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Rotational spectrum, structure and modeling of the SO »,—CS, complex
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The rotational spectra of seven isotopomers of the-$I3 van der Waals dimer have been
observed with a Fourier transform microwave spectrometer. The rotational constants for the normal
species were determined to b&=2413.2000(3) MHz, B=1105.3803(3) MHz andC
=884.9885(2) MHz. They are consistent with the ,S&raddling the Cg molecule andCg
symmetry for the complex. The centers of mass of the two monomers are separated b{23 4287

Two structures were found that are consistent with this symmetry which differ in the relative tilt of
the CS and SQ. In both structures, th€, axis of the SQ is aligned close to parallel to the €S
molecular axis with the oxygen end of the sS@pped closer to the GS In one structure the
deviation from parallel is 9@)° while in the other it is 17.{@L1)°. The dipole moment components
have been determined to he,=0.0137(5) D andu,=1.1961(9) D. A semi-empirical model
employing electrostatic, dispersion and repulsion interactions was employed to analyze the system
and resulted in a reasonable reproduction of the angular geometry. A comparison of the results for
the SQ-CS, complex with the closely related S©CO, and SQ—OCS complexes is presented.

© 1999 American Institute of Physids50021-960809)00314-1

I. INTRODUCTION bonding of the S@-CS, complex in light of the SG-CO,

o and SQ-O0CS results will be discussed.
The recent determination of the structures of the

SO,—-CGO, (Ref. 1) and SQ-O0CS (Ref. 2 complexes by
rotational spectroscopy revealed some rather significarlt: EXPERIMENT

structural changes on going from a nonpolar linear molecule  The rotational spectra of the $ECS, dimer and six

to a polar one. In SE-CO;, the C, axis of the SQ was  4qgitional isotopomers were measured with a Balle-Flygare
perpendicular to the CO axis (C, symmetry. In  poyrier transform microwave spectrométir the frequency
SO,-0OCS, the SQ rotated approximately 45° away from yange 5.5 to 14.5 GHz. After an initial search of a 1.4 GHz
the perpendicularGs symmetry. It is appropriate to further  yegion between 6 and 7.4 GHz in which the-3 transitions
extend this series with the study of the S@S, dimer,  \yere predicted, mixing experiments were carried out to
which contains another nonpolar, linear triatomic moleculegliminate transitions that did not require both components.
This system is particularly attractive in that £Bas a mo-  gtark effect measurements were then made on several of the
lecular quadrupole moment of opposite sign to that 0bCO  strongest remaining transitions observed in the initial search
For example, Watsoet al® give values for the molecular region. Stark effect experiments were carried out by the ap-
quadrupole momentgobtained from electric field induced pjication of an electric field up te:6 kV to a pair of parallel
birefringence  experiments as  follows: O(CS)  steel mesh plates measuring approximately 50<&@ cm.
=+3.4xX10"*°esucm and ©(CO,)=-4.3<10"*°esucm.  These plates are situated above and below the Fabry-Perot
It is of interest to see what effect this has on the structure Oéavity and are separated by around 30 cm. The electric field
the CS complex with SQ and whether the resulting struc- was calibrated daily by the measurement of thel—0

ture will resemble the S£-CO, or the SQ—OCS complex  transition of OCS at 12162.980 MHz and using a dipole
more closely. moment of 0.7152D.

In this paper we report on the analysis of the rotational ~ The SQ-CS, dimer was generated in a supersonic ex-
spectra of seven isotopomers of the,SOS, dimer. A struc-  pansion of a gas mixture of approximately 1.5% of each of
ture in which the S@straddles the CSmolecular axis, with  the two components diluted in “first-run” He/Ne carrier gas
the C, axis of the SQ lying close to parallel to the GSaxis,  (90% Ne, 10% Hgat a backing pressure of. 2.8 atm. This
has been determined from fitting the moments of inertia. gas mixture was expanded into the evacuated cavity through

A semi-empirical model employing electrostatic, disper-a modified Bosch fuel injection valve operating at a fre-
sion and repulsion interactions was also used in an attempt {@uency of about 10 Hz, in a direction perpendicular to the
reproduce the experimental structure. An analysis of theesonator axis. Full width at half maximum of the transitions
model's performance and a comparison of the structure an@las estimated to be of the order of 30 kHz and our measured
transition frequencies were reproducible to 2 kHz. Only
dAuthor to whom correspendence should be addressed. Electronic mai-type transitions were observed during measurement of the

kuczkows@umich.edu spectra and the most intense of the normal species transi-
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TABLE |. Rotational transition frequencies and residuals for the normal||]. RESULTS
isotopomer of S@-CS,.

A. Spectra
Tiare Jeake vobs (MHZ) Av (kriz” Only b-type transitions were observed for this complex
25 110 8124.3841 -09 with searches fom- and c-type transitions being unsuccess-
gig ;;; 2%3:‘7‘332 :i:? ful. Further searches foa-type transitions in light of the
3% 3, 6981.4453 3.9 nonzerou, dipole component obtained from analysis of the
34 3, 7105.4183 -1.3 Stark data(see Sec. Il B also proved to be unsuccessful,
32 2y 9893.8176 —-3.2 with averaging for 50 000 gas pulses failing to reveal a tran-
22 22 ig 823:2333 i:g sition. The lack of au. dipole component suggests aib
3a0 201 13077.8185 —01 plane of symmetry with the SOmonomer likely straddling
4oy 313 6856.2390 0.1 the CS monomer as observed in the SACS compleX.
43 4 6820.6121 2.5 The lack of intense-type transitions was initially problem-
jii gzz ;gzg:gggg _0'15.’3 atic since attempts at initial assignment assumed a structure
44 4oy 9872.6083 —33 in which the u, component was sizable. Based on Stark
4n 43 9885.5399 -15 effect data obtained from the transitions at 6737.7725 and
423 312 11 549.7985 —25 7163.6906 MHz a tentative assignment of these lines as the
4,, 313 13234.1710 0.9 . .
5, 5. 5084.6148 10 313—2p, and the 5,455 transitions was made since these
53 5,3 6553.2885 -15 transitions seemed to be the only likely candidates in the
S14 4y 7163.6906 -3.6 regions. Stark shift data from several other strong lines in the
233 224 ;ggg-ﬁgg j-g 6 to 7 GHz region were important in suggesting further as-
52? 5;‘2‘ 9821 1646 6.6 signments, and a process of trial and error in which various
54 533 9871.5112 4.2 combinations of transitions were added to the above transi-
S1s 404 9922.9880 20 tions eventually revealed the correct assignment. The fit with
624 533 5982.8161 —13 a rigid rotor model at this stage proved to be more than
65 615 6689.6477 -0.3 2 .
6as 6y 7505.5165 11 sufficient to give reasonably good agreement, even upon the
615 504 9614.2489 4.0 inclusion of lines withK,=2 or 3. This is in contrast to the
642 633 9716.9670 —-12 SO,—0OCS complex in which inclusion of lines witK,
243 234 13%%’2231 ~ 1254 greater than 1 caused large standard deviafioFise good
6 5 11 524.9847 02 performance of the rigid rotor model greatly simplified the
65 514 14 554.5512 0.0 location of further transitions in the rotational spectrum. The
;44 235 1295;32-2323 —8-3 37 measured lines for the normal species were fit to a Wat-
7‘1’; 622 13 168.1880 05 sonA-reduction Hamiltoniaff. Transition frequencies for the

normal species along with the residuals for this fit are given

A V= Vgps— Vealc- in Table I, while the resulting spectroscopic constants are
given in Table Il for the normal and the six other isotopic
species. Isotopic shifts were calculated from a model based
upon a structure obtained from a semi-empirical mdttebe

tions, the 2;—1;0 and 21y, transitions, had signal-to- giscussed lat¢rin which the SQ straddled the CSmol-

noise ratsi’os in excess of 30 in 100 gas pulses. _ ecule; the tilt and separation of the S@olecule were ad-

o T?e _4502 isotopomer and the two singly substituted jsted so as to more closely reproduce the rotational con-
C*?5™S isotopomers were observed in natural abundanCg s and the dipole moment of the normal species. This

(ca 4%)'. The 20— 1u transition for these spgcies typically o qel provided isotopic shifts which were sufficiently good
had a signal-to-noise ratio afa 7. or more In 1000 935 15 Jocate the isotopomers with a minimum of searching. As
pulses. Some of the weaker transitions for these species re- , " .
. . . oted above, a least-squares fit of the transition frequencies
quired averaging for several thousand gas pulses in order {0 . . . ) ) .
achieve a satisfactory signal to noise. The spectrum of thg0 a rigid rotor model that mcluded no cen.tnfugal d|stort!on
SO,-1%CS, species was observed using an isotopically en_cgnstgnts gave a reasona_lble fit, su_gges_tlng that centnfugal
riched sample of3CS, (Cambridge Isotope Labs., 97%— distortion was much less important in this complex than in
99% 3C). The $%0,-CS, isotopomer was observed using he SG-0CS com'plie%. We conclude that the SOCS,
an isotopically enriched sample of®®, purchased from complex likely exhibits considerably less floppiness in its
Icon (97%*%0). Upon least-squares fitting of the moments of Structure.
intertia for these isotopomers it became apparent that there Several transitions found in the initial search region still
existed two structures that were consistent with the inertiafémain unassigned although they are considerably weaker
data. Another isotopomer3,4SOZ—13CSZ (consisting of a and are not suitable for a Stark effect study. These lines
sample of the enrichetfCS, and the®*S0, in natural abun- likely belong to trimeric and higher order clusters of SO
dance, was therefore assigned in an attempt to clear up th€S,, rare gases and maybe,® and further studies will
ambiguity. attempt to identify these species.
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TABLE Il. Spectroscopic constants for the seven isotopomers gF8G,.

Spectroscopic

constant Se-CS 3450,-CS, SO,-C¥s%%s SQ-C%s*s

A (MHz) 2413.20003) 2411.380611) 2365.09989) 2357.133612)

B (MHz) 1105.38083) 1088.126611) 1091.870810) 1095.735812)

C (MHz) 884.988%2) 873.66468) 869.80067) 871.15968)

A, (kHz) 1.6394) 1.6242) 1.61(1) 1.592)

Ak (KH2) 170.11) 164.56) 160.45) 163.56)

Ay (kHz) —177.22) —172.99) —166.98) —171(2)

8, (kH2) 0.3552) 0.35298) 0.3457) 0.36210)

5 (kHz) —219.24) —214.92) —-19702) —2022)

P (amu A)? 47.782 47.785 47.755 47.753

Avyps (kHZ)? 2.81 3.47 2.90 3.36

N¢ 37 22 22 21
SlSOZ—C% 8(32_130& 348(32—13082

A (MHz) 2337.92063) 2413.21166) 2411.39049)

B (MHz) 1063.40094) 1099.52628) 1082.254911)

C (MHz) 866.096%3) 881.23307) 869.87547)

Ay (kHz) 1.4985) 1.642) 1.572)

Ak (kHz) 169.42) 167.84) 162.67)

Ay (kHz) -176.92) —174.93) —-167.47)

8, (kH2) 0.3043) 0.3519) 0.33510)

5 (kHz) —264.27) —217(1) —-211(2)

P (amu A2 53.950 47.782 47.785

A Vs (KHZ)® 1.96 2.76 2.47

N¢ 29 24 21

#P.. is the out of plane second moment.
PA Vrms— [E(Vobs_ Veald) 2 N] 2,
°N is the number of fitted transitions.

B. Dipole =1.1961(9) D. This givegt,iy=1.19629) D, some 0.43 D
Thirteen M components from the 3—2g,, 431455 less than the dipole moment of the §®10nomer7. The

and 5,4, transitions were least squares fitted to deter-SMallua component could be accurately determined because

mine the dipole moment components for this compiEable of high sensitivity of the Q branch transition in the set to this

). As was suspected from the initial failure to locate anycomponent.

a-type transitions, thex, component of the dipole moment

. C. Struct
was found to be very smalle,=0.0137(5) D, whileu, ructure

The ab plane of symmetry that is suggested by the ab-
sence ofc-type transitions can be verified by calculation of

TABLE Ill. Stark coefficients and dipole moment components for the out of plane second moments for the normal isotopic
SO-CS. species. The value of the second moménpt[ == mici2
F— ol = orecal =0.5(Ia+1p,—1¢)] is calculated to be 47.78% amuz,A_in
good agreement with the value of 4@Bamu A for Py, in
313202 0 2.339 —0.003 the SQ—CO, complex and similar to the value oP
; ég-ggg _0605520 =48.350 amu A in the SQ—OCS complex? This provides
' : convincing evidence that the oxygen atoms of,S4de in-
45-45, 1 —2.694 -0.015 deed straddling the symmetry plane. Values gf for all of
2 —4.926 —0.006 the isotopomers studied are listed in Table 1. Using litera-
3 -8.752 —0.098
4 -13.829 0.053
514403 1 -2.835 0.035
2 -3.983 0.045
3 —5.897 0.062
4 -8.394 0.267

| Rou

1,=0.0137(5) D 0 ;
wp=1.1961(9) D :
ue=0.00(5) ¥

pior=1.1962(9) D

FIG. 1. Structure of the S©CS, complex in theab symmetry plane show-
3bserved Stark coefficients and residuals in units 62aHz/(V cm™~1)2, ing the fitted structural parameters. The center of mass of thasS@beled
bu, fixed at zero during fitting. M, but is suppressed in the figure for simplicity.
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TABLE IV. Fitted structural parameters for possible structures | and Il in the-83, complex.

Adjusted valué

Parameter Literature valtie | 1l ORIENT®
Ry (A) 3.427310) 3.42871) 3.42872) 3.377
0 (°) 92.69) 92.71) 87.02) 96.7
o (°) 1034) 102.57) 104.19) 143.7
Alms (amu &) 0.7281 0.1144 0.1599

&Literature value” and “Adjusted value” refer to whether the literature or adjusted values for thg SO
monomer structural parameters were used in the fitting process. Refer to the text for a full discussion.
bValues calculated from the structure obtained usingaient model (see text

°Al,ms is the standard deviation when fitting the 21 moments of inertia.

ture values for the S© monomer structure[r(S-O) atom numbering scheme and the three fitted parameters. The
=1.4308 A and an OSO angle of 119%4 P, value for the ~parameters obtained from using the literature values for the
monomer of 48.77 amu Amay be calculated compared to SO, given above and the GS monomer structure
the ground state spectroscopic vdlog 49.05 amu & Itis  [r(C-9=1.552&] are given in the first column of Table
readily apparent that these values f&j, of the monomer IV; the Al s value of 0.728 amu Awhich results from this
and P for the complex(47.78 amu R) are significantly fit is relatively high. The rather poor quality of this fit arises
different. This arises from large amplitude vibrational effectsfrom the difference in the values d?. for the complex
that lead to a contamination of the effective moments ofcalculated from the monomer structure of S@nd those
inertia. derived from the experimental data. Small adjustments to the
The normal species and data from an additional six isostructure of the S@are often found to be necess4ry®in
topic species ¥S0O,~CS,, SO-C¥S*s, SQ-C*s%%s, order to bring the observed and calculateg. (or equiva-
SO,-%CS,, S¥0,-CS, and **S0,—1°CS,) allowed a least lent) values into better agreement as a means of compensat-
squares fitting of the moments of inertia to structural paraming for vibrational effects arising from large amplitude mo-
eters. The University of Michigan implementation of the tions in the complex which affect the observed moments of
STRFTQ program of Schwendem&hwas employed in the inertia. In this case, the S-O bond length was decreased by
fitting of the inertial data. Three parameters are required t®-003 A and the OSO angle decreased by 1.5° in order to
describe the structure of this dimer: a center of mass separ@gtter reproduce the experimentally observeg. value.
tion (Rey), an angled (the §-C< --M, angle in Fig. 1 and  With this adjusted structure there was a marked improve-
the angley (the G --M --S; angle. Figure 1 illustrates the ment in the quality of the inertial fit as is illustrated in the
second and third columns of Table IV. It should be noted
that the uncertainties in Table IV are statistical uncertainties
a (10) resulting from the fitting process. The structure sug-
OIQ 102.5(7y° gested by the parameters in Table IV may therefore be con-
S sidered an effective ground state structure and we expect the
equilibrium values to fall within approximately 0.05 A for
the Rcy distance and 5° or so for the anglésind ¢.

During the course of the fitting with the adjusted SO
Sf E@__@ structure, it became apparent that two structures closely fit

92.7(1)°

Structure I

b Re = 3.4287(1) A

TABLE V. Principal axis coordinates for the two possible fitted structdres
and Il) of SO,—CS,.2 All coordinates are given in Angstroms.

a a b c

Atom | Il | Il | Il

104.1(9)°

- O@ Sy 1.9531  1.9416 —0.2880 —0.4057  0.0000  0.0000

O, 17668 17796 04256 0.3138 12226 1.2226
O, 17668 17796 0.4256 0.3138-1.2226 —1.2226
Roy =3.4287(2) A M,° 1.8509 1.8606 0.0689—0.0458  0.0000  0.0000

Cs —1.5665 —1.5670 —0.0580 0.0386 0.0000 0.0000
Ss —1.6976 —1.4467 1.4884 15859 0.0000 0.0000
;__@ S; —1.4353 -1.6874 —1.6045 —1.5087 0.0000 0.0000

A o

87.0(2)°

aStructures | and Il refer to the two possible structures that result from the
fitting of the inertial data. Structure | hasl ;,=0.1144 amu A and struc-
FIG. 2. The two possible fitted structures for the ,SOS, complex: (a) ture Il hasAl ;,e=0.1599 amu A. See the text for a more detailed discus-
structure 1, Al=0.1144amul and (b) structure 1I, Al sion and Fig. 2.

=0.1599 amu A bM, is the center of mass of the $O
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TABLE VI. Absolute values of the Kraitchman substitution coordinates in
A for SO,—CS, obtained from the single and double substitution isotopic
data.

Atom El |b] Ic|

S, 1.9184 0.2848 0.0390
0,3 1.7291 0.3826 1.2818
Cs 1.5632 0.0000 0.0000
S 1.6850 1.4930 0.0000
S, 1.4208 1.6090 0.0000

the experimental data. The two structures, | an@hiown in
Fig. 2) had values ofAl,,=0.114 and 0.160 amu ZAre-
spectively, and differ only in the relative tilt of the ¢8&ol-
ecule(corresponding to the atoi®; tilted either towards or
away from theS,; atom of the S@, respectively, usingRcy

as a reference axis—see Fig. Zhe structural parameters
that result for structures | and Il from the least-squares fittin

of the 21 moments of inertia are given in Table IV. It can be ) . _— . .
éiouble isotopic substitution Kraitchman calculatidhgable

seen that structure | gives a slightly better fit when using th
adjusted values of the S@nonomer structure, based on the
value of Al s and on the slightly lower uncertainties in the
derived parameters. Structures | and Il are clearly almo
equivalent, withR¢), and ¢ agreeing to within experimental
uncertainty. The angl®, however, does differ quite signifi-

cantly between the two structures. In structure | this corre

sponds to the&C, axis of the S@ and the C$ axis deviating
9.8(8)° from parallel, while in structure 1l the deviation is
17.711.1)°. This may also be viewed as a sliding of the SO
moiety along an axis parallel to the &Bolecular axis with

Peebles, Sun, and Kuczkowski

the dipole components are likely explanations for this dis-
crepancy. As a check that induction effects will reduce the
projected values, a simple point polarizability model was
used. The experimental values of the polarizabiftfiesr
CS, (a;;=15.090 &, a,,=ay,,=5.090 &) and SQ (ay
=3.007 &8, a,,=5.3178, a,,=3.511 &) were placed at
the center of mass of each monomer. &ninitio calculation
usingGAUSSIAN 98 for each monomer provided the electric
field at the center of mass of the other monomer in the com-
plex. Calculations were carried out at the SCF level using the
AUG-cc-pVTZ basis set from the Gaussian library. This
gave induced moments @f,=0.36 D andu,=0.74 D with
the expected signs. Applying these induced dipole correc-
tions to the projected dipole moment components from struc-
ture | reduces, to 0.05 D, close to the value in the complex
but overcorrects., by about 0.4 D.
Table V contains the principal axis coordinates of the
omplex for both of the fitted structures and Table VI con-
ains the coordinates that were obtained from the single and

VI shows that the coordinates for the carbon and sulfur at-
oms of CS are very close to those of either model | or Il

srillthough there is a slight preference for structure I. For the

SO, coordinates there is a definite preference for structure |,
particularly apparent in the coordinates of the sulfur and
oxygen atoms. This better agreement for structure | is, how-
ever, still not conclusive.

In order to attempt to resolve this ambiguity there are
several approaches that may yield evidence to differentiate in
favor of one structure. Occasionally, small changes in the

a resultant switching of the centers of mass of both speciediP0lé moment components on isotopic substitution may be
across tha axis. Also included in Table IV for comparison USed. The small rotations of the principal axes that are en-

purposes are the parameters that result from the use of countered upon isotopic substitution may occasionally be
semi-empirical modelpRIENT, which will be discussed in sufficient’ to choose between possible structures. In the

Sec. IV. present case, the, component is calculated to change very
As was also the case with the SADCS complex, the little upon isotopic substitution although the changes in the
dipole moment components that are derived from a simpléta COMponent are computed to be somewhat larger. How-
projection of the S@ monomer moment onto the principal €Ver. given the small magnitude of the, component and
axis system of the fitted structures are noticeably differenth® uncertainty in the measurement of that dipole, the
from the components obtained from the experimental meachanges are likely to be too insignificant to definitively sup-
surement of the dipole. In structured, andu, components ~ POrt one structure.
of 0.41 and 1.58 D result, while for structure Il we obtain ~ Another possible approach is to use a semi-empirical
values of 0.36 and 1.59 D, respectively. Both structures overodel to deduce which structure is correct. In this particular
estimate the-component of the dipole and tiecomponent ~ case, the agreement between the calculated and experimental
by approximately 0.4 D. Vibrational averaging effects andstructures was just not good enough to enable us to use this

induced dipole moments within the monomers that reducénethod (see below. Careful ab initio calculations which
could differentiate between | and Il are beyond the scope of

this study.
TABLE VII. Comparison of the predicted rotational constants of the Finally, there is the possibility that a doubly substituted
3450,-13CS, isotopic species for structures | and Il with the experimental isotopomer may vyield rotational constants that distinguish
constants. between the structures. For this purpose, #80,—°CS,

Predicted isotopomer was chosen. Table VII compares the experimen-
Rotational constant _ tal rotational constants for thi8S0,—'°CS, species with the
(MHz) Experimental  Structure | Structure Il - e ictad constants for structures | and I1. From the table it is
A 2411.390 2411.114 2409.384  clear that structure | gives much better agreement forAthe
B 1082.255 1081.904 1082.087  rotational constant3 and C are much less clear cut with Il
c 869.875 869.703 869.596

giving slightly better agreement f@& while | is better for the
%Rotational constants predicted from the structure | or Il that result fromC rotational constant. Although there seems to be a definite
fitting the moment of inertia data. preference for structure I, we cannot completely rule out
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TABLE VIII. Distributed multipole moment§DMM’s) for CS,. The com-
ponents are given in spherical tensor notation and all quantities are in atomic

its.
o (2) 143.7°
Atom z Qoo Quo Qzo Qqo Quo :
o : Roy=3377A
C 0.0000 0.82616 0.0001%10.44201 0.00005 0.829 38 96.7°
S —2.9340 045820 0.64681 1.95015 0.48718 0.158 39 =
S 2.9340 0.45820-0.64681 1.95015-0.487 18 0.158 39
BC1° —1.4670—0.87123-0.13184 0.80282 0.52107 0.74895
BCZ? 1.4670-0.87123 0.13184 0.802820.52107 0.748 95
az-coordinate of the atom@n atomic units.
PBC1 and BC2 refer to the midpoints of the C-S bonds.
(b)

structure Il. Nevertheless, since the two structures are very
similar, the major feature of the interaction, namely nearly
parallel units, is common to both models.

1,

97.3° RCM= 3.347 A

IV. DISCUSSION
FIG. 3. Structures resulting from the use of tbrient model using the
A semi-empirical model was employed in the initial default parameters, witte) no polarization andb) polarization included.
modeling of this complex in order to explore possible struc-
tures and make predictions of spectra to aid us in our assign-

ments. TheoRIENT model of Anthony Stone was us€dvith
ab initio distributed multipole moment$DMM'’s) for the
SO, and CS molecules. These DMM'’s were calculated at
the SCF level using theAaDPAC suite of programs with a

oy

Uexp-GZZj KeXF{_aij(Rij_Pij)]_R—g- 1
i ij

K is an energy unit and is taken to be 0.0B1 (hartree in

TZ2P basis set taken from tieappPAcC library. Multipoles up  the present workR;; is the distance between the siteandj

to and including hexadecapole moments were calculated opn the moleculesA and B, respectively.a;; describes the
sites located at each atomic center, with additional siteardness of the exponential repulsiph, is a sum of effec-
placed at the bond midpoints; the DMM’s employed in thetive radii of the sites andj, andC{ is an empirical site-site
calculations are listed in Tables VIII and IX. Dispersion anddispersion term. Values far;;, p;; andC{ were taken from
repulsion interactions are included in the intermolecular inthe tabulated values of Mirskyin Table 11.2 of Ref. 18.

teraction potential by means of combined dispersion+alues for atom-atom pairs not available in Ref. 18 were
repulsion atom-atom parameters of the familiar exp-6 formgenerated by means of the following approximate combining
The combined dispersion-repulsion portion of the interactiorryles: harmonic mean fat (i.e., Levjj~ 1o+ 1/a;), geomet-

energy for an interaction between two molecufes@nd B
may be expressed as a sum over all of the individual &ftes:

TABLE IX. Distributed multipole moment$DMM’s) for the SGQ mono-
mer. The coordinates of the $Qre as follows:x (S)=0.00 000,y (S)
=0.00 000;x (0)=+2.33328,y (O)=—-1.36 619 and (BC)=+1.16 962,
y (BC)=-0.68 324(all distances and multipoles are in atomic units

Atoms
Component S O (0] BC1 BC2

Qoo 1.908 11 —-0.08198 —0.08198 —0.872 08 —0.872 08
Qi1c 0.00000 —-0.42845 0.42845-0.19928 0.199 28
Qu1s -1.78374 0.41797 0.41797 0.16783 0.16783
Qoo —0.202 67 —0.250 03 —0.250 03 —0.664 04 —0.664 04
Qoo¢ 1.321195 0.35691 0.356 91-0.243 56 —0.243 56
Qo0 0.00000 -—-0.85711 0.85711-0.69849 0.698 49
Qa1c 0.000 00 0.43857-0.43857 —0.37498 0.37498
Qa1 0.19447 -0.32947 —-0.32947 0.12772 0.12772
Qaac 0.000 00 0.302 26—0.302 26 —0.004 23  0.004 23
Qazs 0.43277 0.607 14  0.607 14-0.465 19 —0.465 19
Quo 0.271 40 0.26853 0.26853 0.08971 0.08971
Quoc —0.19708 —0.08980 —0.08980 0.09319 0.09319
Quos 0.000 00 0.38557-0.38557  0.45509-0.455 09
Quac —0.42292 —-0.467 65 —0.467 65 —0.631 53 —0.631 53
Quas 0.00000 —-0.20926 0.20926-0.12204 0.12204

ric mean forCg and arithmetic mean fap.

The OoRIENT model was used starting with numerous pos-
sible structures for the S©CS, complex. The global mini-
mum structure that emerged from the calculatior$99.4
cm 1) is pictured in Fig. 8a) and is, at first glance, a reason-
able approximation to the experimental structure, especially
in the close prediction of thR¢), distance(3.377 Avs the
experimental distance of 3.429 AHowever, the last column
of Table IV reveals that even though the model closely re-
produces theRq), separation, the tilt of the SOmonomer
with respect to the CSmolecule(the angleg in Fig. 3) is
markedly different from experimeriby around 40.

Neglect of errors in the distributed multipole moments
are likely responsible for some of the discrepancy btween the
ORIENT values and the experimental values. The values of the
dipole moment recovered from tlab initio DMM calcula-
tion for the SQ monomer overestimates the total dipole mo-
ment of SQ (u=1.63F) by some 25%. The neglect of in-
duction effects also contribute to the structural discrepancy.
It is possible to include induction interactions at the simplest
level in theoRIENT intermolecular potential by the introduc-
tion of a point molecular polarizability placed at the center of
mass of each monomer. The tilt of the S8 considerably
different in the structure resulting from this calculatidfig.
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9 lated structure. Our initial efforts at introducing distributed
® polarizabilities into the model did not lead to significant im-
provement.

{R(C-S) = 3.664

V. SUMMARY

It is interesting that the SECS, complex possesses a
(b) . structure which is not readily extrapolated from a simple
dipole-quadrupole interaction between the monomers or by a
" straightforward argument by analogy from @O, or
> 145.1° SO,-0CS. In SG-CO,, the experimental structure h&g,

R(C--S) = 3.69 A symmetry with the S@crossed relative to the G@xis[Fig.
66.4° 4(a)]. In SO,—O0CS, the SQ is shifted considerably from
\ ) directly over the carbon atom compared to either,-SCO,
' ' o or SO,—-CS,. This translation places the sulfur atom of the

SO, much more directly over the oxygen end of the OCS
molecule[Fig. 4(c)].
The ORIENT modeling program reproduceR¢y, and
©) - came within 6° of the tilt angles in SO@OCS[Fig. 4(d)].2
k\-_ As noted above, the tilt angles are much less well reproduced
142.160) for SO,—CS, and similarly for SGQ—CO, [Fig. 4(b)]. For the
latter, theC,, structure was found as a transition state on the
LN 123.8(5)° interaction potential energy surfatepme 35 cm* higher in
© '. 9 energy than the less symmetfig structure in Fig. &). We
also have observed that the relative contributions from the
electrostatic and dispersion terms in thelENT model vary
- significantly for the three SOcomplexegTable X).
@ % This mixed behavior in the modeling results is in con-
148.1°

. Rey = 3.7463(8)A

trast to the recent studies of the trimers £80,—0CS?%%
0OCS-0CS-C9** and CQ-CO-N,0,® where the

"~‘RCM=3.52A simple ORIENT model used her¢sans polarizationwas re-
markably successful in predicting rotational constants and
O\ 122.2° : o
. assignment of the spectrum. Thus, this simple model can be
© Q e very helpful to a spectroscopist in suggesting the general

structural features and symmetry, and in some cases it even
FIG. 4. Experimental and predicted structures for the,SOCS and  ¢losely predicts the rotational constants. Additional compari-

SO,—CO, complexes.(@) and (b) show the experimental and predicted .
structures for the S©-CO, complex andc) and(d) show the experimental sons between experiment and such models may be helpful to

and predicted structure for SOOCS. Note thatb) and (d) used DMM's ~ Map Ol{t further the re"abi_"ty patterns anq perhaps suggest
with additional multipole sites located at bond midpoints and that the valufurther improvements. While many essential features of the

of thg preexponential factdt was changgd to improve the agreement in the jntermolecular forces are captured by the model, the simplic-
prediction of the intermolecular separation. ity of the terms included and the neglect of others such as
polarization, and anisotropy in the dispersion and repulsion
terms suggests that such complications are probably ulti-
3(b)] compared to the calculation in which induction was mately needed The quality of the distributed multipole
ignored[Fig. 3a)], with the anglep decreasing by approxi- moments from theab initio calculation should also be sys-
mately 20° to a value of 122°. Although this is a crudetematically explored. In summary, the bent triatomic,S€a
model, it does serve to illustrate that there are indeed apprerood test case for exploring such modeling questions as it
ciable polarization effects that significantly affect the calcu-pag proven to be frequently recalcitrant in both simple

dimers like SQ—CS, and more complex oné8.

TABLE X. Relative contributions to the intermolecular interaction energy
in the oriENT model for the S@-0OCS, SG-CS, and SQ-CO, complexes.

All energies are in hartree€(). ACKNOWLEDGMENTS
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