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ABSTRACT: Homopolymers and copolymers of acrylamide (AA) and acrylic acid (AAc)
were synthesized by the free radical solution polymerization technique. Feed ratios of
the monomers were 85 : 15 (w/w), 65 : 35 (w/w), and 50 : 50 (w/w) of acrylamide and
acrylic acid, respectively, for synthesis of copolymers. All reactions were carried out in
aqueous media, except for the synthesis of polyacrylic acid, where the medium was n -
butanol. Hydrogen peroxide, potassium persulfate, and benzoyl peroxide were used as
initiators. The copolymers were purified by removing homopolymers. The homopoly-
mers and copolymers were characterized by infrared (IR), 13C-nuclear magnetic reso-
nance (NMR), 1H-NMR, differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), and viscosity measurements. The fusion temperature and the energy
change for various phase transitions were obtained from DSC measurements. The
activation energy values for various stages of decomposition were calculated from TGA.
The activation parameters for the viscous flow (i.e., free energy, enthalpy, and entropy
of activation) were evaluated from the viscosity measurements. Voluminosity and
Simha shape factor were also calculated for different systems. Effects of various concen-
trations of electrolytes, NaNO3, and Al(NO3)3 on viscosity behavior were studied.
q 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 45–56, 1997

Key words: homopolymer; copolymer; polyacrylic acid; polyacrylamide; characteriza-
tion; synthesis

INTRODUCTION monomers are used in fields as varied as mining,
textile manufacture, oil-well drilling, secondary
oil recovery, and agricultural soil modification.4Polyacrylamide and copolymers of acrylamide
The solution properties of polyelectrolytes arewith other monomers have shown a number of
rather unusual. A decrease in the viscosity of poly-properties leading to a variety of industrial appli-
acrylamide solutions in the presence of mono andcations. Of growing importance are those related
multivalent electrolytes (e.g., NaCl, CaCl2, etc.)to their use as water soluble viscosifiers and dis-
is well known.5placement fluids in enhanced oil recovery.1 Poly- Different researchers in recent years haveacrylamide as such has a variety of applications worked with polyacrylamide (PAA), polyacrylic

due to its ability to flocculate solids in aqueous acid (PAAc), and their copolymers. IR spectroscopy
suspensions.2 Acrylamide-based polyelectrolytes has been used to study the complexation of PAA
were found to reduce surface charges and enable with PAAc.6 Copolymers of acrylamide with methyl
the primary particles to coagulate.3 Acrylic acid acrylate,7 and sodium acrylate8 have been studied
and its copolymers with acrylamide and other spectroscopically. Acrylamide-acrylic acid copoly-

mers are being used as thickeners for improved per-
formance in alkaline conditions.9 A recent reviewCorrespondence to: A. K. Rakshit.
discusses the properties and uses of copolymers ofJournal of Applied Polymer Science, Vol. 66, 45–56 (1997)

q 1997 John Wiley & Sons, Inc. CCC 0021-8995/97/010045-12 acrylamide with acrylic acid and various acrylates
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in the petroleum industry.10 The copolymerization 20% (w/v) solution of acrylamide in water, in
presence of 10 mL H2O2 (3% w/v) was taken in aof acrylamide and acrylic acid11 has been studied

recently with reference to amounts of initiator, tem- three-necked flask, under nitrogen atmosphere.
The reaction mixture was stirred at 827C for aperature, pH, time, etc. Tercopolymerization of

acrylic acid, acrylamide and N-[(4-decyl)phenyl] period of one-half hour. The three-necked flask
was equipped with a water condenser and wasacrylamide has been reported.12 Our interest in the

synthesis and characterization of water soluble placed in a thermostat maintained at the desired
temperature. The reaction mixture after polymer-PAA, PAAc, and P(AA-AAc) copolymers arises be-

cause of our desire to study the interaction of these ization was poured into an excess of methanol to
precipitate out the PAA. The PAA obtained waspolymers with various ionic and nonionic surfac-

tants, as both polymers and surfactants are present repeatedly washed with methanol and finally
dried in vacuo before characterization.in these systems.

In this article we present the synthesis and Synthesis of PAAc was carried in nonaqueous
medium: 40 g of acrylic acid in 160 g of n -butanolcharacterization of polyacrylamide, polyacrylic

acid and acrylic acid-acrylamide copolymers. The was taken in a three-necked flask. The reaction
set up was similar to that used for synthesis ofeffect of NaNO3 and Al(NO3)3 on the viscosity

property of the aqueous solutions of the above- PAA. Benzoyl peroxide (0.4 g) was used as the
initiator. The reaction mixture was stirred for amentioned homo and copolymers are also dis-

cussed in detail. period of 5 h under a nitrogen atmosphere at 807C.
PAAc was obtained by pouring the reaction mix-
ture into the nonsolvent, nonane. It was dried in
vacuo before characterization.EXPERIMENTAL

Copolymerization of acrylic acid and acryl-
amide was carried out with different feed ratiosAcrylamide (Mitsubishi Chemicals Ltd.) and

acrylic acid (National Chemical, Baroda) were of the two monomers.14 The ratios chosen for
study were 50 : 50, 65 : 35, and 85 : 15 (w/w)used for polymerization without any prior purifi-

cation. Potassium persulfate (Merck, India) and acrylamide and acrylic acid, respectively. The rec-
ipe for the synthesis of copolymer 85 : 15 (w/w)hydrogen peroxide (Glaxo, India, 30% w/v) were

used as received. The solvents were freshly dis- of acrylamide and acrylic acid (AA-AAc) was as
follows: 17 g acrylamide, 3 g acrylic acid, and 0.14tilled prior to use.

Elemental analysis was done on a FISONS, EA g K2S2O8 were taken in 180 mL of H2O. The reac-
tion was carried out under nitrogen atmosphere1108, C, H, N analyzer.

IR spectra of the films of the homopolymers and at 687C for a period of 2.5 h. The reaction set-
up remained the same as described in the earliercopolymers were recorded on a Shimadzu IR-408

spectrophotometer. The films were prepared by paragraph. The polymeric product was obtained
by reprecipitation in methanol. The reprecipi-dissolving the polymers in water and pouring the

solution over a pool of mercury. The films were tated product was further purified by removal of
the respective homopolymers. The homopolymerobtained by vacuum evaporation of the solvent.

The NMR of the polymer solutions in D2O were PAAc was soluble in dioxane. The product ob-
tained on reprecipitation was treated with diox-recorded on a Varian XL, 300 MHz, for PMR and 75

MHz for 13C-NMR, at the RSIC, IIT, Bombay, India. ane to remove PAAc. The product hence obtained
was dissolved in a methanol-water mixture (50 :TGA was recorded on a Shimadzu thermal ana-

lyzer DT-30 B. The TGA analysis was done in the 50 v/v). The homopolymer PAA remained insolu-
ble and was filtered out. The copolymer, whichpresence of air. DSC was recorded on a Mettler

ME 4000. was soluble in the water-methanol mixture, was
poured into an excess of pure methanol to repre-Viscosity studies of different solutions were

carried out with the help of an Ubbelohde viscom- cipitate the copolymer, which was thoroughly
washed with methanol and finally dried in vacuo.eter, placed vertically in a thermostat, at all re-

quired temperatures ({0.057C). The reaction conditions were exactly the same
for copolymers having acrylamide and acrylic acidPolymerization of acrylamide, acrylic acid, and

their copolymers, in various feed ratios, was car- in feed ratios 50 : 50 (w/w) and 65 : 35 (w/w).
The reaction mixture was heated at 687C for aried out by the free radical solution polymeriza-

tion technique13 as described below. period of 2.5 h under a nitrogen atmosphere. The
polymeric product obtained was also purified toPolyacrylamide was synthesized as follows:
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Figure 3 13C-NMR spectrum of PAA.Figure 1 IR spectrum of PAAc.

which agreed very well with those reported in theremove the respective homopolymers. The purifi-
literature.17,18

cation procedure was exactly the same as used for
Further evidence for the two comonomers in-the previous copolymer.

corporated was given by 13C-NMR spectra of the
copolymers. The 13C-NMR spectra of PAA and co-
polymer AA-AAc (65 : 35) are given in Figures 3RESULTS AND DISCUSSION
and 4. The chemical shift values of PAA (Fig. 3)
are in agreement with those reported earlier.18–20

The IR spectrum of PAAc is shown in Figure 1.
The methine carbon ({CHCONH2) of the back-The broad absorption band due to the O{H bond
bone resonates at 44.744 ppm and the backbonepresent in the {COOH group was observed in
methylene carbon resonates between 36.768–the range of 3300–3500 cm01 .15 The C|O bond
38.971 ppm. The carbonyl carbon appeared as aof carboxylic acid was observed at 1720 cm01 . Two
sharp singlet at 182.365 ppm. In the case of AA-bands arising from C{O stretching and O{H
AAc copolymers (Fig. 4), an extra peak due tobending appear in the spectrum. These are
methine carbon ({CHCOOH) was observed at dÇ 1320–1210 cm01 and 1440–1395 cm01 , respec-
Å 63.97 ppm.21,22 The intensity of this peak in-tively. Both of these bands involve some interac-
creased with the increase in the amount of AAction between C{O stretching and in-plane
incorporated. The carbonyl carbon of the {COOHC{O{H bending.16 The IR spectra of AA-AAc
group absorbs at d Å 178.399–179.345 ppm. Thecopolymers show absorption bands typical of the
intensity of this peak also increased with the in-constituent monomeric units and their relative in-
crease in AAc content. The absorptions of thetensity, depending on composition. The IR spec-
backbone {CH2 from both the monomers couldtrum of AA-AAc copolymer (65 : 35) is shown in
not be distinguished from 13C-NMR spectra. TheFigure 2. The C|O bond of the carbonamide
proton spectra of homopolymers and copolymersgroup absorbs at 1650 cm01 . The C{N stretching
(not shown) supported the 13C-NMR spectra. Thebond of primary amide was observed near 1400

cm01 . PAA showed characteristic absorptions

Figure 4 13C-NMR spectrum of copolymer AA-AAc
(65 : 35).Figure 2 IR spectrum of copolymer AA-AAc (65 : 35).
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Table I Composition of Acrylamide and Acrylic Acid in Feed and in
Copolymers

Mole Fraction Elemental Mole Fraction of
of AA in Feed Analysis AA in Copolymer

Sample (M1) N (%) (f1)

AA-AAc
(50 : 50) 0.504 8.66 0.44

AA-AAc
(65 : 35) 0.653 10.16 0.52

AA-AAc
(85 : 15) 0.852 14.86 0.76

methylene protons of PAA appeared as a broad mined by the Fineman–Ross method.24 The fol-
lowing equation was used:peak at d Å 1.6–1.8 ppm.22 The methine protons

resonate at d Å 2.28 ppm. On incorporation of
AAc, the extra peak at d Å 2.84 ppm was due to X (Y 0 1)/Y Å r1(X 2 /Y ) 0 r2 (2)
the backbone methine proton ({CHCOOH).

The feed ratios of various monomer mixtures,
where X ÅM1/M2 and Y Å f1/f2 (see Table II). Onas well as the composition of the resulting copoly-
plotting X (Y 0 1)/Y against X 2/Y, a straight linemers obtained by elemental analysis, are summa-
was obtained whose slope was r1 and the interceptrized in Table I. The reactivity ratios of AA and
yielded r2. The values obtained for r1 and r2 by thisAAc were estimated by the graphical method ac-
method are 0.463 and 1.092 respectively. Several val-cording to the Kelen–Tudos equation.23

ues of r1 and r2, depending on temperature and reac-
tion conditions, are reported in the literature25,26 for
the same two monomers. As seen above, both theh Å r1j 0

r2(1 0 j )
a

(1)
methods give similar values for r1 and r2.

The statistical distribution of monomer se-
quences, M1 0 M1 , M2 0 M2 , and M1 0 M2 waswhere r1 and r2 are the reactivity ratios relating to
calculated using the following relations5,19 :monomer 1 (acrylamide), and monomer 2 (acrylic

acid), respectively. h, j, and a are mathematical
X Å f1 0 2f1(1 0 f1) / {1 / [ (2f1 0 1)2functions of G and F as defined in Table II. On

plotting h versus j, a linear plot was obtained.
/ 4r1r2f1(1 0 f1)]1/2 } (3)The intercepts at j Å 0 and j Å 1 gave 0r2 /a and

r1 , respectively. The values obtained for r1 and r2 Y Å (1 0 f1) 0 2f1(1 0 f1) / {1 / [ (2f1 0 1)2

are 0.427 and 0.945, respectively.
The reactivity ratios r1 and r2 were also deter- / 4r1r2f1(1 0 f1)]1/2} (4)

Table II Kelen–Tudos Parameters

Sample X Å M1

M2
Y Å f1

f2
G Å X(Y 0 1)

Y
F Å X2

Y
j Å F

a / F
h Å G

(a / F)

AA-AAc
(50 : 50) 1.01 0.80 00.26 1.29 0.26 00.05

AA-AAc
(65 : 35) 1.88 1.08 0.14 3.29 0.47 0.019

AA-AAc
(85 : 15) 5.75 3.10 3.90 10.64 0.74 0.27

a Å
√
Fmin Fmax Å 3.71; M2 is the mole fraction of acrylic acid in feed, f1 and f2 are the mole fractions of acrylamide and acrylic

acid in the copolymer.
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Table III Structural Data for the Copolymers of AA and AAc

Alternationb

Compositiona ‘‘Blockiness’’b (Mole
(Mole fraction) (Mole fraction) fraction) Mean Sequence Lengthc

AA AAc AA-AA AAc-AAc AA-AAc mAA
mAAcSample (f1) (f2) (X* ) (Y* ) (Z* ) mAA mAAc

AA-AAc
(50 : 50) 0.44 0.56 0.14 0.260 0.600 1.3 2.2 0.6

AA-AAc
(65 : 35) 0.52 0.48 0.215 0.175 0.610 1.5 1.9 0.8

AA-AAc
(85 : 15) 0.76 0.24 0.552 0.032 0.417 2.4 1.3 1.8

a From elemental analysis.
b Statistically calculated using reactivity ratios (ref. 12).
c Using Kelen-Tudos reactivity ratio

PAA was three-staged, as observed before.28 First,Z Å 4f1(1 0 f1) / {1 / [ (2f1 0 1)2

the loss of water, which is nonstoichiometric, oc-/ 4r1r2f1(1 0 f1)]1/2 } (5) curred. This is followed by subsequent loss of am-
monia and other gaseous products from the poly-

where r1 and r2 are the reactivity ratios of AA
acrylonitrile structure formed during decomposi-and AAc, respectively. f1 is the mole fraction of
tion of polyacrylamide, and partly from the re-acrylamide in the copolymer, obtained from ele-
maining polyacrylamide in the course of heatingmental analysis. The mole fractions of 1 0 1, 2 0
up to 6007C.29

2, and 1 0 2 sequences are designated by X* , Y* ,
The Ozawa method,30 a dynamic analysis tech-and Z* , respectively. Mean sequence lengths mAA nique, was also used for the determination of acti-and mAAc were calculated utilizing the relations:

vation energy. Thermograms were recorded at
various heating rates of 10, 15, and 20 K min01 ,mAA Å 1 / r1[f1] / [f2] (6)

mAAc Å 1 / r2[f2] / [f1] (7)

The intermonomer linkages and mean sequence
length distributions for the AA-AAc copolymers
are listed in Table III. For the series of AA-AAc
copolymers, mAA varied from 1.3 at 0.44/0.56 mole
ratio of AA/AAc in the copolymer to 2.4 with a
0.76/0.24 mole ratio. The calculated mole fraction
of AA-AAc linkages in each copolymer was rela-
tively high, indicating an alternating tendency.

TGA of PAA, PAAc, and copolymer AA-AAc
(50 : 50) systems are given in Figure 5. The ther-
mogram of the copolymer falls in between those
of the corresponding homopolymers, implying a
somewhat intermediate thermal stability. Two
stage decomposition was observed in all cases, ex-
cept for PAA. The first-stage decomposition of
PAAc started atÇ 2407C. This is due to the forma-
tion of anhydride linkages. Similar values were
reported earlier for PAAc.27 Heating above 300– Figure 5 TG curves of (1) PAA, (2) copolymer AA-
3507C results in rapid decomposition to monomer, AAc (50 : 50), and (3) PAAc at heating rate of 10 K

min01 in air.carbon dioxide, and volatile hydrocarbons. TGA of
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stability of PAA in a nitrogen atmosphere, as ex-
pected.

The activation energy associated with each stage
of decomposition was also evaluated by the well-
known Broido’s method.31–33 The equation used for
the calculation of activation energy (E) was:

ln ln(1/Y ) Å (0E /R ) (1/T ) / constant (10)

where

Y Å (Wt 0 Wa) / (W0 0 Wa) (11)

that is, Y is the fraction of the number of initial
molecules not yet decomposed, Wt is the weight
at any time t , Wa is the weight at infinite time
(Å zero), and W0 is the initial weight. A plot of
ln ln(1/Y ) versus 1/T [eq. (10)] gives an excellent
approximation to a straight line over a range of
0.999 ú Y ú 0.001. The slope is related to the
activation energy. Representative plots are shown
in Figure 7. The values for activation energy of

Figure 6 Plot of log b vs. 1/T for PAA. Values of (1 decomposition are listed in Table V.
0 a ) are (a) 0.50; (b) 0.55; (c) 0.60; (d) 0.65, and (e) DSC curves for PAAc, PAA, and copolymer AA-
0.70. b is the heating rate (K min01) .

AAc (85 : 15) are shown in Figures 8–10. Values
of glass transition temperature (Tg) reported for
PAAc in the literature are 1067C,34 1307C,35 andin air. The fraction of decomposition, a, was ob-
1807C.36 The Tg of PAAc increases with increasingtained by the following equation:
anhydride concentration, which occurs primarily
by intramolecular reactions. Decarboxylation also

a Å (W0 0 Wt ) / (W0 0 Wf ) (8) occurs simultaneously with water elimination,
but at a much slower rate.37 DSC of PAAc (Fig.

where W0 is the initial weight of polymer, Wt is 8) shows a Tg at 1167C and the enthalpy change
the weight of the polymer at temperature t , and associated with it was 60.5 J g01 . Melting temper-
Wf is the final weight. (1 0 a ) values were found
for each heating rate from the TG curves; (1 0 a )
values obtained were plotted against 1/T . Ac- Table IV The Activation Energies of
cording to Ozawa’s method,30 the plot of log b Decomposition of Various Homopolymers

and Copolymers(where b is the heating rate) against the recipro-
cal of absolute temperature, for different values

Polymer Activation Energy, E (kJ mol01)of (1 0 a ) is linear. The activation energy of de-
Sample (1 0 a)a

composition was obtained from the slope of the
above linear plot,30 using the equation

PAA 30.4 28.0 28.1 24.9
(0.50) (0.55) (0.60) (0.65)

Slope Å 00.4567(E /R ) (9) AA-AAc
(85 : 15) 83.9 85.1 82.1 83.0

(0.35) (0.45) (0.50) (0.55)The plot of log b versus 1/T , for PAA, at different
AA-AAcvalues of (1 0 a ) each differing by 0.05, is shown

(65 : 35) 84.5 81.8 84.5 78.4in Fig. 6. The activation energy values at different
(0.30) (0.35) (0.40) (0.45)(10 a ) are given in Table IV. The activation ener-

PAAc 57.8 54.8 47.7 45.7gies of decomposition varied with (1 0 a ) and
(0.40) (0.45) (0.50) (0.55)were not exactly constant. The activation energy

of decomposition for PAA in a nitrogen atmo- (Ozawa method, see text).
a Values of (1 0 a) are given in parentheses.sphere was 157.5 { 1.71.29 This indicates higher
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Figure 9 DSC curve of PAA.

The viscosity of solutions of PAA and copoly-
mers AA-AAc (85 : 15), AA-AAc (65 : 35), and
AA-AAc (50 : 50) was studied at different temper-
atures of 35, 40, and 457C. The study was done in
aqueous medium and in the presence of various
concentrations of different electrolytes. Intrinsic
viscosity was calculated using the following equa-

Figure 7 Plot of ln ln(1/Y ) vs. 1/T for (l ) PAA, (m ) tions (Huggins & Kraemer):
AA-AAc (85 : 15), and (j ) PAAc.

hsp /C Å [h] / K *[h]2C (12)

ln hr /C Å [h] 0 K 9[h]2C (13)
ature, Tm , of PAAc was 2367C and the enthalpy
change associated with it was 486 J g01 .38 The where K * and K 9 are constants for a given poly-
fusion temperature and the energy change associ- mer/solvent/temperature system. For many lin-
ated with the respective phase transitions are also ear flexible polymer systems, K * often indicates
listed in Table V. Tg of PAA (Fig. 9) was observed the measure of the solvent power; the poorer the
at 84.87C and the onset of softening temperature solvent, the higher the value of K * . The K * 0 K 9
occurred at Ç 1907C. Reported values were 1537C values were found to be Ç 0.5, as expected.40–42

and 2107C, respectively.39 AA-AAc copolymers Intrinsic viscosities of various systems at differ-
showed an enhancement in Tg (Fig. 10) due to ent temperature and some representative values
specific interactions between acrylamide and of K *0K 9 are given in Table VI. Some representa-
acrylic acid moieties.

Figure 8 DSC curve of PAAc. Figure 10 DSC curve of AA-AAc (85 : 15).
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Table V Activation Energy of Decomposition, Fusion Temperature, and Enthalpy Change Values
for Different Systems

Activation Energy (E)a (kJ mol01) Phase Transition
Polymer Temperature Enthalpy Change
Systems First Stage Second Stage (7C) (J g01)

PAA 25.6 22.9 84.8 461.8
PAAc 8.9 2.9 a) 116.1 a) 60.5

b) 236.1 b) 486.1
AA-AAc

(85 : 15) 19.1 34.8 a) 178.4 a) 26.8
b) 228.8 b) 218.1

AA-AAc
(65 : 35) 17.7 36.1 a) 173.6 a) 1.2

b) 226.1 b) 108.5
AA-AAc

(50 : 50) 20.3 20.7 a) 168.7 a) 1.7
b) 228.4 b) 67.6

a Calculated using Broidós method at a heating rate of 10 K min01, in air.

tive plots are shown in Fig. 11. The variation of solution generates two antagonistic effects.43–45

First, increase in temperature generally leads to[h] with temperature depended on the salt con-
centration. [h] of PAA in H2O and in presence of an increase in solvent power, i.e., solubility of the

polymer in a solvent increases. This results inlower concentrations of electrolytes [NaNO3 and
Al(NO3)3] showed a decrease with increase in uncoiling of the polymer chains, leading to in-

crease in [h] with temperature. Second, increasetemperature. Other systems showed an increase
in [h] with increase in temperature. The decrease in temperature may lower the rotational barrier,

thereby enhancing the degree of rotation aboutin [h] with increasing temperature indicates a de-
crease in hydrodynamic volume of polymer mole- a skeletal bond, forcing the molecular chains to

assume a more compact coiled configuration. Thiscules. This is due to conformational and solvent
association changes with increasing tempera- leads to a decrease in [h] with increase in temper-

ature. The decrease in [h] with increase in tem-ture.43–45 Increase in temperature of a polymer

Table VI Intrinsic Viscosities of Various Polymer Systems at Different Temperatures
in Aqueous Solutions

Intrinsic Viscosity [h] (dl g01)
K*-K9

Polymer Systems/Solvent 357C 407C 457C (407C)

PAA/H2O 2.98 2.91 2.62 0.51
PAA/0.05M NaNO3 3.85 3.68 3.40 0.51
PAA/0.3M NaNO3 3.87 3.67 3.58 0.50
PAA/0.5M NaNO3 3.75 3.91 3.94 0.50
PAA/0.1M Al(NO3)3 4.00 3.74 3.56 0.49
PAA/0.3 M Al(NO3)3 3.97 4.04 4.53 0.50
PAA/0.5M Al(NO3)3 4.10 4.19 4.23 0.50
AA-AAc (65 : 35)/0.05M NaNO3 1.52 1.62 1.74 0.49
AA-AAc (65 : 35)/0.1M NaNO3 1.52 1.54 1.66 0.52
AA-AAc (65 : 35)/0.5M NaNO3 1.52 1.53 1.58 0.48
AA-AAc (85 : 15)/0.3M NaNO3 2.60 2.77 3.07 0.50
AA-AAc (85 : 15)/0.5M NaNO3 2.36 2.73 2.92 0.50
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AA-AAc SYNTHESIS 53

Figure 13 Plot of (1) hsp /C and (2) ln hr /C vs. concen-
Figure 11 Typical plot of (1) hsp /C and (2) ln hr /C tration for (l ) AA-AAc (50 : 50)/0.5M NaNO3 at 457C,
versus concentration for AA-AAc (85 : 15) at (l ) 357C, and (m ) AA-AAc (50 : 50)/H2O at 357C.
(m ) 407C, and (j ) 457C in 0.5M aqueous NaNO3.

against the ionic strength of NaNO3 (Fig. 12).perature for various acrylamide-based copolymers
This behavior for acrylamide-based copolymerswas observed earlier.5 On the other hand, poly-
was observed earlier.5electrolytes like PAAc show an increase in [h]

[h] of AA-AAc copolymer (65 : 35) varied lin-with increasing temperature.46

early with reciprocal square root of ionic strength,The effect of different concentrations of NaNO3
i.e., I01/2 (Fig. 12). This behavior was observedon the viscosity behavior of PAA is different from
for polyelectrolytes by a number of workers.19,47–49

that on the viscosity behavior of AA-AAc copoly-
mers. [h] of PAA shows a maximum when plotted

Figure 14 Plot of (hsp /C )01 vs. (C )1/2 for (l ) AA-AAc
(50 : 50)/H2O at 357C and (m ) AA-AAc (50 : 50)/0.5MFigure 12 Plot of (l ) I01/2 vs. [h] for AA-AAc (65 :
NaNO3 at 407C.35)/NaNO3 at 407C, and (m ) I against [h] for PAA/

NaNO3 at 357C.
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Table VII Voluminosity of Various Polymers at Different Temperatures

Voluminosity (VE)

Polymer Systems/Solvent 357C 407C 457C

PAA/H2O 1.16 1.17 1.04
PAA/0.05M NaNO3 1.48 1.45 1.34
PAA/0.3M NaNO3 1.49 1.44 1.41
PAA/0.5M NaNO3 1.46 1.48 1.53
PAA/0.1M Al(NO3)3 1.50 1.45 1.40
PAA/0.3M Al(NO3)3 1.51 1.54 1.55
PAA/0.5M Al(NO3)3 1.59 1.60 1.64
AA-AAc (65 : 35)/0.05M NaNO3 0.57 0.61 0.64
AA-AAc (65 : 35)/0.1M NaNO3 0.59 0.60 0.65
AA-AAc (65 : 35)/0.5M NaNO3 0.58 0.59 0.63
AA-AAc (85 : 15)/0.3M NaNO3 1.01 1.06 1.14
AA-AAc (85 : 15)/0.5M NaNO3 0.90 1.09 1.12

This indicates that copolymers, having acrylic longer fill all of the space and intervening regions
extract some of the mobile ions. Net charges de-acid as a comonomer, act as polyelectrolytes in

aqueous media. There is an electrical double layer velop in the domains of the polymer molecules,
causing them to expand. As this process continuesat the solid–liquid interface (i.e., at the polyion–

solvent interface). The double layer thickness at with further dilution, the expansive force in-
creases. At high dilutions polymer molecules losethe polyion–solvent interface decreases with the ad-

dition of electrolyte. Hence, there is less overlapping most of their mobile ions and are extended virtu-
ally to their maximum length.50 This leads to highof the double layers and consequently less viscosity

with increase in the concentration of the salt. values of hsp /C . Such data can be satisfactorily
handled through the use of the empirical relationThe viscosities of AA-AAc (50 : 50), AA-AAc

(65 : 35), and AA-AAc (85 : 15) in water, like other
polyelectrolytes, showed a unique dependence on

hsp /C Å A / (1 / BC1/2 ) (14)concentration. hsp /C for the above-mentioned co-
polymers in water increases with dilution, con-
trary to the behavior of nonionic polymers. Repre- where A and B are constants. Straight lines were

obtained on plotting (hsp /C )01 against C1/2 (Fig.sentative plots are shown in Figure 13. As the
solution is diluted, the polymer molecules no 14).50 Addition of electrolyte suppresses the loss

Table VIII Shape Factor n at Various Temperatures

Shape Factor n

Polymer Systems/Solvent 357C 407C 457C

PAA/H2O 2.6 2.5 2.5
PAA/0.05M NaNO3 2.6 2.6 2.5
PAA/0.3M NaNO3 2.6 2.6 2.5
PAA/0.5M NaNO3 2.6 2.6 2.5
PAA/0.1M Al(NO3)3 2.6 2.5 2.5
PAA/0.3M Al(NO3)3 2.6 2.5 2.5
PAA/0.5M Al(NO3)3 2.6 2.6 2.6
AA-AAc (65 : 35)/0.05M NaNO3 2.6 2.6 2.6
AA-AAc (65 : 35)/0.1M NaNO3 2.5 2.6 2.5
AA-AAc (65 : 35)/0.5M NaNO3 2.6 2.6 2.5
AA-AAc (85 : 15)/0.3M NaNO3 2.6 2.6 2.6
AA-AAc (85 : 15)/0.5M NaNO3 2.5 2.5 2.6
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Table IX Viscosity Activation Parameters at Infinite Dilution

DG‡0
vis

DH‡0
vis DS‡0

vis (kJ mol01)
Polymer Systems/Solvent (kJ mol01) (JK01 mol01) 303 K

PAA/H2O 15.9 38 4.5
PAA/0.05M NaNO3 12.0 25 4.4
PAA/0.3M NaNO3 16.8 40 4.5
PAA/0.5M NaNO3 15.3 35 4.5
PAA/0.1M Al(NO3)3 22.5 58 5.0
PAA/0.3M Al(NO3)3 14.7 31 5.3
PAA/0.5M Al(NO3)3 14.8 35 4.3
AA-AAc (65 : 35)/0.05M NaNO3 11.2 22 4.5
AA-AAc (65 : 35)/0.1M NaNO3 21.4 55 4.7
AA-AAc (65 : 35)/0.5M NaNO3 8.8 15 4.3
AA-AAc (85 : 15)/0.3M NaNO3 16.2 39 4.4
AA-AAc (85 : 15)/0.5M NaNO3 15.3 36 4.4

of mobile ions, hence the rise in hsp /C at low con- R is the gas constant, T is the temperature, and
centrations was eliminated and the conformity DG ‡

vis is the free energy of activation for the vis-
with Huggins’ equation was restored. cous flow. Equation (17) can be rewritten as

The relative viscosity data at different concen-
trations were used for the calculation of volumi- ln(hV /Nh ) Å DG ‡

vis /RT
nosity (VE ) of polymer solutions at a given temper-

Å DH ‡
vis /RT 0 DS ‡

vis /R (18)ature.40–42 VE was obtained by plotting Y against
concentration C (g ml01) where

where DH ‡
vis and DS ‡

vis are the enthalpy and en-
tropy of activation for the viscous flow.40–42 ln(hV /Y Å (h0.5

r 0 1)/C (1.35h0.5
r 0 0.1) (15)

Nh ) , when plotted against T01 , yields a linear
graph, with slope and intercept giving DH ‡

vis andThe straight line then obtained was extrapolated
DS ‡

vis , respectively. On plotting DH ‡
vis and DS ‡

visto C Å 0 and the intercept yielded VE . The values
values against concentration of polymer and ex-are listed in Table VII. The shape factor n was
trapolating to C Å 0, DH ‡0

vis and DS ‡0
vis values werecalculated from the equation

obtained, respectively. DG ‡0
vis values were then

computed by the well-known thermodynamic re-[h] Å nrVE (16)
lation:

The shape factor gives an idea about the shape
DG ‡0

vis Å DH ‡0
vis 0 TDS ‡0

vis (19)of macromolecules in solution.51 Values of shape
factor obtained for various systems are cited in

All activation parameters obtained at infinite dilu-Table VIII. All values were Ç 2.5, suggesting
tion are given in Table 9. Positive values for DG‡0

vis,spherical conformations for the macromolecules
DH‡0

vis, and DS‡0
vis were obtained for all systems.in solution52 both in presence and absence of elec-

DG‡0
vis remained almost constant for all systems stud-trolytes. Moreover, n values were found to be inde-

pendent of temperature (varying between 2.5 and ied. The DH‡0
vis andDS‡0

vis values vary with electrolyte
and also with electrolyte concentration, but no regu-2.6), indicating that the minor axis varies by Ç 1%.

Various activation parameters of the viscous larity in the variations were noted.
flow were evaluated using the Frenkel–Eyring Interestingly, on plotting DH ‡0

vis vs. DS ‡0
vis for all

equation52 systems, a linear plot was obtained. The slope of
the plot yielded a temperature of 312 K. Thus, at
the temperature of 312 K, free energy of activationh Å Nh /V exp DG ‡

vis /RT (17)
for the viscous flow becomes independent of the
entropic forces and is solely governed by the en-where V is the molar volume of the solvent, N is

the Avogadro number, h is the Planck’s constant, thalpic forces.
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