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ABSTRACT: To improve the understanding of the molecular interactions of water with tetraalkyl ammonium-based ionic
liquids (ILs) such as tetramethylammonium hydroxide, tetraethylammonium hydroxide, tetrapropylammonium hydroxide, and
tetrabutylammonium hydroxide, thermophysical properties such as density (ρ), speed of sound (u), viscosity (η) and refractive
index (nD) were measured and a computational study using COSMO-RS was performed. The derived properties such as excess
volumes (VE), deviation in isentropic compressibilities (Δκs), deviation in viscosities (Δη), and deviation in refractive indices
(ΔnD) under the same experimental conditions for these systems were also estimated. The observed VE and Δκs values are
negative over the entire composition of ILs at all investigated temperatures, whereas Δη and ΔnD values are positive under the
same experimental conditions. These results reveal that the ammonium-based ILs significantly affect the intermolecular
interactions between the solvent molecules. The computational study allows a qualitative analysis of the results in terms of the
ion−dipole interactions, ion-pair formation, and hydrogen bonding between ammonium-based ILs and water.

1. INTRODUCTION

The framework of thermophysical properties of ionic liquids
(ILs) and their mixtures with water is quite interesting and
important for the chemical industry as well as various scientific
fields.1−4 For the past 15 years, the importance of ILs has been
increasing because of their low volatility, nonflammability, high
potential for recycling, and solvating properties for diverse
substances.5−8 Meanwhile, ILs became popular as “green
solvents” with a wide range of potential applications such as
removal of pollutants (H2S, CO2, and heavier hydrocarbons)
and metal separation.9−13 To understand the nature of ILs and
their applications, knowledge of their thermophysical properties
is essentially needed. The thermophysical properties, such as
density (ρ), ultrasonic sound velocity (u), viscosity (η), and
refractive index (nD), of ILs and molecular solvent mixtures at
various temperatures are of great fundamental and practical
importance. Although the applications of ammonium-based ILs
are increasing,14−19 there remains a lack of data on the
thermophysical properties of these ammonium-based ILs with
water.
Water is one of the most abundant and greenest solvent; it

has crucial and significant importance in both chemical and
biochemical processes. From the studies reported to date on
the interactions between ILs and water it seems that water
mainly binds to the anion, but the interaction also depends on
the cation.20−23 The presence of water can dramatically affect
the physical properties of ILs, such as their polarity, viscosity,
and conductivity, even at low concentrations.24 As a
consequence, absorbed water may alter rates of chemical
reactions and efficiencies of various processes in ILs. Even small
amounts of water have shown significant effect in membrane
applications,25 cellulose processing,26 and capturing CO2.

27

Studies of binary mixtures of water and ILs have been
increasing because of their application in absorption cool-
ing,28−31 distillation,29,32 and extraction and purification of
biomolecules and other value-added compounds.33−35

Although some fluorinated ILs are poorly soluble in water,
even in these cases the water is highly soluble in the IL. The
dissolution of water in the IL induces a major effect on their
physicochemical properties.36,37 The detailed knowledge of the
thermophysical properties of ILs with water is essential for
clarifying the molecular interactions between water and the ions
of ILs. During the past years, a variety of the experimental data
of thermophysical properties of imidazolium+,38−51 pyridi-
nium+,52−55 pyrrolidinium+,56−60 phosphonium+,61,62 and am-
monium34,63−68 based ILs and water have been studied by
various researchers. Among them, ammonium-based ILs, a
subset of protic ILs, have shown potential as promising solvents
in many scientific studies.69−72

Although the number of works on water and different ILs is
increasing, there is still a lack of data regarding thermophysical
properties of ammonium-based ILs with water.34,63−68 Very
recently, Zarrougui et al.63 examined transport and thermody-
namic properties of ethylammonium nitrate [EAN] with water
as a function of temperature. Later, thermophysical properties
of aqueous solution of ammonium-based ILs such as
diethylammonium acetate [DEAA], triethylammonium acetate
[TEAA], diethylammonium hydrogen sulfate [DEAS], triethy-
lammonium hydrogen sulfate [TEAS], trimethylammonium
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acetate [TMAA], and trimethylammonium hydrogen sulfate
[TMAS] were reported over a wide composition range by
Umapathi et al.34 Taib and Murugasen67 reported the density
and excess volumes for bis(2-hydroxyethyl) ammonium acetate
with water over the entire composition range. Alvarez et al.64

reported ρ and u data for 2-hydroxyethylammonium acetate
with water in the whole concentration range at different
temperatures from 15 to 50 °C. Further, the Xu research group
carried out the measurement of the thermophysical properties
of ethylammonium acetate with water65 and n-butylammonium
acetate or n-butylammonium nitrate with water66 over the
whole concentration range. Most of these works have explicitly
elucidated the influence of anions of ammonium-based ILs on
the thermophysical properties. However, the effects of the
length of the cation alkyl chains in the aqueous solution of
ammonium-based ILs are scarcely studied. To shed some light
on this subject, in the present work the thermophysical
properties of a series of ammonium-based ILs possessing tetra-
alkylammonium cation [R4N]

+ having fixed hydroxide anion
[OH]− with water in the temperature range from 25 to 40 °C
and over the whole composition range of ILs are studied.
This work reports the measured thermophysical properties

such as density (ρ), speed of sound (u), viscosity (η), and
refractive index (nD) as well as derived properties, i.e., excess
molar volume (VE), deviation in isentropic compressibility
(Δκs), deviation in viscosity (Δη), and deviation in refractive
index (ΔnD) for four ammonium-based ILs, such as tetra-
methylammonium hydroxide [TMAH], tetraethylammonium
hydroxide [TEAH], tetrapropylammonium hydroxide [TPAH],
and tetrabutylammonium hydroxide [TBAH] with water over
the entire composition range of IL at various temperatures and
under atmospheric pressure. The data were correlated by the
Redlich−Kister polynomial equation.70 Finally, the conductor-
like screening model for real solvents (COSMO-RS) is used to
gather further knowledge of the water−IL molecular inter-
actions.

2. EXPERIMENTAL SECTION

2.1. Materials. All four ammonium-based ILs used in the
present study[TMAH], [TEAH], [TPAH], and [TBAH]
were synthesized in our laboratory. We have used 1H NMR
techniques to characterize the ILs, and the detailed information
was reported in our previous paper.70 The purity of the water
and ILs was checked by measuring the ρ, u, η, and nD, which are
in good agreement with literature values.34,70−72 All the
ILs[TMAH], [TEAH], [TPAH], and [TBAH]had low
levels of water (below 70 ppm) as analyzed bya Karl Fischer
titrator from Analab (Micro Aqua Cal 100). High-purity water
was obtained from Nano pure-Ultra pure Water Equipment
(Rions, New Delhi), which was distilled and deionized with a

resistivity of 18.3 Ω·cm of pure water at 25 °C for making the
aqueous IL solutions. The values of ρ, u, η, and nD of pure
substances at 25 °C are collected in Table 1.

2.2. Methods and Procedure. The samples were prepared
by weighing the components using a Mettler Toledo balance
with an accuracy of ±0.0001 g for all measurements.70 The
estimated uncertainty on the mole fraction was found to be less
than 5 × 10−4. After the sample was mixed, the bubblefree
homogeneous sample was transferred into the U-tube of the
densimeter or the sample cell of ultrasonic interferometer or
refractometer through a medical syringe.71 A bubblefree sample
was introduced into the sample cell, and the cell was placed
under the sensor plates of the viscometer for η measurements.71

Density measurements of ILs, water, and IL−water were
measured using an Anton-Paar DMA-4500 M vibrating-tube
densimeter with a temperature accuracy of ±0.03 °C. The
uncertainties in the ρ measurements were ±0.00005 g·cm−3.
The instrument was calibrated once a day with double distilled,
deionized water and with air at 20 °C as standards.71 At least
three independent measurements were performed at each
temperature. A single-crystal ultrasonic interferometer (Model
F-05) from Mittal Enterprises, New Delhi, India, at fixed 2
MHz frequency was used for u measurements for pure solvents
and mixtures at various temperatures.71 The uncertainty of the
sound velocity is 0.02%.
A Vibro viscometer (model SV-10, A&D Company Limited,

Japan) was used for η measurements, and the detailed
procedure was explained in our previous paper.71 Typically,
the viscosity uncertainty is 1%. The refractive index was
determined using Abbe refractometer from Mittal Enterprises,
New Delhi, India, with an accuracy of ±0.0002. Refractometer
was calibrated by measuring the nD values of the high-purity
water and purified methanol at various temperatures. A
thermostatically controlled, well-stirred circulating water bath
with a temperature controlled to ±0.01 °C was used for the
measurements of thermophysical parameters such as u, η, and
nD of the binary mixtures.71

3. THEORETICAL BASIS

3.1. COSMO-RS. The COSMO-RS is a novel quantum
chemical approach to describe the chemical potential in the
liquid phase and has become a frequently used alternative to
force field-based molecular simulation methods on one side and
group-contribution methods on the other. The COSMO-RS
model is the most progressive kind of a dielectric model where
molecules are placed in a conductor as the reference state.73

Through its unique combination of a quantum chemical
treatment of solutes and solvents with an efficient statistical
thermodynamics procedure for the molecular surface inter-
actions, it enables the efficient calculation of phase equilibrium

Table 1. Molecular Mass (MW), Solvent Purity, Density (ρ), Speed of Sound (u), Viscosity (η), and Refractive Index (nD) for
the Solvents such as Ammonium-Based ILs and Water at T = 25 °C

ρ (g·cm−3) u (m·s−1) η (m·Pa·s) nD

solvent MW (g mol−1) % purity exptl lit. exptl lit. exptl lit. exptl lit.

water 18.02 99 0.99704 0.99704a 1496 1496a 0.89 0.89a 1.331 1.330a

[TMAH] 91.10 99 1.01797 1.01797b,c,d 1828 1828b,c,d 2.77 2.77b,c 1.387 −
[TEAH] 147.16 99 1.00881 1.00881b,c,d 1814 1814b,c,d 4.94 4.94b,c 1.374 −
[TPAH] 203.25 99 0.99594 0.99594b,c,d 1801 1801b,c,d 6.10 6.10b,c 1.412 −
[TBAH] 259.34 99 0.99358 0.99358b,c 1798 1798b,c 6.69 6.69b,c 1.407 −

aRef 34. bRef 70. cRef 71. dRef 72
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and other thermodynamic properties. The detailed theory on
COSMO-RS can be found in the original work by Klamt.35,74

The standard procedure of COSMO-RS calculations consists
of two steps. First, the software TURBOMOLE 6.1 program
package at the RI-DFT BP/TZVP level is used for the
quantum-chemical calculation to generate the COSMO files for
each studied compound.75 To achieve better and comprehen-
sive computation results, only conformations with the least
energy, i.e., most stable conformer, were considered. The three-
dimensional (3D) distribution of the screening charge density
on the surface of each molecule is converted into a surface
composition function, called the sigma profile (σ-profile), p(σ).
Then COSMO-RS calculations are performed in the
COSMOtherm software using the parameter fi le
BP_TZVP_C30_1401 (COSMO logic GmbH & Co KG,
Leverkusen, Germany).35,76,77 Following the two-step proce-
dure, COSMO-RS models have been applied and proved to be
an excellent tool to evaluate qualitatively the strength of the
interactions established by ILs with other compounds. The
detailed calculation and procedure of estimating activity
coefficients using COSMO-RS can be found elsewhere,78,79

and the procedure for estimating excess enthalpies can be also
found in the literature.35,75

4. RESULTS AND DISCUSSION

The molecular interactions between unlike molecules of liquid
mixtures depend on the nature and structural conformations of
the components.71 Our choice of several tetraalkylammonium-
based cations and hydroxide as common anion of ILs is aimed
at studying the effect of the alkyl chain length of the cation on
the interactions with water at different temperatures.35 In this
regard, we have measured the thermophysical properties ρ, u, η,
and nD over the entire composition range of ILs at
temperatures ranging from 25 to 40 °C in steps of 5 °C
under atmospheric pressure. The experimental values of ρ, u, η,
and nD are graphically represented in Figures 1−4 and reported
in Table 1S at all investigated temperatures as a function of IL
concentration. Figure 1 reveals that the ρ values of ammonium-
based ILs with water do not follow the same trend. In the
binary mixtures of [TMAH] and [TEAH] with water, ρ values
initially increase up to x1 ≈ 0.6500−0.7000 at all experimental
temperatures; later, the values slightly decrease with increasing
concentration of IL, as shown in panels a and b of Figure 1,
respectively. This may be due to the progressive association of
the ion−ion pair interactions between [TMAH] or [TEAH]
with water up to the x1 ≈ 0.6500−0.7000, respectively, later the
results attributed to the weakening of the ion−ion pair
interactions. On the other hand, the ρ values for the binary

Figure 1. Densities (ρ) for the mixtures of ILs with water vs mole fraction of IL (x1) for (a) [TMAH] + water , (b) [TEAH] + water , (c) [TPAH] +
water, and (d) [TBAH] + water (x2) at 25 °C (○), 30 °C (●), 35 °C (□), and 40 °C (■). The solid lines show the smoothness of the data.
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mixture of [TPAH] or [TBAH] with water monotonically
decrease at all experimental temperatures with increasing mole
fraction of the IL, as can be seen in panels c and d of Figure 1,
respectively. This may be due to the weakening of the ion−ion
pair interactions between [TPAH] or [TBAH] with water.
However, the increase or decrease of the ρ values of the liquid
mixtures depends upon increase of the cation alkyl chain length
from methyl to butyl of ammonium-based ILs. The data in
Figure 1 indicates that the ρ values of the ILs follow the order
[TMAH] > [TEAH] > [TPAH] > [TBAH], which shows that
the lower alkyl chain length of cation of ILs is much denser
than larger alkyl chain length of ILs. This may be due to the
ion−ion pair interactions decreasing with increasing size of
alkyl chain length of cation of the ILs.
The u values of four ammonium-based ILs with water were

measured at various temperatures, and these data are displayed
in Figure 2 as a function of IL concentration. As illustrated in
Figure 2, we have also observed that the u values increase with
temperature. The values of u for the [TMAH]−water system
increase sharply up to x1 ≈ 0.8000 of [TMAH] after which an
abrupt decrease in u values with increasing concentration of
[TMAH] is observed. On the other hand, u values for [TEAH]
or [TPAH] and water (Figure 2b,c) increase up to x1 ≈ 0.9000
of ILs, respectively; above this concentration, the u values

decrease at all investigated temperatures. As shown in Figure
2d, the [TBAH]−water system gives a monotonic increase in u
values when the concentration of TBAH increases. The order
of u values of ammonium-based ILs with water is [TMAH] >
[TEAH] > [TPAH] > [TBAH]. This order indicates that the
interaction with water of the lower alkyl chain length cation ILs
is stronger than that of the higher alkyl chain length ILs. This
may be due to the stronger molecular interactions decreasing
with increasing size of alkyl chain length of the cation of
ammonium-based ILs.
Furthermore, we have measured the η values for [TMAH],

[TEAH], [TPAH], and [TBAH] with water under the same
experimental conditions, and the results are presented in Figure
3. Here, the η values of each IL mixture with water are shown
to increase with the composition of IL at all studied
temperatures, whereas η values decrease as the temperature
increases for all the systems. The data in Figure 3 indicates that
the η values of the ILs follow the order [TMAH] < [TEAH] <
[TPAH] < [TBAH]. The η values increase with increasing alkyl
side chain length of the cation of ILs. These results indicate the
strong interactions between the ions of the ILs with the water.
To obtain further insight into the role of ILs in the molecular

interactions with water, nD measurements were carried out for
all four ammonium-based ILs with water under the same

Figure 2. Speed of sound (u) for the mixtures of ILs with water vs mole fraction of IL (x1) for (a) [TMAH] + water , (b) [TEAH] + water , (c)
[TPAH] + water, and (d) [TBAH] + water (x2) at 25 °C (○), 30 °C (●), 35 °C (□), and 40 °C (■). The solid lines represent the smoothness of
the data.
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experimental conditions, and the values are graphically
represented in Figure 4. The nD values for ILs with water
mixtures increase with increasing composition of IL. However,
Figure 4 reveals that the nD values increase up to x1 ≈ 0.9000 or
x1 ≈ 0.8000 for [TMAH] or [TEAH] and water systems,
respectively. Then the nD values slightly decrease with further
increases of the composition of [TMAH] or [TEAH]. In the
case of [TEAH]−water, the nD values slightly decrease as
compared to that of [TPAH] or [TBAH] after x1 ≈ 0.9000
because of the +inductive effect (+I effect) by short alkyl chain
length of cation ILs is weaker than that of large alkyl chain
length of cation ILs at these IL concentrations in water.71 This
indicates that the lower +I effect of [TEAH] forms weaker
interactions with water as compared to greater +I of other ILs
such as [TPAH] or [TBAH] at high concentrations. The order
of nD values for all four ILs with water showed the following
trend: [TPAH] > [TBAH] > [TMAH] > [TEAH]. This order
indicates that nD values of ILs with water do not follow the
regular trend. On the other hand, Figure 4c,d shows that the nD
values increase with the mole fraction of [TPAH] or [TBAH]
in the water.
Our results clearly show that addition of water to ILs can

bring significant changes in ρ, u, η, and nD of the ILs. For
understanding the effect of water on the thermophysical

properties of the ammonium-based ILs, we have further
evaluated VE, Δκs, Δη, and ΔnD values from well-known
thermodynamic relations.70−72 The composition dependence of
the VE, Δκs, Δη, and ΔnD properties represent the deviation
from ideal behavior of the mixtures and provide an indication of
the interactions between ammonium-based ILs and water;
these values are included in Table 1S.
The following Redlich−Kister expression was used to

correlate these properties:

∑= −
=

Y x x a x x( ( ) )
i

n

i
i

1 2
0

1 2
(1)

where Y refers to VE, Δκs, Δη, or ΔnD and x1 and x2 are the
mole fractions of pure compounds 1 and 2, respectively. ai is an
adjustable parameter that can be obtained by least-squares
analysis. The values of ai are collected in Table 2S along with
standard deviations of the fit.
The VE values of four ILs and water systems are graphically

represented in Figure 5 at different temperatures. The VE values
are negative in the whole concentration region with a minimum
x1 ≈ 0.5000, 0.5500, 0.6600, and 0.4500 for [TMAH],
[TEAH], [TPAH], and [TBAH] with water, respectively
(Figure 5). The VE values become more negative with

Figure 3. Viscosities (η) for the mixtures of ILs with water vs mole fraction of IL (x1) for (a) [TMAH] + water , (b) [TEAH] + water , (c) [TPAH]
+ water, and (d) [TBAH] + water (x2) at 25 °C (○), 30 °C (●), 35 °C (□), and 40 °C (■). The solid lines represent the smoothness of the data.
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increasing temperature from 25 to 40 °C for all the mixtures,
and this is because of formation of the hydrogen bonds
between water molecules and ILs. The negative VE values show
that a more efficient packing or attractive interactions occur
when these ILs are mixed with water. The more negative VE

values suggest the formation of stronger association interactions
between the ions of IL and water molecules. These interactions
are shown schematically in Scheme 1. Thus, on the basis of VE

values, it can be concluded that the order of the interactions for
binary mixtures of water with ILs follow the sequence [TMAH]
> [TEAH] > [TPAH] > [TBAH]. Therefore, on the basis of
this order, we observed that for lower cation alkyl chain length
the ILs interact with water more strongly than those with
longer alkyl chains. The explanation is probably due to the
larger steric hindrance of the alkyl chain in [TPAH] or
[TBAH] IL. Furthermore, the higher alkyl chain molecules
decrease the hydrogen bonding tendency between [TPAH] or
[TBAH] with water molecules because of its structural effects.
This, it is important to note that the nature of interactions in
the IL−water system is highly dependent on the size and nature
of the cation of the IL.70 The negative values of the VE observed
for the ILs in water indicate that there may be stronger
intermolecular interactions between the ions of ILs and polar

species, i.e., a more efficient packing and/or attractive
interaction occurred when ILs and the water molecules were
mixed. Unlike nonelectrolyte/organic solvent and water
mixtures, the IL−water systems comprise various ions which
do not retain their individual nature; therefore, the interactions
in such mixtures are quite complex.70−72,80−82

One of the important features of the COSMO-RS method-
ology is that it provides the three-dimensional polarized charge
distribution (σ, sigma) on the molecular surface, easily
visualized on the histogram function σ-profile as depicted in
Figure 6, which can be used to understand the polarity of the
compounds and their interactions with a solvent. The σ-profile
of water is very broad; on its negative side, water shows a broad
peak at about −1.6 e·nm−2 resulting from the two polar
hydrogen atoms, while on the positive side, the same broad
peak at 1.8 e·nm−2 resulting from the lone pairs of the oxygen
atom. Both peaks lie beyond the threshold (σhb = ± 0.79 e·
nm−2), which means that large parts of the surface of water
molecules are able to form more or less strong hydrogen bonds.
Both H-bond acceptors and donors can undergo efficient H-
bonding in water if they overcome this threshold. One of the
other remarkable features of water’s σ-profile is its symmetry.35

The same amount of strongly positive and equally strong

Figure 4. Refractive indices (nD) for the mixtures of ILs with water vs mole fraction of IL (x1) for (a) [TMAH] + water , (b) [TEAH] + water , (c)
[TPAH] + water, and (d) [TBAH] + water (x2) at 25 °C (○), 30 °C (●), 35 °C (□), and 40 °C (■). The solid lines represent the smoothness of
the data.
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negative surface area enables energetically very favorable pairing
of positive and negative surfaces and the formation of strong
hydrogen bonding.35 As evident from Figure 6, the nonpolar
area increases from tetramethylammonium cation [TMA]+ to
tetrabutylammonium cation [TBA]+ because of the increase in

Figure 5. Excess volumes (VE) for the mixtures of ILs with water vs mole fraction of IL (x1) for (a) [TMAH] + water , (b) [TEAH] + water , (c)
[TPAH] + water, and (d) [TBAH] + water (x2) at 25 °C (○), 30 °C (●), 35 °C (□), and 40 °C (■). Redlich−Kister correlations are plotted as
solid lines.

Scheme 1. Schematic Depiction of Hydrogen Bonding and
Ion-Pair Interactions between Water and Ions of
Ammonium-Based ILs

Figure 6. Sigma profile of [TMAH] (●), [TEAH] (▲), [TPAH] (⧫),
[TBAH] (■), and H2O (line).
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the alkyl chain length, which makes the interaction of [TBAH]
with water the weakest.
Activity coefficients of water in the studied IL system

predicted from COSMO-RS presents negative deviations to the
ideality, confirming the favorable interactions with water, with
the order [TMAH] > [TEAH] > [TPAH] > [TBAH].
This interaction behavior based on activity coefficient

predicted by COSMO-RS at different temperatures (Figure
7a) and also at fixed temperature for different studied ILs
(Figure 7b) (for other temperatures and ILs, see Figure S1 of
Supporting Information) have been found to be the same
interaction behavior compared with that studied using the
experimental results of ρ, u, η, and nD as well as derived
properties. The predicted activity coefficients clearly show the
effect of the temperature on the studied ILs and also the effect
of the various ILs at a given temperature, though in the latter
case the impact of variation is more pronounced. An agreement
of activity coefficient of water for the studied ILs predicted by
COSMO-RS with experimental results gave us confidence to
further study the excess enthalpy (HE). According to the
COSMO-RS method, the HE of the fluid mixture can be
predicted by summing the contributions of each component of
the mixture.

∑ ∑= = −H x H x H H[ ]i i i i i
E E

( ,mix) ( ,pure) (2)

where Hi
E is the excess enthalpy of each component of the

mixture, which is defined as the difference between the
enthalpy of molecule i in the mixture and in the pure state.
In the COSMO-RS model, the excess enthalpy of a binary

Figure 7. Activity coefficient of water, γH20, as a function of
concentration of water for (a) [TMAH] at studied temperatures (25
°C (dash−dot−dot line), 30 °C (dash−dot line), 35 °C (solid line),
and 40 °C (dashed line)) and (b) for studied IL [TMAH] (dash−
dot−dot line), [TEAH] (dashed dot), [TPAH] (solid line), and
[TBAH] (dashed line) at 25 °C predicted by COSMO-RS.

Figure 8. Excess enthalpy of binary mixture of (a) [TMAH]−water at
studied temperatures (25 °C (dash−dot−dot line), 30 °C (dash−dot
line), 35 °C (solid line), and 40 °C (dashed line)) and (b) for studied
ILs [TMAH] (dash−dot−dot line), [TEAH] (dash−dot line),
[TPAH] (solid line), and [TBAH] (dashed line) at 25 °C predicted
by COSMO-RS.

Figure 9. Total predicted excess free Gibbs energy, GE (blue bars), and
HE (gray bars) of water−IL binary mixture at 25 °C using COSMO-RS
at x2 = 0.5000 in terms of contribution of HMF

E (yellow bars), HMB
E

(pink bars), and HvdW
E (green bars) to the total excess enthalpy, HE.
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mixture is the algebraic sum of each specific contribution such
as hydrogen bonding, van der Waals forces, and misfit.

= ‐ + +H H H H(H bond) (vdW) (misfit)E E E E
(3)

Combing eqs 2 and 3, we get

∑ ∑ ∑= ‐ + +H H H H(H bond) (vdW) (misfit)i i i
E E E E

(4)

The binary mixtures of IL and water are mainly characterized
by two types of interactions, i.e., structure-making and/or
structure-breaking. In our studied system, the interactions are
structure-making as apparent from negative VE (Figure 5) and
negative HE (Figure 8) at various temperatures (for others, see
Supporting Information Figures S2 and S3). The negative
deviation in these studied systems was due to the interstitial
accommodation and strong intermolecular interactions, such as
electrostatic, van der Waals, and hydrogen bonding.
The predicted negative HE shows favorable interactions

between water and the ILs. Contributions of each specific
interaction to the total excess enthalpy of the IL and water at all
studied temperatures are depicted in Figures S4−S6 of the
Supporting Information. The negative contribution of HMF

E to
the total excess enthalpy shows that water reduces the

electrostatic interaction between the cation and the anion of
the ILs, which arise from the breakage of hydrogen bonds
between H2O−H2O molecules and cation−anion of the ILs,
the establishment of new hydrogen bonds between water and
the ILs anion, and higher water concentration between H2O−
cation.83 Figure 8 (for the binary system of water and ILs)
shows a minimum at x2 ≈ 0.6000 (similar to what was observed
for the excess volumes) that seems to indicate the formation of
a complex between one water molecule and one molecule of
the IL. Contribution of each specific interaction of tetramethyl-
ammonium cation ([TMA]+), tetraethylammonium cation
([TEA]+), tetrapropylammonium cation ([TPA]+), and tetra-
butylammonium cation ([TBA]+) with water at this concen-
tration is depicted in the Figure 9.
From the literature, it is well-known that the anion is

dominant in the interactions that control the water
miscibility,35,84,85 and in our studied systems, hydroxide anion
[OH−] being common, the contribution to the differences
observed result mainly from the cation of the IL−water system.
With an increase in the alkyl substituted chain length from
[TMAH] to [TBAH], the HE predicted from the COSMO-RS
results shows a reverse trend in the order [TMAH] < [TMEH]
< [TMPH] < [TMBH] from that obtained from the predicted
activity coefficient model from COSMO-RS and VE from

Figure 10. Deviation in isentropic compressibilities (Δκs) for the mixtures of ILs with water vs mole fraction of IL (x1) for (a) [TMAH] + water ,
(b) [TEAH] + water , (c) [TPAH] + water, and (d) [TBAH] + water (x2) at 25 °C (○), 30 °C (●), 35 °C (□), and 40 °C (■). Redlich−Kister
correlations are plotted as solid lines.
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experimental results at all studied temperatures, as depicted in
Figure 7a (for other temperatures, see Figure S2 of Supporting
Information). Also, the HE predicted from the COSMO-RS
results showed a reverse trend behavior from experimental VE

for all studied ILs at the different fixed temperatures, as
depicted in Figure 7b (for other temperatures, see Figure S3 of
Supporting Information). The reverse trend shows that though
the reaction process is exothermic, as evident from negative
enthalpy values, the process is endothermic and entropically
driven. This reverse trend can also be explained from the basic
thermodynamic theory of solution. The sign of VE agrees with
that of HE, but in addition, higher VE, higher HE is not strictly
true, as reported earlier in the literature in the case of 1-butyl-3-
methylimidazolium and 1-ethyl-3-butyl imidazolium triflate.86

The same phenomenon was observed in the work of Kurnia et
al.23

The excess Gibbs free energy was estimated using COSMO-
RS using the following equation:

γ γ= +G
RT

x x( ln ) ( ln )
E

2 H O 1 IL2 (5)

where x and γ are mole fraction and activity coefficient,
respectively. Predicted GE for the studied binary mixture gives

negative values (Figure S7 of Supporting Information), which
shows spontaneous dissolution of the ILs into water and vice
versa, as observed experimentally. Therefore, the COSMO-RS
theoretical method used in this study proved to be significant to
study the water−IL interactions.
Figure 10 illustrates the Δκs values over the whole

composition range at various temperatures for all the systems
as a function of IL concentration. An examination of curves in
Figure 10 suggests that Δκs data are negative for the binary
mixtures of [TMAH], [TEAH], [TPAH], and [TBAH] with
water over the entire composition range at all the studied
temperatures.
The negative Δκs values of ILs with water are also attributed

to the strong attractive interactions due to factors like dipole−
dipole interactions between unlike molecules. This may cause
an increase in speed of sound and negative deviation in Δκs.
The negative values of Δκs for the binary mixtures of water with
the ILs follow the order [TMAH] > [TEAH] > [TPAH] >
[TBAH]. From this order, we have observed that the
intermolecular interactions decrease with increasing chain
length of alkyl group cation.
The more negative Δκs values for methyl cation of ILs serve

as further evidence that the interactions between small sizes of

Figure 11. Deviation in viscosities (Δη) for the mixtures of ILs with water vs mole fraction of IL (x1) for (a) [TMAH] + water , (b) [TEAH] +
water , (c) [TPAH] + water, and (d) [TBAH] + water (x2) at 25 °C (○), 30 °C (●), 35 °C (□), and 40 °C (■) and atmospheric pressure.
Redlich−Kister correlations are plotted as solid lines.
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methyl cation ILs with water are stronger than in the higher
alkyl cation chain ILs.
Explicitly, the curves in Figure 11 reveal that the Δη values

for ammonium-based ILs and water are positive. The positive
Δη values increase for all ILs with water as the temperature
increases, which can be attributed to the hydrogen bonding
between water molecules and ILs. When the temperature
increases, the interactions become acutely reduced because of
the dissociation of ions of the ILs. From these results, the Δη
values slightly decrease with increasing the alkyl chain length in
the cations of ILs, which leads to the decreasing in the
interactions from methyl to butyl in the ammonium-based ILs
with water.
The temperature dependence of ΔnD of water with ILs

displayed in Figure 12. The obtained ΔnD values for
ammonium-based ILs with water are positive in the entire
composition range of ILs. The maximum is reached around x1
≈ 0.5000 of IL at all studied temperatures. The positive ΔnD
values decrease with increasing alkyl chain length of the cation
of ammonium-based ILs. On the other hand, the negative VE

values also decrease with increasing alkyl chain length in cation
of ILs. This is mainly due to less free volume available than in
an ideal solution, as can be seen in Figures 5 and 12, which
indicate a strong correlation between VE and ΔnD quantities for

all the studied systems. We observed negative VE values
corresponding to positive ΔnD values; the minimum or
maximum of both values exist at almost the same mole fraction
of IL. Overall, our experimental results explicitly elucidate that
there is hydrogen bonding between ions of ILs and water
molecules.

5. CONCLUSIONS

A combined experimental and COSMO-RS study was used to
investigate the molecular interactions between ammonium-
based ILs with water at various temperatures. We have
estimated VE, Δκs, Δη, and ΔnD at each temperature as a
function of IL concentration and correlated these data with
Redlich−Kister type polynomial equations. We have observed
negative VE and Δκs values but positive Δη and ΔnD values for
all ammonium-based ILs with water. This behavior can be
explained in terms of hydrogen bonding that is certainly more
temperature-dependent. The observed values reveal a more
efficient packing or attractive interaction between the IL and
water. The prediction based on the COSMO-RS method agrees
with the experimental results and significantly indicates that
hydrogen bonding is the dominant interaction in the studied

Figure 12. Deviation in refractive indices (ΔnD) for the mixtures of ILs with water as a function of mole fraction (x1) of IL for (a) [TMAH] + water ,
(b) [TEAH] + water , (c) [TPAH] + water, and (d) [TBAH] + water (x2) at 25 °C (○), 30 °C (●), 35 °C (□), and 40 °C (■). Redlich−Kister
correlations are plotted as solid lines.

Industrial & Engineering Chemistry Research Article

DOI: 10.1021/acs.iecr.5b01796
Ind. Eng. Chem. Res. 2015, 54, 9013−9026

9023

http://dx.doi.org/10.1021/acs.iecr.5b01796


binary system. The observed attractive interactions decrease as
alkyl chain lengths of the cations of ILs increase.
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