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The microwave spectrum of the benzene-SO, complex was observed with a pulsed beam
Fourier-transform microwave spectrometer. The spectrum was characteristic of an
asymmetric-top with a- and c-dipole selection rules. In addition to the rigid-rotor spectrum,
many other transitions were observed. The existence of a rich spectrum arose from torsional-
rotation interactions from nearly free internal rotation of benzene about its Cy axis. Transi-
tions from torsional states up to m===5 were observed. The principal-axis method (PAM)
internal rotation Hamiltonian with centrifugal distortion was used to assign the spectrum.
Assuming six-fold symmetry for the internal rotation potential, the barrier height was deter-
mined as V=0.277(2) cm™!. The spectrum of C¢Dg-SO, was also assigned. Analysis of the
moments of inertia indicated that the complex has a stacked structure. The distance R, sep-
arating the centers of mass of benzene and SO,, as well as the tilt angles of the benzene and
SO, planes relative to R, were determined. The values obtained were R ,=3.485(1) A,

Oc He = #+=12(1)° and 0502—-44(6) While SO, is certainly tilted with the sulfur end towards

benzene, the sign of the benzene tilt angle could not be unambiguously determined. The di-
pole moment of CHg SO, was determined as p,=1.691(2) D, p.=1.179(2) D, and ur

=2.061(2) D.

I. INTRODUCTION

The interaction between SO, and benzene in the con-
densed phase has been investigated for several decades.'™
From these studies it was inferred that SO, and benzene
form a 1:1 complex, and that SO, interacts with the 7
system of benzene. However, detailed structural data have
not been available. A few years ago, Grover et al. measured
the dissociation energy (4.4 kcal mol~!) of the gas- phase
benzene' SO, complex using a photoionization technique.’
More recently, we have reported the rigid-rotor microwave
spectrum of benzene SO, usmg a Fourier-transform micro-
wave (FTMW) spectrometer. ¢ The complex was shown to
have a stacked configuration with SO, over the aromatic
ring. However, numerous unassigned transitions were ob-
served in the spectrum of the normal species. These addi-
tional transitions were suggestive of an internal rotation in
the complex. Experimental evidence of internal rotation
has also been found in two other benzene complexes,
l:tenzene~H207'8 and benzene-Nz,g'lo and an internal rota-
tion about the benzene Cy axis was proposed. Solid-state
nuclear magnetic resonance (NMR) studies of a series of
benzene-containing complexes, including benzene-SO,,
have also shown evidence of internal rotation about the Cq
axis.!!

In this paper, we report further analysis of the micro-
wave spectrum of benzene-SO, using a FTMW spectrom-
eter. We have been able to assign the many additional
transitions to 2 model with an internal rotation of benzene
about its Cy axis using the principal-axis method (PAM)
Hamiltonian. We have also assigned the internal rotation
perturbed microwave spectrum of the fully deuterated spe-
cies using the PAM Hamiltonian. In addition to the deter-
mination of the barrier to internal rotation, the assignment
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of the spectra was very helpful in obtaining rigid-rotor
constants from which internal rotation effects were re-
moved, and information on the tilt angle of benzene. These
rigid-rotor constants, combined with data from spectral
assignments of the %0 species, have allowed us to deter-
mine a more detailed geometry for the complex.

il. EXPERIMENT

The microwave spectrum of benzene'SO, was ob-
served in a Balle-Flygare FTMW spectrometer with a
pulsed nozzle source.'? A mixture of ~1% C¢Hg, 1% SO,,
and 98% Ne maintained at a pressure of 1-2 atm was
employed to generate the spectrum. The transitions had
full widths at half-maximum of ~ 15-30 kHz and the fre-
quency measurement accuracy is estimated to be 4 kHz
(unless otherwise stated).

The spectrometer was equipped with steel mesh plates
for the measurement of Stark effects.’® The 2g,« 1; tran-
sition of SO, was used as an electric field calibration stan-
dard [u(SO,) =1.633 05 D']. Stark shifts were measured
at electric field values between 0 and 600 V/cm.

The spectra of the isotopically substituted species were
observed in enriched samples. Benzene-dg (99.5% enrich-
ment, Aldrich Chemical Co.) was used without dilution.
51802 (99% enrichment, Alfa Products) was used without
dilution to assign the benzene-S'®0, spectrum. The spec-
trum of the benzene-S'%0'%0 species was observed starting
with a 509%-50% mixture of $'%0, and $'%0,, which equil-
ibrates in our glass sample bulbs to form a statistical 2:1:1
mixture of $'%0'%0:8'°0,:8"%0,.
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TABLE 1. Ground torsional state (m=0) spectroscopic constants of
benzene-S0O,.*

CeH, SO, CeD¢'SO,  C.H¢S™0, C(H, S"*00
A'/MHz  9031.936(3)® 8949.707(3) 8088.525(4) 8539.9(18)
B'/MHz  963.9484(6) 907.9082(4) 931.624(1)  947.210(2)
C'/MHz  892.568(1)  845.0201(6) 856.391(2)  873.966(2)
D/kHz 0.754(7) 0.616(4) 0.70(1) 0.72(1)
Dy/kHz 19.4(3) 16.9(2) 17.2(4) 20.5(1)
dy/kHz —0.058(4) —0.048(3) —0.037(11) —0.046(14)
H,/kHz 0.014(3)
He/kHz  —0.62(6) —0.45(4) —0.47(10)
" 28 20 13 11
AVE /KHz 6 3 4

*The spectroscopic constants are determined using Watson S-reduced
semirigid-rotor Hamiltonian with I” representation (Ref. 26).

®The uncertainties are 1o.

“Number of transitions.

YAV =V — Vg

l1ll. RESULTS AND ANALYSIS

A. Spectral assignments
1. CcHg SO,

In an earlier report,® we presented initial results on
benzene*SO,, where 27 a- and c-dipole (R- and Q-branch)
transitions of the normal species were assigned to a
semirigid-rotor Hamiltonian. The spectrum was character-
istic of a near-prolate asymmetric-top (k=-—0.98). We
have refit these transitions plus one additional transition
using two S-reduction sextic constants Hx and Hy; in-
stead of the d, quartic constant used in Ref. 6. The (v,
—¥eq1c) rms Of the fit for these lines was improved from 12
kHz" down to 6 kHz. The effective rotational constants
and centrifugal distortion constants derived from the fit are
listed in Table I. In addition, as mentioned in the earlier
publication,® the spectrum was crowded by transitions
which did not follow the same pattern. The majority of
these transitions displayed a first-order Stark -effect,
whereas those assigned to the semirigid-rotor Hamiltonian
had second-order Stark effects. Several of the transitions
with first-order Stark effects formed recurring series in
each J region of the spectrum.

Since the microwave spectrum of benzene-SO, con-
tains many more transitions than the rigid-rotor Hamil-
tonian predicts, it is apparent that the complex undergoes
some kind of internal motion(s). Some likely internal mo-
tions that could occur in benzene-SO, are rotation of SO,
about its C, axis, an inversionlike motion of SO,, the rota-
tion of benzene about any of its C, axes or about its Cg axis.
The rotation of SO, about its symmetry axis would lead to
a splitting of the rotational states into doublets, but only
one substate would be present because oxygen has a nu-
clear spin of zero. Thus this motion cannot explain the
existence of so many additional transitions, and conse-
quently it can be ruled out. The inversionlike motion cor-
responds to a rotation of SO, about its 2 axis, which lies in
the SO, plane and is perpendicular to the C, axis. If the
benzene plane is tilted, this motion is simultaneously fol-
lowed by a readjustment of this plane. The inversionlike
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motion is also accompanied by a change of direction of the
dipole moment component along the ¢ axis of the complex
(e>—p.), causing c-dipole transitions to be shifted from
their rigid-rotor pattern. The fact that both a- and c-type
transitions were assigned to a semirigid-rotor Hamiltonian
eliminates the possibility that SO, undergoes an inversion-
like motion. The internal rotation of benzene about any of
its C, axes is very improbable due to steric effects. In ad-
dition, the rotation about the C, axis would only lead to a
doubling of each rigid-rotor transition which has not been
observed. The internal rotation of benzene about its Cg axis
perpendicular to the aromatic ring is left as the likely mo-
tion that can explain the rich microwave spectrum for
benzene*SO,.

Assuming that the internal rotation of benzene about
its Cy axis is the motion that accounts for splittings in the
spectrum, and based on the general conformation of
benzene-SOz6 (see below), there are six equivalent frame-
works (assuming a plane of symmetry) which corresponds
to a rotation of benzene about the Cy axis by steps of 60°.
Therefore, the torsional-rotational energy levels can be
classified in the permutation-inversion (PI) group isomor-
phic to the Cg, (or Dg) point group. Using the group the-
ory method outlined by Longuet-Higgins'®> and Bunker,'®
we calculated the nuclear spin statistical weights for the
various states of C¢HgSO,. The results are summarized in
Table II. An inspection of the statistical weights in Table II
for C¢Hg- SO, shows that no levels are expected to be miss-
ing. Furthermore, in a given torsional level all of the rota-
tional states have equal spin weights.

As seen from symmetry considerations, the internal
rotation of benzene about the Cg axis shows the existence
of doubly degenerate torsional levels such as m= =1 and
=+2. This explains the occurrence of transitions with the
first-order Stark effect. The fact that several second-order
Stark effect transitions of benzene-SO, have been fit to a
semirigid-rotor Hamiltonian, suggests that these transi-
tions are associated with the nondegenerate ground tor-
sional state (m=0). Also, the observed transitions with a
first-order Stark effect were more intense than those fol-
lowing a rigid-rotor pattern (m=0) which is in agreement
with spin weights (see Table II). Moreover, many mole-
cules with a very low sixfold internal rotation barrier also
displayed a very dense spectrum.!”? Hence, benzene-SO,
most likely exhibits tunneling perturbations from a low
barrier to internal rotation. From the conformation of this
complex® the torsional potential function is likely to have
sixfold symmetry.

Based on the above observations, a prediction of the
torsional-rotational spectrum of the C;Hy SO, was made
using the PAM internal rotation Hamiltonian, written as
follows:*

H=AP;,+ BP;+ CP,+ D, (P,P.+PP,)
—2(QP,+ QP )p+Fp*+3Vs(1—cos 6a), (1)
where

A=A, +Fpl, B=B, C=C,+Fp’,
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TABLE II. Spin statistical weights for CiH4*SO, and C¢D4'SO,.

Taleb-Bendiab, Hillig, and Kuczkowski: Microwave spectrum of benzene-SO,

CeHy SO, CeDy SO,
X =134+ 4, + 7B+ 3B, + 9B, + 11E, T3,,=924,+4384,+738)+46B,+ 116E, +124E,
1-‘rm rmt
A4, A, A, A4,
fm| ¥ Ty (B,+8B,) (B;+B,) (4 +4y) (4,+4,)
0 0 4, 7 3 3 7 92 38 38 92
1 1 E 11 1 11 11 116 116 116 116
2 2 E 9 9 9 9 124 124 124 124
B, 13 1 1 13 73 46 46 73
3 3 4+
B, i i3 i3 i 46 73 73 46
4 2 E 9 9 9 9 124 124 124 124
5 1 E 11 11 11 i1 116 116 116 116
A, 3 7 7 3 38 92 92 38
6 0 +
A, 7 3 3 7 92 38 38 92

*See definition of Y in Sec. IIT A.

D,.=Fpp, Q.=Fp, O.=Fp,,
F=F,[1—p,cos(8,)—p.cos(6.,)]~},

A, 0 C, 0
pa_F—,acos( ) pc—Facos( AR

P, P, and P, are the projections of the total angular mo-
mentum onto the principal axes, a, b, and ¢ (I” represen-
tation); p is the angular momentum of the internal rotor, a
is the internal rotation angle, and ¥ is the barrier height;
A,, B,, and C, are the rigid-rotor rotational constants in the
principal axes; F is inversely proportional to the moment
of inertia (I,) of the internal rotor; 8, (6,) is the angle
between the internal rotor axis (Cy axis of benzene), and
the a (c) axis. The convention will be taken that 8, varies
between 0° and 90°, and that 6, is its complementary angle.
The implicit assumption that benzene is the internal rotor
and SO, is the frame is a reasonably good approximation
because an examination of the A’ constant of the normal
species (see Table I) shows that it falls between the B
=10 318 MHz and C=8800 MHz constants of free SO,,2*
instead of ~2240 MHz expected from a structural model.
As observed in other sixfold internal rotors,'”?>?® the fact
that the A’ constant is close to the rotational constants of
free SO,, indicates that SO, behaves like a frame.

The Hamiltonian matrix of 77 is constructed using
|JKM)-|m) as a basis set, where |JKM) are symmetric-
top wave functions and |m) are free rotor wave functions.
Since the free rotor quantum number m has no finite limits,
the Hamiltonian matrix is infinite. However, a truncation
of the matrix at a given m value can occur when a desirable
energy convergence is met. Since a sixfold symmetry po-
tential function is applied [see Eq. (1)], the Hamiltonian
matrix may be factored into six submatrices which are
arbitrarily labeled by the symbol Y. The symbol equals the
lowest positive value of m, that is, Y=0, 1, 2, 3, 4, and 5.
The two submatrices Y=0 and 3 are nondegenerate,
whereas the other ones are doubly degenerate. The subma-
trices Y=1 and 5 will lead to identical eigenvalues, and

likewise for Y =2 and 4. Hence, only the labels Y=0, 1, 2,
and 3 will be used. The symmetry species associated with
each label Y are listed in Table IL

In the first stage of calculating the torsional-rotational
spectrum of C,H4-SO,, the effective rotational constants
were held fixed at the values shown in Table I, the barrier
to internal rotation ¥, was set to zero, and the Cg axis of
benzene aligned with the a axis (8,=0° and 6,=90°—0,)
of the complex. With these conditions, no pattern was de-
veloped that could reproduce the observed spectrum for
m>0. We increased the barrier ¥ from zero while the
other parameters remained unchanged, but the predictions
were only slightly sensitive. However, when the tilt angle
6, was increased from zero by steps of 5° while the barrier
was set to zero and the other parameters held fixed, the
predicted transitions were strongly affected as shown in
Table III for several J=5«4 a-dipole transitions. A re-
semblance started to develop between the calculated and
the observed a-dipole spectra for 8, around 15°, where
many transitions arising from torsional states up to m=
=+ 3 were matched within a few MHz (see Table III). The
perturbation caused in the torsional-rotational spectrum
by the change of the angles 6, and 6, shows up in the
coupling terms Q.Pp (i=a and c). Unlike the ground tor-
sional state, the excited torsional states tend to be tremen-
dously affected by these coupling terms depending on the
relative magnitude of Q.

Some a-dipole transitions which were matched to the
m= =3 torsional state were observed as doublets split by
60-500 kHz. This shows that a nonzero V4 barrier is def-
initely present. Similar splitting in the m= =3 transitions
was also observed in all other sixfold symmetry mole-
cules.!7-2223 Although not definitive evidence, the occur-
rence of a sixfold potential favors the presence of an ac-
plane of symmetry in benzene-SO,. The assignment of m
>0 c-dipole transitions was achieved by setting the
Hamiltonian parameters from Eq. (1) to values that led to
the closest agreement between the predicted and the ob-
served a-dipole torsional-rotational transitions. Several ob-
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TABLE III. The effect of the tilt of the Cy axis on a-dipole m > 0 transitions for J=5~4.*

Calc. freq.®
6;=0.0" 5.0° 10.0° 14.3°
|m| JKY — K" Obs. freq.
1 511—-411 9272.950 9265.120 9241.874 9210.045 9209.688
2 521-421 9273.444 9237.506 9139.988 9022.174 9020.991
3 531-431 9274.250 9166.510 8929.550 8690.567 8688.666

*See Sec. III A for the definition of the transition labels.
The frequencies are in MHz.
°The angle 6, is also varied following the relationship 6,=90°—6,.

served m >0 c-dipole Q-branch transitions were compati-
ble with Stark effect measurements. Confirmation of the
whole assignment was accomplished from measurements
of additional transitions in which most were found no more
than a few MHz from their respective predictions. The
complete set of measured transitions of CHg SO, is given
in Table IV. The transitions are grouped in their respective
sub-blocks Y=0, 1, 2, and 3. Although m is no longer a
good quantum number, it is still a useful label for the
torsional states, therefore, it is used in Table IV. Transi-
tions arising from torsional levels up to m==%4 and =+5
were observed (see Table IV). Since some transitions aris-
ing from the m= =3 torsional states were split into dou-
blets due to a nonzero barrier Vi, these states are further

TABLE 1V. Torsional-rotational transitions (in MHz) of benzene-SO,.

defined by a 4+ or — sign added as a superscript to
| m| =3. This notation is based on the sign of the following
wave function combination:?3

|LEK,M,m=3%) = |J,+K,M,m=+3)

:tl",_‘K’M;m=""3): (2)

whose coefficients are the largest in the corresponding ei-
genvector. For the unsplit m===3 transitions, the = sign
is used. Rotational energy levels associated with each tor-
sional state m are generally labeled with the usual asym-
metric rotor notation JK_ K. This notation can still be used
for transitions arising from the ground torsional state.
However, it can be misleading for the transitions associated

Y=0 C¢H,-SO, C¢D¢-SO, TY=1 CeH SO, CeDs SO,

fm| K — K Vobs AV Vobs AV |m|  JKu — J'Kt" Vobs AVt Vous AV

0 113-001 9995.844 0.000 1 222111 10222.685 —0.031

0 213—101 11923.633 —0.007 1 322-211 12110.695 —0.028

0 313-201 13 887.213 —0.006 13 520.549 0012 1 422-311 14 008.007 —0.020

0 112—101 8 067.952, 0.004 1 102—111 9721.324 0.045

0 212—-201 7996.963 —0.001 1 203-211 9751.750 0.030

0 312--301 7891.368 —0.009 7 885.987 0010 1 303-311 9 803.795 0.011

0 412—-401 7752239 —0.015  7763.025 0.004 1 403—411 9884913 —0.006

0 512—-501 7581.003 —0019 7611405 —0.005 1 503-511 10004.480 —0.022

0 612—601 7379.449 —0.014 7432517 —0.016 1 603—611 10173.097 —0.033

0 401-301 7421.159 —0.004 1 411-311 7372.874 —0.007

0 412-312 7282.031 ~0.009 1 422-322 7429.963 —0.001

0 413-313 7567.507 —0.005 1 403-303 7453.988 —0.028

0 424-324 7424.820 —0.058 1 434-334 7430423 —0.067

0 501—401 9272.781 0.003  8756.995 0014 1 511—411 9209.688 —0.002  8704.092 0.007

0 512—412 9101.545 —0.001 8605.374 0.005 1 522-422 9276.515 0.014  8759.326 0.017

0 513—413 9 458.347 0.010 8919.734 0012 1 503—403 9329.253 —0.020 8803.950 —0.016

0 524—424 9280.306 —0.057 8762771 —0.047 1 534—434 9289.175 —0.064

0 525—425 9289.735 —0.051 8770.107 —0.055 1 515—415 9 287.499 0.011

0 601—-501 11 121.964 0.011 10 504.196 0.020 1 611-511 11 042.283 0.003 10437.682 0.013

0 612-512 10 920.408 0.014 10 325.307 0.008 1 622—-522 11117.167 0.036 10 498.608 0.031

0 613—-513 11 348.482 0.032 10702.475 0.027 1 603503 11210901 —0.007 10578.138 —0.011

0 624—524 11135314 —0.045 10514487 —0050 1 634—534 11148.680 —0.057 10525214 —0.044

0 625—525 11151.807 —0.030 10527.333 —0.046 1 615°—515 11 146.272 0.039 10523.328 —0.011

0 701-601 12 968.239 0.026 12249.119 0027 1 711-611 12 869.923 0.017 12 167.393 0.016

0 712—612 12 738.503 0.042 12044.631 0015 1 722—622 12 952.412 0.068 12 233.005 0.046

0 713—613 13 237.764 0.066 12 484.549 0050 1 703-603 13 098.435 0.016 12 357.581 0.005

0 724—624 12989.747 —0.022 12265.754 —0.041 1 734—634 12281.178 —0.036

0 725—-625 13 016.103 0.005 12286282 —0.039 1 715°-615° 12 278.583 0.000
5 76°6°—66°6> . 11312.109 0.001 10760.373 0.000
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TABLE 1V. (Continued.)
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Y=2 Y=3
2 111-221 7635974 —0.084 3* 425—-431 13 654.853 —0.018
2 332-221 10 589.044 0.029 10401.339¢ 0.010 3= T 7426—-432 13654.973 —0.022
2 432-321 12 704.637 0.042 12 370.146¢ 0.030 3* 525-531 14 331.893  —0.023
2 532-421 14 402.040°  —0.033 3= 526-532 14 332.184 —0.021
2 212-221 11 367.001 0.055 : 3% T 425-323 7493.028 —0.049
2 313-321 11 549.265 0.025 3~ 426-324 7493.093  —0.067
2 413-421 11795.280 —-0.002 3t 417-315 7 439.360 0.199
2 513-521 12 107.445 —0.030 3= 418-316 7 449.940 0.187
2 613-621 12 104.162¢ 0.020 3* 531-431 8688.666 —0.052 8238.734 —0.041
2 713-721 12 489.455¢  —0.028 3* 543-443 9 616.424 0.002
2 421-321 7218.759 —0.025 3t 525-425 9365712 —0.051 8837.606 —0.045
2 432-332 7 530.757 —0.009 3~ 526—-426 9365.877 —-0.052 8837.718 —-0.072
2 413-313 7464781 —0.053 3 . 519-417 9 299.604° 0.274
2 521421 9020.991 —0.023 8544.230 —0.011 3- 5110—418 9 312.803° 0.235
2 532—-432 9 408.571 0.011 8 869.526 0.020 3* 631-531 10490.500 —0.035 9957.363 —0.019
2 513—-413 9333.147 —-0.051 8 808.591 —0.039 3* 643—-543 11 470.241 0.012 10 806.291 0.011
2 545—-445 9 302.463 0.022 3+ 625525 11237.613 —0.038 10604251 —0.051
2 508—-407 9294.941 0.112 8775.105 0.036 3= 626526 11237.904 —0.036 10604.487 —0.058
2 621-521 10821.498 —0.016 10249.228  —0.007 3+ 619-519 11 160.126° 0.359 10 534.905 0.147
2 632-532 11283.656 0.037 10638.864 0.038 3- 6110-5110 11175939° 0.292 10 549.864 0.145
2 613-513 11202.443 —0.042 10572.734 —0.042 3* 731-631 12291.020 —0.005 11657.331 —0.006
2 645°—545° 11164.572 0.052 10 538.611 0.038 3* 743-643 13 322.729 0.036 12561.184 0.021
2 721-621 12 620.001 —0.004 11952.334 0.003 3* 725—625 13108.220 —0.012 12369.999 —0.050
2 732—-632 13155778 0.071 12 405.989 0.055 3~ 726—-626 13108.677 —0.017 12370.389 —0.049
2 713-—-613 13072395 —0.034 12 337.631 —0.041 3* 719-619 12 291.389° 0.196
2 746—-646 12 296.789 0.056 3= 7110—-6110 12 308.807° 0.167
4 644—-544 10009.284 —0.049
4 656—-556 11738929 —0.034
4 637-537  11286.757 0.065
4 744—-644 11891.597 0.019 11291.670 0.007
4 737—637 12 420.294  —0.005

AV="Vy—Veale in MHz.

"The energy levels are interchanged for C¢D,’SO,, therefore, numbers 5 and 6 should be exchanged for the label 2.

°The K,=6 level for this m=35 transition is strongly mixed with the X,=35.

9dThese frequencies are estimated to be accurate to 50 kHz due to the deuterium quadrupole broadening.

“Transitions omitted from fitting analysis.

with the excited torsional states. In this work, we used a
different notation for labeling these levels. This is JK 7 (see
Table 1V), where J has its usual meaning and K, is the
value of X for a near-prolate asymmetric-top («= —0.98
for C¢H4SO,). The third index ¢ represents the numbering
of the energy levels within each Y subblock in order of
increasing energy (i.e., =1 corresponds to the lowest en-
ergy). This nomenclature is similar to that used by
Langridge-Smith et al in their analysis of the torsional-
rotational spectrum of SiF;BF,.%?

For C,Hg-SO, the torsional-rotational transitions (in-
cluding m=0) listed in Table IV were least-squares fit to
the PAM internal rotation Hamiltonian in Eq. (1). To
account for the effects of centrifugal distortion, the follow-
ing expression was added:

H gist. = —D P — Dy PPP2+-d PP, +P)
_DJmP2p2+DJKmP2P2¢p2

+2L, PP p+ Ly ([P21Pp+Pp[P]), (3)

where P, =P,=*iP_. These distortion parameters were de-
rived employing the standard Hamiltonian similar to that

introduced by Rohart.'® The first three terms are the usual
centrifugal distortions (Watson S—reduction”) associated
with the overall rotation and the remaining terms are dis-
tortions associated with the internal rotation and its cou-
pling with the overall rotation. These distortion terms,
which were added empirically, are compatible with the
time-reversal invariance requirement and they belong to
the totally symmetric species of the Cg, (or Dg) point
group.?’

The resulting infinite Hamiltonian matrix, factored
into Y=0, 1, 2, and 3, was diagonalized with the free rotor
basis set truncated at m==*11 for the benzene:SO, nor-
mal species. The moment of inertia of the internal top 7,
was fixed at the value 177.0 amu A? (1, of free CiH?® ).
The fit of a total of 101 observed torsional-rotational tran-
sitions of CgHg* SO, is given in Table IV. The spectroscopic
constants obfained from the fit of the transitions of
Ce¢Hg SO, are listed in Table V. The sum of the squares of
the direction cosines should be equal to one [cos?(6,)
+cos?(6,) =1], however, because of the large-amplitude
vibrations in weakly bound complexes, this constraint is
not necessarily maintained and was relaxed. Therefore, for
C¢H¢" SO, the tilt angles 8, and 0, were fit independently.
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TABLE V. Spectroscopic constants for benzene:SO, derived using the
internal rotation Hamiltonian.

CeH,*S0, C¢Dy SO,
A/MHz 8976.43(5)* 8870.55(7)
B/MHz 963.950(4) 907.909(4)
C/MHz 949.495(5) 926.007(7)
D,/kHz 0.73(2) 0.56(2)
Djx/kHz 19.8(4) 17.2(3)
d\/kHz —0.10(3) —0.10(3)
D,,/kHz 30.8(5) 25.7(4)
D jym/RHz —0.078(18) —0.036(24)
L, /kHz 22.9(4) 19.5(4)
Ly /kHz 2.4(4) 1.5(4)
Vy/em™! 0.277(2) 0.294(2)
,/deg. 14.2824(3) 14.9629(4)
8./deg. 75.6478(4) 74.9702(5)
n° 101 66
AV, /kHz 48 45
AY/MHz 2238.753 1924.994
B/MHz 963.950 907.909
C,/MHz 881.198 832.428
Q./MHz 8867.138 8778.837
Q./MHz 892.753 1018.996
D,/MHz 678.357 806.199
F/MHz 11669.614 11096.022

*The uncertainties are 1o.

bNumber of transitions.

CAV= Ve~ Vepioe

44, B, C, Q. Q. D,, and F are obtained after the fitting process from
the varied parameters using the relationships in Eq. (1).

Because most of the m > 0 transitions were very sensitive to
the direction cosines, the angles 8, and 6, were very accu-
rately determined as seen in Table V. The sum of the
squared cosines [cos?(8,) +cos?(8,) =1.0006] shows that
the deviation from unity is very small. The centrifugal dis-
tortion constants as well as the barrier height V, deter-
mined from the fit are given in Table V. Fitting the angles
8, and 6, independently, and including various distortion
parameters (listed in Table V), led to a fairly respectable
rms error (Av,,,=48 kHz) for the fit of transitions in
Table IV. The constants 4,, B,, C,, Q,, Q,, and F listed in
Table V were not fit but instead adjusted internally after
each iteration based on the expressions in Eq. (1) relating
them to the fitted parameters.

Torsional-rotational energy levels between 0—-140 GHz
are plotted in Fig. 1 for J=4 using the spectroscopic con-
stants of the normal species from Table V. As shown in this
figure, the rotational energy levels associated with the m
=0 state follow the ordinary near-prolate asymmetric-top
pattern where the regular order with respect to X, is ob-
served. However, this order is no longer respected for the
excited torsional states, and it tends to vary between dif-
ferent J levels. The irregular order in the m > O states is due
mainly to the relatively large coupling constant Q,. For the
case of a nearly free internal rotation and |K|>1, the
@,K|m| term causes rotational levels for each of the K
doublets to shift apart from each other with increasing |m |
and/or | K| (or K,). This explains the irregularity in the
m >0 energy levels, hence the necessity of using the JK ¢
notation. Moreover, an inspection of the energy diagram in

Fig. 1 shows that some levels from m= =1 are shuffled
with those from m==%5 (m==1 and =5 belong to the
same submatrix ¥Y=1), and likewise for the levels from
m==2 and =*=4. This is due to the closely packed tor-
sional levels as a result of the involvement of a heavy in-
ternal top which leads to a small F (Em,szz). Further
splitting in the m= %3 states caused by the nonzero six-
fold barrier is shown in Fig. 1, where the splitting is largest
for the K,=0 level and decreases as K, increases.

2. CGDG.SOZ

The torsional-rotational spectrum of C¢Dg'SO, was
also analyzed. The assigned ground torsional state (m=0)
of this species was presented in an earlier publication.® As
in the normal species the ground torsional state transitions
were fit using the semirigid-rotor Hamiltonian. The de-
rived spectroscopic constants are given in Table I. Here
again the Hy; constant was used instead of d, employed in
the earlier fit, and Hx was fixed to zero. The internal
rotation Hamiltonian discussed above was also applied in
the prediction of the excited m state transitions of
CsDy'SO,, and subsequently in the fit of the complete set
of measured transitions including the m=0 lines. The
Hamiltonian matrix was truncated at m==*11. The mo-

140
1 4040w
120 43—
R 41—
4y e
100 - 2 4y —
43—
g |7
4, —
1T 4
~ 4 —C 26.3MHz
a 80
™
&
= k 40—' 43_
60 41—
4y 44—
2 43— 4y—coamuz 44—
4y — 44—C0.lmz
40 1 44 —C 1Kz
49— 43—
4= 92— 4,—
4y —
- Fag— 1
20 L2
m= 0 +1 +2 +3 4 +5
AI El Ez B1+B2 E2 E]

FIG. 1. Torsional-rotational energy levels of C¢H4 SO, for J=4. The
energy levels are grouped in six different columns with respect to the m
torsional states. The subscript of the J=4 levels correspond to the X,
value. The label ¢ defined in the text but not shown in this diagram can be
determined from the ordering of the energy levels within each ¥ subblock.
The magnitude of the splitting in the m= =3 state is given for each
rotational level.
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ment of inertia J, of the internal top was fixed at 215
amu A? (I, of free C¢Dg). Since C¢Dy SO, has the same
symmetry as the normal species, this isotopic species be-
longs to the PI group, isomorphic with Cg, (or D). The
spin weights were also derived for this species and are
given in Table II. The assignment of transitions of
C¢Dy* SO, was based on predictions aided by the results
from the normal species. Although the assignment of m >0
a-type transitions was somewhat straightforward, difficul-
ties arose in finding several m >0 c-type transitions even
though they were expected to be as strong as those of
CgHgSO,. This turned out to be caused by unresolved
deuterium quadrupole splitting which leads to line broad-

ening and a decrease in intensity for these particular tran-
sitions, nmpccitaﬁng extensive sional averaocine. The com-

SALAVNLS, RO aver iiv VUL

plete set of observed transitions of CiDg SO, is given in
Table IV. The spectroscopic constants obtained from the fit
of these transitions are listed in Table V. These constants in
comparison with those obtained for the normal species do
not show any irregularity, except that the B rotational con-
stant is smaller than C; the rigid-rotor rotational constants
must satisfy the conventional order, that is, 4,> B,> C, as
shown in Table V, and since benzene-SO, is only slightly
asymmetric, this unusual order of B and C occurred. Fi-
nally, the small barrier height Vx=0.28 cm™" for internal
rotation is comparable for C¢Hg SO, and C¢DgSO,.

3- CGHG'S1302 and CsHs's1800

To shed some light on the relative orientation of SO,,
with respect to the line joining its center of mass to that of
benzene, the ground torsional (m=Q) spectra of the
double-'*0 and single-'30 isotopic species were assigned.
The assigned transitions for both species are listed in Table
VI, where the usual asymmetric rotor labels JK K, are
used. The spectroscopic constants derived from fitting the
transitions in Table VI with a semirigid-rotor Hamiltonian
are given in Table I. No attempt has been made to assign
the excited torsional state transitions for these '*0 species.
However, during the course of searching for the m=0
transitions, some additional ones were found which are
most likely associated with the excited states. It is impor-
tant to note that the spectrum of only one single-'*O spe-
cies was found, indicating that the two oxygens are equiv-
alent. Although, this does not confirm the existence of a
plane of symmetry (ac-plane) in benzene-SO,, it does
show that the angle 8, of the C; axis with respect to the b
axis of the complex is equal to 90°.

B. Dipole moment

The Stark shifts for ten M components from four tran-
sitions were measured, as shown in Table VII. Since the
transitions involved in the Stark measurements are only
those arising from the m=0 state, the common JK_ X, no-
tation is sufficient. The second-order Stark coefficients were
obtained from fits of Av vs &2 The observed coefficients
are listed in Table VIL. Plots of Av/&? vs &2 showed no
significant curvature from nonsecond-order effects. The ef-
fective rotational constants were employed for the calcu-
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TABLE VI. The m=0 state rotational transitions (in MHz) for the
180 isotopic species of benzene-SO,.

C.H¢ S%0, C4H,'S"00

T =Irrr Vobs AV Vot AV
116—00o 9020.113 3

21— los 10883.265 -1

35—20 12784.183 -2

4,—3, 7301.007 2 7429.778 2
Sos—doa 8927.937 2 9094.987 -2
5is—4i 8748.932 -2 8919.954 3
51— 9124.998 1 9286.079 1
S04 —dg 9103.535 -1
5y3—4s 8949.435 -2 9114.072 -3
605 — S0 10706.872 -3 10908.012 -5
61— 515 10496.969 2 10702.353 2
615— 514 10948.134 —1 11141.609 3
65— 54 10723.905 -6 10923.092 4
624—53; 10744.526 7 10941.510 -3

AAV="gps —Vearc in kHz.

lated Stark coefficients. Among these constants only 4 and
C are contaminated by the internal rotation (since 8,
=90°). Therefore, the resultant dipole components will be
those along the effective principal axes, which are rotated,
in the ac-plane, by ~5° from the actual principal axes.?’ A
least-squares fit of the observed coefficients, with p,, fixed at
zero, yielded a total dipole moment p,=2.061(2) D with
components p,=1.691(2) D and p.=1.179(2) D.

C. Structure

The gross configuration of benzene-SO, was initially
determined,® where the molecular planes of benzene and
SO, are stacked one above the other and their centers of
mass are separated by a distance R, of 3.48(2) A. This
initial conformation was derived from analyses of the ef-
fective rotational constants (A4’ not included) of CgH4- SO,
and CgDg SO,. Determination of tilt angles 8, and 8, of
SO, and the benzene plane, respectively, relative to R,
(see Fig. 2), however, was ambiguous because additional

TABLE VII. Stark coefficients for the ground internal rotation state
(m=0) transitions and dipole moment of benzene-SO,.

Transition |M| Av/E?? obs.-calc.
31330 2 —0.259 0.002
3 —0.728 —0.001
A— 303 1 —0.252 —0.002
2 —0.159 —0.001
Sos— s 1 0.738 0.002
2 0.638 —0.003
3 0.479 —0.002
4 0.257 0.000
S1e—413 1 0.236 0.001
2 0.158 0.000

|po| =1.691(2) D*
lp| =1.179(2) D
|p7| =2.061(2) D

*Observed Stark coefficients in units of 10~* MHz/(V/cm)?2.
>The uncertainties are 20.
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data from suitable isotopic species were lacking at that
time and contamination of the rotational constants from
the internal rotation was not removed. Until the internal
rotation problem was solved, estimation of the effects of
this motion on each rotational constant was impossible.

The rigid-rotor (or unperturbed) rotational constants
A, B, and C, for C¢H4 SO, and C,Dy*SO,, derived from
spectral assignments, are given in Table V. Even though
the assignment of torsional-rotational spectra of the '*0
isotopic species was not undertaken, the rigid-rotor rota-
tional constants of CgHg-S'%0, and CyH, S'%00 can still
be obtained by using the relationships in Eq. (1), the in-
ternal roiation resulis from the normal species, and the
130 data in Table I. Therefore, the rigid-rotor rotational
constants which are more reliable for structural analyses
are employed throughout the remainder of this section.

The planar moment of inertia of the normal species,
Ppy=1/2(I,+1.,—1I,)=137.44 amu A?, is nearly equal to
the sum of P,, of free SO, and P,, (or P,,) of free benzene
(49.05+88.74=137.79 amu A?).***® This confirms the
stacked configuration where the molecular planes of each
subunit are perpendicular to the ac-plane of benzene:SO,.
The existence of only one assigned single-'0 species serves
as further support of this conclusion. This is also compat-
ible with the occurrence of a- and c¢-dipole moment selec-
tion rules.

The equilibrium torsional angle of the SO, relative to
the benzene is indeterminable from the available data,
hence it is fixed at an arbitrary position. In this work, it is
chosen so that the C, axis of SO, is projected on the line
joining two carbons diagonally opposite. If the geometries
of SO, and benzene are assumed to be unperturbed upon
complexation,®® then the three structural parameters R,
6,, and 8, (see Fig. 2) can be determined. These three
parameters can be derived from least-squares fits of the
rigid-rotor moments of inertia of C,Hg-SO,, Cy D¢ SO,,

91':460

ey

34854

Rem

3003

TABLE VIIIL Structural parameters for benzene-SO, from least-squares
fits using 4, B, and C, of all isotopic species; angles 8, and &, dipole
moment components and coordinates of oxygens calculated from the
least-squares fits and the Kraitchman analysis.

Least-squares

1 11 Kraitchman®
R../A 3.485(1)° 3.485(1)
6,/deg 46.1(58) 42.5(58)
6,/deg —11.2(10) +11.8(11)
Al /amu A%° 0.29 0.32
6,/deg 14.70 14.06
0./deg 75.30 75.94
[ o] /D 1.202 i.161
|uc|/D 1.106 1.149
|a(0) | /A 2.178 2.170 2.132
|6(0)[/7A 1.235 1.235 1.249
le(O) | /A 0.128 0.329 0.292

*Using single-'%0 isotopic species data. The double-substitution coordi-
nates (double-'30 data) are la(0)}|=2.141, |b(0)|=1.236, and
|c(0) | =0.275.

®The uncertainties are 2.

cAI:IObs_ICaIC'

49,—90°— 6,

C¢H,S'%0,, and C¢H,S'00. Information on the magni-
tude, but not the sign, of the tilt angle 8, (proportional to
0,) of benzene was in fact extracted from torsional-
rotational spectral assignments (see Table V). Due to the
symmetry of benzene, the direction of the tilt angle 6, is
ambiguous, therefore, leading to two fits dependent on the
initial orientation with respect to this angle. These two fits
labeled I and II yielded structural parameters which are
given in Table VIII and the corresponding conformations
are shown in Fig. 2. The value of R, ,=3.485(1) A ob-
tained from fits I and II is in agreement with that obtained
in the earlier report [R.,=3.48(2) A],G although more

bg,=43° ,
! SV
! 7
| Ve
7 .
Rep = 3.485A

@

€1y

FIG. 2. The two possible structures of benzene'SO, consistent with fits I and II. In both figures, the a axis is nearly parallel to R, (dotted lines). The
ac-plane corresponds to the plane of the page. The tilt angle 6, is the deviation of the C, axis of SO, from being parallel to R.,,, and the tilt angle 8, is

the deviation of benzene plane from being perpendicular to R,.
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accurately determined. This agreement was expected since
R, is uniquely determined from the B constants[/,
=1,(SO,) +I,(benzene) + u(benzene-SO,)R2, ], which is
in fact unperturbed (B=25,) by the internal rotation (8,
=90%). An examination of the value of 8, from each fit
indicates that SO, is tilted so that the sulfur end is pointing
toward the aromatic ring. The sole difference between the
structures I and II resides in the sign of 6,. Preference of
one conformation over the other cannot be made based on
the quality of the least-squares fit since the A7 . (where,
Al=1 gy —1I ) of each fit is fairly reasonable. The calcu-
lated angles 8, (and 6,=90°—6,) from structures in fits I
and II are given in Table VIIIL. These calculated angles are
comparable to those determined from the internal rotation
fits (see Table V), and therefore, the two geometries can-
not be distinguished. The dipole moment components ob-
tained from the projection of the dipole moment of SO,
(1(SO,)=1.633 05 D) onto the principal axes corre-
sponding to each structure I and II are also listed in Table
VIII. A comparison between the observed dipole moment
components of benzene-SO, in Table VII and those ob-
tained from the projection of £ (SO,) shows a much better
agreement with respect to u, than to u, The relatively
large discrepancy between the observed and the calculated
1, component can be attributed mainly to the induced di-
pole moment arising from the large polarization of the 7
system along the a axis. Nevertheless, choosing between
structures I and II cannot be accomplished by using this
simple dipole moment analysis.

An analysis using Kraitchman’s equations™ was also
undertaken with the intent to resolve the ambiguity. The
substitution coordinates of oxygen were calculated using
data from the single-'30 isotopic species, with CHg-SO,
considered as the parent species. These substitution coor-
dinates along with those calculated from fits I and II are
listed in Table VIII. First of all, comparison between the
calculated coordinates obtained from each fit shows that a
difference occurs only for the ¢ coordinate. Second, an ex-
amination of the coordinates from the Kraitchman analysis
indicates that the @ and b coordinates are compatible with
those obtained from the fits. This supports the least-
squares fit results with respect to the orientation of the tilt
angle of the SO, monomer. Lastly, the ¢ coordinate from fit
II agrees better with the one from the Kraitchman method.
However, since the difference between the ¢ coordinates
from fit I and II is not great and the rotational constants
used to obtain them are still markedly affected by low fre-
quency van der Waals vibrational modes, definitive conclu-
sions cannot be drawn from this analysis. In fact the in-
crease of the 4 rotational constant of the single-'*0 species
by 2 MHz yielded |c(O)|=0.167 A, which indicates that
the preference of one conformation over the other cannot
be made from the substitution analysis. Moreover, ab initio
and electrostatic calculations are compatible with fit I
These calculations are discussed in the next section.

30

IV. DISCUSSION

In the present work, we successfully applied the PAM
internal rotation Hamiltonian for the assignment of the
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TABLE IX. Cartesian coordinates {in A) and distributed multipoles (in
a.u.) for benzene.»>°

Atom® x y z q By e, ©6

yy 6,

C(1) 00 —-139 00 -—0.035 0.088 0.118 —0.063 —0.055
H(1) 00 -—-2479 00 0035 —0.216 0.049 —0.087 0.038

*The distributed multipoles are calculated at the HF/6-31G** level.
The energy is —230.713 01 a.u. The total charge and dipole are zero, and
the total quadrupole is @, (total) = —6.337 a.u.

“The following distributed multipoles are zero: y,, i, @, @, and O,
dDistributed multipoles for equivalent sites follow by symmetry.

torsional-rotational spectrum of benzene-SO,. This com-
plex displays a nearly free internal rotation of benzene
about its Cy axis. Addition of higher-order distortion terms
to the PAM Hamiltonian was also necessary in fitting the
spectra of benzene:SO,. The rms error was reasonably
good for the spectral fits of C¢Hg'SO, (Av,,,,=48 kHz)
and CiD¢'SO, (Av,,=45 kHz). Moreover, the barrier
height V4 determined for the two isotopic species, which is
~0.28 cm™, is in agreement with respect to the Born—
Oppenheimer approximation.

Unlike other sixfold symmetry molecules whose inter-
nal rotor axis is collinear with the a axis,'"2>% in
benzene SO, the torsional-rotational spectrum was tre-
mendously perturbed by the tilt of the Cg axis with respect
to the @ (or ¢) axis. In fact, a characteristic of the a-dipole
spectrum of molecules with a sixfold symmetry barrier and
6,=0°, such as CH;NO,!”!'® and CH,BF,," is the occur-
rence of bandlike series of lines centered at frequency val-
ues of (B+C){(J+1). The series converge from lower and
higher sides of the center frequency as m increases. How-
ever, in benzene-SO, the g-dipole spectrum did not show
such characteristics. This made it essential to predict spec-
tral changes quantitatively with the PAM Hamiltonian in
order to assign the excited states.

To investigate the origin of the small barrier height, we
employed the simple electrostatic model developed by
Buckingham and Fowler.}! The distributed multipole val-
ues for SO, were taken from Ref. 31. For the case of ben-
zene, the multipoles were calculated using the distributed
multipole analysis (DMA )2 sections of the CADPAC pro-
gram.*® The distributed multipole moments for benzene
are listed in Table IX; the values at the other five carbon

TABLE X. Structural parameters and energies for benzene'SO, from ab
initio (HF/6-31G*) calculations.*

ab initio

=00 r=30.0° Obs.®
R../A 3.732 3.737 3.485(1)
6,/deg 52.8 52.4 44(6)
6,/deg —14.8 —14.0 +£12(1)
E/au. —777.875 053 —777.875012
E(benzene) =~-230.702 30 a.u.
E(SO,) =—547.168 12 a.u.

*Benzene and SO, structures were held to their uncomplexed values (Ref.
28).
®Structural parameters obtained from Table VIIL.
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and hydrogen sites can be obtained by symmetry. The
structure of benzene used in the calculation of the distrib-
uted multipoles is taken from Ref. 28. Estimation of the
internal rotation barrier in benzene-SO, using the
Buckingham-Fowler model yielded ¥5=0.16 cm~'. This
calculated value is surprisingly in excellent agreement with
the observed value. On the other hand, an ab initio estima-
tion of the barrier at the HF/6-31G* level yielded V¢=8.9
cm ™. This barrier was calculated from geometry optimi-
zations at two different conformations. The first conforma-
tion corresponds to the benzene torsional angle fixed at the
orientation with the C, axis of SO, projected on the line
joining two carbons diagonally opposite (7=0.0%), and the
second one where the C, axis projection bisects a C-C
bond (7=230.0"). The results of these calculations, which
were carried out using the GAUSSIANSS program,** are
given in Table X. The barrier value evaluated from the ab
initio calculations is not as close to the experimental value
as that obtained from the electrostatic model. However,
the experimental value is calculated assuming that R, 0;,
and 6, remain unchanged while benzene is rotating about
its Cy axis, while the ab initio barrier is obtained from the
two optimized conformations whose structural parameters
R 6y, and 8, are slightly different. Furthermore, the lack
of diffuse orbitals and the neglect of electron correlation in
the HF/6-31G* calculations might also lead to some error
in estimating the barrier. Nevertheless, the ab initio value
as well as the electrostatic one implies a very low barrier to
internal rotation.

The assignment of the spectrum of benzene-SO, has
shed some light on the structure of this complex. Rigid-
rotor constants which are not contaminated by the internal
rotation were obtained, as well as the tilt angle 9, (or 6,)
of the benzene ring. However, experimental data needed to
unambiguously determine the sign of the tilt angle 9, of
benzene were not obtained (see Sec. ITI C). As mentioned
above, we carried out ab initio geometry optimizations
leading to the results in Table X. Comparing the ab initio
structural parameters with those obtained experimentally,
a fairly good agreement is seen except for R, which is off
by 0.3 A (see Table X). The sign of the ab initio value of
8, suggests that conformation I is more favorable. We have
also carried out electrostatic calculations using the
Buckingham-Fowler model to derive the electrostatic en-
ergies of conformations I and II listed in Table VIIL Val-
ues of —2.0 and —1.6 kcal mol~! were obtained for I
(6,=—11°) and II (6,=+12°), respectively. This sug-
gests that the conformation where 8,=—11° is more sta-
ble, which is compatible with the ab initio results. Al-
though the electrostatic and ab initio calculations seem to
favor the conformation from fit I (6,=—11°), this cannot
be taken as definitive. This is because for weakly bound
complexes, ab initio calculations beyond the HF level are
needed to accurately model the interaction energy and rea-
sonably reproduce the experimental structure. Similar cau-
tion is warranted for the electrostatic model since here the
difference of energy between the two conformations is
small (0.4 kcal mol™1), the repulsive term is not quantita-
tively incorporated, and additional terms such as disper-
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FIG. 3. Electrostatic interaction energy as a function of the tilt angle, 6,
of SO,. The solid line and dashed line plots correspond to the tilt angle,
0,, of benzene fixed at —11° (fit I) and +12° (fit IT), respectively. The
sign convention for 8, is consistent with that in Fig. 2.

sion, polarization, and charge transfer are necessary to
more reliably estimate energy differences.

This preference for the negative 6, is, of course, com-
patible with the inertial data (see above) which is ambig-
uous regarding the sign of this angle. Although perhaps
not relevant, it is also interesting that a negative tilt angle
is observed for ethylene in ethylene-SOz.”(a) It may be
possible to unambiguously determine the sign of 8, exper-
imentally from rotational constants for a benzene*SO, spe-
cies containing an asymmetric deuterium species.

The Buckingham-Fowler model was used to see if
electrostatic interactions can account for the observed tilt
angle 8, of the SO, subunit. This model was previously
applied to ethylene-SO,,3® acetylene-S0,,3%® and
furan-S0,.3¢ In these complexes the observed tilt angle of
SO, and that obtained from the electrostatic model were in
fairly good agreement. The electrostatic energy calculated
as a function of 8, is shown in Fig. 3. In this figure, the
dashed line and the solid line plots correspond to the en-
ergy calculated with the benzene plane held fixed at 6,=
+12°and —11°, respectively. R, was fixed at the observed
value of 3.485 A. Examination of Fig. 3 shows that the
shallow minima obtained around 8,=45-60° are consis-
tent with the experimental geometry. This agreement is
pleasing since it follows simple intuition suggesting an in-
teraction between the positive sulfur and the benzene =
cloud.

Finally, the binding energy for the experimental geom-
etry of benzene-SQO, obtained from the electrostatic and ab
initio calculations (from Table X) are 2.0 and 2.9 kcal
mol~?, respectively. The observed D, and pseudodiatomic
approximation,’’ yielded a value of 1.9 kcal mol ! for the
binding energy. These values are somewhat smaller than
the experimental value 4.4(3) kcal mol~! measured by
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Grover et al.® A similar large underestimate of the binding
energy using the pseudodiatomic approximation was ob-
served for the even stronger complex between trimeth-
ylamine and SO,.*
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