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Abstract 

Quantum calculations are used to measure the binding of halides to a number of bipodal dicationic 

receptors, constructed as a pair of binding units separated by a spacer group.  A number of variations are 

studied.  A H atom on each binding unit (imidazolium or triazolium) is replaced by Br or I.  Benzene, 

thiophene, carbazole, and dimethylnaphthalene are considered as spacer groups.  Each receptor is paired 

with halides F-, Cl-, Br-, and I-.  I-substitution on the binding unit yields a large enhancement of binding, as 

much as 13 orders of magnitude; a much smaller increase occurs for bromosubstitution.  Imidazolium is a 

more effective binding agent than is triazolium.  Benzene and dimethylnaphthalene represent the best 

spacers, followed by thiophene and carbazole.  F- binds much more strongly than do the other halides 

which obey the order Cl- > Br- > I-. 
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INTRODUCTION 

Due to the importance of selective and efficient binding of anions, there has been a growing body of 

work aimed at understanding the fundamentals of this process.   The majority of anion receptor systems 

make use of H-bonds (HBs) [1-4].  On the other hand, there has been renewed interest in the idea that the 

bridging proton of a HB can be replaced by a halogen atom.  The resulting halogen bond (XB) is enabled 

by a small region of positive electrostatic potential on the halogen atom X, directly opposite the C-X bond, 

that is able to interact attractively with an approaching negatively charged species.  The replacement of H 

by X does not necessarily lead to weakening of the bond, and in fact XBs can be stronger than their HB 

congeners in many cases  [5-12]. 

And indeed, work in recent years has shown that the HBs of anion receptors can be replaced by XBs 

with interesting and useful results [13-19].  Many of the relevant binding agents have been bipodal in nature, 

with two different halogen atoms connecting to the anion via XBs.  These interactions have typically been 

further strengthened by the presence of positive charge on the receptor.  Most of the bidentate anion 

receptors that have been synthesized and tested to this point contain certain features in common [13,16,18,20-

42].  The heterocyclic imidazolium and triazolium rings are most frequently used to bind directly to the 

halide.  These rings are often modified by replacement of an H atom by a halogen, most commonly I.  The 

pair of binding units are placed on opposite ends of an aromatic spacer group.  Most typically used for this 

purpose are benzene, thiophene, carbazole, and naphthalene derivatives. 

Taking several examples from just this past year, Tepper et al [43] studied systems employing halo-

substituted triazolium units separated by benzene and thiophene.  The latter resulted in significantly weaker 

binding of halides. The authors explained this difference in terms of “bite angles” which describe the 

relative orientations of the two halogen bonds to the bound halide.  Mullaney et al [37] separated a pair of 

triazoliums by a carbazole spacer and found that I-substitution on the triazoliums strongly enhanced the 

receptor’s ability to bind halides.  Jungbauer and Huber [28] placed both triazoliums and imidazoliums onto 

a phenyl spacer, and observed that halosubstitution imparted catalytic activity to these receptors via 

halogen bonds.  

While data is rapidly building concerning the construction of effective halide receptors, there is still 

little in the way of a systematic comparison of the various combinations of binding unit, halosubstitution, 

or spacer group.  How is the binding of a halide affected by each factor, alone or in combination with the 

others?  What combination might make for the strongest binding of one halide over the others?  Do halogen 

bonds truly represent a stronger mode of binding a halide than H-bonds, and if so by how much?  What are 

the fundamental properties that influence the ability of a receptor to bind a halide: electronic, geometric, 
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etc?  In short, what particular set of properties might make for the optimal halide receptor?  Answers to 

these questions will assist in the rational design of new and more effective receptors. 

This work applies quantum calculations to attempt to answer these questions.  In order to do so, a large 

variety of receptors are constructed.  As illustrated in Scheme I, each is composed of a pair of cationic 

binding units, attached to either end of a spacer group.  In keeping with earlier work, imidazolium and 

1,2,3-triazolium are considered as binding groups.  One H atom of each binding unit is replaced in turn by 

Br and I, so as to convert H-bonds to the supposedly stronger halogen bonds.  Four different spacer groups 

were evaluated: benzene, thiophene, carbazole, and dimethylnaphthalene, again in keeping with prior 

experimental work.  Each such bidentate receptor was paired with F-, Cl-, Br-, and I-, so as to elucidate the 

preferences for one halide over another.  In order to provide a thorough and systematic evaluation of all 

combinations, a total of 96 different receptor-halide pairs were computed and compared with one another. 

COMPUTATIONAL METHODS 

All the calculations were carried out with the M06-2X DFT functional [44] in conjunction with the  aug-

cc-pVDZ basis set, within the framework of the Gaussian-09 [45] set of programs. For the heavy atoms Br 

and I, aug-cc-pVDZ-PP pseudopotentials were taken directly from the EMSL library [46,47].  This level of 

theory is appropriate for this task, as evident by previous work by others [48-57] and very recently by 

ourselves in dealing with very similar sorts of systems [58].  The geometries of the complexes were fully 

optimized without any restriction. Only the optimized geometries with all positive vibrational frequencies 

were taken into consideration. The binding energy, Eb, of each halide with its receptor was calculated as the 

difference between the energy of the complex and the sum of the energies of separately optimized 

monomers. Each binding energy was corrected for basis set superposition error using the counterpoise [59] 

procedure.  To account for solvent effects, the polarizable conductor calculation model (CPCM) was 

applied [60], with water as the solvent.  The molecular electrostatic potential map was carried out with 

WFA-SAS program [61] and charge transfer assessed via the Natural Bond Orbital (NBO) technique [62]. 

RESULTS 

Energetics 

The binding energies of the halides with the various anion receptors are presented in Table 1.  The 

binding unit, whether imidazolium or triazolium, is listed in the first row, followed in the next row by the 

identity of the spacer.  The next row indicates the nature of the two atoms bound directly to the halide, H, 

Br, or I.  Selected geometries of the complexes with iodide are illustrated in Figs 1 and 2, with all structures 

displayed in the Supplementary Information.  In most cases, the halide sits midway between the two 

binding atoms of the receptor, but in certain cases, indicated by the asterisk in Table 1, the halide is 
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asymmetrically positioned.  One such example may be seen in Fig 2b where the iodide ion is positioned 

more closely to the H-bonding triazolium than to the other. 

There are a number of interesting trends in the energetics of Table 1, which are visualized in Figs 3-5.  

Fig 3 represents the H-bonding receptors, while the Br and I-binding species are illustrated respectively in 

Figs 4 and 5.  Color coding, e.g. green for F-, identifies the halide, and solid and broken lines represent the 

binding species, solid for imidazolium and broken for triazolium.  One can see immediately that F- (green 

curves) is bound considerably more strongly than the other anions: F- >> Cl-> Br- > I-.  There is a minor 

disruption of this pattern for the H-bonding bis-triazolium system with thiophene and carbazole spacer, 

where I- is bound only slightly more strongly than Br-.  With respect to H-bonding receptors in Fig 3, 

imidazolium-based receptors (solid curves) are superior to triazolium.  This distinction is particularly 

noticeable for fluoride which is favored by imidazolium by as much as 4 kcal/mol, smaller differences are 

observed for the larger halides. 

The shapes of the solid and dashed lines are similar for each color. In other words, the variation of the 

binding energies of the halides with different spacers is similar for triazolium and imidazolium based 

systems. For example, both triazolium and imidazolium based receptors display minima at the 

dimethylnaphthalene spacer and maxima at the benzene spacer when binding F-.  In contrast for the larger 

halides, thiophene represents the spacer group with the lowest binding energy, leaving benzene and 

dimethylnaphthalene as the best spacers. 

There appears to be some connection between these trends and the geometries of the bound complexes.  

For example, the particularly strong binding of F- to the benzene spacer may be related to its ability to form 

a pair of strong symmetrical HBs.  Cl-, on the other hand, engages in this double H-bonded arrangement 

only with benzene and dimethylnaphthalene, to which it is  most strongly bound. Considering the Br- and I- 

halides, which are located symmetrically for most spacers, there is a clear correlation between the binding 

energy and lengths of the HBs, as the shortest HBs are observed for benzene and dimethylnaphthalene, 

which are also most strongly bound. 

Fig 4 is analogous to Fig 3, but replaces the H atoms on the binding units by Br.  As in Fig 3, F- binds 

much more strongly than do the other halides.  The solid lines again lie above the dashed lines (with certain 

exceptions), indicating imidazolium based systems bind more strongly than triazolium.  The principal 

exception occurs with the carbazole spacer where there is little distinction for the larger halides, and the 

triazolium is actually preferred for F-.  There are other differences as well.  While H-bonding 

dimethylnaphthalene was a poor spacer for F-, it is quite good when engaging in a Br-bond with fluoride. 

Overall, for those receptors employing Br-bonds, benzene and dimethylnaphtalene spacers form the 
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strongest interactions with halides, with little sensitivity to the nature of the binding agent, imidazolium or 

triazolium; thiophene and carbazole are poorer choices. 

Replacement of Br on the imidazolium and triazolium species by I leads to the binding energies 

displayed in Fig 5.  The patterns are similar in some respects with a few important distinctions.  In the first 

place, the I-substituted receptors bind more strongly than their Br congeners.  As in the other cases, the 

order of binding of the anions follows the familiar F- >> Cl-> Br- > I- pattern.  As for Br, imidazolium-

based receptors are superior to triazolium, and the spacer that offers the weakest binding in most cases is 

carbazole, with benzene and dimethylnaphthalene the strongest.  One interesting reversal occurs in the 

context of the carbazole spacer.  Whereas F- is bound more strongly by triazolium than by imidazolium for 

the Br-substituted receptors, the opposite is true for I substitution.  This reversal may be associated with the 

binding pattern in that F-  is able to form two Br-bonds with triazolium, with length 2.50 Å, but only one 

with imidazolium.  Note that there is little distinction between these two binding units for the other three 

halides. 

Comparison of Figs 3-5, and inspection of Table 1, provides an important and overarching conclusion.  

The replacement of H on the binding units, whether imidazolium or triazolium, by I leads to a large 

increment in binding energy.  These increases vary from 5 kcal/mol all the way up to 18 kcal/mol.  For 

example, the substitution of H by I on the bis-triazolium species with dimethylnaphthalene spacer raises the 

binding energy of F- from 10.0 to 27.6 kcal/mol, nearly a three-fold magnification.  This energetic change 

would correspond to an enhancement in the binding constant by an enormous 13 orders of magnitude.  The 

enhancements are only slightly less dramatic for the other halides.  Considering the same pair of receptors, 

the binding energy is doubled for Cl-, Br- and I-, representing increases of 8, 7, and 6 kcal/mol respectively.  

With respect to these magnifications in binding energy resulting from H-to-I substitutions, the largest are 

generally associated with the thiophene and carbazole spacers; enhancements are also somewhat greater for 

triazolium than for imidazolium.  The replacement of H by Br, on the other hand, results in smaller 

increases in the binding energy, less than 3 kcal/mol in most cases. 

Geometries 

One might anticipate a natural relationship to exist between the strength of the binding and the distance 

between the halide and the receptor.  These distances are reported in Table 2, and one must recall that the 

halide takes up one of two positions.  In the majority of cases, the halide is centrally placed between the 

two bonding atoms, whether H, Br, or I.  But in a number of other cases, most commonly with the small F- 

anion, the halide is asymmetrically positioned, much closer to one binding atom than the other.  In these 

cases, indicated by an asterisk in Table 2, it is the shorter of the two distances that is displayed. 



6 

 

There are several overriding patterns in evidence.  The interatomic length is consistent with the radius 

of the anion: F- < Cl- < Br- < I-.  H-bonds are shorter than halogen bonds, with Br and I bonds similar to one 

another.  These distances are fairly insensitive to the identity of the bonding unit, whether imidazolium or 

triazolium, although usually longer for the latter.  With regard to spacer, the bond lengths are generally 

inversely correlated with the binding energies, i.e. shorter bonds are associated with stronger binding. 

Both H-bond and halogen bonds strive toward linearity, deviations from which can quickly degrade 

their strength.  While those complexes bearing a single H or halogen bond can more easily adopt a linear 

structure, the presence of a second such bond would cause a certain deformation in each, a cost of engaging 

in a second bond.  It is thus natural that the multibonded systems, indicated by the asterisk in Table 3, tend 

toward higher angles, closer to 180°.  Beyond this pattern, one might note that stronger complexes are 

associated with more linear structures. For example, considering the benzene spacers in the first set of 

columns of Table 3, the CH∙∙∙Y- / CX∙∙∙Y- bond angles are more linear for the complexes with imidazolium 

species than triazolium, consistent with the stronger binding of the former.  The bond length pattern is 

reversed for the carbazole spacers with X=Br, as is the binding energy. 

There has been some thought in the literature [43] that the binding energy might be related to a “bite 

angle”, defined as θ(H∙∙Y-∙∙H) or θ(X∙∙Y-∙∙X), which corresponds to the angular separation of the two 

binding sites.  These angles are displayed in Table 4 from which one may note certain trends.  These angles 

are largest for the smallest anions: F- > Cl- > Br- > I-, which suggests that the binding atoms are furthest 

removed from one another for the larger halides.  H-bonding angles are considerably larger than their 

halogen bonding analogues: θ(Br∙∙Y-∙∙Br) is generally larger than θ(I∙∙Y-∙∙I), although the reverse is true for 

the benzene spacer.  Concerning the binding species, there is no obvious large distinction between 

imidazolium and triazolium, although the latter has larger bite angles for the dimethylnaphthalene spacer.  

One may conclude that the bite angles are not well correlated with the binding energies. 

An alternate means of assessing the bite angle lies in the geometry of the receptor, prior to formation of 

a complex with an anion.  One can project the CH/CX bonds of the two binding agents toward a meeting 

point, P.  P might be considered the ideal binding position of an anion in the sense that it would lead to 

perfectly linear CH∙∙Y- bonds, with no distortion required in the receptor.  On the other hand, placement of 

a halide at point P might lead to unfavorably long H/halogen bonds, which would counter the favorable 

angular aspects, so one might anticipate the optimal placement of the halide to result from a compromise 

between these two factors. 

The θ(H∙∙P∙∙H)/ θ(X∙∙P∙∙X) angles of this idealized position for the various uncomplexed receptors are 

reported in Table 5, from which it may be seen first that there is a good deal of variability. For the 

imidazolium systems, the H-bonding bite angles are considerably larger than for the halogens, but this 
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distinction is lessened for triazolium.  For all four spacers, the angle is smaller for triazolium than for 

imidazolium for X=H, but the reverse is true for Br and I for carbazole and dimethylnaphthalene spacers.  

There is a certain degree of correlation between bite angles and the binding energies.  In the H-bonding 

receptors, for example, the larger bite angles for the imidazolium species are reflected in their higher 

binding energies with the various halides, and the weakest binding with the thiophene spacer (for all but 

fluoride) mimics the smallest angles.  In the case of the halogen-bonding receptors, the large bite angles for 

the dimethylnaphthalene spacer is consistent with the generally strong binding energies.  However, despite 

certain correlations, the bite angles of the uncomplexed receptors provide only a rough estimate of the 

strength of binding with the halides. 

Various steric interactions prevent the two terminal bonding species from being coplanar with the 

central spacer unit.  The nonplanarity can be quantitated via the dihedral angle between the planes of these 

two species.  These dihedral angles are reported in Table 6 where the first row of each section corresponds 

to the nonplanarity in the uncomplexed receptor.  In most cases, with the exception of the large 

dimethylnaphthalene spacer, the larger halogen atoms cause a greater nonplanarity than do the H atoms.  

With this same exception, the nonplanarity is larger for the imidazolium than for the triazolium terminal 

groups.  The addition of the halide generally makes the receptor more planar.  This reduction of the 

dihedral angle is most noticeable for F-.  For the halogen-bonding receptors, the Cl-, Br- and I- halides all 

induce very similar changes, but there is greater sensitivity for the H-bonding receptors, with I- yielding the 

greatest nonplanarity. 

Electronic Properties 

It is natural to expect that the interaction of an anion with a dication will be dominated by electrostatic 

effects.  The X atom positions, whether X = H, Br, or I, mark the location of a maximum in the molecular 

electrostatic potential (MEP) surrounding the receptor.  The value of the MEP at this point is indicated in 

Table 7 for each of the various receptors.  In all cases, this potential is largest for X=H; the values for the 

two halogens are fairly similar to one another.  The largest values occur for the benzene spacer and the 

smallest for carbazole.  For the benzene and thiophene spacers, the MEP is more positive for imidazolium 

than for triazolium, although this distinction is largely absent for the other two spacers.  These patterns for 

the maximum MEP match to a certain degree the binding energies for the halogen-bonding receptors, 

although the correlation is far from perfect. 

In addition to Coulombic attraction, the halide can be anticipated to transfer a good deal of charge to the 

dication receptor.  The energetic consequence of this transfer can be assessed via the second-order 

perturbation energy E(2) within the natural bond orbital (NBO) formalism.  These quantities corresponding 

to the transfer from the halide to the CH / CX σ* antibonding orbitals are presented in Table 8.  Graphical 
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representation of this data in Figs S2-S5 show strong resemblance to the binding energies in Figs 3-5.  

Taking the H-bonding receptors as an example, with the exception of the fluoride data, the E(2) patterns for 

the other three halides look very much like the binding energies, with a minimum for thiophene, and 

maxima for benzene and methylnaphthalene.  Moreover, the imidazolium shows both larger E(2) and 

stronger binding than does the triazolium.  The similarities between E(2) and binding energy patterns are 

even stronger for the Br and I-bonding receptors.  Also, the similarities intensify further if one ignores the 

asymmetric complexes, containing only a single H or halogen bond.  It may be concluded then that there is 

a high degree of charge transfer in these complexes, and that the amount of charge transfer correlates very 

well with the binding energy. 

SUMMARY AND DISCUSSION 

A wide array of dicationic receptors has been considered here.  Both imidazolium and triazolium were 

tested as the species that bind directly to the anion.  In addition to the H atoms on these groups which form 

H-bonds to the halide, Br and I were examined as well, which engage in halogen bonds. Four different 

spacers were evaluated that separate the imidazolium/triazolium binding groups.  And finally, four different 

halide anions were allowed to react with each of these different receptors.  Altogether, a total of 96 

different complexes were carefully compared with one another. 

In nearly all cases, F- was found to bind much more strongly to the receptors than the other three 

halides, with the order F- >> Cl- > Br- > I- generally operational.  Replacement of H on the binding unit by I 

leads to impressive increases in the binding energy, in some cases by as much as three-fold.  Enhancements 

are also observed for bromosubstitution, albeit less dramatic.  In many, but not all cases, the imidazolium 

was a more effective binding agent than triazolium, particularly when it engages in H rather than halogen 

bonds.  In the case of the halogen-bonding receptors, benzene and dimethylnaphthalene seem to be the best 

spacers, followed by thiophene and then carbazole.  Regarding geometries, there is a tendency for the 

halide to be symmetrically disposed between the two H, Br, or I atoms, but this is not always the case, 

especially for the small fluoride anions and for the H-bonding receptors. 

These aforementioned differences cannot be well accounted for by consideration of the size of the 

spacer.  For example, the two binding species, imidazolium or triazolium, are separated from one another 

by three atoms for  both the benzene and thiophene spacers, yet the former is associated with generally 

stronger receptors.  The largest separation, by seven atoms, occurs for the dimethylnaphthalene spacer, but 

it nonetheless is roughly equivalent to the much smaller benzene in terms of its efficacy. 

Nor are other geometrical parameters good predictors of binding strength.  The so-called bite angle 

which relates to the possible nonlinearity of the H or halogen bonds do not seem to correlate well with 

binding energies.  The degree of planarity within the entire receptor-halide complex is quite variable but 
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does not offer a useful predictor of binding strength.  There is a certain degree of correlation between the 

binding energy and the positive electrostatic potential at the binding site of each receptor.  The binding 

energy is more strongly correlated, however, with the charge transfer from the halide to the σ* antibonding 

orbital of the CH/CX bonds to which it is connected. 

In conclusion, the calculations point toward an optimal bipodal halide receptor.  In the first place, the 

units ought to engage in a pair of halogen bonds to the halide, employing I as anchoring atom.  

Imidazolium appears to be a slightly better binding unit than triazolium.  The best spacer is 

dimethylnaphthalene, with benzene a close second. Regardless of the receptor chosen, F- will bind much 

more strongly than the three heavier halides, as the binding energy decreases along with the halide atomic 

weight. 

There are certain caveats concerning the data presented here.  While the energies were computed in a 

simulated aqueous phase, the procedure does not include explicit interactions between the solute and each 

surrounding water molecule, so the data can be considered as only an approximation to a true aqueous 

solution.  Nonetheless, it is expected that while the quantitative values might be altered via a more rigorous 

treatment of solvation, that the trends would persist.  Secondly, the binding energies do not include the 

corrections that would equate to enthalpies.  However, prior calculations of very similar systems [58] have 

shown that the binding energies are in fact quite similar to ∆H with all appropriate corrections included.  

The transition to free energies via incorporation of entropic effects would lead to less negative quantities, 

but again the patterns in ∆H would likely be evident in ∆G as well, with even little quantitative change, as 

in the previous study [58]. 

There are a number of important caveats that must be stressed.  First, the energetics computed in this 

work refer to the interaction energy of the pertinent halide with the dicationic receptor.  As such, the energy 

required to separate each ion from its counterions or solvation shell prior to formation of the pertinent 

complex in solution has not been included.  As a second important point, the values reported in the tables 

do not include entropic effects.  Consequently, the energetics reported here cannot be considered an 

accurate indicator of the free energy arising from the full process of i) desolvation of counterions and ii) 

association of receptor and halide.  Rather, the reported data are meant to stress the interaction energy 

between each receptor and halide, free of additional complicating factors.   

Bearing these caveats in mind, one can draw further insights from previously reported experimental 

data.  Bis-imidazolium-based anion receptors with benzene separator [21] were synthesized by Caballero et 

al.  Those with no halogen substituent did not discriminate between the various halides, while incorporation 

of Br led to a clear preference for Br-.  Walter et al [22] constructed receptors containing a pair of 

imidazolium cations separated by benzene.  The measurements confirmed our conclusion that replacement 
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of H by I leads to stronger bonding to halides, but also emphasized the importance of both entropic effects 

and solvent; the latter can obscure the inherent trends of the various halides.  Another system also 

contained a pair of imidazoliums, this time with a dimethyl naphthalene spacer [24].  I-substituted receptors 

bound both Br- and I- rather strongly; the preference for one halide over the other could be reversed by 

removal of one of the I substituents.  Calculated binding energies were in the same range as experimental 

values of ∆G, but did not accurately portray the relative binding strength of bromide and iodide, again 

pointing to the importance of entropy.  

Using a pyridinium separator between a pair of triazoles, Langton et al [18] found the replacement of H 

by I on the triazoles greatly enhanced their binding to halides in aqueous solution, by as much as two orders 

of magnitude.  Their analysis led to the conclusion that whereas the halogen binding of iodide is dominated 

by enthalpy, it is entropy that drives the H-bonding process.  A more recent study [37] placed a pair of 

triazoliums on a carbazole spacer.  Far superior binding of halides by the I-substituted receptors was 

observed, and the binding constants obeyed the Cl->Br->I- trend, consistent with our calculations.  On the 

other hand, size complementarity comes into play in rotaxanes where Br- is bound most strongly.  This 

finding leads to the idea that design of improved receptors must take into account not only intrinsic strength 

of various halogen bonds, but also the structural details of receptor-halide complexes. 
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SUPPORTING INFORMATION 

Geometries of all optimized complexes are illustrated in Figs S1 and S2 of the Supplementary Information.  

Figs S3-S5 display NBO charge transfer energies. 
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Table 1. Counterpoise-corrected binding energies (kcal/mol) of the complexes of bis-imidazolium and bis- 

triazolium based anion receptors with halide anions. 

bis-imidazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 19.07 17.76 25.06 15.01* 14.80 24.05 12.29* 10.51* 24.33 11.46* 16.61 27.51 

Cl- 10.43 11.25 16.11 5.81* 9.23 15.14 6.49* 8.03 13.54 10.12 10.59 15.86 

Br- 9.21 10.61 15.33 5.93 8.83 14.33 6.59 7.81 12.70 9.62 10.16 14.72 

I- 7.99 10.33 14.43 6.02 8.40 13.47 6.64 7.54 11.86 9.18 9.54 13.66 

bis-triazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 15.19 16.39 23.35 11.48* 10.96* 20.80 9.82* 12.98 17.36* 9.97* 16.91 27.61 

Cl- 8.23 10.59 15.00 5.22* 7.20 12.82 5.40* 8.22 13.81 7.57 10.09 15.15 

Br- 7.29 10.04 14.21 4.52* 7.20 12.28 5.47 7.93 12.95 7.11 9.51 14.01 

I- 6.45 9.41 13.35 4.60* 7.22 11.70 5.50 7.74 12.10 6.83 8.87 12.82 

*asymmetric binding of halide 

 

 

 

Table 2. Optimized distances (Å) from anion to H or halogen atoms.  

bis-imidazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 1.768 2.486 2.509 1.034* 2.491 2.498 1.515* 2.354* 2.449 1.597* 2.468 2.440 

Cl- 2.361 3.078 3.101 2.369* 3.105 3.097 2.472* 3.148 3.088 2.447 3.092 3.072 

Br- 2.535 3.237 3.259 2.898 3.264 3.257 2.936 3.303 3.260 2.637 3.250 3.242 

I- 2.787 3.449 3.473 3.108 3.480 3.472 3.074 3.521 3.484 2.856 3.463 3.466 

bis-triazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 1.798 2.504 2.521 1.424* 2.334* 2.516 1.516* 2.503 2.281* 1.571* 2.464 2.432 

Cl- 2.431 3.095 3.123 2.329* 3.196 3.133 2.572* 3.143 3.106 2.455 3.083 3.079 

Br- 2.627 3.252 3.277 2.864* 3.359 3.296 3.013 3.305 3.272 2.646 3.248 3.246 

I- 2.883 3.467 3.489 3.209* 3.566 3.509 3.131 3.530 3.496 2.880 3.466 3.473 
*asymmetric binding of halide 
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Table 3. CH∙∙∙Y-  or CX∙∙∙Y-  bond angles (degs).   

bis-imidazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 167.0 170.9 166.0 176.5* 170.2 167.0 174.8* 179.9* 177.1 159.2* 177.7 178.9 

Cl- 170.1 174.3 169.7 153.9* 170.3 170.1 161.1* 171.1 177.0 155.1 174.6 179.4 

Br- 169.4 175.1 170.4 146.5 170.6 170.5 159.5 171.2 176.5 155.9 174.5 178.9 

I- 161.4 176.3 171.6 145.7 170.7 171.2 161.5 170.1 176.2 157.5 173.8 178.3 

bis-triazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 159.9 170.1 165.6 179.8* 179.8* 166.1 177.6* 175.4 179.7* 171.3* 179.0 177.3 

Cl- 159.2 173.3 169.3 171.8* 162.5 168.2 153.6* 172.9 176.6 168.8 179.3 178.5 

Br- 156.3 174.3 170.1 122.6* 162.1 168.4 151.6 172.7 176.7 166.8 178.1 178.6 

I- 151.9 175.4 171.3 117.6* 162.3 168.8 155.8 171.8 176.5 168.2 179.0 178.6 

*asymmetric binding of halide 
 

 

 

Table 4. θ(H∙∙Y-∙∙H) / θ(X∙∙Y-∙∙X)  angles (degs). 

bis-imidazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 127.0 87.9 91.6  - 94.5 95.7 - - 111.4 - 123.1 115.2 

Cl- 103.4 74.4 76.9 - 84.0 81.9 - 110.9 99.3 130.0 115.6 103.8 

Br- 95.9 71.3 73.8 115.2 81.4 79.2 147.4 107.7 97.2 125.1 114.0 104.3 

I- 85.8 67.4 69.9 109.7 78.4 75.6 140.0 104.5 93.9 123.1 112.3 102.3 

bis-triazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 133.8 87.8 91.8 - - 95.9 - 117.5 - - 128.3 119.8 

Cl- 114.4 74.6 77.1 - 90.7 82.7 - 108.0 98.9 135.4 121.0 111.4 

Br- 109.9 71.5 74.1 - 88.6 80.3 154.7 105.0 96.1 129.6 118.7 109.2 

I- 100.9 67.7 70.2 - 85.4 76.9 147.5 101.8 93.0 126.7 113.0 105.1 
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Table 5.  θ(H∙∙P∙∙H)/ θ(X∙∙P∙∙X) angle (degs) in the uncomplexed receptors where P represents the meeting point of 

CH/CX bonds on the two binding species when elongated linearly. 

 Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

imidazolium 75.7 55.4 47.8 53.8 35.8 38.7 84.9 18.4 44.7 157.0 90.4 89.6 

triazolium 56.4 55.1 43.9 41.2 36.3 33.4 72.3 67.4 63.7 117.4 115.9 123.7 

 

 

 

 

Table 6. Dihedral angles (degs) between the spacer group and imidazolium/triazolium in uncomplexed and 

complexed receptors.  

bis-imidazolium 
 Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

Monomer 44.4 62.8 75.2 55.5 92.9 88.7 47.5 71.1 100.5 61.2 52.7 56.3 

F- 24.0 54.5 62.7 1.3* 74.0 77.8 16.2* 60.4* 50.8 66.8* 41.4 42.6 

Cl- 34.9 57.6 64.2 75.5* 74.8 78.2 29.4* 51.7 52.9 56.5 40.9 41.6 

Br- 35.5 57.9 65.2 62.8 75.0 78.3 32.3 52.5 54.0 60.4 42.7 45.5 

I- 36.2 58.7 66.5 64.7 75.6 79.0 34.7 53.7 54.5 61.0 46.2 47.1 

bis-triazolium 
 Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

Monomer 46.7 50.6 55.8 37.2 44.4 55.9 45.0 50.0 52.0 78.1 64.4 68.6 

F- 21.0 44.5 51.1 31.5* 42.7 57.0 36.0* 37.6 47.8 70.9* 69.1 69.9 

Cl- 35.3 46.5 52.0 34.8* 38.5 50.8 28.7* 40.6 42.8 62.9 72.2 64.3 

Br- 40.1 46.5 52.3 49.4* 37.7 50.0 30.7 41.6 43.5 66.2 65.2 65.4 

I- 42.0 47.5 52.6 43.7* 37.5 48.6 32.9 43.4 44.1 67.6 65.5 65.4 
*asymmetric binding of halide 
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Table 7. Maximum in the MEP (kcal/mol) on the 0.001 au  isodensity surface at the binding site of the receptor  

 Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

imidazolium 197.6 159.7 161.2 182.3 148.6 156.2 168.5 135.6 137.0 171.3 144.2 151.7 

triazolium 184.0 152.9 156.6 175.1 144.2 148.9 162.3 136.5 143.0 --- a 143.5 159.7 
a binding site on H not among 20 highest maxima. 

 

 

 

Table 8. NBO values of E(2) (kcal/mol)  for charge transfer from  halide to CH / CX σ* antibonding orbitals of 

imidazolium or triazolium 

bis-imidazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 63.12 30.58 50.50 ----b 30.43 52.84 69.17 24.91 63.56 48.72a 32.58 64.51 

Cl- 36.15 18.19 34.22 15.34 16.62 34.97 18.52 14.58 36.89 31.70a 17.19 38.25 

Br- 31.49 16.59 32.01 10.10 15.20 32.50 16.60 13.46 32.75 27.54a 15.66 34.23 

I- 27.26 15.73 30.90 9.84 14.20 30.97 17.43 12.44 30.50 26.35a 14.66 31.75 

bis-triazolium 

Y- Benzene thiophene carbazole dimethylnaphthalene 

2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 2H 2Br 2I 

F- 54.49 28.42 48.02 85.34 26.55 49.56 61.56 29.35 55.44 51.84 32.79 64.88 

Cl- 25.86 16.64 31.08 17.79 11.36 30.24 14.98 14.58 33.61 24.11 17.41 36.04 

Br- 20.27 15.23 29.22 2.90 10.20 27.66 13.80 13.09 30.26 19.91 15.41 32.77 

I- 16.05 14.18 28.05 1.64 9.80 26.33 13.48 11.79 27.87 18.05 14.22 29.24 
aAlso includes charge transfer from halide to σ*(CH) antibonding orbitals of methyl group of imidazolium 
bNBO treats this complex as a single molecule instead of two monomers due to strength of interaction. 
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Scheme I. Composition of dicationic receptors.  A represents one of four spacer groups, and B either an 

imidazolium or triazolium cation.  Each of the latter cation can have a H, Br, or I atom at the 

indicated X position. 
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Fig 1. Optimized geometries of imidazolium complexes with I-.  Spacers are a) benzene, b) thiophene, c) 

carbazole, and d) dimethylnaphthalene.  X=H shown on the left and X=I on the right. 
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Fig 2. Optimized geometries of triazolium complexes with I-.  Spacers are a) benzene, b) thiophene, c) 

carbazole, and d) dimethylnaphthalene.  X=H shown on the left and X=I on the right. 
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Fig 3. Binding energies of halides with H-bonding dicationic receptors with different spacers.  

Solid/broken lines indicate receptors containing imidazolium/triazolium. 
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Fig 4. Binding energies of halides with Br-bonding dicationic receptors with different spacers.  

Solid/broken lines indicate receptors containing imidazolium/triazolium. 

 

 

 

 

 
Fig 5. Binding energies of halides with I-bonding dicationic receptors with different spacers.  Solid/broken 

lines indicate receptors containing imidazolium/triazolium. 
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The replacement of H atoms on halide receptors by halogen atoms turns these H-bonding receptors into 

halogen bonders.  Quantum calculations assess how the binding strength is affected by i) the nature of the 

bonding group, ii) the identity of the spacer, iii) the charge on the receptor, and iv) the halogen used to 

replace H. 

 


