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Electrical conductivity of polyelectrolyte solutions in the presence of added salt:
The role of the solvent quality factor in light of a scaling approach

F. Bordi, C. Camettf, and T. Gili
Dipartimento di Fisica, Universitali Roma “La Sapienza,” Rome, Italy
and Istituto Nazionale di Fisica per la Materia, Uniti Roma 1, Rome, Italy
(Received 12 February 2003; published 29 July 2003

The effects of added salt on the electrical conductivity behavior of a polyelectrolyte solution are described
in light of the scaling approach recently proposed by Dobrynin and RubingWgeromolecule28, 1859
(1995; 32, 915(1999], taking into account the influence of the solvent quality factor. The coupling between
the conformation of the chain and the local charge distribution, giving rise to different conductometric behav-
iors, has been investigated under different conditions, in a wide concentration range of added salt. The polyion
equivalent conductancas, have been evaluated in different concentration regimes for a hydrophilic polyion in
good solvent condition and compared with the experimental values obtained from electrical conductivity
measurements. The agreement is rather good in the wide range of concentration of the added salt investigated.
In the case of poor solvent conditions, we find the appropriate expressions for the electrical conductivity when
the polyion chain consists into collapsed beads alternating with stretched segments in the framework of the
necklace globule model.
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[. INTRODUCTION trolyte solution different from the one of a uncharged poly-
mer solution and of a simple electrolyte solution.
. We have recently investigated the electrical conductivity
Polyelectrolytes are macromolecules that, in aqUeOUs SGsenayior[11] of salt-free aqueous polyelectrolyte solutions
lution, dissociate into a macroion and counteridds-3]. light of the scaling approach proposed by Dobrynin,
Due to the presence of charged monomers along the polyme#s|hy and Rubinsteifil2], taking into account the influence
chain and the gain in entropy when counterions are releasegt the quality solvent parameter. We have evidenced how the
into the aqueous phase, polyelectrolytes are generally solublgtferent polyion conformations in the different concentra-
in polar solvents and, in particular, in water, making them aijon regimes, from the dilute to the semidilute-entangled re-
system of fundamental interest in the physics of soft-gime, reflects on the low-frequency electrical conductivity,
condensed mattg#,5] as well as in biological systeni§]  this parameter being related to the movement of any charged
and they are largely employed for technological applicationgntity present in the system. Since the electrical conductivity
[7]. probes the overall ionic character of the solution, the corre-
Although in the last few decades considerable progreskation between the shager the conformatiopand the coun-
has been made in the understanding of the behavior of polyterion distribution, that is a source of the peculiar properties
electrolytes in aqueous solution, the long-range nature of thef polyelectrolyte solutions, can be properly investigated.
electrostatic interactions between polyions and counterions In the present paper, we extend this scaling approach, fol-
and between different charged groups on the same polyméWwing the Dobrynin, Colby, and Rubinsteft2] scheme, to
chain introduces new scale lengths that give rise to a verpolyelectrolyte solutions with added salt and we calculate the
complex phenomenology, whose description is still rathe@lectrlcal conductivity qfapolyelectrolyte solutlon_ asafunq—
poor. The fine balance between long-range electrostatic inteflon of the solvent quality and polymer concentration, both in
actions and short-range hydrophobic interactions associat¢d€ dilute and in the semidilute regime.

with the influence of the polymer chain flexibility leads to theTgE;iﬁapr:j;cS:ti(c))ﬁsgz‘ztii ﬁ;(i)rl]lov;’r?écly?iessegf 2' v(;/le éf;\gfr\g_
different “nonexpected” conformations, giving rise to tran- P 9 poly

sitions among different concentration regimes lyte chain accor.ding.to the models developed _by Dobrynin,
X . - . Colby, and Rubinsteif12] and later by Dobrynin and Ru-
. One pr|cal and Important feature of th_ese lonic Spluupnsoinstein[m] for different concentration regimes, taking into
is that if the chgrge density (,)f the polyion .chaln IS hlghaccount the solvent quality parameter and, in particular, the
enough, counterion condensation ocd@s10, i.e., a frac-  phenomena occurring in hydrophobic polymers, described
tion of counterions remains located in the vicinity of the ithin the so-called necklace globule model. In Sec. Ill, we
polymer domain. This effect, due to the balance between ?resent some experimental results for the electrical conduc-
gain in energy in the electrostatic interaction and a loss ofjyity of a linear flexible polyelectrolygsodium polyacrylate
entropy in the free energy, makes the behavior of a polyeleciNaPAA)] of molecular weight 225 kD in aqueous solutions
in the presence of added salt, while in Sec. IV, we compare
our experimental results with the predictions of the above
* Author to whom correspondence should be addressed. stated theoretical background, in light of the scaling theory
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we have reviewed. Section V concludes with a brief discusence of added salt, the electrical conductivity of the whole

sion. solution can be written, in the usual notations, as
Experiments that provide a direct evidence for the differ- s s s
ent chain conformations in the different concentration re- 0=2Z,0Cphp+21C1N 1 +(Z;CINT+Z,CoN3), )

gimes, in solvents of different qualitigood or poor solvent
conditions are rather difficult since different and strongly ) = : .
correlated effects can mask the contribution associated witH“?SSGd n _st_atohm cmol ) . th_e polylon and cations and
the polymer conformation. Among different transport param-21ions deriving fgom the d;ssomatlo_n of the added salt, re-
eters, electrical conductivity, resulting from the contributionsSPectively,C,, Cy, and C; are their concentratlonSesx-

of all the charged entities present in the solution, should b@sressgd in moles per unit volumand z,,=Nfz,, z,, 7,
able to provide the least ambiguous proof of the influence o#; their vglences, respec'glvely. .

the polymer chain conformation on the electrical environ- According to the Manning condensation the@@yl0], the

where\,, \;, and\, are the equivalent conductan(ex-

ment, giving evidence of the correctness of the model. conductivity behavior of the system is characterized by the
charge density parametérdefined as the ratio of the Bjer-
Il. THEORETICAL BACKGROUND rum length Iz to the average spacing=I/N between

. ) .. charged groups on the polymer chain
We consider the behavior of a polyelectrolyte solution in

the presence of simple sdlzj-z5 electrolyte solution at a e e2|zp|

numerical concentratiomg (molecules per unit volumé _E_m- ©)
containing polyions at a numerical concentratign with a

degree of polymerizatioN and “structural” monomer sizé  Here,KgT is the thermal energy ang, is the permittivity of

and a contour length=Nb. Each polyion bears an electric the aqueous phase. In particular, if the charge distance along
chargefNz,e and releases in the aqueous phase a number dfie polymer chain is less than the Bjerrum lengttv A at
counterionsy;Nf, each of them bearing an electric chargeT=25°C in wate), the electrostatic interactions are so
z,e. Moreover, added to the aqueous solution, there are twetrong that counterions derived from the ionization of the
species of small ions derived from the dissociation of thecharged groups on the polymer chain become trapped in the
added salt, whose numerical concentrations e ving  Vicinity of the polyion itself and a fraction (:f)=1

and n$=13n,. Here, f is the fraction of ionized charged — 1/¢|z,z1| will condense on the polyion chain to reduce its
groups on the polymer chain and, consequently, the fractiogffective charge to a critical value corresponding do
of free counterionsz, andz, are the valences of charged =1/zyz,|. Consequently, each polyion bears an electric
groups on the polyion chain and counterions, respectively¢hargeQy=z,eNf and releases in the aqueous phbide,
Finally, z5, z5 and v$, »$ are the valences and dissociation counterions, each of them of chargge. _

constants of the cations and anions derived from the full The equivalent conductances of the ionic species present
dissociation of the added salt. The electroneutrality of thdn the solution are given by Mannirid4], according to the
whole solution impliesz,=rz; and=;_; Az »{)ns=0. We following expressions;

assume that the added salt does not take part directly in the

ionization of the polyion charged groups and therefore the )\l:)\oﬂ_)\ 1— & 4)
. . . lDO p DO ’
only effect is to screen the electrostatic interactions. 1 1
In such a system, electrical conductivity measurements
are expected to provide a useful tool for investigating di- N z)\o&_)\ 1- E ®)
rectly the influence of the polymer conformation on the ion 2 ZDg P Dg '

distribution in the whole solution and for the evaluation of
the effectiveness of the scaling approach in the description oﬂhere)\io (i=1, 2 are the limiting equivalent conductances

a polyelectrolyte solution. of specied in the pure solvent anB; /DiO (i=1, 2 are the
ratio of the self-diffusion coefficienD; of speciesi in the
A. Electrical conductivity of a polyelectrolyte solution polyion solution to its VaIueD? in the pure solvent.

The electrical conductivity originated by an ensemble of ~Substitution of the above relatioi) and(5) into Eq.(2)
charged particles moving under the influence of an externdesults in the following expressions:
electric field is due to the contribution of three independent
terms, i.e., the electric chargethat each particle bears, the o= (Z NI+ 5N Ce+ NCyf w1 (NS )
numerical concentration, and the mobilityu of each carrier,
defined as the average velocity normalized to the electric 2.
i i i P 2 0 2 0
field of unit strength, i.e., _ m[zlziyi)\l+22227jg)\2
o=2 (|zenu;. (D)
| +H(ZZV — BN (6)
Owing to the partial ionization of the charged groups on the
polymer chain(counterion condensation effgcin the pres- in the absence of counterion condensatigrt (/|z,z;|) and

011805-2



ELECTRICAL CONDUCTIVITY OF POLYELECTROLYTE.. .. PHYSICAL REVIEW E 68, 011805 (2003

which, in turn, depends on the polyion concentratidiffer-
o= (VNI +Z5V3N9) Cot Npr[ Zyvi (N ) ent concentration regimeand on the “effective” charge on
the polymer chain, after condensation occurred. This com-

b s 0 plex interplay between structural and electrical parameters
[ZiZ;vi(Np+ ) can be also proved by the dependence of the fratidriree

counterions on the polymer concentration recently re-
e oo ported by the authors of Rdf15] for a sodium polyacrylate
+252;v5(N 5= Np) ] (7)  salt solution investigated from dilute to concentrated regime.
In the following section, we will derive the polyion
in the presence of counterion condensatigt-(1/z,zy), equivalent conductande; as a function of the polymer con-
respectively. centrationc and the solvent quality.

Equations(6) and (7) are the general expressions for the
electrical conductivity of an aqueous polyelectrolyte solution
in the presence of added salt. The characteristic parameters
entering into Eqs(6) and(7) are the polyion equivalent con- Taking into account the derivation given by Manning
ductance\, and the fractiorf of free counterions, both of [16], the general expression for the polyion equivalent con-
them depending on the “microscopic” structure of the ionic ductance, corrected for the “asymmetry field” effect, in the
solution and, in particular, on the polymer conformationpresence of added salt, can be written as

Zp

305+ 1)z Z2]

B. The polyion equivalent conductance

ro D2 2 (D2 D
ID{ z,X\D} DS

Ap: 1
25+l 5i |
TR AT R

8
Qp
fe+ U_i

D
1_—5 +

wheref is the electrophoretic coefficiewithout the asym-  appropriate cutoff function exp(Kprj;) and a full extended

metry field correctiop X=Nn,/ns=c/ns defines the salt polyion chain fij=|i—i|Ro)- Eq. (9) gives

concentration with respect to the polyion concentration (

=Nn, is the numerical concentration of monomers per unit NodRr, 37 NoRy

volume, anduj andu3 are the cation and anion mobility in fe= 7 = IN(KRo)|” (10)
. : Ro pRo

the aqueous phagi the absence of the polyi@rThe poly- 1+ IN(KpRo)|

ion chargeQ,, depends on the charge density parameter, as- 37 7Ry

suming the valu®,=z,eNf=z,eN/£|z,z,| in the presence

_ 2 S._S2 S._S2 12
of counterion condensation and the structural vag ~WhereKp=(4mlgfc[zy+(vizy"+v3z3)ns/(fC) )™ is the

=z,eN in the absence of counterion condensation. inverse of the Debye screening length.
The electrophoretic coefficienft: has been derived by
Kirkwood [17,18 for an ensemble oN, rodlike structural C. The scaling approach
units of sizeR, according to the expression The use of scaling concepts to describe the behavior of a
polyelectrolyte solution in the different concentration re-
No§R0 gimes has been successfully employed for a long time and
fe= , (99 more recently Dobrynin, Colby, and Rubinstdih2] have
14 {Ry E 2 <r’l extended this approach to polyelectrolytes in good and poor
6Ny & 1 solvent conditions, where the polyion assumes different con-
formations.

) o o ] We start with a brief review of the main theoretical pre-
where {r =3m7R, is the friction coefficient, withn the  gictions for the conformation of a polyelectrolyte chain.
viscosity of the aqueous phase andthe distance between Within this scaling approach, the chain conformation is es-
different structural units. In the Manning pictuf&6], the  sentially due to a fine balance between electrostatic and hy-
structural units are the charged groupster condensation drophobic interactions, related to the Flory parameter
on the polyion chain while hydrodynamic interactions are=(6—T)/#, whereT is the solvent temperature amds the
mediated by electrostatic interactions with the surroundingemperature at which the net excluded volume for uncharged
counterion atmosphere that, under the influence of the extemonomers is zero. When electrostatic repulsive interactions
nal electric field, drags the solvent in the opposite directiorbetween charged monomers prevail, polyions adopt an ex-
(charge solvent effegtWithin this model, by introducing an tended conformation such as rigid rods, in which it is con-
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venient for the monomers to assemble into “blobs,” andrandom walk of correlation blobs of siZg. The presence of
good solvent conditions are achieved=6). When ex- added salt reduces the electrostatic interactions and in both
cluded volume and monomer-monomer interactions give ris¢he two regimes a random walk structure prevails.
to a global attraction between monomers, polyion chain col- For hydrophobic polymers, in poor solvent conditions, by
lapses into dense spherical globules, compact coils are egnalogy with the shape instability of charged dropletS],
pected to occur and poor solvent conditions are achieveB®obrynin and Rubinsteifil3,20 have recently analyzed the
(T<#). In very poor solvent conditions, competition be- polymer configuration within the so-called necklace globule
tween hydrophobicity and conformational entropy of themodel on the basis of a balance between short-range attrac-
polymer backbone causes chain to adopt a pearl necklad®n and long-range repulsion between monomers connected
conformation. to a chain. In this case, owing to the strong hydrophobic

We will summarize here, using the notations of Dobrynininteractions between hydrocarbon chains and water mol-
and Rubinsteif12,13, the main features of their scaling ecules, polyions may be “unstable” and the electrostatic
approach. Following these authors, the behavior of polyio{and/or correlationblobs in a poor solvent condition split
chain is characterized by three concentration regimes, eadhto a set of smaller charged globulésad$ connected by
of them associated with a characteristic scale length thdbng and narrow sectionstrings. This model is referred to
identifies a characteristic polyion concentration, i.e., a conas “pearl necklace globule” model. This approach is sup-
centrationc*, at which the distance between chains equalgorted by computer simulation studiggl—24 addressed to
their extended length, and a concentratignwhere the elec- analyze systematically the conformations of a weekly
trostatic blobs begin to overlap and the electrostatic lengticharged polyelectrolyte chain with short-range attraction be-
equals the electrostatic blob size. At the concentratipn tween monomers. These new polymer conformations intro-
(betweenc* andcp), the polymer chains begin to entangle duce in the semidilute regime{<c<cp) a new character-
and the hydrodynamic interactions are screened on lengtistic concentrationc, that defines two regimes, a string-
scales larger than the correlation length. In these conditionsontrolled regime ¢* <c<cy) and a bead-controlled regime
Zimm-like dynamics up to the correlation length and (c,<c<cp), where a different concentration dependence of
Rouse-like dynamics for correlation blobs apply. Consethe chain size appears. Following the derivation given by
quently, the polymer solution behaves as a dilute solution foDobrynin and Rubinsteifir 3,20, when the polyion effective
c<c*, as a semidilute solution far* <c<cp (in particular, charge becomes larger than a critical value and the Coulom-
as unentangled semidilute fa* <c<c, and as entangled bic repulsion becomes comparable with the surface energy,
semidilute forc,<c<cp), and finally as a concentrated so- the polyion conformation gives rise td, beads of sizé,,
lution for c>cp . containingg, monomers each and joined bi{—1) strings

In the dilute concentration regime, when the chain be-of length Is. The overall length of the polyion it e
comes flexible, the polyion is represented as a self-avoiding=Nyls, since most of the length is stored in the stringis (
walk of Ny, electrostatic blobs of sizeg inside which the >Dy).

conformation is extended. Each electrostatic blob contains In the string-controlled regimect <c<cy), the chain is
gs monomers and bears an electric chayge=z,efgs. The ~ assumed to be a random walk of size

polyion of contour length.=(N/gg)rg assumes a flexible N | 12
conformation with the end-to-end distance given by R=&| —| =~bNY%c,/c)¥4 (13
O¢,
N 3/5
R=r3(£) ’ (1D composed ofN§0= N/g§0 correlation segment of sizé,

each of them containingg, monomers. In the bead-

and bears a charg®@,=N; 0. controlled regime ¢,<c<cp), the screening of the electro-
In the semidilute regime, the polyion chain is modeled asstatic interactions causes one bead per correlation globule
a random walk ofN. =N/g correlation blobs of siz€,, with a random walk chain conformation of size

each of them containing monomers. The polyion contour

ol — o . . . N\ 2
length isL N¢, o and the end-to-end distance is given by R=§o(—) ~bNY%(c, /c)¥3, (14)
9¢,
N 1/2
R=§&o —) (12 N .
g D. The electrophoretic friction coefficientfg

Proceeding on such a model, the electrophoretic friction
factorfg, depending on the particular conformation assumed
the polyion charg&,=q; N . by the polyion chain in its proper concentration regime, must

In the absence of added salt, for distances less than thee appropriately evaluated, in light of the above stated scal-
correlation length,, the electrostatic interactions dominate ing models.
and the chain is a fully extended conformation of electro- The expressions fofg differ in the different concentra-
static blobs of sizeD and, for distances larger thdj, the tion regimes, according to the elementary unit that contrib-
hydrodynamic interactions are screened and the chain is @tes to the conductivity. Following the procedure adopted by

The correlation blob bears an electric chaqgéaz z,efgand
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Manning[16], in the dilute regime, taking into account that

the elementary unit is the electrostatic blob of dizand that
the cutoff function is exptr;;/NpD), fg is given by

Npdp ~37T77NDD

fe= , 15
) 145D IN(1/Np)| n(No) "
37 yD D
where the friction coefficient is simply given by
{p=3myD. (16

In the semidilute regime, where the single elementary unit is

the correlation blob of siz&,, the electrophoretic friction
coefficient for a random walk df\lgo blobs is given by

Neode,
fE: 3

8 { un
o

1+ =\N; ——

"3V o

where the friction coefficienggO of the single rodlike struc-

ture of size&, can be derived from Ed15) with the substi-
tution of NpD with &, andNp with ND/Ngozg/ge,

. 3mnéo
£~ in(glge)

(18

In the poor solvent conditionsT < 6), where the necklace
model is applied, the elementary unit is the bead of Bige
the cutoff function is exptrjj/Leed and the electrophoretic
friction coefficient is given by

37T7]NbDb
fem—p —— (19
1+ = [In(N)|
S

in the dilute regime ¢<c*), and according to Eq17) (ran-
dom walk of N blobs of sizeo) in the semidilute regime
(c>c*).

In this latter case, the friction <:oefficie¢j§0 depends on

PHYSICAL REVIEW E 68, 011805 (2003

E. The scaling relationships in the presence of added salt
and the influence of the solvent quality parameter

Equations(6) and (7) give the electrical conductivity of
the whole polyelectrolyte solution once the polyion equiva-
lent conductance, is known. This quantity is influenced by
the solvent quality through the different dependences of the
characteristic parameters of the scaling model. In the dilute
concentration regimeg;<c<c*, the polymer chain is a
self-avoiding walk of electrostatic blobs, inside which the
conformation is extended. In the case of good solvent condi-
tions (T>#), the scaling relationships are

rB~f72/7(| B/b)flﬂcfl/bel/ZXS* 1/2 (22)
NYBN N f6/7(| B /b)3/7b3/2C1/2X§/2, (23)
? ~ f4/7(| B/b)2/7cf 1/2b73/2XS* 3/2, (24)

e

with XS=[Z§+(v§z§2+ viziz)]nslfc. For uni-univalent salt
and univalent counterionXs= (1+ 2/fX), with X=c/ng.

In the semidilute concentration regime® <c<cp, the
polyion chain is a random walk 0N§0:N/g correlation

blobs(that are space fillingand the scaling relationships are

gozf—2/7(|B/b)—1/7c—l/2b—1/2xisl/4’ (25)
N§0~ N f6/7(| B /b)3/701/2b3/2Xg 3/4, (26)
gg~f4/7(| B/b)2/7C_1/2b_3/2X§/4. (27)

e

In the case of poor solvent conditionT € #), according
to the above stated necklace globule model, the characteristic
gquantities scale as

the structure of the basic unit of the chain that is an extendeﬁl] the dilute regime ¢<c*), as

structure of sizet, of &/l beads in the semidilute string-
controlled regime ¢* <c<c;,) and is a correlation blob con-
taining a single bead of siz®, in the semidilute bead-
controlled regime ¢,<c<cp). Consequently, the friction
coefficient is given by

37T7]NbDb

Ley= (20

Dy,
1+ 525/ &)l
S
in the semidilute string-controlled regime*<c<c;) and
by
{e,=3m7Dy (1)

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

Np~N7Y(Ig/b)f2X 2, (28)
Dp~b(lg/b)~ 323 (29
Is%b(l B/b)71/27_1/2fflxé/2 (30)

50% b71/27_1/4(| B/b)fl/4f 71/2C71/2X;./4, (31)
gf()% b~ 3/2(| B /b) - 3/47_3/41: - 3/207 1/2X§/4 (32)

in the semidilute regiméstring controlledc* <c<cy), and
as

gO% (| B / b) - 1/37_1/31: - 2/3C— 1/3X§/12! (33)

9¢,~(1s/b) 17t 72X" (34)
in the semidilute regiméead controlled¢,<c<cp). In the
above expressions, we have dropped numerical coefficients
(of the order of unity to keep the discussion at scaling level.
Here, in all the above scaling relationshipss the polyion
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TABLE I. Scaling predictions for the characteristic polyion conformational parameters in the presence of
added salt, in the different concentration regim@s-polyion end-to-end distancez—electrostatic blob
size; ¢{,—correlation blob sizeN,B—number of electrostatic blobs in each polyion chaiigé—number of
correlation blobs in each polyion chain. For a uni-univalent s@l& (1+2/fX)=1+2ng/fc.

R e & " N,
Good solvent c<ct c 15x2k c i V2 ctizx 32
c>ct R ¢ L2l clizx ¥4
Poor solvent c<ct X2 X2 Xt
C: <C<Cbs C_]'MXg 1/8 C—1/2X;./4 Cl/2X§3/4
ct<c<cp ¢~ sy 524 c~Uex5N2 X 5/
concentration expressed as monomers per unit volume ( F. The concentrations of the different regimes
=Nn,). As pointed out by Dobrynin and Rubinstefiti3], in the presence of added salt

any propertyA of a hydrophobic solution in the presence of
added salt can be deduced from the analogous propgrity
the absence of added salt using the scaling relafion
=AgXg . For example, as pointed out by Dobrynin and Ru-
binstein[13] for the number of monomers in a bead, the

In order to compare the scaling predictions with the elec-
trical conductivity values experimentally observed in a given
electrolyte solution, we need to know the concentration re-
gime present in the solution. In what follows, we will iden-
exponenta is =1 in the string-controlled regime and tify the pqul_on concentrgtmn of theld_lfferent regimes. These

characteristic concentrations, delimiting the different concen-

=5/4 in the bead-controlled regime. The scaling predictions[ i . . Vi lution in th f added
for the characteristic conformational parameters of the poly-ra 10N regimes In a polylon Soiltion In the presence of adde
ion chain in the different concentration regimes, both in goodsalt’ are governed by_ a balance _between the electrostatic n-
and poor solvent conditions, are summarized in Table I. teractions between different polyions an_d those between dif-
On the basis of these scaling relationships, the equivalerfET€nt charged groups of the same chain. ,
conductance., can be appropriately evaluated in each con- In the dllutg regime, the concentratiopwhere the chams_
centration regime, taking into account the solvent quality paPecome flexible, occurs when the electrostatic screening
rameter. Figures 1 and 2 show, in a particular case, the typl€N9th I'ser €quals the sizé of the chain in the extended
cal behavior of the polyion equivalent conductangein the conformation, i.e.,
dilute regime for good solventT(>#) and poor solventT
<) condition. o

2ng
1+-—
fcy

=N"?b 3BS. (35)

A [10" cgs units]

P

A [10" cgs units]

monomers/cm 3]

FIG. 1. Polyion equivalent conductankg in the dilute regime FIG. 2. Polyion equivalent conductankg in the dilute regime
as a function of and polyion concentration, in the good solvent as a function of and polyion concentration, in the poor solvent
condition (T>#). The salt concentration iX=0.1 and X=1 condition (T<#). The salt concentration iX=0.1 and X=1
(white and gray symbols, respectivelyThe values are calculated (white and gray symbols, respectivelyThe values are calculated
with the following parameterslg=7 A, b=3 A, N=1000, »  with the following parameterslg=7 A, b=3 A, N=1000, 7
=0.01 P,u;=0.137 cgs unitsy3=0.235 cgs units. =0.01 P,ui=0.137 cgs unitsy3=0.235 cgs unitsy=0.4.
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As the polymer concentration is increased, the concentra- 10° s
tion c* is reached when the monomer density wiFhin the coil o' b C T>0 1
equals the overall monomer density in the solution o

_3p c:< 10 E'CD j p
c*| 1+ —2] =N"2p"3B3 (36) 2 10°f 1
fc* 2
g 10* F
Equation(36) reduces to the usual value in the absence of é 10° F 1
added salt ¢*=N"2b 3B*n,=0) or to the valuec* =y
=N"5B/b)®¥3(2n/f )35, in the limit ng>c. ° D |

At higher polymer concentrations, when the electrostatic 10 ]
screening length equals the electrostatic blob size, the char- 104104, T RTE T ST BT R R
acteristic concentratioop defines the crossover between the 3
semidilute and concentrated regime n (molecules/A’)

2n
CD 1+_S):b382' (37) lol jal ™ b ™ i § ™~ ™ ™~ il
fcp
2

In the poor solvent conditionT(< 6), for hydrophobic N 10
polymers, the crossover between the dilute and semidilute < 10?
regime in the absence of added salt occurs at a concentration %

c* given by E 10
=]
c*~b 3N"2f3(Ig/b)~¥2732, (38) g w0
while the concentratio,, is given by ° 0%l _ <o
Cb%biSf(lB/b)lIZTillz' (39) 0‘7 c....a ataaued i ud ud. l. ud. ud 1 i AL
10" 10* 10* 10t 102 10

and the concentration at which beads start to ove(tan-
centrated regimels given by

CD%bisT. (40)

n (molecules/A3)

FIG. 3. Dependencies of the critical concentrations that define
the different polyion regimes on the polyion concentratmand

The above concentration rggimes are mod?fied by the Pressalt concentratioms, for good solvent conditionT> ) and poor
ence of added salt, resulting in the following expressionssolvent condition T<#6). The concentrations are calculated with

now denoted by the suffixs:” from the dilute to semidilute
regime

1+

2ns> 312

for (41)

Cs~c*

which in the limit ng>c becomesc® ~c*25(2/f )¥n3;

the following values:lg/b=2.33,b=3 A, N=1000, f=0.4 for
good solvent,T>#, and f=0.2 and7=0.8 for poor solvent,T

< #. The different concentration regimes are marked following the
symbols employed by Dobrynin and Rubinstelr 6 for D dilute
regime, SD semidilute regime, a@iconcentrated regim&;< 4 for

DL dilute, low-salt regime, SLS semidilute, low-salt string-
controlled regime, SLB semidilute, low-salt bead-controlled re-

from the semidilute string-controlled to the semidilute bead-gime, SHS semidilute, high-salt string-controlled regime, SHB se-

controlled regime
Cos= (2n5/f ) (N¥S24%eR5— 1)1, (42

while the concentrationcps remains approximately un-
changed €¢ps=cp).

In the dilute regime ¢<c*), the relations between salt
and polymer concentrations become

. 2|[fc*
Cg ™~ ? T— Ng (43)
and
2 be
Cps™ ? 7— Ng|. (44)

midilute, and high-salt bead-controlled regime.

(cps<c<p). Figure 3 shows, in a typical polyelectrolyte
system, the dependence of the critical concentrations delim-
iting the different polyion regimes for different values of the
polyion concentratiort and added salt concentrationg.

G. The self-diffusion coefficient ratioD;/D?

Finally, in order to calculate the electrical conductivity of
the polyion solutiorfEgs.(6) and(7)], the self-diffusion co-
efficient ratio Di/DiO, according to the scaling scheme we
adopted, must be evaluated. This quantity has been derived
by Manning[9,10], in terms of the Fourier components of
the electrostatic potential setup by the fixed polyion, accord-
ing to the expression

These critical concentrations define the dilute, low-salt re-

gime (c<c¥), dilute, high-salt string-controlled regime
(ck¥<c<cyg), and dilute, high-salt bead-controlled regime

1
oo=1-32 X (¢ tmmim)+1]7%, (49
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0 S — function of the fraction of free counterions for different val-
ues of the ratio)X=c/ng.
10F
09
°o lIl. EXPERIMENT
Q 08 | )
= A. Materials
A 07t .
Sodium  polyacrylate  salts [-CH,CH(CO,Na)-],
0.6 | (NaPAA) with nominal molecular weight 225 kD were pur-
] chased from Polysciences In¢Warrington, PA as 0.25
0.5 92 04 06 08 10 wt/wt solutions in water. NaPAA is a water-soluble polyelec-
. trolyte that, because of its simple chemical repeat unit, is
fraction f of free counterions widely used as linear charged polyion chain model. The

samples were used as received without any further purifica-

function of the fractiorf of free counterions for different values of tloln. The polymer s.olutlo'ns V\:1ere prepare;j at ttlf% desired
the ratioX=c/ng. Full lines—good solvent conditiof,> 6, dilute polymer concentration in the range from to

regime; dotted lines—good solvent conditiof;> ¢, semidilute 1(_)_2 m‘?no_mm/l with _dgionized}quality water(Millipore)
regime. with an ionic conductivity lower than (1-2)10 ¢ mho/cm

at room temperature. Appropriate amounts of NaCl electro-
where¢ is the charge parametfEq. (3)]. In the presence of lyte solutions of known concentration have been added to the
added salt, foz$ : z5-valent salt, polyion charged groups of Polymer solutions in order to vary, in a controlled way, the
valencez, and counterions of valenag, the above relation 0N content. We have investigated polymer solutions at three

FIG. 4. Counterion self-diffusion coefficient ratd, /D? as a

becomes different values of the ratiX=c/ns=0.1, 1, 10, maintaining
b 1 . constant, for each set of measurement, the ratio between the
Yi_ 1o of ™8 5 5 number of monomers and the number of ions derived from
Do~ 134 22 Zp(legB(ml+m2)+xS) : the added salt.
(46)

, , . * B. Electrical conductivity measurements
in the dilute regime ¢>c*) and

D, 1
D—iozl— 52?2 E ZFZJ

5 The electrical conductivity of the sodium polyacrylate
(NaPAA) aqueous solutions in the presence of added salt has
(47 S :
been measured by means of frequency domain dielectric
spectroscopy technique using a Hewlett-Packard Impedance
in the semidilute regimec>c*), respectively, whereXs  Analyzer mod. 4191A in the frequency range from 1 MHz to
=(z§+[v§zi2+ nggz]ns/fc)_ The structural parameters en- 2 GHz. All measurements have been carried out at the tem-
terlng |nto Eqs(46) and (47) depend on the po|y|0n Confor_ perature Of 250 °C W|th|n 0.1 OC At the IOI"IIC COI”ICEI"I'[I’atIOHS
mation, i.e_, on the solvent qua“ty parametmnd po'ymer Stud|e.d, the.d|e|ectr|.c d!SpeI’SIOI’], aS.SOC|ated W|th the d|ffer'
concentrationc. According to the scaling approach, these€nt dielectric polarization mechanisms occurring in the
parameters are given by whole solution induced by the polyion chain, have a dielec-
tric strength of few dielectric unit§25,2€], reflecting in a
conductivity dispersion within the accuracy of our experi-
mental setup. For example, to a dielectric increment of the
order of Ae~10, it corresponds, at frequencies of some
for T>6 and by megahertz, a conductivity increment of the order of
- 103 mho/m, whose influence on the frequency dependence
— ~bf¥¥(15/b)?Pr 1Xq, (49)  of the conductivity is negligible. On the other hand, the ori-
98 entational polarization of the aqueous phase occurs at fre-
quencies higher than those investigated. This reflects an elec-
trical conductivity, to a first approximation, independent of
the frequency up to frequencies of few megahertz. Conse-

7750 2 2
IBfg (ml+m2)+xs)

.
g—z ~bf¥7(15/b)27Xq, (48)

for T<#, in the dilute regime ¢<c*); and by

€o

E*bfm('s/b)mxsfl/z, (500 quently, in the low-frequency region of the frequency inter-
val investigated, the electrical conductivity remains constant,
for T> 6 and by so that the value at the frequency of 1 MHz can be assumed
as its low-frequency valué.c. electrical conductivity
@~bf4/3(l )23 1x 12 (51) Details of the conversion from the measured electrical
g B s impedance of the conductivity cell filled with the sample

under investigation and its electrical conductivity have
for T<#6, respectively, in the semidilute regime>c*). been reported elsewhef27,28. The overall accuracy in the
Figure 4 shows a typical behavior of the ramq/D‘l) as a range of the conductivities investigated is lower than 0.5%.
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FIG. 5. The low-frequency electrical conductivity, of NaPAA FIG. 7. The exponenin of the scaling law equatiot52) for
aqueous solution in the presence of added salt as a function of tH$aPAA agueous solutions as a function of the polymer concentra-
polyion concentration, for three different values of the rap ~ tion. for three different values of the ratki (A)—X=0.1; (@)—
(#)—X=0.1; (@)—X=1; (M)—X=10. Measurements have been X=1; (M)—X=10. The arrows mark the concentration from dilute
carried out at the temperature of 25 °C within 0.1 °C. to semidilute regime that progressively increases with the salt con-

centration, fromX=10 to X=1.
C. Electrical conductivity behavior of NaPPA () — oo~ o™ (52

The low-frequency electrical conductivity of NaPPA
aqueous solutions in the presence of added salt at three dif¢thereo is the low-frequency limit ob(w). The exponentn
ferent values of the ratiX=c/ng, in a wide polyion con- has been recently related to intermolecular interactions giv-
centration range, is shown in Fig. 5. ing rise, for example, in the glass transition, to large scale

Typical conductivity spectra of NaPAA aqueous solutionmotions of various units of different polymer chains. From a
in the frequency range investigated are shown in Fig. 6. Ouphenomenological point of view, this parameter is an index
measurements extend in the low-frequency region of the dief changes of the orientational organization of the water mol-
polar relaxation of the aqueous phase, i.e., well below thecule dipole moment, due to the polymer-aqueous phase in-
relaxation frequencyy, o at which the orientational relax- teractions. The exponem, derived from a nonlinear least-

ation of the water molecules occurs,{o~17 GHz at room squares fitting of Eq(52) to the experimental data is shown

. in Fig. 7 as a function of the polymer concentration, for the
temperature29]). In this frequency rangex< VHzO)’ the three different values of the ratd investigated. As can be

electrical conductivityo(w) shows a power law dependence geen, this parameter undergoes different regimes, depending
on the angular frequenay given by on the polyion concentration. Assuming that the dielectric

(or conductometric relaxation process is described by a
Cole-Cole relaxation function, the electrical conductivity

10! T Ty v
, o(w) can be written, to a first approximation, as
_ "o __ 2«
% 10" o(w)=0pt wegegio~ 0 ¢, (53
'E 2 whereeyg;,, is the dielectric loss and the Cole-Cole param-
= 1071 . aiel . .
eter indicating the spread of the relaxation frequencies
’;5 1074 around the mean relaxation frequency of the process. Equa-
»é« " tion (53) reduces to the power law of E¢h2) with m=2
g 1077 (a=0) for a Debye function, describing a single relaxation
~ 10° frequency proceséfor pure water, dielectric and conducto-
] metric dispersions are generally very well described with
1084y T =0.02[29]). Values ofm less than 2 correspond to disper-

10° 10’ 10° 10° sion curves flatter than the Debye curve. As can be seen in
Fig. 7, at very low polyion concentratig@and consequently,
at low-salt content m approaches the value of 2, indicating

FIG. 6. The frequency dependence of the scaled electrical corfhat polyions do not interadivery dilute solution. As the
ductivity [ o(w) = o] of NaPAA aqueous solutions in the presence concentration is increased, the exponerprogressively de-
of added salt, for the three different values of the ratiqgO)—X creases indicating an increase of the polymer-solvent inter-
=10; (A)—X=1; (0)—X=0.1. The polyion concentration is  actions that dramatically increase at certain polymer concen-
=1.2x 10" %6 monomer/ml. trations. We observe a change at polymer concentrations of

Frequency v [Hz]
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1.0 vy —— gated, shows a marked increase with the polymer concentra-
] tion, followed by an approximately constant value and then a
0.8- J pronounced decrease, at higher polyion concentration. This
behavior(a nonmonotonic fraction of condensed counterions
A in good solvent conditionis qualitatively similar to that ob-
‘: 0.6 QNIQ.(V\':" AM‘A\“AK i served for the same polymer in the absence of added salt
8= A --fl‘:O, *A\ ] [15]. A dependence of the fraction of free counterions on the
g 041 as g, LN T polymer concentration, i.e., a dependence of the effective
= 1 ! "'I\'.Q‘\ . A& charge of the polyion chain on the polymer concentration, is
0.2 "’ﬁh‘.}‘ J unexpected within the Manning model that predicts, for a

linear, infinite continuously charged rigid polymer in the
limit of infinite dilution a fraction of free counterion given
0.0 PR TR by the value of the charge paramefdiEq. (3)]. This finding

10 10 10 clearly shows that the usual assumption that the effective
charge on a polyion chain is independent of the polymer
concentration is no longer valid, at least for strongly charged
FIG. 8. The fractionf of free counterions in NaPAA aqueous flexible polyelectrolytes. At finite, relatively high polymer

solutions as a function of polymer concentration in the presence ofoncentration, the presence of other chain and the flexibility
added salt(l)—X=0.1; (@)—X=1: (A)—X=10. effect are expected to affect the amount and the distribution

of condensed counterions. The observed peculiar dependence
of the fractionf on the polyion concentration is particularly
about 510", of 6x10%% a”?' 1x10% monomgrs/ml, for intriguing when compared with the expected behavior in the
X=10, X=1, X=0.1, respectively, corresponding for these c3se of hydrophobic polyelectrolytes where molecular dy-
solutions c.ontammg dlffgrent saI_t amou_nt to the transitionngmic simulationg22] have suggested that to a more com-
from the dilute to semidilute regime. It is noteworthy that hact conformation of the single chain it corresponds a strong
these concentrations agree with those derived from 8§§.  counterion condensation effect. As pointed out by Dobrynin
and (43), based on the scaling argumeaee Sec. IY. This 434 Rubinsteifi20], for hydrophobic polyelectrolytes, an in-
finding suggests that the parametsy indicating deviation crease of the counterion condensation is expected by increas-
from.a single Debye—type dielectric and gonductpmetnc dISjng the polymer concentratiofor by decreasing the quality
persion, probes the different concentration regimes experi the solvent Our findings, qualitatively in agreement with
enced by the solution. the above stated picture at the higher concentrations, show,
in the case of hydrophilic polyions, a more complex behav-
ior, suggesting that the polymer concentration might influ-
ence the counterion condensation by two different effects,

We have previously verified, by means of radiowave di-i.e., an decrease of ion condensation induced by the ap-
electric relaxation measuremernid5], that in the case of proaching of extended polymer chains, at moderate concen-
NaPAA in aqueous solution, good solvent conditions applytration, and an increase of ion condensation as the chain
Therefore, we discuss this case in detail, whereas poor sohssumes a more compact conformation. At higher polymer
vent conditions in appropriate polymer solutions will be concentrations, polyelectrolyte chains interpenetrate forming
treated in a forthcoming pap&80]. a domain with a finitglconstank fraction of counterions in-

In order to compare the model predictions with the ex-side it. A thermodynamic analysis of ion condensation in
perimental results, we must define the concentration regimedilute polyelectrolyte solutions, although in the absence of
the system experiences. In the absence of added salt, we haagded salt, has recently proved that the fraction of condensed
evaluated c* ~5x 10”4 monomol/l and cp~1 monomol/l  counterions in collapsed chain conformations increases con-
these values being also in agreement with viscosity measursiderably[31].
ments[15]. In the presence of added salt, these concentra- With the values of shown in Fig. 8, we can determine the
tions shift towards higher values, according to E@§) and  behavior of\, as a function of the polyion concentration
(37). Since each series of conductivity measurements hagalculated from the experimental values of the conductivity
been carried out maintaining the ratio constant, the salt o and we can compare these values with those calculated on
concentration increases proportional to the polymer contenthe basis of the above scaling model in the case of good

The electrical conductivity model discussed above, botlsolvent condition, for the dilute and semidilute regime. This
in the dilute and semidilute regime, depends on a single freeomparison is shown in Figs. 9—11. As can be seen, the
parameter, the fractiohof free counterions. Figure 8 shows agreement is rather good, for all the experiments we have
this parameter as a function of the polymer concentratjon done. When the solution is in dilute regime for the whole
for the three values of the rati¥, derived from Eq.(17)  concentration range investigatéldigh-salt contentX=0.1,
together with Eqs(22)—(24) and from Eq(17) together with  Fig. 9), the equivalent polyion conductance evaluated from
Egs. (25—(27) (dilute and semidilute regime, respectively the experimental results is well accounted for by EdS)
on the basis of a nonlinear least-squares fitting procedurend (22)—(24). The scatter of the experimental values in the
The fractionf, for all the three values of the rat) investi-  low concentration region is due to the limited accuracy of the

c [1019 monomers/ml]

IV. COMPARISON WITH EXPERIMENTS
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FIG. 9. Polyion equivalent conductaneg, as a function of

polymer concentratios, in the presence of added salt for the ratio ~ F!G- 11. Polyion equivalent conductanag as a function of
X=0.1. In this concentration range, the solution is in the dilutePOlymer concentratios, in the presence of added salt for the ratio

regime. The continuous line is the calculated value, @) to- X=10. The arrow marks the transition from the dilute to semidilute

gether with Eqs(22)—(24), with values off given in Fig. 8. regime. The continuous lines are the calculated values,oh the
dilute regime(upper curveé and semidilute regimélower curve

) __with the values of given in Fig. 8. The arrow marks the transition
experimental setup when we have to subtract the bulk ionigom the dilute to semidilute regime.

conductivity to that of the polymer solution, in salt excess

condﬁmn. AtX=1, when the mfluencg'of the added ;alt is V. CONCLUSIONS

relatively reduced, we expect a transition from the dilute to

semidilute regime at concentrations of the order of (5—-6) In this paper, we have used the scaling approach proposed
X 10'® monomer/ml (corresponding to a concentration of by Dobrynin, Colby, and Rubinsteif12] and by Dobrynin
102 monomol/l). As can be seen in Fig. 10, the equivalentand Rubinstei(13] to describe the electrical conductivity
polyion conductance follows the behavior expected from Egproperties of a polyelectrolyte solution in the presence of
(17) in the dilute regime, deviations occur just at the aboveadded salt in a good solvent condition. Either in the dilute or
stated transition concentration, approaching the value exsemidilute regime, where the presence of added salt causes
pected for semidilute condition. This trend is further con-the polymer chain to behave as a random walk of correlation
firmed in the case ok= 10 (low-salt content, Fig. D1 where  blobs, the polyion equivalent conductance has been calcu-
the transition between the dilute and semidilute regime oclated along the line proposed by Manning and has been com-
curs at concentration of the order o380 monomers/ml  pared with that measured for a polyion in the presence of
(corresponding to a concentration okK80 * monomol/l). added sal{NaPAA aqueous solutions at different NaCl salt
concentrations The agreement is rather good over the whole
concentration range investigated, giving a strong evidence
for the correctness of the scaling approach in order to ana-
lyze the transport properties of an ionic solution.

Our measurements also suggest a relation between the
‘e o ".' =D ® 1 counterion condensation and polyion concentration, different
o oo *° - from that predicted by the Manning model for linear rigid

o ] polyion chain in the limit of infinite dilution. In particular,
4 - o® we suggest that the effective charge on the polyion chain,
—_— after condensation has occurred, depends on the polymer
concentration, i.e., the distribution of free counterions is in-
fluenced by the presence of other chains and by the confor-

4 B 2 " P mation they assume. The gradual increase of counterion con-

10 10 10 10 10 densation as the polymer concentration increases in the
semidilute regime plays an important role to explain the be-
havior of polyelectrolyte solution in good solvent condition.

FIG. 10. Polyion equivalent conductanag as a function of Finally, we suggest that conductivity measurements could
polymer concentratios, in the presence of added salt for the ratio Provide reliable evidenceor a direct prooffor the existence
X=1. The arrow marks the transition from the dilute to semidilute Of necklace conformation of a polyelectrolyte chain under
regime. The continuous lines are the calculated values,of the ~ PoOr solvent conditions, giving an effective picture of the
dilute regime(upper curve and in the semidilute regimédower  influence of the solvent quality parameter and the conforma-
curve with the values off given in Fig. 8. The arrow marks the tion of a flexible polyelectrolyte chain. This investigation is
transition from the dilute to semidilute regime. in progress.

10 MahAd] M T M T T

A [10I3 cgs units]
<

P
[ 3]
1
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c [1019 monomers/ml]
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