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Abstract. We examine the effect of dipolar interactions on the liquid-crystalline phase
behaviour of L/D = 5 hard spherocylinders with a terminal point dipole. The hard
spherocylinder consists of a cylinder of lengthL and diameterD with hemispherical caps on
each end; the point dipole is located at the centre of the hemispherical cap (2.5D from the centre
of the spherocylinder) and is oriented along the principal molecular axis. The phase transitions
exhibited by this system are studied using the isothermal–isobaric Monte Carlo (MC-NPT )
technique. As for systems with central dipoles, the terminal dipole is seen to slightly destabilize
the nematic (orientationally ordered) phase relative to the isotropic phase when compared with the
non-polar hard spherocylinders. More interestingly, the smectic (layered) phase is destabilized
in the terminal dipole case, and is only seen at the very highest densities. This is in stark contrast
to what is seen for systems with central point dipoles in which the smectic phase is stabilized
relative to the nematic phase due to the strong anti-parallel dipolar interactions. We do not find
any evidence for ferroelectric or anti-ferroelectric ordering in these systems.

1. Introduction

The relationship between polar interactions and liquid-crystalline phase behaviour has been
of long-standing interest since the pioneering work of Born [1]. There have been numerous
theoretical and simulation studies for systems with dipolar interactions (e.g., see [2–29].
The main findings of this body of work are that the dipole stabilizes the nematic (N)
phase relative to the isotropic (I) liquid, and that ferroelectric phases can be observed.
Recently, we have undertaken a thorough simulation study of the phase transitions of hard
spherocylinders of aspect ratioL/D = 5 with central point dipoles in a longitudinal [30] and
transverse [31] orientation relative to the main molecular axis. In these systems the smectic-
A (SmA) phase is seen to be stabilized when compared with the results for the non-polar
hard spherocylinders [32]. Contrary to theoretical expectations, the nematic phase was found
to be destabilized relative to both the isotropic liquid and the smectic phases. Furthermore,
we did not observe the formation of ferroelectric liquid-crystalline phases.

In this contribution, we examineL/D = 5 hard spherocylinders with a terminal dipole
located at the centre of the hemispherical cap, a distance 2.5D from the centre of the
spherocylinder; the orientation of the dipole is along the principal axis of the cylinder.
This system has already been studied for a limited number of states [18, 19]. Much of
the motivation behind our work is the study of Vanakaras and Photinos [10] who predict
I–N–I re-entrance with a variational theory for a variety of positions of the dipole within
the spherocylinder. We will briefly discuss the specific details of our simulation technique
before the results of our study are presented.
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2. Simulation details

As in our previous work on hard spherocylinders [32], we use the isothermal–isobaric
Monte Carlo (MC-NPT ) method [33, 34]. This constant-pressure simulation technique is
well established and is very convenient for studies of phase transitions as the density of
the system is not fixed. The reaction-field method [34, 35, 36] is used to deal with the
long-range dipolar interactions; the dielectric continuum at the boundary is calculated from
within the simulation cell in a self-consistent manner [37]. We have shown [37] that for the
liquid-crystalline phases of dipolar hard spherocylinders, at least, the thermodynamics and
structure obtained with this procedure are indistinguishable from those obtained with the
more commonly used, but more computationally intensive, Ewald summation method [34].

Figure 1. The equation of state for dipolar hard spherocylinders withL/D = 5 for the isotherm
T ∗ = 1. The data points represent the MC-NPT simulation data forN = 1020 particles: the
circles correspond to the isotropic branch, the triangles to the nematic branch, and the squares to
the smectic branch. The data points for the system with the terminal (T) longitudinal dipole are
shown black, and those for the system with the central (C) longitudinal dipole white [30]. The
continuous curves represent the results for the non-polar (NP)L/D = 5 hard spherocylinders
[32]: isotropic, nematic, and then smectic branches are seen with increasing density. The ranges
of stability of the nematic phase for these systems are also shown as the thick solid lines.

A single isotherm ofT ∗ = kT D3/µ2 = 1 is examined for the system with terminal
dipoles, whereT is the temperature,k is the Boltzmann constant, andµ is the dipole
moment. This temperature has been selected since both nematic and smectic-A phases are
found for the systems with central longitudinal dipoles [30]. At the start of the simulation,
a system ofN = 1020 molecules are arranged on a near-cubic hexagonally close-packed
(hcp) lattice which is then expanded to a low-density isotropic state [32]. The system is
equilibrated at this point so that all of the orientational order is lost, and the reduced pressure
P ∗ = Pvhsc/(kT ), whereP is the pressure andvhsc = πD3/6 + πLD2/4 is the volume
of the hard spherocylinder, is gradually increased (from a low-density value) in a series of
simulations to give the full isotherm and allow us to locate the various phase transitions.
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Table 1. Isothermal–isobaric Monte Carlo (MC-NPT ) simulation results forN = 1020 hard
spherocylinders of aspect ratioL/D = 5 with a terminal longitudinal dipole at a temperature of
T ∗ = 1. The pressureP ∗ is set during the simulation and the packing fractionη, internal energy
U∗, and order parametersP1 (ferroelectric) andP2 (nematic) are obtained as configurational
averages; the uncertainties denote one standard deviation of the data.

P ∗ η U∗ P1 P2 Phase

4.451 0.380± 0.001 −0.0755± 0.006 0.0008± 0.025 0.033± 0.004 I
5.118 0.400± 0.001 −0.0724± 0.005 −0.0017± 0.014 0.119± 0.004 I
5.341 0.406± 0.001 −0.0713± 0.004 0.0051± 0.072 0.194± 0.005 I
5.430 0.408± 0.001 −0.0745± 0.005 −0.0002± 0.005 0.195± 0.003 I
5.563 0.410± 0.001 −0.0732± 0.003 0.0016± 0.011 0.194± 0.005 I
5.675 0.415± 0.001 −0.0734± 0.006 0.0024± 0.008 0.237± 0.004 I
5.786 0.419± 0.001 −0.0656± 0.007 0.0006± 0.012 0.220± 0.015 I
5.875 0.426± 0.001 −0.0611± 0.006 −0.0004± 0.006 0.438± 0.005 N
6.008 0.429± 0.002 −0.0608± 0.006 0.0003± 0.005 0.485± 0.004 N
6.142 0.438± 0.002 −0.0539± 0.007 −0.0004± 0.005 0.685± 0.004 N
6.231 0.442± 0.002 −0.0518± 0.008 −0.0006± 0.005 0.731± 0.003 N
6.453 0.450± 0.001 −0.0433± 0.009 −0.0002± 0.006 0.791± 0.003 N
6.676 0.455± 0.002 −0.0446± 0.009 −0.0008± 0.006 0.810± 0.004 N
6.898 0.458± 0.002 −0.0409± 0.010 0.0010± 0.006 0.791± 0.003 N
7.121 0.465± 0.001 −0.0346± 0.011 0.0005± 0.006 0.817± 0.003 N
7.343 0.471± 0.001 −0.0319± 0.011 −0.0012± 0.005 0.839± 0.003 N
7.566 0.479± 0.003 −0.0209± 0.012 0.0017± 0.005 0.876± 0.002 N
7.788 0.484± 0.001 −0.0204± 0.012 0.0010± 0.005 0.872± 0.003 N
8.011 0.493± 0.001 −0.0086± 0.013 0.0027± 0.005 0.880± 0.003 N
8.234 0.496± 0.002 −0.0063± 0.014 −0.0006± 0.006 0.895± 0.003 N
8.456 0.504± 0.001 0.0037± 0.014 0.0004± 0.006 0.913± 0.002 N
8.679 0.509± 0.002 0.0075± 0.014 0.0007± 0.005 0.924± 0.002 N
8.901 0.518± 0.002 0.0183± 0.015 −0.0002± 0.007 0.942± 0.003 N
9.124 0.521± 0.001 0.0199± 0.014 0.0085± 0.010 0.939± 0.003 N
9.346 0.535± 0.002 0.0471± 0.019 0.0037± 0.024 0.961± 0.003 Sm
9.791 0.549± 0.001 0.0646± 0.017 0.0012± 0.009 0.967± 0.002 Sm

10.014 0.558± 0.002 0.0657± 0.021 −0.0006± 0.005 0.972± 0.002 Sm

At each state point, the system is equilibrated for∼4 × 108 configurations, and a further
∼4 × 108 configurations are used to obtain the appropriate ensemble averages. Since the
pressureP ∗ is set in an MC-NPT simulation, the equation of state is obtained from the
average volumeV or packing fractionη = vhscN/V . The thermodynamic and structural
properties are monitored to characterize the various phases and to locate the positions of
the phase transitions: the internal energyU ∗ = UD3/µ2, the nematicP2 = 〈P2(cosθ)〉 and
ferroelectricP1 = 〈P1(cosθ)〉 order parameters (whereθ is the angle between the molecular
axis and the director), the pair distribution functionsglmn(r), projections of these functions
for directions parallelg‖(r‖) and perpendicularg⊥(r⊥) to the director, and the orientational
pair distribution functionsgn(r) = 〈Pn(cosθ(r))〉/g000(r) are calculated as described in our
other papers [32, 30, 31].

3. Results and discussion

The Monte Carlo simulation data obtained for theL/D = 5 hard spherocylinders with a
terminal point dipole for the temperatureT ∗ = 1.0 are reported in table 1. These data
are compared with the results for the non-polar case (T ∗ = ∞) [32] in figure 1. The
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simulation data obtained for the same isotherm ofL/D = 5 hard spherocylinders with a
central longitudinal dipole [30] are also included in the figure.

The non-polar system exhibits a transition from an isotropic liquid phase (ηI ∼ 0.407,
P2 ∼ 0.215) to a nematic phase (ηN ∼ 0.415, P2 ∼ 0.471) at a pressure ofP ∗

I−N ∼ 5.30;
on further compression the system exhibits a layering transition from a nematic phase
(ηN ∼ 0.472, P2 ∼ 0.857) to a smectic-A phase (ηSmA ∼ 0.487, P2 ∼ 0.893) at a pressure
of P ∗

N−SmA ∼ 6.85. There is also a transition to a solid phase at higher densities, but this is
not the focus of the current paper.

Figure 2. (a) The orientational pair radial distribution function for theL/D = 5 hard
spherocylinders with a terminal point dipole for a temperature ofT ∗ = 1. The upper curves
correspond tog2(r) for the highest-density isotropic (I,P ∗ = 5.786), the lowest-density nematic
(N(low), P ∗ = 5.875), the highest-density nematic (N(high),P ∗ = 9.124), and the lowest-
density smectic (Sm,P ∗ = 9.346) phases. The lower curves correspond tog1(r) for the same
state points. (b) The projectiong‖(r‖) of the pair radial distribution function for a distancer‖
along the director. The continuous curves correspond to the same states as in (a). The results for
theL/D = 5 hard spherocylinders with a central transverse point dipole at the same temperature
andP ∗ = 6.542 are shown as the dashed curve.

At a temperature ofT ∗ = 1.0, the hard spherocylinders with the terminal dipoles are
seen to exhibit a transition from an isotropic liquid (ηI ∼ 0.419,P2 ∼ 0.220,P1 ∼ 0.0006)
to a nematic phase (ηN ∼ 0.426,P2 ∼ 0.438,P1 ∼ −0.0004) at a pressure ofP ∗

I−N ∼ 5.83.
The nematic phase is not ferroelectric, i.e.,P1 ∼ 0 over its entire range (see table 1).
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The orientational pair distribution functionsgn(r) for various state points of this system
are shown in figure 2(a):g2(r) decays to zero with the intermolecular separation in the
isotropic liquid, whilst it exhibits the limiting value of limr→∞ g2(r) = P 2

2 in the nematic
phase; the decay ofg1(r) to zero indicates that the phases are not ferroelectric. The nematic
phase is slightly destabilized with respect to the isotropic liquid when compared with the
non-polar system; the polar system has a higher pressure and density and a lower nematic
order parameter for the I–N transition. This rather surprising finding is also seen for the
hard spherocylinders with central point dipoles [30], and could be due to dipole pairing (or
clustering) reducing the overall aspect ratio of the molecular aggregates. The subtle effect
is not reproduced in the theoretical predictions of Vanakaras and Photinos [10].

The most surprising feature of the phase behaviour of the hard spherocylinders with
terminal dipoles, however, is the marked destabilization of the smectic phase relative to
the nematic phase when compared with the non-polar system. We find a transition from a
nematic phase (ηN ∼ 0.521, P2 ∼ 0.939, P1 ∼ 0.0085) to a poorly characterized smectic
phase (ηSm ∼ 0.535, P2 ∼ 0.961, P1 ∼ 0.0037) at a pressure ofP ∗

N−Sm ∼ 9.24, which
is well above the N–SmA transition pressure ofP ∗

N−SmA ∼ 6.85 found for the non-polar
system [32]. One of the main features of the phase behaviour of hard spherocylinders with
central dipoles is the marked stabilization of the smectic-A phase [30] (see figure 1). The
ranges of stability of the nematic phase for the non-polar and dipolar (terminal and central)
systems are indicated in figure 1 to emphasize this point. The layering can be characterized
in terms of the pair distribution function for distances projected along the directorg‖(r‖).
This function is shown in figure 2(b) for states just below and above the N–Sm phase
transition. Clear layering can be seen for a density ofη = 0.535, but the layers are less
well defined than for the systems with central dipoles; the corresponding sharp peaks for
a typical smectic-A phase of the system with a transverse central dipole [31] is shown in
figure 2(b) for the sake of comparison. We have found a slight tilt of the layers relative
to the director for the high-density system with a terminal dipole, so the phase may be a
smectic-C one. It is important to note, however, that this poorly characterized smectic phase
could be metastable and preempted by a transition to a solid phase, although this possibility
has not been investigated here. The destabilization of the smectic phase appears to be due
to the strong anti-parallel dipole pairing at high densities which produces a staggered dimer
geometry; these aggregates are difficult to accommodate in the smectic layers. The ‘dipole
pairs’ have to be disrupted in order for the smectic phase to form. In this context, it is
interesting to examine the pressure dependence of the internal energyU ∗ for this system
(see table 1): the energy is less attractive (more repulsive) in the nematic than the isotropic
case which agrees with the view that the nematic phase is destabilized. The opposite trend
is found for the systems with central dipoles [30, 31]. The extra repulsions for the terminal
case are due to the disruption of the dipole pairs; in fact the high-density system is more
repulsive on average than the non-polar case as testified by the positive values of the internal
energy. Like the nematic phase, the smectic phase does not appear to exhibit appreciable
ferroelectric or anti-ferroelectric order, although some short-range anti-ferroelectric order
can be seen (see figure 2(a)).

4. Conclusions

Our main finding for hard spherocylinders with terminal dipoles is the dramatic stabilization
of the nematic phase relative to the smectic phase in comparison with the non-polar system.
This appears to be a consequence of the anti-parallel geometry of the dipoles in their
minimum-energy conformation causing a staggering of the molecules which cannot then
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easily be accommodated into smectic layers. This is in marked contrast to what is found for
the systems with central dipoles in which the smectic phase is stabilized to such an extent
that the nematic phase disappears altogether at low temperatures [30, 31]. It should be
noted that we have not found evidence of ferroelectric or anti-ferroelectric phase behaviour.
This type of behaviour is, however, very subtle and can depend on the types of boundary
condition that are used, so that it cannot be ruled out.

So far we have made no reference to vapour–fluid phase equilibria. In a previous study
[29] it was found that hard spherocylinders with central point dipoles exhibit a vapour–liquid
phase transition only over a very narrow range of aspect ratios (0.18 < L/D < 0.28). We
do not thus expect a vapour–liquid transition for the molecules with the longer aspect ratio
of L/D = 5 although it is difficult to speculate on what will happen for these very much
longer molecules especially in the case of the terminal dipoles.

The dipolar hard spherocylinders are, of course, a rather crude model of real mesogens
such as the cyanobiphenyls (CB). In this case the cyano group is directly attached to the
phenyl ring which results in a delocalized ‘dipole’ [38, 39]. When the cyano group is
linked to a cyclohexyl ring, the dipole is more localized and the liquid-crystalline phases,
the smectic phase in particular, are destabilized [38], an effect which is reproduced in our
study. We have not included a representation of the flexible alkyl tails in our models due
to the enhanced computational effort that is required in this case. In future work we plan to
include this contribution and examine the competing effects of the pairing of the terminal
dipoles and the flexible tails on the stability of the smectic phase and microphase separation.
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