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Abstract
Physical properties, such as density (q) and speed of sound (u) of [Bmim][triflate], 1-pentanol and their binary mixtures,

are measured over the whole composition range as a function of temperature between 298.15 and 328.15 K at atmospheric

pressure. Experimental values are used to calculate the excess molar volumes (VE
m), excess values of partial molar volumes

(V
E

m), partial molar volumes at infinite dilution (V
E;1
m ), excess values of isentropic compressibility (jEs ), free length (LEf ),

speeds of sound (uE) and isobaric thermal expansion coefficient (aEP) for the binary mixture. These excess properties are

fitted to the Redlich–Kister-type equation to obtain the binary coefficients and the standard deviations. A qualitative

analysis of these parameters indicates strong intermolecular interactions in both the systems and the interaction increases

with the increase in temperature. An attempt has been made to predict derivatives of thermodynamic potentials through

physicochemical parameters, and using empirical relations excess chemical potentials/molecular properties of the mixtures

from nonlinear parameter are also computed at 308.15 K. The presence of strong interactions was further supported by IR

spectroscopy. In addition, analysis of VE
m data of the mixture was done through the Prigogine–Flory–Patterson theory.
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Introduction

Ionic liquids (ILs) as ‘green’ solvents represent a class of

liquid materials with unique properties and alternative to

traditional volatile organic solvents. Their applications are

escalating rapidly as utilized in several areas of technology

and science [1–3]. Mixing of the ionic liquids with

molecular solvents is one of the alternative steps to reduce

the use of expensive ionic liquids and to save time for

synthesizing new ionic liquids of desired properties. The

mixtures of ionic liquids and conventional organic solvents

may be gaining a remarkable amount of attention from both

the researchers and industries from both economic and

ecological points of view. Improvement in the physico-

chemical properties of the common ILs into their mixtures

with molecular organic solvents is a distinctive approach to

exploit their potential applications [4]. High viscosity of

ILs may hamper their industrial and research applications.

Fortunately, their mixtures with molecular solvents show

reduced viscosity without affecting their advantages as

green solvents. In particular, the addition of polar co-sol-

vents can strongly influence the physical and chemical

properties of ILs such as viscosity, reactivity and electrical

conductivity as well as solubility and solvation properties

[5]. Recently, several binary IL ? molecular solvent sys-

tems have been shown to perform better than the pure ILs,
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and such systems have been used in numerous applications

such as in biocatalyzed reactions, super capacitors, reaction

media and medium for dissolution of biopolymers [6–18].

Therefore, IL ? molecular solvent mixtures have received

rising attention in the past years. Besides speed of sound,

experimental data of density also play a crucial role in

predicting molecular interactions between the liquids in a

binary mixture.

The IL in the study 1-butyl-3-methylimidazolium tri-

fluoromethanesulfonate ([Bmim][triflate]) is extensively

used as corrosion inhibitor [19], as a solvent in electro-

chemical reduction [20] and in chromatography, etc. On

the other hand, 1-pentanol, which is a self-associative

organic solvent, has been used in many chemical and

industrial processes. In addition, being a good industrial

solvent, 1-pentanol is also used as an intermediate in the

manufacture of many pharmaceuticals, organic com-

pounds, lubricants, lubricant additives, flavorings, special

catalysts, production of liquid crystals and an extracting

agent [21]. The mixtures containing 1-pentanol are very

significant from theoretical point of view, not only because

of its self-association, but also due to the strong inter-

molecular effects produced due to the presence of –OH. It

is of great importance to understand the mixing behavior of

[Bmim][triflate] in 1-pentanol and to provide accurate

physicochemical data.

Systematic investigations of the physicochemical prop-

erties of [Bmim][triflate] with molecular organic solvents

including water have been reported [22–26].

González et al. [22] reported the osmotic and apparent

molar properties of [Bmim][triflate] binary mixtures with

1-propanol, 2-propanol, 1-butanol, 2-butanol and 1-pen-

tanol. Vercher et al. [23] reported the density and speeds of

sound data of binary mixtures of [Bmim][triflate] with

water. Vercher et al. [24] reported the refractive indices of

water with [Bmim][triflate], whereas Garcı́a-Miaja et al.

[25] reported the density and heat capacity of water with

[Bmim][triflate]. Recently, Anwar [26] reported thermoa-

coustic and volumetric properties of [Bmim][triflate] with

1-butanol and ethyl acetate. A thorough literature survey

reveals that thermoacoustic and volumetric data of

[Bmim][triflate] with 1-pentanol were not reported.

Basing on our initial experiments, [Bmim][triflate] has

been found to be totally miscible with 1-pentanol at all

proportions. Hence, in the present study, it is proposed to

measure the physical properties (densities, q, and speeds of

sound, u) of the binary mixture of [Bmim][triflate] with 1-

pentanol in the temperature range 298.15 to 328.15 K and

over the whole composition range to estimate their excess/

deviation properties for their potential application in

industrial processes. Based on the measured values, ther-

modynamic, acoustical and optical parameters such as

excess molar volumes (VE
m), excess values of partial molar

volumes (V
E

m), partial molar volumes at infinite dilution

(V
E;1
m ), isentropic compressibility (jEs ), free length (LEf ),

excess speeds of sound (uE), isobaric thermal expansion

coefficient (aEP) and the other thermodynamic expressions

like
oVE

m

oT

� �
P
,

oHE
m

oP

� �
T
have been determined for the binary

mixture. These excess properties are fitted to the Redlich–

Kister-type equation to obtain the binary coefficients and

the standard deviations. The results have been analyzed

with the help of IR spectroscopy. In addition, analysis of

VE
m data of the mixture was done employing the Prigogine–

Flory–Patterson (PFP) theory.

Experimental

Material

The IL used in this work is [Bmim][triflate] (CAS

174899-66-2) with mass fraction purity of 0.99 was pur-

chased from Iolitec GmBH (Germany), while 1-pentanol

(CAS 71-41-0) was supplied by Sigma-Aldrich. The sup-

pliers and the purity for pure compounds are reported in

Table 1. The water content in IL and 1-pentanol was

determined using a Karl Fischer titrator (Metrohm, 890

Titrando) [31–33]. Each one of the samples was dried in

vacuum of 0.1 Pa for about 72 h and at moderate temper-

atures (starting from room temperature and gradually

increasing it over a 6 h period up to 333 K). The water

content of all the samples was checked further and

observed to be in the range of 0.015%, which is lower than

the original pre-evacuation analysis, which indicated val-

ues in the range of \ 0.02%. [Bmim][triflate] was used

without any further purification, and 1-pentanol was further

purified by distillation technique. The purities of IL and

1-pentanol were verified by comparing the measured val-

ues of density and speed of sound of the pure liquids with

the literature values at atmospheric pressure which are

shown in Table 2.

Apparatus and procedure

Sample preparation

All samples were prepared freshly in amber glass vials with

screw caps having PFE septa, were sealed with parafilm to

avoid absorption of moisture from the atmosphere and

were then stirred for over 30 min to ensure total dissolution

of the mixtures. Samples were taken from the vials with a

syringe through the PFE septum. The mass of the dry bottle

was initially determined. The less volatile component
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(RTIL) of the mixture was then introduced into the bottle,

and the mass was recorded. The organic liquid (1-pentanol)

was added, and the mass of bottle including two compo-

nents was recorded. Samples were weighed using Mettler

Toledo AB 135 balance with a precision of ± 0.01 mg.

The uncertainty in the mole fractions of the mixtures was

estimated as being ± 1 9 10-4.

Measurement of density and speed of sound

Densities and speed of sound are measured with an Anton

Paar DSA-5000 M vibrating tube density and sound

velocity meter. The density meter is calibrated with doubly

distilled degassed water and with dry air at atmospheric

pressure. The temperature of the instrument is controlled to

within ± 0.01 K by a built-in Peltier device that corre-

sponds to an uncertainty in density of ± 0.0002% as

specified by the manufacturer. Measured density and speed

of sound values (at a frequency approximately 3 MHz) are

precise to 5 9 10-3 kg m-3 and 5 9 10-1 m s-1,

respectively.

Measurement of infrared spectra

Infrared absorbance was measured by making use of Shi-

madzu Fourier transform infrared (FT-IR) spectrometer,

equipped with attenuated total reflectance (ATR) acces-

sories. A fixed cell about 0.1 mm thickness is used which is

suitable for the measurement of volatile samples also. The

spectral region is 650–4000 cm-1 with resolution 0.5 cm-1

and 100 scans. At least five repeated measurements were

performed for each sample.

Results and discussion

The experimentally measured values of density (q) and

speed of sound (u) for the binary mixture of [Bmim][tri-

flate] and 1-pentanol over the whole composition range as a

function of temperature between 298.15 and 328.15 K with

an increment of 10 K under atmospheric pressure are

specified in Table 3. The change in the values of q, u and

nD with respect to temperature is linear and with respect to

mole fraction is nonlinear. This nonlinear trend of q, u and

nD with respect to concentration indicates that molecular

interactions definitely exist at all temperature between

Table 1 List of chemicals with details of provenance, CAS number and mass fraction purity

Chemical Provenance CAS

number

Purification

method

Mass fraction

purity

Analysis method

1-Butyl-3-methylimidazolium

trifluoromethanesulfonate

Io-Li-Tec, Germany 174899-66-2 Vacuum treatment 0.99 NA

1-Pentanol Sigma-Aldrich 71-41-0 Distillation 0.99 Gas-liquid

Chromatography

Table 2 Comparison of

experimental values of density,

q, speed of sound, u, refractive

index, nD, and specific heat, Cp,

of pure liquids at atmospheric

pressure with the corresponding

literature values at different

temperatures

Liquid Temp/K q/kg m-3 u/m s-1 Cp/J K
-1 mol-1

Expt. Lit. Expt. Lit. Lit.

[Bmim][triflate] 298.15 1297.5 1296.67 [22] 1392.8 1393.01 [22] 426.65 [22]

1297.6 [24]

308.15 1289.6 1288.78 [22] 1370.6 1370.73 [22] 432.36 [22]

1289.7 [24] 1369.1 [25]

318.15 1281.7 1280.95 [22] 1348.8 1349.04 [22] 438.07 [22]

328.15 1273.8 1273.16 [22] 1327.3 1327.81 [22] 443.78 [22]

1-Pentanol 298.15 811.1 810.94 [27] 1274.9 1275.33 [30] 210.18 [32]

308.15 803.7 811.12 [28] 1241.4 1241.95 [30] 217.60 [32]

803.52 [27]

318.15 796.1 803.45 [29] 1208.2 1208.85 [30] 225.48 [32]

795.98 [27]

328.15 788.4 796.19 [29] 1175.3 – 233.83 [32]

788.27 [27]

Standard uncertainties u are: u (q) = 1 kg m-3, u (u) = 0.3 ms-1, u (T) = 0.01 K and u (P) = 0.5 kPa
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Table 3 Experimental density (q), speed of sound (u), refractive index (nD), isobaric thermal expansion coefficient (ap), isentropic compress-

ibility (js), free length (Lf ) with mole fraction (x1) of [Bmim][triflate] binary liquid mixtures with 1-pentanol from T/K = 298.15–328.15 at

pressure P = 0.1 MPa

x1 q/kg m-3 u/m s-1 ap/10
-4 K-1 js/10

-10 Pa-1 Lf /10
-11 m

298.15 K

0.0000 811.1 1274.9 9.02 7.59 5.67

0.0512 859.7 1272.6 8.63 7.18 5.51

0.0959 898.1 1272.6 8.38 6.88 5.39

0.1488 939.9 1274.7 8.10 6.55 5.26

0.1948 973.3 1278.0 7.89 6.29 5.16

0.2976 1038.9 1289.0 7.47 5.79 4.95

0.3954 1091.5 1302.8 7.15 5.40 4.78

0.4852 1133.1 1316.9 6.91 5.09 4.64

0.5947 1176.6 1334.8 6.69 4.77 4.49

0.6693 1202.8 1346.6 6.56 4.59 4.40

0.7622 1232.3 1360.4 6.43 4.39 4.31

0.8348 1253.4 1370.6 6.34 4.25 4.24

0.8946 1269.9 1378.8 6.27 4.14 4.19

0.9442 1283.0 1386.1 6.20 4.06 4.14

1.0000 1297.5 1392.8 6.14 3.97 4.10

308.15 K

0.0000 803.7 1241.4 9.29 8.07 5.95

0.0512 852.3 1240.9 8.83 7.62 5.78

0.0959 890.6 1242.2 8.53 7.28 5.65

0.1488 932.3 1245.6 8.23 6.91 5.51

0.1948 965.6 1249.8 7.99 6.63 5.39

0.2976 1031.1 1262.5 7.54 6.08 5.17

0.3954 1083.7 1277.4 7.20 5.66 4.98

0.4852 1125.2 1292.3 6.95 5.32 4.83

0.5947 1168.7 1311.0 6.70 4.98 4.67

0.6693 1194.9 1323.3 6.57 4.78 4.58

0.7622 1224.4 1337.5 6.43 4.57 4.47

0.8348 1245.5 1348.1 6.34 4.42 4.40

0.8946 1262.0 1356.4 6.26 4.31 4.35

0.9442 1275.1 1363.9 6.20 4.22 4.30

1.0000 1289.6 1370.6 6.15 4.13 4.26

318.15 K

0.0000 796.1 1208.2 9.57 8.60 6.25

0.0512 844.7 1209.5 9.03 8.09 6.06

0.0959 882.9 1212.1 8.70 7.71 5.92

0.1488 924.6 1216.4 8.35 7.31 5.76

0.1948 957.8 1221.9 8.09 6.99 5.64

0.2976 1023.3 1236.3 7.61 6.39 5.39

0.3954 1075.9 1252.3 7.25 5.93 5.19

0.4852 1117.4 1268.0 6.98 5.57 5.03

0.5947 1160.9 1287.4 6.72 5.20 4.86

0.6693 1187.1 1300.2 6.58 4.98 4.76

0.7622 1216.5 1314.8 6.43 4.76 4.65

0.8348 1237.6 1325.9 6.33 4.60 4.57

0.8946 1254.1 1334.4 6.26 4.48 4.51

0.9442 1267.2 1342.2 6.20 4.38 4.46
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liquids in study. The molecular interactions between unlike

molecules of liquid mixtures depend on the composition,

shape, molecular size and temperature [34, 35]. The

structural contributions come up from several effects such

as interstitial accommodation and geometrical fitting of

smaller component into larger due to the large difference in

the molar volume between component molecules. The

chemical or specific interactions comprise the formation of

hydrogen bonding between component molecules, dipole–

dipole interactions, charge-transfer complexes, etc. The

physical interactions or nonspecific interactions which are

weak in nature are due to dispersion forces.

The changes observed in excess/deviation parameters

indicate the nature and extent of interactions present

between the component molecules of the binary mixture in

study. The results interpreted from Table 3 obviously show

that addition of 1-pentanol to [Bmim][triflate] can bring

about remarkable changes in q, u, nD for the present binary

system. The thermodynamic properties such as VE
m, j

E
s and

the other excess parameters calculated from the experi-

mental data according to well-known thermodynamic

equations (S1–S11) are given in the supplementary

material.

The deviation/excess properties have been fitted to a

Redlich–Kister-type polynomial equation given by

YE ¼ x1x2
Xj

i¼o

Ai x2 � x1ð Þi; ð1Þ

where YE ¼ VE
m, j

E
s , L

E
f , Z

E, uE, aEP and D/nD. Here, x1 and

x2 are the mole fractions of [Bmim][triflate] and 1-pen-

tanol, respectively. Further, Ai are the adjustable parame-

ters of the function which are computed using the least

square method. In the present study, ‘i’ values have been

taken from 0 to 4. The resultant standard deviations r (YE)

have been computed using the following equation.

rðYEÞ ¼
P

YE
exp � YE

cal

� �2

m� n

2
64

3
75
1=2

; ð2Þ

where ‘m’ is the total number of experimental points and

‘n’ is the number of coefficients in Eq. (1). The calculated

values of the coefficients Ai along with the standard devi-

ations rðYEÞ are shown in Table 4.

There are many active sites in both the components such

as aromatic hydrogen, more electronegative fluorine and

oxygen atoms of [Bmim][triflate] and hydroxyl group of

1-pentanol to form hydrogen bonds as well as dipole–

dipole interactions. In pure [Bmim][triflate], there exist

H-bonds between aromatic hydrogen atoms of [Bmim]?

cation and fluorine/oxygen atoms of triflate anion in addi-

tion to electrostatic forces of attraction between cation and

anion. 1-Pentanol is an associative liquid with

Table 3 (continued)

x1 q/kg m-3 u/m s-1 ap/10
-4 K-1 js/10

-10 Pa-1 Lf /10
-11 m

1.0000 1281.7 1348.8 6.15 4.29 4.42

328.15 K

0.0000 788.4 1175.3 9.86 9.18 6.57

0.0512 837.0 1178.3 9.25 8.60 6.36

0.0959 875.2 1182.2 8.86 8.18 6.20

0.1488 916.9 1188.0 8.48 7.73 6.03

0.1948 950.1 1194.4 8.20 7.38 5.89

0.2976 1015.5 1210.4 7.68 6.72 5.62

0.3954 1068.1 1227.5 7.30 6.21 5.41

0.4852 1109.6 1244.1 7.02 5.82 5.23

0.5947 1153.1 1264.4 6.74 5.42 5.05

0.6693 1179.3 1277.6 6.59 5.20 4.94

0.7622 1208.7 1293.0 6.43 4.95 4.83

0.8348 1229.8 1304.1 6.32 4.78 4.74

0.8946 1246.3 1312.9 6.25 4.66 4.68

0.9442 1259.4 1320.6 6.20 4.55 4.63

1.0000 1273.8 1327.3 6.16 4.46 4.58

Standard uncertainties U are: u (x1) = 0.0001, u (q) = 1 kg m-3, u (u) = 0.3 m s-1, u (T) = 0.01 K and u (P) = 0.5 kPa

Combined uncertainties for [Bmim][triflate] ? 1-pentanol system (confidence level, 95%): Uc (ap) = 0.03 9 10-4 K-1, Uc

(js) = ± 0.01 9 10-10 Pa-1, Uc (Lf ) = ± 0.004 9 10-11 m. All the experiments were carried out at atmospheric pressure
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intermolecular H-bonds. Hence, we can assume many

possibilities for interactions between the two components

under study in addition to geometrical factors.

The relationship between excess molar volumes VE
m

obtained for the binary mixture [Bmim][triflate] ? 1-pen-

tanol as a function of composition in the temperature range

T = 298.15–328.15 K is graphically represented in Fig. 1.

The variations of excess molar volumes are found to be

negative in the whole composition range except at IL-rich

region at all temperatures which may be credited to the H-

bonding. The hydroxyl oxygen and alkyl hydrogens of 1-

pentanol are able to form H-bonds with imidazolium aro-

matic C–H hydrogen and fluorine/oxygen atoms of triflate

anion, respectively. But H-bonding alone cannot explain

the attractions between the two constituent molecules in the

binary mixture. Further, favorable fitting of smaller 1-

pentanol molecules (at T = 298.15 K,

Vm = 108.68 9 10-6 m3 mol-1) into the voids created by

larger [Bmim][triflate] molecules (at T = 298.15 K,

Vm = 222.18 9 10-6 m3 mol-1) is definitely contributing

Table 4 Redlich–Kister coefficients of deviation/excess properties and corresponding standard deviations (r) for the systems at different

temperatures

T/K A0 A1 A2 A3 A4 r

VE
m/10

-6m3 mol-1

298.15 - 0.9423 - 2.0264 2.8890 0.4803 - 0.5831 0.01

308.15 - 1.1084 - 2.0701 2.9706 0.3922 - 0.6923 0.01

318.15 - 1.3243 - 2.1436 3.0720 0.3396 - 0.9355 0.01

328.15 - 1.5857 - 2.2257 3.0543 0.2381 - 1.0621 0.01

298.15 - 0.5842 - 0.2381 0.0177 - 0.2459 - 0.2612 0.01

jEs /10
-10 Pa-1

308.15 - 0.7370 - 0.3467 - 0.0535 - 0.2935 - 0.2851 0.01

318.15 - 0.9142 - 0.4821 - 0.0895 - 0.3279 - 0.3964 0.01

328.15 - 1.1161 - 0.6280 - 0.2335 - 0.4234 - 0.3966 0.01

298.15 71.08 - 4.94 - 3.71 28.47 21.25 0.18

uE/m s-1

308.15 84.66 0.50 0.80 28.28 20.32 0.19

318.15 98.76 6.59 0.11 25.21 28.18 0.25

328.15 113.03 10.77 10.02 27.16 20.77 0.21

298.15 - 1.0549 - 0.2859 - 0.0323 - 0.1129 - 0.1035 0.01

LEf /10
-11 m

308.15 - 1.1789 - 0.3376 - 0.0648 - 0.1258 - 0.1030 0.01

318.15 - 1.3180 - 0.4015 - 0.0693 - 0.1312 - 0.1524 0.01

328.15 - 1.4728 - 0.4657 - 0.1298 - 0.1620 - 0.1349 0.01

298.15 - 0.8013 - 0.3168 0.6089 - 0.5427 - 1.1434 0.01

308.15 - 0.7880 - 0.3067 0.6040 - 0.5332 - 1.1254 0.01

aEP/10
-4 K-1

318.15 - 0.7724 - 0.2942 0.5985 - 0.5221 - 1.0995 0.01

328.15 - 0.7548 - 0.2796 0.5997 - 0.5068 - 1.0768 0.01

oVE
m

oT

� �
P
/10-9 m3 mol-1 K-1

298.15 - 13.89 - 2.95 13.30 - 6.73 - 15.63 0.01

308.15 - 18.99 - 5.45 8.30 - 7.43 - 16.38 0.01

318.15 - 24.09 - 7.95 3.30 - 8.13 - 17.13 0.01

328.15 - 29.19 - 10.45 - 1.70 - 8.83 - 17.88 0.01

oHE
m

oP

� �
T
/10-6 J mol-1 Pa-1

298.15 3.20 - 1.15 - 1.08 2.49 4.08 0.01

308.15 4.74 - 0.39 0.41 2.68 4.35 0.01

318.15 6.34 0.39 2.02 2.93 4.52 0.01

328.15 7.70 1.10 3.59 3.05 4.63 0.01
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to interactions. A similar variation in VE
m values can be

observed for the rest of studied temperatures. Moreover,

the variation of VE
m for the present system as a function of

temperature becomes more negative with rise in tempera-

ture. Generally, the strength of hydrogen bond decreases

with rise in temperature. As temperature increases, the self-

association of 1-pentanol is disturbed which leads to the

formation of free 1-pentanol molecules. Then, more

favorable fitting of smaller 1-pentanol molecules into the

voids created by larger IL molecules occurs, thereby,

shrinkage of the volume of the mixture to a larger extent,

resulting in more negative VE
m values with rise in temper-

ature. Therefore, order of strength of interaction enhances

with rise in temperature. At IL-rich region, electrostatic

forces of attraction dominates between oppositely charged

ions which push out 1-pentanol molecules from ionic

clusters resulting dispersive type of interactions between

solvent and solute molecules [34].

The existing molecular interactions in the present binary

system are properly reflected in the properties of partial

molar volumes of the constituent molecules. Partial molar

volume is the contribution that a component of a mixture

makes to the total volume of the solution. The partial molar

volumes Vm;1 of component 1 ([Bmim][triflate]) and Vm;2

of component 2 (1-pentanol) in the mixtures over the whole

composition range have been computed using equations

(S12, S13) are given in the supplementary material.

The partial molar volumes (V
1
m;1, V

1
m;2) and excess

partial molar volumes at infinite dilution (V
E;1
m;1 , V

E;1
m;2 )

were calculated from coefficients of Redlich–Kister-type

polynomial equation given in Table 4 using equations

(S14–S19) are given in the supplementary material.

The calculated values of Vm;1 and Vm;2 for the studied

binary system are shown in Table S1 of the supplementary

material. On visualizing the values of Vm;1 and Vm;2 for the

two components in the mixtures (Table S1), it is evident

that the values are lower than their individual molar vol-

umes in the pure state, which reveals that contraction of

volume occurs on mixing [Bmim][triflate] with 1-pentanol

at all examined temperatures. Figures 2 and 3 represent the

disparity of excess partial molar volumes of V
E

m;1

([Bmim][triflate]) and V
E

m;2 (1-pentanol), respectively, in

the binary mixture at T = 298.15, 308.15, 318.15 and

328.15 K. The values of both components are negative at

all temperatures. Figures 2 and 3 not only show the exis-

tence of strong forces between the unlike molecules, but

also supports the inferences drawn from excess molar

volume.

The pertinent data of V
1
m;1, V

1
m;2 and V

E;1
m;1 , V

E;1
m;2 are

presented in Table 5 at T = (298.15/308.15/313.15/

318.15) K. The values of V
E;1
m;1 are found to be negative and

become more negative with increase in temperature. This

indicates that the association effect is greater than the

dissociation effect for [Bmim][triflate] in the present sys-

tem. The excess partial molar volumes at infinite dilution

for 1-pentanol (V
E;1
m;2 ) are positive and decrease with

increase in temperature. This is because for more concen-

trated 1-pentanol solution, most of the hydrogen bonds still

exist. This argument supports the existing strong molecular

interactions which are observed in the case of VE
m values in

the binary system and are well reproduced from the cal-

culated properties of partial molar volumes at all examined

temperatures.
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Isentropic compressibility (js) values are presented in

Table 3, and their excess values (jEs ) are depicted in Fig. 4.

From Table 3, it can be visualized that the isentropic

compressibility decreases with increase in concentration of

[Bmim][triflate] which may be due to the aggregation of

solvent molecules around the ions supporting solute–sol-

vent interaction. This suggests that when [Bmim][triflate]

is added to the solvent 1-pentanol, the ions of the

[Bmim][triflate] attract certain 1-pentanol molecules

toward itself by wrenching the molecule species from the

bulk of the solvent. Thus, less number of solvent molecules

will be made available for the next incoming species which

is known as compression. In Fig. 4, the jES values for the

mixture [Bmim][triflate] ? 1-pentanol are negative in the

whole composition range at all investigated temperatures.

This negative value of jES may be attributed to the strong

attractive interactions between the molecules of the com-

ponents [36]. In the present study, the negative jES can be

attributed to a closer approach of unlike molecules and

stronger interactions between components of mixtures at

all temperatures. This supports the inference drawn from

VE
m.

For the studied binary mixture, the free length (Lf ) was

calculated using equation (S2) of the supplementary

material and its values are presented in Table 3. The trend

of excess free length (LEf ) with mole fraction of

[Bmim][triflate] is shown in Fig. 5. The negative value of

LEf indicates existence of specific interactions between

unlike molecules in the liquid mixture which is attributed
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Table 5 Partial molar volumes at infinite dilution (V
1
m;1, V

1
m;2) and

excess partial molar volumes at infinite dilution (V
E;1
m;1 , V

E;1
m;2 ) of

[Bmim][triflate] and 1-pentanol at T = (298.15, 308.15, 318.15 and

328.15) K

V
1
m;1 V

E;1
m;1

V
1
m;2 V

E;1
m;2

/10-6 m3 mol-1 /10-6 m3 mol-1

[Bmim][triflate] ? 1-pentanol

298.15 222.00 - 0.18 111.59 2.91

308.15 223.04 - 0.51 112.53 2.85

318.15 223.94 - 0.99 113.34 2.62

328.15 224.74 - 1.58 114.19 2.39

Standard uncertainties u are: u (x1) = 0.0001, u (q) = 1 kg m-3, u

(T) = 0.01 K and u (P) = 0.5 kPa

Combined uncertainties (confidence level, 95%): U

(V
1
m;1) = ± 0.02 9 10-6 m3 mol-1, U (V

1
m;2) = ± 0.02 9 10-6

m3 mol-1

U (V
E;1
m;1 ) = ± 0.02 9 10-6 m3 mol-1, U

(V
E;1
m;2 ) = ± 0.02 9 10-6 m3 mol-1
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to the structural readjustments in the liquid mixture toward

a less compressible phase of fluid and closer packing of

molecules [36]. With rise in temperature, the values of LEf
become more negative suggesting increase in the strength

of interactions with temperature. The excess ultrasonic

speed of sounds (uE) against mole fraction of [Bmim][tri-

flate] was calculated using equation (S8) of the supple-

mentary material and found to be positive value over the

entire range of composition at all the studied temperatures

(Fig. 6). Positive deviations specify the increasing strength

of interaction between component molecules of binary

liquid mixture, while the structure-breaking factor in the

mixture dominates resulting in negative deviations in the

speed of sound [37]. According to Ali et al. [38], more

positive values mean much more strong interactions

between the molecules (Fig. 7).

Isobaric thermal expansion coefficient (aP) represents

the fractional change in the volume of a system with

temperature at constant pressure which is given in Table 3.

The positive values of aEP indicate the presence of weak

interactions between the participating component mole-

cules of the mixtures, while negative values of aEP account

for strong interactions between the participating compo-

nent molecules [39]. Figure 8 shows negative values of aEP
at all investigated temperatures for the binary mixture in

study. This trend supports the existence of strong interac-

tions between the constituent molecules in binary solution.

An attempt has been made to evaluate the parameters
oVE

m

oT

� �
P
and

oHE
m

oP

� �
T
at all investigated temperatures which

are presented in Figs. 9 and 10, respectively. They have

similar variation with the mole fraction of [Bmim][triflate]

and temperature, but with opposite sign. The
oVE

m

oT

� �
P
values

for the studied mixtures are thereby indicating the presence

of strong interactions existing between the unlike mole-

cules of the mixtures [40]. The isothermal pressure coef-

ficients of excess molar enthalpy
oHE

m

oP

� �
T
are positive. This

may be due to the increase in attraction forces between the

components of this mixture with increasing pressure

[41, 42]. The signs of these derivatives also support the

presence of strong interactions between the molecules

under study.

The presence of strong interactions in the system which

were drawn from the above inferences of derived devia-

tion/excess parameters is well supported by IR spectral

studies. The unique properties of imidazolium cations are

found in their electronic structure. The electronic structure
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of these cations contains delocalized 3-center-4-electron

configuration across the N1–C2–N3 moiety, a double bond

between C4 and C5 at the opposite side of the ring and a

weak delocalization in the central region [43]. The

hydrogen atom at C2 carbon is positively charged owing to

the electron deficiency in the C=N bond, whereas C4 and

C5 are almost neutral. The resulting acidity of the hydrogen

atoms is crucial to understand the properties of these ionic

liquids. The hydrogen on the C2 carbon (C2–H) has been

shown to bind distinctively with solute molecules [44, 45].

Infrared transmittance was recorded from 650 to

4000 cm-1 (Fig. 10) for pure liquids as well as equimolar

mixture in order to study the effects of molecular interac-

tions. The stretching vibrations which are altered due to

formation of hydrogen bonds are analyzed. For pure

[Bmim][triflate], the peaks at 3115.9 and 3154.5 cm-1 are

due to aromatic C2–H and C4,5–H vibrations, respectively.

The peaks between 2800 and 3000 cm-1 result from ali-

phatic CH groups in the butyl and methyl moieties [46–48].

The C2–H vibrational frequency (3115.9 cm-1) is shifted

to lower frequencies by about 38.6 cm-1 when compared

to the C4–H and C5–H stretches (3154.5 cm-1) because of

its stronger acidic character. The peaks at 1265.5 cm-1 and

1032 cm-1 are due to asymmetrical and symmetrical

stretching vibrations in SO3 group of triflate anion. The

peaks centered at 1226.5 and 1164.2 cm-1 belong to

asymmetrical and symmetrical stretching vibrations in CF3
group of triflate anion. For pure 1-pentanol, the broad peak

at 3200–3500 cm-1 belongs to O–H stretching vibrations

and the peaks between 2800 and 3000 cm-1 are attributed

to C–H stretching vibrations of alkyl groups. 1-Pentanol

when added interacts with existing ion pairs and breaks the

hydrogen bonding attractions between imidazolium aro-

matic C–H hydrogen and oxygen atoms of triflate anion.

Consequently, oxygen atoms of 1-pentanol start forming

strong hydrogen bonds with imidazolium aromatic C–H

hydrogens. This leads to the weakening of the covalent

character of C–H bonds in imidazolium cation, causing

redshift in imidazolium C–H stretching vibrations. In the

case of triflate anion, oxygen and fluorine atoms are able to

form hydrogen bonds with alkyl hydrogen of 1-pentanol.

Pure 1-pentanol has no peak in this range.

Upon addition of 1-pentanol, the hydroxyl oxygen and

alky hydrogen of 1-pentanol start forming hydrogen bonds

with imidazolium aromatic C–H hydrogen and oxygen

atoms of triflate anion, respectively. Further addition of

1-pentanol significantly weakens inter-ionic interactions

and eventually initiates ion pair dissociation. Once the

individual ions are released, the ions are rapidly saturated

with 1-pentanol. The hydrogen bonds in the system are

responsible to get complete miscibility and solvation of

cations/anions in the ionic liquid giving a remarkable

contraction in the volume of the mixture.

The advantage of knowledge of physicochemical prop-

erties over calorimetric experiments in binary liquid mix-

tures has significance in theoretical and applied areas of

research, and such results are often used in numerous

chemical and industrial practice. Extensive number of

parameters can be predicted with physicochemical prop-

erties, and it shows its bang in ultrasonics which set out
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from marine acoustics to medicine. These are used to

compute micro- to macro-attributed characteristics signif-

icant to binary liquid system. In spite of many precautions,

calorimeters lost heat to surroundings which cannot be

eradicated completely. This leads to an error in measure-

ments [49]. Hence, basing on the physicochemical prop-

erties, certain derivatives of thermodynamic potentials are

computed at T = 308.15 K and are shown in Table 6.

The excess chemical potential is the vital thermody-

namic quantity for phase equilibrium estimations. It is a

kind of potential energy that can be absorbed or released

during a chemical reaction or phase transition. Excess

chemical potentials estimated [50] from Margules, Porter

and Van Laar show positive trend as shown in Fig. 11 at

T = 308.15 K.

The nonlinearity parameter (B/A) determines nonlinearity

of the equation of state for a fluid. The (B/A) is fundamental

as it decides deformation of a restricted amplitude wave

propagating in the liquid. Further, it is not only linked to the

molecular dynamics of the medium, but also provides

information about structural properties of medium, internal

pressures, clustering, intermolecular spacing, etc. Signifi-

cance of B/A escalates with the growth of high-pressure

technologies of food processing and preservation. In the

present work, an attempt has been made to work out on

molecular properties of the mixtures from empirical equa-

tions derived by Hartmann–Balizar (H&B) [51] and Ballou

[52] with the Sehgal’s relations [53]. The computed

molecular properties are shown in Table 7.

Prigogine–Flory–Patterson statistical theory
for excess molar volume,VE

m

The Prigogine–Flory–Patterson (PFP) theory may be used

to analyze and correlate the experimental excess molar

volumes of binary mixtures ILs and molecular organic

solvent mixtures [48, 54–57]. We have correlated VE
m of

presently studied binary mixture using PFP theory over

entire range of mole fractions in the temperature range

T = (298.15–328.15) K. The PFP theory considered VE
m in

three different contributions [58]: (1) interaction
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Table 6 Computed derivatives of thermodynamic potentials at T = 308.15 K

x1 oHm

oP

� �
T
/10-6 J/mol Pa oS

oP

� �
T
/10-6 J/mol K Pa o2V

oT2

� �
P
/10-10 J/mol Pa K2 o2Hm

oP2

� �
S
/10-15 J/mol Pa2 o2G

oP2

� �
T
/10-15 J/Pa2 mol

0.0000 78.2812 - 0.1019 2.0745 - 88.5612 - 103.2684

0.0512 84.0454 - 0.1019 1.4562 - 87.9784 - 102.3107

0.0958 88.8257 - 0.1029 1.0692 - 87.7097 - 101.7713

0.1488 94.4295 - 0.1041 0.7191 - 87.4563 - 101.2294

0.1948 99.2552 - 0.1052 0.4841 - 87.3020 - 100.8410

0.2976 109.9724 - 0.1080 0.1389 - 87.1693 - 100.2380

0.3954 120.1082 - 0.1112 - 0.0712 - 87.2940 - 100.0218

0.4852 129.3930 - 0.1144 - 0.2341 - 87.6150 - 100.1561

0.5947 140.6366 - 0.1188 - 0.4626 - 88.2466 - 100.7267

0.6693 148.2497 - 0.1221 - 0.6222 - 88.8406 - 101.3613

0.7622 157.6392 - 0.1264 - 0.8269 - 89.7547 - 102.3857

0.8348 164.9073 - 0.1298 - 0.9378 - 90.5319 - 103.2903

0.8946 171.0215 - 0.1321 - 0.9311 - 91.1866 - 104.0993

0.9442 175.9762 - 0.1342 - 0.8607 - 91.6238 - 104.7314

1.0000 181.4930 - 0.1365 - 0.6934 - 92.2805 - 105.7409
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contribution VE
int, which is associated with intermolecular

specific interaction with sign of HE
m, (2) free volume con-

tribution VE
fv, which is associated with reduced volume to

reduced temperature ratio with negative sign and (3)

internal pressure contribution, VE
P , which is associated with

breaking of IL structure with introduction of molecular

organic solvents and changes in reduced volume of com-

ponents with positive or negative sign. The calculation of

various parameters of the theory based on relevant equa-

tions is given elsewhere [59–61].

The pure components parameters for the PFP theory are

included in Table 8. The Flory contact interaction param-

eter, v12, the only adjustable parameter, needed in the PFP

theory was obtained by experimental VE
m values due to the

non-availability of experimental excess enthalpy values.

The Flory contact interaction parameter, v12, was found to

be positive at all the investigated temperatures and

decreases with rise in temperature which suggests that the

physical interactions take place when binary mixtures are

formed. The values of three contributions: VE
int, V

E
fv and VE

P ,

to VE
m (PFP) at equimolar composition are summarized in

Table 9. The first term VE
int represents the energy of inter-

action which is positive at all temperatures. The second

term VE
fv was found to be negative for the system studied as

VE
fv is proportional to � ð~v1 � ~v2Þ2 [55]. The magnitude of

negative values for VE
fv depends upon the difference in

Flory’s reduced volumes of involved components. Nega-

tive values of VE
fv increase in magnitude as the temperature

increases which shows that as the temperature increases,

more free volume in the [Bmim][triflate] becomes avail-

able to accommodate the smaller 1-pentanol molecules

which resulted in more negative VE
m. The third term, i.e.,

Table 7 Computed excess values of (B/A)E, cohesive energy (DA), Van der Waal’s constants (a, b), distance of closest approach (d), from

nonlinear parameters proposed by Hartmann–Balizar (B&H) and Ballou relations at T = 308.15 K

Hartmann–Balizar Ballou

DA/J mol-1 a/N m4 mol-1 b/10-3 m3 mol-1 d/10-10 m DA/J mol-1 a/N m4 mol-1 b/10-3 m3 mol-1 d/10-10 m

T = 308.15 K

- 209824.2380 1.3677 0.0871 4.1040 - 224845.2906 1.4656 0.0887 4.1275

- 234752.0957 1.6050 0.0942 4.2114 - 251532.9505 1.7198 0.0956 4.2325

- 257484.6681 1.8331 0.1002 4.2997 - 275956.8835 1.9646 0.1016 4.3190

- 285803.4493 2.1298 0.1072 4.3979 - 306496.9776 2.2840 0.1085 4.4156

- 311615.5135 2.4121 0.1133 4.4786 - 334435.1967 2.5888 0.1145 4.4951

- 373581.5334 3.1342 0.1265 4.6465 - 401863.5595 3.3714 0.1277 4.6610

- 438021.7218 3.9479 0.1389 4.7938 - 472451.9262 4.2583 0.1400 4.8067

- 501775.9926 4.8134 0.1502 4.9207 - 542675.2342 5.2057 0.1513 4.9325

- 584668.1743 6.0248 0.1639 5.0657 - 634443.9125 6.5377 0.1649 5.0765

- 643728.5589 6.9472 0.1731 5.1592 - 700067.8930 7.5552 0.1742 5.1694

- 719219.4495 8.1977 0.1845 5.2698 - 784155.6281 8.9379 0.1855 5.2793

- 779775.4519 9.2549 0.1933 5.3521 - 851772.4816 10.1095 0.1943 5.3611

- 830735.8731 10.1797 0.2004 5.4173 - 908780.6713 11.1360 0.2014 5.4260

- 875004.2448 10.9992 0.2063 5.4698 - 958472.1961 12.0485 0.2073 5.4782

- 923012.9551 11.9271 0.2128 5.5265 - 1012252.4789 13.0803 0.2138 5.5347

Table 8 Characteristic and reduced parameters for the pure compo-

nents used in PFP theory at various temperatures

T/K ~V v�1/10
-6 m3 mol-1 P�

1/10
6 J mol-1

[Bmim][Triflate]

298.15 1.1629 191.0624 543.1232

308.15 1.1679 191.4168 546.2327

318.15 1.1728 191.7832 548.7839

328.15 1.1778 192.1583 550.8036

1-Pentanol

298.15 1.2272 88.5598 458.1253

308.15 1.2395 88.4906 467.2004

318.15 1.2520 88.4339 475.5996

328.15 1.2648 88.3937 483.2941

Table 9 PFP interaction parameter, v12 and calculated values of the

three contributions from the PFP theory at equimolar composition for

([Bmim][triflate] ? 1-pentanol) system at T = (298.15–328.15)K

T/K v12/10
6 J m-3

VE
int VE

fv VE
P

/10-6 m3 mol-1

298.15 14.9517 0.2582 - 0.1766 - 0.3172

308.15 14.8117 0.2674 - 0.2194 - 0.3251

318.15 14.1909 0.2679 - 0.2690 - 0.3300

328.15 13.2546 0.2619 - 0.3260 - 0.3323
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characteristic pressure VE
P , which depends on the relative

cohesive energy of the expanded and less expanded com-

ponent, is found to be negative at all investigated temper-

atures. It is proportional to ð~v1 � ~v2Þ2 � ðP�
1 � P�

2Þ and can

have both the negative and positive signs depending upon

the magnitude of P�
i and ~vi of unlike components [55]. For

the system [Bmim][triflate] ? 1-pentanol, VE
P is negative

which is related to the structure-breaking effect of the

1-pentanol on the electrostatic interactions between the

ions of [Bmim][triflate] and so the 1-pentanol molecules

can be placed around the [Bmim]? and [triflate]- ions

[55, 62]. Analysis of these contributing terms VE
int, V

E
fv and

VE
P reveals that VE

fv plays a major role along with VE
P for the

overall strong interactions between solute and solvent.

Figure 12 indicates the composition dependence of VE
m

(PFP) values calculated from PFP theory for [Bmim][tri-

flate] ? 1-pentanol mixture compared with experimental

VE
m at 298.15 K. From the figure, the VE

m values calculated

from PFP theory are in good agreement with the experi-

mental values at 1-pentanol-rich region.

Conclusions

Densities and ultrasonic speed of sounds for binary liquids

of [Bmim][triflate] with 1-pentanol have been measured

experimentally at atmospheric pressure over the entire

composition range at temperature 298.15, 308.15, 318.15

and 328.15 K. From the experimental data, excess/devia-

tion properties such as VE
m, j

E
s , L

E
f , u

E and aEP have been

evaluated. The excess and deviation parameters have been

fitted to Redlich–Kister-type polynomial, and also

corresponding standard deviations have been computed. In

the present binary liquid systems of [Bmim][triflate] with

1-pentanol, the observed excess values clearly reflect the

dominance of strong attractive forces. The positive excess

molar volume, at IL-rich region, is due to the dominance of

dispersion type of interactions. The order of strong inter-

actions follows (298.15\ 308.15\ 318.15\ 328.15) K.

The observed lower partial molar volumes in the liquid

mixture when compared to the molar volumes of respective

pure components also support the existence of strong

interactions in the system. Further, an attempt has been

made to evaluate derivatives of thermodynamic potentials

through physicochemical parameters and excess chemical

potentials/molecular properties of the mixtures from

empirical equations are also estimated at 308.15 K. The IR

spectral studies also supported the presence of strong

interaction between molecules in study. PFP theory was

able to explain the volumetric behavior of the system quite

successfully.
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