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ABSTRACT

Phase transition temperatures of p,n-alkyloxy benzoic acids (nOBA, n = 3 to 10 and 12) are investigated basing on the
textural image analysis of liquid crystal. The analysis is carried out by the computation of Legendre moments. Textures
of the homeotropically aligned compounds are recorded as a function of temperature using POM in arthroscopic mode
attached to the hot stage and high resolution camera. A recurrence formula is used to compute the liquid crystal textures
based on Legendre polynomial. The discontinuities and fluctuations in the values of Legendre moments as a function of
temperature are related to the phase transition temperatures of the sample. This method is successful in conforming or
detecting the phase transition temperatures and the present findings are comparable with literature.
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1. Introduction

Research and development on liquid crystals has been
growing steadily in last decades resulting better and
cheaper displays by discovering new types of liquid
crystals [1]. Liquid crystals exhibit the rich variety of
phase structures and phase transitions in the materials.
The structure of liquid crystal phases is easily influenced
by external conditions e.g., temperature, pressure, elec-
tric field, magnetic field, etc. [2,3]. For the planar align-
ment of liquid crystals, the phases possess complex struc-
tures and properties which are studied from several de-
cades. Recently, homeotropic alignment of liquid crystals
has got worldwide applications in liquid crystal displays
such as high information display devices, LCD TV’s and
digital display devices in medical field like medical ima-
ging. Still, the investigations for the properties of ho-
meotropically aligned liquid crystals components are at a
nascent stage, especially when the more complex and
different phase types are considered. However, the basic
study of any liquid crystal compound involves the identi-
fication of phase transition temperatures. There are seve-
ral techniques to identify the mesophases or phase transi-
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tions of liquid crystals, such as Polarizing Optical Mi-
croscope (POM), Differential Scanning Calorimetry (DSC),
Differential Thermal Analysis (DTA), X-ray Diffraction
(X-RD), Raman Spectroscopy etc. [4,5]. The most widely
used techniques in identification of phase transition tem-
peratures is POM. DSC and DTA inform the presence of
phase transitions in a material by detecting enthalpy and
entropy changes that are associated with each phase tran-
sition. However, precise phase identification could not
easily be made. The phase transitions causing small en-
thalpy and entropy changes are not identified in the pro-
cedures of DSC and DTA. Hence, DSC or DTA is used
in conjunction with POM to determine the phase transi-
tions temperatures of the samples as POM is a standard
tool in identification of liquid crystals phases. In 1998,
firstly some researchers proposed an image processing
and analysis methodology in conjunction with POM to
investigate the phase transitions of liquid crystals [6,7].
The optical intensities are very sensitive both in spatial
and frequency domains for an image of any object or
material. The material exhibits the apparent variations in
radiated intensities when they undergo phase transitions
either in the form and shape/orientation and even at the
slightest transition occurs in the material form due to the
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reorientation of the atomic/molecular adjustments. The
sensitive variations in the textural or transitional phases
of the material in response to the temperature changes are
measured or recorded using POM attached to the high
resolution camera. The analysis of the recorded textural
images basing on the radiation intensities in three pri-
mary spectral bands red, green and blue at the matrix of
pixels has been used to identify the phase transition tem-
peratures of the liquid crystals. Image analysis is the
method used to extract the meaningful information from
images by means of applying computational techniques
and algorithms on image data. The computations of sta-
tistics and measurements in the image analysis method
are done on considering the gray level intensities of im-
age pixels. The statistical methods will analyze the spa-
tial distribution of gray levels by computing the local and
global features at each intensity value in the image and
derive a set of statistical parameters from the distribution
of these features [8,9]. A few researchers used the statis-
tical parameters derived from the local features to iden-
tify the phase transitions temperatures of liquid crystals
[10,11]. Recently, a novel approach [12] of statistical
measure called image moment which is derived from the
global features of the liquid crystal textures is applied to
identify the phase transitions temperatures.

Image moments are weighted average intensities of the
images and are calculated from the computational analy-
sis of images. These will give meaningful information
about image objects [13]. Generally in liquid crystal field,
the orientation distribution function is expressed in terms
of Legendre polynomial and the coefficients will repre-
sent the order parameter of the samples <P,>, <P,> [14].
In the present work, image moment of kind Legendre
moment is computed from the optical textures of liquid
crystal which are different from <P,>, <P,> that are used
to confirm the phase transitions of homologous series of
p,n-alkyloxy benzoic acids (where n varies from 3 to 10
and 12). Legendre moments identify the changes in fea-
tures of the liquid crystal texture from the initial state
(solid) to the final state (Isotropic) with respect to the
temperature. This method is a computational image
analysis to determine the transition temperatures of liquid
crystals and is very sensitive to determine the occurrence
of smooth transitions. However, the investigated phase
transition results are compared with the data made by the
other standard techniques published in literature.

2. Theory

In general, the image of an object is represented in the
form of matrix and the elements of the matrix represent
the intensity values at the respective positions of the ob-
ject.
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Ex:

77 67 41

70 64 56

59 70 66

Panchromatic image Elements of matrix represent the in-
(Grey scale) tensities of radiation in marked area.

Here, Legendre moments of the textures are obtained
by mapping the image intensity values on Legendre
polynomial. A recurrence formula is used to compute the
Legendre moments of the Liquid crystal textures based
on Legendre polynomial using MATLAB software [15].

Legendre Moments

The Legendre moments are obtained by projecting an
image f(x, y) on a 2D Legendre polynomial basis. Legen-
dre moments of order (p + q) for an image with intensity
function f(x, y) are defined as [13,16,17].
(2p+1)(29+1) c1

Lo, L P, (x)P, (y) f(x y)dxdy (1)
where P, (x) is the p™ order Legendre polynomial and
defined as

Pp(x):éakypxk _ Zplp!(;_xjp[(xz_l)]p @)

where x e[-11], and the Legendre polynomial P, (x)
obeys the following recursive relation
(2p+l) p

P = P (x)- P 3

p+1(x) (p+1) X p(x) (p+1) p_l(x) ( )

With P,(x)=1, P,(x)=x and p > 1. The set of Le-

gendre polynomials {P,(x)} forms a complete or-

thogonal basis set on the interval [—-1,1]. The orthogonal
property is defined as

0, p=q,
LROP XM= _2 o)
(2p+1)’ '

An image of size M x N is an array of pixels. Centers
of these pixels are the points (xi, y;), where the image
intensity function is defined only for this discrete set of

points (x;, y;)[~L+1]x[-11].

AX; =X, — X, Ay; =Y;,, —Y; are sampling intervals in
the x-direction and y-directions respectively. In the lite-
rature of digital image processing the intervals Ax, and
Ay; are fixed at constant values Ax, =2/M , and
Ay; =2/N, respectively. Therefore, the points (i ;)
will be defined as follows
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X :—1+[i—%ij, (5)

Y; =—1+(j—%jAy, (6)

with i1=12,3,---,M and j=12,3,---,N. for the dis-
crete space version of the image, Equation (1) is usually
approximated by
_ 2p+1)(29+1) 1 N
Ly = MZZ‘I%( ) ( ) (x,,y ) )
i=1j

This Equation (7) is called direct method for Legendre
moments computations.

3. Materials and Method

Thermotropic liquid crystals of homologous series p,n-
alkyloxybenzoic acids (nOBA where n = 3 to 10 and 12)
are obtained from M/s Frinton laboratories, Inc., USA.
Homeotropic alignment (90° alignment) of Indium Tin
Oxide coated cells having area of 5 mm x 5 mm with 6
um spacing (tolerance is + 0.2 pm) are obtained from
M/s Instec Inc., USA. Temperature dependent textural
investigations are carried out by Meopta polarizing opti-
cal microscope attached to hot stage as described by
Gray [18] and the high resolution Canon camera. p,n-
alkyloxybenzoic acid mesogens are injected in the liquid
crystal cells by heating the sample in its isotropic state
through capillary action. The flowing direction of the
liquid crystal during cell filling is found to influence the
molecular alignment in the resultant liquid crystal layer.
Better alignment of liquid crystal layer with few defects
can be produced when the liquid crystal is allowed to
flow into the cell toward the direction in which the sur-
face is aligned.

A high resolution Canon colour digital camera is used
for recording the observations. The colour image re-
corded by the camera has a resolution of 1936 x 1288
pixels which representing a total of 24 bit true coloured
tones which are ranging from 0 to 255 in individual R, G,
and B spectral images. In the present work, the translated
gray scale image is used for analysis. The program has
been coded using MATLAB software (implemented on
P4 1.6 GHz with 2 GB RAM) for computational analysis
of textures which is an efficient tool for calculating the
Legendre moments [19].

Textures of the thermotropic liquid crystals for ho-
mologous series of alkyloxybenzoic acids are recorded
using POM in arthroscopic mode attached by the hot
stage and camera. The textures are recorded from the
solid phase of the sample to the isotropic liquid phase, as
a function of temperature. The images of textures of the
samples are stored in computer for further processing.
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MATLAB (implemented on P4 1.6 GHz with 2 GB
RAM computer) is used to read and translate the image
into gray scale version, and to compute the Legendre
moments. Initially the Legendre polynomial basis is gen-
erated according to Equation (2). Then, the Legendre
moments are computed using recursive relation given in
Equations (3)-(6). The Legendre moments of the image
are obtained in the form of square matrix of size
((maximum polynomial order or moment order) + 1). i.e.,
for polynomial or moment of order 3, the matrix of size 4
x 4, and shown [20] below.

a, a4, a; a,

a2 1 aZ 2 a23 a24

a31 a32 a33 a34
a41 a‘42 a43 a'44

At each temperature recording of the liquid crystal
sample, there is one Legendre moment matrix and for
different temperature recordings there are different Leg-
endre moment matrices. For drawing a plot, the moment
values derived from all these matrices at the same co-
ordinate position and its corresponding temperatures are
considered. This is explained in the following way and
the total procedure presented in a flow chart given in
Figure 1.

Let B, C, D, be the Legendre moment matrices of (2
x 2) dimensions of sample textures recorded at tempera-
tures 30°C, 40°C, 50°C, -

B(ilj):{ba(l,l) by (1,2)

b.(21) b, (2,2)} as0'c,

(1Y) ¢ (12) .
C(I,j)=|:c (21 <, (2,2)} at 40°C and
2

o[ da(B1) dy(12)
D(I’J):{dc(z,l) dy(2,2)

where (i, j) is the co-ordinate position of Legendre mo-
ment matrixandi=1,2;j=1,2
The plot is drawn for moment values b,,c,,d,,

the co-ordinate position (1,1) as a function of tempera—
ture 30°C, 40°C, 50°C, - Similarly the plots are drawn for
remaining co-ordinate positions (1,2), (2,1), (2,2). The
number of Legendre moment plots to be derived is de-
pendent in accordance with dimensions (size) of Legen-
dre moment matrix. In the given example, the Legendre
moment matrix dimension is 2 and there are four co-
ordinate positions {(1,1), (1,2), (2,1), (2,2)} resulting in
four ((dimensions)? 22 = 4) Legendre moment plots.

} at50°C,---.

4. Results and Discussion

In a similar way, the plots are drawn for moment values
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Figure 1. Flow chart showing the procedure for determination of transition temperatures.
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of the thermotropic liquid crystal textures as a function of
temperature. The plots can draw for all co-ordinate posi-
tions of the Legendre moment matrix of liquid crystal
textures. In all plots, the behavior of the Legendre mo-
ment curves is similar for the same sample and different
for different compounds. In this work maximum moment
of order 3 is used. However, any order of the moment
yields similar results. To draw a plot, any co-ordinate
position is to be selected since each co-ordinate position
would yield a single plot. Hence, in the present work,
co-ordinate position (1,1) is selected as a representative
case to draw a plot. The plots are drawn for both heating
and cooling cycles, as a representative case only cooling
cycle plots are shown here to avoid the paramorphotic
defects. They are shown in Figures 2-10.

The plots shown in Figures 2-10 has indicated there
are abrupt changes at certain temperatures in the Legen-
dre moment curves, indicating the consequential changes
in textural features of the samples corresponding to the
phase transformation of sample. Therefore, the tempera-
ture corresponding to abrupt changes in the curve

0.005
0.004 4

0.003 4

on Cooling
0.002

Legendre moment (L,,)

0.001 4

0.000

T T T T T 1
130 140 150 160 170 180
Temperature (°C)

110 120

Figure 2. Temperature dependence of Legendre moments
for nOBA where n = 3.
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Figure 3. Temperature dependence of Legendre moments
for nOBA where n = 4.
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is representing the transition temperature of sample. This

confirms that the present methodology is useful in inves-
tigations for the phase transitions of liquid crystals.
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Figure 8. Temperature dependence of Legendre moments
for nOBA where n = 9.
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Figure 9. Temperature dependence of Legendre moments
for nOBA where n = 10.

The compounds of nOBA where n = 3 to 6 have ex-
hibited the nematic mesophase in the temperature ranges
of 95°C - 175°C. In the case of homogeneous alignment
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Figure 10. Temperature dependence of Legendre moments
for nOBA where n = 12.

the temperatures are in between 105°C - 160°C. Com-
pounds of nOBA where n =7 to 10 and 12 have shown
both nematic and smectic C phases in the interval of tem-
perature 80°C - 160°C, where for smectic C mesophase
the range is high when compared to nematic phase. In the
case of homogeneous alignment the recorded tempera-
tures are in between 90°C - 150°C. This indicating the
rate of crystallization or the rate of isotropic phase from
the liquid crystal phase that are influenced by anchoring
effect in the homeotropic alignment of liquid crystal
samples. The measured values of transition temperatures
have +2°C difference is noticed when compared with the
literature data [21] as shown in Table 1.

The difference is high for the samples that are exhibit-
ting only nematic phase than the samples showing both
nematic and smectic C phases. Here the samples showing
only nematic phase have the asymmetric arrangement of
the molecules containing only orientational order in spite
of anchoring or alignment is imposed. The asymmetric
orientational order (like isotropic liquid) of nematic phases
for the homologues series of n = 3 to 6 (lower carbon
chain length) do not have sufficient flexibility for ther-
mal stability of the samples and unambiguously storing
thermal energy over the entire liquid crystal cell. The
homologues series n = 7 to 10 and 12 which contain lar-
ger alkyloxy chain have shown smectic C mesomorphism
with broader mesomorphic range. The chain length is
influencing the stabilization of the mesophases. The homo-
logue with a larger alkyloxy chain (12 carbon atoms) is
the unique derivative which displays Smectic C phase
with an extra broad range mesomorphic behaviour of
20°C relative to the same compound in planar alignment.
Perhaps, the length of the terminal chain might increase
of the complex flexibility which in turn influences the
interactions are an influence on mesophase arrangement
to favour the formation of smectic phase [22].
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Table 1. Textures and Phase transition temperatures of homeotropically aligned p,n-alkyloxybenzoic acid (nOBA) mesogens.

Phase transition temperatures

Compound Phase(s) C)

nOBA where n = POM Legendre moments
3 N 163 - 140.5 (154 - 145) 166 - 144
4 N 172 - 145 (160 - 147) 174 - 148
5 N 161.5- 118 (151 - 124) 162 - 120
6 N 158.5 - 98.8 (154 - 106) 160 - 100
7 N-Sc 157 - 102 - 88 (146 - 98 - 92) 158 - 101.5-92.6
8 N-Sc  148-97.5-95 (147 - 108 - 101) 152-97.4-94.8
9 N-Sc  145-1145-85(143- 117 - 94) 138-115-83
10 N-Sc 138 -117-96 (142 - 122 - 97) 140 - 114.8 - 99.7
12 N-Sc 139 - 129 - 88 (137 - 129 - 95) 140 - 129.88

“The bracket () is the literature work done in planar alignment by Robert Pavlis [21]. (SmC-SmecticC, N-Nematic).

5. Conclusion

The radiated intensities from the optical textures of sam-
ples exhibit apparent variations as a function of tempera-
ture. Therefore immense useful information extracted
from textures would deal with the phases and transition
temperatures of liquid crystals by applying the image
analysis technique and it is proved as a sophisticated and
efficient method. The Legendre moments i.e., the poly-
nomial statistical measure of the optical texture used to
determine the phase transitions in response to tempera-
ture has in fact considered the radiation intensities (gray
level) recorded in the three spectral bands at respective
pixels. The scale range applied for Legendre moments
while drawing the plots is a testimony for showing the
high precision variations in the data. Thermo dynamical
parameters which are the properties used in DSC, DTA
to measure the phase transitions of the samples are not
sensitive like parameters measured from optical intensi-
ties.
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