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ABSTRACT
Ab initio and DFT calculations are used to examine complexes formed between H,CO and
H,CS with 1, 2, and 3 molecules of SO,. The nature of the interactions is probed by a variety
of means, including electrostatic potentials, NBO, AIM, energy decomposition, and electron
density redistribution maps. The dimers are relatively strongly bound, with interaction
energies exceeding 5 kcal/mol. The structures are cyclic, containing both a O/S--S chalcogen
bond and a CH---O H-bond. Addition of a second SO, molecule leads to a variety of
heterotrimer structures, most of which resemble the original dimer, where the second SO,
molecule engages in a chalcogen bond with the first SO,, and a C---O attraction with the
H,CX. Some cooperativity is apparent in the trimers and tetramers, with an attractive three-

body interaction energy and shortened intermolecular distances.
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INTRODUCTION

The interactions between molecules represent the linchpin of our understanding of
condensed phases and other aggregation phenomena. These so-called noncovalent bonds are
also an essential ingredient in the structure adopted by single molecules as they control the
forces between segments that are not directly bonded to one another. For example, the
structure and function of biomolecular proteins are in large part controlled by noncovalent
forces between amino acid residues that are not immediately adjacent to one another along
the polypeptide backbone.

Of the various sorts of noncovalent interactions, the hydrogen bond (HB) is arguably the
most intensively studied over the years.'™ The original formulation of HBs in which the
proton donor and acceptor atoms are members of the very electronegative set of F, O, and N
has gradually given way to a more generalized scheme which includes less electronegative
atoms like Cl, S, and c® Further, the earlier ideas that the proton acceptor atom interacts
with the bridging proton via its lone electron pair has been broadened to m and o bonds,” "
and even to a hydridic H atom within the context of what have come to be known as
dihydrogen bonds.'" 17

Another sort of noncovalent bond arises when a pair of electronegative atoms are drawn
toward one another. What would otherwise be a repulsion between atoms which both contain
at least a partial negative charge becomes attractive due to the anisotropic distribution of
electron density. In the case of halogen bonds, the charge distribution around a halogen atom
X involved in a Y=X bond is far from spherical. There is a belt of negative charge that girdles
the Y-X bond, and surrounds a crown of positive charge along the extension of the Y-X
bond. The latter positively charged region is attracted to the negative charge of a neighboring
molecule, commonly to an O atom, to form an attractive intermolecular X---O halogen
bond."®? Like HBs, the electrostatic attractions within these halogen bonds are supplemented
by charge transfer from the lone pair(s) of the O atom into the o* antibonding Y-X orbital,
which tends to weaken and lengthen the latter Y—X bond. Attractive London (dispersion)
forces further supplement the overall binding energy of these halogen bonds. This concept
has been extended beyond halogen atoms to include other electronegative atoms, notably
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members of the chalcogen and pnicogen’' ™’ families, and there are very recent works that

suggest that even the less electronegative C group of the periodic table can engage in very
similar bonding interactions.*® %’
Although a great deal has been learned about the latter types of noncovalent bonds, there

are a number of important remaining questions. The simple HCO molecule offers a number



of opportunities for study of unusual noncovalent bonds. For one thing, each C-H can act as
proton donor in a nonconventional HB to a proton acceptor. The O atom can serve as HB
proton acceptor, but can also participate in a chalcogen bond. The mutation of H,CO to H,CS
presents the possibility to examine how both of these functionalities are affected when O is
changed to its third-row analogue. The SO, molecule is especially interesting in this respect.
Chalcogen bonds are in principle possible not only with the two terminal O atoms but also
with the S in the center. The combination of SO, with H,CO thus provides a wealth of
different possible interactions, i.e., CH:-*O and CH--S HBs, as well as S---O and O---O
chalcogen bonds. In addition, the © systems of these molecules further widen the range of
possibilities wherein charge can be transferred from & orbitals and into ©* antibonds.

In addition to their intrinsic and fundamental interest, formaldehyde and sulfur dioxide
fill roles in industrial and environmental chemistry. Formaldehyde is emitted to the
troposphere from motor vehicles and industrial emissions. The properties of this molecule in
the ground state using ab initio studies were reviewed by Bruna et al.*’ Besides, Alvarez-
Idaboy et al. and Zhao et al. explored the reaction between H,CO and the radical OH.**
Sulfur dioxide is the main cause of acid rain, due to its ability to form sulfur trioxide (SO3),
which in combination with water, leads to the formation of sulfuric acid. The reaction of
carbonyl oxides with SO is also relevant,“'45 due to the possible contribution of this reaction
to acid rain, which was experimentally studied in the 1980s by Calvert et al.*

This work begins with the heterodimers combining SO, with both H,CO and H,CS. The
entire potential energy surfaces are searched to identify all minima, and to analyze the nature
of the bonding interactions which characterize each, as well as their strength. As in many
such dimers, it is common to observe more than one noncovalent bond in any particular
minimum-energy geometry. These arrangements permit an analysis of how each sort of bond
affects the other. The ability of these sorts of noncovalent bonds to affect one another is
further probed by adding a third (and fourth) molecule and analyzing the associated
cooperative effects.

COMPUTATIONAL METHODS

The geometry and properties of the 1:1 and 2:1 SO,:H,CX (X = O, S) and also of the 3:1

SO,:H,CO complexes, have been studied through the use of the second-order Mgller-Plesset

4730 with the aug-cc-pVDZ basis set.”! In all cases, vibrational

perturbation theory (MP2)
frequencies were calculated in order to confirm that the structures correspond to true minima
and to obtain the zero point vibrational energy (ZPE). All calculations were carried out with

the GAUSSIANO9 program.”” Interaction energies were computed as the difference in energy



between the complex on one hand, and the sum of the energies of the monomers on the other,
using the monomer geometries from the optimized complex. Interaction energies were
corrected by the counterpoise procedure.53 Single-point CCSD(T)54/aug—cc—pVTZ
calculations were performed for the 1:1 complexes, using MP2/aug-cc-pVDZ geometries so
as to obtain more accurate values. Also, binding energies were computed as the difference in
energy between the complex on one hand, and the sum of the energies of the optimized
monomers on the other, taking into account also the ZPE.

Atoms in Molecules (AIM)SS’ 56 theory at MP2-level, and Natural Bond Orbital (NBO)57
theory with the ®B97XD’® functional, were applied to help analyze the interactions, using the
AIMAII™® and NBO3.1% programs. The presence of AIM bond critical points (BCP) between

two centers of the monomers in the complexes,5 561,62

support the presence of attractive
bonding interactions, which are also quantified by NBO charge transfer between orbitals of
different fragments.

Further analysis of the interaction energy by decomposition into components was carried
out via DFT-SAPT calculations at the PBE0®'/aug-cc-pVTZ level with the MOLPRO

DFT-SAPT - . .
EPFTSAPT i obtained as a sum of five terms

progra‘tm.63 The DFT-SAPT interaction energy,
(eq. 1): electrostatic (E,), exchange (E,,.), induction (E;,), dispersion (E;) and higher-order
contributions (ESHF).(’4

DFT-SAPT
E = Leje + Eexc + Eind + Edis + 8HF (1)

RESULTS AND DISCUSSION

The first section below presents the molecular electrostatic potentials of the monomers,
which play an instrumental role in the geometries adopted by the complexes. The succeeding
sections detail the results first for the 1:1 heterodimers, followed by the 2:1 SO,:H,CX (X =
0, S) complexes, and then the 3:1 SO,:H,CO heterotetramers.
Monomers
Formaldehyde (H,CO), thioformaldehyde (H,CS) and sulfur dioxide (SO;) monomers adopt
C,, optimized geometries. The Molecular Electrostatic Potential (MEP) of each molecule is
illustrated in Fig. 1, where red and blue regions correspond to negative and positive
potentials, respectively. In the case of H,CO, the two classical O lone pairs merge into one
negative cloud, while there is more separation between them in H,CS. The remainder of the

surrounding region of each molecule is generally positive. The potential around the SO,



molecule is also largely positive, but has a negative lobe on the perimeter of each O atom. In
general, then, the potential of all three molecules can be characterized as generally positive,
but with negative regions around oxygen atoms. The SO, molecule differs from the other two
in that the positive region above and below the S atom extends further from the molecule.
The latter positive areas represent potential binding sites for interactions with negative
potentials of partner molecules. The value of the SO, potential at its maximum on the van der
Waals (vdW) surface of the molecule lies above the S atom and amounts to 32.9 kcal/mol,
consistent with the idea of a m—hole.®

1:1 SO,:H,CX (X = O, S) Heterodimers

The potential energy surface (PES) for the 1:1 SO,:H,CO heterodimer contains a single
minimum while there are four such minima for SO,:H,CS. The optimized structures are
gathered in Fig. 2. There is a strong similarity between the most stable complexes for both
H,CX, A1 (SO;,:H,CO) and B1 (SO,:H,CS). Both contain what would appear to be a CH---O
H-bond, as well as a bonding interaction between S of SO, and X. These geometries make
sense from an electrostatic perspective, matching a positive region of one molecule with a
negative area of its partner. The presence of specific bonding interactions are supported by
AIM analysis; broken lines are introduced in Fig. 1 and succeeding molecular diagrams to
indicate the presence of a BCP.

The other three SO,:H,CS minima B2, B3, and B4 are less stable than B1 by 3.38, 3.66
and 4.11 kcal/mol, respectively. MP2 calculations with the larger aug-cc-pVTZ basis set were
performed in order to corroborate that the smaller number of minima in the 1:1 SO,:H,CO
system is not due to a poor description at the MP2/aug-cc-pVDZ computational level. The
larger basis set leaves unchanged the number and energetic ordering of the minima.

AIM analysis provides helpful information about the bond paths that link two nuclear
attractors, that is, atomic centers. In the case of A1 and B1, two bond paths corresponding to
weak interactions are present. The first one appears between the chalcogen atom of H,CX (O
or S) and the S atom of SO,, and a second between the O atom of SO, and a H atom of H,CX
(for convenience in the discussion, the interacting oxygen atom is designated O,, and the
other as Og). Despite the general similarity of the A1 and B1 structures, there are certain
significant differences. Compared to A1, the R(CH:--O) distance is 0.164 A shorter in B1,
suggesting a stronger CH-O H-bond, and the R(S--X) distance longer by 0.430 A. B2
exhibits two bond paths, linking the C atom of H,CS with both the S atom and O, of SO,,

with interatomic distances of 3.535 and 3.071 A, respectively. These noncovalent bonds



involving the C atom are unusual so were examined in more detail: the values of p at the
CesS and Ce=O bond critical points are 0.0056 and 0.0071 au, respectively. These values are
consistent with their characterization as bonds, as are their respective values of V’p which are
0.0154 and 0.0251 au. In comparison, B3 and B4 appear to be stabilized exclusively by
CH:--O H-bonds.

Turning next to the interaction energies (E;,), Table 1 shows that A1 and B1 have similar
counterpoise-corrected values of —4.41 and —4.32 kcal/mol in each case, raised by 1 kcal/mol
in absolute terms at the CCSD(T)/aug-cc-pVTZ level. This CCSD(T) value is comparable to
the experimental®® and the more accurate theoretical®” interaction energies within the
paradigmatic H-bonded water dimer. In particular, at the same MP2/aug-cc-pVDZ level,
Xantheas and Dunning Jr.’s calculations® yielded a value of —5.34 kcal/mol, slightly greater
than the results obtained here. There is thus not much to distinguish H,CO vs H,CS with
respect to its binding energy with SO,. The other three HCS heterodimer structures are much
less tightly bound, with —E;, less than 2 kcal/mol. Binding energies (E}) in Table 1 have very
similar values with respect to the interaction energies, with differences less than 0.1 kcal/mol
at the MP2 level. At the CCSD(T) level, these differences are still within 0.26 kcal/mol. E;,;
is consistently more negative than is Ej, as the energies of the monomers are lower in their
optimized geometries,

Table 2 reports the various thermodynamic quantities for the association reactions in the
1:1 SO,:H,CX (X = O, S) complexes at room temperature (298 K). In all cases AS° is
negative as is typical of such association reactions where two entities are combined into one.
This negative quantity is sufficient to make AG® positive at 298 K despite the negative
enthalpy change of this reaction. In fact, as AS° is less negative for the more weakly bound
complexes B3 and B4 (i.e. less negative values of AH°), the latter two dimers have less
positive values of AG® than do B1 and B2 at 298K. This observation illustrates that the
energetic disadvantage of weakly bound complexes at low T can dissipate, and even reverse,
as the temperature rises in certain circumstances.

The electrostatic potential maps of Fig. 1 are consistent with, and even predictive of, the
geometric configurations of the various heterodimers. As noted above, the most positive
region around the SO, molecule lies directly above the S atom. It is this region which
favorably interacts with the negative area that surrounds the O/S atoms of H,CX in A1 and
B1, complemented by the attraction between the regions of opposite charge encompassed by

the CH---O H-bonds. The latter electrostatic attraction is also a feature of B3 and B4. Lastly,



the negative region about the O atoms of SO, can also interact with the positive area above
the plane of the CH, group of H,CS in B2.

It is worth comparing the interactions within these heterodimers with those of the
corresponding homodimers. The potential energy surface of (SO;), contains three minima at
the MP2/aug-cc-pVDZ computational level. The most stable structure has been previously
characterized experimentally in the literature (see Scheme 1).* Our computed interaction
energy at the CCSD(T)/aug-cc-pVTZ//MP2/aug-cc-pVDZ computational level is —3.02
kcal/mol. Fig. S1 and Table S1 of the Electronic Supplementary Information (ESI), illustrate
that the PES of this homodimer contains three different minima with comparable energies.
The most stable structure (D1) is stabilized by a S---O chalcogen bond of length 3.206 A, and
another (D2) by a slightly shorter O---O interaction. D3, somewhat less stable, is cyclic,
containing a pair of S---O bonds, plus an interoxygen stabilization.

The two minima on the (H,CO), PES have been described in the literature with
interaction energies of —4.43 and —3.58 kcal/mol at the ae-CCSD(T)/CBS computational level
(see Scheme 1).”° One structure is stabilized by a pair of CH:--O H-bonds, while the other
replaces one of the CH---O bonds by an apparent attraction between C and O. (H,CS), seems
to be an unstable structure which leads to the dimerization of the monomers through the
formation of a formal S—C covalent bond as has been described recently by Krantz et al. in
the literature’ (see Scheme 1). Overall, then, the interaction energies of these various

homodimers are somewhat smaller than the same quantities in the heterodimers.

Scheme 1. (H,CO); (a, b) and (SO,); (¢) dimers, and (H,CS), molecule described in the

literature. See ref.69, ref.”® and ref.”, respectively.
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NBO analysis offers useful insights into the fundamental nature of the intermolecular
forces, dealing primarily with charge-transfer interactions between particular molecular
orbitals. Table 3 lists the main intermolecular second-order perturbation energies, E(2) for the
1:1 SO,:H,CX (X = O, S) complexes (a visual depiction of the involved orbitals is contained

in the ESI as Fig. S2). The primary component for the A1 and B1 structures may be seen to



be transfer from a lone pair of the O/S atom of H,CX into a S—Op n* antibonding orbital of
SO,. Both structures are stabilized also by several smaller auxiliary interactions, most notably
from O lone pairs of SO, to a ¢* antibonding CH orbital of H,CX (there are two such
interactions in each case, one for each O lone pair, summed together in Table 3). The latter
transfer is consistent with the notion of a CH---O H-bond in these heterodimers, buttressed by
the short R(H-+O) distances of 2.412 and 2.248 A, respectively. The shorter H-bond length in
the H,CS complex is consistent with the larger combined E(2) values of 3.75 kcal/mol,
compared to 1.78 kcal/mol for A1. The latter A1 dimer is also stabilized by a transfer from
the H,CO O atom into the S—O4 6* antibonding orbital of SO,, amounting to 0.55 kcal/mol.

The less stable B2 complex appears to contain a single noncovalent bond, involving
transfer from an Oy lone pair of SO, into a ©* antibonding C—S orbital of H,CS (1.25
kcal/mol). This NBO picture contrasts with the AIM interpretation in Fig. 2 that would
suggest C---S and C---O bonds. Examination of the electrostatic potentials in Fig. 1 would not
lead to the characterization of this interaction as involving a so-called n—hole above the C
atom of H,CS. The O;,—n*(C=S) transfer is reminiscent of similar O;,—n*(C=0)
interactions suggested by the Raines’ group to help stabilize certain polypeptide structures.’*
3 There are no E(2) values in structures B3 or B4 that reach the 0.5 kcal/mol threshold, so
one might suppose that any CH---O bonds are rather weak, consistent with their lengths in
excess of 2.7 A. Indeed, one might consider the less stable structures in Fig. 2 to be primarily
bound together by favorable Coulombic interactions between the MEPs of the two monomers
(see Fig. 1).

Another useful window into the nature of the interaction arises from a decomposition of
the total interaction energy into individual components. This partitioning was carried out via
the DFT-SAPT methodology (PBEO/aug-cc-pVTZ), and the components are displayed in
Table 4. The DFT-SAPT analysis used the experimental ionization potentials, in eV, for
H,CO (10.88)"* HoCS (9.376 +0.003)” and SO, (12.5 £ 0.1),”® from NIST.”” 1Tt is first clear
that the largest attractive component is the electrostatic energy which is in absolute terms
more than 9 kcal/mol for A1 and B1, followed by dispersion which is roughly half that
amount. Somewhat smaller is oyr which represents higher-order effects. Induction makes the
smallest contribution to the attraction. All of these terms suffer a substantial reduction in the
other complexes, B2-B4, consistent with their overall weaker nature. It might be worth
noting, however, that in the latter three dimers, the dispersion energy is essentially equal to

the electrostatic attraction.



As two molecules begin to interact with one another, they perturb one another’s electron
clouds. The shifts in total electron density that occur as a result of the formation of each
complex are illustrated in Fig. 3, where purple and yellow regions indicate respectively gains
and losses of density, relative to the isolated monomers. A common value of £0.001 au was
used in diagrams for A1 and B1. The shifts in these two structures show very similar patterns.
The CH---O HBs in the lower part of each dimer are verified by the characteristic loss of
density around the bridging H, and the buildup in the lone pair region of the proton-acceptor
O atom. The O--X chalcogen bond in the upper portion of each molecule is represented by a
loss in the lone pair region of the SO, molecule’s O atom, and gain to the left of the X atom
of HyCX. Density shifts in the other heterodimers are much smaller, and are barely evident
with the use of the common +0.001 au contour, so are displayed in Fig. 3 using a smaller
contour value of £0.0005 au. The patterns in B3 and B4 are consistent with the usual
fingerprint of HBs: loss around the bridging proton and gain by the proton-acceptor atom. B2
does not fit this pattern, instead showing a gain around the O atom of SO,, and the S of H,CS,
coupled with loss in the region of the CH, moiety.

2:1 SO,:CH,X (X = O, S) Heterotrimers

The PES of 2:1 SO,:H,CX (X = O, S) mixed heterotrimers were searched following a dual
strategy: 1) inserting a second SO, molecule in various locations around the aforementioned
1:1 complexes; and ii) fresh starting points, with no prejudice toward the 1:1 structures.

Fig. 4 gathers together the minima obtained for the 2:1 complexes between SO, and
H,CO at the MP2/aug-cc-pVDZ computational level, all of which are in some sense derived
from the A1 dimer, in that one SO, molecule is connected to H;CO by both a CH---O HB and
a S--O chalcogen bond. The total of 11 minima (Ala to A1k) can be classified into three
main groups:

i) Ala-Ale are cyclic structures in that the second SO, molecule engages in a chalcogen
bond with the first SO,, and a C---O attraction with the H,CO.

ii) Alh and Ali are also cyclic, and the second SO, is bound by S---O chalcogen bonds
alone.

iii) A1f, Alg, Alj, A1k are all noncyclic, that is, linear, in that there are two end
molecules that have no interaction with one another. The H,CO molecule is centrally
disposed between two SO; units in A1f, Alg, and Aik, while it is a SO, molecule in the
center of Alj. A1f and A1lg are similar in that both are of C; symmetry and contain a pair of
symmetrically equivalent S---O chalcogen bonds, and a pair of CH---O H-bonds; A1k forgoes
one of the two S---O bonds.



The interaction energies and the pairwise energies derived from multi-body analysis of
these heterotrimers are reported in Table 5. As might be noted from the last column, group (i)
Ala-Ale is most stable, all within 0.64 kcal/mol of one another, with Ala and Alb
particularly close. Next in energy are two of the linear complexes, A1f and Alg, followed by
group (ii) whose energies exceed that of the global minimum A1b by more than 1 kcal/mol.
Least stable of all are the two cyclic complexes Alj and Alk.

Examination of the pairwise interaction energies reveals some interesting patterns. First,
with respect to group (i) Ala-Ale, there is one particularly large pairwise interaction of
roughly 6 kcal/mol, and two smaller ones of 2-3 kcal/mol in absolute terms. They all show
evidence of positive cooperativity, with a three-body A’E term of about —1 kcal/mol
(negative, i.e., attractive values of A’E, correspond to positive cooperativity). This
cooperativity is consistent with the observation that each of the three molecules plays the role
of simultaneous electron donor and acceptor. Not surprisingly, the noncyclic trimers all have
at least one pairwise interaction energy between end molecules that is very small, £0.1
kcal/mol or less. The cooperativity is small and negative (positive A’E) for A1f and Alg
since the second SO, molecule makes the O of the central H,CO a double proton donor, and
both H atoms of H,CO an acceptor. The same small negative cooperativity is evident in
group (ii) Alh and Ali as the new SO, molecule attempts to form a second chalcogen bond
with the same H,CO O atom, as well as a second S---O bond with the first SO, molecule. In
all cases, the energy associated with the monomer’s deformation within the complex (E,) is
less than 1 kcal/mol, so is not a major factor.

It might be noted that E/,, the interaction energy between the first SO, molecule and
H,CO in the 2:1 complexes tends to be slightly less negative than the same quantity within
the A1 dimer (—6.01 kcal/mol). This small reduction is likely the consequence of the
deviation of the intermolecular geometry in the trimer vis a vis the optimized dimer. More
specifically, the R(S---O) distance in dimer A1 is 2.768 A, and is shortened to the 2.669-
2.690 A range in Ala-Ale, where the cooperativity is positive, but lengthened to 2.816 and
2.827 A in A1f and Alg, respectively, where negative cooperativity is apparent in Table 5.
The pattern in R(H--O) for the CH:--O H-bond is not as dramatic, undergoing only small
changes upon trimerization.

In addition to structures Ala-A1Kk, two more minima were identified on the surface of
this heterotrimer that could not be readily identified as simple additions to A1. Neither A2a
nor A3a (see Fig. S3 and Table S2 of the ESI) contain a CH:-*O HB and a S---O chalcogen
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bond between H,CO and a single SO, molecule. Both trimers are of fairly high energy, so not
likely to be observed. Both are ¢

As reported in Table 3, the primary NBO charge transfer of the A1 dimer arose from the
H,CO O lone pairs to the n* SOp antibonding orbital of SO,, with a value of E(2) equal to
8.67 kcal/mol. This interaction was supplemented by a CH---O HB, with E(2) equal to 1.78
kcal/mol for Oap—>0*(CH). Similar E(2) quantities reported in Table S3 of the ESI, indicate
that these interactions persist in the A1-type heterotrimers Ala-A1lk, but generally at a
reduced magnitude. Taking Ala as an example, the O;p,—>n*(OS) E(2) is 5.21 kcal/mol, and
the O,—0*(CH) H-bonding quantity 0.70 kcal/mol (although the latter is augmented by a
w(OS)—c*(CH) transfer of 0.87 kcal/mol). The chief NBO interaction identified for the
second SO; molecule arises from the transfer from its O lone pair to the 7*(CO) antibonding
orbital of H,CO, with E(2) = 1.03 kcal/mol. The total of all three of these quantities, along
with an Oy,—6*(0S) E(2) of 1.32 kcal/mol, is 9.04 kcal/mol, which is less than the total E(2)
of 11.69 kcal/mol in the A1 dimer. Hence one can say that the positive cooperativity of Ala
is not accurately reflected as a simple sum of the E(2) quantities.

Alc and A1d, on the other hand, suffer only a very small diminution of these quantities.
The value of O;,—>n*(O0S) E(2) is 8.13 and 7.81 kcal/mol for Alc and Ald, respectively. This
term is quite a bit smaller in Ale, the last member of trimer group (i), as well as in members
of group (ii), Alh and A1li. Turning next to the linear members of group (iii), E(2) for this
interaction amounts to 6.05 and 5.93 kcal/mol for A1f and A1g respectively, consistent with
the participation of the central H,CO molecule as double electron donor, and the positive
value of A’E in Table 5. This same quantity is considerably larger for A1j and A1K, rising to
10.07 kcal/mol for the latter. Note that A’E is negative for both of these structures, consistent
with large values of E(2).

Fig. 5 gathers the structures of the S-analogue 2:1 SO,:H,CS heterotrimers that were
located on the PES. These structures can all be considered as derivative of the B1 dimer in
that they contain both S---S and CH---O attractions; those resembling B2, B3 and B4 were of
much higher energy. The total interaction energies of these trimers are presented in the last
column of Table 6, along with a multi-body analysis. The pairwise values of Ej, in Table 6
are all fairly similar to the same quantity of —6.09 kcal/mol in the B1 dimer. Again, some of
these geometries can be categorized as cyclic, and the remaining three Ble, B1f, and B1h as

linear.
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In the three lowest energy structures, the second SO, molecule engages in a C---O bond
with H,CS according to AIM analysis, complemented by S---O bonds; the third SO, molecule
is bound by three separate S---O bonds in B1d. It may be noted that these four minima all
exhibit relatively high degrees of cooperativity, viz. negative values of A’E in Table 6. Linear
trimers Ble and B1f are quite similar to one another, with a pair of CH---O H-bonds,
combined with a pair of S---S chalcogen bonds. As the central molecule must fulfill the role
of double proton donor as well as double S-S electron acceptor, it is not surprising to note
positive A’E quantities in Table 6. Such negative cooperativity is also in evidence in Blg,
probably due to the fact that the central SO, molecule is engaged as multiple electron donor
in a pair of S--*O bonds.

Another measure of cooperativity emerges from comparisons of intermolecular distances.
The R(S--S) distance in B1 is 3.198 10\, and the CH---O bond distance is 2.248 A. The former
distance contracts to less than the overall 3.067 A in trimers Bla-B1d, and the H-bond is also
shortened. In contrast, R(S---S) is elongated to 3.263 and 3.267 A in linear trimers Ble and
B1f, respectively.

In addition to those structures in Fig. 5 that are derived from B1, two other minima were
located. BSa and BSb, lie 2.12 and 3.03 kcal/mol, respectively, above the global minimum
B1la (see Fig. S5 and Table S4 of the ESI). BSa is topologically similar to A2a, with similar
bonding patterns. Likewise, one can see strong similarities between the following pairs:
Bla/Ala, Blc/Alc, Ble/Alf, B1f/A1g and B1h/A1lj.

As may be noted in the molecular diagrams, a number of complexes contain what is
characterized as a C---O bond in terms of an AIM bond critical point. Such C---O bonds are
present, for example, in the most stable minima of 2:1 SO,:CH,X (X = O, S) heterotrimers.
This interaction takes a different form within the framework of interorbital interactions that
are analyzed via NBO. Taking Ala as an example, AIM situates a C---O bond between the C
of H,CO and an O atom of the second SO, molecule with an interatomic R(C-:-O) distance of
2.820 A (see Fig. 4). NBO, on the other hand, indicates a charge transfer, with E(2) = 1.03
kcal/mol, from the lone pairs of this O atom of SO, into a n* antibonding CO orbital of
H,CO. And indeed, comparison of AIM and NBO data confirms the commonality that such a
C-+-O bond critical point appears as a NBO O;,—n*(CO) charge transfer.

3:1 SO,:H,CO Heterotetramers

An exhaustive search of the potential energy surface of the 3:1 complexes between SO,

and H,CO yielded 40 minima (C1-C40). As may be noted in Fig. S6, all are related to dimer

A1 in the disposition of H;CO and one of the SO, molecules. These structures span an energy

12



range of 5.12 kcal/mol, with total interaction energies between —19.78 and —14.66 kcal/mol.
Examination of Table S5 reveals that the cooperativity effects are minimal at the four-body
level, with A’E less than 0.17 kcal/mol. Three-body effects are much larger, with positive
cooperativity amounting to —NE larger than 2 kcal/mol in some configurations (up to 2.55
kcal/mol), considerably greater than in the trimers. It is tempting to speculate that this
cooperativity will continue to grow as the system approaches the situation approximating a
single H,CO molecule in SO; solvent.

SUMMARY AND CONCLUSIONS

SO, forms rather strongly bound complexes with both H,CO and H,CS, with interaction
energies slightly greater than 5 kcal/mol. These heterodimers are held together by a pair of
attractive interactions comprising a O/S---S chalcogen bond and a CH---O H-bond. The
former interaction is verified both by an AIM bond critical point, and NBO charge transfer
from the O/S lone pair to the S—O ©* antibonding orbital. There are additional, less stable,
dimers on the SO,:H,CS surface, which are based on weak CH---O H-bonds alone, or on a
small degree of charge transfer from a SO, oxygen lone pair to the C—S n* antibonding
orbital of H,CS. In all cases, the minima on either surface are fully consistent with favorable
interactions between the electrostatic potentials of the pair of monomers.

When a second SO, molecule is added to form the 2:1 SO,:H,CO heterotrimers, the most
stable structure is cyclic, wherein the second SO, molecule engages in a chalcogen bond with
the first SO,, and a C---O attraction with the H>,CO. The latter is associated with transfer from
the O lone pair to the ©*(CO) antibonding orbital of H,CO. Other minima of the total of 13
identified are varied, some of which are noncyclic, but most retain the basic original dimer
structure. There is a certain degree of positive cooperativity in these trimers, characterized
both by contractions of intermolecular distances and a three-body interaction energy in excess
of 1 kcal/mol in absolute terms. Similar findings pertain to the 2:1 SO,:H,CS heterotrimer S-
analogues.

Addition of a third SO, molecule leads to a large number of 2:1 SO,:H,CO
heterotetramers, 40 to be exact. Like the trimers, they retain the basic dimer geometry,
characterized by a S---O chalcogen bond and a CH---O H-bond. The total interaction energies
of these tetramers range between —20 and —15 kcal/mol. Although only minimal four-body

interactions are observed, the sum of three-body terms rises above —2 kcal/mol.
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SUPPLEMENTARY MATERIAL
Electronic Supplementary Information (ESI) associated with this article can be found via
Internet at http://aip.org/. In addition to the tables and figures, also contained is a complete

annex with the molecular graphs of the most important complexes.
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Table 1. Interaction E;,, and binding E}, energies (kcal/mol) for the 1:1 SO,:H,CX (X =0, S)
complexes at MP2/aug-cc-pVDZ and at CCSD(T)/aug-cc-pVTZ (single point) computational

levels.
MP2 CCSD(T)
Complex E; (CC)? E, (ZPE)b E; (CC)? E,
Al -6.01 (4.41) -5.93 (-4.54) -6.15 (-5.42) -6.08
B1 -6.09 (-4.32) -6.02 (-4.73) —-6.05 (-5.25) -5.79
B2 -2.65 (-1.50) -2.64 (-2.08) -2.20 (-1.70) -2.12
B3 -2.37 (-1.42) -2.36 (-1.90) -2.25 (-1.76) -2.19
B4 -1.91 (-1.21) -1.91 (-1.59) -1.77 (-1.39) -1.78

“*Counterpoise corrections to basis set superposition error (BSSE) added in parentheses.
®Zero point vibrational energy (ZPE) added in parentheses.

Table 2. Entropy, enthalpy and Gibbs free energies for the association reactions of the 1:1
SO:H,CX (X =0, S) complexes at the MP2/aug-cc-pVDZ computational level at room
temperature (298 K).

Complex | AS®, cal mol ' K AH®, kcal mol ™! AG®, kcal mol ™!
Al -27.22 —4.45 3.67
B1 -27.86 -4.62 3.68
B2 -18.39 -1.40 4.08
B3 —-14.65 -1.11 3.25
B4 -9.05 -0.69 2.01

Table 3. Second-order perturbation NBO energy, E(2) (kcal/mol) for the 1:1 SO,:H,CX (X =
0, S) complexes at ®B97XD/aug-cc-pVDZ computational level for intermolecular

donor/acceptor interactions.

Complex Donor/Acceptor Type E2)
H,CO/SO, Op—7*(0BS) 8.67

Al H,CO/SO, O},—>1*(0gS) 0.69
H,CO/SO, 0;,—>6*(04S) 0.55

SO,/H,CO Oap—0*(CH) 1.78
Bl H,CS/SO, Si,—>7*(0gS) 11.84
SO./H,CS Oap—0*(CH) 3.75

B2 SO/H,CS Oap—>1*(CS) 1.25
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Table 4. Interaction energy components (kcal/mol) for the 1:1 SO,:H,CX (X =0, S)
complexes, calculated using the DFT-SAPT (PBE(O/aug-cc-pVTZ) methodology.

CompleX Eele Eexc Eind Edis 8HF EDFT_SAPT
Al -9.17 12.21 -1.67 —4.80 -2.25 -5.68
B1 -9.22 14.38 -1.82 -5.80 -3.85 -6.31
B2 -2.67 4.25 -0.31 -2.82 -0.43 —-1.98
B3 -1.91 2.33 -0.14 -1.96 -0.14 -1.82
B4 -1.36 1.58 -0.12 -1.39 -0.10 -1.39

Table 5. Multi-body analysis (kcal/mol) for the 2:1 SO,:H,CO complexes derived from A1l at
the MP2/aug-cc-pVDZ computational level. Subscripts 1, 2 and 3 in the coupled energy

terms, refer to H,CO, derived SO, molecule from A1 and the second SO, molecule,

respectively.

Complex  Ep» E; E»; SA’E A’E  total Ejy
Ala -5.84 241 299 -1124 -1.14  -12.38
Alb -588 247 293 -11.28 -1.12 -12.40
Alc -580 -194 326 -11.00 -1.29 -12.29
Ald -588 -1.74 342 -11.04 -094  -11.98
Ale -585 200 273 -1058 -1.16 -11.74
Alf -6.00 -6.00 -0.06 -12.06 0.38 -11.68
Alg -6.00 -6.00 0.10 -11.90 041 —-11.49
Alh -582 -3.10 246 -11.38 0.23 -11.15
Ali -588 337 -1.73 -1099  0.08 -10.91
Alj —-6.05 0.00 -3.76 981 -0.17 -9.98
Alk -6.01 -165 -0.10 -7.76  -0.37 -8.13
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Table 6. Multi-body analysis (kcal/mol) for the 2:1 SO,:H,CS complexes derived from B1 at
MP2/aug-cc-pVDZ computational level. Subscripts 1, 2 and 3 in the coupled energy terms,

refer to H,CO, derived SO, molecule from B1 and the second SO, molecule, respectively.

Complex  Ej, Ei3 Ex; SA’E ANE  total Eyy
Bla -5.94 -2.52 -2.81 -11.27 -1.44 -12.71
B1b -5.89 -1.99 -329 -11.17 -1.24 -12.41
Blc -5.98 -1.67 -327 -1092 -1.38 -12.30
B1d -5.97 —1.56 -3.18 -10.71 -1.12 —-11.83
Ble -6.05 -6.05 0.03 -12.07 0.59 -11.48
B1f -6.04 —6.04 0.08 -12.00 0.61 -11.39
Blg -5.95 -5.95 0.01 -11.89 0.55 -11.34
B1lh -6.14 —0.06 -3.76 —-9.96 —0.22 -10.18
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Figure 1. Molecular Electrostatic Potential (MEP) for the monomers: H,CO, H,CS and SO,
at the MP2/aug-cc-pVDZ computational level. Upper and lower segments show the
molecular plane, and a plane perpendicular to it, respectively. Red and blue regions indicate

negative and positive zones, respectively of the £0.032 au contour.

H,CO H,CS SO,
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Figure 2. 1:1 complexes between SO, and H,CX (X = O, S) at MP2/aug-cc-pVDZ
computational level. Blue dot lines link atoms which present interatomic AIM BCPs, with
interatomic distances in A. Arrows indicate the direction of charge transfer. Complexes are

arranged in ascending order of energy.
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Figure 3. Electron Density Shifts (EDS) occurring in the 1:1 SO,:H,CX (X =0, S)
complexes at MP2/aug-cc-pVDZ level. Purple and yellow refer to gain and loss of density in
complex, respectively, relative to isolated monomers. Isosurface value £0.001 au for A1 and

B1, and +0.0005 au for B2, B3 and B4.

B3 (C2) B4 (Cy)
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Figure 4. 2:1 complexes between SO, and H,CO derived from A1 at MP2/aug-cc-pVDZ
computational level. Broken lines link atoms which present interatomic BCPs, with

interatomic distances in A. Arrows indicate the direction of charge transfer. Complexes are

arranged in ascending order of energy.

Alj (C) Alk (Cy)
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Figure 5. 2:1 complexes between SO, and H,CS derived from B1 at MP2/aug-cc-pVDZ
computational level. Broken lines link atoms which present interatomic BCPs, with

interatomic distances in A. Complexes are arranged in ascending order of energy.
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