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the calcium ion activity coefficient of the added CaClz in 
the absence of polyelectrolyte. Values of yCaz+O were 
calculated from the extended Debye-Huckel equation. 
(For salt-free solutions, X = m and 7caz+0 is obviously 
unity.) At any given ratio of polyelectrolyte to sim le salt, 
i.e., a t  constant X ,  a linear relationship with ( I F  is ob- 
served, as in the salt-free case. However, with decreasing 
X, the intercepts are seen to increase and the slopes de- 
crease. This behavior may be explained in terms of ad- 
ditivity; i.e., when 0.43 - 0.26{1/2 is substituted for (y&z+)= 
in eq 3, the variation of (ycaz+/y&z+o)~ with t at  any value 
of X is given by 

(5 )  
1 (-)x=ETi (0.43 - 0.26t1/2) + x+1 

The values of ( y & ~ / y ~ w O ) ~  for X = 5,1, and 0.5 predicted 
by eq 5 as a function of charge density are represented in 
Figure 3 by the broken lines. These are in excellent 
agreement with the experimental results, thereby demon- 
strating that additivity eq 3 is obeyed not only in the 
presence of monovalent counterions but with divalent 
counterions as well. 
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Effect of Charge Density and Ion Binding on Intrinsic Viscosity of 
Polyelectrolyte Solutions 
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ABSTRACT: Intrinsic viscosities of the Na+, K+, and “,+ salts of a series of acrylamide/acrylic acid copolymers 
of identical degree of polymerization but varying charge density have been determined at 25 O C  in aqueous 
solutions containing NaBr, KBr, or “,Bra It is demonstrated that when counterion binding is taken into 
account, a linear relationship between intrinsic viscosity and polyelectrolyte charge density is obtained when 
the molecular weight and concentration of simple electrolyte are kept constant. 

Introduction 
It is well established that the introduction of ionic groups 

onto a polymer results in its expansion in aqueous solution 
due to electrostatic repulsions between the ionic groups, 
with a concomitant enhancement of the solution viscosity. 
The addition of a simple electrolyte to the solution results 
in shielding of the ionic groups with a reduction of the coil 
dimensions. A number of studies dealing with the effect 
of simple electrolytes and molecular weight on the ex- 
pansion of polyelectrolytes have been reported and have 
been the subject of reviews.’P2 However, systematic in- 
vestigations of the effect of charge density on the viscosity 
of polyelectrolyte solutions are few.” Counterion-polyion 
interactions, particularly in the case of high charge density 
polyelectrolytes, have made interpretation of viscosity data 
problematic. Thus, comparisons with theory have gener- 
ally been restricted to low charge density polyelectrolytes 
with the assumption that counterion binding is insignifi- 
cant for these. However, recent s t u d i e ~ ~ ~ ~  of counterion 
activity coefficients of low charge density polyelectrolytes 
have revealed that even a t  very low charge densities 
(comparable to  10% neutralized poly(acry1ic acid)) ap- 
proximately 20% of monovalent counterions are effectively 
bound to the polyion. Similar observations have been 
made with counterion self-diffusion coefficients with low 
charge density polyelectrolytes.8 

To meaningfully study the relationship between charge 
density and viscosity of polyelectrolyte solutions, it is es- 
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sential to keep the primary structure and degree of po- 
lymerization constant, while varying the degree of ionic 
character of the polyelectrolyte. A facile way of achieving 
this is to partially neutralize weak polybase or polyacid 
polymers, such as poly(vinylpyridine)B or poly( acrylic 

(PAA), to various extents. However, this approach 
can create difficulties, particularly a t  low degrees of neu- 
tralization, where self-ionization of the polyelectrolyte may 
occur and create ambiguities in interpretation of the re- 
sulting viscosity data. To overcome this difficulty in the 
present study, we determined intrinsic viscosities for 
acrylamide/acrylic acid copolymers fully neutralized with 
Na+, K+, or NH4+ ions, with the charge density being 
varied by the acrylic acid content of the copolymer. The 
spacing of char ed groups in these polyelectrolytes ranged 

between 10 and 65%. The relationship between intrinsic 
viscosity and charge density, simple salt concentration, and 
counterion binding will be discussed. 

Experimental Section 
Acrylamide/acrylic acid copolymers of differing acrylic acid 

content but identical degree of polymerization were prepared by 
alkaline hydrolysis of polyacrylamide (PAM) purchased from 
Polysciences. The viscosity-average molecular weight of the 
nonionic PAM was determined to be 1.5 X los, using the rela- 
tionship of Klein and Conrad.lo The hydrolysis was carried out 
in the presence of NaOH at 60 “C at the conditions described 
in Table I. Following hydrolysis, the solutions were acidified 

from 3.9 to 25 1 , which is comparable to PAA neutralized 
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Table I 
Conditions for Hydrolysis of PAMa and Several Properties 

of the Resulting Polyelectrolytes 

Macromolecules 

NaOH 
concn, hydrolysis mol % 

sample N time, min hydrolyzed b , b A  E 
HPAM-0.6' 0.6 417 0.02 
HPAM-11 0.1 15 11 23 0.31 
HPAM-22 0.1 60 22 11 0.63 
HPAM-39 1.0 15  39 6.4 1.11 
HPAM-60 1.0 120 60 4.2 1 . 7 1  
HPAM-65 1.0 300 65 3.8 1.85 

a Hydrolysis temperature 60 * 2 'C, PAM concentration 
16.5 g/L. Based on a spacing of 2.5 A for vinyl groups. 
' Due to the very low charge density and the nonavailabil- 
ity of completely nonionic polyacrylamide, this polymer 
will be referred to as nonionic. 

to a pH below 1 and then purified by exhaustive dialysis against 
doubly distilled water. Concentrations of the resulting polyacid 
stock solutions were determined by drying several aliquots of the 
stock to constant weight in a vacuum oven at 60 "C. Equivalent 
weights (degree of hydrolysis) of the purified samples were de- 
termined by potentiometric titration of the purified polyacids with 
NaOH. All polymer samples were labeled HPAM-y, where y 
denotes the degree of hydrolysis (i.e., mole percent acrylic acid 
content of the copolymer). The polyacids were converted to their 
Na+, K+, or NH4+ salts with their respective hydroxides. 

Intrinsic viscosities [q]  of the polyelectrolyte salts were de- 
termined at 25 f 0.05 "C in an Ubbelohde viscometer, using a 
minimum of five polyelectrolyte concentrations (0.1 g/dL and 
lower) for each intrinsic viscosity determination. Dilutions were 
made in the viscometer, keeping the concentration of simple salt 
constant. Plots of the reduced viscosity against polyelectrolyte 
concentration were linear, thereby enabling the usual extrapolation 
to obtain [q] .  Although measurements were made on the Na+, 
K+, and NH4+ salts of the polyelectrolytes, the reported values 
of [q]  are calculated as dL/g of the hydrogen form of the co- 
polymer. The use of these concentration units facilitated the 
comparison of viscosity data for the different ionic forms. Since 
the viscosities were determined in relatively high simple salt 
concentrations, shear corrections were not necessary. 

Analytical grade NaBr, KBr, and NH4Br were used without 
further purification. All solutions were prepared by volumetric 
dilution of the appropriate simple salt and polyelectrolyte stock 
solutions. 

Results and Discussion 
Intrinsic viscosities of the fully neutralized sodium 

poly( acrylate-acrylamide) polyelectrolytes listed in Table 
I were determined at 25 "C in 0.10, 0.25, 0.50, 0.75, and 
1.50 N aqueous NaBr solutions. The results are plotted 
in Figure 1 as a function of the dimensionless charge 
density parameter, 4, frequently used to characterize po- 
lyelectrolytes 

4 = e2 /DkTb  (1) 

where e is the charge on a proton, D is the bulk dielectric 
constant, It  is the Boltzmann constant, T i s  the absolute 
temperature, and b is the average stoichiometric spacing 
of charges along the contour length of the polyion. The 
importance of 5 and its influence on the properties of 
polyelectrolyte solutions has been propagated by Man- 
ning."-13 The values of b and 4 for each of the polyelec- 
trolytes used in this study are given in Table I. A t  any 
given concentration of simple salt, [ q ]  is seen to  increase 
with increasing charge density, with the largest increase 
being between 4 = 0 and 4 = 1, followed by a much smaller 
rate of increase with further increases in the charge density. 
This trend is most pronounced at the lower ionic strengths, 
while at the three highest salt concentrations, the intrinsic 
viscosity is nearly constant above t = 1. A t  any fixed 

I I 'PI 
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0.5 1.0 1.5 20 
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Figure 1. Dependence of the intrinsic viscosity of NaPAM-y 
polyelectrolytes on the charge density parameter 5 in aqueous 
solutions containing 0.1 (e), 0.25 (a), 0.5 (a), 0.75 (O), and 1.5 
(0) N NaBr at 25 "C. The units of [ q ]  are dL/g of the hydrogen 
form of the polyelectrolyte. 

Figure 
Dolvelec 

5 
2 

Intrinsic viscosities of Na+, K+, and 1 
dvtes at 25 " C  in aaueous solutions of 0. 

+ PAM-y 
)) and 1.5 

?OjN NaB;, 0.1 (A) and 1.5 (A) N KBr, or 0.1 (0) and 1.5 (m) 
N NH4Br. The units of [ q ]  are dL/g of the hydrogen form of the 
polyelectrolyte. 

charge density, [ q ]  is seen to decrease with increasing 
concentration of simple electrolyte. It is interesting, 
however, that [q]  for the "nonionic" polyacrylamide (which 
actually is 0.6% hydrolyzed but will be referred to as 
nonionic throughout this discussion) increases slightly with 
increasing NaBr concentration. Analogous results have 
been reported for nonionic polyacrylamide (0.3 % hydro- 
lyzed) in aqueous NaCl  solution^.'^ This behavior may be 
due to site binding of sodium ions with the electron-rich 
polar amide groups on polyacrylamide, resulting in a 
pseudopolyelectrolyte. 

A comparison of the viscosities of the same series of 
PAM-y polyelectrolytes as their Na+, K+, and NH4+ salts, 
each respectively in 0.1 and 1.5 N aqueous Na+, K+, or 
NH4+ bromide solutions, is shown in Figure 2. For all 
three counterions the same general trends are observed, 
i.e., the large initial increase in [q]  with increasing charge 
density, with a gradual leveling off at higher charge den- 
sities. However, small specific effects are noted. In 0.1 
N salts the viscosities obtained with Na+ and K+ coun- 
terions are identical, while the NH4+ salts give lower in- 
trinsic viscosities. In 1.5 N salts, however, the K+ and 
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NH4+ polyelectrolytes give identical viscosities, while the 
Na+ viscosities are lower. For nonionic PAM, the same 
dependence of [a] on salt concentration is observed for all 
three counterions, i.e., small increase in [77] with increasing 
ionic strength. 

Although a number of theoretical treatments for the 
expansion of a polyelectrolyte in the presence of simple 
electrolyte have been reported, the above results are most 
readily correlated with the relationship derived by Flory15 

(2) 

where a, the linear expansion factor of the polyelectrolyte, 
is defined by 

a 5 -  a 3 =  C' + 2CIi2WJ2/C, 

a3 = [aI/IaIe (3) 

where [q] and [ale are the respective intrinsic viscosities 
of the polyelectrolyte a t  the given conditions and under 
random flight conditions, i.e., in a 8 solvent, C' is the 
nonionic contribution to expansion, and the second term 
in eq 2 is the ionic contribution, which is dependent on 
the polyelectrolyte molecular weight M ,  the ionic strength 
of the added simple electrolyte C,, the degree of ionization 
i of the polyelectrolyte, and the quantity CI, given by 

CI = (33 X 103/29&r3/2)((~02)/M)-3/2N-1M 0 -2 (4) 

where N is Avogadro's number, Mo is the length of a mo- 
nomer unit, and ((ro2)/M)1/2 is the characteristic ratio of 
the polymer, which is a measure of the backbone stiffness 
and has been found to be essentially independent of the 
nature of the solvent for several nonionic and ionic poly- 
mers. 

Equation 3 takes into account ionic, as well as nonionic, 
contributions to the expansion of the polyelectrolyte over 
its random flight configuration. However, since the non- 
ionic contribution is usually assumed to be small compared 
to the electrostatic contribution, a5 - a3 for ionic polymers 
is taken to be a measure of the electrostatic expansion of 
the polyelectrolyte. 

For the present discussion a linear electrostatic expan- 
sion factor a, is defined 

a,3 = [771/[910 (5) 
where [710 is the intrinsic viscosity of the nonionic "parent" 
polymer determined at  the same experimental conditions 
as [a ] ,  in this case the intrinsic viscosity of PAM measured 
at  25 "C and at  the same simple salt concentration. Thus 
a, should be a measure of only the electrostatic expansion 
of the polyelectrolyte, i.e., the expansion beyond its non- 
ionic dimensions, and a,5 - a,3 Bhould be expected to vary 
linearly with l/C,, as was prewously shown for a5 - a3 vs. 
1/C, with other polyelectrolytes.24 As expected, for each 
of the polyelectrolytes presently under investigation, a,5 
- ay,3 does vary linearly with l/C,, as shown in Figure 3, 
with the slopes increasing with increasing charge density 
of the polyelectrolyte and approaching zero as t approaches 
zero. According to eq 2, with a knowledge of i and Mo, the 
characteristic ratio ((ro2)/M)1/2 for each of the polyelec- 
trolytes can be obtained from the slopes in Figure 3. Such 
a calculation was performed, with Mo for NaPAM-y being 
the molecular weight of a polyion segment containing a 
single charge (i.e., Mo decreases with increasing .$), and thus 
the stoichiometric value of i is in all cases unity. However, 
i t  has been shown that experimentally determined slopes 
are significantly lower than predicted by eq 2, particularly 
for polyelectrolytes of high charge den~ i ty .4~  This dis- 
crepancy between theory and experiment has been at- 
tributed to the fact that counterions bind to macroions, 
thereby lowering the degree of dissociation of the polye- 
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8 

C,' 
Figure 3. Dependence of a: - a: on C, at 25 "C for NaPAM-y 
copolymers of different charge density: (0) E = 0.31; (0) [ = 0.63; 
(a) [ = 1.11; (0) = 1.71; (0) [ = 1.85. 

lectrolyte to a value much lower than its stoichiometric 
value of i. Thus it has been suggested that effective values 
of i be employed in eq 2, instead of stoichiometric Val- 
ues.16J7 However, the nature of the correction to be applied 
to i has not yet been established. 

In a recent publication it was reported6 that activity 
coefficients of monovalent sodium counterions YNat in 
salt-free solutions of sodium acrylate/acrylamide co- 
polymers varied linearly with the polyelectrolyte charge 
density 

(6) 
where 0.42 was interpreted to be a measure of the elec- 
trostatic interaction of the counterions with the polyion 
and the departure of 0.96 from unity was interpreted to 
be due to specific interactions of sodium ions with the 
polyelectrolyte. In the presence of simple electrolyte, even 
excess simple electrolyte, it was found that the contribu- 
tions from the polyelectrolyte and added simple salt to the 
measured activity coefficients were additive; i.e., activity 
coefficients of the sodium ions originating from the po- 
lyelectrolyte were unaltered by the addition of simple 
electrolyte, and the activity Coefficients of the counterions 
originating from the added simple electrolyte were the 
same as in the absence of polyelectrolyte. From this it 
would appear that the effectiue degree of dissociation of 
the polyelectrolyte (which may include both condensation 
and Debye-Huckel interaction) is not altered by the 
presence of simple electrolyte. Therefore, it would seem 
reasonable to employ salt-free values of YNat to correct i 
to its effective value. Using YNat values (calculated from 
eq 6) for i in eq 2, we calculated ( (  r:) /M)'I2 values for each 
of the NaPAM-y copolymers of different charge density. 
These are listed in Table 11. It is particularly interesting 
that the value of (( ro2) /M)1/2 is constant over all charge 
densities, with an average value of 2.48 f 0.08 A. However, 
the literature valuela for the characteristic ratio of nonionic 
polyacrylamide is 1 A. Since the expansion factor was 
calculated by eq 5, using the intrinsic viscosity of nonionic 
polyacrylamide at  25 "C and not of the polyelectrolyte in 
a 8 solvent, as called for in eq 2, the average calculated 
value of 2.48 A for ((ro2)/M)lJz must be interpreted to be 
that of nonionic PAM at  25 "C and not its random flight 
value. 

The constancy of (( ro2) /M)' /2 for all charge densities 
suggests that the intrinsic viscosity of the polyelectrolyte 
solution should be a sum of the ionic and nonionic con- 

YNa+ = 0.96 - 0.42f'J2 
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Table I1 
Slopes of the Linear Plots Shown in Figure 3 and the 

Values of (troZ)/M)l'Z Calculated from the Slopes 
E slope ( Wo1) / M ) 1  ' 2, a, b A 

0.31 0.08 2.48 
0.63 0.27 2.37 
1.11 0.52 2.49 
1.71 0.72 2.58 
1.85 0.85 2.49 

av 2.48 f 0.08 

a Calculated from eq 2 and 5. Does not refer to o 
conditions; see text. 

Macromolecules 

5 
Figure 4. Dependence of ([?I - [qlO)/(l - 0.42€'/') on € for 
NaPAM-y copolymers in 0.1 (e), 0.25 (a), 0.5 (O), 0.75 (O), and 
1.5 (0) N NaBr. 

tributions, with the ionic component being a function of 
the charge density and the effective degree of dissociation 
of the ionic groups and the nonionic component being 
independent of these variables. Thus i t  will be demon- 
strated that the intrinsic viscosity of a polyelectrolyte 
solution may be empirically expressed by 

[TI = [do  + [ole = [ d o  + kf(1 - o.42f1'2) = [TI0 + kfrl 
(7) 

where [o] is the intrinsic viscosity of the polyelectrolyte, 
[.?lo is the viscosity of the nonionic parent polymer, [VI, 
is the electrostatic component of the intrinsic viscosity, the 
quantity 1 - 0.42t1/' is the monovalent counterion activity 
coefficient y1 in a salt-free solution of the polyelectrolyte 
(as given by eq 6), which for the reasons discussed above 
is here considered to be a measure of the effective degree 
of dissociation, and k is a measure of polymer-solvent 
interactions. The term kf can be viewed as the viscosity 
due to the hypothetical maximum electrostatic expansion 
of the polyion of charge density f in the absence of any 
counterion-polyion interactions, and 0.42kf3/' as the re- 
duction in kf due to interaction of the polyion with its 
monovalent counterions. At any given concentration of 
simple salt, plots of ([VI - [410)/(1 - 0.42f1/2) vs. f are h e a r  
and go through the origin, as shown in Figure 4 for the 
series of sodium polyelectrolytes presently under inves- 
tigation. The values of k ,  determined as the slopes of these 
plots, are shown in Figure 5 to linearly increase with the 
inverse square root of the simple salt concentration. 
Further discussion of k will be deferred in order to test eq 
7 with other polyelectrolyte systems. 

Nagasawa et  al.4 measured intrinsic viscosities for 
aqueous NaBr solutions of different molecular weight 
samples of PAA neutralized with NaOH to various extents 

k 

I I I 

I I I 
1 2 3 

cs- "2 

Figure 5. Dependence of interaction constant k on C, for Na+ 
(a), K+ (A), and NH4+ (0)  PAM-y copolymers, respectively, in 
NaBr, KBr, and NH4Br. 

5 
Figure 6. Dependence of ([VI - [dO)/(l - 0.42€'/2) on f' for sodium 
polyacrylates of molecular weight 1.2 X 106 (0) and 5.3 X 106 (0) 
in 0.1 N NaBr. Data from ref 4. 

Table 111 
Values of the Interaction Constant k in Eq 7 for the Na', 

K+, and NH,+ Polyelectrolytes of HPAM-y in Aqueous 
Solutions Containing NaBr, KBr, or NH,Br 

salt k, dL/g 
concn, N Na+ K' NH,+ 
0.1 19.3 19.6 17.2 
0.25 11.4 
0.5 6.2 
0.75 5.6 
1.5 3.4 4.9 5.2 

(0-100%). For any given molecular weight and simple salt 
concentration, the variation of [q] with 5,  which ranged 
between 0.3 and 2.8, was qualitatively similar to that shown 
in Figure 1. Since the charge density dependence of mo- 
novalent counterion activity coefficients given by eq 6 has 
been shown to hold for a number of polyelectrolytes6Je 
other than our NaF'AM series, eq 7 should also be appli- 
cable to other polyelectrolytes. This indeed is so for the 
PAA data of Nagasawa et al., as shown in Figure 6, where 
plots of ([VI - [tl0)/(l - 0.42f1/') for two molecular weight 
samples (1.2 X 105 and 5.3 X 105) in 0.01 N NaBr are linear 
and go through the origin, with the slope k being larger 
for the higher molecular weight polymer. In addition, for 
the K+ and NH4+ copolymers, the values of ([?I - [olO) / (1 
- 0.42t1l2), illustrated in Figure 7, follow the linearity with 
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Figure 7. Dependence of ([TI - [7],,)/(1- 0.42t1/’) on t for Na’, 
K+, and NH4+ PAM copolymers in 0.1 (0) and 1.5 (0) N NaBr, 
0.1 (A) and 1.5 (A) N KBr, and 0.1 (0) and 1.5 (B) N NH4Br, 
respectively. 

[ predicted by eq 7, with the values of k, given in Table 
III and Figwe 5, closely approximating those obtained with 
the NaPAM polyelectrolytes. The intercepts in Figure 5 
may reflect the incompatibility of the salt with the un- 
charged parent polymer, although suitable data for veri- 
fying this are not available. 

An interesting aspect of the ([q] - [77lO/(l - 0.42f112) vs. 
[ curves is that k, the slope of these curves, can be related 
to  B in the Stockmayer-Fixman20 equation 

[q] = KMI2 + 0.514BM (8) 
where 4 is the Flory constant, K is a constant related to 
the unperturbed dimensions of the polymer, M is the 
molecular weight, and KM12 = [qle. I t  has been demon- 
strated by Nagasawa et ala4 that for polyelectrolytes, B can 
be considered as an apparent long-range interaction pa- 
rameter, which may be determined from the slope of the 
linear plots of [q]/M12 vs. MI2. These authors further 
showed that B varies linearly with the inverse of the square 
root of the simple salt concentration and may be expressed 
as a sum of nonelectrostatic, Bo, and electrostatic, Be, in- 
teractions 

(9) 

where B’is a numerical constant, and f ( [ )  is an increasing 
function of charge density, although neither the form of 
this functionality nor the numerical values of B’ were 
defined. Bo was shown to be independent of 5 ,  and its 
value was small compared to Be, which increased sharply 
a t  low charge densities, gradually leveling off a t  higher 
charge densities (qualitatively resembling the plots of [q] 
vs. E in Figure 1). 

Since the present study does not deal with 0 solvent 
measurements and operationally defines the expansion 
factor ae as the expansion of a polyelectrolyte beyond its 
nonionic dimensions, it is convenient to empirically recast 
the theoretical expression given by eq 8 as 

[VI =   lo + 0.514Bfl (10) 
I t  should be recalled that [?lo does not refer to a 8 solvent. 
The second term in eq 10 and the second term in eq 7 
should then be equal, and thus 

(11) 
where for Na+ counterions with our series of copolymers 

(12) 

B = Bo + Be = Bo + B’f([)/Cs112 

Be = k[(1 - 0.42[’/2)/0.514M 

k = -2.0 + 7.0/C,1/2 

I I 

5 
Figure 8. Comparison of the dependence of Be on 6 for NaPAA 
and NaPAM-y. The lines are, from top to bottom, the values for 
NaPAM calculated by eq 11 and 12, for 0.01,0.025,0.1, and 0.5 
N NaBr; the points are the values reported in ref 4 for NaPAA 
in 0.01 (O) ,  0.025 (O), 0.1 (@), and 0.5 (0) N NaBr. 

With a value of 2.87 X 1021 for 4 and 1.5 X lo6 for the 
molecular weight, the charge density dependence of Be for 
several concentrations of Nal3r was calculated by eq 11 for 
our NaPAM polyelectrolytes. The resulting values of Be/ (1 
- O.42t1I2) are represented as solid lines in Figure 8 and 
are shown to vary linearly with f .  (Note that B J ( 1  - 
0.42t1/2) was also calculated for 0.01 and 0.025 N NaJ3r and 
extended to [ = 3, although experiments were not per- 
formed at  these concentrations of salt, and the highest 
charge density NaPAM investigated had a [ value of 1.85.) 
The values of Be thus calculated are compared in Figure 
8 with the values of Be reported by Nagasawa et al.‘ for 
partially neutralized sodium polyacrylates. The agreement 
between the values of Be for the NaPAM and NaPA po- 
lyelectrolytes is good. This is particularly remarkable when 
it is considered that in the present study Be was calculated 
from the variation of [v] with charge density while the 
molecular weight was kept constant, whereas in the Na- 
gasawa study Be was calculated from the molecular weight 
dependence of [q]  while the charge density was kept con- 
stant. 

The agreement in Be for the two different series of po- 
lyelectrolytes appears to indicate that specific effects due 
to the nature of the polyelectrolyte play only a minor role 
in the electrostatic expansion of a polyelectrolyte. How- 
ever, such generalization is premature and similar inves- 
tigations employing polyelectrolytes with ionic groups 
other than carboxyl groups and stiffer backbone structures, 
such as ionic polysaccharides, should be undertaken. 
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ABSTRACT Inverse gas chromatography has been used to investigate the thermodynamic miscibility behavior 
of molten polystyrene-poly(n-butyl methacrylate) blends as a function of blend composition, temperature, 
and polystyrene molecular weight. A generally consistent and realistic measure of the polymer-polymer 
interaction has been obtained with this technique. The results suggest that there are no strong attractive 
forces between these two polymers. The combination of chromatographic and calorimetric data indicates 
that whereas blends of poly(n-butyl methacrylate) with high molecular weight polystyrene are immiscible, 
the corresponding blends with low molecular weight polystyrene are miscible over the whole range of composition. 
The resultant miscibility arises from more favorable entropic effects on lowering the molecular weight. 

Introduction 
Inverse gas chromatography (IGC) is generally recog- 

nized as a fast and reliable method for quantitative 
evaluation of polymer-solute  interaction^.^^^ However, the 
technique can also be used to measure the interaction 
between two polymers in a mixed stationary phase. This 
is accomplished by analyzing the interaction between the 
volatile probe (1) and each of the two nonvolatile com- 
ponents (2 and 3), and then with a mixture of components 
2 and 3. 

In general, classical Flory-Huggins theorp can be used 
to interpret the results and to determine the x2< inter- 
action parameter, which is a measure of the thermody- 
namic miscibility of the two polymers. Some mixtures that 
have been studied by IGC include poly(viny1 chloride) with 
di-n-octyl phthalate (DOP)5 and poly(t-caprolactone),6 
polystyrene with poly(viny1 methyl ether),' poly(di- 
methylsiloxane) with tetracosane and DOP? and sty- 
rene-dimethylsiloxane block copolymers and blendsSB 

This report presents self-consistent polymer-solute and 
polymer-polymer interaction parameters for several 
polystyrene-poly(n-butyl methacrylate) blends.1° These 
systems were investigated in the molten state by IGC as 
a function of temperature, blend composition, and poly- 
styrene molecular weight. In addition, thin films of these 
blends were prepared and investigated by differential 
scanning calorimetry (DSC) in order to confirm the results. 
A previous publication describes the thermodynamic 
miscibility of the parent homopolymers as well as the 
behavior of some styrene-butyl methacrylate copolymen.'l 

Experimental Section 
Materials. All solutes were chromatoquality or reagent grade 

and were used without further- purification. The polystyrene 
samples (PSH: M, = l l O O O O ,  M,/M,, C 1.06; PSL: M,, = 1709, 
A?,/&f, C 1.06) were obtained from Polysciences and Pressure 
chemical Co., respectively. Poly(n-butyl methacrylate) (PnBMA: 
M, = 320 OOO, M,, = 73 500) was obtained from Aldrich. 

Columns. The columns were prepared in the usual manner. 
The polymers were coated from a benzene solution onto Chro- 
mosorb G (AW-DMCS treated, 70/80 mesh). After drying in a 
vacuum oven for ca 48 h at 60 "C, the coated support was resieved 
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Table I 
Stationary Phase and Column Parameters 

wt of column 
loading, polymer, length, 

polymer % wlw I cm 
PSH 7.45 1.1778 152 
PSL 10.72 1.3120 116 
PnBMA 8.19 1.2656 152 
PSH-PnBMA blends 

PSL-PnBMA blends 

30 wt % PSH 
58 wt % PSH 

15 wt % PSL 
27 wt % PSL 
30 wt % PSL 

40 wt % PSL 
58 wt % PSL 
80 wt % PSL 

35 wt % PSL 

9.47 
9.80 

10.51 
9.4 2 

10.20 
10.36 
10.34 
10.60 
10.36 

1.1399 
1.1658 

0.9908 
0.8090 
1.0404 
0.9813 
0.9985 
1.1893 
1.2432 

114 
117 

91 
91 
91 
91 
91 

107 
107 

and then packed into 48-mm-i.d. copper columns. The total 
percent loading of polymer on the support was determined by 
calcination using a suitable blank correction. The relative con- 
centration of polymers in the blends is assumed to be identical 
with that in the original solution prior to deposition on the inert 
support. Columns were conditioned under nitrogen for 3 h at 100 
"C above their glass transition. A description of the columns is 
given in Table I. 

Instrumentation. The gas chromatographic (IGC) mea- 
surements were carried out with a Hewlett-Packard 5830A gas 
chromatograph, which was equipped with a dual flame ionization 
detector. The experimental setup and procedure have been de- 
scribed in a previous publication." 

The calorimetric measurements (DSC) were carried out with 
a Du Pont 990 thermal analyzer (approximately 10 mg of sample) 
at a scan rate of 5 "C/min (second run). The glass transition 
temperature was taken as the onset of the transition. 

Data Reduction. Specific retention volumea, V; (cm3/g), were 
computed in the usual manner"J2 

v," tNFJ/WL (1) 

where tN is the net retention time for the probe, F is the carrier 
gas flow rate at 0 "C and 1 atm (STP), J is a correction factor 
for gas compressibility, and wL is the weight of polymer in the 
column. 
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