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ABSTRACT: SOF,, SOEC], and SOCI, were each paired with a series
of N bases. The potential energy surface of the binary complexes were
characterized by MP2 calculations with double and triple-£ basis sets,
extrapolated to complete sets. The most stable configurations
contained a S---N chalcogen bond with interaction energies as high
as 6.8 kcal/mol. These structures are stabilized by a Ny, — ¢*(S—2)
electron transfer (Z = O, F, Cl), complemented by Coulombic
attraction of N to the o-hole opposite the Z atom. N---S—F and N---S—
Cl chalcogen bonds are stronger than N---S=O interactions.
Formation of each chalcogen bond elongates all of the internal
covalent bonds within SOXY, especially the S—Cl bond. Halogen-
bonded (N---Cl—S) complexes were also observed, but these are more
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weakly bound, by less than 3 kcal/mol.

B INTRODUCTION

The importance of noncovalent interactions’ resides in the key
role that they play as attractive forces which hold together a
wide range of dimers and larger aggregates. In that sense, they
are also essential ingredients in the structure adopted by many
single molecules, as they can represent large fractions of the
forces between segments that are not covalently bonded to one
another. Hydrogen,>® halogen,®"'" pnicogen,'*”>* and
tetrel”>*® bonds are a few examples of noncovalent
interactions, where the name signifies the identity of the
bridging atom. Another member of this group is the chalcogen
bond*~*® which arises when a member of the chalcogen family
(Y), eg. O, S, Se, or Te, is drawn toward another
electronegative atom (X). Coulombic attractions are supple-
mented by charge transfer from the lone pair(s) of the X atom
into the o* or #* antibonding Z—Y orbitals (where Z is
covalently bonded to Y), which tends to weaken and lengthen
the latter Z—Y bond.*'~**

The molecular electrostatic potential (MEP) of each
monomer can be characterized by the presence of maxima
and minima, which represent plausible binding sites. A strong
Coulombic attraction can be anticipated as the maximum in the
MEP of one molecule approaches a minimum in its partner.
Minima are typically associated with lone electron pair(s).
Maxima can usually be classified into two main groups: (i) o-
holes, which are localized along the extension of the Z—Y bond;
and (ii) n-holes, which are situated above the molecular
plane.***™* In connection with the latter, computational
efforts have also examined chalcogen bonds associated with 7-
holes in monomers such as 03,>** $0,**** or $0,.*°
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With respect to the o-holes, most studies to date have dealt
with molecules which contain only one or at most two such
positive regions in the MEP. Molecules such as SOXY, where X
and Y are both halogen atoms present an interesting scenario.
This molecule ought to contain a o-hole on the S-end of each
S—X, S—Y, or S=O0 bond for a total of as many as 3 positive
regions. Interaction through the S end would result in a
chalcogen bond, while the participation of a positive hole on
the other end would be associated with a halogen bond when
X, Y = CL Study of this molecule can thus address a number of
different questions. How do the chalcogen and halogen bonds
compare in terms of not only strength, but also electronic
properties? What is the effect of replacing one halogen, F, with
another like CI2 How does the monomer respond when it
forms a chalcogen bond on the S end of the S—X bond, vs a
halogen bond on the other end? In order to address these
questions, three different SOXY molecules were considered:
SOF,, SOFC], and SOCL,. Each of these molecules was allowed
to interact with a series of N-bases of varying electron-donating
capability: NHCH,, NH;, PN, HCN, and N,.

B COMPUTATIONAL DETAILS

The geometries of binary complexes between thionyl difluoride
(SOF,), thionyl fluoride chloride (SOFCI), and thionyl
dichloride (SOCl,) and the nitrogen bases methanimine
(NHCH,), ammonia (NHj;), phosphorus nitride (PN), hydro-
gen cyanide (HCN), and dinitrogen (N,) were optimized by
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means of the second-order Moller—Plesset perturbation theory
(MP2)* using the aug-cc-pVDZ basis set.>! Searches on the
potential energy surface (PES) were carried out by using the
ESP maxima and minima of each monomer as a guide,
calculated via the WFA-SAS program.”” In order to obtain
more accurate structures, reoptimization at the MP2/aug-cc-
pVTZ computational level was performed. All structures were
verified as true minima by virtue of all positive vibrational
frequencies. Calculations were carried out via the Gaussian 09
package (revision D.01).3

Interaction energies, E;,, 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, with monomer
geometries the same as in the complex. These interaction
energies were corrected for basis set superposition error
(BSSE) by the counterpoise procedure. E;,, was also
extrapolated to the limit of the complete basis set (CBS)
using the Truhlar procedure that showed promise earlier in the
consideration of other related complexes, and using the BSSE-
corrected energies at double and triple-&.>%>

Atoms in molecules (AIM) theory”®*” at MP2-level and
natural bond orbital (NBO) theory58 with the @B97XD
functional,” both with the aug-cc-pVTZ basis set, were agplied
to help analyze the interactions, using the AIMAI® and
NBO6.0°" programs. This functional was chosen so as to
efficiently incorporate the effects of electron correlation into
the NBO prescription, as it represents a long-range corrected
hybrid density functional with damped atom—atom dispersion
correction.

B RESULTS

Monomers. The halogenated thionyl SOF,, SOFCI, and
SOCI, monomers are all pyramidal, and adopt C, C,, and C;
symmetry, respectively. Their molecular electrostatic potentials
(MEP) on the 0.001 au electron density isosurface are
presented in Figure 1 where black dots indicate the position

25.8 )

SOF, (C) SOFCI (C,)

> sodl, (C,)

Figure 1. Molecular electrostatic potential (MEP) on the 0.001 au
electron density isosurface for the pyramidal SOF,, SOFC], and SOCI,
monomers, calculated at the MP2/aug-cc-pVIZ computational level.
The red and blue colors correspond to negative and positive regions,
respectively. Black dots indicate the location of the o-hole MEP
maxima on the surface, with numerical values displayed in kcal/mol;
black numbers refer to incipient chalcogen bonds and green numbers
to potential halogen bonds.

of these maxima, V, ..., with numerical values displayed in kcal/
mol. The intensity of the o-hole opposite the S=O bond
diminishes as F atoms are replaced by Cl. The S—X holes are a
bit deeper with values exceeding 30 kcal/mol; the largest values
are associated with the S—F bonds in SOF,. In the case of S—Cl
bonds, there is a much less intense o-hole, with V., around
11—-12 kcal/mol, along the extension of the S—CI bond, at the
Cl-end, which ought to facilitate formation of a halogen bond.
There are minima in the potentials of the nitrogen bases, along
the N lone pair direction, with V.. equal to —37.2, —37.0,

s,min
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—31.9, =314, and —8.5 kcal/mol, respectively for NHj,
NHCH,, HCN, PN, and N,.

Heterodimers. Figure 2 displays samples of some of the
structures obtained for the heterodimers comprising SOXY (X,
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Figure 2. Structures of the SOXY:Z (X, Y = F, Cl and Z = HCN,
NHCH,, PN) complexes optimized at the MP2/aug-cc-pVIZ
computational level supported by chalcogen bonds. Three kinds of
dimers, attending to the presence of N--S=O or N--S—X (X = F, Cl)
chalcogen bonds, can be discriminated. Blue dotted lines indicate
noncovalent interactions corroborated via AIM with interatomic
distances in A.

Y = F, Cl) and nitrogen bases, specifically, those in which the
lone pair of the nitrogen atom interacts with the o-hole in
sulfur. As indicated by the monomer potentials in Figure 1, the
N atom can be situated opposite to the O or halogen atoms.
The CH atoms in NHCH, present the possibility of a
secondary CH---X H-bond, as for example in the SOFCI--
NHCH, N:--S—F complex, wherein R(H--Cl) = 2.846 A. The
presence of this H-bond is confirmed by NBO analysis which
shows a Cl, — 0*(CH) charge transfer E® of 0.60 kcal/mol,
and also by AIM with p and V?p values at the BCP of 0.008
and 0.029 au, respectively.

All of the N---S chalcogen-bonded heterodimers are
summarized in Table 1. Interaction energies are reported at
both the aug-cc-pVDZ and aug-cc-pVTZ levels, using geo-
metries optimized at their corresponding levels. Also shown are
these same quantities extrapolated to the complete basis set
limit. All interaction energies have been corrected for basis set
superposition error by the counterpoise procedure. Interaction
energies are converted to binding energies (E,) in Table SI,
which compare the energy of the complex with that of the
monomers in their optimized geometries. E, is thus related to
E,, by the monomer strain energies. With respect to BSSE
corrections, they become smaller as the basis set is enlarged.
They amount to 46 and 22% corrections for the DZ and TZ
cases, respectively.

There are several trends in Table 1 which are apparent upon
inspection. In the first place, the interaction energies follow the
pattern NHCH, > NH; > PN > HCN > N,. Taking the N---S—
Cl chalcogen bonds with SOCI, as an example, Ef;" is equal to
—6.79, —6.03, —5.07, —3.93, and —1.62 kcal/mol in that order.
This pattern is not restricted to the N---S—CI chalcogen bond,
but applies as well to N--S=0: —=5.22, —4.37, —4.35, —3.38,
and —1.54 kcal/mol. It may be noted that this ordering is
somewhat different than the V;,;, pattern: NH; > NHCH, >
HCN > PN > N,. In terms of the different sorts of chalcogen
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Table 1. Interaction Energy,” in kcal/mol, at the MP2/aug-cc-pVDZ, MP2/aug-cc-pVTZ and MP2/CBS Levels for the
Chalcogen-Bonded Heterodimers Formed between SOXY (X, Y = F, ClI) and Nitrogen Bases”

acc. donor type EPZ E?
NHCH, $OCl, N--§—Cl —6.74 —6.63
NHCH, socl, N--$=0 —5.14 -5.16
NHCH, SOFCI N---S—Cl —6.38 —6.14
NHCH, SOFCI N---S—F —6.53 —6.31
NHCH, SOFCI N--S=0 —4.75 —4.67
NHCH, SOF, N---S—F —-5.94 —5.54
NHCH, SOF, N--$=0 —429 —4.08
NH; SOCl, N---S—Cl —6.08 —-591
NH; SOCl, N--S=0 —4.60 —4.43
NH,; SOFCI N---S—Cl —-5.67 —5.50
NH; SOFCI N--S—F —-5.91 —-5.63
NH,; SOFCI N---S=0 —4.25 —4.03
NH; SOF, N--S—F —-5.34 -5.02
NH, SOF, N--S=0 -3.76 —3.47
PN SOCl, N---S—Cl —4.80 —4.91
PN SOCl, N---S=0 —4.10 —4.23
PN SOFCI N---S—Cl —4.35 —4.41
PN SOFCI N---S—F —4.53 —4.57
PN SOFCI N--S=0 —3.60 —-3.67
PN SOF, N---S—F -3.99 -3.95
PN SOF, N---S=0 -3.07 —3.06
HCN SOCl, N---S—Cl —-3.90 —3.87
HCN SOCl, N---S=0 -3.31 -3.36
HCN SOFCI N---S—Cl —3.68 —3.62
HCN SOFCI N---S—F -3.78 —3.69
HCN SOFCI N--S=0 -3.02 —-3.04
HCN SOF, N---S—F —3.48 —-3.33
HCN SOF, N---S=0 —2.69 —2.66
N, SOCl, N--S—Cl -1.35 —1.54
N, SOCl, N--$=0 -129 ~1.49
N, SOFCI N---S—Cl —-1.15 —1.30
N, SOFCl N---S—F —-1.26 —1.43
N, SOECI N--§=0 ~1.10 124
N, SOF, N--S—F -1.07 -118
N, SOF, N--$=0 —0.90 ~0.99

ECP R(N--S) Pr-s Vs EPy.q
—6.79 2.753 0.0237 0.0677 9.88
—5.22 3.022 0.0142 0.0460 2.83
—6.24 2.774 0.0224 0.0640 7.86
—6.45 2.785 0.0217 0.0642 7.47
—4.73 3.044 0.0132 0.0431 1.90
—5.61 2.831 0.0195 0.0584 3.89
—4.11 3.092 0.0116 0.0385 1.10
—6.03 2.779 0.0228 0.0637 11.09
—4.37 3.035 0.0139 0.0446 3.32
—5.62 2.813 0.0209 0.0591 8.75
—5.72 2.809 0.0209 0.0606 8.25
—4.00 3.075 0.0125 0.0405 2.17
—-5.12 2.860 0.0185 0.0547 431
—3.42 3.121 0.0110 0.0363 1.29
—-5.07 2.856 0.0171 0.0572 3.71
—4.35 3.021 0.0127 0.0452 1.66
—4.53 2.887 0.0158 0.0530 2.08
—4.71 2.885 0.0158 0.0540 2.85
—-3.75 3.064 0.0114 0.0408 1.00
—4.05 2.932 0.0141 0.0485 0.84
—3.08 3.118 0.0100 0.0359 0.51
-3.93 2.952 0.0136 0.0495 291
—3.38 3.079 0.0110 0.0415 1.52
—3.66 2.975 0.0128 0.0465 2.03
—3.76 2.968 0.0129 0.0476 2.31
—3.09 3.114 0.0100 0.0379 0.93
-3.37 3.004 0.0118 0.0436 0.72
—2.69 3.155 0.0090 0.0343 0.51
—-1.62 3.177 0.0078 0.0317 1.01
—1.54 3.268 0.0069 0.0281 0.64
—1.35 3.209 0.0072 0.0291 0.68
—1.51 3.196 0.0074 0.0301 0.82
—1.28 3.308 0.0061 0.0252 0.64
—1.23 3.235 0.0067 0.0272 0.24
—1.00 3.354 0.0054 0.0226 0.21

“Interaction energies corrected for BSSE via counterpoise procedure. bAlso shown are intermolecular distance (A), electron density and its Laplacian
at the BCP (au), and second-order perturbation NBO energy, (kcal/mol) for N, — 6*[S(X/Y)] transfers.

bond, N:--S—X > N-::S=0O which conforms to the idea that the
o-holes are a bit deeper opposite the halogen than the O atoms
in Figure 1. In the case of the SOFCI] molecule, there is a slight
preference for S—F over S—CI, which is contrary to the o-hole
depth. Another discrepancy emerges in the comparison of the
three SOXY molecules: SOCI, forms the strongest complexes
even though it has the weakest S—X o-holes. These
discrepancies highlight the fact that these interactions are not
governed solely by electrostatic forces.

Also displayed in Table 1 are the intermolecular N---S
distances in the optimized heterodimers. These distances fit the
expected pattern of shorter distances being associated with
stronger complexes. In fact, there is a strong correlation
between these two quantities as visible in Figure 3a, whether
one is examining N--S=O or N---S—X chalcogen bonds. AIM
analysis of these chalcogen bonds provides additional data, chief
among them the electron density p, and its Laplacian V3, at
the BCP. These quantities are listed in Table 1, and their
smooth correlation with the interaction energy, illustrated in
Figure 3b,c, respectively. The last column of Table 1 contains
the NBO charge transfer energy E® which corresponds to the
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N, = 6*(S—Y) transfer. As anticipated, large transfer energies
correspond to stronger interactions, as observed in Figure 3d.

It is interesting to examine the relationships between E; and
the geometric R(N--8), electronic (p and Vp), and NBO E?
properties of these chalcogen bonds. As can be seen in Figure
3a, E;, at the MP2/CBS level has an exponential relationship
with the R(N-+-S) interatomic distance; N---S—X and N--S=0
bonds have correlation coeflicients of 0.99 and 0.93,
respectively. The relationship of E;, to p is also an exponential
one, with R* = 0.99 and 0.96 for N--5—X and N---S=O,
respectively. In contrast, Vp, is linearly related to E, with
corresponding correlation coefficients of 0.99 and 0.93.
Correlations are poorer for E(z), as is evident in Figure 3d,
although there is a clear pattern of larger values of E® as the
interaction energy climbs.**?®

As has been indicated previously, the formation of a
chalcogen bond typically places additional electron density
into the ¢* antibonding orbital which lies directly opposite the
N lone pair. This transfer can be expected to elongate the
relevant bond S—Z bond length. Such a trend was observed
here as well, but there are certain interesting refinements that
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Figure 3. E;,, at MP2/CBS level vs: (a) interatomic R(N---S) distance, in A; (b) py..s at the BCP, in au; (c) Vpy..g at the BCP, in au; and (d)

EC N--g in keal/mol, for the chalcogen bonds in Table 1.

were observed along with this gross pattern. For example,
formation of the N---S=O configurations elongates R(S=0)
but by a relatively small amount, less than 3 mA in all cases. (All
bond length changes resulting from the formation of the N---
S=O chalcogen bond are displayed in the Supporting
Information (SI), Table S2.) When these noncovalent bonds
are formed, the R(S—X) bonds involving the peripheral halogen
atoms are stretched by a good deal more. R(S—F) elongates by
as much as 6 mA. But it is the R(S—CI) bond that stretches the
most, by as much as 22 mA. Formation of the N--S—F
chalcogen bond has little effect upon R(S=O0), but R(S—F)
stretches by up to 16 mA, and R(S—CI) by up to 27 mA, as may
be seen in SI, Table S3. The largest perturbations arise in the
N---S—CI geometries which are reported in Table 2. The S—Cl
bond elongates by as much as 33 mA. In summary, there is a
general correlation between bond stretches and the strength of

Table 2. Changes in Bond Lengths (mA) Caused by
Formation of N**S—CIl Bonds

acceptor donor AR(S=0) AR(S—CI) AR(S—X)
NHCH, SOCl, -13 289 22.1°
NHCH, SOEC] —04 33.1 8.3°
NH, socl, —04 25.1 209°
NH, SOFCI L1 283 3.9°
PN socl, 0.5 18.6 104°
PN SOECI 0.3 224 0.0°
HCN SOCl, —0.38 16.6 7.1°
HCN SOFECI —-02 20.5 -1.0°
N, SOCl, 0.0 2.0 34°
N, SOFCI 0.4 34 0.4

“X = halogen not involved in N:--:S—Cl bond, either Cl or F. bX = ClL
X =F.
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the chalcogen bond. But as a general rule, the S—Cl bond
undergoes the largest stretch, followed by R(S—F) and then
R(S=O0). Each of these stretches is magnified when it is the
pertinent ¢* antibonding orbital which is the recipient of the
charge being transferred from the N lone pair, but this pattern
remains in force regardless of the particular Z atom in the N--
S—Z chalcogen bond. S—Cl bond elongations in complexes
containing the N--S—Cl motif reflect a linear correlation
between their magnitudes and the p and V?p values at the BCP
with R* = 0.87 and 0.89, respectively. The correlation is
considerably poorer between Ar(S—Cl) and the NBO charge
transfer energy.

As the S—CI bonds experience the largest stretch upon
complexation, the S—CI stretching vibrational frequencies in
the most stable complexes SOCL:Z and SOFCLZ (Z =
NHCH,, NHj;) are gathered in SI, Table SS. These frequencies
are shifted to the red by —20.5 and —17.4 cm™ for the
symmetric mode in the SOCL:NHCH, and SOCI,:NH; N--
S—Cl complexes, respectively, and —12.4 and —3.6 cm™" for the
antisymmetric mode. In those cases in which the chalcogen
bond donor is the SOFCI species, the largest red shift occurs
when the chalcogen bond acceptor interacts with SOFCI via the
o-hole associated with the aforementioned S—Cl, with values of
—22.7 and —17.1 cm™ in which Z is NHCH, and NHj, and the
smaller amounts of —12.7 and —8.2 cm™" for the N---S—F type.

Figure 1 showed that there are also o-holes along the
extension of the S—Cl bonds in SOFCI and SOCL,. These holes
are considerably smaller than those on the S side, but
nonetheless offer a positive region of the MEP with which a
N-base can interact. Indeed, halogen-bonded complexes
present local minima in the potential energy surface of these
two molecules with the N-bases. Examples of two such
structures are illustrated in Figure 4. The energies and
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Figure 4. Structures of the SOFCL:N, and SOCl,:NHCH, complexes
optimized at the MP2/aug-cc-pVTZ computational level supported by
halogen bonds. Blue dotted lines indicate noncovalent interactions
corroborated via AIM with interatomic distances in A.

intermolecular distance of all of these minima are reported in
Table 3, where interaction energies vary between —0.64 and

Table 3. Interaction Energy” (kcal/mol) and Intermolecular
Distance (A), at the MP2/aug-cc-pVTZ level for the
Halogen-Bonded Heterodimers of SOXCI (X = F, CI)

acc. donor type Joad R(N---Cl)
NHCH, SOCl, N---Cl-S —2.56 2.995
NHCH, SOFCl N---Cl-S —-2.31 3.039
NH; SOCl, N---Cl-S -1.95 3.084
NH; SOFCl N---Cl-S -1.71 3.145
PN SOCl, N---Cl-S —2.06 3.012
PN SOFCl N---Cl-S —1.85 3.055
HCN SOCl, N---Cl-S —-1.54 3.129
HCN SOFCl N---Cl-S —1.40 3.166
N, socl, N--Cl-$ —0.69 3308
N, SOFCl N---Cl-S —0.64 3.341

“Interaction energies corrected for BSSE via counterpoise procedure.

—2.56 kcal/mol. As expected by the smallness of the o-holes,
these heterodimers are considerably weaker than chalcogen-
bonded structures in Table 1. Nonetheless, the same pattern of
bonding energy is observed: NHCH, > NH; > PN > HCN >
N,. And again SOCI, is a slightly better Lewis acid than SOFCL
The binding energies of these same complexes are displayed
along with the interaction energies in SI, Table S4, and obey
the same trends.

The formation of each complex involves a redistribution of
electron density. These density shifts are pictured in Figure 5 as
the density of the complex minus the sum of the densities of
the individual monomers. The systems chosen pair SOFCI with
NH;, in all four of the different configurations adopted by this

(a) N---s=0 (b) N---S—F
(c) N--s—Cl (d) N---Cl-S

Figure S. Electron density shifts occurring in (a) N---S=0; (b) N---
S—F; (c) N--S—Cl chalcogen-bonded; and (d) N:--Cl-S halogen-
bonded complexes of SOFCI with NH;. Blue/yellow regions represent
gain/loss of density. Isocontours shown are +0.001 au in (a—c) and
+0.0005 au in (d).

pair. The chalcogen-bonded complexes in Figure Sa—c are all
similar in that a (blue) buildup of density occurs in the N lone
pair region, and a yellow loss directly to the right of the S atom.
Gains are noted also around all three of the S substituents, O, F,
and Cl. The latter is consistent with the elongations of the
various S=O and S—X bonds. The N---Cl-S halogen-bonded
heterodimer in Figure 5d conforms to the expected pattern for
such bonds. The most prominent feature is the density loss to
the right of the Cl atom, with gains noted in other regions of
the SOFCI molecule.

The molecular electrostatic potentials displayed in Figure 1
show that the positive region surrounding the central S atom
does not have a maximum directly above S. It is thus not
surprising to find there were no minima in the potential energy
surface of any of these SOXY molecules in which the N base
approaches S from above. In a similar vein, searches for possible
minima associated with N---F—S halogen-bonded complexes all
failed, consistent with the absence of a c-hole associated with
the F atom in the SOF, and SOFCI species.

B CONCLUSIONS

Nitrogen bases of varying strengths, ranging from N, up to
NHCH,, all engage in SN chalcogen bonds with SOF,,
SOEC], and SOCI,. The latter molecule forms the strongest
bonds, followed by SOFCI and then SOF,. With regard to the
bases, bond strength follows the trend: NHCH, > NH; > PN >
HCN > N,. The N atom lines up opposite one of the three
atoms that surround the S such that charge is transferred from
the N lone pair to the corresponding 6*(S—Z) antibonding
orbital. N---S—X bonds are stronger than N---S=O, but there is
no clear rule differentiating N---S—F from N---S—ClI, which are
generally rather similar. There is a Coulombic component
wherein the negative potential of the N-base aligns with a o-
hole opposite the Z—S bond, but the bond strengths do not
correlate quantitatively with the depth of this o-hole. Better
correlations are observed between the bond strength and the
electron density, and its Laplacian, at the AIM bond critical
points. Formation of any of these chalcogen bonds elongates all
of the covalent bonds within SOXY. The S—Cl bond stretch is
most sensitive to chalcogen bond formation, followed by S—F
and the S=O. Each stretch is magnified when the bond in
question lies directly opposite the approaching N atom. The
presence of a o-hole along the extension of each S—CI bond
(but not S—F) permits formation of halogen bonds of the N---
Cl-S type, but these bonds are considerably weaker than the
chalcogen bonds.

In order to place the interactions described here in context,
there are few complexes which incorporate a o-hole around
polyvalent S into a chalcogen bond. S--O chalcogen bonds
involving SO, and a carbonyl, for example, are of the 7-type,
with interaction energies of some 6—7 kcal/mol>®** The
binding is somewhat weaker for SO, with N=C nitriles,
between 3 and 4 kcal/mol.%* In the case of SO, these 7 SO
chalcogen bonds are somewhat stronger, rising up near 11 kcal/
mol,*® but are much weaker, on the order of 2 kcal/mol, if the
partner molecule is as nonpolar as CO.%* With respect to other
trivalent S molecules SO(CHj;), engages in a complex with
CO, that contains a S--O chalcogen bond, with interaction
energy of 2.6 kcal/mol.®* Turning to tetravalent S, SF, can
engage in a S--N chalcogen bond” with an amine, enlisting one
of its o-holes. The binding here is quite strong, as high as 14
kcal/mol, making SF, a more potent electron acceptor than
SOXY.%
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