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Daoud and Jannink1 have used the scaling theory 
to show that polymer solutions may be divided into 
five regions (Regions I, I', II, III, and IV) each with 
its own particular character. Their theory gives 
cross-over relations between the regions and the T
C diagram of polymer solutions. We2 also derived 
similar results using the mean field theory which 
includes the third virial coefficient and is based on 
intuitive assumption. 

Some of these theoretical cross-over relations 
have been confirmed experimentally, but the cross
over relation between Regions II (semi-dilute re
gion) and III (concentrated tricritical region), given 
by r-C** (r=reduced temperature, C**=cross
over concentration), will require additional research 
for clarification. 

We3 constructed a new light scattering photom
eter which allows the radius of gyration of a 
polymer chain at infinite dilution (=the correlation 
length at C=O) to be measured down to -5 nm 
from the angular dependence of scattering intensity. 
This angular dependence at a finite concentration 
gives the correlation length at that concentration. 
(The right-hand side of eq 5 in the previous paper3 is 
generalized to (8n2/3Jc2)e cos2 8, when 

In this paper, new results on the cross-over 
relation between Regions II and III observed 
through are reported. 

EXPERIMENTAL RESULTS 

The light scattering photometer, the standard 
polystyrene samples and the experimental pro
cedure used in this study are the same as those in the 
previous paper. The results of this study are re
ported separately, in datail. 

Figure I shows the concentration dependence of 
in benzene solutions of different molecular 

weight samples of polystyrene at 30°C. It is seen 
that e is independent of molecular weight in the 
region of higher concentration and that the theo
retical relation for Region II, c- 3 ;2 , fits the 
data points. 

Figure 2 shows in cyclohexane solutions of the 
F-40 sample (Mw=4x 105) at and above thee 
temperature (34.SOC). decreases gradually with 
increasing polymer concentration. However, the 
theoretical relations for Region II, c- 312 , and 
Region III, can not be seen from this 
figure even at the highest concentration measured. 
Measurements at higher concentrations were not 
feasible, because of the great difficulty of preparing 
such solutions. 

In Figure 3, our results (the solid lines A, B, and 
C) are shown together with the results of Cotton et 
a/.4 (0) obtained by neutron scattering in a carbon 
disulfide solution. The agreement between the two 
results is quite well. The slopes of the dashed lines 
for the extrapolation of actual data were chosen as 
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Figure 1. Double logarithmic plots of the correlation 
length vs. concentration C for the benzene solutions. 
Sample molecular weights: o, 1.86 X 105 (F20); e, 
4.22 x 105 {F40); 7.75 X 105 {F80); (), 1.26 X 106 

(F I 26). The straight line represents the theoretical slope 
of -3/2 for Region II. C* is the calculated value of the 
cross-over concentration for F40 between Regions I and 
II. 
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Figure 2. Double logarithmic plots of the correlation 
length vs. concentration C for the F40-cyclohexane 
solutions at and above thee temperature: 0, 34.5oC; 
i::,_, 39.7oC; •• 44.7oC; [), 49.SOC; £, 54.SOC. The 
straight lines represent the theoretical slope of -2 for 
Region III and -3/2 for Region II. C* is the calculated 
value of the cross-over concentration at the e tempera
ture between Regions I' and III. 

-2 for the cyclohexane solution at 34.SOC (Region 
III), and as - 3/2 for the other solutions (Region 
II). Although the location of the lines for cyclo
hexane solutions and the slope of the line for the 
cyclohexane solution at 39.7°C are somewhat arbi
trary, this arbitrariness had no effect on the follow-
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Figure 3. Double logarithmic plots of correlation 
length vs. concentration C: the solid line A, F40-
benzene; B, F40-cyclohexane at 39.7oC; C, F40-
cyclohexane at 34.5oC; 0, neutron scattering.4 The 
broken lines represent extrapolated lines. The dot-dash 
line D represents a new region (see text). 

ing semi-quantitative considerations. 
A simple derivation of the relation between and 

a in Regions II and III is given below. According to 
the scaling theory,5 a pair correlation function g(r) 
is Using the relation g(r) is 
ra2 , where a is the Flory's expansion factor. Since 

C in Regions II and III, 

1 
Ca 2 (1) 

is easily derived. Since a= I in Region III, and a> I 
in Region II, in the former region is always larger 
than that in the latter region. The results in Figures 
I and 3 agree with this prediction. 

As for Figure 3, two problems may be pointed 
out. First, the respective lines (C) and (B) for 
Region III and for the cyclohexane solution at 
39.7°C merge at a C near C= 1. On the other hand, 
the respective lines (C) and (A) for Region III and 
for the benzene solution do not intersect with each 
other at C= 1. This implies that the existence of the 
cross-over between Regions II and III does not 
occur in the real concentration range ( C** < 1 ). 
Second, the values of extrapolated to C= 1 are 
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ca. 1 nm and ca. 0.3 nm for the cyclohexane solu
tions and for the benzene solution, respectively. 
The latter value is too low compared to the size 
of a polystyrene segment in the melt, since the 
diameter of a monomer calculated from the 
amorphous density is ca. 0. 7 nm. 

THEORETICAL CONSIDERATIONS 

From our theory/ the following equation was 
derived for Regions II and III, 

where rx is the Flory's expansion factor; {32 is 
proportional to the second virial coefficient of a 
segment and the reduced temperature T, [33 is pro
portional to the third virial coefficient and was 
assumed to be a positive constant and of the order 
of unity in the regions considered, N is the number 
of segments in a polymer chain. Equation 2 is 
equivalent to eq 9 in our previous paper, in which 
the second term on the right side of eq 2 was omitted 
because only the limit of N-+ oo was considered. 

At the limit of N-+ oo, eq 2 suggests a cross
over behavior between the region or 
Region II (at this time, rx2 1 and the rx6 term is 
neglected) and the {32 / C = 0 region or Region III. 
The cross-over condition is that rx in Region II 
(rx8 {32/C) is equal to rx in Region III (rx = 1), and 
the relation is derived. However, a 
solution with {32 >0 has the character of Region III 
only at the unreasonable limit of C-+oo. If C** 
appears in the actual concentration range (C** < 1), 
the value of {32 must be of the order of 10- 1 or less 
and the solution has the character of Region II in a 
range of C 10- 2 of less, since /32 / C 0 in Region 
II. 

For finite N, the effect of the {33 term in eq 2 must 
be taken into consideration. In order to maintain 
the character or Region II, the additional condition 
{32 'i> f33N - 112 jrx3 is necessary. This condition is sim
plified to near T=O, when 
When {32 10- 1 or less, N must be 104 or more. This 
value of N corresponds to a molecular weight of 107 

or more for polystyrene provided the number of 
monomers in a segment is 10. However, the solution 
of N 104 does not clearly show the character of 
Region II, since C 10-2 is of the same order as the 
cross-over concentration between Regions I and II 
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near T=O. 
The values of T for good solvent systems are 

considered to be of the order of unity or more. The 
experimental value of T for the benzene solution in 
this study is 1.9, as estimated from thee tempera
ture, 106K, obtained from our study for very dilute 
solutions (the details will be reported in a separate 
paper). Accordingly, although good solvent sys
tems show the character of Region II, their values of 
C** are not reasonable. 

In short, C** is unreasonable, except for so
lutions of extremely high molecular weight samples 
in a narrow range near T = 0. 

Next, an explanation is made as to why the value 
of extrapolated to C= 1 is too low for good 
solvent systems. According to eq 2, the value at 
C= 1 for good solvent systems is lower than that 
extrapolated, since the effect of the rx6 term is not 
negligible at higher concentrations. The higher the 
value of {32 , the lower the values extrapolated to 
and at C = 1 become. On the other hand, since rx = 1 
for the melt, C= 1 must converge to a definite 
value regardless of the value of {32 • This value may 
be obtained for the T=O and N-+oo solution. (The 
extrapolated value for the curve (C) in Figure 3 
includes the effects of molecular weight and arbi
trariness. The true value will be somewhat higher.) 

These facts suggest that concentrated good sol
vent systems change from Region II not to Region 
III but to a new unknown region, where is either 
constant or less dependent on concentration than in 
Region II, as shown by the dot-dash line (D) in 
Figure 3, and the correlation function g(r) near the 
origin will increase abruptly. Further research on 
g(r) and the segment size should carried out in this 
study. 

The mean field theory derived by Edwards and 
Jeffers6 has provided relations different from those 
derived by the scaling theory or by us. According to 
their theory, in semi-dilute so
lutions and in the limit of C-+oo. 
However, these relations were not confirmed by our 
experiments. 
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