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Abstract Density functional theory (DFT) calculations and
molecular dynamics (MD) simulations on the atomic level
were performed on three different substituted banana-
shaped compounds derived from 1,3-phenylene bis[4-(4-
n-hexyloxyphenyliminomethyl)benzoate] (P-6-O-PIMB).
The DFT studies were carried out on the isolated molecules,
and in the MD simulations clusters were treated with up to
64 monomers. The effect of polar substituents, such as
chlorine and the nitro group, on the central 1,3-phenylene
unit of banana-shaped compounds was investigated. In
particular, flexibility, polarity, electrostatic potential (ESP)
group charge distributions, B-factors, bending angles and
molecular lengths were considered. The MD results were
analysed by trajectories of significant torsion angles as well
as order parameters such as radial atom pair distribution
functions g(r), orientational correlation functions g(o),
diffusion coefficients (D) and root mean square deviations
(RMSD) values. The g(r) and g(o) values show that a
certain long range order is generated by the introduction of a
NO, group in the 2-position of the central 1,3-phenylene
ring. In contrast, the chlorination at the 4 and 6 positions of
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the central 1,3-phenylene unit decreases the long range
order tendency by its perturbation effect on the conforma-
tions in such molecules. Moreover, g(r) and g(o) values, as
well as diffusion coefficients, show that in the NO,
substituted compound the formation of microphase areas
is preferred. Finally, the aggregation effect in such
compounds was studied in a systematic way by a
comparison of the conformational properties of the isolated
molecules and the monomers in the clusters.

Keywords Banana-shaped molecules - Bending angle -
Order parameters - Diffusion coefficients

Introduction

Banana-shaped or bent-core liquid crystals have become a
new dimension in the field of liquid crystallography since
the significant research work of T. Niori et al. [1]. The
special interest of such compounds lies in their various
application-oriented properties such as ferroelectrics, anti-
ferroelectrics, non-linear optical aspects and the formation
of chiral mesophases from achiral molecules. The charac-
teristic feature of such molecules is their bent shape, which
allows them to be arranged in a regular manner in smectic
layers. The tight packing of the bent cores leads to a long-
range correlation of the lateral dipoles and the macroscopic
polar order in the smectic layers [2]. Review articles on this
type of molecule illustrate their importance and the peculiar
interest in the mesophases formed by such compounds [3—6].
Banana-shaped liquid crystals have gained their special
name in the mesophase nomenclature because of their so-
called “B phases” (B1-BS8). If the phase structure is
sufficiently known, the name smectic, or columnar, phase
together with related indices such as polar, synclinic,
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anticlinic, antiferroelectric and ferroelectric should be
preferred. The influence of polar substituents in such
compounds is more significant than in rod-like mesogenic
molecules [7—15], as indicated by strong effects on the
clearing temperature, mesomorphism and directional prop-
erties such as dielectric anisotropy. Substitution on banana-
shaped molecules can be divided into modifications to the
central unit or to the rings of the legs—in each case the
effect on the mesophase behaviour is clearly different.
Theoretical investigations based on the conformational,
polar and aggregation properties of banana-shaped com-
pounds have been limited to date [16—23]. Simulations on
such systems were carried out mostly within Monte Carlo
techniques including global patterns for the shape and the
polarity of the molecules [24-34]. Recently, molecular
dynamics (MD) simulations using the program AMBER
were made for an isolated molecule of compound 2 (see
Table 2) on a water surface [35]. In our work, systematic
theoretical investigations were performed with the aim of
studying the effect of polar substitutions at the central 1,3-
phenylene unit on the conformational properties and
aggregation behaviour of banana-shaped molecules. The
conformational properties of the molecules were investigat-
ed by density functional theory (DFT) calculations and MD
simulations. In recent years, the MD method has been
developed as an appropriate technique to study the
dynamics and the aggregation behaviour of larger mole-
cules [36—39]. MD simulations on the atomic level have
been carried out on banana-shaped compounds to study the
influence of substitution on conformational properties and
aggregation effects both in the isolated molecule and in
clusters with up to 64 monomers. Three different banana-
shaped compounds of the 1,3-phenylene bis [4-(4-
n-alkyloxyphenyliminomethyl) benzoate] (P-6-O-PIMB)
type were considered. The main structure, and the def-
inition of the systems together with their mesophase
properties, are shown in Fig. 1 and Table 1. It is remark-
able that the unsubstituted compound (/), the chlorinated
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Fig. 1 Definition of banana-shaped systems with significant torsion
angles (¢, ®1’), reference coordinate system, bending angle (y) and
molecular lengths (L¢ core and Ly total length)
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Table 1 Notation of the systems and their mesophase behaviour. CT
Clearing temperature

Number R, Ry Rg  Mesophase sequence® CT®

) H H H B4143.6B3159BI1731° 173
[3]
) H Cl Cl Cr127N 1651 165
[3]
A3) NO, H H Crl07B71771 177

(3]

 Transition temperature in parentheses in °C
"CT in °C
©On cooling

compound (2) and the derivative with a nitro group (3)
show significantly different mesogenic properties.

The conformational flexibility of the wings was calcu-
lated from relaxed rotational barriers as well as from
trajectories related to the torsion angle ¢;. For banana-
shaped molecules, the bending angle y is a relevant
structural parameter. A simple model for the calculation of
v was used [21]. The global polarity of the considered
banana-shaped molecules can be obtained from calculations
of the dipole moment, p, and the polarisability, «, as well
as the electron density, p. Therefore, the influence of
substituents on these quantities was calculated. The effect
of substitution on the aggregation behaviour of such
compounds was investigated by MD studies on clusters.
The MD results were analysed by trajectories of significant
torsion angles as well as structural parameters like B-factor
values of connecting group atoms, bending angles and
molecular lengths. The structure formation, order effects
and mobility in the clusters were illustrated by radial atom
pair distribution functions [g(r)], orientational correlation
functions [g(0)], diffusion coefficients (D), and root mean
square deviation (RMSD) values. Moreover, an essential
aim of this work was the calculation of significant structural
properties for both the isolated molecule and the monomers
in the clusters to gain some hints as to the aggregation
effects of substituted banana-shaped compounds.

Computational details

Density functional theory calculations on the B3LYP/6-31G
(d) level were performed using the program package
Gaussian98 [40]. The relaxed rotational barriers were
generated with respect to the torsion angle ¢, (see Fig. 2)
by a partial optimisation procedure. The dipole moment and
its components, as well as the diagonal elements of the
polarisability, were calculated for the most stable confor-
mations and their dependency with respect to torsion angle
¢, was analysed. The bending angle y was calculated both
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within the DFT and MD methods using a model illustrated
in a recent paper [21]. A simple procedure was used for the
calculation of a global pattern of charge 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 summarising the charges of the corresponding
carbon atoms and localising the values at the centres 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, MD simulations were carried out, implement-
ing AMBER?7 version using a GAFF force field [41, 42].
Atomic net charges for the molecules were adapted from
the fit to reproduce the electrostatic potential within the HF/
6-31G(d) level. The procedure is consistent with the
defined atomic charges for amino acid fragments in the
AMBER program [43]. Classical MD simulations were
performed on isolated molecules under vacuum at 300 K
and their clearing temperatures (CTs) and a simulation time
of 1 ns. A time step of 0.5 fs was used in all simulations
and the non-bonded interactions were calculated with a cut-
off radius of 10,000 pm. The MD simulations on the
clusters were performed with 64 monomers using an
antiferroelectric starting structure model [2] for all systems.
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 CT. The MD simulations were
carried out with constant pressure (n, p, T) conditions. The
SHAKE algorithm [44] was used only for hydrogen atoms.
The non-bonded interactions in the clusters were calculated
with a cut-off radius of 1,000 pm. The MD results were
analysed by a graphics tool developed in our group at an
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Fig. 2 Relaxed rotational barriers [density functional theory (DFT)]
related to the torsion angle ¢ for systems (/), (2) and (3)

Octane workstation and already utilised for mesogenic and
biochemical systems [45, 46], and the AMBER7 standard
tool for MD analyses, 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 the conformational flexibility and
thermal motion of the molecules [47]. 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 histo-
grams for the bending angle distribution were analysed.
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 (Lo)—the
distance between oxygen atoms of the hexyloxy groups—
and total length (Ly)—the distance between the terminal
carbon atoms of the hexyloxy chains. The structure
formation in the clusters can be analysed by the calculation
of radial atom pair distribution function by g(r) [48]. 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 evaluation
of the orientation correlation function g(o). The g(o) data are
obtained from the calculation of the radial dependence of the
absolute cosines between the vectors of the reference atoms
C2 and C5, which determine the orientation of the central
rings in the cluster. 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
MD procedure [49-51].

Results
DFT results
Relaxed rotational barriers

The relaxed rotational barriers of the significant torsion
angle ¢ indicate that the conformational flexibility of the
legs of the banana-shaped molecules is essentially deter-
mined by the position of the polar substituents at the central
unit. This is illustrated in Fig. 2.

The system (/) shows a high flexibility of the legs over
the whole range of ¢, with barriers lower than 10 kJ mol .
The substituted molecules indicate a different conforma-
tional behaviour. The substitution of a nitro group at the 2-
position (3) causes energetically unfavoured conformations
only for the range —30°< &<30°. The relative energies of
the other areas are lower than 10 kJ mol~'. Obviously, the
nitro group substitution in the 2-position perturbs the
conformational degree of freedom on the legs of these
compounds in a limited way only. However, chlorine
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substitutions in 4- and 6-positions (2) essentially decrease
the flexibility of the legs in such molecules, resulting in a
relaxed rotational barrier of about 60 kJ mol™' and small
areas for preferred conformers (E,<10 kJ mol'). The
different flexibility of the legs in these banana-shaped
molecules can also influence their aggregation behaviour.

Dipole moments, polarisabilities, bending angles and ESP
group charges

The dependency of the dipole moment (u), polarisability
(o) and the bending angle (y) with constraints to the torsion
angle ¢ for the three systems is shown in Fig. 3. The one-
fold scans of the dipole moments related to the torsion
angle ¢, indicate a larger range (4—6 Debye) for systems
(1) and (2) but a lower range (2—4 Debye) for system (3).
The energy weighted dipole moments including conforma-
tions with a relative energy lower than 10 kJ mol ™' show
the sequence (/): 4.51 D >(2): 3.83 D > (3): 3.24 D.

For completeness, the dipole moments and their compo-
nents of the most stable conformations of the three
molecules are given in Table 2. In all three systems the
main contribution to u comes from the p, component.

From the diagonal elements of the polarisability (see
Table 2) it follows that axx is the essential component that
is oriented to the long axis of the molecule. The
dependence of axx related to ¢, is illustrated in Fig. 3.
The trends in the curves confirm the sequence of axx for
the most stable conformers ayxx (3)<oxx (I)<oaxx (2)
(Table 2). These findings are supported by the energy-
weighted values axy including conformations lower than
10 kJ mol ™" axx(3) 1036<axx(1) 1059<axx(2) 1108.

The axx values of the most stable conformers correlate
with the core (Lc) but not with the total (Ly) lengths
(Table 2). The one-fold scan of the bending angle -y related to
the torsion angle ¢, is given in Fig. 3. In some way, the
curves of the dependency of y are comparable with those of
axx for the corresponding systems. Moreover, from the
electrostatic potential group charges (q/ESP), a global pattern
of the charge distribution at the aromatic rings of the mol-
ecules can be calculated. The g/ESP values for the systems at
the centres of the aromatic rings are illustrated in Fig. 4.

The charges at the connecting groups show no
significant changes for the systems that are not drawn in
Fig. 4 for reasons of clarity. The electron density p (p
corresponds to -q/ESP) on the central ring A, and on the
external rings C, C’, of the compounds correlates with the
mesophase properties of the three banana-shaped compounds
considered. In cases where the electron density on the central
ring is higher than, or comparable to, that of the external rings
p(A) > p(C, C’), a B-phase formation like that in systems (/)
and (3) is observed. In the opposite case, i.e. p(A) < p(C,
C’), no B-phases are observed [system (2)]. As in similar
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Table 2 Dipole moments (1, in Debye) and their components, diagonal elements o, of the polarisability (in a.u.; 1 a.u. is approximately 1.649
107* €* m? T"), bending angle v (degrees), and values for the molecular lengths (Lc core and Ly total length, A) of the most stable

conformations of the three systems

System Mx Ry Mz u oxx yy Ozz Y Lc Ly

(1) —0.05 -4.75 - 0.09 4.76 1064 606 305 120 26.12 40.06
2) 0.46 -4.07 -0.60 4.14 1085 623 361 115 26.77 38.45
3) —0.09 -3.77 0.03 3.77 1029 670 345 116 25.37 37.64

types of five-ring banana-shaped systems the global pattern
of charge distribution on the centres of the rings along the
legs shows an alternating behaviour [52]. Significant
changes in the electron density on the rings in homologous
series of banana-shaped systems hint at for different phase
properties.

MD results
Trajectories of torsion angle ¢;

MD simulations were performed on the isolated molecules
in vacuum at 300 K and at the clearing temperatures of the
compounds. The trajectories of the torsion angle ¢ for the
three systems at 300 K are shown in Fig. 5. The MD results
on isolated molecules support the conformational findings
from the relaxed rotational barriers within the DFT method
(Fig. 2). From the trajectories of the torsion angle ¢, the
sequence for the flexibility of the legs (/)>(3)>(2) can be
concluded. The corresponding trajectories at the clearing
temperature of the compounds that 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 behaviour of the molecules are retained.

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.
The MD results on clusters revealed similar trajectories of
¢ for a molecule in the environment of the other mol-
ecules generated at 300 K and at the clearing temperature of
the compounds (Fig. 6).

It is remarkable that the conformational degree of
freedom for the legs of the banana-shaped 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 different
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
the “cage effect” [53]. This means that, also in the clusters,
substitution of the molecules leads 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 temper-
ature effect causes a certain broadening of the areas of ;.
Comparison of the trajectories of isolated molecules
(Fig. 5) and the corresponding trajectories of molecules in
the cluster environment (Fig. 6) indicates a large aggrega-
tion effect regarding the conformational behaviour of the
banana-shaped mesogens.

B-factors

B-factors can be used as a measure to describe the mobility
of groups or atoms during the MD run [46]. In the
investigated systems the B-factors (8/3 m*<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. Therefore, the B-factors are calculated for a
molecule in vacuum and in the cluster environment both at
300 K and at the clearing temperature. The values for a
molecule in the cluster environment are illustrated in Fig. 7.

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 (2). For the isolated molecules in
vacuum, the corresponding B-factors are generally higher
up to 60 A% but there is no notable temperature effect in the
values. In all systems the values of the B-factor were

() B () . )

-0.6
o -0.44
50
=
e 024
5
2
&h
& 0.0
(W]

02 [ B A B! [

aromatic rings in the bent-core

Fig. 4 Electrostatic potential group charges (q/ESP) on the centres of
the rings for three systems
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Fig. 7 B-factor values of the carbonyl oxygen atoms for a molecule in

the cluster environment of the systems at 300 K and at the clearing
temperature (for numbering of the atoms, see Fig. 1)

comparable both at 300 K and the clearing temperature and
are therefore not illustrated.

Bending angles and molecular lengths

The bending angle (y) is a key factor in banana-shaped
compounds. Therefore, y was calculated for single mole-
cules 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 at half maximum (FWHM) and the bending angle of
maximal frequency (ymax) Were calculated. The results are
summarised in Table 3.

Under vacuum, the bending angles of the systems show
the sequence Ymax (2)>Ymax (3)>Ymax (1), both at 300 K
and at the clearing temperatures. The vy,.x values show a
different trend than the bending angle y in the most stable
structures of the DFT calculation (Table 2). In the case of
MD studies, contributions of less favoured conformers are
included. In the cluster environment the <y, values at
300 K and at the clearing temperature differ remarkably.
Generally, the yn.x 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 results in conformers with
small bending angles also being realised. In the cluster
environment, the yn.x values of substituted compounds
show a different trend at 300 K [Vmax(3)>VYmax(2)] and at
the clearing temperature [Vimax(2)>¥Ymax(3)]- A clear in-
crease in the bending angle y,.x can be seen going from
the single molecule to the cluster aggregation, especially for
the dichloro- substituted compound (2) . This tendency is in
agreement with experimental results. NMR studies per-
formed in the liquid crystalline state of several bent-core
mesogens have proved that the attachment of chlorine
atoms at positions 4 and 6 of the central phenyl ring
increases the real bending angle up to 165° [14]. 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 4.

The core length (L) was defined as the distance
between oxygen atoms of the hexyloxy chains. The Lc
values show that no significant effect is related either to the
temperature or to the aggregation state. The data of the total
length (Lt)—distance between the terminal carbon atoms of
the hexyloxy chains—indicate an aggregation effect.
Molecules in cluster environment have larger Lt values
than those in vacuum. This can be attributed to a smaller
rate of conformations with folded hexyloxy chains in the
aggregated state. The substituted compounds (2) and (3)
indicate a different temperature dependence of the L and
Lt values of the molecules in clusters. This behaviour is in
agreement with the tendency found in the bending angle
Ymax for the molecules in clusters at 300 K and at the
clearing temperature (Table 3). The findings of the substitut-
ed systems, both in the molecular length and the bending
angle of the molecules in the clusters, are hints for their
different mesogenic properties.

Radial atom pair distribution function and orientational
correlation function

The structure formation of molecules in the clusters can be
analysed by calculation of the radial atom pair distribution

Table 3 Full width at half maximum (FWHM) values and bending angles of maximal frequency (ymax) for the systems

System Single molecule in vacuum Single molecule in cluster environment

300 K CT 300 K CT

FWHM® Ymax FWHM Ymax FWHM Ymax FWHM Ymax
) 35 116 30 118 9 120 13 125
®) 25 121 31 120 9 127 17 140
3 22 119 26 119 6 140 12 124

*FWHM and <y, values in degrees
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Table 4 Molecular lengths of the systems in A at 300 K and at the clearing temperature

System  Core length (L¢) Total length (L)
Single molecule in vacuum  Single molecule in cluster ~ Single molecule in vacuum Single molecule in cluster
300 K CT 300 K CT 300 K CT 300 K CT

) 18.0 224 26.7 27.5 18.2 26.4 35.1 36.4

®) 26.8 26.5 27.8 29.0 35.1 33.6 37.8 38.0

3 26.0 25.8 293 259 33.1 32.7 39.2 34.7

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. 8. The
systems show nearly the same tendency in structure
formation both at 300 K and the clearing temperature with
the sequence (3)>(1)>(2). Especially in the case of the nitro
substituted compound (3), a certain long-range order of
molecules can be suggested at both temperatures. The
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Fig. 8 Radial atom pair distribution functions g(r) for the systems. a
300 K, b clearing temperature
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unsubstituted compound (/) shows a short range order only
at 300 K, which is decreased at higher temperature. The g(r)
curves are comparable for system (2) at both temperatures
and indicate a low order.

Further information on the orientation of the molecules
results from 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 unit. The
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Fig. 9 Orientational correlation function g(o) for the systems. a
300 K, b clearing temperature
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Table 5 Diffusion coefficients (D) of the clusters at 300 K and at the

clearing temperature

System D (300 K) /10 " m?s! D(CT)/10 P m*s’!
%) 17.13 51.48
%) 10.38 23.95
€)) 6.35 173.88

averaging procedure is carried out via the numbers of
monomers and of time steps during the MD run. The results
are presented in Fig. 9.

The g(o) curves support the trends found in the g(r)
results. The long-range order is increased in system (3) and
reduced in system (2). The effect is more distinct in the
curves at the clearing temperature. This is good evidence
that chlorination in positions 4 and 6 of the central 1,3-
phenylene unit [system (2)] can induce significant pertur-
bations in the bent conformations of the monomers, and
therefore essentially influence the aggregation of banana-
shaped molecules.

Diffusion coefficients and root mean square deviations

The mobility of the molecules in the clusters was
investigated by diffusion coefficients calculated using the
Einstein model within the MD run [45, 49]. From the
averaged mean square displacement (MSD) of the centre of
mass, <Ar>>= 6Dt, the diffusion coefficient, D, can be
obtained by a linear fit. The D values for the systems were
calculated from 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 1,160—1,660 ps
(300 K) and 2,220-2,720 ps (clearing temperature),
respectively. The D values are summarised in Table 5.

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 [(/)>
(2)>(3)] and at the clearing temperature [(3)>(/)>(2)]. This
effect cannot be explained by the small differences in the
clearing temperatures of the systems, see Table 1. Obvi-
ously, the chlorine- and nitro-substituted compounds show
a contrary temperature dependence of D related to the
unsubstituted species, which again hints at their different
aggregation behaviour.

The flexibility of molecules, or parts thereof, in clusters
can be indicated by calculation of the root mean square
deviations (RMSD) of the corresponding atoms within the
MD simulation. The RMSD values of the core and a

Fig. 10 Root mean square deviation (RMSD) values of the core and p

the terminal hexyloxy chain for the systems. a core/300 K, b core/
clearing temperature, ¢ chain/300 K, d chain/clearing temperature

v}

= RMSD/core (A)

RMSD/core (A)

e

RMSD/chain (A)

(="

RMSD/chain (A)

time (ps)
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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, only the heavy atoms of the segments
were considered. The results of MD simulations at 300 K
and at the clearing temperature are illustrated in Fig. 10.
Similar to the calculation of the diffusion coefficients, the
last 500 ps of the MD run were used as the 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
the higher temperature. It is remarkable that the nitro-
substituted system (3) shows a higher flexibility at the
clearing temperature both in the core and the terminal
chains in comparison to the chlorinated compound (2).
These findings support the trend found in the calculated
diffusion coefficients and are further hints for the different
aggregation and mesophase behaviour of the substituted
banana-shaped compounds.

Conclusions

Comparative DFT calculations on the B3LYP/6-31G(d)
level and MD calculations have been performed on
substituted banana-shaped compounds including isolated
molecules as well as clusters with up to 64 monomers.
DFT studies on isolated molecules indicated that substi-
tution of a nitro group [system (3)] and two chlorine
atoms [system (2)] on the central 1,3-phenylene unit of a
five-ring system causes significant changes in the
structural and polar properties of the molecules. This
was illustrated by systematic investigations of relaxed
rotational barriers, dipole moments, polarisabilities, bend-
ing angles, molecular lengths and electrostatic potential
group charges. It is remarkable that the substituted
molecules (2) and (3) show different, but mostly opposite,
effects in the latter properties in comparison to the
unsubstituted compound (/). MD-simulations on isolated
molecules essentially support the conformational findings
from DFT calculations. Moreover, the temperature effect
was studied by simulations both at 300 K and at the
clearing temperature of the mesogens. It can be conclud-
ed from the trajectories of significant torsion angles,
molecular lengths and bending angles that the com-
pounds show a significant aggregation effect related to
the substitutents on the central unit. In particular, the
radial atom pair distribution functions and orientational
correlation functions predict a certain long-range order
for the nitro-substituted compound (3), which supports its
mesophase properties. The calculations of the diffusion
coefficients and RMSDs at 300 K and at the clearing

@ Springer

temperature indicate a remarkable temperature effect,
which differs for systems (2) and (3). Despite the limited
simulation time and size of the clusters, the findings of
MD studies on the atomic level give several hints that
will aid our understanding of the different mesophase
behaviour of substituted banana-shaped compounds.
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