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ABSTRACT: The chalcogen Y atom in the aromatic ring of thiophene and its
derivatives YC,H, (Y = S, Se, Te) can engage in a number of different interactions with
another such unit within the homodimer. Quantum calculations show that the two
rings can be oriented perpendicular to one another in a T-shaped dimer in which the Y
atom accepts electron density from the 7-system of the other unit in a Y---7 chalcogen
bond (ChB). This geometry best takes advantage of attractions between the
electrostatic potentials surrounding the two monomers. There are two other
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geometries in which the two Y atoms engage in a ChB with one another. However, instead of a simple interaction between a o-
hole on one Y and the lone pair of its neighbor, the interaction is better described as a pair of symmetrically equivalent Y---Y
interactions, in which charge is transferred in both directions simultaneously, thereby effectively doubling the strength of the bond.
These geometries differ from what might be expected based simply on the juxtaposition of the electrostatic potentials of the two

monomers.

B INTRODUCTION

The interactions between molecules play an enormous role in
chemistry and biology. These interactions take many forms,
from very simple and weak van der Waals type' > to much
stronger ones involving charged species."”'° The H-bond
represents a middle ground, with energies generally in the
range between about 3 and 15 keal/mol.""'~'* However, its
modest strength belies its enormous importance, from
maintaining the genetic code of all life on the planet to
mediating the chemical reactions that take place within cells and
the oceans. Its importance has motivated more than a century of
study of the origin and influence of the H-bond, which is still
capable of offering new insights into its character and influence.

There has been a recent flurry of activity in the identification
and study of a set of noncovalent bonds that bear strong
resemblance to the H-bond.'*~** These bonds depart from the
H-bond pattern in that the bridging H is replaced by any of a set
of nominally more electronegative atoms. However, despite this
difference, these bonds are characterized by very similar
underlying forces, viz. electrostatic attraction, coupled with
polarization, charge transfer, and dispersion. This entire set of
attractive interactions is typically placed into categories where
the bond carries the name of the column of the periodic table
from which the bridging atom is derived, as for example halogen,
pnictogen, or tetrel bonds.

The chalcogen bond (ChB) that involves S, Se, and Te is a
particularly interesting member of this family. Although not
commonly considered in the older literature, there were
instances of this interaction occurring, even if not formally
recognized under this rubric at the time.”’ Its presence and
influence is currently being demonstrated in a startling number
of different sorts of systems.”*~>” In its typical divalent bonding
pattern, a chalcogen (Y) atom is connected to two R substituents
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and also carries two lone electron pairs in an overall tetrahedral
arrangement, as in the simple example of SMe,. Each substituent
would generate a o-hole along the extension of the R-Y axis,
which could engage in a ChB with an approaching nucleophile,
but the position and strength of each such o-hole would be
mediated by its neighboring Y lone pairs. The ChB in which such
divalent YR, molecules participate has been the subject of some
substantial probing, and much has been learned as a result. Its
presence was perhaps first detailed by surveys of crystal
structures in the CSD’ and in thiazole and selenazole
nucleosides,*® as well as in an intramolecular setting.35 Other
characteristics were obtained from the work by the Iwaoka
group®® that focused on cystine and methionine groups within
proteins.”” Sanz et al.”®*” focused on the topology of the charge
density, while others stressed the importance of the electrostatic
potential surrounding the molecule*” or the alignment of the
lone pair on one unit with an antibonding orbital on the
other.™ In an interesting aside, other investigations have
demonstrated how such bonds could figure into curious square
motifs, which lead to unique supramolecular structures.**~**
Less studied to this point has been the sort of ChBs in which
hypervalent chalcogen atoms participate.”” ' As one example,
SE, appears to engage in ChBs of strength roughly comparable
to that of its divalent SF, analogue although the former
undergoes a larger molecular deformation upon complexation®
and either can engage in a ChB with a 7-electron system as
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electron donor>” although SF, is preferred. Whether divalent or
tetravalent, the bond strength rises quickly”* as the Y atom
grows in size: S < Se < Te. However, the hexavalent bonding
scenario around a YF4 molecule weakens any such bond to the
point that its presence is questionable.>*

A vparticularly interesting and unique bonding pattern for a
chalcogen atom places it within an aromatic unit. The YC,H,
ring of thiophene and its derivatives presents a 6-e aromatic 7-
system,”> wherein each C contributes a single 7 electron, and
two more are added by the p, orbital of Y. Unlike most other
chalcogen-containing molecules, the Y atom here contains a
single lone pair, oriented along the bisector of the C—Y—C angle
and within the molecular plane. Each of the two C—Y bonds
ought to generate a o-hole, also within the plane of the molecule.
Hence, in principle, a pair of such YC,H, molecules should be
able to engage in a Y+--Y chalcogen bond, pairing the lone pair of
one unit with a o-hole of the other. However, the calculations
presented here belie this expectation, finding a number of dimer
geometries, all of which contain elements of a ChB, but none
correspond to the anticipated one-to-one interaction between a
o-hole of one Y atom and a lone pair of the other. Some of the
complexes are stabilized by a Y---7x ChB and others by a Y---Y
ChB primarily involving the o-systems. The calculations propose
the new concept of a Y---Y ChB, which is in some sense a double
ChB: charge is transferred from the lone pair of one Y to the ¢*
antibonding orbital of the other, and an equal amount is
simultaneously transferred in the reverse direction.

B METHODS

Quantum chemical calculations were carried out with the aid of
the Gaussian 16°° suite of programs. Density functional theory,
with the M06-2X functional,”” was used in conjunction with the
aug-cc-pVDZ basis set, which includes both polarization and
diffuse functions along with a double-{ foundation. The
accuracy of this approach has been confirmed by numerous
past calculations of related systems.****~®" The aug-cc-pVDZ-
PP pseudopotential®® represented the fourth-row Te as it takes
into account certain relativistic effects.

Geometries were fully optimized, with all positive vibrational
frequencies confirming them as true minima. The interaction
energy E;, is defined as the difference between the energy of the
dimer and the sum of the energies of the two monomers in the
geometry they adopt within the complex; this quantity was
corrected for basis set superposition error by the standard
counterpoise protocol.”> The Multiwfn program®* permitted
graphic illustration of the total densities and the electron
localization functions (ELFs); the maxima and minima of the
molecular electrostatic potential (MEP) were assessed on an
isodensity surface of p = 0.001 a.u. The Atoms in Molecules
(AIM) method identified bond paths, and the properties of their
bond critical points, in the context of the AIMAI®® program.
Individual orbitals, and the energetic contributions of charge
transfers between them, were assessed by natural bond orbital
(NBO) theory®®®” via the NBO3 program incorporated into
Gaussian. Total interaction energies were decomposed into
physically meaningful components by the symmetry-adapted
perturbation theory (SAPT) protocol®®®” with the aid of the
MOLPRO program,”” within the context of the aug-cc-pVDZ
basis set.

4026

B RESULTS

Properties of Monomers. It would be instructive to first
examine the salient properties of the five-membered ring
molecules YC,H,, where Y refers to S, Se, and Te. O was not
included as it very seldom participates in a chalcogen bond and
only in exceptional circumstances. Figure la depicts the total
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Figure 1. (a) Total electron density on 0.18 au contour. (b) ELF
diagram on 0.8 contour. (c¢) MEP surrounding SeC,H, on a surface
corresponding to 1.5 X vdW radii of atoms. Blue and red colors,
respectively, correspond to +12.5 and —12.5 kcal/mol. (d) Positions of
Vinax ON the 0.001 au isodensity surface in the molecular plane, with
values shown in blue in kcal/mol. (e and f) Two views of positions of
Viin Shown as red discs, with values in kcal/mol. Distances in A, angles

in degs.

electron density of selenophene SeC,H, as an example, which
contains a gap in the density between Se and its two adjacent C
atoms, suggesting that the aromaticity does not fully incorporate
the Se electrons into the 7-system. This idea is consistent with
the three C—C bond lengths, which are not equal to one another.
The two C—C bond lengths adjacent to Se are 1.363 A, as
compared to a longer 1.434 A for the third C—C bond, opposite
to Se. Rather than a full integration of Se into the 7-system, the
electronic structure leans toward one where Se interacts with a
conjugated —C=C—C=C-— butadiene system. Nonetheless,
the molecule is an aromatic one. The NICS(1) index, as
measured by the negative of the nuclear magnetic resonance
(NMR) chemical shielding of a point lying 1.0 A above the
molecular center, is —10.1 ppm (—10.5 and —9.0 ppm for Y =S
and Te, respectively). This order of decreasing aromaticity (S >
Se > Te) conforms to a previous study of these three molecules
based on NMR, diamagnetic susceptibility, dipole moment, and
structural data.” These NICS values compare favorably with a
shielding of —10.0 ppm in the fully aromatic benzene.

The ELF diagram in Figure 1b focuses on electron pairs. The
plot suggests that the classical Se lone pair in the molecular plane
coalesces with its p,, orbital, which formally engages with the ring
7-system to form an extended region of electron density. The
manner in which the electron density produces the MEP is
illustrated in Figure lc where the red and blue regions,
respectively, indicate negative and positive areas of the MEP.
The MEP is most positive in the molecular plane and
corresponds to the four H atoms in the plane of the molecule;
there is an additional positive area along the extensions of the
C—Se bonds, which correspond to o-holes. Note, however, that
these holes tend to coalesce with the positive MEP emanating
from the neighboring H atoms. A detailed analysis of an
isodensity surface with p = 0.001 au yields four CH maxima and
two Se o-holes, as illustrated in Figure 1d. V,,, is equal to 15.7
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Figure 2. Variation of the electron density (107* au) and MEP (kcal/mol) 1.8 A from the Se atom (a) in and (b) out of the molecular plane.

kcal/mol for the two o-holes, a little larger, 18.3 kcal/mol, for the
neighboring CH, and larger still at 22.2 kcal/mol for the CH
groups that are not adjacent to Se. The MEP is generally
negative above the molecular plane. The minima reside more or
less above the two C—C bonds as shown in Figure le,f, with
values of —16.3 kcal/mol. The absence of minima above the Se—
C bonds may be connected with the gap in the z-electron
density evident in Figure la. Figure SS presents analogous
diagrams for Y = S and Te, where the similarities with
selenophene are obvious.

Figure 2 provides a more quantitative view of the MEP
centered around the Se atom. So as to be consistent with the Se
vdW bond radius,”’ the data in Figure 2 were collected at a
distance of 1.8 A from the Se nucleus. As may be seen in Figure
2a, the density declines as the reference point is displaced off of
the C—Se—C bisector, in the approximate location of the Se lone
pair, in the molecular plane. This drop of p causes a steady rise in
the MEP, which nearly triples as a result of a 60° displacement.
In contrast to this behavior, Figure 2b shows that displacement
out of the molecular plane increases the density, such that the
MEP suffers a lowering, to the point that the MEP reverses its
sign for displacements of more than 50°. These behaviors are
consistent with diagrams in Figure 1. The MEPs of thiophene
and tellurophene presented in Figure SS are quite similar to
those in Figure 2.

Another perspective on the electronic structure surrounding
this molecule arises from adding a small base or acid of moderate
strength, so that one can further probe the molecule so as to see
where each of these molecules prefers to situate itself. The NH;
base finds two locations around SeC,H,, and these minima are
displayed in Figure 3a,b. The first takes advantage of both the Se
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Figure 3. Minima on the potential energy surface combining SeC,H,
with (a, b) NH; as the base and (c) HF as the HB donor; the green dot
represents the midpoint of the indicated C—C bond. Numbers refer to
interaction energy in kcal/mol; distances in A; and angles in degs.

o-hole and the CH positive region, wherein NH; engages in both
a chalcogen and H-bond. The total interaction energy is 3.17
kcal/mol. Although the positive region around the more distant
CH is a bit deeper, the interaction energy for the CH---N H-
bond in Figure 3b is a bit smaller, since there is no auxiliary
chalcogen bond. The strongest interaction of all occurs when
HF approaches above the molecular plane in Figure 3¢, with an
interaction energy of 5.11 kcal/mol. The HF situates itself very
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close to the position of V;;; in Figure 1, above one of the C—C
bonds. Although the red region in Figure 1c seems to span the
entire molecule, it is only the geometry depicted in Figure 3¢
that represents a minimum with HF as the partner. When
initially placed near the Se lone pair, so that an FH:--Se H-bond
is possible, the HF migrates above the ring.

Types of Dimer Structures. Inspection of the spatial
disposition of the MEP around the various YC,H, monomers
permits some educated guesses as to the geometries that might
be expected if two of these molecules are paired with one
another. In particular, the positive blue areas around the rim of
the molecule ought to be attracted toward the negative red
region lying above the molecular plane. As such, a T-shaped
homodimer would be the expected result. This idea is reinforced
by the strong complex illustrated in Figure 3¢ where an FH
molecule approaches the molecular plane from above.

T-Shaped Dimers. However, these ideas are unable to refine
the structure beyond this generic ideal. For this purpose, the two
molecules were placed in various configurations relative to one
another, followed by full geometry optimization. For each of the
Y atoms, S, Se, and Te, there were three perpendicular minima
located on the potential energy surface. These optimized
geometries are displayed in Figure 4a—c for the case of

Figure 4. (a—e) Optimized homodimers of SeC,N,. The green dot
represents the midpoint of the indicated C—C bond; distances in A and
angles in degs.

selenophene Y = Se. Based only on the geometries, it is difficult
to judge which atoms of the two monomers interact with one
another. Each of the broken blue lines in Figure 4 refers to a
bond path derived from AIM analysis. In some cases, the
terminus of a bond path leads to a bond, rather than a single
atom. For each such instance, a green disk indicates the position
of the midpoint of that bond. The actual AIM diagrams in Figure
Sla—c indicate that the density at each bond critical point is on
the order of 0.007 au. In terms of the atoms connected to one
another, one could identify what look like both chalcogen and
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H-bonds in these structures. The presence of these noncovalent
bonds is further verified by the NCI diagrams in Figure S1d—f.
NBO analysis of the global minimum of Figure 4a is generally
consistent with the AIM diagram. For example, the chalcogen
bond is supported by E(2) of 0.72 kcal/mol. The H-bonds are
verified by E(2) contributions to the ¢*(CH) antibonding
orbital, e.g,, 1.3 kcal/mol from the C—C z-bond. Hence, in
summary, NBO reinforces the idea that the stronger H-bonding
is supplemented by a weaker chalcogen bond. On the other
hand, it might be an oversimplification to focus too closely on
particular bond paths, as the bonding pattern seems to spread
out over the entire breadth of the m-system of the lower
molecule, as indicated by the NCI diagram in Figure S1d.

Another T-shaped dimer is displayed in Figure 4b in which
the upper molecule slides to the left, relative to Figure 4a. This
motion leaves only a single AIM bond path, a chalcogen bond to
a 7(CC) bond, with pgcp = 0.0074 au. A third geometry in
Figure 4c rotates the upper molecule so that it approaches the
lower with a pair of CH bonds, leading to several H-bonds
involving either a C=C bond or Se as the electron donor. Figure
Slc lists their bond critical point densities as lying in the range
between 0.0053 and 0.0073. Although AIM identifies different
numbers of specific noncovalent bonds in each T-dimer, the
NCI diagrams in Figure S1d—f are rather similar to one another,
suggestive of an overall delocalized bonding that covers a full
area of the lower molecule’s 7-cloud.

The S and Te analogues of these homodimers exhibit very
similar geometries, all of which are depicted in Figure S2. There
are some distinctions between the three Y atoms in terms of
specific AIM bond paths, but the overall patterns are quite
similar, especially the delocalized NCI bonding region.

The energetics of these perpendicular dimers are reported in
the first three rows of Table 1. Dimer a is most stable of the

Table 1. Relative Energies of Various Conformers of
(YC,H,), and Their Interaction Energies, All in kcal/mol

Erel _Eint
S Se Te S Se Te
a 0.0 0.0 0.0 3.69 4.01 4.60
b 1.02 0.95 0.44 2.66 3.24 4.25
c 1.09 1.39 1.86 2.74 2.66 2.72
d 1.57 1.55 1.59 2.50 2.84 3.36
e 2.46 2.80 2.26 1.49

three, followed by b and then ¢, although all have energies within
about 2 kcal/mol of one another. It is perhaps notable that
structure ¢ has the highest energy even though V,,, is the largest
for the CH group which is involved in a H-bond in that geometry
(see Figure 1d). The next three columns of Table 1 delineate the
interaction energies of each dimer (corrected for basis set
superposition error). The dimerization energy of structure a
varies from 3.7 kcal/mol for Y = S up to 4.6 kcal/mol for Te, with
the Se intermediate between the two. This quantity diminishes
for structures b and ¢, consistent with their relative energies.
Regardless of the particular Y atom, the most stable dimer
contains a chalcogen bond as well as one or more H-bonds
involving its neighboring CH group. Note that the order of
interaction energy rises in the order expected for a ChB, S < Se <
Te, for both structures a and b, which contain such a bond, but is
insensitive to the nature of the Y atom for ¢, which contains no
ChB.
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Slipped Stacked Structures. Another sort of stable minimum
located on the surface might be described loosely as stacked but
slipped, i.e., shifted relative to one another. Figure 4d illustrates
this type of structure for Y = Se, with very similar shapes for S
and Te, added to Figure S3. Structure d is symmetric in the sense
that the two monomers are equivalent to one another. According
to AIM, structure d is stabilized by a Se---Se chalcogen bond, as
well as a C---C tetrel bond. Because of the symmetry, each such
chalcogen bond contains equal elements of transfer from the
lone pair of one molecule to the 6*(CSe) of its neighbor, and
vice versa, so there is no net intermolecular charge transfer. The
AIM picture changes slightly for thiophene where the C---C
interaction is replaced by CH---S H-bonds, as pictured in Figure
S3d. However, the NCI bonding regions of Figure S3 resemble
one another very closely and so do not suggest any real change in
the bonding pattern. NBO analysis confirms the presence of
each Y--Y chalcogen bond with E(2) for the Y, = c*(YC)
transfer equal to 0.4, 0.7, and 1.2 kcal/mol, respectively, for Y =
S, Se, and Te. It must be borne in mind, though, that an
equivalent amount arises for the transfer in the opposite
direction, so these quantities should effectively be doubled for a
true estimate for the full chalcogen bond.

As indicated in Table 1, structure d is slightly higher in energy
than any of the T-shaped dimers with the exception of Y = Te
where d is slightly more stable than c. The interaction energies of
these slipped parallel dimers are between 2.5 and 3.4 kcal/mol
and follow the pattern of strengthening S < Se < Te, which is
typical of chalcogen bonds. The bond length elongates in this
same order, with R(Y-+Y) equal to 3.560, 3.658, and 3.933 A,
respectively, as the Y atom grows larger.

Planar Structures. The fifth minimum located on these
surfaces, and the least stable, places the two monomers in the
same plane, as exemplified by Figure 4e. While there is such a
minimum for Y = S and Se, there is no such coplanar dimer
existing on the surface for Y = Te. There is a sort of dual
chalcogen bond between the two Y atoms, in that the symmetry
is such that each atom plays the role of the electron donor and
acceptor simultaneously. For example, E(2) for the Y;, —
6*(YC) transfer is 0.3 kcal/mol for one direction and the same
amount for the other direction for Y = S; this quantity rises to 0.4
kcal/mol for Se. NBO verifies a pair of CH--S H-bonds, with
E(2) for S, = 6*(SH) = 0.3 kcal/mol for each; as illustrated in
Figure S4, AIM does not place a bond path between these atoms
for Y = Se, although NBO would suggest otherwise with E(2) =
0.2 kcal/mol. Indeed, the NCI diagrams in Figure S4 do not
indicate much difference between the S and Se complexes, so
one can attribute the stability of these planar complexes to a
combination of chalcogen and H-bonds. Unlike the normal
expectation for chalcogen bonds, the interaction weakens as Y
grows larger and even vanishes for Te.

As a final point, the reliability of this level of theory was
carefully tested for the thiophene systems. Computation of the
interaction energies with a larger aug-cc-pVTZ basis set, shown
in Table S1, indicates that the triple-valence set slightly reduces
these quantities, but their order is unaffected. A recent study’
has evaluated various functionals for application to chalcogen-
bonded systems and found M06-2X one of the more accurate.
To provide further assurance of its reliability, computations were
also carried out with the wB97-XD functional. As shown in
Table S1, the interaction energies suffered only a small
reduction, again keeping the energetic ordering intact.
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B ANALYSIS OF BONDING

As should be evident, these dimers are held together by a variety
of forces and noncovalent bonds. The perpendicular T-shaped
complexes are favored by the Coulombic juxtaposition of the
positive potential in the plane of the molecule with the negative
region above the plane of the partner monomer. SAPT
partitioning of the total interaction energy thus reveals a
substantial negative electrostatic component (ES) in Table 2.

Table 2. SAPT Components (kcal/mol) of Interaction
Energy of (SC,H,),

a b c d e
ES —4.12 —2.62 —-2.72 -3.31 —1.48
EX 7.32 6.66 5.75 5.60 3.77
IND —4.07 -3.39 —1.84 -3.19 -1.79
EX-IND 3.60 3.05 1.54 291 1.53
DISP —6.53 —-6.23 —=5.71 —4.85 -3.80
EX-DISP 0.93 0.94 0.77 0.69 0.42

However, induction energy (IND) is also rather large,
characteristic of the presence of noncovalent bonds. Dispersion
(DISP) is even larger, which is characteristic of an overall
attractive force without specific bonds as a requirement,
particularly when the interaction involves the entire 7-system.
The decomposition of complex b, with the purest ChB of those
in this class, has DISP as the largest component, followed by
IND and ES in that order. Parenthetically, the SAPT results are
insensitive to enlargement of the basis set. Expansion to aug-cc-
pVTZ changes the quantities in Table 2 by only 0.03 kcal/mo],
with a slightly larger increase of 0.3 kcal/mol for the dispersion
contribution.

The slipped parallel dimer d no longer places the positive
region in the plane of one unit in direct coincidence with the
negative out-of-plane segment of the other, but the electrostatic
component is nevertheless attractive and comparable to that in
the T-shaped dimers, as is the induction. On the other hand, the
switch away from the interaction with the z-cloud reduces the
dispersion energy of d. All of these elements suffer a decline in
passing over to the planar e dimer. The latter geometry forces

the positive planar regions to face one another, so ES is only
marginally attractive. Reductions in the induction and
dispersion energy also occur, but the concomitant decrease in
the exchange repulsion keeps the entire interaction attractive.
Nonetheless, dispersion appears to make the largest contribu-
tion to the interactions within structures d and e, as was also the
case with the T-dimers. It is worth noting that the high
proportion of dispersion in the coplanar structure, and the
weaker but attractive electrostatic term, has been confirmed in
earlier calculations” of similar dimers extracted from X-ray
structures. This similarity is of particular interest as the
structures examined in this previous work had no possibility of
H-bonds between the SC, ring units.

With regard to specific sorts of noncovalent bonds, a scan of
the molecular structures, combined with AIM and NBO analysis
of the wavefunctions, suggests a combination of chalcogen with
hydrogen bonds, in differing proportions in the various dimers.
Some of the most important parameters relative to this picture
are compiled in Table 3. For perpendicular structures a and b, it
is the C==C z-bond that serves as the source of electrons in the
ChB, so R refers to the distance from Y to the C—C midpoint.
This distance elongates as Y grows larger but is consistently
shorter for structure b than for a. This sign of a stronger ChBin b
is also consistent with the more linear O(CY---D) (where D
refers to the donor C—C midpoint). The next two columns list
the bond critical point density of both the ChB and any HB bond
paths that might be present. These quantities are similar for the
ChB and HB in structure a, but it is the ChB that dominates in b.
This same finding of a preponderant influence of the ChB in b
may be seen as well in the NBO E(2) measures of charge transfer
in the last two columns of Table 3. Hence, structure a represents
anear equal blend of ChB and HB, while dimer b is held together
almost exclusively by a 7(CC) — ¢*(YC) chalcogen bond.

The slipped parallel dimer d has a considerably longer ChB,
but it must be stressed that this distance is that between the two
Y nuclei, not to a bond midpoint. The AIM and NBO data
suggest that this complex is again a mix of ChB and HB, with a
slightly larger proportion of the former. Judging by the Y---Y
distances and angles in Table 3, the ChB would appear to be a bit

Table 3. Comparison of Characteristics of ChB and HB“ in Homodimers

—E,,y keal/mol R(Y--D"), A 6(CY--D?), degs p,107* au E(2), keal/mol

ChB HB ChB HB

a

S 3.69 3.424 168 68 3 X 70 0.7 1.5

Se 4.01 3.464 162 71 2Xx71 1.0 2.0

Te 4.60 3.537 156 75 72 1.3 1.7

b

S 2.66 3.404 172 70 SS 0.7 0.3

Se 3.24 3.446 166 74 1.0 0.2

Te 4.25 3.514 157 80 LS 0.1

d

S 2.50 3.560 154 67 2 X §7 0.4 0.3

Se 2.84 3.658 152 74 2 X 57 0.7 0.2

Te 3.36 3.933 143 73 2% 58S 1.2 0.1

e

S 2.26 3.478 176 70 2 X 50 0.3 0.3

Se 1.49 3.606 169 71 0.4 0.2

“Distance and angles measured from the 7(CC) midpoint in structures a and b. ”D refers to the C—C midpoint in a and b and to other Y atom in d

and e.
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stronger in planar dimer e than in d, although the AIM and NBO
data do not reflect much of a difference.

One window into the strength of a CH:--Y H-bond is the
stretch undergone by the C—H bond upon dimerization. These
stretches outlined in Table 4 certainly confirm the presence and

Table 4. Change in r(CH) (mA) Resulting from Formation of
Dimers

S Se Te
a 0.8 0.7 12
b -0.5 -0.5 0.3
c 2.8 32 4.5
d 0.3 0.3 0.8
e -0.3 -0.3

influence of H-bonds in the perpendicular dimer ¢, where each
C—H bond elongates by several mA. The hypothesized HBs in a
are confirmed by stretches that are roughly 1 mA, while their
absence in b is supported by the very small changes, some of
them in fact small compressions. The stretches in dimer d are
also small but consistently positive, suggestive of a weak CH---Y
HB, while planar complex e would appear to have little to no H-
bonds present. Hence, like b, one may consider the planar
complex e held together primarily by a ChB with only marginal
supplementation by HBs.

Y:+Y Chalcogen Bonds. Planar dimer e is uniquely
interesting from a number of perspectives. In the first place, it
would appear to place the 6*(CY) antibonding orbital and o-
hole of one monomer in near perfect alignment with that of its
partner, an unusual situation. More importantly, this structure
would also displace the Y lone pair, which lies along the C—=Y—C
bisector of the ring away from the ¢* orbital of its partner, and
minimize the overlap necessary for the charge transfer involved
in a ChB. Figure Sa illustrates the relevant orbitals in the
thiophene dimer and shows that the S lone pair is broad enough
that its displacement does not fully disrupt the necessary overlap
between these two orbitals, leaving E(2) equal to 0.31 kcal/mol.
Note also that as per the symmetry of this complex, there is an
equivalent arrangement where the lone pair and o* orbitals of

’ H
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Figure 5. Alignment between the S lone pair of one monomer and (a)
6*(CS) and (c) 6**(CC) antibonding orbitals of its partner in structure
e. Purple and green colors indicate opposite phases of the wave
function. NBO E(2) values reported in kcal/mol. (b) Cartoon showing
dual transfer in both directions. (d) Disposition of MEP of two
monomers. Blue and red colors, respectively, indicate +13 and —13
kcal/mol.
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the two molecules are switched (see Figure Sb), so that the Y---Y
ChB is reinforced by a doubling of this sort of overlap. The
rotation of the Y lone pair away from the 6*(CY) antibonding
orbital has a hidden benefit as well. Although this displacement
lowers its overlap with 6*(CY), it facilitates its overlap with a
6*(CC) orbital, as displayed in Figure Sc. With a value of E(2) =
0.11 kcal/mol for this transfer, this interaction might be
characterized as a weak tetrel bond. As is the case for the
ChB, this tetrel bond is effectively doubled due to the symmetry
of the geometry.

Another facet of the geometry of dimer e is that its symmetry
is such that if one considers the intermolecular Y---Y axis, the
MEDP of one molecule along this axis must be equal in both sign
and magnitude to that of the other. Figure 2a shows that the
MEDP is positive along this C-Y axis, for §~55°, so at first blush,
the electrostatic energy ought to reflect the repulsion between
the two positive MEPs along this axis. However, this idea reflects
a gross oversimplification of the nature of the electrostatic
interaction. In the first place, there is a certain degree of charge
penetration as the two molecules approach one another, which
would ameliorate any repulsion. Second, the interaction is not
simply a point-to-point contact along the dashed line
representing the Y--Y axis of Figure 5d but must also reflect
other areas of contact. While it is true that blue positive areas of
Figure Sd make contact with one another along the dashed line,
representing the Y--Y axis, there are other adjacent regions of
contact between opposite charge or between those of much less
positive charge. Hence, the rotation of the two molecules that
displaces the 6*(CY) orbital of one unit from the Y lone pair of
the other, leading to the symmetry of structure e, allows an
overall attractive electrostatic component, albeit not a very large
one.

Structure d slides each molecule out of the plane of the other.
This motion still permits an overlap of the S lone pair of one unit
with the 6%(SC) orbital of the other, as illustrated in Figure 6a.
As in coplanar dimer e, d also contains a secondary charge
transfer to augment the interaction. The source of the density for
this complementary interaction is the z-orbital of S, which is
partially a lone pair as it is poorly integrated into the 7-system of
the ring. The overlap of the orbitals involved is portrayed in
Figure 6b, for which E(2) is comparable to that involving the &
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Figure 6. Alignment between the 6*(SC) antibonding orbital of one
monomer and (a) S o-lone pair and (b) S z-lone pair of its partner in
structure d. Purple and green colors indicate opposite phases of the
wave function. NBO E(2) values reported in kcal/mol. (c) Disposition
of MEP of two monomers where blue and red colors, respectively,
indicate +13 and —13 kcal/mol.
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lone pair of S in Figure 6a. (Like e, the symmetry of d also leads
to a doubling of these quantities, as charge transfers in the
reverse direction are also present.)

With regard to the electrostatics, it might be noted from
Figure 2b that the MEP becomes less positive as the point of
reference leaves the molecular plane. The displacement of the
two molecules that occurs within structure d capitalizes on this
behavior, which will tend to reduce any repulsive electrostatic
force between the two Y atoms. The MEPs of the two monomers
are placed in their appropriate positions of the d dimer in Figure
6¢ and illustrate how the displacement of one molecule out of
the plane of the other minimizes any contacts between positive
blue areas. It is in part due to this rearrangement that the ES term
is more negative for d than for e.

Other insights into the nature of the bonding can be achieved
by switching out one of the H atoms of SC,H, with an F atom. A
planar structure very closely akin to dimer e was optimized
although the two CH:--S HBs that help stabilize the thiophene
dimer are no longer possible. The absence of these HBs accounts
for the weakening of the total interaction, with E;;, cut from 2.26
to 1.02 kcal/mol, and the R(S---S) distance expanded from 3.478
to 3.502 A. One might thus approximate this 1 kcal/mol quantity
as a reasonable estimate as to the S---S chalcogen bond strength
when in this coplanar configuration. This value is quite similar to
a computation” at the much higher CCSD(T) level with a
complete basis set extrapolation. The monosubstituted SC,H;F
dimer also engages in a perpendicular structure like that of b,
which is primarily stabilized by a S---7# ChB. The interaction
energy of this dimer is 3.59 kcal/mol, which is slightly larger than
2.66 kcal/mol in its unsubstituted analogue. The added stability
can be attributed in part to a pair of weak halogen bonds (F--F
and F-+-S) that complement the ChB. Another variation might
be to change one of the CH groups adjacent to Y to a N atom.
Just as in the case of the CH — CF substitution, the homodimer
of SNC;H; forms a coplanar structure much like e. Also lacking
the CH---N HBs of e, the interaction energy of this dimer is only
1.02 kcal/mol.

B DISCUSSION

It is of some interest to summarize the types of noncovalent
bonds involved in each class of geometry and to study how these
bond types impact the overall stability. All of the homodimers
examined here are of moderate strength, with binding energies
in the range between 1.5 and 4.6 kcal/mol. Even though the
MEP is most positive in the regions surrounding the H atoms,
perpendicular structure ¢, which is bound almost entirely by
several HBs, is not the most strongly bound. It is surpassed by
geometry b, which is stabilized primarily by a Y---7 ChB, without
the aid of auxiliary noncovalent bonds. The interaction energies
of these structures provide the best unvarnished view of the
strength of the ChB in isolation from other bonds. As such, these
ChBs vary from 2.7 kcal/mol for S, up to 4.3 kcal/mol for Te,
with Se in between. This trend obeys normal expectations for
ChBs. The optimal binding choice, global minimum a, involves a
combination of HBs with a Y-z ChB, and these HBs add a little
less than 1 kcal/mol to the interaction energy.

The monomer arrangements of slipped parallel d and planar e
are unable to present a simple interaction of an extensive positive
MEP of one unit with a negative MEP of the other, as is possible
for the T-structures. They nevertheless adopt geometries that
minimize any Coulombic repulsion to the point that the overall
electrostatic interaction is slightly negative. Slipped parallel d is
better able to minimize Coulombic repulsions and so is
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somewhat more stable than planar e. The ChBs in these two
structures are of the Y---Y type where charge is transferred from
the lone pair of one atom to the 6*(YC) orbital of its partner.
However, the symmetry is such that there is an equal transfer in
the opposite direction, essentially doubling the stabilizing
influence of the Y---Y ChB. Rather than the CH---7 HBs of the
perpendicular structures, the auxiliary bonds in d and e are of
CH--Y type and appear to be important for the formation of
these classes of dimers, which cannot depend entirely upon a
ChB. As such, the d conformations tend to be more stable than
the perpendicular ¢, which is bound almost exclusively by a 7
ChB. The diminishing electronegativity from S to Te
progressively weakens these auxiliary bonds. Consequently,
the interaction energy of the e dimer of Se is smaller than that of
S, and this geometry disappears entirely from the surface of Te.

As indicated above, the interactions examined here are not
necessarily pure ChBs but combine them with other sorts of
bonds such as CH---Y and CH---z. Hence, it is of interest to
compare these interactions with a purer form of ChB. The
combination of several CH---# HBs, which is the dominant
factor in complex c, leads to a total interaction energy of 1.39 for
Y = Se, which is considerably smaller than an FH---7 energy of
5.11 kcal/mol in Figure 3c. This disparity is sensible in light of
the much stronger ability of FH to donate a proton. If the CH
group of SeC,H, is combined with NH; as the base, the
interaction energy of this pure CH---N HB is 1.57 kcal/mol (see
Figure 3b), so one can consider the z-system of SeC,H, as
comparable to NH; in terms of electron donation. This same
NH; base engages in a joint ChB/HB with SeC,H, (Figure 3a)
with a combined strength of 3.17 kcal/mol. This quantity is only
slightly stronger than the Se---Se ChB of dimer e, which has no
apparent augmenting HB, so it seems that the Se of the ring is
comparable to NHj; as a ChB partner.

It is perhaps surprising that chalcogen bonds can be formed
between molecules without a positively charged o or even 7-
hole. However, as mentioned above, the absence of such a hole
does not necessarily preclude a stabilizing interaction, as other
factors can compensate. In addition, this idea has been
manifested in the past. For example, a series of calculations’”
have documented the ability of a molecule like H,T =Y, where T
represents any of a group of tetrel atoms, to engage in a ChB with
a N-base despite a 6-hole of negative sign. Murray and Politzer”
have compiled a longer list of stable complexes forming despite a
negative o-hole in the context of halogen bonds, work that was
seconded by Wang et al.”® for another series of complexes.

Earlier comparisons between experiments and computa-
tions”” have emphasized the importance of orbital delocaliza-
tion, aka induction, in the chalcogen bonds involving thiophene
and selenophenes. The authors noted charge transfer between
the same orbitals as noted above. This conclusion is also in line
with the observation here that IND typically outweighs ES in the
homodimers. Another recent study’* has experimentally verified
the ability of tellurophenes to participate in chalcogen bonds, in
this case with anions such as chloride, bromide, nitrate,
benzoate, and toluensulfonate. There are instances of bipodal
bonding involving two such Te atoms and a single anion. Other
work”” furthered the study of chalcogen bonding by thiophene,
selenophene, and tellurophene as a means of binding anions. It
was found that these chalcogen bonds can be overshadowed by
H-bonds for S and Se but that it is the ChB that dominates for
Te. This trend is consistent with the higher relative energy of the
H-bonded conformer c for Te, as compared to S and Se.
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Earlier calculations have provided parameters regarding
native chalcogen bond strengths. In the context of the NHj
base, RMeS---NHj interaction energies lie in the range between
2.3 and 4.4 kcal/mol, depending upon the nature of R.%® When
the lone pair of NH; is replaced by a C=C z-system™” as in
ethylene or butadiene, the ensuing S---7 ChB strength varies
between 4 and 7 kcal/mol, with dispersion making a
contribution comparable to electrostatics. The bond is
strengthened by polyfluorination, as in SF,, whose interaction
energy with NHj is 6.6 kcal/mol.>” Similar patterns apply to Se:
interaction energies of R,Se with NH; range up to as much as 10
kcal/mol for FHSe.*!

A detailed survey of the entire gamut of crystal structures
involving thiophene and related units of the sort studied here is
beyond the scope of this paper. Moreover, the emphasis here lies
with the intrinsic preferences for geometrical alignment, free of
external forces such as crystal packing phenomena. Nonetheless,
there are indications that perpendicular alignments of the sort
representing the most stable dimers a, b, and ¢, as well as certain
others, do appear in crystals,*”**™*" albeit modified a bit by
crystal packing forces. In a broader sense, earlier surveys of
crystal structures®” had suggested a proclivity of nucleophiles to
approach a divalent S either from directly above or within the
molecular plane, consistent with the perpendicular and coplanar
dimers elucidated here.

For a wider perspective, one may relate the ChBs studied here
with comparable halogen bonds (XBs). Homodimers of the type
R-X---X-R (X = halogen) prefer to adopt a geometry wherein
one O(RX---X) angle is nearly linear and the other roughly 90°.
This so-called Type II arrangement allows the 6* (RX) orbital of
one unit to best align with one of the lone pairs on the electron-
donating X of its partner. An alternative structure, referred to as
Type I, is symmetric in the sense that the two O(RX---X) angles
are roughly equal to one another.””~”* This geometry is less
stable than Type II, and various reasons have been advanced for
this difference over the years.”””*~” Recent calculations” have
shown that Type I represents a transition state for the
interconversion of one Type II structure into the other, with
the two RX molecules reversing roles as an electron donor or
acceptor. The binding of Type I rests on a pair of bent halogen
bonds, rather than the single linear XB of Type II

Structure e of the YC,H, dimers contains the primary feature
of a Type I halogen bonded pair, as does d to some extent. These
configurations are symmetric and rely for their stability on a pair
of Y--'Y ChBs, each of them bent as displayed in Figures S and 6.
In contrast to RX dimers, there was no minimum identified on
the surfaces of these YC,H, dimers containing a single linear
ChB. Attempts to identify a configuration of this sort, using an
appropriate structure as a starting point for the optimization,
failed as the dimer reverted to one of the geometries described
above. One can force the dimer into this sort of Type II
geometry, by restricting a CY bond of one unit to line up with
the Y lone pair of the partner. The resulting configuration,
containing a single linear ChB, is higher in energy than the
coplanar dimer e. Using thiophene as an example, this structure
is less stable than e by 0.6 kcal/mol, and R(S--S) is longer by
0.084 A. Hence, it would appear that there is a reversal of sorts
between halogen and chalcogen bonds. While a single linear XB
is preferred over a pair of bent XBs, the opposite is true of ChBs
where it is the pair of bent bonds that is preferred. What is
common in both cases, however, is that there is only a small
difference in energy between these two sorts of bonding
scenarios. One possible explanation for the absence of dimer e
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for Te might have to do with its larger size and the greater
exchange repulsion between a pair of Te atoms that might result.

The fairly similar energies of the Type I and II geometries in
both the ChB systems presented here, and in the XBs discussed
previously, lead to the hypothesis that perhaps this might be a
common theme in noncovalent bonds. The near equivalence of
a single linear bond on the one hand and a pair of weaker bent
bonds on the other may be a general characteristic that will
become apparent as future work materializes.

It is noted finally that there are small changes in the data from
one chalcogen atom to the next, e.g, energetics, AIM
parameters, and geometric details. For example, the interaction
energies tend to rise with larger Y atoms, as do the
intermolecular distances. What is most important, though, are
the strong similarities between the behavior of the homodimers
of thiophene, selenophene, and tellurophene.

Bl CONCLUSIONS

The homodimers of YC,H, adopt two general categories of
geometry. There are three perpendicular dimer types where one
unit approaches the other from above its molecular plane in a T-
shape. These complexes are held together by some combination
of Y-z chalcogen and CH---7x H-bonds. These T-shapes are
further stabilized by the juxtaposition of the positive MEP in the
plane of one molecule with the negative region above the plane
of the other. Another category, and somewhat less stable, is a sort
of slipped parallel geometry combining a Y---Y ChB with
interactions between the CH groups of the two molecules. Last
is a coplanar dimer, composed chiefly of a Y---Y ChB. The ChBs
in the latter two structures are "duplex” in the sense that each Y
atom serves as both an electron donor and acceptor. The
interaction energies of these dimers range from 1.6 up to 4.6
kcal/mol. Those complexes, held together in large part by a ChB,
obey the standard pattern where the bond strengthens as the Y
atom grows larger. A simple examination of the MEPs of the two
units would not necessarily predict the stability of the two latter
geometries, although they do in fact benefit from a Coulombic
attraction.
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