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Abstract
The hydrogen bond interactions between methyl-imidazolium cation (MIM+) and fatty-acid anions
(CmHnCOO–, where m=1–6; n-3–13) of ionic liquids are studied in both gas phase and water phase using
density functional theory. The structural properties show that the presence of N–H···O and C–H···O
hydrogen bonds between [MIM]+ and [CmHnCOO]– (m=1–6;n-3–13) ionic liquids. From the vibrational

frequency analysis it was found that the hydrogen bond interaction between [MIM]+ and [CmHnCOO]–

(m=1–6;n-3–13) ionic liquids are red-shifted in frequency.  The natural bond orbital analysis show that
the N–H···O hydrogen bond associated with the large charge transfer which has the higher stabilization
energy (i.e. E(2) ~ 38 kcal/mol). Further, the cation/anion–water cluster (H2O)1-3 interactions show that
the water molecules are preferred to interact with anions. In the case of ionic liquids–water cluster
interaction, the water molecules occupies the interstitial space between cation and anion of ionic liquids
which results in weakening the cation-anion interaction. 

1. Introduction
Ionic liquids (ILs) are a class of organic salts composed of ions that are exist in the liquid state at low
temperatures (below 100 °c) [1–8]. Generally, ILs consists of organic cation (for example, imidazolium,
pyridinium, phosphonium and etc.,) and organic/inorganic anion (for example, acetate, nitrate,
tetrafuoroborate, alkyl-sulfate and etc.,) [9–19]. Because of their unique properties, they have attracted
research interests in both academia and industries as they applied in organic/inorganic synthesis,
catalysis, electrochemical devices and so on [20–26]. Different kinds of ILs are developed and studied for
various applications such as room-temperature ionic liquids (RTILs) [2, 16, 27], poly-ionic liquids (PILs)
[28, 29], amino-acid ionic iquids (AAILs) [30–32] and task-speci�c ionic liquids (TSILs) [33, 34]. Similarly,
new class of ionic liquid called surface active ionic liquid (SAILs) have possess diverse applications in
organic synthesis, biotechnology, nanotechnology, surfactant �ooding and so on [35–39]. It is considered
that the SAILs have both the properties of ILs and surfactant. Based on the structural property, SAILs can
be divided into three category, (i) cationic SAILs (like imidazolium, pyridinium with long alkyl chain), (ii)
anion SAILs (like carboxylate anion, sulphate anion and sulfonate anion) and (iii) catanionic SAILs
(cations and anions showing surface active properties) [38, 39]. The nature of SAILs can be tuned by the
choice of cation and anion, and the properties of SAILs are studied extensively in colloidal chemistry,
supramolecular chemistry, eletrochemisty, pharmaceutical industry and etc., [40–43]

The presence of hydrogen bond (H-bond) between cation and anion of ILs plays a vital role in the
behaviour of ILs [44–48]. In general, the H-bond is denoted as X–H···Y interaction in which X (usually, C, N
and O) and Y (usually, N and O) are strong electronegative atoms. It was found that the cations are the
active H-bond donors and anions are the active H-bond acceptors. Based on the strength of the H-bond,
the ILs are divided into two types, (i) protic ILs and (ii) aprotic ILs. In protic ILs, H-bond is formed by
proton transfer from a Brønsted acid to a Brønsted base whereas in aprotic ILs, the cationic C–H unit be
the major H-bond donor unit [48]. Since, ILs have large numbers of cations and anions, the H-bonding in
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ILs are highly system dependent. Unlike, the H-bonding in traditional neutral system, the H-bonding
present in the ILs have different interesting behaviours.

Nowadays, the water aggregation or micellization properties of SAILs are actively studied by both
experimental and theoretical studies [38, 49, 50]. Experimentally, surface tension, conductivity, steady
state �uorescence spectra, viscosity, and dynamic light scattering measurements are used to determine
the water aggregation properties of SAILs. Theoretically, density functional theory (DFT) is used to study
the water aggregation properties of SAILs. Mostly, the studies are performed on water aggregation
properties of imidazolium cations with sulfonate anions of SAILs [39, 51]. It promoted us to study the
water aggregation properties of SAILS. Here, we have studied the water aggregation properties of the
methyl-imidazolium cation with six fatty-acid anion of SAILs with different water molecules (1–3) using
DFT. This study will be useful to understand the interactions of cation-water, anion-water, cation-anion
and ionic liquid-water towards the water aggregation properties of SAILs.

2. Computational Details
The hybrid M06-2X density functional [52] along with 6-311++G (d,p) basis set [53] is used to optimize the
structures of methyl-imidazolium cation [MIM]+, fatty-acid based anions [CmHnCOO]− (where, m=1–6;

n=3–13) and ILs [MIM+–CmHnCOO−] (m=1–6; n=3–13) and ILs with water molecules (H2O)x (where, x=1–
3) respectively. The solvent effects on the stability of ILs are examined through self-consistent reaction
�eld (SCRF) using polarizable continuum model (PCM) in water [54, 55]. Vibrational frequency analysis
used to found the global minimum structures with no imaginary frequency values. The strength of H-
bond between cation and anion of ILs are studied by atoms in molecule (AIM) analysis using the
MORPHY98 program package [56, 57]. Further, the natural bond orbital (NBO) analysis is used to
understand the charge transfer between ILs [58]. All, the above calculations are performed with
Gaussian09 Rev. A.02 package [59].

3. Results And Discussion

3.1 Structures of [MIM]+ Cation and [CmHnCOO]− Anions
The optimized structures of methyl-imidazolium cation [MIM]+ and fatty-acid anions [CmHnCOO] − (where,

m=1–6; n=3–13) are shown in Figure 1. In the case of [MIM]+ cation, a three-center (N1-C2-N3) four-
electron ∏ system is observed [60]. The bond length of N1=C2 and C2=N3 are predicted to be 1.327 Å
and 1.333 Å and the bond length of N3-C4 and C5-N is to be 1.376 Å and 1.381 Å respectively, while for
C4=C5 it is of 1.357 Å. From the NBO charge analysis, it is found that the negative charge is located on
the two N atoms (N1=-0.35 e and N3=-0.50 e) and positive charge is located on the C2 atom while C4 and
C5 atoms have nearly neutral charge. In the case of fatty-acid anions (i.e. [CmHnCOO]−, where m=1–6;
n=3–13)), as the chain length increases (i.e. C1 to C6) the anions prefers to form bent structure. The

natural charge value of –0.81 e is found on the two O atoms (COO−) in the fatty-acid anions. The length
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of the hydrophobic chain in fatty-acid anion is in the range of 2.66–9.65 Å which is in agreement with the
theoretically calculated value (2.76–9.09 Å) by Tanford equation, L = 1.5 + 1.265n (where, n is the number
of carbon atom) [61].

3.2 Structures of Cation–Water and Anion–Water
interactions
The optimized structures of water clusters (H2O)x (x=1–3), [MIM]+ cation and [CmHnCOO]− anions (m=1–
6; n=3–13) with different water molecules (H2O)x (x=1–3) are shown in Figures 2–4 respectively. The
purpose of this study is to analyse the changes in the natural charge values of cation and anions of ILs
during the interactions with water molecule and also to �nd the water aggregation property of cation and
anions of ILs with water molecule. Previously, Roohi et al. studied the water aggregation property of
[MIM]+ cation [62]. The O atom in H2O molecule forms H-bond with [MIM]+ cation in three ways 1:1, 2:1

and 3:1 ratio. That is, the number of H-bonds between [MIM]+ cation and water molecule is increased with
increase of number of water molecules from 1 to 3. The bond length of N3–H13 is elongated from 1.012
Å (cation) to 1.030 Å (cation-water) because of the electron absorption effect of H2O. The negative charge

of N3 atom in [MIM]+ cation is increased from –0.498 e to –0.513 e during the interactions with water
molecules (H2O)1−3. Figure 4 shows the optimized structures of interactions between fatty-acid anion
with different water molecules (H2O)1−3. Recently, Ali et al. have studied the aggregation behaviour of
choline-fatty-acid based ILs by experimentally [63]. Here, the H atom in H2O molecule forms H-bond with

O atom of [CmHnCOO]− (m=1–6; n=3–13) anions in three ways 2:1, 3:1 and 4:1 ratio. The O–C bond of

[CmHnCOO]− (m=1–6; n=3–13) anions is increased from 1.249 Å to 1.257 Å during the interactions with
water molecule (H2O)1−3. This means that the hydrate formation weakens the O–C bond in the fatty-acid

anions. Also, the negative charge of O atom in [CmHnCOO]− (m=1–6; n=3–13) anions are increased from
–0.81 e to –0.84 e on interactions with H atom of water molecules (H2O)1−3.

3.3 Structures of Cation–Anion interactions
The optimized structures of ILs [MIM]+–[C1H3COO]−, [MIM]+–[C2H5COO]−, [MIM]+–[C3H7COO]−, [MIM]+–

[C4H9COO]−, [MIM]+–[C5H11COO]− and [MIM]+–[C6H13COO]− are shown in Figure 5 and Figures S1–S3.

The methyl-imidazolium cation [MIM]+ shows different interaction sites for the fatty-acid anions
[CmHnCOO]− (m=1–6; n=3–13). In this study, four different interaction sites are considered (site i) C2-N3,
(site ii) N3-C4, (site iii) N3 and (site iv) N1-C2 (Figures 5 and S1–S3). Further, the optimized structures of
ion-pairs in water phase and ion-pair without proton transfer is shown in Figures S4 and S5. Among that,
the C2-N3 site of MIM+ cation is the preferred site for the interaction of fatty-acid anions (Figure 5). From
the NBO natural charge analysis, it is evident that the C2 atom in the C2-N3 site has more positive charge
compare to the other possible sites which leads to the much stronger interactions with the anions. As
shown in Figure 5, there are two H-bonds are formed (i.e. N–H···O and C–H···O) between [MIM]+ and
[CmHnCOO]− (m=1–6;n-3–13). The calculated bond length, bond angle values of H-bond between [MIM]+
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and [CmHnCOO]− (m=1–6;n-3–13) are listed in Table 1. The H-bond distance of N–H···O and C–H···O are
in the range of 1.692 – 1.704 Å and 2.300 – 2.310 Å respectively. During cation–anion interaction, the
N3–H13 and C2–H9 bond in the [MIM]+ cation is elongated by 0.692 Å and 0.020 Å. The obtained result
is in agreement with the previous result in which the N–H bond of [MIM]+ cation is elongated by 0.670 Å
while interacting with [C1H3COO]− anion [62]. This result shows that the proton transfer takes place from

N–H bond of [MIM]+ cation to [CmHnCOO]− anion (m=1–6;n-3–13). The optimized ion-pairs without
proton transfer is shown in Figure S5. The calculated relative energy values in Table S1 show that the ion-
pairs with proton transfer are much lower in energy compare to the ion-pairs without proton transfer. The
bond angle values show that the N–H···O H-bond is almost linear with the bond angle of 175° and the N–
H···O H-bond has a bond angle of 122°. The calculated NBO natural charge values shows that, the
negative charge in the N3 atom of [MIM]+ cation is increased from –0.50e to –0.58e and the positive
charge in the C2 atom of [MIM]+ cation is decreased from +0.30e to +0.24e during the interaction between
cation and anion. Correspondingly, the negative charge of both O atoms in the [CmHnCOO]− (m=1–6;n-3–
13) anions decreased from –0.81e to –0.70e. This shows that the charge is transferred from the anion
unit to cation during the interaction. The optimized structures of ILs ([MIM]+–[CmHnCOO]− (where, m=1–
6;n-3–13)) in the water phase is shown in Figure S4. Similar to the gas phase structures, two types of H-
bonds found (i.e. N–H···O and C–H···O) between [MIM]+ and [CmHnCOO]− (m=1–6;n-3–13). The H-bond
distance of N–H···O and C–H···O are in the range of 1.598 – 1.600 Å and 2.525 – 2.530 Å respectively.
During cation–anion interaction, it is noted that the N3–H13 bond in the [MIM]+ cation is elongated by
0.588 Å. The calculated NBO natural charge values shows that, the negative charge in the N3 atom of
[MIM]+ cation is increased from –0.50e to –0.57e.
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Table 1
The bond length (in Å), bond angle (in °), electron density ρ(r) (in a.u.), Laplacian of electron density

∇2ρ(r) (in a.u.) and hessian at bond critical point (HBCP) for the [MIM]+–[CmHnCOO]− (m=1–6; n=3–13)
ionic liquids.

ILs Bond type Bond length Bond angle ρ(r) ∇2ρ(r) HBCP

[MIM]+–[C1H3COO]− N–H···O 1.693 174.83 0.05295 0.10516 –0.01190

C–H···O 2.310 122.14 0.01347 0.04995 0.00187

[MIM]+–[C2H5COO]− N–H···O 1.692 174.96 0.05301 0.10511 –0.01195

C–H···O 2.303 122.47 0.01365 0.05065 0.00189

[MIM]+–[C3H7COO]− N–H···O 1.696 174.84 0.05252 0.10516 –0.01164

C–H···O 2.300 122.59 0.01373 0.05099 0.00191

[MIM]+–[C4H9COO]− N–H···O 1.700 174.67 0.05196 0.10539 –0.01125

C–H···O 2.300 122.54 0.01369 0.05102 0.00192

[MIM]+–[C5H11COO]− N–H···O 1.704 174.63 0.05151 0.10532 –0.01098

C–H···O 2.293 122.74 0.01388 0.05188 0.00195

[MIM]+–[C6H13COO]− N–H···O 1.699 174.92 0.05216 0.10558 –0.01138

C–H···O 2.310 122.50 0.01344 0.04978 0.00186

 

3.4 Structures of ILs-Water cluster interactions
The optimized structures of cation–anion of ILs, are further investigated for the water aggregation
property with different numbers of water molecules (H2On, n=1–3). The optimized structures of ILs with
water molecules are shown in Figure 6–8 respectively. From the Figure 6–8, we found that the water
molecules preferentially interact with ILs via C2 site of [MIM]+ cation and COO− region of fatty-acid
anions. The addition of water molecules to the ILs occupies the interstitial part of cation–anion which
further weakened the interaction between cation–anion. Previous study also mentioned that the
introduction of water molecules reduced the interaction of cation and anion of ILs [48]. Both [MIM]+

cations and [CmHnCOO]− (m=1–6;n-3–13) anions forms multiple H-bonds with water molecules (Figure

6–8). The [MIM]+ cations forms H-bond via C–H···O and the fatty-acid [CmHnCOO]− (m=1–6;n-3–13)
anions forms H-bond via O–H···O interactions with the water molecules. It was found that the water
molecules prefers to bind with the fatty-acid anions rather than the [MIM]+ cations [32, 64].

3.5 Vibrational Frequency analysis
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The strength of interaction between cation and anions in ILs can be identi�ed by Infra-red (IR) spectra
analysis. The frequency analysis of X–H···Y H-bond is important to characterize their nature, whether the
X–H bonds are proper or improper i.e. red shifted or blue shifted. The H-bond formation leads to increase
in the X–H bond length because of the proton donor (X), as a result of red-shift is observed in the X–H
stretching frequencies. On the other hand, the contraction of X–H bond length will give blue-shift H-
bonds. The N–H bond stretching frequency in the isolated [MIM]+ cation is calculated as 3636 cm−1

which is in agreement with the experimental value of 3518 cm−1 [65]. During the [MIM]+–water
interaction, the addition of water molecules (H2O)1−3 leads to red-shift in N–H bond stretching

frequencies in the [MIM]+ cation from 393 cm−1 to 434 cm−1. This is due to the presence of water
molecules produces higher �exibility to the [MIM]+ cation ring [66]. Similarly, the fatty-acid anion–water
interactions leads to increase in the bond length of C–O in the [CmHnCOO]− (m=1–6; n=3–13) anions

which corresponds to the red-shift H-bonds. In the case of [MIM]+– [CmHnCOO]− interactions, there are two

types of H-bonds found (i.e. N–H···O and C–H···O). The N–H bond in [MIM]+ cation is red-shifted by 634–
659 cm−1 during the [MIM]+– [CmHnCOO]− interactions. The C–H bond stretching frequency in the

isolated [MIM]+ cation is calculated as 3293 cm−1 which is in agreement with the experimental value
3160 cm−1 [65]. The C–H bond in [MIM]+ cation is also red-shifted by 13–47 cm−1 during the [MIM]+–
[CmHnCOO]− interactions. Further, the nature of H-bond is investigated for the interactions of [MIM]+

[CmHnCOO]−–Water molecules. The addition of water molecules (i.e. (H2O)1−3) causes the N–H bond of

[MIM]+ cation to blue-shift by 10–335 cm−1. On the other hand, the red-shift nature of C–H bond in [MIM]+

cation is maintained same during the interactions with water molecule (H2O)1−3. This may be due to that
the addition of water molecules (i.e. (H2O)1−3) occupies the interstitial space between cation and anion
and makes the change in its H-bonding nature which is responsible for the above results.

3.6 Interaction energy
One of the advantage of theoretical methods is that the calculation of interaction energy of ILs which
plays a vital role in understanding the structure–energetic properties of ILs. The interaction energy can be
calculated as the difference between the energy of a total system EAB (example, Cation–Anion of ILs and
ILs–Water) and the energy of isolated systems EA and EB (example, Cation, Anion, Water).

Eint = [EAB – (EA + nEB)]

In this study, the calculated zero point corrected interaction energy between Cation–Water, Anion–Water,
Cation–Anion and ILs–Water are shown in Figure 9–11. The total interaction energy ranges from -15
kcal/mol to -140 kcal/mol for the systems considered in this study. In the case of cation–water and
anion–water interactions, the total interaction energy is increased by the addition of 1 to 3 water
molecules. Especially, the total interaction energy is large in the anion–water interaction than the cation–
water interaction which infers that the water molecules prefer to interact with the anion systems (i.e.
[CmHnCOO]− (m=1–6; n=3–13)) (Figure 9). In general, the fatty-acid anion with carboxyl functional group
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(COO−) is preferred interaction site for the water molecules. The increase in the chain length of the fatty-
acid anion does not in�uence much in the interaction energy value since the interaction mainly depends
on the carboxyl functional group (COO−). In the case of [MIM]+–[CmHnCOO]− interactions, the calculated

interaction energy value show that among the studied systems the [MIM]+–[C1H3COO]− has the

maximum interaction energy value of -131.55 kcal/mol. Similarly, the [MIM]+–[C1H3COO]− has the
maximum interaction energy value of -139.93 kcal/mol in the water phase (dielectric constant=78.35)
(Figure 10). The continuum solvation models are used to study the solvent effects on molecular structure
and energetics of ILs. In this study, the calculated solvation energy (ΔGsol) of [MIM]+–[CmHnCOO]− (m=1–
6; n=3–13) are listed in Table 2. For ILs–Water interactions, the calculated total interaction energy values
are ranges from -132 kcal/mol to -140 kcal/mol. The calculated interaction energy value shows that the
ILs with two water molecules have the strong interaction than the other (i.e. ILs–1H2O and ILs–3H2O)
(Figure 11). The thermodynamic properties such as changes in enthalpy (ΔH) and changes in Gibbs’ free
energies (ΔG) related to the ILs–Water molecules interaction are calculated and listed in Table 2. From
Table 2, it is found that the changes in enthalpy corresponds to ILs–Water interaction is negative (i.e.
ΔH<0) which indicates the above interaction is an exothermic in nature.

Table 2
The solvation energy (ΔGsolv) and thermodynamic properties such as change in
enthalpy and change in Gibbs’ free energies corresponding the interactions of

[MIM]+–[CmHnCOO]− (m=1–6; n=3–13) ionic liquids with water clusters (H2O)1−3.

ILs ΔGsolv ILs–1(H2O) ILs–2(H2O) ILs–3(H2O)

ΔH ΔG ΔH ΔG ΔH ΔG

[MIM]+–[C1H3COO]− -8.83 -2.64 5.64 -9.90 2.54 -5.38 6.97

[MIM]+–[C2H5COO]− -8.79 -2.90 6.72 -9.83 3.60 -5.81 6.81

[MIM]+–[C3H7COO]− -8.53 -3.37 5.26 -10.27 2.81 -5.86 6.67

[MIM]+–[C4H9COO]− -8.41 -2.71 7.10 -10.07 4.09 -4.93 8.09

[MIM]+–[C5H11COO]− -8.28 -3.54 7.45 -10.44 3.64 -5.48 6.54

[MIM]+–[C6H13COO]− -8.28 -2.86 6.29 -10.70 2.81 -5.14 6.88

 

3.7 AIM analysis
To investigate about the nature of H-bond in the selected ILs, we employ the electron density based
topological parameter within the framework of Bader’s quantum theory of atoms in molecule (QTAIM)
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using MORPHY 98 program [56, 57]. The QTAIM method examines the topology of electron density ρ(r)
(in a.u.), Laplacian of electron density ∇2ρ(r) (in a.u.) at bond critical point (BCP) and hessian (HBCP =
GBCP + VBCP) values and based on the above values the strength of the H-bond can be identi�ed. In

general, if the both ∇2ρ(r) and HBCP values are positive then the H-bond is weak interaction and if ∇2ρ(r)
is positive and HBCP is negative then the H-bond is strong. Also, the HBCP>0 indicates the electrostatic
interaction and the HBCP<0 indicates the covalent interaction. In this study, the calculated electron density

ρ(r), Laplacian of electron density ∇2ρ(r) and HBCP values are listed in Table 1. From Table 1, we can

found that the H-bond interaction between [MIM]+–[CmHnCOO]− (m=1–6; n=3–13) ILs consist of one

strong and one weak H-bond. In our studied [MIM]+ and [CmHnCOO]− (m=1–6;n-3–13) ILs, there are two
types of H-bonds are found (i.e. N–H···O and C–H···O). Among the two H-bond interactions, the N–H···O
interactions corresponds to strong one and the C–H···O interactions corresponds to weaker one. The
calculated ρ(r) values ranges from 0.013 to 0.053 a.u. and the ∇2ρ(r) value ranges of 0.050–0.105 a.u is
observed. Also, the HBCP value is negative for N–H···O interactions and it is positive for C–H···O
interactions. The above values suggests that there is one strong H-bond (N–H···O) and one weak H-bond
(C–H···O) found between [MIM]+–[CmHnCOO]− (m=1–6; n=3–13) ILs. The result from AIM analysis is in

correlation with the H-bond distance between [MIM]+–[CmHnCOO]− (m=1–6; n=3–13) ILs. That is, strong
H-bond corresponds to N–H···O interactions (1.70 Å) and the weak H-bond corresponds to C–H···O
interactions (2.31 Å).

3.8 NBO analysis
The H-bond formation is associate with certain amount of charge is transferred from the proton donor to
the proton acceptor molecule [48]. The NBO analysis is used to understand the charge transfer
corresponds to the H-bond formation. In a system with X–H···Y H-bond interaction, the charge transfer
takes place between the lone pair of donor (Y) to the anti-bonding orbital σ* (X–H) of acceptor. The
stabilization energy E(2) corresponds to Y(LP) ◊ σ* (X–H) H-bond can calculated by, E(2) = ρ(ri) F(i, j)2 / Ei–
Ej, where F(i, j) is the off-diagonal or coupling NBO fock matrix element, Ei and Ej are the diagonal
elements. In this study, the calculated occupation number of donor and acceptor of ions and the
stabilization energy values are listed in Table 3. Here, the [MIM]+–[CmHnCOO]− (m=1–6; n=3–13)
interactions lead to change the negative charge on the fatty-acid anion from –1 to –0.59 e/a.u. which
means that the charge transfer from anion to cation is 0.41 e/a.u.. The calculated occupancy values
show that the occupancies of proton acceptor N (O13) and N (O14) in carboxyl (COO−) group of fatty-acid
anion is decreased by 0.008 a.u. (N–H···O) and 0.002 a.u. (C–H···O) and occupancies of proton donor is
increased by 0.068 a.u. (N–H···O) and 0.010 a.u. (C–H···O) during the [MIM]+–[CmHnCOO]− (m=1–6; n=3–

13) interactions. The stabilization energy E(2) corresponds to N–H···O interactions is calculated as 36.98–
38.51 kcal/mol and it is 1 kcal/mol for the C–H···O interactions. The NBO analysis also results the
presence of one strong and one weak H-bond in the [MIM]+–[CmHnCOO]− (m=1–6; n=3–13) ILs.
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Table 3
The electron occupancy in H-bond donor N(Y) and acceptor σ*(X–H) units, the stabilization energy

corresponds to the H-bond formed between [MIM]+ and [CmHnCOO]− (m=1–6; n=3–13) ionic liquids and
the changes in the fatty-acid anionic charge (Δq) during ILs formation.

ILs Bond
type

Donor N(Y) Acceptor N(σ*(X–H)) E(2) Δq on

Anioncomplex monomer complex monomer

[MIM]+–[C1H3COO]
−

N–H···O 1.9701 1.9783 0.0792 0.0108 38.51 -0.5888

C–H···O 1.9764 1.9786 0.0200 0.0094 1.02

[MIM]+–[C2H5COO]
−

N–H···O 1.9698 1.9789 0.0795 0.0108 38.48 -0.5889

C–H···O 1.9764 1.9790 0.0201 0.0094 1.06

[MIM]+–[C3H7COO]
−

N–H···O 1.9699 1.9788 0.0786 0.0108 37.96 -0.5882

C–H···O 1.9762 1.9789 0.0201 0.0094 1.07

[MIM]+–[C4H9COO]
−

N–H···O 1.9695 1.9788 0.0776 0.0108 37.43 -0.5868

C–H···O 1.9765 1.9789 0.0201 0.0094 1.07

[MIM]+–
[C5H11COO]−

N–H···O 1.9695 1.9789 0.0769 0.0108 36.98 -0.5863

C–H···O 1.9765 1.9788 0.0202 0.0094 1.10

[MIM]+–
[C6H13COO]−

N–H···O 1.9695 1.9788 0.0778 0.0108 37.60 -0.5869

C–H···O 1.9766 1.9789 0.0201 0.0094 1.03

4. Conclusion
Here in, we employed the DFT calculations for the studies on water aggregation behaviour of methyl-
imidazolium cation [MIM]+ with fatty-acid anions [CmHnCOO]− (m=1–6; n=3–13) of ILs. The selected ILs

are optimized in both gas phase and water phase. The optimized structures show that the [MIM]+–
[CmHnCOO]− (m=1–6; n=3–13) ILs has one strong (N–H···O) and one weak (C–H···O) H-bond interactions.

During the ion-pair formation, the proton transfer process is observed from ‘N’ atom of [MIM]+ cation to
the ‘O’ atom of fatty-acid anions [CmHnCOO]− (m=1–6; n=3–13). From the vibrational frequency analysis,

it is evident that the red-shifted H-bond is found between [MIM]+–[CmHnCOO]− (m=1–6; n=3–13) ionic
liquids. From the interaction energy calculations, it is found that the water molecules (i.e. (H2O)1−3)
preferentially interact with fatty-acid based anions rather than methyl-imidazolium cation. Further the
ILs–water molecule interactions show that the addition of water molecule reduces the interaction
between methyl-imidazolium cation and fatty-acid based anions of ILs. The AIM and NBO analysis also
con�rms the presence of one strong (N–H···O) and one weak (C–H···O) H-bond interactions between
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methyl-imidazolium cation and fatty-acid based anions of ILs. The stabilization energy E(2) corresponds
to the proton transfer process (i.e. N–H···O interaction) is calculated as 36.98–38.51 kcal/mol.
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Figures

Figure 1
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The optimized structures of methyl-imidazolium cation [MIM]+ and fatty-acid anions [CmHnCOO]- (m=1-6;
n=3-13) with their chain length calculated at M06-2X/6-311++G** level of theory.

Figure 2

The optimized water cluster (H2O)x (x=1-3) at M06-2X/6-311++G** level of theory.

Figure 3
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The optimized structures of methyl-imidazolium cation [MIM]+ with water cluster (H2O)x (where, x=1-3) at
M06-2X/6-311++G** level of theory.

Figure 4

The optimized structures of fatty-acid anions [CmHnCOO]- (m=1=6; n=3-13) with water cluster (a) (H2O)1,
(b) (H2O)2 and (c) (H2O)3 at M06-2X/6-311++G** level of theory.
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Figure 5

The optimized structures of ILs [MIM]+–[CmHnCOO]- (where, m=1-6; n=3-13) at M06-2X/6-311++G** level
of theory (site-1).
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Figure 6

The optimized structures of ILs [MIM]+–[CmHnCOO]- (where, m=1-6; n=3-13) with one water molecule
(H2O) at M06-2X/6-311++G** level of theory.
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Figure 7

The optimized structures of ILs [MIM]+–[CmHnCOO]- (where, m=1-6; n=3-13) with two water molecules
(H2O)2 at M06-2X/6-311++G** level of theory.
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Figure 8

The optimized structures of Ion-pairs [MIM]+–[CmHnCOO]- (m=1-6; n=3-13) with three water molecules
(H2O)3 at M06-2X/6-311++G** level of theory.
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Figure 9

The interaction energy of [MIM]+ cation and [CmHnCOO]- (m=1=6; n=3-13) anions with water clusters
(H2O)1-3. (1W denotes (H2O)1, 2W denotes (H2O)2 and 3W denotes (H2O)3)
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Figure 10

The interaction between [MIM]+–[CmHnCOO]- (m=1-6; n=3-13) in gas phase and water phase.



Page 25/25

Figure 11

The interaction energy between [MIM]+–[CmHnCOO]- (m=1-6; n=3-13) with water clusters (H2O)1-3. (1W
denotes (H2O)1, 2W denotes (H2O)2 and 3W denotes (H2O)3)
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