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Systems. 1. Light Scattering on Polystyrene + Polyisoprene + 
Cyclohexane 
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ABSTRACT Light-scattering measurements were made on polyisoprene (PIP, M ,  = 5.33 X lo4) + cyclohexane 
(CQ) binary solutions and polystyrene (PS, M, = 5.36 x lo4 or 4.39 x lo4) + PIP + CH ternary solutions 
in the range from 30 OC down to 10 O C  for the former and from 30 O C  down close to the cloud point for the 
latter. The data, along with those from our previous work on PS + CH binary solutions, were used to estimate 
~ ~ : ( 4 ~ , $ ~ )  which appears in our recent formulation leading to x = [12~l lb($1)  + [&22b($2) + 2[1[2~1$(41,$2). 
Here, x represents the difference of a ternary system consisting of solvent 0 and chemically different polymers 
1 and 2 from the Flory-Huggins athermal solution chosen as a reference system and x,p(@,) the x function 
for solvent 0 + polymer i, with & being the volume fraction of polymer i and [, = d,/(& + &). Though estimated 
only approximately, xl2 was comparable in magnitude with xllb and xzzb. 

Motivated by either academic or practical interest, many 
studies have been made on phase equilibria in ternary 
systems consisting of two chemically different polymers 
(components 1 and 2) and a common solvent (component 
0). One of the central subjects in these efforts has been 
the use of phase separation data for determination of the 
x function of a given system. There, x characterizes the 
deviation of the system from a Flory-Huggins athermal 
solution chosen as the reference system. In typical at- 
tempts reported so far, as exemplified by the work of 
Narasimhan et  al.,l it was customary to represent x as a 
quadratic form of the concentrations of polymers 1 and 
2. This maneuver is equivalent to assuming that inter- 
action parameters for pairs of different components are 
independent of the composition of the system and allows 
simple relations useful for data analysis to be derived. 
However, it was shown1 that such a simplifying assumption 
failed to hold. This is not surprising in view of the well- 
known fact that the x function for binary systems of a 
polymer and a solvent usually exhibits a significant de- 
pendence on concentration.2 Thus, it  is of interest to 
determine x for ternary systems of the type considered, 
making no assumption for its composition dependence. 

In a series of  paper^,^ Vrij and co-workers applied the 
light-scattering method to estimate x for a ternary system 
consisting of polystyrene (PS), poly(isobutylene), and 
toluene, but they used the equation for the excess Rayleigh 
ratio which incorporated the above-mentioned simplifying 
assumption for x. 

In this paper, we first derive the corresponding equation, 
leaving x as a completely general function of the compo- 
sition of the system; as far as we are aware, no such 
equation is yet presented in existing literature. We then 
apply it to light-scattering data on binary mixtures of PS 
and poly(isoprene) (PIP) in cyclohexane (CH). This ter- 
nary system was chosen for the following reasons: (i) 
narrow-distribution samples are commercially available for 
both PS and PIP, (ii) CH is a good solvent for PIP but a 
poor one for PS, and (iii) detailed information on the x 
function of the binary system PS + CH is abundant in 
polymer l i t e r a t ~ r e . ~ , ~ ~  Reason i is essential for preparing 
a well-defined ternary system. Reason ii is associated with 
our expectation that because of its stronger affinity with 
CH, PIP should abstract CH molecules from the sur- 
roundings of PS coils and thus should significantly affect 
phase separation of CH solutions of PS. Reason iii is 
related to the advantage that will be seen below in ana- 
lyzing our light-scattering data. 

o o ~ ~ - ~ ~ ~ ~ / s ~ ~ ~ ~ ~ o - i s a ~ ~ o i . ~ o ~ o  0 

Expression for the Excess Rayleigh Ratio 
We consider a ternary solution consisting of pure solvent 

0 and two monodisperse polymers 1 and 2 (either different 
or not chemically). For simplicity, we assume that the 
partial molar volumes of the three components may be 
treated as independent of system's composition and hence 
equal to their molar volumes Vi (i = 0, 1, 2). The volume 
fraction of component i, r # ~ ~ ,  is then expressed by 

(1) 

with ni the amount of component i in moles and Pi the 
relative chain length of the same component defined as 
P, = Vi/ V,. The composition of the system can be char- 
acterized either by the variables or by the variables 
(4,t1). Here, 4 is the overall polymer volume fraction, i.e., 

4 = 41 + 42 (2) 
and f l  (=1 - E 2 )  the volume fraction of polymer 1 in the 
mixture of polymers 1 and 2, i.e., 

(3) 
If the Flory-Huggins athermal solution composed of the 

three components considered is chosen as a reference 
system, the free energy of mixing, AG, of our ternary so- 
lution can be represented by 
AG = RT(no + Plnl + P2n2)[(l  - 4) In (1 - 4) + 

where R is the gas constant, T the absolute temperature, 
p the pressure, and h a function which absorbs all the 
differences of our solution from the chosen reference one. 
It follows from eq 4 that the chemical potentials h, pl, and 
p2 of solvent 0, polymer 1, and polymer 2 are given by 

bo - poO)/RT = In (1 - 4) + (1 - Pn-l)@ + ~4~ (5) 

4i = Pini/(no + P,n1 + PznJ 

51 = 41/(41 + 42) 

41/p1 In 41 + 42/P2 In 42 + M41,42,T,P)I (4) 

(PI - P ~ O ) / R T  = In (4.5) + 1 - P1(l - 4) - P1P;l4 + 

( ~ 2  - P ~ ~ ) / R T  = In [dl - El)] + 1 - P2(1 - 4) - 

Pi[h + (1 - 4)(dh/a4) +4-'(1 - Ei)(ah/a51)1 (6) 

PPn-'+ + P2[h + (1 - 4)(ah/a4) - 4-'51(Jh/atJI (7) 

where the superscript O refers to the pure state of each 
component and P,, is defined by 

P,-1 = tlP1-l + (1 - E1)P2-1 (8) 

The new quantity x, which is a function of composition, 
T, and p, is related to h by 
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x = Eh - 4(ah/a4)[1,T,p14-2 (9) 

This is the definition of the x function basic to the in- 
terpretation of thermodynamic behavior of our ternary 
system. Solving eq 9 foi !I($,[,) and determining an un- 
known integration funct. Jn of El from the condition that 
pim(T) limm4 (pi - R T  In &) (i = 1, 2), we obtain 

h = -$I0 x(u,E1) du + $[I - t l /pi  - (1 - t1)/P2 + 
0 

Ei(pim - rio)/RTPi + (1 - t 1 ) ( ~ 2 ~  - p2O)/RTP21 (10) 
This equation allows the terms containing h in eq 6 and 
7 to be expressed in terms of x, The second term on the 
right-hand side disappears in deriving the light-scattering 
equation, so that the temperature dependence of pio and 
pi" is not a concern. 

Now, at  fixed T and p ,  the excess Rayleigh ratio at  zero 
scattering angle, ARo, for the ternary system considered 
is given by' (see the Appendix) 
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In the special case where polymer 1 and 2 are the same 
chemical species so that y1 = y2 = y, the denominator WX 
on the right hand of eq 15 reduces to (P, + t1t2P1P2N) y2. 

Expansion in powers of 4 leads eq 15 to 

K V o 9 / ~ 0  = P + P24[(r1P1t1 + r2P2t2)2(1 - 2x0) - 
25152(YlPlt1 + r2~2t2)(71P1 - rzPz)(aXo/atl) - 

(E1&2)2(~1P1 - yzP2)2(a2~o/ati2)l + (23) 
where 

= Y12P1t1 + Y22P2tZ (24) 

and xo, which is a function of tl, denotes the leading term 
in the expansion 

X(4,tl)  = xo(t1) + X l ( f l ) @  + * * a  (25) 
Under the so-called "optical 8" conditions which satisfies 
ylP1& + y2P2.5 = 0, eq 23 reduces to 
K V o 4 / ~ o  = 

pi - P-24(t1t2)2(~l~1 - y2~2)2(azXo/at12) + ... (26) 
This enables us to evaluate a2xO/atl2, i.e., the second de- 
rivative of x a t  infinite dilution with respect to tl, from 
the initial slope of KVo4/ARo plotted against 4, but it 
should be noted that the result refers to a special value 
of t1 corresponding to the optical 8 condition. This is the 
maneuver used by Fukuda et  ala8 to estimate the poly- 
mer-polymer interaction parameter in their definition. 

Finally, for the binary system of solvent 0 and polymer 
1 we obtain from eq 15 

K V o ~ i ~ / h R o  = 1/(1-  4) + 1/(Pi4) - L (27) 

which allows L to be determined from measurement of 

Evaluation of x 
Obviously it is impossible to solve eq 15 for x(4,t1) when 

ARo is given experimentally as a function of 4 and tl. In 
practice all that  can be done is to find by trial and error 
an analytic expression of x(4,t1) which allows this equation 
to fit the given data of ARo to the accuracy desired. In so 
doing, the following maneuver is useful. 

As we have shown recently? x for our ternary system 
can be represented by 

x = 5i2~i ib(4i)  + E z 2 ~ z z b ( 4 z )  + 2€1S2~12Y41,42) (28) 
where denotes the x function for the binary system 
of solvent 0 and polymer i a t  a polymer volume fraction 
of & and x ~ $ ( ~ ~ , # I ~ )  is the contribution due to the ther- 
modynamic interaction of polymers 1 and 2 in the ternary 
system a t  a composition specified by qjl and d2. Since xi? 
can be obtained from separate experiments, the trial- 
and-error finding of x is reduced to that of xl$. In at- 
tempting to apply this maneuver, it is advantageous to 
choose a system for which information about xi/-' is already 
available. For our PS + PIP + CH system this condition 
was met only with the pair PS and CH. 

Experimental Section 
Polymer Samples. Two standard PS samples F4 and F4' were 

supplied by Toyo Soda Co. They were confirmed by GPC to be 
narrow enough in dispersion. The weight-average molecular 
weight M, was 43 900 and 53 600 for F4 and F4', respectively, when 
determined by light scattering in benzene at 25 "C. The relative 
chain length P1 (PS is chosen as polymer 1) calculated by 

Pi = M,Ui/(Mouo) (29) 

was 377 and 460 for F4 and F4', respectively. Here, Mo is the 
molecular weight of cyclohexane (solvent 0), and uo and uI are 
the specific volumes of CH and PS, respectively, chosen to be 

ARO(4). 

ARo = KRTMoVo(l - $)g $7iTjPiPjAij/lAl (11) 
i=lj=1 

Here, K is a constant, Mo the molar mass of the solvent, 
2 

k=l 
Ti = Yi- C Y k h  

with yi being the volume-fraction-basis refractive index 
increment of the system and Aij the cofactor of the element 
pij  in the determinant 

where 
pij = (api /amj)mk (14) 

with mi being the molality of component i. We note that 
eq 11 contains an important assumption that yi is inde- 
pendent of composition. Usually, this is a good approxi- 
mation as far as we are concerned with relatively dilute 
solutions as treated in the present experimental work. 

With eq 6 and 7 substituted into eq 11 and complicated 
algebra carried through (see the Appendix for some de- 
tails), it  is possible to derive the following expression for 
the experimentally measurable quantity KVo4/ARo: 

where 
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Figure 1. Concentration dependence of refractive index n for 
PIP sample P-5 in cyclohexane at the temperatures and wave- 
lengths indicated. 

1.2923 cm3 g-' for the former and 0.9343 cm3 g-l for the latter, 
both referred to 25 "C. 

A living, anionically polymerized PIP sample P-5 (polymer 2) 
whose M, was 53 300 was also supplied by Toyo Soda Co. Its 
relative chain length P2 was 537 when calculated from eq 29 with 
u2 of 1.0951 cm3 g-l in place of ul. Some characteristics of this 
sample can be found in Takano et al.'s paper.1° 

Preparation of Solutions. Thoroughly dried PIP sample P-5 
was dissolved in CH freshly distilled over sodium to make binary 
PIP + CH solutions of different concentrations. These solutions 
were made dust free by filtration through a Millipore membrane 
of 0.22-pm pore size or by centrifugation at 14000 rpm and then 
used to determine xZZb by light scattering. 

To prepare PS + PIP + CH ternary solutions the following 
procedure was used. First, dry PS and PIP samples were mixed 
at a desired composition and dissolved in CH. The solution was 
filtered throuth a Millipore membrane of 0.3-pm pore fize and 
then freeze-dried. The entire volume of the dry polymer mixture 
obtained was dissolved in freshly distilled CH; if only a fraction 
of the polymer mixture were used, the solution might have a 
polymer composition somewhat different from the desired one 
because of polymer segregation which would take place during 
the freeze-drying. The ternary solution so prepared was divided 
into several parts, and each was poured into a light-scattering cell 
through a Millipore membrane with a finer pore size. The solution 
in the cell was then diluted with CH to desired total polymer 
volume fractions 4. 

The value of 4 was estimated from the total polymer weight 
fraction w by 

4 = [l + uo/(w1u1 + wzuz)(w-1 - 111-1 (30) 

where wi is the weight fraction of polymer i in the polymer mixture. 
The volume fraction tl of PS in the polymer mixture is related 

61 = [l + u2/ul(wl-1 - 1)1-1 (31) 

Light-Scattering Measurements. A Fica 50 light-scattering 
photometer was used with vertically polarized incident light, whose 
wavelength was 436 nm for PIP + CH binary solutions and 546 
nm for PS + PIP + CH ternary solutions. The intensity of 
scattered light was measured at angles from 30" to 150°, and the 
data were graphically extrapolated to zero angle to estimate AR0 
For the binary system, 4 was varied from 0.006 to 0.127, and T 
from 30 to 10 OC. For the ternary system, the measurement had 
to be limited to 9 below 0.053 because of the occurrence of phase 
separation, and T was varied from 30 "C down to about 1 "C above 
the cloud point. 

Because of the assumption made in deriving eq 15 it is legit- 
imate to use y1 and yz in this equation, the infinite-dilution values 
obtained for the binary systems PS + CH and PIP + CH, re- 
spectively. Thus, we computed y1 from Scholte's equation1' 
(an/aw),,o = 0.06937 + (2 X 10-4)T (T in K) along with the 
relation between w and C$ (which is given by eq 30 with w1 = 1 
and w2 = 0) as y1 = 0.09595 + (2.77 X 10-4)T for 546-nm light 

to ~1 by 
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Figure 2. Plots of L2,/2 vs. 4 for PIP sample P-5 in cyclohexane 
at the temperatures indicated. Solid line, calculated with eq 39, 
40, and 41. 

and y2 from our data shown in Figure 1, which gives yz = 0.061 03 
+ (1.5 X lo4)?" for 436-nm light and y2 = 0.037 10 + (2.05 X 104)T 
for 546-nm light. 

Results and Discussion 
PS + CH Binary System. An extensive study on this 

system was carried out by Einaga et al.; who determined 
L in eq 27 to calculate x. Their results give the following: 

where 
L ~ ~ ( ~ )  = 2[x~conc + q 2  + ~ u 4 / ( 1 +  B U ~ ) +  

X ~ c o n e  = 0.4930 + 0 . 3 4 5 ( e / ~  - 1) + 

(X'dil - X " ~ o n c ) R ( P 1 ~ / ~ ~ ) 1  (33) 
with 

(-0.075P1-1/2 - 45P1-2 + 0.007) exp[-(40 - 
520P1-2/3)(8/T - l ) ]  (T and 8 in K) (34) 

X"dil = 0.5 + 0 . 2 6 ( 8 / ~  - 1) + 4 . 6 ( 8 / ~  - i)2 (35) 

B = 7P11/3 exp[-18(8/T - l)] 
A = 1.4P11/3 (36) 

(37) 

R(x)  = exp(-x - 0 . 3 ~ ~ )  (38) 

and 8 denotes the the 8 temperature (34.5 "C) for PS in 
CH. We note that L was denoted by 2 2  in Einaga e t  al.'s 
paper4 and that LL1 signifies L for the system for solvent 
0 and polymer 1. 
PIP + CH Binary System. Figure 2 depicts LZ2/2 (L22 

is L for the system of solvent 0 and polymer 2) vs. $I plots 
for this system at three temperatures, obtained by sub- 
stituting our light-scattering data into eq 27 in which y1 
and PI are replaced by y2 and P2, respectively. It is seen 
that LZ2 exhibits a sharp minimum at any T, as was ob- 
served for PS in toluene by Scholte." This behavior is 
distinctly different from that  of L for a poor solvent sys- 
tem, such as PS + CH and PIP + dioxane,1° in which L 
increases monotonically with 9. 

As in our previous papers, we resolve LZ2 into two parts 

(39) 
(L22)dil and &.2)conc as 

'522 = (L22)dil + (L22)conc 
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Figure 3. Concentration dependence of KVo~/ARo  for PS + P P  
mixtures with indicated tPs in cyclohexane: (0) 30; (0) 25; (8) 
20; (0) 17; (e) 15; (0) 14 "C. Solid line, calculated values. 

Table I 
Composition of Polymer Mixtures 

code 5PS components 
v10 0.0867 F4' + P-5 
V50 0.458 F4 + P-5 
v90 0.885 F4' + P-5 

where (L22)conc represents the high-concentration branch 
of Lzz and (L2.Jdil is the term added to ( ~ 5 ~ ) ~ ~ ~  to allow for 
a sharp drop of Lzz a t  low concentrations. Following 
Koningsveld et  a1.,12 we may consider that (LzZ)dil arises 
from both dilute-solution and excluded-volume effects. 
After several trials we found that the empirical expressions 

(L22)dil = 0.170 exp(-474) (40) 
and 
(L22)conc = 0.68 + (-0.88 + 680/T)4 (T in K) (41) 

yield a close fit of eq 39 to the experimental Lzz data, as 
illustrated in Figure 2. When substituted into the relation 

these expressions yield 
x2zb(&) = 0.34 + (2/3)(-0.44 + 340/T)& + 

0.17[1 - (1 + 474,) e ~ p ( - 4 7 4 ~ ) ] / ( 4 7 4 ~ ) ~  (43) 

Since we worked on a single PIP sample, the possible 
dependence of xZZb on the relative chain length Pz was left 
for a future study. 
PS + PIP + CH Ternary System. We made light- 

scattering measurements on three PS + PIP mixtures V10, 
V50, V90 which had tps (equal to t1 in the above presen- 
tation) of 0.0867, 0.458, and 0.885, respectively (see Table 
I). Figure 3 shows the 4 dependence of KVo4/ARo for 
these mixtures in CH a t  several fixed temperatures. The 
data points on the ordinate axis indicate the values of p1 
computed by substituting the experimental values of P,, 
P,, yl, and y2 into eq 24. Those a t  nonzero 4 can be 

30 0.5049 0.425 0.36 
25 0.5130 0.425 0.37 
20 0.5241 0.425 0.37 
17 0.5324 0.425 0.37 
14 0.5420 0.425 0.37 

extrapolated to these points, as should be expected from 
eq 23. 

I t  is seen that the set of data points a t  fixed tPs and T 
follows a curve convex upward and that these curves for 
mixture V50 and those for mixture V90 a t  higher tem- 
peratures exhibit maxima at  certain concentrations which 
decrease with lowering temperature. The latter behavior 
suggests that phase separation of the solution occurs with 
increasing 4 beyond the maxima. In fact, as will be shown 
in the following paper,13 we observed that CH solutions 
of mixtures V50 and V90 began separating into two phases 
a t  concentrations a little higher than those studied here. 

The data for mixture V90 in Figure 3 can be used to 
estimate spinodal concentration &p as a function of T by 
extrapolating them to the abscissa axis. Though roughly, 
the same can be done with those for mixture V50. Thus 
we fiid that for either mixture, c # J ~ ~  decreases with lowering 
T and that when compared at  the same T, $ J ~ ~  for mixture 
V50 is probably somewhat smaller than that for mixture 
v90. 

From eq 25 and 28 it follows that 

xo = 5I2Xllb(o)  + 522X2zb(0)+ 2htzx1zt(o,o) (44) 

The second and third columns of Table I1 give the values 
of xllb(0) and xzzb(0) computed from eq 32 and 43, re- 
spectively. Substitution of eq 44 into eq 23 allows the 
initial slope of KVo4/ARo plotted against 4 to be expressed 
in terms of xllb(0), xzzb(0), and xl$(O,O). The last column 
of Table I1 shows the values of x12(O,O) estimated from 
the data for mixture V50 in Figure 3 by using this ex- 
pression and the tabulated values of xllb(0) and x2zb(0). 
I t  is seen that xl?(O,O) is comparable in magnitude with 
xllb(0) and xzzb(0). 

The concentration dependence of xI?($J (i = 1,2) at  low 
concentrations is complex owing to the dilute-solution and 
excluded-volume effects. Probably, this should be the case 
with respect to ~ ~ ; ( 4 ~ , 4 ~ ) .  Therefore, we have tried to look 
for a simple expression of x1; which optimizes the 
agreement between experimental and calculated values of 
KVo4/Mo a t  relative high concentrations. The solid 
curves in Figure 3 illustrate the results from the trial in 
which xl? was expressed as 

(45) Xl; = .lZl + ( h 2 t l  + k3t2)'#' 
and the parameters kl, k,, and k3 were chosen as 

kl  = 0.44; kz = -6.1 + 2000 /T  
k3 = -4.8 + 1300/T ( T i n  K) (46) 

As can be seen, the fit of the curves to the data points is 
only moderate. Especially for mixture V10, it leaves much 
to be desired. However, we have not attempted to improve 
the agreement by using a more complex expression for xl$. 
In Part 2 of this series,13 observed phase-separation data 
will be compared with the predictions by the x function 
determined in the present work. 

Equation 45 predicts xl?(O,O) = kl = 0.44, which is 
significantly different from the xl:(O,O) values shown in 
Table 11. This difference should not be taken seriously, 
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since the value Itl is merely what is obtained when the 
expression for xlJ fitting high-concentration data of 
KVo4/ARo is extrapolated to = 0. Both dilute-solution 
and excluded-volume effects should be responsible for it. 
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Appendix 

to concentration fluctuation may be represented by14 
At constant T and p ,  the excess Rayleigh ratio ARo due 

ARo = KuMRTCC$i$jAij/lAl (Al) 
i l  

where K is the optical constant 2r2n2/NAb4, with n the 
refractive index, NA the Avogadro constant, X, the wave- 
length of incident light in vacuo, RT with the usual 
meaning, UM the volume of the solution containing unit 
mass of the solvent, Le., 

2 

i= l  
UM = Vo(no + CniPj)/n&o (-42) 

= VO/MO(1 - 4) (-43) 

and $i the molality-basis refractive index increment of 
component i 

$i (an/ami) , , , ,k  (A4) 

The volume fraction 4i is related to molality mi by 
2 

i=l  
l#Jt = M&Pi/(l + MoCmiPi) 645) 

from which it follows that 
a4i/ami = M$d1 - - 4) (A6) 

(A7) aI#Jji/ami = -MOPi$lj(l - 4) 

and 
2 

j-1 
(a/ami)mk = Mo(1 - $)Pi[(a/a$i)+k - C4ji(a/&j),,+I 

(AB) 

The last relation gives 

$i = Mo(1 - 4)Pi[(4n/d4J+k - C4j(dn/d4j),k] 
2 

j=1 
(A9) 

= MO(1 - 4)PiYi (A10) 
with 
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2 

j=1 
Yi = Ti - Cyj4j (12) 

~i = (an/a$i),, ( A l l )  

Substituting eq A3 and A10 into eq Al ,  we arrive at  eq 11 
in the text: 

If these expressions are substituted, eq 11 gives the desired 
equation for ARo (eq 15 in the text) after a lengthy but 
straightforward manipulation. 

Registry No. PIP, 9003-31-0; PS, 9003-53-6; CH, 110-82-7. 
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