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Densities (�), and ultrasonic velocities (u) of binary mixtures of octan-1-ol
with chloroform, 1,2-dichloroethane, and 1,1,2,2-tetrachloroethane (TCE)
have been measured over the entire range of composition at 298.15 and
308.15K and at atmospheric pressure. From the experimental values of
density and ultrasonic velocity, the excess molar volumes (VE), deviations
in ultrasonic velocity (�u), intermolecular free lengths (Lf), mean molecular
radii (r), molar sound velocities (Rm), acoustic impedances (Z), excess
isentropic compressibilities (�Es ), excess intermolecular free lengths (LE

f ) and
excess acoustic impedances (ZE) have been calculated. These excess
functions have been fitted to the Redlich–Kister polynomial equation to
derive the binary coefficients and the standard errors between the
experimental and the calculated quantities. The experimental ultrasonic
velocities have been analysed in terms of Nomoto (N), Van Dael (VD),
Jacobson’s free length theory, Schaaffs collision factor theory and
thermoacoustical parameters.

Keywords: octan-1-olþ haloalkanes; isentropic compressibility; free inter-
molecular length; acoustic impedance

1. Introduction

The mixing of different liquids produces solutions that generally do not behave
ideally. The deviation from the ideal behaviour can be expressed by many
thermodynamic variables, particularly by excess properties. The excess thermo-
dynamic properties of liquid mixtures relate to the difference between the actual
property and the property if the system behaves ideally. These properties are quite
useful in the study of the nature of molecular interactions in the liquid mixtures. In
particular, they correspond to the interactions that take place between solute–solute
(A–A), solvent–solvent (B–B) and solute–solvent (A–B) species. The mixture
thermodynamic properties obtained from a measurement of density and velocity
of sound can provide an insight into the nature of molecular interactions in liquid
mixtures. A literature survey indicates that not much work has been carried out on
the study of thermodynamic properties of binary mixtures of haloalkanes with
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higher alkanols. The variations in the volumetric and acoustic properties of the
binary mixtures of alkanols containing haloalkanes, acetonitrile, ethylacetate and
ethenyl ethanoate, with the molecular size, shape, chain-length and degree of
molecular association of normal alkanols and branched alkanols have been reported
earlier [1–12]. Alkanols are polar and self-associated liquids and the dipolar
association of alkanols decreases when they are mixed with polar compounds
containing halogen atoms, due to some sort of specific intermolecular interactions
between the hydroxyl oxygen of alkanols and the haloalkanes [8–13]. Here, we report
the experimental results of density (�) and ultrasonic velocity (u) of binary liquid
mixtures of octan-1-ol with chloroform, 1,2-dichloroethane (DCE) and 1,1,2,2-
tetrachloroethane (TCE) at 298.15 and 308.15K over the entire range of mixture
mole fraction. From the experimental values of density (�) and ultrasonic velocity
(u), the excess molar volumes (VE), deviations in velocity of sound (�u), isentropic
compressibilities (�S), intermolecular free lengths (Lf), mean molecular radii (r),
molar sound velocities (Rm), acoustic impedances (Z), excess isentropic compressi-
bilities (�Es ), excess intermolecular free lengths (LE

f ) and excess acoustic impedances
(ZE) have been calculated. These quantities have been fitted to the Redlich–Kister
[14] polynomial equation to derive the binary coefficients (Ai) and standard errors (�)
between the experimental and the calculated quantities.

2. Experimental section

2.1. Materials

The mole fraction purity of the liquids from S.D. fine Chemical Ltd. were as follows:
Chloroform (99.7%) 1,2-DCE (99.5%), 1,1,2,2-TCE (99.4%) and octan-1-ol
(99.7%). Density and ultrasonic velocity values of the pure liquids and their
mixtures at 298.15 and 308.15K were measured with Anton Paar digital densimeter
(model DSA 5000) operated in the static mode and automatically thermostated
within �0.001K.

The densities have precision better than �10�3 kgm�3 and the velocity of sound
values are accurate to �0.01m s�1. Densities and ultrasonic velocities of the pure
liquids were in good agreement with the values found in the literature [15–20]
(Table 1).

2.2. Apparatus and procedure

Before each series measurements, the instrument was calibrated with double-distilled
freshly degassed water and dry air at atmospheric pressure. Densities of both water
and dry air at the various working temperatures were supplied by the manufacturer
in the instruction manual. The calibration was accepted if the measurements were
within 2� 10�6 g cm�3 of the published values. The uncertainties were estimated to
be within �2� 10�6 g cm�3. Air-tight stoppered bottles were used for the preparation
of mixtures. The mass of the dry bottle was first determined. The less volatile
component of the mixture was introduced in the bottle, and the total mass was
measured. Subsequently, the other liquid component was introduced, and the mass
of bottle along with the two components were determined. All the mixtures were
weighed on an electronic balance accurate to 0.1mg. The average uncertainty in the
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mole fraction of the mixtures was estimated to be less than �2� 10�4. From the

results of velocity of sound, the isentropic compressibility, �S, was calculated using

the Laplace relation [4]

�s ¼
1

u2�
: ð1Þ

The results of � and u compiled in Table 2 represent the average of at least three

independent measurements for each composition of the mixture.

3. Results and discussion

The excess molar volumes of the solutions were calculated from the densities of the

pure liquids and their mixtures using the following equation:

VEðcm3 �mol�1Þ ¼ ðx1M1 þ x2M2Þ=�mix � x1M1=�1 þ x2M2=�2ð Þ, ð2Þ

where �mix is the density of the mixture and x1, M1, �1 and x2, M2 and �2 are the

mole fraction, molecular weight and the density of pure components 1 and 2,

respectively. The excess molar volumes were reproducible to �2� 10�3 cm3mol�1.

The first term in Equation (2) represents the actual volume of the mixture,

Vmix and the second, the volume it would occupy if the mixture behaved

ideally, Vid.
The following relations have been used to calculate the sound velocity (u) of the

binary liquid mixtures:

Nomoto Relation [21]

u ¼
Rm

Vmix

� �3

¼
x1R1 þ x2R2

x1v1 þ x2v2

� �3

, ð3Þ

where x1, x2; v1, v2 and R1, R2 are mole fractions; molar volumes and molar sound

velocity of first and second components, respectively. The molar sound velocity (Rm)

is given by the relation

Rm ¼ M=�ð Þu1=3: ð4Þ

Van Dael relation [22]

1

x1M1 þ x2M2
�

1

u2id,mix

¼
x1

M1u
2
1

þ
x2

M2u
2
2

, ð5Þ

where M1, M2 and u1, u2 are the molecular weights and sound velocities of first and

second components, respectively, and uid,mix is the ultrasonic velocity of the ideal

mixture.
Jacobson’s free length theory (FLT) [23]

umix ¼
K

LfðmixÞ�
1=2
mix

, ð6Þ

where K is the Jacobson constant which is temperature dependent only and its

values at 298.15 and 308.15K are 623.34 and 633.71, respectively, Lf(mix) is the
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intermolecular free length of the binary mixture and �mix is the density of the

mixture.

Lf ¼
2Va

Y
: ð7Þ

where Va represents the available volume per mole and Y is the surface area per mole

and can be expressed as

Va ¼ VT � V0, ð8Þ

Y ¼ 36�NV2
0

� �1=3
: ð9Þ

Here, N is the Avogadro number and V0 and VT are the molar volumes at zero

Kelvin and at temperature T, respectively. V0 can be obtained from the following

relation using critical temperature Tc:

V0 ¼ VT 1� T=Tcð Þ
0:3: ð10Þ

In the present work, the critical temperature of the systems under consideration is

supposed to be the mole fraction additive of the values of its pure components and

is given by the relation:

Tc ¼ x1Tcð1Þ þ x2Tcð2Þ: ð11Þ

Assuming additivity of the surface area, the thermodynamic intermolecular free

lengths in the binary liquid mixtures have been calculated using the relation:

Lf ¼
2 VT � x1V0ð1Þ þ x2V0ð2Þ

� �� 	
x1Y1 þ x2Y2

: ð12Þ

The intermolecular free lengths (Lf) have also been computed using Equations (7)

and (9) and the Schaaff’s relation for available volume (Va):

Va ¼ VT 1�
u

u1

� �
 �
, ð13Þ

where u is the ultrasonic velocity at temperature T and u1 is 1600m s�1.

The Lf obtained by this approach is known as ultrasonic intermolecular free

length.
Schaaffs collision factor theory (CFT) [24–26]

umix ¼ u1 x1S1 þ x2S2ð Þ
ðx1b1 þ x2b2Þ½ �

Vmix
, ð14Þ

where b and S are the geometric volume and collision factor, respectively. The

actual volume of the molecule per mole of the liquid has been computed using the

relations

b ¼
4

3
�r3N, ð15Þ
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where r is the molecular radius which has been computed using the relations

b0 ¼
M

�
�
�RT

�u2
1þ

Mu2

3�RT

� �1=2

�1

 !" #
ð16Þ

r ¼
3b0

16�N

� �1=3

, ð17Þ

where b0 is the van der Waals constant and is equal to four times the actual volume
of the molecules per mole of the liquid, i.e. b0 ¼ 4b, and � is the ratio of the principle
heat capacities, i.e. � ¼ CP=CV.

The value of the collision factor S has been calculated using the relation

S ¼
uVT

bu1
: ð18Þ

3.1. Thermoacoustical approach

Thermoacoustical method has also been employed to obtain the available volume
using the relation [19]

Va ¼ VT
1

K0 þ 1

� �
¼ VT

1

Kþ K00 þ 1

� �
: ð19Þ

K0, K and K00 are known as isothermal, isobaric and isochoric acoustical parameters
and can be expressed by the relations:

K0 ¼ Kþ K00 ¼
1

2
3þ

S � ð1þ �TÞ þ X

�T


 �
ð20Þ

K00 ¼ 1þ X=2�T

K ¼
1

2
1þ

S � ð1þ �TÞ

�T


 �
ð21Þ

S� ¼ 1þ
4�T

3
: ð22Þ

X is known as the isochoric temperature coefficient of internal pressure and can be
expressed as

X ¼ 2
1þ 2�T

V
C1

� �
, ð23Þ

where V represents the reduced molar volume and C1 is the Moelwyn–Hughes
parameter and can be expressed as

V ¼
�T=3

1þ �T
þ 1


 �3
ð24Þ

C1 ¼
13

3
þ

1

�T
þ
4�T

3
: ð25Þ
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The thermal expansion coefficients, �, have been calculated from the

Equation [27]

� ¼
1

�

@�

@T

� �
P

: ð26Þ

Acoustic impedance (Z) has been calculated using the relation [28]

Z ¼ umix�mix: ð27Þ

The values of �u, LE
f , and ZE have been calculated using the general

equation [28]

�Y ¼ Ymix � Y1x1 þ Y2x2ð Þ, ð28Þ

where �Y is �u or LE
f or ZE.

The excess isentropic compressibility (�Es ) was obtained using the relation

[4,29,30]

�Es ¼ ks � �
id
s , ð29Þ

where the isentropic compressibility term kids was computed using the relation

�ids ¼
X2
i¼1

�i �s, i þ
TVi �

2
i

� �
CP, i


 �
�

T
P2

i¼1 xiVi

� 
 P2
i¼1 �i�i

� 
2
P2

i¼1 xiCP, i

8><
>:

9>=
>;: ð30Þ

Here, CP,i is the molar heat capacity of the i-th component. The volume fraction, �i
was calculated as

�i ¼
xiviP
i¼1 xivi

: ð31Þ

The values of all the derived parameters from density and ultrasonic velocity data

are listed in Table 3. The values of molar volume (V), molar volume at absolute zero

(V0), actual volume of the molecules per mole (b), collision factor (S), surface area

(Y), critical temperature (Tc) and the ratio of principle heat capacities (�) for the pure
components are listed in Table 4. The results of VE, �u, �Es , L

E
f , r

E and ZE have been

fitted to the Redlich–Kister equation [14] of the type

�Y ¼ x1x2
Xk
i¼1

Aiðx1 � x2Þ
i�1, ð32Þ

where k is the number of estimated parameters and Ai, the polynomial coefficients

were obtained by fitting the equation to the experimental results by least-squares

regression method. The standard deviations �, for VE, �u, �Es , L
E
f and ZE were

calculated using the relation

� Yð Þ ¼

P
yexp t � ycalc
� �2

N� n

" #1=2

, ð33Þ
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(Å

)
�

(k
K
�
1
)

K
K
0

K
00

V
(m

3
m
o
l�

1
)

C
1

P
a
n
el

D
:
C
h
lo
ro
fo
rm

(1
)
þ
O
ct
a
n
-1
-o
l
(2
)
(3
0
8
.1
5
K
)

0
.0
0
0
0

1
3
1
4
.4
5

1
7
5
0
.7

2
.4
6
4

0
.8
5
7
4

3
.7
3
5
3

3
.6
9
0
3
�
0
.0
4
4
9

1
.2
2
3
9

8
.4
7
0
5

0
.0
3
5
1

1
3
0
2
.9
6

1
7
1
6
.5

2
.4
5
0

0
.8
9
4
0

3
.6
6
5
4

3
.6
7
4
6

0
.0
0
9
3

1
.2
3
1
9

8
.3
3
0
8

0
.1
7
0
7

1
2
5
6
.0
0

1
5
8
4
.5

2
.3
9
3

0
.9
4
0
6

3
.5
8
5
0

3
.6
5
7
0

0
.0
7
2
0

1
.2
4
2
0

8
.1
7
0
0

(c
o
n
ti
n
u
ed
)

Physics and Chemistry of Liquids 211

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
0
7
:
2
7
 
2
8
 
J
a
n
u
a
r
y
 
2
0
1
1



T
a
b
le

3
.
C
o
n
ti
n
u
ed
.

x
1

u
(m

s�
1
)

R
m
�
1
0
6

(m
3
m
o
l�

1
)
�
(m

s�
1
)
1
/3

r
(Å
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(Å
)

L
f

(U
lt
ra
so
n
ic
)

(Å
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where N is the number of data points and n is the number of coefficients. The

calculated values of the polynomial coefficients A1, A2, A3, A4, A5 and A6 along with

their standard deviation �, are presented in Table 5. The curves presented in all

the figures (Figures 1–7) are the calculated values and the points represent the

experimental values.
The percentage deviations (u%) were calculated using the relation

u% ¼ ðuexp � ucalcÞ � 100=uexp, ð34Þ

where uexp and ucalc are the experimental and calculated values of ultrasonic velocity,

respectively.
The standard percentage deviations (�%) have also been calculated for each

individual mixture, considering % deviations of ultrasonic velocity for all the mole

fractions using the relation

�% ¼ ½�ðu%Þ2=n� 1�½, ð35Þ

where n represents the number of data points, i.e. 14. The predictive capability of

each model in terms of an overall average percentage deviation (APD) and the
standard percentage deviation (�%) is presented in Table 6.

For the systems under consideration, it has been observed that the mixing process

does not proceed isochorically and is strongly influenced by intermolecular

attractions connected with the volume effects due to structural changes. The

intermolecular free length (Lf) computed using free length theory (FLT) increases

with the increase in the mole fraction of chloroform and 1,2-DCE. The change in the

slope of the isotherms of intermolecular free length as a function of mole fraction in
the higher mole fraction region of chloroform and 1,2-DCE shows that the entropy

effect related to the structural rearrangement of solvent molecules caused mainly by

the disruption of the octan-1-ol multimers occurs in these two systems [31–33].

However, the mixing process is accompanied by the decrease in the intermolecular

free length in the binary mixture of octan-1-olþ 1,1,2,2-TCE system on increasing

the mole fraction of this haloalkane (Figure 1) indicating some specific type of
intermolecular interactions in this system.

The variation of ultrasonic velocity (u) through a mixture depends on the increase

or decrease in the values of intermolecular free length (Lf). In general, u and Lf vary

in a reciprocal manner with the mole fraction of a mixture [34–36]. A perusal of the

Table 3 reveals that the values of u, Rm and Lf vary inverse of each other with

the composition for chloroformþoctan-1-ol and 1,2-DCEþ octan-1-ol systems.

However, all these parameters decrease with the increase in the composition of
mixture in the case of 1,1,2,2-TCEþoctan-1-ol system indicating some specific type

of intermolecular interactions in this system.
The plots of VE with mole fraction x1 for the binary mixtures of octan-1-ol with

chloroform, 1,2-DCE and 1,1,2,2-TCE at 298.15 and 308.15K are depicted in

Figure 2. The VE values are positive at both the temperatures for the 1,2-

DCEþ octan-1-ol [8,9,12] and chloroformþ octan-1-ol binary [4] mixtures over the

whole composition range; but for the binary mixture 1,1,2,2-TCEþ octan-1-ol [10],
the curve is sigmoidal and VE is negative below x1¼ 0.15 and it becomes positive

above this concentration range. A similar trend has been observed for these systems

studied at different temperatures [8,9,12,4,10] and the maxima in VE curves occur
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around 0.6 in chloroform þ octan-1-ol and around 0.7 in 1,2-DCEþ octan-1-ol, and
1,1,2,2-TCEþoctan-1-ol systems in the present investigations. The excess molar
volume VE decreases in the sequence: 1,2-DCEþ octan-1-ol4 chloroformþ octan-
1-ol4 1,1,2,2-TCEþ octan-1-ol. An exactly similar type of behaviour has also been
observed for the variation of VE with mole fraction for the binary mixtures of
1,2-DCEþ heptanol and 1,1,2,2-TCEþ heptanol [1,6]. The magnitude of the
maximum value of VE increases slightly with the increase of temperature from
298.15 to 308.15K.

The observed positive VE values may be explained in terms of physical, chemical
and structural factors [4,8,10,13,28,29,37–41]. The positive contribution might be
due to the physical forces involving dispersive interactions between unlike molecules.
The dispersive interactions are usually weak and the sign of VE may be positive or
negative. On the other hand, specific chemical interactions involving intermolecular
H-bond formation, charge-transfer complex formation and the dipole–dipole
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Figure 1. Intermolecular free lengths (Lf) vs. mole fraction (x1) at (a) 298.15 and (b) 308.15K,
respectively for binary mixtures of octan-1-ol with (g) 1,2-dichloroethane, (�) chloroform and
(m) 1,1,2,2-tetrachloroethane.
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interactions between various components of the mixture result in the decrease in
volume. The variations in the associative equilibria of alkanol molecules might lead
to all types of interactions. The sign and magnitude of VE also varies with the
structural characteristics of the components arising from the geometrical fitting of
one component into the structure of the other component because of the differences
in the size and shape of the components and the free volume. Since the molar
volumes of octan-1-ol (158.46� 10�6 and 159.82� 10�6) m3mole�1, chloroform
(81.08� 10�6 and 82.14� 10�6) m3mole�1, 1,2-DCE (79.47� 10�6 and
80.42� 10�6) m3mole�1, 1,1,2,2-TCE (105.66� 10�6 and 106.71� 10�6) m3mole�1

at (298.15 and 308.15) K respectively differ considerably, it seems that the haloalkane
molecules intercalate between the polymeric entities of octan-1-ol and disrupt their
H-bonding [13]. Consequently, there is an increase in the total volume of solution.
The destruction of short range orientation structural order present in pure liquids,
namely, H-bonds in octan-1-ol and dipolar interaction in haloalkanes makes VE

positive since the aggregates have smaller volumes than the sum of their individual
components [7] and the new possible H-bond interaction of the type Cl � � �H–O
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Figure 2. Excess molar volumes (VE) vs. mole fraction (x1) at (a) 298.15 and (b) 308.15K,
respectively for binary mixtures of octan-1-ol with (g) 1,2-dichloroethane, (�) chloroform and
(m) 1,1,2,2-tetrachloroethane.
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between octan-1-ol and the haloalkane molecule is weaker than the dipolar
interactions in pure haloalkanes and H-bonding in octan-1-ol. Since the structure-
breaking effect and the effects of interaction between like and unlike molecules
balance each other to different extents [8–11] in the 1,1,2,2-TCE and octan-1-ol
mixtures, there is only a small increase in VE values above x1¼ 0.3 in this case. At
low concentration of 1,1,2,2-TCE, relatively stronger chemical interaction of the type
Cl � � �H–O or charge transfer complex forming interaction is dominant resulting in
the negative values of VE, whereas at higher mole fractions of 1,1,2,2-TCE near
x1¼ 0.8, weak dipole-dipole forces are dominant resulting in the positive values of
VE. At infinite dilution, structural rearrangement of the solvate structures occurs,
dipole–dipole interactions become stronger and consequently VE decreases. With the
increase in the temperature, the interactions between unlike molecules become
weaker and VE increases. This trend can be correlated with the decrease in the
population of octan-1-ol oligomers with increasing temperature meaning, thereby the
rupture of the solvate structures occurs due to the increased Brownian motion [42]
causing expansion of the molecular lattice.
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Figure 3. Deviations in ultrasonic velocities (�u) vs. mole fraction (x1) at (a) 298.15 and
(b) 308.15K, respectively for binary mixtures of octan-1-ol with (g) 1,2-dichloroethane, (�)
chloroform and (m) 1,1,2,2-tetrachloroethane.
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For a system in which more than one type of interactions are involved between
various components, the net result of contributions from different kinds of
interactions is the deviation in the sound velocity of binary mixtures of the
system. The �u versus x1 curves at 298.15 and 308.15K are presented in Figure 3 and
their variations are of quite different nature than those of the molar excess volumes
(VE). The �u values for 1,2-DCEþ octan-1-ol and 1,1,2,2-TCEþ octan-1-ol are
negative, and minima appear at about 0.7 and 0.6, respectively in these two cases at
the two temperatures. For the case of chloroformþ octan-1-ol mixture, a sigmoidal
trend from positive to negative values is observed. In the low-concentration regions
up to x1	 0.5, the �u values are positive and in the higher concentration regions
above x1¼ 0.5, the �u values are negative. The absolute values of minima for all
these mixtures decrease with the increase of temperature.

The results of �Es versus x1 at 298.15 and 308.15K are presented in Figure 4. The
�Es values are positive over the entire composition range for 1,2-DCEþ octan-1-ol
and become more positive with the increase in temperature. Similar trend has been
observed for this system studied at 303.15K [8]. In the case of chloroform þ octan-1-
ol system, the �Es values display small dip in the octan-1-ol-rich region and become
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Figure 4. Excess isentropic compressibility (�ES ) vs. mole fraction (x1) at (a) 298.15 and
(b) 308.15K, respectively for binary mixtures of octan-1-ol with (g) 1,2-dichloroethane,
(�) chloroform and (m) 1,1,2,2-tetrachloroethane.
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increasingly more positive with increase in the mole fraction of chloroform, and this
behaviour is in close agreement with the trend observed for this system studied at
303.15 and 313.15K [4]. In the case of 1,1,2,2-TCEþ octan-1-ol system, the �Es values
are negative in the low-mole fraction region of 1,1,2,2-TCE up to x1	 0.42 and
become more positive with increase in the mole fraction of 1,1,2,2-TCE. A similar
trend has been observed for this system studied at 303.15K [10]. These values
decrease in the sequence: 1,2-DCEþ octan-1-ol4 chloroformþ octan-
1-ol4 1,1,2,2-TCEþ octan-1-ol. This trend in the excess isentropic compressibility
values correlates well with the intermolecular free length (Lf) and the volume changes
connected with the structural rearrangement of the solvate structures in the higher
mole fraction regions of the haloalkanes.

The intermolecular interaction strength of octan-1-ol and the haloalkanes may be
related to the number of chlorine atoms present in the haloalkanes [13]. Due to the
presence of four chlorine atoms in 1,1,2,2-TCE as compared to two in 1,2-DCE and
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Figure 5. Excess intermolecular free lengths (LE
f ) vs. mole fraction (x1) at (a) 298.15 and (b)

308.15K, respectively for binary mixtures of octan-1-ol with (g) 1,2-dichloroethane, (�)
chloroform and (m)1,1,2,2-tetrachloroethane.
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three in chloroform, four H-bonds of the type Cl � � �H–O will be formed between the

OH group of octan-1-ol polymeric entities and 1,1,2,2-TCE molecule as compared to

two and three Cl � � �H–O bonds in the 1,2-DCE and chloroform octan-1-ol system,

respectively. The intermolecular interaction strength of the type Cl � � �H–O will vary

in the order: 1,2-DCEþ octan-1-ol5 chloroformþ octan-1-ol5 1,1,2,2-TCEþ

octan-1-ol. This observation is consistent with the trend observed for the VE and

�Es data for these systems. The increase in the excess molar volume (VE), negative

deviation in sound velocity (�u) and the positive excess isentropic compressibility

(�Es ) support the main factor of gradual disruption of the self-associated octan-1-ol

molecules and the weak physical intermolecular interactions [4,36,38,39] and the

relatively weaker interactions of the type Cl � � �H–O between unlike molecules.

4. Theoretical analysis

The sound velocities have been calculated by different methods and the deviations

between the experimental and calculated values for each mixture composition have
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Figure 6. Acoustic impedances (Z) vs. mole fraction (x1) at (a) 298.15 and (b) 308.15K,
respectively for binary mixtures of octan-1-ol with (g) 1,2-dichloroethane, (�) chloroform and
(m) 1,1,2,2-tetrachloroethane.
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also been calculated. Other acoustical and thermoacoustical parameters necessary
for computing intermolecular free lengths (Lf) have been calculated and are
presented in Table 3. A close examination of Table 3 clearly illustrates fairly good
agreement in the values of intermolecular free lengths computed from the
thermodynamic, ultrasonic and thermoacoustic methods. The credibility of the
results is further increased by the very small APD and standard percentage
deviations (�%) of ultrasonic velocities (Table 6) obtained using the Nomoto [21],
Van Dael relation [22], Jacobson’s FLT [23] and Schaaff’s CFT [24–26] for all the
systems under consideration. The �% values will be discussed for the theoretical
analysis of sound velocities for these systems.

The study of standard percentage deviations (�%) presented in Table 6 reveals
that the results of ultrasonic velocity for the chloroformþ octan-1-ol system can be
best explained by FLT formulations (�%¼ 1.62 and 1.69 at 298.15 and 308.15K,
respectively) followed by CFT formulations (�%¼ 2.77 and 1.71 at 298.15 and
308.15K, respectively). For 1,2-DCEþ octan-1-ol system, Van Dael relation gives
minimum values of these deviations (�%¼ 0.54 and 0.53 at 298.15 and 308.15K,
respectively) followed by CFT formulations (�%¼ 1.10 and 1.07 at 298.15 and
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Figure 7. Excess acoustic impedances (ZE) vs. mole fraction (x1) at (a) 298.15 and (b)
308.15K, respectively for binary mixtures of octan-1-ol with (g) 1,2-dichloroethane, (�)
chloroform and (m) 1,1,2,2-tetrachloroethane.
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308.15K, respectively). The results for the 1,1,2,2-TCEþ octan-1-ol system can be

satisfactorily explained by Van Dael relation (�%¼ 1.29 and 1.26) and FLT

formulations (�%¼ 1.99 and 0.69) at 298.15 and 308.15K, respectively. The

thermoacoustical approach, in general, gives higher standard percentage deviations

for all the binary mixtures.
Table 3 indicates that the values of intermolecular free lengths (Lf) for all the

three binary mixtures obtained from the ultrasonic method are higher than the values

computed from the thermodynamic and thermoacoustical method. This trend has

also been observed for the binary liquid mixtures of 1,1,2,2-TCE with benzene,

toluene, paraxylene, acetone, cyclohexane [43], liquid methane with liquid

tetrafluoromethane [44] and the other multicomponent liquid mixtures [19]. It is

evident from Table 3 that the Lf value for chloroformþoctan-1-ol and 1,2-

DCEþ octan-1-ol systems increases with increase in the mole fraction and also

increases with decrease in the ultrasonic velocity and vice versa. This relationship is

not observed for the 1,1,2,2-TCEþ octan-1-ol system in the Jacobson’s FLT and for

all the systems in the thermoacoustical approach (TAP), but it can be easily observed

in all the three systems under study in the CFT formulations. The thermodynamic

method [19] has been found to be better than the ultrasonic method for calculating

the Lf values provided T is not very close to Tc because the right-hand side of

Equation (10) vanishes when T4Tc. On the other hand, the ultrasonic method fails

completely when the sound velocity of the liquid or their mixtures exceeds 1600m s�1

since the right-hand side of Equation (13) disappears when u4 u1.
The available volume (Va) computed using FLT and TAP decreases with the

increase in mole fraction of haloalkanes for all the systems under consideration, but

an opposite trend is observed for 1,1,2,2-TCEþ octan-1-ol and chloroformþ octan-

1-ol systems in the case of Schaaffs CFT. The other parameters of the binary

mixtures, actual volume of molecules per mole (b), collision factor (S), molecular

radius (r) and acoustic impedance (Z), are also influenced by the disrupting of the

structure of octan-1-ol on increasing the mole fraction of haloalkanes. The structure

breaking effect and the variations of excess functions VE, �u, �Es , L
E
f with mole

fractions for these systems are consistent with the following order of molecular radii

of haloalkanes (Table 3):

rDCEð1:942—Þ < rCHCl3ð1:950—Þ < rTCEð2:144—Þ at 298:15K

rDCE ð1:948—Þ < rCHCl3 ð1:957—Þ < rTCEð2:149—Þ at 308:15K:

The larger the molecular radius, greater is the structure breaking effect on the self-

associated octan-1-ol, the smaller will be the values of the excess function LE
f and the

higher will be the strength of specific interactions between octan-1-ol and haloalkane

molecule. The values of LE
f obtained by the FLT method at the maximum of the

curves (Figure 5) are in the order:

LE
f,DCE�Oct ð0:0147Þ > LE

f, CHCl3�Oct ð0:0119Þ > LE
f, TCE�Oct ð0:0049Þ at 298:15K

LE
f,DCE�Oct ð0:0148Þ > LE

f, CHCl3�Oct ð0:0120Þ > LE
f, TCE�Oct ð0:0052Þ at 308:15K:
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The minimum values of LE
f are consistent with the observation of minimum

values of excess molar volume (VE) and excess isentropic compressibility (�Es ) of the
binary mixtures of 1,1,2,2-TCEþoctan-1-ol system due to specific intermolecular
interactions resulting in the formation of molecular complexes. The increase of Z
with mole fraction of haloalkanes (Figure 6) suggests that weak physical interactions
between unlike molecules dominate over the structure-breaking effect of octan-1-ol
on the addition of haloalkanes [45]. The ZE values at the minimum of the curves
(Figure 7) are in the order:

ZE
DCE�Oct ð�118:86Þ > ZE

TCE�Oct ð�97:76Þ > ZE
CHCl3�Oct ð�78:08Þ at 298:15K

ZE
DCE�Oct ð�112:58Þ > ZE

TCE�Oct ð�93:20Þ > ZE
CHCl3�Oct ð�71:88Þ at 308:15K:

The excess acoustic impedance (ZE) values are negative over the entire composition
range for all the systems under consideration and become less negative with
increasing temperature for all these mixtures. The negative deviations in ZE values
imply weak interactions between the component molecules [28,45,46]. The data for
the higher negative values of ZE for the 1,2-DCEþoctan-1-ol system as compared
to 1,1,2,2-TCEþoctan-1-ol and chloroformþoctan-1-ol systems in conjunction
with the data of positive excess values VE and �Es support the observation of
dominating effect of weak physical intermolecular interactions over the structure-
breaking effect of the octan-1-ol on the addition of the haloalkanes.

5. Conclusion

The association interactions between the octan-1-ol molecules decrease with the
increasing concentration of haloalkanes. Weak physical intermolecular interactions
dominate over the structure breaking effect of octan-1-ol on the addition of
haloalkanes. In the higher mole fraction regions of haloalkanes, a reduction of self-
association and structural rearrangement of the solvate structures occurs due to
solvation processes.
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