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Abstract

Sulfur dioxide, N,N-diallyl-N-carboethoxymethylammonium chloride and the hydrophobic monomers N,N-diallyl-N-dodecylammonium

chloride or N,N-diallyl-N-octadecylammonium chloride were cyclocopolymerized in dimethyl sulfoxide using azobisisobutyronitrile

(AIBN) as the initiator to afford water-soluble cationic polyelectrolyte (CPE) having five-membered cyclic structure on the polymeric

backbone. The CPE on acidic (HCl) hydrolysis of the pendent ester groups gave the corresponding cationic acid salt (CAS) which was

converted to the anionic polyelectrolyte (APE) by treatment with sodium hydroxide. The solution properties of the CPE and APE containing

varying amount of the hydrophobic monomers in the range 0–10 mol% were investigated by viscometric techniques. The polymers showed

that concentration (Cp
HA) of less than 1 wt% was required for the manifestation of hydrophobic association, and displayed significant

hydrophobic association in salt (NaCl)-free as well as salt-added solutions.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

In recent years, an increasing number of studies have

focused on the hydrophobic association of water-soluble

polymers [1,2]. The copolymerization of a water-soluble

monomer with a few mol% of a hydrophobic comonomer in

a homogeneous solution in mixed solvents gives polymers

with random distribution of the hydrophobes as isolated

units. Whereas, the miceller systems [2] involving hydro-

philic monomer (,3 wt%) in the continuous water phase

and hydrophobic monomer inside the micelles ensure a

random distribution of the hydrophobes as small blocks in

the hydrophilic polymer chains [3–7]. The concentration-

dependent intermolecular associations in the microblocky

copolymers lead to superior viscosity behavior in compari-

son to the random copolymers which exhibit largely

intramolecular associative behavior [8–11].

Although acrylamide is mostly used as the main water-

soluble monomer, the miceller polymerization process has

also been used in the synthesis of hydrophobically modified

polyelectrolytes and polyampholytes using suitable ionic

comonomers [12–18]. Above a certain polymer concen-

tration (called concentration required for hydrophobic

associations, Cp
HA) in aqueous solution, intermolecular

associations of the hydrophobic groups lead to a reversible

formation of three-dimensional physical cross-links of

polymer chains. The shear thinning feature associated

with the reversible nature of these physical cross-links led

to their applications in water-borne coatings, paints,

cosmetics, and enhanced oil recovery [19–23]. The shear

thinning or thixotropy behavior of these polymers makes it

possible to avoid the irreversible mechanical degradation,

which occurs for high molecular weight polymers when

subjected to high shear stresses [24,25].

In contrast to polymers containing neutral hydrophilic

acrylamide and neutral hydrophobic derivative of acryl-

amide, the presence of ionic sites of similar charges along

the hydrophilic backbone of associating polyelectrolytes

leads to a great variety of behaviors [18]. While the
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repulsion between the charges within a polymer chain leads

to coil expansion in water, the interchain electrostatic

repulsions lower the degree of association. In the presence

of added salt (e.g. NaCl), the screening of the charges leads

to chain contraction but increased hydrophobic intermole-

cular associations. Ion-containing polyacrylamides usually

require a higher hydrophobe content or the presence of

added salt in order to manifest increased interchain

associations [12,14,26].

The discovery of cyclopolymerization of N,N-diallyl

quaternary ammonium salts 1 to 2 by Butler [27], and

subsequently, their copolymerizations with sulfur dioxide to

3 [28–30] led to the synthesis of an array of water-soluble

cationic polyelectrolytes [31–35] of tremendous scientific

and technological interest (Scheme 1). There are, however,

only a few reports [36–38], which describe the synthesis of

associating ionic copolymers prepared by Butler’s cyclo-

polymerization technique. Previous kinetic studies [39]

have indicated that monomer concentrations of 50–65 wt%

is required to obtain polymers with high conversion and

high molecular weight, and low residual double bonds.

Cyclopolymerization of hydrophilic and hydrophobic diallyl

monomers in such high concentrations has been reported to

yield random rather than microblocky copolymers even

though the hydrophobic monomer possesses surfactant

properties [36]. The rheological properties of the copoly-

mers 8, 9 and 10, derived from cyclopolymerizations of the

monomers (4)/(5), (4)/(6) and (4)/(7), respectively, have

been studied (Scheme 1) [37,38]. At the same concentration,

the viscosity of the copolymers 8 and 9 were found to be

significantly higher compared to that of the homopolymer of

4. Above the hydrophobic association concentration (Cp
HA)

the viscosity increased sharply; Cp
HA were found to be in the

range 15–17% for the copolymers 8 and 9 with a

hydrophobe content of 8.22 mol%. These hydrophobically

associating ionic copolymers, thus, have an undesirable

fairly high Cp
HA compared to the hydrophobically associat-

ing non-ionic copolymers of acrylamide (Cp
HA less than 1%).

In our continuing study of ionic polymers, we now report

the synthesis and solution properties of amphiphilic

terpolymers 17 and 18 derived from cyclocopolymerization

of the hydrophilic monomer (M1) 14/sulfur dioxide/hydro-

phobic comonomer (M2) 15 (and 16) (Scheme 2). The work

will indeed provide an opportunity to study the effect of

length of the hydrophobic pendents, the charges on the

polymer chain (e.g. polymers having the same degree of

polymerization but cationic backbone in 18 and anionic in

20) on the Cp
HA as well as the overall viscosity behavior of

these new class of associating polymers.

2. Experimental

2.1. Physical methods

Melting points were recorded in a calibrated Electro-

thermal-IA9100-Digital Melting Point Apparatus using

heating rates of 1 8C/min in the vicinity of the melting

points. Elemental analyses were carried out in a Carlo-Erba

elemental analyzer Model 1102. IR spectra were recorded

on a Perkin Elmer 16F PC FTIR spectrometer (Spectral

resolution, 4 cm21; Number of scans, 19). 1H and 13C NMR

spectra of the polymers were measured in D2O using

dioxane as internal standard on a JEOL LA 500 MHz

spectrometer. Viscosity measurements were made with an

Ubbelohde viscometer (having Viscometer Constant of

0.005718 cSt/s at all temperatures) using CO2-free water

under N2 in order to avoid CO2 absorption that may affect

the viscosity data. A gentle stream of N2 was passed through

distilled deionized water at 90 8C for 15 min in order to

remove the dissolved gases. Digital Brookfield rotational

viscometer with UL adaptor accessories or SC4-18 spindle

accessories was used to measure apparent viscosities at

various shear rates and temperatures.

Molecular weight of the samples was determined by light

scattering experiments at 21 8C. Solutions of the cationic

polyelectrolytes (CPE) (polymer concentration range:

0.03–0.1 g/dl) were prepared in 0.5 M NaCl solution; the

presence of salt allows the screening of the positive charges

in order to minimize ionic interactions and allow the

polymer chains to form random coils. Methanol, which is

helpful in disrupting hydrophobic associations, was not used

as a solvent owing to the insolubility of the CPEs in this

solvent. Millipore disposable filters of pore size 0.02 (m

were used to remove dust particle from the solutions of

polyelectrolyte and the solvent (water). Corrections were

made for the concentration of the polymer solution after

filtration to account for screened polymer by the filtration

media. Measurements were performed on each solution

immediately after filtration. Static light scattering (SLS)

experiments were performed using DAWN EOS light-

scattering instrument (Wyatt Technology Corporation, CA).

The system light source was a linearly polarized gallium

arsenide (GaAs) laser. The laser is positioned so that the

incident beam was vertically polarized. A RFM-340Scheme 1.
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Refractometer (Bellingham and Stanley, UK) was used to

measure the differential refractive indices ðdn=dcÞ of

different polyelectrolyte solutions. Molecular weight deter-

mination of the hydrophobiccally modified polymers was

complicated owing to hydrophobic associations. As a result

we can expect that the light scattering measurements lead to

an apparent weight, �Mw;app rather than true molecular

weight. Measurement of hydrodynamic radius ðRhÞ for

CPE-C12-7, CPE-C18-3.5, CPE-C18-5 was conducted using

Wyatt DLS correlator at 21 8C. The DLS detector was

placed at an angle of 908 to the excitation beam.

2.2. Materials

2,20-Azobisisobutyronitrile (AIBN) from Fluka Chemie

AG (Buchs, Switzerland) was purified by crystallization

from a chloroform–ethanol mixture. Dimethylsulfoxide

(DMSO) was dried over calcium hydride overnight and

then distilled under reduced pressure at a boiling point of

64–65 8C (4 mmHg). All glassware were cleaned using

deionized water. N,N-diallyl-N-carboethoxymethylammo-

nium chloride (14) was prepared as described in a previous

report [40].

2.3. N,N-Diallyl-N-octadecylamine (13)

A solution of 1-bromooctadecane (18.4 g, 55.0 mmol)

and diallylamine 11 (8.28 g, 85 mmol) in toluene (6 cm3)

was refluxed under N2 for 24 h (bath temp: 130 8C). At the

end, the reaction mixture was cooled and stirred with a

solution of NaOH (2.65 g, 66 mmol) in water (100 cm3) and

extracted with ether (75 cm3). The organic layer was dried

(Na2SO4), concentrated and distilled to obtain the diallyl

derivative 13 (15.3 g, 79.4%) as a colorless liquid,

bp0.05 mbarHg:170–175 8C. (Found: C, 82.17%; H, 13.41%;

N, 3.88%. C24H47N requires C, 82.44%; H, 13.55%; N,

4.01%); nmax (neat) 3076, 2924, 2852, 1642, 1464, 1361,

1267, 1080, 994, 916, and 720 cm21. dH (CDCl3) 0.88 (3 H,

t, J ¼ 7.1 Hz), 1.26 (30 H, m), 1.44 (2 H, m), 2.40 (2 H,

apparent t, J ¼ 7.7 Hz), 3.08 (4 H, d, J ¼ 6.8), 5.13 (4 H,

m), 5.85 (2 H, m); dC (CDCl3) 14.13, 22.71, 26.94, 27.53,

29.39, 29.65 (3 C), 29.71 (8 C), 31.95, 53.43, 56.88 (2 C),

117.20 (2 C), and 135.92 (2 C); (CDCl3, 77.02, middle

carbon).

2.4. N,N-Diallyl-N-dodecylammonium chloride (15)

Dry HCl gas was bubbled through a solution of N,N-

diallyl-N-dodecylamine 12 [41] (10.0 g, 37.7 mmol) in

ether (75 cm3). The solution became milky; the ammonium

salt settled down on the bottom of the flask and the

supernatant liquid became colorless. After removal of the

ether by a gentle stream of N2, the syrupy liquid of amine

salt 15 was washed with hexane to remove any unprotonated

amine. The colorless salt 15 was dried under vacuum to a

constant weight (11.1 g, 97.5%). (Found: C, 71.3%; H,

12.25%; N, 4.5%. C18H36ClN requires C, 71.60%; H,

12.02%; N, 4.64%). nmax. (neat) 3396, 3084, 2926, 2854,

2529 (broad), 1644, 1460, 1057, 999, 941, and 722 cm21;

dH (D2O) 0.74 (3 H, t, J ¼ 6.8 Hz), 1.17 (18 H, m), 1.62

(2 H, m), 2.95 (2 H, apparent t, J ¼ 6.8 Hz), 3.69 (4 H, m),

5.49 (4 H, m), 5.86 (2 H, m), (HOD: 4.65 ppm); dC (D2O)

14.66, 23.43, 24.08, 27.28, 29.82, 30.26, 30.35, 30.50,

30.58, 30.64, 32.77, 52.13, 55.88 (2 C), 126.84 (2 C), and

127.04 (2 C) (dioxane, 67.4 ppm).

Scheme 2.
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2.5. N,N-Diallyl-N-octadecylammonium chloride (16)

Dry HCl gas was bubbled through a solution of N,N-

diallyl-N-octadecylamine 13 (10.0 g, 28.6 mmol) in ether

(75 cm3). The salt 16 precipitates out as a white powder.

The salt was filtered and recrystallized from ether (0 8C) and

was dried under vacuum to a constant weight (9.53 g,

86.3%); m.p. 69–70 8C; (Found: C, 74.4%; H, 12.6%; N,

3.5%. C24H48ClN requires C, 74.66%; H, 12.53%; N,

3.63%); nmax (KBr) 3425, 3080, 2920, 2849, 2613, 2436

(broad), 1464, 1364, 996, 935, and 725 cm21; dH (CDCl3)

0.88 (3 H, t, J ¼ 6.8 Hz), 1.30 (30 H, m), 1.84 (2 H, m), 2.93

(2 H, m), 3.62 (4 H, m), 5.53 (4 H, m), 6.17 (2 H, m); dC

(CDCl3): 14.13, 22.70, 23.31, 26.85, 29.00, 29.38 (2 C),

29.48, 29.58, 29.68 (3 C), 29.71 (4 C), 31.95, 51.79, 54.67

(2 C), 125.49 (2 C), and 126.48 (2 C); (CDCl3, 77.04 ppm,

middle carbon).

2.6. General procedure for the terpolymerization of

14/15/SO2 and 14/16/SO2

All the polymerizations were carried out using conditions

as described in Table 1. In a typical experiment, SO2 was

absorbed in a solution of the monomers 14/15 (i.e. M1/M2)

or 14/16 in DMSO in a 50 cm3 round-bottom flask. The

required amount of the initiator (AIBN) (as listed in Table 1)

was then added under N2 and the closed flask was

magnetically stirred at 58 8C for 20 h. Magnetic stir bar

stopped moving after 3 h. The reaction flask was briefly

opened after 10 h under N2 to release the N2 formed during

decomposition of AIBN. The reaction mixture, which

remained transparent throughout the polymerization pro-

cess, was soaked in methanol (50 cm3) for 3 h at 20 8C and

20 min at 60 8C. After decanting the methanol, the polymer

was washed with methanol (2 £ 20 cm3). The polymer was

dried under vacuum at 55 8C for 4 h, then crushed to powder

and again soaked in acetone (50 cm3) for 3 h [washing was

continued until the 1H NMR spectrum revealed the absence

of the unreacted monomer]. Acetone was decanted, and the

resulting white polymer was dried under vacuum at 50 8C to

a constant weight. The hygroscopic white terpolymers,

cationic polyelectrolytes, CPE 17 and 18, were stored in

a desiccator. The elemental analyses (Table 2) ascertained

the mole ratio of (M1 þ M2):M3(SO2) as 1:1 as reported

[40] for the copolymer M2-0. The NMR and IR spectra

and elemental analyses of the terpolymers closely

resembled those of the copolymer M2-0 as reported [40].

The 1H NMR spectra for M2-0 and CPE-C18-2.5 are shown

in Fig. 1.

Table 1

Terpolymerization of the monomers 14/15/SO2 and 14/16/SO2

Entry no Sample 14

(M1)

(mmol)

15 C12

(M2)

(mmol)

16 C18

(M2)

(mmol)

Feeda M1:M2 Polymera M1:M2 Yield

(%)

Intrinsic viscosityb

(dl g21)

17/18 CPE 20 APE

1 M2-0 30 – – 100:0 100:0 85.6 0.600 0.967

2 C12-1 29.7 0.3 – 99:1 98.7:1.3 88.8 0.634 -

3 C12-3 29.1 0.9 – 97:3 96.5:3.5 87.0 0.568 -

4 C12-7 27.9 2.1 – 93:7 92:8 84.6 0.186 -

5 C12-10 27.0 3.0 – 90:10 89:11 81.5 0.130c -

6 C18-1.5 29.55 – 0.45 98.5:1.5 98.5:1.5 93.2 0.514 1.09

7 C18-2.5 29.25 – 0.75 97.5:2.5 97.3:2.7 87.2 0.501 1.03

8 C18-3.5 28.95 – 1.05 96.5:3.5 96:4 86.8 0.581 0.963

9 C18-5 28.5 – 1.5 95:5 94.8:5.2 90.1 0.446c 0.800

Polymerization reactions were carried out in DMSO (7.85 g) containing 30 mmol of SO2 in the presence of AIBN (145 mg) at 58 8C for 20 h.
a mol% in the feed and polymer (as determined by 1H NMR).
b Obtained by extrapolation of the linear parts of the curves in Figs. 2–4 usually in the range 0.5–0.0625% polymer solution in 0.1 N NaCl at 30 8C

(measured with an Ubbelohde viscometer ðK ¼ 0:005718Þ:
c Cloudy solution throughout the concentration range.

Table 2

Elemental analyses of CPE 17·1H2O (C10H20ClNO5S)x(C19H40ClNO3-

S)12x, CPE 18·1H2O (C10H20ClNO5S)x(C25H52ClNO3S)12x, and CAS

19·1H2O (C8H16ClNO5S)x(C25H52ClNO3S)12x

Polymers Carbona Hydrogena Nitrogena Sulfura

CPE-M2-0 39.5 (39.80) 6.7 (6.68) 4.5 (4.64) 10.4 (10.62)

CPE-C12-1 39.7 (39.98) 6.8 (6.71) 4.4 (4.63) 10.7 (10.59)

CPE-C12-3 40.4 (40.33) 6.7 (6.78) 4.7 (4.61) 10.3 (10.54)

CPE-C12-7 40.8 (41.03) 7.0 (6.92) 4.5 (4.56) 10.3 (10.44)

CPE-C12-10 41.8 (41.55) 6.9 (7.03) 4.4 (4.53) 10.1 (10.36)

CPE-C18-1.5 39.9 (40.14) 6.9 (6.74) 4.5 (4.61) 10.2 (10.56)

CPE-C18-2.5 40.1 (40.36) 6.8 (6.78) 4.4 (4.60) 10.3 (10.52)

CPE-C18-3.5 40.7 (40.59) 6.7 (6.83) 4.7 (4.58) 10.2 (10.48)

CPE-C18-5 41.3 (40.92) 6.7 (6.89) 4.7 (4.55) 10.5 (10.42)

CAS-M2-0 34.9 (35.10) 6.1 (5.89) 4.8 (5.12) 11.5 (11.71)

CAS-C18-1.5 35.1 (35.51) 6.2 (5.96) 4.8 (5.09) 11.3 (11.63)

CAS-C18-2.5 35.6 (35.78) 6.1 (6.01) 4.9 (5.06) 11.2 (11.58)

CAS-C18-3.5 36.4 (36.05) 5.9 (6.06) 5.2 (5.04) 11.5 (11.53)

CAS-C18-5 36.9 (36.46) 6.0 (6.14) 5.2 (5.01) 11.3 (11.46)

a Found (calculated).
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2.7. General procedure for the acidic hydrolysis of the CPE

18

A solution of the CPE C18-0 (entry 1, Table 1) (5.0 g,

16.5 mmol) in 6 M HCl (45 cm3) was stirred in a closed

flask at 50 8C for 48 h (or until the hydrolysis of the ester

group was complete as indicated by the absence of the

ethoxy proton signals in the 1H NMR spectrum). During

hydrolysis, the product gradually precipitated in the

reaction mixture. The insoluble polymer was separated

washed with distilled water (20 cm3). After that, it was

dried under vacuum at 50 8C for 6 h. The polymer,

cationic acid salt (CAS) 19 was then crushed into powder

and redried under vacuum to a constant weight (4.2 g,

93%) at 50 8C. Similarly, all the terpolymers 18 contain-

ing C18 hydrophobe were hydrolyzed in well over 90%

isolated yields. The elemental analyses (Table 2)

supported, as before [40], the presence of 1 mole of

water per mole of the repeating units. The onset of

thermal decomposition (closed capillary) was found to be

235–245 8C (decomposed, turned brown, charred at

290 8C). The IR spectra and elemental analyses (Table

2) of the terpolymers (CAS) 19 closely resembled those of

the copolymer M2-0 as reported [40]. Since CAS 19

polymers are insoluble in water, the 1H NMR spectra

were measured in D2O after its conversion to APE 20 by

basification as reported [40]. The 1H NMR spectra for

M2-0 and APE-C18-2.5 are shown in Fig. 1.

Fig. 1. 1H NMR spectrum of the (a) CPE 18 (C12/18-0), (b) CPE 18 (C18-2.5), (c) APE 20 (C12/18-0), (d) APE 20 (C18-2.5) in D2O.

Y. Umar et al. / Polymer 45 (2004) 3651–3661 3655



2.8. Conversion of CAS to APE by basification and its use in

viscosity measurements

All the CAS terpolymers 19 containing C18 hydrophobe

including the CAS derived from entry 1 were converted to

the corresponding APE 20 by adding 2.1 equiv. of aqueous

NaOH, and the resultant solutions were used for viscosity

measurement. For instance, a stock solution of APE was

prepared by dissolving 0.600 g (2.20 mmol) of CAS 19

M2-0 in 22.0 cm3 of 0.210 N NaOH (4.62 mmol). The

release of 2.20 mmol of NaCl thus made the system 0.1 N

NaCl. The solution was then diluted with 0.1 N NaCl to

make the concentration of CAS 19 as 2 g/dl in 0.1 N NaCl or

approximately 2 g/dl of the APE 20. [CAS (19·1H2O) and

APE (20·2H2O) have very similar molar masses of 273.73

and 277.27, for the repeating units, respectively].

3. Results and discussion

3.1. Synthesis of the terpolymers and physical

characterization

The hydrophilic monomer 14 (M1) was prepared as

described before [40]. Hydrophobic monomers (M2) 15 and

16 were prepared in excellent yields from the corresponding

amines 12 and 13, respectively. The monomers 14/15/SO2

and 14/16/SO2 were cyclocopolymerized using AIBN as

the initiator to give the cationic polyelectrolytes (CPE) 17

and 18 in excellent yields (Scheme 2). The results of the

cyclocopolymerization, carried out under similar condi-

tions, and the intrinsic viscosities of the resultant polymers

in dilute solutions are given in Table 1. The entry 1 in

Table 1 describes the copolymer M2-0 indicating the

absence of the hydrophobic monomers 15 or 16 (M2). The

entries 2–5 describe the incorporation of the dodecyl

monomer 15 in mol% range 1–10, whereas the entries 6–9

describes the incorporation of the octadecyl monomer 16 in

mol% range 1.5–5. The CPE terpolymer C12-10 (entry 5),

for instance, indicates the incorporation of 10 mol%

hydrophobic dodecyl monomer 15, whereas C18-5 stands

for 5 mol% hydrophobic octadecyl monomer 18. The CPEs

18 (entries: 6–9, Table 1) and the M2-0 (entry 1) were

hydrolyzed in 6 M HCl to produce the water-insoluble

cationic acid salts (CAS) 19 which, on treatment with

2.1 equiv. of NaOH, afforded the anionic polyelectrolytes

(APE) 20 and APE-M2-0 ðy ¼ 0Þ:

The NMR and IR spectra and elemental analyses of the

terpolymers closely resembled those of the copolymer M2-0

as reported [40]. Fig. 1a–d displays the 1H NMR spectrum

of the CPE 18 (M2-0), CPE 18-C18-2.5, APE 20 (M2-0),

APE 20-C18-2.5 in D2O, respectively. It is evident, after

comparing the proton spectra of the polymers that the CH3-

CH2OC and the CH3CH2-OC protons, which appeared at d

1.18 ppm (t) and 4.21 ppm, respectively, for the CPE 18, are

absent in the spectrum of the APE 20, thus indicating the

complete removal of the ester groups by hydrolysis. The

incorporation of the hydrophobic monomers was calculated

using 1H NMR integration of the signals around d 0.75

(for methyl protons of the hydrophobic pendents) and 1.10–

1.27 ppm [for methyl protons of the ester groups, (CH2)9

of dodecyl pendents, or (CH2)15 for octadecyl pendents].

Hydrophobe incorporations were found to match closely

with the feed ratio. This is expected since the polymers are

obtained at high conversions. The sulfur analyses Table 2)

ascertained the mole ratio of (M1 þ M2):SO2 as 1:1.

The �Mw;app and the radius of gyration ðRgÞ of some of the

polymers are given in Table 3. The polymers of higher

hydrophobe-contents (e.g. CPE-C18-3.5, CPE-C18-5, etc.)

were insoluble in 0.5 N NaCl, and as such their molecular

weights were not determined. However, the copolymers,

prepared under similar copolymerization conditions

(initiator and monomer concentrations, reaction conver-

sions, temperature, duration, etc.), are expected to have

similar molecular weights. The �Mw;app for the CPEs vary

from 1.95 £ 105 to 2.5 £ 105 g/mol; these similar molecular

weights allow meaningful assessments of the effects of

hydrophobic association on the solution behavior. It should

be noted, however, that the �Mw;app of the polymers con-

taining hydrophobe is high compared to hydrophobe-free

sample. This could be attributed to the partial aggregation of

the hydrophobocally modified polymers. Measurement of

hydrodynamic radius ðRhÞ for CPE-C12-7, CPE-C18-3.5,

CPE-C18-5 was conducted using Wyatt DLS correlator. The

results, given in Fig. 2, reveals a sharp increase of hydro-

dynamic radius, thus indicating the onset of hydrophobic

associations especially for the CPE-C18-5 polymer solutions

at Cp
HA of less than 1 g/dl.

3.2. Viscosity measurements

The CPE terpolymers C12-10 and C18-5 were found to

give slightly cloudy solution in 0.1 N NaCl throughout the

concentration ranges of viscosity measurements. Viscosity

data for CPE 17 and 18 prepared under identical conditions

are presented in Figs. 3 and 4, respectively. Fig. 3 indicates

some hydrophobic association for the sample C12-7.

However, we were gratified with the results presented in

Fig. 4. The 2 wt% solution of the CPE C18-3.5 has a reduced

viscosity value of 109 dl/g (not shown in the Figure), and

the hydrophobic association began to manifest at around

Table 3

Light scattering measurements for cationic polyelectrolytes (CPE) in 0.5 N

NaCl

CPE 1025 �Mw;app Rg (nm)

M2-0 1.95 45

C12-1 2.14 49

C12-3 2.1 47

C18-1.5 2.14 49

C18-2.5 2.5 53
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Cp
HA value of less than 1 wt% of the polymers. The CPE C18-5

has lower viscosity values than that of the other terpolymers

and is attributed to its solubility problem. Fig. 5 displays the

viscosity data for the APE 20 and its corresponding M2-0 in

0.1 N NaCl. It is to be noted that while the anionic polymers

have higher viscosity values than the corresponding CPEs in

the dilute range (Fig. 4), the associative behavior of the

CPEs are more pronounced in the semi-dilute range. It is

interesting to observe that while the CPE C18-5 (18) was

partially soluble in water, the corresponding APE C18-5 (19)

was readily soluble, and we cannot even measure the

viscosity value of its 2 wt% solution with the Ubbelohde

viscometer; the solution looked like a gel.

Extrapolation of linear part of the viscosity plots

(Figs. 3–5) in the concentration range 0.5–0.0625 g/dl

permitted us to determine the intrinsic viscosities ½h� values

as ,0.55 and ,1.0 dl/g for the CPEs and their correspond-

ing APEs, respectively (Table 1). However, as the

incorporation of the hydrophobe increases, as in the

polymers CPE C12-7 and C12-10, the ½h� values tend to

decrease and this could be attributed to intramolecular

associations of the hydrophobes leading to a decrease in the

hydrodynamic volumes of the polymer chains. It is worth

mentioning that the polymerization conditions are kept

similar as rigorously as possible in order to maintain similar

degree of polymerization. Even though the CPEs (18) have

smaller distances between the neighboring positive charges,

the widely separated but highly exposed anionic pendents in

APEs (20) seem to be more effective in expanding the

polymer chains owing to increased repulsion between the

charges. This is due to the fact that, in the presence of NaCl,

the chloride ions are more effective in screening the positive

Fig. 2. Variation of hydrodynamic radius ðRhÞ of CPE-C18-3.5, -5 and CPE-

C12-7 at various concentrations at 21 8C in salt-free water.

Fig. 3. The viscosity behavior of the CPE 17 0.1 N NaCl at 30 8C with an

Ubbelohde viscometer.

Fig. 4. The viscosity behavior of the CPE 18 0.1 N NaCl at 30 8C with an

Ubbelohde viscometer.

Fig. 5. The viscosity behavior of the APE 20 0.1 N NaCl at 30 8C with an

Ubbelohde viscometer.
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nitrogens in the CPEs, while the sodium ions having larger

hydration shells are unable to approach the –CO2– close

enough to effectively shield the negative charges in the

APE. The viscosity plot for the CPE C12-7 (Fig. 3)

demonstrates contrasting associative behavior of the poly-

mer. At lower polymer concentrations, hydrophobic chains

have little chance of interacting intermolecularly with each

other; intrachain associations are dominant compared to

interchain associations and as such, internal micellaization

reduces the hydrodynamic radius of the polymer coil. At

higher polymer concentrations, interchain associations lead

to higher viscosity values for the CPE C12-7.

In the absence of added salt, the viscosity plots for

polyelectrolytes are expected to be concave upwards as

shown in Fig. 6 for the CPE C18-1.5. However, at higher

dilution in salt-free water, the reduced viscosities, after

reaching a maximum, tend to fall off; the existence of the

maximum in the reduced viscosity is a normal behavior of

salt-free polyelectrolyte solutions [42]. Upon addition of the

strong electrolyte (NaCl), the viscosity behavior of CPE

becomes normal and the reduced viscosities decrease with

increasing concentrations of added salt. Solution of CPE

C18-1.5 remains clear in 0.45 N NaCl but becomes cloudy in

0.5 N NaCl. The same figure displays the higher viscosity

values for the APE C18-1.5 than its corresponding cationic

counterpart CPE C18-1.5 in 0.1 N NaCl—the former was

derived from the latter and thus they both are expected to

have similar degree of polymerization. The viscosity values

for the C18-1.5 polymer having low mol% hydrophobe

increased linearly with concentration but failed to demon-

strate any associative property.

Fig. 7 depicts the dependency of solution viscosity of the

APE C18-5 at 30 8C in 0.1 N NaCl on the polymer

concentration and shear rate. The viscosity is sharply

decreased at higher shear rates—a typical shear thinning

behavior. However, at the low shear rates, the hydophobi-

cally associating polymers exhibited a sharp increase in

viscosity with increasing polymer concentration. This

observation is similar to that frequently observed for

hydrophobically modified associative polymers. The associ-

ation concentration Cp
HA was found to be around 1 g/dl. The

strong interchain associations form large aggregates (a

network structure of polymer chains) as the polymer

concentration passes Cp
HA. The network structures contrib-

ute significantly to the thickening [4,8,12,43–45].

Figs. 8 and 9 display the dependency of solution viscosity

of the CPE C18 in salt-free water. Hydrophobic associations,

as indicated by non-linear increase in the viscosity values,

occur below 1% polymer concentration for the polymers

having grater than 1.5 mol% hydrophobes. For a 2%

polymer concentration and shear rate of 1.83 s21, CPE

C18-5 was found to have an apparent viscosity value which

is 460 times greater than that of the zero hydrophobe

polymer (CPE M2-0).

The dependency of solution viscosity on the polymer

Fig. 6. The viscosity behavior of the CPE 18 C18-1.5 and APE 20 C18-1.5 in the presence and absence of NaCl at 30 8C with an Ubbelohde viscometer.

Fig. 7. Variation of viscosity with concentration of APE 20 C18-5 at various

shear rates in 0.1 N NaCl at 30 8C.

Y. Umar et al. / Polymer 45 (2004) 3651–36613658



concentration for the CPE C18 containing variable mol% of

the hydrophobe in the presence and absence of added salt

are depicted in Fig. 10. In the presence of added salt, the

increase in viscosity correlates well with the known effects

of NaCl on hydrophobic association [46]. The CPE C18-1.5

(not shown in Fig. 10), however, has higher values of

viscosity in salt-free water than in 0.1 NaCl in the entire

range of shear rates and concentrations. Interchain associ-

ations are not an important factor in the CPE C18-1.5 since

its hydrophobe content is low; the repulsion between the

non-screened positive charges in the polymer chain leads to

coil expansion hence higher viscosity in salt-free water. The

situation is different in the case of CPE C18-2.5 and -3.5; the

polymers at concentrations higher than Cp
HA are more

viscous in 0.1 N NaCl than in salt-free water due to

enhanced hydrophobic associations. At higher hydrophobe

contents, especially at 5 mol%, the addition of salt makes

the aqueous environment so hostile for the hydrophobic

pendents that they tend to precipitate as seen in the case of

CPE C18-5 in 0.1 N NaCl (Fig. 4).

Figs. 11 and 12 display the effect of temperature on the

solution viscosity of 2 g/dl solution of CPE C18-5 in salt-free

water and APE C18-5 in 0.1 N NaCl. A monotonous

decrease in viscosity is observed with increasing tempera-

ture for the CPE C18-5. The lowering of solution viscosity

with increasing temperature has been reported for hydro-

phobically associating water-soluble polymers [8,45,47,48].

This effect could be attributed to the weakening of the

hydrophobic effect at elevated temperatures due to the

increased mobility of the polymer chains, which gives rise

to loss of interchain liaisons and/or an increase in polymer

solubility as the temperature increases. For the APE,

atypical viscosity behavior was observed. As evident from

Fig. 12, the viscosity increases as the temperature increases,

Fig. 9. Variation of viscosity with concentrations of CPE 18 C18-3.5 and -

5.0 at a shear rate of 1.83 s21 in salt-free water at 30 8C.

Fig. 10. Variation of viscosity with concentrations of CPE-C18-2.5 and -3.5

at a shear rate of 1.83 s21 in salt-free water and 0.1 N NaCl at 30 8C.

Fig. 11. Variation of viscosity of a 2% solution of CPE-C18-5 at various

shear rates and temperature in salt-free water.

Fig. 8. Variation of viscosity with concentrations of CPE 18

C18-0; 1:5; 2:5; 3:5 at a shear rate of 1.83 s21 in salt-free water at 30 8C.
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and reaches a maximum at 35 8C at the lowest shear rate

(0.36 s21) employed. At all other shear rates (0.73–

14.68 s21) the viscosity reaches the maximum at 40 8C

and then decreases as the temperature was further increased.

The viscosity changes with temperature are much more

complex. The viscosity increases observed upon heating are

consistent with an entropy driven increase in hydrophobic

bonding [49,50]. Above 40 8C the viscosity decreases with

temperature presumably as a result of changes in the

hydration spheres of the hydrophobic groups or in the

structure of water itself. The viscosity values at other

polymer concentrations (1.5 or 1.0 g/dl), however, did not

show any maximum in the temperature range 30–60 8C.

4. Conclusions

The anionic polyelectrolytes (APE) 20 are found to be

more water soluble and salt tolerant than their CPE

counterparts 18 having similar degree of polymerizations.

The solubility characteristics are mainly controlled by the

‘skin’ of the polymers exposed to the solvent. Obviously the

APEs have more ionic skins than the CPEs since the former

has anionic pendents away from the polymer backbone

while the latter has the positive charges embedded in the

chains. The hydrophobe incorporation has considerably

enhanced the viscosity values in the C18 polymer series,

whereas the presence of even large amount of hydrophobe

in the C12 series failed to achieve interchain associations in

the studied concentration range (0.0625–2 g/dl). A typical

polyelectrolyte is an extended chain with the ionic

atmosphere projecting out radially [12]. The electrostatic

repulsive forces between the chains do not permit them to

move to a safe distance required for the dodecyl pendents

(C12H25) to manifest interchain associations. This may be

the reason for the lower degree of association and very high

Cp
HA values of 15–17 g/dl for the cyclopolymers 8 and 9

having ,C11 pendents [37]. The octadecyl pendents

(C18H37), on the other hand, can associate intermolecularly

because the extended length of the pendents allows them

to mingle with each other without exposing the chains to

experience the adverse effect of electrostatic repulsions. To

our knowledge, sulfur dioxide is used for the first time

to synthesize associating ionic polymers using Butler’s

cyclocopolymerization process. The low Cp
HA (,1 g/dl)

observed for the C18 polymer series is indeed a notable

improvement over the Cp
HA values for the reported

associating cyclopolymers [37].
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