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Effect of grafting density on conformation of
poly(acrylic acid) in solution by dielectric
spectroscopy†

Xinlu Zhou and Kongshuang Zhao *

The effect of grafting density of poly(ethylene oxide) and dodecyl groups on the conformation of

poly(acrylic acid) in solution was clarified by dielectric relaxation spectroscopy over a frequency range

from 40 Hz to 110 MHz. Two distinct dielectric relaxations were found after the elimination of electrode

polarization, and valuable information about the conformations and interfacial electrokinetic properties

of molecules was obtained by analyzing the dielectric spectra based on a refined double-layer

polarization model. The critical aggregation concentration was determined by the concentration

dependency of dielectric parameters. The results based on zeta potential suggested that the ionization

performance and behavior of counterion condensation were strongly influenced by the grafting density

of poly(ethylene oxide) and dodecyl groups. The concentration dependency of correlation length, ratio

of zeta potential, ratio of linear density of counterions, and the Debye length showed that the chain

length and degree of intermolecular aggregation were also strongly influenced by the grafting density.

We revealed the role of grafting density with respect to electrostatic interaction in determining the chain

conformation of polyelectrolytes in solution.

1. Introduction

Polyelectrolytes containing hydrophilic/hydrophobic side chains
offer a wide range of promising applications in drug delivery, cell
encapsulation, and tissue engineering due to their structural
diversities in solution. In these applications, chain conformation
is controlled mainly through altering the composition, distribu-
tion, and density of side chains.1–8 Fundamentally, the chain
conformations of various polyelectrolytes in solution have been
extensively investigated using molecular dynamics simula-
tions and experimental measurements.3,9–12 It has been reported
that grafting density is one of the key elements in deter-
mining the microstructure and size of chains and intermolecular
aggregations.1,2,9–12

Generally, grafting density affects the conformation by con-
trolling the van der Waals interactions, i.e., hydrogen bonding
and hydrophobic interactions.13,14 For example, by the dielectric
spectroscopy method, Li et al.13 found that poly(ethylene oxide)
or dodecyl side chains enhanced the chain flexibility of poly-
(acrylic acid) by weakening the hydrogen bonding interactions
between the carboxylic acid groups on the poly(acrylic acid)

backbone. Furthermore, it is necessary to consider whether the
grafting density can affect the conformation by controlling
the Coulombic interactions between the charged monomers of
polyelectrolytes.15–19 Counterion condensation occurs when the
thermal energy of the counterions is insufficient for them to
escape the electric field generated by the effective charges on
the chains.20 Investigations into the above issues have become
increasingly complex. So far, some studies have focused on the
influence of grafting density on the effective charges on chains for
polyelectrolytes with alkoxy or alkyl side chains.15–19 However,
these studies are fairly controversial. Some reports have demon-
strated that increasing the grafting densities of alkoxy or alkyl
side chains increases the effective charges on the chains,15,16 but
other studies have found that increasing the grafting densities
decreases17 or has no effect18,19 on the effective charges on these
chains. Additionally, these studies rarely consider the phenom-
enon of condensation of counterions. Therefore, the mechanism
by which the grafting density affects the chain conformation
needs to be further investigated.

Various experimental techniques have been used to investi-
gate chain conformation or measure the effective charges on
chains, and these techniques include light scattering, atomic
force microscopy, viscosity measurement, potentiometric/
conductance measurement, osmotic pressure measurement,21–24

electron paramagnetic resonance (EPR), and anomalous small
angle X-ray scattering (ASAXS).25,26 Alternatively, dielectric relaxation
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spectroscopy (DRS) has been widely used to study the structure
and dynamics of polyelectrolytes in solution owing to its
sensitivity to all kinds of polarizations. With appropriate
dielectric models, DRS has been proved to yield valuable
microlevel information about chain conformations, effective
charges, distribution of counterions, etc.27–34 For example, the
double-layer polarization model (DLPM) was adopted to study
the influence of chain conformation, counterion distribution,
and net (electric) potential on dielectric relaxation.33,34 Our
previous study reported valuable information about chain con-
formation and electric charge characteristics of poly(acrylic
acid) (PAA) or poly(acrylic acid) containing poly(ethylene oxide)
(PEO)/dodecyl side chains in solution by analyzing DRS
based on DLPM.35,36 These studies have proved that dielectric
spectroscopy is a promising tool to obtain additional micro-
scale information about chain conformation and electric charge
characteristics.

In the present study, we chose poly(acrylic acid)-graft-poly-
(ethylene oxide) (PAA-g-PEO) and poly(acrylic acid)-graft-dodecyl
(PAA-g-dodecyl) with two different grafting densities in an aqueous
solution, and their structures are described in Scheme 1. Dielectric
measurements were carried out over a frequency range from 40 Hz
to 110 MHz. Similar to that in our previous study,35,36 some
structural and electrical parameters were obtained by analyzing
DRS based on DLPM. Based on the electrical parameters, we
discussed the effect of grafting density on effective charges and
the behavior of counterion condensation as well as the effect of
grafting density on the degree of intermolecular aggregation. This
finding will provide some insights into the potential mechanism
by which the grafting density influences the chain conformation of
polyelectrolytes.

2. DLP model

According to the double-layer polarization model (DLPM) of
flexible polyelectrolytes in solution,34 the dielectric response is
closely related to the chain conformation and counterion
distribution around the chain. In this model, polyelectrolyte
chains with volume fraction j are dispersed in a continuous
medium with relative permittivity es (Fig. 1a). A chain adopts a
random walk configuration of correlation blobs with diameter x

(termed as the correlation length) (Fig. 1b). A correlation blob is
composed of several stiff subunits, which are assumed to be
charged cylinders with radius a. The thickness of the electric
double layer (EDL) around the charged cylinder is k�1. On the
cylinder surface, r - a, and electrical potential C0 is z, whereas
far away from the cylinder, r -N, and electrical potential C is 0
(Fig. 1c).

When an ac electric current flows through the bulk and the
double layer in series, two kinds of relaxation processes occur
in the low-frequency (LF) range and high-frequency (HF) range.
The HF relaxation is ascribed to the counterion fluctuation
in the direction perpendicular to the chain axes, and the LF
relaxation is due to the counterion fluctuation in the direction
along the chain axes. The linear densities of the counterions
that cause HF and LF relaxations are rh and rl, respectively. The
complex permittivity e*(o) is derived in the form of free energy
storage and loss formula, which is a simple function of the
parameters x, rh,l, z, and k�1 (please see eqn (S1)–(S9) in the ESI†).

3. Experimental sections
3.1 Materials and preparation of the samples

PAA-g-PEO and PAA-g-dodecyl (Scheme 1) powders were pre-
pared and purified by Prof. Charles C. Han’s research group at
the Institute of Chemistry, Chinese Academy of Sciences (Beijing,
P. R. China). The method of preparing these polymers was
described elsewhere.14 According to the classical reaction of
amino with carboxylic group, different contents of PEO (Mw E
2000 g mol�1) and dodecyl side chains were grafted onto the
PAA (Mw E 250 000 g mol�1) main chains. The structures of
these copolymers are presented in detail in Table 1.

A stock aqueous solution of PAA-g-PEO and PAA-g-dodecyl
was prepared by initially dissolving 170 mg of PAA-g-PEO and
PAA-g-dodecyl powders in 15 mL N,N-dimethyl formamide
(DMF), followed by the addition of 10 ml double-distilled water
(specific resistance was higher than 16 MO cm). The pH of the
stock aqueous solution was adjusted to around 6.5 by the
addition of KOH solution (0.5 mol L�1). A series of aqueous solu-
tions (0.025–2.5 mg ml�1) were prepared by diluting a certain
volume of the stock solution with double-distilled water.

3.2 Dielectric measurements

The dielectric measurements of PAA-g-PEO-7%, PAA-g-PEO-27%,
PAA-g-dodecyl-10%, and PAA-g-dodecyl-34% aqueous solutions
at different concentrations were carried out on a 4294A precision
impedance analyzer (Agilent Technologies, USA) over a fre-
quency range from 40 Hz to 110 MHz. A measuring cell with
concentrically cylindrical platinum electrodes was employed to
load the samples. The effective area of the electrodes was
78.5 mm2, and the diameters of the inner and outer cylindrical
electrodes were 5 mm and 10 mm, respectively. All the
measurements were performed at about 30 � 0.5 1C. The
applied electric field strength in the dielectric measurements
was 50–70 V m�1. The measured raw data regarding capacitance
Cx and conductance Gx were corrected to obtain the capacitance

Scheme 1 Illustration of PAA-g-PEO and PAA-g-dodecyl molecules.
The PEO and dodecyl side-chains are randomly distributed on the PAA
main chain.
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Cs and conductance Gs of the samples using the Schwan
method;37 then, they were converted to the corresponding per-
mittivity e0 and conductivity k using the equations e0 = Cs/Cl and
k = Gse0/Cl, respectively.

3.3 Dielectric analysis

Under an ac electric field, the dielectric response of a sample
with angular frequency o (o = 2pf, where f is the measurement
frequency) was characterized by the complex permittivity e*(o)
as follows:

e�ðoÞ ¼ e0ðoÞ � je00ðoÞ ¼ eðoÞ � j
k� kl
oe0

(1)

Here, e0(o) is the real part of the complex permittivity (also
called permittivity), e00(o) is the imaginary part of the complex
permittivity (also called dielectric loss), k is the frequency-
dependent conductivity, and kl is the low-frequency limit of
conductivity. The dielectric loss data after eliminating the
electrode polarization (EP) effect were obtained by subtracting
kl through the equation e00(o) = (k(o) � kl)/e0o. The dielectric
loss spectra were well fitted by the Cole–Cole function after
eliminating the EP effect (Fig. 2), and the representative dielectric
loss spectra of the sample at varying concentrations are shown in
the inset of Fig. 2. Remarkably, two distinct peaks were found in
the dielectric loss spectra (Fig. 3a and b).

The DLP model of flexible polyelectrolytes34 was adopted to
analyze two relaxations found in this study. By combining
eqn (S1)–(S4) and (S6)–(S8) (ESI†), the dielectric function e*(o)
in the framework of the DLP theory including two relaxation

terms and electrode polarization term was obtained. Then, the
real part of the dielectric function e0(o) was employed to fit the
experimental permittivity spectrum with electrode polarization
(EP) effect. The best curve-fitting was guaranteed by the non-
linear least-squares method. Fig. 3 shows one of the fitting
results of experimental permittivity spectra after eliminating
the EP effect for PAA-g-PEO-27% and PAA-g-dodecyl-34%
aqueous solutions with DLPM. This result showed that the
DLP theory is fairly accurate in fitting the experimental permit-
tivity spectra. Thus, according to the DLP theory, the LF and HF
relaxations (clearly presented in Fig. 2) originate from the
counterion fluctuations in the directions along and perpendi-
cular to the PE chain axes, respectively. By means of fitting,
many valuable structural and electrical parameters (x, rl, rh,
and k�1) of the four samples were obtained. Meanwhile, LF and
HF relaxation increments (Del and Deh) were calculated by
substituting rl, rh, k�1, and x into eqn (S3), (S4) and (S7), (S8)
(ESI†), respectively. Then, the z potential of the local stiff
segments was calculated by substituting the parameters rl,
rh, and k�1 into eqn (S5) and (S9) (ESI†). The obtained para-
meters are listed in Table 2.

Fig. 1 Schematic diagram of the double-layer polarization model (DLPM) of flexible polyelectrolytes (PEs).34 (a) PEs with occupied volume fraction j are
dispersed in a solvent with relative dielectric constant es, (b) chain configuration of random walk of correlation blobs with volume x3, and (c) local stiff
segment with radius a and an electric double layer (EDL) with thickness k�1. Here, z is the surface potential of the local stiff segment, and rl and rh are the
linear densities of the counterion fluctuations in directions along and perpendicular to the chain axes, respectively.

Table 1 Characteristics of PAA-g-PEO and PAA-g-dodecyl samples
including molecular weight (Mw), molar fraction of side chains (fPEO, fdodecyl),
and weight fraction of side chains (wPEO, wdodecyl)

Mw/
105

wPEO

(wt%)
wdodecyl

(wt%)
fPEO

(mol%)
fdodecyl

(mol%)

PAA-g-PEO-7% 2.75 7 — 0.27 —
PAA-g-PEO-27% 3.40 27 — 1.35 —
PAA-g-dodecyl-10% 2.80 — 10 — 4.2
PAA-g-dodecyl-34% 3.80 — 34 — 20

Fig. 2 The representative dielectric loss spectra fitted with the Cole–Cole
function for PAA-g-PEO-7% solution at 2.5 mg ml�1, and the inset is the
dielectric loss spectra for PAA-g-PEO-7% solutions at varying concentrations.
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4. Results and discussion
4.1 Concentration dependency of dielectric spectra

4.1.1 PAA-g-PEO molecules in aqueous solution. The permit-
tivity spectra of PAA-g-PEO-7% and PAA-g-PEO-27% at different
concentrations are shown in Fig. 4. At first, it can be seen that the
permittivity decreased sharply as the frequency increased below
approximately 105 Hz, which has been widely recognized as the
so-called electrode polarization effect. The ion strength in the
polyelectrolyte solution was larger, and the electrode polarization
(EP) contribution at a lower frequency was clear and may cover
the LF relaxation.39 With the increasing concentration of the
samples, the concentration of counterions (qc) increased, leading
to higher electrode polarization. Theoretically, the concentration
of the counterions (qc) is inversely proportional to the Debye
screening length (k�1) in a solution of polyelectrolytes without
the addition of salt.40

k2 = 4plBzcqc
2 (2)

Here, zc is the valence of counterions. Experimentally, we have
obtained the result for k�1 of the four systems at different con-
centrations using dielectric analysis based on the DLP model.
As shown in Fig. 12a and b, k�1 decreased with increasing con-
centrations. According to eqn (2), qc increased with increasing
concentrations. Therefore, electrode polarization increased
with an increase in concentration, leading to an increase in
the decreasing rate of permittivity (Fig. 4).

To determine the concentration dependency of the dielectric
spectra of PAA-g-PEO solution, the permittivity (e0) at a higher
frequency of 1 � 106 Hz (Fig. 4) was plotted against concen-
tration. As shown in the insets of Fig. 4, inflections occurred
around 0.2 mg ml�1 and 0.4 mg ml�1 for PAA-g-PEO-7% and
PAA-g-PEO-27% solutions, respectively. Similar transition con-
centrations were also found in the concentration dependency of
dielectric increment and relaxation times of LF and HF (Fig. 5).
According to the previous study of our research group,41 mole-
cules evenly and separately disperse in an aqueous solution at

low concentrations. When the concentration reaches around
0.2 mg ml�1, molecules begin to aggregate because of the
intermolecular interactions of the H-bond associations. The
transition concentrations were also represented as the critical
aggregation concentration cr

p. According our study, the orders
of magnitudes of the transition concentrations of PAA-g-
PEO-7% and PAA-g-PEO-27% solutions (insets of Fig. 4 and 5)
were in agreement with the above results. This suggested that
the transition concentration is the critical aggregation concen-
tration cr

p.
From the insets of Fig. 4, below cr

p, the permittivity around
1 � 106 Hz increased with the increasing concentrations; above
cr

p, this trend became slower. The polarization of the systems
around 1 � 106 Hz is divided into two parts: counterion fluc-
tuations perpendicular to the chain axis, which are caused by the
HF fluctuations, as mentioned in Section 3.3, and the solvent.
The contribution of counterion fluctuations perpendicular to the
chain axis to the permittivity around 1 � 106 Hz could be
estimated by the result of Deh (Fig. 5d). The results showed that
the dielectric increment (Deh) caused by the counterion fluctua-
tions perpendicular to the chain axis increased as the concentra-
tions increased below cr

p, and it decreased above cr
p. This may

explain the slower increase in permittivity with concentration
above cr

p. In general, for a polyelectrolyte solution, Deh is propor-
tional to the concentration of counterions (qc) and the fluctua-
tion distance, namely, the correlation length x, according to the
equation Deh B qcx.32 For PAA-g-PEO in our study, above cr

p,
with increasing concentrations, intermolecular hydrogen
bonds could be formed between the alkoxy groups of the PEO
side chains and carboxyl groups of the PAA main chain,14 which
inhibited the dissociation of carboxyl groups to a certain extent.
Therefore, the increase in qc was not clear above cr

p. This con-
jecture is confirmed by the concentration dependency of k�1

obtained by the dielectric analysis of the DLP model, as des-
cribed in Section 3.3. As shown in Fig. 12a, the decrease in k�1

with concentration above cr
p was slower than that below cr

p.
According to eqn (2), we know that the increase in qc above cr

p is

Fig. 3 The representative permittivity spectra of PAA-g-PEO-27% (a) and PAA-g-dodecyl-34% (b) solutions at 0.1 mg ml�1 fitted with DLPM using the
following parameters: Bjerrum length lB = 0.714 nm, diffusivity of potassium ions D = 0.74� 108 nm2 s�1,38 and measured solvent viscosity ZE 0.8� 10�3 N s m�2.
Hollow circles represent the experimental permittivity data, and solid lines represent the theoretical permittivity data calculated by DLPM. The
low-frequency (LF) and high-frequency (HF) relaxations are represented by solid red and blue lines, respectively.
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slower than that below cr
p. In addition, the concentration

dependency of x was also obtained (Fig. 10). We know that
x decreases with an increase in concentration. Therefore,
according to the equation Deh B qcx, above cr

p, Deh decreased,
and the permittivity around 1 � 106 Hz increased more slowly
with the increasing concentration.

In addition, according to the counterion fluctuation theory,32

the diffusion distance of the counterions that is perpendicular
to the chain axes is proportional to the distance between the
chains, and the scaling relation between the dielectric incre-
ment and the concentration below cr

p is given by Deh B c1/3.
According to the Zimm model,42 the distance that the counter-
ions diffuse perpendicular to the chain axes is proportional to

the hydrodynamic volume of the chain, and the scaling rela-
tionship between the dielectric increment and concentration is
given by Deh B c3/5. From Fig. 5d, it is evident that the scaling
relationship for PAA-g-PEO-7% can be expressed as Deh B c0.63,
which is close to Deh B c3/5 described by the Zimm model;
moreover, the scaling relationship for PAA-g-PEO-27% is given
by Deh B c0.36, which is close to Deh B c1/3 described by the
Ito model.

4.1.2 PAA-g-dodecyl molecules in aqueous solutions. The
permittivity spectra of PAA-g-dodecyl-10% and PAA-g-dodecyl-
34% at different concentrations are shown in Fig. 6. The values
of permittivity at 1 � 106 Hz against concentration are plotted
in the insets of Fig. 6. Similarly, the inflection points were

Table 2 Structural and electrical parameters of PAA-g-PEO and PAA-g-dodecyl molecules

PAA-g-PEO-7%

c (mg ml�1) 1019r (C nm�1) x (nm) z (mV) Del Deh tl (ms) th (ns)

2.5 6.43 � 0.02 18.51 � 0.22 2.41 � 0.06 21.21 � 0.12 1.42 � 0.05 7.51 � 0.18 63.71 � 0.82
1.5 6.01 � 0.02 20.82 � 0.20 3.32 � 0.08 19.12 � 0.09 1.25 � 0.07 8.91 � 0.15 77.64 � 0.96
0.9 6.27 � 0.01 24.36 � 0.34 3.89 � 0.08 14.51 � 0.13 1.31 � 0.09 9.50 � 0.13 77.60 � 0.92
0.5 6.22 � 0.02 28.83 � 0.15 5.03 � 0.09 11.83 � 0.12 1.54 � 0.06 11.92 � 0.17 117.56 � 1.52
0.25 4.72 � 0.01 35.02 � 0.17 8.54 � 0.07 12.20 � 0.15 2.61 � 0.03 16.73 � 0.17 252.24 � 1.78
0.15 5.21 � 0.02 36.01 � 0.19 14.21 � 0.07 11.43 � 0.11 2.84 � 0.05 20.02 � 0.15 353.73 � 1.93
0.1 5.00 � 0.03 37.51 � 0.23 21.32 � 0.11 10.92 � 0.10 2.10 � 0.02 17.52 � 0.16 353.73 � 1.98
0.05 5.42 � 0.03 42.02 � 0.26 35.41 � 0.12 10.61 � 0.15 1.40 � 0.03 20.01 � 0.18 378.92 � 2.05
0.025 5.88 � 0.04 47.02 � 0.29 53.13 � 0.11 9.32 � 0.11 1.80 � 0.03 36.73 � 0.19 720.70 � 3.75

PAA-g-PEO-27%

c (mg ml�1) 1019r (C nm�1) x (nm) z (mV) Del Deh tl (ms) th (ns)

2.5 15.42 � 0.05 19.51 � 0.26 7.42 � 0.21 51.80 � 0.19 1.12 � 0.05 25.02 � 0.25 53.00 � 0.72
1.5 15.31 � 0.04 22.52 � 0.29 8.30 � 0.22 41.70 � 0.17 2.72 � 0.05 30.31 � 0.23 83.83 � 0.85
0.9 15.44 � 0.05 25.50 � 0.22 10.00 � 0.19 28.62 � 0.15 2.51 � 0.07 42.61 � 0.28 199.53 � 1.82
0.5 15.31 � 0.07 32.00 � 0.23 12.37 � 0.15 26.51 � 0.21 3.73 � 0.08 54.45 � 0.30 332.62 � 2.76
0.25 14.34 � 0.08 33.02 � 0.23 21.03 � 0.11 23.20 � 0.22 3.81 � 0.06 56.64 � 0.32 381.71 � 2.52
0.15 14.30 � 0.05 35.51 � 0.27 25.92 � 0.12 17.00 � 0.12 3.10 � 0.05 57.61 � 0.35 397.92 � 3.52
0.1 14.29 � 0.05 37.04 � 0.35 33.71 � 0.22 14.50 � 0.15 2.84 � 0.03 58.30 � 0.32 454.72 � 3.92
0.05 14.25 � 0.08 39.01 � 0.32 61.21 � 0.29 13.92 � 0.12 1.94 � 0.02 59.62 � 0.30 558.44 � 4.22
0.025 14.28 � 0.05 40.01 � 0.21 84.14 � 0.28 9.81 � 0.16 1.22 � 0.02 60.60 � 0.28 636.63 � 4.84

PAA-g-dodecyl-10%

c (mg ml�1) 1019r (C nm�1) x (nm) z (mV) Del Deh tl (ms) th (ns)

2.5 8.50 � 0.04 29.02 � 0.15 9.19 � 0.21 15.82 � 0.08 2.22 � 0.04 21.90 � 0.21 106.12 � 1.68
1.5 7.82 � 0.03 30.02 � 0.19 10.72 � 0.24 12.11 � 0.09 2.01 � 0.07 23.62 � 0.22 106.14 � 1.73
0.9 7.21 � 0.05 32.01 � 0.19 10.64 � 0.21 11.42 � 0.07 1.61 � 0.08 25.44 � 0.21 106.14 � 1.79
0.5 6.61 � 0.07 33.05 � 0.12 9.22 � 0.25 6.74 � 0.05 0.83 � 0.03 27.62 � 0.24 106.13 � 1.63
0.25 6.39 � 0.05 35.32 � 0.23 19.76 � 0.28 6.82 � 0.05 0.81 � 0.04 29.13 � 0.28 106.10 � 1.76
0.15 6.22 � 0.05 36.53 � 0.26 24.55 � 0.29 5.33 � 0.04 0.63 � 0.02 34.78 � 0.29 122.42 � 1.79
0.1 6.01 � 0.05 37.04 � 0.27 32.88 � 0.27 4.76 � 0.03 0.52 � 0.05 36.80 � 0.21 132.62 � 1.82
0.05 5.61 � 0.05 38.03 � 0.24 50.71 � 0.25 3.72 � 0.06 0.41 � 0.08 38.32 � 0.22 151.61 � 1.85
0.025 5.14 � 0.09 39.52 � 0.22 56.81 � 0.21 3.51 � 0.05 0.20 � 0.05 40.01 � 0.22 187.23 � 1.72

PAA-g-dodecyl-34%

c (mg ml�1) 1019r (C nm�1) x (nm) z (mV) Del Deh tl (ms) th (ns)

2.5 9.60 � 0.06 28.02 � 0.13 17.58 � 0.26 23.90 � 0.11 4.00 � 0.03 34.01 � 0.27 95.95 � 1.64
1.5 9.45 � 0.05 29.01 � 0.14 24.17 � 0.28 16.12 � 0.10 3.12 � 0.03 35.13 � 0.25 95.95 � 1.53
0.9 9.43 � 0.09 29.51 � 0.12 31.56 � 0.25 11.62 � 0.10 2.42 � 0.02 37.91 � 0.25 95.95 � 1.51
0.5 9.32 � 0.04 31.53 � 0.14 33.26 � 0.24 9.11 � 0.12 1.44 � 0.01 39.54 � 0.24 95.95 � 1.51
0.25 9.32 � 0.05 33.04 � 0.12 32.29 � 0.29 7.14 � 0.14 0.84 � 0.07 42.73 � 0.28 95.95 � 1.62
0.15 9.10 � 0.05 35.52 � 0.14 34.83 � 0.31 6.47 � 0.08 0.62 � 0.03 48.52 � 0.22 126.43 � 1.63
0.1 7.63 � 0.05 36.51 � 0.15 32.18 � 0.25 6.10 � 0.09 0.51 � 0.02 57.03 � 0.25 171.53 � 1.65
0.05 7.54 � 0.07 37.5 � 0.19 34.45 � 0.27 4.73 � 0.08 0.31 � 0.03 59.02 � 0.23 171.53 � 1.72
0.025 7.53 � 0.06 38.5 � 0.19 38.85 � 0.26 3.72 � 0.08 0.20 � 0.05 62.53 � 0.23 180.84 � 1.70
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found at around 0.3 mg ml�1 and 0.1 mg ml�1 for PAA-g-
dodecyl-10% and PAA-g-dodecyl-34%, respectively. Furthermore,
the inflection points were close to those found in the concen-
tration dependence of the dielectric parameters in Fig. 7. It has
been widely accepted that PAA-g-dodecyl molecules exist in the
form of a single chain in solution in dilute concentration range.
When the concentration is raised to a certain value, inter-
molecular aggregates are formed.43–45 When the concentration

continues to rise to a certain higher value, aggregated chains
start to overlap; such overlapping chains exist in the form of
gelatin, and the non-overlapping chains exist in the form of
sol.46 According to the study reported by Hao et al., aggregation
is observed around 0.27 mg ml�1,14 which was close to the
inflection concentration as shown in the insets of Fig. 6 and 7.
Therefore, it could be concluded that the inflection concen-
tration is also critical aggregation concentration (cr

p).

Fig. 4 Dielectric spectra of PAA-g-PEO-7% (a) and PAA-g-PEO-27% (b) at different concentrations. EP: electrode polarization at low frequencies. The insets
show the concentration dependence of permittivity at a fixed frequency of 1 � 106 Hz.

Fig. 5 Concentration dependency of LF and HF relaxation times (a and c) and dielectric increments (b and d) for PAA-g-PEO-7% and PAA-g-PEO-27% in
an aqueous solution.
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In addition, as seen in the insets of Fig. 6a and b, below cr
p,

the permittivities of PAA-g-dodecyl-10% and PAA-g-dodecyl-34%
solutions increase with the increasing concentrations; above cr

p,
the permittivity of the PAA-g-dodecyl-34% solution decreases
and that of the PAA-g-dodecyl-10% solution increases
more slowly. Similar to that for the PAA-g-PEO solution, at
around 106 Hz, the polarization of the PAA-g-dodecyl aqueous
solutions originates from both the counterion fluctuations
perpendicular to the chain axis and water molecules. As shown
in Fig. 7d, dielectric increment (Deh) caused by the counterion

fluctuations perpendicular to the chain axis increases with
the increasing concentration more quickly. This indicates that
the trend in which the permittivity at 106 Hz decreases or
increases more slowly above cr

p (inset of Fig. 6) may be due to
water molecules. It can be expected that above cr

p, inter-
molecular hydrophobic microdomains form continuously;
this might lead to the growth of the hydrated shell of
hydrophobic microdomains, which gradually decreases the
polarization of the water molecules upon the increase in
concentration.47

Fig. 6 The permittivity spectra of PAA-g-dodecyl-10% (a) and PAA-g-dodecyl-34% (b) at different concentrations. EP: electrode polarization at low
frequencies. The insets show the concentration dependence of permittivity at a fixed frequency of 1 � 106 Hz.

Fig. 7 Concentration dependency of LF and HF relaxation times (a and c) and dielectric increments (b and d) for PAA-g-dodecyl-10% and PAA-g-PEO-34%
(a and b) in an aqueous solution.
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4.2 The role of grafting density in electric charge
characteristics

4.2.1 PAA-g-PEO molecules in aqueous solutions. The
effective charges on chains can be reflected by the z potential
on the local stiff segments. The z potentials (Table 2) were
plotted as a function of the concentrations of PAA-g-PEO-7%
and PAA-g-PEO-27% (Fig. 8). It was found that the z potentials
of PAA-g-PEO-27% were larger than those of PAA-g-PEO-7%,
suggesting that the effective charges on the PAA-g-PEO-27%
molecules are more. In other words, an increase in the grafting
density of the PEO groups increased the effective charges on the
PAA molecules. This result can be due to two aspects: (1) the
steric hindrance effect of the PEO side chains described by
K. Benmansour et al. due to which less space is available to
accommodate condensed counterions17,35 and (2) the gradual
breaking of H-bonds between the carboxyl groups of the PAA
main chains and the alkoxy groups of the PEO side chains as
the concentration decreases,14 leading to further dissociation
of the carboxyl groups. It is reasonably expected that the PAA-g-
PEO molecules containing more PEO side chains have stronger
steric hindrance effect and dissociate more hydrogen ions
in the process of solution dilution. Therefore, the effective
charges on the PAA-g-PEO-27% molecules are more than those
on the PAA-g-PEO-27% molecules over the entire concentration
range.

Moreover, Fig. 8 shows that the z potentials of both PAA-g-
PEO-27% and PAA-g-PEO-7% in an aqueous solution decrease
logarithmically with increasing concentration. This suggests
that the trend of counterion condensation with increasing
concentration is less influenced by the grafting density of the
PEO side chains. According to the Manning’s counterion con-
densation theory,48,49 the fraction of effective charges on the
polyelectrolyte chains decreases logarithmically with increasing
concentration in a good or theta solvent when the fraction
of the effective charges on the chain in an extremely dilute
solution increases beyond a critical value of fc (Eb/lB, where lB

is the Bjerrum length and b is the bond size). In this study, the
values for the fraction of the effective charges of PAA-g-PEO-7%

and PAA-g-PEO-27% at the lowest concentration of 0.025 mg ml�1

are estimated by the results of linear density of counterions (r)
(Table 2), and these values are close to 0.89 and 1, respectively.
This result meets the critical condition of Manning condensation.
Therefore, we observe the trend of logarithmical decrease of z
potentials (Fig. 8). Thus, the PAA-g-PEO molecules in solution
exhibit Manning-like counterion condensation.

4.2.2 PAA-g-dodecyl molecules in aqueous solutions. The
concentration dependency of the z potential of PAA-g-dodecyl-10%
and PAA-g-dodecyl-34% molecules in an aqueous solution is
shown in Fig. 9. There are remarkable differences between the
results regardless of the value or trend. This result proves that
the behavior of the counterion condensation of PAA-g-dodecyl
molecules is affected by the grafting density. For PAA-g-dodecyl-
10%, it is evident from Fig. 9 that the z potential decreases
logarithmically with increasing concentration, which is close
to Manning-like counterion condensation.48,49 With regard to
PAA-g-dodecyl-34%, it is noteworthy that the z potential remains
unchanged over a concentration range from 0.1 to 0.8 mg ml�1,
and it decreases with increasing concentration above 0.9 mg ml�1

in addition to the slight decrease below 0.1 mg ml�1. According to
the theory of the counterion condensation of hydrophobic
polyelectrolytes proposed by Dobrynin and Rubinstein,20 the
condensation of counterions around the chains of hydrophobic
polyelectrolytes is relevant to the electrostatic interaction
between a hydrophobic bead and a counterion at its surface
in the units of thermal energy kT, ec, which is expressed as
follows:

ec �
lB

bfi

� �1=3

t (3)

Here, t denotes the ratio of reduced temperature, and it is
expressed as follows:

t = (y � T)/y (4)

Clear counterion condensation occurs when ec ranges from 0 to
2.5 above a certain concentration. In this study, the ratio of
reduced temperature t ranges from 0 to 1. Meanwhile, according

Fig. 8 The concentration dependency of z potential for PAA-g-PEO
molecules in an aqueous solution.

Fig. 9 The concentration dependency of the z potential for PAA-g-
dodecyl molecules in an aqueous solution.
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to the method described in a previous study, the fraction of the
effective charges of PAA-g-dodecyl-34% molecules in solution at
0.025 mg ml�1 was estimated to be about 0.187.36 Then, ec was
calculated to be in the range of 0–2.5 by substituting Bjerrum
length (lB) of B0.7 nm, monomer size (b) of B0.252 nm,50 and
t into eqn (3). Thus, according to the theory of counterion
condensation of hydrophobic polyelectrolytes described above,
clear counterion condensation is observed above 0.9 mg ml�1

from the blue line in Fig. 9. This phenomenon can be ascribed
to the presence of hydrophobic beads that are composed of
dodecyl side chains. Above 0.9 mg ml�1, a part of the counter-
ions around these chains spontaneously condenses into hydro-
phobic beads as the concentration increases. The process of
counterion condensation neutralizes some charges on these
chains and screens Coulomb repulsion interaction between the
monomers to a certain degree. Polyelectrolyte chains further
collapse, and the size of hydrophobic beads increases due to
the screening of Coulomb repulsion. After that, more counter-
ions start to condense into the hydrophobic beads with a
relatively low dielectric constant.20 The result in Fig. 9 confirms
that the behavior of the counterion condensation of PAA-g-
dodecyl is affected by grafting density. When the grafting
density is relatively high, the behavior of counterion condensa-
tion mainly occurs above a certain concentration. This is analo-
gous to the behavior of counterion condensation of hydrophobic
polyelectrolytes.

4.3 The role of grafting density in chain conformations

In Section 4.1, the critical aggregation concentration (cr
p) values

of PAA-g-PEO and PAA-g-dodecyl molecules in solution were
determined. The results showed that the cr

p values are influ-
enced by the grafting density. In this section, to determine
microscopic information about chain sizes, the values of corre-
lation length (x) of PAA-g-PEO and PAA-g-dodecyl molecules in
an aqueous solution (Table 2) were plotted against the concen-
tration (please see Fig. 10).

In addition, we are interested in the effect of grafting density
on the degree of intramolecular or intermolecular aggregations.
In general, the distribution of counterions around a chain or

the linear density of counterions (r) is strongly determined by
the degree of intramolecular or intermolecular aggregations
and the fraction of effective charges.51,52 By contrast, the z
potential is only related to the fraction of the effective charges
on a chain. In other words, for example, if the ratio of the linear
density of the counterions of PAA-g-PEO-27% to that of PAA-g-
PEO-7% is equal to the ratio of the fraction of the effective
charges between the two, namely, zPAA-g-PEO-27%/zPAA-g-PEO-7% =
rPAA-g-PEO-27%/rPAA-g-PEO-7%, there would be no difference in the
density of the intramolecular or intermolecular aggregations
between the PAA-g-PEO-7% and PAA-g-PEO-27% molecules in
solution. As another example, if the ratio of the fraction of the
effective charges of PAA-g-PEO-27% to that of PAA-g-PEO-7% is
smaller than their ratio of the linear density of the counterions,
namely, rPAA-g-PEO-27%/rPAA-g-PEO-7% o zPAA-g-PEO-27%/zPAA-g-PEO-7%,
the degree of intramolecular association or intermolecular
aggregation of PAA-g-PEO-27% molecules is higher. Thus, to
compare the degree of intramolecular or intermolecular aggre-
gation between PAA-g-PEO-7% and PAA-g-PEO-27% or that
between PAA-g-dodecyl-10% and PAA-g-dodecyl-34%, we calcu-
lated zPAA-g-PEO-27%/zPAA-g-PEO-7% or rPAA-g-PEO-27%/rPAA-g-PEO-7% and
rPAA-g-dodecyl-34%/rPAA-g-dodecyl-10% or zPAA-g-dodecyl-34%/zPAA-g-dodecyl-10%

by using the values of z and r shown in Table 2. The
results of their concentration dependency are shown in
Fig. 11a and b.

Mathematically, according to the DLP theory of flexible
polyelectrolytes in solution proposed by Lu et al.,34 the linear
density of counterions around chain r and zeta potential z
exhibits the following relationship:

r / pe0esz
K0ðkaÞ

/ z
k�1

(5)

As mentioned in Section 2, a is the radius of the stiff charged
cylinders on a polyelectrolyte chain composed of many stiff
charged cylinders with a radius of a, and k�1 is the thickness of
the electric double layer (EDL) around a stiff charged cylinder.
K0(x) is the modified Bessel function of the second kind that
can be used to describe the distribution of electric potential
around the charged cylinder, where K0(ka) decreases with an

Fig. 10 The concentration dependency of correlation length of (a) PAA-g-PEO and (b) PAA-g-dodecyl molecules in an aqueous solution. cr
p represents

the critical aggregation concentration.
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increase in k.53 The following equations can be derived from
eqn (5):

kPAA-g-PEO-27%
�1

kPAA-g-PEO-7%�1
/

zPAA-g-PEO-27%
�
zPAA-g-PEO-7%

rPAA-g-PEO-27%

.
rPAA-g-PEO-7%

(6)

and

kPAA-g-dodecyl-34%
�1

kPAA-g-dodecyl-10%�1
/

zPAA-g-dodecyl-34%
�
zPAA-g-dodecyl-10%

rPAA-g-dodecyl-34%

.
rPAA-g-dodecyl-10%

(7)

According to eqn (6) and (7), the ratio of zPAA-g-PEO-27%/zPAA-g-PEO-7%

to rPAA-g-PEO-27%/rPAA-g-PEO-7% is proportional to kPAA-g-PEO-27%
�1/

kPAA-g-PEO-7%
�1; meanwhile, the ratio of zPAA-g-dodecyl-34%/

zPAA-g-dodecyl-10% to rPAA-g-dodecyl-34%/rPAA-g-dodecyl-14% is propor-
tional to kPAA-g-dodecyl-34%

�1/kPAA-g-dodecyl-10%
�1. Thus, the ratio

of k�1 can be used to compare the densities of intramolecular
or intermolecular aggregation between the molecules with
lower and higher grafting densities. By the fitting process
described in Section 3.3, k�1 values at different concentrations
were obtained, and the values of kPAA-g-PEO-27%

�1/kPAA-g-PEO-7%
�1

and kPAA-g-dodecyl-34%
�1/kPAA-g-dodecyl-10%

�1 were calculated. Fig. 12a
and b show the concentration dependency of k�1 for PAA-g-PEO
and PAA-g-dodecyl, respectively. Fig. 12c and d show the con-
centration dependency of kPAA-g-PEO-27%

�1/kPAA-g-PEO-7%
�1 and

kPAA-g-dodecyl-34%
�1/kPAA-g-dodecyl-10%

�1, respectively. Based on the
results obtained from Fig. 9–11 and the above discussion, we will
further explore the effect of grafting density on chain conforma-
tion in detail.

4.3.1 PAA-g-PEO molecules in aqueous solutions. From
Section 4.1, we know that cr

p of PAA-g-PEO-27% is higher than
that of PAA-g-PEO-7%, indicating that intermolecular aggrega-
tion for PAA-g-PEO-27% occurs at a higher concentration. In
general, the cr

p value of associative polymers is affected by two
factors: the intermolecular interaction of electrostatic repulsion
and association below cr

p. The result in Fig. 8 shows that the
intermolecular interaction of electrostatic repulsion of PAA-g-
PEO-27% is higher, which is a possible reason for the higher
cr

p value. As shown in Fig. 10a, xPAA-g-PEO-7% and xPAA-g-PEO-27%

decrease with increasing concentration, and transition points
appear at around 0.25 mg ml�1 and 0.5 mg ml�1, respectively,
which are close to the cr

p value mentioned above. Relatively
speaking, the decrease in x with increasing concentration is
more rapid above cr

p. This result can be due to the interaction of
electrostatic screening caused by intermolecular aggregation
above cr

p.14 Besides, as seen from Fig. 10a, below cr
p, xPAA-g-PEO-27%

is smaller than xPAA-g-PEO-7%; above cr
p, xPAA-g-PEO-27% is larger than

xPAA-g-PEO-7%. We know that PAA molecules containing more PEO
side chains have stronger associative interactions. Then, con-
sidering the results shown in Fig. 8, it can be concluded that the
stronger intramolecular association induced by more PEO side
chains contributes toward more collapsed conformation for
PAA-g-PEO-27% molecules below cr

p; meanwhile, stronger intra-
molecular electrostatic repulsion partly contributes toward more
stretched conformation above cr

p.
Next, we discuss the role of grafting density of PEO side chains

in the degree of intramolecular association and intermolecular
aggregation from the results shown in Fig. 11a, 12a and c. As
shown in Fig. 11a, below cr

p, the values of rPAA-g-PEO-27%/rPAA-g-PEO-7%

are higher than those of zPAA-g-PEO-27%/zPAA-g-PEO-7%; above cr
p, the

values of rPAA-g-PEO-27%/rPAA-g-PEO-7% are slightly smaller than
those of zPAA-g-PEO-27%/zPAA-g-PEO-7%. This indicates that PAA-g-
PEO-27% has a higher degree of intramolecular association
than PAA-g-PEO-7% below cr

p and a slightly lower density of
intermolecular aggregation above cr

p. The higher degree of intra-
molecular association of PAA-g-PEO-27% molecules originates
from their more collapsed conformation, which has been proven
in Fig. 10a.

From Fig. 12c, it is evident that the value of
kPAA-g-PEO-27%

�1

kPAA-g-PEO-7%�1

is smaller than 1 below cr
p and larger than 1 above cr

p. According
to eqn (6), the value of zPAA-g-PEO-27%/zPAA-g-PEO-7% is smaller than
the value of rPAA-g-PEO-27%/rPAA-g-PEO-7% below cr

p, and the former
is larger than the latter above cr

p. This result also suggests that
PAA-g-PEO-27% molecules collapse more than PAA-g-PEO-7%
molecules below cr

p, and the density of intermolecular aggrega-
tion of PAA-g-PEO-27% is lower than that of PAA-g-PEO-7%
above cr

p.

Fig. 11 The ratio of zeta potential and the ratio of linear density of counterions (a) between the PAA-g-PEO molecules with two grafting densities and
(b) between PAA-g-dodecyl molecules with two grafting densities in solution at different concentrations. Blue dash-dot lines represent the position near
the critical aggregation concentration cr

p.
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Moreover, we make another attempt to compare the densi-
ties of intermolecular aggregations between PAA-g-PEO-27%
and PAA-g-PEO-7% molecules above cr

p by analyzing the results
of z in Fig. 8 and k�1 in Fig. 12a. As shown in Fig. 8, above cr

p,
zPAA-g-PEO-27% was larger than zPAA-g-PEO-7%. This indicated that
the concentration of counterions in the solution of PAA-g-PEO-
27% (qc-PAA-g-PEO-27%) was higher than that in the solution of
PAA-g-PEO-7% (qc-PAA-g-PEO-7%). According to eqn (2), kPAA-g-PEO-27%

�1

should have been smaller than kPAA-g-PEO-7%
�1. However, as shown

in Fig. 12a, kPAA-g-PEO-27%
�1 was larger than kPAA-g-PEO-7%

�1 above cr
p.

It is predictable that if the density of intermolecular aggrega-
tion is lower, the density of counterions around a chain will be
lower, because of which the electrostatic interaction between
the monomers on the chain is neutralized in a longer scale
of k�1. This point has been stated in some studies.54,55 Thus,
the larger kPAA-g-PEO-27%

�1 value implied that the density of
intermolecular aggregation of PAA-g-PEO-27% in an aqueous
solution was lower than that of PAA-g-PEO-7%.

In short, we can generally conclude that PAA molecules
grafting more PEO side chains are more susceptible to collapse
below cr

p and exhibit intermolecular aggregation with a lower
density above cr

p. From Fig. 8, it is confirmed that intramolecular
and intermolecular electrostatic interactions of PAA-g-PEO-27%
molecules are stronger than those of PAA-g-PEO-7% molecules.
Thus, one of the most possible reasons for the more collapsed

conformation of PAA-g-PEO-27% molecules below cr
p is the

stronger intramolecular association introduced by more PEO
side chains. Meanwhile, stronger intermolecular association
with electrostatic repulsive interactions may lead to inter-
molecular aggregation with a lower density above cr

p.
4.3.2 PAA-g-dodecyl molecules in aqueous solutions. From

Section 4.1.2, it was inferred that the critical aggregation con-
centration (cr

p) value of PAA-g-dodecyl-34% was lower than that
of PAA-g-dodecyl-34%. This indicated that the intermolecular
aggregation for PAA-g-PEO-27% occurred at a lower concen-
tration. From Fig. 9, we know that the interaction of inter-
molecular electrostatic repulsion for PAA-g-PEO-27% is weaker
below cr

p. Therefore, the lower cr
p value might be the result

of stronger intermolecular associative interactions caused by
more dodecyl side chains. As shown in Fig. 10b, xPAA-g-dodecyl-34%

is smaller than xPAA-g-dodecyl-10% over the total concentration
range, suggesting that PAA-g-dodecyl-34% molecules were more
collapsed than PAA-g-dodecyl-10% molecules. Here, the chain
conformation of PAA-g-dodecyl molecules in solution was the
result of the delicate balance of interactions of electrostatic
repulsion between the monomers and intramolecular hydro-
phobic associations between the dodecyl side chains.56 Fig. 9
shows that the electrostatic interaction between the monomers
of PAA-g-dodecyl-34% is weaker below cr

p; inversely, it is
stronger above cr

p. Therefore, below cr
p, the weaker interaction

Fig. 12 The concentration dependency of Debye lengths of (a) PAA-g-PEO molecules and (b) PAA-g-dodecyl molecules in solution and the ratio of
Debye lengths (c) between molecules with two grafting densities in solution for (c) PAA-g-PEO and for (d) PAA-g-dodecyl. In the blue regions, the value
of the ratio of Debye length is larger than 1; in the yellow regions, it is smaller than 1. The blue dash-dot lines represent the position near the critical
aggregation concentration cr

p.
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of electrostatic repulsion and stronger hydrophobic association
interaction for PAA-g-dodecyl-34% contribute toward more
collapsed conformations; above cr

p, the stronger interaction of
intramolecular hydrophobic association mainly contributes
toward more collapsed conformation.

Similar to that in Section 4.3.1, we now discuss the role
of grafting density of dodecyl side chains in the degree of
intramolecular association and intermolecular aggregation on
the basis of the results in Fig. 11b, 12b and d. As shown in
Fig. 11b, below cr

p, rPAA-g-dodecyl-34%/rPAA-g-dodecyl-10% is larger
than zPAA-g-dodecyl-34%/zPAA-g-dodecyl-10%. By contrast, above cr

p,
rPAA-g-dodecyl-34%/rPAA-g-dodecyl-10% is remarkably lower than
zPAA-g-dodecyl-34%/zPAA-g-dodecyl-10%. This indicates that PAA-g-
dodecyl-34% molecules are more collapsed than PAA-g-dodecyl-
10% below cr

p, and the density of intermolecular aggregation of
PAA-g-dodecyl-34% is smaller than that of PAA-g-dodecyl-10%
above cr

p. Moreover, from Fig. 12d, below cr
p, it can be observed

that the values of kPAA-g-dodecyl-34%
�1/kPAA-g-dodecyl-10%

�1 are smaller
than 1; above cr

p, the values of kPAA-g-dodecyl-34%
�1/kPAA-g-dodecyl-10%

�1

are larger than 1. According to eqn (7), we know that the values
of rPAA-g-dodecyl-34%/rPAA-g-dodecyl-10% are higher than those of
zPAA-g-dodecyl-34%/zPAA-g-dodecyl-10%. The values of rPAA-g-dodecyl-34%/
rPAA-g-dodecyl-10% are remarkably lower than those of zPAA-g-dodecyl-34%/
zPAA-g-dodecyl-10%, which is consistent with the results shown
in Fig. 11b.

Moreover, as shown in Fig. 9, above cr
p, zPAA-g-dodecyl-34% is

larger than zPAA-g-dodecyl-10%, indicating that the concentration
of the counterions of PAA-g-dodecyl-34% molecules in solu-
tion is higher than that of PAA-g-dodecyl-10% molecules, i.e.,
qc-PAA-g-dodecyl-34% 4 qc-PAA-g-dodecyl-10%. According to eqn (2),
kPAA-g-dodecyl-34%

�1 should have been smaller than kPAA-g-dodecyl-10%
�1.

However, from Fig. 12b, we found that the value of kPAA-g-dodecyl-34%
�1

was larger than that of kPAA-g-dodecyl-10%
�1. This also implies that

the density of intermolecular aggregation of PAA-g-dodecyl-34%
is lower than that of PAA-g-dodecyl-10% above cr

p.
In short, we can generally conclude that PAA molecules graft-

ing more dodecyl side chains form intermolecular aggregation
with lower density above cr

p. From Fig. 9, it is confirmed that the
intramolecular and intermolecular electrostatic interactions of
PAA-g-dodecyl-34% molecules are weaker than those of PAA-g-
dodecyl-10% molecules below cr

p, and they are stronger than those
of PAA-g-dodecyl-10% molecules above cr

p. Thus, intermolecular
aggregations with lower densities may be the result of stronger
interactions with intermolecular electrostatic repulsion.

5. Conclusion

The dielectric behaviors of PAA-g-PEO-7%, PAA-g-PEO-27%,
PAA-g-dodecyl-10%, and PAA-g-dodecyl-34% molecules in
aqueous solutions were measured from 40 Hz to 110 MHz over
a concentration range from 0.025 mg ml�1 to 2.5 mg ml�1. Two
relaxations were observed after eliminating electrode polariza-
tion. By analyzing the dielectric spectra with the DLP model of
flexible polyelectrolytes, many valuable internal structural and
electrical parameters were obtained.

The results of z potential indicate that grafting more PEO side
chains promotes the ionization of polyelectrolytes, and grafting
more dodecyl side chains leads to strong counterion condensa-
tion above a certain concentration. The critical aggregation
concentrations were determined by the concentration depen-
dency of dielectric parameters. Considering electric charge char-
acteristics of molecules, we clarified the effect of grafting density
on chain conformation. For PAA-g-PEO-27% molecules, below
the critical aggregation concentration, more PEO side chains
induced stronger intramolecular H-bond association interactions;
thus, the molecules adopted a more collapsed conformation.
Above the critical aggregation concentration, more PEO side
chains induced stronger intermolecular electrostatic repulsion;
therefore, the degree of intermolecular association was lower.
For PAA-g-dodecyl-34% molecules, below the critical aggrega-
tion concentration, more dodecyl side chains induced stronger
intramolecular hydrophobic association interaction and lower
electrostatic repulsion between the monomers; thus, the mole-
cules adopted a more collapsed conformation. Above the critical
aggregation concentration, more dodecyl side chains induced
higher intermolecular electrostatic repulsion; therefore, the
degree of intermolecular association was lower.

This study not only facilitates a better understanding of
chain conformations of polyelectrolytes containing side chains
in solution, but also proves that dielectric analysis based on the
double-layer polarization model can be a promising tool to
investigate chain conformations of polyelectrolytes.
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