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Chapter4 

Polyion-Counterion Interaction Behaviour for Sodium 
Carboxymethylcellulose in Methanol-Water Mixed Solvent Media: Effects 

of Temperature, Medium and Polymer Concentration 

Introduction 

Polyelectrolytes are macromolecules with many ionizable groups, which in polar 

solvent media dissociate into a polyion and counterions of opposite charge. 1•
2 The 

thermodynamic and transport properties of polyelectrolytes in solutions are mainly controlled 

by the interactions between the polyion and counterions. For example, the transport 

properties, studied by electrical conductivity, are of central importance in accounting for the 

solution behavior of polyelectrolytes because the electrical conductivity takes into account 

the movement of any charged entity present in the system under the influence of an externally 

applied electric field. Current interest in charged polymer solutions is also supported by the 

needs of biophysics since biopolymers are charged under physiological conditions and many 

oftheir biological functions are governed by the polyelectrolyte behavior.3 

Although the electrical conductivity has so far been measured for a great variety of 

polyelectrolytes, 4"
13 only a few studies reported the influence of medium and temperature on 

the interaction between a polyion and its counterions derived from conductivity 

measurements. 14
-
17 We have, therefore, initiated a program to investigate the behavior of 

different polyelectrolytes in various mixed solvent media as a function of temperature. 18
"
21 

Here we present a study on the electrical conductivity of the semidilute solutions of sodium 

carboxymethylcellulose in methanol-water mixed solvent media at different temperatures and 

the data have been analyzed on the basis of the Manning counterion condensation theory as 

well as the model derived from the scaling concept. The objective of this contribution is to 

examine the influence of the polymer concentration, the temperature and the medium on (i) 

the fractions of uncondensed counterions, (ii) the poly ion equivalent conductivities, (iii) the 

standard state free energies of counterion association, and (iv) the solvodynamic friction 

coefficients of the polyion in the solution to provide a comprehensive understanding of the 
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counterion condensation phenomena in polyelectrolyte solutions. The results are· discussed 

from the viewpoint of the general solution behavior of poly electrolytes. 

Theory 

Generally, the equivalent conductivity (A) of polyelectrolyte solutions is given by 

Mannini4 

(1) 

where J~ and Jp are the limiting ionic equivalent conductivity of the counterion and the 

equivalent conductivity of the polyion at a finite concentration, respectively, and f is the 

fraction of uncondensed counterions. 

The description of different electrical properties of polyelectrolytes in solutions and of 

their interactions with counterions is generally based on the Manning counterion 

condensation theory.22
-
24 In this model, the poLyion is represented by an infinitely long 

charged Hne. The small counterions are assumed to form an ionic atmosphere whose density 

depends on the frame of the polyion and their interactions with the charged polyions are 

purely Coulombic in nature, so that the screening effect extends over the Debye length. The 

uncondensed mobile ions are treated in the Debye-Hilckel approximation. The solvent is 

assumed to be a dielectric continuum characterized by a spatially uniform relative 

petmittivity e. Interactions among the polyions are neglected, the theory being addressed to 

highly diluted solutions. 

According to the Manning counterion condensation theory, polyelectrolytes have been 

characterized by a linear charge density parameter defined bl3
•
24 

(2) 

where e is the protonic charge, e the relative permitivity of the medium, kB the Boltzmann 

constant and T the absolute temperature and b the contour distance per unit charge. This 

theory states that iff" >1, enough counterions condense on to the polyion chain to yield the 
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critical value f = l. If, on the other hand, ; <1, ionization takes place to reach this critical 

value. 

Considering the electrophoretic and relaxation contributions to the equivalent 

conductivity, Mannini4 theoretically derived the equivalent conductivity of a polyion, Ap, 

with counterions each bearing a charge of zc 

(3) 

where the parameter a is the radius of the polymer chain, while 

(4) 

with 'f/0 being the coefficient of viscosity of the solvent. In Eq. (3), K is the Debye screening 

constant, which is defined by 

(5) 

where cis the stoichiometric equivalent poly ion concentration. 

In accordance with this model, the equivalent conductivity (A) is given by Eq. (2) in 

conjunction with Eq. (3) with/ being defined as 

f = 0.866 
q 

(6) 

Since the Manning theory applies, as stated above, to highly diluted systems where 

polyion-polyion interactions are assumed to be absent and to polyions modeled as a linear 

array of point charges, its validity is limited to very low concentration regimes of 

polyelectrolyte solutions. In most of the earlier studies on the electrical conductivity of 

polyelectrolyte solutions,4
"
19

.2
1
•
33 the concentrations are far from being very dilute and are 

primarily the semidilute solutions (c > overlap concentration, c) have been studied. The 
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application of the Manning model to these systems is, however, less straightforward because 

these semidilute polyions do not assume a fully stretched conformation in solution. Careful 

measurements4
•
6

-
10

·
14

•
21 of the electrical conductivity of aqueous salt-free poly~lectrolyte 

solutions, however, demonstrated a major deviation from the Manning theory. In the case of 

semidilute polyelectrolytes, the polyion concentration modifies the flexibility of the chain, 

giving rise to different conformational aspects and hence the Manning model is not 

applicable to these systems. 

A new model for the electrical conductivity of semi dilute solutions of polyelectrolytes 

without added salt has been recently proposed by Colby et al. 25 using the scaling description 

put forward by Dobrynin et al. 26 for the configuration of a polyelectrolyte chain. 

In semidilute solutions, the polyion chain is modeled as a random walk of Nc, 

correlation blobs of size q 0 , each of them containing g monomers. Each blob bears an electric 

charge qc, = zcefg (zc being the counterion valence and e is the electronic charge) and the 

complete chain, of contour length L = Nc, q0 , bears a charge Qp = N~ qf, = zcefg Nf,. Due to the 

strong electrostatic interactions within each correlation blob, the chain is a fully extended 

conformation of ge electrostatic blobs of size qe. This means that for length scales less than 

q0 , the electrostatic interactions dominate (and the chain is a fully extended conformation of 

electrostatic blobs of size qe), and for length scales greater thanq0 , the hydrodynamic 

interactions are screened and the chain is a random walk of correlation blobs of size q0 . 

Following this model, in absence of an added salt, the equivalent conductivity of a 

polyion in a semidilute solution is given by 

where F is the Faraday number and the other symbols have their usual significance. 

(7) 

Thus according to this model the equivalent conductivity of a polyelectrolyte solution 

is given by Eq. (1) with the A..P value obtained from Eq. (7). 

Within this model, the parameter f - that defines the fraction of uncondensed 

counterions in the Manning sense - has been treated as an adjustable quantity. Whereas the 

Manning theory applies to polyelectrolyte solutions in the highly diluted regime and predicts 

a fraction of condensed counterions independent of the polymer concentration, the Colby 
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model can be applied to more concentrated systems, up to the concentration c0 . where the 

electrostatic blobs begin to overlap and the electrostatic length equals the electro~tatic blob 

size. This new model has been applied, so far, to a limited number of aqueous salt-free 

polyelectrolyte solutions25
•
27 and there has, so far, been only one report33 by our group on the 

application of this model to a polyelectrolyte dissolved in methanol-water mixed solvent 

media, and the good agreement with the experiment is very encouraging. Moreover, this 

model has been successfully employed to identify concentration regimes differing in the 

fractions of uncondensed counterions.28 

Experimental 

Materials 

Methanol (Acros Organics, 99.9% pure) was distilled twice. The middle fraction was 

collected and redistilled. Triply distilled water with a specific conductance < l o-6 S.cm"1 at 

308.15 K was used for the preparation of the solvent mixtures. The physical properties of 

methanol-water mixtures used in this study at 298.15, 308.15, 318.15 and 328.15 K, namely 

the coefficients of viscosity ( 1Jo ), and the relative permittivities (e), are reported in Table 1. 

Also included in this table are the limiting equivalent conductivities of the counterion (Na+), 

4~ in methanol-water mixtures containing 10, 20, and 30 volume percent of methanol taken 

from the literature34
• Sodium carboxymethylceHulose employed in this investigation was 

purchased from Aldrich Chemical Company, Inc. The sample had an average molecular 

weight (Mw) of 90,000 and a degree of substitution of 0. 70. It was characterized as described 

earlier by us.29 

Conductance Measurements 

Conductance measurements were carried out on a Pye Unicam PW 9509 conductivity 

meter at a frequency of 2000 Hz with negligible polarization effects using a dip-type cell with 

a cell constant of 1.14 cm"1 and having an uncertainty of 0.01%. The measurements were 

made in a water bath maintained within± 0.01 K of the desired temperature. The details of 

the experimental procedure have been described earlier.30 Due correction was made for the 
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specific conductance of the solvent by subtracting the specific conductance of the relevant 

solvent medium ( K 0 ) from those of the polyelectrolyte solutions ( K ). 

In order to avoid moisture pickup, the experimental solutions were prepared in a 

dehumidified room with utmost care. In all cases, the experiments were performed· at least in 

three replicates and the results were averaged. 

Viscosity Measurements 

The kinematic viscosities (v) were measured by means of a suspended level 

Ubbelohde viscometer in a water thermostat controlled to 0.0 l K. The kinematic viscosities 

were converted into the absolute viscosities (17) using the density values measured with an 

Anton Paar DMA 4500 M densitimeter as described earlier by us.31 

Results and Discussion 

Experimental Equivalent Conductivity 

Figs. la and lb display the variation of the equivalent conductivity of sodium 

carboxymethylcellulose solutions as a function of the square root of the polyelectrolyte 

concentration in three different methanol-water mixtures (containing 10, 20, and 30 volume 

percent of methanol) at 308.15, and 318.15 K respectively over the entire concentration range 

investigated. The representative figure (Fig. lc), on the hand, shows the polyelectrolyte 

concentration dependence of the equivalent conductivity in a given mixed solvent medium 

(20 volume percent methanol) at 298.15, 308.15, 318.15 and 328.1 S K. The equivalent 

conductivities exhibit a slight increase with decreasing polymer concentration. Figs. la and 

2b demonstrate a decrease in the A values as the medium gets richer in methanol in going 

from lO volume percent to 30 volume percent of methanol in methanol-water mixtures over 

the entire polyelectrolyte concentration range. The effect of temperature on the equivalent 

conductivity values, on the other hand, is directly evident from Fig. 1 c, where in a given 

medium, the A values are found to increase as the temperature is raised from 298.15 to 

328.15 K. 
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Comparison with the Manning Counterion Condensation Theory 

Now we will compare the experimental A values with those calculated using the 

Manning theory. In obtaining the theoretical A values, the values of the coefficients of 

viscosity ( 7]0 ), and the relative permittivities (e) of the methanol-water mixtures used in this 

study alongwith the limiting molar conductivities of the sodium counterion (A.~) are required. 

The values of 7Jo. e. and A,~ for methanol-water mixtures containing 10, 20, and 30 vol% of 

methanol at 298.15, 308.15, and 318.15 K have been taken from our earlier study. 18 For 20 

vol.% methanol-water mixture at 328.15 K, however, e was obtained from the literature,32 

while 7]0 was measured as described in the experimental section, and A~ was determined in 

the present work by measuring the electrical conductivities of sodium bromide, sodium 

tetraphenylborate, and tetrabutylammonium bromide following the procedure described 

earlier.20 The values obtained are 7]0 = 0.6640 mPa.s, and A~=== 86.20 S.cm2.mol"1
• 

The charge density parameters ~ were calculated from Eq. (2) using th~ literature 

value for the length of the monomer unit having one charged group5 and these are listed in 

Table 1. The theoretical values of A, and hence of A, are dependent on a, the radius of the 

poly ion cylinder. For the radius of the assumedly rod-like polymer cylinder, we used a value 

of 8 A 0 for the present analysis. 5 

Theoretical predictions (lines) based on this model along with the experimental A 

values (points) are shown in Fig. l. 

The experimentally obtained equivalent conductivities have always been found to be 

considerably higher than the theoretical values calculated following the Manning model. 

Deviations of the theoretical values from the experimental values were also noticed earlier for 

other polyelectrolyte solutions.8
"
10.t4 The discrepancy probably arises from the fact that the 

polyelectrolyte solutions investigated here are different from the model that underlies Eq. (3). 

The reason for the failure of the Manning model can be understood if one estimates 

the overlap concentration (c*) for the polymer chain investigated using the following 

equation13 

(8) 
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where L is the countour length and the other symbols have their usual significance. It is 

observed that the polymer solutions in the present study are essentially in the semidilute 

regime where the Manning limiting law does not apply (c* l':; 0.0001 eqv.L-1
). 

Scaling Theory and the Fractions ofUncondensed Counterions 

Since the Manning theory fails to describe the conductivity behavior, we have 

employed the scaling theory approach of the polyelectrolyte conductivity proposed by Colby 

et a/.25 for semidilute polyelectrolyte solutions for the analysis of the present conductivity 

data. 

The electrostatic blob size ( 4'e) and the correlation blob size ( .;0 ) appearing in Eq. (7) 

depend upon the quality of the solvent and are, for poor solvents, given by25 

(9) 

(10) 

For good solvent cases, on the other hand, these are given bl5 

(11) 

(12) 

For the present system, good solvent correlations are always found to provide a better 

description of the experimental results. In Fig. l, the predictions in accordance with the 

Colby model (dashed lines) for the semidilute regime have been compared with the 

experimental equivalent conductivity data treating the mixed solvent media as a good solvent 

for sodium carboxymethylcellulose. 

Fig. l, however, reveal that although the scaling theory approach, with only one 

adjustable parameter - the fraction of uncondensed counterions (j) - over the entire 

concentration range provides a significant improvement over the Manning model, a 

quantitative description of the experimental results is yet to be achieved. It is thus apparent 
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that the assumption of the independence of the effective charge on a poly ion chain of the 

polymer concentration is no longer valid for the system under investigation. 

The deviations of the calculated values from the experimental results clearly 

demonstrate that the fraction of uncondensed counterions varies with the polyelectrolyte 

concentration for the system under consideration. 

We have, therefore, calculated the fractions of uncondensed counterions. from our 

conductivity data using Eq. (1) in conjunction with Eqs. (7), (9) and (10). The concentration 

dependence of/thus obtained is shown in Fig. 2. The polyion equivalent conductivities have 

also been computed on the basis ofthesefvalues and are depicted in Fig. 3. 

Fig. 2 demonstrates that the fractions of the uncondensed counterions do not remain 

fixed rather they vary over the concentration range investigated in the present study. It is also 

observed that a preponderant proportion (53 - 62%) of the counterions remain free in 

solutions. 

Ejject ofMedium on Counterion Condensation 

The measured fraction of uncondensed counterions is found to decrease with 

increasing methanol content (i.e., with decreasing relative permittivity) of the mixed solvent 

media at any given temperature over the entire concentration range investigated (Figs. 2a and 

2b). Since decreasing relative permittivity should result in a greater interaction between the 

polyion and counterions, the fraction of condensed counterions would increase as the relative 

permittivity of the medium becomes lower- as has been observed in the present study. 

Effect of Temperature on Counterion Condensation 

The fraction of uncondensed counterions is found to decrease with increasing 

temperature over the entire polyelectrolyte concentration range in a given mixed solvent 

medium (cf. Fig. 2c). A plausible explanation for this observation might be sought in a 

change in solvation and condensation behavior of counterions upon cha~ging the 

temperature. Raising the temperature has the effect of gradual desolvation for the counterions 

and the polyions which results in an increase of counterion condensation on the polyion 

chain. This is reflected in the decreasing fraction of uncondensed counterions at higher 

temperatures. Desolvation of the sodium counterions with increasing temperature is directly 
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evident from our earlier investigation where we noted a significant increase in their mobility 

with temperature.34 This has been ascribed to the decreasing size of their solvodynamic 

entity and hence to an increasing surface charge density resulting in a greater mobility under 

the action of the applied electric field. A similar behavior was also observed for aqueous 

solutions of sodium and potassium dextran sulfates35 where an increase in the charge density 

parameter (and hence, according to Eq. (6), a decrease in the fraction of uncondensed 

counterions) was reported with the rise of temperature. Similar results were obs~:rved with 

sodium carboxymethylcellulose21 and sodium polystyrenesulfonate33 in mixed-solvent media 

earlier. 

Effect ofMedium on Polyion Equivalent Conductivity 

Figs. 3a and 3b show that the polyion equivalent conductivity decreases with 

increasing methanol content of the mixed solvent media at any given temperature. More 

counterion condensation onto the chain with decreasing relative permittivity of the 

medium causes a reduction in the effective c.harge (effect 1) and hence a contraction of the 

polyion coil (effect 2). Decreasing relative permittivity, on the other hand, is expected to 

increase the intrapolyionic repulsion leading to a stretching of the coil (effect 3). The first and 

the third effects should result in a lower poly ion mobility, while the second in a higher 

mobility as the medium becomes richer in methanol. The present results demonstrate the 

predominance of the combined influence of the first and the third effects over the second. 

Effect of Temperature on Polyion Equivalent Conductivity 

The polyion equivalent conductivity is found to increase with increasing temperature 

in a given medium (Fig. 3c). More counterion condensation onto the polyion chain with 

increasing temperature (cf 4.6) causes a reduction in the effective charge (effect I) and hence 

gives rise to a contraction of the poly ion coil (effect 2). Again an increase in the temperature 

lowers the relative permittivity of the medium, which is expected to increase the 

intrapolyionic repulsion leading to a stretching of the coil (effect 3). A fourth effect is a 

temperature·induced increase in the polyion equivalent conductivity. The first and the third 

effects should result in a lower polyion mobility, while the second and the fourth in a higher 

mobility as the medium becomes richer in methanol. The present results demonstrate the 
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predominance of the combined influence of the first and the third effects over that of the 

second and the fourth. 

The Association Constant ( KA) and the Standard State Free Energies of Counterion 

Condensation ( D-G1J and their Variation with Polyelectrolyte Concentration, Solvent 
Medium, and Temperature 

In order to obtain an insight into the spontaneity of the counterion condensation 

process, an information on the standard state free energies of counterion association ( ~G1) is 

essential. For this purpose, the values of the association constants ( K A) for the binding of the 

counterions onto to polyionic sites defined as the equilibrium constant for the reaction 

Free site+ Na + <=:>Combined site (13) 

have been calculated as a function of concentration from the fractions of uncondensed 

counterions using the following equation: 

InK A= In( 
1 ~~)-ln(fc) (14) 

The standard state free energies of counterion association ( ~G1) can then be easily 

obtained from: 

(15) 

where R is the universal gas constant. 

Figs. 4a and 4b display the variation of values of sodium 

carboxymethylcellulose solutions as a function of the square root of the polyelectrolyte 

concentration in three different methanol-water mixtures containing respectively 10, 20, and 

30 volume percent of methanol at 298.15 and 308.15 K over the entire concentration range 

investigated. Fig. 4c, on the other hand, shows the polyelectrolyte concentration dependence 

of the ~G1 values in a given mixed solvent medium at different temperatures. The negative 
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~G~ values indicate that the counterion condensation process is spontaneous for the present 

polyelectrolyte system over the entire concentration range although the process becomes less 

spontaneous as the concentration increases. Addition of increasing amount of methanol to the 

medium makes the counterion condensation process more favorable. The spontaneity of the 

counterion condensation process is, also, found to increase as the temperature increases in a 

given mixed solvent medium (Fig. 4c ). 

The Coefficient of Friction between the Polyion and the Solvent ( fP.) and its Variation 

with Polyelectrolyte Concentration, Solvent Medium and Temperature 

The friction coefficient provides a measure of the friction between a monomer unit of 

the polyion and the solvent and can be estimated from the expression36 

(l7) 

where z r is the number of elementary charges on the monomer unit of the completely 

dissociated polyion, and the other symbols have their usual significance. The results are 

summarized in Figs. Sa-c. Figs. Sa and Sb show the dependence of fvs on ~in 10, 20, and 

30 volume percent methanol-water mixtures each at 298.15 and 308.15 K. Influence of 

temperature on the concentration dependence of the Ips values in a given mixed solvent 

medium (20 volume per cent) is depicted in Fig. 5c. We can see from the coefficients of 

friction of the carboxymethylcellulose ion (Fig. Sa-c) that the possible conformational 

changes ofthe molecules caused by dilution lead to changes in solvodynamic resistance. The 

effects become more prominent as the temperature is lowered in a given medium, or as the 

medium becomes richer in the organic solvent at a given temperature. The friction 

coefficients of the monomer units decrease with increasing temperature over the entire 

polyelectrolyte concentration range in a given mixed solvent medium thus indicating smaller 

sizes of the monomer units at higher temperatures. This supports the phenomenon of gradual 

desolvation of the monomer units inferred earlier. An increase in the friction coefficients with 

increasing methanol content of the mixture over the entire polyelectrolyte concentration 
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range at a given temperature, on the other hand, reflects bigger sizes of the monomer units as 

the medium becomes richer in the organic cosolvent. 

Conclusions 

An investigation on the electrical conductivity of salt-free solution of an anionic 

polyelectrolyte - sodium carboxymethylcellulose - in methanol-water mixed solvent media 

has been performed as a function of polymer concentration. The effect of temperature on the 

electrical conductivity was also investigated. The equivalent conductivities are found to 

increase with increasing temperature over the entire concentration range in a given mixed 

solvent medium whereas these are found to decrease as the relative permittivity of the 

medium decreases. The conductivity theory, proposed by Manning, for salt-free 

polyelectrolyte solutions, was applied to analyze the experimental data. The measured values 

of equivalent conductivity could not be quantitatively described by the Manning counterion 

condensation theory. This discrepancy probably arises from the fact that the polyelectrolyte 

solutions investigated here are different from the model valid only at infinite dilution that 

underlies this theory. A recent model based on the scaling approach for the configuration of a 

polyelectrolyte chain in semidilute solution has, therefore, been employed to determine the 

fractions of uncondensed counterions. The influences of the temperature, the medium, and 

the polymer concentration on (i) the fractions of uncondensed counterions, (ii) the polyion 

equivalent conductivities, (iii) the standard state free energies of counterion condensation, 

and (iv) the coefficients of friction between the poly ion and the solvent have been interpreted 

from the viewpoints of polyion-countreion interactions, solvation of counterions and the 

polyionic sites, and counterion dissociation. 

68 

I 

I 



Chapter 4: Polyion-Counterion Interaction Behavior of Sodium Carboxymethylcellulose in Methanol
Water Mixed Solvent Media 

References 

l. 

2. 

F. Oosawa, Polyelectrolytes, New York, Marcel Dekker ( 1993 ). 

H. Dautzenberg, W. Jager, J. Koetz, B. Philipp, C. Seidel and D. Stscherbina. 

In Polyelectrolytes; Hanser Publishers, Munich, Chapter 5 ( 1994 ). 

3. K. S. Schmitz, Macro-ion Characterization from Dilute Solutions to Complex 

Fluids. PT ACS Symposium Ser. 548. American Chemical Society.Washington 

DC (1994). 

4. J. C. T Kwak and R.C Hayes J Phys. Chern., 79, 265 ( 1975). 

5. J. C. T Kwak and A. Johnston, Can. J Chern., 53, 792 (1975). 

6. S. Liu, H. Jia, D. Yang and F. Ji, Polym. Int., 48, 1080 (1999). 

7. M. Nagasawa, I. Noda, T. Takahashi and N. Shimamoto, J Phys. Chern., 76~ 

2286 (1972). 

8. H. E. Rios, Polym. Int., 50, 885 (2001). 

9. E. Rios, R. G. BarrazaandL C. Gamboa, Polym. Int., 31,213 (1993). 

10. J. Szymczak, P. Holyk and P. Ander, J Phys. Chem., 79,269 (1975). 

1 L F. M. Tuffile and P. Ander, Macromolecules, 8, 789 (1975). 

12. H. Vink, J Chem. Soc., Faraday Trans. I, 77, 2439 (1981). 

13. C. Wandrey, Langmuir, 15,4069 (1999). 

14. H. Abramovic and C. Klofutar, Euro. Polym. J, 33, 1295 (1997). 

15. R. G Barraza and H. E. Rios, Polym. Int., 38, 387(1995). 

16. D. Bratko and A. Kelbl, Macromolecules, 19, 2083 ( 1986). 

17. M. Hara. Polyelectrolytes: Science and Technology; Marcel Dekker: New 

York (1993). 

18. A. Bhattarai, P. Nandi and B. Das, J. Polym. Res., 13, 475 (2006). 

19. R. De and B. Das, Eur. Polym. J, 43, 3400 (2007). 

20. D. Ghosh and B. Das, J Chern. Eng. Data, 49, 1771 (2004). 

21. P. Nandi and B. Das, J Phys. Chem. B, 109, 3238 (2005). 

22. G. S. Manning, J Chem. Phys., 51, 924 (1969). 

23. G. S. Manning, Ann. Rev. Phys. Chem., 23, 117 (1972). 

24. G. S. Manning, J Phys. Chern., 79, 262 (1975). 

25. R. H. Colby, D. C. Boris, W. E. Krause and J.S. Tan., J Polym. Sci.: Part B: 

Polym. Phys., 35, 2951(1997). 

69 

I 

I 

I 

I 

I 

I 

I 

I 



Chapter 4: Polyion-Counterion Interaction Behavior of Sodium Carboxymethylcellulose in Methanol
Water Mixed Solvent Media 

26. A. V. Dobrynin, R. H. Colby and M. Rubinstein, Macromolecules, 28, 1859 I 
(1995). 1 

27. F. Bordi, C. Cammetti and R. H. Colby, J. Phys.: Condens. Matter, 16, Rl423 

(2004). 

28. F. Bordi, R. H. Colby, C. Cametti, L. D. Lorenzo and T. Gili, J. Phys. Chem. 

B, 106, 6887 (2002). 

29. R. Sharma, B. Das, P. Nandi and C. Das, J. Polym. Sci.: Part B, Polym. Phys., 

48, 1196 (20 10). 

30. B. Das and D. K. Hazra, J. Phys. Chem., 99,269 (1995). 

31. C. Guha and B. Das J. Mol. Liq., 160, 187, (20 11 ). 

32. G. AkerlOfJ. Am. Chem. Soc., 54,4125 (1932). 

33. D. Ghosh, A. Bhattarai and B. Das, Colloid Polym.Sci., 287,1005 ( 2009). 

34. A. Chatterjee and B. Das. J. Chem. Eng. Data, 51, 1352 ( 2006). 

35. P. Beyer and E. Nordmier, Eur. Polym. J., 31, 1031 (1995). 

36. I. A. Kuznestov, 0. B. Stanislavskii and I. S. Kudryavtseva, Russ. J. Phys. 

Chem., 64, 1091 (1990). 

70 

I 

I 

I 

I 

I 

I 

I 

I 

I 

I 



Chapter 4: Polyion-Counterion Interaction Behavior of Sodium Carboxymethylcellulose in Methanol
Water Mixed Solvent Media 

Table 1. The Charge Density Parameters (() and the Fractions of Uncondensed Counterions 
(f) for the best-fit of the Experimental Equivalent Conductance for Sodium 
Carboxymethylcellulose in Methanol-Water Mixed Solvent Media following the Scaling 
Theory Approach using Good Solvent Correlation along-with the respective Standard 
Deviations (a} including the Standard Deviations for the Poor Solvent Correlation 

Vol.% of T(K) ' f a (poor a (good 
methanol solvent) solvent) 

10 308.15 1.0321 0.61 1.49 0.93 

10 318.15 1.0494 0.60 2.29 1.46 

20 298.15 1.0661 0.60 0.84 0.56 

20 308.15 1.0841 0.59 1.34 0.86 

20 318.15 1.1041 0.57 2.51 1.55 

20 328.15 1.1276 0.55 2.53 . 1.56 

30 308.15 1.1497 0.55 0.88 0.70 

30 318.15 1.1731 0.53 !.14 0.76 
·----·-~-¥P ___ 
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Fig. la. Equivalent conductivities (A) of sodium carboxymethylellulose as a function of 

square root of the polymer concentration ("Yc) at the temperature of 308.15 K, in different 

methanol-water mixtures. 
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Fig. lb. Equivalent conductivities (A) of sodium carboxymethylellulose as a function of 

square root of the polymer concentration ("Vc) at the temperature of 318.15 K, in different 

methanol-water mixtures. 
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Fig. lc. Equivalent conductivities (A) of sodium carboxymethylellulose as a function of 

square root of the polymer concentration (.Jc) at the temperature of 298.15 K, 308.15 K, 

318.15 K, and 328.15 K in 20 vol% methanol-water mixtures. 
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Fig. 2a. Variation of fraction of uncondensed counterions (f) of sodium 

carboxymetylceUulose solutions as a function of square root of polyelectrolyte concentration 

(Vc) three difterent methanol-water mixtures at 308.15 K. 
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Fig. 2b. Variation of fraction of uncondensed counterions (/) of sodium 

carboxymetylcellulose solutions as a function of square root of polyelectrolyte concentration 

( --lc) in three different methanol-water mixtures at 318.15 K. 
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Fig. 2c. Variation of fraction of uncondensed counterions (j) of sodium 

carboxymetylceHulose solutions as a function of square root of polyelectrolyte concentration 

(--Jc) in 20 vol% methanol-water mixtures at four different temperature. 
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Fig. 3a. Variation of the polyion molar conductivity 0-p) of sodium carboxymethylcellulose 

solution as a function of square root of polyion concentration (...Jc) in three different 

methanol-water mixture at 308.15 K. 
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Fig. 3b. Variation of the polyion molar conductivity (P.p) of sodium carboxymethylcellulose 

solution as a function of square root of poly ion concentration (~c) in three different 

methanol-water mixture at 318.15 K. 
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Fig. 3c. Variation of the poly ion molar conductivity (A.p) of sodium carboxymethylcellulose 

solution as a function of square root ofpolyion concentration (~c) in 20 vol% methanol-water 

mixture at four different temperature. 
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Fig. 4a. Variation of standard state free energies of counterion association ( ilG1) ·of sodium 

carboxymethylceHulose solutions as a function of square root of polyelectrolyte concentration 

( Vc) in three different methanol-water mixtures at 308.15 K. 
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Fig. 4b. Variation of standard state free energies of counterion association ( ~G1) of sodium 

carboxymethylcellulose solutions as a function of square root of polyelectrolyte concentration 

( ..Jc) in three different methanol-water mixtures at 318.15 K. 
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Fig. 4c. Variation of standard state free energies of counterion association ( ~G~) of sodium 

carboxyrnethylcellulose solutions as a function of square root of polyelectrolyte concentration 

(...Jc) for 20 vol% methanol-water mixtures at four different temperature. 
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Fig. Sa. Variation of the coefficient of friction between the polyion and solvent ( .frs) of 

sodium carboxymethylcellulose solutions as a function of square root of polyelectrolyte 

concentration (.Jc) in three different methanol-water mixtures at 308.15 K. 
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Fig. 5b. Variation of the coefficient of friction between the polyion and solvent ( fr,s) of 

sodium carboxymethylcellulose solutions as a function of square root of polyelectrolyte 

concentration (..Jc) in three different methanol-water mixtures at 318.15 K. 
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Fig. 5c. Variation of the coefficient of friction between the polyion and solvent ( hs) of 

sodium carboxymethylcellulose solutions as a function of square root of polyelectrolyte 

concentration (--Jc) in 20 vol% methanol-water mixtures at four different temperatures. 
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