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Abstract: Metal-containing ionic liquids (ILs) have been recognized as potential solvents, 

catalysts, catalyst precursors and reagents for many organic processes. In this work, several 

quantum-chemical parameters, including surface electrostatic potential (Vs,max and Vs,min), the 

lowest surface average local ionization energy (Īs,min), and the electrostatic potential at the 

position of an atom (EPnuc), were adopted to understand the acidity/basicity of metal-containing 

ILs. Chlorometallate-based ILs show a stronger acidity than conventional ILs, because of the 

increased electron-deficiency of the imidazole ring with the incorporation of metal chloride. 

For the ILs with the Ag-coordinated cations, the acidity tends to attenuate while the basicity 

becomes stronger, as compared to traditional ILs. In addition, the regional Fukui function was 

also used to assess the molecular distribution of the Lewis acidity/basicity of the ILs under 

study. Overall, the introduction of metals into either the cations or the anions influences the 

acidity/basicity of ILs to a large degree, which would be beneficial for their certain 

applications, such as catalysis and extraction. We hope that the results presented here will 

assist in the development of novel metal-containing ILs with desirable properties. 
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1. Introduction 

Ionic liquids (ILs) have become one of the most rapidly growing research fields in the last 

decades, due to their remarkable properties such as negligible low vapor pressure at ambient 

temperatures, high thermal stability at elevated temperatures, and tunable characters by suitable 

selection of the cations and anions.
1-4

 Many new families and generations of ILs with specific 

and targeted properties, e.g. multi-functional ILs, bio ILs, chiral ILs, amphiphile ILs, etc., were 

designed and synthesized.
5,6

  

To facilitate the development of a promising IL for a particular use, it is of great 

importance to obtain accurate knowledge of physicochemical properties of ILs, including their 

rationalization at a molecular level. In recent years, several experimental studies have been 

conducted to determine the acidity/basicity of ILs, which is very useful for improving the 

efficiency of many IL-based processes. For example, the Kamlet-Taft solvatochromic 

parameters and the hydrogen-bonding acidity/basicity were previously reported for a number 

of imidazolium and pyridinium-based ILs.
7,8

 The acidity and basicity of ILs were also 

theoretically studied by correlating the experimental values with different computational 

descriptors.
9-12

 In 2013, two complementary models of Lewis molecular acidity (the excess 

electronic chemical potential and the local charge capacity) were introduced and tested in a 

series of ILs.
12

 Regional electrophilic and nucleophilic Fukui functions were then proposed to 

efficiently highlight the Lewis acidic/basic distributions of several imidazolium-based ILs.
13

 

Very recently, Xing and co-workers have demonstrated that the basicity of ILs can be 

enhanced by tuning the cation-anion interaction strength.
14,15

  

Metal-containing ILs, which have many obvious advantages over traditional ILs in such 

wide applications as Lewis acid catalysts, magnetic fluids, and components in electrochemical 

deposition process or thermochromic materials, are under active investigation.
16-18

 The most 

common examples are ILs with halometallate anions or metal-coordinated cations.
19-24

 

Recently, the acidity and basicity of halometallate-based ILs have been examined via X-ray 

photoelectron spectroscopy.
25

 Estager et al. then overviewed halometallate ILs and pointed out 

that the acidity of these ILs arises from the anion that contains a Lewis acidic center.
26

 

However, several fundamental questions remain largely elusive to date, for example, why are 

chlorometallate ILs better Lewis acidic catalysts than conventional ILs? What is the difference 
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between metal-containing ILs and conventional ILs regarding the acid-base property? Can the 

order of the acidity/basicity of metal-containing ILs be predicted rationally?  

In this work, the nature of the acidity/basicity of metal-containing ILs was studied through 

a quantitative electrostatic and electronic analysis of molecular surface. Two intrinsic 

properties of ILs, the maximum surface electrostatic potential (Vs,max) and the electrostatic 

potential at the position of an atom (EPnuc), were employed to describe the acidity of a region 

and an atom, respectively. The minimum surface electrostatic potential (Vs,min) and the lowest 

average local ionization energy on the surface (Īs,min) were adopted to understand the basicity 

of ILs at the electronic level. In addition, the Fukui function, a key quantity that projects the 

molecular property onto regions of model ion pairs, was also applied to assess the molecular 

distribution of the Lewis acidicity/basicity of ILs.  

 

2. Theoretical methods 

The geometries of the ion pairs for the studied ILs were fully optimized by means of the 

hybrid B3LYP functional,
27,28

 which has been commonly used in the study of cation-anion 

interactions in ILs.
29-33

 The Stuttgart-Cologne multiconfiguration Dirac-Hartree-Fock 

(MCDHF) adjusted effective core potential (ECP) basis set aug-cc-pVDZ-PP,
34

 attained from 

the EMSL Basis Set Exchange, was employed for I (28 core electrons), Zn (10 core electrons), 

Ag (28 core electrons) and Hg (60 core electrons), while for the remaining atoms the 

Dunning’s correlation-consistent basis set aug-cc-pVDZ was applied.
35

 Very recently, we have 

successfully utilized the B3LYP/aug-cc-pVDZ(-PP) method to study the structures and 

electronic properties of halogenated ILs and transition metal-containing ILs.
36,37

 All the 

optimized structures were confirmed to be minima on the potential energy surface via 

vibrational frequency analysis at the same level of theory. All of these computations were 

carried out with the help of Gaussian 09 suite of programs.
38 

The natural bond orbital (NBO)
39

 

and Merz-Kollman (MK)
40

 atomic charges were evaluated with B3LYP/aug-cc-pVDZ(-PP) for 

the ion pairs. Although the charges obtained by the two schemes are generally different in 

magnitude, the conclusions drawn are not affected appreciably.  

Cation-anion interaction energies of the ILs were calculated according to eq 1 and were 

counterpoise-corrected with the procedure of Boys and Bernardi to account for the basis set 
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superposition error (BSSE):
41

 

( )IL
kcal/mol 627.51 (au) (au) (au)AX A X

E E E E+ − ∆ = − −                (1) 

where 
ILE∆  is the cation-anion interaction energy of the ion pair, and AXE , 

A
E + , and 

X
E −  

are the BSSE-corrected energy of the ion pair and the energy of the isolated cation and anion, 

respectively. Single-point energy calculations were also undertaken at the level of 

B3LYP/aug-cc-pVTZ(-PP) using the B3LYP/aug-cc-pVDZ(-PP)-optimized structures. As 

shown in Table 1, the interaction energies of the ion pair calculated with 

B3LYP/aug-cc-pVTZ(-PP) are somewhat similar to those of B3LYP/aug-cc-pVDZ(-PP). 

The electrostatic potential at the position of an atom (EPnuc), neglecting the charge of the 

atom itself, was computed via a single-point calculation on an optimized geometry using the 

Gaussian keyword “prop”. The surface electrostatic potential (Vs,max and Vs,min) and the surface 

average local ionization energy (Īs,min) were determined by the Multiwfn 3.3 program,
42

 using 

the B3LYP-optimized geometries, wave functions, and electrostatic potential cube files 

generated from Gaussian 09. According to the suggestion of Bader et al.,
43

 the molecular 

surface was defined to be the 0.001 a.u. (atomic unit, equals electron/bohr
3
) outer contour of its 

electronic density ρ(r). A visualization tool SurRender was used to obtain the graphs of 

electrostatic potential and average local ionization energy mapped on the ρ(r) = 0.001 a.u. 

contour.
44

 The regional Fukui function, which is a well-known local descriptor for electron gain 

and donation, were also calculated with the Multiwfn 3.3 program. 

 

3. Results and discussion  

3.1 The acidity/basicity of halometallate ILs  

The development of halometallate ILs, e.g. chloroaluminate and chlorozincate ILs, has led 

to the recognition that ILs are a useful class of functional materials.
19-21,26

 Herein, a series of 

typical halometallate ILs, which are composed of 1-butyl-3-methylimidazolium cation 

([C4mim]
+
, Scheme 1) and several chlorometallate anions, such as AlCl4

−
, ZnCl3

−
, Zn2Cl5

−
 and 

HgCl3
−
, were selected. In addition, the conventional IL, [C4mim][Cl], was also considered for 

comparison. The most stable geometries of the ion pairs for these ILs are displayed in Fig. 1. 

For [C4mim][Cl], the chloride anion is located in the plane of the imidazole ring and close to 
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 5

the most acidic C
2
−H group, whereas the chlorometallate anions tend to reside over the 

imidazole ring and form two or three H-bonds with the C
2
−H moiety and the alkyl chains. As 

expected, the ion pair of chloride anion exhibits the shortest H(C
2
)···Cl interaction distance, thus 

indicating the strongest C
2
−H···Cl H-bond. Consistently, the cation-anion interaction energy of 

[C4mim][Cl] is computed much more negative than the ion pairs involving the chlorometallate 

anions (see Table 1).  

The acidity of a molecule is, to some extent, determined by its ability to form electrostatic 

interactions with basic species. At the microscopic level, Vs,max is an effective parameter for 

interpreting and predicting the acidic region of ILs; the larger magnitude of Vs,max implies a 

stronger acidity or interaction. In addition, the electrostatic potential at the position of an atom 

K, EPnuc(K) in eq 2, was also evaluated here to describe the acidity around the molecule: 

( ')
EP ( ) '

'

N
A

nuc
A k A K K

Z r
K dr

R R r R

ρ

≠

= −
− −

∑ ∫
r

r
r r rr                      (2) 

where ZA is the nuclear charge of atom A in the molecule at position RA, and A KR R−
r r

is the 

distance between atom A and atom K. A smaller value of |EPnuc| corresponds to a higher 

H-bond acidity with a more strongly polarized X−H bond, that is, more charge is pulled away 

from the H atom, giving rise to a larger ∆r that makes |EPnuc| smaller.  

Molecular surface properties of the ion pairs for the studied ILs are graphically depicted in 

Fig. 2, and the corresponding data of Vs,max and EPnuc are listed in Table 1. As can be seen, the 

locations of Vs,max for these ILs are all around the H(C
4/5

) atom of the cation, in line with the 

concept that the acidity of ILs frequently comes from the cation. In general, the computed 

values of Vs,max for chlorometallate ILs are larger than that for [C4mim][Cl]; EPnuc of the three 

imidazolium H atoms in chlorometallate-based ILs is estimated to be smaller in absolute value 

compared with [C4mim][Cl]. These indicate that halometallate ILs exhibit a stronger Lewis 

acidity than conventional ILs, which has been proved by many experimental studies.
26,45

 When 

a Cl atom in AlCl4
−
 was replaced by a Br or I atom, the cation-anion interactions become 

weaker, and the Lewis acidity increases in the following order: [C4mim][AlCl4]＜

[C4mim][Br-AlCl3]＜[C4mim][I-AlCl3] (cf. Table 1 and Fig. S1), in good agreement with 

previous experimental findings.
26
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 6

It is well documented the Lewis acidity of chlorometallate ILs is controlled not only by 

the electrophilicity of the metal but also by the mole fraction of metal chloride used to prepare 

these ILs.
26

 From Table 1, it is clear that the acidity of chlorometallate ILs reduces in the order 

Al ＞  Zn ＞  Hg, in accordance with the electronegativity trend of the three metals. 

Additionally, relative to [C4mim][ZnCl3], the chlorozincate IL with higher order complex 

anion ([C4mim][Zn2Cl5]) possesses more negative Vs,max as well as smaller |EPnuc|. Therefore, 

the Lewis acidity of the ILs becomes stronger with the increase of the mole fraction of metal 

chloride, consistent with the experimental observations.
9
  

Why is the acidity of chlorometallate ILs stronger than traditional ILs? To address this 

question, the atomic charges and charge transfer properties of the ILs under study were 

calculated and the results are given in Table 2. Usually, chlorometallate-based ILs were 

synthesized by direct addition of the required metal chloride MClx to [C4mim][Cl] in 

appropriate molar ratio and under inert atmosphere. Thus it is speculated that the introduction 

of metal chloride MClx probably contributes to the enhancement of the acidity. For present 

chlorometallate ILs, charge transfer QCT indeed occurs from the ion pair unit (C4mim-Cl), in 

which the Cl atom is close to the imidazole ring and forms a H-bond with the C
2
−H moiety, to 

the MClx unit, as shown in Fig. 3. Moreover, a larger amount of this charge transfer 

corresponds to a stronger acidity of the ILs (cf. Tables 1 and 2). For example, the magnitude of 

QCT(IP → MClx) for the three aluminate ILs decreases in the following order:  

[C4mim][I-AlCl3] ( 484 me) > [C4mim][Br-AlCl3] (403 me) > [C4mim][Cl-AlCl3] (347 me), 

that is, AlCl3 can attract more electron from [C4mim][I], leading to the stronger acidity of 

[C4mim][I-AlCl3]. In addition, relative to [C4mim][ZnCl3], QCT(IP→MClx) appears to be in 

greater magnitude for [C4mim][Zn2Cl5] that exhibits a stronger acidity. From Table 2, it is also 

seen that as compared to [C4mim][Cl], the positive charge on the H(C
4/5

) atom increases and 

the negative charge on the C
4
/C

5
 atom also increases in chlorometallate ILs, while the positive 

charge on the H(C
2
) atom in these ILs decreases, thus suggesting charge transfer from H(C

4/5
) 

to H(C
2
), as displayed in Fig. 3. On the basis of these results, the incorporation of metal 

chloride enhances the electron-deficiency of the imidazole ring, especially on the H(C
4/5

) atom, 

which gives rise to the stronger acidity of chlorometallate ILs.  

Generally, the concept of basicity can be divided into two components: the electrostatic 
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 7

component and the covalent component. Vs,min and Īs,min can predict the electrostatically 

reactive ability and the electron-transfer ability of the molecules, respectively. As shown in Fig. 

2, the sites of Vs,min and Īs,min are all located at the Cl atom in the anions, irrespective of the 

anion type (Cl
−
, AlCl4

−
, ZnCl3

−
, Zn2Cl5

−
 and HgCl3

−
). Nonetheless, the introduction of metals 

into the anion affects the magnitude of Vs,min and Īs,min to a large degree. In comparison with 

[C4mim][Cl], considerably smaller absolute values of Vs,min and much larger Īs,min are predicted 

for chlorometallate ILs (see Table 1), which indicates that chlorometallate ILs exhibit a weaker 

basicity than traditional ILs. This is not surprising, due to the much larger size of 

chlorometallate anions that results in a more dispersed distribution of the negative charge.  

As increasing ZnCl2 content in [C4mim][ZnCl3], the absolute value of Vs,min tends to 

decrease and the Īs,min value becomes greater. Consequently, the higher order complex anion 

leads to less basic ILs, consistent with the experimental results.
9
 For the three aluminate ILs, 

the electrostatically reactive ability increases in the order [C4mim][AlCl4]＞[C4mim][Br-AlCl3]

＞[C4mim][I-AlCl3]; however, the electron-transfer ability follows the reverse trend. This can 

be explained by the different locations of Īs,min for these ILs. As is evident from Fig. S1, the 

Īs,min site for [C4mim][Br-AlCl3] and [C4mim][I-AlCl3] is around the Br atom and the I atom, 

respectively, rather than the Cl atom in [C4mim][AlCl4]. It is well known that the electron 

donating ability of halogen atoms strengthens when going down the periodic table (Cl < Br < I), 

which gives rise to the observed tendency of Īs,min for the three ILs. Clearly, both the content of 

metal halide and the halogen atom in the anion influence the basicity of halometallate ILs.  

3.2 The acidity/basicity of the ILs with the Ag-coordinated cations 

As compared to halometallate ILs, much less attention has been focused on the ILs 

involving metals in the cations.
22,23

 In this work, three ILs with the cations consisting of silver 

center coodinated by two n-alkylimidazole ligands, i.e. [Ag(mim)2][Tf2N], 

[(C2im)Ag(mim)][Tf2N], and [(C4im)Ag(mim)][Tf2N], were chosen (Scheme 1). In addition, 

the conventional IL, [C1mim][Tf2N], was also taken into account for comparison. Based on the 

determined crystal structures and our previous calculations,
22,37

 the most stable transoid 

configurations of the ion pairs, in which the anion locates in the front of the cation and forms a 

strong N···H interaction with the C
2
−H group of one imidazole ring, were under investigation, 

as displayed in Fig. 1. The cation-anion interactions in silver-containing ILs are weaker than 
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 8

those in [C1mim][Tf2N], because of the longer HB distances and less negative interaction 

energies (see Table 1).  

At first, a quantitative analysis of Vs,max was performed on these ion pairs. From Fig. 4, it is 

clear that the location of Vs,max in [C1mim][Tf2N] is around the H(C
4/5

) atom, similar to that in 

[C4mim][Cl], whereas the Vs,max sites in silver-containing ILs are all around the H(C
2’

) atom. 

Owing to the smaller values of Vs,max, silver-containing ILs exhibit a weaker acidity than 

[C1mim][Tf2N].  

The ability of ILs to act as a H-bond acceptor can be determined by Vs,min and Īs,min. As 

shown in Fig. 4, the sites of Vs,min for the studied ILs are all around the O atom in the anion, 

irrespective of the cation type ([C1mim]
+
 and [(Cnim)Ag(mim)]

+
). Nonetheless, Vs,min for 

silver-containing ILs is predicted to be more negative than that for [C1mim][Tf2N], and 

therefore these ILs behave as stronger H-bond acceptors with respect to conventional ILs. 

From Fig. 4, it is also seen that the Īs,min site in [C1mim][Tf2N] is located on the anion, while 

the locations of Īs,min in the three silver-containing ILs are all around the Ag atom of the cation. 

It is of great interest to elucidate why the Īs,min site of these ILs concentrates on the cation. 

Commonly, the first ionization energy of a molecular is estimated as the difference between the 

energy of neutral molecular and the energy of the molecular withdrawing an electron which is 

mostly inclined to escape from the molecular. Here it can be deduced that such electron may 

come from the HOMO of the ion pairs. As shown in Fig. 5b, the HOMO of [Ag(mim)2][Tf2N] 

resides mainly on the cation, rather than the anion, and is composed of the occupied p orbitals 

of the imidazole ring and the d obitals of the Ag atom. Therefore, the electron of the Ag atom 

may leave from the molecular surface more easily, which results in the Īs,min sites around Ag 

atom in silver-containing ILs.  

3.3 The Fukui function of metal-containing ILs 

The Fukui function (FF) shows the distribution of an infinitesimal charge added or 

removed from a molecule, according to eqs 3 and 4: 

1

( )
( ) ( ) ( ) ( )N N

r
f r r r

N

ρ
ρ ρ+ +

+

∂
= = −

∂
                         (3) 

1

( )
( ) ( ) ( ) ( )N N

r
f r r r

N

ρ
ρ ρ− −

−

∂
= = −

∂
                         (4) 

where ( )N rρ
r

, ( )+1N rρ
r

, and ( )-1N rρ
r

 are the electron densities of the neutral species (N 
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electrons), its anion (N+1 electrons), and its cation (N−1 electrons), respectively. Electrophilic 

FF ƒ
+
 is the natural distributor of Lewis molecular acidity, and nucleophilic FF ƒ

-
 is the 

distributor of Lewis molecular basicity. Here we also can integrate over the corresponding 

basins ±Ω  (local area of a molecule), producing the basins FF as follows: 

k

= =
k

k

kN r d r fρ±
±

± ±
Ω Ω

∈Ω
∑∫

r r
（）                            (5) 

The basins 
k

±Ω  represent maximum molecular regions of the electrophilic FF (
+

k
Ω ) and 

nucleophilic FF (
-

k
Ω ), respectively. Thus, the region with the larger +NΩ  is the favorable site 

to accept electron charge, while the region with the greater 
-NΩ  is the location that prefers to 

donate electron charge.
 46 

According to the recent work of Cerda-Monje et al,
13

 the concept of 

“normal distribution”, “bifunctional distribution” and “borderline distribution” was employed 

to describe present ILs. Namely, the “normal distribution” indicates that the Lewis molecular 

acidity (
+NΩ ) is mainly centered on the cation fragment, and the Lewis molecular basicity (

-NΩ ) 

is mostly centered on the anion (for the cation, 
+NΩ＞ 0.9 eV and 

-NΩ＜0.2 eV); the 

“bifunctional distribution” is used when both the Lewis acidity and basicity are located at the 

same region of ILs (for the cation, 
+NΩ  > 0.9 ev and 

-NΩ  ＞ 0.5 eV); the remaining ones 

belong to the “borderline distribution”.   

The calculated values of N ±
Ω  for the studied ILs are summarized in Table 3. As can be 

seen, most of chlorometallate ILs show a normal distribution, that is, the Lewis acidity and 

basicity is located on the cation and the anion, respectively. However, the ILs involving HgCl3
−
 

and Zn2Cl5
−
 exhibit a borderline distribution, and therefore some chlorometallate anions can 

induce electronic polarization on the cation that results in nucleophilic activation in some 

specific regions. Particularly, for the ILs with the Ag-coordinated cations, the most susceptible 

site to accept electronic charge as well as the region with the major ability to donate electronic 

charge are all situated on the cations (bifuncitonal), which can be ascribed to the strengthening 

nucleophilic ability of the cation with the presence of the Ag atom (cf. Fig. 5).  

On the basis of the Lewis acidity/basicity of metal-containing ILs reported herein, some 
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experimental findings of these ILs can be rationalized at the microscopic level. Recently, Wang 

and co-workers explored several ILs as efficient catalysts for the glycolysis of poly(ethylene 

terephthalate) (PET), and they found that halometallate ILs, especially [allyl-mim][CoCl3] and 

[allyl-mim][ZnCl3], exhibit higher catalytic activity under mild reaction condition, as compared 

to the traditional catalysts (e.g., Zn(Ac)2) and the conventional IL catalysts (e.g., 

[C4mim][Cl]).
47

 According to the experimental results, the authors proposed a possible 

mechanism (see Fig. S2) and raised a reasonable explanation, that is, the higher catalytic 

activity is attributed to the synergetic effect between the cation and anion of the IL catalyst. As 

demonstrated in this work, the conventional IL ([C4mim][Cl]) exhibits a borderline distribution 

of the Lewis acidity/basicity (for the cation, 
-NΩ  > 0.2 eV), and thus the weak nucleophilicity 

of the cation to some extent hinder it to attack PET. Moreover, the absolute value of EPnuc of 

the H(C
2
) atom in [C4mim][ZnCl3]) is smaller than that in [C4mim][Cl] (cf. Table 1), that is, 

the cation in [C4mim][ZnCl3] can interact the ester O atom in PET more easily and effectively. 

In addition, the weaker cation-anion interaction in [C4mim][ZnCl3] also promotes the ZnCl3
−
 

anion to interact with the H atom in PET. Overall, the normal distribution of the acidic/basic 

region, the strong electrostatic interaction with electron, and the weak cation-anion interaction 

may lead to the better catalytic effect of chlorozincate ILs. 

Zhang et al. have previously studied the extraction of aromatic hydrocarbons from 

aromatic/aliphatic mixtures using chloroaluminate room-temperature ILs as extractants. They 

pointed out that chloroaluminate ILs can be classified into complexation extraction with a 

higher capacity and selectivity than traditional ILs with such anions as chloride, bromide, 

tetrafluoroborate, etc.
48

 According to our calculations, the value of Vs,max for [C4mim][AlCl4] is 

larger than that for [C4mim][Cl]; the H(C
4/5

) atom in [C4mim][AlCl4] has a smaller absolute 

value of EPnuc with respect to [C4mim][Cl]. These indicate that chloroaluminate ILs have 

stronger acid site to interact with aromatic hydrocarbons with highly delocalized π electron, 

which may lead to an excellent extraction and separation performance. Additionally, the ILs, 

[C4mim][Br-AlCl3] and [C4mim][I-AlCl3], may also be applied as good extraction solvents, 

based on our computational results.  
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4. Conclusions 

In this work, Vs,max and EPnuc were proposed to describe the acidity of metal-containing ILs, 

while Vs,min and Īs,min were used to interpret their basicity. The incorporation of metal chloride 

enhances the electron-deficiency of the imidazole ring, especially on the H(C
4/5

) atom, which 

leads to the stronger acidity of chlorometallate ILs. Nonetheless, these ILs show a weaker 

basicity than conventional ILs, because of the dispersed distribution of the negative charge on 

chlorometallate anions. As compared to traditional ILs, silver-containing ILs exhibit a weaker 

acidity but behave as stronger H-bond acceptors. In addition, the regional Fukui function was 

also adopted to investigate the molecular distribution of the Lewis acidity/basicity of the ILs 

under study. Most of chlorometallate ILs belong to “normal distribution”, which seems to be 

beneficial to the catalytic reaction and extraction, while the ILs with the Ag-coordinated 

cations can be all considered as “bifunctional distribution”. These results not only reveal the 

acidity and basicity of metal-containing ILs, which is of great importance for a better 

understanding of the nature of these ILs, but also are highly instructive for the design of new 

functionalized metal-containing ILs. 
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Table 1 Cation-anion interaction energies and surface parameters for the studied ILs
a
  

ILs ∆E Vs,max EPnucH(C
2/2’

) EPnucH(C
4/5

) Vs,min Īs,min 

[C4mim][Cl] -90.77(-90.44) 45.53 -1.0064 -1.0182 -62.29  5.80  

[C4mim][I-AlCl3] -68.05(-69.00) 50.93 -1.0025 -0.9971 -35.58  7.12  

[C4mim][Br-AlCl3] -69.04(-69.96) 50.59 -1.0027 -0.9982 -36.16  7.89  

[C4mim][ AlCl4] -69.66(-70.71) 50.40 -1.0034 -0.9999 -36.39  8.29  

[C4mim][ZnCl3] -71.62(-72.84) 49.70 -1.0052 -1.0079 -43.42  7.53  

[C4mim][Zn2Cl5] -63.54(-66.92 ) 50.89 -1.0027 -0.9912 -39.39  7.77  

[C4mim][HgCl3] -71.96(-73.94) 48.91 -1.0071 -1.0113 -39.08  7.83  

[C4mim][Tf2N] -75.23(-74.04) 52.60  -0.9940 --- -48.56  9.66  

[Ag(mim)2] [Tf2N] -64.71(-65.16) 46.88  -1.0190 --- -52.78  7.98  

[(C2mim)Ag(mim)] 

[Tf2N] 
-64.25(-65.30) 45.14  -1.0220 --- -52.98  7.95  

[(C4mim)Ag(mim)] 

[Tf2N] 
-63.82(-64.86) 44.36  -1.0230 --- -53.12  7.94  

  a 
∆E, Vs,max and Vs,min are expressed in kcal/mol, and EPnuc and Īs,min are given a.u. and eV, respectively. 

The atomic labels are shown in Scheme 1. The values in parentheses are the interaction energies 

calculated with B3LYP/aug-cc-pVTZ(-PP). 

 

Table 2 The magnitude of charge transfer from the unit (C4mim-Cl) to metal chloride 

[QCT(IP→MClx)] and NPA charges for the ILs under study
a
 

 QCT N
1
 C

2
 H(C

2
) N

3
 C

4
 H(C

4
) C

5
 H(C

5
) 

[C4mim][Cl] --- -0.411 0.308 0.289 -0.403 -0.042 0.249 -0.043 0.248 

[C4mim][I-AlCl3] -0.484(-0.531) -0.389 0.331 0.272 -0.390 -0.026 0.254 -0.027 0.254 

[C4mim][Br-AlCl3] -0.403(-0.522) -0.389 0.332 0.273 -0.390 -0.027 0.254 -0.028 0.254 

[C4mim][AlCl4] -0.347(-0.510) -0.390 0.332 0.275 -0.390 -0.028 0.254 -0.028 0.275 

[C4mim][ZnCl3] -0.277(-0.382) -0.393 0.335 0.283 -0.399 -0.031 0.253 -0.031 0.253 

[C4mim][Zn2Cl5] -0.358(-0.430) -0.387 0.333 0.268 -0.388 -0.019 0.256 -0.022 0.255 

[C4mim][HgCl3] -0.276(-0.360) -0.393 0.335 0.284 -0.400 -0.032 0.252 -0.032 0.252 

 
a
 All values are given in a.u. The atomic labels are shown in Scheme 1. The values in parentheses are the 

amount of charge transfer computed with the MK scheme. 
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Table 3 Electrophilic (
+NΩ  ) and nucleophilic (

-NΩ  ) FF values over the cations and anions for 

the studied ILs. 

ILs 

Cation Anion Acidity and bacisity 

+NΩ  
-NΩ  

+NΩ  
-NΩ  Distribution 

[C4mim][Cl] 0.980 0.240 0.020 0.760 borderline 

[C4mim][I-AlCl3] 0.953 0.058 0.047 0.942 normal 

[C4mim][Br-ZnCl3] 0.955 0.116 0.045 0.884 normal 

[C4mim][AlCl4] 0.939 0.190 0.061 0.810 normal 

[C4mim][ZnCl3] 0.958 0.180 0.042 0.820 normal 

[C4mim][Zn2Cl5] 0.794 0.156 0.206 0.844 borderline 

[C4mim][HgCl3] 0.560 0.116 0.440 0.884 borderline 

[C4mim][Tf2N] 0.959 0.208 0.041 0.792 borderline 

[Ag(mim)2] [Tf2N] 0.957 0.584 0.043 0.416 bifunctional 

[(C2mim)Ag(mim)] 

[Tf2N] 
0.970 0.594 0.030 0.406 bifunctional 

[(C4mim)Ag(mim)] 

[Tf2N] 
0.984 0.629 0.016 0.371 bifunctional 

 

 

 

SCHEME 1: The chemical structures of the [C4mim] and [(Cnim)Ag(mim)] cations. 
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Fig. 1 Optimized structures of the ion pairs for the ILs under study. Distances are in angstroms. 
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Fig. 2 Molecular surface properties of chlorometallate ILs and [C4mim][Cl: (a) electrostatic 

potential at the 0.001 au contour of the electron density and its maximum Vs,max on the ILs; (b) 

electrostatic potential at the 0.001 au contour of the electron density and its minimum Vs,min on 

the ILs; (c) average local ionization energy at the 0.001 au contour of the electron density and 

its minimum Īs,min on the ILs. Color ranges for electrostatic potential, in kcal/mol: blue < −30.0 

< green < -4 < yellow < 20 < red. Color ranges for average local ionization energy, in eV: blue 

< 10 < green < 12 < yellow < 14 < red. The positions of Vs,m and Īs,min are marked by the red 

arrow on the surface. 
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Fig. 3 Direction of charge transfer when ZnCl2 approaches the ion pair unit (C4mim-Cl). 

 

 

Fig. 4 Molecular surface properties of silver-containing ILs and [C1mim][Tf2N],: (a) 

electrostatic potential at the 0.001 au contour of the electron density and its maximum Vs,max on 

the ILs; (b) electrostatic potential at the 0.001 au contour of the electron density and its 

minimum Vs,min on the ILs; (c) average local ionization energy at the 0.001 au contour of the 
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electron density and its minimum Īs,min on the ILs. Color ranges for electrostatic potential, in 

kcal/mol: blue < −30.0 < green < -4 < yellow < 20 < red. Color ranges for average local 

ionization energy, in eV: blue < 10 < green < 12 < yellow < 14 < red. The positions of Vs,m and 

Īs,min are marked by the red arrow on the surface. 

 

 

 

Fig. 5 The electron donor Fukui function ƒ
-
 isodensity plot at 0.003 a.u. (a) and the HOMO 

orbital at 0.03 a.u. (b) of [Ag(min)2][Tf2N]. 
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