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The rotational spectra of eight isotopomers of the propene * SOz complex have been observed 
with a Fourier transform microwave spectrometer. The rotational constants of the normal 
species are A=4269334 MHz, B= 1577.2661 MHz, and C= 1469.6335 MHz. The structure of 
the complex was derived from least-squares fitting of the 24 moments of inertia. It has a stacked, 
near-parallel planes configuration. The distance between the centers of mass of the two mono- 
mers is 3.26(5) A. The sulfur atom is approximately above the propene double bond. The C2 
axis of SOz nearly eclipses the carbon-carbon single bond with the oxygen atoms towards the 
methyl group. The dipole moment of the complex was determined by Stark effect measurements 
to be ,u = 1.34( 3) D. The binding energy is estimated to be 2.9 kcal/mol from the pseudodi- 
atomic model. Both electrostatic and ab initio calculations have been carried out to rationalize 
the structure and properties of the complex. The effect of methyl group substitution on the 
structures and properties of the ethylene * SO,, propene * SO,, and toluene . SOZ complexes is 
discussed. 

I. INTRODUCTION 

Sulfur dioxide complexes form an important category 
of so-called weak charge transfer complexes. In particular, 
SOZ. hydrocarbon complexes have been studied for over 40 
yr.‘*’ Recently, a group of SOP *hydrocarbon complexes 
has been studied by high resolution spectroscopy and de- 
tailed structures derived for ethylene . S02,3 
acetylene * SO2 ,4 benzene * SO2 ,5 and toluene * SO, .6 The 
complexes have a stacked configuration with the sulfur 
atom above the r-electron cloud of the hydrocarbon. In 
ethylene * SO, and acetylene * S02, the C2 axis of SO, bi- 
sects the C-C bonds at 90”. The two monomer planes are 
nearly parallel deviating from this by 14” and 8”, respec- 
tively. In the benzene and toluene complexes, the SO, is 
more tipped with the SO2 plane forming an angle of about 
45” and 35”, respectively, with the hydrocarbon plane. One 
striking feature of toluene * SO2 is its asymmetry; the C, 
axis of SO2 and the C-CH3 bond axis of toluene form an 
angle of about 47” with one S-O bond approximately 
aligned along the C-CH, bond suggesting an oxygen- 
methyl group interaction. In view of this methyl group 
effect, it seemed worthwhile to extend our investigations to 
the propene * SO2 complex. 

There has been no previous spectroscopic study on this 
complex. It is interesting that SO, and propene form a 
copolymer under certain conditions,7 which is sometimes 
referred to as poly (propene sulfone). Efforts have been 
made to understand the mechanism of formation, struc- 
ture, and properties of the polymer. No evidence for this 
reaction was observed in our experiments. 

This paper reports the observation and analysis of the 
spectra of propene . SO, and its isotopomers. Least-squares 
fitting of the moments of inertia gave a structure with a 
stacked configuration. The two molecular planes are very 
close to parallel and the torsional angle between propene 

and SO2 is such that the S atom lies above the double bond 
and the 0 atoms are above the methyl group. The structure 
appears to be the result of a sulfur interaction with the 7~ 
bond and an oxygen interaction with the methyl group. 

II. EXPERIMENTAL DETAILS 

A. Samples 

The propene * SO, complex was generated in a super- 
sonic expansion of a gas mixture of roughly 1% propene 
and 1% SO, seeded in 98% of “first run” Ne-He carrier 
gas ( - 80% Ne, 20% He) at a total backing pressure of 
l-2 atm. The spectrum was less intense when Ar was used 
as the carrier gas. The S’*02 transitions were observed 
using enriched S1*02 (99% ‘*O, Alfa Inorganics). The 
S’80160 sample was made by mixing equal amounts of 
S1602 and S’*O, in a glass bulb. They exchange rapidly 
upon mixing to form a 2:l:l mixture of 
S160’80:S1602:S1802. The spectrum of the 34S species was 
observed in its natural abundance of 4%. The enriched 
propene-2-d, species (98% D) was purchased from MSD 
Isotopes. The single-‘*O, propene-2-d, double substituted 
isotopic transitions were observed starting with a mixture 
of 0.5% S1602 and 0.5% S’*02 plus 1% of propene-2-di in 
the carrier gas. 

B. Spectrometer 

A Balle-Flygare type Fourier transform microwave 
spectrometer’ was used to observe the rotational spectrum 
of the complex. The spectrometer operates between 7-18 
GHz and has a modified Bosch fuel injector for a pulsed 
supersonic nozzle source.’ Timing of the gas and micro- 
wave pulses was coordinated to minimize Doppler split- 
tings of the transitions. With this system, linewidths were 
typically 25-30 kHz full width at half-maximum resulting 
from Doppler broadening. Center frequencies were usually 
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TABLE I. Observed rotational transitions of propene. SO, (MHz). 

vobs AVP (kHz) J$K ~ob5 Av (kHz) 0 

3 I3 212 

303 202 
3 22 221 

321 220 
3 12 21, 

221 202 
4 I4 3 13 

404 3 03 

413 312 

505 404 

524 4z 
533 43, 
523 422 
514 413 

a 976.854 
9 127.719 
9 140.046 
9 152.630 
9 299.734 

10 987.553 
11 965.207 
12 155.304 
12 395.482 
15 170.422 
15 225.454 
15 241.935 
15 287.670 
15 487.480 

b type 
6 24 6 13 7 349.745 
523 514 7 552.926 
422 413 7 752.738 
321 312 7 932.932 
220 211 a 080.036 
22, 212 a 399.799 
322 3 13 a 562.989 
212 101 a 678.288 
423 414 a 781.726 

a type 

0 
0 
2 
0 
0 
2 
5 

-2 
0 
4 
a 

-2 
-4 
-5 

-6 
-3 
-2 

0 
0 
2 
1 
0 
0 

5% 
623 
404 
726 

313 

50, 

22, 

ha 
414 

52, 514 

42, 413 
3 22 312 
22, 21, 
%I 212 

321 3 13 

Q 414 

616 52, 
&I 101 

52, 5,s 
6 24 6 16 
312 202 

220 110 

221 11, 

413 3 03 

5,s 

616 
3 13 

2 

414 

110 
1 II 
303 

b me 
9 056.834 
9 389.134 
9 718.416 
9 779.352 

11 564.610 
12 923.636 
14 278.163 
14 388.947 
14 402.095 

c type 
7 443.623 
7 705.658 
7 917.197 
a 076.884 
8 402.949 
a 578.725 
a 828.808 
a 874.832 
9 001.197 
9 166.147 
9 605.891 

12 210.397 
14 281.313 
14 385.798 
15 478.158 

2 
-2 
-1 
-5 

2 
3 

-3 
-3 

5 

a 
4 
0 

-2 
2 
2 

-3 
-3 
-2 

2 
7 

-1 
-3 
-2 
-3 

‘AY=v~- vcale in kHz, where vti, was obtained with the constants in Table II. 

reproducible to within 2-3 kHz. For the normal isotopic 
species, some of the transitions were broader than the typ- 
ical linewidth and some showed splitting due to internal 
rotation tunneling effects of the methyl group. The transi- 
tions for the propene-2-d, isotopic species were fairly broad 
due to additional quadrupole splitting from deuterium. A 
so-called axial nozzle was used to resolve some of the in- 
ternal rotation and quadrupole splittings. The gas expan- 
sion axis and microwave propagation direction are parallel 
with an axial nozzle orientation and perpendicular with the 
regular arrangement. In the case of the axial nozzle, the 
Doppler splitting was much larger (50-90 kHz) and could 
be resolved easily while the Doppler broadening (i.e., line- 

width) decreased to - 10 kHz. Hence, resolution im- 
proved with the axial nozzle and small splittings arising 
from internal rotation ( 15-25 kHz) and from nuclear 
quadrupole effects ( 10-20 kHz) could be resolved. 

Stark effect measurements were used to determine the 
J quantum number of transitions during the initial assign- 
ment, and later on for determination of the dipole moment. 
The spectrometer is equipped with two parallel steel mesh 
plates 30 cm apart straddling the microwave cavity.” Di- 
rect current voltages up to 9 kV were applied with opposite 
polarities to each plate. The electric field at each voltage 
was calibrated on a daily basis using the 2,,-l,, transition 
of so2? 

TABLE II. Spectroscopic constants for the isotopic species of the propene . SO, complex.a 

C,H, SO, C3H,. Si802 C,H, . S’*O,O C,H, SO’sO, C,H, . 34S02 2-DC,H, . SO2 2-DCsH, . S’*O,O 2-DC,H, . SO’s08 

A (MHz) 4269.564(2) 4044.281( 1) 4158.959(2) 4155.105(l) 4260.693(6) 4191.373(4) 4085.668( 10) 4080.290( lo) 
B (MHz) 1577.2661(3) 1535.4280(4) 1550.7816(5) 1560.0273(4) 1560.609(2) 1545.897(l) 1520.191(3) 1529.580(3) 
C (MHz) 1469.6335(3) 1427.4560(5) 1452.0278(5) 1444.8016(4) 1455.389(2) 1448.094(l) 1429.713(2) 1423.466(2) 
D, W-W 3.173(6) 2.97( 1) 3.16( 1) 3.01(l) 3.17(3) 3.10(3) 3.09(6) 2.97(6) 
D,K (kHz) 14.06(2) 13.80(5) 13.85(4) 14.02(4) 13.6(5) 12.4( 1) 11.6(8) 11.9(a) 
D, &Hz) - 16.4(3) - 16.0(3) - 17.0(3) - 16.5(2) -17.6(13) - 14.4(9) - 15.6( 14) -16.2(15) 
d, &Hz) 0.182(2) 0.169(7) 0.239(a) 0.116(6) o.la(4) 0.17(2) 0.13(6) O.ll(6) 
d2 &Hz) -0.2699(9) -0.284(2) -0.279(4) -0.276(3) -0.27(6) -0.26( 1) 
nb 47 29 28 28 14 27 14 14 
Av,,’ (kHz) 3 2 2 2 4 6 6 7 

“The uncertainties in parenthesis are the statistical values from the fitting program (la). The labeling of the atoms in the isotopic species follows 
Fig. 1. 

bNumber of transitions in the fit. 
=Av=v,,~-v,,~. 
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FIG. 1. Definition of the structural parameters employed in the structure 
fitting and atom labeling for the properie. SO, complex. X, and X,are the 
centers of mass of SO, and propene, respectively. R,, is the distance 
between Xs and XP. 0, is the tilt angle of the C, axis of SO, with respect 
to R,, and 0~ is formed between R,, and X& of propylene. The twist 
of the SO, and propene planes with respect to R,, are defined by the 
angles &( (O&X,X,) and I+!+( (C&,-X,X,). The dihedral angle 1 is 
the torsion between the two molecular planes. ((S-X,X&). 

III. RESULTS AND ANALYSIS 

A. Spectrum 

Based on models similar to the structure of 
ethylene * SOZ, an initial search was made in the region 
8.0-9.5 GHz, where many transitions were observed. With 
the aid of the Stark effect, a total of 14 a-type, 18 b-type, 
and 15 c-type transitions were assigned to the 
propene * SO2 dimer. Some of the transitions were broader 
than usual; several exhibited two barely resolved compo- 
nents. This broadening and splitting is caused by the inter- 
nal rotation of the methyl group which will be discussed 
later. Since the splitting was very small ( 15-25 kHz), we 
used a conventional Watson S-reduced Hamiltonian, I’ 
representationI to fit the spectrum to the average fre- 
quency of the two components for those lines with split- 

TABLE III. Structural parameters from least-squares fits of the moments 
of inertia. 

tings. The frequencies of the transitions are listed in Table 
I and the fitted rotational constants are listed in Table II. 

The spectra of the isotopic species C3H, * S’*O,, 
C3H, * S’*OO 
CH3CDCH2 .’ S02, 

C3H, * SO’*0 C,H, * 34S0,, 
CH,CD&I * S1800 

CH3CDCH2 * SOI80 have also been ibserved. ‘Their 
and 

tran- 
sitions are available as supplementary data” and the de- 
rived rotational constants are listed in Table II. The spec- 
tra of the latter two double substituted species were 
obtained to try to resolve a structural ambiguity remaining 
after assigning the other six isotopic species. This will be 
discussed in the next section. 

B. Structure 

The presence of three selection rules, two single ‘*O 
species, etc., indicate that propene * SO2 has no symmetry 
planes. Based on this and on trial structures, the rotational 
constants are consistent with the stacked planes configura- 
tion. 

In order to determine the exact structure of the com- 
plex, least-squares fits of the moments of inertia of all the 
isotopic species were carried out fixing the structures of 
each monomers to literature values.14 Six parameters are 
needed to define the structure of the propene * SO, dimer. 
As shown in Fig. 1, R,, is the distance between Xsthe 
center of mass of SO;!, and XT-the center of mass of 
propene. 0s is the tilt angle of the C!, axis of SO, with 
respect to R,, and 6JP defines the tilt of the propene X,C, 
axis with respect to R,, . Dihedral angles r/s and qP define 
the twist of the SO, and propene planes, respectively. Fi- 
nally, the dihedral angle 4 is the torsional angle between 
the two monomers, defined as OB-xsxpCZ. The sign of 
the dihedral angles follows the definition in Ref. 15. These 
six structural parameters were varied in the least-squares 
fitting of the 24 moments of inertia. This resulted in two 
structures with reasonable fitting quality. These two struc- 
tures are summarized in Table III. The only significant 
difference between these two structures involves the tor- 
sional angle 4. The torsional angles (absolute values) are 
the supplement of each other, indicating that the difference 
in these two structures is a rotation of the two monomers 
relative to each other by 180”. 

The different torsional angles signify two very different 
configurations. This is shown in Fig. 2 where the projec- 
tions in the bc inertial plane are illustrated. In order to 
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Structure I” 

O&W (X&‘$3) b 
Wdeg ( Wd,A ) 
&/deg( (O&%X,X,) 
J’ddeg( (C,-CTX&‘~) 
d/deg((S-XsX&) 
R,/A 
Ai,,,,,/amu A” 

93.1(7) 
96.3(3) 
89.9(Z) 
82.1( 1) 

-60.1(l) 
3.2648(Z) 
0.07 

Structure II” 

94.7( 13) 
96.6( 7) 
88.5(4) 
82.3(3) 

120.0( 1) 
3.2649(4) 
0.15 

V-east-squares fit of 24 moments of inertia from the eight isotopic species. 
See text for a discussion of the two fits. Structure I is preferred by the 
authors. 

bStructura1 parameters defined in Fig. 1. 
‘AI = Z,r( observed) - I,( calculated) for a given isotopic species. 

FIG. 2. The bc plane projections of structures I and II. Structure I is 
preferred. 
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TABLE IV. Principal axes coordinates (A) of propene . SO1 for structures I and II. 

0, * 
OB 
S 
XS b 

XP’ 
Cl 
c2 

c3 

HI, 
HI, 
Hz 

H3a 

H3b 
H3c 

a b c 

I II I II I II 

1.284 1.295 -0.688 -0.744 1.079 1.053 
1.247 1.250 1.216 1.157 -0.494 -0.524 
1.323 1.317 -0.194 -0.253 -0.264 -0.291 
1.294 1.295 0.035 -0.023 0.014 -0.013 

- 1.969 - 1.970 -0.053 0.035 -0.022 0.020 
- 1.763 - 1.778 -1.211 1.196 -0.522 0.519 
-2.020 -2.022 0.109 -0.126 -0.460 0.458 
-2.116 -2.102 0.884 -0.906 0.821 -0.822 
- 1.610 - 1.624 - 1.790 1.774 0.374 -0.377 
- 1.704 - 1.730 - 1.725 1.713 - 1.471 1.468 
-2.162 -2.166 0.620 -0.636 -1.400 1.399 
- 1.952 - 1.937 0.239 -0.261 1.686 - 1.687 
-3.098 -3.078 1.338 - 1.369 0.941 -0.947 
- 1.373 -1.351 1.677 - 1.692 0.865 -0.859 

“See Fig. 1 for atom label definitions. 
bCenter of mass of SO,. 
‘Center of mass of propene. 

choose a preferred structure in a case like this, a careful 
comparison of the coordinates of the substituted atoms 
determined from Kraitchman’s equationsI vs the least- 
squares fitted values is usually instructive. The latter values 
are given in Table IV. It is interesting that the least-squares 
values of the coordinates for the two structures are very 
close to each other for all the atoms except that the b and 
c coordinates of propene have opposite signs. There are 
some noticeable differences in the b coordinates of the SO2 
atoms, otherwise the coordinates are quite indistinguish- 
able. A check against the Kraitchman determined coordi- 
nates (Table V) indicates a preference for structure I, but 
the comparison is not very compelling. (This preference is 
likewise manifested in the better fit to the observed Z’s for 
structure I, cf. hl, in Table III). What occurs in the 
structure fitting is that a rotation of propene relative to SO2 
by 180” leads to remarkably little change in the absolute 
values of the principal axis coordinates for the two config- 
urations. Since propene has no symmetry, this might be 
considered fortuitous. In actuality, it has a “near C2 axis” 
in an inertial sense since the CH, and terminal CH, group 
have similar masses. There is no apparent set of isotopi- 
tally substituted species which is likely to resolve this am- 
biguity. At one stage we hoped that this was not the case 
and assigned the two doubly substituted 
S’80160. CH3CDCH2 species with the expectation that a 
better match for the b coordinates of the SO, might result 
compared to the Kraitchman values. However, these data 
did not clearly resolve the ambiguity. 

In the end, dipole moment data permitted a clear 
choice between the two structures. The vector sum of the 
dipole moments of SO, and propene compare very well 
with the experimentally determined value for structure I 
while for structure II the comparison is much poorer. This 
is discussed in the next section. Additional support for 
structure I is obtained from an electrostatic energy calcu- 
lation which gave a minimum close to structure I and a 
maximum close to structure II on the energy vs torsional 

angle curve. This will be discussed in the electrostatic cal- 
culation section. A side view projection of structure I is 
illustrated in Fig. 3. 

The uncertainties associated with structure I in Table 
III are the statistical values obtained from the least-squares 
fitting of the moments of inertia. The structure is the so- 
called r, structure and it is not easy to quantitatively esti- 
mate its deviation from the equilibrium structure r, with- 
out correction of the moments for vibrational effects. 
Given the large amplitude nature of these internal motions 
in weakly bonded complexes, the vibrational effects could 
be sizeable. We recommend that R,, and the angles should 
be within 0.05 A and 5” of the equilibrium values. 

C. Dipole moments 

The Stark effect of nine M components from five dif- 
ferent transitions was measured. The second order Stark 
coefficients are available as supplementary data.13 All the 
splittings have been checked carefully to ensure strictly 
second order behavior. Least-squares fit of the observed 
Stark coefficients to those calculated from the rotational 

TABLE V. Comparison of the atomic coordinates from least-squares fit 
for structures I and II and Kraitchman substitution calculations. 

0, Ial 
lb1 

I:) OB 
Ibl 

/%/ S 

HZ /%‘I 

ICI 

Structure I Structure II Kraitchman 

1.284A 1.295A 1.276A 
0.688 0.744 0.657 
1.079 1.053 1.092 
1.247 1.250 1.244 
1.216 1.157 1.194 
0.494 0.524 0.507 
1.323 1.317 1.291 
0.194 0.253 0.222 
0.264 0.29 1 0.280 
2.162 2.166 2.162 
0.620 0.636 0.624 
1.400 1.399 1.369 
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FIG. 3. Structure I in the oc plane. 

constants gave ~~=0.476(3) D, pcLb=0.697(38) D, ,uL, 
= 1.040( 24) D, and a total dipole moment of &- 
= 1.340(27) D. 

These values can be compared with those calculated 
from the vector sum of the dipole moments of SO, and 
propene for the two structures discussed above. The dipole 
moment of SOZ has been determined as 1.633 D” from Xs 
to S (negative to positive). For propene the value of 
~=0.364 D was determined by Lide and Mann.” They 
gave the orientation of the dipole moment as either 17” or 
33” relative to the C-C single bond without specifying the 
positive and negative ends. We calculated the dipole mo- 
ment for propene using the CADPAC ab initio program’* 
with a 6-31G** basis sets. The calculated value is in good 
agreement with the experimental value and closer to the 
33” direction, which was also favored by Lide and Mann. 
The calculation indicated the sign of the dipole should be 
from Ci to C3 (negative to positive). With these results, we 
calculated the vector sums for structures I and II listed in 
Table VI. It is apparent that structure I has a much better 
agreement with the experimental values than structure II. 
This is convincing evidence to eliminate structure II. In 
essence the dipole moments of the monomers in structure I 
are aligned more nearly antiparallel which is energetically 
preferred. The differences between the values of structure I 
and the observed values arise in part from induction and 
vibrational averaging effects. It is normal behavior based 
on other SO,-n systems that the p. component in the com- 
plex usually increases by a large amount while the &, 
and/or p, components decrease by small amounts. 

D. Electrostatic and ab hiti calculation 

In order to determine whether an electrostatic interac- 
tion model can rationalize the structure of the 
propene * SO* complex, a distributed multipole analysis 
along the lines of Buckingham and Fowler*9’20 was ex- 
plored. In this model, the charge distribution of each 
monomer is described by sets of point multipoles, which 
are located on the atoms and sometimes at bond midpoints. 
In this simple physical model, only the electrostatic inter- 

TABLE VI. Comparison of observed dipole components with values pre- 
dicted for structures I and II. 

1:: 
Idl 
PT 

I 

0.079D 
0.735 
1.064 
1.296 

II 

0.054D 
1.340 
1.448 
1.974 

obs. 

0.476(3)D 
0.697(38) 
1.040(24) 
1.340(27) 

action between the monomers is considered. Buckingham 
and Fowler also incorporate a short range repulsion, de- 
scribed by an atom hard sphere term. The distributed mul- 
tipole values for SO, were taken directly from Ref. 20. 
Those for propene were determined by an ab initio calcu- 
lation using the CADPAC program18 with a 6-31G** basis 
set. These multipole moments (Table VII) were then used 
to calculate the electrostatic interaction energy between the 
two monomers. Starting with structure I in Table III and 
holding all the fitted parameters fixed except for the tor- 
sional angle $, the energy versus 4 curve in Fig. 4 was 
obtained. This gave a minimum (-2.5 kcal/mol) at 55 
near the experimental value of 60” for structure I and a 
maximum ( -0.8 kcal/mol) near structure II. 

We have also calculated the electrostatic energy as a 
function of the tilt angle of SOZ (I!&) and of propylene (13,) 
with the other structural parameters fixed to those of struc- 
ture I (neglecting repulsions). These two calculated curves 
are shown in Fig. 5. For both tilt angles, the calculated and 
observed minima values’ are within lo”-15” of each other. 
The electrostatic model gave similar agreement for several 
other SO, systems, including ethylene * SO, ,3 
acetylene . SO,,4 benzene . S02,’ and toluene * SOz ,6 This 
simplified distributed multipole model appears to capture 
much of the interaction anisotropy for SO;! . r complexes. 

GAUSSIAN 90 ab initio calculations21 were explored to 
estimate the minimum energy configuration of the 
propene * SO2 complex. The calculations were at the HF/ 
SCF level with either a 4-3 1G or a 6-3 1G basis set. The six 
structural parameters described earlier were varied to 
search for the most stable structure. The initial values for 
the six parameters were taken from structure I. The struc- 
tures with either basis set were very similar while the 
6-31G set gave a much larger stabilization energy. The 
optimized structure is in general agreement with the ob- 
served structure (Table VIII). This is similar to ab initio- 
experimental comparisons for SO, complexes with ben- 
zene,5 dimethylamine,** trimethylamine,** and dimethyl 
ether.23 We conclude that the interaction forces which de- 
termine the asymmetric structure, presumably electro- 
static, are represented adequately enough in a quantum 
mechanical calculation at this level to give a reasonable 
prediction of the general configuration. One aspect which 
remains unexplored is whether the ab initio calculation 
would quickly converge to this structure, or another min- 
imum, if the initial structure was far from the experimental 
values. 

A binding energy of 3.47 kcal/mol was obtained from 
the ab initio energies for propene * SO,, SO, and propene 
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TABLE VII. Atom coordinates and distributed multipole moments for SO, and propene (a.u.). 

x Y z Q II.% PY PL, exx e .v %Y 0, 

S O.&IO 0.6815 0.000 1.806 0.000 - 1.628 0.000 1.328 O.ooO - 1.219 -0.109 

;t 2.338 1.169 -0.6815 0.000 O.OCO 0.000 -0.580 -0.323 -0.031 -0.038 -0.011 0.213 0.000 O.COO 0.273 0.222 -0.384 -0.417 -0.221 0.372 -0.052 -0.594 
2 2.4062 0.0000 0.1161 0.8802 O.OCOO 0.0000 -0.0996 -0.0088 -0.1773 0.0500 -0.1390 0.0047 0.0000 0.0000 0.0471 0.1190 -0.0482 0.2420 -0.0578 -0.0800 -0.0390 0.0107 

c3 -2.2327 -0.8692 0.0000 0.0066 0.1752 0.1375 O.OOMl 0.1405 0.3418 0.0399 -0.1804 
HI, 2.8659 - 1.8937 0.0000 0.0241 0.0510 -0.2065 0.0000 0.0315 0.0253 -0.0758 0.0443 
Hlb 3.9507 1.4531 O.OOCO 0.0264 0.1619 0.1417 O.OOCil -0.0286 - 0.0670 -0.0098 0.0384 
HZ -0.4065 2.8995 0.0000 0.0230 -0.0390 0.2069 0.0000 0.0442 0.0254 -0.0809 0.0367 
H30 - 1.6372 -2.8312 0.0000 0.0092 0.0513 -0.1932 0.0000 0.0213 0.0280 -0.0631 0.0418 
H3b c -3.4199 -0.5707 - 1.6753 0.0095 -0.1138 0.0262 -0.1606 0.0002 0.0101 0.0375 -0.0377 

‘The distributed multipole moments for SO, were taken from Ref. 20. Those for propene were calculated using CADPAC program with a 6-31G** basis 
set. Dipole moment directions are from regions of negative to positive charge. Atom labels from Fig. 1. The multipole moment values for O8 and H,, 
follow by symmetry from 0, and H36. 

b,4 is the midpoint of S-O bond. 
The f3, and 0, values are zero for all the atoms except for H31, which are -0.0550 and 0.0108, respectively. 

with the 6-3 1G basis set.24 This is comparable to 2.92 kcal/ 
mol from the distortion constant DJ using the pseudodi- 
atomic (PD) model.*’ The binding energy for several other 
SO*+- complexes from the PD model are 1.1 kcal/mol for 
C2H2 . SO2 ,4 1.4 kcal/mol for C2H4 * SO2,3 1.9 kcal/mol 
for benzene . SO2 ,5 2.4 kcal/mol for toluene * SO2,6 and 
3.02 kcal/mol for butadiene * SO2.26 We believe that the 
PD values for the ethylene, propene, benzene, and toluene 
complexes are too low based on the experimental value for 
benzene. SO2 of 4.4 kcal/mol. Nevertheless, the PD (and 
ab initio) values for butadiene * SO2 agree well with the 
experimental value of 3.24 kcal/mol.*’ In any case, the 
relative PD value for closely related systems are probably 
ordered correctly, suggesting that the binding energies for 
the propene and toluene complexes are about 0.5-l kcal/ 
mol higher than for the ethylene and benzene complexes. 
This may come from a methyl group-SO2 interaction. 

E. Internal rotation 

Some of the transitions for propene * SO, have split- 
tings of 10-25 kHz. We believe this splitting is caused by 
the internal rotation of the methyl group along its C3 axis, 
which has a barrier of 692 cm-’ in the propene mono- 
mer.” Splittings for eight transitions of the propene * SO2 
normal species were fitted with a PAM internal rotation 
Hamiltonian.‘~** The quality of the fit ( Av,,= 5 kHz) was 
good. The internal rotation barrier was determined from 
the fitting to be 690 cm-‘. Since the splittings are very 
small, the value for the barrier may not be very accurate. 
The uncertainty is perhaps h 10%. Nevertheless, it is ap- 
parent that the barrier is not affected much upon complex- 
ation. This agrees with the electrostatic model for 
propene * SO, which gives a contribution to the barrier 
from complexation of only 6 1 cm-’ (0.17 kcal/mol) . This 
is the variation in the electrostatic energy as the methyl 
group is rotated. This can be compared to toluene * SO2 
where the methyl group internal rotation barrier increased 
by about 80 cm- ’ upon complexation.6 Finally, the orien- 
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FIG. 4. The calculated electrostatic energy versus torsion angle ( I$). The 
structure parameters (except d;) are fixed to that of structure I. The 
arrows indicate the spectroscopic fitted values for structures I and II, 
respectively. The calculation shows that structure I is close to the energy 
minimum and structure II close to maximum. 
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FIG. 5. The calculated electrostatic energy vs SO, and propene tilt angles 
(0, and ep, respectively). R,,, qs, tip, 4, and ep (or 6,) fixed at strut- 
ture I values. The arrows indicate the spectroscopic fitted values. 
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TABLE VIII. Comparison between the experimentally determined structure and the optimized structure 
from GAUSSIAN 90 ab inifio calculation. 

Bs/deg Wdeg Wdeg Q/d% R,/A 

Least-squares fit 93.1 96.3 89.9 82.1 -60.1 3.2648 
GAUSSIAN w/6-3 1 G 90.7 96.8 83.9 81.0 -42.2 3.4264 

tation of the methyl group in the complex was not deter- 
mined. The moments of inertia are not sensitive to the 
methyl group torsional angle. An asymmetric CHzD- 
CH=CH2 species would have to be assigned in order to 
determine the methyl top orientation. Given the high bar- 
rier in free propene and the small effect on the barrier upon 
complexation, it seems unlikely that the orientation of the 
methyl group changes much from free propene. 

IV. DISCUSSION 

This study was undertaken to ascertain how methyl 
group substitution on ethylene would affect the interaction 
with SO,. As noted above, the SO2 dipole moment (C, 
axis) has rotated by about 30” from crossed to the C=C 
bond in C,H, to align nearly antiparallel to the dipole 
moment direction in propene. This structural feature and 
the variation in electrostatic energy with torsional angle 
(Fig. 4) provide compelling evidence that an electrostatic 
interaction model can rationalize the gross configuration of 
the propene * SO2 complex. It is attractive to describe the 
near parallel planes structure as a result of sulfur+ bond 
and oxygen-methyl group attractions. There are other 
structural features which suggest this: (a) the SO, is pulled 
over to the methyl substituted carbon, however the sulfur 
remains oriented largely over the C-C bond (Fig. 2); (b) 
one oxygen (0,) makes a close contact to the out-of-plane 
methyl hydrogen, R(Os-Hsc) =3 A; (c) the twist angle 
of the propene (qp) is 82”, i.e., the double bond is tilted 
slightly towards the sulfur end of the SOZ moiety (Fig. 3). 

The structural influence of a methyl group is also re- 
flected in the toluene. SO, results.6 The toluene and SO2 
dipole moments similarly line up in a more nearly antipar- 
allel configuration. An oxygen-methyl group interaction is 
suggested: the C, axis of SO, forms a torsional angle of 47 
which aligns an S-O bond approximately parallel to the 
C-CH3 bond axis. A distributed multipole electrostatic 
model could similarly rationalize the observed torsional 
angle. A notable difference in the toluene * SO, interaction 
from propene * SO, is the greater tilt of the SO, plane rel- 
ative to toluene ( + 35”). 

The larger SO, tilt angles in toluene * SOZ and 
benzene * SO2 (3Y-45”) compared to propene . SOz, and 
ethylene * SOz (8”-14”) may be associated in part with po- 
larization effects. In all these complexes the pa dipole com- 
ponent is approximately aligned along R,,. It increases 
markedly compared to the vector sum expected from pro- 
jection of the monomer values onto the a inertial axis of the 
complex. This presumably arises largely from polarization 
of the hydrocarbon rr electrons by SO2 .3 The increase in pLn 
in ethylene * SO* and propylene * SO2 is 0.3 D and 0.4 D, 

respectively. In benzene . SOZ and toluene * SOz, pa in- 
creases by 0.5 D and 0.6 D, respectively. The larger effects 
in the aromatic systems may be synergistically coupled to 
the greater tilting of the SOz plane in order to better po- 
larize the QT system. The small decreases in the &, and pc 
components are probably also explained by polarization 
effects from the SO2 inducing smaller antiparallel compo- 
nents along these axes (see dipole moment section; the b 
and c axes lie approximately parallel to the carbon atom 
plane of the hydrocarbon). 

One other structural effect associated with methyl 
group substitution is a decrtase in R,, from 3.50 .& in the 
ethylene complex to 3.26 A in the propene complex. A 
similar shortening occurs in the benzene and toluene com- 
plexes: from 3.48 to 3.37 A. These shortenings are presum- 
ably a reflection of a greater stabilization upon methyl sub- 
stitution. This increased stability was estimated to be 
approximately 0.5-l kcal/mol based on values for the dis- 
sociation energy estimated from centrifugal distortion con- 
stants. 

Finally, the ethylene . SO, complex displayed promi- 
nent tunneling effects arising from torsional tunneling of 
the ethylene about R,, . This internal rotation barrier was 
estimated as V,=30 cm-‘. Due to its asymmetry, internal 
rotation tunneling in propene * SOZ to an equivalent form 
would require a net relative rotation of 360”. No evidence is 
found for such motion in the spectrum. If the electrostatic 
calculation is a useful guide, the barrier is an order of 
magnitude larger than the ethylene complex. It is also 
noteworthy that the methyl group internal rotation barrier 
in propene ( V, = 692 cm- ’ ) is affected by less than f 10% 
upon complexation. 

In summary, the structures and binding energies of the 
propene . SO, and toluene * SOz complexes indicate that the 
methyl group increases the stability of the complexes com- 
pared to the ethylene and benzene analogs. This was pre- 
viously inferred from electronic spectroscopy data.2(a) Ap- 
parently this can be rationalized by increased attractive 
electrostatic interactions. This may arise in part from the 
higher polarity of the substituted hydrocarbon and from 
favorable oxygen-methyl group interactions. 
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