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We have measured the temperat(fe dependence of the correlation lend#) for concentration
fluctuations in aqueous solutions of sodium—pgstyrene sulfonajewith a fixed level of added
barium chloride salt. Apparent critical behavior is observed upon lowering the temperature to
precipitation phase boundaries that complements our earlier work on salt-dependent behavior. We
interpret experimental deviations frofn ? versusT ~* as crossover from the mean field to the Ising
universality class. We also measured the radius of gyratRy) (©f labeled chains and for
semidilute polyelectrolyte solutions at low ionic strengths. We recovered the familiar resgilt of
scaling with polymer concentratiorC() and degree of polymerizatioiN), such that{=(73+9)

NOC, %4%=%%3[A], and using SANS high concentration labeliRg= (400+28)C, *?* 1 [A]

(for N=577) and Ry=(2.8+2.1)N®®*%1[A] (for C,=206 gL '), respectively. The indices
recovered are in agreement with theoretical predictions for low ionic strength semidilute solutions.
Such experiments offer insight into relatively unexplored phase behavior in charged
macromolecular solutions. @003 American Institute of PhysicgDOI: 10.1063/1.1592496

I. INTRODUCTION salts on the configurational properties. Yet, some progress is
made regarding the general shapes and trends of phase dia-
Equilibrium properties of polyelectrolytes remain a sig- grams in understanding experimehts.
nificant challenge both experimentally and theoretically. Ex-  The role of temperature on aggregation and precipitation
perimental techniques such as static and dynamic light scabehavior has not received sufficient attention. This is surpris-
tering measure the collective behavior of the static structuréng considering inverse temperature times molecular weight
and relaxation modésSpecific to polyelectrolytes, these ex- determines the state of miscibility for neutral polymers in the
periments reveal a long-time scale relaxation mode coupletprm of YN, where x is the Flory—Huggins interaction pa-
to a short-time scale relaxatidn? the slow and fast modes, rameter andN the degree of polymerization. Such behavior
respectively. The origin of the slow mode has been attribute§hould also be observed with polyelectrolytes. However, it
to a static multichain aggregate, while the fast mode is atMay be masked by the proximity of the phase diagram and
tributed to the coupled diffusion of polyion and counterions.'¢latively small experimental window of temperature that
The aggregation behavior has been explored and new resuf9Ue0Us solutions are able to be examined, as opposed to
have revealed that the size scale is significantly greater tharholymer melts.

: L : : L . In this paper, we study aqueous solutions of sodium—
the single chain dimensions using a combination of experi- ' . .
mental techniques such as light and neutron scattéfing. poly(styrene suifonate(NaPS$ with the added salt barium

- . chloride. We explore the homogeneous phase by investigat-
However, the molecular origins that lead to such aggregatior) .

. S . ; ing the effects of added salt concentration versus polymer
processes in low ionic strength solutions and connection tg .
th d . velectrolvie oh di i concentration C,—C,) and temperature versus polymer
thermodynamic polyelectrolyte phase diagrams reémain 1acks ,.qnration T-Cp). To address the collective properties
ing. Many experiments have demonstrated phase dlagrar%e have utilized small-angle neutron scatteri®ANS) to
for polyelectrolytes in the presence of added saitéThese

R 5 . measure the correlation length) and osmotic compressibil-
precipitation diagrams, typically plotted as added salt conyy, hronortional to the scattered intensity extrapolated to

centration versus polymer concentration show similar feasgrq angles 1(0), asfunctions of degree of polymerization
tures for a variety of polyelectrolytes including flexible and ()~ polymer concentration@,), added salt concentration
semiflexible polyelectrolytes. Strong theoretical efforts havgc ), and temperature. The experiments focus in the limit of
been put forth to understand the effect of multivalent ions orpoth low ionic strength and high ionic strength. Comparison
the phase diagrams of flexible polyelectrolytéSHowever,  of the experimental data faf is made with respect to the
the theories do not consider the specific influence of addegnticipated scaling behavior @f(C,,N) in the low ionic
strength regime ané(Cs,C,,T) andl(0)(Cs,Cp,,T) in the
Author to whom correspondence should be addressed. Electronic mailigh ionic strength regime. To address the configurational
muthu@polysci.umass.edu properties, we use the high concentration labeling technique
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to measure the size of labeled chains in semidilute solutioprefactorL to the intensity of total scattering go to zero. We
as functions of molecular weight, polymer concentration, andwill refer to the matching point as the condition such that the

added salt concentration. The expectation of strong coil conaverage scattering length dendtpf the monomer matches
traction with added multivalent salts is compared within thethat of the solvent which givels=0.

limits of extended-chain conformations and Gaussian CO”S; The SANS experimenta| results reported here were per-

globular dimensions are not experimentally achieved. Theormed at three different neutron scattering facilities; the

scaling behavior oR, (C,,,N) is determined for the case of \y . Koehler SANS facility at the Oak Ridge National

no added salt, and the results are consistent with Sca"nﬂaboratory (ORNL)2* the National Institute of Standards
6 . . - 1

laws™® and the double screening thebfyor semidilute so- and TechnologyNIST) Center for Neutron Research facility

lutions. . _ . (NCNR),?? and at the FRJ-2 research reactor of the Fors-
The rest of the paper is organized as follows: Section Il o 3
hungzentrum Jich, Germany?

describes our experimental protocols covering the SANS At the W. C. Koehler SANS facility at ORNL, measure-

methodology in Sec. Il A, sample preparation in Sec. IIB, _ .
methodology for determining th€,—C, and T—C, phase ments were m_adg using a neutron wavelength of 4.75 A with
diagrams in Sec. Il C. Experimental results are given in Sec\{vavelength distribution 0 /A~5%. The scattered neu-

IIl. Collective properties and labeled chain behavior are dis{fons were collected with a two-dimensional area detector

cussed in Secs. IV and V, respectively. Section VI containd!Sing & sample-detector distance of 5.8 m. The neutron count

major conclusions. rate was corrected for instrumental backgrounds and detector
efficiency on a cell-by-cell basis prior to radial averaging
1. EXPERIMENT resulting in aq range of 0.008 q<0.1 A~%, whereq is the

scattering wave vector defined by= 47\~ sin(6/2), where

Here we will briefly describe the origin of the sample§, 0 is the scattering angle. The net intensities were converted
the protocol to prepare samples for the neutron scatterlnq0 an absolute(+4%) differential cross section per unit

method of determining the temperature-dependent phase dla-m le volumin units of cm ) b mparison with pr

grams, and the SANS high concentration labeling methodol>2P'€ VOIU units ol ¢ y compariso preca-

ogy. librated secondary standards, based on the measurement of
beam flux, vanadium incoherent cross section, the scattering

A. Small-angle neutron scattering from water and other reference materflsProcedures for
We refer to the main results of the high concentrationcalculating the incoherent background, arising largely from

methodology for the two component solutions usedthe protons in the sample, have been described previGusly.
previously}“'l&lg At the NG3 30 m SANS facility at the NCNR, measure-
ments were made using a neutron wavelength of 6.0 A with
1(q)=1s(a)+1(q), () stributi 150 : :
wavelength distribution oAN/\ ~15%. Two configurations,
1s(q)=KnN?Sy(q), (2 a10 mand 3.8 m sample-detector distance, were used lead-
ing to an overlappingj-range of 0.005 to 0.0595 & and

— 2
1(q)=LnN"5(q), ®) 0.0218 to 0.337 Al respectively. The measured neutron
with prefactors, count rate, across a two-dimensional area detector, was nor-
K =[bp—by]?n(1—Xp), ma_tll_zed per 19 r_nomtor counts and corrected for detector
efficiency, cadmium blocked beam background, and empty
L=[bpX,+ bd(l—xh)—bg]z. cell scattering on a cell-by-cell basis in accord with NIST’s

The absolute differential coherent scattering cross Secs_tandard procedure. The{se net. intensities were then con-
tion, 1(q), in units of cn ™%, in this method is composed of a verted to an absolute differential cross section per unit

sum of two types of scattering; scattering associated witF@mple volumein units of cm

intrachain monomer—monomer correlations) (and total ~ €nce material. _
scattering from all monomer—monomer correlatiors),( At the KWS-II 40 m SANS beam line, FRJ-2 research

both intrachain and interchailb, and by are the scattering reactor of the Forschungzentrumlidh, Germany, measure-
lengths of the protonated and deuterated monomers, respegents were conducted using a neutron wavelength of 7 A.
tively. b, is the scattering length of a solvent molecule nor-Three separate configurations were used: 20 m, 8 m, and 2
malized via the ratio of the specific volume of the monomerm. The scattered intensity data were reduced in a manner
and solvent molecule. The average scattering length of theimilar to that at ORNL as the scattered neutrons were col-
solvent,b;, may be adjusted by using a mixture of®and lected across a two-dimensional area detector and the neu-
D,0O such tha&)g=yhszo+(1—yh)bD20, wherey,, is the  tron count rate was corrected for detector sensitivity, cad-
mole fraction of HO andby, o andbp,o are the pure com- mium blocked beam background, and empty cell scattering
ponent scattering lengtha.is the number of polymer mol- prior to radial averaging. The net intensities were converted
ecules per unit volume of solution. The essential physicd0 an absolute(=4%) differential cross section per unit
concerning the configurational properties remains in thesample voluméin units of cmi ) by comparison with preca-
single-chain structure factoS{), and the collective proper- librated secondary standards, based on the measurement of
ties in the total scattering structure fact®,). The single beam flux, vanadium incoherent cross section, the scattering
chain scattering may be directly measured by making thérom water and other reference materiis.

1 using a light water refer-
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TABLE I. Polymer characteristics.

Parent PS Sulfonated NaPSS
Nn NSANS
Mn monomer: monomer:

Name [gmol™}] PDI chain chain %S(E.A.) SANS Facility
h-NaPSS-82 85652 1.03 82 97 ORNL
h-NaPSS-234 24 350% 1.02 234 100 ORNL
d-NaPSS-274 28 5002 1.03 274 28614 92 ORNL
h-NaPSS-287 29 800" 1.02 287 28614 96 ORNL
d-NaPSS-563 63 0002 1.05 563 62630 86 NIST
h-NaPSS-577 60 000% 1.02 577 62630 89 NIST
d-NaPSS-958 107 306% 1.04 958 979 60 86 FRJ-2
h-NaPSS-962 100 08%% 1.05 962 979 60 88 FRJ-2
h-NaPSS-1990 207 0062 1.05 1990 FRJ-2

#Ngans are averaged over all polymer concentrations and salt concentrations for each molecular weight.
M3PS=112 gmol'* andM!P5=104 g mol'. Parent PS samples were obtained frdnPolymer Labs(2)
Polymer Source, of3) MRSEC-University of Massachusetts.

B. Sample preparation We provide the degree of polymerization obtained from
r§ANS as well as the neutron scattering facility indicated as
ORNL, NIST, or FRJ-2. We will refer to the degree of poly-

fonating polystyrengs from Polymer Source, Polymer meri;ation(N) rather than molecular weight in order to be
Laboratories, and MRSEC facilities at the University of consistent from sample to sample as the degree of sulfona-

Massachusetts—Amherst. We have outlined the typicaliion varies leading to an u_ncertainty in molecular Weight.
sample preparation in our earlier publication for sulfonationS@mPples related to correlation length measurements will be
of low polydispersity parent polgtyrengs* However, we refe'red to as the correspondlhg\laPSSN,. whereas labeled
make one modification here; following the sulfonation andChain experimentsg-NaPSSN, whereN is the degree of
separation of the agueous polymer rich phase the solution Rolymerization. o
passed through a column of 400 £of Dowex MR-3 mixed The general scheme for SANS sample preparation is to
bed ion-exchange resin, purchased from Sigma—Aldrich, foluse protonated Na-—pdjtyrene sulfonate (h-NaPS$ in
lowed by an equivalent amount of Milli-Q UF quality water. deuterium oxide solutions for the total scattering experi-
The ion-exchange method was preferred over dialysis due t@€nts. For the high concentration labeling experiments we
the large volumes of fluids encountered and rapid purificatse @ fixed mass fraction ¢FNaPSS of 0.40 X,=0.40),
tion. The ion-exchange resin was rinsed thoroughly withand the balance deuterated NaPSS. Then we mix these with
deionized water and agitated to remove any low molar maste solvent mixture of BO and HO such that the volume
impurities, after which the effluent water is checked for low fraction of H,0O is 0.32 /= 0.32). For barium chloride salt
conductance and light scattering to ensure removal of corcontaining experiments, we always use stock salty solutions,
taminants. After ion exchange of the polymer solution, thewhich can be prepared with accuracy. ThgGHused in this
clear acidic solution is then filtered through a 048 cel-  study is of Milli-Q UF Plus System quality with resistivity of
lulose acetate filter unit manufactured by Corning Costarl8 M{Qcm. The BO is from Cambridge Isotope Laborato-
Subsequent neutralization of the acidic protons was achievedes, Inc.,(99.9%. The barium chloride salt, purchased from
by titrating with a sodium hydroxide solution purchased Fisher-Scientific, used in this study is a di-hydrate (BaCl
from Fisher Scientific, certified 0.201—0.199N. At this point - 2H,0) under ambient conditions, but was dried to remove
we checked the concentration of polyelectrolyte by UV specwater by heating to 140 °C for 24 h.
troscopy and compared this to the concentration estimated by To prepare samples, a predetermined mass of polyelec-
titration, achieving quantitative agreement. This solution wagdrolyte, accounting for adsorbed water, is added to plastic
then filtered through a 0.22m cellulose acetate filter unit centrifuge vials to facilitate easy transfer, as the solutions do
manufactured by Corning Costar followed by freezing andnot wet these containers, thus minimizing loss of material.
lyophillization. After lyophillization, the samples were fur- For the case of samples which do not exhibit precipitation at
ther dried under a purge of dry,Nn an oven at 105 °C for room temperature, we add an appropriate volume of salt-free
1th. Following this procedure, thermogravimetric analysisor salty stock solution to the vials and then agitate with a
(TGA) was performed and repeatedly reveal a reversiblevortexer. These samples may then be transferred using an
mass loss, attributed to water. Eppendorf Pipet-man into the required quartz cuvettes for
Table | contains the information regarding the protonatedSANS. However, for samples which exhibit precipitation we
and deuterated molecular weight matching required for theise an alternative method. A fixed volume of salt-free solu-
high concentration labeling experiments as well as the chation is added to the dried polyelectrolyte. Then an amount of
acterization details regarding the parent gstyrengs and this polymer solution equal to half the volume of the cuvette
sulfonation levels determined by elemental analy&s#.). is added to the cuvette. We then add a concentrated salty

We have prepared several molecular weights of deute
ated and protonated sodium—p@yrene sulfonajeby sul-
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solution of equivalent volume directly to the quartz cuvette,PGC Scientifics heating-cooling recirculating bath with an
such that precipitation occurs only within the controlled vol-internal fluid temperature stability of 0.1 K, using either
ume. This is then subsequently heated and mixed with th80:50 ethanol:water or deionized water. The sample cell was
aid of a vortexer. The reason for this protocol is that it is notmounted into a small fitting which was accepted by the hot-
possible to transfer a precipitated solution with reliability of stage and had a pilot hole for which a resistive thermal de-
the final concentrations. As an example, to prepare a solutiogice (RTD) was inserted for monitoring the temperature of
with final barium chloride concentration of 0.25 M and the sample. The stability of the sample temperature was bet-
NaPSS concentration of 103 gt, 0.325 mL of DO was  ter than 0.5 K over a 24 hour period with insulation. The hot
added to 73.65 mg, this was then mixed and 0.300 mL wagtage had a hole drilled which allowed for the laser light
transferred to a quartz cuvette with path length 2 mm andy pass through the stage and thermostatically controlled
diameter 2 cm. Then 0.300 mL of 0.50 M barium chloride qyartz cuvette. The temperature of the bath was changed

salt containing solution is added directly into the SANS cu-manyally and the sample temperature recorded from the RTD
vette. Identical sample preparation was used for the labelegynirolier.

chain studies, except that we uge=0.40 andy,=0.32. To The majority of the samples investigated precipitate at

. . . 1
investigate polymer concentrations greater than 206°gL o temperature. The precipitation temperature upon cool-
we account for the absorbed:@ as adjusting the ID/H,0 iy \was determined by heating the sample in the hot-stage

_rmxture. '_I'hus we prepare specially a stock solvent accoUNnti no evidence of precipitate remained upon visual inspec-
ing for this mass of water. tion and SALS. However, we observe a contribution of
SALS even in the apparent high-temperature homogeneous
phase, for a givei€s andC,. These reported precipitation
The miscibility of polyelectrolytes with added salts can temperature determined by light scattering were determined
be represented on many types of phase diagrams. The masjer a range of temperatures. We monitored the SALS as the
frequent plot is salt concentratioiC{) versus polymer con- temperature was lowered in decrements of 2 to 0.5 K, finer
centration Cp).""** We have determined these precipitation resolution in anticipation of precipitation. A minimum of 15
diagrams for samplels-NaPSS-82h-NaPSS-287h-NaPSS-  minutes equilibration time was used at each temperature on
577, andh-NaPSS-962 at 294 K. These diagrams are congpproach to the phase boundary. At each temperature the
structed by preparing a series of stock salt-containing soluga| s intensity was recorded by a Princeton EG&G CCD
tions and salt-free polymer solutions, and then mixing intocagmera in the form of the two-dimension@D) scattering
glass vials in a systematic fashion to furnish the library Ofimage, or observed visually for an increase in the intensity.

states. The distinction of a homogeneous solution versus presither method would give an estimate for the precipitation
cipitated solutions was determined visually for a clear SO'““temperature range.

tion, or a white precipitate. The concentration range of these 54 feature which we observed was that the SALS in-

_diagrams spans the dilute to semidilute and will be discusseﬂensity would grow rapidly indicating the onset of the kinet-
It? SS?A(\:NS”IA. dWe hz_ive Erobe(ljl th_e homdogen?ous Phasl?cs of precipitation. The time scales of this process often
y to determine the collective and configurationa were too fast for most of the samples investigated and would

properties. .

rong function of th nch h lymer an |
The temperature dependence of polyelecirobte phasgc € SIOT L MUAN B TeR BUEEC TR AR AT
diagrams has been explored far 1658°~2®Here we provide ' P precip

the background as to how our phase diagrams orTthe, tation temperature from the light scattering as an appropriate

and T—Cg coordinate planes are determined. We observed®9¢ of temperatures over which the system crossed from

that upon heating the precipitated salty polymer solutions:f)ne in which the system in a nonprecipitated homogeneous

they would clear leaving a clear solution. This was found tophase to one in which the kinetics are important. Thus by the
be true with exception to low polymer concentrations WithIIght scattering methcl)d.we do QOt obtaln.tr?e Spinodal tem-
high salt concentrations as the boiling point of the watePeratures by extrapolation methods as with SANS, but by a

preceded the clearing temperature. To provide an estimate f§U€ry of whether the system is in the region of stability or
the phase boundaries, which would be subsequently probedY°Ving.
by SANS, we used small-angle light scatter®ALS) and We provide an example foh-NaPSS-962 where the
visual inspection. We observed that the SALS intensity neaPolymer concentration is 51.5 gE and salt concentration
the phase transition became strong indicating the correlatiof$19 M. In this case we were able to record a significant
on the order of micron length scale. To perform these experibumber of data points capturing the increase in the scattered
ments we used a home built SALS apparatus and hot Stag'g]tensity upon decrements in temperature. First with a coarse
The hot-stage used for the temperature studies accepté®proach to determine the approximate range of tempera-
quartz cuvettes identical to those used for SANS. The hottures and second with a longer equilibration waiting time and
stage was made from two aluminum parts. Each part had #ner resolution. The coarse approach was equilibration at
large volume milled such that when the two parts were fas75.4 °C for 15 minutes, followed by equilibration at 68.6 °C
tened together, with machine screws and a paper gasket, tHigr equal time followed by a change to 66.0 °C. At 66 °C the
volume served as the reservoir for continuous flow of a rescattered intensity observed visually could be seen to in-
circulating fluid for the required temperature control, facili- crease leading to precipitation. We followed this with a more
tated by drilled ports for fluid inlet and outlet. We used aelaborate approach as shown in Fig. 1. In Fi@) ve dem-

C. Phase diagrams

Downloaded 16 Nov 2005 to 129.6.122.161. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



J. Chem. Phys., Vol. 119, No. 7, 15 August 2003 Polyelectrolyte chain dimensions and concentration fluctuations 4089

10 F T | T I T l T ¥l 5 T I T I T I T
r o 347.25K ] i T
- o 345.45K g —
8- & ¢ 34455K - £ 4rv ]
5 [ o A 343.55K i 5
§ L % . 1 4 i FIG. 1. (8) SALS observations for a
2 g > 341.65K 3 < 3= - fixed NaPSS concentration of 51.5
P C ° gzgggi ] %‘ gL, barium chloride salt concentra-
= C o 340.15K ] 5 r T tion of 0.19 M andN=962. (b) Inte-
3 4 }: v _ 339.65K 7 < . _ grated scattered intensity versus tem-
< r ] 3 v perature, same sample. The large rise
g C 1 © - E in intensity at 66.5°C is typical and
= = E b4 | v ] indicates the phase boundary as a
2r- - £ 1 VV guide for further experiments.
C ] I ¥9¢ v v v v ]
] 0 | L | | | 1 ] 1
8.00 0.50 1.00 1.50 2.00 340 342 344 346 348
(@ qfum’] (b) TIK

onstrate on a linear plot of SALS intensity versus wave vec- In addition, we have explored the role of temperature on
tor for several temperatures on approach to precipitation. Théhe phase behavior on several of these solutions and have
increase in intensity is easily observed, as well as the surprigfiscovered that the role of temperature and salt concentration
ing scattering in the high temperature limit. To gain an esti-are complementary. We have determined the polymer con-
mate for the phase boundary we plot the integrated intensit¥entration dependence of the miscibility temperature, as
versus temperature in Fig(t) and notice the sharp increase given by the solid squares in Fig. 3, for a fixed salt concen-
at 339.65 K, which is marked as the phase boundary due tQ4tion (Cs=0.19 M) andN (962. The range of polymer

the onset of the kinetics. This provides empirical knowledg€.qncentration examined was 0.2 to 154 4L We did not

as to the '”_‘po”a”t ranges of Femperature to per_fo_rm_ th?)robe the thermal dependence for lower polymer concentra-
SANS experiments. In the following figures the prempnauontion due to the high temperatures involved. The solid dia-

tgmperatures are extrapolated from SALS and visual NSPEEH onds are the spinodal temperatures determined by SANS to
tion as the range of temperatures above the last temperature

examined in which the kinetics are important. Two excep—be discussed below.

tions are the samples of polymer concentration 0.2*gand This phase diagram is also a strong function of the salt
154.5 gL ! both with salt concentration 0.19 M. For the 0.2 concentrguon. le_lng the polymer concentration at 1_03ng
gL~ sample the sample precipitation temperature could no¥/® examined the influence of added salt concentration on the
be determined by cooling from the high temperature phasdlfecipitation temperatures as shown in Figb)3 We ob-

nor with the hot stage due to the high temperatures involvecserved that with increasing levels of added salt the precipi-
Thus, this particular sample was heated on a hot plate an@tion temperature increases significantly over a small range
visually inspected for clearing, leading to the 98.9°C-of salt concentration, 28 K for a 0.075 M increment in salt

99.8 °C result. For the sample with,=154.5 gL't we vi-  concentration. This would suggest, in particular, for biologi-
sually observed precipitation within the SANS spectrometercal processes mediated by salt ions that a small change in salt
at the final observation temperature of 281.15 K. concentration, or gradients, influence the thermal stability of

charged macromolecules. The competing roles of ionic
strength and temperature was demonstrated in a transparent
1. EXPERIMENTAL RESULTS manner via the Flory—Huggins treatment in our previous
A. Phase diagrams paper.*
In Figs. 3a) and 3b), we also present the SANS results

The Cs—C, diagrams are shown in Fig. 2 for the SyStemfor the phase boundary, determined by the divergence in the

of polymerization(a) 82, (b) 287, (c) 577, and(d) 962. The data poir_1ts appear within the qbser\{ation rgnge of tempera-
filed circles represent a precipitated solution, the operfures estimated by SALS and visual inspection. The method-
circles homogeneous clear solutions. We have already show?{09y for extracting the (0) is the subject of the following

a portion of the results foh-NaPSS-287 previousl, but ~ Section, but to clarify the results foh-NaPSS-287 and
here we have explored higher concentrations. Upon inspedrNaPSS-577 samples, we present the SANS determined
tion, we find a weakN dependence in these precipitation Phase boundaries as well in Fig. 4. These phase diagrams are
diagrams with regards to the salting-out curve. The loweion theT-Cg planes and indicate the role of increasing salt
molecular weight requires higher added salt to induce preleading to an increase in the precipitation temperatures. The
cipitation, a trend that is observed froN=82 to 962, with  following results, examined by SANS total scattering, Eq.
those limits being 0.02 M and 0.008 M, respectively. (3), probe the density—density correlations from the high
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FIG. 2. Precipitation phase diagram at 294 K for several degree of polymeriz&tipB8, (b) 287, (c) 577, and(d) 962 NaPSS with added salt barium
chloride.

temperature limit on approach to the relevant phase boundeference state before exploring the influence of added salts

ary by cooling. and temperature dependence. Thus we have explored for the
case of no added salt, the density correlations as a function of
B. Low ionic strength: Collective properties degree of polymerization and polymer concentration.
To build upon our previous work in which the salt- Polyelectrolyte solutions at low ionic strength exhibit a

dependent phase behavior was explored we have returned B§ak in the total scattering structure factor at a finite wave
the case of low ionic strength solutions. The density—densityector g# 0. This feature is due to the presence of long-
correlations in low ionic strength polyelectrolyte solutionsranged electrostatic interactions and is absent in neutral ho-
have long ago been measuréddowever, this is the natural mopolymer solutions which are dominated by the short-

380 T I T I T I T 330 T ‘ T l
o - [
\‘\.\ i e i FIG. 3. (a) Influence of temperature
360~ ] - B for a fixed added salt concentration of
| i 201 T 0.19 M, examined forN=962. The
A S phase boundary by SALS(solid
340 - — i i squareswere determined upon obser-
< AN < ? ] vation of the kinetics of the phase
- i T = 310 separation.(b) Influence of salt con-
30| w _| ":' centration on the precipitation tem-
B ; ) perature for a fixed polymer concen-
- . ; tration of C,=103 gL~ * examined for
_t 300 s 7 N=962. The cloud point temperatures
300 . 7] "‘ determined by SALS(solid squares
L ‘-I;:,\ J 3 1 are systematically at lower tempera-
. | 1 | . _‘_ . . | . | tures than the SANS dat@olid dia-
2805 50 0 50 20 2015 0.2 025 monds.
CY ColoL™ (b) Cs. M)
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340 1 T I T I T 300 1 l T ‘ T I T
335 - 2905 -
- A A . L . .
. FIG. 4. Influence of extrapolated spin-
330+ — 290 n — odal temperature for a fixed polymer
L 4 L J concentration of 206 gL!, examined
T < for N=287 (a) and 577(b). The A
:m 325 7 o 285 - a N symbols are determined from the
- 4 F . E SANS experiment where th€0) are
300 | 280 _ extrapolated within the Ising regime.
¢ The B symbols are determined by ex-
i A 7 i ) trapolation in the Ising regime, while
315 - 275 — the ¢ is using the extrapolation in the
L i L ) mean field limit.
I 1 1

1 I 1 I 1 | L 1 I i |
M3 08 035 o035 04 282 o255 03 0325
(a) Cs M (b) Cg M

ranged interactions. Theory and simulation have predictedf the solutions, without added salts, since the correl-
this polyelectrolyte peall—3° ation length appears independent of the molecular weight

This scattering peak was investigated for flexible poly-and varies with polymer concentration aq,;éxz(73
electrolytes including poltyrene  sulfonate?>*"%%4% = 9)C_*4¥09 Thjs also suggests the proper experimental
poly(N-methyl-2-vinyl pyridine chloridg® and biopolymers ranges in which configurational properties may be investi-
such as xanthai?, BSA** and DNA*? The data of Kaji gated in the semidilute limit. However, with the addition of
et al*34°demonstrate that the inverse of the scattering wavealt the calculated overlap concentrati@} would change
vector (qr;;)) at the peak intensity scales with the polymer as the chain dimensions decrease, due to screening, and pos-
concentration aé:;l’?’ then crosses over'ﬁgl’z, consistent  sibly shift the conditions for semidilute solution to higher
with the crossovers from dilute to semidilute polyelectrolytepolymer concentrations.
solutions, respectively. At even higher concentrations a nar-  Since each molecular weight has a different value for the
row experimental window shows a second crossover fronoverlap concentration, the experimental data can be reduced
C;l’z to C;l"‘ consistent with the crossover from semidilute on a dimensionless plot &L versusC/C* consistent with
to concentrated regimes consistent with the double screenirthe following scaling ansatz:
theory!” An example of the polyelectrolyte peak can be ob-
served in the total scattering intensity at hgghown in Fig. §~NVR9(& y @
5(a) for the no added salt case flmiNaPSS-577 and polymer c*)’
concentration 206 gL,

At the maximum intensity of the polyelectrolyte peak Where
(g#0) the wave vectorq,;ii(zg) is defined and plotted

- . . 3M
versusC, in Fig. 6 for all N and concentrations examined. C'=—g—, (5)
These experimental data demonstrate the semidilute nature 4mRyNA
] .I T T T T l T L T ] T T T l4 ]
N £ Al
A
10.0 H L8 "
| N ]
] - E FIG. 5. (a) Typical scattered intensity
. L3 g versus wave vector as a function of
- T U barium chloride salt concentration for
g L ;f ': a fixed NaPSS polymer concentration
= o s L of 206 gL ! of N=577 and fixed tem-
1.0 ] la p perature of 298 K(b) Corresponding
] 4: R Ornstein—Zernike plot from whicke
] 0.5 - andl(0) are extracted avoiding the fit
| 1 from the downturn inverse excess
] scattering.
01 IIlIAl 1 Llllllll 1 1 O IAllllllllllJ;LLll—
’ 0.010 0.100 0 0.001 0.002 0.003
@ . [AT] (b) ¢ A7
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FIG. 6. Plot of inverse polyelectrolyte scattering peak=(],5) versus 50' S ‘6 '0'2' S '0' |0'4' L '(‘) IO|6| S 0.08

polymer concentration@p), with no added salt =298 K). Regression
over all raw data yieldsg) = (73 9) C, >**°%. Inset, dimensionless plot C. [M]
of ¢/L¢ versusC,/C*, usingv of 1.0 to calculate the overlap concentration S

(C*). Regression yields&/L ) = (0.063£0.003)(C,,/C*) ~ 049001
FIG. 7. Variation in inverse polyelectrolyte peak positiar,t,) with added

salt concentration for three polymer concentrations and fiXed234 (T

. . =298 K).
and y represents the concentration scaling exponéhy, )

Avogadro's number, andgg the scaling exponent for the

molecular weight dependence of the radius of gyration. Ustions under high salt conditiort8.We now proceed to ad-
ing a value forvgq of 1.0 we estimat€” using an extended- dress the temperature dependence of the density—density cor-

chain conformatiorirodlike limit) for the radius of gyration rejations as the phase boundary is approached, to
and nondimensionalize the abscissa. The ordinate, hence, dgmplement the role of added salt.

dimensionless by dividing by the contour lengthl(;) lead-

ing to the inset of Fig. 6. The fit over the entire range gives

(Ama/Lc)=(0.063+0.003) C,,/C*) ~*4%0%% gver the range

in degree of polymerizatiof82 to 1990 and concentration Our earlier data, for varying ionic strengths at a fixed

(18 to 300 gL' consistent with the scaling ansatz andtemperature, showed the divergencefénd 1(0) as the

screening in semidilute polyelectrolyte solutions. precipitation phase boundary was approactethis relied
on fitting the data to the Ornstein—Zernike formula,

C. High ionic strength: Collective properties S(q) " 1=5,(0)"Y(1+&%g?) (6)

D. Temperature dependent collective properties

The data in Fig. 6 are results without any added salts, aor wave vectors larger than those dominated by strong ex-
a fixed temperature of 298 K and are far from precipitationcess scattering, occurring at the lowest wave vectors. The
phase boundaries; these solutions can be heated to near bgitesence of this excess scattering has been verified for sev-
ing and cooled to freezing without any onset of phase sepaeral molecular weights and polymer concentrations.
ration. In a previous study, Bouet al** demonstrated that The new results probe the concentration fluctuations
this polyelectrolyte peak had only a weak temperature degquantified by a divergence df and 1(0) with decreasing
pendence. This is expected since the range of correlatiortemperature We examined for a fixed level of salt concen-
will increase significantly only in the proximity of a phase tration the scattering behavior as the temperature is reduced
boundary. Hence, the correlations remain on the mesh-size the point of precipitation. Similarities are observed be-
length scale of semidilute solutions, familiar to that of neu-tween the temperature dependence and the salt-induced be-
tral polymers'® but with different scaling properties. In this havior. We have explored the behavior for samplé¢éaPSS-
paper we have explored how the presence of phase boun#87, h-NaPSS-577, anth-NaPSS-962. We report the main
aries leads to long-range correlations in polyelectrolyte soluresults forh-NaPSS-287 which directly complement our ear-

tions with added salt. lier results for the salt-induced precipitatibhThe data for
We have found that with the addition of saftincreases the remainingN will follow in the discussion section.
consistent with the results of Is& al®” and qualitative pre- For N=287, with a fixed barium chloride salt concentra-

dictions from theory>*33®The experimental data taken for tion of 0.38 M and fixed polymer concentration of 206 gl
degree of polymerization 234 are shown in Fig. 7, where thehe scattered intensity was measured as the system was
variation in q;]},x with salt concentration and polymer con- cooled from the high temperature limit to the point of mac-
centration is shown. These data complement the values of threscopic precipitation following the phase diagram presented
correlation length taken from the Ornstein—Zernike correlain Fig. 4(a). The scattered intensity versus wave vector is
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FIG. 8. (a) Typical scattered intensity
versus wave vector as a function of
decreasing temperature to phase
boundary for a fixed NaPSS polymer
concentration of 206 gL* and barium
chloride salt concentration 0.38 M for
N=287.(b) Corresponding Ornstein—
Zernike plot from which& and 1(0)
are extracted avoiding the fit to the
downturn inverse excess scattering.

shown in Fig. 8) as well as the corresponding Ornstein— E. Configurational properties

Zernike plot in Fig. 8b). In Fig. 8b), data for only a few
temperatures are presented for clarity. Correlations of the
Ornstein—Zernike type are seen by the linearityl o) ~*

with g% and the excess scattering deviations are observed
the low wave vectors. The systematic deviation at lqw

We have measured the radius of gyration of labeled
Chains as functions of the polymer concentration and degree
8{ polymerization, without and with added barium chloride.

Examining the scattering behavior without added salt pre-

becomes negligible as the temperature approaches the phdagdes the effect of the specific interactions mediated by the
boundary. In this system, even under high salt conditions, thdivalent barium ions. At the condition of the matching point,
excess scattering remains at correspondingly high temperguch that the coefficierit=0, we measured the single chain
tures. This suggests that large scale fluctuations are presegffucture factor &) from the small-angle scattering of the
even under strong electrostatic screening. A comparison dfeuterium labeled chains. To illustrate the quality of the
Figs. 5 and 8 demonstrates clearly the complementary saglimination of the total scattering, we present in Figa)%

and temperature effects on the phase behavior of polyelecomparison of the measured scattered intensity for the two
types of experiments that measuréq) and l¢(q) in the

trolyte solutions.
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FIG. 10. (a) For a fixedN =563 with-
out added salt, the measured single
chain scattered intensity as a function
of wave vector is shown for four dif-
ferent polymer concentrations(b)
Fixed polymer concentration of 103
gL™! and varying salt concentrations
as indicated in the legend. Radius of
gyration and degree of polymerization
are extracted from fits to the Debye
structure factor with incoherent back-
ground, shown as the dark lines.

14(a) [em ]
l5(@) [em™]

0.010

(a) glA™] (b) q[A’

limits of no added salt. It can be seen that contributions fromV. DISCUSSION: TEMPERATURE DEPENDENT
the g#0 polyelectrolyte peak are not present in the labeledcOLLECTIVE PROPERTIES
chain experiment, suggesting an elimination of interchain
correlations. Our data on the total scattering experiments, in
the lowq region, show the excess scattering not predicted b
current theories or simulations. For comparison we als
show in Fig. 9b) the case with high added salt of 0.30 M in
which the total scattered intensity rises significantly as the W,
high-q data ofl, surpasses that df. Xef=Xo™ 2 (8)

The results from four polymer concentrations are shown
in Fig. 10@) for d-NaPSS-563 on a plot of scattered intensity x is the Flory—Huggins parameter for the chemical mis-
versus wave vector and in Fig. @) the results for the same match modeling the neutral hydrophobic monomer—solvent
molecular weight, but at a fixed polymer concentration ofshort-ranged interactionsy, represents the strength of the
103 gL ! with varying levels of added salt. From these fig- screened Coulombic interaction between monomers,«&nd
ures we extract thé-averaged radius of gyratiofR() by fits  is the inverse-square Debye screening length, proportional to
to the Debye structure facto®y(q), salt concentrationy is the effective Flory—Huggins inter-
action parameter, representing the sum total chemical mis-
match. Based upon this model the mean field thermodynamic
behavior was predicted to have the following form for the
correlation length and the extrapolated scattered intensity to

Clearly, the fits are excellent over most of theange stud- z€ro angle:
ied, with exception to the lowesj data. The fits from the 20
i X : B 1 1 wg

Debye structure factor, including an incoherent background, ¢ ZN(__ 4 _)
reveal that the extrapolated scattered intensity at zero angle Ts T«
(and hence molecular weighs consistent with the degree of

L and (9)
polymerization from the GPC on the parent polystyrene as
summarized in Table |. The deviation at the lowesto W,
higher intensities is not within the experimental error of the S[(0)_1~(-|-—— Tt
experiment, but reflects a contribution from the total scatter- S
ing. Attempts to fit the entirg range including the three or T is the spinodal temperature of the corresponding neutral
four lowest data points with Eq7) were unsuccessful. We polymer in solution, without the influence of electrostatics
note that experiments performed with lowgrresolution andwv andvy are the critical indices. If mean field values of
would yield perfect fits to Eq(7), but proceeding to loweyy  andy were valid, a plot o& 2 [or S,(0) ] versus 142 will
may reveal deviations. The advantage with using a modefield a straight line with a positive slope. Equivalently, for a
form factor is that the size of the labeled chains was obtainefixed 1/x? a plot of ¢ 2 [or S;(0) ] versus 1T will yield a
over a wide wave vector range. Since, we did not measurstraight line with a negative slope. Deviation near the phase
the very highg data, we do not extract the persistence lengthtransition is attributed to the crossover from mean field to the
Several group$*® have chosen this route, but rely on a Ising universality class as the role of fluctuations become
wormlike chain model to extract the persistence length, eveimportant. This is the expected behavior in the limit of high
in the semidilute condition. salt where the electrostatic interactions become short ranged.

We now proceed with the discussion and interpretation
f the SANS results. It was demonstrated eaffiehat a
ean field model for polyelectrolyte solutions leads to a
modified Flory—Huggins interaction parameter such that,

2
Sp(0) = ==z (e TRa—1+q°R?). (7)
q°R?

Y
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- . r 150 . 7 FIG. 11. Results for a fixed polymer
E . r . 125F 1 concentration of 206 gL' and salt
0.0008 - = = 0.06 ’>‘E 100 E = concentration 0.38 M foN =287 with
o - W 5 N; E n i decreasing temperaturéa) Using a
< E \- 1l i = 75 5— = ] mean field plot, the solid line indicates
o r £ = E the linear region of mean field behav-
nd - bl | oy wi i 50 ; . i ior and extrapolated to the mean field
0.0005 2 t— =004 25¢ H. B spinodal temperature; and the curva-
Eoodeosna biyag o .6‘ B 51 ] ture, indicated by the dotted line,
335 340 345 350 = - 335 340 345 35( shows the interpreted Ising fluctuation
T K B - T.[K] < region; the inset shows the divergence
0.0003 - (K] ] 002k \ ' _ of ¢ with decreasing temperaturéo)
\ B \\:.,: ] Similar mean field plot for the
\ \ | extrapolated-inverse scattered inten-
i \ 7 i \ sity at zero angle; the inset shows the
. | . I\\ . | . 3 . | . R‘ . T divergence ofl (0). ExtrapolatedT ¢
965 2.9 2.95 3 %65 2.9 2.95 3 =337.94 K andTy,q=333.34 K.
(@) 10° T K] () 10°7" K"

Returning to the case d-NaPSS-287 we have probed that deviates from the mean field region is fit usimg
the phase diagram shown in Fig. 4 that lead to the main=0.63 and y=1.26, the result for the Ising universality
results in Fig. 8. Now we have examined the density—densitglass?® From Fig. 11b), the mean field extrapolation gives
correlations quantified by the Ornstein—Zernicke formulathe spinodal temperature of 337.94 K. By the systematic de-
providing the¢ andl (0) in the insets of Fig. 1(h) and 11b),  viation from the mean field behavior the spinodal tempera-
respectively for the fixe€=0.38 M andC,= 206 gl LIt ture is depressed to 333.34 K, a 4.6 K depression due to
is clearly observed that the correlation length steadily influctuations.
creases from 35 to near 195 A close to the phase boundary. We observed this behavior for the remaining molecular
This significant increase was studied before in the saltweights as well. Foh-NaPSS-962, we examined the phase
induced precipitation study. We do not have the corresponddiagram displayed in Fig.(8) on the temperature-polymer
ing temperature dependence of the radius of gyration data, smncentration plane fa€,= 154 gL tandC,=0.19 M. The
we can not make a comparison betwégnand . Neverthe-  Ornstein—Zernike plots display the same features as indi-
less we note that at high temperatures the correlation lengttated for the lower molecular weight. Far from the phase
is smaller than the theta-coil and rodlike predictions, 42 Atransition the lowg deviation is apparant, but then closer to
and 200 A, respectively. the transition the deviation is less important as the correla-

The mean field plot provided by E¢() is demonstrated tion length increases. The mean field to Ising crossover in
in Fig. 11 in which a linear region in T/is clearly observed shown in Fig. 12a) and 12b), for £ andI(0), respectively.
indicating a region of mean field applicability. This, how- The divergence in these quantities is given in the insets.
ever, is followed by the departure due to the importance ofAgain, we observed the mean field region followed by sys-
fluctuations closer to the phase transition. The fit to the meatematic deviation close to the phase transition. The extrapo-
field region is withv=0.5 andy=1.0 and the curved line lated mean field temperature is 289.00 K and by using the

0.0015 T

T 0.1 T T T
200 150 :
LI LA I I T :El [T 17T
- * - - L 47
- 150 - 17
. | 0.08— —100|- -]
— £
< 100 — - 5 + = 1
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" > i :90.06— = 50 > - FIG. 12. Mean field fluctuation re-
50— % 1 N gimes, for ¢ (@ and 1(0) (b) C
- - ! p
OV L »- ff B % 1 =154 gL, C4=0.19 M for N=962.
8 P DI T So04 8 Solid line extrapolates to T
= 280 285 290 295 300 =% \ 280 285 290 295 300 =289.00K and dotted Ising fluctua-
0.0005 |- Spe - L > . tion regime curve extrapolates to
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250 T v T T I ' FIG. 13. (a) Divergence in the corre-

L 4 0.08 lation length for polymer concentra-
’ tion 206 gL~ ! and four different added
200 > ] — salt concentrationl, 0.32 M;», 0.31
M; *, 0.30 M; and#, 0.275 M. SANS
3 ] 0.06 _ experiments were performed below
ambient conditions at 283 K. It was
1501~ 7] L d observed visually that samples with
salt concentration 0.32 M and 0.31 M
reached precipitation, but at the end of
100+ > — the experiment 0.30 M and 0.275 M
= L 4 were clear as reflected in the correla-
r » - 7 tion lengths extracted from the result-
0.02 ing Ornstein—Zernike plotgb) Mean

> ] X
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** >
i * 5 5 | i > 1 =206 gL %, C.=0.31 M forN=577.
’0"00t§§*§ | % l | ' \\** Solid line extrapolates to T,y
VAR SR W— . 0 ' ' : > =288.01K and dotted Ising fluctua-
880 285 290 295 300 3.35 3.4 3.45 35 tion regime curve extrapolates to
@ TIK (b) 103T'1[K'1] Thue= 284.69 K.

I
|

o

[en)

B
I
|

E[A]
»
10)" 3w, )

Ising exponent we measure the spinodal temperature to bmacromolecules, in particular via formation of ion-pair
284.77 K, a 4.2 K depression. bridging among monomers mediated by multivalent ions and
We examined several solutions which were homogecondensation mechanisms. It was demonstrated that
neous at 294 K, but with sufficient levels of salt near themultivalent-ion-mediated interactions are necessary to ob-
salting-out line in Fig. 2 foh-NaPSS-577 with polymer con- serve salient features in multivalent salt-polyelectrolyte
centration 206 gL! and varied salt concentrations 0.32, phase diagram¥;12°4%%n particular the observed re-entrant
0.31, 0.30, and 0.275 M. We show the results for the increaser salting-in phase behavi6f. However, the interpretation of
in the correlation length with lowering temperature to 283 Kthese effects on the configurational properties for intrinsi-
in Fig. 13a). Two of the samplesC,=0.32 and 0.31 M, cally flexible polyelectrolytes in nondilute solutions remains
were observed to precipitate, within the allowable temperaunsolved and thus the experimental data need to be demon-
ture limits, leading to divergind(0) and & Figure 13b) strated to assist in this problem.
demonstrates the same analysis of & fitting the inverse The main results of the measured radius of gyration as a
isothermal compressibilities for the sample with salt concenfunction of polymer concentration are shown in Fig.(a4
tration 0.31 M. The extrapolated mean field temperature igor d-NaPSS-563. The four data points were fit with the re-
288.01 K, while the spinodal temperature upon assuming thgression result oR,=(400=28)C, ****%®*[A]. This re-
Ising indicies leads to 284.69 K, a 3.3 K depression. sult is in excellent agreement with the predictions of scaling
These experimental data clearly show the crossover beaheory and the double screening results for semidilute solu-
havior for high salt polyelectrolyte solutions. The data sup-tions. We also examined the influenceNfor a fixed poly-
port the idea that under conditions of screened electrostaticayer concentration of 206 gl* as shown in Fig. 1d). This
polyelectrolyte solutions fall into the same universality classleads toR,= (2.8+2.1)N>®*%1 [A], where the exponent of
as neutral polymer solutions. The examination of critical0.6x0.1 is in comparison to the predicted value of 1/2. The
phenomena in low ionic strength polyelectrolyte solutions isexponent of 0.6 0.1 suggests that the polyelectrolyte chains
still elusive, as the appropriate experimental system has natre quite flexible in the semidilute solution and is consistent
been found. For electrolyte solutions, experimental data sugwith the single chain density—density correlation function,
gest a distinction between Coulombic criticality and solvo-modeled by the Debye structure factor. However, more ex-
phobic criticality?”* For solvophobic criticality the system periments are needed to confirm this result over a whder
is dominated by short-range nearest neighbor interactionsange. These two results combine to give the general depen-
and displays Ising criticality very close to the critical point, dence ofRy=(9.5+9.8)C, ®?* *O!N0&=01[A] We do not
as in neutral solutions. For Coulombic criticality, experimen-observe deviation from the semidilute predictions, consistent
tal data on different systems show either the mean fieldvith the results from the correlation length study of Fig. 6.
criticality*®*° or a crossover from mean field to Isifg>>=>®  Further experiments are needed to examine the distinction
Our results on polyelectrolyte phase behavior clearly demonbetween the semidilute and concentrated regimes. We did not
strate deviations from mean field behavior. analyze the structure factor in terms of a persistence length,
since our data do not extend to such high
V. DISCUSSION: CONFIGURATIONAL PROPERTIES

A. Low ionic strength

The influence of added salts of type 1:1, 1:2, 1:3, etc., onB' High ionic strength

the configurational properties of polyelectrolytes is compli-  Consistent with our earlier investigations, we find sig-
cated by specific interactions among charged species. Thesdicant coil contraction with the addition of the multivalent
interactions will contribute to the phase behavior of chargedsalt barium chloride. This coil contraction was measured for
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d-NaPSS-274¢-NaPSS-563, and-NaPSS-958 and polymer 958. Again, the observed coil contraction is observed for
concentrations between 50 and 350 gLall within the se-  polymer concentrations of 51, 103, and 206 glas 26%,
midilute regime, demonstrated earlier. Figure 15 demon22%, and 36.1%, respectively. The estimaRgvalues for
strates the main results by plottiiy andé versus added salt the theta condition and extended chain conformation are 76
concentration folN="563 and three polymer concentrations, A and 710 A, respectively. The observed correlation lengths
51, 103, and 206 gL as indicated in the legend. We observe also increase as a function of added salt for each polymer
a coil contraction for all concentrations and an increase in theoncentration, in agreement with the earlier findings.
correlation length with added salt concentration, consistent In the present investigation, we observe experimentally
with our earlier report? For the no added salt conditions the no signatures of a coil-globule transition. Precipitation pre-
semidilute solution is observed consistent with the earliecedes the expected ideal chain configuration with the in-
correlation length scaling result and also by using the experiereased levels of added salt which should screen the interac-
mentally determinedR to calculate the overlap concentra- tion. Although, this point was made earlier, we confirm this
tion leading toC/C*>1. As the salt concentration is in- with a wider range of polymer concentration and molecular
creased the labeled chains undergo a change by 48%, 44%gight which concludes that even under the condition of
and 24% for 51, 103, and 206 gt, respectively. The esti- added multivalent salt, polyelectrolytes remain swollen by
matedR, values for the theta condition and extended chairexcluded volume. To address these issues of excluded vol-
conformation are 62 A and 420 A, respectively. In all casesume and electrostatic screening it is necessary to compare
the chain dimensions are well below the rodlike configurathese experimental data with a theory that addresses the ef-
tions and under high salt conditions the theta-coil dimensiongect of multivalent added salt on the configuration of labeled
are not achieved. Figure 16 shows the resultdédaPSS- chains in semidilute solutions. Such a theory is currently
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FIG. 15. Dependence diy (filled) and & (open on Cg for samples of
matched molecular weight,h-NaPSS-577 and d-NaPSS-563. C, FIG. 16. Dependence dRy and & on C4 for samplesd-NaPSS-958 and
=51.5¢gL"! (W and0), 103 gL (® andO), and 206 gL' (€ and ). h-NaPSS-962. Symbols are the same as in Fig. 15.
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