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ABSTRACT: The predilection of sp-, sp2-, and sp3-hybridized chalcogen-bearing
molecules to engage in type I chalcogen···chalcogen interactions was comparatively
unveiled in like···like/unlike CY···YC, YCY···YCY, and F2Y···YF2 (where Y = O, S, and
Se) complexes, respectively. Upon the optimized monomers, a potential energy surface
(PES) scan was conducted to pinpoint the most favorable complexes. The energetic
findings unveiled the ability of the investigated systems to engage in the interactions
under study with binding energy values ranging from −0.36 to −2.33 kcal/mol.
Notably, binding energies were disclosed to align in the posterior sequence; sp2- (i.e.,
YCY···YCY) > sp- (i.e., CY···YC) > sp3- (i.e., F2Y···YF2) hybridized complexes, except
the like···like oxygen-bearing complexes. Instead, the highest negative binding energy
values were detected for the OCO···OCO followed by those of the F2O···OF2 and
CO···OC complexes. Furthermore, the like···like selenium-bearing complexes demonstrated the most considerable binding energies
compared to the other investigated complexes. Remarkably, the quantum theory of atoms in molecules and noncovalent interaction
index analyses revealed the highly directional and closed-shell nature of the investigated chalcogen···chalcogen interactions.
Symmetry adapted-perturbation theory findings outlined the dispersion forces as the commanding forces for all the studied
complexes. These observations will provide convincing justifications for the nature of chalcogens within type I chalcogen···chalcogen
interactions, leading to increased progress in various domains regarding drug design and materials science.

■ INTRODUCTION
Noncovalent interactions have been divulged as the primary
basis for comprehending various chemical and biochemical
processes.1−7 Among the noncovalent interactions, hole
interactions were announced as the most common member
owing to their diverse applications, such as self-assembly,8

ligand-acceptor interactions,9,10 and anion recognition.11

Principally, hole interactions were defined as an attractive
interaction between a region with a low electron density over
the entity of a molecule (i.e., hole) and a Lewis base.12

Detailedly, the hole interactions were alterable based on the
electron-accepting atom13 relevant to Group IV−VIII elements
and were classified as tetrel,14−17 pnicogen,18−23 chalco-
gen,24−29 halogen,30−33 and aerogen34−37 bonds, respectively.
Among hole interactions, many studies have focused on
chalcogen bonding interactions because of their vital role in
protein structure,38 drug design,39 and organic synthesis.40

Chalcogen bonding interactions were first announced as an
attractive interaction among the electron-deficient region of a
Group IV element-bearing molecule and an electron-rich
molecule.28

Along with chalcogen bonding interactions, chalcogen···
chalcogen interactions embraced a notable interest owing to its
sundry applications in synthetic,41,42 catalytic,43,44 supra-
molecular,45−47 biological,48 and materials chemistry.49,50 X-
ray crystal structures also pinpointed that chalcogen···
chalcogen contact was commonly detected.39,51−53

Basically, several studies have demonstrated the occurrence
of chalcogen···chalcogen interactions via favorable interactions
between like and unlike chalcogenated complexes.27,54−60 In
the literature, chalcogen···chalcogen interactions within sp2-
hybridized-chalcogen bearing molecules YCY were assorted
into four major classes, dubbed as type I, II, III, and IV
chalcogen···chalcogen interactions (see Figure 1), parading
that all the inspected complexes were driven by dispersion
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forces.61 The same findings were denoted for the sp3-
hybridized-chalcogen-bearing molecules.62,63

However, there is still a paucity of studies demonstrating the
nature and characteristics of chalcogen···chalcogen interactions
within the sp3-hybridized-chalcogen bearing molecules accom-
panied by no identification for these interactions within sp-
hybridized-chalcogen bearing molecules.
Accordingly, a quantum mechanical investigation was herein

established to unveil the potentiality of sp-hybridized
chalcogen-bearing molecules to engage in type I chalcogen···
chalcogen interactions via like···like and unlike CY···YC
complexes (where Y = O, S, and Se) (Figure 2). Afterward,

these interactions were compared with their analogues of sp2-
and sp3- hybridized chalcogen-bearing molecules within the
YCY···YCY and F2Y···YF2 complexes, respectively. In this
perspective, geometry optimization and electrostatic potential
(EP) analysis were performed for the investigated chalcogen-
bearing molecules. Upon the optimized monomers, a potential
energy surface (PES) scan was conducted to pinpoint the most
favorable complexes. Afterward, quantum theory of atoms in
molecules (QTAIM), noncovalent interaction (NCI) index,
and symmetry-adapted perturbation theory (SAPT) were
performed for the most favorable complexes. The findings
unearthed would be instructive for forthcoming applications
pertinent to crystal engineering and materials research.

■ COMPUTATIONAL METHODS
A quantum mechanical investigation was herein executed to
thoroughly unveil the ability of sp-, sp2-, and sp3-hybridized
chalcogen-bearing molecules to engage in type I chalcogen···
chalcogen interactions in the fashion of like···like/unlike CY···
YC, YCY···YCY, and F2Y···YF2 (where Y = O, S, and Se)
complexes, respectively. First, all the inspected molecules were
geometrically optimized employing the MP2/aug-cc-pVTZ

level of theory.64−66 The aug-cc-pVTZ(PP) basis set was
adopted to account for the relativistic effects of the Se atom67

and was obtained from the EMSL Basis Set Exchange
Library.68−70 Within the context of EP analysis, molecular
electrostatic potential (MEP) maps were extracted to reveal
the electron density distribution over the molecular skeleton
for each molecule. In this vein, the 0.002 electron bohr−3
contour of electron density was adopted due to its minute
description of the EP on the molecular entity of the chemical
systems, as previously recommended.71,72

Upon the optimized monomers, a PES scan was deliberated
to comparatively evaluate the inclination of CY, YCY, and YF2
molecules to participate in type I chalcogen···chalcogen
interactions applying single point energy calculations. In the
PES scan, a prolonged angular scope of 90° ≤ θ1 = θ2 ≤ 180°
was invoked, where θ1 and θ2 represent, in successive, C−Y···Y
and Y···Y−C for the sp-/sp2-hybridized complexes, along with
Centroid-Y···Y and Y···Y-Centroid for the sp3-hybridized
complexes (see Figure 2). PES scan was performed for the
designed complexes at a distance scope starting from 2.5 to 5.0
Å with a step size of 0.1 Å. No vibrational frequency
calculations were executed for the studied complexes, outlining
the possibility that such structures might not be energetic
minima. The binding energies (Ebind) were computed from the
algebraic subtraction of the energy of the isolated monomers
from the energy of the complex. For the assessed energetic
quantities, the counterpoise corrected method was incorpo-
rated to eradicate basis set superposition error.73 Benchmark-
ing was afterward executed for all the considered complexes at
the CCSD(T)/CBS level of theory as follows74,75:

E E ECCSD(T)/CBS MP2/CBS CCSD(T)= + (1)

where

E E

E

(64

27 )/37

MP2/CBS MP2/aug cc pVQZ(PP)

MP2/aug cc pVTZ(PP)

=

(2)

E E

E

CCSD(T) CCSD(T)/aug cc pVDZ(PP)

MP2/aug cc pVDZ(PP)

=

(3)

The nature of type I chalcogen···chalcogen interactions was
manifested by employing the QTAIM76 and NCI index77

analyses. All calculations were carried out using Gaussian 09
software.78 The EP, QTAIM, and NCI data were extracted
utilizing Multiwfn 3.7 software.79 The QTAIM and NCI
schemes were generated utilizing the visual molecular
dynamics program.80 In order to unveil the physical nature
of investigated interactions, SAPT analysis was fulfilled81 at the
SAPT2 level of truncation81 with the help of PSI4 code.82

Figure 1. Descriptive representations of type I, II, III, and IV chalcogen···chalcogen interactions in Y�C�Y···Y�C�Y complexes where Y
represents a chalcogen atom.

Figure 2. Descriptive representation of the PES of the type I
chalcogen···chalcogen interactions within the like···like and unlike sp-
(i.e., CY···CY), sp2- (i.e., YCY···YCY), and sp3- (i.e., F2Y···YF2)
hybridized complexes.
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Using SAPT calculations, the total SAPT2 energy (ESAPT2) was
computed by summing its main physically meaningful energy
quantities, namely electrostatic (Eelst), dispersion (Edisp),
induction (Eind), and exchange (Eexch) energies, as illustrated
in eqs 4−8.83 The attractive force percent (Eattractive% ) was
computed to determine to what extent each attractive
components contribute to the total attractive forces
(Etotal attractive forces) through eq 9.

E E E E ESAPT2 elst ind disp exch= + + + (4)

where:

E E Eelst elst
(10)

elst,r
(12)= + (5)

E E E E E Eind ind,r
(20)

exch ind,r
(20)

ind
(22)

exch ind
(22)

HF,r
(2)= + + + +

(6)

E E Edisp disp
(20)

exch disp
(20)= + (7)

E E E Eexch exch
(10)

exch
(11)

exch
(12)= + + (8)

E E E( / ) 100attractive
%

attractive component total attractive force= × (9)

■ RESULTS AND DISCUSSION
EP Analysis. The EP analysis is considered as a well-

established tool to effectively interpret the distribution of
electron densities over the surface of a molecule.84,85 The MEP
maps of the inspected molecules are portrayed in Figure 3.

From the delineated MEP maps in Figure 3, a variety of blue
(i.e., electrophilic) and red (i.e., nucleophilic) sites were
generally detected around the molecular surface of the
examined systems. Regarding CY and YCY molecules, the
EP analysis uncovered the most negative and positive EP over
the outer surface relevant to the O and Se atoms, respectively.
The molecular entity of all F2Y molecules was noticed by the
presence of both negative and positive EP. Overall, these
findings reinforced the ability of sp- (i.e., CY), sp2- (i.e., YCY),

and sp3- (i.e., F2Y) hybridized chalcogen-bearing molecules to
engage in a wide range of chalcogen···chalcogen interactions.

PES Scan. PES analysis was adopted to energetically
elaborate the proclivity of the chemical systems to participate
in noncovalent interactions. In this perspective, the optimized
structures of the CY, YCY, and F2Y monomers were modeled
in the form of type I chalcogen···chalcogen interactions within
the like···like and unlike sp- (i.e., CY···CY), sp2- (i.e., YCY···
YCY), and sp3- (i.e., F2Y···YF2) hybridized complexes. Colored
Ebind maps within an angular scope of 90° ≤ θ1 = θ2 ≤ 180°
were visualized and are portrayed in Figure 4. Furthermore,
MP2 energetic quantities were benchmarked at the CCSD(T)/
CBS level of theory. The computed Ebind values at the most
favorable complexation parameters are collected in Table 1.
As evident in Figure 4, the predilection of chalcogen-bearing

molecules to engage in type I chalcogen···chalcogen inter-
actions via like···like and unlike complexes was affirmed
through the emerging negative Ebind values with higher
preferability for selenium-bearing complexes. As numerical
evidence from Table 1, Ebind values of the sp3-hybridized
complexes were−0.64,−0.50,−0.54,−0.55,−0.64, and−0.79
kcal/mol in the case of the F2O···OF2, F2O···SF2, F2O···SeF2,
F2S···SF2, F2S···SeF2, and F2Se···SeF2 complexes, respectively.
Conspicuously, the preferability of the studied complexes was
noticed to augment relying on the following order: sp3- (i.e.,
F2Y···YF2) < sp- (i.e., CY···YC) < sp2- (i.e., YCY···YCY)
hybridized complexes, except for the like···like oxygen-bearing
complexes. For instance, Ebind were−0.79,−1.71, and−2.33
kcal/mol for F2Se···SeF2, CSe···SeC, and SeCSe···SeCSe
complexes, respectively. Concerning the exceptional like···like
oxygen-bearing complexes, significant Ebind values were
observed for the sp2- hybridized complexes followed by the
sp3- and sp-hybridized counterparts, respectively. Numerically,
Ebind were−1.12,−0.64, and−0.36 kcal/mol for the OCO···
OCO, F2O···OF2, and CO···OC complexes, respectively.
With respect to sp-hybridized complexes, binding energies of

CO···OC complex were found to boost from Ebind value of
−0.29 kcal/mol at θ1 = θ2 = 180° until it reached its maximal
value of −0.36 kcal/mol at θ1 = θ2 = 132.5° and then faded
again to −0.06 kcal/mol at θ1 and θ2 = 90°. The preceding
upshots were traced back to the preponderance of the negative
belt···negative belt interactions at θ1 = θ2 = 132.5°. For the
CO···SC and CO···SeC complexes, the escalating Ebind pattern
was denoted by increasing θ1 and θ2 from 90° to 180°. This
observation could be ascribed to the amelioration of the
attractive forces between the negative clouds of the O atom
and the maximal positive portions of the S/Se atoms.
Numerically, the energetic quantities calculated for the CO···
SeC complex were −0.25 and −0.55 kcal/mol at θ1 = θ2 = 90°
and 180°, respectively.
While MP2 energies of the CS···SC, CS···SeC, and CSe···

SeC complexes were found with obvious elevation by
dwindling θ1 and θ2 values from 180° to 90° and growing
the atomic size of the interacting atoms. For instance, Ebind of
CS···SC/CS···SeC/CSe···SeC complexes were 0.07/0.04/−
0.01 and −1.28/−1.47/−1.71 kcal/mol at θ1 = θ2 = 180°
and 90°, respectively. In parallel, the same observations were
exposed for the sp2-hybridized complexes except for the
OCO···OCO complex, where Ebind values were detected to
augment at θ1 = θ2 = 180° until it reached its maxima at 90°.
Turning to the sp3-hybridized complexes, the energetic

findings declared that the most nominal and copious Ebind
values were recorded at θ1 = θ2 = 180° and 90°, respectively.

Figure 3. MEP maps of the investigated sp-, sp2-, and sp3-hybridized
chalcogen-bearing molecules portrayed at the 0.002 au electron
density contour.
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Detailedly, the ascending order of the Ebind values was noted by
decreasing θ1 and θ2 values from 180° to 145°. Afterward, Ebind
values were diminished on going from θ1 = θ2 = 145° to θ1 = θ2
= 115° and then boosted again until reached their maxima at
θ1 = θ2 = 90°. For instance, the energetic quantities of the
F2Se···SeF2 complex were−0.24,−0.55,−0.37, and−0.79 kcal/
mol at θ1 = θ2 = 180°, 145°, 115°, and 90°, respectively.

Overall, the occurrence of the considered interactions could be
interpreted as follows: (i) the attractive forces between the
negative belt of the chalcogen atom and the positive portion of
its analogue and (ii) the repulsive forces between the positive
or negative clouds of the interacting chalcogen atoms. As
compiled in Table 1, the calculated energetic features at the

Figure 4. Colored Ebind maps of the investigated sp-, sp2-, and sp3-hybridized complexes.

Table 1. Calculated Ebind (in kcal/mol) of the CY···CY, YCY···YCY, and F2Y···YF2 complexesa

complex

complexation parametersb binding energy

distance θ1 θ2 Φ EMP2/aug−cc−pVTZ(pp)
c ECCSD(T)/CBS

sp-hybridized complexes
CO···OC 3.23 132.5° 132.5° 180° −0.36 −0.23
CO···SC 3.53 180° 180° −0.55 −0.45
CO···SeC 3.63 180° 180° −0.55 −0.47
CS···SC 3.86 90° 90° −1.28 −0.90
CS···SeC 3.90 90° 90° −1.47 −1.00
CSe···SeC 3.93 90° 90° −1.71 −1.10
sp2-hybridized complexes
OCO···OCO 3.09 90° 90° 180° −1.12 −1.27
OCO···SCS 3.25 180° 180° −0.99 −0.90
OCO···SeCSe 3.27 180° 180° −1.23 −1.14
SCS···SCS 3.69 90° 90° −1.76 −1.22
SCS···SeCSe 3.73 90° 90° −2.00 −1.40
SeCSe···SeCSe 3.77 90° 90° −2.33 −1.62
sp3-hybridized complexes
F2O···OF2 3.12 90° 90° 180° −0.64 −0.67
F2O···SF2 3.69 90° 90° −0.50 −0.57
F2O···SeF2 3.81 90° 90° −0.54 −0.62
F2S···SF2 4.10 90° 90° −0.55 −0.64
F2S···SeF2 3.95 90° 90° −0.64 −0.76
F2Se···SeF2 4.32 90° 90° −0.79 −0.97

aAll distances and angles are in Å and degrees, respectively. bθ1 and θ2 refer to the ∠C−Y···Y and ∠Y···Y−C bond angles for sp/sp2-hybridized
complexes while ∠Centroid-Y···Y and ∠Y···Y-Centroid bond angles for sp3-hybridized complexes, respectively. cThe complexation parameters of
most favorable complexes based on the Ebind maps in Figure 4.
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CCSD(T)/CBS level of theory were generally in correspond-
ence with the MP2 energy for all the explored complexes.

QTAIM Analysis. QTAIM analysis was carried out to
elucidate the origin and nature of the interactions within the
investigated complexes. Utilizing QTAIM, the BCPs and BPs
were generated and are displayed in Figure 5. The computed
values of ρb, ∇2ρb, Hb, and λ2 at the BCPs within the studied
complexes are listed in Table 2.

The QTAIM scheme in Figure 5 admitted the occurrence of
the directional type I chalcogen···chalcogen interactions within
all of the considered complexes via the emergence of a single
BCP and BP without any clues for any secondary interactions.
In addition, the ρb, ∇2ρb, and Hb were evidenced with positive
numerical values, which in turn accentuated the closed-shell
nature of all of the complexes under study (Table 2).
Furthermore, negative values of λ2 (i.e., λ2 < 0) were disclosed
for all complexes, announcing the bonding nature of their
interactions. Notably, the numerical values of the topological
parameters were detected to be in coincidence with energetic

values, which were almost in correspondence with the MP2
consequences. As a case study, the Hb values were 0.00086,
0.00078, and 0.00061 au for SCS···SCS, CS···SC, and F2S···SF2
complexes with MP2 values of −1.76, −1.28, and −0.55 kcal/
mol, respectively.

NCI Analysis. NCI index was utilized to effectively provide
a representative view into the nature of noncovalent
interactions.77 Within the employed NCI index, 3D NCI
isosurfaces were generated for all of the studied complexes and
are depicted in Figure 6.

As illustrated in Figure 6, the NCI plots manifested the
ability of chalcogen-bearing molecules to form a type I
chalcogen···chalcogen interaction via the presence of spherical
green-coded isosurfaces with no observable indications for any
secondary interactions. Apparently, the size of the circular
isosurface area between the interacted species within the
considered complexes was directly proportional to the
energetic pattern resulting from the PES scan.

SAPT Analysis. SAPT analysis was accomplished to
provide a precise explanation of the nature of noncovalent
interactions from an energetic standpoint.81 In turn, the total
SAPT2 energies of the investigated complexes were dissected
to identify the physically attractive and repulsive energetic
components and are outlined in Figure 7 and Table 3.
As illustrated in Figure 7, the major preferable contributions

to the total SAPT2 energies were traced back to Edisp for all the
inspected complexes. In addition, the Eelst and Eind forces were
denoted with significant contributions to the total forces. It is
worth mentioning that the negative values of the Eelst forces
could be ascribed to the attractive interactions between the
positive region of one chalcogen atom and the negative belt of
the other chalcogen atom.61 Polarization and charge transfer
could also be a source of electrostatic stabilization between the
two interacting chalcogen-bearing molecules, especially in the
case of like···like chalcogen-bearing complexes.86−88

Positive numerical values of Eexch were remarked for all of
the studied complexes, as listed in Table 3, announcing the
repulsive contributions of Eexch to the energetic aspects. For
example, the Eelst, Eind, Edisp, and Eexch values of the CSe···SeC
complex were −1.20, −0.33, −2.52, and 2.56 kcal/mol,
respectively.
Generally, great compatibility was found between the MP2

energetic aspects and the negative values of the SAPT
components. Illustratively, higher negative values of Eelst, Eind,
and Edisp were observed in the case of the sp2-hybridized

Figure 5. QTAIM scheme of the CY···YC, YCY···YCY, and F2Y···YF2
complexes.

Table 2. ρb, ∇2ρb, Hb, and λ2 (in au) of the CY···YC, YCY···
YCY, and F2Y···YF2 complexes

complex ρb ∇2ρb Hb λ2
sp-hybridized complexes
CO···OC 0.00311 0.01357 0.00081 −0.00238
CO···SC 0.00338 0.01375 0.00091 −0.00231
CO···SeC 0.00336 0.01259 0.00075 −0.00221
CS···SC 0.00424 0.01297 0.00078 −0.00227
CS···SeC 0.00464 0.01302 0.00068 −0.00244
CSe···SeC 0.00516 0.01309 0.00054 −0.00267
sp2-hybridized complexes
OCO···OCO 0.00601 0.02430 0.00126 −0.00455
OCO···SCS 0.00533 0.02462 0.00155 −0.00366
OCO···SeCSe 0.00593 0.02545 0.00142 −0.00393
SCS···SCS 0.00664 0.01865 0.00086 −0.00365
SCS···SeCSe 0.00722 0.01826 0.00066 −0.00386
SeCSe···SeCSe 0.00706 0.01663 0.00053 −0.00359
sp3-hybridized complexes
F2O···OF2 0.00528 0.02169 0.00098 −0.00460
F2O···SF2 0.00389 0.01215 0.00056 −0.00278
F2O···SeF2 0.00375 0.01109 0.00048 −0.00258
F2S···SF2 0.00397 0.01040 0.00061 −0.00248
F2S···SeF2 0.00385 0.00960 0.00054 −0.00230
F2Se···SeF2 0.00385 0.00926 0.00050 −0.00221

Figure 6. NCI plots of the CY···YC, YCY···YCY, and F2Y···YF2
complexes.
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complexes, followed by the sp- and sp3-hybridized ones, with an
exception for the like···like oxygen-bearing complexes. For
instance, Eelst, Eind, and Edisp were −1.20/−0.33/−2.52, −1.70/
−0.53/−4.38, and −0.82/−0.11/−1.07 kcal/mol for like···like
sp, sp2, and sp3selenium-bearing complexes, respectively.
The ΔΔE between Ebind and ESAPT2 was computed to verify

the reliability of the implemented level in SAPT calculations.
The tiny ΔΔE values were an indication of the accuracy of the
selected SAPT level. Moreover, the attractive force percent
(Eattractive% ) of the individual SAPT2 components, including
Edisp% , Eelst% , and Eind% , were calculated and are graphed in Figure
8. As shown in Figure 8, for all the considered complexes, Edisp%

recorded about 52−72% of the total attractive forces, whereas
Eelst% , and Eind% reached 25−42% and 1−8%, respectively.

Illustratively, Edisp% , Eelst% , and Eind% were 62/66/54%, 30/26/
41%, and 8/8/5% for like···like sp-, sp2-, and sp3-selenium-
bearing complexes, respectively.

■ CONCLUSIONS
A quantum mechanical modeling was herein established to
investigate the propensity of sp-, sp2-, and sp3-hybridized
chalcogen-bearing molecules to engage in type I chalcogen···
chalcogen interactions through like···like and unlike CY···YC,
YCY···YCY, and F2Y···YF2 complexes (where Y = O, S, and
Se), respectively. The selected monomers were first optimized
and then subjected to a potential energy surface scan. The
energetic upshots outlined that the Ebind were aligned in the
posterior sequence; YCY···YCY > CY···YC > F2Y···YF2
hybridized complexes, regardless of the like···like in the case
of Y = O. Instead, remarkable Ebind was detected for the
OCO···OCO followed by the F2O···OF2 and CO···OC
complexes, respectively. In succinct, the occurrence of the
considered interactions could be interpreted as follows: (i) the
attractive electrostatic forces between the negative belt of the
chalcogen atom and positive portions of the corresponding
chalcogen atom and (ii) the repulsive electrostatic forces

Figure 7. Bar chart of the four SAPT2 energy components of the CY···YC, YCY···YCY, and F2Y···YF2 complexes.

Table 3. Eelst, Eind, Edisp, Eexch, ESAPT2, and ΔΔE between Ebind
and ESAPT2 of the CY···YC, YCY···YCY, and F2Y···YF2
complexesa

complex Eelst Eind Edisp Eexch ESAPT2
b ΔΔEc

sp-hybridized complexes
CO···OC −0.20 −0.03 −0.52 0.38 −0.37 0.01
CO···SC −0.35 −0.08 −0.75 0.56 −0.62 0.07
CO···SeC −0.35 −0.09 −0.79 0.58 −0.65 0.10
CS···SC −0.87 −0.18 −1.87 1.72 −1.20 −0.08
CS···SeC −1.03 −0.24 −2.16 2.10 −1.33 −0.14
CSe···SeC −1.20 −0.33 −2.52 2.56 −1.50 −0.21
sp2-hybridized complexes
OCO···OCO −1.09 −0.15 −1.35 1.40 −1.19 0.07
OCO···SCS −0.67 −0.16 −1.36 1.10 −1.09 0.10
OCO···SeCSe −0.90 −0.23 −1.58 1.37 −1.35 0.12
SCS···SCS −1.19 −0.30 −3.34 2.98 −1.86 0.10
SCS···SeCSe −1.46 −0.40 −3.83 3.63 −2.07 0.07
SeCSe···SeCSe −1.70 −0.53 −4.38 4.26 −2.36 0.03
sp3-hybridized complexes
F2O···OF2 −0.40 −0.02 −1.08 0.77 −0.74 0.10
F2O···SF2 −0.50 −0.04 −0.92 0.87 −0.59 0.09
F2O···SeF2 −0.58 −0.06 −0.94 0.97 −0.61 0.07
F2S···SF2 −0.59 −0.09 −1.00 1.02 −0.66 0.11
F2S···SeF2 −0.67 −0.10 −1.02 1.05 −0.73 0.09
F2Se···SeF2 −0.82 −0.11 −1.07 1.13 −0.87 0.08
aAll energies are given in kcal/mol. bESAPT2 = Edisp + Eelst + Eind +
Eexch.

cΔΔE = EMP2/aug−cc−pVTZ(PP)−ESAPT2.

Figure 8. Doughnut graph demonstrating the Eattractive% of each
individual SAPT component of the CY···YC, YCY···YCY, and F2Y···
YF2 complexes.
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between the positive areas or negative clouds of the interacting
chalcogen atoms. Conspicuously, the QTAIM and NCI
analyses proclaimed the closed-shell nature of the scouted
complexes and asserted the highly directional type I
chalcogen···chalcogen interactions with no secondary inter-
actions. The ESAPT2 upshots were generally consistent with the
MP2 energies and showed that the studied interactions were
dominated with Edisp for all the considered complexes. These
observations would provide a clear perception of the
comportment of the chalcogens, helping to achieve future
improvement in crystal engineering and material science.
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