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CRITICAL POINTS AND RE-ENTRANCE IN
LIQUID CRYSTALLINE SIDE-CHAIN POLYMERS

W. RENZ
Institut fiir Festkisrperforschung der Kernfor-
schungsanlage Jilich, D-5170 Jilich, FRG

Abstract Competing nematic and smectic A
phases of comb-like polymers are described
by combining Maier-Saupe and McMillan type
theories with the worm concept of semi-flexi-
ble polymers. There are as few material para-
meters as possible: main chain flexibility and
phenomenological coupling constants. New
gqualitative predictions, the existence of cri-
tical points and re-entrant nematic phases, as
well as quantitative predictions for com-
parison with experiments are provided. A new
mechanism for thermotropic nematic biaxiality
which is specific of side-chain polymeric
liquid crystals is found.

INTRODUCTION

In contrast to isotropic polymers, their liquid
crystalline counterparts have been shown to exhi-
bit rather unusual, anisotropic chain configura-
tions /1/. As for nematic main-chain polymers a
strong, exponential, temperature dependence of the
chain extension has been predicted by de Gennes
/2/, who introduced the concept of thermally acti-
vated hairpins. A more quantitative theory which
includes this effect and also describes the nema-
tic-isotropic transition has been developed by

549
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Warner et al /3/. For smectic A comb-like polymers
the concept of layer hopping has been introduced
and evaluated guantitatively by Renz and Warner
/4/. Quite recently, this idea has received some
experimental support from small-angle neutron
scattering (SANS) measurements which are, at
least, compatible with an exponentially varying
coil anisotropy (see Noirez et al., this issue).
The aspects of chain configurations are discussed
in detail by Warner, this issue.

The large entropy reservoir inherent in poly-
mer flexibility 1is an essential point which
distinguishes polymeric liquid crystals from their
low-molecular mass counterparts. In combined side-
chain polymers /6/, mesogenic side chains are
attached to a semi-flexible, also mesogenic main
chain by a flexible spacer which allows for sepa-
rate ordering tendencies of main and side chains.
In order to describe the consequent competition
between main and side chain order quantitatively,
a mean-field type theory of wuniaxial nematic
phases has been developed /7/.

In the next section, I am going to present
the basic ideas of this theory in order to explain
the new features in the phase diagrams (critical
points and re-entrant nematic phases) and to dis-
cuss connections with experiments. Furthermore I
will be showing the extension of the theory to
describe smectic A phases. Finally mechanisms to
reach biaxial thermotropic nematic phases will be

discussed.
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UNIAXIAL NEMATIC PHASES (cf. /7/)

Figure 1 shows the three stable nematic phases
which are characterized by the sign of the two

Maier-Saupe order parameters SA = <P,(cos SA)> of

side chains and SB = <P2(cos 4,)> of main chains.

B)

N Sa >0 N S<0

1 S<0 I S>0 Nip  SuSg>0
Fig. 1: Chain configurations in uniaxial nematic
phases

Phases NI and NIII have been observed using dif-

ferent techniques in melts of Polymethacrylates
(SANS /1/, photoelastic /8/, NMR /9/) and in Poly-
acrylates or Polysiloxanes (SAXS /10/, NMR /9/)

respectively. In the case of phase NII the situa-

tion is less clear. It could appear in combined
polymers. Recently a transition deviding the
nematic range into two regions of different
nematic phases has been found /5/. Biaxial
derivatives of Nt might occur, too (see below).

In essence, the theory uses only four mate-
rial parameters, an effective bending energy e
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accounting for the main-chain stiffness and three
effective nematic coupling constants (as in

Maier-Saupe theory) ;A’ VB and ;C describing the

side-side, main-main and main-side chain coupling

respectively. VC contains the competing influence

of hinges prefering a perpendicular alignment and
of nematic coupling prefering a parallel alignment
of main and side chains. All four parameters are
effective energies per unit cell (consisting of
one side chain, spacer and part of the main chain
between two hinges). It seems conceivable to
determine these parameters from part of the expe-
rimental data in order to obtain predictions for
independent experiments without adjustable para-
meters.

The two self-consistency equations can be

evaluated analytically to give

<
w0
I

cSp = kg7 ggl(sA) - VaSa (1)
Mg 2zt (sg) - s (2)

(3e)” 5SR

<
7
It

where gpr gy are universal functions, the Maier-

Saupe function and a certain function derived from
the lowest eigenvalue of the spheroidal wave equa-
tion respectively. A graphical illustration is
given in figure 2. Intersections correspond to
solutions, whose local stability can be determined
from a slope rule. The solution with minimal free
energy can be shown to be found from Maxwell-like

area rules as indicated in fig. 2.
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Vc< 0 ?A>V
B T fixed

10 T
‘llill |
6 S TL"
-05 \_/ A
_.05 L T —Vc /VB
. -0.011 00 0.250
Fig. 2: Order parameter dia- Fig. 3: Phase diagram
gram above NI-NIII transition. showing the first order
The difference of the shaded transitions (solid lines)
areas represents the diffe- critical point (open

rence of free energy between circle) and linear res-

the phases N_ and N

T ITT" ponse region (shaded).

To be specific, we now consider the phase
diagram for comb-polymers with a slightly meso-

genic backbone i.e. ;A/;B >> 1 (Fig. 3). The iso-

tropic-nematic transition is driven by the teeth
of the comb: SA > 0.4. The backbone is coupled to

the teeth via ;C and exhibits a small positive

N2 hase) or negative (N!) paranematic response
111 P g I p

according to the sign of v, which is determined by

C
the competing influence of hinge effect and nema-

tic tendency, as described above. On cooling, the
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backbone will wundergo its paranematic-nematic

transition in the internal field ‘_’CSA of the

teeth. For VC > 0, the field supports the

III_NIII transition. Therefore a critical point

occurs if the field reaches a critical magnitude.

N

Assuming nearly complete side chain order at these

temperatures, we obtain (Vv./vp) 0.01 where

crit
the precise numerical value is given in /11/. For

Ve < 0, the field acts against the NI-NIII transi-

tion. Finally this transition is completly sup-

pressed and NI is the only stable phase if

GC/;B < -1/4. A similar situation with N /N

ITI" I

phases holds if VA/VB << 1.

Experimentally, VC is controlled by the

chemical structure, but there is a way of varying

;C continuously from its value in a melt: Small

amounts of teeth-like low-molecular mass nematics
can be solved without problems (swelling). Favo-
rite substances for studying nematic-nematic tran-
sitions and reaching the predicted critical point
by swelling are combined polymers /6/.

Re-entrant uniaxial nematic phases should

occur for v, < 0 (Fig. 5). This effect is intima-

tely related to the backbone flexibility and
therefore typical of polymeric 1liquid crystals.
Due to the presence of bending energy e, different
powers of T enter into the prefactors of the uni-

versal fcts of egs. (1) and (2). This leads to a
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10 Ve < 0

Fig. 4: Order parameter diagram
showing the subtle balance of
free energy of the phases NI

and Ny compared to I.

T fixed A

%=&/VB

Fig. 5: Phase diagram
showing re-entrant nema-
tic phase N, on cooling

(arrow).

subtle balance between the free energies of phases

NI and NII

cial point in finding re-entrancy experimentally

as demonstrated in figure 4. The cru-

is to modify the spacers in the main-chain in such
a way to make the change in backbone flexibility a
dominant effect in the accessible nematic tempera-

ture range.

-——f
N>

SA SAn

Fig. 6: Chain configurations in uniaxial smectic A phases
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UNIAXIAL SMECTIC A PHASES (cf. /4/,/12/)

Figure 6 shows the two stable smectic phases, SAI

derived from N, with an oblate polymeric coil and

SAr11 derived from Norp with a prolate polymeric

coil whose shape does not differ drastically in

phases N and SA According to McMillan,

III IIT _
smectic order parameters have to be introduced to
describe the spatial variation and their correla-
tion to the nematic order. The partition function
of the smectic backbone is difficult to calculate
since, in addition to the orientational restric-
tion, spatial confinement occurs which is not
accessible from a standard perturbation theory.
Instead, projection methods have to be used to
obtain the real space conditional partition func-
tion /4,13/. Proceeding this way, rich phase dia-
grams can be derived which also allow prolate-
oblate, oblate-prolate and first or second order

nematic-smectic transitions.

Fig. 7: Formation of r
biaxial phase
N.iip by spon-
taneous sym-
metry breaking

N>
o ______12

Ni NIIB L-
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BIAXIAL NEMATIC PHASES (cf. /14/)

In low-molecular mass 1ligquid crystals, the
existence of biaxial thermotopic nematic phases
was predicted a long time ago /15/. For these, a
necessary condition is the microscopic biaxiality
of the single molecule. Because of the concurrent
tendency to form smectics or to even crystallize,
such biaxial thermotropic nematics are hardly
found /16/. Similar unwanted spatial order is also
encountered with biaxial stiff macromolecules
(Ballauff, Herrmann-Schénherr et al., this issue).
Unlike the classical mechanism just des-
cribed, we predict the formation of biaxial ther-
motropic nematic polymers by spontaneous symmetry
breaking for wuniaxial brush-like semi-flexible
macromolecules (Fig. 7).
Since the side chains contribute less to the
(v

free energy in phase N < 0) than in phase

IT c

N > 0) they can be shown to lower their

rr (Ve
free energy by parallel alignment in a direction
perpendicular to the nematic director. Quantita-
tively this can be derived from a theory which
provides for biaxial side chain order via an order

_ .2
A2 " <sin SA cos 2¢A>. The relevant

coupling parameter ;Az = 3/4 ;A_;t controls the

transition temperature with ¥

parameter S

t denoting an effec-

tive stiffness constant due to angular correla-
tions of neighbouring teeth.
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CONCTL.USION

Competition of energy gain by liquid crystalline
order and of entropy loss by configurational
restrictions on the polymer gives rise to several
new phenomena unique for 1ligquid crystalline

polymers.
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