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’ INTRODUCTION

The variety of applications of ionic liquids (ILs),1�3 virtually
covering all areas of chemistry, has contributed to an expanding
research on the measurements and simulations of their physical
properties, spectroscopic studies, and ab initio calculations. The
wide array of combinations between cations, namely, imidazo-
lium-, pyridinium-, pyrrolidinium-, piperidinium-, ammonium-,
sulfonium-, and phosphonium-based, and inorganic and organic
anions, such as halogens, borates, phosphates, acetates, sulfo-
nates, sulfates, and imides, allows the tuning of physicochemical
properties of ionic liquids and their design accordingly to specific
purposes.

A fundamental issue in the design of novel ionic liquids is the
understanding of the nature/strength of cation�anion interac-
tions and intermolecular forces in the bulk ionic fluid due to their
intrinsic relation with most of their physicochemical properties,
such as melting temperature, density, viscosity, surface tension,
and vapor pressure. In addition, the knowledge of the ca-
tion�anion interaction strengths provides valuable information,
not only on the characterization of pure ionic liquids properties,

but also on the behavior of systems containing ionic liquids, and
how ionic liquids interact with other solvents.

Ab initio and density functional theory based (DFT-based)
quantum chemical methods have been used in the past decade to
study the energetics of ionic liquids, and the performance of a
range of DFT functionals has been recently analyzed to identify
the most adequate in providing ionic liquids binding energies.4

Several publications dealing with the relationship of cation (ring
type and/or alkyl chain length) and anion structures of ILs with
their physicochemical properties, namely, melting point, density,
viscosity, surface tension, conductivity, self-diffusion coefficient,
and heat of vaporization, among others, are already available.5�14

Mass spectrometry, namely, electrospray tandem mass spec-
trometry (ESI-MS-MS), with energy variable collision induced
dissociation, is typically used in the determination of relative
binding energies of gas-phase ions in a semiquantitative way. The
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ABSTRACT: Electrospray ionization mass spectrometry with variable colli-
sion induced dissociation of the isolated [(cation)2anion]

þ and/or
[(anion)2cation]

� ions of imidazolium-, pyridinium-, pyrrolidinium-, and
piperidinium-based ionic liquids (ILs) combined with a large set of anions,
such as chloride, tetrafluoroborate, hexafluorophosphate, trifluoromethane-
sulfonate, and bis[(trifluoromethyl)sulfonyl]imide, was used to carry out a
systematic and comprehensive study on the ionic liquids relative interaction
energies. The results are interpreted in terms of main influences derived from
the structural characteristics of both anion and cation. On the basis of
quantum chemical calculations, the effect of the anion upon the dissociation
energies of the ionic liquid pair, and isolated [(cation)2anion]

þ and/or
[(anion)2cation]

� aggregates, were estimated and are in good agreement
with the experimental data. Both experimental and computational results
indicate an energetic differentiation between the cation and the anion to the
ionic pair. Moreover, it was found that the quantum chemical calculations can
describe the trend obtained for the electrostatic cation�anion attraction
potential. The impact of the cation�anion interaction strengths in the surface tension of ionic liquids is further discussed. The
surface tensions dependence on the cation alkyl chain length, and on the anion nature, follows an analogous pattern to that of the
relative cation�anion interaction energies determined by mass spectrometry.
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production of gas-phase ions from ionic solutions in the electro-
spray ionization process involves two main steps: (a) production
of charged droplets at the capillary tip and (b) shrinkage of
charged droplets due to solvent evaporation, and repeated
droplet fission, leading to gas-phase ions that can be analyzed
in the mass spectrometer. The concept of tandem mass spectro-
metry is the mass selection of a particular ion (precursor ion)
produced in the ion source, which is afterward collided with a rare
gas, for instance argon, in order to increase its internal energy.
The resulting fragments are evaluated in a second analyzer (or in
the same analyzer, depending on the type of instrument used).
The laboratory frame collision energy (Elab) can be easily
changed, which will also produce a variation in the collision
energy fraction that is actually converted to the ions' internal
energy. The variable collisions energies in the ESI-MS-MS
spectra will be evident from the relative abundances of precursor
and fragment ions, while the energy value corresponding to a
relative abundance of the precursor ion of 50% (E1/2) can be used
as a measure of the relative dissociation energy. This method15,16

has already proved to be an adequate strategy in the study of the
relative binding energies/stabilities of flavonoid/transition metal
complexes,17 pyridyl ligand/metal complexes,18 noncovalent
complexes,19,20 nitrogen bases to metalloporphyrin cations,21

quadruplex DNA structures,22 alkali metal complexes of poly-
ether ionophore antibiotics,23 ionic liquid aggregates,24 and
hydrogen-bonding interactions between polyethers and proto-
nated amines or peptides.25

This work presents energy variable collision induced dissocia-
tion measurements for the ionic liquid isolated ions,
[(cation)2anion]

þ and [(anion)2cation]
�, aiming at providing

fundamental insights into the relative cation�anion interaction
strengths. As a result, the differences in binding energies were
evaluated by making use of the structural features of the ionic
species, such as the cation core and ring size, aromaticity,
alkyl chain length, anion nature and size, and ion charge
densities. Quantum chemical calculations were used to
calculate the dissociation energies of the ionic liquid ion
pairs and isolated [(cation)2anion]

þ and [(anion)2cation]
�

aggregates. In addition, the interaction strengths obtained
in this study were correlated with the ionic liquid surface
tensions.

’EXPERIMENTAL SECTION

Materials.The cation/anion combinations of the ionic liquids
studied in this work, as well as respective abbreviations and
molecular structures, are listed in Table 1. ILs were purchased
from IoLiTec (Freiburg, Germany) or Solchemar (Lisboa,
Portugal). All ionic liquid samples presented mass fraction
purities > 99% as confirmed by us by 1H and 13C NMR
spectroscopy.
Experimental Procedure. Electrospray ionization tandem

mass spectra (ESI-MS-MS) were acquired with a Micromass
Q-Tof 2 (Micromass, Manchester, U.K.), operating in the
positive (or negative) ion mode, equipped with a Z-spray source.
Source and desolvation temperatures were 353 and 373 K,
respectively. Ionic liquid solutions inmethanol, at concentrations
of∼10�4 mol 3 dm

�3, were introduced at a 10 mm3
3min�1 flow

rate. The capillary and the cone voltage were 2600 V (or 3000 V)
and 30 V, respectively. Nitrogen was used as the nebulization gas
and argon as the collision gas.

ESI-MS-MS spectra were acquired by selecting the precursor
ion with the quadrupole and performing collisions in the hexa-
pole with argon at variable energies. Each spectrum represents an
average of approximately 100 scans, and the values of Elab,1/2
were determined as the collision energy at which the relative
abundance of the precursor ion is 50%. Triplicate measurements
were performed for each selected precursor ion, and standard
deviations that varied between 0.3 and 5% were obtained.

’COMPUTATIONAL DETAILS

Quantum chemical calculations were performed using density
functional theory with the hybrid exchange correlation functional
(B3LYP).26,27 The geometry optimizations were carried out
using the B3LYP/6-31þG(d) level of theory. At the same level
of theory, the fundamental vibrational frequency calculations
were carried out to ensure the true minima. The total electronic
energies for each isolated ionic liquid, and for each [(cation)2-
anion]þ and [(anion)2cation]

� aggregate, were corrected with
the basis set superposition error (BSSE) using the Boys�Bernardi
counterpoise technique.28 All theoretical calculationswere performed
using the Gaussian 03 software package.29

’RESULTS AND DISCUSSION

Mass Spectrometry.The ESImass spectra of all of the studied
ionic liquids show, both in the positive and negative ion mode,
peaks corresponding to the isolated cation (or anion) and
to ionic liquid aggregates. Our experimental strategy for the
proposed study involved the selection of the aggregate
[(cation)2anion]

þ (or [cation(anion)2]
�) with the first quadru-

pole of the mass spectrometer, followed by collisional activation
with argon in the hexapole, and further analysis of the fragments
with the time-of-flight (TOF) analyzer. All of the ions dissociate
by loss of a neutral ionic liquid molecule (Figure 1). To
implement energy variable collision induced dissociation, the
applied collisional activation voltage (Elab) is increased by small
increments, while the relative abundances of the precursor and
fragment ions are monitored. The energy required to dissociate
50% of the precursor ion was registered as Elab,1/2. In this inelastic
collision of the projectile ion with the target neutral, the total
available energy for conversion of translational (or kinetic) to
internal (or vibrational) energy of the projectile ion is the center
of mass energy (Ecm), which can be calculated from Elab, and
from the masses of the neutral target (mt) and precursor ion
(mp), by the following,

30

Ecm ¼ Elab
mt

mp þmt

 !
ð1Þ

The calculated dissociation energies from the experimental
Elab values represent the energy necessary to separate a cation (or
anion) from the neutral ionic liquid molecule in the gas phase
and, as such, can be considered a good approximation to the
cation�anion interaction energy. It should be remarked that
besides the Coulombic (electrostatic) interactions, which are
considered to be the major source of attraction in ionic liquids,9

additional interactions such as van der Waals interactions be-
tween alkyl chains, π�π stacking interactions and hydrogen-
bonding between polar groups, are also present.
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The discussion of the experimental results obtained will
be organized in terms of the influence of the following struc-
tural features of ionic liquids: (a) alkyl chain length in the

imidazolium cation for the ionic liquids [Cnmim][NTf2] (n =
1�10); (b) IL structural and positional isomerism at the cation;
(c) IL cation core (imidazolium-, pyridinium-, pyrrolidinium-, and

Table 1. Ionic Structures and Respective Abbreviations for the Studied Ionic Liquids
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piperidinium-based) with the fixed [NTf2]
� counterion; (d) anion

type for [C4mim]-based ILs combined with Cl
�, [BF4]

�, [PF6]
�,

[TfO]�, and [NTf2]
�.

The calculated dissociation energies, Ecm,1/2, and the experi-
mental Elab,1/2 values for the ions composed of two cations and
one anion, or two anions and one cation (only for the imidazo-
lium-based ionic liquids), are listed in Table 2. It should be noted
that both energies were determined at a relative abundance of the
precursor ion at 50%.
Analysis of the data for the imidazolium-based series of ionic

liquids, [Cnmim][NTf2], reveals different trends for the variation
of the interaction energy with the cation alkyl chain length, when
considering the dissociation of either [(cation)2anion]

þ or
[cation(anion)2]

�. The energy required for the separation of
the anion from the neutral molecule within the anionic aggregate
is practically independent of the alkyl chain length, whereas in the
separation of the cation from the neutral molecule within the
cationic aggregate, the energy decreases from [C1mim][NTf2] to
[C5mim][NTf2] toward a constant value for higher values of n in
[Cnmim][NTf2], as depicted in Figure 2. When considering the
dissociation energies for the [(cation)2anion]

þ aggregates, the
presence of two cations enhances the steric hindrance, which in
turns causes an increase in the distance between the ions, and
therefore leads to a decrease in the relative ionic interactions.
This effect is particularly notorious as the cation alkyl chain
length increases from [C1mim][NTf2] to [C5mim][NTf2]. For
longer alkyl chains at the imidazolium cation, a further extension
of the chain away from the ring, where the interaction with the
anion predominantly occurs, does not produce any significant
effect. Aiming at complementing this study, the influence of the
anion on this trend was further investigated by replacing the

Figure 1. ESI-MS-MS of [(C4mim)2NTf2]
þ in the positive ionmode at 7 eV collision energy (A) and [C4mim(NTf2)2]

� in the negative ionmode at 7
eV collision energy (B).

Table 2. Elab,1/2 and Ecm,1/2 Values for the Dissociation of the
Ions [(cation)2anion]

þ and [cation(anion)2]
�

[(cation)2anion]
þ [cation(anion)2]

�

ionic liquid Elab,1/2/eV Ecm,1/2/eV Elab,1/2/eV Ecm,1/2/eV

[C1mim][NTf2] 9.4 0.73 6.7 0.39

[C2mim][NTf2] 8.3 0.61 6.7 0.38

[C3mim][NTf2] 7.8 0.54 6.8 0.38

[C4mim][NTf2] 7.3 0.49 6.9 0.37

[C5mim][NTf2] 7.2 0.46 7.1 0.38

[C6mim][NTf2] 7.4 0.45 7.2 0.37

[C7mim][NTf2] 7.6 0.45 7.3 0.38

[C8mim][NTf2] 7.6 0.43 7.5 0.38

[C10mim][NTf2] 8.5 0.44 7.7 0.37

[C2C2im][NTf2] 7.5 0.53 6.6 0.37

[C4C1mim][NTf2] 6.7 0.43

[C3mpyr]NTf2] 9.0 0.62

[C3mpip]NTf2] 8.8 0.58

[C4py]NTf2] 7.4 0.50

[C6py]NTf2] 7.3 0.45

[C8py]NTf2] 7.9 0.45

[C3mpy]NTf2] 7.0 0.47

[1-C4-3-mpy]NTf2] 6.8 0.44

[1-C4-4-mpy]NTf2] 7.0 0.45

[C4mim]Cl 8.8 0.82

[C4mim][BF4] 8.3 0.67

[C4mim][PF6] 8.9 0.63

[C4mim][TfO] 8.5 0.60
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bulky [bis(trifluoromethylsulfonyl)]imide by the chloride anion.
The results presented in Figure 2 for chloride-based ILs display
the same behavior observed for the [NTf2]-based counterparts,
showing that the anion type/size is not determinant.
Although cation�anion interactions in ionic liquids aremainly

dominated by Coulombic forces, the hydrogen bonding also
plays an important role. For imidazolium-based ionic liquids the
hydrogen bonding between the cation and the anion is mainly
determined by the most acidic hydrogen at the cation in the
position C2. This effect is evident when comparing the data
shown in Figure 3, where the effect of substituting a hydro-
gen at the C2 position by a methyl group is displayed. The
[C4C1mim][NTf2] is a structural isomer of [C5mim][NTf2] and
their values of Ecm,1/2 are displayed in Table 2. Particularly,
[C4C1mim][NTf2] has a lower interaction energy compared
with its structural isomer, emphasizing the importance of the
hydrogen bonding between ions.
The remaining studies for other structural isomers of the

imidazolium-based ILs, which do not involve the presence of
alkyl groups at the position C2 ([C2C2im][NTf2] and
[C3mim][NTf2]), depicted in Figure 3, do not show significant
differences in their relative ionic interaction strengths. Indeed, for
both structural isomers the cation�anion interaction strengths
are within the associated standard deviations.
The influence of the cation core on the dissociation energies of

[(cation)2anion]
þ aggregates was investigated using pyrrolidinium-,

piperidinium-, imidazolium-, and pyridinium-based ionic liquids
with the [bis(trifluoromethylsulfonyl)imide] fixed anion. The
relative cation�anion interaction strength results, in terms of
Ecm,1/2, are displayed in Figure 4. The reduction of the electro-
static strength due to the charge delocalization in aromatic rings,
as compared to a localized charge on the nitrogen atom of
saturated rings, is reflected on the relative values of interaction
energies. Aromatic-based ILs (pyridinium- and imidazolium-
based) present lower relative interaction strength values when
compared with their saturated counterparts (piperidinium- and
pyrrolidinium-based). A similar effect has been reported in the
correlation between proton affinity and charge delocalization of
ionic liquid anions, whereby a greater degree of delocalization
lowers the proton affinity.31 The cation size increase from a five-
to a six-membered ring, in both aromatic and saturated cores,
increases the distance between charges while delocalizing them
as well, resulting thus in a decrease in the ionic interaction energy.
Curiously, this effect is similar to that observed for the increase of
the cation side alkyl chain length.
Aiming at exploring the alkyl chain length influence with a

different cation core, and the structural/positional isomerism on
the dissociation energies, the pyridinium-based ionic liquids were
additionally investigated (Figure 5). The Ecm,1/2 values obtained
for the pyridinium-based ionic liquids show a variation with the
alkyl chain length (see results for [C4py]NTf2], [C6py]NTf2],
and [C8py]NTf2]) similar to that previously discussed for the
imidazolium-based ILs. Although the studied pyridinium are
alkyl monosubstituted cations, while the imidazolium presented
before were alkyl-dissubstituted, this effect seems to be indepen-
dent of the number of alkyl groups present at the cation.
Regarding the effect of structural isomerism on the ionic

interactions, it is visible from Figure 5 that a second alkyl
substitution on the aromatic ring with a methyl group decreases
the interaction energy (compare [1-C3-3-mpy]NTf2] with
[C4py]NTf2]). This trend can be associated with two cumulative
effects: inductive effect of the second substitution with the
methyl group that reduces the overall net charge on the cation
ring through electron release, and decrease of the charged anion
and cation distance due to the presence of an isolated bulkier
group. For the positional pair of isomers, [1-C4-4-mpy]NTf2]
and [1-C4-3-mpy]NTf2], a decrease in the relative interaction
strength was observed for the meta-substituted IL, [1-C4-3-
mpy]NTf2]. The dialkyl substitutions at positions C1 and C4
in the pyridinium cation (see Table 1) lead to an enhanced

Figure 3. Ecm,1/2 for isomeric structures of imidazolium-based ILs in
the positive ion mode ([C3mim][NTf2] compares to [C2C2im][NTf2]
while [C5mim][NTf2] compares to [C4C1mim][NTf2]).

Figure 4. Ecm,1/2 for pyrrolidinium-, piperidinium-, imidazolium-, and
pyridinium-based ionic liquids in the positive ion mode.

Figure 2. Ecm,1/2 dependence with the alkyl chain length in [Cnmim]Cl
and [Cnmim][NTf2] in the positive and negative ion mode.
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distribution of charge, or to a high charge density at the IL cation,
when compared to the C1 and C3 substitutions, leading thus to
favorable anion�cation interactions.32

The [cation(anion)2]
� aggregates formed by ionic liquids

containing the anions Cl�, [BF4]
�, [PF6]

�, [CF3SO3]
�, and

[N(CF3SO2)2]
� combined with the 1-butyl-3-methylimidazo-

lium cation were also investigated using the same methodology.
The relative interaction energies (as well as the computational
dissociation energies that will be discussed below) versus the
anionic radius33 is depicted in Figure 6. The linear dependence
observed in Figure 6 reveals that the interaction strength
decreases with the increase of the anionic radius. This fact seems
to be related to a decrease on the anion charge densities with the
ionic radius increase, which is directly reflected on the cation�
anion cohesion energy.
Quantum Chemical Calculations. To obtain further insights

into the cation�anion interactions taking place in ionic liquids,
as well as to gather a comprehensive study on the influence of the
ILs’ structural characteristics through their dissociation energies,
quantum chemical calculation for the ion pairs [(cation)2-
anion]þ and [(anion)2cation]

� were carried out. The [C4mim]-
based ILs with the anions Cl�, [BF4]

�, [PF6]
�, [TfO]�, and

[NTf2]
�, as well as [C4C1mim][NTf2], were investigated

at the B3LYP/6-31þG(d) level of theory. The dissociation
energies were estimated on the basis of the BSSE corrected
electronic energies while considering the reactions presented in
Scheme 1.

For each optimized structure, no imaginary harmonic vibra-
tional frequencies were encountered, suggesting that an energetic
minimumwas obtained in all cases. The electronic energies (Eele)
and the BSSE corrected electronic energies [Eele(BSSE)] for each
species are presented in the Supporting Information (Table S2).
Table 3 reports the dissociation energies estimated, on the

basis of the BSSE corrected electronic energies, for the ionic
liquids studied. The BSSE uncorrected and corrected dissocia-
tion energies, in kilojoules per mole, are presented in the
Supporting Information (Table S2). The difference between
BSSE corrected and uncorrected values for the derived dissocia-
tion energies is small due to the BSSE energy correction
compensation. Nevertheless, it was considered in this work.

Corroborating the literature results,34 two local minima geo-
metries were found for the [C4mim][NTf2] ionic pair, with a

Figure 5. Ecm,1/2, as a function of the alkyl chain length, and structural and positional isomeric effects, for pyridinium-based ionic liquids in the positive
ion mode.

Figure 6. Cation�anion interaction energy as a function of the anionic
radius in the [cation(anion)2]

� aggregates of the [C4mim]-based ILs
combined with the anions Cl�, [BF4]

�, [PF6]
�, [TfO]�, and [NTf2]

�:
(() Ediss(BSSE), dissociation energies calculated at B3LYP/6-31þG(d)
level of theory (uncertainty in the order of 5%); (b) Ecm,1/2, experi-
mental relative interaction energies.

Scheme 1. Reactions Considered on the Dissociation Ener-
gies Estimation for the Studied Species

Table 3. Calculated Dissociation Energies, Based on the
BSSE Corrected Electronic Energies, Eele(BSSE), for the
Considered ILs

Ediss(BSSE)
a/eV

percursors
[(cation)-
(anion)]

[cation-
(anion)2]

�
[(cation)2-
anion]þ

[C4mim]Cl 3.85 1.31 1.42
[C4mim][BF4] 3.53 1.14 1.27
[C4mim][PF6] 3.28 1.06 1.16
[C4mim][TfO] 3.42 1.12 1.20
[C4mim][NTf2] 3.16 1.03 1.18
[C4C1mim][NTf2] 2.96 0.87 1.00

aAll the calculations where performed at the B3LYP/6-31þG(d) level
of theory.
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small energetic differentiation (2.9 kJ 3mol�1). Related informa-
tion is presented in the Supporting Information (Figure S1). The
difference between the two geometries is related to the
[C4mim]þ position around [NTf2]

�. The schematic views of
the optimized geometries of the [(cation)2anion]

þ and
[(anion)2cation]

� aggregates for [C4mim][NTf2] are depicted
in Figure 7. The most stable geometries found in both cases are
those that consider the ions aligned in the plane direction of the
imidazolium ring. For [C4C1mim][NTf2]-related aggregates
(Figure 7), the most stable geometries were found with the ions
aligned perpendicularly to the plane of the ring, due to the
hydrogen substitution at C2 by a bulk methyl group.
Energy experimental results, Ecm,1/2, and the quantum chemi-

cal results, Ediss(BSSE), as a function the anionic radius33 in the
[cation(anion)2]

� aggregates of the [C4mim]-based ILs with
anions Cl�, [BF4]

�, [PF6]
�, [TfO]�, and [NTf2]

�, are pre-
sented in Figure 6. As previously observed for Ecm,1/2, the
obtained quantum chemical estimations of the dissociation
energy, Ediss(BSSE), also show a good linear dependence of the
anionic radius. This pattern reflects the decrease of the electro-
static cation�anion attraction potential. A good correlation
among the results obtained by computational chemistry, at the
B3LYP/6-31þG(d) level of theory, and the experimental results
was found (1.0 ( 0.2 slope coefficient), with an energetic offset
of�0.52 eV, which is related to the different energetic referential
scale adopted for Ecm,1/2. The comparison between the experi-
mental Ecm,1/2 values with the BSSE corrected dissociation
energies obtained by quantum chemical calculations, Ediss(BSSE),
is presented in the Supporting Information (Figure S2).
Besides the effect of the ionic liquid anion on the dissociation

energies, the effect of themost acidic hydrogen substitution at C2
in the imidazolium ring by a methyl group was also evaluated by
quantum chemical calculations for the ion pairs [C4mim][NTf2]

and [C4C1mim][NTf2] and the corresponding aggregates [(cation)2-
NTf2]

þ and [(NTf2)2cation]
�. An energetic difference of 20

kJ 3mol�1 for the calculated ion pairs dissociation energy be-
tween [C4mim][NTf2] and [C4C1mim][NTf2] was previously
reported.35 For the [(cation)2NTf2]

þ and [(NTf2)2cation]
� aggre-

gates, the same magnitude of energetic difference (15 kJ 3mol
�1)

for the ions separation was obtained. This difference could
be partially attributed to the hydrogen bonding between
the hydrogen present at C2 and the bis[(trifluoromethyl)-
sulfonyl]imide anion in [C4mim][NTf2]. The higher dissocia-
tion energy for the separation of the cation in the [(C4mim)2-
NTf2]

þ aggregate compared with the [(C4C1mim)2NTf2]
þ was

also observed experimentally in this work, with values of relative
interaction energies of 0.491 and 0.426 eV, respectively. Other
experimental results, and also supported by quantum chemical
calculations, show that the dissociation energy for the cation separa-
tion in [(C4mim)2anion]

þ is significantly higher (15 kJ 3mol
�1)

than the anion separation in the [C4mim(anion)2]
� aggregate. The

higher dissociation energy, inherent to the cation separation, in
[(C4mim)2anion]

þ is again related to the additional hydrogen at
C2 in the imidazolium cation.
Evaluation of the Relative Cation�Anion Interaction

Strengths versus Ionic Liquids Surface Tensions. Besides
the studies on the physicochemical properties of ionic liquids
and their dependence on the alkyl chain length, cation family and
anionic species,6�8 a study regarding the relationship between
interaction energies of IL ion pairs, obtained by ab initio
calculations, and the ionic conductivity, was reported by Wata-
nabe et al.9 The authors9 concluded that the electrostatic
interaction is mainly responsible for the ionic attraction, with a
nonnegligible contribution from induction effects. It was also
shown9 that the magnitude and directionality of the interaction
energy play a crucial role in determining the ionic dissociation/
association dynamics in the ionic liquid. Nevertheless, a close
relationship between the values of the calculated interaction
energies and the experimental properties, such as melting point,
density, self-diffusion coefficients, and molar conductivities,
could not be found.9 In the same line of research, and due to
the availability of surface tensions of several ionic liquids studied
in this work,36�38 the correlation between the magnitude of such
property and the relative interaction energies obtained by the
mass spectrometry experiments was investigated.
In Figure 8 the surface tensions (σ) and Ecm,1/2 are repre-

sented as a function of the alkyl chain length for [Cnmim][NTf2]
ILs with n = 1�10, and as a function of anion size in 1-butyl-3-
methylimidazolium-based ionic liquids. The surface tensions
present a pattern similar to that of the relative interaction
energies as a function of the IL structural features. An initial
decrease in the magnitude of both properties toward a constant
value, achieved for n > 5 is observed. Surface tensions also display
a nearly linear decrease with the increase of the size of the IL
anion, in a trend that emulates the relative interaction energies.
The relative orientation of the cations and the anions at the

surface has been postulated as determinant for the ionic liquids
surface tension. For butyl-imidazolium-based ILs, two orienta-
tion models have been proposed for the surface layer:39 one
where the butyl chains are parallel to the surface and the other
where the chains are normal to the surface. It has also been shown
that the relative location of cation and anion depends on the ionic
composition of the ionic liquid which could be related to
the competition between Coulombic/polar interactions at the
ring and the alkyl chain�chain interactions.40 Thus, it seems

Figure 7. Schematic view of the optimized geometries (B3LYP/6-
31þG(d)) of the IL aggregates, for [C4mim][NTf2] and [C4C1mim]-
[NTf2]: (A) [C4mim][(NTf2)2]

�; (B) [(C4mim)2][NTf2]
þ; (C)

[C4C1mim][(NTf2)2]
�; (D) [(C4C1mim)2][NTf2]

þ.



4040 dx.doi.org/10.1021/jp201084x |J. Phys. Chem. B 2011, 115, 4033–4041

The Journal of Physical Chemistry B ARTICLE

reasonable to assume that surface orientation is dependent on the
relative cation�anion interaction energies which would explain
the close relationship observed between the surface tension and
the experimental mass spectrometry data obtained for the
relative ionic energies. However, additional care has to be taken
in order to not oversimplify the interpretation of the results. For
instance, the introduction of a methyl substituent in the position
C2 of the imidazolium ring of [C4mim][NTf2], leading to
[C4C1mim][NTf2], decreases considerably the interaction en-
ergy while the opposite behavior was found for the surface
tension.38 This is probably related with a greater ordering of
the IL at the air�liquid interface which is not reflected at
the bulk.

’CONCLUSIONS

A systematic study on the relative anion�cation interaction
energies of imidazolium-, pyridinium-, pyrrolidinium-, and piper-
idinium-based ionic liquids was carried out in this work by
electrospray tandem mass spectrometry (ESI-MS-MS). The
results on the cation�anion relative interactions were inter-
preted in terms of the influence of anion size, cation core, charge
dispersion, and steric hindrance. It was shown that the effect of
the anion and the replacement of the most acidic hydrogen at C2

at the imidazolium ring by a methyl group are in particular
agreement with the dissociation energies assessed by quantum
chemical calculations. For all of the studied anions, a higher
dissociation energy derived from the cation separation in the
[(C4mim)2anion]

þ aggregates than that derived from the anion
separation from [C4mim(anion)2]

� is observed. The impact of
the ion interaction strengths here measured in common ionic
liquid thermophysical properties was illustrated using surface
tension data. It was shown that this property follows a trend
analogous to the relative interaction energies determined bymass
spectrometry regarding both the cation alkyl chain length and the
anion size.
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