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The relationship between the structure of counter-ions and inter-ionic interaction in ion-pairs is system-
atically studied for 15 aprotic ionic liquids (AILs) using density functional theory. Five different substi-
tuted imidazolium cations and three different polyatomic anions (PA) are taken into account.
Theoretical calculations show that the inter-ionic interaction decreases as the vdW volume of the coun-
ter-ions increases. By means of a new decomposition scheme called ETS–NOCV [33], which decomposes
the total interaction energy into different parts, it can be shown that there is a clear linear relationship
between the electrostatic part of the interaction energy and the total interaction energy. Further, for a
given PA the electrostatic interaction decreases with increase of the vdW volume of the cation as one
would expect. A similar decrease is seen in the electrostatic interaction between a given imidazolium cat-
ion on the PAs as the PA vdW volume increases.

� 2010 Elsevier B.V. All rights reserved.
1. Introduction

Ionic liquids (IL) represent a new class of solvents with un-
ique characteristics. Due to the presence of a strong anion–cat-
ion interaction, they have much higher viscosities, polarities and
much lower vapor pressures than those of normal solvents.
Their unique solvent properties make them key targets for the
development of a large number of emerging technologies, span-
ning a wide range of applications [1]. For instance, ILs can be
exploited as useful solvents for new homogeneous catalytic
reactions and other chemical processes with relation to ‘‘green
chemistry” [2–9].

A wide variety of ionic combinations makes it possible to design
ILs with specific properties. They can be classified as aprotic or
protic ILs depending on their cation structures. Aprotic ILs (AILs)
containing organic cations have low melting points due to the inef-
ficient packing of a large irregular organic cation with a mono
atomic or polyatomic inorganic anion [4]. AILs are one of the most
important solvent classes in organic chemistry for experimental
determination of chemical and physical properties such as melting
point, density, viscosity and conductivity [10–14]. The second class
is protic ionic liquids (PILs). They are related to the AILs but differ
in that the cation has been formed by transferring a proton from a
Brønsted acid to a Brønsted base. This class has shown great prom-
ll rights reserved.

.

ise as electrolytes for fuel cells in recent years, because its mem-
bers can have aqueous solution-like conductivities [15,16].

The study of the relationship between the structures of AILs and
their physical properties has been an important theoretical re-
search area in recent years [15,17–20]. There are three extensively
used theoretical procedures by which these relationships have
been established. (i) The quantitative structure–property relation-
ship (QSPR) can be employed to correlate the melting point with
structure [17,18]. (ii) Molecular dynamic simulation is used to
compare calculated versus experimental values for some physical
properties [19–23]. (iii) Quantum mechanical methods are em-
ployed in order to determine interaction energies [24,25], thermo-
dynamic properties [26–29] and also to find a correlation between
melting points and interaction energies of ion-pairs [24]. Some
AILs have been selected by Dong et al. to inspect the nature of
hydrogen bonds between cations and anions [25]. Recently, Fumi-
no et al. have employed density functional theory (DFT) calcula-
tions to investigate the role of hydrogen bonding in aprotic and
protic ILs [30]. DFT calculations have also been used to investigate
intermolecular interactions [31] and to predict vibrational fre-
quencies [32] of some AILs.

In this work, we have performed a systematic theoretical study
on five classes of imidazolium-based AILs to determine their inter-
ionic interactions by means of DFT. We have made some compar-
isons among the five classes according to (i) the nature of the poly-
atomic anion (PA), and (ii) the nature of the cation substitution.
Finally, we have used a new scheme based on the Extended Tran-
sition State and Natural Orbitals for Chemical Valency (ETS–NOCV
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[33]) to analyze the relationship between structure and inter-ionic
interactions.
2. Computational details

The structure of several anion–cation pairs were optimized
using hybrid density functional theory at the B3LYP [34] level of
theory in conjunction with a 6-31G(d,p) basis set. Each stationary
point was characterized at the same level of theory by computing
the vibrational frequencies within the harmonic approximation to
make sure that the resulting structures were true minima. The
BSSE corrections are considered in all of the steps.

Natural Population Analysis (NPA) [35] of the isolated species
(Fig. 1) was carried out, in order to provide initial guesses for dif-
Fig. 1. Optimized structures of selected cations and
ferent favorable positions for the anions with respect to the cat-
ions. For these guesses it was assumed that the interaction
between cation and anion is optimal where the most negative sites
of the anion are close to the most positive sites of the cation. There-
fore, the isolated ion charge analysis was considered in every ion-
pair interaction and several structures were optimized before
obtaining the optimal one.

The ETS–NOCV decomposition scheme [33], based on the Kohn–
Sham approach and the BP86 functional [36,37], was employed to
obtain different energy contributions to the total bonding energy.
All B3LYP calculations were carried out using GAUSSIAN03 [38]
whereas the ETS–NOCV analysis based on BP86 was carried out
with ADF [39]. This analysis scheme is not compatible with hybrid
functionals. However, the trends in the ion-pair interaction ener-
gies are quite similar for BP86 and B3LYP.
anions, including their natural atomic charges.
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3. Results and discussion

Fifteen AILs have been selected and categorized in five classes with
respect to their cation type. The cations are 1,3-dimethylimidazolium
½MMIM�þ 1-ethyl-3-methylimidazolium ½EMIM�þ, 1-methyl-3-pro-
Fig. 2. Optimized structure of 15 different selected AIL. Classes I, II, III, IV and V com
pylimidazolium ½MPIM�þ, 1-butyl-3-methylimidazolium ½BMIM�þ

and 1-hydroxyethyl-3-methylimidazolium ½HYDEMIM�þ for classes
I, II, III, IV and V, respectively. The first four cations have been selected
to investigate the effect of longer side chains on interaction energies
and ½HYDEMIM�þ have been considered as an example containing
prise with ½MMIM�þ , ½EMIM�þ , ½MPIM�þ , ½BMIM�þ and ½HYDEMIM�þ , respectively.



Table 2
The results of ETS–NOCV analysis based on BP86 functional for the 15 selected AILs.

Salt name DEPauli

(kJ mol�1)
DEelstat

(kJ mol�1)
DEorb

(kJ mol�1)
DEint

(kJ mol�1)

Class I
[MMIM][NO3] 149.1 �423.5 �114.1 �388.6
[MMIM][ClO4] 89.9 �375.5 �64.8 �350.3
[MMIM][TFSI] 107.4 �346.2 �77.9 �316.7

Class II
[EMIM][NO3] 148.8 �417.8 �114.7 �383.7
[EMIM][ClO4] 97.0 �375.0 �71.1 �349.2
[EMIM][TFSI] 109.8 �346.6 �78.9 �315.6

Class III
[MPIM][NO3] 148.1 �414.7 �115.1 �381.7
[MPIM][ClO4] 90.7 �367.7 �65.4 �342.4
[MPIM][TFSI] 108.5 �340.9 �76.6 �309.0

Class IV
[BMIM][NO3] 149.0 �411.3 �115.9 �378.2
[BMIM][ClO4] 90.8 �363.5 �66.0 �338.7
[BMIM][TFSI] 109.1 �339.1 �77.4 �307.4

Class V
[HYDEMIM][NO3] 184.3 �468.9 �142.4 �427.0
[HYDEMIM][ClO4] 119.5 �406.8 �84.2 �371.6
[HYDEMIM][TFSI] 119.4 �369.3 �88.1 �338.0
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polarized side chains. In order to consider the effect of the PA struc-
ture on the interaction energy, three different types of anions have
been paired with each cation. In this study the 15 AILs form three ser-
ies with one anion in each and five different classes with one cation in
each. The PAs are perchlorate ½ClO4��, nitrate ½NO3�� and bis(trifluo-
romethanesulfon)imide ½TFSI�� forming series 1–3, respectively.
Among these, ½NO3�� is the smallest and ½TFSI�� is the largest PA.
The optimized structures of all AILs are shown in Fig. 2. Details can
be found in Supplementary information.

Thermodynamic interaction energies were calculated according
to:

DU� int ¼ Ua�c � ðUa þUcÞ ð1Þ

where U denotes either enthalpy ðHÞ or Gibbs free energy ðGÞ. The
symbols Ua�c , Ua and Uc stand for the ion-pair system, the purely
anionic and the cationic species, respectively. The calculated inter-
action energies are collected in Table 2 for all of the 15 selected
AILs. Negative and large values of DH�int and DG�int (Table 1) are the
result of the strong Coulombic anion–cation attraction. There are
many factors contributing to the melting point of the AILs and the
calculation of isolated ion-pairs is certainly not sufficient to model
properties of the condensed phase. Nevertheless, the values of DH�int

and DG�int are in line with the trends in experimental melting point
in class II. There are two main trends observed in the calculated
data. They will be discussed next.

The calculated interaction enthalpies in absolute terms (�DH�int)
are depicted versus absolute calculated free energy of interaction
(�DG�int), for all 15 systems in Fig. 3. There are three main series
in this figure corresponding to the three selected anions (three ser-
ies). As it is observed, there is the following trend for the absolute
interaction energies among the AILs of each class ½� � ��½NO3� >
½� � ��½BF4� > ½� � ��½TFSI�, where ½� � �� can be each of the five selected cat-
ions. Within a class the inter-ionic interaction energy decreases
with increasing volume of the PA. For the class V one hydrogen
atom of the ethyl side chain is replaced by hydroxyl thus creating
a polarized alkyl side chain. Comparing classes II and V, it is ob-
served that polarized alkyl side chains increase the interaction
energy.
Table 1
Summary of experimental data (relevant references are indicated next to compound
names) and theoretical data (B3LYP level of computation including BSSE corrections
has been used).

Salt name DH�int

(kJ mol�1)
DG�int

(kJ mol�1)
Melting point
(�C ± 3)

Class I
[MMIM][NO3] �384.4 �342.4 N.O.c

[MMIM][ClO4] �342.0 �304.3 N.O.
[MMIM][TFSI] �323.4 �276.2 N.O.

Class II
[EMIM][NO3]a �379.6 �340.2 75
[EMIM][ClO4]a �338.3 �298.2 7
[EMIM][TFSI]a �322.7 �273.9 �19

Class III
[MPIM][NO3] �376.0 �337.0 N.O.
[MPIM][ClO4] �334.1 �297.8 N.O.
[MPIM][TFSI] �316.6 �270.1 N.O.

Class IV
[BMIM][NO3] �375.9 �332.2 N.O.
[BMIM][ClO4] �333.8 �292.6 N.O.
[BMIM][TFSI]b �316.3 �254.8 �5

Class V
[HYDEMIM][NO3] �387.7 �341.2 N.O.
[HYDEMIM][ClO4] �352.4 �307.1 N.O.
[HYDEMIM][TFSI] �328.0 �276.2 N.O.

a Ref. [13].
b Ref. [29].
c Not observed.

Fig. 3. Calculated interaction enthalpies in absolute terms (�DH�int) vs. absolute
calculated free energies of interaction (�DG�int). The three series are related to the
same anions.
We shall now analyze the ion-pair interaction in more details.
The analysis will be based on the ETS–NOCV scheme [33]. For tech-
nical reasons we are not able to use B3LYP but must instead resort
to the pure functional BP86. The electronic interaction energy (en-
thalpy) DEint calculated by BP86 is however similar to that found by
B3LYP, especially with regard to the trends among different ion-
pairs. We note, however, that the quantitative numbers we want
to report are the DH�int and DG�int values in Table 1 based on
B3LYP. Our BP86 and ETS–NOCV results are just used to analyze
the trends in the calculated B3LYP results of Table 1.

3.1. ETS–NOCV analysis

The ETS–NOCV [33] scheme combines the Extended Transition
State method (ETS) [40] and Natural Orbitals for Chemical Valance
(NOCV) [41]. It is based on the Kohn–Sham approach and decom-
poses the interaction energy of the molecule AB, formed from the



Table 3
The calculated sum of radii of the 15 selected AILs.

Salt name Rc + Ra (Å) �1/Rc + Ra (1/Å)

Class I
[MMIM][NO3] 6.740 �0.148
[MMIM][ClO4] 7.240 �0.138
[MMIM][TFSI] 8.100 �0.123

Class II
[EMIM][NO3] 7.110 �0.141
[EMIM][ClO4] 7.610 �0.131
[EMIM][TFSI] 8.470 �0.118

Class III
[MPIM][NO3] 7.440 �0.134
[MPIM][ClO4] 7.940 �0.126
[MPIM][TFSI] 8.800 �0.114

Class IV
[BMIM][NO3] 7.820 �0.128
[BMIM][ClO4] 8.320 �0.120
[BMIM][TFSI] 9.180 �0.109

Class V
[HYDEMIM][NO3] 7.110 �0.141
[HYDEMIM][ClO4] 7.610 �0.131
[HYDEMIM][TFSI] 8.470 �0.118
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two different fragments A� and B�, into a number of chemically
meaningful components [33]:

EAB � E�A � E�B ¼ DEint ¼ DEprep þ DEelstat þ DEPauli þ DEorb ð2Þ

where DEprep is the energy required for the distortion of two frag-
ments A� and B� from their equilibrium geometries to their final
structures in AB. The second and third terms are the electrostatic
ion-pair interaction and the Pauli ion-pair repulsion contributions,
respectively. Together they are called the steric interaction energy
between the two ion-pairs:

DEsteric ¼ DEPauli þ DEelstat ð3Þ

The last term in Eq. (2), DEorb, is the orbital interaction, repre-
senting the interaction between occupied molecular orbitals on
one fragment and unoccupied molecular orbitals of the other frag-
ment. It also represents the mixing of occupied and virtual orbitals
within the same fragment [33].

The result of the ETS–NOCV analysis has been reported in Table
2 for all of the 15 selected AILs. Consistent with the B3LYP calcula-
tions, the maximum interaction energy in absolute terms (�DEint)
for each class is found for ½� � ��½NO3�. On the other hand, for a series
of AILs with the same anions but different cations the absolute val-
ues of �DEint is decreasing as the length of the alkyl side chain in-
creases. Comparing classes II and V, it is observed that �DEint

increase in class V. These observations, which are in agreement
with the results of Table 1, can be explained by looking at the elec-
trostatic component of the interaction energy. In Fig. 4 the �DEint

values are depicted vs. �DEelstat for the AILs of each class. Similar
to the trends found in Fig. 3, there are three areas corresponding
to three selected anions. As it is observed, there are good agree-
ments between the electrostatic part and the total interaction en-
ergy in the case of either the AILs of each class or the AILs of each
series. The electrostatic interaction is inversely proportional to the
sum of the radii of the two counter-ions:

DEelstat / �
1

Ra þ Rc
ð4Þ

where Ra and Rc are the anion and the cation radii, respectively that
can be obtained through volume calculations of each individual ion
as:

V ¼ 4
3
pR3 ð5Þ
Fig. 4. Calculated interaction energies in absolute terms (�DEint) vs. absolute
calculated electrostatic interaction (�DEelstat) for the classes of the AILs containing
the same cation but different anions. There are three series related to the AILs with
the same anions.
These calculated Ra þ Rc values are reported in Table 3 and the
electrostatic interactions have been depicted in terms of the in-
verse sum ðRa þ RcÞ�1 in Fig. 5. As it can be observed, there is a clear
relationship between �DEelstat and ðRa þ RcÞ�1 for the AILs having
either the same anion or the same cation, as expected from Eq.
(4). It clarifies why those AILs having either anions or cations with
large vdW volumes show diminished electrostatic interactions.
This is to be expected from a model of two touching and interact-
ing spheres of uniform and opposite charge interacting with each
other. The ½NO3�� anion is planar and has a smaller vdW volume
than the two other anions and it should be expected to pack more
closely to the cation than the other anions. On the other hand,
½TFSI��, the largest anion, has the weakest interaction with the cat-
ion. The net result of these factors is that we find the formation of
the strongest and the weakest anion–cation interaction in the case
of AILs containing ½NO3�� and ½TFSI��, respectively, in each class
(Fig. 4). There is the same argument for the electrostatic interaction
of the cations with different vdW volume in each series (Fig. 4).
Fig. 5. Calculated electrostatic interactions in absolute terms (�DEelstat) vs. calcu-
lated radii of counter-ions for the classes of the AILs containing the same cation but
different anions. There are three series related to the AILs with the same anions.
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In the case of AILs of the class V, the calculated radii of the coun-
ter-ions are the same as those of class II. Although there is a linear
relationship between �DEelstat and ðRa þ RcÞ�1 in this class, we did
not include it in the Fig. 5 for the following reason. In this case, be-
side of the vdW volume of the counter-ions, there is a strong
hydrogen bonding between OH of hydroxyethyl substitution and
PA, affecting the magnitude of the electrostatic interaction and
the total interaction energy.

4. Conclusion

We have performed a systematic theoretical study on five clas-
ses of imidazolium-based AILs to calculate their inter-ionic interac-
tions. By means of the new ETS–NOCV analysis scheme, it can be
shown quantitatively that the total interaction energy of AILs is di-
rectly governed by the electrostatic interaction between the ion-
pairs. Those AILs with either the largest anion or cation give the
weakest interaction energy within a given of counter-ion, due to
a longer radius and a weaker electrostatic attraction. Although
the class of AILs with the polarized alkyl side chain
(½HYDEMIM�½� � ��) for each member have the same sum Ra þ Rc as
the corresponding members ½EMIM�½� � ��, they always display a
stronger total interaction energy than their nonpolarized ana-
logues (½EMIM�½� � ��) due to the hydrogen bonding via OH with poly-
atomic anions which affects strongly the amount of electrostatic
interaction.
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