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Abstract: Computational modeling has provided a comprehensive understanding of a series of liquid
crystalline materials. The findings were additionally compared to the experimental values reported for
certain compounds in the series. The research simulates various physical properties such as transition
temperature, order parameter, Van der Waals potential, pair energy, specific heat, and pair correlation
function. Examining these properties aims to comprehend the importance of carbon atoms and their
interactions, both within and between molecules, which ultimately contribute to the manifestation of
mesophase behavior. This study utilizes the molecular dynamics method as a means to explore the
liquid crystalline properties. The primary objective is to uncover the range and nature of the mesophase
exhibited by these compounds. The results obtained thus far strongly support this research direction,
and knowledge of these compounds finds applications in sensitive nucleic acid detection, label-free
protein analysis, and the development of biocompatible sensors for real-time cellular monitoring.
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1. Introduction

Liquid crystals, discovered in the 19" century, have fascinated researchers, leading to
extensive scientific exploration into the mechanisms underlying the mesophase phenomenon.
[1-4]. The mesophase can be observed through temperature changes (thermotropic phase) and
variations in solvent, adding to its intrigue [5]. Liquid crystals manifest in diverse realms,
including plants, DNA molecules, cellulose, and other life science materials, showcasing their
widespread presence in nature. Particularly noteworthy are certain mesogenic organic
compounds that play a vital role in liquid crystalline displays (LCD) commonly encountered
in everyday life [6]. Their essential application in LCD technology underscores the practical
significance of studying liquid crystals [7-11]. Luckhurst's work on intermolecular forces in
liquid crystals provides valuable insights into the molecular theories of Nematics [12],
particularly focusing on long-range anisotropic intermolecular potentials. This research is
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instrumental in understanding liquid crystals' fundamental behavior and properties. Monte
Carlo simulations [13] have emerged as a powerful tool for studying phase transitions in
confined mesogenic fluids, offering significant insights into how liquid crystals behave under
constrained movement and in diverse environments [14]. Molecular dynamic calculations have
also been crucial in determining the Frank elastic constants in nematic liquid crystals, providing
essential information about their mechanical properties and behavior. In another notable study,
molecular simulations have been utilized to explore the complex interactions between
nanoparticles and liquid crystals [15], specifically investigating the entangled defect structures
that form around nanoparticles in nematic liquid crystals [16,17]. This research deepens our
understanding of these interactions, with potential applications in areas like nanotechnology
and materials science. The ongoing advancements in liquid crystal research promise exciting
developments and applications in various fields [18-19], making it an intriguing time to delve
into the world of liquid crystals. The following materials have been considered for these
investigations [20-21]. The structural composition of Alkyl Azoxybenzenes is shown in Figure
1.
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Figure 1. Structural Composition of Alkyl Azoxybenzenes.

p-azoxybenzene (n=0), No mesophase and crystal structure data has been reported [21], 4,4 -di-2-alkyl azoxy
benzenez (n=2), Cryst-nematic (18°C), Nematic- ISO (27°C), 4, 4 -di-3-alkyl azoxy benzene (n=3), Nematic- ISO
(60°C), 4, 4" -di-4-alkyl azoxy benzene (n=4), Cryst-nematic (18°C), Nematic-1SO, (27°C), 4, 4°-di-5-alkyl azoxy
benzene (n=5), Cryst-nematic (22°C) Nematic — ISO, (72°C, MP 18°C), 4, 4 -di-6-alkyl azoxybenzene (n=6),
Cryst-nematic (21°C) Nematic- 1SO, 49°C, MP 22°C, MP), 4, 4" -di-7alkyl azoxy benzene (n=7). Cryst-nematic
(34.5°C) Nematic ISO, 71°C, MP 21°C.

The study aims to understand why some compounds in a homologous series exhibit
mesophase while others do not. By analyzing intra and intermolecular potentials alongside
order parameters, we aim to uncover the reasons for this variability in mesophase behavior.
Additionally, we are interested in exploring the diversity of mesophases observed within the
series. This involves examining potential energy contributions from different bond lengths,
angles, and dihedral distributions. Ultimately, our goal is to identify the key parameters
influencing mesophase behavior in these compounds, leading to valuable insights into their
fundamental properties.

2. Materials and Methods

The investigation involved molecular systems with a significant number of atoms using
the Dreiding potential for the united atom model and the interatomic force field. The strain
rates varied widely, enabling a thorough exploration of molecular behavior under different
conditions [22-24]. The LigParGen website by the Jorgensen group was utilized for this
research, providing tailored force field parameters for organic molecules [25-27]. The
simulations were performed using LAMMPS with an optimized input script for efficiency and
parallelization, ensuring effective simulations of molecular systems. The simulations spanned
temperatures from 300 to 600 K, exploring properties and behavior across different thermal
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conditions. Microstructure metrics such as bond lengths, angles, and dihedral angles were
calculated, offering insights into molecular structure and conformational changes.
Thermodynamic properties like total energy, pressure, volume, density, enthalpy, and Van der
Waals energy were monitored as functions of temperature, providing valuable information
about system behavior, stability, and intermolecular interactions. In summary, combining the
united atom model, interatomic force field, LigParGen, LAMMPS simulations [28], and the
analysis of microstructure metrics and thermodynamic properties offers a robust framework
for investigating the molecular systems under examination.

3. Results and Discussion

3.1. Stress-strain-behavior.

The stress-strain behavior is pivotal in materials demonstrating a mesophase [25,29,30].
In this study, we have plotted the isothermal stress-strain curves at 100 K, utilizing a strain rate
of 10'%s72, for all seven members of the homologous series. Figure 2 displays these curves. For
a deeper dive into the computational aspects, the LAMMPS manual offers valuable guidance.
The flowchart of our simulations, depicted in Flowchart 1, serves as a helpful visual depiction
of the workflow and stages encompassed in our research.

Start

(Using Jorgensen group methods to draw a
molecule and create force field
parameters and a .pdb file. )

Using VMD and .pdb file to generate a
.data file

1
Use VMD and PDF file to create pair
correlation function for carbon-carbon

atoms
i

Create lammps.in script

i

Execute simulation with .data and
lammps.in script

Flowchart 1. Flowchart for simulation of organic molecules.

The stress-strain curve displays a single regime of elasticity followed by a decrease,
indicating a softening behavior like observations in various polymers [24, 29]. As the chain
length increases, there is a general decrease in stress/strain values, although it alternates with
several carbon atoms for each stress/strain ratio. These oscillations arise due to minor
temperature fluctuations, approximately 10 percent of the mean value. These findings enhance
our understanding of the relationship between structure and mechanical behavior in materials
exhibiting a mesophase.
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Figure 2. Stress-strain behavior in seven compounds of homologous series.
3.2. Pair distribution function.

The Pair Distribution function (PDF) is normally given by
1 dn(r,r+dr) (1)

g(T) = ; dv(r,r+dr)

In this study, we used the radial distribution function (RDF) to analyze particle
distribution around a selected molecule. The RDF results obtained at room temperature (300
K), depicted in Figure 3, show peaks corresponding to different shells of neighboring particles.
Notably, the first peak in the RDF curve signifies the number density of the first nearest
neighbors, indicating closely positioned neighboring particles around the chosen molecule.
Additionally, the extended ordering up to third-order nearest neighbors is influenced by inter-
and intra-molecular interactions, offering valuable insights into particle arrangement within the
homologous series.
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Figure 3. Pair distribution function in seven compounds of homologous series.
3.3. Total lattice energy and order parameter variation with temperature.

In this investigation, we computed the order parameter, total energy, bonding energy,
bond angle energy, and dihedral energy across various temperature ranges. Figure 4
comprehensively compares these energies between n =0 and n = 7 in the homologous series.
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Figure 4. For n=0, (a) pair energy; (b) bond energy; (c) angle energy; (d) dihedral energy and n=7; (e) pair
energy; (f) bond energy; (g) angle energy; (h) dihedral energy computed. Colors indicate higher and lower
values.
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It's intriguing to note a gradual increase in all energies as the number of carbon atoms
in the end chain increases on either side of the bridge group. This suggests that bonding, bond
angles, and dihedral angles contribute more energy as the carbon chain lengthens. Particularly
significant changes are observed in dihedral energy as the chain length increases, highlighting
the crucial role of dihedral angles in determining system energy.

Statistically, one can define the orientational order parameter as

=, 1 f_+1[3x2—1]P(x)dx
p2= 2 . f_JrllP(x)dx (2)

The distribution function P(x), where x = cos 0, quantitatively describes the orientation
of molecules in a liquid crystalline phase within a specified volume [30-32]. In a nematic phase
characterized by perfect alignment along specific directions, the measure attains a value of one,
contrasting with the isotropic phase, where it equals zero. Following P.G. de Gennes and a
corresponding theoretical model [31,32], the higher-order parameter is expressed as:

_ 1 7] [34x*-30x2+3]P(x)dx
8 7 P(xax

P4

©)

The equations provided are,

P(x) = e% 4)

Here ET denotes lattice energy, which is determined using LAMMPS [33,34].

Moreover, these energy variations are influenced by temperature, with noticeable
differences at higher temperatures. Notably, the absence of a decrease in dihedral energy at 250
K indicates a single coupled deformation mode in this system. This insight provides valuable
information on deformation modes and associated energy changes in the molecules of the
homologous series. Our study illuminates the system's underlying energy contributions and
deformation behaviors by analyzing these energy components' temperature and chain length
variations. These findings enhance our understanding of molecular dynamics and structural
properties contributing to the mesophase in these compounds.

3.4. Heat capacity.

We determined the heat capacity by fitting a linear curve to the temperature-dependent
total energy data. Table 1 showcases the resulting heat capacity values alongside other pertinent
physical parameters.

Table 1. Computed heat capacity values. Cv in Kcal/mol/K; E-1: pair energy; E-2 Enthalpy; E-3: dihedral
energy; M1=Mean; M2:min; M3:max; all energies are in units of Kcals/mol.

N Cv E-1 E-2 E-3

M1 M2 M3 M1 M2 M3 M1 M2 M3
0 0.11 -1.05 -2.49 0.45 2229 151.7 340.6 495 47.7 51.6
2 0.24 -12.02 -22.12 | -1.76 168.4 66.2 308.3 63.9 62.3 65.6
3 0.22 -42.27 -59.30 | -8.28 186.6 53.7 319.1 70.1 68.7 715
4 0.30 -13.25 -27.56 | -6.96 218.7 91.6 334.8 76.5 74.9 78.6
5 0.30 -11.91 -19.47 | -6.47 230.8 84.7 374.2 83.9 82.3 85.4
6 0.42 -26.06 -60.19 | -7.57 272.6 143.3 522.6 915 89.6 94.0
7 0.39 -15.46 -24.15 | -8.47 292.3 129.5 465.8 99.2 97.7 101.1
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Observing Table 1, it's clear that the heat capacity rises with an increasing number of
carbon atoms, a trend mirrored in the average enthalpy and dihedral energies illustrated in
Figure 5. These trends can be explained by the heightened intermolecular and intramolecular
interactions that arise with longer carbon chains. These interactions lead to diverse molecular
arrangements, thus contributing to the formation of various mesophases. These physical factors
play a critical role in shaping the observed mesophase formations.
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Figure 5. Variation of odd-even effect in homologous series, and variation of enthalpy and VVan der Waals
potential with number of carbon atoms.

3.5. Functional data analysis of parameters.

Functional Data Analysis (FDA) is a statistical branch focusing on analyzing data
represented as functions or curves, first introduced by Dalzell and Ramsay in 1991. It explores
the distribution of functional data, relationships between functional random variables, and
more, utilizing information on derivative rates for insights [35]. FDA involves analyzing
slopes, curves, and other characteristics made accessible due to inherent smoothness, aiding in
multiple perspectives of data examination. Its key aspects include choosing a smoothing
strategy, data reduction, grouping modification, functional linear modeling, and predictive
methods. Despite the complexity often associated with functional data, FDA allows for easy
identification of quantity, frequency, and trends, treating each replication as a single
observation in data analysis.

Our study recognizes that quantifying correlations and dependencies between
parameters may not offer a comprehensive understanding of how an increase in carbon atoms
and chain length affects mesophase formation. To address this, we have implemented
univariate Functional Principal Component Analysis (FPCA) [35]. Let the value of 6 observed
for a j™ sample on the i™ trial be represented as

0 = 0;(t;) + ei; = u (t;) + Z & Pre (L) +E;;
=1

~ p(ti;) + Thoy & P (tij) +€55 (5)
Where €;; are random experimental errors. The mean function for the parameter is then
estimated by solving the optimization problem.

i(t): = argmin ¢ep 2 Z]n_l (eij -f('tij)))2 +A fﬂé;o (£ (£)?2dt, (6)
i=1 =1

Our data analysis specifically considers the orientational order and total energy at the
reported experimental transition temperature [36]. This approach allows us to observe
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correlations among homologous members and within the parameters. To visually represent
these correlations, Figure 6 showcases correlation surfaces and mean value functions for the
order parameter and pair energy parameters [37]. These correlation surfaces signify the
existence of multiple principal components and correlations among the parameters.
Understanding these correlations is crucial as it offers insights into the interplay between
different parameters and their collective impact on mesophase formation.
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Figure 6. Correlation surface for orientational order parameter and air energy for homologous series (a)

Correlation surface for P2; (b) Mean value of P2; (c) Correlation surface for pair energy; (d) mean value of pair
energy (t=1 corresponds to p-azoxybenzene).

4. Conclusions

Based on the molecular dynamics study on the homologous series of alkyl-azoxy
benzene compounds, several noteworthy outcomes have emerged: The stress-strain behavior
across all series members remains linear, indicating consistent mechanical response under
varying temperatures. At higher strain rates, an odd-even effect is observed in stress variations
with the number of carbon atoms, highlighting structural influences on mechanical properties.
Pair energy, bond energy, angle energy, and dihedral energy exhibit similar trends across all
series members, suggesting uniformity in molecular interactions. For n=0, the pair correlation
function indicates significant ordering in the first and second-order nearest neighbors,
diminishing with increasing carbon atoms. The orientational order parameter P2 for n=0 aligns
with Maier-Saupe criteria, ranging from 0.4 to 0.63, with higher values indicating a smectic
phase presence. The presence or absence of a mesophase hinges on molecular structure, steric
effects, and intermolecular interactions, showcasing the complex determinants of mesophase
behavior. Heat capacity (Cv) increases with the number of carbon atoms, consistent with
reasonably ordered phases, except for n=7, where the coiling of end chains leads to a decrease.
Experimental observations of the odd-even effect in the orientational order parameter at
transition temperatures support Maier-Saupe theory predictions, reinforcing correlations within
the homologous series. Pair energy and Van der Waals potential variations with carbon atoms
provide additional support for observed phenomena. Correlation analysis reveals strong
relationships between order parameters and series members, indicating the influence of
molecular interactions on mesophase characteristics.
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In bioinformatics, liquid crystalline materials advance nucleic acid detection, label-

free protein analysis, and real-time cellular monitoring, offering innovative solutions in
molecular and cellular biology applications.
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