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Abstract Using viscometry tech- 
niques on polymer fractions, we 
determine the critical concentration 
c* (separating the dilute and semi 
dilute solutions). The same measure- 
ments have been conducted with 
mixtures of these fractions (mixtures 
1 : 1 by weight of fractions differing in 
molecular mass and chemical nature, 
or fractions differing only in mole- 
cular mass). The determined values of 
critical concentration c* of the 
mixtures are higher than the values 
calculated based on the critical 
concentrations of the corresponding 
fractions. This deviation from the 
additivity rule is attributed to the 
resistance in the interpenetration 
(delay to the attainment of the 

homogeneous state) between 
macromolecular coils of different 
chemical nature or of the same 
chemical nature but of different 
molecular mass. Higher values 
of the reduced viscosities of the 
mixture of the fractions, compared 
to the values calculated using 
the reduced viscosities of the corres- 
ponding fractions, are observed 
above the critical concentration 
c*. In this concentration region 
the interaction parameter between 
two different polymers is 
calculated. 
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Introduction 

The rule of the mean value (or additivity rule) is applied in 
polymer science in many cases; for example, the refractive 
index increment of a copolymer and the unperturbed di- 
mensions of block copolymers. This rule has also been 
applied in the case of the critical overlapping concentra- 
tion c*, introduced by de Gennes [1] and calculated for 
a mixture of two polymers [-2, 31. This proposed mean 
value means that the interpenetration of the macromolecu- 
lar coils of two different polymers takes place in the same 
way as the interpenetration between the coils of one 
polymer. 

The aim of this article is to demonstrate that the 
additivity rule in the case of the critical concentration c* 

cannot be applied. More precisely, our experimental re- 
sults, obtained by viscometry indicate that the critical 
concentration c* of a mixture of two polymers is higher 
than the calculated mean value of this concentration based 
on the critical concentrations of each polymer. The same 
phenomenon is observed even with mixtures of two frac- 
tions of the same polymer differing in molecular mass and 
consequently in segment density. This difference between 
the calculated value of c* of the mixtures and its observed 
value is attributed to the difficulty in the interpenetration 
of the macromolecular coils differing either in chemical 
nature or in segment density. 

Based on an equation giving the reduced viscosity of 
a mixture of two polymers, we calculate a value neglecting 
the interactions between the different fractions. These cal- 
culated values are lower than the observed values, and this 
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result indicates that the interactions between the two dif- 
ferent polymers, especially above c*, exist and cause an 
extra expansion of the interpenetrating coils. 

Experimental part 

We have prepared poly(methyl methacrylate) (PMMA) 
and polystyrene (PS) samples using anionic polymeri- 
zation in tetrahydrofuran (THF) at -- 70 ~ Their ratio of 
weight to number-average molecular weights Mw/M, ,  as 
was determined by gel permeation chromatography,  never 
exceeds 1.1. 

Solutions of pure PS and P M M A  and of their mixtures 
presenting a weight ratio 1"1 were prepared in ethyl 
acetate. 

The viscosity measurements were carried out in a 
Schott Ger~te automated viscosity-measuring system with 
Ubbelohde-type viscometers, equipped with an automatic 
injection system (maximum error _+ 0.03%) for in situ dilu- 
tions. In order to eliminate any errors that could have been 
originated from concentration inaccuracies, some measure- 
ments were performed more than once. Reproducibility of 
the flow times was almost perfect. The temperature was 
25 ~ and controlled to within +_ 0.02 ~ 

The viscometric results are analyzed according to the 
"classic" equation 

tc = to{1 + c[t/] + c2[,712k ' + ...} (1) 

in which to is the efftux time of the polymer solution of 
concentration c, to is the efftux time of the solvent, [r/] is 
the limiting viscosity number  (intrinsic viscosity) of the 
polymer and k'  is the Huggins constant. Plotting 
(to - to)/to c as a function of c, we obtain a straight line the 
extrapolation of which to c = 0  gives [t/]. The quantity 
(to - to)/to Js called relative viscosity, lh, and the quantity 
th/C is the reduced viscosity, %. 

Results and discussion 

The critical concentration c* has been determined with 
mixtures of fractions of two different polymers and with 
mixtures of fractions of different molecular masses of the 
same polymer. It is evident that c* (crossover point in the 
variation of ~h/C (reduced viscosity, r/,) versus e, separating 
the dilute and semi dilute solutions) are also determined 
for each of the components of the mixtures (Table 1). The 
values of c* for PS, determined by viscometry, are well 
predicted by the relation c* = 0.5 [r/]-1 proposed in our 
previous work [4]. The same relation is proposed by 
Vidakovic et al. [5]. The values of c* tbr P M M A  are close 
to the values of c* for PS. 

The concentration in the onset of the first entangle- 
ments between the macromolecular  chains is in general ten 
times lower than the overlap concentration [6]. In this 
very low concentration region measurements are not pre- 
sented in this work. 

In Figs. 1 and 2, we present the variation of ~h/c as 
a function of the concentration c for fractions of PS and 
P M M A  and for the corresponding mixtures of these frac- 
tions. As we have already described in the experimental 
part, the mixtures consist of weight ratio 1 : 1 of the corre- 
sponding polymers. In these figures the arrows indicate the 
calculated mean value of the crossover concentrations of 

Table 1 Weigh t -ave rage  molecu la r  weight  of  po lys ty rene  (PS) and  of 
po ly (methy l  methacry la te )  ( P M M A )  and  their  critical c o n c e n t r a t i o n  
c* in ethyl  aceta te  at 25 ~ 

Sample 33% c*/(g/lO0 ml) 

PS 52 800 3.4 
PS 62 800 3.05 
PS 93 000 2.6 
PS 203 000 1.51 
PS 1 500 000 0.73 
PMMA 52 000 2.4 
PMMA 82 200 2.2 
PMMA 465 000 1.1 
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Fig. 1 Plot of lfi/c versus c for: m, PS (Mw = 1 500000); A, PMMA 
(Mw = 82 200) and D, 1 : 1 by weight mixture of the above polymers. 
Solvent is ethyl acetate at 25 ~ Dashed curve: see text 
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Fig. 2 Plot of rh/C versus c for: u, PS (Mw = t  500000); A, PMMA 
(Mw = 465 000) and c?, 1 : 1 by weight mixture of the above polymers. 
Solvent is ethyl acetate at 25 ~ Dashed curve: see text 

Table 2 Mixtures of polystyrene (PS) and poly(methyl methacrylate) 
(PMMA) of weight ratio 1 : 1; the obtained critical concentration c* 
of these mixtures in ethyl acetate at 25 ~ and the calculated critical 
concentration of the same mixtures, c*~, based on the critical con- 
centrations of each of the components of the mixtures, and applying 
the additivity rule 

Mixture c*/(g/lOOml) c%l:/(g/lOOml) 

PS 1 500000-PMMA 465000 1.37 
PS 52 800-PMMA 52 000 3.27 
PS 1 500 000-PMMA 82 200 2.68 
PS l 500 000-PS 93 000 2.80 
PS 1 500000-PS 62 800 3.20 
PS 1 500 000-PS 203 000 1.70 

0.91 
2.90 
1.52 
1.70 
1.90 
1.12 

the mixtures from the crossover points of the correspond-  
ing polymers (additivity rule). This mean value, c*,~o, for all 
the P S - P M M A  mixtures is lower than the observed criti- 
cal concentra t ion c* (Figs. 1, 2 and Table 2). 

The calculated mean value of the overlap concentra-  
tion of the mixture of the two polymers, c~,,o,* is obtained 
from the overlap concentrat ions of each pure polymer  
as it is obtained from the variat ion of th/C as a function 
of c of these polymers (Figs. 1 and 2). More  precisely, we 
have * =0 .5  * * Ccaic Cpolyml Jr- 0 . 5  Cpolym2. This relation also ex- 
presses the additivity rule or an "ideal" behavior  of the 
mixture of the polymers in the absence of interactions 
between them. 
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Fig. 3 Plot of ~Ti/c versus c for: I, PS (Mw =1 500000); A, PS 
(Mw = 62 800) and [], 1 : 1 by weight mixture of the above polymers. 
Solvent is ethyl acetate at 25 ~ Dashed curve: see text 

In Fig. 3, we present the determinat ion of c* by visco- 
metry using fractions of the same polymer, PS. The mix- 
tures of the two fractions of the same polymer  differing in 
molecular  weight and consequendy in segment density, 
present also a c* value higher than the concentra t ion 
calculated from the c* values of the corresponding frac- 
tions. These mean values, * ccal~, are indicated in the figure 
by an ar row and they are given in Table 2. 

The deviation of c* from the value obtained from the 
additivity rule, coalc,* is higher when the difference in the 
segment density of the corresponding fractions, as it is 
expressed by the difference of the inverse of their intrinsic 
viscosities, is also higher. In order to give a more  quanti-  
tative aspect to the resistance in the interpenetrat ion of 
two fractions of  different segment density, we display in 
Fig. 4 the difference between c* and * c~,~c as a function of 
the difference of the segment density [r/] ~-1 _ [r/]2*" The 
segment density is expressed here by the inverse of the 
intrinsic viscosity of each pure polymer of the mixture 
because we have from the F o x - F l o r y  equat ion 

~b(6R2)3/2 

[~] - M ' 

where the ratio of the molecular  mass of the chain, M, to 
its volume, expressed by R 3 (R the radius of gyration) is 
equal to the inverse of the intrinsic viscosity. This ratio 
gives the segment density of the chain. 

In Fig. 4, curve A is obtained with fractions of different 
chemical nature (PS and P M M A )  and  curve B is obtained 
with fractions of the same polymer  (PS). It is clear that  the 
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Fig. 4 Plot of (c* '* '* versus --C~a~)/Cr D1]i - 1 -  [r/]s * for: ", PS- 
PMMA 1 : 1 by weight mixtures and o, PS-PS 1 : l by weight mix- 
tures, in ethyl acetate at 25 ~ (point C: see text) 

deviation from the additivity rule strongly depends on the 
difference in the segment density or the molecular mass of 
the two fractions of the mixtures. This result is in accor- 
dance with the already observed increase of the incompati- 
bility between two polymers with increasing difference in 
their molecular masses [7-9].  We also observe that for the 
same difference in the segment density, the deviation in the 
case of P S - P M M A  mixtures is higher than in the case of 
PS-PS mixtures. In the same figure we observe that curve 
A tends to give a certain value for (c* "* * 

- -  Ccaic)/Ccalc even for 
[17]~ ~ - [1712 ~ =0. This deviation between the observed 
and the calculated value of the critical concentration c* 
even in the case of zero difference in the segment density 
between the two samples, must be attributed to the incom- 
patibility between PS and PMMA due to their different 
chemical nature. Curve B of Fig. 4 indicates that we have 
here a "new" incompatibility manifested by the resistance 
to the interpenetration of two fractions of the same poly- 
mer differing in the molecular mass and consequently in 
the segment density. This incompatibility between frac- 
tions of the same polymer but differing in their molecular 
masses, has been already observed in measurements of the 
intrinsic viscosity of one of the fractions in the presence of 
the other [10]. 

Another way to describe our viscometric results will be 
based in the following, on polymer solutions viscosity 
equations. Rewriting Eq. (1) for the efftux time t~a of the 
solution of a polymer A that is found at a concentration 
CA, w e  have 

= tO {1 + + c2b  + ... } ,  (2) 

where bA is related to the Huggins constant k), by the 
relation bA = k~[t/] 2. If now the polymer A presents a 

concentration c/2 (half of the total concentration c of the 
binary mixture) its reduced viscosity ~/rA must be given, 
according to Eq. (2), from the following relation 

~(CA=C/2) - -  /70 C 
17rA(cA=c/2) - -  t 0 ( c / 2  ) - -  [ ~ ] A  ~- ~ b A  @ "'" �9 (3) 

An equivalent equation can be written for polymer B. 
In the case of the mixture of the two polymers with 

a weight ratio 1:1 and total concentration c, the efflux 
time can be written as 

{ C C C2 C2 C 2 } 
t m = t o 1 + ~ [r/]a + ~ [fl]B + ~- bA + ~- bB + -~  bAB + .'- . 

(4) 

The term CACBbA~ or (c2/4)bAu expresses the interactions 
between polymer A and polymer B. The reduced viscosity 
of the mixture, ~,m, must be given by the relation 

t(c m = c) - -  to 
~]rnl - -  

t 0 c  

[~]A c t/] c c 
2 + 4 b A +  [2B b +~bAB+ " (5) = " - - q - ~  B , 

and from Eq. (3) we obtain 

/~rA(ca = c/2 ) 17rB(crl = c/2) C 
r/rm -- 2 + 2 + ~ bAg + "'" �9 (6) 

Using Eq. (6) and neglecting the term (c/4)bAB, we obtain 
an "ideal" reduced viscosity of the mixture of the two 
polymers which is indicated in Figs. 1 to 3 by dashed lines. 
Comparing these curves with the experimentally obtained 
curves, we observe that the crossover point coincides with 
the calculated values by applying the additivity rule on the 
crossover points of each fraction (these points are in- 
dicated, as we have mentioned, in Figs. 1 to 3 by arrows) 
and this is the principal result of these calculations. We 
must point out that the reduced viscosity of the mixture, 
especially above c*, is higher than the calculated values 
using the reduced viscosity of each fraction and applying 
Eq. (6), but ignoring the term (C/4)bAB. The non coinci- 
dence of the experimentally obtained curves with the so 
calculated curves, indicates that this term must be signifi- 
cant and provokes an extra expansion of the coils. 

The partial interpenetration of the coils starts below 
the concentration c* and to this interpenetration must be 
attributed the higher values of the observed reduced vis- 
cosities compared to the calculated ones. In any case the 
difference between measured and calculated values from 
Eq. (6) ignoring the term (c/4)bAB is lOW below the critical 
concentration c* (Figs. 1 to 3). This very low difference 
between observed and calculated values of reduced viscosi- 
ties indicates a low number of heterocontacts between 
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Fig. 5 Plot of log (;7]c) versus log c for: D, PS (M,, =210000); A, 
PMMA (Mw = 300000) and ,,, 1 : 1 by weight mixture of the above 
polymers. Solvent is benzene at 30~C. The arrow a indicates the 
calculated mean value and the arrow b the observed value of the c* of 
polymers mixture. The concentration is given in g/100 mL and ~h/c in 
mLg - 1 

c/c* 

interpenetrating chains of different chemical nature, or 
simply between chains of different segment density because 
below c* we have a low degree of interpenetration. On the 
contrary, for c < c* an important  number  of heterocon- 
tacts takes place between non interpenetrating chains of 
different segment density (intermolecular contacts) leading 
to a delay of the attainment of the homogeneous state of 
the solution (uniform spatial distribution of monomer  
units) or the complete interpenetration of the chains. As 
a consequence of these intermolecular contacts the overlap 
concentration c* of the mixtures shifts to higher concen- 
trations compared to the concentrations obtained from an 
additivity rule. Above c* the number of heterocontacts of 
the interpenetrating chains becomes increasingly impor- 
tant and the measured ~i/c values become increasingly 
higher than the calculated ones from Eq. (6) ignoring the 
term (c/4)bAB (Figs. 1 3). 

In Fig. 5, we display the variation oflog(rh/c) as a func- 
tion of log c for fractions of PS and P M M A  and for the 
corresponding mixture of these fractions. Although this 
logarithmic representation does not allow an accurate 
determination of the crossover point expressing the over- 
lap concentration, the c* value of the mixture is higher 
than the mean value obtained from the c* values of PS and 
PMMA. This deviation gives the point C in Fig. 4. 

It was already shown, studying the viscometric behav- 
ior of a polymer in the presence of a second polymer in the 
extremely dilute solution region, that the parameter  bAD 
expresses a hydrodynamic effect more than a thermody- 
namic one. For the same system of polymer A-polymer  B 
the values of bAB become more important  when the differ- 

Fig. 6 Variation of the parameter bAB as a function of the reduced 
concentration c/c* for the systems: curve A, PS (Mw = 1 500 000) - 
PMMA (Mw = 82 200) and curve B, PS (Mw = 1 500000) - PMMA 
(Mw = 465 000). Solvent is ethyl acetate at 25 ~ The unfilled points 
are obtained by extrapolation of the th/C values to the concentration 
5 x 10 a (gr mL- 1) for system A (Fig. 1) and c = 3 x 10- 2 (gr mL- 1) 
for system B (Fig. 2) 

ence between the segment density or the molecular weight 
of these polymers becomes higher [10]. This parameter  
was manifested even in the case of a mixture of two 
polymers of the same chemical nature but presenting a dif- 
ferent molecular weight or a different segment density. In 
this work this "repulsion" between polymers of different 
segment density is manifested by the resistance to the 
interpenetration of their molecular coils leading to a delay 
in the appearance of the overlap concentration. It is evi- 
dent that the parameter  bAB in the semi dilute solution 
region (c > c*), which we investigate mainly here, must be 
continuously increasing because the heterocontacts be- 
tween the two polymers continuously increase as a conse- 
quence of the increase of their interpenetration. This is 
clearly indicated by the deviation between the measured 
and the calculated "ideal" reduced viscosity, ignoring the 
parameter  bAB in Eq. (6) (Figs. 1-3). 

F rom the difference between the observed reduced 
viscosity ~lrm and the "ideal" reduced viscosity of the mix- 
ture, ~/rA/2 (CA = C/2) + 11rB/2 (CB = C/2), and according to 
Eq. (6), we have calculated the values of bAB for the two 
systems P S - P M M A  of Figs. 1 and 2. These values are 
presented, as a function of the reduced concentration c/c*, 
in Fig. 6. Using this concentration is reasonable because 
the number of heterocontacts between the interpenetrating 
chains depends on the "distance" of the concentration c, in 
which the measurement is contacted, from the overlap 
concentration c*. 

In Fig. 6, we observe that the values of bAB of the 
system PS: 1 500 0 0 ~ P M M A  : 82 200 (curve A) are higher 
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than the values obtained with the system PS: 
1 500 000-PMMA: 464 000 (curve B)if we are far from the 
overlap concentration c*. The two macromolecular chains 
of the former system present a difference in their segment 
density which is higher than the difference between the 
segment density of the chains of the la'tter system. As in the 
case of the study of the binary polymer mixtures in dilute 
solutions [ 10] the values of bAB are higher in the case of the 
system consisting of polymers presenting a higher differ- 
ence in their molecular weight. This result clearly indicates 
that even here the bAB parameter expresses a hydro- 
dynamic effect. 

If we approach the overlap concentration (c/c* = 1), 
intermolecular contacts between the non interpenetrating 
different chains appear leading to a contraction of these 
chains. This is to be distinguished from the case where 
heterocontacts between interpenetrating chains lead to an 
extra-expansion of these chains. The contraction of the non 
interpenetrating chains, due to the intermolecular contacts 
in the neighborhood and below c*, must be more pro- 
nounced in the case of systems presenting a higher differ- 
ence in the segment density of the chains [-7, 10]. Indeed, 
for the system PS: 1 500 000-PMMA : 82 200 (curve A, 
Fig. 6), the values of bAB expressing the extra-expansion of 
the interpenetrating chains presents an important decrease 
when we approach the overlap concentration. In the 
neighborhood of c* the bAB values of this system become 
even lower than the bAB value of the second system (curve 
B, Fig. 6), for which we expect a lower degree of contrac- 
tion due to the intermolecular contacts and, consequently, 
we observe a slow decrease of the extra-expansion or of the 

bAB. These polymers present a lower difference of segment 
density because the difference between their molecular 
masses (Mw ps/Mw PMMA = 3.22) is lower than in the case of 
the first system (MwPs/MwPMMA = 18.2). 

The delay in the appearance of the overlap concentra- 
tion of a mixture of two polymers comparing to the over- 
lap concentrations of the pure polymers observed in this 
work, are in accordance with previously obtained results 
indicating the existence of a resistance in the interpenetra- 
tion between polymer samples of different chemical nature, 
or of the same chemical nature, as is manifested by the 
decrease of the intrinsic viscosity and the second virial 
coefficient [-7, 10-12] or the radius of gyration [13, 14] of 
the one of the samples by the presence of the other sample. 
The contraction of the dimensions of one of the polymers 
(guest polymer) is higher when the difference in the seg- 
ment density between this polymer and the second poly- 
mer (host polymer) is also higher [-7, 10, 11]. The resistance 
to the interpenetration between different polymers which 
in the dilute solution region has given the decrease in their 
dimensions (intermolecular contacts) gives now a delay in 
their interpenetration (c* > C~alc). The repulsion between 
the different non interpenetrating chains leading to an 
extra-shrinking of these chains is also manifested here by 
the tendency of the experimental curves (r/r versus c) to be 
situated below the calculated ones when we are far below 
the overlap concentration c* (Figs. 1 to 3). Above the 
overlap concentration we observe an extra-expansion of 
the chains, in contrast to dilute solutions, because now the 
contacts are manifested between the interpenetrating 
chains of different segment density. 
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