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ABSTRACT: Soluble complexes are formed between poly(dimethyldiallylammonium chloride) and anionic/
nonionic mixed micelles of sodium dodecyl sulfate and Triton X-100, at certain well-defined micelle com-
positions and ionic strengths. Static light scattering has been used to characterize the complexes gener-
ated from a 2 X 10> MW sample of this polycation and mixed micelles with 0.35 mol fraction anionic
surfactant, at an ionic strength of 0.40 M. Measurements were carried out for polyion—micelle complexes
at polymer concentrations ranging from 0.0025 g L™ to 0.8 g L%, for surfactant-free polymer solutions, and
for polymer-free micelle solutions. In the low polymer concentration range (<ca. 0.1 g L™!) the results are
consistent with intrapolyion complexes, with dimensions comparable to those of the free polymer, in which
10-20 micelles are bound. At higher polymer concentrations, higher order aggregates form. For a polymer
sample with nominal MW of 2 X 10°, such higher order aggregates appear to be present even at very low
concentrations. The results suggest an equilibrium between intrapolymer and multipolymer complexes,

that depends, inter alia, on polymer—micelle stoichiometry and on polymer chain length.

Introduction

Polymer-surfactant complexes have proved to be of
enduring interest,!1° largely because the self-organiza-
tion of macromolecules and low molecular weight
amphiphiles into higher order structures offers some
intriguing similarities to biological assemblies. For ionic
surfactants above the critical micelle concentration {cmc)
in the presence of oppositely charged polyelectrolytes,
complex formation results from the Coulombic interac-
tion of the polyion and the charged micelle.!**® Usu-
ally the interaction is very strong and a highly ion-
paired amorphous precipitate forms at once. Attenua-
tion of the interaction by reduction of the micelle surface
charge density or by increase in ionic strength can totally
suppress complex formation or, at intermediate micelle
surface charge density or ionic strength, may lead to coac-
ervation (liquid-liquid phase separation) in place of
precipitation.'!® In one particular system, comprised
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¥ Permanent address: Department of Chemistry, National Uni-
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of mixed anionic/nonionic micelles of SDS and Triton
X-100, along with the strong polycation, poly(dimethyl-
diallylammonium chloride) (PDMDAAC), soluble com-
plexes are formed over a reasonably wide range of
conditions.!21416

We have studied these soluble complexes of SDS/TX-
100/PDMDAAC by turbidimetry,'* '8 viscometry,!!
dynamic light scattering (QELS),'%'418 ultrafiltration,®
and dye solubilization.”® At an ionic strength of I = 0.40
M, such complexes are formed when the mole fraction
of SDS in the mixed micelle, Y, is between 0.23 and 0.45.
At Y < 0.23 the reduced specific viscosity of the mixture
is the same as that of the surfactant-free solution, while
the turbidity and the mean apparent diffusion coeffi-
cient by QELS are both equal to that of the polymer-
free solution. From these findings, we may conclude that
interactions at Y < 0.23 are too transient to detect by
these methods. At Y > 0.45, i.e. at higher micelle sur-
face charge densities, bulk phase separation takes place.
At intermediate values of Y, complexation is reversible.
Under such conditions, the mean apparent diffusion coef-
ficient obtained by cumulants analysis? of the QELS auto-
correlation function suggests that the hydrodynamic radius

© 1990 American Chemical Society
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of the complex is ca. 20-40 nm; comparable values for
PDMDAAC and the mixed micelle, under similar condi-
tions, are 17 and 8 nm, respectively. More detailed QELS
data, using various procedures to fit the autocorrelation
curve to appropriate size distributions, reveal an equilib-
rium between the complex and unbound micelles, which
may be perturbed by removing the micelles by ultra-
filtration.'®

The foregoing studies, in conjunction with the obser-
vation that critical conditions for complex formation are
independent of the concentration of either polymer or
total surfactant, led us to postulate the existence of an
“intrapolyion” complex, in which one polymer binds some
number of micelles. However, interpretation of the QELS
results poses a number of problems. (1) Deconvolution
of the autocorrelation function into multiple decays is a
delicate process, and for bimodal systems, such as these
mixtures of complex and unbound micelles, the two decay
constants cannot be obtained with great precision. (2)
In such macroionic systems, the possibility of long-range
interactions among the scatterers, including coupled poly-
ion-small-ion diffusions, must be considered; such inter-
actions contribute to the apparent diffusivity and, if
neglected, could lead to unrealistic apparent Stokes’ radii.
Therefore, in the present work, we sought to enhance
our understanding of the structure of the complex by static
light scattering. To establish conditions under which
meaningful evaluations of the molecular mass of the com-
plex could be made, we carried out a number of turbidi-
metric and dynamic light scattering measurements, as
well.

Experimental Section

Materials. Poly(dimethyldiallylammonium chloride) (PDM-
DAAC) samples from Calgon Corp. (Pittsburgh, PA) were dia-
lyzed and lyophilized. The nominal MWs of the two samples,
commercial names “Merquat 100” and “Cat-floc”, are 2 X 10°
and 2 X 10 respectively. Size-exclusion chromatograms, reported
elsewhere,?! show that the distributions are extremely broad,
with M,,/M, > 10. Detailed SEC analysis?? coupled with light
scattering, shows very small M, for Merquat 100, so that the
polydispersity of the sample is largely a consequence of high
oligomer concentration, as opposed to the presence of very high
MW components. Sodium dodecyl sulfate (SDS) was Fluka (Hap-
pague, NY) “purissima” grade. Triton X-100 (TX-100) was from
Rohm and Haas (Philadelphia, PA).

Methods. Turbidity measurements were made at 420 nm
with a Brinkmann PC800 probe colorimeter, equipped with a
2.0-cm path length fiber optics probe. “Type 3” turbidimetric
titrations!® were carried out by the addition of PDMDAAC to
a solution of SDS/TX-100 at constant ionic strength, at 23 + 1
°C. The measured value of 100% T (which is essentially lin-
ear with the turbidity for % T > 90) was corrected by subtrac-
tion from turbidimetric titrations of a polymer-free blank.

QELS measurements were made at 90° scattering angle with
a Malvern RR102 spectrometer, using a Jodon 20-mW HeNe
laser as a light source. The spectrometer cell was maintained
at 25.0 £ 0.1 °C in a toluene refractive index matching bath.
The photomultiplier aperture was set between 0.5 and 2.0 mm.
Data were collected and analyzed with a 64 channel Nicomp
TC-100D autocorrelator/6800 computer or an Epson Equity IT+
computer interfaced to the Nicomp TC-100D through Pro-
comm version 2.3 communication software. Autocorrelation decay
curves were interpreted by cumulants analysis?® or by a more
detailed deconvolution similar to the algorithms described by
Provencher.?? We have previously shown!* that the bimodal
size distributions for these polyion—micelle systems obtained
this way are nearly identical with those found by using the non-
negative constrained least-squares method of Morrison and
Grabowski.2¢ Photon counts were acquired until the “fit error”
and “residual”®® were less than 2 and 5, respectively.

Static light scattering intensity measurements were made by
using a 436-nm source, at scattering angles from 20° to 135°,

Polyelectrolyte-Micelle Complexes 2501

with a Brice-Phoenix 2000D photogoniometer, modified to pro-
vide adequate air cooling so as to keep the temperature in the
cell compartment between 23 and 25 °C. The sample cell was
either a semioctagonal 40 X 40 mm cell or a small cylindrical
cell (C.N. Wood). Photomultiplier response was measured after
5 min and repeated until two consistent readings were obtained.
All solutions were repeatedly filtered through 0.2-um porosity
nylon filters (National Scientific) into scintillation vials, in a
dust-free chamber, until no particulate matter could be observed
in the HeNe laser beam.

PDMDAAC samples were prepared by dilution of stock solu-
tion with 0.40 M NaCl that had been previously dialyzed against
the polymer. TX-100 solutions were diluted with 0.40 M NaCl
+ 0.2 g L™ TX-100 {corresponding to the cmc). Mixed micelle
solutions of SDS/TX-100 were prepared by dilution of Cg = 14
g L stock solutions at the desired Y and I. Since the cme of
the mixed micelle is <0.1 g L7}, the diluting solvent was NaC},
alone. Polymer—micelle complex solutions were prepared by add-
ing prefiltered 25 g L™ polymer solutions to prefiltered mixed-
micelle solutions, to yield solutions with total surfactant con-
centrations of 14 g L™! and polymer concentrations, Cp, of 0.1-
0.8 g L™, in 0.40 M NaCl. For all such mixtures, the
corresponding polymer-free solution was employed as the sol-
vent for all dilutions and as the reference sample as well. Thus,
the reference solvent is itself a binary mixture that contains
mixed micelles and supporting electrolyte. All measurements
of scattering intensity and refractive index of the complex were
made relative to this medium.

For purposes of comparison, a limited number of measure-
ments were made at Wyatt Technologies, Santa Barbara, CA,
with a DAWN-B Model 16-channel photodiode array light scat-
tering apparatus, equipped with a 5-mW linear polarized HeNe
laser with beam diameter of 0.39 mm. A total of 1600 scans,
corresponding to 100 scans per channel, was made for each run.
To minimize the effects of dust, which were substantial, only
the 10 lowest intensity scans were used. Because of the intense
light source, the concentration of polymer in micellar solutions
could be reduced to 0.002-0.05 g L™!. As will be shown, the
comparison of results obtained at the very different polymer
concentrations appropriate for the two light scattering instru-
ments provided valuable insight concerning the nature of the
complex.

Refractive indexes were measured by using a Waters R401
differential refractometer. The unit was first calibrated with
water in the reference cell, using sucrose solutions ranging from
0.1 to 70 wt %, corresponding to refractive index differences of
1.0 X 1078 to 1.0 X 1073, Subsequently, all refractive indexes
were measured relative to the diluant used for light scattering.
It should be noted that dn/dc was measured with polychro-
matic light instead of 436-nm radiation; however, the effect of
this difference in the present case is negligible.?® dn/dc values
0 obtained for PDMDAAC and for Triton X-100 were in good
agreement with those cited in the literature. However, reason-
able dn/dc data could not be obtained for the complex; we believe
this problem arises from scattering in the sample cell of the
differential refractometer. Since the predominant mass of the
complex is attributable to bound micelles, we assumed the dn/dc
of the complex to be equal to that of the mixed micelle.

Results and Discussion

1. Light Scattering of PDMDAAC. The Zimm plot
for Merquat 100 in 0.40 M NaCl is shown in Figure 1.
Erratic and sometimes abrupt downward curvature was
observed, irreproducibly, at scattering angle 8 < 45°; this
was attributed to dust. However, the weak upward cur-
vature represented by the nonlinear extrapolation in Fig-
ure 1 was reproducible and was also observed for a nar-
row-MWD 6 X 10° MW polystyrene standard in toluene.
Furthermore, the use of quadratic fits based on data at
8 > 45° to guide the extrapolations to low angle gave the
correct values for M, R, (the radius of gyration), and A,
(the second virial coefficient) for this polystyrene sam-
ple. The commercial PDMDAAC material employed to
generate the data in Figure 1 had been characterized by



2502 Dubin et al.

0.4

R B G

0o
1y

sy + S

Figure 1. Zimm plot for PDMDAAC “Merquat 100” in 0.40
M NaCl Concentratlons (from upper to lower curves): (¢0) 2.8
gLt (0)21gL™, (¢) 1.4g L (O) 0.7¢g L% (+) extrapola-
tions to 2ero concentratlon, (X) extrapolations to zero angle.

the supplier, using size-exclusion chromatography, cou-
pled with light scattering; despite the very large polydis-
persity, the material is reasonably well characterized, and
the nominal MW of 2 X 10° is believed to be close to the
weight-average MW. Table I compares our results from
static hght scattering and refractometry with values
obtained in other work.”” Values for R, and A, are in
fair agreement; values for dn/dc are 1dent1cal within exper-
imental error. The reproducibility of M,, and R, is good.
It is evident from the 1dent1ty of M, obtamed in 040 M
NaCl with the result gotten in 0. 40 M NaCl + 5 mM
TX-100 that there is no interaction between PDM-
DAAC and TX-100 micelles.

2. Light Scattering of Micelles. The Zimm plot of
TX-100 (solvent: 0.40 M NaCl + 0.20 g L™! TX-100) is
shown in Figure 2. The plot is inverted, with a negative
second virial coefficient, an observation common for micel-
lar solutions in which there are strong intermicellar
interactions.?® Low-angle data were irreproducible and
were therefore not used in extrapolation. The results for
this micelle and for the mixed micelle of SDS and TX-100
(Y = 0.35) are shown in Table II. The appreciable growth
of micelles with increase in Y and ionic strength has also
been observed by QELS and size-exclusion chromatog-
raphy and has been discussed elsewhere.3!

3. Light Scattering of Polymer-Micelle Com-
plexes. a. Selection of Conditions. Static light scat-
tering data would be difficult to interpret if the complex
structure were to change continuously with polymer con-
centration over the range studied. This is a well-known
problem dealt with in the light scattering of associating
systems.?? While there is indeed a theoretical frame-
work available for such systems, we wished to avoid the
necessary a priori assumptions about the nature of the
association process. Thus, an alternative approach is to
define conditions under which variable open-ended aggre-
gation is suppressed and the stoichiometry of the com-
plex is invariant. A similar problem is confronted in stud-
ies of “nonstoichiometric polyelectrolyte complexes™?
formed between “host” polyelectrolyte and “guest poly-
electrolyte” of opposite charge. Kabanov and co-work-
ers have in fact obtained “normal” Zimm plots for such
equilibrium complexes.3 While detailed experimental
procedures are absent in ref 34, it appears that dissocia-
tion of intermacroionic complexes can be suppressed, par-
ticularly when the host polyelectrolyte is considerably
larger than the guest, in our case PDMDAAC and the
mixed micelle, respectively. It therefore seemed worth-
while to attempt to define conditions under which com-
plex structure would remain unchanged with Cp, so that

Macromolecules, Vol. 23, No. 9, 1990

variation in polymer concentration would correspond only
to variation in the number concentration of complexes,
not their composition, mass, or dimensions. Such con-
ditions might obtain if complexes remained exclusively
intrapolymer, i.e. comprised of one polymer chain and a
consistent number of bound micelles. This situation
seemed most likely to arise at low Cp and large (excess)
micelle concentrations (Cg) so that the maximum possi-
ble number of micelles would be bound, regardless of poly-
mer concentration. One indication of this hoped-for behav-
ior would be a linear dependence of turbidity, r, on Cp.
Therefore, solutions of mixed micelles, at a concentra-
tion of 14 g L™ total surfactant, were titrated, at a con-
stant ionic strength of 0.40 M, with Merquat 100, with
the results shown in Figure 3. At low polymer concen-
trations, we indeed observe r = constant X Cp. How-
ever, it is noted that a change in slope occurs in the vicin-
ity of 0.4-0.6 g L™*. Thus, the concentrations required
for measurements with the Brice-Phoenix instrument
sometimes exceeded those in the lowest slope region of
Figure 3. The increased sensitivity of the DAWN-B, how-
ever, allowed for measurements at Cp well below 0.4 g
L

Solutions prepared as described above were subject to
QELS measurements. Our goal was to confirm that the
structure of the complex was invariant with respect to
Cp, using the conditions of Y, I, and Cg chosen. The
QELS software discussed previously was used to gener-
ate apparent size distributions from the autocorrelation
curves. The nonnegative constrained least-squares fit-
ting algorithm used employs some added rather arbi-
trary compensatory procedures to avoid the selection of
infinitely narrow modes when multimodal distributions
are generated,?>® so breadths of the components in the
histograms seen in Figure 4 are not particularly signifi-
cant. However, as we have shown before'*™'® the bimo-
dal distributions are real, and the corresponding median
apparent dimensions are meaningful. As seen in Figure
4, there is rather little change evident in the apparent
average size of the complex, ca. 50 £ 15 nm for the appar-
ent mean Stokes diameter, over the range 0.2 < Cp < 0.8
g L™\, This polymer concentration range was therefore
chosen for subsequent light scattering measurements.

The definition of an “excess surfactant” solution as the
diluting solvent and the restriction of polymer concen-
trations to relatively low values may suppress the forma-
tion of higher order aggregates, but the problem of incon-
stant solvent chemical potential remains. Ordinarily, light
scattering of polyelectrolytes in multicomponent sol-
vents is carried out by dilution of the polymer with sol-
vent previously brought to dialysis equilibrium against
the macroion. This approach was not feasible in the cur-
rent work because the micelles do not dialyze freely but
rather achieve thermodynamic equilibrium of the diffus-
ible surfactant monomer. Free permeation of the micelle
in these systems may indeed be accomplished by
ultrafiltration,'® but the requisite membrane pore size is
too large to fully retain the lower MW components of
Merquat 100. In the samples employed for light scatter-
ing, in which Cyp is varied while the concentrations of all
other components are fixed, the concentration of unbound
micelles must be recognized as a variable. However, the
large excess of surfactant, ranging from 20 to 1000 on a
weight basis, diminishes this effect and, as we shall see,
makes it possible to obtain meaningful Zimm plots.

The analysis of light scattering data requires a knowl-
edge of the weight concentration of the solute, here defined
as the polyion-micelle complex. Since the complex can-
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Table 1
Zimm Plot Results for PDMDAAC in 0.40 M NaCl at 24 £ 1 °C
polymer 107°M, g mol™? R,, nm A,, cm® mol g2 dn/de, cm® g™t

Merquat 100 [2.8 £ 0.8)° [40 = 5)° [(7.3 £ 3) X 10™4]° 0.186

(nominal MW = 2 x 10%) < [32]® [1.5 % 107518 [0.184]°
Merquat-100 in 5 mM TX-100 20+04 42+ 6 (2.2+1)x 1073 0.214

(+0.4 M NaCl)
Cat-floc 45 £ 30 190 £ 90 [0.186]¢

(nominal MW = 2 x 10%) [36 & 10]° 90 £ 12 1.3% 104

© Average of three independent measurements (£ standard deviation). ® From ref 27. ¢ Values in italics obtained with DAWN-B instru-

ment. ¢ Assumed identical to value for Merquat-100.
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Fi Fure 2. Zimm plot for Triton X-100 in 0.4 M NaCl + 0.20 g

TX-100. Concentrations (from lower to upper curves): (¢)
118gL‘1 (0)8.8gL™, (¢)58gL™, (O) 2.8 g L% (+) extrap-
olations to zero concentration, (X) extrapolations to zero angle.
not be isolated out of solution but is instead formed in
situ, its weight concentration is not a priori known. If,
however, we assume a consistent stoichiometry in the com-
plex, the ratio of the weight-average molar mass of the
complex to M,, of PDMDAAC must be constant, i.e.
M mpiex = BMPDMDAAC The value of 8 may be found
by the following iterative procedure. An initial value of
8 is assumed, and the weight concentration of the com-
plex is calculated for every experiment by using C.,p1ex
= 8Cp. A Zimm plot is constructed in the usual way where
the abscissa is now (sm (6/2) + kC opmpiex). The extrap-
olated value of M, is then used to determine 3, which
normally differs from the arbitrary value first chosen.
Typically, three such iterations were required before the
value of the intercept and the complex concentrations in
the Zimm plot were internally consistent. 8 always con-
verged to a unique value regardless of the initial esti-
mate.

b. Light Scattering of Complexes. A representa-
tive Zimm plot for PDMDAAC, dissolved in 14 g L™! sur-
factant as Y = 0.35, in 0.4 M NaCl, is shown in Figure 5.
The downward curvature observed at low angle was repro-
ducible but was not included in the extrapolations used
to obtain M. Such curvature was substantially dimin-
ished in the much lower range of Cp accessible with the
DAWN-B photogoniometer, as shown in Figure 6. Results
from measurements with the two instruments are com-
pared in Table III.

Even though the polymer concentration ranges employed
for the two instruments differed by several orders of mag-
nitude, the values of M,, for the complex formed with
Merquat 100 are the same within experimental error. On
the other hand, the radius of gyration obtained with the
Brice-Phoenix instrument is much larger, and the Zimm
plots from this instrument show reproducibly strong down-
ward curvature at low angle. This finding is not believed
to be artifactual, since the agreement between the two
instruments for surfactant-free Merquat 100 was reason-

ably good, i.e. M,, = 2.0 X 10° for the Brice-Phoenix ver-
sus 3.0 X 105 for the DAWN-B instrument.

A plausible explanation for these results arises from
reconsideration of Figure 3. While the data points at
first glance might suggest a change in slope at Cp = 0.4,
they are consistent as well with three linear regions: 0 <
Cp <0.20, 0.20 < Cp < 0.70, and 0.70 < Cp. The con-
stant slope at lower Cp which intersects the origin sug-
gests that only intrapolymer complexes are stable below
0.2 g L™! polymer, an observation in accord with numer-
ous recent turbidimetric studies.?®* An increase in the
turbidity per unit mass of added polymer at larger Cp
suggest the formation of larger, i.e. multipolymer, com-
plexes. Thus, in the concentration range employed for
the measurements with the Brice-Phoenix instrument, a
highly polydisperse mixture of complexes probably exist.
Uncertainties in the QELS deconvolution procedure dis-
cussed above prevent us from using the data of Figure 4
in a definitive manner to describe the polydispersity of
the complex. However, we tentatively note that a con-
tribution to the scattering function corresponding to Stokes
diameters in excess of ca. 100 nm arises at Cp > 0.20 and
appears to increase with Cp. Without overinterpreta-
tion, one may certainly find evidence of higher order aggre-
gation with increasing polymer concentration. These larger
particles contribute most strongly to the scattering at low
angles, hence the downward curvature of the Zimm plot
of Figure 5. In the concentration range Cp < 0.01 shown
in Figure 6, only intrapolymer complexes are formed, and
very little angle dependence is observed. Similar values
of M,, are obtained with the two instruments only because
the evaluation of M,, from the Brice-Phoenix measure-
ments involve, of course, extrapolation to zero polymer
concentration and furthermore neglect the low-angle data
where higher order aggregates contribute most strongly
to the scattering. However, the low-angle data do influ-
ence the determination of R,, so that the presence of aggre-
gates in the higher Cp experlments is manifested in an
increase in R,

These speculations are supported by the Guinier plots
in Figure 7TA, which exhibit small slope and are virtually
parallel for Cp < 0.02 g L™, These results show that the
scattering particles are relatively small and that their
dimensions are independent of concentration. In con-
trast, Guinier plots at higher concentrations (see Figure
7B) exhibit strong curvature which increases with Cp,
corresponding to a more polydisperse system whose mean
dimensions increase with concentration.

It might be suggested that the high polydispersity of
Merquat 100 promotes polydispersity in the complex.
While the definitive studies with narrow MWD PMDAAC
fractions have yet to be done, several observations are
relevant. First, as seen in Table III, light-scattering data
in the low concentration regime yield a radius of gyra-
tion ca. 30 nm for the complex, close to the value of ca.
35 nm for surfactant-free Merquat 100 (see Table I). Sec-
ond, size-exclusion chromatography of dilute Merquat 100
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Table II
Zimm Plot Results for Micelles
surfactant solvent 107°M,, R, nm A,, cm® mol g2 dn/de
TX-100 0.4 M NaCl + 0.20 g L™ TX-100 0.51 + 0.04 [0.67,20.90°] 13+4 -(4.3+£0.8) x10™ 0.163 R
[0.155]

SDS/TX-100 (Y = 0.35) 0.4 M NaCl

4 From ref 29. ® From ref 30.
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Figure 3. “Type 3” turbidimetric titration for PDMDAAC “Mer-
quat 100” in 14 g L™ mixed surfactant at Y = 0.35, in 0.4 M
NaCl.
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Figure 4. Distribution of apparent hydrodynamic diameters
from QELS autocorrelation curves of solutions of PDMDAAC
“Merquat 100” and mixed surfactant at Y = 0.35 and 14 g L1,
in 0.40 M NaCl, at polymer concentrations shown (g L™1). (See
text for explanation.)

on a Sephadex G-200 column, with a mobile phase of 0.2
M NaCl + 40 mM TX100/10 mM SDS (Y = 0.20 is above
Y, for this ionic strength) shows a retention peak for the
complex identical with that of dextran with MW = 3.5
X 10%.3¢ Last, the Guinier plots of Figures 7A do not
show evidence of substantial polydispersity, in excess of
that of Merquat 100. All of these findings are consistent
with the formation, at low Cp, of an intrapolymer com-
plex with dimensions and size polydispersity not much
different from that of the polymer itself. (A similar result
has been obtained for soluble complexes of Merquat 100
with bovine serum albumin.?”) For Cp > 0.7 g L™, the
complexes are multipolymer and presumably highly poly-
disperse, but the extent to which such polydispersity would
be reduced with narrow MWD PDMDAAC is at present
unknown.

The Zimm and Guinier plots for complex formed with
high MW PDMDAAC (“Cat-floc”) are shown in Figures
8 and 9, respectively. The Zimm plot is highly dis-
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Figure 5. Zimm plot for PDMDAAC “Merquat 100” in mixed
surfactant at Y = 0.35 and 14 g ™%, in 0.40 M NaCl. Polymer
concentrations (from upper to lower curves): (¢) 0.80 g L7,
(0) 0.60 g L%, (¢) 0.40 LY, (O) 0.20 g L™; (+) extrapolations
to zero concentration, (X) extrapolations to zero angle.
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Figure 6. Zimm plot for PDMDAAC “Merquat 100” in mixed
surfactant at Y = 0.35 and 14 g L™}, in 0.4 M NaCl. Polymer
concentrations (from upper to lower curves): (¢) 0.010 g L%,
(D) 0.0075 g L1, (#) 0.005 g L%, (@) 0.0025 g L™%; (+) extrap-
olations to zero concentration, (X) extrapolations to zero angle
(DAWN-B, Wyatt Technologies).

Table III
Summary of Light-Scattering Results for the
PDMDAAC-SDS/TX-100 Complex® Formed with Micelles
at Y =0.35 in 0.40 M NaCl

PDMDAAC  10°M,,gmol™ R, nm A, cm®mol g*
Merquat-100 60 = 20 150 + 80 5X 1074

45 30 6x 10t
Cat-floc 130 000 300 6x 1078

® Results in italics obtained with DAWN-B photogoniometer.

torted, even though the polymer concentrations are quite
small. Comparison of Figures 9 and 7B show that linear
Guinier plots are never achieved for the high MW poly-
mer, even though that concentration range is lower. We
therefore conclude that conditions in which the intra-
polymer complex is the dominant form of association can-
not be identified for the 2 X 108 MW polymer. Given
the strong curvature of the Zimm plot for the Cat-floc
complex, the value of the radius of gyration is highly sus-
pect. However, neither the result for M, nor for R, can
be explained on the basis of a 10-fold increase in M‘V of
the polymer itself but rather suggest interpolymer com-
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Figure 7. (A) Guinier plots, from data of Figure 6. Polymer
concentrations (from lower to upper): (I:I) 0.0125g L, (0) 0.015

g L1, (0) 0.0175 g L%, (¢) 0.020 g L, (m) 0.0225 g L™%. (B)
Same as (A), but for golymer concentratlons (from lower to
upper): (@) 0.025 g L™, (¢) 0.0275 g L™, 2 0.030 g L1, (¢)
0.0325 ¢ L, (I) 0.035 ¢ L‘1 () 0.0375 g L‘ (a)0.040 g L‘1
(a) 0.0425 g L2,
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Figure 8. Zimm plot for PDMDAAC “Cat-floc” in mixed sur-
factant at Y = 0.35 and 14 g L™, in 0.40 M NaCl, at polymer
concentrations (from right to left): (m) 0 0125 g L™, (¢) 0.010
g L1 (0) 0.0075 g L%, (#) 0.0050 g L™, (O) 0.0025 g L'%; (+)
extliapolatlons to zero concentration, (X) extrapolatlons to Zero
angle.
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Figure 9. Guinier plots, from data of Figure 8. Polymer con-
centrations (from upper to lower curves): (m) 0.0125 g L™, (0)
0.010 g L%, (0) 0.0075 g L2, (#) 0.0050 g L1, (D) 0.0025 g L.

plexation. The apparent order-of-magnitude increase in
the radius of gyration for the Cat-floc complex versus
the one formed from Merquat-100 corresponds to roughly
a 1000-fold increase in the volume of the complex; this
is consistent with the extraordinarily large molecular weight

Polyelectrolyte~Micelle Complexes 2505

Table IV
Comparison of Mass and Dimensions of Complex and Its
Constituents
PDMDAAC*®  SDS/TX-100%* complex®~
M, 381)x10° (2£05)%X10° (4.5+1) x 10°
R,nm  40%5 2192 30

¢ Merquat 100. ® In 0.40 M NaCl. ¢ Y = 0.35.

measured for the former.

4. Description of the Complex. Table IV reviews
the values for the molar mass and the dimensions of the
polymer, micelle, and complex, in 0.4 M NaCl, at Y =
0.35. The value for the radius of gyration was taken from
data obtained with the DAWN-B photogoniometer only,
for the following reason. The evidence formerly pre-
sented suggests that higher order aggregates can domi-
nate the scattering at low angles for the concentrations
employed in the Brice-Phoenix measurements. These low-
angle data are used in determining the limiting slope,
leading to the calculation of R,. Values of R, obtained
at the higher polymer concentratlons presumably repre-
sent some average dimension for a highly disperse sys-
tem containing a variety of aggregates of different com-
positions. Therefore, it is more informative to evaluate
the dimensions of the complex formed at very low poly-
mer concentration.

The results of Table IV suggest that the complex gen-
erated at low polymer concentration is no larger than
the polymer from which it is formed. This finding is in
accord with previous viscometry data, which showed the
reduced specific viscosity for PDMDAAC in miceliar sol-
vent to be slightly smaller than the value in 0.4 M NaCL!!
On the other hand, the molecular weight of the complex
is on the order of 10-15 times larger than the precursor
polyelectrolyte. If the complex is intrapolymer, it would
have to incorporate some 20 micelles, within its domain.
Such a dense structure implies a considerable degree of
ion pairing between PDMDAAC and the mixed micelle.
In this regard, it is useful to note that polyion-micelle
complexes formed (irreversibly) in pure water lose about
80-90% of the original small ions.'?

There is at present no compelling evidence that con-
firms the integrity of micelle structure subsequent to bind-
ing. Therefore, as an alternative hypothesis it is neces-
sary to consider an increase in micelle aggregation num-
ber, induced by polyion binding. The reduction of
repulsion among the SDS headgroups could indeed cause
micelle growth, in the same fashion as added electrolyte
leads to the elongation of SDS/TX-100 mixed micelles.®!
Dye solubilization studies are underway to establish
whether the solubilization efficiency of micelles is altered
upon complex formation.
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ABSTRACT: This paper concerns the rheological behavior of an unpasteurized sample of xanthan as a
function of the polymer concentration and of the conformation of the polysaccharide. The evidence of
critical concentrations (C* and C**) is discussed from steady shear and dynamic experiments. The behav-
ior of the xanthan solutions is characteristic of polymeric solutions without any evidence of gellike charac-
ter in contrast with the results obtained previously on commercial samples.

Introduction

Xanthan is a bacterial polysaccharide which has been
widely studied in recent years. However, the results diverge
on many aspects such as the nature of the ordered struc-
tures! or the mﬂuence of the substituents on its proper-
ties in solution.? In contrast, an apparent agreement exists
about the conformational transition in solution and its
dependence with temperature, ionic strength, and sub-
stituent contents. In fact, only a few studies take into
account the existence of two different ordered conforma-
tions in solution (native and renatured) which modify
the hydrodynamic and rheological properties but not the
position of the conformational transition;® aggregates which
are generally present in commercial xanthan samples lead
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to the same behavior.

Concerning the conformation of xanthan in solution,
the chain model usually adopted now is that of a worm-
like chain characterized by an intrinsic persistence length
either around 500 A if we adopt the single helix as ordered
confogma‘cion4 or around 1200 A in the case of a double
helix.

A first approach of the viscoelastic properties of xan-
than gum was made by Thurston et al. in 1981.6 These
authors showed that the same relaxation processes are
responsible for both the steady and the oscillatory flow
behavior and were sufficient to describe how the vis-
coelasticity changes with both shear rate and frequency
and how the steady flow viscosity changes with shear rate.
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