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Ab Initio Study on the (OCS),:CO; van der Waals Trimers

Introduction

The field of cluster research has been growing in interest
during the past decades as a consequence of spectacul
advances in high-resolution spectroscopic techniques using
supersonic expansions and the advent of the laser, which enable
detailed spectroscopic observations through the probing of:
systems of varying sizeFrom the theoretical viewpoint, the
impressive parallel developments of computer technology and
electronic structure theotyfavored the study of clusters for
which the weakness of the interactions and the nature of the
forces involved require, in general, the use of computational
high-cost methodologies.

Needless to say, the synergistic interaction between theory
and experiment led to the significant advances made in recent
years. In this context, the notable progress in the field becomes
evident when realizing that three of the papers in the Centennial
Issue published in 1996 bhe Journal of Physical Chemistry
were devoted to cluster research’

Particularly, the study of weakly bound van der Waals
complexes and hydrogen-bonded systems has deserved speci
attention as demonstrated by the fact that in the past 13 years”.
three issues o€hemical Reiews have been fully devoted to
the subject~7 The analysis of the nature of the forces involved
in the formation of such complexes is of fundamental importance
to gaining a deeper understanding of bulk materials, a subjec
of value not only in chemistry and physics, but also in biology.

After a long period of time where research was focused on
the study of dimer structures, in the past decade a growing
number of studies on weakly bound trimers have been reported.
Particularly, Kuczkowski and Peebles have recently analyzed
the rotational spectra of a number of trimers using pulsed-nozzle
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Ab initio calculations [MP2, MP4SDTQ, and QCISD(T)] using different basis sets [6-31G(d,p), cc-pVXZ (X
=D, T, Q), and aug-cc-pVDZ] were carried out to study the (OE3D, van der Waals trimers. Three
barrel-like structures; (two) andC, symmetry] and three planaty) structures were located on the potential
energy surface. Their CBS-MP2/cc-pVXZ (X D, T, Q) stabilization energies are 1760,), 1514 C,),

1660 (C,), 1325 Cs), 1556 Cs), and 1398 Cy) cm™ 1, respectively. The most stable structure (one ofGhe
barrel-like isomers) has bond lengths, angles, rotational constants, and dipole moment that agree quite well
with the corresponding experimental values of the only structure observed in recent microwave spectroscopic
studies. The energetic proximity of the rest of the isomers strongly suggests that the experimentally unobserved
structures might also be present in the supersonic adiabatic expansion of the gas in the microwave spectroscopic
studies as in the case of the (g&trimer where both barrel-like and planar isomers have been reported to
exist. The many-body symmetry-adapted perturbation theory helps to shed some light on the nature of the
interactions leading to the formation of the different isomers. While the dispersion forces make the most
important attractive contributions to the interaction energies of the (2CS) isomers, the induction forces

make contributions similar in magnitude to the electrostatic forces. The three-body contributions are small
and stabilizing for the barrel-like structures and are less important for the cyclic isomers.

Fourier transform microwave spectroscopy techniuésuc-
tural information from these works allowed the authors to
c%onclude that the trimers are often composed of sets of dimer-
atype structures, although with subtle differences in the angles
émd/or lengths. On the other hand, the application of semiem-
pirical models based on distributed electrostatic interactions and
improved by the inclusion of dispersiemepulsion termhas
proved to be quite useful for providing initial assignments of
the rotational spectrum and for explaining and rationalizing
trimer properties by comparison with dimer interactiéhs.

Although the ab initio methodologies are certainly less
amenable to the study of larger weakly bonded systems,
Chalasinski and Szczesniak concluded recéhtipat the
aforementioned impressive advances in computational chemistry
demonstrated that the supermolecular approach based on the
Moller—Plesset perturbatiéf and coupled-cluster theoriés,
along with the symmetry-adapted perturbation thédrys
capable of providing the rigorous, quantitative, and physically
meaningful description of intermolecular forces. Recent work
fom our laboratory on hydrogen-bonded syst&m$ and van
er Waals complexé% 22 fully corroborates the above conclu-
sion.

In a recent articlé? Peebles and Kuczkowski reported the

structure and dipole moment of the (OG®)O; trimer from
{microwave spectroscopic experiments. The authors showed that
the deduced structure can be closely reproduced by Stone et
al.’s ORIENT progrant? which implements a semiempirical
model incorporating electrostatic, dispersion, and repulsion
interactions.
In the present work, we report the results of an ab initio study,
including both supermolecular and perturbational treatments,
on the (OCSyCO; trimer. Our goal is 2-fold: on one hand,
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on the nature of the forces involved in the formation of the
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trimer. On the other hand, we hope the information provided straightforward. Indeed, several recipes leading to different
will be helpful for planning further experimental work. Par- results can be applied.To circumvent this difficulty, we carried
ticularly, the structural information can be used to generate initial out estimations of the stabilization energies of the trimers at
assignments of the transitions corresponding to unobservedthe complete basis set (CBS) limit by exploiting the regular
structures that according to energy considerations are likely to behavior observed by the energies obtained with a series of
be present in the molecular beam. correlation-consistent basis sets through the use of a mixed
Theoretical Methods exponential/Gaussian function of the fd¥m

Supermolecular perturbational and \(ar|at|onal methodologies E(X) = Ecps + B exp[—(x — 1)] + C exp[~(x — 1)2] 1)
were employed to explore the potential energy surface (PES)
of the (OCS)-CO, system and to estimate the energies of all
the structures on it. On the other hand, the symmetry-adapted
perturbation theory (SAPT) was used to gain insight into the
physical nature and magnitude of the forces responsible for the
formation of the trimer structure.

Supermolecular Calculations. We first carried out an
exhaustive exploration of the PES at the second-order Meller
Plesset perturbation theory (MP2) level employing different
basis sets. Optimizations with Pople’s 6-31G(#@nd Dun-
ning’s?*25cc-pVDZ, cc-pVTZ, and aug-cc-pVDZ correlation-
consistent basis sets were performed. The latter (augmented
basis, which includes s, p, and d diffuse functions, was specially
designed to deal with systems where correlation contributions
are expected to play a relevant ré%S Indeed, Sponer and
Hobza have recently stresdéthe good performance of the aug-
cc-pVDZ basis set to estimate the dispersion contributions in
weakly bound complexes. As concluded by different autliéfs
and in agreement with our own previous experielcé? these
levels of theory provide reliable structural information on weakly
bound molecules. Density functional theory (DFT) calculations
with Becke's three-parameter exchange functi&hahd the
correlation functional of LeeYang—Pare? (B3LYP) were also
accomplished. As expected, the DFT methodology was not
capable of reproducing the experimental results as a consequenc
of the well-known fact*-32that the available functionals do not
represent properly the London dispersion component of the
interaction energy which, as we will show below (see in the
next sections the analysis of the SAPT results collected in Tables
6 and 7), is of paramount importance for the systems under
study. The DFT/B3LYP results are available as Supporting
Information.

To improve the energetic predictions, MP4SDTQ//MP2 and HE CORR
QCISD(T)//MP2 calculations using 6-31G(d,p), cc-pVDZ, and Ein(SAPT)=Ejy, + Bt 2)
aug-cc-pVDZ basis sets were performed. It is well-knéithat
the QCISD(T) level provides energy predictions quite similar whereE" represents the supermolecular Hartréeck (HF)
to the ones obtained with the CCSD(T) method, and this latter interaction energy
level has been shown to reproduce quite well, in general, the
CCSDT energetic resul®:34-3¢ Therefore, the QCISD(T)//MP2 HF _ =(10) (10) (20) (20) HF
energies con?puted in this work should be reliable.( : Bt = Epor’ + Eexen ™ Enar + Eoeninas 0B (3)

In a very recent review! Muller-Dethlefs and Hobza stressed . . . . .
y with 0EH" collecting all higher order induction and exchange

that the inclusion of counterpoise corrections (ER)r basis Zint ) . HE

set superposition error (BSSE) is a controversial point. Indeed, COITections contained ify and not computed by the SAPT
while some authors claimed that the CP algorithm is a rigorously ¢0de (‘" indicates that the corresponding term was computed
correct procedure at any level of thedfa number of authors with the inclusion of the coupled HF response of the perturbed

reported overcorrected values for the energies computed usingSyStceorQEO _ _ _ _

the CP algorithm at the correlated lev@In this work, we will En  contains the correlated portion of the interaction

analyze the CP estimates of the BSSE for the €ii’SS and energy approximated by SAPT as

OCSCO, dimers (both isolated and forming part of the trimers).

Comparison between the CP corrected interaction energies andsq*~" = ESD) + EG, + EGY, + EXD + 'ES) g + Efor +

the corresponding BSSE-free values arising from the symmetry- £(0) 4

adapted perturbation theory formali€hisee below) will allow exch-disp (4)

us to provide further data of interest in the debate about the CP

overcorrection. where the superscript “t” indicates that the true correlation
Further problems arise from the fact that the application of effects? which represent those parts of tE; energy that

the CP method in the case of trimer or larger clusters is not are not included in the terrﬁfﬁg?r in eq 3, are collected.

Although several alternate expressions are available, our
previous experienée showed that no significant differences
arise from the different extrapolation models. The CBS ex-
trapolations were carried out from MP2/cc-pVXZ &XD, T,

Q) calculations. (Since MP2/cc-pVQZ optimizations, involving

503 basis functions, are computationally prohibitive, we used

MP2/cc-pVQZ/IMP2/cc-pVTZ energies in the extrapolations.)

By definition, the CBS extrapolations are BSSE-free, thus

providing us with a procedure to make reliable predictions on
tabilization energies for the trimer isomers considered in the
resent work.

All the supermolecular calculations were carried out with the
Gaussian 98 packages of prografhs.

To characterize the interactions responsible for the formation
of the trimers, we carried out a Bader topological anafysi§
the corresponding charge densities. The location of the critical
points {c) and the magnitude of the electronic densj{r{)],
Laplacian of electronic densitywfp(r¢)], and energy density
[H(ro)] at them provide valuable information on the atoms
involved in the binding and the nature of the interactions
between the different dimers into the trinf@€(The computed
values for all these magnitudes are available as Supporting
gﬁormation.)

Symmetry-Adapted Perturbation Theory (SAPT) Calcu-
lations. A detailed account of the many-body symmetry-adapted
perturbation theory (SAPT) approach can be found in refs 40
and 46-49, where the details on its implementation in a
computer code (SAPT96) are also given.

In the SAPT formalism, the interaction enerdy,«(SAPT),
is calculated as
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TABLE 1: Stabilization Energies (cm™) for the Three TABLE 2: Stabilization Energies (cm~1), Obtained at
OCS-OCS Dimers Located on the Potential Energy Surface Different Theoretical Levels for the Two OCSCO, Dimers
at Different Theoretical Levels® Located on the Potential Energy Surface
MP2  MP4SDTQ° QCISD(T)’ MP2  MP4SDTQ" QCISD(T)
®-oe
0CS.OCS (a)* 723&;’ >, 0CS-COx(a)* 73.:\,"3,510
.{5}_‘\‘ : e
6-31G(d,p) 510 517 378 6-31G(d,p) 501 516 423
cc-pVDZ 534 517 387 cc-pVDZ 550 560 469
aug-cc-pVDZ 887 880 716 aug-cc-pVDZ 691 743 641
cc-pVTZ 660 cc-pVIZ 531
0CS.0CS (b) “}5_)“3)5”\1:9'5 >3
o 0@ 0CS.CO,(b) 124.7 16.1
g 77
6-31G(d,p) 59 620 3 6-31G(d,p) 612 647 618
ccpVDZ 472 s 456 cc-pVDZ 527 556 539
oo 655
aug-cc-pVDZ 698 746 aug-cc-pVDZ 631 708 654
cc-pVTZ 534 copVTZ 505
a Geometric disposition corresponding to the reported experimental
4\ complex (see ref 53). MP4SDTQ//MP2 and QCISD(T)//MP2 values.
0CS.0CS () '2=1® 0 ¢ Some representative geometric parameters (as computed at the MP2/
3.650 'ﬁ ) cc-pVTZ level) are also indicated.
6-31G(dp) 340 354 45 double¢ with a single shell of polarization functions are
g p
cc-pVDZ 539 533 422 inadequate to describe this type of species. The present
aug-cc-pVDZ 788 793 657 calculations extend such an observation to the case of the OCS
ce-pVTZ 604 CO;, dimer. In fact, the OC®CS(a) and OCE0,(a) isomers

= Geometric disposition corresponding to the reported experimental IN Tables 1 and 2 represent geometric dispositions corresponding
geometry (see ref 52).MP4SDTQ//MP2 and QCISD(T)//MP2 values.  t0 the experimentally observed structu?é8?As can be seen,
¢ Some representative geometric parameters (as computed at the MP2the 6-31G(d,p) basis set predicts those structures to be the least

cc-pVTZ level) are also indicated. stable ones. It is interesting to note that Dunning’s cc-pVDZ
_ _ (of double¢ size), specially designed to be used in the study
It can be show#f that the results obtained in eq 2 & of systems where correlation contributions are expected to be

(SAPT), using egs 3 and 4, tend asymptotically to the values relevant, tends to correct the bad performance of the standard

which would be calculated at the supermolecular MP2 level. 6-31G(d,p) basis, although the QCISD(T)//MP2 single-point
Given the important role which is expected to be played by predictions using this basis set remain incorrect.

the dispersion contributions in the weakly bound systems under  Dunning’s aug-cc-pVDZ and cc-pVTZ basis sets correctly

study (see below), the SAPT calculations reported in this work predict that the OC®CS(a) and OCEO,(a) isomers are the

have been performed using Dunning’s aug-cc-pVDZ basis set. most stable ones. (The exception is the QCISD(T)//MP2

(Every calculation for a (OCgYimer took about 24 h running  prediction using the aug-cc-pVDZ basis set for the GTS,
the SAPT96 cod¥ on a RISC 6000 workstation with 400 MB dimer.)

RAM.) According to Peebles and KuczkowdRithe OCSOCS(a)
and OCSCO,(a) dimer structures are expected to play a relevant
role in the formation of the (OCZ)CO, trimer. However, as
Isolated Dimers.Peebles and Kuczkowski concludéthat, we will show below, one of the most interesting conclusions in
from the growing number of trimer systems that have already the present theoretical study is that the other structures {OCS
been classified, it is becoming apparent that trimers are often OCS(b), OCSOCS(c), and OC&O,(b) in Tables 1 and 2] are
composed of sets of dimer-type structures, although with subtle also relevant.
differences in the angles and/or bond lengths. Bearing this point Geometries and Energetics of the Trimers.Figure 1
in mind, we performed ab initio calculations to explore the PESs presents the six minima structures-y1) located on the PES
corresponding to the (OCSand OCSCO, dimers. for the (OCS)-CO; trimer as computed at the MP2 [with 6-31G-
Tables 1 and 2 collect the energy results for the isomers of (d,p), cc-pVDZ, aug-cc-pVDZ and cc-pVTZ bases] level of
the (OCS) and OCSCO; dimers located on the PESs at the theory. Table 3 collects the most representative structural
levels of theory employed in the present work [MP2 optimiza- parameters (bond lengths and angles) and Table 4 contains the
tions and MP4SDTQ//MP2, QCISD(T)//MP2 single-point cal- corresponding rotational constants and dipole moments. (The
culations]. Linear structures were not considered as they areCartesian coordinates are given as Supporting Information.) The
not expected to play any significant role in the formation of stabilization energies for the six trimer isomers are collected in
this type of trimers. The most representative geometric param- Table 5.
eters (as computed at the MP2/cc-pVTZ level) are also The different basis sets predict rather similar MP2 bond
presented. lengths and angles, with the aug-cc-pVDZ basis giving sys-
The PES of the (OCg}limers has been extensively explored tematically the shortest distances. This behavior is consistent
by Bone®! This author concluded that basis sets of the size of with the fact that the diffuse functions in the augmented basis

Results and Discussion
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Figure 1. Two views of (OCS)CO, trimer structures+VI as computed at the MP2 levels of theory employed in this work: 6-31G(d,p), (cc-

pVD2Z), [aug-cc-pVDZ], and cc-pVTZ . Distances are given in angstroms and angles in degrees. Further structural parameters are given in Table
3 and as Supporting Information.

TABLE 3: MP2/cc-pVTZ Structural Parameters (Distances in A and Angles in deg} for the (OCS),»CO; van der Waals
Complexes

parameter expil structure | structure Il structure 1l structure IV structure V structure VI
r(Ci—Cs) 3.773(8) 3.637 3.506 3.520 4.208 4.115 4.610
r(Ca—Cs) 3.574(6) 3.510 3.506 3.501 3.647 5.573 5.512
r(Ci—Cy) 3.757(9) 3.645 3.565 3.672 5.642 3.763 3.666
r(Cs—My)° 3.616(9) 3.514 3.799 3.453 4.378 4.617 4.224
r(Cs—My)P 3.891(8) 3.803 3.799 3.795 3.502 5.092 5.018
r(M;—Mp)P 3.652(12) 3.555 4.134 3.817 5.608 3.573 3.819
0(C—Cs—Cy) 61.4(1) 61.3 61.1 63.1 91.5 425 41.3
0(0;—C—Cy) 56.2(7) 59.1 59.4 59.1 109.9 156.9 160.9
0(0,—C1—Cy) 102.3(4) 102.4 62.6 105.2 345 107.2 57.0
0(Cg—C5—Cy) 60.1(14) 61.5 112.4 66.2 24.9 96.7 91.6
7(07—Co—Cs—Cy) 133.2(9) 128.7 74.2 68.4 0.0 0.0 0.0
7(04—C1—Co—Cy) —107.4(7) —103.3 —68.9 94.6 180.0 0.0 180.0
7(0g—C3—C1—Cy) —79.0 —77.6 —50.0 133.4 180.0 180.0 180.0

aSee Figure 1 for structures-VI. ® M; represents the center of mass closer & See ref 10.

set should contribute to provide a better representation of the C3:--C1—S5 are 18and 16, respectively, at the MP2/cc-pVTZ
(attractive) dispersion forcé82” level. The experimental values for the ©¢2---C1—-S5, 0O8-

In (Cy) structure | (see Figure 1), the two OCS monomers C3-:C2-S6, and 09-C3---C1-S5 dihedral angles a®34°,
exhibit an antiparallel orientation in an association which is no 20°, and 12, respectively.

longer planar. The dihedral angle ©T2---C1-S5, which Structure 1l is quite similar to isomer | with three main
should be 0 for a planar configuration (see the O@XECS differences: (a) it exhibitC, symmetry; (b) the two OCS
isolated monomers in Table 1), becomes$ 38 the MP2/cc- monomers remain in an antiparallel orientation (i.e., with the

pVTZ level. The planarity of the two OCEO, fragments (see  sulfur atoms pointed in the opposite direction), but they are
the OCSCO; isolated monomers in Table 2) is also lost in the slipped in such a way that the two oxygens are almost aligned
trimer; the computed dihedral angles-©83---C2—S6 and O9- in contrast with structure | where the oxygen atom of each OCS
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TABLE 4: Rotational Constants (MHz) and Dipole commenting on Figure 1, the MP2 structural predictions are
Moments (D) for the (OCS)-CO, van der Waals Complexes essentially independent of the basis set employed. Inspection
A B C u of Table 3 leads to the conclusion that isomer | is clearly the
Structure | one corresponding to the experimentally detected structure in
6-31G(d,p)  1025.1 877.8 627.6 0.379 the microwave spectroscopic studi€<Particularly, the geo-
cc-pvDZ 1037.4 868.8 630.5 0.316 metric parameters computed at the MP2/cc-pVTZ level represent
aug-cc-pvDZ  1066.1 907.9 659.4 0.476 a reasonably good estimate of the experimental values. Indeed,
ce-pvTZ 1043.0 890.3 640.8 0.419 Peebles and Kuczkowski stressed that, apart from the statistical
Structure |l uncertainties arising from the fitting process, the experimental
ng\%%p) 11225’20-25 gffg‘ 580521 00:'345752 data are obtained ignoring any vibrational contribution to the
aug-cc-pVDZ 1184.5 750 1 542 0 0.615 moments of inertia. Thesg .au.thors concluded that it is reasonable
cc-pVTZ 1191.1 715.9 520.6 0.500 to assume that the equilibrium parameters (i.e., those to be
Structure Il compared with the theoretical estimates) would fall withi®05
6-31G(d,p) 1177.6 7425 593.6 1.018 A and £5° of the values given in the first column (exptl) of
cc-pvDZ 1173.3 751.3 600.2 0.796 Table 3. Table 4 fully corroborates this conclusion as the MP2
aug-cc-pvDZ 1201.1 781.3 627.7 1.245 rotational constants for structure | are the ones closer to the
ce-pVTZ 1169.1 773.8 612.8 1.136 experimental values. On the other hand, the MP2/aug-cc-pVDZ
Structure IV and MP2/cc-pVTZ estimates of the dipole moment (0.476 and
2(-:31\%%@ 11;?53-12 fj;’f ??555-83 01;3205 0.419 D, respectively) represent excellent approximations to the
aug?—cc—pVDZ 1879.8 453.6 365.4 1207  ©xperimental value [0.50(4) D]. , ,
cc-pvVTZ 1816.5 4475 359.0 1.087 Table 5 lists the stabilization energies for the six structures
Structure V I=VI. In agreement Wl_th Bone's observatiéhthe 6-31G(d,p)
6-31G(d,p)  1215.1 599.7 401.5 0.206 basis set fails to predict structure | as the most stable one. At
cc-pvDZ 1211.7 601.4 401.9 0.198 the MP2 level, the rest of the bases make the correct prediction.
aug-cc-pvDZ 1302.8 600.3 411.0 0.182 At the QCISD(T)//MP2 level, however, the cc-pVDZ basis set
ce-pvVTZ 1257.0 594.1 403.4 0.176 gives structure Il as the most stable one. The inclusion of diffuse
Structure VI functions (aug-cc-pVDZ) works in the appropriate direction,
6-31G(d,p)  1192.4 622.8 409.1 1.138 predicting similar stabilization energies for structures | and II.
gﬁ’gp_\cch_ﬁ\/Dz 1113923.34 %3154.% ill‘g% Ol'_82%53 There is no doubt that in the present case the BSSE must be a
cc-pVTZ 1244.0 617.7 412.8 1571 CI’UC_IE_3.| factor in _determlnlng the correct _ord_erlng fo_r the
exptf 1010.7197 (8) 875.4035 (3) 605.3805 (4) 0.50 (4) stabilization energie®¥ Unfortunately, the ambiguity associated

with the use of the three-body CP recipe to correct for BSSE
2 See ref 10. does not help clarify the situation.
monomer is aligned with the sulfur atom in the other (see Figure 1he CBS extrapolation technictfeprovides us with a tool

1); and (c) the C@monomer is more twisted than in structure [©_9enerate BSSE-free energy predictions. As the CBS-
I. As in the case of structure I, the three dimer fragments are MP4SDTQ and CBS-QCISD(T) levels are computationally

no longer planar; the MP2/cc-PVTZ angles-€2-+-C1—S5 impractical at present, we carried out CBS-MP2/cc-pVXZ (X
08-C3+-C2-S6. and 09-C3-C1—S5 are 42 2% and 29. = D, T, Q) calculations to obtain BSSE-free estimates of the
respectively. Y ' stabilization energies for structuresV|. Feller and Peterséf

In a third C; barrel-like structure located on the PES (lll), have concluded in recent benchmark studies that the estimate

the two OCS monomers adopt a parallel (i.e., dipole-aligned) Of the CBS limit at the MP2/cc-pVXZ (%= D, T, Q) level by
orientation. using a combined exponential/Gaussian function has a profound
The Cs structures IV-VI resemble theCa, cyclic planar effect on improvi_ng the level of agree_ment with experime_nt.
structure reported for the (G trimer, with the lowering in ~ Although eq 1 is merely a convenient phenomenological
symmetry associated with the presence of two different mono- function, it has been showhthat the CBS extrapolations do
mer units in (OCS)CO,. In both structures two of the  NOt depenq heavily on the functional form involved. Therefore,
monomers units adopt a slipped near parallel orientation with We do believe that the CBS-MP2/cc-pVXZ (¥ D, T, Q)
the third monomer forming a nearly G-shaped structure with €Nergetic estimates are more reliable than the .BSSE uncorrected
them (see Figure 1). In the case of isomer IV, the two nearly QCISD(T)//MP2 ones. The CBS-MP2 calculations suggest that
parallel monomers are OGS0, with the sulfur atom closest  Structure I is the most stable onb¢(= 1760 cn*), which is
to the carbon atom of CQwhich is the geometric disposition ~ consistent with the fact that isomer | is the only one observed
leading to the most stable isomer in the isolated dimer. (Seein the microwave experiments carried out by Peebles and
OCSCO,(a) in Table 2.) For isomer V the two nearly parallel Kuczkowski. However, the remaining structures-Ml, with
monomers are OGOCS (dipole antialigned) and its geometric CBS-MP2 stabilization energies of 1514, 1660, 1325, 1556, and
disposition is similar to that adopted by the lowest energy 1398 cn1, respectively, are energetically close enough that they
conformation of the isolated dimer [see OOES(a) in Table ~ Might well be present in the molecular beam.
1]. Structure VI has two OCS dipole monomers aligned in a  Indeed, in a recent study on a similar system [A(C®,),],
way similar to that in the computed OG@3CS(c) dimer (see  the above authors comment that the possibility of identifying
Table 1). other isomeric forms is still an open question. The case of the
Table 3 lists the structural parameters (bond lengths and parent (CQ)s trimer, where two different isomers (a barrel-
angles) obtained at the MP2/cc-pVTZ theoretical level for the like and a cyclic structure, respectively) were detected in
six isomers of the (OC$)CO, trimer; the corresponding  subsequent spectroscopic studie®, provides us with a rep-
experimental values reported by Peebles and Kuczkéf\ate resentative example supporting such expectations. It is well-
also included in this table. As mentioned previously when known that the carrier gas can have a dramatic role in
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Figure 2. Experimental and theoretical (MP2/cc-pVTZ) geometries for the three dimer faces of structure | (see Figure 1) of theC@@Sh

der Waals complex. The experimental (when available) and theoretical (MP2/cc-pVTZ) geometries of the corresponding isolated dimers are also
included for comparison purposes. (See the text for details on the theoretical predictions of tw@@€&iBictures with similar energies.) Distances

are given in angstroms and angles in degrees.

determining the relative concentrations of conformers of weakly excellent structural predictions for the experimentally detected
bound complexes in supersonic expansitnghus, the heavier  isomer, a hard-sphere repulsion model including only electro-
inert gas atoms (e.g., argon) make the relaxation mechanismstatic and repulsion contributions led to a very poor prediction.
which converts the higher energy forms into the most stable These results clearly suggest that the inclusion of dispersion is
species be much more effective than when a lighter inert gas mandatory for dealing with this type of system. The SAPT
atom (e.g., helium) is used as a carrier gas. The present,n,ysis presented in the next section fully confirms this point
caIcuIanqs suggest th_at further experimental work Ioo_kmg for (see Tables 6 and 7). Furthermore, such an analysis will show
the detection of other isomers {1VI) of (OCS),-CO, might . . N . . o

. . . S that the induction forces (not considered in that semiempirical
be fruitful. The structural information arising from the present . . . .

intermolecular interaction potential) also play a relevant role.

study (see Figure 1, Tables 3 and 4, and Supporting Information) e ) i
should be useful in the initial assignments of the rotational 'ne Stabilization energy predicted by Stone’s m&tigd591.7
spectral cmH10is not far from the CBS-MP2 estimate (1760%nthus

Peebles and Kuczkowski used two different semiempirical CONfirming the reliability of that model. However, as for any
approaches to make geometric and energetic predictions for thes@miempirical model, the determination of the appropriate
(OCS)+CO, molecular association. While a sophisticated model, Parameters could become a major problem. As reported for the
employing distributed multipole moments to describe the case of the (OCS}rimer>®those parameters that are appropriate
electrostatic contributions and including an analytical dispersion for predicting accurate dimer structures are not necessarily
and repulsion terms by means of an expexpressior? yielded appropriate for trimers.
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TABLE 5: Stabilization Energies (De; kcal/mol and cm~! in Parentheses) for the (OCS)CO; van der Waals Complexed

structure | structure Il structure 11l
basis MP2 MP4SDTQ  QCISD(Ty MP2 MP4SDTQ  QCISD(Ty MP4SDTQ  QCISD(Ty
6-31G(d,p) 4.3 (1520) 4.5 (1566) 3.7 (1299) 4.9 (1725) 5.1 (1798) 4.8 (1674) 4.4 (1556) 4.6 (1606) 3.9 (1364)
cc-pvDZ 4.3 (1506) 4.3 (1516) 3.6 (1273) 4.1(1438)  4.3(1498) 4.0 (1411) 4.3 (1501) 4.3(1521) 3.7 (1295)
aug-cc-pvDZ 6.2 (2164) 6.5 (2275) 5.5(1917) 5.7 (1977) 6.2 (2164) 5.5(1918) 6.0 (2084) 6.3 (2211) 5.4 (1878)
cc-pVTZ 4.7 (1644) 4.3 (1512) 4.5 (1587)
cc-pvQ2 4.9 (1716) 4.3 (1514) 4.7 (1633)
CBS 5.0 (1760) 4.3 (1514) 4.7 (1660)
structure IV structure V structure VI
basis MP2 MP4SDTEQ  QCISD(TYf MP2 MP4SDTQ  QCISD(Ty MP4SDTQ  QCISD(Ty
6-31G(d,p) 3.7 (1284) 3.8 (1344) 3.3(1143) 3.9(1374) 4.1(1438) 3.5 (1226) 3.6 (1256) 3.7 (1293) 3.1(1093)
cc-pvDZ 3.7 (1282) 3.8 (1325) 3.2 (1134) 3.9(1358) 4.0 (1390) 3.4 (1196) 3.7 (1305) 3.7 (1309) 3.2 (1113)
aug-cc-pvDZ 4.9 (1700) 5.2 (1811) 4.5 (1573) 5.4 (1905) 5.7 (1984) 4.9 (1726) 5.0(1742) 5.1 (1794) 4.4 (1548)
cc-pVTZ 3.6 (1273) 4.1 (1427) 3.7 (1301)
cc-pvQ2 3.7 (1305) 4.3 (1506) 3.9 (1359)
CBS 3.8 (1325) 4.4 (1556) 4.0 (1398)

2 See Figure 1 for structures-VI. ® MP2/cc-pVQZ//MP2/cc-pVTZ calculation§ MP4SDTQ//MP2 and QCISD(T)//MP2 calculations.

Nature of the Interactions in the Trimers. The nature of
the bonding in structures-IVl was characterized by using a
Bader topological analysis of the corresponding charge densities
(see Supporting Information for more details). Besides the six
intramolecular bond critical points corresponding to the covalent
bonds in the monomers (two per monomer), we located three
intermolecular bond critical points and one ring critical point
for each structure. All the above gives a total of 9 nuclei, 9
bond paths, 1 ring, and 0 cages, thus definirgharacteristic
set (9,9,1,0) for the six structures—NI which fulfills the
Poincafe-Hopf relatioshig!* The trimer molecular association
(OCS)-CO; is thus formed as a consequence of the existence
of three two-body interactions (two OGS0, and one OCS
OCS corresponding to the three intermolecular bond critical
points) and one three-body interaction (corresponding to the ring
critical point). The magnitude (see Supporting Information) of
both the electronic densities (0.06@.008 au) and the Laplacian
of electronic densities (0.610.03 au) allows us to classify all
the intermolecular critical points as weakly bound interac-
tions*5%with dispersion forces playing an important role (see
below).

Peebles and Kuczkowski concludedhat the (OCS}CO,
trimer may be described as having two dimer-like interactions
that display minimal deviations from their respective dimer
structures (OC&£0, and OCSOCS) and another OCEO;
interaction which is markedly different from that seen in the
dimer. It is hard to speculate about the reasons why a given
OCSCO;, dimer interaction can be partly responsible for the
formation of a trimer without being capable of forming an
isolated dimer. We will see how the theoretical treatment in
this work sheds some light on this fundamental point.

Figures 2-5 present under the heading Dimers in Trimer(s)
the geometric dispositions of the three dimer faces in each trimer
structure (FVI) as computed at the MP2/cc-pVTZ level and,
in the case of structure | (the experimentally observed one), as
deduced from the microwave spectroscopic stutfleshe
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geometries of the isolated dimers were computed at the MP2/Figure 3. Experimental and theoretical (MP2/cc-pVTZ) geometries
cc-pVTZ level. If available, the corresponding experimental data for the three dimer faces of structure Il (see Figure 1) of the (@CS)

are also presented in Figures 2 for comparison purposes.

In full agreement with Peebles and Kuczkowski’'s observa-
tion, 1% two of the dimer faces in the trimer [the OG3CS one
and that denoted OCSO,(A) in Figure 2] compare rather well
with the experimentally observed OG3CS and OCSCO,
isolated dimmer§?53 [See OCSOCS(a) and OCEO,(a) in
Tables 1 and 2. It should be born in mind that “A” and “B” are
used to distinguish the two OGSO, dimer faces in the trimer

CO; van der Waals complex. The experimental (when available) and
theoretical (MP2/cc-pVTZ) geometries of the corresponding isolated
dimers are also included for comparison purposes (See the text for
details on the theoretical predictions of two OC®, and two OCS

OCS structures with similar energies.) Distances are given in angstroms
and angles in degrees.

and “a”, “b”, and “c” denote different isomers of the isolated
dimers OCSOCS and OCS8C0,.] The important point that the
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Figure 4. Experimental and theoretical (MP2/cc-pVTZ) geometries for the three dimer faces of structure Il (see Figure 1) of theQ@E8h
der Waals complex. The experimental (when available) and theoretical (MP2/cc-pVTZ) geometries of the corresponding isolated dimers are also
included for comparison purposes. Distances are given in angstroms and angles in degrees.

present theoretical analysis makes clear is the fact that the third In the case of the cycli€s trimers IV and V (Figure 5), the
dimer face in the trimer [that denoted as OCS,(B) in Figure two slipped near parallel structures OC8,(A) and OCSOCS

2] corresponds to the isolated dimer structure @S (b) in closely resemble the geometric disposition of the lowest energy
Table 2. It should be recalled that such a structure represents gsplated dimers OCE€0,(a) and OCSOCS(a) in Tables 1 and
slightly less stable isomer than O&3D,(a) which is the only 2 TheC; slipped near parallel structure OGICS in VI looks

detected structure in Novick et al.’s microwave Spectroscopic gimilar to the OCSOCS(c) dimer structure in Table 1.
studies?? Bearing in mind that the MP2/cc-pVTZ stabilization

energies of the two structures, OC%»(a) and OCSCO,(b), Thus the conclusion by Peebles and KuczkowsHiat the
differ by only 26 cn! (see Table 2), it seems reasonable to trimers are composed of dimer-like structures seems to be correct
speculate that, as reported for other syst&fA&80.61poth but includes those dimer structures that can remain undetected

isomers are present in the molecular beam and that an appropriin the spectroscopic studies despite having stabilization energies
ate selection of the carrier gdsnight well lead to the detection  quite close to the lowest energy isomers.

of the second isomer. Furthermore, the three dimer faces in . . . I

structure Il (see Figure 3) correspond to those unobserved Tables 6 and 7 list the different dimer contributions to the

conformations of the isolated dimers OC&ES(b) and OCS total interaction energy of the six trimers-VI as estimated
COx(b) in Tables 1 and 2. Figure 4 shows that one of the dimer When using the SAPT approach (eqs4). The corresponding

faces in trimer Il [DCSCO,(A)] corresponds to the experi- ~ contributions for the OC®CS(a), OCSOCS(b), OCSOCS-
mentally observed dimer OGSO,(a)2while the remainingtwo ~ (€), OCSCO;(a), and OCSCO,(b) isolated dimers (see Tables
faces [OCSCO,(B) and OCSOCS] resemble the experimentally 1 and 2), which according to the previous discussion are the
unobserved dimer structures OC®,(b) and OCSOCS(c), geometric dispositions adopted by some of the dimer faces of
respectively. the trimer, are also included for comparison purposes.
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ISOLATED DIMERS DIMERS in TRIMERS 1V, V, VI
MP2/cc-pVTZ Exptl. MP2/cc-pVTZ IV
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Figure 5. Experimental and theoretical (MP2/cc-pVTZ) geometries for the only slipped near parallel dimer face in the three planar structures
IV —=VI (see Figure 1) of the (OCZ)O, van der Waals complex. The experimental (when available) and theoretical (MP2/cc-pVTZ) geometries
of the corresponding isolated dimers are also included for comparison purposes. Distances are given in angstroms and angles in degrees.

It is clear from Tables 6 and 7 that the nature of the OCSOCS(a) as a molecular association with a geometry that
interactions in the three isolated dimers QOES(a), OCS maximizes(M) the attractive components of the interaction
OCS(b), and OC®CS(c) is quite different. Indeed, the energy at the cost of a larger overlap which enhances the
attractive forces (polarization, induction, and dispersion) in the repulsive components. Let us denote this type of association as
lowest energy isomer [OCOCS(a)] are notably greater (ab- M-complex. By contrast, the OCOCS(b) and OC®CS(c)
solute value) than those in the O@XECS(b) or OCSOCS(c) geometries seem tminimize(m) the repulsions at the expense
isomers while the exchange contributions (repulsive) are much of a considerable reduction in the attractive forces. Let us denote
less important for these latter structures. Thus, we can think of this type of association as m-complex. Of course, to maximize
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TABLE 6: Different Contributions (See Text for Definitions) to the SAPT/aug-cc-pVDZ//MP2/aug-cc-pVDZ Interaction
Energies Ein(SAPT)] for the Isolated Dimers and for the Dimer Faces of the Trimers (See Figures-25 for Structural
Information) @

isolated dimers structure | structure Il
dimer dimer dimer dimeP dimer oCcs 0oCSs 0oCSs oCcs oCcs 0oCSs
OCSOCS(a) OCSOCS(b) OCSOCS(c) OCSCOxa) OCSCOxb) OCS COyA) COxB) OCS COxA) COi(B)
E(lo?) —742 —446 —584 —-611 —560 —556 —646 —486 —-381 —469 —469
i) 34 96 37 28 127 —44 41 87 46 79 78
Eglo)l’ —708 —350 —547 —583 —433 —-600 —605 —399 —-335 -390 —391
Ei(fg)r —835 —282 —601 —657 —-303 —-741 —703 —-318 -271 =310 —-312
tE_(zdi) 24 —24 0 8 -31 19 10 -31 —-29 -32 -32
E(%ind —811 —306 —601 —649 —-334 —-722 —693 —349 —-300 —342 —344
(zig) —1420 —1007 —1257 —1004 —806 —1360 -—1009 —857 —-1020 -—-837 -840
Eff.iz —1420 —1007 —1257 —1004 —806 —1360 —1009 —857 —-1020 -—-837 -840
(1X<;)h 1413 806 1168 1080 748 1310 1124 794 815 776 779
(1X1c)h+ E(elxzc)h 35 113 71 81 123 35 76 128 109 128 129
Eg()ch 1448 919 1239 1161 871 1345 1200 922 924 904 908
Eézx(():)h—ind ) 775 225 538 560 224 688 604 235 220 229 230
tE(erZC)er; . —-22 19 0 -7 23 -18 -8 23 24 24 24
E((QZX(;)His ' 162 78 125 103 64 151 107 68 79 66 66
E((fx)ch b 915 322 663 656 311 821 703 326 323 319 320
th 543 254 462 333 81 641 340 189 342 193 197
Eﬁ?RR —1188 —725 —-1024 —790 —499 —1216 -—784 —581 —-791 572 —575
Eint(SAPT) —645 —472 —561 —458 —418 —576 —444 —392 —-450 —379 —-378
Eﬁ#"(NCp) —888 —698 —788 —691 —631 —-803 —670 —610 —-677 —596 —596
E;tJP(CpR) —559 —419 —489 —399 —373 —-496  —382 —339 —-392 328 —-327

aThe corresponding MP2/aug-cc-pVDZ interaction energies VEfli{CPR)] and without EYF(NCP)] the CP corrections (including fragment

relaxation terms) for the BSSE are also given. All numbers are given irt.&vIP2/aug-cc-pVDZ geometric disposition corresponding to the
experimentally detected geometries (see refs 52 and 53 and Tables 1 ahtP2)aug-cc-pVDZ geometric disposition corresponding to a theoretically
predicted structure whose energy is quite close to the experimentally detected geometry.

TABLE 7: Different Contributions (See Text for Definitions) to the SAPT/aug-cc-pVDZ//MP2/aug-cc-pVDZ Interaction
Energies Ein:(SAPT)] for the Isolated Dimers and for the Dimer Faces of the Trimers (See Figures-25 for Structural
Information) @

structure 11l structure 1V structure V structure VI

oCcs  ocs OCsS 0OCS  OCs ocs 0oCs  ocs ocs oCs  ocCs ocs
OCS COfA) COfB) OCS COfA) COiB) OCS COMA) COiB) OCS COiA) COxB)

(loll)) —592 —452 —472 —401 —679 —356 —780 —464 —398 —614 —382 —401
EF102I)r 42 —42 82 38 50 65 42 93 35 48 32 38
Eglgl’ —550 —494 —390 —363 —629 —291 —738 —371 —363 —566 —350 —363

(Ifg)r —607 —603 —314 —225 —765 —154 —880 —163 —209 —629 —398 —209
tEi(HZd?) -1 5 —31 —30 16 —14 25 —19 —28 2 -3 —30
E|(ri)1 —608 —598 —345 —255 —749 —168 —855 —182 —237 —627 —401 —239

(ZigF)J —1238 —990 —846 —642 —1006 —607 —1449  —-563 —554 —1257 —-657 —559
EéZi;p —1238 —990 —846 —642 —1006 —607 —1449  —-563 —554 —1257 —657 —559

(1)2)h 1167 1032 781 599 1156 501 1475 493 566 1190 658 564

(lx%:)h + (1X20)h 67 82 130 81 66 76 33 114 67 65 a7 68

(1X)ch 1234 1114 911 680 1222 577 1508 607 633 1255 705 632
ng?rﬂnd . 548 514 230 187 662 127 817 108 174 567 337 172
tEéiZC)h_im; . 1 —4 23 25 —14 12 —23 13 24 -2 3 25
E(ezx?:)h—dis;; 126 98 67 50 111 46 169 39 46 128 61 45
Eg()ch 675 608 320 262 759 185 963 160 244 693 401 242
E::tF 459 455 192 107 334 89 562 —51 89 454 188 82

%?rRR —1004 851 —577 —478 =777 —423 —1203 —322 —411 —1015 518 —414
Ein(SAPT) —544 —396 —385 —371 —443 —334 —641 —373 —322 —560 —330 —331
E%JP(NCP) —760 —624 —610 —531 —671 —506 —881 —561 —465 —784 —508 —477
Eﬁlt"P(CPR) —466 —338 —333 —328 —385 —308 —548 —340 —280 —488 —295 —290

@ The corresponding MP2/aug-cc-pVDZ interaction energies vﬁﬁ’ﬁ(CPR)] and withoutEﬁt’P(NCP)] the CP corrections (including fragment

relaxation terms) for the BSSE are also given. All numbers are given irt.énvIP2/aug-cc-pVDZ geometric disposition corresponding to the
experimentally detected geometries (see refs 52 and 53 and Tables 1 ahtP2)aug-cc-pVDZ geometric disposition corresponding to a theoretically
predicted structure whose energy is quite close to the experimentally detected geometry.

the stabilizing contributions and to minimize the repulsive geometric arrangement of a molecular association. All the above
forcesrepresent two complementary ways of optimizing a isconsistent with the geometries depicted for these two structures
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TABLE 8: Three-Body Contributions (in cm 1) to the Interaction Energy for Structures | —VI as Estimated at Different
Theoretical Levels

level structure | structure Il structure Ill structure IV structure V structure VI
MP2/6-31G(d,p) 1 -5 -10 7 —-12 10
MP4SDTQ/6-31G(d,p) 7 —6 -5 11 -13 17
QCISD(T)/6-31G(d,p) 8 —38 —6 9 —-27 2
MP2/cc-pvVDZ -7 1 —-12 0 —-10 7
MP4SDTQ/cc-pvVDZ -2 1 -5 3 -8 15
QCISD(T)/cc-pvDZz 11 —-22 -3 -1 —-17 5
MP2/aug-cc-pvVDZ —-81 —108 —96 8 2 27
MP4SDTQ/aug-cc-pVDZ —78 —116 —96 22 14 38
QCISD(T)/aug-cc-pvDZ —54 —127 —47 21 3 69
MP2/cc-pVTZ -39 —44 —46 0 -8 9

in Tables 1 and 2. OGHCS(a) is a stacked structure while experimental values, when available (see, e.qg., ref 21), consid-
OCSOCS(b) is a slipped parallel structure and GOES(c) eration of BSSE seems to be mandatory.
is a stacked structure but with the sulfur atoms significantly  (b) In all cases, the BSSE-freg(SAPT) values are (in
separated. Similar considerations apply to the @iI%(a) and absolute value) lower than the corresponding uncorrected ones
OCSCOy(b) isolated dimer structures. [E;’(NCP)] but higher than the CP corrected values

The analysis of the SAPT components for structure | (see [Eﬁ‘tJP(CPR)]. This result is consistent with the belief (see, for
Table 6) shows that the nature of the interactions in the OCS example, refs 16 and 39) that the CP algorithm overcorrects
OCS fragment is rather similar to the one previously described the BSSE at the correlated level.
for the OCSOCS(a) isolated dimer (M-complex). On the other Bearing in mind the above two points, one can conclude that,
hand, while the OC&O,(A) fragment is an M-complex, the  in any case, the CP corrected values are always useful as upper
OCSCOy(B) fragment can be classified as an m-complex. Thus, limit estimates of the interaction energies.
trimer | composed of the OCOCS, OCSCO,(A), and OCS Before ending we would like to briefly comment on the
CO;(B) faces can be viewed as an MMm-complex. Inspection nonadditive effects. Table 8 collects the three-body contributions
of Table 6 shows that structures Il and Ill can be classified as to the interaction energy as computed at different theoretical
mmm- and mMm-complexes, respectively. In the case of the |evels for the six (OCS)CO, isomers considered in the present
planar isomer IV, Table 7 shows that the OC8,(A) fragment  work. It is clear that whereas the three-body contributions exhibit
is an M-complex. The other two faces [O€3,(B) and OCS a quite strong dependence on the basis sets used, they are less
OCS fragments], characterized by very small attractive and sensitive to the theoretical method employed. The QCISD(T)/
repulsive contributions, are not associated with any minimum aug-cc-pVDZ and MP2/cc-pVTZ estimates of the three-body
in their respective PESs. This is fully confirmed by comparing contributions represent a very small part of the total interaction
the quasi-T-shaped structure of the OCE,(B) fragmentand  energy. For example, in the case of the most stable structure |,
the quasi-G-shaped structure of the GOES fragment in  itis 2.4% or 2.8%, respectively, in full agreement with previous
Figure 1 with the corresponding (optima) slipped near parallel findings in similar complexes; a value of 3% was estimated for
dimer structures shown in Tables 1 and 2. A similar analysis the (CQ)s trimer at the CCSD(T)/aug-6311G(d) leV&IThe
applies to the planar isomers V and VI for which the OCS  aug-cc-pVDZ and cc-pVTZ basis sets show that the three-body
OCSs fragments correspond to M- and m-complex, respectively, contributions are stabilizing for the barrel-like structures (I
and the remaining faces adopt very weakly interacting quasi- |11) while they become, in general, less important for the three
T-shaped and quasi-G-shaped orientations (see Figure 1).  planar isomers (IV-VI).

In a recent papetPeebles and Kuczkowski concluded that
although the induction interaction forces are not included in Conclusions
the Stone semiempirical potenfiathey employed, their con-
tribution is expected to be small in this type of systems. Tables
6 and 7 show that the induction contributions, as estimated by
SAPT, are similar in magnitude to the electrostatic contributions.

The potential energy surface of the (Og&)0, molecular
association has been extensively explored at the MP2 [using
the 6-31G(d,p), cc-PVXZ (X= D, T) and aug-cc-pVDZ basis
sets] level of theory. Six minima structures were located: three

Let us now make a short comment on the two-body BSSE p5 e jike (twoC; and oneC, symmetries, respectively) and
contributions. Tables 6 and 7 collect, in additiorBa(SAPT) three planar Cs symmetry). The MP2 geometric parameters,
(the BSSE-free SAPT estimate of the dimer interaction energies), .stational constants, and dipole moment of one of the barrel-
the corresponding uncorrectel;f (NCP)] and CP corrected  |ike isomers C1 symmetry) agree rather well with the corre-
[En:(CPR)] supermolecular estimates (this latter value com- sponding experimental values for the only structure observed

puted by including fragment relaxation ternfiJlwo important  in pulsed-nozzle Fourier transform microwave spectroscopic
conclusions emerge from inspection of these three estimates ofstydies.
the total interaction energy: The stabilization energies of the six isomers located on the

(a) The MP2/aug-cc-pVDZ CP estimate of the two-body potential energy surface are rather similar, thus suggesting that
BSSE [BSSE= E; 7(CPR) — E;Y(NCP)] is by no means an appropriate selection of the carrier gas in the supersonic
negligible and becomes even greater with the cc-pVTZ triple- expansion could lead to the experimental detection of some other
basis. Although the uncorrected and CP corrected interactionstructures, as in the case of the (§irimer where the existence
energies follow, in general, the same trend in such a way that of two isomers (one noncyclic and one cyclic) has been reported.
the predictions on the relative stabilities at both levels usually The structural information provided in the present theoretical
coincide (although this is not always the caSedhere is no study may be helpful to plan further experimental work in that
doubt that, to compare the interaction energies with the direction.
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The six isomers were topologically characterized as structures ngg Raym, V. M,; Sorgo, J. AJ.hChem.hF’hysl999 110, 377.
i i it ; ; 22) Raym, V. M.; Sordo, J. AChem. Phys. Let2001, 341, 575.
with six intramolecular bono_l critical points (corresppndlng_to (23) Stone. A. J.- Dullweber, A: Hodges, M. P.. Popelier. P. L. A
the covalent bqnds), three 'ntermc’le.CUlar.l?ond C_”t'cal POINtS \ales, D. J.ORIENT: A program for studying interactions between
(one for each dimer face), and one ring critical point, defining moleculesVersion 3.2; University of Cambridge: 1995.
a (9,9,1,0xharacteristic setThe many-body symmetry-adapted ggg EgQQQP'RT'AH'b Jurrihiﬁge?'thjl;l?:ige%oyplh?gégz 96, 6796
pertur.batlon theory showed that, in the bqrreljllke structures, (26) Dunning, T. H., JrJ. Phys. Chem. 200Q 104 9062, ’
the dimer faces tend to adopt geometric dispositions that (27) Sponer, J.; Hobza, B. Phys. Chem. 200Q 104, 4592.
resemble the optimum conformations predicted for the isolated 1&278) Rappe A. K.; Bernstein, E. R.J. Phys. Chem. /2000 104
dimers. _Some of these dimer arranggments_correspond to thé (29) Becke, A. D.J. Chem. Phys1992 97, 9173,
geometries detected in spectroscopic studies on the dimer (30) Lee, C.; Yang, W.; Parr, R. Ghys. Re. B 198§ 37, 785.
species, but some others represent alternate undetected isomers (31) Miiler-Dethlefs, K.; Hobza, PChem. Re. 200Q 100, 143.
characterized as minima on the potential energy surface, with Prég? 8;?2?(3 'i-ggghe Theory of Intermolecular Force<larendon
stabilization energies S'm'lar to the_ ones of the _Observed (33) Jensen, Antroduction to Computational Chemistrwiley: Chich-
structures. Thus, theoretical explorations on the existence ofester, 1999.
stable dimer associations (not necessarily detected in the Egg; Ee”er- B-; gOFgO, j% gﬂem- Eﬂygggg ﬂ% 451234'
. . . . . eller, D.; Sordo, J. . em. V. .
spectroscopic studies) can be helpful to rationalize the trimer (36) Sordo, J. AJ. Chem. Phys2001, 114, 1974.
or larger cluster geometries. (37) Boys, S. F.; Bernardi, AVlol. Phys 1970 19, 553.
The dispersion forces make the most important attractive (38) Van Duijneveldt, F. B.; van Duijneveldt, J. G. C. M.; van Lenthe,
contributions to the interaction energies of the six structures J: H. Chem. Re. 1994 94, 1873. . .
. . . (39) See ref 16 for a few illustrative references on the subject. Conclusive
!Ocatefj an_d: deSF?'te the small dipole moments 'nVF"V_ed! _the data supporting the overcorrection of the CP algorithm are given in:
induction interaction forces make contributions similar in Timoshkin, A. Y.; Suvorov, A. V.; Bettinger, H. F.; Schaefer, H. F., 0l.
magnitude to those of the electrostatic forces. A”Z-ng)he”é- igdsglfg éZL J5a6r]8k7o- ki P Jeziorski. B Jesiorski. M
. . P . UKOWSKI, . WSKI, i Z| l, . Z| l, .
The three-body contributions are small and stabilizing for the Kucharski, S. A.. Moszynski, R.; Rybak. S.: Szalewicz. K.; Willians, H.

barrel-like structures and become, in general, less important forL.; wormer, P. E. SSAPT96: An ab initio Program for Many-Body
the planar isomers. Symmetry-Adapted Perutbation Theory Calculations of Intermolecular
Interaction EnergiesUniversity of Delaware and University of Warsaw:
1996.
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