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Dielectric properties of PAA-g-PEO-7% solutions with different counterions were measured as a function of concentration and
temperature over a frequency range of 40 Hz to 110 MHz. After the contribution of electrode polarization effects was subtracted, the
dielectric spectra of PAA-g-PEO-7% solutions showed three relaxation processes in the experimental frequency range, named low-,
mid-, and high-frequency relaxation. The observed three relaxations were strictly analyzed by using the Cole—Cole relaxation
function, and the dielectric parameters (dielectric increment A¢ and the relaxation time 7) were obtained. The scaling relation of
dielectric increment and relaxation time of high frequency with concentration C,, were obtained and compared with the predictions
of scaling theories. The information on the dynamics and microstructure of PAA-g-PEO-7% was obtained. Using different
counterion species, the mid- and high-frequency relaxation mechanisms were attributed to the fluctuation of condensed counterions
and free counterions, respectively, and the low-frequency relaxation was considered to be caused by the interface polarization of a
complex formed by the hydrogen bonding between carboxylic group of PAA and ether oxygen on the side-chain PEO. In addition,
by means of Eyring equation, the thermodynamic parameters, enthalpy change AH and entropy change AS, of the three relaxations
were calculated from the relaxation time and discussed from the microscopic thermodynamical view.

1. INTRODUCTION

Dynamic behavior of polyelectrolyte solutions, which depend
on the structure, conformation of chains, and electrostatic
interaction, have attracted increasing attention.' > The strong
electrostatic interactions between charges, which are the most
typical characteristic of polyelectrolyte, lead to the various
behaviors, such as complex chain conformation and charge
distribution of polyelectrolyte solutions. Because the electro-
static interactions and dynamics of polyelectrolyte solutions can
be described by charge distribution model or ion—dipole inter-
action, dielectric relaxation spectroscopy (DRS) method is
increasingly used for characterizing these interactions, motion
of the main or branched chain, and the fluctuation of counter-
ions.*”® We have studied the dynamic behaviors of chitosan, a
typical biological macromolecule, and poly(diallyldimethylam-
monium chloride) (PDADMAC) solutions by dielectric spectro-
scopy coupled with scaling approach.”” In addition, the studies of
charged side-chain dynamics in polyelectrolyte aqueous solutions
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were also reported. For example, the existence of a dielectric
dispersion in aqueous solutions of poly(L-glutamic acid) in a region
around 100 MHz, attributable to internal motions of the polar
groups of the side chains, has been reported by Mashimo et al."®
and this was later confirmed by Bordi et al.'' Moreover, the
microdynamics of the side chains of poly(lysine) and chitosan
derivatives were also reported.'>'* The above studies showed that
DRS is useful for exploring microdynamic information of the
charged short side chain in polyelectrolyte solution. But the
polyelectrolyte with long and uncharged side chain has not been
investigated by DRS; this may be blamed on lack of a suitable model
to describe side-chain motion in solution. In this study, the poly-
(acrylic acid)-graft-poly(ethylene oxide) (PAA-g-PEO) polyelec-
trolyte in aqueous solution has the intramolecular hydrogen-
bonding interaction between main chain and side chain, which is
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bound to affect the general dynamic behavior of solution. There-
fore, by carrying out dielectric analysis coupled with scaling
approach and Eyring equation to such a system, the information
on counterion motion, the microstructure of PAA-g-PEO, con-
formation transition of chains can be obtained.

Poly(acrylic acid) (PAA), as a weak polyelectrolyte, is used in
various fields of engineering and technology flocculants, dis-
persing agents, the mucoadhesive agents, the drug delivery
carriers, etc.'* Because of its charged structure, the PAA is used
as a typical model of the polyelectrolyte solution."”> PEO, as a
water-soluble polymer, was also used in the pharmaceutical field.
It was reported that the encapsulation efficiency increased and
the release rate was slowed down by attaching PEO chains.'®~'®
To decrease water solubility of PAA," novel interpolymer
complexes of PAA and methoxy PEO with various molecular
weights and compositions, which can promote the adhesive
process and slow down the dissolution rate, were prepared.”®~ >
Therefore, it is important to obtain the internal dynamics in
PAA-g-PEO solution for its potential application. The interchain
interaction of PAA-g-PEO in aqueous solution has been inves-
tigated using laser light scattering (LLS), viscometry, and rhe-
ological measurements.”* But it is difficult to get more information
on the dynamics and interaction, such as the electrostatic inter-
action between counterion and fixed charge on polyions and
the fluctuation of counterions along the molecular chains, just
by any individual method mentioned above but the dielectric
measurement.

From a different point of view, the polyelectrolyte, as a soft
matter, which is different from those of uncharged polymers,
shows typical scaling laws.” Ito et al. found that the dielectric
parameters show scaling behavior with concentration,*® and
Rubinstein et al. reviewed later the scaling theory of polyelec-
trolyte solution.”” Though considerable theoretical work has
been devoted to polyelectrolyte solution, the experimental data is
relatively backward. In order to obtain the scaling relation
between dielectric parameters and concentration experimentally,
the dielectric studies were performed in more recent studies as
mentioned above.'¥**?° In addition, the origin of the dielectric
relaxation in a frequency range, usually between 1 and 100 MHz,
has long been controversial, although many researches consid-
ered that it can be ascribed to the fluctuation of free counter-
ions.****! To judge the relaxation mechanism in polyelectrolyte
solution system, polyelectrolyte solutions with different species
of counterions are preferred in this study. On the other hand, the
change of the temperature of polyelectrolyte solution, which will
affect the molecular movement, the interaction,**>> and con-
formation of chains,>*** is an important factor which can help us
obtain thermodynamic information.

In this paper, dielectric measurements of the PAA and PAA-
g-PEO-7% solutions with different counterion species were carried
out over the frequency range from 40 Hz to 110 MHz by varying
concentration and temperature, respectively. The dielectric spectra
which can reflect real dielectric properties of the PAA-g-PEO-7%
solution were obtained by subtracting the contribution of the
electrode polarization, and the characteristic dielectric parameters
were also estimated by fitting the real dielectric data. It was found
that there are three relaxation processes for the PAA-g-PEO-7%
solution system, which is one more than for the PAA solution.
The micromechanisms of the three relaxations were inter-
preted separately. In addition, the scaling of the dielectric
increment A¢ and the relaxation time 7 with the PAA-g-PEO-
7% concentration C, were obtained and compared with the

predictions of scaling theories. The temperature-dependent
characteristic parameters were also analyzed by means of the
Eyring equation. Attention was focused on the relaxation
mechanism and the influence of temperature and concentra-
tion on the dynamical behaviors.

2. EXPERIMENT AND METHODS

2.1. Materials and Preparation of Sample. Poly(acrylic
acid) (PAA) (M,, = 2.5 x 10° g mol ") from Sigma-Aldrich
was used without further purification. Synthesis of the PAA-
g PEO-7% (the weight percent of PEO) was prepared according
to the classical reaction of amino with carboxylic groups in the
presence of EDC and HOBt, which has been already reported
elsewhere.”* Potassium hydroxide, sodium hydroxide, strong
ammonia, potassium chloride, and ethanol from Beijing Chemi-
cal Works were analytical grade and used without further
purification.

Polymer solutions were prepared by dissolving a known
amount of sample in a given volume of doubly distilled water,
the specific resistance of which was higher than 16 MQ-cm ™.
The concentration ranged from 5.0 to 0.01 mg-mL ™" for the
PAA, and the pH of PAA solutions was 6.0. Solutions with
different counterions were obtained by adding an amount of base
containing the anion needed for the measurement and fixing the
pH at 9.0, respectively. All the PAA-g-PEO-7% solutions with
different species of counterions (Na®, K, and NH,") were
prepared at the desired polymer concentration (in the range from
10" to about 8.0 mg-mL ™" in order to completely cover the
dilute and semidilute concentration). The DRS for each PAA and
PAA-g-PEO-7% solution was measured directly after preparation,
and some concentrations of PAA-g-PEO-7% solution were used
for the temperature-dependent dielectric measurements.

2.2. Dielectric Measurement. Dielectric measurements
(40 Hz to 110 MHz) were carried out with an impedance
analyzer (Agilent Technology 4294A). The amplitude of the
applied alternating field was 500 mV. The temperature of the
sample was controlled by a circulating thermostated water jacket.
The cell for dielectric measurements consists of concentrically
cylindrical platinum electrodes.*® The cell constant C; and stray
capacitance C, determined by using two standard liquids (pure
water, ethanol) and air were 0.477 and 0.109 pF, respectively.
The value of the residual inductance L, was determined by use
of standard KCl solutions with different concentrations and the
relation C = L,G’. Then, the values of capacitance C and
conductance G measured directly were corrected for the residual
inductance arising from the terminal leads and measurement cell
according to the following equations:>”**

&1 4 @’LCy) + LG
(1 + 0?L.C,)* + (wL.Gy)?

C (1)

S

Gy
G, = = 5 (2)
(1 + 0?L,C,)" + (wL,Gy)

where the subscript x and s denote the directly measured and
modified values, respectively, and @ (w = 27f, f is measurement
frequency) is the angular frequency. The equivalent circuit of the
measuring cell is not listed here, and one can refer to the
literature.””*® The corrected data of G and C at each frequency
were converted to the corresponding dielectric permittivity € and
conductivity K according to the following equations: € = C;/C,
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Figure 1. Polyelectrolyte chains in dilute solution. Empty circles on the
chain are charged groups. The chains are self-avoiding walks of electro-
static blobs, and the size of the electrostatic blob is D. The chain size R is
smaller than the distance R, between chains.

and K = Gy&o/C (go = 8.8541x 107" F/m is the vacuum
permittivity).

3. REVIEW OF THE SCALING THEORY

As a common feature of most polyelectrolyte solutions,
dielectric relaxations can be expected at low (around kHz),
intermediate (between 1 and 100 MHz), and high (around
GHz) frequency range.*” The attribution of high-frequency
relaxation is thought to be polarization of water molecules, but
the mechanisms of low- and intermediate-frequency relaxations
are still under controversy. Among present ideas to 1nterpret the
two relaxations, the scaling law proposed by Ito et al*
extensively employed in recent investigations, which pomted
out that the fluctuation of free counterions on the scale of a
correlation length & gives rise to the intermediate relaxation. In
addition, the polymer dynamics in solution can be well described
by the Zimm dynamics model, which thought that the relaxation
process can be viewed to be related to the hydrodynamic volume
of the chain R>>”*° However, two dielectric relaxations occur at
the frequency range between 1 and 100 MHz in our case, and the
relaxation mechanism of the two intermediate-frequency relaxa-
tions is unknown. In order to determine the relaxation mechan-
ism and interpret our measuring result, it is necessary to briefly
review the scaling approaches of Ito et al. 2 and Zimm dynamic
model, using the notation of Dobrynin et al,”’ to describe the
intermediate-frequency relaxation dynamics of dilute and semi-
dilute flexible polyelectrolyte aqueous solutions.

The polyelectrolyte solution contains charged flexible poly-
ions built up of N (degree of polymerization) monomers (the
size of monomer is b), each of them carrying an ionizable group
of charge |z,|e and a counterion of charge |z,|e, z, and z. being
their valences, respectively. C, is the polyelectrolyte concentra-
tion per unit volume. For the PAA and PAA-g-PEO solution in
this study, z, = z. = 1. Owing to counterlon condensation in a
highly charged polyelectrolyte system,*"** a fraction of the
counterions will condense on the polyions. After the condensa-
tion takes place, the counterions in polyelectrolyte solution are
classified into two groups: condensed (or bound) and free
counterions. If one sets f as the fraction of free counterions,
(1 — f) is the fraction of the condensed counterions.

3.1. Dilute Solution. In the dilute solution, the electrostatic
screening length rg (rg ~ (B/ Cpb)l/ 2 where B is the ratio of the
chain contour length Nb to the extended length L of chain) is
smaller than the chain size R, and R is smaller than the distance
R between chains, as shown in Figure 1. The chain becomes
flexible, so the polyions are self-avoiding walks of electrostatically

Figure 2. Polyelectrolyte chain in semidilute solution. The chain is a
random walk of correlation blobs of size £, and the correlation blob is
composed of several monomers of size D.

screened blobs of size rp, each of which is an extended config-
uration of electrostatic blobs of size D, as shown in Figure 1. The
end-to-end distance R can be written as eq 4

Ram~ (N/C,)"? (3)

R~ b/SB2/SNA/SC, 1S 4)

In dilute solution range, according to Ito et al,*>*! free counter-
jons can polarize by 3D diffusion to a scale of the order of the
distance between chains, R, and the characteristic parameters of
dielectric relaxation, the relaxation time 7, can be written as

R’
- 2D ion

(5)

where D;,, is the diffusion coeflicient of the counterions in solution.
By substituting eq 3 into eq 5, we have

T~ Rcm2 ~ (Cp71/3)2 o Cp72/3 (6)

In addition, the polymer dynamics in this regime can be
described by the Zimm dynamics model, and the relaxation time
can be viewed as proportional to the hydrodynamic volume of
the chain R?, according to Tzimm ~ (17,R%)/(kT),*** where 7, is
the viscosity and kT is thermal energy. Considering R given by
eq 4, the relaxation time in dilute solution can be given by

(CP—1/5)3 oc CP—3/5 (7)

The dielectric increment Ag, which is proportional to the
concentration of the polarized objects times the square of the
dipole moment, reflects the polarization degree of polarized
substance and can be given by

Ae~nu® mfCou’ (8)

where n is the concentration of polarized objects, u is the dipole
moment, and fC, is the concentration of the free counterions in
polyelectrolyte solution.

In the dilute solution, according to Ito et al,, free counterions
can polarize within the distance R, between chains. By sub-
stituting eq 3 into eq 8, we have the dielectric increment Ae

Ae e 4 fColt? % fCy (eRan)” o= C,'V3 (9)

Moreover, the polymer dynamics can also be described by the
Zimm dynamics model, which thought that R has effect on the

7~R}~
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Figure 3. Dielectric spectra of PAA-g-PEO-7% solutions as a function of frequency, at a temperature of 25.0 °C and at a series of polymer concentrations
(from 1072 to about 8.0 mg-mL "), for different counterion species (a) K*, (b) Na*, and (c) NH,". (d) Dielectric spectra of PAA solution at a

concentration range from 102 to about 5.0 mg-mL_l.

polymer dynamics. Considering R given by eq 4, the dielectric
increment Ag in polyelectrolyte solution can be given by

Ae ~nu* % fColi® R fCy(eR)? o< C,%/° (10)

3.2. Semidilute Solution. When the polyelectrolyte concen-
tration is increased until the distance R, between chains equals
their end-to-end length R, the polyelectrolyte concentration is
just the overlap concentration C*. At polyelectrolyte concentra-
tions larger than C¥, the semidilute solution appears. The major
feature of a semidilute solution (C, > C*) is the existence of the
correlation length & as shown in Figure 2. In this regime,
electrostatic interactions are screened on a length scale which is
larger than correlation length & (£ ~ (B/ Cpb)1 2), and the chain
is a random walk of correlation blobs of size £, each of which is
composed of several monomers of size D, as illustrated in
Figure 2.

In the semidilute solution (C,, > C*), if Zimm dynamics model
is applicable, the relaxation time is proportional to the cubic of
the correlation length & and can be expresses as*

TZimm ~ T
According to Ito’s model, the relaxation is caused by the free
counterions polarization within the correlation length&in the
semidilute solution. Therefore, the relaxation time can be written as
2
T z&_ ~ E ~
2Dion

nE - .
~ ; ~ é_—3 ~ (Cp 1/2)3 o Cp 3/2 (11)

(Cp_l/z)z o< Clo_1 (12)

Since both Ito’s model and the Zimm dynamics model showed
that the relaxations that occur at this semidilute regime are all

connected to &, according to eq 8, the dielectric increment Ae in
the semidilute solution is given by

A&~ n? m fCou? ~ fCy (&) o< C,° (13)

The above-stated dependences of the dielectric increment and
the relaxation time on the polyelectrolyte concentration indi-
cated that the dynamical processes such as ion fluctuations, chain
motions, and the interaction are all influenced by conformation
change of chains with the increase in polyelectrolyte concentra-
tion. The dynamics of the polyelectrolyte solution can be well
described by either Ito’s model or Zimm dynamics model. But
which model is suitable for the present system will still need to be
further verified by experiment. Therefore, in order to distinguish
the intermediate-frequency relaxation mechanism, we will dis-
cuss our experimental results and compare our results with the
above scaling theory.

4. RESULTS AND DISCUSSION

4.1. Dielectric Spectra of PAA-g-PEO-7% Solution of Dif-
ferent Concentrations. Figure 3 shows the dielectric spectra of
PAA-g-PEO-7% and PAA aqueous solutions in a concentration
range from 10 % to about 8.0 mg: mL ! at 25 °C, where panels a,
b, and ¢ show the frequency dependence of the permittivity of
three PAA-g-PEO-7% solutions with three counterions, Na*, K7,
and NH,", respectively. From Figure 3, it can be seen that only
one dielectric relaxation with a wide time distribution for each
concentration can be observed at a frequency range about
from10° to 10° Hz, and the relaxation shifts to higher frequency
range with increasing concentration. Simultaneously, it is also
obvious that the permittivity decreases sharply at a low frequency

766 dx.doi.org/10.1021/jp2102379 |J. Phys. Chem. B 2012, 116, 763-774
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range and the location of the fall shifts to higher frequency with
the increment in concentration. The remarkable falling phenom-
enon is recognized as a behavior caused by electrode polarization.

4.2. Determination of Dielectric Relaxation Parameters. In
order to remove the effect of electrode polarization on the low-
frequency relaxation, the Cole—Cole equation including two (i =
1, 2 for PAA solution) or three (i = 1, 2, 3 for PAA-g-PEO-7%
solutions) Cole—Cole’s terms combined with an electrode
polarization term Aw ™" was employed:*’

Ag;

— & + Ao™"
i 1+ (jCUT,') '

e =g, + (14)

where A¢; (=¢; — &,) refers to the dielectric increment of the ith
relaxation, &; and &, are the low- and high-frequency limits of
permittivity of the ith relaxation, respectively, 7, = 1/27f, (f, is
the characteristic relaxation frequency) is the relaxation time of
the ith relaxation, and f; is the Cole—Cole parameter of the ith

Table 1. Dielectric Parameters of PAA Solutions (pH = 6.0)
with Different Concentrations Obtained by Fitting the Di-
electric Spectra

Cy(mg/mL) B s Ag Agy, Ti/s Tn/s
5 076 075 1872 1715 464 x 107 1.11x 10 ®
2.5 0.80 081 1819 1593 494 x 10 166 x 10 °
1.0 071 089 1935 1129 808x 107 3.53x10°°
0.6 0.60 091 2067 762 992x10°7 430 x 10°°
0.3 065 091 1481 600 119x10°° 711x10°°
0.15 100 059 301 854 670x10°° 720x 107
0.06 100 069 317 378 662x10°° 480x 1077

relaxation (0 < f3; < 1). A and m are adjustable parameters in the
fitting process. i = 1, 2, 3, ... represent the relaxation from low to
high frequency, respectively. In order to describe clearly, we
replaced “1,2, 3” with “I, m, h” to describe the A¢,, 5, and 7;in the
following discussion. After the parameters A and m are deter-
mined by fitting eq 14 to the raw data of real part of permittivity,
the electrode polarization term Aw ™™ can be subtracted from the
raw date and the corrected real part of permittivity can be
obtained.

The measured total dielectric loss /gy contain the con-
tribution due to the dielectric loss &” and the dc conductivity
contribution #;/gyw. Considering the high dc electrical conduc-
tivity of our system, the x;/gow term should not be neglected.
Therefore, the dielectric loss ¢” should be calculated with eq 15,
in which the contribution of dc electrical conductivity was
subtracted.®

& — K —K

(15)

where the stable value of the dc term, k), was directly read out
from the conductivity spectra.

After the effect of electrode polarization and the contribution
of dc electrical conductivity were removed from the real and
imaginary part of permittivity, respectively, the dielectric relaxa-
tion parameters were obtained by simultaneously fitting the
Cole—Cole equation to the corrected real and imaginary part
of the dielectric spectra and are listed in Tables 1 and 2.

As an example of the best-fitting curves by the Cole—Cole
equation, typical results for PAA and PAA-g-PEO-7% aqueous
solutions are shown in Figure 4a,b for two different polyelec-
trolyte solutions at similar concentrations. Figure 4, a and b,

wEy

Table 2. Dielectric Parameters of Different Concentrations of PAA-g-PEO-7% Solutions Obtained by Fitting: (A) K as a
Counterion, pH = 9.0; (B) Na* as a Counterion, pH = 9.0; and (C) NH," as a Counterion, pH = 9.0

Cy(mg/mL) B B B A& Aen Ag, /s T/ Th/s
(A) K" asa Counterion, pH = 9.0
0.1 0.76 0.80 0.70 13.49 7.26 476 112 x 10°° 1.08 x 10°°¢ 451 x10°%
0.2 0.76 0.71 0.59 33.53 14.60 10.17 175 x 107° 153 x 10°¢ 3.82x10°°
0.5 0.81 0.75 0.73 33.89 14.67 9.74 832 x 10°° 3.67 x 107 144 x 10°°
1.0 0.83 0.74 0.58 14.84 8.36 17.38 1.06 x 10°¢ 1.59 x 1077 9.70 x 10~°
2.0 0.80 0.83 0.49 15.59 2.15 33.03 3.64 x 1077 391 x 1078 2.80 x 1077
4.0 0.70 0.75 0.45 3241 8.29 33.28 130 x 10°° 6.56 x 107° 1.10 x 107
8.0 0.70 0.55 0.89 24.41 2829 5.89 7.96 x 1077 3.18 x 10°° 408 x 10710
(B) Na* as a Counterion, pH = 9.0
0.05 0.77 0.84 0.76 13.50 2.96 1.88 128 x 10°° 8.50 x 1077 127 x 1077
0.10 0.73 0.86 0.72 22.98 2.87 3.86 945 x 107° 5.83 x 1077 128 x 1077
0.25 0.73 0.86 0.72 2222 5.29 9.69 458 x 10°° 498 x 1077 8.52 x 10°°
0.5 0.76 0.86 0.74 2291 9.23 13.53 3.64 x 10°° 487 x 1077 4.84 x 1078
1.0 0.76 0.84 0.74 20.96 13.04 17.07 4.80 x 10°° 2.59 x 1077 260 x 10°%
2.0 0.62 0.75 0.80 26.91 11.67 1535 313 x 10°° 127 x 1077 145 x 1078
(C)NH," asa Counterion, pH =9.0
0.10 0.71 0.73 0.69 15.66 3.03 1.79 1.84 x 10° 127 x 10°¢ 249 x 107°
025 0.94 0.71 0.87 14.70 10.63 4.90 743 x 107° 712 x 1077 276 x 10°%
0.5 0.93 0.74 0.81 25.12 11.10 5.97 7.69 x 10°° 584 x 1077 2.85 x 10°°
1.0 0.82 0.88 0.87 27.35 10.12 10.88 3.79 x 10°° 218 x 1077 LIS x 10°°
2.0 0.84 0.86 0.78 19.45 11.08 14.82 1.96 x 10°° 229 x 1077 8.15 x 1077
4.0 0.84 0.86 0.83 2524 11.17 11.15 113 x 10°¢ 730 x 10°° 459 x 1077
8.0 0.84 0.86 0.89 12.08 19.46 9.14 8.34 x 1077 7.30 x 10°° 262 % 10°°
767 dx.doi.org/10.1021/jp2102379 |J. Phys. Chem. B 2012, 116, 763774
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Figure 4. At 25.0 °C, the dielectric permittivity, &, and loss data, £”, of (a) a PAA solution with C;, = 0.6 mg- mL ™" and (b) a PAA-g-PEO-7% solution
with C, = 0.5 mg- mL " as a function of frequency. ® represents the original data, O represents the calculated data. The solid lines are the best-fit curve
with the Cole—Cole equation. The dashed lines are the fitted result for each relaxation.
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Figure S. Dependences of the high-frequency characteristic parameters (a) the dielectric dispersion Aéy, and (b) the relaxation time 73, of PAA-g-PEO-
7% solution with Na*, K¥, and NH," as counterions on the polyelectrolyte concentration C,,.

respectively, shows the frequency dependence of the permittivity
¢ and dielectric loss ¢” of PAA solution (C, = 0.6 mg-mL™ ") and
PAA-g-PEO-7% solution (C, = 0.5 mg-mLfl) with K" as a
counterion at 25 °C. It should be noted that in Figure 4a,b the
permittivity curves indicated by open circles are the processed
data whose electrode polarization effect at low-frequency has
been eliminated from the original data (showed in the solid
circle) by the method in the literature.*® The dielectric loss
curves obtained by eq 15 are also shown in open circles and the
solid lines are the fitting results with the Cole—Cole equation. It
also can be seen from Figure 4 that the maximum of ¢” as a
function of frequency clearly evidences the number of dielectric
dispersions in the frequency range investigated. It is noticeable
that the dielectric spectroscopy of the PAA solution shows two
relaxations (Figure 4a) and the dielectric spectroscopy of PAA-
gPEO-7% solution shows three relaxations (Figure 4b). The
more relaxations can be considered to be in connection with the
grafted PEO.

4.3. Dielectric Relaxation Mechanism of PAA-g-PEO-7%
Solution. 4.3.1. High-Frequency Relaxation. In order to study the
relaxation mechanism, the high-frequency dielectric increment
Ag;, and relaxation time 7, in the presence of three types of
counterions (Na", K*, and NH,"), in Table 2 were plotted as a
function of the PAA-g-PEO-7% concentration C, in Figure 5,
aand b, respectively. Figure Sa shows that the Agj, of PAA-g-PEO-
7% solutions with three types of counterions are all proportional

768

to the concentration in dilute solution and nearly unchanged in
semidilute solution for Na* and K. From Figure Sb, it can be
seen that the values of high-frequency relaxation time 7}, are
mainly in the order T+ > T+ = Tnp,- for the same concentration
in this experiment. If we assume that the observed high-
frequency relaxation should be attributed to the fluctuation of
the free counterions, the relaxation time would be inversely
proportional to the ion diffusion coefficient D;,, according to
egs S and 12. The values of D;,, for Na*, K*,and NH, " are Dy, =
1.334 x 10° em® s™, D, = 1.957 x 107° em®*s™ ', and
Dy, = 1957 X 10~° cm®+s~".*” But when the significant digit
increases, we thought that the values of diffusivity for K" and
NH," are not exactly the same, and consequently the order of
Dion is Dnp,- & Dk > Dy, - According to egs 5 and 12, the order
of the high-frequency relaxation time 7}, should be Ty, > Tx: &
Tnm,- But in the literature,*® the order of relaxation time for the
free ions was reported as follows: T, > T+ > T, Therefore,
we thought that the order of the high-frequency relaxation time
Ty should be Ty, > Ter = T, which is in good agreement with
our experimental result in Figure Sb. This good agreement gives
support to the hypothesis that the high-frequency relaxation
originates from the fluctuation of free counterions.

As can be seen from Figure S, the relaxation time and the
dielectric increment undergo a good scaling behavior with well-
defined scaling exponents in either the dilute or semidilute
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Table 3. Scaling Indices m and n in the Concentration Dependence of the Dielectric Parameters A¢ (Index q) and 7 (Index n) of

PAA-g-PEO-7% Aqueous Solutions

expl values (different counterions)

dielectric parameters polyelectrolyte concn expected values K Na* NH,*
dielectric increment dilute solution 3/5 eq 10, Zimm 0.63 0.69
Ae~ G/ 102
1/3 eq 9, Ito
semidilute solution 0 eq 13, Zimm, Ito —0.07 —0.005 —0.35
relaxation time dilute solution —-2/3 eq 6, Ito —0.73
T~ C -3/5 eq 7, Zimm —0.60
0.084
semidilute solution -3/2 eq 11, Zimm —1.51
-1 eq 12, Ito —0.96
—0.81753
(a) m K (b)
-0.56006 g 57004 o R
1E-6+ 0.01395 .4_4.__0&76
. ’ g0 ; 0.0147
@ ]-023242 © -
S <
34 0.50017
1E-7 4 K .
® Na
A NH]
. oy > 1 T T T
0.1 1 10 0.1 1 10
Cp (mg/ml) Cp (mg/ml)

Figure 6. Dependences of (a) the relaxation time 7,, and (b) the dielectric increment Ag,, of PAA-g-PEO-7% solution on the concentration Cy, for Na*,

K*, and NH,".

solution. The experimental values and those expected on the
basis of the scaling laws eq 6 —13 are collected in Table 3.

In Figure 5a and Table 3, it is obvious that the slopes of curves
for counterions K" and NH," in dilute solution are 0.63 and 0.69,
respectively, beln/g not too far from the values expected from
eq 10, Ag o< . This shows that the scaling of the dielectric
increment in the dilute solution is consistent with the expectation
of Zimm dynamics. On the other hand, in the semidilute
solution, the dielectric increment scales with an index —0.07
for K" and —0.00S for Na", all being consistent with the expected
independence of the polymer concentration Ag o< C (eq 13),
which was derived from the Zimm dynamics and Ito s model.
Therefore, in the whole concentration range, the scaling behavior
of the dielectric increment is in good agreement with the
prediction by Zimm dynamics, suggesting that end-to-end dis-
tance R of the chain in the dilute solution and the correlation
length & in a semidilute solution have effect on the polyelec-
trolyte dynamics.

From Figure 5b and Table 3, we can also see that the relaxation
time in the dilute solution scales with an index —0.60 for PAA-
g PEO-7% solution with Na" as a counterlon, in good agreement
with the prediction by Zimm dynamics 7 o< C,’* (eq 7). In the
semidilute solution, the scaling behavior described by 7 < C, —ist
for the K" is consistent with the expectation of Zimm dynarmcs
T < G, 32 (eq 11). In addition, we observe scaling laws 7 o<
G 073for PAA-g-PEO-7% solution with K™ as a counterion in the
dllute solution, which seems to be not close to eq 6, 7 =< C, 23

(Ito’s model). And the scaling of the relaxation time for Na" can
be described by 7 o< C, ~%% in the semidilute solution, which is a
little far from eq 12, T oc CIf1 (Ito’s model). Compared to Ito’s
model and Zimm dynamics model, we thought that the scaling of
the relaxation time is numerically in reasonable agreement with
the scaling behavior of the Zimm dynamics in the whole
concentration range. This suggested that the dynamic processes
in polyelectrolyte solution depend on the hydrodynamic volume
of the chain R® in the dilute solution and the cubic of the
correlation length &% in the semidilute solution.

Finally, it was proved by the relaxation time of different
counterions that the high-frequency relaxation originates from
the fluctuation of the free counterions. Considering the scaling of
both the dielectric increment and the relaxation time with the
concentration in the dilute and semidilute solution, the scaling
behaviors are numerically more close to that predicted by Zimm
dynamics. It means that the free counterions is fluctuating along
the chain end-to-end distance R as shown in Figure 1 in a dilute
solution, and has the polarization in the correlation length &
range in a semidilute solution, as shown in Figure 2.

4.3.2. Middle-Frequency Relaxation. Figure 6, a and b, shows
the dependences of the relaxation time 7,, and dielectric incre-
ment Ag,, of middle-frequency for PAA-g-PEO-7% solutions
with different counterions (Na*, K, and NH,") on the poly-
electrolyte concentration C,, respectively. It can be seen from
Figure 6a that the order of the middle-frequency relaxation time
Ty for the same concentration is Tnye < Tgs < Typ,+ Which is
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different from that of the high-frequency relaxation time (7n,+ >
T = TNH4+)- Therefore, the middle-frequency relaxation should
not be attributed to the fluctuation of free counterions. From
Figure 6b, it can be seen that the dielectric increment Aeg,, for
the three types of counterions all undergo scaling behaviors with
the C, in the whole concentration range, which indicates that the
relaxation is due to the fluctuation of the condensed counterions,
since the high-frequency relaxation is due to free counterions as
the discussion above in section 4.3.1. In addition, the values of
Ag,, and the change of the mid- frequency dielectric increment
with C, are similar to that reported by Mandel.*’ This suggests
that the mid-frequency relaxation occurring at the frequency
range of 100 kHz to 5 MHz should be attributed to the polariza-
tion caused by the fluctuation of the condensed counterions.>**"

In our results, the relaxation process caused by the fluctuation
of the condensed counterions exits at about megahertz, whereas
this relaxation process ought to appear at around the kilohertz
frequency range according to the reports from Ito et al.*>*" This
difference in relaxation frequency between Ito’s work and ours
may be partly due to the molecular structure of PAA-g-PEO. The
side-chain PEOs divided the main chain PAA into several parts
and the fluctuation of the condensed counterions along the
whole polyelectrolyte chain was restricted in a shorter distance.
As a result, the relaxation frequency shifted from kilohertz to a
higher frequency, megahertz.

From Figure 6a,b, the scaling behavior of the relaxation time
T,, and the dielectric increment Aé,, as a function of concentra-
tion were obtained. As can be seen from Figure 6b, the scaling
behavior of Ag,, can be described by Ag,, o< CPI/2 for Na*, and
the scaling index are 0.42 for K" in dilute solution. Unfortunately,
the scaling value for NH," in the dilute solution was not obtained
from the experiment for lack of data. Unlike dilute solution, in the
semidilute solution, the dielectric increment Ag,, for the three
types of counterions shows the same scaling behavior (Ag,, o<
CPO). In other words, the values of Ag,,, for all the three types of
counterions increase with rising C,, in dilute solution, while the
corresponding values are nearly unchanged in the semidilute
solution, as shown in Figure 6b. With respect to the relaxation
time 7, the scaling behavior of 7,, in dilute solution can be
respectively described by 7, o< Cpfo'37 (for K7), T, o< Clpfo'23
(for Na®), T, o C,~ **° (for NH,") and the value of scaling index
in semidilute solution varies between the three different coun-
terions: —1.23 for K*, —1.00 for Na*, and —0.76 for NH,". The
obtained scaling indexes are different for the three kinds of
counterions, but the change of these scaling index with the concen-
tration C,, has the same tendency in either dilute or semidilute
solution, as can be seen from Figure 6a. This suggests that the
relaxation is due to the condensed counterion. Because it is difficult
to analyze the relaxation caused by the condensed counterion,
which is often covered by electrode polarization effect, the real
scaling laws of the relaxation for the polyelectrolyte solution are not
still determined. Therefore, we cannot compare our experimental
results with the expected scaling laws as the analysis of high-
frequency relaxation. It should be pointed out that the above
obtained scaling index of middle-frequency relaxation may be only
for grafted PAA-g-PEO solution system in our case. Further study is
necessary to determine whether or not the scaling index is suitable
for the other polyelectrolyte or grafted polyelectrolyte.

4.3.3. Low-Frequency Relaxation. With regard to the low-
frequency relaxation, the scaling approach is inapplicable to deter-
mine the relaxation mechanism. In addition, although polyelectrolyte
solution has been extensively investigated by DRS, there has been
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less research on low-frequency relaxation. This is because the
relaxation is often covered by electrode polarization effect and cannot
be observed as stated above. Fortunately, this effect has been
eliminated from the dielectric data in this work in the way described
in the literature™ (see Figure 4b), and the dielectric parameters of the
low-frequency relaxation were obtained as listed in Table 2. The
following discussion was focused on how the relaxation occurs.

It can be seen from Table 2 that the change of dielectric incre-
ment is relevant with ion species. The Ag for PAA-g¢-PEO-7%
solution with Na" as a counterion is constant with rising C, in the
dilute solution, and increases with the rise of C, in the semidilute
solution. But, for PAA-g-PEO-7% solution with K', and NH," as
counterions, the Ag; increase in the dilute solution and decrease in
the semidilute solution. It is also obvious in Table 2 that the
relaxation time 7; is also relevant with ion species. The 7; for PAA-
gPEO-7% solution with K" decreases slowly with rising C,, in the
dilute solution and decreases faster with the rise of C, in the
semidilute solution, whereas for the PAA-g-PEO-7% solution with
Na” and NH,", the relaxation time decreases quickly in the dilute
solution and slowly in the semidilute solution. Therefore, it can be
concluded that the low-frequency relaxation is related to ion species.

From the above discussion, it is clear that, only from the
change of Agj and 77 in Table 2 with the C,, we cannot judge
polarization mechanism. According to the molecular structure of
PAA-g-PEO-7%, ether oxygen atoms in grafted side-chain PEO
which have lone-electron pair have a strong affinity to the elec-
tronic acceptor, that is, the carboxyl carbon of PAA (pH = 9.0, PAA
completely ionization). In addition, the results from light scatter-
ing showed that the hydrogen bonding between carboxylic group
and ether oxygen led to the formation of large complexes among
PAA-g-PEO chains.** The above fact indicated that the large
complex indeed formed through the hydrogen-bonding interac-
tion between the grafted side-chain PEO and the PAA backbone.
In addition, compared to the dielectric spectra of PAA solution, the
number of relaxations for the PAA-g-PEO-7% solution is one more
than that for PAA solution, which shows that the new relaxation for
the PAA-g-PEO-7% solution should be associated with the grafted
side-chain PEO which formed the large complex. On the other
hand, the value of the A¢; for PAA-g-PEO-7% solution with Na®,
K*, and NH," as counterions is about between 10 and 34, which is
greater than the Aég,, (<10). According to our experience, the
dielectric increment of interface polarization is usually big, so we
thought the relaxation mechanism is due to the interface polariza-
tion. Finally, taking the above factors into consideration, we
thought that the low-frequency relaxation can be attributed to
interface polarization between the complex, which can be con-
sidered as a microsphere,®® and the aqueous solution phase.

For the sake of argument, the possible microstructure of PAA-
g-PEO molecule in dilute and semidilute solution is schematically
illustrated in Figure 7. The complex in Figure 7 can be regarded
as spherical particle, and the circular area indicated by broken
lines represents a dispersion composed of the complex particle
and aqueous medium. According to the following Hanai’s equa-
tion (eq 16),>"** the volume fractions of the complex in various
PAA-g-PEO-7% solutions were calculated.

1/3
e — g (e,
b} - 1— 16
%_&QJ ! (16)

where ¢ is the volume fraction of the disperse phase (complex in
this case) and the subscripts a and j denote the continuous
medium and the dispersed particles, respectively.
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Figure 7. Schematic illustration of possible configuration and microstructure of PAA-g-PEO-7% molecules (a) in a dilute solution and (b) in a
semidilute solution. The dots and the balls represent the fixed charges on the chains and the complex, respectively.
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Figure 9. Low-, mid-, and high-frequency dielectric increment (Ag,
A, Agy,) of PAA-g-PEO-7% solutions for three counterion species, K,
Na®, NH,", as a function of temperature T.

The calculated results show that the value of ¢ is about
21.3—29.2% when the concentration of the PAA-g-PEO-7%
solution is between 0.5 and 2 mg-mL™". According to the
literature,”* each PAA molecule grafted around 9.4 PEO mol-
ecules in PAA-g-PEO-7% molecules. In other words, the con-
centration of the complex formed by the side-chain PEO is
greater than the PAA-g-PEO-7% concentration. Therefore, the
large value (21.3—29.2%) of ¢ is reasonable. This result suggests
that the grafted long side-chain PEO is inclined to forming com-
plex with main-chain PAA, not like the charged short side-chain
which can fluctuate or polarize in the field.">"* In conclusion,

we thought that the low-frequency relaxation originates from the
interface polarization effect between the complex and aqueous
solution.

4.4. Dielectric Spectra of PAA-g-PEO-7% Solution at Dif-
ferent Temperatures. Figure 8 shows the dielectric spectra of
PAA-g-PEO-7% solutions with K as a counterion at three
different concentrations, which were measured at a series of
temperatures. The dielectric spectra of PAA-g-PEO-7% solution
with Na* and NH,* are omitted because they are similar to that
of K'. The dielectric parameters, dielectric increment and
relaxation time, for PAA-g-PEO-7% solution with K*, Na*, and
NH," at C, = 0.5 mg-mL ™" were obtained from their dielectric
spectra according to the method described in section 4.2.

For clarity, the dielectric increments (Ag), Ae,,, Agy,) at low-,
mid-, and high-frequency range for three counterions K*, Na”,
and NH," were plotted against measuring temperature T as
shown in Figure 9.

As can be seen from Figure 9, the mid-frequency dielectric
increment A¢,, has a small change with the rise of T, and the low-
and high-frequency dielectric increments Ag and Agy, slightly
decrease with the rising temperature. The change of Ag is
explained as follows. The low-frequency relaxation originates
from interface polarization of the complex, which is formed
through the hydrogen bonding between the carboxylic group of
PAA and ether oxygen on the side-chain PEO. The rise of T can
weaken hydrogen bonding,*® resulting in the decrease of the
complex. Therefore, the Ag; changes with the rising temperature.
For the high frequency, the relaxation mechanism is due to the
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Figure 10. In 7T, In 7,,,T, and In 7, T of PAA-g-PEO-7% solution with
K" as a counterion, at C, =05 mg-mLfl, as a function of 1/T.

fluctuation of free counterions. According to eq 8 (Ae & nu* ~
pr‘uZ), when the polyelectrolyte concentration C;, is fixed, the
fraction f of free counterions increases with the rise of T,>* and so
the decrease of Ag, can be attributed to the fact that the
fluctuation range of free counterions decreases with the rise of
T. From Figure 9, it is obvious that A¢,, was almost independent
of ion species, suggesting that the mid-frequency relaxation
originates from the polarization of condensed counterions. We
can also see from Figure 9 that the Ag, is dependent on ion
species, which implied that the high-frequency relaxation is due
to the fluctuation of free counterions, the same as the result in
section 4.3.1.

The relaxation time obtained from the dielectric spectra
reflects the internal dynamics information of the investigated
system. Considering the relationship of the macro relaxation
time and the relaxation rate constant 7 (=1/k), the Eyring
equation can be expressed as>>

Int =1 h AS+AH (17)
BE=Mer) TR T RT

where h is Planck’s constant and AH and AS are activation
enthalpy and activation entropy of the relaxation process,
respectively. In order to obtain AH and AS, the eq 17 was
deformed to

(18)

According to eq 18, a plot of the function In 7T vs 1/T should
give a straight line in which the slope and the intercept are related
to the enthalpy AH and entropy AS, respectively. The In 7T, In
7T, and In 7, T were plotted as a function of 1/T for all the
concentrations of PAA-g-PEO-7% solutions with different coun-
terion species. Figure 10 gives an example of C, = 0.5 mg'mLfl,
one of the PAA-g-PEO-7% solutions with K* ion. According to
eq 18, the low-, mid-, and high-frequency AH and AS for PAA-
g-PEO-7% solutions with the same C, = 0.5 mg-mL71 but
different counterions and with the same K" ion but different
concentrations were calculated and the results are listed in
Table 4.

Table 4A shows the thermodynamic parameters of the low,
mid, and high frequency of PAA-g-PEO-7% solutions with
different counterions at C, = 0.5 mg-mLfl. As can be seen, all
the entropy AS for different counterions are below 0. It may not
be too pedantic to underline the fact that it is actually the entropy
term that destabilizes the ordered, charged structure. Therefore,

h AS AH
IntT =In|+- ) —— + —
k R RT

Table 4. Thermodynamic Parameters for the PAA-g-PEO-7%
Solutions with (A) the Same C,, = 0.5 mg-mL ™ but Different
Counterions and (B) the Same K* Ion but Different Con-
centrations, Obtained by the Eyring Equation

(A) Same C, = 0.5 mg-mL ™" but Different Counterions

thermodynamic parameters for different

counterions low freq mid freq high freq
AH (kJ-mol ™) K* 2.63 10.09 12.74
Na* 1.06 —503  —3.17
NH,* 9.31 —7.68  —422
AS (J-K '.mol ") K" —120.76 —84.14 —55.87
Na* —127.58 —138.10 —114.68
NH," —10528 —143.00 —110.50

(B) Same K" Ion but Different Concentrations
CP (mg o mLfl) AS] AH] ASm AHm ASh AHh

0.5 —120.76  2627.44 —84.14 10085.66 —55.87 12740.4S
1.0 —124.14 105145 —89.22 7001.86 —78.96 4064.62
2.0 —137.43 —3259.76 —109.13  398.90 —83.96 1582.99

the AS < 0 suggested that the low-, mid-, and high-frequency
processes all undergo the intramolecular conformational transi-
tion of the PAA-g-PEO-7% from the disordered form to the
fundamental ordered conformation. As far as the enthalpy
change is concerned, the results in Table 4A clearly show that
specific effects between the different counterions are not very
small. This is not surprising if one takes into account the
conformations involved in the transition from disordered form
to ordered conformation. In our conditions, there should be the
same electrostatic interactions between the polyelectrolyte and
different counterions, because the PAA-g-PEO-7% solutions with
different counterions have the same pH. Therefore, this differ-
ence of the enthalpy change between the different counterions
can be most reasonably explained in terms of a generalized effect
on the structure of the solvent, brought about by the individual
characteristics of counterions (e.g., hydration, ionic radius) .
Table 4B shows the thermodynamic parameters of the low,
mid, and high frequency of PAA-g-PEO-7% solution with K" ion
at different concentrations (0.5, 1.0, and 2.0 mg-mL ). As can
be seen, the enthalpy change of the three relaxation processes
shows a general tendency to decrease with the rising concentra-
tion for the three concentrations investigated. This can be
explained as follows: with increasing concentration, the blob
size (D in Figure 1) decreases as a consequence of the deforma-
tion of PAA-g-PEO-7% chains, and hence the enthalpy change
decreases.*® This suggested that the energy needed by the low-,
mid-, and high-frequency relaxation processes to overcome the
obstacles decreases with increasing concentration. Considering
that the low-frequency relaxation is due to interface polarization,
the decrease of energy with concentration suggested the complex
becomes smaller due to the conformation change of the macro-
molecule with the rising concentration. For the mid- and high-
frequency relaxation process, the decrease of enthalpy can
be explained as the fluctuations range of the condensed or free
counterions decreases because of the conformation change of
the macromolecule. Table 4B also shows that all the entropy
change AS for the three concentrations investigated are below 0.
Generally speaking, the low-, mid-, and high-frequency processes

dx.doi.org/10.1021/jp2102379 |J. Phys. Chem. B 2012, 116, 763-774



The Journal of Physical Chemistry B

all undergo the conformational change of the PAA-g-PEO-7%
from disordered form to ordered conformation.

5. CONCLUSION

The dielectric behaviors of PAA and PAA-g-PEO-7% in
aqueous solution have been investigated over a frequency range
of 40 Hz to 110 MHz at different concentrations and tempera-
tures. After the contribution of electrode polarization was
successfully subtracted, the dielectric spectra of PAA-g-PEO-
7% solutions showed three relaxation processes in the experi-
mental frequency range, which is one more relaxation than for
the PAA solution. The observed three dielectric relaxations were
strictly analyzed by Cole—Cole function and the dielectric
parameters were obtained.

The three relaxations of PAA-g-PEO solution were discussed
separately by the obtained dielectric parameters. Using different
counterions species, it was proved that the high-frequency
relaxation originates from the fluctuation of free counterions.
In addition, the dependences of characteristic parameters, di-
electric dispersion A¢ and relaxation time 7, on the polyelec-
trolyte concentration C,, were discussed and compared with the
predictions of scaling theories. The results showed that, in the
dilute solution, the scaling of the dielectric increment for K" and
NH," was more consistent with the expectation of Zimm
dynamics Ag o< Cp3/ ® (eq 10). And in the semidilute solution,
the scaling of A¢ for K™ and Na* agrees with the expected
independence of the polymer concentration Ag o< CPO (eq 13).
As for relaxation time, we observed scalin% laws T o< CP70'59 for
Na" in the dilute solution and 7 o< C,~ S for the K* in the
semidilute solution, which were in good agreement with Zimm
dynamics model T o< Cpfz'/5 (eq7) and T o< CP%’/2 (eq 11),
respectively. Considering the scaling of both the dielectric
increment and relaxation time with the concentration Cj, in the
dilute solution and semidilute solution, we thought that the
scaling behaviors are numerically more close to the Zimm
dynamics model. Consequently, it can be concluded that the
high-frequency relaxation was due to free counterions which
fluctuate along the chain end-to-end distance R in dilute solution
and within the correlation length & range in semidilute solution.

For the mid-frequency relaxation, all the scaling indexes of
mid-frequency dielectric parameters (dielectric increment, re-
laxation time) with the PAA-g-PEO-7% solution concentration
C, were also obtained. Using different counterions species, it was
proved that the mid-frequency relaxation was not due to the free
counterions. Considering the scaling of both the dielectric
increment and the relaxation time with the C, in the dilute
solution and semidilute solution, we thought that the mid-
frequency relaxation originated from the fluctuation of con-
densed counterions.

The low-frequency relaxation can be attributed to interface
polarization of the complex, which was formed by side-chain
PEO and main-chain PAA through hydrogen bonding. By
modeling the complex as a microsphere, the volume fraction ¢
of the complex was obtained by the Hanai equation.

In summary, the dynamics information on the counterion
movement and the microstructure of PAA-g-PEO were obtained
by analyzing the dielectric spectra.

By using the Eyring equation, the thermodynamic parameters,
enthalpy change AH and entropy change AS, oflow, mid, and
high frequency were calculated from the relaxation time ob-
tained from the temperature-dependent dielectric spectra of

PAA-g-PEO-7% solutions. In addition, these parameters were
discussed from the microscopic thermodynamical view. It was
concluded that the AH and AS of low, mid, and high frequency
were associated with the conformational transition of PAA-
g PEO-7% with the T or C,. The dielectric studies on the tem-
perature dependence of polyelectrolyte solution behaviors can
provide an effective method to probe the microscopic thermo-
dynamical information.
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