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ABSTRACT

In this paper, the self-assembling nature of nano-doped liquid crystals is characterized using different techniques.
Liquid crystals, namely 4, n-alkoxybenzoic acid (nOBA, where n = 7,8), doped with magnetic nanoparticles (Fe3O4
of size 20nm) are considered for the present study. The structural and morphological properties of nano-doped liquid
crystals are determined by the techniques of X-ray diffraction and Scanning Electron Microscopy. Morphological
properties like grains, grain boundaries, and crystal defects are elucidated using the scanning electron microscope
technique. Structural properties such as crystal structure, grain size, inter-atomic spacing, lattice constant, and
dislocation density are determined using X-ray diffraction studies. The characteristics measured from the X-ray
diffraction studies are correlated using the statistical analysis of Scanning electron microscope images. This is an
objective analysis of X-ray diffraction studies. In addition to these techniques, colorimetric studies of optical
anisotropic liquid crystals are carried out by measuring the chromaticity coordinates and color purity. This study
utilizes the polarizing optical microscope technique. Furthermore, the influence of nano dopants on the
characteristics of liquid crystals with carbon chain length is also discussed.

Keywords: Liquid Crystals, Nanoparticles, X-ray diffraction, Scanning Electron Microscope, Polarizing Optical
Microscope.
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INTRODUCTION
Recent research has shown a rapid expansion in the field of liquid crystal nanocomposites, as it offers
great potential for designing and developing novel materials for a variety of applications.!* The process
of doping various nanomaterials onto liquid crystal samples is highly efficient and results in the formation
of diverse liquid crystal nano composites. The self-assembled nature of these liquid crystal
nanocomposites controls the structural and physical properties of materials and improves material
performance for device applications. Carbon nanotubes and graphene flakes form long-range orientational
ordered structures and modify the liquid crystals (LCs) optical, electro-optical, and dielectric anisotropies,
which will be useful for the development of devices in electronics, optoelectronics, fabricating
electromechanically coupled devices, etc.*® Metal oxide dopants have received significant attention
among various nanoparticle dopants due to their ability to adopt versatile structural geometries. This
characteristic makes them valuable tools in the development of novel materials.”® Thus, incorporating
liquid crystalline compounds into metal oxide nanoparticles enhances the efficacy of the liquid crystalline
material and expands its potential uses in optical information processing systems, display technology,
microscopy, biology, drug design, and medicine.”'*Current research utilizes 20nm magnetic nanoparticles
(Fe304) as dopants, while 4, n-alkoxybenzoic acids (nOBA, where n = 7,8) have been employed as the
base mesogenic material. For a long time, nOBA liquid crystal compounds have been utilized as building
blocks for other liquid crystalline compounds, but a relatively small number of studies on the dispersion
of nanoparticles in 4, n-alkoxybenzoic acids have been reported. Here, the self-assembling nature of
magnetic nanoparticles (Fe3O4) with nOBA liquid crystals forms the supramolecular nanocomposites,
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which are abbreviated as NnOBA (where n = 7, 8). The type and extent of interaction between the guest
magnetic nanoparticles (Fe;Os4) and nOBA affect the morphological, structural, and physical
characteristics of liquid crystals.'*!>Such properties are characterized using different experimental and
computational techniques. Structural characterization of liquid crystals is done using X-ray diffraction
analysis, and morphological characterization is done using scanning electron microscopy (SEM).
Morphological properties like grains, grain boundaries, and crystal defects are elucidated using the SEM
technique.'®!” Structural properties such as crystal structure, grain size, inter-atomic spacing, lattice
constant, and dislocation density are measured using X-ray diffraction studies.'®!® The characteristics
measured from the X-ray diffraction studies are correlated using the statistical analysis of scanning
electron microscope images. This is an objective analysis of X-ray diffraction studies. The correlation
study is done by means of computing some statistical parameters from SEM image data or intensity
values. Such statistical parameters include Homogeneity and edge density. They are computed on the
MATLAB platform.?**'In addition to these techniques, colorimetric studies of optical anisotropic liquid
crystals are carried out by measuring the chromaticity coordinates and color purity of samples. This was
done using the polarizing optical microscope technique. Chromacity coordinates give information about
the color or wavelength of light being absorbed, transmitted, or emitted when a sample undergoes any
chemical reaction or change.?** Generally, this kind of characterization can be done using the UV-visible
Spectrophotometric technique and the photo luminance technique.?*? But in the case of liquid crystals,
due to their high optical anisotropy, the changes in color intensity values or wavelengths of light being
absorbed or transmitted can be observed using the polarizing optical microscope technique. These
observations can be recorded as beautiful textures as a function of temperature. Therefore, the
chromaticity coordinates and color purity of the liquid crystals and their nanocomposites are computed
from the optical textures of the liquid crystals and will be used for the colorimetric study of samples. The
obtained chromaticity coordinates and color purity will be compared with the standard chromaticity
diagram ?>%326
EXPERIMENTAL

Sigma-Aldrich laboratories in the USA provided us with the necessary chemical ingredients for our study.
These included 4, n-alkoxy benzoic acid (nOBA, where n=7,8) and Ferric oxide (Fe304) nanoparticles.
The magnetite (Fe3Os) nanoparticles had a size of 20 nm and were used at a weight percentage of 0.5%
for doping purposes. The magnetite nanoparticles were added to the isotropic liquid phase of our liquid
crystal material, which consisted of 4, n- alkoxy benzoic acid. This mixture was then continuously stirred
for approximately 3 hours. After cooling, we were left with nano-doped forms of 4, n-alkoxybenzoic
acids (nOBA), which were then thoroughly studied in our research. The powder samples were subjected
to X-ray diffraction analysis using a Powder X-ray diffractometer, Bruker, and D8 Advanced model. The
resulting images were captured in grayscale with a resolution of 519 x 268 and intensity values ranging
from 0 to 255 for subsequent analysis. This analysis was performed through the use of MATLAB
(R2013) software, running on a P5 1.6GHz computer with 2GB of RAM, as detailed in references.?%?!
The methods utilized in this investigation are described in the following section. Colorimetric studies
were conducted using optical texture images acquired from an SD-Tech polarizing optical microscope
equipped with a hot stage and camera attachment.?’

Theoretical Considerations

SEM and X-ray diffraction analysis are the two primary tasks involved in the characterization of newly
synthesized nanostructure materials. SEM analysis gives information about the morphological qualities of
the materials while X-ray diffraction analysis gives structural information. Colorimetric studies give
information about the color response of the materials.

Computation of Statistical Parameters from Sem Images

Important characteristics for the correlation investigations of SEM with X-rd are the intensity values of
grain and grain boundaries in the SEM images. Here, by examining the grains and grain boundaries in
SEM images, statistical parameters are derived from the grey-level intensity values of the images. A set of
statistical parameters was derived from this study by looking at the features at each pixel in the image.*® !
S (m, n) is an SEM image with the horizontal and vertical coordinates of m and n. It is a two-dimensional
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function with x pixels in the vertical direction and y pixels in the horizontal direction. The formula for the
total number of pixels is (x*y = N), and the following describes the statistical characteristics.

Homogeneity Measurement

The degree of uniformity, or closeness, between the values in the image's distribution is measured by
homogeneity. Only a small range of grey levels, but a reasonably high probability (P(m, n)), are present in
homogeneous textures. As a result, the square will be large. Homogeneity takes into account the
likelihood that intensity-value pairings may occur.

Homogeneity = ZX: 2 (P(m,n))’ (1)

m=1 n=1
In this case, the image's grey-level co-occurrence matrix is used to measure homogeneity. The
associations between a pixel's intensity and its surrounding pixels are represented by the GLCM's
elements 202128

Edge Density Measurement
Edge density quantifies the gradient magnitude of edges throughout a neighborhood, while edges
themselves are the discontinuity in the intensity values. As defined in*’,
w
Edgedensiy = ZT (2)

Where N is the total number of pixels (width * height) and W is the number of white pixels.

Calculation of Structural Parameters from XRD Patterns
By utilizing X-ray diffraction peaks, the following structural parameters of crystalline solids can be
measured. 8193031

Grain Size
The Scherrer formula is used to determine the grain size (D).

0.944
D=— 3)
fcosf
Where ) is the Bragg angle, B is the FWHM, and 1.5406 A° is the utilized X-ray wavelength.

Lattice Constant
The following formula was used to determine the lattice constant.

a=dVh* +k*+I* (4)

"a" is the lattice constant, "4, k, and /" are Miller indices, and "d" is the interplanar distance.

Dislocation Density
The length of the dislocation lines or the number of dislocations per unit volume of the crystal is
measured by the dislocation density (), which was computed using the equation.

1
3 ®
Here, grain size D is determined using the Sherrer formula.
The defined parameters are very responsive to variations in the morphological and structural attributes.

Colorimetric Studies

Chromacity coordinates and Color purity are the important parameters for the colorimetric study of liquid
crystal samples. The CIE convention states that the amount of light that is continuously transmitted or
reflected from a surface is represented by the parameter called color purity, and the color impression of
the object in human vision is described by the parameter called chromaticity coordinates. The tristimulus
values of the image are used for determining the chromaticity coordinates of any color image, including
liquid crystal textures. i.e., from the R, G, and B main color components. They are the ratio of one
tristimulus over the sum of all three tristimulus values. They are defined as follows:>33
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Chromacity coordinates (x,y)
R G
x= $y= : (6)
R+G+B R+G+B
Where the monochromatic picture planes (R, G, and B) are derived from the RGB color image. Three

colors are added together to provide the majority of the visible spectrum's colors. The equation provides
the color purity based on these coordinates.?>

Je-x ) +(y-y,)

\/(xd ~x) + (v, )
Where the CIE chromaticity coordinates of the sample, white illumination, and dominant wavelength are
shown, respectively, by (x, y), (x; i), and (x4, y4). The parameters that have been established exhibit
sensitivity to variations in the textural characteristics of liquid crystals in relation to temperature and
wavelength. Here also, the computational tool MATLAB is used to compute chromaticity coordinates and
color purity.

color purity = *100% (7

RESULTS AND DISCUSSION
The structural, morphological, and colorimetric studies of supramolecular nanocomposites such as
magnetic nanoparticles (Fe3;Os) doped with 4, n alkoxy benzoic acids (NnOBA, where n=7,8) are
characterized using X-rd, SEM, and POM techniques.

SEM Analysis

The recorded scanning electron microscopic images of nano-doped liquid crystal NnOBA (where n=7,8)
are shown in Fig.-1. Utilizing these observed data, the surface morphology of the nano systems is
investigated.

; 797 ®)
Fig.-1: SEM Images of Liquid Crystal Nanocomposites (a)N7OBA; (b)NSOBA

From Fig.-1, it was evident that there are spherical grains and traces of empty sites in nano-doped liquid
crystals. Fe;O4 doping changes the liquid crystal's surface and creates a densely packed structure with
distinct grains and grain boundaries. This allows variations in the molecular alignment, which leads to the
formation of new phases in nano-doped systems from pure compounds. Statistical analysis of these SEM
images also provides information about the morphology of nano-doped liquid crystals. This was done by
computing the parameters: edge density and homogeneity. Homogeneity measures the surface uniformity,
and edge density measures the discontinuities in the intensity values due to the grin boundaries. These
parameters are measured from the spatial distribution of gray-level intensities of SEM images obtained
due to electron transmission and reflections. These electron transmissions and reflections are related to
the structural properties of liquid crystals. Homogeneity and Edge density of the SEM images are
computed using Egs. (1, 2). The obtained values of nano-doped liquid crystals are given in Table-1.

Doping of Fe;04 nanoparticles modifies the surface of the liquid crystal material and leads to variations in
the transmitted intensity values of SEM images. From Table-1, it was observed that the liquid crystal
nanocomposites NSOBA have a low value of homogeneity compared to N7OBA. The density of the
liquid crystal molecules at the surface and the length of the alkoxy chain could be the cause of this. For
the nano system N8OBA, the long liquid crystal molecules that connect the various grain sizes and grain
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boundaries form a tight packing structure that produces high surface roughness and with different gray
level intensity values.
Table-1: Statistical Parameters Computed from the SEM Images of NnOBA (where n=7,8)

Compound edge density Homogeneity
N70BA 0.231 0.850
NSOBA 0.246 0.789

Edge density is another significant statistical metric that is used to examine the morphological
characteristics of SEM images of nano systems. All those edges are breaks in the intensity values, which
are referred to as defects. The gradient of the edges that are defined by the grain boundaries is all that
makes up edge density. Higher or lower edge densities result from discontinuities in intensity values
caused by surface recombination of distinct grains and grain borders caused by doping. This allows for
structural defects in liquid crystals. Here, doping of Fe;Os modifies the alignment of molecules at the
surface of the liquid crystal material and results in some discontinuities in the intensity values. This can
be observed as the induction of new phases in nano-doped liquid crystals from pure compounds using
Polarizing optical Microscope (POM). The discontinuities in the intensity values are reduced, and the
edge density is lowered by surface recombination with large sized grains and grain boundaries. Here,
liquid crystal nanocomposites NSOBA have a high value of edge density compared to N70BA.

X-Ray Diffraction Studies of Noba, Innova

Structural parameters of pure 4, n alkoxy benzoic acids (nOBA) and (Fe3;O4) doped 4, n alkoxy benzoic
acids (NnOBA, where n = 7, 8,) are studied from the X-ray diffraction patterns. The representative X-ray
diffraction pattern of 7OBA and its nanocomposites, N70OBAis shown in Fig.-2.
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Fig.-2: X-ray Diffraction Patterns of (a) Pure 7OBA and (b) Fe304sDoped 70BA (N70BA)

According to X-ray diffraction studies, the molecules in the nOBA (where n = 7,8) liquid crystals have a
structural symmetry of monoclinic with diffraction peaks at values of 14.91° 15.997° for 70BA, and
14.77°,16.29° for 8OBA. They were indexed as (1 1 0), and (0 1 1) planes.*® Further, no significant peaks
have been identified. Similarly, the molecules in the NnOBA liquid crystals also have the same structural
symmetry as monoclinic, with slight shifts in diffraction peaks at values of 14.953° 16.018° for
N70BA, 14.8° 16.80° for NSOBA, and were indexed the same as nOBA planes (1 1 0), (0 1 1). This
suggests that both pure and nano systems exhibit the same structural symmetry and preferential
orientation along the (1 1 0) and (0 1 1) directions even after doping. However, the intensities of the high
diffraction peaks are observed with decreasing intensity compared to the nOBA. This right-hand side shift
of the Bragg angle and decreasing intensity of diffraction peaks demonstrate that the incorporation of
Fes;04 dopants in the nOBA causes the lattice strain and some orientational defects in the molecular
structure. This was confirmed by the thermal analysis technique for liquid crystals.?* 3> The defined
structural parameters of pure and nano-doped liquid crystalline systems are measured from Eqs: 3-5 and
are tabulated in Table-2.
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Table-2: Structural Parameters Calculated for h k 1 Planes (1 1 0), (0 1 1) from the X-rd Patterns ofPure
nOBA and Fe3;04Doped nOBA (NnOBA, Where n=7,8) (0 1 1) plane

Structural parameters 70BA N70BA 8OBA N8OBA
Grain size(nm) 631 489 213 206
interatomic spacings (A°) 5.92(5.53) 5.91(5.52) 6.0(5.43) 5.9(5.26)
lattice parameter 8.372(7.82) | 8.37(7.80) 8.5(7.67) 8.45(7.43)
dislocation density*10!? 2.7(0.418) 4.1(0.94) 21.6(2.61) 23.4(3.33)

Table-2 gives the structural parameters of pure (nOBA) and nano-doped liquid crystals (NnOBA, where n
=7, 8). The grain size of nano systems: NnOBA is small compared to the pure compounds. The grain
sizes for NnOBA (where n = 7, 8) is 489nm,206 nm, and for pure compounds (7OBA and 80OBA), they
are 631nm and 213nm. The doping of Fe3;O4 in nOBA results in a notable difference in the grain size of
pure and nanocomposite liquid crystals. Generally speaking, tiny grain size results in reduced surface
smoothness for the materials, increasing material efficiency. Parameters such as interatomic spacing and
lattice parameters of nano-doped liquid crystals (NnOBA) are lower than those of pure compounds
(nOBA). The doping of Fe3O4 nanoparticles causes a decrease in interatomic spacing, which accounts for
the modest contraction of the lattice parameter in pure liquid crystals. However, the values of the lattice
parameter and inter-atomic spacing for the nano system NSOBA were small compared to N7OBA. This
may be due to the length of the alkoxy chain and the density of the liquid crystal molecules at the surface.
The presence of nano dopant at the surface of the liquid crystals has the ability to enhance the stability of
the lattice. The same can be observed for the compounds with increasing chain lengths (n = 7,8). Another
parameter called dislocation density is high for liquid crystal nanocomposites compared to pure
compounds. This is because strong H-bonding between the molecules of 4, n-alkoxybenzoic acid creates
an obstacle to the appropriate dispersion of nanoparticles and permits a greater number of dislocation
lines in liquid crystal composites. This leads to a high value of dislocation density. The structural
parameters, dislocation density, and grain size, more closely resemble and correlate to the statistical
parameters of SEM images. Such parameters include edge density and homogeneity. In SEM analysis
edge density is nothing but the discontinuity in the intensity values due to the surface modification, and in
X-rd studies, dislocations are structural defects due to the surface modification by doping or dispersion of
nanoparticle. Here, both parameters relate to the defects in liquid crystals. The structural and statistical
parameters of the nano-doped liquid crystals are plotted as a function of carbon chain length and are
shown in Fig.-3.
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Fig.-3: Statistical Parameter Vs Structural Parameter

Grain size and homogeneity are another set of correlation parameters for statistical analysis (SEM and X-
RD). If the grain size is small, it gives a high surface roughness to the liquid crystal material. Similarly, if
the homogeneity of the SEM image is lower, the intensity values allow for high surface roughness. The
above observations demonstrate that the liquid crystal nanocomposites NSOBA have significant structural
and morphological parameters compared to N7OBA.

Colorimetric Studies of nOBA and NnOBA, (where n=7,8)
Colorimetric studies of the optical anisotropic liquid crystals nOBA and NnOBA (where n = 7, 8) are
carried out by measuring the chromaticity coordinates and color purity of samples. Using POM, the
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optical anisotropy of given materials can be observed as beautiful textures, and the analysis of those
textural intensities is useful for the colorimetric studies of liquid crystals. Liquid crystals nOBA (where n
= 7, 8) exhibit the enantiotropic Smectic C and Nematic phases. The dispersion of Fe3;O4 nanoparticles
within nOBA liquid crystals yields self-assembled nanocomposites, specifically N70BA and NSOBA.
The incorporation of Fe;O4 in nOBA leads to the suppression of the smectic C phase in 70BA and
80BA, resulting in the formation of a smectic A phase in N7OBA and a cholesteric phase in NSOBA.
However, the nematic phase remains unaffected by this complexation. Fig.-4-5 displays the textures of
both pure and nanocomposite samples.

(a) (b)
Fig.-4: Nematic Phases and Smectic C Phase of nOBA (where n=7,8)

¥ e

(©) G
Fig.-5: Optical Textures of Nano Doped (Fe304)4-n-Alkoxy benzoic acid (NnOBA, where n=7,8). (a) in Crystal
Phase; (b) in Smectic A Phase; (c)in Nematic Phase of N7OBA, (d) in Crystal Phase; (e) in Cholesteric Phase; (f)in
Nematic Phase of NSOBA
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Colorimetry parameters: chromaticity coordinates and color purity of nOBA and NnOBA (where n =7, 8)
are measured from these optical textures using Eqs.6,7. The chromaticity coordinates and color purity of
the pure and nano-doped liquid crystals in the crystal phase and in liquid crystalline phases such as the
nematic, smectic A, and cholesteric phases are given in Table-3. The obtained chromaticity coordinates
are compared with the standard chromaticity diagram shown in Fig.-6.3%%

Table-3: Chromacity Coordinates of nOBA and NnOBA in Different Phases

Compounds Phase Cilromacny coor;d/mates Color purity (%)
Cr 0.3172 0.378
nOBA Sm /ch 0.442 0.475 85
N 0.36 0.39
Cr 0.31 0.39 .
N70BA Sm /ch 0.48 0.35 50
N 0.47 0.35 50
Cr 0.39 0.4 .
NSOBA Sm/ch 0.44 0.35 72
N 0.43 0.34 67

(Sm- Smectic A/C, ch-cholesteric, N-nematic, cr-crystal)

Table-3 demonstrates that color coordinates of nOBA and NnOBA (where n=7,8) in the crystalline phase
and liquid crystalline phases are transparent for all wavelengths not contained in the narrow transmission
peak for a single wavelength. The color coordinates of the crystalline phase are much closer to the white
color coordinates (0.33,0.33), which means the textures of the sample in the crystalline phase appeared as
different color composites. This was shown in the CIE 1931 chromaticity diagram in Fig.-6.

Chromacity coordinates of N7OBA

529 Choromacity coordinates of NEOBA

0.0 27
0.0 ol 03 0.4 05 0.6 07 0.8
X

(a) (b)
Fig.-6: CIE 1931 Chromaticity Diagram of Nano Doped (Fe304) 4,n-alkoxy Benzoic Acid (NnOBA),(a) for
N70BA; (b)N8OBA, (Cr — crystal; Ch: cholesteric)

The color purity of the samples is also presented in Table-3, where color purity is computed for the
mesophase of the samples nOBA and NnOBA. The chromaticity coordinates of the mesophases of the
samples (nOBA, NnOBA) are slightly nearer to the red color coordinates (0.529, 0.393).33Table-3 shows
that the color purity of the NSOBA liquid crystal in mesophases is high compared to N7OBA. However,
the color purity of nanocomposites is low compared to that of pure compounds. This is due to the fact that
doping of the Fe;O4 nanoparticles in nOBA shields the dispersive forces and affects the orientation of the
molecules at the surfaces. This reduces the birefringence (optical anisotropy) of the nanocomposites,
which causes a reduction in color purity compared to pure nOBA. This kind of nanocomposites will be
useful in other applications of liquid crystals, like healthcare and cosmetics, compared to display devices.
The findings of the investigation reveal that analyzing the effects of nano dopants on liquid crystal
properties requires a thorough examination of crystalline grain formation and grain boundaries. This can
be achieved through techniques such as SEM imaging, X-ray diffraction measurements, and colorimetric
parameters. The influence of Fe;O4 doping on structural, morphological, and colorimetric characteristics
is more significant for SOBA nanocomposites (NSOBA) compared to N7OBA.
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CONCLUSION
Using X-ray diffraction and scanning electron microscopy techniques, the structural and morphological
features of nano-doped liquid crystals, specifically 4, n-alkoxybenzoic acid (nOBA, where n = 7,8), doped
with magnetic nanoparticles (Fe3O4), were effectively examined. Nonetheless, the structural parameters of
X-ray diffraction patterns are very well acknowledged by the computed statistical parameters of SEM
images. According to the investigation's findings, the doping of Fe;O4 nanoparticles has a significant
impact on the structural and morphological characteristics of the SOBA system.
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