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PREFACE

This thesis contains two parts. The first part describes the theoretical model used to

establish the phase diagrams of mixtures of polymers and liquid crystals. It gives the basic

concepts governing the phase behavior of these mixtures in the presence of nematic or
smectic A order. The concepts are put forward using mean field models which are well
documented in the literature. In the isotropic state, the thermodynamics are essentially
contained in the theories of Flory and coworkers of polymer statistics. The free energy in
the isotropic state which is the starting point in the description of the thermodynamic
properties depends crucially upon the architecture of the polymer and the isotropic
interaction between different species present in the mixture. We tried to describe the
extend to which the polymer architecture and in particular the presence of crosslinks in the
network influences the phase behavior of mixtures of high molecular weight polymers and
low molecular weight liquid crystals. A comparative analysis of the phase behavior with

linear chains and crosslinked polymer networks is given. An attempt is made to

characterize the effect of crosslinks on the phase diagram. We discussed in some detail the

models for the elastic free energy and rubber elasticity parameters. Other chain architecture

can be easily considered within the same theoretical framework. A particular attention has

also been given to the Flory-Huggins interaction parameter which governs the miscibility
in the isotropic state. This parameter is assumed to be function of temperature and

composition of the mixture. The thermodynamic properties of ordered phases are described

- by classical mean field theories. If the order is of the nematic type the corresponding free

energy is given by the Maier-Saupe theory in terms of an orientational order parameter of

- the small liquid crystal molecules with respect to a reference axis. The strength of nematic

interaction is proportional to the quadrupole interaction parameter which in tum is

proportional to the ratio of the temperature of the system and the nematic-isot pic
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transition temperature characteristic of the liquid crystal under investigation. We also
consider the case of liquid crystals having in addition to the orientation nematic order, a
directional smectic-A order. In this case, one has stacks of layers of nematic ordered liquid
crystal molecules along the z axis with a certain periodicity. The theory of smectic-A order
has been developed by McMillan as a generalization of the Maier-Saupe theory. It induces
a second order parameter which takes into account the layer structure of the ordered phase.

A parameter describing the strength of the potential of mean field in the smectic phase is

“introduced. This parameter depends on the smectic-nematic transition temperature

characteristic of the liquid crystal. Another class of systems is studied in the first part
dealing with mixture of nematogens. Here we consider the case of polymers carrying side
chain rigid groups having a nematic order. The phase properties of these mixtures are
completely different from those of singie nematogen systems. Their phase diagrams have
quite different shapes and exhibit a rich variety of coexisting phases. The theory for|these
systems was developed first by Brochard and coworkers in the case of intermediate
nematogen coupling and later by Kyu and coworkers who included the influence of
nematogen coupling. Our main contribution is to generalize this theory to systems where
the pblymer matrix is made of a crosslinked network. Not only we have developed the

theoretical framework for this generalization but we also demonstrated its applicability to

real systems. We have undergone an experimental study to describe the phase properties of
various mixtures having either a single nematic component or a smectic-A liquid crystal.
We considered also the case of nematogen mixtures. We used several experimental
techniques to construct the phase diagrams such as optical polarized microscopy,

differential scanning calorimetry and light scattering. We were able to analyze our

experimental data quite successfully for practically all the systems. Recently we started an

experimental program using crosslinked polymers prepared by an unique technique using

DU OO W oEERE 0 dum

[rome—r—y




electron beam irradiation. In all the cases known in the literature so far the curing of
samples was made using UV irradiation. The EB curing technique has the particular
advantage of leading to samples with a much better quality in terms of crossi inking
efficiency. We expect that this will enable us to characterize unambiguously the effect of
crosslinking on the phase behavior of polymers and liquid crystal mixtures.
This thesis represents only a limited part of a research program which we implemented
during the last years. We have chosen deliberately two chapters in this program to give an
idea about the theoretlcal achlevement made and the experimental proofs we have given to
the usefullness of the theory we developed. Other investigations made within the
framework of this program were published in various Jjournals or are waiting publication.

The llst of these papers will be given as an appendix to this thesis.
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PART 1

EQUILIBRIUM PHASE BEHAVIOR

OF POLYMER AND LIQUID CRYSTAL BLENDS
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SUMMARY

A theoretical framework describing the equilibrium phase behavior of polymers and liquid

- crystals is presented. Linear and crosslinked polymers are considered and complexities

found in the phase properties of systems involving crosslinked networks are highlighted.

Effects of the rubber elasticity parameters in the elastic free energy are found to induce

substantial distorsions in the phase diagram. The Flory-Huggins interaction parameter

which governs the miscibility of the mixture in the isotropic state is modelled either by

assuming that it is function of temperature only or temperature and composition.

The thermodynamic description of the ordered domains is made according to the Maier-

Saupe theory for nematic order and its extension to include other ordering properties. In

particular, the smectic A order is described according to the generalization of the Maier-

Saupe theory proposed by McMillan. In the presence of nematogens, the coupling leads to

quite different phase properties. In the strong coupling limit, a wide single nematic phase is

found. In the weak coupling, the miscibility gap is much wider. These mixtures

described with mean field theories of nematogen first developed by Brochard et al.

are

and

later extended by Kyu et al.. This theoretical formalism has been applied successfully to

analyze data obtained on several systems including linear and crosslinked poly

networks, smectic and nematic LMWLC, and nematogen mixtures.

mer
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| investigating these systems’'?, These efforts are now paving the way for

achievements.

1. Introduction
The phase behavior of polymers and liquid crystals (LCs) is the subject of a growing
interest for various reasons. From a fundamental point of view, it raises basic questions

concerning the phase properties of multicomponent systems with widely different

characteritics. From the point view of their applications, these systems are useful in v

fields such as display technology and privacy windows'®). The progress made recently in

the process of promoting new applications or designing new materials. For practical and
economic reasons, one seeks large ordered monodomains in the host medium, One way to
achieve this goal is to reduce the quantity of LC dissolved in the polymer matrix collecting
the maximum amount of LC in the ordered domains. The quantity remaining in the

polymer rich phase acts as a plasticizer reducing the polymer glass transition temperature.

The decrease of T results not only into a lower mechanical strength of the polymer but

also changes the optical properties and modifies the refractive index matching of| the

polymer and the ordinary component of the LC. The latter condition is dictated by the need
to reach a maximum transmission of light in' the electro-optical response of 'the
system>®'?, Several parameters control the miscibility of the mixture besides the nature
and the architecture of the polymer. For linear chains, it is known that the miscibility
decreases with increasing molecular weight. The miscibility in the isotropic state is mai

controlled by the interaction parameter ¥'¥. In addition to depending on the nature of
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monomers building the chains, y can be function of temperature and composition as well,
Assuming that y depends on temperature only is sometimes not sufficient to describe the

experimental data. The polymer architecture has a large impact upon the miscibility of the

polymer/LC system. In the present work, a particular attention is given to the phase

properties of linear polymers and corresponding crosslinked networks mixed wit low
molecular weight liquid crystals (LMWLCs). It was shown that the complexity is much
less for linear polymers comparatively to the case of crosslinked chains'2'52" where there

are more model dependent parameters to be defined. The increased elasticity of the

made‘in the bulk, one has gp=1. If another molecular species is present in the initial
mixture together with the polymer prior to crosslinking, then ¢y takes a constant value
inferior to 1. If crosslinking takes place in-situ, then @o remains equal to the pol
volume fraction ¢,. The effect of the crosslinking density and reference state volume

fraction on the phase properties of the mixture are somewhat correlated,

The systems studied here are characterized by either nematic or smectic-A orders. Sev ral

examples will be considered. Systems made of flexible polymers and nematic LMWLC are

investigated first. A comparison is made of the phase behavior of mixtures involving either
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a linear polymer or a crosslinked network. Changes in the phase diagrams when the
LMWLC presents both a nematic and a smectic-A order are analyzed. If the polymer has
side chain nematogen groups, its phase properties in the presence of a LMWLC are
completely modified as compared to the single nematic systems. There is an important
change in the ordering properties when the rigid molecules are attached to the chain
backbone. Not only the transition temperature from the isotropic state to the nematic order
is modified but the miscibility with either an isotropic solvent or an anisotropic LMWLC is
different. Even if the rigid side chain groups and the LMWLC molecules are chemically
identical, they may exhibit a large degree of incompatibility. Phase diagrams of side chain
liquid crystal (SCLC) polymers and isotropic solvents are completely different from those
of polymers and LMWLC. In binary nematogen mixtures, one finds a variety of phase
diagrams depending on the extend of coupling. In the presence of a strong coupling, a new
single nematic order different from the individual nematic phases appears signaling a high
miscibility of the nematogens. A smectic order may be induced in the strong nematic

coupling but this will not be considered here. The free energy of nematic order is modeled

-according to the Maier-Saupe theory”**>, When smectic A order appears, its description is

made following the McMillan theory®”,
In this paper we present the theoretical formalism describing the phase behavior of systems
exhibiting different structures. The thermodynamics in the isotropic state for both linear
and crosslinked polymer networks in the presence of low molecular weight solvents are
analyzed. This description is based upon the Flory-Huggins lattice model'® for linear
chains and the Flory-Rehner theory'*?529) of rubber elasticity for crosslinked polymers

along with extensions for the rubber elasticity parameters.

—.

The application of this formalism to mixtures similar to others used in the literature is

presented. A brief comparison of theoretical predictions and experimental data is given.
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- convenience, it will be assumed that all units occupy the same reference volume and her

2. Flory-Huggins and Flory-Rehner theories of isotropic mixing

2.1. Free energies

In order to analyze the phase behavior of mixtures of polymers and LC it is necess ry

to

characterize their thermodynamics in the isotropic state. This can be done starting from a

free ehergy model appropriate for the system under consideration. Throughout this aper

we deal with mixtures of two components. One is the high molecular weight polymer and

the other is the low molecular weight solvent or LC. We will deal with polymers made

of

linear flexible chains having N, repeat units and with the case of crosslinked networks, The

system, the solvent or the LC molecule is made of N repeat units. The thermodynamics

latter can be viewed as a single molecule with a total number of ny repeat units, In each

of

these systems in the presence of a LC either in the isotropic or in the nematic state show

different features. In the good solvent conditions, linear polymers exhibit a single

.homogenous phase while the presence of crosslinks introduces an upper bound to| the

swelling of the network. Even under good solvent conditions, a phase separation takes

swollen polymer network.

The case of a linear polymer

“place at the network saturation and a pure solvent phase emerges in equilibrium with a

In the case of a polymer-solvent binary solution, the free energy density (per unit volume

or unit site) is given by the Flory Huggins model'¥

f(l) ?, P,
—— = —Inp, + —%Ine., + 1
kT N, ¢ N, @y + X010, (1)

oy

where the subscripts 1 and 2 refer to the solvent and the polymer, respectively. F

the volume fractions ¢, and g, are

or

1Ce
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mN,

)

P, =

=1- ¢, ’ (2)

ny and n;, are the number of molecules of type 1 and 2, respectively. ny is the total number

of repeat units in the system o =n Ny + my Ny; g is the Flory-Huggins interaction

parameter.

The phase behavior of this system in the isotropic state is described within the Flory-

Huggins lattice model by the three parameters N, Ny, and y. The entropic penalty when N,

and/or N; increase induces a strong miscibility loss. Increasing y also results into enhanced

tendancy towards phase separation. In the case where the polymer is a crosslinked

network, there are several parameters to be defined in order to proceed with the description

of the phase behavior and hence it is certainly more complicated.

The case of a crosslinked polymer

The swelling behavior of the crosslinked polymer in the low molecular weight solve

nt

depends on the elasticity of the network. The isotropic free energy density is a sum of two

contributions.

| f(f) __.f(t') +f(m) | (3)

The first contribution is the elastic free energy density £ © which in the framework of the

Flory-Rehner theory'*?5:20) jg given by

2
I('_)=3°“p°/3[ /3 ]+£32—1n<p2 @
N

3 _
kBT 2N, P37 — 0,

[+

The rubber elasticity parameters o and B are model dependent. According to James and

Guth??, or%I and =0 while Flory*® suggests to let a=1 and B=2/f, f being the functionali
of the monomers. Petrovic?” suggested that a and B are function of the monom

functionality and the polymer volume fraction according to

ty

er
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- used®**M

‘mixing

~ volume fraction ¢, according to***%

f—2+2(p2 20,
o = . o —
’ f P f

&)

In equation 4, MV, is the average number of repeat units between consecutive crosslinks and

is a measure of the crosslinking density. The elastic free energy shows the complexity of

the crosslinked polymer as compared to the linear polymer problem. In addition t the

quantities N; and @y, one has to make a choice for the parameters a and f. Further

difficulties come from the fact that the elastic free energy is often written in another orm,

leading to a different influence of ®o. Indeed, the following elastic free energy is a

L f@ 3g [ nowo ] Bo, . (o,
—— —_— __._..._1 -
kT 2N, [P0 027 7Oz jr e P

Equations 4 and 6 lead to the same result if ®o=1. Discrepancies appear if crosslinking

takes'place in the polymer bulk. More importantly, the latter model fails in the situation

Iso

(6)

of

in-situ polymerization and crosslinking where @y=p;. If ¢y is a constant between 0 and 1,

the twc')‘elastic free energies differ only slightly at weak and moderate crosslinking. If the

crosslinking is high, discrepancies are more significant.

The sé.cond contribution to the isotropic free energy of equation 3 is given by the energy of

S _olng,

(m)
kT N,

+x9,0,

In prinCiple the x-parameter depends on the polymer architecture and hence should
different whether one deals with a linear or a crosslinked polymer. Such differences due
the polymer architecture are not completely eludicidated and the problem remains qu

challenging of properties of polymer systems.

)

be

ite

The Flory-Huggins interaction parameter X is allowed to be function of temperature T and

13
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X=X+ 0192 + 1207

where 7 is function of temperature

B
=A+—
Xo T

- 1 and xa are €i

comm

data under certain conditions. The effect of other parameters such as molecular w

\p parameters 4, B, X1, and xa.

:‘\g the chemical potentials of compon

\
‘\ptentials are

................ i
i
|

................................. 2

" petwork which can be viewed as a single molecule

(8

€)

ther constant or function of temperature. This interaction parameter is

only used in the literature. It could be useful in the interpretation of experimental

eight,

ents 1

(10)

|
------ } are kept constant in the derivation, and

\
"""" § sometimes convenient to €Xpress the

free energy density —a-a-—f— It is easy to
@

(11

(12)

given by equation 11 but p 18 slightly adapted to the

14
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o
=f -0 20,
2.3. Phase diagrams

(13)

There are two methods to construct the bihodal curves : either graphically using the double

tangent method or analytically by equating the chemical potentialé of constituants 1

in the coexisting phases denoted by primes and double primes. Here, it is the latter i

which is adopted by solving numerically the set of equations

)
H

pl’

pi = pf’

and 2

1ethod

(14)

(15)

According to equations 11 to 13, the latter set is simplified for both linear and crosslinked

polymers and becomes

af af
f - =f —@,7—
? aﬁoz ? a(Pz
¥l ]|
o, o,

(16)

(17

The spinodal line defines the extension of unstable regions and is given by equating the

second derivative of the free energy to zero, i. e.

2
5]; ~0
- 0o,

(18)

This procedure is the same in the isotropib state and in the presence of nematic or smectic

order using the free energy corresponding to the system under consideration. The

following section gives two particular examples of isotropic systems involving either a

linear or a crosslinked polymer.

15
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2.4. Applications
Figure 1 represents the phase diagrams of binary mixtures consisting of linear polymers
with two values of N, and a low molecular weight solvent. As pointed out earlier, this
species is assumed to have a sihglé repeat unit and Ny=1. The interaction parameter for
isotropic mixing is modeled in two different ways. One way considers that this parameter
is function of temperature only. This leads to the two phase diagrams displayed in the
lower part of the figure. The second way is to assume that x is function of temperature and

cdmposition. This leads to the two phase diagrams'in the upper part of figure 1.

380

360

T

340

‘ Temperature (K)
[ ]
N
(o]
1

300

280 |

0,2

Figure 1
Phase diagram of a linear polymer/solvent isotropic mixture for Ny=1, two values of N, and
~two models for the Flory-Huggins interaction parameter. The solid curve represents the
binodals and the dashed curve represents the spinodals. In the descending order, these

‘ diagrams correspond to N,;=50, x=-0.35+342/T +O.3(p2+0.04¢22; N>,=10 and the same x-

parameter ; N;=50, x=-0.35+342/T ; N;=10 and the same x-parameter.
16
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In all cases one obtains typical upper critical solution temperature diagrams (UCST) with

the solid lines representing coexistence curves and the dashed lines are spinodals. In the

case where  is function of temperature only following €quation 9 the spinodal is given by

J -1 .

1 1

T, = 2B |——+ -24 » _ ‘ ' (19)
[Nl(pl N,p, ] .

If x depends on temperature and composition according to equation 8, the spinodal

equation becomes .

‘ ) ' -1

1 1 :

I. = 2B —-———+—-—-——--—2A+x(p +x(p J (20)
!:Nl(ﬁ N,p, ( e . 2)

The isotropic-isotropic miscibility gap I+I becomes wider as N, increases. One observes
that in the d»iagra’ms where y is function of composition, there is no critical point.
Furthermore, the maximum of the coexistence curve tends to broadgn with an enhanced
tendancy} for the higher polymer molecular weight. In the case where the critical point
exists and y is function of temperature only, the coordinates’ofl the cﬁtical points ¢, and 7,
increase with V. Within the meanfield approximation T, is given by equation 19 and ¢, is

expressed in terms of N | and N, by

RN \ R

For mixtures involving crosslinked polymers, the phase dlagram is qulte different, As
mentxoned earlier thermodynamic descnptxon is comparatively more dxfﬁcult ptimarily
because of the elastic free energy. A model of rubber elastlclty should be choosen to
describe the elastic bounds imposed by the crosslinks to the expansion of the polymer.
Here we use the classical model for the free energy starting from the Flory-Rehner theory
of rubber elasticity. A similiar method és in the case of linear polymers is used lleading to

the phase diagram of figure 2.

17
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400 ¢ .
Monophasic Network
350
Network + Solvent
300
0.2 04 0.6 0.8 . 1
,
325 - ‘, e T L R S S
T(K ',
(K) 320 '.’
515 | | swollen Netwark +
| & | Solvent
310 | '
Monophasic Network 2™ ™ - le-T=307K
305 | 7 ' ~ .
[Conapsed Network + Swollen Neton]
300
- Collapsed Network + Solvent
295 |
290 o . : : . . ——
0.3 04 0.5 0.6 0.7 0.8 0.9 1
0,
Figure 2

a) Phase diagrams of a crosslinked polymer/solvent isotropic mixture. The dashed curve

corresponds to a=1and B=1/2 while the continuous curve corresponds to a=[f-2+2¢,]/f

and B=2¢,/f. In both diagrams we used x=-0.35+342/T, N1=1, N:=1000, @o=1 and f=3,

b) The samé as a) with: X=Xo+21 03+ 22,2, X0=-0.35+342/T, x1=0.3, 3,=0.04.
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“polymet/solvent is larger. On the other hand,_ the polymer volume fraction at crosslinkixig

s smaller. A higher value of ®o induces a larger miscibility gap.

Figure 2a represents the coexisting curves for a loosely crosslinked polymer with N.=1000

and, two choices of the parameters o and B. The dashed lines correspond to o and S

constant whereas the solid lines are obtained in the case where a and 8 are function of

composition. The interaction parameter X depends on temperature ’only according to
equation 9. The y-axis is extended to high temperatures deliberately to capture the r gion
where discrepancies between the tWo models of rubber elasticity are more apparent. One
finds only small differences in the temperature above 4OOK. In order to see the effect of the
Flory-Huggins interaction parameter x under similar conc_litions, wé plot in figure 2 the
coexisting curves for the same systems allowing y be function of poiymer volume fraction
according to equation 8. There is a significant difference with figure 2a showing that the
effect of y is crucial in the determination of the phase behavior of ‘crosslinked polymer/
solvent mixtures. In particular, for the systems where the parameters o, B and x are all
allowed to be function of qoé. The phase diagram exhibits a triple point at 307K whereby a
pure solvent phase is in equilibrium with a swollen network and a collapsed network. ‘
These diagrams were established for a loosely crosslinked polymer corresponding to

N:=1000. For a densely crosslinked polymer, N, is smaller and the miscibility

U2

ap

o has an influence on the phase diagram. If ¢y is constant, its influence is larger when| N,

3. Maier—Séupe ~McMillan theories of nem}atic and smectic-A ordérs
Phase separated mixtures of polymers and LMWLC show micron-sized domains where the
small rigid molecules form ordered phases. For nematic LC, the small molecules are
aligned along a reference axis in the z direction with an angular distribution. In addition to

the isotropic free energy discussed carlier, one has a contribution due to the nematic

CUE R 0 ) wmmm i




Ie-U(e) / (kBT) d(cos0) ‘ (27)

This shows that the order parameter s can be obtained from the partition function by a
simple differentiating

s= alogZ | ‘ (28)

om,

On the other hand, the nematic part of the chemical potential can be obtained from
equations 11 to 13 by‘n‘oting that the derivative of the nematic free energy with respect to

composition is

af(n) .-

mz o (29)
09, i |

Y - -
0.7
06
05

0.4

0.3

02 T s 08 oss T
| | Liquid Crystal VOlur'ne fraction o,

Figure 3
The nematic order parameter s for a polymer/LC mixture’as a function of the LC volume
fraction @, for several temperatures. From top to bottom, the temperatures are -10, 0, 10,
~ 20, 30, 40, and 50°C, respbectively.
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Figure 3 shows the variation of the nematic order parameter s as a fuhction of LC volume
fraction for different temperatures. It indicates how this parameter increases with the LC
composition for temperatures below the nematic-isotropic transtion at 7n=60°C, There is a
limiting volume fraction ml=T/TN1 at which the order parameter drops to zero and the
system undérgoes a first order phase transition. All the ordered domains dispefsed in the -
polymer matrix become isotropic. The variatio.n of the order parameter with composition is
not required only for the establishment of the phase diagrams but it is given here because it
" is useful for a better understanding of the thermodynamic behavior in different regions of

the T versus @, phase diagram. An example of this phase diagram is given in fi gure 4,

340 ey iy R ——

330

320

310 \
Nematic

300

290

280

04 0.6 0.8 1
Liquid crystal volume fraction o,

Figure 4

The theoretical phase diagram for a polymer/nematic LMWLC mixture characterized by

N,=4, N,=10, T,;=60°C and %=-0.34+225/T. The thick line represents the binodal while the

dashed line is the spinodal with its isotropic and nematic branches. I means isotropic and N
means nematic. The dotted line represents the variation of the volume fraction at the NI

transition with 7.

22
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This is a typical phase diagram of a system made of 2 linear polymer and 2 nematic

LMWLC with Ty=60°C. It is an UCST diagram with a large domain where the system
~ shows a single isotropic phase and with several biphasic regions. 1t exhibits a triple point at
T=42°C where‘ two isotropic phases of different polymer coﬁcentrations coexist with a
nematic pure LC phase. Above this temperature, the system admits a miscibility gap I+1
while below an isotropic polymer rich phase is in equilibrium with a practically pure LC
phase in the nematic order. The spinodal curve admits two branches. The isotropic branch

ends at the line defined by oni=T/ T whereas the nematic branch starts from this line and

extends to the region where the LC composition is near @i=1. Note that the nematic-
isotropic transition temperaturé Ty chosen here is typical of the eutectic mixture known as
E7.
It was observed earlier that the phase diagrams of crosslinked polymers and nem tic LC
are quite distinct from those of corresponding systems with linear polymers'”. Fi
shows the results for a crosslinked polymer and a nematic LC mixture under similar

conditions as figure 4. Several values of N are used here to illustrate the effect of

side above Tyi. Below this temperature the miscibility gap consists of an isotropic polymer
rich phase coexisting with a pure LC nematic phase and covers a wide range of
compositions. As the crosslinking density increases, the number of repeat units between
" éonsec;utive crosslinks dccreases and tl;e I+] miscibility gap becomes wider. To illustrate
further the differences of the phase properties of systems involving linear polymers ahd
crosslinked networks, we represent in figure 5b on the same diagram T versus ¢ the

coexistence curves for several values of N, and Ne. These two parameters influgnce-the

23
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phase diagram in different ways. While the miscibility is favored when N, decreases it is

reduced when N decreases.

e e e T

§OQ (o T SR
Q
o
\\"\Q ) >
T(K) 450 |
400
0+
350 //
Tu , A
/! ‘4
>~ |
300 - 1+N
5
AR ’_._. U SIS S MJMM_«M“.&—-
0.1 0.2 0.3 0.4 0.5 0.6
Liquid crystal volume fraction o,
Figure S

a) Binodals of a polymer/ nematic LMWLC mixture with a crosslinked polymer (N,=4,

¥=-0.34+225/T, Tni=60°C), and Ne=10, 15, 20, 35 and 100 from left to| right,

respectively. The dashed extensions of the curves correspond to the isotropic case. The

range of temperatureé has been deliberately extended to 500K to illustrate the effects of

crosslinks on the phase diagram of the mixture.

Another example of systems having a nemaﬁc order is given by polymers carrying side

chain nematogen groups and an isotropic solvent. Both linear polymers with side chain LC

and crosslinked polymer networks with side chain LC-are considered. The phase properties

of these systems are quite different. To illustrate these differences, we represent in figure 6

the phase diagrams of nemnatic polymers and isotropic solvents for linear polymers (figure

6a) and crosslinked polymers (figure 6b). The difference with the systems where the
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b) Binodals of two polymer/LC systems with and without crosslinks under  similar

conditions, with N‘=4,x=-0.34+225/T, Tni=60°C, and No= Ne=10, 15, 20, 35 and 100

as indicated on the figure.

polymer is isotropic and the solvent is nematic is clear not only through the inversion of
the abscissa axis but through the wide region of a single nematic phase found on the left
hand side of this figure. Qualitatively however, the same type of biphasic regions I+ and

N+I are encounted whether the LC molecules are free or attached to the polymer backbone.

3.2. Polymer and a LMWLC with a smectic-A order
The Maier-Saupe theory pfesented above has been extended by McMillan to ir clude the
~ effects of smectic-A order. An additional order parameter o is introduced to describe the

arrangements of LC molecules into stacklayers in the z-direction
_ 1/ 2 2mz l
o= 5 <(3cos 0 —l)cos——d——> (30). ,
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Figure 6
a) Phase diagram of a SCLCP made of linear chains and a low molecular weight is
solvent using Ny=1, N3=10, x=-0.35+408/T, Tys=80°C.

b) The same as in a) witha crosslinked polymer network Nc=10.

_ The free energy is expressed in terms of s and o as follows

0.5

otropic
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where thé parameter { depends on the ratio of the transition temperatures Ton/Tni. In the
McMillan theory, ¢ increases with Tsn towards the limiting Value 0.98 when the|ratio
Tsn/Twi reachs one. If & is below than 0.98, one has the ‘sequence of transitions smec tic to
nemagic to isotropic and if & is equal or higher than 0.98, one has a direct transitibn from

the smectic order to the isotropic state. The smectic partition function Z reads
Z = _Udp dz exp[—’%“— (3cos*0 - 1)] exp[mzs— @3 cos.'2 0 —1)cos2rn -:7] | | (32)

whefe my and m, are mean field parameters. They can be expressed in terms of s and o by
minimizing the free energy with respect to these order parameters

m, =vsQ, , m,=Ve00, (33)
As pointed out earlier the variation of order parameters with temperature and composition
is useful for a better understanding of the phase diagram. This variation is given in figure7.
Figure 7a corresponds to £=0.851 hence to a case where the transition from a smectic to an
isotropic phase takes place via a nematic phase. Below Tsy, the smectic order parameter

decreases with @ and drops to zero at osn=Tsn/T. At this composition, the smectic order

disappears and the nematic order parameter s undergoes a discontinuous decrease but
remains finite. Between Tsn and Twi, a nematic order subsists but s decreases with
composition until @n=Tn/T where it undergoeé a second discontinuous drop to zero.
Figure 7b gives the order parameters for ¢=0.98 corresponding to a direct transition from a

smectic-A order to an isotropic state.
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- Figure 7
— ~a) Variation of the order parameters s and o as a function of ¢, for several temperatures
as indicated on the figure, and £=0.851 (T=40°C). The thick and dashed curves
represent s and o, respectively. The NI transition temperature is T, =60°C.
b) The same as figure a) for ¢=0.98 and Ton=Tn=60°C.
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- a) Phase diagram of a linear polymer/smectic-A LMWLC mixture using the following
parametérs : £=0.851, TSN=40°C, TN|==6O°C, N;=4, N=10, and x=-0.34+225/T.
b) Enlarged view of figure a) near @,=1. The single nematic region above Ty, is much

wider than the single smectic region.
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¢) Binodal of a linear polymer/smectic-A LMWLC mixture with Ty=Ts=60°C, ¢

and N;=4, N,=10 and y=-0.34+225/T.

d) Enlarged view of figure ¢) near ¢@,=1.
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These features appear clearly in figure 8 displaying'the phase diagrams for the two ¢
of the smectic parameter ¢ and for mixtures involving linear polymers. The amplification
of the diagram in the vicinity of =1 is given in order t§ highlight the rich phase behavior
in this region. In figure 8a and 8b, two triple points exist. The upper one sho

isotropic phases with different polymer concentrations coexisting with a nematic phase. In

the lower triple point, an isotropic phase coexists with two LC phases, one isotropic and

the other smectic. The diagram in figure 8c and its amplification in figure 8d exhibit only

one triple point corresponding to two isotropic phases of different polymer composition in

equilibrium with a pure LC smectic phase. No nematic order is found in this case. The
smectic order melts down directly into an isotropic state at Tsi. These observations are
consistent with the variations of the order parameters given in figure 7. The phase behavior

is changed quite significantly if, instead of a linear polymer, one deals with a cros linked

network. These discrepancies are highlighted in figure 9a. Interestingly this phase diagram

is quite simple. It consists of an isotropic single phase region above the coexistence curve
and three distinct biphasic regio,n§ below. Below Tsn, a pure LC smectic phase coexists
with a polymer rich isotropic phase. Between Tsy and Ty, a nematic phase is in
equilibrium with an isotropic phase while above T, an I+1 miscibility gap covers a large
domain of the femperature versus composition diaéram. The effect of the parameter £ on
the phase behavior is given in figure 9b where one sees how the ﬁiscibility
diminishes as ¢ increases from 0.851 to 0.98 and the sequence of tfansitions s
nematic to isotropic transforms into a direct melting down of the smectic order into an

isotropic phase when T increases above the transition temperature Ts;.
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a) The phase diagram for a crosslinked polymer/smecfic-A LMWLC mixture with N,

£=0.851, T =40°C, Tn=60°C, N1=4 and x=-0.34+225/T.

b) The same as in a) with three values of {. The extension above Ty, is the isotropic

part

and its extension below Ty, is represented by a dotted line. The thick curves below Ty,

are the binodals for {=0.98, 0.9 and 0.851 from left to right, respectively.
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3.3 Binary nematogen mixtures

These systems are characterized by a rich variety of phase properties. One encounter:

‘types of ordered pHases reminiscent of the two molecular species and/or a single or

phase depending on the strength of coupling between the two nematogens. The iso

s two

dered

ropic

coupling is governed by the Flory-Huggins interaction parameter and its variation with the

temperature and composition while the nematic coupling is due to the cross nematic

interaction. Here, we ignore the smectic induced order observed experimentall

for

strongly coupled nematogens. In spite of this simplification we still have a rich variety of

phase diagrams. Two nematic-isotropic transition temperatures should be introduced. The

first one TQ, 1 concerns the LMWLC and the second one is related with the high molecular

weight polymer and is denoted T 2. This temperature depends not only upon the nat

side chain groups but also on the length and nature of the flexible spacer. According

re of

o the

rule of Arnold and Zachmann®>%, one expects a 1arge miscibility of nematogens if the

chemical structures of the LMWLC and the side chains are similar. The fact that the

rigid

molecule is attached to the polymer does not mean that there is a strong coupling with the

backbone and hence should not change significantly its anisotropic interaction. However,

experimental evidence’” leads to a different conclusion and reveals that the transition

temperature can change by several degrees or even tenth of degrees. Having made

these

observations, we turn to the model of the free energy required to establish the phase

diagram. The nematic contribution to the free energy for the nematogen mixture is given

following Brochard et al.'”

f(n)
k,T

n n 1
=-,InZ{" - p,InZ;" +’5["n‘P12512 +V,055; +2"1:‘P1‘stlsz]

(34)

where the v;; and v,; are the quadrupole interaction parameters for components 1 and 2,

respectively and vy, is the cross-interaction term. The former quantities are proportional to
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T/Twi, as usual, v”=4.54 T/Tni 1 and v2;=4.54 T/Ty; ; but the cross term is not known.

Brochard et al.'" suggested that v;, is a geometric mean of the v’s while Kyu et al.'?

proposed to introduce a coupling constant k such that
2 2
Vi =K V\Vy
If the phase diagram presents an azeotropic point, Kyu et al. give the method to obta

from its composition and temperature. As the coupling parameter x changes from

(35)
in

the

strong coupling case (x>1) to the weak coupling case (k<1), the phase diagram chariges

and ‘

substantially. Binary nematogens are characterized by twb order parameters s; and s;
two partition functions Z; and Z,. These are |

Z" = exp[-'g‘—[koszei - I]Jd(cosei ), i=12 (36)
the order parameters can be deduced from Z, and Z; by a simplg differentiation

5, = a(;_f_ =12 (37)
where the mean field parameters m; and m; are obtained by minimization of the| free
energy with respect to s; and s, |

m =V, 0,5 +V,0,95, (38)

m, =V,0,85, +vV,0,5,

Figure 10 shows the variation of s; and s, with the temperature and composition for

three cases corresponding to weak cbupling (x=0.851), intermediate coupling (x=1),

strong coupling (x =1.15). In the weak coupling case, the order parameter curves show a

valley in the variation with the LC volume fraction. Both s; and s, decrease with ¢

through a minimum, then increase. In the intermediate coupling, s, and s; are very ¢

and follow parallel decrease with ¢1. The strong coupling case gives rise to a different

the

and

» 80

lose

behavior. At low temperatures, the order parameters take large values and change only

T T TR ] 1T T T
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slightly. As the temperature increases, they exhibit a maximum. Because of the couf

s, and s take unusual high values as compared to those of the individual nematogens.
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Figure 10

a) Order parameters s; (solid curves) and s; (dashed

for a weak coupling corresponding to x=0.85. The other parameters are T

and Tm 2=80°C.

b) The same as a) for an intermediate nematic coupling corresponding to x=1.
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c) The same as ) for a strong nematic coupling corresponding to k=1.15.

Figure 11 represents the phase diagram of a mixture of side chain LC linear polymer and
LMWLC in\the weak coupling limit. This figure shows several features illustrating a
variet)‘/ of phase properties. On each side in the temperature composition diagram, it is the
majority component which determines the phase behavior of the mixture. Below 50% LC,
there is. a single nematic phase characteristic of the side chain LC polymer. A tea pot like
biphasic region N+I usually found in such nematogen mixtures. separates the single
nematic from the single isotropic domains. On the right hand side of the figure one
recovers phase behavior which is characteristic of the presence of a LMWLC. A narrow

region of a single nematic phase N exists. It is separated from the single isotropic phase in
the upper part by a small gap of miscibility N+1. This diagrarﬁ exhibits two triple points
designate’d by dashed lines. The lower triple point corresponds to the coexistence of two

~ nematic phases and a third isotropic phase 1. At the upper triple point two isotropic phases

with different polymer compositions coexist with a nematic phase. Another interesting
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mixture are Ni=1, N;=10, x=-0.35+408/T, x=0.851 (weak coupling), Tn; 1=60C,

AT T CRUTUIT 2T T T | [ HISE T

observation is the presence of a large miscibility gap where two nematic phases coexist in

the intermediate range of composition, below the temperature of the lower triple point.

7

Between the two dashed lines, a miscibility gap where a nematic phase is in equilibrium

with an isotropic phase is found.

T(K)
340

320

300

280 |

Figure 11

Phase diagram of SCLCP with linear chains and a LMWLC. The parameters of

Tm 2=80C.

~

this

and

In the strong coupling limit of figure 12, the phase behavior looks somewhat simpler. A

region of a single nematic phase covers a wide range of temperature and composition

The

strong coupling induces a better miscibility of the nematogens in spite of their differences.

Starting from the single nematic phase, upon heating there is a very narrow range of

temperature where an isotropic phase emerges. Further heating the sample slightly

, the

whole system melts down into a single isotropic phase. Upon cooling one finds a small

range of composition where the mixture separates into two distinct nematic phases. It
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would be interesting to check if similar observations could be made in the ca

crosslinked polymers with side chain LC.

K | ., |
350 — L N+1
[N +1]
300
N
250
200}
N,+N,
0.2 0.4 06 0.8
P4
Figure 12

se of

The same as in Figure 11 in the strong nematic coupling represented by k=1.15. Ny and N;

in the lower region of the diagram represent two nematic coexisting phases: Ny=LC rich

phase, N;=SCLCP rich phase.

Figure 13 shows the phase diagram in the weak coupling limit. Obviously this diagram is

different from that of figure 11 for a similar mixture involving linear chains. The single

nematic phase with a trace amount of polymer does not exist. The I+I miscibility' gap is

wider and extends to much higher temperatures as compared to linear polymer systems.

The single isotropic phase region is significantly reduced.
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Figure 13

Phase diagram of SCLCP with crosslinked polymer network (Nc=10) and a LMWLC. In

addition to the phases already defined, we have in this figure I =isotropic pure LC phase,

TI,=isotropic polymer rich phase, N;=nematic pure LC phase. The other parameters of this

mixture are Ny=1, x=-0.35+408/T, x=0.85 (weak coupling limit), ‘ Tni 1=60C,

TNI 2=80C.

In the strong coupling limit, the phase diagram is given in figure 14 and does not exhi

and

bit a

single nematic phase unlike linear polymer systems. This diagram is dominated by the

nematic phase characteristic of the side chain LC polymer. The crosslinks introduc

€ an

upper limit to the swelling of the polymer leading to the emergence of a pure LMWLC

phase. The phase diagram is strongly distorted on the right hand side. The miscibility
in this part of the figure is extremely large in all biphasic regions whether having
nematic phases, one nematic and the other isotropic or two isotropic phases. Likewis

the case of strong coupling the right hand side region of the phase diagram is m
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affected by the presence of crosslinks. The strong coupling modifies remarkably

narrow strip on the left hand side characteristic of tea pot diagrams.
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Figure 14

The same as in figure 13 in the strong coupling limit where k=1.15.

the

Nematogen mixtures involving crosslinked polymers with side chain LC exhibit different

phase properties not only with regards to the transition temperatures Tyi 1 , Tni 2, and
coupling parameter « but also by their isotropic parameters. In particular, the parameter

rubber elasticity «, B, the polymer volume fraction at crosslinking ¢y, the degree

the
S bf

of

crosslinking described by N, and the Flory-Huggins interaction parameter X are important

in determining the phase behavior. This is illustrated in figure 15 which displays the ph
diagram using a, B, and y-parameter functions of composition®®, The diagram shows
the biphasic regions I+I, N+I, and N+N are reduced to the immediate vicinity of ¢;=1. T
is in contrast with figures 13 and 14 where these regions cover a wider range
compositiqn. Another characteristic feature is the emergence of a miscibility gap of

network in the nematic phase.

ase
that
'his

of

the
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Figure 15

Phase diagram of a binary nematogen mixture composed of a SCLC crosslinked polyr

network and a LMWLC. The solid line is the binodal and the dashed line is the spino

The phases are indicated on the diagram. The parameters used to plot this figure are

342

s Xo =-O.35+--f-, x,=03; x,=004

X = Lo+ X102 + X203

o= f-2+20p,
f

, B= 29, ; £=3; 0=0.25

f

Ni=1; Nc=103 (loosely crosslinked network); Tn11=60°C; Tniz=80°C; k=1.

A swollen nematic network coexists with a collapsed nematic network. A triple point is

found at 33°C where the latter networks are in equilibrium with a pure nematic LC ph

mer

dal.

ase.

Another triple point is found at 62°C where a nematic network, an isotropic network, and a

pure isotropic LC phase coexist. This diagram is obtained for a loosely crosslinked

network corresponding to N.=1000. To illustrate the effect of N; keeping other parameters
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and only one triple point at 7=67°C is recovered. The biphasic domain of I+], N+I,
extend to larger ranges of temperature and composition as in figure 15. The hi

crosslinking density favors phase separation in the nematic order and in the isotropic st

360 '
]
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350 : + Pure isotropic LC
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Figure 16

The same parameters as in figure 15 with N;=10 (highly crosslinked network). The phases

in different regions are indicated in the figure.
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4. Conclusions

In part 1, phase diagrams of model systems made of mixtures of polymers and LMWLC

are reviewed. Several cases are considered to identify the effects of the polymer

architecture and the LC order on the phase behavior. A particular attention is given

differentiate between systems involving linear and crosslinked polymers. Systems

involving LMWLC with either nematic or smectic-A order were the subject of a particular

attention. Phase diagrams of binary nematogens are analyzed underlying the effect

to

of

coupling on their miscibility under various conditions. The thermodynamics under the

isotropic conditions are described using the Flory-Huggins lattice theory if the polymer is

linear and the Flory-Rehner theory: of rubber elasticity if the polymer is crosslinked. The

presence of crosslinks is shown to have a strong influence upon the phase diagram. In the

nematic ordered state, the thermodynamics are described by the Maier-Saupe theory. For

mixtures exhibiting a smectic-A order, the extension of the Maier-Saupe theory developed

by McMillan is used. For binary nematogens, the phase behavior is described by a free

energy model suggested by Brochard et al. and later extended by Kyu.et al. to different

coupling cases. In spite of their simplicity, these theoretical models are remarkably useful

in the interpretation of experimental phase diagrams obtained on various mixtures with

linear or crosslinked polymers and various LMWLC showing a nematic or a smectic-A

order.

Mixtureé of linear poly(n-butylacrylate) of molecular weight near 100 000 g/mol and the

nematic LMWLC known as E7 were investigated by polarized optical microscopy (POM)

and light scattering (LS)*. E7 is an eutectic mixture of four cyanoparaphenylene species.

Although its components have different transition temperatures, the E7 mixture

is

characterized by a single transition temperature Tn=60°C. This is an example of a

temperature composition phase diagram obtained from a system made of linear polymer

i Wllml”ll%.ﬁﬂllllﬂlﬂ‘ﬂﬁﬂ W W
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>polymer probably because of a preferential solubility of some of its constituants with

and a LMWLC mixture which has been analyzed by the present formalism. The data seem

to indicate that the eutectic mixture E7 undergoes a phase separation in the presence of

regards to the polymer. A loss of miscibility of the higher molecular 'weight component of
LC with respect to the polymer would lead to a different composition of the LC within
ordered domains. Similar observations were made by Nolan et al. on mixtures of UV-cured

N

NOAG65 and E7*?. In this system the nematic-isotropic transition is observed at 65.6°C at
the composition of 60wt% LC.

On the other hand, phase diagrams of other mixtures of linear polystyrene (PS) and 8CB

were analyzed using differential scanning calorimetry (DSC), POM, and LS4 T

the case for other systems investigated consisting of high molecular weight polymers

LMWLC with various characteristics®” 4%, Interesfingly, although based on mean field

44
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models, the theoretical formalism reviewed here was successful in describing various

- experimental data with a remarkable accuracy and a good agreement.
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PART 2

Effect of molecular weight on the phase diagram and thermal

properties of poly(styrene)/8CB mixtures
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Abstract

Equilibrium phase diagrams and thermophysical pioperties of mixtures of poly(styr

(PS) and 4-cyanq-4’~n-octyl-biphenyl (8CB) are investigated. Three systems with widely
different molecular weights of the polymer are considered in an attempt to assess the
effects of the polymer size on the miscibility of PS and 8CB. The experimental p ase
diagrams are established using polarized optical microscopy (POM), light scattering (LS),
and differential scanning calorimetry (DSC) and the results analyzed with the predictions
of the Flory-Huggins theory of isotropi;: mixing and the Maier-Saupe theory of nematic
order generalized by McMillan to include smectic-A order. Good agreement is observed
between theory and experiments. The solubility properties of mixtures with different
polymer sizes are analyzed using the method suggested by Smith. The solubility limit of
8CB in PS is deduced from enthalpy changes at the nematic-isotropic transition
temperature (Tni) as a function of polymer molecular weight. It is found that the decrease
of the solubility limit with increasing molecular weight is not linear and reaches a plateau
value for higher molecular weights. The results obtained for the systems investigated here

and for three other systems reported in the literature fall on a single master curve.

representing the solubility limit at 7, as a function of polymer molecular weight.
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1. Introduction
This part deals with the equilibrium phase behavior and the thermo-physical properties of
mixtures of polystyrene (PS) and a low molecular weight liquid crystal (LMWLC) (4-
cyano-4'-n-octyl-biphenyl or 8CB). Samples made of linear flexible chains with no
mesogen groups and three different molecular weights dissolved in a low molecular weight
LC are considered. This allows one to assess the effects of polymer size on the equilibrium

phase behavior and thermal properties of polymer/LC mixtures. The LC 8CB exhibits in

[7]

the bulk three distinct transitions and presents crystalline, smectic-A and nematic phases.

Mixtures covering a wide range of compositions were prepared folldwing the same
procedure based on é combination of solvent induced phase separation (SIPS) and
thermally induced phase separation (TIPS).'"? Equilibrium phase behavior |and
thermo_physical properties of these systems are the subject of a growing interest because of
the key role they play in a variety of practical applications such as digital displays, privacy
windows, computers, TV screens etc.'” Developing reliable methods to evaluate the
content of LC dissolved in the polymer with a high accuracy is érucial for determining the
optimal operating conditions of devices made of such systems. It is clear that reduction of
the amount of LC dissolved in the polymer matrix is not only an economic incentive to
reduce cost of these devices but also a goal sought to improve their operating conditions.>®
With regards vto the thermophysical properties, the LC dissolved in the polymer |acts
generally as. a plasticizer reducing its glass transition temperature.”® Moreover, it affects
strongly the refractive index matching condition between the polymer and the component
of the LC perpendicular to its director. This condition is required to achievé maximum
transmission of light when an electric field is applied.*"!

In the present work we have choosen a model system made of well characterized PS and a

single component LMWLC with well defined transition temperatures including smectic A-
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nematic and nematic - isotropic transitions. Three PS samples covering a wide rang

e of

molecular weight and a very narrow molecular weight distribution were used. Under such

conditions we were able to characterize unambiguously the effect of polymer molec
weight on the phase diagram. To our knowledge similar experimental investigation
only reported by Kyu et al. who considered blends of polymethylmethacrylate and

eutectic LMWLC mixture known as E7 with a nematic - isotropic transition temperatur

60°C."? The phase diagram and the phase separation dynamics of PS (M,=218000 g/mol)/

E7 has been investigated by Kim and Kyu."

In a recent paper,14 preliminary data obtained by polarized optical microscopy (POM)
differential scanning calorimetry (DSC) of PS/8CB were given. These data were taken ¢
PS/8CB mixture where the polymer had a fixed molecular weight M.=44.10’g/mol wi

narrow distribution corresponding to M,/M,=1.05. The experimental phase diagram

reported and some thermophysical properties such as the glass transition temperature

- and the fraction of LC in the nematic domains a were briefly described.

The present paper is an extension of the preceeding one in several ways. First,

ular
was
the

e of

and
m a
th a

was

> T,

two

additional systems characterized by molecular weights of PS differing by. orders of

magnitude are considered. This allows one to assess unambigously the effects of

polymer size on the equilibrium phase diagram and thermal properties of PS/8CB ble

the

nds.

By choosing widely different sizes, one hopes to reach conclusions representative of| the

whole range of polymer molecular weights from 410° to 200.10° g/mol. Unlike reference

14, the experimental data obtained here by POM, LS, and DSC are analyzed in more dé
using a theoretical model which combines the Flory-Huggins'® theory for isotropic mix
and the Maio:r-Sz‘:tupn‘.:'6'17

extension to include the effects of smectic-A order. Changes in themophysical proper

resulting from changes in the polymer size are also considered. Enthalpy changes at

RETET T THTTUTT T T (1 | T 1T 1

atail

King

theory for nematic order supplemented by the McMillan'?

ties

the
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nematic-isotropic transition with LC composition yield valuable information on

the

solubility parameters and the amount of LC remaining in the polymer afler the phase

separation, New predictions on the solubility limit of the LC in different systems are made.

as a function of polymer molecular weight.

2. The theoretical phase diagram

The theoretical formalism which describes the phase behavior of mixtures of linear

polymers and LMWLCs with smectic - nematic and nematic - isotropic transitions can be

found in the literature.'”*” A summary of this formalism is given in the present sec

tion.

Valuable information is gained in the analyzis of experimental data with regards to the

effects of polymer size, transition temperatures, combined isotropic and anisotropic

interactions etc. The general equations are given first before the explicite forms of| free

energies and chemical potentials, and the procedure by which the equilibrium phase

diagram is constructed.

a) General equations

The starting free energy density for the systems under consideration here is a sum of

terms

f= f(i) + f(a)

two

M

The letter f represents a free energy density and the superscripts (i) and (a) stand for

isotropic and anisotropic, respectively. For the entire system containing a total numb

er of

N, molecules, the total free energy is F=N,fwith N=Nn1+Nynz; Ny and ny being the degree

of polymerization and the number of molecules per unit volume of species k, respect

with k=1 for the LC and k=2 for the polymer. Similarly, we have Fi=N, £ @

vely,

and

F® =N, ﬂ“). Knowledge of the free energy allows the calculation of the chemical potentials
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which in turn are used to determine the composition of phases in equilibrium. These

given by the derivatives

! » B2 %
6nl ny TP on, mT.P

where P and T represent pressure and temperature, respectively, and the quantities in

are

@

the

subscripts remain constant in the derivation. Sometimes it is more convenient to write the

chemical potentials in terms of derivatives with respect to volume fractions @1=n N\/M
@2 =naNy/N,. Tt will be assumed that all segments occupy the same volume and the mix

is incompressible implying @;=1-¢;. One finds

and

ture

M _ af

-—-—Nl f —o=— 20, (3)
8f 4

N2 =f - — 20, @)

If two phases designated by single and double primes are in equilibrium, their

compositions are given by the standard equations

w0 =u0 p =py (5)
which are written explicitly as follows
af af (N)
S -o =f -0 -— (6)
'6% ' op,
¢ ()
o) )
_f_l T -

The same relationships hold for isotropic, anisotropic and total free energies. The choice of

any of these contributions depends on the nature of phases in equilibrium. These general

formulae are useful in the construction of the phase diagram. Their application to

the

systems under consideration here is based on a combination of the Flory-Huggins theory of

UL 0L T I 1T TR T T T
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isotropic mixing and the Maier-Saupe-McMillan theory of nematic and smectic orders

we will discuss in the following sections.

b) The Flory-Huggins theory of isotropic mixing

The Flory-Huggins free energy density for a binary mixture is well known

fO o 9 ‘
L =Fllne, + —=Ingp, +
kT N, Py N, @y + 20,9,

where kg is the Boltzman constant and y the Flory-Huggins interaction parame

Substituting eq 8 into eqs 3 and 4 yields

5 a8

®)

ter.

0]
Hy N, 2
——=lng, +|1-— @, + YN 9
kT ¢ ( Nz)% XN 192 &)
0
Ha N, 2 |
= _=Ilng, +{1-—=jp, + xN (10
kT ) [ N, AN 20 | )

Likewise, the derivation of the isotropic free energy with respect to ¢; is straightforward.

Assuming that y is independent of composition yields

o  Ing, +1 Ino, +1
yo _lnoi 4l gt 0, -01) (1)

- 09, N, N,

These results are sufficient to describe the isotropic phase behavior of the mixture. One

needs only to specify the variation of y with temperature. The following form is adopted

here

B
—_ 4 |,_ — 1 2

where 4 and B are constant independent of 7. They are chosen to obtain the best fit with

the experimental data in the part of the diagram where the isotropic interaction is most

significant.
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¢) The Maier-Saupe-McMillan theory of nematic and smectic-A orders

The anisotropic free energy is obtained from the Maier-Saupe theory of nematic or

generalized by McMillan to include smectic-A order.®?" Therefore, two order parameters

are needed: the nematic order parameter s describes the orientation distribution defined

the angle 6 between the LC director and a reference axis 0z
1 2 \
s = —2~3(cos 6) - 1 (

The smectic-A order parameter o describes ordering along the 0z-direction

o= %<(3cos29 - l)cos -z—gi> . (

der

by

13)

14)

The symbols <--> denote averages with respect to the distribution of angle @ and

coordinate z (along the direction of the smectic order), d is the distance between

consecutive smectic layers. The function g(z, u) represents the distribution of director

orientations

expl- (u, +1,)/ kyT]
4nZ

g(z,p)=

(15)

where u = cosf; u, and us are the mean field potentials for nematic and smectic

A

interactions. They are expressed in terms of mean field parameters 1y and m; as follow

u m

LI YL -6
k. 5 (3m ) | (16)
L=__"js_(3 2—l)coszglri (17)
kT 20h d |

The capital letter Z represents the partition function and is related with the nematic and

smectic orders

Z= ”dudzexp[%“—ﬁuz_ —1)]exp[£12-§-(3;,12 —1)c0527t_;z—l-] | (18)

The anisotropic free energy is given in terms of the distribution function
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(a) F (a) @
1

L=
- kgT  nk,T N,

{” g(z, u)In[dng(z, u))dudz - -;-wp,‘ (s2 +ac’ )}

(19)

The first term on the right hand side of eq 19 is the entropy cost due to nematic/smectic

orders while the second term is an energy contribution. The integral defining the entropy

can be reduced as

Hdpdz glz,n) ln[47r g(z, u)] =InZ-m,s-mo (20)
, af(l)
Minimization of the free energy with respect to the two order parameters (i.e. v =0
af(a) v
and —a—-—- = ( yields the mean field parameters mp and ms in terms of the order parameters
o
sand o
m,=vse; m=0VvoQ, (21)
Combining eqs 19 to 21 yield the anisotropic free energy
DA} [ 1 2 2 :l
= -InZ +—-vp,(s* +{o 22
k,T N, | 2 @y ( ¢o ) (22)

where v represents the quadrupole interaction parameter in the Maier-Saupe theory a
the strength of smectic interaction in the McMillan model. The former is giver
v=4.54T\/T while { depends upon the ratio Tsn/Tni. According to the theory of McMi
and for the system under consideration here where Tgn/Tni=0.98, the pararﬁeter ¢ wi

given the value {=0.9375.

nd ¢
1 by
1lan,

It be

The anisotropic chemical potentials are obtained by a straigthforward derivation of eq 22

using eds 3 and 4. The results are

1
i‘-;—fu—lnz-+-«2-(sz +:;o‘2)wp,2

(23)

(24)
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The above formalism is sufficient to construct the theoretical phase diagrams by a proper

choice of the parameters characterizing the PS/8CB mixtures as we shall see in

following sections of this paper.

3. Experimental part

a) Sample description

PS samplés of different molecular weights were purchased from Aldrich (Saint Quentin
Faliavier, France) and were used without purification. The molecular weights and their
distributions were obtained by GPC calibrated with standard PS samples. These

measurements were performed in tetrahydrofuran (THF) at room temperature and led to a)

the

M.=410° g/mol, Mu/My=1.06 ; b) My=44.10° g/mol, Mi/M;=1.05 ; ¢) M,,=200-10° g/mol,

Mw/My=1.09.

The LC is 4-cyano-4'-n-octyl-biphenyl or 8CB showing a smectic-A order. It was

purchased from Frinton Laboratories (New Jersey, USA) and presents in the pure state

characteristic transition temperatures which were provided by the manufacturer as : Txs =

21.5°C, Tsn = 33.5°C, and T = 40.5°C.

b) Sample preparation

PS and 8CB with different LC compositions were dissolved in THF at 50 wt% (we

fraction). Mixtures were stirred mechanically for 12 hours. Samples were prepared

following the standard procedure for microscopy observations. A small amount of

ight

the

mixture was cast on a clean glass slide and the sample was left for 24 hours to allow for a

complete evaporation of the solvent. Another glass slide was put on top of the first one

the dry sample was sandwiched between the two glass slides. The same procedur

and

¢ is

repeated to have two or more samples at the same composition prepared independently to

check for reproducibility of the results. Samples with the pure components were also

DML N N 0 WO U
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obtained following a similar procedure and it is worthnoting that the same results were
obtained as in the case of the pure components prepared without use of an organic solvent.
For the DSC measurements, the samples were prepared by introducing approximately 3mg

of the initial mixture into aluminum DSC pans prior to solvent evaporation.

¢) DSC measurements

DSC measurements were performed on an apparatus of the type SEIKO DSC 220C
equipped with a liquid nitrogen system and alloWs for cooling and heating ramps. The
apparatus cell was purged with nitrogen at a rate of 50ml/min. The same heating-cboling
ramps were used for the microscopy measurements in the tefnperature range spanning from
20°C to 70°C. Data were recorded systematically on the second heating ramp.
Enthalpy changes at the nematic—isotropic- transition dehoted AHy and in the smectic—

nematic transition denoted AHsy are given in Joule per gram of the sample. Uncertainties

in these measurements were approximately +0.05 J/g.

d) POM measurements

The polarized optical microscope (POM) used in this study is of type Leica DMﬁXP,

" equipped with a heating-cooling stage Linkam THMSE 600. Samples were heated a# the

rate 2°C/min from room temperature to 15 degrees above the transition terriperzjiture
leading to the isotropié phase. Then samples were left approximately 5 min in the isotropic
state. Afterwards, the samples corrésponding to 50 wt% 8CB or higher were cooled down
to room temperature at a rate of -2°C/min. For the other samples with low concentration in
LC, cooling was performed to 7=-10°C to allow for phase separation and formation of
ordered regions if a LC phase does exist. This procedure is followed after 5 min by a

heating ramp at a rate of 2°C/min. Transition temperatures were recorded during the

heating ramp.
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e) LS measurements

Light scattering measurements were performed using the classical setup illustrated in

- Figure 1 of reference?®. The He-Ne 'Laser (A=632.8 nm) was polarized lineérly,
perpendicular to the scattering plane. The s;attered intensity Was measured in the ‘VV
mode (I.v), where the analysér axis is parallel to the polarization direction of the inci%lent
beam. The scattering pattern was recorded by a CCD camera. No anisotropic effects were
found on the intensity pattern allowing to perform radial averages of the scattered intensity.
The samples already used for POM measurements were submitted to the same
heating/cooling cycle as described in the previous section. In the isotropic stat; at
temperatures above 70°C, the scattering intensity was constant exhibiting low values. The

temperature at which the scattering intensity undergoes a sharp or discontinuous increase

was taken as the onset of phase separation.

4, Results and discussions

4.1. Order parameters and phase diagrams
a) Order parameters |

Prior to the discussion of the phase diagrams, it would be useful to understand ﬁrsti the
dependence of the order parameters on temperature and composition. The rclétive
contribution of the anisotropic‘ free energy to the total free energy and hence the existence
of ordered domains in the phase diagram are related to the values of the order parameters.

In view of the importance of these quantities, we represent in Figure 1 the variation of s

and o as a function of @, for three temperatures. Thick and dashed curves represent s and

o, respectivély. s undergoes two discontinuities at @sy and @n; and exhibits two branéhes.

The anisotropic free energy is nonzero only if the parameters s and o are higher than the
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limiting values s and o.. Above the smectic-nematic transition temperature (Tsy=33.5°C)

and below the volume fraction @sn=T/Tsy, there is no smectic order and o is zero.

0,75 - s — }
07 D
0,65 |

o 061
0,55
0.5
0,45

oo '

S

0-4 PO

092 093

0,94

Figure 1

Variations of nematic s and smectic o order parameters versus LC composition at three

temperatures. The following quantities were used in this plot: Tsn=33.5°C, Tni=40.5

£=0.9375.

°C,

Above the nematic isotropic-transition temperature (7n=40.5°C) and below (pN|=T)j'Tm

there is no nematic order. Below this composition, the smectic order disappears sinc

becomes 0 and the nematic order remains alone until the composition reaches

composition ¢ The upper branch of the nematic order parameter is quite high due to

€0

the

the

enhanced nematic order resulting from the emergence of the smectic-A order. The increase

of the order parameter s in the presence of smectic interactions depends upon the coupiing

parameter o which in turn is function of the ratio Tsn/Ti. For the present PS/8CB systjbm,

considering the values of Ty and Tsn characterizing 8CB we have obtained the valuJ; of

¢=0.9375 according to the theory of McMillan.'® Needless to say that at temperatures
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Figure caption to Figure 2 :
Equilibrium phase diagrams of PS / 8CB. The symbols in this diagram represent
experimental data obtained by POM and DSC : O and @ represent the transition

temperature from smectic A + isotropic to nematic + isotropic for the two series of samples
by POM measurements; (] and B represent the transition temperaturé from nematic +

isotropic to isotropic + isotropic for the two series of samples by POM measurements; A

and A represent the transition temperature from isotropic + isotropic to isotropic for the

two series of samples by POM measurements; + and - represent the transition temperature

from smectic A + isotropic to nematic + isotropic for the two series of samples by DSC

measurements; x and * represent the transition temperature from nematic + isotropic to
isotropic + isotropic for the two series of samples by DSC measurements; 77 represent the

transition temperature from nematic + isotropic to isotropic + isotropic or isotropic
obtained by LS measurements. |

2) My=410° g/mol  b) My=44.10° g/mol  ¢) My=200-10" g/mol

The solid curves represent the theoretical predictions obtained using the following
parameters Tsn=33.5°C, Tnr=40.5°C, ¢=0.9375, and

a) x=-0.93+531.3/T; N,=15

b) x=-2.408+1010.76/T ; N,=32

c) x=-4.558+1733.14/T ; N,=361

above Tsn=33.5°C only the nematic order survives and the curves display only the lower

branch of the solid line,

The results of these calculations together with the theoretical formalism described in

section 2 lead to the solid lines'in the phase diagrams given below.
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b) Phase diagrams

Figure 2a, 2b and 2c show the phase diagrams for the three systems under investigation
with M,=4-10%, 44.10° and 200.10* g/mol, respectively. Each of the three phase diagrams
were established on the basis of data recorded on two independently prepared samples with
practically the same composition. This enables one to double check the validity of the
measured data. The symbols represent the experimental results as indicated on the figure
captions and the solid lines are the theoretical predictions. The parameters used to plot
these lines are chosen to ‘reach the best fit to data. The three diagrams show an upper
critical solution temperature shape. Unlike Figure 2a, the other two have a distinct critical
point and an (I+I) biphasic region. Tﬁe temperature and composition at the critical point
increase with the -m.olecular weight according to the mean. field theory prediction. The
number of adjusted parameters to fit experimental data is reduced in the presence of the
critical point since the number of repeat units of the polymer N is calculated from the
critical volume fraction for each of the two highest molecular weight systems using
(pc=N2'/2/[N|”2+N2”2] assuming that Ny=1. These valués are given in the figure caption.
Knowing N, and N,, one can determine the critical interaction parameter using

2e=[Ni""Ny"1%/2. Only one parameter remains to fit the data. Therefore, values are

given to 4 while B is deduced according to B=[xc-4]T.. This procedure was possible in
Figures 2b and 2c while in Figure 2a the absence of the critical point makes the choice of
fitting parameters more arbitrary. Nevertheless, good agreement is reached between the
three sets of experimental data obtained from POM, LS, and DSC, and theoretical
predictions. The variations of the x-parameter with temperature for the three systems
chosen to plot the theoretical curves are given in the figure caption.

The diagrams eihibit several regions with a distinct difference between the lowest polymer

molecular weight (Figure 2a) and the other two (Figures 2b and 2c). Mixtures with the
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short polymer chain do not exhibit the biphasic region of coexisting isotropic phases as in
the other cases. This is due to the higher compatibility between the short polymer and the
LC as compared to the long polymers. The enhanced compatibility results into a direct
transition from the (N+I) region to the homogeneous isotropic phase as soon as the

temperature of nematic-isotropic transition is crossed. The system with highest M,
presents the largest miscibility gap which covers a range of temperature up to the criticai
temperature 65°C, and a domain of composition from approximately 15 to 100 wt% LC as
shown in Figure 2c. The transition from smectic to nematic order is observed for the three
systems at approximately the same temperature. There is a tendency towards a decrease of
this transition appearing for lower LC compositions. This perturbation is probabfy due to
the influence of T, which is quite close to this region. Apart from this effect, the
témperature at which the transition from (S+I) to (N+I) takes place is independent of the
molecular weight and is the same as for pure 8CB, namely Tsn=33.5°C. This can be easily
understood by noting that in the regions (S+I) and (N+I), a polymer rich phase dissolving
the LC in the isotropic state is in equilibrium with almost pure LC phase either in the
smectic order (lower region S+I) or in the nematic order (upper region N+I). Hence, it is
reasonable to expect that the transition tempcréture from S- to N-order of the LC remains
practically constant at 33°C characterizing pure 8CB regardless of the amount of polymer
in the sample provided that this amount is sufficient to form an ordered phase. Melting
down of the nematic order into an isotropic phgse takes place roughly at 40.5°C
characteristic of the (N-I) transition of the pure LC for the three systems investigated here.

The explanation is the same as above in the transition from smectic to nematic order.
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Figure 3

Transition temperatures to the isotropic phase for the three systems in the descending order
from the top : M,=200-10° g/mol, M,=44-10° g/mol, My=4-10" g/mol. The symbols 7 and

-# represent experimental data obtained by POM, LS, and DSC and the solid lines are

theoretical predictions calculated with the parameters given in the caption of Figure 2.

To illustrate further the effect of polymer size on the phase behavior of the three systems,
we reproduce in Figure 3, the change in the highest transition temperature with
composition only. The upper curve represents the highest molecular weight and shbws a
transition from an (I+I) to an I region whereas for the lower curve corresponding to the
lowest My, one has a direct transition from an (N+I) region to a single isotropic phase. A
drastic loss of miscibility follows an increase of polymer size. Consequently, the amount of
LC dissolved in the polymcf matrix decreases substaﬁtially. Quantification of these
tendencies has an important impact upon quality of these systems in practical appiications.
They repfescnt valuable guides for the choice of adequate materials suitable for some

applications.
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Optical micrographs showing coexisting domains of smectic-A order with isotropic phases
and nematic domains with isotropic phases were given in reference 14 for the system with
intermediate molecular weight of PS. Similar textures were obtained for the other systems
with minor differences. For example, the ordered domains observed in the system with
lowest M, are less developped and more difficult to identify due to the higher
compatibility of the LC and the polymer. The higher molecular weight polymer systems
exhibit much larger and more defined ordered domains.

In order to improve understanding of the thermal properties of these systems, it is useful to
analyze with further details the energetic dat; obtained by DSC measurements which is the

subject of the following section.

4.2. Thermophysical properties
~a) DSC data
Figures 4a and 4b display the thermograms corresponding to mixtures with PS molecular
weight My=4-10% and 200.10° g/mol, respectively, and LC composition from 45 to 95 wt%
8CB. The thermograms for M,~44.10> g/mol were given in reference 14 and are not
reproduced here. Measurements made for the system with M,=44.10° g/mol up to 30 wt%
8CB revealed a plasticizing effect of the LC for PIS via a sharp decrease of the glass
transition temperature T from 103°C for pure PS down to about 17°C for 30 wt% LC. For
this system, up to 30 wt% 8CB, there is complete miscibility of PS and 8CB. The DSC
thermograms exhibit a single glass transition and the sample remains isotropic at all
temperatures covered in the experiments. For the PS of highest molecular weight, the range
of miscibility shrinks substantially, and a gap appears at less than 15 wt% 8CB for T=20°C

for example.
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B a- DSC thermograms of the PS/8CB mixture with M,=4.10° g/mol of compositions from
50 to 95 wt% 8CB recorded during the second heating at a rate of 2°C/min,
b- The same as in a) for M,=20010° g/mol recorded under similar conditions in a
— composition range from 45 to 95wt% 8CB.
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Figure 5

Enthalpy variations in the nematic-isotropic transition AHy; and the smectic A - nematic
transition AHgy versus 8CB concentration.

) My=410’g/mol

b) Mw=20010’g/mol

X correspond to data obtained independently from a second series of samples of

M,=20010° g/mol. The symbol [J represents data of AHy,.
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Figure 5§

¢) Only AHy; versus LC concentration for the three molecular weights,

The symbols M, O and A represent the AHy, data for the three systems in the descending

order of M,,.

b) Enthalpy data

Figure 5a and 5b represent enthalpy changes at the (S+N) and (N+I) transitions Versus
composition for the mixtures with lowest and highest molecular weights, respectively,
Enthalpy changes in the (N+I) transition are larger that in the (S+N) transition. The energy
cost to align randomly oriented LC molecules to form a nematic phase is much higher than
to rearrange the oriented molecules and achieve a smectic-A order. This is true for the
three systems considered here. The results for the intgrrnediate molecular weight are not
reproduced here and can be found in reference 14. Measurements of enthalpy changes in
the (N+I) transition are much more precise than the (S+N) transition which shows scattered
data. Observations made from the AHy, data are more reliable and therefore we shall
proceed with the‘discussvion of thermophysical properties extfacted from the (N+]) energy

data only.
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In order to allow comparison of the results obtained for different molecular weights, we
present in Figure Sc AHy; versus PLc= ¢, for the three systems investigated. One observes
that AHy; increases linearly with LC content and the three curves merge together at =1 to

the same value 2.6 J/g. The increase of AHn; is steeper for lower molecular weight as the

- concentration of LC increases.

c) Solubility‘data
The above thermal data enable one to extract the solubility limit B of the LC in the polymer
which gives a direct estimaté of the relative amount of LC in nematic domains. Let § be the
ratio of enthalpy changes at the (N+1) transition for the mixture at composition ¢, and for
the bulk LC

6= Afi(o1) / AHyi(py=1) (25)
The rule of inverse segments yields a relationship between § and the solubility limit P as

5=(orf)/ (1) ‘ @9
where @;>f, otherwise §=0. This assumes that the LC inside nematic domains and in the
pure state have similar thermophysical properties and that the polymer dissolved in the LC
phase does not contribute to the enthalpy change AHn (o). Moreover, the (N+]) transition
temperature is assumed to remain constant upon addition of polymer.
Figure 5c shows that AHni(¢1) increases linéarly with @, consistent with Eq 26 and
literature data.®****** The intercepts of the lines with the x-axis yield the solubility limit
B and decreases strongly with increasing molecular weight of the polymer. One reads
$=0.37,0.47 and 0.71 in the decreasing order of PS molecular weight. It is interesting to
note.that for the systems investigated by Smith® which usually involve chemically cross-
linked networks, the typical values of 8 vary from 0.1 to O.2i In view of these remarks, we

see that the present values of B are comparatively high. On the other hand, the fraction of
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8CB contained in the nematic domain a is another interesting quantity. It is given by the

ratio of the mass of LC in the nematic domain m;® and that of the LC in the whole mixture

m
a=mP/m=§/p (27)
1 -
0,8 -
0.6 - M,,=4000g/mol
y
A
04 A
0,2 -
0 T L4 T T L L} T S
20 30 40 50 60 70 80 90 100
LC concentration (Wt%)
Figure 6

Fraction of 8CB in nematic droplets o obtained from AH\i data versus total LC
composition for the three molecular weights in the decreasing order from the top. The
symbols B, O and A represent the data for the three systems in the decreasing order of

molecular weight determined by applying eq 27, whereas the solid lines were caicu]ated by

using the corresponding B values from Figure 5c and eq 26.

Figure 6 shows q versus ¢y for the three systems under investigation. Clearly, similar
informations are contained in the curves of AHy; versus g, (Figure 5) but Figure 6 has the
merit of giving difectly the amount of LC in the nematic domains and shows how this
amount increases with the polymer size. These plots show that a can be quite large if the

polymer size increascs. In the case of low molecular weight'polymcr, a could be roughly

72

I A 0 umwmm 0 o




described by a linear segment, but as the polymer size increases, the data show that o first
increases then tends to level-off as the concentration of LC becomes high. For a large size
“polymer, there is a strong increase of a below ©=0.7. Above this concentration, the value
of o remains approximately constant indicating saturation of the polymer rich phase. This
tendency is also seen for the intenﬁediate size polymer but the concentration of LC where

saturation is reached is hi gher.

[ 80y T "'""'“’“‘“"'“’“““"“""""""‘"‘"'::":‘:‘_“““““‘i‘;::f_:’_‘“ =
70 O PMMAJET (Ref, 31)
g O PMMA/7CB (Ref. 7)
o 80 ‘- PS/7CB (Ref. 7)
z
55 50 W PS/8CB (this work)
"g E e e e s e s ey
=8 40
25
38 30
38 |
£ 20
£
10
[ T e e e e e e {
0 S00E+04  1.00E405  150E+05 200E+05 2,50E405  3.00E+05
Molecular weight M (g/mol)
Figure 7

Experimental data showing the variation of q as a function of polymer molecular weight
for different linear polymer/LC mixtures. The data shown here include results of the
present work and results taken from the literature as indicated on the figure, The solid line

is a least square fit to the data.

Figure 7 represents the variation of the solubility limit of the LC at Tni with the polymer
molecular weight. This plot includes data of the present work and other data published in
the literature for other mixtures of linear polymers and low molecular weight LC."!

Although these systems involve different polymers and different LC, the results fall on the

same master curve. Beyond a certain polymer size, the solubility of the LC in the polymer
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reaches a plateau limit. If such a variation is conﬁrmed, then this result would allow
prediction of the solubility limit of other systems. This could have important consequences
since it would mean that beyond a certain polymer molecular weight the nature of the

species in the mixture is irrelevant as long as o is concerned.
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3. Conclusions

The phase behavior of PS/SCB mixtures with three molecular weights of the polymer

different by two orders of magnitude is studied both experimentally and theoretically. The

- experimental data are obtained using POM, LS, and DSC and allow construction of the

complete phase diagrams for the three systems. These diagrams exhibit several regions: At
_low temperatures, a miscibility gap consisting of an isotropic polymer rich pha;e
coexnstmg with a smectic LC phase i1s observed for all molecular weights. At temperatures
above 33.5°C, there is a transition from smectic to nematic order and one obtains an (N-+I)
biphasic region for the three systems. Above 40.5°C, the LC in the ordered phase becomes
isotropic but the transition depends strongly on the polymer size. For the two highest
molecular weights, the phase diagrams show an (I+I) miscibility gap while for the lowest
molecular weight, a direct transition from (N+I) to a single isotropic I phase is found.
Clearly the latter system exhibits a much higher solubility of the LC in the polymer than
the other systems considered here. This enhanced compatibility is expressed not only by
the absence of an (I+I) gap but also by a significant shift of the cloud point curve to the v
right leaving a much wider region for the single I phase.

The experimental phase diagrams are anelyzed with the theoretical framework combining
the Flory-Huggins theory of isotropic mixing and the Maier-Saupe theory of nematic order
generalized by McMillan to include smectic-A order. Good agreement is obtained between
experimental data and theoretical predictions.

In vaddition to phase diagrams the thermophysical properties obtained from DSC
measurements were analyzed according to the procedure suggested by Smith.2% Both
enthalpy changes in the (8-N) and (N-I) transitions were examined to deduce solubility

limits of the LC in the polymer. The data for AHsy are not sufficiently accurate to allow for

reliable predictions on the solubility properties. However, the enthalpy changes in the (N-I)
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trarisitions are much more significant and were used successfully to obtain with good
accuracy the solubility limits and the amount of LC dissolved in the polymer. In particular,
the effect of polymer molecular weight on these thermal properties were unambiguously
identified via a miscibility loss with increasing molecular weight. A single curve
representing the solubility limit versus polymer molecular weight for several systems is
obtained. This result allows‘ one to make predictions on other systems with different
polymers and LCs without having to make additional measurements. The curve of the

solubility limit at 7y, versus molecular weight shows a sharp decrease for relatively low

.Mw followed by a leveling-off indicating saturation of the polymer rich phase. This

phenomenon might be related to the formation of a physical network due to a strong
entanglement of polymer chains; as the molecular weight increases. To our knowledge this
is the first time that such observations are made on the variation of the solubility limit of
polymer/Lé mixtures with the size of the polymer. It is evident that further studies will be

necessary to understand the relationship between the solubility limit of the LC and the

polymer molecular wej ght.
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