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The OCS Trimer: Isotopic Studies, Structure, and Dipole Moment
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The rotational spectra off0CS) and (G3CS) have been assigned using a pulsed-nozzle Fourier transform
microwave spectrometer. The data for these isotopic species have been combined with normal species data
from a paper by Connelly et al. [Connelly, J. P., et\adl Phys.1996 88, 915] to determine the nine structural
parameters of the trimer. The carbon atoms form a triangle with the axes of the monomer units roughly
parallel to each other (barrel-like structure). The monomers have an antiparallel-like arrangement, with the
dipole moment of one monomer opposing those of the other two monomers. The dipole moment of the complex
has been measured, giving valuesugf= 0.537(10) D,uc. = 0.373(2) D, anduiota = 0.653(8) D. Theb
component of the dipole moment was too small to determine from our data but is predicted to be about 0.02
D. The structure of (OCg@has been compared with similar trimers involving linear triatomic molecules and
with the OCS dimer. Semiempirical calculations have been performed on the {&&8m, and they show

good qualitative agreement with the experimental structure.

Introduction expanding a mixture of 1%%0CS and 99% first run He/Ne

Th tra of Kiv bound di h b tudi d(lo% He/90% Ne) into the evacuated spectrometer chamber
€ Spectra of many weakly bound dimers have been studie through a General Valve Series 9 nozzle, while thé3g3)%

by microwave spectroscopy. In recent years, a number of trimersisotopomer was generated by expanding a similar 29€8
have been added to the list of complexes whose structures haV'?nixture into the spectrometer cavity through a modified Bosch

been determined by this technique. The structure of trimers is fuel injector valve. Thé80CS (93.4%%0) and G3CS (99%
of interest to compare with known related dimers. The growing 13C, 1206 1%0) wer.e obtained frorﬁ Isotec. A He/Ne backing

body of information on trimers allows patterns to be identified pressure of 23 bar was used. The nozzles were aligned
and testing of theoretical mode!s which describe intermolecu'lar perpendicular to the direction of rﬁicrowave propagation, which
forces._lAIthg_ugh most theoLetlcaI moc:els ha;j/_e bﬁe% arE)pll_ed essentially eliminates the usual Doppler doublets observed in
\F/)vrgr?r;yttr?ir dmggasyﬁ’ste;;zg d ?é Thlftsasstc; r?]reif 't%t; ears tzvgg the parallel configuration. The perpendicular arrangement has
successfully exter?/ded to even larger gggregates a);]d to quuidshigher sensit_ivity In the Miphigan_ spectrometer f_or ine_xplicable
. . ) reasons, unlike the experience in other labs. Line widths were

In this work, the structure of OCS trimer has been determined. approximately 30 kHz full width at half-maximum, and center
This complex was previously studied by Connelly et aheir frequencies were reproducible to about 4 kHz. A typical
data from a single isotopomer did not permit a unique structure ;- i of the EOCS}) isotopomer had a signal-to-noise ratio
determination, and two possible isomers consistent with the of about 7 in 300 gas pulses, while transitions of th&3);
obser\_/ed rotatior_1a| constants were identified. Semiempirical isotopomer generally requiréd about 500 gas pulses to obtain
modeling of the intermolecular forces for the two SUUCIUIeS o same quality of signal. Several transitions of both species
pointed to a preference for an antllpargllel barrel-like structure \yere considerably weaker, requiring about 1000 gas pulses to
over a pargl]el quel. We report in th'sf paper the assignment gpqin 5 good signal-to-noise ratio. The difference in intensity
B two additional Isotopomers of the trimer, measurement of petween the two isotopes can be attributed to the lower isotopic
the dipole moment, and additional semiempirical calculations ¢ ichment in the €CS sample. Although transitions of the
which confirm this prediction. The observed barrel-like structure normal species show a small splitting (usually a few tens of
is similar to other mixed trimers of linear triatomic molecules kilohertz) due to interconversion between the two enantiomers
recently studied in this laboratory and elsewhere. These include ¢ {ha chiral comple, no splitting was observed for the two
(C0,)20CS%3 (OCSHCO,,* (CO2)2N20,° and (CQ).HCN.2 As isotopes assigned in this work.
with these and other previously studied homogeneous trimers, Stark effect measurements were carried out by applying
such as (C@s" and (NO)s’ the relationship of known dimers voltages of up tat9 kV to a pair of parallel 50 cnx 50 cm
to the structure of the larger complex is easily recognized and ;oa| mesh plates separated by about 30 cm and located just

will be discussed. outside the FabryPerot cavity. The electric field was calibrated
. ) by measuring the Stark effect of tile= 1 <— 0 transition of
Experimental Section OCS at 12162.980 MHz and assuming an OCS dipole moment

The spectra of two isotopomers of (OG®Jere observed in ~ 0f 0.7152 D*?
the 5.5-12.0 GHz range on the Balig-lygare-type Fourier
transform microwave spectrometérat the University of
Michigan1®11 The (@80OCS}) isotopomer was generated by A. Spectra.For (80CS}, 21 a-type and 1Q&-type transitions
were observed, while for (8CS) 22 a-type and 9c-type
* Corresponding author. E-mail: kuczkows@umich.edu. transitions were observed. The frequencies of these transitions

Results

10.1021/jp9912556 CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/16/1999



Characterization of the OCS Trimer J. Phys. Chem. A, Vol. 103, No. 32, 1998345

TABLE 1: Frequencies of Measured Rotational Transitions TABLE 2: Frequencies of Measured Rotational Transitions

for (80CS) for (O13CS)

\]upper Ka Ke  Jower Ka Ko frequency (M HZ) Av (MHZ)a Jupper Ka Ke¢  Jower Ka Kc frequency (MHZ) Av (M HZ)a
5 1 5 4 1 4 5731.850 0.001 5 1 5 4 1 4 5863.310 0.004
5 0 5 4 0 4 5733.384 0.000 5 0 5 4 0 4 5864.888 0.004
5 2 4 4 2 3 6117.078 0.002 5 2 4 4 2 3 6267.016 —0.001
5 1 4 4 1 3 6160.769 —0.001 5 1 4 4 1 3 6312.245 —0.002
5 3 3 4 3 2 6399.617 0.001 5 3 3 4 3 2 6563.758 0.000
5 4 2 4 4 1 6498.074 —0.002 5 4 2 4 4 1 6667.702 —0.001
5 4 1 4 4 0 6584.159 0.002 5 4 1 4 4 0 6758.810 0.001
5 2 3 4 2 2 6605.207 0.001 5 2 3 4 2 2 6778.400 0.003
5 4 1 4 3 1 7587.620 —0.002 5 3 2 4 3 1 6924.375 0.000
5 4 2 4 3 2 7692.189 —0.002 5 3 2 4 2 2 7560.878 0.002
5 5 0 4 4 0 7962.711 0.001 5 4 1 4 3 1 7805.238 0.002
5 5 1 4 4 1 7971.907 0.001 5 4 2 4 3 2 7915.015 0.000
6 1 6 5 1 5 6838.528 —0.001 5 5 0 4 4 0 8196.863 0.001
6 0 6 5 0 5 6838.810 —0.001 5 5 1 4 4 1 8206.595 —0.002
6 2 5 5 2 4 7237.156 —0.001 6 1 6 5 1 5 6994.381 —0.001
6 1 5 5 1 4 7249.494 —0.001 6 0 6 5 0 5 6994.668 —0.003
6 3 4 5 3 3 7588.809 0.000 6 1 5 5 1 4 7424.677 —0.002
6 2 4 5 2 3 7717.317 —0.001 6 2 5 5 2 4 7411.978 —0.001
6 3 3 5 3 2 8073.109 —0.002 6 3 4 5 3 3 7780.888 —0.002
6 5 1 5 4 1 9228.634 0.002 6 2 4 5 2 3 7914.295 0.002
6 5 2 5 4 2 9287.679 —0.001 6 3 3 5 3 2 8288.963 —0.002
6 6 0 5 5 0 9592.597 —0.001 6 6 0 5 5 0 9875.275 0.001
6 6 1 5 5 1 9595.606 0.001 6 6 1 5 5 1 9878.467 —0.004
7 1 7 6 1 6 7944.720 0.001 7 2 6 6 2 5 8546.132 0.002
7 o 7 6 0 6 7944.767 0.000 7 1 6 6 1 5 8549.048 0.001
7 2 6 6 2 5 8346.827 0.000 7 3 5 6 3 4 8952.239 —0.003
7 1 6 6 1 5 8349.677 0.001 7 2 5 6 2 4 9005.194 0.000
7 3 5 6 3 4 8734.287 —0.001 7 3 4 6 3 3 9513.868 0.001
7 3 4 6 3 3 9270.808 0.001 7 7 0 6 6 0 11551.262 —0.003
7 7 0 6 6 0 11220.187 —0.001 7 7 1 6 6 1 11552.239 0.002
7 7 1 6 6 1 11221.096 0.000 8 1 7 7 1 6 9677.717 0.001
aAV = Vobs — Vealo aAV = Vobs — Veale

are given in Tables 1 and 2. The transitions of each isotopomerITAtB'-E 3: fS%eé:tSroscopic Constants for the Assigned
were fit to a Watsom\-reduced Hamiltonian in thé representa- sotopes of ( 3

tion. The resulting spectroscopic constants for both isotopes and (0 Cs) @ (*°0"°CS) (*°0"*CS)
the normal species are given in Table 3. For thé3(3) A/MHz 847.97958(2) 813.3787(2) 837.5555(3)
isotopomerpk was not well determined, so it was fixed at the B/MHz 736.17579(2) 708.4134(2) 728.1778(3)
value of dx of the (80CS) isotopomer. This improved the C/IMHz 574.32591(1) 553.1467(2) 565.3423(2)
quality of the fit slightly and had little effect on the other AlkHz 0.45440(9) 0.4134(22) 0.4566(27)

. . . . AslkHz 0.1571(5) 0.1822(91) 0.129(16)
distortion constants. Two lines believed to be the%Hs and AxlkHz 0.3013(5) 0.2309(79) 0.301(15)

.. 1 . Ki . . .

5,5—616 transitions of ¥80'3CS); were observed in the 18CS 0,kHz 0.06797(4) 0.0583(12) 0.0680(17)
sample (which is estimated to be about 1#®'3CS), but the Ox/kHz 0.0339(3) 0.0545(59) 0.0545
rest of the spectrum of this isotope remains unassigned due to N° . 137 31 31
the very low intensity of the lines. Avims 0.51 1.16 2.19

B. Dipole Moment. To guide the assignment of the isotopic aFrom ref 1. N = number of lines in fit® Avimsin kHz whereAv
species, the dipole moment of the normal isotopic species was= vobs — Veal  Fixed at value fromfOCS}).
measured since this should provide insight on the preferred ) . . .
isomer. Stark effect measurements on 10 components of 5TABLE 4: Stark Coefficients for OCS Trimer Transitions
transitions were least-squares fit to calculate the dipole moment frequency/MHz  J'xake—J"kake'  IM|  Av/e?®  obsd— calcdt

of the complex. We chose to measure transitions with interme-  6355.5492 Bi—423 1 2.301 0.025
diateK values to reduce possible complication from nonlinear 2 8.666 —0.446
second-order Stark effects. These transitions should be the least 6369.5275 %32 3 —5360  —0.189
affected by such behavior, and when plotted, showed little if 6648.6140 8542 % gggg 8'83?
any deviation from linearity. Thé& component of the dipole 3 5187 —0.125
moment was predicted to be very small and, when it was  7852.9891 543 3 —9.001 —0.149
included in the fit, resulted in a small, negative value fgt. 4 —15.836 —0.106
This indicated that the component was, indeed, too small to be  7885.3043 153 g %éég 8-2%

determined from the data available. The fact thwmtype

transitions were not seen after 60 000 gas pulses was further 2Units of 105 MHz cnm? V2,
indication of the small value gf,. A maximum possible value

of upis 0.2 D, based on the assumption that this dipole moment are summarized in Table 4, and the dipole moment data is shown
component could contribute no more that 20 kHz of a total 1 in Table 5. The experimentally determined dipole moment
MHz shift for the fastest moving Stark effect measured. It was components give values consistent with the antiparallel model
found thatu, = 0.537(10) D,uc = 0.373(2) D, anduit = identified in both this and the previous wokn these models,
0.653(8) D. The Stark coefficients for the measured transitions the experimental monomer dipole moments are projected onto
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TABLE 5: Dipole Moment Components for OCS Trimer
projected valués

experimental antiparallel model parallel model ORIENT value$
experiment structure Connelly et aF Connelly et aF no polarization polarization
/D 0.537(10) 0.391 0.6 15 0.681 0.507
/D 0.00(20¥ 0.023 0.05 0.02 0.025 0.060
/D 0.373(2) 0.517 0.4 14 0.400 0.299
Utod D 0.653(8) 0.649 0.72 21 0.790 0.592

2 Projection of OCS monomer dipole moments onto principal axes of experimental or semiempirical sttustreture in Table 7, column 2.
This structure changes slightly with polarization termStructure in Table 7, column ¥ Reference 1¢ Uncertainty based on assumption that the
b component of the dipole moment contributes at most 20 kHz of 1 MHz total shift to the fastest Stark effect measured.

TABLE 6: Principal Axis Coordinates (A) for the
Experimentally Fitted Structure of OCS Trimer

a b c

C12 1.08070 1.68607 —0.64283

Cc2 —2.25260 0.31900 —0.03202

C3 0.88452 —1.98819 0.29479

04 0.25388 1.92442 —1.41492

S5 2.20003 1.36340 0.40240
Figure 1. The antiparallel structure of the OCS trimer. In the left- 06 —2.55231 0.16991 —1.13859
hand view, the three carbon atoms are in the plane of the page. A S7 —1.84685 0.52082 1.46604
rotation of 90 about an axis in the €C—C plane brings the top OCS (o]} 1.37954 —2.04039 1.33824
above the page and the other two below, giving the view on the right. S9 0.21438 —1.91753 —1.11782
In this view, all three OCS molecules are nearly parallel to the plane M1P 1.45697 1.57760 —0.29149
of the page. M2 —2.11620 0.38684 0.47155

M3 0.65925 —1.96444 —0.18006

the principal axes of a plausible trimer structure. The dipole  a Atom numbering as in Figure 2£M1, M2, and M3 are the center
moment components predicted by projecting the monomer of mass of each OCS.
moments onto the principal axes of our experimental structure
(see below) and the parallel and perpendicular models of which may deviate markedly from equilibrium values. We
Connelly* are given in Table 5 for comparison. The possibility €xpect the equilibrium values to be within 0.05 A for distances
that the structure can be the parallel form is essentially and about 5in angles.
eliminated by the dipole moment data. The results also suggest As a redundancy check of the derived structure, the spectrum
small polarization effects which increasgand decrease. by of the (80CS), species was predicted. Two transitions believed
about 0.15 D compared to the experimental structure. to belong to this species were found at 6737.035 and 6737.337
C. Structure. Figure 1 illustrates a model and numbering MHZ (606—50s and G—515), approximately 800 kHz from the
scheme for the experimental antiparallel structure. The parallel Predicted frequencies. Their low intensity discouraged us from
structure is similar with all three OCS dipoles approximately further exploring this assignment.
parallel. The fOCSY} isotopic shift data, and the dipole moment
data, are only consistent with the antiparallel form.
Nine parameters defining the structure of the OCS trimer were ~ A. Experimental Summary. The original study of OCS
fit to the nine moments of inertia from the normal species and trimer! established that the complex had a structure in which
the two enriched isotopomers using techniques for solving a the three monomers are aligned roughly side-by-side, but there
set of nonlinear simultaneous equations. The structures of thewas insufficient experimental data to determine whether the
OCS monomers were held fixed at their experimental values, three sulfur atoms were pointing in the same direction (parallel
with ro_c = 1.1561 A andrc_s = 1.5651 A13.14 The fitted structure) or whether one of the sulfur atoms pointed in the
parameters were the €C2 and C2-C3 distances, the angles opposite direction to the other two (antiparallel structure). The
C1-C2-C3, S5-C1-C3, S+C2—-C1, and O8-C3—C2, and new isotopic shift data reported here clearly establishes that the
the dihedral angles S3C1-C3-C2, S7#~C2-C1-C3, and antiparallel conformer has been observed. The dipole moment
08—-C3—C2-Cl1. Since this is a minimum data set, the fit is results also confirm this. Table 5 compares the experimental
exact, with no statistical fitting errors or redundancy checks from values of the dipole moments with the values projected for this
fitting extra equations. The principal axis coordinates derived structure on the principal axes using the dipole moments of the
from the fit are given in Table 6, and the nine fitted parameters OCS monomers (0.7152f). These results are in reasonable
are given in Table 7 where they are compared with bond agreement but indicate that some modest polarization effects
distances and angles derived from semiempirical calculationsalso occur. If point polarizabilities of OGSand electric fields
(described later). It should be noted that an uncertainty can beand dipole moments from the semiempirical ORIENT model
estimated by holding one structural parameter fixed while fitting described below are used, the predicted dipole moments more
the other eight parameters to the nine moments of inertia. This closely reproduce those measured experimentally.
was carried out for both €C distances and for the GLC2— B. Semiempirical Modeling. The previous repotipredicted,
C3 angle, and the calculation generally led to a standard via semiempirical calculations, that the antiparallel structure was
deviation of between 0.001 and 0.003 am& iA the fitted of lower energy and, thus, the more likely of the two possibili-
moments. This suggests that statistical errors arising from ties. We performed semiempirical calculations which also
contamination of the effective moments by large amplitude favored the antiparallel configuration, although our modeling
motions is not a complication. Nevertheless, the derived with the ORIENT prograrif gave slightly different structural
parameters are so-called effective parameters in the ground statgparameters than that of Connelly et al. who used a procedure

Discussion
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TABLE 7: Comparison of Structural Parameters with Those Predicted by ORIENT Calculations (Bond Lengths in A, Angles

in Degrees)
DMMs at DMMs at atom DMMs atom centers, Muenter

experimental atom centers and bond centets DMMs (ref 1P K = 0.0008F;:?2 modef
c1-co 3.654 3.653 3.658 3.685 3.544 3.816
C1-C3 3.797 3.731 3.694 3.692 3.621 3.778
C2-Cs3 3.908 3.908 3.853 3.811 3.802 3.891
Cl1-C2-C3 60.2 59.0 58.9 59.0 59.0 58.7
C2-C3-C1 56.6 57.1 57.9 58.8 57.0 59.7
C3-C1l-C2 63.2 63.9 63.2 62.2 64.1 61.6
S5-C1-C3 70.9 70.8 71.0 73.7 70.3 74.8
S7—-C2-C1 82.8 71.3 70.5 72.7 70.8 72.7
08-C3-C2 116.5 116.0 115.4 111.3 116.6 110.2
S5-C1-C3-Cz 136.4 139.9 138.0 133.3 140.6 133.9
S7-C2—-C1-C3 80.0 72.0 73.5 76.1 71.4 77.5
08-C3-C2-C1 89.9 97.5 97.3 96.4 97.8 96.0
S5-C1-C3-S9 —156.2 —148.9 —150.7 —152.2 —148.6 —151.0
S7-C2—-C1-S5 32.7 27.2 27.3 24.5 27.5 25.7
S9-C3-C2-S7 —178.8 —164.7 —163.5 —165.2 —164.2 —165.1

apDMM = distributed multipole moments in Table B.= 0.001 in eq 1 unless otherwise notédMMs (with bond centers) from ref 1, used
through hexadecapolesDMMs and model from ref 1¢ Atom numbering as in Figure ®The signs of the dihedral angles are consistent with the

definition in ref 30.

TABLE 8: Distributed Multipole Moments for OCS
Calculated with and without Bond Centers (in au)

Qoo Q1o Q2 Qzo Qo /) N Vi
0 —0.519 —0.083  0.277 0.437  0.708 O@®’ e O
C 0.646 —0.458  0.287 1.753  7.088 ©
S -0.127 0.080 1659 —0.755  2.341
0 ~0.169 0218  0.354 0.185  0.068
0-Ca  —0.672 0.024  0.476 0.054  0.066
C 1.186 —0.668  0.416 0.189  0.634
c-s*  -0.778 0212 0848 -0.305  0.669
S 0433 —0.720 2371 —0.704  0.209

aCalculated at the bond center.

that has been described in detail by MuerfeMuenter’s
method uses distributed multipole moments (DMMs) to describe
electrostatic interactions and ateratom Lennard-Jones poten-
tials to describe dispersion and repulsiofhe semiempirical
model used in ORIENT also uses DMMs to describe the
electrostatic part of the intermolecular interaction potential and
analytic terms of the form

Ct
Uexp-6 = zK exp[—o(R; — py)] — -
B} i

1)

to describe dispersion and repulsiSihe effects of induction
were not treated in either set of calculations, except for one
calculation by us mentioned in the previous section. The DMMs
of OCS were calculated at the SCF level using the CADPAC
suite of programs with a TZ2P basis set from the CADPAC
library.1® The multipoles are given in Table 8. The necessary
parameters for the dispersion and repulsion atatom terms
were obtained from Mirsk&? in Table 11.2 of ref 18. The
preexponential factdk was set at the default value of 0.(&1
for the initial calculations, wher&, = 1 hartree= 27.2 eV.
Initially, DMMs were calculated only at the atom centers in
the OCS molecule, and structure optimizations run using these
DMMs led to four minima (see Figure 2). The lowest energy
structure (Figure 2a) corresponds to the antiparallel arrangemen
of molecules that has been confirmed experimentally=
—0.0076@&;). The next lowest energy structure (Figure 2b) has
a parallel barrel-shaped arrangemednt{ —0.0071ZE;) which
roughly agrees with the parallel structure also proposed by
Connelly et al. The next highest energy structure (Figure 2c)
again has an antiparallel arrangement of monomé&rs=(

Q
@ 5 _.-Q
g 18

Figure 2. The four OCS trimer structures obtained with the ORIENT
modeling program using the default valuekoénd distributed multipole
moments only at atom centers: (& = —0.0076®&;,, (b) E =
—0.0071Ey;; (c) E = —0.0068%}; (d) E = —0.0051°E,. The same
comments as in Figure 1 apply to the viewing perspectives except that
the three OCS molecules are no longer nearly parallel to the plane of
the page in the right-side view.

—0.0068%,), but in this structure the oxygen atom of one OCS
is opposite the carbon atom of the second OCS. The fourth
structure has the highest enerdy € —0.0051°F;) and is a
planar cyclic structure (Figure 2d) with the carbon atoms
arranged in an equilateral triangle.

To test the sensitivity of the calculation to the DMMs, the
calculations were rerun with a new set of DMMs that included
additional multipoles located at the bond centers of the OCS.
Again, four structures were found, and they differed little from
those predicted without bond centers. The structural parameters
of the minimum energy antiparallel arrangement of molecules
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== 3502A - =
3466 A

Figure 3. OCS dimer structures: (a) ORIENT, nonpolar; (b) experi- Figure 4. (a,b) The two antiparallel (OCgjaces of OCS trimer. The

mental (ref 21); (C) ORIENT, polar; (d) the parallel (OQ@CG of 8.5—C1—C3—S.9 dihedral angle iS—15§.2, and the 59C3—C2—S7

OCS trimer. The trimer face has a-S¢2—C1—S5 dihedral angle of dihedral angle is-178.8. (c) The experimental structure of OCS dimer

327 (ref 21). (d) The (OCS)face of (OCS)CO,. The S-C—C—S dihedral
angle is 34.0 (ref 4).

are given for the calculations with and without bond centers in
Table 7. structural prediction for trimers of three linear molecules. In
A third set of calculations used the DMMs (truncated at the SOMe cases, the predicted structure is good enough to signifi-
hexadecapole level) that were calculated by Connelly et al. andcantly assist the spectroscopic assignment.
used in their structural predictioAg hese DMMs also included C. Empirical Structure Trends. It is of interest to study
bond centers. Again, similar minimum energy structures were the small changes that occur in dimers upon addition of a third
found, but one of the barrel-like structures showed noticeable body to the system. For this reason, we compare each of the
changes from the structure obtained in the first set of calcula- three faces of the OCS trimer to the corresponding dimer. First
tions. This structure is comparable to Figure 2c, but the central We examine the parallel face, where both sulfur atoms are
OCS in the view on the left is shifted up the page to put the pointing in the same direction. As mentioned in the previous
sulfur atom between the carbons of the other two OCS paragraph, an experimental structure is not available for the
molecules. Table 7 lists both the Connelly et al. lowest energy parallel OCS dimer, so a comparison with the semiempirically
structural parameters and those from ORIENT using their determined structure is made instead. This structure was
DMMs. predicted using parameters that accurately reproduce the known,
Finally, the sensitivity of the calculation to the preexponential nonpolar OCS dimer center of mass separation. Both the trimer
factorK was tested. When the OCS dimer was modeled &ith  and the predicted dimer structure have the two OCS units tipped
= 0.0008%;, the C-C distance was reproduced to within 0.001 away from a parallel arrangement, with the sulfur atoms farther
A21 (see Figure 3). The OCS trimer optimizations were repeated apart than the oxygen atoms, a logical size effect. Various
with this value ofK in the hope that this might lead to a better distances and angles are compared in Figure 3 (parts ¢ and d).
reproduction of the experimental OCS trimer structure. This did While the dimer is predicted to have a planar structure, the trimer
not materialize, however, as these calculations gave bond lengthdace is twisted noticeably from planarity with a-861—-C2~
considerably shorter than those observed experimentally for theS7 dihedral angle of 32°7
OCS trimer. Again, four minimum energy structures were found ~ The two antiparallel faces of the trimer are compared with
which were roughly the same as the structures found in the the nonpolar dimer structure in Figure 4. It can be seen that
previous calculations, although the-C distances were con-  both trimer faces have the OCS molecules tipped away from
siderably shorter than those obtained with the default value of the parallel alignment that is seen in the dimer. Also, the planar
K (see Table 7). With this value & = 0.0008F;, a parallel, structure of the dimer is lost in the trimer faces, although the
polar form of the OCS dimer was also predicted to be 0.094 change is significantly larger on the face in Figure 4a than that
cal higher in energy than the known antiparallel form. It is of Figure 4b. The former deviates from planarity by 33wghile
shown in Figure 3c. Although the spectrum of the polar OCS the latter deviates by only 1°2lt is interesting to note that the
dimer has not been assigned in the microwave region, thereface that is nearly planar has a much larger tilt away from the
has been evidence of its existence in other wark. parallel structure of the dimer than the face that has a large
In summary, Table 7 indicates a small variance in structural dihedral angle but which otherwise reproduces the inter-
details for the lowest energy conformer depending on the molecular C-C and C-S distances of the parallel dimer more
parameters which are used. It is pleasing that all of the closely.
calculations suggest the same low-energy form. Given the The phenomenon of one face of a trimer having significantly
simplicity of the model, the neglect of polarization, and larger changes from the comparable dimer structure than a
anisotropic effects in the dispersion and repulsion terms, this second face of the trimer has been seen in other, similar trimer
variation in details is not surprising. It would appear from this complexes. Some examples are 8,0,° (OCS)CO,,* and
study and others which use similar semiempirical modeling (CQ,),OCS22all recently studied in this laboratory. In the first
recipes that such calculations give a qualitatively correct of these trimers, one G&N,O face has a €Ncentral distance
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of 3.427 A, while the distance on the other face is 3.638 A because a value oK that almost exactly reproduced the

compared to 3.473 A in the GEN,O dimer2® The (OCS)- experimental G- C distance of the nonpolar OCS dimer gave
CO, trimer shows similar effects on its two OC&0, faces, poorer predictions than larger values. Thus, it can be concluded
although the differences are smaller than those in (@& that values of the parametérthat are appropriate for predicting
(CO2)2N20. The Ges—Ceo, distance in the dimer is 3.69 &, accurate dimer structures are not necessarily appropriate for

while the distances on the two faces of the trimer are 3.57 andtrimers. This is a phenomenon that has yet to be explored with
3.77 A. The differences are still smaller in the (§CS trimer other trimer systems, and further calculations may lead to a
where the two Gcs—Cco, distances are 3.59 and 3.66 A. better understanding of how to adjust a uséfubr a dimer to

The dihedral angles between adjacent monomers on the trimeraccurately predict a trimer structure. The changes in structural
faces that most closely resemble the known dimer structure canparameters that are seen in comparing the OCS dimer structure
also be compared. The dihedral angle of the (Q4&}e of to the three dimer faces of the trimer are similar to the changes
(OCS)YCQG,is 34.0 (O—C—C—S), which is only 0.2 different seen in other trimer complexes. In general, one trimer face more
from the 33.8 angle seen in (OC&)The C-O—0—C angle closely resembles the known dimer than the other trimer face.
of the (CQ), portion of (CQ),NO is also very similar to these  Also, the planarity that is common in dimers of linear triatomic
two dihedrals with a value of 3324 This trend is broken by =~ molecules is lost in all faces of the trimer. This reflects the fact
the C-O—0—C dihedral angle in (Cg,0CS, which has the that the balance between electrostatic, dispersion, and repulsive
considerably smaller value of ?.70ther trimers with similar forces in the trimers is different from that in the corresponding
structures, such as (GJpHCN ? (CO;),H,0,2526 (N,O)3,” and dimers. The addition of a third body to the complex leads to a
(COy)3.8 also have dihedral angles that are considerably different loss of some of the dispersion forces that cause the dimers to
from the~34° angle seen in the complexes discussed here. Thus,have the planar slipped parallel structure. This loss is compen-
perhaps the similarity between the dihedral angles of (CS) sated for by additional favorable electrostatic and dispersion
(CO2)2N,0, and (OCSICO, is no more than a coincidence. It  interactions caused by the third body.
is possible that the angle ef34° might be common in other
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