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The system comprised of poly(dimethyldially1ammonium chloride) (PDMDAAC) and oppositely charged 
mixed micelles of Triton X-100 (TXlOO) and sodium dodecylsulfate (SDS) displays several states, including 
coacervate and various soluble complexes. The phase boundary for the equilibrium between soluble 
complexes and coacervate (“associative phase separation” according to Piculell and Lindman) for 0.4 M 
NaCl and Y = [SDS]/([SDS] + [TXlOO]) = 0.3 was constructed. Coacervation takes place when the total 
concentration of surfactants and PDMDAAC is very low and the weight ratio of PDMDAAC to  TX100-SDS, 
W, is close to  0.09, a stoichiometry which corresponds to a 1:l charge ratio of PDMDAAC to TX100-SDS. 
The phase separation region region is over 2 orders of magnitude smaller than that of most polyelectrolyte/ 
oppositely charged surfactant systems (without nonionic surfactant). In the soluble complex region, dilution 
with 0.4 M NaCl is seen to disaggregate multipolymer complexes into intrapolymer complexes, but the 
electrophoretic mobility of the complexes remains unchanged. The electrophoretic mobility of complexes 
changes from negative to  positive with increasing W and approaches zero at incipient coacervation. In 
the soluble complex region, an increase in W leads to an increase in the concentration of intrapolymer 
complexes, followed by formation of interpolymer complexes and coacervation. Further increase in W 
redissolves the coacervate. The formation of soluble complexes over a wide range of conditions supports 
the theoretical models of complex coacervation by Veis and by Tainaka. However, the interpolymer complex 
formation that is observed in this system is not considered in either theory. 

Introduction 

Complex formation between polyelectrolytes and op- 
positely charged surfactants has been a subject of intense 
research effort (for reviews, see refs 1-6). However, most 
of the published studies on the polyelectrolyte/surfactant 
complexes have involved surfactants at such low concen- 
trations that micelles are absent. The interaction between 
polyelectrolytes and oppositely charged surfactants is 
dominated by strong electrostatic forces which cause the 
association to start at a very low surfactant concentration, 
known as the critical aggregation concentration (CAC), 
usually a few orders of magnitude lower than the critical 
micelle concentration (CMC) of the free surfactant. Unlike 
the situation for nonionic polymer/ionic surfactant systems 
wherein complexation causes charge accumulation, the 
polyelectrolyte complex usually cannot coexist with free 
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micelles because precipitation is obsemed as the addition 
ofionic surfactant brings the polyelectrolyte close to charge 
neutral i~at ion.~-l~ 
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Soluble Complexes us Coacervation 

and micelles of opposite charge may be attenuated by using 
mixed micelles of nonionic and ionic surfactants. Thus 
Dubin and Oterils showed that the interaction between 
poly(dimethyldially1ammonium chloride) (PDMDAAC) 
and mixed micelles of sodium dodecylsulfate (SDS) and 
TritonX-100 (TXlOO) takes place only when a critical mole 
ratio Y,  of SDS to TXlOO has been reached, where Y,  
defined as [SDSl/([SDSl+ [TXlOOI), is proportional to the 
mixed micelle average surface charge density. In addition 
to the microscopic phase transition a t  Y, corresponding to 
the reversible formation of soluble polyelectrolyte-mixed 
micelle complexes, Dubin and Oterils observed a second 
transition, corresponding to bulk phase separation, a t  a 
higher Y value, denoted by Yp. Yp usually exceeds Y,  by 
about 50% to 100%. The region between Y, and Yp 
represents a range of micelle surface charge density 
wherein soluble, reversible complexes can form. At 
moderate to  high polyelectrolyte concentration, a maxi- 
mum in the turbidity versus Y curve is observed between 
Y, and Y,. A number of techniques have been used to 
study the soluble complex format i~n . '~-~ '  In particular, 
a recent study,28 showed that the scattered intensity and 
the apparent hydrodynamic radius (Rh) of complexes 
reached a maximum a t  W = 0.09, where W is defined as 
the weight ratio of PDMDAAC to TX100-SDS. The 
electrophoretic mobility changes from negative to positive 
and is close to zero a t  this same stoichiometry, which 
corresponds to a 1:l bulk charge ratio of PDMDAAC to 
TX100-SDS. However, no precipitation or coacervation 
(liquid-liquid phase separation into a dense coacervate 
phase relatively concentrated in the solutes and a dilute 
equilibrium phase) is observed even when the electro- 
phoretic mobility is close to zero, in direct contrast to 
literature reports on polyelectrolyte/surfactant systems.' 
A partially interacted model was proposed28 for the 
PDMDAACrrX100-SDS complexes wherein only part of 
the positive charge in PDMDAAC and part of the negative 
charge in TX100-SDS compensate each other. 

While electrostatically driven complex coacervation 
(according to Piculell and Lindman4 a more descriptive 
term for complex coacervation is "associative phase 
separation") between polyelectrolytes has been known for 
many years,29 similar phenomena involving polyelectro- 
lytes and colloidal particles have received less attention. 
Such coacervates are of interest in several areas. For 
example, the coacervation of proteins with polyelectrolytes 
reveals possible methods for large-scale protein separa- 
tion30 or for enzyme imm~bi l iza t ion .~~ In polyelectrolyte/ 
micelle systems, the formation of a dense phase of 
entrapped micelles affords intriguing possibilities for 
solubilization. Therefore the relationship between the 
structure of soluble complexes and the formation of 
coacervates merits elucidation. This paper focuses on the 
phase boundary of the PDMDAACrrX100-SDS system and 
the structure of soluble complexes, particularly at condi- 
tions very close to the phase boundary. The information 
obtained can also be compared with theories developed 
for polycatiodpolyanion  mixture^.^^-^^ 
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Experimental Section 

Materials and Solution Preparation. The PDMDAAC 
sample used in this study was synthesized by free radical 
polymerization in aqueous solution to a conversion of 12% using 
a cationic azo initiator. Purification and isolation of the polymer 
were carried out by ultrafiltration using a 30 K nominal MW 
cut-off membrane, followed by freeze-drying. The purified sample 
has a weight-average molecular weight (M,) of 256K (from light 
scattering) and a number-average molecular weight (M,) of 170K 
(from osmometry). TXlOO was purchased from Aldrich, and SDS, 
from Fluka. Ionic strength was adjusted with NaCl from Fisher. 
TX100, SDS, and NaCl were used without further purification. 
Milli-Q water was used throughout this work. Solutions were 
prepared by slowly (under stirring) adding 60 mM SDS in 0.4 M 
NaCl to a solution of 40 mM T X l O O  and known concentration of 
PDMDAAC (Q, also in 0.4 M NaC1, up to Y = 0.3, which 
corresponds to soluble complex formation. The solutions were 
stirred for at least 2 h prior to any measurements. Since the 
CMC for TX100-SDS under such conditions is less than 0.2 mM, 
these solutions are polyelectrolyte/micelle systems. 

Turbidimetry. Turbidity measurements, reported as 100 - 
%T, were performed at 420 nm using a Brinkman PC800 probe 
colorimeter equipped with a 2-cm path length fiber optics probe 
at 24 f 1 "C. 

Dynamic Light Scattering. The diluted solutions were 
passed through 0.45-pm filters (Life Science Products). Most of 
the dynamic light scattering measurements were carried out at 
24 f 1 "C and at angles from 45 to 120 ' using a Brookhaven 
Instruments system equipped with a 72-channel digital correlator 
(BI-2030AT) and an Omnichrome air-cooled 200 mW argon-ion 
laser operating at a wavelength in vacuum 10 = 488 nm. 

In the self-beating mode of dynamic light scattering, the 
measured photoelectron count autocorrelation function G@)(t,q) 
for a detector with a finite effector photocathode area has the 
fom47-49  
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where g(l)(t,q) is the first-order scattered electric field (E,) time 
correlation function; t, the delay time; (n), the mean counts per 
sample; N,, the total number of samples; A (=Ns(n)2), the base- 
line; b, a spatial coherence factor depending upon the experi- 
mental set-up and taken as an unknown parameter in the data 
fitting procedure; and q = (4djlo) sin(W2) with n and 0 being 
the refractive index of the scattering medium and the scattering 
angle, respectively. 

For a solution of polydisperse particles, g")(t ,q) has the form 

(2) 

where G(T,q) is the normalized distribution of line width r 
measured at a fixed value ofq. In the present study, a CONTIN 
algorithm was used to obtain the average and its distribution 
of the complex mode and the free micelle mode.50 The apparent 
translational diffusion coefficient, D, is related t o  r by D = r/q2. 
Rh can then be estimated via the Stokes-Einstein equation 
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Do = k,T/(6nqRh) (3)  

where K B  is the Boltzmann constant; Tis the absolute temper- 
ature; and 

Static Light Scattering. The excess Rayleigh ratio R(q)  of 
the complex at finite q and finite complex concentration C, has 
the form47 

is the solvent viscosity. 

20 

15 
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- - 

(soluble complex) 

HCJR(q) = (l/MW,,)(l + R,2q2/3) + 2A2C, (4) 

where LW,,~ is the weight-averaged molar mass of the complex; 
A2 is the second virial coefficient; and H = 4n2n2(dn/dc)2/(N~&) 
with dnldc and N A  being the refractive index increment and 
Avogadro's number, respectively. 

The low concentration of PDMDAAC in this study justifies 
the following approximation: 

HCJR(q) (l/MW,,Xl + R,2q2/3) (5) 

In the limit of q - 0, eq 5 can be written as 

Z(q - 0) % RC$fw,x(dn/dc)2 ( 6 )  

where H' is a constant. It is further assumed that C, = (1 + /?IC, 
where /3 is the degree of binding, i.e., the mass of surfactant 
bound per unit mass polyelectrolyte. Equation 6 can then be 
written as 

Z(q - 0) x R( 1 + p)2CpaMw,p(dn/dc)2 (7) 

where a and Mw,p are the number of the polymer in one complex 
and the weight-average molecular weight of the polymer, 
respectively. Therefore, in a plot of Z(q -. 0) us C,, a change in 
slope implies a change in/? or dnldc. For example, if interpolymer 
complexes start to form with increasing C,, an increased slope 
should be observed. 

Most static light scattering measurements were performed at 
24 * 1 "C and at angles from 25 to 145 along with dynamic light 
scattering measurements on the same solutions as described 
above. 

Electrophoretic Light Scattering. Electrophoretic light 
scattering was carried out at 25 "C at four angles (8.6,17.1,25.6, 
34.2") using a DELSA 440 apparatus from Coulter Instrument 
Co. The electric field was applied at a constant current of 8-14 
mA. The electrophoretic cell has a rectangular cross section 
connecting the hemispherical cavities in each electrode. The 
total sample volume was about 1 mL. The measured electro- 
phoretic mobility, U,  was the average value at the stationary 
layer and at the four angles. More details about electrophoretic 
light scattering can be found in ref 51. 

Results and Discussion 

Phase Boundary. At high total concentration of 
TX100-SDS and PDMDAAC (e.g., [TXlOOI = 30 mM), Y 
= 0.3, and 0.4 M NaC1, the PDMDAACPrX100-SDS system 
forms soluble complexes, regardless of W.28 The phase 
boundary of PDMDAACPrX100-SDS system was estab- 
lished by diluting such systems with 0.4 M NaCl (at 
constant ionic strength and W) until a sharp increase in 
turbidity was observed. The TXlOO concentration cor- 
responding to the onset of coacervation was denoted as 
C~x.100,~. The results from such dilution are presented by 
the open circles in Figure la. In order to insure that this 
is a true phase boundary rather than a kinetically 
controlled phenomenon, the phase boundary was checked 
by increasing the polymer concentration from solutions 
with W = 0.01, with the results presented in Figure l a  as 
triangles. The good agreement of the two sets of results 
verifies that this is an  equilibrium phase boundary. 

(51) Ware, B.; Haas, D. D. InFust Methods in PhysiculBiochemistry 
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Figure 1. (a) Phase boundary of soluble complexes vs. 
coacervate for PDMDAACPrX100-SDS system. The open circles 
are results from dilution with 0.4 M NaC1, and the triangles 
from increasing polymer concentration. (b and c) Simplified 
presentations of the phase boundary for PDMDAACPrX100- 
SDS system in 0.4 M NaCl with Y = 0.3. The enclosed area 
in Figure IC represents coacervation; the bright area, soluble 
complex formation. The amount ofTXlOO can be obtained from 
Y = 0.3. The lines are for guiding the eyes only. 

In order to facilitate a comparison between this phase 
boundary and literature reports for the gelatin/gum arabic/ 
water system,29 the results in Figure l a  were presented 
in the phase diagram form of Figure lb. Although we 
could determine the point of coacervation, the composition 
of the two phases could not be analyzed because the volume 
of the coacervate is too small. Since parts a and b of 
Figure 1 only tell us a t  what condition coacervation takes 
place, but not the composition of the two phases a t  
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coacervation, they are strictly speaking phase boundaries, 
not phase diagrams. The phase boundary shape in Figure 
l b  is very similar to that reported by Bungenberg de Jong 
for the gelatidgum arabidwater system. On the other 
hand, the disappearance of coacervate with decreasing 
total concentration is not observed here, and the coacer- 
vation region is much smaller than in the gelatidgum 
arabidwater system. 

The phase boundary of PDMDAAC/TXlOO-SDS system 
can also be presented in Figure IC in the manner reported 
by Thalberg et uZ.12-16 and by Hansson and Almgren17 for 
oppositely charged surfactant'polyelectrolyte systems; this 
does not show the concentration of T X l O O  and NaCl 
although the former can be calculated for Y = 0.3. The 
shape of our phase boundary resembles those presented 
in refs 12- 17 but the coacervation region is about 2 orders 
of magnitude smaller. In a solution of PDMDAAC and 
SDS (corresponding to Y = LO), precipitation takes place 
over a wide range of SDS concentration when the charge 
ratio of PDMDAAC to SDS is close to 1:1.l6JS The fact 
that a reduction of Y from 1.0 to 0.3 can introduce such 
a significant effect on the size of the phase separation 
shows that the micelle charge density plays a dominant 
role in phase behavior. In principle, phase separation 
region could take place in some undetermined regime with 
micelles of low charge density, Le., a non-complex-forming 
system. But in the strongly interacting system we have 
chosen to study here, complexation always occurs. 

In the polyelectrolyte/polyelectrolyte systems the chain 
length and charge density of the polycation are often 
similar to those for the polyanion so that the two form a 
"stoichiometric" c o m p l e ~ . ~ ~ - ~ ~  In contrast, the polyelec- 
trolyte and micelle here differ with respect to geometry, 
charge spacing, and flexibility. Each free 'IX100-SDS 
mixed micelle contains about 110 sulfate groups,26 and 
each PDMDAAC molecule contains 1600 quaternary 
ammonium groups. The distance between two adjacent 
quaternary ammonium groups in PDMDAAC is about 0.7 
nm, and that  for the two adjacent sulfate groups in the 
micelle is about 3 nm.52 Even allowing for the possibility 
of SDS migration within the micelle upon complex 
formation, the polyiodmicelle system is very asymmetric. 
This and the difference in shape of the micelles and 
polyelectrolytes are fundamental differences between 
polyelectrolyte-micelle systems and polyelectrolyte-poly- 
electrolyte systems. Despite the lack of structural or 
electrostatic complementarity, the coacervation region in 
Figure la-c is almost symmetrical around the 1:l bulk 
charge ratio. Such a phenomenon cannot be explained by 
complementary ion-pairing. The apparent "stoichiomet- 
ric" relation for the polyelectrolyte/micelle system is 
achieved through binding of some particular (large) 
number of micelles to one PDMDAAC molecule. 

Effect of Dilution on Structure in the Soluble 
Complex Region. Figure 2 shows a typical CONTIN 
distribution for PDMDAAC/TXlOO-SDS a t  low W. In 0.4 
M NaCl, the free TX100-SDS and PDMDAAC have Rh 
values of 8-9 and 15 nm, respectively,26-28 which allows 
us to identify the two modes as  free micelle and complex, 
respectively. Results presented in Figure 2 as well as in 
Figure 4a-c are from the excess-micelle side of the soluble 
complex region, i.e., from region A in Figure IC. In this 
region (W < 0.09) the soluble complexes have negative 
charge, as shown in Figure 3. Figure 4a shows the effect 
of dilution on the scattered intensity corrected for the 

J ~ ( ~ ~ 1 ( ' ' ' 1 ~ ~ ~ ( 1 ~ ' , ' .  

120 '2,-0,042 g/L, W=O.019, Y-0.3 - 

(52) The value of 3 nm represents the average distance between 
adjacent sulfate groups in the micelle. We cannot exclude the possibility 
of lateral migration upon binding to the PDMDAAC chain to accom- 
modate the small distance between adjacent quaternary ammonium 
groups. 
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Figure 2. CONTIN distribution of the PDMDAACPrX100- 
SDS complexes coexisting with free micelles. PDMDAAC 
concentration is 0.042 g/L; W = 0.019; Y = 0.3. C(R) is the 
scattering intensity averaged distribution of effective radius 
R.  
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Figure 3. Electrophoretic mobility of the PDMDAACPrX100- 
SDS complexes as a function of W at Y = 0.3 and different 
surfactant concentration. Between W = 0.05 and 0.15 the 
particles are too big for electrophoretic light scattering. 

scattering background of 0.4 M NaCYwater. If no 
structure change were involved, the scattered intensity 
would decrease linearly down to zero upon dilution (eq 6). 
The slight upward curvature in Figure 4a implies a 
dissociation of the complexes upon dilution. This is in 
agreement with the dynamic light scattering data pre- 
sented in Figure 4b, in which the decrease in Rh is too 
great to be attributed solely to a concentration effect. There 
are two possible mechanisms for this dissociation: transi- 
tion of interpolymer complexes into intrapolymer com- 
plexes, or the release of bound micelles. However, in the 
latter case, the electrophoretic mobility of the complexes 
should become more positive, which is contradicted by 
the results shown in Figure 4c. It is thus more likely that 
dilution leads to dissociation of interpolymer complexes 
into intra-polymer complexes. 

The electrophoretic mobility of an intra-polymer com- 
plex, UX,o, is related to the total charge of the complexes, 
qx,o, and the friction coefficient fx,o by 

u x , o  = a x , d f x , o  

=(qpa - ~,anlP) / fx ,0  (8) 

where nm, qp,  qm, a, and ,l3 are, respectively, the number 
of micelles per complex, the charge of PDMDAAC, the 
charge of micelles, a constant to take into account the 
counterions accompanying PDMDAAC, and a constant to 
take into account the counterions accompanying the 
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Figure 4. Scattered intensity (a), hydrodynamic radius Rh 
(b), and electrophoretic mobility (c) of the PDMDAACPrX100- 
SDS complexes as a function of PDMDAAC concentration, C,, 
at W = 0.015, and Y = 0.3. The lines are for guiding the eyes 
only. Rh has an uncertainty of about 10%. 

micelles. When n intrapolymer complexes form an  in- 
terpolymer complex, let us assume that the local hydro- 
dynamic properties remains unchanged. Therefore the 
friction coefficient of the inter-polymer complex is f x , ,  = 
nfx,o and the charge is (nq,a = nm,q&, so that the 
mobility is unchanged. Put differently, inter- and in- 
trapolymer complexes behave electrophoretically as poly- 
electrolytes of different molecular weights and with 
equivalent overall charge density. At high ionic strength, 
polyelectrolytes show free-draining behavior in electro- 
phoresis and the electrophoretic mobility is independent 
of molecular weight.53 

Figure 5 shows a typical CONTIN distribution of 
PDMDAACPrX100-SDS a t  relatively high W(W = 0.279). 

C,=0.606 g/L. W=0.279, Y=0.3 

100 

log R (R in nm) 

Figure 5. CONTIN distribution of the PDMDAACPrX100- 
SDS complexes without free micelles. PDMDAAC concentra- 
tion is 0.608 g/L; W = 0.279; Y = 0.3. C(R) is the scattering 
intensity averaged distribution of effective radius R. 

These conditions correspond to the part of the soluble 
complex region in which the bulk concentration of cationic 
quaternary ammonium group in PDMDAAC is in excess 
relative to the concentration of anionic sulfate groups in 
SDS, i.e., to region B in Figure IC. No free micelles were 
observed, and the system forms fairly monodisperse 
complexes. The complexes in this region are positively 
charged, as shown in Figure 3. Parts a and b of Figure 
6 show the dilution effect a t  W = 0.279 on the scattered 
intensity (corrected for the scattering background of 0.4 
M NaCUwater) and on Rh of the complexes, respectively. 
The effect of dilution may again be explained as disas- 
sociation of interpolymer complexes into intrapolymer 
complexes. 

The results from Figures 2-6 shown above establish 
the formation of soluble complexes under a wide range of 
conditions. They are consistent with the hypothesis that 
dilution can change interpolymer complexes into in- 
trapolymer complexes, while the local structure of com- 
plexes, as indicated by the electrophoretic mobility, does 
not change significantly. Thus, the effects we see are not 
simply transitions from semidilute to dilute regimes, but 
rather correspond to changes in complex structure at the 
supermolecular level. 

Effect of Won Complex Structure. Figure 7a shows 
the effect of W, in the excess surfactant region, on Rh of 
the complex. With increasing W, Rh changes very little 
until WE 0.02, a t  which point it increases sharply. Figure 
7b shows the estimated excess scattered intensity (ex- 
trapolated to q = 0) of the complex. The estimated excess 
scattered intensity from complexes were obtained by 
subtracting from the measured value the scattered 
intensity of polymer-free micelles a t  the same concentra- 
tion. This approach disregards the diminution in free 
micelle concentration for the complex system, but may be 
a reasonable approximation due to the excess of free 
micelles and their low scattering intensity. 1, like Rh, 
shows an  abrupt increase a t  W E 0.02. The results in 
Figure 7a,b may be explained as follows. Below W= 0.02, 
only intrapolymer complexes are formed. Their number 
increases with W, with no change in size and molar mass. 
Above W 0.02, interpolymer complexes start to form, 
resulting in a large increase in both Rh and the scattered 
intensity. Further increase in W drives the system into 
coacervation. Thus the interpolymer complex seems to 
be a precursor of coacervation. Unfortunately, charac- 

(53) Armstrong, R. W.; Strauss, U. P. Encycl. Polym. Sci. Technol. 
1969, 10, 781. 
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Figure 6. Scattered density (a) and hydrodynamic radius R h  

(b) of the PDMDAACPIX100-SDS complexes as a function of 
PDMDAAC concentration, C, at W = 0.279 and Y = 0.3. The 
line is for guiding the eyes only. R h  has an uncertainty of about 
10%. 

terization of the interpolymer coacervate transition by 
light scattering is prevented by the large size of the 
coacervate. 

Comparison with Complex Coacervation Theo- 
ries. Although there has been no theoretical work on the 
complex coacervation of polyelectrolytes and oppositely 
charged mixed micelles, several theoretical models are 
available for polyelectrolyte  mixture^^^-^^ and their ap- 
plicability has been discussed by Burgess.54 The first is 
the Voorn-Overbeek t h e ~ r y , ~ ~ - ~ ~  developed on the basis of 
the experimental data by Bungenberg de J ~ n g . ~ ~  The 
theory has several assumptions: (1) there is a random 
chain distribution of macromolecules in both phases; (2) 
solvent-solute interactions are negligible; and (3) charges 
are distributed throughout the solution without regard to  
the fact that they reside on the polymer chains. Site- 
specific interactions lead to precipitation instead of 
coacervation. According to Voorn and Overbeek, the 
primary factors which affect coacervation are the charge 
densities and the molecular weight of the polyelectrolytes. 
In order for coacervation to take place, the charge densities 
and molecular weights have to be high. The formation of 
a concentrated coacervate phase is driven by a gain in 
electrostatic free energy a t  the expense of a decrease in 
total entropy.42 This model was later refined by Nakajima 
and S a t 0 ~ ~ 3 ~  who included the Flory-Huggins interaction 
parameter and altered the electrostatic term. However, 
Veis39-42 showed that the coacervation behavior in a 
gelatidgelatin system does not agree with the critical 

(54) Burgess, D. J. J. Colloid Interface Sci. 1990, 140, 227. 
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Figure 7. Hydrodynamic radius (a) and scattered intensity 
(b) of PDMDAACPrX100-SDS complexes as a function of W at 
Y = 0.3 and 3.1 mM TX100. The lines are for guiding the eyes 
only. 

conditions predicted by the Voorn-Overbeek theory. In 
order to  interpret these observations, Veis developed a 
so-called dilute phase aggregate model, in which coacer- 
vation is considered as a two-step process. First, the 
oppositely charged polyelectrolytes aggregate upon mixing 
due to electrostatic interaction. Some of these aggregates 
rearrange to form coacervate, while some are retained in 
the dilute phase. According to Veis's model, coacervation 
is driven by the gain in configurational entropy from 
rearranging the aggregates into a randomly distributed 
coacervation phase. More recently, Tainaka45p46 assumed 
the aggregates to be in both dilute and coacervate phases. 

A major difference among the aforementioned models 
is that Veis's and Tainaka's models assumed formation 
of aggregates (corresponding to complex in the present 
work). The formation of soluble PDMDAAC/TXlOO-SDS 
complexes under a wide range of conditions supports these 
models. The models by Voorn and Overbeek and by 
Nakajima and Sato cannot be applied to this system. 
However, the formation of interpolymer complexes in 
PDMDAAC/TXlOO-SDS systems is not considered by Veis 
and Tainaka. 

Tainaka's model can qualitatively explain the effect of 
charge density and chain length of the components on 
coacervation. According to Tainaka, both the charge 
density and the chain length of polyelectrolytes must fall 
within a certain range for coacervation to occur. If the 
charge density or chain length are too high, precipitation 
will take place because of strong long-range attractive 
forces among aggregates. If the charge density or the 
chain length are too low, the dilute solution is stabilized 
by short-range repulsive forces and coacervation will not 
take place. Experimentally, Dubin and Oieril* showed 
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precipitation instead of coacervation when SDS (Y = 1) 
was added to PDMDAAC solution, and the present 
authors27 showed that PDMDAAC/TXlOO-SDS system 
does not coacervate when the chain length of PDMDAAC 
is reduced from 590K to 50KUz7 

Coacervation does not occur a t  high total concentration 
of PDMDAAC and TX100-SDS even for mixtures near 
the 1:l bulk charge ratio. This phenomenon has been 

ele~trolyte/protein,~~ and polyelectrolyte/surfa~tant~~-~~ 
systems, and is termed “self-suppression~’.32-46~s4 Both 
Veis and Tainaka attempted to  explain such phase 
behavior for polyelectrolyte/polyelectrolyte system. Ac- 
cording to Veis, polyelectrolyte domains overlap with 
increasing total concentration, and the entropy gain due 
to coacervation diminishes. However, the coacervation 
region in Figure IC is much smaller than those for either 
polyelectrolyte/polyelectrolyte or polyelectrolyte/surfac- 
tant systems,12-17 corresponding to a very low concentra- 
tion. For example, at W = 0.09, a self-suppression starts 
around [PDMDAAC] = 0.8 g/L, well below the overlap 
concentration of C* = 10 gL .  According to Tainaka, when 
the total concentration is high the size of the aggregates 
is decreased. Both the second and the third vinal 
coefficients are large, and the aggregates are stabilized. 
This point is hard to  assess here. For polyelectrolyte/ 
surfactant systems, Thalberg et aZ.12-16 calculated the 
phase diagrams using the Flory-Huggins theory and 
treating the surfactant as a second polymer with adjust- 
able polymerization numbers. Assuming that the treat- 
ment of Thalberg et al. works in the PDMDAACPrX100- 
SDS system, the small coacervation region of the 
PDMDAAClFX100-SDS system could be explained as due 
to weak interactions and consequently a less negative 
Flory-Huggins interaction parameter between PDMDAAC 
and TX100-SDS compared to PDMDAAC and SDS. 
However, more quantitative explanation probably is not 

observed in polyelectrolyte/polyelectrolyte,29~42~43~45~55 POlY- 

Li et al. 

~~ ~ ~ 

(55 )  Lenk, T.; Thies, C. in Coulombic Interactions in Macromolecular 
Systems; Eisenberg, A., Bailey, F. E., Eds.; ACS Symposium Series 302; 
American Chemical Society: Washington, DC, 1986. 

(56) Singh, 0. N.; Burgess, D. J. J .  Pharm. Pharmacol. 1989, 41, 
670. 

very meaningful because the treatment by Thalberget al. 
involves five adjustable parameters. 

Concluding Remarks 

This paper has explored the relationship between 
soluble complex formation and coacervation in PDM- 
DAAClJXlOO-SDS with Y = 0.3 and in 0.4 M NaC1. 
Coacervation takes place when the total concentration of 
both micelles and PDMDAAC is very low and the weight 
ratio of PDMDAAC to  TX100-SDS, W, is close to 0.09, 
corresponding to a 1:l bulk charge ratio of PDMDAAC to 
TX100-SDS. Although the shape of the coacervation 
region is similar to those of polyelectrolyte/surfactant 
systems without nonionic surfactant, the coacervation 
region of the present PDMDAAClFX100-SDS system is 
over 2 orders of magnitude smaller. This is explained on 
the basis of the attenuation of interactions resulting from 
the incorporation of TXlOO into the micelles. In the soluble 
complex region, dilution with 0.4 M NaCl dissociates 
interpolymer complexes into intrapolymer complexes, 
while the electrophoretic mobility of the complexes 
remains unchanged, implying free-draining polyelectro- 
lyte behavior. Increase in W first causes an increase in 
the number of intrapolymer complexes, following by 
formation of inter-polymer complexes and coacervation. 
Further increase in W redissolves the coacervate. 

The formation of soluble complexes under a wide range 
of conditions supports the theoretical models of complex 
coacervation by Veis and by Tainaka. The models can 
also explain the effect of charge density and chain length 
on coacervation. However, none of the theories predict 
interpolymer complex formation. A quantitative expla- 
nation of why the coacervation region in PDMDAAC/ 
TX100-SDS is so small and why self-suppression occurs 
a t  such a low total concentration of TX100-SDS and 
PDMDAAC is still lacking. 
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