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Evaluation of the Solvent Competitive Binding in Halogen and 
Chalcogen Bonding: A Theoretical Theory Study for 
Supramolecular Applications
Eric Miguens,a Mariana Rochab and Antonio Frontera*,a

Noncovalent interactions such as halogen bonding (HaB) and chalcogen bonding (ChB) are increasingly utilized in host-guest 
chemistry and supramolecular catalysis due to their high directionality and tuneable strength. However, the choice of solvent 
remains a critical challenge, as solvent molecules can compete with the intended substrates for the electrophilic sigma-hole 
sites of the catalysts or receptors. In this work, we present a comprehensive DFT study (PBE0-D3/def2-TZVP) analysing the 
competitive binding of nine common solvents (acetonitrile, ether, water, methanol, DMF, DMSO, dichloromethane, 
chloroform and acetone) with four model electrophilic probes: CF3–I, CF3–Br, CF3–Se–CF3, and CF3–Te–CF3. By evaluating the 
interaction energies and Molecular Electrostatic Potential (MEP) surfaces, accounting for the dielectric constant of each 
medium, we establish a classification of solvent competitiveness. Our results provide an experimental guide for identifying 
the least competitive solvents, thereby optimizing the efficiency of HaB and ChB driven molecular recognition and catalytic 
processes in solution.

Introduction
Noncovalent interactions serve as the fundamental "glue" of 
supramolecular chemistry, governing the self-assembly of 
complex architectures and the specific recognition between 
hosts and guests.1 Unlike covalent bonds, these forces are 
typically characterized by lower bond energies and reversible 
nature, allowing for dynamic and stimuli-responsive systems.2-7 
The precise control of these interactions has enabled the 
development of sophisticated functional materials,8 synthetic 
receptors,9 and enzyme-mimetic catalysts.10 As the field moves 
toward increasingly complex environments,11-15 understanding 
the subtle balance of these forces, especially in the presence of 
competing species, becomes paramount for the rational design 
of supramolecular assemblies.16-25

A key advancement in the description of noncovalent forces is 
the σ-hole model.26,27 A σ-hole is a region of positive 
electrostatic potential located on the extension of a covalent 
bond to an electronegative or polarizable atom.28,29 This 
electron-deficient region allows the atom to act as an 
electrophile, attracting Lewis bases and nucleophiles.30,31 The 
strength and size of the σ-hole are influenced by the 

polarizability of the atom and the electron-withdrawing 
capacity of the attached substituents.32,33 These σ-hole 
interactions are remarkably directional, a feature that 
distinguishes them from more isotropic forces like ion-dipole 
interactions, making them ideal for the construction of highly 
organized molecular frameworks.34-36

Among σ-hole interactions, halogen bonding (HaB)37,38 and 
chalcogen bonding (ChB)39,40 have emerged as powerful tools 
for molecular recognition and organocatalysis.41 As highlighted 
in recent literature, HaB (involving Group 17 elements) and ChB 
(involving Group 16 elements like Se and Te) offer unique 
advantages in solution-state chemistry, such as high water 
tolerance in specific cases and the ability to operate in 
hydrophobic pockets of proteins.42-50 These interactions are 
now frequently employed to stabilize transition states in 
synthetic transformations or to create selective sensors for 
anions and neutral molecules.51-61 However, the effectiveness 
of a HaB or ChB donor in solution is often hampered by the 
solvent itself.62 Because many common organic solvents 
possess lone pairs (e.g., on O, N, or S atoms), they can act as 
Lewis bases and occupy the σ-hole of the donor, effectively 
"poisoning" the catalyst or blocking the receptor site.
The purpose of the present manuscript is to provide a 
systematic classification of common laboratory solvents based 
on their competitiveness for σ-hole sites. To achieve this, we 
have performed a detailed DFT study at the PBE0-D3/def2-TZVP 
level of theory, examining the interaction of acetonitrile, ether, 
water, methanol, DMF, DMSO, dichloromethane, chloroform 
and acetone with four representative model molecules: CF3I, 
CF3Br, (CF3)2Se, and (CF3)2Te (see Scheme 1). By incorporating 
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the dielectric constant of each solvent into our MEP and energy 
calculations, we simulate realistic solution-phase conditions. 
This study aims to identify the "least competitive" solvents for 
each class of interaction, offering a practical hierarchy to assist 
experimentalists in selecting the optimal media for 
supramolecular catalysis and host-guest chemistry.

CF3
I

CF3F3C

1 2

Se
CF3

Te
F3C

CF3
Br

-hole donors:
solvents abbreviations 

3 4

H2O W 80.4

CH3SOCH3 DMSO 46.7

CH3CN ACN 37.5

HCON(CH3)2 DMF 37.7

CH3OH MeOH 32.6

CH3COCH3 ACE 20.7

CH2Cl2 DCM 9.0

CHCl3 TCM 4.8

Et2O DEE 4.3

Scheme 1. Solvents, abbreviations used in this work, dielectric constants and σ-hole 
donor molecules

Theoretical Methods
All electronic structure calculations were performed using the 
Gaussian 16 software package.63 The geometries of the four 
model molecules (CF3I, CF3Br, (CF3)2Se, and (CF3)2Te), the seven 
solvent molecules, and their corresponding binary complexes 
were fully optimized without any symmetry constraints. The 
PBE0 hybrid functional64 was employed in combination with the 
Grimme's D3 dispersion correction65 to accurately account for 
long-range dispersion effects, which are critical in describing 
noncovalent interactions. The def2-TZVP basis set66 was utilized 
for all atoms to ensure a high-quality description of the 
electronic density and the polarizability of the heavier halogen 
and chalcogen atoms.
To simulate the influence of the chemical environment on the 
interaction strength and electronic properties, the Polarizable 
Continuum Model (PCM) was used.67 Specifically, the dielectric 
constant (ϵ) corresponding to each of the seven solvents was 
incorporated into the calculations for the respective systems. 
The interaction energies were calculated as the difference 
between the energy of the complex and the sum of the energies 
of the isolated monomers, both optimized in the corresponding 
dielectric medium.
While Gibbs free energies (ΔG) were calculated to assess the 
thermodynamic stability of the complexes, the discussion in this 
work focuses primarily on the interaction energies (ΔE) 
corrected for solvent effects. This approach was chosen 
because standard gas-phase entropic corrections often 
overestimates the dissociative character of these complexes in 
a condensed phase, where the high concentration of solvent 
molecules favors occupancy of the electrophilic sites. By 
focusing on ΔE, we provide a direct comparison of the electronic 
competitiveness of the solvent lone pairs for the σ-hole, 
independent of the large entropic penalties associated with 
bimolecular association in a continuum model. For 
completeness, the calculated ΔG values for all studied 

complexes are provided in the Electronic Supplementary 
Information (Table S1).
The Molecular Electrostatic Potential (MEP) surfaces were 
computed at the same level of theory to identify and quantify 
the electrophilic σ-holes on the iodine, bromine, selenium, and 
tellurium atoms and the nucleophilic σ-lumps at the solvent 
molecules. These MEP analyses also accounted for the specific 
dielectric constant of the medium to evaluate how solvent 
polarity modulates the electrostatic landscape of the donors. 
The resulting MEP maps and potential extrema (Vs,max) were 
visualized and plotted using the GaussView 6.0 interface.
Finally, the topological properties of the electron density were 
analyzed through the Atoms in Molecules (AIM) theory68 using 
the AIMAll program.69 This analysis was performed to confirm 
the existence of the noncovalent bonds and to characterize the 
nature of the HaB and ChB interactions via the identification of 
bond critical points (BCPs) and the evaluation of the electron 
density (ρ) at these points.

Results and discussion
MEP analysis

The MEP values at the σ-hole of compounds 1-4, calculated 
using the dielectric constant of the different solvents, are 
summarized in Table 1, with corresponding plots shown in Fig. 
1. The results indicate that the use of a continuum model for 
the solvent has a minimal influence on the σ-hole potential, as 
only small differences are observed across the various media. 
As expected, the σ-hole values are more positive for the heavier 
elements, specifically tellurium and iodine. Furthermore, the 
MEP values reveal that tellurium in compound 4 is more 
electrophilic than iodine in compound 2. This increased 
electrophilicity is likely due to the presence of two electron-
withdrawing trifluoromethyl substituents in compound 4 
compared to the single substituent in the halogenated model.

Table 1. MEP values (Vs,max) at the σ-holes of compounds 1-4 in different solvents

Medium 1 2 3 4
water 24.9 34.2 26.8 37.6
DMSO 24.8 34.2 26.7 37.5
acetonitrile 24.8 34.1 26.7 37.5
DMF 24.8 34.1 26.7 37.5
methanol 24.8 34.1 26.7 37.4
acetone 24.8 34.0 26.6 37.3
dichloromethane 24.6 33.6 26.3 36.8
trichloromethane 24.4 33.2 25.9 36.0
diethylether 24.3 33.1 25.7 35.8

To further characterize the nature of these electrophilic regions, 
we examined the variation of the MEP as a function of the angle 
α (see Fig. 2). For the halogen bond donors 1 and 2 (Fig. 2a), α = 
0° corresponds to the location of the σ-hole, while α = 90° 
represents the location of the negative belt. Interestingly, in the 
case of bromine (1), the MEP drops significantly when moving 
only 15° away from the σ-hole, and at 45°, the potential is close 
to 0°. In contrast, for iodine (2), the MEP diminishes more 
slowly, showing only a small variation at 15°. This suggests a 
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higher degree of directionality for the halogen bond involving 
bromine compared to iodine.

Fig. 1 MEP surfaces of compounds 1 (a), 2 (b) 3 (c) and 4 (d) using a continuum model of 
water. Isovalue 0.001 a.u.

Fig. 2 Variation of the MEP (kcal/mol) as a function of the angle alpha (α) for halogen 
bond donors 1 and 2 (a) and chalcogen bond donors 3 and 4 (b). In (a), α = 0° corresponds 
to the σ-hole axis and α = 90° to the negative belt. In (b), the angle α scans the molecular 
plane between the two symmetric σ-holes. All values were calculated in a continuum 
model of water.

Table 2. MEP values (Vs,min) at the lone pairs of the solvents using its own dielectric 
constant

Solvent self-solvated MEP value
water –40.2
DMSO –53.7
acetonitrile –46.6
DMF –51.9
methanol –37.5
acetone –43.9
dichloromethane –15.4
trichloromethane –8.4
diethylether –33.2

Regarding the chalcogen bond donors 3 and 4 (Fig. 2b), α = 0° 
and alpha = 90° correspond to the locations of the two σ-holes, 
moving within the molecular plane. In these cases, the MEP 
remains large and positive along the entire arc connecting both 
σ-holes. This indicates that the electrophilic region is less 
localized than in halogenated systems, suggesting that 
chalcogen bonds may exhibit lower directionality compared to 
halogen bonds.
To quantify the nucleophilicity of the media, the MEP minima 
(Vs,min) of the seven solvents were calculated in their self-
solvated states. These values, provided in Table 2, serve as a 
metric for the competitive strength of the lone pairs of each 
solvent. Among the solvents studied, DMSO (–53.7 kcal/mol) 
and DMF (–51.9 kcal/mol) exhibit the most negative MEP 
values, indicating they are the most competitive nucleophiles 
for the σ-hole sites. Conversely, dichloromethane and 
chloroform are the least competitive solvents; their MEP values 
at the negative belts of the chlorine atoms are –15.4 and –8.4 
kcal/mol, respectively, evidencing their poor ability to act as 
lone-pair donors.

Energetic analysis

The interaction energies (Eint) for the complexes of halogen 
bond donors 1 and 2 with the nine solvents are presented in 
Table 3. These values are similar to those reported in previous 
studies.30,35 For instance, the complexes of 1 and 2 with 
dimethyl ether were previously reported with values of –4.2 
and –5.7 kcal/mol, almost identical to the complexes of DEE in 
Table 1.70 A comparison between vacuum and solvent-phase 
calculations reveals a consistent reduction in the magnitude of 
Eint when the dielectric medium is accounted for. For instance, 
the interaction energy for the 2·DMSO complex decreases from 
–7.6 kcal/mol in vacuo to –5.9 kcal/mol in the solvent phase. 
This attenuation is expected as the solvent medium stabilizes 
the isolated monomers, effectively competing with the 
formation of the noncovalent complex. 
The interaction energies are consistently stronger for iodine (2) 
than for bromine (1) across all studied media with the exception 
of chloroform (TCM). It should be noted, however, that the 
1·DCM complex is not directly comparable to the 2·DCM 
complex because no halogen bond is formed in the former, as 
detailed below. The stronger HaB energies for iodine (2) are in 
agreement with the MEP analysis, which showed more positive 
σ-hole values for the heavier, more polarizable iodine atom. 

Page 3 of 9 Physical Chemistry Chemical Physics

P
hy

si
ca

lC
he

m
is

tr
y

C
he

m
ic

al
P

hy
si

cs
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

8 
M

ay
 2

02
6.

 D
ow

nl
oa

de
d 

on
 5

/9
/2

02
6 

5:
46

:2
0 

PM
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
DOI: 10.1039/D6CP01283C

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6cp01283c


ARTICLE Journal Name

4 | J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx

Please do not adjust margins

Please do not adjust margins

Specifically, the interaction energy for 2 in DMSO is –5.9 
kcal/mol compared to –3.7 kcal/mol for 1 in the same solvent.

Table 3. Interaction energies (Eint, kcal/mol) in solvent and vacuo, HaB geometric features 
(distances in Å and angles in °), and electron density (ρ, a.u.) values for the complexes of 
1 and 2 with the solvents.

Complex Eint 
(vacuo)

Eint 
(solvent)

dist. angle ρ 

1·W –3.1 –2.1 2.980 177.5 0.0130
1·DMSO –5.2 –3.7 2.873 176.8 0.0161
1·ACN –2.9 –1.7 3.120 180.0 0.0101
1·DMF –4.2 –3.0 2.888 173.1 0.0158
1·MEOH –3.5 –2.7 2.946 175.8 0.0143
1·ACE –4.3 –3.3 2.969 178.0 0.0129
1.DCM –2.5 –2.0 - - -
1·TCM –2.5 –2.1 - - -
1·DEE –4.3 –3.8 2.991 171.5 0.0133
2·W –4.6 –3.6 2.976 178.0 0.0164
2·DMSO –7.6 –5.9 2.832 178.4 0.0218
2·ACN –4.3 –2.9 3.079 180.0 0.0140
2·DMF –6.3 –5.0 2.853 175.5 0.0212
2·MEOH –5.0 –4.3 2.932 177.5 0.0183
2·ACE –5.9 –4.8 2.941 179.1 0.0173
2·DCM –2.9 –2.1 3.640 162.9 0.0076
2·TCM –2.6 –1.9 3.779 152.6 0.0061
2·DEE –5.6 –5.1 3.014 173.3 0.0161

This trend confirms that the increased electrophilicity of the 
iodine atom translates directly into a more robust halogen 
bond. In terms of absolute interaction energies in solution, the 
results provide a clear hierarchy of solvent competitiveness. 
The most negative (strongest) interaction energies are 
observed for DMSO (up to –5.9 kcal/mol for 2) and DMF (–5.0 
kcal/mol for 2), identifying them as highly competitive media 
that may "poison" the electrophilic sites. Conversely, 
acetonitrile (–1.7 and –2.9 kcal/mol) and chloroform (–1.9 and 
–2.1 kcal/mol) show the weakest interactions in the solvent 
phase. Moreover, dichloromethane and water also exhibit weak 
interactions (ranging –2.0 to –3.6 kcal/mol). Consequently, from 
an experimental perspective, solvents like ACN, water, DCM and 
TCM appear more adequate for promoting halogen bonding 
(HaB) with external substrates, as they exhibit the lowest 
competitive binding to the σ-hole, setting aside potential 
solubility issues.
The structural and electronic descriptors of the HaB also provide 
insight into the interaction strength. In most cases, the HaB 
distances (d) and the electron density values (ρ) at the bond 
critical points (BCPs) correlate well with the interaction 
energies; shorter distances and higher ρ values generally 
correspond to stronger interactions. For example, the 2·DMSO 
complex exhibits both the shortest distance (2.832 Å) and the 
highest electron density (0.0218 a.u.). However, in certain 
complexes, such as those involving diethylether (DEE) or 
acetone (ACE), the correlation between Eint and ρ is less direct. 
These discrepancies are likely due to the presence of secondary 
noncovalent contacts, such as those between the hydrogen 
atoms of the solvent and the negative belts of the halogen 
atoms. These additional interactions contribute to the total 
binding energy but are not fully captured by the ρ value at the 

primary HaB BCP. A detailed discussion of these supplementary 
contacts will be provided in the following section regarding the 
QTAIM analysis.
The interaction energies for the complexes involving chalcogen 
bond donors 3 and 4 with the nine solvents are summarized in 
Table 4. Similar to the halogen bonds, a significant reduction in 
interaction strength is observed when moving from vacuum to 
the solvent phase due to the stabilizing effect of the dielectric 
medium on the monomers. The results show that tellurium 
based donor 4 forms consistently stronger interactions than 
selenium based donor 3. For example, the interaction of 4 with 
DMSO in the solvent phase is –7.6 kcal/mol, whereas for 3 it is 
–4.1 kcal/mol. This trend is entirely consistent with the MEP 
analysis, which identified 4 as having the most electrophilic 
sigma holes in the series. Regarding solvent competitiveness for 
chalcogen bonding sites, DMSO and DMF are the most 
competitive solvents, showing the strongest binding energies of 
–7.6 and –7.0 kcal/mol for 4, respectively. Acetonitrile remains 
the least competitive organic solvent for compound 3, with an 
interaction energy of –1.5 kcal/mol. For compound 4, 
dichloromethane and chloroform are the least competitive (–
2.8 and –2.7 kcal/mol, respectively), closely followed by 
acetonitrile (–3.1 kcal/mol), making them ideal candidates for 
experimental applications where donor availability is critical. 
Water also shows relatively low competitive binding, ranging 
from –2.3 to –4.7 kcal/mol, compared to the strong polar 
aprotic solvents. The distances and ρ values at the BCPs 
generally reflect the calculated energies. Complex 4·DMSO, 
which has the strongest interaction, also exhibits the shortest 
distance of 2.724 Å and the highest electron density of 0.0256 
a.u. As noted with the halogen bonds, cases where the energy 
does not perfectly correlate with the ρ value, such as with 
diethylether, suggest the presence of auxiliary interactions 
between the solvent and the CF3 groups or the Se/Te lone pairs. 
These secondary contacts provide additional stabilization to the 
complex beyond the primary chalcogen bond.
When comparing the two types of noncovalent interactions, the 
chalcogen bonds generally exhibit higher interaction energies 
than the halogen bonds in the solvent phase. For example, the 
tellurium donor 4 reaches an interaction energy of –7.6 
kcal/mol in DMSO, which is significantly more negative than the 
–5.9 kcal/mol observed for the iodine donor 2 in the same 
medium. This enhanced strength in chalcogen bonding is 
consistent with the MEP analysis, as the presence of two 
electron-withdrawing trifluoromethyl groups in 4 creates a 
more electrophilic environment than the single substituent in 
the halogenated models. Furthermore, while both systems 
show a similar sensitivity to solvent competition, the tellurium 
and selenium donors maintain higher absolute binding energies 
across most organic media compared to their bromine and 
iodine counterparts. These results suggest that chalcogen bond 
donors may be more robust in polar environments, provided 
that a non-competitive solvent like acetonitrile is used to 
minimize site poisoning.
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Table 4. Interaction energies (Eint, kcal/mol) in solvent and vacuo, ChB geometric features 
(distances in Å and angles in °) and electron density (ρ, a.u.) values for the complexes of 
3 and 4 with the solvents.

Complex Eint 
(vacuo)

Eint 
(solvent)

dist. angle ρ 

3·W –4.0 –2.3 2.918 172.8 0.0156
3·DMSO –6.6 –4.1 2.797 174.4 0.0187
3·ACN –3.1 –1.5 3.227 174.3 0.0089
3·DMF –5.3 –3.6 2.816 168.6 0.0195
3·MEOH –4.1 –3.0 2.873 171.9 0.0174
3·ACE –4.9 –3.5 3.024 176.3 0.0125
3·DCM –3.0 –2.5 3.714 153.8 0.0060
3·TCM –2.9 –2.5 3.773 166.7 0.0050
3·DEE –5.2 –4.4 3.090 169.0 0.0112
4·W –6.6 –4.7 2.883 165.6 0.0200
4·DMSO –10.2 –7.6 2.724 170.2 0.0256
4·ACN –5.5 –3.1 3.033 169.4 0.0155
4·DMF –8.6 –7.0 2.741 166.6 0.0265
4·MEOH –6.5 –5.4 2.852 165.8 0.0216
4·ACE –7.6 –5.9 2.882 172.2 0.0199
4·DCM –3.6 –2.8 3.713 161.8 0.0073
4·TCM –3.3 –2.7 3.811 173.7 0.0056
4·DEE –7.3 –6.5 2.985 168.3 0.0163

The geometric data summarized in Tables 3 and 4 further 
support the directionality differences identified in the MEP 
analysis if the very poor electron donor solvents DCM and TCM 
are not considered. The halogen bond angles (A) in Table 3 are 
significantly closer to linearity (ranging from 171.5° to 180.0°) 
compared to the chalcogen bond angles in Table 4 (ranging from 
165.8° to 176.3°). This higher degree of linearity for halogen 
bonds aligns with the results shown in Fig. 2a, where the 
electrophilic potential drops sharply when moving away from 
the σ-hole axis. In contrast, the more pronounced deviations 
from linearity observed for the chalcogen bonds are consistent 
with the broader, less localized positive MEP regions shown in 
Fig. 2b, which allow for a wider range of favourable approach 
angles for the solvent nucleophiles.
It is important to note that while water appears to be a 
relatively poor competitive solvent for the electrophilic sites 
compared to strong polar aprotic solvents, these results must 
be interpreted with caution. The current model primarily 
evaluates the "poisoning" of the σ-hole donor by the solvent 
lone pairs. However, the protic nature of water allows it to 
effectively solvate the nucleophilic guest or substrate through 
hydrogen bonding. This competitive solvation of the 
nucleophile can significantly hinder the formation of halogen or 
chalcogen bonds in experimental settings, as the solvent would 
compete for both the electrophile and the nucleophile. 
Consequently, these interaction energies describe only the 
electrophilic component of the competitive binding process, 
and a complete experimental picture must also account for the 
competitive solvation of the nucleophilic species.

QTAIM study

The topological analysis of the electron density through the 
Quantum Theory of Atoms in Molecules (QTAIM) confirms the 
existence and nature of the noncovalent interactions. The 

distribution of bond critical points (BCPs), represented as 
fuchsia spheres, and the bond paths, indicated by dashed lines, 
are shown in Fig. 3. Because the complexes of compound 1 with 
DCM and TCM do not exhibit halogen bonds (HaBs) and instead 
only display hydrogen bonds (HBs), the HaB DCM and TCM 
complexes of 2 are included in Fig. 3 for comparison alongside 
the 1·TCM complex, which serves as a representative example 
of these HBs. Since the distribution of BCPs and bond paths for 
the remaining solvents is identical across all complexes of 2, 
only the bromine complexes are explicitly discussed here.
In most complexes, such as those with acetonitrile, water, 
methanol, and DMF, the QTAIM analysis reveals a single BCP 
and bond path connecting the lone pair donor atom (nitrogen 
or oxygen) of the solvent to the electrophilic bromine atom. This 
confirms a straightforward halogen bonding (HaB) interaction. 
However, the complexes involving diethylether (1·DEE), 
acetone (1·ACE), and DMSO (1·DMSO) exhibit a more complex 
topological landscape. In these cases, additional bond paths and 
BCPs are observed, characterizing extra CH···Br hydrogen bonds 
between the hydrogen atoms of the solvent and the halogen 
atom. This also occurs in complexes 2·DCM and 2·TCM, where 
extra CH···I H-bonds assist the I···Cl HaBs.

Fig. 3 QTAIM distribution of BCPss (fuchsia spheres) and bond paths (dashed bonds) for 
the complexes of compound 1 with the seven solvents studied. The topology for the 
complexes of 2 is identical. Primary halogen bonds (HaB) and auxiliary hydrogen bonds 
(HB) are indicated.

These extra hydrogen bonds explain the energetic behaviour 
observed in the previous section. In these specific complexes, 
the total interaction energy is the result of both the primary HaB 
and these supplementary C–H···Br contacts. Consequently, this 
explains why the interaction energies for DEE, ACE, and DMSO 
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were higher than what would be predicted solely by the 
electron density (ρ) at the primary HaB bond critical point. The 
presence of these auxiliary contacts provides additional 
stabilization that is not captured by looking at the HaB BCP in 
isolation, confirming that the total binding strength in these 
media is a multi-center phenomenon.
The topological analysis of the chalcogen bonded complexes 
reveals a diverse set of secondary interactions that complement 
the primary chalcogen bond (see Fig. 4). In the selenium 
complexes 3, similar to the halogenated systems, diethylether, 
acetone, dichloromethane and DMSO exhibit additional 
hydrogen bonding contacts. However, specific structural 
differences emerge in the binding modes. In the 3 DMSO 
complex, the supplementary hydrogen bonds are directed 
exclusively toward the CF3 groups, in 3·DCM the HB is directed 
to the Se and the 3 DEE complex establishes a mixed network 
consisting of two C–H···F and two C–H···Se contacts. Finally, in 
the 3·TCM and extra Cl···F contact is observed.

Fig. 4 QTAIM distribution of bond critical points (fuchsia spheres) and bond paths 
(dashed lines) for the complexes of compound 3 with the seven solvents. Primary 
chalcogen bonds and auxiliary hydrogen bonds are indicated.

Distinct topological differences were also observed between 
the selenium 3 and tellurium 4 complexes specifically for the 
acetonitrile and DEE media (see Fig. 5). In the 4 ACN complex, 
the stabilization is enhanced by π-hole(C≡N)···F contacts rather 

than standard hydrogen bonds. For the 4 DEE complex, the 
interaction is characterized by a more extensive network of 
hydrogen bonds, involving four C–H···F and two C–H···Te 
contacts.

Fig. 5 Detailed QTAIM distribution for the complexes of 4 with ACN and DEE, 
highlighting the π-hole(CN)···F contacts and the extended network of hydrogen 
bonds.

These findings provide a clear rationale for the energetic and 
electron density trends observed in Table 4. In complexes like 4 
DMSO, the very high interaction energy of –7.6 kcal/mol 
correlates with a high ρ value of 0.0256 a.u. because the 
primary chalcogen bond is exceptionally strong. In the DEE 
complexes, the interaction energies of –4.4 kcal/mol for 3 and 
–6.5 kcal/mol for 4 appear disproportionately high compared to 
their respective ρ values at the BCP. This is explained by the 
multi center nature of the binding, where the total energy 
accounts for the primary chalcogen bond plus the significant 
contribution from the network of auxiliary C–H···F and C–H···Ch 
hydrogen bonds. Furthermore, the presence of π-hole(C≡N)···F 
contacts in the tellurium complex helps explain why acetonitrile 
shows a more significant interaction with the tellurium donor of 
–3.1 kcal/mol compared to the -1.5 kcal/mol observed for the 
selenium analogue. By accounting for these supplementary 
contacts, it becomes evident that the total interaction energy is 
a composite value, whereas the ρ at the bond critical point 
specifically measures the local strength of the primary σ-hole 
interaction.

Conclusions
In this work, we have provided a systematic classification of 
common laboratory solvents based on their competitiveness for 
electrophilic σ-hole sites in halogen and chalcogen bonding. 
Through a detailed DFT study, we analysed the interaction of 
nine solvents with four representative model molecules. The 
MEP analysis revealed that the utilization of a continuum model 
of the solvent has a small influence on the σ-hole potential, with 
values being more positive for the heavier elements tellurium 
and iodine. We observed that tellurium in compound 4 is more 
electrophilic than iodine in compound 2, which is attributed to 
the presence of two electron-withdrawing substituents. 
Furthermore, the variation of the MEP as a function of the angle 
alpha suggested that halogen bonds involving bromine are 
more directional than those involving iodine, while chalcogen 
bonds appear less directional overall due to positive potentials 
extending between symmetric σ-holes.
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The energetic analysis showed a consistent reduction of 
interaction energies in the solvent phase compared to vacuo. 
DMSO and DMF were identified as the most competitive 
solvents, exhibiting the strongest binding energies and the most 
negative MEP minima, which indicates a high potential for 
poisoning catalytic or receptor sites. Conversely, 
dichloromethane, chloroform, acetonitrile and water emerged 
as the least competitive media in terms of direct σ-hole 
occupancy. However, we noted that the protic nature of water 
necessitates careful consideration, as it may effectively solvate 
nucleophilic substrates. Furthermore, the practical use of water 
is often limited by the poor solubility in case of using neutral 
organic chalcogen donor receptors or catalysts.
QTAIM analysis shows that solvents like dichloromethane, 
chloroform, diethylether, acetone, and DMSO establish 
additional C–H···F, C–H···Br, or C–H···Se/Te hydrogen bonds, 
complementing the primary σ-hole interactions. In case of 
CH3Br, dichloromethane and chloroform interact exclusively via 
H-bonds, evidencing a very poor nucleophilicity. These auxiliary 
contacts explain the lack of direct correlation between 
interaction energies and electron density at the primary BCP in 
certain cases. Our results provide a practical guide for 
experimentalists to identify the least competitive solvents, 
thereby optimizing the efficiency of halogen and chalcogen 
bonding driven molecular recognition and catalytic processes.
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