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Mixtures of liquid-crystalline polymers

by P. MAISSA and P. SIXOU

U.A. 190, Physique de la Matiére Condensée, Parc Valrose, 06034 Nice Cedex,
France

A density-functional expansion method is used to derive the free energy of a
polymer mixture. The expression obtained includes the entropy of mixing, the
entropy of configuration of the chains and the interactions (both isotropic and
anisotropic ones). The chains are modelled as interacting elastic lines (bend
curvature). The method is very general, and we only focus our attention on binary
mixtures. The phase diagram and the order parameters are calculated. We show
some results for two types of mixtures: a nematic polymer in a non-mesomorphic
particle (polymer or solvent) and in another nematic liquid crystal (small-molecule
or polymer). We discuss the influence of the molecular weights, the persistence
length and the interactions on the phase separation.

1. Introduction

A considerable amount of experimental and theoretical work has been done on
liquid-crystalline polymers (LCP) in recent years [1-3]. These substances are of
interest from both fundamental and practical points of view. They constitute a new
family of materials, which have a number of industrial applications (fibres, sensors,
electro-optic components etc.) [4, 5]. They are characterized by the existence of a
phase transition from an isotropic to an orientationally ordered state through vari-
ation of temperature (thermotropic polymers) or concentration (lyotropic polymers).

As in the case of a small-molecule liquid crystal (SMLC), the anisotropic phases
may be of different types—nematic, cholesteric and smectic. A variety of experimental
methods have been used to observe and characterize these mesomorphic phases,
which are optically birefringent: optical microscopy, viscosity measurements and
differential scanning calorimetry have been employed in determining the transition
temperature, the critical concentrations and the biphasic ranges [6-10] and also in the
study of the textures [6, 11]; nuclear magnetic resonance has been used [12-14] for the
determination of the order; while the cholesteric pitch has been determined by light
scattering and spectrophotometry [15, 16].

Main-chain LCPs can be modelled in various ways: as rigid chains (rod-like or
helical rod-like, as for polypeptides); rod-like mesogens alternating with flexible
spacers (as for polyesters); semi-rigid chains (bend elastic lines or worm-like chains for
cellulose derivatives, for example) [17, 18].

The chain rigidity of the polymer structure, the chain length and the interactions
between monomers—both isotropic (which are of great importance in flexible poly-
mers) and anisotropic (which also exist in SMLC)—are the main parameters that can
be adjusted to modify the properties (viscosity, biphasic areas, cholesteric pitch) of
LCPs both in the melt and in mixtures). Moreover, from a theoretical point of view,
simple variation of the degree of polymerization, from one monomer to hundred of
units, allows study of the properties of a wide range of particles, from SMLCs to
‘near-infinite’ long-chain polymers. We do not take into account here of the detailed
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chemical structure of real polymer chains, which is of great importance [19] but
is not necessary in determining qualitative general trends and some quantitative
predictions.

LCPs exhibit biphasic areas that are generally much wider than those observed in
SMLCs, although some LCP mixtures seem to be miscible [20].

Prediction of the occurrence of these biphasic areas is one of the main aims of
theoretical work on LCPs. Previous studies have been based mainly on two approaches:
the Onsager approach [21-24] and the lattice model of Flory [25, 26]. They have been
concerned primarily with rod-like polymers in the athermic case [27-34] and include
work on multicomponent systems [28-32] and polydispersity [27]. They have also
been used in the study of SMLC/flexible-polymer mixtures [35-37]. Some studies have
also taken account of the influence of the semiflexibility of the polymer through a
model of rod-like particles connected by flexible joints [32, 38] or the influence of
anisotropic interactions [34, 39]. Different flexibility mechanisms have also been
investigated for nematic polymer melts [22-24]. A wide range of shapes of phase
diagrams were investigated in a model [40] combining the Flory—Huggins approach
(for the free energy of mixing and the isotropic interactions) and the Maier-Saupe
mean-field theory for SMLCs (for the anisotropic interactions); however, this
approach ignores the semirigidity of the polymer, and is better adapted for side chain
polymers [40].

In another approach an elastic-line-type model for the semirigidity of the chain
[18] has been used for the study of the lyotropic {41] and thermotropic behaviour
[42, 43] of an LCP and for the prediction of the so-called pseudo-transition in binary
mixtures of an LCP and a SMLC [44]. It has also been used in the case of side-chain
polymers [45].

More recently, a density-functional expansion has been used for the determination
of the free energy of LCP mixtures [46], and an LCP in solution in a simple molecular
solvent has been investigated [46, 47]. This density-functional approach had been used
previously for SMLC nematics [48] and for flexible isotropic polymers [49].

In this paper we shall be concerned with binary nematic polymer mixtures. In the
first part we recall the general procedure for obtaining the free energy of mixing. We
then develop the calculation of the phase diagram, the order parameters and the
equation of stability (spinodal). We then give two examples: a nematic-polymer/non-
mesomorphic-polymer mixture and a two-nematic-polymer mixture. We show the
phase diagrams, the evolution of the order parameters, the influence of some
parameters, and finally give some concluding remarks.

2. Free energy of mixing
2.1. General procedure [46, 49]
The partition function of a binary mixture of particles A and B, which can be
simple molecules, SMLCs, flexible polymers or PLCs, is given by (K represents either
the A or the B component)

z =11 i, f [TT1 8 (re@ Pelirc@}exp (= V), 0y

in which we have separated the kinetic contributions Z;.
N¢ = Ni/Lis the number of particles of the K component, N being the number
of monomers and Ly the degree of polymerization (in the case of a small molecule




14: 47 26 January 2011

Downl oaded At:

Mixtures of liquid-crystalline polymers 1863

Ly = 1). Pc({r(s)}) is the configurational probability of an individual particle of the
K species described by a curve r(s); it depends of the molecular model chosen and
describes intramolecular interactions. V represents the intermolecular interactions; it
will be expressed in a general form by (we only consider two-body interactions and
assume additivity of the various contributions)

BV = L3 we, @

1
2 k%
where

( S WS (r,—r) (2 small molecules),

WK — < D ds W, — r;(s)] (polymer/small molecule),

Y J ds ds’ W [r,(s) — r;(s)] (2 polymers).

\ /J’

By introducing the microscopic particle density g (r, w) at position r with
orientation w, with w(s) = dr(s)/ds, so that for a polymer

wew) = 3 [T ot — o — w o) Ga)
and for a small molecule j
isow) = 3 o0 — r)ow ~ wo, (35)
we get
xp(~Y) = [T] decT] dlex = &ulr wilexp (=), @
with
W= 33 [drar dwaw gt w) W@ W woe W) (9

Using the integral representation of the § function, (1) becomes

Nk
ZK

Z = JH Sox duy

X H QK exp[; Jdr dw ug(r, W)og(r, w) — W], 6)

where

Jér dw Py ({r(9)}) exp[—f ' ds uy (r, w)] for a polymer,
Ox = ’ (7)

fdr dwexp [ — ug(r, w)] for a small molecule.
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The quantity Q represents the molecular model for component X in the mean-field
u,, with configurational probability Py {r(s)}. # is a normalization constant.
We can write the partition function in terms of a free-energy functional:

Z =9 j[l;[ S duxexp[— BF (ox, ux)l, 8)

so that, using Stirling’s formula, we obtain an expression for the free energy (neglect-
ing kinetic contributions)

NK NK NK
:B'g;'(gl(, uK) = %E(lnz; - l) - ;Z;IUQK
- Jdr Aw oi(r, W)ug(r, w) + W. )
K

We use the saddle-function method to minimize the functional (% (gx, ug) with
respect to g and u,. We obtain coupled equations for the equilibrium densities and
mean fields:

é .
ok(r, w) = — Ny -Q—K—, with jdr dwo(r,w) = Ny,
LyQx Sug
(10)
(r W) = 5.___.W
uK . -_ 5@[( .
In pure component K the free energy is (we use label 0 for the pure components)
NQ N} ¢
pF @) = (102X 1) — Mg — | dr aw g4(r, wyidk(r, w)

1 ,
+5 jdr dv dw dw’ g% (v, W)W (r, v', w, W) 0% (r', w'),
So that the free energy of mixing is

N,
AF = F = Y 30 P (@ ). (1
K 4Yk

2.2. Uniform-density case
First we separate position and orientation dependence, with g,(r, w) = gx(r) f(w),
Jx(w) being the orientational distribution function for K. The two-body interaction
WXX is expanded in spherical harmonics [50), so that

W (r, v, w, w) = W(r, w, w)
= Y WG, L1, LCAL Lmmm,)
Ly
X Y (/¥ D) Y (W) Y5 (W), (12)

where C(ll;[,mm,;m,) are the Clebsch—-Gordan coeflicients and r = r — r’.

We shall proceed with systems of uniform density, so that the density distribution
will depend on orientation alone. We introduce the number densities ngx = N /V (V
is the total sample volume) and the volume fraction Xy = n,v,, vy the unit volume
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of K, so that gx(r, w) = nygfrx(w) and, with the use of (7) and (12), the expression
(10) become

fw) = — j 5t ow Py ({r})exp{— f " ds uy [r(s)]H " slw — ws)] d,
LKQK (1] 0
ug(W) = Y X Y (= 1YW (0, I, Y, (W) ¥y, (14)
K im
where
WK (0,1, 1) = JdrrZW“’(r, 0.1, 1)/7),(,(2’4“; 1>”2

Yem = fo (W)Y, (w’) dw’

2.3. Polymer-chain model
We choose the model of a semirigid polymer [18] with bend elastic constant x,
which is represented by an elastic line ri(s); wg(s) = dry(s)/0s is the tangent to the
curve at the point s from the origin of the chain, wy. and wy. being respectively the
initial (s = 0) and final (s = L;) orientations of the chain. The persistence length
of the isolated chain is [18] ¢y = fx, and the configurational probability is

(W@l = 1
Peron = op{-ipn [ o] T (1)

The mean-field potential that corresponds to the intermolecular interactions will
be taken to be of Maier-Saupe type (we limit the expansion in (14) to / = 0, 2 with
m = 0 (symmetry of the nematic):

ug(w) = B ; Xy " — 1™ Py(w)Si 1. (16)

BulE = [(21 + 1)/(@m)]| W (0, 1, I)| represent the strength of the effective inter-
actions, both isotropic repulsive (/ = 0) and anisotropic attractive (! = 2). From
(13), (16) and the use of the Green function, the order parameter and orientational
distribution function are given by [47]

Sy = Jfk(w/)PZ (W) dw’ (17)

1

Se(w) = L0«

Lg
j ds fa’w' dw’ Gy(w’', w; 0, 5)G{(w, w”; s, Lg), (18)
0

QK — J‘dw/ dw// GK (W/, W//; 0’ LK),

w(Lg)=w" Ly 2
Gy(w,w” 0, L) = J o(w)exp {— J ds [%ﬁx,( (0@_\{:) + ug (w)]}.

w(0)=w’
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G(w’, w”; 0, L) is a solution of the Schrodinger-type equation [47, 51]

[__a_ _ L A, + UK(W)] Gy(w, w’; 0,5) = 6(s)d(w — w). (19)
0s  2Bxy

Finally the free energy of mixing per site for a binary PLC mixture is given by
{with v, = 2)

v AF
M =TT
X 1 - X X 1 - X
= —InX + Inl — X) — —Inz, — Inzg + X(1 — X
L. . ( ) L. A Iy B ( )Xo
+ %quAAS,i + 11 — X)PuPSE + X(1 — X)u*BS, S,
+ terms linear in X, (20)

where y, = B(up® — Lug® — Lub®) = Bu, is the isotropic interaction parameter
(Flory), u/ = Buj are the anisotropic interaction parameters, X is the volume fraction
of polymer A(X = X, 1 — X = Xp) and

Zy = Qxexp (BLK ; Xk “(ll(K'>~

Four types of terms are present: the entropy of mixing, the polymer configuration,
the isotropic interaction and the anisotropic interactions.

A and B can be polymers or small molecules (Ly = 1), leading to mesomorphic
phases or not (' = 0). A polymer can be flexible (g; < 1), semirigid or rod-like
(gx > o) [52].

If we neglect isotropic interaction in the case g — oo, we can recover the case of
an SMLC mixture [53]; while if the anisotropic interactions are neglected, we recover
the Flory—-Huggins model of polymer solutions [54].

3. Phase diagrams

To calculate the phase diagrams, we need expressions for the chemical potential
p = 0fy/0X and the pressure I1 = f,, — Xpu {40]. The respective equalities of the
chemical potentials and the pressures in the phases in equilibrium, together with the
equations giving the equilibrium order parameter, df,,/0Sx = 0, in these phases
solves the problem [40]; this requires numerical calculation (the derivation of the order
parameter has been described in detail elsewhere [44, 47]). We can have three types
of biphase isotropic/isotropic (I/I), isotropic/nematic (I/N) and nematic/nematic
(N/N). The equations are

HII(XI” T) = ﬂlz(X129 T),

(. T) = O, T), (21a)
Sk = 0;
I"l(Xls T, Oa O) = :uN(XN, T> SAaSB)a
I/N HI(A/U T) O’ O) = HN(XNa Tn SA: SB)a (21 b)

0fuloSx = 0;
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:uNl(Xle Ta S}%a Sé)
N/N HNI(XNla T: S/I\5 Slll)
ful0Sk

,uNz(XNZ: T’ S/ZX’ Sl%);
HNZ(XNza Tﬂ S/ZX’ S]23)’ (21 C)
0, i = 1,2

I

4. Spinodal curves
These are obtained by equating to zero the second derivative of the free energy
with respect to the polymer volume fraction X, and give the region of instability of
the phases. This leads to a fourth-order equation:

Pfu _ o
ox:  ox
1
= m(ax“ + bX? + cX? + dX + e)
= 0, (22)

with a, b, ¢, d, e and A functions of all the molecular parameters, the order parameter
and the temperature.
For the I/I biphase (S, = Sz = 0) we recover the usual equation

B

2oL X? + (% —1 - 2X0LA>X+ 1 = 0,

and the critical point is given by [55]

1L\ 2
YoLae = 5[:(14_3) + 11,
L 1/271-1

X, 1 ZA
[ (z) ]

For the I/N and N/N biphases we have the equation given above (22). If we ignore
the isotropic interaction then y,L, = 0, and we have an equation of only third order
(@ = 01in (22)).

(23)

5. Typical phase diagrams
In order to illustrate the above discussion, we shall consider two examples: two
types of mixtures.

5.1. A mesomorphic-polymer/non-mesomorphic-polymer mixture

This includes solutions of an LCP in a solvent, which were the main subjects of
previous work [46, 47]. We have u®® = 0, and we choose a special case with ¥*® = 0,
i.e. no orientationally induced order in the non-mesomorphic component (no orienta-
tional correlation between A and B). The parameters are the ratio L, /Ly of the lengths
of the two components, y, L4 (or x,Lg) the isotropic interaction at a given tempera-
ture (here we choose the transition temperature 7, of the pure LCP A) and the ratio
L, /qa of the length to the persistence length of the LCP, which characterizes the
relative rigidity of the polymer.
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Figure 1. Mesomorphic-A/non-mesomorphic-B mixture; L/qs = 2-5, Lo/Lg = 2-5, ¥,.
L, = 3.(a) Phase diagram. (b) Order parameter at T/7, = 0-85 as a function of volume
fraction X. (¢) Order parameter at X = 0-98 and 0-90 as a function of reduced tem-
perature 7/7,.
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Figure 1(a) shows the phase diagram, as a plot of the reduced temperature T/T,
versus the volume fraction X of the LCP A for L,/qs = 2'5, L,/Lg = 2-5 and
1oLa(T,) = 3. We do not need the value of the anisotropic interaction because the
L, /q, value fixes its value at the transition temperature 7, in the melt [47] and we use
the reduced temperature. In this example the critical point obtained from (23),
YoLa. = 3-3311 and X, = 0-3874, corresponds to a reduced temperature T/T,, =~ 0-90.
We can see an I/l biphasic area together with a large I/A biphasic region. The
pseudo-transition [56] is also shown. We can see the evolution of the order parameter
of the polymer A at a fixed reduced temperature (7/7, = 0-85) as a function of
volume fraction X (figure 1(»)) and at fixed volume fractions (X = 0-98 and 0-95) as
a function of reduced temperature (figure 1(c)). The order parameter is nearly one
and a half times greater in the biphase as at the pseudo-transition. This may explain
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Figure 2. Influence of the molecular parameters on the phase diagram of a mesomorphic-
A/non-mesomorphic-B mixture: (a) fixed Ly /ga = 2:5, Lo/Lg = 2-5and yo Ly = 3(0),
0 (m); (c) fixed Ly/ga = 2-5, goLa = O and L,/Ly = 1 (@), 25 (W), 10 (¥); (d) fixed
L,/Lg = 10, xoLy = 0 and L, /q, = 10 (O), 25 (v¥). (b) Phase diagram of a meso-
morphic-A/mesomorphic-B mixture; fixed L, /g5 = 327, Ly/qg = 2-5, Lo/Lp = 13-08,
wh = 8% = B and 3L, = 10-5 (W), 10 (@), 9 (O), 0, (V).

certain discrepancies that have been found between experiment and theory. Figure 2
shows the influence of the various parameters, y, L, (figure 2 (a)), L, /Ly (figure 2(c))
and L, /g, (figure 2(d)). The biphasic area increases with increasing isotropic inter-
action, decreasing ratio of the length of the mesomorphic component to that of the
flexible one, and decreasing of rigidity (increasing L, /qg,). This is in agreement with
experiment and our knowledge of polymers where large steric repulsions give rise to
a wide region of phase separation, and a mixture of two polymers give rise to a larger
biphasic area than a polymer/solvent one. Figure 3 shows the spinodal curves related
to the phase diagram of figure 1(a). We can see an unusual branch, which is related
to the anisotropic part of the free energy (the ‘limit’ line corresponds to the limit of
existence of this anisotropic part of the free energy).

5.2. 4 two LCP mixture
The number of parameters is now increased; we need the same parameters as
above together with Ly/qp, u5°/uf® and u)®. We only consider the case where
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Figure 3. Spinodal curves for the mixture of figure 1.

uhBY = uh*uB® (the orientational interaction between the two species is the geo-
metric mean of the interaction of each component).

Figure 4 shows the phase diagram (a) in reduced units (7/T,4 as a function of the
volume fraction X of A, T, being the transition temperature of the pure LCP A), and
the variations of the order parameters of the two components A and B as functions
of volume fraction X at two values of the reduced temperature: 0-90 (b) (in the I/N
biphasic) and 0-85 (¢) (in the N/N biphasic). The parameters are L, /g = 32-7,
Lo/gs = 2'5, Lo/Ly = 13:08, 3, LA(T,4) = 10-5 and #®%/u** = 1. Then gL, =
10-6566 and X, = 0-2166, which corresponds to T/Ts. = 0-985. We see the existence
of I/I, I/N and N/N biphases. In the N/N area we see coexistence of two nematic
phases, with two different order parameters for each component. Figure 2(5) shows
the influence of the isotropic interaction parameter, which causes all the biphasic
areas to grow as it increases—which is to be expected.

6. Conclusions

The theory presented here takes into account the influence of semirigidity of
polymer chains and interactions (isotropic and anisotropic). The persistence length,
and so the semirigidity of the polymers, are parameters that can be estimated quite
casily, for example through intrinsic viscosity measurements [57, 58] and the use of
Yamakawa’s theory for worm-like chains [59]. For a thermotropic particle the aniso-
tropic interaction parameter can be obtained from the experimental transition tem-
perature of the pure melt [47]. We have shown examples of phase diagrams and order
parameters associated with I/I, I/N and N/N biphasic regions. The present theory
includes theories of flexible polymers and SMLC mixtures as limiting cases.

Further publications will include systematic studies of mesomorphic/non-meso-
morphic mixtures and mesomorphic/mesomorphic ones. Special attention will
be given to the influence of the parameters on the shape of the phase diagram. The
spinodal curves will also be refined. Applications to real polymer mixtures, including
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Figure 4. Mesomorphic-A/mesomorphic-B mixture; Ly /g = 327, Lg/qs = 2-5, Ly/Lg =
13-08, yo. La = 105, ut* = u® = u®: phase diagram (a); and order parameters at
fixed reduced temperature 7/T,, = 0-95 (b) and 0-85 (¢) versus volume fraction X of
polymer A.

comparisons with experimental data, will also be investigated. Multicomponent
systems (e.g. ternary systems [60-63], which constitute a wide class of practical
interest, since mixture of only two polymers is often impossible and needs the use of
a third component, a solvent) will also be treated using this model.
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