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We present a constant-pressure molecular dynamics simulation study of the phase behavior of binary (50:50)
Gay-Berne liquid crystal mixtures consisting of elongated particles with different lengths (L, > Lg) and equal
diameters. We focus on systems at dense liquid-state conditions. Considering three mixtures characterized by
different values of Ly and different length ratios g=Lg/L, <1, we find complex fluid-fluid phase behavior
resulting from the interplay between nematic, smectic-A-type, or smectic-B-type orientational ordering, on the
one hand, and demixing into two phases of different composition (fractionation), on the other hand. The
driving “forces” of demixing transitions are the temperature and the length ratio. Indeed, in the system
characterized by the largest value of ¢ (¢=0.86) orientational order occurs already in mixed states, whereas full
fractionation is found at ¢=0.71. The two resulting states are either of type smectic-B-nematic (intermediate
temperatures) or smectic-B-smectic-B (low temperatures). In the intermediate case ¢=0.80 we observe a
stepwise ordering and demixing behavior on cooling the system from high temperatures. Moreover, our results
show that the stability range of (partially) nematic structures in mixtures of sufficiently small g can be
significantly larger than in the pure counterparts, in qualitative agreement with experimental observations.
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I. INTRODUCTION

Since their discovery more than a century ago [1-4] liquid
crystals (LC) have always been a subject of intense research
both experimentally and theoretically [5], stimulated also by
the wide range of (device) applications of such systems, e.g.,
in LC displays. From a statistical-physics point of view, the
phase behavior of liquid crystals serves as a key example of
entropically driven phase transitions. Indeed, as shown by
Onsager [6] already in 1949, the isotropic-nematic transition
in systems of (infinitely) long and thin rods can be explained
as a result of a competition between translational and rota-
tional entropy. Later, computer simulations have played a
decisive role in understanding the complex phase behavior of
LC systems (see, e.g., Refs. [7-10]), especially when it
comes to the role of molecular shape, attractive interactions
and/or multipolar forces arising, e.g., from ions or dipole
moments [11].

In the present paper we report molecular dynamics (MD)
computer simulations of the phase behavior of LC model
mixtures, focusing on the ordering behavior of systems of
particles with different lengths L, (with a being the species
index) and equal diameters D,. From a practical point of
view, one main motivation to study such systems is that their
enriched phase behavior relative to the monodisperse case
makes them more suitable for device applications. An impor-
tant example is the growth of the nematic phase region ob-
served in experiments of binary [12] and ternary [13] (or-
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ganic) LC mixtures (thermotropic liquid crystals). In these
systems, the temperature related to nematic-smectic transi-
tions is significantly reduced compared to the one-
component case, that is, the onset of orientational order com-
bined with partial (one-dimensional) translational order is
delayed. Similarly, Lopez er al. [14] found a growth of the
smectic-A region and an accompanying depression of more
ordered phases in organic LC mixtures of 8CB and 8OCB.
Further studies on compounds of organic molecules have
been performed by Naoum er al. (see Ref. [15] and refer-
ences therein). On the other hand, length dispersity also oc-
curs in colloidal suspensions of mesoscopic rods with lengths
in the nanometer-to-micrometer range and much larger
length-to-breadth ratios «,=L,/D, compared to the organic
molecules. Examples are boehmite needles [16,17] and car-
bon nanotubes [18]. For such systems one is typically inter-
ested in fractionation, that is, the occurrence of demixing
phase transitions of the mixed fluid system into subphases
dominated by a specific length. Understanding the conditions
of fractionation may help to deliberately purify colloidal rod
suspensions, e.g., by compression. Interestingly, fraction-
ation has rarely been reported in the experimental studies of
the organic LC mixtures mentioned before [12—15]; indeed,
these studies rather focused on the overall phase behavior (as
a function of concentration) rather than on species-resolved
properties.

Theoretical research on LC mixtures of elongated par-
ticles focuses on hard-core systems, starting with the work of
Leckerkerker and co-workers [16,19-21] who investigated
binary mixtures of hard rods of different lengths L, and Lg
<L,. Based on Onsager theory it was found that the
isotropic-nematic transition of such mixtures is coupled with
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fractionation for sufficiently small values of the length ratios
q=Lg/Ly=1. These findings have been supported by a re-
cent Monte Carlo (MC) simulation study of polydisperse
hard rod mixtures [22] which also display isotropic-nematic
transitions combined with demixing. Further MC studies on
(binary) hard-particle mixtures with different lengths have
been concerned with the order parameters at the isotropic-
nematic transition [23] and the isotropic-nematic coexistence
in the Lebwohl-Lasher (lattice) mixture model [24]. On the
other hand, density-functional methods have been employed
to investigate features of the nematic-smectic-A transition
[25] and fractionation within the smectic phase [26,27]. We
also note that there is a large amount of theoretical and ex-
perimental work on the related case of binary mixtures of
thin and thick hard rods, i.e., D4 # Dy, Ly=Lg [28-31].

The present paper concerns systems with attractive inter-
actions in addition to the anisotropic steric ones. Compared
to hard-core LC systems, the understanding of attractive
mixtures is less developed, although presence of such inter-
actions is rather the rule than an exception. In molecular
(organic) LC compounds attractive interactions usually result
from van der Waals (induced dipole-dipole) interactions and
from asymmetric charge distributions yielding multipoles
such as permanent dipole moments embedded in the mol-
ecules. An immediate effect of such attractive interactions is
temperature dependence of the LC phase behavior, which has
first been described theoretically by Maier and Saupe [32].
The van der Waals interactions may also be relevant in col-
loidal rod suspensions, where additional attractions may
arise from the (entropy-induced) depletion effect, that is, the
fact that nearby rods form an effective excluded volume for
the solvent molecules. A standard model incorporating at-
tractive (van der Waals) interactions in small elongated mol-
ecules is the Gay-Berne (GB) model [33], a modification of
the usual Lennard-Jones potential for spherical molecules.
Compared to purely repulsive LC particles, one important
effect of attraction in one-component GB systems is the sta-
bilization of smectic relative to nematic phases, as has been
demonstrated in extensive simulation studies [34,35] for a
broad range of length-to-breadth ratios. The GB potential has
been recently generalized for mixtures [36], opening the way
for several computer simulation studies by Cleaver et al.
[37-39] on the phase behavior of such systems. One main
topic of these studies was to which extent the GB models can
reproduce the experimentally observed broadening of the
nematic range.

In the present study we focus on yet a different aspect of
the GB mixture phase behavior, namely the conditions under
which demixing phase transitions (fractionation) occur. In
view of the large space spanned by the various geometric and
energetic parameters defining a GB mixture, it is clear that
such a study must be restricted to some representative ex-
amples. Here we consider three systems characterized by dif-
ferent values of length-to-breadth ratios x4 and different
length ratios ¢<<1. In order to make contact to already ex-
isting data we employ the same model parameters previously
considered by Cleaver et al. [37-39]. However, the latter
studies focus on densities (or pressures, respectively) typical
for nematic states. In the present work we explore the sys-
tem’s behavior in the smectic range at which the nematic
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phase of the pure systems is unstable. Our results demon-
strate that this gives rise to qualitative effects. Technically,
we investigate the systems via constant-pressure MD simu-
lations [40]. This method has turned out to be particularly
useful to investigate demixing transitions in our earlier stud-
ies of “simple” mixtures consisting of spherical particles
[41-43].

The rest of the paper is organized as follows. In Sec. II we
present the model and describe some details of the NPT-MD
simulations employed in this work. Numerical results are
given in Sec. III where we start with a brief discussion of
pure GB fluids with xk=3.0 and attraction parameters v=2,
p=1 (Sec. IIT A). We then explore the phase behavior of the
three mixtures I-III characterized by an increasing degree of
bidispersity (Secs. III B-III D). Finally, our conclusions are
summarized in Sec. IV.

II. MODEL AND SIMULATION DETAILS
A. Pair potential

We consider binary (50:50) mixtures of two species A and
B of rigid ellipsoidal molecules with different lengths L,
> Lp and equal breadths D,=Dp. The molecules interact via
the two-component generalization [36] of the standard GB
potential [33] which involves both repulsive and attractive
parts. Specifically, the GB interaction between two particles i
and j with center-of-mass positions r;, r; and orientation unit
vectors u;, u; is given by

B, 2 . 512 56
Ua, (Fu;u)) = d€,(Fu,u) (R "= R;),

(2.1)
where f;;=r;;/r;; is a unit vector along the center-to-center
vector r;=r;—r;, r;=|r;]| is the particle separation, and the
subscripts @ and b denote the mixture components consid-
ered [a(b)=A,B]. Furthermore, the scaled distance Eij is
given by

Rij = [r,] - (Tab(fl‘j,ui,u]‘) + (TQ], (22)
0
where 0,,(f;;,u;,u)) is the generalized range parameter de-
fining the distance at which the potential vanishes, that is

A —1 A N2
N Xab [ (@apW; - Bjj+ a0, - Fy)
Uab(rijsui’uj) =0y 1-

2 1+ XapW; u]‘
A —1 A \2 -1/2
(a'abui TT oA rif) ):| . (23)
1= Xupu; -

In Eq. (2.3),

2_n2(r2_n2
Xab= \/ NG (24)

(L} + DA)(L2+ D))’

is the generalization of the usual y parameter appearing in
the one-component GB model [33], and «a,, is a new param-
eter needed in the binary version to distinguish between the
two nonequivalent teelike configurations where the top of a
B(A) ellipsoid touches the equator of an A(B) ellipsoid [36].
Specifically,
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TABLE 1. Geometric parameters characterizing the mixtures
considered in this work («,=L,/D,=L,/ 0, g=Lg/Ly).

System Ka Kp q
I 3.5 3.0 0.86
II 2.5 2.0 0.80
I 4.2 3.0 0.71
L2-DX(L;+ D’
aib _ ( a u)( b a (25)

- N (L -D)WL2+ DY)’

From Eq. (2.5) one can see that «,, smoothly approaches
unity in the one-component limit (i.e., Ly — Lg, D, — Djp). In
the present work we set the diameters D, equal to the length
oy appearing in the range function [see Egs. (2.2) and (2.3)].

Finally, the interaction strength €,,(f;,u;,u;) also de-
pends on the relative orientation of the molecules and takes
the form

€.5(F;j,0,,0)) = €61 (u, ) €r , (Fua),  (2.6)

where the parameters €,, characterize the depths of the a-b
attraction wells. As to the functions €, ,, and €}, appearing
on the right-hand side of Eq. (2.6), v and w are adjustable
exponents, and the functions are defined as [36]

€ w(upu) =[1- Xop(0; - u)’]"”? (2.7)
and

! A r—1 A \2
(agpu; - Fij+ oy, u; - Fyy)

!

A Xab
e (f,u,u)=|1- —(
ZanlF ) { 2 1+ X0, - u;

! A r—1 A N2
R h A ”M (2.8)
I_Xabui'uj

In Eq. (2.8), the parameters x,, are defined as

Xop = (K" = DI (KL + 1) (2.9)

with «,=¢€,,/€,, where €, is the depth of the attractive
potential well for an a-b pair of particles oriented parallel
side-by-side, and €, is the corresponding depth for a pair of
particles oriented end-to-end. Finally, the (free) parameters
), are introduced [36] in order to distinguish between the
attractive interactions related to the two nonequivalent tee
configurations [in analogy to the previously introduced pa-
rameters «,;, involved in the range function, see Egs. (2.3)
and (2.5)].

In the present work we consider three different mixtures I,
II, and II differing in the length-to-breadth ratios «,
=L,/D,=L,/ oy (with a=A,B), and in the length ratios ¢
=Lp/L,<1. A summary of the geometric parameters em-
ployed is given in Table I; the remaining (energetic) model
parameters are presented in the Appendix. As seen from
Table I, Mixture II falls somewhat out of the series in that the
length-to-breadth ratios «, are significantly smaller than in
the other systems. The main reason for choosing this particu-
lar system (rather than a system with «4=3.8 and «3=3.0,
which would lead to nearly the same value of ¢) is that there
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are earlier simulation results (based on the Gibbs-ensemble
Monte Carlo method) [38] where, however, the characteris-
tics of demixing phenomena were not fully discussed. We
therefore decided to first investigate in more detail this sys-
tem before proceeding to yet a different mixture for which,
so far, no results exist. The same reasoning applies to the
parameter choices for mixtures I and III which have been
previously employed in Refs. [37] and [39], respectively.
These latter studies explore, however, the phase behavior at
high pressures (typical for nematic states), whereas the
present study focuses on low-pressure orientational states.

B. Molecular dynamics simulations

The MD simulations were carried out in a NPT ensemble,
where the temperature 7 and pressure P were fixed using a
Nosé-Hoovers thermostat and barostat, respectively [40], and
the particle number N=1372. To detect any system size de-
pendence some additional runs with N=4000 were done at
particularly interesting state points. The simulations were
started from mixed, orientationally isotropic face-centered-
cubic crystals, where the two species were randomly distrib-
uted on the lattice sites and randomly oriented. Low-
temperature states were usually found by a stepwise cooling
of the system. However, in order to be sure that the resulting
states do not depend on the initial configurations, we have
also performed various test simulation at low 7, where we
started directly from randomly oriented high-temperature
states. The initial velocities of the molecules were chosen
from a Maxwell-Boltzmann distribution, and the moments of
inertia were set to Iaz(o'ZO/ 20)(K§+ 1) [44] (with the masses
set to unity). The translational and rotational equations of
motion were integrated using the velocity-Verlet algorithm
[40] with a reduced time step & =(egp/0g)?, t=1.5
X 1073, We used tetragonal boxes with (mutually orthogonal)
box sides L,, Ly, and L,. In the NPT simulations of spatially
homogeneous (i.e., isotropic or nematic states we restricted
the box sides to vary equally, that is, we set L, =L (y
=x,y,z). On the other hand, in smectic phases (which are
characterized by one-dimensional translational ordering) we
allowed the box sides to change independently, which turned
out to be important to find the true equilibrium state. In all
cases, the simulation box was periodically replicated along
the x, y, and z directions.

To save computational time the intermolecular potentials
were truncated (independently of the species considered) at
ro=(Kmax+ 1)00, Where k.= x,4 is the length-to-breadth ra-
tio of the longer (A) particles.

Typical runs then consisted of at least three-million time
steps for equilibration, followed by a production period of
similar length. To minimize correlations between measure-
ments we calculated thermodynamic and structural quantities
every 50 time steps.

C. Characterization of the ordered phases

The degree of orientational ordering in the GB mixtures
was monitored via the second-rank order parameter P, de-
fined in the usual way [40] as the largest eigenvalue of the
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ordering matrix Q=(1/N)=Y,(3uu,~1)/2, where I is the
identity matrix. The corresponding normalized eigenvector is
the global director n. To characterize the translational and
orientational structure within the individual phases we have
calculated various pair correlation functions. In particular, to
detect the appearance of smectic ordering (that is, arrange-
ment of the molecules into layers) of species a, we consider
the functions

Na
> oy =ry ) oo/2 =1 1)

i#]
2N, p,m(00/2)*Ar

gﬁ’“(r”) = , (2.10)
where 6(x) is the step function, r;;=[r;;j|=|r;-n| is the sepa-
ration between the centers of masses along the nematic di-
rector and r;; | =|r; \|=|r;—r;| is the corresponding trans-
versal separation (note that our definition involves only pairs
of molecules in a cylinder of diameter equal to the breadth of
a molecule, ). Also, Ar=0.050y is a tolerance, and the
factor 2 in the denominator arises due to the symmetry r;;
—~—r;;|. Smectic (Sm) layering is signaled by (essentially
undamped) oscillations in g{f“(r)), with the period of these
oscillations indicating the layer spacing. In nematic (N)
states, on the other hand, gﬁ’“(r”) has rather liquidlike (i.e.,
short-ranged) structure.

The translational structure of species a within a layer (if
present) is monitored via the quasi-two-dimensional pair dis-
tributions

Nﬂ
gA Ory =i 1 )OLJ2~ 1))
i#j

aa _
grlr)= 2N, p,mrArL, > 211
which involves only particles in a disk of height L, around a
given particle. In smectic-A (Smy) states, g‘“(r,) has short-
ranged structure only indicating the liquidlike distribution of
the particles within the layer. On the other hand, smectic-B
(Smyp) phases are characterized by a pronounced and rather
long-ranged structure of g““(r ) resembling that observed in
crystalline configurations with hexagonal structure. A typical
feature of such arrangements is the splitting of the second
peak into two subpeaks.

A further indication for Smp-like ordering is the presence
of interlayer correlations, particularly the transverse shift of a
particle in an adjacent layer relative to its nearest neighbor in
the layer considered due to the local hexagonal ordering.
These correlations may be detected from the functions [45]

NH
2 ar, _rij,L)

i#]
N,p,mArL,

g\ (ry) = ; (2.12)
which, contrary to g(r,) defined in Eq. (2.11), involve all
pairs of particles of species a (therefore, many different val-
ues of r;;|). As a consequence, g'“(r ) does not necessarily
go to zero for r; —0 as it is the case for g*(r ).

Finally, to detect any demixing of the A and B particles in
the simulation box we have monitored the density profiles
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(N(¥))

Ah
where 7 is the Cartesian direction considered (y=x,y,z), A,
is the box area orthogonal to this direction, and N,(y) is the

number of particles of species a in a thin slice of width Ay
=0.020.

Pa(z) = (2.13)

III. RESULTS

All simulations of the present work have been performed
at fixed reduced pressures P*=P0’3/ €gp typical for liquid
states (if not otherwise stated, P*=0.5). The system’s phase
behavior is then explored by varying the reduced tempera-
ture T"=kgT/egp (with kg being Boltzmann’s constant).
Typically we have used temperature steps of 67°=0.01.

A. Background: Pure GB fluid with «=3.0

As a background for our later discussion of the GB mix-
tures it is useful to briefly discuss the behavior of dense,
one-component GB fluids. We take particles characterized by
the length-to-breadth ratio x=3.0 as a representative ex-
ample. This case has been extensively discussed in the litera-
ture (see, e.g., Refs. [34,35]), but most of these studies have
been performed with other values (compared to ours) for the
exponents characterizing the interaction strength [see Egs.
(2.8) and (2.7)], namely the values v=1 and w=2 suggested
in the original work of Gay and Berne [33]. Results for the
present choice v=2, u=1 (and k=3.0) are, so far, not avail-
able. It is therefore important to clarify the role of the expo-
nents on the phase behavior.

With the previously investigated choice v(u)=1(2), the
phase diagram at x=3.0 [34,35] involves an isotropic (1)
phase with a gas-liquid critical point at low reduced densities
(p*=Noy/V=0.25) and a Smy phase at high densities (p*
=0.3). For sufficiently high temperatures (and not too high
densities) an additional nematic (N) phase appears in be-
tween the isotropic and the Smp phase. There is no Smy
phase at this particular elongation, indeed, such phases only
become stable at higher elongations, such as k=3.6 [35]. For
the latter systems one observes an “island” of Sm, states in
between the nematic and Smp phase region.

In the present work we set v=2 (and w=1), implying an
enhanced attraction in parallel configurations of two GB
molecules [see Eq. (2.7)]. In order to explore the effect on
the phase behavior, particularly the anisotropic phases, we
present in Fig. 1 results for the order parameter P, as a
function of T* for the two pressures P*=0.5 and P*=1.0.
Corresponding data for the average densities p*=Nap/(V)
and internal energies U*=U/egpN are plotted in the two
parts of Fig. 2. We first consider the ordering behavior at
P*=0.5. At temperatures 7%= 1.0 the system is isotropic as
indicated by the very small values of P,=<0.1 (note that
small nonzero values of P, are expected even in disordered
states due to the finite size of the simulation system [46]).
Upon cooling from this isotropic state, one observes a pro-
nounced “jump” of P, toward a large nonzero value at T~
=~ 1.0, followed by a second, smaller jump directly below
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1.0

0.8

FIG. 1. Orientational order parameter as function of temperature
at two pressures for a pure GB fluid with k=3.0, v=2, and pu=1.

this temperature. We have checked that the intermediate state
at 7°=0.99 is indeed stable by performing extra-long simu-
lation runs. Similar stepwise changes upon lowering the tem-
perature are seen in the average density and internal energy.
Altogether, the results in Figs. 1 and 2 suggest the presence
of two first-order orientational phase transitions, which are
accompanied by a marked decrease of the potential energy
and a significant increase of density. To identify the character
of the anisotropic phases we present in Fig. 3 results for the
correlation functions introduced in Sec. II C at two charac-
teristic temperatures. At 7°=0.99, i.e., directly below the first
phase transition, the longitudinal function g(r)) exhibits
long-ranged oscillations with a period of approximately the
particle length (L,=3.00y). On the other hand, the transverse
functions g, (r,) and g’ (r,) have a rather short-ranged
structure, indicating the presence of a Smy, phase. This be-
comes different at temperatures below the second phase tran-
sition, e.g., at 7°=0.96 (see lower part of Fig. 3), where the
pronounced structure in the transverse correlations, in par-
ticular the split second (first) peak in g, (r,) [g’ (r,)] points
to Smp-like ordering characterized by local hexagonal ar-
rangement of the molecules. We note that this arrangement is
also reflected in the parallel correlation function [as defined
in Eq. (2.10)] within the Smy state. Indeed, closer inspection
of the lower part of Fig. 3 shows that the first (third, etc.)
peak in g(r)) is much smaller than the second (fourth, etc.)

TTyTTTTyTTTTTT "I""I""I"2
0.32 a) || b) 1
i 13
0.28F -4
% F _-5*
a L -
0.24 le
i 47
0.20r .
L eep =05 1-8
016-..0|_.0.1.J.|=.1.'p.|. ..|....|....|.._9
' 1.0 1.1 1.2 1.0 1;1 1.2
ES
T T

FIG. 2. (a) Average density and (b) internal energy as function
of temperature at two different pressures for a pure GB fluid with
k=3.0.
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FIG. 3. Correlation functions parallel and perpendicular to the
director at two characteristic temperatures for a pure GB fluid with
k=3.0 (P*=0.5).

peak. The reduction of the first peak reflects that the neigh-
bors of a particle in the two adjacent layers (i.e., rj=L,) are
somewhat shifted horizontally (i.e., r, #0). This shift is re-
versed in the next-nearest layers (rj=2L,), which explains
the height of the second peak. Notice that no such shifts
appear in the Sm, phase as reflected by the very similar
heights of the first and second peak in the corresponding
g|(ry) (see top part of Fig. 3).

Whereas the appearance of a Smy phase at high densities
and low temperatures is a typical feature of GB fluids, the
intermediate Sm, ordering observed in the present study (at
P*=0.5) is somewhat surprising in the light of earlier simu-
lations [34,35] with »(u)=1(2), where such phases have
only been observed at higher elongations «. Instead, these
fluids develop nematic ordering in between the isotropic and
the Smy phase. We note that the present system also displays
nematic phases but only at higher pressures (indeed, the in-
crease of nematic phase regions with increasing pressure is a
generic feature of GB fluids irrespective of the elongation
considered [35]). An example is the pressure P*=1.0 for
which the function P,(7T) is shown in Fig. 1. Upon cooling
from the isotropic high-temperature state, the system first
develops (for 7" =<1.15) nematic ordering as reflected by the
smaller values of P, (compared to those typical for smectic
phases) and the liquidlike behavior of the correlation func-
tions (not shown). Only at temperatures 7°<1.08 a Smy
phase becomes stable.

From the appearance of Sm, and N states as intermediate
phases at lower and higher pressures, respectively, we con-
clude that the effect of increasing the exponent v from v=1
(as chosen in the “original” GB fluids) to v=2 is comparable
to the effect of increasing « previously studied for the “origi-
nal” system [35]. Indeed, the orientational behavior observed
in the present system with x=3.0 rather resembles (on a
qualitative level) that of original GB molecules with «
=3.2. Further evidence for this correspondence is that the
present system does not display a vapor-liquid critical point
within the isotropic phase [47], which does appear in the
original GB fluid with x=3.0, but not for more elongated
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FIG. 4. Orientational order parameters as a function of tempera-
ture for mixture I (P*=0.5). Plotted are the data for the pure A and
B systems, respectively, the fotal order parameter of the mixture,
and the values of each component. The inset shows the data for
intermediate temperatures on an expanded scale.

particles (k=3.2) where the critical point falls below the
I-Smy coexistence line [35].

B. Weak bidispersity: Mixture I

We now turn to the phase behavior of GB mixtures, start-
ing with system I (see Table I) where the B component con-
sist of the particles discussed in Sec. III A (that is, kz=3.0).
Also, compared to the other mixtures studied in this work,
system I is characterized by the largest value of the param-
eter g, that is, by the smallest degree of bidispersity.

In all of the subsequent simulations, the pressure is fixed
at P*=0.5. Results for the orientational parameters as func-
tions of the temperature are given in Fig. 4 where the data for
the pure B system (left-most curve) equal those plotted in
Fig. 1. The right-most curve corresponds to the pure A fluid,
which develops orientational ordering at temperatures much
higher than the corresponding ones in the pure B fluid. This
shift may be understood as a consequence of the higher elon-
gation of the A particles («,=3.5). Furthermore, analysis of
the corresponding correlation functions (not shown) reveals
that the isotropic phase in the pure A fluid directly transforms
into a Smy phase, indicating that the chosen pressure is too
low to stabilize the less-ordered Sm, phase observed in the
pure B fluid at the same pressure (and 7%=~ 0.99, see Sec.
I A).

Considering now the true A-B mixture, the jumps in the
total order parameter P5" (see Fig. 4) suggest the presence of
two orientational phase transitions at 7°~1.19 and T~
=~ 1.16. These temperatures are between the typical transition
temperatures of the pure systems, reflecting that the presence
of less elongated particles hinders, to some extent, the order-
ing of the larger component. We also see from the species-
resolved order parameters P5 that the two components de-
velop orientational ordering simultaneously. The actual
values of these parameters indicate a somewhat lower degree
of ordering of the (less elongated) B particles at intermediate
temperatures (1.16<T*=<1.19), reflecting a greater orienta-
tional freedom of this species. On the other hand, the low-
temperature range (7% =< 1.6) is characterized by nearly equal
values of P; and P5.
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0.4F A

FIG. 5. Density profiles in mixture I (a=A,B) at two character-
istic temperatures. 7y denotes the Cartesian direction along which
the system becomes inhomogeneous (y=x,y,z).

To see whether the anisotropic states detected from Fig. 4
are indeed single phases or rather demixed states, which
would imply coexistence of two phases with different com-
position, we consider in Fig. 5 results for the species-
resolved density profiles defined in Eq. (2.13). At a tempera-
ture below the first phase transition (e.g., T%=1.18,
corresponding to a total density of p;,~0.21) the density
profiles exhibit two weak oscillations which may indicate
some tendency of the two species to segregate into different
regions in the simulation box. However, the actual amplitude
of these oscillations and the resulting composition “differ-
ences” within the box regions, is too small (|p}—pp| = 0.06)
to infer to the presence of a true demixed state. We thus
consider the present state as a mixed state, and take the weak
oscillations as a hint that there might be a demixing transi-
tion at higher pressures.

Corresponding correlation functions characterizing the
structure of the A and B particles in this mixed anisotropic
phase are plotted in Fig. 6.

The oscillations in gﬁA(r”) together with the liquidlike
transverse structure visible from g’lA(r ) indicate that the A
particles form a Smy, phase, with the layer spacing corre-

4 T T T T

T T T
i gﬁ‘A

g

1,/0,, 1, /0,

FIG. 6. Correlation functions parallel and perpendicular to the
director evaluated for mixture I at the same temperatures appearing
in Fig. 5.
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FIG. 7. Simulation “snapshots” corresponding to the tempera-
tures considered in Fig. 5. (a) A particles at T"=1.18, (b) B particles
at T°=1.18, (c) full system at 7°=1.18, (d) full system at 7"=1.14.

sponding roughly to the particle length (L,=3.50¢). This is
particularly interesting given that the pure A fluid does not
have a Sm, phase at the pressure considered. Results for
ng(r”) and g%8(r ) are less conclusive, but might be inter-
preted either as a nematic ordering of the B particles with
strong short-ranged correlations or as a weak Smy-like order-
ing of this species (note that the pure B system does indeed
have a Smy phase at P*=0.5). Thus, we consider a mixed
anisotropic phase where the less elongated B particles be-
have in a more or less fluidlike manner (with, consequently,
smaller degree of alignment) within the layered structure
formed by the A particles. This picture is confirmed by simu-
lation “snapshots” taken at 7°=1.18, which are presented in
Figs. 7(a)-7(c). Specifically, Figs. 7(a) and 7(b) show sepa-
rately the structuring of the molecules of each species,
whereas Fig. 7(c) reveals the mixed nature of the full system.

A second change of the mixture’s behavior occurs at low
temperatures. As a representative temperature we consider
T*=1.14 (corresponding to a total density of p,,~0.28). At
this temperature, the density profiles plotted in Fig. 5 (bot-
tom) are almost constants suggesting that the system is again
in a mixed state. The same picture emerges from the snap-
shot shown in Fig. 7(d). Corresponding correlation functions
indicate a Smp-type ordering of both, the A and the B par-
ticles with the layer spacing being dominated by the A spe-
cies. Thus, although there are two competing length scales in
the system (L, and Lz=0.86XL,), the resulting frustration
is not strong enough at g=0.86 to prevent a mixed smectic
phase. This finding is consistent with earlier MD simulation
results by Bemrose et al. [37] who investigated the same
mixture (with the same exponents v and u) at a fixed total
density of p;,=0.25 in a microcanonical ensemble. At low
temperatures, where the pressure becomes comparable to the
one considered here, they found mixed Smy states. On the
other hand, at higher temperatures (and corresponding pres-
sures much larger than that considered here) they observed
I-N coexistence instead of the Smy-like phases found in the
present work.

C. Moderate bidispersity: Mixture II

We now turn to the second mixture characterized by
Ka()=2.5(2.0) (see Table I) and a resulting bidispersity pa-
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FIG. 8. Orientational order parameters as a function of tempera-
ture for mixture IT (P*=0.5). Labels are the same as in Fig. 4.

rameter of ¢=0.80. The main question is whether the in-
creased bidispersity (as compared to that in mixture I) can
drive fractionation in spite of the reduced elongation of the
particles.

The ordering behavior of the corresponding pure fluids is
illustrated in Fig. 8, where we have plotted all the functions
P,(T) characterizing this system. Both pure fluids display
two orientational phase transitions upon cooling, with the
order parameter functions being essentially just shifted from
each other. The first transition leads from the isotropic phase
into a state with nematic ordering, as indicated by the corre-
sponding correlation functions (not shown) and by the rela-
tively low values of P,. Further cooling of the pure fluids
then yields a second phase transition from the nematic into a
Smyp phase. Thus, there is no intermediate Sm, phase, which
may be traced back to the quite small elongation of the par-
ticles considered (k=2.0/2.5).

Compared to the pure systems the order parameter func-
tions for the mixture, and the corresponding behavior of the
total density and potential energy plotted in Fig. 9 indicate
more complex fluid-fluid phase behavior. Indeed, on cooling
from high temperatures one observes a first significant in-
crease of P5" and the P§ (accompanied by a corresponding
decrease of the total internal energy, U,,) at T"=0.77, fol-
lowed by two first-order phase transitions at 7°~0.73 and
T"=0.60.

TryrTTTTTTTTTY TTTTTTTTTTTTTT '3
0.44- a)|| b)
042 -1-4
040
- -5
. 80.38F | « 8
a i =
0.36 H-6
0.34-
r -7
0.32
0.30 8

PP PSR ATRErar PRI EPEPEFES EPRTErEr
0.6 0.*7 0.8 0.6 0.7 0.8
&
T T

FIG. 9. (a) Average total density and (b) total internal energy as
a function of temperature for mixture II.

041703-7



MORENO-RAZO, DIAZ-HERRERA, AND KLAPP

FIG. 10. Density profiles in mixture II at three characteristic
temperatures.

In the first temperature range (0.73<T7"=<0.77), the sys-
tem is still essentially mixed. This can be seen from the
density profiles plotted at the exemplary temperature 7°
=0.74 in the upper part of Fig. 10, or, more directly, from the
corresponding simulation “snapshot” presented in Fig. 11(a).
Moreover, corresponding correlation functions plotted in Fig.
12 indicate nematic ordering of both species, which is con-
sistent with the relatively small order parameter 0.3
<P), P5=<0.6 characterizing this temperature range (see
Fig. 8). Thus, we are facing a mixed nematic state. We note
that stable nematic mixtures have previously been observed
at significantly higher pressures in NPT-Gibbs ensemble
Monte Carlo (GEMC) simulations of Mills et al. [38] who
focused, however, on properties of the /-N coexistence.

Cooling the system toward temperatures below the second
phase transition (located at 7%=0.73) yields a further in-
crease of the total orientational order as measured by the
parameter P5". Closer inspection of Fig. 8 reveals that this
concerns particularly the longer A particles. At the same
time, the system demixes into one phase consisting nearly
exclusively of A particles, and the other one being dominated
by B particles, as revealed by the density profiles and snap-
shots presented in Fig. 10 (middle) and Fig. 11(b), respec-
tively, for the exemplary temperature 7°=0.65. Given that
the orientational phase transitions are of first order, the ap-

FIG. 11. Simulation “snapshots” corresponding to the tempera-
tures considered in Fig. 10. (a) 7°=0.74, (b) T7=0.65, (c) T*
=0.57.
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FIG. 12. Correlation functions parallel and perpendicular to the
director evaluated for mixture II at the same temperatures appearing
in Fig. 10.

pearance of demixing implies that there must exist a triple
point (with triple temperature and pressure close to T~
=0.73 and P*=0.5, respectively), where the mixed nematic
phase coexists with two, more strongly ordered, phases char-
acterized by markedly different compositions and different
orientational structure. A precise localization of such triple
points (as well as of other true coexistence points) is not
possible within the present NPT-MD approach since we did
not calculate the chemical potentials w, and wg.

A further indication of the global demixing at tempera-
tures 7°=0.73 are the fairly large differences between Pg
and P5> P% visible from Fig. 8 (note that due to the pro-
nounced demixing, the two species order parameters can be
considered as an estimate of the fotal order parameters in
each demixed phase). These differences in the degree of ori-
entational order are accompanied by differences in the trans-
lational structure. Indeed, as seen from the corresponding
correlation functions in Fig. 12, the A particles form a Smy
state, whereas the less elongated B particles rather show

1.0

0.8

FIG. 13. Orientational order parameters as a function of tem-
perature for mixture III (P*=0.5). Labels are the same as in Fig. 4.
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FIG. 14. Density profiles in mixture III at two characteristic
temperatures.

nematic ordering. We note that some evidence for global
demixing has also been found in the NPT-GEMC simula-
tions of Mills et al. [38] who did not, however, characterize
the demixed phases and their structure as a function of tem-
perature.

Irrespective of the demixing behavior it is interesting to
note that the temperature range |ATy/, in which mixture II is
(at least partially) in a nematic state (|ATy|~0.6-0.77|
=0.17), is significantly larger than the nematic range in the
pure systems at k=2.0 or k=2.5 (JAT*|=0.03). This growth
of |ATy| is consistent, on a qualitative level, with several
experimental observations indicating an increase of the sta-
bility range of nematic phases upon mixing one type of elon-
gated molecule with another type [12,13].

Finally, at the lowest temperatures considered (7% <0.6)
the system is nearly fully demixed as reflected by the density
profile plotted in the bottom part of Fig. 10 and the corre-
sponding snapshot in Fig. 11(c). Each of the two phases dis-
plays Smp-like ordering, which is seen most clearly from the
correlation functions plotted in the bottom part of Fig. 12.
Notice, in particular, the split second peak (typical for Smg
states) appearing in the perpendicular correlations of the B
particles which is absent at the intermediate temperature 7
=0.65 (middle part of Fig. 12). Due to the demixing, the
low-temperature behavior of mixture II differs markedly
from that of mixture I, which forms a mixed Smg phase as
discussed at the end of Sec. III B. We understand this differ-
ence as a consequence of the somewhat larger degree of
bidispersity in mixture II (¢=0.80) [as compared to mixture
I (¢=0.86)], which disfavors formation of smectic layers ac-
commodating molecules of lengths (as it is the case in mix-
ture I).

D. Strong bidispersity: Mixture IIT

We finally turn to mixture III which is characterized by
both, longer molecules than the ones involved in mixture II
discussed before, and an even larger degree of bidispersity
(g=0.71). The pure B species (kz=3.0) involved in mixture
IIT has already been considered in Sec. III A; this fluid ex-
hibits an /-Sm, transition followed by a Smy-Smjy transition
upon cooling at P*=0.5. On the other hand, the pure A fluid
(k4=4.2) transforms directly from the isotropic into a Smy
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FIG. 15. Correlation functions parallel and perpendicular to the
director evaluated for mixture II at the temperatures considered in
Fig. 14.

phase, similar to the pure xk=3.5 fluid discussed at the begin-
ning of Sec. III B. This may be seen from the corresponding
order parameter plotted in Fig. 13, which “jumps” from neg-
ligible values in the isotropic phase directly to the (nearly
maximal) value P,~0.98.

In view of the marked length differences characterizing
mixture III one would expect demixing scenarios to become
even more dominant as compared to the case g=0.80 dis-
cussed in Sec. III C. That this is indeed the case, can be seen
from the order parameters in the true mixture (see Fig. 13),
as well as from the density profiles plotted in Fig. 14.
Clearly, the system demixes immediately as soon as orienta-
tional ordering starts to develop at 7°= 1.6 (we have explic-
itly checked that this effect remains with the larger system
size of N=4000). Below the coupled orientational-demixing
phase transition there is a fairly large temperature range
(1.0=T"=<1.6) where the B particles (in other words, the
particles in the B-dominated phase) are only weakly aligned,
whereas the A-dominated phase is characterized by very
large values of P‘g Corresponding correlation functions plot-
ted in Fig. 15 (top) suggest that the A particles form a Smy
state, whereas the B particles are only very weakly correlated
reflecting a nematic structure in this (B-dominated) phase.
Thus, although the system is globally demixed, the B par-
ticles behave very different compared to a pure B fluid with
kp=3.0. Moreover, we also see that the range of the partially
nematic state |[ATy| (as defined in Sec. Il C) has again in-
creased. Finally, at the lowest temperatures considered, both
demixed phases have Smyp structure similar to what we have
observed in mixture IT (see Fig. 11).

IV. CONCLUSIONS

In this paper we have used constant-pressure MD simula-
tions in order to explore the phase behavior of dense, binary
LC mixtures of prolate GB ellipsoids characterized by differ-
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TABLE II. GB parameters of mixture I (¢=0.86) [37].

PHYSICAL REVIEW E 76, 041703 (2007)

TABLE IV. GB parameters of mixture III (¢=0.71) [39].

AA BB AB BA AA BB AB BA
Xab 0.849 0.800 0.824 0.824 Xab 0.893 0.800 0.845 0.845
X 0.666 0.666 0.6662 0.6662 X 0.666 0.666 0.6665 0.6665
€] €55 1.103 1.0 1.050 1.050 € €55 1.175 1.0 1.085 1.085
g 1.0 1.0 1.015 0.985 g 1.0 1.0 1.028 0.973
al, 1.0 1.0 1.011 0.989 al, 1.0 1.0 1.019 0.982

ent lengths (with length ratios ¢=0.86, 0.80, and 0.71) and
equal diameters. The main objective was to achieve a deeper
understanding of the interplay between orientational ordering
transitions familiar from one-component GB fluids, on the
one hand, and macroscopic demixing transitions (“fraction-
ation”), on the other hand. Our key results can be summa-
rized as follows.

(1) The “driving forces” for fractionation are a sufficiently
pronounced length difference between the particles of the
two species (i.e., small values of ¢) combined with suffi-
ciently low temperatures. Indeed, at high temperatures all
systems considered are in a mixed isotropic state whereas the
behavior upon cooling strongly depends on g. At g=0.86 the
systems stay in a mixed state even at the lowest temperatures
investigated, where the overall structure is that of a Smp
phase (with the layer spacing being determined by the length
of the longer particles). On the contrary, the system with ¢
=0.71 demixes immediately when orientational order (into a
demixed Smp-N state) starts to develop, the low-temperature
state is then a demixed Smz-Smp phase. In the intermediate
case ¢=0.80 we observe a three-step ordering and demixing
scenario on cooling the system from high temperatures.

(2) For all g considered the mixture’s phase behavior is
more complex compared to that of the corresponding pure
systems and cannot just be viewed as an interpolation of the
latter. In particular, each component can behave different
from its pure counterpart even when the system is globally
demixed. An interesting example is the (nematic) behavior of
the B particles in mixture III under conditions where the pure
B fluid develops smectic ordering.

(3) For the two mixtures where fractionation takes place
(¢=0.80,0.71) the temperature range |ATy|, in which the
system is (at least partially) in a nematic state is significantly
larger than the nematic range in the pure systems. Thus,
bidispersity yields a growth of the parameter region where
nematic states are stable, in qualitative agreement with ex-
perimental observations in organic LC compounds.

TABLE III. GB parameters of mixture II (¢=0.80) [38]

AA BB AB BA
Yab 0.724 0.600 0.659 0.659
X 0.666 0.666 0.660 0.660
€/ €s5 1.316 1.0 1.147 1.147
aab 1.0 1.0 1.048 0.954
al, 1.0 1.0 1.030 0.971

(4) Compared to earlier simulations involving the same
model parameters, the present NPT-MD simulations provide
insight to the system’s behavior at lower pressures, where
smectic (A or B) rather than nematic ordering occurs. Our
results show that this difference in thermodynamic condi-
tions yields qualitatively, interesting demixing phenomena
not occurring at higher pressures.

It is clear that the present study, where we have focused
on one particular pressure, cannot give a complete picture of
the mixture’s phase behavior. For example, we have not
touched the low density region where liquid-vapor transi-
tions (which may be accompanied by demixing transitions)
can be expected to take place. Another open issue is the
precise location of the phase transitions both at high and low
densities, which requires free energy methods to be em-
ployed. Also, one would like to understand the interfacial
structure at the first-order orientational phase transitions of
the mixture. Work in these directions is currently under way.
Finally, we would like to point out that we do not expect the
temperature-driven demixing scenarios observed in the
present work to be restricted to GB mixtures; indeed, quali-
tatively similar behavior is likely to occur in any LC model
mixture combining repulsive and attractice interactions. Ex-
amples are the mixtures of attractive rods considered in Ref.
[22] (where microphase separation has already been seen) or
the Lennard-Jones “sticks” recently suggested in Ref. [48].
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APPENDIX: SYSTEM PARAMETERS

As seen from the model equations presented in Sec. IT A
there is a considerable amount of parameters (in addition to
the geometric ones) defining the GB mixture. To start with,
there are the quantities x,, and «,,, which follow from the
lengths and breadths according to Egs. (2.4) and (2.5). Next,
there are the interaction parameters €,, [see Eq. (2.6)]. In this
work we use ezp=1.0 as a reference energy scale, and the
values for €,/ €y are taken from Refs. [37-39]. The cross
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parameters €,p(4) then follow from the Lorentz-Berthelot

mixing rule, i.e., €4ppa)/ €gp=\€sa€pp/ €gp=\ €14/ €pp. As tO
the exponents v and u appearing in Eq. (2.6), we follow the
earlier simulations [37-39] in setting »=2 and u=1 irrespec-
tive of the component considered (this differs from the
choice originally suggested by Gay and Berne [33] where
v=1, u=2). We further set the attraction ratios kj,=kKpp

PHYSICAL REVIEW E 76, 041703 (2007)

=5.0 [see Eq. (2.9)] implying that the attraction in a side-by-
side configuration of two A (B) particles is 5 times larger
than in a corresponding end-to-end configuration. This
choice implies xj,=xpz=0.666 [see Eq. (2.9)]. Values for
the remaining (six) quantities B(sa) and ), are taken from
Refs. [37-39]. A summary of the parameters employed in the
present simulations is given in Tables II-IV.
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