
Macromolecules 1985,18, 2511-2515 2511 

Acknowledgment. We are indebted to  CAYCT for 
financial support (Project 2293/83) and to Prof. A. Horta 
(UNED, Madrid) for helpful comments. 

Registry No. PS (homopolymer), 9003-53-6; PMMA (homo- 
polymer), 9011-14-7. 

References and Notes 
(1) Flory, P. J. “Principles of Polymer Chemistry”; Cornel1 Uni- 

versity Press: Ithaca, NY, 1953. 
(2) Schultz, A. R.; Flory, P. J. J .  Polym. Sci. 1955, 15, 231. 
(3) Kawai, T. Bgll. ChemLSoc. Jpn. 1953,26, 6. 
(4) Pouchlj., J.; Zivng, A.; Solc, K. J .  Polym. Sci., Part C 1968,33, 

r 

m 
E 
0 

01 0 

Figure 8. Dependence of preferential solvation ccefficient (A) 
on system composition for (a) ACN/CLB/PMMA (M, = 237000) 
[(o) experimental values; (---) smoothed curve to match ex- 
perimental points, (-, no legend) calculated from binary pa- 
rameters (-.) and curve i, FPP theory,’O and curves ii, iii and iv, 
FH theory]‘g and (b) ACN/CTC/PMMA (M, = 120000) [(O) 
experimental values; (---) smoothed curve to match experimental 
points, (-) calculated from binary parameters]. 

reproduce the experimental ones fairly well. Perhaps the 
validity of predicted A’s is better stressed in Figure 8, in 
which X values predicted through the FH and FPP for- 
malisms have also been represented as a comparison. 

In conclusion, in a similar way any other equilibrium 
property of the ternary system, such as the second virial 
coefficient (A2),  total solvation parameter (Y), or even a 
transport property such as the intrinsic viscosity ([VI), 
through some excluded theory, can be predicted from the 
interaction parameters of the respective binary systems. 
Moreover, if any of those magnitudes (or X) is experi- 
mentally known, the remaining ones can be predicted from 
the experimental data of the former. A further paper will 
illustrate these statements. 
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Predictability of Properties in Ternary Solvent (1)/ 
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ABSTRACT Starting from the correlation gTo = K (gI2 + (8gT/8qb3)ul,h+J holding for ternary solvent (l)/solvent 
(2)/polymer (3) systems and from the physical significance of K,  namely, K = g,3°g230, equations allowing 
the prediction of total sorption coefficients (Y) or its related magnitudes and second virial coefficients (A2), 
either from binary interaction parameters (xj,) and potentials (gi,) or from data on preferential sorption 
coefficients (A), have been derived. Second virial coefficients evaluated from data of the binary systems are 
compared with experimental ones for two polystyrene, two poly(methy1 methacrylate), and two poly(di- 
methylsiloxane) ternary systems, and the contribution of preferential sorption to  total sorption is discussed. 

Introduction 
The evaluation of the total sorption parameter, Y,  in 

ternary solvent (l)/solvent (2)/polymer (3) systems has 

0024-9297/85/2218-2511$01.50/0 

usually been undertaken following Flory-Prigogine-Pat- 
terson (FPP)1-4 or Flory-Huggins (FH)  formalism^.^^ In 
the former, Y is defined in terms of equation state pa- 
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Table I 
Interaction Solvent/Polymer Parameters (xi5')  and 

Potentials (gi3') for Diverse Ternary Systems 

system x13' x23'  g13' g23' 
B/CH/PS (uTdetermined A?,,,) 0.455" 0.510" 0.455" 0.715O 
B/CH/PS (M, = 117000) 0.444b 0.530b 0.435E 0.749' 
EA/CH/PS (mixed A?,) 0.485b O.53Ob 0.66ge 0.735d 
EA/CH/PS (aw = 11 000) 0.485b O.53Ob 0.659' 0.725c 
HEP/MEK/PDMS (mixed A?w) 0.436 0.499f 0.5209 0.84oh 
HEP/MEK/PDMS (a, = 0.436 0.499f 0.542c 0.853' 

125 000) 
UND/MEK/PDMS (A?w = 0.468' 0.499' 0.537" 0.797c 

125 000) 
ACN/CLB/PMMA (A?, = 0.50EY 0.52Y 0.76gC 0.592c 

237 000) 
ACN/CTC/PMMA (A?, = 0.495k 0.510k 0.783' 0.508' 

120 000) 

OFrom ref 16. *From ref 19 and 20. 'From g* (Table I ref 12) 
and K (Table 11, this paper). dFrom dg2,/dd3 = 0.205 and ~ 2 3 '  = 
0.530. 'From g* and gZ3' = 0.735 as calculated in footnote d. 
fFrom ref 21, 22. BFrom dgI3/dd3 = 0.09 (see Table I in ref 12) 
and x I 3 O  = 0.430. hFrom g* and gI3' = 0.520 as calculated in 
footnote g. 'From ref 13. 'From ref 23. kFrom ref 24. 

rameters and molecular magnitudes such as contact sur- 
faces,lo whereas in the latter, Y may be calculated from 
binary interaction parameters. The scarcity of general and 
reliable data in the FPP formalism and the neglect of 
ternary interaction parameters in the FH5 one make Y 
evaluations generally difficult in the first and inadequate 
in the second. Of course, in the FH formalism as gener- 
alized by Pouchlyl' for ternary systems Y is defined not 
only in terms of binary but also in terms of ternary in- 
teraction potentials. Because ternary interaction potentials 
and their derivatives with system composition are un- 
known, their evaluation from A,  (and A) experimental data 
and not the converse becomes the main task when 
Pouchljk's formalism is applied to ternary systems. 

In the previous paper of this series,12 it was shown that 
both gTo (ternary interaction potential) and its derivative 
with polymer concentration (dgT/d43)ul,d3-0 can be exclu- 
sively defined in terms of binary interaction parameters, 
and as a consequence so can any property of the ternary 
system, as it was thoroughly tested by comparing calcu- 
lated xT0 (ternary interaction parameter) and X (prefer- 
ential sorption coefficient) with experimental ones. In this 
paper, the dependences of gTo and (dgT/a43)Ul,d3-C0 on bi- 
nary interaction parameters are taken advantage of to 
predict Y (total sorption coefficient) values from data of 
the binary systems. Predicted Y values for the six ternary 
systems previously studied', are compared with experi- 
mental ones, and a critical analysis of the open question 
about the contribution of the preferential sorption to the 
total sorption is undertaken. Other possibilities of pre- 
dicted Y values (or of predicted second virial coefficient, 
A,, values) are also explored, as A2 is evaluated from ex- 
perimental data on preferential sorption coefficients. 

Theory 

Throughout the text, nomenclature, terminology, and 
abbreviations introduced in the previous paper12 will be 
followed. Likewise, because total sorption coefficient (Y) 
is not directly accessible from experiment, it will be re- 
placed by an experimental magnitude directly related to 
it, namely, by A2 (second virial coefficient). From the usual 
approximate equation relating both magnitudes, A ,  = 
(ij3,/ V,) Y and the Y definition according to the formalism 
as generalized by Pouchl9,ll namely, Y = (V1/2R7')(M3, 
- M132/Mll), A ,  is given by 

where Mij's: the limits at  polymer infinite dilution of the 
second derivatives of the Gibbs energy of mixing with 
respect to ui and uj, are not simple functions of system 
composition. They depend on binary (gij) and ternary (gT) 
interaction potentials with system composition (see eq 4-6 
in the previous paperI2). In eq 1 the term M33 accounts 
for global sorption and the term M12/M11 for preferential 
sorption; the former enhances polymer solubility whereas 
a positive value of the latter diminishes it. Substitution 
of Mij values yields for A2 

A2 = 

1 s  - + - - 2g,, + 
4104zo( 2 - %))/( 410 420 

2(420 - 410)- dglZ + 4 1 0 4 2 0 ~  d2g1z)) (2) 
d41o d41o 

Because gTo and (dgT/d4B)ul,$s-C0 are unknown, eq 2 is 
useless to evaluate A2 The converse, however, holds true, 
so, through the above equation (dgT/a43)ul,d34 is evaluated 
from A, experimental data after gTo is evaluated from A 
experimental data. To overcome the above difficulties, 
many approximations have been introduced in eq 2 in 
order to evaluate A ,  (or its related magnitude xm3 in- 
teraction parameter solvent mixture/polymer); the reader 
should consult ref 13, where a critical analysis on the ap- 
proaches most commonly followed is undertaken. 

On the other hand, as it was previously shown,12 gT' and 
(agT/d43)U1,d34 may be defined in terms of binary param- 
eters through 

and 

g13°(dg23/dd3) + g23°(dg13/d43) 
- g13'(&23/ d43) - g23' (dg13/d43) g'2 

- - ( z  )ul,d34 (4) 

which, recalling Koningsveld's e q ~ a t i o n ' ~ ~ ~ ~  at polymer 
infinite dilution, are respectively transformed into 

and 

(6) 

Substitution of the above equations in eq 2 yields finally 
for A ,  
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A, = 

1 s  - + - - 2g12 + 2(420 - 
410420 $114 410 $20 

410)- dgl2 + 410420 2 d"'2)) (7) 
d41o d41o 

where A2 is exclusively defined in terms of binary inter- 
action parameters. 

Results and Discussion 
Before the validity of eq 7 to predict A2 values is tested, 

some general comments on its applicability may be 
worthwhile. The application of eq 7 demands, besides 
knowledge of g12, data on g13O, g23O, XI$', and X23O or, as 
an alternative, on g13O, g23O, dgl$/d&, and dg23/d43 or, as 
the last possibility, on x 1 3 O ,  x23O, dg13/d43, and dg23/d&, 
if Koningsveld's equation is recalled. Whereas xi30 data 
is usually available or easily evaluated from experiment, 
data on g130 and/or dgi3/d43 is very scarce in the litera- 
ture,16 and its determination is not a simple experimental 
task."Js Fortunately, as it has been thoroughly shown in 
the previous paper,12 gI3O and g23O are related through the 
integral g* and through the constant K 

g* = s - 1 + g13O - sg23O K = g13Og23O 
therefore making it possible from g* and K values to 
evaluate both interaction potentials. That is one of the 
most rewarding accomplishments of our assumptions. 

As test systems, those studied in the previous paper,12 
namely, benzene / cyclohexane / polystyrene (B/ CH / PS), 
ethyl acetate/cyclohexane/polystyrene (EA/CH/PS), 
n-heptane/butanone/poly(dimethylsiloxane) (HEP/ 
MEK/PDMS), n-undecane/butanone/poly(dimethyl- 
siloxane) (UND/MEK/PDMS), acetonitrile/ l-chloro-n- 
butane/poly(methyl methacrylate) (ACH/CLB/PMMA), 
and acetonitrile/carbon tetrachloride/poly(methyl meth- 
acrylate), ACN/CTC/PMMA, have again been chosen 
here. Regarding the source of their interaction potentials, 
they may be grouped in three categories. The first is 
exclusively occupied with B/CH/PS, both gI3O and g23O 
being literature values. EA/CH/PS and HEP/MEK/ 
PDMS are enclosued in the second group. In this group, 
one of the g13O values is obtained from literature, g23O in 
the EA/CH/PS system and g13O in the PDMS system, and 
the other g130 value has been calculated from g* integrals. 
Finally, in the third group are those systems for which no 
bibliographic gr30 value is known. Both gi30's are, then, 
calculated from g* and K values. In Table I, xi30 and gL30 
values for the above systems are gathered, whereas g12 
functions were depicted in Figures 1-3 in a previous pa- 
per.12 

In Figures 1-3, calculated through eq 7, A2 values are 
compared with experimental ones. A2 is molecular weight 
dependent through the dependences of ~ 1 3 '  and g13O on 
polymer molecular mass. As above said, xi30 and gi30 for 
the B/CH/PS system are literature data, as gL30 values for 
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Figure 1. Experimental (points)lg and calculated (curves) second 
virial coefficienb, A2, as a function of solvent mixture composition, 

in (a) B/CH/PS and (b) EA/CH/PS systems: (-) calculated 
from eq 7 with gi30 in Table I for a polymer sample with unde- 
termined or mixed mole_cular weight (indicated by a circled U) 
and for a sample with M, = 117000 (indicated by a circled D); 
(---) calculated with eq 12 for B/CH/PS and with eq 11 for the 
remaining systems; (--) calculated from eq 12 with gi3" in Table 
11; (-e--) calculated with eq 13. M ,  = 372000 (A); M, = 117000 
(0); M ,  = 35600 (0). 
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Figure 2. Experimental   point^)'^^^^*^^ and calculated (curves) 
of second virial coefficients, Az,  as a function o_f solvent mixture 
composition, dlo, in (a) HEP/MEK/PDMS (M, = 125000) and 
(b) UNDIMEKIPDMS (a, = 125000) systems: (-) calculated 
from eq 7 with gi3" in Table I for a polymer sample with mixed 
molecular weight (indicated by a circled U), and for a sample with 
M, = 125000 (indicated by a circled D). The remaining symbols 
for curves as in Figure 1. 

the EA/CH/PS and HEP/MEK/PDMS systems, al- 
though partially, are as well. Unfortunately, however, the 
molecular weights of the polymers corresponding to those 
xi30 and gi30 values were omitted in the respective litera- 
ture references. In these systems, it seems no conclusion 
can be derived from the comparison between calculated 
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Both values are very close indeed to those evaluated at  
once from g* and K values (see Table I), an additional 
proof of our assumption's correctness. 

In fact, the particular casuistry above considered may 
be extended to those systems in which an inversion in X 
occurs, A, evaluation being possible only from X data when 
even gi30 parameters are unknown. 

Let us call the solvent mixture composition at  the 
inversion point. At that composition X = 0 and the 
preferential sorption term in A, M132/M11 = 0, therefore 
M13(410i) = 0. Moreover, it is a well-established fact that 
the inversion in is accompanied by a maximum in the 
total sorption (or in AJ, even when s # l . 2 1 , 2 3 9 2 5  The 
application of the condition of the maximum to the total 
sorption term, taking into account that M13(412) = 0, yields 
d[M33(&2)]/d410 = 0. From the definitions of M13 and 
the above two conditions at  the inversion point, assuming 
that (dgTo/dul) = (dgTo/d410), may be written as 

M13(@1Oi) = 

L 

2 

0 

- 2  '"V b' 
1 I 

0.2 0.4 0.6 0.8 

010 

Figure 3. Experimental   point^)*^,*^ and calculated (curves) of 
second virial coefficients, A2, as a function o_f solvent mixture 
composition, bl0, in (a) ACN/CLB/PMMA (M,  = 237 000) and 
(b) ACN/CTC/PMMA (M,  = 120000) systems: (-) calculated 
from eq 7 with gi3" in Table I. The remaining symbols for curves 
as in Figure 1. 

A,  values for an undetermined molecular weight and the 
experimental ones measured a t  a given molecular weight. 
In order to overcome the above uncertainties, gi30 values 
for the above systems and for a specified polymer molec- 
ular weight have been evaluated from g* and K values, and 
these are also gathered in Table I. Predicted A ,  values 
with these new gi30's have been depicted in Figures 1 and 
2 too. 

In spite of the complexity of the lengthy eq 7, A, values 
calculated from it compare fairly well with experimental 
ones, as Figures 1-3 show. At  this point, an objection, 
however, can be raised against the followed procedure to 
predict A,. Individual g13O and g23O values are obtained 
at once from g* and K values. Whereas g* proceeds from 
X data, K proceeds from gTo and (dgT/d43)u,,03-0 values, 
which in turn come from X and A ,  experimental data. In 
other words, it seems that in a certain sense, a two-way 
road was taken, since from A,  experimental data are cal- 
culated gi30's, which, in turn, are used to predict A, values. 
However, in that apparent two-way road our assumptions12 
had to be obeyed, that is to say that the adjustable pa- 
rameters gTo and (dgT/dr#J3)ul,03-0 were able to be defined 
in terms of binary interaction parameters. Of course, the 
similarity between experimental and predicted A ,  values 
is an additional test supporting our formalism once again. 
Moreover, a t  least in two or three of the studied systems, 
the above objection could be avoided. So, CH is a common 
component in the two PS systems studied, as MEK is in 
both PDMS ones or ACN in the two PMMs. That means, 
using the PS systems as an example, that g23O could be 
evaluated from g* and K values (X and A ,  experimental 
data) for, e.g., the B/CH/PS system. This g23O value to- 
gether with g* for the EA/CH/PS would then allow us to 
evaluate g13O for this last system without resorting to the 
K value and in no way at all to the A, experimental values. 
Similarly, g13O for the B/CH/PS system can be evaluated 
from its g* and g 2 3 O  for EA/CH/PS. gi30 values evaluated 
in this way are g13O (EA/CH/PS) = 0.684, as obtained from 
its g* value and g 2 3 O  for the B/CH/PS system and gI3O- 
(B/CH/PS) = 0.417, from its g* and gz3O for EA/CH/PS. 

and 

The substitutions in the above equation of (dgT/ dr#J3)u1,43-0 
and d(gT0410420)/d4,0, deduced respectively from the 
correlation gTo = Kk,, + ( d g ~ / d 4 ~ ) ~ , , ~ ~ - 0 )  and from eq 8, 
yield 

which allows the evaluation of K from xi30, glz(r#Jlo), and 
g* data. 

With X data over the whole composition range of the 
binary solvent mixture, r#Jloi becomes known and gTo and 
g* can be evaluated by the Munk's m e t h ~ d , ' ~ , ~ ~  and 
therefore K and M33 can also be calculated. With this in 
mind, from X = -B3M13/M11, eq 1 is finally transformed 
into 

which allows A ,  to be calculated from X experimental data 
and the interaction parameters of the binary systems, x 1 3 O ,  

x23O, and gl2($Jl0). A ,  values predicted through the above 
equation have also been represented in Figures 1-3, always 
for a fixed molecular weight. No significative differences 
between these A, values and those calculated from the 
binary interaction parameters through eq 7 are observed. 
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Perhaps A2 values calculated from X experimental data 
better reflect the experimental X fluctuations. At  this 
point, the open question of preferential sorption contri- 
bution to total sorption deserves some comments. So, 
whereas from a phenomenological point of view, FPP 
f o r m a l i ~ m ~ * ~ ~  completely ignores preferential sorption 
contribution to total sorption, in the FH formalism, as 
generalized by Pouchl9,'l a term accounting for preferential 
sorption (M12/Mll in eq 1) is specifically stated in the Y 
definition. Of course, the absence or presence of a pref- 
erential sorption term in Y has to do with the Y thermo- 
dynamic definition itself, which, on the other hand, is 
related to the structure of the ternary phase depicted by 
the model or even with what part of the system is con- 
sidered as the ternary phase. A detailed introduction of 
the above points is beyond the scope of this paper and can 
be found in ref 26. Returning to Y (or A,) evaluation, 
throughout this paper the preferential sorption term has 
always been taken into account. If it is neglected, eq 7 and 
11 defining Az are simplified and respectively transformed 
into 

and 

((2Xl30 - 2SX23O - 1 + s)gToJ -g* + (422 - /I  
Whereas the last equation is immediately applicable, 

some details prior to the application of the former must 
be cleared up. The omission of the preferential sorption 
term in Y does not affect the way in which the adjustable 
parameters gTo and (dgT/a4,), ,+84 are evaluated from A2 
and X experimental data (Munk's methodIQ), but, however, 
it affects the numerical values obtained for (~3g~/d4~),,,~.+ 
Similarly, whereas our previous findings hold with inde- 
pendence of the X contribution to Y,  Le., gTo(gl2 + (dgT/ 

remaining constant along the whole composition 
range of the binary solvent mixture, K values obtained 
when the preferential sorption term is omitted obviously 
differ from those evaluated when the contribution is taken 
into account. In Table 11, K values obtained with and 
without the X contribution are gathered for comparison, 
the difference between both sets of K data being negligible. 
gh3O values obtained from g* and the new K values (no X 
contribution) are also enclosed in Table 11. As can be seen, 
these new gL30 are very close to those gathered in Table 
I, which were evaluated considering preferential sorption 
contributions to Y. Because of the small difference be- 
tween both gL30 data sets, the evaluation and use of the new 

Table I1 
K Values Evaluated with and without the Preferential 

Sorption Contribution to Total Sorption and Binary 
Interaction Parameters Caiculated from the Latter K's 

with h 

B/CH/PS (ax = 117000) 0.326 
EA/CH/PS (M, = 117000) 0.478 
HEP/MEK/PDMS (aw = 125 000) 0.460 
UND/MEK/PDMS (@, = 125000) 0.428 
ACN/CLB/PMMA (F, = 237000) 0.455 
ACN/CTC/PMMA (M, = 120000) 0.398 

system K 
without X 

K g,R0 RmO 

0.368 0.467 0.788 
0.477 0.659 0.724 
0.473 0.551 0.859 
0.430 0.538 0.799 
0.462 0.772 0.598 
0.419 0.793 0.528 

gi30 values intend to keep the formal aspect, notwith- 
standing the practical side. 

In Figures 1-3, A2 values calculated through eq 12 with 
gi30 values of Table I1 and from eq 13 are depicted. As 
the figures clearly show and as a final conclusion, it seems 
that, a t  least in the systems here studied, A2 values cal- 
culated either from binary parameters or from X data when 
preferential sorption contributions to Y are omitted are 
closer to experimental ones (surprisingly close in some 
systems) than those evaluated when X contributions are 
considered. 
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