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a  b  s  t  r  a  c  t

A  comb  ethyl  cellulose-g-sodium  polyacrylate  (EC-g-SPA)  was  synthesized  by atom  transfer  radical
polymerization.  The  amphiphilic  properties  of the  EC-g-SPA  were  determined  by surface  tension  mea-
surements.  The  interactions  between  EC-g-SPA  and the  cationic  surfactant  dodecyl-trimethylammonium
bromide  (C12TAB)  were  investigated  by surface  tension,  turbidity,  dynamic  light  scattering  and  trans-
eywords:
nteraction
ellulose
omb polyelectrolyte
tom transfer radical polymerization

mission  electron  microscopy  (TEM).  The  results  revealed  that  the  critical  aggregate  concentration  (CAC)
of the  complexes  was  0.8 mM.  When  the  C12TAB  concentration  was  lower  than  the  CAC,  the hydrody-
namic  diameter  (Dh)  of  the  complexes  decreased  as the  surfactant  concentration  was  increased.  As  the
C12TAB  concentration  was  increased  above  the  CAC,  the Dh initially  increased  slightly,  followed  by  a sharp
decrease.  The  changes  in  the sizes  and  shapes  of  the  aggregates  were  studied  by  TEM.  The  interactions
between  two  species  and  the  structure  of  the  EC-g-SPA/C12TAB  complexes  were  also  discussed.
. Introduction

Interactions between polyelectrolytes and oppositely charged
urfactants have attracted considerable interest due to their wide
ndustrial applications in areas such as drug vehicles and home and
ersonal care products (Goddard & Ananthapadmanabahn, 1993;

önsson, Lindman, Holmberg, & Kronberg, 1998). Ionic surfactants
an aggregate into micelle-like structures in the vicinity of oppo-
itely charged polyions, and they can form tightly bound complexes
t a defined concentration, known as the critical aggregation con-
entration (CAC) which is usually a few orders of magnitude lower
han the critical micelle concentration (CMC) of the free surfactant
Penfold et al., 2007). The formation of polyelectrolyte/surfactant
omplexes is driven by electrostatic interactions between the sur-
actant head groups and the polyelectrolyte and by hydrophobic
nteractions between the hydrophobic backbones of the polyelec-
rolyte and the alkyl chains of the surfactant (Fundin, Hansson,
rown, & Lidegran, 1997; Penfold et al., 2007; Wang & Tam, 2002).

There has been a great deal of experimental and theoreti-
al work done to determine the bulk properties of the neutral
olymer/surfactant systems (Hansson & Almgren, 1994; Li, Lin,

ai, Scriven, & Davis, 1995), which are often referred to as
weakly interacting” systems (Goddard, 1986, 2002). In addition,
he interfacial properties for these systems, which involve surface
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E-mail address: chengfa@tju.edu.cn (F. Cheng).

144-8617/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
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adsorption and surface tension behavior, have been well estab-
lished (Jones, 1967). However, there are confusing results (Taylor
et al., 2007) for systems of oppositely charged polyelectrolytes
and surfactants, which are called strongly interacting systems.
For example, surface tension profiles for sodium poly(styrene
sulfonate) (PSS)/trimethylammonium bromide (C12TAB) com-
plexes (Taylor & Thomas, 2002a, 2002b; Taylor, Thomas, & Li,
2003) are quite different from those for sodium dodecyl sulfate
(SDS)/poly(dimethyldiallylammonium chloride) (poly DMDAAC)
complexes (Staples, Tuchker, Penfold, Warren, & Thomas, 2002;
Staples, Tuchker, Penfold, Warren, Thomas, & Taylor, 2002). Macro-
scopic model of the surface tension of polymer/surfactant systems,
which cover both weakly interacting and strongly interacting
systems, has been proposed by Bell, Breward, Howell, Penfold,
and Thomas (2007).  But this model is aimed at systems such as
SDS/PEO, SDS/PVP, SDS/polyDMDAAC and PSS/C12TAB. The surface
tension profiles for strongly interacting systems are influenced by
the charge density, hydrophobicity and the topological structure
of the polyelectrolyte. Understanding the surface tension behav-
ior of amphiphilic polyelectrolyte/surfactant systems is less than
straightforward.

Cellulose-based polyelectrolytes that interact with surfactants
are the focus of commercial cellulose products, such as cationic cel-
lulose (Lee & Moroi, 2004; Miyake & Kakizawa, 2002; Rodríguez,

Alvarez-Lorenzo, & Concheiro, 2003; Svensson, Sjöström, Scheel,
& Piculell, 2003) and anionic cellulose (Silvério & Okano, 2004;
Trabelsi, Raspaud, & Langevin, 2007; Wu,  Du, et al., 2009; Wu,
Shangguan, et al., 2009). These cellulose-based polyelectrolytes are

dx.doi.org/10.1016/j.carbpol.2012.04.032
http://www.sciencedirect.com/science/journal/01448617
http://www.elsevier.com/locate/carbpol
mailto:chengfa@tju.edu.cn
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inear and hydrophilic. Interest in molecular brushes arises from
heir compact branched structures and their persistent cylindrical
hapes that confer many novel properties (Cui et al., 2006; Pakula
t al., 2006; Zhang, Estournès, Bietsch, & Müller, 2004), such as
nteresting associative behavior in bulk solution and unique char-
cteristics at interfaces (Varga, Mészáros, Makuška, Claesson, &
ilányi, 2009). The amphiphilic nature and the comb structure of
olyelectrolytes will affect the surface tension behaviors of poly-
lectrolyte/surfactant systems. There have been a few studies on
he complexes between comb polymers with nonionic hydrophilic
ide chains and surfactants (Middleton, English, Williams, & Broze,
005). But to the best of our knowledge, the interactions between
n amphiphilic cellulose-based polyelectrolyte and an oppositely
harged surfactant and the interfacial properties of this system
ave not yet been reported.

In this paper, a comb amphiphilic polyelectrolyte ethyl
ellulose-g-sodium polyacrylate (EC-g-SPA) was synthesized by
tom transfer radical polymerization (ATRP). The amphiphilic
roperties of the comb polyelectrolyte EC-g-SPA were determined
y surface tension measurements. The interactions between EC-
-SPA and the cationic surfactant dodecyl-trimethylammonium
romide (C12TAB) were investigated by surface tension, turbid-

ty, dynamic light scattering (DLS) and transmission electron
icroscopy (TEM). The CAC was also estimated by surface ten-

ion and DLS. The sizes and structures of the aggregates formed
n the mixed system were studied by DLS and TEM. The interac-
ions and the structure of the EC-g-SPA/C12TAB complexes were
lso discussed. It is hoped that this work can provide a better under-
tanding of the effect of amphiphilic structure (of EC-g-SPA) on
he interactions between EC-g-SPA and C12TAB and the interfacial
roperties of the present complexes system.

. Experimental

.1. Materials

The ethyl cellulose (EC, Mw = 46,367 g/mol, Mw/Mn = 1.967), with
 degree of ethyl substitution of 2.44 (Luzhou Chemical Engineering
lant, Luzhou, China), was dried at 80 ◦C for 48 h under vac-
um before use. The N,N,N′,N′′,N′′-pentamethyldiethylenetriamine
PMDETA, Acros Organics, 98%), 2-bromoisobutyryl bromide (Alfa
esar, 97%), and triethylamine (TEA, Beijing Chemical Reagent Co.
td., 99%) were all used as received. The tetrahydrofuran (THF) was
urified by distillation over CaH2. In order to remove copper (II),
he copper (I) bromide (Shanghai Zhenxing Chemical Regent Fac-
ory, Shanghai, China) was stirred in glacial acetic acid, filtered,
ashed with ethanol three times, and then dried in vacuum. The

oluene was distilled under reduced pressure. The cyclohexanone
as dried with anhydrous magnesium sulfate and then filtered

efore use. The tertiary butyl acrylate (98%, Aldrich) (t-BuA) was
istilled under reduced pressure before use. The trifluoroacetic
cid, dimethyl sulfoxide (DMSO), anhydrous ethanol and disodium
thylene diamine tetraacetic acid (EDTA) were all used as received.
he dodecyl-trimethylammonium bromide (C12TAB, 99%, Shang-
ai Jingchun Reagent Co., China) was dried at 60 ◦C under vacuum
efore use. Double distilled water was used as the solvent.

.2. Methods

1H NMR  spectra were recorded on a Varian INOVA 500 MHz
pectrometer. The chemical shifts are given in parts per million

ppm). Tetramethyl silane (TMS) was used as the internal standard.

FT-IR spectra were recorded on a BIO-BAD EAALIBUR FTA-3000
ourier transform infrared spectrometer. Transmittance measure-
ents were taken on the samples in KBr pellets.
mers 89 (2012) 899– 905

The conductivity measurements were performed with a DDS-
11A conductivity meter equipped with platinized platinum
electrodes (cell constant = 1.008 cm−1). The meter was initially cali-
brated with a KCl standard solution. C12TAB solutions with different
concentration were put into a thermostated water bath at 25 ◦C
during measurements.

The surface tension measurements of all the solutions were
performed using the Wilhelmy plate method with a DCAT21 ten-
siometer (Germany) at 25 ◦C. The accuracy was  0.01 mN m−1.

UV–vis spectra were obtained from a Purkinje General (China)
T6 UV/Vis Spectrophotometer.

Transmission electron microscopy was conducted with a Philips
T20ST electron microscope at an acceleration voltage of 200 kV. A
small drop of micellar solution was deposited onto a preheated
carbon-coated copper grid and dried at atmospheric pressure. Sam-
ples were also prepared by staining with phosphotungstic acid.

All samples were filtered through a 0.45 �m Millipore filter
into clean scintillation vials and characterized by dynamic light
scattering measurements performed on a Brookhaven BI-200SM
goniometer, equipped with a digital correlator (BI-9000AT) at
532 nm.

2.3. Synthesis

2.3.1. Synthesis of macroinitiator (ECBr)
The macroinitiator for ATRP was  synthesized by acrylation using

2-bromoisobutyryl bromide and EC according to the procedures in
the literature (Kang et al., 2006). The grafting degree of Br can be
controlled by changing the reaction time. EC (6.9 g, unit of glucose
30.0 mmol) was dissolved in a mixture of distilled THF (150 mL)
and TEA (3.0 g, 30 mmol) in a 250 mL  three-necked flask and the
solution was stirred with a magnetic stirrer for 3.5 h. Then, 2-
bromoisobutyryl bromide (20.8 g, 90.5 mmol) in 30 mL of distilled
THF was added dropwise over the course of 2.5 h to the solution
in an ice/water bath at 0 ◦C. The reaction mixture was then stirred
at room temperature for 18 h. The resulting suspension was  cen-
trifuged and the clear upper solution was diluted with THF. The final
solution was  precipitated three times in distilled water. Finally, the
product was freeze-dried. 1H NMR  spectra of EC and ECBr are shown
in Fig. S1a and S1b in Supplementary information and by compar-
ing the area of peak c (the methyl protons in the 2-bromoisobutyryl
group) with that of peak a (the methyl protons in ethyl groups of
EC), the degree of substitution of the 2-bromoisobutyryl group for
the ECBr macroinitiator was  determined to be 0.22.

The FT-IR spectra of pure EC and ECBr are shown in
Fig. S2a and S2b, respectively in Supplementary information, the
peak at about 1737 cm−1 in Fig. S2b can be ascribed to the ester
bond of 2-bromoisobutyryl.

Furthermore, the 1H NMR  spectrum of ECBr in Fig. S1b reveals
major peaks at 1.95 ppm (peak c) which is due to the methyl pro-
tons in the 2-bromoisobutyryl group and at 2.75–4.75 ppm (peak
b) which is due to the methylene in the ethyl group and hydro-
gen protons in anhydroglucose unit. These results indicate that the
synthesis of the macroinitiator was  successful.

2.3.2. Synthesis of ethyl cellulose-g-poly tert-butyl acrylate
(EC-g-PtBuA)

The EC-g-PtBuA was  prepared according to a previously
reported method (Kang et al., 2006). ECBr (Mw,unit = 272.04, 1.3 g,
the residual Br was 1.2 mmol) and, PMDETA (0.2 g, 1.2 mmol)
were dissolved in deoxygenated toluene (13.3 g) and cyclohex-
anone (5.7 g) in a 50 mL  flask with a magnetic stirrer. The flask

was degassed by three freeze-evacuate-thaw cycles. Then t-BuA
(29.5 g, 0.24 mol) and CuBr (0.2 g, 1.2 mmol) were added to the
reaction system. The reaction mixture was degassed by three
freeze-evacuate-thaw cycles. After all the reactants were dissolved,



te Polymers 89 (2012) 899– 905 901

t
A
t
d
s
w
(
i
t
g
b

p
t

F
a
2
m
p
g

2
(

E
T
f
o
d
s
d

m
b

t
m
1
m
s

2

p
6
b
s
s
u
i
w
p
a

3

3

h
w
c
s
s

H. Pan et al. / Carbohydra

he polymerization was performed at 80 ◦C for the required time.
fter being cooled to room temperature, the flask was exposed

o air and the solvent was removed. The crude product was then
issolved in THF and precipitated three times in an aqueous
olution of disodium EDTA to remove the catalyst. The product
as obtained by freeze-drying. 1H NMR  spectrum of EC-g-PtBuA

Fig. S1c in Supplementary information) was taken and by compar-
ng the area of peak f (methylene protons in the repeating unit of
he grafted chains) with that of peak a (the methyl protons in ethyl
roups of EC), the length of the grafted chain was determined to
e 10.

The FT-IR spectrum of EC-g-PtBuA is shown in Fig. S2c in Sup-
lementary information. The peak at about 1737 cm−1 is assigned
o the stretching vibration of the carbonyl group.

The 1H NMR  spectrum of the EC-g-PtBuA is shown in
ig. S1c in Supplementary information. The peak at 1.15 ppm is
ssigned to the methyl protons of the ethyl group. The peaks at
.25 and 1.84 ppm are respectively assigned to the methylene and
ethine protons in the repeating unit of the grafted chains and the

eak at 1.27 ppm is assigned to the methyl protons of the tert-butyl
roup.

.3.3. Synthesis of ethyl cellulose-g-sodium polyacrylate
EC-g-SPA)

According to the procedure in the literature (Kang et al., 2006),
C-g-PtBuA (3.8 g) was dissolved in anhydrous CH2Cl2 (200 mL).
rifluoroacetic acid (40 mL)  was added and the mixture was stirred
or 24 h. The obtained solid was dissolved in a small amount
f DMSO. Then the solution was dialyzed (MWCO3500) against
istilled water until the DMSO was removed. After the aqueous
olution was neutralized, a white solid was obtained by freeze-
rying.

The FT-IR spectrum for EC-g-SPA is shown in Fig. S2d in Supple-
entary information. The wide peak from 3700 to 2800 cm−1 can

e assigned to the associating hydroxyls of the carboxyl groups.
Compared with the 1H NMR  spectrum for EC-g-PtBuA (Fig. S1c),

he 1H NMR  spectrum for EC-g-SPA has no peak at 1.27 ppm (the
ethyl protons of the tert-butyl group) and there is a peak at

2.10 ppm (the proton of the carboxy group) (Fig. S1d in Supple-
entary information). These results confirm that the EC-g-SPA was

uccessfully obtained.

.4. Sample preparation

Before the C12TAB and EC-g-SPA aqueous stock solutions were
repared, the C12TAB and EC-g-SPA were dried in a vacuum oven at
0 ◦C for 48 h to remove absorbed water. All samples were prepared
y dropping aqueous solutions of surfactant into polyelectrolyte
olutions at the ratio needed to give the desired composition. The
urfactant solution was slowly added to the EC-g-SPA solution
sing a constant-flow bump while the solution was  gently stirred

n order to avoid premature local precipitation. The final solutions
ere obtained by adding double distilled water. To ensure com-
lete dissolution and equilibrium, the prepared solutions were kept
t room temperature for 48 h before testing.

. Results and discussion

.1. The amphiphilic properties of EC-g-SPA

It is well known that amphiphilic polymers with a suitable
ydrophilic/hydrophobic balance can form micellar structures

hen exposed to selective solvents. The amphiphilic EC-g-SPA

hains, which consist of hydrophilic and hydrophobic segments,
hould form micelles in water. Fig. 1 shows the surface ten-
ion isotherm of EC-g-SPA versus its concentration. According to
Fig. 1. Surface tension-EC-g-SPA concentration dependence for aqueous EC-g-SPA
solutions.

Fig. 1, the surface tension (ST) decreased greatly in the concentra-
tion range from 0.005 to 0.2 wt%. From 0.2 to 0.5 wt%, the ST was
fairly constant. Above concentration of 0.5 wt%, the ST decreased
until a second plateau occurred from 2.0 to 3.0 wt%. According to
the literature (Kang et al., 2006), in aqueous solutions and at a
concentration of 1 mg/mL, the amphiphilic EC-g-SPA chains can
self-assemble into both single-chain and multi-chains micelles.
The concentration of the EC-g-SPA solutions in this work is higher
than 1 mg/mL  (0.2–0.5 wt%). So, we  think that at concentrations of
0.2–0.5 wt%, EC-g-SPA self-assembles into multi-chains micelles by
intermolecular interactions, which corresponds to the first surface
tension plateau. The second plateau indicates that when the aque-
ous concentrations were 2.0–3.0 wt%, then the micelles composed
of several EC-g-SPA chains aggregated into bigger particles through
the hydrophobic effect. The behavior of the EC-g-SPA/C12TAB com-
plexes in the bulk and at the interface was influenced by the
structure of the EC-g-SPA aggregate. The micellar structure was
formed at the first plateau, so a concentration of 0.4 wt% was
selected to complex the EC-g-SPA with C12TAB.

3.2. Interfacial properties of the EC-g-SPA/C12TAB complexes

A plot of surface tension as a function of C12TAB concentration
for EC-g-SPA/C12TAB system is shown in Fig. 2(a). In addition the
surface tension behavior of C12TAB alone solutions is shown in
Fig. 2(b) to compare to that of the EC-g-SPA/C12TAB system. As
shown in Fig. 2(b), there is a minimum surfactant tension at 14 mM
and the surface tension reaches a relatively stable value at 16 mM
corresponding to CMC. The concentration of 16 mM is referred to
as CMC  because trace amount of impurities in the C12TAB leads
to the appearance of the minimum at 14 mM in Fig. 2(b). To accu-
rately determine the CMC  of C12TAB, conductivity measurements
were done (inset in Fig. 2). As shown in the inset, the CMC of
pure C12TAB is 16 mM.  Fig. 2(a) is similar to model plots for poly-
mer/surfactants depicted by Goddard and Ananthapadmanabahn
(1993). As shown in Fig. 2(a), there are three distinct points (T1,
T2′ and T2) in the EC-g-SPA/C12TAB surface tension plot. The first
point, T1 (at 0.8 mM),  corresponds to the concentration at which
micellization of the C12TAB monomers on the EC-g-SPA chains in
the bulk solution begins. This concentration is denoted as the CAC

for the EC-g-SPA/C12TAB system. The second point, T2′ (at 4 mM),
corresponds to the concentration at which the EC-g-SPA is satu-
rated with the C12TAB micelles. The third point is T2 (at 10 mM)
and is where the second plateau in the surface tension is formed.
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with C12TAB micelles in the solution and in turn the Dh of EC-g-
SPA/C12TAB complexes decreases (Wang & Tam, 2005). As shown
in Table 1, the turbidity of the complex solutions increased as the
surfactant concentration rises. This may  be attributed that being
ig. 2. Surface tension-C12TAB concentration dependence for aqueous solutions of
C-g-SPA/C12TAB mixture. The EC-g-SPA concentrations are: (a) 0.4 wt%, and (b)

 wt%. Inset: specific conductivity-C12TAB concentration curve of C12TAB.

eyond this point, further addition of C12TAB leads to the formation
f free micelles of C12TAB in the bulk solution.

But there are two aspects regarding Fig. 2(a). One is that
here is no surface tension hump in Fig. 2(a) which was  seen in
he polyDMDAAC/SDS curves (Staples, Tuchker, Penfold, Warren,

 Thomas, 2002; Staples, Tuchker, Penfold, Warren, Thomas, &
aylor, 2002) and the NaPSS/CnTAB (n = 14, 16) curves (Taylor et al.,
003). The presence of hump may  be attributed to the competitive
ormation of a surface-active complexes consisting of surfactant

onomers bound to the polymer backbone (PS), a surface-active
olymer–surfactant complexes containing a bilayer or a layer of
icelles, which binds onto the underside of the PS complexes (P′

S)
nd a non-surface-active polymer-micellar aggregate where sur-
actant molecules cooperatively absorb to the polymer backbone
n the form of micelles to form a necklace-like structure (PSm)
Bell et al., 2007). The hump in the surface tension curves disap-
ears if P′

S is more stable than PSm, which suggests P′
S is favorably

ormed. This is also the case for the present EC-g-SPA/C12TAB sys-
em. Another reason for the hump absence may  be that, as the
C-g-SPA is amphiphilic, its complexes with the cationic surfac-
ant may  be also adsorbed at the air/solution interface. The other
spect, which has also been seen in the literature (Taylor & Thomas,
002a), is that the T2 is lower than the CMC  of the pure C12TAB, in
ontrast to the behavior for weakly interacting systems where this
oncentration is generally higher than the CMC  of pure C12TAB. This
ay  be attributed that there is strong synergy between amphiphilic

C-g-SPA and C12TAB at the air/solution interface, which causes
he adsorption of the EC-g-SPA/C12TAB complexes at lower surfac-
ant concentrations than in the pure surfactant (Taylor & Thomas,
002b).

.3. The diameter distribution and morphology of the complexes

Fig. 3 shows the size distribution of 0.4 wt% EC-g-SPA/C12TAB
omplexes at different surfactant concentrations. To better inter-
ret Fig. 3, the curves were transformed into a curve of
ydrodynamic diameter (Dh) as a function of the C12TAB concen-
ration and this is shown in Fig. 4. At concentration of 0.4 wt%

C-g-SPA self-assembles into multi-chains micelles (Scheme 1(a))
Kang et al., 2006). Pictures of the EC-g-SPA/C12TAB solutions at
ifferent surfactant concentrations are shown in Fig. 5. There is

 correlation between the microscopic binding interactions and
Fig. 3. Size distributions of EC-g-SPA/C12TAB complexes at different C12TAB con-
centration.

the macroscopic phenomenon, which can be seen by comparing
Figs. 4 and 5. As one may  observe from the figures, Dh decreased
slightly and the solutions are transparent (Fig. 5(a)) till a C12TAB
concentration of 0.8 mM,  which is the CAC. The CAC determined
from surface tension and DLS measurements is the same (see
Figs. 2(a) and 4). The decrease in Dh is due to the electrostatic
binding of the C12TAB monomers to the carboxylate groups on
the EC-g-SPA backbones, which shields the electrostatic repulsions
between the grafted side chains, causing the shrinking of polymer
chains. When the C12TAB concentration is increased from 0.8 mM
to 4 mM,  an increase in Dh occurs and the solutions become turbid
(Fig. 5(b)). These are attributed to the polyelectrolyte/surfactant
complexation, induced by the micellization of the surfactant
monomers that are electrostatically bound to the carboxylate
groups of EC-g-SPA. As the C12TAB concentration is increased above
4 mM,  the Dh decreased sharply and the solution gradually turned
opaque (Fig. 5(d)–(f)). This may  be due to the dissociation of EC-
g-SPA multi-chains micelles bound with C12TAB micelles, which
greatly increases the number of single EC-g-SPA chains bound
Fig. 4. The hydrodynamic diameters of EC-g-SPA/C12TAB at different C12TAB con-
centration.
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Fig. 5. Pictures of EC-g-SPA/C12TAB at different C12TAB concentrations: (a) 0.2 mM,
(b) 0.8 mM,  (c) 4 mM,  (d) 8 mM,  (e) 10 mM and (f) 16 mM.

Table 1
Turbidity of the complex solutions.

[C12TAB] (mM)  100 − % transmittance

0 0
0.2  0.5
0.4  0.7
0.8  2
2  4
4  5.7
8  38.9

10  74.8
12 89.9
16  98.2

Scheme 1. Structure evolution of the EC-g-SPA/C12TAB complexes as in
mers 89 (2012) 899– 905 903

single-chain copolymer micelles, the surfactant binding leads to
faster charge neutralization. After sitting for months, all solutions
were still stable, which suggests that the comb polyelectrolyte does
not undergo phase separations.

TEM images of the 0.4 wt%  EC-g-SPA solutions with different
surfactant concentration were used to identify the microstructures
of the formed complexes. As the surfactant concentration (Cs) is
increased, a variety of inhomogeneous structures appeared in the
solutions. As shown in Fig. 6a, the micellar structure of 0.4 wt% EC-
g-SPA is globular. Fig. 6b shows the TEM image of the complex
solution at Cs = 4 mM.  Typically, there are two kinds of spherical
aggregates with diameters of approximately 100 and 300 nm. This
concentration is well above the CAC, so the large aggregates are
the cluster of some EC-g-SPA chains whereas the small particles
are the EC-g-SPA/C12TAB complexes. At Cs = 8 mM (Fig. 6c), the TEM
images indicate that there are some aggregates with different struc-
ture compared with the structure shown in Fig. 6b, which indicates
that the structural transformation of EC-g-SPA chains is induced
by the complexation when the C12TAB is higher than 4 mM.  Fig. 6d
shows the TEM image at Cs = 10 mM and there is an indication that
a well-ordered necklace of beads is formed (Kong, Cao, & Hai, 2007).
A well-ordered necklace is probably formed from spherical surfac-
tant micelles wrapped by polymer chains. The surface tension at
this concentration (T2) is at the onset of the second plateau. As dis-
cussed above, attention must be paid to that, during the increase
of Cs, the different structures of aggregates are formed in the EC-
g-SPA/C12TAB complexes system. These results are consistent with
the ones obtained from DLS. The diameters obtained from the TEM
images are much less than those obtained from DLS measurements.
This is because the diameter obtained from DLS is hydrodynamic
diameter. TEM images for the other concentrations of surfactant
were not obtained because electrons did not transmit through these
samples. Obviously, an increase in Cs leads to a change in the size
and shape of the aggregates.

Scheme 1 illustrates the structure evolution for the EC-g-
SPA/C12TAB complexes as increasing amounts of C12TAB are added
to the EC-g-SPA solution. As shown in Scheme 1b, several EC-g-
SPA chains self-assemble into globular micelles in the free-C12TAB

solution. The EC-g-SPA chains are stretched because of repulsive
interactions between the grafted chains. Once C12TAB is added,
the monomers of C12TAB are bound to the carboxylate groups of
the grafted chains and polyelectrolyte/surfactant complexes are

creasing amounts of C12TAB are added to the EC-g-SPA solution.
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Fig. 6. TEM images for 0.4% EC-g-PSA/C12TAB complexes at various

ormed (Ruckenstein, Huber, & Hoffmann, 1987), which weakens
he electrostatic repulsions between the grafted chains. Hence,
he EC-g-SPA clusters shrink (Scheme 1(c)), with corresponding
ecrease in Dh. The surfactant molecules that are electrostatically
ound to the grafted chains of the EC-g-SPA start to form micelles
Scheme 1(d)) at the CAC (0.8 mM).  An increase in the Dh of the EC-
-SPA/C12TAB occurs when the C12TAB concentration is increased
rom 0.8 mM to 4 mM.  This may  be attributed to the C12TAB micel-
ization on the multi-chain EC-g-SPA aggregates, which is going
n till a surfactant concentration of 4 mM,  when the EC-g-SPA
s saturated with the C12TAB micelles. The Dh of the complexes
ecreases when the C12TAB concentration is higher than 4 mM.  This
ay  be due to the dissociation of multi-chain EC-g-SPA micelles

ound with C12TAB micelles, which greatly increases the number
f single EC-g-SPA chains in the solution and in turn the Dh of EC-
-SPA/C12TAB complexes decreases (Scheme 1(e)) (Wang & Tam,
005). After the dissociation, the structure of complex could be
epicted as a “necklace”, in which the C12TAB micelles are “beads”
nd the EC-g-SPA chains are the “strings” that attach the “beads”.

. Conclusions

A comb polyelectrolyte EC-g-SPA was synthesized by ATRP.
arious structured EC-g-SPA aggregates were formed in aque-
us solution of different concentration. Interactions between the

nionic amphiphilic EC-g-SPA and C12TAB were investigated by
urface tension, turbidity, DLS and TEM. The CAC of the 0.4 wt%
C-g-SPA/C12TAB system was 0.8 mM.  When the C12TAB concen-
ration was lower than CAC, the Dh of the complexes decreased as
tant concentrations: (a) 0 mM,  (b) 4 mM,  (c) 8 mM,  and (d) 10 mM.

the surfactant concentration increased. However, when the C12TAB
concentration was  increased above the CAC, the Dh of the com-
plexes initially increased slightly and then, decreased sharply as the
C12TAB concentration was further increased. These results indicate
that the structural transformation of EC-g-SPA chains is induced by
the complexation. The TEM images showed that there are different
structures of complexes at different C12TAB concentration. The evo-
lution of the interactions and the structure of the EC-g-SPA/C12TAB
system as a function of C12TAB concentration were also discussed.
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