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A B S T R A C T

The chalcogen bond (ChB) is acknowledged as a significant noncovalent interaction that occurs between an 
electron-deficient chalcogen atom (donor) and a Lewis base (acceptor). The deep understanding of this inter
action remains a subject of debate, with interpretations ranging from a charge-transfer (CT) model, which 
suggests a polarized covalent character, to the so-called σ-hole model, which implies a predominantly electro
static interaction. Over the past decades, various computational approaches and theoretical models have been 
employed to elucidate the nature of ChBs, often aiming at quantifying the different contributions - such as 
orbital, electrostatic, and dispersion forces - to the overall interaction energy.

In this review, we present a comparative analysis of the computational approaches used to describe chalcogen 
bonding interactions, their consistency with experimental evidence, and an overview of the model systems 
investigated.

1. Introduction

According to the IUPAC definition [1], a chalcogen bond (ChB) is a 
net attractive interaction of the type R–Ch⋯A, occurring between an 
electron-rich donor site (A) and an electron-poor chalcogen atom (Ch) 
that is part of a molecule or ion of the type R–Ch (R = organic frame
work) or a X4Ch system (X = halogen; Scheme 1). Although chalcogen 
atoms can also act as electron-rich species, the term chalcogen bond is 
reserved exclusively for the former case.

The definition does not imply any specific model for the ChB, and the 
nature of this type of interaction remains a subject of ongoing debate. 
The ChB is commonly regarded as a noncovalent yet directional inter
action, analogous to other such interactions, including the hydrogen 
bond (HB), pnictogen bond (PnB), halogen bond (HaB), and others [2]. 
In this context, the ChB is often described as an interaction between an 
electrophilic site (the Ch atom in R–Ch) and a nucleophile (A). Alter
natively, it can be viewed as a Charge-Transfer (CT) interaction between 

a Lewis base (donor) A and a Lewis acid (acceptor) R–Ch. In terms of 
molecular orbitals (MOs), the interaction can be seen as a CT from a lone 
pair of electrons (LP) on the Lewis base A to a virtual σ*-MO localized on 
a R–Ch bond. In the case of double-bonded sp2-hybridized or hyper
coordinate chalcogen species, a slightly different CT scheme is consid
ered. Here, the charge is transferred from the LP on A to a π*-MO, which 
is reflected in the formation of significantly bent ChB adducts in the case 
of hypercoordinated species (Scheme 1) [3].

Along with the increasing use of this model in the analysis of ChBs, 
the anisotropy of the charge distribution at the chalcogen atoms has 
been investigated in detail, leading to the widespread adoption of the so- 
called σ-hole concept in publications on chalcogen-bonded systems. This 
approach stems from the recognition that even negatively charged 
atoms can exhibit one or more regions of positive molecular electrostatic 
potential (MEP) [4] on their surfaces, known as σ-holes, that can interact 
with negatively charged bond acceptors [5–8]. σ-Holes are typically 
oriented along the extensions of covalent bonds involving the ChB donor 
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atoms. One, two or three σ-holes can be present, depending on the 
oxidation state and charge of the chalcogen atom (Fig. 1). In the case of 
chalcogenones (>=Ch), for example, the terminal chalcogen atom 
involved in a double bond with an adjacent carbon atom displays a 
single σ-hole opposite the double bond. In contrast, in chalcogenethers 
donors (R1–Ch–R2), where the chalcogen atom forms two single bonds, 
two σ-holes are available, each located opposite to one of the R1–Ch and 
R2–Ch bonds (Fig. 1). Typically, σ-holes tend to become deeper when the 
backbone of the chalcogen-containing molecule includes electron- 
withdrawing substituents, and shallower in the presence of electron- 
donating groups. Their positive potential value also generally in
creases with the size of the Ch atom [9].

In some cases, a π-hole, i.e. a region of positive molecular electro
static potential located above the molecular plane [10,11], rather than a 
σ-hole, can be involved in the interaction (Fig. 2).

ChBs have attracted growing interest over the past few decades, as 
evidenced by several reviews dedicated to this type of non-covalent 
interaction [12–22], as well as those included in the special issue the 
present paper is also part of. A key role in understanding ChBs has been 
played by theoretical quantum-mechanical (QM) calculations, which, 
over the past two decades, have been systematically employed as a 
computational tool to interpret and predict the nature of these in
teractions, as reflected in the steadily increasing number of QM studies 
on ChBs. A variety of theoretical approaches have been adopted, ranging 
from Molecular Mechanics (MM), ab initio Hartree-Fock (HF), and post- 
HF methods (most commonly according to the second order Møller- 
Plesset (MP) perturbation theory) [23], to calculations based on the 
Density Functional Theory (DFT) [24] and more computationally 
demanding methods such as Coupled Cluster Singles and Doubles 
(CCSD, including the version augmented by the perturbative treatment 
of triple excitations ,CCSD(T)), [25] and Complete Active Space Self- 
Consistent Field (CASSCF) [26] techniques.

One of the approaches often adopted in theoretical studies to inter
pret the nature of ChB involves the analysis of the different possible 
contributions to this type of interaction (e.g. orbital, electrostatic, 
dispersion). The relative contribution of these terms remains a matter of 
debate and depends strongly on both the theoretical method employed 
and the chemical nature of the interacting tectons. An in-depth theo
retical investigation into the nature of ChB has been carried out by Kraka 
and coworkers, who classified ChB adducts as weakly (bond order n <
0.1), normally (0.2 < n < 0.1), or strongly (n > 0.2) bonded. They 
demonstrated that the degree of the CT term increases with the bond 
order n, so that strong complexes exhibit a remarkable three center, four 
electrons (3c–4e) character in the R–Ch⋯A three-body system 
[3,27–29].

Several studies have focused on rationalizing ChBs as σ-hole in
teractions. A recent study, for instance, analyzed almost a thousand 
donor-acceptor complexes, including chalcogen-bonded systems, by 
correlating the electron density at bond critical points (BCP, see below) 
with binding energies. The resulting slope was used to distinguish be
tween noncovalent closed-shell and shared-shell systems [30]. Politzer 
and coworkers have also extensively investigated correlations between 
the strength of σ-hole [31,32] or π-hole [33] interactions and electro
static features – such as maximum positive/negative potentials in the 
molecular electrostatic potential (MEP) – as well as polarization de
scriptors such as polarizability and polarizing electric fields. These 

studies support the interpretation of these interactions as being 
Coulombic in nature. However, the noncovalent and electrostatic 
interpretation has been increasingly contested [34–36]. Some re
searchers argue that the σ-hole model is a physically oversimplified 
representation, incorrectly assuming that the bond donor can be 
described as an electrostatic potential on a molecular surface and the 
bond acceptor as a point charge, whereas both are 3D charge density 
distributions. They also point out the importance of covalent compo
nents arising from molecular-orbital mixing interactions and suggest 
that terms like “σ-hole interaction” and “noncovalent interactions” may 
be inadequate. Instead, they propose the term “intermolecular covalent 
interactions” to more accurately describe ChBs [37]. Some authors have 
also recently suggested that the group-by-group nomenclature devel
oped for the different σ-hole interactions (e.g. HaB, PnB, ChB, etc.) 
might represent an unnecessary overcomplication inconsistent with the 
naming style of most covalent and noncovalent interactions, so that 
alternative descriptions should be considered [38,39].

Despite a growing body of literature on the computational modelling 
of ChB interactions, and some reviews that touch upon these aspects 
[40–45], no comprehensive review has been published yet. The aim of 
the present work is therefore to provide an extensive overview of studies 
explicitly referring to these interactions as ChBs or σ/π-hole interactions. 
The review does not include the substantial number of older studies that 
described inter- or intramolecular interactions involving chalcogen 
atoms but do not explicitly recognized them as ChBs [46,47]. The va
riety of molecular systems featuring ChB interactions is indeed 
extremely vast. Hence, two main approaches have been adopted over 
the years to study them. On one hand, an in-depth investigation into the 
nature of ChB has been theoretically pursued by investigating simplified 

Scheme 1. Common ChB motifs; from left to right: interaction between a ChB acceptor and a ChB donor of general formula R1R2C=Ch, featuring a sp2-hybridized 
chalcogen atom; ChB formation featuring a ChB donor of general formula R1R2Ch, featuring a sp3-hybridized chalcogen atom; ChB involving a cationic ChB donor of 
general formula R1R2R3Ch+; interaction between a ChB acceptor and a ChB donor of general formula X4Ch; (A = ChB acceptor; X = halogen; R1,2,3 = substituent).

Fig. 1. Molecular electrostatic potential (MEP) mapped on density surface at 
the MP2/aug-cc-pVDZ level for: neutral species F2C=Te (left), featuring a sp2- 
hybridized Te atom and a single σ-hole opposite the C=Te double bond; neutral 
species F2Te (center), featuring a sp3-hybridized Te atom and two σ-holes 
located opposite each F–Ch bond; and cationic species F3Te+ (right), featuring a 
sp3-hybridized Te atom and three σ-holes located opposite each F–Ch bonds. 
σ-holes on the chalcogen atom are mapped in blue.

Fig. 2. Molecular electrostatic potential (MEP) mapped on density surface for 
SO3 at the MP2/aug-cc-pVDZ level. The π-hole above the sulphur atom is 
mapped in a blue color.
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model systems. On the other, real systems, often structurally charac
terized, have been studied to assess specific effects of ChB interactions 
on the structural, optical, or reactivity features of compounds of interest. 
This review will first summarize the most popular computational 
methods for studying ChBs, followed by a systematic classification of 
both real and model compounds reported in the literature. In the final 
section, specific applications of quantum mechanical methods to 
investigate structural features, reactivity, and optical behavior of ChB- 
based systems will be described.

2. Computational tools

The variety of computational methods adopted to interpret ChB in
teractions is well-known to theoretical chemists. Not only different 
levels of approximation exist, such as Hartree-Fock methods, Density 
Functional Theory, and others, but within each method, a wide number 
of choices must be made, including the selection of basis sets and 
functionals. It is enough to say that in the case DFT method alone, a 
whole “Jacob’s ladder” of different approximations is available, which 
spans from Local Density Approximation to fully non-local methods. In 
addition, the choice of computational details and the size of the system 
to model are also influenced by the computational resources currently 
available. Historically, a clear trend emerges from an analysis of the 
literature: during the period 2002–2015, most results were based on 
MP2 methods [23], unless the size of the system made this choice 
impractical. This was because, traditionally, DFT methods have not been 
considered the best choice for analyzing non-covalent interactions. In 
fact, most of them lack a specific treatment of dispersion forces, leading 
to either an under- or over-estimation of the bonding in noble gas dimers 
[48,49], which are often used as test cases.

Anyway, starting from 2013, some benchmark studies, such as those 
on CHAL336 [50] and the newly developed SH250x10 [51], highlighted 
the superior performance of certain DFT methods, in particular M06-2X 
[52], in characterizing of “σ-hole” interactions [53,54]. Indeed, Kozuch 
and Martin demonstrated that the geometry of a family of halogen- 
bonded adducts optimized with the M06-2X functional showed a mean 
signed error (MSE) of –0.009 Å and a root mean square deviation 
(RMSD) of 0.028 Å, taking heavy correlated methods such as CCSD(T) 
[25] as a reference [53]. Similarly, the dissociation energies showed a 
MSE of 0.04 kJ mol–1 and a RMSD of 1.80 kJ mol–1. Bauzá and coworkers 
[54] estimated that the average absolute error (AAE) for a family of 
chalcogen-bonded adducts optimized with the M06-2X functional was 
0.046 Å, with a mean absolute percentage error (MAPE) of 1.7 %, again 
taking CCSD(T) results as reference. For the energy, the AAE was 3.2 kJ 
mol–1 and the MAPE 8.3 %. Only the MP2 method using the resolution- 
of-identity approximation (RI-MP2) [55] performed better than M06- 
2X, with slightly lower values of AAE and MAPE. Even better results 
were obtained with double-hybrid functionals such as SOS0-PBE0-2-D3 
(BJ) [56–58], revDSD-PBEP86-D3(BJ) [59], and various revised DSD 
functionals [60], but these are computationally demanding, and their 
use is recommended only for small systems or if large computational 
resources are available. Among the hybrid functionals, ωB97M-V [61] 
and PW6B96-D3(BJ) [62] reportedly perform quite well [50]. It is worth 
mentioning that good results were recently obtained by combining an 
interpolation along the Møller-Plesset adiabatic connection with a reg
ularization and spin-scaling strategy applied to MP2 correlation energies 
[63]. As for the basis set, zeta quality plays a fundamental role, and 
generally, a triple-zeta basis set provides enough confidence and reli
ability to make the basis set superimposition error (BSSE) [64] not very 
significant. This has also been verified for other theoretical methods by 
Hamlin, Bickelhaupt, and coworkers [65]. Several studies have also 
tested atom-centered potentials (ACPs) [66] as corrections for different 
basis sets in combination with HF and DFT methods, showing contra
dictory results [67,68]. Importantly, according to various studies on 
σ-hole interactions, the widely adopted Grimme’s correction for the 
dispersion correction (D3, D3BJ, D4) [57,58,69] tends to worsen the 

results and its use is not recommended [53]. This occurs due to several 
factors: first, some DFT functionals already overestimate the binding 
energy, and adding another stabilizing contribution exacerbates this 
overestimation. More specifically, when halide or chalcogen atoms are 
involved, the main cause of error does not stem from the functional it
self, but rather from the self-consistent density [70]. When this happens, 
the errors can reach up to 20 kJ mol–1. This can be partially addressed by 
evaluating the functional on the HF density, which reduces the error to 
4–8 kJ mol–1, a range that is chemically acceptable. However, geometry 
and dissociation energies are not the only useful parameters for ChB 
adducts. As mentioned in the Introduction, the nature of ChB has been 
thoroughly explored in recent years. This debate is common for all 
σ-hole interactions, and in the case of the widely explored halogen bond 
(HaB) many studies have attempted to support the electrostatic/ 
polarization-only model [71–74]. In many cases, the primary evidence 
is a linear correlation between the electrostatic properties of the system 
(such as the value of the MEP at the σ-hole) and the formation energy of 
the adduct [75]. However, as mentioned above, most recent studies also 
acknowledge the significance of charge transfer, criticizing the defini
tion of noncovalent interaction itself [76].

Among the computational tools, the most popular are certainly the 
various decomposition schemes, which start from the interaction energy 
between the two fragments of the adduct (arbitrarily chosen) to isolate 
the different components of the bond (such as electrostatic interaction, 
orbital mixing, exchange/repulsion and others). The most used methods 
are the canonical Energy Decomposition Analysis (EDA) [77] and the 
Symmetry-Adapted Perturbation Theory (SAPT) [78], which generally 
estimate comparable interaction energies and provide similar insights 
into the nature of the bond [79]. According to these analyses [65,80], it 
is quite clear that when the interaction is very weak, the most significant 
contributions are electrostatics and dispersion, whereas for normal and 
strong ChB interactions the relative weight of induction/orbital mixing 
is larger [81–83]. The latter arises from the mixing of the np-type LPs of 
the Lewis base with the R–Ch σ* antibonding MO of the ChB donor, as 
confirmed by Natural Bond Orbitals results [84].

Another useful tool is the Quantum Theory of Atoms in Molecules 
(QTAIM), a topological study of the electron density developed by Bader 
[85]. This analysis is based on partitioning the molecular electron 
density using zero-flux surfaces. As a result, a “bond path” is obtained, 
which is “a single line of maximum electron density linking the nuclei of 
two chemically bonded atoms” [86]. However, the “bond path” concept 
does not represent the chemical bond, as bond paths can also appear 
where bonding is not present [87]. The maximum value along the bond 
path is called bond critical point (BCP), and each BCP is characterized by 
parameters that help in the characterization of the interaction. In 
particular, the local kinetic energy G(r) and the local potential energy 
density V(r) are generally examined, and their sum is the energy density 
H(r). From this analysis, the ChB emerges as a relatively strong inter
action with some covalent character [80]. Interestingly, a correlation 
exists between the interaction energy of a ChB adduct and the values of 
V(r) and G(r) at the BCP [72,88–92]. When applied to adducts held 
together by multiple interactions, QTAIM also allows the evaluation of 
the different contributions.

The ChB can also influence regions of the adduct far from the chal
cogen atom, and these effects can be evaluated through density defor
mation maps, which subtract the electron density of the non-interacting 
units from that of the adduct. These maps describe all the electronic 
effects due to the formation of the ChB, both on the atoms involved in 
the interaction (the chalcogen and the electron-rich atom) and on the 
rest of the molecule. For a quantitative analysis, density deformation 
functions can be integrated along a selected axis to derive the amount of 
charge displacement at the chosen point upon the formation of the ChB 
(Charge Displacement, CD, analysis) [93]. CD results can be used to 
predict the experimental formation Gibbs energy of ChB adducts [94] or 
to rationalize the Lewis Base activation of a Lewis Acid [95]. Regarding 
the latter, the method has been applied to a phenylchalcogeniranium- 
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olefin complex (PhSe+⋯olefin) where the selenium atom may or may 
not be involved in a ChB with a Lewis base (Scheme 2). The integration 
of the CD method with the Natural Orbitals for Chemical Valence 
(NOCV) [96] analysis allowed for the isolation and quantification of the 
Se ← olefin σ donation, the Se → olefin π back-donation, the olefin’s 
propensity for nucleophilic attack, and the impact of ChB on all these 
factors [95].

The intrinsic strength of ChB has been measured with the Konkoli- 
Cremer local stretching force constant [97,98], which measures the 
curvature of the potential energy surface between two atoms through an 
infinitesimal perturbation to the bond length. It is free from mode-mode 
coupling and, therefore, much more accurate than the standard vibra
tion frequency. In this case also, the results are consistent with recent 
literature: weak ChBs are driven by electrostatics and dispersion, while 
the stronger ones show a partially covalent character. Some recent 
studies employed the periodic 3D ab initio calculations to determine 
crystal lattice energies from crystal structures, in order to evaluate the 
role of ChB interactions in molecular packing [99–101]. A very recent 
study also tested neural network potentials (NNPs) trained on DFT data 
as an alternative to traditional ab initio molecular dynamics simulations, 
to describe competing ChB interactions in solution [102].

3. Chalcogen bond models

In this paragraph, we discuss a selection of model ChB-interacting 
compounds reported in the literature so far. These compounds gener
ally consist of two, or more rarely three or more, simple tectons 
featuring ChB interactions. Tectons are generally closed-shell neutral 
species, although examples of charged and/or radical species have also 
been reported. To provide a systematic classification of the adducts, 
model systems are categorized based on the interacting groups.

3.1. Chalcogen⋯chalcogen interactions

Several papers have dealt with ChB interactions involving two 
chalcogen atoms (Ch⋯Ch′; Ch, Ch′ = O, S, Se, and Te), where the most 
electrophilic atom behaves as the ChB donor [3]. Most studies focus on 
intermolecular interactions, although intramolecular ones have also 
been investigated.

A first question arises regarding whether oxygen can be included 
among chalcogen species capable of forming ChB interactions. In fact, 
several papers have demonstrated that chalcogen bonds could originate 
only from σ-holes of S, Se, or Te species, and that oxygen would not 
behave as a ChB donor [103–108]. On the other hand, Varadwaj and 
coworkers theoretically explored at DFT M06-2X and ab initio MP2 level 
the capability of the oxygen atom in the OF2 molecule to behave as a ChB 
donor with a variety of interacting species (CH3F, CH3Cl, CH3Br, H2CO, 
HFCO, HF, SO, CH3CN, PN, HSCN, and HCN). They concluded that 
“oxygen is indeed capable of forming a chalcogen bond” [109]. Notably 
the authors also highlighted the inadequacy of the ESP model in 
describing ChB interactions in the analyzed complexes. The capability of 
oxygen to behave not only as a ChB acceptor but also as a ChB donor was 
further confirmed by subsequent papers, also supported by structural 
data [110–114].

Moving on to the most commonly encountered systems featuring 

ChB donor atoms heavier than oxygen, the nature of the interaction 
depends on the bond environment at the Ch atom. In a previously 
mentioned paper by Kraka and coworkers [3], a set of 100 chalcogen 
bonded dimeric adducts formed by variously substituted neutral and 
cationic sulfur, selenium, and tellurium donors with N-acceptors and Cl– 

ions was described and interpreted at DFT level (Scheme 3). The authors 
concluded that the degree of the CT term increases with the strength of 
the interaction.

In addition to such wide-ranging studies, a large number of papers 
have been published featuring a limited number of model systems, 
which can be classified based on the nature of the Ch atom involved. 
When the chalcogen atom shows a sp2 hybridization, it features a single 
σ-hole oriented along the bond axis (Fig. 1) [3,115,116]. A popular 
model for this type of ChB donor is represented by Ch=C=Ch′ molecules 
(Ch, Ch′ = O, S, Se, Te), whose interaction with a variety of acceptors, 
including H2S and H2O (Scheme 4), was investigated [3,117–119]. Due 
to the topology of the σ-hole, Ch=C=Ch′⋯Ch″H2 adducts (Ch″ = O, S) 
display roughly linear C=Ch′⋯Ch″ moieties. This notwithstanding, the 
molecular geometries, optimized at MP2/aug-cc-pVTZ level, depend on 
the nature of Ch″. The BSSE-corrected energy of the interaction sys
tematically decreases on passing from Ch″ = O to Ch″ = S and from Ch =
O to Ch = Se [117,118].

The different types of ChB interactions formed by 
Ch=C=Ch′⋯Ch=C=Ch′ dimers (Ch, Ch′ = O, S, Se), namely type I–IV, 
were also investigated at MP2/aug-cc-pVTZ level (Scheme 5). It was 
observed that the oxygen-containing candidates failed to act as ChB 
donors, and the highest binding energies were found in the (Se=C=Se)2 
dimers. The type III interactions were observed to be the weakest, while 
type IV interactions the strongest, possibly due to π⋯π contributions 
[120].

Ch=C=Ch′ compounds are also capable of forming bifurcated ChBs 
when interacting with molecules displaying two adjacent ChB acceptor 
sites, such as Ph2N2O2 [116], 1,2-dihydroxybenzene or 1,2-dimethoxy
benzene (Scheme 6) [115]. M06-2X/def2-TZVPPD [121] QTAIM cal
culations [85] showed that bifurcated interactions are closed-shell in 
nature and that their strength increases with the atomic number of the 
interacting atom Ch′ (i.e. along the series S < Se < Te), with a corre
sponding increase in CT along the series, as demonstrated at natural 
bond orbital (NBO) [122] level [115]. The nature of the non-interacting 
atom Ch also affects the strength of the ChB, with interactions being 
strongest when Ch = O. Notably, in the case of Ph2N2O2⋯Ch′=C=Ch, 
Ziegler-Rauk EDA [123] showed that the largest contribution is elec
trostatic in nature (43%–55%) [116].

The competition between chalcogen, halogen, and hydrogen bonds 
was also studied. As already mentioned, ChB is in fact a member of the 
growing “σ-hole” family, the progenitor of which is the halogen bond. 
While computational studies have not evidenced a substantial difference 
in their nature, significant dissimilarities do exist, the most important 
being the steric factor. In the case of halogen bonds (HaBs), the 
approaching Lewis base (LB) lies on the prolongation of the only R–X 
bond, minimizing the steric hindrance between the LB and R. In 
contrast, for R1–Ch–R2 molecules, there will be some steric hindrance 
between the LB interacting with the σ-holes originated by R1 and R2. 
Clearly, sp2 hybridized species do not face this issue, as they possess only 
a single σ-hole. Generally, hydrogen bonds (HBs) are stronger than other 
σ-hole interactions. For example, in differently bound Ch=C=Ch⋯OHX 
adducts (Ch = S, Se; X = Cl, Br), while HBs and HaBs are similar in 
strength, both are stronger than ChBs (Scheme 7) [124].

On increasing the structural complexity of the tectons, the compe
tition between different interactions also becomes possible. In general, 
when more than one weak interaction is possible, either cooperativity or 
anti-cooperativity can occur. This aspect is not always straightforward, 
as it depends on many factors: the geometry of the adducts, the nature of 
the species involved, and the thermodynamic parameters of the different 
interactions. Del Bene and coworkers, for instance, investigated the 
interaction of differently substituted methanimidothionic acid 

Scheme 2. PhSe+⋯olefin models featuring a ChB with PH3Ch (Ch = O, S, Se) 
studied through a combination of Charge Displacement (CD) and Natural Or
bitals for Chemical Valence (NOCV) analysis [95].
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derivatives HN=CH–S–R (R = F, NC, Cl, CN, –C≡CH, and H) with 
Ch′=C=Ch systems (Ch, Ch' = O, S) [125,126]. In the optimized adducts, 
the sulphur atom of the former synthon acts as ChB donor. However, in 
addition to O⋯S [125] or S⋯S [125,126] ChB interactions, N⋯C tetrel 
bond interactions can also occur (Scheme 8). All the synthons consid
ered form stable adducts, mainly due to intermolecular CT, as demon
strated at MP2/aug-cc-pVTZ level. In the case of R = F, the tetrel 
interaction leads to an authentic chemical reaction between the syn
thons, resulting in the formation of S=C(O)–N=C–SF [125].

Another popular model for ChB donors featuring Ch atoms in a sp2 

hybridization is represented by X2C=Ch systems. In this context, 

different dimers of X2C=Ch molecules (X = F, Cl; Ch = O, S) were 
investigated at MP2/aug-cc-pVTZ level (Scheme 9) [127]. The results 
showed the inability of the oxygen-containing compounds to act as ChB 
donors; also in this case, a preference for tetrel-bonding, as compared to 
ChB and HaB interactions, was observed. The most dominant contri
butions to ChB interactions were calculated to be the dispersion forces, 
as determined through SAPT-EDA.

A comparison of ChB with other σ-holes interactions was also 

Scheme 3. Chalcogen bonded dimeric adducts investigated by Kraka and coworkers (Ch = S, Se, Te; Ch′ = O, S, Se, Te; Ch″ = Se, Te; R = H, CH3; Pn = N, P, As; R1 =

CF3, NF2, OF, F; R2 = H, CH3, CF2H, CF3, F, CN; R3 = H, F; R4 = H, CN; R5 = F, CH3; B = NH3, Cl–) [3].

Scheme 4. Different models of Ch=C=Ch′ systems: interaction of Ch=C=Ch′ 
(Ch = O, S, Se; Ch′ = S, Se) with H2Ch″ or PnH3 (Ch″ = O, S; Pn = N, 
P) [117,118].

Scheme 5. Different types of ChB interactions in Ch=C=Ch′⋯Ch=C=Ch′ di
mers (Ch, Ch′ = O, S, Se) [120].

Scheme 6. Models for bifurcated ChB interactions in Ch=C=Ch′ compounds 
(Ch′ = S, Se, Te): adducts with Ph2N2O2 [116] (left; Ch = S, Se) and with 1,2- 
dihydroxybenzene or 1,2-dimethoxybenzene (right; Ch = O, S; R = H, 
CH3) [115].

Scheme 7. Competition between HB (left), ChB (center), and HaB interactions 
(right) in the adducts between Ch=C=Ch (Ch = S, Se) and OHX molecules (X =
Cl, Br) [124].

Scheme 8. Cooperative tetrel and chalcogen bonding interactions in the ad
ducts between Ch′=C=Ch (Ch, Ch′ = O, S) and HN=CH–S–R derivatives (R = F, 
Cl, NC, –C≡CH, H, CN) [125,126].
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performed in F2C=Se⋯HXO (X = F, Cl, Br, I) systems, where Se⋯O ChBs 
compete with Se⋯H HBs, Se⋯X HaBs, and C⋯O tetrel bonds (Scheme 
10) [128]. ChB interactions were found to be the least stable. The 
electrostatic energy is dominant in the H-bonded (Se⋯H–O) and X- 
bonded (Se⋯X–O) complexes, although the polarization and dispersion 
contributions are also significant. In tetrel- (featuring C⋯O short con
tacts) and ChB-bonded (C=Se⋯O) complexes, the dispersion energy is 
comparable to the electrostatic contribution.

In a series of β-chalcogenovinylaldehydes HC(Ch)–CH=CH–Ch′H 
(Ch = O, S; Ch′ = Se, Te), the competition between Ch⋯Ch′ and intra
molecular Ch⋯H–Ch′/Ch′⋯H–Ch HB interactions was analyzed using 
MP2 and B3LYP/6-311+G(3df,2p) [129,130] calculations (Scheme 11) 
[131,132]. The ChB interactions, further investigated by means of 
QTAIM and NBO approaches, exhibit significant differences depending 
on the specific Ch/Ch′ combination. In particular, the strength of the 
interaction increases on passing from Ch′ = Se to Ch′ = Te. The elec
trostatic and dative contributions decrease with the atomic number of 
the chalcogen species. In the case of ChB involving oxygen (Ch = O), the 
electrostatic term dominates, while the orbital-mixing contribution is 
the most significant for Ch = S, especially in S⋯Te–H interactions [131]. 
A correlation was also found between the charge density at the ring 
critical point and the strength of ChB interactions [132]. A related study 
on 3-mercapto-propenal and 3-mercapto-propenthial showed that S⋯O 
interactions are stronger than S⋯S ones, with both types being primarily 
governed by electrostatics and relatively unaffected by the nature of the 
solvent [133]. Another study extended this analysis to the saturated 
chalcogenoaldehyde analogues HC(Ch)–CH2–CH2–Ch′H (Ch, Ch′ = O, S, 
Se, Te), revealing significantly weaker noncovalent interactions 
compared to the unsaturated compounds, despite the potential for 
resonance-assisted stabilization arising from tautomeric forms [134].

A peculiar example of ChB donors featuring the Ch atom in a sp2 

hybridization state is SO2, whose interaction with a variety of R–C(O)– 
CH3 carbonyl-containing donors (Scheme 12) was investigated [90]. As 
expected, the presence of electron-withdrawing substituents on the CO- 
containing Lewis donors reduces the binding energy, whereas in amide- 
containing systems the interaction is strengthened. According to the 
authors, the ChB interaction is primarily attributed to a CT orbital- 
mixing interaction between the LPs on the carbonyl oxygen atoms and 
the antibonding π*-MOs on SO2 (π-type ChB). Binding energies as high 
as 36.0 kJ mol–1 were reported.

Adducts between ChO2 and (CH3)2Ch′ molecules (Ch = S, Se, Te; Ch′ 
= O, S, Se, Te) were also investigated, revealing that the strength of the 
Ch⋯Ch′ interactions increases with the size of Ch and decreases with the 
size of Ch′. Binding energies between –21.6 and –61.4 kJ mol–1 were 
calculated, indicating strong interactions primarily dominated by the 
electrostatic forces, although QTAIM and SAPT analysis suggest a non- 
negligible covalent character [135].

On the other hand, ChB donors featuring a sp3-hybridized chalcogen 
atom display two σ-holes (Fig. 1) [136], the magnitude of which de
pends not only on the nature of substituents, but also on the overall 
molecular charge. Several model compounds belonging to this class 
have been reported in the literature.

In a pair of studies, an extensive set of ChB donors and acceptors was 
investigated, resulting in the definition of 32 different ‘dimeric’ model 
systems composed of a dimethylchalcogenoether, (CH3)2Ch, interacting 
with a CH3Ch′R acceptor (Ch, Ch′ = O, S, Se, and Te; R = CH3, CN; 
Scheme 13) [81]. Using different computational approaches, the authors 
concluded that Te-containing species exhibit the strongest interactions 
(with interaction energies in the range 12.5–25.0 kJ mol–1), while O- 
and S-containing species show lower ChB energies (8.4–12.5 kJ mol–1). 
The strength of the interaction increases along the Ch′ series Te > Se > S 
> O, a trend largely attributable to dispersion forces, while electrostatic 
attractive or repulsive interactions dominate only when at least one of 
the interacting atoms is oxygen or sulfur. The dative contribution p → σ* 
was found to be insufficient to fully account for the observed trends and 
details of the examined structures [81,137].

In a related study, homodimers of chalcogenocyanic acid HChCN 
(Ch = S, Se, Te) proved capable of stably interacting in a variety of 
relative orientations, optimized at MP2/aug-cc-pVTZ level, depending 
on the type of interactions established [138]. A QTAIM analysis showed 
that some of the orientations are supported by ChB Ch⋯Ch interactions, 
with the electron density ρ at the bond critical points (BCPs) increasing 
with the size of the chalcogen atom Ch, as also reflected by the NBO 
analysis, which shows a regular decrease of the orbital interaction along 
the series Te > Se > S. The corresponding binding energies, evaluated at 
CCSD(T)/CBS level, fall in the range between –20 and –44 kJ mol–1, 
depending on the nature of the chalcogen atom Ch and the optimized 
dimer conformation.

Homodimers of HTe–ChH molecules (Ch = O, S, Se, Te) were also 
studied, showing a plethora of possible conformations in which chiral 
discrimination was also investigated, revealing small energy differences 
between the homo- and heterochiral adducts. In all cases, the most 
stable minima correspond to hydrogen-bonded complexes, except for 
HTe–TeH, and the strength of Te⋯Ch interactions increases with the 
difference in electronegativity between Te and Ch. Dispersion was 
observed to be the most important attractive force [139].

The adducts between CH3SR molecules (R = CH3, H, NH2, SCH3, CF3, 
OH, CN, NO2, F, Cl) and several Lewis bases, including H2O, H2CO, NH3, 
(CH3)2O, and (CH3)3N, were studied, and a strong substituent effect was 
observed on the strength of S⋯O/N interactions, with more electron 
withdrawing groups resulting in more stable ChBs as a consequence of 
deeper σ-holes on sulphur. As a result, in the case where R = CH3, H, 
SCH3, and NH2, the concurrent hydrogen-bonded interactions were 
stronger than ChBs (Scheme 14). In order to rationalize the direction
ality of the interaction, the study was also extended to nucleophiles 
featuring carbonyl groups [140].

The ability of sp- sp2- and sp3-hybridized ChB donors (C≡Ch, 
Ch=C=Ch, and F2Ch, respectively; Ch = O, S, Se) to engage in type I 
ChBs in homo-and heterodimers was also comparatively investigated at 
the MP2/aug-cc-pVTZ level, showing the sequence sp2 > sp > sp3 for the 
computed binding energies [141].

As for competition studies, CH3SH and CH3SF have been adopted by 
Scheiner to model the interactions with N-methylacetamide, which can 
involve ChB, HB, and tetrel bonds (Scheme 15). The introduction of the 
electron-withdrawing F-substituent increases the strength of the ChB 
interaction (O⋯S–F: 26.8 kJ mol–1). When cationic sulfured compounds, 
CH3SH2

+ and CH3SHF+, were considered, the interactions were 
dramatically enhanced, the counterpoise-corrected binding energies 
reaching as much as 163 kJ mol–1 in the case of the O⋯S–F interaction in 
the CH3SHF+⋅N-methylacetamide adduct (Scheme 15) [142]. Another 
recent contribution dealt with the competition between HB and ChB in 
the homodimers of chalcogen hydrides H2Ch (Ch = O, S, Se, Te), 
showing that while H2O is solely hydrogen bonded, ChB emerges in H2S 

Scheme 9. Different interaction modes in X2C=Ch dimers (X = F, Cl; Ch = O, 
S) [127].
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and eventually dominates in H2Se and H2Te [143].
When the chalcogen atom carries a positive charge in trivalent sul

fonium, selenonium, and telluronium cations of the type (CH3)3Ch+ [3], 
three σ-holes are present on the Ch atom, located along the extension of 
the C–Ch bonds and capable of directing an equal number of directional 
charge-assisted interactions (CAChB) with ChB acceptor species (Fig. 1). 
In this context, 21 different complexes were theoretically investigated 
(PBE0-D3/def2-TZVP), including 15 featuring Ch⋯O interactions, in the 
adducts formed between (CH3)3Ch+/F3Ch+ (Ch = S, Se, Te) and three 
tripodal ChB acceptors containing terminal –CHO, –COOH, or H2(O)N+

groups (Scheme 16) [144].
Passing to the study of cooperativity effects, the interactions of 1,4- 

benzoquinone and its perfluoro-derivative with HSF and HSCl where 
analyzed comparatively (MP2/6-311++G**), both in the absence and in 
the presence of a halide X– interacting perpendicular to the π-electron 
system of the quinone derivative (Scheme 17). Worthy of note, the 
anion⋯π interaction enhances the O⋯S interaction: a combined CT and 
QTAIM analysis indicated that the calculated CT values both in the 
anion⋯π and ChB interactions are slightly larger than in the corre
sponding isolated complexes, thus indicating cooperativity between the 
two types of interactions [145].

Heterocyclic systems were also explored; the adducts between 1,2,5- 
chalcogenadiazole rings and the carboxyl groups of R–COOH systems 
(Ch = S, Se, Te; R = NH2, CH3, H, CN, NO2) are an example. Ch⋯O 
interactions coexist in the adducts with OH⋯N HBs (Scheme 18), and 
the introduction of an electron-withdrawing substituent on the carbox
ylic acid strengthens both the HB and ChB. There is a certain degree of 
cooperativity between them, with the HB being, in most cases, the 
stronger of the two [146].

Bifurcated ChBs between 1,2,4-dithiazolidine-3,5-dione and various 
Lewis bases, including water and formaldehyde, were also investigated 
(Scheme 19), showing binding energies of up to approximately 145 kJ 
mol–1 and a predominantly electrostatic attractive interaction [147].

The stability between pairs of model chalcogen-bonded nucleobases, 
in which the amino group of adenine (A), cytosine (C), and guanosine 
(G) was replaced by a Ch–X group (Ch = S, Se; X = F, Cl, Br), was 
investigated, leading to the formation of one or two ChBs (Scheme 20), 
in place of the hydrogen bonds present in canonical A:T and G:C pairs (T 
= tyrosine). The most stable pairs were those with Ch = Se and X = F, 
showing binding energies of the same order of magnitude as those of the 
corresponding canonical pairs, both in the gas phase and in water. 
Preliminary molecular dynamics (MD) analysis indicated that the G and 
C derivatives do not introduce significant distortion or destabilization in 
DNA oligonucleotides [148].

The ability of chalcogen-rich species to form oligomers based on ChB 
interactions has been occasionally investigated. Trimers of the type 
(HSR)3 (R = F, Cl, CN, NC, –C≡CH, OH, OCH3, and NH2) are calculated 
to be held together by S⋯S interactions, featuring R–S⋯S linear moi
eties, with the H atoms pointing outward of the planar trigonal S3 core 
(Scheme 21). ChB interactions were calculated to range approximately 
from –15 to –60 kJ mol–1, depending on the nature of R. The Laplacian of 
the electron density at BCPs associated with S⋯S interactions shows the 
highest value for R = F and the lowest for R = NC and –C≡CH. The total 
energy density (HBCP) at the S⋯S BCPs is positive for weakly bound 
trimers, but negative in the strongest case (R = F), indicating a partial 
degree of covalent character in the ChB for this system [149].

An alternative type of trimers consists of two HChCl molecules (Ch =

Scheme 10. Different interaction modes between F2C=Se and HXO systems (X = F, Cl, Br, I) [128].

Scheme 11. Competing intramolecular interactions in β-chalcogenovinylaldehides HC(Ch)–CH=CH–Ch′H (Ch = O, S; Ch′ = Se, Te) [131,132].

Scheme 12. ChB interaction between SO2 and different carbonyl donors (R =
H, CH3, C2H5, OH, OCH3, NH2, N(CH3)2, F, Cl, Br, COOCH3, NHCOCH3) [90].

Scheme 13. Dimeric model systems composed of a dimethylchalcogenoether 
(CH3)2Ch and a CH3Ch′R acceptor (Ch, Ch′ = O, S, Se, and Te; R = CH3, 
CN) [81].

Scheme 14. Concurrent ChB and HB interactions between CH3SR molecules 
(R = CH3, H, NH2, SCH3, CF3, OH, CN, NO2, F, Cl) and different Lewis bases (B 
= H2O, H2C=O, NH3, (CH3)2O, (CH3)3N, N,N'-dimethylurea, N-methyl
acetamide, methylethylketone) [140].
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S, Se) interacting through a Ch⋯Ch chalcogen bond and a PH2Cl, HSCl, 
or Cl2 synthon, forming a Ch⋯P PnB, Ch⋯S ChB, or Ch⋯Cl halogen 
bond (HaB), respectively. (Scheme 22). Shorter bond distances, higher 
electron densities and second-order perturbation energies, along with 
negative three-body interaction energies in the trimers all suggest a high 
degree of cooperativity between non-covalent interactions, especially in 
the case of PH2Cl [150].

The cooperativity between O⋯Se ChB interactions and M⋯N spo
dium bonds in triads formed by carbonates MCO3 (M = ZnII, CdII), 
various HSeR molecules (R = F, Cl, OH, OCH3, NH2, and NHCH3), and 
nitrogen-containing bases was also assessed (Scheme 23). It was 
observed that the ChB (along with a concurrent HB between MCO3 and 
HSeR) is strengthened more than the spodium bond, as the stronger 
interaction exerts a greater influence on the weaker one [151].

The cooperativity between spodium and chalcogen bonds was 
observed also studying the interaction between model systems [(thio
urea)2MX2] (M = ZnII, CdII, HgII; X = Cl, I) and Lewis bases as aceto
nitrile, carbon monoxide and thioformaldehyde [152]. NOCV CD results 
showed that the interaction is generally a complex mixture of spodium, 
halogen, chalcogen, and hydrogen bonds. Conveniently, the NOCV tool 
was able to isolate and quantify each contribution, revealing that, 
depending on the nature of the two fragments, in some cases the spo
dium bond was not detectable.

Anticooperativity between Ch⋯Ch′ and Ch⋯N interactions in 
HCN⋯O3Ch⋯Ch′HR trimers (Ch′ = S, Se; R = H, Cl, Br, –C≡CH, NC, OH, 
OCH3) was also investigated at the MP2/aug-cc-pVTZ level [153].

Scheme 15. Different interactions modeled for the adducts between N-methylacetamide and CH3SH and CH3SF or CH3SH2
+ and CH3SHF+ cations (R = H, F) [142].

Scheme 16. Models of tripodal ChB acceptors (R2 = H, OH) interacting with 
(R1)3Ch+ ChB donors (R1 = CH3, F; Ch = S, Se, Te) [144].

Scheme 17. ChB of 1,4-benzoquinone (top) or 1,4-dicyanobenzene (bottom) and their perfluoro-derivatives towards HSF or HSCl, with (right) and without (left) an 
interacting halide (X, X′ = F, Cl; R = H, F) [145].

Scheme 18. Cooperative HB and ChB in the adducts between 1,2,5-chalcoge
nadiazole rings and the carboxyl groups of R–COOH systems (Ch = S, Se, Te; 
R1 = NH2, CH3, H, CN, NO2; R2 = NH2, H, CN, NO2; R3 = NH2, H, O–, CN, 
NH3

+) [146].
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Some examples of more extended aggregates were also investigated, 
including (SO2)n or (SO2)n⋅H2O clusters (n = 1–7) [154], as well as 
related systems involving SO3 [155–157], and linear clusters of the type 
(O=C=Ch)n (Ch = S, Se; n = 2–8) [158]. In the latter case, the inter
molecular Ch⋯O distances shorten as the length of the supramolecular 
chain increases. A degree of cooperativity was confirmed by QTAIM: the 
σ-hole on the second monomer of the chain is deeper than that on the 
first one, due to the polarization induced by the latter on the former.

3.2. Chalcogen⋯pnictogen interactions

The computational study of ChB interactions involving pnictogen- 

containing donors began in the early 2010s, with a series of papers by 
Scheiner and coworkers [159–164]. The authors initially compared at 
the MP2 level [23] various Y⋯N interactions, specifically the ChB be
tween H2S and ammonia and the corresponding HB and PnB interactions 
with HCl and PnH3 (Pn = N, P, As). Energetics, geometries, and other 
properties of these complexes were found to be relatively independent 
on the nature of the Y atom. In contrast, the hydrogen-bonded analogues 
exhibited a strong dependence on the nature of Y [159]. The interactions 
were calculated to arise equally from induction and electrostatic com
ponents, with a minor contribution from dispersion forces [159]. The 
same authors also investigated the influence of substituents on the H2S 
molecule in similar interactions (RHS⋯NH3; R = F, Cl, Br, CH3, NH2, 
CF3, OH, NO2) [160,161], observing a general correlation between the 
interaction energy and the electron-withdrawing properties of the sub
stituent R. Furthermore, they compared the effect of angular distortion 
and intermolecular separation in these systems with those in related 
halogen- and hydrogen-bonded complexes [162,163]. Their results 
highlighted a greater sensitivity of ChBs to angular distortion as 
compared to HBs, primarily attributed to exchange repulsion 
components.

In general, most studies involve S⋯N interactions, although works 
on selenium-containing ChB donors and/or phosphorus-based ChB ac
ceptors are not lacking. Much less common are studies on tellurium ChB 
donors, while the only reports on oxygen concern the interactions of OF2 
with different nitrogen compounds within the already cited discussion 
on the possibility of oxygen to from ChBs (see above) [109], and a study 
on the interaction between OX2 and NX3 (X = F, Cl), which showed that 
for these systems the interaction has instead a PnB character [165].

A number of papers analyzes the cooperativity or competitivity of 
this type of ChBs with different non-covalent interactions. These aspects 
were particularly studied by Esrafili and coworkers in a series of 
computational investigations performed at the MP2 level of theory 
[145]. A particularly well-studied system is represented by trimers in 
which the central molecule can simultaneously act as both a Lewis acid 
and a Lewis base. The chalcogen bond is thus combined with H⋯π in
teractions in trimers of the type RHCh⋯NCH⋯C6H6 (R = F, Cl, Br, CN, 
NC; Ch = S, Se; Scheme 24a) [166]; with HaBs or HBs in 
RF2Ch+⋯NCX⋯NH3 (R = H, CN, F; Ch = S, Se; X = Cl, Br; Scheme 24b) 
[167]; with HaBs in F2S⋯NCX⋯NCR1 (X = F, Cl, Br, I; R1 = H, F, OH) 
[168] or R2Cl⋯OCS⋯NH3 (R2 = F, OH, NC, CN, –C≡CF; Scheme 24c) 
[169]; with PnBs in H3S+⋯NC(H2)P⋯PyR (R = NH2, CH3, H, CN, F, Cl, 
Br; Scheme 24d) [170] and XHS⋯NC(H2)P⋯NCR (X = F, Cl; R = H, OH, 
NH2, CN, NC) [171]; and even with aerogen bonds in B⋯SHCN⋯ZO3 
adducts (B = NH3, N2; Z = Ar, Kr, Xe; Scheme 24e) [172], alkaline-earth 
bonds in B⋯ChX2⋯MCl2 (B = NH3, HN=CH2, HCN; Ch = S, Se; X = F, 
Cl; M = Be, Mg; Scheme 24f) [173], or dihydrogen bonds in 
XHCh⋯CNH⋯HY (X = F, Cl, Br, I; Ch = S, Se, Te; Y = Li, Na, BeH, MgH; 
Scheme 24g) [174]. A positive cooperative effect is observed, arising 
from the mutual polarization of the interacting moieties: the formation 
of the additional interaction results in a loss of electron density on the 
chalcogen atom and a simultaneous accumulation on the pnictogen 
atom. The magnitude of this cooperative effect also depends on the 
nature of the substituent on the chalcogen-containing Lewis acid, with 
the more electron-withdrawing groups generally having an enhancing 
effect.

Dronskowski and coworkers published a paper on dimers, trimers, 

Scheme 19. Bifurcated ChB interactions between 1,2,4-dithiazolidine-3,5-dione and different electron-donors [147].

Scheme 20. Examples of modified G:C base pairs showing one or two ChB 
interactions (Ch = S, Se; X = F, Cl, Br) [148].

Scheme 21. Model (HSR)3 trimers (R = F, Cl, CN, NC, –C≡CH, OH, OCH3, and 
NH2) [149].

Scheme 22. Investigated HSCl⋯HSCl⋯PH2Cl, HSCl⋯HSCl⋯HSCl, and 
HSCl⋯HSCl⋯ClCl trimers [150].

Scheme 23. O⋯Se ChB interactions and M⋯N spodium bonds in the triads 
formed by carbonates MCO3 (M = Zn, Cd), HSeR molecules (R = F, Cl, OH, 
OCH3, NH2, NHCH3), and nitrogen-containing bases B (B = HCN, NHCH2, 
NH3) [151].
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and infinite chains of (NC)2Ch molecules (Ch = O, S, Se, Te) [175]. The 
monomers were calculated to form stable linear head-to-tail aggregates 
through Ch⋯N ChB interactions (Scheme 25), and the stability of the 
chain to increase as the central atom becomes heavier, in accordance 
with a σ-hole interpretation. Moreover, the chains become more stable 
as the number of interacting monomers increases, revealing a coopera
tive effect. In the same paper, systems showing infinite chains held 
together by HaBs were also analyzed, showing that the degree of 
cooperativity is system-dependent, and that even anti-cooperative ef
fects can be foreseen (for example in the case of 1,4-dioxane combined 
with a halogen molecule).

Several authors have also studied, at the ab initio level, the compe
tition between PnB and ChB interactions in RHS⋯PH2R adducts (R = F, 
Cl, Br, H, OH, OCH3, CH3, C2H5, NH2, –C≡CH, and COH; Scheme 26) 
[176–178]. These studies reported that the preferential formation of 
ChBs or PnBs depends on the electron-donating or-withdrawing nature 
of the R substituents on the two monomers. EDA indicated that elec
trostatic and dispersion contributions are important in the formation of 
these complexes, while NBO analysis suggested that CT interactions play 
a significant role in chalcogen-pnictogen adducts. QTAIM analysis 
further confirmed that the interactions are purely closed-shell in 

character.
A variety of papers by different authors also dealt with the com

parison of ChBs to other non-covalent interactions, such as HBs 
[179,180], tetrel bonds [181], and HaBs [182,183]. One of these studies 
investigated the competition among tetrel, pnictogen, chalcogen, and 
halogens bonds at the MP2 level by analyzing the interaction of various 
HnY, CH3YHn, (CH3)nYFn, HYFn, and FYHn Lewis acids (n = 0–3; Y = Br, 
Se, As, Ge) with ammonia (Scheme 27) [184]. In the absence of H atom 
substitution, chalcogen bonds were found to be the strongest, followed 
by halogen, pnictogen, and tetrel bonds. Methyl substitution was found 
to weaken all interactions, while fluorine substitution showed an 
opposite effect, leading to a bonding strength order of tetrel > pnictogen 
> chalcogen. The most dramatic enhancement was predicted when the 
atom opposite the Lewis base was replaced by fluorine, which resulted in 
a different order of halogen > chalcogen > pnictogen > tetrel. A similar 
study was carried out on the adducts between NH3 and YFn molecules (Y 
= Si, P, S, Cl; n = 1–4), which showed in this case a tetrel > halogen >
chalcogen > pnictogen bonding strength order [185].

Scheme 24. Different model trimers studied for the mutual effect between ChB and (a) H⋯π interactions (R = F, Cl, Br, CN, NC, Ch = S, Se) [166]; (b) halogen or 
hydrogen bonds (R = H, CN, F; Ch = S, Se; X = Cl, Br) [167]; (c) halogen bonds (X = F, Cl, Br, I; R1 = H, F, OH; R2 = F, OH, NC, CN, –C≡CF) [168,169]; (d) pnictogen 
bonds (R = NH2, CH3, H, CN, F, Cl, Br) [170]; (e) aerogen bonds (B = NH3, N2; Z = Ar, Kr, Xe) [172]; (f) alkaline-earth bonds (B = NH3, HN=CH2, HCN; Ch = S, Se; X 
= F, Cl; M = Be, Mg) [173]; (g) dihydrogen bonds (X = F, Cl, Br, I; Ch = S, Se, Te; Y = Li, Na, BeH, MgH) [174].

Scheme 25. Schematic representation of the infinite chains formed by (NC)2Ch 
molecules (Ch = O, S, Se, Te) [175].

Scheme 26. Chalcogen bonded (left) and pnictogen-bonded (right) 
RHS⋯PH2X adducts (R = F, Cl, Br, H, OH, OCH3, CH3, C2H5, NH2, –C≡CH, 
COH) used to study the competition between the two types of σ-hole in
teractions [176,177].
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Different results were obtained in a similar study conducted by Li and 
McDowell, also at the MP2 level, on complexes of 6-OYF2-Fulvene (Y =
As, Sb, Se, Te, Be, I) with nitrogen-containing bases FCN, HCN, and NH3 
(Scheme 28) [186]. Their findings showed that, regardless of the Lewis 
base involved, the interaction strength increases in the order ChB < PnB 
< HaB. They also suggested that both the number and the type of sub
stituents attached to the acidic center significantly affect the interaction 
strength. Furthermore, the authors observed that the heavier Y atoms 
form stronger interactions than their lighter counterparts, and that, 
although the interactions are predominantly electrostatic, the polari
zation contribution becomes increasingly significant as the interaction 
strength increases.

The formation of chalcogen bonds through a π-hole rather than a 
σ-hole in the case of SO3 was also explored in interactions with Pn- 
containing Lewis bases (namely, NH3, H2C=NH, NH2F, NP, NCH, NCF, 
NF3, and N2, and their phosphorous analogues) [187]. An important 
structural feature of these complexes is the distortion from planarity of 
the SO3 molecule, such that in the corresponding adducts the defor
mation energy represents an important contribution to the interaction 
energy. The latter depends, in this case, on the electron-donating ability 
of the P- and N-donor Lewis bases investigated, which is enhanced by the 
introduction of electron-donating substituents and is greater for sp3- 
hybridized than for the sp-hybridized chalcogen bases.

A related study explores the possibility of forming ChB interactions 
through π-holes in the adducts of ammonia with SeO3, SeO2, or SeF2. As 
expected, the introduction of LPs in SeO2 and SeF2 reduces the magni
tude of the π-hole and the propensity to engage in the ChB interactions, 
although in all cases the π-holes were observed to be deeper and the 
resulting bonds stronger than the corresponding σ-hole interactions 
[188]. Also in the case of π-hole interactions, cooperativity studies were 
performed on triads [88,189,190], showing a mutual strengthening 
between the π-hole ChB and the concurrent σ-hole hydrogen/lithium/ 
halogen/triel bonding interaction, often indicating that the coopera
tivity contribution is larger in the π-hole compared to the σ-hole 
interaction.

A study [167] on the tunability of the S⋯N interaction depending on 
the nature of the Lewis base was performed on the adducts between 
FR1R2S+ cations (R1,2 = H, F) and different sp- and sp3-hybridized bases 
(Scheme 29a), revealing that while for the sp-hybridized bases the 
interaction energy decreases in the order H2FS+ > HF2S+ > F3S+, no 
single pattern was found for the variation of the interaction energy in 
complexes with sp3-hybridized bases. Similar studies were performed on 
OCS in combination with different bases (Scheme 29b) [191], showing 
that complexes with the sp-hybridized nitrogen have linear chalcogen 
bonds whose interaction energies depend on the electron-donating or 
-withdrawing ability of the substituents, while in the case of sp2-hy
bridized nitrogen bases, the ChBs deviate slightly from linearity. A 
further study on the complexes of F2CSe with various nitrogen bases 
(Scheme 29c) showed that the chalcogen bond becomes stronger when 
moving form sp- to sp2- and from sp2- to sp3-hybridized systems, although 
some inconsistency was observed regarding the electronegativity of the 
hybridized N atom [192]. A similar trend was observed in the case of 
SOXY (X, Y = F, Cl; Scheme 29d) [193], while, contrary to expectations, 
the strength of the interaction varies in the order SOF2 < SOFCl < SOCl2, 
showing that is does not depend solely on the electron-withdrawing 
properties of the substituent and the subsequent depth of the σ-hole, 

and highlighting the fact that the interaction is not governed exclusively 
by electrostatic forces. The same trend in ChB strength depending on the 
nitrogen hybridization of the Lewis base was observed for F2Se, and the 
bond is also strengthened by replacing hydrogen substituents on the 
base with methyl groups, or by substituting the N atom to which the base 
is attached with carbon (Scheme 29e) [194].

As for the influence of the Pn atom, a recent study on the interactions 
between PnR3 (Pn = N, P, As, Sb; R = H, CH3) and F2Se or FHSe mol
ecules, performed at the M06-2X/def2-TZVP level, showed a decrease in 
the strength of the ChB interaction upon moving from N to Sb [195].

On the other hand, regarding the influence of the Ch atom, the ad
ducts between a series of Ch-containing aromatic cycles and different N- 
and O-containing bases (Scheme 30) showed that when Ch = S or Se, 
relatively weak ChB interactions are calculated (formation energies 
ranging from –13 to –26 kJ mol–1), dominated by electrostatic and 
dispersion contributions. In contrast, when Ch = Te, strong interactions 
(up to –54 kJ mol–1) were calculated, with a predominance of electro
static and induction terms, and whose orientation is directed by steric 
effects [196].

The effect of substitution, backbone modification, and replacement 
of S with Se on intramolecular Ch⋯N interactions was investigated in a 
series of benzothiophene-based derivatives (Scheme 31). As expected, in 
the model system featuring a more rigid geometry that orients the LP on 
the N atom towards the σ-hole on the S atom, stronger interactions are 
established. An increase in interaction energies was also computed on 
moving from S to Se and upon substituting CH groups in the organic 
backbone with more electronegative N atoms [197].

Scheiner and coworkers [198] studied cationic systems at the MP2/ 
aug-cc-pVDZ level, investigating the effect of charge and substituents on 
S⋯N chalcogen bonds in RHS⋯NH3 and R(CH3)S⋯NH3 systems (R = H, 
CH3, NH2, CF3, OH, Cl, F, NO2), as well as in the corresponding cation 
dimers RH2S+⋯NH3 and R(CH3)2S+⋯NH3 (Scheme 32). They reported 
the expected trend in interaction strength, which increases as the R 
substituent becomes more electron-withdrawing. Furthermore, the ionic 
complexes were found to be significantly more strongly bound than their 
neutral counterparts. As in the neutral systems, the primary source of the 
interaction is the CT from the LP on the N atom to the σ*(S–R) anti
bonding MO, complemented by a strong electrostatic component and a 
smaller contribution from dispersion forces.

The same authors studied, at the same level of theory, the S⋯N in
teractions between tetravalent SF4 and different amines, including NH3 
and its methylated derivatives, as well as various N-containing hetero
aromatic compounds [199]. They described, also in this case, the ex
pected effect upon addition of electron-releasing substituents such as the 
–CH3 group to NH3, resulting in an enhanced interaction strength. 
Decomposition of the total interaction energy revealed induction as the 
main component; in all systems, one of the S–F bonds is oriented 
opposite the N atom, and the interaction mainly results from a CT from 
the nitrogen LP to the corresponding F–S σ* antibonding MO. Report
edly, the particularly strong complex between (CH3)2N and SF4 suggests 
that the S⋯N bond is close to a situation where it’s better described as 
covalent.

In a related study on different hypervalent ChF4 molecules (Ch = S, 
Se, Te, Po), which interestingly represents one of only two computa
tional studies reported so far where the chalcogen donor is polonium 
[200], the interaction of ChF4 with two molecules of ammonia was Scheme 27. Different interaction modes between R1SeR2 (R1 = H, F, CH3; R2 

= H, F) and ammonia [184].

Scheme 28. Complexes between 6-OChF2-Fulvene (Ch = Se, Te) and nitrogen- 
containing bases B (B = FCN, HCN, NH3) [186].
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investigated. Two possible conformations were revealed: one where the 
two bases occupy adjacent positions in a modified octahedral geometry, 
and a second where the ChF4 molecule is deformed from a seesaw into a 
nearly square-planar conformation, with one NH3 molecule interacting 
with the π-hole above the ChF4 pseudoplane and the other aligned along 
a σ-hole (Scheme 33). The former geometry is preferred by SF4, while 
the latter is favored for TeF4 and PoF4; the two isomers are nearly iso
energetic in the case of SeF4 [201].

Recent studies explored the possibility of forming ChBs through the 
so called lone-pair hole (LP-hole) [202] opposite to the LP on ChF4 
molecules in a seesaw geometry (Ch = S, Se; Scheme 34). Interactions 
established through the σ-hole on the chalcogen atom with NH3 and HF 

were computed to be stronger than those involving the LP-hole. While 
σ-hole interactions are predominantly electrostatic and become stronger 
with increasing chalcogen size, LP-hole interactions are mainly driven 
by dispersion forces and tend to weaken with increasing chalcogen size 
[203].

Another paper discussed the energetics of the adducts formed be
tween TeOX4 systems and NH3 or HCN (X = F, Cl, Br, I), showing that 
upon coordination of the base, the central tellurium atom passes from a 
trigonal bipyramidal to an octahedral geometry (Scheme 35), and 
revealing a significant covalent component in these strong interactions 
(interaction energy up to 205 kJ mol–1 for H3N⋯TeOF4) [204].

An example of bifurcated Ch⋯N interactions was investigated in 
triads formed between R1ChR2 molecules (Ch = S, Se, Te; R1, R2 = F, Br, 
I, tBu) or chalcogenazole rings and ammonia (Scheme 36). It was re
ported that when the σ-hole on Ch is too shallow (e.g., when moving 
from Te to S and Se, or upon replacing electron-withdrawing halogen 
substituents R1 and R2 groups with tBu), the anti-cooperative effect due 
to the CT from ammonia to the Ch atom hinders the formation of the 
second ChB, sometimes even preventing it altogether [205].

A recent paper by Michalczyk and others showed that the structure of 
5,6-dichloro-2,1,3-benzoselenadiazole features an uncommon binding 
motif: two moieties pair to establish not only two Se⋯N ChBs, but also a 
N⋯N PnB (N⋯N distance 2.812 Å), which is generally difficult to 
observe (Scheme 37) [206]. NBO and QTAIM analyses confirmed the 
existence of the PnB, which is made possible by the two ChBs that force 
the two N-atoms in close spatial proximity. Indeed, the NBO analysis 
revealed a CT from the LP on the nitrogen atom to the N–Se σ* MO, 
typical of ChB interactions, with an associated energy of 15.1 kJ mol–1. 
Additionally, a minor CT from the same nitrogen LP to the C–N σ* MO 
(0.92 kJ mol–1) indicates of the presence of the PnB. When selenium is 
replaced by tellurium and the geometry of the dimer optimized, the 
Te⋯N ChB becomes stronger (LP N → σ* N–Te = 31.4 kJ mol–1), as 
expected, resulting in a further shortening of the N⋯N distance (2.674 
Å). Consequently, the PnB is dramatically strengthened (LP N → σ* N–C 
= 12.5 kJ mol–1).

Concluding with an example of more complex aggregates, Arfaoui 
and coworkers studied the interaction between Ch=C=Ch (Ch = S, Se, 
Te) and diazines [207] to form both binary complexes and complexes of 
higher stoichiometry (Scheme 38), given the ability of Ch=C=Ch mol
ecules to simultaneously interact with multiple Lewis bases by multiple 
σ-holes. The supramolecular complexes exhibited stronger interactions 
compared to the binary ones, with a greater CT and a lower HOMO- 
LUMO energy gap calculated at DFT level. This study was recently 
extended to the aggregates formed by diazines with SO2 and SO3, 
showing the possibility of forming both σ- and π-hole interactions [208].

3.3. Chalcogen⋯halogen interactions

Interactions of chalcogen-rich species with halogen-containing ChB 
acceptors are frequently encountered, and several papers investigated 
such interactions both in model compounds and in case studies. The 
conceptually simplest cases involve interactions of ChB donors and ha
lides, a field of growing interest in anion recognition [209–211] and 
catalysis [212]. One of the few theoretical studies exploring ChB in
teractions between sp2-hybridized ChB donors (>C=Ch) and the 

Scheme 29. Different systems studied for the effect of hybridization on N- 
containing Lewis bases B: (a) adducts between FR1R2S+ cations (R1,2 = H, F) 
and sp (NCH, NCF, NCCl, NCCN, NCCH3, NCOH, N2) or sp3 (NH3, NH2F, NH2Cl, 
NH2CN, NH2CH3 and NH2OH) ChB acceptors B [167]; (b) complexes between 
OCS and sp2 (imidazole, pyrazole, pyridine, N2H2) or sp (NCLi, NCH, NCF, NP, 
N2) bases B [191]; (c) interaction between F2CSe and sp (N2, NCH, NCLi), sp2 

(NHCH2), or sp3 (NH3, N(CH3)3) nitrogen bases B [192]; (d) complexes between 
SOXY (X, Y = F, Cl) and sp (HCN, PN) or sp2 (NH=CH2) bases B [193]; (e) 
complexes between F2Se and sp (N2, HCN, CH3CN), sp2 (N2H2, HN2=CH3, 
N2(CH3)2, NH=CH2, CH3N=CH2, C5H5N), or sp3 bases B (NH3, (NH2)2, NH2CH3, 
NH(CH3)2, N(CH3)3) [194].

Scheme 30. Interaction between different heterocyclic aromatic systems and 
N- and O-containing bases (Ch = S, Se; B = COHNH2, N(CH3)3, P(CH3)3, pyr
idine, chalcogenazole, and others) [196].

Scheme 31. Benzothiophene-based derivatives studied for their intramolecular 
Ch⋯N interactions (Ch = S, Se; R = H, OH; Y = CH, N) [197].

Scheme 32. R1R2S⋯NH3 and R2H2S+⋯NH3 adducts (R1 = H, CH3; R2 = H, 
CH3, NH2, CF3, OH, Cl, F, NO2) [198].

Scheme 33. Different isomers of the adducts between ChF4 molecules (Ch = S, 
Se, Te, Po) and two NH3 molecules [201].
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chloride anion dates back to 2009 [213]. In particular, the interactions 
in (R)2C=S⋯Cl– (R = H, F) and Ch=C=S⋯Cl– (Ch = O, S) were inves
tigated in detail at MP2/aug-cc-pVTZ level (Scheme 39). For the latter 
compounds, a contraction of the Ch=C bond distance was observed. The 
studies employed a variety of approaches, including QTAIM and NBO 
analyses, and led to the recognition of ChB as a sister noncovalent 
interaction to HaB.

Much larger is the number of papers involving the interaction be
tween sp3-hybridized ChB donors and halides or halogen-containing 
acceptors. Chalcogenides featuring electron-withdrawing substituents 
are potentially ideal ChB donors for such purpose. In this context the 
interaction of (NC)2Ch and RChX (R, X = Cl, F; Ch = S, Se) with chloride 
and fluoride anions was investigated, and MP2 calculations correctly 
predicted the arrangement of sub-units in the resulting complexes, 
particularly when R ∕= X [89]. Notably, the charge-assisted ChB is 
classified as a strong interaction (BSSE-corrected binding energies as 
large as 230 kJ mol–1 for (CN)2Se⋯F–), with negative values of total 
electron density at BCPs, indicating a partly covalent nature of the 
interaction.

An experimental and theoretical investigation by Caballero, Frontera 
and coworkers explored the possibility of chloride/bromide sensing by 
chalcogenophene (C4H3Ch; Ch = S, Se, and Te) derivatives, such as 
C6H5-C4H3Ch, C6F5-C4H3Ch, and C6F4(C4H3Ch)2, potentially capable of 
ChB, HB, and π-interactions (Scheme 40). A MEP surface analysis (car
ried out on PBE0-D3/def2-TZVPP optimized geometries) showed that 
the anions exhibit a preference for ChB/HB rather than ChB/π-in
teractions. The contribution of the σ-hole interaction increases on 
passing from Ch = S to Ch = Te, such that in tellurophene derivatives 
ChB becomes more relevant than HB in stabilizing the halide adducts 
[209].

As expected, the introduction of a positive charge on the ChB donor 
increases the electrostatic contribution to the interaction with halides 

[3]. This is the case of variously substituted cyclic pyrylium cations and 
their thio-, seleno- and telluro-analogues, whose interaction with the 
chloride anion was investigated at DFT (BP86 [214], B97 [215]), MP2, 
and CCSD(T)/CBS levels of theory (Scheme 41) [216].

The interaction of the chloride anion with more complex, bifurcated 
ChB donors, such as benzo[1,2-d:4,3-d']di([1,3]selenazole)s [103] 
(Scheme 42a) and dithieno[3,2-b:2′,3′-d]-thiophenes [103,217] (Scheme 
42b), was studied in the framework of their application to catalysis. The 
potential anion transport properties of dithieno[3,2-b;2′,3′-d]thiophene 
derivatives and their bis-isothiazole analogues (Scheme 42c), were also 
investigated [218], showing (i) a decrease in interaction energies with 
Cl– upon solvation, (ii) an increase in interaction strength when the 
carbon atom in S–C was replaced with nitrogen, and (iii) a marked 
selectivity for F– and NO3

– compared to Cl– and Br–. The adducts between 
halides and N-methyl-1,3-bis[2(3H)-methylseleno-benzoimidazolium] 
benzene) [219] (Scheme 42d) and related systems (Scheme 42e) [220], 
were also studied and compared to their hydrogen-, tetrel-, halogen-, 
and pnictogen-bonding analogues, showing in all cases a distinct pref
erence for F–. In general, however, the chalcogen-bonded complexes 
were found to be the weakest ones [217,220].

Polyatomic anions were analyzed in a study on the adducts between 
X2Ch ChB donors and [MX6]2– (Ch = S, Se, Te; X = F, Cl, Br, I; M = Se, 
Pt), featuring bifurcated ChBs (Scheme 43). In this case, a combination 
of QTAIM, NBO, and IQA [221] analyses indicates a significant covalent 
contribution to the ChB [222].

The interaction of chloride with an anionic receptor, resulting in an 
interanion ChB (IAChB), was also investigated (Scheme 44). The results 
showed that energy terms are almost unchanged compared to systems 
where the ChB acceptor is neutral, with the exception of the electrostatic 
interaction, which varies non-monotonically along the ChB. This elec
trostatic interaction represents a dominating force in the kinetic stability 
of inter-anions [223].

Only a few papers explored the interactions of neutral ChB donors 
with neutral ChB acceptors featuring halogen atoms, including, for 
example, hypohalous acids [128]. In some cases, intramolecular in
teractions were also investigated. One example is a study examining the 
influence of intramolecular ChBs on the rotational dynamics of moieties 
such as the YF3 group around a phenyl ring (Y = C, Sn) or the two phenyl 
rings bonded to a planar TeF4 group (Scheme 45). In the first case, the 
introduction of a –SeH or, even more, –SeF substituent in ortho to the CF3 
group lowers its rotational barrier, due to the formation of a Se⋯F ChB 
that stabilizes the rotational transition state, which was studied by 
means of QTAIM, and NBO. On the other hand, when one or two such 
substituents are added to the Ar–TeF4–Ar system, the rotation barrier of 
the Ar rings increases due to steric repulsive effects [224].

3.4. Chalcogen⋯π and chalcogen⋯C interactions

A peculiar type of ChB occurs when the acceptor is represented by an 
unsaturated bond system. In such a case, a filled molecular orbital (MO) 
of the π-system in the unsaturated bond overlaps with an empty σ*-MO 
of the chalcogen atom. Alternatively, the interaction can be interpreted 
as an attractive interaction between the electron-rich π-system and the 
σ-hole(s) located on the ChB donor. Not surprisingly, acetylene was an 

Scheme 34. Lone-pair interactions between ChF4 and bases (B = NH3, 
HF) [203].

Scheme 35. Adduct between TeOX4 systems and NH3 (X = F, Cl, Br, I) [204].

Scheme 36. Triads between R1ChR2 molecules (Ch = S, Se, Te; R1, R2 = F, Br, 
I, and tBu) or chalcogenazole rings and ammonia [205].

Scheme 37. Structure of 5,6-dichloro-benzochalcogendiazole homodimers 
(Ch = S, Se, Te) [206].
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ideal model ChB acceptor when interacting with RChH donors (Ch = S, 
Se; R = F, Cl, Br, CN, OH, OCH3, NH2, CH3) to form complexes con
taining the T-shaped R–Ch⋯C2 moiety [225]. The CCSD(T)/aug-cc- 
pVTZ interaction energies were calculated in the range between –4.9 
and –20.2 kcal mol–1, classifying these as weak ChB interactions. It is 
worth noting that the stability of chalcogen⋯π complexes was mainly 
attributed to electrostatic and correlation effects.

On the contrary, the role of π→σ* charge transfer (CT) was evidenced 
when the interactions of SFH [226], SF2 [226,227], and SF4 [227] with 
several ChB π-acceptors, including ethene, ethyne, 1,3-butadiene, and 
benzene, were investigated at MP2, M06-2X-D3 and CCSD(T)/CBS levels 
of theory (Scheme 46). The CT-interaction, resulting in the elongation of 
the optimized S–F bond opposite to the S⋯π ChB, was evaluated to fall in 

the range 13.8–27.6 kJ mol–1.
Calculations on the complexes between (R)2Se (R = H, F, Cl, CH3) as 

well as selenophene and C6R′6 aromatic systems (R′ = H, F, CH3; Scheme 
47) showed that Se⋯π interaction energies increase when R is an 
electron-withdrawing and R′ an electron-donating group. The role of 
dispersion energy is not very significant, except in the weaker adducts, 
as stronger interaction energies result in an increase of both orbital and 
electrostatic contributions [228].

In the adducts between X2Ch molecules (X = F, Cl, Be, I; Ch = O, S, 
Se, Te) and acetylene, ethylene, or 2-butyne, it was observed that 
complexes become more stable as the electronegativity difference 

Scheme 38. Examples of supramolecular complexes between Ch=C=Ch (Ch = S, Se, Te) and diazines studied by Arfaoui and coworkers: (Pyridazine–CCh2)3 (top 
left); (Pyrimidine–CCh2)6 (top right); (Pyrazine–CCh2)3 (bottom) [207].

Scheme 39. Investigated (R)2C=S⋯Cl– (R = H, F) and Ch=C=S⋯Cl– (Ch = O, 
S) adducts [213].

Scheme 40. Possible binding modes between C6R5-C4H3Ch or C6F4(C4H3Ch)2 systems and X– (R = H, F; Ch = S, Se, Te; X = Cl, Br): cooperative ChB and anion-π 
interactions (left) and ChB/HB (right) [209].

Scheme 41. Interaction of Cl– with pyrylium cations and their thio-, seleno- 
and telluro- analogues (R = H, CH3, Ph; Ch = O, S, Se, Te) [216].
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between Ch and X increases, with the strongest Ch⋯π bonds formed 
with 2-butyne. This was mainly attributed to enhanced orbital in
teractions [229]. The interactions of (CF3)2Ch and F2C=Ch model 
compounds (Ch = Se, Te) with the π-system of benzene were also 

investigated at DFT level (BP86-D3/def2-TZVPD). The resulting opti
mized complexes showed the ChB donor to be always disposed 
perpendicular to the benzene ring (Scheme 48), with BSSE-corrected 
interaction energies in the range of –14.6/–22.6 kJ mol–1, systemati
cally increasing from Ch = Se to Ch = Te [230].

One of the few examples of S⋯C interactions investigated theoreti
cally is represented by the adducts between CS and SHR compounds (R 
= F, NO2, NC, Cl, CN, –C≡CH, NH2). Interestingly, complexes with 
traditional ChBs exist for all systems except those with R = F or Cl, 
where sulfur-shared ChBs are found to be more stable. The two types of 
structures are connected by transition structures, and the transition 
between them is reflected in the changes in the 1JC,S spin-spin coupling 
constants [231]. Another recent example is the modelling of fullerene or 
polyynic carbon chains featuring chalcogena-diazole/-triazole sub
stituents, showing the role of intramolecular Ch⋯C ChB interactions in 
stabilizing the covalent N–C bond with the substituent (Scheme 49) 
[232,233]. Scheiner and coworkers also investigated at the M06-2X/ 
def2-TZVPP level the possible role of strained propellane and pyr
amidane hydrocarbon molecules as Lewis bases towards molecules 
including F2Ch (Ch = S, Se, Te), given the formation of regions of 
negative electrostatic potential on the bridgehead C atom as a result of 
the strain [234].

It is also worth mentioning a recent investigation on Se⋯C ChBs in Al 
(CH3)3⋅SeHCX3 model systems (X = H, F) within a broader computa
tional study on Al(CH3)3⋯Y interactions (Y = Li, Ga, Ge, As, Br) 
investigating the role of methyl groups as Lewis bases in noncovalent 
interactions [235], a survey recently extended to different systems by 
other authors [200,236].

3.5. ChB radical donors and acceptors

A few papers have addressed the theoretical modelling of ChB in
teractions involving radical species. One example is the interaction of a 
closed-shell ChB donor with a radical acceptor, modelled in the case of 
XChH donors (X = F, Cl, Br; Ch = S, Se) interacting with alkyl radicals 
such as •CH3 and •C2H5, leading to what has been termed a “single- 
electron chalcogen bond interaction” [237]. An EDA of this very weak 
interaction (Eint = between –7.1 and –25.1 kJ mol–1 at CCSD(T)/aug-cc- 
pVTZ level) revealed that the dominant term is electrostatic in nature. 
This term increases as Ch goes from S to Se, with significant attractive 
polarization and dispersion components. In a subsequent paper, the 

Scheme 42. Interaction of halides with: (a) benzo[1,2-d:4,3-d]di([1,3]selenazole)s (n, m = 0–2; R1 = CN, CH3; R2 = p-methyl-phenyl) [103]; (b) dithieno[3,2-b:2′,3′- 
d]-thiophenes (n = 0–2; R3 = CN; R4 =

iBu; X = F, Cl, Br, I) [103,217] and (c) their bisisothiazole analogues (Y = SO2, O, S, PCH3, CH2, NCH3; X = F, Cl, Br) [218]; (d) 
N-methyl-1,3-bis[2(3H)-methylseleno-benzoimidazolium]benzene cations [219]; (e) 4,4′-(1,3-phenylene)bis[5-(tellanyl)-1H-1,2,3-triazole] cations [220].

Scheme 43. Adducts between X2Ch ChB donors and [MX6]2– (Ch = S, Se, Te; X 
= F, Cl, Br, I; M = Se, Pt) [222].

Scheme 44. Adducts between chloride and ditiheno[3,2-b:2′,3′-d]pyrrole 
scaffolds, featuring interanion ChBs (Ch = S, Se, Te; X = –C6H4–; n =
0–2) [223].

Scheme 45. ChB interactions occurring in different systems where they influ
ence rotational dynamics (Y = C, Sn; R = H, F) [224].
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radical⋯radical interactions between the ChB acceptor benzodithiazolyl 
(BDTA) and the ChB donors of dichalcogenadiazolyl species (p-R- 
C6F4–CN2Ch2

⋅ ; Ch = S (DTDA), Se (DSDA); R = H, F, CN, NO2, CH3, NH2, 
N(CH3)2; Scheme 50) were investigated at the unrestricted PBE0-D3/ 
def2-TZVP level of theory, with a further MP2/def2-TZVP validation 
[238]. A combined theoretical and structural approach, supported by 
CSD data, demonstrated that ChB radical⋯radical interactions represent 
a common supramolecular motif encountered in the solid state. In 
DSDA/DTDA radicals, a σ-hole was calculated in the center of the Ch–Ch 
bond, promoting bifurcated ChB interactions. Finally, in analogy to 
what described above, the interaction energy was calculated to be finely 
tunable depending on the nature of the R substituent.

A further significant contribution was recently presented by Pus
karevsky and coworkers, who demonstrated that the dianionic trimeric 
units (L1

3)2–, found in the solid state after reduction of 2,1,3-benzotellur
adiazole (L1), afford the diamagnetic compound [K(18-crown-6) 
(THF)]2L1

3 (Scheme 51). This compound was described as the result of 

the interaction between two reduced radical species L1–• and a neutral 
unit of L1, connected through N–Te⋯N ChB interactions. These in
teractions were investigated in-depth using CASSCF and unrestricted 
B3LYP-D3 broken-symmetry DFT calculations [239].

On the other hand, the so-called R•-hole interactions between •SO2F 
and N2, HCN, and CO2 were investigated using QTAIM, non-covalent 
interaction theory via the reduced density gradient (NCI-RGD) [240], 
and SAPT-EDA approaches (Scheme 52). The study showed that inter
action energies increased with the basicity of the Lewis base (e.g. HCN 
> CO2 > N2), with electrostatic and dispersion forces being the domi
nant contributions [241].

4. Applications of computational methods to ChB interactions

Over the past decades, computational techniques have been suc
cessfully applied to complement and clarify experiments, involving not 
only the synthesis, but also the modulation of reactivity, as well as the 
structural and spectroscopic features of various systems based on ChB 
interactions. In the following, a selection of these applications will be 
reviewed.

4.1. Crystal packing interactions

Understanding solid-state intermolecular interactions is crucial in 
molecular recognition, crystal engineering, and sensing [242,243]. In 
addition to the most commonly explored non-covalent interactions, 
including HB and HaB, ChB is increasingly recognized as a fundamental 
σ-hole interaction. ChB is particularly useful in rationalizing the nature 
and directionality [244] of frequent intra- and intermolecular 
nonbonded interactions involving chalcogen centers in the solid state 
[245,246]. Diffractometric data, typically deposited at the Cambridge 
Structural Database (CSD), are essential for identifying ChB interactions 
in the solid state structures [230].

An early study critically examined structural data using DFT and 
MP2 results for chalcogenophthalic anhydrides C8O2H4Ch (Ch = O, S, 
Se, Te), for which the electron density distribution ρ(r) around chal
cogen atoms Ch and the L(r) = − ∇2ρ(r) function were investigated to 
characterize the directionality and strength of Se⋯O and Se⋯Se ChB 
interactions [244]. A few years later, CSD data (about 120 hits) were 
extracted and compared to BP86-D3/def2-TZVP calculations to inves
tigate the relative strength of ChB and PnB interactions between 
(CF3)2Ch/F2C=Ch ChB donors (Ch = Se, Te) and trimethylamine and 
benzene as ChB acceptors (see above, Scheme 48) [230]. This investi
gation revealed that Ch⋯N contacts were less frequent in the CSD 
compared to relevant HaB interactions. Notably, only a few structurally 
characterized systems could be related to the considered computational 
model systems. A CSD search of C=S⋯S=C intermolecular interactions 
revealed mostly type-I ChB interactions; binding energy calculations on 

Scheme 46. Interaction between FSY (top) or SF4 (bottom) and acetylene, 
ethylene, cis- and trans-butadiene, and benzene (Y = F, H; R1, R2 = H, 
–CH=CH2) [226,227].

Scheme 47. Interaction between (R)2Se (R = H, F, Cl, CH3; left) or selenophene 
(right) and C6R′6 aromatic systems (R′ = H, F, CH3) [228].

Scheme 48. Adducts between benzene and (CF3)2Ch or F2C=Ch model com
pounds (Ch = Se, Te) [230].

Scheme 49. Fullerene C60 featuring chalcogenadiazole substituents, showing 
the intramolecular Ch⋯C ChB (Ch = O, S, Se, Te) [233].
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selected dimers extracted from the CSD revealed that most of these in
teractions are destabilizing and likely result from crystal packing effects 
[247].

A study conducted by QTAIM on a large number of crystal structures 
containing Se⋯Br and Te⋯Br interactions, retrieved from the CSD and 
mostly comprising chalcogen bonded dimers, enabled the identification 
of a continuous spectrum of bonding characteristics in the selected 
systems, ranging from weak van der Waals interactions to covalent 
bonds [248]. On the other hand, Ch⋯X interactions (Ch = Se, Te; X = Cl, 
I) were modelled in selected systems as part of an investigation on ChB 
in Pd/Pt coordination complexes, featuring Ch-coordinating ligands 
whose structures were also extracted from the CSD. These studies 
showed that coordination to the metal center enhances the σ-hole donor 
abilities of the Ch atoms [249]. In a related context, Aragoni et. al 
recently proposed a scale of strength, derived from structural data, based 
on the relative shortening of the Ch⋯A distance with respect to the sum 
of the relevant van der Waals radii [250].

In addition to the abovementioned broad-spectrum studies, several 
authors have employed theoretical calculations to investigate the 
structural features of more specific cases, which can be grouped ac
cording to the types of interacting atoms examined.

4.1.1. Chalcogen-chalcogen interactions
Both intra- and intermolecular interactions involving Ch⋯Ch con

tacts have been identified in the solid state, and their nature has been 
investigated by computational methods. Intramolecular ChB in
teractions often play a key role in the formation of stable ring systems. A 
notable example was recently observed in the case of arylhydrazones of 
sulfamethizole [251]. DFT calculations on structural data clearly 
demonstrated that π-conjugation is established through the formation of 
a five-membered ring, enabled by a O⋯S intramolecular resonance- 

assisted ChB interaction (RAChB; Fig. 3).
Another case of resonance-assisted ChB was observed in a series of 

ortho-chalcogen benzaldehydes featuring Ch⋯O interactions (Ch = S, 
Se, Te); this interaction, whose strength increases in the order S < Se <
Te and whose major contributions derive form orbital mixing and 
electrostatic interactions, controls the formation of the conformer 
observed in the crystal structure. The imine derivatives of the aldehyde 
were also investigated, and it was observed that the resulting Ch⋯N ChB 
decelerates the kinetics of their formation and thermodynamically sta
bilizes them [252]. A further example of intramolecular ChB contrib
uting to the formation of a five-membered ring was identified in o-nitro- 
O-aryl oximes, which were structurally characterized and investigated 
at DFT level (M06-2X/aug-cc-pVQZ). A topology analysis, supported by 
EPS calculations clearly evidencing the presence of σ-hole, confirmed an 
O⋯O ChB interaction (Fig. 4) [253].

Examples of bifurcated intramolecular ChBs were also investigated, 
for example from the crystal structures of ion pairs containing dithie
nylnitrophenol anions (Fig. 5a) [254], in N,N'-diaryl thiourea de
rivatives [255], and in 2,5-thiophenediamides (Fig. 5b), leading to the 
cis-conformation at the base of the helical structures observed in their 
crystal packing [256]. In both cases, the nature of the interaction, 
originating from the oxygen LPs to the antibonding σ*(S–C) orbital, was 
confirmed through NBO [122] methods.

Moving to intermolecular interactions, and starting with those 
involving tellurium atoms, intermolecular Te⋯O interactions were 
observed and computationally studied (B3LYP-D3 and B2PLYP) in 1,3- 
benzotellurazole derivatives [257]. Analogously, Te⋯O ChB in
teractions were found to drive the reversible assembly of 3-methyl-5- 
phenyl-1,2-tellurazole-2-oxide into a variety of supramolecular aggre
gates, both in solution, as proved by NMR experiments, and in the solid 
state (Fig. 6) [258]. DFT-D3 calculations using the PBE [259] functional, 
showed that the Te atom in the tellurazole cycle displays two σ-holes, 
with the one opposite the N-atom being more prominent [258]. 
Consequently, the Te atom acts as the ChB donor, and the +N–O– group 
as the acceptor in the (N)Te⋯O–N moiety. The same authors recently 
reported on similar supramolecular aggregates based on N-phenoxide 
analogues [260]. This study was also extended to benzo-1,2- 
chalcogenazole 2-oxides [261].

Te⋯O, Se⋯O, and S⋯O, interactions were observed in the cocrystals 
of 1,2,5-chalcogenadiazoles and a few crown ethers (Fig. 7). A combi
nation of QTAIM and NBO calculations showed that the ChB interaction, 
resulting from charge transfer (CT) from the crown ether to the chal
cogenadiazole, was accompanied by back CT in the opposite direction, 
thus demonstrating the ambiphilicity of 1,2,5-chalcogenadiazoles 

Scheme 50. ChB radical⋯radical interactions between the benzodithiazolyl 
(BDTA) and p-R-C6F4–CN2Ch2 species (Ch = S, Se; R = H, F, CN, NO2, CH3, NH2, 
N(CH3)2) [238].

Scheme 51. Structure of [K(18-crown-6)(THF)]2L1
3 (L1 

= 2,1,3-benzotellur
adiazole) [239].

Scheme 52. R•-hole interactions between •SO2F and B bases (B = N2, NCH, and 
CO2) [241].

Fig. 3. Molecular structure of a sulfamethizole derivative, showing the intra
molecular resonance-assisted ChB interaction. Hydrogen atoms were omitted 
for clarity [251].
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[262].
Bifurcated Te⋯Ch ChB interactions (Ch = S, Se, Te) where studied 

using the X-ray structures of a series of cocrystals between dichalcoge
nides Ph2Ch2 (Ch = S, Se, Te) and perfluorinated ChB donors ArF

2Te (ArF 

= 4-CF3C6F4, 4-NC5F4; Fig. 8). The interactions were studied at PBE0- 
D3/def2-TZVP level through QTAIM [85] and NCI, and the contribu
tion of the heterovalent ChBs to the binding anergy was estimated to 
range between –19.7 and –27.2 kJ mol–1 [263].

On the other hand, trifurcated ChBs were observed in the crystal 
structures of the adducts between tris[3,5-bis(trifluoromethyl)-phenyl] 
telluronium tetrakis[3,5-bis(trifluoromethyl)phenyl]borate and triphe
nylphosphine oxide (Fig. 9), and were studied at the DFT level, con
firming the dominant contribution of Coulombic forces in establishing 
the observed Te⋯O ChB interactions [264].

A series of helical structures self-assembled by planar benzotellur
azole amides through Te⋯Ch ChB interactions (Ch = O, Te) were 
recently described [265]. These compounds form single helices through 
Te⋯O interactions, and in one case, a double helix is held together by 
Te⋯Te ChBs. Both interactions, studied in model systems through 
QTAIM and EDA, were calculated to amount to about –34/50 kJ mol–1 

[265].
An example of homovalent Ch⋯Ch ChB interactions is the Te4 

rectangular motifs formed in the crystal structures of several diaryl 
ditellurides (Fig. 10), which were studied at DFT level, confirming the 
presence of BCPs through QTAIM analysis [266].

Moving to intermolecular ChBs involving Ch atoms other than Te, 
Frontera and coworkers analyzed a series of dimers featuring Se⋯O, 
Se⋯S, or S⋯O interactions at the PBE0-D3/def2-TZVP level, computing 
interaction energies ranging from –13.4 to –62.3 kJ mol–1 and studying 
the ChB also through QTAIM NCI, and NBO analysis. A dependence in 
the interaction strength on the depth of the σ-hole in the monomers, 
investigated through MEP analysis, was found, and the study was also 
extended to some model systems based on Protein Data Bank archive 
(PDB) structures [267]. The intra- and intermolecular interactions in a 
series of thiophene derivatives were studied at QTAIM level to establish 
the interplay between the σ-hole and LPs of electrons on sulphur and the 
strength of the electrophilic-nucleophilic interactions [268].

The ability of H-selenite anions (HSeO3
–) to form supramolecular 

chains in the solid state through a combination of anion-anion Se⋯O 
ChB and HB interactions was also observed experimentally and 
confirmed theoretically using QTAIM, NCI, and NBO methods. Although 
in the gas phase the model dimers exhibit repulsive interaction energies, 
very small energy minima (about 5.0 kJ mol–1) were calculated in so
lution [269].

Square tetravalent Ch⋯O ChB interactions (Ch = S, Se, Te) involving 
>Ch=O fragments were also investigated based on a series of crystal 
structures extracted from the CSD (Fig. 11) in different model dimers, 
revealing a correlation between the strength of ChBs and the ESP max
ima and minima on the Ch and O atoms, respectively [270]. Consis
tently, the Te⋯O interactions were calculated to be the strongest, also 

featuring a covalent contribution, and electron-withdrawing sub
stituents were found to increase the strength of the interaction. Elec
trostatic is the dominating factor, with the second contribution being the 
orbital term, while dispersion plays a limited role, particularly when Ch 
= Te.

Trifurcated Se⋯N/O ChBs between 2,1,3-benzoselenadiazole de
rivatives and pyridine-2,6-dicarboxylic acid were predicted based on 
DFT calculations at the ωB97X-D/def2-TZVPP level, and based on the 
theoretical calculations ChB donors featuring strong electron- 
withdrawing groups were selected for cocrystal synthesis experiments, 
which led to the formation of the anticipated trifurcated chalcogen 
bonds [271].

Intermolecular ChBs interactions involving coordination compounds 
have also been occasionally studied, as in the case of [Cu2(μ1,3- 
L3)4(DMSO)2] (HL3 = 2-chloro-4-nitrobenzoic acid; Fig. 12), where 
S⋯O interactions involving DMSO ligands were investigated, along with 
the other interactions observed in the solid state (HB, S⋯π), at the RI- 
BP86-D3/def2-TZVP level [272]. Another example is [Fe3(μ3-O)(2-fur
ate)6(H2O)2(NCS)], where a weak O⋯O interaction (estimated at about 
13 kJ mol–1) between the COO– groups of neighboring furoic acid resi
dues was studied using QAITM, NCI, and NBO methods [273]. A further 
case is the recent investigation of the Se⋯Se intermolecular contacts in 
the crystal structure of diselenophosphinate NiII complexes, leading to a 
supramolecular zigzag pattern; a DFT investigation combining ESP, ELF, 
and SAPT analyses reveled that the shortest interactions are governed 
primarily by dispersion forces, while the longer ones by electrostatic 
forces [274].

Moving to case studies involving biological systems, the possibility 
for the chalcogen atom in sulfinic and seleninic acid derivatives to 
function as a ChB donor through its three σ-holes was studied using 
QTAIM and MEP, based on the crystal structure of 3-selenino-L-alanine 
(selenocysteine seleninic acid; Fig. 13), a functional component of 
several enzymes, along with different analogues from the CSD [275].

The importance of an S⋯O ChB interaction found in the crystal 
structure of the adduct between the SET7/9 methyltransferase enzyme 
and the S-adenosylmethionine methyl (AdoMet) donor, involving the 
oxygen atom of an asparagine residue in the active site, was also 
investigated [276]. Ch⋯O ChB interactions (Ch = S, Se) were also 
studied at RI-MP2/def2-TZVP level using QTAIM, NCI, and NBO in 
different model systems for the interaction between uracil bases and Ch- 
adenosyl methionine in different RNA riboswitches, based on PDB en
tries. The calculated energies ranged from –23 to –60 kJ mol–1, sug
gesting ChB interactions play an important role in the recognition and 
folding mechanisms of these systems [277]. On the other hand, the 
Se⋯O and Se⋯S ChB interactions between Se-carbohydrates and ami
noacids were studied based on a series of PDB structures. Interaction 
energies in the corresponding model systems were found to range from 
–4.6 to –46.4 kJ mol–1 [278]. In a separate study, the role of S⋯O and 
Se⋯O ChB interactions in stabilizing the adducts between proteins and 
various ligands found in the PDB was also investigated using simplified 
model systems. This study showed that ChBs represent the dominant 
interactions, especially in the case of charged systems [279].

Intermolecular Se⋯O interactions were also studied in the poly
morphs of the organoselenium antioxidant ebselen (2-phenyl-1,2-ben
zoselenazol-3(2H)-one, Fig. 14), where they represent the shortest such 
ChBs known for organoselenium compounds. A strong electrostatic na
ture was ascertained for this interaction, and the possible role of inter
molecular Se⋯O ChBs with substrates such as water and reactive oxygen 
species in the cleavage of the Se–N bond, central to its antioxidant ac
tivity, was also investigated [280].

Intermolecular S⋯O ChB interactions were also identified in the 
crystal structures of various salts and cocrystals of the drug riluzole (6- 
(trifluoromethoxy)-1,3-benzothiazol-2-amine), where they appear 
bifurcated in combination with a HB. The S⋯O ChB motif plays only a 
secondary role in stabilizing the crystal packing compared to the HBs. 
Analysis via QTAIM, NBO, and Roby-Gould [281] bond indices showed 

Fig. 4. Molecular structure of the o-nitro-O-aryl oxime featuring an intra
molecular O⋯O ChB interaction. Hydrogen atoms were omitted for 
clarity [253].
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bond orders in the range 0.11–0.34 and indicated a predominantly ionic 
nature of the interaction [282].

S⋯S interactions were also examined in the crystal structure of the 
organic conductor 7,9-di(thiophen-2-yl)-8H-cyclopenta[a]acetaphty
len-8-one through theoretical charge density analysis, which assigned 
type-I and type-II characteristics to the two distinct S⋯S interactions. 
However, these interactions appear to have only a minor influence on 
the overall electronic structure of the conductor compared to π⋯π 
stacking interactions [283].

S⋯O and S⋯S interactions were also explored in the context of anion 

recognition in a series of adducts between benzothienoiodolium cations 
and CF3CO2

– or SCN– anions. The formation of the observed synthons 
involves a combination of HaB, HB, and ChB interactions (Fig. 15). 
These were analyzed at crystallographic coordinates using QTAIM, ELF 
[284], and NBO methods at PBE0-D3/def2-TZVP level, revealing a 
synergic effect among the various noncovalent interactions [285].

Fig. 5. (a) Molecular structure of the dithienylnitrophenol anion in the crystal structure of its salt with TBA, showing bifurcated intramolecular S⋯O interactions 
[254]; (b) crystal structure of a 2,5-thiophenediamide, whose cis-conformation is driven by similar ChBs. Hydrogen atoms were omitted for clarity [256].

Fig. 6. Portion of the crystal packing of an hexameric assemble of 3-methyl-5- 
phenyl-1,2-tellurazole-2-oxide, kept together by Te⋯O ChB interactions. 
Hydrogen atoms were omitted for clarity [258].

Fig. 7. Te⋯O ChB interactions in the cocrystals of 1,2,5-telluradiazole and 18- 
crown-6. Hydrogen atoms were omitted for clarity [262].

Fig. 8. Portion of the structure of the cocrystal between Ph2Se2 and 4- 
CF3C6F4Te, kept together by Te⋯Se ChB interactions. Hydrogen atoms were 
omitted for clarity [263].

Fig. 9. Structure of the cation in [L2(OPPh3)3]+BArF– (L2þ = tris[3,5-bis(tri
fluoromethyl)-phenyl]telluronium; BArF– 

= tetrakis[3,5-bis(trifluoromethyl) 
phenyl]borate), showing trifurcated Te⋯O ChB interactions. Hydrogen atoms 
were omitted for clarity [264].

M. Arca et al.                                                                                                                                                                                                                                    Coordination Chemistry Reviews 556 (2026) 217514 

19 



4.1.2. Chalcogen-pnictogen interactions
Among intramolecular ChBs involving chalcogen and pnictogen 

species, a notable case is represented by the reaction of cis-[PdCl2(C,N- 
Xyl)2] (Xyl = 2,6-(CH3)2C6H3) with 1,3-thiazol-2-amines and 1,3,4-thia
diazol-2-amines. These reactions yield two regioisomeric binuclear 
diaminocarbene Pd-complexes, with the isomeric ratio dependent on the 

reaction conditions. A combined experimental and QTAIM and NBO 
DFT-analysis on the crystallographically characterized regioisomers, 
revealed that the thermodynamically favored isomer features an intra
molecular S⋯N contact, whereas the kinetically controlled one exhibits 
a S⋯Cl interaction (Fig. 16). The product distribution is governed by the 
relative strength of these interactions with estimated energies of 
11.7–12.5 kJ mol–1 for S⋯Cl and 19.2–20.9 kJ mol–1 for S⋯N [286].

Another example of intramolecular S⋯N interaction was analyzed at 
DFT level in the crystal structure of chlothianidin (CLO), a neonicotinoid 
insecticide whose structure was previously reported [287]. Notably, 
QM/QM' ONIOM calculations (M06-2X/6-311G(d)) revealed that ChB 
intermolecular interactions play a crucial role, undetectable at lower 
level of theory, in the binding of neonicotinoids, such as CLO and 
thiametoxam (THA), to Aplysia californica acetylcholine-binding protein 
(Ac-AChBP), whose structural and binding features closely resemble 
those of the insect nicotinic acetylcholine receptor (nAChR).

An intramolecular Te⋯N interaction was also observed in (C6F5)Te 
(CH2)3N(CH3)2, which was characterized as borderline between open 
and closed shell [288]. O⋯N intramolecular oxygen-azide interactions 
were studied in a series of structures (Fig. 17) and related model sys
tems, with estimated interaction energies in the range of 6–12 kJ mol–1. 
These results indicated that electrostatic and dispersion forces are the 
dominant attractive contributions, although conformational studies 
suggested that intermolecular packing effects may also play an impor
tant role in stabilizing the azide interaction [289].

Intermolecular ChBs between chalcogen and pnictogen species are 
instead capable of driving supramolecular self-assembly, often in mutual 
interplay with other σ-hole interactions, such as HaB. QTAIM, NCI and 
NBO DFT-analyses were employed to rationalize such interactions, as in 
the case of systems containing ditopic chalcogenazolo-pyridine modules 
(Fig. 18) [245].

In some cases, Pn⋯Ch interactions were studied to discriminate their 
PnB vs ChB nature. For example, a series of crystal structures extracted 
from the CSD featuring As⋯S intermolecular interactions were investi
gated at the ωB97X-D [290] or M06-2X/def2-TZVP level using a com
bination of QTAIM, NCI, NBO, EDA, and ELI (electron localizability 
indicator) [291] analyses. The study showed that the opposing electron- 
density distributions can be used to rationalize whether the As⋯S in
teractions behave as PnBs or ChBs in different systems [292]. Another 
study focused on a series of stibanyl telluranes of the type (R)2Sb–TeR 
(R = CH3, CF3), based on the crystal structures of Et2Sb–TeEt, 
(CH3)2Sb–Te–Sb(CH3)2, and Et2Sb–Te–SbEt2 (Et = C2H5; Fig. 19). The 
Sb⋯Te metalloid⋯metalloid interactions observed in the crystal struc
tures were interpreted as ChBs based on DFT calculations. Additionally, 
the chalcogen- and pnictogen-bonded adducts between (R)2Sb–TeR 
model systems and various bases were studied, showing that PnB com
plexes are stronger than ChB ones [293].

An investigation performed on selenadiazolium supramolecular 
building blocks revealed the formation of dimeric aggregates stabilized 

Fig. 10. Te⋯Te ChB interactions in the crystal structure of a ditelluride, 
forming rectangular Te4 motifs. Hydrogen atoms were omitted for clarity [266].

Fig. 11. Square tetravalent Ch⋯O ChB interactions in 8-chloro-1-(p-t-butyl
phenylseleninyl)naphthalene, whose model system was one of the many 
employed to investigate this type of interaction. Hydrogen atoms were omitted 
for clarity [270].

Fig. 12. Portion of the crystal packing of [Cu2(μ1,3-L3)4(DMSO)2] (HL3 
= 2- 

chloro-4-nitrobenzoic acid), showing S⋯O ChB interactions. Hydrogen atoms 
were omitted for clarity [272].

Fig. 13. Intra- and intermolecular Se⋯O ChB interactions formed in the solid 
state by the selenium atom of selenocysteine seleninic acid, also involving a co- 
crystallized water molecule. Hydrogen atoms were omitted for clarity [275].

Fig. 14. Portion of the crystal packing of one of the polymorphs of ebselen, 
showing the intermolecular Se⋯O ChB interactions. Hydrogen atoms not 
involved in contacts were omitted for clarity [280].
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by four-center [Ch⋯N]2 ChB interactions and Se⋯X– anion binding (X 
= Cl, Br, I; Fig. 20). The nature of these interactions was elucidated 
through DFT-D3 calculations employing PBE exchange and correlation 
functionals and the Zeroth Order Regular Approximation formalism 
(ZORA) with a TZP basis set [295].

The four-center [Ch⋯N]2 ChB is in fact a common supramolecular 
synthon. It has been investigated in a number of systems, including 
adducts between 1,2,4-selenadiazole cations and various anions such as 
halide, trifluoroacetate, AuCl4–, ReO4

–, TcO4
–, ClO4

–, and BPh4
–, as studied 

by Tskhovrebov and coworkers [296–299]. In these systems, ChBs were 
found to compete with similar rectangular [Se⋯X–]2 motifs (X = Cl, Br), 

which are also involved in anion recognition processes or other types of 
ChB interactions [297–299]. The four-center [Se⋯N]2 ChBs in these 
systems were studied and compared to the other observed intermolec
ular interactions at the M06-2X/6-311++G** and ωB97X-D3/def2- 
TZVPP [300] levels of theory through QTAIM, ELF, and NBO methods, 
and the estimated interaction energy of each contact was between about 
–8 and –25 kJ mol–1 [296–299].

A comparative study of [S⋯N]2, [Se⋯N]2, and [Te⋯N]2 ChB in
teractions was performed on (C6N2R4Ch)2 dimers (Ch = S, Se, Te; R = H, 
F), based on the crystal structures of 2,1,3-benzothia-, benzoselena-, and 
benzotellura-thiazole. Calculations at the MP2 level using QTAIM, 
electron density difference (EDD), and IGM [301] methods, showed that 
the strength of the interaction increases in the order S < Se < Te, in 
agreement with the larger Vmax values of the σ-hole on Te. Fluoro- 
substituents also increase the intensity of the σ-hole on Ch and thus 
enhance the resulting ChB strength. Electrostatic interactions were 
calculated to dominate in the dimer complexes. The adsorption of the 
dimers on Ag surfaces was also investigated, showing that adsorption 
energies increase in the order S < Se < Te, and the Ch⋯N ChB is 
strengthened by interaction with the silver layer [302].

The effect of substitution and metal coordination on the strength of 
[Se⋯N]2 interactions was also studied in a series of 5-substituted benzo 
[c][1,2,5]selenadiazoles and their copper complexes [303]. No clear 
correlation was found, in either the free ligands or complexes, between 
the strength of ChB interactions and the Hammet’s para-substituted 
constants of the substituents. Metal coordination was found to weaken 
the ChB interactions in some complexes and strengthen them in others; 
both observations were attributed to the effect of secondary 

Fig. 15. Synergistic HaB, ChB, and HB interactions between 2-(3-thienyl)benziodolium and CF3CO2
– (left) or SCN– (right) studied through DFT calculations [285].

Fig. 16. Kinetically (left) and thermodynamically controlled (right) isomers of one of the investigated binuclear aninocarbene Pd complexes, showing the intra
molecular S⋯Cl and S⋯N ChB interactions. Hydrogen atoms were omitted for clarity [286].

Fig. 17. O⋯N oxygen-azide intramolecular interaction in dimethyl(2- 
azidoethyl)[(4-nitrophenyl)methyl]propanedioate. Hydrogen atoms were 
omitted for clarity [289].
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intermolecular interactions. Moreover, recent reports highlight the 
possibility of employing ChBs, including [Ch⋯N]2 interactions, in the 
construction of metal-organic frameworks (MOFs) based on 5-(benzo[c] 
[1,2,5]selenadiazole-5-carboxamido)isophtalic acid [304] and coordi
nation polymers based on 3,4-dicyano-1,2,5-telluradiazole and N,N,N', 
N'-tetramethyl-ethane-1,2-diamine [305]; these interactions were stud
ied at the DFT level on simplified models.

Based on a CSD research, [Ch⋯N]2 hexagonal motifs in the dimers of 
chalcogenazolo-pyridine and triazolo-chalcogenadiazole derivatives 
(Scheme 53) were examined in addition to the [Ch⋯N]2 square motifs in 
2,1,3-benzochalcogenadiazole and 2,1,3-pyridocalcogenadiazole di
mers (Ch = S, Se, Te) [306]. Electrostatic energy was found to be the 
main contribution to the attractive interactions, followed by the orbital 
term, which becomes particularly prominent (about 38%) for Ch = Te, 
supporting a partial covalent character of the [Te⋯N]2 interactions. 
Substituent effects were also investigated, showing electron- 
withdrawing substituents NO2, CN, or CF3 and C6F5 or CF3 groups 
enhance the strength of the square and hexagonal motifs, respectively. A 
two-parameter model correlating the binding energies with the 
maximum positive/negative potentials in the MEP could also be 
established.

It is worth noting that a suitable combination of this type of [Ch⋯N]2 

intermolecular interactions could also be exploited to prepare water- 
stable supramolecular capsules (Scheme 54), based on cavitands con
taining terminal 2,1,3-benzochalcogenadiazoles [307,308].

Interestingly, a series of cocrystals between 4′-substituted derivatives 
of ebselen and various 4-amino-substituted pyridines were prepared and 
evaluated for the covalency of their Se⋯N ChB interactions. An empir
ical “covalency quotient” was proposed as the negative slope of the plot 
correlating the Se–N bond length in ebselen with the ChB distance. The 
validity of this model was confirmed through SAPT and QTAIM calcu
lations on model systems [309].

4.1.3. Chalcogen-halogen interactions
As mentioned above, ChB donors have been investigated for halide 

sensing and recognition.
Recent studies on Se⋯I interactions between bis-4-imidazoline-2- 

selone derivatives and I– (Fig. 21) were conducted on model systems 
at the mPW1PW [310]/LanL08(d) [311] level, within the framework of 
the two potentially opposing models: a MO-mixing approach and the 
noncovalent σ-hole interpretation. Calculations showed that the two 
models converge to the same conclusions, with the σ-holes on Se being 
topologically related to the direction of the antibonding C–Se natural 
orbitals [312].

Ch⋯X interactions (Ch = Se, Te; X = Cl, Br, I) between various 1,2,5- 
chalcogenadiazoles and halides were instead investigated based on the 
crystal structures of [L4⋯X]–C+ systems (L4 = 5,6-dicyano[1,2,5]sele
nadiazolo[3,4-b]pyrazine; C+ = Ph4P+, [K(18-crown-6)]+; Fig. 22), 
showing that the orbital contribution dominates in the Te⋯X bonding 
energy, while electrostatics and dispersion dominates in the Se⋯X in
teractions [313].

The cation-anion S⋯X (X = Cl, I) interactions between the 
[Mo3S7(Et2dtc)3]+ cluster (Et2dtc = diethylthiocarbamate) and halides 
were studied (along with the corresponding S⋯O interactions in the 
salts with ClO4

– and SO4
2–) based on a series of crystal structures (Fig. 23) 

[314,315], for which interaction energies as large as 389 kJ mol–1 were 

Fig. 18. Example of crystal structure based on self-associating chalcogenazolo-pyridine modules in which double ChB and HaB interactions coexist. Hydrogen atoms 
were omitted for clarity [245].

Fig. 19. Sb⋯Te metalloid⋯metalloid ChB interactions in the crystal structure 
of Et2Sb–TeEt [294] (Et = C2H5) investigated at DFT level. Hydrogen atoms 
were omitted for clarity [293].

Fig. 20. Pattern of Se⋯N ChB interactions and Se⋯I– anion binding in the crystal structure of (C6H4N2Se)[C6H4N(NCH3)Se]2[I]2. Hydrogen atoms were omitted for 
clarity [295].
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calculated, demonstrating the ability of these clusters to act as effective 
anion receptors [316].

Cation-anion interactions were also studied in the crystal structure of 
Appel’s salt, consisting of chloride anions and planar 4,5-dichloro-1,2,3- 
dithiazolium cations C2Cl2NS2

+. This salt was used as a model system for 
investigating chemical bonding through an approach based on electro
static and kinetic force density fields. A conclusion of this study was that 
the three-center Cl–⋯S–S ChB interaction in the crystal structure of 
Appel’s salt resembles the initial state of bimolecular nucleophilic sub
stitution reactions [317].

As for ChB acceptors other than halides, an example is provided by 
the supramolecular self-assembled architectures recently reported for 4- 
(4-chlorophenyl)-3-[(4-fluorobenzyl)sulfanyl]-5-(thiophen-2-yl)-4H- 
1,2,4-triazole, a selective cyclooxygenase 2 (COX-2) inhibitor: the EPM 
revealed σ-holes on Cl, F, and S atoms. Thus, the supramolecular self- 
assembly is mediated by HBs, an uncommon C–S⋯Cl ChB, and S⋯C 
(π) and F⋯C(π) contacts (Fig. 24) [318].

A recent study highlighted the synergistic interplay between HaBs 
and ChBs in the crystal packing of the dihalogen adducts of 2,5-bis(pyr
idine-2-yl)tellurophene, which were investigated at the mPW1PW/ 
Def2-SVP/LANL08(d) level [319,320]. Interestingly, Te⋯Cl intermo
lecular interactions between the anions in the crystal structure of 
C5H5NBr+[Te(C6H5)Cl4]– (Fig. 25) prompted a theoretical study of these 
anion⋯anion interactions in a series of model dimers of [Ch(C6H5)X4]– 

species (Ch = S, Se, Te; X = Cl, Br, I) [321]. The study showed that the 
anions can interact with each other despite the strong Coulomb repul
sion. In particular, while the optimized dimers represent metastable 
systems in the gas phase, the interaction energies become exothermic in 
aqueous solution (especially for larger halogen atoms), mostly due to an 
increase in the polarization term [321].

Based on a crystal structure featuring mesityltelluride (MesTe), the 
different interactions between Te and I in the [MesTe(I)(I2)(I3)]– anion 
were investigated by means of ELF, NBO, EDA, QTAIM, and other 
methods, revealing the presence of a more covalent bond with the iodide 
ligand, a HaB with I2 and a ChB with triiodide [322].

Also in the case of intermolecular Ch⋯X interactions, few crystal 
structures involving coordination compounds were investigated. Ex
amples include the S⋯X interactions (X = Cl, Br, I) in a series of HgII 

coordination polymers, where they connect neighboring chains, and 
were calculated to be relatively weak (–16.3/–19.7 kJ mol–1, the larger 
energies computed for X = Cl) in model systems [323]. Another example 
is the weak S⋯Cl interactions (4–8 kJ mol–1) in the crystal packing of 
trans-[PtCl2-(RSCN)2] complexes, (R = Et, nPr) [324]. Moreover, the 
enhancement in the ability of Ch atoms to establish ChB interactions 
upon metal coordination was confirmed for different selenated ligands 
and tellurium analogues [325,326]. S⋯F intermolecular interactions 
were found in the crystal structures of different iron(II) clathrochelates 
and investigated at the PBE-D3/def2-TZVP level [327].

4.1.4. Other types of interactions
Ch⋯π ChB interactions were also investigated in few cases. One 

example is the interaction between selenium and the aromatic rings in a 

Scheme 53. Schematic representation of [Ch⋯N]2 hexagonal motifs in the 
dimers of chalcogenazolo-pyridine derivatives [306].

Scheme 54. Schematic representation of the capsules formed through N⋯Ch 
ChB interactions between terminal 2,1,3-benzochalcogenadiazole mole
cules [307,308].

Fig. 21. Portion of the crystal packing of the salt formed by the cyclization 
product of a bis-4-imidazoline-2-selone derivative and iodide, showing the 
Se⋯I ChB interactions. Hydrogen atoms were omitted for clarity [312].

Fig. 22. Portion of the crystal packing of [L4⋯Cl]Ph4P (L4 = 5,6-dicyano 
[1,2,5]selenadiazolo[3,4-b]pyrazine) showing the Se⋯Cl interaction between 
the ligand and chloride anion. Hydrogen atoms were omitted for clarity [313].

Fig. 23. Portion of the crystal packing of [Mo3S7(Et2dtc)3]Cl, showing the 
S⋯Cl interactions between the cluster and chloride anion. Hydrogen atoms 
were omitted for clarity [315,316].
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series of benzylic-substituted 1,2,4-selenodiazolium salts (Fig. 26) 
[328]. An investigation at the PBE0-D3/def2-TZVP level showed that 
these Se⋯π interactions are stronger than the concurrent [Se⋯N]2 ones, 
due to the participation of a more positive σ-hole of Se and the existence 
of a repulsive N⋯N interaction in the [Se⋯N]2 motif.

Similarly, in the crystal structure of 12-Ph-closo-1-SB11H10 [83,329] 
and its derivatives, S⋯π ChB interactions, responsible in some cases for 
the formation of noncovalent organic frameworks (COFs) [329], were 
calculated to be stronger than the S⋯X ChBs (X = Cl, I) found in the 
halogenated analogues [83]. Bifurcated Ch⋯π ChB interactions were 
instead studied in the crystal structures of diphenylselenide and tellu
ride, where the chalcogen atom engages in two simultaneous in
teractions with the phenyl rings of an adjacent molecule. The total 
stabilization from dispersion was found to dominate compared to the 
electrostatics and charge transfer contributions, and the interaction 
energy was calculated to be about –15 kJ mol–1 for both systems [330].

Few cases of Ch⋯C interactions were also considered. An example is 
the Te⋯C intermolecular interactions found, along with Te⋯N ChBs, in 
the crystal structures of two cyanidoaurate telluronium salts (Fig. 27), 
where the tellurium atom forms three charge-assisted ChBs with the 
adjacent anions; electrostatic and CT effects were found to be preemi
nent [331]. Another recent related report investigated the Te⋯C in
teractions in the cocrystals between chalcolanes and different 
isocyanides, finding interaction energies between –27 and –40 kJ mol–1 

at the PBE0-D4/def2-TZVP level [332].
On the other hand, intermolecular M⋯Ch (M = Pd, Pt; Ch = Se, Te) 

ChB interactions were observed in some coordination compounds. An 
example is provided by a series of cocrystals between PtII complexes and 
ChB donors (4-NC5F4)2Ch (Ch = Se, Te), showing the presence of Pt⋯Ch 
interactions, which in some cases were proven to be retained in solution 
based on 195Pt and 125Te NMR titrations. Calculations at the PBE0-D3BJ 
level on different model systems, performed through QTAIM, ELF, in
dependent gradient model based on Hirshfeld partition (IGMH) [333], 
atomic dipole moment corrected Hirshfeld population (ADCH) [334], 
and NOCV analyses, confirmed these interactions as ChBs involving a 
π-hole at the Ch atom, with an estimated interaction energy between 
–29.2 and –50.2 kJ mol–1 [335]. This investigation was recently 
extended by the same authors to different PtII complexes [336,337] and 
to chalcogenadiazole donors (ChDAs; Ch = Se, Te; Fig. 28) [338]. The 
donation from 5d atomic orbitals on Pt to the antibonding π* orbital on 
the Ch atom comprises more than 50% of the total orbital interaction 
energy, with the remaining contributions deriving from Ch → Pt back
donation and the π component of the Pt → Ch donation. The principal 
component of the attractive part of the Pt⋯Ch interactions comes from 
dispersion and electrostatic terms, while induction plays a secondary 
role.

Finally, intramolecular Si–H⋯Se interactions were studied in a series 

of silanes [339] (Fig. 29), where QTAIM, NCI, and NBO calculations 
described them as weak chalcogen bonds or hydride bonds (also called 
inverse hydrogen bonds and previously investigated theoretically by Li 
and coworkers) [340], rather than agostic bonds, and revealed only a 
small contribution of charge transfer mixing [341].

4.2. ChB and spectroscopy, optical properties, and sensing

In addition to investigating the nature of ChB interactions in either 
discrete molecules or extended frameworks, theoretical calculations 
have been applied to interpret and/or predict IR and NMR spectroscopic 
features of bonded systems. Vibrational data for a very large (100) set of 
different model adducts were calculated by Kraka and coworkers with 
ωB97X/aug-cc-pVTZ in their analysis on ChB (Scheme 3) [3]. More 
specifically, in the case of the adducts formed by the interaction of HChF 
(Ch = S, Se, Te) ChB donors with N-methylacetamide, specific changes 
(stretching vibration frequencies and band intensification) were calcu
lated in the IR bands attributed to H–F and F–Ch stretching vibrations in 
the ChB donor and the C=O in the ChB acceptor. A related study on 
FHCh⋯NH3 adducts (Ch = S, Se, Te) and related halogen-, pnicogen-, 
and tetrel-bonded systems showed in all cases a red shift in the 
stretching frequency of the Ch–F bond, with the magnitude being larger 
for second-row elements and following the order halogen > chalcogen 
> tetrel > pnicogen; the shielding of the σ-hole atom is increased, and 
those of F and N decreased, with third-row atoms undergoing the largest 
change [342]. Two recent reports by the same authors extended this 
approach to Lewis bases (CH3)3PSe and (CH3)2C=O and their interaction 
to different Lewis acids, including ChB donors, finding a good correla
tion between interaction energies, red-shift of the P=Se or C=O bond, 

Fig. 24. Portion of the crystal packing of 4-(4-chlorophenyl)-3-[(4-fluo
robenzyl)sulfanyl]-5-(thiophen-2-yl)-4H-1,2,4-triazole, showing the intermo
lecular C–S⋯Cl ChB interactions. Hydrogen atoms were omitted for 
clarity [318].

Fig. 25. Te⋯Cl interactions between the anions in the crystal structure of 
C5H5NBr+[Te(C6H5)Cl4]–, used as a starting point for calculations on [Ch(C6H5) 
X4]– dimers (Ch = S, Se, Te; X = Cl, Br, I). Hydrogen atoms were omitted for 
clarity [321].

Fig. 26. Dimers in the crystal structure of the AuCl4– salt of benzyl-1,2,4- 
selenodiazolium, showing both the Se⋯π and [Ch⋯N]2 interactions. Anions 
and hydrogen atoms were omitted for clarity [328].
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and NMR coupling constants [343,344]. Yet another paper on the ad
ducts between HChF (Ch = S, Se, Te) and a wide range of bases showed a 
very good linear correlation between the interaction energies and both 
the red shift of the F–Ch stretching band (suggesting a shift of about 10 
cm–1 for a rise in bond strength of about 8.0 kJ mol–1) and the increase in 
shielding of the Ch NMR signal [345]. On the other hand, FT-IR matrix 
isolation spectroscopy was employed to study the complexes of SO3 with 
NH3 in NH3/SO3/Ar matrixes; DFT calculations allowed for the assign
ment of a first group of bands to the 1:1 O3S⋯NH3 complex, while a 
second group of bands was assigned to the 1:2 complex SO3⋯(NH3)2, 
where the two ammonia molecules coordinate SO3 on opposite sides 
with different strength (Scheme 55) [346].

In the case of the interaction between 2,2,4,4-tetrafluoro-1,3-dithie
tane (C2F4S2) and dimethylether (DME; Scheme 56), a theoretical 
investigation supported by vibrational FT-IR and Raman measurements 
in liquid-krypton solutions agreed in evaluating the stability of the 1:1 
complex, held by ChB F–S⋯O interactions (Scheme 56; ΔH = –13.5(1) 
kJ mol–1). A Ziegler-Rauk EDA pointed to a predominant electrostatic 
nature of the interaction, which is nevertheless accompanied by a sig
nificant CT from the oxygen atom of DME to one of the sulfur atoms of 
C2F4S2 [347]. This type of study was further extended to other Lewis 
bases, such as water [348] and CH2F2 [349].

An approach combining computed vibrational corrections with 
experimentally determined rotational constants of different iso
topologues allowed for the structural characterization of the DMS-SO2 
complex (DMS = dimethylsulfide), revealing that it is held together by 
S⋯O ChB interactions where the electrostatic contribution plays a 
dominant role. A combination of NOCV/CD and NBO analyses indicated 
a donation from the sulphur atom of DMS to that of SO2 [350].

A study on the ChB interactions between CS2 and halides Cl–, Br–, and 

I– was also performed through a combination of CCSD(T) calculations 
and anion photoelectron spectroscopy, revealing a S⋯Cl– < S⋯Br– <

S⋯I– trend in the strength of the ChB interaction [351].
On the other hand, a recent study employed DFT calculations to 

assist in the interpretation of solid-state 77Se and 125Te NMR studies 
performed on a series of adducts between diacyanoselena- and -tellur
adiazole and ChB acceptors such as halides and nitrogen bases, allowing 
the assignment of the different NMR peaks to the various chalcogen sites 
observed in the crystal structures [352]. In a recent paper, 125Te magic- 
angle spinning solid-state NMR measurements were performed on [K 
(18-crown-6)]+ 3,4-dicyano-1,2,5-telluradiazole-ChCN– (Ch = O, S, Se) 
salt cocrystals featuring Te⋯N/S/Se ChBs, and experimental tellurium 
chemical shift tensors were compared with those calculated by different 
computational approaches, highlighting the importance of spin-orbit 
relativistic effects [353]. More recent contributions include an investi
gation on the ability of telluronium salts to act as Lewis acids towards 
OPPh3 through a combination of DFT and ab initio calculations and 
diffusion-ordered NMR spectroscopy [354], and a study on the role of 
ChB for the stabilization of the transition state in molecular rotors based 
on dynamic NMR and DFT calculations [355].

Passing to studies on the UV-Vis absorption and emission properties 
of Ch-bonded systems, the intramolecular O⋯S ChB interactions 
observed in a series of bithiazoles N-oxides (Scheme 57) were investi
gated at the B3LYP/6-311++g(d,p) level, and TD-DFT calculations were 
employed in order to account for the bathochromic shift in the experi
mental absorption and emission maxima compared to the non-oxidized, 
ChB-lacking analogues [356].

TD-DFT calculations were also employed to interpret the experi
mental changes (red-shift of absorption) observed in the UV-Vis 

Fig. 27. Portion of the crystal packing of [(CH3)(Ph)2Te][Au(CN)2], showing 
the intermolecular Te⋯C and Te⋯N ChB interactions. Hydrogen atoms were 
omitted for clarity [331].

Fig. 28. Portion of the crystal packing of [Pt2(Pbt)2(μ2-S,N-Metim)2]⋅3TeDA⋅THF (PbtH = 2-phenylbenxothiazole; TeDA = 1,2,5-telluradiazole-3,4-dicarbonitrile; 
MetimH = 1-methyl-1H-imidazole-2-thiol), showing the intermolecular Te⋯PtII ChB interactions. Solvent molecules and hydrogen atoms were omitted for 
clarity [338].

Fig. 29. Crystal structure of 1-mesitylselanyl-8-(dimethylsilyl)naphthalene, 
showing the intermolecular Si–H⋯Se chalcogen-hydride bond. Only the 
hydrogen atom involved in the interaction is shown for clarity [341].

Scheme 55. O3S⋯NH3 and SO3⋯(NH3)2 complexes investigated by FT-IR 
matrix isolation spectroscopy and DFT calculations [346].
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absorptions spectra of a series of benzotelluradiazoles upon complexa
tion with different anions (Cl–, Br–, I–, NO3

–) and the neutral acceptor 
quinuclidine in various solvents [357]. A series of donor-π-acceptor 
merocyanine molecules featuring intramolecular Ch⋯O ChBs, with ap
plications in photon-to-current conversion optoelectronic devices, were 
observed to have narrower absorption spectral widths and higher ab
sorption coefficients than the corresponding halogen-bonded systems. 
These properties were rationalized by means of DFT calculations based 
on the difference in the dipole moment (Δμ) between the ground and 
first excited states and resonance parameter c2 [358]. The photo
switchable properties of the reduced and oxidized forms of an azo
benzene containing an intramolecular N⋯Te ChB interaction were 
compared experimentally. While the oxidized form was found to un
dergo a trans/cis isomerization upon irradiation, the reduced form was 
not photoswitchable (Scheme 58). This behavior was attributed by DFT 
calculations to the higher strength of the intramolecular N⋯Te ChB in 
the reduced form, given the necessity to brake and reform this interac
tion during the photoisomerization process. In contrast, the reduced 
forms of the O, S, and Se analogues can undergo the photoswitching due 
to the lower strength of the corresponding N⋯Ch intermolecular ChBs 
[359]. A more recent manuscript from the same authors studied at the 
PBE0-D3/def2-TZVP level the ground (S0) and excited state (S1) in a 
series of model systems, including chalcogen-containing azobenzenes, 
by using SMD [360] as a solvation model. The authors concluded that 
the ChB present in these systems in S0 convert to covalent bond in S1, 
thus influencing the switching behavior of azobenzens [361].

Moving on to examples involving fluorescent sensors, the study of 
two different fluorophores bearing benzothiazole and benzoselenazole 
groups, respectively, demonstrated that the latter behave as more sen
sitive fluorescence sensors for the detection of trimethylarsine vapor. 
Computational analyses revealed that this enhanced sensitivity is due to 
the formation of a stronger As⋯Se ChB compared to the As⋯S in
teractions of the sulphured analogues [362].

DFT calculations provided insight into the differing behavior of two 
tripodal sensors for halide anions based on selenophene (Scheme 59). 
The hydrogen-substituted sensor binds the halide through trifurcated 
HBs, resulting in the formation of 1:1 complexes. In contrast, the 
fluorine-substituted receptor forms 1D polymers, due to the simulta
neous establishment of Se⋯X– ChBs and CH⋯X– HBs. This is enabled by 

the activation of the σ-holes on the Se atom, induced by the electron- 
withdrawing fluorine substituents [363].

Beer and coworkers synthesized a 3,5-bis-triazole pyridine scaffold 
covalently linked to benzo-15-crown-5 ether moieties [364,365]. The 
remaining position on the triazoles was substituted with hydrogen, 
iodine or tellurium, to investigate anion binding through the formation 
of HB, HaB, or ChB interactions, respectively (Scheme 60) [364,365]. It 
was found that in all cases the interaction was scarse (anion association 
constants Ka < 50 M–1), or even null in the case of tellurium. However, 
after the addition of NaPF6 in solution, Ka exceeded 350, 5000 and 1000 
M–1, for the hydrogen-, iodine- and tellurium-substituted systems, 
respectively. First, the binding of the sodium cation by each crown ether 
moiety strengthens the interaction due to the electrostatic interaction 
between the anion and the resulting dicationic species. Beyond this, DFT 
calculations demonstrated that molecular electrostatic potential (MEP) 
at the the σ-hole on tellurium becomes significantly more positive upon 
complexation. This enhances the polarization of the iodine and chal
cogen atoms, thereby strengthening the ChB [364]. Recently, this study 
was extended to an analogue system featuring a nitro-benzene backbone 
featuring 3,5-bis-telluro-triazole perfluorophenyl or phenyl ChB donors, 
each Te atom being covalently bonded to a benzo-15-crown-5 ether, 
which proved selective towards KCl [365]; and to a series of mechani
cally interlocked[2]rotaxane molecules which are capable of acting as 
either multidentate Lewis acids or bases for the selective binding of 
halides or metal ions [366].

A combination of DFT and MD calculations was also adopted to 
rationalize the halide recognition properties of selenated cationic 
chalcogen-bonding macrocycles and rotaxanes [367]. The calculations 
elucidated the higher affinity of the receptors for larger halides in terms 
of a greater degree of covalency in the Ch⋯X– interactions, as well as a 
lower degree of hydration of the anion binding site.

The importance of synergic ChB and PnB interactions in controlling 
supramolecular chirality in a series of assemblies between 
phosphonium-selenium conjugates and π-conjugated aminoacids was 
also investigated through DFT calculations [368].

Finally, the first demonstration of on-surface molecular recognition 
solely governed by ChBs was recently reported for a series of chalco
genazolo pyridine systems self-assembling on the Au(1 1 1) surface, 
based on scanning tunnel microscopy and ab initio calculations [369].

4.3. ChB in catalysis and reactivity

The typical directionality and hydrophobic nature of ChB in
teractions make them particularly well-suited for homogeneous catal
ysis in apolar solvents [103,370,371]. Despite their numerous 
applications in this field, the theoretical analyses of ChB catalysts are 
relatively recent, and only a limited number of studies have investigated 
the nature of these interactions from a computational perspective. A 
survey of the few initial results obtained in this field was included in a 
2021 review by Frontera and Bauzá [372].

In most cases, the ChB donor ability of the investigated compounds is 
studied in model adducts, especially with the Cl– anion 
[103,212,219,373]. Most catalysts feature two ChB donor sites capable 

Scheme 56. ChB interaction modelled for the adduct between C2F4S2 and 
dimethylether [347].

Scheme 57. Bithiazoles N-oxides featuring intramolecular O⋯S ChB in
teractions whose experimental absorption and emission properties were ratio
nalized by means of TD-DFT calculations [356].

Scheme 58. Reduced and oxidized forms of a monosubstituted azobenzene, 
whose different photoswitching capabilities are due to the different strength of 
the intermolecular N⋯Te ChB [359].
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of simultaneously interacting with the substrates. Matile and coworkers 
reported [103] the catalytic activity of dithieno[3,2-b;2′,3′-d]thiophene 
(DDTs) derivatives, previously investigated for anion transport appli
cations (Eint towards Cl– up to –145 kJ mol–1) [367], in the transfer 
hydrogenation of 2,3,6-substituted quinolines and diphenylmethani
mine. Their work was supported by M06-2X/6-311G** optimization of 
the adduct formed by cyano-substituted DDT with formaldehyde and 
pyridine, yielding interaction energies (Eint) of –24.3 and –33.9 kJ 
mol–1, respectively. This approach was also adopted to investigate benzo 
[1,2-d:4,3-d′]di([1,3]selenazole) (BDS) derivatives. Their rational 
design by DFT calculations enabled the identification of an optimal 
geometry for directional, noncovalent chloride binding (Eint values 
ranging from –109 to –222 kJ mol–1, depending on the substituents) and 
ChB-based catalysts (Scheme 42a) [103].

The first application of selenium-based ChB in organocatalysis was 
reported by Huber and coworkers, who investigated the activation of 
C–Cl bonds of 1-chloroisochroman through a benchmark reaction with a 
series of cationic, bifunctional organoselenium compounds (N-alkyl- 
substituted 1,3-bis[2(3H)-alkylseleno-benzoimidazolium]benzene) 
[219]. Also in this case, the chloride 1:1 adduct was adopted as a 
model of ChB for QM calculations (Scheme 42d), carried out at the DFT 
level (M06-2X/TZVPP). Related dicationic Te-based compounds (4,4′- 
(1,3-phenylene)bis[5-(tellanyl)-1H-1,2,3-triazole]), which were experi
mentally investigated as Cl– transporters [87], were found to be effective 
catalysts for the activation of C–C bonds in nitro-Michael reactions 
[374]: DFT calculations, including solvation methods, enabled a 
detailed mechanistic and kinetic analysis (Scheme 61) [375]. The same 
type of catalyst was also investigated for the activation of imines in 
Povarov [4+2] cycloaddition reactions, and the relevant intermediates 
and transition states were optimized at the DFT level, confirming the 

presence of Ch⋯N ChB interactions with the imine [376].
The activation mechanism of the substrate underlying the Ritter-like 

reaction of halogenated diphenylmethanes with diaryltelluronium cat
ions as catalysts was investigated. The study revealed the formation of 
an adduct featuring Te⋯Br ChBs, in combination with HB and cation⋯π 
interactions, all playing a synergic role in the activation of the C–X bond 
(X = Cl, Br) [377]. Based on previous experimental work, a theoretical 
study was also conducted to investigate the role of ChB donor catalysts 
Ch(R)2 and CH3Ch(R)2

+ (Ch = Se, Te; R = F, C6F5) in the intramolecular 
Rauhut-Currier (RC) reaction of bis(enones) [378]. Two mechanistic 
pathways were explored: one in which the catalyst acts on the thio
alcohol anion promoter, and another in which it acts directly on the 
substrate through the formation of two Ch⋯O ChBs (Scheme 62 for R =
F). The latter pathway was found to have a lower energy barrier. 
Moreover, it was shown that the σ-hole regions of the catalyst interact 
with the oxygen atoms, enhancing their polarization and thereby facil
itating electron transfer processes in their vicinity [378].

The role of Ch⋯π ChBs was investigated in the hydro
functionalization of alkenes catalyzed by 1,2-oxaselenonium salts [379]. 
Binding energies of about –36 to –49 kJ mol–1 were computed for the 
styrene-catalyst adducts, and the role of the counteranion was also 
investigated. This study concluded that ChBs serve as driving force in the 
activation of the π-system of the substrate through the formation of 
seleniranium intermediates [379].

The catalytic activity of arylated dibenzochacogenophenium cations 
in the Groebke-Blackburn-Bienaymè reaction between aldehydes and 
primary amines was investigated. The study revealed that the equatorial 
binding mode to the substrate (Scheme 63) is energetically more 
favorable than the axial one, and it suggested higher catalytic activity 
for the sulphur-based catalysts compared to their selenium analogoues 
[380]. A related computational study compared the catalytic perfor
mance of various halonium, chalconium, and pnictonium salts in 

Scheme 59. 1:1 Halogen-bonded complex (left) and 1D polymers formed through a combination of ChB and HB interactions (right) through the anion recognition 
(X = Cl, Br) by two differently substituted tripodal sensors based on selenophene [363].

Scheme 60. Experimentally tested heteroditopic ion-pair receptors acting 
through the coordination of the cation by the macrocycles and a bidentate ChB 
between tellurium and the halide [364].

Scheme 61. Model complex between 4,4′-(1,3-phenylene)bis[5-(tellanyl)-1H- 
1,2,3-triazole] and the nitronate formed from 5-methoxyindole and trans- 
β-nitrostyrene [375].
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reactions involving chloride elimination and electrophilic activation of a 
carbonyl group: among these, HX catalysts exhibited the highest activ
ity, as reflected in the greater electrostatic potential at the σ-hole of the 
heteroatom compared to ChB and PnB systems [381].

Different halogen, chalcogen, and pnictogen bond donors of general 
formula C6F5Y (Y = Br, I, Se, Te, P, As, Sb) were computationally 
investigated as catalysts in the Reissert-type substitution of isoquinoline 
[382]. In this reaction, they form a Y⋯Cl interaction with the substrate, 
which weakens the C–Cl bond and activates chloride abstraction. For the 
ChB donor catalysts, the energy barrier was reduced from approximately 
17 to 5–9 kJ mol–1. The computed activity order of the catalysts is Pn >
Ch > X, and an increase in catalytic activity was also observed when 
moving from the third row to the fourth row in the periodic table [382]. 
The potential of chalcogen bonding interactions for activating aziridines 
in their cycloaddition to alkenes was explored using various phospho
nium selenide-based catalysts. Furthermore, adducts formed between 
some of these catalysts and 1-(phenylsulfonyl)aziridine were optimized, 
revealing the presence of cooperative Se⋯N and Se⋯O ChB interactions 
(Scheme 64), whose energy amounts approximately to 100 kJ mol–1 

[383].
Another study demonstrated the ability of an alkynyl sulphonium 

salt to act as catalyst in a series of reactions, including transfer hydro
genation, bromination, bromoactonization, nitro-Michael addition re
action, and Ritter reaction. More importantly, the photocapability of 
ChB was first demonstrated in the synthesis of a variety of chalcoge
noacetylenes starting from the same alkynyl sulphonium salt and 
dichalcogenides. Mechanistic studies on this reactivity confirmed the 
role of bifurcated S⋯Ch interactions between the sulphonium salt and 
the dichalcogenides (Ch = Se, Te; Scheme 65), leading to the subsequent 
formation of alkynyl radical intermediates [384].

In different publications, the role of intramolecular ChB interactions 
in the activity of various catalysts was also investigated. As an example, 
the S⋯O ChB in enantioselective isochalcogenourea catalysis was 
studied in a series of works, suggesting a significant orbital contribution 
for this interaction (Scheme 66) [385–387].

A series of tetravalent spiroselenuranes featuring an intramolecular 
Se⋯N chalcogen bond interaction were investigated as catalysts for the 
disproportionation of H2O2 and the activation of I2 and N-bromosucci
nimide (NBS). Mechanistic studies combining experimental measure
ments and DFT calculations (NBO, QTAIM) revealed that the highly 
electrophilic nature of Se depends on the presence of the intramolecular 
ChB [388]. The importance of the S⋯O intramolecular bond in sulfi
nylbenzaldehyde compounds for their regioselective mono- 
esterification via chiral carbene-catalyzed oxidation processes was also 
demonstrated by DFT calculations [389]. Its presence induces a 
conformational locking effect, with the aldehyde moiety activated by 
the ChB selectively reacting with alcohols in the presence of the carbene 
catalyst to afford the corresponding chiral sulfoxide products with good 
optical purities [389].

Finally, the mechanisms of some reactions were investigated with 
respect to the potential role of chalcogen bonding. One example is the 
[3+2] cycloaddition reaction between 2-pyridiylselenyl halides or tri
fluoroacetates and isocyanates [390]. This reaction follows a concerted 
mechanism, as confirmed by DFT calculations: the adduct between the 

reagents features both a LP⋯π interaction between the nitrogen atom of 
the 2-pyridiylselenyl halides and the π system of the isocyanate, as well 
as a chalcogen bond between the selenium atom of the 2-pyridiylselenyl 
group and the nitrogen atom of the isocyanate (Scheme 67) [390]. 
Another example is a recent study on the photoreduction of the DNA 
nucleoside precursor thioanhydrouridine to 2'-deoxy-thiouridine with 
the hydrosulfide anion, which was modelled at the DFT level through 
the study of a chalcogen-bonded complex featuring S⋯S contacts [391].

5. Future perspectives

5.1.1. Controversies and prospects
As illustarted clearly form the literature discussed in this paper, a 

number of conceptual and methodological approaches has been shaping 
the research on chalcogen bonding. The main debate concerns the 
fundamental nature of the ChB interaction itself. While the predominant 
σ-hole model has traditionally considered ChBs as predominantly non
covalent, electrostatically driven contacts, increasing evidence indicates 
the limitations of this simplified description. Numerous studies suggest 
that ChBs frequently possess a non-negligible covalent or charge- 
transfer character, especially if heavier chalcogen atoms or strongly 
electron-withdrawing substituents are present. These contributions are 
reflected in features such as bond orders, bent geometries, and 

Scheme 62. Part of the reaction mechanism for the intramolecular asymmetric 
Rauhut-Currier reaction of bis(enones) through the formation of Ch⋯O ChBs 
with the SeF2 catalyst [378].

Scheme 63. Arylated dibenzochalcogenophenium cations and equatorial 
binding to the substrate Nu (Ch = S, Se) [381].

Scheme 64. Adduct between 1-(phenylsulfonyl)aziridine and the phospho
nium selenide-based catalysts, showing cooperative Se⋯N and Se⋯O ChB in
teractions [383].

Scheme 65. Reaction intermediate between the alkynyl sulphonium cation and 
dimethyl diselenide, showing the bifurcated S⋯Se interactions [384].
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substantial LP → σ* donation energies. As a consequence, some authors 
have questioned the description of ChBs as noncovalent interactions.

Another matter of debate relates to the uncertainty in classifying 
certain interactions as ChBs, i.e. how weak or heavily polarized a contact 
may be before it falls outside the domain of σ-hole bonding. These 
controversies are further complicated by methodological issues. For 
instance, DFT functionals vary widely in their ability to accurately 
reproduce ChB energies, and in some cases dispersion corrections 
exacerbate these errors, while energy decomposition schemes can 
emphasize or downplay some contributions. QTAIM may identify bond 
paths even in very weak or ambiguous interactions, whereas NBO 
analysis can overestimate orbital contributions in highly polarized sys
tems. Consequently, there is still no universal agreement on the most 
reliable indicators for the classification or quantification of ChB 
interactions.

These unresolved issues raise several goals for future research, such 
as establishing clear criteria for quantifying the electrostatic and cova
lent contributions to ChBs, defining the lower boundary of interaction 
strength for these interactions, or determining the role of solvation, 
aggregation, and crystal packing. As experimental and theoretical tools 
continue to evolve, the study of ChBs will likely converge toward a 
unified vision, thereby facilitating the broader application of these in
teractions in supramolecular chemistry, catalysis, materials design, and 
molecular recognition.

5.1.2. Comparative analysis of research methods
As mentioned throughout this manuscript, a broad range of 

quantum-chemical methods have been employed to study ChB in
teractions, each offering specific advantages and limitations in terms of 
accuracy, computational cost, and suitability for different chemical 
systems. At the lowest level of theory, Hartree–Fock (HF) calculations 
provide an inexpensive description of electronic structures but 
completely neglect electron correlation and dispersion contributions; 
they remain useful for initial geometry optimizations or exploratory 
scans on very large systems. Post-Hartree–Fock methods offer higher 
accuracy but at greater computational expense. Second-order 
Møller–Plesset perturbation theory (MP2) and its resolution-of-identity 
variant (RI-MP2) explicitly capture dispersion and generally offer suit
able descriptions of ChBs. Nevertheless, MP2 may overestimate binding 

energies in complexes featuring heavy chalcogens or strong polariza
tion, and it exhibits pronounced basis-set dependence.

Density Functional Theory (DFT) offers a good compromise between 
feasibility and predictive power, although its performance is highly 
dependent on the chosen functional. Traditional and hybrid functionals 
often under- or over-estimate binding energies due to incorrect treat
ment of dispersion, while modern functionals such as M06-2X, ωB97M- 
V, PW6B95-D3(BJ), and carefully selected double-hybrids (e.g., revDSD- 
PBEP86-D3) provide more reliable geometries and energetics. Notably, 
several benchmark studies demonstrate that common empirical disper
sion corrections (e.g., D3, D3(BJ), D4) can worsen accuracy in σ-hole 
systems.

Finally, coupled-cluster methods, especially CCSD and CCSD(T), 
probably represent the best option for accurately describing σ-hole in
teractions, reliably capturing the balance between electrostatics, in
duction, charge-transfer, and dispersion; nevertheless, the high 
computational cost restricts their application to small model systems; 
they remain a good source of reference data for benchmarking theo
retical protocols. For cases involving significant static correlation, 
multireference methods such as CASSCF/CASPT2 can also be 
considered.

Beyond energy evaluation, the differences between the different 
methods in terms of interpretive tools should also be taken into account: 
MP2 and CCSD(T) provide reliable interaction energies but limited in
sights into bonding mechanisms, while DFT, being compatible with 
EDA, SAPT-DFT, NOCV-CD, and QTAIM, is ideal for mechanistic studies.

6. Conclusions

In this review, the widespread adoption of theoretical calculations as 
an invaluable tool to investigate, interpret, and predict chalcogen bond 
(ChB) interactions has been explored. While there is a general agreement 
in including ChB among noncovalent σ-hole interactions, it is indisput
able that the subtle balance of various contributions to ChB interactions, 
such as charge-transfer, electrostatic, and dispersion effects, requires 
sophisticated calculations to accurately model these aspects.

Over the past two decades, several hundred papers have been pub
lished on the theoretical analysis of ChB interactions. Among them, a 
large number focus on modeling two, three, or even more extended 
simple interacting model molecules or ions, each featuring one or more 
ChB interactions involving a chalcogen atom Ch on the ChB-donor and a 
nucleophile (ChB-acceptor) with a halogen (Ch⋯X), pnictogen 
(Ch⋯Pn), or even a different chalcogen atom (Ch⋯Ch′). This analysis of 
model systems, summarized in this review, has provided valuable in
sights into the most promising computational methods for theoretically 
studying these systems. Significant efforts have also been made to 
investigate the competitive and/or cooperative effects between ChB and 
other non-covalent interactions.

Initially, the theoretical exploration of ChBs relied almost exclusively 
on post-Hartree-Fock (HF) perturbative methods, such as MP2, or mul
ticonfigurational (CCSD) calculations. However, over the past decade, 
density functional theory (DFT) has gained increasing prominence, with 
a notable prevalence of functionals based on the meta-GGA approxi
mation belonging to the Minnesota family, such as M06-2X. DFT cal
culations using the long-standing B3LYP hybrid functional, while not 
always providing the highest accuracy, have still frequently been 
reported.

Regardless of the theoretical approach, computational tools based on 
quantum theories such as QTAIM, NBO, and energy decomposition 
methods have been applied in the interpretation of ChB interactions, 
ultimately showing a continuum spectrum in the nature of the in
teractions, ranging from almost purely electrostatic to covalent, 
depending on the nature of the interacting ChB donor group and 
acceptor atoms, with a remarkable influence of the surrounding chem
ical environment.

Along with simpler models, QM calculations have also been 

Scheme 66. N-acyl isochalcogenouronium intermediates in enantioselective 
isochalcogenourea catalysis, featuring intramolecular S⋯O ChB interactions 
(Ch = S, Se) [385,386].

Scheme 67. Adduct between 2-pyridiylselenyl chloride and isocyanates pre
liminary to their [3+2] cycloaddition reaction, showing the concurrent pres
ence of a LP⋯π and Se⋯N ChB interaction [390].
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employed to study a larger range of specific and more complex com
pounds, with applications in catalysis, crystallography, spectroscopy, 
and biochemistry.

This body of research highlights the growing importance of theo
retical calculations in interpreting the nature of ChB and related in
teractions, underscoring the continuing efforts of the computational 
chemistry community to model noncovalent interactions and shift focus 
from single molecules to increasingly complex supramolecular 
aggregates.
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[92] A. Bauzá, A. Frontera, Halogen and chalcogen bond energies evaluated using 
electron density properties, ChemPhysChem 21 (2020) 26–31, https://doi.org/ 
10.1002/cphc.201901001.

[93] G. Ciancaleoni, F. Nunzi, L. Belpassi, Charge displacement analysis – a tool to 
theoretically characterize the charge transfer contribution of halogen bonds, 
Molecules 25 (2020) 300, https://doi.org/10.3390/molecules25020300.

[94] G. Ciancaleoni, C. Santi, M. Ragni, A.L. Braga, Charge-displacement analysis as a 
tool to study chalcogen bonded adducts and predict their association constants in 
solution, Dalton Trans. 44 (2015) 20168–20175, https://doi.org/10.1039/ 
c5dt03388h.

[95] G. Ciancaleoni, Lewis base activation of Lewis acid: a detailed bond analysis, ACS 
Omega 3 (2018) 16292–16300, https://doi.org/10.1021/acsomega.8b02243.

[96] M. Mitoraj, A. Michalak, Donor–acceptor properties of ligands from the natural 
orbitals for chemical valence, Organometallics 26 (2007) 6576–6580, https://doi. 
org/10.1021/om700754n.

[97] Z. Konkoli, D. Cremer, A new way of analyzing vibrational spectra. I. Derivation 
of adiabatic internal modes, Int. J. Quantum Chem. 67 (1998) 1–9, https://doi. 
org/10.1002/(SICI)1097-461X(1998)67:1.

M. Arca et al.                                                                                                                                                                                                                                    Coordination Chemistry Reviews 556 (2026) 217514 

31 

https://doi.org/10.1039/c7cp02518a
https://doi.org/10.1039/c7cp02518a
https://doi.org/10.1002/anie.202007314
https://doi.org/10.1002/anie.202007314
https://doi.org/10.1002/9781119148739.ch1
https://doi.org/10.1002/9781119148739.ch1
https://doi.org/10.1016/0009-2614(94)01027-7
https://doi.org/10.1016/0009-2614(94)01027-7
https://doi.org/10.1021/acs.jctc.1c00006
https://doi.org/10.1021/acs.jctc.1c00006
https://doi.org/10.1039/d2cp01600a
https://doi.org/10.1039/d2cp01600a
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1021/ct301064t
https://doi.org/10.1021/ct301064t
https://doi.org/10.1021/ct400818v
https://doi.org/10.1016/s0009-2614(98)00862-8
https://doi.org/10.1016/s0166-1280(99)00235-3
https://doi.org/10.1021/acs.chemrev.5b00533
https://doi.org/10.1002/jcc.21759
https://doi.org/10.1021/acs.jpca.9b03157
https://doi.org/10.1021/acs.jpca.1c01294
https://doi.org/10.1063/1.4952647
https://doi.org/10.1021/jp050536c
https://doi.org/10.1021/acs.jpclett.3c01832
https://doi.org/10.3390/molecules24203810
https://doi.org/10.1002/jcc.26489
https://doi.org/10.1002/jcc.26489
https://doi.org/10.1016/b978-0-12-809835-6.00008-6
https://doi.org/10.1016/b978-0-12-809835-6.00008-6
https://doi.org/10.1021/acs.jctc.1c01128
https://doi.org/10.1021/acs.jctc.2c00036
https://doi.org/10.1021/acs.jctc.2c00036
https://doi.org/10.1063/1.5090222
https://doi.org/10.1063/1.5090222
https://doi.org/10.1021/acs.jpclett.8b03745
https://doi.org/10.1021/acs.jpclett.8b03745
https://doi.org/10.1021/acs.chemrev.5b00560
https://doi.org/10.1021/acs.chemrev.5b00560
https://doi.org/10.1007/s12039-016-1162-5
https://doi.org/10.1007/s12039-016-1162-5
https://doi.org/10.1007/s00894-019-4014-7
https://doi.org/10.1039/c004189k
https://doi.org/10.1021/acs.accounts.3c00193
https://doi.org/10.1021/acs.accounts.3c00193
https://doi.org/10.3390/molecules28093776
https://doi.org/10.1002/wcms.1460
https://doi.org/10.1002/wcms.1460
https://doi.org/10.1002/wcms.1452
https://doi.org/10.1021/acs.jctc.8b00034
https://doi.org/10.1002/jcc.25099
https://doi.org/10.1002/jcc.25099
https://doi.org/10.1021/ic062110y
https://doi.org/10.1021/ic062110y
https://doi.org/10.1007/s00214-016-1972-z
https://doi.org/10.1002/anie.201405901
https://doi.org/10.1021/jacs.7b08511
https://doi.org/10.1021/jacs.7b08511
http://refhub.elsevier.com/S0010-8545(25)01084-7/rf0420
https://doi.org/10.1002/9783527610709
https://doi.org/10.1002/9783527610709
https://doi.org/10.1002/chem.202101681
https://doi.org/10.1007/s11224-014-0392-8
https://doi.org/10.1039/c3cp54208d
https://doi.org/10.1021/jp501932g
https://doi.org/10.1021/jp501932g
https://doi.org/10.1007/s11224-015-0626-4
https://doi.org/10.1002/cphc.201901001
https://doi.org/10.1002/cphc.201901001
https://doi.org/10.3390/molecules25020300
https://doi.org/10.1039/c5dt03388h
https://doi.org/10.1039/c5dt03388h
https://doi.org/10.1021/acsomega.8b02243
https://doi.org/10.1021/om700754n
https://doi.org/10.1021/om700754n
https://doi.org/10.1002/(SICI)1097-461X(1998)67:1
https://doi.org/10.1002/(SICI)1097-461X(1998)67:1


[98] D. Cremer, J.A. Larsson, E. Kraka, New developments in the analysis of 
vibrational spectra on the use of adiabatic internal vibrational modes, Theor. 
Comput. Chem. 5 (1998) 259–327, https://doi.org/10.1016/s1380-7323(98) 
80012-5.

[99] J. Alfuth, B. Zadykowicz, B. Wicher, K. Kazimierczuk, T. Połoński, T. Olszewska, 
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