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Light and neutron scattering measurements on highly charged polyelectrolyte solutions have
recently provided firm evidence for the existence of “domain structures” containing many chains,
even at rather low-polymer concentrations. In the present paper, we systematically investigate the
influence of counterion charge valenZy on the scattering properties of sulfonated polystyrene
(PSS solutions in water with monovalent and divalent counterions. This study is part of a larger
effort to identify essential factors governing polyelectrolyte domain formation and the geometric
properties of these transient structures. Neutron scattering measurements indicate that the interchain
correlation lengthéy within the domains becomes larger by a factor of 1.5-2 for divalent relative
to monovalent counterions. This observation is consistent with the Manning model estimate of the
change in effective polymer charge dendity with Z. and with previous observations linkirfgy

[from the peak position in the scattering intengityq) ] with the bare polymer charge density,

Light scattering measurements of the radius of gyraRg of the domains indicate that their size
becomesmallerfor divalent counterions and with a reductionlafWe observe that the “fractal”
dimension of the domains measured from the low-angle scalilgaq)fdepends on the chemical
structure of the polyelectrolyte. Zero average contfA81C) neutron scattering measurements show
that the radius of gyratiolR, . of individual polyelectrolyte chains is also reduced for divalent
counterions, suggesting that chain rigidity is strongly influencedl by Charge valency effects on
relaxation times are investigated by dynamic light scattering. As usual, two diffusive modes are
observed in the light intensity autocorrelation functi@y(,7). The “fast” mode becomes slower

and the “slow” mode becomes faster for the divalent counterion {Ng relative to the
monovalent counterion (Ng. Counterion valence has a large influence on the structure and
dynamics of highly charged polyelectrolyte solutions through its influencddn © 2001
American Institute of Physics[DOI: 10.1063/1.1336148

I. INTRODUCTION dict the morphology of the domains of clustering particles

L . from molecular information, but there has been recent
The tendency toward clustering is a ubiquitous phenom-

enon in colloidal dispersions. polvmer solutions. and otherprogress in this direction in the case of charged particle dis-
P » POy f persions. Monte Carlo simulations of model platelet particles

complex fluids. In many cases, such as living polymer solu; _ . Lo
-omplex many 9 POty - having a quadrapolar interaction, intended to model charged
tions, micelle solutions, and thermally reversible gels of vari-

ous kinds, the clusters form and disintegrate in a state O?Iay particles in solution, show a tendency of the dynamic

equilibrium so that these are “dynamic” cluster structutés. Clusters  to form bre_mcheq living polyme_r structu?c_es.
The nature of the interparticle interactions giving rise toMquc_uIar-dynamws simulations of model d|polar_ pa”'c,'e
these clusters range from weak van der Waals interactions ¢S indicate a t.en%ency of the particles to form linear liv-
ionic associations and covalent chemical bonds and in poly"d Polymer Cha'”é_" In each case, the fractal polymeric
meric systems these interactions can also be influenced Bjructures arelynamicin the sense mentioned above and we
subtle interactions having a topological origin. The geometryc@n see how the symmetry of the pair potential reflects itself
of these dynamic clusters exhibit a wide variety of formsin the geometry of the clusters. The “restricted primitive
ranging from globular structures such as micelles or object§1odel” of idealized charged particle dispersions of finite-
having a very specific structutas commonly found in self- sized spherical anions and cations under the condition of
organization of biological formsto fractal polymeric struc- ~ solution charge neutrality has recently been generalized to
tures having a linear or branched chain topology. The type ofnclude a short-range attractive interactfofthis model in-
clustering apparently depends on the geometrical form of thdicates the existence of a segregation of the charged particles
molecules, the symmetry and range of the interparticle interinto domains whose symmetry is apparently dependent on
actions and the capacity of the clustering species to fornthe size and charge asymmetry of the iériocal ordering
multifunctional associations. In practice, it is difficult to pre- of this kind accords qualitatively with Staudinger's and
Langmuir’s intuitive view of the clustering of charged par-

aElectronic mail: jack.douglas@nist.gov ticles into domams_ haw_ng a Ioc_ally “galt-hke” Qrderlrﬁql.n _
DElectronic mail: eric.amis@nist.gov the common physical situation in which there is a large size
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asymmetry between the size of the cation and anion we exsponding to a-4 power scaling of (q) due to the presence
pect, based on the strong analogy of the generalized resf sharp domain interfacgsThe scaling ol (q) in relatively
stricted primitive modélto the theory of block copolymer low-q light scattering measurements and the concentration
microphase formation that charged particles with spherical dependence of the higippeak accessible in x-ray and neu-
symmetry in a solution with small counterions will tend to tron scattering measurements thus provide important infor-
form “compact” (i.e., somewhat irregular in shape, but non- mation about the geometry of the domain structures forming
fracta) domains coexisting with a disordered backgroundin polyelectrolyte solutions at equilibrium. Below we utilize
fluid. Compact domains of this kind are in fact observed inscattering methods to investigate the influence of counterion
colloidal dispersions of charged nearly spherical particlesharge valency and polymer charge density on the structure
having a common charge if the charge density of the partsize and form of the polyelectrolyte domains.
ticles is sufficiently high®=* Charged compact particle Previous scattering measurements by our group utilized
clusters are notably observed in various charged protein sgoly(N-methyl-2-vinylpyridinium chloridgin water and eth-
lutions having important biological significant&. There  ylene glycol solutions to investigate the importance of “sol-
have also been reports of direct observation of micelle-likevent quality” effects and the polyelectrolyte backbone struc-
domains in aqueous polyelectrolyte solutidns. ture on the occurrence of polyelectrolyte domain
In the present paper, we are concerned with the case d@rmation.le'”'zg These measurements conclusively showed
model synthetic polyelectrolyte solutiorisulfonated poly- that a hydrophobic chain backbone is not required for the
styrene with monovalent and divalent cations dissolved ifformation of polyelectrolyte domain structures in solution. In
watep in which there is likewise a large asymmetry betweenthe present paper, we consider the more common sulfonated
the average sizes of the cations and anions. The chain topdolystyrene(PS3 synthetic polymer, which has a rather hy-
ogy of the p0|yanion and Charge valency asymmetry can theﬁl’OphObiC chain backbone. The measurements below indi-
be expected to influence the resulting domain structmee  cate that the geometrical form of the polyelectrolyte domains
normally use the term “domain structure” or “domain” in- found for PSS are more compact than those found for poly
stead of “cluster” since it is not clear that the charged mol- (N-methyl-2-vinylpyridinium chlorid¢, showing that the
ecules or particles must physically touch to belong to a doPolyelectrolyte domain structures are indeed sensitive to the
main of particles exhibiting correlated motjoiPrediction of ~ detailed chemistry of the polyelectrolyte and solvent.
the geometry of these transient domain structures is uncer- Our original intent for the present investigation was to
tain for this more complex charged particle geometry and wénvestigate a much wider range of counterion types—
anticipate that the form of clustering will be dependent onincluding alkali earth metals, transition metals, and espe-
the specific polymer chemistry. cially counterions of high-charge valeqcy, but we fqund that
Combined neutron and light scattering observations byhany qf Fhe_se polyelectrolyte-counterion c_omblnatlons lead
Ermi and Amig® on poly (N-methyl-2-vinylpyridinium chlo- 0 precllpltatlon of the polyeleptrolyte solutiofigNarh and
ride) in D,O covering a large scattering wave veotprange Ifeller3 have dpcumented this phenomenon fpr PSS solu-
indicated that the polyelectrolyte domains had an approxifions, along with many other related interesting observa-
mately fractal structure at large scale£2.2+0.2) and a tions). _Therefore, we restricted our atten_t|0n to monovalent
peak was observed at highthat scaled with polymer con- and divalent alk_all earth metal counterions, apart from a
centrationC,, to the exponent/ 0.48+0.02 (@=|q|; see Sec. couple of exceptions noted below.
V below for further discussion These observations are con-
sistent with a domain structure, having an internal structurd!- EXPERIMENT
in which the highg peak corresponds to an interchain corre-  Polystyrene sulfonate sampl¢BSS listed in Table |
lation length&y within the domains §4 can be roughly iden- were used for the experiments. Sample NaPSS-hil,
tified as an average “mesh spacing” of the domain struc-=1.24x 10°,3? degree of sulfonatiorfDS)=90%, M, /M,
tures. A scalingéy~C, *is consistent with a network-like =1.23, degree of polymerizatiofDP)=633] was obtained
domain structure having the topology of a two-dimensionaffrom Scientific Polymer Products, If¢.Matched relative
surfacet®~??and this result is contrasted with domains hav-molecular mass deuterated sample NaPSSHI2=5.88
ing a three-dimensional network topolog$sponge random  x 10**2 DS=83%, M,,/M,,=1.06, DP=300) and hydroge-
surfaces’) in which the &; exponent should equat1/3. nated sample NaPSS-h2M(=6.06x 10" DS=90%,
(These concentration scaling relations assume a proportiotM,,/M,=1.06, DP=309 were purchased from Polymer
ality between the polymer concentration in the polyelectro-Source Inc® NaPSS samples with charge densiiggree of
lyte domains and the polymer solutidhA reliable determi-  sulfonation of 84% (NaPSS-hBand 50%(NaPSS-hiiwere
nation of the clusterd; must be made by independent prepared by sulfonation of polystyrend,=1.81x 10%,
scattering measurementsEquilibrium domain structures M,,/M,=1.03, DP=174, obtained from Scientific Polymer
having a similar fractal dimensiord{~2.0-2.1) are com- Products, In¢3) according to the procedure of Makowski
monly observed in particle dispersidis?® and these expo- et al®* All samples were purified by mixed-bed ion ex-
nents correspond to swollen “living” branched polymefs change resifBio-Rad MSZ 501(D)].>® The acid form of
having “sheet” or “sponge” topologies, respectivefy. polystyrene sulfonate was converted to a salt form by mixing
These fractal dimensions are readily discriminated from lin-with an equivalent hydroxide. The neutralized solution was
ear living polymers where;~5/3 and compact aggregates further purified by dialysis against deionized water to a con-
which are characterized by Porod-type scatterjogrre-  stant low conductivity. The CuPSS sample was prepared by
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TABLE I. Characteristics of polystyrene sulfonate samples.

Samples M2 My /M, DP DS Origin
PSS-h1 1.2410° 1.23 633 90% Scientific Polymer
PSS-h2 6.08 10" 1.06 309 90% Polymer Sources
PSS-d2 5.88104 1.06 300 83% Polymer Sources
PSS-h3 1.0 174 849% Prepared in this ldh
PSS-h4 1.03 174 5006 Prepared in this ldb

@Relative molecular mass of polystyrene sulfonate sodium salt.
bPolydispersity of parent polystyrene.

“Determined by titration.

dAccording to Ref. 34.

mixing CuSQ- 5H,0 with the acidic form of PSS in a molar Was subtracted from the measured count rate. Light scatter-
ratio at least 100 fold excess of €uto H" and by dialysis ing autocorrelation functionss(7) were acquired with a
against deionized water until a permanent low conductivitylogarithmic digital correlator(ALV-5000) and the corre-

of the exchanged water was achieved. The “salt-free” poly-sponding relaxation time distributions were obtainedcloy-
electrolyte solutions were lyophilized and further dried in aTIN analysis¥® The measurement temperature was controlled
vacuum oven to a constant weight. Deuterated watg(D at (25.00-0.05) °C using a circulating bath. All solutions
Cambridge Isotope¥,99.9% D, low paramagnetiovas used utilized in the dynamic light scattering measurements were
as received. Other chemicals used such as NaOH, KOH, Mjitered through 0.2um Gelman PVDF filters®

(OH),, Ca(OH), were all analytical grade and were used

without further purification. IIl. SPECIFICATION OF CONCENTRATION REGIMES

A. Neutron scattering measurements AND CHARGE INTERACTION STRENGTH

Small angle neutron scattering measurements were per- The clustering of particles at equilibrium characteristi-
formed both on the 8 and 30 m SANS instruments at thecally depends on the concentration of the clustering particles,

Cold Neutron Research Facility at the National Institute Ofe}nd on other parameters influencing the interparticle interac-

Standards and Technology to obtain scattering data over & leading to particle C'“Ste””@-g-' solution pH, d|el_ec-
wide range of observational scales. A fixed sample-to-tnc copstant, polymer charge density, salt concentration are
detector distance of 3.5 m was used & &m facility. The Potentially - relevant parameters  for  polyelectrolyte

neutron beam was monochromated to a wavelefigtof 9 solutiong.!? The transition temperature at relatively low
A with a velocity selector having a spread of 0.25\/\ concentrations of the clustering species normally depends
~0.25) This  configuration corresponds. toq Arrheniusly on temperature and this behavior has been ob-

—(4m/\g)sin(62) values in the range 0.0089 A<q served for thermally reversible gels, living polymer solu-

; ; ; -38
<0.0890 AL, where\, is the neutron wavelength ards ~ 1ONS: and micelle solution® , _

the scattering angle. Two sample-to-detector distari@eis The presence of clustering necessarily complicates the
and 1.5 m) were used at the 30 m facility. The wavelength definition of concentration regimes in this type of particle
\=6 A andAN/\=0.22. These configurations allowed us to dispersion. In solutions of neutral particles, we normally

perform measurements over a large wave vector rangePeak of “dilute,” “semidilute,” and “concentrated” re-
(0.0075 A l<q<008 A~! and 00413 Al<q gimes based on geometrical considerations of the absence of

interchain contacts, chain interpenetration, and dense pack-

rected for background electronic noise, detector inhomogelnd: FeSPeCtively. This type of definition is not generally use-
neity, empty cell scattering, and solvent scattering. The unt,UI in predicting .part|cle.cluste.r|ng. It is more natural to de-

certainties are calculated as the estimated standard deviatigie concentration regimes In terms of a temperiat.ure—
of the mean. In case where the limits are smaller than thdePendent concentration defining the onset of significant

plotted symbols, the limits are left out for clarity. Fits of the particle clusterinde.g., critical micelle concentration in sur-

scattering data are made by a least-square fit of the da{gctant S?IUI;?”)S llt IS qlso comlmon for plartlcle cIEsters tﬁ )
giving an average and a standard deviation to the fit. undergo further clustering at a larger scale or to change their
cluster morphology with increased particle concentration or a

change in the temperatu(micelle solutions again provide a
good illustratior®). The cluster reorganization at higher con-
Static and dynamic light scattering measurements wereentrations often involves multifunctional contacts leading to
performed with a BrookhavefBI-200SM) light scattering the formation of thermally reversible gels. The concentration
goniometet® using an Argon ion lasefSpectra Physics regimes of solutions of clustering particles are then defined
2020-3% operating at a wavelength of 488 nm. The staticby a succession of clustering transitions and geometry based
light scattering intensity was measured by photon countinglefinitions of concentration regimes have little relevance.
over an angular range of 30° to 150° at 5° intervals and the Clustering transitions are commonly accompanied by
scattering data were normalized by the scattering intensity asharp changes in the solution transport propertfes ex-
toluene as a reference. Background scattering due to watemple, the Soret coefficient of micelle solutions exhibits a

”

<0.535 A"l respectively. The resulting data were cor-

B. Light scattering measurements
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maximum at micellization transitioff). Variations in the particles>? rodlike particles such as buckytub®sand plate-
equilibrium propertiegspecific heat, osmotic compressibil- like particles such as found in exfoliated claysThis addi-
ity) are normally weak at clustering transitiohRelative  tional source of clustering leads one to expect clustering to
sharp changes in transport properties are helpful in locatingersist in high-molecular weight polyelectrolyte solutions
the clustering transitions as a function of particlewhen the salt concentration is high.
concentratiort. Particle clustering near the critical point of The measurements discussed below are also restricted to
fluid mixtures and colloid dispersions characteristically givesrelatively high-charge densities where charge condensation
rise to a maximum in the solution viscosity as a function ofof the counterions onto the chain backbone makes an impor-
compositiof™*? and associating particle fluids can be ex-tant contribution to the polyelectrolyte properties. The inter-
pected to give rise to similar featur&sThe study of these action strength is quantified through the Coulomb interaction
clustering transitions as a function of temperature and othegoupling constant,’=\g/a, where\g is the Bjerrum length
relevant parameters is necessary to define concentration rexg=7.14 A for water near room temperature and atmo-
gimes since clustering can initiate at very low concentra-Spheric pressujeanda is the average contour distance be-
tions. tween charged groups along the chain backbone. Charge
Polyelectrolyte solutions exhibit characteristic maximacondensation occurs wheli is on the order of unityf I’
in the viscosity* at rather low-polymer concentrations on the ~O(1)] since the Coulombic interaction energy becomes
order (10° to 10°°) M and recent measurements have comparable to the thermal enerigyT under this conditior?®
shown a nearly Arrhenius temperature dependence of thiall or our measurements are restricted to the charge conden-
“transition” for sulfonated polystyrene in water. Unfortu- sation regime where a significant fraction of the counterions
nately, it is very difficult to perform light or neutron scatter- are “localized” to a region near the polyanion backbone. We
ing measurements in this very low-concentration regime sglenote the effective value @f in the regime of charge con-
that our investigation must necessarily be restricted to a corflensation by™*. The idealized Manning model predicts that
centration regime where large polyelectrolyte domains althe effective charge density parameffefsometimes denoted
ready exist(The mean dimensions of these domains are exby & in the polyelectrolyte literatupesticksto a value inverse
amined below. The size of the sulfonated polystyrene to the counterion valencg;, I'* =1/Z; for I'>I'*, so that
domains is insensitive to temperatiji22 °C<T=<95°C] in the relative charge density between polyelectrolytes having
our measurements below. This is consistent with being faflivalent versus monovalent counterions is predicted to equal
below the clustering temperature, but above the temperaturk2 in the regime of counterion condensation. A recent refor-
of phase separatior? The measurements of the present pa-Mulation of the Manning model of charge condensation in
per are also restricted to a concentration regime where th€rms of an association equilibrium process between the
solutions remain fluid. Recent measurements on these polyounterions and the polyelectrolyte chain indicates that the
electrolyte solutions at high polymer concentratiof % 1 _conden_satlon transition should'beco'me more gradua}l with
M) indicate extremely long relaxation times for polymer INCreasing polymer congentratléﬁ.SInce our scattering
composition fluctuations, as measured by dynamic light scafn€asurements are restricted to a concentration range in
tering (see Sec. VL This observation is consistent with a Which substantial domain formation occurs, we can expect
phenomenon similar to thermally reversible gelation at thesé® €ffective charge density* of the polymers to slowly
higher polyelectrolyte concentration@here are many inter- Incréase with the bare charge dendityather than to plateau
esting features of this “gelation regime,” but this phenom- @S in the infinite-dilution Manning model. .
ena will be discussed in a separate papBhe current paper Existing theories of polyelectrolyte solution properties
is restricted to the concentration regime (iOM<Cp<1 do not normally treat the strong Coulomb coupling regime

M) where we expect to have relatively isolated polyelectro-cOrresponding to our measuremé?ﬁtan_d the investigation
lyte clusters.(A monomer molar concentration of 1 M for of the phenomenology of these solutions is thus basic for

NaPSS corresponds approximately to the mass concentratii@king progress in understanding polyelectrolyte solutions.
200 g/L)* An explanation of our estimate of the onset con-Numerous theories and scaling _arguments have been intr(_)-
centration Cp~10‘5 M for polyelectrolyte clustering is duced based on the assumed picture of a homogeneous dis-

given in Sec. VII persion of polymer chains in solution and considerations of

Clustering transitions have been observed in lightly sulN€ ionic strength dependence of chain rigiditypplicabil-
fonated PSS in nonpolar solventéionomer” solutions) ity of these models to our measurements is not obvious since

upon varying temperature and concentration by both statig?r?a'n cIust_ermg IS conspicuous at any %(Innclt\eﬂntratlon at which
and dynamic light scatterirf§:*” There have been many re- e scattering measurements are possible. Moreover, counter-

ports of a clustering in highly charged polyelectrolyte Solu_?on condensation should significantly modify the chain rigid-

tions upon lowering the salt concentratihproviding an ity and the intersegmental interactions. All these effects need

accessible route to studying polyelectrolyte clustering b)}_o be incorporated in the modeling of polyelectrolyte solu-

neutron scattering. There is also evidence for chain clustefions:

ing in high molecular weight, uncharged polymer

solutions‘.‘g*5°_D0ugIas and Hubbard have developed @ |\, |\NTERCHAIN CORRELATION LENGTH £,

model of chain “entanglement” based on this phenomenon.

Within this model, topologically induced particle clustering The maximum in the scattering intensity as a function of
(entanglement should by possible in spherical gel qis perhaps the best known feature of the scattering proper-
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T T T T T that the counterion valence is a primary determinant of the
03115 2~ Na* 4 mg¥ T fine structure of PSS polyelectrolyte domains. This conclu-
5 g ¢ ca sion is further supported by SANS studies of PSS solutions
o J having more complex counterions such a$ Kaged by a
&Q&Q (18-crown-6 crown ethef?* Complexed counterions were
Q;ﬁ% prepared by stoichiometrically adding the crown ether to a
KPSS salt-free solution. The crown ether is a very strong
& ligand for K* so that adding this molecular to a KPSS solu-
S tion traps the K ions into the crown ether cages
stoichiometrically®* Surprisingly, we observed the peak po-
sition for the crown ether complexed KPSS and the uncom-
006 008 o1 plexed KPSS solutions to be nearly tlsame (data not
o1 shown. Similar results were found for Gt stoichiometri-
q(AD) cally converted to a QiNHz)2" complex ion in a CuPSS
FIG. 1. SANS scattering intensity data for PSS with monovalent and diva—s"s‘-lt'free solution(data not shown All these observations
lent counterions, showing the shift of divalent ion peaks to smgllethere  indicate that the counterion size has remarkably little influ-
the polyion concentration is 0.20 M and the degree of sulfonaf®f. 39~ ence on the internal structure of the polyelectrolyte domains.
(charge densityis 90% (I'=2.57) (sample PSS-h1The absolute intensi- The qualitative difference between the peak positions for
ties shown in the figure have not been calibrated so that comparison of . .
relative intensities cannot be reliably made in this figure. the monovalent and divalent counterions can be understood
from the Manning model of charge condensation. As men-
tioned before, the Manning mod@predicts that the relative

ties of polyelectrolyte solutions. This scattering intensitycharge density of a polymer having divalent counterions is
maximum has been observed in many previous X_ray ana./z the Charge density of a chain with monovalent counteri-
neutron scattering studies, and the scaling of this peak posfns in the regime of counterion condensation.the present
tion g* with particle concentratiolC, has provoked much Mmeasurements we hzf\?el“zl._43—2.57, so that the poly-
theoretical speculation. A crossover betweeyta-C;®and ~ mers are highly chargedEssafiet al®® have shown that*

ag* NC%)/Z concentration scaling has frequently been notecPf salt-free PSS solutions is nearly proportional to the polya-
for polyelectrolyte solutions. This crossover has been obhion charge densitfWe have independently confirmed that

served both for relatively flexible and rodlike our PSS solutions follow the trend far* (I') indicated by
po]ye|ectr0|yte§o’61 so the effect seems to have little to do Essafiet al] The presence of the divalent counterion reduces

with polymer chain conformation. the effective charge density near the chain surface because of
Figure 1 shows our SANS scattering data for salt-freetheir more effective compensation of the bare cation charge
PSS solutions with a range monovalent and divalent countevhen the multivalent ions are condens@drhis relative
rions where the polymer concentration is fixedGy=0.20 ~ charge density reduction makggof the PSS domains larger
M. (Sample specification is given in figure captionshe  for the divalent ions. The degree of agreement between the
SANS data falls into two distinct groups, the peak positionsManning model and our scattering observations is probably
g* corresponding to monovalent ion (Kl Na®, K*) scat- fortuitous, but we are confident in the qualitative correctness
tering data occur near 0.08 & while the peak positiong* of the Manning model explanation of the effect. Some of the
for the divalent ions (M§", C&", CUW") cluster near limitations of Manning model in treating multivalent charge
0.04 A~ This corresponds to an interchain correlationcondensation are discussed by Ludwig and Loébel.
length £&g=2x/q*, having a size{4=8 and 16 nm for The Manning model of a sharp counterion condensation
monovalent and divalent ions, respectively. at a critical charge density is restricted to low-polymer con-
In an extensive set of measurements that we plan to putsentrations,C,—0". Levin has indicated that theffective
lish elsewhere, we investigated for Na* and Mg " coun-  charge densityl™ should increase smoothly, albeit some-
terions at higher polymer concentrations where the size ofvhat slowly, at higher polymer concentratiofi®., the tran-
the polyelectrolyte domains and the relaxation times fromsition is “rounded”) so that counterion condensation corre-
dynamic light scattering measurements become very large, gponds to a broad crossover regime Iin rather than a
phenomenon similar to thermally reversible gelafidthese  sharply defined transition point. We interpret the dependence
measurements indicate thgt for monovalent and divalent of g* onI to arise from transition rounding at nonvanishing
counterions approach each otherGsapproaches a charac- polymer concentrations. This argument would suggest that
teristic concentration on the order of 1.0 M where the slowg* should saturate to a constant value at high-charge density
mode relaxation time also becomes very large. This indicateE where the saturation value bfshould depend on the poly-
a significant change in the interchain correlations with counmer concentration. However, recent simulatfSref flexible
terion valence at these relatively high-polymer concentrapolyelectrolytes at nonvanishing concentrations do not indi-
tions, and suggests a change in the character of the counterate a tendency foF* to saturate to a constant value for
ion condensation phenomenon at high polymer concenlarge values ofl’ so that it is possible that the effective
trations. This “gel-regime” is avoided in the present paper.charge densityl'* can increase well-above the Manning
Observations of* as a function ofC,, counterion type critical value.(Charge condensation effects still reduce
(or charge densif§f) and polymer molecular weight show relative to the bare charge densifyso that the Manning

0.25 | o} K+ [ ] Cu2+

0.2

I( cm'l)

0.15

0.1

0.02 0.04
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model should still be qualitatively applicable in describing 2 T T T
relative changes il™* with charge valencg Further studies O Na%T=257R  =48£07nm
of g* over a wide range of polymer concentrations and 1.8 [ —— Mg, =251 R =21204nm
charge densities are needed to better understand this phe- g”
nomenon. - L6
While the charge density is clearly a relevant parameter § 14
for determining the structure of polyelectrolyte domains in  ~ ™
solution, we must warn about the extension of our finding of @
a direct relation between charge density @gdo polyelec- = 12
trolyte solutions generally. There are observations that indi- 1
catingg* can be independent of charge density for certain
polyelectrolyte€’ We tentatively interpret this effect as aris- 0.8 : . )
ing from strong interchain(e.g., hydrogen bonding 0 3 6 9
interactions?® In this view, the chemical nature of the chain P
backbone should then be relevant to determining the internal q (107A™)

structure of the polyelectrolyte domains. We next consider . . .
the influence of charge densit aE[(;J on the average radius FIG. 2. Angular dependence of the normalized reciprocal excess scattering
g y g intensity 1(0)/1(q) for PSS with N& and Mg* counterions at a fixed

of gyrationRy 4 of the polyelectrolyte domain structures.  polyion charge densityRef. 34 of 90%, I'=2.57 (sample PSS-h2where
the polyion concentration is 0.20 M. The solid lines are Lorentzian fits

[HO)1(q)=1+ %)(Rg,d)zqz]. Note that the polyelectrolyte domain struc-
tures become smaller for divalent counterions than for monovalent counte-

V. RADIUS OF GYRATION Rg,d OF r_ions. Similar apparerlggyd_ values were determined from Debye-function
POLYELECTROLYTE DOMAIN STRUCTURES fits to the data shown in figure.

Although previous papers have emphasized the impor- ) o ) o
tance of the charge density for the qualitative observation of€Sity, which is relevant to our current investigation of
domain structures in aqueous solutions, especially in the cag&iarge density effects on the domain structures of polyelec-

of colloidal particle dispersion®-"*there have been rela- (rolyte solutions.
tively few quantitative investigations of how the size of the ~ igures 2 and 3 show the angular dependence of the total

domain structures depends on the charge density and oth&faltering intensity of PSS solutions where the counterion
system parameters. This situation is particularly surprising iffharge valence and the polyanion charge density are varied,
the case of the colloidal measurements where the particlESPectively. The polymer chains in Fig. 2 haveMs,
“domains” or “clusters” are perhaps the most conspicuous ~ 0-06% 10* andI'=2.57. The data in Figs. 2 and 3 were fit
feature observed in optical images. There have been previot@ & Lorent2|ar2(l|nes n zflgure$ according to the formula,
studies in which measurements of the average domain si2d0)/1(a) =1+ 3(Ry,4)°q°, wherel(q) is the excess scatter-
have been noted for polyelectrolyte solutions. From the anl"d intensity obtained by subtracting the solvent background
gular dependence of total scattered light intengtgtic light ~ (H20) scattering intensity. The resulting apparBgj, of the
scattering and the angular dependence of the diffusion co-
efficient of the slow modédynamic light scattering Sedlak

and Amis? have estimated the polyelectrolyte domain di-
mensions for NaPSS for a range of molecular weights and a
fixed charge density. Both static and dynamic light scattering 1.6 |
measurements indicated that a domain radius of gyration

1.8 T T
O—Na*; T =143; R!ul =32+0.5nm

" Na*; T'=2.40; R =4109um

—O—Mg?; T =2.40; R  =21x05nm

R, 4 lies in the range 50 to 100 nm with only a weak depen- =

9 . —~ 14
dence ofRy 4 on chain molecular masgVe note thaR of =
chain clusters forming in aqueous methylcellulose solutions =
undergoing thermally reversible gelation are likewise insen- = 1.2

sitive to both temperature and concentration, provided that
the temperature is restricted to the one-phase refgidine
insensitivity of the cluster size to polymer concentration, mo-
lecular mass, temperature, and other parameters seems to be
a common characteristic of equilibrium associating poly- 0 2 4 6 8 10 12
mers) Somewhat later, Sedi&knoted that theRg 4 of poly- > (10°4?)
acrylic acid (PAA) polyelectrolyte domains in water and
methanol had a similar order of magnitude to the PSS doFIG. 3. Angular dependence of the normalized reciprocal excess scattering
mains in water. He further noted a decreasergf, with a intensityl(0)/1(q) for NaPSS with variable charge densifyef. 34, 84%,
decrease of the solvent dielectric constant. From the anguldf =2:40. sample PSS-h3and 50% ['=1.43, sample NaPSS-hdwhere
dependence of scattering intensity of fdlybenzyl-2- the polyloi conlcentratlzon2 is 0.20 M. The solid lines are Lore.nt2|an fits

. . . . . 75 [1(0)/1(g)=1+3)(Rq,a)°q7]. Note that the polyelectrolyte domain struc-
vinylpyridinium bromidg aqueous solutions, Fsteret al.

) > X tures become smaller with a decrease in the charge density. Divalent coun-
reported an increase iRy 4 with molar mass and charge terion data is also included for comparison of the magnitude of the effect.

—
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polyelectrolyte domains for the monovalent counterion 10 P

(Na") is found to be 48 nm whil& 4 for the divalent ion

(Mg?") is 21 nm.(We use the term “apparent radius of

gyration” since interdomain interactions are neglected in our 10

Lorentzian fits ofRy 4.) Thus, we find roughly a factor of 2

reduction in the polyelectrolyte domain size in the case of

the divalent (Mg") relative to the monovalent counterion 10

(Na"). Our measurements of the domain dimensions forz

NaPSS agree qualitatively with previous observations by'g

Sedlak? and Matsouka and I1$&under comparable solvent 2w

conditions(molecular mass, polyanion charge density, poly- —

mer concentration The lowering of the polyelectrolyte do-

main size in the case of the divalent counterion is apparently 10

another consequence of the lowering of the polyanion charge

density by the presence of divalent counterions. Notably, the

rough factor of 2 change in the polyelectrolyte domain di-

mensions between the divalent and monovalent counterior

cases acts in thepposite directiorto the change found for 0.001 001 o1

&q. This trend is natural since a lowering of the charge den- q

sity should diminish the tendency of polyelectrolyte domain a A

formation, as found for colloid dispersiofS. FIG. 4. Combined static light scattering and SANS intensity déd over
Ray and Mannin@8 have recently developed a model of large wave vector range for pgly-methyl-2-vinylpyridinium chloridg in

chain domain formation in highly charged polyelectrolyte D,O (Ermi and Amis, Ref. 16, Fig. ¥ The polymer concentrations are

. equal: (A) 3.0 g/L, (O) 15 g/L, and(O) 30 g/L. The sharp decrease in
solutions that has relevance to our measurements. They qual: (2) gl () 15 g (©) 30 g P

’ : Cattering intensity with increasingfollows an apparent power lav(q)
count for charge condensation effects in polyelectrolyte Soxq-22:02 for gach sample.

lutions and their arguments indicate the presence of an at-

tractive interaction between highly charged polyelectrolyte ) ) ) o
screening parametek. This predicted interaction between COmpensation of the bare polyanion charge. .
polyelectrolyte chains is mediated by the counterions and has A More complete view of the scattering properties of
the property that the well depttiecreasesvith charge va- polyelectrolyte solut'lons Wh!Ch simultaneously empha§|zes
lence. Moreover, the range of the interaction is predicted tdN€ 1arge scale chain domain structure and the local inter-
be independendf charge valence for a fixed ionic strength. chaln_ correlatlor_ws within the polymer domalns_ requires a
The decreased attraction with increased charge valence ﬁ:é)mblnatlon of light and neutrofor x-ray) scattering mea-

consistent with our observations, but the insensitivity of thesurements to cover the wide range of scales required. Ermi

potential range to charge valence is hard to reconcile witH"md Amis® recently made a pioneering study of this kind for

our observed charge valence dependencg;ofThe model- poly(N-methyl-2-vinylpyridinium chloridg in - D,O with
ing of Ray and Manning makes several assumptigen combination of light and neutron scattering intensity data.
chgains ar()a/ long rodstha?may ot be appropriat(f to sgem| We reproduce some of this data in Fig. 4 for salt-free solu-

. . tion having a range of polymer concentratio(®0, 15, 30
_ermbIe po I)_/el_ectrolyte c_hams so that the cluster morphologyg/L to illustrate this “broader view” of the scattering prop-
is unrealistic in comparison to our measuremeets., for-

erties of a polyelectrolyte solution. The average polyelectro-
mation of bundles of rodsIn our view, this model makes POy y ge poly

lyte domain size in these measurements w&§ nm, inde-

interesting qualitative predictions and incorporates essentlfgendem of the polymer concentrations. This is a typical

physical features of polyelectrolyte solutions. A quantitativegimension for polyelectrolyte or colloidal charged particle
comparison of our measurements to this model will requirgyomains. We also observe that the scattering intensity data in
further theoretical developments, however. Fig. 4 has a strong resemblance to the structure factor of
To further check our physical intuition relating the do- tathered random surfacds;?! suggesting that the polyelec-
main sizeRy 4 to the charge density we can consider thetrolyte domains have a geometry similar to a cobw(@mly-
direct influence of the charge density &% 4. Figure 3 mer networks similar to tethered random surfaces form the
shows light scattering intensity data for NaPSS data havingskeleton” of eukaryotic cell membranes and are found in a
84% and 50% degrees of sulfonatidfl’=2.40 and 1.43, variety of other cell type&)
respectively and a common degree of polymerizatitbP A closer look at the wavevector dependence of the scat-
=174 and polymer concentratior,=0.20 M). Decreasing tering intensity data for the PSS solutions reveals an impor-
the charge density causBg 4 to decrease from 41 to 32 nm. tant difference between the PSS solution data and the obser-
This observation supports the qualitative idea that the overallations of Ermi and Amis® The polyN-methyl-2-
chain dimensions of the polyelectrolyte domains increasesinylpyridinium chloride data(Fig. 4) shows a convincing
with the charge density and our suggestion that the reductiopower law scaling at lovg that is representative of a fractal
of Ry 4 arises from the reduction of the polymer charge denstructure having a dimensiod;=2.1+0.2. In contrast, the

1o gin
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Polyelectrolyte domain

1) J—

I(q)

0'1 -- n n L e s l-.

. .0.;)1 0.1
q (A"

FIG. 5. SANS scattering intensitfq) data for representative NaPSS poly-

electrolyte solution at intermediate wave vectpscales(sample PSS-H2 Dynamic Clustering
The data are shown in a log—log representation and the fitted apparent
power scaling exponent is indicated in the figufeandC,, are 2.57 and 1.6

M, respectively.(This is notably a rather high polymer concentration rela-
tive to the solutions considered elsewhere in the pagpatimally, the data
should cover a largeq range to assign scaling exponents f¢g) with
confidence, but the apparent scaling is clearly distinct from former measure-

ments on pol{N-methyl-2-vinylpyridinium chioridg solutions(Fig. 4). The FIG. 6. Conceptional two-dimensional representation of polyelectrolyte do-

current measurements are consistent with earlier measurements on NaP%ﬁin showing a domain composed of many chains and surrounded by a

by Ise and co-workereRef. 77. counterion cloud in equilibrium with unassociated polyelectrolyte chains.
Our cartoon naively indicates that the counterion cloud is entirely enclosing
the polymer chains with the polyelectrolyte domains, but the real situation
probably involves a diffuse counterion enrichment layer about chains within
the domains. The dashed chain is an individual chain.

magnitude of the corresponding apparent power law for the

PSS data was generally found to lie in the range 2.5-4, con-

sistent with a more compact network structure or a domainration, salt concentration, etc., influence the polyelectrolyte
structure having a sharp interface. Representative scatterifbmain morphology.

intensity data for PSS solutions with monovalent (Na The combination of light and neutron scattering data in-
counterions are given in Fig. 5. The data emphasize the indicates that highly charged polyelectrolyte chains form do-
termediateq range where a power law scaling fé(q)  main structures at moderate polymer concentrations and that
should be a reasonable approximation. These measuremefi@ internal structure of these transient chain clusters nor-
(Light scattering data as in Fig. 4 would allow for a more mally depends on the polymer concentration and charge den-
complete analysjsindicate that the polyelectrolyte domains sity. We indicate a cartoon of the physical situation in Fig. 6,
formed in the case of Nacounterions are “globular'{non-  which shows a polyelectrolyte domain, composed of many
fractal; di~3) domains. This change in cluster geometry changes and surrounded by a counterion cloud, and in equi-
from the previous polN-methyl-2-vinylpyridinium chlo-  librium with unassociated polyelectrolyte chains. Our mea-
ride) observations(Fig. 4) might be related to the strong surements indicate that the size of these dom&ipg in-
hydrophobic backbone structure of PSS chains, which is alsgreases with the polymer charge density while the interchain
a notable feature of many biologically significant polyelec-correlation lengthé, within the cluster decreases with the
trolytes. Ise and co-workers have previously made observgolymer charge density. Our cartoon naively indicates that
tions of a similar wave vector scaling at intermediate scaleshe counterion cloud entirely encloses the polymer chains
for NaPSS and they found a similar scattering intensity scalwithin the polyelectrolyte domains, but the real situation
ing as in our Fig. 5° Taken together, these observationsprobably involves a diffuse counterion enrichment layer
indicate that while the formation of polyelectrolyte domain about chains within the domains. We then expect the coun-
structures may be a general feature of polyelectrolyte soluterion cloud structure within the domains to have “sponge-
tions for strong Coulomb coupling, the geometrical form of ike” morphology. Further neutron scattering measurements

the polyelectrolyte domains appears torfmnuniversalThe  are needed to establish the geometry of the counterion cloud.
chain and solvent structure influences the domain geometry.

A similar situation has been observed in the aggregation of

uncharged fullerene &g particles in various solvents where ggffﬁé%sc?_;ﬁéRAﬂON Rg,c OF INDIVIDUAL

both fractald;=2.1 and globulard;=3) dynamical clusters

are found depending on the solv&ht® Future studies of The problem of calculating the mean dimensions of

polyelectrolyte solutions in the strong coupling regime polyelectrolyte chains has attracted much theoretical atten-
should focus on how counterion valence, short-range intertion, but the measurement of this property is complicated by
actions, chain stiffness, monomer structure, polymer concerthe general tendency of polyelectrolyte chains to form do-

Polyelectrolyte Chain
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FIG. 7. SANS measurement of PSS polymer radius of gyration for &ral

2+ ; ; _
Megnsafeo?nqg?r?(;iclfl;’gs:g?tezﬁrzo alYii:eigZecnooTe(zge%) (ren feut:gtcijotr? fﬁgTo dal EIG. 8. SANS measurements of ti, dependence of radius of gyration of
P 9- y tBSS chains with Naand Mg* counterions obtained by the zero average

cample PS&42 o aiso fted data 10 a wormike chain model using he <7173t MeModusing an equimolar mixture of sample PSS-h2 and sample
function from Sharp and Bloomfiel(Ref. 128 which, however, gives al- PSS-d2 Npte_ that gham dmensmns are mtermec_ilate between rodI|I§e and
most identical fits ’ ' ' random coil d|me_nsnoné|m|ts denoted_by dashed Iln)s_and that the chains
' become smaller in the presence of divalent counterions. The change of the
polyelectrolyte dimensions for divalent counterions relative to monovalent
counterions is comparable to the change in the polyelectrolyte domain size
with counterion valencésee Fig. 2

main structures beyond even very low-polymer concentra-
tions under salt-free conditions. Existing theory has little to
say about the present measurements where counterion caihat a fit to a wormlike chain model gives almost identical
densation must have a large influence on the local chain rifits in theq range studied.
gidity as well as dispersion of chains in solution. It is then ~ We can obtain some further insights into this chain con-
interesting to estimate the individual polyelectrolyte chaintraction caused by the divalent counterions by comparing the
dimensions for polyelectrolyte solutions in the strong cou-polyelectrolyte chain dimensions to an idealized rod configu-
pling regime by combining SANS measurements with isoto-ration for our polymer and an ideal random flight coil having
pic labeling techniques to separate intrachain from interchaia statistical segment length assumed to equal 2.5 A. Since
correlations. Notably, this method can be employed even fothe normal experience with uncharged polymer solutions
the salt-free conditions of our measurements. We next exangives rise to some dependence of the chain dimensions on
ine how the chain dimensions depend on the counteriothe polymer concentration, we also performed our measure-
charge valency and compare these changes to those found fments over a range of polymer concentrations. Figure 8
the polyelectrolyte domairk, 4 and polyelectrolyte inter- shows the results of these extensive ZAC measurements for
chain correlation lengthg . NaPSS and MgPSS solutions having the same molecular
The zero average contrd@AC) method is used to sepa- mass and degree of sulfonation as the data shown in Fig. 7.
rate the intramolecular scattering function from the overallWe made further ZAC measurements on new NaPSS and
scattering and this method was described in detail in previMgPSS samples prepared by ourselves. The averadeddP
ous works48 In brief, we prepared equimolar mixtures of the new samples was 3291 which is close to value for
equivalent DP deuterated and hydrogenated PSS in a mixtusmmmercial sample data shown in Figs. 7 and 8, average
of H,0 and BO. The fraction of DO in the solution is setto DP=305. These new measurements gRg. which agree
the “optical theta condition” where the scattering length with the data in Fig. 8 to within experimental uncertainty
density of the hydrogenated and deuterated monomers amwer the concentration regime indicated.
equal and opposite so that the interchain correlations are The magnitude of the relative chain contraction caused
compensated. Figure 7 shows SANS scattering data utilizingy the divalent counterions is generally in the range 1.5-2, a
ZAC matching for NaPSS and MgPSS solutioit},&0.26  change similar in magnitude to the change in scale observed
M, equimolar mixture of samples PSS-h2 and PSB-@iRe  for the overall dimensionsRj 4) of the polyelectrolyte do-
absence of a peak in Fig.(€¢ompare to Fig. lLgives direct mains. The chain dimensions within the polyelectrolyte do-
evidence for the compensation of interchain correlationsmainsR, . seem to be consistent with a semiflexible poly-
(The molecular mass for the data shown in Fig. 7 is lowemer. The increase of the polymer concentration apparently
than for measurements shown in Fig. 1 and this differencéeads to increased screening of the charge and excluded vol-
should be accounted for in comparing the dimensions of theme interactions, leading to a contraction of the chain di-
polymer chain and the interchain correlation lenggh) We  mensions to a value closer to the value for an ideal “random
observe that the divalent counterion gives rise to a relativeoil” polymer. This trend is accentuated in the case of the
decreaseof the chain radius of gyratiomR, .. The fits to the  divalent counterions and we suggest that this effect has its
data in the figure correspond to a Debye function. It is foundorigin in the change in the polyanion charge density as in the
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previous Ry 4 and &y observations on polyelectrolyte do-
mains. We also varied the molecular mass over a wide range
[68<DP=<553] at a fixed polymer concentration and high-
charge density@,=0.26 M;I'=2.17-2.57) and we found a
reasonably good fit of our data to the Kratky—Porod worm-
like chain model.

We note that the change in the rigiditye., the persis-
tence lengthof polyelectrolytes withZ, has many biological
implication and this effect has been observed previously in
the biological literature. A change &f with Z; has recently
been observed in optical tweezers measurements on DNA
solutions®® Electro-opticdi’ and other techniqu&provided
earlier, but indirect estimates of the changéjnwvith charge
valency. These changes in the rigidity of polyelectrolytes
with ZC have important .|r_an|cat|ons for the .eXtent of DNA FIG. 9. Representative light scattering autocorrelation funct®(s) for
knotting®® DNA supercoiling® and are potentially important NapSs and MgPSS solutions showing the effect of counterion valence on

for DNA packaging in cells and viruses, and DNA molecular polyelectrolyte solution relaxatiofsample PSS-h2(a) Upper half of figure
recognition and functiof® It is notable from our observa- shows raw dynamic light scattering dath) Bottom half of figure shows the

lons that th change cl, wih charge valence in mghy 5 ° Sl s st i w0 45 €,
charged polyelectrolytes is not restricted to molecules havingivalent counterions (Mg') while the slow mode becomdaster
a double helix structure.

These observations on synthetic and biological polyelec-
trolytes raise questions about the electrostatic origin of chain  There have been other interpretations of increased flex-
rigidity in strong-coupling polyelectrolyte polymer solutions. ibility of polyelectrolytes induced by multivalent counteri-
The existence of counterion condensation suggests that t1S: A prevalent idea, introduced in discussions of DNA
ion concentration near the polymer should become somewh&@idity, is that the high charge of multivalent counterions
insensitive to salt concentrations, at least at low-salt concerfauses the polyelectrolyte to “kink® so that the polyelec-
trations. Thus, we might expect the ionic strength depentrolyte chain becomes more “coiled.” This picture of the
dence ofl, to be secondary in its dependence on the counchange of change of polymer rigidity with charge valence is
terion valence under the conditions of strong CoulombVe'Y sensitive to model assumptions such as assumed varia-
coupling. A change of the extent of the counterion cloudtions in t_hg dielectric constant of the solven_t about the _poly-
with salt concentration should makg dependent on salt mer cha_uﬁ so that this interpretation remains uncertain. It
concentration, as in the case of weak coupling polyelectroS€€MmS I|kely to us that_ a combination of e_ffects arising from
lyte solutioné® (“weak polyelectrolytes’) where a depen- the c_oun_tenon “dressing” abou_t the chain and local chain
dence of chain rigidity on ionic strength can be theoreticallyPolarization effects are responsible for the large changes of
investigated with greater confider®&The condensation of chain rigidity with counterion valence. The origin of chain

counterions onto the backbone of the polyelectrolyte chaifi9idity for highly charged polyelectrolytes in the regime of
can naturally be expected to modify the effective rigidity of counterion condensation deserves further experimental and

the chain-counterion “complex” and it is important to un- theoretical investigation.

derstand how charge valency influences this rigidification. In

the case of neutral polymers there is good correlation peY!l. INFLUENCE OF COUNTERION VALENCE Z; ON

tween relative chain rigidity and the cross-sectional radius oP YNAMIC LIGHT SCATTERING PROPERTIES

the polymer, as measured by scattering measurerientss There have been numerous dynamic light scattering
correlation for neutral polymers extends reasonably to polymeasurements on polyelectrolyte solutions in the strong cou-
electrolytes whose bare charge is largely compensated kpling regime. Dynamic light scattering measurements first
condensed counteriori§strong-coupling”). Recent simula-  suggested the existence of polyelectrolyte domain structures
tions and density functional theory calculations indicate thatand some authors tried to estimate the size of these structures
the counterion cloud extent for highly charged rod polymershy assuming that the Stokes—Einstein relation can be applied
is significantly reduced in the case of a low-concentrationto the slow diffusive mode that is a characteristic feature of
(16 mM) of divalent (Mg ") counterion salt relative to a salt “strong coupling” polyelectrolyte solution¥ Of course,
with a monovalent (N&) counterion’? If we identify the  these estimates of the polyelectrolyte domain size are com-
sum of the hard-core polyelectrolyte cross-sectional dimenplicated by the fact that osmotic interparticle interactions can
sion with the spatial extent of the counterion cloud we thengive an appreciable contribution to the magnitude of the col-
obtain a larger cross-sectional radius in the case of &ective diffusion coefficient and, moreover, there is a viscous
monovalent counteriongrelative to divalent counterions contribution arising from the change in the solution viscosity
This leads to the expectation that polyelectrolyte chains witlthat must be accounted for before this type of model could be
monovalent counterions should be more rigather chain  used to reliably estimate the dimensions of the polyelectro-
parameters being equain accord with our present measure- lyte domains. However, dynamic light scattering data can
ments. provide valuable information about the lifetime of counterion

G(t)

A7)
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FIG. 10. Wave vectog dependence of the “fast” mode relaxation timgs
for PSS with Nd& and M¢®™ counteriongsample PSS-hH2Fitted fast mode  FIG. 12. Concentration dependence of diffusion coefficients for NaPSS and
diffusion coefficientdD; are indicated in figure. MgPSS salt-free solutions. We obtain a rough estimate of the onset of clus-
tering in the case of the NaPSS data by extrapolatingdthandDg data to
low concentrationgdotted line$ to find a crossing pointsample PSS-hH2

and polymer concentration fluctuations occurring at equilib-
rium in polyelectrolyte solutions. We next consider the influ-
ence of counterion valency on the nature of dynamic Iightd

scattgrlng data frc])r PSS s'oIL:t:ths.. L . changes in the diffusion constani®; andDg of the NaPSS
Iatiofllgtlj;itg)ar: GS (%V\:‘irtyl\ﬁ):s S éga;éntﬁg;'ggnsglr;se'fg;gﬁ'e solution are estimated to equal (6:0.1)x 10 ® cn?/s and

. . 1.0+0.2)x10 8 cn?/s, respectively, while we find (2.1
solutions. The concentration for these measurements equa 0.1)x10°® cmP/s and (6.30.2)X10°8 cni/s for the

Cp=0.20 M andl“=2._57, SO these measurements Corre'MgPSS solution. Figure 12 shows the concentration depen-
spond to strong coupling. First, we observed that the lon

time relaxation of the solution with divalent ions is sianifi- Yence of the diffusion coefficieni3; andDg for Na PSS and
c,!antl “f);stler " We al:nI' \tl\rq's elf\lfect bl a Istar:?jalrtlj MgPSS solutiongsample PSS-h2over a range of polymer

y 35 " quantify s y concentrations. The concentration dependendg;céndDg
CONTIN™ analysis of the relaxation time spectrum and the

result of this analysis is indicated in Fig(l. These mea- s weak at cc_Jncentrf_;ltion_s greater _thar{ H)_s. M’. S0 th‘?‘t
how the tvoical well-defined déuble-ex onenti he changes in the diffusion coeﬁ|C|_ents_ with |nd|cate_d in
f(glraexrgt?g;sci‘ SOZ\\IIt-freeypol electrolyte and colloidal f article 'gs. 9-11 apply to a good approximation over a wide con-
solutions in the strong-gouypling Co{llomb interaction?egime centration fange. An extrapolation Qf thg andDs for the .
A blot of the wavevector dependence of the fast and sIoWNaPSS solutions to low concentrations leads to a “merging
piot © P oint” concentrationC} ~O(10™° M or 10™° g/mL). If D,

relaxation “”_‘es 1 shown m_Flgs. 10 and 11. These m_odei% taken to be comparable to the chain self-diffusion coeffi-
are clearly diffusive and we introduced fast and slow diffu-

. - o = 5 cient at low-polymer concentrations, then we expect this
sion coefﬂcgents through the definitionB;=1(; ¢7) and concentration to correspond to the onset of polyelectrolyte
Ds=1/(7s g°), respectively.

domain formation. Notably, reduced viscosity data for
NaPSS solutions commonly exhibit maxitfior concentra-
tions on the order of our rough estimate of the critical con-
centration for polyelectrolyte domain formatioﬁ; . Data

. for divalent counterion solutions at low-polymer concentra-
tions are not included in Fig. 12 because of the difficulty in
determining the diffusion coefficients. There was no diffi-
J culty in measuringG(7) in these low-polymer concentra-
tions, but the relaxations iG(7) become significantly non-
exponential so thdD determinations became unreliable. We
tentatively attribute the nonexponentiality in the slow mode
contribution toG(7) in the case of the divalent counterion
(Mg?™") to polydispersity in the domain size distribution.

Figures 9—-11 show that the overall shapezgfr) is not
ependent on the counterion type, but there are significant

6 TOTNa%; D = (1.0 0.2) x 10* cm’/s
—=—Mg”, D =(63x02)x 102 em¥s

0 L 1 L L A. Fast mode

. There have been many interpretations proposedfor
2 (1074 . opo:
q andDg for polyelectrolyte solutions. The fast-diffusive mode
FIG. 11. Wave vectog dependence of “slow mode” relaxation timesfor has been interpreted as a coupled diffusion between the poly-

; ; 5-97
PSS with Na and M¢" counterions(sample PSS-H2 Fitted slow mode eleCt'?()lyte and its counterio orasa gel mode (_)f th?
diffusion coefficientD; are indicated in figure. transient networK® The gel mode was claimed to be invalid
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because D; shows no dependence on polymer lyte solution is necessarily complicated by the breakdown of
concentratiod? Moreover, the diffusive nature of the fast the polymer domain structures under shear, which leads to
mode indicated in Fig. 10 is inconsistent with the gel modesubstantial shear thinnir§® Very significant slowing down
interpretation of the fast mode. The idealized Nernst—Hartleyf the slow mode can be anticipated at higher polyelectrolyte
(NH) model predicts thaD;=Dyy=(1+2,)D,D./(Z,D,  concentrations where the domain structures should percolate
+D.) whereD, is the diffusion coefficient of the polymer and we are currently investigating these more concentrated
without the chargesD. is the counterion diffusion coeffi- polymer solutions.

cient, andz, is the effective polyanion chargé®>=% If The measured; (or D) is perhaps more usefully con-
Z,Dpy>D¢, thenD{~Dyy~D¢, i.e., the coupled diffusion sidered to represent the lifetime of the compositional fluctua-
is dominated byD.. The Nernst—Hartley theory does not tions represented by the polyelectrolyte domains. This prop-
address itself to polyelectrolyte domain formation at nonva-erty should be very important for characterizing many other
nishing polymer concentrations, but we still expect the fasproperties of polyelectrolyte solutions such as the Soret
mode in our measurements to be dominated by the mobilitgoefficient°® electrical conductivity, shear relaxation etc.
of the counterions(in the absence of interchain “cross- The change from a monovalent to a divalent counterion can
linking” phenomena mediated by counterign€onsistent be expected to enhance compositional transport in strong
with this reasoning, Matsuokat al®® have shown that the coupling polyelectrolyte solutions.

D; of PSS varies as LIPSSNaPSS<CsPSSHPSS, which Further dynamic light scattering properties of PSS solu-
is in accord with the inequalities in the magnitudes of coun-tions have been systematically investigated by Sedlak and
terion diffusion coefficients. Since the diffusion coefficient Amis’>%” where dynamic light scattering properties of poly-
of Mg?" (0.706x10 ° cné/s is smaller thanD, of  electrolyte solutions are summarized as a function of poly-
Na" (1.33x10°° cn?/9)®® by a factor of 2, the observed mer concentrations, salt concentration, chain molecular
reduction ofD; for MgPSS by a factor near 2 in Fig. 12 is mass, etc. The qualitative findings are unchanged by a
understandable based on a counterion—polyion coupling typehange of charge valency so we do not repeat this discussion
model of the fast mode. A similar influence of counterion here.

valence has also been found in the study of the dynamics of

DNA solutiont® whereD; of CaDNA is found to be smaller VIIl. DISCUSSIONS

thanD; for NaDNA. Although the strong dependencel®f

on counterion valence supports. the qualitative picture of And properties of polyelectrolyte solutions has recently at-
poupleq poneIectronte—counterlon transport., further thor%racted attention because of the recognition of the importance
is req.uwed to _descrlbe polyelectrolyte solutions exh|b|t|ngOf ionic interactions in may biological processes such as
domain clustering. DNA condensationt®’ salt-bridges stabiliting numerous bio-
logical structures® nerve excitatiot®® and protein
folding.**° Interest has also been stimulated by recent theory

The slow diffusive mode in Fig. 11 has previously beenand simulation studies that have indicated substantial
interpreted in terms of the diffusion of polyelectrolyte changes in polyelectrolyte interaction when monovalent
domains’’191-19we observe thab becomes muckarger ~ counterions are replaced by multivalent counteri-
in the case of the divalent counteriofontrast this result ons3%/8111-115any measurements on synthetic polyelec-
with the decrease dD¢ discussed aboyeThis result is ex- trolyte show that the addition of salts containing multivalent
pected qualitatively based on our previous observation of @ations tend to cause gelation and phase separation for a
reduction of the polyelectrolyte domain size for the divalentsufficient quantity of saft®31104116-128,gqesting the stabi-
counterions relative to the monovalent ions. The effect idizing effect of the polyanion charge against large scale
much too large to be accounted for by théveaapplication phase segregation is diminished by the condensation of mul-
of the Stokes—Einstein relation, however. We have alreadyivalent counterions. Multivalent contacts can also be ex-
mentioned that the neglect of interparticle interaction makepected to participate in multifunctional chain contact associa-
this kind of domain size estimation uncertain, and we notdion interactions for certain temperature ranges so that many
that a substantial change in the viscosity between the casegw effects and polyelectrolyte solution morphologies arise
of monovalent and divalent counterion can be expected andhen the cations are multivalent.
this must have an effect dis. Cohen and Pat&1%show Neutron scattering and static and dynamic light scatter-
that a change from monovalent to divalent cations in PS$ng measurements were performed on aqueous solutions of
solutions can lead to a substantial reduction of the polyelecsulfonated polystyrene having a range of multivalent counte-
trolyte solution viscosity. This effect is apparent in our rions, charge densities, molecular weight, and polymer con-
samples which are much more fluid in the case of divalententrations. The measurements were performed in the strong
counterions, other solution parameters being equal and weoupling regime where counterion condensation has a strong
ascribe the main increase bfy with charge valence to this influence on the polyelectrolyte solution properties. Neutron
viscosity effect rather than a direct change in domain size. scattering measurements of the higlpeak positiong* in

A reasonable estimate of domain size fr@pmeasure- the scattering intensit)(q) data(defining the interchain cor-
ments requires both a measure of the osmotic interparticleslation lengthéy=2=/q* of the polyelectrolyte domain
interaction and the solution viscosity. Measurement of thestructuregincreases by a factor of 1.5-2 for divalent coun-
zero-shear solution viscosity of strong coupling polyelectroterions, relative to the monovalent counterion case. This

The effect of multivalent counterions on the structure

B. Slow mode

Downloaded 17 Dec 2001 to 129.6.154.32. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp



J. Chem. Phys., Vol. 114, No. 7, 15 February 2001 Influence of counterion valency 3311

finding is a natural consequence of the reduction of the polyeur observations indicating an increased flexibility of highly
ion charge density by divalent counterions in the strong<charged polyelectrolyte chains with the condensation of di-
coupling regime, qualitatively consistent with Manning’'s valent counterions.
model of charge condensation. Light scattering measure- The increased flexibility and reduced chain repulsion
ments of the overall dimensions of the polyelectrolyte do-caused by multivalent counterions is a general effect that can
mains indicate that the size of these domains becomes rée expected to have many ramifications in material science
duced for divalent relative to monovalent counterions. Aand biology. These effects are known to facilitate the “con-
reduction of the polyelectrolyte charge density is also founddensation” of DNA into compact toroidal or rodlike
to lead to a reduction in the size of the polyelectrolyte do-forms'®*~***and to influence the stiffness, knotting and su-
mains. These findings suggest that the particle charge densipgercoiling properties of DNA*#%9we can also anticipate
is the primary parameter governing the polyelectrolyte dothat multivalent counterions will have a large influence on
main formation and future work should consider whether ahe stability of charged lipid vesicles used in drug delivery
critical charge density’., is required for the occurrence of and many other biological applications and on the fusion of
the polyelectrolyte domains in low molecular mass poly-membrane in living cells. In particular, an increase in the
mers. flexibility should facilitate membrane fusion and lead to a
To gain insight into the single chain properties of the destabilization of vesicle dispersions. It is well known that
polymer chains within the polyelectrolyte domains we per-C&* counterions play a central role in membrane fusion
formed contrast matching neutron scattering measuremenghenomena in biological systefi$and C4* counterions
of the chain radius of gyration. The change of the chain sizéave also been shown to cause the aggregation of phosphati-
Ry.c Was found to be reduced in the case of divalent ions télylserine vesicles in aqueous salt solutidffsThese obser-
an extent that was similar in magnitude to the change in th&ations suggest that we should expand our studies of charge
polyelectrolyte domain sizR, 4. We also observe that the valency effects to “polyelectrolytes” having a two-
chains are not extended into a rodlike configuration in theséimensional topologyi.e., membrangs” Changes in mem-
relatively low-concentration polyelectrolyte solutions. The Prane transport induced by changes in the concentration of
chains have an extension intermediate between extended aftHltivalent counterions deserve special attention because of
random coil chains and the chain swelling due to electrothe many potential biological applicatiot€. We can also
static and excluded volume interactions becomes diminishe@nticipate that multivalent counterion effects should be im-
with increasing polymer concentrations, an effect reminisPortant in the area of tissue and drug preservation since
cent of solutions of uncharged polymer solutidfsThese ~changes in the polymer rigidity should also lead to changes
observations raise questions about the role of charge density the glass transition of biological materials. Further system-

in influencing the rigidity of polyelectrolyte in the strong atic studies of charge valence effects on polymer rigidity and
coupling regime. interaction should be very fruitful.
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