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Preface

Polyelectrolytes are polymers bearing dissociated ionic groups. Their unique
properties, dominated by strong long-range electrostatic interactions, have
been studied over the past few decades. Substantial theoretical and experi-
mental efforts have been made, for example, to understand the origin of
“slow” domains or ‘“‘loose” clusters in semidilute solutions of highly
charged polyelectrolytes. This kind of attractive interaction between macro-
ions is not consistent with the standard theory based on the overlap of the
electrical double layers between charged flat surfaces. Charge-fluctuation
forces between several polyions due to sharing of their counterions or at-
traction by expansion of the condensed layers between charged rods have
been suggested to explain the appearance of these formations. Particular
focus has also been placed on polyion interactions with counterions, since
their condensation on the polyion surface is one of the most characteristic
properties of the polyelectrolytes. The interaction of polyions with other
charged or neutral species and, in particular, the adsorption of ionizable
polymers at interfaces, is the second aspect of the physical chemistry of
polyelectrolytes that has been extensively studied due both to the funda-
mental importance of this phenomenon and to its central role in numerous
industrial processes.

The interest in polyelectrolyte investigations has increased in the last few
years as evidenced by the first two International Symposiums on Polyelec-
trolytes, held in 1995 and 1998. The number of papers dealing with poly-
electrolytes has also increased substantially. This is not surprising consid-
ering the wide application of natural and synthetic polymers in medicine,
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paper making, mineral separation, paint and food industries, cosmetics and
pharmacy, water treatment processes, and soil remediation. The fabrication
of layer-by-layer assembled multicomposite films, which fall in a category
of novel nanomaterials, presently hold a central place in this area.

The purpose of this volume is to collect results that show the current
understanding of the fundamental nature of polyelectrolytes. I hope that its
appearance will stimulate the research efforts toward solving many problems
in this interdisciplinary field. Practical utilization of these results is beyond
doubt. The book is addressed to scientists working in the fields of biochem-
istry, molecular biology, physical chemistry of colloids and ionizable poly-
mers, and their applications in related technical processes.

The volume consists of three parts. The first deals with static and dynamic
properties of salt-free polyelectrolyte solutions and of solutions with added
salts. An extension is presented of the counterion condensation theory to the
calculation of counterion—polyion, coion—polyion, and polyion—polyion
pair potentials and the appearance is predicted of inverted forces leading to
the formation of ‘“loose” clusters in solutions of polyelectrolytes. The origin
of counterion-mediated attraction between like-charged chains is also dis-
cussed within a charge fluctuation approach that reconciles the thermal fluc-
tuation approach with the ionic crystal one. A new criterion for counterion
condensation is introduced through molecular dynamics simulations of a
cell-like model for stiff polyelectrolytes; the effects considered include poly-
ions overcharging, charge oscillations, and attractive interactions. Metropolis
Monte Carlo simulation is also applied to calculate counterion distributions,
electric potentials, and fluctuation of counterion polarization for model DNA
fragments. Theoretical approaches developed for the description of coil—
globule transition of polyelectrolyte molecules are treated in two limiting
situations—for a single macromolecule at infinite dilution and for a poly-
electrolyte gel. Although emphasis is placed on the recent developments in
the theory of polyelectrolytes, this first part provides a partial review of the
new experimental results that try to explain different aspects of the physical
chemistry of polyelectrolytes.

The second part is devoted to adsorption of polyelectrolytes at interfaces
and to flocculation and stabilization of particles in adsorbing polymer so-
lutions. A recent theory of the electrostatic adsorption barrier, some typical
experimental results, and new approaches for studying the kinetics of poly-
electrolyte adsorption are presented in the first chapter of this part. In the
following chapters, results are collected on the electrical and hydrodynamic
properties of colloid—polyelectrolyte surface layers, giving information on
the structure of adsorbed layers and their influence on the interactions be-
tween colloidal particles; examples and mechanisms are analyzed of poly-
electrolyte-induced stabilization and fragmentation of colloidal aggregates;
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self-assembled monolayers from synthetic polyelectrolytes on water or solid
surfaces and the role of amphiphilic polyelectrolytes for the emulsion sta-
bility are considered. Special attention is given to surface force measure-
ments that show how association between polyelectrolytes and surfactants
at solid—liquid interfaces influences surface interactions and structure of ad-
sorbed layers.

The third part discusses polyelectrolyte complex formation and complex-
ation of polyelectrolytes with surfactants and proteins. Mobility of short
chains and dynamic properties of polyelectrolyte gels are also considered.
Phase transitions in ionic gels are explained with simple models in which
polymer—polymer interactions are taken into account at a molecular level.
In the second chapter of this part, recent experimental and theoretical ad-
vances are summarized for gel electrophoresis, which is invaluable in pre-
dicting conformation and structural changes of biologically significant
macromolecules. In the following chapters, results are grouped for the stoi-
chiometry, structure, and stability of highly aggregated polyelectrolyte com-
plexes; for the role of hydrophobicity and electric charge of the partners in
the protein binding to amphiphilic polyelectrolytes; and for the micellar-like
aggregation of surfactants bound to oppositely charged polyelectrolytes.

I wish to thank first Professor Arthur Hubbard, who invited me to edit a
volume on this rapidly expanding field. Acknowledgments are due to all
authors for their valuable contributions and willing cooperation. I acknowl-
edge with gratitude the assistance of Ani Pesheva in the correspondence, as
well as the efforts of our production editor, Paige Force, and of all my friends
who contributed to the production of this volume.

Tsetska Radeva
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Structure and Dynamics of
Polyelectrolyte Solutions
by Light Scattering

MARIAN SEDLAK Institute of Experimental Physics of the Slovak
Academy of Sciences, KoSice, Slovak Republic

Static light scattering and dynamic light scattering are useful experimental
tools for the investigation of the structure and dynamics of polyelectrolyte
solutions as well as for the characterization of polymer systems in general.
The structure can be probed by static light scattering (SLS) on a certain
length scale (typically from 20 nm to several microns) limited mainly by
the light wavelength. Therefore the accessible structural information is usu-
ally on the level of a whole polymer chain, interchain correlations, and the
solution structure on a large length scale exceeding single chain dimensions
and interchain separation distances. Light scattering does not yield direct
information on the local structure inside the chain, referred to also as the
primary and secondary structure. However, smaller length scales can be
probed by very similar techniques in which x-rays or neutrons are used
instead of visible light (small-angle x-rays and small-angle neutron scatter-
ing). The dynamics probed by dynamic light scattering (DLS) is limited by
the technical possibilities of currently available instrumentation (from ca 0.5
ms to seconds). Naturally, the dynamics is related also to the structure.
Therefore some structural information can be calculated from the dynamic
data, too. In this case, the length scale probed is not limited by light wave-
length and extends below 1 nm. Charge interactions in polyelectrolyte so-
lutions dominantly influence the structure and dynamics on the above-men-
tioned length and time scales, and therefore light scattering is a source of
information on the character of these interactions. Absolute values of scat-
tering intensities are thermodynamic quantities that enable us under certain
circumstances to calculate such important parameters as polymer molecular
weight or the second virial coefficient in the virial expansion of osmotic

1
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pressure. As will be shown throughout this chapter, light scattering from
polyelectrolyte solutions is a rather complex and variable subject, and the
interpretation of light scattering data is often a nontrivial task. The aim of
this chapter is to present the issue of the structure and dynamics of poly-
electrolyte solutions by light scattering in a compact form. It is based on
the author’s own work, which is complemented by selected literature results.
It is not intended to be a complete review, and therefore the selection of
cited literature is to some extent personal. We acknowledge at this point
many valuable works in the field that are not included. Our presentation is
focused mainly on linear flexible polyelectrolytes, but many properties are
universal and apply also to other polyelectrolyte classes unless explicitly
specified in another way. Excluded is the case of polyelectrolyte solutions
with multivalent counterions, which will be discussed in a different chapter,
and some other special cases specified in the text.

. BRIEF THEORETICAL BACKGROUND

In general, the source of light scattering from a polymer (or polyelectrolyte)
solution is the existence of spatial and temporal fluctuations in refractive
index in this scattering medium. The overall scattering intensity measured
in an SLS experiment is proportional to the average of the square of refrac-
tive index fluctuations in the scattering volume,

1(q) = ([8nc(§)I) (1)

where the tensor 8#(g) is a Fourier transform of the refractive index fluc-
tuation &7(7) at a place 7 of the scattering volume, and g is the scattering
vector, with an absolute value of

R > 4mn 0

q=|\4l =k — k| = N S ()
with n the refractive index of the medium, A, the light wavelength in vac-
uum, 6 the scattering angle, and k and kf the wavevectors of the initial and
final (scattered) beam, respectively. g~ ' defines the length scale at which the
structure is probed. The scattered electric field time autocorrelation function
measured in a DLS experiment is proportional to the time autocorrelation
function of the fluctuations in refractive index

g(l)(t) = (8n(q, 0)dny(q, 1)) 3)

where the tensor 6%(g, f) is a Fourier transform of the refractive index
fluctuation 87 (7, ) at a place 7 at a time 7. The correlation function as given
by Eq. 3 reflects temporal correlations of refractive index fluctuations and
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can be expressed as a Laplace transform of the spectrum of relaxation times
A(T)

g0 =J A(n)e™" dt 4)

The spectrum of relaxation times obtained from the correlation function by
inverse Laplace transform is frequently a multimodal distribution where sep-
arate peaks can be ascribed to different modes. Each mode represents a
certain type of motion giving rise to a fluctuation with given frequency
(relaxation time) and strength. The position of the peak on the time axis
corresponds to the relaxation time 7, of the particular mode. If the mode is
diffusive, a diffusion coefficient D; = (1/7,)g > can be ascribed to this relax-
ation time. The peak area corresponds to the strength of the particular fluc-
tuation (the portion of scattering intensity due to this mode). The total scat-
tering intensity as measured in an SLS (often referred to as integral light
scattering) experiment is given as

= f A(7) dr &)

Fluctuations in refractive index in two-component systems (particles and
solvent) arise due to density and concentration fluctuations. Density fluctu-
ations are determined by the isothermal compressibility of the scattering
medium R7(dp/dp), where R is the gas constant, 7 is absolute temperature,
p is density, and p is pressure. For moderate concentrations (up to 20%),
the density fluctuations in solution can be assumed to be equal to density
fluctuations in the pure solvent. These are relatively fast compared to the
time window probed by DLS and therefore not covered in the spectrum of
relaxation times. Hence if the solvent scattering is subtracted, only concen-
tration fluctuations are taken into account. The excess light scattering by
particles at a zero scattering angle 1(0) = L,w(0) — Lowen(0) is given by
concentration fluctuations and can be related to osmotic compressibility
RT(dc/97r), where

Kc 1 om
= ©)
I(0) RT dc

where 7 is the osmotic pressure against the solvent, c¢ is the solute concen-
tration in g/L, and the constant K is defined for vertically polarized incident
light as
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_ 47*n’(dnldc)’

7
AN ™

where N, is Avogardro’s number, 7 is the solution refractive index, and dn/
dc is referred to as the refractive index increment, which represents the
scattering contrast of particles in a particular solvent.

The intensity 1(0) scattered at a nonzero angle 6 can be expressed via
osmotic compressibility when the size of particles and the range of inter-
particle forces is reasonably small compared to 27/g:

Kc 1 1 om
S = o s ®

I(0)  RT p(0) oc
where p(0) governs both intra- and interparticle interference. The former is
due to the interference of light rays scattered from different segments of the
same particle, the latter to the interference of light rays scattered from seg-
ments belonging to different particles. In the case of homogeneous spheres,
p(6) can be factored as p(6) = P(0)s(6), where P(0) is the so-called single
particle form factor, reflecting only the intraparticle interference, and s(6) is
referred to as the solution structure factor, reflecting only the interparticle
interference. This factorization does not hold in general for other particle
architectures and is certainly not valid for rigid rods [1]. Nevertheless, it can
be considered as a good approximation in most cases. Usually the normal-
ization is such that P(0) = s(0) = 1.

Scattering from a collection of identical particles can be also expressed
in terms of the so-called particle approach to light scattering as

1(6) = kNm’P(60)S(0) ©

where k is experimental constant covering the square of the scattering con-
trast, N is the number of particles in the scattering volume, and m is the
particle mass. In this notation, S(6) = 1 in the absence of interparticle cor-
relations. S(0) # 1 covers interparticle interactions, which are implicitly in-
cluded in dc/d in Eq. 8. Thus S(0) does not have to be equal to 1 as distinct
from s(0). S(#) can be calculated as [2]

[g(r) — 1] [M] rdr (10)
qr

where p, is the number density of particles and g(r) is the radial distribution
function of particles reflecting the probability of finding a particle at distance
r from another particle. g(r) = 1 evidently implies S(0) = 1.

From the point of view of the dynamics, the total excess scattering in-
tensity in the simplest case of a dilute two-component system (solvent and
weakly interacting particles with dimensions small compared to g~ ') corre-

$(0) =S(q) =1 + 4mp, f

0
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sponds to the scattering contribution from one mode—translational diffusion
of particles. This does not hold in general, where more modes can be ob-
served in the spectrum of relaxation times. This is the case for (1) multi-
component systems, (2) systems with large particles where internal dynamics
(dynamics of segments inside the particle) can be seen or rotational diffusion
can be seen when particles are asymmetric, (3) concentrated solutions of
particles where short-time and long-time diffusion can be seen, etc. In fact,
polyelectrolyte solutions are systems where multimodal spectra of relaxation
times are obtained.

Il. LIGHT SCATTERING APPARATUS

A schematic diagram of the apparatus for static and dynamic light scattering
is shown in Figure 1 (top view). The initial laser beam passes horizontally
through the sample and defines the wavevector k;. Scattered light is detected
by a detection unit, which rotates in a horizontal plane. The position of the

laser | 1\
|V

ciC

DC

FIG.1 Schematic diagram of the apparatus for static and dynamic light scattering.
NF, neutral optical filters; L,, focusing lens; SC, scattering chamber; C, sample cell;
TC, temperature controller; 6, scattering angle; IA, iris aperture; L,, objective; V,
viewer; P/VS, pinhole/vertical slit; PMT, photomultiplier tube; HV, LV, high voltage,
low voltage power supply; AD, amplifier and discriminator; DC, digital counter;
C/C, correlator/computer.
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detection unit (scattering angle ) defines the wavevector of the scattered
beam k; and hence the scattering vector g (Eq. 2). The scattering angle 6
can be varied in typical setups from 15° to 150°, which corresponds to values
of g = 0.0042—-0.031 nm ™" (for water solutions and the laser wavelength A,
= 514.5 nm). The scattered light is detected by photon counting. Integrated
intensities (number of photons per defined, sufficiently long time interval)
are measured in an SLS experiment. Fluctuations of the scattering intensities
are analyzed by photon correlation in a DLS experiment. The measured
quantity is in this case a homodyne autocorrelation function of the scattering
intensity, which can be converted into the scattered electric field autocor-
relation function g'"(r) (see Eq. 3). More technical details on the light scat-
tering experiment can be found elsewhere [3].

lll. LIGHT SCATTERING FROM POLYELECTROLYTE
SOLUTIONS —MULTIMODAL SPECTRA OF
RELAXATION TIMES

Multimodal spectra of relaxation times arise as a consequence of the mul-
ticomponent nature of polyelectrolyte solutions consisting of solvent (usually
water), polyions, counterions originating from the dissociation of ionizable
groups on polyions, and low-molecular-weight salt composed of small mo-
lecular or atomic ions. Small ions of the salt, which are likely charged,
compared to polyions, are referred to as coions. We will also include in our
discussion the case of polyelectrolyte mixtures (polyions of the same chem-
ical composition but different molecular weights). Polyelectrolyte solutions
in practice have a nonzero width of the polyion molecular weight distribu-
tion and can be in principle considered as mixtures, too. Polyions are not
always distributed homogeneously in solutions and mixtures, but instead
form larger structures referred to as domains or clusters. These structures
also contribute to the overall scattering intensity and can be therefore con-
sidered as an additional component of the system.

In order to discuss scattering contributions from particular components,
we can estimate several parameters coming into play: size, scattering con-
trast, number concentration, and interparticle interference effects (see Eq.
9). Upon assumption of negligible interparticle interactions [S(0) = 1], the
scattering at zero angle [where P(0) = 1] can be written as I(0) = kNm® =
kNp,Vy = Np:R, where p, is the particle density, V, is the particle volume,
ps 1s the overall scattering contrast including density, and R, is the particle
radius assuming its spherical shape. With regard to sizes of particular com-
ponents in polyelectrolyte solutions, these are largely differing. Radii of
small ions are on the order of angstroms (1—2 A in the case of atomic ions



Structure and Dynamics by Light Scattering 7

as Na® or ClI"), the apparent radius of water molecules is approximately 1
A, radii of gyration of polyions range typically from 5 to 80 nm depending
mainly on molecular weight, and radii of polyelectrolyte domains range
approximately from 30 to 300 nm. If we realize that the scattering is in our
rough approximation proportional to the sixth power of the particle radius,
we see that the contributions may largely differ due to particle sizes. Also
number concentrations (number of particles per unit volume) can differ
largely upon going from the so-called salt-free case (molar concentration of
low-molecular-weight salt ¢, ~ 5 X 107° M) to the high-salt case (¢, ~ 1
M) or by varying the polyion molar concentration in a range appropriate for
light scattering measurement (¢, ~ 107"’ to 10" M). The scattering contrast
of polyions given by the refractive index increment dn/dc is usually higher
than for typical pairs of neutral polymers and their solvents (for instance,
the value for sodium polystyrene sulfonate (NaPSS) in water is dn/dc = 0.23
mL/g). The contrast of small ions in water is comparable with typical values
for neutral polymers in their solvents (dn/dc = 0.15 mL/g). The contrast
of polyion domains and their number concentration are quantitatively not
known.

It can be deduced from the parameters outlined that the scattering con-
tributions of particular components (giving rise to particular dynamic modes)
can be very variable upon changing experimental conditions. In addition,
there are also strong interparticle interference effects due to strong interpar-
ticle interactions, which dramatically influence scattering intensities and in-
crease the variability. The practical consequence of this discussion is a con-
clusion that for correct understanding and interpretation of light scattering
data, it is useful (if not necessary) to evaluate scattering contributions from
particular modes in absolute units and then to discuss them separately. This
evaluation is based on the combination of data from static and dynamic light
scattering. The total scattering intensity measured in an SLS experiment can
be normalized to the scattering from a standard (e.g., benzene). This nor-
malized intensity 1(6)/Iz(0) can be then written as a sum of contributions
from particular modes 1(0)/I5(60) = A,(0) + Ax(0) + As(0) ---. Since relative
amplitudes of the modes A;(0)/A;(0) are known from DLS data, absolute
values of amplitudes (in units of benzene scattering), can be calculated, too.
For bimodal spectra, where 1(0)/Iz(0) = A,(0) + A(0):

_ K9)/1(9) _ I0)Ix(6)
AA0) =17 A(0)/AL(0) A6) =77 A,(0)/A,(6) (b

In order to be able to evaluate contributions from particular modes, there
are two requirements: corresponding peaks in the spectrum of relaxation
times should not overlap completely, and the amplitudes should not decrease
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below approximately 2% of the total scattering intensity. Figure 2 shows
relaxation times of dynamic modes observed in polyelectrolyte solutions and
mixtures in a whole range of accessible experimental conditions. The data
are based mostly on work on model polyelectrolyte systems [well-defined
molecular weight standards of NaPSS and weak polyelectrolytes with vari-
able charges—poly(methacrylic) acid and poly(acrylic acid)] but also hold
for solutions of linear flexible polyelectrolytes in general. Most features are
common also for solutions of globular, rigid, or semirigid (wormlike) poly-
electrolytes. Excluded from the general scheme in Figure 2 are extreme
cases, such as extra large polyions, where in principle internal modes can
be observed, or large highly asymmetrical rigid polyions, where rotational
diffusion and bending modes can be observed [4]. The modes shown in
Figure 2 (from left to right on the time axis) correspond to (1) diffusion of
low-molecular-weight salt, (2) diffusion of polyions or polyion segments in
semidilute solutions, (3) “interaction mode’ in polyelectrolyte mixtures, and
(4) diffusion of polyelectrolyte domains. It can be seen from Figure 2 that
the four dynamic modes are well separated. There is only a more or less
apparent overlap of the polyion diffusion and interaction mode in this sche-
matic diagram (apparent means that at low ionic strengths, where both
modes are present, there is no actual overlap). The outline of the rest of the
chapter is such that we discuss first aspects of the dynamics (particular
dynamic modes) and afterwards aspects of static light scattering, keeping in
mind the composite multimodal nature of the integral intensity. The problem
of polyelectrolyte domains (clusters), which is equally reflected in both SLS
and DLS, will be discussed at the end.

107"
Tgoo, uS

FIG. 2 Relaxation times of dynamic modes observed in polyelectrolyte solutions
and mixtures over a broad range of experimental conditions: @ diffusion of low
molecular weight salt; O diffusion of polyions or polyion segments in semidilute
solutions; B ““interaction mode’ in polyelectrolyte mixtures; and U diffusion of poly-
electrolyte domains (clusters). The data are based mostly on the work on linear
flexible polyelectrolytes. Relaxation times correspond to scattering at 90°. See text
for more details.
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IV. DIFFUSION OF LOW-MOLECULAR-WEIGHT SALT

Salt ions in polyelectrolyte solutions are atomic ions or low-molecular-
weight molecular ions. These are referred commonly to as small ions. Com-
pared to macromolecules or supramolecular structures, the dynamics of
small ions is fast and the scattering contribution is very low. Both effects
are due to their small dimensions. The measurement of the small-ion dy-
namics by dynamic light scattering is therefore difficult. Only recently, we
succeeded in measuring the diffusion of small ions in our laboratory. We
present here the first brief results. Technically, the small-ion diffusion rate
is relatively well within the possibilities of current dynamic light scattering
instrumentation. For instance, the diffusion coefficient for NaCl in water
corresponds approximately to the relaxation time of 4 us at scattering angle
6 = 45°. The more important problem is the extremely weak scattering sig-
nal. While the scattering contrast of most small ions in water is comparable
with the scattering contrast of neutral polymers in their solvents (dn/dc =
0.15 mL/g), the small size of such ions compared to polymers or colloids
is the main factor. For illustration, the excess scattering from 3M NaCl
solution in water is equal to 0.034 in units of benzene scattering. Scattering
from water is equal to 0.11 in the same units.

Figure 3 shows the correlation function and the corresponding spectrum
of relaxation times for a solution of sodium poly(styrenesulfonate) (NaPSS)
in 3.7 M NaCl. Two modes can be clearly recognized. The slower mode
corresponds to the diffusion of polyions, which will be discussed in the next
section. The faster mode corresponds to the diffusion of salt (NaCl). As
expected for a diffusive process, the inverse relaxation time of this mode
T',; (the subscript ““vf” refers to “very fast™) is ¢° dependent (Figure 4). The
diffusion coefficient of the salt small ions was calculated from the slope of
the dependence I',; = D,;q” in Figure 4 as D, = (1.7 = 0.1) X 107> cm’s™".
The scattering amplitude of the very fast mode varies proportionally with
the salt concentration and is g independent as expected. Figure 5 shows the
correlation function and the corresponding spectrum of relaxation times for
a pure solution of NaCl in water (no polymer added). Only one diffusive
mode is present with the diffusion coefficient matching relatively closely the
value of D,; obtained in polyelectrolyte solution.

In the following we apply a rigorous theoretical treatment of the dynamic
scattering from a system of oppositely charged point Brownian particles [5]
to the case of the NaCl salt. It is assumed that particles ““a” and “b” can
be characterized by diffusion coefficients D,, D, charges Z,, Z,, and number
densities N,, N,. The total charge neutrality implies that N.Z, + N,Z, = 0.
In a general case (D, # D,), in the small-¢g limit, the calculated dynamic
structure factor S(g, 1) = S(¢)g"(¢) is a double exponential S(q, t) = A,
exp(—I'\(g)t) + A, exp(—1'x(g)?). It holds for I',(¢) and I',(g):
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FIG. 3 Correlation function and corresponding spectrum of relaxation times for
sodium poly(styrenesulfonate) (NaPSS), M,, = 5,400, in 3.7 M NaCl. Polymer con-
centration ¢ = 1.9 g/L. Scattering angle 6 = 30°.

kT
I'(g) = D.k} + Dyky — —— «° (12)
671
’D.D, — k(D,ki + D,k>)(ksT/6
Tq) = ¢ K b, — K(D,Ky, LK) (kg T/67T7) (13)

DaKz + DbKt2> - K3(kBT/67T'T’)

where 7 is the viscosity of the scattering medium, kz is Boltzmann’s con-
stant, and T is temperature. k' is the total Debye—Hiickel screening length
due to particles of both types in volume V:

4ar (N, N,
L T =27y 227 14
K =K, T Ky ekl <V L (14)

The first mode has a g-independent frequency I',(¢) and is referred to as the
plasmon mode by analogy with plasmas, in which the plasma frequency is
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FIG.4 Angular dependence of the inverse relaxation time I'y; = 1/7,¢ of the very
fast mode corresponding to the diffusion of salt (NaCl) in solution of sodium
poly(styrenesulfonate) (NaPSS), M,, = 5,400, in 3.7 M NaCl. Polymer concentration
c=19 g/L.

also constant. However, with ¢ — 0, the amplitude A,(g) vanishes. Therefore
this mode is difficult to observe, and the dynamic structure factor reduces
to a single exponential with a ¢> dependent frequency I',(g). Upon neglect
of hydrodynamic interactions, which are included in Eq. 13, the formula for
the frequency I'>(¢) simplifies, and hence the corresponding diffusion coef-
ficient can be expressed as

_Tie _( + |2/Z)D.D,

D =
q D, + |Z,/Z|D,

(15)

This result, obtained upon several approximations, is identical to the clas-
sical phenomenological Nernst—Hartley formula for the coupled diffusion of
oppositely charged ions [6]. In order to apply this formula to the case of an
NaCl solution, we use for the uncoupled diffusion coefficients D, = Dy,+
and D, = D¢,-, where Dy, and D, are values of diffusion coefficient of
particular ions obtained from conductivity data extrapolated to infinite di-
lution (Dy.+ = 1.33 X 107° ecm’™" and Dg- = 2.03 X 107° ecm’s™") [7].
Upon substitution into Eq. 15, we obtain D = 2Dy,+D¢-/(Dy,+ + Dei-) =
1.61 X 107° cm’s™'. The agreement with the value of the experimentally
obtained diffusion coefficient is satisfactory.
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FIG. 5 Correlation function and corresponding spectrum of relaxation times for
3.4 M NaCl in water. Scattering angle 6 = 30°.

V. POLYION DIFFUSION

Diffusion of polyions in polyelectrolyte solutions is in the majority of cases
influenced by mutual long-range electrostatic interactions. Consequently dif-
fusion coefficients measured by dynamic light scattering are mostly collec-
tive (mutual) diffusion coefficients. The translational diffusion coefficient of
a single polyion is measurable only in dilute solutions. The necessary di-
lution is inversely proportional to the concentration of added salt, which
screens interactions. Most of the light scattering data on polyion diffusion
are available at conditions where the size of polyions and the mean inter-
polyion distances are smaller than ¢ ' (g is the scattering vector length).
The discussion in this section will be based on this assumption, although
some exemptions will also be discussed.

The diffusion of polyions is strongly influenced by several factors: the
effective charge of the polyion, the concentration of added low-molecular-
weight salt (ionic strength), and the polyion concentration (mean inter-
polyion distance). Because there are usually more diffusive modes observed
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in polyelectrolyte solutions, the diffusion of polyions is frequently referred
to as “‘fast diffusion,” and the corresponding diffusion coefficient as the fast
diffusion coefficient D;. Figure 6 shows the dependence of D; on polyion
charge. The system investigated is partially ionized solutions of poly-
(methacrylic acid) (PMA) [8]. PMA is a weak polyacid dissociating in water
only slightly (ca. 2%). A stronger dissociation (and hence also charge) is
reached by neutralization with sodium hydroxide. The degree of neutrali-
zation « is defined as the ratio of the molar concentration of added NaOH
to the monomer molar concentration of the polyacid (i.e., the number of
NaOH molecules per monomer). The diffusion coefficient increases upon
increasing « and levels off at higher values of «. This transition correlates
with the results of the Oosawa—Manning theory [9,10], according to which
the onset of counterion condensation corresponds to the situation where the
mean intercharge spacing along the chain A, equals the Bjerrum length /;
defined as I, = e’/ekyT (e is the electron charge, € is the dielectric permit-
tivity, kg is Boltzmann’s constant, and 7 is temperature). For the PMA sam-
ple investigated, the condition Iy = A, corresponds to «. = 0.36. For a > «,
the charge density on polyions is stabilized by counterion condensation and
so is the diffusion coefficient. In conclusion, the diffusion coefficient in-
creases with the polyion charge. The small natural ionization at & = 0 can
be suppressed by decreasing pH (e.g., by addition of HCI1). This decrease of

FIG. 6 Dependence of polyion fast diffusion coefficient D, on degree of neutrali-
zation « for poly(methacrylic acid) salt-free aqueous solutions. M,, = 30,000, poly-
mer concentration ¢ = 36.6 g/L.. Polymer chains were ionized by neutralization with
sodium hydroxide. (Adapted from Ref. 8.)
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charge is also reflected in lowering the value of the diffusion coefficient (not
shown here). The value of a. can be changed by changing the solvent die-
lectric permittivity (and hence the Bjerrum length). The onset of conden-
sation thus shifts to lower charge densities in organic solvents with lower
dielectric permittivity [11].

Figure 7 shows the dependence of the polyion diffusion coefficient on
added salt concentration [12]. Results for three different molecular weight
standards of sodium poly(styrenesulfonate) (NaPSS) with the addition of
NaCl are presented. NaPSS is a strong polyelectrolyte, i.e., strongly disso-
ciating in aqueous solutions. The charge is therefore controlled only by
counterion condensation (corresponds to the case a = 1 for PMA). The
general feature of the results in Figure 7 is that the polyion diffusion accel-
erates upon decreasing the added salt concentration c¢,. The symbol ¢, refers
to molar salt concentration. At high concentrations of added salt c,, charge
effects are screened, and values of diffusion coefficients resemble those of
equivalent neutral polymers. At low ¢, very high values of diffusion coef-
ficients are measured, which are not typical for neutral polymers at all.
Polyions diffuse much faster than comparable neutral macromolecules at
conditions of high charge density and weak screening. The polyion diffusion
coefficient increases continuously upon decrease of c,. The leveling off at
very low ¢, is due to the fact that the added salt concentration becomes in
this case low compared to the concentration of uncondensed counterions.
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FIG.7 Dependence of polyion fast diffusion coefficient D; on molar concentration
of added salt (NaCl). Aqueous solutions of sodium poly(styrenesulfonate) (NaPSS),
c=5g/L, M, =5,000 (0), 47,000 (®), and 1,200,000 (®). (Adapted from Ref. 12.)
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The diffusion coefficient at high ¢, decreases with increasing molecular
weight. This is similar to neutral polymers where the diffusion coefficient
is inversely dependent on the friction factor, which is proportional by the
power law to polymer molecular weight, i.e., D = f~' = M_". The diffusion
coefficient at low ¢, is, on the other hand, independent of polymer molecular
weight. This can be also documented by a more detailed data set on molec-
ular weight standards of NaPSS [13] (Figure 8).

Figure 9 shows the dependence of the polyion diffusion coefficient on
polyion concentration c¢. This data was obtained on NaPSS standard with
M,, = 100,000, but similar dependencies were obtained also on standards
with different M,, [14]. The diffusion coefficient is within experimental error
independent of ¢ at ¢ > 0.5 g/L and sharply decreases upon decreasing ¢
below 0.5 g/L.

Without doing detailed quantitative analysis of the data, it can be stated
that the polyion diffusion can be qualitatively described by two theoretical
concepts. The first concept capable of qualitative explanation of the polyion
diffusion is the concept based on considering polyions as interacting Brown-
ian particles with direct interactions between polyions and hydrodynamic
interactions. The short-time collective diffusion coefficient for a system of
interacting Brownian particles treated by statistical mechanics is calculated
from the first cumulant I', of the dynamic structure factor S(g, f) as
[15-17]
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FIG. 8 Dependence of polyion fast diffusion coefficient D; on polyion molecular
weight. Salt-free aqueous solutions of sodium poly(styrenesulfonate) (NaPSS), ¢ =
45.6 g/L. (Adapted from Ref. 13.)
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FIG.9 Dependence of polyion fast diffusion coefficient D; on polyion concentra-
tion. Salt-free aqueous solutions of sodium poly(styrenesulfonate) (NaPSS), M,, =
100,000. (Adapted from Ref. 14.)

D=£;=_i2£1n S(q, t)|t:0=_lzLaS(q, 2 = OM

q q- ot g Slg) ot | S(g)

where S(g, ) = S(¢)g""(¢), D, stands for free particle diffusion coefficient

(infinite dilution, no interactions), S(g) is the static structure factor reflecting

direct interparticle interactions involved, and the term H(g) is known as the

hydrodynamic function reflecting hydrodynamic interactions. Equation 16a

holds exactly for spherical particles. In the case of coils or rods, the form
factor P(g) comes into play such that

H(q)
* P(q)S(q)

The influence of P(g) may be physically viewed as the effect of internal
dynamics [4]. The resulting diffusion coefficient D can be either lower or
higher than D,, according to the interplay between the influence of the
above-mentioned effects. The dominating factor in the case of polyions in
polyelectrolyte solutions is usually the static structure factor S(g). Low val-
ues of S(g) yield high values of D. Low S(g) is found at low ¢, (¢ << ¢n,
where ¢,, is the wavevector at the peak in S(g), see Section X). For polyion
concentrations where extremely high values of D are obtained, the g vectors
accessible by light scattering are really small compared to g,,, which cor-
responds to the g range accessible by SAXS or SANS. Low values of S(g)

(16a)

(16b)
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are due to low osmotic compressibility (see Eqs. 8 and 9). The dependence
of osmotic compressibility or S(g) on fundamental parameters as polyion
concentration, added salt concentration, polyion charge and molecular
weight is therefore reflected in the diffusive behavior via the diffusion co-
efficient D. In accord with the above-outlined treatment of diffusion, the
thermodynamic definition of the collective diffusion coefficient is D = (1/
Jeon)(@m/dc),, v, where f.; is collective friction and u is chemical potential.

The second concept explaining high diffusion rates of polyions in low
salt solutions is referred to as the coupled mode theory [4,6,18,19]. The fast
polyion diffusion is explained as a consequence of the coupling of the poly-
ion motion with the dynamics of small and much faster counterions and
coions. Both polyions and small ions are charged species creating a common
electrostatic field, which fluctuates due to their motion and reversally influ-
ences their dynamics. The polyion diffusion coefficient is calculated by solv-
ing a three-component diffusion equation in a matrix formalism (three partial
diffusion equations for polyions, counterions, and coions, which are coupled
through the Poisson—Boltzmann equation for the common electrical poten-
tial). Solution of the matrix equation yields three frequency eigenvalues for
three eigenmodes, which are (1) the plasmon mode with a g-independent
frequency, named by analogy with plasmas, in which the plasma frequency
is also constant, (2) the polyion diffusion, and (3) the small-ion diffusion.
The analytical solution for the polyion diffusion is given by a complex
formula that is not reproduced here. A simpler expression for the zero angle
limit of the polyion diffusion coefficient is given upon several assumptions:
the added salt is a symmetric 1—1 electrolyte, it has a common counterion
with the polyion, and there is the same charge and the same diffusion co-
efficient of the counterion and coion, respectively

Dlg=0) =3 D = O) + D + O] )

with

_ D,Z, — D1 + (2c/Zyc,)]
" D,Z, + D1 + (2¢,/Z,c,)]

(18)

where D is the diffusion coefficient, Z is the charge, and the indexes p, s
refer to polyion (p) and salt (s), respectively. The total molar concentration
of the 1-1 electrolyte ions is 2¢, = 2¢X + Z,c,, where ¢i* is the molar
concentration of the added 1-1 electrolyte, c, is the polyion molar concen-
tration, and Z,, is the molar concentration of counterions that dissociate
from polyions. The diffusion coefficients D, and D, are infinite dilution

values for particular components in the absence of charges (if they were
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neutral particles). The asymptotic cases are the excess added salt case and
the no added salt case, respectively:

2¢,
D(g =0) =D, — (19)

Cp

_D,DQ2 + Z) 2c,

D(g =0) = -7
@=0=07 ¥

P

(20)
b

Dependencies of polyion diffusion coefficient on added salt concentration
(Fig. 7) can be fitted by using Eq. 17 with Z, as an adjustable parameter.
Values of Z, giving optimum fits are, however, much smaller than stoichio-
metric values. The same conclusion can be made upon fitting data on various
polyelectrolytes [20].

Most of the data shown in Figures 6—9 are obtained at moderate polyion
concentrations, where the structure factor S(g) does not show maxima in the
q range accessible by light scattering. The mean interpolyion spacing is
small compared to ¢~ '. In this case, the polyion diffusion coefficient is ¢
independent. At relatively low polymer concentrations (~0.01 g/L) and low
added salt concentrations, the polyion diffusion coefficient D(g) exhibits
angular minima corresponding to angular maxima in S(g) in accord with Eq.
16 [21,22]. The diffusion coefficient at the minimum D(q,,) describes the
structural relaxation of the dominant structure giving angular extremes rather
than collective diffusion observed at g << ¢,,.

On the other hand, a semidilute regime where polyions overlap is even-
tually reached at high concentrations. In a salt-free case, the fast diffusion
coefficient corresponding to polyion diffusion in the dilute regime does not
reflect a transition from dilute to semidilute regime. This was demonstrated
by measurements on a set of NaPSS standards with a broad range of mo-
lecular weights and concentrations, where the dilute—semidilute transition is
definitely reached irrespective of the assumed conformations of chains
[13,14]. The fast diffusion coefficient is independent of molecular weight
and polymer concentration for ¢ > 0.5 g/L (see also Figures 8 and 9). This
indicates that the collective diffusion of chain segments in semidilute solu-
tion is roughly the same as the diffusion of whole chains. The concentration
and molecular weight independence of the fast diffusion coefficient in the
semidilute regime D ~ ¢’M?, was theoretically derived by explicitly consid-
ering triple screening for coupled dynamics of ionic species associated with
electrostatic, excluded volume, and hydrodynamic interactions [23]. On the
other hand, a dilute—semidilute transition can be clearly recognized in scat-
tering data obtained at high ¢, [24]. The overall picture is similar to neutral
polymers. In the dilute regime, the diffusion coefficient is weakly dependent
on concentration and strongly dependent on molecular weight. At the tran-
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sition, a much stronger concentration dependence develops, and the diffusion
coefficient becomes molecular weight independent. Diffusion in the semi-
dilute regime corresponds to blob diffusion, i.e., D ~ &', where £ is the
blob size or the correlation length of the network. At high c,, & scales as &
~ ¢ [25,26], which agrees with experimental data [24].

Because of strong interactions in polyelectrolyte solutions without added
salt, the use of the well-known Stokes—Einstein relation for free particle
diffusion D = kgT/67mR,, where m is viscosity and R, is hydrodynamic
radius, is rather limited. Even at very low concentrations, where intermo-
lecular interactions can be neglected due to large intermolecular separations,
the friction factor contains in addition to the Stokes—Einstein contribution
fse = 6@MR,, also a contribution from electrolyte dissipation, so that the total
friction factor f = fgz + fuas, Where the electrolyte dissipation term reflects
the retardation of the polyion motion due to the instantaneous distortion of
the surrounding ion atmosphere as the polyion moves through the solvent
[27,28].

The Stokes—Einstein relation for free particle diffusion can be applied at
infinite dilution upon partial screening of electrostatic effects by added salt.
At higher added salt concentrations c, the polyion diffusion obeys the
relation

D = Dy(1 + kpc) Q1)

where kp is referred to as the diffusion second virial coefficient. k, was
found proportional to 1/c, (e.g., for NaPSS solutions between ¢, = 10 and
500 mM [29]) and proportional to polyion molecular weight M,, at these salt
concentrations [29]. D, increases with ¢, in this interval, which means that
the hydrodynamic radius decreases with increasing c,. In this regime, it is
possible to compare data on hydrodynamic radii and radii of gyration from
static light scattering. The ratio R,/R, reflects macromolecular shape and
internal structure. Different values of this ratio correspond to spheres, rods,
coils in theta or good solvent, etc. The hydrodynamic radius is related to
the ability of solvent to penetrate and flow through the macromolecule. Mac-
romolecules with more open structures are drained deeply, whereas those
with more closed structures are drained only at the periphery. This leads to
higher values of R./R; in the former case and smaller in the latter. Limiting
cases are referred to as the free-draining and nondraining case, respectively.
In the free-draining case, the hydrodynamic radius should scale as R, ~ M,,
because each segment of the polyion (each increment of mass) contributes
independently to the friction factor f. In the nondraining case, R, ~ R, ~
M, where v < 1. The NaPSS behavior was found more close to nondraining
behavior (least-draining). It was reported for NaPSS that 1/D, ~ M2’ for c,
=5 mM to 4 M [30] and 1/D, ~ M}’ in 100 mM NaCl [29]. The R,/R,
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ratio for NaPSS decreases from 3.0 to 1.8 by increasing ¢, from 2 mM to 4
M NacCl [30,31]. For some other polyelectrolytes, D, was found independent
of ¢, in spite of some ¢, dependence of R,, which can be ascribed to less
bulky sidegroups on main chains in these polyelectrolytes leading to more
free-draining behavior, unless the direct relation between D, and R, was
violated (problems due to viscosity, dissipation, etc.) [30].

Finally, we make a comment concerning the long-time self-diffusion in
solutions with moderate and high polyion concentrations, i.e., diffusion of
a single polyion in a collection of other polyions on time scale ¢ >> 7, where
7; is the relaxation time of the polyions configuration (7 is equal to the time
needed for the polyion to diffuse a distance equal to its radius). This dif-
fusion is not measurable by dynamic light scattering. It is necessary to label
polyions and consequently measure their diffusion over large distances (long
times) by other techniques. This is done either by chemical labeling (FRAP,
fluorescence recovery after photobleaching; FRS, forced Rayleigh scattering)
or by spin labeling (PFG NMR, pulsed field gradient nuclear magnetic res-
onance spectroscopy). The long-time self-diffusion of polyions is apprecia-
bly slower than the collective diffusion as measured by light scattering. Data
on self-diffusion of NaPSS solutions can be found in Refs. 32 and 33.

VI. DYNAMICS IN POLYELECTROLYTE MIXTURES

Polyelectrolyte binary mixtures (two polyions of the same chemical com-
position but different molecular weights) exhibit at low ionic strength quite
specific dynamic behavior [34,35]. Figures 10 and 11 summarize DLS results
obtained on binary mixtures of NaPSS without added salt. Figure 10 shows
spectra of relaxation times obtained on binary mixtures of NaPSS with M,
= 5,000 and M,, = 1,200,000. The total polymer concentration was main-
tained at ¢ = ¢(P1) + c(P2) = 25 g/LL while the mixture composition x =
c(P2)/[c(P1) + ¢(P2)] was varied. c¢(P1) and c(P2) are concentrations of
component 1 (NaPSS, M, = 5,000) and component 2 (NaPSS, M, =
1,200,000), respectively. There are two modes in the spectrum that can be
identified with the modes occurring in binary solutions, referred to as the
fast and slow mode (although the amplitude of the fast mode is relatively
weak). Corresponding diffusion coefficients are marked as D; and D, and
are discussed in detail in separate sections. In addition, a third mode clearly
develops upon mixing of two polyelectrolyte samples. The relative ampli-
tude of this mode reaches a maximum around x = 0.5 and decreases to zero
in the limits x — 0 and x — 1. This mode is diffusive in nature (relaxation
time scales with ¢~*). With respect to the classification of modes as fast and
slow, the new mode appearing in the mixture can be classified as the “‘me-
dium mode’’ and therefore is marked as D,, in Figure 10. Relative amplitude
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FIG. 10 Spectra of relaxation times for binary mixtures of two polyelectrolyte
samples (P1, P2) in water: P1 = NaPSS, M,, = 5,000, P2 = NaPSS, M,, = 1,200,000.
The total polymer concentration was ¢ = 25 g/L. The mixture composition x = c¢(P2)/
(c(P1) + ¢(P2)) was from top to bottom x = 0, 0.046, 0.188, 0.488, 0.824, and 1.0.
All measurements were performed at scattering angle 6 = 90°. Three diffusive modes
observed for 0 < x < 1 are marked as Dy, D,,, and D, respectively. (Adapted from
Ref. 34.)

of the medium mode increases upon decreasing the total polymer concen-
tration (Figure 11). At lower polymer concentrations, it dominates the spec-
trum of relaxation times. The amplitude of the medium mode is not angularly
dependent, indicating that it is not directly related to the formation of any
type of larger structures in solution.
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FIG. 11 Spectra of relaxation times for binary mixtures of two polyelectrolyte
samples (P1, P2) in water: P1 = NaPSS, M,, = 5,000, P2 = NaPSS, M,, = 1,200,000.
The mixture composition was x = c(P2)/(c(P1) + ¢(P2)) = 0.49. The total polymer
concentration was from top to bottom ¢ = 25.0, 15.0, 3.8, 1.7, and 0.58 g/L. All
measurements were performed at scattering angle 6 = 90°. (Adapted from Ref. 34.)

Analogical mixtures of neutral polymers (analogical means here the same
polymer chain lengths, same mixture composition, same total monomer con-
centration, and very similar solvent quality) do not show this behavior. Fig-
ure 12 summarizes results on binary mixtures of polystyrene samples with
M, = 4,000 and M,, = 670,000 in benzene. The total monomer concentration
was ¢ = 25 g/L, and the mixture composition was varied from x = 0 to x =
1. The faster mode in Figure 12 is associated with the diffusion of the low-
molecular-weight component (M,, = 4,000) and the slower mode with the
diffusion of the high-molecular-weight component (M,, = 670,000). When x
increases, the fraction of the low-molecular-weight component in the mixture
decreases and consequently the amplitude of the faster mode decreases. On
the other hand, the slower mode amplitude increases as the fraction of the
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FIG.12 Spectra of relaxation times for binary mixtures of two polystyrene samples
(P1, P2) in benzene: P1 = PS, M, = 4,000, P2 = PS, M, = 670,000. The total
polymer concentration was ¢ = 25 g/L. The mixture composition x = c(P2)/(c(P1)
+ ¢(P2)) was from top to bottom x = 0, 0.0036, 0.0069, 0.022, 0.057, 0.63, and 1.0.
All measurements were performed at scattering angle 0 = 90°. (Adapted from Ref.
35)
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high-molecular-weight component in the mixture increases. The comparison
of the dynamic behavior of mixtures of neutral and charged polymers shows
that the medium mode in polyelectrolyte mixtures is clearly due to electro-
static interactions and therefore we also refer to it as the ““interaction mode.”

The number of eigenmodes (uncoupled modes that are detected if their
amplitudes are sufficiently large) in multicomponent mixtures equals the
number of components in the mixture [S]. Therefore the appearance of an
additional mode in the mixture is expected. Regarding the interpretation of
this mode, it should be noted that there is currently no exact theory of
polyelectrolyte mixtures that could be directly confronted with our experi-
ments carried out on given conditions. Anyway, eigenmodes in general can
be identified with simple types of motions (that can be easily visualized)
only in very special cases. Therefore even in the presence of an exact theory,
it could be that the motion giving rise to the ‘“‘interaction mode’ in the
polyelectrolyte mixture cannot be easily visualized. What can be clearly
stated is that the appearance of the interactive mode in dynamic light scat-
tering spectrum means that there is a fluctuation in refractive index with
given relaxation time.

Theoretical treatment of the dynamics of multicomponent mixtures in
general [5,36—38] predicts the existence of two modes in binary mixtures:
the cooperative diffusion [fluctuations in the total concentration ¢ = c(P2)
+ ¢(P1)] and the so called interdiffusion [fluctuations in the local relative
concentration of the two components c(P2)/c(P1)]. The latter mode is also
referred to as the composition fluctuation mode or heterogeneity mode. The
amplitude of the interdiffusion mode exhibits a maximum as a function of
the mixture composition. Rigorously speaking, the exact identification of
eigenmodes as cooperative diffusion and interdiffusion can be done only in
one special case: mixtures of components that differ in optical labeling but
are otherwise identical. In other cases, these two modes are only linear
combinations of eigenmodes and vice versa. With respect to these theoretical
considerations and to experimentally observed characteristics, it can be con-
cluded that composition fluctuations may significantly contribute to the fluc-
tuations we detect as the interactive mode in a polyelectrolyte mixture. How-
ever, a major role for other possible mechanisms cannot be excluded. In
every case, the dynamics of the polymeric components in a polyelectrolyte
mixture at low ionic strength is not uncoupled as in analogical mixtures of
neutral polymers. Polyion species in polyelectrolyte mixtures with low ionic
strength do not diffuse independently. The interpretation of the fast diffusive
mode in a polyelectrolyte mixture as the cooperative diffusion (fluctuations
in the total concentration) and its independence of the mixture composition
and the total concentration is supported by the molecular weight and con-
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TABLE 1 Values of Medium Diffusion Coefficient D,, and Ratio of the Medium
Mode Scattering Amplitude vs. the Fast Mode Scattering Amplitude A,,/A; for
Binary Mixtures of Six Different NaPSS Samples in Water. The mixture
Composition Was x = 0.5 and the Total Polymer Concentration Was ¢ = 5 g/LL

D,
M,, of mixture components 10~° cm?/s A TA;
100 000 + 1 200 000 90 0.62
47 000 + 1 200 000 138 0.51
5 000 + 1 200 000 237 7.95
5 000 + 100 000 395 4.84
5 000 + 47 000 634 5.22

centration independence of the cooperative polyion diffusion in comparable
binary solutions.

Polyelectrolyte solutions with broad polyion molecular weight distribu-
tions may be considered also as multicomponent mixtures, and similar ef-
fects can, in principle, be expected. Therefore NaPSS mixtures with various
components (which can be considered as solutions with various bimodal
molecular weight distributions) were investigated [34,35]. The results are
presented in Table 1. It can be seen that the amplitude of the interaction
mode (normalized with respect to the amplitude of the fast mode) is much
larger in the case of smaller molecular weights of the components. The lower
the molecular weights of the components, the faster the interaction mode.
In all cases, however, the interaction mode is still well separated from the
molecular-weight-independent fast diffusive mode. While a more detailed
discussion of these results is beyond the current understanding of the mech-
anism of dynamic processes in polyelectrolyte mixtures, the practical con-
sequence is that the possibility of the occurrence of this mode in dynamic
light scattering from solutions of polyelectrolyte samples with broad or bi-
modal molecular weight distributions should be kept in mind in order cor-
rectly to interpret experimental data.

VIl. POLYION MOLECULAR WEIGHT

The ability of light scattering to yield polymer molecular weight and other
important parameters such as the second virial coefficient in the expansion
of osmotic pressure or the single chain structure is one of the most practical
applications of this technique. However, because of the complex nature of
light scattering from charged polymers leading to multimodal spectra of
relaxation times, some caution has to be used. Experimental conditions
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should be optimally set so that the total scattering is due to one dynamic
mode—diffusion of weakly interacting polyions. In the worse case, the scat-
tering contribution of this mode must be calculated from the total scattering
by a combination of static and dynamic light scattering (see Sec. III). In
practice, the optimum condition is fulfilled at low polyion concentration and
high added salt concentration. In this case the excess scattering (after sub-
traction of solvent scattering) obeys a formula [39] similar to the general
light scattering equation for a two-component system based on fluctuation
theory (Eq. 6):

K_*c — L (8_77> (22)
10) ~ RT \oc/,

The “‘solvent” in this case is a salt solution (solvent with small ions) which
is in Donnan equilibrium with the polyelectrolyte solution, the index
means that the chemical potentials of all the solutes except that used in
differentiation are constant, and K* is given as [39]

4772n2(dn/dc)i
e ——————— (23)
AoNa
which is again formally equivalent to the formula for neutral two-component
systems (Eq. 7). The only difference is that the refractive index increment
is at constant chemical potential of salt rather than at the constant concen-
tration of salt. Constant chemical potential of salt is a consequence of the
Donnan equilibrium.
The Donnan osmotic pressure in Eq. 22 can be expanded to the virial
form

7w =RT <ML +(A),C + (A, + ) (24)

w

where M,, is the polyelectrolyte molecular weight and (4;),, are virial co-
efficients at the Donnan pressure. Equation 22 can be then written in the
form

K*c 1

ﬁ = E + 2(A2)P-.~C + .- (25)

which is again formally equivalent to the classical Zimm formula commonly
used for neutral two-component systems except that experiments must be
done at a constant chemical potential of salt (Donnan equilibrium pressure).
The polyion molecular weight is obtained via Eq. 25 by double extrapolation
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of scattering intensity to zero scattering angle and zero concentration. In
practice, a complete angular dependence is measured for several concentra-
tions to perform the double extrapolation. In order to meet fully the condition
of constant chemical potential of salt, the experimental procedure should be
such that each polyelectrolyte solution is first dialyzed against a given sol-
vent. Then the dialyzed solute and solvent, which are at the Donnan equi-
librium after dialysis, should be used for light scattering measurement (ex-
cess solution scattering over solvent scattering) and refractive index
measurement (difference in refractive index between solution and solvent).
The difference between the excess scattering with and without previous di-
alysis can in most cases be neglected. What cannot be neglected are differ-
ences between refractive index increments measured at constant salt con-
centration and constant chemical potential of the salt (differences between
the constants K and K*). If samples are not dialyzed and refractive index
increments are measured only at constant salt concentration, then apparent
rather than true molecular weights are measured. According to Egs. 7, 23,
and 25, the apparent molecular weight M|, is related to the true molecular
weight M,, as

, K [ (InlaC,). ]2
M,=M,—=M, |1+ ———(C,/dc),. (26)
K* (9n/dc)c, :

where C; is the salt concentration in g/L. The term (9C,/dc), corresponds
to the adsorption of salt on the polyion, and the most obvious contribution
is from the formation of the electrical double layer (excess of counterions
and deficit of coions in the vicinity of the polyion). (6C,/dc), can be esti-
mated from the theory of Donnan membrane equilibrium or from solving
the Poisson—Boltzmann equation to calculate the concentration of counter-
ions and coions in the vicinity of the polyion. It can be expressed as [39]

oC, M, [ dc, M,
— =—|— = — Z,a 27
dc " M, \dc, " M,

where ¢, and ¢, are molar concentrations, M and M,, are molecular weights
of the low-molecular-weight salt and the polyion, respectively, Z, is the
polyion valence, and the factor a = 0.5 for low Z, and a < 0.5 for high Z,.
The quantity (dc,/dc,), is the adsorption of salt on the polyion in molar
concentrations, i.e., the number of salt molecules adsorbed at one polyion.
It is to be emphasized that it is a negative adsorption because the salt is
expelled from the polyion surrounding. Therefore there is a minus sign in
Eq. 27. After entering Eq. 27 into Eq. 26, the following relation between
M., and M, is obtained:
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M, = /M, [1 _ (nac,). M, Zpa]

(0nldc)c, M.,

N [1 — const M. (3—”> ] (28)

oC,

The apparent molecular weight is smaller than the true molecular weight.
The difference is greater the heavier the salt is. The validity of Eq. 28 was
verified experimentally by its authors [39] (Figure 13).

In typical experiments, the solution and the solvent are brought into equi-
librium by dialysis against each other using semipermeable membranes en-
abling the salt ions to migrate across but preventing polyions from the mi-
gration. The Donnan equilibrium is established by a redistribution of salt
ions in this way. In cases where polyelectrolyte is soluble in nonionizing (or
weakly ionizing) organic solvent, it is possible to perform molecular weight
determination without needing to perform equilibrium dialysis. As an ex-
ample we can mention poly(methacrylic acid) in ethyleneglycolmonoeth-
ylether [40]. This does not apply, however, when a mixed solvent is used
to enable solubilization by adjusting the solvent dielectric permittivity (e.g.,
organic solvent plus water). Because many polyelectrolyte samples are
strongly hygroscopic (up to 30% water content), it is necessary for the pur-
pose of accurate molecular weight measurement to determine true concen-
trations. The same care must be taken regarding potential changes in con-
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FIG. 13 Dependence of apparent molecular weight M, on molar refractive index
increment of salt. Poly(methacrylic acid), half neutralized by NaOH, in solutions of
various salts. (Adapted from Ref. 39.)
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centration during dialysis. We note that the molecular weight measured by
light scattering in polydisperse samples is a weight average. By combination
with the number average (obtained for instance by osmometry), the sample
polydispersity M, /M, can be estimated. The last comment concerns the fact
that the measured value of M, includes polyion plus a proportional amount
of counterions, i.e., one counterion per each monomer unit. M,, = c¢/c,, where
c is the concentration of the polymer material in g/L (polyions plus coun-
terions) and ¢, is the molar concentration of polyions.

VIll. SECOND VIRIAL COEFFICIENT

Under conditions of partly screened interactions in dilute solutions (high
added salt concentration ¢, and low polymer concentration c), the solution
osmotic pressure can be expressed via a virial expansion (Eq. 24). Then
light scattering becomes a useful tool to obtain values of second virial co-
efficients characterizing interactions in solution. The second virial coefficient
can be calculated from the slope of the dependence given by Eq. 25. The
relation between the true and the apparent second virial coefficient is similar
to the relation between the true and the apparent molecular weight (see the
previous section for more details and the meaning of the symbols):

K*_ [1 9nldC,).
2

-2
A=A, — = oC,/dc 2
2 *K (6n/6c)cs( G C)”’“] (29)

The dependence of the second virial coefficient on basic quantities such
as the solution ionic strength or the polymer molecular weight is usually of
greater scientific interest than the knowledge of true vs. apparent values.
Therefore the time-consuming dialysis step leading to true rather than ap-
parent values is usually omitted. Hence measured second virial coefficients
are usually only apparent values.

As expected, the second virial coefficient decreases upon increase of c,.
The exact form of this dependence is shown in Figure 14 as a log—log plot
of the data on sodium poly(styrenesulfonate) in aqueous NaCl solutions
obtained by different authors [30,41]. Values obtained by osmometry are
also shown for comparison [41]. The general trend is that the dependence
is stronger at lower ¢, and weaker at higher c,. It was proposed that A, ~
c.' in the former case and A, ~ ¢, ** in the latter [41]. The dashed line in
Figure 14 represents calculated values of A, according to Yamakawa’s theory
[30,42]. Qualitatively similar dependencies of A, on ¢, were found also in
solutions of poly(methacrylic acid) [43] and some biological polyelectrolytes
[22,44]. At very high c,, a deviation from such dependence leading to theta
conditions (A, = 0) and even to macrophase separation (‘‘salting-out effect,”
A, < 0) may be eventually reached in some systems. Temperature becomes
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FIG. 14 Dependence of the second virial coefficient on added-salt concentration.
NaPSS in NaCl solutions. Results by light scattering from Ref. 41 (®), Ref. 30 (2);
and by osmometry from Ref. 41 (O). The dashed line shows calculation of the second
virial coefficient by incorporating electrostatic excluded volume effects after Ref.
30.

an important factor in this situation [45]. The molecular weight dependence
of A, is much weaker than in solutions of neutral polymers. A, is almost
independent of M,, at lower ¢, and only weakly dependent on M,, at higher
¢, [46].

The second virial coefficient of polyelectrolytes is treated theoretically
either by applying the theory for charged spherical colloids with a correction
for the chain character of the polyion or as an extension of the theory of
the second virial coefficient for nonionic linear polymers. An example of an
extension of the theory of the second virial coefficient for nonionic linear
polymers to polyelectrolytes is the above-mentioned Yamakawa approach of
using perturbation theory of excluded volume to calculate A, [42].

IX. SINGLE CHAIN STRUCTURE

In order to extract information on the single chain structure from SLS data,
it is necessary to fulfill the condition of a single mode scattering, similarly
to the extraction of molecular weight and second virial coefficient from SLS
data (see Sec. VII). A further condition is that the scattering from polyions
should not be influenced by intermolecular interference due to intermolecular
interactions, i.e., the solution structure factor S(0) = 1. In this case the total
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static scattering intensity is proportional to the single particle form factor
P(0) (in our case the polyion form factor) (see Eq. 9). The P(0) (or P(q))
function contains information about the structure of the polymer chain. In
principle, three regions can be distinguished in the form factor of a polymer
chain assuming a Gaussian coil conformation: (i) P(q) = exp(—¢°R;/3) for
g ' > R,, (i1) P(q) = g’ for L,< qg'< R,, and (iii) P(q) = g 'forqg'<
L,, where R, is the radius of gyration of the chain and L, is the so called
persistence length (distance along the chain over which the polymer main-
tains a stiff rodlike structure). The first region is referred to as the Guinier
regime and reflects the overall size of the coil, the second region reflects
the Gaussian distribution of segments inside the coil, and the third region
corresponds to scattering from rigid rods (rodlike segments). This behavior
of P(q) is schematically demonstrated in Figure 15, where ¢°P(q) is plotted
vs. g (the so-called Kratky plot [47]). Naturally, P(q) has different shape
when chain conformation deviates from a Gaussian coil. In general, P(q) in
region (ii) scales as P(q) ~ ¢ >, assuming that the radius of gyration scales
as R; ~ M". The form of P(g) in the Guinier regime is independent of the
chain conformation and always yields the radius of gyration irrespective of
the chain internal structure. Because of the limited g range available by light
scattering (¢ = 0.0042 — 0.031 nm™' for typical setups), only the Guinier
regime and partly regime (ii) can be covered assuming typical sizes of poly-
ions. A much larger range of g values can be obtained by small-angle x-ray
scattering (SAXS) and small-angle neutron scattering (SANS). The radius

a* P(q)

q

FIG. 15 Schematic representation of a Kratky plot ¢g°P(q) vs. ¢ for a Gaussian
chain. P(g) is the chain form factor, g is the scattering vector. The inset shows a
Guinier plot In P(q) vs. g° (see text for details).
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of gyration can be calculated from the initial slope (¢ — 0) of the depen-
dence In P(q) = —(1/3)R:q". The plot of In P(q) vs. g is referred to as the
Guinier plot [48] (see inset in Figure 15).

An alternative method commonly used to determine the polymer radius
of gyration is the Zimm’s method [49]. It follows from Eq. 8 upon assump-
tion of weak interparticle correlations [p(6) = P(6) = P(g)] and on the
assumption that particles (polymers) interact with each other through only
one segment of each particle at a time, which is the better fulfilled the lower
the concentration. It holds then that

Ke 1
I(q) M,P(@q)

where P(g) can be further expressed by a series expansion 1/P(q) = 1 +
(1/3)R}q*> + --- and thus

+ 24,¢ (30)

Ke 1 1 R, ,
—=—+2Ac+ g+ - (31)
g M, 3IM,

The radius of gyration can be obtained from Eq. 31 by the Zimm method:
angular dependencies are measured for several concentrations, then a double
extrapolation to ¢ = 0 and g = 0 is performed, and R, is calculated from the
slope of the ¢ = 0 angular dependence. A more rigorous Guinier analysis is
preferred especially for larger polymers (=100 nm). We would like to note
here that while the molecular weight obtained from light scattering is the
weight average, the radius of gyration is the z-average, i.e., R; = (R}),, and
that values of the radius of gyration are not affected by the equilibrium
dialysis in contrast to values of molecular weight and second virial
coefficient.

Measurement of the polyion form factor in salt-free solutions by light
scattering is extremely difficult due to strong intermolecular correlations,
which can be avoided only at extremely low polyion concentrations. The
scattering signal at these concentrations is, however, very weak. Conse-
quently light scattering data in this concentration range are sparse. Krause
et al. [50] reported SLS measurements on salt-free solutions of poly-
(styrenesulfonic acid) (HPSS) (M,, = 354,000 and 1,060,000) at concentra-
tions as low as ¢ = 2.7 X 10”* g/L (Figure 16). The work was focused on
larger g. Measured angular dependencies were well fitted by a single-chain
form factor assuming a coillike chain conformation. The data were also
compared to the calculated rod form factor, but very poor agreement was
obtained. It was concluded that the chains are quite far from the fully ex-
tended conformation. These results disagree with the old view that strongly
charged flexible chains in salt-free solution reach fully extended conforma-
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FIG.16 Angular dependencies of excess scattering intensity for highly diluted salt-
free aqueous solutions of poly(styrenesulfonic acid) (HPSS). (®) M,,, = 354,000, ¢
=27 X 107* g/L; (&) M, = 1,060,000, ¢ = 3.46 X 10°* g/L. The left ordinate
corresponds to M,,, the right ordinate to M,,,. Intensities are expressed in arbitrary
units. The data are compared to the calculated rod form factor of both contour
lengths ( ARLTERREEE ) and a coillike form factor (————— ), respectively. (Adapted
from Ref. 50.)

tions due to a strong repulsion between charges on the chain, but are in
qualitative agreement with current understanding of polyion conformations
based on analytical theory [51] or molecular dynamics simulations [52].
They predict that while the chains in dilute salt-free solutions are stretched
beyond the good solvent structure, they do not attain a rigid rod structure.
Chains do not change appreciably its conformation at low ¢ but shrink ap-
preciably at higher ¢ before overlap or eventually even entanglement occurs.
The shrinking is not uniform; chains become more coiled at longer length
scales while at shorter length scales (several bond lengths) the structure is
not altered [51,52]. This prediction is difficult to prove by light scattering
due to the experimental requirement of low c. Relatively more powerful in
this respect is SANS, which can utilize the contrast variation method to
obtain form factors at conditions of strong interpolyion correlations. On the
other hand, SANS is limited to high concentrations due to weak scattering
signal [53-56].

Light scattering becomes more powerful at conditions of higher salt con-
centrations (typically ¢, > 10> M) where interpolyion interactions are partly
screened. In this case higher polymer concentrations yielding higher and
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more reliable intensities can be used. Results can be extrapolated from these
polymer concentrations to infinite dilution, to assure that a pure form factor
is obtained. In some cases, however, R, for ¢, > 10~ M was found inde-
pendent of concentration in the range ¢ = 0.02 to 0.2 g/L [31]. The most
frequently treated problem regarding the polyion conformation is the depen-
dence of R, on ¢,. Figure 17 shows data on NaPSS collected from several
works [30,31,57]. The general feature is that R, decreases with ¢, approxi-
mately by a power law R, ~ ¢;” with exponent 8 = 0.15. Results on other
polyelectrolytes such as quaternized poly(vinylpyridine) [31], ionized
poly(acrylic acid) [58], and bacterial hyaluronate [44] show similar behavior
with B ranging from 0.15 to 0.25. The chains are appreciably coiled at higher
¢,. For comparison with results in Figure 17, we can calculate R, of chains
upon assumption of a fully extended rodlike conformation. For the samples
with the smallest and highest M,,, R, = V/LI/12 = 142 and 534 nm, re-
spectively (L. is the contour length).

The chain conformation is determined by the interaction between neigh-
boring segments and the interaction between distant segments along a poly-
mer which, via chain flexibility, are located in each other’s vicinity. The
former effect determines the local chain stiffness. The latter is referred to as
the excluded volume effect and influences the overall conformation. Both
types of interaction can be of electrostatic and nonelectrostatic origin. In the
absence of excluded volume effects (flexible polyions in a theta state or
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FIG. 17 Dependence of the radius of gyration of NaPSS chains in dilute solution
on added salt concentration. Results by static light scattering for samples: (O) M,, =
1,000,000 from Ref. 57; (®) M, = 780,000 from Ref. 30; and (©) M,, = 400,000
from Ref. 31.
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semirigid polyions), the radius of gyration is referred to as ‘“‘unperturbed”
(Ry0). The local stiffening of the chain can be expressed in terms of a per-
sistence length (distance along the chain over which the polymer maintains
a stiff rodlike structure). The total persistence length L, consists of an in-
trinsic and an electrostatic part, L, = L, + L.. The intrinsic part L, is due
to the flexibility of the backbone without charges and is given by fixed bond
angles, rotameric states, helical structures, etc. The electrostatic part L. is
given by the contribution of charge interactions to increased stiffness of the
chain. The issue of L. was a subject of intense theoretical work [59—-63].
R,, can be expressed in three different ways: (1) Ry, = L2/12 in the rod
limit, where L, >> L.; (2) R}, = L.L,/3 in the random coil limit, where L,
<< L.; and (3) in the wormlike chain limit, which represents a transition
between cases (1) and (2):

R,=1L, [9—1 +%(b— 1 +eb)} (32)
3 b

where b = L./L,. In the presence of excluded volume effects the ““perturbed”’
radius of gyration R, is usually expressed as R; = a;R},, where «, is referred
to as the expansion factor. Light scattering measures the perturbed radius of
gyration, and it is practically impossible to distinguish clearly between par-
ticular contributions of the local stiffness and the excluded volume effect to
the polyion size solely on an experimental basis.

Several approaches were used to interpret SLS results on the polyion
radius of gyration. Upon neglect of the excluded volume effect (assuming
R, = Ry), L, was calculated from the experimental R, (data for M, =
780,000, Fig. 17) via Eq. 32 [30]. Then L. was obtained by fitting L, = L,
+ L. =L, + const c;, with the best fit found around o = —0.5. The per-
sistence length obtained in this way is only ‘“‘apparent’; nevertheless the
power dependence on ¢, is consistent with results of other experimental
techniques [64] suggesting that L, ~ ¢, " rather than the originally predicted
dependence L. ~ c;' by Odijk [61] and Skolnick and Fixman [60]. A dif-
ferent approach to the interpretation of experimental data was based on the
combination of both excluded volume and persistenc