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A theory of the nematic isotropic phase equilibrium in mixtures of thermotropic ne- 
matogens and flexible coils is presented. The steric part of the partition function is 
evaluated along the lines given earlier by Flory for phase equilibria of rods and coils 
in lyotropic systems. The soft anisotropic forces between the molecules of the ne- 
matogenic component are treated by an additional factor in the partition function. 
From these premises the respective phase diagrams may be calculated using the char- 
acteristic parameters of the pure components (nematogen: axial ratio, characteristic 
temperature, thermal expansion coefficient; coiled solute: contour length, thermal 
expansion coefficient) without resort to adjustable parameters. The biphasic region 
where a nematic and an isotropic phase coexist is predicted to increase markedly with 
increasing chain length of the coiled component; in case of a polymeric solute there 
is a virtually complete exclusion of the coils from the nematic phase. Experimental 
phase diagrams obtained on mixtures of low molecular weight nematogens and flexible 
solutes are in semiquantitative agreement with theory, for increasing chain length of 
the flexible compound nearly full agreement is achieved. 

Key words: lattice model, phase equilibrium, statistical mechanics 

INTRODUCTION 

It is now well understood that the stability of a nematic phase is 
mainly determined by the steric forces stemming from the anisometry 
of shape exhibited by typical nematogens.' As has been set forth by 
Flory in 19562 and later by Flory and Ronca' the steric forces may 
be dealt with by use of a lattice model. The soft anisotropic inter- 
actions which have been treated first in the theory of Maier and 
Saupe4 then may be introduced by an additional factor in the partition 
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176 M. BALLAUFF 

f ~ n c t i o n . ~  The treatment of lyotropic systems consisting of rods dif- 
fering in length and a solvent using the lattice modeP7 has been 
shown to account for all experimental facts at least in a semi-quan- 
titative manner.8 A similar treatment of a mixture consisting of rods, 
coils and a solvent9 met with gratifying success in a comparison with 
experimental data.l0Jl The present work extends the latter consid- 
erations to a mixture of a thermotropic nematogen and a coiled spe- 
cies consisting of isodiametric segments linked together flexibly. The 
free volume which has been shown to be of utmost importance in 
describing thermotropic systems is introduced by the methods devised 
previously.’*J3 It has to be recalled that within the frame of this mean- 
field approach isotropic dispersion forces do not promote directly the 
ordering transition. Hence, in the model presented herein there is 
no coupling between the ordering process and the isotropic interaction 
of the coil and the nematogen as discussed recently by Brochard14 
and by de Gennes and Veyssie.” Thus, the nematogen is solely de- 
scribed by its axial ratio x,. and its characteristic temperature T* meas- 
uring the strength of the anisotropic dispersion forces. The coiled 
species is fully characterized by its number of segments denoted as 
x,. thus disregarding the small contribution from anisotropic inter- 
actions with the nematogen. This rendition gains support from pre- 
vious neutron scattering data by Dubault, Ober, Veyssie and Cabane16 
showing the ordering effect of the “nematic field” on the random 
coil to be very small. Furthermore, the anisotropy of the polarizability 
along the chain of the coiled polymers under consideration here is 
comparatively small and may be disregarded. In first approximation, 
additivity of the molar volumes can be adopted owing to the small 
concentration of the coiled component in the nematic matrix. The 
partition function of the respective mixtures may be derived from 
these premises in a straightforward manner. All theoretical deduc- 
tions obtained herein are compared with recent experimental results 
on mixtures of low molecular weight nematogens and typical poly- 
m e r ~ . ~ ~ - ~ ~  

THEORY 

Consider a binary system consisting of a rodlike nematogen and a 
random-coil polymer. The diameters of the components are assumed 
to be equal to the size of the lattice cell. The axial ratio of the rodlike 
particle is x,  and the contour length of the random coil is x,. The free 
volume present in the system is introduced by allowing a correspond- 
ing fraction of the lattice sites to remain vacant. The shortcoming of 
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PHASE EQUILIBRIA IN LIQUID CRYSTAL POLYMERS 177 

this device is well-known21 and has been discussed in more detail 
Inasmuch as the assignment of the free volume to the 

lattice cells is restricted to the treatment of the dependence of the 
partition function on orientation it does not affect the representation 
of the other properties of the liquid which may be dealt with by well- 
established methods2* The excellent agreement of theory and ex- 
periment when applied to suitable model ~ y s t e m s ~ ~ J ~  furthermore 
demonstrates the validity of this treatment. 

The combinatorial analysis along the lines given by Flory in Ref. 9 
may be readily adapted for the system under consideration. As usu- 
 all^,^,'^,'^ the mixing partition function Z, is subdivided into the 
combinatorial part Zcomb, the orientational part ZorIent and the intra- 
molecular or con formational part Zconf: 

Z M  Z c o m b  * Zorient * Zconf (1) 

Since the configuration of the random coil is assumed to be inde- 
pendent of the order present in the respective phase, Zconf is a constant 
and may be dismissed in the subsequent treatment. Let no denote the 
total number of lattice sites, n, the number of rodlike molecules and 
n, the number of random coils. As in Ref. 2 the quantity y specifies 
the disorientation of the rodlike particle. For a molecule with the 
long axis at an angle \cI with respect to the domain a x k 3  

4 
y = -x, sin+ 

I T  

With the orientational distribution function for the rodlike component 
being given by the ratio nxY/n, of the number of molecules with dis- 
orientation y to the total number n,, the mean value J follows as: 

As shown in Ref. 9 Z, then is given by: 

The first factor in braces in Eq. (4) expresses the expected number 
of configurations for the rodlike species in the empty l a t t i ~ e . ~  The 
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178 M. BALLAUFF 

last term takes into account the configurations accessible to the n, 
coiled molecules which have been added to the lattice subsequently 
(cf. Ref. 9). Thus: 

The orientational partition function Zorient may be expressed 

wheres 

wy = sin+ (7) 

is the a priori probability of disorientation y for a rodlike solute, and 
E~ is the orientation-dependent energy of one segment in the mean 
field of its neighbors when its disorientation is y ;  k ,  and T are the 
Boltzmann constant and the temperature, respectively. Inasmuch as 
we assume the conformation of the random coil to be independent 
of the order in the coexisting phases, Zorient only depends on the 
distribution function n,./n, of the rodlike species. The orientation- 
dependent interaction energy may be expressed by:5,12,’3 

Ey = - - sin2+ 
2 

with the characteristic temperature r“ measuring the strength of the 
orientation-dependent dispersion forces; V is the reduced volume, 
i.e., the ratio of the volume V of the system to the occupied volume 
V* 

v = v/v* (9) 

and s is the usual order ~ a r a m e t e r : ~  

3 .  
s = 1 - -(sinz+) 2 
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PHASE EQUILIBRIA IN LIQUID CRYSTAL POLYMERS I79 

The reduced orientation-dependent energy of the whole system fol- 
lows a d  

with the reduced temperature 0 being defined by: 

Combining Eqs. (4), (6), and (18) and introducing Stirling’s approx- 
imation for the factorials, one obtains for the reduced free energy 
(cf. Ref. 9) 

-InZ, = - ( n ,  - n,xr + n 2 )  In 1 - Pr 1 - - L n;( 31 
n x  n, 
n0 n0 

+ n, In- + n, In- + n,(j - 1) + n,(x,  - 1) 

Note that this expression holds for any disorientation y. 
Let Vr denote the volume of one segment. Then it follows that 

nu V: = v = (n,x, + n,x,) V VT (14) 

Thus 

no = (n,x, + n,x,)V (15) 

Also, we have 

V = (V,n,x, + Vcn,xC)/(nxxr + n,xc) (14)  

with Vr and Vc being the reduced volume of the nematogen and the 
coiled solute, respectively. 
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180 M. BALLAUFF 

Hence, the volume fractions v, and v, of the rodlike and the coiled 
species follow as: 

v r  = Vp,x , / [ (n ,x ,  + ncxc)V]  (17) 

Thus: 

The orientational distribution function nxy/n, for the rodlike species 
can be derived by taking the variation of -In Z M  with respect to 
nxy/nxs resulting to 

n,/n, = wy/fi exp sin$ - 4 sin2$ ] (20) 
3x 
2vo 

where the quantity a is defined bys 

or, by virtue of Eq. (17) (cf. Refs. 12 and 13): 

As in Ref. 5 the family of integrals fp can be expressed as 

] (23) [ :  2VB 
3x,s . Ti2 

fp = I, sinp+ exp - - a  sin$ - sin2+ 

leading to the self-consistency relations 

s = 1 - (3/2)f3/f1 
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PHASE EQUILIBRIA IN LIQUID CRYSTAL POLYMERS 181 

The chemical potentials of the two components are conveniently ob- 
tained by partial differentiation of Eq. (13) subject to the stipulation 
that the ratios n,ln, shall be assigned the equilibrium values that 
minimize -In Z,. Therefore, these ratios are exempt from differ- 
entiation. Substitution from Eq. (15) for no, partial differentiation 
with respect to n, or n, and subsequent replacement of the nJnX by 
Eq. (20) then leads to 

V t  

X r  Vr 
A p x / R T  = 1 n G  + v:@ - 1) + v:xr 

+ x,($ - 1) + xr<v , .  - 1) [ u  + 1n(l -+)I 

for the reduced chemical potentials of the respective compounds at 
orientational equilibrium. Here, primes are appended to all quantities 
which may differ in the coexisting phases. As ~ s u a l l y ~ ~ . ’ ~  the small 
difference of the reduced volumes of the components in the isotropic 
and the anisotropic phases is neglected, i.e., Vr = V;, and Vc = 
Vi.. However, V # since the composition in the coexisting phases 
is different. Note that in case of Vr = Vc = 1 and 8 + Eq. (26) 
reduces to Eq. (10) of Ref. 9 when f l  is expressed in the terms of the 
“1956” a p p r o x i m a t i ~ n . ~ ~ ~  Correspondingly, Eq. (27) becomes iden- 
tical with Eq. (11) of Ref. 9 upon equating the reduced volumes Vr, 
Vc and V to unity. 
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182 M. BALLAUFF 

The chemical potentials for the isotropic phase obtained by setting 
y = x,, s = 0 andf, = 1 are: 

1, A p J R T  = 1 n - L  + v,(x,  - 1) + v p ,  
xi- Vr 

+ x r ( $  - 1) + xr(Vr  - l)[ln(l - V - ’ ) ]  (28) 

and 

v c  A p J R T  = ln- + 
X c V c  

+ ~~(2.. - 1) + xCVc(+  - +-) (29) 

(cf. Eqs. (13) and (14) of Ref. 9). 

Biphasic Equilibria 

For calculating the characteristic temperature T* of the neat nema- 
togen we first consider the equilibrium condition for a one-component 
system. Upon equating the molar free energies given by Eqs. (26) 
and (27) for the case of a single component we obtain (cf. Refs. 12 
and 13): 

x r ( v r  - 1)a - lnfi - (x, - 7) - 

The reduced volumes of the pure compounds are accessible through 
the relation:25 

V1’3 - 1 = aT/3(1 + (YT)  (31) 

where (Y denotes the thermal expansion coefficient of the respective 
component at a given temperature T. As stated above, the reduced 
volumes of the anisotropic phase V’ may be set equal to its corre- 
sponding value in the isotropic phase with negligible error. Given x,  
and Vr, Eq. (30) can be solved numerically to yield the reduced tem- 
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PHASE EQUILIBRIA IN LIQUID CRYSTAL POLYMERS 183 

perature 8. With the temperature Tni of the nematic-isotropic tran- 
sition being known one may obtain the characteristic temperature T* 
via Eq. (12). 

BINARY MIXTURES 

Biphasic equilibria 

Biphasic equilibrium between the nematic and the isotropic phase 
requires Ap, = Ap,' for all components present in the system the 
respective chemical potentials being given by Eq. (26)-(29). If x,, 
xr, Vy, Vc and T* are known, the equilibrium conditions may be solved 
numerically as follows: Provisional values of v:, j j  and s serve for the 
numerical evaluation of the f, (Eq. (23)) which subsequently yield 
improved values of j j  and s via Eqs. (24) and (25). The calculation is 
repeated until self-consistency is achieved. Upon setting V = V' the 
latter quantity being accessed through (19), the condition 
Apr = Ap; may be solved for v, which in turn leads to an improved 
value of V .  Finally, the starting value of v: is compared to the value 
calculated from the condition Apr  = ApA and the entire process is 
repeated until all conditions for equilibrium are satisfied. 

RESULTS AND DISCUSSION 

It has been predicted by Flory9 that a mixture of rods and coils 
immersed in a solvent will separate into an anisotropic phase con- 
taining nearly exclusively the rodlike particles and an isotropic phase 
which consists mainly of a solution of the coiled polymer. The ex- 
perimental confirmation of this prediction"',ll demonstrates clearly 
the validity of the lattice treatment of the nematic state. As is evident 
from Figure (1) where the reduced temperature T/Tni is plotted versus 
the segment fraction 'pz given by: 

the partitioning of the rodlike and the coiled species is predicted to 
occur also in mixtures of a thermotropic nematogen and a flexible 
solute. In the example presented in the following three figures T* 
has been chosen to locate the nematic-isotropic transition tempera- 
ture T,, at 100°C; the magnitude of the expansion coefficients is of 
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184 M. BALLAUFF 

-. x, = L.0 1' = 330.L7 K 
\ -. a, = 8.0.10-'K-' a, = 8.0. lO-'K-' \-. --.. 

- x,= 5.0 --- x, = 20.0 

' ' 
\ 

' '' 
\ 

xC = 50.0 

'*' 

1 1 1 1 I I I I 1 -  

a02 0.06 0.1 01 4 018 v2 
FIGURE 1 Calculated phase diagrams of a mixture consisting of a thermotropic 
nematogen and a coiled species differing in number of segments denoted by x,.  The 
quantity x, is the axial ratio of the rodlike component; T* its characteristic temperature 
measuring the strength of the anisotropic dispersion forces and Tni is the nematic- 
isotropic transition temperature of the pure nematogen. The thermal expansion coef- 
ficients of the rodlike and the coiled component are denoted by a, and a<, respectively. 
The segment fraction (p2 of the flexible species has been chosen as the independent 
variable. 

the order found in typical low molecular weight liquids. In all cal- 
culations presented herein the thermal expansion coefficients are as- 
sumed to be constant in the comparatively narrow range of temper- 
ature. In view of the fact that additivity of molar volumes has been 
inferred through Eq. (16) this approximation may be justified in the 
course of the present calculation. As in the case of lyotropic systems9 
the compatibility of the two components decreases with increasing 
length of the coiled molecule. When x, is greater than 50 the flexible 
species is excluded nearly totally from the isotropic phase thus ren- 
dering the "nematicus" line identical with the ordinate. Owing to the 
fact that in the model presented here the coiled species has no ther- 
motropic transition, the upper curve indicating the temperature where 
the first nematic droplet is formed has a slight downward curvature. 

The phase diagram in Figure 2 underscores the importance of the 
equation-of-state parameters. Changing the thermal expansion coef- 
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PHASE EQUILIBRIA IN LIQUID CRYSTAL POLYMERS 185 

T’ = 330.47K 
x, = 5.0 

a, = 8.0 10-LK-’ 
a, = 1.5 .lO)K-’ 

0.92 4 
0.02 0.06 0.1 01 L 018 q$ 

FIGURE 2 Calculated phase diagrams of a mixture of a thermotropic nematogen 
and a coiled species characterized by a different coefficient of thermal expansion a,. 
The quantity x, denotes the axial ratio of the rodlike compounds, ?“ its characteristic 
temperature and Tni its nematic-isotropic transition temperature, and x, is the number 
of segments of the coiled species. As the independent variable the segment fraction 
‘pz of the solute has been chosen. 

ficients of the coiled component from 8.0 to 1.5 lop4 shifts the 
biphasic region to considerably lower temperatures. This finding clearly 
is related to the fact that a higher a, leads to an increase of the 
reduced volume. As shown in Ref. 12 the stability of the nematic 
phase is very sensitive towards the free volume present in the system; 
the transition temperature is predicted to decrease rapidly with in- 
crease of V .  The same reasoning applies to the system considered 
here, of course. Figure 3 finally demonstrates the influence of the 
axial ratio x,  of the nematogen when the nematic-isotropic transition 
temperature is kept constant. Thus the characteristic temperature T* 
is going down considerably when changing x,  from 4.0 to 5.0 which 
is followed by a lowering of the range of temperature where the two 
phases coexist. 

An additional point of interest is the dependence of the order 
parameters on temperature along the “nematicus” line. Earlier meas- 
urements on mixtures of a nematogenic liquid crystal and a low mo- 
lecular weight showed s to be nearly constant along that 
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096 
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- x,= L.0 
x, = 5.0 --- T *  z330.47K 

T *  ~218.59 

xC= 5.0 

r 
I I 1 I I I I I I -  

0.02 0.06 0.1 0.1L 0.18 92 

FIGURE 3 Calculated phase diagrams of a mixture of a thermotropic nematogen 
and a coiled species. The quantity x ,  denotes the axial ratio of the rodlike compounds, 
T* its characteristic temperature which has been adjusted to yield a nematic-isotropic 
transition temperature of 100°C for both axial ratios. The number of segments of the 
coiled species is denoted by x,; a, and a,; are the thermal expansion coefficients of the 
rodlike and the coiled species, respectively. As the independent variable the segment 
fraction ‘pz of the solute has been chosen. 

line. However, a recent investigation of this point by Dubault et al.19 
using a mixture of EBBA and a polystyrene of molecular weight 2100 
demonstrates that s changes considerably upon lowering the tem- 
perature. This fact has been discussed by the authors in terms of the 
concept of a pseudo clearing temperature introduced by F. B r ~ c h a r d ~ ~ . ”  
(see also the discussion of the problem by de Gennes and Veys~ie) . ’~  
Due to the neglect of higher order terms in the expansion Eq. (8) 
the treatment of the orientational distribution function within the 
frame of the present model is not suitable for an extensive discussion 
of the order parameter. However, the present calculation suffices to 
demonstrate the general feature of the dependence of s on temper- 
ature. In case of x, = 4 and x,  = 5 where the magnitude of the latter 
quantity corresponds to a typical low molecular weight solute the 
calculation shows the order parameter to be nearly constant (ca. 0.64) 
along the nematicus line (cf. Figure 1). This is in accord with the 
above mentioned measurements1s~26 on systems characterized by sim- 
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PHASE EQUILIBRIA IN LIQUID CRYSTAL POLYMERS 187 

ilar values of x,  and x,. In these experiments the nematic phase con- 
tains a considerable amount of the randomly oriented species. Hence, 
the order parameter under these circumstances results from a can- 
cellation of the increase of s due to the lowering of the temperature 
and the decreasing concentration of the nematogen in the ordered 
phase favoring disorder. When x,  is much larger than x,, i.e., in a 
mixture of a low molecular weight nematogen and a polymer the 
concentration of the coiled species in the ordered phase is very much 
diminished (see Figure 1). As a consequence, the order parameter 
is less influenced by the solute. Its calculated dependence on tem- 
perature resembles more the behavior found in the neat nematogen; 
s is increasing upon lowering the temperature. Hence, the present 
model can explain the temperature dependence of the order param- 
eter without additional assumptions. 

We now turn to a comparison of the calculated phase diagrams 
with experimental data. In doing so, one should bear in mind that 
all nematogenic liquid crystals used in these investigations are not 
ideally rodlike molecules as assumed by theory but contain flexible 
tails like n-butyl groups. The error thus introduced is very difficult 
to estimate at present. Furthermore, the model assumes a strictly 
binary solution but real polymers always exhibit a finite width of the 
molecular weight distribution. Since theory shows the breadth of the 
biphasic gap to be strongly dependent on the length of the coiled 
species as expressed by x,, the error inferred by neglecting the non- 
uniformity may be of appreciable magnitude (cf. Figure 1). Finally, 
a comparison of the theory developed herein and experiments is as 
well a test of the mixing relation Eq. (16) and the underlying equa- 
tion-of-state data obtained by Eq. (31). 

Figure (4a-d) shows the phase diagrams calculated for mixtures 
of MBBA with n-alkane liquids studied by Kronberg, Gilson and 
Patterson.'8 For a direct comparison with the Ref. 18 the mole frac- 
tion of the solute is used as the independent variable. The parameters 
of the respective compounds used in the calculation are summarized 
in Table I .  

The density and the thermal expansion coefficient of MBBA were 
obtained by the data given by Kuss.'' Its axial ratio x,  was deduced 
from the molar hard core volume and the main diameter of the 
molecule the latter quantity being estimated to 4.7A from the mean 
diameter of the benzene ring in related compounds.24 Since MBBA 
contains flexible end groups thus departing considerably from a rod- 
like structure this method seems to be the only appropriate way for 
a reasonable estimate of x,. A comparison of the x, obtained from 
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310 - 

300 - 

290 - 
- 

M. BALLAUFF 

MBBA /n - hexane 

280 ' I I I I 1 I 1 -  

0.02 0.06 0.1 Olb x, 
(a> 

FIGURE (4a-d) Comparison of calculated phase diagrams with experimental data 
obtained from mixtures from MBBA with n-alkane liquids studied by Kronberg, Gilson 
and Patterson. The characteristic parameters of the respective components are surn- 
marized in Table I. As the independent variable the mole fraction of the solute has 
been chosen. Bold lines: theory; filled circles: boundary of the isotropic region and 
the two-phase region; empty circles: boundary of the two-phase region and the nematic 
region; in Figure (4a) the data have been taken from Figure (3) of reference 18; in 
Figure (4b-d) the data have been calculated using the respective p' and p" values of 
reference 18. (See text for explanation). 

this method with the values deduced from structural data by Flory 
and Ronca5 furthermore reconfirmed the validity of the present way 
of access to this quantity. Equation-of-state data of the n-alkanes 
have been taken from the work of Flory, Orwoll, and Vrij25 and from 
the density data given by Temp1i1-1.~~ The number of segments of 
these components results from the ratio of their respective hard core 
volumes and the hard core volumes of one segment of the rodlike 
species. Trial calculations demonstrates that the error of the axial 
ratio which may be inferred by this method of determining x ,  and x, 
is nearly inconsequential for the resulting phase diagrams. In Figure 
4a, experimental points were taken from the corresponding graph in 
Ref. 18; the points in Figure 4b and 4c at low concentration (mole 
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FIGURE 4 (continued) 
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MBBA /n- tetracosane 

190 

TIK ' 
320 - 

310- 

300 - 

290 1 I I I I I I -  

0.02 0.06 ai 0.1L xz 

FIGURE 4 (continued) 

TABLE I 

Equation-of-state data for the system MBBAin-alkane 

MBBA (p-Methoxybenzylidine-p-n-butylaniline) 
~(40°C) = 1.0332 g/cm3 ZR a = 8.5 10-4K-' V* = 211.2 cm'iMol 

T,,, = 43.4"C 
x, = 3.4 

V at T,, = 1.225 T* = 351.74K 

+Alkanes 

n V*icm3 Mol-' x, a .  1 0 3 ~ - 1  Reference 

6 99.9 1.6 1.51 
16 241.1 3.9 0.92 
20 297.8 4.8 0.86 
24 354.2 5.7 0.82 

25 
25 
25 
29 

a:  thermal expansion coefficient in the respective range of temperature; V*: molar 
hard core vohme; Tn,: nematic-isotropic transition temperature; V :  reduced volume; 
P: characteristic temperature of the nematogen; x,: axial ratio of the nematogen; 
x,: number of segments of the coiled component. 
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PHASE EQUILIBRIA IN LIQUID CRYSTAL POLYMERS 191 

fraction of solute = 0.01) have been calculated using the pN" and 
the p" values given in Table I of Ref. 18, for the higher mole fraction 
0.05 the corresponding P N  and P' were used (see discussion of these 
quantities in Ref. 18). The comparison of the theoretical phase dia- 
grams and the experimental data shows that the present model ap- 
proximates the width of the biphasic gap very well. But in case of 
the short-chain solute the range of temperature where the two phases 
coexist is overestimated. However, this error is very much diminished 
when going from n-hexane to n-eicosane; in case of a mixture of 
MBBA and n-tetracosane nearly full agreement of theory and ex- 
periment is achieved. It has to be noted that no adjustable parameter 
has been used in the course of the calculation presented in Figure 
4a-d. The discrepancy of theoretical and measured phase diagrams, 
especially in case of shorter chains may be originated in the neglect 
of the change of volume when mixing the two components. As already 
mentioned in the Introduction this effect is expected to be of minor 
importance in the regime of concentration under consideration here. 
Also it could be argued that the relatively stiff n-alkane molecules 
take part in the ordering process. This clearly would lead to an in- 
creased stability of the nematic phase. consequently, the biphasic 
gap should be located at higher temperatures as compared to theory. 
This is contrary to the experimental results presented in Figure 4a- 
d. However, the above statement does not exclude an alignment of 
the hydrocarbon molecules in the immediate neighborhood of the 
rodlike nematogens. The present results only indicate that this short- 
range order does not change considerably when going from the iso- 
tropic to the nematic phase. Another feature not taken into account 
in the present approach is the enthalpy of mixing due to isotropic 
equation of state contributions. In the present model of the nematic 
state, isotropic forces do not promote directly the ordering transition. 
However, in case of a binary mixture the coexisting phases may differ 
considerably in composition. Consequently, the enthalpy of mixing 
alters the free energy of mixing when going from the nematic to the 
isotropic state, especially in case of two chemically disparate com- 
ponents. The results shown here indicate that this contribution to the 
free energy is important when x, is small, i.e., when a low molecular 
weight compound is dissolved in a liquid crystalline solvent. The 
enthalpy of mixing becomes less important with increase of the chain 
length of the flexible component. When the flexible solute is long 
enough, i.e., with increasing x, the phase diagram is expected to be 
fully governed by the entropic part of the free energy. 

The foregoing considerations suggest that the present model should 
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192 M. BALLAUFF 

work best in case of a polymeric solute where x, << x,. Unfortu- 
nately, the experimental determination of the phase boundaries be- 
comes more and more difficult with increasing x,, for high polymer 
a virtually complete demixing occurs ((cf. Ref. 17) for a discussion 
of this point). Since the theory given herein only addresses the case 
of a molecularly uniform solute, the polymer used in the respective 
experiments should exhibit a very narrow molecular weight distri- 
bution. Only anionically prepared samples with sufficient degree of 
polymerization may match this requirement. Figure 5a and 5b show 
the comparison of measured and calculated phase diagrams for pol- 
ystyrene dissolved in EBBA. The respective data of the pure com- 
ponents are gathered in Table 11. 

In Figure 5a, data were taken from the work of Kronberg, Bas- 
signana and Pa t t e r~on , ’~  and from the work of Dubault, Casagrande, 
Veyssie and Deloche.*O The respective data for polystyrene are avail- 

EBBA/PS 2100 

0.92 
92 0.02 0.06 Q1 0.1L 0.18 

FIGURE (5a) Comparison of calculated phase diagrams with data obtained from 
the system EBBA/polystyrene 2.100. The data used in the calculation are summarized 
in Table 11; as the independent variable the segment fraction of the solute has been 
chosen. Points: data taken from the work of Kronberg, Bassignana and Patter~on;~’ 
dashed line: data taken from Figure (1) from the work of Dubault, Casagrande, Veyssie 
and Deloche.20 
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n i  
II ‘\ 

0.92 I- 
0.02 0.06 0.1 014 018 Q2 

FIGURE (5b) Comparison of calculated phase diagrams with data obtained from 
the system EBBA/polystyrene 4.000. The data used in the calculation are summarized 
in Table 11; as the independent variable the segment fraction of the solute has been 
chosen. Points: data taken from the work of Kronberg, Bassignana and Patterson.” 

TABLE I1 

Equation-of-state data for the system EBBA/polystyrene 

EBBA (p-Ethoxybenzylidine-p-n-butylaniline) 
~(80°C) = 0.9881 g/cm3 ZR a = 8.22 10-4K-1 ZR V* = 229.3 cm3/Mol 

T,, = 79.1”C” Vat  T,,, = 1242 T* = 351.2K 
x, = 3.7 

Polystyrene v (100°C) = 0.9746 cm3/g v x  = 0.8205 cm3/g30 

M ,  X <  1 0 3 ~ - 1  Reference 

2.100 
4.000 

27.8 
52.9 

0.577 
0.577 

30 
30 

a: thermal expansion coefficient in the respective range of temperature; V*: molar 
hard core volume; v * :  specific hard core volume; V reduced volume; F: characteristic 
temperature of the nematogen; x,: axial ratio of the nematogen; x,: number of seg- 
ments of the coiled component; Tns: nematic-isotropic transition temperature. 
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194 M. BALLAUFF 

able from the work of Hocker, Blake and F10ry.~’ As is obvious from 
Figure 5a the agreement is sufficient for the nematicus line, but the 
upper phase boundary where the scattering of experimental data 
seems to be more severe the curvature exhibited by the experimental 
line is not reproduced. Here the effect of the residual nonuniformity 
of the polymer sample may cause this discrepancy. When the chain 
length of the solute component is increasing further (cf. Figure 5b), 
nearly full agreement of the calculated and measured isotropic phase 
boundary is achieved whereas the nematicus line seems to be repro- 
duced at least in a semiquantitative fashion. In case of still higher 
chain length of the polymer, theory predicts nearly complete demixing 
of the two components in good agreement with the data of Kronberg 
et al. (cf. Figure 1 of Ref. 17). This corroborates the above statement 
that for increasing x ,  the free energy is mainly determined by its 
entropic part. Hence, from these results it appears to be questionable 
that the Flory-Huggins theory with an adjustable interaction 
para mete^-^',^^ is suitable to describe the thermodynamics of the sys- 
tems under consideration here. This deduction gains further support 
from the experimental finding of the demixing of rods and coils even 
under athermal conditionslO an observation which obviously cannot 
be described by the Flory-Huggins theory. 

CONCLUSION 

A theory of the phase behavior of mixtures of thermotropic nema- 
togens and flexible coils has been developed on the base of the Flory 
lattice model. Using the equation of state data of the respective 
components the phase diagrams may be derived without adjustable 
parameters. The most prominent feature predicted by the present 
model is the widening of the biphasic gap with increasing chain length 
of the polymeric compound. Despite the simplicity of the treatment 
semi-quantitative agreement is found in a comparison with data ob- 
tained on mixtures of low molecular weight nematogens with n- 
alkanes and polystyrenes. 
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