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Electrical conductivity of agueous polyelectrolyte solutions in the presence
of counterion condensation: The scaling approach revisited
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The conductometric properties of aqueous polyelectrolyte solutions in the absence of added salt are reviewed
in the light of the dynamic scaling description of the polymer conformation in different concentration regimes,
recently proposed by Dobrynin and Rubinstgifacromolecule®8, 1859(1995; 32, 915(1999]. The scaling
approach to the transport properties of polyelectrolyte solutions allows us to separate contributions due to
polymer conformation from those due to the ionic character of the chain, and offers the possibility to extend the
validity of the Manning conductivity model to the dilute and semidilute regimes. Moreover, the quality of the
solvent, influencing the polyion-counterion interactions, can be properly taken into account. The electrical
conductivity predicted by this scaling approach compares reasonably well with the observed values for a model
polyelectrolyte (polyacrylate sodium salt in aqueous solutions, good solvent congitieer an extended
concentration range from the dilute to the semidilute regime.
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[. INTRODUCTION and vice versa Moreover, the poor or good solvent condi-

tions, influencing the electrostatic polyion-counterion inter-

The transport properties of aqueous polyelectrolyte soluactions contribute to making the analytical description of
tions, both in the presence and in the absence of added safiese systems very complicated and far from being satisfac-
differ from those of neutral macro-molecular solutions andtory when theory is compared with experimental results in a

those of simple electrolytes, owing to the strong electrostati¢Vide range of polymer concentrations.

interactions between counterions in the bulk solution and The long-range electrostatic interactions introduce charac-
charged groups on the polyion chdib—4]. This peculiar teristic Iength and time scales_ which vary with the polymer
behavior, whose specificity lies in the combination of prop_concentratlon, covering the dilute, semidilute, and concen-

erties derived from long-chain polymers and those derivedrated regimes. The;e scaling lengths make the application of
the scaling description possible.

from charge interactions, despite having been extensively in . .
vestigated both theoretically and experimentally, is still not Although scaling _concepl[ﬁl—la have been applied to
polyelectrolyte solutions many years ago, more recently Do-

cor_?rrl) letely untders;oclud.f velectrolvt luti brynin, Colby, and Rubinsteifl4] proposed a description of
€ current models Tor polyelectrolyle Solutions are gény,q dynamics of charged polymer chains in a different con-
erally based on counterion condensation, first introduced b

. . . ¥Yentration regime on the basis of two scale lengths, i.e.,
Imai and Onish[5], Oosawd6], and later by Manning7,8l,  \yhen the chain is shorter than the electrostatic screening

for an infinitely long and thin line charged chain. The basiciength and when it is larger than the correlation length. These
idea is that if the energy density of the rod exceeds a criticagca"ng lengths define different concentration regimes to
value, some charges on the chain can be partially neutralizeghich different chain conformations correspond and, finally,
by one of the free ions in the solution, which means that thejifferent counterion-polyion interactions. Since scaling
repulsion Coulombic energy of two adjacent unit charges olheory takes into account the conformational changes of the
the chain must be smaller than the thermal endgy. chain in different concentration regimes, contributions to the
Although the main results based on the Manning countertransport properties due to interactions of counterions with
ion condensation mod¢lr—10] are fairly well satisfied by polymer chains can be properly accounted for within this
experimental data, they are valid only at infinite dilution. approach.
When the polyion concentration is progressively increased, Starting from the expression of the polyion equivalent
effects associated with the polymer chain conformation beeonductance originally derived by Mannifg5] in the very
come relevant and their influence on the overall electricahigh dilution limit and in the presence of counterion conden-
properties of the polyelectrolyte solutions must be properlysation, we have extended this approét8], on the basis of
considered. the scaling picture, to more concentrated systems, from the
An interesting property of these systems, not completelydilute regime, where stretched rodlike configurations prevail,
understood despite increasing theoretical and experimenta the semidilute regime, where a random walk statistics ap-
effort, is the strong correlation between the shapeconfor-  plies to the chain conformation.
mation of the polymer chain in solution and its ionic state  In the present paper, we present a review of the electrical
conductivity behavior of aqueous polyelectrolyte solutions in
the light of the scaling approach proposed by Dobrynin,
* Author to whom correspondence should be addressed. Colby, and Rubinsteifil4] and more recently by Dobrynin
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and Rubinsteirf17,18, giving appropriate expressions for wherey(r) is the electrical potential at positighandV is a
the polyion equivalent conductance in the dilute and semidisufficiently large volume of the system. Equatidn can be
lute regimes, taking into account the influence of the solventewritten in the usual wagin cgs unitg as
quality (poor or good solvent conditiohs

These expressions, based on the electrical conductivity
treatment of the counterion condensation proposed by Man-
ning [15], represent an extension of this model towards a
higher concentration regime, where conformational chain efwhereC; are the concentratior@ mol/cn?) and\; are the
fects begin to contribute. equivalent conductance§n statohmcrimol ™) of each

Moreover, we suggest a means to evaluate the fraction afharged carrier present in the system.
free counterions and the solvent quality parameter from di- We will apply Eq.(5) to the system under investigation.
electric spectroscopy measurements in the radio wave fresgnsider a polyelectrolyte solution made up of polyion
quency range, independently of the electrical conductivitychains, each of them with a degree of polymerizathn
measurementf19]. The knowledge of these quantities al- contour length, monomer sizéb at a concentratioiN,, (in
lows us to consider appropriate expressions for the electricghol/cnt) dispersed in an aqueous mediuensimple water
conductivity both in the dilute and semidilute regimes, takingphase or a simple salt aqueous electrolyte solutidrelec-
into account the hydrophobicity of the polymer chain. A pre-trical conductivity oy. In principle, in aqueous media, also
liminary comparison with the electrical conductivity values present are K and OH  ions, provided by the dissociation
obtained for a typical model polyelectrolyte chain in goodof water. Under the conditions considered, their concentra-
solvent condition(polyacrylate sodium salt in aqueous solu- tions are of the order of 0 mol/l and their presence will
tion) over an extended concentration range provides furthepe neglected.
support to the use of scaling concepts to explain the transport Owing to interactions between polyions and counterions
properties of strongly charged, flexible polyelectrolytes in(derived from the ionization of the charged groups on the

O':E ZiCi)\ii (5)

agueous solutions. polyion chair), the transportand thermodynamjgoroperties
of the solution are strongly influenced. At finite concentra-
Il. THEORETICAL BACKGROUND tion, some counterions, owing to the interplay between the

_ o o electrostatic interactions and the change in entropy due to

Electrical conductivity, originated by the movement of their spatial confinement may condense on the polyion itself.
any charged entity in response to an external electric f|e|dAccording to the Manning condensation mo@e/8,15, the

can be broken essentially into the product of three differengonductivity behavior of the overall system is characterized

terms, i.e., the chargee (zis the valence and the elemen-  py a charge-density parametgdefined as
tary chargg the numerical concentratiom of each carrier,

and its mobilityu, defined as the ratio of the average velocity Is e2|zp|
to an applied electric field of unit strength. =4 " < KaTb' (6)
The overall electrical conductivity, induced by a uniform wB

electric field applied to charged particles uniformly disperseqynere ¢, is the dielectric constant of the aqueous phase,
in a continuougconducting or nonconductingnedium, due i T js the thermal energy, arg=1/N is the average spac-
to the sum of contributions of all the carriers in the system, ismg between charged groups on the polyion chain, znis
given by the valence of the polyion charged groups. In particular, if
the charge distance is less than the Bjerrum lenigth
=e’le,KgT (Ig=7 A at T=25°C in wate), the electric
field becomes so strong that counterions, of valengebe-
come trapped close to the polyion ch&ounterion conden-

From an experimental point of view, the usual definition ofsation and a fraction (% f)=1—1/£(|z,z,|) will condense

the electrical conductivityr is given by a linear relationship, ©n the polyion chain to reduce its effective charge to a criti-
cal value corresponding & = 1//z;z,|. Owing to this effect,

each polyion bears an electric char@g=z,eNf and re-
leases in the aqueous phase a numigf counterions.

, Electroneutrality of the solution impos€g,=z;e fNthat de-
between the volume-averaged current density fines the sign ofz; to be opposite to that of,. In the
absence of added salt and in the presence of counterion con-
densation, Eq(5) reads

UZZ (|zile)niu;. 1)

(J)=0E, 2

-1 (.
<J>=—f J(Fdv (3)

Vv
0'221C1)\1+ZpCp)\p, (7)

and the measured electric field where the subscripts 1 amqmrefer to counterions and poly-

1 ions, respectively. For univalent counteriong,€1), the

E=— _J V(F)d, (4) following relationships hold, i.e.z,=Nf, C,=N,, C;
Vv =NfN, and Eq.(7) becomes
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a=NfNp(N 1 +X\p). (8) !
i | FQrpo
Equation(8) depends on three parameters, the fracfiaf N.= 1 _ (14)
free counterions and the equivalent conductangeandX , P D} D}
of counterions and polyions, respectively, each of them takes fe+ D_(f 1- D—(l)

into account the electrical properties of the system.
As far as the counterion equivalent conductamgeis By introducing an appropriate cutoff function and the as-

concerned, following the Manning derivati¢n,8], we have  sumption of a full-extended polyion Chainij(:|i —j|b), the
DY DY electrophoretic friction coefficieeq. (13)], calculated fol-
xlzx‘{DT—xp 1- 5o, (9  lowing Manning[7,8,15, vields
1 1
_ Nbgb 37T77Nbb
whereDY and DY are the diffusion coefficients of counteri- fe= Lo = [In(kpb)|’ (19
ons in the limit of infinite dilution and in the presence of 1+ 3mnb |In(kpb)|
polyions and\? is the equivalent conductance of free coun-
terions. With this substitution, E48) becomes wherekp = (4mbNN,)?is the inverse of the Debye screen-
DY ing length. The final expression for the electrical conductiv-
o= NprF(MH\p), (100 ity of a salt-free polyelectrolyte solution in the presence of
1 counterion condensation, within the Manning mog@#b],
Manning derived foD4/DY the value 0.866. reads
u
1
The equivalent conductance\ , Dll‘ 0 FzeN fﬁlj
. . . = —5 +
The equivalent conductanag, can be written as the ratio 7= NNpf D? M zeNf Di| 3myNyb
of the total c_hargeQ_p on the polyion chain and the total u(l) Dtl) In(kob)]
electrophoretic coefficienttzq (16)
Q
Ap=Fu,=F gpt (1) The extension of the above model to more concentrated sys-
Of

tems is based on a scaling picture of the chain conformation

where F=e\ is the Faraday number, with” being the Of @ polyelectrolyte solution in the dilute and semidilute re-
Avogadro number. According to Manning,8], the total gimes in the absence of added salt. We will follow the scal-
electrophoretic coefficierfte,;, corrected for the “asymme- iNg approach given by Dobrynin, Colby, and Rubinsfgid]

try field” effect, can be written as and Dobrynin and Rubinste{i8,17.
Qp(, Di
fet - 1— oo Ill. THE SCALING PICTURE
1 1
fEto™ DU ) (12 Scaling concepts, successfully used for systems contain-
_é ing uncharged polymers, have been applied to polyelectro-
D3 lyte solutions by de Gennd41] and Odijk[13] and, more

0. _ o recently, by Dobrynin, Colby, and Rubinstdit¥]. Since the
whereu is the counterion mobility in the aqueous phasegcaling theory takes into account the conformational changes
(without polyions andfe is the usual electrophoretic coeffi- of the polymer chain in different concentration regimes, it
cient. provides the necessary means to evaluate the chain slope

If the polyion is modeled as an ensemblef simple  contribution to the transport behavior of the system. In Fig.
(spherical structural units of radiui,, taking into account 1 we summarize, using the notation of Dobrynin, Colby, and
the effect due to hydrodynamic interactio(tsoth between Rubinstein [14] and Dobrynin and Rubinsteifl7], the
the simple structural units and the pure solvent and betweemeaning of the different scale lengths and the main chain

different units in the same chairthe electrophoretic coeffi- conformation predicted by the scaling model, both for good
cient can be written, according to the general expressioBplvent and poor solvent conditions.

given by Kirkwood and Risemaf20], as

Npdb A. Dilute solutions
fe= Np  Np ' (13 . . . .
1+ o S (ot At very low concentration, in the dilute regime, the Debye
67N, 5 {7 {rj screening lengttky® is much larger than the distance be-

tween chains and charges interact via the unscreened Cou-
where {,= 67 7R, is the friction coefficient, with» being  lombic potential. The polymer chain is represented by an
the viscosity of the aqueous phase aydoeing the distance extended rodlike configuration &y, electrostatic blobs of
between different structural unit@long the same chagin size D to form a fully extended chain of length=NpD.
Within this scheme, the resulting equivalent polyion conducEach electrostatic blob contaigg monomers and bears an
tance\,, is given by electric chargep=zefg. (f is again the fraction of ionized
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blob modd
good solvent condition
Dilute regime P Semidilute regime -
C<C

c-Cc*

necklace globule model
poor solvent condition

C‘<C<C|, Cp<Cc<(p
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D,
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ﬁu:sC/@«

bead-controlled

regime
FIG. 1. A sketch of a polyelectrolyte chain in poor and good
solvent conditions, for differen¢salt-free concentration regimes.
The chain is an extende(@odlike) configuration of electrostatic

blobs and a random walk of correlation blobs in good solvent con-
dition for dilute and semidilute regimes, respectively, and a chain of

globules connected by stringsecklace modglin poor solvent con-
dition (proposed by Dobrynin and Rubinstdit4,17,1§).
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The full expression for the electrical conductivity in this con-
centration regime and in a good solvent condition reads

U

FzeNf—5

DO
o=NN,f =5 | A%+
PDY| "1 zeNf DY +37777NDD
_u._i 5? In(Np)

(18)

B. Semidilute solutions

In the semidilute solutions, the polyion chain is modeled
as a random walk ol correlation blobs of siz€,, each of
them containingg monomers. Each blob bears an electric
chargeq§0=zefg and the full chain, of contour length

=N¢ o, bears a charg®,= Ngoqgozzefgl\go. Due to the
strong electrostatic interactions, within each correlation blob,
the chain is a fully extended conformation of electrostatic
blobs. This means that far<&,, the electrostatic interac-
tions dominatgand the chain is a fully extended conforma-
tion of electrostatic blobs of siz®), and forr>¢,, the
hydrodynamic interactions are screened and the chain is a
random walk of correlation blobs of sizg .

In this case, the electrostatic friction coefficient for a ran-
dom walk of N, blobs is given by

N e

Neole
fE:

¢
677'7]N§

8
1+ 1+3

<r
i j#I

\/_57150
(19

charged groups on the polyion chain and consequently thethere the average friction coefficietit (associated with a
fraction of free counterions The total charge of each poly- single rodlike unit of siz&), formed byN, /Np spheres of
ion chain isQ,=Npgp=2zefgNp.

size D, can be derived on the basis of the scaling properties
In this case, the elementary unit that contributes to thgrom Eq.(17), with the substitution oNpD with &, andNp
overall friction coefficient is the electrostatic bldinstead of

with Np /N, =0/de, i.e.,
the “elementary unit” in the Manning modglUsing a cutoff 0
function exp(-r;;/NpD) in order to neglect contributions for
ri;>NpD and following the Manning derivation given in 3mné
Ref.[15], Eq. (15) reduces to L= n(glan) (20)
. Nplp 3myNpD 17
F 14 {p In(Np) In(Np) In this case, for good solvent conditions, the full expression
377D b for the electrical conductivity reads
u
1
u FzeNf—
Dl 0 1
o=NN,f =g A%+ : @D
Di zeNf D} N¢ e
[T A yp—
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with £, given by Eq.(20). 37 yN,Dy,
This scaling picture has been more recently revisited by fe=—p—— (25
Dobrynin and Rubinsteifil8,17], who analyzed the configu- 1+ |—b||n(Nb)|
S

ration of a hydrophobic chain in a poor solvent condition,

within the so-called necklace globule moddl7]. In this . . . " . .
case, due to strong hydrophobic interactions between the hy" thed.(lj"fte regime ¢><f ) aﬂd ac{;]or?'n% to qu?f). n the
drocarbon backbone and water molecules, the electrostat Fmidiute regime¢>¢*), where the friction coefficieny,

(or correlation blobs in a poor solvent condition will split IS given by

into a set of smaller charged globulésead$ connected by 37yN,D

long and narrow section(strings. Moreover, whereas in the ggz—bb (26)
dilute regime a unique configuration prevails, the semidilute 1+ % m(I_S)

regime (C* <c<cp) splits into a string-controlledc* <c Is &o

<cp,) and a bead-controlledcg<<c<cp) regime, where a ) o )
different concentration dependence of the chain size appear8. the string-controlled semidilutect <c<cy) regime and
We recall here a brief review of the main theoretical pre-by
dictions of the necklace model concerning the behavior of a
polyelectrolyte chain under poor solvent condition§ ( {¢=3mnDy (27)
<), following the derivation given by Dobrynin and Ru-
binstein[17,1§.
When the total effective charge of a ch&n=zefNbe-

in the bead-controlled semidilute<c<cp) regime.

comes larger thame(N7b/1g)*? and Coulomb repulsion be- C. Scaling relationships and the influence
comes comparable to the surface energy, the system reduces of the solvent quality parameter
its total free energy giving rise t, beads of sizéd, con- Although the main contribution to the electrical conduc-

taining g, monomers each and joinedN{—1) strings of tivity (transport propertiescomes from counterionsi.e.,
lengthls. Here, 6 is the temperature at which the net ex- from counterion-polyion interactiohsthe effect due to the
cluded volume for uncharged monomers is zero and the sotonformational change induced by the increase of the poly-
vent quality parameter is defined as=(#—T)/6. The ion concentration cannot be neglected and can be success-
lengthL, of the necklace is given bl,=Nyls, since most fully described within the scaling approach.
of the length is stored in the stringktDy). In the dilute regime and for a good solvent condition,
In the semidilute regime, a new characteristic length apwhen the polymer chains are stretched and tend to a rodlike
pears when the correlation lengély becomes of the same configuration of electrostatic blobs, the parameters entering
order of magnitude at the lenglly of the string between the polyion mobility\, are the length of the full extended
neighboring beads. The overlapping concentratgnis  chainNpD and the numbeN of blobs in each chain. From
given by the above theory, it appears that the polymer conformation
strongly influences the transport properties of the solution
co~b 3 Yl /b)Y, (22)  and, in particular, the fractiohof free counterions; the elec-
trostatic blob sizeD and the correlation lengtiy play the
In the rangec* <c<c,,, the chain is assumed to be a ran-role of key parameters. According to Dobrynin, Colby, and
dom walk of N, =N/g, correlation segments of siz&, Rubinstein[14], these quantities scale as

each of them containing, monomers. The size of the ran- NpD~Nb(lg/b) 2747, (28)
dom walk chain is

Np~N(lg/b)>7§107 (29

1/2
R~ fo( —) ~bN"A(c,/c) (23) . . .
O¢ In the semidilute regime and for a good solvent condition,

. . the characteristic parameters are the contour Iehlg(’gﬁo of
On the other hand, in the rangg<c<cp, owing t0 the - ihe random walk chain of correlation blobs, the numisigr
screening of the electrostatic interactions between beads, thef\ : - . o .
correlation blobs within each polymer chain, and the ratio

model predicts only one bead per correlation globule of siz€ N . :
& conliainingggw Z(IB/b)*lf*E)monomers. Tr?e crossover 0/g. of the monomers inside a correlation blob to those in-

o -3 S side an electrostatic blob. Again, according to Dobrynin,
concentration is of the order af~ 7b™* and the chain size Colby, and RubinsteifiL4], these quantities scale as

is
" N¢,é0=NpD~Nb(l g /b)2 7§47, (30)
R~ go( —) ~Nb"%(c,/c)™. (24
O¢ N§0% N b3/201/2(| B/b)3/7f 6/7, (31)
Following the above derivation and the appropriate scaling
relatiqnships, the electrophoretic friction coefficidit can g%b—a/chl/zaB/b)2/7f4/7_ (32)
be written as Qe
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In the case of a poor solvent conditiol< ¢), according to  with (m;,m,)#(0,0) andé=1/z;z,|, in the presence of
the above stated necklace globule model, the characteristmunterion condensation. Numerical evaluation of Eif)

quantities scale as gives a constant valup}/ 9~0.866.
Within the Manning pictureD‘{/D‘l’ depends on the poly-
Np~ EQN“B/b)T—lfz, (33  mer charge density and on the concentration of free counte-
b rions. In the scaling picture, these quantities becapéD

=zg.fe/D and qgo/&):zefggo for the dilute and semidi-

~ —1/3¢—2/3
Dy~b(lg/b) =575 (34 lute regimes, respectively, whereas the concentration of free
l~b(lg/b)~ Y1712 (35) counterions ixf=CNfA. With these substitutions, E¢0)
s B becomes
in the dilute regime ¢<c*); as o
£o~b~Y2e V24| )~ VA~ 12, (36) Dg_ B2 s = | To0al (m3+m53)
g~ (15 /b) 34~ ¥ V232 37) (41)
, ) . , for the dilute regime and
in the string-controlled semidilute regime*<c<cy,); and
as DY 1 = * - -2
o=l-3 X X (ﬁ<mi+m§)+1
I (V) B A (38) D3 Sm="= m="= | lagf w

~ —1¢-2
g¢~r(lg/b) 71, (39 for the semidilute regime, respectively. Taking into account
in the bead controlled semidilute regimg, &€ c<cp). In the the dependences given in [_)obrynin, Colby, and Rubinstein’s
above expressions and throughout the paper, we drop n§¢aling picture14], we obtain
merical coefficientgof the order of unity to keep the dis- £ D
cussion at scaling level. Here, in all the scaling relationships, S0 — ~b(lg/b)247 (43
c is the polymer concentration expressed as monomers per 9 Qe
unit volume €= CNN).

In the following, we will analyze the expected polyion
conductance\ , in different concentration regime&lilute .
and semidiluta:P considering the effect of the solvent quality t|el;5, D/gz% 4gn_dl _$o/g are replaced by Dy/gp

. . . . 7 ~Db(lg/b)“f**7~* in the dilute regime, by
parameter. In particular, we will employ the scaling relation-
ships(28), (29) and(30)—(32) for the good solvent condition, £o/ge~(15/b) Y207 12 (44)
in the dilute and semidilute regimes, respectivéhiob
mode), and the relationship@3), (35) and(36), (39) for the  in the string-controlled dilute regime, and by
poor solvent condition, in dilute and semidilute regimes, re-
spectively(necklace model! It is noteworthy that, owing to £o/ge=(lg/b) #1343, 72 (49
the presence of the parametethe above equations are able, . - . .
at least in principle, to take into account the influence of botH" th_e bead-controlled sem|d|_lute regime, respecuvely.o
the increasing polyion concentration and the quality of the Figure 2 shows a comparison between value®yD;

solvent on the effects induced by counterion condensation oficcerding to the Manning theory and those calculated within
the overall electrical conductivity of the polymer solution. the scaling modelEgs.(41) and(42)]. Whereas in the pres-

To proceed further, we must evaluate the changes in th€Nce of counterionucorgdensation t'he'Manning theory predicts
ratio DY/D? due to the scaling approach. a const'ant vaIu@l/Dl=0.$66, within the scallng model,'
D}/DY increases monotonically and the Manning value is

IV. EVALUATION OF THE TERM  (DY/D?) reached asymptotically, in the case of a good solvent, only
AND COMPARISON WITH THE MANNING RESULT for ¢é—o (f—0). In poor solvent conditions, on the con-
trary, D{/D? decreases with the increasing degree of coun-

The term D{/D? entering Eqs.(18) and (21) requires terion condensation, W|th a different rate, depending on the
value of the solvent quality parameter

some further comments. In the presence of counterion con-
densation and in the absence of added salt, Manfir]
derived for the diffusion coefficients of free counterions the
following expression, in terms of the Fourier components of

in the case of good solvent quality. Within the necklace glob-
ule model(poor solvent condition the characteristic quanti-

V. DEPENDENCE OF THE CONDUCTIVITY
ON THE FRACTION f AND THE

the electrostatic potential set up by the fixed polyion, SOLVENT QUALITY PARAMETER 7
u o w As can be seen, from the above analysis it turns out that
Ezl— E > > [ Lr(m2+m2)+1]2 the electrical conductivity depends on two parameters, the
Dg 3my=— my——c 12 ’ fractionf of free counterions and the solvent quality param-

(40 eter 7, whose effect on the polymer equivalent conductance
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- 4L ]
1.00 & 2l 1
o,_4 Ocm - 0 1 1 1 1 N
a 0.0 0.2 04 0.6 0.8 1.0
Z— 0s0 | Fraction of free counterions f
< FIG. 4. Polyion equivalent conductanag, in the semidilute
0-7000 regime as a function of the fractidrof free counterions. Full line,

good solvent condition; dotted lines, poor solvent condition for
é =1/ =0.4,7=0.6,7=0.8, andr=1.0; dashed line\ , calculated on the
basis of the Manning equation, EG.4). Values are calculated with
N=100, »=0.01 P, u3=0.137 cgs unitsNa" ion), b=3 A, I
=7 A. The polyion concentration is»10?° monomers/cr

FIG. 2. Counterion self-diffusion coefficient ratd}/D? as a
function of the charge-density parameter 1/f. Panel(a) values
calculated according to the Manning theory. Pabglalues calcu-
lated in the presence of counterion condensation in the case of good
solvent(dotted ling and poor solventfull lines), for three different ~ dilute and semidilute regimes, respectively, and EG§8)-
values of the solvent quality factor=0.4, 7=0.6, andr=0.8. (35) for T<# in the dilute regime and Eq$36)—(39) for

T<6 in the semidilute (string-controlled and bead-
\, is influenced by the polymer chain conformatigire., ~ controlled regime. . _
dilute or semidilute regimes, respectivglpccording to the The complete behavior of the polyion equivalent conduc-
above stated scaling model. Figures 3 and 4 show the polyfance\, is shown in Figs. 5 and 6, where the dependences
ion equivalent conductande, as a function of the fractioh ~ on both the fractiorf and the parameter are considered.
of free counterions in the dilute and semidilute regimes, reWhereas in the dilute regime, in the case of a good solvent,
spectively, compared with the value expected on the basis of, depends orf only (Fig. 3), in the poor solvent condition,
the Manning theory. The values are calculated considerinthere is a strong influence of the parameiéFig. 5).
the good solvent and poor solvent conditions, separately, ac- In the semidilute regime, there is the further dependence
cording to Egs.(28), (29 and (30)—(32) for T>#6 in the  on the polymer concentratio@ that makes the. , behavior
more complicated. In the good solvent condition, the situa-

12 tion is depicted in Fig. 6, over an extended concentration
10 | 1
£} 12 ]
g
3 8l
4 )
S 5
= v
= 41 eh
(5
[52]
& 2l >
=
0 1 ! 1 ! 1
00 02 04 06 08 10 <&

Fraction of free counterions f

FIG. 3. Polyion equivalent conductansg in the dilute regime
as a function of the fractiof of free counterions. Full line, good
solvent condition; dotted lines, poor solvent condition fer 0.4,
7=0.6, 7=0.8, andr=1.0; dashed line\, calculated on the basis FIG. 5. Polyion equivalent conductangg in the dilute regime
of the Manning equation, Eq14). Values are calculated witN as a function of and r (poor solvent condition Values are calcu-
=100, »=0.01P, u(1)=0.137 cgs units(Na® ion), b=3A, Ig lated with N=100, »=0.01 P,u3:0.137 cgs unitgNa* ion), b
=7A. =3A, 1z=7A.
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‘5 8 [ 3 SO —— - v evsem e ]
= 6 & ) c<c* o>c*
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4 . .
) Polyion concentration C [mol/cm3]
20
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105 * c*<e<cp
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FIG. 6. Polyion equivalent conductanag, in the semidilute 0 i
regime as a function dfand polyion concentratio@ (good solvent g 6 o atAY 4
condition. Values are calculated witiN=100, »=0.01P, ué 2 | T T .
. b = Qe e . HE
=0.137 cgs unit§Na’ ion), b=3 A, 1;=7A. = s et 5,\.3 i
8 2 : ; &2t | 5 H P
range, from 108 to 10”2 mol/cn?. This concentration range ] ic* i Cbié | icp
certain!y exceeds the sefm.idilute range, Where(Em). holds, _ (1’09 1(;-8 10‘_7 1;45 10‘_5 10'_:'10'_3 o2
extending towards the limit of the dilute regime on one side
and towards the concentrated regime on the other side. Polyion concentration C [mol/cm3]

It is noteworthy to analyze the dependence\gfin both ) _ )
the dilute and semidilute regimes as a function of the con- FIG- 7. Polyion equivalent conductanag as a function of the
centrationC, for poor and good solvent conditioriBig. 7). polyion concentratiorC in the dilute and semidilute regime. Panel
As can be éeen whereas in the dilute regk‘gés indepen- (a) good solvent conditiofblob mode]. The fraction of free coun-
: ’ . . - terions is fixed to the valué=0.4. The dashed line connects the
> < . . -
ic:e dnetpo;(f d(selrﬁ:]aerrkfeoél-; ogt Ogr;row(igr:;;lrt-lhtehepfeesrre]:]d(;leuff rg%lrrgzs_ values through a crossover region between the dilute and semidilute

. ) regimes. Panefo) poor solvent conditiorinecklace model A, has
over region between the two regimes, where both Etf. been calculated for three different values of the fraction of free

and (21) do not apply. In Fig. 7, for each curve, the high- ¢, ,nterionsf 0.1 (dotted ling, f=0.2 (full line), andf=0.4 (dot-
concentration sidédilute regimé has been connected with o4 continuous line The dashed line indicates a transition region
the corresponding low-concentration sidsemidilute re-  ¢om gilute to semidilute regimes. The arrows mark the character-
gime) by a continuously smooth line, evidencing the pres-igtic concentrations associated with the different regimes, d’e.,
ence of a crossover region. This crossover depends on thtween dilute and semidilute regimeg between string-controlled

degree of polymerizatioi. and bead-controlled regimes, ang between semidilute and con-
centrated regimes. These concentrations depend on the fradtion
VI. COUNTERION CONDENSATION INDUCED free counterions, according to the scaling relationships.

BY POLYMER CONCENTRATION
OR BY THE QUALITY OF THE SOLVENT This can be done since we have recently propd4e&d

In the above ana'ysiS, we have considered the dependeng@t a pOSSible evaluation of the fractibaf free counterions
on the polymer concentratiof and the fractionf of free ~ and the solvent quality parametederives from the dielec-
counterions, independently, according to the point of view oftric relaxation of a polyelectrolyte solution measured by
the counterion condensation model. On the contrary, the fragneans of radiowave dielectric spectroscopy methods. In the
tion f of free counterions could depend on the polymer confrequency rangéapproximately from 1 MHz to 1 GHzin-
centration. As pointed out by Dobrynin and RubinstiB],  termediate between that where the polarization due to the
by increasing the polymer concentration or by changing thavhole polyion dominates and that where the relaxation of the
quality of the solvent, a change of the counterion condensaaqueous phase occurs, a well-defined dielectric contribution
tion is provoked. For example, for polyelectrolyte solutionsappears, associated with the mobility of free counterions.
in good or ¢ solvents, the fraction of free counterions de-  |n the semidilute regime, this dielectric dispersion is char-
creases logarithmically with increasing polymer concentrancterized[22] by a counterion fluctuation on a scale of the
tion [21]. o _ correlation lengthé,, resulting in a dielectric incremente

In whgt follows, we will discuss the mfluen_ce of the sol- ~fclge,é2 and a relaxation frequency,~DY/¢2. Taking
vent quality factor and the polymer concentration on the con-

ductometric properties of the polyelectrolyte solutigmthe Into account the s_qalmg for the corr_elatlon lengid (in a
semidilute regimg poor solvent condition[Eg. (36)], our final result reads
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FIG. 9. Comparison betweex, obtained from the measured

FIG. 8. Scaling relationship between the dielectric parameterg e trical conductivityos of polyacrylate sodium salt solutiofin
Ae and v of the dielectric relaxation of polyacrylate sodium salt dilute, semidilute, and concentrated regiinasd the values calcu-

aqueous solutiofimolecular weight 60 kDand the polymer con-

lated from Eq.(21) with characteristic quantities defined by Egs.

centrationC. For good solvent condition, the expected scaling €X-(30)~(32), for good solvent condition. The polymer molecular

ponent is—1 [Eq. (46)].

IB —1/3A6f1/3
T—(E) e , (46)
w
_ mrole 4
~ 3D{Clge,,’ “7

whereAe and v, are the measured parametéte dielectric
increment and the relaxation frequency, respectivefythe
observed intermediate dispersion afglis the permittivity
of the aqueous phase.

Both the solvent quality parameterand the fractiorf of

weight is 60 kD (N=~600). The fractiorf of free counterionges-
timated from dielectric measuremenaries from 0.02 to 0.15. The
values of\, calculated according to E¢21) with f constant to the
value f=0.02 andf =0.15 are also shown for comparison.

Moreover, Eq.(45) furnishes the fractiofi of free counteri-

ons as a function of the concentratiGnOnce this parameter

is known, we can compare the predicted behavior with ex-
perimental findings. From Eq$18) and (21), we can deter-
mine as a function o€ the value of\ , calculated from the
experimental values of the conductivity, and the depen-
dence off on C derived from the dielectric measurements.
These values are compared with those calculated on the basis

free counterions can be obtained from the dielectric paramof the above scaling model in the case of a good solvent and
etersAe and vy, which provide a simple means to estimate in the semidilute regiméEq. (21) together with Eqs(30)—

these parameters, independently of the conductivity behay32)]-

10r.

VIl. COMPARISON WITH EXPERIMENTS

This comparison is shown in Fig. 9. As can be seen, over
the whole semidilute regime, the agreement is quite satisfac-
tory, deviations being markedly evident only at the beginning

of the concentrated regime.

We have recently measured the electrical conductivity

[23] and the radiowave dielectric propert{es!}] of polyacry-

VIIl. CONCLUSION

late sodium salt aqueous solutions in a wide range of poly-

mer concentrations, covering both the semidilute and con- We have developed and widely reviewed a simple ap-
centrated regime. These measurements allow the dielectrigroach to the electrical conductivity of aqueous polyelectro-
parametersthe dielectric strengtihe and the relaxation fre- lyte solutions in the presence of counterion condensation on
guencyv,) to be determined as a function of concentrationthe basis of the scaling picture recently proposed by Dobry-

C. Details will be reported in a forthcoming pape4]. In
the case of a good solvent condition, substitution of E44.
and (45) into the scaling relationship,~DY/£2 yields the

nin, Colby, and Rubinsteif14] and Dobrynin and Rubin-
stein[18,17]. The polyion equivalent conductance has been
calculated along the line proposed by Manning, taking into

account hydrodynamic interactions, “charged solvent” ef-
fects due to counterelectrophoresis, and the asymmetry field
A _1 effect, extending its validity to finite polyion concentration,
o ~C (48) from the dilute to the semidilute regime.

This extension should allow us to apply the Manning
which is strictly verified for the polyion investigateee theory, valid only for infinite dilution, to more concentrated
Fig. 8. This means that for the polymer investigated, goodsystems, where the overall electric behavior observed for
solvent conditions apply. Incidentally, we want to stress thaimany polyelectrolyte systems displays a very complex phe-
this scaling furnishes the possibility of evaluating the role ofnomenology, in particular, a dependence of the fraction of
the solvent quality factor from dielectric measurementsfree (or condensedcounterions on the polyion concentra-

scaling behavior
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tion. Our approach can be used, moreover, to estimate the (iii) In the semidilute regime
fraction f of free counterions from conductivity data, pro-
vided that the solvent quality is known, or, conversely, to

estimate the conductivity both in the dilute and semidilute _ FzNef In 9 1+ 8 (A4)
regimes if the parametefsind r can be deduced from radio- P 3myN b0 1 0e /N '
wave dielectric relaxation measurements. 673 ‘o
g
APPENDIX In o
e

The polyion equivalent concuctancde, [Eq. (14)], ne-

glecting the asymmetry field effect, reduces to On the basis of the same scaling theory discussed above,

Colby et al. [25] have recently proposed that the conductiv-
ity of a polyelectrolyte solution in the absence of added salt
could be described by taking into account a polyion equiva-

P
Ap=F E (A1) lent conductance given by
yielding the following expressions. dg, IN(£0/D)
(i) In the Manning model Ny=—o————— (A5)
P 3777]N§0§0 ’
FzNef i i = iti
= lIn(kob))|, (A2) With the equwalenc«qg0 zefgand under the conditions
3mNpb =N/N;, and&,/D=Np/D=g/ge, Eq.(A3) reduces to
where the polyion behaves as a single struct(spherical)
unit of sizeb (distance between two neighboring chajges _ FzNef g
bearing a single charges and\,, is corrected by the pres- )‘9_377,7[\15 & n i ' (AB)
ence of the logarithmic term. 0
(i) In the dilute regime which equals Eq(A2) in the limit of IargeNgo. The expres-
sion given by Colbyet al. [25] is derived within the same
FzNef scaling scheme described here, neglecting the hydrodynamic
)\pzmln(ND), (A3) interactions(Kirkwood mode) between the single structural
D

units (the correlation blobs, in this cgsand neglecting the
where the single structural unit is the electrostatic blob of2Symmetry field effect. In fact, with the above assumptions,
sizeD and the correction term is represented by the logariththe electrophoretic coefficient is simply

mic term In(Np). It must be pointed out that the numbey

3
of charged groups differs from the number of the electro- fE:Ngog“:Ngolgo. (A7)
static blobs since Eq$28) and(33), for good and poor sol- In(g)
vents, respectively, hold. Qe
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