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a b s t r a c t

In this work, we report Monte Carlo results for thermodynamic and structural properties of an electro-
neutral binary mixture of charged hard spherocylinders and charged hard spheres. We have examined
the effects of the presence of charged hard spheres on the liquid crystalline phases of charged hard
spherocylinders for two different models, namely, with charges located at the end or at the center of
the spherocylinders. In both cases isotropic and nematic phases are observed. However, at higher densi-
ties the systems present nematic–smectic-A and nematic-columnar phase transitions for the first and
second models, respectively, according to the simulated structure factor.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

It is well-known that rodlike colloidal particles and rodlike
viruses dispersed in a solvent can exhibit liquid crystalline phases
[1,2]. Biological and synthetic water-soluble nanotubes and nano-
rods are often charged and can form bundles which self-assembly
in columnar liquid crystals, 2D membranes with nematic ordering,
etc. [3,4]. A relatively simple model to describe this kind of systems
consists on fluids of hard spherocylinders (HSC), which have been
studied theoretically and via computer simulation by several
authors [5–7].

In order to have a better understanding of the influence of some
other interactions in these anisotropic materials, in a previous
work we have studied a system of electroneutral charged hard
spherocylinders (CHSC) particles using the NVT and NPT Monte
Carlo simulation methods [8]. Coulombic interactions were
managed using the Wolf method [9,10] and two isotherms were
analyzed and compared with those of the phase diagrams of
neutral hard spherocylinders and of dipolar hard spherocylinders
[6,11–19]. The liquid crystalline phases observed in the CHSC sys-
tem were isotropic (I), nematic(N) and smectic-A (Sm-A). The same
phases had been detected in the dipolar and neutral HSC systems.

Due to its unquestionable relevance in diverse fields, in this
Letter we present computer simulation results for a mixture of
charged hard spherocylinders and charged hard spheres (CHS)
employing the Monte Carlo (MC) method in the NVT ensemble.
ll rights reserved.
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The two models considered differ in the position of the point
charge within the HSC particles. The simulation of long-range Cou-
lombic interactions was performed using the Wolf procedure, that
has been proved to be as reliable as the Ewald sum method for bulk
phases [8,20].
2. Simulation details

The systems analyzed consist of mixtures of 1020 CHSC and
1020 CHS particles. The spherocylinders have diameter r1 and an
aspect ratio L� ¼ L=r1 ¼ 5:0, where L is the length of the cylinder;
hard spheres have a diameter r2, and the ratio between the CHSC
and CHS diameters was taken as r� ¼ r1=r2 ¼ 2:0. These values
were chosen in order to introduce a basic asymmetry that is pres-
ent in real lyotropic colloids. The valences of the species are z1 and
z2 for CHSC and CHS, respectively. With the purpose to compare
the particular effect of the coulombic interactions in the system,
our simulations were performed for three different combinations
of valences: z1 ¼ z2 ¼ 0, z1 ¼ �z2 ¼ 1 (also denoted as 1:1), and
z1 ¼ �z2 ¼ 2 (also denoted as 2:2). Two cases of the mixtures have
been examined: in the first instance the charges in the CHSC parti-
cles were located at a distance L=2 from the center and along the
molecular axis. In the second case the charges were fixed at the
centers of the CHSC particles. We will refer to these cases as the
M1 and M2 models, respectively.

Scaled temperatures and CHSC packing fractions are defined by
T� ¼ kBTDr12=jz1z2je2 and g ¼ ½ð1=6Þ þ ðL�=4Þ�pN1r3

1=V , respec-
tively, where kB is the Boltzmann constant, T is the absolute tem-
perature, D is the dielectric constant of the surrounding media,
r12 ¼ ðr1 þ r2Þ=2, e is the protonic charge, N1 is the number of
CHSC particles, and V is the volume of the system.

mailto:gil@fisica.ugto.mx
mailto:agilvm@yahoo.com.mx, &emailxl3;
mailto:agilvm@gmail.com 
http://www.sciencedirect.com/science/journal/00092614
http://www.elsevier.com/locate/cplett


68 C. Avendaño et al. / Chemical Physics Letters 470 (2009) 67–71
The initial configuration was constructed as follows. First, the
CHSC particles were placed in a face centered cubic (fcc) lattice,
starting from an fcc array of hard spheres scaled in the [111] direc-
tion by the length of a spherocylinder [6,21]. Once this lattice was
constructed, the hard spheres were located randomly in the system.

NVT Monte Carlo simulations for both models were carried
out using the Wolf method to take into account the Coulombic
long-range interactions. As in our previous works [8,20], the val-
ues for the Wolf parameters were taken as a ¼ 4:0=Lmin and
RC ¼ 0:5Lmin, where Lmin is the shortest simulation box length.
We have considered two different temperatures, T� ¼ 0:5 and
T� ¼ 1:0, with CHSC packing fractions within the range
g ¼ 0:30—0:55 for both models. An NVT Monte Carlo cycle consists
of Np trial displacements (and rotations when a spherocylinder is
moved) of the system, where Np is the total number of particles.
The numbers of cycles used in this work to equilibrate the system
were in the interval 1� 106—1:5� 106 and the same numbers of
cycles were employed to obtain averaged values. Additionally, for
the M1 model a flip was done every cycle for a CHSC particle in or-
der to sample more efficiently the phase space, specially at denser
phases. All the displacements and rotations were adjusted in order
to ensure an acceptation ratio between 30% and 50%.

3. Results

In Table 1 the simulation results for the excess internal energy,
Uexc=NpkBT , heat capacity at constant volume, Cexc

v =NpkB, nematic
Table 1
Monte Carlo simulation results for the univalent (1:1) M1 model using the Wolf method
fraction, g, and the reduced temperature, T� . Results correspond to the excess internal ene
square root of the long-distance asymptotic value of the orientational distribution function,
nomenclature: I = isotropic, N = nematic and Sm-A = smectic-A.

g T� �Uexc=NpkBT Cexc
v =NpkB

0.30 1.0 0:256� 0:006 0:077� 0:
0.35 1.0 0:271� 0:006 0:080� 0:
0.40 1.0 0:286� 0:006 0:084� 0:
0.45 1.0 0:299� 0:007 0:088� 0:
0.50 1.0 0:314� 0:007 0:099� 0:
0.55 1.0 0:317� 0:007 0:111� 0:

0.30 0.5 0:624� 0:009 0:170� 0:
0.35 0.5 0:659� 0:009 0:175� 0:
0.40 0.5 0:692� 0:009 0:177� 0:
0.45 0.5 0:726� 0:010 0:187� 0:
0.50 0.5 0:770� 0:010 0:202� 0:
0.55 0.5 0:791� 0:010 0:222� 0:
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Fig. 1. Projections of the structure factor in the x–y plane perpendicular to the director (le
the director, gjjðrjjÞ and g?ðr?Þ, respectively (center), for the M1 model of a 1:1 mixture. T
fraction g ¼ 0:55. A snapshot of the configuration of the particles is also shown (right).
order parameter, S, square root of the orientational distribution
function, g2ðrÞ, of the CHSC in the limit of long distances (i.e.,
the asymptotic value at the simulation box length), and type of li-
quid crystalline phase are reported for the model M1 of a 1:1 mix-
ture. For the two temperatures analyzed only isotropic, nematic
and smectic-A phases were observed, similarly to that seen in
the pure CHSC system [8]. The formation of the nematic phase
was determined by the examination of the orientational correla-
tion function g2ðrÞ and the values of the nematic order parameter.
At long distances g2ðrÞ has the limit value of S2 for nematic
ordering. This condition was accomplished when g ¼ 0:45 for
both temperatures (see Table 1). Clearly, those states corre-
spond to nematic phases. On the other hand, g2ðrÞ for
g ¼ 0:30; 0:35 and 0:40 becomes zero at larger distances, which
identifies isotropic phases. When g ¼ 0:50 and 0:55 the formation
of pronounced peaks in the projection of the radial distribution
function of the CHSC along the director, gjjðrjjÞ, indicated the for-
mation of layers associated to a smectic phase (see, for instance,
Fig. 1). This occurs for both temperatures. Additionally, in Fig. 1
we present the projection of the structure factor in the perpendic-
ular plane to the director, S?ðq?Þ [22], the projections of the radial
distribution function along and perpendicular to the director,
gjjðrjjÞ and g?ðr?Þ, respectively, and the snapshot of the final con-
figuration for the state g ¼ 0:55 and T� ¼ 1:0. The analysis of the
structure factor and the short-ranged behavior of g?ðr?Þ indicates
that the system is forming a smectic-A phase. The same effect is
appreciated at T� ¼ 0:5.
in the NVT ensemble. Thermodynamic states are given in terms of the CHSC packing
rgy, Uexc=NpkBT , excess heat capacity, Cexc

v =NpkB , nematic order parameter, S, and the
g2ðrÞ, of the CHSC system. Liquid crystalline phases are also given, using the following

S
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ð1Þ

p
Phase

002 0:04� 0:01 0.00 I
001 0:06� 0:02 0.00 I
002 0:12� 0:03 0.10 I
002 0:79� 0:01 0.78 N
003 0:89� 0:01 0.88 Sm-A
003 0:98� 0:01 0.98 Sm-A

002 0:04� 0:01 0.00 I
002 0:05� 0:02 0.00 I
002 0:16� 0:04 0.14 I
004 0:78� 0:02 0.77 N
005 0:91� 0:01 0.90 Sm-A
007 0:98� 0:01 0.98 Sm-A

4.0 6.0 8.0
r⊥

0.0 5.0 10.0
r
||

ft) and of the radial distribution functions between CHSC along and perpendicular to
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Table 2
Monte Carlo simulation results for the univalent (1:1) M2 model using the Wolf method in the NVT ensemble. Thermodynamic states are given in terms of the CHSC packing
fraction, g, and the reduced temperature, T� . Results correspond to the excess internal energy, Uexc=NpkBT , excess heat capacity, Cexc

v =NpkB , nematic order parameter, S, and the
square root of the long-distance asymptotic value of the orientational distribution function, g2ðrÞ, of the CHSC system. Liquid crystalline phases are also given, using the following
nomenclature: I = isotropic, N = nematic and Colh ¼ hexagonal columnar.

g T� �Uexc=NpkBT Cexc
v =NpkB S

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
g2ð1Þ

p
Phase

0.30 1.0 0:244� 0:006 0:066� 0:001 0:04� 0:01 0.00 I
0.35 1.0 0:251� 0:006 0:074� 0:001 0:06� 0:02 0.00 I
0.40 1.0 0:251� 0:007 0:087� 0:003 0:08� 0:02 0.00 I
0.45 1.0 0:248� 0:007 0:097� 0:005 0:80� 0:01 0.80 N
0.50 1.0 0:230� 0:008 0:121� 0:009 0:92� 0:01 0.92 N
0.55 1.0 0:208� 0:010 0:165� 0:046 0:99� 0:01 0.99 Colh

0.30 0.5 0:588� 0:009 0:154� 0:002 0:04� 0:01 0.00 I
0.35 0.5 0:613� 0:009 0:168� 0:002 0:05� 0:02 0.00 I
0.40 0.5 0:627� 0:009 0:184� 0:006 0:15� 0:04 0.14 I
0.45 0.5 0:637� 0:010 0:203� 0:006 0:79� 0:01 0.79 N
0.50 0.5 0:633� 0:010 0:209� 0:007 0:92� 0:01 0.92 N
0.55 0.5 0:625� 0:011 0:242� 0:016 0:99� 0:01 0.99 Colh
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The MC–NVT results for the M2 model of 1:1 mixtures are re-
ported in Table 2. For this case and the same temperatures used
for the already discussed M1 system, the liquid crystalline phases
found were isotropic, nematic and hexagonal columnar ðColhÞ. The
occurrence of the nematic phase for this model was characterized
in similar way as in the previous instance M1. For T� ¼ 1:0 and
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Fig. 2. Projections of the structure factor in the x–y plane perpendicular to the director (le
the director, gcðrjjÞ and g?ðr?Þ, respectively (center), for the M2 model of a 1:1 mixture. T
fraction g ¼ 0:55. A snapshot of the configuration of the particles is also shown (right).

0.30

0.35

0.40

0.45

0.50

0.55

η

SmA N

Neutral 1:1 2:2

a

Fig. 3. Range of stability of the different liquid crystal phases for both the M1 and M2 m
uncharged mixture.
T� ¼ 0:5 the nematic phase was observed at g ¼ 0:45 and 0.50.
For g ¼ 0:30; 0:35 and 0:40 the phase was isotropic due to the lack
of long-ranged order in g2ðrÞ. As can be seen in Fig. 2 for g ¼ 0:55,
the formation of peaks in the columnar distribution function,
gcðrjjÞ, can be explained by the formation of columns in the system.
These columns are arranged in hexagonal order in the plane
4.0 6.0 8.0
r⊥

0.0 5.0 10.0
r
||

ft) and of the radial distribution functions between CHSC along and perpendicular to
he thermodynamic state corresponds to the temperature T� ¼ 1:0 and CHSC packing

0.30

0.35

0.40

0.45

0.50

0.55

η

I Colh

Neutral 1:1 2:2

b

odels and valences 1:1 and 2:2. The results for these models are compared with the



0.0 2.0 4.0 6.0 8.0 0.0 2.0 4.0 6.0 8.0
r⊥

0.0

1.0

2.0

3.0

4.0

5.0

g ⊥
(r

⊥
)

Neutral
1:1
2:2

r⊥

0.0

1.0

2.0

3.0

4.0

5.0

g ⊥
(r

⊥
)

Neutral
1:1
2:2

a b

Fig. 4. Projection of the radial distribution function perpendicular to the director, g?ðr?Þ, for a CHSC packing fraction g ¼ 0:55 and for (a) model M1 and (b) model M2. The
results of both models for charged systems are compared with the distribution function of the uncharged mixture.
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perpendicular to the director, as portrayed in Fig. 2 where we pres-
ent the structure factor projected onto the perpendicular plane to
the director.

In order to know if the formation of the columnar phase is in-
duced by coulombic forces, in addition to the 1:1 systems, simula-
tions were performed for neutral and 2:2 mixtures. The ranges of
stability for both the M1 and M2 models with valences 1:1 and
2:2 are presented in Fig. 3 and contrasted with the neutral system.
As it can be observed, M1 presents the same liquid crystal struc-
tures than the neutral system, i.e., isotropic, nematic and smec-
tic-A phases. The same phases for several uncharged mixtures of
HSC and HS have been reported by other authors [23,24]. As an
example of the ordering that can be observed in this instance at
high densities, the distribution function g?ðr?Þ for g ¼ 0:55 for
model M1 and different valences is shown in Fig. 4a, including
the neutral system. The three functions have liquid-like behavior
as found in the Sm-A phase. On the other hand, in model M2 differ-
ent structures can be detected from g?ðr?Þ, going from Sm-A phase
for the neutral system to Colh phase for the charged system, where
long-range order is observed (see Fig. 4b). Then it is clear that the
intensity of the charge and its position are the driven forces that
stabilize the columnar phase.

4. Conclusions

In this work, Monte Carlo results for thermodynamic and struc-
tural properties of two different models (M1 and M2) of an electro-
neutral binary mixture of charged hard spherocylinders and
charged hard spheres have been reported. Both M1 and M2 sys-
tems differ in the position of the puntual charge along the main
axis of the CHSC particles. Isotropic and nematic phases are ob-
served for the two systems. However, at larger packing fractions
the location of the charges in the CHSC has a crucial effect in the
phase diagram, since the phase observed for the M1 system is a
smectic-A, whereas for the M2 system is an hexagonal columnar.

When the charge is placed at the center, the configurational en-
ergy is minimized when the CHS particles are near to the center of
the spherocylinders. This prevents that at high densities the cen-
ters of the spherocylinders can be aligned perpendicularly to the
molecular axes to form the smectic phase. The arrangement in col-
umns in an hexagonal order in this model is energetically most
favorable. On the other hand, when the charge is placed at the
end of the cylinder, the centers of spherocylinders can be aligned
to form the Sm-A phase with CHS particles located between the
layers.

The behavior of these systems at high values of the packing
fraction is of great interest for some bio-macromolecular systems,
such as tobacco mosaic virus, where a crossover from smectic or-
der to a columnar or three dimensional crystalline order has been
observed [25]. Recently, Wensink [26] has studied the stability of
inhomogeneous liquid crystalline states of monodisperse, stiff,
charged rods using a bifurcation analysis of the Onsager free en-
ergy for charged rods in strongly nematic phases and has found
that the nematic–smectic transition preempts the nematic-colum-
nar one in the regime of strong screening, however a stable hexag-
onal columnar order can be observed at larger screening lengths.

Another area of interest for the present results is the formation
of 2D periodic structures in holographic polymer-dispersed liquid
crystal materials because of their advanced electro-optic switching
capability [27]. The simulation data reported here suggest that, by
controlling the location of the charge distribution in rigid polyelec-
trolytes, it could be also possible to induce 2D hexagonal arrays for
their use in electrically switchable hexagonal photonic crystals.
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