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ABSTRACT: The imidazolium cation has a number of different sites that can
interact with a nucleophile. Adding a halogen atom (X) or a chalcogen (YH)
group introduces the possibility of an NX···nuc halogen or NY···nuc chalcogen
bond, which competes against the various H-bonds (NH and CH donors) as
well as the lone pair···π interaction wherein the nucleophile lies above the plane
of the cation. Substituted imidazoliums are paired with the NH3 base, and the
various different complexes are evaluated by density functional theory (DFT)
calculations. The strength of XB and YB increases quickly along with the size
and polarizability of the X/Y atom, and this sort of bond is the strongest for the
heavier Br, I, Se, and Te atoms, followed by the NH···N H-bond, but this order
reverses for Cl and S. The various CH···N H-bonds are comparable to one
another and to the lone pair···π bond, all with interaction energies of 10−13
kcal/mol, values which show very little dependence upon the substituent
placed on the imidazolium.

■ INTRODUCTION
A great deal of research over the last few years has turned to a
family of noncovalent bonds that are close cousins of the
venerable hydrogen bond (HB).1−6 These interactions simply
replace the bridging proton of an HB by any of a large
assortment of atoms, usually but not always, more electro-
negative than H.7−16 The classification system that has been
developed names the bond after the column of the periodic
table from which the bridging atom is drawn. Thus, a halogen
bond (XB) places an atom like Cl, Br, or I in the central
location, whereas S, Se, or Te refer to a chalcogen bond (YB),
and so on. An initial skepticism concerning the existence of
these bonds stemmed from the simple fact that the higher
electronegativity of the bridging atom ought to preclude the
polarity of the RH proton donor of the HB, where the partial
positive charge on the H attracts the negative segment of the
base. But it was soon explained17−28 that although the overall
charge of the atom, Br for instance, might be negative, there is
nonetheless a small region, situated along the extension of the
R−Br bond, that suffers from a depletion of electron density
and is thus characterized by a positive charge. This density
depletion and associated positive charge is commonly referred
to as a σ-hole, which can in turn attract the negative region of
the base, in much the same manner as in an HB.
The imidazole (Im) ring and its protonated imidazolium

form occupy a prominent place in chemistry and biochemistry.
Its presence in the His residue marks this species with
particular importance in the structure and mechanism of
numerous proteins and enzymes. As an example, a His residue

serves as an intermediate link in the charge relay system that
powers the serine proteinase family of enzymes, shuttling
protons between a buried site in the protein and the residue
that attacks the peptide link of a bound substrate, ultimately
cleaving it.29−33 In the realm of anion binding, a new class of
highly selective anion receptors are currently being developed
that utilize the Im ring as the component which directly binds
the anion. In fact, the newer receptors do not use the ImH+

imidazolium species per se but rather a cationic form, where
the H is replaced by another atom; halogen, chalcogen,
etc.34−41 In the former case, the anion would be linked to ImX+

by an NX···nuc halogen bond.35,42

Given its overall positive charge, an imidazolium species, or
its various derivatives, can act as a potent Lewis acid by virtue
not only of the NH/NX group. Each of the CH groups
represents a potential proton donor in an HB to a nucleophile.
One might also surmise that there will be a region of positive
potential sitting directly above the plane of the Im ring, which
would be a convenient hook for the lone pair of a nucleophile.
These issues raise a number of important questions concerning
the ability of imidazolium and its derivatives to bind to a
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nucleophile. In the first place, how does the NH···Nuc H-bond
of ImH+ stack up against the XB that might be formed by ImX+

or the YB of ImYH+. How do the two latter sorts of bonds
compare with one another? How competitive are the various
CH sites on each of these cationic species in terms of capturing
the base? How do all of these sites compare with the π region
directly above the Im ring? Another sort of possible unit is
present in the chalcogen cases in the form of the proton on the
Y atom of ImYH+; would a YH···nuc HB be competitive with
the aforementioned alternatives? As a subsidiary question, can
NMR spectroscopy be applied in order to differentiate each of
these sorts of binding modes from one another, and can the
chemical shifts help to quantify the strength of each?
The present work applies quantum chemical calculations to

address these questions. In addition to the standard ImH+, the
halogen-containing ImX+ was examined with X = Cl, Br, and I.
The chalcogen-containing ImYH+ analogues were considered
as well, with Y = S, Se, and Te. NH3 was taken as the
nucleophile paired with each of these Lewis acids due in part to
its small size, which inhibits the formation of secondary
interactions, which would blur the interpretation for each sort
of desired bond. As another virtue, NH3 is commonly used as
the prototype nucleophile by several research groups, which
facilitates a comparison with other calculations in the literature.
The NH3 was allowed to interact with all segments of each
Lewis acid cation, thus permitting a direct comparison of
binding strengths.

■ METHODS
Quantum chemical calculations were carried out with the aid
of the Gaussian 1643 program. The M06-2X functional44 was
applied in the context of the def2-tzvp basis set, which includes
a triple-ζ foundation. This functional has been repeatedly

assessed to be one of the most accurate for interactions such as
those considered here.45−52 Geometries were fully optimized
and verified as true minima by the lack of any imaginary
vibrational frequencies. The interaction energy Eint is
formulated as the difference between the energy of each
complex and the sum of the energies of the two subunits in the
geometry they adopt within the complex. Eint was corrected for
the basis set superposition error by the counterpoise
procedure.53 The Multiwfn program54 located the maxima of
the molecular electrostatic potential (MEP) on the ρ = 0.002
au isodensity surface of each monomer. NMR chemical
shielding calculations applied the GIAO approximation.55,56

■ RESULTS
Imidazolium derivatives were constructed by placing one of
several R substituents on the vacant N of C3N2H4, leading to a
species with an overall positive charge. In addition to H, which
generates the classic imidazolium ion, the halogen (X) atoms
Cl, Br, and I were used, as well as the SH, SeH, and TeH
chalcogen (YH) groups. These cations allowed the comparison
of various noncovalent bonds when combined with the
universal base NH3. With the aforementioned choice of
substituents added to imidazole, each cation is capable of
participating in both NH···N and CH···N H-bonds to NH3,
each of which is somewhat different due to its position within
the ring. It is also possible for the base to approach the cation
from directly above the ring, as a lone pair-π bond. Finally,
depending on which substituent is chosen, all of the above
must compete with either a halogen (X···N) or chalcogen (Y···
N) bond.

Molecular Electrostatic Potentials. As a first step in
understanding the various sorts of bonds, the molecular
electrostatic potential (MEP) was computed for each cationic

Figure 1. Molecular electrostatic potential surrounding substituted imidazolium cations: (a) ImH+, (b−d) ImX+, (e−g) ImYH+. Blue and red
colors refer to +190 and +157 kcal/mol, respectively. Numerical labels in (a) indicate CH proton designations.

Table 1. Maximum of MEP (Vmax, kcal/mol) on ρ = 0.002 au Isodensity Surface

H Cl Br I SH SeH TeH

H/X/Y 170.3 126.8 136.6 152.2 129.5 137.2 154.6
NH 170.3 172.1 172.5 165.7 168.3 165.7 161.3
CH1 144.4 144.9 141.4 138.6 140.0 137.6 133.4
CH2 129.2 129.8 127.3 123.9 125.1 122.4 118.5
CH3 129.2 130.8 127.7 125.0 127.4 125.1 121.2
π 125.1 128.1 124.1 119.6 124.4 120.8 114.8
YHa 127.4 120.7 111.0

aNot along the YH axis.
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unit. The surrounding MEP is of course quite positive, due to
the overall charge of each cation. The dispositions of the MEPs
are exhibited in Figure 1, where blue and red refer to the most
and least positive, respectively. The NH protons of the
protonated ImH+ in Figure 1a are surrounded by the most
positive (blue) MEP, followed by the CH-labeled H1 between
them, and then the other two H atoms (H2 and H3), which are
located in red regions. This pattern is accurately reflected in
the values of the associated Vmax, corresponding to the
maximum of the MEP on the ρ = 0.002 au isodensity surface,
listed in the first column of Table 1. There is one additional
maximum, not easily visible in Figure 1, corresponding to two
symmetrically equivalent points lying above and below the
molecular plane. One may think of this maximum as a π-hole,
as distinguished from the other points lying along the
extension of the NH and CH bonds, that fall into the σ-hole
category. This point lies somewhat off of the dead center of the
ring, slightly toward the C atom between the two nitrogens.
The value of π Vmax is 125.1 kcal/mol, just slightly lower than
the CH σ-holes.
The MEPs of the halogenated imidazole ImX+, where X

replaces one H atom, are displayed in Figure 1b−d for X = Cl,
Br, and I, respectively. With respect to the various H atoms, the
pattern of ImH+ repeats itself in that the NH occupies the
bluest area, and the CH1 between NH and NX is less positive,
followed by the other two CH units. A new feature that has
been added along with the X atom is the blue σ-hole lying
along the extension of the N−X bond. Although the diagrams

would suggest that the blue color fades in the order Cl > Br >
I, the values of Vmax on the 0.002 au isodensity surface increase
in this same order, as apparent from the first row of Table 1.
These halogen substitutions perturb the values of the various
H atoms by only a small amount.
Another sort of substitution replaces the H of ImH+ by a YH

group where Y represents any of the chalcogen atoms S, Se, or
Te. The MEPs of the resulting ImYH+ cations are presented in
Figure 1e−g, all of which are quite similar to the halogenated
systems above them in the figure. The σ-hole lying along the
N−Y axis is indicated by the green region. Like the X series,
the chalcogen holes also deepen as the Y atom grows larger
and are comparable to the X holes of the corresponding row of
the periodic table. The introduction of these YH groups has a
small lowering effect on the various H σ-holes of some 4−5
kcal/mol. The same is true of the π-holes lying over the ring,
which tend to weaken as the X or Y atom grows larger. The H
atom of each YH group is also associated with a σ-hole. The
values of Vmax in the last row of Table 1 place the depth of this
hole on a par with the π-hole and generally shallower than
those of the other H atoms in each cation.

Interaction Energies. Inspection of the Vmax quantities in
Table 1 provides hints as to which sites might be most
favorable to an interaction with a nucleophile. Figures 2 and 3
depict the optimized geometries when an NH3 base is placed
near each of the relevant σ and π-holes of the ImBr+ and
ImSeH+ cations, respectively, as representative of the halogen-
and chalcogen-substituted imidazolium. The most salient

Figure 2. Geometries pairing ImBr+ with NH3. Distances in Å.

Figure 3. Geometries pairing ImSeH+ with NH3. Distances in Å.
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intermolecular distances are included in these diagrams as well.
The HB structures are all standard in that the NH3 is lined up
directly along the NH or CH line, with its N lone pair directed
along the same axis (Searches for bifurcated H-bonds turned
up no such structures as minima.). The same linearity can be
said of the XB structures, and nearly so for the YB geometries
as the NH3 is only slightly displaced from the N−Y axis, a
common occurrence of YBs that takes the base toward the Y σ-
hole, which is also some small angle from this axis. The
placement of the NH3 within the π-complexes is interesting. As
is evident in Figure 2, the N is displaced from the ring center,
closer to the N that bears the X atom and the C that lies
between the two N atoms of the ring. The NH3 shifts away
from the ring in the ImYH+ complexes, as shown in Figure 3,
finding itself above the N−Y midpoint. These shifts are
sensible in that it is here that the deepest π Vmax lies for each
sort of cation.
The interaction energies of each of these complexes are

reported in Table 2 and do indeed follow the general
expectation of a correlation with Vmax but with some
exceptions. Either of the two NH groups of ImH+ bind NH3
by 22.4 kcal/mol. This quantity compares with 13.2 kcal/mol
for the CH1 lying between the two nitrogens and then 10.8
kcal/mol for the other two CH groups. Only slightly weaker is
the π-hole interaction, which is just less than 10 kcal/mol, all
adhering closely to the Vmax ordering in Table 1.
The replacement of one H by X has only a small effect on

these various interaction energies. They climb a small amount
for ImCl+ and then drop for the larger X atoms. The pattern
remains the same for YH substitutions, although all of these
H···N interaction energies are slightly smaller than that for X.
These replacements, especially YH, raise the interaction energy
with the π-hole of the cation, albeit by only a few kcal/mol at
most. It is interesting to note that even though ImTeH+

generates the weakest π-hole, the corresponding interaction
energy is the largest for this cation. As another interesting
aside, when NH3 is aligned with the SeH or TeH proton, the
latter spontaneously transfers across to it, forming an ImY···
NH4

+ pair. The SH group, on the other hand, is capable of

retaining its proton, with an interaction energy of 14.7 kcal/
mol, intermediate between NH and CH groups.
The greatest interest perhaps resides in the first row of Table

2, which corresponds to the halogen and chalcogen bonds of
the cation with NH3. In concert with a deepening σ-hole, Eint
rises steeply as each sort of atom grows larger. With the
exception of SH, which has a slightly larger interaction energy
than Cl, the halogen bonds are somewhat stronger than the
corresponding chalcogen bonds. As mentioned above, the NH
group of each cation engages in the strongest H-bond with
NH3 compared to the other H atoms or the π site. It is this
same H atom that engenders the deepest σ-hole. But it should
be emphasized that while this NH σ-hole is uniformly deeper
than that on either the X or Y atom, and by a substantial
margin, it does not necessarily result in the strongest bond.
The halogen bonds with both Br and I, like the Se and Te
chalcogen bonds, are all stronger than the NH···N H-bond.
This distinction is all the more remarkable in light of the σ-
hole depths. For example, although the Br σ-hole is a full 36
kcal/mol shallower than that on the NH proton, the former
forms a stronger bond with NH3 by 5.3 kcal/mol. The bond
energy difference for I is even larger, at 12 kcal/mol, despite a
13.5 kcal/mol deeper hole on NH than that on NI.
It is concluded that while the σ and π-hole depths offer some

real parallels with the resulting interaction energies with a
nucleophile, one must exercise caution in such predictions.
Even when the σ-holes on the X and Y atoms are shallower
than those on a neighboring NH, the former can punch above
their weight in terms of their noncovalent bond energies.
There are also reversals in the comparison of σ and π-holes
wherein the latter form stronger bonds than the former, despite
smaller values of Vmax.
As a last issue, the YH substituent offers another site of

interaction with a nucleophile. As may be seen in the last row
of Table 2, the SH···N HB amounts to some 14.7 kcal/mol,
placing it above both the CH···N HBs and the lp···π bonds.
The lower electronegativity of the Se and Te atoms is such that
they are unable to retain the proton, which spontaneously

Table 2. Interaction Energy (−ΔE, kcal/mol) of Each Site with NH3

H Cl Br I SH SeH TeH

NX/Y 22.39 18.63 28.31 33.40 19.32 25.67 31.34
NH 22.39 23.76 23.00 21.67 22.45 21.65 20.48
CH1 13.24 13.76 13.27 12.50 12.85 12.37 11.67
CH2 10.76 11.19 10.83 10.27 10.29 9.91 9.38
CH3 10.76 11.15 10.83 10.33 10.61 10.30 9.82
π 9.77 10.71 10.30 9.70 10.90 10.88 12.62
YH 14.68 a a

aProton transfers to NH4
+ + YN2C3H4 configuration.

Table 3. Density of BCP, au

H Cl Br I SH SeH TeH

H/X/Y 0.0603 0.0568 0.0720 0.0638 0.0570 0.0623 0.0553
NH 0.0603 0.0646 0.0625 0.0585 0.0605 0.0582 0.0547
CH1 0.0258 0.0284 0.0272 0.0254 0.0266 0.0255 0.0238
CH2 0.0213 0.0236 0.0224 0.0207 0.0217 0.0207 0.0198
CH3 0.0213 0.0219 0.0218 0.0210 0.0210 0.0207 0.0201
π 0.0111a 0.0124a 0.0121a 0.0112a 0.0110b 0.0147b 0.0203b

0.0116c

ato C1.
bTo Y. cTo N.
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transfers across to the nucleophile with no intervening energy
barrier, yielding an ImY···HNH3

+ configuration.
Predictors of Energetics. It is commonly thought that

some of the quantitative measures of a given AIM bond path
correlate quite closely with the strength of that bond, as
measured, for example, by its interaction energy. The two AIM
indices that are most often cited for this purpose are the
density (ρ) and the potential energy density (V) at the bond
critical point. These quantities are listed in Tables 3 and 4,
respectively, for each of the complexes examined here. It might
be said parenthetically that the bond path for the π-complexes
leads from the N of the base to different atoms of the Lewis
acid. In the case of the ImH+ and ImX+ dimers, this path
terminates on the C1 atom lying between the two N atoms of
the Im, whereas it leads to the Y atom of the ImYH+ complexes
(complemented by a second path to the Im N for ImSH+).
There are clearly certain parallels between the energetics and

AIM data. Both ρ and V correctly predict which bonding
arrangement is most stable for each and every complex. For
example, both ρ and V are the largest for the NH···N
configuration of ImCl+, but it is the NX···N XB structure that
has the largest values for both Br and I. These AIM quantities
also conform to the slightly most stable CH1 as the strongest of
the CH···N configurations, and only by a small margin, just as
in the energetics. On the other hand, there are also areas where
the AIM quantities fail to reproduce energetic trends. For
example, even though I clearly engages in a stronger XB than
Br, both ρ and V reverse this order; the same reversal occurs in
the Se and Te YBs. The π complexes suffer from
disproportionately small ρ and V. These quantities in the π-
complexes are roughly half that observed in the CH···N
structures, even though the energetics are quite similar.
A plot in Figure 4 of these AIM quantities against the

energetics in Table 2 highlights the overall level of agreement
as well as certain weaknesses. Altogether, the interaction
energies in Table 2 are only roughly proportional to ρ and V,
with correlation coefficients of 0.87 and 0.89, respectively. As
one final point on this topic, there is some thought in the
literature that the interaction energy can be roughly
approximated as one-half the value of V at the bond critical
point. Applying such an approximation to the data in Table 4
substantially underestimates the interaction energy, and by an
inconsistent amount, by a factor varying between 1.3 and 2.6,
even larger for the π-structures. It is because of the
inconsistencies frequently observed between the energetics
and any single AIM parameter, that the literature sometimes
invokes other measures such as kinetic energy density G, ratios
between V and G, density Laplacian, and total energy density
H.
NMR Chemical Shifts. It has been understood for some

time that the formation of an HB induces changes in the
chemical shielding of not only the bridging proton but also

neighboring atoms such as the atom bonded to H and the
electron-donating base atom. More recent work has
documented evidence that the formation of other noncovalent
bonds that are closely related to HBs, such as halogen and
chalcogen bonds, also induces clear shifts in the NMR signal of
the atoms involved.57−64 Of this set of atoms, the one that
appears to bear the closest correlation with the strength of the
bond is the electron donor atom,22,65,66 which in this case
would be the N of NH3.
The change in the isotropic chemical shielding of the basic

N atom induced by the formation of each noncovalent bond is
listed in Table 5, where the negative values correspond to a
downfield shift. There does indeed appear to be a correlation
between these shifts and the strength of the interaction, albeit
an imperfect one. The most negative shielding losses, spanning
the range between −29 and −39 ppm, appear in the first two
rows, consistent with the strongest bonding interactions in
Table 2. The NH···N HBs consistently drop the shielding by
less than the XBs and YBs, though, even when the former
bonds are stronger. The shielding diminutions involving the
CH···N HBs are of smaller magnitude, between −10 and −15
ppm. Also, the values for CH1 are generally more negative than
those for the other two CH groups, also consonant with
binding energies. The change in the N shielding when it lies
above the plane of the Im ring is anomalous in some respects.
For both ImH+ and ImX+, the base N atom suffers very little
change in its shielding. However, this is not the case when the
NH3 lies above the ImYH+ ring, where N loses some of its
shielding, particularly for the heavier Y atoms. Indeed, Δσ for
the π configuration of ImTeH+···NH3 is −18 ppm, larger in
magnitude than any of the CH···N HB geometries.
The imperfections in the overall trend are visible in Figure 5,

where there is a general correlation between the energetics and
N deshielding. The four points near the bottom of the figure

Table 4. Potential Energy Density (V, au) at BCP

H Cl Br I SH SeH TeH

H/X/Y −0.0551 −0.0457 −0.0633 −0.0593 −0.0447 −0.0542 −0.0509
NH −0.0551 −0.0599 −0.0576 −0.0530 −0.0553 −0.0526 −0.0487
CH1 −0.0170 −0.0195 −0.0183 −0.0167 −0.0178 −0.0168 −0.0152
CH2 −0.0130 −0.0151 −0.0141 −0.0126 −0.0135 −0.0126 −0.0118
CH3 −0.0130 −0.0136 −0.0135 −0.0128 −0.0129 −0.0126 −0.0121
π −0.0066 −0.0075 −0.0073 −0.0067 −0.0073 −0.0091 −0.0129

−0.0070

Figure 4. Relation between interaction energy and density (blue) and
potential energy density (red) of the intermolecular bond critical
point.
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with large shielding losses exceeding 35 kcal/mol refer to the
XB and YB of the lighter atoms Br, I, Se, and Te. Their
deviation from the points lying higher in this figure emphasizes
the larger N shielding changes, out of proportion to the
strength of the bonds. It may be that the proximity of these X
and Y atoms is better able to adjust the magnetic properties of
the N atom than the much smaller H with its single electron.
The cluster of points near the top of the figure, with very small
shielding changes, corresponds to the π configurations of ImH+

and ImX+, which exert little effect on the N. It is intriguing that
the same minimal shielding change is not present in the π-
complexes of the ImYH+ systems. This discrepancy may be due
to the specifics of the geometries. The NH3 lies above the ring
in the ImX+ π-complexes but migrates closer to the Y atom for
ImYH+, as is apparent in Figures 2 and 3. The position of NH3
above the ring enables a certain degree of shielding from the
aromatic ring currents.
The exclusion of these 8 points that lie outside of the normal

range leaves a solid linear relationship between Eint and Δσ,
with a correlation coefficient of 0.87.
In addition to halogen-containing imidazolium cations

participating in XBs, there is a good deal of literature treating
similar sorts of bonds for the six-membered pyridinium
systems.67−71 The greater likelihood that a heavier X atom
like Br or I will participate in an XB, as opposed to Cl, is
supported by a recent survey of relevant crystal structures72 as
well as earlier work.73−77

■ CONCLUSIONS
Due in large part to its overall positive charge, the imidazolium
cation and its various derivatives all engage in strong
noncovalent bonds with an NH3 nucleophile. Halogen bond
strengths involving ImX+ are comparable to chalcogen bonds
of ImYH+. In either set, the bond strengthens as the X or Y
atom grows larger, reaching a peak exceeding 30 kcal/mol for I
and Te. With the exception of the lighter Cl and S, both XB

and YH are stronger than the NH···N HB of ImH+. Another
feature that the heavier atoms (Br, I, Se, and Te) have in
common is that the XB/YB is the strongest bond that each
cation makes with the nucleophile. The interaction with the
second largest interaction energy of some 20−24 kcal/mol is
the NH···N HB, followed by the various CH···N bonds, all of
which are in the 9−14 kcal/mol range. The other type of
interaction places the N of the base directly above the plane of
the cation ring. The accompanying interaction energies are in
the same range as the CH···N HBs. In many, but not all cases,
the interaction energy pattern adheres to the depth of the
associated maximum of the MEP surrounding the cation. One
glaring exception was noted in that the σ-hole of the NH
proton is uniformly deeper than that on the X or Y atom, but it
is the latter that usually comprises the larger interaction energy.
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