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Abstract The SO;:CO heterodimer has been found by
ab initio calculations to form a complex in which the C
lone pair of CO interacts with the 7*(SO) antibond via the
nt-hole lying directly above the S atom of SO;. The bind-
ing energy of this complex is 4.3 kcal/mol, with Coulombic
attraction as its main component. There is also a secondary
minimum, with half that strength, wherein the CO molecule
is rotated so that it is its O atom that interacts with SO;. The
most stable SO;:(CO), heterotrimer has the two CO mol-
ecules approaching the S atom from above and below the
SO; plane with the C atoms of the CO interacting with the
S of the SO;. A strong chalcogen bond between SO; mol-
ecules is the dominant feature of the (SO;),:CO trimer, sup-
plemented by a S---C chalcogen bond in the SO;:CO dimer.
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1 Introduction

Noncovalent bonds [1], such as hydrogen [2-5], halogen
[6-11], pnicogen [12-20] or tetrel [21-24] interactions, are
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essential ingredients in the structure adopted by bimolecu-
lar complexes and by numerous single molecules, as these
bonds can represent large fractions of the forces between seg-
ments that are not directly covalently bonded to one another.
Chalcogen bonds (YB) [25-38] are noncovalent interactions,
which arise when an atom of the chalcogen family (Y), e.g.,
0, S, Se or Te, acting as Lewis acid, is drawn toward another
electronegative atom, acting as Lewis base, due in part to the
anisotropic distribution of electron density around Y [39].
The electrostatic attractions within these chalcogen bonds
are supplemented by charge transfer from the lone pair(s) of
the electron donor atom into the o* or w* antibonding Z-Y
orbitals (where Z is covalently bonded to Y), which tend to
weaken and lengthen the latter Z-Y bond [40—43].

The present work examines the complexes formed
between SO; and CO, as well as their 1:2 and 2:1 heterotrim-
ers. Understanding the behavior of these molecules when
interacting with one another is important to the basic knowl-
edge of the various noncovalent forces. The work documents
the primary attractive force to be a surprisingly strong chal-
cogen bond between a lone pair of the C (or O) atom of CO
and the m-hole of SO; via its m*(SO) antibonding orbitals.

2 Computational details

The structure, energy and properties of the SO;:CO heter-
odimers, and the SO;:(CO), and (S0O;),:CO heterotrimers,
were studied through the use of the second-order Mgller—
Plesset perturbation theory (MP2) [44] with the aug-cc-
pVTZ basis set [45, 46]. In all cases, vibrational frequen-
cies were calculated in order to verify that the structures
obtained correspond to true minima and to obtain the zero
point vibrational energy (ZPE). Also, binding energies
for the heterodimers were corrected by the counterpoise
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procedure [47]. All calculations were carried out via the
GAUSSIANOQ9 program (revision D.01) [48].

Binding energies, E,, were computed as the difference
in energy between the complex on one hand and the sum
of the energies of the isolated optimized monomers on the
other. In order to obtain more accurate values, single point
coupled-cluster CCSD(T) [49)/aug-cc-pVXZ (X = T, Q)
calculations from the optimized MP2/aug-cc-pVTZ min-
ima were performed via MOLPRO program [50].

The many-body procedure [51, 52] was applied to the trim-
ers (Eq. 1) whereby the binding energy can be expressed as:

Ey = E. + SA’E + A’E (1)

where E, represents the energy arising from the monomers’
deformation and A"E is the nth complex term (n = 2 for
dimers and 3 for trimers). A3E represents the total coopera-
tivity in the full trimer.

Atoms in molecules (AIM) [53, 54] theory at the MP2/
aug-cc-pVTZ level, and natural bond orbital (NBO) [55]
theory with the wB97XD [56] functional and the aug-
cc-pVTZ basis set, were applied to analyze the noncova-
lent interactions, using the AIMAIl [57] and NBOG6.0 [58]
programs. The appearance of an AIM bond critical point
(BCP) between centers of different monomers supports the
presence of an attractive bonding interaction, which can
also be examined by NBO charge transfer between orbitals
of different fragments [53, 59].

The molecular electrostatic potential (MEP) on the 0.001
au electron density isosurface at MP2/aug-cc-pVTZ level
was analyzed for the monomers via the WFA-SAS program
[60]. Also, for the heterodimers, the electron density shift
(EDS) maps were calculated as the difference between the
electron density of the complex and the sum of those of the
monomers in the geometry of the complex.

The interaction energy of each SO;:CO heterodimer
was decomposed via DFT-SAPT calculations at the PBEQ
[61]/aug-cc-pVTZ level with the MOLPRO program [50].
The DFT-SAPT interaction energy, EPFTSAPT is obtained
as the sum of five components (Eq. 2): electrostatic (ES),
exchange (EX), induction (IND), dispersion (DISP) and
higher-order contributions (3y) [62].

EPYTSAPT — B¢ 4 EX + IND + DISP + 8ur )
3 Results and discussion

3.1 Monomers

Sulfur trioxide (SO;) and carbon monoxide (CO) adopt Dy,
and C,, symmetry, respectively. Their molecular electrostatic
potential (MEP) on the 0.001 au electron density isosurface

is illustrated in Fig. 1. The black dots represent maxima on
the surface. In the case of SO;, these maxima occur directly
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SO; (Dsp)

CO (Cov)

Fig. 1 Molecular electrostatic potential (MEP) on the 0.001 au elec-
tron density isosurface for the SO; and CO monomers, both calcu-
lated at the MP2/aug-cc-pVTZ level. The red and blue colors indicate
negative and positive regions, respectively, varying between —0.010
and +0.010 au. Black and green dots indicate the location of the ESP
maxima and minima, respectively, on the surface. The black dots for
CO represent an equatorial belt of cylindrical symmetry

Al (Gy) A2 (G

Fig. 2 Structures of the two SO5:CO heterodimers optimized at the
MP2/aug-cc-pVTZ level. Broken blue lines connect interacting moie-
ties corroborated by AIM. Interatomic distances in A

above and below the S atom, so may be referred to as mt-holes.
The cylindrical symmetry of CO leads to an equatorial belt of
positive MEP around the middle of the molecule, represented
by the series of black dots. The values of the MEP maxima
for the SO; and CO molecules are 52.8 and 10.9 kcal/mol,
respectively. The green dots indicate the positions of minima
on the MEP. These points occur in the approximate positions
of the O lone pairs in SO; and are rather shallow with a value
of —9.0 kcal/mol. The minima occur on the two extensions
of the CO axis, with the one on the C end somewhat more
negative at —14.0 kcal/mol versus only —4.1 kcal/mol for
the O terminus. The more negative C end is verified by the
calculated dipole moment of CO, which is 0.254 D at MP2/
aug-cc-pVTZ level, close to the experimental value of 0.11 D
[63]. As described below, the positions of these extrema in the
MEDP act to guide the molecules into their respective disposi-
tions in the dimers and trimers.

3.2 SO;:CO heterodimers
The potential energy surface (PES) of the SO5:CO heter-

odimers contains two minima (see Fig. 2). CO approaches
the S atom from above via its C atom in the more stable
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Table 1 Binding energy, E,, for the SO;:CO heterodimers at the
MP2/aug-cc-pVTZ and CCSD(T)/aug-cc-pVXZ (X = T, Q; single
point) levels

Dimer MP2 CCSD(T)*
Ep E,+BSSE AH AG E,

Al —4.74 (=3.85) —3.90 —3.69 3.57 —4.34(—4.20)

A2 —2.15(—=1.69) —1.56 —1.22 436 —247(=2.26)

Also, enthalpy, AH, and Gibbs free energy, AG, for the association
reactions at room temperature (298 K) and at MP2/aug-cc-pVTZ
computational level are shown. All quantities in kcal/mol

# CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVTZ and, in parentheses,
CCSD(T)/aug-cc-pVQZ//MP2/aug-cc-pVTZ computational levels

b Zero point vibrational energy corrections (ZPE) added in parentheses

¢ Basis set superposition error (BSSE)

complex, A1, while the approach is via the O atom in A2.
In either case, the interactions can be described as the
approach of a negative minimum in the MEP of CO toward
the positive w-hole above S. The greater stability of Al
is consistent with the more negative minimum near the C
atom, as well as the 0.1 A shorter intermolecular distance.
No dimers in which the O lone pairs from SO; interact with
the positive belt in CO have found, due to the very poor
electrostatic power of this last region.

The energetics of the two complexes are displayed
in Table 1 which shows the binding energy of Al to be
roughly twice that of A2, both before and after zero point
energies basis set superposition errors (BSSE) are added
in. Raising the level of correlation from MP2 to CCSD(T)
reduces the binding energy of A1 and raises that of A2, but
by small amounts in either case. As can be seen in Table 1
about E,, at CCSD(T) level, small differences arise from the
change in the aug-cc-pVTZ and aug-cc-pVQZ basis sets.
The more stable OC---SO; complex is bound by approxi-
mately the same amount as the water dimer [64], the para-
digm of classic H-bonding. The succeeding columns indi-
cate that AH is rather similar to the ZPE-corrected binding
energy. AG, on the other hand, is positive at 298 K, less
so for Al than for A2. This thermodynamic quantity is
negative for temperatures below —121 K for A1, and below
—208 K for A2.

In addition to a simple electrostatic attraction, Table 2
reports measures of a stabilizing charge transfer between
the two molecules. The NBO value of E(2) represents an
energetic assessment of the charge transfer from the C/O
lone pair of CO in A1/A2, to a * antibonding orbital of
SO;. There is a fairly large E(2) of 6.24 kcal/mol for Al,
and a smaller but still significant E(2) of 1.10 kcal/mol
for A2. The last two columns of Table 2 present the val-
ues of the electron density p and its Laplacian VZp at the
C/O---S bond critical point as determined by AIM analysis.

Table 2 Natural bond orbital parameters [E(2) in kcal/mol] at
wB97XD/aug-cc-pVTZ level, and AIM descriptors (electron density,
ppcp and its Laplacian at the BCP, both in au) at MP2/aug-cc-pVTZ
computational level for the noncovalent interactions present in the
indicated dimers and B1-B3 trimers

Complex NBO AIM

Donor lone pair  E(2) OBCP V2 ppep
Al C 6.24 0.020 0.055
A2 O 1.10 0.010 0.045
B1 CC 5.40,5.40 0.016,0.016 0.049, 0.049
B2 C,O0 6.20,1.17 0.019,0.009 0.052, 0.041
B3 0,0 1.21,1.21 0.010,0.010 0.044, 0.044

Sum of all the C,/O,, — 7*(SO) components for a same type inter-
action

Consistent with the other trends, both of these measures of
bond strength are larger for A1 than for A2.

The decomposition of the total interaction energy into
its constituent parts was calculated via DFT-SAPT, and
the results are reported in Table 3. The electrostatic force
represents the strongest attractive component for Al, fol-
lowed by dispersion and then by induction. Electrostatic
is much smaller in A2 and is in fact surpassed by disper-
sion, with induction again playing a much more minor role.
The smaller Coulombic attraction in A2 is understandable
based on the CO dipole moment, which is repelled by the
SO; quadrupole moment.

Another result of the formation of a dimer is the shift
of electron density that accompanies the complexation.
These shifts are displayed in Fig. 3 where electron density
increments are denoted in purple and losses in green. The
patterns for both A1 and A2 are similar, but again they are
attenuated in A2. A gain is observed in the C/O atom that
is approaching the SO; molecule from above, and a loss
on the other atom of CO. This pattern is verified by NBO
atomic charges wherein the atom of CO interacting directly
with SO; acquires additional charge, at the expense of the
other atom. There is an internal shift of density from the
region immediately above the S atom of SO; toward the
three O atoms, a redistribution consistent with the NBO
atomic charges. It would appear from Fig. 3 that the latter
internal polarization of SO; is considerably smaller in A2,
while the changes within CO are fairly similar from A1l to
A2, again all consonant with NBO atomic charge patterns.
In terms of the amount of charge transferred between mol-
ecules, from CO to SO;, both Fig. 3 and the NBO atomic
charges suggest that there is very little transfer in A2, as
most of the density rearrangement is internal, particularly
within CO.

Dipole moments of the complexes also reflect charge
redistribution. The dipole of the CO monomer is 0.254 D,
in the "C-O™" direction. This moment is increased more
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Table 3 Interaction energy components (kcal/mol) for the SO;:CO heterodimers, calculated using the DFT-SAPT (PBE(O/aug-cc-pVTZ) meth-

odology
Complex ES EX IND DISP Sup EPTT-SAPT
Al —7.62 12.00 —-2.13 —4.15 —1.40 —-3.30
A2 —2.01 3.26 —0.55 —-2.12 —0.28 -1.70
, ) T ¢C=—=0e¢ <w—» oC 03
ol o) I I
Al A2 Scheme 1 Lewis structure analysis in the CO monomer
Fig. 3 Electron density shifts in SO;:CO dimers caused by formation
of complex. Contours represent the +0.001 au surface; increase in
purple and decrease in green
—o 2.899 ‘22.899 —o o 2925“1 2.925
Table 4 Changes in internal bond lengths (mA) and vibrational fre-
quencies (cm™") of monomers upon formation of dimers and B1-B3 B1 (Dsn) B3 (Dsy)
trimers
Complex R(C=0) v(C=0) R(S=0) v, (S=0)* 2.840 2 959
Al -25 21 -1.7 10
A2 0.8 -2 1.0 —4 B2 (C))
B1 -1.9 16, 16 -22 16
B2 —25,05 20, -1 —22 13 Fig. 4 Structures of the SO;:(CO), heterotrimers optimized at the
B3 0.8 -3,-3 —1.4 7

In monomers, R(C=0) = 1.1390 A and w(C=0) = 2,110 cm™};
R(S=0) =1.4451 A, v, = 1,036 cm™!

* Symmetric stretching frequency

than fourfold in complex A1, which is consistent with the
shift of density from O to C in Fig. 3. This same figure
shows the opposite polarization, from C to O, in A2. This
polarization indeed reverses the dipole of CO, to TC-O~,
with a magnitude of 0.149 D.

Even weak noncovalent interactions are known to induce
perturbations in the internal properties of the monomers.
Table 4 lists the changes in the internal bond lengths and
vibrational frequencies that occur upon forming dimers A1l
and A2. It is first notable that these two structures influence
the monomers in opposite ways. In structure A1, the bonds
of both molecules become shorter and the frequencies shift
to the blue. The changes are of opposite sign in A2 and
smaller in magnitude.

There are perhaps several ways to understand these
trends. With respect to CO, the largest shift in orbital occu-
pancy upon forming the A1l dimer is a 28 me drop in the
C lone pair orbital. A pictorial examination of this orbital
shows a node in the region between the C and O atoms,
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MP2/aug-cc-pVTZ level. Broken blue lines connect interacting moie-
ties corroborated by AIM. Interatomic distances in A

which may be characterized as antibonding character. The
loss of density from this orbital may thus be associated
with an enhanced C-O bond strength, which leads to the
observed bond contraction and blue shift. The loss of occu-
pancy of the O lone pair in A2 is very small, less than 1 me,
so is consistent with the very small changes in the CO bond
strength markers in Table 4.

Another and less rigorous manner of understanding
these patterns is associated with a simple Lewis structure
analysis. One may consider the bonding of CO to consist of
a resonance between a triple-bonded structure I with oppo-
site charges on the two atoms, as shown in Scheme I, and
II which contains two neutral atoms connected by a double
bond (see Scheme 1). The shift in charge which amplifies
the charge separation in A1 would tend to push the equilib-
rium between I and II toward I, and the stronger triple bond
contained therein.

3.3 SO;:(CO), heterotrimers

Upon adding a second CO monomer to the SO5:CO dimer,
the potential energy surface was searched in two steps: (1)
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Table 5 Many-body analysis (kcal/mol) for the SO5:(CO), heterotrimers calculated at MP2/aug-cc-pVTZ level

Comp. E, Ep, E; Ey, TA’E A’E E,

B1 0.03 —4.65 —4.65 -0.01 —-9.31 0.55 —8.73
B2 0.07 —4.79 —2.14 —0.01 —6.94 0.22 —6.64
B3 0.00 —2.15 —2.15 —0.06 —4.36 0.05 —4.31

Subscripts 1, 2 and 3 refer to SO, CO(1), and the second CO monomer [CO(2)], respectively. Binding energies in A1 and A2 dimers are —4.74

and —2.15 kcal/mol, respectively

using the A1 and A2 dimers as starting points and (2) begin-
ning with fresh initial starting points. For this second pur-
pose, the coalescence-kick program was employed, which
provides a fully objective searching protocol [65]. The three
minima in Fig. 4 resulted from this combined approach.
All three resemble the dimers in that the CO molecules
approach SO; both from above and below. In the most sta-
ble B1, S is attacked by C atoms, by O atoms in B3, and by
one of each in B2. The order of stability follows the dimer
pattern that the C atom is favored over O to form a S.--C
chalcogen bond. The very weak interactions between CO
monomers precluded formation of SO5:(CO), heterotrim-
ers where a pair of CO molecules interact with one another.
Indeed, (CO), homodimers are described in the literature as
bound by only very weak van der Waals bonds [66—68].

There is evidence of negative cooperativity in the S---X
bond lengths. Whereas R(S---C) = 2.809 A in A1, it is
elongated in the trimers; likewise, the S---O bonds in the
trimers are longer that its value of 2.915 A in A2. This
mutual weakening effect may be understood first on the
basis that SO; serves as double electron acceptor in the
trimers. A related description might utilize the weakening
of the SO; m-hole upon its complexation with the first CO
molecule. For example, the wt-hole in the SO; monomer has
a magnitude of 52.8 kcal/mol, which is reduced to 44.6 in
Al and 50.8 in A2.

Other evidence of antagonistic behavior is observed in
the electronic structure. It may be noted from Table 2 that
the E(2) C, — 7*(SO) charge transfer energy of the Al
dimer of 6.24 kcal/mol is reduced in the trimers, although
there is a slight rise in the O, — 7*(SO) quantities. The
AIM measures in the last two columns also show a bond
weakening upon going from dimer to trimer.

The changes in the internal parameters provide further
support of negative cooperativity. The CO bond length con-
traction of 2.5 mA in A1 is reduced in B1, and the 0.8 mA
stretch in A2 is lowered to 0.5 in B2, with similar patterns
noted in v(C=0). On the other hand, the 1.7 mA contrac-
tion of R(S=O0) in Al is amplified to 2.2 mA in B1 and
B2, suggesting that the effects of one CO molecule upon
the central SO; are enhanced by a second CO on the other
side of the trimer. This same amplification is observed in
the symmetric SO stretching frequency.

)
2,649(’\. .}f‘ 2.750
T 3.030 T
J‘Z.’ZO >—I 2.810 ™o

C1(C) C2(Cy)

1
269007 g

2773 3 2868 @
'—-

3.103
J‘.’ 5565 @
C3(C)) C4(C)
f T 2721 § 2044 @9
2.906

o3 @@ @

C5(Cy 6 (Cy)

2847 9 2570 4

C7(C)

Fig. 5 Structures of (SO3),:CO heterotrimers optimized at the MP2/
aug-cc-pVTZ level. Broken blue lines connect interacting moieties
corroborated by AIM. Interatomic distances in A

The many-body analysis for the SO5:(CO), heterotrim-
ers reported in Table 5 shows first that the interaction ener-
gies of the A1 and A2 dimers are changed very little when
placed in the context of pairwise interactions E;, and E;
in the trimers. The small changes in the geometry have a
negligible energetic effect, as is clear from the very small
values of E, in the first column of Table 5. The third-order
term, A’E, which represents the total cooperativity is
positive in all cases, again confirming the negative coop-
erativity. Note that this term is largest for the most strongly
bound trimers.
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3.4 (503),:CO heterotrimers

As for the SO5:(CO), complexes, the inclusion of a second
SO; monomer was performed: (1) through the A1 and A2
dimers and (2) beginning with fresh initial starting points.
SO; molecules can engage in relatively strong noncovalent
bonds [37]. For that reason, the six most stable minima of
the seven found on the (SO;),:CO potential energy surface
in Fig. 5 include stabilizing interactions between the SO,
monomers. Structure C1, for example, includes a S---O
chalcogen bond between SO; molecules as the shortest
contact, as well as a S---C contact reminiscent of that in
dimer A1, and a longer C---O contact. Structure C1, like
C4, could best be described as a cyclic geometry. In C2,
C3, and CS5, SO; occupies a central position, whereas CO
is located between the two SO5 molecules in C7.

The changes induced in the CO monomer by formation
of these heterotrimers are documented in Table 6. There is
a clear pattern of CO bond contraction and blue shifts in
C1, C2, C3, and C7, with opposite, albeit smaller, changes
in C4—C6. Consistent with the results for the dimers, the
former set of trimers all involves interaction of the C atom
of CO, while the O atom participates in the bonding in the
latter set.

Table 6 Changes in internal bond lengths (mA) and vibrational fre-
quencies (cm~!) of monomers upon formation of dimers and C1-C7
trimers

Complex R(C=0) v(C=0)
C1 -3.3 27
C2 2.7 22
C3 —22 18
C4 1.0 -3
Cs 0.8 -3
Cé 0.6 -2
C7 —1.8 19

In monomers, R(C=0) = 1.1390 A and w(C=0) = 2,110 cm™! ;
R(S=0) = 1.4451 A, v, = 1,036 cm™!

The many-body analysis of the seven (SO;),:CO het-
erotrimers in Table 7 shows first that the distortion energy
remains low, here less than 0.4 kcal/mol. Again, the bimolecu-
lar terms representing OC---SO5 and CO---SO; interactions are
quite similar to their values in the A1 and A2 dimers. While
generally small, the cooperativity term A’E is negative in
many cases, indicating a synergistic effect, but especially large
in C1. Not surprisingly, positive values of AE are character-
istic of structures where the central molecule plays the role of
either double electron acceptor (C3 and C6) or donor (C7).

Due in part to their cyclic nature, the structure of NBO
charge transfers in the (S0O;),:CO heterotrimers is more
complicated than in those of the preceding structures. The
values of E(2) are displayed in Table 8, along with their
donor and acceptor orbitals. The stability of C1 can be
traced to a pair of important transfers. The largest is the
C,, = n*(SO) transfer involving CO, followed closely by
an O, — 7*(SO) chalcogen bond between two SO; mol-
ecules. And indeed, these C,, — 7*(SO) transfers are typi-
cally more substantial than the chalcogen bonds between
SO; molecules. As in the dimers, the Gy, = *(SO) values
of E(2) are consistently much larger than Olp — *(S0).

Another manifestation of the synergistic effects in some
of these trimers can be seen in the values of Clp — *(S0)
E(2), which was equal to 6.24 kcal/mol in Al. This quan-
tity exceeds this value in C1 and C2. In both of these struc-
tures, the second SO; molecule engages in a S---O chal-
cogen bond with the first SO;, which retrieves electron
density from it, and thereby enhancing its m-hole, and also
permitting a larger charge transfer from the C lone pair.

4 Summary

The C atom of CO attacks the SO; molecule from directly
above the SO; plane, to form a S---C chalcogen bond. This
interaction is largely electrostatic in nature, with the nega-
tive end of the CO dipole advancing toward the m-hole that
lies above the S atom. It is supplemented by the charge

Table 7 Many-body analysis (kcal/mol) for the (SO;),:CO heterotrimers calculated at the MP2/aug-cc-pVTZ level

Comp. E, Ep, E; Ey, TAE AE E,

C1 0.39 —4.78 —4.82 -1.01 —10.60 —0.86 —11.08
C2 0.18 —4.90 —4.77 —-0.20 —-9.87 -0.09 —9.78
Cc3 0.08 —4.60 —0.03 —4.71 —9.34 0.38 —8.89
C4 0.14 —4.75 —2.11 —0.75 —~7.61 —0.26 —~7.73
Cs 0.14 —5.03 —2.14 —0.07 —7.24 —0.02 ~7.12
C6 0.11 —4.73 —0.06 -2.14 —6.93 0.13 —6.69
C7 0.05 —4.76 0.10 —-2.13 —6.79 0.40 —6.35

Subscripts 1, 2 and 3 refer to SO5(1), the second SO; monomer [SO;(2)], and the CO monomer, respectively

4 C3 contains one very small imaginary frequency of 8; cm™!

@ Springer



Theor Chem Acc (2014) 133:1586

Page 70f 8 1586

Table 8 NBO values of E(2) (kcal/mol) at the wB97XD/aug-cc-
pVTZ level for the noncovalent interactions present in the (SO5),:CO
heterotrimers

Complex Donor/Acc. Type EQ2)
C1 SO;(2)/SO5(1) Oy, = ©*(SO) 10.74
SO;(1)/CO Oy, > ©*(CO) 0.69
CO/SO4(1) C,, = n*(SO) 11.39
C2 SO;(2)/SO4(1) Oy, = *(SO) 4.46
SO;(1)/SO5(2) 0y, > ©*(SO) 2.58
CO/SO4(1) C,p, = *(SO) 7.24
C3 S0O;(2)/SO5(1) O, = ©*(SO) 4.55
CO/SO4(1) C,, = n*(SO) 5.79
C4 S0O;(2)/SO5(1) Oy, = ©*(SO) 4.90
CO/SO4(1) Oy, > ©*(SO) 0.59
Cs S0O;(2)/SO4(1) Oy, > 1*(SO) 3.38
SO;(1)/SO4(2) Oy, > ©*(SO) 3.26
CO/SO4(1) 0y, > ©*(SO) 1.34
Coé S0O;(2)/SO4(1) Oy, = *(SO) 5.14
CO/SO4(1) O, = ©*(SO) 1.16
(67) CO/SO4(1) Gy, = n*(SO) 5.93
CO/S04(2) Oy, > ©*(SO) 0.83

SO5(1) and SO;(2) refer to the derived and nonderived SOj; structure
in dimers for the (SO5),:CO heterotrimers, in each case

transfer from the C lone pair into the n*(SO) antibond-
ing system, as well as a sizable dispersion contribution. In
total, the binding energy of this heterodimer is between 4
and 5 kcal/mol, similar to the H-bond energy of the water
dimer. A secondary minimum occurs if the CO molecule is
rotated around so that its O atom attacks the S of SO;, but
this structure is more weakly bound.

This same S---O chalcogen bond is the guiding feature
in the global minimum of the SO;:(CO), heterotrimer. The
C atoms of the two CO molecules simultaneously approach
the S of SO; from above and below. This assembly leads
to a minor degree of negative cooperativity, as the central
SO; molecule serves as double electron acceptor. In the
case of the (SO;),:CO trimer, there are two strong noncova-
lent bonds present. In the first place, there is the same S---C
chalcogen bond that is the common feature of the dimer.
This interaction is supplemented by an equally strong S---O
chalcogen bond between the pair of SO, molecules. Due to
its cyclic structure, with each of the three molecules acting
as both electron donor and acceptor, this complex exhibits
a synergistic positive cooperativity that amounts to nearly
1 kcal/mol.

In addition to the global minima, the potential energy
surface of each heterotrimer contains a number of second-
ary minima as well. The stability of each can be explained
on the basis of charge transfers and alignment of posi-
tive with negative extremes of the molecular electrostatic
potentials.
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