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Abstract

Measurement of ultrasonic velocity, density and viscosity of solutions of Tetra Butyl 
Ammonium Bromide have been carried outin different solvents (water, methanol, 
ethanol, 1-propanol and 1-butanol) as functions of concentration (1 to 0.1 M) 
at different temperatures (298.15 K to 318.15K). Using these experimental data, 
various acoustical and apparent parameters such as acoustical impedance, intermo-
lecular free length, adiabatic compressibility, molar compressibility, Van der Waals 
constant, relaxation strength, apparent molar isentropic compressibility, apparent 
molar volume have been evaluated. Further, some thermodynamic parameters such 
as Gibbs free energy of activation, enthalpy and entropy of activation have been eva-
luated. All these parameters have been evaluated to understand type of interactions 
present in studied solutions.

Key words: Tetra Butyl Ammonium Bromide, water, methanol, ethanol, 1-propanol, 
1-butanol, acoustical and apparent parameters, Molecular interactions.

Resumen

Comportamiento volumétrico del bromuro de tetra-n-
butilamonio en varios solventes a diferentes temperaturas

La medición de la velocidad ultrasónica, la densidad y la viscosidad de algunas solu-
ciones de bromuro de tetra-n-butilamonio se llevó a cabo en diferentes solventes 
(agua, metanol, etanol, 1-propanol y 1-butanol) en función de la concentración 
(1 a 0,1 M) y a diferentes temperaturas (298,15 K a 318.15 K). Utilizando estos 
datos experimentales, se evaluaron varios parámetros acústicos y aparentes, como 
la impedancia acústica, la longitud libre intermolecular, la compresibilidad adia-
bática, la compresibilidad molar, la constante de Van der Waals, la fuerza de  
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relajación, la compresibilidad isentrópica molar aparente, el volumen molar aparente, 
etc. Además, se evaluaron algunos parámetros termodinámicos, como la energía de 
activación libre de Gibbs, la entalpía y la entropía de activación. Todos estos pará-
metros han sido evaluados para comprender el tipo de interacciones presentes en las 
soluciones estudiadas.

Palabras clave: bromuro de tetra-n-butilamonio, agua, metanol etanol, 1-propanol, 
1-butanol, parámetros acústicos y aparentes, interacciones moleculares.

Introduction

One of most economical class of industrial compounds is quaternary ammonium salts 
which are known of their bioactive and surface active properties [1-5]. These salts 
consist of positively charged nitrogen atom with long or short chains and organic 
anions. However, these salts with cations of larger radii do not form strong hydrogen 
bonds with other solvent molecules in solution [6]. The ammonium ions with long 
alkyl chains have a strong tendency to enable the surrounding water molecules to form 
the clathrate like structure even in aqueous solution [7]. Due to the presence of both 
hydrophilic and hydrophobic groups in these quaternary ammonium salts, they have 
some peculiar properties such as high viscosities, long dielectric relaxation time, high 
apparent molar heat capacities and molar volume, low surface charge density, improved 
thermal and chemical stability etc.[8-14]. So, these quaternary ammonium salts with 
low melting points are also considered as ionic liquids [15, 16].

These quaternary ammonium ionic liquids are used in specific applications as pesti-
cides, fungicides corrosion inhibitors, disinfectants, emulsifiers, surfactants cataly-
sis, lubricant, coating materials etc. [17-25]. Further, these ionic liquids are used as 
electrolytes in high energy devices [26]. Quaternary ammonium salts are also used  
as ingredients in hair conditioners, shampoos and toothpastes [27]. Recently, tetra butyl 
ammonium bromide has emerged as mild, water-tolerant, inexpensive and environmen-
tally compatible homogenous catalyst in various organic transformations [28-30].

Owing to their various applications in various fields, it would be interesting to study 
their volumetric properties in solutions. In recent years, the ultrasonic, volumetric and 
viscometric techniques have gained much importance due to their ability of charac-
terizing physiochemical behavior of liquid systems [31-33]. These parameters enable 
evaluation of some useful thermodynamic and transport parameters, which can be 
used to explain the nature and extent of molecular interactions qualitatively; because 
the properties of pure substances are different from their mixtures [34, 35].
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In the present work, acoustical and volumetric properties of an ionic liquid; tetra-n-
butyl ammonium bromide (TBAB) have been studied in different solvents (water, 
methanol, ethanol, 1-propanol and 1-butanol) at different temperatures over a wide 
range of concentrations. A tetra alkyl ammonium cation is regarded as large spheri-
cal ion and a solute with hydrophobic surface [36] which affect the interactions in 
solutions. Thus, the volumetric behaviour of TBAB in different solvents can provide 
information regarding solute-solute and solute-solvent interactions.

Materials

The tetra-n-butyl ammonium bromide (TBAB) was purchased from Dutt Chemi-
cals (Bhavnagar, India) and was used as such. The solvents, water, methanol, propa-
nol, butanol were of HPLC grade supplied by Spectrochem Pvt. Ltd (Mumbai, India) 
and were purified by standard procedure [37]. The ethanol was supplied by Shree  
Chalthan Vibhag Khand UdyogSahakari Mandii Ltd. (Surat, India). The solutions of 
tetra-n-butyl ammonium bromidewere prepared in different alcohols over a wide range 
of concentrations. An electrical balance (Mettler Toledo AB204-S) with an accuracy 
of ± 0.1mg was used for the preparation of solutions. 

Measurements of density, viscosity and ultrasound velocity

The density and sound velocity of pure water, selected alcohols and solutions of TBAB 
were measured at different temperatures (298.15, 308.15, and 318.15 K) using Anton 
Paar sound velocity and density meter (DSA 5000M) with accuracies of 0.5 m·s−1 and 
0.005 kg·m−3, respectively. The model DSA 5000 M simultaneously determines two 
physically independent properties within one sample. The two-in-one instrument 
is equipped with a density cell and a sound velocity cell thus combining the proven 
Anton Paar oscillating U-tube method with a highly accurate measurement of sound 
velocity. Both cells are temperature controlled by a built-in Peltier thermostat.

The viscosities of water, selected alcohols and different solutions of studied ionic  
liquid were measured at different temperatures (298.15, 308.15, and 318.15 K) using 
an Ubbelohde viscometer with a standard relative uncertainty of ± 0.09. The tem-
perature was controlled by the digital temperature controller of the NOVA viscosity 
bath with an accuracy of 0.5 °C. The pure solvent/solutions were allowed to attain the 
desired temperature in the viscosity bath before the measurements. A digital stopwatch 
with an accuracy of 0.01 s (Hanhart, Gütenbach, Germany) was used to measure the 
flow time of water, pure solvents and solutions.
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Results and discussion

The experimentally measured density, sound velocity and sound velocity of pure water 
and selected alcohols are listed in table 1 along with literature values. It is observed that 
measured values are in good agreement with those reported in literature.

Table 1. Experimental values of density, sound velocity and viscosity of pure solvents at 298.15K.

Solvents Density, kg.m-3 Sound velocity, m.s-1 Viscosity, 103 Pa.s

Water 997.052     (997.0082*) 1496.49    (1496.3983*) 0.890        (0.89082*)

Methanol 786.814     (786.63684*) 1102.63    (1102.5484*) 0.542        (0.54285*)

Ethanol 787.043     (786.6086*) 1148.11     (1145.086*) 1.070        (1.07986*)

Propanol 799.606     (799.62084*) 1205.46     (1205.8184*) 1.901        (1.91587*)

Butanol 805.998     (805.9088) 1239.67    (1239.7284*) 2.547       (2.52089*)

(*) The values in parenthesis are from literature.

The measured density, sound velocity and viscosity of solutions of tetra butyl ammo-
nium bromide (TBAB) in different solvents are presented in table 2 at different  
temperatures. It is evident from table 2 that density, velocity, viscosity values of all  
solvents increase with increase the concentration and decreases with increase the 
temperature except for water, where at lower concentrations, velocity increases with 
increase in temperature.

From these experimental data, various acoustical and apparent properties have also 
been evaluated using equations reported earlier [38-40]:

Acoustical impedance (Z): Z U= r

Where U is the sound velocity and ρ is the density of solution.

Adiabatic compressibility (κS): s U
=

1
2r

Intermolecular free path length (Lf): L Kf j s= 1 2/

Where Kj is a temperature dependent Jacobson’s constant ((93.875 +0.375T)·10-8).

Relaxation strength (r): r U
U

= −










∞

1

Where U¥  is Schaff ’s limiting value taken as 1600 m/s for liquids.
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Molar compressibility (W): W M
s=









−

ρ
κ 1 7/

Where M is the apparent molecular weight of solution and can be calculated according 
to the following equation: M = M1W1+M2W2

Where W1 and W2 are weight fractions of solvent and solute respectively. M1 and M2 

are molecular weights of the solvent and solute respectively.

Rao’s molar sound function (Rm): R M Um =







r

1 3/

Van der Waals constant (b): b M RT
MU

MU
RT

= −











+








−






















r

1 1
3

12

2










where R (8.3143 ( J K-1mol-1)) is the gas constant and T is absolute temperature.

Solvation number (Sn): S M
M

X
X

K
Kn

s

s

=
−( )









 −










°

2

1

100
1

Where X is the number of grams of solute in 100 g of the solution. M1 and M2 are the 
molar masses and κS

0andκS are adiabatic compressibility of pure solvent and solution 
respectively.

Internal pressure (i): π ηi b RT K U M= ( )’ / ( / )�/ / /1 2 2 3 7 6r

Where b’ is the packing factor (=2), K is a constant (4.28 ×109) and R is gas constant 
(8.3143J K-1mol-1).

Free volume (Vf):
 
V MU

Kf =










3 2/

Molar cohesive energy (MCE): MCE Vm i= p

Where Vm is the molar volume.

Some of these evaluated parameters are listed in tables 3 and 4.
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Figures 1 and 2 show the variation of sound velocity of TBAB with concentration in 
water and in different solvents at different temperatures. It is clear from figures 1 and 
2 that for all the solvents, sound velocity increases with increase in concentration of 
TBAB in all the studied solvents and temperatures. However, as temperature increases, 
velocity decreases.
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Figure 1. The variation of sound velocity of TBAB in water at different temperatures. ●: 298.15K, 
●: 308.15K, ●: 318.15K.

The sound velocity is related to intermolecular free path length. It is evident from 
table 3 that intermolecular free path length (Lf) decreases with increase the concen-
tration. As the name suggests, intermolecular free lengthis the distance between 
the solute and solvent molecules in a solution. At low concentrations, molecules 
are not so close sovalue of intermolecular free length is high but as concentra-
tion increases, molecules come closer and so intermolecular free length decreases. 
Thus, decrease in Lf suggests the decrease of distance between solute and solvent  
molecules due to existence of solute-solvent interactions [41].

So, when solute and solvent molecules come close to each other, velocity increases as 
evident from figures 1 and 2 in studied solvents. Thus, sound velocity is reverse of inter-
molecular free length. Thus, sound wave propagates with higher velocity in the closely 
packed arrangement of atoms than in the loosely packed arrangement of atoms [42, 
43]. The increase of density and viscosity in solutions also indicates more attraction 
between solute and solvent molecules in solutions. [44]. However, when temperature 
increases, these interactions become weak [45] due to thermal disturbances which 
causes intermolecular free length to increase. This in turn, causes decrease of sound 
velocity with temperature. 
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Figure 2. The variation of sound velocity of TBAB in alcohols at [A] 298.15 K, [B] 308.15K 
and[C] 318.15K. Methanol (♦), ethanol (■), propanol (▲), butanol (●).
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The predominance of strong association between solute and solvents is further sup-
ported by adiabatic compressibility (κS). Figure 3 shows the variation of adiabatic 
compressibility with concentration in different solvents. For simplicity, the graphical 
presentation is only for 298. 15 K. For other temperatures also, variation in adiabatic 
compressibility with concentration is of same nature.
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Figure 3. The variation of adiabatic compressibility (κS) with concentration at 298.15K [A] in water 
and [B] in alcohols. Methanol (♦), ethanol (■), propanol (▲), butanol (●) and water (●).

It is observed that adiabatic compressibility (κS) also decreases with concentration. The 
decrease in adiabatic compressibility is attributed to the influence of the electrostatic 
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field of ions which results in aggregation of solvent molecules around solute mole-
cule indicating strong solvent-solute interactions [46]. The adiabatic compressibility 
increases with increase the temperature due to increase in thermal agitation. The exis-
tence of solvent-solute interactions in studied solution is further confirmed by decrease 
of relaxation strength (r) and increase of acoustical impedance (Z) with concentration 
as shown in tables 3 and 4. Reverse is true with increase in temperature.

Figure 4 shows the variation of molar compressibility with concentration of TBAB in 
studied solvents. It is observed that there is linear change increase in molar compress-
ibility. The Van der Waals constant (b) represents the volume occupied by the molecules 
of a liquid. It is a useful parameter to understand the nature of interactions between 
the solute and solvent. Table 4 shows that Van der Waals constant (b) increases linearly 
with increase the concentration in all the solvent and at different temperatures and the 
order is: 1-butanol > 1-propanol > ethanol > methanol > water. The linear variation in 
Rao’s molar sound function (Rm) is also observed in table 4.
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Figure 4. The variation of molar compressibility with concentration of TBAB in studied solvents at 
298.15 K. Methanol (♦), ethanol (■), propanol (▲), butanol (●) and water (●).

The extent of linear variation of some of the acoustical parameters is given in table 5 
by least square fitting equations and correlation coefficients (γ). It is observed that for 
most of the parameters, correlation coefficients (γ) is greater than 0.9918. The linear 
change in Rao’s molar sound function (Rm), Van der Waals constant (b) and molar 
compressibility (W) suggest absence of complex formation in these solutions [47].
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The internal pressure (πi) is the resultant of the forces of attraction and repulsion 
between the molecules in a liquid [48]. Cohesion creates a pressure within a liquid of 
value between 103 to 104 atmospheres. The important factor is that the internal pres-
sure is sensitive to external pressure also. Figure 5 [A] shows the variation of inter-
nal pressure with concentration in all the selected solvents at 298.15 K. It is observed 
that internal pressure of TBAB in studied solvents is found to increase with increasing 
the concentration of the solutions and decrease with increase the temperature. This is 
because as temperature increases, there is a tendency for the ions to move away from 
each other, reducing the possibility for the interaction [49]. The increase in internal 
pressure with concentration indicates ordered structural arrangement due to molecu-
lar association between solute and solvent molecules [50].

[A]

[B]

0

1

2

3

0.00 0.0 0.40 0.60 0.80 1.00

πi
.1

08 (P
a)

Concentration (M)

0

4

8

12

0.00 0.20 0.40 0.60 0.80 1.00

V
f.1

0-7

Concentration (M)

Figure 5. The variation of [A] internal pressure and [B] free volume with concentration of TBAB in 
studied solvents at 298.15 K. Methanol (♦), ethanol (■), propanol (▲), butanol (●) and water (●).
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From internal pressure, free volumes of solutions have also been evaluated. Free  
volume indicates the void space between the molecules i.e., the volume present due to 
irregular packing of molecules [48]. Figure 5 [B] shows the variation of free volume 
with concentration in all the selected solvents at 298.15K. It is observed that in studied 
solutions, free volume decreases in all the solutions indicating thereby more interac-
tion between solute and solvent molecules, which causes compact packing [51].The 
order of decrease is:1-butanol < 1-propanol<ethanol<water< methanol. It means that 
it increases with increase in the chain length of alcohols due to the increase the ability 
of making hydrogen bonds, which decrease with increase the temperature.

Comparison of figures 5 [A] and [B] shows that free volume is inverse of internal  
pressure. Similar results have been reported by other workers [52]. Thus, increase in the 
internal pressure and decrease of free volume indicate increase the cohesive forces in 
the solution [53]. The increase in temperature has two opposing effects, namely struc-
ture formation (intermolecular association) and structure destruction. The structure-
forming tendency is primarily due to solvent–solute interactions while destruction 
of the previously formed structure is due to thermal fluctuations. When the thermal 
energy is greater than that of interaction energy, it causes destruction of the structure 
previously formed [54]. As evident from results, solvent-solute interactions predomi-
nate in studied solutions.

Molar cohesive energy (MCE) is the parameter, which relates the free energy state 
of the liquid system to the escaping tendency. The plot of MCE vs. concentration 
in figure 6. It is evident from the figure that there is linear increase with concentra-
tion of TBAB in all solvents. It is observed that MCE increases with increase in con-
centration and decreases with increase of temperature and the order is: 1-butanol 
>1-propanol>ethanol> water >methanol. The reason for slighter MCE values for 
water in comparison to methanol may be because of the fact that viscosity of water is 
higher than methanol. The overall increase of MCE with concentration confirms the 
enhancement of the structure-forming tendency of TBAB molecules [55]. 

Solvation number is another parameter, which gives the information about structure 
forming tendency or structure breaking tendency of a solute in solutions. The solvation 
number can be positive or negative. The positive solvation number suggests structure-
forming tendency of solute whereas negative solvation number indicates structure-
breaking tendency of solute in a solvent [56]. Figure 7 shows that for the studied 
solutions, solvation number values are positive at all temperatures in all solvents. The 
order of solvation number in studied solvents is: water > methanol > ethanol>1-
propanol>1-butanol. The probability of ions getting closer to the solvent molecules is 
increased, enhancing the interactions between solute and solvent molecules [57].
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The behaviour of a solute in a solution can also be predicted by evaluating their appar-
ent properties. So, for studied solutions, apparent molar volume and apparent molar 
compressibility were evaluatedat different temperatures.

The apparent molar volume (φV) of a solute is defined as the difference between the 
volume of the solution and the volume of the pure solvent per mole of solute and is 
given by:
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Figure 6. The variation of molar cohesive energy with concentration of TBAB studied solvents at 
298.15 K. Methanol (♦), ethanol (■), propanol (▲), butanol (●) and water (●).
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Figure 7. The variation of solvation number with concentration of TBAB in studied solvents 
at298.15 K. Methanol (♦), ethanol (■), propanol (▲), butanol (●) and water (●).
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    ϕ
ρ

ρ ρ
ρρV

M
m

= −
−( )2 0

0

 

Where m denotes the number of moles of the solute per kilogram of solvent (molality), 
ρ and ρ0 are densities of solution and solvent, respectively and M2 is the molar mass of 
the solute. The evaluated values of apparent molar volume are listed in table 6. 

Table 6. Apparent molar volume of TBAB in different solvents.

Conc. M Apparent molar volume. 106 m3/mole

298.15 K

Water Methanol Ethanol 1-Propanol 1-Butanol

0.10 298.186 263.799 188.965 215.329 251.842

0.20 296.123 269.620 223.004 236.722 258.421

0.40 293.088 262.406 234.643 271.738 258.191

0.60 290.536 254.558 244.974 266.521 261.826

0.80 288.637 248.656 237.160 259.479 258.027

1.00 288.487 241.458 246.829 261.678 262.793

                                 308.15 K

0.10 301.154 264.615 189.773 215.937 257.667

0.20 299.264 270.608 223.401 236.820 261.352

0.40 296.792 263.243 235.493 247.736 260.941

0.60 294.683 255.414 244.498 254.095 263.509

0.80 293.163 248.915 237.804 259.609 263.015

1.00 293.110 241.696 247.776 262.795 263.483

318.15 K

0.10 304.179 265.335 188.852 216.640 255.102

0.20 302.595 271.589 224.140 237.479 260.546

0.40 300.527 264.174 236.094 252.854 263.224

0.60 298.739 256.136 245.370 255.732 264.164

0.80 297.486 249.462 239.250 260.481 263.229

1.00 297.449 241.827 248.632 263.832 264.199

It is observed that apparent molar volume decreases with concentration for water 
and methanol whereas for ethanol, 1-propanol and 1-butanol, values increase with  
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concentration. The values are highest for 1-butanol, which is in agreement with that 
of other workers [58]. The values of apparent molar volume depend on type of salt, 
size of ions etc. In the present study, values of apparent molar volume are positive and 
large which is due to large organic ion with large intrinsic volume [58]. Further, large 
apparent molar volume is attributed to strong attractive interactions due to hydrogen 
bonding [59]. 

The reason for decrease of apparent molar volume with concentration in water and 
methanol is not clear. Hooshyar and Khezri have also reported similar decrease of 
apparent molar volume with concentration in binary and ternary systems [14] and the 
reason is not discussed. With temperature, there is slight increase in apparent molar 
volume in all the studied solvents.

The limiting apparent molar volume is evaluated by extrapolation of experimental 
apparent molar volume values using the following equation [60]:

    j jV V VS C= −0
1
2  

Where C is the molar (mol/L) concentration and SV is coefficient which is a measure 
of solute-solute interactions [61].

From the plot of φV vs. C1/2, the values of φV
0and SV were evaluated from the intercept 

and slope respectively and are listed in table 7.

A relation between thermodynamics and acoustics can be obtained from the density 
and sound velocity measurements, which combined to calculate the apparent molar 
isentropic compressibility (φκ), by the equation:

         ϕ κ ρ κ ρ
κ
ρκ = −( )+S S

SM
0 0

2
,  

Where M2 is the molar mass of TBAB, κS and κS,0 refer to the adiabatic compressibility 
of the solution and solvent, respectively. The evaluated values of apparent molar com-
pressibility are listed in table 8. 

The apparent molar isentropic compressibility φκ values are negative in all solvents. 
Further, apparent molar compressibility in studied solvents increases with increase 
in concentration. The negative apparent molar isentropic compressibility indicates 
that the solvent surrounding TBAB ion would cause greater resistance to compres-
sion than the bulk, and this decreases with increase the chain length of alcohols [62]. 
The observed results are in agreement with other workers while studying different  
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quaternary ionic liquids [63]. In water and methanol, values increases with tempera-
ture whereas in other three alcohols, values decreases with temperature. Similar behav-
ior was observed for some other electrolytes also [64].

It has been reported that large organic cation (tetra butyl ammonium) has high intrin-
sic compressibility as compared to the small monoatomic bromide anion. The bromide 
ions remain unsolvated, thus ruling out the possibility to have intrinsic compressibility. 
So, it is assumed that compressibility of the solution is unaffected by poor solvation of 
bromide ions. Further, there may be possibility of another effect where solvent mol-
ecules can penetrate into the intra-ionic free space. This is an electrostriction effect and 
causes constriction in the solution volume. The predominance of the penetration effect 

Table 7. The coefficients of apparent molar properties in solutions of TBAB in different solvents at 
different temperatures.

Solvent ΦV
0 .106

m3.mol-1
SV.106

m9/2.mol-3/2
Φκ

0.1014

m5.N-1.mol-1
Sκ.1014

m13/2.N-1.mol-1

298.15K

Water 302.76   (302.9)*1,2 -15.13 -1.93   (-1.8711)*1 0.68

Methanol 281.54(286.1) -36.59 -7.95 2.95

Ethanol 180.98 71.26 -6.79 4.17

1-Propanol 208.78 63.66 -5.44 2.92

1-Butanol 250.6 11.68 -4.24 1.95

308.15K

Water 304.83 (303.15)*1 -12.49 -1.64 0.62

Methanol 282.88 -37.59 -8.71 4.05

Ethanol 181.56 71.19 -8.73 4.75

1-Propanol 203.00 63.71 -6.35 3.51

1-Butanol 256.56 7.53 -3.91 1.44

318.15K

Water 307.25(305.447)*1 -10.46 -1.33 0.50

Methanol 296.86 -53.64 -9.21 4.08

Ethanol 180.57 73.53 -9.71 5.31

1-Propanol 204.58 63.85 -7.08 3.93

1-Butanol 254.00 11.43 -3.66 1.12

*1-(9), *2-[45]

m3.mol
2.mol
m5.N-1.mol
2.N-1.mol
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Table 8. Apparent molarisentropic compressibility of TBAB in different solvents.

Concentration
(M), mol.l-1 Apparent molar isentropic compressibility 1014 m5.N-1.mol-1

298.15K

Water Methanol Ethanol 1-Propanol Butanol

0.10 -1.605 -6.207 -8.153 -5.406 -3.683

0.20 -1.611 -5.460 -6.086 -4.392 -3.305

0.40 -1.519 -4.966 -5.014 -3.275 -3.017

0.60 -1.412 -4.642 -4.355 -3.037 -2.689

0.80 -1.305 -4.430 -4.115 -2.866 -2.530

1.00 -1.304 -4.241 -3.740 -2.672 -2.305

308.15K

0.10 -1.330 -9.098 -8.973 -5.891 -3.145

0.20 -1.354 -7.081 -6.805 -4.871 -3.200

0.40 -1.248 -5.985 -5.534 -4.048 -3.078

0.60 -1.161 -5.414 -4.839 -3.592 -2.806

0.80 -1.064 -5.075 -4.533 -3.195 -2.606

1.00 -1.030 -4.824 -4.124 -2.928 -2.434

318.15K

0.10 -1.099 -9.451 -10.015 -6.621 -2.705

0.20 -1.131 -7.558 -7.565 -5.447 -3.129

0.40 -1.025 -6.487 -6.143 -4.442 -3.106

0.60 -0.953 -5.903 -5.366 -3.993 -2.951

0.80 -0.865 -5.548 -4.999 -3.545 -2.771

1.00 -0.854 -5.296 -4.579 -3.243 -2.588

over the effect of intrinsic compressibility of the tetra-n- alkyl ammonium ions causes 
negative φκ values [65]. As chain length increases, intrinsic compressibility overrides 
the penetration effect [66]. 

In case of methanol solutions, the penetration of the solvents molecules into the intra 
ionic free space of TBAB may be high. This may cause decrease of apparent molar isen-
tropic compressibility with increase the concentration of the TBAB in the solution. 
This effect decreases with increase the chain length of alcohols.

m5.N-1.mol
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To evaluate limiting apparent molar isentropic compressibility, the following Gucker’s 
equation [67] was used:

      ϕ ϕκ κ κ= −0
1
2S C  

Where φκ
0 and Sκ are the coefficients and can be evaluated from the intercept and slope 

respectively from linear plots. The evaluated values of these coefficients are given in 
table 8.

It is evident from table 8 that all the coefficients i.e., φV
0, SV, φκ

0 and Sκ vary system-
atically in alcohols from ethanol to 1-butanol. Whereas for methanol, these values are 
either high or low. Further, for all the studied solvents, φV

0 values are large and positive 
whereas φκ

0 values are negative. As φV
0 is a measure of solute solvent interaction, the pos-

itive value indicates strong solute solvent interactions. This suggests structure-forming 
tendency of TBAB in studied solvents. 

The higher φV
0 value in methanol may due to the ability of the short chain of alcohol 

to penetrate into the intra-ionic free space and this effect decreases with increase the 
concentration of TBAB in the solution. As chain length of alcohols increases from 
ethanol to 1-butanol, there may be possibility of hydrogen bonding, which affects 
interactions of TBAB with alcohols. The order is: 1-butanol>1-propanol>ethanol. 
Similar result was observed by Mohammed Taghi et al. [62], where in methanol solu-
tions have higher value ofφV

0as compared to ethanolic solution. The observed φV
0 value 

in water and methanol are in agreement with those observed by other workers. The 
values reported by these workers are given in table 8 in parenthesis. 

In case of water, large organic ions may form clathrate like structure with water  
molecules. The tendency of making such structure decreases with increase the con-
centration of the TBAB. The observed values of limiting apparent molar volume for 
water and methanol in the present study are in agreement with those reported by other 
workers [68]. So, in water solutions, highest values of apparent molar volume, limiting 
apparent molar volume and apparent molar compressibility are observed (see table 8). 
Further, φV

0 values are not much affected by the temperature.

The SV values are negative for water and methanol whereas for rest of the alcohols, val-
ues are positive. The negative SV means that solute-solvent interaction is stronger than 
solute-solute interactions. Reverse is true in other alcohols. Among alcohols, SV values 
decrease with increase the chain length of the alcoholsexcept in methanol. Since SV is a 
measure of solute-solute interactions, the negative values indicate the presence of weak 
solute-solute interactions. Among other three alcohols, SV is minimum in 1-butanol. 
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This again proves that magnitude of solute-solvent interactions is maximum in 1-buta-
nol as compared to ethanol and 1-propanol. 

The φκ
0 values are negative for all the studied solvents. It is higher in water than alco-

hols. Among alcohols, it is maximum in 1-butanol. The negative φκ
0 again proves  

existence of solute-solvent interactions in the studied solutions. In water, φκ
0 values are 

less negative. This behavior can be explained by strong solute-solute interactions due 
to hydrophobic nature of TBAB due to which it is difficult for solvent molecules to  
penetrate in interionic free space. Further, negative and lower values of Sκ is in agree-
ment with the negative change in apparent molar volume values [69].

Viscosity is one of the most important factors, which affect mobility of ions/molecules. 
It has been reported [70, 71] that viscosity measurements are very useful in providing 
information regarding ion-solvent interaction, particularly as regards the modification 
induced by the solute on the solvent structure.

In the present study, viscosity of solutions is also found to increase with concentration. 
The viscosity depends on nature of solvent and intermolecular force. The viscosity of 
solution in different concentrations and temperatures is also affected by various molec-
ular interactions present in solutions. The concentration and temperature dependence 
of viscosity coefficient of solutions also provided useful insights to the extent of ionic 
solvation [72] 

For this, the following Jones-Dole equation [73] is used which describe the relative 
viscosities as a function of concentration.

    
η
ηο
= + +1

1
2AC B  

Where η and η0 are the viscosity coefficients of the solution and solvent respectively. 
A is known as Falkenhagen coefficient which reflects solute-solute interactions. The 
viscosity B coefficient is an empirical parameter, which gives information regard-
ing solute-solvent interactions. B parameter is related to the size of solute and molar  
volume of the solvent [74, 75]. Thus, B values reflect the net structural effects of the 
solute and solvent molecules.

It is observed that A is negative for all the selected solvents and is very small as com-
pared to coefficient B, which suggests that there is a weak ion-ion interaction. It is 
reported that for organic electrolytes, A value can be neglected at moderate or high 
concentrations [75, 76]. So, above equation is simplified as:
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o

BC= +1  

The value of coefficient B can be obtained from the slope of linear plot of (/o– 1) vs. 
C. Table 9 shows the values of B for all the solutions. The values of the B coefficient for 
all studied solvents at all studied temperatures are positive, indicating that the solute 
solvent interactions are strong [77, 78] so TBAB ions behave as structure makers. Fur-
ther, as temperature increases, B values decrease. Further, as number of carbon atoms 
increases in alcohols, B-coefficient increase.

Table 9. The coefficient B of Jones-Dole equation for solutions of TBAB in studiedsolvents at dif-
ferent temperatures.

Solvents 298.15K 308.15K 318.15K

Water 2.389 1.750 1.228

Methanol 1.566 1.269 1.046

Ethanol 1.978 1.632 1.271

1-Propanol 2.160 1.521 1.119

1-Butanol 2.439 1.711 1.248

Some thermodynamic parameters such as enthalpy (ΔH*), Gibbs free energy(ΔG*) 
and entropy (ΔS*) have also been evaluated from acoustic data by the following equa-
tions [76, 77]:

    ∆G RTln
V

hN
m

A

* =











 

           Rln
V

hN
H

T
Sm

A










= −











∆
∆

*
*  

Where R is the gas constant, h is Plank constant, NA is Avogadro number, Vm is the 
molar volume, and  is the viscosity.

The enthalpy and entropy can be evaluated from the slope and intercept of the plot of  

Rln
V

hN
m

A










 vs. 1/T.

The evaluated enthalpy and entropy values are reported in table 10. It is observed 
enthalpy values are positive whereas entropy are negative. The positive enthalpy  
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suggests endothermic process in studied solutions. The negative entropy indicates that 
formation of the transition state is associated with an increase in order relative to the 
initial state [76, 77]. This is expected when the free volume in the liquid has to be rear-
ranged in order to provide sufficient space to the moving particles for jumping from 
their initial position to the activated transition state. The positive Gibbs energy of flow 
suggest that the process is non-spontaneous. 

Table 10. The variation of the enthalpyand entropy with concentration in differentsolvents.

Enthalpy, kJ.mol-1

Conc., mol/l Water Methanol Ethanol 1-Propanol 1-Butanol

0.10 15.194 6.0178 11.647 14.066 13.924

0.20 16.276 9.1973 12.513 14.247 13.648

0.40 17.411 5.508 12.704 14.957 14.767

0.60 18.106 8.0999 13.296 18.418 16.065

0.80 20.885 10.442 12.811 18.816 20.467

1.00 21.364 11.009 15.25 20.264 20.321

Entropy, J.K-1mol-1

0.10 -168.73 -199.35 -186.13 -183.43 -185.94

0.20 -167.40 -190.76 -185.14 -183.96 -188.26

0.40 -166.47 -204.67 -186.33 -183.40 -186.27

0.60 -166.32 -197.17 -185.85 -173.50 -183.80

0.80 -159.40 -190.68 -188.87 -173.84 -171.13

1.00 -159.47 -189.82 -182.23 -170.56 -173.14

Figure 8 shows the variation of Gibb’s free energy with concentration. It is observed 
from figure 8 that Gibbs free energy values are positive and increases linearly with 
increase in temperature and concentration of TBAB in all solvents. The positive Gibbs 
free energy may be attributed to specific interactions like hydrogen bonding and charge 
transfer [78, 79]. The increase of Gibbs free energy suggests closer packing of the  
molecules due to bonding of unlike molecules in the solutions [80]. The increase 
in Gibbs free energy with temperature suggests that more time is required for the  
cooperative process or the rearrangement of molecules in the solution.

kJ.mol
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Figure 8. The variation of Gibbs free energy with concentration of TBAB in different solvents at 
[A] 298.15 K, [B] 308.15 K and [C] 318.15 K. Methanol (♦), ethanol (■), propanol (▲), butanol 
(●) and water (●).
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Comparison of Gibbs free energy values between alcohols shows as chain length 
increases, Gibbs free energy increases i.e., order is: butanol>propanol>ethanol>met
hanol> water. The result ΔH* and ΔG* were positive while the ΔS* are negative at all 
concentrations indicating thereby presence of specific interaction between the solute 
and solvents. It has been reported that positive Gibbs free energy mostly causes endo-
thermic type of reactions [81-89].

Thus, it is concluded that in all the studied solutions, solute-solvent interactions exist 
and the magnitude of these interactions vary in different solvents. However, when tem-
perature increases, these interactions become weak due to thermal disturbances. The 
solute-solvent interactionsincreases with increase in the chain length of alcohols due 
to the increase the ability of making hydrogen bonds, which decrease with increase 
the temperature. The specific interaction between the solute and solvents is again 
confirmed by negative entropy. The positive enthalpy suggests endothermic process  
in studied solutions. Whereas positive Gibbs energy of flow suggest that the process is 
non-spontaneous. 
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