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ABSTRACT: We study the thermodynamics and chain conformation of side-chain liquid crystal polymers
(SCLCPs) in the bulk using the self-consistent-field approach and a new model to account for the coupling
between the orientation of the side-chain liquid-crystal (LC) groups and that of the backbone segments. The
new model accounts for both a global coupling between the polymer backbone and the nematic field and a
local coupling between the polymer backbone and its attached LC group. Here, the terms global and local
refer to the chemical (backbone) distance between the groups. A phenomenological parameter is introduced
to represent the coupling strength and nature of the attachment, i.e., end-on vs side-on. The nematic field is
shown to control the chain conformation through both the global and the local coupling effects. For the side-
on SCLCPs, these two coupling effects act cooperatively so that the chain conformation is always prolate. For
the end-on SCLCPs, these two effects act competitively. The chain conformation can be either oblate or
prolate in this case, and depends on the relative strengths of these two couplings. On the other hand, the chain
conformation also affects the nematic field, primarily through the global coupling. The prolate conformation
enhances the nematic field and increases the phase transition temperature, whereas the oblate conforma-
tion frustrates the nematic field and decreases the transition temperature. The nematic order parameter is
found to be determined mainly by the reduced temperature, and is not sensitive to the coupling effects.
Furthermore, we show that the grafting density of the LC side groups has a significant effect on the chain
conformation due to the orientational competition between the LC attached and unattached segments. For
the end-on SCLCPs with lower graft density, the conformation of the chain backbone can be oblate at higher
temperatures and prolate at lower temperatures, in agreement with the re-entrant nematic phase observed in

experiments.

1. Introduction

Liquid crystal polymers (LCPs) combine the functionality of
the conventional LCs with the facile processing advantages
of polymers, and have been the subject of study in both industrial
and academic research.' > To form LCPs, the LC moiety (also
called “mesogenic group”) can either be incorporated directly
into the chain backbone (main-chain LCPs) or be connected
to the backbone as a pendant group through a flexible spacer.
The latter category, side-chain liquid crystal polymers (SCLCPs),
is further divided into side-on SCLCPs and end-on SCLCPs
depending on the geometric relationship between the LC side
groups and the polymer backbone;* see Figure 1. Unlike the
main-chain liquid crystal polymers (MCLCPs), the flexibility of
the SCLCP backbone is largely maintained. A variety of potential
applications for SCLCPs have been considered, such as optical
data storage, optically nonlinear media, LC elastomers, separa-
tion membranes for complex molecules, ete. 40

In the SCLCPs, there is a competition between the long-range
orientational order imparted by their LC character and the
tendency to maximize the conformational entropy common to
all chain systems. The conformation of the chain backbone is
coupled with the nematic ordering to accommodate the orienta-
tion of the LC side groups. During the last 20 years, extensive
experimental studies have been conducted to determine the
conformation of the SCLCPs in the nematic phase.”'* Neutron
scattering experiments on SCLCP melts,” "' reported by Cotton
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et al., demonstrated that the chain anisotropy is closely related to
the local architecture of the attachment. The side-on SCLCPs
adopt a highly prolate ellipsoidal conformation in the nematic
phase. The chain backbones can be even totally extended as a
cylinder under certain conditions.® In contrast, the end-on
SCLCPs have mild anisotropy and can be either prolate or oblate
ellipsoids.”!" Kornfield et al. showed that the end-on SCLCPs
have a distorted coil conformation by fitting the scattering data
with a modified Debye function.'® Cotton et al. also reported that
the end-on SCLCPs can undergo an inversion of the chain
anisotropy from a high-temperature nematic phase, in which
chain backbone has an oblate shape, to a re-entrant nematic
phase where a prolate shape is observed.'” The conformational
transitions of the SCLCPs are illustrated in Figure 1. On the
other hand, experimental studies, reviewed by Finkelmann and
Rehage, showed that the conformation of the polymer chain
backbone also has influence on the nematic ordering of the attached
LC molecules.'>' Both the transition temperature and the nematic
order parameter are found to be affected by the architecture of the
attachment, the length of the spacer, the ﬂexibilitgy of the backbone
and the graft density of the LC side groups.'> ™!

Theoretically, efforts have also been made to understand the
complex phase and conformational behaviors of the LCPs since
the pioneering contributions from Onsager and Flory.'*™’ The
theories about the MCLCPs have been extensively developed
based on the worm-like chain model,>"**?°"3* where the ne-
matic interaction is usually described by a Maier—Saupe-type
pseudopotential.*® The mean-field equations can either be
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Figure 1. Conformation transitions for side-on (a) and end-on (b)
SCLCPs. The solid arrows indicate transitions accompanying the
isotropic to nematic transition, whereas the hollow (vertical) arrow
represents the shape transition in the nematic phase.

analytically solved by expanding the order parameters around
the uniform isotropic state® or be numerically solved by using
the spheroidal functions.”** It has been found that the competi-
tion between the rotational entropy and conformational entropy
of the chain segments leads to two important effects: weakening
of the nematic ordering at small length scale and hairpin defects at
large length scale.>??

In comparison to the MCLCPs, there are fewer theoretical
studies on the SCLCP systems. A key issue lies in how to pro-
perly describe the coupling between the LC side groups and the
chain backbone. Brochard,* and subsequently Kyu et al,*>¢
proposed a phenomenological model by combing the Flory—
Huggins free energy of mixing and Maier—Saupe free energy
of nematic interaction to describe the phase behavior of
SCLCPs solutions and blends. The chain backbone in these
studies were assumed to be completely decoupled from the
LC side groups, which in some sense missed an essential feature
of the SCLCPs. By using the worm-like chain model, Carri
and Muthukumar’’ studied the chain statistics of side-chain
and main-chain LCPs in an ordered anisotropic environment.
A parameter was introduced at a mean-field level to describe
the coupling between the chain segment and its nematic
surroundings. However, this one-parameter model does not
explain the complex conformational change of the SCLCPs,
especially in the case of the end-on architecture. The most
accepted model for the end-on SCLCPs was one by Warner and
co-workers.”>** They modified their previous worm-like chain
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model for MCLCPs by considering both the nematic interac-
tions and the effect of chemical attachment between the chain
segments and the LC side groups (termed the hinge effect by
these authors). The geometry of the molecules and the graft
density of the side groups were also taken into account. The
competition between different interactions involved in this
model was shown to give rise to three types of nematic phases.
However, the local hinge effect due to the coupling between a
backbone segment and the pendent LC group attached to it was
incorporated in that work as a coupling between the backbone
orientation and the global nematic order parameter. With this
prescription, the coupling would vanish in the isotropic state,
whereas in reality this coupling should persist irrespective of
whether the LC groups orders macroscopically. To date, there is
no theoretical work that properly describes the coupling in the
SCLCPs and provides a unified treatment of both side-on and
end-on attachments.

The coupling between the chain backbone and the LC
side groups is the key feature in determining the chain statistics
and phase behavior in the SCLCPs systems. It is therefore cru-
cial that this coupling be properly accounted for in a theoretical
model. In this article, we propose such a model for the SCLCPs
and study the phase behavior and chain conformation. Speci-
fically, we model the coupling between the backbone bond
and the LC side groups by two types of terms, one in which
the backbone is coupled to the local nematic order parameter,
and the other in which the backbone is coupled to its pendant
LC group. We call the first type the global coupling term in the
sense that the local nematic order parameter is due to orienta-
tional order of any LC groups (including LC groups from
distance part on the backbone of the same chain as well as LC
groups from other chains) that are in the spatial vicinity of the
backbone. We call the second type the local coupling term
because it represents the direct coupling of the backbone with its
own pendant LC group through the spacer. The local coupling
term will be assumed to be of the form uC(Pi-q,-)z, where p; and q;
are, respectively, the unit vector for the orientation of the ith
backbone bond and that of the pendant LC group attached to it
and uc is a coupling constant with u-> 0 representing side-on
attachment and uc < 0 representing end-on attachment. In the
next section, we present the model and develop the mean-field
(self-consistent-field) equations using standard field-theoretical
techniques. In section 3, we use our model to systematically
investigate the isotropic—nematic phase transition and the
corresponding change of the chain conformation, focusing in
particular on the effect of the local coupling and its interplay
with the global coupling. The conformational change of the
chain backbone caused by varying the LC graft density is also
studied. We furthermore connect our model to the structure
factor that can be directly measured by scattering experiments.
Finally, we discuss possible extensions of the current model and
end with a brief conclusion in section 4.

2. Model and Theory

2.1. Model for a SCLCP Melt. We consider an incompres-
sible melt of np monodispersed polymer chains in a volume
V. In order to focus on the effects of the side-chain liquid-
crystal groups, in this work we take the chain backbone to be
globally flexible with, however, local rigidity envisioned to
arise from the segments that make up the backbone. We thus
describe the polymer backbone as a freely jointed chain
with m+ N chain segments of length . The chain backbone
is assumed to consist of N repeating sections each containing
m segments. Each of the repeating sections is grafted with a
LC side group. Thus, the structural parameter m reflects the
grafting density of the LC side groups, i.e., the grafting
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Figure 2. Freely joint chain model for SCLCPs.

density decreases as m increases. To be concrete, we assume
that the LC side groups are attached to the first segment in
each repeating section. The position and conformation of
the a-th polymer chain is described by the position of one
of its chain ends, Ry ¢, and the orientation vectors of all
segments. The orientation of the LC-attached chain seg-
ment is denoted by a unit vector, pg (.-1ym+1, Where the
subscript indicates it is in the ith repeating section (i = 1,
2, ..., N) of the a-th chain. Similarly, we denote the orien-
tation of the LC side group attached to this chain seg-
ment by another unit vector, qq (;-1y,+1. The orientation of
a chain segment with no LC group attachment (hence-
forth termed LC-free segment for brevity) is denoted by
Po, (- ym-j» With j = 2,3, ..., m. In addition, the volumes of
each chain segment and LC side group are denoted by v,
and v, respectively. For simplicity, we neglect the volume
occupied by the spacer between the attached segment and
side group. (Alternatively, one can interpret v as including
the volume of the spacer at a coarse-grained level.) The
effect of the spacer is implicitly included in this model
through the local coupling term introduced later. The
physical picture of our idealized SCLCPs is illustrated in
Figure 2.

We begin by defining the microscopic field operators to
characterize the local orientation order of the system:

Nematic orientation operator for the LC-attached chain
segments:

np N
1
=W Z Or —rq, (i—l)m+1] |:p(x,(i—1)m+1p(1, (i—=1)m+1 _gl
a=1i=1
(1a)

where

Dm

o, (i—1)m+1 = (10"‘ E

1
,j+§bp(1,(i—1)m+1

Nematic orientation operator for the LC-free chain seg-
ments:

np N m 1

SRR PP

(i— lm+/] p(lL 1m+/pa (i—1)m+j gI

(1b)
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where

(i—1)m+j—1

Yo, (i—1m+j = Rajo+b Z

1
po., kT 7bp<1, (i—1)m+j
k=1 2

Nematic orientation operator for the LC side groups:
np

= quzé

a=1i=

1
=T, (i—1ym + 1 |:q(1,(i—1)m+1q(1, (i=1)m+1 _gl

(1c)

In eqs la and 1b, the contribution from a chain segment
at position r is assumed to come from its middle point. The
slight difference in position between the attached chain
segment and the LC side group is neglected at the coarse-
grained level we are working at. We model the interactions in
the system by local two-body pseudopotential and write the
Hamiltonian of our system as follows:

- (4080 a0

~ U, ~ ~
0 S,«(r) —#/ drS,(r) Uy / drS,(r)
S,.(1) ~ Upy / ar S, (v Uy, / drS,. (r)
+ > gc({Pa,i» 90, 1)) (2)
a=1

The first three terms in the Hamiltonian (eq 2) are,
respectively, the nematic interactions between the LC-
attached segments, between the LC-free segments and be-
tween the LC side groups. The second three terms in eq 2
are the nematic cross-interactions between any two of the
above three moieties. All these nematic interactions are
treated in a coarse-grained approach, and taken to be of
the Maier—Saupe type.*® They represent the average orien-
tational interaction of a moiety (chain segment or LC group)
with its surroundings. The six nematic interaction param-
eters, U, «(k, ¥ = p, p*, and ¢), which have units of energy
per volume, include both the entropic (Flory—Onsager) and
energetic (van der Waals) forces. They provide the drive
toward parallel order of the interacting groups. We distin-
guish between the nematic interaction parameters related to
the LC-attached and the LC-free chain segments in order to
allow the differences in chemical structure between them.

The last term in eq 2 accounts for the local coupling
between the LC side group and the chain segment it is
attached to. While the total effects of side-chain LC grafting
may be multifold, the main effect we wish to capture in this
work is the preferred orientation of the LC side group with
respect to the orientation of the particular chain segment:
i.e., the side-on attachment prefers a parallel orientation,
while the end-on attachment prefers a perpendicular orien-
tation. We model this effect at a phenomenological level by a
simple quadratic term of the following form:

N
gC({pu,iaqu,i}) = - ZuC(pu,(i—l)m+1'qcx,(i—l)m+1)2 (3)
i=1

where uc is the coupling parameter, the magnitude of which
determines the strength (tightness) of the coupling (which can
be controlled by the spacer length, for example), while its
sign dictates whether parallel or perpendicular orientation is
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energetically favored: u- > 0 represents the case of side-on
SCLCPs where parallel alignment between p.iy,41 and
q(i-1ym+1 1s energetically preferable and u- < 0 corresponds
to the case of end-on SCLCPs where these two vectors prefer
to be perpendicular to each other. In this work, we assume
the local coupling effect to be of a “self-coupling type”, that is,
we only consider the LC side group (see Figure 2) and the
backbone segment it is attached to is taken into account;
couplings between the LC side group and adjacent chain
segments are neglected.

The form of the coupling between the LC side group and its
attaching backbone segment, eq 3, represents the key differ-
ence between our work and the work of Wang and Warner.?
In their work, the coupling effect is treated as an interaction
between the chain vector and the average nematic order
parameter; the coupling would vanish in the isotropic phase.
In our model, the coupling is between the instantaneous values
of the two vectors; it persists even in the isotropic phase, which
is more realistic in capturing the correct physics.

2.2. Self-Consistent Field Theory. As a many-body pro-
blem, the model cannot be solved exactly. In this work, we use
the self-consistent field theory, which is a mean-field approx-
imation. The self-consistent field theory can be derived in
several ways. A common strategy is to map the interacting
multichain problem into a problem of a single chain in a
fluctuating field by some identity transformation involving
functional integration over the fluctuating field(s). The mean-
field (self-consistent field) approximation then replaces the
functional integration by the saddle point method. We refer
interested readers to the relevant literatures®®****%° for more
detailed derivation. For the case of a homogeneous liquid, as
is the focus here, the self-consistent field theory ultimately
reduces to the computation of the partition function of a single
chain in spatially uniform nematic fields:

Ql’ - HH /dp (i— 1m+1/dq (i— lm+/ eXp{Z[)’v,, rp I’

i=1j=1

1
+ UppSp 4 UpgSy) - (P(i—l)nz+1p(f—1);n+1 _gl)

N m
1
+ Z ﬁ pp Sp + Up [)*S -+ Up qséj) (p (i— 1),,,+_/-p([, Dm+j _§I>

i=1j=2

N
1
+ E :ﬁV‘J(U[’(ISP + UprgSpe + UygSy) : (q(f—l)m+1‘I(i—1)m+1 _§I>
i=1

N
+ Zﬁu(‘(l’(f—1),n+1“l(i—1)m+1)2} (4)

where S, (k = p, p*, and ¢) are the tensorial nematic order
parameters corresponding to the nematic orientational op-
erators. The equilibrium values of S, are given by

N
npv !
S, = 7p<§ :(p(ifl)m+1p(f*])"’+l _§I)> (52)

i=1

nPVp N m 1
<ZZ Pi—1)ym+Pi—1)ym+j — gl)> (5b)

i=1j=2

= anq<Z 1—1)m+1q1—1)m+1 %l)> (SC)

i=

=

where the ensemble averages are taken based on the Boltzmann
factor appearing in eq 4. For uniaxial order, we take the
nematic director to be aligned in the z-direction. Thus, the
three tensorial nematic order parameters S, are diagonal
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and traceless. Their corresponding scalar forms of nematic
order parameter, s,, are defined by normalizing the zZ
components of S; with respect to the volume fractions.
They are given by

N

S,.-
5 :g (Z}:“ = %(;PQ(COSQ ,_1)m+1)> (6a)
?)S)* . 1 N m
Lt S N(m—l)<;,Z:P2 (00 =)
(6b)
Sy.: S
Sq :; ;q = %(ZPZ(COSH 171)m+1)> (GC)

i=1

where ¢, = n,Nv,/V, @« = n,N(m — 1)v,/Vand ¢, = n,Nv,/V
are, respectively, the volume fractions of the LC-attached chain
segment, the LC-free chain segment, and the LC side group.
P>(x) is the second order Legendre polynomial

3, 1

PQ(X) = §X _5

The normalization of Sy is introduced to avoid the nematic
order parameters Vanishing in the limit of zero volume fraction.
The prefactor, */», in eq 6 is used so that the order parameters
defined here conform to the form in the Maier— Saupe theory.*

If the main chain backbone is globally flexible, it is reason-
able to assume that the nematic self-interactions between
chain segments are much weaker than other nematic inter-
actions (i.e., Uy, Up,p+, and U« are negligible compared to
Uygr Upys and U,+,). In addition, the single chain partition
function in eq 4 is further decoupled into the partition
function of one repeating section Qg, i.e. 0, = (05", based
on the “self-coupling” form for the local coupling, eq 3.
Thus, the resulting Qs can be written as:

Os = / dp / dq exp{B[e, P tpySyP2(cos 0,)
+ (PP tipgSp + PP U gSpt + P UggSq) Pa(cOs 6,)

+ uc(p-q)Q}}{/ dp* exp[Bp e @yuprqsy Pa(cos )/ (m =1} !
(7)

where p, q, and p* are the unit vectors denoting the LC-
attached segment, the LC-free segment, and the LC side
group, respectively. u, . (k,k' = p, p*, and ¢) are defined by
normalizing U, with respect to the density of the repeating
section, i.e. ugr = (2/3)Uii V/(Nnp). We introduce another
structural parameter y to reflect the volume ratio of the LC
side group and the chain segment, as y = v,/v,. The volume
fractions of the three components are then expressed by the
two structural parametersmand y,as @, = 1/(m+y), @, =
(m — 1)/(m + v), and ¢, = y/(m + y). Therefore, the
partition functions are determined by the nematic interac-
tion parameters u, ., the local coupling parameter uc, and
the structural parameters m, y. The resulting order param-
eters s, are then the ensemble averages taken based on eq 7:

Sk = <P2(cos HK)> (8)

Equations 7 and 8 form a complete set of self-consistent
equations which can be solved numerically in an iterative
way. Whether the nematic or the isotropic phase is physically
more stable can be determined through comparing their
corresponding values of free energy. With the factorization
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of the single-chain partition function into product of each
repeating unit, the free energy of a repeating section can be
easily evaluated from the saddle-point value of the order
parameters as

PF = ﬁ( (/Jq uqqsq F PP thpgSpSq T P px @ Uy S 9q> —1In Qg
9)

For simplicity, all the parameters, in this paper, are assumed
to be temperature-independent. However, the temperature
dependence of parameters can be easily included in the
model, which will give rise to richer phase behaviors.

2.4. Chain Statistics. The equilibrium value of s, is a
measure of the alignment between the LC side groups and
the nematic axis. As in the Maier—Saupe theory, s, can range
from 0 (completely random orientation) to 1 (fully parallel
alignment) in our model. On the other hand, s, and s, measure
the orientation of the LC-attached chain segments and the LC-
free segments with respect to the nematic axis, respectively.
Both s, and s, range from —0.5 to 1, with a positive value
corresponding to parallel alignment and a negative value
corresponding to perpendicular alignment. The orientation
of a single chain segment can directly affect the conformation
of whole polymer chain. For the freely jointed chain with m+ N
segments (i.e., m+(N + 1) monomer units), the mean square
end-to-end dlstance vector in the direction parallel to the
nematic axis, (R;?), is given by:*!

mN mN
(rR?) = (R?) = o ZZIZ( (Z- 7))
mN mN J
- s 222k21< cos Gkbp)2> (10)
i=0j=ik=i+

where Z; and Z; are the coordinates of monomer i/ and j in z
direction, respectlvely, and cos 0y b, is the z component of the
vector denoting the k-th chain segment. For very long polymer
chain,

<R 2>~ 1 mN mN 1< 29)
Il =(WIN7+1)2;]Z’<E cos™ U

m
+

_1<COSQ 0p*>)|f_"|bp2 = <Rg2><%+§§p) (11)

where 5, = s,/m + (m — 1)s,+/m is the order parameter
representing the average orientation of all the chain segments.
(Rgz) is the mean square radius of 2gyratlon for a freely joint
chain in the isotropic phase, i.e., (Rg mNb, %/6. In addition,
the mean square end-to-end dlstance in the perpendicular
direction (R, ) can be similarly expressed as

(r2) = (5~ 3) (12
The anisotropic ratio is given by:
Ry (R iy,
R, ( Rﬁ} S\ 1-5,

_ \/m(1+23p*)+2(sp—sp*) (13)

m(1—spe) = (s, = 5p%)

Wang and Wang

which is determined by s,, 5,+ and the graft density. The
deviation of the anisotropic ratio from unity indicates the
extent of the chain distortion from spherical, with Rj/R; > 1
representing a prolate conformation and Rj/R, < 1 repre-
senting an oblate conformation.

3. Results and Discussion

In the last section, we have constructed a model that unifies
both the cases of side-on and end-on SCLCPs. The equilibrium
order parameters are determined by the nematic interactions, the
local coupling and the structural parameters. In the model, the
nematic field (reflected by the alignment of the LC side groups)
and the chain conformation (related to the orientation of chain
segments) interplay with each other through two effects: the
nematic cross-interaction (henceforth referred to as the “global
coupling effect”) and the local coupling effect. In the following,
we investigate how the isotropic—nematic phase transition and
the chain conformation are affected by these two coupling effects.

3.1. The Coupling Effects on Chain Conformation and
Phase Transition. The global coupling arises from the local
rigidity and/or anisotropy of the chain backbone segments,
which is reflected by the Kuhn segment in the freely joint
chain model. On the basis of the idea of Maier—Saupe
theory, there should be some nematic interaction between
the “rod-like” LC side groups and the “stick-like” Kuhn
segments. This coupling is realized through the global vari-
ables: s, s,+, and s,. From the mean-field perspective, a
change in the nematic order will affect the average orienta-
tion of the chain segments, and vice versa. The coupling only
exists in the nematic state. In contrast, the local coupling
owes its origin to the chemical linkage between the polymer
chain and the LC side groups. Its strength depends on the
nature of the spacer, such as the chemical structure, the
length, the odd—even effect, etc. Within one attached pair,
the LC side group and the chain segment need to accom-
modate their orientation to each other according to the
architecture of attachment (side-on or end-on). In addition,
the orientation of adjacent chain segments may become
restricted due to the excluded volume effect of the grafted
LC moieties (this will be discussed further). The local cou-
pling persists even in the isotropic phase. Because of their
different nature, these two coupling effects play different
roles on the chain conformation and the phase transition: the
effects of the global coupling are more direct, while those of
the local coupling are more indirect (but not any less
important!). Distinguishing between these two coupling
effects and properly accounting for them constitutes a key
difference between our work and previous studies.

In this subsection, we focus on the coupling effects, and
thusset m = 1 (i.e., every chain segment is grafted with a LC
side group); the influence of the LC grafting density will
be discussed in the next subsection. For m = 1, the chain
conformation is directly related to the orientation of the LC-
attached segments, s,, as shown in eq 13. In the isotropic
phase, the global coupling disappears automatically owing
to the absence of the nematic order. The local coupling still
exists and keeps the chain segments with their attached LC
side groups correlated. However, statistically, the average
orientation of chain segments is still random (i.e., s, = 0) for
lacking long-range order of the LC side groups in the system.
Therefore, at the mean-field level, the polymer chain remains
an undistorted random coil in the lsotroplc phase, in agree-
ment with the experimental results.’

In the nematic phase, the chain conformation is undis-
torted when both the global and the local coupling are absent
(asin the case of u,, = 0 and uc = 0in Figure 3a. This simple
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Figure 3. Conformation anisotropy ration Rj/R; as a function of the
reduced temperature. 7* = T/T, where T is the corresponding phase
transition temperature, which is different for different parameters. Key:
(@) 1y = 0; (b) upy = 0.2uy,.

case corresponds to the models studied by Brochard®* and
by Kyu et al.*>3® In the presence of the coupling, the chain
segments become oriented as soon as the nematic order
appears (i.e., 7% = T/T¢c < 1), and the conformation of
the polymer chain becomes anisotropic. We first investigate
the effect of the local coupling by turning off the global
coupling (i.e., u,, = 0). In this case, the chain segment tends
to be parallel to the corresponding LC side group for the
side-on attachment (i.e., uc > 0) and perpendicular for the
end-on attachment (i.e., uc < 0). In Figure 3a, we show the
changes of the anisotropic ratio with respect to the reduced
temperature at different values of uc. Clearly, without the
global coupling, the side-on SCLCPs adopt a prolate con-
formation whereas the end-on SCLCPs adopt an oblate
conformation in the nematic phase. The degree of anisotropy
increases with increasing the coupling or decreasing the
temperature.

Small-angle neutron scattering (SANS) experiments con-
ducted by Cotton et al.”®!! show that side-on SCLCPs
always adopt a prolate ellipsoid conformation in the nematic
phase. However, end-on SCLCPs can be either prolate or
oblate ellipsoids.” This is not captured by theoretical results
shown in Figure 3a, which suggests that local coupling alone
is not sufficient to explain all the conformational changes of
the SCLCPs observed in experiments, and the effect of the
global coupling should also be taken into account (as shown
in Figure 3b). Because of the global coupling, each chain
segment tends to be aligned parallel to the nematic field. It
should be noted that, even without the local coupling (as the
case of uc = 0 in Figure 3b), the chain conformation will be
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prolate in the nematic phase. uc = 0 implies that the LC side
groups are locally decoupled from the chain backbone, which
can be realized through a very long spacer. This kind of
SCLCP melt is in essence similar to a homogeneous solution
of non-LC polymers in LC solvent. Dubault et al.** found
experimentally that the conformation of non-LC polymers in
LC solvent is not isotropic but slightly prolate; this is in
agreement with our theoretical consideration.

When global and local couplings both exist, their com-
bined effects are quite different for the side-on and the end-
on SCLCPs. For the case of side-on SCLCPs, the local hinge
effect makes each chain segment align parallel to its attached
LC side group with fluctuations around the nematic director.
Statistically, the local coupling provides the same effect as
the global coupling that enforces the parallel alignment of
the chain segments with the nematic field. The two coupling
effects act cooperatively, and thus, the prolate anisotropy of
the chain conformation is enhanced in the side-on SCLCPs.
Partsa and b of Figure 3 show that, ifuc > 0, Rj/R, increases
as either uc or u,, increases. In contrast, for the case of end-
on SCLCPs, the local hinge effect tends to have the chain
segments aligned perpendicularly to the nematic field, which
competes with the global coupling that favors a parallel
alignment. Thus, whether the polymer chains adopt a prolate
or an oblate conformation depends on the relative strengths
of these two coupling effects. By weakening the local cou-
pling (e.g., increasing the spacer length), the oblate confor-
mation for the end-on SCLCPs, may turn into the prolate.
This effect is shown in Figure 3b: R/R; shifts upward above
1 when uc¢/u,, changes from —0.25 to —0.05. The same
conformational change is also predicted by strengthening
the global coupling (e.g., increasing the rigidity of the chain
backbone segments). It can be seen from parts a and b
of Figure 3 that, for the case of uc/u,, = —0.05, the previous
oblate conformation changes to prolate when u,,, increases
from 0 to 0.2. This result is consistent with the experimental
observation that the end-on SCLCPs with more flexible
polymethylsiloxane backbone tend to form an oblate ellip-
soid whereas the SCLCPs with more rigid polymethacrylate
backbone tend to be prolate.'” Therefore, the relation be-
tween the effects of the global and the local coupling on chain
conformation is competitive in the end-on SCLCPs instead
of cooperative as in the side-on SCLCPs. Our theoretical
results also qualitatively explain the experimental observa-
tion by Cotton et al. that the end-on SCLCPs usually exhibit
milder anisotropy than the side-on SCLCPs.’

Finkelmann and Rehage'® point out that the transition
temperature and the nematic order parameter of the SCLCPs
are different from the corresponding small LC molecules.
The polymer segments affect the nematic order and transi-
tion through two effects: dilution of the mesogen concentra-
tion and coupling, both local and global. In the absence of
the global coupling and bending energy cost between adja-
cent segments, the orientation of a chain segment cannot
propagate to other segments either on the same chain or on
different chains. The local coupling merely makes the chains
adjust their conformation in accordance with the preferred
orientation of the LC side groups. In other words, in the
absence of the global coupling, the attachment of the poly-
mer chain to the LC side groups does not contribute to the
nematic order of the LC side groups aside from a simple
dilution effect. Consequently, the transition temperature,
once corrected for the dilution effect, is unaffected by the
presence the local coupling;* this is shown in the case of
uy, = 0in Figure 4. This result also confirms the crucial dif-
ference between the global and local coupling effects that
have been missed in earlier studies by Wang and Warner.
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Figure 4. Effect of the coupling parameters on the transition tempera-
ture. T¢* is the reduced phase transition temperature scaled as: T¢* =
Tc/Tcy, where Tc is the transition temperature for the totally
decoupled case (uc = 0 and u,, = 0). Ty = (p,,zuqq/4.53k/5, corrected
from the Maier—Saupe theory by the dilution effect.

The global coupling terms directly affects the nematic
order and the transition temperature. The mean-field energy
associated with the global coupling is —@,Q4t,y5,5,—
Qe PgliyrgSy+sy. For the homopolymer chain backbone, we
do not need to distinguish u,x, from u,,. On the basis of the
definition of the structural parameters (the grafting density
m and the volume ratio y) and the order parameter 5, the
global coupling energy is rewritten as —myu,,s,s,/(m + )%
5, reflects the average orientation of all the chain segments
and is directly related to the chain conformation through
eq 13 (e.g., 5, > 0= Ry/Ry > 1). Thus, Ri/R, > 1 is ener-
getically preferable, whereas Rj/R, < 1 is penalized. From
the viewpoint of phase transition, the prolate chain con-
formation enhances the favorable attraction, resulting in an
easier transition to an ordered phase (i.e., increasing the
transition temperature). The oblate conformation frustrates
the nematic field, and thus decreases the transition tempera-
ture. However, without the local coupling term, the effect on
the transition temperature is relatively minor. The effect is
significantly enhanced by the presence of the local coupling.
In Figure 4, we show the combined effect due to both the
global and local coupling by plotting the transition tempera-
ture as a function of the local coupling parameter for three
values of the global coupling parameter. For the case of u,,, =
0, the transition temperature is independent of the change of
uc as pointed out earlier. But for the cases of u,, > 0, T-*
increases monotonously as uc increases (reflecting the in-
creased tendency of the chain conformation to adopt a prolate
shape). The impact of the chain conformation on the nematic
field gets stronger when we strengthen the global coupling.
Form these results we infer that, for the SCLCPs with certain
rigidity on the chain backbone, the transition tempera-
ture should increase in the following order: tightly hinged
end-on —loosely hinged end-on —locally decoupled — loosely
hinged side-on — tightly hinged side-on. Both Finkelmann
et al.'® and Mattoussi et al.'? observe that transition tempera-
ture increases as the spacer length of the end-on SCLCPs
increases, which is consistent with our theoretical analysis.

Unlike the transition temperature, the order parameters,
vs the temperature 7* only shows a weak dependence on u¢
for the case of u,, > 0, as shown in Figure 5. This indicates
that the nematic order parameter is mainly determined by the
reduced temperature and is not sensitive to the local cou-
pling effect. This phenomenon has also been observed in the

Wang and Wang
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Figure 5. Nematic order parameter s, as a function of the reduced
temperature for u,, = 0.2u,,. Lines 1 (red), 2 (black), and 3 (blue)
represent the cases of uc = 0.25, 0, and —0.25, respectively.

experiment of Finkelmann and Rehage'® when they change
the spacer length of the end-on SCLCPs from 3 to 6 CH,
units. In addition, we can see from Figure 5 that, the value of
54 at transition temperature is lower for the end-on SCLCPs
than the decoupled case (uc = 0), which is also in agreement
with their experiment data.

3.2. Effects of LC Grafting Density on Chain Anisotropy. In
the last subsection, we focused on the differences and inter-
play between the global and local coupling on the behavior of
the SCLCPs by setting m = 1,1i.e., a LC side group for every
chain segment. The LC grafting density, reflected by the
structural parameter m, has effect on both the order para-
meters and the chain statistics as shown in eqs 7 and 13. It is
possible in the real polymer system or the polymerization
process to have less than one LC side group per Kuhn
segment. Form > 1, there are m — 1 LC-free chain segments
for every LC attachment. Therefore, as m increases, the role
of the LC-free segments becomes more important in the
chain statistics. The global coupling acts on both types of
segments whereas the local coupling only affects the LC-
attached chain segments. The local effect gets diluted as the
fraction of the LC-free segments increases, which changes
the relative strengths between the two coupling effects.
Below we discuss the effect of the LC grafting density on
the chain anisotropy.

As indicated earlier, the global and the local coupling
effects act cooperatively to enhance the parallel alignment of
the chain segments with the nematic field in the case of side-
on SCLCPs. The alignment of the LC-attached segments is
more ordered than the LC-free segments because of the re-
enforcement by the local coupling effect. As m increases, the
average order of the chain segments at a certain reduced
temperature (i.e., corresponding roughly to the same nemat-
ic field) decreases. The resulting chain conformation be-
comes less prolate. The change of anisotropic ratio at
different LC grafting densities is shown in Figure 6a. It can
be seen that the prolate anisotropy is greatly reduced as
mincreases from 1 to 2. The reduction becomes less signifi-
cant when we further decrease the LC graft density (see the
curves for m = 3 and 4 in Figure 6a).

The m-dependence of the chain conformation is more
interesting for the end-on SCLCPs since the two coupling
effects are competitive in this case. The orientation of the
LC-attached chain segments is determined by the rela-
tive strength of the local and global coupling, which prefers
the perpendicular and the parallel alignment, respectively.
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Figure 6. Conformation anisotropic ratio Rj/R, as a function of
the reduced temperature for different LC grafting densities, m. Key:
(a) side-on SCLCPs with u¢ = 0.5uy4, 11, = 0.1u,,; (b) end-on SCLCPs
with u,, = 0.lug uc = —0.5u,, . The dashed line represents the
isotropic conformation (Rj/R, = 1).

On the other hand, the LC-free segments, affected by the
global coupling, can only be aligned parallel with the nematic
axis. Thus, besides the competition between the two coupling
effects, the final chain conformation also depends on the
competition between the orientations of the LC-attached
and LC-free segments. As m increases, the relative effect of
the local coupling on the system is weakened, and the chain
conformation gets gradually controlled by the orientation of
the LC-free segments. Figure 6b shows the effect of the LC
grafting density on the anisotropic ratio for the end-on
SCLCPs. The orientation of the LC-attached segments in
this system is dominated by the local coupling effect, man-
ifested as the oblate conformation in the fully attached case
(m = 1). With the increase of m, the oblate conformation,
however, becomes less obvious in the temperature range not
far below the phase transition. More interestingly, for the
systems with m > 1, the chain conformation transforms
from oblate to prolate at lower temperatures. This confor-
mational transition is due to the fact that as temperature
decreases, the LC-free chain segments get more and more
oriented parallel to the nematic field, which dominate over
the perpendicularly oriented LC-attached segments. As
shown in Figure 6b, the conformational transition shift to
a higher temperature when m increases.

For the same end-on SCLCPs system, Cotton et a
observed a re-entrant nematic phase appearing at lower
temperature comparing to the usual nematic phase and

1.10
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smectic A phase. There is an inversion of the chain aniso-
tropy from the oblate shape in the high temperature nematic
phase to the prolate shape in the re-entrant nematic phase.
Although we do not consider the smectic A phase in our
study, we believe that the same physics as we have elucidated
theoretically here is at play in the experimental systems. We
note that a similar result was also predicted in Wang and
Warner’s model.>* However, they treated the hinge effect via
global interactions and did not locally distinguish between
the LC-attached and LC-free segments. Thus, in their model,
all the chain segments become oriented in the parallel
direction in the re-entrant nematic phase, which results in
a very strong chain anisotropy. In our model, the effect of
the parallel alignment of the LC-free segments on chain
conformation is partially counteracted by the perpendicular
alignment of the LC-attached segments. Thus, the chain
anisotropy in the re-entrant nematic phase predicted by our
model is mild, which is in agreement with the experimental
data of Cotton et al.

3.3. Structure Factor. Small-angel scattering techniques,
such as SANS and SAXS, are the major tools to determining
the single chain conformation, because they provide direct
measurement on the structure factor.** In this subsection, we
examine the chain anisotropy in the nematic phase as
revealed by the structure factor due to the combined effects
of global and local coupling between the chain backbone and
the LC side groups.

Similar to the well-known Debye function of flexible non-
LC polymers,*! the structure factor for the anisotropic freely
joint chain can be written as:

2

(X (g1, g2 [eX@a) —1 4 X(q.q1)] (14)

S(qi-q1) =

which shows differences in the parallel and perpendicular
directions. X(qui,q,) is a function of ¢y and ¢, given as:

X(qi.q1) = <Rg2> ar <1+

+q.° (1 _Spt(m— 1)3,,*)} (15)

25, 4 2(m— 1)s,
m

m

When 5, = 5,» = 0, X(q1,q,) reduces to (Rgz)qz, and thus,
S(qi,q.1) reduces to the Debye structure factor.

Figure 7 shows the 2-dimensional patterns of the structure
factor for different values of uc and m. The conformational
anisotropy is clearly reflected by the asymmetry of the
pattern in parallel and perpendicular directions. The local
coupling parameter significantly affects the chain conforma-
tion. For the case of m = 1, the polymer backbone changes
from the prolate to the oblate conformation as uc changes
from positive to negative. The effect of uc on chain con-
formation becomes less significant in the case of m = 3. In
addition, the chain conformation is also affected by the LC
grafting density, and behaves differently depending on the
architecture of the attachment. For the side-on SCLCPs
(uc=0.5), the prolate conformation becomes less pronounced
as m increases (cf. Figure 7, parts a and d). For the decoupled
SCLCPS (uc = 0), the values of m have no influence on the
chain conformation (cf. Figure 7, parts b and e) because
the LC-attached and LC-free segments are acted upon by
the same global field. For the end-on SCLCPs (uc = —0.5),
the chain conformation transforms from oblate to prolate as
m increases (cf. Figure 7, parts ¢ and f).
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Figure 7. Two-dimensional cross-section of structure factor at 7% = 0.2. ¢ and ¢, are given in units of (Rg)fl, From parts a) to ), u,g = 0.1ugg,m = 1,
uc = 0.5uy4, 0, and —0.5u,,, respectively. From parts d) to ), u,, = 0.1uyy, m = 3, uc = 0.5u,,, 0, and —0.5u,,, respectively.

From eq 14, we can define reduced 1-dimensional struc-
ture factors by setting one of the wave numbers to be zero.
The structure factor in the direction parallel and perpendi-
cular to the nematic axis (S(gi1) and S(¢q,)) are given respec-
tively by:

S(qi) = [e2) — 1+ 0(qy)] (16a)

2
O*(a1)

with O(g1) = (Rqi’[1 + 2(s,+(m-1)s,+)/m] and

2
- 0%(qu)
with O(q1) = (RDq (1 + (s, + (m — 1)s,u)/m]

S(q1) [e2) = 1+ 0(qu)] (16b)

Work by Kempe et al.'® shows that the SANS data of
the end-on SCLCPs can be well fitted by eq in both the
parallel and the perpendicular directions. Other groups*>*°
have made similar findings, although they point out that
eq is a good approximation only on the large length scale
(i.e., low ¢ region when (Rgz)q2 < 1).

4. Conclusions

In this paper, we have presented a unified model for describing
the chain conformation and the phase transition of both side-on
and end-on SCLCPs. The interaction between the polymer chain
backbone and the LC side groups is treated in our model through
two coupling effects: the global nematic coupling and the local
hinge effect. The global coupling involves the interaction of a
backbone segment with the average nematic field produced by all
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LC sside groups in its vicinity whereas the hinge effect involves the
instantaneous values of the orientation vectors of the chain
segment and its own attached LC side group, which is purely
an intrachain effect.

The global and local couplings, reflecting the structure of the
SCLCPs (e.g., spacer length, backbone flexibility, and etc.), play
a key role in determining the chain conformation and phase
behavior of the SCLCPs systems. The nematic field controls the
chain conformation through both these two coupling effects. The
coupling effects on the chain anisotropy are different between
the side-on and end-on SCLCPs. For the side-on SCLCPs, these
two coupling effects act cooperatively so that the chain conforma-
tion is always prolate. For the end-on SCLCPs, these two effects
act competitively. The chain conformation can be either oblate or
prolate in this case, and depends on the relative strengths of these
two couplings. Because of this competition, the chain conforma-
tion anisotropy in the end-on SCLCPs is significantly milder than
the side-on SCLCPs. The LC grafting density affects the con-
formation and phase behavior by controlling the relative impor-
tance between the LC attached and the LC-free segments. For the
side-on SCLCPs, the chain conformation becomes less prolate as
the grafting density decreases. For the end-on SCLCPs with low
grafting density, the chain conformation can change from oblate
to prolate as the grafting density increases. On the other hand, the
chain conformation also affects the nematic field primarily
through the global coupling. The prolate conformation for the
case of end-on SCLCPs enhances the nematic field and therefore
increases the phase transition temperature, whereas the oblate
conformation frustrates the field and leads to a decrease in the
transition temperature. We find that once the temperature is scaled
by the transition temperature (which depends on all the coupling
coefficients), the nematic order parameter is primarily a function
of the reduced temperature, and is not explicitly sensitive to the
coupling effects.

In this work, we have only considered the self-coupling within
the attached pairs of the chain segment and the LC side group. In
this model, the adjacent segments, even in the nematic phase, are
uncorrelated in their orientation; i.e., there are no penalty for
hairpin turns. Backbone rigidity is limited to one Kuhn segment.
The current model can therefore only be applied to SCLCPs
systems where the chain conformation does not strongly deviate
from a random coil. From scattering experiments, it appears that
all the end-on SCLCPs, and side-on SCLCPs with low graft-
ing density, satisfy this requirement.” However, for the side-on
SCLCPs with very high grafting density (the “jacketed molecule™),
the chain can become stiff below some transition temperature.®
Such a coil—rod transition would require higher-order coupling
terms in the intrachain coupling. For example, one can construct
coupling between the adjacent LC-attached and LC-free chain
segments of the following type:

N
ge({piait) = — Zuc(p(z’—l)m+1'q(i—l)m+1)2

i=1

N
- Z WC(P(i— Dm+1"93i- 1)m+1)2[(l’(z‘— Dm " Pi— 1)m+1)

i=1
+ (P(i—1)m+1 'P(i—1)m+2)] (17)

For we > 0, such a coupling function would provide energetic
penalty when the chain segment is aligned opposite to their
adjacent LC-attached segment, i.e. P(i-1ym* Pi-1ym+1 < 0. The effect
is more significant for side-on SCLCPs than end-on SCLCPs
(which is captured by the prefactor (p(,-_l)mﬂ-q(i_l),,,H)Z. in the
second term of eq 17). With this modification, one can expect that
the chain conformation will be elongated in the nematic phase due
to energetic penalty for hairpins. As different chain lengths provide
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different distances for the coupling effects to propagate along,
dependence of the transition temperature and the conformational
anisotropy on the chain length, observed in experiments, may also
be predicted.?’

Our current model can also be easily applied to multicom-
ponent systems, such SCLCP solutions, blends and block
copolymers.>® The added component provides another degree
of freedom to adjust the relative strength of the global and the
local coupling effects. Moreover, there will in general be phase
separation or microphase separation in these multicomponent
systems. For the SCLCP blends or solutions, it is straightforward
to apply the current bulk-phase model to determine phase
equilibrium. Extension to spatially varying systems, such as
microphase separation in block copolymers can also be contem-
plated using the more general set of self-consistent field equations
derived in our work, with proper accounting for the block
connectivity. These generalizations will be left for future efforts.
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