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Abstract

The directionality of bonds is an important feature for many compounds relevant in
biochemistry, crystal engineering and materials chemistry. It is widely accepted that a good
number of contacts between ions (including ionic bonds) are nondirectional. A CSD survey is
employed to demonstrate that significant directionality of cation'--anion interactions is observed
for systems which include a chalconium cation. Nearly 70% of all found structures contain a R-
Y---LB angle (Y= S, Se, Te; LB= atom from anionic Lewis base) within 10° of linearity. Such
structural motifs are commonly termed charge-assisted chalcogen bonds. Quantum chemical
analysis traces this angular tendency to a compromise between coulombic forces and exchange
repulsion, which pull in opposite directions. Charge transfer, polarization, and dispersion terms
are much smaller in magnitude and thus exert a lesser influence.

Keywords: directionality; chalconium cation; crystal structure; electrostatic potential; exchange
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Introduction

It would be difficult to envisage chemistry without the concept of directionality in the
noncovalent bonding between molecules. When considering hydrogen bonding in DNA or
biologically relevant molecular recognition mechanisms, this essential phenomenon serves as the
foundation of life!. The self-organization of assemblies observed in numerous crystal
engineering and material chemistry studies??! results from directionality primarily facilitated by
relatively weak, reversible noncovalent interactions, notably including c-hole interactions??-24
alongside hydrogen bonds. Previous studies have shown that 6-hole interactions between neutral
molecules can regulate the structuring of crystal geometries?> 26, Very recently, directionality has
been identified in the group of clusters stabilized by spodium bonds, a new class of 6-hole
interactions'®.

The clustering together of cations with anions is the basis of the concept of the ionic bond.
When these ions are monoatomic, e.g. Na™ or Cl, it is clear that their interactions will be
isotropic. But there is some question as to whether the degree of anisotropy might be rather

small even for certain polytatomic species such as NH,*, 27 28 or OH3" 2 or in some cases a linear
structure such as CN-, 3°, Indeed there is some thought in the literature that ionic bonds between
cations and anions lack a high degree of directionality in the general case3!-32. A recent article?
claimed that “the lack of the dependence of the electrostatic attraction on the relative orientation
of the cation and the anion results in the structural flexibility of ionic bonds... As a result, ionic
bonds are of limited use for directional connectivity”. On the other hand, there are multiple
cases where the relative orientation of ions is readily understandable on the basis of certain
chemical phenomena. Hutskalov et al. 33 observed ionic bond which was predictable in terms of
directional orientation, in the pairing between N-methylpyridinium cations and arylsulfonate
anions. The authors attributed the directionality to the presence of nonpolar hydrocarbon shields
which wrapped the charged sites, leaving them the possibility to interact only in specific spatial
direction. The 10 new structures obtained in this way were characterized by X-Ray diffraction,
2D NMR ROESY experiment as well as computational protocols®3. Another example of
directional ionic bonds derives from a paper by Kong et al. 3 where the dipole-induced
orientation of the ions produced linear calcium carbonate chains (Ca>*CO5%),. The capping
agent, triethylamine, was used to control the directional organization of the polymer (with up to
250 units)?4. In addition to these two unique ways for imparting directionality, organized self-
assembling of ion-involved structures can be achieved by adding a group of other interactions®>
36 introducing metal coordination®’, in planar systems with unsaturated n-bonds?? or in the ionic
liquids**-#2. Various crystal structures provide other examples of directional cation-anion
interactions®-4,

Considering the enormous implications of directionality for the design of supramolecular
architectures, coupled with the proliferation of systems that contain both cations and anions, the
question of the role played by directionality in ion pairs takes on especial importance. As a
particular area of focus, the chalcogen bond (ChB) has seen rapidly growing interest in recent
years>-38, This noncovalent bond employs a S, Se, or Te atom as electron acceptor Y in
combination with a Lewis base (LB) donor. Like its closely related H-bond cousin, the bonding
is derived in large measure from a coulombic attraction, which is in turn due to the development
of a positive region of electrostatic potential on the Y atom commonly known as a o-hole. This
attraction is supplemented by a certain amount of charge transfer from the LB into the 6*(YR)
antibonding orbital of the acid. Since both the 6-hole and the aforementioned 6* orbital are
concentrated in a small region of space, ChBs tend to be highly directional. The question arises
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as to whether their directionality persists when the chalcogen-containing Lewis acid takes on
cationic character. And as a second factor, in connection with the considerations discussed
above, what are the implications for this directionality if the electron-donor Lewis base is an
anion, forming a chalcogen-bonded ion pair. The literature contains an awareness regarding the
issue of the charge-assisted chalcogen bond (CAChB)3°-%> where in the chalcogen bond is
augmented by coexisting positive and negative charge on the monomers. It has been
demonstrated that this quite strong interactions can be found in biochemical compounds®®-%® and
can be effectively utilized in catalysis®.

As the research sample we chose the group of chalconium cations'® 7% 71, This sort of
molecular ion (of +1 formal charge) comprises a hypervalent Y chalcogen atom (Y= S, Se, Te)
bonded covalently with three R atoms (the same or different). An essential aspect of such a
chalconium cation is that, despite the presence of a large positive molecular electrostatic
potential (MEP) covering its entire surface, it contains specific locations of further decreased
electron density on the extensions of the three R-Y covalent bonds. These strong MEP maxima
can be interpreted as three c-holes’ 73, as their local value of MEP (labelled as Vg ) is higher
than the surroundings. Anisotropy in electron distribution is then evident in chalconium cations
in similar fashion as typical, neutral c-hole donors?% 7377, The consequence of the presence of
three intense maxima of MEP at the chalconium cation is the enhanced capability to effectively
bind Lewis bases. The directional bonding patterns between halonium cations and neutral HCN
molecules acting as prototypical Lewis bases were examined in our recent investigation of the set
of halonium cations that were the fragments of crystalline solids from the Cambridge Structural
Database (CSD)’8. Effective acceptance of up to four hydrogen cyanides was confirmed therein.
This strong acidic property was extensively studied for halonium, chalconium, and pniconium
cations in the context of their application in organocatalysis’® 7! 7%-80 ag the stabilizers of
transition state structures, e.g. in the hydrolysis of methyl chloride’®, addition of ammonia to
acetone’ or Schiff condensation between 4-methylbenzaldehyde and 2-aminopyridine’!. It has
been demonstrated that chalconium-based catalysts can be promising alternatives to metal-based
Lewis acids”.

It is an intriguing question whether the existence of MEP maxima located on a chalconium
cation is sufficient to guarantee the directionality of chalcogen bonds with an approaching
anion. For the purposes of this work, the CSD was examined for the structural motif of the
chalconium cations as well as the contacts made via the chalcogen bond between the chalcogen
atom (S, Se, Te) and any ligand (neutral or ionic). Referring to actual structures from the CSD
database improves the reliability of our study and the feasibility of applying our findings to
generate other systems of precise 3D arrangement which can be exploited in supramolecular
chemistry or organocatalysis.

Computational Methods
Single-point calculations for geometries taken from crystal sources, as well as full

optimization for model monomers of chalconium cations, were conducted using the M06-2X
functional and the def2-tzvpp®-% basis set by means of the Gaussian 16 (Rev. D.01) code®. For
direct theoretical evaluation, the cation-containing fragments of three crystal structures of
reference codes: AMOLUMSB¢, MEKCAI®” and RILFOL3® from the Cambridge Structural
Database (CSD?®, ver. 5.44 with all available updates, Conquest software ver. 2025.2.0) were
selected. The optimized geometries of model cationic monomers were reviewed in terms of
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harmonic frequency analysis of normal modes which revealed no imaginary frequencies,
confirming them as actual minima. The molecular electrostatic potential (MEP) analysis for all
monomeric systems was performed utilizing the MultiWFN software (version 3.7)°%°! to
evaluate the MEP distribution and location of MEP maxima. Graphical layout was made using
the VMD 1.9.4 2 and Origin 2025 Pro software. The interaction energy for the dimers truncated
from the crystal structures was calculated using the supermolecular approach. The basis set
superposition error (BSSE) in the interaction energy calculations was removed via the
counterpoise procedure®. Dissection of the interaction energy into its constituents was
accomplished using the Head-Gordon ALMO-EDA scheme °+ % and associated Q-Chem 6
package. LUMO orbital visualization was performed via Chemcraft software.

CSD survey — directionality

As a first step, the CSD was surveyed to assess the frequency with which chalconium cations
occur within the currently available crystallographic dataset. To this end, the following setup was
designed in the Conquest software: we first set the chalcogen atom (Y= S, Se, Te) of assigned +1
charge, limited to be covalently bonded with any three atoms: i.e. [R;Y]". All surveys used
global criteria of structures with no errors, non-disordered, with 3D coordinates determined and
accuracy of crystal structure determination (R factor) with value lesser or equal to 0.1. It was
found that the chalconium cation is a common feature, occurring in numerous deposited
structures, more than 1,100. The vast majority contained sulfur, some 844 systems, roughly 75%
(see Fig. 1). Se and Te cations were retrieved less frequently, 119 and 168 times, respectively.

s
I se
T

Fig. 1 The pie chart representing distribution of hits in the first stage of the CSD survey.

Such abundance of hits motivated us to perform the next step in CSD survey, namely
searching for motifs of intermolecular contact between chalconium cation and any atom which
was realized again by the Conquest program. The intermolecular contact was specified to be
determined according to interatomic distances between Y and LB (LB= atom from neutral or
ionic Lewis base) that are shorter than the sum of the van der Waals radii of given atoms. This
condition is often considered as a first indicator of an attractive interaction. Additionally, for all
contacts that satisfied these requirements, the R-Y---LB angles were recorded. This particular
angle is crucial to ascertain the degree of directionality of Y---LB bonding in the surveyed
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structures. Values close to the perfect 180° indicate high directionality. In total, 380 structures
containing at least one R-Y---LB contact belonging to the specific angular range were identified:
162 involving sulfur or tellurium, and 56 involving selenium. The raw data are displayed as bar
charts in Fig. S1. The results were grouped in two containers: those in which chalconium cations
interact with all bases, and limited to contacts with any anion (see Fig. S1). The data were
refined by the standard cone correction!® °7-190 which accounts for the lesser probability that a
given point will occur close to the linear 180° position. These corrected probabilities are
presented in Fig. 2, which make evident the high propensity toward linearity. The 175-180° slot
accounts for more than 40% population for S and Te atoms, slightly less than 40% for Se. Fig. 2,
respectively representing cation-neutral and cation-anion pairs. The results of CSD survey make
it immediately clear that there is a definite preference for linearity of these chalcogen bonds,
whether to any species at all, or to an anion. In the work of Galmes et al. seven X-ray structures
were found to correspond to the RX,S pattern (R= any atom, X= halogen)>°.

a) All bases

50
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Fig. 2 Bar charts representing the distribution of obtained hits versus the R-Y---LB angle
after cone correction for the chalconium cation with (a) any base and (b) only anions.

Quantum calculations

Fig. 3.

To gain more detailed insight into this matter, three sample crystal structures were
selected each containing a different chalconium cation [YR3]". These structures are displayed in
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o(F-S-F) = 172.2
R(S-F) = 2.621

o(C-Se-Cl) = 168.9
R(Se-Cl) = 3.377

- “  a(C-Te-F)=173.8
[Te(C,H,),|" R(Te-F) = 3.089

Fig. 3 Fragments of crystal structures featuring chalconium cation---anion motifs:
a) [SF3]"-[SbF¢] (refcode AMOLUM®), b) [Se(CHj3);]"+-[TeClg] (refcode MEKCAI?®?),
¢) [Te(CgHs)s]([BF4]" (RILFOLS®®). Each structure is shown in two orientations: side view (left)
and top view (right).

In the first one (CSD refcode AMOLUM), two neutral acetonitrile (NCCH3z) molecules
and one anionic [SbF]" ligand are coordinated to the sulfonium cation [SF3]*. The S---F-Sb
distance is 2.621 A (compared to a van der Waals radius sum of 3.35 A), and the F-S---F angle
is 172.2°. In the crystal structure with CSD refcode MEKCALI, the central selenonium cation
[Se(CHs;)5]" is surrounded by three [TeClg]*™ anions. The Se---Cl distance highlighted in Fig. 3 is
3.377 A (sum of vdW radius is 3.64 A), and the C—Se---Cl angle is 168.9°. The most linear
geometry is observed for the Te:--F interaction in the structure containing telluronium cation,
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where the mean value of the C—Te---F angle is 173.8°, and the average Te:--F distance is 3.089
A (shorter than the sum of the van der Waals radii by 0.361 A). (In the case of the latter
crystalline solid the angles and distance connected to the cation:--anion interactions were
inequivalent, therefore the average values are highlighted in Fig. 3). The overall analysis of
interatomic distances revealed that in each case the Y- --LB contact was shorter than the sum of
van der Waals radii of respective atoms (between 69% and 93%) but at the same time longer
than the sum of the corresponding covalent radii (by a factor of 1.5). One can conclude, that the
investigated interactions are noncovalent but certainly attractive.

Subsequently, the directionality of the interaction between the anionic ligands and the
chalconium cations was examined to determine whether it could be attributed to an unequal
distribution of electrostatic potential around the [YR3]" (Y=S, Se, Te) cation - analogous to the
behavior observed in noncovalent interactions such as hydrogen, halogen, or chalcogen bonds”*
191 However, it must be noted that in the case of chalconium cations, where a region of high
positive electrostatic potential encompasses the entire chalcogen atom, the situation differs from
that of archetypal c-hole donors in neutral Lewis acids, in which the c-hole is typically
surrounded by regions of negative EP. Therefore, for each of the three systems under
consideration, the molecular electrostatic potential around the isolated chalconium cation in its
crystal geometry was calculated. For clarity, these distributions are presented in two orientations
(see Fig. 4). In addition to the positions of the maxima, the figure also includes straight lines
passing through the corresponding covalent bonds, indicated by dashed lines. The average values
of the three marked maxima (Vg max) and the angles F-Y - Vg . or C=Y Vg nax are also
provided. The highest average value of Vg ., is 188.5 kcal/mol, recorded for the [SF3]* cation,
which is consistent with the literature value of 186.9 kcal/mol, calculated for this cation at the
B3LYP/aug-cc-pVTZ level®. For comparison the MEP maxima for [R;Ch]*[BF4] salts studied
earlier™ were lower (from 52.7 to 99.8 kcal/mol) using PBE0Q-def2TZVP level what was a
consequence of defining the investigated monomeric model as the neutral one, contrary to the
current work where the monomers are studied as bare cations. The lowest Vg max value, 109.4
kcal/mol was found for the [Te(CgHs)3]" cation. Comparing the values of corresponding [ angle
(Fig. 4) with the value of a angle (Fig. 3), it can be seen that in all three cases, o is closer to
180°. That is, the nucleophilic atom lies some 5°-11° closer to the RY bond extension than does
the maximum in the MEP. The S:--F-Sb angle is some 133.4° which facilitates the F lone pair
alignment with the o*(FS) antibonding orbital.
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VS,max
190
95
[SF,]" VS,max=188.5
B =167.0
b)
VS,max -~ VSmax
V8, max VSmax £
140
\‘Isgmax = 135-2 95

[Se(CH,),]"

B=157.9 VS max

. VS.max=109.4 e 60
[Te(C,Hy),] p=168.3

Fig. 4 Molecular electrostatic potential (MEP) surrounding a) [SF5]*, b) [Se(CH3);]" and c¢)
[Te(CeHs)s]* cations in the geometry of corresponding crystal structures. Each MEP is shown in
two orientations: side view (left) and top view (right). Dashed lines indicate the directions of S-
F, Se-C and Te-C bonds. Small white spots mark the positions of Vg yax on the 0.001 a.u.
isodensity surface. The numbers on scale as well as average values of Vg, are given in
kcal/mol, averages angles in degrees.

The measure of strength of these forces was taken to be the interaction energy. For the
purpose of estimating this quantity, the cation---anion dimers were extracted from the crystal
structures provided by CSD. Such dimeric constructs do not mimic the entire network of
particles contained throughout the crystal structures so represent an approximation involving
only these nearest neighbors. The largest absolute value of interaction energy was computed for
the [Se(CH3);]* - [TeClg]*> dimer. Three equivalent energies of -134.32 kcal/mol indicated high
stabilization of these compounds driven by the cation-:-dianion interactions. In two remaining
crystals, the cation---monoanion contacts yielded the somewhat smaller interaction energies: -
91.90 kcal/mol for sulfuronium cation---[SbF¢]-, and -76.11 or -69.82 kcal/mol for telluronium
cation---[BF4]- dimers. As in the case of MEP maxima, also interaction energies obtained by
Galmes et al. for chalconium salts paired with neutral tripodal electron donors> were
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considerably smaller (in terms of absolute numbers) due to the presence of neutralized cationic
entity and its neutral acceptor. They were in broad range, from -77 to -13 kcal/mol. In the
biologically relevant complex of salacinol (sulfonium cation type) interacting with a model of
aspartate the interaction energy was as high as -38.5 kcal/mol*°.

In the current work we performed a deeper analysis in order to explain the origin of the
anisotropy of the complexes stabilized by charge-assisted chalcogen bond. To this end, we
executed the ALMO-EDA decomposition of the interaction energy between two ions depicted in
Fig 5a.
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Fig. 5 Geometry of complex pairing SF;* with SbF¢ a) showing crystal geometrical
parameters, b, ¢), d) ALMO-EDA components of the interaction energy.
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According to the ALMO-EDA, the broken green curve representing the total energy, has its

minimum in the vicinity of 6=10°, i.e. 10° from the F-S bond projections, and very close to the
crystal value of 8.2°. The position of this minimum results from a compromise between the
electrostatic term (ES, black curve) which favors larger 6 and the repulsive exchange component
(EX, red curve) which stabilizes in the opposite direction, away from the other two F centers of
SF3+. The other three attractive components (polarization POL, charge transfer CT, and
dispersion DISP) are fairly insensitive to 0, so do not exert a major influence upon the optimum
angle. A more detailed look at these latter quantities is contained in Fig 5c. The POL component
is the most negative, rather than CT, and dispersion favors larger rather than smaller 6. The
latter effect is likely due to the rising dispersive attractions between the F atoms of the two ions.
Note that CT is most favorable for very small 0 angles, due to the optimum overlap with the FS
antibonding orbitals of the cation. Fig. 5d combines the ES and EX terms, the sum of which
contains a minimum roughly at the angle observed in the crystal structures. The main conclusion
is that the optimum placement of the F atom of the anion is close to the FS bond extension, due
to the opposing trends of electrostatic attraction and exchange repulsion. These trends remain
intact when Se and Te-containing crystals are considered.

In addition to the electrostatic attraction between the SF;* cation and a negative counterion,

there ought to be a certain amount of charge transfer from the latter to the former. The low-lying
orbital of SF;™ which is best aligned to receive this charge from an electron donor to its right is
the LUMO+1 whose spatial disposition is illustrated in Fig 6. Like the density and MEP, the
green lobe of this orbital reaches its maximum close to the F-S extension, with 6 around 10°, as
is evident in the diagram to its right. This shape is basically identical, whether at the vdW radius
of 1.89 A or that pertinent to the counterion F position of R=2.62 A.
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Fig 6. LUMO+1 orbital of SF5* spatial disposition where green and purple colors indicate

opposite sign of the wavefunction (left) and value of the wavefunction ¢ at two indicated
distances (in A) from S as a function of 0 angle (right).


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6ce00102e

Open Access Article. Published on 06 May 2026. Downloaded on 5/7/2026 1:23:38 AM.

This articleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

CrystEngComm

Page 12 of 19

View Article Online
DOI: 10.1039/D6CEO00102E

Discussion

The angular dependence of these cation-anion ion pairs stabilized by the charge-assisted
chalcogen bond can be compared to what is observed in neutral systems. Previous calculations of
the chalcogen bond within HFS---NHj; had found a far weaker interaction of about 8 kcal/mol.!%?
This quantity quickly weakened as the orientation was distorted from its near linear preferred
configuration. For example, the interaction energy was cut in half by a deformation of about
15°, and was eliminated entirely if the bend rose above about 25°. The contrast with the currently
investigated ion pairs is obvious. In the first place these interaction energies exceed 80 kcal/mol,
an order of magnitude larger than in the neutral system. And while there is some loss upon
angular distortion of the ion pairs from their optimal alignment, that decrease is far smaller such
that these interactions remain highly exothermic over the entire range of angles considered,
covering more than 70° in all. On a percentage basis, the neutral HFS---NHj loses roughly half
of its stability upon a 20° distortion. The same 20° bend results in a reduction of the ion pair
interaction energies of only some 1-3%.

On the other hand, one should not entirely lose sight of the directionality of these ion pair
bonds as the energy does indeed change as nonlinearity is introduced. An alternate view of this
property derives from the curvature of the energy versus the 0 angle. These two quantities can
be conveniently fit to a harmonic expression: E = %5 k62, where k represents a bending force
constant. For the three charged systems discussed above, this force constant varies between 30
and 70 kcal/mol rad’. To place these values in perspective, they are larger than k for the neutral
pair chalcogen bonds studied earlier,'9? that varied between 3.4 and 7.9 kcal/mol rad?. So in this
frame of reference, the directionality of chalcogen bonds remains when the neutral pairs are
mutated to ion pairs.

In a sense then, some precision and context is needed in any discussion of directionality.
Neutral and ion pairs are different at some fundamental levels. The latter is far stronger than the
former. As a consequence, even if a given nonlinear distortion imposed on an ion pair results in
a similar loss in stability as in a neutral pair, the percentage reduction of the interaction energy
will be far smaller in the ion pair. Secondly, only relatively small deformations can cause the
interaction to turn from attractive to repulsive in a neutral pair. The much deeper potential well
in the ion pair case allows the interaction to remain attractive even for high degrees of angular
deformation.

The earlier study of neutral dimers had pinpointed exchange repulsion as the chief source of
the loss of stability as the chalcogen bond was bent. Taking HFS--NHj as the prototype, a 30°
deformation caused the exchange repulsion to rise by 5.6 kcal/mol, much larger than the 1
kcal/mol destabilization of the electrostatic and induction energies. This distinction is even more
dramatic for CIFS--NHj; or CF3HS--NH; where the exchange term is the only one that is
destabilized by the imposed nonlinearity. These results comport reasonably well with the trends
visualized for the ion pairs in the current work, where EX is frequently at odds with ES but it is
the former whose changes are larger in magnitude.

In a broader sense, the dominating influence of electrostatics and exchange repulsion in
controlling the angular preferences of these ion pairs is consistent with neutral pairs, not only of
chalcogen bond types. Exchange repulsion in particular has been shown to be a dominating
factor in hydrogen, halogen, and pnicogen bonds as well.!9>107 The extraordinarily large
attractive coulombic forces within ion pairs magnifies the electrostatic component, such that it
grows to play a role that is competitive with exchange repulsion.
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The calculated results presented above provide a framework to explain the trend toward
linearity of chalcogen bonds, of both neutral and ion pair types. At the same time, one should
remember that the very high attractive forces present within the ion pairs will retain a high
interaction energy even in the face of significant nonlinearities. The preference of a fluoride
anion for the c-hole positions of a chalcogen atom within a cation is consistent with some very
recent calculations involving benzimidazoliums.!® There have been some earlier studies that
considered the directionality of salts containing halogen bonds between ions. But in some cases,
the directionality of the halogen bond seemed to be an indirect result of the H-bonds that were
also present and dominated the intermolecular orientations.!?® Tt is finally noted that the
directionality of the ion-pair charge-assisted chalcogen bonds discussed here is an intrinsic
property of these systems, and is not attributable to the flanking of the active section of the cation
by inert hydrphobic groups that restrict the access of the anionic Lewis base, as proposed
recently.3?

Conclusions

In summary, an inspection of the Cambridge Structural Database exhibited linear chalcogen
bonds between chalconium cations [R3Y]* (Y =S, Se, Te) and various anions. Among 380 X-ray
structures containing such cation- - -anion contacts, after cone correction, nearly half of the sulfur-
based interactions fall within the 175-180° range of the [R3Y]*--anion angle, followed by 45%
for tellurium and 35% for selenium. These results demonstrate that these strong charge-assisted
chalcogen bonds exhibit pronounced directionality. Quantum chemical analysis traces this
linearity to a compromise between two factors, electrostatic attraction and exchange repulsion
which pull in opposite directions. Because of the strong attraction between ions of opposite
charge, the interaction energy remains highly negative, even for large distortions from linearity.
The importance of exchange repulsion to the angular aspects is consistent with similar findings
in neutral chalcogen and other noncovalent bonds.
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