54.01 

52.91 

53.03 

55.66 

54.90 

55.69 

57.58 

59.83 

60.90 

68.72 

67.26 

68,52 

68.45 

67.95 

67.14 

65.90 

64.38 

2.1530 -0.8700 

1.7020 -0.9120 

0.6670 -0.9580 

0.9350 -0.9070 

0.6280 -0.9500 

0.6190 -0.9530 

0.6060 -0.9540 

0.5140 -0.9710 

1.8010 -0.8270 

1.8090 -0.8140 

1240 

1200 

1072 

1147 

1066 

1058 

1053 

1052 

1308 

1229 

1234 

1181 

1058 

1158 

1065 

1057 

1054 

1059 

1311 

1234 

‘All the experimental frequencies come from Ref. [ 11. 

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

(1) F-S02-F 

3269/1268 > 

(2 )  CI-SOyF 

1228/1225 > 

(3) CHs-S02-F 

1210/1219 > 

cH3-SOz-CH2CH3 

1144/1144 

(4) SOF2 

1308/1311 > 

F-SOz-OF F-SOyCF3 

1248/1249 > 1240/1234 

CI-S02-OH CI-S02-OCH3 

1209/1204 > 1190/1202> 

cs,-s&-n cH3-sq-On 
1175/1192 > 1174/1183 

CH3-SO+HCH2 

> 1141/1141 

Socl, SO(CH32 

1229/1234 > 1072/1058 

F-SOz-OH F-SO,-CI F-SO,-CH, 

> 1230/1231 > 1228/1225 > 1210/1219 

CI-so,-CCI, 

I1  83/1 I86 

CH,-S&-NHz CH+SQ-CH, bnt’d) 

> 1169/1171 > 1152/1146 > 

Note that here, and below, the values under each molecular formula are 
always the experimentallcalculated 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, 

C6HySOyF C&-S&-OH C~H~-S&-NHZ C 6 H 5 - s o 2 - ~ 5  C&-S02-CHCH2 

1213/1186 > lIR2/1173 > 1167/1153 > 1161/1144 > 1150/1132 
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72 YING XIONG and CHANG-GUO ZHAN 

3. An increase in the bulk of substituents tends to reduce the corre- 
sponding stretching frequency, such as: 

(1 ) CHySOz-CH3 CH3-SO2CH2CH3 CH,-SO2-CH(CH3)2 

1152/1146 > 1144/1144 > 1142/1135 

(2) CHyS02-CH3 CH3CH2-SO2-CH2CH3 (c(cH3)3)2so2 

1152/1146 > 1138/1139 > 110u1120 

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: 

SOF2 

1308/131 1 

SOCl2 

1229/1234 

CH,-SO-CH, 

1072/1058 

CH3CH2-SO-CH2CH3 

1066/1065 

(CH3CH2CH,),SO 

105811057 

C ~ H ~ S O - C ~ H S  

105211059 

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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