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ABSTRACT: The complex formation in the oppositely charged linear and flexible polyelectrolytes:
qguaternized poly(vinylpyridinium) (QPVP) and poly(sodium styrenesulfonate) (NaPSS) was investigated
by static and dynamic light scattering (LS), flow birefringence (FB), and viscometry over a wide range of
mixing ratios 0.003 < m < 0.9. NaPPS/QPVP systems in N-methylformamide + 0.01 M KBr generated
complexes with fractal geometries. The observed clusters were stable and had average dimensions Ry ~
Rnh ~ 1000 A at low and high mixing ratios. As the mixing ratio approached m = 0.4, which corresponds
to the gel point, the number and the dimensions of clusters grew to R ~ 1500—3000 A with a corresponding
increase of the fractal parameter d ~ 3. According to FB data, the axial ratio of the clusters at the gel
point m = 0.4 was p = L/d = 1.07, which supports a model with spherical shape.

Introduction

Interpolyelectrolyte complexes combine unique phys-
icochemical properties with high biocompatibility. There-
fore, special attention has been drawn to their applica-
tion in ecology, biotechnology, and medicine.l~®
Moreover, polyelectrolyte complexes using synthetic
polyelectrolytes present convenient models for the pro-
cesses that take place in biopolymers.

Significant success in the study and interpretation of
the Kinetics and mechanism of interpolyelectrolyte
reactions, from a thermodynamical point of view, has
been achieved by Kabanov.1=47-14 These studies con-
sidered the influence of the polycation molar mass on
the formation of water-soluble complexes in terms of the
“guest—host” concept. It was found that the rate
constant of the exchange reaction is independent of the
polyanion chain length and increases sharply with a
decrease of the polycation ionic strength.210-13.14 How-
ever, a contradictory result was reported by Vishalakshi
et al.’® In that study, the molecular weight of the
polycation and the location of the ionic site on the
polycation did not show any effect on the complexation.

Systematic studies of various parameters influencing
the structure of quasi-soluble complexes, was under-
taken by Philipp6-21 using light scattering. The con-
centration of polyelectrolyte solutions, degree of con-
version, salt content of the medium, polymer charge
density and ionic strength of the solution were varied
in order to study the nature of complex formation
between latices and polyelectrolyte chains. Recently,
special approaches have been proposed for a reliable
angular dependence extrapolation of the scattering
curves in polydisperse systems.22-24

The protein polyelectrolyte complexes?®26 and micelle
polyelectrolyte complexes2’~34 were investigated in de-
tail by focusing on the complex structure as well as on
the effect of ionic strength on binding stoichiometry. The
structural parameters of the complexes were determined
using light scattering measurements. A mechanism of
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the complexation process was suggested, which ex-
plained the stoichiometric complex formation at low and
the nonstoichiometric complex formation at high ionic
strength.

Some interesting results of light scattering studies in
polyelectrolyte complexes were reported by Hara et al.3°
The pronounced influence of the ionic strength of the
solution and of the mixing ratio of polyelectrolyte
components (heparin-aminoacetalized poly(vinyl alco-
hol)) on the complex formation was discussed.

Despite a great deal of effort, the general relationship
of the mechanism of complex formation is still lacking
due to the high complexity of the phenomena. The
response of the complex particles to the variation of the
experimental conditions is very different depending on
the peculiarities of the system investigated.

The present work focuses on the investigation of the
mechanism of interaction of oppositely charged polyions
and the resulting structure of polyelectrolyte complexes
in dilute solution using static and dynamic light scat-
tering and flow birefringence (FB) techniques. Both
methods are very sensitive to aggregation, which make
them especially effective in analysis of particle struc-
ture, size, and shape.

Experimental Section

Well-characterized synthetic flexible polyelectrolytes
were used for the complex formation: quaternized poly-
(vinylpyridinium) (QPVP) as the polycation and poly-
(sodium styrene)sulfonate (NaPSS) as the polyanion
component. QPVP was prepared by quaternization of
anionically synthesized poly(2-vinylpyridine) by reaction
with benzyl bromide.3738 The degree of quaternization
of the QPVP sample was calculated from the Br/N ratio,
which was determined by elemental analysis and coun-
terion titration. The degree of quaternization of the
QPVP was 100%. NaPSS was purchased from Polymer
Standard Service, Mainz, Germany, anionically pre-
pared, sulfonated, and characterized by elemental analy-
sis. Molecular weights of the samples were determined
by static light scattering experiments: M,, = 2.0 x 10°
for QPVP and My, = 2.0 x 10° for NaPSS. More details
about sample preparation and characterization are
described elsewhere.36-38

© 1997 American Chemical Society
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The polycation (QPVP) and polyanion (NaPSS) were
dissolved separately in an appropriate organic solvent
N-methylformamide (NMFA), spectral grade, with an
added 0.01 M of low molecular weight salt KBr. Stock
solutions (1073 g/mL) were diluted and mixed directly
in the light scattering cells after being filtered through
a Milex GS 0.2 um pore sized filter in order to avoid
polymer losses (clusters) on the filter. The polyanion
(PA) solution was added to a polycation (PC) solution
of the same concentration. The range of investigated
concentrations was ¢ = (107°—107%) g/mL in LS and ¢
=25 x 1074 g/mL in FB. (FB measurement was not
possible at the same concentrations as LS because of
the experimental limits of sensitivity.) The molar ratio,
m, of the mixed components was defined as

m=—"1__= (V—+ Xm® 1)1 @)

n+nt \V Xm~

where n~ and n* are the number of negative and
positive charges on the PA and PC chains, respectively,
Xm~ and Xm* are the molar concentrations of the PA
and PC chains, respectively, and V-~ and V' are the
mixed volumes of the PA and PC solutions, respectively.

The stability of all prepared mixtures was checked
by measuring the intensity of scattered light in time
with a simultaneous multiangle instrument continu-
ously from 30 min to 4 days after mixing. In the chosen
organic solvent no changes in the intensity were moni-
tored. Solutions prepared with water as a solvent (H,O
+ 0.01 M KBr) showed a rapid decrease in intensity
after 5 h, indicating cluster instability, and conse-
quently, such agueous solvents were excluded from this
investigation. All measurements were taken starting
1 h after mixing.

All experiments were conducted under conditions in
which the ionic strength, temperature (T = 293 K), total
polymer weight concentration, and mixing ratio were
controlled.

Light scattering measurements were performed in the
range of scattering angle from 25° to 140° with a
commercially available spectrometer consisting of an
ALV-SP81 goniometer and an ALV-3000 or ALV-5000
correlator. A krypton laser, Spectra Physics, Model
2060, and an ADLAS Nd-YAG-laser (doubled frequency)
operating at 647.1 and 532 nm wavelengths were used
as light sources. Long time measurements were per-
formed with an ALV-1800 multiangle light scattering
instrument (4 = 514.5 nm).3® Most of the correlation
functions were recorded in the realtime “multi-t” mode.
In dynamic light scattering, the time autocorrelation
function of the scattered intensity g»(t) was measured
(homodyne method), which was converted to the scat-
tered electric field autocorrelation function g;(t) via the
Siegert relation

91(t) = {[g,(t) — AVA}™ )

where A is the experimentally determined baseline. g;-
(t) was fitted to a sum of two exponentials, using a
SIMPLEX algorithm.

0:(t) = a,(q) exp[—t/z1(q)] + a,(q) exp [~t/r,(a)] (3)

In all cases g;(t) could almost be described by a single
exponential relaxation. A second-order cumulant fit
was also applied to all correlation functions. The second
cumulant parameter, related to particle polydispersity,
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increased from m, = 0.1 to m, = 0.3 when the mixing
ratio approached m = 0.4. The reduced scattering
intensities, Kc/R(q), were derived according to standard
procedures using toluene as the reference. The refrac-
tive index increments of polyions in NMFA + 0.01 M
KBr were measured on the polarizing interferometer dn/
dc = 0.11.

FB measurements were carried out by the photoelec-
tric compensation method with phase modulation.*® The
intensity of light passing through the crossed polarizer
and analyzer was determined by the combined action
of the anisotropic layer in the Couette cell, the compen-
sator, and photoelastic modulator with the slow axis
oriented at 45° relative to the analyzer axis. The
frequency of modulation was 17 kHz. The elliptical
compensator had an optical retardation of 0.0366 A at
a wavelength of 632.8 nm, which was produced by a
He—Ne laser. FB was investigated in a cylindrical
apparatus with an inner rotor and a thermostated water
jacket. The rotor height along the path of the beam was
3.21 cm, and the width of the rotor-to-stator gap was
0.02 cm.

Intrinsic viscosities were measured by the standard
method in capillary Ostwald viscometers with a solvent
flow time of 75 s. The solvent viscosity was 7, = 1.85
cP.

Experimental Results and Discussion

Light Scattering. Static Light Scattering. The
properties of the light scattered by polyelectrolyte
mixtures in dilute solutions ¢ = (1—10) x 1076 g/mL
were found to be dependent on the molar ratio, m, of
the mixed components.

When polycation or polyanion components in mixed
solution are in excess (m < 0.2 or m > 0.6), the
experimental scattering curves have a well-known form
according to Zimm's extrapolation (4), which holds for
gRy = 1,

Kc 1 1o52
2 214 2PR 2+ ... 4
RO) M, 31" @)

Here q = (41/1) sin(6/2) is the scattering vector, 4 is the
wavelength of the light in the medium, 0 is the scat-
tering angle, Ry and M,y are the radius of gyration and
molecular weight of the particle, respectively, c is the
total polymer concentration, K = 472n¢2(dn/dc)2/Na Ao*
is the optical constant, ng is the refractive index of the
medium, o is the wavelength of the primary beam in
vacuum, and dn/dc is the refractive index increment of
the system.

In the range of 0.2 < m < 0.5 Zimm plots show a
deviation from the linear behavior expected from Gauss-
ian coils (concave upward curves, Figure 1). This
upward concavity could be indicative of a spherical
structure.

Estimation of the particle's dimension according to
eq 4 in the range of 0.03 <m < 0.2and 0.6 <m < 0.9
led to Ry = 1000 A, which corresponds to the qRg > 1
region. If qRy > 1, light sees the interior of the flexible
polymers. The corresponding scattering curves exhibit
a power law of q, 1(g) ~ R(g) ~ q 9 with d = 1 for a
stretched polymer, d = 5/3 for an excluded volume
regime, d = 2 for a Gaussian chain, and d = 3 for a
sphere.*!

The highest values attainable in our experiment are
around gRy = 8 (see later Figure 8). At Ry = 1000 A
we attain in our experiment gRy = 3.3. This justifies



Macromolecules, Vol. 30, No. 17, 1997

6.0x10°
4,0x10° S
[e)

gc'
<2

2.0x10°° o

0.0 T T T T T T
00 20x10" 4.0x10" 6.0x10"

q2

Figure 1. Scattering curve for the polyelectrolyte complex
(PEC)(NaPSS/QPVP) at polymer concentration C = 10-5g/mL
and mixing ratio m = 0.35. Experimental points are fitted by
eq 5.
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Figure 2. Scattering curves for the PEC (NaPSS/QPVP) at
polymer concentration C = 107 g/mL and different mixing
ratios m defined on the figure. Experimental points are fitted
according to eq 5. Estimated fractal parameter d: 0.71 (m =
0.1); 1.50 (m = 0.183); 1.94 (m = 0.3); 3.28 (m = 0.35); 3.75 (M
= 0.4); 2.24 (m = 0.45).

the use of the Fisher—Burford approach*? (eq 5) in order
to determine the apparent radius of gyration Ry and
fractal exponent d of the investigated particles

Ke 1 2 L, e
- = + —_—
R(0) Mw[l 3d" Rg] ()

According to eq 5 the corresponding scattering curves
exhibit power law of g, i.e., Kc/R(0) ~ ¢, with d being
a fractal exponent of the particles. This approach has
been applied to studies on fractal colloidal aggregates,*3
wormlike micelles,** and polyampholyte chains.*®
Figure 2 shows the log—log variation Kc/R(6) versus
g2 for the system NaPSS/QPVP with different molar
ratios. At low mixing ratios (m = 0.10, m = 0.18)
normal Zimm-like behavior is observed, while at higher
mixing ratios (m > 0.3) stronger nonlinear behavior is
observed (also shown in Figure 1 for m = 0.35). Values
for Ry and d can be estimated from the curves in Figure
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Figure 3. Ry and Ry vs m for the PEC (NaPSS/QPVP).
Polymer concentration for both components C = 10~° g/mL.
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Figure 4. Radius of gyration vs mixing ratio m for the PEC
(NaPSS/QPVP) at different polymer concentrations defined on
the figure. (Both polyions have equal concentrations.)

2 using eq 5. Values of Ry are plotted versus the mixing
ratio m in Figure 3. Apparent radii of gyration Ry show
a significant increase from Ry ~ 1000 A at m = 0.1 to
Ry ~ 3000 A at m = 0.35—0.4 with the corresponding
increase in the fractal parameter fromd =0.75tod =
3.75. At m > 0.4 a rapid asymmetric decrease in Ry
and d is observed.

This might be interpreted as the process of complex
formation of the aggregates with increasing dimensions
Ry~ 1000—3000 A (Figure 3) and with correspondingly
changing shape d ~ 1—3 (see note to Figure 2). As the
clusters grow and Ry increases (when m — 0.4), the
crossover to the power-law behavior occurs at even
smaller values of q (Figure 2). Figure 4 shows Rq versus
mixing ratios for different concentrations. No depen-
dence on concentration is shown over the range of
concentrations investigated C = 10~5—-1076.

The extrapolation Kc/R(q) to zero g and ¢ provides an
estimate of the weight average molecular weight (egs 4
and 5). In addition, one can estimate an average
polymer density, ®, within the clusters by assuming a
roughly spherical nondrained conformation of the com-
plex. This leads to

3M

4aNR

(6)

where Rgph = (5/3)Y2Ry ~ 1.29R4. Figures 5 and 6 show
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Figure 5. Dependence of M,, on the mixing ratio m for the
PEC (NaPSS/QPVP). Polymer concentration for both polyions
C = 105g/mL.
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Figure 8. Normalized first cumulant vs gRy for the PEC
(NaPSS/QPVP) at different mixing ratios m defined in the
figure.

In the range qRy < 1, i.e., g~! > Ry, the autocorrela-
tion function

g:,() = [T W(g.I)e " dr (7)

is close to a single exponential with a mean decay rate
M'Orelated to the translational diffusion coefficient of
the whole cluster D by

TO= Dg?
D = kT/67nyRy,

(8)
(9)
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Figure 6. Average polymer density ® within the PEC (P is
the volume fraction of polymer inside a hydrodynamically
equivalent sphere) vs m.
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Figure 7. Autocorrelation function g,(t) for the PEC (NaPSS/

QPVP) vs time at different mixing ratios m and at polymer
concentration ¢ = 1075 g/mL.

a large increase in molecular weight and polymer
density of the clusters at a critical value m = 0.4
(gelation process) and sharp decrease in the postgel
region.

Dynamic Light Scattering. Autocorrelation func-
tions g;(t) for polyelectrolyte complexes with different
mixing ratios m are presented in Figure 7. No “slow
mode* was detected.

with k the Boltzmann constant, T the absolute temper-
ature, and Ry, the hydrodynamic radius.

In the range gRy > 1 the characteristic scale of
fluctuations in g=! becomes smaller than the overall
dimensions of Ry, i.e,, g7 < Ry. This means that
relaxation of the fluctuations is due to internal modes
of the chains, and I'Cis now related to the internal
mobility in the cluster, i.e., to the internal diffusion
coefficient Dj ~ g. Consequently,

T~ D’ ~ ¢ (10)
Akcasu et al.*647 and Lee et al.*® developed models for
the interpretation of the dynamic light scattering ex-
periment in terms of the first cumulant O'0of the
intermediate scattering function. It was found that

o= AK g (11)
Mo

Here A is the prefactor, which is dependent on the
quality of the solvent. For solutions in a good solvent
A ~ 0.08%:47 and A ~ 0.045.48

Plotting the angular dependence of the first cumulant
normalized with respect to temperature, viscosity, and
g3, i.e., Mo/(q®kT) = f(g), we should observe the
decrease in MHo/(q3kT) (when 'Uis governed by eqs 8
and 9) and observe saturation in MTEo/(q3kT) (when @IT'O
is governed by egs 10 and 11).

Such plot is shown in Figure 8. With increasing q
values more and more of the internal mobility is
detected. A well-pronounced plateau indicates self-
similarity of the internal relaxation.

The experimental limit at gRy — o« (Figure 8) is 2
times lower than theoretically predicted.*® This dis-
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crepancy might be reasonable if we take into account
the complexity and polydispersity of the system in
comparison with theoretical models*® developed for the
single polymer chains. A similar asymptotic decrease
of experimental angular dependence of the first cumu-
lant below the theoretical limit was also reported in the
literature for several systems.*%50 The extrapolation of
T'g? to zero g according to egs 8 and 9 leads to the
values of the hydrodynamic radius, Ry, that are slightly
different from the corresponding Ry values and show a
similar dependence versus m (Figure 3).

Comparing experimental results represented in Fig-
ures 2—6 we note the following trends. When the
polycation or polyanion is in excess (m < 0.2 or m >
0.6, respectively) the complexes formed are stable with
dimensions Ry &~ Ry ~ 1000 A

In the range of m = 0.3—0.4 a dramatic increase of
Ry, Rh, My, and @ values is observed.

To interpret this finding, we envision the model
described in the figure below

+
+ +
+ +
+ +
+
m<0.2 m=0.4 m>0.6

One can consider the polyelectrolyte complex (PEC)
in a manner analogous to block copolymers containing
sequences of “MFA-phobic” double-stranded and “MFA-
philic” single-stranded segments. When an excess of
free polyions (+ or —) is present (m < 0.2 or m = 0.6),
these “MFA-philic” polyions stabilize and screen “MFA-
phobic” complex particles. In the case of less than an
excess of free polyions (m = 0.4) these complex particles
tend to interact and grow (no screening effect), which
is reflected in the significant increase of averaged
dimensions, molecular weight, and polymer density. In
other words, at m — 0.4, an increased number of “MFA-
phobic” areas are formed in the growing PEC and the
latter tends to grow and precipitate (fluctuational
network formation).

The unanswered question is, why should these inter-
polyelectrolyte interactions show nonstoichiometric be-
havior (m. = 0.4), i.e., the strongest interaction occurs
at 60% of polycation and 40% of polyanion component?
One reason might be the hindrance of rotation (bulky
side groups) in the polycation chains. This reason,
however, cannot be accepted without some doubt,
because the hindrance of rotation in PC chains should
be considered as relatively high in order to satisfy m,
= 0.4 (each second charge in the PC chain must not be
reached for PA interaction). The second reason may
reflect an incomplete (not 100%) quaternization of QPVP
samples.

It is possible that, at low and high mixing ratios m,
there is an excess of free polyions in addition to the
clusters. The decoupling of these individual contribu-
tions is not possible in the experiment because of its
physical origin: the average intensity of all scattering
species is measured. The sample can be more selec-
tively probed at different length scales by application
of an external orienting field. This technique is explored
in the next section.
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Flow Birefringence. In the FB method anisotropic
and anisometric particles are oriented in the external
shear field. The macroscopic anisotropy in the solution
of rigid spheroids is determined® by the value of
birefringence

An = 277:N(Y1 - VZ)f(in)/ns (12)
and orientation (extinction) angle, i.e., the angle be-

tween the optical axis of the solution and the flow
direction.

cot 2¢, = ¢(0,p) (13)
Here f(o,p) and ¢(o,p) are orientation factors tabulated
in ref 52 as functions of shape asymmetry p = L/d (p =
oo for a thin rod, p = 1 for a sphere, p = 0 for a thin
disk) and orientation parameter o = g/D, = noWIKT, g
is the gradient of the flow rate, D, is the rotational
diffusion (or W is rotational friction) coefficient of the
spheroid about the short axis, (y1 — y2) is the optical
anisotropy of the spheroid, N is the number of the
particles in the unit volume, and ng is the refractive
index of the solvent.
For small ¢ < 1.5 we have the power series

o). ]

2nN ob

72

Gm=2— 1+—b2)+] (15)

12[1 B 108( 35

where b = (p? — 1)/(p? + 1) for a prolate ellipsoid.

With increasing ¢ = g/D, , the birefringence An
increases more slowly than ¢ and the corresponding
curve bends toward the o (or g) axis (negative departure
from proportionality), and so, the smaller D, (larger
particle size) the more rapidly it approaches saturation.
The extinction angle ¢ starts at 45° and decreases
more rapidly for the particles with smaller D, (larger
size) but in any case approaches the common limit ¢m
= 0 for 0 — . It means that large particles (W — )
are oriented at lower gradients, g, i.e.,, reach full
orientation along flow direction ¢, = 0, and full satura-
tion in the birefringence f(o,p) = 1. Small particles (W
— 0) in the same range of velocity gradients may still
not reach full orientation, and birefringence shows a
linear dependence on o.

The hydrodynamic and optical properties of polyelec-
trolyte mixtures in FB were found to be strongly
dependent on the molar ratio. For PC (m = 0) and PA
(m = 1) solutions, the orientation angle ¢, was mea-
sured to be close to 45°. Corresponding relaxation times
7 = limg—o tan[2(n/4 — ¢m)/g] are =107 s for PC and
7=2 x 107%s for PA. An values are linear functions of
the gradient of the shear rate, g, in accordance with
molecular dispersal effects of single polyions (Figure 9).
The values of shear optical coefficients An/AS = An/g
(m — no) (n and 7o are the viscosities of the solution and
the solvent, respectively, AS = g(y — 7o) is the shear
stress) are large in magnitude and negative in sign: An/
AS = —421 x 1070 c¢cm s? g~ for PC and An/AS = —617
x 10710 cm s2 g7! for PA. This is due to highly
anisotropic pyrimidine (for PC) and styrene (for PA)
cycles oriented normal to the chain direction. An/AS
values are close to those found previously for similar
flexible polyelectrolytes in solutions with low ionic
strength.51 5355
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Figure 9. Value of the flow birefringence An vs gradient of
the flow rate, g, for the PEC at polymer concentration c = 2.5
x 107% g/mL and different mixing ratios m defined on the
figure.
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Figure 10. Initial slopes An/g of the dependences An = f(g)
presented in Figure 9 vs mixing ratio m. The asymmetric

decrease in postgel region similar to the ones in Figure 3 is
clearly observed.

Experimental curves An = f(g) (Figure 9) for mixed
solutions 0 < m < 1 differ not only in character (linear
or with saturation) but also in sign. These changes
show that in a multicomponent system (clusters, single
chains, and solvent) the orientations (relaxations) of the
clusters and of single polyions are essentially different.

Solutionsat 0 <m =< 0.1 and 0.5 < m < 1 (Figure 9)
exhibit negative values of the linear FB, An(g), and
orientation angle ¢n, is close to /4. This linear effect
is caused mainly by the intrinsic FB, Anjn, of free single
polyions that are present in solution in excess and
consequently could not react with oppositely charged
polyions. The initial slope, An/g, of An = f(g) depen-
dence is related to the number of particles, N, in solution
(see eqgs 12 and 14). Therefore, the An/g value produces
a qualitative measure of the decrease of the number of
free polyions, N, per unit volume in mixed solutions at
m — 0.4 (Figure 10).

Solutions at 0.2 < m < 0.4 exhibit positive nonlinear
FB An(g) with full saturation (Figure 9). This effect is
caused mainly by the positive macroform effect, Angrm,
of the clusters with large dimensions. Initial slopes, An/
g, are rapidly increased as one approaches m = 0.4,
showing the increase of the number of aggregates
(Figure 10). The range of velocity gradients g = (50—
4500) s~1 was too high to monitor the decrease in ¢,
from 45° to 0° and orientation angle at all g was
measured to be close to zero.
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Figure 11. Value of the flow birefringence An vs gradiennt

of the flow rate, g, for the PEC at m = 0.4: (circles)

experimental points; (lines) theoretical curves according to eq
18.

The complex is modeled as a rigid solid spheroidal
particle consisting of polyelectrolyte molecules with an
average refractive index, n, differing from that of the
solvent, ns, and surrounded by continuous solvent
media. Assuming that optical anisotropy of the complex
particle is caused in the first approximation only by form
effect, we have5153.54

(1 =72 = (Y1 = Y2torm =

(n* = n2)(L, — Ly)v
nZ — nsz n? — nsz
— L, |47+

2
ng

- (16)

2
n24m + —L,

Ng

We also take into account that Nv = c/p where v is the
volume of the solid complex particle, N is the number
of clusters per unit volume, p is the density of dry
polymer, c is the concentration of polyions in g/mL; n?
— ng? ~ 2ngp dn/dc.51:53

The functions of shape asymmetry in eq 16 are
expressed as®153

L, = 4?”(1 —2) L= %”(1 +e)

1 2 3p p+vVp?—1
e=————[2p°+4— In (17)
4p° - 1) V-1 p-vp-1

Then the final expression for Ansm is
27N
Ar]form = L(Vl - y2)f0rmf(0’p) =
S
27tc(2n,p dn/dc)’e )
2np dride(l — 28)][ 2n.p drvide(t + &)] P
png| 1+ - 1+ .
3ng 3ng
(18)

Experimental points An = f(g) (Figure 11) were ap-
proximated according to least squares by theoretical
functions (17), (18)] using the following values dn/dc =
0.1; ng = 1.4319; p = 1.5; ¢ = 2.5 x 107% g/mL. The
shape asymmetry, p = 1.07, and rotational diffusion
coefficient, D, = 26 s~1, of the clusters were determined
atm = 0.4. The shape asymmetry parameter, p = 1.07,
suggests that clusters have a very low degree of asphe-
ricity (roughly spherical). Using spherical approxima-
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Figure 12. Specific viscosity #sp/c vs mixing ratio, m, for the
PEC at polymer concentrations ¢ = 2.5 x 10™*g/mL.

tion, average dimensions of the clusters at m = 0.4 were
estimated, R = (KT/8z;oD)Y® = 1500 A, half that from
LS Ry ~ Ry ~ 3000 A. This discrepancy might be due
to the simplicity of the hydrodynamic model (rigid
spheroid) used in FB. One cannot exclude the possibil-
ity that clusters are spheres at rest and are slightly
deformed in the flow.

Viscosity. Figure 12 reveals a nonlinear dependence
of the reduced viscosity #sp/c of the solutions on m. The
dependence has a well-pronounced minimum at m = 0.4.
The viscosity of the solution of the particles is a measure
of the frictional energy loss when the particles are
rotated in the flow. Therefore the decrease in #sp/C
approaching m = 0.4 might be attributed to the change
in particle conformation from anisometric extended
conformations of single polyionsatm=0and m =1 to
more spherical conformations of the clusters at m — 0.4.

The intrinsic viscosity of the cluster [»] is a measure
of the inverse polymer density inside a hydrodynami-
cally equivalent sphere

[7] = 2.5/® (19)

where @ is given by eq 6. Assuming roughly that »sp/c
~ [ng] at ¢ = 2.5 x 10™* g/mL, we estimated ® (Figure
6). @ values are close to the ones received from LS
(Figure 6), which confirms spherical conformations of
the clusters at m — 0.4. Discrepancies at low and high
mixing ratios show inadequacy of the spherical model
for single polyions with elongated conformations.

Thus, SLS, DLS, FB, and viscometry confirm the
polyelectrolyte complex formation in the NaPSS/QPVP
system. The combination of both polymer and electro-
lyte properties results in the complexity of the system
investigated. However some general trends can be
extracted.

Conclusions

1. The polyelectrolyte NaPSS/QPVP complexes are
formed in dilute solutions (1076 g/mL < ¢ < 1074 g/mL
in NMFA + 0.01 M KBr) at all molar ratios 0.03 < m <
0.9 investigated. This formation of complexes is associ-
ated with a drastic increase of molecular weight, aver-
age polymer density, and average dimensions, effective
relaxation time, and form optical anisotropy in flow
birefringence in comparison with the same molecular
characteristics for the single chains.

2. Angular distributions of the scattered intensity
suggest a crossover from a normal behavior at the low
g range to an intermediate regime characterized by a
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power law. The corresponding increase of the molecular
characteristics of the clusters My, Ry Rn, average
polymer density, and fractal parameter is observed
when the molar ratio approached m = 0.4.

3. With an excess of polycations or polyanions (0.03
< m < 02 and 0.5 < m < 0.9, respectively) the
complexes are stable and have a roughly spherical shape
with dimensions Ry ~ R, =~ 1000 A irrespective of the
concentration of the polyions. The excess of free poly-
ions form a screening hydrophilic shell and stabilize the
complexes.

4. When only a small excess of free polyions (+ or —)
is present, these complexes tend to interact and grow
in size and number. The molar ratio m = 0.4 may be
defined as a gel point for the system (fluctuational gel
network formation). At the gel point complexes have
average dimensions Ry ~ Ry, ~ 3000 A according to LS
and R ~ 1500 A according to FB data. Direct determi-
nation of shape asymmetry from FB data shows low
asphericity (axial ratio) p = 1.07 of generated clusters.

5. The cluster model consisting of polyion molecules
and immobilized solvent (hydrodynamically nondrained
particle) with roughly spherical conformation can be
considered as an adequate one.
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