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Introduction

Chapter 1 Introduction

1.1 Bent-core or banana-shaped compounds - a new sub-field of liquid

crystals

Thermotropic liquid crystals are essential molecular electronic materials of the
current research due to their technological applications. From the shape of such
molecules, they were mainly classified into three types. They are rod-shaped
(calamitic), disc-shaped and banana-shaped or bent-core mesogenic molecules.
The mesophases formed by the liquid crystalline systems are strongly controlled by
molecular shape, reduced symmetry, microphase segregation, self assembly and
self-organisation. Chirality is an important phenomenon in such compounds. The
introduction of chirality into the liquid crystalline materials has led to interesting non-
linear effects like thermochromism, electroclinism, ferroelectricity, antiferroelectricity
and pyroelectricity [1-7].

One of the recent interesting kind of thermotropic liquid crystalline systems are
bent-core mesogens because these achiral molecules are able to form helical chiral
macrostructures. Due to their bent shape, the molecules can tightly pack along the
bent direction which led to a long range correlation of the lateral dipole moments and

therefore to a macroscopic polarization of the smectic layers.

®
g
R e,

Fig. 1 General structure of bent-core molecules. A: central unit, B,B’: middle

rings, C,C’: outer rings, W,X,Y,Z: connecting groups, R: terminal

chains, y: bending angle.
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In tilted smectic layers the achiral bent-core molecules can generate chiral
superstructures. Thus, polar order in the smectic layers induces the chirality. The
individual packing of the mesogenic molecules led to different symmetries like C,y,
C,, Cin and C; in their polar smectic mesophases [3-7].

The general structure of five-ring bent-core mesogenic molecules is illustrated in Fig.
1. The central unit A is mostly represented by 1,3-phenylene unit, 2,7- naphthalene
unit, 3,4’- biphenyl segments or five-membered heterocyclic rings. The connecting
groups W, X, Y and Z are often ester, azomethine and amide groups in different
orientations. Moreover, the bent-core molecules are modified by small polar
substituents at the central unit, the middle and outer rings as well as at the terminal
chains which determine significantly the mesophase behaviour of these compounds.
The bending angle y is a key parameter of banana-shaped compounds and therefore

a subject of experimental and theoretical investigations.

Vorlander who is the pioneer in the field of liquid crystals and reported about
mesogenic properties of bent-core molecules already in 1929 stating that the thermal
stability of the mesophases formed by such molecules is low compared with
corresponding rod-like molecules [8,9]. After around 60 years, Matsunaga and
coworkers revived the synthesis of bent-core molecules in 1991 [10]. But they did
not realize the physical important polar switching of these molecules. Later on
T.Niori et al. in 1996 discovered the polar switching in these molecules [11] and D.
R. Link et al. explained that the opposite tilt direction of the achiral molecules in the
smectic layers induce the opposite chirality in their adjacent smectic layers [12].
Further, D. Kruerke et al. and T.Sekine et al. have shown the spontaneous chiral
resolution in a non-tilted mesophases [13-15]. The mesogenic phases formed by
bent-core molecules were characterized by X-ray diffraction, polarizing microscope,
electrooptics and dielectric spectroscopy [3]. Thus, the polarity and chirality of
domains formed by achiral bent-core molecules made them to a new sub-field in
liquid crystal research. The possible arrangements of the bent-core molecules in the
polar smectic layers in presence of external electric field and the explanation of

chirality by bent-core molecule is illustrated in Fig. 2.
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Fig. 2
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In Fig. 2, the molecular long axis n tilts by 6 from the smectic layer normal Z because

of the existence of a third axis, i.e. bent direction b, each layer where the bent-core

molecule are closely packed with uniform bent and tilt senses, possess chirality

which is defined by
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According to the interlayer correlation of polarization which is assumed to be parallel
to b and tilt direction, the possible four states are also shown in the Fig. 2. SmCs A
Pe, o subscripts s and 4 for C indicate the synclinic and anticlinic tilt in adjacent
layers and subscripts ¢ and 4 for P indicate ferroelectric and antiferroelectric states.
In ferroelectric state polarizations in the adjacent layers are in the same direction. In
antiferroelectric state the polarizations in the adjacent layers are in the opposite
direction. Alternation of layer chirality observed in the SmCsPx and SmCAPr phases
led to the racemic layer structure. But in the SmC* and SmC,* phases formed by
chiral rod-like molecules, the polarizations and tilt directions does not correlate.
Therefore, racemic layer arrangement is not possible. Thus the polarization of the
bent-core molecules is allowing them to differ from other types of liquid crystalline

compounds.

The structure of bent-core compounds can be divided into three major parts. These
are the central unit, wings including aromatic rings, connecting groups and terminal
chains. The mesogenic properties of such compounds are mainly determined by the
central unit, number of aromatic rings in the wings, direction and nature of the
connecting groups as well as the length and type of the terminal chains. Moreover,
the role of small polar substituents in bent-core molecules is more significant than in
calamitic molecules [16-24] because the phase behavior of such molecules is more
sensitive to even small structural modifications in comparison with rod-shaped
mesogenic molecules. Therefore, it is useful to investigate structure property
relations including modifications on different parts of banana-shaped molecules by
theoretical methods.

1.2 Reports of theoretical investigations on bent-core mesogenic systems

Up to now, there are only limited theoretical studies on bent-core systems on the
atomic level. Theoretical investigations on isolated bent-core molecules are mostly
restrained on three ring systems or five-ring systems without terminal chains using
density functional theory (DFT) as well as semi-empirical methods [25-29]. The aim
of these studies mainly insisted in the investigation of the conformational properties

of the isolated bent- core molecules including significant torsion angles of the bent-
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core. Moreover, molecular statistics simulations were performed on bent-core
molecules including Monte Carlo (MC) and molecular dynamics (MD) methods.
Within the MC techniques global patterns for the shape and polarity of the molecules
were mostly used [30-41]. Recently, the results of a molecular dynamics simulation
of an isolated bent-core molecule of the five-ring 1,3-phenylene type on a water
surface using the Amber force field was published [42]. The calculations were
performed to investigate the influence of the water molecules on the conformational

behavior of the banana-shaped molecule.
1.3 Aim of this work

The main aspect of this work is the investigation of structure property relations of

bent-core compounds on the atomic level by theoretical methods.

First, ab initio and density functional methods were used to study conformational and
polar properties of the isolated molecules in a systematic way. The influence of small
substituents like F, Cl and NO; both at the central unit and at the outer phenyl rings
was studied. Moreover, the role of connecting groups like ester, azomethine and
amide segments and their orientation were investigated. Bent-core compounds with
a different central unit were included to check the function of this essential part of
the molecule. From the calculated properties of the isolated bent-core molecules like
relaxed rotational barriers, molecular lengths, and bending angles as well as electro
static potential group (ESP) charges, dipole moments and polarizabilities try to find

some relations to the mesophase behavior of the compounds.

Second, calculations on bent-core molecules formed by intermolecular hydrogen
bonds as well as on dimers with alternative orientations of the monomers were

carried out to get some hints on the stability of these systems.

Third, MD simulations both on the isolated molecule in vacuum and clusters with up
to 128 monomers were performed using the AMBER program to study the
aggregation effect in the bent-core compounds. The analysis of significant MD
parameters both for the isolated molecule and a molecule in the aggregated state

opens the possibility to study the effect of intermolecular interactions on structural



Introduction

and energetic properties of the bent-core systems. Moreover, by considering room
temperature and clearing temperatures of the compounds as well as clusters with a
different number of monomers in the MD simulations temperature and size effects
were analyzed. The pressure effect on the shape of the mesogens is considered by
including increasing pressure up to 500 bars in the MD simulations of bent-core
molecules with its corresponding linear isomer. The correlation of the MD results
with the mesophase properties of the bent-core compounds is tested to find some

insights on the phase behavior of this interesting kind of liquid crystals.
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Chapter 2 Theory and methods

In this chapter, some hints about the ab initio and density functional theories,
molecular mechanics and molecular dynamics methods were given and the analysis

of the molecular dynamics results was discussed.

2.1  Ab initio and density functional theory methods

For the calculation of the structural and energetic properties of the isolated
bent-core molecules in the ground state at first ab initio methods on the Hartree Fock
level including the procedure of the self-consistent-field (HF-SCF/STO-3G) were
used [43-53]. This method with a very small basis set was selected to handle the
relative large organic molecules with a maintainable effort especially for the rather

costly two-fold potential energy scans.

The conventional HF method is based on the first principles of quantum mechanics
and applied in the Roothaan-Hall equation [50] for the calculation of molecules.
Approximations such as time separation, Born-Oppenheimer assumption,
independent particle model, iterative SCF procedure and basis set limitations are
taken into account to reduce the effort of the method. No adjusting parameters are

necessary in this method.

The HF method starts from the electronic Schrdodinger equation given in short form in
eq. 2.1.

Ho® = Eq¥ oo, (2.1)

He is the electronic Hamiltonian operator, ¥ is the wave function and Eg is the
electronic energy of the system. Within the Born Oppenheimer approximation the
interaction of the nuclei can be considered in a separated way. The wave function ¥
for a closed shell molecular system with 2n electrons is approximated by a Slater

determinant.
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¥(1,2,......2n) = det [|d2(L)ct $1(2)B......... dn(20-1)0t Ga(2N)B|| ceoreren.. (2.2)

which is build up from the one-electron functions ¢;. The determinant function fulfills
the antisymmetry requirement on the wave function and partly includes correlation
effects. In the standard Roothaan-Hall method the one-electron functions ¢; are

described by convenient basis functions y, in the form
G=2Cri% e (2.3)

The optimal linear parameters C,j, the wave function and the energy of the system
are obtained by an iterative variation process (SCF procedure). In the
conformational analysis of molecules this procedure has to be performed in every
step of the geometry optimization to find the most stable conformers. The following
literatures give the basics of ab initio HF-SCF methods [43-53].

The investigations on the monomers were extended by DFT calculations on the
B3LYP/6-31G(d) level. The DFT method is based on the theorem of Hohenberg and
Kohn [53] that the energy of the ground state of an electronic system is completely
described by the electron density p. This means that the energy is a definite
functional of the electron density E = E[p]. The problem of the method is that the
functional is not known and there is no easy way to find it. In the last years,
especially by the works of Kohn and Sham [54], Becke, Lee, Yang and Parr [55-58],
Perdew and Wang [59,60] and others functionals were designed for the calculation
of larger molecular systems. The three parameter functional of Becke (B3) and the
gradient corrected functional of Lee, Yang and Parr (LYP) are combined in the
popular B3LYP hybrid functional to describe the exchange correlation term. The
parameters were determined by fitting to experimental data. The advantage of the
DFT method in comparison to the corresponding HF-SCF procedure is a more
complete cover of correlation effects and the good relation between effort and quality
of the results. In the past, the B3LYP functional with the standard basis set 6-31-
G(d) was successful applied for larger organic molecules as well as hydrogen bond
systems [61-63].
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Therefore, the DFT method on the B3LYP/6-31G(d) level was used for the
systematic calculations on structural and electronic properties of the isolated bent-
core molecules. Both the HF-SCF/STO-3G and the DFT calculations on the
B3LYP/6-31G(d) level were carried out by using the GAUSSIAN98 package [64] on
the SUN FIRE 6800/3800 of the computational center of the Martin-Luther-University

Halle-Wittenberg as well as on SGI workstations of our group.
2.2  Molecular mechanics and molecular dynamics procedures

Molecular mechanics or force field methods are used for the calculation of
very large systems with more than 10000 atoms in the field of material and life
sciences. The handling of such large systems is only possible by a rigorous
simplification in comparison to the ab initio and DFT methods. The force field energy
is written as a sum of terms describing the energy for distorting the molecule, the
van der Waals energy, the electrostatic energy and special additional terms by

empirical potentials [65-68].

EFF= Estr + Ebend + Etors + Evdw + Eel + Ecross + Espec

Err = Force field energy, Eq = bond stretching energy, Epens = angle stretching
energy, Ew = energy of torsional motion, E,4 = energy of the van der Waals
interactions, E¢ = energy of electrostatic term such as non bonded interactions, Ecross
= cross term which is the energy of stretch-bend terms, Es.ec = special additional
terms by empirical potential. The parameters of the potentials are adjusted by
experimental values and by results of very accurate ab initio calculations. Atoms
were modeled as mass points including a defined net charge. In the last years a
number of force fields were developed such as AMBER [69], CHARMM [70],
GROMOS [71], MM [72] and others with a special aim for their application. For the
molecular mechanics calculations on the bent core systems we have used the “gaff’
(generalized amber force field) force field in the AMBER program which is adapted

for organic molecules [73].

Molecular dynamics is a simulation of the time-dependent behaviour of a molecular

system, such as vibrational motion or Brownian motion. It requires a way to
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compute the energy of the system, most often using molecular mechanics
calculation. It includes the calculation of the so called trajectory in the following
steps. The first step is choosing the initial positions of the atoms. Second, choose
an initial set of atom velocities. Thirdly, compute the momentum of each atom from
its velocity and mass. Finally, compute the forces on each atom from the energy
expression by a molecular mechanics force field. Compute the new positions for the
atoms in a short time interval, called time step At, typically 1-10 fs by numerical

integration of Newton'’s equations
d’ri )/ dt?=m*F ... (2.5)
Fi=-ov(r,r,...tn)lori ... (2.6)

(Where the force on atom ; is denoted by F; and time is denoted by t; the potential

energy is V, r atomic coordinates, m; is the mass of the atom )

of motion using the information obtained from the previous steps and computes the
new velocities and accelerations for the atoms. The length of the time step is
restricted by the requirement that At should be small compared to the period of the
highest frequency motions being simulated. Static equilibrium quantities can be
obtained by averaging over the trajectory, which must be of sufficient length to form
a representative ensemble of the state of the system. In addition dynamic

information can be extracted [74-78].

In the simulation of a cluster of molecules, the periodic boundary conditions are
applied to minimize edge or wall effects. If the irregularity of the system is
incompatible with periodicity, edge or wall effects may be reduced by treating part of
the system as an extended wall region in which motion of the atoms is partially
restricted. Simulation of isolated molecules was carried out in vacuum that is without
any wall or boundary effects. In the vacuum boundary condition all possible

conformations of the molecules can be realized.

The MD simulations on the clusters of the molecules with 64 and 128 molecules

were carried out using periodic boundary conditions because the classical way to
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minimize edge effects in a cluster of molecular system is to use periodic boundary
conditions. The atoms of the system which is to be simulated are put into a cubic or
more generally into any periodically space-filling shaped box which is treated as if it
is surrounded by 26(3°-1°) identical translated images of itself. When an infinite
sum of the interactions is to be performed, the interactions of an atom in the central
computational box with all its periodic images are computed. In most cases this is

not desirable. The only interactions with nearest neighbors are taken into account.

The non-bonded coulomb interactions can be implemented in MD simulations by the
cutoff values. In this way, interactions between atom pairs only with a distance
shorter than a given cutoff length are considered, and effects from more distant pairs
are neglected. This cutoff treatment was tested for various systems. It has been

revealed that the cutoff approximation can severely affect their properties.

The cutoff value should be less than or equal to the half of the minimum length of the
simulation box. The SHAKE algorithm (otherwise known as the constrained Verlet
method) has been used for hydrogen and heavy atom bond lengths. Thus,
algorithms, such as SHAKE, that constrain the bonds to their equilibrium lengths are

useful in saving the computational efforts and increasing the simulation time.

2.3  Analysis of molecular dynamics results

The molecular dynamics results were analyzed by trajectories of significant torsion
angles, radial atom pair distribution functions, orientational correlation function,

diffusion coefficients and root mean square deviations plots.

2.3.1 Radial atom pair distribution function

In the condensed phase, the microscopic structure can be characterized by a set of
pair distribution functions for the atomic positions. The simplest of them is the radial
atom pair distribution function g(r). Radial distribution function can be measure
experimentally using X-ray diffraction which can be compared with that obtained

from the MD simulations.
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2.3.2 Orientational correlation function

Orientational correlation functions are another method of examining the local
structure of the isotropic state. The relative orientation of the two neighboring central
1,3-phenylene units of bent-core molecules can be described by the cosine angle
between the two bond vectors. The dependence of this angle on the distance
between the atoms C2 and C5 in the central units can be discussed in terms of the

orientational correlation function g(o).

2.3.3 Diffusion coefficient

The molecular self-diffusion coefficients are important observables to quantify the
molecular mobility which are calculated by invoking the Einstein relationship [79-80].
In which the diffusion coefficient D is related to the mean square displacement (Ar?)

in a time t by the following equation.
(Ar?y = 6Dt
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Chapter 3 Polar substituents on bent-core compounds

Introduction of small polar substituents both into the central 1,3-phenylene unit and
the external phenyl rings cause significant changes in the phase behaviour of bent-
core mesogens [3-7,16-24]. Obviously, such substitutions influence the shape,
polarity and flexibility of the molecules and cause a different aggregation of the bent-
core mesogens. In order to study the effect of substitution on the properties of bent-
core molecules in a systematic way, we have performed HF/STO-3G and DFT
B3LYP/6-31G(d) calculations on 1,3-phenylene bis [4-(4-n-
hexyloxyphenyliminomethyl) benzoates] type systems (P-6-O-PIMB).

3.1 Systems and explanations

The main structure of the considered bent-core molecules and definition of the
torsion angles with numbering of the atoms were illustrated in Fig. 3 and Table 1. In
Fig. 4, the orientation of the coordinate system is shown related to the central 1,3-
phenylene unit to define the direction of the dipole moment and its components. The
sense of direction of the dipole moment corresponds from the negative to the

positive centre of charge as generally considered.
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Fig. 3 The main structure of the considered substituted bent-core mesogens.
Table 1 Acronyms of the systems with clearing temperatures.
System R, | Re | Rs | Rg | X Y [TP°[16]
S1 | P-6-O-PIMB H H|H]| HI|H H | SmCP, 174° |
S2 | P-6-PIMB?
S3 | 4-CI-P-6-O-PIMB H Cl|H|H/|H H | sSmCP, 133°1
S4 | DCI-P-6-O-PIMB H Cl|H|CI|H H | N 148° |
S5  |DCI-P-6-O-PIMB-X-F/ H Cl|H|C|F H | smA 129° |
S6  |DCI-P-6-PIMB-X-F?
S7  |DCI-P-6-O-PIMB-Y-F H Cl|H|CI |H F I N 128° |
S8  |DCI-P-6-O-PIMB-X-Cl H Cl | H|cCl|cCI H | N 109° |
S9 |F-P-6-O-PIMB H H|F|H]|H H | smcp, 180° |
S10 |F-P-6-O-PIMB-X-F H H | F | H]|F H | smcp, 164° |
S11 |F-P-6-O-PIMB-Y-F H H|F|H]|H F | cr 144° |
S12 |NO,-P-6-O-PIMB NO, | H | H| H | H H | smcpe177° |
S13 |NO»-P-6-O-PIMB-Y-CH; | NO, | H | H | H | H | CHs | or 137° |
S14 |NO,-P-6-O-PIMB-Y-CF; | NO, | H | H | H | H | CFs | cr 140° |

2 Indicates systems with hexyl terminal chains. ® Clearing temperature for systems

with octyloxy terminal chains; Clearing temperatures in degree Celsius.
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A

Molecular long axis

\

Fig. 4 Coordinate system for the explanation of the components of the dipole

moment in 1,3-phenylene type molecules

The ESP group charges are localized at the centres of the rings as well as at the
centres of the C-O and the C=N bonds of the connecting groups, respectively. In this
way the ESP group charges and their positions are comparable in the most stable

conformers of the five-ring bent-core mesogens of the 1,3-phenylene type.

Y= (y1+v2)/2

Fig. 5 Simple model for the calculation of the bending angle y

A simple model was introduced to define the bending angle y for the five-ring
systems with a central 1,3-phenylene unit. The procedure is illustrated in Fig. 5. The

centers of the five aromatic rings are calculated for the corresponding conformers.
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From the central points of the rings BAB’ and CAC’ the angles y; and v, are obtained,
respectively. The bending angle y is indicated as the mean value of y; and y,. This
model allows a simple quantification of the bent property of conformations for such

type of banana-shaped mesogens [81].

3.2 Computational details

Ab initio and DFT calculations in the HF/STO-3G and B3LYP/6-31G(d) levels were
performed using the program package Gaussian98 [64]. For a systematic study on
the conformational behaviour of the bent-core molecules, the relaxed rotational
barriers and two-fold PES scans (Ramachandran-like plots) were calculated for
significant torsion angles of the legs (please see Fig. 3). The energetically preferred
structures were obtained by a full optimisation from different starting structures
including twisted and planar ones. The one- and two-fold PES scans were generated
by fixing the corresponding torsion angles and a complete optimisation of the other
parameters in a stepwise manner. The planar structures result from a partial
optimisation with fixed values for the relevant torsion angles. The dipole moment and
its components as well as the diagonal elements of the polarizability were calculated
for the most stable conformations and their dependency with respect to torsion angle
$1 was analyzed. A simple procedure was used for the calculation of a global pattern
of charge distribution along the legs of the molecule. The atomic net charges of a
molecule were calculated from the fit to reproduce its electrostatic potential (ESP
charges). For the phenyl rings the ESP group charges are defined by summarizing
the charges of the corresponding carbon atoms and localizing the values at the
centers of the rings. In this way, the ESP group charges and their positions are
comparable for the most stable conformations of the five-ring mesogens of the 1,3-
phenylene type.

Moreover, molecular dynamics (MD) simulations have been carried out with an
implemented AMBERY7 version using gaff force field [82]. Atomic net charges for the

molecules were adapted from the fit to reproduce electrostatic potential within
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HF/6-31G(d) level. The procedure is consistent with the defined atomic charges for
amino acid fragments in the AMBER program [83]. Classical MD simulations have
been performed on the isolated molecules in vacuum at 300 K and their clearing
temperatures with a simulation time of 1ns. A time step of 0.5 fs was used in all the
simulations and the non-bonded interactions were calculated with a cutoff radius of
10000 pm. The MD simulations on the clusters were performed with 64 monomers
using an antiferroelectric starting structure model [3] for three systems (S1, S4 and
S12). For the treatment of the clusters a total simulation time of 3 ns and a time step
of 0.5 fs were used at two different temperatures including heating phases.
Equilibration phases of 1 ns were taken into account for the analysis of the MD data
both at 300 K and at the clearing temperature. The MD simulations were carried out
with constant pressure (n, p, T) conditions. The SHAKE algorithm was used only for
hydrogen atoms. The non-bonded interactions in the clusters were calculated with a
cutoff radius of 1000 pm. The MD results were analyzed by a graphics tool
developed in our group at an Octane workstation and already utilized for mesogenic
and biochemical systems [84, 85] and the AMBER7 standard tool for MD analysis
PTRAJ. From the MD results the trajectory of the torsion angle ¢, was calculated.
The B-factor value for the connecting group atoms was considered as a good
indicator of conformational flexibility and thermal motion of the molecules [86]. The
connecting groups have a major influence on the flexibility and polarity of banana-
shaped molecules. Therefore, the B-factor values were calculated for connecting
group atoms. The histograms for the bending angle distribution were analyzed. From
the full width at half maximum (FWHM) values of the bending angle its range can be
evaluated. The molecular length was considered as core length (Lc) which is the
distance between oxygen atoms of the alkoxy groups and total length (L) is the
distance between terminal carbon atoms of the alkoxy chains. The structure
formation in the clusters can be analyzed by the calculation of radial atom pair
distribution function g(r) [79, 80, 87]. The g(r) values were related to the reference
atom C2 of the central ring. Further information on the arrangement of the
molecules in the cluster can be estimated from the evaluation of the orientation

correlation function g(o). The g(o) data are obtained from the calculation of the radial
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dependence of the absolute cosines between the vectors of the reference atoms C2
and C5 which determine the orientation of the central unit. Hints on the mobility of
the molecules in the cluster can be achieved from the calculation of the diffusion
coefficients D using the Einstein model within the molecular dynamics procedure
[79-80]. From the averaged mean square displacement (MSD) of the center of mass

<Ar*>= 6Dt the diffusion coefficients D can be obtained by a linear fit.

3.3 DFT and HF results

3.3.1 Substituents on the central unit

3.3.1.1 Planar and twisted conformations — superposition with X-ray
structure

The results of the conformational studies on the systems S1 and the 4,6-dichloro
substituted S4 are summarized in Table 2. Both the HF and the DFT methods

indicate that the twisted conformers are energetically preferred in comparison to the
Table 2 Comparison of HF and DFT results on the conformers of P-6-O-PIMB

and DCI-P-6-O-PIMB

HF ? DFT ?
System | Conformer
E, i Yy | @ D', E, i % D, @’
twisted 0 367 129 [239 [239 [0 476 121 |249 |252
S1 (-2299.1504)° (-2342.6816)"
Planar 21 4.09 118 (179 |179 |7 6.80 114 | 179 |179
twisted 0 598 126 |59 |59 0 415 115 |50 |54
(-3207.1500)" (-3261.8643)"
S4 planar 19 350 123 |0 0 11 226 125 |0 0
X-ray 2604 0.40 140 |73 |94 |2187 0.79 140 |73 |94
X-ray like® [12 090 135 |73 |94 |17 118 134 |73 |94

E,—kJmol™, - Debye,y, ®, ®'— degree, ® total energy (hartree) of the most stable
conformers in parentheses, °all torsion angles are fixed like in X-ray but bond length
and bond angles are optimised.
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planar ones by about 20 kJ mol™ (HF) and 10 kJ mol® (DFT). From X-ray
investigation of S4 in the solid state a twisted structure was also found [88]. In both
methods the relative energy of the X-ray conformer is very high. The partial
optimized conformers of S4 with fixed torsion angles as in the X-ray structure but
optimised bond lengths and angles (X-ray like conformers) are relatively stable
twisted forms 12 kJ mol™ (HF) and 17 kJ mol™ (DFT). The high relative energy of the
X-ray conformer results mainly from deviations in the bond length, especially of the
C-H bonds.

The calculations on the isolated molecules indicate the conformational flexibility of
the bent-core mesogens. The values of the dipole moment and the bending angle (y)
depend significantly on the conformers and the substituents at the central ring. It is
remarkable that the X-ray [88] and X-ray like conformers show very small dipole
moments and relatively large bending angles related to the most stable one which is
obviously caused by packing effects. This is illustrated by a superposition of the

preferred HF and DFT conformers as well as the X-ray structure in Fig. 6.

Fig. 6 Superposition of system S4 conformers related to the 1,3-phenylene

central unit (above: X-ray, middle: DFT, below: HF).
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3.3.1.2 One-fold scans

The influence of a substitution in the central 1,3-phenylene unit on the flexibility of
the isolated bent-core molecules was investigated by a systematic analysis of the
relaxed rotational barriers related to the significant torsion angles ¢, and ¢, (please
see Fig. 3). First, the relaxed rotational barrier of the leg with respect to the torsion
angle ¢; = C2-C1-0O7-C8 was calculated. The results for the unsubstituted as well as

for the dichloro- , fluoro- and nitro- substituted molecules are illustrated in Figs. 7(a)
and 8(a).

50 8
—u—S81-e-S4--4-S9--v-- S12 —a—S1l-e- S4.4.59-y- S12
40 .0
+ a ) % a T
g 30*‘-‘ . | i . /,,4,/:*/:_’ e ‘ *.
2 4 K \ ! e 44 ot i/.\l\.A A
< 204 J . ,' 3. _/ Tl Al
w \ 1/ 1 i . l/ \u
% / . i — ¢
10— ’ - y 27 T
G e L
0 *\;,, b SR N {// RS f
0 60 120 180 240 300 360 00 6b 1‘20 léO 2“10 360 360
(1 = C2-C1-07-C8 (deg)
$1 = C2-C1-07-C8 (deg)
(@) (b)
144
—=—S1--*-S4- 4S9 v--S12
1384 .
132 DO
2 A=A e
S 126 S \/:v\
N A N/
_,v/. .‘v:-v»..
1141 T T T T T
0 60 120 180 240 300 360
$1 = C2-C1-07-C8 (deg)
(c)
Fig. 7 One-fold scans (HF) related to the torsion angle ¢.. [(): relative energy

E,, (b): dipole moment y, (c): bending angle (y) ]
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Fig. 8 One-fold scans (DFT) related to the torsion angle ¢.. [(a): relative energy
E: (b): dipole moment u, (c): bending angle v, (d): polarizability oxx
(diagonal component)]

It results that a significant effect of the substitutions on the flexibility of the legs
related to the type and position of the substituents. For the molecules S1 and S9, the
barriers are generally lower than 10 kJ mol™ over the whole range of ¢; (Fig. 7a). In
the molecules S4 and S12 the rotational barriers are remarkably increased up to 60
kJ mol*(HF) and 40 kJ mol™(DFT). This is caused by a strong repulsion between

the substituents on the central phenyl ring and the adjacent carbonyl group,
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especially in conformations with ¢; = 180° (S4) and ¢; = 0° (S12). In all cases the
preferred conformers are found in ranges of ¢, from 60°-120° and 240°-300° which is

in agreement with the X-ray structure of S4 [88].

3.3.1.3 Two-fold potential energy surface scans

The strong effect of the nitro group and chlorine, fluorine substitutions on the
conformational flexibility of the bent-core legs can be also illustrated by two-fold
scans (Ramachandran-like plots) with respect to the torsion angles ¢; and ¢,'(Fig. 9).
The two-fold scan of system S3 significantly differs from S4 and S1 in global
maxima, minima and relative energy values. In summary a higher conformational
flexibility of the bent-core legs was observed in S3 than S4 except ¢,’ = 120° to 240°.
In the case of system S9, a small effect was observed in the relative energy value
which was not observed in one-fold scan. In system S12, a remarkable effect was
observed in the relative energy values which are about 10 times higher (E, max =
354 kJ mol™; please see Fig. 9) than the values of one-fold scans (E, max = 34 kJ

mol™; please see Fig. 7a).

-l

0 60 120 180 240 300 360
0 60 120 180 240 300 360 dy = C2-C1-07-C8 (deg)

b, = C2-C1-07-C8 (deg)

(s1) (S3)
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Fig. 9 Two-fold potential energy surface scans (HF) related to the torsion

angle ¢, and ¢; for five different systems.
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This follows from the significant higher values of the relative energy for the global
and local maxima in the two-fold relaxed PES scan of S3, S4 and S12. In some way

it could be a reason for the loss of B-phases in S4 in comparison to S1.

3.3.14 Dipole moments, ESP group charges and polarizabilities

The dependency of the dipole moment (1) on conformers with constraints to the
torsion angle ¢, is shown in Fig. 7b (HF) and in Fig. 8b (DFT). Within a considered
bent-core molecule the magnitude of the dipole moment varies of about 1-3 Debye
related to the torsion angle ¢;. The curves show the common trend in the dipole
moment w: S12 < S1 < S9 < S4 (Fig. 7b). The sequence is also supported by the
energy weighted simple mean values of the dipole moment and its components
(Table 3), where conformations with a relative energy less than 10 kJ mol™ are
considered. The main contribution to the dipole moment comes from the p,
component oriented perpendicular to the long axis of the molecule and parallel to the
plane of the central ring (Fig. 4). The negative sign indicates the direction of u, from
C5 to C2 in this type of bent-core molecules. The large differences in the dipole
moments, especially in S12 and S4, can be seen as hints for their different phase
behaviour and mesophase stability [3] caused by their diverse global polarity. The
results show a relative large effect on the values of the pu, component of the dipole
moment in the considered bent-core molecules. Obviously, the p, component is
more important in banana-shaped than in calamitic mesogens with respect to the

formation of smectic layers.

The results of the ESP group charges (HF method) for the most stable conformers of
the 1,3-phenylene systems with substitutions on the central ring are illustrated in Fig.
10.

The ESP group charges show that the electron density is significantly decreased on
the central ring in the sequence of the molecules S1 > S12 > S9 > S4. A similar

trend was found for the ESP group charges on the ester groups and the external
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phenyl rings. But the effect is weaker. Where as the charges at the intermediate

rings are nearly the same for the considered molecules. It is remarkable that the

ESP group charges show alternating values on the rings along the bent-core arms in

all cases. The ESP group charges obtained by the DFT method give an analogue

tendency but the values are generally smaller. The findings are in agreement with

the maximum values of the calculated electrostatic potential on the rings in similar

molecules by J. P. Bedel et al. [89].

4 w7 S1 NN S4 MMM S9 == S12 06 W S1 N S4 == S12
N = W=
g \ = =
g -0.24 g, 041 §§E §§§
5 1 g = =
[%2)]
04— B A B C 021 C B A B C
aromatic rings in the bent-core aromatic rings in the bent-core
(a) (b)
Fig. 10 Electrostatic potential group charges along a leg of bent-core
mesogens with substituents on the central phenyl ring (a: HF, b: DFT).
Table 3 HF energy weighted simple mean values of dipole moment and its

a

components for banana-shaped molecules with substituents on the

central phenyl ring °.

Hx Hy Mz B 1 ¢
System
S1 0.0(0.0) -3.13(-3.67) 0.0(0.0) 3.13(3.67) | 239 | 239
S4 -0.07(0.0) | -5.17(-6.26) | -0.13(0.0) | 5.18(5.98) | 59 59
S9 -0.06(0.0) | -4.10(-4.75) | -0.09(0.0) | 4.12(4.75) | 125 | 125
S12 -0.33(0.0) | -0.07(-0.68) | -0.35(0.0) | 0.54(0.68) | 132 | 132

the p values of the most stable conformers in parentheses (n—Debye, ¢, ¢'; — degree)
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Moreover, the conformers of the substituted banana-shaped molecules (HF, DFT)
show remarkable changes of the bending angle (y) with respect to the torsion

angle ¢; (Fig. 7c and 8c).

Table 4 Dipole moments p and their components, diagonal elements o, of the
polarizability, bending angle (y), and values for the molecular lengths
(Lc core length and Lytotal length) of the most stable conformations of

three systems (DFT results).

System Px Ky Kz 18 Olxx Olyy ozz Y Le Lt
S1 -0.05 | -475 | -0.09 | 476 | 1064 | 606 | 305 | 120 | 26.12 | 40.06
S4 0.46 -4.07 | -0.60 | 4.14 | 1085 | 623 | 361 | 115 | 26.77 | 38.45
S12 -0.09 | -3.77 0.03 3.77 | 1029 | 670 | 345 | 116 | 25.37 | 37.64

Dipole moments in Debye, polarizability in atomic units (1 a.u. is approximately 1.649 10" C*

m?J™), bending angle in degree, lengths in A.

The highest values are found for S4 and the lowest ones for S12. This tendency is
also indicated by the range of the minimum and maximum values of the bending
angle ywith 115°-126° (S12), 119°-128° (S9), 119°-129° (S1) and 119°-135° (S4)
including conformers with a relative energy less than 10 kJ mol™. The increased
bending angle of S4 is in agreement with liquid crystalline state NMR findings [3]
and solid state X-ray data [88]. The calculated bending angle (y) for S1 and S9 are
comparable which is supported by the NMR findings 122° and 116°-118° respectively
[3,18].

From the diagonal elements of the polarizability (see Table 4) it follows that oxx is
the essential component which is oriented to the long axis of the molecule. The
dependence of axx related to ¢, is illustrated in Fig. 8d. The trends in the curves
confirm the sequence of axx for the most stable conformers axx : S3 < S1 < S12
(Table 4). These findings are supported by the energy weighted values axx including
conformations lower than 10 kJ mol™ axx: S3 (1036) < S1 (1059) < S12 (1108) (the

values are in atomic units).



27

Polar substituents on bent-core compounds

The relaxed rotational barriers with respect to the torsion angle ¢, = C1-O7-C8-C10
were illustrated in Fig. 11 for the bent-core molecules. In contrast to ¢; the
conformational degree of freedom for ¢, is rather limited. It results a relatively large
rotational barrier of about 40 kJ mol™ for ¢, = 0° which is independent of the
substituents on the central unit. For this constraint the energetically preferred
coplanar arrangement of the carbonyl group and the adjacent phenyl ring is sterically

hindered by a repulsion of the rings A and B and it results a less stable conformer.

50
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Fig. 11 Relaxed rotational barriers (HF) related to the torsion angle ¢,.
3.3.2 Polar substituents on the external phenyl rings
3.3.2.1 Relaxed rotational barriers - ¢7

In order to investigate the influence of substituents in different positions of the
external phenyl rings on the conformational behaviour of the terminal chains the
relaxed rotational barriers were calculated with respect to the angle ¢;. The results
for the fluorine and chlorine substituted systems are presented in Fig. 12. The
applicability of HF results (Fig. 12a) was shown by corresponding DFT results (Fig.
12b). A fluorine substitution in the positions 19 and 38 (see Fig. 3) of the external
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phenyl rings S7 has a minor effect on the conformational behaviour of the terminal

hexyloxy chains. The relaxed rotational barrier of S7 corresponds mostly to that S4

(not shown in Fig. 12). Whereas a fluorine substitution in the positions 20 and 39

(S5) increase the conformational flexibility of the hexyloxy groups.
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Fig. 12 Relaxed rotational barriers related to the torsion angle ¢-:

(a,c): HF b: DFT.
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Otherwise, the larger chlorine atoms in these positions (S8) cause a remarkable
increasing of the relaxed rotational barrier for the side chains. This can be explained
by the larger repulsion between the hexyloxy group and the adjacent chlorine atom,
especially for the constraint ¢, = 0°. Similar results were found in the systems S10
and S11. Obviously, substitutions on the central phenyl ring have less influence on
the conformational behaviour of terminal chains. The substitution of methyl and
trifluoromethyl groups in the positions 19 and 38 of S12 has only a low effect on the

relaxed rotational barrier of ¢; (Fig. 12c). The curves for S13 and S14 are more

structured in comparison to that one for S12 but the high of the barriers is

comparable.
20 20
~u-S1-e—S2 o --u--S5—+—S56
Ga- g /\ /’\
E 10 g 10 \ / \ 7
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7 = C20-C21-024-C25 (deg) ¢ = C20-C21-024-C25 (deg)
(a) (b)
Fig. 13 Relaxed rotational barriers (HF) related to the torsion angle ¢; for

systems with terminal hexyloxy and hexyl chains (a: unsubstituted, b:

substituted)

For comparison the calculations on the 1,3-phenylene bent-core molecules with
hexyl groups as terminal chains were performed to study their conformational and
electronic effect. The results are shown in Fig. 13 for the corresponding hexyloxy S1

and S5 and hexyl S2 and S6 systems. In the system S1, the replacement of the
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terminal hexyloxy groups by hexyl ones S2 leads to a shift of the positions of the
minima and maxima but the rotational barriers have comparable values (Fig. 13a).
Whereas the S5 and S6 molecules show a significant difference in the relaxed
rotational barrier related to the C21-024 and C21-C24 bonds, respectively (Fig.
13b). In the hexyl compound S6 the barrier is increased by about 20 kJ mol™ in
comparison to that one with terminal hexyloxy chains S5. Obviously, the rotation of
the hexyl chains are more hindered by the adjacent fluorine atoms in the positions

20 and 39 than in the case of the hexyloxy chains.

3.3.2.2 Dipole moments and ESP group charges

The energy weighted simple mean values for the dipole moments and its
components were summarized in Table 5 for the bent-core molecules with
substituents on the external phenyl rings. Generally, the polar effect of small
substituents on the external phenyl rings of the bent-core molecules is less distinct
compared to a corresponding substitution on the central phenyl ring. Remarkable
changes on the largest component p, were found especially in the chlorine S8 and

trifluoromethyl S14 substituted molecules.

The ESP group charges of S5, S7 and S8 systems with different substituents on the
external rings are shown in Fig. 14. The polar substituents cause a decrease of the
electron density on the external rings in comparison to the externally unsubstituted
system (S4), especially in the S8 molecule. The ESP group charges on the
azomethine fragments are changed only when the fluorine substituents are in
adjacent positions (19 and 38) to the C=N group. Generally, the alternating
behaviour of the ESP group charges on the rings along the legs is retained with a
low electron density on the central and external rings but a high electron density on
the intermediate rings.
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Table 5

HF energy weighted simple mean values of dipole moment and its

components for banana-shaped molecules with substituents on the

external phenyl rings .

System Hix My T m
S5 |-0.12(0.0) 55(-6.26) | -0.16(0.0) | 55 (6.26)
S7  |-002(00) | -492(7.11) | -1.13(0.0) | 5.04(7.11)
S8 | -1.37(-1.75) | -4.28 (-3.67) | -0.25 (+0.65) | 4.51 (4.12)
S10 |-0.11(0.0) | -3.81(4.49) | -0.48(-0.02) | 3.85 (4.49)
S11 | -0.04(0.0) | -4.94(5.39) | -0.21(0.0) | 4.94(5.39)
S13  [-0.01(0.0) | -0.84(-1.05) | -1.34(0.0) | 1.58 (1.05)
S14 | -0.10(-0.53) | -2.89 (-3.24) | -0.82 (+0.52) | 3.01 (3.35)

% 1 (Debye) values of the most stable conformers in parentheses.

Moreover, the substitution of the terminal hexyloxy chains by hexyl groups results in
a lower value of the dipole moment for S5 (6.26 D) and S6 (4.87 D). Therefore,

different types of terminal chains can influence the phase behaviour especially in

lateral substituted bent-core mesogens.
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34 MM results - dimers
In order to estimate the interaction between bent-core molecules, we have

considered two different arrangements, namely stacking and inplane. The

illustration of the two different arrangements was given in Fig. 15.

(a) (b)

Fig. 15 (a). Stacking, (b) Inplane arrangements of bent-core molecules
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Fig. 16 Dependency of dimerisation energy curves for the systems S1, S3, S4,

S8 and S12: a, b: Inplane arrangements; c, d: stacking arrangements.

For this we have considered the unsubstituted system S1, substitution on the central
ring S3, S4, S12 and substitution on the outer phenyl rings S8. The distances
between the two molecules are considered from the atoms 1 and 1’ (please see Fig.
15). The R¢q (Figs. 16¢ and 16d) in stacking arrangement is in the following order in
the considered systems: S1, S3: 3.5A < S8, S12: 4.5A and S4: 5 - 5.5A. In the
inplane arrangement (Figs. 16a and 16b) the R4 is following in this order: S1, S3: 7
- 9A, S4: 7 - 85A and S8: 7.5A. Generally, the results indicate that 2-nitro
substitution in the central unit (S4) significantly increases the R¢q distances in both
stacking and inplane arrangements. Moreover, introduction of lateral Cl substitution
(S8) slightly increases the energy values than the corresponding laterally

unsubstituted system (S4).

3.5 MDresults - monomers
3.5.1 Trajectories of torsion angles - ¢,
MD simulations were performed on the isolated molecules in vacuum at 300K and at

the clearing temperatures of the compounds. The trajectories of the torsion angle ¢,
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were shown for the three systems at 300 K in Fig. 17. The MD results on the isolated
molecules support the conformational findings from the relaxed rotational barriers
within the DFT method (Figs. 7a and 8a). From the trajectories of the torsion angle ¢,
the sequence for the flexibility of the legs S1 > S12 > S4 can be concluded. The
corresponding trajectories at the clearing temperature of the compounds which are
not shown indicate a similar trend. The flexibility of the legs is increased in all cases
by the higher temperature but the main differences in the conformational behavior of

the molecules are retained.

S1

S4

360

Bo|
—G-H
O T ! T T 1
0 time (ps) 1000 0 time (ps) 1000
(@) (b)
S12
360
0 T
0 fime (ps) 1000
(c)
Fig. 17 Trajectories of the torsion angles ¢, for the isolated molecules of

the systems at 300K.

In order to investigate the flexibility of the legs in the banana-shaped molecules in

the aggregate state MD simulations on clusters with 64 monomers were performed.
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From the MD results on clusters similar trajectories of ¢, for a molecule in the
environment of the other molecules were generated at 300 K and at the clearing
temperature of the compounds. The trajectories of single molecules from the MD
results of the clusters at 300K temperature are shown in Fig. 18. It is remarkable
that the conformational degree of freedom for the arms of the bent-core molecules in
the clusters is significantly reduced in all systems. The reduced flexibility of the

bent-cores is in agreement with samulski’s “cage effect” [90].
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S
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—
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Fig. 18 Trajectories of the torsion angle ¢, for a molecule in the cluster

environment of the systems at 300K.
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Obviously, the environment of the other molecules leads in all cases to the effect
that only small areas of ¢, are preferred but the values are different for the systems.
The results are in agreement with the findings of Samulski on the reduced
conformational flexibility of aliphatic chains in the condensed state which is known
as “cage effect” [90]. This means that the substitution of the molecules leads also in
the clusters to essentially different preferred arrangements of the cores. The
corresponding trajectories at the clearing temperature of the compounds are not

illustrated but

show the same trends. The temperature effect causes a certain broadening of the
areas of ¢;. A comparison of the trajectories of the isolated molecules (Fig. 17) and
the corresponding ones of a molecule in the cluster environment (Fig. 18) indicates a
large aggregation effect regarding the conformational behavior of the banana-

shaped mesogens.

3.5.2 Average structure from MD - superposition with X-ray structure

Fig. 19 Superposition of X-ray structure 1 with the average structure 2

obtained from MD for the system S4.
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The average structure of the single molecule was calculated from the trajectories of
single molecule from the MD run of 64 molecules at clearing temperature for the
system S4. The first 500 frames of the MD run at clearing temperature were
considered for the calculation of average structure which was compared with solid
state X-ray structure of system S4. The average structure obtained from MD results
matches very well with the solid state X-ray structure than the conformations
obtained from DFT and HF calculations in terms of bending angle. The calculated
bending angle y value for the average structure from MD is 144° and y for the
corresponding X-ray structure is 140° The higher bending angle of the average
structure can be result from the higher temperature. Moreover, the found large
bending angle for the system S4 is in agreement with the bending angle from the

NMR experiments in the liquid crystalline states [3].

3.5.3 B-factors

B-factors can be used as a measure to describe the mobility of groups or atoms
during the MD run. In the investigated systems the B-factors (8/3 n° <Ar>> ) of the
carbonyl oxygen atoms of the ester linkage groups can serve as an indicator for the

mobility of the legs of the banana-shaped systems.
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Fig. 20 B-factor values for the carbonyl oxygen atoms of a molecule in
the cluster environment of the systems at 300 K and at the clearing

temperature (for numbering of the atoms please see Fig. 3).
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Therefore, the B-factors are calculated for a molecule in vacuum and in the cluster
environment both at 300 K and the clearing temperature. The values for a molecule
in the cluster environment at 300K are illustrated in Fig. 20. A considerable
temperature effect on the B-factors was found. In the cluster environment the B-
factors are higher at the clearing temperature than at 300 K. The largest effect was

obtained for system S4. For the isolated molecules in vacuum the corresponding

B-factors are generally higher up to 60 A” but there is no remarkable temperature
effect in the values (which is not shown in the above Fig. 20). In vacuum the B-factor
values for all the systems are comparable at 300K and the clearing temperature

therefore not drawn.

3.5.4 Bending angles and molecular lengths

The bending angle (y) is a key factor in banana-shaped compounds. Therefore y was
calculated for single molecules in vacuum and in the environment of the other
molecules in clusters with 64 monomers both at 300 K and at the clearing
temperature to study aggregation and temperature effects. Within the MD procedure
the full width half maximum (FWHM) values and the maximal frequency (Ymax) Of

bending angle were calculated. The results are summarized in Table 6.

Table 6 Full width at half maximum (FWHM) values and bending angles of

maximal frequency (ymax) for systems S1, S4 and S12.

Single molecule in vacuum Single molecule in cluster
environment
System
300 K C.T. 300 K C.T.
FWHM | ynax | FWHM | yooo | FWHM | yha | FWHM |y
S1 35 116 30 118 9 120 13 125
S4 25 121 31 120 9 127 17 140
S12 22 119 26 119 6 140 12 124

FWHM and ymax Values in degree.
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In vacuum the bending angles of the systems show the sequence ymax: S4 > S12 >
S1 both at 300 K and at the clearing temperatures. The ymax Values show a different
trend than the bending angles y in the most stable structures of the DFT calculation
(Table 4). In the case of the MD studies contributions of less favored conformers are
included. In the cluster environment the yna« values differ remarkably between at 300
K and the clearing temperature. Generally, the yna values of the molecules in the
clusters are larger than in vacuum. This can be explained by the larger
conformational degree of freedom of an isolated molecule in the gas phase which
causes that conformers with small bending angles are also realized. In the cluster
environment the substituted compounds show a different trend in the yna values at
300 K (ymax:S12 > S4) and at the clearing temperature (ymax:S4 > S12). Especially for
the dichloro- substituted compound S4 shows a clear increase of the bending angle
Ymax from the single molecule in vacuum to the single molecules in the cluster
environment. This tendency is in agreement with experimentally results. The NMR
studies performed in the liquid crystalline state of several bent-core mesogens have
proved that the attachment of chlorine atoms at the positions 4 and 6 of the central

phenyl ring increases the real bending angle up to 165°[3].

Table 7 Molecular lengths of the systems in A at 300K and at the clearing

temperatures in Kelvin.

Core length (L¢) Total length (L+)
System Single Single Single Single
molecule molecule in molecule in molecule in
in vacuum cluster vacuum cluster
300K | C.T. 300K | C.T. 300K | C.T. 300K | C.T.K
K K K
S1 18.0 22.4 26.7 27.5 18.2 264 | 351 36.4
S4 26.8 26.5 27.8 29.0 35.1 33.6 37.8 38.0
S12 26.0 25.8 29.3 25.9 33.1 32.7 39.2 34.7
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The core (Lc) and total (Lt) length of the molecules were calculated as mean values
from their trajectories within the MD run. The results are given in Table 7. The core
length (Lc) was defined as the distance between oxygen atoms of the hexyloxy
chains. The Lc values show that there is no significant effect related neither to the
temperature nor to the aggregation state. The data of the total length (L) — distance
between the terminal carbon atoms of the hexyloxy chains — indicate an aggregation
effect. Molecules in cluster environment have larger Lt values than those ones in

vacuum. This can be attributed to a smaller rate of conformations with folded
hexyloxy chains in the aggregated state. The substituted compounds S4 and S12

indicate a different temperature dependence of the Lc and L; values of the
molecules in clusters. This behavior is in agreement with the tendency found in the
bending angle yma for the molecules in clusters at 300 K and at the clearing
temperature (Table 6). The findings of the substituted systems both in the molecular
length and the bending angle of the molecules in the clusters are hints for their

different mesogenic properties.

3.6 MD results - clusters

3.6.1 Radial atom pair distribution function and orientational correlation
function

The structure formation of the molecules in the clusters can be analyzed by the
calculation of the radial atom pair distribution function g(r). The g(r) values were
related to the reference atom C2 which describes the position of the central unit of
the banana-shaped molecules. The results for the clusters at two different
temperatures are illustrated in the Fig. 21. The systems show nearly the same
tendency in the structure formation both at 300 K and the clearing temperature with
the sequence of S12 > S1 > S4. Especially in the case of the nitro substituted
compound S12 a certain long-range order of the molecules was observed in both
temperatures. The unsubstituted compound S1 shows a short range order at 300 K
which is decreased at clearing temperature. The g(r) curves are comparable for

system S4 at both temperatures and indicate a lower order.
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Fig. 21 Radial atom pair distribution function g(r) for the systems [ (a): 300 K
(b): clearing temperature)].

Further information on the orientation of the molecules results from the calculation of
the orientational correlation function g(o). The g(o) data are obtained by the

calculation of the radial dependence of the cosines between the vectors related to
the C2 and C5 atoms of the central unit.

10 —S1 -S4 — S12 o n &1 __S4__S12
g 0.5 % 0.5
o.o0 r](g% 2000 o.o0 rl(gg% o
(a) (b)

Fig. 22 Orientational correlation function g(o) for the systems (a: 300 K,

b: clearing temperature).
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The averaging procedure is carried out via the numbers of the monomers and the
time steps during the MD run. The results are presented in Fig. 22. The g(0) curves
support the trends found in g(r) results. The long-range order is increased in system
S12 and reduced in system S4. The effect is more distinct in the curves at clearing
temperature. This is a good evidence that the chlorination in the 4,6 positions of the
central 1,3-phenylene unit (S4) can induce significant perturbations in the bent
conformations of the monomers and therefore essentially influence the aggregation

of the banana-shaped molecules.

3.6.2 Diffusion coefficients and root mean square deviations

The mobility of the molecules in the clusters has been investigated by diffusion
coefficients which were calculated using the Einstein model within the molecular
dynamics run [87, 88]. The D values for the systems were calculated form the MD
runs at 300 K and at the clearing temperature. For both temperatures the last 500 ps
of the equilibration step were considered for comparison which corresponds to total
simulation periods of 1160-1660 ps (300K) and 2220-2720 ps (clearing

temperature), respectively. The D values are summarized in Table 8.

Table 8 Diffusion coefficients D of the clusters at 300 K and at the clearing

2 -1

temperatures (D values in 10 ™ m’ s™

System | D (300K) | D (C.T.K)

S1 17.13 51.48
S4 10.38 23.95
S12 6.35 173.88

As expected the diffusion coefficients are generally larger at higher temperature.
Nevertheless, it is remarkable that the D values show different sequences at 300 K
(S1 > S4 > S12) and at the clearing temperature (S12 > S1 > S4). This effect can not

be explained by the small differences in their clearing temperatures. (please see
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Table 1). Obviously, the chlorine and the nitro substituted compounds show a
contrary temperature dependence of D related to the unsubstituted species which
are hints for their different aggregation behavior. The flexibility of molecules or parts
of them in clusters can be indicated by the calculation of the root mean square
deviations (RMSD) of the corresponding atoms within the MD simulation. The RMSD
values of the core and a terminal hexyloxy chains were calculated for the three
systems to investigate the flexibility of the different segments of the banana-shaped
molecules in the aggregated state. In both cases the heavy atoms of the segments

were considered, only.
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Fig. 23 RMSD values of the core and the terminal hexyloxy chain for

the systems [(a). core/300 K, (b). core/clearing temperature, (c).

chain/300K d: chain/clearing temperature].
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The results of RMSD values at 300 K and at the clearing temperature are illustrated
in Fig. 23. Similar to the calculation of the diffusion coefficients the last 500 ps of the
MD run were used as scoring period for the RMSD data. The curves indicate a
significant temperature effect concerning the flexibility of the core and the terminal
hexyloxy chain. Generally, the RMSD values are larger at higher temperature. It is
remarkable that the nitro substituted system S12 shows a higher flexibility at the
clearing temperature both in the core and the terminal chains in comparison to the
chlorinated compound S4. These findings support the trend found in the calculated
diffusion coefficients and are further hints for the different aggregation and

mesophase behavior of the substituted banana-shaped compounds.
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Chapter 4 Influence of the orientation of ester linkage groups on

bent-core compounds

The influence of the orientation of ester linkage groups on the structural and
electronic properties of five-ring bent-core molecules with a central 1,3-phenylene
unit has been investigated including hexyloxy and dodecyloxy terminal chains. The
conformational behavior of the ten isomers was studied in a systematic way. The
one- and two-fold potential energy scans were calculated to show the influence of
the orientation of carboxyl linkage groups on the flexibility of the wings. MD
simulations were carried out on the monomers and clusters with 64 and 128
molecules. The aggregation behavior of the molecules was analyzed. Moreover, we
have studied the effect of pressure on the structural changes by MD simulations on
the clusters of such molecules at 300 K. The size and cage effects were also

investigated on such compounds.

4.1 Systems and definitions

Figs. 24, 25 and Table 9 illustrate the considered ten isomeric bent-core molecules
with different orientation of ester connecting groups. The conformational properties
of single molecules were studied by ab initio and DFT methods. The DFT
conformational findings on isolated molecules were compared with the results of MD

simulations on single molecules.
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Fig. 24 The general structure of ten isomers with the definition of coordinate

systems

Fig. 25 Definition of significant torsion angles by the corresponding atoms of

the bold chains; a: system E1; b: system E4.
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Table 9 Illustration of the direction of the carboxyl connecting groups in the

banana-shaped isomers (see also Fig. 21).

Orientation of E?
System the dipole of the
w X Y z C-O bond in the | DFT T °[91]
ester groups
E1l -COO0O- | -CO0- | -00C- | -00C- VAN 0 SMmCP, 119 |
VAR
E2 -COO0O- | -0O0C- | -COO0O- | -0O0C- PAS 7 Cr 157 |
VAN
E3 -0O0C- | -COO0O- | -00C- | -COO- VAN 29 SMCP,° 162
EARAN |
E4 -0O0C- | -0O0C- | -COO0O- | -COO- FAN 22 Col 189 |
P
E5 -COO0O- | -COO0- | -CO0- | -COO0- /\ 10 Col 140 |
E6 -COO- | -COO0O- | -CO0- | -00cC- /‘\. 4 SMmCP, 112 |
AN
E7 -COO0O- | -CO0- | -00C- | -COO0- V2N 14 SMmCP, 133 |
VRN
E8 -COO0O- | -0O0C- | -CO0O- | -COO0- PAN 14 Col 168 |
v
SmCP, 158
E9 -COO0O- | -0O0C- | -00C- | -COO- AN 18 Col 144 |
VAN
E10 -O0C- | -COO0O- | -CO0- | -COO0- AN 25 Col 168 |
P AN

a: Relative energy of the most stable conformer in kJ mol™; b Clearing temperature for
systems with dodecyloxy terminal chains in C; © Undulated SmCP phase which is also
considered as a columnar phase [91].

4.2 Computational details
As described in the chapter 3, the ab initio - HF/STO-3G and DFT-B3LYP/6-31G(d)

calculations were carried out using the program package Gaussian98 [64] and the
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molecular dynamics (MD) simulations have been carried out with implemented
AMBER program using gaff force field. MD studies were performed on the isolated
molecules in vacuum at 300 K and at their clearing temperatures including the
simulated annealing procedure by increasing the temperature up to 1000 K and a
simulation time of 1 ns. A time step of 1 fs was used in all simulations. The non-
bonded interactions were calculated with a cut-off radius of 10000 pm. The results of
the molecular dynamics calculations have been analyzed by trajectories of
significant structural parameters. The MD simulations on the clusters were
performed with 64 and 128 monomers using an antiferroelectric starting structure
model [3] for all systems. The size effect is analyzed by comparative MD simulations
on the system E3 including studies on clusters with 64 and 128 monomers,
respectively. For the treatment of the clusters a total simulation time of 1.5 ns and

a time step of 2fs were used at 300 K including heating phases. For the analysis of
the MD data at 300 K the last 200 ps of the equilibration phases were taken into
account. The MD simulations were carried out within the n, p, T ensemble.
Moreover, the effect of pressure on the properties of bent-core mesogens is
investigated by MD simulations at 300 K with pressure values of 1, 100 and 500 bar.
The SHAKE algorithm was used for all the atoms. The non-bonded interactions in
the clusters were calculated with a cut-off radius of 1000 pm. The analysis of the

MD results was carried out in a similar manner as already described in chapter 3.

4.3 DFT and HF results

4.3.1 Relaxed rotational barriers — ¢, and ¢~

A systematic investigation of the relaxed rotational barriers of significant torsion
angles indicates that the conformational flexibility of the wings of bent-core
molecules is essentially determined by the direction of the carboxyl connecting
groups in the isomers. First, this is illustrated for relaxed rotational barriers related to
the torsion angle ¢;. The ten isomers essentially show two different types of barriers

for ¢, indicated by the systems E1 and E4 in Fig. 26.
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Fig. 26 Relaxed rotational barriers (DFT) related to the torsion angles ¢, and

¢7 for the systems E1 and E4.

If the linkage group is connected by an oxygen atom to the central 1,3-phenylene
unit (O-C bond) it results a barrier lower than 10 kJ mol™ like in system E1 which
corresponds to a high flexibility for this segment of the molecule. Similar trends are
also obtained for the curves of the systems E3, E5, E6, E7 and E10. This indicates
that there is only a small influence of the direction of other connecting groups on the
barriers. Otherwise, if the linkage group is connected by a carbon atom to the central
ring A (C-C bond) like in system E4 it arises a rather high barrier of about 30 kJ mol™
and the conformational degree of freedom is decreased for the corresponding leg of
the compound (Fig. 26a). The same conformational behaviour was found for this
bond in the systems E5, E8 and E9. It indicates that there is no coupling effect by
the orientation of the other connecting groups on the relaxed rotational barriers for

these isomers.

The relaxed rotational barriers with respect to the torsion angle ¢, show a rather
limited conformational degree of freedom with a barrier of about 40 kJ mol™ for all

isomers. The preferred conformers are characterized by a coplanar arrangement of
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the carbonyl group and the adjacent phenyl ring (4> = 180°). This is in agreement
with conformational studies on other bent-core systems including ester and

azomethine connecting groups [81].

The one-fold PES scans related to torsion angle ¢4 of the second connecting group
(W) are comparable with the corresponding results for the torsion angle ¢, of the first
linkage group (X). We have found two types of relaxed rotational barriers depending
on the connecting atom of W to the ring B. In the case of an O-C bond it results a
low barrier and high flexibility for the wing. For a C-C bond the opposite effect was
obtained. This supports the findings that there is no or only a small influence of the
rotation about the O-C (C-C) bonds by the direction of the other connecting groups.
Moreover, the conformational studies show that the flexibility and the bending of the
ten isomers are mainly determined by the type of the bond related to the angles ¢,
b4, d1 and ¢4. In some way isomers with higher flexibility of the wings can be related
to lower clearing temperatures and to the preferred formation of smectic phases, e.g.
El, E6 and E7 excepting E3. On the other hand, compounds with lower
conformational degree of freedom show mostly higher phase stability and form
columnar phases, e.g. E4, E8 and E9 (see Table 9). The degree of conformational
flexibility can be estimated for such banana-shaped compounds by the numbers of
oxygen atoms of the linkage groups which are directly connected to the rings A (X,
Y) as well as B and B’ (W, Z). Such a connection to the three rings by four or three
oxygen atoms gives compounds with high, by two oxygen atoms intermediate and by

one or zero oxygen atoms low flexibility.

The conformational degree of freedom of the terminal chains exerts influence on the
aggregation of the bent-core compounds. Therefore, we have carried out one-fold
PES scans related to the torsion angle ¢, to investigate the effect of the direction of
the linkage groups. The results are illustrated in Fig. 26b for the systems E1 and E4.
There is a small coupling effect on the one-fold PES scan with respect to ¢; by the
orientation of the neighboured linkage group W, only. It results a barrier of about 18

kJ mol™ if W is connected by a carbon atom to the ring C like in the systems E1, E2,
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E5 - E9. The barrier is decreased to 12 kJ mol™ in the isomers E3, E4 and E10
where the neighboured connecting group W is bound by an oxygen atom in the para
position to the chain. The small energetic effect on the rotational behaviour of the
terminal chains by the orientation of the neighboured linkage group can have a

limited contribution in the aggregation of such compounds.
4.3.2 Effect of external electric field on the rotational barrier

The behavior of bent-core molecules in electric fields is of interest with respect to
neighboring effects in such compounds. Therefore, we have calculated one-fold PES
scans related to the angle ¢; in the presence of an electric dipole field in the y

direction of 0.006 atomic units. The results for the systems E1 and E4 are shown in

Fig. 27
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Fig. 27 Influence of an external electric field on the relaxed rotational barriers

(DFT) for the systems E1 and E4 (dipole field in the y direction with an

amount of 0.006 a.u.)

A comparison of the results in Figs. 26a and 27 indicates that an external dipole field
increases the rotational barrier both in systems E1 and E4 by about 10 and 20 kJ
mol™ respectively. The positions of minima and maxima are different which causes
another trend in the curves for the systems with and without an external field.

Obviously, the conformational flexibility of the banana-shaped systems is
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significantly decreased by the influence of an external electric field in the direction of

the polar axis.

4.3.3 Two-fold potential energy surface scans

The investigations on the effect of the direction of the linkage group on the
conformational behaviour of the isomers are completed by Ramachandran-like plots
with respect to the torsion angles ¢; and ¢, including 30° steps. The results are
illustrated in Fig. 28 for the systems E1, E3 and E7 which represent isomers with two
O-C bonds and two C-C bonds as well with one O-C and one C-C bond,
respectively, for the legs connected to the central unit A. The findings from the
Ramachandran-like plots support the results on the conformational flexibility of the
isomers obtained by one-fold PES scans related to the angle ¢;. Isomers with a
linkage of the two wings to the central unit A by O (C) atoms show low (high) energy
maps of the type Fig. 28 E1 (E3). If the central unit A is connected with the wings by
a C and O atom like in system E7 it results an intermediate energy map of the type
Fig. 28 (E7).

'\A (R /
O 60 120 180 240 300 360 0O 60 120 180 240 300 360
1 (deg)

1(deg)

(E1) (E3)
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Fig. 28 Two-fold potential energy surface scans (HF) related to the torsion

angles ¢, and ¢; (energy values in kJ mol™).

Moreover, the Ramachandran-like plots illustrate that the stationary points (minima,
maxima and saddle points) result in different areas of the maps for the systems E1,
E3 and E7.

4.3.4 Dipole moments, bending angles and ESP group charges

The polarity and the bent character are important properties of bent-core mesogenic
compounds. Therefore, we have calculated the dependency of the dipole moment p
and the bent-core angle y with constraints to the torsion angle ¢, for the isomers. The

results for the systems E1 and E4 are summarized in Fig. 29.
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Fig. 29 One-fold scans (DFT) related to the torsion angle ¢; [(a). dipole
moment p, (b). bending angle (y)].
Table 10  Dipole moments and its components for the ten banana-shaped isomers
in Debye.
DFT- B3LYP/6-31G(d)
without an external electric field with an external electric field *
Isomer Mx My Hz p Hx Hy Hz [
El 0.00 -0.77 0.00 0.77 -0.04 -4.61 1.45 4.83
E2 -1.37 -2.64 -2.69 4.02 -2.83 -7.99 -0.03 8.48
E3 0.00 -2.18 0.00 2.18 -2.09 6.04 -0.72 6.44
E4 -1.04 -3.70 0.20 3.61 -3.05 3.93 -0.98 5.07
E5 -7.82 -3.70 -0.20 8.65 -6.59 -5.76 -4.99 10.07
E6 -3.94 -4.97 -1.14 6.45 -6.33 -7.65 -2.19 10.17
E7 -1.54 -4.30 -1.22 4.73 -4.45 6.58 -1.31 8.06
ES -3.13 -4.64 -2.59 6.17 5.81 9.08 -1.16 10.84
E9 1.39 -3.19 -2.92 4.55 -1.19 -8.57 2.58 9.03
E10 -3.95 -3.13 0.89 5.15 4.69 6.86 -2.73 8.75
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(* The amount of electric dipole field in y direction is 0.006 atomic units).

The curves for the dependency of u with variation of ¢; show a significant different
trend for both systems. For system E1 the values of u vary in a rather large range of
about 1-7 Debye (Fig. 29a). System E4 shows a relatively small angle dependency
of u with values of about 4 Debye. The dipole moments and its components for the
most stable conformations of the isomers are given in Table 10. It is remarkable that
the values differ from about 1 Debye E1 up to about 9 Debye E5 which is caused
only by a different direction of the connecting groups. The main contribution to the
dipole moment results from the p, component excluding system E4. The y-axis
represents the polar axis of the bent-core molecules (Fig. 24). For comparison the
corresponding values of the u as well as p,, py, and u, of the isomers are added by
data which were obtained from calculations with an external electric dipole field in
the y direction of 0.006 a.u. Generally, in the presence of an external field the values
of the total dipole moments are increased by about 4 Debye (Table 10). From the
values of the dipole moments in the absence of an external electric field a certain
trend is found to the phase properties within the ten isomers. If the total dipole
moment of an isomer is relative small and the component of the polar axis (ny) yields
the major contribution to u then the formation of smectic phases is preferred E1, E3
and E7, excepting E6, otherwise columnar phases are favored E5, E8, E9 and E10,
excepting E4. The one-fold scans of the bending angle (y) related to the torsion
angle ¢, show a remarkable difference for the isomers which is illustrated for the
systems E1 and E4 in Fig. 29b. In the system E1 there was a small torsion angle
dependency of y and over the whole range and a high value of about 120° was
obtained. Similar trends were observed for the systems E3, E6 and E7 not shown in
Fig. 29b. System E4 shows a significant dependency of y related to the angle ¢, (Fig.
29b). A similar torsion angle dependency of y was observed in the systems E4, ES,
E9 and E10. From the behaviour of the y/¢; curves a correlation was found in some
way with phase properties of the ten isomers. Large y values and a small

dependency related to ¢, are obtained for smectic mesogens like systems E1, E3,



56

Influence of the orientation of ester linkage groups on bent-core compounds

E7 and E8. Otherwise, a strong dependency ofy related to, ¢, including small y
values was found for the systems E3, E4, E8, E9 and E10 and can be seen as a hint

for the formation of columnar phases.

Moreover, from electrostatic potential group charges (q/ESP) a global pattern of the
charge distribution on the rings and connecting groups can be obtained. The g/ESP
values for the isomers at the centres on the aromatic rings are illustrated in Fig. 30.
The charges at the connecting groups show no significant changes for the systems
and are therefore not drawn in Fig. 30 due to clarity The electron density p (p
corresponds to —g/ESP) on the central ring A and on the external rings C, C’ of the
isomers correlates with the mesophase properties of the banana-shaped
compounds. In such cases where the electron density on the central ring is smaller
than that one of the external rings p(A) < p(C, C’) there is a tendency to form smectic
phases, e.g. systems E1, E3, E6 and E7. The opposite case p(A) > p(C, C’) can be
seen as a hint for the favored formation of columnar phases by these compounds,
e.g. systems E4, E5, E8, E9 and E10. The findings for the electron density are in
agreement with the maximum values of the calculated electrostatic potential on the

rings in other bent-core molecules by J. P. Bedel et al. [89].
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Fig. 30 Electrostatic potential group charges on the centers of the rings

for the ten banana-shaped isomers (DFT results).

4.3.5 Correlation between dipole moments and dielectric constants

Assuming that the static dielectric constant g, is a measure for the sum of the
effective dipole moment p and applying the model of Kirkwood [92] one should
expect a linear relation between the left side of the equation (4.1) and the calculated
squared dipole moments for the optimal conformation.

(60 —D(26, +1) _ o s

+ -
%, AT e (4.1)

Thereby, the polarisability a is constant in first approximation for the investigated
isomers with the same number of atoms and bond types. In some way this is
supported by the calculation of the polarisabilities of the most stable structures for
the ten isomers in standard orientation (Fig. 24) within the DFT method. For the
diagonal elements of the polarisability in atomic units (1 a.u. of polarisability is
approximately 1.649 10" C*> m* J%) it results 0,,=916, o,,=514, a,,=294 (E1) and
0=638, a,,=687, 0,,=345 (E4). These two systems show the most significant

deviations in the orientation of the ester linkage groups (Table 9) and the highest
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differences of the calculated polarisability, respectively, especially in the component
with the main contribution of a.. The components of the other isomers are mostly
between the corresponding values of the systems E1 and E4 and therefore not given
in detail. The dielectric constants were measured for the isomers with dodecyloxy
terminal chains in a metal cell by the aid of a Solartron Schlumberger equipment in
the frequency range from 10Hz to 10 MHz. In order to separate the static dielectric
constant from the effect of the electrical double layer a fitting program was used [93].
Thus, the error of the static dielectric constant is reduced to 2%. Due to the different
phase transition temperatures all data were interpolated or extrapolated to the
common temperature of 430 K. The measured eight g, values and the calculated
dipole moments for the most stable conformations within the DFT method are

correlated in Fig. 31 according to the relation of equation (4.1).

In some way, a linear correlation was found for the considered isomers excluding
system E1. This system has a very small dipole moment and a low clearing point
temperature which could be a reason for the deviation of the E1 from the common
trend. The findings of the dielectric measurements support that the calculated dipole
moments of the most stable conformations reproduce the common trend of the global

polarity of the banana-shaped compounds.
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Fig. 31 Correlation between the static dielectric constants g, and the dipole

moment p (Debye) according the Kirkwood model equation (4.1).
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4.4. MM results - dimers
In order to estimate the interaction between bent-core isomers, we have considered
two different arrangements, namely stacking and inplane. The illustration of the two

different arrangements was given in Fig. 32.

@) (b)

Fig. 32 Stacking (a) and Inplane (b) arrangements of bent-core molecules
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Fig. 33 Dependency of dimerisation energy (AEp) curves for the dimers of the

systems E1, E3 and E4 a: stacking, b: Inplane arrangements (MM).

For the calculation of dimerisation energy, we have considered systems E1, E3 and

E4. The distance between the atoms was considered from the atoms 1 and 1’ (see
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Fig. 32). From the Fig. 33a, the Req (1—>1’) distance in the stacking arrangement is
3.5 A.  The similar Req (1—1') distance was obtained for the considered three
systems in the stacking arrangement. This indicates that different orientation of
ester connecting groups does not have the influence in the stacking arrangement of
the molecules. From the Fig. 33b, the Req (1>1°) distance in the inplane
arrangement is about 7.0 A for all the systems. Only a small difference was

observed in the pattern of the curves.

4.5. MD results - monomers

4.5.1 Trajectories of torsion angles — ¢

MD simulations were performed on the isolated molecules in vacuum at 300 K and at
the clearing temperature of the compounds. The trajectories for the significant
torsion angle ¢, of the systems E1 and E4 at clearing temperatures are shown in Fig.
34. The trajectory of the torsion angle ¢, for system E1 indicates a high
conformational flexibility. Conformations including the whole range of ¢, are realized
during the MD run. Similar results are obtained for the systems E3, E5, E6, E7 and
E10. The trajectory of ¢, for system E4 shows a total other behavior. The
conformational degree of freedom with respect to this torsion angle is very limited (¢,
near 0°) for the system E4. Conformers with ¢; about 180° are found for very few time
steps, only. A similar trend was found for the trajectories of ¢, in the systems E2, E8
and E9. The MD simulations on the isolated molecules are in agreement with the
conformational findings of DFT calculations with respect to the relaxed rotational

barriers of the torsion angle ¢, in these systems (Fig. 26).
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Fig. 34 Trajectories of the torsion angle ¢, for the systems E1 and E4 at
clearing temperatures.
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Fig. 35 Trajectories of the torsion angle ¢, for a molecule in the cluster

environment of the systems E1 and E3 at 300K.

In order to investigate the flexibility of the wings of the bent-core molecules in the
aggregate state, MD simulations on clusters with 64 monomers were performed for

the systems E1 and E3. From the MD results on clusters similar trajectories of ¢, for
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a molecule in the environment of the other molecules were generated at 300 K (Fig.
35). It is remarkable that the conformational degree of freedom for the legs of the
bent-core molecules in the clusters is significantly reduced in all systems. Obviously,
the environment of the other molecules leads in all cases to the effect that only small

areas of ¢, are preferred but the values are different for the systems.

4.5.2 Bending angles and molecular lengths

The bending angle (y) was calculated for single molecules in vacuum and in the
environment of the other molecules in clusters with 64 monomers at 300 K. Within
the MD procedure the full width at half maximum (FWHM) values and maximal
frequency (ymax) Of bending angle were calculated. The results are summarized in
Table 11. In vacuum the bending angle of the systems shows the sequence ymax: E3
> E1 at 300 K. The yma values show a different trend than the bending angles y in
the most stable structures of the DFT calculation [y: E1 (1209 > E3 (1169]. In the
case of the MD studies contributions of less favored conformers are included. In the
cluster environment the ynax values differ considerably from the results at 300 K in
vacuum. Generally, the bending angle ymax of the molecules in the clusters are larger
than in vacuum. This can be explained by the larger conformational degree of
freedom of an isolated molecule in the gas phase which causes that conformers with

small bending angles are also realized.

The molecular length can be considered as a relevant parameter which
characterizes the bent character and determines the layer distance in mesogenic
phases of the banana-shaped compounds. Within the DFT and MD simulations we
have calculated the molecular length of the molecules from the distance of the
terminal carbon atoms of the two alkyloxy chains. In the DFT and molecular
mechanics (MM) calculations the most stable conformations of the isomers were
considered to obtain the values for the molecular length Lper and Lyw. Within the MD

simulations the mean value of the molecular length ( Lyp) was regarded.
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Table 11 Full width at half maximum (FWHM) values and bending angles of

maximal frequency (ymax) for the systems.

Single molecule | Single molecule
in vacuum from cluster at 1
System atm
FWHM Ymax FWHM Ymax
E1l 23.4 117 6.3 120
E3 22.8 119 9.0 123

FWHM and ymax values in degree
Lwo was calculated from the trajectory of the corresponding distance at the clearing
point temperature of the compound (Table 12). A simulated annealing procedure by
increasing the temperature up to 1000 K was used to include all relevant
conformers. From X-ray investigations of banana-shaped mesogens the layer
distance d in the liquid crystal state was reported. The L values for the isomers with

dodecyloxy terminal chains were calculated from the layer distance [91].

No correlation was found between the Loer, Lyw and Lyp values of the isolated
isomers with dodecyloxy terminal chains with the corresponding X-ray layer
distances d. Generally, the Lper and Lyy values (45-55 A) are larger than the d ones
(36-50 A). These are hints for a partial intercalation of the long terminal chains in
the liquid crystal state. The Lyp results (30-40 A) are too small because

overestimated folded conformations of the isolated molecule are also included.
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Table 12 Molecular lengths of the systems in A at 300K in vacuum and in the

clusters.
In vacuum single | Single molecule
molecule from cluster at 1
System atm
Lc Lt Lc Lt
El 25.6 28.3 254 44.4
E3 26.0 25.3 27.2 50.9

The core (Lc) and total (Lt) length of the molecules were calculated as mean values
from their trajectories within the MD run. The results are given in Table 12. From
Table 12 follows that molecules in cluster environment have larger Ly values than
those ones in vacuum. This can be attributed to a smaller rate of conformations with
folded dodecyloxy chains in the aggregated state than in vacuum. The orientation of
the ester connecting groups has significant effects on the core and total length of the
molecules. This can be seen from the core and total length values of system E1 and
E3. These results are in agreement with tendency found in the bending angle ymax
for the molecules in clusters at 300 K (see Table 11). The reduced length of the
alkoxy side chains was obtained for the system E1 in comparison with DFT results
(all trans orientation of carbon atoms in the terminal). By changing the direction of
the ester connecting groups in the bent-core part, this effect was reduced in system
E3. This indicates that different orientation of the ester connecting groups of the
molecules leads also in the clusters to essentially different preferred arrangements
of the alkoxy side chains. The findings of the molecular length and the bending

angle of the molecules in the clusters are hints for their mesogenic properties.
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4.6 MD results - clusters

4.6.1 Radial atom pair distribution function

The structure formation of the molecules in the clusters can be analyzed by the
calculation of the radial atom pair distribution function g(r). The g(r) values were
related to the reference atom C2 located in the central aromatic ring of the bent-core
molecules. The results for the clusters at 300 K were illustrated in the Fig. 36 for two
different systems. From the results, the order of structure formation in the cluster as
follows E1 > E3. The g(r) peaks confirm that different orientation of the ester
connecting groups have a significant effect on the organization of bent-core

molecules in their clusters.

10
—E1—ES3
0
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Fig. 36 Radial atom pair distribution functions g(r) for systems at 300K

4.6.2 Pressure effect on g(r)

By increasing the pressure values from 1 bar to 500 bar values, a considerable
change was observed in the first neighbor C2-C2’ distances and the organization of
the clusters. At higher pressure values, a significant decrease in the first peaks was
observed in E1 which is not much in E3. The nearest neighbor distance is smaller in
system E1 and higher in E3 at higher pressure conditions. Generally, at higher
pressure conditions (100 bars and 500 bars) a significant difference was observed in

the behavior of the g(r) curves. These results suggest that the moderate high
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pressure conditions can significantly change the arrangement of the bent-core
molecules in cluster environment.

10 a b c 10 a b c
5 ° s
% 5 10 0 '
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Fig. 37

Radial atom pair distribution functions g(r) for systems at 300K

a: 1 bar, b: 100bar, c: 500bar.

4.6.3 Size effect on g(r)
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Fig. 38

Radial atom pair distribution functions g(r) for systems at 300K

a: 64 cluster - E3, b: 128 cluster - E3.
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To study the size effect on g(r) curves, MD simulations were made on two different
sizes of clusters with 64 and 128 monomers. The results for the system E3 were
given in Fig. 38. The increased density on the 128 cluster was shown by sharp g(r)
values. Moreover, increasing the size of the clusters leads to certain order in the
system (128 cluster).

4.6.4 Orientational correlation function

Information on the arrangement of such molecules in clusters can be obtained from
the calculation of the orientational correlation function g(o). The g(o) data are
obtained by calculation of the radial dependence of the cosines between the vectors
related to the C2 and C5 atoms of the central aromatic ring of the bent-shaped
system. The averaging procedure is carried out via the numbers of the monomers
and the time steps during the MD run. The results are presented for the two systems
in Fig. 39. The g(o) curves suggest that both systems have nearly a similar

arrangement of the central units of the bent-core molecules.
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Fig. 39 Orientational correlation function g(o) for systems at 300 K.

The g(o) curves support the trends found in g(r) results. Different orientations of the
ester connecting groups like in the systems E1 and E3 have a considerable

influence on the arrangement of such molecules.
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4.6.5 Diffusion coefficients

The mobility of the molecules in the clusters has been investigated by diffusion
coefficients D which were calculated using the Einstein model within the molecular
dynamics run. Calculated D values for the system E1 and E3 at 300 K are as follows,
E1: 38 and E3: 37 (values are in 10™ m® s). The results suggest a similar mobility
of both systems. Also the value of the diffusion coefficient for the system E3 with 128
monomers is 16.5 (D in 10"° m®s™). It shows that by increasing the number of atoms
in the cluster slightly decrease in the diffusion coefficient. The diffusion coefficients
values were not significantly altered by different orientation of the ester connecting

groups.
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Chapter 5 Bent-core vs. linear mesogens

We have investigated two different shapes of isomeric mesogenic molecules (bent-
core and linear isomers). The comparative DFT calculations and MD simulations
were made on a bent-core molecule and its corresponding linear isomer. The
investigations were performed to study the influence of the shape on the
conformational and aggregation behavior of such compounds. Moreover, we have
analyzed the influence of applying external high pressure conditions on properties
such as molecular length, radial distribution function, density and diffusion

coefficients in clusters by molecular dynamics simulation studies.

5.1 Systems and explanations

s
o {ololva,

R =-CgHy3, -C12H25
Fig. 40 The structure of the linear and bent-core isomers

Table 13 The explanation of the isomers with different central units

System Central unit W X Y Z To

L1 1,4-phenylene -COO- | -COO- | -00C- | -O0C- N 329° |

El 1,3-phenylene -COO- | -COO- | -O0C- | -O0C- | SmCP4 119° |

Ty clearing temperatures in Celsius
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We have considered the bent-shaped molecule E1 and the corresponding linear
isomer L1 for the systematic comparative conformational analysis including single
molecules and molecular dynamics simulations on clusters. The systems are
defined in Fig. 40 and Table 13.

5.2 Computational details

As described in the chapter 3, the ab initio and DFT calculations were carried out
using the program package Gaussian98 and molecular dynamics (MD) simulations
have been carried out with an implemented AMBER program using gaff force field.
MD studies were performed on the isolated molecules in vacuum at 300K with a
simulation time of 1 ns. A time step of 1 fs was used in all simulations. Non-bonded
interactions were calculated with a cut-off radius of 10000 pm. The MD simulations
on the clusters were performed with 64 monomers. For the treatment of the clusters
a total simulation time of 1.5 ns and a time step of 2fs were used at 300 K including
heating phases. Last 200ps of the equilibration phases were taken into account for
the analysis of the MD data at 300 K. The MD simulations were carried out with n, p,
T ensemble. The effect of pressure was shown by the MD simulations at 300K with
different pressure conditions of 1, 100, 200, 300, 400 and 500 bars. The SHAKE
algorithm was used for all atoms. The non-bonded interactions in the clusters were
calculated with a cut-off radius of 1000 pm. The MD results were analyzed in a

similar manner as described in the chapter 3.

5.3 DFT results

5.3.1 Relaxed rotational barriers — ¢,

The conformational flexibility of the core part of the linear and bent-shaped
molecules can be illustrated by the relaxed rotational barrier related to the torsion

angle ¢,. This is shown in Fig. 41.
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Fig. 41 Relaxed rotational barriers (DFT) related to the torsion angle ¢, for the

systems E1 and L1.

The relaxed rotational barriers were calculated with hexyloxy groups as terminal
chains for the two systems. The considered two systems show almost same
flexibility of the core part over the whole range of ¢, with barriers lower than 10 kJ

mol™ There was no significant effect of the shape on the barriers related to ¢;.

5.3.2 Dipole moments, polarizabilities, bending angles and ESP group
charges

The dependency of the dipole moment (u), polarizability (o) and the bending angle

(y) with constraints to the torsion angle ¢, for the systems was shown in Fig. 42. The

one-fold scans of the dipole moments related to the torsion angle ¢, indicate a larger

range for E1 (1-7 Debye) and show a smaller one for L1) (0-5 Debye). The energy

weighted dipole moments ( p) including conformations with a relative energy lower

than 10 kJ mol™ show the sequence p (E1): 3.6 D> pu(L1): 2.4 D.
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Fig. 42 One-fold scans (DFT) related to the torsion angle ¢:: [(a): dipole moments

u, (b): diagonal components oy of the polarizability. (c): bending angles
vl

The dipole moments and their components for the most stable conformations of the

two molecules are given in Table 14.
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Table 14 Dipole moments (i) and their components, diagonal components of the
polarizability (oxx oy, 0zz), bending angle (y) and the molecular length

values (L, Lt) for the most stable conformations of the systems.

System Hx My Mz 18 Oxx Oyy Ozz Y Le Lt

El 0.00 | -0.78 | 0.00 | 0.78 916 514 | 294 | 120 | 27.9 | 55.1

L1 0.02 | -2.03 | 0.04 | 2.03 | 1023 | 391 | 335 | 173 | 30.6 | 59.9

Dipole moments in Debye, polarizability in a.u. (1 a.u. is approximately 1.649 10™ C°m?® J}),

bending angle in degree, lengths in A.

The dipole moment (1) shows a larger conformational dependency than o
especially for L1. From the diagonal elements of the polarizability (see Table 14) it
follows that axx is the essential component which is oriented to the long axis of the
molecule. The dependence of axx related to ¢, is illustrated in Fig. 42b. The trends
in the curves confirm the sequence of axx for the most stable conformers oaxx (E1) <
axx (L1) (Table 14). These findings are supported by the energy weighted values
axx including conformations lower than 10 KJ mol™ axx (E1) :891 <  oaxx (L1) :
1017.

In the considered systems, axx values of the most stable conformers can be
correlated with the core (Lc) and the total (L) lengths (Table 14). The one-fold scan
of the bending angle vy related to the torsion angle ¢, is given in Fig. 42c. In some
way, the curves of the dependency of y are comparable with those ones of axx (Fig.

42b) for the corresponding systems.

Moreover, from the electrostatic potential group charges (g/ESP) a global pattern of
the charge distribution at the aromatic rings of the molecules was calculated. The
g/ESP values for the systems at the centers of the aromatic rings are illustrated in
Fig. 43.
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Fig. 43 Electrostatic potential group charges (g/ESP) on the centers of the rings

for the systems.

The charges at the connecting groups show no significant changes for the systems
which are not drawn in Fig. 43 due to clarity. It is remarkable that E1 has a
symmetrical charge distribution on the bent-core and the L1 does not have the
same. It results that different shape creates a small disturbance on the electron
density distribution on the core part of the mesogens. However, the difference in the
ESP group charges between the two systems is not much with in the DFT method.
The total charge on the central unit of the E1 isomer is somewhat higher than the L1.
The higher charge on the central unit (A) gives rise to lower clearing temperature of

the isomers (see Table 13).

5.4  MD results - monomers

5.4.1 Trajectories of torsion angle - ¢,

MD simulations were performed on the isolated molecules with dodecyloxy terminal
chains in vacuum at 300K of the compounds. The trajectories of the torsion angle ¢
were shown for the two systems at 300 K in Fig. 44. The MD results on the isolated
molecules support the conformational findings from the relaxed rotational barriers

within the DFT method (Fig. 41). The trajectories of the torsion angle ¢, illustrate the
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flexibility of the core part of the considered molecules. In isolated molecules there is

no significant difference in the conformational flexibility between linear and bent-

shaped isomers.
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Fig. 44 Trajectories of the torsion angle ¢, for the isolated molecules at 300 K.
(E1: bent-core, L1: linear)
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Fig. 45 Trajectories of the torsion angle ¢; for molecules in the cluster

environment of the systems at 300 K.
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In order to investigate the flexibility of the core part of the molecules in the aggregate
state, MD simulations on clusters with 64 monomers were performed. At 300 K the
MD results on clusters similar trajectories of ¢, for a molecule in the cluster

environment were generated (Fig. 45).

The conformational degree of freedom for the core of the isomers in the clusters was
significantly reduced. Obviously, the environment of the other molecules leads in all
cases to the effect that only small areas of ¢, are preferred but the values are
different for the systems. A comparison of the trajectories of the isolated molecules
in Fig. 44 and the corresponding ones of a molecule in the cluster environment in
Fig. 45 indicates a large aggregation effect regarding the conformational behavior of
the considered isomers. The different central units in the linear and bent-core
molecules have less influence on the conformational behavior of the isolated
molecules but favor diverse core arrangements of the corresponding monomers in

the clusters.

5.4.2 Bending angle and molecular length

The bending angle was calculated for the bent-core molecule E1 within the MD
procedure. The full width at half maximum (FWHM) values and maximal frequency
(ymax) Of bending angle were presented. The results are summarized in Table 15.
The linear isomer L1 has been also considered in the calculation of bending angle to
see the difference in the full width at half maximum values (FWHM). The ynax values
from the MD run show a different trend than the y values obtained from the most
stable structures of the DFT calculation (Table 14). In the cluster environment the
Ymax Values differs from the results in vacuum at 300 K. Generally, the bending angle
Ymax Of the molecules in the clusters are larger than in vacuum. This can be explained
by the larger conformational degree of freedom of an isolated molecule in the gas
phase which causes that conformers with small bending angles are also realized.

The effect of pressure on the FWHM and ymax Values was also given in the
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Table 15. By increasing the pressure a small change in the FWHM and ymax values

was obtained.

Table 15 Full width at half maximum (FWHM) values and bending angles of

maximal frequency (ymax) for the isolated systems at different pressures.

Pressure FWHM (deg) Tmax (d€g)
(bar) System System
L1 El L1 El
Vacuum 13.0 23.4 167 116
1 5.08 5.13 174 120
100 5.78 4.78 174 119
200 4.73 5.63 172 119
300 5.34 5.22 174 119
400 3.82 5.15 174 118
Table 16 Molecular lengths for the systems in the cluster environment at

300 K and different pressure conditions.

Pressure | Core length (Lc)/A Total length (L7)/ A

(bar) System System
L1 El L1 El

1 30.47 25.24 57.17 43.69

(30.6) (27.9) (59.9) (55.1)

100 30.42 25.16 56.05 43.48

200 30.33 25.07 55.02 42.79

300 30.26 24.98 54.07 42.96

400 30.03 24.79 52.04 42.32

500 29.96 24.56 52.69 42.51

DFT values in parentheses for comparison
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The length of the molecules was given as the core (Lc) and total (Lt) lengths which
were calculated as mean values from their trajectories within the MD run. The results
are given in Table 16. The results in Table 15 show that molecules in the cluster
environment have larger Lr values than those ones in vacuum. This can be
attributed to a smaller rate of conformations with folded dodecyloxy chains in the
aggregated state. By increasing the pressure a decrease in the core and total
lengths of the molecules was observed. The pressure effect of shortening on Ly
values is larger for the linear isomer than in the bent-core isomers. The reduced
length of the alkoxy side chains were obtained for the E1 in comparison with DFT
results (all trans orientation of carbon atoms in the side chain), see Table 16. This
indicates that the shape of the molecules leads also in the clusters to essentially

different preferred arrangements of the alkoxy side chains.

5.5 MD results - clusters

5.5.1 Radial atom pair distribution function

The structure formation of the molecules in the clusters can be analyzed by the
calculation of the radial atom pair distribution function g(r). The g(r) values were
related to the reference atom C2 located in the central aromatic ring of the linear and
bent-shaped molecules. The results for the clusters within three different pressure
conditions at 300 K were illustrated in the Fig. 46. From the results the order of
structure formation in the cluster is E1 > L1. Moreover, the g(r) curve shows distinct
behavior for the linear and bent shaped systems. The increasing of the pressure
from 100 to 500 bar leads to a shift in the first g(r) peak to a lower value in the bent-
shaped isomer E1. It results that at high pressure of 500 bar, a pressure induced
structural change was observed in system E1. In the case of the linear isomer L1
the increasing of the pressure from 1 to 500 bar leads to significant change in the

curves of the system E1.
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Fig. 46 Radial atom pair distribution functions g(r) for systems L1 and
E1l at 300K and different pressure (a): L1 and E1 at 1 bar; (b): L1,
(c): E1)
5.5.2 Density/pressure plots

Further information about the packing of the molecules can be obtained from the

density calculations of the MD run on the clusters. We have presented the density

value of the clusters from the final snapshots of MD results with various pressure

conditions for the two systems. The results are shown in Fig. 47.
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Fig. 47 Density/pressure plot for the linear and bent-core systems

From the Fig. 47, the results show that the bent-shaped system has a larger density
than the corresponding linear system. The density of both systems increases with
rising pressure. At 500 bar, the bent shaped system E1 has a higher density than the
corresponding linear isomer L1. The largest deviations in the density values
between the linear and the bent-shaped clusters were found in the range of 200 —
400 bar.

5.5.3 Diffusion coefficients

The mobility of the molecules in the clusters has been investigated by diffusion
coefficients which were calculated using the Einstein model within the molecular
dynamics run. The D values for the systems were calculated from the MD runs at
300 K at different pressure. For all pressure conditions, the last 200 ps of the
equilibration steps were considered for comparison which correspond to total
simulation periods of 1160-1360 ps (1bar) and 1360-1560 ps (100,200,300,400 and
500 bar), respectively. The D values are summarized in Fig. 48. A diffusion plot
shows that the linear isomer has higher diffusion values than the bent-shaped one.
A near linear D/p correlation was obtained for L1. In the bent shaped system, the

diffusion values become almost constant at high pressure conditions (400, 500
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bars). A significant difference was observed on the diffusion values by different

shape of the systems E1 and L1.
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Fig. 48 Diffusion coefficients D of the clusters of systems L1 and E1 at 300 K

at different pressure conditions.
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Chapter 6 Cyclic urea - a new central unit in bent-core

compounds

A new class of five-ring bent-core molecules with a cyclic urea group as a central
unit was synthesized [94]. A significant difference was found in the mesophase
behavior of such molecules by increasing the number of carbon atoms in the central
ring (A) of the systems (Fig. 49) Therefore, systematic density functional theory
(DFT) calculations and molecular dynamics simulations (MD) were performed on
such bent-core mesogenic molecules. The theoretical investigations were based on
conformational properties and intermolecular interactions. Such investigations can
give some insights to the role of different central units on the various mesogenic
behavior of such mesogens. We have also discussed the flexibility of the systems
with different central units such as 1,3-phenylene unit, 2,7-napthalene unit and 3,4'-
biphenyl units by two-fold scans.

6.1 Systems and explanations
The explanation of the systems and their mesophase behavior is given in the Fig. 49

and Table 17.

A
JENVINPAN X

ATRTRED,

R =-Cq4Hzg, -CoHs, -CH3
n=0,1,2

Fig. 49 The main structure of the systems with explanation of the coordinate

system and significant torsion angles
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Table 17 Explanation of the systems and their mesophase behavior
(R = -Cy4Hyo for the terminal chains)
System | n X X Mesophase behavior [94]
U1 0 | -O0C- | -COO- | Cr 189° SmC 314° SmA 329° |
u2 1 | -O0OC- | -COO- | Cr 198° (M1 186°) SmCP, 200° SmA 208° |
us3 1 | -COO- | -OOC- | Cr 144° M2 143° SmCP, 174° Iso
u4 2 | -O0C- | -COO- | Cr 107° (SmCP, 97°) SmA 159° Iso

M1, M2 — mesophases not classified; transition temperatures in Celsius.

6.2 Computational details

As described in the chapter 3, the ab initio and DFT calculations were carried out

using the program package Gaussian98 and molecular dynamics (MD) simulations

were performed with an implemented AMBER program using GAFF force field. MD

studies were limited to the isolated molecules in vacuum at 300K with a simulation

time of 1 ns. A time step of 1 fs was used in all simulations. Non-bonded interactions

were calculated with a cut-off radius of 20000 pm.

6.3 DFT results

6.3.1 Rotational barriers — ¢

Fig. 50
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The relaxed rotational barriers related to ¢; (DFT, R=-CHy)
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The relaxed rotational barriers were calculated with respect to torsion angle ¢, (Fig.
50) for the four different mesogenic molecules. The barriers were obtained by a
partial optimization procedure with systems containing methoxy terminal chains to
reduce the computational effort. The Fig. 50 shows that the system U1 has a high
energy barrier of about 20 kJ mol™ and other systems give energy barriers of about
10 kJ mol™. 1t indicates that the system U1 has a lower conformational flexibility of
the wings than the other systems U2, U3 and U4 which can be explained by the
higher strain in the central unit in the case of system Ul in comparison to the other
systems U2, U3 and U5. In a limited way an even-odd effect is seen in the barriers of

$1 on the molecules U1, U2 and U4.

6.3.2 Two-fold potential energy surface scans

The investigations of the effect of the central unit (A) and direction of the ester
linkage groups (X, X’) on the conformational behaviour of the systems are completed
by Ramachandran-like plots with respect to the torsion angles ¢, and ¢, including
30° steps. The results are illustrated in Fig. 51 for systems including five-, six- and
seven-membered central rings with both C-C linkage groups (U1, U2 and U4) and C-
O linkage groups (U3). The findings from the Ramachandran-like plots support the
results on the conformational flexibility of the systems obtained by one-fold PES
scans related to the torsion angle ¢;. Systems Ul and U4 show lesser
conformational flexibility than the systems U2 and US3. Moreover, the
Ramachandran-like plots illustrate that the stationary points (minima, maxima and
saddle points) result in different areas of the maps for systems. The two-fold scans
are symmetric (Ul) but asymmetric otherwise (U2, U3, U4). The flexibility of the
wings with respect to the N-C bond in cyclic urea systems is between that one
related to the C-O and the C-C bonds in the ester systems [80]. The less flexible
system U1 forms only smectic phases and high flexible systems U2, U3 and U4 form

the SmCP phases.
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Fig. 51 Two-fold potential energy surface scans (HF) related to the torsion

angles ¢, and ¢; (energy values in kJ mol™).
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6.3.3 Dipole moment, bending angle and diagonal component of polarizability

The dipole moment p and the diagonal component axx of the polarizability for the
most stable conformations of the considered systems are given in the Table 18. The
values were obtained for the systems with ethoxy terminal chains in order to reduce
the computational effort. The values of the dipole moments show that the cyclic urea
central unit reduces the total dipole moments of the molecules (systems U1, U2 and
U3) in comparison to other type of bent-core molecules [see Tables 2, 9 in chapters
3 and 4].

Table 18 Dipole moment and polarizability values of the systems with ethoxy

terminal chains (DFT).

System n Uxx Oyy ozz
U1l 0.36 715.70 396.30 | 194.31
U2 1.52 628.84 431.51 230.72
u3 3.10 662.37 376.84 | 260.02
U4 1.51 659.13 441.22 243.12

An increase in the total dipole moment was observed by changing the direction of
the connecting groups (X, X’) in U3. The diagonal component axx of the polarizability
is higher in the systems U1l and U4 than in the system U2. In a limited way, an even

odd effect has been observed in the values of the diagonal component axx values.
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Fig. 52 One-fold scans (DFT) related to the torsion angle ¢,.for the systems
with R= -CH3) [(a): dipole moment p, (b): bending angle vy, (c):
diagonal element of the polarizability o).

The dependency of the dipole moment related to torsion angle ¢; was given in Fig.
52a. The five-membered system Ul shows smaller dependency than the six- and

seven-membered systems (U3, U4). The dependency of bending angle (y) related
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to torsion angle ¢; was illustrated in Fig. 52b. The systems U1l and U4 show a larger
dependency than U2 and U3. Generally, larger bending angle values were obtained
for the five- membered Ul system and lower one for six- membered systems U2 and
U3. The dependency of diagonal element oy related to torsion angle ¢, was shown

in Fig. 52c which indicates nearly same trend as the bending angle (y).

6.3.4 ESP group charges

The total electrostatic potential (ESP) group charges (g/ESP = -p) on the rings of the
bent-core give a global pattern of the electron density distribution on the wings of the
molecule. For the calculation of ESP group charges on the rings A, B, B', C and C’,

the heavy atoms were only considered. The ESP charge results were illustrated in
Fig. 53. In a limited way, the ESP charge patterns on the aromatic rings correlate
with the meso phase behavior. The larger ESP group charge on the central unit
correlates with lower clearing temperatures of the systems (Fig. 53). This correlation

is in agreement with clearing temperatures of bent and linear isomers in chapter 5.
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9 W il
g N
=111
o N\ IIN IN 1IN N
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aromatic rings in the bent-core

Fig. 53 Electrostatic potential group charges on the centers of the rings for the

systems U1, U2 and U4 (DFT).
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Moreover, there is no alternation of charge distribution on the aromatic rings in the
bent-core of the systems. Generally, the conformational studies on such systems
show that the flexibility of the molecules depends on the central unit (A) and the
connecting groups (X, X’). The system U1l shows a lower conformational flexibility,
smaller dipole moment and larger bending angle (y) values which results that the
molecule shows rod like mesogenic characters. So it forms only SmA and SmC
phases without any polar order. The systems U2 and U3 show a moderate bending
angle (y) which supports the formation of polar SmCP phases. In other words from
the strain on the central unit (A) of such compounds decrease in the following
sequence: Ul> U2 > U4. This has a major influence on the mesophase clearing
temperatures. In some way, the ESP group charge distribution on the bent-core
systems U1, U2 and U4 correlated with their mesophase behavior. It results that
systems U2 and U4 has an asymmetrical ESP charge pattern on the rings of bent-
core and form tilted SmCP phases. The system Ul with symmetrical ESP charge
pattern form a SmC and SmA phases without any polar order (SmCP phase) (see
Table 17).

6.4 MM results - dimers

The interaction energy between the bent-core molecules was calculated. The
dimerisation energy was calculated as AEp = Egimer— 2Emonomer.  The calculations were
done by molecular mechanics within AMBER force field. The molecules have been
shifted by each other in two different directions considering stacking and inplane

arrangements.
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Fig. 54 Two different arrangements of the dimers

The equilibrium distance Req (C1—>C1’) between the bent-core molecules in two
different arrangements was calculated for the systems U1, U2, U3 and U4. The
results were presented in the Fig. 54. The results show that the order of the Req
distance in the inplane arrangement is Ul < U2 = U3 = U4 and in the stacking
arrangement is Ul < U2 = U3< U4. It results that higher Req values were obtained in
both arrangements for the seven membered system U4 and lower values for the five-
membered one Ul. The values for the six- membered system U2 is in between Ul
and U4. Different orientation of the ester linkages in the connecting groups (X, X’)
does not change the R¢q values in the considered arrangements which are shown by
the results of the systems U2 and U3. However higher values of the dimerisation
energy were obtained by C-C linkage to the central unit in comparison to C-O
linkage (Figs. 55b and 55d). The intermolecular distances in the systems U1, U2
and U4 have been significantly altered by different central units in the inplane and

stacking arrangement of the models.
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6.5

MD results - monomers

6.5.1 Trajectory of the torsion angle - ¢,

The MD simulations were performed on the isolated molecules with C14H,9O- side

chains in vacuum at 300 K.
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Fig. 56 Trajectories of the torsion angle ¢, of the monomers U1, U2, U3 and

u4.
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In Fig. 56, the trajectories of the torsion angle ¢, for the four systems were shown.
The trajectories of the torsion angle ¢, for the systems Ul, U2, U3 and U4 are in a
limited way comparable with DFT results (see Fig. 50). The preferred different

values of the torsion angle ¢, for the systems depend on the central unit (A).

6.5.2 Bending angle and molecular length

The bending angle (y) has been calculated for four systems from the MD results at
300 K. The full width at half maximum and yna values of the bending angles were

calculated from the MD run. The system Ul (U2) shows larger (smaller) FWHM,
Ymaxs Lc, Lt values (Table 19).

Table 19 The full width at half maximum (FWHM), ymax and molecular length (Lc

and Ly) values for the systems

System | FWHM/deg Tmax/deg Molecular length / A
Lc Lt

Ul 15.4 139.2 23.94 29.19
U2 12.9 115 21.64 7.62

UK 14.1 122.7 22.57 14.07

U4 13.9 117.5 22.33 15.24

The values of systems U2 and U3 were different which is caused by different
orientation of the connecting groups (X, X’). The system Ul shows higher Ly and Lc

values than the other systems.

6.6 Two-fold scans of different central units

In order to show influence of the different central units on the conformational
flexibility of the bent-core molecules, The two-fold scan of three different systems
with 1,3-phenylene, 2,7-naphthalene and 3,4’-biphenyl central units were calculated.

The considered three systems were explained in the Fig. 57 and Table 20.
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Fig. 57 The main structure of the considered three systems
Table 20 Explanation of the central unit and connecting groups for the three

systems

System Central unit W X Y Z
El 1,3-phenylene -CO0O- | -CO0O- | -00C- | -00cC-
N1 2,7-naphthalene -COO- | -COO- | -00C- | -0O0cC-
B1 3,4’-biphenyl -COO- | -COO- | -00C- | -0O0cC-

System E1 has been discussed in detail in the chapter. All the calculations were
carried out with on the HF/STO-3G level. The Ramachandran-like plots with respect

to the torsion angles ¢, and ¢, including 30° steps for the three systems were shown

in Fig. 58.
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Fig. 58 The two-fold scans for the systems a. E1, b. N1, c. B1

In three systems the orientation of the ester connecting groups is the same with
respect to the central unit A. The findings from the Ramachandran-like plots show
that the conformational flexibility of system N1 is low in comparison to E1 and B1.
Moreover, the Ramachandran-like plots illustrate that the stationary points (minima,
maxima and saddle points) result in different areas of the maps for the systems E1,
N1 and B1.
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Chapter 7 Hydrogen bonding in bent-core compounds

In this chapter four different hydrogen bonded bent-core systems were investigated.
In the systems H1 and H2, the hydrogen bonding can occur between the two bent-
cores [95]. In the systems H3, H4, the hydrogen bonding is used to build up a bent-
core structure [96]. In order to get some basic information about the stability of
hydrogen bonding and polarity of such molecules, we have made systematic
investigations on the monomers by ab initio and DFT calculations as well as MD
simulations on the dimers. We have also analyzed the proton transfer process on
such systems because the dynamics of hydrogen bonding is important in such

ferroelectric and antiferroelectric materials [97-98].

7.1  Systems and explanations
The explanation of the systems and their mesophase behavior is given in the Fig. 59

and Table 21.

(c) (d)

Fig. 59 The structures of the hydrogen bonded systems with explanation

of
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the significant torsion angles (R, R’- alkoxy terminal chains)
a: H1-H1, b: H2-H2, c: H3-H3, d: H4-H4

Table 21 Mesophase behavior of the systems H1, H2 H3 and H4.

System Mesophase behavior R R’
H1 Cr 120° SmCP 161° Iso -OCyoHs -
H2 Cr 126° SmCP 165° | { -OC12H2s -

H3 Cr 108° SmA 131° N 145°1 | -OCyyHzg | -OCygHs;

H4 Cr 82° SmCP 142° | -OC14H29 ‘OC18H37

transition temperatures in Celsius

7.2 Computational details

As described in the chapter 3, the ab initio calculations were carried out using the
program package Gaussian98 and molecular dynamics (MD) simulations were
performed with an implemented AMBER program using gaff force field. MD studies
were limited to the dimer of such molecules in vacuum at 300K with a simulation time
of 1 ns. A time step of 0.5 fs was used in all simulations. Non-bonded interactions

were calculated with a cut-off radius of 10000 pm.

7.3 HF and DFT - results
7.3.1 Rotational barriers — ¢," and ¢4’

The relaxed rotational barriers were calculated with respect to torsion angle ¢; (Fig.
60a) for the system H1 related to C-N bond. The barriers were obtained by a partial
optimization procedure for systems with terminal methoxy chains to reduce the
computational effort. The Fig. 60a results that the system H1 shows a more

structured curve with respect to C-N bond in comparison to C-O barrier (E1 — see
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chapter 4) but the energy of the barrier 12 kJ mol™ is in the sequence with C-O (E1)
< C-N (H1) < C-C (E4) [see chapter 3 and 4].
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Fig. 60 The relaxed rotational barriers for the systems H1 and H2 related to

torsion angles ¢, and ¢4. (HF, R= -OCHs)
The relaxed rotational barriers for the single molecules are presented Fig. 60 for the
systems H1 and H2.

The rotational barrier related to torsion angle ¢,’ for the system H2 is similar to the ¢;
barrier of system H1 with multi minima points. The calculated hydrogen bond
energy for the systems H3 and H4 is -53.4 and -60.4 kJ mol™ respectively (B3LYP/6-
31G(d)).

7.3.2 Two-fold potential energy surface scans

The investigations of the effect of the ester, amide, hydrogen bonding linkages on
the conformational behaviour of the systems are shown by Ramachandran-like plots

with respect to the torsion angles ¢, and ¢.’ (H1, H3) and ¢, and ¢4’ (H2, H4)




99

Hydrogen bonding in bent-core compounds

including 30°steps. The results are illustrated in Fig. 61 for systems H1, H2, H3 and
H4 including C-O and C-N linkage groups (H1, H2) and C-O linkage, N—H hydrogen
bonding linkages (H3, H4). The findings from the Ramachandran-like plots support
the results on the conformational flexibility of the systems obtained by one-fold PES
scans related to the torsion angle ¢, and ¢4 for the systems H1 and H2. The systems
H1 and H2 show lower conformational flexibility than the systems H3 and H4.
Moreover, the Ramachandran-like plots illustrate that the stationary points (minima,
maxima and saddle points) result in different areas of the maps for systems. The
two-fold scans are symmetric for H1, H2 but asymmetric for H3, H4. The flexibility of
the wings with respect to the C-N bond in the systems H1 and H2 is between that
one related to the C-O and the C-C bonds in the ester systems [see chapter 4]. The
two-fold scan for a system with one hydrogen bonding linkage gives barriers up to 14
and 12 kJ mol™ which is comparable with the two-fold energy map constructed by C-

O linkages.
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Fig. 61 Two-fold potential energy surface scans (HF) related to the torsion
angles ¢1, 1 and ¢a, ¢4. a: H1, b: H2, c: H3, d: H4 (energy values in kJ
mol™).

7.3.3 Dipole moments, bending angles and polarizabilities

The dipole moment, diagonal components of polarizability and bending angle values
of the most stable conformations for the considered systems are given in the Table
22. The values were obtained for the systems with terminal hexyloxy chains. The
dipole moments values for the most stable conformations of systems H1, H2 show
that replacement of a -COO- by a -CONH- group increase the total dipole moment of
the molecule by about 10 Debye [u (E1) = 0.77 D]. However, a decrease in the value
of diagonal component axx was observed in comparison to ester connecting group
[oxx (E1) = 916 atomic units].




101

Hydrogen bonding in bent-core compounds

Table 22 The dipole moment, polarizability and bending angle values of the
most stable conformations for the systems H1, H2, H3 and H4 (DFT,
R= -OC6H13 )

System Lx Ly Uz u Olxx Olyy Olzz Y
H1 1.12 | -11.54 | 424 | 12.34 | 773.32 | 609.24 | 360.26 | 117
H2 1.31 | -10.84 | 2.61 11.23 | 785.12 | 587.22 | 380.49 | 121
H3 -5.05 -5.39 -1.10 7.47 864.79 | 497.54 | 337.46 | 133
H4 -7.55 -3.77 -2.73 8.84 965.62 | 537.27 | 280.13 | 120

Dipole moment in Debye; polarizability in atomic units; bending angle in degree

—a—H1 75 —u—H2
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Fig. 62

Dependency of dipole moment (a, b) and bending angle values (c, d)

for the systems H1 and H2 (HF, R=-OCsH;5)
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By changing the position of the amide linkage group a decrease in the total dipole
moment value of about 1 Debye was observed (H2). From the values of systems H3
and H4, hydrogen bonding within the bent-core increases the u, component values
in comparison to H1, H2 systems. By changing the position of the hydrogen bonding
an increase in the p, component was observed. The values confirm the significant
influence of hydrogen bonding on the dipole moment values. The dependency of
dipole moment with respect to torsion angle ¢; for the system H1 and the
dependency with respect to torsion angle ¢4 for the system H2 were shown in Fig.
62. The lower dependency of bending angles was observed in the systems H1, H2
in comparison to other type of bent-core molecules (see Chapters 3 and 4). The y
values of the most stable conformations are about 120° except system H3. The
hydrogen bond linkage between the rings A and B’ (H3) increase the bending angle
(see Table 22).

7.3.4 ESP group charges

The total electrostatic potential group charges (g/ESP = -p) on the rings of the bent-
core give a global pattern of the electron density distribution on the wings of the
bent-core molecules. For the calculation of ESP group charges on the rings A, B, B’,
C and C’, the heavy atoms were only considered. The ESP group charge results
were illustrated for the systems H1, H2 in Fig. 63a. The change in the position of the
amide connecting groups causes a decrease of total electron density of the central
aromatic ring (H2). The electron density distribution in the systems H3 and H4 is
shown in Fig. 63b. The four systems show almost same electron density pattern on
the aromatic rings in the bent-core with the sequence p (C, C’) > p (B, B’) > p (A)

(see Fig. 63). This charge distribution is similar to the system E1 in chapter 4.
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aromatic rings in the bent-core

(b)

Electrostatic potential group charges (DFT) on the centers of the

rings for the systems H1, H2, H3 and H4.
Proton transfer on the bent-core units
Systems H3 and H4 (simplified)

aromatic rings in the bent-core

63

antiferroelectric materials. The system H4 forms a SmCP phase and H3 forms only
64

The proton transfer is an interesting phenomenon in ferroelectric and
a SmA phase. However, we have considered both systems for comparison. The
proton transfer process was calculated on HF/STO-3G level by increasing the O-H
bond length was with the step size of 0.1A from 1 to 2A using a partial optimization
procedure. A simple representation of systems H3 and H4 was shown in Fig. 64.
Fig. 65. The O-H---N is more stable than the O---H-N by around 180 kJ mol™ for

(a)
Fig.
7.35
(a)
Fig.

The energy change during the proton transfer process (O—H---N) was illustrated in
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both systems. The larger energy difference in the proton transfer process may be

due to overestimation of HF/STO-3G method with small basis set.

—=— H3——H4

200

150+

100+

E, (kJ mol'L)
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o
1

0 T T T T T T T T T
1.0 1.2 1.4 16 1.8 20
O-H(A)

Fig. 65 O-H—N proton transfer process for the system H3 and H4.

7.4 MD results — Dimers

7.4.1 Trajectory of torsion angles
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Fig. 66 Trajectories of significant torsion angles for the systems H1-H1,

H2-H2, H3-H3 and H4-H4.
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The MD simulations were carried out on four different systems on a dimer level in
vacuum with cutoff value of 10000 pm. The trajectories of the torsion angles were
presented from the last 1 ns of the MD run with total 2ns time period. The Figs. 66a
and 66b illustrate the trajectories of torsion angles around C-O bond (¢;) and C-N
bond (¢;"). The considerable coupling effect has been observed on the flexibility of
the C-O bond (¢,) in the system H1-H1 by the neighboring amide connecting group
(¢1) and the adjacent molecule. In the case of system H2-H2 the position of the
amide group is the linkage between rings B’ and C’. However, a coupling effect on
the flexibility of the C-O bond retains. For the system H3-H3, the trajectory around
the bond C-O related to torsion angle ¢ was shown in Fig. 66g. The hydrogen
bonding is not stabilized during the MD run in vacuum. Therefore, the high flexibility
of the C-O bond was observed. In Fig. 66e and 66f, the trajectory of torsion angles
$1 and ¢,'for the system H4-H4 were shown. In this system the neighboring CH=CH
unit cause a considerable coupling effect on the flexibility of the C-O bond as the

amide connecting groups.

In order to estimate the stability of the hydrogen bonding, we have calculated the
trajectory of the corresponding N-O distance for the considered four systems. In the
systems H3-H3 and H4-H4, the hydrogen bonding was not stabilized during the MD

run in vacuum. In the case of systems H1-H1 and H2-H2 it was stabilized.

— H2-H2

—— H1-H1

~O0®)

N
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biohiin il

time (ps) 1000

(@) (b)

time (ps)

Fig. 67 The trajectories of the N-O distances (O-H---N) for the systems H1-H1
and H2-H2.

Hydrogen bonding in bent-core compounds
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The trajectories of the corresponding N-O distances were given in Fig. 67 for the
systems H1-H1 and H2-H2. For the system H1-H1 the N-O distance retains near the
value of 2.8 A. In the case of system H2-H2 the N-O distance is fluctuating to higher
values during the MD run (Fig. 67). The results support that the type of hydrogen
bonding in H1-H1 (A, B’ linkage) is energetically more stable than that one in the H2-
H2 (B’, C' linkage).
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Chapter 8 Ferroelectric, antiferroelectric and B; mesophase

model

In this chapter ferroelectric (FE), antiferroelectric (AF) structural models will be
discussed for the various systems in terms of the energy by molecular mechanics
calculations with AMBER force field. We have proposed a structural model for one
of the interesting banana (B) mesophase B- [3, 5, 7and 99]. From the investigations
of various types of bent-core molecules some new bent-core structures have been

proposed.

8.1 Systems and explanations

Fig. 68 The general structures of the considered systems.

We have considered totally eight systems S1, S4, S12 (please see chapter 3) E1, E3
(please see chapter 4) U2, U3 and U4 (please see chapter 6) which are already
discussed in the previous chapters. Within the molecular mechanics calculations
the terminal alkoxy chains of the mesogenic bent-core compounds were considered
(CsH;70- alkoxy chains - for the systems S1, S4, and S12, C,,H;50- alkoxy chains -
for the systems E1, E2 and C;4H20- alkoxy chains - for the systems U2, U3 and U4).
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8.2 Computational details

As described in the chapter 3, molecular mechanics calculations were carried out
with an implemented AMBER program using gaff force field. The ferroelectric,
antiferroelectric models were prepared on basis of reference [3]. The molecular
mechanics calculations were performed with the cut-off radius value of 20A using full
optimization procedure and periodic boundary conditions. Totally, 32 molecules
were considered in the ferroelectric and antiferroelectric models in a 4 x 4 x 2
ordered arrangement. The optimized conformations of the monomers were used as
starting structures for the layers. The intermolecular distances between the
molecules in the inplane and stacking orientations were used from the optimized
values for the dimers of the corresponding systems. The proposed helical structural
model of the B7 meso phase was created within AMBER program. The SEQUENCE

command was used to create the helical arrangement of the bent-core molecules of
system S12. The energy value and direction of the dipole moment were compared

with the corresponding antiferroelectric and ferroelectric structural models.

8.3 The energies of the structural models
The energy of the ferroelectric and antiferroelectric models for the different systems
was presented in Table 23. The FE and AF models for the system S1 (P-8-O-PIMB:

simplified explanation of the system) were shown in Fig. 69.
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Fig. 69 Starting structure for the minimization of antiferroelectric model of the

system S1 (hydrogen atoms are not shown)
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Fig. 70 Minimized structure for the antiferroelectric model of the system S1

(hydrogen atoms are not shown)

Fig. 71 Starting structure for the minimization of the ferroelectric model of the

system S1 (hydrogen atoms are not shown)
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Fig. 72 Minimized structure of the ferroelectric model of the system S1

(hydrogen atoms are not shown)

It is remarkable that the stability of the alternative arrangements of the clusters for
the systems rather different. The AE (AE = Ere - Ear) values differ in sign and
amount (Table 23).

Table 23 The energy values of the antiferroelectric and ferroelectric

models for the different systems calculated by AMBER

System AF FE AE = Ere - Epr | Mesophas

e [3,91,94]
S1 -17183 -17192 -9 SmMCP,
S4 -25706 -25589 117 SmMCP,
S12 -19288 -19455 - 167 SmCPe
E1l -44547 -44760 - 213 SmCPe
E3 -17727 -17894 - 167 SmCP,
u2 -17183 -16999 184 SmCPx
u3 -25739 -25664 75 SMCP,
U4 -15970 -15832 138 SMCP,

The energy values in kJ mol™.
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A small energy difference between the two polar states was observed only in the
system S1 and a large energy difference between them was found for the system E1.
In some way the energy difference between the two states can give some insight
about the switching possibility of the molecules between the FE and AF electric
states and these energy calculations can support the triangular wave experiments
which are traditional experimental methods for determining ferroelectric and
antiferroelectric states of such materials [3]. Moreover, the results confirm that the

energy difference between the two states essentially depends on the molecular

structure

8.4 A proposed helical model for the B7 mesophase
One of the interesting mesophase formed by bent-core molecules is the B7. The

optical texture of the B7 mesophase is given in Fig. 73.

e el =

Fig. 73 A typical helical growth of B7 mesophase texture [3,5-7]



113

Ferroelectric, antiferroelectric and B7 mesophase model

(@) (b)

()

Fig. 74 A helical structure by bent-core molecules: (a,b): different views,
(c): direction of the dipole moment in the bent-core molecules is
indicated by arrows.
The interest on these mesophases comes by its extraordinary optical textures. [3,5-
7]. We have considered the S12 system for this helical model which forms the B7
mesophase. The energy calculations support that the FE state is more stable than
the AF state for this system by 167 kJ mol™. There was an undulated layer structural
model proposed for this mesophase to explain the splay polarization in literature
[99]. Inthe Fig. 73, the typical optical texture of B; mesophase is shown. The
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proposed helix model for the B; mesophase was given in the Fig. 74. The direction
of the dipole moments in the molecules within the helix was indicated by the
direction of the arrows which is shown in Fig. 74c. The proposed helical model
structure of the system S12 is energetically (847 kJ mol™) less stable than the most
stable ferroelectric model structure of that system. However, essentially the model
has been proposed on the basis of to explain the possiblility of helical arrangement
of the bent-core molecules and third type of the polarization which is different from
the polarization of classical AF and FE polar states.

8.5 Proposed new bent-core structures

8.5.1 Halogen bonding in bent-core mesogens

The hydrogen bonding and halogen bonding are becoming useful concepts in
supramolecular chemistry. Halogen bonding is the noncovalent interaction between
halogen atoms (Lewis acids) and neutral or anionic Lewis bases. This interaction
occurs in presence of electron poor halogen atom and electron rich Lewis base. A
first indication of the relative strength of the hydrogen and halogen bonding came
from solution calorimetry which is a simple and convenient tool to study weak
intermolecular interactions [100, 101]. A complex formation enthalpy (AH¢) of 31.4 kJ
mol™ was measured for the dimer between 1-iodoperfluorohexane and 2,2,6,6-
tetramethylpiperidine [103] and a prototype hydrogen-bonded complex
(triethylamine/n-butanol) gave AH:; 23 kJ mol™ [104, 105]. K.E. Riley et al [100]
reported that the interaction energy of the halogen bonding is 2.39 kcal mol™ in
iodobenzene-formaldehyde complex (distance,..o is 3.2 A, angle..oc is 1109 by
MP2/6-31+G** level of theory calculations. Recently linear shaped mesogenic
molecules with halogen bonding [102] and bent-core molecules with hydrogen
bonding were reported [95 ,96]. The stability of halogen bonding and hydrogen
bonding is comparable. Therefore, the bent-core structures with halogen bonding
were proposed. This is just an attempt to design such a type of molecules. The

proposed new bent-core model structures were given in Fig. 75.
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Bent-core molecules containing halogen bonding, in the models (1),

(2). In which W, X, Y and Z are the ester connecting groups and -OR

indicates the terminal alkoxy chains.
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9 Summary

In this work various types of five-ring bent-core molecules have been investigated
including different central units, various linkage groups, substitutions on the central
and external phenyl rings and hydrogen bonded systems (Fig. 76). The
conformational and polar properties of isolated bent-core molecules were carried out
by ab initio calculations on the HF/STO-3G (Hartree Fock) standard and DFT
(density functional theory) studies on the B3LYP/6-31G(d) level.

A
Ty molsoular langth axis
]
A e [ 3

%r”"
E’ﬁfﬁ{k‘&l\m_ 1 / C:\;‘]‘%\ L
v D

S

~
. Y2 __—

= lrr+)2
9 o
W, X, Y, Z 30, 0L, -OH=N-, -CO-NH-

OR: alkoxy chains, v - berding angle

Fig. 76 The general structure of five-ring bent-core mesogens with explanation
of the coordinate system, bending angle y and connecting groups (W,
X, Y, Z) and terminal chains (—OR).

Relaxed rotational barriers, dipole moments, polarizabilities, molecular lengths,
bending angles and electrostatic potential (ESP) group charges as well as the
influence of an external electric field were mainly obtained from DFT studies. Two-
fold potential energy surface (PES) scans were performed within the HF/STO-3G
method to reduce the computational effort on the large bent-core molecules. The
applicability of the HF method with the small basis set on the bent-core system was
checked. Investigations on alternative arrangements (stacking and inplane) on
dimers of banana-shaped molecules were carried out by molecular mechanics
calculations using the AMBER force field. Moreover, molecular dynamics (MD)
simulations were performed on monomers and clusters of bent-core molecules with

up to 128 monomers. The aggregation effect on such molecules was studied in



117

Summary

more detail by a comparison of significant properties of the isolated molecule in the
gas phase and a molecule in cluster environment. The effect of temperature, size
and pressure on the aggregation behavior of the clusters was studied. The bending
angle (y) is a significant parameter of bent-core systems (see Fig. 76). A simple

model was used to define the bending angle for the five-ring bent-core mesogens.
Comparison with X-ray structure

Both the most stable HF and DFT conformers of the 4,6-dichloro substituted
compound (S4) show twisted conformations. This is in agreement with the X-ray
structure of this compound and supported by a superposition of the three structures.
The bending angles (y) of the HF and DFT structures are smaller than that one from
the solid state X-ray structure. The average structure from MD on clusters is in a
better agreement with X-ray results than the HF and DFT findings. This is due to the

including of neighboring effects in the cluster environment.

Polar Substitution

Overall twelve different substituted bent-core molecules with polar substituents at
the central and outer phenyl rings were investigated. The substituents at the central
1,3-phenylene unit has the larger effect on the bending angle values than the bent-
core systems with polar substituents on the external phenyl rings which is shown by
the results of the bent-core molecule S12 with nitro substitution in the 2 position of
the central ring (A) and the dichloro substituted system S4. The calculated bending
angle for the system S4 is in agreement with nuclear magnetic resonance (NMR)
measurements in the liquid crystalline state. The chlorine in the 4,6-positions (S4)
and nitro group in 2 position (S12) of the central 1,3-phenylene unit reduce the
conformational flexibility of the bent-core molecules. The total dipole moment of the
molecules was reduced by the 2 nitro substitution (S12). The fluorine S5 (chlorine
S8) substitution on the external phenyl rings adjacent to the alkoxy chains of the
bent-core molecules increase (decrease) the flexibility of the terminal alkoxy chains
which was shown by relaxed rotational barriers in comparison to the unsubstituted

system. The intermolecular distances are significantly altered by dichloro
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substituents (S4) in the central ring (A) both in stacking and inplane directions. The
MD results of the clusters on the 4,6-chlorine substituted (S4) and 2-nitro substituted
(S12) system were compared with the unsubstituted system S1. The long range
order is increased in system S12 and reduced in system S4. The chlorination in 4,6-
positions (S4) can induce significant perturbations in the conformations of monomers
and influence the aggregation of the bent-core molecules. The effect is more distinct
in the curves of the radial atom-pair distribution functions g(r) at clearing

temperature.
Different orientations of ester connecting groups

The different orientation of ester linkage groups on bent-core molecules with 1,3-
phenylene unit was studied in a systematical way on the ten bent-core isomers. The
relaxed rotational barriers related to C-O and C-C bonds of ester connecting groups
are obtained by B3LYP/6-31G(d) level calculations. The C-O linkage increase and
C-C linkage decrease the flexibility of the bent-core molecules. The flexibility of the
terminal alkoxy chains in the ten isomers can also be changed by the different
orientation of ester connecting groups in the W, Z positions (see Fig. 76). No
coupling effect has been observed by different orientation of ester connecting
groups on the flexibility of neighboring connecting groups. The total dipole moments
of the molecules were altered from 1 Debye to 8 Debye. A good correlation was
obtained between the calculated dipole moments and the experimental static
dielectric constants values by Kirkwood model in the bent-core isomers. In the
presence of an external electric field, a significant increase of the total dipole
moment of the bent-core molecules was obtained. In a limited way, a correlation
between the ESP group charges on the rings and mesophase properties were
observed in the ten isomers. If the electron density (p) on the central ring is smaller
than that one of the external rings [p (A) < p (C, C")] there is a tendency to form
smectic phases. The opposite case [p (A) > p (C, C’)] can be seen as an indicator of
favoured formation of columnar phases. The intermolecular distance is not altered

by changing the direction of ester connecting groups in bent-core molecules.
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Remarkable size and pressure effects were observed in clusters with 64 and 128

molecules with respect to their aggregation behavior.
Bent-core vs. linear isomers

The difference between mesogenic isomers with central 1,3-phenylene (bent) and
1,4-phenylene (linear) units was analyzed from single molecule to clusters. No
difference was found on the conformational flexibility between the linear and bent-
core isomers. The bent-core isomer shows a symmetrical electron density
distribution and linear isomer shows asymmetrical electron density distribution. A
small difference on the electron density distribution on the aromatic rings was
observed. The order of structure formation in the clusters with 64 monomers is
larger in the E1 than in the L1 system. The increase of the pressure from 1 to 500
bars leads to a significant change in the g(r) curves of the linear and bent-core

isomers.

Cyclic urea - a new central unit

Four different new types of bent-core molecules with a cyclic urea central unit have
been investigated. A five-membered (U1), two six-membered (U2, U3) and a seven-
membered (U4) with central cyclic urea units were included. Systems U2 and U3
differ by the alternative orientation of ester linkage groups. The relaxed rotational
barrier related to N-C bond shows a lesser flexibility in the system U1 in comparison
to other three systems. A certain even-odd effect has been observed on the
flexibility and the values of the dipole moment. Moreover, the bending angle of Ul
(y=140°) is significantly larger than for the other systems. This can be seen as a hint
that Ul forms only smectic phases without any polar order. In the considered
systems, the higher ESP group charges on the central unit (A) correlates with low
clearing temperatures of the systems. Results of the two-fold scans on bent-core
systems with central 1,3-phenylene, 3,4’-biphenylene, 2,7-napthalene units indicate
that the flexibility of bent-core molecules with a central 2,7-napthalene unit is rather

less.
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Hydrogen bonding

In order to estimate the stability and flexibility of the bent-core molecules with
hydrogen bonding, we have considered four different bent-core systems H1, H2, H3
and H4. In the systems H1 and H2, the hydrogen bonding occurs between two bent-
core units (H1---H1, H2---H2) through amide linkage groups. In H3 and H4, the
hydrogen bonding is used to build up the bent-core structure by pyridine and
carboxylic acid units. The systems H3 and H4 differ from each other by the position
of hydrogen bonding linkages in Y (H3) and Z (H4) positions (see Fig. 76). The
flexibility related to the amide linkages (C-N) is lower (higher) than that one of a C-O
(C-C) bond of ester linkage groups. Amide and ethylene linkage groups of such
molecules have high coupling effects on the flexibility of the neighboring connecting
groups. The two-fold scans related to ester and hydrogen bonding linkage groups
show that the connection by hydrogen bonding indicates nearly the same
conformational degree of freedom as O-C linkage. MD results on the four dimers
show that the hydrogen bonding is less stable for the systems H3-H3, H4-H4 in
comparison to H1-H1 and H2-H2.

Ferroelectric, antiferroelectric and B7 phase model

Molecular mechanics (AMBER) calculations on cluster with 32 monomers were
performed for eight different bent-core systems including ferroelectric (FE) and
antiferroelectric (AF) starting structural models. The energy difference AE = E(FE)-
E(AF) for the alternative arrangement of the molecules differ in its sign and amount
for the clusters of the systems S1, S4, S12, E1, E3, U2, U3 and U4. In some way,
the energy difference (AE) between the two states gives some basic hints about the
switching possibility between them as well as the most possible polar state. The
negative sign of the AE values shows the FE state is more stable than the AF state.
Moreover, a helical structural model was proposed for the interesting B7
mesophase. The bent-core system with a nitro substitution in the 2 position of the
central 1,3-phenylene unit (S12) was considered for the helical model. The helical

model is significantly less stable than the corresponding ferroelectric model which is
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observed from the molecular mechanics optimization procedure. However, in some
way the proposed model is suitable to explain another possibility of polarizations in
such molecules. The concept of halogen bonding was considered on the bent-core

mesogenic molecules.
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Abbreviations and symbols

Bn banana-mesophases, n-used to designate the sub type of B-phases
B-factor indicator of thermal motion of molecules
Col columnar phase

C.TK Clearing temperature in Kelvin

d layer distance

D diffusion coefficient

DFT density functional theory

E, relative energy

ESP electrostatic potential

FWHM full width at half maximum

a(r) radial atom pair distribution function
g(o) Orientational correlation function

HF/SCF Hartree-Fock / self consistent field

K Boltzmann’s constant

Lc core length

Lt total length of the molecule

Lwp total length of the molecule from MD results

Lwvo Average total length of the molecule from MD results

Lvm total length of the molecule from MM calculations

L Average total length of the molecule from MM calculations
MC Monte Carlo

MD molecular dynamics

MM Molecular Mechanics

N nematic phase



np,T
PES
RMSD
SmA
SmC
SmCP
SMCsPa
SMCPk
SMCaPA
SmCaPe

(0

Olxx, Olyy, Olzz
€o

p

D, ¢

AEp

n —number of particles, p — pressure, T — temperature

potential energy surface

root mean square deviation

non-tilted smectic phase

tilted smectic phase

tilted smectic phase with polar order

synclinically tilted antiferroelectric smectic phase with polar order
synclinically tilted ferroelectric smectic phase with polar order
anticlinically tilted antiferroelectric smectic phase with polar order
anticlinically tilted ferroelectric smectic phase with polar order
dipole moment

energy weighted dipole moment

bending angle or bent-core angle

polarizability

diagonal elements of polarizability

dielectric constant

electron density

torsion angles

dimerisation energy
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