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SECTION- A 

STUDIES ON SOLUTION PROPERTIES OF 
UNHYDROLYZED POLYACRYLAMIDE IN WATER- N, N 

DIMETHYL FORMAMIDE MIXTURES 

5 A 1 INTRODUCTION AND REVIEW OF PREVIOUS WORKS 

The behavior of dilute polymer solutions, expressed by different parameters, 

viz., the second virial coefficient, the mean dimensions, the intrinsic viscosity [11], 

solvent quality and molecular weight domain, can be discussed through different 

excluded volume theories. The theoretical approaches mutually differ in the 

mathematical methods of approximations used, but all of them relate the excluded 

volume effects to measurable quantities by considering different possible 

interactions. Very high molecular weight polymers have penetrated different 

application areas, including many advanced technologies. 1 The increase in molecul~r 

dimension from monomer to oligomer, from oligomer to usual length polymer and 

from later one to pleistomer is accompanied by the appearance of new properties. 

Application of the fundamental laws governing polymer chemistry and physics to new 

dimensions of these macromolecular chains revealed that many accepted concepts 

and relations have to be modified or even changed and it is reasonable to presume 

that an understanding of their behavior will open new research directions and 

suggest new and unexpected end uses.2 In the treatment of the properties of very 

dilute polymer solutions it is convenient to represent the molecule as a statistical 

distribution of chain elements or segments, about the center of gravity. The average 

distribution of segments for a polymer molecule is approximately gaussian; its 

breadth depends on the molecular chain length and thermodynamic interaction 

between polymer segments and solvent.3 According to hydrodynamics, the specific 

viscosity of a Newtonian liquid containing a small amount of dissolved material 

should depend in the first approximation only upon the volume concentration and the 

shapes of the suspended particles. 

The unperturbed dimension (UD) of a given polymer in a solvent does not 

depend on the nature of the solvent, as long as the solvent has no'.influence on the 

rotation of the chain segments.4
•
5 This is true in many cases, espec)ally for nonpolar 
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polymer-solvent pairs, but in the cases of polar polymer- polar solvent systems, the 

unperturbed dimension vary considerably with the nature of the solvent Most of the 

polymeric materials are soluble only in a limited number of primary solvents, but they 

could be made soluble in all proportions in mixtures consisting of two or more 

solvents, which may be individually poor solvent for the polymers.6 Several mixtures 

of nonsolvent are also known which produce good solvent systems or at least 

increase the solvency power of primary solvents.7 Although some studies on the 

solution viscosity properties of polyacrylamide in water are available in the literature, 

similar studies· in other solvents or cosolvent systems are surprisingly little. 8
'
14 The 

intrinsic viscosity [T]] is related to unperturbed dimension (K0), molecular weight (M), 

and the hydrodynamic expansion factor, (an) by the relation. 15
'
16 

['11] = cD(ro2/M)J/2MI/2a./= KeMII2a.n3 

where cD is universal parameter (cD = 2.5x1 023 mol'1) and r0
2 is the unperturbed mean 

: ' ,, 

. square end- to-end distance. At theta temperature a = an = 1 (where a is molecular 

expansion factor) and hence evaluation of K8 is possible using this equation. On the 

other hand, for evaluation of Ke from intrinsic viscosity at temperature other than 

theta temperature, a number of equations. have been proposed. Some of the 

equations are as follows: 

[Fox and Flory (FF) ISJ 2 

['11] 2131M 113 = K9
213+0.363cDB[g (an) M213/[ll] 113 [Kurata and Stockmayer(KS) 16

] 3 

[Berry] 17 4 

([11]/M) y, = Ks+ 0.51<D BM 112 [Burchard-Stockmayer and Fixman (B.S.F)] 18
'
19 5 

Besides these, several other equations have also been·reported20
'
23

. According to the 

equations given above, the value of Ko is obtained from the intercepts on the 

ordinates of the plots of the quantity on the left-hand side versus the function of M 

and [T]] on the right hand side. Assuming Flory's limiting exponent and utilizing the 

first order perturbed results for the intrinsic viscosity and the friction coefficient (f) of a 

flexible polymer Tanaka proposed24 

6 

and Bohdanecky 25 derived the following equation 
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7 

Qian and Rudin 26
•
27 described a method for predicting the thermodynamic properties 

of polymer solutions in which the radius of gyration (Rg) is expressed as 

Rg={3 [ TJ]M/[9 .3x I 024
( I+([ TJ]-[ T]o])( I -exp( -C/C*))/[ T]o]] 113 8 

where [11] and [llo] are intrinsic viscosities in a given solvent and under 8 conditions, 

respectively and C is polymer concentration and C* is the critical concentration (or 

overlap concentration) at which polymer molecules begin to overlap. This model was 

used for determining the unperturbed dimensions of polymethylmethacrylate with 

12.90x1 06 < Mw < 23.84x1 06
. It appeared that calculated dimensions decrease with 

increasing polymer concentration upto a certain concentration; at higher 

concentrations the dimension remain constant for the same molecular weight and 

independent of the solvent type. 28 According to the literature it is _observed that the 

relation put forwarded by Lenka and coworkers for the evaluation of the unperturbed 

dimensions has also been used for ultra high molecular weight polymers 

9 

where C* is the overlap point concentration of the polymer in number of solvents, 

obtained from viscometric data in the semi dilute concentration regime where the 

macromolecular coils progressively contract and approaches · the unperturbed 

dimensions.29
.
31 The unperturbed dimension of polystyrene and poly (2- vinylpyridine) 

have been measured in solvent - precipitant mixtures of various compositions using 

the Stockmayer-Fixman representation by Dondos and Benoit.32 In a resin solvent 

system, the change in temperature initiates conformational tra~sition in polymer 

chains and the process of aggregation on precipitation was caused by such 

transitions. 33
"
34 Raju and Yaseen reported that the continuous decrease in limiting 

viscosity number of nylon-6 in m-cresol at temperatures ranging from 20° to 75°C 

was.due to the contraction of the dimension of the polymer coil.35 Quoting the view of 

other workers Haneczek and coworkers explained the partial helix-coil type polymer 

chain transition occurs in polyamide-6 in solution and results in higher value of 

limiting viscosity number of Nylon-6 in m-cresol at lower temperatures which in turn 

favors the dissolution.36 Chatfield reports that solvent power of an alcohol-ether 

mixture for nitrocellulose increases with lowering of temperature and at- 50°C methyl 

alcohol alone becomes a solvent for cellulose ethersY Recently Savas and Zuhal 
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have determined the unperturbed dimension of anionically polymerized poly (p-tert

butyl-styrene) at various temperatures and found the theta temperature of the 

polymer to be of the order of 31° and 32.7°C in nitropropane and 2-octanol 

respectively. 38 Several other workers reported the conformational transition of 

polymers in solution with the change of temperature. 39
'
4° Coil dimension of PMMA in 

the cosolvent medium of CCI4 and MeOH have been investigated by Maitra and 

coworker.41 They observed that the intrinsic viscosity exhibited a maximum for all 

fractions of polymers at a composition, ~cH3oH=0.33 while the ·Huggins constant 

showed a minimum value at the same composition. The experimental data for the 

solution properties of poly (N, N-dimethyl acrylamide) · and poly (n

isopropylacrylamide) show that the hydrodynamic and configurational characteristics 

of these two polymers in methanol and water are different, showing a peculiar 

behavior in water, which cannot be easily interpreted in terms of random coil 

molecules. Chintore and co-workers found that the behavior of poly (N

methylacrylamide) molecule in aqueous solution was quite abnormal, as indicated by 

the values of second virial coefficients, lower than those measured in methanol 

solutions by the large difference of estimated unperturbed dimensions.42
•
43 Therefore, 

the hypothesis was made that the solvation of N-substituted polyacrylamide by water 

would occur with large dipole interaction and/or hydrogen bonding with the structural 

units of the polymers in such a way as to give a large chain expansion with low chain 

flexibility, so that the polymer molecules could no more be treated as random coil in 

aqueous solutions . It has been pointed out that polyacrylamide, in which the lack of 

N-substations increases the chances of intramolecular interactions, has the highest 

unperturbed dimensions.44 The aqueous solutions of polyacrylamide are suspected 

to contain fibrous aggregates of very high molecular weight. These aggregates were 

observed by electron· microscopy and the disaggregation kinetics studied by 

viscometry.45
-4

7 This phenomena is generally attributed to intermolecular hydrogen 

bonds and is evidenced by an important decrease of viscosity with time. Boyadjian 

and co-workers have ·noticed differences of measured molecular weight by light 

scattering, according to the nature of the solvent and have concluded the presence of 

aggregates broken up by the effect of salt in pure water but not in formamide48 

. ' 

However, even for nonhydrolyzed polyacrylamide, there is a lack of reliable data in 

the l!terature concerning the chain conformation in salt-water·, solutions and its 

relation to intrinsic viscosity, particularly in the range of molecular weight of 
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interest.49•50 However, Francois and co-workers were successful in studying 

molecular weight dependence of radius of gyration, viscosity, sedimentation and 

diffusion on a set of fractions in the same range of molecular weight. 51 It has been 

shown recently that the ·unperturbed dimension _ of polyacrylamide could be 

determined by light scattering measurement in methanol-water system.52 These 

authors concluded that the high value of the exponent (0.64) of the molecular weight 

dependence of radius of gyration was not related to a greqt expansion of 

macromolecular coil and the determination of unperturbed dimension by 

extrapolation of viscosity measurements in good solvent at M->O(M = mol. wt.) 

should be possible and works of Okada and Yamaguch\ provide such 

determinations.53
•
54 Fundamental parameters of poly (2-acrylamido-2-methyl propane 

sulfonamide), which is soluble in water and formamide are obtained by light 

scattering, osmometry and viscometry in these good solvents by Gooda and Huglin 

and has been analyzed by extrapolation procedures to yield the unperturbed 

dimensions, steric factor and characteristic ratio. 55 There was good. accord between 

the values of these parameters thereby obtained directly and those derived indirectly, 

the mean values being 8.73X10-9cm.g 112.mol112
, 4.07 and 32 respectively . 

.Bohdanecky and coworkers investigated the solutions of polyacrylamide fractions 

(molecular weight 3300-800,000) in water at 25°C and in a mixed theta solvent at 

20°C by light scattering, sedimentation and viscometry. 14 Measurement in water gave 

the configuration characteristic ratio Ca = 8.5. 

The fundamental parameters of polyacrylamide obtained previously by 

viscometry in good solvent and in 8 solvents have been analyzed by viscosity

molecular weight relationship procedures suggested by several workers 

(Newman56and Misra13
). High value of excluded volume exponent, as was observed 

in some cases, once thought to be the result of great expansion of polyacrylamide in 

aqueous solution as mentioned earlier. This arose doubts on the applicability of the 

method of extrapolation of the viscosity data in determining unperturbed dimension of 

the polymer in water. Further study, however, confirmed that high value of exponent 

of molecular weight dependence of the radius of gyration was not due to great 

expansion of the macromolecular coil in water and it is now believed that 

determination of unperturbed dimension by extrapolating viscosity data in good 

solvents is possible.52 Sera and coworker have determined the unperturbed 

dimension of polyacrylamide in water-dimethylsulphoxide mixtures at 30-50°C by 
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different methods of extrapolation and found a minimum value· of unperturbed 

dimension at ~oMso = 0.5 (ref. 57). From the above literature it appears that in some 

case~ the estimated unperturbed dimensions of chains may depend on whether 

measurements are made on samples in solutions or in the bulk, in most instances the 

results from different investigators, in some cases using different methods, are 

consistent and the extrapolation procedures yield much higher values for 

unperturbed dimensions as compared to the real one, due to: the curvatures 

appearing in the linear dependences given by the experimental data for high values 

of the excluded volume. Simionescu, Chee and coworkers performed viscosity 

measurement on solutions of polyvinylchloride ~esin in various plasticizers to 

calculate polymer-solvent interaction parameter,~ using Flory equation pertaining to 

the linear expansion factor of the coiling in the solution.58
"
61 This very information was 

then used to estimate lower critical solution temperature. Kathmann and McCormick 

synthesized and studied the dilute and semi-dilute solution behaviour of the 

terpolymers of sodium acrylate, acrylamide and the zwitterionic 4-(2-acrylamido-2-

methylpropane dimethylammonio) butanoate.62 The authors observed polyelectrolyte 

behaviour of the terpolymer at pH 8.5 and the viscosity decreased in the presence of 

added electrolyte. Hocking and coworkers measured the progressive influence on the 

hydrodynamic volume and other properties contributed by incorporation of N, N 

dimethylacrylamide into a series of high molecular weight acrylamide 

copolymers.63Aqueous solution of these polymers showed little or· no decrease of. 

radius of gyration when low concentration of sodium chloride were added, in contrast 

to its effect on solutions of polyacrylamide itself. Shanks and Wu measured the 

viscosity of polyacrylamide dilute solutions in water with acetone, ethanol, 

dimethylformamide and ethylene glycol as cosolvent to study the conformation of 

polymer chains and the degree of polymer solvent interaction.64 It was found that 

polymer chain conformation contracted as the acetone, ethanol and the DMF 

cosolvent composition ratio increased but there was no distinguishing difference of 

contraction in case of· water-ethylene glycol compositio~s. Alorio and coworkers 

reported relationship between intrinsic viscosity and molecular weight for narrow 

molecular weight distribution of polyisoprene and polystyrene samples in CCI4 at 

25°C.65 Conclusions drawn from viscometry that CCI4 is a good solvent for both the 

polymers was supported by second virial coefficient from low-angle light scattering 

measurements. Azim and Huglin measured the intrinsic viscosities of different 
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fractions of polystyrene (PS) at 98.5 °C .in the mixtures of MC and 1, 2, 3, 4-

tetrahydronaphthalene over the whole range of solvent compositions. 66 The theta 

temperature of PS measured as 98.5 °C in methylcellolose (MC). Solution viscosities 

of the copolymers and homopolymers of acrylamide were determined at 30, 40, and 

50°C by Rakshit and coworkers. 67 The activation parameters of viscous flow, 

voluminosity, and shape factor were also calculated. The average shape factor was 

observed to be nearly 2.5 for all the copolymer systems. Viscosity average molecular 

weights were calculated, and from the intramolecular expansion factor it was 

observed that copolymers are less flexible than that of homopolymers. The dn/dc 

values obtained from differential refractometry are in good agreement with those 

calculated theoretically. Rakshit and coworkers. 68 also used the viscosity data to 

calculate the volume related parameter VE of the polymer. Recently it has been used 

to determine the shape of protein and some other acrylate copolymer molecules in 

solution. VE is calculated by plotting Y against concentration C, where 

Y= (TJr112 -1 )/[C (1. 35T] r 112-0.1 )], (here TJr is relative viscosity) 1.0 

From the plot, VE is obtained as an intercept since 

Lt c~o Y=VE. II 

The shape factor vis calculated from the relation 59 

12 

The value of v has been shown to be 2.5 for spherical particles.70 

An Ubbelohde viscometer was used to measure the relative viscosities of 

polymer solutions (detail in experimental section, chapter 3). The related definitions 

are as follow: 

Specific viscosity, l')sp=(t-ta)lto 13 

Reduced viscosity, I'Jred= l')sp/C 14 

Intrinsic viscosity, [Ill = (llsp/C) c=o 15 

And the Huggins equation is llsp/C= [Ill + KH [ll] 2C 16 

where KH is the Huggins constant. The symbol 11 refers to the viscosity of solution, tis 
' 

the efflux time of the solution, t0 is the efflux time of solvent and C is the polymer 
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concentration. For a linear relationship between tlred and C, KH [tl] 2 is the slope and 

(tl] is the intercept. 

In the present section, the results of our investigation , on unperturbed 

dimension, interaction parameter and related aspects of unhydrolyzed 

polyacrylamide in water-DMF mixtures have been described. The intrinsic viscosities 

of the polymer have been measured for different fractions of the polymer (viz., A 

type, B type, and C type) in different compositions (water-DMF) of the cosolvent 

mixture at different temperatures. In the previous chapter, we have reported the 

technique by which the molecular weight of PAM in aqueous solution may be 

controlled by trapping the initiator component in the interlayer space of vermiculite. 

This method has been adopted selectively to prepare polymers of varying molecular 

weights for the solution property studies as presented in this section of the present 

chapter. Low molecular weight polymers (viscosity average molecular weight 2.3 x 

105
, C-type) were prepared via redox polymerization of acrylamide monomer initiated 

by FeCI3 and thiourea redox system at 50°C. To obtain medium molecular weight 

polymers (viscosity average molecular weight 1.6 x 106
, B-type) 0.4~ monomer and 

0.06M TU 'in aqueous suspension of ferric vermiculite (FeV) were used at 60°C 

temperature and at pH 1.98. Details are given in chapter 3. High molecular weight 

polymers (viscosity average molecular weight 8.9 x 106
, A-type) were, purchased from 

; 

Across Organics (Belgium). From the relation between [r]] and M, the unperturbed 

dimension and molecular expansion factor have been measure~. The Huggins 

constant value in each case was also determined in order to study:the influence of 

cosolvent system on the aggregation of the polymer. While DMF is a poor solvent for 

PAM, water- DMF mixture acts as a cosolvent in certain proportions,~ 

5 A 2 RE:SUL TS AND DISCUSSION 

INTRINSIC VIOSCOSITY 

In general for a flexible polymer in poor solvent, the intrinsic viscosity 

increases with temperature, whereas in good solvent it decreases with temperature. 

In athermal solvent, however, viscosity is independent of temperature. 71 In absence 

of any solute the observed physical-chemical characteristics , of water-DMF 

mixtures72
-
78 such as dielectric decremenf2 with a maximum around ~oMF =0.5, 

nonlinear viscosity incremenf7
'
78 at water rich composition and highly nonlinear 
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concentration dependence of apparent molal volumes with a minimum75 around 

~DMF=0.20 have led the investigator.s to suggest that in presence of water, the self 

associates of DMF72
"
73 undergo disruption due to possible formation of 

intercomponent H-bonded complexes, resulting in the breakdown of; 3-D structures. 

At the initial water-rich region of DMF-water mixtures, comparatively more 

monomeric water and DMF molecules and the so-called DMF-water complexes are 

free to solvate the solute species. However, at higher composition of DMF, free 

monomeric water and DMF molecules are involved in the possible H-bonded clusters 

and DMF-DMF aggregate formation. The polymer chains are expanded most at the 

temperature at which [TJ] is the maximum. The variation of [TJ] for all three types of 

polymer at different temperatures and solution compositions are shown in figure 5.1-

5.3. The result shows that an increasing the amount of nonsolvent (DMF) up to a 

certain limit, intrinsic viscosity also increases for all types of PAM. This variation is, 

however, distinguishable from the variation observed in case of a pure solvent 

system. Intrinsic viscosity reaches its maximum value near ~DMF =0.2 for the polymer 

type-A, near ~DMF =0.3 for the polymer type-B and near ~DMF =0.4 for the polymer 

type-C. This indicates that energetically the most favorable solvent composition is 

different for different types of PAM. The higher the molecular weight of the polymer, 

smaller is the concentration of DMF required for showing the cosolvency effect. The 

decrease in [TJ] after the maximum is explained by decrease in unperturbed mean 

square end-to-end distance. At a higher co-solvency condition, the energetic 

weighting factor favors the extended configuration of the polymer molecules. The 

extended long chains are surrounded by the solvated hull and longer the chain lesser 

is the amount of DMF required for attaining the cosolvency condition. At low value of 

~DMF of pure solvent systems, the viscosity should decrease with temperature but in 
' 

the present ternary system (water+DMF+PAM), [TJ] is found almost invariant with 

temperature of the system. Increase in temperature of a polymer solution generates 

two antagonistic effects.79
"
8° Firstly, an increase in temperature generally leads to an 

increase in the solubility." This results in uncoiling of the polymer chain leading to an 

increase in intrinsic viscosity with temperature. Secondly, increase in temperature 

may lower the rotational barrier, thereby enhancing the degree of rotation about a 

skeletal bond, forcing the molecular chains to assume more 'compact coiled 

configuration. This leads to decrease in intrinsic viscosity with the increase in 

temperature. Plots of Huggins constant as a function of solvent composition are 
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shown in figure 5.4-5.6. It is observed that there is a maximum at the solvent 

composition ~oMF = 0.2 for PAM type C at all the studied temperatures. There are 

maxima at ~oMF =0.3 for type-S and type-A at 50°C and 30°C respectively and there 

are minima at ~oMF = 0.2 for type-A and type-S at 50°C and at 40°C respectively. 

Small values of KH indicate better cosolvency at this solvent composition and 

temperature. Very high values of KH for PAM type-B are the indication of strong 

aggregation for polymer molecules at all temperatures studied. 

UNPERTURBED DIMENSION (UD) 

The UD of the polymer chain is the dimension where volume exclusion due to 

long-range segmental interaction is nullified by its interaction with a definite solvent 

(theta solvent). 20 UD is the end-to-end distance of the polymer chain under theta 

condition and can be determined from intrinsic viscosity measurement at this 

condition. In the present study, Kurata-Stockmayer equation under non-theta 

condition16 has been used to derive Ke of PAM in different water-DMF mixtures. The 

results are summarized in table 5. 1. Some of the K-S plots are shown in figures 5.7-

5.12. Plots are essentially linear. The value of Ke obtained from various methods of 

measurements viz. S-F, K-S-F and K-S agree well with each other except for a few 

composition conditions of the solvents. It is apparent th~t at ~oMF =0.4 the polymer 

has the highest unperturbed dimension and this result is in general true for all the 

adopted methods for Ke calculation. Above the ~oMF value of 0.4 the cosolvency of 

the system is lost and the polymer is precipitated out (for PAM of type-C, precipitation 

starts at ~DMF =0.5) from the solution. At ~DMF =0.1 the polymer shows lowest Ke 
values for all the methods of calculation. The effect of temperature is interesting. With 

an increase in temperature, r0
2 and hence K0, decrease due to greater freedom of 

rotation around the skeletal bonds.20 However, such a temperature dependence of Ka 

can be attributed not only to the change in flexibility of macromolecular chains but 

also to the specific polymer solvent interaction. The effect may also be correlated to 

the cohesive energy density of the polymer and the solvent.33 

TEMPERATURE COEFFICIENT OF UNPERTURBED DIMENSION 

The effect of temperature on UD can be attributed to the change in flexibility 

of a macromolecular chain as well as to polymer solvent interactions. Some solvents 

at certain temperatures hinder internal rotations in macromolecules due to favorable 
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Table 5.1 Unperturbed Dimension of PAM in water+DMF mixtures at 

different temperatures determined by different methods. 

Temp. ° C K6x!O (cm3.g-312 .mol 112
) 

~DMF 
K-S S-F K-S-F 

0.1 0.484 0.679 1.843 

0.2 1.377 1.399 2.522 
30 

0.3 3.189 3.181 3.261 

0.4 3.391 3.338 3.191 

0.1 0.328 0.332 1.483 

0.2 1.125 0.958 2.141 
40 

0.3 2.532 2.509 3.041 

0.4 3.367 3.167 3.092 

0.1 0.260 0.343 1.641 

0.2 0.900 0.578 1.828 
50 

0.3 1.650 1.562 2.301 

0.4 2.423 2.302 2.527 

Table 5.2 Temperature co-efficients of Unperturbed Dimension at different 

DMF compositions. 

~DMF l<'deg-1 

0.1 0.0161 

0.2 0.0212 

0.3 0.0330 

0.4 0.0168 
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interactions, which lead to expanded uncoiled conformation of the polymer. Previous 

workers attributed this variation in UD to the specific solvent effect resulting from 

hydrogen bonding or other polar interactions67
. In the case of mixed solvents, 

preferential adsorption leads to similar observations and the effects are correlated to 

cohesive energy density of the polymer and the solvent.Unperturb~d dimension (Ko) 

is related to statistical parameter (r o 
2

) and unperturbed mean s9uare end-to-end 

distance by Flory equation as follows: 

17 

On differentiating the above with respect to T, the temperature coefficient of 

unperturbed dimension may be obtained 

dlnK8/dT = 3/2[{dln(r0
2
)}/ dT] = K' 18 

Here K', the temperature coefficient of unperturbed dimension provides 

information about configuration of chain molecules and also predict the configuration

dependent properties of polymer chain and energies of bond conformations in the 

molecules. From the table 5.2 it is seen that the value of K' changes with solvent 

composition. The value of K' increases up to ~DMF = 0.3 and then decreases. That is 

PAM molecules expand more up to ~oMF = 0.3. It also reveals the presence of low 

energy configuration in this solvent composition at high temperature. However, at 

~DMF = 0.4, K' again assumes lower value indicating more compact structure and the 

existence of high-energy configuration of the polymer. 

MOLECULAR EXPANSION FACTOR 

The molecular expansion factor (an). which represents the effect of long

range interaction, can be described as an osmotic swelling of the chain by the 

solvent-polymer interaction. It has been calculated from the relation, 

19 

where K9 has been taken from the K-S plot. The actual end-to-end distance, anKa. of 

the polymer molecule is also computed, which is shown in table 5. 3. It is observed 

that anKe attains its highest value at ~DMF = 0.4 for all the fractions of the polymer. As 

the number of segmental interaction of the polymer molecules increases with 
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molecular weight, the value of a.n also increases. This trend is observed at .all 

temperatures under the study. 

Table 5.3 Molecular Expansion Factor and Coil Dimensions of PAM at different 

temperatures in water+ DMF mixtures. 

Type-A Type-B Type-C 

Temperature(0C) <DoMF O.n O.nXKex1 0 O.n O.nXKox1 0 O.n O.nXKex10 

0.1 2.260 1.096 1.883 0.912 1.487 0.720 

0.2 1.723 2.373 1.327 1.827 1.287 1.772 
30 

0.3 1.065 3.396 0.995 3.173 1.031 3.288 

0.4 0.996 3·.377 0.897 . 3.042 1.037 3.517 

0.1 2.602 0.855 1.932 0.635 1.743 0.6727 

0.2 1.845 2.075 1.322 1.516 1.360 1.530 
40 

1.111 0.3 1.286 3.257 1.073 2.717 2.814 

0.4 1.049 3.532 0.851 2.866 1.062 3.576 

0.1 2.880 0.750 2.224 0.580 1.867 0.486 

0.2 1.994 1.795 1.352 1.217 1.436 1.293 
50 

0.3 1.496 2.468 1.489 2.456 1.203 1.984 

0.4 1.185 3.600 0.955 2.315 1.093 2.648 

CHAIN RIGIDITY 

The characteristic ratio (Ca). which serves as a measure of short-range 

interactions such as bond angle restrictions and steric hindrances, are also 

influenced by the torques exerted on the chain by solvent molecules. This effect is, 

however, small in many cases. The characteristic ratio Ca is a parameter that 

compares the unperturbed mean square end-to-end distance to the dimension of the 

chain if each segment was freely jointed. Steric factor (cr), the characteristic ratio 

(Ca). and [r0
2/M] 112 are calculated in usual manner from the followind equations81 

cr = [<r>o/M]ot112/[<r>ot1M] y, 

[ <r>otiMJ y,= [ <r>otiNJ y,[1 /Mo]112 

Ca=[Kei<Pof13(Mo/2L 2) 

: 

20 

21 

22 
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where <~>or is the unperturbed mean square end-to-end distance for a freely rotating 

chain, N is the degree of polymerization, Mo is the molecular weight of the monomer 

and L is the backbone bond length (L=0.154nm). For vinyl polymers the value of 

[<~>oriN] y,=3.08x10-8cm [35l. The computed values of a, Ca, and [r0
2/Mf'2 for PAM at 

different solvent compositions and temperatures are given in the table 5.4. Cowie 

observed that the range of values of a normally encountered is about 1.5-2.5 (ref. 

82). In the present system, however, it ranged between 1.29 and 3.03. Like UD, other 

parameters viz.,a, Ca and an K9 also show their highest values at ~DMF = 0.4. 

Table 5.4 Steric Factor, Characteristic Ratio and Unperturbed Dimension (in 

cm.g 112.mol112
) of PAM as a function of DMF fraction and 

temperature. 

T em peratu re(0C) <DoMF ro2/M1'2X10s Ca a 

0.1 5.787 0.772 1.585 

30 0.2 8.198 1.549 2.246 

0.3 10.845 2.711 2.971 

0.4 11.070 2.824 3.030 

0.1 5.084 0.595 1.392 

40 0.2 7.662 1.353 2.099 

0.3 10.043 2.325 2.751 

0.4 11.043 2.811 3.025 

0.1 4.706 0.510 1.289 

50 0.2 7.115 1.167 1.949 

0.3 8.706 1.747 2.385 

0.4 9.897 2.257 2.711 

VOLUME RELATED PARAMETER 

The volume related parameter is a function of temperature and a measure of 

volume of the solvated polymer molecules. The representative plot of Y vs. C 

(equation no.1 0) is shown in figure 5.13. VE is obtained from the intercept of the 

straight line on y-axis. Computed data of VE and '\J are shown in table 5.5. As the 

temperature increases the solvation decreases and hence, VE decreases. This is true 
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in most of the cases except for the polymer of type-A. It is to be noted that as the 

molecular weight decreases the solvated volume also becomes .smaller. A poor 

solvent system results in the less solvation of the polymer molecules, and hence the 

nature of variation of VE is almost similar to the nature of variation of ['tl] with <PoMF· 

Table 5.5 Volume related Parameter VE (in dlg-1
) and Shape Fa?tor values of 

PAM at different solvent compositions and temperatiJre 

Type-A Type-B Type-C 

Temperature(0C) <l>oMF VE "I) VE 1,) VE '\.) 

0.1 5.27 2.51 1.47 2.50 0.40 

.30 0.2 6.31 2.58 2.37 0.56 2.54 

0.3 3.42 2.65 1.40 2.52 0.60 2.84 

0.4 3.82 2.07 1.11 2.50 0.60 3.05 

0.1 5.66 2.41 1.16 2.30 0.40 2.12 

40 0.2 6.45 2.58 1.56 0.53 2.58 

0.3 4.64 2.74 1.40 2.51 0.60 2.88 

0.4 3.77 2.43 1.04 2.34 0.64 3.06 

0.1 5.75 2.55 1.36 2.37 0.32 2.53 

50 0.2 6.54 2.57 1.15 2.20 0.45 2.81 

0.3 5.04 2.58 1.17 2.37 0.48 2.88 

0.4 4.04 2.16 1.03 2.32 0.'56 2.73 

The shape factor v gives an idea about the shape of the polymer molecules in 

solution. Ideally it is 2.5 for spherical particles. Rakshit and coworker, suggested that 

the conformation of hydrolyzed PAM was other than spherical (v =2~.5-8.7)(ref.83). It 

is interesting to note that v values (Table-5.5) of unhydrolyzed PAM in the present 

study are very close to 2.5 and is not affected by solvent, molecular weight and the 

temperature of the study. This indicates that unhydrolyzed PAM molecules assume 

globular structure in solution. 
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SECTION- B 

STUDIES ON SOLUTION PROPERTIES OF 
HYDROLYSED POLYACRYLAMIDE. (N 

WATER-N, N DIMETHYLFORMAMIDE MIXTURES 

5 B 1 INTRODUCTION AND REVIEW OF PREVIOUS WORKS 

Water-soluble polymers find a v'ery proad range of industrial applications. 

Acrylamide based polymers are widely used· as flocculants, rheo)og'y _control agents _ 

and additives.84
"
86 Paper mamJfacturing, mining and water treatment processes are 

. ' . ,· 
~mong the many fields that benefit from the use of acrylamide-based polymers.87

"
91 In 

solu-tion phase,. progressively· hydrolyzed polyacrylamide (PAM) develops varied 
' . 

charge densities on the _polymer backbone and as such, solution behaviour of ttie 

· polymer is modified. Hyd;oly~is of a-mide groups in the alkaline condition, adsorption 

qf nonionic (unhydro.lyzed) .[NPAM], a~ionic and cationic types of ~AM on charged 

surfaces at different pH media are documented in literature. 9
_
2

.-
102 If hydrolyzed PAM is 

dissolved .in water103 it behaves like weak polyelectrolyte with char~~d coo- on the 

backbone.: I~ this charged PAM, relative dissociation of the ionic gro~;~ps is a function 
'>':'· 

of solvent polarity and the distribution and alignment of the_ charged_ ~ipoles along the 
. . 'i'• . 

chain are expected to play decisive role _on the final state of conformation ·of the 

polymer chain .. 101 Partially hydroly~ed PAM is thus expected to develop fascinating 
. . . . . )' . 

solution behavior especially in aqueous-nonaqueous mixed solvents. The effect of 

hydrodynamic field and the_ degree .of hydrolysis on apparent. bonformation or 

~ydrolyzed PAM has been discussed.104 Ludenberg and Phillips studied the 

viscometfic behavior of sulphonated P<?lystyrene in wat~r/tetrahydr~furan mixtures 

and found the nonpolyelectrolytic behavior .without any precipitation when water 

c~>ntent reduced below 5-vol%.105 But the ;:;ulphonated polystyre~e u~it in their 

polymers was only 1.7 ·mol%. Tong and coworkers measured the viscosity of 

copolymers of 2-acrylamido-2-methylpropane sulph,onic 9cids and _2-hydroxypropyl 
. . 

methacrylate in dimethyl sulfoxide and dimethyl sulfoxide I tetrahydrofuran mixed 

solvents and observed polyelectrolyte behavior even in mixed solvent containing 

65% of tetrahydrofuran. 106 "(he viscosity reduction and precipitation::of a. copolymer 
f 

from solution with in'creasing tetrahydrofuran content was attribute.d to the dipole-
- - t: -

' 
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dipole attraction between ion-pairs formed in less-polar medium. Some workers 

observed a complicated dependence of [rt] on the mole fraction of ethanol in aqueous 

solution of polymethacrylic acid and interpreted the results in terms of coil to 

collapsed chain model.107
"
110 

In section A of this chapter the results of our investigation on unperturbed 

dimension, interaction parameter and related aspects of unhydrolyzed 

polyacrylamide in water-DMF mixtures have been described. In continuation to our 

studies on physicochemical behavior of water-soluble synthetic polymers, present 

section of this chapter deals with the variation of [rtl. activation entropy and activation 

enthalpy (t.S#vis and t.H#vis). volume related parameter (VE). and the shape factor (v) 

of progressively hydrolyzed PAM with solvent composition in water-DMF system. 

While DMF is a poor solvent, water-DMF mixtures act as a cosolvent in certain 

proportions for hydrolyzed PAM also. 

5 B 2 RESULTS AND DISCUSSION 

INTRINSIC VISCOSITY 

It has been pointed out that for polyelectrolyte solutions, Fuoss equation 

(equation 28) cannot predict explicitly the occurrence of maximum in the reduced 

viscosity upon dilution under salt free condition. 111 Different models have been 

proposed to explain such behaviour. 112
•
113 Witten and Pincus have explained 

polyelectrolyte viscosity for the semi dilute concentration regime where the polymers 

overlap.122 According to the above model 

11 = 11s Z (C/1) 312 (C/C*) y, 23 

where 11 and 11s are solution and solvent viscosities, respectively, I is the solution 

ionic strength, C* is the overlap concentration, C is the polymer concentration and Z 

is the polyion charge. In salt free solution where C =1. Examination of equation 23, 

however, reveals that for C>C*, the inverse of reduced viscosity (rtred)"1 oc C112
, which 

is in agreement with the equation of Fuoss. In the present system, straight lines are 

obtained on plotting (rtsp/C)-1 against C112 under semi dilute condition of HPAM (not 

shown). The variation of [rt] of the solutions of, LPAM and HPAM at different 

temper<:;~tures and solvent compositions are shown in figures 5.14-5.15 respectively. 

The variation of [rt] with solvent composition is, however, distinguishable from that 
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observed in case of pure solvent systems. For LPAM and HPAM the nature of 

variation of [r,] with solvent composition is just opposite to that in pure solvent 

systems. With increasing DMF content (poor solvent), [r,l decreases due to the 

contraction of polymer coils as well as for enhanced degree of intermolecular 

agglomeration of polymer chain. The negative deviation of [Ill as a function of solvent 

composition of the associated binary solvent can be explained in terms of free 

volume theory as follows: In the presence of aggregates or complexes, polymer 

molecules cannot find a free volume and they are contracted. It is found that for 

LPAM and HPAM, [11] attains a minimum near ~DMF = 0.4 indicating energetically most 

unfavorable solvent composition to be 0.4. H-bonding interactions between 

neighboring amide and acid groups results in a loss of the number of polymer sites 

available to interact with solvent molecules and this is prominent ypto ~oMF = 0.4. 

When more DMF is added after ~oMF = 0.4, instead of free monomeric water and 

DMF molecules H-bonded clusters of water-DMF and DMF-DMF aggregates interact 

with polymer molecules. The extent of this interaction is more with LPAM where less 

number of carboxyl sites is present in each polymer chain. On the other hand, for 

NPAM where no carboxyl groups are present in the polymer chain (figure-5.1 of 

previous section) the nature of curves are dramatically different. Instead of giving a 

minimum with the variation of solvent composition, the [Ill reaches a maximum near 

~DMF = 0.2 at all temperatures studied. The maximum intrinsic viscosity at this solvent 

composition indicates preferential solvation of the polymer due to most powerful 

cosolvent effect. When the DMF content is increased above ~oMF=0.2, the [11] is 

decreased due to an enhanced intramolecular interaction. causing contraction of the 

polymer chain. Finally, the polymer is precipitated out from the solvent mixture at 

high ~DMF value. The cosolvency and intermolecular interaction of polymers are also 

manifested in the Huggins constant (KH) values when the composition of the solvent 

was varied. KH values can be used to predict the degree of interaction between 

polymer and the solvent as well. The sign of KH is often taken as a measure of the 

type of interaction in the polymer chain. In general, positive KH values, which 

increase with the ionic strength, indicate enhanced interunit attractive interactions. 

Plot of KH vs. ~DMF for LPAM is shown in the figures 5.16. The KH values are 

calculated from the least square slopes of equation 16. It is observed that there is a 

maximum in the plot of KH vs. ~DMF plot at ~DMF = 0.4 for LPAM.However, for NPAM 

KH is the smallest at ~DMF = 0.2 where [Ill is the greatest. The effedt of temperature 
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upon [11] should strongly depend upon the nature of the solvent. In a poor solvent, the 

effective molecular shape is more compact and curled than the L!nbiased statistical 

mean. Because dissolution of polymer in poor solvent is an endothermic process and 

the polymer segment will attract each other in solution and squeeze out the solvent 

between them. In such a solvent, a temperature increase results in an increase in [rJ]. 

On the other hand if a solvent is energetically more favorable than the indifferent 

solvent then in solution the long chain molecule will be surrounded by solvated hull, 

which tends to prevent polymer-polymer contact. Uncurled configuration will be 

favored and here a temperature increase should result in the decrease in [r]]. The 

effect of temperature on the intrinsic viscosity of the polymer in present mixed solvent 

system is interesting. In case of ionic PAM's, [11] decreases with temperature i.e. 

water-DMF mixtures behave like a good solvent. However, for NPAM, it acts as an 

athermal solvent as there is either no change or little change in [Ill with temperature 

(figure 5.1 ). As has already been mentioned, increase in temperature of a polymer 

solution generates two mutually exclusive antagonistic effects.79
•
8° Firstly, an 

increase in temperature generally leads to an increase in solubility resulting in 

uncoiling of the polymer chain leading to an increase in [rJ]. Secondly, an increase in 

temperature may lower the rotational barrier, thereby enhancing the degree of 

rotation about a skeletal bond, forcing the molecular chain to assume more compact 

coiled configuration. This leads to the decrease in [11] value with temperature. In case 

of NPAM, both of these effects are equally important and the solvent mixture 

behaves as an athermal system. However, in case of ionic PAM's, some of the H

bonds between amide groups are no longer present and the rotation about the 

skeletal bonds is enhanced. The former effect is thus superseded by the later and, 

therefore, [11] decreases with temperature. 

ACTIVATION PARAMETER 

Intrinsic viscosity data are used to evaluate activation parameters of viscous 

flow using Frenkel-Eyring equation as follows: 114 

[11] = NhN exp (L'lG#vis/RT) 24 

where V, N, h, R, £1G#vis and Tare molar volume of the solution, Avogadro's number, 

Planck's constant, ideal gas constant, activation free energy for the viscous flow and 

the temperature in K respectively. The equation 24 can be rewritte~ as 
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25 

where llH# vis and llS# vis are enthalpy and entropy of activation for the viscous flow 

respectively. The linearity is observed by ·plotting In (r,V/Nh) against T 1 with 

correlation coefficient of 0.95 or higher for all the systems except NPAM. Some 

representative plots are given in figure-5.17. llH#vis and !lS#vis values at different 

polymer concentrations and solvent compositions for hydrolyzed PAMs are shown in 

table-5.6 and table-5.7. These values were extrapolated to zero polymer 

concentration to evaluate llH#vis 0 and !lS#Vis 0 , which are presented in the table-5.8. 

Positive values of.llH#Vis and L'iS#vis were obtained for LPAM and HPAM. L'iH#vis0 and 

t,S#viso values are found to be functions of solvent composition. Interestingly, on 

plotting L\H#vis against L\S#vis a straight line was obtained . 

Table 5.6 .6.H#v1s(J.mor1
) for HPAM and LPAM in different solvent composition 

and concentrations of polymers. 

<l>oMF 0.97X10'3 g/ml 0.58X1 o-3 g/ml 0.35X10'3 g/ml 0.21x1o·3 g/ml 

HPAM LPAM HPAM LPAM HPAM LPAM HPAM LPAM 

0.0 649 741 145 671 257 263 4705 4441 

0.1 187 386 760 453 1276 1483 1176 1771 

0.2 867 797 913 165 1284 1090 1675 3348 

0.4 453 755 752 96 1565 1876 1526 4552 

0.6 380 656 442 1698 962 1006 678 3335 

0.8 393 755 312 64 826 1304 1178 3114 

Table 5.7 L'iS#vls (J.mor1.K'1) for HPAM and LPAM in different solvent 

composition and concentrations of polymers. 

<l>oMF 
0.97X1o·3 g/ml 0.58X 1 o-3 g/ml 0.35X1 o-3 g/ml 0.21 X1 o·3 g/ml 

HPAM LPAM HPAM LPAM HPAM LPAM HPAM LPAM 

0.0 29.35 29.43 31.17 29.84 31.02 24.66 17.25 17.71 

0.1 30.74 30.40 29.16 30.24 27.70 26.90 27.90 25.70 

0.2 28.70 29.25 28.62 31.20 27.56 28.07 26.10 20.55 

0.4 29.96 29.24 29.11 31.12 26.60 25.20 26.34 16.10 

0.6 30.35 29.31 30.20 25.50 28.60 27.70 29.30 20.00 

0.8 30.27 28.06 30.68 30.06 29.15 26.21 28.02 20.70 
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Table 5.8 Activation parameters of HPAM and LPAM at infinite dilution. 

<l>oMF HPAM LPAM 
~H# o (J 1-1) ~S#vis 0 ~H# o (J 1.1) ~S#vis 0 vis .mo vis .mo 

(J.moi"1K 1
) (J.mor1 K 1

) 

0.0 32.347 3422 17.277 

0.1 1610 26 .. 150 2030 24.951 

0.2 1708 26.112 3008 21.604 

0.4 1907 25.290 5317 16.377 

0.6 1138 28.088 3961 20.926 

0.8 1273 27.410 2962 21.095 

Such a free energy relationships has been reported previously for many systems 83
. 

The slopes of the plots that yield the values of structural temperatures are found to 

be different for different solvent systems. Structural temperature is the temperature at 

which free energy of activation for the viscous flow is assumed to be independent of 

the entropic forces and solely depends on enthalpic forces 68
• Observed structural 

temperatures are found to increase with DMF content of the solvent mixture. 

VOLUME RELATED PARAMETER 

Reduced viscosity values of different types of PAM were used to calculate 

the volume related parameter (VE) of the polymer solutions. The volume related 

parameter is a function of temperature and is a measure of volume of the solvated 

polymer molecules. Values of VE (table-5.9) for HPAM show that initially the polymer 

molecules become less solvated and at higher fraction of DMF the polymer 

molecules become highly solvated. For NPAM (table-5.5), however, just opposite 

trend is observed; initially the polymer molecules are highly solvated and at higher 
i 

DMF content the polymer are assuming compact coiled configuration. This variation 

of VE with fraction of DMF is similar to that of intrinsic viscosity. Poorer is the solvent 

lesser is the degree solvation and this is well reflected in the corresponding VE 

values. This result is expected from ['1] vs. ~DMF plot also. In case of LPAM the said 

trend is observed only at 323K. The effect of temperature on VE is rather interesting. 
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Table 5.9 Volume related parameter ( VE dlg-1
) of HPAM and LPAM in different 

solvent compositions at different temperatures. 

~DMF' 
303K 313K 323K 333K 

HPAM LPAM HPAM LPAM HPAM LPAM HPAM LPAM 
0.0 6.02 6.93 6.21 4.91 6.10 4.48 5.90 4.61 

0.1 4.57 4.78 4.65 4.09 4.49 3.75 3.83 3.23 

0.2 2.08 3.73 4.35 3.82 4.05 3.55 3.52 3.27 

0.4 3.06 3.28 4.23 2.49 3.57 2.16 3.11 1.99 

0.6 3.48 2.16 4.32 1.62 4.02 0.80 3.63 1.68 

0.8 4.71 1.45 5.00 1.45 4.68 1.41 4.21 0.96 

In the case of HPAM, initially VE increases with temperature and then 

decreases. For NPAM also the volume related parameter, VE, increases with 

increasing temperature. On the other hand, in the case of LPAM a decrease in VE is 

observed with an increase in temperature. An increase in temperature may lower the 

rotational barrier, thereby enhancing the degree of rotation about a skeletal bond, 

forcing the molecular chain to assume more compact coiled configuration. The 

difference in behaviour between HPAM and LPAM may be due to the difference in 

their ion content. From table 5.5 it is found that the value of v for NPAM is -2.5. 

Obviously, the nonionic polyacrylamide molecules assume near-spherical shapes in 

solution. The shape factors, v, for HPAM and LPAM are presented in table 5.1 0. The 

values of v suggest that shapes of LPAM and HPAM molecules are not always 

spherical, particularly when the cosolvent effect is poor. However, at high cosolvent 

condition the polymer molecules, particularly those of LPAM, assume spherical 

shape in solution. 

EXPANSION FACTOR 

The molecular expansion factor (a), which represents the effect of long-range 

interaction, can be described as an osmotic swelling of the chain by the solvent

polymer interaction. From the theory of polymer it is known that. 16
. 

26 

where <!>= Flory constant=2.84X1 023 for intrinsic viscosity expressed in mUg 

(independent of polymer, solvent and the temperature), ~o= mean square end-to-end 
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unperturbed distance of the polymer coil (independent of solvent and temperature), 

M = molecular weight of the polymer and a = expansion factor of the polymer. 

Table 5.10 Shape factor (v) of HPAM and LPAM in different solvent 

compositions at different temperatures. 

~DMF 303K 313K 323K 333K 

HPAM LPAM HPAM LPAM HPAM LPAM HPAM LPAM 

0.0 2.09 1.73 2.30 2.73 2.35 2.43 2.55 1.54 

0.1 2.50 2.50 2.17 2.44 2.25 2.21 2.50 1.93 

0.2 2.63 2.33 2.51 2.03 2.32 1.71 1.83 1.40 

0.4 2.30 1.56 2.45 2.44 2.45 2.45 1.58 1.99 

0.6 2.48 1.57 2.62 1.83 2.42 2.90 2.55 1.06 

0.8 2.59 2.60 2.50 2.53 2.42 2.73 2.45 2.14 

Table 5.11 Expansion factors of HPAM and LPAM in different solvent 

compositions at different temperatures. 

~DMF 303K 313K 323K 333K 

HPAM LPAM HPAM LPAM HPAM LPAM 'HPAM LPAM 

0.1 1.002 0.953 0.960 0.923 0.960 0.887 0.950 0.858 

0.2 0.910 0.860 0.940 0.850 0.940. 0.800 0.930 0.776 

0.4 0.980 0.723 0.940 0.450 0.940 0.542 0.930 0.463 

0.6 0.990 0.630 0.970 0.615 0.980 0.580 0.970 0.570 

0.8 1.020 0.651 0.940 0.661 1.010 0.687 1.000 0.586 

For a given polymer, the unperturbed dimension of the polymer chain (K>) is constant. 

Therefore, 
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where [Ill and [Ill a are intrinsic viscosities of the polymer in the solvent mixture and in 

pure water respectively. a and aa have the same signifisance as the expansion 

factors. From table-5.11 it is seen that the expansion factor a of HPAM and LPAM 

decreases as ~oMF increases and at ~oMF =0.4 there is a minimum (indeed according 

to the table the value of ~oMF for that minimum depends slightly on temperature) that 

means the unperturbed end-to-end distance of both LPAM and HPAM increases with 

~DMF initially and then decreases passing through a maximum. Interestingly, like ionic 

polymers, the unperturbed end-to-end distance for NPAM (table-5.~) also increases 

with ~oMF at the water rich region. 

5 B 3 APPLICATION OF HUGGINS EQUATION BELOW THE 

OVERLAP CONCENTRATION 

Classically, the apparent divergence of the reduced viscosity at small polymer 

concentrations is linearized with a so-called Fuoss-Strauss plot based upon the 

empirical equation 115
"
117 

28 

In the recent polyelectrolyte literature, some theoretical explanations for the 

meaning of the terms (A & B of equation 28) involved in the equation are given. More 

recent study has shown that the above equation is basically an empirical equation 

and physical meaning of the constants A & B is not as clear as originally suggested 

by Fuoss.118 Similar results were reported by Kim and others for sulphonated PS 

ionomers and discussed in terms of a recent theory of polyelectrolyte viscosity.122
"
124 

Reduced viscosity increases with the decrease in concentration of the polymer and 

reaches its maximum at the overlap concentration. It can be assumed that polymer 

molecules have reached a final state of expansion in this range of concentration and 

that the reduced viscosity then decreases at lower concentrations according to 

Huggins' equation.122
'
123 In the present investigation, viscosities are measured at 

different concentrations below the overlap concentration, which vary linearly and the 

intrinsic viscosity is determined by extrapolating the straight line to ze.ro concentration 
;. 

(straight lines are drawn by least square method). Following discussion is based on 

calculations avoiding Fuoss linearization. Figure 5.18- 5.21 show that if the reduced 

viscosity of HPAM solutions is plotted against the concentrations of polymer 

solutions, it passes through a maximum. The sharp increase in reduced viscosity with 
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decreasing concentration of polymer can be accounted for in terms of progressively 

enhanced dissociation of the ionisable groups on dilution. The maximum, which 

corresponds to the overlap concentration, is found to be different for different 

compositions of solvent. At this point it is assumed that molecules have reached a 

final state of expansion and below this concentration the reduced viscosity decreases 

according to the Huggins equation. In section 5.B it was not possible to discuss on 

the values of KH for HPAM because it could not be measured due to the 

manifestation of polyelectrolyte behavior in HPAM with respect to its solution 

viscosity and the analysis of data was made by using Fuoss equation ih the semi 

dilute. regime. Plot of Huggins' constant vs. solvent composition is shown in the figure 

5:23. Intrinsic viscosity measured using above method is plotted ·against the solvent 

composition and is sho.wn in the figure 5.22. Interestingly, when these plots are 

compared with those obtained using Huggins equation although a small difference in 

intrinsic viscosity values is observed there was practically identical trend of intrinsic 

viscosity variation with solvent composition. Small difference in intrinsic viscosity 

values may be attributed to the limitations of the applicability of Fuoss's empirical 

equation through the whole concentration range of the polyelectrolyte solution. It is 

observed from the figure 22 &23 that there is a maximum in the plot of KH vs. ~oMF at 

~DMF=0.4 for HPAM. 

Table 5.12 Volume related parameter (Ve dlg.1
) of HPAM in different solvent 

compositions at different temperatures 

¢oMF 303K 313K 323K 333K 

0.1 4.87 4.93 3.50 3.01 

0.2 2.39 2.56 2.21 2.01 

0.4 1.38 1.59 1.31 1.09 

0.6 1.75 2.81 2.71 2.65 

0.8 4.98 5.17 4.59 4.21 
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Table 5.13 Shape factor (v) of HPAM in different solvent compositions at 

different temperatures. 

<l>oMF 303K 313K 323K 333K 

0.1 2.68 2.55 2.40 2.53 

0.2 4.45 2.51 2.50 2.60 

0.4 3.72 2.60 2.80 2.90 

0.6 3.50 2.80 2.83 2.86 

0.8 2.80 2.20 2.65 2.77 

Table 5.14 Expansion factors of HPAM in different solvent compositions 

at different temperatures. 

<l>oMF 303K 313K 323K 333K 

0.1 0.83 0.79 0.77 0.78 

0.2 0.67 0.68 0.67 0.61 

0.4 0.54 0.57 0.58 0.49 

0.6 0.58 0.71 0.73 0.76 

0.8 0.85 0.84 0.87 0.87 

As expected intrinsic viscosity is minimum at this solvent composition. Like LPAM the 

cosolvency and intermolecular interaction of HPAM are also manifested in the values 

of KH when the solvent composition is varied. The viscosity measured by the above 

method is used to determine the volume related parameter (VE), molecular expansion 

factor (a.) and the shape factor (v). These values are tabulated in tables 5.12-5.14. In 

this case also same . trend of variation of the above parameters with solvent 

composition is observed. Values of VE (table-5.12) for HPAM show that initially the 

polymer molecules become less solvated and at higher fraction of DMF the polymer 

molecules become highly solvated. Values of v (table-5.13) suggest that shapes of 

LPAM and HPAM molecules are not always spherical, particularly when the 

cosolvent effect is poor. From table-5.14 it is seen that the expansion factor a of 
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HPAM decreases as ~DMF increases and at ~oMF=0.4 there is a minimum. Explanation 

pertaining to the variation of the values of these parameters with the solvent 

composition is already given in the previous section. 
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