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1. INTRODUCTION

Counterion binding to polyion systems is of fundamental
importance in various fields of science and has long been studied
from both theoretical and practical points of view. Among
counterion�polyion systems investigated, metal ion binding to
polyions with strong acidic groups, such as sulfate and sulfonate
groups, is believed to be primarily due to an electrostatic effect;1�6

counterions are concentrated around the polymer skeleton so as
to reduce the electrorepulsive force among the fixed negative
charges on the polymer backbone. Applicability of the concept to
the analyses of complexation equilibria of weak acidic polyions
has fully been documented by Miyajima and co-workers.7�10

Since the “polyelectrolyte effect” results from the accumulation
of the electrostatic effect attributable to individual monomeric
ionic groups, which constitute the polymer molecules, it is of
interest to study how the ion properties are dependent on the
charge density of the polyion.

The following two factors are indispensable to the quantitative
evaluation of the electrostatic effect in the counterion binding
equilibria of linear polyelectrolytes:11�15 (1) an ionic strength
dependence of the counterion binding equilibria.; (2) a linear
polyelectrolyte charge density dependence of the counterion
binding equilibria. There is a possibility that the surface charge

density of the polyion domain in a counterion�polyion system
varies depending on the ionic strength, and the linear charge
density of a polyion has a profound influence on the “polyelec-
trolyte effect”.16 However, so far systematic and experimental
studies on the dependence of the polyelectrolyte effect of strong
acidic polyions on these two factors have been scarce,17,18 since
the ionic groups of strong acidic polyions dissociate almost
completely and the linear charge density of strong acidic polyions
cannot be changed by the control of any solution conditions
(e.g., the pH and temperature of solutions).

Dextran sulfate sodium salt(NaDxS) is a polyanionic deriva-
tive of dextran, and the pH of an aqueous solution almost lies
between 4 and 7. It is prepared by sulfating a selected fraction of
dextran with a normal mean molecular weight greater than
20 000 by purification. Each glucose unit in the dextran chain
is able to have maximum three sulfate groups, located at C2, C4,
and C3 of the glucose units (Figure S1, Supporting Information);
thus, a degree of substitution, DS, that is the average number of
sulfate substitution on the glucose unit in the dextran chain can
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ABSTRACT: Research on the counterion binding equilibria of the linear
polyelectrolytes with anionic groups, i.e., calboxyl, sulfate, or phosphate
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linear charge distance of the negative charge fixed on the strong acidic polyion skeletons. The polyelectrolyte phase volume per fixed
ionic group on a polyelectrolyte skeleton, Vp/np, which was estimated by the application of the two-phase model showed a
nonmonotonic change against the average linear charge distance, 1/b. The Vp/np increased drastically in 0 < 1/b < 0.2 Å�1 and
showed the local maximum at 1/b = ca. 0.25 Å�1. The obtained findings are expected to provide important information for the
molecular design of functional polyions of various shapes.
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vary from 0 to 3. NaDxS is a potent polyanion and as such will
interact with cations or polycations, and it is applied to the field
of the anticoagulant,19 acceleration of hybridization rates of
DNA fragments,20�22 lipoprotein remover,23,24 protein stabili-
zer, and so on.25�30 However, most of the studies on the counter-
ion binding equilibria ofDxS� polyion2�6 have been carried out by
use of a commercially available sample from Pharmacia (Sweden)
whoseDS is roughly estimated to be 2, and quite a few studies on
the effect of the DS on the binding equilibria have been reported.18

In this work, the polyelectrolyte effect due to purely electro-
static interaction between the fixed charges on the polymer
surface and monovalent (Naþ) and divalent (Ca2þ) ions has
been evaluated by use of several NaDxS samples of various DS
that have been newly synthesized, and the ionic strength
dependence of the divalent ion binding behavior of these NaDxS
samples with different linear charge densities was examined in
order to investigate the transition from neutral polymer to acidic
polyions. Two different aspects have been examined: the first is
Naþ ion binding to DxS� polyions in the absence of a supporting
electrolyte, i.e., the simple Naþ/DxS� system, and the second is
divalent metal ion equilibria in the presence of an excess of a
supporting electrolyte, i.e., the Ca2þ/DxS�/Naþ(excess) sys-
tem. These aspects have been explained by not only thermo-
dynamic measurements of the activities or the concentrations of
the counterions but also 23Na NMR measurements in order to
get direct and microscopic information on the bound states of
Naþ ions around the DxS skeletons. The thermodynamic and
NMR data thus obtained have been compared with those
predicted by Manning;16 i.e., the correlation between the poly-
electrolyte effect and the average linear charge distance between
the negative charges fixed on the strong-acid polyions, b (Å), has
been investigated.

2. EXPERIMENTAL METHODS

2.1. Naþ Ion Activity (aNa) Measurement of NaDxS. Chemi-
cals. Sodium dextran sulfate (NaDxS) of differentDS values (DS = 0.29,
0.67, 1.14, 1.74, 2.16, and 2.54) were kindly offered by Ph.D. A. Koide of
Meito Sangyo (Nagoya, Japan). The DS values of each NaDxS sample
were determined from the element molar ratios of carbon to sulfur
obtained from elementary analysis. The averagemolecular weights of the
samples are estimated to be about 20 000 by capillary viscometry in a
thermostated water bath at 25.0 ( 0.1 �C.31 Stock solutions of the
aqueous solutions of NaDxS have been standardized by an acid�base
titration with a standard CO2-free NaOH solution, which purchased
fromMerck, after converting NaDxS into an acidic form by use of a Hþ-
form cation exchanger (Dowex 50W � 4) column. Stock solution of
NaCl used to calibrate a Naþ ion selective electrode has been prepared
by dissolving analytical grade NaCl purchased from Merck by distilled
water, and its molality was determined accurately by gravimetry.
aNa Measurement by Use of Naþ Ion Selective Glass Electrode. A

Naþ ion selective glass electrode (Horiba 1512A) and a single-junction
reference electrode (Horiba 2010A) were connected to a Horiba N-5
ionalizer to determine the Naþ ion activity, aNa, of NaDxS aqueous
solutions. The glass electrode gives the electromotive force, E, of the
electrochemical cell which can be expressed by a Nernstian equation as
follows:

E ¼ E0 þ g log aNa þ Ej ð1Þ

where E0 and Ej indicate a standard electrochemical potential and a
liquid-junction potential, respectively, and g stands for the Nernstian
slope. The Ej is estimated to be unvaried during the measurement,32 and

E0 and g have been determined by calibration procedures by use of NaCl
solutions of known concentrations, which were carried out just before
and after the measurement of the Naþ�DxS� mixture solutions. The g
values thus determined were 58.5 ( 0.5 mV, being quite close to the
theoretical value for univalent ion, 59.15 mV at 25 �C. The pH of the
sample solutions and the standard solutions were between 6 and 7,
which ensures the negligible interference of hydronium ion on the
potential of the Naþ ion selective glass electrode. All the measurement
procedures were carried out at 25.0 ( 0.5 �C.
2.2. 23Na NMR Measurements. 23Na NMR spectra of

Naþ�DxS� mixture solutions were recorded on a JEOL JNM-GX-
400 (9.39 T) superconducting FT-NMR spectrometer with a 10 mm
tunable broad-band probe and performed at 105.864 MHz. A data
acquisition time of resonances was 2 s, the free induction decay of
resonances was collected in 105 000 points, and sweep widths were
20 000 Hz, so the digital resolution in the frequency dimension was
0.38 Hz (0.0036 ppm). The Lorentzian line-broadening factor of 1.5 Hz
was applied to the total free induction decay prior to Fourier transfor-
mation. The NMR chemical shifts were recorded against an external
standard of 1.0 mol dm�3 NaCl in 10% D2O.

23Na NMR spectra of
3 cm3 portions of 0.005, 0.01, or 0.05 equiv dm�3 NaDxS in 10% D2O
were recorded with nondecoupling of 1H at 25.0 ( 1.0 �C. The 23Na
spin�spin relaxation times, T2, were measured with the CPMG pulse
sequence, 90�x�τ�[180�y�τ�echo�τ]n, as a function of pulse spacing
τ.33�35 In T2 dispersion experiments, the pulse spacing τ of the CPMG
sequence was varied between 12 and 5000 μs over 20 values, equally
spaced on a logarithmic scale. The number of echoes, n, was chosen for
each τ to ensure that a stable baseline was reached after the signal had
decayed. Scans of 16 times were recorded for each τ by applying a 5 s
recycle delay between sequences to avoid saturation and using phase
cycling to improve the signal-to-noise ratio. The spinner was turned off
to avoid any macroscopic motion. The obtained CPMG echo envelopes
were fitted to an exponential function with a nonlinear least-squares
curve-fitting method.
2.3.Measurements of the Free Concentrations of Ca2þ Ion

of the CaCl2/NaDxS/NaCl Mixture Solutions. Chemicals. A
stock solution of calcium chloride was prepared by dissolving analytical
grade calcium chloride hexahydrate, CaCl2 3 6H2O, purchased from
Merck, and was standardized by the Mohr method (Cl� content) and
by a volumetric titration with EDTA (Ca2þ content) using Eriochrome
Black T as an indicator. The details of the other chemicals used in this
experiment have already been mentioned above.

Determination of Free Calcium Ion Concentration in the Ca2þ�
DxS� Mixture Solutions. Free Ca2þ concentrations of the CaCl2/
NaDxS/NaCl systems have been determined potentiometrically by
use of a membrane-type Ca2þ ion selective electrode (Orion 93-20)
and a single junction type reference electrode (Orion 90-01), both
connected to an ionalizer (Orion 720A). All measurements were carried
out at 25.0( 0.5 �C, keeping the ionic strength, I, constant at 0.01, 0.02,
0.05, 0.10, or 0.20 by NaCl. 20 cm3 portions of 0.01 equiv dm�3 NaDxS
þ I mol dm�3 NaCl were titrated stepwise by a solution of 0.01 mol
dm�3 CaCl2 þ I mol dm�3 NaCl, and the stable EMF were measured.
All the titration procedures were carried out with an automatic piston
buret APB-510 purchased from Kyoto Electronics Manufacturing
(Kyoto, Japan) which controlled by a personal computer. The EMF of
the electrochemical cell can be expressed by the following equation:

E ¼ E0
0 þ g log½Ca2þ� ð2Þ

where E00 indicates a standard electrochemical potential of an electro-
chemical cell and g stands for the Nernstian slope. Before and after the
titration procedures of the sample solutions, E00 and g were determined
by the calibrating titration. 20 cm3 portions of I mol dm�3 NaCl were
titrated stepwise by the solution of 0.01 mol dm�3 CaCl2þ Imol dm�3

NaCl, and the stable EMFwasmeasured. The g values were 27.0( 1.0mV,
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being quite close to the theoretical value. Before and after the titration
procedures, the pH of the sample solutions was measured to be between
4 and 6, which ensures that all the sulfate groups of DxS� were
dissociated completely.

3. RESULTS AND DISCUSSION

3.1. Naþ Ion Binding to DxS� Polyions in the Absence of
Supporting Electrolyte. Single ion activity coefficients of Naþ

ions of Naþ�DxS� aqueous solutions, γNa, can usually be
expressed by the following equation:32,36,37

γNa ¼
aNa
½Naþ� ð3Þ

where aNa and [Naþ] indicate the activity measured potentio-
metrically and the free Naþ ion concentration in the sample
solutions, respectively. Since the nature of the binding of Naþ

ions to DxS� polyions is not covalent site binding but purely
electrostatic territorial binding, the [Naþ] term in eq 3 can be
replaced by the total Naþ ion concentration of the NaDxS
aqueous solutions, CNa. The γNa values thus calculated by the
following equation are plotted against log CNa as shown in
Figure 1A.

γNa ¼
aNa
CNa

ð4Þ

It is noteworthy for all the NaDxS samples of different DS that
the γNa remain constant irrespective of the change in log CNa,
implying that the γNa do not approach unity with dilution of the
NaDxS aqueous solutions. The similar experimental results have
previously been obtained,18 and this behavior characteristic to
the polyelectrolytic nature of the DxS� polyion can be explained
as follows. As the Naþ�polyion solution is diluted, dissociation
of Naþ ions as counterions is anticipated, whereas this dissocia-
tion of Naþ ions from the surface of the polyion molecule, on the
other hand, increases the overall negative charge density at the
polyion surface. These compensating two factors give the almost
constant effective surface charge density of the Naþ�DxS�

system. The (1� γNa) indicates the fractions of the “bound”
Naþ ions trapped electrostatically around the polyion skeleton;
the values are just dependent on the linear charge density of
polyions; i.e., the γNa can be correlated to the average linear
charge distance of polyions, b (Å). The linear charge density of a
polyion, 1/b (Å�1), can be estimated as follows:

1
b
¼ DS

d
ð5Þ

where d (Å) indicates the average repeating unit distance of a
polyion; in this work, the repeating unit is each glucose ring in a
dextran chain, and thus the d is estimated to be 5 Å. The γNa
values determined by the present study have been plotted in
Figure 1B against the 1/b values. It is obvious that the γNa is only
dependent on the 1/b of the polyions. The γNa decreases with an
increase in 1/b, showing that the magnitude of the electrostatic
interaction between Naþ ions and DxS� polyions increases with
an increase in the linear charge density of the polyions.
More microscopic information on the Naþ ion binding to

DxS� can be obtained by a 23Na NMRmeasurement.38�41 Repre-
sentative 23Na NMR spectra obtained in the present study are
shown in Figure S2 (Supporting Information). The line widths of
the spectra obtained by measuring NaDxS solution are obviously
much larger than that obtained with a NaCl aqueous solution of
the same concentration. In recent years, Satoh et al. have
investigated the counterion binding in Na poly(acrylate) gel by
23Na NMR and have found out that the ion-pair formations
(counterion binding) between strong acidic polyion gel and Naþ

ions as counterions brought about a downfield shift and an
increase of the line width of the Naþ nucleus.42 They have
referred to two main contributions for the increase of the line
width: the mobility of the ion and the symmetry of the
surrounding electric field, both of which enlarge the line width
when they decrease.
Since the spin quantum number, Is, of

23Na nuclei is 3/2, the
quadrupolar effect is dominant in the transverse relaxation
mechanism of 23Na nuclei. The quadrupole transverse relaxation
rate, R2Q, of a quadrupolar nucleus with spin Is situated in a
molecule with an isotropic correlation time, τc, and in the
extreme narrowing region is

R2 � R2Q ¼ 3ð2Is þ 3Þ
40Is2ð2Is � 1Þ 1þ η2

3

 !
e2qQ
h

 !2

τc ð6Þ

where Q is the quadrupole moment of the nucleus, q is the
electric field gradient around the nucleus, η is the asymmetric
parameter of the electric field gradient, and e and h are electronic
charge and Planck’s constant, respectively.43 In an aqueous
solution, the movement of the molecules reduces the distant

Figure 1. (A) Effect of the total concentration on the activity coeffi-
cients of Naþ ions in the NaDxS aqueous solutions. DS: (b) 2.54; (9)
2.16; (2) 1.74; (() 1.14; (�) 0.67; (þ) 0.29. (B) Relationships of the
activity coefficients of Naþ ions in the NaDxS aqueous solutions and the
linear charge densities of DxS� polyions. CNa: (O) 1.22 � 10�3 mol
dm�3; (0) 1.92 � 10�3 mol dm�3; (4) 3.05 � 10�3 mol dm�3; (])
5.56� 10�3 mol dm�3; (3) 1.00� 10�2 mol dm�3; (�) 1.67� 10�2

mol dm�3; (þ) 2.50 � 10�2 mol dm�3.
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effects to 0, and the electric field gradient arises quite locally
around the nucleus. Since the R2Q is determined mainly by the
electric field gradient around the nucleus, the R2 of

23Na NMR
resonance increases depending on the increase of the electric
field gradient where 23Na nuclei are placed. The R2 and the
chemical shifts, δNa, of the obtained 23Na NMR resonances
are plotted against 1/b in Figure 2 in order to compare with
the relationship between the single ion activity coefficient and the
1/b as shown in Figure 1B. As expected, the R2 increases and the
δNa shows an upfield shift with an increase in the 1/b in accord
with the thermodynamic results, reflecting the Naþ ion binding
to the DxS� surface, whereas one striking different feature
between these 23Na NMR measurements and the thermody-
namic results is observed in the region 0 < 1/b < 0.2; i.e., the R2
and the δNa remain unvaried between this region even though
the γNa tends to decrease with an increase in the linear charge
density of the DxS� polyions. This experimental evidence clearly
indicates the difference in the nature of the Naþ ion bindings to
polyions between the two regions, i.e., 0 < 1/b < 0.2 and 0.2 < 1/b.
Recently, Scheler, Stilbs, and Jeschke referred that the new

experimental techniques of NMR and EPR,44 i.e., PFG-NMR,45

eNMR, and ENDOR, were useful for the direct observation of
the counterion condensation on polyions and the nanoscale
binding properties of the charge carriers on conducting polymers
in their reviews.46�48 The electrophoretic mobility and quanti-
ties derived from it are of considerable interest in polyelectrolyte
chemistry because the electrostatic interaction is often the
dominant interaction in counterion�polyion systems; thus, the
eNMR (electrophoretic NMR) is very suitable for the direct
observations of counterion binding properties to polyions, ionic
characters of polyions and counterions, and chemical exchanges
between free and condensed counterions. Scheler et al. and Paul
et al. have determined the kinetic mobilities of poly(styrene-
sulfonate) and tetramethylammonium counterions in micellar
solutions49,50 with an eNMR. Furthermore, Grass et al. have
estimated the effective charge in dependence of the degree of
polymerization, D, of polyelectrolytes with an eNMR and have
found out that the effective charge for long-chain polyelectrolytes
(D>10) is in good agreementwithManning’s prediction as follows.51

According to Manning’s ion-condensation theory,52 a dimen-
sionless structural parameter, ξ, is defined for a polyion as

follows:

ξ ¼ e2

εbkT
ð7Þ

where ε, k, and T indicate the dielectric constant of the solvent,
Boltzmann’s constant, and the thermodynamic temperature of
the solution, respectively. At 25 �C in an aqueous solution, ξ is
expressed as 7.14/b and the condensation of ANþ ion to the
polyion surface is observed when ξ > 1/N. In the case of
monovalent cations, i.e., N = 1, condensation is expect when
ξ > 1, namely, 1/b > 0.14. This transition point that is predicted
by Manning found in the present 23Na NMR measurements
indicates that the ion-condensation theory can be applied to the
Naþ�DxS� binding.
3.2. Divalent Metal Ion Binding to Polyions in the Pre-

sence of Excess Uniunivalent Supporting Electrolyte. In
order to express the degree of binding to polyions, binding
isotherms have been obtained at different concentrations of
NaCl as supporting electrolyte. Representative binding iso-
therms, i.e., the plots of θCa vs log[Ca

2þ], obtained for DxS�

(DS = 0.29, 1.14, and 2.16) polyion are shown in Figure 3A. The
average number of bound Ca2þ ions, θCa, per fixed ionic group of
polyions, can be calculated as follows:

θCa ¼ CCa � ½Ca2þ�
Cp

ð8Þ

where CCa and Cp indicate total concentrations of Ca
2þ ions and

fixed ionic groups on the polyions, respectively. Enlightening in
Figure 3A is the parallel relationship of the binding isotherms
obtained at different supporting electrolyte concentrations. The
increase in NaCl concentration suppress the binding of Ca2þ ion
to the polyions due to the electrostatic shielding of Naþ ion on
the polyion surface, which causes a shift of the binding isotherms
to the right-hand side. In order to examine this effect quantita-
tively, the θCa are replotted against log[Ca2þ]�2 log[Naþ] as
shown in Figure 3B. The convergence of the binding isotherms
to respective single curves implies that at a certain θCa, thus the
[Ca2þ]/[Naþ]2 quotient terms that can be derived from log-
[Ca2þ]�2 log[Naþ] are closely related to θCa. It has previously
been pointed out this relationship is commonly observed for any
combinations of metal ions, supporting electrolytes, and highly
charged linear polyions, and can be explained by assuming ion-
exchange equilibria of counterions between a polyelectrolyte
phase formed around the polymer skeleton and the bulk solution
phase.1 A selectivity coefficient, Kex, to express the ion-exchange
equilibrium reaction

2ðNaþÞp þ Ca2þ h 2Naþ þ ðCa2þÞp ð9Þ
can be expressed as

Kex ¼ ½Ca2þ�p½Naþ�2
½Ca2þ�½Naþ�2p

ð10Þ

where “p” indicates the polyelectrolyte phase. Since the Kex value
and the ratio [Ca2þ]p/[Na

þ]p
2 can be regarded constant at a

specified θCa, the constancy of the [Ca
2þ]/[Naþ]2 term can be

rationalized by the ion-exchange model.
For example, in the Donnan approach,53�60 a polyion is

considered to behave as an electrically neutral polyelectrolyte
phase having a particular volume throughout which there is a
uniform averaged electrostatic potential known as the Donnan

Figure 2. Dependence of the 23Na NMR chemical shifts and the
transverse relaxation rates of Naþ ions in the NaDxS aqueous solutiuons
on the linear charge densities of DxS� polyions. Open symbols, 23Na
NMR chemical shifts; filled symbols, transverse relaxation rates. Con-
centrations of NaDxS: (O, b) 0.005 equiv dm�3; (0, 9) 0.01 equiv
dm�3; (Δ, 2) 0.05 equiv dm�3.
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potential. In this work, it is of special to evaluate the polyelec-
trolyte phase volume of such a water-soluble polyion system by use
of these binding data. In order tomake possible the computation of
the Vp value, an intrinsic binding constant, KCa

0 , is defined by the
following equation for respective experimental condition:

K0
Ca ¼ lim

θCasf0

θCa
½Ca2þ� ð11Þ

The plots of θCa/[Ca
2þ] vs θCa to determine the extrapolated

value ofKCa
0 are the well-known Scatchard plots;61�66 in this work,

the logKCa
0 has been determined by extrapolating to θCa = 0 of the

log(θCa/[Ca
2þ]) versus θCa plots as shown in Figure 4, and all the

values are listed in Table 1. The log KCa
0 thus obtained are plotted

against the linear charge density of the DxS� polyion, 1/b, as

shown in Figure S3 (Supporting Information), in order to confirm
whether the transition can be observed in the divalent cation
binding to DxS� polyions in the presence of excess supporting
electrolyte, as has been discussed in the 23NaNMRmeasurements.
It is obvious from these plots that the log KCa

0 decreases with a
decrease in the linear charge density; however, after at a certain
point, i.e., 1/b = ca. 0.25 Å�1, the decrease in the logKCa

0 cannot be
observed in spite of the decrease in the 1/b. Note that no transition
has been observed in the single activity measurement of Naþ ions
in the Naþ�DxS� system, whereas the transition has clearly been
observed in the divalent metal ion binding equilibria in the
presence of an excess supporting electrolyte, i.e., the ion-exchange
system. In order to express this ion-exchange nature of the divalent
metal ion binding to the DxS� polyions, the log KCa

0 are plotted
against the log [Naþ] as shown in Figure 5; the plots give straight
lines for respective theDxS� polyions, whose slopes are quite close
to “�2”. According to the “two-phase model” as representative of
the ion-exchange model, the following equation can be applied.1

ðaCaÞp
aCa

¼ ðaNaÞp
aNa

( )2

ð12Þ

Since the driving force for Ca2þ ion binding to DxS� polyions is
purely electrostatic, the activities of Ca2þ and Naþ ions in the
polyion domain, (aCa)p and (aNa)p, can be expressed as follows:

ðaCaÞp ¼ ðγCaÞp½Ca2þ�p ¼ ðγCaÞpθCa
np
Vp

ð13Þ

ðaNaÞp ¼ ðγNaÞp½Naþ�p

¼ ðγNaÞpð1� φp, Na � 2θCaÞ
np
Vp

ð14Þ

Figure 3. (A) Representative binding isotherms of CaCl2/NaDxS/NaCl system. (B) Representative plots of θCa against log [Ca
2þ]� 2 log[Naþ] for

the CaCl2/NaDxS/NaCl system. Degree of substitution of NaDxS(DS): (I) DS = 0.29; (II) DS = 1.14; (III) DS = 2.16. Ionic strengths: (O) 0.01 mol
dm�3; (4) 0.02 mol dm�3; (0) 0.05 mol dm�3; (]) 0.10 mol dm�3; (3) 0.20 mol dm�3.

Figure 4. Representative relationships of log(θCa/[Ca
2þ]) as the

extrinsic binding constants and θCa. The log KCa
0 as the intrinsic binding

constants can be determined by extrapolating to θCa = 0. DS: (b) 2.54;
(9) 2.16; (2) 1.74; (() 1.14; (�) 0.67; (þ) 0.29. I = 0.02 mol dm�3.
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where np stands for the total amount of ionic sulfate groups of the
DxS� polyions expressed in equivalent, Vp stands for the poly-
electrolyte phase volume around the molecular skeleton of a
polyion, and φp,Na is the osmotic coefficient of the polyion. The
“� φp,Na” term of eq 14 shows that a significant fraction of Naþ

ions as counterions moves against an condensed electric field
around a polyion,67�71 and the “ � 2θCa” term is based on the
electrical neutralization in the cation-exchange process of the
Ca2þ/DxS�/Naþ system as expressed in eq 9. Substituting
eqs 13 and 14 for eq 12 and rearranging the resultant equation,
we obtain the following equation:

Vp

np
¼ γCa

ðγCaÞp
ðγNaÞp
γNa

( )2 ½Ca2þ�
½Naþ�2

ð1� φp, Na � 2θCaÞ2
θCa

ð15Þ

By extrapolatingθCa to 0, we can express theVp/np termas follows:

Vp

np
¼ γCa

ðγCaÞp
ðγNaÞp
γNa

( )2ð1� φp, NaÞ2
K0
Ca½Naþ�2

ð16Þ

This is the equation to determine the specific polyelectrolyte phase
volume, Vp/np, of polyions by use of the intrinsic binding constant,
KCa
0 .66 It should be noted that theVp term canbe evaluated only the

asymmetrical ion-exchange system (e.g., Ca2þ/Naþ, Ca2þ/Kþ,
Mg2þ/Naþ) because theVp/np term does not remain when eqs 13
and 14 are substituted for eq 12 in a symmetrical ion-exchange
system (e.g., Naþ/Kþ, Liþ/Naþ, Liþ/Kþ). The φp,Na values for
acidic polysaccharides of different charge densities have previously
been reported by Katchalsky and co-workers,67 and the values
necessary for the Vp computation have been obtained by inter-
polating the curve shown in their reference.67

Equation 16 contains the activity coefficients of Ca2þ ions in
the polyion domain, which can be calculated by a proper
assessment of the ionic strengths in the polyion domain. The
ionic strength of the polyion domain, Ip, can be calculated by an
extrathermodynamic way as follows:

Ip ¼ 1
2
ð½Naþ�p þ ½SO3

��pÞ

¼ 1
2

ð1� φp, NaÞ
np
Vp

þ np
Vp

( )
¼ 1� φp, Na

2

 !
np
Vp

ð17Þ

In order to determine the Vp, a successive approximation
procedure is adopted. For the first approximation, the activity
coefficient quotient, {γCa/(γCa)p}{(γNa)p/γNa}

2, is estimated
to be unity, and the first Vp value is calculated by eq 16. By use of

this approximated Vp value, the first approximated Ip value is
calculated by eq 17. The activity coefficients of Ca2þ and Naþ

ions in the DxS� polyion domain, (γCa)p and (γNa)p, are then
evaluated by use of the first approximated Ip value. Since the
mean activity coefficients of the salts CaCl2 and NaCl are
available in the literature,72 the respective single ion activity
coefficients have been calculated by assuming γKþ = γCl�. The
respective single ion activity coefficients under ionic strengths
lower than 0.10 are obtained from Kielland’s table.73 After
evaluating the single ion activity coefficients respective γ values
in the polyion domain, (γCa)p and (γNa)p, the second approxi-
matedVp value can be computed by eq 16, which enables again to
calculate the second approximated Ip value by eq 17. By
continuing this calculation, we can obtain finally a self-conver-
gence Vp/np value.
The Vp/np thus determined for different DS of DxS� polyions

at different supporting electrolyte concentrations are all listed in
Table 2 together with the original log KCa

0 used for the computa-
tion. The Vp/np are dependent on the linear charge density of the
DxS� polyions. On the other hand, at low supporting electrolyte
concentrations as 0.01�0.02 mol dm�3, the Vp/np seem to
remain constant. As the supporting electrolyte concentration

Table 1. Intrinsic Binding Constants, log KCa
0 (mol�1 dm3), for CaCl2/NaDxS/NaCl System Determined by Extrapolating to θCa

= 0 of the log(θCa/[Ca
2þ]) vs θCa Plots

a (T = 25.0 (
0.5 �C)

DS 1/b (Å�1)b I = 0.01 I = 0.02 I = 0.05 I = 0.10 I = 0.20

0.29 0.058 3.38( 0.02 2.69( 0.02 2.05( 0.01 1.67 ( 0.01 �c

0.67 0.13 3.49( 0.02 2.80( 0.02 2.13( 0.01 1.73( 0.01 �c

1.14 0.23 3.54 ( 0.02 2.91( 0.02 2.19( 0.01 1.79( 0.01 �c

1.74 0.35 3.78( 0.02 3.12( 0.02 2.36( 0.01 1.93( 0.01 1.61 ( 0.01

2.16 0.43 3.89( 0.02 3.23( 0.02 2.45( 0.01 2.00( 0.01 1.49 ( 0.01

2.54 0.51 3.95( 0.02 3.30( 0.02 2.53( 0.02 2.07( 0.01 1.44 ( 0.01
aThe errors estimated in the listed values are based on the errors in the extrapolating the log(θCa/[Ca

2þ]) vs θCa plots as shown in Figure 4.
bDetermined by eq 5. c Electrostatic counterion binding to DxS� polyion was scarcely formed.

Figure 5. Correlation of the log KCa
0 and the log [Naþ] in CaCl2/

NaDxS/NaCl ion-exchange system. The slope of the additional straight
line is �2. DS: (b) 2.54; (9) 2.16; (2) 1.74; (() 1.14; (�) 0.67;
(þ) 0.29.
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increases as high as 0.10�0.20 mol dm�3, the Vp/np begin to
decrease, since the polyelectrolyte phase around the DxS�

polyions will shrink at the high supporting electrolyte concentra-
tion by the electrostatic neutralization due to the binding of Naþ

ions as supporting cations to the surface of the DxS� polyion
domain.
It is of a great concern to examine the effect of linear charge

density on the magnitude of the Vp/np. In Figure 6, the change in
the Vp/np with the 1/b is shown. It is obvious that the relation-
ship between the Vp/np and the 1/b is not monotonous, but a
transition is clearly observed at a certain 1/b value, i.e., 1/b = ca.
0.25 Å�1. As has already been stated, this transition reflects the
transition observed in the log KCa

0 vs 1/b plots as Figure S3
(Supporting Information). Manning has predicted the transition
of the Vp/np dependence on the linear charge density by his “two
variable theory”16,74�76 as a purely electrostatic binding theory
that Vp/np is expressed only as a function of b (Å) of a linear
polyion as follows:16

Vp

np
¼ 41:1

7:14
b

� 1

� �
b3 ð18Þ

Then, from the formula for the derivative

1
np

dVp

db
¼ 41:1

14:28
b

� 3

� �
b2 ð19Þ

This equation indicates that the polyelectrolyte phase volume
vanishes at 1/b = 0.140 and shows maximum at 1/b = 0.210. The
solid line shown in Figure 6 corresponds to the calculated curve
due to eq 18 and obviously indicates these features of the
theoretical Vp/np value. The consistency of the exact magnitude
of the polyelectrolyte phase volume between the theory and the
present experimental results clearly indicates the validity of
the present computation procedures to evaluate the hypothetical
polyelectrolyte phase volume based on the Donnan distribution
of counterions. The inconsistency observed in the lowly linear
charge density of DxS� sample(1/b = 0.058 Å�1) may partly be
due to the heterogeneous distribution of the ionic sulfate groups
fixed on the dextran backbone. It has been verified by the present
work that the polyelectrolyte phase volume evidently increases
for the DxS� polyions whose linear charge density is difinitely
higher than a certain value, i.e., 1/b = ca. 0.10 Å�1, shows a
maximum at 1/b = ca. 0.25 Å�1 and tends to decrease with an
increase in the linear charge density in 1/b > 0.25 Å�1. The exact
magnitude of the DxS� polyion domain is approximately
1�2 cm3 equiv�1, implying that the nature of the DxS� polyion
domain can be approximately estimated as a concentrated
electrolyte solution by eq 17 in the successive approximation
of the determine the Vp value, whose ionic strength is ca. 0.5�1.0
mol dm�3. Assuming a cylindrical geometry of the DxS� polyelec-
trolyte phase volume around the linear dextran backbone, the radius
of the polyion domain cylinder can be calculated as 10�15 Å.

4. CONCLUSIONS

The divalent metal ion binding to DxS� polyions has been
suppressed very regularly by the increase in the NaCl concentra-
tion due to the electrostatic shielding of Naþ ion on the polyion
surface. It can be explained by assuming ion-exchange equilibria
of counterions between a polyelectrolyte phase formed around
the DxS polymer skeleton and a bulk solution phase.

Both continuity and discontinuity were observed in the Naþ

ion and Ca2þ ion binding properties of DxS� of different linear
charge densities. Continuity was observed in the measurement of
a Naþ singleion activity coefficient of the sodium salts of the
DxS� in the absence of supporting electrolyte; the activity
coefficient decreases continuously with the increase in the linear
charge density. Microscopic information, on the other hand, of
the Naþ ion binding to the DxS�monitored by the change of the
transverse relaxation rate, R2, of the obtained 23Na NMR
resonances obviously indicates a clear discontinuity in the bound
state of Naþ ion around the dextran skeleton. Both the intrinsic
binding constants, log KCa

0 , and the specific polyelectrolyte phase

Table 2. Polyelectrolyte Phase Volume, Vp/np (cm
3 equiv�1), for DxS� Polyions in CaCl2/NaDxS/NaCl Ion-Exchange System

Determined by a Successive Approximation
Procedurea (T = 25.0 ( 0.5 �C)

DS 1/b (Å�1)b I = 0.01 I = 0.02 I = 0.05 I = 0.10 I = 0.20

0.29 0.058 0.73( 0.02 0.74( 0.02 0.56( 0.02 0.34 ( 0.01 �c

0.67 0.13 1.43( 0.03 1.65( 0.03 1.18( 0.03 0.72( 0.02 �c

1.14 0.23 2.08 ( 0.04 2.11( 0.04 1.67( 0.03 1.02( 0.02 �c

1.74 0.35 1.63( 0.03 1.76( 0.04 1.52( 0.03 0.99( 0.03 0.73 ( 0.02

2.16 0.43 1.45( 0.03 1.53( 0.03 1.39( 0.03 0.94( 0.02 0.73 ( 0.02

2.54 0.51 1.38( 0.03 1.43( 0.03 1.25( 0.03 0.87( 0.02 0.61 ( 0.02
aThe details of a successive approximation procedure are given in the text. The errors estimated in the listed Vp/np values are based on the errors in the
evaluation of the log KCa

0 values which are listed in Table 1. bDetermined by eq 5. c Electrostatic counterion binding to DxS� polyion was scarcely
formed.

Figure 6. Variation in the polyelectrolyte phase volume for DxS�

polyions in CaCl2/NaDxS/NaCl ion-exchange system with the linear
charge densities of the polyions. Solid line refers to the theoretical value
which calculated by Manning’s “two variable theory”.16 Ionic strengths:
(O) 0.01 mol dm�3; (4) 0.02 mol dm�3; (0) 0.05 mol dm�3; (]) 0.10
mol dm�3; (3) 0.20 mol dm�3.
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volume, Vp/np, in the Ca2þ ion binding equilibria of the Ca2þ/
DxS�/Naþ system also showed discontinuity at a certain linear
charge density of the DxS�, i.e., 1/b = ca. 0.25 Å�1. All
discontinuity is consistent with the Manning’s prediction on
“two variable theory”,16,74�76 indicating that ion condensation
around the polyion molecules appears only in 1/b > 0.140 Å�1

and shows maximum at 1/b = 0.210 Å�1.
In order to investigate further the particular counterion

binding behavior, the Liþ ion and La3þ ion binding properties
of DxS� polyions are now being studied by 7Li NMR and the
colorimetric method in our laboratory. According to the two-
variable theory, it can be expected that the Vp/np will not depend
on the charge of the counterion in the ion-exchange equilibria
between the polyelectrolyte phase and the bulk solution phase.

’ASSOCIATED CONTENT
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