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Abstract 

Four H-binding HCl and HF molecules position themselves at the vertices of a tetrahedron when 

surrounding a central Cl-.  Halogen bonding BrF and ClF form a slightly distorted tetrahedron, a 

tendency that is amplified for ClCN which forms a trigonal pyramid.  Chalcogen bonding SF2, 

SeF2, SeFMe, and SeCSe occupy one hemisphere of the central ion, leaving the other hemisphere 

empty.  This pattern is repeated for pnicogen bonding PF3, SeF3 and AsCF.  The clustering of 

solvent molecules on one side of the Cl- is attributed to weak attractive interactions between 

them, including chalcogen, pnicogen, halogen, and hydrogen bonds.  Binding energies of four 

solvent molecules around a central Na+ are considerably reduced relative to chloride, and the 

geometries are different, with no empty hemisphere.  The driving force maximizes the number of 

electronegative (F or O) atoms close to the Na+, and the presence of noncovalent bonds between 

solvent molecules. 
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INTRODUCTION 

The hydrogen bond (HB) is arguably the most important and intensively studied of all 

noncovalent interactions [1-4].  Besides its major role in the structure and function of countless 

biomolecular systems, it is intimately involved in solvation phenomena, particularly in aqueous 

media.  In order to gain insights into the complicated aspects of solvation by H-bonding solvents, 

there have been numerous studies of small clusters of a single moiety surrounded by a few such 

molecules [5-8].  This work has yielded information concerning the preferred geometries of such 

clusters, details about the forces holding them together, and their flexibility in terms of the 

energetic cost of deviating from an optimal structure. 

The replacement of the bridging proton of a HB with one of several electronegative atoms 

leads to the concept of parallel noncovalent interactions.  Perhaps the first such noncovalent 

bond to be recognized [9-16] was the halogen bond (XB).  Halogen bonds represent a potentially 

powerful force that can, for example, stabilize the β-hairpin structure [17] of a protein system, in 

the same way as the more traditional HBs.  Halogen bonding has become widely accepted as a 

means of anion recognition, as well as templated self-assembly and even organocatalysis [18].  

Just as the elements of the halogen family (Cl, Br, I, etc) can replace H as a bridging atom in 

strongly bound complexes, the same is equally true for other columns of the periodic table.  In 

particular, the S,Se, etc group can engage in chalcogen bonds (YBs) [19-25], and the same is true 

of the P,As family which forms pnicogen bonds (ZBs) [26-34]. 

Given the parallel nature of these latter noncovalent bonds and the more thoroughly studied 

HB, one would like to understand whether the clustering of such molecules around a central 

moiety obeys the same patterns as do the analogous H-bonded clusters.  This question is of 

growing importance as it is becoming increasingly apparent that chalcogen bonds are involved  

in solution [35] or for supramolecular capsules [36] to give two simple examples.  Halogen 

bonds, too, play out in this arena as they are involved in biomimetic processes [37] and have 

unique properties in supramolecular chemistry [38]. 

There has been relatively little study of this question to date.  Most of the earlier work 

concerns the clustering of molecules around each other, without a central species.  For example, 

pnicogen bonding accounts for the structures of (PH2F)n and (PH2Cl)n clusters [39] and 

aggregates [40] of NH3, PH3, and PFH2.  Similarly, halogen bonds in four-membered mixed 

clusters of HF and FCl [41] form ring structures that appropriately mix HBs with XBs.  A 
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theoretical study [42] examined intermolecular halogen bond properties in one-dimensional NCX 

clusters as large as 10 monomers (X=Cl and Br) and noted cooperative effects.  With regard to 

placement of a central molecule within a cluster, the halogen bonds that stabilize Cl2 and Br2 

within cages of water molecules [43] have been examined.  The interactions of a halide ion with 

neutral molecules via HBs, XBs, or related noncovalent bonds has seen some prior scrutiny [44].  

There is also a burgeoning effort  [45-57] to design molecules that bind to halides and other 

anions via XBs, YBs, ZBs, and even tetrel bonds (Si,Ge family) via a sort of clustering in that 

the anion is held jointly by several such bonds. 

However, there is little known at present about how a small number of XB, YB, or ZB 

molecules might arrange themselves around a central species, and how their geometries might 

differ from analogous H-bonding molecules.  Might the molecules dispose themselves as far as 

possible so as to minimize repulsive steric or electrostatic interactions, or might they be drawn 

together via intermolecular attractions?  How flexible would this optimal arrangement be; how 

much energy would be required for deformations of various sorts?  Does the optimal 

arrangement depend upon the strength of the noncovalent bond to the central species?  Do 

halogen bonding molecules differ from chalcogen or pnicogen bonds in these respects, as well as 

any comparison with HBs.  The present communication attempts to answer these questions via 

quantum calculations.   

SYSTEMS AND COMPUTATIONAL METHODS 

Cl- and Na+ were chosen as monatomic central ions, whose simplicity rules out secondary 

interactions, and permits elucidation of the rules governing solvation of ions of both positive and 

negative charge.  With regard to surrounding molecules, HCl, HF and HOH were taken as 

examples of H-bonding systems.  Halogen-bonding molecules were all linear in character: BrF, 

ClF and ClC≡N.  Molecules that engage in chalcogen bonds sampled here are SF2, SeF2, 

SeFCH3, and Se=C=Se, the last of which is a linear molecule.  Corresponding pnicogen bonding 

molecules were PF3, AsF3, and As≡CF.  H-bonding is abbreviated as HB, with XB, YB, and ZB 

used to refer to halogen, chalcogen, and pnicogen bonding, respectively.  Surrounding molecules 

are referred to here as solvent for ease of explanation. 

Each of the two central ions was surrounded by a number of these solvent molecules, up to 4, 

and the geometries optimized by the M06-2X method in conjunction with the aug-cc-pVDZ 
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basis set [58,59].  This DFT functional and basis set have had past success [47,60-76] in studying 

systems of these sorts. 

The interaction energies of the complexes were calculated as the electronic energy difference 

between the complex and its constituent parts, then corrected for basis set superposition error 

(BSSE) [77]. All computations were carried out with Gaussian 09 [78]. For the isolated 

molecules molecular electrostatic potentials (MEPs) were calculated on the 0.001 au electron 

density isosurface, and the extrema were computed using the WFA-SAS program [79]. The 

QTAIM analysis was applied in order to characterize the intermolecular interactions in the 

complexes discussed in this work [80], and supplemented by NBO results [81-83].  The nature of 

minima were verified by the absence of negative frequencies.  However, as described below, due 

to the extraordinary flatness of some of the potential energy surfaces, it was not possible to 

locate geometries with all positive vibrational frequencies in every case.  However, the energy of 

each of these points is static with respect to further geometry fluctuations, and any negative 

frequencies are very small ones. 

RESULTS 

Clustering around Cl-  

In the case of two solvating molecules, neither HBs nor YBs lead to linear structures, with 

the two solvent molecules poised opposite one another.  The two HCl molecules are situated 

some 109° from one another when surrounding the Cl- anion, as illustrated in Fig 1a.  The same 

arrangement is observed when the H-bonding HCl is changed to FSeMe which engages in a 

chalcogen bond with the Cl- anion and with the same angle separating the two Se atoms (Fig 1b).  

Interestingly, there is a second minimum for this complex as well, albeit higher in energy by 

some 1.61 kcal/mol, shown in Fig 1c  The (SeClSe) angle is a bit more acute in the secondary 

minimum, only 90°.  The angle opens up to 132° when the chalcogen bonding molecule is 

changed to the linear Se=C=Se molecule, as illustrated in Fig 1d.  Note also that the R(ClꞏꞏSe) 

distances are quite a bit longer in the latter case. 

The tetrahedral angles remain in place when a third HCl molecule is added to the solvation 

sphere, along with a bit of stretching of the H-bond lengths relative to the two-molecule shell as 

is apparent in Fig 2a.  There is a good deal less symmetry in the SeCSe chalcogen-bonding 

trimer in Fig 2b.  Two of the (SeClSe) angles are quite acute at 77° but the third such angle 

opens up to 126°.  The sum of these three angles is 280°, much smaller than the 329° sum for the 
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Cl-(HCl)3 system, suggesting a more pyramidal, i.e. less flat structure, with the three SeCSe units 

closer together than are the HCl molecules.  In other words, there is seen even in the trisolvated 

systems the beginnings of a trend for YB molecules to cluster together. 

In the case of n=4, one can see a ramping up of the differences between HB and XB or YB 

clustering.  The H-bonding HCl molecules in Fig 3a maintain their tetrahedral arrangement in the 

presence of a fourth HCl as well, with all (HClH) angles equal to 109°.   As indicated in the 

first row of Table 1, this complex is bound together with a total interaction energy of 66.0 

kcal/mol.  The HF molecules are similarly arranged tetrahedrally in Fig 3b, with a small increase 

in the interaction energy to 74.5 kcal/mol.   

The change from HBs to XBs begins to introduce small deviations from this tetrahedral 

structure.  The placement of four BrF molecules around the chloride lead to the structure in Fig 

3c which remains close to tetrahedral, although two of the (BrClBr) angles are as large as 115°.  

This Cl-(BrF)4 complex is held together by an interaction energy of 92.6 kcal/mol, indicative of 

the strong halogen bonding.  Forcing this geometry into a strictly tetrahedral one with all four 

θ(BrClBr) angles equal to 109.5° does not raise the energy by any meaningful amount.  As seen 

in the last column of Table 1, this deformation costs only 0.2 kcal/mol.  The deviation from 

tetrahedral angles progresses further for the halogen-bonding ClF molecules in Fig 3d where the 

six (ClClCl) angles span a 20° range between 98° and 118°.  Nonetheless, forcing this complex 

into a pure tetrahedral structure does not require significant energy.  In the case of ClCN 

molecules, the structure has shifted radically to what might best be described as a trigonal 

pyramid in Fig 3e.  The three (ClClCl) angles that include the apex of the pyramid are all less 

than 90°.  However, this structure is not the only minimum on the surface; another that is only 

0.3 kcal/mol higher is slightly closer to a tetrahedral structure.  Or rather Fig 3f might be better 

described as a trigonal pyramid but distorted in a way that is opposite to the flattening in Fig 3e:  

the topmost molecule makes a (ClClCl) angle with the three other ClCN molecules of 126-

135°, whereas the three bottom molecules are all within 83° of one another.  The potential 

surface for moving these solvent molecules around is quite flat.  Forcing the system into a 

tetrahedral geometry requires less than 0.4 kcal/mol.  In summary, the tetracoordinated systems 

are highly tetrahedral for HBs.  They deviate from this structure a bit for some of the halogen-

bonded systems, but forcing them into a tetrahedral structure is quite facile. 
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The chalcogen-bonded complexes tend to deviate more from tetragonality.  The optimized 

geometry of Cl-(SF2)4 in Fig 4a is exemplary of these structures.  These complexes can be 

loosely described as distorted trigonal pyramids.  The S atom at the apex of this pyramid makes 

small angles of less than 100° with the three S atoms in the base.  But the latter are not evenly 

spaced into an equilateral triangle by any means, with θ(SClS) angles varying from 55 to 167°.  

The general characteristics remain in place when the S atom is replaced by Se, as in Fig 4b.  The 

three θ(SeClSe) angles involving the apical Se are again small, 72-102°, and the three angles 

involving the Se atoms in the pyramid base are quite varied, from 73° to 161°.  The general 

theme continues if one of the F atoms of each SeF2 molecule is replaced by a methyl group, as in 

Fig 4c.  The apical angles lie in the 81°-105° range, and one again sees variation in the angles 

within the base: 87°-122°. 

 There is some question as to the cause of the clustering of the solvent molecules in such a 

way as to free up space in one hemisphere of the Cl-.  Might this be caused by attractive 

interactions between the solvent units?  In order to address this issue, linear SeCSe molecules 

were considered which do not have substituents that approach the other solvent molecules.  As is 

evident in Fig 4d, even these linear molecules adopt this sort of open umbrella structure.  The 

three θ(SeClSe) angles involving the umbrella handle are all about 74°; those between the three 

spokes are quite variable, ranging from 75° to 140°.  The Cl-(SeCSe)4 complexes are the most 

weakly bound of the chalcogen bonded systems, with a total interaction energy of 47 kcal/mol, 

as compared to 90 kcal/mol for the SeF2 complexes.  The chalcogen-bonded systems are also 

clearly energetically separable from tetrahedral structures.  As noted by the last column of Table 

1, deformation of the optimized geometries into tetrahedral structures costs between 2 and 8 

kcal/mol. 

 Given the differences between halogen and chalcogen bonding, it seems incumbent to 

extend consideration to pnicogen bonding as well.  The structures of two such complexes, with 

PF3 and AsF3 as solvating molecules are depicted in Figs 5a and 5b, respectively.  These 

structures retain the open space in one hemisphere of the central chloride, characteristic of the 

chalcogen bonds, although they differ a bit in terms of internal angles.  AsF3 might be best 

considered a variant of the umbrella, with the three handle-spoke angles between 84° and 89°, 

although two of the spokes are quite close together with θ(AsClAs)=90°.  The PF3 analogue is 

closer to a see-saw with the θ(PClP) angle between the two opposite P atoms equal to 169°; all 
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other angles are less than 96°.  The open hemisphere persists and opens up even more for the 

linear AsCF solvating molecules, as shown in Fig 5c.  The three θ(AsClAs) handle-spoke angles 

for this structure are quite acute, between 73° and 77°.  The pnicogen-bonded systems are a bit 

more weakly bound than their chalcogen-bonding analogues.  But they too resist deformation 

into a tetrahedral geometry, by amounts varying between 2 and 4 kcal/mol. 

One may surmise that the aggregation of solvent molecules on one side of the central anion 

may point to attractive interactions between them.  In order to examine this possibility, QTAIM 

analysis of each of the optimized structures was carried out and the results presented in Table 2.  

The first column displays the density at the bond critical point corresponding to the primary 

interaction involving the central Cl and the bridging atom of the solvent molecule, whether H, 

halogen, chalcogen, or pnicogen.  Due to the asymmetry of these complexes, this quantity spans 

a range over the four interactions involved.  This primary ρBCP lies in the general range of 0.01 - 

0.04 au, but there is no clear relationship between this quantity and the total interaction energy in 

Table 1.  This poor correlation may be due to a large role played by electrostatic attraction, as 

evidenced by a close relationship that exists between binding energy and the maximum in the 

electrostatic potential, Vs,max, of most of the solvent molecules, a correlation which decays for the 

H-bonding systems. 

The second column contains the electron densities for any secondary interactions identified 

by QTAIM, those between solvent molecules.  It may first be noted that there are no such 

noncovalent bonds in the first five complexes, the HB and XB complexes which prefer a 

tetrahedral geometry, and in which the four solvent molecules lie furthest from one another.  The 

YB and ZB structures, on the other hand, where the solvent molecules cluster into one 

hemisphere around the central Cl-, all manifest noncovalent bonds between these molecules.  The 

SF2 system, for example, contains two SꞏꞏS interactions which may be classified as chalcogen 

bonds, and another bond between the central Cl and a F atom.  The magnitudes of these critical 

point densities are substantial, as large as 0.039 for one SꞏꞏS interaction.  A pair of HꞏꞏCl HBs 

occur for the SeFMe complex, as well as two HꞏꞏSe HBs.  With respect to the linear SeCSe 

molecules, the total interaction energy is bolstered by four separate SeꞏꞏSe YBs.  Similar patterns 

are observed for the ZB systems as well.  Attractive interactions between F and Z atoms are 

present for both PF3 and AsF3 clusters.  The linear AsCF solvent molecules are held together by 

AsꞏꞏAs ZBs as well as an interesting AsꞏꞏC attraction, which might be designated a tetrel bond. 
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NBO analysis confirms the conclusions of the QTAIM data, from the perspective of 

interorbital charge transfers.  Table 3 reports the various charge transfers that take place between 

solvent molecules, via their energetic measure of E(2).  Both the HB and XB complexes in the 

first five rows show no such transfers, which are clearly present in the YB and ZB structures.  

According to NBO, the principal interactions that arise are YBs, in the form of Ylp→σ*(YF) or 

Flp→σ*(YF), supplemented in some cases by weak HBs.  Even for the linear SeCSe molecules, 

there is still a set of weak YBs, in this case characterized by σ(SeC) →σ*(SeC) transfers.  Very 

similar observations apply to the ZB complexes in the last three rows, and again some of the 

linear AsCF noncovalent bonds appear as σ(AsC)→ σ*(AsC). 

One can perhaps understand the tetrahedral nature of the tetra-coordinated clusters for the 

linear HB and XB systems on the basis of maximal separation between solvent molecules.  

Neither QTAIM nor NBO suggest any sort of attractive interactions between the surrounding 

solvent molecules.  One can provide an additional handle on such possible interactions by 

calculating the simple pairwise interaction between a pair of solvent molecules, in the absence of 

the remainder of the complex, and corrected for basis set superposition error.  The pairwise 

interaction energies between solvent molecules in these tetrahedral arrangements are all positive, 

e.g. +0.6 kcal/mol for BrF and +1.4 kcal/mol for HF.  On the other end of this spectrum are 

systems with clear attractive forces between solvent molecules.  Taking Cl-(SF2)4 as an example 

of this sort of system, QTAIM and NBO suggest a number of attractive interactions between the 

SF2 units, mostly S··S chalcogen bonds.  The pairwise interaction energies are mostly fairly 

small, but there is one significant negative (attractive) interaction, between two of the SF2 

molecules in the base of the pyramid, which are placed only 55° apart.  This interaction amounts 

to some -1.05 kcal/mol, and tilts the balance of the total pairwise interactions slightly into the 

negative range.   

One might anticipate similarly negligible interactions between the linear chalcogen-bonding 

SeCSe molecules.  But the deformation energy required to transition the open hemisphere 

structure of Fig 4d into a tetrahedral geometry is appreciable, at 1.8 kcal/mol.  The QTAIM 

analysis provides a rationale for this preference for close arrangement of solvent molecules with 

indications of Se··Se chalcogen bonds, with ρBCP=0.005 au.  This supposition is supported by the 

NBO data in Table 3, with multiple σ(SeC) →σ*(SeC) E(2) values of 0.2-0.3 kcal/mol.  Despite 

the linear nature of the AsCF molecule, the arrangement of four of these species around the 
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chloride leads to a number of intermolecular interactions, documented in Tables 2 and 3.  Most 

of the pairwise interaction energies are negative, leading to a cumulative total of -2.1 kcal/mol, 

which accounts for the substantial deformation energy required to place this complex into a 

tetrahedral geometry. 

The Cl-(ClC≡N)4 complex lies in the middle between these two extremes.  This system has a 

very flat potential energy surface, but nonetheless with a slight propensity toward an open 

hemisphere, with solvent molecules clustering on one side.  There is some question as to the 

reason for this clustering, given that neither QTAIM nor NBO suggest significant attractive 

interactions between the ClCN molecules.  Taking the open hemisphere geometry depicted in Fig 

3e, the pairwise energies between the various ClCN molecules are all slightly repulsive, with 

counterpoise-corrected interaction energies of +0.4 - + 0.6 kcal/mol.  The weakness of these 

intermolecular forces accounts for the very small energy changes as they are moved around, 

from Fig 3c to 3d.   

It may be noted that the values of the primary QTAIM data in Table 2 do not correlate 

closely with the interaction energies in Table 1.  For example, -Eint for AsF3 is equal to 77.8 

kcal/mol, as compared to 70.0 for SF2.  However, the primary ρBCP for the former system is 

considerably smaller than for the latter.  Part of this discrepancy arises from the multiple 

secondary critical points, and their contribution to the total interaction.  Another source of 

stability can be traced to the multiple NBO measures of charge transfer that are documented in 

Table 3.  Because of the various contributions to the total interaction in these systems, their 

overall stability cannot be ascribed to any single measure of one particular interatomic 

interaction. 

Clustering around Na+ 

Although a positively charged species will obviously not engage in HB, XB, YB or ZB with 

a Lewis acid, it is nonetheless useful to understand how the same solvent molecules might cluster 

around a cation.  The Na+ monocation was chosen as a central species, surrounded by some of 

the same molecules as were considered for Cl- solvation above.  The interaction energies in these 

tetrasolvated clusters are displayed in Table 4.   Comparison with the analogous data for the 

chloride anion indicate considerably weaker interactions with the cation.  Binding with the HF 

molecules is reduced from 74.5 kcal/mol for Cl- to 59.8 kcal/mol for Na+.  The interactions with 
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the halogen bonding BrF and ClF are reduced to less than half, with similar deep cuts involved 

with the YB molecules; ZB drop also albeit by not quite as much.   

The geometries of these clusters are gathered in Fig 6, where it may first be seen that the 

structure of the HF cluster is tetrahedral, whereas the intermolecular OHꞏꞏO H-bonding between 

water molecules pulls the cluster in Fig 6b into a more pyramidal geometry, with handle-spoke 

angles of 132-135°.  The system alters into a square planar shape when Na is approached by the 

F atoms of FBr and FCl.  For those solvents with more than one F atom, at least two of the latter 

participate in the interactions with Na, as is evident in the remainder of Fig 6.  QTAIM analysis 

of these last several structures suggests there might be attractions between F atoms of different 

molecules in the form of weak FꞏꞏF halogen bonds.  The last two complexes in Figs 6g and 6h 

may benefit from intersolvent ZꞏꞏF pnicogen bonds (the ρBCP between Z and F atoms is about 

0.01 au).   In summary, the central cation interacts with the most electronegative atom of the 

surrounding solvent.  While this is O for HOH, it is F for the others.  It also appears that the Na+ 

will interact with as many F atoms as possible, two from each solvent molecule for YF2 and ZF3.  

Unlike the clustering around the chloride, the solvent molecules do not cluster together so as to 

leave an empty hemisphere around the Na+. 

One reason for the reduced interactions with the cation are of course due to the loss of the 

extra binding introduced by the HB, XB, YB, and ZB with the anion.  Another reason has to do 

with the electrostatic potentials surrounding these solvents.  These potentials are displayed in Fig 

7 where the most positive and negative regions are represented by blue and red, respectively.  

Table 5 lists the maximum and minimum value of this potential and shows that the maximum of 

each is more intense than is its minimum.  Taking FBr as an example, the maximum along the σ-

hole of the Br atom is +47 kcal/mol, four times larger than the magnitude of the minimum at -

11.8 kcal/mol which is situated on the F atom.  Indeed, overall the maxima range from +43 to 

+68 kcal/mol, dwarfing the minimum range of -9 to -33 kcal/mol. 

DISCUSSION AND CONCLUSIONS 

There is some prior work that has a bearing on the results reported here.  In the first place, 

Taylor’s group [84] used a collection of experimental and theoretical approaches to consider a Te 

atom that is bound on both sides by N atoms in a 5-membered ring, and found particularly strong 

chalcogen bonding to anions, and a close relationship between ∆G and the electrostatic potential 

surrounding the Te.  Perhaps most importantly the data confirmed the reliability of DFT 
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calculations.  An earlier calculation [85] had considered mixed clusters wherein a central 

fluorinated methane is surrounded by 1-5 CO2 units, and found a similar clustering of solvent 

molecules in one hemisphere of the central unit.  The authors attributed this effect to a dominant 

attractive interaction which might be termed a C··F tetrel bond.  In the context of a central cation, 

a set of four BrF molecules formed a cyclic ring around one of several metal ions [86] with bond 

paths connecting the central metal to the Br atoms.  However, this structure is primarily 

stabilized by BrꞏꞏF XBs between the solvent molecules.  Grabowski placed [87] a NH4
+ cation at 

the center of HCN or N2 solvent molecules and found the former cluster first along NH bonds, 

leading to a tetrahedral NH4
+ (HCN)4 shape, as observed here for Na+.  The ability of SeCSe to 

engage in a chalcogen bond is reinforced by earlier calculations that showed that its smaller SCS 

cousin is a potent Lewis acid in interactions with various bases [88], including diazines [89], 

with a chalcogen bond that is stronger than any HB that might form.  There is very recent 

experimental verification that a P atom can serve as electron donor in a halogen [90] or 

chalcogen bond [91] even in a pentavalent bonding situation [92]. 

With respect to the level of theory, past calculations have been performed with various 

means of including correlation.  The particular brand of DFT applied here, M06-2X, supplies 

somewhat higher interaction energies than those derived from MP2, as may be seen by 

comparison of the second and last columns of Table 1.  This difference amounts to roughly some 

10% on average.  The actual difference would likely be substantially smaller were all the 

complexes re-optimized at the MP2 level, so this discrepancy can be considered an upper limit.  

However, and most importantly, since this discrepancy is more or less uniform, the patterns are 

consistent from one method to the other. 

While the surrounding molecules have been mentioned here as solvent molecules, the 

distinction with a true solution must be understood.  The complexes analyzed here represent 

minima on a potential energy surface, some of them rather shallow.  So the structures would best 

be understood in the context of gas-phase geometries at low temperature.  Within the context of a 

solution, there would be many more solvent molecules, all of them moving very rapidly, and the 

structure around each ion evolving quickly over the course of a measurement. 

In summary, sets of four H-bonding or halogen-bonding molecules tend to position 

themselves around a central anion along the vertices of a tetrahedron.  This pattern changes, of 

course, if the solvent molecules are capable of interacting with one another, as would be the case 
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with HOH molecules, which can engage simultaneously in HBs with each other, as well as with 

the central anion.  

In the case of chalcogen or pnicogen bonding molecules, there is a trend for the four solvent 

molecules to occupy a single hemisphere around the central anion, leaving the other hemisphere 

largely empty.  This arrangement is caused in part by weak intersolvent attractive forces, which 

are present even in the case of linear solvent molecules like Se=C=Se and As≡CF as chalcogen 

and pnicogen bonding agents, respectively.  These configurations are more stable than a purely 

tetrahedral arrangement in amounts varying between 2 and 8 kcal/mol. 

These same molecules position themselves differently in the presence of a cation like Na+.  

The electronegative F/O atom approaches the cation directly in a tetrahedral arrangement in the 

case of HF, and nearly so for H2O.  When attached to another halogen atom, as in FBr or FCl, the 

F atoms lie in a square plane, permitting the formation of intersolvent XBs.  When the solvent 

molecule contains more than one F, as in SeF2 or AsF3, two F atoms of each solvent molecule 

engage directly with the Na+, while also allowing intersolvent chalcogen or pnicogen bonds.  The 

interaction energies of these tetracoordinated systems are considerably smaller for a central 

cation than for the anionic analogue.  In no case do the solvent molecules cluster together so as 

to leave an empty hemisphere around the Na+. 
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Table 1.  Total interaction energies (-Eint) for Cl-(solv)4 complexes, and energy required (Etet) to 

distort into pure tetrahedral structure, all in kcal/mol. 

solv -Eint Etet -Eint(MP2)a 

HCl 65.96 - 63.82 

HF 74.49 - 69.46 

BrF 92.59 0.23 83.14 

ClF 75.13 0.04 66.77 

ClCN 56.01 0.36 51.11 

SF2 69.96 4.67 58.97 

SeF2 89.88 7.88 80.82 

SeFMe 75.41 2.15 69.39 

SeCSe 47.33 1.82 42.76 

PF3 59.09 2.35 48.69 

AsF3 77.78 2.74 69.14 

AsCF 38.00 3.68 31.24 
ausing aug-cc-pVDZ basis set, applied to M06-2X geometries  

 

 

 

Table 2.  QTAIM values of density at bond critical points (au) for Cl-(solv)4 complexes.  

solv primarya secondaryb 

HCl 0.035 - 

HF 0.030 - 

BrF 0.032 - 

ClF 0.031 - 

ClCN 0.016 - 

SF2 0.026 - 0.040 2 S··S  0.010 - 0.039 

1 Cl··F 0.010 

SeF2 0.020 - 0.032 2 Se··Se  0.013 

1 Se··F   0.014 

SeFMe 0.019 - 0.025 2 Cl··H 0.010 

2 H··Se 0.008 

SeCSe 0.015 4 Se··Se  0.005 

PF3 0.021 - 0.024 3 F··P  0.006 

2 F··F  0.006 

AsF3 0.019 - 0.027 4 F··As  0.009 

1 F··F 0.011 

AsCF 0.011 -0.019 3As··As 0.006 

1As··C  0.006 
abetween Cl and nearest atom of solvent molecule 
bbetween indicated atoms of solvent molecules 
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Table 3.  NBO values of E(2) between solvent molecules for Cl-(solv)4 complexes  

solv E(2), kcal/mol 

HCl none 

HF none 

BrF none 

ClF none 

ClCN none 

SF2 Slp→σ*(SF)  1.53 2.38 0.22 1.38 26.71 3.30 

Flp→σ*(SF)  0.22 1.25 

SeF2 Selp→σ*(SeF)  0.40 0.95 5.49 0.13  7.41 0.69  0.34 0.41 

Flp→σ*(SeF)  0.05  0.07  2.09   10.70  9.42 

SeFMe Selp→σ*(CH)  1.77  2.61   1.23  0.46   

Selp→σ*(SeC)  0.46  0.66 

Selp→σ*(SeF)  0.25  0.30 

SeCSe σ(SeC) →σ*(SeC)  0.31  0.18  0.20  0.20  0.22 

PF3 Plp→σ*(PF)  0.30  0.53  0.45  

Flp→σ*(PF)  0.72   0.26 

AsF3 Flp→σ*(AsF)  2.53  0.57  1.71  2.37  0.20  0.14  0.22 

AsCF σ(AsC)→ σ*(AsC)  1.58  1.38  1.38   0.21  0.46 

Aslp→σ*(AsC)  0.38 0.26  0.12  0.86 0.17  0.96 

 

 

 

Table 4.  Total interaction energies (-Eint) for Na+(solv)4 complexes (kcal/mol). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

solv -Eint 

HF 59.81 

H2O 77.78 

FBr 44.68 

FCl 34.29 

SF2 49.43 

SeF2 64.74 

PF3 52.92 

AsF3 69.38 
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Table 5. Molecular electrostatic potential (MEP) extrema (kcal/mol) on the 0.001 au isodensity 

surface  for isolated molecules.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 Vs,max Vs,min 

HF 68.2 -21.2 

H2O 43.3 -33.3 

FBr 
47.0 -11.8 

FCl 
38.2 -8.5 

SF2 38.5 -9.8 

SeF2 48.8 -14.7 

PF3 35.0 -10.7 

AsF3 44.9 -16.5 
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Fig 1.  Optimized geometries of Cl- surrounded by two a) HCl b) and c) SeFMe, and d) SeCSe 

molecules.  Distances in Å, angles in degs. 

 

 

 

 

 

 

 
Fig 2.  Optimized geometries of Cl- surrounded by three a) HCl and b) SeCSe molecules.  

Distances in Å. 
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Fig 3.  Optimized geometries of Cl- surrounded by four a) HCl, b) HF, c) BrF, d) ClF, e) and f) 

ClCN molecules.  Distances in Å. 

 

 

 
Fig 4.  Optimized geometries of Cl- surrounded by four a) SF2, a) SeF2, c) FSeMe, d) SeCSe 

molecules.  Distances in Å. 
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Fig 5.  Optimized geometries of Cl- surrounded by four a) PF3, a) AsF3, c)AsCF molecules.  

Distances in Å. 

 

 

 

 

 

 
Fig 6.  Optimized geometries of Na+ surrounded by four solvent molecules.  Distances in Å. 
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Fig 7.  Molecular electrostatic potentials surrounding solvent molecules, on surface 

corresponding to 1.5 x vdW radii.  Blue and red regions indicate most positive and 

negative potentials, respectively. 

 

 


