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Infinitely thin disks exhibit a first order nematic-columnar phase transition

Martin A. Bates and Daan Frenkel
FOM Institute for Atomic and Molecular Physics, Kruislaan 407, 1098 SJ Amsterdam, The Netherlands
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We have investigated the phase behavior of a system of hard cylinders in the /it 0. Simulations in
this limit are possible because the model can be mapped onto a system of particles with finite volume but
variable shape. Our simulations indicate that infinitely thin disks exhibit a columnar phase, and that the
nematic-columnar transition is first order. Combining this result with previous simulations of cut spheres, this
transition appears to be first order for all aspect ratied 0D <0.1.[S1063-651X98)07904-5

PACS numbg(s): 61.30.Cz, 64.70.Md

The majority of experimental, theoretical, and simulationorder[9]. In contrast, very little is known about the limiting
investigations of liquid-crystal systems concentrate on elonbehavior of the cut sphere model. We note that in the limit
gated or rod-shaped molecules. However, disk-shaped mobB/L<<1, there is no difference between a cut sphere and a
ecules have also been shown to exhibit a variety of liquidcylinder of the same aspect ratio.
crystal phase$l]. Indeed, the formation of liquid crystals In this Brief Report, we examine the phase behavior of
from disk-shaped molecules was anticipated in the 192D)s cylinders in the limitL/D—0. In an earlier study of infi-
but the first example was not found until over 50 years latenitely thin disks[4], a columnar phase was not found be-
[3]. A number of models have been used to study the phaseause they were carried out at zero volume fraction. To ex-
behavior of disk-shaped molecules at the microscopic levekend the simulations to higher volume fractions, we employ a
in particular, infinitely thin platelets4], oblate ellipsoid$5],  scaling argument similar to that introduced by Bolhuis and
and cut spherefs]. Simulations of these hard-body models Frenkel[8] in their investigation of long rods in the limit
have shown that anisotropic excluded volume interactiong/D—co. Our system is stretched by a factot I#long the
alone can be responsible for the formation of aligned mesdirector, which increases the vanishingly small volume of a
sophases. However, platelets and ellipsoids exhibit only alisk to a finite value. This permits us to consider the behav-
nematic phase. The lack of a columnar phase in a system @r of cylinders in the limitL/D—0 but pLD? finite. We
ellipsoids has been accounted for by considering an affin@ote that, as for systems composed of rod-shaped particles,
transformation of the coordinates along the director, whiclthis scaling does not affect the reduced dengity=p/pcp),
maps a perfectly aligned nematic phase into a hard sphefghere pp is the close packed density, sinpgp scales in
fluid. This clearly excludes the possibility of observing exactly the same manner as the number densipd, while
liquid-crystal phases with partial translational order in suchthe reduced pressuR* (=P/kgT) is scaled by a factor 1L/
systems. Whereas the nematic phase can occur when thge ratioP/p remains unchanged. However, the shape of the
number density times the excluded volume is of order 1, thearticles(see Fig. 1is affected by the scaling.
columnar phase is only expected once the volume fraction of We have determined the equation of state for infinitely
the disklike particles becomes appreciable. Indeed, in théhin disks using constant-pressure Monte Carlo simulations
early simulations of infinitely thin platelef$t], a nematic  with a system of 720 scaled cylinders. The system was stud-
phase was observed, but a columnar phase was not. Veermigl in two sequences; expansion of the columnar phase and

and Frenkel[6] showed that cut spheres exhibit a wider compression of the nematic phase. The expansion series of
range of phase behavior, depending on the aspect ratio of the

disk; they studied the casé$D=0.1, 0.2, and 0.3, whelle

is the thickness of the disk arid is the diameter. The iso-
tropic phase of th&/D=0.3 system was found to undergo a
transition directly to a columnar phase. A cubatic phase, in
which there is cubic orientational order but no translational
order, was observed far/D =0.2. Finally, a nematic phase
was found between the columnar and isotropic phases for
particles with aspect ratib/D=0.1. For this model, the co- D D

existence densities were determined to dfg=0.497 and

p&=0.546, wherep* is the density relative to the close (a) (b)

packed density; this large density change indicates that the

transition is quite strongly first order. The phase behavior of F|G. 1. Scaling of cut spheres or cylinders in the limit
hard spherocylinders, the rod-shaped analog of this model./D—0. (a) A cylinder with finiteD butL— O0; the tilt angle scales
has now been extensively studied as a function of aspeeisL/D [8]. (b) The disk scaled by a factorll/along thez axis. The
ratio [7,8] and, in particular, recent simulations suggest thakcaled particle is a shifted cylinder with its axis aligned alaramd
the nematic-smectic transition in the limitD—oo is first its faces tilted.
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035 040 045 050 055 060 065 where ., is chosen such that the first order transition be-
tween the phases is completely suppressed and the angular
p* brackets(- - -} indicate an average over molecules and con-

figurations. Two series of constant-volume simulations were
FIG. 2. Equation of state of the cylinder system in the limit performed to evaluate numerically the first two integrals of
L/D—0. The compression and expansion branches are plotted witkg. (2) at densitiesp; =0.47 andp3 =0.55, in which the
filled and open circles, respectively. The large circles indicate the/alue of A was gradually increased from 0 1g,,,,=3.0. A
coexistence densities, as determined by the thermodynamic integryrther series of constant-pressure simulations was used to

tion. The. §o|id line indif:gtes the equatipn of state in.the vicinity of yatermine the equation of stag__(p) for the system with
the transition. All quantities are plotted in reduced units=p/pcp . . Ly max
and P*=P/ksT (see text the perturbatior{l) applied withA set equal to\ 5, cover-

ing the range of densities betwegh andp3 ; in turn, this

simulations was started from a close packedA stacked Was used to evaluate the final integral of E2). Our calcu-
hexagonal lattice, which was equilibrated at a reduced predations gave the Helmholtz free-energy difference between
sureP* =15.0. The system was then expanded by graduallyhe nematic and columnar phasegst=0.47 andp; =0.55,
reducing the pressure. A nematic configuration was preparetspectively, to beAF/N=0.992(10). The pressure depen-
by expanding theAAA stacked hexagonal lattice to a re- dence of the free energy, relative to that of the nematic phase
duced densityp* =0.30. This system was then gradually at p; =0.47, was then determined for both the nematic and
compressed by increasing the pressure frBfm=3.0 in  columnar phases by integration of the appropriate branch of
small steps. In each series of simulations, the initial COﬂﬁgUthe equation of state. At the point of coexistence, the Gibbs
ration was perfectly aligned along tlzeaxis. A Monte Carlo  free energies of the two phases are equal; our calculations

move was performed by selecting a pair of random particleseaq to values for the coexistence densitieppf0.490(5)
i andj, and giving each a random displacement; in additionandp* ~0.5215)
C - . .

a random tilt was applied to particleand an equal but op-
posite tilt was applied to particlg. This ensures that the
director orientation does not change, and, therefore, that o
scaling argument remains valid.

We have used a scaling argument to show that the cut
srphere model for disk-shaped liquid crystals exhibits a co-
l1'umnar phase in the limitt/D— 0. This result contrasts that

The equation of state, shown in Fig. 2, clearly indicates &f & Previous study of infinitely thin diskst], where a co- -
first order transition between the nematic and columnafdMnar phase was not observed because of the vanishing
phases. In order to locate the transition accurately, we havexcluded volume interaction as two particles become per-
used a thermodynamic integration scheme to determine trigctly aligned. The coexistence densities determined for cyl-
free energy difference between the nematic and columndpnders in the limitL/D—0 (py=0.490, pg=0.521) are
phases. For this we require a reversible path between the twi@milar to those for a system of cut spheres of aspect ratio
phases. To achieve this, we apply a perturbation L/D=0.1 (p{=0.497, pg=0.546) [6], and, although the

transition in our system appears to be slightly weaker, the
transition is clearly first order. We conclude that the transi-
27X | [ TNyY; tion between the nematic and columnar phases of cut spheres
HX:AZ COS( ) ( | ) @) almost certainly remains first order for all aspect ratios in the
range 6<L/D=<0.1.
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