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ABSTRACT: We studied conformational transition of poly(acrylic

acid)-graft-dodecyl (PAA-g-dodecyl), and PAA-graft-poly(ethyl-

ene oxide)-graft-dodecyl (PAA-g-PEO-g-dodecyl) molecules in

DMF/H2O solvent by dielectric analysis method utilizing a

double-layer polarization theory. In addition to the hydrophobic

interaction which has been demonstrated to be vital for their

conformational transition with water content, it is confirmed that

the electrostatic interaction is crucial. For PAA-g-dodecyl mole-

cules, at a critical value of water content, a peak value of correla-

tion length is reached originating from the delicate balance

between electrostatic and hydrophobic interactions. For PAA-g-

PEO-g-dodecyl molecules, chains conformation is mainly

determined by electrostatic interaction over the entire range of

water content due to the low content of dodecyl groups. Mean-

while, H-bond associative interaction prevents the dissociation of

free carboxyl groups over the range of lower water content, thus

their stretched transition moves to higher water content. Our

results provide the underlying insights needed to understand sol-

vent effect on the conformational transition for polyelectrolytes

with hydrophobic groups. © 2019 Wiley Periodicals, Inc.
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INTRODUCTION Polyelectrolytes containing some hydrophobic
groups being part of the backbone in homopolymers or being
grafted to the backbone form a very important class of poly-
mers. In the past several years, chain conformation of this
kind of polyelectrolyte has attracted considerable attentions,
but has not yet gained a similar level of understanding as
their neutral or hydrophilic counterparts due to the coexis-
tence of electrostatic and hydrophobic interactions.1,2 It is
well known that one easily accessible way to control these
interactions is to change solvent qualify.2–4 Usually, when
polyelectrolytes are dissolved in the good solvent, chains
adopt stretched conformation.2 When polyelectrolytes are dis-
solved in the poor solvent, an necklace model3,4 was proposed
to describe chain conformation, which was then confirmed by
some simulation and experimental studies.5,6 In the mixture
of good and poor solvent, some researches showed that
hydrophobic polyelectrolytes undergo an abrupt conforma-
tional transition from collapsed to extended structure when
the ratio of good solvent increases to a certain ratio.

From the viewpoints of interactions, numerous studies showed
that the solvent plays an important role by controlling monomers–
solvent and monomers–monomers interaction.7–11 On the one
hand, when the solvent qualify is low, hydrophobic attractive

interaction is high, causing the collapse.7,13,14 On the other hand,
few researches proposed that when the dielectric permittivity of
the solvent is low, the effect of condensation of counterions onto
chains is obvious, causing the decrease of electrostatic repulsive
interaction between segments and the collapse of molecules.12,15,16

In order to clarify the effect of solvent qualify, it is necessary to
explore how the electrostatic and hydrophobic interactions bal-
ance in the process of conformational transition. In view of the sit-
uation, several factors that influence electrostatic repulsion
interaction between segments including the fraction of effective
charges on chains, the distribution of counterions,17,18 as well as
the existence of hydrophilic associative groups which expand the
application of polyelectrolytes as templates,19 molecular
actuators,20 and drug carrier,21 are worth further consideration.

In order to understand and answer above issues, a technique
which can be used to capture microstructural and electrical infor-
mation of polyelectrolyte is needed. The frequency-domain
dielectric relaxation spectroscopic (DRS), owing to its sensibility
to all kinds of polarization, can provide important, sometimes
unique information on charge distribution, movements of mole-
cules or ions, and intermolecular interactions.22–27 In fact, the
DRS method has been extensively applied to provide much valu-
able information including chains conformation,22,23 the effective
charges on chains,24 the distribution of counterions around
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chains,25,26 as well as various complex interactions.27 In the pre-
vious works, we have obtained the correlation length, zeta poten-
tial, and linear density of counterions around chains of
poly(acrylic acid) (PAA) and PAA-graft-poly(ethylene oxide)-
graft-dodecyl (PAA-g-PEO-dodecyl) side chains in aqueous
solution by analyzing dielectric spectroscopy based on the
double-layer polarization model (DLPM).28–30 Based on these
parameters, we explained some fundamental issues about chain
conformation of polyelectrolytes in aqueous solution.

In this study, a main goal is to explore the delicate balance of
electrostatic and hydrophobic interactions in the process of con-
formational transition with water content for polyelectrolylte
containing hydrophobic groups. The dielectric analysis on solu-
tion systems of PAA-g-dodecyl and PAA-g-PEO-g-dodecyl in N,N-
Dimethylformamide (DMF)/H2O mixed solvent was performed
by the DLPM. The molecular structures are described in
Scheme 1. For PAA-g-dodecyl molecules (the weight fraction of
dodecyl side chains ωdodecyl ≈ 26%), H2O is a poor solvent and
DMF is a good solvent.27 The results suggest that the change of
electrostatic interaction with water content is important for
their evolution of chains conformation. The balance of electro-
static and hydrophobic interactions of molecules in mixed sol-
vent is influenced by H-bond associative interaction and the
content of dodecyl groups. Besides, the influences of effective
charges on their conformational transition were examined.

Double-Layer Polarization Model

The model follows relevant assumptions in scaling theory and
Mandel theory about chains conformation of polyelectrolytes in
solution. A polyelectrolyte chain adopts a random walk configu-
ration of correlation cell with diameter ξ (termed as the correla-
tion length) (see Fig. 1(a)). A correlation blob is composed of
several stiff subunits which are assumed to be charged cylin-
ders with radius a. Most of counterions are located in the elec-
trical double layer (EDL) with thickness κ−1. On the surface of
the cylinder, electrical potential is ζ, whereas far away from the
cylinder, r ! ∞, electrical potential is 0 (see Fig. 1(b)). Under
alternating current (AC) electric field, some counterions with
linear density ρl can move in the direction along axes of the
EDL, which causes low-frequency (LF) relaxation. Some counter-
ions with linear density ρh can move in the direction perpendic-
ular to the axes of EDL, which causes LF relaxation.

The dielectric function ε*(ω) includes LF and high-frequency
(HF) relaxation terms:

ε* ωð Þ = ε*1 ωð Þ + ε*h ωð Þ, ð1Þ

where ε*h ωð Þ is complex dielectric function of LF, ε*h ωð Þ is com-
plex dielectric function of HF, and ω (=2πf, f is the measured
frequency) is the angular frequency. The complex dielectric
function of LF can be expressed as

ε*l ωð Þ = Δεl
1 + − iωξ2

� �
=Di

� �α , ð2Þ

where ξ is the correlation length, Di (= kBTMi) is the diffusivity
of the counterions, Mi is the mobility of the counterions, α is
distribution coefficient of LF relaxation. On the basis of the
perturbation calculation of PE solution, the dielectric incre-
ment of LF relaxation can be defined as

Δεl =
16π

9

εsφξ

νκ2
Gl

G0

� �2

, ð3Þ

where εs is solvent permittivity, φ is the volume fraction of PE
chains, ν is the monomer volume, κ−1 is the thickness of EDL
around a stiff subunit. G0(= Miq

2/lB) is the linear conductance of
the counterions in the bulk, lB is the distance at which the electro-
static interaction between two elementary charges in the medium
is equal to the thermal energy kBT, The contribution of counterions
fluctuation along chains axis to linear conductance can be given as

Gl =Miqρl ð4Þ

The linear charged density of counterions that cause LF relax-
ation can be expressed as

ρl = −2πε0εs
κaK1 κað Þ
K0 κað Þ ζ, ð5Þ

where ε0 is vacuum dielectric constant, a is the radius of stiff
subunit, ζ is the surface potential of the local stiff segment,

SCHEME 1 The illustration of structure of PAA-g-dodecyl and

PAA-g-PEO-g-dodecyl Molecules. Note: The PEO and dodecyl

side-chains are randomly distributed on the PAA main chain.

[Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 1 Schematic of DLPM of flexible PEs. (a) Chain

configuration of a random walk of correlation cell with a

diameter of ξ3. (b) An EDL of a local stiff subunit, where ζ is the

surface potential of the local stiff segment, ρl and ρh are the

linear density of counterions fluctuating in the direction along

and perpendicular to chains axes, respectively.
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and Kα (α = 0.1) is the modified Bessel function, which is used
to describe the distribution of electric potential around the
charged cylinder.

The HF relaxation term can be expressed as

ε*h ωð Þ = Δεh
1 + − iω=ωhð Þβ , ð6Þ

where ωh is the relaxation angular frequency and β is the dis-
tribution coefficient of HF relaxation. The dielectric increment
of HF relaxation can be defined as

Δεh =
2

9π2
φG2

hκ

ω2
hε

2
0εsν

: ð7Þ

The contribution of counterions fluctuation perpendicular to
chain axis to linear conductance can be given as

Gh = 2qMiρh 1−
1

2πηlBMi

� �
, ð8Þ

where η is the viscosity of the solvent. The linear charged den-
sity of counterions that cause HF relaxation can be given as

ρh =
πε0εsζ

2

4kBT

κaK1 κað Þ
K0 κað Þ

� �2

−
πε0εsζ

2 κað Þ2
4kBT

: ð9Þ

EXPERIMENTAL SECTIONS

Materials and Preparation of the Samples
PAA-g-dodecyl and PAA-g-PEO-g-dodecyl (in Scheme 1) pow-
ders were prepared and purified by Prof. Charles C. Han’s
Research Group at the Institute of Chemistry, Chinese Acad-
emy of Sciences (Beijing, China). The method of preparing
these polymers was described in Ref. [31]. According to the
classical reaction of amino with carboxylic groups, different
contents of PEO (Mw ≈ 2000 g mol−1) and dodecyl side chains
were grafted onto the PAA (Mw ≈ 250,000 g mol−1) main
chains. The molecular weights of PAA segment, PEO, and
dodecyl segments were examined by 1H NMR.31 The molecu-
lar parameters of these copolymers are presented in Table 1.

DMF, which is partly polar because its dielectric constant ε is
36.7 F m–1, and it dissolved solid samples of PAA-g-dodecyl
and PAA-g-PEO-g-dodecyl. By adding double-distilled water
(specific resistance was higher than 16 MΩ cm) into the

mixture of grafted copolymer and DMF, sample solutions in
DMF/H2O solvent over the range of volume fraction of water,
φH2O, from 0 to 0.95 were prepared. In this case, the fraction

of effective charges on PAA-g-dodecyl or PAA-g-PEO-g-dodecyl
molecules, also called, is lower. Samples in solution with
higher fi were obtained by dripping 500 μL KOH solution at
concentration of 0.5M. pH values of samples at lower and
high fi were measured by pH meter (Mettler-Toledo, Delta
320). At φH2O = 0, PH values are 6.3 and 8 for PAA-g-dodecyl

samples, are 6.32 and 7.32 for PAA-g-PEO-g-dodecyl samples
with low fi and high fi, respectively. At φH2O = 0.95, pH values
are 5.3 and 7.4 for PAA-g-dodecyl samples and 4.36 and 7.5
for PAA-g-PEO-g-dodecyl samples. The samples concentration
is 2.5mgml−1. The pH is just the measured value and used to
distinguish between the samples with low fi and high fi at the
same volume fraction of water. The samples concentration is
2.5mgml−1.

Dielectric Measurements
Under an AC electric field, the dielectric response of a sample
with angular frequency ω (ω = 2πf, where f is the measure-
ment frequency) is characterized by the complex permittivity
ε*(ω) as follows32:

ε* ωð Þ = ε0 ωð Þ− jκ ωð Þ
ωε0

= ε ωð Þ− j ε00 ωð Þ + κl
ωε0

� �
: ð10Þ

Here, ε0(ω) is the real part of the complex permittivity (also
called permittivity), ε00(ω) is the imaginary part of the complex
permittivity (also called dielectric loss), κ(ω) is the frequency-
dependent conductivity, and j = (−1)1/2. In the polyelectrolyte
solution, usually the total dielectric loss contains the effective
dielectric loss of the sample and the direct current (DC) con-
ductivity contribution. The contribution of DC conductivity κl
can be subtracted from conductivity spectra by the equation
ε00(ω) = (κ(ω) – κl)/ε0ω.

33–35 In this work, κl was read out
from the platform of the conductivity spectra at several kHz.
Then, dielectric loss data free of the DC conductivity effect
was obtained. For the dielectric permittivity data, the elimi-
nating of the electrode polarization (EP) was achieved by the
fitting process with Cole–Cole equation containing the EP term
Aω–m, then, parameters A and m of the EP term were deter-
mined.34,35 Thus, a new ε0(ω) without the EP effect was
derived by mathematically subtracting the Aω–m from the raw
permittivity. The dielectric loss spectra free of the DC conduc-
tivity effect were fitted by the Cole–Cole function. Fig. 2(a,b)
are the representatives of dielectric loss spectra and fitting

TABLE 1 Characteristics of PAA-g-Dodecyl and PAA-g-PEO-g-Dodecyl Samples, Including Molecular Weight (Mw), the Molar Fraction

of Side Chains (fPEO, fdodecyl) and the Weight Fraction of Side Chains (wPEO, wdodecyl)

Mw/10
5 ωPEO (wt %) ωdodecyl (wt %) fPEO (mol %) fdodecyl (mol %)

PAA-g-dodecyl 3.4 – 26 – 13.4

PAA-g-PEO-g-dodecyl 3.3 7 19 0.27 10.5
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results. Remarkably, as seen from Fig. 2(a), two distinct peaks
were found in the dielectric loss spectra. From Fig. 2(b), the
contribution from Relaxation 1 in the area of light yellow
(LF relaxation) and from Relaxation 2 in the area of light pur-
ple (HF relaxation) were obtained.

By combining eqs 1–4 and 6–8, the dielectric function ε*(ω)
in the framework of the DLP theory including two relaxation
terms was obtained. By separating the real part and imaginary
parts of the dielectric function ε*(ω), we obtained the theoret-
ical permittivity spectrum ε0(ω). Then, experimental permittiv-
ity spectra after eliminating the EP were fitted with the
theoretical permittivity spectra of DLP model. The best curve
fitting was guaranteed by the nonlinear least-squares method.
Figure 2(c) shows a representative of the fitting results. Hol-
low circles represent experimental permittivity spectra after
eliminating the effect of EP. Red line represents theoretical
permittivity spectra of DLP model. The error analysis was dis-
cussed in the Supporting Information. It shows that the DLP
theory is fairly accurate in fitting the experimental permittiv-
ity spectra. By means of the fitting, many valuable structural
and electrical parameters of the samples including ξ, ρl, ρh,
and κ−1 were obtained. Then, the ζ potential of a stiff subunit
was calculated by substituting the parameters ρl, ρh, and κ−1

into eqs 5 and (9). The following discussion is based on these
parameters.

RESULTS AND DISCUSSION

Conformational Transition of PAA-g-Dodecyl Molecules
In this study, the correlation length ξ, a key parameter
described chains conformation of charged macromolecules in
solution,37 and ζ potential, which is widely used for quantifi-
cation of the magnitude of net charges on chains and the
degree of electrostatic repulsion between segments of a
charged macromolecule,38,39 were obtained by the fitting
method described in Section 3.2. Figure 3(a) shows the depen-
dence of correlation length of PAA-g-dodecyl molecules in
DMF/H2O solvent on φH2O. Figure 3(b) shows the evolution of

ζ potential (absolute value) for PAA-g-dodecyl at low and high
fi upon φH2O increasing. Here, “High fi” refers to the sample

solutions at a series of water/DMF ratios which was added
with the same amount of KOH solution. “low fi” refers to the
sample solutions which was not added with KOH solution.
From Figure 3(a), with the increase of φH2O, ξ increases in the
range 0.1 <φH2O < 0.3 for PAA-g-dodecyl with lower fraction of

effective charges fi, and increases in the range 0.2 <φH2O < 0.5
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FIGURE 2 (a) The three-dimensional dielectric loss spectra of PAA-g-PEO-g-dodecyl molecules with low fi in DMF/H2O solvent after

eliminating the effect of EP. (b) A representative result of the dielectric loss spectra after eliminating the effect of EP.

(c) A representative fitting result of the dielectric spectra after eliminating the effect of EP. Black hollow circles represent the

experimental permittivity data, and red solid lines represent the theoretical permittivity data calculated by DLP model using

diffusivity of potassium ions D = 0.77 nm2 s−1.36 Relaxations 1 and 2 are represented by solid dark yellow and purple dashed lines.

[Color figure can be viewed at wileyonlinelibrary.com]
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for that with higher fi. From Figure 3(b), in the case of low fi,
the value of ζ potential increases with φH2O below φH2O = 0.3

(see shadow area with black color). In the case of high fi, the
value of ζ increases upon φH2O increasing below φH2O = 0.5
(see shadow area with blue color). It suggests the stretch of
molecules in the range 0.1 <φH2O < 0.3 and 0.2 <φH2O < 0.5 for

PAA-g-dodecyl at lower and higher fi as seen from their
increase of ξ in Figure 3(a), is due to the increase of electrostatic
repulsion interaction between segments. As illustrated in
Figure 4, over the lower φH2O (Region I), as φH2O increases, car-

boxylic acid groups gradually dissociate, so electrostatic repul-
sion interaction between segments increases. When it
increases to a certain value, a stretched transition occurs.

In addition, as seen from Figure 3(a), with the increase of
φH2O, ξ abruptly decreases over the range 0.3 <φH2O < 0.6 for
PAA-g-dodecyl at low fi and over the range 0.5 <φH2O < 0.75

for that at high fi. However, from Figure 3(b), ζ potential is
basically invariable in the range 0.3 <φH2O < 0.6 and

0.5 <φH2O < 0.75 for PAA-g-dodecyl at low fi and high fi,
respectively. It suggests that the decrease of ξ in Figure 3
(a) is not related to the change of electrostatic repulsion inter-
action between segments. It has been widely known that attrac-
tive interaction between hydrophobic groups increases with
φH2O.

3,40,41 Theoretically, Loh et al. obtained the relationship
between the expansion factor αe and the strength of excluded
volume interaction for a uncharged hydrophobic polymer12:

α5e −α
3
e =

4

3

3

2π

� �3=2

w
ffiffiffiffi
N

p
, ð11Þ

Where αe (= Rg/Rg,θ, Rg is the gyration radius of a chain) is
proportional to ξg/ξg,θ,

42 w depends on the volume fraction of
nonsolvent. It was showed that αe remains unchanged and
sharply decreases above a certain volume fraction of non-
solvent. Experimentally, they also observed an abrupt
decrease of αe. Based on the above work, the abruptly
decrease of ξ for PAA-g-dodecyl at low and high fi is predict-
able. As illustrated in Figure 4, over Region II, the attractive
interaction among hydrophobic dodecyl groups plays an impor-
tant role on chains conformation, as φH2OO increases, the attrac-

tive interaction increases, so a collapsed transition occurs.

More interestingly, it can be seen from Figure 3(a) that the
amount of ξ increasing and decreasing, or called increment
and decrement, Δξ, is closed for PAA-g-dodecyl molecules. It
indicates that the electrostatic repulsion interaction between
segments and attractive interaction among dodecyl groups are
equally important in determining the conformational transi-
tion of PAA-g-dodecyl (wdodecyl ≈ 26%) molecules in Regions I
and II, respectively. Another phenomenon from Figure 3(a) is
the value of Δξ is lower for PAA-g-dodecyl molecules with
high fi than those with low fi (see black and blue arrows). It
means that the transition of chain conformation with φH2O is
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FIGURE 3 Correlation length (a) and ζ potential (b) of PAA-g-dodecyl molecules with low and high fi in DMF/H2O solvent as a function

of φH2O
. [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 The schematic illustration of conformational transition of PAA-g-dodecyl molecules at low and high fi with water content.

[Color figure can be viewed at wileyonlinelibrary.com]
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less pronounced for stronger charged chains. In general, elec-
trostatic repulsion interaction between segments can be
screened all or in part by counterions around chains, which is
also considered as one of key factors to influence chains con-
formation.43 According to the research by Essafi et al., the
degree of intermolecular aggregation is higher for stronger
charged hydrophobic polyelectrolytes.14 It suggested that
more counterions are distributed around a chain in the case
of hydrophobic polyelectrolytes with high fi. Thus, it can be
predict that the screening degree of electrostatic repulsion
interaction between segments is higher for PAA-g-dodecyl
molecules with high fi than those with low fi. In this case, the
stretching of chains conformation with increasing φH2O is less
pronounced for those with high fi. In summary of above
results, it confirms the roles of electrostatic repulsion interac-
tion between segments and attractive interaction between
hydrophobic groups in the evolution of chains conformation
of PAA-g-dodecyl molecules and the possible influence of the
fraction of effective charges on chains.

Conformational Transition of PAA-g-PEO-g-Dodecyl
Molecules
Figure 5(a,c) shows the solvent dependence of correlation
length ξ of PAA-g-PEO-g-dodecyl molecules (wdodecyl ≈ 19%,
wPEO ≈ 7%) in the DMF/H2O solvent obtained by DLPM
dielectric analysis in Section 3.2. In the case of molecules with
low fi, ξ decreases below φH2O ≈ 0.1 and abruptly increases

above φH2O ≈ 0.75 upon φH2O increasing (see Fig. 5(a)). In the

case of molecules with high fi, ξ gradually increases from
φH2O ≈ 0.1 to φH2O ≈0.75 (see Fig. 5(c)). Figure 5(b,d) shows

the solvent dependence of ζ potential (absolute value) of PAA-
g-PEO-g-dodecyl molecules in the DMF/H2O solvent obtained
by DLPM dielectric analysis in Section 3.2. At low fi, the value
of ζ decreases below φH2O ≈ 0.1 and there is also an abrupt
increase above φH2O ≈ 0.75 upon φH2O increasing (see Fig. 5

(b)). At high fi, ζ potential gradually increases from φH2O ≈ 0.1

to φH2O ≈ 0.75 (see Fig. 5(d)). By comparison, from Fig. 5(a–d),
the variation trends of ξ is basically consistent with the trends
of ζ potential both for PAA-g-PEO-g-dodecyl molecules with
low and high fi (see shadow areas with green, purple and blue
color). It indicates that their conformational transitions are
mainly driven by electrostatic repulsion interaction between
segments. As shown schematically in Fig. 6(a), with increasing
φH2O, PAA-g-PEO-g-dodecyl molecules with low fi undergo an

transition from an extended to a collapsed conformation due
to the decrease of electrostatic repulsion interaction (Region
I), and then undergo an abrupt transition from a collapsed to
an extended conformation due to the increase of electrostatic
repulsion interaction (Region II). As shown schematically in
Fig. 6(b), at high fi, molecules gradually stretch due to the
increase of electrostatic repulsion interaction upon φH2O

increasing (Region I). Also, it can be concluded that the bal-
ance of electrostatic and hydrophobic interaction is influenced
by the content of dodecyl groups. When the weight fraction of
dodecyl groups is below 26%, the contribution of electrostatic
interaction to chains conformation is greater than hydropho-
bic interaction (see the schematic illustration in Fig. 7).

Even so, the role of attractive interaction among hydrophobic
dodecyl groups on their conformation cannot be totally
ignored because it may influence electrostatic repulsion inter-
action and thus affect chains conformation. From Figure 5(b,
d), there is a slight decrease in ζ potential below φH2O ≈ 0.1

both for PAA-g-PEO-g-dodecyl at low and high fi. The result
implies that small amount of counterions condense onto
chains when H2O is added to PAA-g-PEO-g-dodecyl/DMF solu-
tion. Up to now, extensive research studies have revealed that
some counterions easily condense into hydrophobic micro-
domain where dielectric constant is very low for polyelectrolyte
containing hydrophobic groups,4,43,44 So it cannot be excluded
that the condensation of counterions is due to the formation of
hydrophobic dodecyl microdomain when H2O is added to PAA-g-
PEO-g-dodecyl/DMF solution. As schematically illustrated in
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Figure 6, below φH2O ≈ 0.1 (in Region I), upon φH2O increasing,

small amount of counterions condense into microdomain con-
taining dodecyl groups and result in the decrease of ξ in
Figure 5a for PAA-g-PEO-g-dodecyl at low fi.

In addition, from Figures 3b and 5b, it should be noted that ζ
potential increases from φH2O ≈ 0 to φH2O ≈ 0.3 for PAA-g-dode-

cyl; however, ζ potential increases from φH2O ≈ 0.75 to

φH2O ≈ 0.95 for PAA-g-PEO-g-dodecyl at low fi. From Figures 3b

and 5d, ζ potential increases from φH2O≈ 0 to φH2O ≈ 0.5 for
PAA-g-dodecyl; however, ζ potential increases from φH2O ≈ 0.1

to φH2O ≈ 0.75. By comparison, the increase of ζ potential for

PAA-g-PEO-g-dodecyl occurs over the higher φH2O range than
PAA-g-dodecyl. A possible reason is grafting PEO side chains,
which can introduce many intramolecular or intermolecular
hydrogen bonds (also called H-bonds) between C O from alk-
oxy groups and O H from carboxyl groups.31 In fact, the for-
mation of H-bond between the carboxyl proton of PAA and
the ether oxygen of PEO in the solution or solid state has been
extensively confirmed by some experimental technologies,
directly, including nuclear magnetic resonance spectra45,46

and electron spin resonance spin probe,47 infrared
spectroscopy,48 indirectly, including turbidity measurement,49

light scattering light scattering.27,50 The results showed that
in H2O/DMF mixed solvent, the number of H-bond between

the carboxyl proton and the ether oxygen increases as φH2O

increases.
45,50,51 Considering the formation of H-bonds, it is

not difficult to explain above results. As illustrated in
Figure 6, the formation of H-bonds will prevent the dissocia-
tion of free carboxyl groups at lower φH2O,

28 thus the increase
of ζ potential for PAA-g-PEO-g-dodecyl moves to higher
φH2O(see the pink marks and red arrows).

In the end, a phenomenon that caught our attention is the
decrease of ζ potential above φH2O ≈ 0.7 for PAA-g-PEO-g-
dodecyl molecules at high fi in Figure 5(d). The dramatic
decrease of ζ potential suggests that a strong counterions con-
densation occurs. We think there are two possibilities of the
strong condensation. One is the condensation of counterions
into hydrophobic microdomain containing dodecyl groups
which has been found in hydrophobic polyelectrolyte.4,43,44 If
this type of condensation occurs, chains will tend to col-
lapse.4,43,44 The other possibility is the effect of counterions
bridging between “adjacent” charged monomers, leading to a
more locally stretched conformation.52 H-bond between C O
from alkoxy groups and O H from carboxyl groups will
enhance the local bridging behavior associated with the
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FIGURE 6 The schematic illustration of conformational transition of PAA-g-PEO-g-dodecyl molecules (a) at low and (b) high fi in

DMF/H2O solvent with water content. [Color figure can be viewed at wileyonlinelibrary.com]
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counterions condensation.53 In this case, a strong condensa-
tion occurs without chain collapsing.53 From Figure 5(c), there
is no decrease of ξ above φH2O ≈ 0.7. Thus, compared to the
former prediction, the latter seems to be more appropriated
to explain the decrease of ζ potential in Figure 5(d).

Role of Counterions Distribution on Conformational
Transition
The linear density of counterions around a chain for PAA-g-
dodecyl and PAA-g-PEO-g-dodecyl molecules (ρ = ρl+ρh) is
obtained by dielectric analysis with DLPM as described in
Section 3.2. Figure 8 shows the dependence of linear den-
sity of counterions around chains on φH2O for PAA-g-dodecyl

molecules in DMF/H2O solvent. ρ for PAA-g-dodecyl with low
fi and high fi increase below φH2O ≈ 0.15 and below

φH2O ≈ 0.25 upon φH2O increasing, respectively, which leads to
an increase of the shielding effect of electrostatic repulsion
interaction between segments. It is one of the possible rea-
sons that ξ of PAA-g-dodecyl with low and high fi is invariable
below φH2O ≈ 0.2 and φH2O ≈ 0.3 as shown in Figure 3(a),

respectively.

Figure 9 shows the dependence of linear density of counterions
around a chain on φH2O for PAA-g-PEO-g-dodecyl molecules in

DMF/H2O solvent. As seen from Figure 9(a), there are an
abrupt increase above φH2O ≈ 0.75 and a slight decrease

around φH2O ≈ 0.05 for PAA-g-PEO-g-dodecyl with low fi (see
purple and green shadows). The trend is similar to the φH2O

dependency of ζ potential in Figure 5(b) (see purple and
green shadows). As seen from Figure 9b, ρ increases from
φH2O ≈ 0.1 to φH2O ≈ 0.75 (see blue shadow). An increase of ζ
potential is also found from φH2O ≈ 0.1 to φH2O ≈ 0.75 in

Figure 5(d) (see blue shadow). It is easy to understand
because the counterions distribution is directly related to the
numbers of counterions around a chain. In addition, ρ
decreases above φH2O ≈ 0.75 for PAA-g-PEO-g-dodecyl mole-
cules with high fi as seen from Figure 9(b), which causes a
decrease of shielding effect of electrostatic repulsion interac-
tion between segments. Therefore, ξ for them fails to decrease

above φH2O ≈0.75 (see Fig. 5(c)), although the value of ζ

potential decreases (see Fig. 5(d)).

CONCLUSIONS

In summary, by using double-layer polarization theory to ana-
lyze the dielectric data measured in this work, several micro-
structural and electrical parameters were obtained, from
which the roles of electrostatic and hydrophobic interactions
in determining conformational transition are revealed for
PAA-g-dodecyl and PAA-g-PEO-g-dodecyl molecules in
DMF/H2O mixed solvent. In case of PAA-g-dodecyl molecules,
in addition to the collapsed transition with the increase of
water content resulting from the increase of hydrophobic
interaction, we also found a transition from collapsed to
stretched structure. We learned that the transition is origi-
nated from the increase of electrostatic interaction with water
content. For PAA-g-PEO-g-dodecyl molecules, at low fraction of
effective charges, they undergo a transition from stretched to
collapsed and then to stretched structure, at high fraction of
effective charges, they undergo a transition from collapsed to
stretched structure. We learned that their conformational transi-
tion is originated from the change of electrostatic interaction.

Furthermore, it is revealed that the balance of electrostatic
and attractive interaction in determining conformational tran-
sition of PAA-g-dodecyl groups is influenced by the content of
dodecyl groups. When the weight fraction of dodecyl groups
is about 26%, electrostatic and attractive repulsion interac-
tions are equally important. When the weight fraction of dode-
cyl groups is below 26%, the contribution of attractive
repulsion interaction among dodecyl groups can be ignored.
In addition, our insight into the roles of PEO side chains on
the evolution of electrostatic interaction of PAA-g-dodecyl
molecules was given. The formation of H-bonds between alk-
oxy groups of PEO side chains and carboxylic acid groups of
PAA backbone will prevent the dissociation of free carboxyl
groups over the range of low φH2O, thus the increase of elec-
trostatic repulsion interaction between segments moves to
higher φH2O for PAA-g-PEO-g-dodecyl. Besides, the results of
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linear density of counterions suggest that the distribution of
counterions may influence their conformational transition.
This overall work opens opportunities for understanding the
balance of various interactions in the process of solvent-
induced transition of chains conformation of polyelectrolytes
with hydrophobic groups.
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