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Chain conformation of poly(acrylic acid)-graft-
poly(ethylene oxide)-graft-dodecyl in solution:
an anomalous counter-ions condensation

Xinlu Zhou and Kongshuang Zhao *

A dielectric spectroscopy study on a polyelectrolyte in aqueous solutions, which contains hydrophobic

groups in part of the side chains poly(acrylic acid)-graft-poly(ethylene oxide)-graft-dodecyl (PAA-g-

PEO-g-dodecyl) is reported. A refined double layer polarization model was proposed to analyze the

double dielectric relaxations in the dielectric spectra. Various electrical and structural parameters of

the copolymers were obtained. Besides the crossover concentration, another turning point around

4 mg mL�1 was identified through the analysis of all the dielectrical parameters including dielectric

increment, relaxation time and correlation length. According to the scaling relationship between the

correlation length and concentration, a necklace-like structure was predicted. In addition, 4 mg mL�1

was proven to be the transition point between string-controlling with bead-controlling structure of the

chains. In addition, the fraction of effective charges on the chains was illustrated by Ito’s counter-ions

fluctuation theory, as well as its linear dependence relationship with the zeta potential. Meanwhile, the

counter-ions condensation behavior was consistent with the avalanche-like trend, which was predicted

by theory for a hydrophobic polyelectrolyte with a necklace conformation. The results demonstrated

that the electrostatic interactions were the main driving force of the necklace-like structure with

pendant globules when the string-controlling structure was below 4 mg mL�1. While hydrophobic

interactions are the main driving force of the structure of bead-controlling above 4 mg mL�1.

1. Introduction

Polyelectrolytes (PEs) with some hydrophobic units in all or part
of their backbone or side chains have attracted unquenchable
attention over the past few decades due to their dual charac-
teristics of aggregation ability and charged nature.1 They have
wide applications in the field of drug carriers,2 tissue
engineering,3 self-assembly materials4 and chemical industry.5,6

Meanwhile, the competition of long-range electrostatic inter-
actions with the short-range hydrophobic interactions and the
presence of counter-ions make it very difficult to reach a similar
level of understanding with their neutral or totally hydrophilic
counterparts. Therefore, a comprehensive study on the role of
various interactions and the effect of counter-ions on the chain
conformation and solution properties is critically important.

Until now, the conformation of PE chains is still one of the
important topics in the area of polymer physics and soft matter.
A breakthrough stemmed from the scaling model proposed by
de Gennes and Pfeuty et al.7 In their work, the concept of
correlation length x was defined to describe the conformation

of hydrophilic PEs. In addition, a scaling relationship between
the correlation length x and concentration was derived. Later,
Dobrynin and Rubinstein et al.8–10 introduced the scaling
model into hydrophobic PEs. In their models, the chains were
considered as a series of compact beads connected by narrow
elongated strings. Within a finite polymer concentration,
some counter-ions will condense on the chains due to the
electrostatic attraction force from the charged monomers.
For hydrophilic PEs, the fraction of effective charges decreases
logarithmically upon increasing the polymer concentration.
In a very dilute polymer solution, almost all the dissociated
counter-ions leave the chains because of the high entropic
penalty for counter-ions condensation.11,12 There was a different
mechanism for PEs in poor solution due to the hydrophobic
micro-domains. An avalanche-like counter-ions condensation
for hydrophobic PE with pearls necklace conformation was
proposed by Andrey V. Dobrynin et al. Considering the counter-
ions condensation, the chain dimensions of a hydrophobic PE
solution with varying polymer or salt concentrations, solvent
quality and fixed charge density were determined experi-
mentally and using simulations.13–17 However, the evolution
of the chain conformation in the process of counter-ions con-
densation is still not well understood. A refined and accurate
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model used to describe the micro-structure of the chains in
solution is still missing. In addition, an experimental analysis
used to correlate the theoretical descriptions with the chains
conformation and counter-ions condensation is also desirable.

Over the past two decades, numerous attempts have been
made to explore various PE containing hydrophobic/hydrophilic
side chains.18–20 It was discovered that these copolymers easily
form intermolecular aggregation or polymeric micelles in water
at low concentrations. Such phenomena have widely been used
in industrial and biomedical fields.21–24 From a fundamental
viewpoint, numerous works have still focused on the conforma-
tion transition of grafted PEs with different distribution of
hydrophobic blocks25 and degree of dissociation26 of poly-
electrolyte blocks, as well as the solution conditions27 over the
diluted solution. Nevertheless, the phenomenon of counter-ions
condensation has often been ignored in this previous research
and the concentration regimes are limited to dilute solutions.
Several important questions need to be addressed and are
worthy of further exploration, including how collapsing chains
collect counter-ions, how the condensation affects their confor-
mation, how the competition between the electrostatic and
hydrophobic interactions affect the conformation transition
of PEs.

The conformation and electrical properties on the chains of
PEs have been studied using various techniques including
scattering spectroscopy,16 micro-rheology technology,28,29 con-
ductometry and osmotic measurements.30 However, what is
‘‘happening’’ next to the PE or the interactions in the vicinity of
the chains.31 To further understand the conformation of PEs in
solution over a wide concentration range, dielectric relaxation
spectroscopy (DRS) was applied to study the conformation of a
grafted PE. Due to its sensibility to the fluctuation of dipoles
over an extraordinary wide frequency range from Hz to GHz,
DRS was successfully applied to obtain various information
including the local and total conformation,32 effective charges,33

the state of the counter-ions around the chains,31,34 as well as
the complex interactions.35 Previously, Mandel’s work36 derived
an empirical relationship between the dielectric increment and
concentration based on the assumption that a flexible chain was
a sequence of charged rod-like subunits. On the basis of a cell
model and the assumption that the fraction of charged mono-
mers fi was independent of the concentration, the scaling
relationship between the dielectric parameters and concen-
tration was predicted by Ito et al.37 Furthermore, considering
the variation of the fraction of charged monomers fi and counter-
ions distribution, Lu et al.38 developed a more refined model
called double layer polarization (DLP). In this refined model, the
counter-ions atmosphere of a PE chain was divided into a
electric double layer and a bulk layer. They illuminated the
coupling of structural and counter-ions atmosphere, then con-
cluded the dielectric function in the form of free energy storage
and loss.

In previous studies the dielectric spectroscopy technique,
as a non-destructive tool, has been widely used to probe the
aggregation and relaxation dynamics of a representative grafted PE
containing hydrophobic groups, poly(acrylic acid)-graft-poly(ethylene

oxide)-graft-dodecyl (PAA-g-PEO-g-dodecyl) (Scheme 1).39 In the
present work, DRS serves as the principle technique used to
investigate the conformation and counter-ions condensation
effect in the PE solution. Valuable structural and electrical
information on the chains and counter-ions atmosphere were
obtained based on dielectric analysis via the DLP model.
Notably, we explored the condensation of counter-ions through
theoretical studies comparing the fraction of effective charges
on the chains with the calculated results. A new insight to the
microstructure of the chains in the different concentration
ranges from the viewpoint of interactions and the effect of
the condensation of counter-ions on the conformation was
illuminated.

2. Model and theory

Initially, a classical DLP model for rigid PE chains was developed
by Fixman et al.40 In their work, a PE chain was treated as a
charged cylindrical tube. The ion atmosphere around the chain
was divided into an electric double layer (EDL) near the charged
cylindrical tube and a diffusion layer outside the EDL. The energy
of electrical repulsion between the monomers was mainly
screened by the EDL in a degressive mode. Under an ac electric
field, the disturbed ion atmosphere causes the slow diffusion of
counter-ions along the chains and a fast diffusion of counter-ions
perpendicular to the chains, respectively. Lu et al. elaborated the
model to flexible PEs by an approximation of local stiff
segments.38 This model enables one to quantitatively describe
both the conformation and ions atmosphere of flexible PE chains,
as well as the interactions between them. The double-layer
polarization (DLP) model of flexible PEs is illustrated in Fig. 1.

PE chains with a volume fraction of j were dispersed in a
continuous medium with a relative permittivity of es (Fig. 1a).
A PE chain forms a series of correlation blobs with a diameter
of x (termed the correlation length) connected each other.
Within the range of the correlation length, the electrostatic
and hydrodynamic interactions stretch the chain. Thus, the PE
chains adopt a random walk configuration of correlation blobs

Scheme 1 The structure of the PAA-g-PEO-g-dodecyl molecules. The
PEO and dodecyl are shown on the PAA main chain.
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(Fig. 1b). A correlation blob is composed of several stiff sub-
units and can be regarded as a charged cylinders tube with a
radius of a (Fig. 1c). The thickness of the EDL (Debye length) in
the vicinity of a PE chain is k�1. On the cylinder surface (r - a),
the electrical potential C0 is the zeta potential z. While on the
cylinder surface far away from the cylinder (r - N), the
electrical potential C is 0. q denotes the charge of a counter-
ion. When an AC electric current flows through the bulk and
the double layer, the majority of the counter-ions within EDL
with a charge density of rh diffuse perpendicular to the chains
and result to a high frequency (HF) relaxation. Other counter-
ions with a charge density of rl mainly diffuse along the chains
with a low frequency (LF) relaxation.

When an AC electric current flows through the bulk and the
double layer in series, the majority of counter-ions with charged
density rh within double layer are driven to diffuse perpendi-
cular to chains, resulting to the high-frequency (HF) relaxation.
While other counter-ions with charged density rl mainly diffuse
along chains, resulting to the low-frequency (LF) relaxation.

The complex permittivity e*(o) is contributed from the
counter-ions fluctuation along el*(o) and perpendicular to the
chains axes eh*(o), respectively:

e� ¼ el�ðoÞ þ eh�ðoÞ þ Ao�m � Bo1�m

ioe0
(1)

where o (= 2pf; f is the measured frequency) is the angular
frequency, Ao�m is the electrode polarization (EP) term of the
permittivity data and the Bo1�m/ioe0 is the electrode polariza-
tion (EP) term of the dielectric loss data. A, B and m are the
empirical parameters. m is related to the electrical phase angle
d (= p(1 �m)/2), which can be used to characterize the electrode
polarization.41–43

The contribution of low-frequency (LF) relaxation can be
expressed as:

el�ðoÞ ¼
Del

1þ �iox2
Di

� �a (2)

where x is the correlation length, Di (= kBTMi) is the diffusivity
of the counter-ions, Mi is the mobility of the counter-ions, kBT
is the thermal energy and a is the distribution coefficient of
low-frequency relaxation. Based on the perturbation calculation
of the PE solution, the dielectric increment can be defined as:

Del ¼
16p
9

esjx
nk2

Gl

G0

� �2

(3)

where j is the volume fraction of PE chains, G0 (= Miq
2/lB) is the

linear conductance of the counter-ions in the bulk. lB is the
distance at which the electrostatic interaction between two
elementary charges in the medium is equal to the thermal
energy kBT. The contribution of counterion fluctuation along
chains axis to linear conductance can be given as:

Gl = Miqrl (4)

where the linear charged density of counter-ions that cause LF
relaxation can be expressed as:

rl ¼ �2pe0es
kaK1ðkaÞ
K0ðkaÞ

z (5)

where e0 is the vacuum dielectric constant and Ka (a = 0, 1)
denotes the modified Bessel function, which is usually used to
describe the distribution of electric potential around a charged
cylinder.

The contribution of the high-frequency (HF) relaxation can
be expressed as:

eh�ðoÞ ¼
Deh

1þ �io
oh

� �b (6)

where oh and b denote the relaxation angular frequency and
the distribution coefficient of the high frequency relaxation,
respectively. Eqn (7) serves as the base equation to describe the
dielectric increment, Deh.

Deh ¼
2

9p2
jGh

2k
oh

2e02esn
(7)

The linear conductance of Gh resulting from the contribution
of counter-ions fluctuation perpendicular to chain axes can be
written as:

Gh ¼ 2qMirh 1� 1

2pZlBMi

� �
(8)

Here Z is the viscosity of the solvent. The linear charged density
of counter-ions, resulting in an HF relaxation of rh is shown as:

rh ¼
pe0esz2

4kBT

kaK1ðkaÞ
K0ðkaÞ

� �2

�pe0esz
2ðkaÞ2

4kBT
(9)

3. Experimental and methods
3.1 Materials and preparation

3.1.1 Materials. An aqueous solution of poly(acrylic acid)
(PAA) (purchased from Sigma-Aldrich with wt% = 0.35,

Fig. 1 (a) Schematic of the double-layer polarization (DLP) model of
flexible PEs; PEs with an occupied volume fraction of j are dispersed in
a solvent with a relative dielectric constant of es. (b) Chain configuration
after a random walk of correlation blobs with a volume of x.3 (c) Local stiff
segment with a radius of a and an electric double layer (EDL) with a
thickness of k�1; z is the surface potential of local stiff segment, rl and rh

are the linear density of counterions fluctuating along and perpendicular to
chains axes, respectively.
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Mw = 2.5 � 105 g mol�1) and 2-chloro-4,6-dimethoxy-1,3,5-
triazine ethyl (CDMT) (Beijing F&F Chemical Co., Ltd) was
prepared. Dodecylamine and N-methylmorpholine (NMM) were
provided by Sinopharm Chemical Reagent Co., Ltd. Tetra-
hydrofuran (THF) was purchased from Beijing Chemical Works.
N,N-Dimethylformamide (DMF) was purified by distillation from
CaH2 under reduced pressure. The water employed in this study
was produced using a Rios-water system (Millipore Corp. America).
The dialysis bag (Beijing Jingkehongda Biotechnology Co., Ltd) was
pretreated with the process of successive boiling in a mixed
solution of 1 : 1 ethanol/water, 0.001 M 2-[2-(bis-(carboxymethyl)-
amino)ethyl(carboxymethyl)amino]acetic acid (EDTA) and 0.01 M
NaHCO3.

3.1.2 Preparation of samples. A solid sample of PAA-g-PEO-
g-dodecyl (Scheme 1) was prepared and purified by the research
group of Prof. Charles C. Han at the Chinese Academy of
Sciences (Beijing, P. R. China). The coupling reagent, 4-(4,6-
dimethoxy-1,3,5-triazin-2-yl)-4-methylmorpholinium chloride
(DMTMM) was prepared and according to the classical reaction
of an amine with a carboxylic group, PAA-g-PEO-g-dodecyl was
synthesized using DMTMM. The crude product of PAA-g-PEO-g-
dodecyl was dialyzed against an acidic mixed solution of water
and ethanol, and then dialyzed against pure water. Finally,
the solid sample was obtained after free-drying. The average
molecular weight (Mw) of the PAA segments was 2.5 � 105 and
the degree of polymerization was 3470. The weight percentage
of the PEO and dodecyl side chains were 13% and 10%,
respectively. Correspondingly, the molar fractions were 0.5%
and 4.9%, while the average molar mass of the monomers Mmon

was 89.337 g mol�1.
The solid sample of PAA-g-PEO-g-dodecyl (170 mg) was

initially dissolved in 300 mL of DMF and 10 mL of double-
distilled water (the resistance was higher than 16 MO cm). The
pH of the initial aqueous solution was controlled at around 8.0
by the slow dropwise addition of a KOH solution (0.5 mol L�1).
A series of aqueous solutions of PAA-g-PEO-g-dodecyl (0.0125–
17 mg mL�1) were prepared by adding a given volume of
double-distilled water to the initial solution with a mass
fraction of 17 mg mL�1.

3.2 Dielectric measurements

The dielectric measurements of the aqueous solutions of
PAA-g-PEO-g-dodecyl over a wide concentration range were
carried out using a 4294A precision impedance analyzer (Agilent
Technologies) from 40 Hz to 110 MHz. The applied alternating
field was 500 mV and a measurement cell with concentrically
cylindrical platinum electrodes was employed. The effective area
of the electrodes was 78.5 mm2, while the diameters of the inner
and outer cylindrical electrodes were 5 mm and 10 mm, respec-
tively. All the measurements were carried out at room temperature
(30� 0.5 1C). Firstly, the measured raw data for the capacitance Cx

and conductance Gx were corrected to minimize the errors from
the residual inductance (Lr) and stray capacitance (Cr) according
to Schwan’s method.41 After the correction, the capacitance
Cs and conductance Gs were converted to the corresponding

dielectric permittivity e0 and conductivity k via the equations,
e0 = Cs/Cl and k = Gse0/Cl.

3.3 Determination of structural and electrical parameters

Under an applied AC electric field, the complex permittivity
e*(o) can be expressed as:

e*(o) = e0(o) � je00(o) (10)

where e0(o) is the real part of complex permittivity (also called
permittivity) and j = (�1)1/2, e00(o) is the dielectric loss, which
was determined by subtracting the low-frequency limits of
conductivity kl (termed the dc conductivity) from the total
conductivity s(o) using the following equation:

e00ðoÞ ¼ sðoÞ � slð Þ
oe0

(11)

The complex permittivity has been described theoretically
using eqn (1)–(9) in the DLP model described in Section 2.
Among these equations, lots of parameters are known or
predictable, including j, n, es, e0, Z, lB, T, Mi and a. Firstly,
the electrode polarization of the experimental permittivity
spectrums was corrected using the process described in
ref. 37. Then, the experimental permittivity spectra without
electrode polarization were fitted using the theoretical permit-
tivity spectrum model, which was obtained by combining
eqn (1)–(9). There have several fitting parameters including rl,
rh, k�1 and x. The best curve-fitting was achieved by applying
the non-linear least-squares method. In this way, a set of
valuable structural and electrical parameters (k�1, x, rl and
rh) are determined from the fitting results. Meanwhile, the LF
and HF relaxation increments (Del and Deh), which are related
to rl, rh, k�1 and x in eqn (3), (4) and (7), (8), were obtained,
respectively. Finally, the zeta electric potentials of z on the
surface of local stiff segments were calculated by substituting
the parameters rl, rh and k�1 based on eqn (5) and (9).

4. Results and discussion
4.1 Dielectric spectra and dielectric analysis using the
DLP model

Fig. 2 shows the concentration dependence of the dielectric loss
spectra of the aqueous solution of PAA-g-PEO-dodecyl after
elimination of the EP effect. Then, the experimental dielectric
loss spectra were fitted to the Cole–Cole equation.44 The fitting
result with two relaxations is displayed as the insert map in
Fig. 2b. Two relaxation peaks can be easily recognized. These
two peaks are related with a certain distribution from the
dielectric loss spectra over the LF and HF range. Simulta-
neously, the black solid line in Fig. 2b was separated into two
parts: the contribution from relaxation 1 in the area of light
grey (LF relaxation) and the contribution from relaxation 2 in the
area of dark grey (HF relaxation). Based on these observations,
the aqueous solution of PAA-g-PEO-dodecyl possesses two
relaxation processes. In addition, the concentration depen-
dency of the dielectric loss spectra in Fig. 2a contains three
groups (marked as I, II, and III) over the whole concentration
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range, which are 0.0125–0.1 mg mL�1, 0.5–4 mg mL�1 and
4–17 mg mL�1, respectively. The dielectric loss spectra of these
three ranges are different from each other in their shape, as
well as the concentration dependency of the position of the
LF and HF relaxation peaks (blue arrows). Furthermore, two
turning points around 0.1 mg mL�1 and 4 mg mL�1 are clearly
shown in the result of concentration dependency of the dielectric
loss around 6 � 105 in the inset of Fig. 2a. The two concentration
transitions may result from some possible changes in the struc-
tural and electrical properties. These details will be discussed in
the following sections.

In this work, the double layer polarization (DLP) model
of flexible PE was used to analyze the permittivity spectra of
the aqueous solutions of PAA-g-PEO-g-dodecyl. The analyzed
method has been described in Section 3.3. Fig. 3 shows a
representative fitting result for the sample at 0.05 mg mL�1.
It can be seen that the experimental permittivity spectra
matched very well with the corresponding calculated permittivity
spectra. Meanwhile, the results demonstrate the excellent perfor-
mance of the DLP model in predicting the dielectric properties of
PE. According to the DLP theory, there are two relaxations, which
both can be observed in the graph. These two dielectric relaxation
around 7 kHz and 2 MHz originate from the counter-ions
fluctuating along the whole chain axes and perpendicular to the
chain axes, respectively. Meanwhile, several valuable structural
and electrical parameters for the samples at varying concentra-
tions were obtained. These results are listed in Table 1. A slight
rise around 107 Hz can be observed in Fig. 3. This might be
caused by the error from the impedance analyzer and clamp,
when the measurement frequency was near the upper limit.
Considering this is a very small increase and a significant plat-
form still exists in the permittivity result, such small noise does
not affect the fitting results.

4.2 Chains conformation in the different concentration regimes

Fig. 4a and b demonstrate the concentration dependency of the
dielectric increment and relaxation time for the PAA-g-PEO-g-dodecyl

aqueous solution, which are also listed in Table 1. From Fig. 4,
there is an obvious transition over the range of 0.1–0.2 mg mL�1,
which is similar to the result presented in Fig. 2. In general, the
PEs solution undergoes the transition in concentration range
from a diluted to semi-diluted solution. Within the diluted
concentration range, the PE molecules are isolated from each
other and the solution properties were not influenced by the
various inter-molecular interactions. When the solution concen-
tration reaches the overlapped concentration, the PE molecules
begin to interpenetrate. In this case, the properties of the
PE molecules were dominated by the various inter-molecular
interactions. The previous research has confirmed the presence
of the crossover concentration c* at around 0.2 mg mL�1 using

Fig. 2 (a) Dielectric loss as a function of concentration for the PAA-g-PEO-dodecyl aqueous solution after eliminating the effect of electrode
polarization; the graph in the inset shows the concentration dependency of the dielectric loss data at a fixed frequency around 6 � 105 Hz.
(b) A representative fitting result of the dielectric loss spectra for the PAA-g-PEO-dodecyl aqueous solution at 0.1 mg mL�1.

Fig. 3 A representative fitting result of the permittivity spectra of the
PAA-g-PEO-g-dodecyl solution at 0.05 mg mL�1. The fitting parameters
include the bjerrum length lB = 0.714 nm, the diffusivity of potassium ions
D = 0.74 � 108 nm2 s�1 (ref. 45) and the measured solvent viscosity
Z = 0.837 � 10�3 N s�1 m�2. The hollow circles represent the experimental
permittivity data and the solid lines represent the theoretical permittivity
data calculated using the DLP model. The blue and black circles (lines) are
the permittivity data before and after the subtraction of the EP effect,
respectively. The LF and HF relaxation are represented by the red solid
lines.
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dielectric and light scattering measurements.18,39 Such concen-
tration was close to the first transition region shown in Fig. 3.
Therefore, it is not difficult to conclude that the PAA-g-PEO-g-
dodecyl molecules in an aqueous solution exist in the form
of isolated chains below 0.1 mg mL�1 and as crossover chains
above 0.2 mg mL�1, respectively. Fig. 4c shows the plot of the
linear density of counter-ions around chains as a function of the
solution concentration. Remarkably, there is an abrupt increase
around the crossover concentration range of 0.1–0.2 mg mL�1.
This result implies the overlapping electric double layers (EDL)
around the chains when the solutions start to enter the semi-
diluted concentration range. This provides new clues to explore
the counter-ions distribution, which is hard to capture using
other experimental approaches.

4.2.1 Dilute solution. In this section, the conformation of
PAA-g-PEO-g-dodecyl in a diluted solution (below 0.1 mg mL�1)
is discussed in detail. It has been concluded that the hydro-
phobic interactions induced by the dodecyl side chains causes
the collapse of the PEs into a globule, while the electrostatic

interactions between the carboxylic groups on PAA stretches the
chains. Thus, how the various interactions balance determines the
conformation of the PEs worth further investigation. According to
the classical theory for the chains conformation of PEs with some
hydrophobic groups,9,10 the shape of the collapsed globule will
transform into a series of charged beads connected by narrow
strings when the fraction of the charged monomers fi exceeds the
value of (t/Nu)1/2. Here, N is the polymerization degree and t
denotes the ratio of reduced temperature shown as:

t = (y � T)/y (12)

where y is the theta temperature of the PE solution and the
dimensionless interaction parameter u can be determined
using the ratio of the Bjerrum length lB to the bond size b:

u = lB/b (13)

In this work, the ratio of reduced temperature t ranges
from 0 to 1, while the calculated value of (t/Nu)1/2 ranges from

Table 1 Structural and electrical parameters of PAA-g-PEO-g-dodecyl in an aqueous solution at different concentrations determined using dielectric
analysis (as described in Section 3.3)

c (mg mL�1) 1019rl (C nm�1) 1019rh (C nm�1) x (nm) k�1 (nm) Del Deh tl (ms) th (ns)

0.0125 0.090 � 0.003 2.20 � 0.01 56.5 � 0.56 40.3 � 0.42 3.17 � 0.19 0.200 � 0.004 43.5 � 0.54 225 � 5
0.025 0.088 � 0.003 2.15 � 0.01 56.5 � 0.56 39.9 � 0.42 5.66 � 0.26 0.257 � 0.005 43.5 � 0.54 203 � 4.5
0.05 0.075 � 0.003 2.20 � 0.009 54.0 � 0.54 38.6 � 0.45 6.94 � 0.32 1.40 � 0.08 45.4 � 0.44 189 � 4.5
0.1 0.080 � 0.003 2.05 � 0.009 50.0 � 0.5 38.6 � 0.41 14.6 � 0.57 1.79 � 0.09 40.8 � 0.35 167 � 4
0.5 0.170 � 0.005 3.75 � 0.03 23.5 � 0.41 15.0 � 0.28 29.3 � 0.87 2.41 � 0.12 28.6 � 0.27 99.4 � 3
1 0.175 � 0.005 5.00 � 0.03 18.0 � 0.37 12.9 � 0.29 35.7 � 0.89 3.00 � 0.15 20.8 � 0.22 67.7 � 3
2 0.180 � 0.005 9.25 � 0.07 12.0 � 0.32 10.2 � 0.21 40.3 � 1.36 3.16 � 0.17 16.1 � 0.18 43.0 � 2.5
4 0.185 � 0.005 11.5 � 0.08 9.00 � 0.28 9.56 � 0.18 50.5 � 1.53 3.47 � 0.21 14.8 � 0.16 38.8 � 2.5
6 0.250 � 0.008 11.8 � 0.08 8.00 � 0.29 7.45 � 0.14 60.7 � 1.39 4.50 � 0.22 12.5 � 0.14 37.0 � 2
10 0.300 � 0.007 12.5 � 0.08 6.30 � 0.21 5.97 � 0.12 78.7 � 2.04 4.85 � 0.28 12.2 � 0.17 34.6 � 2
13 0.330 � 0.009 14.8 � 0.12 5.50 � 0.14 5.35 � 0.12 84.8 � 2.51 5.21 � 0.54 11.4 � 0.18 32.5 � 1.8
17 0.360 � 0.009 13.0 � 0.12 5.16 � 0.17 4.82 � 0.11 96.8 � 2.86 5.97 � 0.40 8.33 � 0.10 26.5 � 1.4

Fig. 4 Concentration dependency of the dielectric increment Dei (a), relaxation time ti (b) and counter-ions density ri (c); i represents the LF and HF
relaxation, respectively.
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0 to 0.0067 by substituting the Bjerrum length of B0.7 nm and
the monomer size of B0.252 nm.47 Meanwhile, the charged
monomers fraction fi of PAA-g-PEO-g-dodecyl at 0.0125 mg mL�1

was around 0.34 based on the value of the counter-ion density in
Table 1. Through comparison, the fraction of charged monomers fi

was far beyond the value of (t/Nu)1/2 for PAA-g-PEO-g-dodecyl in a
diluted solution. According to the theory for chains conformation
of PEs with some hydrophobic groups, the electrostatic repulsion
on the PAA main chains was enough to resist the totally collapsed
conformation due to the hydrophobic interactions originating
from the dodecyl side chains. Over the dilute concentration range
illustrated in Fig. 6a, the PAA-g-PEO-g-dodecyl molecules may
present a necklace-like structure with a series of charged beads
connected by narrow strings. Further evidence to this statement
will be presented in the following section.

4.2.2 Semi-dilute solution. As mentioned above, the PAA-g-
PEO-g-dodecyl molecules mainly exist in the form of overlapped
chains in the semi-diluted range above 0.2 mg mL�1. In this
concentration range, there exists a transition point around
4 mg mL�1 as shown in Fig. 4a–c, which has been identified
for the first time in this work. The simultaneous transition of
the concentration dependences including dielectric increments,
relaxation times and linear density of counter-ions shown in
Fig. 4a–c indicate there is a possible change of conformation or
aggregation behavior around 4 mg mL�1. According to the
necklace model proposed by A. V. Dobrynin et al.,8,9 hydrophobic
PEs possesses a necklace globule conformation. In their work, the
semi-diluted range was further divided into two regions: string-
controlled and bead-controlled. The logarithmic dependency of
the correlation length x with concentration shifts around the
transition concentration, which clearly implies the transformation
from the string-controlled to bead-controlled region. Within the
string-controlled region, a correlation blob composed of more
than one hydrophobic bead connected by a series of strings is
observed. The conformation is dominated by the stretched
strings. Considering the contribution of the counter-ions conden-
sation, the correlation length x is shown as:

x � b ufi
2t

� ��1=4
1� cb3

t

� ��1=2
cb3

t

� ��1=2
c�o co cBead (14)

Similarly, within the bead-controlled region, a correlation
blob composed of only one hydrophobic bead is observed. The
chain conformation is mainly decided by the collapsed beads.
Therefore correlation length x is represented as:

x � b ufi
2

� ��1=3
1� cb3

t

� ��2=3
cb3

t

� ��1=3
c4 cBead (15)

Such changes in the slope, which correspond to a solvo-
phobic polyelectrolyte with pearl necklace conformation were
also reported in the previously reported experimental work.48,49

As discussed in the Section 3.3, the correlation length x for
PAA-g-PEO-g-dodecyl in the measured concentration were
obtained by dielectric analysis. Fig. 5 shows the logarithmic
dependence of the correlation length x with concentration
(Table 1). From Fig. 5, a transition point around 4 mg mL�1

was observed, which was extremely consistent with the results
as shown in Fig. 4. In addition, the curve slope in Fig. 5
was �0.486 below 4 mg mL�1 and �0.376 above 4 mg mL�1,
respectively. These experimental results match very well with
the theoretical value predicted from eqn (14) and (15). Such
consistency strongly suggests that PAA-g-PEO-dodecyl in
an aqueous solution adopts a necklace globule conformation
with a series of beads connected by strings. 4 mg mL�1 is the
transition concentration from the string-controlled to bead-
controlled structure. The simulation results in regard the chains
conformation over the different concentration ranges are
illustrated in Fig. 6b and c.

4.3 Counterions condensation of PAA-g-PEO-g-dodecyl

To obtain a comprehensive understanding of the chain con-
formation, a further investigation into the charge properties is
crucial. Firstly, the fraction of effective charged monomers
of the PAA-g-PEO-g-dodecyl molecules over the entire concen-
tration range were estimated using the counter-ions fluctuation
theory. According to the theory of counter-ions fluctua-
tion developed by Bordi et al.46 there is a fluctuation of free
counter-ions perpendicular to the PEs in a relatively poor
solvent. Therefore, the dielectric increment (Deh) and relaxation
time (th) follow the scaling relationship with concentration,
which is represented as:

Deh
4/3th

�1/3
p c1/3 (16)

Fig. 5 The concentration dependence of the correlation length in an
PAA-g-PEO-dodecyl aqueous solution.

Fig. 6 Schematic of the chain conformation of PAA-g-PEO-g-dodecyl in
an aqueous solution at the different concentration regime.
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Fig. 7 shows the plot of log De4/3t�1/3 against log(c) based on the
dielectric parameters shown in Table 1. It can be observed that
there are a linear relationship between De4/3t�1/3 and log(c). The
slope of 0.378 was close to the theoretical value predicted by
eqn (16). According to the theory of counter-ions fluctuation,
the fraction of effective charged monomers fi of PAA-g-PEO-g-
dodecyl was estimated based on the dielectric increment (Deh)
and relaxation time (th) of the leading-order HF relaxation:

fi �
Deh

2peslBDithc
(17)

In addition, the electrical nature of PAA-g-PEO-g-dodecyl in
solution and the Coulombic interactions between the mono-
mers on a chain can also be quantitatively calculated by the zeta
potential of z, as well as the PEs and counter-ions. The
calculated zeta potential and the fraction of effective charged
monomers fi are summarized in Table 2. The results demon-
strate that both the z potential and fi decrease when the
concentration was above 0.1 mg mL�1. Such phenomena are
in good agreement with the concentration dependency of the z
potential with fi.

Theoretically, a linear relationship between the z potential
and the negative logarithm of the counter-ion concentration in
solution (�log cion) was proposed by B. J. Kirby et al.50

z ¼ a0 þ a1 � lg
N

Mw

� �� �
þ a1 � lg ficð Þð Þ (18)

where parameters a0 and a1 are only decided by the solution
conditions, PE composition and type of counter-ion.

The z potentials in Table 2 were plotted against �lg( fic) for
the solution of PAA-g-PEO-g-dodecyl at different concentrations.
As shown in Fig. 8, the linear relationship agree with the
theoretical description in eqn (18). Such a linear relationship
strongly suggests the applicability and feasibility of the DRS
measurements in estimating the fraction of effective charged
monomers fi and z potential on the chains.

According to the Manning condensation theory, counter-
ions around PE spontaneously condense onto the chains until
the average distance between the charged monomers equals
the Bjerrum length. In this case, the fraction of effective
charges shows a logarithmical decrease with an increase in
the PE concentration.11,12,51,52

Previous studies have reported a Manning-like counter-ions
condensation for PAA.12 In this section, the counter-ions con-
densation behavior of PAA-g-PEO-g-dodecyl, which is described
using the results of fi, is listed in Table 2. Moreover, the
concentration dependency of fi for PAA-g-PEO-g-dodecyl in an
aqueous solution is shown in Fig. 9 (black dots and line). Over
the dilute concentration range, the experimental result of fi

(the black line) is a constant instead of the general Manning
condensation in which fi logarithmically decreases as the
concentration increases.11,12,51,52 This can be explained by the
low initial fraction of effective charged monomers fi0, which
was 0.34 at 0.0125 mg mL�1. Therefore, it was not higher than
the critical value of the Manning condensation, in which xi was
0.36 (xi = lB/b). In other words, the low fi0 of PAA-g-PEO-g-
dodecyl at 0.0125 mg mL�1 fails to meet the critical condition
for Manning condensation to occur. Considering the low frac-
tion of effective monomers fi at 0.0125 mg mL�1, PAA-g-PEO-g-
dodecyl was a weak PE. When dissolved in water, only a portion
of the free carboxylic acid groups are dissociated. On the other
hand, several local hydrophobic beads on a chain with low

Fig. 7 Double-logarithm plot of De4/3t�1/3 against c obtained using the
dielectric parameter of HF relaxation shown in Table 1.

Table 2 The fraction of the effective charged monomers and zeta
potential for PAA-g-PEO-g-dodecyl in an aqueous solution at different
concentrations

c (mg mL�1) fi Z (mV) C (mg mL�1) fi z (mV)

0.0125 0.34 �52.6 2 0.11 �32.7
0.025 0.26 �49.7 4 0.068 �30.0
0.05 0.37 �53.0 6 0.062 �29.3
0.1 0.32 �50.0 10 0.042 �28.1
0.5 0.15 �40.0 13 0.037 �27.7
1 0.13 �35.6 17 0.040 �27.2

Fig. 8 Plot of z against �lg(fic) for PAA-g-PEO-g-dodecyl in an aqueous
solution. The red line plots the fitting results based on eqn (18) via the
least-squares method.
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dielectric constant and a few water molecules further suppress
the dissociation of the carboxylic groups, especially in the
center of hydrophobic beads.

Over the semi-dilute concentration range above 0.2 mg mL�1,
as shown in Fig. 9, it was obvious that the fraction of effective
charged monomers drastically decreases to lower than 0.04 above
10 mg mL�1. The strong counter-ions condensation also deviated
from the Manning-like condensation of PAA with an almost
invariable value of fi with concentration over the semi-dilute
concentration range.53

In fact, an analogous counter-ions condensation has been
found for poly(styrene)-co-styrene sulphonate, sodium salt
by W. Essafi et al. in their experimental work.54 Dobrynin
and Rubinstein et al.8,10 predicted the process of counter-ions
condensation for hydrophobic PE with necklace globule
conformation. A non-linear relationship between the polymer
concentration c and the fraction of effective charged monomers
fi was given as:

c ¼ fi0t fi0 � fið Þ

b3 fi0 þ fi exp
2fi0

1=3ec
3fi1=3

� �
� 1

� �� 	 (19)

where fi0 is the initial fraction of free counter-ion for an
extremely dilute solution of hydrophobic PE. ec is a new para-
meter to characterize counter-ions energy on the surface of the
necklace globule, which is expressed as:

ec ¼
lB

bfi0

� �1=3

t (20)

Here, the initial fraction of free counter-ions fi0 was 0.34 in
Section 4.3.2. ec ranged approximately from 0 to 2.5 by sub-
stituting fi0 into eqn (20). According to eqn (19), the theoretical
concentration dependency was predicted, when the effective
charged monomers fraction ec for PE were 0.1, 1 and 2.5,
respectively. The corresponding results are shown in Fig. 9
(red line).

The experimental fi–c curve of PAA-g-PEO-g-dodecyl with a ec

value between 0 and 2.5 (black line) and theoretical fi–c curves
with different ec values of 0.1, 1 and 2.5 (red line) are shown in
Fig. 9, respectively. On one hand, the experimental fi–c curve
(ec E 0–2.5) was located between theoretical fi–c curves with ec

values of 0.1 and 2.5. On the other hand, the shape of the fi–c
curve was similar to the theoretical fi–c curves, in which both
curves presented avalanche-like trends. The good agreement
between the experimental and theoretical fi–c curves indicates
that the counter-ions condensation behavior observed for
PAA-g-PEO-g-dodecyl in an aqueous solution was more analo-
gous to that of PE with a necklace conformation in a poor
solvent. Over the semi-dilute concentration range, as the
concentration increases, part of the counter-ions around the
PAA-g-PEO-g-dodecyl molecules spontaneously condense into the
hydrophobic beads of the necklace. The process of counter-ions
condensation neutralizes some of the charges on the chains
and screens the Coulombic repulsive interactions between the
monomers to some degree. The PE chains further collapse and
the size of the hydrophobic beads of the necklace increase due to
the screening effect of the Coulombic repulsion. Subsequently,
more counter-ions start to condense into hydrophobic beads
with a relatively low dielectric constant. As a result of the above
cyclic processes, the phenomenon of avalanche-like counter-ions
condensation as shown in Fig. 9 was observed. Furthermore, as
shown in Fig. 9, as the concentration increases, the rate of the
decrease in fi in the experiment (the black line) was slightly slower
than fi in theory (the red line) over the semi-dilute range.
We predicted that this phenomenon probably originates from
the lower loading capacity of condensed counter-ions within the
hydrophobic beads formed by dodecyl side chains than those
formed by the hydrophobic backbone.

4.4 The nature of conformation evolution—the role of
counterions condensation and the electrostatic and
hydrophobic interactions

So far, we have discussed the conformation and counter-ions
condensation of PAA-g-PEO-g-dodecyl in an aqueous solution
over the wide concentration range. Based on the above analysis,
in this section, we aim to discuss the role of counter-ions
condensation and the electrostatic and hydrophobic interactions
in the chains conformation.

In the dilute solution, the conformation of a PE chain with
nA monomers separated by neighboring hydrophobic side
chains containing nB monomers (Scheme 2) has been reported
from the viewpoint of the driving force by A. V. Dobrynin et al.55

According to this theoretical research, the conformation of the

Fig. 9 Evolution of the fraction of effective charged monomers as a
function of the solution concentration. The black dot (line) is the experimental
data (fitted data) for PAA-g-PEO-g-dodecyl. The red line is the result given by
eqn (21) with an ec value of 0.1, 1 and 2.5.

Scheme 2 Part of a polyelectrolyte (nA = degree of polymerization)
modified with hydrophobic side chains (nB = degree of polymerization).
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hydrophobic modified PE in solution was determined by the
geometric ratio of the polyelectrolyte and hydrophobic side
chains block as:

ag �
KBTesbnBð Þ1=3A2=3

t1=3e2=3nA
(21)

and the ratio of their free energies ratio as:

be �
KBTesbnBð Þ1=3A2=3ðtÞ4=3

e4=3nA
(22)

where fi is the fraction of effective charged monomers, e is the
elementary charge, the meaning of nA and nB are displayed in
Scheme 2. According to the theory proposed by A. V. Dobrynin
et al., the structure of the PEs molecules containing hydro-
phobic side chains in a dilute solution was determined by the
geometric ratio ag and corresponding energies ratio be. If ag and
be are both lower than 1 (ag o 1 and be o 1), the PE chains
will exist with a necklace-like structure with several pendant
globules (Fig. 6a) due to the strong electrostatic interactions.
In this work, the ag and be values of PAA-g-PEO-g-dodecyl in a
dilute solution below 0.1 mg mL�1 were estimated to be in the
range of 0.036–0.17 and 5.6 � 10�5–0.026, respectively, which
were both far smaller than 1 (ag { 1 and be { 1). Therefore,
this further indicated that the PAA-g-PEO-g-dodecyl molecules
in the dilute solution adopt a necklace pendant globular
structure (Fig. 6a) due to the dominant contribution from
the electrostatic interactions. This result greatly supports the
necklace-like conformation of PAA-g-PEO-g-dodecyl.

In the semi-dilute solution, the contribution from the electro-
static interactions gradually decreases as a result of avalanche-like
counter-ions condensation (Section 4.3). When the concentration
was below 4 mg mL�1, the electrostatic interactions remain
stronger than the hydrophobic interactions, as predicted in
Section 4.2. The string parts in the necklace-like conformation
dominate the entire conformation (Fig. 6b). However, when the
concentration was above 4 mg mL�1, the contribution from the
electrostatic interactions was weaker than the hydrophobic
interactions. This means the entire conformation was decided
by the bead part (as shown in Fig. 6c).

5. Conclusions

Over a wide concentration range, the dielectric properties of an
aqueous solution of PAA grafted with hydrophobic units on part
of the side chains were measured with a dielectric frequency
ranging from 40 Hz to 110 MHz. After removing the electrode
polarization effect, two relaxation processes around kHz and
MHz were observed, respectively. A double layer polarization
model (DLP) was proposed to analyze the DRS. Based on this
model, various electrical and structural parameters were obtained,
including the dielectric increments, relaxation time, linear density
of counter-ions, correlation length, zeta potiential and Debye
screening length. According to the scaling theory, a necklace-
like conformation with a series of beads connected by strings
was predicted. In addition to the crossover concentration around

0.1–0.2 mg mL�1, there was another transition concentration
around 4 mg mL�1, which was identified as the transition
concentration from the string-controlling to bead-controlling
conformation based on the results of dielectric relaxation time,
dielectric increment and linear density of the counter-ions.

Furthermore, the fraction of the effective charged monomers
of PAA-g-PEO-g-dodecyl at different concentrations was estimated
using the HF dielectric relaxation according to the counter-ion
fluctuation theory. A theoretical linear relationship between the
fraction of effective charged monomers and zeta potential were
illuminated based on the experimental results. An avalanche-like
counter-ions condensation was observed, which was analogous to
the trend predicted by the counter-ion condensation theory of
the hydrophobic polyelectrolyte with a necklace conformation.
In addition, the equilibrium conformations were discussed from
the aspect of the driving force. It was proven that the chains
adopt a necklace-like structure with pendant globules over the
dilute concentration range due to the dominant electrostatic
interactions. When the concentration increased above the cross-
over concentration, the contribution from the electrostatic inter-
actions gradually decreased as a result of the avalanche-like
counter-ion condensation. It was concluded that the electrostatic
interactions are the main driving force for the necklace-like
conformation below 4 mg mL�1, while the hydrophobic inter-
action was the main driving force for the bead-controlled
necklace-like conformation above 4 mg mL�1.

The present work illustrates the balance between the various
interactions including electrostatic, hydrophobic and hydrophilic
interactions, as well as the role of counter-ions condensation in
determining the chain conformation of a polyelectrolyte with
some hydrophobic groups. In addition, this work fully demon-
strated the promising potential of dielectric spectroscopy
technology in characterizing the physical chemistry properties
of complex PEs.
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