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ABSTRACT

A novel class of the liquid crystal polymers with mesogens laterally attached to flexible main chain
backbones has been synthesized recently by us. While the flexible backbones tend to take configuration of
‘maximum entropy the mesogenic side groups tend to orientate because of the anisotropic soft dispersion
forces. A mean field theory is presented to describe the competition between these two trends which makesiit -
possible for this class of polymers to show anisotropic (liquid crystal) phase within certain tlemperature range
where the polymer main chains and the side chain mesogens will take approximately parallel arrangement,
which is different from the normal side chain liquid crystal polymers. The temperature range of the liquid
crystal phase, its ordering and phase transition all depend on the flexibility of the backbone, the strength of
the anisotropic forces of the side groups and the hinge elasticity. The results show that the liquid crystal-
isotropic phase transition is of the first order. The phase diagram, i.e. the dependence of the transition

temperature on the structure of the polymers is also given.

INTRODUCTION

In the last years, a lot of the polymers with the thermotropic or lyotropic liquid crystal (L.C)
phases have been synthesized. It is found that there are two kinds of LC polymers, the linear
polymers with main chain mesogenic groups and the flexible spacers, and the side chain polymers
with the side chain mesogenic groups. The presence of the mesogenic groups can be the rod-like,
the disc-like, and even the alternative of both of them. We can see the occurence of the mesogenic
group brings into strong effects on the conformation, the statistics and the phase behaviour of the
polymers!! ~81,

Recently, a new class of the side chain polymers has been synthesized by us. The main chain is
flexible, but the side chains at regular intervals along the main chain’ consist of the rod-like’
mesogenic groups. The side chains are linked with the main chain via short linkages. The geometry
of the hinge makes the side chain to tend not to be perpendicular to the main chain as that the
conventional side chain LC polymers do, but to be parallel to it. The polymers are poly(2, 5-bis (4~
alkoxybenzoyloxy) benzyl acrylates), the chemical formulas of which are shown below:
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c=0
0
CH,
R=R =0CH,,,, » n=1, 2 and 4.

The optical experiment shows that the polymers exhibit the birefringence and the form of a
Maltese cross under the cross polars, as shown in the Figure 1. Such behaviour is interpreted in

terms of t!m typwul nemauc hqmd crystal texmre.

“Fig. 1 The optical texture of the sxde chain LC polymers under cross—polar microscope. T = 150°C, 100X.

A theoretical model is presented here to describe the nematic—isotropic phase transition of
this new kind of the side chain polymer, which depends upon the flexibility of the main chain, the
coupling of the side groups, the hinge elasticity, and the length of the side group as well as the side
chain volume fraction. The two order parameters are presented to describe the ordering of the
main— and side chains respectively. The dependence of the order parameters on the temperature is

calculated.

MODEL

The main chain of the side chain polymer is linear. In general, the main chain is not complete
flexible and has more or less rigidity. We will describe the properties of the main chain in terms of
the semi-rigid chain theory!®*l.

The conformation of the main chain in the absence of the external fields would be the random
walk coil. Meanwhile, the side groups are actual low molecular weight liquid crystal nematogens,
they tend to align parallel to each other. The Maier—Saupe (M-S) theory!®! and the Onsager
model'®) have shown that either the anisotropic dispersion force or the steric repulsion of the
elongated shape of rigid rods can make the mesogens to show the anisotropic phase, the
nematic LC.

The new side chain polymer mentioned above can be thought to be a binary mixture of the
typical linear polymers, the main chains, and the typical low molecular weight LC, the side chains,
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with the hinge elasticity as the interaction between them.

Figure 2 shows schematically the side chain polymer. It is of interest to note that in such
polymers the side chain groups tend to be parallel to the main chain because of the hinge
interaction. The length of the main chain is L when it is fully extended. ! is designated as the arc
length from one end of the main chain, u(l) is the tangent of the main chain at [, the unit vector.
The long axis of the rigid elongated side group is labelled by an unit vector s, the magnitude s is the
axial ratio of the side group. The uniaxial direction of the side chain polymer is defined 7, i.e. the

director.

Fig2 The schematic of the new side chain polymer.’s is the long axis vector of side group, L is the total length of main

chain, ! is the arc length from one end of main chain, E(l)— {hé fzingent of rﬁain chain at |}.

The interaction of the main chain and the side groups attached to it is obviously dependent on
the relative orientations of z(l) and s. As mentioned above, the hinge of the main- and side chains
proposes that it be the lowest energy state when u(l) and s are parallel to one another.

In the mean field approximation, the interaction is proportional to the square of the scaler
product of the vectors & and s, it takes the form

~s. w)? @
Let us choose a Cartisian co—ordinates with the z axis along the director n. We will define thes
and u by their polar angles, 8, @ and 8, @, respectively. As a result of the equal azimuthal

distribution of the s and u, we can assume the system behaviour is independent of ¢ and ¢, and
thus the statistical average of (s. u)? is given by

- N g
(5. u)? = cos?0cos?0’ + —2-sm2951n20 :

2 ,
=3 P, (cosb) P,(cost') + % 2

where P,(x) is the second-rank Legendre polynomial, i.e. P,(x) =3x2/2—1/2. In the
equation (2), the constant 1/3 does not contribute to the statistics of the system we concern with,
and may be omitted. The factor 2/3 of first term may be combined with the hinge elasticity c.

The flexible main chain is to make the conformation of random walk coil to get the maximum
configuration entropy. Meanwhile, the side mesogens tend to align to be an ordered arrangement.
So that there is the competition of the two tendencies through the hinge interaction.

In the mean field theory, the potential of each side chain will take the form which is similar to
the Maier—Saupe expression
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U, = — xas S, P, (cosl) — ¢S, P, (cosB) 3)

Here the subscripts s and m are designated for the side chain and main chain respectively. The first
term comes from the dispersion force of the side groups themselves with (as) as the material-
dependent coefficient. As a result of the existence of the main chain, the coupling of the diluted
side chains will be multiplied by the volume fraction x of the side chain. S; is the order parameter
of side chains.

S, i1s defined as follows:

Ss = { Pz (cost) ) 4)

The bracket represents a thermal average over all the orientation of the side chains. The second
term in equation (3) is related to the interaction from the main chain, where S, is defined as the
average result of each segment of the main chain, i.e.

Sy = J‘L {P,(cost) > dl/L (5)
o

The main chain can be taken as a continuous semi-rigid, lonig chain with the bend modulus &.
So that we have the bend elastic energy

L d_u' 2
1/28-[0(5) dl 6)

Here ¢ is dependent on the flexibility of the main chain, the more the flexibility, the less the
modulus é, in other words, the less the rigidity. The bend deformation of the main chain is

—

du
expressed by ik In addition to the elasticity of the main chain itself, the interaction from the side

chain adds hinge elastic energy. If we assume that the N side mesogens are attached to a main
chain, the hinge energy will be given by, after the average along the main chain,

N L
-— J ¢S, P, (cosf) dl 7)
L}, :
As the result, the partition function of each main chain is given by
_ e (L. N L
Z,= [duexp[ —ﬁ—J uldl+ ﬁ—chJ Pz(é)dl:| ®)
2)o L 0
where u = tfi—l;, E=cosl, B=1/kyT, kg is the Boltzmann constant. We follow the method

proposed by Warner et al.’®! and Wang and Warner model™! in the following calculation. It is
known that the path integral in equation (8) is equivalent to a diffusion equation of a particle on the
surface of an unit sphere, which is called Brownian walk equation,

ol

Here D = 1/2f¢ is the rotational diffusion coefficient, D~ ! has the dimension of length, in .
fact, it is the step of random walk when the main chain is in the isotropic phase. For convenience,
we normalize all the length, e.g. L and [ by D™ ! which can be measured by small angle X-ray or

[3 — D2 — AY(1 — cos?y + §A2 ]c(z, Wil ) =0(u, u)e I). 9)
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N :
neutron scattering. A% = —32 cef? S,- V3 is the angular part of the Laplace operator. The Green

function G(u, u'; I, I') is the propagator taking the u(l) along the main chain from initial direction
"u'at the point /' to the final z at the other point /. 8 is the Delta function. Suppose the [ dependence
of the propagator G, e~*", thus the equation (9) becomes

|:A + 10 d(é (sm()——)+A2(l—c0520)] wo )'=0, (10)

2
The eigenvalue A, = 4, — §A2. If the main chain is a free semi-rigid chain, thus A? = 0, equation

(10) will be the Legendre equation with the eigenvalue A, = n(n + 1). For a long flexible chain, the
conformation of the main chain is the typical random walk coil, and no erientation order will occur.
When S; > 0, the definite A% makes the flexible chain to walk in an uniaxial, anisotropic potential
which takes the maximum at the equator and the minimum at the region of two poles. As the
result, the segments of the main chain are forced to orientate towards two poles.

Equation (10) is the standard form of the Spheroidal wave equation of zero—ordert!').
The propagator G can be obtained as follows:

2n + l & -1

Z XQRAGES (11)

G(¢ &5 L )=

where Sp,(x) is the Spheroidal wave function of zero-order. For a very long chain, only the lowest
term is dominant because of the exponent, hence the partition function Z,, and the order parameter
S, will be obtained as

Z, = f dédE G (&, &5 L, 0) = Z nt 1[ jdé Sv.,(é)]

n=

2
=%[ JdéSpo(é):| P (12)
and
Sn= %f Udédc P& GE, & L, 0)/2]
0
23| aersworeo. 13)

Meanwhile, for a side mesogen, the partition function Z, is

1
Z, = f expf B(zxas S; + ¢S,,) P, (2)]dz, (14)

where z = cosf. And the order parameter S, is given by

S, = j ) l' P, (2) exp[ B(xas S, + ¢S,) Py(z)] dz/ Z, (15)

Obviously, equations (13) and (15) are the self-consistence equations about S, and S,.
The numerical method can be called to solve the equations. For the qualitative demonstration
of the behaviour of the system, we will asymptotically expand the parameters S, and S,,. First of all,
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3
we reduce the form of S into the Dawson function, denoting a = 3 B (xas S; + ¢S,,), thus we get -

Ss=3 iln

5 [JD“[)] (16)

where D(x) is the Dawson function. Subsequently, we expand the Dawson function in first
approximation. Consequently, the order parameter S; takes the form

3 1 ks T
=1-= 1B 17
S=1 20 + 0(:12) xasS; + ¢S, {17

Warner et al.®} have obtained the asymptotical expression of the Spheroidal wave function.
Introducing the asymptotical expression, after the simple algebra, the order parameter S, of the

main chains becomes

S =1—— +0(1/|A| 5

2/A|
gl_é._ﬂ___ (18)
2 x ES
1—x's"®

If we assume that the main— and side chains have the equal cross—section, it is found to be a good

approximation, thus it yields the volume fraction as follows:

_ Ns ' |z L
T Ns+L’ *ThNs+L

(19)

Equation (19) means implicitly the limit on the value of x. Because the side chain of the axial ratio s
is at least connected to one segment of the main chain, the volume fraction has the maximum, i.e.

1

_ 20
Tmax =11 1/s (20)

Suppose the free energy of the isotropic phase of the side chain polymer F, is zero, the free energy
of the nematic LC must be less than F; for the stable nematics. It is convenient to set a
normalization temperature Ty which is the nematic (N)—isotropic(l) phase transition temperature
of the pure side mesogens alone. From the equations (17) and (18), we get the solution of both S
and S,, versus the reduced temperature 7* = T/ T, with the coupling constants of the ratio of
as:c:&/s. According to the calculation of Wang and Warner!®), the free energy per persistence
length D™! of the main chain is given by :

| D-l
Fo/L=—kyTho +=—v S, S, — @1)
21 —x s
where the eigenvalue 1, is given by
2
do=— §|A|2 + 2|1A — 1 + O(1/|Al) (22)

Meanwhile, the free energy per side mesogen is
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o ' 1
F,= — kg TIn(Z,/2) + E(xasSs2 +¢S5,S,)
2 1 ) ‘
=—kgT ga—lna—an +§(xasSs +¢S; S,) (23)

Here the first term is taken from the expansion of the Dawson function in the similar way as that in
the equation (17). Consequently, the total free energy per side chain polymer molecule becomes

' 1—-x F, F,
FN=Fm+NFsF(Ns‘+ L)< TR :) (24)
When the N-I transition occurs, the equation (24) must vanish, i.e. Fy =0. It yields
SR S 2
1-xT2A -1+ gIAI2 (Sp — 1] + x%aep? S? — 2,Bxi<§oc — Ina — ln2> =0 (25)
s

In the isotropic phase, S; =S, =0. At the N-I transition, the order parameters jump
simultaneously to zero from definite values, which corresponds to the definite heat content. Thus
N-I transition of the side chain polymer is of the first order type.

Similarly to those of Wang and Warner!“:¢), the entropy S per unit volume is

2 .
S/ks= = (1 - x)3 SalAP —2xp<§a—1na—1n2>f (26)
S

And the heat content thus is
Q=T.S. (27)

where T, is the N-I transition temperature, S, the entropy change at the transition.

. SUMMARY
As mentioned above, we choose Ty the normalization temperature which'is given by, in the
Maier-Saupe theory, ‘

kg Ty/ (as) = 0.2202 (28)

_where the constant (as) is equivalent to a in the Maier—Saupe expression.
. The formulas in §2 show that the statistics of the system depends upon the flexibility ¢ of the
main chain, the coupling @ and the axial ratio s of the side mesogen, and the hinge elasticity c. It is
found that the statistics of the system depends equivalently upon the following ratio

K=as:c:g/s.

Figure 3 shows the dependence of the parameters S, and S, on the temperature with a typical x
= (.7, and with two sets of K, K=1:0.2:0.2 and K =1:0.2:0.05. One can see that at the:
absolute temperature, i.e. T* = 0, S; = S,, = 1. The results are expected, but it is only important
in the theoretical sense. In fact, no materials can keep the nematic order until T— 0 K. As the
temperature increases, the order parameters decrease smoothly until the critical values S, and S,,,;
at the N-I transition. In the Figure 3, the S; is not concised with S,,, which means that the main—
and side chains have different orientational order, it is the reason that we propose two order
parameters separately for main— and side chains.

It needs to point out that the asymptotical equations (17) and (18) suggest the « and A are



218 CHINESE JOURNAL OF POLYMER SCIENCE 1987

! and A7!. They are working well as the

large enough as to neglect the high terms of a~
temperature T is far from the N-I transition T, but when the T'is close to T, the high terms will

become significant, so the order parameters S.s at T, are not very precise.

T T T T
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Figure 3 The order parameters S, and Figure 4 The phase diagrams with the
Sy a8 the function of reduced temperature T*( T/ T). reduced temperature T ¥ against the volume
T, is the N-I transition temperature of pure side fraction x of side chain (I). The curves correspond:
mesogens. The solid curves correspond to S,, & =04,02 0.1, 0.05 with K =1:02:¢".

the dashed curves correspond to S,,.
1, the coupling constants of the ratio
K=as:c:e/s=1:02:02; 2,

2, K =1:02:005.
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Figure 5 The phase diagrams with the Figure 6 The phase diagrams with the reduced

reduced temperature T ¥ against the volume temperature T *against the volume fraction

fraction x of side chain (II) The curves correspond: « of side chain (Il). The curves correspond:
¢ =04,02 0.1, 005 with K =1:c:0.2. K =1:0.2:0.2 which is equivalent to s = 3, -
and K = 1:0.1:0.05 which is equivalent to s =6.
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Figure 4 shows the phase diagrams;the dependence of the N-1 transition temperature T,* on
the volume fraction x. With the increase of x, T, increases, but it is always less than T, As a result
of the limit of x, the calculation is suitable below the certain value of x for various s. For example,
Zmax= 0.75 for s = 3. As x approachs zero, the nematic order vanishes. The result is expected for
the flexible linear polymers. Actually, there should be a minimum limit x,;, for x because of the
crystallization or glassifying of the polymer. The curves in Figure 4 correspond to different bend

modulus. As ¢ increases, the curves rise up.
Figure 5 shows the phase diagrams with reduced temperature T * against the volume fraction

« of side chain corresponding to different hinge elasticity c. It is through the hinge elasticity ¢ that

the side mesogens force the main chain to align.
Figure 6 shows the influence of the axial ratio s of side chain on the N-I transition, where two

curves corresponding to s =3 and s =6 were drawn. It is noted that the T, will change
simultaneously with s, as shown in the equation (28).

COMPARISON WITH THE EXPERIMENTS
We take into account the bonds of the hinge, as shown in the Figure 7, one can find that the
local main chain segment and side group are almost parallel to each other. The case is the same as
what the article described.

H H H §H
7 A\,

ce C
— NN

AN

€E—C

Figure 7 The bonds at the Hinge of the side chain polymers.

The paper has assumed that the dimension of the cross—section of the main chain is about the
same as that of the side chain. The assumption is supported by X-ray diffraction. The experiment
shows, in the range of the diffraction angle-from 10 to 60 degrees, only a diffuse ring at 20.04
degrees, which is attributed to the liquid—like positional correlation, corresponding to around 4 to
5 Angstroms of the diameter of the cross—section.

The side chains of the side chain polymer consist of the mesogenic groups, which are similar

to the following low molecular weight LCs. One of them is
0 )

H,co@>-'c'—o-<@—o—'(';-<<3—om3
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which exhibits the N-I transition at 297°C'2,
The chemical formula of another low molecular weight LC is

0 0
mco-@-g- --gocn3
HO

The later is measured by the DSC experiment which shows the N-I transition temperature of
224°C. :

Meanwhile, the side chain LC polymer shows the reduction by a few tens degrees to the N-I
transition which is 170°C by the DSC. If we choose arbitrarily the former low molecular weight L.C
as the side mesogens of the side chain polymer, we will have T} = 0.76. The corresponding
volume fraction of the side chain is found to be 0.75. The result is qualitatively in agreement with
the theoretical expectation. '

The question of interest remains whether there is a helical conformation in the side cham LC
polymer which is likely expected. Some experiments are being carried out on it.
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Side chain liquid crystal polymer; Poly(Z, 5-bis (4—alkoxybenzoyloxy) benzyl acrylates); Brownian
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