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ABSTRACT: Absorption measurements in the near-UV of partially neutralized poly(acry1ic acid) (PAA) 
in methanol a t  room temperature again confirm that these solutions behave qualitatively differently if Na+ 
is the counterion than if Li+ is the counterion, a t  least for degrees of dissociations a > 0.10. Although in both 
cases some of the effects observed may be attributed to ion pairing, no inconsistency with the occurrence 
of a conformational transition for NaPAA/PAA around a = 0.15 is found. In the general discussion the 
importance of the solvent quality for understanding these prbperties is stressed, which is determined not only 
by tHQ macromolecular chain and its functional groups but in polyelectrolyte solutions also by the nature 
of the counterion. It is postulated that in methanol at room temperature slightly neutralized PAA is already 
near 8-conditions. Increasing the degree of neutralization probably increases the 8-temperature of the systems 
depending on the nature of the counterions, the increase being faster when Na+ is the counterion than when 
Li+ is the counterion. In the presence of Na+ a collapse of the chain into a compact particle with low net 
charge occurs, which qualitatively may be understood by the condensation avalanche effect proposed by 
Khokhlov. The better solvation of Li+ in methanol seems to prevent the same effect if PAA is neutralized 
by CH30Li at room temperature. 

I. Introduction 
It has been shown in the previous papers (parts 1 and 

2) that the physicochemical behavior of partially neu- 
tralized poly(acry1ic acid) (PAA) in methanol a t  room 
temperature is determined to a great extent by the nature 
of the alkali metal counterion present in the solution. 
When titrated with CH30Na, PAA seems to undergo a 
conformational transition in the range of degree of disso- 
ciation 0.10 < a < 0.25. No such conformational transition 
was observed over the course of the titration with CH30Li. 
But in the latter the change of several experimental 
quantities with respect to those in the titration of PAA in 
water suggests that other than purely electrostatic effects 
in tenm of the classic polyelectrolyte theory may (partially) 
be responsible for these changes. It may therefore be 
interesting to investigate whether in both cases specific 
interactions between ionized groups on the polyion and the 
counterions may be in part responsible for the observed 
behavior. In general, spectroscopic methods can be used 
to study such interactions, in particular if they involve 
binding or change in solvation of the absorbing group(s). 
A quantitative analysis is possible only whenever the ex- 
tinction coefficients of all species involved can be deter- 
mined independently of each other. 

The near-UV absorption of carboxyl and carboxylate 
groups of PAA in methanol and its dependence on the 
degree of dissociation, counterion, molar mass, and con- 
centration have therefore been studied. In the case of a 
simple acid-base equilibrium when only two absorbing 
species, represented by AH and A-, are present, the ab- 
sorbance at a given wavenumber u, A(u),  will depend lin- 
early on the  degree of dissociation according to the equa- 
tion 

(1) 
Here, ti( a) represents the molar extinction coefficient of 
species i at wavenumber a, C the total concentration of the 
acid, and b the path length. In the case of a polyacid with 
monomolar concentration Cp. in which each monomeric 
unit carries an acid group, this leads to the following ex- 
pression for the reduced absorbance A. 

A(C) = bCkAH(u) + a[t~-(u) - tAH(u)]j 
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Equations 1 and 2 imply the existence of an isosbestic 
point a t  a wavenumber where tAH = tA-, Such an isosbestic 
point has indeed been found over the complete range of 
titration for PAA in water, and eq 2 was c ~ n f i r m e d . ~ ~  For 
the titration of PMA in water, the linear relation (2) was 
not obeyed but the reduced absorbance could be inter- 
preted in terms of the conformational transition that 
poly(methacry1ic acid) undergoes over the course of its 
t i t r a t i ~ n . ~  The same approach will be followed in the 
discussion of the spectrophotometric titration of PAA in 
methanol a t  room temperature. At the end of that dis- 
cussion we shall present a survey of all the experimental 
evidence obtained so far and a tentative interpretation for 
the behavior of PAA in methanol. 

11. Experimental Section 
Poly(acry1ic acid), methanol, and the methoxides were as de- 

scribed in part l. 
Spectra were recorded with a double-beam DMR 21 spectro- 

photometer (Carl Zeiss, Oberkochen), and absorbances a t  fixed 
wavenumbers were measured with a single-beam PMQ I1 spec- 
trophotometer (Carl Zeiss, Oberkochen). UV precision cells with 
Teflon stoppers were used; path lengths were 0.1, 0.2, 0.5, and 
1.0 cm, depending on the polymer concentration. The temperature 
was kept constant a t  20 "C. 

Samples were obtained either by preparing a range of solutions 
of fiied C, at different a before the measurements or by weighing 
a poly(acrylic acid) and a polyacrylate stock solution in different 
proportions in a cuvette. The absorbance appeared to be inde- 
pendent of the preparation procedure used. 

Careful correction for the absorbance of the solvent was nec- 
essary a t  the wavenumbers investigated as methanol absorbs 
already considerably above 45000 cm-l. In addition, the absor- 
bance of O2 present in the solution interferes with the spectrum 
of methanol.@ However, it was not easy to perform measurements 
under a nitrogen atmosphere with the experimental setup used. 
For these reasons quantitative measurements have been carried 
out from 44000 to 48000 cm-' on rather concentrated solutions. 
Reproducibility under these conditions was found to be within 
4%. For such concentrations methanolysis could also be neglected. 

0 1984 American Chemical Society 
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Fi ure 1. Absorbance vs. wavenumber LT for PAA ( M  = 5.7 X 
l a g  mol-') in methanol (C, = 3.81 X monomol L-l) partially 
neutralized by CH30Na: (1) a = 0.00, (2) 0.15; (3) 0.45; (4) 0.70; 
(5) 0.90. Path length 0.2 cm. 
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Figure 2. Absorbance vs. wavenumber for PAA ( M  = 5.7 X lo4 
g mol-') in methanol (C, = 3.81 X monomol L-l) partially 
neutralized by CH30Li: (1) a = 0.00; (2) 0.32; (3) 0.46; (4) 0.66; 
(5) 0.85. 

111. Results 
In Figures 1 and 2, spectra of PAA (M = 5.7 X lo4 g 

mol-') in methanol partially neutralized with CH30Na or 
CH30Li to different degrees of dissociation are presented. 
For comparison analogous spectra for acetic acid in 
methanol are given in Figure 3. For the acetic acid/ 
acetate mixtures the spectra exhibit an isosbestic point 
over the complete range of degree of dissociation. For the 
case of poly(acry1ic acid)/polyacrylate the isosbestic point 
is only present for a limited range of a-values, which is 
broader if Li+ is the counterion than if Na+ is the coun- 
terion. 

The presence of more than two absorbing species at 
higher a for PAA in methanol is clearly demonstrated by 
the plots of A vs. a in Figures 4 and 5. Results at four 
different wavenumbers are presented for PAA of two molar 
masses and of different concentrations. No straight lines 
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Figure 3. Absorbance vs. wavenumber for acetatelacetic acid 
mixtures in methanol (c = 4.90 X M) at different ratios r: 
(1) r = 0.00; ( 2 )  r = 0.20; (3) r = 0.50; (4) r = 0.80. Path length 
0.2 cm. 

are obtained, at least at two wavenumbers for the systems 
considered. Special concentration effects cannot be ob- 
served however. In that connection it should be mentioned 
that concentration-dependent interactions do not seem to 
influence the absorbance, as the Lambert-Beer law has 
been found to hold over the concentration range 5 X 
to lo-' monomol L-l. It should also be noticed that the 
deviations from the linearity in the plots A vs. a always 
correspond to a reduction in the absorbance and therefore 
cannot be attributed to impurities. 

It is interesting that the absorbance of PAA of very low 
molar mass (P = 75) titrated by CH30Na does not exhibit 
such deviations at  the four wavenumbers considered, as 
shown in Figure 6. For the two other, higher, molar 
masses the deviations from linearity start at different 
values of a for Na+ and Li+ as counterions, in agreement 
with the observation concerning the isosbestic point. For 
Na+ a significant change in the slope of A vs. a can be 
detected at  47000 and 48000 cm-' around a = 0.3. For 
higher values of the degree of dissociation, again a straight 
line is found. For Li+ an analogous change is observed 
around a = 0.5 but here the deviations are no longer 
confined to the largest wavenumbers considered and also 
A does not seem to depend linearly on a for a > 0.5. 

If we compare the slopes that can be calculated from a 
least-squares fit to a straight line for a < 0.3 with both 
kinds of counterions, we find a fairly good agreement as 
shown in Table I. We can also determine the molar ex- 
tinction coefficients for the carboxyl and the carboxylate 
groups for PAA in methanol in the range of a values 
starting from a = 0 where no deviations from linearity can 
be detected with (2) (see Table I). It can be seen that the 
values for cCOOH for solutions containing Na+ are in good 
agreement with those of solutions containing Li+. The 
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Table I 
Slopes of the Lines A vs. CY and Values of the Molar Extinction Coefficients (L monomol-' cm-l) of Carboxyl Acid Groups 

-COOH and Carboxylate Groups -COO- of PAA ( M  > 57 X 10' g mol-') in Methanol at 20 O C '  

Nat Lit 
wavenumber, cm-' slopeb %OOWc ~ c O n  slopeb Crnnw d cmnn-d 

45 OOO -6Of3 78.1 * 0.4 28 f 1 -57 3 80.6 * 0.4 23 f 2 
46 OOO -36 f 2 94.9 f 0.4 53 f 1 -38 3 94.6 * 0.4 55 f 2 
47 OOO 9 f 2  97.9 f 0.4 106 f 3 4 f 2  98.7 f 0.3 99 * 1 
48 OOO 70 & 3 91.4 f 0.5 161 f 4 59 f 3 92.3 * 0.4 148 f 2 

'All errors indicated are standard deviations as computed from least-squares fittings. Slope calculated for a < 0.3. From values in the 
From the values in the region 0 < a < 0.9 for the two lower wavenumbers and in the region 0 < CY < 0.3 for the two higher wavenumbers. 

region 0 < a < 0.5. 
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Figure 4. Reduced absorbance vs. degree of dissociation CY for 
PAA in methanol partially neutralized by CH30Na at 45 OOO (l), 
46000 (2), 47000 (3) (ordinate at the right), and 48000 (4) cm-'. 
Various systems investigated (A) M = 5.3 X lo6 g mol-', C, = 
8.70 X monomol L-l; (0) M = 5.7 X lo4 g mol-', C ,  = 3.80 
X 
monomol L-l. 

agreement for tCOO- is less good but still fair enough to 
conclude that for a < 0.3 no significant specific effects due 
to the difference in counterions can be dekcted spectro- 
photometrically. These specific effects only appear a t  
higher values of the degree of dissociation, in agreement 
with the results with other physicochemical techniques. 

For a > 0.3 the following differences between the curves 
A w. a for PAA in methanol in the presence of Na+ or Li+ 
can be observed. For the former no deviations from lin- 
earity can be detected a t  45 000 and 46 OOO cm-l, and the 
intercepts with the y axis of the two linear portions at  
47 000 and 48 000 cm-l do not differ by more than lo%, 
indicating that the changes in slopes are rather small. In 
the case of Li+ the changes are much more important et 
the wavenumbers 46000, 47000, and 48000 cm-'. It is 
therefore unlikely that in both kinds of systems the de- 
viations from linearity, although all negative, can be as- 
cribed to exactly the same causes. 

monomol L-'; (0) M = 5.7 X lo4 g mol-'; C,  = 4.6 X 
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Figure 5. Reduced absorbance w. degree of dissociation for PAA 
in methanol partially neutralized by CH30Li at 45 000 (l), 46 000 
(21,47000 (3) (ordinate at the right), and 48000 (4) cm-'. Various 
systems investigated (A) M = 5.3 X 105 g mol-', C, = 8.70 X 
monomol L-'; (0) M = 5.7 x 10" g mol-', C = 2.29 x 10" monomol 
L-I; (0) M = 5.7 X lo' g mol-', C, = 3.& X monomol L-l. 

1V. Discussion 
As discussed in parts 1 and 2, the change of many 

physicochemical properties of PAA in methanol neutral- 
ized by CH30Na at  room temperature points to the pos- 
sibility that PAA undergoes a conformational transition 
from a more or less expanded coil to a compact particle 
in the range 0.1 < a < 0.25. The changes in the slope in 
the straight lines A vs. a at  47 000 and 48 000 cm-' occur 
around a = 0.3, i.e., around the degree of dissociation at  
which this transition should be completed. It may 
therefore be related to the changes in the direct environ- 
ment of the absorbing groups, i.e., changes in solvation and 
eventually formation of some kind of ion pairs inside the 
compact particle with respect to the macromolecule in its 
more coil-like conformation. The fact that the low molar 
mass PAA does not exhibit any spectrophotometrically 
observable changes is probably due to the impossibility of 
forming a compact particle a t  low degree of polymerization 
(see also the results of the conductometric titrations). 
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exclude the possibility that the postulated transition to 
compact particles for CY > 0.1 in the presence of Na+ (and 
not in the presence of Li+) is accompanied to some extent 
by ion pairing. 

Turning to a more general discussion, we point out an 
interesting analogy between the solution behavior of 
methanolic PAA in the postulated compact state in the 
presence of Na+ and that of lyophobic colloids (e.g., sus- 
pension of latex particles). These colloids remain in sus- 
pension, Le., do not flocculate because of their surface 
charge.I2 Flocculation can however occur by addition of 
small amounts of salt. Because the colloids can never be 
prepared directly by dissolving the dry material in the 
solvent, sometimes the name “irreversible colloids” is used. 
The viscosity of these systems does not differ much from 
that of the solvent (Einstein’s formula can be applied) and 
visible light is strongly scattered, leading sometimes to 
opalescence of the suspensions. These phenomena have 
also been observed for methanolic PAA at room temper- 
ature in the presence of Na+ for a > 0.3. To confirm the 
irreversible behavior, enough NaBr was added to such a 
solution for phase separation to occur. It was then ex- 
haustively dialyzed against pure methanol but when all the 
salt had been extracted, the phase separation did not 
disappear. This additionally supports the hypothesis that 
after the conformational transition observed in the pres- 
ence of Na+, poly(acry1ic acid) becomes a compact particle 
with a small surface charge, in agreement with other ex- 
perimental findings. 

All the results of the present investigation are consistent 
with the assumption that PAA in methanol at room tem- 
perature and without added salt exhibits a conformational 
transition in the range 0.10 < a < 0.25 in the presence of 
Na+ as counterion. This transition leads to compact 
particles with only a small surface charge and most car- 
boxylate groups and counterions contained within the 
particle and to a solution that is probably under metastable 
conditions. In the presence of Li+ this conformational 
transition is not observed but some solvent specific effects 
also do occur, particularly for a > 0.5, which may bc 
partially connected to ion pair formation. The experi- 
mental evidence available does not as yet permit any 
conclusion about the effect of the small amount of water 
present in the solutions investigated. 

Polyacrylate systems under different experimental 
conditions have already been found to exhibit a behavior 
that can be interpreted by assuming a collapse of the 
charged macromolecular chain into a compact particle 
upon titration. PAA solutions in ethanol-water mixtures 
a t  room temperature and without added salt have been 
investigated as a function of the composition in the 
presence of K+ as the counterion by Muresan and Za- 
dor.13-” Plots of the specific conductance,16 specific vis- 
cosity,14 and pH13J5 vs. a’ in mixtures with low ethanol 
content resemble those observed here for PAA with Li+ 
in methanol. When the ethanol content is increased, the 
plots show more and more resemblance to those found in 
methanol but with Na+ as counterion. The authors con- 
clude that with increasing CY’ a conformational transition 
occurs when the ethanol content is high because 
“unfavorable enthalpic interactions are responsible for the 
insolubility of K(PAA) in absolute ethanol” and ”the glo- 
bule form assures a lower interaction energy between 
-COOK groups and solvent molecules by hiding a larger 
fraction of -COOK in the interior of the globule away from 
the solvent molecules”. 

Investigations by Wojtczaklg-” on aqueous solutions of 
PAA without added salt in the presence of either Ca2+ or 
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Figure 6. Absorbance vs. degree of dissociation of PAA (M = 
5.3 X lo3 g mol-’) in methanol (C = 3.82 X monomol L-l) 
at 48000 (l), 47000 (2), 46000 (37, and 45000 (4) cm-’. 

Experiments with other techniques lead to the conclu- 
sion that a t  room temperature the conformational tran- 
sition does not seem to occur during the titration of PAA 
in methanol by CH30Li. The deviations from linearity of 
the curves A vs. CY appear in the range of a values where 
also considerable reduction in the values of other physi- 
cochemical quantities have been observed with respect to 
the values in water which could not be understood on the 
bases of classical polyelectrolyte theory considering the 
increase of the charge parameter h only. (See, e.g., the 
potentiometric, viscosimetric, and osmometric titrations 
in the presence of Li+.) It may be conjectured that these 
deviations may be related to the formation of ion pairs of 
Li+ with the carboxylate groups, which should reduce the 
net charge on the macromolecule and affect the absorption 
in the near-UV of the carboxylate group. It has been 
suggested from the comparison of the values of activity 
coefficients of alkali metal acetates in aqueous solutions 
that Li+ has a larger tendency for ion pairing than other 
alkali metal ions.lOJ1 The effects are observed only in 
rather concentrated solutions. For polyelectrolytes, how- 
ever, due to the high ‘local” concentration of functional 
groups, ion pairing might be expected to occur at low av- 
erage concentrations, particularly in a solvent with smaller 
relative permittivity than water.’ This ion pairing will be 
more pronounced the higher the concentration of lithium 
carboxylate and the higher the value of a. Unfortunately, 
a more quantitative analysis of the curve A vs. CY at CY > 
0.5 remains difficult, as the extinction coefficient of the 
ion pair cannot be determined independently. 

If the explanation just proposed is correct, it would 
follow that the specific differences between the behavior 
of PAA in methanol a t  room temperature in the presence 
of Li+ and of Na+ cannot be attributed to the formation 
of ion pairs only (the deviations from linearity in the 
presence of Na+ being also qualitatively different from 
those observed in the presence of Li+), but this does not 

a 
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of solubility with increasing alkali metal cation radius has 
been found for alkali metal carboxylates in m e t h a n 0 1 . ~ ~ ~ ~  

Although we have no information about possible en- 
tropic effects, it is tempting to conclude from the less 
negative solvation enthalpy for Na+ as compared to that 
for Li+, from the lower solubility of carboxylates in alcohols 
compared to water:' and from the decreasing solubility 
of carboxylates with increasing alkali cation radius, that 
methanol will be a poor solvent for (partially) neutralized 
poly(acry1ic acid) (see also ref 18 and 27) and that the 
solvent quality will decrease under comparable conditions 
when Li+ is replaced by Na+. 

Recently, a theory on the conformational transition from 
coils to globules for weakly charged polyelectrolytes in 
salt-free solutions near 8-conditions has been proposed by 
Khokholov.28 We shall briefly summarize this theory, 
which can explain qualitatively the effects observed for 
PAA in methanol when neutralized by CH30Na, although 
we do not have enough evidence to prove that the con- 
ditions under which Khokhlov's theory is valid are really 
met in our experiments. 

Consider an uncharged wormlike chain with contour 
length 1 and persistence length L near the 8-temperature 
in the dilute regime where the macromolecule behaves as 
an ideal Gaussian coil. Lowering the temperature below 
8 will result in the collapse of the chain at  a temperature 
T,, which is sufficiently close to 8 so that the reduced 
temperature T ,  defined by 

corresponding to TI, i.e., T ~ ,  satisfies the condition 0 < T~ 

<< 1. If the polymer is now slightly charged under 8- 
conditions for the neutral polymer in such a way that the 
charges are distributed uniformly along the chain but the 
resulting electrostatic interactions can be viewed as a small 
perturbation only (weak-coupling limit), the polyelectrolyte 
can be represented by a "blob" model (for the concept of 
blobs see, e.g., ref 29). In the dilute regime, which must 
satisfy the condition np << PRq3, where np represents the 
average concentration in monomeric units per unit volume 
and R the average extension of the polyelectrolyte with 
degree of polymerization P, the screening of the macro- 
molecular charges by the counterions is very ineffective. 
Inside the blobs the electrostatic perturbation is too weak 
to affect the average conformation of the chain, which 
retains its Gaussian character. Between the blobs, which 
carry each g >> 1 elementary charges q, sufficient repulsion 
occurs to make the blobs pile up into an extended con- 
formation. Therefore for T10 < T < eo (where the su- 
perscript refers to characteristic temperatures of the 
neutral polymer) the average dimensions of the blobs have 
to satisfy the two conditions 

= (e - n/e (4) 

Table I1 
Thermodynamic Data of Alkali Metal Chlorides in 

Methanol at 25 O c a  

LiCl -846.3 -48.1b -894.4 9.7 
NaCl -777.8 -8.8b -786.6 0.24 
KCl -706.7 +3.3d -703.4 0.07 

Enthalpies in kJ mol-'; solubilities in mol L-I. Data computed 
from NBS values.22 CData computed according to (3). dData tak- 
en from ref 23. eData taken from ref 24. 

Ba2+ as counterion show for these solutions a behavior 
analogous to that observed here. E.g., the reduced viscosity 
Tap/ w of PAA in the presence of Baz+ in water changes with 
increasing a in the same way as qs /w in methanol in the 
presence of Na+. Conversely, in t i e  presence of Ca2+ the 
change of the reduced viscosity in water is comparable to 
that of PAA in methanol when Li+ is the counterion. 
According to Wojtczak, PAA exhibits a conformational 
transition from a coil to a hypercoil with increasing a in 
the presence of Ba2+. This transition sets in a t  a lower 
value of a' at a lower temperature as concluded from po- 
tentiometric titrations performed at several temperatures 
between 5 and 50 OC.= Wojtczak assumes strong hydrogen 
bonds between the carboxylic and the carboxylate groups 
to stabilize the hypercoil but this explanation leaves many 
of the observed effects unexplained. 

Both series of investigations together with our results 
in methanol however show that at  a given temperature the 
physicochemical behavior of polyacrylates as a function 
of the degree of ionization is determined both by the so- 
lution properties of the macromolecular chain and its 
functional groups and by its counterions. Conversely, the 
conformational transition as observed in all these systems 
strongly depends on the nature of the solvent, the degree 
of dissociation (or charge of the macromolecular chain), 
the nature of the counterion and the temperature. It must 
occur under experimental conditions where intramolecular 
attractions become dominant in spite of the strong charge 
repulsions along the polymer chain and therefore must be 
related to solvent quality effects. It is highly probable that 
this transition takes place below 8-conditions, which are 
probably reached in methanol at room temperature when 
in the presence of Na+ poly(acry1ic acid) is progressively 
charged because the quality of methanol as a solvent de- 
creases with respect to that for neutral PAA. It is easy to 
understand that besides the interaction of the macromo- 
lecular chain and methanol also the interactions between 
the counterion and the solvent play an important part in 
determining the thermodynamic conditions for the 8- 
temperature. In this respect it is interesting to compare 
solvation data for Li+ and Na+ in the presence of the same 
anion in methanol a t  room temperature. Unfortunately, 
free energy of solvation values cannot be estimated from 
the information available but the standard enthalpy 
AH0,1, for bringing a cation and anion from vacuum into 
the solvent can be calculated from data in the literature. 

(3) 
Here, AHo, stands for the standard enthalpy of solution 
(crystal - solution) and AHoht the standard lattice en- 
thalpy (ions in vacuum - crystal). In Table I1 values of 
these quantities have been collected for alkali metal 
chlorides in methanol a t  25 OC. When comparing these 
data one can see that the enthalpy of solvation is more 
favorable in the case of Li+ than in the case of Na+ or K+. 
From the same table it also appears that AHo, values 
increase when going from LiCl to KC1 in a parallel way to 
the decrease of the solubility of these salts. The same order 

A H O S O l V  = A H O ,  + A H O h t  

D, N g2Q E (Loga/a)1/2 (5) 
where Q stands for the Bjerrum length, Q q2/4?rce&T, 
a for the length of a monomeric unit, Lo for the persistence 
length of the neutral macromolecule (which is assumed to 
remain unaffected by the weak charge interactions). Note 
that g/a represents the number of monomers inside a blob. 
Under the same conditions the average extension of the 
polyelectrolyte is given by 

R, (Pa/g)D, (6) 

In (5) and (6) the symbol N means equal to within a factor 
of order unity and it has been assumed that each mo- 
nomeric unit bears an elementary charge if the polyelec- 
trolyte is fully charged. 

If the temperature is lowered to TlO, the chain portions 
inside the blobs will collapse but the piling of the blobs 
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will persist. This will result in a reduction of the average 
blob dimensions from D, to D and of the average extension 
of the macromolecule from k, to R,. 

D, N ( a / L o ) 1 / 2 D ,  r 2 rl0 (7) 

R, N (a /L0)R, (Tl0 /T)  7 2 71' (8) 

The collapse inside the blob thus reduces the asymmetry 
RID of the rodlike conformation by a factor ( a / L 0 ) 1 / 2 .  
( T ~ O / T )  depending on temperature. 

The dilute regime to which these expressions should be 
applicable is in practice ~ n a t t a i n a b l e ~ ~ ~ ~  and most ex- 
periments on polyelectrolytes without added salt are 
performed in the semidilute regime, where according to 
Khokhlov the average monomer concentration in solution 
will still be smaller than the average monomer concen- 
tration inside a single blob. In this regime some overlap 
between chains and screening by counterions become ef- 
fective and each polyelectrolyte chain may be viewed as 
a chain with an effective degree of dissociation aeff = af 
5 a. The linear charge density c of the polyion still as- 
sumed to be a rodlike pile of blobs, will depend on the way 
the screening affects the average extension R( f ) .  

u(f) = afP/Rv-)  (9) 

In order to estimate the influence of the screening, Kho- 
khlov resorts to Oosawa's theory based on a two-phase 

which for low values of the volume fraction 4 
(with 4 << 1 in the semidilute regime) yields the following 
expression for f. 

4 << 1 (10) 

For 0 < r C T ~ O ,  using the expression for R, derived in the 
case of the dilute regime (6) but with a replaced by af, it 
can be shown that QuV, << 1 and consequently f N 1; i.e., 
the average dimensions in the semidilute regime will be 
comparable to those of the dilute regime under these 
conditions with R, a slowly increasing function of a. 
Lowering of the temperature below Tlo leads again to a 
collapse inside the blobs but this causes f to decrease from 
unity. For r 2 rl0 the linear charge density increases with 
decreasing temperature according to u(f) - 7f-ll3. This 
follows from (6) and (8), assuming again that the equations 
established for the dilute regime may be used with a re- 
placed by af. By a further slight decrease of the tem- 
perature a stage is reached where for T2 C Tl0 the con- 
dition &u(f) = 1 is satisfied. No physically acceptable 
solution for (10) then exists and an unstable situation sets 
in. In this situation any very small increase of the linear 
charge density as a result of a very small decrease off as 
required by (10) leads to a further lowering off and thus 
a subsequent increase of ucf). According to Khokhlov this 
can be viewed as a condensation avalanche effect: a t  r 
2 r2 condensation of counterions reducing the effective 
charge on the polyion causes a reduction of the average 
extension overcompensating the latter and therefore fur- 
ther condensation of counterions. This avalanche only 
stops when the average extension of the polyelectrolyte 
chain has reached a sufficiently small value as to meet the 
conditions for the dilute regime where further condensa- 
tion or screening no longer occurs. Finally, a compact, 
globule-like particle results with a very low effective charge. 
This residual charge prevents phase separation in spite of 
the strong attractions between macromolecular segments 
inside the globule, just as is the case with lyophobic col- 
loids. 

We believe that the collapse accompanied by an ava- 
lanche type of condensation in the semidilute regime of 
weakly charged polyelectrolytes as described by Khokhlov 

In [(I - f ) / f l  E [l - Qu(f)] In 4 
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could possibly explain the conformational transition ob- 
served with PAA in methanol at room temperature around 
cy = 0.15 when the polyacid is neutralized by CH30Na. 
Though lowering of the temperature would be the usual 
method to reach 0-conditions and to increase 7, the same 
effects could be obtained upon charging the polymer chain 
and increasing the number of counterions in solution at  
constant temperature, provided this strongly affects the 
quality of the solvent. At  present, not enough experi- 
mental evidence is available to verify whether or not the 
conditions for Khokhlov's theory to apply are met and to 
test in a more quantitative way the predictions of the 
theory. It should be observed that this theory itself 
presents some flaws, the use of Oosawa's theory based on 
the two-phase assumption being not a minor one. 

We conjecture that upon neutralizing PAA in methanol, 
which at  room temperature is already not a good solvent 
for the uncharged polyacid, two effects have to be taken 
into account. On the one hand, carboxylic acid groups 
dissociate and electrostatic interactions increase just as is 
the case in aqueous solutions. On the other hand, the 
potential of mean force between segments on the chain 
changes also insofar as the contribution of not purely 
electrostatic interactions is concerned (a contribution that 
cannot be neglected here but is negligible in a good solvent) 
with a subsequent increase in the 0'-temperature, i.e., the 
0 temperature as determined by the macromolecule and 
the counterions if their electric charge would be removed. 
In the case of PAA neutralized by CH30Na, but not with 
CH30Li, this 8O-temperature rises around cy = 0.15 above 
the temperature a t  which the experiments are being per- 
formed, leading to a collapse analogous to that described 
by Khokhlov. According to his theory,% a minor decrease 
of T below 0 O  is sufficient for effectuating the collapse with 
the avalanche-type condensation. Therefore in our case 
a small difference in the thermodynamic properties should 
heady  explain the difference in solution behavior of PAA 
neutralized by CH30Na and by CH30Li. Note that 
Khokhlov's theory is only applicable if the contour length 
satisfies certain conditions that will not be met for po- 
lyelectrolytes of low molar masses. This is consistent with 
the observation that the conformational transition of PAA 
in methanol could not be observed upon neutralization 
with CH30Na for P I 800 (see also part 2). 

Finally, it is quite possible that the results of K(PAA) 
in ethanol-water mixtures as well as those of PAA in 
aqueous solutions in the presence of Ba2+ and Ca2+ could 
also be understood analogously in terms of Khokhlov's 
theory. The observation that in the latter the transition 
observed in the presence of Ba2+ starts at lower values of 
a when the temperature is lowered is consistent with this 
point of view. It remains however that further systematic 
investigations in all systems considered are necessary be- 
fore a more definite conclusion can be reached. 
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ABSTRACT New dynamic light scattering measurements of the translational diffusion coefficient of relatively 
monodisperse samples of polystyrene in toluene indicate that at sufficiently high molecular weight, the 
hydrodynamic radius is directly proportional to the radius of gyration at infinite dilution. This observation 
constitutes a demonstration of the equality of the static scaling exponent v and the hydrodynamic scaling 
exponent VH. In order to show the equality of the two scaling exponents, it is necessary to (1) use molecules 
of puffkiently high molecular weight, (2) have an adequately good solvent, (3) assess the effect of polydispersity, 
and (4) limit the scattering from intramolecular motion. 

Introduction 
To date, reported measurements of the hydrodynamic 

radius RH of isolated random-configurationed macromol- 
ecules in good solvents do not increase as quickly with 
molecular weight M as do the values of the radius of gy- 
ration (S2)’12; that is, the reported values of the hydro- 
dynamic coefficient VH where RH a MW are less than the 
static scaling exponent v where (S2)l12 0: M”.l Several 
authors have argued that this is a consequence of the 
hydrodynamic radius being more heavily weighted by 
short-chain segments which are distributed more com- 
pactly than the farther separated segments that are more 
prominent in the averaging of the radius of gyrati~n.~J 
This argument implies that macromolecules of much 
higher molecular weight must be used for hydrodynamic 
measurements to reach the asymptotic scaling limit where 
vH = v. Here we present dynamic light scattering mea- 
surements of the translational diffusion coefficient of 
polystyrene in toluene indicating that this asymptotic limit 
is obtainable with commercially available samples. It is 
the lack of hydrodynamic data on sufficiently high mo- 
lecular weight material with carefully controlled polydis- 
persity at sufficiently low scattering vector that has ob- 
scured the experimental verification of the equivalence of 
v and vH. 
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Methods and Materials 
Five relatively monodisperse polystyrene standards with a 

molecular weight in the range (1-20) X 106 produced and partially 
characterized by Toyo Soda Manufacturing Co. were obtained 
from Varian. The samples were dissolved in toluene with index 
of refraction n = 1.491, distilled in glass by Burdick and Jackson 
Laboratories. Dynamic light scattering measurements were made 
in a Chromatix KMX-6DC low-angle laser scattering photometer 
with radiation of a wavelength X = 6.328 X cm at an angle 
0 = 4.02’ from the transmitted beam. The individual photons 
were analyzed in a 48-channel Malvern K7023 autocorrelator in 
the single-clipped mode. The experiment was performed a t  23 
OC. 

Each sample was measured a t  five roughly equally spaced 
concentrations below c*/2, where 

(1) 

is a concentration at which overlap of adjacent molecules becomes 
significant, [7] indicates intrinsic viscosity, and NAv is Avogadro’s 
number. Solution concentrations are reported as a solute mass 
per solution volume of solution as in previous studies! Samples 
were filtered into the scattering cell through a Millipore filter that 
had a pore size at least 6 times larger than the radius of gyration 
that Toyo Soda reported for the polymer in benzene a t  30 ‘C. 

Typically, 106-106 correlation functions over 2.5 decay periods 
were collected in the homodyne mode. The data were fit through 
the second cumulant with a variable base line.5 A sample was 

C* = 2.5[7]-’ % M/NAv(S2)3 /2  
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