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related virtual structure factor S_(a). and also the basic References and Notes 
time constant rR (eq 12) have to%e'considered as time- 
dependent. Another possible reason is the increase of Tg 
with increasing volume fraction of the brominated com- 
ponent. As a consequence, the kinetics could get pro- 
gressively slower during unmixing. It appears difficult, to 
discriminate between the different effects on the basis of 
the presented results alone. 

Relaxation times can only be derived for the T-jump 170 - 132 C from Figure 7. The values obtained are shown 
in Figure 10. They are compared to a theoretical curve 
following from eq 12. The parameters used in order to 
adjust the theoretical curve to the measured data were rR 
= 4.7 X lo3 s and x/x, = 1.15. The curve provides a 
reasonable fit to the measured data. The deviation at low 
wave vectors could be due to errors introduced by hole 
scattering. 

Support of this work by the 
Deutsche Forschungsgemeinschaft (SFB41) is gratefully 
acknowledged. 

Acknowledgment. 

Gilmer, J.; Goldstein, N.; Stein, R. S. J .  Polym. Sci., Polym. 
Phys. Ed. 1982,20, 2219. 
Hashimoto. T.: Kumaki. J.: Kawai. H. Macromolecules 1983. , ,  , .  
16, 641. 
Snyder, H. C.; Meakin, P.; Reich, S. Macromolecules 1983, 16, 
757. 
Cahn, I. W. Trans. Metall. SOC. AIME 1968,242,166. Hilliard, 
J. E. In Phase Transformations; Anderson, H. L., Ed.; Amer- 
ican Society for Metals: Metals Park, OH, 1970. 
de Gennes, P.-G. J.  Chem. Phys. 1980, 72, 4756. 
Binder, K. J.  Chem. Phys. 1983, 79, 6387. 
Strobl, G. R. Macromolecules 1985,18, 558. 
Strobl, G. R.; Bendler, J. T.; Kambour, R. P.; Shultz, A. R. 
Macromolecules 1986, 19, 2683. 
Wilhelm, T.; Hoffman, R.; Fuhrmann, J. Makromol. Chem., 
Rapid Commun. 1983, 4 ,  81. 
Wendorff, J. J .  Polym. Sci., Polym. Phys. Ed. 1980, 18, 439. 
Herkt-Maetzky, C.; Schelten, J. Phys. Reu. Lett. 1983,51,896. 
Shibavama. M.: Yane. H.: Stein. R. S.: Han. C. Macromole- 

I I  I 

cules isss,'is, 2179. 
de Gennes, P.-G. Scaling Concepts in Polymer Physics; Cor- 
ne11 University: Ithaca, NY, 1979; Chapter IV. 
Strobl, G. R. Acta Crystallogr., Sect. A: Cryst. Phys., Diffr., 
Theor. Gen. Crystallogr. 1970, 26, 367. 

Light Scattering from Polymer Blend Solutions. 4. Data Analysis 
for Asymmetrical Dilute Systems 

Takeshi Fukuda,* Minoru Nagata, and Hiroshi Inagaki 
Institute for Chemical Research, Kyoto University, Uji, Kyoto 611, Japan. 
Received June 19, 1986 

ABSTRACT: The second virial coefficient BI2 between unlike polymers 1 and 2 is assumed to be, as suggested 
by the Flory-Krigbaum theory, of the form B12 = const X ho(Z12), where ho is the same function as for the 
coefficient between like polymers. The argument Zl2 is determined so as to be consistent with the first-order 
perturbation theory of B12 Thus-determined Zl2 is largely different, especially for highly asymmetrical systems, 
from the corresponding argument of the Flory-Krigbaum function, which is virtually the only theory available 
to date to describe ternary solutions of chemically different polymers. Also, the modified Kurata-Yamakawa 
function is adopted for ho. As to mixtures of homologous polymers differing in molecular weight, this tzeatment 
gives numerical results generally close to those given by the Pad6 approximant due to Tanaka and Solc. On 
the basis of this BI2 function, a simple procedure is proposed to analyze light scattering data for the "net" 
interaction parameter x120 between unlike polymers. It is applied to experimental data for ternary solutions 
of varying degrees of asymmetry to give the most satisfactory results thus far obtained. 

Introduction 
In previous papers dealing with light scattering from two 

polymers dissolved in an optical 8 it has been 
established that the Flory-Huggins4 (FH) interaction pa- 
rameter xlz between unlike polymers is generally a function 
of chain length, concentration, and solvent power (see note 
5 for the definition of the x parameters). Thus, xlz in a 
ternary solution is merely an apparent quantity and cannot 
be used for, e.g., quantitatively predicting the miscibility 
of the polymers in the bulk or in the presence of a solvent 
at a given fraction. However, if adequate solution data are 
available, it should be possible, at least in principle, to 
convert xlz into a more quantitative piece of information 
on the polymer-polymer interaction. 

As to infinitely dilute solution, the problem is directly 
concerned with the description of the second virial coef- 
ficient Blz between different polymers.6 For homologous 
monodisperse polymers, fairly successful theories of the 
second virial coefficient are available to date.' Thus, if the 
ternary solution considered is symmetrical with respect to 
the two polymers, viz., the same size and the same affinity 
for the solvent, those theories may be applied for the 
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mentioned purpose. This approach has been taken to 
analyze the x12 data for some reasonably symmetrical 
systems.l9 On the other hand, there as yet seem to be no 
adequate theories applicable to asymmetrical systems, and 
this imposes a severe constraint not only on the application 
of the proposed particular light scattering t e~hn ique l -~ ,~  
but also on solution approaches in general for determining 
polymer-polymer interactions. 

In this paper, we propose a simple treatment based on 
the perturbation theory on B12 combined with an al- 
ready-established closed-form expression for the second 
virial coefficient for homologous monodisperse systems. 
The expression for Blz or xlz resulting from this treatment 
is entirely different, especially for highly asymmetrical 
systems, from that due to Flory and Krigbaum,lo which 
is virtually the only theory thus far available to describe 
ternary systems composed of chemically different poly- 
mers. On the basis of this B12 function, a simple procedure 
will be proposed to analyze ternary-solution light scattering 
data for the "net" interaction parameter xlZo which is 
considered to characterize the interaction between the 
given polymer pair. The validity of this procedure will be 
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confirmed against experimental data for ternary systems 
of varying degrees of asymmetry. The previously proposed 
approximate method of analysis' will be shown to be valid 
for those particular ~ystems.l-~ 

Theoretical Section 
The FH parameters xoi and x12 for the infinitely dilute 

solution5 are related to the second virial coefficients Bii 
between like polymers and B12 between unlike polymers 

(1) 

(2) 
where the subscript 0 denotes the solvent, ui is the specific 
volume of the (pure) polymer: and Vo is the molar volume 
of the solvent. The two-parameter theoretical expressions 
for these coefficients are' 

by9 
Bii = (ui2/2V0)(l - 2xOi), 

Bl2 = (u,u2/2Vo)(l - XOl - x02 + Xl2) 

i = 1 or 2 

Bii = (NAn:Pii/2kf?)hii (3) 

Bl2 = (NAnln2P12/2M1M2)h12 (4) 

where NA is the Avogadro number, ni is the number of 
segments, Mi is the molecular weight, Pij is the binary 
cluster integral between segments i and J ,  and hij is the 
factor in question, representing the excluded volume effect 
between polymers i and j (i, j = 1 or 2). 

If we define parameters xoio and x12' by 
NAPii = v0(1 - 2x0~') ( 5 )  

Nd12 = vo(1 - Xoi' - X02' X12') (6) 
and identify the statistical segments with the lattice-the- 
oretical segments2, i.e., ni = mi, with mi = uiMi/Vo, then 
from eq 1-6 we have 

1 - 2xoi = (1 - 2xoi')hii (7) 
1 - XOl - xo2 + XlZ = (1 - XOl' - Xo2' + x1z0)h12 (8) 

Thus, x12 is expressed by 
Xl2  = (1 - XOl' - x02' + XlZ0)h12 - 

(1/2)[(1 - 2xol')hll + (1 - 2~oz')h221 (9) 

Our problem is evaluating xlZo for given values of x12 and 
other observable parameters. This requires the aid of 
theories. 

I t  is known' that hii is a function of a single argument 
Zi, the excluded volume parameter Zi divided by the cubic 
expansion factor a:: 

According to the FH notations, Z i  is given by 
hii = ho(2i) (10) 

2 i  = - 2Xoi') (11) 

where ( S i 2 )  is the mean-square radius of gyration of 
polymer i. A number of theoretical expressions for ho can 
be found in the literature.' 

As to homologous polymers differing only in chain 
length, there also exist expressions for hl2;*l3 among which 
only that of Flory and Krigbaum (FK)loa is directly ap- 
plicable to systems composed of chemically different 
polymers. According to FK, h12 is given by the same 
function ho as for identical polymers 

withloc 
ho(X) = (5.73X)-' In (1 + 5.73X) (FKOm) (13) 
where the new parameter Z12 may be given by 
Z12 = NA-'[2r((Sl2) + (S22))]-3/2mlm2Vo(l - xolo - 

hi2 = ho(212) (12) 

~ 0 2 '  + ~ 1 2 ' )  (14) 
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By using eq 11, we can rewrite eq 14 as 

ZI2 = W2(a + 8 ) - 3 / 2 ( t d 2 2 1  + e-1u3/222)(1 + K )  (15) 

t = m2/m1 (16) 

0 = ((S22)/(s12))1/2 (17) 

K = XlZ0/(1 - XOl' - x02') (18) 

Thus Z12 and hence h12 are a function of five independent 
variables, Z1, Z2, t, u, and K. For homologous polymers, 
two variables, e.g., 2, and t, suffice to define h12. 

As described later, this FK theory is rather unsatisfac- 
tory when applied to the PS/PMMA system. It has been 
shown' that eq 13 as applied to homologous monodisperse 
systems is less satisfactory than some other theories.' 
Therefore, one way to have an improved expression for h12 
may be to use a more successful ho function in place of eq 
13 but with the argument ZI2 as given by FK, i.e., eq 15. 
However, this did not prove to be an essential improve- 
ment. 

Here we propose another treatment. We still assume 
h12 to be a function of a single argument Z12. This argu- 
ment is determined as follows: In the special case in which 
the two polymers are identical, Z12 = ZC and h12 = h,,, and 
thus the function h12 must be given by the same function 
ho as for identical polymers and expanded as' 

(19) 

On the other hand, we carry out the perturbation calcu- 
lations' on B12 between two Gaussian chains with segment 
numbers ml and m2, segment lengths bl and b2, respec- 
tively, and an interaction p12 between unlike segments. 
The result gives 

h12 = 1 - (3/2~)~/~(32/15)(m~m~P~~/r~~r~~) X 

[r15 + r25 + (5r12r22/2)(rl + r2) - (r12 + r22)5/2] + ... (20) 

where r,2 = nib;. We take account of the non-Gaussian 
nature of real chains by adopting the conventional ap- 
proximation of uniform expansion, thus equating r? to the 
mean-square radius in the perturbed state multiplied by 
six: 

h12 = hO(Z1.J = 1 - 2.865212 + ... 

r: = 6(S,2), i = 1 or 2 (21) 

Comparison of eq 19 and 20 gives 

2 1 2  = 0.3723[a5/2 + K 5 l 2  - (a + u-1)5/2 + (5/2) X 

(# + d/2)](tu-3/2Z1 + e - l ~ ~ / ~ Z ~ ) ( i  + K) (22) 

The double-contact term for homologous polymers pre- 
viously obtained12 is readily recovered from eq 19 with eq 
22, if the parameters are appropriately reinterpreted (e.g., 
bl = b2 and K = 0). Equation 22 differs from the FK 
equation 15 in the first factor, including numerics, com- 
posed of u only. The difference between the two equations 
can be very large, when u is different from unity. Gen- 
erally, eq 15 approaches zero much more rapidly than eq 
22, as u or 0-l becomes larger than unity. 

We now make some quantitative comparison of the 
theories, taking the case with homologous polymers, Le., 
x120 = 0 and xOlo = xmo. On the basis of eq 9, we calculate 
x12 between two polymers differing in length, using the 
combination of eq 22 and the Kurata-Yapakawa ho 
function14 as recently revised by Tanaka and Solc'l along 
with the Yamakawa-Tanaka equation15 for a (method 1): 

(23) 
ho(X) = (2.193)-l[l - (1 + 3.537X)-o.620] (KYm) 

a: = 0.541 + 0.459(1 + 6.942,)0.46 (YT) (24) 



656 Fukuda et al. Macromolecules, Vol. 20, No. 3, 1987 

solvent power is strong for the polymers. This, in turn, 
points out favorable experimental conditions for deter- 
mining x120, i.e., similar sizes, short chains, and poor 
solvents. 

Discussion 
We now test the two combinations of theories designated 

methods 1 and 2 against experimental data for polystyrene 
(PS)/poly(methyl methacrylate) (PMMA) blends in bro- 
mobenzene' and in mixtures of 1,Cdioxane and l-bromo- 
na~hthalene.~ One may expect that good theories will give 
a value of x120 independent of chain lengths m,, chain 
length ratio t, radius ratio u, and solvent powers xoto. 
According to previous re~ul t s , l -~J~  the PS/PMMA pair is 
characterized by a fairly small value of x120 and suitable 
for such a test, since, when xlZo is small, the aforemen- 
tioned effect of size difference makes a relatively large 
contribution to x12, and thus the role of theories becomes 
relatively important. Our problem now is to solve for x I 2 O  

the following equation, which is equivalent to eq 9: 

X l 2  = (1 - X0l0 - X02O + xlzyO(Z12) - 
(1/2)[(1 - 2x0i0)ho(Z1) + (1 - 2~02~)ho(Z2)1 (26) 

This requires, in addition to values of x12, some knowledge 
about the respective binary solutions. 

We estimate the value of ( S 2 )  of each polymer according 
to the previously proposed ~ c h e m e . ~  It is based on the 
semiempirical relation between the hydrodynamic expan- 
sion factor a, and Z:16 

a: = 1 + (7 /5 )2  (27) 

where cy: = [ a ] / [ a ] o ,  with the intrinsic viscosity [ala in the 
0 state calculated with17 

3 IO 30 100 300 
E 

Figure 1. Plot of x12/[(1/2) - xoio] vs. chain length ratio t for 
a blend of homologous monodisperse polymers (xlzo = 0) with 
Z1 = 1: curve 1 is due to method 1 (eq 26 with eq 22,23, and 24), 
curve 2 is due to method 2 (eq 25 with eq 13, 15, and 25), and 
curve TS is due to Tanaka and Solc.'l 

Similarly, we calculate x12 using the combination of eq 13 
and 15 along with the modified Flory equation4Jk for a 
(method 2): 

cy: - cy: = 1.2762, (Fm) (25) 

We also evaluate the Tanaka-Solc (TS) Pad6 approximant 
of h12 for homologous polymers,'l which satisfies the 
perturbation expansion up to the triple-contact term. In 
Figure 1, values of x12 obtained by the three methods are 
shown as a function of chain length ratio E (21,  for we let 
the shorter chain be polymer 1). We have shown in the 
figure only the case with 2, = 1, but results are nearly 
insensitive to 2,. The ordinate scale is x12 divided by (1/2) 
- xOlo, equal to 2hlz - hll - h22, so that i t  is independent 
of xOlo. We also note that the TS definition" for xlz is 
opposite in sign to that of FH4 and hence to ours.2 The 
figure shows that all the theories predict x12 to be positive, 
if E > 1 and (1/2) - xolo > 1, becoming larger and larger 
with increasing E .  However, numerical differences among 
the theories are enormous. Method 1 predicts much 
smaller x12 than method 2 and, notably, gives nearly the 
same results as the TS theory in the practically interesting 
range oft. The difference in xlz between methods 1 and 
2 comes mainly from the difference in Z12 rather than in 
ho. As already implied, eq 15 decreases with increasing e 
much more rapidly, hence giving larger h12 and x12 than 
eq 22 does. 

In homologous polymer systems, the magnitude of this 
"ghost" x12, ghost because x120 = 0, is relevant to the 
controversy regarding the appearance of a maximum of the 
second virial coefficient upon varying the mixing ratio of 
two monodisperse polymers differing in size.11J3 In this 
connection, it is suggested that direct measurements of x12 
by, e.g., neutron scattering which makes the combined use 
of the deuterium-labeling and optical 0 techniques may 
prove to be a powerful test of theories. In heteropolymer 
systems, this effect of size difference superposes on the 
contribution from generally nonzero x120, and thus the 
evaluation of x120 depends largely on the precision of the 
theory to be employed. This is especially so when the size 
difference is large, the chain lengths are large, and the 

[ala = KoMwl'z 
KO = 0.079 mL/g (PS) 

= 0.049 mL/g (PMMA) 

The unperturbed mean-square radius is also calculated 
with 

[ala = 63/2@0(S2)03/2/Mw (29) 

assuming a0 to be 2.5 X loz3 (cgs) in all cases.l* The value 
of Z from eq 27 is substituted in the Y T  equation 24 to 
obtain the expansion factor a and then ( S 2 )  (=a2(S2)o). 
Table I lists the value of [q]  of each polymer and its (s2)1/2 
value estimated in this manner. We have determined ( S 2 )  
of some high molecular weight samples by light scattering, 
for which the calculated values closely agree (Table I). For 
this reason, we may regard the calculated values as being 
independent of the particular theories employed for their 
evaluation. 

On the basis of the values of x12 determined by the 
optical 8 method (Table 11) and the calculated values of 
(S2) and (S2)o, we obtain all the parameter values nec- 
essary to solve eq 26 by either method 1 or method 2. We 
solved eq 26 for x120 in an iterative manner using a mi- 
crocomputer. Results are given in Table 11. Apparently, 
method 1 gives more uniform values of x120 than method 
2 does. For the two systems in which t is as large as 2.4 
and 3.7, respectively, the values of x120 due to method 2 
are negative, whereas those due to method 1 are positive 
and similar in magnitude to those for other more sym- 
metrical systems. These even qualitatively different results 
stem mainly from the difference in the expression for Z12. 
As already noted, eq 15 and 22 are different from each 
other only in the dependence on u. This implies that 
asymmetry of ternary systems is better characterized by 
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Table I 
Molecular Characteristics of Polymer Samples (30 "C) 

sample l0-4Mw MwIMn solvent" [d, dL/g (SZ) w"2,b A XOIe 
PS PC200 242 1.30 BB 714 (694) 0.472 (0.474) 
PS PC200' 179 1.30 DO/BN 4.02 583 
PS F8O 

PS S50 
PS 49H 
PS 39H 
PMMA 75M 

PMMA 80M 
PMMA 78M 
PMMA 40M 
PMMA 31M 
PMMA 91M 

77.5 

51.5 
28.3 
2.45 

214 

111 
62.7 
44.1 
21.1 
2.45 

1.01 BB' 
DO/BN 

1.03 DO/BN 
1.10 BB 
1.27 BB 
1.35 BB 

DO/BN 
1.22 DO/BN 
1.45 BB 
1.44 DO/BN 
1.27 BB 
1.04 BB 

2.24 366 (368) 0.466 (0.466) 
2.06 358 
1.46 281 

204 

587 (588) 0.473 (0.475) 
51.5 

2.95 555 
1.73 378 
1.33 286 (292) 0.467 (0.463) 
0.91 227 

152 0.461 (0.454) 
44.8 

"BB = bromobenzene; DO/BN = a mixture of 1,4-dioxane/l-bromonaphthalene (51/49 by volume). bCalculated with eq 27-29 and 24. 
Values in parentheses were measured' and corrected for polydispersity according to  (S2),/(SZ), = (1 + 2p)/(l + p ) ,  with p = M w / M n  - 1. 
cCalculated with eq 27-29, 24, 11, and 7. Values in parentheses were measured.' 

Table I1 
Values of xlz and xlzo for PS/PMMA Blends (30 "C) 

blend x12" 

U method 3 ps (1) PMMA (2) €a solvent X I Z b  method 1 method 2 
PC200 75M 0.78 BB 0.82 0.0026 0.034 0.012 0.034 
F80 78M 0.71 BB 0.78 0.0030 0.025 0.005 0.027 
49H 31M 0.66 BB 0.75 0.0040 0.023 0.004 0.026 
39H 91M 0.88 BB 0.88 0.0117 0.041 0.033 0.039 
PC200' 75M 1.05 DO/BN 0.95 0.0023 0.030 0.020 0.025 
F80 80M 1.26 DO/BN 1.06 0.0025 0.027 0.019 0.024 

F80 75M 2.44 DO/BN 1.55 0.0033 0.031 -0.009 0.031 
S50 75M 3.67 DO/BN 1.98 0.0037 0.019 -0.039 0.032 

S50 40M 0.76 DO/BN 0.81 0.0033 0.023 0.010 0.021 

= (Mw2u2)/(MwluJ, with u1 = 0.935 and uz = 0.825 mL/g (cf. ref 1). bFrom ref 1 and 3. cValue for a solvent molar volume about 106 
m L  calculated with the (S2) value from Table I and the (S2)" value from eq 28 and 29 using eq 11,22, 23, 24, and 26 (method l ) ,  eq 11, 13, 
15, 25, and 26 (method 2), or eq 11, 23, 24,30, and 31 (method 3). 

rather than E .  In Figure 2, the values of xlZo due to 
methods 1 and 2 are respectively plotted as a function of 
u. In both cases, the data points seem to form a single 
curve, as expected. Those due to method 2 rapidly de- 
crease with increasing u, clearly indicating the failure of 
the theory. On the other hand, the xlZo values due to 
method 1 show no clear trend with u in the examined 
range, lying in the range xIzo = 0.028 f 0.006. Considering 
the small magnitude of xlZo, the scatter of the points 
should be ascribed to experimental errors, and it can be 
concluded that method 1 describes asymmetric ternary 
solutions with sufficient accuracy at  least for u < 2. Its 
validity for u > 2 is not clear a t  this time, and it should 
not be applied to such systems. However, it is clear that 
the limit of applicability is enlarged when we deal with 
systems with larger xlz0. 

For a perfectly symmetrical system with a small xlz0, 
we write xolo = xoZo = xoio, 2, = Zz = 2, and Z1, = Z(l 
+ K ) ,  with K = xlzo/(l  - 2xOi0) << 1. Then eq 26 is trans- 
formed simply to (see note 19) 

xlz = ~iz~[d*(Z)/d21 (30) 
where Q(2) = Zho(.?J is the interpenetration function. We 
previously analyzed theabove PS/PMMA data according 
to eq 30. Since Z1 an-d 2, were not precisely equal to each 
other, we assumed Z to be given by 

2 = ( 2 , 2 , ) 1 / 2  (31) 
In Table I1 are also listed values of xlZo computed ac- 
cording to this scheme by the combined use of the KYm 
equation for ho and the YT equation for (Y (method 3). 
These values are slightly different from those previously 
given,ls3 since the previous values are based on the original 

0.05 

ocv 
$ 0  

-0.05 

1 1.5 2 
6 

Figure 2. Plot of x12" vs. u (or 6' if u < 1) for PS/PMMA blends 
(30 "C) estimated with light scattering data according to method 
1 (circles) and method 2 (squares). See Table II and the footnotes. 

KY equation.14 Generally, the values due to method 3 are 
very close to those due to method 1 in the examined range 
of u. This confirms that eq 30 with eq 31 is a valid ap- 
proximation for reasonably symmetrical systems with a 
small xlzo. 

In summary, we have established a procedure for 
evaluating the "net" interaction parameter x120 between 
unlike polymer segments. It is based on eq 26 with eq 22 
for Z1, and eq 23 for ho. This procedure seems reliable at 
least for u < 2. In order to evaluate other necessary pa- 
rameters such as Zi, xoLo, and (SF), the simple method 
based on eq 27-29 and 24 can be used, but the validity of 
such an approximate method should be checked by direct 
measurements. Insofar as the present examples are con- 
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cerned, this method reproduces experimental values of 
both (S:) and xoi with high precision (see Table I )  and 
should be of practical value. For a reasonably symmetrical 
system with a small x I 2 O ,  eq 30 with eq 23 and 31 may be 
used instead of eq 26 with eq 22 and 23. 
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distribution in molecular weight (cf.: Kurata, M., et al. In 
Polymer Handbook; Brandrup, J., Immergut, E. H., Eds.; Ac- 
ademic: New York, 1975; Chapter IV.) 

(19) Since eq 30 has been claimed to be incorrect by some people,20, 
we add some words to justify it. In the mentioned symmetrical 
case with a small xlZo, eq 26 reads 

xi2 = (1 - 2xoL0)(1 + ~)ho(Ziz) - (1 - 2~o~")ho(Z) (R1) 
with ho(Z12) = ho(Z + KZ) being expanded around xizo = 0 or 
KZ = 0 as 

ho(Z12) = ho(Z) + ~Z[dh,(Z)/dZl + ... (R2) 

Inserting eq R2 in eq R1 and neglecting higher terms in K, we 
have 

~ 1 2  = ~ ( 1  - 2xoi0)[h0 + Z(dho/dZ)] = xl2"[d(Zh0)/dZ] (R3) 

which is identical with eq 30. See ref 1 for a more simple 
description. 

(20) Su, A. C.; Fried, J. R. Macromolecules 1986, 19, 1417. 
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ABSTRACT: Gel permeation chromatography (GPC) has been used as a new technique for the study of 
temperature-induced polymer transitions in dilute solutions. Using a GPC apparatus with controlled tem- 
perature, we have studied the transition of polystyrene in solution in the binary solvent mixture benzene- 
methanol (74:26 v/v) and the transition of the triblock copolymer poly(methy1 methacrylate)-polystyrene- 
poly(methy1 methacrylate) in solution in tetrahydrofuran. The GPC method has corroborated our previous 
findings on transition phenomena of polymers observed near 8 conditions. 

Introduction 
In recent years many papers have appeared dealing with 

the transition phenomena of macromolecular chains in 
dilute solutions. Some of these are reported as helix-coil 
transitions, mainly f o u n d  f o r  biopolymers and worml ike  
p~lymers.l-~ Another type of transition is reported as 
conformational"28 and is related to an order-disorder 
transition of the side groups of the macromolecular chains. 
In the case of block and graft copolymers the transtion 
phenomena are related to the segregated and nonsegre- 
gated confo rma t ions  of these  copolymer^.^"^^ 

Recently, we observed a new type of transition closely 
related to 8 condi t i~ns .~ l -~  More precisely, this transition 
appeared just above the 8 conditions and was observed 
either by changing the temperature of the solution when 
the polymer is dissolved in a single solvent or by chainging 
the solvent composition at constant temperature when the 
polymer is dissolved in a binary solvent mixture. T h i s  
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transition seems to be related to an abrupt augmentation 
of the mobility of the chain backbone affecting mainly the 
short-range interactions. The phenomenon has also been . 
observed by Nishio et al.;44 using photon correlation 
spectroscopy they f o u n d  strong f luc tua t ion  in the c h a i n  
density in the same temperature range.  

All the above transition phenomena have been studied 
by a variety of experimental techniques. Some of these 
techniques, e.g., IR s p e ~ t r o s c o p y , 5 ~ ' , ~ ~  UV s p e c t r o s ~ o p y , ~ , ~ ~  
ultrasonic relaxation,21 and quasi-elastic neutron scatter- 
ing,28 are concerned with local changes i n  the macromo- 
lecular chain. There are other techniques, e.g., static light 
s ~ a t t e r i n g , l ~ ~ , ' ~ ~ J ~ ~ ~ ~  r e f r a c t ~ m e t r y , ~ ~ * ' ~ J ~ J ~ ~ ~ ~  and viscome- 
try,14-20~22-2632s32~4143 that deal with the overall dimensions 
of the macromolecular chains. 

Gel permeation c h r o m a t o g r a p h y  has been established 
as a ve ry  useful  technique fo r  s t u d y i n g  macromolecules. 
One of  the principal aims of the GPC method is  to de- 

0 1987 American Chemical Society 


