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Experimental investigations of light scattering are presented for two ternary systems (two chemically 
different polymers with a solvent): polystyrene(PS)-poly(methyl methacrylate)(PMMA)-benzene (or 
toluene) and PS-poly(vinyl acetate )( PVAc )-styrene. These systems show similarities with respect to the 
incompatibility between the two unlike polymers. Experiments are reported for mixtures with different 
molecular weights and for concentrations ranging from dilute solution to the onset of phase separation. 
Thermodynamic analysis is undertaken by evaluating the polymer-polymer interaction parameters. For 
both systems, the polymer-polymer interaction parameters are constant in dilute solution but increase in 
the semi-dilute regime. A more complete study is performed on the PS-PMMA-toluene system by analysing 
the angular distribution of the scattered intensity. 

(Keywords: light scattering; ternary systems; interaction parameters) 

I N T R O D U C T I O N  

Since early theoretical and experimental work on 
ternary systems (polymer A-polymer  B-solvent S) light 
scattering methods 1-4 have been primarily used for 
investigating the thermodynamic properties between two 
unlike polymers. 

Recently, more complete experimental studies of light 
scattering on ternary systems were reported. They also 
concerned the influence of thermodynamic and molecular 
properties on the angular distribution of the scattered 
intensity. These systems were : polystyrene(PS)-poly-  
dimethylsi loxane(PDMS)-good solvent 5, PS-polyvinyl- 
methyle ther (PVME)-good solvent 6 and PDMS-po ly  
(methyl methacry la te ) (PMMA)-good  solvent v. They 
differ in the thermodynamic behaviour of the two 
polymers. The results have been analysed using recent 
theories 8'9. In this work, we propose to extend such 
investigations to two other ternary systems characterized 
by the same degree of incompatibility, namely: P S -  
PMMA-benzene  or toluene and PS-poly(vinyl  acet- 
ate ) ( PVAc )-  styrene. 

The solvents used for the first system have the same 
refractive index as PMMA. Hence one 'sees' only the 
PS, and thus data interpretation is simpler. The styrene 
in the other system is also a special optical solvent, 
because it gives 'an average contrast '  equal to zero. 

In this paper, the theoretical formalism to be used for 
data interpretation is summarized, samples and experi- 
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mental techniques are described, and a thermodynamic 
study is presented for both systems by analysing the 
scattered intensity at wavevector equal to zero. Finally, 
a more detailed study is extended to the angular 
distribution of the scattered intensity in a large wave- 
vector range for the P S - P M M A - t o l u e n e  system. 

THEORETICAL 

The general relation for the excess scattered intensity by 
a mixture of two polymers A and B with a solvent S is 
given by the following equation: 

AI ~- azxa + b2xb + (a2vb + b2va - -  2abV"b)X~Xb (1) 

1 ~- /)aXa -~- UbX b "~ (Va/.) b - -  U2b)XaXb 

for all concentrations and wavevectors q [ = (4~/2)sin(0/2) 
where 2 is the wavelength of the incident beam in the 
medium and 0 is the scattering angle]. In equation ( 1 ), 
a and b are the contrast factors, which are identified with 
the refractive index increments, v a = dn/dc~ and v b = 
dn/dc b, of the two polymers, respectively. The terms v,, 
v b and Yah are the excluded volume parameters which are 
related to the interactions of polymer A-solvent,  polymer 
B-solvent and polymer A-polymer  B in that solvent. 
The quantities xl are defined as: 

X i = Nin2iPi i = a or b (2) 

where N i is the number of chains of polymer i per unit 
volume and ni the number of elements (or monomers) 
per chain of polymer i. The number n~ is equal to M~?)~/Vs, 
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where M~ and ~ are the molecular weight and the specific 
volume of polymer i, respectively, and Vs is the molar 
volume of the solvent. P~ (q) is the form factor of polymer 
i normalized as Pi = 1 for q = 0. Its expression for low 
q values is: 

_ 2 R 2  / '~  Pi (q )  = 1 - q g,i/~ (3) 

where Rg,~ is the radius of gyration of molecule i. 
The general equation (1) is now applied to special 

experimental conditions. 

Conditions in which b = 0 (dn /d% = 0). If the solvent 
and polymer B have the same refractive index (b = 0), 
relation (1) is simplified and, using classical variables 
such as the concentration c~ (in g ml-~),  the molecular 
weight M~, and the generalized virial coefficients A2,~ 
(i = a or b) and A2,ij (i = a a n d j  = b), one obtains: 

K ' A I ( c ,  q) = 

aZMacaPa + 2a2A2,bMaMbCaCbPaPb 

1 + 2 A 2 , a M a c a P  a + 2 A 2 , b M b C b P  b 
+ 4 ( A 2 , a A 2 , b  - -  A2,ab)MaMbCaCbPaPb 

(4) 

where K' = 2x2n2/~.'~Na, K '  being the optical constant, 
2 0 the wavelength of the incident radiation in vacuum, 
n the refractive index of the solution and N a the Avogadro 
number. 

The generalized virial coefficients can be defined in 
terms of Flory's interaction parameters ;(~ (i = a or b) 
and ;(ij (i = a and j = b):  

A2'i = ~ss - 2Z~ i = a or b 

A2"O = ~ s s  --  Zi - Xj + Xij i = a a n d j  = b (5) 

where q~s is the volume fraction of solvent ( = 1 - ~Oa - q~b, 
with ~0~ = c~Oa and ~o b = CbOb). 

Therefore equation (4) written in the reciprocal form 
after some straightforward arrangements gives: 

Kc~M~ 1 4A2'"bM"MbCaCbPb (6) 
-- + 2A2.~MaCa -- 

AI(q) Pa 1 + 2A2.bMbcbP b 

where K = K'a  2. 

Wavevector q = 0. At the zero q limit, the form factor 
P~ tends to unity (see equation (3)), and consequently 
equations (4) and (6) will depend only on the interaction 
parameters, the molecular weights and the concentrations. 
At the spinodal, which corresponds to the metastable 
state between the homogeneous solution and the demixed 
phase for an incompatible system, the scattered intensity 
diverges, i.e. A l ( c , q  = 0 ) ~  ~ .  The denominator in 
equation (4) tends to zero, leading to the characteristic 
equation of the spinodal : 

1 + 2A2,aM~c~ p + 2A2,bMbC~, p 

+ 4 ( A 2  aA2 b 2 sp sp , , --  A E , a b ) M a M b C  a C b = 0 (7) 

where c sp and c~, p are the concentrations of polymers A 
and B at the spinodal, respectively. 

Dilute solution ( dn /dc  a = -dn /dCb) .  If we apply the 
general equation (1) to dilute solution, i.e. keeping terms 

up to second order in concentration, we obtain: 

Al (c ,  q) ~- a2Xa + b2xb -- 2abVabX,X b 

- a2v~x 2 - b:Vb x2 + " "  (8) 

Assuming that : 

2Vs 
Va + Vb - -  2Vab - -  ~(ab 

Na 

equation (8) is written as: 

2V~ 
AI (c, q) ~- a2Xa + b2Xb --  N a  abxabX~Xb 

(9) 

- (ax~ + bXb)(aXaV a + bXbVb) (10)  

If the refractive index increment of the two polymers and 
their concentrations are such that: 

ax a + bx b = 0 (11) 

the third term of equation (10) vanishes. From the 
measurements of the scattered intensity, one can determine 
the interaction parameter Zab with good precision, 
without knowing A2, a and A2, b (o r  Za and Xb). The 
condition (11) is known as the 'null average contrast '  
condition and can be fulfilled by choosing solvent and 
concentrations such that: b = - a x J x b ,  i.e. by finding a 
solvent in which a and b are of opposite sign. This method 
was suggested and used by Fukuda et al. x°. 

A further simplification arises when the wavevector q 
is equal to zero. Then relation (10) is: 

K '  c t 

AI(ct, q = O) 
- A + BA2ct (12) 

A = [a2M~y + b2Mb(1 - y)]  -1 

r ay  b 
B = 2abMaMby (1 - y )  ~ Zab 

VS 

(13) 

c t = c a + c b and y = c J c t  

Analysis o f  the angular distribution o f  the intensity f o r  
low wavevector values and b = 0. In the small q limit, 

t2R2 setting Pi = 1 - q __g,i(q,2 = q2/3), equation (6) gives 
-~2R2 f o rq  g,i<<l' 

KcaMa 

A I ( c , q  ~ O) 
, 2 R 2  --1 + 2AE,~Mac ~ + q --g,a 

__ p2/~2 
4AE,abMbCaCb(1 -- q "'g,bJ (14) 

~2D2 1 + 2A2 ,bMbCb(1  --  q "~'g,b) 

Rearranging this equation slightly leads to: 

K C a M  a n t  t 2 n 2  - A'  + • q  lxg,. ( 1 5 )  
A I ( c ,  q ~ O) 

with 

A' = 1 + 2A2,aMac ~ __ 4A22.,bMaMbC,Cb = K c , M .  

1 + 2A2,bMbC b 

and 

B ' = I +  

A I ( c ,  q = Oi 

4A2,abMaMbCaCb R2,b 
X - -  

(1 + 2A2,bMbCb) 2 RE, 
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Table l Molecular weight M,~, radius of gyration Rg.i  , second virial coefficient A2, i and interaction parameter j(~ for the PS-PMMA mixtures 

~/~ A2'i  ( × 10 4) 
Polymer Mw Solvent 'i (mol ml g 2) Zi 

PS 1 135 000 Benzene 136 5.6 0.442 

PS 2 1.4 × 10 6 Toluene 660 2.8 0.465 
Benzene 660 3 0.469 

PM M A 1 128 000 ~ Dioxane 128 5.2 
THF 115 4.9 0.439 
Ethyl acetate 107 2.8 

PMMA z 1.3 × 10 6a Dioxane 575 5.2 
THF 540 2.0 0.475 
Ethyl acetate 470 1.2 

PMMA 3 3 X 10 6a Dioxane 1000 1.9 
THF 910 1.75 0.478 
Ethyl acetate 795 1.10 

"Average value in the three solvents 

One can define an apparent  radius of gyration as: 

4A~ ,bM~MbCaCb g.b 
2 = R~,aB'  = R 2 1 + ' R g , .  

Rg.app ~'a (1 + 2A2.bMbCb) 2 X ~ - -  

(16) 

This apparent  radius of gyration is determined from the 
slope of the variation of the quantity KcaMa/AI(c,  q) 
versus q,2 in the small q range. It depends on the respective 
sizes of the two polymers;  it is also strongly affected by 
the thermodynamic parameters A2, b and A2,ab, as well 
as the concentrations of the polymers. 

We can also define a radius of gyration of polymer A, 
Rg,a(C),  expressed by the more classic method, i.e. 
by normalizing relation (15) by the quantity KcaMa/ 
AI(c, q = 0), as follows: 

KcaMa 1 B' 2 ,2 
× = 1 + -  Rg,a q 

AI(c,  q ~ 0) A' A' 

Thus Rg,,(c) is given by the following relation: 

Rg,a(C) = Rg'a 
K c . M J A I ( c ,  q = O) 

[ 4A~,abM.Mbc.cb ~RE] 1/2,,b 
x 1 + (1 + 2Az,bMbCb) z × (17) 

Kc.MJAI(c, q = O) 

g , a  

This radius of gyration will be more affected by the 
thermodynamic properties, because the term for scattering 
at q = 0 appears in the expression. 

E X P E R I M E N T A L  

Samples. PS samples were prepared by anionic polym- 
erization following the classical procedure used in the 
laboratory1 i. The polydispersity index M w / M .  for these 
samples was in the range of 1.1-1.3. 

The parameters such as molecular weight Mw, radius 
of gyration R~, i and second virial coefficient A2, i, were 
determined by light scattering, and are reported in Table 1 
for P S - P M M A  mixtures and in Table 2 for PS-PVAc  
mixtures. 

With PS, P M M A  has been studied using four mixtures 
containing polymers with different molecular weights. 
The P M M A  sample with a low molecular weight 

Table 2 Molecular weight Mw, radius of gyration Rg.i, second virial 
coefficient Az. i and interaction parameter Xl for the PS-PVAc mixtures 

System Polymer M W Rg. i A2. i ( x 10 a) Zi 

s I PS 130000 166 6.39 0.415 
PVAc 130000 218 5.71 0.442 

S'll PS 245 000 255 5.31 0.429 
PVAc 245 000 334 4.88 0.444 

S~n PS 396 000 340 4.68 0.437 
PVAc 412 000 456 5.84 0.443 

(M w = 128 000) was obtained by anionic polymerization 
( M w / M ,  = 1.4). The three other P M M A  samples were 
fractions from a polymer obtained by radical polymeriz- 
ation ( M w / M ,  = ~ 1.4-1.5). 

The solvents used for the P S - P M M A  mixtures were 
benzene and toluene, which are good solvents for both 
polymers. In these solvents the refractive index increment 
of P M M A  is zero (b = 0). It is not possible to have direct 
access to the molecular characteristics of the P M M A  
samples by light scattering in these solvents because 
b = 0. Thus, the molecular parameters were determined 
in three other solvents, tetrahydrofuran (THF) ,  ethyl 
acetate and dioxane, which give finite values of b. From 
these three solvents, we tried to select the one in which the 
thermodynamic properties of P M M A  are as close as 
possible to those in benzene and toluene. 

For this purpose the virial coefficient A2, b, was 
measured by the osmotic pressure method on a P M M A  
sample with a M n = 180000 and M w / M ,  = 1.5 in 
benzene. The value of A2. b obtained (=4 .4  × 10 -4)  is 
then recalculated for our low molecular weight P M M A  
sample by considering the variation of A 2 with molecular 
weightlZ and the correction due to polydispersity 13. The 
corrected value is close to that found by light scattering 
in THF.  Therefore, we decided to consider the molecular 
characteristics of P M M A  in T H F  (Table 1). 

A commercial PVAc sample was treated in order to 
minimize the ramification degree by hydrolysis and 
reacetylization methods. The purified PVAc was fraction- 
ated to obtain samples with different molecular weights. 
Their characteristics are listed in Table 2. 
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Techniques. The experiments were carried out using a 
Fica 50 scattering apparatus with a vertically polarized 
incident beam. The scattering angles were varied from 
30 to 150 °. In order to explore a domain of q2R2 as large 
as possible, some of the measurements were performed 
at 365, 436 and 546 nm. The measurements at 365 nm 
allowed us to specify the behaviour of the scattered 
intensity at high q2Rg.2 

The experiments were performed at room temperature 
at which the solvents are good for the polymers. The 
solutions were centrifuged at 25 000g for 2 h. The solvents 
were distilled twice. 

RESULTS AND DISCUSSION 

Thermodynamic properties." analysis of the scattered 
intensity at q = 0 

Generally, in the semi-dilute regime and at the 
spinodal, the parameter determined experimentally is the 
q u a n t i t y  A2,ab. The mutual interaction parameter Zab is 
then calculated by using equation (5), where the 
parameters Z~ and Zb are assumed constant. In fact, some 
experiments realized by osmometry and light scattering 
on polymer-good solvent binary systems have shown 
that the parameter Z is practically constant. On the other 
hand, in dilute solutions and with the 'null average 
contrast '  condition, the parameter Zab is directly obtained 
experimentally (cf. equations (12) and (13)). 

PS-PMMA-benzene systems. The thermodynamic 
study was performed at a composition Ya = 0.5, where 
Ya is the ratio of the concentrations of component a and 
components a + b, for two systems: 

SI --- PS (M~ = 135000)-PMMA (Mb = 128000) 

-benzene 

Sii  = P S  ( M  a = 1.4 x 106)-PMMA (Mb = 1.3 x 106) 

-benzene 

These mixtures were studied over a wide range of 
concentrations (from dilute solution to onset of phase 

O 

B C 

0is - ]  17 
1 2 3 

c~' c t ( x  10 2 ) 

Figurel Plot  of K c v s M v s / A l ( c , q = O )  as a function of Cps (or 
cl) for the PS(Ma  = 1.4 x 1 0 6 ) - P M M A ( M b  = 1.3 x 106) -benzene  
system. ( 0 ,  (3) Exper imen ta l  points  (di lute so lu t ion  and semi-di lute  
solut ion) .  ( ) Ca lcu la ted  curves deduced from equa t ion  (6) with 
A2. a = 3 x 1 0 - 4 a n d  A2.b = 2 x 10-4: (A)A22 ab = A2,aa2,b, (~ab = 0) ;  
(B)  A2,ab = 4.10 × 1 0 - 4 ;  (C)  A2,ab : 1.43 x 10 -4 x (Ct/C*) °'aa 

separation). Figure 1 gives variations of KcvsMps/ 
Al(c, q = 0) as a function of the PS concentration Ces, 
and as a function of the total concentration ct for Sn. 

( 1 ) Zab parameters values at the spinodal. First, the Zab 
parameters have been calculated from the concentrations 
at the spinodal (Cps = 16.2 x 10-2gm1-1  for S~ and 
3.82 × 10 -2 g m1-1 for SII), by considering equation (7) 
of the spinodal and equation (5) between the virial 
coefficients and the Flory interaction parameters (with 
q~s ¢ I, ~Ps = 1 - ~0 a - ~%, and Xa and Xb constant). We 
obtain A2,ab = 12.69 x 10 -4 for S~ and 4.1 x 10 -4 for 
S., and thus the deduced values of the interaction 
parameters Xab are, respectively, 11.3 x 10 -3 and 4.45 x 
10 -3 . We have compared the experimental variations of 
the ratio KcvsMps/Al (c, q = 0) with the calculated curve 
(equation (6)), taking the virial coefficients A2,a, A2.b 
and A2.,b (value determined from the spinodal) as 
constant. This is shown in curve B in Figure 1 for SII. 
It appears that the calculated curve differs from the 
experimental data. 

These two systems are less incompatible than the 
systems studied elsewhere, for example, P S - P D M S  5, 
P M M A - P D M S  7 or PS-polyisobutylene 4. To estimate 
the degree of incompatibility of these various systems, 
one can compare the concentration at the spinodal Csp 
of the symmetrical ( M  a = M b )  mixtures with equivalent 
mass and for the same ratio of concentrations. This 
estimation is only a first approximation because Csp 
depends on the mass of components, the ratio of 
concentration (or composition) and eventually the 
solvent. In fact, the real criterion is the prefactor of the 
scaling laws giving the variation of the Z,b parameter or 
the critical concentration of demixing Ck with the 
molecular weight (Ck can be assimilated to Csp for 
symmetrical systems s ). 

For both systems studied here, one could conceive a 
polymer concentration dependence of the terms A 2,ab and 
Zab in semi-dilute solutions. Such observations have 
already been pointed out by Fukuda et al. 14 for the 
P S - P M M A - b r o m o b e n z e n e  systems. They noticed that 
the parameter X~b was constant in dilute solution and 
increased with the polymer concentration beyond a 
concentration c** higher than the overlap concentration 
c* I-c* = 3M/(4rcR3Na), M = (M a + Mb)/2 and Rg = 
(Rg,a + Rg,b)/2 ]. The concentration c** can be defined 
as a 'cross-over' indicating a change of regime for Zab ; ;~ab 
is constant for c < c** and increases with concentration 
if c > c**. 

(2) Xab value in dilute solution. The analysis of our 
experimental results does not allow the determination of 
the X~b parameter values in dilute solution with satisfactory 
precision because J(ab << /(i' This is shown in Figure 1, 
where curves A and B have been calculated with very 
different values (curve A, Zab = 0 and curve B, Zab = 
4.45 × 10-3). At weak concentrations, these curves are 
practically identical. 

The mixture P S - P M M A  has been studied already in 
bromobenzene under the 'null average contrast '  con- 
dition 14. We have assumed that the benzene, toluene and 
bromobenzene are thermodynamically equivalent solvents 
for this mixture. This seems to be justified if one compares 
the values of the Z parameters given in Table 1 
(PS-toluene,  PMMA-to luene)  and in reference 14 
(PS-bromobenzene) .  

One has, for example: 

PS (MI  = 280 000)-bromobenzene ~ = 0.455 
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Table 3 Values of overlap concentration c*, 'cross-over'  concentration c**, spinodal concentration c~ p, and the interaction parameter Z.b and the 
second virial coefficient Az,~b in dilute solution and at the spinodal for P S - P M M A - b e n z e n e  systems Sl and S. 

In dilute solution At the spinodal 

Adz,~b(xl0 *) C*(X10 2) C * * ( x l 0  2) C~V(XI0 2) A~ab(×10  4) 
System (g ml -  1 (g ml -  1 ~v 10 a ) (tool ml g-  2 ) ;(db(x 10 3 ) ( m o l m l g  -2)  (gm1-1)  ) ) ;Gb(x 

S l M~ = 135000 4.84 5.46 2.46 5.7 16.2 11.3 12.69 
M b = 128000 

S. M a = 1.4 x 106 1.7 2.53 0.24 1.25 3.82 4.45 4.10 
M b = 1.3 x 106 

-3.40 

.Q 
0~ 

o, -3.50 

- 3 . 6 0  I I I I 
- 0 . 5  0 0 .5  1 

Log c lc*  

Figure 2 Variation of A2.ab versus c/c* for the system PS( 1.4 x 10 6 ) 
P M M A  ( 1.3 x 10 6 )-benzene : ( & ) dilute solution ; ( • ) at c* ; ( - ~ )  at 
c**; ( 0 )  at the spinodal 

PS (M w = 135 000)-toluene Z = 0.442 

PMMA (Mw = 210 000 )-bromobenzene Z = 0.454 

PMMA ( M w  = 180000)-toluene Z = 0.441 

(The value for the PMMA-to luene  systems is obtained 
by osmometry. ) 

Under these conditions, Xab can be determined from 
the scaling law which relates it to the molecular weight a5 
in dilute solution as follows: 

~2 
AA2,ab = A. .  Xab = 4 .15  X 1 0 - 3 M ~  0"45 ( 1 8 )  

ZVs 

w i t h  AA2,ab = A2.ab 
A2, a -+- A2, b 

and ~ _ Va + Vb (19) 

The parameters Zadb and A d determined in this way are 2,ab 
given in Table 3. 

(3) X~b dependence on polymer concentration in semi- 
dilute solution. At concentrations beyond the overlap 
concentration c*, and from experimental data of the 
KMpscvs /AI  (c, q = 0) ratio as a function of the concen- 
tration, we have calculated the A2,,b(C) generalized 
parameters using the following relation: 

A~,.b(C ) = 1 + 2Az..MaC ~ AI (c ,  q =- 

x (1 +~2Az'bMbCb)j (20) 

w i t h  c a = c b ~-- ct/2. 

-2 .3  

-2 .4  

-2.5 
x 

2 -2.6 

-2 .7  ~ 

-2 .8  ~ I I 
-2 - 1 .75  - I  .50 

Log c t 

Figure 3 Variation of Zab as a function of c t for the system 
PS(1.4 x 106)-PMMA(1.3  x 106)-benzene: ( A )  dilute solution; 
( 0 )  at the spinodal 

The A2, i and A2,ab parameters are considered as 
varying with concentration (~Pa :~ 1 ), while the ga and Zb 
parameters are constant in equation (5). 

The A2,ab values are plotted as a function of the c/c* 
ratio for the system Stl, in a double logarithmic represen- 
tation, in Figure 2. One can see that for concentrations 
higher than c*, AE,ab(C) increases strongly with a linear 
variation and obeys the empirical relation: 

A2,ab(C ) = 1.434 x 1 0 - 4 ( c / c * )  °'38 (21) 

We likewise obtain a linear increase in Zab with 
concentration, which gives the value for Z~b in dilute 
solution at a concentration c** = 1.25 x 10 -2 g m1-1 as 
indicated in Figure 3 (=  5.2c*). 

A similar analysis for the system S~, which has a lower 
molecular weight, leads to: 

A2,ab(C ) = 4.61 x 1 0 - 4 ( c / c * )  0"53 (22) 

where 

c** = 5.7 × 10 -z gml -1  and c** = 2.3c*. 

For PS-PMMA-bromobenzene ,  Fukuda et al. 14 ob- 
served the change in the behaviour of Zab at c** = 3.3c*, 
and for molecular weights from 245 000 to 2.3 x 106, in 
contrast to our results. In fact, it is important to 
remember that for our systems the value of :~b in dilute 
solution was not directly accessible. Its estimation in 
bromobenzene could lead to uncertainty in the determi- 
nation of c**. 

P S - P V A c - s t y r e n e  systems. For these systems, the 
experiments were performed in the 'null average contrast '  
condition. 
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Three systems with different molecu la r  weight were 
s tudied : 

S~ = PS (M,  = 120 000 ) -  PVAc ( M  b = 120000)-s tyrene  

S~I = PS ( M  a = 240 0 0 0 ) -  PVAc ( M  b = 240 000) - s ty rene  

SI. = PS (Ma = 396 0 0 0 ) -  PVAc (Mb = 412 000) - s ty rene  

The 'nu l l  average c o n t r a s t '  is verified for a weight 
compos i t ion  app rox ima te ly  equal  to 0.5 at q = 0. The 
var ia t ion  of the quan t i ty  c t / A l ( c  , q = 0) as a funct ion of 
the to ta l  concen t ra t ion  ct for S~ is shown in Figure 4 
(curve A).  Two different domains  exist :  one d o m a i n  in 
dilute solut ion for which c t /AI (c ,  q = 0) varies l inearly 
with ct with a small  s lope;  and  one d o m a i n  beyond  a 
concen t ra t ion  c** in which this ra t io  decreases rapid ly  
and tends to zero at the sp inoda l  concent ra t ion .  

(1 ) )~b  in dilute solution and Zab at the spinodal. The 
exper imenta l  condi t ions  being those of  the 'nu l l  average 
con t r a s t '  condi t ion ,  mean t  that  the zdb values could  easily 
be ca lcula ted  with a good  precis ion from the slope of  the 
s t ra ight  line of K c t / A I ( c ,  q = 0) as a funct ion of  ct, at  
concent ra t ions  lower than  c** (equat ions  ( 12 ) and  ( 13 ) ). 
The Zadb pa ramete r s  for the three mixtures  are l isted in 
Table 4, as well as the cor respond ing  second virial  
coefficients A d As has been shown in reference 15, 2,ab" 
these pa ramete r s  depend  on molecular  weight in di lute  
solut ion.  A2,ab and J(ab de te rmined  at  the sp inoda l  using 
equa t ion  (7) are three times higher  than  in di lute  solut ion 
( Table 4). 

2 

c* 
C** % 

× 

P 

, , 

1 2 3 q 5 

c t ( x  10 2 ) 

Figure 4 Plot of q/Al(c, q = 0) as a function of G under the 'null 
average contrast' condition for two systems: (A) PS (240 000)-PVAc- 
(240 000 )-styrene ; (B) PS (230 000)-PDMS (240 000)-toluene 5 

(2) Zab dependence on concentration in semi-dilute 
solution. In semi-di lute  solut ion,  the var ia t ions  of A2,ab 
and of ~(ab versus ct have been de te rmined  in a s imilar  way 
as the analysis  of  the P S - P M M A  mixtures,  i.e. using the 
exper imenta l  curve which gives the var ia t ions  of the ra t io  
K ' c t / A l ( c ,  q = 0) as a function of ct. F r o m  a theoret ical  
po in t  of view, this var ia t ion  can be expressed using the 
general  equa t ion  ( 1 ), by : 

K'  c t 

A l ( c ,  q = O) 

1 + 2AE,aMayc t + 2Az,bMb(1 - y ) c  t + ~ct  2 
(23) 

a2May + b2Mb(1 - y)  + flct 

with 

ct = 4(A2,aA2, b - A2,ab)MaMby( l  -- y)  

fl = 2(a2A2,b + b2A2,a - 2abA2,ab)M~Mby(1 -- y)  

Figure 5 shows the var ia t ion  of  A2,ab and Figure 6 that  
of  Xab as a function of ct at  concent ra t ions  higher  than  
the over lap  concen t ra t ion  c*'. These curves are relative 
to the system S~. The two o ther  systems present  the same 
behav iour  except that  the ' c ro s s -ove r '  concent ra t ion  c** 
changes.  The  empir ica l  expressions for A2,~b der ived 
theref rom are : 

S~:A2,,b(C ) = 2.44 x 10-3c T M  

SII:A2,ab(C) = 2.22 X 10-3C 0"33 (24) 

S~l l :A2,ab(C)  = 2.15 x 1 0 - 3 c  0"33 

The c** concen t ra t ions  ex t rapo la t ed  from Figure 6 and 

-3.1 

..Q 

u1 
3 7 

/ /  

-3 .2  
/ 

/ 

1 I I 
-1.75 -1.50 -1.25 

Log c t 

Figure  5 Variation of A2.ab as a function of total concentration c t for 
the PS (240 000 ) - PVAc (240 000 )- styrene system : ( • ) at the spinodal 

sp Table  4 Values of overlap concentration c*, 'cross-over' concentration c**, spinodal concentration ct , and the interaction parameters Zab and the 
second virial coefficient A2,ab in dilute solution and at the spinodal for PS-PVAc-styrene systems SI, Sh and SI. 

In dilute solution At the spinodal 

Ad,ab(Xl0 4) C*(xl0 3) C**(xl0 3) C~P(xl0 2) A~P,b(Xl0 '*) 
System 'p Zadb (× 10 3 ) (mol ml g -2 ) (gm1-1 ) (gm1-1 ) (gm1-1  ) ~(ab (X 10 3 ) (mol ml g -2 ) 

S~ M, = 130000 
5.7 6.4 6.4 19.05 6.8 19.14 10.29 M b = 128000 

S~ M a = 245000 
4.3 5.66 3.7 15.49 5.3 16.86 8.44 M b = 245 000 

S~n M a = 396000 
3.4 5.27 2.4 7.08 3.4 11.02 7.06 M b = 412000 
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Figure 6 Variation of Z.b as a function of total concentration c, for 
the PS (240 000)- PVAc(240 000)-styrene system: ( ~ )  dilute solution ; 
( O )  at the spinodal 

listed in Table 4 lead to the following relation for all 
systems : 

c** -~ 3.5(+0.5)c* (25) 

Discussion of  the two systems. For both systems 
presented here, the ;cab parameter is constant in dilute 
solution and, may be, at the beginning of the semi-dilute 
regime (this depends on the definition of c*) and has a 
concentration dependence when the concentration is 
higher than c** (c** = 3-4c*). Note that the PS P D M S -  
toluene system 5 does not show this 'cross-over' behaviour 
concerning Zab" This is shown in Figure 4 (curve B ), where 
we have plotted the quantity KMaCa/AI(c, q = O) versus 
c t. Here ;cab is constant from dilute solution up to the 
onset of phase separation. This is explained if we suppose 
that c** is equal to 3c* or 4c* for all systems, while the 
critical concentration Ck is higher than c** for the 
P S - P M M A  and PS-PVAc systems (ck ~ 8-10c*), and 
less than c** for the P S - P D M S  system (Ck ~ 2C*) 15. In 
other words, for the P S - P D M S - s o l v e n t  system which 
is more incompatible, phase separation is reached before 
C**. 

The curves shown in Figure 3 for the P S - P M M A -  
toluene system and in Figure 6 for the PS-PVAc-s tyrene  
system indicate a linear variation of Zab with concen- 
tration (for c > c**) in a log-log representation. If we 
consider the data of the various systems, we obtain: 

;cab "~ (/00.6-+0.05 ( P S - P M M A  toluene) 

;Cab "~ ~ o°'7-+ o.~ (PS-PVAc-s tyrene)  

where ~0 is the total volume fraction of polymer. 
For the P S - P M M A  mixture in bromobenzene studied 

elsewhere 14, it has been reported that the slope of the 
curve log gab versus log ~0 is not constant, but varies with 
¢p, the values of the slope being always higher than 0.5. 

It should be noted that the experimental value of the 
exponent is higher than the theoretical value predicted 
by De Gennes 16 (0.25). This discrepancy has already 
been discussed in reference 14. 

Apparent dimensions." the angular distribution 
of  scattered light 

The analysis concerning the P S - P M M A - t o l u e n e  
systems is performed under two experimental conditions : 

constant composition by weight (y = C a / C  a ÷ C b = 0 . 5 ,  

i.e. for %/% = 1); and constant concentration Cb of 
PMMA such that the quantity 2A2,bMbC b = 1. 

The Zimm plots are very similar to those obtained for 
the P S - P D M S  system 5. At constant composition the 
variation of KcaMa/A1 as a function of q2 is linear with 
a slope increasing with concentration. At constant 
concentration Cb, one observes a distortion in the diagram 
characterized by a curvature in the small q range. 

Analysis at the small q limit. ( 1 ) Constant composition. 
The two mixtures studied in this case are: 

S~ = PS (M a = 135000)-PMMA (M b = 128000) 

benzene 

S n = P S  ( M  a = 1.4 x 106)-PMMA (Mb = 1.3 × 10 6) 

benzene 

Figures 7 and 8 show the evolution of the Rg,app/Rg,a(O ) 
ratio (curve A), and that of the Rg,a(C)/Rg,a(O) ratio 
(curve B) as a function of Cps, respectively, for S~ and 
Sn. The points represent the experimental results, and 
the solid lines the theoretical curves which are deduced 
from the relations: 

E , 4A2 abMaMby( 1 -- Y) c2 g,b 
Rg app __ I -']- ' X n 2  

Rg,a(0  ) [-1 + 2AE,bMb(1 -- y)c,]  2 Rg,a 

(26) 

and 

R , , a ( C )  _ i 

Rg'a  ( 0 ) F  KCaMa ] 
LAI(c, q = 0)3 

[ (1 4A2abMaMbCaCb + ' 2 )  ~2-  R2 ] '/2 g,b 
× 1 + -A2,bMbCb 2 × (27) Rg.a 

The term A2,ab used for the calculations are those 
determined from the analysis of the intensity at q = O, 

3 3 

[] 

I I 

2.5 5 7.5 

Cps(X 102)(g m1-1) 

Figure 7 Variation of Rg..pp/R,, .(O) (curve A), and Rg,.(c) /R, .~(O) 
(curve B) versus cr, s for the PS(135000)-PMMA(128000)- to luene  
system at y = 0.5. ( ) Calculated curves with A2,.b = 4.61 x 
1 0 - 4 ( c / e * )  0.53 
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Figure 8 Variation of Rg app/Rg a(0) (curve A), and R z . (c) /Rg ~(0) 
(curve B) versus Cps for tl~e PS(1.4 x 106)-PMMA(1.3 x 106)-'l~en - 
zene system at constant composition y = 0.5. ( - - )  Calculated curves 
with A2,~b = 1.434 × 10-4(c /c*)  °'3s 

and are given as a function of the concentration of the 
polymer by equations (21) and (22). The A2, b term is 
given by equation (5), where the volume fraction ~Ps is 
different from unity (tp s = 1 - ~Pa - q~b, where ~Pa = Ca~, 
and tp b = ChUb) and Flory's parameter Zb is considered 
to be constant. The Rg,, and Rg,b values are those 
obtained in binary dilute solutions ( Table 1 ). Under these 
conditions, the agreement between theory and experiment 
is good. 

Like the P S - P D M S - T H F  s systems, the interpretation 
of the angular distribution of the scattered intensity seems 
to be well explained by the theory elaborated by Benoit 
and Benmouna 9, when the polymer composition is 
constant. 

(2) Constant and low concentration in PMMA 
(2A2,bMbcb = 1 ). The results are from two P S - P M M A -  
toluene mixtures : 

S u -~- PS (M a = 1.4 x 106)-PMMA ( M  b = 1.3 x 106) 

- toluene 

Sm= PS (M~ = 1.4 x 106)-PMMA (Mb = 3 x 106) 

- toluene 

The main molecular characteristics are given in Table 1. 
The PMMA concentration is such that A 2 bMbCb = 1, 
and Cps varies from 0.54 x 10- 3 to 8.19 × 10 -'~ g ml-  1. 

The experimental results for SIII are  given by the points 
in Figure 9, i.e. by plotting the ratio KcpsMps/Al(c, q) 
versus q2 for different concentrations. Distortions appear 
in this plot becoming more pronounced as Cps increases. 

The analysis in the low qRg range allows us to evaluate 
the apparent radius of gyration Rg,app as a function of 
Cps. These radii increase strongly with concentration, as 
shown in Table 5. This increase is explained qualitatively 
by the theoretical equation (16). For a more quantitative 
interpretation, the A2,~b term has first to be determined 
from the experimental results at q = 0: A2,ab = 2.48 x 

10 - 4  for Sn and A2,ab = 2.32 x 10 -4 for Sin. Further- 
more, it is necessary to introduce in equation (16) the 
extrapolated value of Rg,ps in ternary and infinitely dilute 
system, and to take into account a decrease of Rg,pMu A 
for the sample of high molecular weight. These values are : 

Si i  : Rg,p s ---- 620 A and Rg,PMM A = 540 A 

Si11 = Rg,p S ~-- 580  ,~t and Rg,PMM A = 760 A, 

The calculated values of Rg,app a r e  practically the same 
as the experimental values (Table 5). Therefore, in the 
case where the PMMA concentration is constant, it is 
necessary to take account of the generalized form factors 
depending on the polymer concentration. It also means 
that the PS molecules introduced in a matrix containing 
molecules of toluene and PMMA contract, i.e. Rg.ps 
extrapolated at Cps ~ 0 is lower than that determined for 
binary systems. This result has already been described in 
detail by Kuhn and Cantow ~7 and also confirms the 
calculations of renormalization by Nose 18. 

Intermediate q range (qR o > 1 and 2Az,bMb% = 1). 
(1) Evolution of A1-1 as a function of q2. The 

distortions in Figure 9 are the result of a different 
behaviour in AI- l (c ,  q) with the wavevector range 
considered. 

For the low q range, the experimental variations of 
AI-  1 versus sin 2 0/2 o r  q2 are represented by straight lines 
with slopes increasing with Cps. On the other hand, in 
the high q range, these variations tend to have an 
asymptotic behaviour. The quantitative analysis can 
be performed using equation (6) giving the quantity 
KMpscps/Al(c, q) as a function of q2. The form factors 
can be expressed by the Debye equation19: 

2 
Pi = ~ [ e x p ( - u )  + u - 1] (28) 

where u = q2R2,i with Rg,~ determined at low wavevectors 
in the ternary systems. The calculated curves are 

1.5 

<3 

o O D 

O OCt "  C 

• 0O 

0 I 
3 

q 2 ( x  105)(.A -2} 

Figure 9 Plot of the angular distribution of the scattered intensity of 
the PS(1.4 x 106)-PMMA(3 × 106)-toluene system for different 
concentrations of PS (2A2,bMbc b = 1 ; 2 = 546 and 365 rim). Points 
represent the experimental data and the solid lines the calculated curves : 
Cps=(A ) 0 .54x 10-3; (B) 1.94 x 10-3; (C) 3.74x 10-3; (D) 
6.09 × 10-3; (E) 8.19 x 10-3gm1-1 
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Table  5 Apparent radii of gyration versus PS concentration for PS-PMMA-toluene systems Sll and Sm with 2A2.abMbc b = 1 

Sil (Mps = 1.4 x 106, MpMMA = 1.3 x 106) S m (Mrs = 1.4 x 106, MAMMA = 3 x 106) 

crs ( x I0 a ) Y = crs R " R b 103 ) y R~ pp crs( x ors " R ~ R a 
(g ml-1) crs + q'MUA ()~'i pp ()~'i pp (g ml - ' )  crs + q'MMA '~ ()~'i pp ()~'i pp 

0 620 - 
2.2 0.59 740 736 
4.13 0.73 805 811 
6.03 0.79 905 879 
8.12 0.84 990 948 

"Experimental values 
bCalculated values with Rg.rs = 620 A and Rg.PMM A = 540 A 
CCalculated values with Rg,PMM A = 910 A 
aCalculated values with Rg,eMMA = 760 A 

0 - 580 - 
0.54 0.26 624 654 632 

0.85 0.36 651 693 660 
1.24 0.45 680 735 694 

1.66 0.52 695 786 728 
1.94 0.56 747 815 750 
3.74 0.71 890 985 880 
6.09 0.80 1067 1170 1025 
8.19 0.84 1137 1313 1138 
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Figure 10 Plot of the angular distribution of the scattered intensity of 
the PS(1.4 x 10 6 ) PDMS(4.2 × 106)-THF system for different con- 
centrations of PS (2A2 ,bMbC b = l ;  A = 546 and 436nm). Points 
represent the experimental data and the solid lines the calculated curves : 
Cps = (A) 1.58 × 10-3; (B) 5.02 × 10-3; (C) 7.535 x 10-3 gml 1 
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Figure It Asymptotic behaviour (broken lines) of KcrsMrs/Al(c, q) 
for the PS(1.4 x 106)-PMMA(3 x 106)-toluene system 
(2A2,bMb ~ 1): Ces= (A) 6.09 x 10-3: (B) 8.019 x 10-3 gml -I 

represented  by the solid lines in Figure 9. A good  
agreement  is ob ta ined  between the theoret ica l  curves and 
the exper imenta l  poin ts  at low concen t ra t ions ;  a diver- 
gence exists when Cas is high (8.19 x 10 -2 g ml 1). 

We  have reproduced  in Figure 10 the P S - P D M S - T H F  
results repor ted  in reference 5 and made  under  similar  
condi t ions  

(Mps = 1.4 × 106, MpDMS = 4.2 X 106, 2AZ,abMbC b = 1). 

One  observes the same features as above  with more  
p r onounced  divergence at  higher  Ces. At present,  we do 
not  have a sat isfactory exp lana t ion  for this d ivergence;  
some complemen ta ry  exper iments  are required.  

(2) Asymptotic behaviour of AI - 1 (q).  In  Figures 9 and 
10, AI-  1 tends to an a sympto t i c  l imit  in the in te rmedia te  
q range.  In the q range where qRg,i >> 1, the form factors 
Pi(q) tend to an asympto t i c  l imit  p ropo r t i ona l  to 
l j 2 n 2  /q ~g,V By subs t i tu t ion  of this l imit  in equa t ion  (1), 
one can see that  the scat tered intensi ty is s imply the 

superpos i t ion  of  the intensit ies co r respond ing  to con- 
st i tuents  A and B. In the case where one po lymer  has a 
vanishing refractive index increment ,  this l imit corre-  
sponds  to the scat tered intensi ty by the 'v i s ib le '  po lymer  
only.  

Therefore,  in the high q range,  the scat tered intensity 
is not  affected by the in terac t ion  proper t ies  of the 
polymers .  

We  now consider  the expression Pi (q) (equa t ion  (28) ). 
F o r  high qRg values2° : 

so that  

2( i) Pi(q) = 1 - (29) 
H i 

P 7 1 ( q ) = ~  l + (30) 

In our  case, when dn/dc b = 0 ,  the asympto t i c  behav iour  
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Figure 12 Asymptotic behaviour (broken lines) of KcpsMvs/Al(c, q) 
for the PS(1.4 x 106)-PDMS(4.2 x 106)-THF system 5 
(2A2.bMbC b ~ 1): Cps = (A) 1.58 x 10-3; (B) 5.02 x 10-3gml -l 

will depend only on the parameters related to PS. Then 
the relation is: 

KMpscps  - P~s 1 + 2A2,psMpscps (31) 
A I  (qRg >> 1 ) 

In t roducing in this relation Pp-s 1 from equation (30), we 
have plotted in Figures 11 and 12 the asymptot ic  limits 
(broken lines) for the P S - P M M A  and P S - P D M S  5 
systems. We note that the asymptot ic  behaviour is 

2 2 values. effectively reached at q Rg >> 1 for low Cps 

C O N C L U S I O N S  

We have presented light scattering investigations of two 
systems ( P S - P M M A - b e n z e n e  or toluene and P S -  
PVAc-s ty rene)  from dilute solutions up to the onset of  
phase separation. The thermodynamic  study has shown 
similarities in incompatibility between the unlike polymers 
for both systems; they are less incompatible than other 
systems such as P S - P D M S - g o o d  solvent. For  the 

systems studied here, ;~ab is constant  in dilute solution 
and increases with polymer concentra t ion above a 
cross-over concentrat ion which seems three or  four times 
higher than the overlap concentrat ion.  

A study of  the angular  distribution of the scattered 
intensity in the case of  two P S - P M  M A - t o l u e n e  mixtures 
has allowed us to deduce that the apparent  dimensions 
are very sensitive to the properties of  the two polymers, 
and an asymptot ic  behaviour is reached at high q2Rg.2 
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