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ABSTRACT: Dielectric relaxation behavior was investigated in the high-frequency range from 1 MHz to 20
GHz, or 6.3× 106 to 1.3 × 1011 rad s-1 in angular frequency (ω), for aqueous solutions of polyelectrolytes,
random copolymers of styrene and sodium styrenesulfonate with a controlled degree of sulfonation (XS), by
varying the concentration (cP) of polyelectrolytes at 25°C. Besides dielectric measurements, the degree of Na+

binding (Fbin) to benzenesulfonate (BS-) groups for the polyelectrolytes in aqueous solution was determined as
a function ofXs. Pronounced dielectric relaxation processes, which had no established assignments, were observed
for ω > 109 rad s-1. A dielectric relaxation mode found at a relaxation time of 0.12 ns irrespective ofcP, with
relaxation strength proportional to the productcPXS, was attributed to the detachment of two to three hydrated
water molecules from BS- groups. Another relaxation at 0.9 ns, with relaxation strength proportional tocPXSFbin,
was assigned to the rotation of BS--Na+ ion pairs with large dipole moments.

Introduction

Dielectric relaxation measurement (DRM) is a very powerful
method for investigating motions of molecules or substituent
groups over a broad time range, on the order of 100-1011 rad
s-1. If these molecules or substituent groups bear electric dipole
moments, DRM provides useful information on the sizes of
dipoles and the time scales of their molecular motions. Thus,
the DRM technique has been widely employed for the study of
polymer dynamics in the bulk state, in blends, and also in
solutions even under dilute conditions.1 The history of dielectric
research on aqueous polyelectrolyte solutions goes back more
than 50 years.1-6 Although DRM is a very useful method to
investigate the dynamics of polyelectrolytes in aqueous solution,
the high electric conductance and the inevitable strong electrode
polarization effects usually encountered in DRMs of such
solutions were crucial problems in obtaining precise experi-
mental data, especially at frequencies lower than 104 rad s-1.5

To overcome the electrode polarization effect, a four-electrode
method based on time domain measurements and employing a
Fourier transform procedure to obtain dielectric spectra as a
function of frequency was proposed in the early 1980s.7

Dielectric spectra over a wide frequency range (up to 107 rad
s-1) for aqueous solutions of some polyelectrolytes, e.g., DNA,8

poly(styrenesulfonate) salts,9,10 and poly(vinylamine) salts,11

have been reported.
On the other end of the frequency range, efforts to measure

the dielectric relaxation behavior of aqueous polymer solutions
at frequencies higher than 1011 rad s-1 succeeded in the mid-
1980s. Subsequently, a time domain reflectometry method has
been successfully developed, besides the usual frequency domain
technique, for measurements at frequencies up to 1011 rad s-1,
by Mashimo et al.,1,12-14 who carried out DRM on several kinds
of aqueous polymer solutions including those of polyelectrolytes
such as DNA,12 poly(glutamic acid),13 and poly(acrylic acid).14

As a result of such endeavors, it has become clear that
counterions dissociated from polyelectrolytes frequently play
significant roles in the dielectric behavior of aqueous solutions
since the time dependent fluctuation of the spatial distribution

of dissociated counterions induces considerable dielectric
relaxation at a frequency corresponding to the motion of the
counterions. Thus, it has been well-known from experiments
and theory that dielectric relaxation spectra for linear polyelec-
trolytes show at least two major relaxation processes irrespective
of the nature of the polymer. Although dielectric relaxation
spectra are highly dependent on the concentration (cP) of a
dissolved polyelectrolyte, low (102-105 rad s-1) and high (106-
108 rad s-1) frequency relaxation processes are clearly recog-
nized at high dilution. The relaxation time and strength of the
low frequency relaxation (LFR) process at infinite dilution
depend strongly on the molecular weight (M) of the examined
polyelectrolyte, whereas those of the high-frequency relaxation
(HFR) process do not depend onM.1-11 These facts indicate
that the origin of the LFR process lies in the slowest mode of
fluctuation of counterions distributed along the long axis or main
chain of the polyelectrolyte,5,6,8-11 whereas higher order har-
monics of the counterion fluctuation along the long axis or
fluctuations perpendicular to the long axis of the polyelectrolyte
cause the HFR process.5,6,15-18 Vaughan et al.19-21 were the first
to provide a detailed theoretical analysis of the contribution of
Coulomb interactions between counterions on the surface of
linear polyelectrolytes to the dielectric behavior of their aqueous
solutions, and they concluded that the magnitude of the
relaxation strength rose rapidly with increasing number of
counterions to a maximum and then decreased, and that the
relaxation frequency increased with increasing interactions
between counterions.

The dielectric relaxation behavior of aqueous polyelectrolyte
systems in the frequency range above 109 rad s-1, i.e., thehyper
high-frequency relaxation(HHFR) process, which includes the
relaxation frequency of the solvent, bulk water, ca. 1.3× 1011

rad s-1 at 25 °C, has not been fully discussed so far. Only a
small number of experimental studies have been reported
because of experimental difficulties.12-14,22-24 In these reports,
HHFR has been assigned to the rotational relaxation modes of
water molecules bound to monomer units of polyelectrolytes
by hydrogen bonds;12-14 the rotational modes of polar side
groups of polyelectrolytes;24 or to the fluctuations in the
counterion distribution perpendicular to the long axis of the* Corresponding author. E-mail: shikata@chem.sci.osaka-u.ac.jp.
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polyelectrolyte as in the HFR process described above.22,23 It
is naturally expected that HHFR contains important information
on the fastest dynamics in aqueous polyelectrolyte solutions on
the order of monomer size scales, which has not been
investigated in detail so far using DRM techniques.

Recently, significant dielectric relaxation was observed in an
aqueous micellar solution of a cationic surfactant, cetyltrim-
ethylammonium bromide (CTAB), at ca. 109 rad s-1. This
relaxation process was assigned to the rotational relaxation mode
of ion pairs formed between a cationic headgroup of CTA+ and
an anionic counterion, Br-.25,26 An aqueous micellar solution
of an anionic surfactant, sodium dodecyl sulfate (SDS), also
showed a strong dielectric relaxation process, as for aqueous
CTAB.27 Moreover, because aqueous solutions of zwitterionic
surfactants such as alkyldimethylammonioacetate, which bears
covalently linked ion pairs on its headgroup, also showed
marked dielectric relaxation behavior in the same frequency
range,∼109 rad s-1,28 it has been confirmed that the presence
of any type of ion pair formed between ionic headgroups and
counterions on the surface of surfactant micelles will lead to
significant dielectric relaxation in aqueous solution. These results
suggest that ion pairs formed between ionic side-chain groups
such as benzenesulfonate, BS-, or sulfonate, SO3-, and coun-
terions like sodium, Na+, in aqueous polyelectrolyte systems
possibly account for the HHFR process observed at frequencies
higher than 109 rad s-1.

In this study, the dielectric relaxation behavior of aqueous
solutions of random copolymers of styrene and sodium styre-
nesulfonate (P(St/NaSS)s) with varying degrees of sulfonation
(XS ) 0.45, 0.74, and 1.0) was investigated over a wide
frequency range, from 6.3× 106 to 1.3× 1011 rad s-1, at 25
°C. The HHFR process observed in these systems was the main
focus of this study. Because the polyelectrolytes used, P(St/
NaSS)s, bore controlled electric charge densities, the influence
of changes in the concentration of ion pairs formed in the system
on dielectric behavior could be precisely evaluated. Finally, the
essential origin of HHFR for polyelectrolytes in aqueous solution
was established.

Experimental Section

Materials. Anionically polymerized polystyrenes used as precur-
sors to P(St/NaSS)s were supplied by Tosoh Corp. Ltd. (Tokyo),
and had number-average molecular weights (Mn) of 9.2× 103 and
3.4× 105 g/mol and polydispersities of 1.04 and 1.07, respectively.
P(St/NaSS)s withXS ) 0.45 and 0.74 were prepared by a partial
sulfonation procedure described by Makowski,29 and P(NaSS),
namely withXS ) 1.0, was obtained by complete sulfonation using
sulfuric acid. The resulting sulfonated polymers obtained in the
acid form were neutralized with aqueous sodium hydroxide, and
were dialyzed against water initially controlled at pH 9.0 with
sodium hydroxide for more than 5 days. Finally, the P(St/NaSS)s
were obtained in powder form via a freeze-drying technique.

Highly deionized water with specific resistance higher than 16
MΩ cm obtained by a Milli-Q system (Japan Millipore, Tokyo)
was used as the solvent for sample preparation. Deuterium oxide
(D2O) and deuterated dimethyl sulfoxide (DMSO-d6) were pur-
chased from Aldrich Chemical Co., Inc. (Milwaukee, WI) and Isotec
Inc. (Cambridge, U.K.), respectively, and were used as solvents
for proton nuclear magnetic resonance (1H NMR) measurements.
Sodium dodecylbenzenesulfonate (SDBS) was purchased from
Wako Pure Chemical Industries, Ltd. (Osaka, Japan) and was used
without further purification.

TheXS values for P(St/NaSS)s were determined by two methods,
elemental analysis and1H NMR measurements on DMSO-d6

solutions of P(St/NaSS)s, and were in good agreement with each
other. The concentrations of P(St/NaSS)s in monomer units (cP)
for sample solutions ranged from 1 to 200 mM.

Methods. Dielectric relaxation measurements were carried out
using two measuring systems. For the frequency (ω) range from
6.28× 106 to 1.88× 1010 rad s-1, a system consisting of an RF
LCR meter (4287A, Agilent Technologies, Palo Alto) equipped with
a homemade electrode cell with a vacant capacitance (C0) of ca.
0.23 pF was used. The temperature of sample liquids was
maintained at 25°C. The electrical capacitance (C) and conductance
(G) for sample liquids as functions ofω were determined using a
parallel coupling equivalent circuit. The real and imaginary parts
of the relative electric permittivity,ε′ and ε′′, were calculated in
the usual way:ε′ ) CC0

-1 and ε′′ ) (G - Gdc)(C0ω)-1, where
Gdc is the dc conductance owing to the presence of ionic components
such as dissociated Na+ ions and other impurities contained in the
sample liquids.

A dielectric material probe system (HP85070B, Hewlett-Packard,
Palo Alto, CA) including a network analyzer (8720ES, Hewlett-
Packard, San Jose, CA), equipped with a coaxial probe cable and
controlled by Hewlett-Packard software was used for theω range
from 3.14× 108 to 1.26× 1011 rad s-1. The temperature of sample
liquids was again kept at 25°C. In this system,ε′ andε′′ as functions
of ω were automatically calculated by the installed program.
Detailed measurement procedures have been described else-
where.25,26

The densities of aqueous solutions of P(St/NaSS)s were measured
using a digital densitometer (DMA5000, Anton Paar, Graz, Austria)
at 25°C to evaluate the average partial molar volume (Vhm) of P(St/
NaSS) monomers in aqueous solution.

Three types of NMR spectrometers, a JEOL (Tokyo) EX-270
and JEOL LA-500 and Varian (Palo Alto, CA) UNITY INOVA
600, with different proton resonance frequencies (270, 500, and
600 MHz, respectively), were used to determine the longitudinal
relaxation time (T1) of the meta-protons of phenyl rings of both
styrene and styrenesulfonate moieties in P(St/NaSS)s dissolved in
water (D2O) at 25 °C. A conventional inversion recovery pulse
sequence was employed.

The concentration of Na+ ions was determined using an Na+

ion-selective electrode (1512A, Horiba, Kyoto, Japan). A homemade
Ag-AgCl electrode, which was inserted into 3.3 M KCl aqueous
solution with a salt bridge of 3% agar containing 1.0 M KCl, was
used as the reference electrode. A potentiometer (pH-meter F-22,
Horiba, Kyoto) was used to measure the potential difference
between the electrodes.

Results

Dielectric Relaxation Behavior. Figure 1 shows typical
dielectric relaxation spectra,ε′ and ε′′ () G(C0ω)-1 -
Gdc(C0ω)-1) as functions of frequency,ω, for an aqueous
solution of a P(NaSS),Mn ) 3.4 × 105, at cP ) 50 mM.
G(C0ω)-1 andGdc(C0ω)-1 data for the solution were also plotted
in the same figure to indicate the contribution ofGdc to ε′′. (The
adoptedGdc value was determined with care, as∆ε′ and∆ε′′
showed consistentω dependence given by eq 3, as will be seen
later in Figure 2, and was very slightly smaller than theG value
determined at the lowestω examined.) This figure also contains
dielectric relaxation spectra for pure (bulk) water,εw′ andεw′′;
it can be seen that the small contribution of ionic impurities
was adequately removed. Solid lines in the figure represent
calculated curves from published30 standard functions forεw′
and εw′′ given by simple Debye-type formulas (eq 1) with
parametersτw ) 8.3 ps,∆εw ) 73.3, andε∞ ) 5.1, which have
been employed as the calibration parameters for the measuring
systems in this study. It is obvious that both the solution and
bulk water have major relaxation processes observed at the
relaxation time (8.3 ps) assigned to the rotational relaxation of
bulk water molecules.

εw′ )
∆εw

1 + ω2τw
2

+ ε∞ εw′′ )
∆εwωτ

1 + ω2τw
2

(1)
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The contribution of bulk water,εw′ and εw′′, and of a solute
polyelectrolyte to the total dielectric spectra,ε′ andε′′, will be
described by the sum of these components. Thus, we simply
assume that eq 2 quantitatively expresses the dielectric spectra
of solute polyelectrolytes,∆ε′ and ∆ε′′, by introducing an
additional parameterΦ (e1), which accounts for the fractional
contribution of bulk water; for pure water,∆ε′ ) ∆ε′′ ) 0 and
Φ ) 1. The value ofΦ is close to 1 in this study because the
concentration of solute polyelectrolytes,cP, is not high.25,26,31

Figure 1 also contains dielectric spectra,∆ε′ and∆ε′′, of the
P(NaSS) obtained assumingΦ ) 0.984 for both the∆ε′ and
the∆ε′′ curves to show smooth diminution to zero aroundω )
1011 rad s-1. These spectra manifest the presence of both HFR
and HHFR processes inω ranges lower and higher than 109

rad s-1 for this aqueous polyelectrolyte.
As shown in Figure 2, the measured∆ε′ and ∆ε′′ curves

containing the HFR and HHFR processes for an aqueous
solution of P(NaSS),Mn ) 3.4 × 105 and XS ) 1.0, clearly

exhibit two major relaxation modes inω ranges near 108 and 3
× 109 rad s-1. The magnitude of the two relaxation strengths
changed systematically with increasingcP. Here, we assumed
that∆ε′ and∆ε′′ could be expressed as the sum of Debye type
relaxation modes as given by eq 3. In many reports1,5,6 of the
dielectric behavior of aqueous polyelectrolyte systems, adjust-
able parameters had to be determined to express the breadth of
the dielectric spectra by fitting the data to semiempirical
dielectric relaxation functions such as the Cole-Cole,32 David-
son-Cole,33 and Havriliak-Negami34 formulas for a∆ε′′ curve
with a single broad peak. However, each∆ε′′ vs ω curve in
our experiments clearly possessed a major peak and an ad-
ditional shoulder as seen in Figure 2. Such an additional shoulder
and multipeak typeω dependence in∆ε′ and ∆ε′′ cannot be
expressed by using a semiempirical relaxation function with a
single relaxation time. Thus, we employed a generalized Debye-
type expression for∆ε′ and ∆ε′′ given by eq 3 for detailed
analysis.

The solid lines in Figure 2 represent the best fit curves for∆ε′
and∆ε′′ for solutions with varyingcP, and it can be seen that
the spectra were successfully deconvoluted into two major
modes through the curve fit procedure via eq 3. A major fast
relaxation mode found aroundω ) 3 × 109 rad s-1, which
could be further decomposed into two relaxations withτ1 )
0.11-0.15 ns andτ2 ) 8.0-10 ns, belonged to the HHFR
process and their strength increased markedly with increasing
cP. This HHFR will be analyzed in detail in this study. The
other major mode consisted of two relaxations atτ3 ) 4.5-9.5
ns andτ4 ) 25-40 ns, whose relaxation times and strengths
decreased slightly with increasingcP, and this mode was
classified as an HFR process. Although the HFR process found
in Figure 2 was reasonably described with curve fit procedures
using certain conventional semiempirical relaxation functions,32-34

the presence of the HHFR process in theω range higher than
109 rad s-1 was beyond doubt regardless of the relaxation
function chosen for the curve fitting.

There exist major dielectric relaxation modes, especially in
dilute solutions, atω ranges lower than those examined in this
study, belonging to the low-frequency relaxation, or LFR,
process. However, in thecP range shown in Figure 2, the
contribution of the LFR process was negligible.

The concentration normalized real part spectra,∆ε′cP
-1 vs

ω, for aqueous solutions of P(NaSS)s,Mn ) 9.2× 103 and 3.4
× 105, are shown in Figure 3, parts a and b, respectively. The
shapes of these spectra were strongly dependent oncP whenω
< 109 rad s-1 (the region of HFR processes for both polyelec-
trolytes). According to leading studies18 focusing on the HFR
process, the HFR process is directly related to fluctuations in
the distribution of counterions electrostatically bound to poly-
electrolytes, controlled by a characteristic time constant and
amplitude, both highly dependent on the average separation
between polymers or constituent segments of polyelectrolytes.
This separation is sometimes called thecorrelation length, and
is governed bycP: the lower the value ofcP, the greater the
average separation between segments. This led to increases in
both relaxation time and strength for HFR with decreasingcP,
as observed whenω was less than 109 rad s-1 in Figures 3a
and 3b.

The overarching trend of the∆εcP
-1 spectra (cP-independent

universal curves) observed forω > 109 rad s-1 in Figure 3,

Figure 1. Dependence of real and imaginary parts of electric
permittivities,ε′ andε′′, on ω for aqueous solution of P(NaSS),Mn )
3.4 × 105 andXS ) 1.0, atcP ) 50 mM and 25°C. Permittivities of
pure water,εw′, εw′′, at 25°C are also shown in the same figure together
with the standard calibration curves (solid lines) given by eq 1. The
contributions of the polyelectrolyte,∆ε′ and ∆ε′′ () G(C0ω)-1 -
Gdc(C0ω)-1), evaluated via eq 2 assumingΦ ) 0.984 are contained in
the figure. The data ofG(C0ω)-1 and Gdc(C0ω)-1 for the system are
also shown as reference.

Figure 2. Dependence of∆ε′ and∆ε′′ on ω for aqueous solutions of
P(NaSS),Mn ) 3.4 × 105 and XS ) 1.0, at variouscP in a double-
logarithmic scale. Solid lines represent the best fit curves calculated
by eq 3 assuming the presence of four Debye type relaxation modes.

ε′ ) ∆ε′ + Φεw′ ε′′ ) ∆ε′′ + Φεw′′ (2)

∆ε′ ) ∑
i)1

n δεi

1 + ω2τi
2

+ ε∞ ∆ε′′ ) ∑
i)1

n δεiωτi

1 + ω2τi
2

(3)

Macromolecules, Vol. 39, No. 4, 2006 Dielectric Behavior of Polyelectrolytes1579

CDV



parts a and b, strongly suggested that relaxation modesi ) 1
and 2 relevant to HHFR were independent of thecP-governed
average separation of segments. The fact that∆εcP

-1 was
independent ofcP in the HHFR process meant that the relaxation
strength,∆ε, specifically,δε1 andδε2, were simply proportional
to cP, in contrast to the behavior of HFR. These findings
suggested that the HHFR process originates in dynamic events
on the order of monomer units in size.

Figure 4 shows the dependence of∆ε on ω for aqueous
solutions of P(St/NaSS)s,Mn ) 3.4 × 105 with varying XS, at
cP ) 50 mM. In this case, the concentration of repeat units,cP,
was kept constant at 50 mM, while the concentration of NaSS
units changed withXS. Because increases in∆ε relevant to
HHFR for ω > 109 rad s-1 with increasingXS were clearly
seen, it is possible thatδε1 andδε2 were not simply proportional
to cP. The changes withXS in the HFR process observed around

ω ) 108 rad s-1 suggested thatδε3 decreased markedly with
increasingXS.

To quantitate the relationship between relaxation times and
strengths vscP for the HHFR process,τ1 andτ2, andδε1cP

-1

andδε2cP
-1, are plotted as functions ofcP (with error bounds

owing to uncertainty in the curve fitting procedure using eq 3)
in Figures 5a and 5b, respectively. Because the curve fit was
carried out by simultaneously fitting both∆ε′ and∆ε′′ data to
calculated curves assuming a set of parameters over theω range
examined, the uncertainty in the fit was estimated to be less
than(15% of determined values. Obviously bothτ1 andτ2 were
independent ofcP andMn as seen in Figure 5(a). Also,δε1cP

-1,
which was roughly proportional to the value ofXS, was
completely independent ofcP and Mn over the whole range
examined. Finally,δε2cP

-1, which seemed to have a slightly
weakerXS dependence thanδε1cP

-1, was also independent of
cP up to 50 mM, beyond which concentration it decreased with
increasingcP irrespective ofMn as seen in Figure 5b. These
results strongly suggested that both the relaxation modesi ) 1
and 2 belonging to the HHFR process resulted from dynamic
events associated with the benzenesulfonate, BS-, groups in
P(St/NaSS)s. Values ofδε1cP

-1 and δε2cP
-1 (cP e 50 mM)

relative to those obtained atXS ) 1.0 ([δε1cP
-1]r and [δε2cP

-1]r)
are summarized in Table 1. Because the overlap concentrations
of both the P(NaSS)s were estimated to be much less than 50
mM,18,35the decrease inδε2cP

-1 observed atcP > 50 mM must
have been related to contacts between monomer units or ion
pairs in the polyelectrolytes.

Figure 3. Dependence of the concentration normalized real part,
∆ε′cP

-1, on ω for aqueous solution of P(NaSS)s,XS ) 1.0, at various
cP with Mn ) 3.4 × 105 (a) and 9.2× 103 (b).

Figure 4. Dependence of∆ε′ and∆ε′′ on ω for aqueous solutions of
P(St/NaSS)s,Mn ) 3.4 × 105 and variousXS, at cP ) 50 mM. Solid
lines represent the best fit curves for spectra calculated via eq 3.

Figure 5. Dependence ofτi (a) andδεicP
-1 (b) (i ) 1, 2) oncP for

aqueous solutions of P(St/NaSS)s,Mn ) 3.4× 105 and variousXS and
Mn ) 9.2 × 103 andXS ) 1.0.

Table 1. Concentration Normalized Dielectric Strength,∆EicP
-1, and

Relative ∆EicP
-1 Values Compared to Those Obtained atXS ) 1.0,

[∆EicP
-1]r (i ) 1 and 2), for P(St/NaSS)S,Mn ) 3.4 × 105, in

Aqueous Solution

XS δε1cP
-1/M-1 [δε1cP

-1/M-1]r δε2cP
-1/M-1 [δε2cP

-1/M-1]r

1.0 31.6( 4.7 1.0 228( 34 1.0
0.74 24.1( 3.6 0.76( 0.11 176( 26 0.77( 0.12
0.45 13.1( 2.0 0.41( 0.06 113( 17 0.50( 0.08
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Parts a-c of Figure 6 show thecP dependence of theΦ values
used to evaluate spectra,∆ε′ and ∆ε′′ vs ω, at eachXS for
aqueous P(St/NaSS) solutions. For aqueous solutions, it has been
known that theΦ value is well described by eq 4

wherec, m, andφ represent the molar concentration of solute,
the number of water molecules tightly bound to the hydrated
solute, and the volume fraction of solute given byφ ) Vhmc,
respectively.31,36 For ionic solutes such as sodiump-toluene-
sulfonate (NapTS), m refers to the total hydration number of
each constituent ion, Na+ or pTS-.37 In this study,c should be
replaced bycP in eq 4 and in the expression forφ. The average
monomeric partial molar volumes,Vhm, were evaluated from the
densities of aqueous P(St/NaSS)s solutions to beVhm ) 125.01
cm3 mol-1 at XS ) 1.0; Vhm ) 115.72 cm3 mol-1 at XS ) 0.74;
andVhm ) 105.92 cm3 mol-1 at XS ) 0.45. The lines drawn in
Figure 6a-c show the calculated curves for various values of
m in eq 4. Them ) 9 line for aqueous P(St/NaSS) atXS ) 1.0
showed reasonable agreement with the data, as seen in Figure
6a. Similarly, the values ofm for XS ) 0.74 and 0.45 were
evaluated to be 7 and 4, respectively, as shown in Figure 6,
parts b and c. The fact thatm was proportional toXS strongly
suggested that all the BS- groups and Na+ ions of P(St/NaSS)s
were completely hydrated by a fixed number of water molecules
irrespective of the degree of dissociation. The value ofm found
for aqueous P(NaSS) atXS ) 1.0 was identical to that for
aqueous sodiump-toluenesulfonate (NapTS).37 Because the

number of water molecules hydrating Na+ was reported to be
5-6, that of water molecules hydrating eachpTS- anion was
calculated to be 2-3 in aqueous NapTS.37 Consequently, in the
case of P(St/NaSS)s in aqueous solution, it was concluded that
2-3 water molecules hydrated each BS- group, as in aqueous
NapTS.

1H NMR Relaxation Behavior. To estimate the time scale
for motions of St and SS- repeat units of P(St/NaSS)s in
aqueous solution, the correlation time (τc) for NMR relaxation
was determined via1H NMR measurements ofT1. According
to the theory proposed by Bloembergen, Purcell, and Pound,38

if a molecule is in isotropic rotational motion and its chief
mechanism of longitudinal relaxation in NMR is the dipole-
dipole interaction between two1H nuclei,T1 can be related to
the correlation timeτc as shown in eq 5 below:

whereγ, h, I, r, and ω are the gyromagnetic ratio, Planck’s
constant, a spin quantum number (1/2 for 1H nuclei), the distance
between two interacting1H nuclei, and the resonance frequency,
respectively. The rotational relaxation time,τ, which has the
same physical meaning as the dielectric relaxation time, is given
by τ ) 3τc.39

The relationship betweenT1
-1 andω for metaprotons of the

St and SS- moieties of P(St/NaSS),Mn ) 3.4× 105 and various
XS, at cP ) 100 mM is shown in Figure 7. The solid lines in
the figure represent the calculatedT1

-1 curves via eq 5 withτ
) 10, 1.0, and 0.1 ns, respectively.

TheT1 data of a P(St/NaSS) withMn ) 3.4× 105 andXS )
0.45 were reproduced reasonably well by eq 5 assumingτ ) 1
ns, while similar data for P(St/NaSS)s withXS ) 0.74 and 1.0
were not so well expressed by eq 5 with only oneτ value. These
findings suggested that the rotational motion of the monomer
units of the P(St/NaSS)s withXS ) 0.74 and 1.0 exhibited more
than two relaxation modes. However, considering the uncertainty
in T1 measurements and for simplicity of discussion, we
concluded thatτ was roughly 1 ns for the monomer units of
the P(St/NaSS)s examined in aqueous solution.

Degree of Na+ Dissociation.The degree of dissociation (Fdis)
of Na+ from P(St/NaSS)s in aqueous solution was calculated

Figure 6. Relationships betweenΦ and cP for aqueous solution of
P(St/NaSS)s,Mn ) 3.4 × 105 and variousXS ) 1.0 (a), 0.74 (b), and
0.45 (c). Lines represent the theoretical prediction via eq 4 with varying
m.

Φ ) 1 - φ

1 + 1
2
φ

+ mc
55.6

(4)

Figure 7. Dependence ofT1
-1 on ω for the meta proton of NaSS units

in D2O solution of P(St/NaSS)s,Mn ) 3.4× 105 and variousXS, at cP

) 100 mM. Solid lines represent the theoretical prediction at someτ
values calculated by use of eq 5.

1
T1

)
γ4h2I(I + 1)

10π2r6 ( τc

1 + ω2τc
2

+
4τc

1 + 4ω2τc
2) (5)
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from the concentration of Na+ determined using an Na+ ion
selective electrode. Figure 8 shows the relationship between the
average fraction of dissociated SS- units relative to the total
number of monomer units,XSFdis, and cP for aqueous P(St/
NaSS)s solutions with varyingXS. Because of pronounced
polyelectrolyte adsorption on the electrode surface, the measured
values ofXSFdis showed marked scattering, especially atXS )
1.0. It is likely thatFdis did not depend strongly oncP. The
XSFdis values obtained from Figure 8 are summarized in Table
2. The XSFdis values agreed reasonably well with published
measurements using different techniques.40

It is worth noting that the measured dependence ofXSFdis on
XS was much less than that predicted by Manning-Oosawa
theory.3,41 Such pronounced deviations from the predictions of
the Manning-Oosawa theory as found in this study have been
also reported for other aqueous P(St/NaSS) systems.42-44

It is well-known that the measurement of dc electric
conductance,Gdc, is another useful method to determineFdis.6,22

The dependence of the conductivity (κdc), calculated fromGdc

determined by dielectric relaxation measurements, oncP for P(St/
NaSS)s with varyingXS in aqueous solution is shown in Figure
9. Becauseκdc is clearly proportional tocP, the slopes of these
lines provide the molar conductivities (Λ) of P(St/NaSS)s in
aqueous solution. The values ofΛ calculated from Figure 9
are summarized in Table 2. For salt-free aqueous polyelectrolyte
solutions,Λ is given empirically as45

whereλc
0 is the ionic equivalent conductivity of counterions in

pure solvent andλp is that of polyelectrolyte ions in solution.
We assumed simply thatλp was independent ofcP,

46 to obtain
the relationshipΛ ∝ XSFdis. Employing the most reliableXSFdis

value from Figure 8, namelyXSFdis ) 0.10 for P(St/NaSS) with
XS ) 0.45, theFdis values for differentXS were calculated from
eq 6 as tabulated in Table 2. The obtainedXSFdis values atXS

) 0.74 and 1.0 from the molar conductivity,Λ, were identical
to those obtained by the Na+ ion selective electrode measure-
ments. These findings implied that the similarFdis values
obtained by the two independent methods were reliable.

Discussion

Mechanisms of the HHFR Process.The near-perfect agree-
ment between [δε1cP

-1]r and XS in Table 1 revealed that the
relaxation strength of thei ) 1 mode was proportional to the
total concentration of both dissociated SS- and undissociated
NaSS units of P(St/NaSS)s in aqueous solution. Moreover,
because each SS- unit was tightly hydrated by 2-3 water
molecules irrespective of the Na+ dissociation, the relaxation
strength of thei ) 1 mode was likely proportional to the
concentration of water molecules hydrating the SS- and NaSS
units of P(St/NaSS)s. On the other hand, the degree of Na+

binding to SS- units of P(St/NaSS)s (Fbin) was easily evaluated
from the expressionFbin ) 1 - Fdis. The average fraction,XSFbin,
of undissociated NaSS units relative to the total number of
monomer units (both St and NaSS) is tabulated in Table 2, as
is the ratio ofXSFbin to that obtained atXS ) 1.0 ([XSFbin]r). A
comparison of [XSFbin]r and [δεicP

-1]r (for i ) 1 and 2) showed
that [XSFbin]r was perfectly identical with [δε2cP

-1]r, whereas
the value of [δε1cP

-1]r at XS ) 0.45 was smaller than that of
[XSFbin]r even when experimental uncertainty was taken into
account. These results suggested that the relaxation strength of
the i ) 2 mode was essentially proportional to the concentration
of undissociated NaSS units, namely of ion pairs formed
between BS- and Na+ of P(St/NaSS)s. Since all the BS- and
Na+ in aqueous P(St/NaSS)s were completely hydrated as
described above, ion pairs formed between them were doubtless
hydrated as well.

As stated above, the relaxation time of molecular motions of
St and NaSS units of these copolymers was calculated fromT1

measurements to be ca. 1 ns, which agreed fairly well with the
value of τ2 () 0.9 ns) determined for thei ) 2 dielectric
relaxation mode. These findings strongly suggested that this
relaxation mode originated in molecular motions of the NaSS
unit. This unit is an ion pair bearing a large dipole moment,
and is responsible for the relaxation strength of thei ) 2 mode

Figure 8. Dependence of,XSFdis, on cP for aqueous solution of P(St/
NaSS)s,Mn ) 3.4× 105 and variousXS, determined by using an Na+

ion selective electrode.

Table 2. Average Fraction of Dissociated SS- Units Relative to the
Total Monomer Units Defined by the Product betweenXS and the

Degree of Na+ Dissociation from the Total NaSS Units,Fdis,
Calculated from the Data of Na+ Ion Concentration and

Conductivity Measurements: FdisXS, Molar Conductivity at 25.0 °C,
Λ, Average Charge Fraction Relative to the Total Monomer Units,
FbinXS, and RelativeXSFbin Values Compared to Those atXS ) 1.0,

[XSFbin]r, for P(St/NaSS)s,Mn ) 3.4 × 105 and Various XS, in
Aqueous Solution

XSFdis

XS electrode conductivity Λ/Scm2 mol-1 XSFbin [XSFbin]r

1.0 0.30 0.30 35.2 0.70 1.0
0.74 0.20 0.24 27.7 0.54 0.77
0.45 0.10 0.10 11.7 0.35 0.50

Λ ) XSFdis(λp + λc
0) (6)

Figure 9. Relationship between the direct current conductivity,κdc,
andcP for aqueous solution of P(St/NaSS)s,Mn ) 3.4× 105 and various
XS.
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involving BS- and Na+ in aqueous solution, because the St unit
bears a dipole moment too small to be observed. The fact that
the relaxation strength of this mode was proportional to the
concentration of undissociated NaSS units also supported the
assertion that the motion of NaSS units was the essential origin
of this mode in aqueous solution.

Poly(glutamate) is a water-soluble polyelectrolyte showing
dielectric relaxation at around 108 to 109 rad s-1, which is
assigned to motions of polar side-chain groups.13,24Fluorescence
anisotropy relaxation measurements revealed that the relaxation
time of side-chain groups lay in the range 5-25 ns for aqueous
solutions of poly(methacrylic acid) labeled with vinylnaphtha-
lene.47 These experiments have demonstrated that relaxation
times of side-chain groups of other polyelectrolyte also range
from 1 to 30 ns in aqueous solution. Thus, thei ) 2 relaxation
mode for aqueous P(St/NaSS)s seemed to occur on a time scale
similar to that of side-chain group relaxations of other poly-
electrolytes.

In contrast, according to the dielectric study of aqueous
NapTS solutions,37 the concentration normalized relaxation
strength of the permanent dipole moment of the dissociated
pTS- anion has been determined to be ca. 30 M-1. Since the
molecular structure ofpTS- is similar to that of the BS- group
of P(St/NaSS)s, the magnitudes of their dielectric strengths
should have been similar. However, the value of 30 M-1 is much
less than the value ofδε2cP

-1(XSFbin)-1, ca. 325 M-1, calculated
from parameters in Tables 1 and 2 for P(St/NaSS)s. Conse-
quently, we concluded that the ion pair formed between BS-

and Na+ was solely responsible for thei ) 2 relaxation mode
with its very high relaxation strength because of the ion pair’s
large dipole moment. At present, the lifetime of the ion pair
between BS- and Na+ has not been known. The conclusion
involves that the lifetime should be longer than theτ2 value,
ca. 0.9 ns.

We now focus on thei ) 1 relaxation mode. Since the
relaxation timeτ1 was much shorter than the relaxation time of
SS- units or BS- groups obtained from theT1 measurements
discussed above, the molecular origin of thei ) 1 mode was
assigned to motions of water molecules hydrating the BS-

groups of P(St/NaSS)s. It is well-known that the rotational
motions of water molecules hydrating dissolved polymers are
highly restricted, and show relaxation times much longer than
that of bulk water, ca. 8.3 ps.1,12,48 After the elapse of the
residence time, hydrated water molecules are detached from their
positions on the BS- groups and pass into the bulk aqueous
phase, where they undergo free rotation. Accordingly, the value
of τ1 should be close to that of the residence time of these

hydrated water molecules. A schematic depiction of the mo-
lecular mechanisms responsible for the relaxation modesi ) 1
and 2 in aqueous solutions of P(St/NaSS)s are shown in Scheme
1.

Dielectric Behavior of Aqueous SDBS Micellar Solution.
It has been known that aqueous micellar solutions of ionic
surfactants show dielectric relaxation attributed to the presence
of ion pairs formed between a surfactant headgroup’s ion and
counterion.25-27 This motivated us to perform an investigation
of the dielectric relaxation behavior of aqueous micellar
solutions of a surfactant molecule which was a model compound
for the monomer units of P(St/NaSS) in order to confirm the
importance of ion pairs and water molecules associated with
BS- groups in aqueous P(St/NaSS). Thus, we investigated the
dielectric relaxation behavior of sodium dodecylbenzene-
sulfonate, SDBS, which is a surfactant model of an NaSS unit
in P(St/NaSS).

The dependence of∆ε′ and∆ε′′ on ω for aqueous SDBS at
various concentrations (cD) is shown in Figure 10. The solid
lines in this figure represent the best fit curves calculated with
eq 3 assuming three Debye-type functions with relaxation
times: τ1 ) 0.18 ns,τ2 ) 0.80 ns andτ3 ) 10-13 ns. Because
the critical micelle concentration of SDBS is reported to be about
2.5 mM,49 all solutions examined contained spherical micelles,
and definitely formed BS--Na+ ion pairs. The relaxation times
of the three modes for SDBS had littlecD dependence and the
concentration normalized relaxation strengths (δεicD

-1) of i )
1 and 3 were also independent ofcD. However, δε2cD

-1

decreased slightly with increasingcD at cD > 100 mM as was
observed for aqueous P(NaSS) (Figure 5b). It is likely that
frequent contact between micellar surfaces at highcD reduced
δε2cD

-1 slightly.

Comparing the dielectric relaxation behavior of aqueous
SDBS with that of other surfactant micellar systems,25-27 it
could be ascertained that thei ) 2 relaxation mode was caused
by ion pairs and that the slowest relaxation modes,i ) 3, were
attributed to fluctuations in the counterion distribution around
the spherical micelles. However, the fastest relaxation mode (i
) 1) was not observed in aqueous solutions of a cationic
surfactant, CTAB, because of reduced hydration of CTA+

headgroups.26 Fernandez et al. investigated the dielectric
behavior of aqueous SDS micelles and found that the relaxation
attributed to the surfactants’ water molecules of hydration
occurred at ca. 0.10 ns.27 Therefore, thei ) 1 relaxation mode
observed in aqueous SDBS in this study was also attributed to
water molecules hydrating the BS- groups. The number of water

Scheme 1. Schematic Depictions for Molecular Motions in
Relaxation Modesi ) 1 and 2 Belonging to theHyper High

Frequency Relaxation, HHFR, Process of P(St/NaSS) in Aqueous
Solution

Figure 10. Dependence of∆ε′ and∆ε′′ on ω for aqueous solution of
SDBS at various concentration,cD. Solid lines represent the best fit
curves for the∆ε′ and∆ε′′ spectra calculated via eq 3 assuming the
presence of three Debye type relaxation modes.
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molecules associated with a BS- group of SDBS in aqueous
solution calculated from the data ofm andΦ was 2-3 as for
aqueous P(St/NaSS).

In these SDBS solutions, it was determined thatδε1cD
-1 ≈

25 M-1 andδε2cD
-1 ≈ 230 M-1 (cD e 50 mM), and the degree

of Na+ dissociation of SDBS was evaluated to be ca. 0.30. These
values were similar to those of aqueous P(NaSS) (XS ) 1.0),
for which XSFdis ) 0.30 as listed in Table 1. Furthermore, the
relaxation times of the modes of aqueous SDBS were also close
to those of aqueous P(St/NaSS). These findings strongly
suggested that the origin of thei ) 1 and 2 relaxation modes in
the aqueous SDBS system had the same mechanisms as in the
P(St/NaSS) solution. Finally, we concluded again that thei )
1 and 2 relaxation modes involved in the HHFR process for
aqueous P(St/NaSS) were attributable to the detachment of water
molecules hydrating the BS- groups of P(St/NaSS), and to the
rotation of BS--Na+ ion pairs, respectively.

Conclusions

The dielectric relaxation behavior at high frequencies (from
6.3 × 106 to 1.3 × 1011 rad s-1) of aqueous solutions of
polyelectrolytes with controlled charge density revealed two very
fast molecular events, in addition to low and high-frequency
relaxation processes, on the order of a monomer unit and solvent
in size, and which have not been addressed much hitherto.
Irrespective of the polyelectrolyte species studied, low and high-
frequency relaxation processes were observed from 102 to 105

and from 106 to 108 rad s-1, respectively. The first depended
on the molar mass of the polyelectrolyte, whereas the second
did not. The polyelectrolytes used in this study were random
copolymers of styrene and sodium styrenesulfonate with varying
degrees of sulfonation. The newly found ultrafast relaxation
modes were classified with hyper high-frequency relaxation
processes. These modes had relaxation times of 0.12 and 0.90
ns, irrespective ofcP, and were attributed to the detachment of
hydrated water molecules from benzenesulfonate groups and
to the rotation of ion pairs with large dipole moments composed
of benzenesulfonate and sodium ions, respectively.
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