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ABSTRACT: The effects of micelle charge density, polymer molecular weight, and polymer-to-surfactant
ratio on coacervation were studied by turbidity, dynamic light scattering, and electrophoretic mobility in
the system composed of the strong cationic polymer poly(diallyldimethylammonium chloride) (PDADMAC)
and oppositely charged mixed micelles of Triton X-100 (TX100) and sodium dodecyl sulfate (SDS). Phase
boundaries in the range of SDS mole fraction from 0.30 to 0.50 and in the range of polymer molecular
weight from 8.2 × 103 to 4.28 × 105 were obtained, and coacervate volume fraction as a function of polymer
molecular weight was subsequently determined. Three-dimensional phase boundaries were used to
represent the effects on coacervation of micelle surface charge density, polymer molecular weight, and
PDADMAC-to-SDS ratio. The coacervation region is seen to increase with micelle surface charge density
and polymer molecular weight (MW). Both higher and lower polyelectrolyte-to-surfactant ratio can
suppress coacervation. An increase in MW reduces the micelle charge required for coacervation and also
increases coacervate volume fraction. Coacervation is found to occur when the following conditions are
satisfied: the electrophoretic mobility is close to zero, and the size of polyelectrolyte-micelle complex is
at least about 45 nm.

Introduction

Polyelectrolytes interact strongly with oppositely
charged micelles in aqueous systems, normally leading
to phase separation:1-4 liquid-liquid phase separation
(coacervation) or liquid-solid phase separation (pre-
cipitation). These phase separation phenomena have
received growing interest for both theoretical and tech-
nological reasons.4-10

Coacervation is a phenomenon in which a macromo-
lecular aqueous solution separates into two immiscible
liquid phases. The more dense phase, which is relatively
concentrated in macromolecules, is called the coacervate
and is in equilibrium with the relatively dilute macro-
molecular liquid phase.11 For polyelectrolyte-surfactant
systems, coacervation, i.e., associative phase separa-
tion,12 yields a phase rich in both polymer and surfac-
tant.1,12 Both the conditions for coacervation and the
coacervate volume fraction are of importance in applica-
tions such as cosmetic formulations13 and pharmaceuti-
cal microencapsulation.14,15

Polyelectrolyte-micelle coacervation is influenced by
many factors. Among these are polymer properties, such
as linear charge density, molecular weight (MW), con-
centration, and molecular geometry; micelle properties
such as surface charge density (σ), size, and concentra-
tion; and polymer-to-surfactant ratio, ionic strength, and
temperature.1,4,16 All these factors mutually control
coacervation. We focus here on micelle surface charge
density, polymer MW, and polymer-to-surfactant ratio.

These three factors are of particular interest for
several reasons. As indicated previously,17-19 macromo-
lecular charge density is the most significant factor
affecting complex coacervation. At very low charge
densities, coacervation is suppressed,16 and at very high

charge densities, precipitation may occur.16,20 Conse-
quently, micelle surface charge density σ is a critical
variable. With regard to polyelectrolyte MW, Voorn and
Overbeek21 predicted an increase in coacervation as the
molecular weights of biopolymers increase. Thalberg,
Lindman, and co-workers22 studied the effect of the
molecular weight of the polysaccharide hyaluronan
(NaHy) on the phase behavior of its mixtures with
alkyltrimethylammonium bromide (CnTAB). The ten-
dency toward phase separation increased slightly with
increasing MW, while the size of the two-phase (coac-
ervation) region was little affected. Dubin and co-
workers23 studied complex formation between poly-
(diallyldimethylammonium chloride) (PDADMAC) and
oppositely charged mixed micelles of Triton X-100
(TX100) and sodium dodecyl sulfate (SDS). The results
indicated that increasing MW enhances the tendency
of interpolymer (vs intrapolymer) complex formation,
and they considered the interpolymer complex to be the
precursor of complex coacervation. Such results suggest
that a minimum polymer molecular weight is required
for complex coacervation. Stoichiometry, i.e., polymer-
to-surfactant ratio, is also a factor that influences intra-
vs interpolymer complex formation. Goddard and Han-
nan6,24 found the two-phase region in mixtures of alkyl
sulfates and a cationically modified cellulose to be
centered around 1:1 polymer-to-surfactant charge ratio.
In contrast, Thalberg et al.25 found for the system
hyaluronan (NaHy) and dodecyltrimethylammonium
(DTAB) a two-phase region centered around a DTA+:
Hy- ratio >1, indicating the importance of structural
effects.

Micelle surface charge density, polymer MW, and
polymer-to-surfactant ratio r are thus very important
in coacervation, but the interrelationship among these
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factors is unclear. It is of considerable interest and
usefulness to improve our understanding of coacervation
by investigating these factors.

The PDADMAC/TX100-SDS system provides a model
system by means of which conjoint effects of σ, MW, and
r on coacervation can be studied over a wide range of
conditions. This system has been studied by many
experimental methods, including turbidimetry,17,26 dy-
namic and static light scattering,23,27,28 viscometry,28

electrophoretic light scattering,28 microcalorimetry,29

dye solubilization,30 and equilibrium dialysis.28 These
studies revealed the existence of several phase states,
including soluble complexes, coacervate, and precipi-
tates, depending inter alia on the mixing ratio of
PDADMAC and TX100-SDS. When the charge density
of the mixed TX100-SDS micelles is adjusted (via the
mole ratio of ionic-to-nonionic surfactant), coacervation
is found to exist over a wide range of conditions. This
facilitates a systematic study of the relationship among
σ, MW, and r.

Experimental Section

Materials. Poly(diallydimethylammonium chloride) (PDAD-
MAC) was prepared by free radical aqueous polymerization
of diallydimethylammonium chloride.31 The average molecular
weights (Mn) of the purified lyophilized polymer were deter-
mined by membrane osmometry as 8.2 × 103, 3.0 × 104, 5.8 ×
104, 9.8 × 104, 1.25 × 105, 1.60 × 105, 1.80 × 105, 2.16 × 105,
2.40 × 105, 2.70 × 105, 3.00 × 105, 4.28 × 105, and 4.60 × 105.
Triton X-100 (TX100) was purchased from Aldrich, sodium
dodecyl sulfate (SDS, purity >99%) from Fluka, and NaCl from
Fisher. All were used without further purification. Distilled
water was used in all experiments.

Turbidimetric Titrations. Turbidity measurements, re-
ported 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 26 ( 1 °C. Turbidimetric “type 1”
titrations were carried out by adding 60 mM SDS in 0.40 M
NaCl to solutions of TX100 and PDADMAC with initial
concentration of 20 mM and 1 g/L also in 0.40 M NaCl
concentration, to bring the solutions to different Y values. Y
is a SDS mole fraction defined as

which is proportional to the average mixed-micelle surface
charge density. Turbidimetric “type 3” titrations were carried
out by addition of concentrated PDADMAC in 0.40 M NaCl to
a solution of 20 mM TX100 and SDS at constant Y (Y ) 0.30,
0.35, 0.40, 0.50), also in 0.40 M NaCl. All measured values
were corrected by subtracting the turbidity of a polymer-free
blank. Turbidity values were recorded when the meter re-
sponse was constant for 2 min. The time required to reach this
equilibrium varied from 2 min for clear solutions to ca. 2-10
min or more for turbid samples. Repeated titrations gave
reproducible results.

Dynamic Light Scattering (QELS). All measurements
were carried out at a scattering angle of 90° and at 26.0 ( 0.5
°C with a DynaPro-801 (Protein Solutions Inc., Charlottesville,
VA), which employs a 30 mW solid-state 780 nm laser and an
avalanche photodiode detector. Samples with 20 mM TX100
and PDADMAC of 1, 0.3, 0.1, 0.05, and 0.02 g/L in 0.10 or
0.40 M NaCl at desired Y values were prepared and were
stirred for at least 2 h before measurements. The samples were
introduced into the 7 µL cell through a 0.20 µm filter prior to
measurement. The correlation function of the scattering data
were analyzed via the method of regularization32 and then used
to determine the diffusion coefficient D of the solutes. The
diffusion coefficient D can be converted into the hydrodynamic
radius Rh using the Stokes-Einstein equation

where k is the Boltzmann constant, T is the absolute temper-
ature, and η is the solvent viscosity.

Mobility Measurement. Electrophoretic mobility was
measured at 26.0 ( 0.2 °C using a ZetaPALS (Brookhaven
Instruments), the operation of which is based on the principles
of phase analysis light scattering.30 This technique has been
described elsewhere.16,33 The samples with 1 g/L PDADMAC
and 20 mM TX100 in 0.10 M NaCl at desired Y values were
stirred for at least 2 h before measurements.

Coacervate Volume Fractions. The samples of the PDAD-
MAC/TX100-SDS systems with 2.5, 4.0, and 5.2 g/ L PDAD-
MAC and 20 mM TX100 at Y ) 0.40 in 0.40 M NaCl were
prepared using stock solutions. Polymer molecular weights
(Mn) were 9.8 × 104, 1.80 × 105, 2.16 × 105, 2.40 × 105, 2.70 ×
105, 3.00 × 105, and 4.60 × 105. After the samples were stirred
for at least 4 h at room temperature, centrifugation was carried
at 3000 rpm and 26 °C for 1 h. After these treatments, the
samples displayed two neatly separated phases. The top
phases were transparent and water-like, while the bottom
phases (coacervates) were translucent and gel-like. They were
then stored at 26 °C. Phase separation was considered to be
complete when the volumes of these two phases remained
constant over 24 h. The volumes of the two phases were all
recorded, and coacervate volume fraction was expressed rela-
tive to total volume.

Results
I. Coacervation Phase Behavior in 0.40 M NaCl.

A. Phase Boundaries of Coacervation. Previous
studies of salt effects on coacervation16 show that
coacervation takes place over a wide Y range at 0.40 M
NaCl. This ionic strength facilitates the systematic
study of the effects of micelle surface charge density,
polymer molecular weight, and polymer/surfactant ratio
on coacervation. “Type 1” turbidimetric titration curves
of 1 g/L PDADMAC and 20 mM TX100 with SDS at 0.40
M NaCl are presented in Figure 1 for PDADMAC
molecular weights of Mn ) 3.0 × 104, 5.8 × 104, 1.25 ×
105, 1.60 × 105, 2.16 × 105, 2.70 × 105, and 4.28 × 105.
The equilibrium turbidity is constant and very small
at low Y values until the well-defined point of initial
turbidity increase designated as Yc, beyond which the
turbidity increases gradually with increase of Y. Yc is
0.23 independent of polymer molecular weight. For all
of the systems, a maximum exists at Y > Yc, which
increases with polymer molecular weight. For Mn g 2.70
× 105, Yc is followed by an abrupt and dramatic increase
in turbidity at Yφ1, beyond which point coacervation is
demonstrated by the formation of two liquid phases
upon centrifugation. Further addition of SDS causes the
coacervate to redissolve (at Yφ2) accompanied by a
decrease in turbidity. Beyond Yφ2, coacervate does not
exist. Thus, the interval between Yφ1 and Yφ2 is the
coacervation region. The coacervation region increases
slightly with polymer molecular weight. At Y > Yφ2, the
turbidity continues to decrease and then becomes
constant. For Mn e 2.16 × 105, no coacervation was
observed. Finally, a sharp increase in turbidity signals
precipitation for all the systems at Yp, the value of which
increases with polymer molecular weight. All of the
turbidity values are constant with time after the system
reaches equilibrium, and all of these phase boundaries
are reproducible. In summary, as stated previously,16

the above phase behavior includes a single phase in the
absence of interaction between polymer and micelle, a
soluble complex phase, liquid-liquid phase separation
(coacervation), a soluble complex phase different from

Y )
[SDS]

[SDS] + [TX100]
(1)

Rh ) kT
6πηD

(2)
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the first one, and liquid-solid phase separation (pre-
cipitation).

The above results suggest the existence of a critical
polymer MW for coacervation at any fixed polymer
concentration Cp, ionic surfactant mole fraction Y, and
ionic strength I and indicate that an increase in micelle
surface charge density can both suppress and enhance
coacervation. To investigate the relationship between
the critical polymer MW, σ, and r (the mole ratio of
polymer repeating units to SDS), “type 3” turbidimetric
titrations were carried out by adding PDADMAC in 0.40
M NaCl to 20 mM TX100 and SDS at Y ) 0.30, 0.40,
and 0.50 also in 0.40 M NaCl. The turbidities as a
function of polymer concentration are shown in Figure
2 for different PDADMAC molecular weights and dif-
ferent Y values. The curves are distributed among three
groups for Y ) 0.30, 0.40, and 0.50.

For Mn ) 8.2 × 103 at Y ) 0.50, the turbidity exhibits
no change over the range of Cp. For Mn ) 2.16 × 105

and 2.40 × 105 at Y ) 0.30, a maximum is observed in
each curve, but the turbidity is not large; thus, no
coacervation was observed in these three cases. All other
curves show a dramatic maximum. These maxima are
observed at higher polymer concentration with increas-
ing Y. At low polymer concentration, the turbidity
increases gradually with addition of PDADMAC, until
a sharp increase in turbidity signals the onset of
coacervation at a polymer concentration defined as Cφ1.
When sufficient polymer is added, turbidity starts to
decrease as coacervate is redissolved. The point at which
coacervate disappears is defined as Cφ2. The width of
the coacervation region Cφ2-Cφ1 is found to increase
with polymer MW. Both Cφ1 and Cφ2 can be operation-
ally identified more precisely by differentiating the “type
3” turbidimetric curves, as described previously.16

As seen in Figure 2, Cφ1 and Cφ2 depend on polymer
MW and SDS mole fraction Y. These coacervation phase
boundaries are summarized in the three-dimensional
graph of Figure 3, in which the polymer concentration
is expressed as the mole ratio r of polymer repeating

units to SDS. This ratio is dependent on both polymer
concentration and Y. Filled and open symbols represent
initial and terminal points for coacervation during “type
3” titrations, respectively. Thus, the coacervation region
is situated between the two surfaces comprised respec-
tively of filled and open symbols. As observed in Figure
3, the size of the coacervation region diminishes with a
decrease in polymer molecular weight and finally disap-
pears (the dashed lines are used to see the tendency
more clearly). The size of the coacervation region
increases with increase of Y and MW. It is also found
that higher polymer-to-surfactant ratio is required for
coacervation at higher Y.

Figure 1. Equilibrium turbidity of PDADMAC/TX100-SDS
as a function of Y in 0.40 M NaCl. The PDADMAC molecular
weights are from 3.0 × 104 to 4.28 × 105. The concentrations
of PDADMAC and TX100 are 1 g/L and 20 mM, respectively.

Figure 2. Equilibrium turbidity of PDADMAC/TX100-SDS
in 0.40 M NaCl at Y ) 0.30, 0.35, 0.40, and 0.50 as a function
of the polymer concentration. The PDADMAC molecular
weights are from 8.2 × 103 to 4.28 × 105. For Y ) 0.30, (b)
4.28 × 105, (9) 2.70 × 105, ([) 2.40 × 105, (2) 2.16 × 105. For
Y ) 0.40, (]) 2.40 × 105, (4) 2.16 × 105, (O) 1.80 × 105, (×) 9.8
× 104, (0) 5.8 × 104. For Y ) 0.50, ($) 3.00 × 105, (.) 1.80 ×
105, (~) ) 5.8 × 104, (_) 8.2 × 103. For Y ) 0.35, (*) 1.80 ×
105.

Figure 3. Phase boundaries of the PDADMAC/TX100-SDS
system in 0.40 M NaCl. r is the bulk molar ratio of polyelec-
trolyte repeating units to SDS. The filled and open symbols
represent the complexes with negative and positive charges,
respectively. The region between the two surfaces is coacer-
vation.
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The phase boundaries in Figure 3 suggest that
coacervation can be both induced and suppressed by
changing Y and r. For example, a TX100-SDS solution
at Y ) 0.35 in 0.40 M NaCl at r ) 0 is located outside
the surface formed by filled symbols. Upon adding
PDADMAC, r is increased until coacervation takes place
at the point indicated by “9”, which is located on the
filled-symbol surface. A further increase of r results in
coacervation redissolution at point “0”, which is on the
open-symbol surface. In summary, according to Figure
3, coacervation can be induced or suppressed by leading
the system into or out of the coacervation region through
changing polymer molecular weight, micelle charge
density, or polymer-to-surfactant ratio.

B. Coacervate Volume Fraction. Coacervate vol-
ume fractions of PDADMAC/TX100-SDS in 0.40 M NaCl
as a function of PDADMAC molecular weight are
presented in Figure 4. The concentration of TX100 is
20 mM, and the SDS mole fraction Y is 0.40, so the total
surfactant concentration is fixed. The three curves
correspond to polymer concentrations of 2.5, 4.0, and
5.2 g/L.

These coacervate volume fraction curves contain two
common traits: a rapid increase of coacervate volume
fraction with polymer molecular weight at low MW and
a roughly constant coacervate volume fraction at higher
polymer molecular weight. For a given MW, coacervate
volume fraction increases with increase in polymer
concentration, i.e., with an increase in polymer-to-
surfactant ratio. Clearly, both polymer molecular weight
and stoichiometry affect coacervate volume fraction
significantly.

II. Structure of Soluble Complexes in 0.10 M
NaCl and 0.40 M NaCl. Structural information on
complexes and coacervates from dynamic light scatter-
ing and mobility measurements may help to understand
the above phase behavior. Figure 3 shows that coacer-
vation occurs over a wide range for high polymer
molecular weight. Therefore, complex size and mobility

were studied as a function of Y for 1 g/L PDADMAC
with Mn ) 4.28 × 105 and 20 mM TX100 in 0.10 M NaCl
with the results shown in Figure 5a,b. To compare the
situation for different polymer molecular weights, previ-
ous results for PDADMAC with Mn ) 2.70 × 105 are
also included. Although the phase boundaries were
obtained at I ) 0.40 M, such high ionic strength leads
to difficulties with the mobility technique. While the
condition I ) 0.10 M does not match that of the phase
boundaries, the results still give useful structural
information. At Y < Yc, the size is almost constant, and
the mobility decreases only slightly with Y, indicating
that no interaction take place between polymer and
micelles. Because the polymer concentration is very low
relative to TX100, the small value of Rh arises mainly
from the scattering of mixed micelles. Since micelles are
nearly uncharged at low Y, the observed large positive
mobility is mainly due to PDADMAC. The slight de-
crease in mobility at 0 < Y < 0.1 is from the contribution
of mixed TX100-SDS micelles which contain a very
small fraction of SDS in this region. With a further
addition of SDS, a sharp increase in size and a marked
decrease in absolute mobility are observed, providing
strong evidence of the formation of a complex whose
mobility is positive. QELS yields a bimodal size distri-
bution: in Figure 5a, the lower curve is the contribution
from uncomplexed micelles, which remains essentially
unchanged, while the upper curve shows that Rh of the
complex changes with Y. In the coacervation range, the
mobility approaches zero, and the size of the complex
becomes very large, increasing with an increase in

Figure 4. Coacervate volume fraction for PDADMAC/TX100-
SDS system at Y ) 0.40 in 0.40 M NaCl as a function of
polymer molecular weight. Vc and Vt are volumes of coacer-
vates and total solutions, respectively. The PDADMAC con-
centrations corresponding to the three curves are 2.5, 4.0, and
5.2 g/L.

Figure 5. (a) Radius and (b) mobility of PDADMAC/TX100-
SDS in 0.10 M NaCl as a function of Y. The concentrations of
PDADMAC (Mn ) 2.70 × 105, 4.28 × 105) and TX100 are 1
g/L and 20 mM. QELS yields a bimodal size distribution in
(a): the lower curve is the contribution from uncomplexes
micelle, while the upper curve shows the contribution from
complex.
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polymer molecular weight. Further addition of SDS
leads to a significant decrease in size while the mobility
becomes negative. When Y g Yp, neither size nor
mobility can be measured because of limitations of the
techniques in systems of large particles. These results
indicate that mobility is close to zero when coacervation
takes place, regardless of polymer molecular weight.

Figure 6 shows complex size as a function of Y in 0.40
M NaCl and 20 mM TX100 at varying polymer concen-
tration Cp of 0.02-1.0 g/L. In this polymer concentration
range, no change in size is observed until Y reaches Yc
) 0.23, beyond which complex size starts to increase.
For Cp ) 0.02 and 0.05 g/L, the slight increase in size
suggests that only intrapolymer complexes are formed
at such low Cp. In the cases of 0.10, 0.30, and 1.00 g/L
polymer concentrations, a bimodal size distribution
exists as in Figure 5. The upper curves show significant
increases in size, which provides evidence that inter-
polymer complexes are formed when Cp is high enough.
For Cp ) 0.30 and 1.00 g/L, coacervation was observed
in the Y ranges 0.27-0.33 and 0.27-0.35, respectively,
but no coacervation was observed at Cp ) 0.10 g/L. As
Y continues to increase, the size begins to decrease,
finally becoming constant, at which point the coacervate
was redissolved. These results suggest a minimum
complex size for coacervation, about 45 nm in the
present system.

Discussion

Effect of Micelle Surface Charge Density. Since
TX100-SDS mixed micelle surface charge density is
proportional to the mole fraction of ionic surfactant, i.e.,
Y, the effect of Y can be thought of as the effect of micelle
surface charge density σ.

The phase behavior in the PDADMAC/TX100-SDS
system, including complex formation, coacervation, and
precipitation, results from the binding of anionic mi-
celles to cationic polymers, a consequence of electrostatic
attractive interactions. Veis and Aranyi34 proposed that

complex coacervation between oppositely charged mac-
romolecules occurred in two steps. First, macroions
aggregate by electrostatic interaction to form neutral
aggregates of low configurational entropy, and then
these aggregates rearrange to form coacervate. On the
basis of this theory for the polyelectrolyte-polyelectro-
lyte system, we put forward in ref 16 a simple mecha-
nism for polyelectrolyte-micelle coacervation. This
mechanism can be used to interpret the phase behavior
of PDADMAC/TX100-SDS systems with higher polymer
molecular weights seen in Figure 1.

The processes of macroionic aggregation to yield
neutral proto-coacervate could in fact be observed by
dynamic and electrophoretic light scattering, although
instrumental limitations with the latter made it neces-
sary to conduct these measurements in 0.10 M NaCl.
In Figure 5, one observes a single phase without
complexes at Y < Yc under which conditions the surface
charge density of the TX100-SDS mixed micelles σ is
not sufficient to lead to complex formation. Thus,
turbidity, radius, and mobility all remain unchanged.
In the region of Y > Yc but before coacervation, σ
increases with the addition of SDS, which leads to
soluble complex formation, as indicated by an increase
in size and turbidity and a decrease in absolute mobility.
In this region, complexes carry net positive charges.
With further addition of SDS, progressively higher σ
causes more mixed micelles to bind, accompanied by a
prominent increase in size and turbidity and a decrease
in absolute mobility. Here, complex charges are electri-
cally neutralized, which enables intrapolymer complexes
to aggregate into interpolymer complexes, which in turn
form coacervate. Thus, the coacervation region is cen-
tered at the charge neutralization point. With the
addition of SDS beyond charge neutralization, higher σ
increases the intrinsic binding of micelles to polyelec-
trolytes but also eventually produces electrostatic in-
termicellar repulsion and concomitant intercomplex
repulsion. These two effects eventually lead to a redis-
solution of the interpolymer complexes into intrapoly-
mer complexes with net negative charge, which corre-
sponds to the soluble complex region located between
coacervation and precipitation. The electrostatic inter-
micellar repulsion could also cause the number of mixed
micelles bound per polymer chain (nj) to decrease. The
fact that the mobility in this region is almost unchanged
with addition of SDS might arise from the compensating
effects of a decrease in nj simultaneous with an increase
in Y. At Y > Yp, mixed micelles with very high charge
density display a strong interaction with the polyelec-
trolytes, leading to tight binding of micelles with poly-
electrolytes. With the consequent loss of counterions and
hydration, precipitation occurs.

The effects of polymer concentration at constant σ are
shown in the “type 3” turbidimetric titration results in
Figure 2. For a given polymer MW, the coacervation
region widens with the increase of Y. This result can
be easily interpreted using the mobility results. Accord-
ing to Figure 5, the mobility is close to zero when
coacervation takes place. It can be deduced that the
soluble complexes at Cp < Cφ1 and Cp > Cφ2 carry
negative and positive charges, respectively. At Cp > Cφ1,
the addition of polymer neutralizes intrapolymer com-
plexes with negative charges by decreasing the average
number of micelles bound per polymer chain. Aggrega-
tion of neutralized complexes allows coacervation to take
place with accompanying extremely large turbidity.

Figure 6. Radius of the systems of PDADMAC (Mn ) 2.70 ×
105)/TX100-SDS as a function of Y in 0.40 M NaCl at PDAD-
MAC concentrations of 1.00, 0.30, 0.10, 0.05, and 0.02 g/L.
QELS yields a bimodal size distribution: the lower curve is
the contribution from uncomplexed micelle, while the upper
curve shows the contribution from complex.
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Upon a further addition of polymer, each polymer chain
will bind on average a decreasing number of micelles,
eventually causing coacervates to disaggregate into
positively charged intrapolymer complexes with a cor-
responding decrease in turbidity. At higher micelle
charge density, more polymers are needed to neutralize
the complexes to reach the requirement of coacervation.
After coacervation, the interpolymer aggregates con-
taining micelles of larger σ can contain more polymers
before the coacervate is redissolved into positively
charged intrapolymer complexes. As a result, the coac-
ervation region is wider and shifted toward a higher
polymer concentration with increase in Y.

Effect of Polyelectrolyte Molecular Weight. Fig-
ure 1 shows that a minimum polymer molecular weight
is required for coacervation at a given polymer concen-
tration. This result can be explained in a zeroth-order
way by polymer phase separation theory. The purpose
of the following model is not a rigorous theoretical
treatment. However, we believe that some elements of
such a simplified approach can be useful to understand
coacervation. According to Flory-Huggins theory,35,36

the chemical potential of solvent in a polymer solution
relative to the pure solvent as standard state can be
written

where v2, x, and ø1 denote volume fraction of polymer
solute, number of structural repeating units of per
polymer chain (proportional to polymer molecular
weight), and polymer-solvent interaction free energy
parameter, respectively. Then, the critical polymer
volume fraction v2c (polymer solubility) at which phase
separation appears is determined by x and ø1, i.e., by
polymer molecular weight and solvent-polymer inter-
action parameter. v2c may be expressed by the following
equations:

and

which means that polymer solubility decreases with
increasing x and increasing ø1.

Piculell and co-workers8 rationalized phase separation
of complexes of polymers with oppositely charged sur-
factants by considering the complex as a single quasi-
component with a variable composition, which could
then display varying solubility. Similarly, because the
complex is a precursor of coacervation, we consider the
polymer-micelle complex as a kind of polymer, wherein
one bound micelle along with a certain number of
polymer residues (np) can be thought as a structural
“repeating unit”. Then, x can be expressed as

where m0 is the weight per monomer residue in the
polymer molecule.

Systems containing charged species in principle ex-
ceed the limitations of the Flory-Huggins theory,
because the interaction energy term ø1 is based on short-
range interaction, while electrostatic interactions are

typically long-range. Thalberg and co-workers25 used a
mean-field approximation with five effective interaction
parameters to calculate phase diagrams and indicated
that the Flory-Huggins theory can account for the
phase behavior observed in a polyelectrolyte-surfactant
system. Furthermore, if the ionic strength is large
enough and if there is sufficient intracomplex charge
neutralization, the long-range interaction may be sup-
pressed. In the present case, the ionic strength is 0.40
M, and the complexes are close to charge neutrality
when coacervation takes place, so we think that the
Flory-Huggins theory can be invoked to understand the
effect of MW on coacervation. We assume that the
interaction energy term ø1 of the “repeating units” in
the complexes decreases with decrease in their net
charge density. Therefore, complexes of higher polymer
MW and lower net charge density tend to phase
separate from the complex solution (coacervation). If the
polymer MW is low enough or complex net charge
density is large enough, coacervation cannot take place.
In other words, a minimum polymer MW and a maxi-
mum ø1 are required for coacervation.

Overbeek and Voorn21 obtained critical conditions for
complex coacervation of symmetrical polyions in salt-
free systems as σp

3rp g 0.5, where σp and rp are polymer
charge density and the number of polymer repeat units,
respectively. This condition also suggests that no coac-
ervate forms at sufficiently low rp (proportional to
polymer MW) when the polymer charge density is
constant. This tendency is consistent with the present
result.

Since polymer charge density is independent of poly-
mer MW, ø1 of the complex is also independent of MW.
So the effect of MW on coacervation must be through x,
which also determines the size of the complex, and a
minimum x would correspond to some minimum com-
plex size. The results from Figure 6 appear to suggest
that 45 nm is the size of the complex which is the
precursor of coacervation in the present system,37,38 i.e.,
Rh ) 45 nm when x attains a critical value xc for phase
separation (coacervation). The size of complexes in-
creases with increasing (uncomplexed) polymer MW
(Figure 5a). The resulting large intrapolymer complexes
aggregate more readily into interpolymer complexes
leading to coacervation,23,27,28,37 presumably because the
gain in entropy when complexes rearrange into a
randomly distributed coacervate phase39 is enhanced
with increasing polymer MW. Because a complex in-
volving one chain of MW ) M′ is thermodynamically
the same as a complex comprising two chains with MW
) M′/2, one may speculate that coacervation could take
place without interpolymer complex formation if an
intrapolymer complex were large enough to attain xc.

Complexes formed from higher molecular weight
polymer can attain this condition over a broad range of
conditions and so widen the coacervation region at a
given Y, as shown in Figure 3. This result can be
represented by the schematic diagram of Figure 7. The
coacervation region is centered at the charge neutraliza-
tion point. Phase separation (coacervation) depends on
the combined effects of charge neutrality and large
complex size. With increase of polymer MW, larger
complexes can coacervate even when the complex net
charge departs somewhat from zero, while smaller
complexes cannot coacervate even if their charges are
neutralized. Thus, the width of the coacervation region
increases with increasing polymer MW.

µ1 - µ1
0 ) RT[ln(1 - v2) + (1 - 1/x)v2 + ø1v2

2] (3)

v2c ) 1/(1 + x1/2) ≈ 1/x1/2 (4)

v2c
3 ) (1 - 1/x2ø1)/x (5)

x ) MW
m0np

(6)
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Polymer MW also affects the quantity of coacervate
as predicted by Voorn and Overbeek.21 The coacervate
volume fraction for the PDADMAC/TX100-SDS system
exhibits a similar tendency, as shown in Figure 4. At
constant polymer concentration, coacervate volume frac-
tion increases rapidly with PDADMAC molecular weight
at MW < 2 × 105, whereas the coacervate volume
fraction is almost constant at higher MW. These results
are consistent with the preceding discussion of xc. In
the range of higher polymer MW, all polymer molecules
can lead to complexes that satisfy x > xc, so no obvious
differences in coacervate volume fraction could be
observed in the high MW range.

Effect of Polyelectrolyte-to-Surfactant Ratio.
The importance of charge neutrality leads to an effect
of the polyelectrolyte-to-SDS ratio, r. At fixed total
surfactant concentration, r depends on polymer concen-
tration Cp and on Y. The values of r, Y, and MW
determine the number of micelles bound per polymer
chain nj. Then, the critical supramolecular parameters
of the complex including the net charge ZT (which
controls ø1) and the size R (related to x) are determined
by r, Y, and MW. The three-dimensional coacervation
phase boundary in Figure 3 presents the effect of r on
coacervation and its relationship with micelle surface
charge density and polymer molecular weight. This
figure suggests that both high and low r can suppress
coacervation.

From Figure 3, it is noted that the value of r
producing maximum coacervation increases with in-
creasing Y, the width of this region increasing also. The
requirement of charge neutrality can be used to explain
this as shown by the schematic in Figure 8. Coacerva-
tion takes place when the net charge of the complexes
ZT is located between Z1 and Z2. The two lines represent
hypothetical relationships between the net complex
charge and r at low and high Y, respectively. The
binding constant of micelles to polyelectrolytes must
increase strongly with Y.28 Thus, although the number
of micelles bound per polymer chain nj varies inversely
with r for stoichiometric reasons, the dependence of nj
on Y is much greater than its dependence on r. At any

r value, ZT is more negative for larger Y. dZT/dr, the
change of net complex charge with r, decreases with
increasing Y. Therefore, the coacervation region r1 < Y
< r2 is larger at higher Y, and the coacervation region
moves to high r at high Y.

Figure 3 shows that coacervation almost always
requires r > 1, which means that the number of polymer
charge units in the complexes is probably more than
that of SDS. When coacervation takes place, the com-
plexes, composed of polymer, micelles, and counterions,
have mobility close to zero. Owing to limitations of
polymer chain flexibility, micelle geometry, and inter-
micellar repulsion, some of the charge units on the
polymer chain cannot be locally neutralized by micellar
SDS and must be neutralized by the counterion Cl- (see
Figure 9). Coacervation thus occurs at r > 1.

The coacervate volume fraction is also affected by r.
In Figure 4, Cp ) 2.5, 4.0, and 5.2 g/L corresponds to r
) 1.19, 1.91, and 2.48, respectively, indicating that
coacervate volume fraction increases with r. In Figure
3, the systems with r ) 1.19 and 2.48 are located at the
initiation and termination of the coacervation region.
At a given surfactant concentration, the larger coacer-
vate volume fraction at higher r means that an increase
in the amount of polymer bound to micelles leads to
enhanced coacervate volume fraction.

Conclusions

Turbidity, dynamic light scattering, and electro-
phoretic mobility have been used to study the effects of
micelle surface charge density, polymer molecular weight,
and polyelectrolyte-to-surfactant ratio on coacervation
of the PDADMAC/TX100-SDS system. The coacervate
volume fraction was also studied as a function of
polymer molecular weight. These results indicate that
complex charge near neutrality and a minimum complex
size about 45 nm are required for coacervation to occur.

Figure 7. Schematic description of coacervation region
dependence on polymer molecular weight and net charge of
complex.

Figure 8. Schematic description of coacervation region with
respect to r and Y. When the net charge of complexes ZT is
located in the charge region between Z1 and Z2, coacervation
takes place. The region between r1 and r2 is the coacervation
region.

Figure 9. Schematic of a representative part of a structural
unit within a complex. A local charge excess of polymer
segments is compensated by its counterions.
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The size of coacervation region widens with increasing
polymer molecular weight and micelle charge density
over the range studied. Both lower and higher polyelec-
trolyte-to-surfactant ratio can suppress coacervation.
Coacervate volume fraction increases with an increase
of polymer molecular weight and with an increase in
polyelectrolyte-to-surfactant ratio in the coacervation
region. A further study on the effects of micelles size is
in progress.
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