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ABSTRACT: Dynamic light scattering, static light scattering, and turbidimetry were used to investigate the 
effect of polyelectrolyte molecular weight and concentration on complex formation between a strong 
polyelectrolyte, poly(dimethyldially1ammonium chloride) (PDMDAAC), and oppositely charged mixed micelles 
of Triton X-100 (TX100) and sodium dodecyl sulfate (SDS). The hydrodynamic radius (Rh) of the complexes 
is about twice those of the PDMDAAC from which they are formed, while the radius of gyration (R,) of the 
complexes remains essentially unchanged. This suggests that the complex formed is compact. With increasing 
polyelectrolyte concentration, intrapolymer complexes transform to interpolymer complexes. The interpolymer 
complexes are not stable and in time phase separate (coacervate). Although the polyelectrolyte molecular 
weight has only a small effect on the structure of the complex in the intrapolymer complex region, the intra- 
to interpolymer complex transition depends strongly upon the molecular weight of the polyelectrolyte. The 
polyelectrolyte concentration at which the transition occurs decreases with increasing polyelectrolyte molecular 
weight. If the polyelectrolyte molecular weight is low enough, this sharp transition is not observed, and no 
associative phase separation is observed. 

Introduction 
Complex formation between polyelectrolytes and op- 

positely charged surfactants has been a subject of intense 
research effort for both fundamental and technological 
reasons.l-16 Knowledge acquired from the study of poly- 
electrolyte-surfactant interactions can be applied to 
important industrial and biological processes. For ex- 
ample, the interaction of polyelectrolytes with oppositely 
charged micelles may serve as a useful model system for 
polyion-colloid systems. Such systems are represented 
in a wide range of situations including water purification 
and precipitation of bacterial cells with polycations17 and 
the stabilization of preceramic suspensions.18 In the 
biological realm, they are central to the immobilization of 
enzymes in polyelectrolyte complexes1g and the purifica- 
tion of proteins by selective precipitation and coacer- 
vation.2G23 The fundamental interactions that govern the 
nonspecific association of DNA with basic p r o t e i n ~ ~ ~ l ~ ~  
must also be identical to the ones that control the binding 
of charged colloids to oppositely charged polyelectrolytes. 

Until recently, most of the published studies on poly- 
electrolyte-surfactant complexes involved surfactants at 
such a low concentration that free micelles do not exist in 
the system, mainly because of the difficulties arising from 
phase separation. The interaction between polyelectro- 
lytes and oppositely charged surfactants is dominated by 
strong electrostatic forces, although hydrophobic interac- 
tions may play a secondary role.2333538 These forces cause 
the association to start a t  a very low surfactant concentra- 
tion, known as the critical aggregation concentration (cac), 
which is 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, the complex usually cannot coexist with free 
micelles because precipitation is observed as the addition 
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of ionic surfactant brings the polyelectrolyte close to charge 
n e u t r a l i z a t i ~ n . ~ ~ ~ ~ ~  Therefore, phase separation effects 
result in the restriction of most studies of strong poly- 
electrolytes with oppositely charged surfactants to sur- 
factant concentrations below or not much higher than the 
cmc. 

Dubin and c o - w ~ r k e r s ~ ~ ~ ~  have demonstrated that the 
strong electrostatic interaction could be attenuated by 
using mixed micelles of nonionic and ionic surfactants. 
Thus Dubin and Oteri2* showed that the interaction 
between poly(dimethyldiallylammonium chloride) (PD- 
MDAAC) and mixed micelles of sodium dodecyl sulfate 
(SDS) and Triton X-100 (TX100) takes place only when 
a critical molar ratio Y, of SDS to TXlOO has been 
reached, where Y is defined as Y = [SDSI/([SDSl + 
[TXlOOI), and is proportional to the average mixed micelle 
surface charge density. In addition to the phase transition 
at Y, corresponding to the reversible formation of soluble 
polyelectrolyte-mixed micelle complexes, Dubin and Ot- 
eri2s observed a second phase transition, corresponding to 
bulk phase separation, at a higher Yvalue, denoted by Yp. 
Yp usually exceeds Y, by about 50-100%. The region 
between Y, and Yp represents a range of micelle surface 
charge density where soluble, reversible complexes could 
form. At moderate or high polyelectrolyte concentration, 
a maximum in the turbidity versus Y curve is observed 
between Y, and Yp. The soluble complex formation as 
well as its dependence upon ionic strength, polyelectrolyte 
concentration, and surfactant concentration has been 
studied by Dubin and co-workers using a variety of 
techniques. 

One parameter that has received relatively little atten- 
tion in studies of polyelectrolyte-surfactant complex 
formation is the polyelectrolyte molecular weight.3' Using 
turbidimetry, Dubin et aZ.33 indicated that the molecular 
weight of PDMDAAC did not exhibit a significant ef- 
fect on PDMDAAC/TX100-SDS complex formation but 
did observe that Y, decreased slightly with increas- 
ing molecular weight of poly(sodium styrenesulfonate) 
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(NaPSS), in the presence of mixed micelles of TXlOO and 
dodecyltrimethylammonium bromide.39 Lindman and 
c o - w ~ r k e r s ~ ~  studied the effect of polyelectrolyte molecular 
weight on the phase behavior of mixtures of alkyltri- 
methylammonium bromide (C,TAB) and the anionic 
polysaccharide hyaluronic acid. The tendency toward 
phase separation increased slightly with increasing poly- 
electrolyte molecular weight; only a slight change was 
observed in the phase diagram. Recently, Choi and Kim41 
studied the interaction between poly(acry1ic acid) (PAA) 
and C,TAB. Their fluorescence measurements indicated 
a lower cac for higher molecular weight PAA. Also of 
possible relevance are studies of the role of polyelectrolyte 
molecular weight on the precipitation of proteins with 
 polyelectrolyte^:^^ generally, high molecular weight leads 
to high recoveries of proteins. 

Polymer-micelle complexes have been described by 
Cabane and Duplessix as a “necklace of beads”.% However, 
this model may break down if the size of micelles becomes 
similar to that of the polymer, resulting from either a 
decrease in the length of polymer or an increase in the size 
of micelles. For example, if the size of polymer is even 
smaller than that of micelles, adsorption might be a more 
proper term for describing the phenomena. The finite 
size of micelles will certainly affect the structure of 
complexes via the excluded volume effect. I t  is thus 
interesting to study the change of complex formation as 
the size of one of the components, polymer or micelle, 
changes. PDMDAAC/TXlOO-SDS should be a good 
candidate since the hydrodynamic radius ( R h )  of the free 
micelles could reach ca. 50 nm,47 while the range of R h  for 
available PDMDAAC fractions is around 4.5-26 nm.48 

A second interesting parameter in polyelectrolyte- 
surfactant complex formation is polyelectrolyte concen- 
tration (C,), expressed in this paper as the weight ratio of 
PDMDAAC to surfactant. This parameter is usually a 
determining factor for intra- us intercomplex formation. 
Dubin and c o - w ~ r k e r s ~ ~ ~ ~  have indicated that an in- 
trapolymer complex forms in the PDMDAACiTX100- 
SDS system at low C,, while a t  high C,, an interpolymer 
complex could form. However, the PDMDAAC used in 
those studies was polydisperse. Since polyelectrolyte 
molecular weight could influence intra- us interpolymer 
complex formation, narrow molecular weight distribution 
samples should be preferable in such studies. In addition, 
it is particularly interesting to see if an interpolymer 
complex is the precursor of phase separation. 

A series of PDMDAAC fractions with narrow molecular 
weight distribution has been obtained by preparative gel 
permeation chromatography (GPC).48 These fractions 
were characterized by static and dynamic light scattering, 
viscosity, GPC, and electrophoretic light scattering. In 
the present study we explore the effect of polyelectrolyte 
molecular weight and concentration on PDMDAAC! 
TX100-SDS complex formation. 

Experimental Section 
Materials. A commercial sample of PDMDAAC, Merquat 

100fromCalgonCorp. (Pittsburgh,PA), withanominalmolecular 
weight of 200K and polydispersity of Mw/Mn N 10 was fraction- 
ated via preparative GPC, and the fractions were characterized 
by static and dynamic light scattering, viscosity, GPC, and 
electrophoretic light scattering.48 Table 1 shows the molecular 
characteristics of the PDMDAAC fractions used in this study. 
TXlOO was purchased from Aldrich and SDS from Fluka. Ionic 
strength was adjusted by using NaCl from Fisher. Milli-Q water 
was used throughout this work. TX100, SDS, and NaCl were 
used without further purification. 

The Merquat 100 sample used in this study was dialyzed 
through a membrane with a nominal 12K-14K cutoff. Therefore, 
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Table 1. Description of the PDMDAAC Fractions Used in 
This Study 

~~ 

fraction no. iO-3Mwa>* fraction no. 103Mwasb 
2 1400 19 110 
3 1300 23 50 
8 590 21 22 

0 M ,  values were obtained from GPC measurements on a Superose 
6 column with a flow rate of 0.53 mL/min. NaAc/HAc buffer was 
used to maintain the pH at 5.2. NaCl was used to adjust the total 
ionicstrength to 0.5 M. The column waa calibratedwith PDMDAAC 
standardsa * Polydispersity (M,/Mn) of all the fractions is around 
1.2. 

it is expected that the molecular weight distribution index M,/ 
M,, should be much smaller than 10. 

Turbidimetry.  Turbidity measurements were performed at  
420 nm using a Brinkmann PC800 probe colorimeter equipped 
with a 2-cm path length fiber optics probe. “Type I” titrations 
were performed at 24 f 1 “C by adding 60 mM SDS in 0.40 M 
NaCl to  a solution of 40 mM TXlOO and 0.6 g/L PDMDAAC, 
also in 0.4 M NaC1. 100% T was recorded. All measured values 
were corrected by subtracting the turbidity of a polymer-free 
blank. 

Dynamic Light Scattering. The type I titration procedure 
was followed to bring Y to 0.30. Such solutions were diluted 10 
times by using 0.40 M NaCl, to yield final solutions with a typical 
C, value of [PDMDAAC] = 0.0466 g/L (unless otherwise 
indicated) and [TXlOO] = 3.11 mM (fixed throughout thisstudy). 
Since the cmc of TX100-SDS mixed micelles is expected to be 
less than 0.2 mM, i.e., a t  least 15 times smaller than the surfactant 
concentrations employed here, the system we studied is a 
polyelectrolyte-micelle system. The  diluted solutions were 
passed through 0.45-pm filters (Life Science Products). Most of 
the dynamic light scattering measurements were carried out a t  
24 i 1 “C and a t  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 h0 = 488 nm. 

In the self-beating mode of dynamic light scattering, the 
measured photoelectron count autocorrelation function G(2)(T,q) 
for a detector with a finite effective photocathode area has the 

15 200 

where g(l)(r,q) is the first-order scattered electric field (E,) time 
correlation function; T ,  the delay time; (a), the mean counts per 
sample; N,, the total number of samples; A (=N,(n)2) ,  the base 
line; b, a spatial coherence factor depending upon the experi- 
mental setup and taken as an unknown parameter in the data 
fitting procedure; and q = (4?m/h) sin(8/2), with n and 6 being 
the refractive index of the scattering medium and the scattering 
angle, respectively. 

For a solution of polydisperse particles, g(*)(r,q) has the formde 

where G ( r , q )  is the normalized distribution of line width r 
measured a t  a fixed value of q. In the present study, a CONTIN 
algorithm was used to  obtain the average I’ and its distribution 
of the complex mode and the free micelle mode.52 

The  average line width rav at a finite concentration C and a 
finite value of q is related to  the translational diffusion coefficient 
a t  infinite dilution and q - 0 extrapolation, DO, by53 

rav = ~ , q ~ ( i  + fR,2q2)(i + k , ~ )  (3) 

wheref is a dimensionless number whichdepends upon the chain 
structure, polydispersity, and solvent quality; R, is the radius of 
gyration; and k d  is an  average system-specific second virial 
(diffusion) coefficient which combines the hydrodynamic and 
thermodynamic factors. Therefore, to  get DO, both extrapolations 
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of C - 0 and q - 0 are required. The hydrodynamic radius, R h ,  
can then be obtained by using the Stokes-Einstein relation 

Do = kgT/(6dh)  (4) 

where kg is the Boltzmann constant; Tis the absolute tempera- 
ture; and 7 is the solvent viscosity. 

In the present study, only one concentration is used because 
it is not known to what extent dilution could affect the structure 
of the complex. No extrapolation to infinite dilution was 
performed. Therefore, the R h  values presented in this paper are 
only apparent values. However, the concentration of PDMDAAC 
in this study is fairly low (typical value 0.0466 g/L). Therefore 
the lack of concentration extrapolation should not introduce a 
significant error. 

Static Light Scattering. If we take the PDMDAAC/TX100- 
SDS complex as a solute and the free (unbound) TX100-SDS 
mixed micelles in 0.4 M NaCl as a solvent (the concentration of 
the free micelles, although in large excess when compared with 
PDMDAAC, is not known in the present study), the excess 
Rayleigh ratio R ( q )  of the complex at finite q and finite complex 
concentration C, has the form49 

HC,/R(q) = (l/M,,,)(l + R,2q2/3) + 2A2C, (5) 

where M,,, is the weight-averaged molecular weight of the 
complex; A2 is the second virial coefficient; and H = 4r2n2(dn/ 
dc)2/(NAXo), with dn/dc and NA being the refractive index 
increment and Avogadro’s number, respectively. 

The low concentration of PDMDAAC in this study justifies 
the approximation 

HC,/R(q) = (l/M,,,)(l + R,2q2/3) (6) 

Equation 6 can be rearranged to 

H’C,/Z(q) = (1/(M,,x(dn/dc)2))(1 + R,2q2/3) (7) 

where Z(q)  is the excess scattered intensity of the complex and 
H’ is a constant. Therefore, R, can be estimated from (3 X slope/ 
intercept)1/2 in a plot of l/Z(q) us 42. 

In the limit of q - 0, eq 7 can be written as 

Z(q - 0) = H’C$fw,x(dn/dc)2 (8) 

It is further assumed that C, = BC,, where @ is the degree of 
binding, i.e., the mass of surfactant bound per unit mass 
polyelectrolyte (this assumption should be reasonable if TX100- 
SDS is in large excess). Then eq 8 can be written as 

Z(q - 0) = H’PC,,Mw,,(dn/dc)2 (9) 

Therefore, in a plot of Z(q - 0) us C,, if the slope is changed 
it implies M,,, and/or dn/dc is changed. For example, if 
interpolymer complexes start to form with increasing C,, an 
increased slope change should be observed. 

Static light scattering measurements were performed at 24 f 
1 O C  and at angles from 25O to 145’ along with dynamic light 
scattering measurements on the same solutions as described 
above. The excess scattered intensity from complexes was 
estimated by subtracting the scattered intensity of TX100-SDS 
micelles without PDMDAAC and at the same concentration as 
in the PDMDAAC/TXlOO-SDS system. This disregards the fact 
that some micelles are bound to PDMDAAC. However, since 
the surfactant was in excess, i.e., the weight ratio of surfactant 
to PDMDAAC, W ~ ~ ~ ~ J W P D M D A A C ,  is generally greater than 30, 
this approximation may be reasonable. Further evidence sup- 
porting this approximation can be found in the Results and 
Discussion. All the excess scattered intensity values presented 
in this paper are from extrapolation q - 0. 

Results and Discussion 
Figure 1 shows the results from type I titrations in 0.4 

M NaC1. The shapes of the curves are very similar to 
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Figure 1. “Type I” turbidity titrations using narrow molecular 
weight distribution PDMDAAC fractions ([PDMDAAC] = 0.6 
g/L) with [TXlOO] = 40 mM, [SDS] = 60 mM, and [NaCl] = 
0.4 M. 

previous results using polydisperse PDMDAAC samples.33 
No turbidity increase is observed until Y reaches Yc = 
0.23, regardless of the PDMDAAC molecular weight. Above 
Y,, soluble complex starts to form. When Y reaches Yp 
(around 0.38-0.42), phase separation occurs. The curves 
for 200K < M, show maxima between Yc and Yp. Yp is 
also little affected by the PDMDAAC molecular weight. 
Such phenomena suggest that the initial complex forma- 
tion process at Yc mainly involves short polymer segments, 
although the structure of the complex as detected from 
more sensitive light scattering techniques may be de- 
pendent upon PDMDAAC molecular weight as discussed 
later. It is noted that the changes in the titration curves 
with increasing PDMDAAC molecular weight are very 
similar to those observed with increasing PDMDAAC 
c ~ n c e n t r a t i o n ; ~ ~  i.e., 100 - % T is increased with either 
increasing polyelectrolyte molecular weight or increasing 
polyelectrolyte concentration. This can be understood 
from eq 8, which indicates that the scattered intensity is 
proportional to both concentration and molecular weight 
of the complex. 

One noticeable feature in Figure 1 is that the maximum 
is only obvious when PDMDAAC molecular weight is 
higher than about llOK. It is interesting that the 
PDMDAAC fraction with M, = llOK has a hydrodynamic 
size of -9 nm,47 which is also the size of free TX100-SDS 
micelles, as previously or as obtained by dynamic 
light scattering results, discussed below. 

The information from turbidity measurements provides 
the range of Y for soluble complex formation. The light 
scattering results presented below are all from systems 
with Y = 0.30 and 0.4 M NaC1. 

Figure 2 shows the dependence on PDMDAAC mo- 
lecular weight of R h  of the PDMDAAC/TXlWSDS 
complex as well as that of the accompanying unbound 
micelles from CONTIN analysis of the dynamic light 
scattering results. The &value of ca. 9 nm for free micelles 
is in agreement with previous results.34 The size of the 
complex increases with increasing PDMDAAC molecular 
weight, while the size of the free TXlOO-SDS micelles 
remains essentially unchanged. 

Figure 3 shows the dependence of R h  for complex and 
for PDMDAAC (without TX100-SDS) on PDMDAAC 
molecular weight. The R h  values of the complexes are 
about twice those of the PDMDAAC from which they are 
formed. Figure 4a shows some representative angular 
distribution of scattered intensity from complexes, and 
Figure 4b presents similar double-logarithmic plots for 
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Figure 3. Dependence of Rh of complex upon PDMDAAC 
molecular weight. For comparison, the Rh values of pure 
PDMDAAC (without TXlOO and SDS) are also shown. 

R,.54 Interestingly, the R, values are very close to those 
of the pure PDMDAAC fractions. This indicates that the 
overall PDMDAAC conformation does not change much 
upon complex formation; Le., no significant chain expan- 
sion occurs. TX100-SDS micelles appear to occupy the 
space between the PDMDAAC segments. I t  is known that 
such a process will increase R h  because mobile solvent 
molecules inside the PDMDAAC coils are replaced by 
bound, immobile micelles, while the geometric R,, which 
is largely dependent upon the topological conditions, 
remains largely unchanged.55 Therefore, the complex 
formed is very compact, a conclusion also drawn earlier 
by Dubin and co-workers from light scattering measure- 
ments of Merquat 100/TX100-SDS.35,36 Chu and co- 
workers observed similar p h e n ~ m e n a : ~ ~  for the bovine 
serum albumin (BSA)-polysaccharide conjugate, they 
found that the molecular weight of the conjugate (3500K) 
was about 7 times larger than that of the pure polymer 
(530K), yet R, values were comparable: R, - 54 nm for 
the conjugate and -50 nm for the polymer. 

The reason for the compact structure of the complex 
formed between polyelectrolyte and oppositely charged 
mixed micelles may be discussed in terms of thermody- 
namic quantities. Complex formation could be controlled 
by a t  least four factors. One is the electrostatic interaction 
between polyelectrolyte and oppositely charged mixed 
micelles. This enthalpy change is the main driving force 

0 PDMDAAC, 4=1,30OK, 3 1mM TX100. Y=O 3 0 4M NaC 
A PDMDAAC. &=11OK 
+ PDMDAAC, &=50K 2 5  

4 1.5 L 1 

a 

0.00000.0002 0.0004 0.0006 0.0008 0.0010 
0.0 " ' " ' ' " " " " " 

q2 (nm-2> 

0 PDMDAAC, 3 1rnM TX100, Y=O 3, 0 4M NaCl 
f pure PDMDAAC 04M NaCl 

c J i  
F; 1.5 1 

.F. i C *  

+ -  

,-&l.o 1 - i 

cc 
U 

c $ 1  
0 5 ~ " " '  " ' " ~ ~ " " ' ' ' ' "  J 

5 5  6 0  6 5  4 0  4 5  5 0  

log (M.W.  of PDMDAAC)  
Figure 4. (a) Representative angular distribution of scattered 
intensity from complexes. (b) Dependence of R, of complex on 
PDMDAAC molecular weight. For comparison, the R, values of 
pure PDMDAAC without TXlOO and SDS are also shown. 

for complex formation and depends strongly upon the 
structure of polyelectrolyte and micelles, ionic strength, 
and temperature. On the other hand, binding gives rise 
to an entropy loss of the polyelectrolyte chains, ASconfig. 
This loss may be compensated, to some extent, by the 
release of bound counterions from micelle and polyion. 
Asconfig increases with increasing flexibility of the poly- 
electrolyte chains (note that the flexibility also depends 
upon the ionic strength). If a polyelectrolyte is already 
rather rodlike, this loss will not be significant. Asconfig 
will be minimized if the binding takes place in such a way 
that the polyelectrolyte chain conformation remains largely 
unchanged during complex formation. The third factor 
is the excluded volume effect (steric effect) of the bulky 
micelles, which tends to expand the polyelectrolyte chain. 
The magnitude of this factor increases with micelle size. 
In a system where only monomeric surfactant is involved, 
as is the case in most literature research, this factor should 
not be significant. The fourth factor is the electrostatic 
repulsion of bound micelles given that the binding of 
micelles to the polyelectrolyte chain is unlikely to neutral- 
ize the charge on the micelle surface completely. This 
factor has an effect similar to micelle excluded volume on 
complex structure but depends strongly upon ionic 
strength. The final structure of the complex depends upon 
the relative magnitude of these four factors. 

In the present system of PDMDAAC/TXlOO-SDS in 
0.4 M NaCl, the electrostatic repulsion among bound 
micelles is probably not a significant factor because of the 
high ionic strength. The conformation of PDMDAAC in 
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A B 
Figure 5. Simplified diagram of complexes formed from high 
molecular weight PDMDAAC (A) and low molecular weight 
PDMDAAC (B). 

0.4 M NaCl is close to that of a flexible random coiL48 
Therefore, it  is likely that the final structure of the complex 
in the present system depends upon the excluded volume 
factor and the entropy loss factor. The compact structure 
of the complex suggested by Figures 3 and 4 points to the 
entropy factor; i.e., the PDMDAAC chain tries to retain 
the original overall conformation during complex forma- 
tion to minimize entropy loss, and the micelles tend to 
occupy the space between PDMDAAC chains. The 
excluded volume effect can also be seen from Figures 3 
and 4; i.e., the overall slope of the curves is decreased 
upon complex formation. This tendency is more obvious 
a t  low PDMDAAC molecular weight, and there appears 
to be a transition point around PDMDAAC M, = llOK, 
in agreement with the turbidity results. With decreasing 
molecular weight, the size of PDMDAAC becomes com- 
parable to or even smaller than that of the micelles. The 
micelles cannot stay inside the PDMDAAC chain domain 
without large perturbation of the chain conformation. 
Thermodynamically, the most favorable case is for some 
of the bound micelles to reside a t  the outside boundary 
of the PDMDAAC domain. In this case, the total number 
of such “distal” bound micelles is likely to be greater for 
high molecular weight PDMDAAC due to the larger 
accessible space. But if this number is divided by the 
number of PDMDAAC repeating unit, the number of 
micelles bound per PDMDAAC repeating unit should be 
larger for low molecular weight PDMDAAC fractions, 
which gives rise to larger increase in both Rh and R,. A 
depiction of complexes formed from high and low mo- 
lecular weight PDMDAAC fractions is shown in Figure 5. 

Figure 6 compares the CONTIN distribution of complex 
formed from polydisperse Merquat 100 with that from a 
PDMDAAC fractions. Qualitatively, the two complex 
peaks are similar. This can again be explained from the 
dependence of complex size upon PDMDAAC molecular 
weight indicated in Figure 3, which suggests that lower 
molecular weight fractions do not form low molecular 
weight complex. 

Figure 7 shows the effect of C, on Rh and R, of the 
complex for the 590K fraction. With increasing C,, Rh 
and R, change very little until z W P D M D A A C / W ~ ~ ~ ~ ~ ~ ~ ~  = 
0.028. Above 0.028, Rh and R, increase sharply. I t  is noted 
that z = 0.09 corresponds to a 1:l charge ratio of 
PDMDAAC to TX100-SDS. 

Figure 8 shows the excess scattered intensity (extrapo- 
lated to q - 0) of the complex as a function of z. After 
subtraction of the contribution from the mixed micelles, 
the values of I below z = 0.028 approach zero as z - 0. 
This suggests that our use of scattered intensity from a 
polymer-free solution as the background correction is a 
good approximation. 

Figure 8 shows a linear dependence on C,  of the excess 
scattered intensity from complexes up to z = 0.028, a t  

0 PDMDAAC, ZOOK, 3.lmM TX100, Y=0.3, 0.4M NaCl 
A Mer uat i%=3.1rnM TXiOO Y=0.3 0.4M NaCl 

PDMDAAC, &=%OK, 3.lmM TXlOO, Y=0.3, 0.4M NaCl  
0 PDMDAAC, k = 5 0 K ,  3.1mM TX100, Y=0.3, 0.4M NaCl 

Q P D d A A C ,  <=1,3OOK, 3.1mM TX106, Y=0.3, 0.4M N a  

log R (R in nm) 
Figure 6. CONTIN distribution of the PDMDAAC/TX100- 
SDS system using Merquat 100 and PDMDAAC fractions. C(R) 
is the scattered intensity averaged distribution of effective radius 
R. The peaks on the left are designated as from free micelles and 
those on the right, from complexes. 
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Figure 7. Dependence of R h  and R, of complex upon 
PDMDAAC(Mw=590K) concentration expressed as the weight 
ratio of PDMDAAC to surfactant, z ,  at [TXlOO] = 3.1 mM, Y 
= 0.3, and in 0.4 M NaC1. 
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Figure 8. Excess scattered intensity (from extrapolation q - 
0) of complex as a function of z (PDMDAAC(Mw=590K)). 

which point the slope increases sharply. Consideration of 
Figure 8 along with Figure 7 indicates that below z = 0.028, 
only intrapolymer complexes are formed. The number of 
complexes increases with increasing z ,  while the size and 
the molar mass of complexes remain unchanged. Above 
z = 0.028, interpolymer complexes start to form. Both 
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Figure 10. Dependence of Rh of complex upon z (PDMDAAC- 
( M ,  = 50K 1 ). 

the size and the molar mass of the complexes increase 
sharply. Furthermore, the solution above z = 0.028 is not 
very stable and “associative phase separation”, a term 
introduced by Piculell,4 may take place. The reason for 
associative phase separation might be the high molar mass 
and large size of the interpolymer complexes. We believe 
that such interpolymer complex formation is the precursor 
of associative phase separation, in this case corresponding 
to liquid-liquid phase separation (“complex coacerva- 
tion”). 

Figure 9 shows that interpolymer complexes form at 
lower z = 0.015 for higher molecular weight (1400K) 
PDMDAAC. However, as seen in Figure 10, if the 
molecular weight of PDMDAAC is reduced to 50K, we 
could not observe the sharp transition. Figure 11 shows 
for this polymer an approximately linear increase in the 
excess scattered intensity from complexes with increasing 
z up to 0.21 (however, the excess scattered intensity is 
now only a rough estimate since a t  z = 0.21, the surfactant 
is not in large excess). R h  for this PDMDAAC fraction is 
around 6 nm,48even smaller than that of the mixed micelles 
(-9 nm). Therefore, we can speculate in the following 
way. For this low molecular weight PDMDAAC fraction, 
complex formation is more like an adsorption of PDM- 
DAAC chains to the surface of micelles. It is difficult to 
imagine that one such small PDMDAAC macromolecule 
could bind many larger micelles; more likely, several 
macromolecules adsorb on the surface of a single micelle. 
This may be described as a multipolymer complex to 
distinguish it from the aforementioned interpolymer 

4x104 1 
P D M D M C  3.lmM TX100, Y=0 3 

C 

i 

0 
0 0 0 0 0 5  0 1 0  0 1 5  0 2 0  0 2 5 0 3 0  

WPDMDAAC/Wsurfactant 
Figure 11. Excess scattered intensity (from extrapolation q -+ 

0) of complex as a function of z (PDMDAAC(Mw=50K)). 

complex. The short PDMDAAC chain makes the forma- 
tion of interpolymer complex of high molar mass and large 
size less probable. Multipolymer complexes are thus still 
small enough to be stable in solution without associative 
phase separation. We believe that this observation could 
explain the low recovery ratio of protein in polyelectrolyte- 
protein phase separation when a low molecular weight 
polyelectrolyte is In other words, interpolymer 
complex formation may be necessary for a high recovery 
ratio. 

Concluding Remarks 
This paper elucidates the effect of polyelectrolyte 

molecular weight and polyelectrolyte concentration on 
complex formation with mixed micelles. The light scat- 
teringresults indicate that the complexes are very compact. 
With increasing polyelectrolyte concentration, intrapoly- 
mer complexes change to interpolymer complexes, which 
appear to be precursors of associative phase separation 
(coacervation). Although polyelectrolyte molecular weight 
is not a significant factor for the structure of complex in 
the intrapolymer complex region, the intra- to interpoly- 
mer complex transition depends strongly upon the poly- 
electrolyte molecular weight; i.e., the polyelectrolyte 
concentration a t  which the transition occurs decreases with 
increasing polyelectrolyte molecular weight. If the poly- 
electrolyte molecular weight is low enough, high molar 
mass interpolymer complexes cannot be observed and 
associative phase separation does not occur. This may 
explain why high molecular weight polyelectrolyte is 
preferred for high protein recovery ratio based on poly- 
electrolyte-protein complex formation. 
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