
Vol. 7, NO. 4, July-Augiust 1974 Light-Scattering Studies of a Two-Block Copolymer in Mixed Solvents 515 

tional contribution, and the evaluation of the vibrational 
free energy requires a complete normal mode analysis of 
the crystal lattice. In addition, for actual crystals, the en- 
tropy term due to the crystal defect and incoherent mo- 
lecular motion at  high temperature may play an impor- 
tant role in the stabilization of the crystal. 

In this paper, however, only the static potential energy 
term which would occupy the largest part of the free ener- 
gy was discussed as a first approximation. 
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ABSTRACT: Light-scattering measurements were made on a two-block copolymer of polystyrene and poly- 
(methyl methacrylate) whose molecular weight and styrene content by weight are 1.53 X lo6 and 0.38, 
respectively. Mixtures of toluene and furfuryl alcohol of various compositions were used as solvent. They are both 
good as solvent for poly(methy1 methacrylate) and isorefractive as well, but the latter is a nonsolvent for polysty- 
rene. The results show tha t  the mean-square radius of the polystyrene subchain in the isolated block copolymer 
always exceeds the value for the homopolystyrene of equal molecular weight. This result confirms the view that 
intramolecular contacts of dissimilar units do occur. The intermolecular micelle formation set in at  a solvent 
composition between 36.7 and 38.9 wt 90 of toluene. The  largest micelle formed at  19.8% comprised about 7 2  mol- 
ecules. From the shape of the particle scattering function we have concluded that the polystyrene subchain forms 
a core of anisotropic shape in the beginning of aggregation but cores in larger micelles assume the shape of dense 
sphere. Solutions of isolated molecules and micelles both revealed an anomalous upsweep of the reciprocal scat- 
tering function at  small scattering angles but the anomaly became more pronounced for larger micelles as evi- 
denced by a longer correlation distance. This result suggests for the micelle such a conformation as the dense 
polystyrene core thickly surrounded by extended chains of poly(methy1 methacrylate). 

In the previous light-scattering study on a two-block co- 
polymer of polystyrene (PS) and poly(methy1 methacry- 
late) (PMMA),’ we compared the size of the P S  subchain 
with that  of the isolated P S  of equal molecular weight in 
solvents that  are good solvents for both P S  and PMMA 
and isorefractive as well to PMMA.2 In the present work 
we have investigated the conformation of the two-block 
copolymer in poor solvents for PS. Of special interest to 
us is the investigation of the extent to which the size of 
the PS subchain is diminished in increasingly poor sol- 
vents before molecules undergo the intermolecular aggre- 
gation. It is also important to elucidate the size and con- 
formation of the micelle in relation to the process of the 

domain formation in films cast from block copolymer so- 
lutions.3 Krause found almost a decade ago4 that 
three-block copolymers of PMMA-PS-PMMA form stable 
aggregates which are in a state of thermodynamic equilib- 
rium. It may be interesting to investigate further the pro- 
cess of micelle formation by adopting the approach ini- 
tiated by Leng and Benoit5 and adopted also in our previ- 
ous study, i e . ,  to utilize as solvent a liquid giving a very 
low value of refractive index increment for PMMA. The 
analysis of the experimental angular variation of light 
scattering at  infinite dilution is then straightforward. We 
thus decided to choose as solvent a mixture of two liquids 
which meet the following specifications: (1) they are both 
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Table I 
Refractometric Constants Used for the Calculation of Numerical Results of Light-Scattering Measurements 

(dfildc) (ml/g,  5461 A) T e m p  f i o  Densi ty  
Solvent ("(2) (5461 A) (g/dl) PS P M M A  B M M - 3 1 3  

Toluene  30 1 . 4 9 5 0  0.8577 0 . 1 0 9 6  0 . 0 0 3 1  0 .0443  
Fur fu rv l  30 1 . 4 8 6 7  1 . 1 2 3 8  0 . 1 1 7 5  0 , 0 1 0  0.0517 

a 1 coho 1 

Table I1 
Light-Scattering Results on Polystyrene 13-a and 
RS-13 in the Mixed Solvents of Toluene and Furfuryl 

Alcohol at 30" 

Solvent 
Composition 

(wt  % of (dfi/dc)" A? X lo4 (Soz)l/? 
Toluene)  (ml/g) M x 10-~  (g 'ml )  (AI 

Polys tyrene  13-a 
100 0 . 1 1 0  6 1 . 4  2 . 9 9  355 
80.1 0 . 1 1 2  6 3 . 0  2 . 8 6  338 
6 0 . 0  0 . 1 1 3  6 1 . 4  1 . 8 0  298 
4 5 . 2  0 . 1 1 4  6 0 . 2  0 . 5 7  258 
3 9 . 5  0 . 1 1 5  6 1 . 0  -0 71  237 

Polys tyrene  RS-13 
100 0.110 5 8 . 6  3 . 0 5  349 

3 9 . 6  0 .115  5 9 . 0  - 0 . 3 2  236 

a Values calculated f rom t h e  G l a d s t o n e D a l e  equat ion  
using t h e  cons tan ts  as described in t h e  text.  

isorefractive to P M M A ;  (2) t hey  a r e  similar in the good- 
ness as solvent for P M M A ;  (3) for PS one is a good sol- 
vent a n d  the other is a nonsolvent,  and the mix tu re  be- 
comes a t h e t a  solvent for PS at a mixing  ratio not far 
from 1:l. Toluene  can readily be used as a solvent that is 
good for bo th  PS and PMMA and isorefractive as well to  
the la t te r ,  but, as expected, some difficulties were en- 
countered in  finding a nonsolvent.  After an extensive test 
of m a n y  liquids, we have  found furfuryl alcohol su i tab le  as 
the nonsolvent.  Thus, b y  us ing  as solvent the mixtures of 
toluene and furfuryl alcohol of various compositions and 
b y  analyzing the light-scattering data s imply  as the ho- 
mopolymer-single solvent sys tem,  we obta ined  the size of 
the PS subchain while changing the goodness as solvent 
for PS at will. 

Experimental Section 

The sample of PS-PMMA two-block copolymer investigated in 
the present study is the same as used previous1y.l It was pre- 
pared by the anionic polymerization and designated as  BMM- 
313. The molecular weight of the sample is 1.53 x lo6 and its sty- 
rene weight fraction is 0.38. The sample is narrow in molecular 
weight distribution as verified by the sharp schlieren pattern of 
boundary sedimentation and contains no PS side chains from the 
PMMA subchain. A polystyrene sample of molecular weight iden- 
tical with that of the PS subchain in the block copolymer was 
also prepared previously and designated as RS-13. Another poly- 
styrene sample was purchased from the Pressure Chemical Co. 
(sample code, 13-a; cat. mol wt 0.67 x 106) and used without fur- 
ther treatment. 

Reagent grade toluene and cyclohexane were purified as usual 
and distilled in a column just prior to use. Reagent grade furfuryl 
alcohol was dried over potassium carbonate for a t  least 3 days 
and distilled in a column under nitrogen. The boiling point of the 
collected fractions was 76-77" a t  20 mm. The purity of the furfu- 
ryl alcohol thus prepared was checked on gas-liquid chromato- 
grams taken with an analytical gas chromatograph Model GCG- 
220, Yanagimoto Manufacturing Co. Since furfurvl alcohol 
readily turns yellow through polymerization in air, it was added 
with a trace of n-butylamine and stored at  -10" in a nitrogen a t -  
mosphere. Refractive indices of the solvents just before use were: 
toluene, nZ5D 1.49415; cyclohexane, n Z 5 ~  1.42345; furfuryl alcohol, 
n30D 1.48293. The literature values to be compared with 
these are 1.49413, 1.42354, and 1.4801. respectively.6 

The light-scattering photometer used and the procedure of the 
measurement were described e l s e ~ h e r e . ~ . ~  The scattered light in- 
tensity was measured in the angular range of 9-150". Unless oth- 
erwise indicated, the measurements were made a t  30" with verti- 
cally polarized incident light of 5461 A. Test solutions of the block 
copolymer for the light-scattering measurement were prepared as 
follows. A polvmer solution of concentration 0.2-1.2 g/dl was pre- 
pared first by mixing the thoroughly dried polymer sample with 
toluene in a sealed glass tube and by keeping the mixture over- 
night at  40" for the complete dissolution. The solution was then 
centrifuged for 120 min at  26,000 rpm in a Hitachi preparative 
centrifuge Model 55P in a fixed-angle rotor RP30. Right after the 
full stop of the rotor the solution was transferred carefully into a 
clean glass vial fitted with a ground-glass stopper. An aliquot of 
the solution was separated to measure the concentration by dry 
weight analysis. Toluene was made free of dust in the same man- 
ner. A longer period of centrifugation (5 hr) was necessary for fur- 
furyl alcohol due to its high viscosity and density. The most con- 
centrated test solution was prepared by adding the clean furfuryl 
alcohol at  a desired weight ratio to the toluene solution gradually 
with stirring. The polymer concentration of the test solution was 
calculated from that of the toluene solution by using the mixing 
ratio and the density of the mixed solvent estimated as an alge- 
braic sum of those of toluene and furfuryl alcohol. The volume 
change on mixing was neglected. When the light-scattering mea- 
surement on the solution was over, an aliquot of the solution was 
separated and mixed by weight with a mixed solvent to make a 
more dilute test solution. The mixed solvent had been prepared 
in advance by mixing furfuryl alcohol and toluene at  the same 
weight ratio. Thus the light-scattering measurements were per- 
formed on at  least five solutions of different concentration for 
each solvent composition. The absence of dust was checked on 
each test solution prior to the light-scattering measurement by 
viewing through a telescope a t  a small angle to the incident 
beam. The solutions were stable and did not show any time-de- 
pendent change of light scattering. We did not check whether the 
solution properties are affected by the manner of mixing the origi- 
nal toluene solution with furfuryl alcohol, but the results ob- 
tained indicate the solutions are kept at  thermodynamic equilib- 
rium, as referred to later. 

The specific refractive index increments for the polymer solu- 
tions tested were determined by calculation, for the same reason 
as described earlier, from the Gladstone-Dale equation 

The same values were used for the constant Rz and the polymer 
density p2 as  used in the previous study,l i .e . ,  0.5810 and 1.05 re- 
spectively for PS and 0.4156 and 1.20 respectively for PMMA. 
The refractive index i l o  of each mixed solvent was calculated as 
an algebraic sum of the values for toluene (n3054.5 my 1.4950) and 
furfuryl alcohol (n3O54e 1.4867). The physical constants used for 
the calculation of the light-scattering results are summarized in 
Table I. 

Experimental Results 
In order to  de te rmine  the solvent compositiong where 

PS exists in a 0 s ta te ,  a series of l ight-scattering measure- 
ments were performed on  the narrow dis t r ibu t ion  PS, 
13-a. The results a r e  summar ized  in  T a b l e  11, and the 
changes  of t h e  second virial coefficient and t h e  root-mean- 
square rad ius  wi th  the solvent composition are shown in  
Figure 1. The molecular weight of 13-a was de termined  as 
61.4 x lo4, which is very close to  the va lue  for RS-13. In 
fac t  both samples  yielded very s imi la r  l ight-scattering re- 
sults as shown in  T a b l e  11, a n d  they  c a n  essentially b e  re- 
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Table I11 
Light-Scattering Data on a Two-Block Copolymer 
BMM-313 of Polystyrene and Poly(methy1 methac- 
rylate) in Mixed Solvents of Toluene and Furfuryl 

Alcohol at 30" 

- 
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220 410 610 80 100 
'M PER CENT OF TOLUENE 

Figure 1. Dependences of the second virial coefficient and the 
root-mean-square radius of polystyrene 13-a on the composition of 
the mixed solvent of toluene and furfuryl alcohol a t  30". 

u? 1 
-? 

0 20 40 60 80 100 
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Figure 2. Light-scattering results on the two-block copolymer 
BMM-313 of polystyrene and poly(methy1 methacrylate) as a 
function of the composition (wt 70 of toluene) of the mixed solvent 
of toluene and furfuryl alcohol a t  30". The chain curves represed 
the da ta  for homopolystyrene sample 13-a. 

garded as identical samples. From Figure 1 the so-called 
theta composition and the unperturbed root-mean-square 
radius were determined by interpolation as 42% and 247 
A, respectively. The latter value agrees well with the data 
of 234 A obtained in cyclohexane at 34.8" (6' temperature). 
This result indicates that  the micelle formation of the 
block copolymer may riot take place above 42% because of 
the enhancement of the intermolecular repulsion by the 
incompatibility between PS and PMMA units. 

Figure 2 shows the light-scattering results obtained on 
the two-block copolymer BMM-313 as a function of the 
solvent composition. The numerical data are summarized 
in Table 111. In agreement with the expectation stated 
above the intermolecular micelle formation is seen to set 
in a t  a composition between 38.9 and 36.7%. It is also evi- 
dently seen that as long as the block copolymer remains 
molecularly dispersed in the solution the size of the PS 
subchain always exceeds that of the homopolystyrene of 
equal molecular weight. We also note that the second viri- 
a1 coefficient, as well as the root-mean-square radius, ini- 
tially increases as the content of furfuryl alcohol increases 
and then decreases with a tendency to level off, while, in 

Solvent  
Composition (dii/dc)" 

(wt % of x 102 A e  X l o 4  (S:) ' '?  
Toluene) (ml/g) M X 1 0 - 6  (ml /g )  (A) 

100 
8 0 . 1  
6 0 . 0  
38 .9  
36 .7  
35.7 
3 3 . 6  
1 9 . 8  
9 . 9 4  

4 . 5 1  1 . 5 3  1 . 6 5  
4 . 5 8  1 . 5 2  1 . 8 4  
4 . 7 3  1 . 5 5  1 . 4 2  
4 .88  1 . 5 3  1 . 2 0  
4 . 9  4 . 0 0  -0.36 
4 . 9 1  1 4 . 3  - 0.043 
4 . 9 2  42 .7  0.0083 
5 . 0 2  111 0.044 
5 . 1  5 6 . 9  0.0081 

394 
439 
374 
332 
256 
651 
433 
373 
35 1 

a Values calculated f rom the Gladstone-Dale equat ion  
using t h e  cons tan ts  as described in t h e  text.  
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Figure 3. The square-root plot of the reciprocal scattering func- 
tion of BMM-313 in a mixed solvent of toluene and furfuryl alco- 
hol (toluene, 36.7 wt 70). Filled circles represent the data extrapo- 
lated to zero angle and plotted versus the relative concentration 
(c/co):  c1, 1.00; c2,  0.738; c3,  0.479; c 4 ,  0.259. The concentration cu 
is 0.509 x g/ml, and the apparent reduced scattered intensi- 
ty R' is converted to the real value by multiplying by the appara- 
tus constant of 1.54 x 

contrast, the data for the homopolystyrene 13-a reveal a 
normal decrease. The block copolymer solutions yielded in 
this range of the solvent composition similar dependences 
of the reciprocal scattering function on the scattering 
angle and concentration to those observed previously in 
pure toluene,l e .g . ,  the upsweep of the reciprocal scatter- 
ing function at small scattering angles and a t  finite solute 
concentrations, and the negative third virial coefficient. 

On the formation of the micelle the second virial coeffi- 
cient of the block copolymer solution suddenly drops to a 
negative value like the first-order transition. It then in- 
creases with decrease in toluene content t o  a very small 
positive value and remains essentially constant thereafter. 
In this composition region the molecular weight of the 
micelle is seen to increase but not without limit. A sub- 
stantial decrease is observed again a t  9.94%. The decrease 
might have occurred as a consequence of the enhanced en- 
ergy of interaction among PMMA subchains extending 
from the small PS core of the micelle. The largest molec- 
ular weight observed for the micelle was 111 million, 
meaning an aggregate of more than 70 block copolymer 
molecules. 

The overall size of the PS subchains in the micelle ex- 
hibits a complicated change as shown in the bottom of 
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I I I I I 
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Figure 4. The square-root plot of the reciprocal scattering func- 
tion of BMM-313 in the mixed solvent containing 35.7 wt % of 
toluene. For the symbols, see the legend to Figure 3. The concen- 
tration co is 0.210 X 10-2 g/ml, and the relative concentrations 
are: c1, 1.00; c 2 ,  0.799; cg, 0.618; c4, 0.424; cg, 0.256. The ordinate 
scale is displaced as indicated in the figure for the clear represen- 
tation. 

0.0 

0.7 

0.6 

. .  

0.5 
1 I I I I 

SIN2(812) I (clc,) 
0 0.2 0.4 0.6 0.8 1 .o 

Figure 5.  The square-root plot of the reciprocal scattering func- 
tion of BMM-313 in the mixed solvent containing 33.6 wt 70 of 
toluene. For the symbols, see the legend to Figure 3. The concen- 
tration co is 0.261 X 10-2 g/ml and the relative concentrations 
are: CI, 0.851; c2 ,  0.683; CQ, 0.515; c4, 0.318; c g ,  0.213. 

Figure 2. When a micelle is formed first by a few mole- 
cules in the solvent of 36.7% the root-mean-square radius 
suddenly drops to 256 8, which is close to the value for the 
homopolystyrene 13-a in the 0 state, indicating the abrupt 
contraction of PS subchains upon the micelle formation. 
This change is not unexpected a t  all, because the domain 
exclusive of styrene units might be formed in the micelle 
against the repulsion between dissimilar segments. Within 
the following decrease of the solvent composition of only a 
few per cent it rises to  a value as large as 650 A and drops 
again to 430 A. Below the solvent composition of 33.6% 
the root-mean-square radius decreases by only a small 
amount in a linear fashion. The discontinuous change ob- 
tained seems to indicate that the conformations of the mi- 
celles formed a t  various compositions are not identical. 
Indeed, the experimental results of the particle scattering 
function provide a support to this view as illustrated in 
the following. 

Figure 3 shows the square-root plot of the reciprocal 
scattering function for BMM-313 in the solvent of 36.7%. 
The angular dependence resembles that obtained in pure 
toluene but the second virial coefficient is negative. Fig- 

SCALES FOR 
l.O+ c,, c* 
l.O+ C) 

0.4 ' I I I I I 

0 0.2  0.4 0.6 0.8 1.0 
SIN2(8/2), (clc,) 

Figure 6.  The square-root plot of the reciprocal scattering func- 
tion of BMM-313 in the mixed solvent containing 19.8 wt 70 of 
toluene. For the symbols, see the legend to Figure 3. The concen- 
tration co is 0.148 X g/ml and the relative concentrations 
are: cl, 1.00; CZ, 0.838; c3, 0.640; c4, 0.426; c5, 0.260. 

i 

0.8' I I I I 1 1  
0 0 . 2  0.4 0.6 0.8 1.0 

SIN2(0/2),  (clc,) 

Figure 7. The square-root plot of the reciprocal scattering func- 
tion of BMM-313 in the mixed solvent containing 9.94 wt % of 
toluene. For the symbols, see the legend to Figure 3. The concen- 
tration co is 0.764 X 10-3 g/ml and the relative concentrations 
are: CI, 1.00; CZ, 0.831; c3,  0.674; c4 ,  0.505; c5, 0.400. 

ure 4 shows the similar data for the solvent of 35.7%. The 
angular variation concave upward suggests the sphere or 
the ellipsoid of revolution for the conformation of the PS 
aggregate in the micelle. Figure 5 shows the similar result 
in the solvent of 33.6%. The square root of the reciprocal 
scattering function follows a straight line except for the 
range of small scattering angles where it reveals an ex- 
traordinarily sharp increase a t  higher solute concentra- 
tions. This type of increase may be interpreted by the 
theory developed in part 11 as indicative of a conformation 
of the tightly coiled PS core surrounded by a number of 
PMMA subchains from the core. The points for values ex- 
trapolated a t  zero-scattering angle reveal a pronounced 



Vol. 7, No. 4,  July-August 1974 Light-Scattering Studies of a Two-Block Copolymer in Mixed Solvents 519 

~ , / - C V C L T X A N E l  \1 
WT PER CENT OF TOLUENE 

5o 2o 40 60 80 

Figure 8. Plots of intrinsic viscosity us. the solvent composition 
for polystyrene RS-13 arid a poly(methy1 methacrylate) sample 
PMMA-3. The latter was prepared by the anionic polymerization, 
and its sedimentation constant measured in acetone .it 20” was 
56.2 S. The molecular weight estimated by using the relation of 
ErikssonQ was 1.53 x lo6. The viscosity measurements were made 
a t  30” in a Ubbelohde viscometer. 

upward curvature when plotted us. the relative concentra- 
tion ( c / c o )  but the initial slope indicated by the chain 
straight line remains very small. 

The data for 19.8% (are similar in the concentration de- 
pendence of the reciprocal scattering function extrapolat- 
ed a t  zero-scattering angle but the angular dependence a t  
finite concentrations reveals a more complicated feature 
as shown in Figure 6. The sharp increase a t  small angles 
resembles the previous data but the plotted points a t  
higher angles do not increase linearly but seem to oscillate 
about a straight line. The theory developed in part I pre- 
dicts for such a result a substantially long correlation dis- 
tance for the intermolecular interaction of the PS sub- 
chains. The micelle at, this solvent composition contains 
as many as 72 block copolymer molecules on the average, 
but the overall size of the PS subchains in the micelle re- 
mains a t  a value comparable to the size of the single PS 
subchain in the isolated molecule. Figure 7 shows the 
light-scattering result in a solvent which contains the 
largest amount of furfuryl alcohol studied in the present 
investigation. The oscillation seen in Figure 6 a t  high 
scattering angles can again be detected. We also note that 
the apparent mo1ecula.r weight sharply increased as the 
polymer solution was diluted as indicated by the abrupt 
decrease with decreasing concentration of the reciprocal 
scattering function extrapolated to zero scattering angle. 
I t  will be an interesting subject of further study whether 
this type of concentrat,ion-dependent transition is a phe- 
nomenon universal to block copolymer micelles. 

Discussion 
The present light-scattering results obtained on the iso- 

lated two-block copolymer confirm the conclusion of the 
previous study1 that the intramolecular contacts of dissi- 
milar segments do occur. At the theta composition, where 
the net interaction between PS units vanishes, the mean- 
square radius of the PS subchain is about 1.8 times larger 
than the unperturbed one. The maximum revealed a t  a 
solvent composition near 80% seems to have appeared as a 
consequence of the counter action of furfuryl alcohol as 
solvent to PS and PMMA, i . e . ,  PMMA is more expanded 
in furfuryl alcohol than in toluene, while the former is a 
nonsolvent for PS. The viscosity results shown in Figure 8 
verify this view. 

Next we discuss thle particle-scattering function ob- 
tained a t  the solvent composition of 35.7% in terms of the 
conformation of the PS subchain in the micelle. Effects of 
heterogenieties in size and shape of the micelle are ig- 
nored in this discussion. Let us consider first the volume 
per unit mass for the PS core. Figure 9 plots ( S 2 ) 3  2/M for 
the PS core against the solvent composition as a measure 

WT PER CENT OF TOLUENE 

Figure 9. Plots of (S2)3 2 / M  for the polystyrene core in the micel- 
le (open circles) and the number of block copolymer molecules n 
being comprised by a micelle (closed circles) as a function of the 
solvent composition. 
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Figure 10. The particle scattering function obtained a t  the sol- 
vent composition of 35.7% (open circles) and the theoretical 
curves for the prolate ellipsoid of revolution of the axial ratio f .  

of this quantity, together with the number of molecules n 
comprising a micelle. It is seen that,  except for the mi- 
celle a t  35.770, this quantity reveals a smooth change and 
the values are very small. Therefore, a spherically sym- 
metric segment distribution or even a rigid sphere might 
be suggested for the conformation of these PS cores. 
These conformations are quite unlikely, however, for the 
micelle formed a t  35.7% in view of the fact that within a 
slight change of the solvent composition from 36.7 to 
35.7% the core volume per unit mass increased by 4.6 
times. Correspondingly, the average micelle size increased 
from 2.61 to 9.35. 

Let us suppose that the PS core a t  35.7% was formed by 
the linear association of the spherical PS core formed a t  
36.7% without a notable change of its size and assume its 
shape by a prolate ellipsoid of revolution with an axial 
ratio of 3.58 ( =  9.35/2.16). Then the ratio of the quantity 
(S*)3 2 / V  for the ellipsoid of revolution to that for the 
sphere is calculated as 3.07. Here V signifies the volume 
of the particle. This value is comparable to 4.6. The parti- 
cle-scattering function obtained by the experiment sup- 
ports the model quite satisfactorily as shown in Figure 10. 
The axial ratio obtained from the comparison of theoryll 
and experiment is 3.9 which stands in close proximity to 
the above value of 3.58. Thus we may conclude that in the 
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initial stage of aggregation PS subchains form a core of 
anisotropic shape but the core changes into a more tightly 
coiled sphere with increase of the micelle size in poorer 
solvents. 

Lastly we consider the complicated angular dependence 
of the reciprocal scattering function for the PS core of the 
largest micelle obtained by the present investigation. If its 
shape is assumed as a rigid sphere its diameter is calcu- 
lated from the mean-square radius as 960 A. To this core 
are linked 7 2  PMMA subchains of molecular weight 0.94 
million most probably in a spherically symmetric fashion. 
Therefore, the PS core may be thickly surrounded by 
PMMA subchains so much that direct contacts of PS 
cores are rare. Evidence supporting this view is provided 
by the large correlation distance ( r2)1’2  of 4400 A for the 
intermolecular interaction of the PS core. This quantity 
was evaluated according to the procedure described in 
Part I. The correlation distance estimated a t  finite con- 
centrations revealed a‘ negative concentration dependence 
in agreement with the previous results, but the product 
(r2)3 2c increased with concentration consistent with the 
result of the positive second virial coefficient. 

As explained in Part  I the angular dependence of the 
light-scattering results is compared with theory in terms 
of the quantity q ( 0 )  defined by 

where 

c - 0  

I t  will be legitimate to call this function the intermolecu- 
lar interference function. The experimental results are 
plotted in Figure 11 as a function of sin (0 /2) .  Theoreti- 
cally, * ( e )  is given by ((sin hr)/hr) which is defined as 

Jom[l - exp(-U(r)/hT)]4arysin hr/hr)dr 

Jnm[l - exp(-U(r)/hT)]4nr2dr 

(F) = 

(4) 

where U(r) signifies the spherically symmetric potential of 
intermolecular interaction between PS cores and h is 
(4x/X) sin (0 /2) .  Judging from the shape of * ( e )  obtained 
by the experiment it is expected that the previous theory 
may reproduce the result quite well, if not quantitatively. 
For the present micelle we may approximate U(r) by the 
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Figure 11. Plots of the intermolecular interference function “ ( 8 )  
obtained for the PS core of the micelle a t  19.8% us. sin (8/2). The 
curve represents the theory for the hard sphere potential of a di- 
ameter of 5680 A. 

S I N  (812) 

hard sphere potential of diameter b based on the discus- 
sion stated above concerning the micelle shape, because 
the magnitude of A used in eq 8 of part I should be very 
close to unity. The b value can be determined by calcula- 
tion from the correlation distance obtained above as 5680 
A. Theoretical values of the intermolecular interference 
function thus calculated according to the theory are 
shown in Figure 11 by the full curve. Neither an adoption 
of the A value smaller than unity nor the use of the poten- 
tial of exponential repulsion were found to yield better 
agreement. In any case, detailed comparison of theory and 
experiment may have to be withheld at  the present stage 
of investigation. 
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