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ABSTRACT: We study the anomalous concentration effects
in mixtures of side-chain liquid crystalline polymers (SCLCPs)
and low-molecular-weight liquid crystals (LMWLCs) by
modifying the theory of Brochard, Jouffroy, and Levinson
(BJL) to include the effects of the polymer backbone. Our new
theory considers both the interaction of the polymer backbone
with the global nematic field, as well as the local steric
constraints due to the grafting of the side groups onto the
polymer backbone. In addition, we consider the enhancement
in the coupling between the pedant mesogens and the
LMWLC molecules as the SCLCP concentration increases.
The resulting phase diagram and nematic order parameters are in qualitative agreement with experimental observations, but
drastically different from the predictions by the BJL theory.

I. INTRODUCTION

Polymers and liquid crystals (LCs) are two broad classes of
important materials. Incorporating rigid LC groups into
polymeric structures results in liquid crystalline polymers that
combine the ordering behavior of conventional LCs with the
conformational degrees of freedom of polymers.1−5 Liquid
crystalline polymers can be classified into three categories: the
main-chain liquid crystalline polymer (MCLCP) consisting of a
linear sequence of mesogenic LC segments,6 the side-chain
liquid crystalline polymer (SCLCP), in which mesogenic LC
segments are grafted onto the polymer backbone as pendant
groups,7 and the combined main-chain/side-chain liquid
crystalline polymer (MCSCLCP), which contains LCs on
both the backbone and side groups.8 The SCLCPs can be
further described as end-on or side-on depending on whether
the mesogenic side groups are attached terminally9 or laterally10

onto the polymer backbone. In recent years, there is
considerable interest in mixtures of liquid crystalline polymers
and low-molecular-weight liquid crystals (LMWLCs) aimed at
optimizing their thermal, mechanical and optical properties.5,11

In this work, we investigate the phase behavior and the nematic
order of binary mixtures of SCLCPs and LMWLCs, with
special attention to the effects of the polymer backbone on the
phase transition and the nematic order parameters.
In mixtures of SCLCPs and LMWLCs, the interplay between

the conformation of the polymer backbone and the liquid
crystalline order generally results in anisotropic chain
conformation.12 In the past 20 years, there have been many
studies to determine the conformation of SCLCPs in nematic
solvents using viscoelastic measurements13,14 or scattering
experiments.12,15,16 Early X-ray scattering experiments by
Mattoussi et al. suggested that the conformation of end-on

SCLCP is slightly prolate in a nematic solvent.12,15 Yao et al.,
using viscoelastic measurements with analysis based on
Brochard’s hydrodynamic model,17 reported that the con-
formation of the end-on SCLCP in a nematic solvent changes
from prolate to oblate as the molecular weight of SCLCP or the
side-chain density increases or as the spacer length decreases.13

In recent years, using neutron scattering experiments, the
Kornfield group reported that the conformation of the side-on
SCLCP is highly prolate in nematic solvents, while that of the
end-on SCLCP is slightly oblate.16,18 These experimental
evidence on anisotropic chain conformation in SCLCPs clearly
points to the coupling between the polymer backbone and the
nematic order of the mesogen groups and can influence the
liquid crystalline order of the side-chain and the solvent
mesogens.19

In previous theoretical work on SCLCP/LMWLC mixtures,
a common strategy, first proposed by Brochard, Jouffroy, and
Levinson (hereafter referred to as BJL),20 and later extended by
Kyu and co-workers,21,22 was to employ a phenomenological
model that combines the Flory−Huggins theory of mixing23,24
and the Maier−Saupe theory of nematic order.25−27 While this
approach can yield good agreement with the observed phase
diagrams for some systems,22,28,29 it does not consider the
conformation of the SCLCP backbone and any effects
originating from the coupling between the polymer backbone
and the nematic order.30,31 Another popular approach,
proposed by Wang and Warner,32 describes the SCLCP
backbone using a worm-like chain model and the coupling
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between the backbone and side groups using a term of the
Maier−Saupe form. However, this theory predicts first-order
phase transitions between nematic phases with different chain
conformations, but such abrupt transitions have not been
observed experimentally.4,33 A key shortcoming of the model is
that it does not distinguish between the coupling of the SCLCP
backbone with the global nematic order director and that with
the locally grafted side groups. Recently, Wang and Wang31

developed a freely jointed chain model for SCLCP melts by
considering both the global nematic interactions and the local
couplings between the side-group and the backbone. This new
model distinguishes between the side-on and the end-on
SCLCPs through the sign of the local coupling parameter, and
predicts that the chain conformation of the side-on SCLCP is
always prolate, while that for the end-on SCLCP can be either
prolate or oblate. In this work, we extend the model of ref 31.
for SCLCP melts to SCLCP/LMWLC mixtures, in order to
address the interplay between chain conformation and liquid
crystalline order for SCLCPs in nematic solvents.
In addition to the aforementioned coupling between the

chain conformation and the liquid crystalline order, the
attachment of mesogenic monomers to a polymer backbone,
which restricts the freedom of the mesogenic groups, may also
lead to enhanced nematic ordering.19,34,35 Earlier experiments
suggested that the nematic phase is stabilized with increasing
degree of polymerization of the SCLCP,19,34−39 possibly
because of the denser packing of the mesogenic units due to
their linkage to the polymer backbone.35 However, the
consequences of this effect on the transition temperature and
the nematic order in the SCLCP/LMWLC mixture have not
been elucidated in previous literature. In solutions with a high
concentration of SCLCPs, it is plausible that the LMWLC
mesogens, dispersed in between SCLCPs, can also experience
the packing effect caused by the polymer backbone, leading to
an enhanced coupling between the side-group and the
LMWLC mesogens as the polymer concentration increases.
In this work, we account for this enhancement in the nematic
interaction at high SCLCP concentration phenomenologically
using a concentration dependent cross-interaction parameter
between the side-group mesogens and the LMWLCs.
In a recent experiment, Scruggs and Kornfield studied the

phase behavior and the nematic order parameters of SCLCP/
LMWLC mixtures in a series of measurements and found
striking anomalous concentration effects.18,30 The SCLCP used
in the experiment has a high degree of polymerization and a
high grafting density, and the influence of the polymer
backbone is expected to be important in this case. The
observed relative nematic orders of the SCLCP side groups and
the LMWLCs are contrary to the prediction by the BJL theory,
which completely ignored the polymer backbone conformation.
This experiment, to our knowledge, is the first work in which
the nematic-to-isotropic transition temperature TNI is measured
in conjunction with the nematic order parameter for each of the
mesogenic groups, and thus, it provides an excellent platform
for testing and motivating theoretical models. In the present
work, using the observations in the Scruggs-Kornfield experi-
ment as a motivation, we explore the possible consequences of
the polymer backbone on the phase transition and nematic
order in SCLCP/LMWLC mixtures. However, the validity of
our theory is not tied to this particular experiment.
The rest of this article is organized as follows. In section II,

we describe the key experimental findings in the Scruggs−
Kornfield experiment and note the discrepancy with predictions

by the BJL model. In section III, we formulate our new theory
by taking into account the coupling between the SCLCP
backbone and the side groups, a key effect not considered in
the BJL model. In section IV, we present the results from our
calculation and compare to the experimental observations, and
finally, in section V, we offer some concluding remarks.

II. MOTIVATING EXPERIMENTAL OBSERVATIONS
Scruggs and Kornfield30 examined a series of SCLCP/LMWLC
mixtures using 350HSiCB4 as the SCLCP and 5CB as the
LMWLC. The chemical structures of both compounds are
given in Figure 1. Henceforth, mesogenic groups refer to both

the rigid SCLCP side groups and the LMWLCs, and the
concentration ϕ refers to the volume fraction of the SCLCP in
the mixture. They measured TNI using differential scanning
calorimetry, and the order parameters using deuterium NMR
and refractometry. Compared to prior experiments on SCLCP/
LMWLC mixtures,22,28,40,41 the experiment by Scruggs and
Kornfield used a much longer SCLCP chain with polymer-
ization degree of 880, and it is therefore expected that the
influence of the SCLCP backbone is much more pronounced in
their results.
There are three key observations in the Scruggs−Kornfield

experiment that cannot be explained by the BJL theory, or by
any other previous theories. First, the phase diagram (in
temperature vs composition) is convex at low concentration
but concave at high concentration. As ϕ changes from zero to
one, TNI first stays rather insensitive to concentration change
for ϕ < 0.2, then increases to a maximum value of 78 °C at ϕ ≈
0.8 before decreasing to the TNI of the pure SCLCP at 63 °C.
The curvature of the phase diagram changes from convex to

Figure 1. Chemical structures of the SCLCP (350HSiCB4) and the
LMWLC (5CB).
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concave at around ϕ = 0.5. Contrary to the experimental
observations, the BJL theory predicts a nematic−isotropic
phase boundary that is either concave or convex in the entire
concentration range.
Second, even though the nematic interaction between the

SCLCP side groups is stronger than that between the
LMWLCs, as suggested by the higher TNI for the pure
SCLCP (63 °C) than for the pure LMWLC (35 °C), the
measured nematic order parameter of the SCLCP side groups is
consistently lower than that of the LMWLC at concentrations
below 10% weight of SCLCP. This behavior is opposite to that
predicted by the BJL model.
Third, at low concentrations, the order parameter of the

LMWLC decreases with increasing concentration, while the
order of the SCLCP side groups is less sensitive to changes in
concentration. In the BJL theory, however, the nematic orders
of the two mesogenic groups show similar sensitivities to
variation in concentration.
In the present work, we use these experimental observations

as a guide to explore the effects of the polymer backbone on the
phase transition and nematic order. As alluded to earlier, a
major deficiency in the BJL theory is its neglect of the SCLCP
backbone. Although the polymer backbone as a whole is
flexible, the monomer units can be oriented by the pendant
mesogen groups and LMWLC molecules, and through the local
coupling to the pendant mesogen groups that are hinged to the
backbone, can in turn influence the nematic order of the
system. We include the coupling of SCLCP backbone with the
mesogens using a model recently proposed in ref 31. We show
that the anomalous behavior in the solution properties
mentioned in this section can be explained by a concentration
dependent coupling between the pendant mesogens on the
SCLCP and the LMWLC molecules. In section III, we present
the details of our model, and in section IV, we discuss the
results from our theory, and compare them with the predictions
from the BJL model.

III. THEORY
Within the mean-field framework, we describe the SCLCP/
LMWLC mixture as a homogeneous binary solution of np
SCLCP chains and nl LMWLC mesogens. A schematic of the
system is shown in Figure 2. We use the subscripts p, q, and l to
denote the SCLCP backbone segments, the SCLCP side
groups, and the LMWLCs, respectively. The chain backbone of

the SCLCP is modeled as a freely jointed chain of N segments,
each with a volume of vp and a well-defined long axis pα,i, where
α is the polymer chain index and i is the segment index on each
chain. An LC side-group is grafted onto each repeating segment
of the SCLCP backbone through a flexible spacer. Each side-
group has a volume of vq and a long axis qα,i. For simplicity, the
flexible spacer is not explicitly modeled; however, its volume
contributes to a larger effective volume vp of the chain backbone
segments. The LMWLCs are similarly described as monomers
with volume vl and long axis lj, where j is the index for the
LMWLC mesogens.
In the same spirit as the BJL model, we write the free energy

of the system as a sum of the free energy of mixing and the
Maier−Saupe free energy of nematic ordering of liquid crystals.
Thus,

= +f f fmix nem (1)

where fmix is the free energy density due to mixing and f nem is
the free energy density due to nematic ordering.
We formulate the free energy of mixing using the Flory−

Huggins theory, to write by23,24

ϕ ϕ ϕ ϕ

χϕ ϕ

=
+

+ − −

+ −

f

k T N v v v( )
log

1
log(1 )

(1 )

p q l

mix

B

(2)

where kB is the Boltzmann constant, T is the absolute
temperature, and ϕ represents the volume fraction of the
SCLCP given by

ϕ =
+

+ +
n N v v

n N v v n v

( )

( )
p p q

p p q l l (3)

χ is a phenomenological parameter that accounts for the
effective interaction between the two components. Here, χ is
defined without a reference volume, and thus, it has the
dimension of 1/volume. We take χ to be of the following
form24

χ = +A B T/ (4)

reflecting both enthalpic and entropic origins of this effective
interaction.
We model the nematic Hamiltonian of the system by

extending the work in ref 31 for SCLCP melts, in which the
free energy consists of interactions between the SCLCP
backbone and the global nematic field, as well as the local
steric constraints due to the side groups grafted onto the
backbone. Also, while the BJL theory describes the nematic
order of the system using only two order parameters
respectively for the side groups and the LMWLC mesogens,
the model in ref 31 has an additional order parameter that
characterizes the order in the SCLCP backbone. To derive an
expression for the nematic free energy, we start with a full
nematic Hamiltonian that consists of both global nematic
interactions and local hinging effects:

= +global local (5)

The global-interaction term describes the collective nematic
interaction at the level of the entire system. It is a molecular
field approach that accounts for both the packing effects and
the anisotropic energetic interactions. At this level, we use
spatially dependent tensorial nematic order densities, Sp(r),
Sq(r), and Sl(r) to describe the nematic order of the SCLCP

Figure 2. Schematic of the SCLCP/LMWLC mixture. The blue, green
and orange segments represent the SCLCP backbone segments, the
SCLCP side groups, and the LMWLCs, respectively.
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backbone, the SCLCP side groups, and the LMWLCs,
respectively. At the level of the Maier−Saupe theory, global
is given by31

∫ ∫
∫ ∫

∫ ∫

= − −

− −

− −

U U

U U

U U

S r S r S r

rS r S r rS r S r

rS r S r rS r S r

rS r S r rS r S r

[ ( ), ( ), ( )]
1
2

d ( ): ( )
1
2

d ( ): ( )

1
2

d ( ): ( ) d ( ): ( )

d ( ): ( ) d ( ): ( )

p q l

pp p p qq q q

ll l l pq p q

pl p l ql q l

global

(6)

where Ukk′ is a phenomenological parameter that characterizes
the strength of nematic interactions between species k and k′
(with k, k′ = p, q, l). On the basis of physical consideration, all
these parameters are positive since the mesogenic groups prefer
parallel alignment; their magnitude depends on both the van
der Waals forces and the steric influences.27 The nematic order
parameters Sk(r) are related to the orientational vectors of the
mesogens through:

∑ ∑ δ= − −
α

α α α
= =
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⎝

⎞
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1
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1
3l l

j

n

j j j
1

s

(9)

where rα,i and rj are the position vectors of the labeled polymer
segment and LMWLC molecule, respectively.
The local-interaction term, local, describes the local

coupling between a grafted side-group mesogen and the
polymer backbone segment it is attached to. We model this
local hinge effect by assuming that the energy is quadratic with
the vector dot product between each pair of side groups and
backbone segments:31

∑ ∑= − ·
α

α α
= =

u p q( )c

n

i

N

i ilocal
1 1

, ,
2

p

(10)

Here uc is the local coupling parameter. The magnitude of uc
depends on the rigidity of the grafting, and its sign determines
whether parallel or perpendicular alignment between the side-
group and the backbone is energetically favored. In this work,
we consider end-on SCLCPs, in which the side-group
mesogens are terminally grafted onto the polymer backbone,
and therefore, uc is taken to be negative. A key difference
between this local coupling term and the global interaction
term is that the local coupling term exists (i.e., is nonvanishing)
even in the isotropic phase, a crucial feature that was missed in
earlier models for the hinge effect.32 Note that this local
coupling term cannot be written in terms of the nematic order
parameters. In addition, since the global interaction prefers a
parallel alignment between the side-chain and the backbone,
but the local coupling prefers a perpendicular one, singling out
the effects of local grafting allows us to account for the actual
magnitude of global packing more accurately.
An expression for the free energy density, f nem, can be

derived from the Hamiltonian by applying the self-consistent
field theory.31,42−44 For a general, systematic derivation, we

refer interested readers to the above-mentioned references.
Basically, the derivation involves a series of identity trans-
formations in the partition function using functional integration
of field variables and then making the saddle-point approx-
imation of the functional integration. In essence, the self-
consistent field approximation reduces an intractable many-
body problem to an effective single-body problem in external
fields which are then determined self-consistently. For spatially
uniform systems with uniaxial order, which we take to be in the
z-direction, the tensorial nematic order parameters are diagonal
and traceless, and can be written using the scalar nematic order
parameters Sk as

= − ̂ ̂ − ̂ ̂ + ̂ ̂
S

x y zS x y z
3

( 2 )k
k

(11)

Furthermore, with the freely jointed chain model for the
polymer backbone, the partition function of the chain factorizes
into product of the partition function for each repeating
segment. The partition function for a repeating segment of the
SCLCP, Qpq, is given by

∫ ∫ β ϕ ϕ ϕ

θ β ϕ ϕ ϕ

θ β

= Ω Ω + +

+ + +

+ ·

Q v u S u S u S

P v u S u S u S P

u p q

d d exp{ ( )

(cos ) ( )

(cos ) ( ) }

pq p q p pp p p pq q q pl l l

p q pq p p qq q q ql l l

q c

2 2

2
(12)

and the partition function for the LMWLC solvent, Ql, is

∫ β ϕ ϕ ϕ θ= Ω + +Q v u S u S u S Pd exp{ ( ) (cos )}l l l pl p p ql q q ll l l l2

(13)

In these equations, P2(x) = (3x2 − 1)/2 is the second
Legendre polynomial, ukk′ = 2/3 Ukk′ is the reduced interaction
parameter, and the integration is over the solid angle Ωk for
each of the mesogen species. The factor 2/3 is introduced so
that ukk′ match the parameters in the Maier−Saupe theory. The
nematic order parameters, Sp, Sq, and Sl, are determined self-
consistently by taking the average with weights given by the
Boltzmann factors in the integrands of eq 12 and eq 13:

θ= ⟨ ⟩S P (cos )k k2 (14)

Equations 12, 13, and 14 constitute a complete set of self-
consistent equations that can be solved to obtain the nematic
order parameters Sk. The nematic free energy density can be
shown to be

ϕ ϕ ϕ

ϕ ϕ ϕ ϕ ϕϕ
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where Qpq,0 is the value of Qpq in the isotropic state given by

∫ ∫ β= Ω Ω ·Q u p qd d exp[ ( ) ]pq p q c,0
2

(16)
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Note that this free energy is in reference to the isotropic
state, so that for the isotropic phase (Sk = 0 for all k), f nem = 0.
Note also that the sign change in the interaction terms naturally
arises from the derivation of the self-consistent field; in essence
the energetic terms with the altered sign correct for the
overcounting the energetic terms already included in the single-
molecule partition function. The free energy expression reduces
to that in the BJL model when upp, upq, upl, and uc are zero.
At a fixed concentration, the nematic free energy f nem can be

used to determine the relative stability between the isotropic
phase and the nematic phase. However, the isotropic to
nematic transition is often accompanied by a change in the
composition, leading to two coexisting phases with different
compositions. To determine the phase coexistence, we must
equate the chemical potential for each species in the two
coexisting phases. An equivalent, but mathematically more
convenient approach is to work with the grand potential density
w, defined as

μϕ= −w f (17)

where f is the Helmholtz free energy density given by eq 1, and
μ is a chemical-potential like variable conjugate to the polymer
volume fraction ϕ. It can be shown that the equality of chemical
potential for each species is equivalent to

μ ϕ μ ϕ=( ) ( )I N (18)

ϕ ϕ=w w( ) ( )I N (19)

where the superscripts I and N denote the isotropic phase and
the nematic phase, respectively.
For the numerical calculations, it is convenient to reduce the

parameters to dimensionless quantities. Since the pure
LMWLC is modeled with the Maier−Saupe theory, we have
kTNI,l/ull = α, where TNI,l is the isotropization temperature of
pure LMWLC and α = 4.5415. Hence, a natural choice is to use
ull in defining the reduced parameters. We can replace the
following quantities by their corresponding reduced dimension-
less quantities indicated with a superscript r:

=′
′u

u
ukk
kk

ll

r

(20a)

=u
u
uc

c

ll

r

(20b)

=B
B
ull

r

(20c)

β β= ull
r

(20d)

In the subsequent text, we will work with reduced quantities
and drop the superscript r. The equations remain the same with
reduced quantities.

IV. RESULTS AND DISCUSSIONS
In this section, we first explain the rationale for the choice of
parameters used in our calculation in part A. Then, we present
the phase diagrams and the nematic order parameters predicted
by our new model and compare them with the results from the
BJL model in parts B and C. Finally, in part D, we discuss the
concentration dependence of the SCLCP chain conformation
calculated from our model.
A. Choice of Parameters. In this part, we assign a

reasonable set of parameters based on the geometric and

physical consideration of the SCLCP/LMWLC mixture used in
the Scruggs−Kornfield experiment. According to the chemical
structure shown in Figure 1, the mesogens in both the SCLCP
side-group and the LMWLC have the same volume and very
similar structure, and therefore, we take the mesogen volume as
a unit volume and set vl = vq = 1. It is more difficult to
determine the effective volume of the SCLCP backbone
segments vp. Even though the backbone does not consist of
rigid rod-like segments, the crowding by the side-chains forces
the backbone to have a much longer persistence length than the
bare chain,45,46 and therefore, the backbone segments should
have rod-like characters. We assign a value of vp = 0.5, so that
the volume ratio of the SCLCP repeating unit to the LMWLC
monomer is approximately equal to their weight ratio in the
experiment. There is no explicit volume for the flexible spacer
in our model; however, we consider that its effective volume is
included into vp.
The nematic interaction parameters ukk′ reflect the strength

of anisotropic van der Waals interactions and steric
repulsions.27,47 The value of ull is set to 1 by default since
the interaction parameters are scaled by ull as in eq 20a. Other
nematic interaction parameters are set relative to ull. Since TNI
of the SCLCP is 28 °C higher than that of the LMWLC, we
assign uqq = 1.7 to account for the fact that the nematic
interaction between SCLCP side groups is stronger than that
between the LMWMC. This value of uqq is higher than the
value required by the simple Maier−Saupe theory, because the
local coupling effect included in our model frustrates the
nematic ordering in the system and acts to lower the TNI.

31 The
parameter for the local coupling is set to uc = −1, describing a
moderate hinging effect between the side-group and the
backbone in the end-on SCLCP. On the other hand, the
polymer backbone segments do not have an intrinsically rigid
chemical structure, and we expect any global nematic
interaction involving the polymer backbone to be weak.
However, on account of the fact that flexible polymers can be
oriented in a nematic solvent48 and that end-on SCLCPs can
adopt a prolate conformation,12,15 there is generally a finite
coupling between the polymer backbone and the mesogens.
Furthermore, earlier theoretical work show that flexible spacer
segments on MCLCPs may also develop partial order in the
nematic phase.49−51 As such, we set upq = upl = 0.2. For
simplicity, we neglect the nematic coupling among polymer
backbone segments, setting upp = 0. Because of the weak
nematic interactions of the backbone, the nematic ordering is
driven by the liquid crystalline order in the side-group and the
solvent and not by the polymer backbone.
The stronger nematic interaction between the SCLCP side

groups than between the LMWLCs suggests that the presence
of the polymer backbone can reinforce the nematic order, even
though the local coupling between the backbone and the side-
group has the opposite effect.19 Earlier experiments observed
that the TNI of the SCLCP increases with the degree of
polymerization,19,34−39 and that the polymer backbone has a
slight oblate conformation in the nematic phase,52−54

suggesting that the polymer backbone is aligned perpendicu-
larly to the mesogens. At high grafting densities, such a
configuration could give rise to local fluctuations of the smectic
A character, as illustrated in the shaded region in Figure
3d.55−58 The reduction in the translational degrees of freedom
of the mesogenswhich is associated with the appearance of
nematic orderis probably a consequence of the perpendicular
grafting of the pendant mesogens to the polymer backbone.
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While the exact physical mechanism remains to be elucidated, it
is possible that the polymer backbone and the spacers tend to
be confined in layers between the aligned mesogenic side
groups, as it is energetically unfavorable for the backbone to
penetrate into the domains of aligned mesogens.59,60 This local
layering effect confines both the rotational and translational
motions of the mesogens in between, giving rise to local
smectic fluctuations, and consequently contributing to a higher
apparent global nematic interaction between the SCLCP side
groups. We will henceforth refer to this effect as a confinement
effect. We emphasize that we are not considering the smectic
phase in this work; the local smectic fluctuations are only
transient effects due to the confinement by the polymer
backbone, whose treatment from a more fundamental theory is
beyond the scope of this work.
The discussion of the enhanced nematic coupling due to

confinement effect in the pure SCLCP has implications for the
choice of the nematic cross-interaction parameter uql between
the SCLCP side-group and the LMWLC. In previous studies
that apply the BJL model to SCLCP/LMWLC mixtures, uql is
assumed to be concentration-independent.20−22,61−63 In
particular, Chiu and Kyu proposed that uql = c(uqqull)

1/2,
where c is a proportionality constant that characterizes the
relative magnitude of the cross-interaction parameter between
dissimilar mesogens to the geometric mean of the interaction
parameters within the pure mesogens.21 The nematic order is
destabilized by mixing if c < 1, and stabilized if c > 1. However,
based on the experimental observations described in section II,
such a form is insufficient to capture the phase behavior and the
nematic orders of the mixtures. We propose to account for the
confinement effect due to the polymer backbone by making the
cross-nematic interaction dependent on the concentration.
Ideally, in a true microscopic model, the full Hamiltonian
should include the energetic contribution due to the confine-
ment effect at high concentration; however, as the Maier−
Saupe theory employs a phenomenological pseudopotential,
such concentration effects need to be reflected in the parameter
uql. At high concentration, as the polymer chains form local

layered structure between aligned mesogenic domains, both the
side-group and the LMWLC mesogens experience the
confinement effect due to the local smectic order, as illustrated
in Figure 3c. In this regime, all mesogens experience similar
enhancement of nematic order due to the confinement, and
therefore, the cross-interaction parameter uql should be
approximately equal to uqq. In the opposite limit at low
concentration, as shown in Figure 3b, such confinement effects
are no longer operative and the cross-interaction should be
closer to ull. As the simplest approximation, we assume that uql
various linearly with the concentration as

ϕ= + −u u u u( )ql ll qq ll (21)

Although the variation of uql with concentration may not be
simply linear, this assumption serves as a first step in
investigating the concentration-dependent confinement effect
caused by the polymer backbone. We note that the form of uql
in eq 21 leads to a nematic−isotropic phase boundary with a
negative azeotrope at low concentration and a positive
azeotrope at high concentration; the appearance of azeotropes,
or the concavity in the phase boundary, may be adjusted by
modifying the functional dependence of uql on ϕ. Although the
Scruggs−Kornfield experiment does not provide strong
evidence for a negative azeotrope within experimental error,
we adopt the functional form of uql in eq 21, as the possibility
for an SCLCP/LMWLC mixture having a nematic−isotropic
phase boundary with both the positive and the negative
azeotropes may be of theoretical and experimental interest. For
comparison, we have also calculated the phase diagram and the
nematic order parameters using the BJL model. In that case, we
use uql = c(uqqull)

1/2 for the cross-interaction parameter with c =
1.2; the rest of the parameters remain the same.
The Flory−Huggins χ parameter characterizes the solvent

quality. Although the dependence of χ on temperature could in
principle be different in the nematic and the isotropic phases,29

the difference is usually ignored at the phenomenological
level.21 (Note, however, the nematic ordering does alter the net
interaction between the SCLCP and the LMWLC in our model
due to the Maier−Saupe interactions.) In the Scruggs−
Kornfield experiment, the chemical structure of the LMWLC
mesogen is almost identical to the SCLCP side group, and thus
we expect good miscibility between the SCLCP and the
LMWLC.64,63 Indeed, the SCLCP was found to dissolve very
well in the LMWLC, and the biphasic region in the phase
diagram was observed to be very narrow.30 We thus use A = 0
and a small negative value of B = −0.5/kB for the χ parameter
to ensure the good solvent quality. Since the SCLCP backbone
chain in the Scruggs−Kornfield experiment is long, we set N =
100 in our calculation. In the next two sections, we discuss the
resulting phase behavior of the mixture and the nematic order
of each component.

B. Phase Diagram. In this part, we discuss the phase
diagram of the mixture. At intermediate concentrations, the
volume fractions of the SCLCP side groups and the LMWLCs
are comparable, and thus the cross-interaction between them is
the most significant in this region. As the concentration of
SCLCP increases beyond the overlap concentration, the
SCLCPs start to tangle up, and thus, the confinement effects
would increase the strength of cross-coupling, causing the
nematic phase to be more favorable as ϕ increases. On the
other hand, at both high and low concentrations, the behavior
of the system is largely determined by self-interactions. In the
limit of pure SCLCP, adding a small amount of LMWLC to the

Figure 3. Schematic representation of SCLCP/LMWLC mixtures at
various concentrations. The green and the orange segments represent
LMWLCs and SCLCP side groups respectively, and the solid line
represents the SCLCP backbone.The shaded region in part d
represents the local smectic fluctuation.
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system increases the total concentration of mesogenic groups
(because the mesogen density is higher in the pure LMWLC
than in the pure SCLCP due to volume taken by the backbone
and spacer in the latter). Therefore, we anticipate that the
nematic phase becomes more favorable and TNI increases with
decreasing ϕ at the pure SCLCP end. In the opposite limit of
pure LMWLC, adding a small amount of SCLCP reduces the
concentration of mesogens and frustrates the liquid crystalline
order due to local coupling effects, and TNI therefore decreases
with increasing ϕ.
We show the phase diagram calculated using our model in

Figure 4a. The coexistence curves have a minimum at TNI = 27

°C and ϕ = 0.16, and a maximum at TNI = 78 °C and ϕ = 0.82,
and the phase diagram is strongly asymmetric. The position of
the maximum TNI matches closely with the experimentally
observed value of TNI = 78 °C at ϕ = 0.78. The nematic−
isotropic boundary is convex at low concentrations and concave
at high concentrations. There is a narrow biphasic region
between the coexistence curves, consistent with the good
solvent quality of the mixture. The phase diagram calculated
using the BJL model is shown in Figure 4b for comparison. The
result from the BJL model is qualitatively different from the

result from our model. It predicts the maximum TNI to occur at
a much lower concentration of ϕ ≈ 0.6 and no minimum. The
nematic−isotropic phase boundary is concave for all concen-
trations. However, while our model reproduces the main
qualitative features of the experimentally observed phase
diagram, (in which the phase boundary is convex at low
concentration and concave at high concentration), it
exaggerates the curvature of the phase boundary in the low-
concentration regime. A possible reason for this is that the
increase in uql with ϕ is faster than the simple linear relationship
assumed in our calculation at low concentrations. The SCLCP
in the Scruggs−Kornfield experiment has a high grafting
density (which results in a higher persistence length in the
polymer backbone due to steric factors) and a high degree of
polymerization, which results in a large radius of gyration and a
low overlap concentration. In a small angle neutron scattering
experiment, Scruggs report that a solution with 5% weight of
the same SCLCP in the nematic solvent is already in the
semidilute regime.18 We thus expect that the confinement effect
should set in at rather low concentrations, and uql should
increase rapidly with ϕ once the concentration exceeds the
overlap concentration. To capture the behavior of the phase
diagram more accurately, we should appropriately account for
the nonlinear relationship between uql and ϕ.

C. Nematic Order Parameters. From our discussions in
section II, it is clear that the BJL theory is unable to predict the
relative magnitudes of the order parameters between the
different components observed in the experiment: the order
parameter of the LMWLC is greater than that of the SCLCP
side-group, even though TNI of the SCLCP is about 28 °C
higher.30 The BJL model and its variants would predict that the
component with a higher TNI always has a higher nematic order
parameter. As alluded to earlier, a key ingredient missing in the
BJL model is the coupling between the polymer backbone and
the mesogens. Here by properly accounting for the local
coupling between the backbone segments and the grafted side
groups, as well as the global coupling between the backbone
segments and the mesogenic groups, our theory is able to
successfully capture the relative magnitudes of the nematic
orders of the components. In addition, the trends in the
variation of nematic orders with the concentration are also
consistent with the experimental observation.
In parts a and b of Figure 5, we show the dependence of

nematic order parameters on the concentration at 25 °C
calculated using our model and the BJL model. The predictions
from the two models are conspicuously different. On the basis
of the results of our model, the nematic order parameters for
both the side-group mesogens and the LMWLCs show a
nonmonotonic dependence on the concentration. In the low-
concentration region of ϕ < 0.15, the addition of SCLCP
destabilizes the nematic order of the LMWLC. This is because,
first, the addition of SCLCP reduces the net concentration of
mesogens in the system, and second, the perpendicular
orientation of the polymer chain disturbs the ordering in the
LMWLC. It is noteworthy that the SCLCP side-group has a
lower nematic order parameter than the LMWLC at very small
concentrations of ϕ < 0.03, as shown in the inset of Figure 5a.
This behavior can be attributed to the fact that the local
coupling interaction involves the SCLCP side groups directly,
and therefore, its effect in suppressing the nematic order is
greater on the side groups than that on the LMWLC mesogens.
Furthermore, while the order parameter of the LMWLC
decreases considerably as the concentration increases, the order

Figure 4. Phase diagram of the SCLCP/LMWLC mixture calculated
using (a) our model, and (b) the BJL model.
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of the SCLCP side-group is relatively insensitive to
concentration. This behavior is due to the competition between
global coupling and local coupling in the SCLCP, as the
frustration in the SCLCP makes the nematic order of the
SCLCP side-group less responsive to changes in the
concentration. These calculated results are in excellent
agreement with the experimental observation described in
section II.30 In the regime of intermediate to high
concentration, the confinement effect on the nematic order
becomes increasingly significant as ϕ increases due to the
overlap of the polymer chains. As a result, the LMWLCs
become increasingly ordered as the SCLCP concentration
increases. The situation for the SCLCP side groups at high
concentration is slightly more complicated, as Sq first increases
at intermediate ϕ due to the confinement effect, and then drops
because of the decrease in mesogen concentration at very high
ϕ values. In all concentration regimes, the presence of local
couplings with the SCLCP backbone reduces the nematic order
of the mesogenic groups, but the effect on the side-group
mesogens is stronger due to the direct local coupling.
As a related phenomenon, in Figure 6 we show the

temperature dependence of nematic order parameters at ϕ =
0.01 for temperatures below TNI of the LMWLC. As expected,
the nematic orders of both the SCLCP side groups and the

LMWLCs decrease with temperature. The more interesting
observation is that the nematic order of the SCLCP side-group
remains smaller than that of the LMWLCs, even though the
pure SCLCP has a much higher TNI than the pure LMWLC.
This result is also in agreement with the experimental
observation by Scruggs and Kornfield.30

D. Chain Conformation. The inclusion of nematic order of
the SCLCP backbone segments not only provides more
realistic description of the interactions in the system, but also
gives rise to changes in the chain conformation. For the freely
jointed chain model adopted here, the chain anisotropic ratio,
A, is related to the nematic order parameter of the backbone
segments by the following expression:

= =
+
−⊥

A
R

R

S

S

1 2

1
p

p (22)

where R∥ and R⊥ are the radius of gyration in the direction
parallel and perpendicular to the nematic director, respectively.
In Figure 7, we show the behavior of chain anisotropic ratio

as a function of concentration. For our choice of model

Figure 5. Nematic order parameters of the mesogenic groups at 25 °C
calculated using (a) our model, and (b) the BJL model.

Figure 6. Nematic order parameters as a function of temperature at ϕ
= 0.01.

Figure 7. Dependence of chain anisotropic ratio on concentration at T
= 25 °C.
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parameters, the order parameter Sp < 0 in the entire
concentration range because of the moderately strong end-on
local coupling. Therefore, we have A < 1, which means R∥ < R⊥
and the polymer chain is in the shape of an oblate ellipsoid.
This is in agreement with observations from small-angle
neutron scattering experiments.52−56 Since the order parameter
of the backbone has an opposite sign to the order parameter of
the side-chain mesogens, the anisotropic ratio is negatively
correlated with the nematic order parameter of the side-chain,
Sq. The variation of A with concentration can therefore be
understood in light of the behavior of Sq shown in Figure 5a.
The anisotropic ratio changes nonmonotonically with concen-
tration, such that the chain is the least oblate when ϕ ≈ 0.16,
and most oblate when ϕ ≈ 0.82. However, if the local hinging is
loose (i.e., the local coupling is weak), the shape of the polymer
may become prolate due to the global coupling.31

V. CONCLUSION
In this paper, we have studied the phase behavior and the
nematic order in SCLCP/LMWLC mixtures using a self-
consistent-field approach. By accounting for the local coupling
and the confinement effectboth attributed to the presence of
the polymer backbonewe have qualitatively captured the
experimentally observed trend in the concentration-depend-
ence of the transition temperature and the nematic order
parameters. We find that the anomalous behavior in the
temperature−composition phase diagram and the order
parameter-composition dependence is mostly due to the effects
of the polymer backbone. At low concentrations, the volume
occupied by the polymer backbone reduces the overall
mesogen concentration and weakens the nematic order,
whereas at high concentrations, the restricted freedom of the
mesogenic groups attached to the SCLCP backbone gives rise
to local smectic fluctuations that reinforces the nematic order.
The resulting phase diagram has a nematic−isotropic phase
boundary that changes from convex to concave as concen-
tration increases. In addition, as the competition between
global and local couplings frustrates the ordering in the side-
group mesogens, the side-group mesogens are shown to have
lower nematic order than the LMWLCs at very low
concentrations. Furthermore, our study predicts that the
SCLCP adopts an oblate conformation in the mixture, but
the oblateness can vary nonmonotonically with concentration.
In capturing the confinement effects caused by the local

smectic fluctuations induced by the attachment of the
mesogens to the SCLCP backbone, we have taken a
phenomenological approach by expressing the nematic cross-
interaction parameter uql as a linear interpolation between uqq
and ull with concentration ϕ. This crude approximation results
in an exaggeration of the decrease in TNI and the nematic order
at low concentrations. As this system has a small overlap
concentration due to the large degree of polymerization, we
anticipate that uql increases rapidly with ϕ at low concentration
such that, when small amounts of SCLCP are added to the pure
LMWLC, the effect of decreasing mesogen concentration can
be counterbalanced by the increase in the strength of nematic
interactions. The relationship between the global coupling
parameters and the concentration of SCLCP is an interesting
question for further studies; such relationship may also be
altered, for example, with the use of ferroelectric nano-
particles.65,66 Furthermore, as local smectic fluctuations occur
at high SCLCP concentration, the system may have a smectic
phase at lower temperatures. Incorporating a possible smectic

phase and exploring its consequences by combining our current
theory with the McMillan theory is also an interesting future
direction.67 Beyond the SCLCP and its mixtures, our work can
also be readily extended to investigate the phase structure, the
nematic order, and the conformation of MCSCLCPs in nematic
solvents.68Another extension of our current work is to explore
mixtures of coil/liquid-crystalline diblock copolymers in
nematic solvents. This may be done by including additional
interaction terms due to the coil block in the copolymer and
the block connectivity. These systems are known to exhibit a
variety of equilibrium morphologies, and it will be interesting to
investigate the interplay between microphase separation and
the nematic ordering of the mesogenic groups.69,70
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(58) Brûlet, A.; Fourmaux-Demange, V.; Cotton, J. P. Macromolecules
2001, 34, 3077−3080.
(59) Renz, W.; Warner, M. Phys. Rev. Lett. 1986, 56, 1268−1271.
(60) Rieger, J. J. Phys. (Paris) 1988, 49, 1615−1625.

(61) Benmouna, F.; Maschke, U.; Coqueret, X.; Benmouna, M.
Polym. Int. 2001, 50, 469−474.
(62) Kim, N.; Choi, J.; Chien, L. C.; Kyu, T. Macromolecules 2007,
40, 9582−9589.
(63) Benmouna, R.; Benmouna, M. J. Chem. Eng. Data 2010, 55,
1759−1767.
(64) Kempe, M. D.; Kornfield, J. A.; Ober, C. K.; Smith, S. D.
Macromolecules 2004, 37, 3569−3575.
(65) Lopatina, L. M.; Selinger, J. V. Phys. Rev. Lett. 2009, 102,
197802.
(66) Lopatina, L. M.; Selinger, J. V. Phys. Rev. E 2011, 84, 041703.
(67) Kyu, T.; Chiu, H.-W.; Kajiyama, T. Phys. Rev. E 1997, 55, 7105−
7110.
(68) Yang, G.; Tang, P.; Yang, Y. Macromolecules 2012, 45, 3590−
3603.
(69) Shah, M.; Pryamitsyn, V.; Ganesan, V. Macromolecules 2008, 41,
218−229.
(70) Scruggs, N. R.; Verduzco, R.; Uhrig, D.; Khan, W.; Park, S. Y.;
Lal, J.; Kornfield, J. A. Macromolecules 2008, 42, 299−307.

Macromolecules Article

dx.doi.org/10.1021/ma300657s | Macromolecules 2012, 45, 6220−62296229


