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We present a set of low-frequency electrical conductivity measurements of solutions of differently
charged, salt-free polyelectrolytes in poor- and in good-solvent conditions, in the semidilute
concentration regime. The data have been analyzed and discussed in light of the necklace model for
hydrophobic polyelectrolytes recently proposed by Dobryeinal. [Macromolecules29, 2974

(1996] that predicts the chains to collapse into spheroidal cores connected by narrow strings. By
varying the quality of the solvent, we have measured the polyion equivalent condugtaimcan
extended concentration range in the semidilute regime and have demonstrated that this parameter is
influenced by the polyion chain conformation, giving further support, when the poor-solvent
condition prevails, to the picture of a string of electrostatic blobs. On the contrary, in good-solvent
condition, the electrical conductivity data are in reasonable good agreement with the picture of an
extended chain consisting of a collection of electrostatic blobs. These electrical conductivity
measurements, in light of scaling theory, furnish new experimental support for the necklace model
for hydrophobic polyions in poor solvents. ZD05 American Institute of Physics

[DOI: 10.1063/1.19316Q7

I. INTRODUCTION poor solvent will collapse in a “pearl-necklace” conforma-
tion due to the balance between short-range attraction and

Polyelectrolytes are polymers containing many ionizable] .
T . . _long-range Coulomb repulsion between monomers along the
groups, whose behavior in aqueous solution deeply differs

from that of uncharged polymers and from that of simplep.Olymer chain. This idea goes ba_lck to Rayl&g#ho pre-
electrolytes. The charges along the polymer chains and th%ICted that, as the charge density Increases, a globular aggre-
associated counterions, being partially correlated, impart t(gat_e becomes unst_ab_le and_sta_rts to split into smaller droplets
these systems some peculiar characteristics which mar¥ich tend to maximize their distance.
them of central importance in many fields of soft-matter ~ 1N€ pear_l-n?é:klace picture was supported by Monte
physics. Although in the last few years a notable progress hasaro S|mu|.at|or‘]i that showed a cascade from one to more
been done in the understanding of the behavior of po|ye|ecglobules with the increase of the electrostatic interactions.
trolytes in good solvents, considerably less attention hadh€ chain assumes a typical pearl-necklace conformation
been paid to the behavior of polyelectrolytes in poor-solventvhere small globules are connected by thin bridges.
condition, in spite of the practical relevance, considering that ~ Experimental evidence for the necklace model thus far is
most systems have organic nonpolar backbones in poldketchy and in some cases controverfalhe most con-
aqueous solvents, so that poor-solvent condition appears tncing of them are reported by Aseyet al® who inter-
be more appropriate. Although the solvent quality can bepreted dynamic light scatteriﬁ(b and small-angle neutron
properly defined for uncharged polymers, by “poor solvent,”scattering (SANS) datd of poly(methacryloylethyltrim-
in simple models for polyelectrolyte solutions, it is meantethylammoium methyl sulfaje (PMETMMS) in water—
that the solvent does not dissolve the uncharged chain.  methanol mixtures as indicating the presence of compact
From the point of view of statistical physics, the problem globules connected by flexible chain segments. Similar con-
is interesting because of the balance between the long-rangtusions have been reached by Leteal* on the basis of
repulsive Coulomb interactions and the short-range attraaNMR spectra comparing the spectral intensity of three
tion, the sign of which depends on the quality of the solventcharged polyiongpoly(styrene sulfonic acid(PSS, poly-
This balance introduces new length scales that make thgcrylic acid (PAA), and polymethacrylic aciil (PMA)].
polymer behavior very complicated. However, these experiments provide some indications but
Dobrynin et al? have suggested that a charged chain innot a direct proof for the existence of a pearl-necklace chain
structure. In order to offer further experimental support on
¥Electronic mail: cesare.cametti@romadl.infn.it this interesting issue, we expect that electrical conductivity
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< > assumes an extended conformation of electrostatic
Dilute regime (c<c*) e Semidilute regime (c>¢™) blobs and a random walk of correlation blobs, respec-

tively. Bottom panel: dilute and semidilutéstring-
controlled and bead-controlledoncentration regimes
in poor-solvent condition. In the string-controlled re-
gime, the chain is assumed to be a random walk of
correlation segmeng,; in the bead-controlled regime,
only one bead per each correlation volun@% is
expected.
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measurements could provide a useful tool for investigatingable good agreement with the predictions of the scaling
the different polymer conformations and could offer insighttheory of polyelectrolyte solutions, once the appropriate
for the plausibility of the model. guantities describing the electrical behavior of the polyion
We have investigated the electrical conductometric propare derived within the Manning counterion condensation
erties of polyN-methyl-2-vinyl pyridinium chlorid¢  model.
(PMVP-CI), at two different charge densities, in different The paper is organized as follows. In Sec. Il, we sum-
mixed solvents, ranging from pure watgroor solven to marize the pearl-necklace chain model and we report the
pure ethylene glycolgood solvent The conductometric be- main relationships for the electrical conductivity as a func-
havior of this polymer has been compared to the one ofion of the polymer concentration, according to the appropri-
poly(2-vinyl pyridine) (P2VP), the uncharged linear polymer ate solvent condition. In Sec. Ill, we characterize the poly-
from which the polyelectrolytes were made by partial ran-mer systems investigated and the experimental procedures
dom quaternization. employed. In Sec. IV we compare the model predictions to
These polymers, the uncharged P2VP and the two pamwur experimental data and, finally, in Sec. V we discuss our
tially charged PMVP-CI polymers, modified with pendant results in light of the necklace model for poor-solvent con-
ionic groups to impart solubility in water, possess a carbondition and we suggest for further experiments. A conclusion
based backbone for which water is a poor solvent and, on thimllows.
contrary, for azllllsof them, ethylene glyc¢EG) behaves as a
good solvent™ Il. THEORETICAL BACKGROUND
The use of a range of solvents allows us to test sepa-
rately the influence of the solvent quality on the polyelectro-  Recently, we have discusséd®the conductometric be-
lyte behavior in a variety of different experimental condi- havior of polyelectrolyte solutions in good- and poor-solvent
tions. In this article, we will present electrical conductivity conditions, in the absence of added salt, in light of the scal-
measurements of polyelectrolyte solutions with the solvening approach proposed by Dobrynit al*® A sketch of the
quality changing from good- to poor-solvent condition. Five different chain conformations assumed by the polyion in dif-
different mixed solventgethylene glycol-water mixtures at ferent concentration regimes for both poor- and good-solvent
different molar ratios of varying quality were studied for conditions is shown in Fig. 1. Here, we will confine our-
various polymer contents, in the semidilute concentration reselves to analyze the necklace model and we will summarize
gime, by means of low-frequency electrical conductivity the relevant equations defining the conductometric behavior
measurements. of the polymer solution in different concentration regimes, in
Even though the solvent is poor, the polyelectrolytepoor-solvent condition.
chain may be soluble in water if the electrostatic repulsion  We consider a polyelectrolyte solution containing poly-
between monomers is sufficiently strong. This happens, dbns at a numerical concentratidf, with each polyion hav-
different degrees, for the two partially charged polyions in-ing N monomers of sizé and a contour length=Nb. Coun-
vestigated, where the degree of ionization imparts the neceserion condensation reduces the effective charge of each
sary charges along the chain and for the uncharged polymeolyion to Q,=fNze, with fNz,/z; counterions of charge
in a water-ethylene glycol mixture. Our results are in reasonz;e released in the solvent, whefas the fraction of mono-
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mers on the chain that bears an effective charge. The ele8. The equivalent polyion conductance
troneutrality condition implieg,=z,v;, with z, and z; va-
lences of the charged groups on the polyion chain an
counterions andv; is the counterion stoichiometric coeffi-
cient, respectively.
According to the Manning counterion condensation _ _.Q
17,18 ; L ANp=Fu,=F
theory, =" counterion condensation is governed by the P P

charge-density parameter defined as the ratio of the Bjerrumh F—e\ the Farad b e the ol
lengthlg (~7 A at 25 °C in waterand the distance between W1€r€ == the Faraday number wite the eemerltary
effective charges along the chaif charge. Mannln%f has derived an expression for the “effec-

tive” electrophoretic coefficienty; that takes into account
flg _ fe? 0 the “asymmetry field effect” as

b ekgTh Q% D,
Heree is the elementary charge,the dielectric constant of fe+ U(l) <l B D(l’)
the solvent, andkgT is the thermal energy. For strongly feﬁ:T: (5)
charged polyions in a high dielectric constant medium, reo
Ig/b>1 andf is lowered by counterion condensation until wherefg is the usual electrophoretic coefficieuf,the coun-
f=b/lg. The charge on the polyion and the release of counterion mobility in the solventwithout polyions, and D,/DY
terions into solution drive the polyion to dissolve in solventsthe ratio of the diffusion coefficients of the counterions in the
of high dielectric constant, even if the energetic interactionpresence of polyion and in the limit of infinite dilution, re-
between uncharged monomer and solvent is unfavorablepectively.
Such solvents are referred to as “poor solvents” and the con-
formation of the chain on the scale of a few monomers ic The necklace model
collapsed into interesting conformatiofdiscussed below in
Sec. I B. This conformation is governed by the solvent ~ Within the so-called necklace model, in poor-solvent
quality parameter in poor solverithe Flory parametgr condition, a hydrophobic chain will split into a set of smaller
which is effectively a reduced temperature=(6-T)/#, charged globule¢head$ connected by Iong and narrow sec-
whereT is the absolute solvent temperature ahthe tem-  tions (strings. In the dilute regime(c<c’), the necklace
perature at which the net-excluded volume for uncharge@hain of lengthL,=Nls is composed oN, beads of siz®j,
monomers is zero. The solvent quality parameters® at  €ach of them containingy, monomers, joining(N,—1)
T=¢ and 7 increases towards unity as the solvent become§trings of lengthls (Is>Dy). AccordLnlg to the scaling ap-
poorer (T< 6). It must be noted that for a polyelectrolyte, proach for the electrical conductivit§;*the electrophoretic
since thed temperature refers to the uncharged chain, thigoefficientfe can be written assuming that the mass and any
guantity is not experimentally accessible. On the other handgtondensed counterions are primarily associated with the
separating the contributions of pure electrostatic interaction8€ads as

The equivalent conductanaeg, of the polymer chain is
iven by the ratio of the total effective chargg, and the
“effective” electrophoretic coefficierft

, (4)

feff

from polymer-solvent interactions favors the understanding 37 yNpDy,
of polymer conformation in different solvents and radiowave  fe= b (6)
dielectric relaxation measurements could provide useful 1+=2[In(Ny)|
hints to this problent? ls
The characteristic quantities scalé as
A. Electrical conductivity of a polyelectrolyte solution N, ~ N/g, ~ N(l1g/b) 72, (7)

With no added salt, the electrical conductivity of a poly- 1/3e-273
electrolyte solution is the sum of contributions from polyions Dy, = b(lg/b)=F~=, (8)
and counterions and can be written as
ls=b(lg/b)~Y271/2¢71, 9)

o= QprUp +z,eNyuy, (2) . . —1§-2
) _ The number of monomers in a beadig~ w(lg/b)~*f™ and,
whereN, andN, are the numeric concentrations of the poly- i the present case, this value is of the ordemgf- 10. On
ion and counterions deriving from the charge group ionizayerage, among them, a fractidnis charged andmyN,
tion and u, and u, their mobilities, respectively. In the coynterions per chain are released into the solution.

present caséz,=z=1»,=1), Eq. (2) can be rearranged, as In the semidilute regiméc>c"), two different concen-
usually, to give tration intervals appear, defining a string-controlled regime
fc (c"<c<cp) and a bead-controlled reginte,<c<cp). The
o= K/D‘p”‘l]' (3 two characteristic concentrations, and Cp, identify two

concentration regimes, where the distance between chains
where\, and\, are the equivalent conductance of polyionsequals their extended length and where the electrostatic
and free counterions, respectivetythe polyion concentra- blobs begin to overlap and the electrostatic length equals the
tion expressed in number of monomers per unit volume, anélectrostatic blob size, i.e., where chains and electrostatic
N the Avogadro number. blobs overlap, respectively.
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In the semidilute regiméc>c"), the polyion conforma-
tion is described by a single correlation lengghWheng, is

larger than the average distance between beads, a strin

controlled regime dominates arg has the same /2 con-

J. Chem. Phys. 122, 234906 (2005)

cp ~ b73r. (20)

he number of beads, passing from the dilute to the semidi-
ute regime, changes progressively. Whereas in the dilute re-

centration dependence as it happens in a good solvent. As tMe; the numbeN, of beads is independent of(Eq. (7)],

polymer concentration increase, equals the distance be-
tween pearls at, and a bead-controlled regime holds with a

the numberNg0 of correlation segmentg, in the semidilute
(string-controlled regime increases as/2 [Eq. (14)]. At the

less usuat™3 concentration dependence of the correlation®Veriap concentration’, N (c')~1, i.e., a chain gives rise
length. In the semidilute regime, the electrophoretic coeffi{0 @ Single correlation blob and from that point on, the num-

cient fg for a random-walk chain olf\lg0 correlation blobs of
size §, each containing, monomers is given by

_ N ile,
1:E_ =~ 3 y (10)
1+ 8\/N§O§§o/3\'677 né&y
where the friction coefficieng§o can be written as
3myNpD
lo=—5T 71T (12)
1+-2 In<—5>
ls 0
in the string-controlled regim&” <c<c,) and as
{g=3mnDy, (12

in the bead-controlled regime, <c<cp), respectively. The

ber of correlation segments increasesc$ (in the ¢ <c
<¢, regime.

Ill. EXPERIMENT
A. Materials

Poly(2-vinyl pyridine) (P2VP (M,,=364 kD was pur-
chased from Polymer Source Inc. and was used without fur-
ther purification. The samples of poly-methyl-2-vinyl pyri-
dinium chloride (PMVP-CI) were prepared from the neutral
parent dry polymer P2VP by means of a quaternization pro-
cedure, resulting in various charge-density polymers. Rely
vinyl pyridine) dissolved inN-dimethyl formamide(DMF)
was quaternized with dimethyl-sulfaten the pyridine nitro-
gen and the methyl sulfate counter-anion was then substi-
tuted by CT upon addition of NaCl. Two different samples

basic assumptions in deriving the electrophoretic coefficienyVith two different degrees of quaternizati¢@=0.17 and

fg are discussed in Ref. 14, considering the elementary un

[=0.55 were prepared. The polydispersity index of the

as the electrostatic blob with a cutoff function éxp Samples is estimated to bd,/M,=1.06. The degree of
—r;j)/NpD in the dilute regime and the elementary unit as theduaternization of the partially quaternized polymers was de-

bead with a cutoff function exprij)/Nyls in the semidilute
regime. According to Dobrynin and Rubinstéinthe charac-
teristic quantities scale as

go - b_1/2C_1/27'1/4(|B/b)_1/4f_1/2, (13)

N, = (N/g) =N 7304(1 o) 3/4F3/2c 112312, (14)
for ¢ <c<c, and as

gO = C_1/3T1/3(|B/b)_1/3f_2/3, (15)

Ng, = (N/g,) = N7 H(lg/b)f?, (16)

termined by using sodium chloride and silver nitrate based
on the standard counterion titration technique.

Experiments were performed using mixed ethylene
glycol-water solutions at five different mole fractioné
=[EG]/([EG]+[water) (X=0,0.25,0.5,0.75,1 Solutions
with varying polymer concentrations were prepared by con-
secutive dilution and the range covered was from
0.01 to 10 mg/ml. All the dilutions were prepared using de-
ionized Q-quality water(electrical conductivity less than 1
X108 ohnitcmi™t at room temperatujeand commercially
available highly purified grade ethylene glycdBigma
Chem. Co. All measurements were done at the temperature
T=25.0+0.1 °C.

for c,<c<cp. In the above dependences and throughout the

paper, numerical coefficient®f the order of unity have

B. Electrical conductivity measurements

been dropped, to keep the discussion at scaling level and The electrical conductivity of the three polymer solu-
consistently, the comparison with the experimental resultsions investigated in solvents of different qualities has been
has been carried out assuming unity for the prefactors in alheasured by means of a frequency domain dielectric spec-

the scaling laws.

troscopy technique using two Hewlett—Packard impedance

The polyion concentrations that define the different con-analyzers, model 4294A in the frequency range from

centration regimes, from the dilute to the semidil(g&ing-
controlled and bead-controlled regimese given by

¢~ b 3N 3(Ig/b) %2752, (17
for poor-solvent condition and

¢~ b N2 1271 /)07, (18
for good-solvent condition, respectively, and by

Cp ~ b3 (1g/b) 27712, (19

40 kHz to 100 MHz and model 4291A in the frequency
range from 1 MHz to 2 GHz. Details of the conversion from
the measured electrical impedance of the conductivity cell
filled with the sample to be investigated and its electrical
conductivity o have been given elsewhe?e® The conduc-
tivity spectra extend over an extremely large frequency range
showing different dispersion regions, associated with the dif-
ferent conductive mechanisms, at a molecular level, occur-
ring in the solutions. In the low-frequency tail, an electrode
polarization appears due to the polarization of the ionic
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double layer at the electrode-solution interface. This effect, 5 T
resulting in a more and more considerable decrease of the . 10.21 !
conductivity as the ionic strength of the solution is increased, £ 1077 L
has been corrected following the procedure discussed in Ref. 10”1 1
23. In the intermediate frequency range, the dispersion asso- 1074 1
ciated with the polymer predominates. This dispersion de- ool " 4 i .
pends essentially on the counterion fluctuation along some @) ’ Polyion concentration C [mg/mi]
typical polymer lengths and, therefore, reflects the polymer

conformation. Finally, in the high-frequency range, approxi- T B T T 7
mately from 100 MHz to 2 GHz, the conductivity increase is 10 71 1

-2
due to the orientational polarization of the aqueous phase, g 104‘ MM‘
whose relaxation time falls at about 10 =17 GH2,** o 107 M ]
o

o [@'m']

at room temperature. Our experimental setup allows the fre- 1071 1
quency to be investigated up to 2 GHz, approximately a de- 107 4 . T T
cade before the relaxation frequency and, consequently, only b) °'°1P01yion Ol ration & [mgm] 10

the beginning of this dispersion region is detectable.

In this paper, we will consider only the low-frequency
limit of the electrical conductivity(once corrected for the
electrode polarization and we postpone to a further paper

E o
the analysis of the dielectric behavior of the polymer solu- [} 1041 !
tions. o 107 M 1

10" 1 1
1071 1

10 T T T T
0.01 0.1 1 10
IV. RESULTS (c) Polyion concentration C [mg/ml]
A. Comparison with experiments FIG. 2. The electrical conductivity of the different polyions investigated as

. . . a function of the polymer concentration expressed as mg/@l.
The overall electrical conductivity behavior of the P2VP 55o,pmyp-cl in different solvents®): X=[EG]/((EG]+[H,0])=0, pure

(unchargetland 55%PMVP-CI and 17%PMVP-Qpartially  water; (®): X=[EG]/([EG]+[H,0])=0.75; (A): X=[EG]/(EG]+[H,0])

Charged po|ymers in different solvent mixtures, over the =1, pure ethylene glycoltb) 17%PMVP-CI in different solvents(l): X

whole concentration range investigated, is shown in Fig. ZFA[?G];(:[[EEGG]]‘L/[(HE?%]lz[gch)g‘)rf(‘J’Vgte(r(v.)) iz%ggf%ggﬂ:ﬁ;zggg

The different solvent composition, ranging from pure water(e). x=[EG]/(EG]+[H,0])=1, pure ethylene glycol(c) P2VM, un-

to pure ethylene glycol, allows the quality of the solvent tocharged polymer, in different solventdll): X=[EG]/([EG]+[H,O])=0.5;

be tuned from poor to good conditions. (A_): X:[EG]/([EG]f[H?O])zl, pure ethylgne glycol. The full lines are
Before going on with the comparison between the mode]hlrd-order polynomial fits of the data to guide the eye only.

prediction and the experimental results, we must determine

the concentration regime that the system experiences. Rsealing laws(17)—(20), are in reasonable agreement with

cently, two of ugDou and Colby have measured the charge- those derived on the basis of the rheology properties of these

density effect in the rheology behavior of these polymers inpolymers?®

ethylene glycol solutio® On the basis of this study, the This means that the range of polymer concentrations

overlap concentration” can be defined as the concentrationwhere the semidilute, string-controlled regime holds occurs

at which the specific viscositys,=(7— 75/ 7, wherepand at concentrations higher thanC=0.2 mg/ml for

75 are the zero shear rate viscosity of the solution and th&7%PMVP-CI and higher than C=0.3 mg/ml for

solvent, respectively, is approximately unity. For the sample$5%PMVP-CI, up to the highest concentration investigated

in ethylene glycol, ie., P2VP, 17%PMVP-CI and (C=10 mg/m). Consequently, we will discuss in detalil this

55%PMVP-CI, the concentratiorgs are 0.057, 0.0017, and concentration regime within the above-stated necklace model

0.0017 moles of monomers per liter of solution, respectivelyand we will compare the expected behavior to the one that

corresponding to concentrations of about 5.6, 0.23, andhould occur if the necklace model was unable to take into

0.23 mg/ml. For the same sample 17%PMVP-CI andaccount the observed electrical conductivity. The behavior in

55%PMVP-CI in water, the concentratiah are 0.0015 and the dilute regime, for concentration bel@i and the overlap

0.0004 moles of monomers per liter of solution, respectivelywith the semidilute one will be considered in a forthcoming

corresponding to about 0.17 and 0.05 mg/ml. The concenpaper.

trations defining the different regimes can be also estimated, As can be seen from E(3) together with Eqs(10) and

to a first approximation, from the above-stated scaling laws(11), the electrical conductivity depends, for a fixed vatue

For example, from relationshipd7)—(20), assuming a sol- of the solvent quality, on a single free parameter, the fraction

vent quality factorr=0.6 (poor solvent, we obtain thatc’ f of monomers bearing an effective char@ad hence, for

varies between 6.8 10'¢ and 9.0x 10'* monomer/ml, forf uni-univalent charges, the fraction of free counterjposice

varying from f=0.2 to f=0.8. Within the same interval of the appropriate dependence for the characteristic quantities

values of the parametedr, we find thatc, varies between of the model given by the scaling lay&gs.(7)—(9) and Egs.

1.0x 10?* and 7.0x 10?* monomer/ml. Finallycp is of the  (13)—(16)] are considered. As far as the viscosity of the sol-

order of 1.0< 10?2 monomer/ml. These values, based on thevent is concerned, we used the valge16.1 cP for ethylene
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FIG. 3. The fractionf of monomers bearing an effective charge derived
from the electrical conductivity measurements for the charged polymers in 3590 . ® e
good- and poor-solvent conditiond): 55%PMVP-CI in water(poor sol- 3.0 : - 3
vend; (A): 55%PMVP-CI in ethylene glycol(good solvent (V): 10 ;)o 10"
17%PMVP-CI in waterpoor solven, (#): 17%PMVP-CIl in ethylene gly- . 1
col (good solvent The dotted lines are drawn for visual purpose only. Concentration C [mg/ml]

FIG. 4. The equivalent polyion conductancgas a function of the polyion

egcoI and »=0.89 cP for water at 25 °C. For mixed sol- concentrationC for 55%PMVP-CI(Q=0.59; (a) polyion in water solvent
7= ) (poor-solvent condition(®): values derived from the measured values of

vents, an interpolation relationship was employed. In the folyne electrical conductivity; the full line represents the values calculated ac-
lowing analysis, for all the ethylene glycol-water mixtures cording to the necklace model in semidilute, string-controlled condition
investigated, we have assumed for the solvent quality a valuds: (4). (10, and (11)], assumingr=0.6. The dotted line represents the

_ . 26 - calculated values in the semidilute, good-solvent conditibnpolyion in
T'_O'G’ 'Close to the one used by Lyulét a_l' _m computer ethylene glycol solventgood-solvent condition(®): values derived from
simulation of a single polyelectrolyte chain in poor solvent.the measured values of the electrical conductivity; the full line represents the

We have also verified that in the vicinity of this value the values _calculated according to the semidilutg, good-solvent conditiqn. The_
result of our analysis does not change appreciably. For so Htjtt‘z"j ;'{:ﬁ\;gﬁ;iﬂfdtzin%"’i‘t'i‘;“[:‘;‘;e;’ (Zi't(’fg)"r;;':j‘e(lrl?]fk'ace model in semi-
typical polymer solutions, in pure water or in pure ethylene

glycol, Fig. 3 shows the parametéras a function of the
polymer concentratio derived from Eqgs(4) and(5), with
Eq. (10) (poor solvent, semidilute string-controlled regime,
assuming forr the valuer=0.6), or from Eq.(4) (good sol-
vent, semidilute regime In the water-ethylene glycol mix-
tures, the behavior of as a function ofC is similar. In the
evaluation of the “effective” electrophoretic coefficieft;,

; 0
the ratioD, /D has been calculated from Eqé6) and (47) conductanca., derived from the electrical conductivity mea-

of Ref. 15 and the counterion mobility; in the different surements using the values bishown in Fig. 3 and wil

solvents has been obtained from the appropriate value in . . . .
L . . L .. compare its behavior with the one expected on the basis of
water, taking into account the different viscosities of the dif-

. . e necklace model in the semidilute, string-controlled re-
ferent mixtures employed. However, changes in the value ov] 9

. i . ) ..~ “gime. We will discuss the results concerning the three sys-

the counterion mobility reflect in a relatively small variation tems investigated separately
of the fractionf of free counteriongwithin 2%—3%). '

For all the systems investigated, the fractiodecreases o
with the polymer concentration, both in poor-solvent and inl- Degree of quaternization Q=0.55
good-solvent conditions. This dependence, although unex- This polyelectrolyte chain is relatively strongly charged.
pected within the Manning mod&l,is in qualitative agree- A monomer extends over roughly 3 A and, at a degree of
ment with the one observed in aqueous solutions of sodiumquaternizationQ=0.55, there is one charge per about two
polyacrylate salt both in the presence and in the absence @fionomers, the average distance between adjacent charges
added salf"**and with molecular-dynamic simulatidhthat  being aboutb=5.4 A. The polymer chain of molecular
suggests an increase of the counterion condensation wheveight 364 kD contains 3460 monomers, meaning about
the chain assumes a more compact conformation, as it hap900 charges. In this case, the Manning paramgisrclose
pens for hydrophobic polyelectrolytes, when concentrationto ¢é=Ilg/b=1.3 for pure water solvent angklg/b=2.7 for
increases, as predicted by the necklace moidel. pure ethylene glycol solvent. This means that counterion

The electrostatic interactions governed by the Bjerrumcondensation is expected to set in for all the pure and mixed
length vary with the solvent permittivity. We have measuredsolvents investigated, with a “nominal” fraction of con-
the permittivity of the water-ethylene glycol mixtures at dif- densed counterions ranging frofr0.75 in water tof=0.4
ferent mole fraction that changes frone’=78.5 forX=0 in ethylene glycol. Figure 4 shows the equivalent conduc-

(pure watey to €' =37.7 for X=1 (pure ethylene glyco] at
the temperature of 25 °C. We have considered the solvent
phase as a continuous phase with an effective permittivity,
neglecting the possible effects of a preferential solvation of
the polymer, i.e., a different concentration for water and eth-
ylene glycol close to the polymer chain.

In the following, we will present the polyion equivalent
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tance\, in two limiting cases, i.e., polyions in watépoor
solven} and in ethylene glycolgood solventtogether with

the values calculated on the basis of the appropriate models
(necklace model for poor solvent and blob model for good
solven). As can be seen, the agreement is quite good over

6.0--.l @

the whole concentration range where the semidilute regime z
holds. Moreover, as expected, large deviations occur if the §
values of\,, for water solution(poor solvent are compared o
with those calculated for good-solvent conditiatotted line, £
Fig. 4@)] and conversely if values of, for ethylene glycol >,
(good solvent are compared with the ones calculated for < (b)

poor-solvent conditiorfdotted line, Fig. 4b)]. This finding 061 |

strongly supports the necklace model for hydrophobic poly-
ions and represents a well-documented experimental evi- 0.4 .
dence of the influence of the solvent quality on the polyion
conformation.

Finally, to complete our analysis, we can evaluate the
prediction of the electrostatic blob modfein poor-solvent 0.1 1 10
condition. According to Dobryniret al,'® the characteristic Concentration C [mg/ml]
parameters are the contour Ienglpogo of the random-walk
chain of correlation blobs, the numbN&) of correlation concentrationC for 17%PMVC-CI(Q=0.17. (a) polyion in water solvent
blobs within each polyion chain, and the rafw/ge) of the  (poor-solvent condition (®): values derived from the measured values of
monomers inside a correlation blob to that inside an electrothe electrical conductivity; the full line represents the values calculated ac-

. " . - . ording to the necklace model in semidilute, string-controlled condition
static blob. These_ _quamltles’ in the semidilute regime an(§Eqs.(4), (10), and(11)]. The dotted line represents the calculated values in
poor-solvent condition, scale as

the semidilute, good-solvent conditioth) polyion in ethylene glycol sol-

FIG. 5. The equivalent polyion conductancgas a function of the polyion

_ 2/3_~1¢4/3 vent(good solvent condition (®): values derived from the measured values
Nfogo Nb(IB/b) (i e (21) of the electrical conductivity; the full line represents the values calculated
according to the semidilute, good-solvent condition. The dotted line repre-
Ng . N01/2b3/2(|B/b) 7_3/2f2, (22) sents the caIcu_Igted values in the necklace model in semidilute, string-
0 controlled conditior{Egs. (4), (10), and(11)].
(9/99 — C—1/2b—3/27,1/2. (23)

In this case, the electrophoretic coefficieipt of Eq. (10)

and in ethylene glycol, despite the weaker electrostatic inter-
actions along the chai(Fig. 3. Also in this case, for poly-

mers in water solvent, the necklace model is able to take into
3wy account for the equivalent polyion conductanggover the

=—, (24)  whole semidilute concentration rangEig. 5@ full line].
In(g/ge) Conversely, if good-solvent condition should be applied,

Once the appropriate values of the parameters are consiftarked deviations appeared both at low- and high-
ered, we obtain, for 55%PMVP-CI polymer in watgroor ~ concentration valueg=ig. 5a), dotted lind. On the contrary,
solveny, an equivalent polyion conductanag with a very polymers in good-solvent condition are well accounted for
small dependence on the polyion concentration and valuedy the blob semidilute mod¢Fig. 5(b) full lines] and more-
close to 1.9, 2.0, and 2:210" cgs unit forr=0.4,0.6,0.8, over, necklace model fails in the description of the experi-
respectively. These values are well below those derived frorfnental datdFig. 5(b), dotted lind.

the measured conductivityig. 4). This rules out the appli-

cability of the electrostatic blob model in poor-solvent con- 3 ncharged polymers

dition and gives further support to the necklace model. The
polyions in water-ethylene glycol mixtures behave consis- FOr uncharged polymers, the above-stated models do not

tently with the above-stated picture. apply and the electrical conductivity of uncharged polymer
must be analyzed in a completely different context. In this

case, the parameter associated to with the polymer chain con-
formation is the polyion equivalent conductivity. This

In this case, the chain is less charged and there is onguantity can be calculated from the measured conductivity of
charge per about 5.8 monomers, the average distance be solution,o, and the solventgy, according to the usual
tween charges being about 17.6 A. In these conditions, theelationship
charge-density parametefr is always Ie§s than unlty(for A= (- 09)IC,, (25)
monovalent counterions and counterion condensation, P
within the Manning theory, should not occur for all the poly- where C, is the polymer concentration expressed in
mers investigated. On the contrary, also in these systems, weonomol/I.
observe, from the values of the electrical conductivity, that a  Figure 6 shows the values dof for the uncharged P2VP
fraction of counterions continues to condense both in watepolymer in good solventethylene glycol as a function of

holds with the friction coefficienggo given by

e,

2. Degree of quaternization Q=0.17
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FIG. 6. Concentration dependence of the equivalent conductivifyr the 1.8 .
different polymers investigated in ethylene glycol solutiGa): P2VP, un- 1.6 1
charged polymers; the behavior &ffor the charged polymers is shown for ’ (c)
comparison(l): 55%PMVC-CI(Q=0.55; (®): 17%PMVC-CI(Q=0.17). 1.4+
The dotted lines are to guide the eye only. 1.2+r——r———rrry S—
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. . . Polyi tration C /ml
concentration, compared with the corresponding values of olyion concentration C [mg/ml]

the other two charged polymers investigaté8%PMVP-Cl  riG. 7. The spread parametgrof the power law of the frequency depen-
and 17%PMVP-Ql As can be seen, while the two charged dence of the electrical conductivity as a function of the polymer concentra-
polymers behave similarly, as expected on the basis of thén C (expressed as mg/mli(a) 55%PMVP-Cl in different solvents#):
basi ¢ i f the chain. th h d polS=ECGV/(EGI+[H,0)=0, pure water; (®): X=[EG]/([EG]+[H,0)
same basic conformation of the chain, the uncharged poly= 75." (4. x=[EGI/([EG]+[H,0)=1. pure ethylene glycol. (b)
mer differs both in the observed values and in the concentrar7ospmvP-Cl in different solvents®l): X=[EG]/([EG]+[H,0]) =0, pure
tion dependence. water; (®): X=[EG]/([EG]+[H,0])=0.25; (A): X=[EG]/([EG]+[H,0])
=0.5; (¥): X=[EG]/([EG]+[H,0])=0.75; (#): X=[EG]/([EG]+[H,0])
=1, pure ethylene glycolic) P2VM, uncharged polymer, in different sol-
vents: (M): X=[EG]/([EG]+[H,0])=0.5; (A): X=[EG]/([EG]+[H,O])
=1, pure ethylene glycol. The continuous line @£2.0 marks the value

B. Frequency dependence of the electrical expected for a single Debye-type relaxation function.

conductivity spectra

Before concluding, we want to underline an interesting
issue deriving from the high-frequency tail of the frequency
dependence of the electrical conductivity. Typical conductiv-
ity spectra of charged and uncharged polymers in solvents of
different qualities, changing from poor- to good-solvent con-where e, is the dielectric loss and the Cole-Cole param-
ditions, display an increase as a function of frequency, basieter associated with the spread of the relaxation times. Equa-
cally due to two concomitant effects, the biggest associatetlon (27) reduces to the power law of E§26) with g=2
with the dipolar orientation effect of the solvent molecules(«=0) for a process described by a single exponential decay
and the smallest which takes into account the polymer{Debye-type relaxatiorand to a power law with an exponent
solvent interactions. This latter effect should depend on themaller than 2 for a process described by a superposition of
quality of the solvent and consequently it can be consideredxponential decay&Cole-Cole-type relaxation
as an appropriate probe to investigate, even if only qualita- In the high-frequency tail of the electrical conductivity
tively, the influence of the solvent on the conformation of thespectrum (approximately from 5-10 MHz to 2 GHz, the
polymer chain. We have analyzed the high-frequency regiomighest frequency employed in this workhe data follow
of the conductivity dispersion to support furtherly the differ- the power law of Eq(26) and from a fitting procedure, the
ent polyion-solvent interactions when the solvent quality isexponentg can be appropriately evaluated. This value is
progressively changed from poor to good condition. shown in Fig. 7, as a function of the polymer concentration,

The frequency dependence of the electrical conductivityfor the three differently charged polymers, for all the differ-
can generally be described by a power law, terminated by @nt solvents investigated. As can be seen in Fig. 7, the de-
dc conductivityo - at low-frequency pendences oB show, as expected, deviations from the value
B=2, corresponding to a single Debye-type relaxation, as the
polymer concentration is increased, but, moreover, these de-
viations are progressively more marked as the quality of the
Any change in the value of the paramegis indicative of a  solvent changes, passing from good solvent to poor solvent.
change in the polyion-solvent interactions. When the dielecWhile g is approximately around 2 in the case of P2VP
tric or conductometric relaxation process is described by golymer, indicating an absence of polymer-solvent interac-
Cole-Cole relaxation function, the dependence of the electrition, this parameter reaches values as low as 1.4-1.5 in the
cal conductivity on the frequency can be given, to a firstcase of 55%PMVP-CI in poor solvefivaten at the highest
approximation, as concentration investigated.

(@) = 020 + WEegig = W7, (27)

() = 0 =0+ AcP. (26)
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V. DISCUSSION Rubinsteirt® in very dilute solutions, almost all counterions

. . reside far from the polyion. As the polymer concentration
We have presented the electrical conductometric propet-

) increases, the balance between electrostatic and entropic in-
ties of moderately charged polyelectrolytes under poor- and;

d-solvent diti ithi . istent ractions results in a continuous decrease of free counteri-
good-solvent conaitions within a unique consisten .ap%oadans, also for polyion solutions in good solvent. Therefore, on
based on the scaling theories proposed by Dobrghnial.,

and Dobrynin and Rubinsteft Whereas for good solvents, the basis of this ambiguityalso confirmed by the observed

: o .’ dependence of on the polymer concentratio@), we will
the polymer chain, because of the electrostatic interactions_" " i )
consider the fractio of free counterions as a free parameter

between monomers, assumes a rodlike conformation of elec- be adiusted on the basis of the experimental values of the
trostatic blobs, for poor solvents this structure is abandoned ) P

in favor of a necklace configuration, consisting of highly glectr_ical cgnductivity, in the _differer_wt experimental cond_i—
stretched segmentstringsg alternated with more collapsed t|on§ investigated. On the basis of thls apprO{%Ch’ the polyion
globules (beads. The aim of this paper is to explore the equwalent conductam?ep can be der'lved, within the appro-
possibility to offer experimental evidence for this model by Priate model depending on the quality of the solvent. All the
means of electrical conductivity measurements. Since thiSther quantities involved are known or they can be derived
technique probes the movements of any charged object in tHirectly from the model adopted. The comparison of the two
solution, it should be able in principle to provide an unam-different behaviors ok, for the two charged polymers, de-
biguous proof of the influence of the polymer chain confor-fived for good- or poor-solvent conditions, strongly supports
mation on the ion distribution or, conversely, to evidence théhe necklace model when the experimental conditions allow
conformational changes produced by counterion releasds applicability. Itis worth noting that if one considers good-
Moreover, this transport property can be used as a Ver§olvent conditions when poor-solvent condition applies, or
simple parameter to separate different concentration regimegnversely, poor-solvent condition when good-solvent condi-
and to show the conformational changes induced by polyiotion applies, even if the agreement is forced by finding the
concentration. This can be investigated since the equivaletiest set of values for the fractiohof free counterions, a
polyion conductance.,, which is the key parameter of the notable disagreement is observed, which rules out the possi-
problem, depends on the chain conformation and moreovehility of applying a model based on the assumptions of the
on the different models proposed. wrong solvent quality. In other words, the necklace model
The relevant parameter to explain the experimental reaccounts for the electrical behavior of PMVP-CI in water
sults is the fractiorf of free counterions. Figure 3 shows, for (poor solventand fails for its electrical behavior in ethylene
all the systems investigated, the fractibras a function of glycol (good solvent Moreover, we have progressively
the polymer concentration, both in poor- and in good-solventhanged the solvent quality, passing from good to poor sol-
conditions. Although for systems for which the Manning pa-vent, modifying the solvent composition and considering
rameter exceeds the critical value, a fixed charge density isthylene glycol-water mixtures at different molar fractions.
expected, on the contrary a marked dependence both on tif&en if the analysis of the results is not reported in detail
solvent quality and on the concentration was observed. Thifere, we observe that the agreement becomes more and more

is a clear hint that the more or less compact conformatiofveak, as the quality of the solvent differs from that for which
assumed by the chain in the semidilute regime play an imthe model applies.

portant role on the condensation effect. In the necklace Thjs analysis is confined to the semidilute string-
model, the counterion condensation has been discussed #yntrolled regime since the polymer concentration investi-
detail by Dobrynin and Rubinsteftf,who considered the ef- gated falls in this interval. In order to have a more strong
fects of condensation on the whole necklace conformation, I3nport to the necklace model for hydrophobic polyelectro-

addition to the ones on the strings and on the spherical bead@tes and a more meaningful comparison with the experi-
controlled by the charge density of the strings and charge andlenia| gata, the semidilute bead-controlled regime should be

size of the beads, respectively. By minimizing the free €Minvestigated. In these conditions, the chain should assume a

ergy of the _necklace, considering t_he translationa_ll entropy O&ifferent conformation that the polyion equivalent conduc-
th‘? counterions, these _authors derived th? following relat'onfance)\p should reflect. A somewhat different approach has
shlp_ between the fractloh of free counterions and the nu- been proposed by Schiessel and piAtasd Schiesd? who
merical concentratiol of monomers ; . . . L
provided a scaling picture where counterion condensation is
r 1—f considered the “driving force” to induce attraction between
c= 031+ flexp(2/3ut 18] - 1" (28) different parts of the polyelectrolyte chain. This effect results
¢ in a shrinkage of the chain and, in appropriate conditions, in
whereu, is the electrostatic interaction between a bead and & collapse towards a globule conformation. Moreover, a
counterion at its surface in terms of the thermal end«gly. phase separation triggered by concentration-induced counter-
Although Eq.(28) strongly depends on the value of the pa-ion condensation has been described by Dobrynin and
rametery,, the overall behavior confirms a decrease of theRubinsteifi* and Liaet al* who showed that solutions of
values off as the monomer concentratianincreases, as polyelectrolytes in necklace configuratigmoor solvenk can
derived from the electrical conductivity measureme(fiig.  be unstable with respect to phase separation. All these effects
3). However, this dependence could not be peculiar to theshould reflect in changes of the equivalent polyion conduc-
necklace model since, as pointed out by Dobrynin andance and, ultimately, in the dependence of the observed

Downloaded 22 Jun 2005 to 141.108.3.54. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



234906-10 Bordi et al. J. Chem. Phys. 122, 234906 (2005)

electrical conductivity on the polyion concentration. This °L. Rayleigh, Philos. Mag:14, 184 (1882.

. . . . - 4 1
work is in progress and will be the subject of a forthcoming - J: Limbach, C. Holm, and K. Kremer, Europhys. Le30, 566(2002.
U. Micka and K. Kremer, Europhys. Let#9, 189 (2000.

paper. 5U. Micka, C. Holm, and K. Kremer, Langmuit5, 4033(1999.
M. D. Carbajal-Tinocc and C. E. Williams, Europhys. Let2, 284
VI. CONCLUSIONS (2000.

. .. M. Heinrich, M. Rawiso, J. G. Zilliox, P. Lesieur, and J. P. Simon, Eur.
We presented a set of electrical conductivity measure- ppys ;. g4, 131 (2007.

ments of polyelectrolyte solutions with the aim to investigate °v. D. Aseyev, S. I. Klenin, H. Tenau, I. Grillo, and E. Geissler,
the influence of poor-solvent condition on the conformation 10Macromolecules34, 3706(2001). _
of a moderately charged flexible polyion chain in salt-free V- D- Aseyev, H. Tenau, and S. I. Klenin, Macromoleculg2 1838
solution. We have analyzed our results on the basis of thqlﬁgj’gl'_ee M. M. Green. F. Mikes. and H. Morawetz. Macromolecules
model proposed by Dobryniet al, considering appropriate 35 4216(2002. Y ’ ’ '
expressions for the equivalent polyion conductangede- 2B, Ermi and E. Amis, Macromolecule80, 6937 (1997.
rived within the Manning approach. iiD. Hodgson and E. Amis, J. Chem. Phygd, 2635(1989).

We find that this model is adequate to describe the semi-F- Bordi, C. Cametti, and T. Gili, Phys. Rev. €6, 021803(200.
dilute string-controlled regime of a hydrophobic polyelectro- 162 ?/org'c;b%rﬁ:m;“h agggf;:{ dpaysﬁfgx's ﬁ'ﬂoﬁggféri%?iul o
lyte under poor-solvent conditions. This finding is further 1555(1993. L ’ ' ’ ’
supported by the comparison of the behavior of the same’a. s. Manning, J. Chem. Phys1, 924 (1969.
polymer system in two different solvents, which act as goodizG. S. Manning, J. Chem. Phy$1, 934(1969.
and poor solvents, respectively. The necklace model applies - Bordi. C. Cametti, W. E. K. N. P. J. S. Tan, D. C. Boris, and R. H.

. ] i Colby, Macromolecules35, 7031(2002.
only in the case of poor-solvent condition, when, for not t00 2"’ Manning, J. Chem. Phy85, 1506(1981).

high charged polyelectrolytes, the short-range attraction in-2:, Dobrynin and M. Rubinstein, Macromoleculé, 1964(2002.
duces a Collapse with the formation of globules which try to g, Bordi, C. Cametti, and G. Paradossi, Biopolyméf 485 (1997).
separate, giving rise to the so-called pearl-necklace structurg:F. Bordi, C. Cametti, and T. Gili, Bioelectrochemist6, 53 (2001).
In good-solvent condition, when the polyion is predicted to ..J: B HastedAqueous Dielectri¢Chapman and Hall, New York, 1973
f . : ..~ ?°3 pou and R. Colby, Polym. PrepfAm. Chem. Soc. Div. Polym.
orm a rodlike electrostatic blob structure, the conductivity Chem) 45, 261 (2004
data are well accounted for by the p0|ye|eCtrO|yte Sca“ngzeA. Lyulin, B. Dunweg, O. Borisov, and A. Darinskii, Macromolecules
theory. 32, 3264(1999.
27y, Micka, C. Holm, and K. Kremer, Langmuit5, 4033(1999.
A, Y. Grosberg and A. R. KhokhlovStatistical Physics of Macromol-  2°H. Schiessel and P. Pincus, Macromoleculiss 7953 (1998.

ecules(AIP, New York, 1994. 294, Schiessel, Macromoleculed2, 5673 (1999.
2A V. Dobrynin, M. Rubinstein, and S. R. Obukhov, Macromolecukss %0Q. Liao, A. V. Dobrynin, and M. Rubinstein, Macromolecul&s, 3399
2974(1996. (2003.

Downloaded 22 Jun 2005 to 141.108.3.54. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



