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The phase behavior of a binary mixture of rodlike and disclike hard molecules is studied using
Monte Carlo NVT ~constant number of particlesN, volume V, and temperatureT! computer
simulation. The rods are modeled as hard spherocylinders of aspect ratioLHSC/DHSC55, and the
discs as hard cut spheres of aspect ratioLCS/DCS50.12. The diameter ratioDCS/DHSC53.62 is
chosen such that the molecular volumes of the two particles are equal. The starting configuration in
the simulations is a mixed isotropic state. The phase diagram is mapped by changing the overall
density of the system. At low densities stabilization of the isotropic phase relative to the ordered
states is seen on mixing, and at high densities nematic–columnar and smectic A–columnar phase
coexistence is observed. Biaxiality in the nematic phase is not seen. The phase diagram of the
mixture is also calculated using the second virial theory of Onsager for nematic ordering, together
with the scaling of Parsons and Lee to take into account the higher virial coefficients. The disc–disc
and rod–disc excluded volumes are evaluated numerically using the exact overlap expressions, and
the lower-order end-effects are incorporated. The exact rod–rod excluded volume is known
analytically. In the case of the theoretical calculations, which are limited to translationally
disordered phases, coexistence between two uniaxial nematic phases is predicted, as well as the
stabilization of the disc-rich isotropic phases. As found in the simulation, biaxial nematic phases are
not predicted to be stable. The phase equilibria of an experimental system is also reported which
exhibits a behavior close to the system studied by computer simulation. As in the model mixtures,
this system exhibits a marked destabilization of the ordered phases on mixing, while nematic–
columnar demixing is observed at lower temperatures~the higher-density states!.
© 2003 American Institute of Physics.@DOI: 10.1063/1.1598432#
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I. INTRODUCTION

Binary mixtures of rodlike and disclike molecules are
interest in the context of phase behavior as they may exh
liquid crystalline phases such as calamitic nematic~N1!,
discotic nematic~N2!, columnar~Col! or smectic~SmA!, in
addition to the more common isotropic liquid and so
phases. Even in the case of mixtures of hard molecules

a!Author to whom correspondence should be addressed. Electronic
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interplay between the orientational, translational and mix
entropic contributions gives rise to a wealth of phase beh
ior comparable to that observed in simple mixtures with
tractive interactions. In a series of recent papers1–5 the theory
of Onsager for isotropic–nematic transitions has been u
to investigate the global phase behavior of mixtures of di
and rods. As well as the expected isotropic–nematic ph
coexistence and azeotropy, nematic–nematic and isotro
isotropic demixing, and heteroazeotropy can be observed
particular combinations of molecular parameters. In additi
much interest surrounds the possible existence of the nem
il:
6 © 2003 American Institute of Physics
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5217J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Phase behavior of rod–disc mixtures
biaxial phase. Biaxial nematic phases are characterized
three directions of preferred alignment, though only two
independent. In theory, a biaxial nematic phase can form
the three axes of the constituent molecules align in a flu
though the experimental evidence for such phases is
contentious.6 A biaxial nematic phase was identified an
characterized in a lyotropic nematic system of anisotro
micelles by Yu and Saupe,7 although whether the transition
truly involve a biaxial nematic phase or a change in
shape of the micelles has recently been subject of deba8,9

On the other hand, biaxial nematic phases have been s
lized in a number of computer simulation studies involvi
pure model systems of hard10 and Gay–Berne11 ellipsoidal
biaxial particles.

An alternative route to biaxial fluid phases could be p
vided, in principle, by mixing uniaxial rodlike and disclik
particles. In an orientationally aligned fluid the axes of t
cylindrically symmetrical rods and discs tend to adopt p
pendicular orientations, resulting in a macroscopically bi
ial phase. Alben12 was the first to report the existence of
biaxial nematic phase in a mixture of rodlike and discli
molecules using a mean-field lattice model, but further
amination of the model indicates that phase separation
two uniaxial nematic phases is likely to be a preferred eq
librium state.13 A stabilization of the biaxial nematic phas
with respect to nematic–nematic demixing can be induce
the presence unlike attractive interactions.14,15 A very small
difference in free energy separates the biaxial nematic ph
and the nematic–nematic demixed state in these system
that the phase behavior is very sensitive to the theore
approximations assumed in each case. It is thus not yet c
if the biaxial nematic phase initially proposed theoretica
can be stable. Stroobants and Lekkerkerker16 have consid-
ered a symmetric mixture of rods and discs~in which the like
excluded volumes are equal! using the theory of Onsage
together with a second-order Legendre expansion to eval
the kernels of the orientational distribution function. Follow
ing from this work Vargaet al.3 have evaluated the kerne
numerically and examined the phase behavior for a la
number of aspect ratios~all corresponding to symmetric mix
tures!. As with the earlier study of Stroobants and Le
kerkerker, biaxial nematic phases are predicted. Howe
experiments carried out for mixtures with highly asymmet
rod and disc molecules~with aspect ratios of about 15 an
1/15! have shown that demixing into rod-rich and disc-ri
phases is observed instead of a biaxial nematic phase17,18

The same system has also been studied using the theo
Onsager with the scaling of Parsons19 and Lee,20 using
Gaussian trial functions to determine the equilibrium orie
tational distribution functions.1 Good qualitative agreemen
with experiment is obtained, but the stability of the biax
phase was not considered in the work. The biaxial phase
later considered2 using a slightly different approximation. In
this case stabilization of a biaxial nematic phase is predic
only for the less asymmetric mixtures. For aspect ratios cl
to those of the experimental mixture, the biaxial nema
phase is always found to be metastable with respec
nematic–nematic demixing. On the other hand, compu
simulations of binary mixtures of hard-ellipsoidal molecul
Downloaded 23 Jan 2006 to 150.140.174.114. Redistribution subject to A
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with aspect ratios ofe1515 ande251/15, ande1520 and
e251/20 suggest that a biaxial nematic phase can
stabilized.21

The Onsager limit for the molecular aspect ratios
implemented in most theoretical approaches based on
second virial theory of Onsager, and hence the so-called
effects are neglected. However, it has recently been poin
out5 that the end effects should not be neglected for asp
ratios less than 1000. When end effects are incorpora
within the Onsager treatment the nematic–nematic demix
transition always turns out to be a more stable state than
mixed biaxial nematic phase for aspect ratios below 1000
should be noted that, though the excluded volumes are a
rately taken into account, in these calculations,5 the free en-
ergy is not exact, since the Parsons–Lee scaling19,20 is used
to take account of higher body interactions. The delicate s
sitivity of the phase transitions involving such phases d
not allow confirmation of the stability of the demixing tran
sition over the biaxial nematic phase at this stage. As w
mentioned earlier, simulations involving mixtures of hard
lipsoids appear to suggest that there is a region in wh
biaxial nematic phases can be observed.

In a previous Monte Carlo computer simulation study22

we have shown that a mixture of rods and discs with sh
aspect ratios is seen to demix into two ordered phases a
density is increased; no sign of a stable biaxial nematic ph
is observed. The interface of the demixed state was st
lized, and the molecular orientations across the interf
were examined. In this work we examine the phase beha
of the system in more detail. As in the previous study,
consider a binary mixture of hard spherocylinders of asp
ratio (L/D)HSC55 and hard cut-spheres of (L/D)CS50.12,
with a diameter ratioDCS/DHSC53.62 chosen so that th
volumes of the two particles are equal. However, it is imp
tant to note that this mixture is not ‘‘symmetric,’’ in the sen
that the rod–rod and disc–disc excluded volumes are
equal. The relatively short molecular aspect ratios sugg
that the model mixture corresponds to a thermotropic liq
crystal, and that the phase transitions occur at intermed
and high densities. We carry out canonicalNVT Monte Carlo
computer simulations, and compare the simulated ph
boundaries with calculations performed with the Parson
Lee scaling of the Onsager theory19,20scaling. In the theoret-
ical calculations the rod–disc and disc–disc excluded v
umes are evaluated numerically, and are essentially ex
The exact rod–rod excluded volume is known analytically23

In order to compare the findings with real systems, we rep
results of an experimental study of a binary mixture of tw
mesogenic molecules which exhibit the same phase beha
as the pure components in the simulation. We shall see
the phase behavior of this mixture is characterized by
marked nematic–columnar and smectic A-column
~nematic–nematic in the case of the theory! demixing, and
that biaxial nematic phases are not observed.

II. COMPUTER SIMULATION

CanonicalNVT ~constant number of particlesN, volume
V, and temperatureT! Monte Carlo (MC-NVT) computer
simulations are used to investigate the phase diagram
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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5218 J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Galindo et al.
50:50 binary mixture of hard rodlike and disclike molecule
The rods are modeled as hard spherocylinders~HSC! of as-
pect ratio (L/D)HSC55, and the discs as hard cut-spher
~CS! of aspect ratio (L/D)CS50.12 ~see Fig. 1!. The diam-
eter ratio is chosen to beDCS/DHSC53.62, so that both par
ticles have the same molecular volume to prevent any dem
ing due to size differences.24 The packing fraction in the
system is hence given byh5rvCS5rvHSC wherer5N/V is
the number density, andvCS5(p/12)DCS

3 (LCS/DCS)@3
2(LCS/DCS)

2# andvHSC5(p/6)DHSC
3 1(p/4)LHSCDHSC

2 are
the molecular volumes of the cut-sphere and spherocylin
respectively. While the Gibbs ensemble Monte Ca
~GEMC! technique25 is very powerful for simulating two~or
more! phases in coexistence, the relatively short aspect ra
of our molecules mean that the liquid crystalline phase tr
sitions occur at very high densities. A GEMC cycle involv
random particle displacements and reorientations, volu
changes, and particle interchanges between the two sim

FIG. 1. ~a! Rodlike molecules modeled as hard-spherocylinders of as
ratio LHSC/DHSC55. ~b! Disclike molecules modeled as hard cut-spheres
aspect ratioLHSC/DHSC50.12. The symmetry axes of the molecules are a
indicated in the figure~dashed lines!.
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tion boxes, where this final step ensures the equality of
chemical potentials of the components in the phases. At h
densities the probability of a successful particle insertion
extremely small, so that the simulation times are prohi
tively long for these systems. In view of this, we use a dir
Monte Carlo method to simulate coexisting phases in
single box, which has the added advantage of providing
formation about the interface. The simulation cell is prepa
by arranging two half boxes side-by-side, one withNHSC

5510 rodlike particles and another withNCS5510 disclike
particles. The two sides are then allowed to mix by perfor
ing random particle displacements and orientation chan
with an acceptance ratio of about 30%–40%. The liqu
crystal phases are characterized using the nematic orde
rameter, which can be obtained from the ordering matrix

Q5
1

Na
(
i 51

Na

vI i
avI i

a , ~1!

wherea indicates the type of component, andvI i corresponds
to a vector coinciding with the molecular axis. On diagon
izing the tensorQ, three eigenvalues can be obtained (l1

.l0.l2), and the order parameter is then given by

Sa5 3
2l12 1

2. ~2!

A value of Sa50 corresponds to an isotropic phase, a
Sa51 to a perfectly ordered phase. The directorvI n , which
describes the principal orientation of the phase, is given
the corresponding eigenvector ofl1 . The differenceD be-
tween the remaining eigenvalues26

Da5l02l2 , ~3!

can be used to provide an indication of the biaxiality of t
phase. We determine the density and order parameter pro
in order to characterize the state of the system.

ct
f

that the
TABLE I. CanonicalNVT Monte Carlo simulation results for a binary mixture ofNHSC5510 (L/D)HSC55
hard spherocylinders andNCS5510 (L/D)CS50.12 hard cut spheres.h i is the starting total packing fraction,h
the packing fraction of the equilibrated phases,xCS the mole fraction of cut-spheres of the phase, andSCS and
SHSC the order parameters of cut-spheres and spherocylinders in each phase. The asterisk indicates
phases were obtained by expanding a system of higher density.

Single phase
h i xCS h SCS SHSC Phase

0.44 0.50 0.44 0.10 0.12 I
0.46 0.50 0.46 0.13 0.14 I

Two phase coexistence
Disc-rich Rod-rich

h i xCS h SCS SHSC Phase xCS h SCS SHSC Phase

0.48 0.60 0.49 0.36 0.68 Col 0.36 0.47 0.35 0.71 N1

0.50 0.77 0.52 0.74 0.76 Col 0.13 0.46 0.35 0.82 N1

0.52 0.96 0.58 0.92 0.75 Col 0.04 0.49 0.25 0.90 SmA
0.48* 0.93 0.50 0.78 0.42 Col 0.20 0.45 0.33 0.78 N1

0.46* 0.93 0.49 0.76 0.25 Col 0.22 0.43 0.26 0.63 N1

Single phase
h i xCS h SCS SHSC Phase

0.44* 0.50 0.44 0.12 0.15 I
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



fo
d
io
m

io

o

e
he
ch
lu
rd
t
o

cu
fl
o
t
th

he

f a

ers
h
ed
In a

c-
A

n-

e-
up

of
ered
ial
ed

n the
the
e
d

tion
sys-
in

ain
r-
y of

a-
ther
al

opy
ng
m-
n-
are
en-
rved

s
ol-
tical

a
the

g

sed
atic
are
th
are

mal

de
d b
ns

5219J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Phase behavior of rod–disc mixtures
At a packing fraction ofh50.40 a fully mixed isotropic
state is equilibrated, and used as a starting configuration
subsequent run of higher density. The density is increase
a number of steps, in each case starting from the prev
equilibrated configuration. We have performed a set of co
pression simulations for packing fractionsh50.44, 0.46,
0.48, 0.50, and 0.52. A second set of expansion simulat
have also been carried out for decreasing densitiesh50.48,
0.46, and 0.44. The initial configuration for the case
h50.48 was taken to be the equilibrated state ofh50.50,
and the simulations ath50.46 and 0.44 are started from th
previous equilibrated configuration of higher density. T
phases observed, order parameters, and densities of ea
the coexisting phases are presented in Table I. The va
presented are obtained by examining the density and o
parameter profiles in each case. As a criterion to estimate
compositions of the phases we follow the density profile
the spherocylinders, as it is smoother than that of the
spheres, and define a phase where the profile is relatively
With this criterion it is possible to obtain the compositions
each of the phases and the corresponding order parame
Though the estimates may be subject to large errors, at
stage we aim solely to give a qualitative indication of t

FIG. 2. Phase diagram of a binary mixture ofLHSC/DHSC55 hard sphero-
cylinder andLHSC/DHSC50.12 hard cut-sphere molecules in the~a! packing
fraction compositionh2xCS, and ~b! rod-disc packing fractionhHSC

2hCS representations obtained by Monte CarloNVT computer simulation.
The filled circles indicate the transitions of the pure hard-spherocylin
fluid ~Ref. 29!, and cut-sphere fluid, the open diamonds states obtaine
compression and the filled squares indicate states obtained by expa
~see text for more details!.
Downloaded 23 Jan 2006 to 150.140.174.114. Redistribution subject to A
r a
in

us
-

ns

f

of
es
er
he
f
t-
at.
f
ers.
is

type of phase behavior exhibited by the system in terms o
phase diagram.

In Fig. 2 the phase diagram obtained from the MC-NVT
computer simulations for the mixture of hard spherocylind
of aspect ratio (L/D)HSC55 and hard cut spheres wit
(L/D)CS50.12 is presented. A destabilization of the order
phases upon mixing is noticeable in the phase diagram.
fluid of pure hard spherocylinders of (L/D)HSC55 the
isotropic–nematic transition is observed for packing fra
tions h I50.4072hN50.415, and the nematic–smectic
transition for packing fractions hN50.472
2hSmA50.487.27–30 Similarly, in a fluid of pure hard cut
spheres of (L/DCS50.12) an isotropic–columnar phase tra
sition is observed for packing fractionsh I50.395–hCol

50.436.31,32 However, the simulated equimolar mixture pr
sents a stable mixed isotropic phase for packing fractions
to 0.44 at least. The findings of theoretical3 and computer
simulation21 studies involving mixtures of hard molecules
large aspect ratios suggest a small stabilization of the ord
phases upon mixing, sometimes with the formation of biax
nematic phases. The entropy of mixing always favors mix
states, whether ordered or disordered. A balance betwee
like and unlike excluded volumes of the components in
free volume entropy~which favors states that maximize th
packing entropy, which are usually, but not always, ordere!,
and the orientational entropy~which favors disordered states!
further determines the nature of the phases. The stabiliza
of the biaxial nematic phases appears to suggest that for
tems with large molecular aspect ratios there is a gain
entropy due to ordering in a mixed phase, but the extra g
in packing entropy associated with demixing into two o
dered phases does not compensate for the loss of entrop
mixing. In mixtures involving particles of smaller aspect r
tios, the mixed phases are always found to be isotropic ra
than biaxial nematic, indicating that the loss of orientation
entropy does not compensate for the gain in packing entr
in this case. As we will see, however, the gain in packi
entropy upon demixing at high densities is such that it co
pensates for both the loss of entropy of mixing and of orie
tational entropy; orientationally ordered demixed states
observed in this case. The detailed interplay of the free
ergy contributions in these systems has also been obse
by Fraden and co-workers.33,34 They have studied mixture
of aligned hard spherocylinderlike and hard spherical m
ecules, comparing experimental measurements, theore
calculations and computer simulations. In their mixtures
stabilization of mixed lamellar phases is seen instead of
more intuitive rod-sphere separation.

In previous work22 we reported that at a total packin
fraction of h50.44, the mixture is found to be in a fully
mixed isotropic state, and that when the density is increa
to h50.48 coexistence between ordered rod-rich nem
and disc-rich columnar states is observed, both of which
found to be uniaxial. In the disc-rich columnar phase bo
the rods and the discs exhibit ordering, but the directors
parallel ~uniaxial phase! instead of normal to each other~as
would correspond to a biaxial phase!. In the rod-rich nematic
phase the symmetry axes of the discs lie in the plane nor

r
y
ion
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5220 J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Galindo et al.
to the nematic director of the rods, but are random wit
that plane, corresponding to a so-called random planar ph
We have further increased the density toh50.50 and con-
tinue to observe a rod-rich nematic phase in coexistence
a disc-rich columnar phase with a wider phase separatio
terms of the compositions. The coexistence compositio
densities and order parameters of rods and discs in e
phase are presented in Table I. When the total densit
further increased toh50.52 a rod-rich smectic-A phase
found in coexistence with a disc-rich columnar phase~see
Fig. 3!. This is a rare example of computer simulations
vealing the stable coexistence and interface between two
dered phases in a model mixture of liquid-crystal molecu
The coexistence is characterized by a marked phase se
tion in terms of the compositions; the rod-rich phase h
mole fraction of cut spheres ofxCS50.04 (xHSC50.96), and
the disc-rich phase ofxCS50.96 (xHSC50.04) ~also see Table
I!. The density and order parameter profiles for the equi
rium configuration are presented in Fig. 4. The profiles h
been averaged over 107 cycles with bin lengthsDz'DHSC in
order to obtain reasonably smooth data. It should be no
that even though the bin length is chosen rather large
ensure that enough particles are taken into account in
calculation of the order parameters, the compositions of
coexisting phases are such that, in cases, very few part
of a given type are present. This is especially relevant to
calculation of the order parameters of the discs inside r
rich phases. The densities of the phases are estimated
h50.49 in the rod-rich phase andh50.58 in the disc-rich
phase. A small destabilization with respect to the transit
densities of the pure components is again seen; a pure
of hard-spherocylinders of (L/D)HSC55 exhibits a nematic–
smectic A phase transition at packing fractions ofhN

50.472 andhSmA50.487.29 In this configuration, the inter-
face lies normal to the layers of the rod-rich smectic pha
so that the density profile of the rodlike molecules is hom
geneous in the directionz normal to the interface. On th
other hand, the columns of the disc-rich columnar phase
parallel to the interface, and hence the density profile of
disclike molecules provides an indication of the structure

FIG. 3. Snapshot of a typical configuration for an equimolar mixture
LHSC/DHSC55 hard spherocylinder andLHSC/DHSC50.12 hard cut-sphere
molecules at a total packing fraction ofh50.52. A rod-rich smectic A phase
can be seen in coexistence with a disc-rich columnar phase.
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this phase@see Fig. 4~a!#. The width of the interface is of the
order of 2DHSC as can also be seen in the figure.

The nematic order parameter profiles are shown in F
4~b!. A large degree of order is seen in the phases. The
sphere and hard-spherocylinder order parameters areSCS

50.25 andSHSC50.90 in the rod-rich smectic A phase, an
SCS50.92 andSHSC50.75 in the disc-rich columnar phas
The order parameter of the smectic A phase is of a sim
magnitude to that of the pure hard-spherocylinder fluid at
same density, as would be expected from the low mole fr
tion of cut spheres in the phase. In the disc-rich colum
phase, the rods are aligned parallel to the direction of
columns, and the biaxial order parameterD is found to be
negligible. By contrast, in the case of the rod-rich phase,
symmetry axes of the discs are found to lie in a plane nor
to the nematic director of the rods. This results in a value
D different from zero, but, as we have already mentioned
a previous paper,22 the phase is not biaxial. The biaxial orde
parameter is not negligible due to the fact th

f

FIG. 4. ~a! Packing fractionh, ~b! nematic order parameterS, and~c! biaxial
order parameterD profiles along thez direction normal to the interface in an
equimolar mixture of hard spherocylinders and cut spheres of total pac
fraction h50.52 obtained by compressing a state ath50.50. The thick
curves correspond to the profiles of cut-sphere molecules, and the
curves to the profiles of the spherocylinders. The dashed curve in~a! corre-
sponds to the total packing fraction profile.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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5221J. Chem. Phys., Vol. 119, No. 10, 8 September 2003 Phase behavior of rod–disc mixtures
while we have defined a biaxial order parameter in th
dimensions, the cut-sphere molecules only access config
tions in the plane normal to the director of the rods. It
important to mention also that in the transition from t
nematic–columnar to the smectic A–columnar coexistenc
three-phase region must be present in the phase diagram
size of our system is not big enough to allow for these th
phases to be represented at the same time.

Before ending our examination of the computer simu
tion data we turn our attention back to the lower-dens
states. We have already mentioned that columnar–nem
coexistence is first observed for a total packing fract
h50.48. A snapshot of a configuration exhibiting this pha
behavior was presented in a previous work.22 We have fur-
ther stabilized this demixed state by carrying out small co
pression and expansion runs which have eliminated def
previously observable in the columnar phase. An increa
order parameter and a sharper interface of width 2DHSC ~this
run is labeled 0.48* in Table I! are now reported for this

FIG. 5. ~a! Packing fractionh, ~b! nematic order parameterS, and~c! biaxial
order parameterD profiles along thez direction normal to the interface in an
equimolar mixture of rods and discs of total packing fractionh50.48 ob-
tained by expanding a state ath50.50. The thick curves correspond to th
profiles of cut-sphere molecules, and the thin curves to the profiles of
spherocylinders. The dashed curve in~a! corresponds to the total packin
fraction profile.
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state. The corresponding density and order-parameter pro
are presented in Fig. 5, and a snapshot of the configuratio
shown in Fig. 6. The stabilization of the interface betwe
the rod-rich nematic phase and the disc-rich columnar ph
is clearly seen in the figures. The director of the rod-ri
nematic phase again lies parallel to the interface, and so d
the director of the disc-rich columnar phase. It is interest
to note that a different configuration is possible in which t
director of the disc-rich phase is normal to the director of
rod-rich nematic phase, and normal to the interface. A
mixed isotropic phase is used as the starting configurat
we have not biased the system, which suggests that we
tain the true equilibrium configuration. It is also noticeab
from Fig. 5~b! that the order parameter of the spherocyl
ders increases at the interface. The order parameter o
rods inside the cut sphere-rich phase is also very h
(SHSC50.78), but this phase is not biaxial, with the direct
of the rods parallel to the direction of the columns of c
spheres. In the rod-rich phase, however, the cut-spheres
hibit little order, suggesting that this phase is also uniax
The profile of the biaxial order parameter follows the tren
observed previously, i.e., the parameter is found to be n
zero in the rod-rich phase, with the discs arranged in
random-planar configuration rather than being oriented
one preferential direction normal to the director of the ro
~which would correspond to a biaxial nematic phase!.

It is clear from the table and the phase diagrams of F
2 that a wider phase separation is achieved when the sy
is expanded. The expansion allows the system to ‘‘anne
into more stable states with a higher degree of order
fewer defects. However, in order to be confident that
phase separation is spontaneous it was necessary to com
a mixed isotropic phase rather than start with an orde
demixed state. In such a way we have been able to dem
strate the existence of nematic–columnar and sme
A–columnar phase separation, rather than the stability of
axial nematic states. However, the expanded state ath50.48
now exhibits an increased degree of phase separation, a
question arises about the lower-density states ath50.46 and
0.44. Would these exhibit phase separation on expansio

e

FIG. 6. Snapshot of a typical configuration for an equimolar mixture
LHSC/DHSC55 hard spherocylinder andLHSC/DHSC50.12 hard cut-sphere
molecules at a total packing fraction ofh50.48. A rod-rich nematic phase
can be seen in coexistence with a disc-rich columnar phase.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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would the mixed isotropic states be confirmed as stable c
figurations? As indicated in Table I, we find that when t
density is lowered fromh50.48 to h50.46 the nematic–
columnar demixed state persists~a run of the order of 108

cycles was carried out to confirm this result!. When the den-
sity is lowered toh50.44 a mixed isotropic phase is readi
obtained; the order parameters and coexisting composit
are presented in Table I. A three phase region must also e
mediating the transition between the mixed isotropic ph
and the demixed nematic–columnar state.

In summary, the destabilization of the ordered phases
mixing for this mixture of rodlike and disclike molecules o
short aspect ratios is confirmed. At high densities a mar
demixing between disc-rich columnar phases and rod-
nematic and smectic-A phases is observed instead of bia
nematic states.

III. SCALED ONSAGER THEORY

Computer simulations can provide unequivocal answ
concerning the stability, and the phase behavior, of a sys
Unfortunately, such simulations can also be very time c
suming. In the case of systems of hard particles, such as
one presented here, the difference in free energy and
interfacial tension between two phases in coexistence is
tremely small. This results in very long computer times
the system to equilibrate. Investigation of global phase
havior in which the phase-space of the intermolecular par
eters~e.g., aspect ratios and molecular volumes! are carried
out are not viable by computer simulation. So far, we ha
been able to confirm that biaxial nematic phases are
present in the system of interest, but the question rem
open for the case of mixtures involving other particle sizes
at different compositions. It is useful then to turn to theor
ical models to carry out studies of global phase behavio
number of such studies have recently been carried out u
the theory of Onsager for isotropic–nematic ordering tran
tions in different approximations.3–5 These studies have con
centrated mainly on mixtures of particles with relative
large aspect ratios where the theories are more accurate
useful also, however, to consider here how such theore
approaches compare with our computer simulation resul

In the original approach of Onsager35 the free energy of
the system is obtained as a functional of the single-part
orientational distribution function at the level of the seco
on
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virial coefficient, in which the excluded volume of a pair o
molecules is incorporated. The theory is exact in the limit
particles of infinite aspect ratios when the isotropic–nema
transition occurs at vanishingly low density. The scaling p
posed independently by Parsons19 and Lee20 provides a more
accurate approach for systems of molecules with smaller
pect ratios. In addition to the excluded volume between p
of molecules, the residual free energy of the hard-sph
fluid is used as a scaling factor in order to take into acco
virial coefficients higher than the second. The Parsons–
theory has been found to provide an excellent description
hard-spherocylinder29 and hard-ellipsoid36 fluids, and more
recently, mixtures of rodlike particles.37 In this section we
carry out calculations with the Parsons–Lee scaling in or
to obtain a theoretical phase diagram for our system of in
est. It is important to mention at this stage that these sca
Onsager theories can be used to describe isotropic–nem
phase transitions, but not transitions involving phases w
translational order. The comparisons provided here are
tirely qualitative. More sophisticated approaches, which ta
into account orientational and positional order have been
veloped to model smectic phases~see, for example, Ref. 38!;
unfortunately columnar phases have not yet been conside
Furthermore, the complexity of the approaches somew
hinders their application at this stage to calculations of m
ture phase behavior. As will become clear, our aim here i
indicate that demixing between orientationally order
phases is seen in this system instead of a mixed biaxial n
atic phase. In this sense a link between the computer si
lations and the theoretical approach is made. Our simulat
suggest that in mixtures of hard rodlike and disclike m
ecules of short aspect ratios, demixing is favored. This
also been discussed in a study of the global phase beha
of mixtures of hard rod and disc particles modeled as cy
ders and using the scaled Onsager theory.5 In this work we
present only the main expressions of the Parsons–Lee th
and refer the reader to previous work5,35 for more detail.

The Helmholtz free energy of a binary mixture in th
Parsons–Lee approach is written as a functional of the
entational distribution functions (f i ,i 51,2) of the molecules
in the mixture. We assume the one-fluid approximation10,21,39

to generalize the original theory to model mixture phase
havior
bF

N
5(

i 51

2

xi S ln r211 ln
Vi

4p
1 ln xi1s@ f i # D1

4h23h2

~12h2!

**~x1
2v11

excf 1f 112x1x2v12
excf 1f 21x2

2v22
excf 2f 2!dvI 1dvI 2

8~x1v11x2v2!
, ~4!
ri-

c-
where b51/kT ~k is Boltzmann’s constant andT the
temperature!, r5N/V is the total number density,Vi the
de Broglie volume, andxi the mole fraction of componenti.
The sum corresponds to the ideal translational and rotati
 al

contributions, the ideal entropy of mixing, and the ideal o
entational entropy. The orientational entropy terms@ f i # is a
function of the one-particle orientational distribution fun
tion f i(vI ), and can be written as
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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s@ f i #5E f i~vI !ln@4p f i~vI !#d~vI !, ~5!

wherevI is the orientational unit vector parallel to the m
lecular symmetry axis; it is determined by a polar an
0,u,p and an azimuthal angle 0,f,2p. The second term
takes into account the repulsive interactions, whereh
5r(x1v11x2v2) is the packing fraction as before, andv i j

exc

is the excluded volume between particlesi and j. For the
sake of brevity, the orientational dependence of the exclu
volumes and the orientational distribution functions are
shown in Eq.~4!. The equilibrium orientational distribution
functions and free energy are obtained by taking the fu
tional minimum of Eq.~4! with respect to each orientationa
distribution function (f i) while imposing the normalization
constraints (* f i(vI )dvI 51). The numerical details of the
minimization procedure can be found in Ref. 4. The nema
order parameterSi of each componenti is obtained as

Si5E P2~cosu! f i~vI !dvI , ~6!

whereP2(cosu)53
2 cos2 u21

2 is the second Legendre polyno
mial, andu5arccos(vI n•vI i) is the angle between the nemat
directorvI n and the symmetry axisvI i of moleculei. In this
work the disc–disc and rod–disc excluded volumes are
culated numerically and are exact. Note that the exact r
rod excluded volume is known analytically.23

The calculated phase diagram of a binary mixture
hard-spherocylinders of aspect ratio (L/D)HSC55 and hard

FIG. 7. Phase diagram of a binary mixture ofLHSC/DHSC55 hard sphero-
cylinder andLHSC/DHSC50.12 hard cut-sphere molecules in the~a! packing
fraction-compositionh2xCS, and ~b! rod-disc packing fractionhHSC

2hCS representation obtained using the theory of Onsager with
Parsons–Lee scaling. N1 indicates a rod-rich nematic phase, N2 a disc-rich
nematic phase, and I an isotropic phase. The curves indicate the p
boundaries predicted by the theory.
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cut spheres of (L/D)CS50.12~andDCS/DHSC53.62) is pre-
sented in Fig. 7. The isotropic–nematic phase transition
the pure fluid of hard spherocylinders calculated with t
Parsons–Lee approach is in very good agreement with
simulation data~see also Ref. 29!. In the case of the hard
cut-sphere fluid, the agreement is poorer; it is known that
original approximation of Onsager is not as accurate for
late particles as for prolate particles.35,40 In addition to this,
the computer simulation results indicate that the fluid of h
cut spheres of aspect ratio (L/D)CS50.12 does not exhibit a
stable nematic phase, and instead an isotropic–colum
phase transition is seen. In this sense, it is not possibl
carry out a quantitative comparison between the theoret
and simulation results.

It is useful, nevertheless, to address two important po
regarding the phase behavior of our mixture. Contrary
what is observed in mixtures of molecules of similar volum
but with large aspect ratios, a stabilization of the isotro
phase relative to the ordered phases is seen in our mixtu
molecules with short aspect ratios. The simulation res
presented earlier clearly indicate a stabilization of the iso
pic phase~see Fig. 2!; although less marked, the theoretic
calculations also predict a stabilization of the isotropic pha
especially for the disc-rich phases. In addition to this, a
mixing transition is observed at the higher densities~see
Figs. 2 and 7! both from the computer simulations and fro
the predictions of the Parsons–Lee approach. In previ
work5 calculations corresponding to symmetric mixtures
rodlike and disclike molecules have been presented using
same approach. It was demonstrated that biaxial nem
phases are not found to be stable, at least in the contex
the theory of Onsager with the Parsons–Lee scaling. A
consequence, we did not consider the possibility of the e
tence of a nematic biaxial phase for our present system
the higher densities nematic–nematic demixing is obser
as suggested by the simulation study~note that in the case o
the simulations the coexistence is between nematic and
lumnar phases instead of between two nematic phases!.

We now turn to an experimental investigation of a
equivalent system in order to investigate further the stabi
of the biaxial nematic phase in liquid crystal fluids of mo
ecules of short aspect ratios.

IV. EXPERIMENT

As we have already seen, the contrasting nature of r
like and disclike molecules usually results in very differe
types of phase behavior. Rodlike molecules will form cala
itic nematic and/or smectic phases, while disclike molecu
will form discotic nematic and columnar phases under app
priate conditions. The so-called discotic nematic phases
which the symmetry axes of the molecules are aligned, bu
which no positional order is observed, are relatively rare, a
it is much more common to find disclike molecules formin
columnar phases with two degrees of translational ord
Though some theoretical studies have suggested that mi
a calamitic nematic with a discotic nematic would produce
biaxial nematic phase, we have not been able to confirm
in the case of molecules of short aspect ratios correspon

e
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to thermotropic liquid crystal phases. The chemical const
tion of such systems is so different that they are usu
immiscible, and so mixed phases are not observed. Note
that our repulsive model system studied theoretically
mixes for purely entropic reasons.

In order to avoid the problem of immiscibility, it is
desirable that the two components of the rod-disc mixt
are as chemically similar as possible. Such a system
provided by the compounds 4,49~p-terphenyl!-bis@2,3,4-
tri!dodecyloxy!benzal#imine ~molecule I! and 4,49~p-
terphenyl!-bis@3,4,5-tri!dodecyloxy!benzal#imine ~molecule
II ! ~see Fig. 8!. These are simple chemical isomers, and
such would be expected to have a similar phase behavior
physical properties. The asymmetrically substituted speci
has a nematic phase~an isotropic–nematic transition is see
at T5118 °C), while the symmetrically substituted molecu
II exhibits a hexagonal columnar phase~an isotropic–
columnar phase transition is seen atT5109 °C). It has been
claimed that compound I does exhibit a biaxial nema

FIG. 8. 4,49~p-terphenyl!-bis@2,3,4-tri! dodecyloxy! benzal#imine ~molecule
I! and 4,49~p-terphenyl!-bis@3,4,5-tri! dodecyloxy! benzal#imine ~molecule
II !.
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phase,41 but this has not been confirmed by structural stud
or nuclear magnetic resonance~NMR! spectroscopy.6 In our
experimental study, we have constructed the binary ph
diagram of the mixture of molecules I and II. This was do
by making a range of mixtures of different compositions, a
observing their behavior as a function of temperature usin
Zeiss Universal polarizing microscope with a Linkam ho
stage. The experimental phase diagram is given in Fig. 9
can be seen in the figure, a biaxial phase is not observe
the mixture. It is perhaps surprising that the symmetric s
cies II forms a columnar phase, but the structure of the c
umns is presumed to be stacks of overlapping arom
cores, around which the terminal alkyl chains form a cyl

FIG. 9. Experimental phase diagram of a binary mixture
4,49~p-terphenyl!-bis@2,3,4-tri! dodecyloxy! benzal#imine ~molecule I! and
4,49~p-terphenyl!-bis@3,4,5-tri! dodecyloxy! benzal#imine ~molecule II!. Iso-
tropic ~I!, nematic~N!, columnar~Col!, and crystal~K! phases are observed
The solid and dashed lines are provided to guide the eye.
c

c

FIG. 10. Snapshot of a microscopi
contact preparation for a mixture
of 4,49~p-terphenyl!-bis@2,3,4-tri!
dodecyloxy! benzal#imine and
4,49~p-terphenyl!-bis@3,4,5-tri! dode-
cyloxy! benzal#imine. From right to
left, columnar, isotropic, and nemati
phases are seen.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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drical sheath. It is noticeable from the phase diagram that
ordered phases are destabilized on mixing. The region
miscibility can be conveniently observed using a mic
scopic contact preparation, which allows all compositions
be observed as the temperature is changed. In Fig. 10
reproduce a snapshot of the contact preparation, wh
shows the coexisting hexagonal columnar phase, the iso
pic phase, and the nematic phase. Also clearly visible is
wide two-phase region at the isotropic–columnar phase
terface. No evidence of a new biaxial phase stabilized
observed in these mixtures. This is consistent with the p
dictions of the model systems studied in earlier sections

V. CONCLUSIONS

Canonical MC computer simulations and theoretical c
culations have been carried out for a binary mixture of ro
like and disclike model molecules of short aspect ratios~cor-
responding to the dimensions of real thermotro
mesogens!. In both investigations a destabilization of the o
dered phases on mixing is seen. When the ordered ph
eventually become stable, demixing is observed instea
biaxiality. In the case of the computer simulations, we ha
been able to stabilize states exhibiting nematic–colum
and smectic A-columnar demixing, while only nematic
nematic separation was examined in the theoretical calc
tions. In this work we have used the theory of Onsager w
the scaling of Parsons and Lee, which does not treat tran
tionally ordered phases. The phase behavior of the mo
mixtures is compared with experimental results obtained
a mixture of two isomers, one of which exhibits a
isotropic–nematic transition, and the other an isotrop
columnar transition. The reason for choosing two isomer
that the similar size of the molecules can promote mixi
while the different symmetry of the ordered phases may p
mote biaxiality. The results obtained in the experimental
vestigation do not, however, suggest the existence of a b
ial phase. Instead, phase separation between a nematic
columnar phase is seen. The destabilization of the orde
phases suggested by the theoretical models is also confir

Though the three approaches considered in this st
cannot be compared quantitatively, they all suggest that
mixed ordered phases are favored rather than biaxial nem
phases in mixtures of mesogens of short aspect ratios.
stabilization of this exciting new phase remains a challen
both from an experimental and from a modeling point
view.

ACKNOWLEDGMENTS

We are grateful to Professor Klaus Praefcke, formerly
the Department of Organic Chemistry, Technical Univers
of Berlin for providing the compounds, and to the Europe
Commission for financial support~Contract Nos. CHRX
CT93-0161 and FMRX CT97-0121!. A.G. would like to
thank the Engineering and Physical Sciences Research C
cil ~EPSRC! for the award of an Advanced Research Fello
Downloaded 23 Jan 2006 to 150.140.174.114. Redistribution subject to A
e
of
-
o

e
h
o-
e
-

is
e-

l-
-

ses
of
e
ar

a-
h
la-
el
r

–
is
,
-
-
x-
d a

ed
ed.
y

e-
tic
he
e,
f

f
y
n

un-
-

ship. S.V. would like to thank the ROPA program of th
EPSRC for a research fellowship~GR/N03358!. We also ac-
knowledge support from the Joint Research Equipment In
tute ~JREI! of the EPSRC for computer hardware~GR/
M94427! and the Royal Society-Wolfson Foundation for th
award of a refurbishment grant.

1H. H. Wensik, G. J. Vroege, and H. N. W. Lekkerkerker, J. Chem. Ph
115, 7319~2001!.

2H. H. Wensik, G. J. Vroege, and H. N. W. Lekkerkerker, Phys. Rev. E66,
041704~2002!.

3S. Varga, A. Galindo, and G. Jackson, Phys. Rev. E66, 011707~2002!.
4S. Varga, A. Galindo, and G. Jackson, J. Chem. Phys.7207, 117 ~2002!.
5S. Varga, A. Galindo, and G. Jackson, J. Chem. Phys.7207, 10412~2002!.
6G. R. Luckhurst, Thin Solid Films40, 393 ~2001!.
7L. Y. Yu and A. Saupe, Phys. Rev. Lett.45, 1000~1980!.
8E. F. Henriques and V. B. Henriques, J. Chem. Phys.107, 8036~1997!.
9V. Berejnov, V. Cabuil, R. Perzynski, and Y. Raikher, J. Phys. Chem
102, 7132~1998!.

10P. J. Camp and M. P. Allen, J. Chem. Phys.106, 6681~1997!.
11R. Berardi and C. Zannoni, J. Chem. Phys.113, 5971~2000!.
12R. Alben, J. Chem. Phys.59, 4299~1973!.
13P. Palffy-Muhoray, J. R. d. Bruyn, and D. A. Dunmur, J. Chem. Phys.82,

5294 ~1985!.
14A. G. Vanakaras and D. J. Photinos, Mol. Cryst. Liq. Cryst.299, 65

~1997!.
15A. G. Vanakaras, S. C. McGrother, G. Jackson, and D. J. Photinos, M

Cryst. Liq. Cryst.323, 199 ~1998!.
16A. Stroobants and H. N. W. Lekkerkerker, J. Phys. Chem.88, 3669

~1984!.
17F. M. van der Kooij and H. N. W. Lekkerkerker, Phys. Rev. Lett.84, 781

~2000!.
18F. M. van der Kooij and H. N. W. Lekkerkerker, Langmuir16, 10144

~2000!.
19J. D. Parsons, Phys. Rev. A195, 1225~1979!.
20S. D. Lee, J. Chem. Phys.87, 4972~1984!.
21P. J. Camp, M. P. Allen, P. G. Bolhuis, and D. Frenkel, J. Chem. Phys.106,

9270 ~1997!.
22A. Galindo, G. Jackson, and D. J. Photinos, Chem. Phys. Lett.325, 631

~2000!.
23L. Onsager, Ann. N.Y. Acad. Sci.51, 627 ~1949!.
24T. Biben, P. Blandon, and D. Frenkel, J. Phys.: Condens. Matter8, 10799

~1998!.
25A. Z. Panagiotopoulos, Mol. Phys.61, 813 ~1987!.
26G. R. Luckhurst and G. W. Gray,The molecular physics of liquid crystal

~Academic, London, 1979!
27D. Frenkel, J. Phys. Chem.106, 4168~1997!.
28D. Frenkel, Nature~London! 332, 882 ~1988!.
29S. C. McGrother, D. C. Williamson, and G. Jackson, J. Chem. Phys.104,

6755 ~1996!.
30P. Bolhuis and D. Frenkel, J. Chem. Phys.106, 666 ~1997!.
31J. A. C. Veerman and D. Frenkel, Phys. Rev. A41, 3237~1990!.
32X. M. You, Virial expansions revisited: applications to liquid crystal

~University of Manchester, UK, 2002!.
33M. Adams, Z. Dogic, S. L. Keller, and S. Fraden, Nature~London! 393,

349 ~1998!.
34Z. Dogic, D. Frenkel, and S. Fraden, Phys. Rev. E62, 3925~2000!.
35G. J. Vroege and H. N. W. Lekkerkerker, Rep. Prog. Phys.55, 1241

~1992!.
36P. J. Camp, C. P. Mason, M. P. Allen, A. A. Khare, and D. A. Kofke,

Chem. Phys.105, 2837~1996!.
37S. Varga, A. Galindo, and G. Jackson, Mol. Phys.101, 817 ~2003!.
38E. Velasco, L. Mederos, and D. E. Sullivan, Phys. Rev. E62, 3708~2000!.
39J. S. Rowlinson and F. L. Swinton,Liquids and liquid mixtures~Butter-

worths, London, 1982!.
40R. Eppenga and D. Frenkel, Mol. Phys.52, 1303~1984!.
41S. Chandrasekar, G. C. Nair, D. S. Shankar Rao, S. Krishna Prasa

Praefcke, and B. D., Liq. Cryst.24, 67 ~1998!.
IP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp


