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Phase diagrams of binary mixtures of liquid crystals
and rodlike polymers in the presence of an external field

Akihiko Matsuyama?® and Tomomi Ueda

Department of Bioscience and Bioinformatics, Faculty of Computer Science and Systems Engineering,
Kyushu Institute of Technology, Kawazu 680-4, lizuka, Fukuoka 820-8502, Japan

(Received 26 April 2012; accepted 24 May 2012; published online 12 June 2012)

We theoretically study phase separations in mixtures of a low molecular-weight-liquid crystalline
molecule (LC) and a rigid-rodlike polymer (rod) under an external field, such as magnetic or electric
fields. By taking into account two orientational order parameters of the rod and the LC, we define
four nematic phases (Ny, Ny, N», N3) on the temperature-concentration plane. Depending on the sign
of the dielectric anisotropy Ae; of the rod (i = 1) and LC(i = 2), we examine the phase behavior of
rod/LC mixtures in the case of Ae; > 0, Ae; > 0(a), Ae; <0, Aey > 0 (b), Ae; > 0, Aes < 0(c),
and Ae; < 0, Ae; < 0 (d). We predict a variety of phase separations induced by an external field.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4728337]

. INTRODUCTION

Alignment of rigid-rodlike polymers in liquid crys-
talline solvents has been the current topic in physics
and material science.'”'* Recently, we have presented a
mean field theory to describe phase separations in binary
mixtures of a low-molecular weight liquid crystal (LC)
and a long rigid-rodlike polymer (rod)," including carbon
nanotube,'®'® Kevler: a rigid-rodlike polymer of poly(p-
phenylene terephthalamide),' tobacco mosaic virus,?’ and
liquid crystalline polymers. By taking into account two ori-
entational order parameters of the rod and the LC, we have
predicted three uniaxial nematic phases (Np, N, N») on the
temperature-concentration plane, depending on the attrac-
tive or repulsive interactions between the rod and the LC.
Biaxial nematic phases in rod/LC mixtures have also been
predicted.?! It is well known that such rods and LCs can be
reoriented in the presence of an external field such as electric
or magnetic fields.?>~%’

In this paper, we consider the phase behavior of rod/LC
mixtures in the presence of the external fields. When the ex-
ternal magnetic or electric field applies to the system (paral-
lel to z axis), we can expect four types of uniaxial nematic
phases. Figure 1 schematically shows the four uniaxial ne-
matic phases, defined by using the orientational order param-
eter (S;) of the rod and that (S,) of the LC. In this paper,
we consider uniaxial nematic phases. The nematic N phase
shows the rods and the LCs are parallel to the field: §; > 0
and S, > 0. The nematic N phase is defined as that the rods
are perpendicular to the external field and the LCs are parallel
to the field: S; < 0 and S, > 0. In this phase, the rods are ran-
domly distributed within the perpendicular plane to the exter-
nal field (note that there is no positional order for rods along
z axis). The nematic N, phase is defined as that the rods are
parallel to the external field and the LCs are perpendicular
to the field: S| > 0 and S, < 0. The LCs are randomly dis-
tributed within the perpendicular plane to the external field.
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The nematic N3 phase is defined as that the rods and LCs are
randomly distributed within the perpendicular plane to the ex-
ternal field: S; < 0 and S, < 0. These nematic phases can be
formed by depending on the positive or negative dielectric (or
diamagnetic) anisotropy Ae; of the rod (i = 1) and LC(i = 2).
For example, when the dielectric anisotropy A€ of the rods is
positive and the A€, of LCs is negative, we can expect the Nj
phase in the presence of a strong electric field. Moreover, in
a weak external field, the interaction between the rod and LC
can prevail the system. We then expect that the phase behav-
ior of the mixtures can be changed by the coupling between
the dielectric anisotropy and the strength of the external field.

In order to predict theoretically the phase diagrams of the
rod/LC mixtures in the presence of an external field, we ex-
tend the previous model' to this system by taking into ac-
count the interaction between an external field and each com-
ponent. Depending on the interaction between the rod and LC
and the strength of the external field, we find a variety of phase
separations.

Il. THEORY

We here briefly introduce the free energy of mixtures of
arod and a LC."> We consider a binary mixture of N rigid-
rodlike polymers (rods) of length L; and diameter D; and N,
low-molecular weight LC molecules of length L, and diam-
eter Dy: Ly > L,. The volume of the rod and that of the
LC are given by v; = (n/4)D12L1 and v, = (n/4)D§L2, re-
spectively, where V = v;N; 4+ v,N,. Let ¢; = viN;/V and
¢>» = 1N,/ V be the volume fraction of the rod and LC, re-
spectively. Using the axial ratio n; = L/D; of the rod and
ny = Lp/D, of the LC, the volume per particle is given by
v, = a’n; and vy = a’ny, where we assume D = (D; = D»)
and define a® = (n/4)D>.

The free energy F of the rod/LC mixture is given by

F=Fmix+Fnem+Fexz- (l)

© 2012 American Institute of Physics
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FIG. 1. Schematically illustrated four possible uniaxial nematic phases in
the presence of the external field, parallel to z axis. The nematic phases are
defined by using the orientational order parameter Sy of the rod and that S
of the LC: nematic Ng phase with §1 > 0 and S> > 0, nematic N phase with
S1 < 0and S > 0, nematic N phase with S > 0 and S> < 0, and N3 phase
with §; < 0and S, < 0.

The first term shows the free energy for mixing of rods
and LCs in the isotropic phase

@ BFpir/V = o In¢y + %2 In ¢y + x 201, @)
ni ny

where B = 1/kgT; T is the absolute temperature, kg is the
Boltzmann constant. The first and the second terms corre-
spond to the entropy of isotropic mixing for rods and LCs,
respectively, and the last term shows the Flory-Huggins inter-
action parameter x (= Uy/kpT) between arod and a LC, where
U, is the interaction energy between the rod and the LC in an
isotropic state.’® A positive x denotes that the rod-LC con-
tacts are less favored compared with the rod-rod and LC-LC
contacts.

The second term in Eq. (1) shows the free energy for ne-
matic ordering®

@ BFuen/V =Y %[ﬁ(@)ln4nﬁ(9)d9

i=1.2
1 Y ST

- E(Vl +5/H)¢757 — 5"2‘15252

—V12P1$251 S5, 3

where dQQ = 2msinfdf, vi(= U/kgT > 0) is the
anisotropic attractive (Maier-Saupe) interaction parameter be-
tween rods,’®3! and v,y(= Us/kgT > 0) is the anisotropic
attractive interaction between LCs. The anisotropic interac-
tion vio(= Uyy/kpT) between a LC and a rod can be pos-
itive or negative value. The term v, and 5/4 correspond to
the attractive and excluded volume interactions between rods,
respectively.'>32 We here assume that the excluded volume
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interaction between LCs can be negligible because the length
of LC is short.

The orientational order parameter S; (i = 1, 2) of a ne-
matic phase is given by??

S; =/P2(cosé’)fi(0)d§2, “)

where f;(0) is the distribution function of the particle i(= 1, 2)
and P»(cos 0) = 3(cos 26 — 1/3)/2.

When vy, > 0 in Eq. (3), LCs prefer along align paral-
lel to rods: S; > 0 and S, > 0, to be lower than the nematic
free energy. This corresponds to the Ny and N3 phases. On
the other hand, when v, < 0, LCs prefer along align perpen-
dicular to rods to be lower than the nematic free energy. This
corresponds to either N; or N, phase.

The last term in Eq. (1) shows the free energy change
due to an external field such as electric or magnetic fields. Let
A€ =€, — €1, 1 be adielectric (or diamagnetic) anisotropy
of the rod and Ae; = €5 | — €5, be a dielectric anisotropy
of the LC. When the external electric field E is applied to the
system, the free energy is given by?%3%3*

@ BFoi /N, = —¢1 BAe) / (n-EPfi(0)d

_$:Bhe; / (1-EP (6)d

—¢1ﬂAqE2fcos29f1(e)dsz
— A E? / cos? 0£>(0)dS

1
= - §[¢1h1(1 + 281) + ¢oha(1 +257)],

®)

where n and 1 are the unit orientation vector of the rod and
that of the LC, respectively. We here define the dimensionless
external field parameters: h; = A€ BE” and hy = Ae,SE%.
Depending on the strength of the external field and the posi-
tive or negative dielectric anisotropy of the two components,
we have four uniaxial nematic phases.

In a thermal equilibrium state, the distribution function
f1(0) and f>(0) are determined by minimizing the free energy
(1) with respect to these functions: (8 F /8 f1(68)) s,9); = 0 and
((SF/(sz(@)){fl ) = 0. We then obtain

1
f10) = m exp[I'1 P(cos 0)], (6)
where
2
Fi=m |:(Ul +5/8)¢151 + vi2g2 So + ghl], @)

and the function /y[I"{] is defined by

1
L,[x] = f [P2(cos 8)]™ exp[x P2(cos 6)]d(cos 6), ®)
0

m = 0,1,2. Substituting Eq. (6) into Eq. (4), we obtain
the self-consistency equation for the orientational order
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parameter S

St = L[]/ 1o[T]. )]

Similarly, we obtain

1
)= —— P 0], 10
12(0) 4n10[rz]eXp[ 2P>(cos 0)] (10)
where we define
2
I =n, |:V2¢252 + v S1 + ghz} (11)

Substituting Eq. (10) into Eq. (4), we obtain the self-
consistency equation for the orientational order parameter S,

S = Li[IN2]/1p[T2]. (12)

By numerically solving the coupled equations (9) and (12), we
can obtain the values of the nematic order parameters as a
function of temperature and concentration.

Substituting Egs. (6) and (10) into Eq. (3), the free energy
Fem of the nematic ordering is given by

1
@ BFuem/V = S+ 5/4)p1 ST

1
+§V2¢§S§ + 1201015152

—¢—1 In I()[Fl] — ¢—2 In I()[Fz] (13)
ni ny

Then the total free energy (1) is given by the sum of Egs. (2),
(5), and (13).

When ¢ = 0, or pure LCs, the nematic-isotropic phase
transitions (NIT) take place at??3?

vy = naUs /(kpTy) = 4.55, (14)

where Ty; shows the NIT temperature of a pure liquid crystal.
We here define the reduced temperature

T =T/T = 4.55/(nyw). (15)

Using the reduced temperature 7, the interaction parameter
is given by v, = 4.55/(n,7). The value of n, is on the or-
der of one and then the parameter v, remains finite values.
We here define the anisotropic attractive interaction parame-
ter between LCs

a=wv/x, (16)

where we take that LCs are good solvents for rods: x < 1.
When x = 0 in a theta solvent, we can remove the parame-
ter o from numerical calculations. The nematic parameter «
means that the ratio between the nematic interaction v, be-
tween LCs and the unfavorable interaction x between LC and
rod in an isotropic phase. On decreasing the value of ¢, the un-
favorable interaction becomes dominant in the free energy.’
The anisotropic attractive interaction parameter between rods
is defined as

c1 = v/, 17
and we also define

cl12 = Vviz/ V2, (18)

J. Chem. Phys. 136, 224904 (2012)

1.05]

T/Th

1.00 §

0.95}%

1.05F

1.00 14

T/Tn

0.95] ]

0'90-....|....|....|....|....
1.10

1.00

T/TN

0.90

FIG. 2. Typical phase diagrams for c¢j = 0 (a), cj2 = 0.5 (b), and c2
= —0.3 (c) without the external field: h; = hy = 0.

for the anisotropic interaction parameter between a rod and
a LC. The parameters c¢; and cj, are on the order of one for
dispersion forces. The value of ¢, becomes important in the
phase behavior. The parallel or perpendicular alignments in
rod/LC mixtures can be modified by wrapping polymers or
surfactants on rod’s surface.3%37 Hence, it can control the bal-
ance between the attractive van der Waals interaction and ex-
cluded volume between a LC and a rod. These modifyings can
control the interaction parameter ¢y, in our model.

lll. RESULTS

In this section, we show phase diagrams calculated from
the free energy. The coexistence (binodal) curve can be ob-
tained by solving the chemical potential balances between
two separated phases and can also be derived by a double tan-
gent method where the equilibrium volume fractions fall on
the same tangent line to the free energy curve.'> In order to
calculate phase diagrams, we set n; = 10, n, = 1, o = 10,
and ¢; = 0 in the following.

A. Phase diagrams in the absence of an external field

Before we calculate the phase diagrams under the exter-
nal fields, such as magnetic or electric fields, it is important to
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FIG. 3. Order parameters for ¢j2 = 0 (a), c;2 = 0.5 (b), and ¢j2 = —0.3
(c) at T = 1.05 without the external field: 11 = hy = 0. The two vertical
broken lines denote the isotropic (I) and nematic binodals in Fig. 2.

show the typical phase diagrams in the absence of an external
field. We here show three typical phase diagrams. Refer to the
previous paper'? for details.

Figure 2 shows the phase diagrams for ¢, = 0 (a), c12
= 0.5 (b), and c;» = —0.3 (¢) in the absence of the exter-
nal field: 7y = h, = 0. The solid curve shows the binodal.
The dotted line shows the first-order NIT and the dashed line
shows the second-order NIT. Figure 3 shows the order param-
eters for c;p = 0 (a), ¢;p = 0.5 (b), and ¢1» = —0.3 (¢) at
7 = 1.05 in Fig. 2. As shown in Fig. 3(a), in the N* phase,
the rods are oriented and the LCs are randomly distributed
with S, = 0. At the Ny phase [Fig. 3(b)], both the rods and
LCs are in a nematic phase. In Fig. 3(c), the isotropic phase is
continuously changed to the N phase at ¢; ~ 0.31. Further
increasing concentration, we have the first-order N;-N, phase
transition at ¢ ~ 0.42.

B. Phase diagrams in the presence of an external field

In this subsection, we show some numerical results of the
phase diagrams under an external field. Figures 2(a)-2(c) are
drastically changed by the external field. Depending on the

J. Chem. Phys. 136, 224904 (2012)
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FIG. 4. Phase diagrams for cj2 = 0 (a), cj2 = 0.5 (b), and ¢j2 = —0.3
(c) with the weak external field: h; = hy = 0.1.

sign of the dielectric anisotropy Ae; (i = 1, 2), we have the
following four cases as discussed in Fig. 1.

1. When Ae; > 0and Ae> > 0

Figure 4 shows the phase diagrams under the weak ex-
ternal field: 7; = hy, = 0.1. When A€; > 0 and Ae, > 0, the
rods and LCs favor to align parallel to the direction of the ex-
ternal field and we have S; > 0 and S, > 0: Ny phase, under
a strong external field. When ¢, = 0 (Fig. 4(a)), the isotropic
phase appeared in Fig. 2(a) disappears and we have two phase
coexistence (N +N) between two paranematic Ny phases
with different concentrations. When ¢y, = 0.5 with the at-
tractive interaction between a rod and a LC (Fig. 4(b)), the
phase separation [4+Nj disappears and we have the stable
paranematic Ny phase. For cj; = —0.3 (Fig. 4(c)), we have
the paranematic N phase at low concentrations, where most
LCs align parallel to the direction of the external field and
rods are perpendicular to the LCs due to the repulsive in-
teraction c2(<0). On increasing the concentration of rods,
the excluded volume between rods prevails the system and
the paranematic N, phase appears. The isotropic phase ap-
peared in Fig. 2(c) disappears due to the external field and



224904-5 A. Matsuyama and T. Ueda

1.10——r——r+—rr 1

1.05¢ .

1.00}

T/ TN

No+No

0.95} _

0.2 0.4 0.6 0.8 1.0

o
o oo
o

No+Ng

1.00f No+No ]

Y

=z >
N

098602 04 06 08 1.0

oy

FIG. 5. Phase diagrams for c¢j2 = 0 (a), cj2 = 0.5 (b), and ¢j = —0.3
(c) with the strong external field: iy = hp = 1.

the N; and N; phases become stable under the weak exter-
nal field, where the intermolecular interaction cy, prevails the
system.

On increasing the strength of the external field 4;, the N
and N, phases disappear and we have the N, +N_ phase sep-
aration under the strong external field #; = 1.0 (see Fig. 5).
The stable Ny phase under a weak external field in Fig. 4(b)
is separated into two Ny phases (Fig. 5(b)). We find that the
strong external field induces the phase separations between a
rod-rich N phase and a rod-poor N; phase.

2. When Ae; < 0and Ae; > 0

Figure 6 shows the phase diagrams under the weak ex-
ternal field: 4y = —0.1 and /, = 0.1. When A¢; < 0 and
A€y > 0, the rods (LCs) favor to align perpendicular (paral-
lel) to the direction of the external field and we have S; < 0
and S, > 0: N; phase, under a strong external field. When
c12 = 0 (Fig. 6(a)), the isotropic phase disappears and we
have the first-order N-Nj phase transition. In the paranematic
N; phase at low concentrations, the rods with the negative
anisotropy (Ae€; < 0) are randomly distributed on the plane
perpendicular to the external field and the LCs with the posi-
tive anisotropy (A€, > 0) align parallel to the external field.

J. Chem. Phys. 136, 224904 (2012)
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FIG. 6. Phase diagrams for c¢j2 = 0 (a), ¢j2 = 0.5 (b), and ¢j = —0.3
(c) with the weak external field: #; = —0.1 and 4, = 0.1.

On increasing the concentration of rods, the excluded volume
interactions between rods prevail the mixtures and we have
the Ny phase. We also have the triple point (N] +N;+Np) at
T >~ 0.97. Above the triple point, we have the phase separa-
tions: N;+Ny and N7 +N;. When ¢, = 0.5 (Fig. 6(b)), the
isotropic phase appeared in Fig. 2(b) shifts to higher temper-
atures due to the external field and we have the stale parane-
matic Ny phase. When ¢, = —0.3 (Fig. 6(c)), the I-N; phase
transition appeared in Fig. 2(c) disappears and we have the
N;-N, phase transition. On increasing the concentration of
rods, the excluded volume interactions between rods prevail
the system and the rods align parallel to the direction of the
external field and the LCs align perpendicular to the rods be-
cause of the repulsive interaction cj, < 0. We then have the
paranematic N, phase at high concentrations. We also have
the triple point (N] +N{+N) at T =~ 0.96. On increasing
the strength of the external field 4;, the Ny and N, phases in
Fig. 6 change to the N phase and we have the N; +N; phase
separation, as shown in Fig. 5.

3. When Ae; > 0and Ae; < 0

Figure 7 shows the phase diagrams under the weak exter-
nal field: oy = 0.1 and h, = —0.1, for Ae; > 0and Ae; <0.1In
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FIG. 7. Phase diagrams for c¢j2 = 0 (a), cj2 = 0.5 (b), and ¢j = —0.3
(c) with the external field: #; = 0.1 and hy; = —0.1.

this case, the rods (LCs) favor to align parallel (perpendicular)
to the direction of the external field and we have S; > 0 and
S» < 0: N, phase, under a strong external field. When ¢, =0
(Fig. 7(a)), the isotropic phase disappears and we have the
first-order Ny-N;, phase transition. In the paranematic N,
phase, the rods which have the positive dielectric anisotropy
(A€e; > 0) align parallel to the external field and the LCs
with the negative anisotropy (A€, < 0) are randomly dis-
tributed on the plane perpendicular to the external field. At
low temperatures and low concentrations, however, the attrac-
tive interaction between LCs prevails the system and then the
paranematic Ny phase appears. We also have the triple point
(No+N; +N7) at T >~ 0.9. Above the triple point, we have
the phase separations: No+N5 and N5 +N3. When ¢j = 0.5
(Fig. 7(b)), the isotropic phase appeared in Fig. 2(b) shifts to
higher temperatures due to the external field and the parane-
matic N3 phase appears. At low concentrations, the LCs with
the negative dielectric anisotropy align perpendicular to the
external field and the rods align parallel to the LCs due to
the attractive interaction (c¢i» > 0) between the rod and LC
and then we have the N3 phase. The external field is not so
strong to form the N, phase. On increasing the concentration
of rods, the excluded volume interaction between rods pre-
vails the system and the stable paranematic N phase appears.

J. Chem. Phys. 136, 224904 (2012)
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FIG. 8. Phase diagrams for cj2 = 0 (a), cj2 = 0.5 (b), and ¢j2 = —0.3
(c¢) with the external field: iy = hy = —0.1.

When ¢, = —0.3 (Fig. 7(c)), the I-N;| phase transition ap-
peared in Fig. 2(c) disappears and we have the N|-N, phase
transition. We also have the triple point (Nl_—i—NT—i—Nz) at
7 =~ 0.91. On increasing the strength of the external field 4;,
the Ny, Ny, and N, phases in Fig. 7 change to the N; phase
and we have the N +N; phase separation under the strong
external field.

4. When Ae; < 0and Ae> < 0

Figure 8 shows the phase diagrams under the weak ex-
ternal field: iy = hy = —0.1. When Ae¢; < 0 and Ae;y
< 0, the rods and LCs favor to align perpendicular to the di-
rection of the external field and we have S; < 0 and S, < O:
N3 phase, under a strong external field. When ¢ = 0
(Fig. 8(a)), the isotropic phase disappears and we have the
first-order N3-N;, N-N3 phase transitions. In the paranematic
N3 phase, the rods and LCs with the negative anisotropy (Ag;
< 0) are randomly distributed on the plane perpendicular to
the external field. At lower temperatures, however, the at-
tractive interaction between LCs prevails and the LCs align
parallel to the external field and the paranematic N; phase ap-
pears. On increasing the concentration of rods, the excluded
volume between rods prevails the system and the rods align
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FIG. 9. Possible nematic phases depending on the interaction parameter ¢, and the external field || for Ae; > 0, Aex > 0 (a), Ae; < 0, Aep > 0 (b), A€
>0, Aep < 0(c), and Aej < 0, Aex < 0 (d). We here take |h| = |h;| = |h2|. Symbols show the possible nematic phases on the (||, c12) plane. For example,
the symbol e shows that the N; or N, phase appears on the temperature-concentration plane. Figure 4(c) corresponds to the point (|| = 0.1, ¢j2 = —0.3) in

Fig. 9(a).

parallel to the external field. We then have the paranematic
N, phase. We also have the triple point (N;+N3+N») at ©
~ 0.86. Above the triple point, we have the phase separa-
tions: N;+N3 and N3+Nj. When ¢, = 0.5 (Fig. 8(b)), the
isotropic phase appeared in Fig. 2(b) shifts to higher tem-
peratures due to the external field and the paranematic N3
phase appears. On increasing the concentration of rods, the
excluded volume interaction between rods prevails the sys-
tem and the paranematic Ny phase appears. When ¢, = —0.3
(Fig. 8(c)), the I-N phase transition appeared in Fig. 2(c) dis-
appears and we have the first-order N;-N,, N3-Nj, and the
second-order N,-Nj phase transitions. We also have the triple
point (N;+N3+N) at T ~ 0.85. On increasing the strength
of the external field 4;, the Ny, Ny, and N, phases in Fig. 8
changes to the N; phase and we have the N5 —i—N§r phase sep-
aration in the presence of the strong external field.

C. Possible nematic phases

As shown in Subsections III A and III B, the interaction
parameter cj; and the strength of the external field are im-
portant to understand the phase behavior. Figure 9 shows the
possible nematic phases on (|4|, c1») plane for Ae; > 0, Ae;
> 0(a), Ae; <0, Aey > 0(b), Ae; >0, Aes < 0(c), and A€,
< 0, Aep < 0 (d). We here take |h| = |hy| = |h;|. Symbols
on Fig. 9 show the possible nematic phases on the (|4, c2)
plane. For example, the symbol e at (|4| = 0.1, ¢, = —0.3) in
Fig. 9(a) means that the N; and N, phases, as shown in
Fig. 4(c), appear on the temperature-concentration plane. The
symbol o at (0.1, 0.5) in Fig. 9(b) means that the Ny phase
appears as shown in Fig. 6(b). Figures 4(a)—4(c) correspond
to the point (0.1, 0.0), (0.1, 0.5), and (0.1, —0.3) on Fig. 9(a),

respectively. Figures 5(a)-5(c) correspond to the point (1.0,
0.0), (1.0, 0.5), and (1.0, —0.3) on Fig. 9(a), respectively.
Figures 6(a)—6(c) correspond to the point (0.1, 0.0), (0.1, 0.5),
and (0.1, —0.3) on Fig. 9(b), respectively. Figures 7(a)-7(c)
correspond to the point (0.1, 0.0), (0.1, 0.5), and (0.1, —0.3)
on Fig. 9(c), respectively. Figures 8(a)-8(c) correspond to the
point (0.1, 0.0), (0.1, 0.5), and (0.1, —0.3) on Fig. 9(d), re-
spectively. When A€, > 0 (Figs. 9(a) and 9(b)), the N or N
phase appears for c¢j; > 0 in the weak external field. On in-
creasing the external field, the field prevails the system and
we have the N phase for Ae; > 0, Ae; > 0 (a) and the N;
phase for Ae; < 0, Aey > 0 (b). When A€, < 0 (Figs. 9(c)
and 9(d)), the Ny, Ny, or N3 phase appears for c¢j; > 0 in the
weak external field. On increasing the external field, the field
prevails the system and we have the N, phase for Ae; > 0,
A€, < 0 (c) and the N3 phase for Ae; < 0, Aey < 0(d). We
find various nematic phases depending on the strength of the
external field and the interaction cy».

IV. SUMMARY

We have theoretically studied the phase diagrams of
rod/LC mixtures under an external field. By taking into ac-
count two orientational order parameters of the rod and LC,
we predict four possible nematic phases (Ny, N, N», N3) on
the temperature-concentration plane. Depending on the sign
of the dielectric (or diamagnetic) anisotropy Aeg; of the rod
(i = 1) and LC(i = 2), we examine the phase behavior for
rod/LC mixtures. For example, when the dielectric or dia-
magnetic anisotropy of rods is positive (Ae; > 0) and that
of LCs is negative (A€, < 0), the phase behavior is summa-
rized in Fig. 9(c) on the (|A|, c12) plane. In the weak external
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field, the interaction between molecules prevails the system
and we have the variety phase behavior including Ny, Ny, Ny,
and N3, depending on the sign of the anisotropy Ae;. In the
strong external field, the effect of the external field enhances
the phase separations and we have the broad N +N{ phase
separations for Ae; > 0, Aep > 0, Nf—i—Nl+ for Ae; <0, Aey
> 0, N; +Nj for Ae; > 0, Ae; < 0, and N +N7 for Ae;
< 0, Ae; < 0. We hope our results encourage further experi-
mental and theoretical studies of phase separations of disper-
sions of rods (nanotubes) in nematic LCs. These results can
be useful to obtain the desired director orientation during the
phase separation process and new materials with orientational
order in rod/LC mixtures .
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