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a n d  some  polymer blends. Self-similarity is a t t a i n e d  i n  
the regime where the structure func t ion  shows universal- 
i ty  with t ime.  The phase separa t ion  dynamics  of t h e  20 
w t  70 CTBN is reminiscent  of the behavior  of off-criti- 
cal mixtures. 
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ABSTRACT: Diamagnetic susceptibility and birefringence measurements on lyotropic solutions of poly(4,4'- 
benzanilidyleneterephthalamide) inconcentrated sulfuric acid are presented. Three polymer samples, with 
different average molecular weight M,, were used. From these experiments the orientational order param- 
eter (P,) is estimated. The  experimental results are explained by a mean-field-type theory similar to  the 
Maier-Saupe model for thermotropic liquid crystals. Molecular flexibility, concentration, and molecular 
weight are taken into account by using simple scaling factors. 

I. Introduction 

In this report some diamagnetic susceptibility and bire- 
f r ingence measurements a r e  descr ibed  on solutions of 
poly(4,4'-benzanilidyleneterephthalamide) (DABT, see Fig- 
ure 1) in H,SO,. These measurements are used to esti- 
mate the or ien ta t iona l  o rde r  parameter (I",). T h e  (P,)  
order  parameter  is a measurement for  the degree of molec- 
ular orientation. 

I n  a previous publication' measurements of the nem- 
atic-isotropic t rans i t ion  t empera tu re  (clearing tempera-  

0024-9297/90/2223-0464$02.50/0 

tu re)  were repor ted  as a func t ion  o f p o l y m e r  concentra-  
t ion  and average molecular weight  M,. In Figure 2 t h e  
experimental results for the clearing temperature of DABT 
solut ions i n  H,SO, a r e  shown. The experiments were 
explained by a modified Maier-Saupe (mean-field) model, 
where  the inf luence of molecular flexibility and polymer 
concent ra t ion  was included using simple scaling factors  
in the s t r eng th  of the potent ia l .  The model will be sum- 
mar ized  in some  detai l .  

The exper iments  described he re  c a n  be explained b y  
using the s a m e  model. T h e  p lan  of this pape r  is as fol- 
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Figure 1. The aromatic polyamides (aramids) PPTA and DABT. 
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Figure 2. Clearing temperatures (T i )  of DABT solutions as a 
function of polymer concentration ana average molecular weight 
M,. The drawn curves correspond to the modified Maier- 
Saupe model described in section IV.ii. The filled circle is used 
to calculate t *  in eq 18. 

lows. First we will briefly discuss the theory behind the 
experimental methods to determine the temperature 
dependence of the (P,) order parameter. Next we will 
present the experimental results and compare them with 
the model mentioned before. Finally we will discuss the 
results and draw some conclusions. 

11. Experimental Techniques To Determine the 
( P2) Order Parameter 

In this section we will review the theory behind the 
experimental methods that are used to obtain a value 
for the (P,) order parameter. This is discussed in more 
detail in, e.g., ref 2. 

i. Orientational Order in Liquid Crystals. The 
orientational order in liquid crystals is in general described 
by an orientational distribution function f(a,p,y). This 
function describes the chance to find a molecule a t  an 
orientation a, p, y with respect to the macroscopic ori- 
entation axis, commonly known as the director ii (see 
Figure 3). The angles a, p, and y are the Euler angles 
and are related to the Euler rotation matrix that com- 
pletely defines the orientation of a particle in a three- 
dimensional space 

cp ca cy - sa sy sa cp cy + ca sy 

sp SCY C P  

-sp cy 
sy - sa cy -c@ sa sy + ca cy sp sy ) 

(1) 

where ca = cos (a), sa = sin (a), cp = cos (p),  so = sin 
(p), cy = cos (y), and sy = sin (y). Now we can find the 
relation between molecular properties and macroscopic 

Figure 3. The Euler rotation matrix performs successive rota- 
tions around the 2, Y', and 2" (= {) axes, respectively, over a, 
p, and y radians. 

ones. If a field E is applied to a liquid crystalline sam- 
ple then each molecule will find itself in a field given by 

Here the field E is either the applied magnetic or the 
electric field (incident light). If the molecular response 
to the applied field is given by the susceptibility tenscr 
k, then the response of one molecule is given by kRF. 
On the laboratory coordLnate system the response will 
then be given by R-lkRF. Taking an average over all 
molecular orientations yields for the total response p: 

a: 

P = N(R-'kR)E (2) 
The factor N is the number of the molecules. The brack- 
ets indicate an average weighted by the orientational dis- 
tribution function 

where A(a,&y) is a molecular property on the labora- 
tory frame. As the nematic liquid crystalline phase has 
cylinder symmetry, the angle a can be ignored. In addi- 
tion there is uniaxial up-down symmetry so that replac- 
ing the angle /3 by 7~ - 0 will not change the physical 
properties of the phase. 

The bulk susceptibility for the material is given by the 
following expression 

X = N(R-'kR) (4) 
This can be used to calculate the anisotropy of the sus- 
ceptibility AX 

AX XI, - X, = i(XII - X) (5 )  

where X = 1/3(2X, + X,,). It is usually assumed that 
the molecular susceptibility tensor can be diagonalized 
on a molecular coordinate system coinciding with the long 
molecular axis, i.e., k is given by 

where k,, and k,, are the transverse components of k and 
k , ,  is the component parallel to the long molecular axis. 

This is a reasonable assumption for many physical prop- 
erties such as diamagnetic susceptibility and polarizabil- 
ity. In fact the molecules are often considered to be effec- 
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u Balance tively uniaxial, so that the two transverse components 
are taken to be equal. 

If one now defines the following average order param- 
eters 

one finds for the macroscopic anisotropy in the suscep- 
tibility 

(8) 
1 XI, -Xl = NAk(P2) + zN6hD 

where 

(9) 

The equation for the bulk anisotropy contains two order 
parameters: ( P 2 ) ,  the "alignment order parameter", and 
D, the "flatness order parameter". The first-order param- 
eter describes the degree of alignment of the long molec- 
ular axes. The second-order parameter indicates the influ- 
ence of hindered rotation, around the long molecular axis, 
on the anisotropy of the phase. The flatness order param- 
eter does not imply a biaxial phase but shows that the 
molecules tend to deviate from the director with a pref- 
erential orientation of the aromatic rings with respect to 
the deviation vector. 

I t  is not easy to determine ( P 2 )  and D simultaneously 
from anisotropy measurements. However, D is expected 
to be small due to rapid rotation of the molecules around 
their long axis, and 6, is expected to be rather small com- 
pared to Ak. This means that the anisotropy can be 
approximated by 

1 
l 1  2 Ak = k --(kt1 + kt2); 6 k  = kt, - kt2 

Xll - X, = NAk(P2) (10) 
Because the density varies very slowly with tempera- 
ture, N is about constant. Approximate values for ( P 2 )  
can be obtained from measurement of birefringence or 
the anisotropy of the diamagnetic susceptibility using equa- 
tions similar to eq 10. 

ii. Diamagnetic Susceptibility Measurements. The 
measurement of the diamagnetic susceptibility of a liq- 
uid crystalline material is based on the Faraday-Curie 
method. A sample is suspended in an inhomogeneous 
magnetic field, and the force is measured. This force is 
proportional to the diamagnetic sysceptibility. Assum- 
i_ng that the director aligns along B and the gradient in 
B in along the z axis, one obtains the following expres- 
sion for the force K,: 

where xIim is the "mass susceptibility" (I1 to B), m is the 
mass of the sample, and p, is the permittivity of the vac- 
uum. Measurement of K,  for an anisotropic phase pro- 
vides xI m and for an isotropic phase xiso"'. By extrapo- 
lating the isotropic values down to lower temperatures 
(xisom)* and using the expression 

(Le., the change in the density at  the phase transition is 
ignored), one can determine the anisotropy of x as a func- 
tion of temperature 

Magnet \ 
T-- PT 100 

1 

~ silicone oil 

Figure 4. Schematic construction of the setup for measuring 
diamagnetic susceptibility. 

This can now be used to estimate ( P 2 )  as a function of 
temperature, using eq 10. In Figure 4 the experimental 
setup for these measurements is shown. As the suscep- 
tibility is very small (about m3 mol-'), the gener- 
ated forces are also very small. The required accuracy 
of the balance is about 1 pg (= lo-'' N). 

The assumed alignment of the director along the mag- 
netic field lines (RIIB) has been reported for PBA solu- 
tions in DMA/LiCl (ref 3 and 4), using a field strength 
of 1.5 T or larger. The setup for measuring the diamag- 
netic susceptibility uses a water-cooled magnet that pro- 
duces a field strength of 1.5 T so that alignment of the 
aramid solution should take place. Indeed, it is observed 
that the solution becomes more transparant, after sev- 
eral hours in the magnetic field, indicating a reduction 
in the number of disclinations in the director field. 

iii. Birefringence Measurements. The index of 
refraction or to be more precise the permittivity can also 
be used to measure the orientational order in a liquid 
crystal. However, the interpretation of the experimen- 
tal results is not so straightforward as in the case of dia- 
magnetic susceptibility measurements. The applied elec- 
tric field is substantially influenced by the polarization 
of the sample. (The incident light is regarded as a rap- 
idly varying electric field, and the index of refraction is 
the square root of the permittivity at  this frequency.) 

We will not discuss the problem of the local field cor- 
rection further; this has been discussed extensively in the 
literature (e.g. ref 2). I t  is found that in practice we may 
use an expression similar to eq 10: 

where At, corresponds to the anisotropy of the permit- 
tivity of a perfectly oriented sample with ( P 2 )  = 1. Of 
course, At, cannot be measured so that one has to derive 
a reasonable value by fitting the measured values to a 
theoretical or empirical curve. The same applies to dia- 
magnetic susceptibility measurements. 

Several experimental methods to determine the bire- 
fringence of liquid crystals are known. With the exper- 
iments described in the following section we used an Abbe 
refractometer. With some experience, this allows the deter- 
mination of n ,  below Tni and niso above Tni. The anisot- 
ropy of the permittivity can be estimated by extrapola- 
tion of the isotropic index of refraction into the nematic 
phase, using the relation 
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Table I 
The Studied DABT Solutions' 
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polymer M-, amu c, % (w/w) T,;, "C 
~~~ 

DABT 8 000 10.5 (0.1) 55 (1) 
DABT 8OOO 11.4 (0.1) 85 (1) 
DABT 42 OOO 10.8 (0.1) 87 (1) 
DABT 70 OOO 10.3 (0.1) 76 (1) 

,, The standard deviations are given in parentheses. 

The superscript asterisk indicates a value extrapolated 
from the isotropic phase. Here the density change at  
the phase transition is neglected, leading to an underes- 
timation of Ae. From the experiments described in the 
next section we find that this approximation does not 
introduce a serious error. 

111. Experimental Results 
The measurements were performed on solution of DABT 

(Figure 1) for various values of the molecular weight 
&fw. The polymers were dissolved in 99.8% H,SO, by 
stirring and careful heating. The solutions that we stud- 
ied are listed in Table I with the clearing temperature 
(at 50% phase separation) from polarization miscros- 
COPY. 

We used a Leitz Orthoplan-Pol. polarizing microscope 
with a Mettler FP80/82 hot-stage. The values for M, 
were estimated by using a viscosity measurement a t  a 
standard polymer concentration. The calibration curve 
to determine the value for M, was obtained from vari- 
ous experimental methods such as GPC, HP-SEC, light- 
scattering, and end-group analysis on PPTA (Figure 1) 
solutions. The molecular weight of DABT, as given in 
Table I, is thus only an estimate. 

In ref 1 the influence of M, and the polymer concen- 
tration on the clearing temperatures of aramid solutions 
was discussed. The use of DABT rather than PPTA solu- 
tions is based on the observation that DABT solutions 
do not crystallize, even at  high (-20% (w/w)) polymer 
concentration. This allows measurements to be per- 
formed on the nematic phase over a wider temperature 
range than is possible with PPTA solutions, leading to 
an improved accuracy of the extrapolations (e.g. of the 
isotropic index of refraction) and a wider temperature 
range for the (P,) order parameter. 

Diamagnetic susceptibility measurements were only per- 
formed on the low M ,  (8000 amu) and low concentra- 
tion (10.5% (w/w)) DABT solution. The reason for this 
is that we expect a low &fw sample to be oriented more 
rapidly by the magnetic field than a high M ,  sample. 
The low concentration was used to prevent polymer deg- 
radation during the rather time-consuming susceptibil- 
ity measurement. This was checked afterward by using 
polarization microscopy, and no change in Tni was found, 
within about 1 "C. 

The setup for measuring the diamagnetic susceptibil- 
ity consists of a Bruker BE15 + B MN C4 water-cooled 
electromagnet (H = 1.5 T) with linear field gradient pole- 
caps (HdHldz = constant), a Mettler BE22 + ME21 micro- 
gram balance, and a Eurotherm 140 digital thermome- 
ter. The force measurements are shown in Figure 5. We 
explain the observed overall slope in the measured force 
by the expansion of the air surrounding the sample. 
According to ref 12, the density of dry air a t  76 cm/Hg 
is 1.205 mg/mL. During the diamagnetic susceptibility 
measurement the force increases by 0.72 mg over a tem- 
perature range from 20 to 80 "C. Using the familiar law 
PV = nRT for an ideal gas, we calculate a change in the 
density of the air of 0.2 mg/mL in this temperature range. 

I 
-0.4 

I '  J 
60 ao 

T/'C 40 Tni 
20 

Figure 5. Measured force versus temperature. The anisot- 
ropy of the diamagnetic susceptibility is proportional to the dif- 
ference between the force measured in the nematic phase and 
the extrapolated force from the isotropic phase (the straight 
line). 

-0.1 o ~ o , o  -40 -20 0 20 40 

0.0 

T - Tni/K 

Figure 6. Force differences AF a: AX (0) and birefringence At 
(A) values versus the relative temperature (T - TJ. Drawn 
line: mean-field calculation including flexibility, as described 
in section IV.ii. 

The measured volume of the sample was about 3.8 mL. 
The change in upward force (Archimedes' law) is 3.8 X 
0.2 = 0.76 mg. 

The difference between the measured force in the anise 
tropic phase and the force extrapolated from the isotro- 
pic phase is proportional to the anisotropy of the dia- 
magnetic susceptibility. We are assuming that the den- 
sity change at  the phase transition is small. The results 
are shown in Figure 6. One unsatisfactory aspect of the 
measurement is that the estimated clearing temperature 
is less than the one determined from thermomicroscopy. 
This might be caused by the fact that a susceptibility 
measurement averages over the whole sample, whereas 
the presence of a certain amount of isotropic phase would 
not be noticed in microscopic observation. 

The index of refraction, of the solutions in Table I, 
was measured by using an Abbe refractometer (Zeiss type 
B) with an Eurotherm 140 digital thermometer. The tem- 
perature was controlled by using a Tamson thermo- 
stated oil bath. In the ideal case both nll and nl can be 
measured (with some practice) below the clearing tem- 
perature and of course niso above Tni. Often n is very 
high (about 2) so that only n ,  is observed. dowever, 
with aramid solutions nll can be measured as the sam- 
ples contain a large amount of sulfuric acid, reducing the 
effective birefringence. Unfortunately the experimental 
error in n,\ is rather large, so that the usual method of 
extrapolating the isotropic index of refraction (and using 
eq 15) is preferred. By performing several measure- 
ments of rill, it is possible to reduce the experimental error; 
the obtained value for the birefringence is found to be 
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Figure 7. Index of refraction versus temperature: isotropic val- 
ues (A); n, (0). The drawn line is the least-squares fit to the 
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in good agreement with the value obtained via extrapo- 
lation of the isotropic index of refraction. This means 
that, surprisingly, the density change at the nematic- 
isotropic phase transition in DABT solutions is small. 

For example, with the 10.5% (w/w) DABT solution 
we find the values nl, = 1.52 (0.01), n,  = 1.459 (0.003), 
and niao* = 1.476 (0.001) a t  T = 24.2 OC. From this we 
calculate 

(q2 + 2nL2)'I2/3 = 1.48 (0.01) 
This implies that within the error bounds given there is 
no change in density. By averaging over all the values 
of nlI  of the 10.5% (w/w) DABT solution, we conclude 
that the relative change in density is about 0.3 (0.1)%. 
This is similar to values reported for traditional low molec- 
ular weight thermotropics, about 0.3% .6 Figure 7 shows 
the measured indices of refraction for the low Mw (8000 
amu) and low concentration (10.5% (w/w)) DABT solu- 
tion. The obtained At values are also shown in Figure 
6. By comparison with the results for AF, we find that 
A x  and At are also proportional for aramid solutions. This 
means that At can safely be used to estimate (P,), with- 
out having to worry about the local field correction. The 
results for At,  using the other DABT solutions men- 
tioned in Table I, are given in Figures 8-10 (again using 
eq 15). 

From the temperature dependence of the isotropic polar- 
izability, we estimate the thermal expansion of the solu- 
tions and we find values between 4.5% /lo0 "C and 8.3% 1 
100 "C. These values are in reasonable agreement with 
that of pure H,SO, being 5.4% 1100 "C. 

-. ---. 0.1 4 

-60 -40 -20 0 10 

T - Tni /K 
Figure 9. As in Figure 7 ,  for Mw = 42 000. 
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-60 -40 -20 0 

T - Tni /K 
Figure 10. As in Figure 3, for Mw = 70 000. 
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Table I1 
The Constant of Proportionality Aeo between (P2) and At 

for Various Molecular Weights of DABT' 
~~ ~~~~ 

M,, amu A% c,  % A d  C 
8 000 0.25 (0.02) 10.5 (0.1) 2.4 (0.2) 
8 000 0.26 (0.01) 11.4 (0.1) 2.3 (0.1) 

42 000 0.24 (0.01) 10.8 (0.1) 2.2 (0.1) 
70 000 0.25 (0.01) 10.3 (0.1) 2.4 (0.1) 

The standard deviations are given in parentheses. 

IV. Comparison with Theory 
i. Obtaining an Estimated (P , )  Order Parameter. 

By examining the measured anisotropies, one observes 
that the orientational order shows a temperature depen- 
dence similar to that of low molecular weight materials. 
To obtain reasonable estimates for the ( P 2 )  order param- 
eter, there are various possible strategies. The first is to 
extrapolate the anisotropy down to T = 0 K so as to obtain 
the unknown scaling factor (Axo or Aeo) directly from 
the data. This is a somewhat risky process as one has to 
extrapolate over 300 K, and the data are available over 
about 50 K or less. Moreover, the slope of the order param- 
eter is not expected to be constant. 

Instead, to obtain Aeo, we use the theory described in 
the following section. By calculating the value for (P,) 
at a specific temperature, we then calculate the corre- 
sponding value for Ato. Using this value, we calculate 
the theoretical curve Ae(T). The used values for Ato are 
shown in Table 11. The obtained theoretical curves are 
shown together with the experimental data in Figures 6 
and 8-10. From Table I1 we observe that the results for 
the ratio Ato/c are mutually consistent. We do not give 
a value for Axo as the absolute strength of the field gra- 
dient was not measured. Also the mass of the aramid 
solution in the quarts sample cell was not measured. 

From the good agreement of the theory with the exper- 
imental data, we conclude that our model describes the 
temperature dependence of the (P,)  order parameter 
rather well. I t  should be realized that apart from the 
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unknown birefringence at  0 K there are no other 
parameters available to "improve the fit". Of course, the 
experimental data has to be processed to obtain At val- 
ues so that there are some "hidden parameters" such as 
the slope and intercept of the isotropic index of refrac- 
tion. We have attempted to minimize the influence of 
these parameters by not performing any iterations in the 
analysis of the data. 

ii. Short Description of the Mean-Field Theory. 
In this section a brief description is given of a simple 
mean-field-type model to describe the observed behav- 
ior. The model is similar to the Maier-Saupe theory for 
low molecular weight thermotropic liquid crystals.6 The 
present model is discussed in more detail in ref 1. 

The standard Maier-Saupe model for nematic liquid 
crystals is based on the following mean-field potential 

u = -4P2)P,(cos (0)) (16) 
that describes the average influence of the nematic envi- 
ronment on the orientation of one particle. The strength 
of the potential is given by the parameter 6 .  The orien- 
tational order of the nematic environment is described 
by the order parameter ( P 2 ) .  ( P 2 )  is the average value 
of the second-order Legendre polynomial of cos (0): 
P,(cos (0)). In the isotropic phase ( P 2 )  = 0, while for 
perfect molecular alignment ( P 2 )  = 1. Solving the self- 
consistency equation 
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(17) U (P2) = 
l:d(cos (0)) exp (- m) 

and requiring that the solution corresponds to a mini- 
mum value of the free energy lead to a first-order phase 
transition from the nematic to the isotropic phase at  k,T/ 
t 0.22. 

Our extension of the Maier-Saupe model to lyotropic 
polymer solutions is performed by taking the influence 
of concentration and molecular flexibility into account 
by the following scaling relation 

t = t*c2L2(T) (18) 
where c is the polymer concentration, E* is a scaling fac- 
tor to be determined from experiments (using the filled 
circle in Figure 2), and L ( T )  is the "contour projection 
length". Our choice of the exponents is based on the fact 
that the attractive part of the Lennard-Jones potential 
is proportional to l/r6 which is proportional to l /V or 
c2 and that that the Maier-Saupe potential is a general- 
ized two-particle interaction leading to a L2 dependence. 

The "contour projection length" is the average length 
of the projection of the wormlike chain (of finite contour 
length L,) in the direction of the tangent vector at one 
of the end points. For low molecular weight materials 
where the molecules are essentially inflexible L(T) is just 
the end-to-end distance of a molecule L,  (the contour 
length). For a high molecular weight material L(T) cor- 
responds to the persistence length L, of the polymer. Using 
a wormlike model the following general form for the "con- 
tour projection length" is obtained:' 

- 
TP 

where Tp is the temperature a t  which the persistence length 

is measured. Usually T p  will be approximately 20 "C 
(293 K). A value of 29 nm is found for the persistence 
length of PPTA by using dynamic light scattering 
 method^.^ 

We observe that eq 19 corresponds to the persistence 
length L ,  for high molecular weights (LJL ,  >> 11, with 
a 1 /T  temperature dependence. For low molecular weights 
L(T) = L, and is independent of temperature as expected. 
The model described here can be used to calculate the 
the influence of concentration and molecular weight on 
the clearing temperature. This is shown in Figure 2; the 
drawn curves are from the present theory (using eq 18 
and 19 and k,Tni/t = 0.22). Both the effect of the con- 
centration and of the molecular weight are in reasonable 
agreement with the experimental values. Of course, also 
the influence oftemperature can be calculated for fixed 
values of c and MW. This leads to a calculated tempera- 
ture dependence of the (P2) order parameter. This is 
shown in Figures 6 and 8-10 (drawn curves). The tem- 
perature dependence of ( P 2 )  is more pronounced in this 
model than in the traditional Maier-Saupe model: the 
molecules become more rigid with decreasing tempera- 
ture, leading to higher ( P 2 )  values. 

V. Discussion 

It has been shown that the orientational order param- 
eter in aramid solutions is not unlike that of low molec- 
ular weight liquid crystals. Despite some experimental 
uncertainty the conclusion is that these solutions behave 
as thermotropic liquid crystals where the concentration 
only acts as a parameter determining the temperature of 
the nematic-isotropic phase transition. This is contrary 
to the models proposed by Onsager and by Flory where 
an anisotropic solutions of rods is governed by the axial 
ratio of the particles and their concentration. These mod- 
els describe liquid crystals in terms of an entropy effect 
rather than as an energy effect. The result is that the 
concentration, a t  which the anisotropic phase is formed, 
is independent of temperature in these models. 

Of course more advanced theories have been proposed 
(ref 8 and 9) that combine entropic excluded-volume terms 
with a Maier-Saupe potential contribution and also take 
molecular flexibility into account. However, the temper- 
ature dependence of the molecular flexibility is not con- 
sidered. It seems to be the case that, to obtain theoret- 
ical results in agreement with experimental results (on 
aramids), the excluded volume contribution is of minor 
importance compared to the anisotropic potential. This 
means that these compound theories should reduce to 
the traditional mean-field theory. 

A similar approach to the model used here is given in 
ref 10 and 11, where again only the Maier-Saupe poten- 
tial is used to describe the formation of an anisotropic 
phase but where the molecular flexibility is directly 
included in the expression for the free energy. This means 
that the coupling of the molecular conformation to the 
molecular alignment along the dirgctor is taken into 
account. This is not done in the model used by us where 
the molecular flexibility is only solved for an isolated mol- 
ecule, without considering the influence of the environ- 
ment. 

The question remains why the anisotropic potential 
seems to dominate the excluded volume term in lyotro- 
pics. This latter term should be important in solutions, 
where the axial ratio corresponding to the persistence 
length is very high (say 50) compared to low molecular 
weight liquid crystals (axial ratios of about 3). A possi- 
bility might be that the entropy leads to the formation 
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LP 

Figure 11. Schematic structure in a lyotropic phase with "blobs 
of dimension L,". 

of "oriented blobs"; see Figure 11. With a size on the 
order of L,, the persistence length, such blobs would "line 
up" due to their anisotropic polarizability, meaning that 
the formation of long-range orientational order would be 
governed by a Maier-Saupe type potential. Here we are 
essentially postulating that the excluded volume term in 
the free energy only has a limited range (on the order of 
L,). The excluded volume term would then only tell us 
something about the local molecular environment and 
not about long-range orientational order. It is stressed 

that the explanation given above is speculative and should 
be treated with due caution. 
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ABSTRACT: We have measured the extinction coefficient of a transmitted beam of monochromatic light 
through a mixture of polystyrene (molecular weight 1.02 x 10') in diethyl malonate near its upper critical 
solution point. The resulting turbidity was measured in a reduced temperature region, lo-' < t < lo-', 
where t = (T  - T,) 1 T, and T,  is the critical solution temperature, in two samples close to  the critical com- 
position. This polymer-solvent system near its critical point exhibits the properties of a near critical binary 
fluid mixture, and the turbidity can be explained by using an n = 1 (Ising) model. When the critical expo- 
nents Y and y were fixed a t  the values predicted from renormalization group theory, the amplitude Eo of 
the correlation length was determined to be 1.01 i 0.08 nm, while the amplitude of the turbidity r0 was 
(2.00 f 0.01) X 10" cm-l, which are consistent with two-scale-factor universality predictions. The turbid- 
ity far from the critical point showed an apparently constant scattering from the polymer solution. Very 
close to the transition temperature, the system was observed to experience a marked critical slowing with 
a time constant of 90 min. 

Introduction 

There are two critical points of interest in studying 
monodisperse polystyrene in a solvent.'*2 One occurs a t  
the coil-globule transition corresponding to the Flory 8 
temperature and has been explained in terms of the n = 
0 vector model.2 The second is a critical solution point 
that produces a phase separation of the mixture into a 
polymer-rich phase and a polymer-poor phase, with a crit- 
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ical temperature and composition that depend on the sys- 
tem. This latter critical point has been described' by an 
n = 1 (Ising) model in a renormalization group theory. 

Modern theories of critical solution points have been 
very successful in explaining a wide variety of observed 
phenomena in low molecular weight fluid mixtures3v4 and, 
more recently, in polymer-solvent systems near their crit- 
ical solution p ~ i n t . ~ - ~  In particular, the critical expo- 
nents experimentally measured in polymer-solvent sys- 
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