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ABSTRACT
From the computed thermal expansion coefficient from density varia-
tion with temperature, on N-(p-n-ethyloxybenzylidene)-p-n-alkoxy ani-
lines, 2O.Om liquid crystalline (LC) compounds with m = 3–4 and 6–
10, different thermodynamic parameters such as Sharma parameter
(So), Huggins parameter (F), reduced volume (∼V), reduced compress-
ibility (∼VC1), etc., are studied using the volume expansion coefficient
(α), which is estimated from density in isotropic and liquid crystalline
phases. The parameters like intermolecular free length (Lf ), molecular
radius (Mr), and Beyer’s nonlinearity parameter (B/A) are also computed
fromdensity data for the above compounds. Exceptwithm= 10, the rest
of the compounds exhibit nematic phase where as with m = 10, the LC
material shows smectic-C in addition to the nematic phase. The results
are discussed in the light of these parameters variation with tempera-
ture in a particular phase in a LC molecule and with the chain length,
m. The thermodynamic parameter So exhibits a constant characteristic
value in all the compounds like other reported liquid crystalline com-
pounds, liquids, and polymers. Further, the molecular radius, Mr, and
molecular free length, Lf, are estimated and the results are compared
with the literature data available.

1. Introduction

In order to understand the fundamental aspects and the usage of liquid crystalline com-
pounds (LCs) in technological applications, the study of physical properties such as viscos-
ity, refractive indices, specific heat, etc., will provide more information. In addition to these
properties, the density results also will provide the information regarding the nature of phase
transitions across different LC phases as well as in between the isotropic to LC phase. Sys-
tematic studies and the literature data [1–4] on the nO.Om compounds reveal that these
exhibit 13 different phase variants starting from mono variant (N, A, or C) to penta variant
(NACIG). Further, it has been observed from the systematic studies on the Schiff ’s base com-
pounds that the position of the oxygen atom in the molecular moiety plays an important role
in deciding the clearing temperature the richness of the nematic phase and the phase vari-
ant a compound exhibits. Parameters such as specific volume (v = 1/q), and molar volume
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[Vm = molecular mass/density (ρ)], which are closely related to density are also mea-
sured in a number of compounds. In the present manuscript, compounds of N-(p-n-
ethyloxybenzylidene)-p-n-alkoxyanilines, (2O.Om) which belong to nO.Om family, the
different thermodynamic parameters are estimated.

The thermodynamic parameters such as reduced volume (V∼), MoelwyHughes parameter
(C1), reduced compressibility (β), available volume (Va), etc., can be estimated from the com-
puted coefficient of volume expansion (α) from density data. In addition to these, parameters
like molecular free length (Lf), molecular radius (Mr), and Beyer’s nonlinearity parameter
(B/A), which is a measure of the equation of state of a fluid and further defined as the ratio of
the coefficients of the quadratic term to the linear term in the Taylor expansion of the equation
of state [5–9], can also be evaluated. Extensive studies are carried out on nO.m [10,11], nO.Om
[12,] and other homologous series of compounds [13,]. Further, the literature reports these
parameters evaluation in liquids [14,15] and polymers also [16]. This manuscript presents
the estimation of thermodynamic parameters in N-(p-n-ethyloxy benzylidene)-p-n-alkyloxy
anilines, 2O.Om LC compounds withm= 3, 4, and 6–10 in isotropic and LC phases. Further,
for the sake of completeness the authors estimated the molecular free length, Lf, molecular
radius,Mr, and Beyer’s nonlinearity parameter, B/A [17].

2. Experimental

The present compounds are synthesized following the established procedure reported in the
literature [18]. The respective p-n ethtyloxy benzaldehyde and the corresponding alkoxyani-
lines are taken in equimolar proportions in absolute ethanol and refluxed for 4 hr in the pres-
ence of few drops of glacial acetic acid. After refluxing the reactions for 4 hr, the solvent was
removed by distillation under reduced pressure. The crude sample was subjected to repeated
recrystallization from absolute ethanol in cold to give the pure compound, until the transition
temperatures are constant.

The molecular formula of the compounds is given below.

wherem = 3–4 and 6–10.

3. Results and discussion

3.1. Thermodynamic parameter theory and expressions

The procedure for the estimation of different thermodynamic parameters using the coefficient
of thermal expansion (α) are given in the references [10,14,19–26] described below.

The values of coefficient of volume expansion (α) = 1/Vm (dVm/dT), where dT = T2-
T1, dVm = Vm2-Vm1 are taken from literature [10,14,19–22] for the evaluation the following
parameters.

..a. Molecular radius (Mr)
Mr for the LC molecule can be obtained from density and refractive index results and the
relevant expressions are given below [27]
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(i). From density, ρ

Mr=1
2
3

√
M

√
2

ρN
(1)

whereM is the molecular weight.
(ii). The refractive index data can be utilized in conjunctionwithmolar volume to compute

the molecular radius (Mr) using the following relation [27,28].

Mr =
[(

3
4
πN

)
(n2 − 1)
(n2 + 2)

Vm

]1/3

(2)

..b. Acoustic nonlinearity parameter, B/A
There are a number of reports in literature describing in detail the theoretical and empirical
approach for the estimation of B/A from α and u, respectively, the relevant expressions of .the
nonlinearity parameter, B/A is given as [29]

B/A = 2uρ[du/dp]T (28)

General formalism for B/A in terms of the acoustical parameters for liquids and polymers
has beenmade usingMoelwyns-Hughes parameter (C1), isobaric acoustic parameter (K), and
the isothermal acoustic parameter (K“) (the detailed method of calculation of K and K” from
α is given elsewhere obtained from the thermal expansion coefficient, α, and from the sound
velocity, u, respectively. The expressions for B/A from density are given as [30]

B/A = C1 − 1 (3)

B/A = 2K + 2γK ′′ (4)

n = 3C1 − 12 (5)

m = 3C1 − (n + 6) (6)

where m and n are the exponents describing the magnitude of attractive and repulsive force,
respectively. Several authors [31–35] estimated n and highlighted its importance. The mag-
nitude of m is 6 and is very well reported in literature and in the case of LC materials are
also 6.

The measurement of density of the material and its variation with temperature using
dilatometric technique is one of the methods to understand the nature of the phase trans-
formations. This particular technique is chosen and the thermal expansion coefficient, α,
obtained from density data of the material is used to estimate the thermodynamic param-
eters such as Moelwyn-Hughes parameter (C1), reduced volume (V∼), reduced compress-
ibility (β), isochoric temperature coefficient of internal pressure (X), Sharma parameter
(S0), Huggin’s parameter (F), Gruneisen parameter (�p), isothermal microscopic Gruneisen
parameter (�), fraction free volume (f) and acoustical parameters like isothermal (K’),
isobaric (K),isochoric (K”) acoustical parameters, isothermal Gruneisan parameter, (�ith),
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Table . The transition temperatures in °C and heats of transition across different phases.

Compound Phase Variants Scan Rate Melting Temp. OC Solid Solid NA/NC NI

O.O Heating  °C/min . – –
�H J/gm .

N Cooling  °C/min . .
�H J/gm . .

TM . . .
O.O Heating  °C/min . .

�H J/gm . .
N Cooling  °C/min . .

�H J/gm . .
TM . . .

O.O Heating  °C/min . .
�H J/gm . .

N Cooling  °C/min . .
�H J/gm . .

TM . . .
O.O Heating  °C/min . .

�H J/gm . .
N Cooling  °C/min . .

�H J/gm . .
TM . . .

O.O Heating  °C/min . .
�H J/gm . .

N Cooling  °C/min . .
�H J/gm . .

TM . . .
O.O Heating  °C/min . .

�H J/gm . .
N Cooling  °C/min . . .

�H J/gm . . .
TM . . .

O.O NC Heating  °C/min . . .
�H J/gm . . .

Cooling  °C/min . . .
�H J/gm . . .

TM . . 

isobaric Gruneisan parameter, (�iba), isochoric Gruneisan parameter, (�ich), reduced Bulk
modulus,(B∼), isothermal Anderson-Gruneisan parameter, (δ) and the magnitude of n and
m the attractive and the repulsive forces. In addition to these, the parameters like molecular
free length (Lf), molecular radius (Mr), and nonlinearity parameter, (B/A), are also be evalu-
ated. Recently, extensive studies are reported regarding the estimation of the thermodynamic
parameters for a number of nO.m LC compounds utilizing the available dilatometric, ultra-
sonic velocity, and birefringence data [10].

The dimensionless thermodynamic parameter C1, defined as the pressure coefficient of
bulk modulus as introduced by Moelwyn-Hughes [36], serves as severe test for the equa-
tion of state for liquids and solids and liquid crystals [10–12]. The calculated values of the
Moelwyn-Hughes parameter C1 for the materials are presented in Table 2 in both isotropic
and LC phases. It is already known that C1 offers the simplest scale for the determination of
molecular ordering, structure, interactions, and anharmonicity in some materials [37]. Fur-
ther, C1 signifies the nonlinear variation with temperature. It is quite interesting to note that
(B/A) + 1 = C1. The ratio of C1/ (B/A) is approximately equal to unity which is true in our
case as well as in other LC materials also [10–12].

The isobaric Gruneisen parameter Гiba is found to be less than the isothermal Gruneisen
parameter Гith. This trend is similar in the case of these materials except in the vicinity of
phase transition. The fractional free volume (Va/V) determines the disorder, which is due
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Table . Variation of anharmonic parameters in different LC phases of all the compounds.

Phase
Comp. variant C V∼ V∼C

 X X’ S F F A∗ �

O.O Iso, . . . − . − . . . . . .
N . . . − . − . . . . . .

O.O Iso, . . . −. − . . . . . .
N . . . − . − . . . . . .

O.O Iso, . . . − . − . . . . . .
N . . . − . − . . . . . .

O.O Iso, . . . − . − . . . . . .
N . . . − . − . . . . . .

O.O Iso, . . . − . − . . . . . .
N . . . − . − . . . . . .

O.O Iso, . . . − . − . . . . . .
N . . . − . − . . . . . .

O.O Iso, . . . − . − . . . . . .
N . . . − . − . . . . . .

SmC . . . − . − . . . . . .

Table . Variation of thermoacoustic parameters and molecular free length in different LC phases of all the
compounds.

Com. Phase Variant Temp. OC n B∼ Гith E F Гich Гiba δ θ

O.O Iso.  . . . . − . . . . .
N  . . . . − . . . . .

O.O Iso.  . . . . − . . . . .
N  . . . . − . . . . .

O.O Iso.  . . . . − . . . . .
N  . . . . − . . . . .

O.O Iso.  . . . . − . . . . .
N  . . . . − . . . . .

O.O Iso.  . . . . − . . . . .
N  . . . . − . . . . .

O.O Iso.  . . . . − . . . . .
N  . . . . − . . . . .

O.O Iso.  . . . . − . . . . .
N  . . . . − . . . . .

SmC  . . . . − . . . . .

Table . Variation of Va and B/A in O.Om compounds in isotropic and nematic phase.

Comp. Phase Temp. Va B/A(C) B/A(k)

O.O Iso.  . . .
N  . . .

O.O Iso.  . . .
N  . . .

O.O Iso.  . . .
N  . . .

O.O Iso.  . . .
N  . . .

O.O Iso.  . . .
N  . . .

O.O Iso.  . . .
N  . . .

O.O Iso.  . . .
N  . . .

SmC  . . .
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Table . Variation ofMr, Lf, and Lf in O.Om compounds in isotropic and nematic phase.

Comp. Phase Temp. Mr −cm Lf −cm Lf −cm

O.O Iso,  . . .
N  . . .

O.O Iso,  . . .
N  . . .

O.O Iso,  . . .
N  . . .

O.O Iso,  . . .
N  . . .

O.O Iso,  . . .
N  . . .

O.O Iso,  . . .
N  . . .

O.O Iso,  . . .
N  . . .

SmC  . . .

to increased mobility of the molecules in a system. It is found that the fractional free volume
behaves like that of the thermal expansion coefficient. Formost of thematerials under present
investigation, the fractional free volume Va/V0 values are around 0.23, which are of the same
order as observed for saturated hydrocarbons and other liquids and liquid crystals [38].

The results are compared with those obtained for similar nature of compounds, viz.,
nO.Omcompounds also. This has been carried out to findout the variation of different param-
eters with respect to the chain length. The data pertinent to the transition temperatures in °C
and heats of transition across different phases and above parameters for all the compounds are
presented in Tables 1–5. The variation of the Sharma parameter S0, isothermal microscopic
Gruneisen parameter �, reduced bulk modulus B∼ and n in 2O.O10, acoustic nonlinearity
parameter B/A, in 2O.O10 are shown in Figs. 1 and 2 and molecular radius,Mr, with temper-
ature in different LC phases for all the compounds are shown in Fig. 3. Further, the variation
of molecular radius, Mr, estimated from density with chain number is shown in Fig. 4. The
increment of molecular radius per methylene unit is found to be 0.072 Å from density. The
variation of available volume, Va, with chain length is found to be less in isotropic phase and
increases in LC phase and also it is observed that the increment for methylene unit is 3.45 and

Figure . Variation of magnitude of repulsive exponent, (n) and reduced Bulk modulus, (B∼) with tempera-
ture in O.O compound.
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Figure . Variation of Sharma parameter (So) with temperature in O.O compound.

4.16 in isotropic and nematic phases in 2O.Om series, respectively. The variation of nonlinear-
ity parameter and fractional free volume Va/V with temperature for 2O.O10 compound are
shown in Figs. 5 and 6 and the variation of ratio So/nwith temperature for 2O.O10 compound
is shown Fig. 7.

The salient features observed from the Tables 2–5 and the Figs. 1–7 are.
1. All the parameters exhibit a constant value in a particular phase except in the vicinity

of phase transition where they exhibit singularity.
2. The parameters reduced volume, V∼, reduced compressibility, V∼c1, and the isochoric

temperature coefficient of internal pressure, (X) and their variation with temperature
is similar to that of thermal expansion coefficient α, as excepted in all compounds as
these parameters are proportional to α.

3. The parameters C1, X’, F, �, �, and �p and their variation with temperature show
decrease with the decrease of temperature, i.e., exhibiting low values in LC phases

Figure . Variation of molecular radius (Mr) with temperature in O.Om compounds.
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Figure . Variation of molecular radius (Mr) with chain length in O.Om compounds.

compared to the isotropic phase which shows the molecular ordering increases as the
temperature decreases in liquid crystal phases.

4. The Sharma parameter, S0 is constant around 1.13 ± 0.05 irrespective of the com-
pound including the liquid crystals. However, the value of (3+4αT), which is used in
the determination of Sharma parameter, increases with the increase of temperature but
S0 tends to be independent of the value of α for any material. However, at and in the
immediate vicinity of the LC phase transformations the value of S0 abruptly falls to a
minimum as the parameter S0 is indirectly proportional to α.

5. The relations viz., S0 = 5.5 ∗ f and A∗ = 5.25 ∗ f hold good in these compounds also as
in the case of other LC compounds.

6. The isothermal, isochoric, isobaric Gruneisen parameters also show the consistent val-
ues in any particular phase but decreases slightly in LC phases from isotropic phase.

Figure . Variation of nonlinearity parameter (B/A) with temperature in O.O compound.
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Figure . Variation of fractional free volume Va/Vwith temperature in O.O compound.

7. The available volume, Va, is observed to be less in isotropic phase and increases in LC
phase and also it is observed that the increment for methylene unit is 3.45 and 4.16 in
isotropic and nematic phases in 2O.Om series, respectively.

8. The molecular free length (Lf) are calculated from available volume Va and molar vol-
ume (Vo). However, Vo can be evaluated using different expressions. The Vo is esti-
mated in two ways and the values at different temperatures in LC phases reveal thatVo

values show agreement with one another. It has been reported earlier from the system-
atic studies on the benzoic acids as well as in a number of nO.m compounds found that
the slope value should be around 8× 10−4 to obtain reasonable agreement. Themolec-
ular free length values observed in all the six compounds are of comparablemagnitude
and the isotropic values are slightly lower compared to LC phases.

9. Further, the increment of molecular radius for methylene unit is found to be 0.064 Å
from density.

Figure . Variation of ratio So/nwith temperature in O.O compound.
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10. The data reveals that the B/A value almost remains constant in a particular phase
except at the vicinity of the phase transition where it shows a peak and the peakmagni-
tude depends on α, and further, the magnitude of B/A is slightly smaller in LC phases
compared to that in isotropic phase.

11. Generally, this parameter, B/A lies in the range 5.5–9.5, with extreme variations of
2 and 13. These extreme values are reported in some cases [10,30,39].
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