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Mechanisms of Orientation of Polymer
Liquid Crystals (PLCs) in External Fields
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We analyze existing theories of behavior of polymer liquid crystals (PLCs) in external
fields such as electric or magnetic. Against this background, we recall a fairly general
theory of PLCs [77] and extend it to include effects of the external fields. We consider in
particular phase transitions that PLCs undergo. In some cases the changes are qualita-
tive only. However, we also observe significant quantitative modifications of phases
caused by the presence of the fields.

Keywords: Polymer liquid crystals; liquid crystal orientation; electric flelds; magnetic
fields; phase transitions; statistical mechanics

1. INTRODUCTION

To begin with, we need to recall four important facts noted in [1]:

(i) Liquid Crystals (LCs) can be divided into monomer LCs (MLCs)
and polymer LCs (PLCs).

(ii) There is a variety of phase structures of LCs, including nematic,
cholesteric, and a number of smectic phases; see Section 1.6 in [1].
There is no basic difference between the phases formed by MLCs
and PLCs. However, because of the connectivity between segments
in PLCs, the same phase such as nematic in an MLC and in a LC-
rich region in a PL.C would respond differently to variations in
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temperature, composition, etc. The types and strength of interac-
tions are also different, in spite of the phase similarity.

(iii) Essential for the understanding of PLC materials is the anisotropy
of molecular shapes — which causes anisotropy of macroscopic
properties.

(iv) Common to all LCs is the fact that the molecules are oriented
approximately parallel to a preferred axis in space called director.

The anisotropy is usually enhanced by external fields, such as
electric, magnetic or shear fields. Given the scope of the present
volume, this first article provides some concepts useful for under-
standing the behavior of PLCs in electric and magnetic fields. The
following papers include extensive experimental evidence on various
aspects of PLC behavior under field imposition.

Clearly a measure of anisotropy will be useful. One such measure
is provided by the so-called order parameter or anisotropy factor s de-
fined in [1]. However, other measures are also in use. Therefore, below
we shall often speak about the extent of orientation of PLC chains,
without a commitment to a specific measure. When needed, and follow-
ing customs established in various areas, we shall also apply specific
measures of the anisotropy.

There exist a paralellism in the behavior of anisotropic macro-
molecules in magnetic and electric field in fluid phases. At thermal
equilibrium and under a field, a partial orientation takes place. In
magnetic fields we have the Cotton-Mouton effect such that the extent
of orientation is proportional to H?, where H is the field intensity.
Analogously in the electric fields we have the Kerr effect, proportional
to E°, where E is now the electric field intensity. There is extensive
literature on both effects, but mostly confined to MLCs [2—§].

Let us consider both proportionalities in somewhat more detail, first
confining ourselves to MLCs. An MLC molecules can be represented by
a rigid rod. Assume that the system of such rods obeys the Boltzmann
statistics; for a discussion of this statistics see for instance Section 3.4 in
[9]. Then the orientation parameter (3in the magnetic field is given by [10]

B=(x; —x1)H*/kT (1)

Here the difference x;, — x . of the absolute susceptibilities parallel and
perpendicular to the rod axis describes anisotropy of the molecule; &
is Boltzman constant and 7 is thermodynamic temperature. While
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Eq. (1) pertains to MLCs, Maret ef al. [8] have considered a cluster of
hard rod molecules and found that in this case also 3 is proportional to
the r.h.s. of Eq. (1). Going still further, the same authors used the
Kratky-Porod model [11] to represent a longitudinal PLC. Such a PLC
consists of rigid (LC) and flexible sequences, with both kinds of
sequences located in the main chain and oriented along the chain
backbone [1]. Maret ef al. [8] have obtained the result

B=(2P/l)(x;; — x1)H*/kT (2)

where P is persistent length and /; is the length of one monomer; both
P and /; characterize the flexibility of the macromolecule.

While the theory of behavior of PLCs in magnetic and electric fields
is less developed than that for MLCs, some experimental evidence and
theoretical results have been gathered [12-32]. It turns out that for
real PLCs the linear relation between 8 and H? predicted by Eq. (2) is
only an approximation. We shall discuss this problem in some detail in
Section 5. For the time being let us note that the extant theories of the
Cotton-Mouton and Kerr effects predict a monotonous increase of
local orientation with increasing intensity of the field. This works well
for MLCs, but in PLCs we have phase transitions such as isotropic
nematic (or smectic), isotropic +~ cholesteric, and/or cholesteric —
nematic or smectic [33].

Most theories of PLCs focused on the question how internal inter-
actions affect phase transitions. However, some results for PLCs in
external fields exist, and will be discussed in the following section.

2. A SHORT REVIEW OF EXTANT THEORIES

The Flory theory of liquid crystallinity in systems containing long-
itudinal PLC macromolecules was formulated in 1956 [34, 35]. Flory
considered a system of linear semiflexible PLC chains in which each
macromolecule consists of flexible and LC sequences. The former can
coil and have internal conformational entropy. The latter are represent
by rigid rods. Subsequently, the theory was amplified by Flory, his cola-
borators and students, for lyotropic and thermotropic systems [36 — 50].

Flory used the lattice approach to construct the distribution func-
tion of the system. As discussed in some detail in [48], he developed an
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ingenious procedure allowing placing LC sequences at any angle to the
lines of the lattice; see Figure 1. The number of such combinations allows
to determine the probability of a state of the system. On this basis we can
derive thermodynamical functions such as entropy, the Gibbs or the
Helmholtz function. Subsequently by appropriate optimizations one
can obtain the phase equilibrium parameters.

In [51] de Gennes proposes a nonlattice approach. A system is
represented by a three-chain cell, with mutually perpendicular end-to-
end distances, as shown in Figure 2. Chains constituting a cell are
freely-jointed chains of Kuhn segments. Kuhn [52, 53] and later Kuhn
and Griin [54] have shown how a real polymer chain can be
represented by an equivalent freely-jointed (also called random flight)
chain. The basic units are sequences consisting of several bonds each.
Given a sufficient number of bonds per sequence, the direction of a
sequence will be independent of the direction of the preceding
sequence. Mathematically, this is the drunk (random) walk problem,
mentioned here also in Section 3, and explained in some detail in

SENENEEINENEEEENSUNE]

<..................................................-...............>

Director AXxis

FIGURE 1 A four-sequence part of the system chain (top) and its lattice represen-
tation (bottom). The third sequence from the left is flexible; the remaining ones are liquid
crystalline. The first sequence from the left consists of six submolecules. The sequences 1
to 3 from the left deviate from the system director axis. The fourth sequence is parallel to
the director axis (after [48]).
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T UNIAXIAL DEFORMATION
(DIRECTION OF THE ORIENTING FIELD)

FIGURE 2 Three-chain cell representation of a polymer network. Chains end-to-end
vecors hy, by and h; are mutually perpendicular. The director axis is induced by the
uniaxial deformation of the system (after [58]).

Section 12.2 of [9]. This leads to the Gaussian distribution of
probabilities of the chain end-to-end distances. The average of the
square of the end-to-end distance for the chain turns out to be pro-
portional to the degree of polymerization r (not to r%); see for instance
Section 6.5 in [9]. However, potential orienting interactions between
segments are allowed. The distribution of chain segment orientations
p is obtained by requiring that the Helmholtz function A functional
with respect to p becomes the minimum. Here the distribution p is the
probability density. For a discussion of probability functions see for
instance again Section 4.3 in [9]. Other conditions result from border
conditions imposed on the system. The theory was considered further
by Jarry and Monnerie [55] and by one of us in [56-60]. It turns out
that the nematic-like phase of the system is induced by uniaxial deforma-
tion of the system [55 — 60]. Some results for the system with nematic-like
phase induced by an external electric field have been reported [59, 60].
The well-known Kratky-Porod model of the persistent chain has
been adapted by several authors to deal with PLCs [61—63]. In the
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adaptation the chain stiffness is enforced by orienting potential forces
characteristic for liquid crystallinity. The model gives some interesting
results for biaxial interactions and predicts cholesteric phases in PLCs.

As noted at the start of this Chapter, properties of PLC materials
depend strongly on the molecular structures of the macromolecules
that form them. The structures can be divided into several clases [1, 64],
including networks and three-dimensional conic PLCs. As already
noted above, the most frequent are longitudinal PLCs.

One of the parameters describing a liquid crystal phase structure is
the order parameter s which is defined as the average (P,) over LC
orientations of the second Legendre polynomial [1, 33, 64]. In the fol-
lowing we shall be primary concerned with the behavior of s. There-
fore, to understand what the value of s are telling us, consider the
following (not necessarily mutually exclusive) cases:

for all molecules exactly parallel to the director s =1 1)
for the isotropic phase (= random orientation s=0 )
of the molecules)

for nematic or smectic phases s> 0 3)
for cholesteric phases s<0 “)

It should be noted that s < 0 is a necessary but not a sufficient
condition for the formation of a cholesteric phase. An analogous
statement applies to s > 0 and the formation of either nematic or
smectic phases. Moreover, each cholesteric phase has a local nematic
structure with the nematic axis perpendicular to the helix axis; “local”
represents here the level of a single segment. We recall that PLC are
hierarchical in structure, can be considered at different levels, hence
ascensions and descensions in the hierarchy are important [65].
Therefore, if we define s with relation to such a nematic axis-rather
than with respect to the director (= the helix axis) of the entire
cholesteric phase-then we have locally s > 0.

The hierarchical nature of PLCs and the connectedness of segments
have further consequences. The rigid LC sequences flock together, as
do free trunks on a flowing river. However, these sequences necessarily
pull with them some of the flexible sequences. Thus LC-rich islands are
formed [66], with each island surrounded by a LC-poor matrix. Since
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the islands are formed by the same orientation-in-flow process, the
directors of individual islands are close to each other, but not identical.
Islands and related topics are also discussed by Gedde and Wiberg in
Chapter 10 in [67].

Both Flory and de Gennes theories as well as latter theories involv-
ing uniaxial interactions between LC sequences [68 —71] predict only the
transition from s = 0 to s > 0. However, experiments [72—76] and some
theoretical results for biaxial orienting interactions [61 —63] suggest
possibilities of other types of transition such as from s =0to s <0 or
from s < 0 to s > 0. This situation behooved us to formulate a new
approach [77] to the PLCs theory in which all phase transitions are
predictable; the model so created is described in the following section.

3. A GENERAL MODEL OF PLC SYSTEMS

The generalized theory [77] is based on a non-lattice approach. The
system consists of N, semiflexible chains; the structure of a chain is
shown in Figure 1. To derive the necessary equations, one uses the
random walk method for the calculation of probability of a flexible
part of the system; see [5S2—54,78—80] or Section 12.2 in [9]. At the
same time one uses the Gibbs dictribution [81] for the probability of
LC particle states. The superposition of these probabilities gives a
general formula for the probability of the whole PLC system. The
general results in [77] are not constrained to any special type of orient-
ing interactions between LC particles and/or with an orienting external
field. Some special results are obtained for:

e chains with long flexible parts;
¢ induced dipole—dipole internal interactions between LC rods in the
Maier-Saupe mean-field theory limit [82, 83].

In the latter case the Helmholtz function 4 per particle is [77]
A/KT = ups(s +1)/2 = Info + (3r/2(n)) [(Ax — 1)*(1 = f2)/2
+ (A~ D*(1 ~f2)/2 + (A; — 1)*A] + const. (5)

where u;, is a potential constant describing intensity of interactions
between LC sequences and is inversely proportional to the thermo-
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dynamic temperature T [82,83]; this is intuitively understable since
higher temperatures produce more free volume and weaker interac-
tions.  is a parameter representing the concentration of LC sequences
in the flexible part of the system. A,, A, and A, define the symmetry
deformation with respect to the presence of molecular mean field;
effects of external fields on these parameters are seen in the next
section in Egs. (8) and (9). fp and f;, are integral functions dependent
on the orientation parameter s and on uy; again see more in the next
section. A variety of possible phases and phase transitions predicted by
the theory is shown in Figures (2) and (3). The phase diagram for u, vs.
x is shown in Figure (4). Inspection of Figure (4) and its comparison to
Figures (2) and (3) show many possibilities of phase transitions for
various pairs u;, and . The overall situation results from competition
between energetic and entropic effects, which respectively play
prevailing roles in the LC and flexible parts of PLC chains [84—88].
Thus, the objective of developing a model capable of predicting all
types of phase transitions possible has been accomplished.
Discussion of Figures (2) and (3) leads to the conclusion that all
types of the phase transitions in PLCs with dipole —dipole interactions
are of the first order [77] in terms of the Landau classification [81].
More specifically, the typical behavior of uniparticle Helmholtz
function shows that each change of s from a state in which global
minima of 4 (s) have the same values (equilibrium) to a state for which
A(s) has only one minimum is of the jumping type. This can be seen for

cj

FIGURE 3 The basic element of a semiflexible PLC copolymer chain. The chain
consists of n lineary copolimerized elements, so that j = 1,...,n. The j-th element
consists of flexible {coil) and liquid crystalline (rodlike) sequences. The end-to-end
vectors in the j-th part are, respectively, n,; for flexible and ny, for LC sequences. The j-th
flexible sequence consists of 7, freely jointed segment vectors r.; i=1,...,n, The
length / of a segment-vector r,; is the same for all segments (after [77]).
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FIGURE4 A typical behavior of the Helmholtz function 4 of PLCs vs. the orientation
parameter s for several uy, values. (a) s = 0 (isotropic phase), (b) s = 0 and s > 0 (isotro-
pic-nematic or isotropic-smectic equilibrium), (¢) s <0, s = 0 and s > 0 (cholesteric-
isotropic-nematic or cholesteric-isotropic-smectic equilibrium), (d) s =0 and s <0
(cholesteric-isotropic equilibrium). Values of uy, 1, 4y, 11 Or w4, 113, are related respectively to
the values of u;, from zones I, IT or I11 in Figure (6). u, , is the value of u, on the three-
phasic equilibrium line marked by ¢ in Figure (6) below (after [77]).

instance in Figure (2): (a) the system is at equilibrium for s = 0, (b) the
system is at equilibrium with two phases, one with s = 0 and the other
with s > 0. A change of s from s =0 to s > 0 is of the jump type.
Precisely this means in the Landau classification that the phase transi-
tion is of the first order.

The general results of the theory [77] shortly sumarized here can be
applied to PLCs in an external magnetic or electric field; see the next
section.
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4. THE HELMHOLTZ FUNCTION OF PLCs
IN EXTERNAL FIELDS

An external electric or magnetic field can modify the types of phase tran-
sitions. This has to be kept in mind when extending the theory described
in the previous section by inclusion of external fields. Our extension [89]
is based on assuming the following form of the potential energy of
interaction between an LC dipole and an external orienting field:

u(9)/kT = —uex cos ¥ (6)

Here 9 is the angle between the dipole vector of the LC molecule and the
direction of the field, while u, is the intensity of the external field in kT
units. Using the energy defined by Eq. (6) in conjuction with the Eq. (5)
for A, we obtain [89] the uniparticle Helmholtz function of the form:

A/JKT = ws(s +1)/2 — Info + (1/2(m)) (A2 + A2 + A2)
+ (35/2(m) [(Ax = 1’ (1 = £)/2+ (A, = 1)) (1 = £)/2

+(A: = 1°A] + (36/2)(A; — 1)’f  + const. (7)

where
A2 = [B3r(fr+ (mf D) +1]/(x+1) (8)
A=A = [Be(1 -£)/2+1)/(k + 1) 9)

Here « is the same concentration parameter as in Eq. (3), while {») is
the average number of LC sequences per chain. The integral functions
Jo, /1 and f> are given by:

1
fo= / exp(Uex? + 3upsz*/2)dz (10)
-1

and
1

fu= / 2" exp(uexz + 3upsz®/2)dz/fy (11)
-1

where n =1 or 2.
The Helmholtz function 4 in Eq. (2) involves two mechanisms of
orientation of LC sequences:

o orienting interaction of LC with molecular mean field;
e orienting interaction of LC with an external field.
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The first effect stems from internal dipole—dipole interactions be-
tween LC sequences. The parameter u, describes the intensity of these
interactions. The parameter #., provides information on the intensity
of external (magnetic ., = H, electric u., = E} fields which interact
with the LC particles via the potential energy given by Eq. (6). As dis-
cussed above in Section 3, dipole—dipole LC interactions determine
the phase transitions in the system. In the next section we shall show
how the presence of an external orienting field affects this situation.

5. PHASE TRANSITIONS IN EXTERNAL FIELDS

A variety of possibilities of modification of phase transitions by field
imposition is illustrated in Figures (1 —5) [89]. For comparison in Figure
(1a) we show a plot of A vs. the order parameter s for the system in the
absence of the external field, that is for ue, = 0. The function A(s) has
one global minimum for s = 0, so that the system at equilibrium is in
the isotropic phase. In Figure (1b) we see the plot A7(s) for the same sys-
tem but in the presence of an external field (v, > 0). Now the function
has one global minimum for s > 0. The change of s from zero to a posi-
tive value is continuous while u., increases also from zero to a positive
value. In terms of the Landau classification [81], and as discussed at the
end of the Section 3, this means that the phase transition isotropic-
nematic (or isotropic-smectic) is not of the first order.

A plot of A(s) is shown in Figure (2a) for the system in the isotropic
phase in the absence of an external field (u.x = 0), but for different
values of k and u,, than in Figure (1a). There exists a variety of param-
eters x and u, for which the isotropic phase can be realized; see against
the phase diagram in Figure (6). When an external field is switched
on, the isotropic-to-cholesteric (s < 0) phase transition is observed; it
is not of the first order as can be seen in Figure (2b).

In Figures (1) and (2) we see the possibility of qualitative changes of
the phases in the system phase caused by an external field. In some
cases the change is quantitative only, as in Figure (3). The presence of
the field in Figure (3b) produces an increase of the value of s for which
A(s) has a minimum, this in comparison with the analogous value of
s in the absence of the external field in Figure (3a).

However, with a further increase of ug, values we can observe signifi-
cant qualitative modifications of the system phases. This situation is
illustrated in Figure (4b), where for a value of ., = ue,p, We observe the
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a) b}

FIGURE S A typical behavior of the Helmholtz function 4 of PLCs vs. the orientation
parameter s for u;, values different than those in Figure (2). (a) s > 0 (nematic or smectic
phase only), (b) s < 0 and s = 0 (cholesteric nematic or cholesteric smectic equilibrium),
(c) s < 0 (cholesteric phase only). As in Figure 2, u 1v and u, v are related to zones 1V
and V in Figure (6). uy, » is the value of u;, on the biphasic equilibrium line marked by & in
Figure (4) below (after [77]).

first order phase transition from s > 0 (nematic or smectic) to s <0
(cholesteric). A further increase of uex can lead to one cholesteric phase
only. Thus, the external field presence can modify PLCs phases from
nematic (smectic) in Figure (4a), via nematic (smectic)-cholesteric equi-
librium in Figure (4b), up to a cholesteric phase alone in Figure (4c).
The possibility of induction of subphases by an external field within
one phase of the system is illustrated in Figure (5). In (5a) the system is
in the absence of an external field and forms a cholesteric phase with
s < 0. An increase of e, values up to ue, = Uy, leads to the separation
of one cholesteric phase into two, highly and weakly ordered, with
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FIGURE 6 Phase diagram for a PLC system in terms of the parameters u; ! and . In
the zone I the parameter u, < 4.54 and the system is in equilibrium for s = 0 (isotropic).
In zones I1-V the parameter u, > 4.54 and the system is in biphasic equilibrium with
s =0 and s > 0 (isotropic-nematic or isotropic-smectic) in the zone II, and in biphasic
equilibrium with s = 0 and s < 0 (isotropic-cholesteric) in the zone I1II. In the zone IV the
system is at equilibrium with s > 0 (nematic or smectic) and in the zone V the system is
at equilibrium with s < 0 (cholesteric) only. The curve ¢ represent the three-phasic
cholesteric-isotropic-nematic (or smectic) equilibrium, the curve b biphasic cholesteric-
nematic (or smectic) equilibrium (after [77]).

different values of s. This is illustrated in Figure (5b). A further
increase of u,, leads to the disappearance of the highly ordered phase,
while the weakly ordered cholesteric phase remains. We recall Rule 5
of formation of hierarchical structures [65]: assembling entities in a
specified way can achieve properties which a system is of un-assembled
entities does not have. PLCs are hierarchical, as discussed in particular
by Sawyer and Jaffe [90] on the basis of experimental evidence. We see
here how the Rule applies: the same entities produce two distinct
cholesteric phases. Our approach is quantitative, while in the literature
one find various discussions of “molecular architectures”; no generally
accepted definition what that term means exist.

Inspection and our discussion of Figures (1) — (1 1) show a wide variety
of modification of PLCs phases by an external orienting field. The
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FIGURE 7 A typical behavior of the Helmholtz function 4 of PLCs vs. the orientation
parameter s. () in the absence of an external field, uex = 0, the system is at equilibrium
for s = 0 (isotropic); (b) in the presence of an external field, u., > 0, the system is
at equilibrium for s > 0 (nematic or smectic). The phase transition from (a) to (b) is
induced by the external field and in the Landau classification is not of the first order
(after {89]).
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FIGURES8 A typical behavior of the Helmholtz function A of PLCs vs. the orientation
parameter s: (a) in the absence of an external field the system is at equilibrium for s = 0
(isotropic); (b) in the presence of an external field the system is at equilibrium for s < 0

(cholesteric). The phase transition from (a) to (b) is induced by the external field and is
not of the first order (after [89]).
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FIGURE 9 A typical behavior of the Helmholtz function A of PLCs in nematic or
smectic equilibrium vs. the orientation parameter s: (a) in the absence of an external field;
(b) in the presence of an external field. In both cases s > 0, so that in this case an external
field does not induce a phase transition (after [89]).
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FIGURE 10 A typical behavior of the Helmholtz function A(s) of the same PLC as in
Figure 3, but for higher value of u.,: (a) in the absence of an external field the system is in
equilibrium for s > 0 (nematic or smectic); (b) in the presence of an external field for the
value Uy = texp, s < 0 and s > 0, hence we have biphasic cholesteric-nematic or choles-
teric-smectic equilibrium; (c) for e > ueyn, § < 0 and the system is in the cholesteric
phase. The nematic (smectic)-to-cholesteric phase transition is induced by the external
field and is of the first order according to the Landau classification (after [89]).

modification of an ordering leads to changes of the orientation order
parameter s as a function of u.,. The function is not so simple as that
discussed in Section 1 where orientation parameter is simply propor-
tional to the square of the external field intensity. In consequence, the
theory presented here predict that PLCs systems often are not under
control of the Cotton-Mouton or Kerr equations, the fact confirmed by
experiment (see again discussion in Section 1). Thus, and in contrast to
earlier approaches the theory presented here provides a fairly realistic
interpretation of the behavior of PLCs in external orienting fields.
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FIGURE 11 An illustration of separation of a cholesteric PLC phase into two phases
shown as a plot of the Helmholtz function A vs. the orientation parameter s: (a) in the
absence of an external field we have s < 0 (cholesteric phase only); (b) for ue, = uexp the
system is at equilibrium for two values of 5 < 0 (cholesteric highly oriented and choles-
teric weakly oriented); (c) for e, > uep we have s < 0, but only the weakly oriented
phase remains. The phase transition highly-to-weakly oriented is induced by the external
field and is of the first order in the Landau classification (after [89]).
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