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ABSTRACT: The copolymerization of hydrophobic mono-
mers, diallyldodecyl- or diallyloctadecyl-ammonium chlo-
ride, with hydrophilic monomer diallyldimethylammonium
chloride in dimethyl sulfoxide using azobisisobutyronitrile
(AIBN) as the initiator afforded a series of water-soluble cat-
ionic polyelectrolytes (CPE) containing various proportions
(0–16 mol %) of the hydrophobes. A polymer concentration
(C*HA) of 0.5 g/dL was required for the manifestation of
hydrophobic associations in some of these copolymers con-
taining the C18 pendents. This is a notable improvement
over the C*HA values (ca. 15–17 g/dL) for the associating
polymers having a � C10 – C14 pendents. At a shear rate of
0.36 s21 at 308C, salt-free water solutions of the CPEs (4 g/
dL) containing 8 mol % of the C12 hydrophobes and 3.6, 7.6,
15.5 mol % of C18 hydrophobe have apparent viscosity

values of 780, 6000, 956,000, and 1,100,000 cps, respectively.
Considerable increase in the viscosity values of the CPE was
observed in the presence of the surfactant cetyltrimethylam-
monium bromide (CTAB). The superior viscosity behavior
for the polymers containing the C18 hydrophobe in compari-
son with C12 is attributed to the longer pendent-length of
the former hydrophobe, which can efficiently undergo asso-
ciation from a distance far enough that minimizes interchain
repulsion between the like charges. The CPEs containing the
hydrophobes were found to be a better inhibitor of the cor-
rosion of mild steel in 1M HCl at 608C. � 2008 Wiley Periodi-
cals, Inc. J Appl Polym Sci 109: 3256–3265, 2008
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INTRODUCTION

Hydrophobically associating water-soluble polymers,
by virtue of their interesting solution properties, are
becoming increasingly important to the industries.1,2

The copolymerization of a water-soluble monomer
with a few mole percent of a hydrophobic comono-
mer in a homogeneous solution affords amphiphilic
polymers with random distribution of the hydro-
phobes as isolated units. However, the micellar
copolymerization systems2 involving a hydrophilic
monomer (� 3 wt %) in a continuous water phase
and hydrophobic monomer inside the micelles favor
a random distribution of the hydrophobes as small
blocks in the hydrophilic polymer chains.3–7 Above a
hydrophobic association concentration (C*HA), these
polymers form a reversible three-dimensional physi-
cal crosslinks of polymer chains, which are responsi-
ble for the superior viscosity behavior of the micro-
blocky polymers derived from miceller process in
comparison with the random polymers that exhibit

largely intramolecular associative behavior.8–11 The
shear thinning or thixotropy behavior associated
with the reversible nature of these physical cross-
links led to their applications in water-borne coat-
ings, paints, cosmetics, and enhanced oil recovery.12–16

In contrast to polymers containing neutral hydro-
philic acrylamide and neutral hydrophobic deriva-
tive of acrylamide, the presence of ionic sites of
similar charges along the hydrophilic backbone of
associating polyelectrolytes leads to a great variety
of behaviors.17 Ion-containing polyacrylamides usu-
ally require a higher hydrophobe content or the
presence of an added salt to manifest effective inter-
chain associations.18–20

The discovery of the polymerization of N,N-diallyl
quaternary ammonium salts 1 by Butler and
Ingley21,22 via an intra- and intermolecular chain
propagation through a five-membered cyclic struc-
ture and subsequently, their copolymerization with
sulfur dioxide23 led to the synthesis of an array of
linear water-soluble cationic polyelectrolytes (CPE)24

2 and 3 of tremendous scientific and technological
interest. There are reports25–31 that describe the
synthesis of associating ionic copolymers prepared
by Butler’s polymerization technique. Previous ki-
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netic studies32 have indicated that a monomer con-
centration of 50–65 wt % is required to obtain poly-
mers with high conversion, high molecular weight,
and low residual double bonds. The polymerization
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 surfac-
tant properties.26 In a series of copolymers 6 (Scheme
1) with the hydrophobic contents 3–30 mol %, it was
found that the intrinsic viscosities continuously
decrease with increasing hydrophobic content, which
indicates that the copolymers formed mainly intra-
molecular hydrophobic associations.25 The copoly-
mers 4 and 5 with a hydrophobe content of 8.22 mol
% were found26,27 to have an undesirable and fairly
high C*HA (16 wt %) when compared with the
hydrophobically associating nonionic copolymers of
acrylamide (C*HA < 1%). Note that the lengths of the
hydrophobic pendants in copolymers 4, 5, and 6 (n
5 7) are equivalent to 10, 11, and 14 CC bonds,
respectively. (The length of the benzene ring is con-
sidered as equivalent to four CC bonds). It is
expected that an increase in the pendant-length
would lead to an efficient and increased association
from a distance far enough that would minimize

interchain repulsion between the like charges. In our
study of ionic polymers, we report the synthesis and
compare the solution properties of amphiphilic
copolymers 10 and 11 derived from copolymeriza-
tion of the hydrophilic monomer (M1) 7 and como-
nomers (M2) 8 and 9 having different chain length of
hydrophobes (Scheme 2).

It is also one of our important objectives to study
the inhibitive effect of the associating copolymers of
the types of 10 and 11 for the first time on the corro-
sion of mild steel in acidic medium. The study of
corrosion of mild steel and iron is of both theoretical
and practical concern.33,34 Corrosion inhibitors are
widely used in industrial acid cleaning, acid desca-
ling, acid pickling, and oil well acidizing to restrain
the corrosion attack on metallic materials.35–37 It is
known that polymers are adsorbed stronger than
their monomer analogs;38 the polyvinyl pyridine39 or
alkylaniline/formaldyde oligomers40 are demon-
strated to be far more superior to their monomers in
corrosion inhibition. The improved performances of
the polymeric materials are ascribed to their multiple
adsorption sites for bonding with the metal surface.
In this work, we intend to examine the effect of
hydrophobic pendents, which can cover a larger
area of the metal surface, on the inhibition of mild
steel corrosion in acidic environment.

EXPERIMENTAL

Physical methods

Elemental analysis was carried out on a EuroVector
Elemental Analyzer Model EA3000 (Milan, Italy).
1H-NMR spectra of the polymers were measured in
D2O and CD3OD (using TMS as internal standard)
on a JEOL LA 500 MHz spectrometer (Tokyo, Japan).
Viscosity measurements were made with an Ubbe-
lohde viscometer (Schott-Gerate, Gmbh, Hofheim,
Germany) (having Viscometer Constant of 0.005718
cSt/s at all temperatures). Digital Brookfield rota-
tional viscometer (Middleboro, MA) with UL adap-
tor accessories or SC4-18 spindle accessories was

Scheme 1 Butler’s polymerization technique21 for the
conversion of diallylammonium salts 1 to an array of
water-soluble cationic polyelectrolytes 2 and sulfur dioxide
copolymers 3.

Scheme 2 The synthesis of amphiphilic copolymers 10 and 11 derived from copolymerization of hydrophilic monomer
(M1) 7/hydrophobic comonomers (M2) 8 and 9.
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used to measure apparent viscosities at various shear
rates and temperatures.

Molecular weights of the samples were deter-
mined by light-scattering experiments at 218C. Solu-
tions of the CPE 10 containing no hydrophobe (y 5
0) (polymer concentration range: 0.03–0.1 g/dL)
were prepared in 0.5M NaCl solution; the presence
of salt allows the screening of the positive charges to
minimize ionic interactions and allow the polymer
chains to form random coils. Methanol, which is
helpful in disrupting hydrophobic associations, was
used as a solvent for the hydrophobically modified
polymers. Millipore disposable filters (Billerica, MA)
of pore sizes 0.2 and 0.02 lm were used to remove
dust particles from the polymer solutions and pure
solvent, respectively. 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 solu-
tion immediately after filtration. Static light scatter-
ing (SLS) experiments were performed using DAWN
EOS light-scattering instrument (Wyatt Technology,
Santa Barbara, 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-340 Refractometer (Bel-
lingham and Stanley, Kent, UK) was used to mea-
sure the differential refractive indices (dn/dc) of dif-
ferent polyelectrolyte solutions. Molecular weight
determination of the hydrophobically modified poly-
mers was complicated owing to hydrophobic associ-
ations. As a result, we can expect that the light scat-
tering measurements lead to an apparent molecular
weight, Mw,app rather than true molecular weight.

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 64–658C (4 mmHg). All
glasswares were cleaned using deionized water.
Diallyldimethylammonium chloride (7) (65 wt % in
water), obtained from Aldrich (St. Louis, MO), was
freeze-dried and crystallized (acetone/methanol).
The hydrophobic monomers 8 and 9 were prepared
as described.28 t-Butylhydroperoxide (80% in diter-
tiarybutylperoxide) from Fluka Chemie AG (Buchs,
Switzerland) was used as received.

General procedure for the copolymerization of 7/8
and 7/9 in DMSO using AIBN as the initiator

All polymerizations were carried out using condi-
tions as described in Table I. In a typical experi-
ment, the components were taken in a 25-cm3

round-bottomed flask. The required amount of ini-
tiator (as listed in Table I) was then added under
N2 and the closed flask was stirred using a mag-
netic stir bar at 628C for 48 h. The reaction mixture
was homogeneous. The stir bar stopped moving af-
ter 1–3 h. Toward the end, the reaction mixture was
turned into an opaque solid mass. The polymer was
dissolved in methanol and precipitated (twice) in
acetone. The white polymer was dried under vac-
uum at 558C to a constant weight of the copolymer
10 or 11.

Elemental analyses and apparent molecular
weight of the CPEs 10 and 11

The elemental analyses supported the compositions
of the copolymers as determined by 1H-NMR spec-
troscopy (vide infra). The analyses for a few samples
of CPEs 10.1H2O [(C8H18ClNO)x(C18H38ClNO)1-x]
and 11.1H2O [(C8H18ClNO)x(C24H50ClNO)1-x] were

TABLE I
Copolymerizationa of the Monomers 7/8 and 7/9

Entry no. Sample
DMSO
(g)

7
(mmol)

8
(mmol)

9
(mmol)

Feedb

M1 : M2

Polymerb

M1 : M2

Yield
(%)

[h]c

(dL/g) 1024 Mw,app

1 10-M2-0 6.5 25.0 0 – 100 : 0 100 : 0 88 0.581 6.50
2 10-C12-3 6.5 23.75 1.25 – 95 : 5 97 : 3.0 (60.3) 80 0.503 6.65
3 10-C12-6.1 6.5 22.5 2.50 – 90 : 10 94 : 6.1 (60.2) 82 0.436 6.75
4 10-C12-8 6.5 21.25 3.75 – 85 : 15 92 : 8.0 (60.4) 68 0.219 6.71
5 10-C12-9.8 9.5 21.25 3.75 – 85 : 15 90.2 : 9.8 (60.5) 52 0.0804 7.10
6 11-C18-1.6 6.5 24.25 – 0.75 97 : 3 98.4 : 1.6 (60.1) 87 0.402 6.80
7 11-C18-3.6 6.5 23.5 – 1.5 94 : 6 96.4 : 3.6 (60.3) 88 0.394 7.02
8 11-C18-7.6 6.5 22.5 – 2.5 90 : 10 92.3 : 7.6 (60.2) 85 Insoluble 7.11
9 11-C18-10 6.5 21.25 – 3.75 85 : 15 90.0 : 10.0 (60.7) 83 Insoluble 7.43

10 11-C18-15.5 10.5 20.0 – 5.0 80 : 20 84.5 : 15.5 (60.8) 76 Insoluble 7.35

a Polymerization reactions were carried out in DMSO in the presence of AIBN (125 mg) at 628C for 48 h.
b mol % in the feed and polymer (as determined by 1H-NMR).
c Intrinsic viscosity by extrapolation of the linear parts of the viscosity plots usually in the range 0.25–0.031% polymer

solution 0.1N NaCl at 308C (measured with an Ubbelohde viscometer (K 5 0.005718).
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as follows (the numbers in parentheses represent
calculated values, where x � 1): 10-M2-0: C, 53.1%
(53.47%); H, 9.9% (10.10%); N, 7.6% (7.79%). 10-C12-
8: C, 54.8% (54.60%); H, 10.0% (10.25%); N, 7.6%
(7.52%). 11-C18-7.6: C, 54.7% (54.83%); H, 10.2%
(10.28%); N, 7.6% (7.46%).

Apparent molecular weight (Mw,app) of the CPE 10
and 11 (associating polymers usually do not give
true molecular weights) were determined and are
listed in Table I.

Corrosion inhibition tests

Corrosion inhibition tests were performed as
described41 using coupons measuring 2.5 3 2.0 3
0.1 cm3 prepared from mild steel having the percent
composition: 0.089 (C), 0.34 (Mn), 0.037 (Cr), 0.022
(Ni), 0.007 (Mo), 0.005 (Cu), 0.005 (V), 0.010 (P),
99.485 (Fe). A solution of 1M HCl was prepared
from reagent ACS concentrated HCl (Fisher Scientific
Company) using distilled water, which was deion-
ized by passing through a deionizing column. The
mild steel specimens were polished with increasing
grades of emery papers (100, 400, 600, and 1500 grit
size), and then degreased with acetone and washed
with deionized water. The specimens were dried
and kept in a desiccator. Inhibitor efficiency was
determined at 608C for 6 h by hanging the steel cou-
pons into the acid solution (150 cm3) containing vari-
ous amounts [0 (blank), 5, 10, 25, and 400 ppm] of
the polymers. After the elapsed time, the cleaning
procedure consisted of wiping the coupons with a
paper tissue, polishing lightly with emery paper,
washing with distilled water, acetone, followed by
oven drying at 1108C. Percent inhibition efficiency
(%IE) was determined using the following equation:

%IE ¼ Weight loss ðblankÞ �Weight loss ðinhibitorÞ
Weight loss ðblankÞ

3 100

Weight loss (blank) and weight loss (inhibitor) repre-
sent weight losses in absence and presence of inhibi-
tor, respectively. Triplicate determinations were
made with each of the polymers and with solutions
containing no polymer. The average percent inhibi-
tion efficiency, reported in Table II, is found to have
a standard deviation of 0.3–3.5%.

RESULTS AND DISCUSSION

Synthesis of copolymers and physical
characterization

Monomers 7(M1)/8(M2) or 7(M1)/9(M2) were copoly-
merized successfully in DMSO using AIBN as initia-

tor to give CPE 10 or 11, respectively, in excellent
yields (Scheme 2). However, we were unable to
obtain the copolymers by carrying out the polymer-
ization process in an aqueous medium as a result of
the immiscibility of hydrophobic monomers 8 and 9
in the medium containing hydrophilic monomer 7.
Thus, the copolymerization of a mixture of (M11M2)
and water in a 65 : 35 wt ratio in the presence of
4 mol % t-butylhydroperoxide gave only a trace
amount of polymer. The polymerization conditions
in DMSO were kept similar as rigorously as possible
to obtain polymers having similar degree of poly-
merization; similar polymer chain length would
allow a comparative assessment of the associative
behaviors of the synthesized polymers. The results
of the polymerization, intrinsic viscosities, and appa-
rent molecular weights of the resultant polymers are
given in Table I. The Entry 1 in Table I describes the
polymer M2-0 indicating the absence of hydrophobic
monomer 8 or 9 (M2). The Entries 2–5 and 6–10
describe the incorporation of dodecyl-8 and octa-
decyl- monomer 9, respectively. The copolymer 11-
C18-7.6 (Entry 8), for instance, indicates the incorpo-
ration of 7.6 mol % hydrophobic octadecyl monomer
9. As evident from Table I, the hydrophobe incorpo-
rations did not match with the feed ratio; the mole
percent hydrophobe incorporated in copolymers
10 or 11 was always found to be less than the mole
percent present in the feed.

Copolymer composition

The copolymers were synthesized by varying
the feed ratio of 7/8 or 7/9. Figure 1(A,B) displays
the 1H-NMR spectrum of the M2-0 and 10-C12-8. The
incorporation of the hydrophobic monomers was cal-
culated using integration of 1H-NMR signals by the
following two methods of calculation.

TABLE II
Inhibition Efficiency for Different Concentrations of

Compounds for the Inhibition of Corrosion of Mild Steel
in 1M HCl Exposed for 6 h at 608C

Copolymer

Inhibition efficiencies (%) at concentration
(ppm) of polymers

5 10 25 400

M2-0 70.4 82.0 82.3 83.8
10-C12-3 76.4 86.6 91.9 94.1
10-C12-6.1 77.5 84.4 92.2 94.3
10-C12-9.8 80.9 89.4 94.2 94.5
11-C18-1.6 83.8 90.9 91.6 95.2
11-C18-3.6 82.3 87.0 93.6 94.3
11-C18-7.6

a 85.0 86.5 91.7 94.1
11-C18-15.5

a 75.9 87.2 89.3 92.1

a Partially soluble.
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Method I

In 1H-NMR spectra of polymers 10 in D2O, the sig-

nals appearing at <d 2.0 ppm are the four protons

marked a, and 27 protons marked a’, e’, and f’

(Scheme 3). So the integrated area (P) of the signals

at <d 2.0 ppm should belong to [(1-x)4 1 27x], i.e.,
(4 1 23x) protons. On the other hand, the signals
appearing at >d 2.0 ppm are the 12 protons marked
b, c, and d, and eight protons marked b’, c’, and d’.
As such the integrated area (Q) of the signals at >d
2.0 ppm should belong to [(1-x)12 1 8x] i.e., (12 2

Figure 1 1H-NMR spectrum of CPE 10-C12-0 and 10-C12-8 in CD3OD.

Scheme 3 Amphiphilic copolymers 10 and 11.
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4 x) protons. Equating the area for a single proton at
<d 2.0 and >d 2.0 one would obtain

P=ð4þ 23xÞ ¼ Q=ð12� 4xÞ;
i:e:; x ¼ ð12P� 4QÞ=ð4Pþ 23QÞ (1)

Mole percent hydrophobe (i.e., 100x) is obtained
by solving eq. (1). Likewise, for the copolymer 11
having octadecyl hydrophobe, the eq. (1) is modified
to eq. (2) as a result of an increase in the number of
e’ protons by 12.

x ¼ ð12P� 4QÞ=ð4Pþ 35QÞ (2)

Method II

In Method II, a simpler approach is taken. Even
though the methyl protons of the hydrophobe chain-
end appeared as an overlapping signal in D2O, the
spectrum of 10 in CD3OD revealed the presence of
CH3 as a nonoverlapping signal at d 0.89 (t, J 6.9 Hz)
ppm. The rest of the polymer proton signals, like in
D2O, appeared at d 1.0–4.0 ppm. The following pro-
tons, with number in parentheses, appeared at
<d 2.0 ppm: a (4H), a’ (4H), e’ (20H), and f’ (3H)
(Scheme 3).

For polymers having a C12 hydrophobe, the inte-
grated area (M) at d 0.89 belongs to 3H of methyl
group (f’). As such the area of a single H belonging
to the hydrophobe should equate to M/3. The area
(T) under >d 1.0 to <d 2.0 ppm belongs to protons
marked a, a’, and e’. If one subtracts the contribution
of e’ protons, which is 20M/3, then the total area for
the a and a’ protons [4(1-x) 1 4x)], i.e., four protons
becomes (T-20M/3). As such the area of a single pro-
ton belonging to the copolymer 10 becomes (T-20M/
3)/4. Mole percent of the hydrophobe should then
equate to 100 (M/3)/[(T-20M/3)/4]. Likewise, for
the copolymer 11 containing C18 hydrophobe, the
mole percent of the hydrophobe should be calcu-
lated as 100 (M/3)/[(T-32M/3)/4] since it has 32
protons marked as e’. The data from both methods
agree favorably and are given in Table I along with
the deviations.

Solubility and viscosity measurements

All synthesized polymers 10 and 11 were found to
be soluble in salt-free water as well as methanol. All
copolymers 10 containing the C12 hydrophobes as
well as 11-C18-1.6 and 11-C18-3.6 were also soluble in
0.1N NaCl. However, copolymers 11 having higher
mole percent of the C18 hydrophobe were found to
be insoluble in 0.05 as well as 0.1N NaCl. The pKa of
an unit of tertiary amine salts 8 and 9 in the copoly-
mers 10 and 11 is expected to be around 9.8 similar

to that of trimethylamine hydrocholoride, the parent
tertiary amine salt. Note that the hydrophobic units
(i.e., 8 or 9) in the copolymers are pH-responsive; as
a result of being weak acids, they may dissociate to
some extent to their corresponding trivalent amines.
The pH of the copolymers in salt-free and salt
(NaCl)-added solutions, however, was not controlled
for the viscosity study. The reduced viscosity (hred)
of the polymer solutions at concentration >C*HA

increased exponentially, while at concentration
<C*HA, hred increased in a linear fashion (not shown
in figure). Reduced viscosity, i.e., specific viscosity/
concentration (hsp/C), as a function of concentration
was plotted according to the Huggins equation, and
extrapolation of the linear part of the viscosity plots
(hsp/C vs. C) in the concentration (C) range 0.25–
0.031 g/dL in 0.1N NaCl permitted us to determine
the intrinsic viscosity [h] values of the polymers
(Table I). The decreasing values of intrinsic viscos-
ities with increasing hydrophobe concentration
imply that these polymers form mainly intramolecu-
lar hydrophobic associations in dilute solutions as a
result of random distribution of the hydrophobes
(Table I).31

The effect of added NaCl on the viscosity of a
4 g/dL solution of 11-C18-3.6 and 10-C12-8 at various
shear rates are displayed in Figures 2 and 3, respec-
tively. The shielding of positive charges in the poly-
mer chains by the added chloride ions leads to a
decreased repulsion between the charges in the poly-
mer chains and a compaction of the polymer coil.
The presence of NaCl on the other hand makes the
aqueous system more hostile to the hydrophobes
and thus forces them to associate intermolecularly,
and as a result the viscosity is expected to increase
with increasing concentration of the added NaCl. In
the case of 11-C18-3.6, the decrease of viscosity val-
ues with increasing concentration of NaCl implies
the greater significance of polymer compaction by
shielding than the hydrophobic associations in an

Figure 2 Variation of viscosity of a 4 g/dL solution of 11-
C18-3.6 with the shear rates at various concentrations of
NaCl at 308C.
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environment increasingly hostile to the hydrophobes.
The ineffective associations of hydrophobic groups
in this case could be discussed in terms of critical
micelle concentration similar to that for small-mole-
cule surfactants. At low hydrophobe incorporation
(3.6 mol %) and polymer concentration (4 g/dL), an
insufficient number of hydrophobic groups are pres-
ent on any individual polymer chain to form a stable
ensemble. A contrasting salt effect was observed in
the case of the polymer 10-C12-8. The viscosity val-
ues increase by changing the solvent from salt-free
water to 0.1N and 0.3N NaCl, whereas it decreases
and even falls below the viscosity in salt-free water
upon further increasing the NaCl concentration to
0.5N. Figure 3 thus displays the role of added salt
(NaCl) in an interesting demonstration of coil com-
paction as well as hydrophobic association. In the
presence of added salt, the increase in viscosity cor-
relates well with the known effects of NaCl on
hydrophobic association.42 The higher mole percent
of hydrophobes in 10-C12-8 in comparison with 11-
C18-3.6 leads to a greater significance of hydrophobic
associations for the former polymer in 0.1 and 0.3N
NaCl than the polymer compaction by shielding the
cationic charges on the polymer chains. At the high-
est NaCl concentration (0.5N), further compaction of
the polymer coil may encourage intramolecular
micellization thereby decreasing the viscosity values.

Figures 4–6 display the variation of viscosity with
concentration of 11-C18-7.6, 11-C18-15.5, and 11-C18-
3.6, respectively, in salt-free water. As evident from
Figure 4, the critical association concentration (C*HA)
was found to be around a polymer concentration of
0.5 g/dL; changing the polymer concentration from
0.5 to 1 g/dL resulted in an increase in viscosity by
a factor of 14 at a shear rate of 0.36 s21. The associa-
tive behavior of the polymers are more pronounced
in the lower shear rate range as expected since
higher shear rates lead to disruptions of hydropho-
bic associations. This observation is similar to that

frequently observed for hydrophobically modified
associative polymers.4,43 The strong interchain asso-
ciations form large aggregates (a network structure
of polymer chains) as the polymer concentration
passes C*HA. The network structures thus contribute
significantly to the thickening. The C*HA for 11-C18-
15.5 was also found to be around a polymer concen-
tration of 0.5 g/dL (Fig. 5), however, the viscosity
increase by changing the polymer concentration
from 0.5 g/dL to 1 g/dL was found to be not as pro-
nounced as in the case of 11-C18-7.6; viscosity rose
by a factor of a meagre 3.3 at a shear rate of 0.36
s21. The internal micellization is more pronounced
in 11-C18-15.5 because of its higher hydrophobe con-
tent than that in 11-C18-7.6. A gradual switchover
from a mainly intra- to intermolecular associations
in 11-C18-15.5, therefore, makes the viscosity incre-
ment less pronounced. The relatively high C*HA

value of around 3 g/dL for the polymer 11-C18-3.6
(Fig. 6) is indicative of the presence of an insufficient

Figure 3 Variation of viscosity of a 4 g/dL solution of 10-
C12-8 with the shear rates at various concentrations of
NaCl at 308C. Figure 4 Variation of viscosity with concentration 11-C18-

7.6 at various shear rates in salt-free water at 308C (inset
showing the variation in the lower concentration range).

Figure 5 Variation of viscosity with concentration 11-C18-
15.5 at various shear rates in salt-free water at 308C (inset
showing the variation in the lower concentration range).
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number of hydrophobic groups on any individual
polymer chain to form a stable ensemble at concen-
trations of < 3 g/dL.

Figure 7 displays the effect of temperature on the
solution viscosity of 3 g/dL solution of 11-C18-7.6 in
salt-free water. At higher temperatures, the viscosity
decreases presumably as a result of changes in the
hydration spheres of the hydrophobic groups or in
the structure of water itself. The lowering of solution
viscosity with increasing temperature has been
reported for hydrophobically associating water-solu-
ble polymers.8,43,44 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.

Figure 8 displays the variation of viscosity of a 4
g/dL solution of 11-C18-7.6, 11-C18-15.5 11-C18-3.6,
and 10-C12-8 at various shear rates in salt-free water
at 308C. The semilog plots reveal the increase in

viscosity values with the increase in the amount of
hydrophobe incorporated in the polymers. The vis-
cosity values for the 4 g/dL solutions of 10-C12-8,
11-C18-3.6, 11-C18-7.6, and 11-C18-15.5 in salt-free
water at a shear rate of 0.36 s21 were found to be
780, 6000, 956,000, and 1,100,000 cps, respectively.
The C18-7.6 polymer was thus found to have a
higher viscosity than C18-3.6 by a factor of 159;
higher proportion of the hydrophobe thus leads to
superior interchain associations. The viscosity values
in a ratio of 1 : 1225 for the polymers C12-8 versus
C18-7.6 thus demonstrate the importance of the
length of the pendants in intermolecular hydropho-
bic associations. Both the polymers have similar
mole percent of the hydrophobes (�8%), however,
for the C18-7.6, 18-C alkyl chain leads to an efficient
and increased association from a distance far enough
that minimizes interchain repulsion between the like
charges. Note that the polymer 11-C18-7.6 displayed
slightly higher viscosity values than 11-C18-15.5 at
the higher shear rates, presumably as a result of an
easier disruption of intramolecular micellizations for
the former polymer containing the lesser amount of
hydrophobe.

Polymer surfactant interactions

An interesting feature of amphiphilic polyelectro-
lytes with poor water solubility is that redissolution
is greatly facilitated by addition of surfactants,
which indicates the existence of surfactant/copoly-
mer interactions such that surfactant micelles pro-
vide the solublization of the hydrophobic moieties of
the amphiphilic polyelectrolyte. The interactions are
driven by electrostatic attraction and/or association
of the hydrophobic groups on the polymers and
those of the surfactant molecules. The polymer

Figure 6 Variation of viscosity with concentration 11-C18-
3.6 at various shear rates in salt-free water at 308C.

Figure 7 Variation of viscosity of a 3 g/dL solution of 11-
C18-7.6 with the shear rates at various temperatures in salt-
free water.

Figure 8 Variation of viscosity with shear rates of a 4 g/
dL solution of 11-C18-7.6, 11-C18-15.5, 11-C18-3.6, and 10-
C12-8 in salt-free water at 308C.
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surfactant interaction was examined using viscomet-
ric measurements on copolymer C18-7.6 (Entry 8,
Table I) in the presence of cationic cetyltrimethylam-
monium bromide (CTAB) surfactant. Figure 9 illus-
trates the viscosity behavior of a 1.5 g/dL solution
of C18-7.6 in the presence of cationic surfactant
CTAB at various shear rates. Upon the addition of
CTAB above its critical micelle concentration (CMC)
9.2 3 1024 M, the solution of 11-C18-7.6 became
more viscous which indicates the existence of surfac-
tant/polymer interactions. The copolymer is suffi-
ciently hydrophobic to overcome competitive ionic
repulsion effects, promoting the bridging micelle for-
mation. This interaction of CPE with surfactant of
like charge (CTAB) is rather unusual, but it is not
unique. An interaction in aqueous solutions of
hydrophobically modified polyelectrolytes with sur-
factants of the same charges has been recently
reported.45 Upon further increase in the CTAB
concentration, the viscosity continues to increase,
suggesting a gradual polymer restructuring and for-
mation of mixed micelle domains which contain
hydrophobic groups belonging to two or more dis-
tinct polymer chains. The addition of surfactants to
hydrophobically modified polymers solutions can
increase the viscosity of polymer solutions, provided
comicellization between the polymer and surfactant
provides bridging between the polymer chains.46

Further increase in concentration of CTAB leads to
the formation of more micelles and the number of
micelles per polymer-bound hydrophobe increases
and this eventfully disfavors comicellar bridge thus
resulting in a decrease of viscosity values. In this
case of the C18-7.6 polymer solution (1.5 g/dL)
having a hydrophobe concentration of 0.0058M, the

maximum occurs at a surfactant concentration of
0.0041M.

Corrosion inhibition study

Corrosion inhibition performance of the synthesized
polymeric materials, evaluated using weight loss of
mild steel in 1M HCl at 608C for 6 h, is shown in
Table II. As is evident from the table, all the copoly-
mers 10 and 11 containing hydrophobes (y = 0)
demonstrated superior inhibition effects than the
homopolymer M2-0, i.e., 10 or 11 (y 5 0). An � 10%
increase in the inhibition efficiencies of hydrophobi-
cally modified copolymers 10 and 11 versus M2-0
(Table II) in the studied concentration range is
indeed a reflection of the superior ability of the
hydrophobically modified copolymers to cover,
hence, protect the metal surface from corrosive
attack.

CONCLUSIONS

The hydrophobe incorporation has considerably
enhanced the viscosity values in the copolymers. In
earlier works,25–27 the electrostatic repulsive forces
between the positively charged polymer chains did
not permit them to move to a safer distance required
for the pendents of 10, 11, and 14 CC bonds in the
copolymers 4–6 (vide supra) to manifest interchain
bridging (associations) in the semidilute regime. The
shorter pendent-lengths may be the reason for the
lower degree of association and very high C*HA val-
ues of 15–17 g/dL for the polymers 5 and 6.27 Such
a very high concentration of polymers demands the
presence of equivalent amount of chloride counter-
ions, which can effectively shield the positive
charges on the chains thereby allowing them to
approach close enough for interchain bridging. The
octadecyl pendents (C18H37) in the copolymers 11,
on the other hand, can associate intermolecularly (at
a polymer concentration of � 0.5 g/dL) because the
extended length of the pendents allows them to min-
gle with each other without exposing the chains to
experience the adverse effects of electrostatic repul-
sions. The low C*HA (� 1 g/dL) observed for the C18

polymer series is indeed a notable improvement
over the C*HA values for the reported associating
polymers.27 The corrosion inhibition tests using
gravimetric method, a simple yet reliable method,
demonstrated the better inhibition efficiency of the
hydrophobic copolymers. One of the important fea-
tures of the copolymers 10 and 11 is the presence of
amine salts 8 and 9 as the hydrophobes instead of
ammonium salts in which the nitrogen valency is
quenched. Upon basification, the hydrophobic units
will be transformed to trivalent basic nitrogens,
which may potentially be a better inhibitor in neutral

Figure 9 Variation of viscosity with CTAB concentrations
of a 1.5 g/dL solution of 11-C18-7.6 at different shear rates
at 308C in salt-free water.
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corrosive brine solutions as a result of the interaction
of the nitrogen lone pair with metal d-orbitals. It
would be interesting to investigate in a future work
the effect of pH on the viscosity behavior of the
copolymers.

The facilities provided by the King Fahd University of
Petroleum and Minerals, Dhahran, are gratefully acknowl-
edged.
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