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Computer simulation studies of anisotropic systems

XXIX. Quadrupolar Gay± Berne discs and chemically induced

liquid crystal phases

by M. A. BATES² and G. R. LUCKHURST*

Department of Chemistry and Southampton Liquid Crystal Institute,
University of Southampton, Southampton SO17 1BJ, UK

(Received 20 August 1997; accepted 10 September 1997 )

Liquid crystal phases can be induced chemically by mixing compounds whose speci® c
interactions are such that the transition temperature for the induced phase is higher than the
melting points of the two compounds. A particularly dramatic example of such behaviour is
the creation of a columnar nematic and a hexagonal columnar phase on mixing discotic
multiynes with 2,4,7-trinitro¯ uorenone. Although the intense colour of the mixture indicates
a strong charge-transfer band, it is uncertain as to whether the charge-transfer interaction
between unlike molecules is enough to stabilize the induced liquid crystal phases. An
alternative explanation for the formation of such phases involves an electrostatic quadrupolar
interaction between the components, whose quadrupole moments di� er in sign. This interaction
weakens the face-to-face attraction for like particles while strengthening it for unlike particles.
We have explored this possible explanation for chemically induced liquid crystal phases in
discotic systems by modelling the basic interaction between discs with a Gay± Berne potential,
to which is added a point quadrupolar interaction. We have determined the phase behaviour
of the pure systems and their binary mixtures with constant pressure Monte Carlo simulations.
It would seem that the quadrupolar interaction can account for many of the features of
chemically induced liquid crystals.

1. Introduction

New liquid crystal phases can be revealed and their
ranges frequently extended by the use of binary mixtures
of materials. The enhancement of the liquid crystal
behaviour usually results from the depression of the
melting point, which reaches a minimum at the eutectic
composition. However, perhaps more intriguing is the

Neither TNF nor any of the multiynes (I) exhibit liquidobservation made by Praefcke and co-workers that for
crystal phases, but their binary mixtures form bothcertain mixtures of disc-like molecules, new liquid crystal
nematic and columnar phases. The phase diagram forphases could be formed by the alternative strategy of
TNF with penta(2-phenylethynyl ) toluene (R= ± CH3 ) isincreasing the liquid crystal± isotropic transition temper-
sketched in ® gure 1 and we can see that a hexagonal,ature [1± 3]. The phases so formed are known as chemic-
ordered columnar phase (Colho ) is formed with a max-ally induced phases and are strictly de® ned as those
imum transition temperature close to the equimolaroccurring above the melting point of either compound,
mixture [3]. As the concentration of TNF is increased,to avoid the possibility that they result simply from the
so the transition temperature falls and a nematic phasedepression of the melting point on forming the mixture.
appears. X-ray di� raction studies of the two mesophasesOne of the ® rst observations of such chemically induced
show that, within the columns of the Colho phase, theliquid crystal phases [2] in low molar mass systems
molecules of TNF and I alternate along the column [3].was for mixtures of the multiynes (I) with
The structure of the nematic phase is more intriguing,2,4,7-trinitro¯ uorenone (TNF):
for it is thought to consist of short columns, again with
the molecules of the two components alternating along
the column. It is then the anisotropic interaction between*Author for correspondence.
these assemblies which should create the nematic phase;² Present address: FOM Institute for Atomic and Molecular

Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands. this has therefore been called a columnar nematic.
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230 M. A. Bates and G. R. Luckhurst

the same quadrupolar interaction could be responsible
for the formation of the chemically induced liquid crystal
phases. The chemical structures of the two components
would lead us to expect that the quadrupole moment
for I is negative, as for benzene [6], whilst that for TNF
is positive, as for hexa¯ uorobenzene [6]. In the pure
systems, the quadrupolar interaction would tend to
destabilize the columnar structure, whereas in the mix-
ture it would favour the columnar organization, thus
leading to a chemically induced liquid crystal phase.

To explore this idea in more detail we have undertaken
a Monte Carlo computer simulation study of systems of
discotic particles interacting through a quadrupolar
potential. In addition to this, the underlying interactionFigure 1. A sketch of the phase diagram for a binary mixture
between the discotic particles is represented by the Gay±of the multiyne I (R= ± CH3 ) and trinitro¯ uorenone

(TNF), whose mole fraction is denoted by xTNF . Berne pair potential [7]. This model potential has been
found to be especially valuable in studies of calamitic
liquid crystals [8, 9] and is proving to be equally useful
for the investigation of discotic liquid crystals [10, 11].It seems that the formation of chemically induced

liquid crystal phases in these and similar systems should Thus a system of Gay± Berne discs has been found to
exhibit isotropic, nematic and hexagonal columnarresult from a stronger interaction between unlike molec-

ules in comparison with the average interaction between phases [11]. The paper is arranged as follows. In § 2,
we describe the form of the pair potential together withlike molecules. This is especially the case when the

discotic molecules are in their face-to-face con® guration. the parametrizations employed in the simulations. The
properties which are used to characterize the variousOne candidate which has been proposed to account for

this is that a charge-transfer interaction occurs between phases formed are given in § 3, together with the essential
details of the constant pressure Monte Carlo simulations.unlike molecules. The argument in support of this is

that, whereas both TNF and I (R= ± CH3 ) are pale The results of the simulations are described and their
signi® cance is discussed in § 4. A summary of our workyellow in colour, the binary mixture is bright red, this

change in colour coming from a charge-transfer band. and conclusions are presented in § 5.
However, although the colour is intense, there is some
doubt as to whether the associated charge-transfer inter-

2. The pair potential and its parametrization
action is su� ciently strong to induce a liquid crystal The Gay± Berne model is a single site intermolecular
phase. An alternative explanation has its origins in an potential representing the interaction between a pair of
electrostatic quadrupolar interaction, which stabilizes uniaxial particles and takes the form [11]
a face-to-face arrangement provided the quadrupole
moments of the unlike molecules are opposite in sign.

UGB (uÃ i , uÃ j , r)=4e (uÃ i , uÃ j , rÃ ) GC sf

r Õ s (uÃ i , uÃ j , rÃ )+sfD12

The evidence in support of this interaction derives from
the behaviour of the more well-known binary system of
benzene and hexa¯ uorobenzene. Whereas both benzene

Õ C sf

r Õ s(uÃ i , uÃ j , rÃ )+sfD6H . (1 )and hexa¯ uorobenzene are liquid at room temperature,
their equimolar mixture is crystalline at the same temper-
ature [4]. In other words, the mixture exhibits a chemic- The orientations of the two particles are denoted by the

unit vectors uÃ i and uÃ j and r is the vector joining theally induced crystalline phase. The crystal structure of
the mixture is essentially columnar with benzene and particles. The expressions for the functions e (uÃ i , uÃ j , rÃ )

and s (uÃ i , uÃ j , rÃ ), which describe the orientational depend-hexa¯ uorobenzene molecules alternating along the col-
umns [5]. In contrast, the crystal structure of benzene ence of the well depth and the contact separation, have

been discussed in detail elsewhere. These functions arehas the molecules assembling with edge-to-face pairs as
well as pairs in which the discs are parallel, but displaced given in the Appendix for those not familiar with the

Gay± Berne model. To the potential in equation (1) wewith respect to their face-to-face arrangement. These
observations are now accepted to be consistent with an have added a point quadrupolar interaction, located at

the centre of the disc. This maintains the cylindricalelectrostatic quadrupolar interaction playing a dominant
role in determining the crystal structure of both the pure symmetry of the particles and is also consistent with the

single site character of the Gay± Berne potential. Thesystem and the binary mixture [5]. It seems likely that
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231Computer simulation: induced L C phases

quadrupolar component of the total potential is have selected, but such a di� erence is consistent with
the larger size of the multiynes I and the greater polarity
of 2,4,7-trinitro¯ uorenone.UQ (uÃ i , uÃ j , r)=

3QiQj

16p e or5 [1+2(uÃ i¯uÃ j )
2 Õ 5(uÃ i¯rÃ )

2

To illustrate the in¯ uence of the quadrupolar inter-
action on the total potential, the potential energy con-Õ 5(uÃ j ¯rÃ )

2 Õ 20(uÃ i¯uÃ j ) (uÃ i¯rÃ ) (uÃ j ¯rÃ )
tours for interactions between like and unlike particles

+35(uÃ i ¯rÃ )
2 (uÃ j ¯rÃ )

2] (2) are shown in ® gure 2 for both values of Q*. The con® g-
uration chosen to calculate these contours was with the
symmetry axes of the two particles parallel (uÃ i ¯uÃ j=1),
since we expect this to be the most common arrangementwhere Qi and Qj are the quadrupole moments of particles

i and j , respectively and e o is the permittivity of free for discs in a liquid crystal phase. In addition the
quadrupolar contribution depends upon the separationspace [12, 13].

In principle, the parameters in the pair potentials for between the particles and not on the shifted separation
as in the Gay± Berne potential itself, and so the quadru-the two components should be di� erent, as they are for

real systems. However, to reduce the number of adjust- polar interaction is greatest for the smallest separation.
This is achieved for the face-to-face arrangement whenable parameters within the simulations, we have decided

that the two components should di� er only in the sign the particles are necessarily parallel; the in¯ uence of the
quadrupolar interaction on other arrangements, such asof their quadrupole moments. Since the quadrupolar

interaction is quadratic in Q, the pure systems of the the edge-to-edge or face-to-edge, is found to be consider-
ably reduced. For the smaller value of the quadrupoletwo components are identical. The di� erent behaviour

of the mixture compared with that of the pure systems moment, the energy minimum occurs when the particles
are face-to-face for interactions between both like andthen results solely from the negative sign of the product

QiQj for unlike particles, in contrast to the positive sign unlike particles. However, we can see from the number
of contours, that the energy minimum is slightly deeperfor like particles. The Gay± Berne potential parameters

were set equal to those used in our previous study of for the unlike than for the like interaction. In addition
the well is narrower for the interaction between unlikediscotic particles [11]. Thus the ratio of the contact

separations sf /se for the face-to-face (f ) and edge-to- particles when they are displaced away from the face-
to-face arrangement [see ® gures 2 (a) and 2 (b)]. Theedge (e) arrangements was given the value 0 3́45, which

is typical of that for real discotic mesogens. The ratio situation is qualitatively di� erent for the particles with
the larger scaled quadrupole moment. For a pair of likeef /ee for the well depths for the same arrangements was

set equal to 5; the exponents m and n in the expression particles there is no longer an energy minimum when
the particles are face-to-face; the minimum occurs whenfor the well depth were given the values 1 and 2,

respectively. A system of particles interacting via the they have been displaced by about 30 ß from the face-to-
face arrangement [see ® gure 2 (c)]. In addition, theGay± Berne potential with these parameters is found

to form isotropic, nematic and hexagonal columnar potential well is rather shallow. In marked contrast, the
contours for unlike particles now show a maximumphases, with transition temperatures which increase with

increasing pressure [11]. attraction when the particles have a face-to-face arrange-
ment [see ® gure 2 (d )]. The well depth for this arrange-It is more di� cult to select the quadrupole moments

for the components. However, the in¯ uence of the quad- ment is also very large, corresponding to a strong
attraction between the particles. Qualitatively at least, itrupolar interaction on the total potential suggests values

for Q*[=Q /(4p e oeos
5
o)1/2] of about 0 1́0. We have, would seem that Gay± Berne discs with a quadrupolar

interaction with Q* of 0 1́0 should destabilize a columnartherefore, studied in detail the behaviour of two systems,
one with Q* set equal to 0 0́5 and the other with Q* phase for the pure system and create a columnar struc-

ture for a binary mixture in which the Q* for the twoequal to 0 1́0. In order to compare these values with
quadrupole moments of real molecules we need to know components di� er in only their sign.

The models which we have chosen to study, therefore,the Gay± Berne scaling parameters eo and so . These have
been estimated to be 1 6́3 kJ mol Õ

1 and 26 AÊ , respectively, are quadrupolar Gay± Berne discs with |Q*| equal to
0 0́5 and 0 1́0. In addition to the pure system, we havefor typical discotic mesogens [11]. Using these values,

we estimate Q* of 0 0́5 to correspond to a quadrupole also investigated two binary mixtures, the components
of which we denote by the letters A and B. Given themoment Q of 1 1́ Ö 10 Õ

38 C m2 and Q* of 0 1́0 to be
twice this value. The quadrupole moments for benzene equivalence of these components, the transition temper-

ature for a chemically induced liquid crystal phase willand naphthalene have been measured as Õ 3 0́ Ö 10 Õ
39

and Õ 4 5́ Ö 10 Õ
39 C m2 , respectively [14]. These are be greatest for the equimolar mixture, which we refer to

as the 50 : 50 mixture. The induced phase for this mixtureclose to but somewhat smaller than the values which we

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
2
0
:
0
8
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



232 M. A. Bates and G. R. Luckhurst

Figure 2. The potential energy contours calculated for a pair of particles with their symmetry axes parallel; with the quadrupole
moment, Q*, equal to 0 0́5 for (a) like and (b) unlike interactions, and Q* equal to 0 1́0 for (c) like and (d ) unlike interactions.
The innermost contour corresponds to zero potential energy and the other contours are for values of the scaled potential
energy decreasing in steps of 2 0́.

is likely to have a columnar structure, but as we also solely through the Gay± Berne potential was found to
exhibit a hexagonal columnar± nematic transition at awish to investigate an induced columnar nematic phase,

we have also studied a 75 : 25 mixture. Comparison with scaled temperature T *(=kBT /eo ) of 2 5́25 Ô 0 0́25 and
a nematic± isotropic transition at a temperature ofthe behaviour of real systems (see ® gure 1) suggests that

this should form a nematic as well as a columnar phase, 2 6́75 Ô 0 0́25. It seemed appropriate, therefore, to start
the simulations of the quadrupolar systems at a temper-presumably because the unequal amounts of the two

components will tend to destabilize the columnar ature of 3 5́ in the isotropic phase using a con® guration
taken from our previous simulation of Gay± Berne discs.structure.
The temperature was then lowered in steps of 0 1́ using
a con® guration taken from the previous temperature as3. The constant pressure Monte Carlo simulations

The isothermal± isobaric Monte Carlo simulation tech- a starting con® guration until the temperature was 2 0́.
This is signi® cantly lower than the temperature for thenique used in our studies of the quadrupolar Gay± Berne

discs is described in detail elsewhere [11]. This paper transition to the hexagonal columnar phase found for
the Gay± Berne system. In the simulations, a cut-o� r*

calso discusses the advantages of using constant pressure
simulations in which the dimensions of the simulation (= rc /so ) of 2 0́ was used; this is somewhat longer than

that employed for the Gay± Berne system because of thebox can change for systems exhibiting transitions to
phases with long range translational order. The number longer range nature of the quadrupolar interaction. The

equilibration stage of the simulations consisted typicallyof particles employed in the simulation was 2000 and
the system was studied at a scaled pressure P*(=Ps

3
o/eo ) of 100 000 cycles and was followed by a production

stage of 50 000 cycles. Such lengthy runs were requiredof 25. At this pressure, a system of discs interacting
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233Computer simulation: induced L C phases

because the systems proved slow to equilibrate, especially unity. In a simulation, gc(rd) is evaluated from a histo-
gram composed of the number of particles separated byclose to the transition to the columnar phase. In view

of this, we were concerned to ensure that the distribution resolved distances in the range r
d
Õ Æ dr

d
and r

d
+ Æ dr

d
within a cylinder located on the particle at the origin.of the two components within the columns does corre-

spond to that for an equilibrated system. We have, Since the number, n (r
d
) , of such pairs of particles is

proportional to the number of particles in the system,therefore, repeated some of the simulations with an
additional step within the Monte Carlo cycle. This was this enters the de® nition of gc(rd) , which is
an attempted exchange of two unlike particles selected gc (r

d
)=n (r

d
)/2NrpR2

dr
d

(3 )
at random within the system. We found that the use of

where r is the number density. To extend this de® nitionthis step for the columnar phase formed by the equimolar
to mixtures of discotic particles, we require the probabil-mixture with |Q*| of 0 1́0 did not change the translational
ity g a b

c (r
d
) of ® nding a particle of type b con® ned withindistribution function along the column. It seems reason-

a cylinder located on a. To ensure that this is stillable, therefore, to assume that the columnar phases
normalized in the absence of positional correlations, itformed during the simulations were adequately
is necessary to replace N in equation (3) by N a andequilibrated.
introduce the mole fraction of b, x b . This is analogousIn order to locate the phase transitions and to charac-
to the normalization proposed by Hashim et al. [18]terize their strength, we have calculated the scaled
and leads toenthalpy per particle 7 H* 8 (= 7 H 8 /Ne0 ) and the scaled

volume per particle 7 V * 8 (= 7 V 8 /Ns
3
o) from the simula- g a b

c (r
d
)=n a b (r

d
)/2N a rx b pR2

dr
d

(4 )
tions. The extent of the long range orientational order

=n a b (r
d
)V /2N a N b pR2

dr
d

(5 )of the phases was characterized by the second rank
orientational order parameter 7 P2 8 , where P2 (cos b) is where V is the volume of the system and n a b (r

d
) is the

the second rank Legendre polynomial and b is the angle number of pairs of particles with b separated from a by
between the director and the symmetry axis of the a distance r

d
. This normalization removes the concentra-

particle. The order parameter was evaluated from the tion dependence of g a b
c (r

d
) which would result even in

Q-tensor introduced by Vieillard-Baron to allow for the the absence of positional correlations. The columnar
change in the director orientation during the course of distribution functions for unlike particles, g a b

c (r
d
) and

the simulation [15]. In our work, the averaged Q-tensor g b a
c (r

d
), are necessarily the same for the 50 : 50 mixture

was evaluated and diagonalized after every cycle. The of quadrupolar Gay± Berne discs which we have studied.
eigenvalues of Q were then averaged and the order They are also found to be the same for the 75 : 25
parameter identi® ed with minus twice the middle eigen- mixture. In consequence, only the results for g a b

c (r
d
) will

value. This quantity was used in preference to the largest be given in the following section.
eigenvalue because, as Eppenga and Frenkel have shown,
this presents a better description of the orientational 4. Results and discussion
order within the isotropic phase and the error with Here, we shall ® nd it convenient to present the results
which it is evaluated is less sensitive to the number of for the quadrupolar Gay± Berne systems and their mix-
particles studied [16]. In the orientationally ordered tures in two parts. We begin with the system having the
phases, we have observed that there is no signi® cant smaller scaled quadrupole moment of 0 0́5 and, as we
di� erence between the order parameter calculated from shall discover, the quadrupolar interaction has a rela-
the middle eigenvalue and that determined from the tively modest e� ect on the behaviour of the systems,
largest eigenvalue. This is consistent with the expected certainly in comparison with that of the Gay± Berne
cylindrical symmetry of these phases. potential alone. In contrast, we shall also see that the

The translational order and, in particular, the colum- system having the larger scaled quadrupole moment of
nar structure of the phases exhibited by quadrupolar 0 1́0 behaves in a qualitatively di� erent manner from a
Gay± Berne discs and their binary mixtures have been system of Gay± Berne discs. This is perhaps to be anticip-
explored with an extension of the columnar distribution ated given that the quadrupolar interaction is quadratic
function, introduced by Veerman and Frenkel [17], to in Q*, which means that this is four times larger for the
mixtures. For a single component system, gc (r

d
) gives system with Q* of 0 1́0; the signi® cant e� ect this has on

the probability of ® nding a particle in a cylinder of the energy contours is clearly seen in ® gure 2.
radius R with the cylinder axis parallel to the symmetry
axis of the particle at the origin and at a resolved 4.1. Quadrupolar Gay± Berne discs with Q* of 0 0́5

The enthalpy per particle 7 H* 8 , the volume perdistance r
d

from this in a volume element dr
d
. The

distribution function is normalized so that, in the absence particle 7 V * 8 and the second rank orientational order
parameter 7 P2 8 of the pure system and the two binaryof positional correlations, it tends to a limiting value of
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234 M. A. Bates and G. R. Luckhurst

mixtures are shown as functions of the scaled temper- We also note that there are no signi® cant di� erences in
the values of 7 H* 8 and 7 V * 8 for the three systems; weature in ® gure 3. Above T * of 2 7́, all three systems

exhibit an isotropic phase; we observe that the values of can therefore conclude that the quadrupolar interaction
has essentially no in¯ uence on the local molecular7 P2 8 are essentially zero, indicating the orientationally

disordered nature of the systems at these temperatures. environment in the isotropic phase. This is not unexpec-
ted, given that the quadrupolar interaction has only a
slight in¯ uence on the attractive forces in the face-to-
face arrangement and that these forces play only a minor
role in determining the structure of the isotropic phase.
Indeed, the local structure in the isotropic phase
observed for non-quadrupolar discotic particles can be
traced back to the excluded volume of the particles, and
therefore to their shape, which is related to the repulsive
and not the attractive nature of the potential. Each
system is found to undergo a weak ® rst order phase
transition at T * of 2 6́5 Ô 0 0́5; these transitions are
similar in strength to that observed at essentially the
same temperature in the analogous system of Gay± Berne
discs. We notice, however, that the value of 7 P2 8 is
slightly larger in the 50 : 50 mixture than in the other
systems and that the values of 7 H* 8 and 7 V * 8 are
slightly lower. We can relate these observations for the
narrow nematic range to the enhanced interaction for
unlike particles aligning in the face-to-face arrangement.
Indeed, the presence of a relatively large face-to-face
peak at r*

d
of 0 4́ in the columnar distribution function,

gc (r*

d
), for Gay± Berne discs suggests [11] that the attract-

ive face-to-face interaction does have an in¯ uence on
the stability of the discotic nematic phase, and therefore
we expect that any modi® cation in this interaction will
in¯ uence the local structure of the orientationally
ordered phases.

A further transition occurs in each system at T * of
2 4́5 Ô 0 0́5; this transition temperature is comparable
with that of the hexagonal columnar± nematic phase
transition observed for Gay± Berne discs, as are the
transitional entropy and volume changes in all three
systems [11]. The enthalpy for the columnar phase of
the equimolar mixture is somewhat more negative than
for that of the pure quadrupolar discs; such stabilization
of the phase is entirely consistent with the increased
attraction between unlike particles in the face-to-face
arrangement which occurs in a columnar phase. As we
might have expected, the enhancement of the attraction
between particles in the columnar phase will also reduce
the volume of the equimolar mixture, although the
change is relatively modest. Thus we conclude that
the three systems exhibit the same phase behaviour as the
system of Gay± Berne discs which we have studied previ-

Figure 3. The dependence of (a) the scaled enthalpy per ously. This is not unexpected, given the relatively small
particle, 7 H* 8 , (b) the scaled volume per particle, 7 V * 8 , contribution of the quadrupolar term to the total inter-
and (c) the second rank orientational order parameter

action potential [see ® gure 2 (a) and 2 (b)]. Nonetheless,7 P2 8 on the scaled temperature T * for quadrupolar Gay±
we may expect a minor change in the local structure ofBerne discs with Q* of 0 0́5. ( * ) the pure system, ( D ) the

50 : 50 mixture and ( ] ) the 75 : 25 mixture. the phases exhibited by these systems due to the slightly
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235Computer simulation: induced L C phases

enhanced interaction between unlike particles, which we actions than AA interactions. This can be related to the
excess of component A in the system, an e� ect whichnow explore with the aid of the columnar distribution

function, gc (r*

d
). The dependence of gc(r

*

d
) on the scaled, will be discussed later, when we consider particles with

a quadrupole moment of 0 1́0.resolved separation r*

d
for the phases of the three

systems on either side of the hexagonal columnar±
nematic transition is shown in ® gure 4. The form of the 4.2. Quadrupolar Gay± Berne discs with Q* of 0 1́0

As we shall now see, increasing the scaled quadrupolecolumnar distribution function calculated for the pure
system in the nematic phase at T * of 2 6́ is similar to moment from 0 0́5 to 0 1́0 has a qualitative e� ect on the

behaviour of the quadrupolar Gay± Berne discs. In thethat found for Gay± Berne discs at the same temperature.
Indeed, the only di� erence is that the peak at r*

d
of 0 4́ pure system, we observe a weak transition from the

isotropic phase to an orientationally ordered phase atis reduced by approximately 10%, which is consistent
with the weaker face-to-face interaction for the quadru- T * of 2 6́5 Ô 0 0́5; this is indicated in ® gure 5 by a change

in 7 H* 8 of approximately 2 0́ Ô 0 2́, which correspondspolar discs. The anisotropic repulsive forces between
such Gay± Berne discs require that particles with a to a transitional entropy DS/R of 0 7́5 Ô 0 0́5, and a

jump in 7 P2 8 from zero to 0 4́5. On further cooling,resolved separation of about 0 4́ must be in a face-to-
face arrangement and so we shall describe the ® rst peak 7 P2 8 gradually rises to 0 9́0; however, there is no evid-

ence for further phase transitions in the temperaturein gc (r*

d
) which corresponds to this separation as the

face-to-face peak. In both binary mixtures, the form of dependence of the order parameter or indeed that of
7 H* 8 or 7 V * 8 , at least until a scaled temperature ofgc (r*

d
) for pairs of like (AA and BB) particles is essentially

the same as that determined for the pure system. 2 0́, which is the lowest which we have studied. The
relatively small entropy change and the low value of theHowever, we observe that the face-to-face peak for pairs

of unlike (AB) neighbours at r*

d
of 0 4́ is slightly more orientational order parameter suggests that the trans-

ition at T * of 2 6́5 is between a nematic and an isotropicintense than that for pairs of like particles; this higher
probability is associated with the enhanced attraction phase. This interpretation is, as we shall see, consistent

with the columnar distribution function for this system.between unlike particles in a face-to-face arrangement
[see ® gure 2 (b)]. It is clear, however, that the quadrupo- Indeed, if we consider the potential energy contours for

these quadrupolar Gay± Berne discs [see ® gures 2 (c) andlar contribution to the potential only changes the local
structure of the system slightly and does not in¯ uence 2 (d )], then it is clear that the quadrupolar interaction

signi® cantly modi® es the face-to-face interaction, whichsigni® cantly the long range structure or the phase beha-
viour. The form of gc (r*

d
) in the columnar phase of each is crucial for the formation of a columnar structure.

Thus the particles prefer to be in the slipped parallelsystem at T * of 2 4́ is similar to that observed for the
columnar phase of the Gay± Berne discs at the same rather than the face-to-face arrangement. This structure,

which should dominate at relatively low temperatures,temperature [11]. However, we do note that this func-
tion decays more rapidly in the pure quadrupolar Gay± might be expected to lead to a tilted columnar phase;

however, this would require the displacement of theBerne system than in the binary mixtures, which indi-
cates that the quadrupolar interaction does a� ect the particles along the column to occur in the same sense.

The quadrupolar interaction would not be able totranslational order in the columnar phase, but only
weakly. The height of the face-to-face peak for unlike stabilize such a tilted structure as our results suggest,

although we have not investigated this intriguingparticles in the 50 : 50 mixture at r*

d
of 0 4́ is larger than

that for like particles; in other words, given a particle of possibility at lower temperatures.
We contrast the behaviour for quadrupolar Gay±type A, there is a slightly larger probability that the

neighbouring particle is of type B rather than A. This is Berne discs with that found for the 50 : 50 mixture of
discs with |Q*| of 0 1́0. In this system, we observe anclearly related to the enhanced face-to-face attraction

between unlike particles in comparison to that between extremely strong ® rst order transition at T * of
2 8́5 Ô 0 0́5 (see ® gure 5). The transitional entropy DS/Rlike particles. However, this interaction appears to a� ect

the local structure only weakly. The equal heights of the and the relative change in volume at this transition are
estimated to be 4 5́ and 30%, respectively. These largepeaks corresponding to next nearest like and unlike

neighbours, which occur at a separation r*

d
of 0 8́, entropy and volume changes, in conjunction with a large

jump in the second rank orientational order parameterindicate that the longer range structure within a column
is essentially random. The face-to-face peak shows that 7 P2 8 , prompt us to characterize the low temperature

phase of the 50 : 50 mixture as a columnar phase, aa similar e� ect occurs for the 75 : 25 mixture; thus the
AB pairing is favoured over that for AA and BB pairs. conclusion which is supported by the form of the colum-

nar distribution function. We also observe that, even inNote, however, that the peaks associated with second
and third neighbours are slightly larger for BB inter- the orientationally disordered isotropic phase, the
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236 M. A. Bates and G. R. Luckhurst

Figure 4. The columnar distribution function for quadrupolar Gay± Berne discs with Q* of 0 0́5 in the nematic phase at T * of
2 6́, and in the columnar phase at T * of 2 4́; for the pure system (a) nematic and (b) columnar, for the 50 : 50 mixture (c) nematic
and (d ) columnar and for the 75 : 25 mixture (e) nematic and ( f ) columnar. The distribution function for AA particles is shown
by (Ð ), for BB particles by (A) and for AB particles by (,).

enthalpy 7 H* 8 in this mixture is lower than that in the tion function gc (r*

d
) shows this to be the case. We have

found that the phase behaviour exhibited by the purepure system. Thus it appears that the quadrupolar
interaction has some in¯ uence on the local organization system and the 50 : 50 binary mixture is strongly in¯ u-

enced by the quadrupolar interaction. Thus the pureof the particles in the mixture prior to the transition
into the columnar phase; again, the columnar distribu- system forms a nematic, but not a columnar phase; in
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237Computer simulation: induced L C phases

By analogy with the phase behaviour of real mixtures
(see ® gure 1), we might speculate that the 75 : 25 mixture
will form phases in a manner which is intermediate
between that of the pure system and that of the 50 : 50
mixture. In the isotropic phase, the enthalpy 7 H* 8 for
the 75 : 25 mixture appears to be similar to that of the
50 : 50 mixture (see ® gure 5); we expect, therefore, that
the local environment is similar in these two systems. It
is clear that the 75 : 25 mixture undergoes a transition
at a scaled temperature of 2 7́5 Ô 0 0́5, at which the
transitional entropy, DS/R, and the relative change in
volume, DV */V *, are estimated to be 0 7́5 Ô 0 0́5 and
5%, respectively. This transition is signi® cantly weaker
than the columnar± isotropic transition observed for the
50 : 50 mixture. Indeed, the jump in 7 P2 8 from zero to
just less than 0 6́0 indicates that this is almost certainly
a nematic± isotropic transition, rather than a columnar±
isotropic transition. We do ® nd, however, that the ori-
entational order parameter is larger than that in the
pure system and so it would seem that the enhanced
attractive forces between unlike particles do in¯ uence
the orientational order in the nematic phase. It is also
apparent that a further transition occurs at T * of
2 5́5 Ô 0 0́5 to a phase with high orientational order
which, as we shall see, is similar in structure to the
columnar phase exhibited by the 50 : 50 mixture.

We now turn to the translational structure of the
phases formed by the three systems, as re¯ ected by the
columnar distribution function. In the isotropic phase
of the pure quadrupolar Gay± Berne discotic system, the
form of gc (r*

d
), shown in ® gure 6, is similar to that found

for the isotropic phase of the analogous Gay± Berne
discs. We also observe essentially the same distribution
function between pairs of like particles in the isotropic
phases exhibited by the two binary mixtures. It is
apparent, however, that there is a large di� erence in the
local structure for pairs of unlike particles. The large
peak at r*

d
of 0 4́0 in gc (r*

d
) calculated for AB pairs in

the binary mixtures indicates that there is a strong
preference for these particles to be associated, on average,
with an unlike neighbour. It appears, therefore, that the
quadrupolar interaction for the system with Q* of 0 1́0Figure 5. The dependence of (a) the scaled enthalpy per
is now su� ciently strong to have a noticeable in¯ uenceparticle, 7 H* 8 , (b) the scaled volume per particle, 7 V * 8 ,

and (c) the second rank orientational order parameter on the local structure, even in the isotropic phase, where
7 P2 8 on the scaled temperature T * for quadrupolar Gay± the number of face-to-face arrangements is relatively low.
Berne discs with Q* of 0 1́0. ( * ) the pure system, ( D ) the In the nematic phase, at the lower scaled temperatures50 : 50 mixture and ( ] ) the 75 : 25 mixture.

of 2 6́ and 2 4́, the form of gc (r*

d
) for the pure system is

virtually unchanged, see ® gures 7 (a) and 7 (b). Thus this
function remains rather featureless, indicating the trans-
lationally disordered nature of the system so that despitecontrast, the mixture has a columnar, but not a nematic

phase. The introduction of the quadrupolar interaction the orientational order of the nematic phase, the dis-
placement of the minima in the potential away from theto the Gay± Berne potential has clearly created a system

which exhibits chemically induced liquid crystal face-to-face con® guration by the quadrupolar interaction
is su� cient to inhibit the formation of any signi® cantbehaviour.
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238 M. A. Bates and G. R. Luckhurst

to stack alternately [see ® gures 7 (c) and 7 (d )]. Thus,
given a particle of type A, there is a large probability
that the neighbouring particle will be of type B and also
that the next nearest neighbour will be of type A. We
note, however, that the alternation of the particles along
the columns is not perfect and that the probabilities of
® nding pairs of like and pairs of unlike particles as third
nearest neighbours are essentially equal. On lowering
the scaled temperature to 2 4́, we see that the transla-
tional order within the columns has increased and that
there is a greater tendency for the di� erent components
to alternate along the column.

The form of gc (r*

d
) in the nematic phase of the 75 : 25

mixture at T * of 2 6́ is clearly di� erent from that
observed for the pure quadrupolar Gay± Berne discs [see
® gures 7 (a) and 7 (e)]. The long range behaviour (r*

d
>2)

of gc(r
*

d
) is rather featureless, similar to that observed

for the nematic phase of the pure system; this indicates
that there is no long range translational order in the
ordered phase exhibited by the 75 : 25 mixture and that
it can be identi® ed as a nematic phase. However, it is
apparent from the strong peaks at smaller separations
that there is a local columnar structure. The distribution
function for pairs of unlike particles indicates that there
is a strong preference for them to align, on average, in
the face-to-face arrangement with a particle of the oppos-
ite type. As the face-to-face interaction between pairs of
like particles is signi® cantly weaker in comparison with
that between pairs of unlike particles, the peaks at r*

d
of

0 4́ for AA and BB pairs are also expected to be smaller,
as we ® nd [see ® gure 7 (e)]. In the columnar structure
formed by the 50 : 50 mixture, we have found that there
is a preference for next nearest neighbours to be of the
same type; thus a pair of particles of type A are likely
to be separated by one of type B and conversely a pair
of type B separated by one of type A. However, in the
nematic phase formed by the 75 : 25 binary mixture, the
BB peak at r*

d
of 0 8́ is larger than that for the AA

distribution. We can relate this to the excess of
component A and the normalization of the columnar
distribution function [see equation (5)] which favoursFigure 6. The columnar distribution function for quadrupolar
the component with the lower concentration. Thus, theGay± Berne discs with Q* of 0 1́0 in the isotropic phase at

a scaled temperature of 3 0́ in (a) the pure system, (b) the particles prefer to align in the face-to-face arrangement
50 : 50 mixture and (c) the 75 : 25 mixture. The distribution with one of the opposite type. This is easily satis® ed for
function for AA particles is shown by (Ð ), for BB particles the B particles because there are many of type A in theby (A) and for AB particles by (,).

system. However, on average, not all of the A particles
can ® nd two neighbouring B particles. It is, therefore,
reasonable to assume that short columnar stacks, in
which the particles alternate, are formed. These columnscolumnar structure. This contrasts with the behaviour
do not associate, however, to form a columnar phase;in the columnar phase formed by the 50 : 50 mixture at
rather the quadrupolar interactions between the A par-T * of 2 6́ and 2 4́; gc (r*

d
) clearly indicates that the

ticles destabilize the long columns and instead the systemparticles organize themselves into columns within which
there is a strong preference for the di� erent components forms a nematic phase in which the short columns with
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239Computer simulation: induced L C phases

Figure 7. The columnar distribution function for quadrupolar Gay± Berne discs with Q* of 0 1́0 in the nematic phase of the pure
system at scaled temperatures of (a) 2 6́ and (b) 2 4́; for the columnar phase of the 50 : 50 mixture at T * of (c) 2 6́ and (d ) 2 4́;
and for (e) the nematic phase of the 75 : 25 mixture at T * of 2 6́0 and ( f ) the columnar phase of the 75 : 25 mixture at T * of
2 4́. The distribution function for AA particles is shown by (Ð ), for BB particles by (A) and for AB particles by (,).

alternating particles are surrounded by the discs of the This identi® cation is supported by the columnar distribu-
tion function calculated for this phase at T * of 2 4́ andexcess component in the mixture.

The phase formed by the 75 : 25 mixture below a shown in ® gure 7 ( f ) . The oscillations in gc (r*

d
) extend to

large distances, although they are not as intense as thosescaled temperature of 2 5́5 is expected to be columnar
by analogy with the behaviour of the 50 : 50 mixture. found for the 50 : 50 mixture at T * of 2 6́ and 2 4́, see
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240 M. A. Bates and G. R. Luckhurst

® gures 7 (c) and 7 (d ), respectively. This di� erence in the structure with the di� erent components of the mixture
alternating along the short columns. This local columnartranslational order could result because the systems are

not being compared at equivalent temperatures. Thus structure contrasts with the translational order in the
nematic phase formed by the pure systems which isfor the 75 : 25 mixture, a scaled temperature of 2 4́ is

closer to the transition temperature from the columnar extremely short ranged.
The phase behaviour of quadrupolar Gay± Berne discsto the nematic phase at T * of 2 5́5 than for the 50 : 50

mixture where the columnar transition temperature is clearly has much in common with discotic systems which
form chemically induced liquid crystal phases. In addi-2 8́5. The columnar phases also di� er in that for the

50 : 50 mixture, it is formed directly from the isotropic tion, the alternate packing of the two components in the
stacks of the columnar phase and the local columnarphase whereas for the 75 : 25 mixture it appears from

the nematic phase. By analogy with the behaviour of structure of the nematic phase formed by the 75 : 25
mixture is essentially the same as the structure proposedsmectic phases, it is to be expected that the columnar

phase formed by the 50 : 50 mixture should have a higher for the chemically induced phases formed by certain
multiynes with 2,4,7-trinitro¯ uorenone. It would seem,translational order than that formed by the 75 : 25 mix-

ture. There is also another explanation which is sug- therefore, that an electrostatic quadrupolar interaction
between discotic particles with quadrupole momentsgested by the appearance of the g a b

c (r*

d
) for the di� erent

components. As we now expect, the most intense of the di� ering in sign is entirely consistent with the formation
of chemically induced liquid crystal phases. This identi-face-to-face peaks at r*

d
of 0 4́ is for the unlike species

[see ® gure 7 ( f )]. This shows that there is a strong ® cation of the molecular interaction responsible for such
phases is further supported by the observation that thetendency for a particle of type B to have those of type A

as nearest neighbours in the column. The peak at r*

d
of quadrupole moment used in the simulation is compar-

able to that expected for the discotic molecules known0 8́ is most intense for BB correlations, as it is in the
preceding nematic phase where the increased intensity to form chemically induced liquid crystal phases.
over the AA correlations comes, in part, from the

We are grateful to the Engineering and Physicalnormalization. This may also account for the slightly
Sciences Research Council for the award of a researchgreater intensity of the BB peak at r*

d
of 1 2́. Given the

studentship to Dr M. A. Bates and for a grantclear preference of B particles to have those of type A
(GR/J74459) towards the cost of a Silicon Graphicsas nearest neighbours, the excess of the A particles must
Power Challenge computer used to perform thesebe accommodated as nearest neighbours within the
simulations.columns and this seems to be consistent with the colum-

nar distribution function which we have calculated. The
Appendixpresence of a section of the column composed entirely

Here we give the expressions for the orientationalof A particles will clearly tend to destabilize the structure
dependence of the contact separation and well depthand could reduce the translational order, as we have found.
appearing in the Gay± Berne potential for cylindrically
symmetric particles. The contact separation s (uÃ i , uÃ j , rÃ )5. Summary and conclusions
has its origins in the gaussian overlap model developedOur Monte Carlo simulations of quadrupolar Gay±
by Berne and Pechukas [19] and isBerne discs have shown that the introduction of the

quadrupolar interaction can have a profound in¯ uence s (uÃ i , uÃ j , rÃ )=so
on the phase behaviour. Thus for the pure system, the
quadrupolar interaction with Q* of 0 1́0 destroys the Ö G1 Õ x C(uÃ i¯rÃ )

2+ (uÃ j ¯rÃ )
2 Õ 2x(uÃ i¯rÃ ) (uÃ j ¯rÃ ) (uÃ i ¯uÃ j )

1 Õ x2(uÃ i ¯uÃ j )
2 DHÕ

1/2

.
columnar phase exhibited by Gay± Berne discs and gives
instead a nematic phase over the wide temperature range

(A1)
studied. In marked contrast the 50 : 50 mixture forms a

In this expression, so is the contact separation when thecolumnar phase directly from the isotropic phase at a
symmetry axes of the particles are orthogonal to thetemperature which is higher than the nematic± isotropic
interparticle vector. The parameter x controls the shapetransition temperature of the pure system. In addition,
anisotropy and is de® ned bythere is a strong tendency for unlike particles to be

nearest neighbours, giving a structure in which the
x=

(sf /se)
2 Õ 1

(sf /se)
2+1

(A2)nature of the particles alternates on average along the
column. The 75 : 25 mixture has a di� erent phase behavi-
our in that it forms a nematic phase before undergoing where sf and se(=so ) are the contact separations

when the particles are in the face-to-face and edge-a relatively weak transition to a columnar phase. The
nematic phase is of special interest as it has a columnar to-edge arrangements, respectively. The orientational
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