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Characterising the Electronic Structure of Ionic Liquids: An Examination of
the 1-Butyl-3-Methylimidazolium Chloride Ion Pair
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Introduction

Room-temperature ionic liquids (ILs) exhibit interesting
and sometimes unusual physical properties, such as vanish-
ing vapour pressure, a large liquidus range, high thermal sta-
bility, high ionic conductivity, high electrochemical stability

and favourable solvation behaviour. Much of the interest in
ionic liquids has been driven by their use in synthesis and
catalysis.[1–3] A key feature of ionic liquids is the large
number of ion combinations that are possible,[4] which opens
up the possibility of altering the constituent ions in order to
tailor to particular physical and chemical properties.

In order to design ionic liquids, predict their physical
properties or even choose one (out of the trillions) suitable
for a specific reaction it is necessary to make a link between
the fundamental properties of the system (such as electronic
and molecular structure) and specific (macromolecular)
physical and chemical properties. In room-temperature ionic
liquids there is a complex interplay of forces—Coulombic,
dipole–dipole, dipole-induced dipole, dispersion and hydro-
gen bond—which has yet to be unravelled. Before solvation
in ionic liquids can be understood, we need to have an
awareness of the electronic interactions occurring in the
pure solvent.

We are interested in the electronic structure of ionic liq-
uids, and have undertaken a detailed study of ion pairing for
the prototypical ionic liquid 1-butyl-3-methylimidazolium
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chloride, of which 1-butyl-3-methylimidazolium (Scheme 1)
is a typical ionic-liquid cation. Recently, a [CnCmim]+ nota-
tion (where n and m indicate the number of carbon atoms
in the alkyl chains at N1 and N3, respectively) has been used

in naming imidazolium cations and this will be used in the
present paper.[5] An understanding of the electronic struc-
ture of the components and ion-pairing interactions will
help us to understand the local forces acting on individual
molecules within an ionic liquid. If a relationship can be
found between the gas-phase electronic structure and the
experimentally observed behaviour, ab initio computational
studies of simple ion pairs can be used to understand and
predict selected features of ionic liquids, and thus could be
used to guide the choice of an appropriate pairing before
significant investment is made in synthesis and physical
characterisation.

The electronic structure of the aromatic imidazolium
cation is not well defined, and is often represented as shown
in Figure 1. The imidazolium ring is assumed to be aromatic
and the positive charge is fully delocalised on the ring (Fig-
ure 1a). The dominant resonance structures (Figure 1b and
c) have the positive charge “formally” carried by the quater-
nary nitrogen atoms. A minor resonance structure with C2

carrying a positive charge is also possible (Figure 1d). The
electron distribution can also be represented as shown in
Figure 1e. The electronic nature of the imidazolium cations
has not been investigated in any depth. Questions that arise
include, where is the positive charge, how delocalised is the
electron density and what impact does this have on the acid-
ity of the imidazolium ring hydrogen atoms?

The imidazolium cation (A�H+) is isoelectronic with the
imidazolylidene (or N-heterocyclic) carbene (A), shown in
Figure 2. Since the first stable free N-heterocyclic carbene
was isolated by Arduengo et al. in 1991, there has been sub-
stantial theoretical interest in defining the electronic struc-
ture of these N-substituted ylidene compounds.[6–14] Two dif-
ferent bonding models have been advanced for the imidazo-
lylidenes. One model proposes that there is substantial s-

electron charge transfer from the carbenic C atom to the ad-
jacent N atoms, with only minor p-electron effects.[7] Here,
the N-heterocyclic carbene is kinetically stabilised owing to
electron repulsion between the lone pair at the carbene and
those on the adjacent nitrogen atoms.[14] This is supported
by charge densities and topological analysis, which show
little evidence of cyclic delocalisation. The second model
proposes that p-electron donation from the nitrogen lone
pairs into the empty carbene-type carbon pp orbital is domi-
nant, and considers cyclic delocalisation to be significant.[8]

This is supported by thermodynamic, magnetic, and structur-
al data. The cations A�H+ are expected to exhibit signifi-
cantly more p-electron delocalisation than their carbene an-
alogues.[9] Although the electronic structure of carbenes has
been extensively investigated, and there is a substantial
body of information on the carbenes that can be drawn
upon in analysing imidazolium cations, the cations them-
selves have been neglected.

Some insight into the electronic properties of ionic liquids
has also been obtained by using spectroscopic probe meth-
ods, for example, with the Kamlet–Taft parameters, which
describe the polarisability (p*), hydrogen-bond donor (acid-
ity, a) and hydrogen-bond acceptor (basicity, b) properties
of solvents.[15–19] However, recent experiments evaluating the
hydrogen-bond acidity of the imidazolium-based ILs have
produced contradictory results and have led to some confu-
sion. In solvatochromic experiments using ReichardtRs dye
as a probe, [C4C1im]+-based ionic liquids were shown to be
good hydrogen-bond donors with a values of approximately
0.62.[19] However, in complementary gas chromatography
(GC)-based experiments using a number of small probe
molecules, the same [C4C1im]+-based ionic liquids were
shown to be poor hydrogen-bond donors.[20] We believe we
have resolved this apparent contradiction.

The relative acidity of the hydrogen atoms in the imidazo-
lium ring, particularly that at C2, is important for quantifying
the effect of an IL on a potential solute. Experimental evi-
dence strongly suggests that the hydrogen atom at C2 (C2�
H) is more acidic than those at C4 or C5 (C4/5�H).[19,21–23]

Theoretical calculations on deprotonation of unsubstituted

Scheme 1. The 1-butyl-3-methylimidazolium cation, [C4C1im]+ .

Figure 1. Representations of the imidazolium [C4C1im]+ cation electronic structure indicating the formal assignment of charges.

Figure 2. The unsubstituted imidazole cation and imidazole-2-ylidene.
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imidazolium cations have predicted pKa values of 24.90 and
32.97 for the C2�H and C4/5�H hydrogen atoms, respective-
ly.[11] However, there is also experimental evidence that imi-
dazolium salts will, under certain conditions, prefer to bind
to transition metals at C4/5, that is, at the less-acidic sites.[24]

We therefore investigated the acidity of the C2�H versus
C4/5�H sites as interpreted through computational indicators.
Moreover, the ACHTUNGTRENNUNGC4/5-bound carbenes have been found to be
more electron donating than their C2 analogues, evidence
that hydrogen-atom acidity is not the only important elec-
tronic property for imidazolium-based ILs.[25,26] We will ex-
plain why the imidazolylidene coordinated through C4/5 ap-
pears to be more electron donating relative to that coordi-
nated through C2.

A range of theoretical methods have now been used to in-
vestigate ILs. Classical molecular dynamics (MD) and
Monte Carlo methods have been used to investigate, primar-
ily, the neat imidazolium-based ionic liquids (and particular-
ly [C4C1im] ACHTUNGTRENNUNG[PF6]).

[27–40] These have provided insight into the
average arrangement of ions in the pure ionic liquids and
for solvated species, as well as providing theoretical predic-
tions of thermodynamic properties. The success of an MD
simulation depends on the quality of the inter- and intramo-
lecular potential functions and on the charges associated
with each atom or group.[39,41] One of the drawbacks of
(nonpolarisable) classical methods is the sheer variety of
charges and potentials that can be used. This problem has
been highlighted recently for ionic liquids and [C4C1im]Cl in
particular.[37–39] Across different classical models the nitro-
gen atoms of the imidazolium cation have varied from being
significantly negative (�0.4e) through essentially zero
(+0.05e) to mildly positive (+0.15e). A significant problem
at this point is the validation of any given classical IL
model,[38] and ab initio quantum-chemical studies can pro-
vide a valuable point of reference. The electronic structure
is accurately represented by good quality ab initio calcula-
tions and these can be used to evaluate the lower-level elec-
tronic structures used to determine the parameters for use
in classical simulations. We have carried out a natural bond
orbital (NBO) analysis of the MP2 density, which we believe
provides a useful reference point for an analysis of the
charge distribution in this IL.

There are still relatively few ab initio quantum-chemical
calculations on the gas-phase ion pairs that make up ionic
liquids. Moreover, many of these studies have concentrated
on geometries and neglected to further analyse the electron-
ic wave function or density. Early studies on ionic liquids
are limited to the chloroaluminate melts.[42–47] A number of
studies treat isolated imidazolium cations but have primarily
been directed toward producing parameters for use in force
fields.[36,38, 39,48] More recently, imidazolium-based ionic liq-
uids have been examined in which the anion has been one
or more of a halide, [BF4]

� , [BPh4]
� , [PF6] or

[CF3CO2]
� .[49–56] Ab initio MD methods have only very re-

cently been employed to examine [C1C1im]Cl.[41,57, 58] Such
calculations show that the gross structure of the liquid is
captured by classical MD simulations, but that the details,

such as the anion position in the first solvation shell of the
cation, are different.[41, 57] The use of density functional
theory (DFT) methods can be problematic due to the ne-
glect of dispersion effects, which impact on the ability to ac-
curately describe configurations in which the anion sits
above or below the aromatic imidazolium ring.[41,56] BGhl
and co-workers recently examined the electronic structure
of the periodic system by using population analysis methods
and maximally localised Wannier functions.[41]

This work reports on an analysis of the electronic struc-
ture of the [C4C1im]Cl ion pair, and is aimed at deepening
our understanding of the electronic effects that lead to the
physico-chemical properties of ionic liquids. The paper is or-
ganised as follows: The electronic structure of the isolated
[C4C1im]+ cation, and then the [C4C1im]Cl ion pair are ex-
plored by using population analysis tools, electron density
maps, Laplacian plots, and orbital analysis (including local-
ised natural bond orbitals and delocalised molecular orbi-
tals). An attempt is then made to connect these results with
the experimentally determined polarisability, hydrogen-bond
donor and acceptor properties and observed relative acidi-
ties and reactivity of ILs. Finally, a comparison is made be-
tween the atomic charges determined here from the NBO
and Mulliken population analysis and those used in recent
classical simulations. Our results and deductions are sum-
marised in the concluding section. The methods and basis
sets employed are summarised in the Computational Meth-
ods section.

Results and Discussion

Electronic structure

The [C4C1im]+ cation : The atomic structure of the
[C4C1im]+ cation is given in Scheme 1. Butyl chain rotation
in the cation is facile and has been found to vary over a
large range of angles for little cost in energy. Three low-
energy [C4C1im]+ cation conformers, cation-a, cation-b and
cation-c, have previously been determined by us
(Figure 3).[56] These conformers lie within 2.7 kJmol�1 of
each other at the B3LYP/6-31++G ACHTUNGTRENNUNG(d,p) level. The relative-
energy ordering varies with the basis set and the amount of
correlation included in a calculation.

Partial charges : The NAO charges for the lowest-energy
[C4C1im]+ cation, cation-a, are presented in Table 1. The es-
sential features of this charge distribution are represented in
Figure 4, in which the atomic charges are listed except for
the butyl chain for which the group charges are shown. A
primary feature of the NAO charge distribution is that most
of the positive charge is located on the peripheral H atoms.
An alternating chain of charge through the front of the aro-
matic ring, C7-N1-C2-N3-C6, results in a significant positive
charge on the C2�H unit, and a significant negative charge
on the N atoms. Atoms C4/5 remain essentially neutral. Of
particular interest is the “acidity” of the H atoms on the
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ring; the charge is essentially the same for all of these H
atoms. BGhl et al. also noticed that C4/5�H and C2�H carry
similar charges in the [C1C1im]+ cation.[41] This simple indi-
cator suggests that C2�H is no more or less acidic than C4/5�
H, and contradicts a wealth of experimental data showing
that the C2�H hydrogen atom is the most acidic in the
ring.[19,21,22] However, although the H atoms are connected
to essentially neutral C atoms at C4/5, the H atom is bound
to a positively charged C atom at C2. A statistical correla-
tion has previously been found between the combined
charge on an X�H (X=N, O) moiety and the hydrogen-
bond donor ability of a compound.[59] The B3LYP/6-31++G-
ACHTUNGTRENNUNG(d,p) [C4C1im]+ cation charges are qACHTUNGTRENNUNG(C2�H)=++0.536, qACHTUNGTRENNUNG(C4�
H)=++0.239 and qACHTUNGTRENNUNG(C5�H)=++0.242. Thus, the relative acidi-
ty of the ring hydrogen atoms should not be associated with
the H atoms alone, but with the charge on the “Cn�H”
moiety. When this is carried out, agreement with experimen-
tal observations is achieved.

The carbon atoms of the alkyl chain are negatively charg-
ed, except for those adjacent to the imidazolium ring. Sum-
ming the positive hydrogen atom charges into the heavy
atoms (such as carbon) leaves roughly neutral methyl or
methylene groups, and hence van der Waals forces rather
than Coulombic forces begin to dominate in alkyl chains.
The NAO analysis of the more sophisticated MP2/6-31++G-
ACHTUNGTRENNUNG(d,p) density is very similar to that obtained at the B3LYP
level, indicating that the inclusion of dispersion effects is not
crucial to providing a good representation of the charge
density. The main difference between these charge distribu-
tions is a slight reduction in the charge polarisation on the
heavy atoms of the imidazolium ring, indicating a slightly
enhanced aromatic character.

Bonding analysis : Each of the resonance structures shown in
Figure 1 has been examined by using the NBO analysis
tools. The greater the non-Lewis character the smaller con-
tribution a resonance structure is expected to make to the
overall electronic structure. The non-Lewis character for the
three resonance structures depicted is 1.55% (N3 lone pair),
1.56% (N5 lone pair) and 2.11% (C2 positively charged), in-
dicating that the structures with a single nitrogen lone pair
are almost, but not quite, equivalent and that the structure
with a positive charge on C2 contributes only slightly less.
The importance of this final resonance structure to the over-
all electronic description is indicated by the significant posi-
tive charge determined for C2.

The extent of delocalisation in the imidazolium cation is
also of interest. Formally, there are six pp electrons to be
shared over five pp orbitals. Boehme and Frenking pointed
out that if the six pp ring electrons were equally distributed
over the ring atoms, each would have 1.2 p electrons. The
occupancy of the formally empty C2 pp orbital can therefore
be used to give an indication of the extent of delocalisa-
tion.[8] They established that the unsubstituted imidazol-2-
ylidene has 55.8% of a perfectly delocalised p system; by
using this criteria the [C4C1im]+ cation exhibits a very high
level of delocalisation of 80.3%.

Figure 3. Three low-energy [C4C1im]+ cation conformers: a) cation-a,
b) cation-b, and c) cation-c.

Table 1. Selected charges from the natural atomic orbital (NAO) analysis
of the [C4C1im]+ cation.

B3LYP MP2

N1 �0.341 �0.324
N3 �0.348 �0.327
C2 0.268 0.235
C4 �0.039 �0.035
C5 �0.035 �0.037
C6 �0.449 �0.421
C7 �0.241 �0.225
C10 �0.661 �0.636
C2�H 0.268 0.264
C4�H 0.278 0.273
C5�H 0.277 0.273

Figure 4. Charge pattern from the NAO analysis of the [C4C1im]+ cation.
The specified alkyl charges are methylene and methyl group charges (not
atomic charges). No charge indicates an essentially neutral group.
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However, the extent of delocalisation around the entire
ring is less clear. NBO analysis determines a double bond
between C4 and C5, and thus there remains a three-centre
(N1-C2-N3) four-electron (3c-4e) p system. Clearly, the last
two electrons must enter into a p-type antibonding orbital.
Hence, any addition of electrons to this system will result in
increased antibonding and destabilisation of the electronic
structure. The higher electronegativity of the nitrogen atoms
relative to the carbon atoms ensures that electrons are not
equally distributed along N1-C2-N3. In keeping with the fact
that s induction favours “pushing” more electron density
onto the more electronegative nitrogen atoms, analysis of
the carbon–nitrogen s bonds showed that they are �63%
nitrogen based. The corresponding carbon–nitrogen p bonds
(pC=N) are �70% nitrogen based. However, there is also
significant occupation of the C2�N1 p* bond (0.54e), which
(because of its antibonding nature) is primarily polarised
(�70%) onto the carbon atom, thus “pulling” electron den-
sity away from the nitrogen atoms. Hence, s induction and
p delocalisation result in significant push–pull effects on the
electron density and indicate that there is substantial deloc-
alisation through the N1-C2-N3 part of the ring. Given the
charges determined for C2 (+0.268) and N atoms (�0.346),
s-inductive effects dominate.

Figure 5a shows the NBO HOMO–LUMO region for the
most-stable resonance structure (N3 lone pair). The p*C=N

lies lower in energy than the p*C=C bond orbital and thus is
more heavily occupied. A second-order estimate of the
effect of delocalisation based on the occupation of the do-
nating orbital, the orbital coupling and the energy difference

between the coupled orbitals can be made by using the
NBO analysis tools, and the primary interactions are pre-
sented in Table 2. The largest delocalisation components are
from the N3 lone-pair orbital (N3

lp), and are depicted in Fig-
ure 5b. Delocalisation within the N1-C2-N3 section totals
101.6 kJmol�1, while delocalisation to or from the C4�C5

section totals 79.0 kJmol�1, indicating that delocalisation is
occurring around the entire ring, but that it is more exten-
sive over the N1-C2-N3 component.

The HOMO–LUMO gap has been associated with the hy-
drogen-bond capabilities of a molecule, however, in the case
of [C4C1im]Cl such an association would be misleading be-
cause hydrogen bonding requires the overlap of s-type orbi-
tals, and the HOMO and LUMO are p-type orbitals. The
C�H s-bond orbitals lie lower in energy and the C�H s* or-
bitals lie much higher in energy. Moreover, it has been
shown that the HOMO–LUMO gap does not statistically
correlate with hydrogen-bond acidity (a).[59]

Analysis of the electron density : A contour plot of the Lapla-
cian of [C4C1im]+ in the N1-C2-N3 plane is reproduced in
Figure 6. Dashed lines indicate negative curvature of the
electronic density, and thus areas where the local density is
increasing (i.e., in bond regions between atoms). Gaps in
the dashed contours as well as the solid contours indicate
areas of local electron depletion. Areas of local acidity (loss
of electron density) will be those favoured by nucleophilic
attack, indicated by the arrows in Figure 6. Broad “wells”

Figure 5. a) NBO HOMO–LUMO region of the [C4C1im]+ cation. Orbi-
tal occupations are given in parentheses above or below each line, and
orbital energies (atomic units) are given beside each line. b) Illustration
of the primary delocalisation interactions.

Table 2. Primary delocalisation interactions occur from the orbitals in
the “From” column to the orbitals in the “To” column.

From To Second-order energy [kJmol�1]

N3
lp p*C=N 77.80

N3
lp p*C=C 29.83

pC=N N3
lp 22.77

p*C=N p*C=C 17.09
pC=N p*C=C 16.87
pC=C p*C=N 15.24

Figure 6. Contour map of the Laplacian projected onto the N1-C2-N3

plane. Lines are positive and dashes are negative. Arrows indicate re-
gions of local acidity on the ring C atoms.

www.chemeurj.org J 2006 Wiley-VCH Verlag GmbH& Co. KGaA, Weinheim Chem. Eur. J. 2006, 12, 6762 – 67756766

P. A. Hunt et al.

www.chemeurj.org


where the electron density is decreasing exist either side of
the alkyl groups, and “behind” the imidazolium ring; these
will be favoured positions for the negatively charged Cl�

anion. The shallowness of the well between C4 and C5 indi-
cates that an anion in this position will be less stable, which
is consistent with the back conformer being about
60 kJmol�1 higher in energy than the lowest-energy con-
formers.[56] It has also been found that the Cl� anion does
not align directly with the C�H bonds of the imidazolium
ring, but sits slightly to the side, taking advantage of the
local areas of electron depletion.

The ion pair [C4C1im]Cl : We, and others, have previously
obtained multiple stable structures for the [C4C1im]Cl ion
pair.[53, 55,56] The chloride has seven possible locations, front-
meth, front-but, top (and thus bottom), but-side, meth-side
and back (Figure 7). The top and front conformers are the
lowest in energy and almost degenerate. The meth-side and
but-side conformers lie approximately 30 kJmol�1, and the
back conformer approximately 60 kJmol�1, higher in energy

than the lowest-energy front conformer. Flat potential-
energy surfaces in the locality of these minima indicate that
motion of the chloride anion is facile.[56] In addition, as men-
tioned above, butyl chain rotation has been examined and
found to vary over a large range of angles for little cost in
energy.[37,39,56]

By using the information obtained from our analysis of
the imidazolium cation we are able to rationalise the varying
stability of these conformers.
The Cl� anion in the back con-
former occupies a shallow po-
tential-energy well, and, due to
the essentially neutral C4/5

moiety, it experiences minimal
electrostatic attraction. In con-
trast, the Cl� anion in the front
or side conformers occupies a
deeper potential-energy well.
Due to the positive charge on
C2, the Cl� anion in the front
conformers experiences signifi-
cantly greater electrostatic at-
traction, and due to the p bond
between C4 and C5, the Cl�

anion in the side or back conformers experiences more elec-
tron–electron repulsion. The Cl� anion is also stabilised by
areas of local electron depletion, which occur between the
substituents on the imidazolium ring, thus limiting the for-
mation of linear hydrogen bonds. The regions of reduced
electron density extend over quite a large area thus allowing
the Cl� anions to adjust relatively freely.

Partial charges: Selected partial charges for the dimers are
reported in Table 3. The charge distribution in the cation of
the dimer is qualitatively similar to that of the isolated ion.
Essential features of the ion-pair distribution are represent-
ed in Figure S1 of the Supporting Information. Reposition-
ing the Cl� anion around the imidazolium ring has a discern-
able effect on the charge distribution in the ring. Rotation
of the butyl chain, however, has only a very minor effect.
Differences in selected NAO partial charges between front-
meth-a and front-meth-b are given in the Supporting Infor-
mation.

The Cl� anion transfers charge to the cation, and the
“extra” electron density is distributed over the N1, N3 and
C4/5-H centres. There is a rough correlation between the
amount of charge transferred and the relative stability of
each dimer pair: the more stable a dimer pair the more
charge is transferred. Those hydrogen atoms that interact
with the Cl� anion become more positive, and the associated
carbon atoms if they are Cring become slightly less negative,
or if they are Calkyl become slightly more negative. The
greater the positive charge at C2 the more stable a conform-
er, but a decreasing charge on C2 also means a decreasing pp

occupation and hence a reduction in aromaticity. BGhl et al.
computed a charge transfer of 0.22e for [C1C1im]Cl.[41] Thus,
on increasing the alkyl-chain length there has been a reduc-
tion in charge transfer to the imidazolium cation. Overall,
the total amount of charge transferred is not large relative
to charge movement within the cation, for example, the
charge on the carbon atom of the butyl chain methyl group
is ��0.65. However, the charge transferred is more than
that observed for some small neutral hydrogen-bonding
molecules interacting with a closed shell Cl� anion, for ex-
ample, the charge on the Cl� anion in OH2···Cl� and

Figure 7. Location of primary cation–anion interaction sites for
[C4C1im]Cl: a) Cl anion in-plane; b) Cl anion out-of-plane.

Table 3. Selected partial charges, q, and Dq[a] from an NAO analysis of structures at the B3LYP/6-31++GACHTUNGTRENNUNG(d,p)
level for the “a-type” conformers.[b]

front-meth Dq front-but top but-side meth-side back

Cl �0.835 0.165 �0.840 �0.830 �0.877 �0.863 �0.928
N1 �0.368 �0.027 �0.360 �0.356 �0.338 �0.356 �0.355
N3 �0.361 �0.013 �0.373 �0.356 �0.365 �0.343 �0.359
C2 0.272 0.004 0.277 0.292 0.242 0.238 0.222
C4 �0.065 �0.026 �0.071 �0.057 �0.081 �0.017 �0.033
C5 �0.062 �0.027 �0.056 �0.070 �0.017 �0.080 �0.031
C6 �0.459 �0.010 �0.445 �0.475 �0.444 �0.474 �0.443
C7 �0.231 0.010 �0.256 �0.244 �0.260 �0.237 �0.235
C10 �0.659 0.002 �0.657 �0.672 �0.656 �0.659 �0.659
C2�H 0.287 0.019 0.291 0.289 0.250 0.249 0.247
C4�H 0.257 �0.021 0.256 0.253 0.260 0.312 0.313
C5�H 0.256 �0.021 0.258 0.254 0.312 0.259 0.314

[a] Dq=q(front-meth-a)�q ACHTUNGTRENNUNG(cation-a). [b] Italicised values indicate sites that have a significant increase in neg-
ative charge after formation of the ion pair.
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NH3···Cl� is �0.942 and �0.970e, respectively (at the
B3LYP/6-31++G ACHTUNGTRENNUNG(d,p) level).

Although the changes in charge on any individual atom
may be quite small, the combined effect is more significant.
The dipole moment of the resultant ion pair is large, and
varies between 12.3 and 17.4 debye (Table 4). The charge

distribution is also fluid. The electrostatic potential of the
dimers has been mapped onto a density isosurface for four
of the dimers (Figure 8). When the Cl� anion is positioned
to the side of the ring (meth-side or but-side) the imidazoli-
um is more heavily polarised. The butyl chain remains es-
sentially neutral, except when the Cl� anion is positioned on

the methyl side of the ring where it becomes slightly posi-
tive. Although the terminal carbon of the butyl chain carries
almost as great a negative charge as the halide, it is shielded
by the surrounding (positively charged) hydrogen atoms.
Recently, a statistical correlation has been found between
maxima and minima of the molecular electrostatic potential
and the basicity and acidity of molecules.[60] The cation as a
whole has a reasonable polarisability and the trace of the
polarisability tensor for the cations is about 100. In the
liquid phase multiple anions will surround each cation, and
hence some of these polarisation effects are likely to cancel
each other out. However, in the liquid phase cation and
anion alignment can also enhance polarisation and dipole
moments.[61–64]

Analysis of the electron density : Changes in the electron
density relative to a promolecule consisting of spherical
atoms are shown in Figure 9 for a cut 1.0 and 1.5 V below
the molecular plane of the frontmeth-b (lowest-energy)
dimer. The electron distribution is essentially symmetrical.
There is a clear depletion of electron density around C2, and
a strong build up of electron density between C4 and C5.
Such a concentration of electron density will be repulsive to
an approaching anion, hence the high energy associated
with the back conformer (�+60 kJmol�1) and the longer
hydrogen bonds associated with the C4/5�H atoms in the
meth-side and but-side isomers (�+30 kJmol�1). This effect
may explain why a high probability is found for the Cl�

anion occupying the back position (between C4 and C5) in
several classical studies, but
not experimentally, especially
if the C4/5 atoms have been as-
signed positive charges.[28,37,65]

Bonding analysis : According
to the NBO analysis, electron
transfer from the Cl� anion to
the imidazolium cation does
not occur through a p-type in-
teraction (occupied Cl pp

HOMO donating into a p*
LUMO on the ring), but
through a s-type interaction
with a s*C-H orbital (the specif-
ic orbital is dependent on the
position of the Cl� anion). The
delocalised HOMO and
HOMO�1 of the dimer (Fig-
ure S2 in the Supporting Infor-
mation) also exhibit no signifi-
cant p-based interactions. On
forming the ion pair, electron
density in the p system is indi-
rectly increased and polarised
away from the Cl� anion; for
example, when the Cl� anion is
in a front position the occupa-

Table 4. Charge transfer from the Cl� anion to the cation and dipole mo-
ments (m in debye) at the B3LYP and MP2 level using the 6-31++G ACHTUNGTRENNUNG(d,p)
basis set for the [C4C1im]Cl conformers.

DqCl m m

B3LYP B3LYP MP2

front-meth-a 0.165 12.29 12.55
front-meth-b 0.164 12.09 12.26
front-meth-c 0.163 12.59 12.59
front-but-a 0.160 12.46 12.82
front-but-c 0.162 12.46 12.83
top 0.149 9.53 9.02
but-side-a 0.123 16.05 16.27
but-side-b 0.133 16.18 16.41
meth-side-a 0.137 17.49 17.55
meth-side-b 0.137 17.06 17.08
back-a 0.072 17.36 17.60

Figure 8. B3LYP/6-31++G ACHTUNGTRENNUNG(d,p) electrostatic potential mapped onto the 0.0004 density isosurface for the front-
meth-a (a), top (b), but-side-a (c) and meth-side-a (d) dimers. The scale spans �0.05 (red) through 0.0 (green)
to +0.05 (blue).
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tion of the closer pC=N and p*C=N orbitals decreases while
that of the more distant pC=C and p*C=C orbitals increases.
For each possible position of the Cl� anion, the N atom with
the lone pair varies and is always the one furthest from the
Cl� anion; for the front structure this is N1, and not N3 as in
the isolated cation. For each conformer the negative charge
on the nitrogen atom closest to the Cl� anion is slightly
greater. Electron density in a lone-pair orbital will repulsive-
ly interact with the Cl� anion, hence some stabilisation is
obtained by directing this charge into the lower-energy and
more diffusive pC=N bond.

In the ion pair, as electrons begin to interact with nuclei
from the other molecule an increase in the magnitude of the
(stabilising) nuclear–electron component of the total energy
occurs. However, as the electron clouds of both species
repel each other, and electron transfer populates an anti-
bonding orbital on the cation, a concurrent increase in the
magnitude of the (destabilising) electron–electron compo-
nent of the total energy also occurs. Overall, the attractive
Columbic effects dominate and the ion pair is more stable
than the separated ions, however, there is a net destabilisa-
tion of the covalent component of the electronic structure
on forming an ion pair.

Figure 10 shows a possible fragment MO energy diagram
(delocalised orbitals) for the HOMO–LUMO region of the
dimer, in which the orbital interactions have been roughly
broken down into electrostatic and covalent (s and p) com-
ponents. The Cl� anion virtual orbitals are too high in
energy to interact, and hence only the three nearly degener-
ate occupied Cl p atomic orbitals (pAO) are shown. The
cation HOMO and LUMO are represented, as well as a
high-energy orbital that represents one of the s*C-H imidazo-
lium ring orbitals. Plots of the cation-a HOMO and LUMO

are shown in Figure 11. These orbitals are the p orbitals that
could be expected for any five-membered ring. Notice, how-
ever, that there is significant polarisation of the C2 p compo-
nent along the C2�H bond. The bare cation has deep orbi-
tals because of its positive charge, however, on acceptance
of electron density from the Cl� anion this charge is reduced
and the orbitals rise in energy. The reverse effect is found
for the Cl� anion.

For dimers in which the Cl� anion remains in plane with
the imidazolium ring, the HOMO (Figure S3a in the Sup-
porting Information) is one of the three Cl� anion pAOs,
and the LUMO (Figure S3b in the Supporting Information)
is the cation LUMO. The dimer orbitals are very similar to

Figure 9. Density contours (intervals 0.025) for frontmeth-b [C4C1im]Cl at 1.0 V (left) and 1.5 V (right) above the plane of the ring to show the build up
(solid lines) and depletion (dashed lines) of electron density relative to a promolecule consisting of spherical atoms.

Figure 10. MO energy-level diagram for the interaction of the Cl� anion
with the [C4C1im]+ cation to form the [C4C1im]Cl dimer.
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the isolated cation orbitals, indicating that covalent interac-
tions are minimal. The HOMO�1 is also a Cl� anion pAO.
The HOMO�2, however, has s-type symmetry and exhibits
interaction between a formally empty C2�H s*-bond orbital
and the filled pAO on the Cl� anion (Figure 12). Examina-

tion of the orbital coefficients shows that the hydrogen orbi-
tal contribution is in phase with, and highly polarised
toward, the Cl� anion contribution. The HOMO�2 also
shows a clear contribution from the C2 pAO, which reinfor-
ces our earlier conclusion that the whole C�H unit (and not
just the H atom) is important in the formation of a hydro-
gen bond. BGhl et al. found orbitals of a similar nature when
examining the maximised Wannier functions of the Cl lone
pairs in a periodic system.[41] The cation HOMO becomes
the HOMO�3 of the dimer. For dimers in which the Cl�

anion lies above or below the imidazolium ring, the HOMO

and HOMO�3 orbitals differ from those just described.
These orbitals exhibit a bonding and antibonding couple
composed of an interaction between Cl pAOs and the
cation HOMO (Figure 13).

Consolidation : The association of the Cl� anion with the
cation is driven by strong attractive Coulombic forces; elec-
tronic effects, as we have shown, are destabilising. The large
positive charge of the Cn�H units facilitates cation–anion as-
sociation and the energy gained is substantial (the binding
energy of these dimers is �370 kJmol�1). However, the co-
valent part of the hydrogen bond involves high-energy Cring�
H s* orbitals on the imidazolium and adding electrons to
the essentially antibonding p-type LUMO. Indeed, in the
crystal structures of [C2C1im]ACHTUNGTRENNUNG[AsF6] and [C2C1im] ACHTUNGTRENNUNG[SbF6], in
which no hydrogen bonding has been observed, ring bond
lengths are consistently shorter than those in
[C4C1im]Cl.[21,23,66] In terms of general reactivity, any elec-
tron density donated to the dimer will “enter” into an anti-
bonding LUMO. The concentrated charge of the Cl� anion
is able to polarise the imidazolium cation, and in the most
extreme case may involve formation of a neutral N-hetero-
cyclic carbene through the association of a proton and a Cl�

anion. Thus, in the ionic liquid, the imidazolium cation and
Cl� anion form a very strong ionic hydrogen bond, which is
moderated by very minor covalent contributions. We also
anticipate that the higher the charge density on the anion
the more stabilising the attractive Coulombic interactions
will be. This in turn will allow more significant (but destabil-
ising) covalent interactions to occur, and thus stronger hy-
drogen bonds to form.

Figure 11. The a) HOMO and b) LUMO of cation-a [C4C1im]+. Isosurfa-
ces calculated at 0.02.

Figure 12. HOMO�2 of frontmeth-a [C4C1im]Cl MO. Isosurface calculat-
ed at 0.02.

Figure 13. a) HOMO and b) HOMO�3 of top [C4C1im]Cl MOs, isosurfa-
ces calculated at 0.02.
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Reactivity parameters : One of our aims has been to investi-
gate the physico-chemical properties of [C4C1im]Cl, includ-
ing the relative acidity of the ring hydrogen atoms, the hy-
drogen-bond donating ability (a), the hydrogen-bond ac-
ceptor ability (b), and the relative reactivity of the associat-
ed carbenes for C2 versus C4/5 coordination.

Relative acidity and hydrogen-bond formation : Why is the
hydrogen at C2 more acidic than those at C4 or C5? Why is a
Cl� anion positioned near C2�H more stable than else-
where? The NBO analysis predicts very similar charges for
these hydrogen atoms, and hence acidity is not simply relat-
ed to the charge on the hydrogen atoms, but is related to
the charge on the whole of the “Cn�H” units. The charge on
C2 is positive while that on C4/5 is essentially neutral, and the
key difference between these C atoms is that C2 forms a C=
N p bond, leaving it electron deficient, while C4 and C5

form a C=C p bond equally sharing the available electrons.
The formation of these p bonds has a larger impact than
just the charge at the carbon atom. The hydrogen bond
formed in the front conformers is stronger than the primary
hydrogen bond formed for the but-side or meth-side con-
formers. This is evidenced by the shorter C2�H···Cl bond,
(2.00 V) compared with C4/5�H···Cl bonds (�2.17 V), and
the greater stability of this front conformer (�30 kJmol�1).
The Cl� anion can approach C2 closely because there is a
depletion of electron density at C2 (Figure 9) and because
C2�H projects out from between the nitrogen atoms, which,
as sites of significant electron density, exert a repulsive force
on the approaching negative ion. Moreover, due to a loss of
p density at C2 there is no restriction on the direction of ap-
proach. At the rear of the imidazolium ring, however, there
is a significant build up of electron-density between C4 and
C5 (Figure 9), which is repulsive and prevents the Cl� from
approaching too closely, and thus leads to a longer hydrogen
bond. The reason the Cl� anions tend to shift away from a
linear hydrogen bond and slightly toward the alkyl groups is
to take advantage of regions where there is a local depletion
of electron density (Figures 6 and 10). Moreover, the p den-
sity of the C=C bond extends above and below the plane of
the molecule, restricting the direction of approach for the
Cl� anion to roughly in-plane. Hence there are no C4/5 “top”
conformers. Coordination of a metal with a partially occu-
pied d manifold at this site should be favoured in terms of
overlap (dp orbitals with the C=C p orbitals) and the great-
er electron density located at C4/5 relative to C2, thus the N-
heterocyclic carbene is more electron donating and we have
been able to rationalise the experimental observations of
GrGndemann et al.[24,25]

Hydrogen-bond donor parameter a : The hydrogen-bond do-
nating ability of [C4C1im]Cl is dominated by the cation. C2�
H (+0.54) has more than twice the positive charge of the
C4/5�H units (�+0.24) and hence it dominates a. Thus, if
the C2�H position is blocked a decreases. This has been ob-
served experimentally, for example, [C4C1im]ACHTUNGTRENNUNG[BF4] has a
higher a value (a=0.627) than the related ionic liquid

[C4C1mim] ACHTUNGTRENNUNG[BF4] ([C4C1mim]+ is the 1-butyl-2,3-dimethylimi-
dazolium cation; a=0.402).[19]

Recently, the ability of a variety of ionic liquids to act as
hydrogen-bond donors using complementary methods has
been measured. In solvatochromic experiments using Reich-
ardtRs dye as a probe, [C4C1im]+-based ionic liquids were
shown to be good hydrogen-bond donors with a�0.62.[19]

However, in complementary GC-based experiments using a
number of small probe molecules, the same [C4C1im]+-
based ionic liquids were shown to be poor hydrogen-bond
donors.[20] This apparent contradiction can now be resolved.
The key difference between these experiments is the charge
on the probe molecules: ReichardtRs dye has a phenoxide
oxygen atom, and all of the probe molecules used in the GC
experiment are neutral. Thus, the strong Coulombic driving
force is present in the solvatochromic experiment, but not in
the GC experiment (here the destabilising forces of covalent
hydrogen-bond formation are not compensated for by Cou-
lombic effects). The very poor hydrogen-bond acidities of
the ionic liquids in the GC experiment are probably due to
the imidazolium cations, which are certainly capable of
forming hydrogen bonds, preferentially hydrogen bonding to
the ionic liquid anions (because they are anions), and thus
are unavailable to the neutral probe molecules. Hence the
hydrogen-bond capability of the ionic liquid appears to be
large in the solvatochromic experiment, but small in the GC
experiment. This type of competition for the hydrogen-
bonding sites of the cation has also been evoked to explain
the selectivity of Diels–Alder reactions.[67]

The anion has also been observed to have an effect on hy-
drogen-bond acidity, although this is small by comparison
with the effect of the cation.[19] Different anions will alter
the strength of the Coulomb field around the cation, chang-
ing the polarisation of the cation and hence the energy of
the Cring�H s* orbitals and the a value.

Hydrogen-bond acceptor parameter b : The ability of an ion-
pair dimer to act as a hydrogen-bond acceptor is governed
by the energy and shape of the HOMO, which is a Cl pAO.
The Cl� anion remains exposed on the periphery of the imi-
dazolium cation, moreover, the shape of the Cl� anion
HOMO and almost degenerate HOMO�1 are essentially
unaffected by covalent bonding to the cation, and thus the
Cl� anion is available to form associations with solute hy-
drogen-bond donors. In the solid and liquid phases, all of
the essentially degenerate Cl� anion pAOs hydrogen bond
to different imidazolium cations, indeed, in the crystal struc-
ture of [C4C1im]Cl at least three short contacts have been
noted, and results from neutron diffraction experiments
imply multiple hydrogen-bond interactions.[21, 23,65] More gen-
erally, the more dense the HOMO lone pair, and the greater
the ability of the anion to reorientate (and thus facilitate hy-
drogen-bond formation), the higher the b value that can be
expected for an ionic liquid. For example, [C4C1im] ACHTUNGTRENNUNG[BF4]
(b=0.376) has a higher b value than [C4C1im]ACHTUNGTRENNUNG[PF6] (b=
0.207),[19] which will have a more diffuse HOMO and more
mass to move when reorienting. [C4C1im]Cl is expected to
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have an even higher b value. The electrostatic potential gen-
erated by the cation has a minor effect on the position of
the anion HOMO, and thus a small effect on b, for example,
the b value of [C4C1mim] ACHTUNGTRENNUNG[BF4] (0.363) is smaller than that of
[C4C1im] ACHTUNGTRENNUNG[BF4] (0.376).

Redox properties and reactivity toward solutes : The ability of
the ion-pair to accept electrons is governed by the energy
and shape of the LUMO orbital, which is the cation LUMO.
This is an antibonding orbital and the cation will be elec-
tronically destabilised by further electron acceptance, hence
the ionic liquid will be unreactive toward solvated species
wanting to donate electrons. In addition, a strong external
potential will be required to force electron acceptance. The
ability of the ion-pair to donate electrons is governed by the
energy and shape of the HOMO orbital, which is the anion
HOMO. The Cl� anion however, is a closed-shell species
and unwilling to give up electrons, hence the ionic liquid
will be unreactive toward solvated species wanting to accept
electrons, and will require a strong external potential before
electrons can be withdrawn.

Partial charges used for the [C4C1im]+ cation in classical
models : Table 5 lists the charge distributions used in several
recently published classical simulations. There is clearly a
large discrepancy in the charges associated with the nitrogen
atoms of the ring ranging from �0.4e through essentially
neutral to +0.15e. The charge on C2 ranges from �0.11e
through essentially neutral to +0.6e, and there is significant
variation among the charges for the C2�H, C4�H and C5�H
hydrogen atoms. The classical models developed to study
ionic liquids need to recover the average effects of charge
transfer and polarisation in the molecular liquid. Normally
the detailed electronic character of the interior of a mole-
cule is not thought to be especially significant in a classical
simulation. However, there may be problems in the case of
ionic liquids, because the constituent species are highly
charged, resulting in large partial charges, the relative posi-
tion of which may be important. Hence, these differences in

partial charges may be significant, and may lead to artefacts
in the classical description of phenomena.[39,41,57] Ab initio
calculations that include correlation combined with a NAO
analysis can be used as a reference for the electronic struc-
ture of the gas-phase ion pair.

Variation in derived partial charges can be introduced in
a number of ways, when different analysis methods are
used, when the same method is used, but different densities
or electrostatic potentials (ESP) are input (for example
CHelpG on HF-, B3LYP- or MP2-derived), and when differ-
ent structures (which generate different ESPs and densities)
are used. Classical calculations are usually based on charges
determined from the ESP such as CHelpG (charges from
the electrostatic potential)[70] and RESP (restraint electro-
static potential fit).[71] Ab initio population analysis methods
such as Mulliken partition the charge density, as does the
DMA (distributed multipole analysis)[72,73] method. ESP-
based methods (RESP and CHelpG) are well known to
under-determine charges on the interior atoms in a mole-
cule.[74,75] Whereas density-based methods are known to be
basis-set dependent. Unlike the Mulliken analysis, the NAO
analysis has been shown to exhibit good convergence and
stability with respect to basis sets, including those with po-
larisation and diffuse functions.[74] When using ESP-based
methods, the HF/6-31G(d) ESP is a popular choice because
the overestimation of polarity brings charges into line with
those that could be expected for the same molecule in the
liquid phase, moreover, the ESP is expected to be close to
convergent, and the calculation is easily accomplished.[75] In
order to make a comparison with ESP-based charges, we
have determined the Mulliken and NAO charges for the
[C4C1im]+ cation (Table 6).

We believe the Mulliken charge distribution at the
B3LYP level with an extended basis set is unreasonable
(Figure 14; compare this with Figure 4). The Mulliken charg-
es indicate the imidazolium ring is neutral while substantial
positive charge is relocated onto the alkyl chain. This is not
consistent with the resonance structures of Figure 1 or the
expectation, and experience, that alkyl chains are neutral

Table 5. Charges used in classical dynamics models (a to g); all are based on 1-alkyl-3-methylimidazolium.[a]

a[28,68] b[37] c[36,69] d[39] e[38] f[27] g[30]

ACHTUNGTRENNUNG[C2C1im] ACHTUNGTRENNUNG[C4C1im] ACHTUNGTRENNUNG[C4C1im] ACHTUNGTRENNUNG[C4C1im] ACHTUNGTRENNUNG[CnC1im] ACHTUNGTRENNUNG[C4C1im] ACHTUNGTRENNUNG[C4C1im]

geometry HF 6-31G ACHTUNGTRENNUNG(d,p) HF 6-31G ACHTUNGTRENNUNG(d,p) UHF 6-31G(d) HF 6-31+G(d) HF 6-31G(d) HF 6-31G(d) B3LYP 6-311+G(d)
ESP or 1(r) MP2 6-31G ACHTUNGTRENNUNG(d,p) MP2 6-311G(d) UHF 6-31G(d) HF 6-31+G(d) MP2 cc-pVTZ(-f) HF 6-31G(d) B3LYP 6-311+G(d)
partial charges DMA Mulliken RESP RESP CHelpG CHelpG CHelpG
N1 �0.267 �0.394 0.0456 0.0682 0.15 0.071 0.111
N3 �0.267 �0.400 0.0615 0.0596 0.15 0.133 0.133
C2 0.407 0.5999 0.0076 �0.0055 �0.11 0.229 0.056
C4 0.105 0.2516 �0.1262 �0.1426 �0.13 0.041 �0.141
C5 0.105 0.2243 �0.1269 �0.2183 �0.13 0.096 �0.217
C6 0.124 0.3448 �0.1536 �0.0846 �0.17 0.217 �0.157
C7 0.130 0.2671 �0.0700 �0.0153 �0.17 0.024 0.095
C2�H 0.097 UA 0.2305 0.2258 0.21 UA 0.177
C4�H 0.094 UA 0.2313 0.2340 0.21 UA 0.181
C5�H 0.094 UA 0.2692 0.2633 0.21 UA 0.207
C6�H 0.064 UA 0.1271 0.1085 0.13 UA variable
C7�H 0.055 UA 0.0975 0.0796 0.13 UA variable

[a] UA=united atom model; cc-pVTZ(-f) is a cc-pVTZ basis set with all the f functions removed.
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and thus hydrophobic. Basis-set sensitivity is a known prob-
lem for the Mulliken analysis, and charges are known to
become unphysical when large basis sets with diffuse func-
tions are employed.[74] However, this generates a catch-22
situation as larger basis sets are mandatory for ab initio cal-
culations trying to describe negative ions (such as the Cl�

anion here), or for calculations that include dispersion and
correlation effects (which are important for the aromatic
imidazolium ring). Furthermore, studies attempting to statis-
tically correlate Mulliken charges with properties such as
hydrogen-bond donor ability or polarisability have found, in
contrast to NAO charges, no correlation.[59,76] Unlike the
Mulliken partial charges computed with a large basis set,
the HF/6-31G(d) density partial charges are more polarised
than, but remain qualitatively similar to, MP2/6-31++GACHTUNGTRENNUNG(d,p)
density NAO charges. The Mulliken charges in Table 5 are
derived from a HF/6-31G ACHTUNGTRENNUNG(d,p) optimised structure[31] and
MP2/6-311G(d) density[37] and are united atom models and
so must be compared to a sum of charges, for example
(MP2/NAO) q ACHTUNGTRENNUNG(C4�H)=0.202, q ACHTUNGTRENNUNG(C5�H)=0.200 and qACHTUNGTRENNUNG(C2�
H)=0.499. Thus, these two sets of partial charges are quali-
tatively consistent.

Of the charge distributions presented in Table 5 those
used by Lynden-Bell et al. are the most consistent with the

NAO analysis. Nevertheless, compared with the NAO analy-
sis the positive charge determined for C2 is possibly over-
emphasised, which may lead to an artificial preference for
interaction of an anion with C2 or C2�H. Lopes et al. com-
mented that the charges employed by Lynden-Bell et al. are
significantly different in both size and magnitude compared
with theirs and other authors.[38]

A comparison of the HF/6-31G(d) partial charges deter-
mined here (Table 6) and those from the RESP and
CHelpG methods (Table 5) show that method plays a domi-
nant role. For example, for the nitrogen atoms, the RESP
method predicts an essentially neutral charge, the CHelpG
method predicts a positive charge and all of the density-
based methods predict a negative charge (thus imparting a
certain validity to this particular charge distribution). Basis-
set effects play a secondary role for this range of methods.
Differences in partial charges have not generally led to sub-
stantial discrepancies in computed thermodynamic proper-
ties, however, care has to be made in interpreting atomic-
scale phenomena that do depend on local partial charges,
for example, conformational changes and atom–atom inter-
actions.[77] There is also evidence that partial charges impact
on interfacial phenomena. For example, attempts to mimic
anion to cation electron transfer by reducing the overall
charge on the ionic species has resulted in a significant
impact on mixing dynamics at the IL/water interface.[49]

In addition, the structure chosen can affect the charge dis-
tribution, and it has recently been determined that multiple
low-energy conformers exist for [C4C1im]Cl dimers. We
have found that partial charges and the electrostatic poten-
tial do not vary significantly with butyl chain rotation, but
they do vary with the position of the anion (Table 3,
Figure 8). The issue of which particular conformer to use
can be avoided by taking an average structure, or eliminated
through explicit symmetrisation and restriction of charges.
Indeed, several recent IL simulations have used charges
averaged over a small number of structures, however, this
raises new problems.[35,38,75]

Conclusion

An examination of the electronic structure and orbital inter-
actions obtained from ab initio calculations has enabled us
to provide viable explanations for a number of experimen-
tally observed phenomena: the hydrogen-bond donor and
acceptor abilities of the imidadazolium-based ionic liquids,
the relative acidity of hydrogen atoms in the imidazolium
ring, the low probability of finding a Cl� anion at the rear of
an imidazolium ring, and the expansion of the imidazolium
ring in the presence of strong hydrogen-bond acceptors. The
unreactive but coordinating environment and large electro-
chemical window of the ionic liquid have been accounted
for and the strong electron-donating character of C4/5 in imi-
dazolylidene chemistry has been rationalised.

The electronic structure of the [C4C1im]+ cation is best
represented by a double bond between C4 and C5 and a de-

Table 6. Selected charges from the Mulliken (M) and natural atomic or-
bital (NAO) analysis of the [C4C1im]+ cation.[a]

B3LYP B3LYP HF HF
NAO M NAO M

N1 �0.341 �0.089 �0.420 �0.594
N3 �0.348 �0.060 �0.425 �0.591
C2 0.268 �0.030 0.378 0.397
C4 �0.039 �0.070 �0.018 0.022
C5 �0.035 �0.003 �0.015 0.026
C6 �0.449 �0.206 �0.404 �0.312
C7 �0.241 �0.301 �0.199 �0.144
C10 �0.661 �0.658 �0.636 �0.485
C2�H 0.268 0.205 0.264 0.311
C4�H 0.278 0.184 0.271 0.300
C5�H 0.277 0.167 0.271 0.299

[a] B3LYP calculations were carried out with a 6-31++G ACHTUNGTRENNUNG(d,p) basis set.
HF density was calculated by using a 6-31G(d) basis set at the MP2 ge-
ometry. B3LYP densities were computed by using the optimised lowest-
energy B3LYP structure (cation-a). HF and MP2 densities were comput-
ed by using the lowest-energy MP2-optimised structure (cation-c).

Figure 14. Charge pattern from the Mulliken analysis of the [C4C1im]+

cation computed from the B3LYP/6-31++G ACHTUNGTRENNUNG(d,p) electron density. The
specified alkyl charges are methylene and methyl group charges (not
atomic charges). No charge indicates an essentially neutral group.
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localised 3c-4e contribution across N1-C2-N3, however, there
is also extensive delocalisation around the entire ring. The
charge distribution determined by the NAO analysis for the
cation is not intuitive; the peripheral hydrogen atoms carry
most of the positive charge and all of the carbon atoms,
except C2, which is substantially positive, carry a negative
charge. Moreover, the formally positive nitrogen atoms
carry significant negative charge. The details of the charge
distribution within the imidazolium cation differ depending
on the position of the associated Cl� anion, and reflect a
substantial polarisability for the imidazolium cation. The
partial charge models used in a number of classical simula-
tions were examined, and the model used by Lynden-Bell
et al. was found to be consistent with the NAO analysis re-
ported here.

We have demonstrated that the hydrogen bond is primari-
ly ionic with a moderate covalent character. Analysis of the
charge distribution, molecular orbitals and electron density
of the dimer complex [C4C1im]Cl revealed that Coulombic
attraction is the dominant stabilising force. A small quantity
of electron density is transferred to the cation, principally
through the weak covalent component that involves high-
energy Cring�H s* orbitals and destabilisation of the imida-
zolium ring. The formation of a covalent hydrogen bond
must be compensated for by a strong and stabilising ionic in-
teraction. The Cl� anion is repelled from local areas of build
up in electron density, particularly the p density associated
with nitrogen lone pairs and the C4�C5 double bond. This
stops the Cl� ion from approaching too closely and forming
strong hydrogen bonds especially with the C4/5�H moieties.
The large positive charge at the “C2�H” unit, and the repul-
sive interactions due to the C=C bond, rationalise both the
observed higher acidity of C2�H, and the better electron-do-
nating properties at C4/5. The Cl� anion is still highly anionic,
and dominates the ion-pair HOMO. Compared with larger
less mobile and more diffuse anions, the Cl� anion is expect-
ed to favour accepting further hydrogen bonds, but will not
release significantly more charge. The ion-pair LUMO is the
cation antibonding LUMO and thus electron acceptance is
not favourable. The interactions governing the top conform-
ers, however, are very different from those in which the Cl�

anion remains in plane. In this case, the Cl� anion interacts
with the p manifold of orbitals. Thus, based on an analysis
of the electronic structure of a gas-phase ion pair we have
been able to rationalise some of the experimentally ob-
served properties of the imidazolium-based ionic liquids.

Computational Methods

MP2 and DFT calculations using BeckeRs three-parameter exchange
functional[78] in combination with the Lee, Yang and Parr correlation
functional[79] (B3LYP) have been carried out with a 6-31G++GACHTUNGTRENNUNG(d,p)[80–82]

basis set as implemented in the GAUSSIAN 03 suite of programs.[83]

Structures have been fully optimised, under no symmetry constraints, and
the B3LYP structures confirmed by frequency analysis. Details of the op-
timisation procedures and structures obtained are reported elsewhere.[56]

Overall, the B3LYP functional combined with a 6-31++G ACHTUNGTRENNUNG(d,p) basis set

was found to be adequate for determining gross energy differences, how-
ever, the method was found to be incapable of recovering the correct
energy ordering for structures that differ subtly because of torsional
motion in the butyl chain, or because of significant dispersion. In this
case MP2/6-31++G ACHTUNGTRENNUNG(d,p) level calculations offer a better alternative.[56]

An extended basis set is necessary to obtain a good electron density for
analysis. Polarisation functions are desirable due to the highly polarisable
imidazolium cation, diffuse functions are required to adequately describe
negative ions, and it is advisable to include polarisation functions on the
hydrogen atoms involvde in hydrogen bonding. Population analysis was
carried out by using the methods implemented in GAUSSIAN 03. Natu-
ral atomic orbital (NAO) and natural bond orbital (NBO) analyses (ver-
sion 3) of selected conformers have been carried out.[84–88] Electron densi-
ty maps and the Laplacian contours were produced with the program
MOLDEN.[89]
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