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ABSTRACT: A semi-theoretical equation for the chain dimension in dilute solutions based on 
the perturbational mean field theory, 

as -a3 = VoM(I-{jjT)Mll2 + v3(a-3 -I) 

was proposed (a, the expansion factor; if, the temperature at which the second virial coefficient of 
polymers A2 = 0; v0M and v3, phenomenological constant; M, the molecular weight; T, the absolute 
temperature). In derivation of the equation, the difference between e (the temperature at which the 
second virial coefficient of segments v2 =0) and if was taken into the consideration. Experimental 
verification was done by the polystyrene--cyclohexane, methylcyclohexane, and benzene solutions. 
The equation represented the experimental results well in the wide range of (I- ifiT)M 112 • The 
sharpness of the coil-globule transition was discussed. It was concluded that the coil-globule 
transition is not a phase transition type but a cross-over type at least in the polystyrene--cyclohexane 
solution. 
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In the polymer chain statistics, the theta 
temperature plays an important role. This 
temperature is defined as the temperature (8) 
at which the second virial coefficient of seg
ments (v2 ) vanishes. On the other hand, the 
theta temperature is experimentally deter
mined as the temperature (if) at which the 
second virial coefficient of polymer molecules 
(A2 ) vanishes. The recent theories1•2 have 
pointed out the difference between these two 
theta temperatures. In the analysis of the ex
perimental results, this difference must be 
taken into consideration. 

perturbational mean field theory (PMFT) and 
includes a consideration on the difference be
tween the two theta temperatures. Experi
mental results of polystyrene solutions are 
analysed by using this equation. Further, the 
coil-globule transition is discussed on the 
basis of our theoretical and experimental 
results. 

In this report, we propose a semi-theoretical 
equation for the chain dimension (<S2 )) in 
dilute solutions. This equation is based on the 

THEORETICAL BACKGROUND 

Results3 - 5 by PMFT are slightly different 
one another, but the most of them can be 
summarized in the next equation. 

(I) 

* Present Address: Department of Materials Science and Engineering, Faculty of Engineering, Nagasaki University, 
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where r?=<S 2 )/<S 2 ) 0 C<S 2 ) 0 : <S 2 ) for the 
Gaussian chain), v2 and v3 are the dimension
less quantities proportional to the second and 
the third virial coefficients of segments, re
spectively, and N is the degree of polymeri
zation. In the derivation of eq 1, virial coef
ficients higher than v3 were neglected, since 
their order are N -l/2 or less in the range of 

In eq 1, it is assumed that 

(2) 

and 

v3 =constant (>0), (3) 

where T is the absolute temperature, and 
Vo( > 0) is the value of v2 at T -HX). e is eq 2 is 
the temperature at which v2 = 0. Equation 1 
includes only two positive dimensionless pa
rameters, v0 and v3 . 

Curves for (/_2 vs. v2N 112 calculated by eq 1 
are shown in Figure 1. The numerals in the 
figure are the values of v3 . Equation 1 gives the 
next limiting relations, 

<S2),_(-v3jv2f13N213 (6) 

These relations coincide with the Daoud
Jannink's relations6 based on the scaling 
theory. However, it must be noticed that this 
coincidence is a result from a remarkable 
cancellation of two errors in MFT. 1 

As shown in the Figure 1, the value of et.2 at 
v2N 112 =0 depends on the value of v3 • And as 
pointed out in the introductory section, e can 
not be determined experimentally. Therefore, 
e has not the character as a experimental 
standard temperature. The theta temperature 
determined experimentally (iJ) is the tempera
ture at which A2 = 0, where A2 is the second 
virial coefficient of polymer molecules. At this 
temperature, it has been known that et. = 11 . 

From eq 1, (8-iJ)=(v3/v0 N 112)iJ, then eq 1 is 
rewritten as 

where 

<S 2 )"'(1+v3)N 

(4) Curves for et.2 vs. f52N 112 calculated by eq 7 are 

(v2N 112 =0), (5) shown in Figure 2. 

and 
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The change in <S 2 ) accompanying the de
crease of temperature from T> iJ to T < iJ has 
been known as the coil-globule transition. The 

2 112 4 
V2N 

6 8 

Figure 1. Calculated values of rx2 as function of v2N 112 using eq 1: the numbers on the curves are the 
values of v3 . 
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Figure 2. Calculated values of ri2 as function of v2N 112 using eq 7: the numbers on the curves are the 
values of v3 • 

discontinuous transition by eq 7 takes place 
only in the range of v3 < 0.02283 as shown in 
the Figure 2. However, the virial coefficients 
higher than the third were neglected in the 
derivation of eq I. This neglect is correct when 
c:>O in the relation (S2 )--N1 +", but when 
(S2 ) "'N 213 , all the higher virial coefficients 
become effective.4 As a result, the physical 
meaning of v3 is vague in the range of T <e. 
However, the sharpness in the transition de
pends on the value of v3 . 

A SEMI-THEORETICAL EQUATION 

Although eq 7 is equivalent to eq I, the 
former is more complex than the latter in 
checking up with experimental results. 
Theoretically, iJ depends on N - 1;2 , since the 
segmental parameter e is assumed to be con
stant, and it is believed v0 and v3 are the same 
order. But this dependence has not been re
ported experimentally, and iJ is treated as a 
constant, usually. This discrepancy may be 
caused from the incorrect estimation of the 
three body interaction in the theory. Then we 
assume that iJ and v0 + v3N - 112 are constant in 
the experimental ranges of the molecular 
weight and T, and propose the next semi-
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theoretical equation, 

r? -a3 = v0 M(I- iJjT)M 112 + v3(a- 3 -1) (9) 

where M is the molecular weight (Hereafter, 
the scale changes from N to M, since N can not 
be determined experimentally), and·v0M and v3 

are the phenomenological constant determined 
experimentally. v0 M and v3 depend not only on 
v0 and v3 , but also on the range of M used in 
experiments (especially the lower limit of M, 
since eq 7 is valid in the case 1). Although 
the applicable range of this approximation 
depends on the nature of the systems, eq 9 can 
be used for the analysis of the a-M andjor 
a-T relations having only two parameters 
and the standard point at (l-iJ;T)M 112 =0, 
a= I. In the following, we verify eq 9 
experimentally. 

EXPERIMENTAL 

Sample polymers were monodisperse stan
dard polystyrenes prepared by Toyo Soda 
Manufacturing Co., Ltd.: the sample symbols 
(the weight average molecular weights) were 
F4 (4.28 X 104), F20 (18.6 X 104), F40 
(42.2 x 104 ), F80 (77.5 x 104 ), and Fl26 
(126 x 104 ). The samples were used after 
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freeze-drying without further purification. 
Cyclohexane, methylcyclohexane and benzene 
were used as solvents. They (special grade) 
were purified by the usual methods. Solutions 
were prepared at about 50°C for the cyclo
hexane and benzene solutions and at about 
90°C for the methylcyclohexane solution. The 
solvents and solutions were optically clarified 
with a 0.20 .urn membrane filter (Toyo Roshi 
Co., Ltd., TM-4P). Light scattering measure
ments were carried out with the home made 
differential light scattering photometer de
scribed in detail in a separate paper. 7 

Measurements of the cyclohexane and methyl
cyclohexane solutions were made by cooling at 
a rate of 0.1 K min - 1 from 55 and 90°C, 
respectively. Measurements of the benzene so
lution were made at a constant temperature, 
30°C. 

2.0 

1.5 

1.0 

RESULTS AND ANALYSIS 

Experimental results are summarized in 
Figures 3-8. The plots of a2 vs. (1- {JjT)M 112 

are shown in Figures 3 and 4. 34.5°C and 
66.8°C were used as the value of {J for the 
cyclohexane and methylcyclohexane solutions, 
respectively. In Figure 3, data by Miyaki and 
Fujita8 are shown together. The curves in 
Figures 3 and 4 represent eq 9. The values of 
the phenomenological constants determined so 
as to best fit the experimental results are ii0 M = 
0.0102 and ii3 =0.18. These values are common 
to both the cyclohexane and methylcyclo
hexane solutions and also represents the 
Miyaki-Fujita's data fairly well. 

In Figure 5, the plot for a2 vs. M 112 of the 
benzene solution (including data by Miyaki, 
Einaga, and Fujita9) are shown, where the 

0·5 

( 1- T )M112 
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Figure 3. Plots of vs. (I-ejT)M 112 for polystyrene in cyclohexane: (0), Present work; (e), Miyaki 
and Fujita.8 The solid curve is calculated using eq 9 with ii0 M=0.0102 and ii3 =0.18. 

Polymer J., VoL 17, No. 5, 1985 



Chain Dimension and Coil-Globule Transition 

value of (S2 ) in the cyclohexane solution at 
34.5oC is used as the value of (S2 ) 0 • The curve 
in the figure represents eq 9, in which the value 
of v0 M and v3 are common to Figures 3 and 4. 
From this curve, 140 K is given as if of the 
benzene solution. Flory10 has obtained 100 K 
for this temperature from viscosity data. 

In Figure 6, the plot for a2 vs. (I- iJ;T)M 112 

of the cyclohexane and benzene solutions are 
summarized. The curve is again eq 9 with 
v0M=0.0102 and v3 =0.18, showing that eq 9 
represents the experimental results well in the 
whole range of (1-if/T)M 112 • The differences 
between if and e estimated under the assump
tions of VoMM 112 = VoN 112 ' and v3 = v3 are 
about soc at M=106 , and 15°C at M=105 . 

This molecular weight dependence is large in 
comparison with known results. This large 

1.5 

1.0 

0.5 -50 50 0 
(1-

Figure 4. Plots of a§ vs. (1- fJ/T)M 112 for polystyrene 
in methylcyclohexane. The solid curve is calculated using 
eq 9: iJ0M and iJ3 are the same as in Figure 3. 

difference is mainly due to the overestimation 
of v3 . In eq 7, the term related to v3 is negligible 
in the range of T> if, but becomes dominant in 
the range of T <if. Then v3 is exclusively 
determined by the data in the range of T <if. 
As discussed in the theoretical background 
section, the terms related to higher than v3 are 
relevant in the range of T <if, especially in the 
case of finite M range. So v3 is obtained as a 
"renormalized" constant including the related 
terms higher than v3, and v3 is smaller than v3. 
On the other hand, if depends on "bare" v3 

since higher terms can be negligible even at 
near e. However, in the range of T <if, the 
nature of system depends on the "renor-

6 c:J-i 

4 

10-3 

Figure 5. Plots of a§ vs. M 112 for polystyrene in ben
zene: (0), Present work; (e), Miyaki et a/. 9 The solid 
curve is calculated using eq 9 with {J = 140 K: v0M and v3 

are the same as in Figure 3. 

(1- S/T)M112 • 10-3 

Figure 6. Plots of a§ vs. (1-fJ/T)M 112 for polystyrene in benzene and cyclohexane: (0), benzene; (e), 
cyclohexane. The solid curve is calculated using eq 9: iJ0M and iJ3 are the same as in Figure 3. 
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Figure 7. Double logarithmic plots of vs. 
(1- iJjT)M 112 for polystyrene in benzene and cyclo
hexane: the symbols and the curve are the same as in 
Figure 6. 
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Figure 8. Double logarithmic plots of vs. 
-(l-iJ;T)M 112 for polystyrene in benzene and cyclo
hexane: the symbols and the curve are the same as in 
Figure 6. 

malized" i53 , especially in the range of finite 
M. 

To confirm the limiting exponent, the 
double logarithmic plots for 11.2 vs. (1 -
iljT)M112 (=Z) are shown in Figures 7 and 
8. In Z>O, the relation or 
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<S 2 ) IJjTf15 M 615 was confirmed, but in 
Z <0, the limiting relation 11.2 -Z)- 213 could 
not be confirmed since the experimental range 
of Z is not sufficient. As shown in Figure 8, eq 
9 predicts that the order of 102 is necessary for 
the value of Z to confirm the limiting ex
ponent. For the cyclohexane solution of M = 
25 x 106 , the value of T for Z = -1 x 102 is 
28.SOC. If the phase separation can be avoided, 
higher M samples are more desirable. 

On the Coil-Globule Transition 
On the sharpness of the coil-globule tran

sition, two opposite conclusions have been 
reported experimentally. 

Sun, Nishio, Swislow, and Tanaka11 mea
sured a sample M = 26 x 106 by analysis of the 
angular dependence of the autocorrelation 
function of light scattered from the solution. 
They used very dilute solutions, 3 0.03 
pg ml- 1 , and measured down to 25°C. They 
concluded that the sharp coil-globule tran
sition was observed and this transition was in 
good agreement with the prediction by the 
mean field theory. 

On the other hand, Nierlich, Cotton, and 
Farnoux12 measured a low molecular weight 
sample M =2.9 x 104 by neutron scattering. 
They observed a cross-over from the coil state 
to the globule state and obtained the limiting 
exponent, -2/3, in the temperature range of 
11.2°C-18°C. However, this temperature 
range corresponds to the order of Z - I 01 

for their sample. Miyaki and Fujita8 mea
sured samples up to M = 32 x 106 systemati
cally. They could not observe the sharp tran
sition. Slagowski, Tsai, and Mclntyre13 mea
sured a sample M = 44 x 106 . However, no 
conclusion was given since the lowest mea
sured temperature was 34°C. 

In Figure 9, experimental results for In <S 2 ) 

vs. In M by us, Miyaki-Fujita, Slagowski et al., 
Sun et al., and Nierlich et al. are summarized. 
In the figure, the values of <S 2 ) for cited 
temperatures have been obtained by interpo
ration from the original data and were shifted 

Polymer J., Vol. 17, No.5, 1985 
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Figure 9. Double logarithmic plots of (S2 ) 1i2 vs. M 
for polystyrene in cyclohexane: (e), Present work; (0), 
Miyaki and Fujita8 ; ( ), Sun et al. 11 ; ( () ), Nierlich et 
alY; (e), Slagowski et al.13 : the values of a in (S2 ) 112/ 

a in M are indicated on the right hand side of the lines: 
for clarity of plotting, ordinates of lines have been 
shifted suitably. 

suitably for clarity of plotting. Numerals on 
the left side of the figure are the values of 
a In (S2 )ja In M. 

The values of (S2 ) at the same temperature 
by us, Miyaki-Fujita and Nierlich eta!. are on 
the same lines. On the other hand, the values 
by Slagowski et a!. and Sun et a!. are larger 
than the indicated lines in the range above 
35°C and smaller in the range below 35°C. On 
these lines, the values of a In (S2 )ja In M 
gradually change from 0.565 to 0.421 with 
the decrease of temperature from 50°C to 
21.3°C. 

Polymer J., Vol. 17, No.5, 1985 

In the present analysis, the value of v3 was 
0.18. For this value of v3 , the extrapolation of 
eq 9 does not give the sharp transition and 
(S2 ) decreases gradually with the decrease of 
temperature. From this point and the con
sideration on Figure 9, we conclude that the 
coil-globule transition is not a phase transition 
type but a cross-over type at least in the 
polystyrene-cyclohexane solution, in contrast 
to the result by Sun eta!. 

In the above discussions, studies on the 
hydrodynamic radius were omitted, since their 
experimental and theoretical bases differ from 
the Rayleigh scattering. However, from the 
quasi-elastic experiments, Perzynski, Adam, 
and DelsantP4 have concluded that there is no 
evidence of an asymptotic collapsed regime for 

Recently, from the ul
tracentrifugal analysis, Vidakovic and 
Rondelez15 have shown that the cross over 
between the coil and globule regimes is smooth 
and continuous. These results agree with our 
conclusion. 
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