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erature on molecular interactions
of imidazolium-based ionic liquids with
acetophenone: thermodynamic properties and
quantum chemical studies†

Indra Bahadur,*a Masilo Kgomotso,a Eno E. Ebensoa and Gan Redhib

The physicochemical properties namely: densities (r), sound velocities (u), viscosities (h), and refractive

indices (nD) of a series of alkyl imidazolium-based ionic liquids (ILs) with same cation and different anion

and vice versa of ILs: 1-butyl-3-methylimidazolium tetrafluoroborate [BMIM]+[BF4]
�, 1-butyl-3-

methylimidazolium hexafluorophosphate [BMIM]+[PF6]
�, 1-ethyl-3-methylimidazoium ethyl sulphate

[EMIM]+[EtSO4]
� and 1-ethyl-3-methylimidazolium tetrafluoroborate [EMIM]+[BF4]

�, with acetophenone

over the wide range of composition and at (293.15, 303.15, 313.15, 323.5 and 333.15) K under

atmospheric pressure is reported in this study. The excess molar volumes, (VE
m), deviation in isentropic

compressibilities (Dks), deviation in viscosities (Dh) and deviation in refractive indices (DnD) were derived

from experimental results. The VE
m, Dks and DnD values for the mentioned systems are both negative and

positive over the entire composition range while the Dh values are negative under the same

experimental conditions. The derived properties were fitted to the Redlich–Kister polynomial equation to

check the accuracy of experimental results. Furthermore, the inter-ionic interactions between the

cations and anions of the ILs both in vacuo and in acetophenone (using continuum solvation) were

confirmed using quantum chemical technique such as [Density Functional Theory (DFT)]. The quantum

chemical results are in good agreement with the experimental results suggesting that there exist

appreciable interactions between the ILs and acetophenone. The theoretical and measured data were

interpreted in terms of intermolecular interfaces and structural effects between similar and dissimilar

molecules upon mixing in order to obtain more information on the thermophysical and thermodynamic

properties of ILs and their binary mixtures. This study will contribute to the data bank of thermodynamic

properties of IL mixtures, so as to establish principles for the molecular design for chemical separation

processes and to enhance the applications of ILs in certain aspects of research or industrial application.
1. Introduction

Ionic liquid (IL) is a term which is used to describe a broad
group of salts which have an extensive liquid range.1 This
includes organic or inorganic molten salts, fused salts, non-
aqueous ILs and liquid organic salts.2,3 As compared to tradi-
tional molecular solvents, ILs are liquids at ambient tempera-
tures and are composed entirely of ions referring to cations and
anions, and are held together by columbic forces.4–6 Themelting
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point of ILs is relatively low and/at below 100 �C, therefore they
remain as liquids within a broad temperature window.1–4 The
low melting point of ILs is due to its chemical composition,7,8

the relatively large size of either the anion or the cation in ILs
and low symmetry which also explains the lower melting points
of these ILs.1 ILs that melt at room temperature are said to be
room temperature ionic liquids (RTILs).9 The ILs possess more
favourable properties than organic molecular solvents, which
includes broad liquid range, negligible vapour pressure there-
fore most unlikely to evaporate under normal conditions, high
thermal stability, non-ammable and found to be stable at
room temperature.3,10,11 ILs have high polarity, miscible and
soluble with water and other organic solvents.3,7 Ionic interac-
tion within ILs enables them to be miscible with polar
substances, miscibility with water and organic solvents depends
on the side chain lengths on the cation and the anion combi-
nations,8,10 and also allows a large variety of interactions and
applications.12–14
This journal is © The Royal Society of Chemistry 2016
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Acetophenone is an important industrial chemical, widely
used as an ingredient of avour and fragrance in soaps, deter-
gents, cosmetics creams, lotions, and perfumes.15 It has also
been used as an important intermediate for pharmaceuticals
and agrochemicals.15 Furthermore, it is used as a plasticizer, as
a solvent in resins, for cellulose ethers, as a hypnotic (induces
sleep),16 in organic syntheses as a photosensitizer and as
a catalyst for the polymerization of olens.17 The thermody-
namic properties of systems containing acetophenone are
helpful to better understand molecular interaction and to
design and simulate the different processes of separation.15

Unlike other ketones like acetone and 2-pyrrolidone, aceto-
phenone can be used for medical purposes in, whereby it can be
used to kill cancer cell. In comparison to simple alcohol like
methanol, acetophenone play a role in animal metabolite
whereas methanol plays a role in bacterial metabolite.

The thermophysical and thermodynamics properties of ILs
mixtures allow for new correlations and/or predictive models to
test the solution theories for ILs and their binary mixtures with
organic solvents18–25 as well as provide information about
molecular interactions such as solute–solute, solute–solvent
and solvent–solvent that occur in binary mixtures specically
where hydrogen bonding takes place. Thus a more systematic
study of thermodynamic and thermophysical properties of ILs
and their mixtures with solvents is required in chemical and
separation processes. Furthermore, accurate knowledge about
the thermophysical and thermodynamic data is critical in order
to transfer the ILs from laboratory to industry, designing future
processes and equipment involving these ionic compounds.26–30

Density Functional Theory (DFT)31 (a quantum chemical
method) focuses on the electron density of the system, which
depends on only three variables. DFT method have turned out
to be exceptionally well known recently because of their accu-
racy that is similar to other techniques in less time and with
a smaller investment from the computational perspective. In
most recent years, theoretical quantum chemical calculations
have turn out to be complementary for experimental methods in
many elds.32–44

The volumetric, acoustic and transport properties of liquids
and liquid mixtures are utilised to study the molecular inter-
actions between the several components of the mixtures45 and
also to understand engineering applications concerning heat
transfer, mass transfer and uid ow. Thus, data on some of the
properties associated with the liquids and liquid mixtures such
as density, viscosity, sound velocity and refractive index
nd extensive application in solution theory and molecular
dynamics. Such results are essential for elucidation of data
Table 1 Pure component specifications: suppliers, molecular weight (MW

Solvent Supplier

[BMIM]+[BF4]
� Ionic Liquids Technologies Inc.

[BMIM]+[PF6]
� Ionic Liquids Technologies Inc.

[EMIM]+[BF4]
� Ionic Liquids Technologies Inc.

[EMIM]+[EtSO4]
� Sigma-Aldrich

Acetophenone Sigma-Aldrich

This journal is © The Royal Society of Chemistry 2016
obtained from thermochemical, electrochemical, biochemical
and kinetic studies. To the best of our knowledge, few work has
been done on studied ILs with other solvents in literature (Rao
et al.;46 Zafarani-Moattar and Shekaari;47 González et al.48 and
Bhagour et al.49) but no literature data are available in literature
on thermophysical or thermodynamics properties of these ionic
liquids under study in acetophenone with quantum chemical
calculation. This therefore emphasises the novelty of the
present investigation.

In the present work, a new inclusive record for the density,
sound velocity, viscosity, and refractive index, of alkyl imida-
zolium based ionic liquids, which include 1-butyl-3-
methylimidazolium tetrauoroborate [BMIM]+[BF4]

�, 1-butyl-
3-methylimidazolium hexauorophosphate [BMIM]+[PF6]

�,
1-ethyl-3-methylimidazoium ethyl sulphate [EMIM]+[EtSO4]

�,
1-ethyl-3-methylimidazolium tetrauoroborate [EMIM]+[BF4]

�,
and their binary mixture with acetophenone at various
temperatures and concentrations together with quantum
chemical calculation is introduced. The results are used to
derive other thermodynamic data namely; excess molar volume,
deviation in isentropic compressibility, deviation in refractive
indexes and deviation in viscosity. The intermolecular interac-
tions in the ILs and their binary mixtures were evaluated.
Furthermore, the inuence in temperature and concentration,
as well as the variance in the anion, cation and alkyl group of
the IL and their binary mixtures were discussed. The present
work is a part of the comprehensive and extensive investigations
on-going in our research group on physicochemical properties
of alkyl imidazolium/ammonium-based ILs with solvents at
different temperatures and incorporation of the quantum
chemical studies to support experimental data.50–61
2. Experimental procedure
2.1. Materials

Imidazolium based ILs used in the present study namely 1-butyl-
3-methylimidazolium tetra uoroborate [BMIM]+[BF4]

�, 1-butyl-
3-methylimidazolium hexauorophosphate [BMIM]+[PF6]

� and
1-ethyl-3-methylimidazolium tetra uoroborate [EMIM]+[BF4]

�

were obtained from Ionic Liquids Technologies Inc., 1-ethyl-3-
methylimidazoium ethyl sulphate [EMIM]+[EtSO4]

� was
purchased from Sigma-Aldrich with the purity of $98%. The
solvent acetophenone was supplied by Sigma-Aldrich. Deionised
water was used in the experiments. The purity and the investi-
gated thermophysical properties of acetophenone and ILs are
presented in Table 1 together with literature62–66 reported at
303.15 K. The mass percent water content was determined using
), specified purity and density at 303.15 K and at pressure p ¼ 0.1 MPa

MW/g mol�1 % purity r/g cm�3

226.022 99 1.20129 (ref. 62)
284.182 99 1.36240 (ref. 63)
197.970 98 1.28174 (ref. 64)
236.289 $98 1.23425 (ref. 65)
120.148 >99 1.01942 (ref. 66)

RSC Adv., 2016, 6, 104708–104723 | 104709
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Table 2 Coefficients Ai, and standard deviations, s, obtained for the binary systems {[BMIM]+[BF4]
� or [BMIM]+[PF6]

� or [EMIM]+[BF4]
� or

[EMIM]+[EtSO4]
� (x1) + acetophenone (x2)} at different temperatures and at pressure p ¼ 0.1 MPa for the Redlich–Kister equation

T/K A0 A1 A2 A3 A4 s

{[BMIM]+[BF4]
� (x1) + acetophenone (x2)}

VEm/cm
3 mol�1 293.15 18.852 �0.637 �3.972 �1.029 0.131 0.106

303.15 19.631 �0.803 �4.373 �3.110 3.022 0.103
313.15 20.449 �1.587 �6.059 �4.431 8.210 0.113
323.15 21.333 �1.755 �6.516 �7.050 11.654 0.119
333.15 22.574 �2.933 �13.007 �9.821 22.630 0.170

Dks/TPa
�1 293.15 237 330 �22 924 37 085 89 050 44 842 543

303.15 233 685 �20 053 24 521 99 867 11 297 411
313.15 225 243 �18 744 25 051 111 467 �44 855 831
323.15 214 378 �32 887 34 326 146 457 �104 398 644
333.15 203 168 �320 638 217 978 1 486 978 �1 228 338 1373

Dh/mPa s 293.15 �131.150 136.112 �70.256 466.800 �482.503 0.786
303.15 �72.971 51.551 �47.655 248.928 �191.642 0.436
313.15 �59.012 39.132 25.249 168.289 �202.855 1.134
323.15 �37.538 14.851 14.935 125.530 �133.040 0.537
333.15 �25.400 13.596 34.790 90.037 �133.621 0.839

Dn 293.15 �0.0560 �0.0085 �0.0128 �0.0697 0.1364 0.0002
303.15 �0.0552 �0.0192 0.0022 �0.0415 0.1291 0.0002
313.15 �0.0510 �0.0209 �0.0051 �0.0416 0.1159 0.0003
323.15 �0.0474 �0.0249 �0.0077 �0.0349 0.1213 0.0004
333.15 �0.0443 �0.0242 0.0211 �0.0349 0.1100 0.0004

{[BMIM]+[PF6]
� (x1) + acetophenone (x2)}

VEm/cm
3 mol�1 293.15 25.867 �19.539 �13.925 �5.802 17.259 0.058

303.15 26.252 �19.848 �14.239 �6.323 18.098 0.060
313.15 26.668 �20.117 �14.717 �7.167 19.465 0.062
323.15 27.111 �20.513 �14.953 �7.661 20.216 0.065
333.15 27.629 �20.878 �15.365 �8.669 21.732 0.069

Dks/TPa
�1 293.15 169 167 �254 159 �217 659 �58 317 92 919 656

303.15 169 169 �254 157 �217 677 �58 338 92 944 656
313.15 138 325 �290 681 �137 488 57 475 �64 931 610
323.15 115 907 �259 106 �185 707 �213 �50 674 998
333.15 87 080 �306 315 �225 102 151 424 �95 946 983

Dh/mPa s 293.15 �352.733 273.914 �283.830 959.770 �847.274 2.253
303.15 �204.106 110.791 �83.038 637.389 �652.417 2.346
313.15 �110.457 54.423 �77.853 323.853 �272.339 0.794
323.15 �67.379 19.187 �13.282 214.549 �217.628 0.915
333.15 �43.425 17.276 29.925 139.596 �211.452 0.928

Dn 293.15 �0.1436 �0.0381 0.0072 0.0221 0.0241 0.0002
303.15 �0.0479 �0.0154 0.0554 �0.0678 0.0526 0.0004
313.15 �0.0455 �0.0195 0.0534 �0.0686 0.0716 0.0005
323.15 �0.0396 �0.0178 0.0443 �0.0757 0.0959 0.0005
333.15 �0.0365 �0.0181 0.0681 �0.0841 0.0657 0.0003

{[EMIM]+[BF4]
� (x1) + acetophenone (x2)}

VEm/cm
3 mol�1 293.15 7.762 �21.213 4.294 �4.592 6.467 0.056

303.15 10.164 �21.110 1.146 �12.883 15.145 0.113
313.15 10.587 �21.508 0.805 �14.441 17.417 0.125
323.15 11.046 �21.924 0.418 �16.138 19.923 0.140
333.15 11.393 �22.981 3.878 �18.262 18.181 0.155

Dks/TPa
�1 293.15 261 467 �238 721 �123 000 �234 443 264 715 1010

303.15 220 921 �167 349 �133 613 �134 309 8675 794
313.15 182 119 �172 264 �155 579 �23 923 �39 482 521
323.15 143 344 �135 284 �81 811 �41 407 �200 615 793
333.15 121 550 �182 071 �169 015 925 �98 418 1058

Dh/mPa s 293.15 �43.545 28.300 �48.306 89.442 �62.857 0.112
303.15 �27.540 12.528 �11.914 59.761 �63.258 0.195
313.15 �18.761 12.249 �8.344 34.175 �40.769 0.193
323.15 �13.309 11.7670 �14.720 20.466 �16.561 0.135
333.15 �8.046 2.827 �7.386 10.065 �5.082 0.119

Dn 293.15 �0.0302 �0.0235 0.0974 �0.0083 �0.0432 0.0002
303.15 �0.0272 �0.0256 0.0949 0.0086 �0.0374 0.0003

104710 | RSC Adv., 2016, 6, 104708–104723 This journal is © The Royal Society of Chemistry 2016
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Table 2 (Contd. )

T/K A0 A1 A2 A3 A4 s

313.15 �0.0246 �0.0258 0.0826 �0.1185 �0.0157 0.0001
323.15 �0.0227 �0.0243 0.0900 �0.0176 �0.0207 0.0001
333.15 �0.0201 �0.0277 0.0804 �0.0130 �0.0043 0.0002

{[EMIM]+[EtSO4]
� (x1) + acetophenone (x2)}

VEm/cm
3 mol�1 293.15 �6.429 2.560 12.560 �13.367 1.413 0.047

303.15 �5.957 2.654 12.016 �17.958 7.353 0.048
313.15 �5.445 2.573 11.513 �21.042 11.573 0.042
323.15 �4.893 2.374 11.120 �24.136 15.689 0.052
333.15 �4.267 2.165 10.760 �27.585 20.393 0.025

Dks/TPa
�1 293.15 �88 483 22 626 230 019 �262 334 17 006 706

303.15 �98 751 32 880 187 116 �262 214 61 755 583
313.15 �109 962 47 012 173 265 �265 702 36 968 782
323.15 �117 269 52 626 148 852 �246 001 41 707 941
333.15 �88 483 22 626 230 019 �262 334 17 006 706

Dh/mPa s 293.15 �139.733 50.296 �22.440 200.521 �190.369 1.098
303.15 �76.920 31.738 1.307 110.531 �131.677 0.030
313.15 �44.822 26.386 �17.842 71.022 �60.353 0.348
323.15 �27.050 10.696 �46.834 51.453 �0.645 0.340
333.15 �16.167 1.901 �19.639 28.183 �6.702 0.279

Dn 293.15 �0.0188 0.0002 0.0055 �0.0102 0.0707 0.0000
303.15 �0.0175 0.0000 0.0090 �0.0090 0.0694 0.0001
313.15 �0.0166 �0.0014 0.0161 �0.0040 �0.0612 0.0000
323.15 �0.0149 �0.0008 0.0178 �0.0032 0.0613 0.0000
333.15 �0.0138 �0.0028 0.0166 0.0014 0.0676 0.0001
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a Metrohm 702 SM Titrino Metter before the experiments, and
was found to be #0.06% in the chemicals used (Table 2).
2.2. Methods and procedure

The binary mixtures were prepared by transferring via syringe
the pure liquids into stoppered bottles to prevent evaporation.
The components were lled directly into the air-tight Stop-
pard 10 cm3 glass vial and then weighed. For the determina-
tion of mass of each component, Radwag analytical mass
balance was used with a precision of �0.0001 g. The mixtures
were shaken in order to ensure complete homogeneity of the
compounds. Aer mixing the sample, the bubble-free homo-
geneous samples were injected into the vibration tube or
sample cell of the densitometer, sound velocity analyzer,
viscometer and refractor meter slowly using a medical syringe
to avoid formation of bubbles inside the vibration tubes or
sample cell. The chemicals were used without any further
purication.
2.3. Density and sound velocity measurements

Density and sound velocity for various ILs, acetophenone and
mixture of ILs with acetophenone were measured using a digital
vibrating-tube densitometer and sound velocity analyzer (Anton
Paar DSA 5000M) with an accuracy of �0.02 K. The instrument
measured simultaneously density in the range of (0 to 3) g cm�3

and sound velocity from (1000 to 2000) m s�1 in temperature
range of (293.15 to 333.15) K with pressure variation from (0 to
0.3) MPa. The sound velocity was measured using a propagation
time technique.53 The samples were mediated between two
This journal is © The Royal Society of Chemistry 2016
piezoelectric ultrasound transducers. One transducer emits
soundwaves through the sample-lled cavity (frequency around 3
MHz) and the second transducer receives those waves.67 Thus, the
sound velocity was determined by dividing the known distance
between transmitter and receiver by the measured propagation
time of the sound waves.53 The instrument was calibrated with
dry air and freshly distilled degassed water once a day. The esti-
mated error in density and speed of sound was less than �2 �
10�4 g cm�3 and �1 m s�1, respectively. The estimated error in
excess molar volume and deviation in isentropic compressibility
was �0.005 cm3 mol�1 and �1 TPa�1, respectively.
2.4. Viscosity measurements

The viscosities measurements for pure components and their
binary mixtures were determined using an Anton Paar Stabinger
Viscometer (SVM 3000) tted with jacketed small sample
adapter (SSA) and a thermosel spindle (SC4-18) with an accuracy
of �0.02 K. Prior to each experimental run, the cell was rstly
cleaned with deionised water (liquid 1) and then dried with
acetone (liquid 2) using a fully automatic X-sample 452 Module
which performed a cleaning routine aer each measurement
X-sample 452 performs a cleaning routine aer each measure-
ment. The estimated error in viscosity was less than �0.05
mPa s. The instrument measured viscosity at temperature range
of (293.15 to 333.15) K.
2.5. Refractive index measurements

Measurement of the refractive index for pure components and
their binary mixtures were measured by a digital automatic
RSC Adv., 2016, 6, 104708–104723 | 104711
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refractometer (Anton Paar RXA 156) with an accuracy of �0.03
K. The estimated error in refractive index was less than �0.005.
The instrument measured refractive index at temperature range
of (293.15 to 333.15) K.

2.6. Quantum chemical studies

In other to rationalize our experimental results, quantum
chemical calculations were used to investigate the inter-ionic
interactions between the cations and anions of the ionic
liquids both in gaseous state and in continuum solvation with
acetophenone by utilizing the integral formalism variant of the
polarized continuum model (IEFPCM).68

Geometry optimizations of the molecular structures of
[BMIM]+[BF4]

�, [BMIM]+[PF6]
�, [EMIM]+[BF4]

� and [EMIM]+[EtSO4]
�

were done using the Density Functional Theory (DFT) method.
The Perdew–Wang hybrid exchange–correlation functional
(B3PW91)69,70 and Pople-type split-valence triple-zeta basis set71

augmented with diffuse and polarization functions on both the
hydrogen and heavier atoms (6-311++G (d,p)) were selected for all
the calculations. The B3PW91 (/6-311++G (d,p)) was selected
because its adequate prediction of ionic liquids properties has
been reported.72–75 Frequency calculations were carried out on the
Fig. 1 Density (r) vs.mole fraction of IL for the mixtures of acetophenon
[EMIM]+[EtSO4]

� at (293.15, 303.15, 313.15, 323.15 and 333.15) K. The do

104712 | RSC Adv., 2016, 6, 104708–104723
optimized structures and the absence of imaginary frequencies
conrmed that the optimized structures are true energy minima.
Both geometry optimizations and frequency calculations were
performed with ultrane grid (99 radical and 590 angular points)
to increase the accuracy of the results.71 All the quantum chem-
ical calculations were performed using Windows based Gaussian
09 suite version D.01.76
3. Results and discussion
3.1. Thermophysical and thermodynamics studies

In order to understand the inuence of acetophenone on the
thermophysical properties of the alkyl imidazolium-based ILs,
the values of r, u, h and nD for the binary mixtures of (ILs +
acetophenone) systems were measured at temperature range
(293.15 to 333.15) K under atmospheric pressure. Table 1 gives
a clear indication that the studied ILs have higher r values than
acetophenone at 303.15 K. The experimental values, r, u, h and
nD for the binary mixtures of alkyl imidazolium-based ionic
liquids with acetophenone at temperature range (293.15 to
333.15) K as a function of IL concentration are presented in
Table 1S (ESI†).
e with ILs (a) [BMIM]+[BF4]
�, (b) [BMIM]+[PF6]

�, (c) [EMIM]+[BF4]
� and (d)

tted line represents the smoothness of these data.

This journal is © The Royal Society of Chemistry 2016
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The values of r against the mole fraction of the IL at different
temperature have been plotted in Fig. 1(a)–(d) for acetophenone
and its binary mixtures with [BMIM]+[BF4]

� or [BIMIM]+[PF6]
�

or [EMIM]+[BF4]
� or [EMIM]+[EtSO4]

�, respectively. Results in
Fig. 1(a)–(d) reveals that the r values for all studied binary
mixtures increases as concentration of the IL in acetophenone
increase and decreases with temperatures. In this study, ILs
were completely miscible in acetophenone (3 ¼ 18.00 at 298.15
K),77 since acetophenone is a high dielectric liquid. The increase
in the values of r for IL with acetophenone mixtures is as a result
of an increase in the ion pair interactions between the IL and
acetophenone. Increasing the temperature of the mixtures
results in thermal agitation and causes molecules in the mixture
to speed up and spread slightly further apart, occupying a larger
volume hence decreasing the density. The thermophysical
properties of ILs are dependent on the alkyl chain of the cation
and nature of the structure of ions. The lower the alkyl chain
length cation of the IL, the more dense compared to the higher
alkyl chain length of the ILs, for example (1.20129 g cm�3 for
[BMIM]+[BF4]

� and 1.28174 g cm�3 for [EMIM]+[BF4]
� at 293.15

K). This is mainly due to increase in dispersive interactions in ILs
Fig. 2 Sound velocity (u) vs.mole fraction of IL for the mixtures of acetop
and (d) [EMIM]+[EtSO4]

� at (293.15, 303.15, 313.15, 323.15 and 333.15) K.

This journal is © The Royal Society of Chemistry 2016
with increase in chain length, resulting in a nanostructured
organization in polar and non-polar regions. The nonpolar
regions are build-up of alkyl chains whereas the polar regions
contain the cationic head groups and the anions.When the chain
length of cation is enhanced, the nonpolar regions increase and
take up more and more space, resulting in lower density in ILs
with higher alkyl chain length.78–80 Results obtained gives
a proper indication that the r of the binary mixtures depend on
the size of the cation and anion of the alkyl imidazolium-based
ILs and the composition of the entire binary mixture. The r

values at all temperatures of the alkyl imidazolium-based ILs
with acetophenone follow the order: [BMIM]+[PF6]

� >
[EMIM]+[BF4]

� > [EMIM]+[EtSO4]
� > [BMIM]+[BF4]

�. This result
show a clear indication of effect of cation and anion on r.81 This
order displays the highest r values due to the increased size of
the anion with the same cation and vice versa.

The sound velocity of the (IL + acetophenone) mixtures
presented in Fig. 2(a)–(d), shows that the size of the ions and the
content of the acetophenone has an effect on the values of u for
the studied binary mixtures. Practically, the u values of ILs
mainly depend on the nature and structure of ions and the alkyl
henone with ILs (a) [BMIM]+[BF4]
�, (b) [BMIM]+[PF6]

�, (c) [EMIM]+[BF4]
�

The dotted line represents the smoothness of these data.
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chain length of the cation. It can be clearly seen from Fig. 2(a)–
(d) that at a given temperature, u values increased as the
concentration of IL increased in the mixture and decreased as
the temperature is increased for all studied systems. The u
values at T ¼ 333.15 K of the alkyl imidazolium-based ILs
with acetophenone follow the order: [BMIM]+[PF6]

� >
[EMIM]+[EtSO4]

� > [EMIM]+[BF4]
� > [BMIM]+[BF4]

�. This order
shows at the highest u values is due to the increased size of the
anion. Further, the u values decrease as the cation alkyl chain
length of ILs increases as seen in results with same anion.
This is mainly due to anion accommodation closer to the
cation. Apparently, ILs with higher cation side chain is
accompanied by lower r and lower u. Therefore, our result
demonstrates the inuence of the cation and anion signi-
cantly affect the alkyl imidazolium-based ILs with acetophe-
none interactions. This may be also due to the stronger
molecular interactions decreasing with increasing size of alkyl
chain length of the cation of alkyl imidazolium-based ILs with
acetophenone.81
Fig. 3 Viscosity (h) vs. mole of IL for the mixtures of acetophenone w
[EMIM]+[EtSO4]

� at (293.15, 303.15, 313.15, 323.15 and 333.15) K. The do

104714 | RSC Adv., 2016, 6, 104708–104723
With regard to the viscosity, the results displayed in
Fig. 3(a)–(d) indicates that the values h for all studied binary
mixtures increases as concentration of the IL in acetophenone
increase due to the strong coulombic interactions between the
ions of ILs. These are strengthened upon mixing with aceto-
phenone, leading to lower mobility of ions which is partially
based on smaller sizes of ions of ILs and also decreases with
temperatures mainly due to increased Brownian motion of the
constituent molecules of ILs.81 It is clearly indicated that the (IL
+ acetophenone) mixtures are less viscous than pure ILs yet
more viscous than acetophenone. In contrast to the r which
increases with a decrease in the alkyl chain length of the cation,
the values of h increases with an increase in alkyl side chain
length of the cation if the system have a common anion. The h

values for ([BMIM]+[BF4]
� + acetophenone) binary mixture are

higher compared to ([EMIM]+[BF4] + acetophenone) binary
mixture. This results from an increase in the van der Waals
interactions between alkyl side chains of the cation and the
proportion of the charged species in an entire mixture. It is clear
ith ILs (a) [BMIM]+[BF4]
�, (b) [BMIM]+[PF6]

�, (c) [EMIM]+[BF4]
� and (d)

tted line represents the smoothness of these data.

This journal is © The Royal Society of Chemistry 2016
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that these results possibly imply that the cation size has an
effect on the variation of the thermophysical properties of ILs in
mixture with acetophenone. Furthermore, it can be seen that h
values for ([EMIM]+[EtSO4]

� + acetophenone) binary mixture are
higher compared to ([EMIM]+[BF4] + acetophenone) binary
mixture. This is mainly due to the nature of the anion which
also affects the h of ILs with same cation, particularly through
relative basicity and the ability to form the hydrogen bonding.
The h values at all temperatures of the alkyl imidazolium-based
ILs with acetophenone follow the order: [BMIM]+[PF6]

� >
[BMIM]+[BF4]

� > [EMIM]+[EtSO4]
� > [EMIM]+[BF4]

� with may be
due to the increased alkyl chain of the cation.

Fig. 4(a)–(d) shows the measured values of nD for alkyl
imidazolium-based ILs with acetophenone at (293.15, 303.15,
313.15, 323.15 and 333.15) K over the entire composition range
plotted against the mole fraction of the IL. The values of nD
decreased with increasing concentration and temperature of IL
in the mixture due to the ion–ion pair interactions between the
IL and acetophenone The nD values at T ¼ 293.15 K of the
alkyl imidazolium-based ILs with acetophenone follow the
Fig. 4 Refractive index (nD) vs. mole fraction of IL for the mixtures
[EMIM]+[BF4]

� and (d) [EMIM]+[EtSO4]
� at (293.15, 303.15, 313.15, 323.15 a

This journal is © The Royal Society of Chemistry 2016
order: [EMIM]+[EtSO4]
� > [BMIM]+[BF4]

� > [EMIM]+[BF4]
� z

[BMIM]+[PF6]
�. This order clearly shows that [EtSO4]

� anion has
higher nD values with same cation [EMIM]+ IL as compared to
[BF4]

� anion due to the ions arrangement and an efficient
packing of ions of ILs.77 This result also indicated that the alkyl
chain of cation decreases as nD values increases with the same
anion but different cation. There are no previous, r, u, h and nD
data reported in the literature for studied systems at various
temperatures for comparison.

The obtained experimental thermo-physical properties; r, u,
h and nD of the alkyl imidazolium-based ILs and their mixtures
with acetophenone were further used to obtain the derived
thermodynamics properties; VEm, Dks, Dh and Dn using the
standard equations in order to give an excellent estimation of
the strength of unlike molecular interactions in the solution.
These properties were tted to the Redlich–Kister82 polynomial
equation to check the accuracy of experimental results.

X ¼ x1x2

Xk

i¼1

Aið1� 2x1Þi�1 (1)
of acetophenone with ILs (a) [BMIM]+[BF4]
�, (b) [BMIM]+[PF6]

�, (c)
nd 333.15) K. The dotted line represents the smoothness of these data.
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Table 3 Interaction energies and change in Gibbs free energies of ionic liquid systems in gaseous state and solvent

ILs

Gaseous state Acetophenone

DEint (kJ mol�1) DG (kJ mol�1) DEint (kJ mol�1) DG (kJ mol�1)

[BMIM]+[BF4]
� �337.79 �294.80 �22.04 11.93

[BMIM]+[PF6]
� �310.62 �273.16 �14.05 13.01

[EMIM]+[BF4]
� �338.10 �297.64 �25.91 4.27

[EMIM]+[EtSO4]
� �350.71 �302.36 �24.92 11.44

RSC Advances Paper

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

6.
 D

ow
nl

oa
de

d 
by

 N
or

th
-W

es
t U

ni
ve

rs
ity

 -
 S

ou
th

 A
fr

ic
a 

on
 2

7/
06

/2
01

7 
10

:4
8:

37
. 

View Article Online
sðXÞ ¼
XN
i¼1

"�
Xexpt � Xcalc

�2
ðN � kÞ

#1=2

(2)

where N is the number of experimental data point, X refers to
VEm, Dks, Dh and Dn; x1 and x2 are mole fractions of pure
compounds 1 and 2. The values of the tting parameters Ai have
been determined using a least-square method. These results are
summarized in Table 3, together with the corresponding stan-
dard deviations, s, for the correlation as determined using the
eqn (2).
Fig. 5 Excess molar volume (VE
m) vs. mole fraction of IL for the mixtur

[EMIM]+[BF4]
� and (d) [EMIM]+[EtSO4]

� at (293.15, 303.15, 313.15, 323.15
curve-fitting.

104716 | RSC Adv., 2016, 6, 104708–104723
The obtained values of VEm, Dks, Dh and Dn for the binary
mixtures of alkyl imidazolium-based ILs with acetophenone at
(293.15 to 333.15) K as a function of IL concentration are also
presented in Table 1S.† Fig. 5(a) and (b) which are the VEm graphs
of ILs with acetophenone, depicts positive values over the entire
mole fraction range at (293.15 to 333.15) K for binary systems
([BMIM]+[PF6]

� or [BMIM]+[BF4]
� + acetophenone), while both

positive and negative values for the systems ([EMIM]+[BF4]
� or

[EMIM]+[EtSO4]
� + acetophenone) with negative values up to x1

z 0.3000, and z0.8000 and positive values over the remaining
es of acetophenone with ILs (a) [BMIM]+[BF4]
�, (b) [BMIM]+[PF6]

�, (c)
and 333.15) K. The dotted lines were generated using Redlich–Kister

This journal is © The Royal Society of Chemistry 2016
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mole fraction indicated in Fig. 5(c) and (d), respectively. As the
mole fraction of IL increases the negative VEm increases sharply
up to x1 z 0.2000, and 0.6000, while with further addition of the
ILs there is a decrease in the excess molar volume graph at all
temperature ranges as seen in Fig. 5(c) and (d). This may reveal
that more efficient packing is due to the differences in size and
shape of molecules in the mixtures or attractive interaction
occurs in the region of low mole fraction of IL. Furthermore, the
negative VEm values of acetophenone-rich region of
([EMIM]+[BF4]

� or [EMIM]+[EtSO4]
� + acetophenone) becomes

positive VEm values at higher IL concentration region. This
inconsistency may be due to the variation from IL to IL
(depending on the cation/anion size) as well as solvent to solvent
and also depend on the nature of the structural arrangement of
ILs and acetophenone. The positive values shows that there is
a volume expansion mixing of IL. There is less volume contrac-
tion due to the interactions between unlike molecules which are
weaker. The negative values shows that more attractive interac-
tions in the mixtures than in the pure components and the
systems have a strong packing effect by associations between ILs
Fig. 6 Deviation in isentropic compressibility (Dks) vs. mole fraction o
[BMIM]+[PF6]

�, (c) [EMIM]+[BF4]
� and (d) [EMIM]+[EtSO4]

� at (293.15, 303.
Redlich–Kister curve-fitting.

This journal is © The Royal Society of Chemistry 2016
and acetophenone molecules through hydrogen bonding. The
dependency of VEm on temperature and composition for the
mixture can be described as the difference in intermolecular
forces between the compounds or the variation in the molecular
packing, which results from the differences in size and shape of
the molecules forming a binary mixture with other
compounds.83 The results in Fig. 5 show that the VEm values
increase with increasing temperature for all systems at a xed
composition, indicating the deviation from ideal behavior to
become pronounced as the temperature is increased. These
observations can be attributed to the natural complexity of the IL
with acetophenone systems as far as interactions with in the
system are concerned. From Fig. 5, it can be noted that the
magnitude of VEm values for ILs with acetophenone at studied
temperature follow the order: [BMIM]+[PF6]

� > [BMIM]+[BF4]
� >

[EMIM]+[BF4]
� > [EMIM]+[EtSO4]

�. From this order, it can be
seen that the increase of the alkyl chain length of cation on the IL
from [BMIM]+ to [EMIM]+ strongly affect the VEm values of
the solutions. At T ¼ 333.15 K, the positive VEm values
for ([BMIM]+[BF4]

� + acetophenone) (VEm ¼ 5.623 cm3 mol�1 at
f IL for the mixtures of acetophenone with ILs (a) [BMIM]+[BF4]
�, (b)

15, 313.15, 323.15 and 333.15) K. The dotted lines were generated using

RSC Adv., 2016, 6, 104708–104723 | 104717
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x1 ¼ 0.4936) are more positive than for the system
([EMIM]+[BF4]

� + acetophenone) (VEm ¼ 2.721 cm3 mol�1 x1 ¼
0.5011) while having the same anion [BF4]

�, therefore VEm values
become more positive in higher alkyl length of the IL cation
under the same experimental condition. The more positive
VEm values for ([BMIM]+[PF6]

� + acetophenone) serves as an
evidence that higher alkyl chain molecules decrease the
hydrogen bonding tendency between [BMIM]+ with acetophe-
none. On the other hand, the ([EMIM]+[EtSO4]

� + acetophenone)
mixture reveals less positive values of VEm than other studied
systems, which imply that [EMIM]+[EtSO4]

� ion–dipole interac-
tions and packing effects with acetophenone are stronger than
those in the other systems. Clearly, it is also shown that the
nature of interactions in ILs with acetophenone systems is highly
dependent on nature of the ions as well as anion. It is quite clear
from Fig. 5 that anion structure in alkyl imidazolium-based ILs
strongly affects the VEm values. It was found that [PF6]

� anion
exhibit more positive VEm values than the corresponding [BF4]

�

anion with same cation [BMIM]+ and also [BF4]
� anion more
Fig. 7 Deviation in viscosity (Dƞ) vs. mole fraction of IL for the mixtur
[EMIM]+[BF4]

� and (d) [EMIM]+[EtSO4]
� at (293.15, 303.15, 313.15, 323.15

curve-fitting.

104718 | RSC Adv., 2016, 6, 104708–104723
than [EtSO4]
� anion with same cation [EMIM]+. It has been

shown that the values of VEm also depend on the basicity as well as
size of the anion.

Fig. 6(a)–(d) shows the graphs for Dks against the mole frac-
tion at (293.15 to 333.15) K. As seen in Fig. 6(a), the values for Dks
are all positive for the whole compositions for the system
([BMIM]+[BF4] + acetophenone) and both positive and negative
for the systems ([BMIM]+[PF6] or [EMIM]+[BF4]

� or
[EMIM]+[EtSO4]

� + acetophenone) negative up to x1 z 0.3000,
z0.4000 and z0.8000 and positive over the remaining mole
fraction indicated in Fig. 6(b)–(d), respectively at all tempera-
tures. The negative Dks values are attributed to the strong
attractive interactions of the ions in the mixture due to the
solvation of the ions in the acetophenone. The negative values of
the Dks of an alkyl imidazolium-based ILs with acetophenone
implies that acetophenone molecules around the ILs are less
compressible than the solvent molecules in the bulk solutions.
As the mole fraction of IL increases, the negative deviation
increases sharply up to x1 z 0.1000, 0.0500, and 0.5000, while
es of acetophenone with ILs (a) [BMIM]+[BF4]
�, (b) [BMIM]+[PF6]

�, (c)
and 333.15) K. The dotted lines were generated using Redlich–Kister

This journal is © The Royal Society of Chemistry 2016
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with further addition of the ILs there is a decrease in the
compressibility graph at all temperature ranges. This might be
due to a decrease in attraction of acetophenone and ILmolecules
in the IL-rich concentration region, since the interaction
between the IL to IL increases and that between IL to aceto-
phenone decreases. On the other hand, the negativeDks values of
acetophenone-rich region of ([BMIM]+[PF6] or [EMIM]+[BF4]

� or
[EMIM]+[EtSO4]

� + acetophenone) becomes positiveDks values at
higher IL concentration region. These inconsistencies vary from
IL to IL (depending on the cation/anion size) and solvent to
solvent as well as also depend on the nature of the structural
arrangement of IL and solvent. The positive values of Dks for
binary mixtures of IL with acetophenone are possibly attributed
to the repulsive forces due to the electric charge of components
and therefore, the molecular interactions between IL and ace-
tophenone molecules weaken. The results in Fig. 6 show that the
Dks values decrease with increasing temperature for all systems
at a xed composition. These results are in good agreement with
those obtained from the volumetric studies. On the other hand,
the values followed the order [EMIM]+[EtSO4]

� > [EMIM]+[BF4]
� >
Fig. 8 Deviation in refractive index (DnD) vs.mole fraction of IL for themix
[EMIM]+[BF4]

� and (d) [EMIM]+[EtSO4]
� at (293.15, 303.15, 313.15, 323.15

curve-fitting.

This journal is © The Royal Society of Chemistry 2016
[BMIM]+[BF4]
� > [BMIM]+[PF6]

�. The Dks values decreases as
alkyl chain length of cation increases and have higher values for
[EMIM]+[EtSO4]

�. These results reveal that Dks values also
depend on size of anion with the same cation.

Fig. 7(a)–(d) which shown the Dƞ graphs of ILs with aceto-
phenone, reveals that the values are all negative and become
less negative with increasing temperature over a wide mole
fraction range at (293.15 to 333.15) K under atmospheric pres-
sure, and the minimum existed at IL region; i.e., x1 z 0.8000–
0.9000 and these curves are asymmetric. The minimum Dh

values are �64.48 mPa s (at x1 z 0.8999), �147.27 mPa s (at x1
z 0.8017), �16.98 mPa s (at x1 z 0.8050) and �38.83 mPa s (at
x1 z 0.6992) for ([BMIM]+[BF4]

� or [BMIM]+[PF6] or
[EMIM]+[BF4]

� or [EMIM]+[EtSO4]
� + acetophenone) systems,

respectively. The negative Dh values may be attributed to the
formation of weak hydrogen bonding interactions between the
ions of ILs with acetophenone. These results clearly show that
the Dh data is more affected with anions of alkyl imidazolium
cation of ILs, which indicates that the interactions become weak
between the ions of ([BMIM]+[PF6] + acetophenone) than
tures of acetophenonewith ILs (a) [BMIM]+[BF4]
�, (b) [BMIM]+[PF6]

�, (c)
and 333.15) K. The dotted lines were generated using Redlich–Kister

RSC Adv., 2016, 6, 104708–104723 | 104719

http://dx.doi.org/10.1039/c6ra15476j


RSC Advances Paper

Pu
bl

is
he

d 
on

 2
7 

O
ct

ob
er

 2
01

6.
 D

ow
nl

oa
de

d 
by

 N
or

th
-W

es
t U

ni
ve

rs
ity

 -
 S

ou
th

 A
fr

ic
a 

on
 2

7/
06

/2
01

7 
10

:4
8:

37
. 

View Article Online
([BMIM]+[BF4]
� + acetophenone) and ([EMIM]+[EtSO4]

� + ace-
tophenone) than ([EMIM]+[BF4]

� + acetophenone) systems due to
weakening of the dipolar association by ILs. The negative Dh

values of [BMIM]+ cation with same anion is higher than [EMIM]+

cation due to the steric hindrance of alkyl chain groups in [BMIM]+

cations. When acetophenone is added to the IL, the viscosities of
the mixtures decreases faster, mainly at lower temperatures. The
strong coulomb interaction between the anions and cations
becomes upon adding acetophenone, which in turn leads to
a higher mobility of the ions and hence a lower viscosity of the
mixtures.83 Therefore the values of Dh are negative in all cases.

The “DnD” values can be used to determine of the electronic
polarizability of a molecule and provide useful information about
the intermolecular interactions between molecules. However, an
accurate DnD data for ILs with molecular solvents are still scarce.
Fig. 8(a)–(d) show DnD for binary mixture of alkyl imidazolium-
based ILs with acetophenone and indicates that both negative
and positive values for DnD over a wide mole fraction range at
(293.15 to 333.15) K under atmospheric pressure show curves that
are asymmetric with minimum and maximum reaching near to
0.4000–0.6000 and 0.9000mole fraction of IL, respectively. TheDnD
values increases as temperature increased. The positive values of
Fig. 9 Optimized structures of ionic liquids (a) [BMIM]+[BF4]
�, (b) [BMIM

104720 | RSC Adv., 2016, 6, 104708–104723
DnD may be due to the stronger interactions of ions of ILs with
acetophenone and negative values attributed to weaker interaction
ions of ILs with acetophenone. The values for DnD are dependent
mainly on the difference in intermolecular interactions occurring
between the two components. It can be seen that positive or
negative VEm values corresponded to negative or positiveDnD values;
theminimum ormaximum of both values exist at almost the same
mole fraction of IL of corresponding systems. On the other hand,
the values followed the order: [EMIM]+[BF4]

� > [EMIM]+[EtSO4]
� >

[BMIM]+[PF6]
� > [BMIM]+[BF4]

�. These results reveal that DnD
values also depend on size of anion with the same cation. The
opposite signs between VEm and DnD can be attributed to less free
volume available (if VEm is negative) andmore free volume available
(if VEm is positive) than in an ideal solution and photons will be
more likely to interact with molecules or ions constituting the
compound.84–87 These results are in good agreement with those
obtained from the volumetric and acoustic studies.
3.2. Quantum chemical studies

Quantum chemical calculations have been employed comple-
ment our experimental ndings on the interactions existing
]+[PF6]
�, (c) [EMIM]+[BF4]

�, (d) [EMIM]+[EtSO4]
�.

This journal is © The Royal Society of Chemistry 2016
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between the ionic liquids studied and acetophenone. Isolated
structures of the anions ([PF6]

�, [BF4]
� and [EtSO4]

�) and
cations ([BMIM]+ and [EMIM]+) as well as molecular structures
of the ionic liquids were optimized. Optimized structures of
ionic systems are shown in Fig. 9. The interaction energies
(DEint) for the ionic liquid systems were calculated from the
stabilization energy difference according to eqn (3):

DEint ¼ E(ac) � (E(a) + E(c)) (3)

where E(a) and E(c) are the energies of the pure anion and
cation, respectively, and E(ac) the energy of ionic liquid system.
All calculated energies are corrected by zero point energy (ZPE),
using an empirical scaling factor of 0.972.88

Frequency calculations were also done on the optimized
structures from which the change in Gibb's free energy (DG) for
the cation–anion interaction was calculated. The interaction
energies and change in Gibb's free energies are given in Table 3.

More negative DEint is an indication of stronger interaction
when comparing interactions between two or more systems.89,90

As shown in the Table 3, DEint of the ionic systems in the pres-
ence of acetophenone remarkably increased (less negative) as
compared to when they were without the solvent. This is an
indication of appreciable decrease in the cation–anion interac-
tion in the presence of the solvent.91 This can be attributed to the
separate interactions of the cations and anions of the ionic
liquids with the acetophenone molecules (i.e. ion–solvent inter-
actions) rather than with each other (i.e. cation–anion interac-
tions).69,90 The ion–solvent interaction reduces the cation–anion
interaction by reducing the number of anion–cation pairs that
are available for the cation–anion interaction.91,92

The DEint of the studied ionic liquid in solvent system, fol-
lowed the order [BMIM]+[PF6]

� > [BMIM]+[BF4]
� >

[EMIM]+[EtSO4]
� > [EMIM]+[BF4]

�. This trend shows that the
extent of the solvent–ion interactions in ionic liquids follows
the same order because the lower the cation–anion interaction
(i.e. less negative DEint), the greater the ion–solvent interaction.
The change in Gibb's free energy (DG) of the ionic systems also
follows the similar trend as DEint indicates a reduced sponta-
neity of the cation–anion interactions in the presence of the
acetophenone in the order [BMIM]+[PF6]

� > [BMIM]+[BF4]
� >

[EMIM]+[EtSO4]
� > [EMIM]+[BF4]

� because of energetically more
favourable solvent–ion interaction. The [BMIM]+[PF6]

� system
has the highest DG (13.01 kJ mol�1) which means the cation–
anion interaction is least favourable and automatically the
solvent–ion interaction is most favourable in this system rela-
tive to other systems of study.
4. Conclusions

This study report on new data for densities (r), sound velocities
(u), viscosities (h), and refractive indices (nD) of binary mixtures
of four alkyl imidazolium-based ionic liquids which have same
anion and different anion and vice versa; [BMIM]+[BF4]

�,
[BMIM]+[PF6]

�, [EMIM]+[BF4]
� and [EMIM]+[EtSO4]

�, with ace-
tophenone over the wide composition range at (293.15 to
333.15) K under atmospheric pressure. The study illustrated the
This journal is © The Royal Society of Chemistry 2016
effect of temperature, concentration as well as cation/anion of
ILs on the molecular interaction behavior of alkyl imidazolium-
based IL with acetophenone. From experimental data, excess
and derived properties such as VEm, Dks, Dh and DnD were
calculated and tted to Redlich–Kister equation to check the
accuracy of experimental results and found to be in good
agreement with experimental results. Our results reveal that the
values of, r, u and h increases as concentration of the IL
increases whereas opposite trend was observed for nD and all
the other measured properties decreases with temperatures.
Results obtained indicates that the r, u and DnD values decrease
with increase in the cation alkyl chain length, however an
opposite trend was observed, in which the values of h increase
when the number of carbon atoms in the alkyl chain length of
cation of ILs increases. The experimental data indicate that
cation and anion of ILs have a strong inuence on the excess
and deviation properties, especially on excess molar volume.
Quantum chemical studies conrm the interactions of aceto-
phenone with the ILs and also show that the solvent–ion
interaction is highest in [BMIM]+[PF6]

� system and lowest in
[EMIM]+[BF4]

� thereby conrming the experimental results.
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