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Temperature-Dependent Phase Behavior of PolyelectrolyteMixed Micelle Systems
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The effect of temperature on the phase behavior of a polycatiaionic/nonionic mixed micelle system,
poly(dimethyldiallylammonium chloridejsodium dodecylsulfate/Triton X-100, was studied over a wide range

of surfactant compositions, ionic strengths, and polycation molecular weights using turbidimetry and dynamic
light scattering. Soluble complexes become biphasic upon heating through eitherliquid (coacervation)

or liquid—solid (precipitation) separation. The biphasic boundary comprises two regions: a coacervate domain
exhibiting a lower critical solution temperature and a second superimposed domain in which either solids or
very dense and viscous fluids are formed upon heating. The position of the first region is symmetrically
centered around conditions corresponding to charge neutralization of complexes and their aggregates at incipient
phase separation. The second region, observed at high micelle charge, corresponds to the collapse of polycation
onto micelle surfaces and expulsion of counterions and can produce either dense coacervate or precipitate.
The two regions exhibit different dependences on ionic strength, polyelectrolyte molecular weight, and
concentration, from which inferences about the mechanisms of phase separation may be drawn. Preliminary
observations of the dense liquid phases isolated after coacervation disclose a number of interesting optical
and rheological properties, possibly arising from shear-induced phase separation.

Introduction regimes of soluble complex formation prior to phase separation,

The interaction of oppositely charged polyelectrolytes can in turn Ieading_ to a t_)etter u_nderstan(_jing of the _coacer\(ation
lead to soluble complexes or precipitatésintermediate process. PEm_|ceIIe interactions dominate over interactions
between these two states are complex coacerdaiesse liquid with monomeric gurfactant in part because .of the typically low
phases much more concentrated in macroions than solubleMC of ionic—-nonionic s.urfactant systems (in the present case
complexes but more solvated than precipitates. Similar phase2P0ut 3 orders of magnitude below the bulk surfactant concen-
transitions can be observed in systems of polyelectrolytes with {ration). The predominance of Pénicelle interaction is mani-
small, oppositely charged colloids, including protetngen- fested in (1) the appearance of alcrlycal mlcel.le charge dgnsny
drimers® and micelle%” all of which may exhibit liquid-liquid- for _complexatlorP,J (2) the quantitative retention .Of solubili-
phase separation. Coacervation between polyelectrolytes and@tion by polyelectrolyte-bound micelles in solution or coac-
surfactants may occur in cosmetic formulati@mehile protein- ervatesl® and (3) direct cryo-TEM observation of PE

. . . i 1
polyelectrolyte coacervation has been studied in the context of complexed micelles: . .
food system%and may also be relevant to some biological Polyelectrolyte-micelle systems facilitate experimental tests
phenomena. The fact that coacervation appears to have litt}e©f theories for the electrostatic interaction between PE’s and

effect on the structure of proteifsor micelled! leads to ~ OPPOSitely charged colloid$;?°in particular providing the only

intriguing possibilities in the fields of protein separatiGri? experimental evidence in support of the theoretically obséfved
immobilized enzyme® and immobilized detergend§.These minimal colloid surface charge density required for binding:
applications and implications have motivated studies of coac- 0.~ Eic® 1)

Cc

ervation and the factors that influence it.

Stoichiometric complexation in polyelectrolytsurfactant Here & is the PE linear charge density ards the Debye-
systems has been reporfédnd the formation of stoichiomet-  Huckel parameter. These systems also provide a good model
rically well-defined (solid) complexés*tends to occurs under  for elucidating the dependence of PEolloid coacervation on
conditions of strong binding when free surfactant and free system variables such as colloid charge, polyelectrolyte (PE)
polyelectrolyte (PE) cannot coexist. Such strong binding, MW, colloid:PE stoichiometry, and ionic strengih.§” We have
characteristic of the interaction of ionic surfactants with op- focused in particular on the polycation poly(dimethyldiallylam-
positely charged PE in pure water, can be attenuated by themonium chloride) (PDADMAC), whose linear charge density
use of mixed anionienonionic micelles, making it possible to  seems particularly conducive to coacervation, using narrow MW
establish distribution samples to observe the relevant phase transitions,

T Part of the special issue “International Symposium on Polyelectrolytes thus'av0|d|ng much of the broademng due to system polydis-
(2006)" Y Y Y persity. The surfactant system of sodium dodecy! sulfate (SDS)
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has not yet been reported. The conditions required for pretein correlator and employga 3 WAr-ion laser source operating
polyelectrolyte coacervation (expressed as a critical pH) were at 514 nm. Samples were prepared in 0.40 M NaCl containing
found to be remarkably independent of temperature in the range3 g/L PDADMAC (1.41 x 1CP) and 20 mM TX100 adjusted
20—-50 °C# Coacervation of PDADMAC with SDS/TX100  with 60 mM SDS to desirelf values. The samples were stirred
micelles was found to have essentially no enthalpy chdhge. at leas 2 h before measurements and filtered with Whatman
But, phase separation with increase in temperature had been(0.2um) filters prior to measurements. The correlation functions
observed previouskf Thus, it was not entirely unexpected when of the scattering data were analyzed via the method of
we serendipitously observed a phase transition betwe¥d 2  regularization (CONTIN® and then used to determine the
and body temperature for coacervates prepared at room tem-diffusion coefficients D). The diffusion coefficienD can be
perature. Since control of phase state could be important in converted into hydrodynamic radii using the Stok&snstein
several applications, we were prompted to investigate this effectequation

in more detail. Here, we report on the influence of molecular

weight of polyelectrolyte (MW), salt concentratio),(and R, = kT/6myD 3)
polymer concentrationd,) on the temperature-induced phase
behavior PDADMAC/TX100-SDS. Turbidimetric titrations were
used to identify regions of corresponding to the formation of

soluble_ complexes, coacervate, or precipitate. Dyngmic light — coacervate SeparationTurbidimetric titrations were carried
scattering was employed to characterize the system in all threeOut at constant temperature by adding SDS to 3 g/L (k41

regimes. Since all three of these states could give rise to 10°) PDADMAC and 20 mM TX100. Titrations were stopped
turbidity, clear distinctions among them are only possible after .. jasiredy values corresponding to biphasic domains 111 or V

high-speed centrifugation. The opfically clear dense fluids (e pejow), and the resultant suspensions were stirred for 15
obtained after centrifugation we define as “coacervates” (in the ;- For experiments not at ambient temperature @p, the

literature “coacervation” typically refers to the formation of a oo tions were kept in a controlled temperature water bath for
metastable S”Sp?”$i°” of this ﬂUid. in the dilute_ phase)_. Wealsoy  The strongly turbid samples were centrifuged at least 2 h
ma!(e some prgllmlnary o!oservatlons of the interesting rheo- ,; 3509 rpm at the temperature of preparation, to yield an upper
logical and optical properties of the coacervates. dilute phase and lower dense phase (“coacervate”), which was,
depending on the value 8fand the temperature, (a) a somewhat
viscous optically clear fluid, (b) a translucent and gel-like fluid,

Materials. Two samples of Poly(diallyldimethylammonium  or (c) a white solid. In cases a and b, both phases were separated
chloride) (PDADMAC) were prepared by free radical aqueous for further examination.
polymerization of diallylmethylammonium chloride. The
weight average molecular weight®y) of the two purified Results and Discussion
lyophilized polymers were determined by light scattering as
2.19 x 1 and 7.00x 10°, but the samples will be referred to
according to their number averages (from membrane osmom-
etry) M, = 1.41 x 10° and 4.60x 1CP. Triton X-100 (TX100)
and sodium dodecyl sulfate (SDS, purit®9%) were purchased
from Aldrich, and NaCl was from Fisher. Monodisperse
hexaoxyethylene dodecyl ether 16Es) was from Nikkol
Chemical Co. (Tokyo), while a commercial sample with
headgroup polydispersity was a gift from Shiseido Corp.
(Yokohama, Japan). All were used without further purification.
Milli-Q water was used in all experiments.

Turbidimetric Titrations. Turbidimetric titrations were
carried out by adding 60 mM SDS in 0.40 M NaCl with
continuous stirring to solutions of PDADMAC in 20 mM
TX100, also in 0.4 M NaCl, with initial polymer concentrations

flr;)ét%r?éLéfrzsgg%V%%’stge?irr"l% tgg solution to different mole observed wheM,, < 2.16 x 1(P. Thergfore, the concentration
’ of PDADMAC (M, = 1.41 x 10°) was increased to 3 g/L. The
Y = [SDS]J{[SDS] + [TX100]} ) corresponding turbidimetric titration curve shown in Figure 1
allows for the identification of five domains or regions,
which is proportional to the average mixed micelle surface corresponding to either colloidal solutions or biphasic systems.
charge density, i.eg in eq 1. Turbidity, reported as 100 The turbidity z (here defined for convenience as 160% T,
% T (+£0.1% T), was measured using a Brinkmann PC 800 which is linear with the true turbidity fof > 0.9) is constant
colorimeter £ = 420 nm) equipped with a 2.0 cm path length and very small in region |, unti¥ attains a critical valueY)
fiber-optics probe. The temperature was controlled by a circulat- of 0.23; beyond this point, the turbidity increases gradually
ing water bath40.2 °C). Turbidity values were recorded when (region Il). Numerous studiés?2® have demonstrated that
the meter response was constant for 2 min. All measured valuespolyelectrolyte-micelle interactions are negligible below this
were corrected by subtracting the turbidity of a polymer-free Y., regardless of total surfactant concentration, confirming as
blank. Duplicate titrations gave reproducible results. noted above that the polycation interacts with the mixed micelles
Dynamic Light Scattering (DLS). DLS measurements were and not monomeric surfactant. It has also been clearly estab-
carried out mainly on precoacervate solutions at scattering anglelished thatY; is independent oCp, MW, or r and uniquely
90° at temperatures from 5 to 3% + 0.5 °C with an ALV determined by. AboveYe,, the gradual increase incorresponds
instrument equipped with a model 5000 Multi-tau digital to the formation of intrapolymer soluble complexes and their

wherek is the Boltzmann constari,is the absolute temperature,
andy is the solvent viscosity, here taken as that of water.

Experimental Section

Turbidimetric Titration: Presence of Different Charac-
teristic Domains. Gradual addition of ionic surfactant to a
mixture containing an oppositely charged polyelectrolyte (PE)
and a nonionic surfactant (well above the cmc) corresponds to
a continuous increase in micelle surface charge density.
Monitoring the turbidity with high precisiont0.1 transmittance
units) facilitates the detection of soluble complexes and their
subsequent aggregation, as well as macroscopic phase transi-
tions, including liquid-liquid-phase separatid¥. Previous
studie$ showed that such coacervation is highly dependent on
the mole fraction of anionic surfactar¥)( the salt concentration
(1), the polymer molecular weight (MW), the polymer concen-
tration (Cp), and the related bulk stoichiometery, here expressed
as the weight ratio of total surfactant:polymey. (For 0.40 M
NaCl, C, = 1 g/L, coacervation at room temperature was not
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Figure 1. Characteristic regions of turbidimetric titration: PDADMAC

(1.41x 10° 3 g/L), in 20 MM TX100 and 0.4 M NaCl, is itrated with  Figyre 2. Systems obtained by centrifugation of 1.4110° PDAD-
60 mM SDS in 0.4 M NaCl to vary the mole fraction of SD¥) @t MAC (3 g/L + SDS-TX100, after adjustment %6 = 0.38 (A), 0.57
22 °C. The vertical arrows indicate the phase transitions from () and 0.61 (C); centrifugation temperature Z2for (A) and 27°C
noninteracting solution (1) to soluble complex (excess polycation) (Il), for (B) and (C)). Volumes before centrifugation: 5 mL (A); 15 mL
to coacervates (lll), to soluble complexes and aggregates (excessg): 10 mL (C). Volumes of lower and upper phases: 0.4, 4.6 mL
micelle) (IV), and finally to dense coacervates (V(a)) and precipitate (A): 0.3, 14.7 mL (B); 0.2, 9.8 mL (C). Some upper phase was discarded
(V(b)). for (B) and (C). Actual yields of dense phase (v:v): 8% (A); 2% (B);

o X . . .
higher order aggregates. A subsequent abrupt and dramatiqzof)s(ggég)g‘;ﬂ?eysségfo\fes ?;igg’_f the coacervate from (B) (inverted

increase inr occurs afy = 0.32, beyond which coacervation is

B -

demonstrated by the formation of two liquid phases upon 120 T T T T T T
centrifugation; this is designated ¥s. Further addition of SDS

causes the coacervate to redissolvérgtaccompanied by a 100 o 5°C _"'—-"""- .
decrease im, attaining a second plateau but one of significantly * 22°C s 3
higherz than atY < Y. Thus, the interval betweeY,; and Yy, ) 27°c FE 8

is the first coacervation region, hereinafter referred to as “III”. R  357C . '

The electrophoretic mobility of soluble complexes is positive S 6o .
at Yo < Y < Y4 and negative forY > Yy, indicating that -

coacervation is inhibited when soluble complexes are not close 40 7
to electroneutrality. The subsequent sharp increase in turbidity

atY ~ 0.55 corresponds to a second coacervation domain as 20 7
demonstrated by the formation of a dense and viscous lower

liquid phase (V") upon centrifugation. However, ¥t> 0.60, %' 07

solid—liquid separation (precipitation) was observed. The

domains of the five states are thus denoted as noninteractingrigure 3. Turbidimetric turbidimetric titration curves at 5, 22, 27, and

(), positively charged soluble complex (ll), coacervate (lll), 35 °C, with all other conditions as in Figure 1 (3& plot shifted up
negatively charged soluble complex (IV), and a second phaseby 20 for clarity of presentation).

separation regime (V). Previously, this domain was thought to

correspond to precipitation and was therefore denotetf,py ~ dense coacervation [V(a)] followed by precipitation [V(b)]

In this work, we found that this region often corresponded to a occurs. The three states of phase separation, corresponding to
second coacervate essentially continuous with eventual precipi-lll, V(a), and V(b), initially formed as metastable suspensions,
tation; in the absence of a well-defined boundary in these casesare identified by the appearance of the lower phase after
we designate the corresponding regimes as V(a) and V(b). ~ centrifugation in Figure 2.

The progression described above arises from enhanced Temperature DependenceThe effect of temperature is first
binding of micelles with increasing surface charge density to illustrated through turbidimetric titrations carried out at low
polycation. According to Veis and Aran$i,complex coacer- temperature (5°C), ambient (22 or 27°C), or elevated
vation between oppositely charged macromolecules involves temperature (38C), shown in Figure 3. Notable is the fact that
first the aggregation of macroions by electrostatic interactions the transition from noninteracting state to soluble complex at
to form neutral aggregates of low configurational entropy, “Y." ~ 0.23 is at most weakly dependent on temperature. At
followed by their rearrangement to form coacervate. This T = 22 °C, centrifugation subsequent to region IV¥at 0.57
corresponds here to region I, in which the number of micelles gives two liquids (dilute phase and coacervate) and-at0.61
bound/polymer chaim, multiplied by the charge/micell&, gives dilute phase and solid. At 3& (to be discussed in more
begins to compensate for the charge/polycation. Subsequentetail below), the system becomes and remains biphasic shortly
increase in botm and Z,, leads to charge overcompensation, after Y. and, thus, region IV appears to be absent. In contrast,
and complexes with net negative charge undergo dissolutionat 5 °C, phase separation is delayed, the coacervation region
due to intermacroionic repulsion, leading to the soluble complex (lll) is absent, and only solidliquid phase separation was
region IV. In this region it is also possible that intramacroionic observed at = 0.64; i.e., region V(b) appears without V(a). It
repulsion leads to a decreaserinAt Y > 0.56, the second is evident that at fixed = ca. 0.38, coacervation will occur
coacervation region may be attributed to the tight binding to somewhere between 5 and 22. In fact, this observation first
polyelectrolyte of mixed micelles with very high charge density. occurred adventitiously when solutions at similar conditions
Pursuant to the consequent loss of counterions and hydrationwere merely held. It should be pointed out that the appearance
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Figure 5. Hysteresis aty = 0.61. Ty (heating)= 16.8°C, andTe
80| ) (cooling) = 14.5°C.
- © Monodisperse C E, U . . .
s ) temperature-induced phase separation for polymers in poor
BN ¢ Polydisperse C_E p . -
S 60 - 27 T solvents®® The former has rarely been identified as a true phase
- transition, being typically broadened by system polydispersity,
40 . and does not appear to have any consistent temperature
dependence. Temperature effects for the latter have been the
20 000 b subject of a rigorous thermodynamic analysis but in the context
e® of simple polymet-solvent binary mixtures. Like the first case,

0 m 5 P P » phase separa_ltion in our system is entropy-driven (see belo_vv),
o but reduction in MW polydispersity and surfactant heterogeneity
T(c) facilitates the observation of well-defined transitions (Figure
Figure 4. Temperature dependence of turbidity for PDADMAC (1.41  4B), similar to those seen for polyelectrolytprotein coacer-
x 1, Cp, = 3 g/L) + SDS/nonionic mixed micelles in 0.4 M NaCl: vation induced by a change of only ca. 0.02 pH ufine

A) SDS/TX-100 at variousy values; (B) SDS/GEs (monodisperse . . . .
gn)d polydisperse)Y = 0.40. Also Shéw)n: operat?o(rlal defini?ion of curves of Figure 4 were fully reversible and highly reproducible,

Te, used to determine data points for the phase boundary of Figure 6.Yi€lding Te to +0.5°C. However, at > 0.58, where the dense
phase is solid, a hysteresis appears as shown in Figure 5. This

of a critical temperature for coacervatiof,) does not arise does not appear to be a kinetic effect since the redissolution
directly from transitions of the surfactant. The cloud point of curve (decreasing temperature) was highly reproducible, but its
the surfactant system at= 0.38 is above 65C, much higher existence at all conditions has not been verified. The symmetry
than the values of,. The polyelectrolyte-free system freezes and position of the curves in Figure 4 clearly vary nonmono-

at —3 °C, while the coacervates freeze a7 °C. Finally, tonically with'Y, for reasons to be presented in the subsequent
coacervates are far more viscous than polyelectrolyte-free section.
solutions of identical surfactant concentration. The dependence @, onY is shown as the phase boundaries

More quantitative measurement of thiig is illustrated by of Figure 6A for PE MW's and concentrations of 1.4110°
Figure 4. The curve exhibits sigmoidal shape with an abrupt and 3 g/L. It can be pointed out that this phase boundary could
increase at a threshold temperature corresponding to phaselso be generated by measurivig at different fixed temper-
separation, allowing an empirical definition dfp as the atures, and the result of one such turbidimetric titration,
intercept of the initial linear portion of the curve with the tangent presented in Figure 1, constitutes one of the data points in Figure
to the rapidly increasing portion of the curve, as shown in Figure 6A. A prominent feature of Figure 6A is a well-defined
4B for Y = 0.40. WhenT is below Ty, the mixed solution is minimum at a lower critical solution temperature (LCST). (No
transparent and the turbidityis small and increases gradually. UCST could be observed as the solutions freeze prior to phase
This gradual increase inmay indicate progressive formation separation.) We denote this LCST Esand the corresponding
of intrapolymer soluble complexes. In the vicinity ©f, the micelle composition a¥*. It is important to note that thiy*
turbidity increases rapidly, which may come from the aggrega- is identical with the local maximum im for noncoacervating
tion of intrapolymer complexes into interpolymer complexes. conditions (e.g., all < Tg in Figure 4) or to the point of
ForT > Tg, T exhibits a rapid increase (the subsequent leveling maximum coacervation for the turbidimetric titration curve of
off cannot be interpreted since the amount of light reaching the Figure 1, all three corresponding to conditions for charge
detector becomes unmeasurably small). Figure 4B shows resultsieutrality of the PE-micelle complex or aggregates thereof.
for a system in which surfactant heterogeneity is minimized by ~ The temperature-dependent turbidities of Figure 4A contain
replacing TX100 with a monodisperse analogzHg. Broaden- additional information beyond the phase boundary of Figure
ing of the transition is increased when the nonionic headgroup 6A. ForY in the vicinity of Y*, the turbidity r increases steeply
becomes polydisperse (commerciabEz). Thus, coacervation  with approach tolg, while departures o¥ from Y* in either
atT > Ty (demonstrated by the formation of two liquid phases direction lead to a marked decrease in the slopertfld Thus,
upon centrifugation) is a true liquidliquid-phase transition  systems that display quite different valuesTaf can generate

broadened only by system polydispersity. 7(T) curves of very similar shape if the absolute values of
While the precise nature of the transitionTat remains to Y — Y*| are similar. This symmetry with respect ¥ is
be elucidated, two models of macromolecular ligtlidjuid- important and will be discussed below.

phase separation come to mind: the historically familiar  To confirm the phase boundary of Figure 6A, turbidimetric
coacervation of oppositely charged polyelectrol§te® and titrations were carried out at 5 and 36 corresponding to the
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T : : ] to coacervate droplets which can be separated into well-defined
two-phase ~ ° 141x10°3glL phases by centrifugation.
o While Figure 6 gived, atY = 0.38 as 10.8t 0.5°C for M,
30 © 9 1 =1.41x 10°andC, = 3 g/L, Figure 7A for identical conditions
of PE concentration and MW shows a marked discontinuity at

40 F(A)o

So

% 13.5+ 0.5°C. The features of the temperature dependence of
DLS scattering intensity, shown in Figure 8, differ even further
oC o T with a sharp maximum at 1ZC. The size of coacervates droplets
| B

T,(C)
S
OOO

10F - leads to a large scattering dissymmetry ratio due to interference
effects, so their 90scattering is weak, and this strongly affects
A the DLS results. Their global scattering (turbidity) is large, so
o4 05 06 T, from turbidity is a good measure of the initial formation of
50 . . . : coacervates. On the other hand, the scattering &t i90

o 4.60x10° 3g/L dominated by smaller species, particularly soluble complexes,
o 1.41x10° 3g/L which continue to be seen aboVg(this explains why the small

4 4.60x10° 1g/L | micelles are detected by DLS even for highly turbid samples).
= 1.41x10° 1g/L At 12 °C, soluble complexes are being depleted to form
coacervates, giving rise to the maximum in°9€cattering
intensity at 12°C. Continued depletion of soluble complex

. allows coacervates droplets to be detectefl at14 °C. Taken
together, Figure 7A,B indicates that the maximum size for
. soluble aggregates is somewhere between 100 and 400 nm.
Our discussion of Figure 6A begins with the rather sym-
0 . ) \ \ metrical regions aroung*. Previous work indicates a transition

0.2 03 0.4 0.5 0.6 0.7 from positively to negatively charged soluble complexes near

Figure 6. (A) Phase boundary constructed from data in Figure 4. The ;Pen??mtig: Inﬁl?lewp.?ﬁise Sree/?éatloqraithe;)ésfm ggo%rﬁlsses
data point atY = 0.32 andTy = 22 °C was obtained from the om regime 11 1o 1V. S provides strong evidence that the

turbidimetric titration of Figure 1. Solidliquid separation occurs under ~ POiINt of maximum  coacervatiofy* = 0.38 for this ionic
conditions denoted byx". Horizontal arrows correspond to paths of ~ Strength and PE concentration corresponds to the condition of
turbidimetric titrations at 5 and 3% shown in Figure 3. Vertical arrows ~ zero net charge of soluble complexes, which promotes the
A and B show conditions for temperature-dependent DLS (see Figure formation of aggregates, seen for example in Figure 7A between
7). Arrow C corresponds to the effect of temperature on coacervate 1 and 15°C. The LCST seen in Figure 6A corresponding to
prepared at 22C leading to second phase separation (see Figure 10). - PR P TR .
(B) Effect of polymer MW and concentration on phase boundaries. Cpndltlons of InCI_plem liquietliquid phase separation thus
signals the formation of nearly electrically neutral polyelectro-
lyte—micelle complexe&.This condition may be described by

horizontal arrows shown in Figure 6A. The coacervation domain
vanishes at 5°C, and the system progresses directly from
monophasic to liquietsolid phase separation ¥t~ 0.64 (this
point is indicated by the solid crosses in Figure 6A). However,
at 35°C the biphasic region extends beyorier 0.27 apparently  i.. the number of micelles/polymer chain multiplied by the (
with no indication of a second soluble complex regime Iv; dependent) charge/micelle is nearly equal to the polymer charge.
instead, there appears to be a transition from coacervate toThis is consistent with the symmetry aroult of the dr/dT
precipitate atY ~ 0.57. This transition cannot be observed slopes: deviations from charge neutrality similar in magnitude,
turbidimetrically but is disclosed by comparison of centrifugates if not in sign, arise rather equally when micelle charge deviates
after adjustment of. Figure 3 verifies that the coacervation in either direction fromy*, and the concomitant deviations from
corresponding to region Ill cannot occur below the LCST. ~ complex charge neutrality equally reduce precoacervate higher
Structural information on complexes and coacervates from order aggregation. Accordingly, the LCST curve is symmetrical
dynamic light scattering can help to understand the nature of aroundy*. Small deviations fronZr = O still permit aggrega-
the phase transition. As shown in Figure 7A for the case of tion, either by polarization (a transiently micelle-rich domain
Y = Y* = 0.38, unbound micellesR; = 5 nm) are seen  Of one complex attracted to a transiently micelle-poor domain
throughout the experimental range, along with intrapolymer of another) or by disproportionation (the formation of a
complexes R, = 25 nm). At T > 7.5 °C, interpolymer subpopulation of neutral complexes by the unequal sharing of
(multipolymer) complexes appear in the rangeRpf= 100 nm micelles within a population that is not globally electroneutral).
and increase in size until 13.5C, where particles with Even with these effects, coacervation is constrained when
R, > 500 nm appear. Similarlyy = 0.40 shows strong increases deviates fron¥*, thus expanding the one-phase region (elevating
in turbidity as a function ofT prior to the onset of phase  T¢)-
separation. In summary, there are four species that can be To pursue the charge-neutrality hypothesis further, we
identified in Figure 7A: (1) unbound micelles, with diffusion recognize thah has both energetic and stoichiometric compo-
coefficients identical with those seen in the absence of polymer; nents. At fixed ionic strength, energetic contributions to micelle
(2) intrapolymer complexes, with apparent dimensions-18 binding depend only oiY but clearly in a nonmonotonic way,
25 nm similar to those of free polymer; (3) “aggregate” species sincen = 0 whenY < Y. Although this nonmonotonic
with apparent radii on the order of 100 nm, present in the one- dependence leads to the appearance of phase-transition-like
phase regime but exhibiting somewhat higher turbidities, which behavior (a rapid increase in binding as a functiorYpét Y,
may thus be identified as interpolymer complexes; (4) ca. the system still follows isotherm-like behavior: at fix€g, Y,
500 nm objects appearing abruptlyTat 14 °C, corresponding and|l, nis a function of total added surfacta@t, reaching

Z=7Z,—nZ,~0 4
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Figure 9. Effect of salt concentration on phase boundarids €
1.41 x 105,C, = 3 g/L).

and Y are clearly central parameters describing both long-range
and short-range interactions in this system. Extension of classical
polymer solution theory to the present case is thus an unpromis-

This effect can be observed in Figure 6B in which polymer ing strategy. It is also noteworthy that MW has little effect on

concentration is changed from 3 to 1 g/L for bdh = 1.41 x
10° and 4.60x 10°. At lower Cy, i.e. higherr, corresponding
to a larger excess of micellesjncreases, so that (see eq 4) the

the position ofY*, which is consistent with the stoichiometric
argument used to explain the effect ©§.
Figure 9 shows that the biphasic region expands with

value ofZ, required for electroneutrality decreases, correspond- increased salt concentration, while LCST shifts to loWgand

ing to a lower value ofY at conditions for phase separation.
Such a shift is seen for both MW'’s in Figure 6B whéa is
decreased. Because an increagédat fixed MW also increases
the proximity and abundance of soluble complexes, thu

largerY; we now offer an explanation of these three effects.

With regard to the last, the screening of micelfwlyelectrolyte

interactions by added salt, embodied in eq 1, can be expected
S to shift to largerY all features of the various transitions in Figure

facilitating aggregation, the coacervation region expands for 9, including Y*. More specifically, the addition of salt could

higherCp; i.e., LCST moves down.

Effects of Polyelectrolyte MW and lonic Strength.Figure
6B also shows that an increase in MW expands the biphas
region at both concentrations, lowerifig. This effect would

reduce the number of micelles bound per polymer cimaat
any givenY and thus delay the attainment of soluble complex
iccharge neutrality until a larger value ¥fis reached.
In addition to the increase itY*, we observe a marked

be consistent with the polarization mechanism put forward decrease im* with added salt. While multiple arguments for
above, but we cannot rule out the viewpoint that the complex this enhancement of coacervation with increasedight be

itself behaves as a sort of polymer, with the MW influencing

imagined, we consider an indirect effect of salt, arising from

phase behavior through chain configurational entropy in the the increase iY* concomitant with an increase in Although

classical way’” While the theory of polymer phase separatfon
is a foundation for understandinigter alia LCST behavior,

coupled increases i and| could cancel each others’ effect
on micelle-polyelectrolyte interaction, the increase in micelle

extension to the current system is enormously complicated by surface charge density could affect the complentarity between
two effects. First, that thermodynamic treatment and its attendantsurfactant S@ headgroups and PE charge sites. To assess this
x parameter are inappropriate for long-range interaction where effect, we examined the change in the distance between SO
the lattice model breaks down. Second, attempts to view the groups for the conditions of* = 0.38 vs 0.46 at respectively
complex as a type of macromolecule confront the variation in ionic strengths of 0.4 and 0.6 M. First, we interpolated reported
the structure of this “polymer” with the many system variables, values of the micelle molecular weigh#® to estimate the
since the number of micelles bound/PE chaiias well as their aggregation number of SDS/TX-100 ¥t = 0.38 andl =
composition) is a function of, e.g., ionic strength andandn 0.4 M as 1062; we used reported values for the micelle hydrody-
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namic radiu®’ along with numerical values from the Perrin SCHEME 1: Phase Transition in Coacervate and
equation to obtain first major and minor ellipsoidal axes of the Supernatant with Increase in Temperature

micelle*! and then a micelle surface area of 900’nArom this coacervate suspension prepared at Y = 0.38, 22 °C

we obtained an average distance betweern S§oupsd of ‘cemﬁfuge’ 220C

about 1.6 nm. A companion calculation fgt = 0.46 and = | ]

0.6 gave a value afl = 1.1 nm. Since both of these are larger supernatant coacervate

than the spacing between PDADMAC charges of about 0.6 nm, S1 C1

the decrease id in 0.6 M NaCl corresponds to a higher level centrifuge, 28 °C centrifuge, 28 °C
of geometric complementarity of polyelectrolyte and micelle

charge groups. This higher efficiency of “ion-pairing” (greater supernatant coacervate  supernatant coacervate
proximity of N* and SQ~ groups) allows for more extensive S18 s1C Cis C1c
counterion release with greater entropy gain. An increagesin

means that the contribution 3AScan be achieved at lowat Figures 6 and 9 suggest that the symmetrical LCST curve is

i.e., T* moves down with increasing salt concentration. How- Superimposed on an additional quasi-linear phase boundary
ever, the preservation of an entropic contribution from small observed at large¥ and seen most prominently when the first
ion release at high ionic strength merits further examination. biphasic region is sh!fted and suppressed,.Le.., at@pamln .
The temperature dependence of miceRE coacervation sharp contrast to the first LCST boundary, this biphasic domain
suggests its entropic origin, as discussed for the complexation(pre\/'ous'y introduced as the boundary between regions M a_md
of proteins with PE brushes by Czeslik et*aln the present V) moves to lowefT upon a decrease of MW or an increase in

case, the only source of favorable entropy is counterion release,g:' igr?tth:aesée(\a/;(rescisOiagifézfést:](;rt tt?i\ f"ﬁ;sr;hzze ;zggrnan%ré_
because reduction in the available volume for micelles and PE’s '¢9'°": P P P

upon coacervation is entropically unfavorable. Since the entropy no'r:r;eunrc’::elrzl rsehgcgevns \t/hr:tu: ti)gnd'\f/f 2?{:;&”2;20??5;1 rt(\a/\g/;(ljotn ”(Ia's
gain/ion upon release to the bulk phase is proportional to 9 9 y P yp

IN(CiocalCui), ONE might question the importance of this of phase separation: (1) sotidiquid phase separation (Figure

contribution as salt concentration increase. In that case, coac-zc)’ corresponding to thex” symbols in Figure 6 and (2)

ervation would be enthalpically driven by electrostatic attraction. formation of a concentrated and dense liquid phase (Figure 28),

. . ! X corresponding to all the other symbols beyoyid= 0.40 in
But mixing calorimetry of micelles and PE for this system shows Ei 6 Ei 78 hat i | |
no heat at an ionic strengthof 0.4 M NaClZ A somewhat Igure 6. Figure 7B suggests that interpolymer complexes may
related case involves the interacti.on betweeh pairs of oppositelyexlst prior to abrupt phase separatiorifat 25 °C. However,
: he | I in Fi 4 ét> 0.45, like th
charged PE’s. Schaaf and co-workéfsund that, for one pair, the low slopes seen in Figure 4 ¥t 0.45, like theCr and

the reaction became nearly nonenthalpic wheras increased MW dependence, in these regions all indicate a mechanism
. ) different from the aggregation of electrically neutral complexes.
from 150 mM b 2 M and, in fact, became endothermic for ggreg y P

another pair wheth was increased from 1 to 160 mM. Finally, The large values of in region V themselves (corresponding

S . I Z I I isfyi 4,
as seen in Figure 9, LCST actually decreases With result to largeZy andn) also preclude satisfying eq

istent with f bl ¢ h ith added salt As noted above, the confinement of polymer chains in
consistent with more favorable entropy change with added Sall. .o, ceryates and precipitates must correspond to a loss of chain
These findings indicate the persistence at high ionic strength

f eri | tropic dri £ thi d related configurational entropyASs, more severe for liquigtsolid phase
?raﬁ(s)il:igr?:m release as an entropic driver ot this and related g naration, in which case an increase in the volume/particle for

the microions must provide a corresponding greater entropy gain
An increase in the breadth of region IIl with added salt can AS. The unfavorabl&\S in region V should increase with MW,
be understood as a suppression of the repulsive interactions thaput because coacervates are more voluminous in region 11l V(a)
inhibit the progressive association of aggregates whose net(water content is about 95%), MW has relatively little effect
charges differ slightly from zero. This interaction, corresponding on AS> for the this LCST region but instead enhances
to the largest length scale relevant here, is most strongly affectedaggregation of complexes, as discussed above. The decrease in
by an increase ih, so that coacervation is enhanced by addition AS; in region V (water content of dense phasé6%) is more
of salt. However, for PEPE coacervation, the models advanced significant. While the effect o€p in region V is not clear, it is
by both Overbeek (direct phase separation among polyions) not likely to be related to stoichiometry as its effect in region
and by Veis (association of neutral aggregates) showed sup-||| is.
pression of coacervation by added salt (for different reasons), A prominent feature of region V is the juxtaposition of points
an effect also consistent with the elimination of proteRE corresponding to both precipitation and the second coacervation
coacervation at > 50 mM reported by Burge¢sand Kaibara regime; in fact, we have not observed any clear point of
et al* Figure 9 shows a more complex ionic strength effect, transition between the two, suggesting that precipitation in V(b)
with either suppression, enhancement, or nonmonotonic behav4s an enhancement of strong desolvation for coacervation region
ior, all depending orY. This reveals that the effect of salt is  V(a). This desolvation presumably arises from counterion loss,
through its influence on the electroneutrality of the aggregate: as does coacervation in region Ill but at a much higher level of
increased screening promotes neutral aggregates Wisdarge desolvation (66% water for coacervate V(a) vs 95% water for
enough to yield negatively charged complexes; reduced screencoacervate ).
ing promotes neutral aggregates when Y is low and micelle  Properties of CoacervatesCoacervate preparedét= 0.38
binding needs to be enhanced for charge neutrality. We noteand 22°C for 1.41x 1 (3 g/L) was separated from supernatant
that both the long-range nature of these interactions, and theby centrifugation (1 h, 22C, 3700 rpm). Upon heating of the
highly variable nature of the species subject to coacervation samples to 28C (see Scheme 1), both optically clear phases
(the PE-micelle complex and aggregates thereof) precludes (S1 and C1) became turbid. This indicates a difference in
application of the FloryHuggins treatment, which is applicable  composition between the supernatant and the original solution
for short-range interactions for solutions of well-defined un- such that a new phase boundary is established, presumably with
charged polymers. a higher LCST. In the absence of full analytical data, we can



Polyelectrolyte-Mixed Micelle Systems J. Phys. Chem. B, Vol. 111, No. 29, 2008475

system slightly belovil; is shear-thickening (agitation produces

a gel-like state) but that the viscosity drops by a factor of 3 just
aboveT,. This may indicate the alignment of polyelectrolyte
rodlike micelle complexes by shear to give an extended network,
which is broken when thermally induced dense phases occur
regionally throughout the system. Rheological and scattering
experiments are currently underway to confirm these specula-
tions.

Conclusions

Multiple phase transitions, strongly sensitive to temperature,
ionic strength, polyelectrolyte MW, and micelle surface charge
density, have been observed in the PDADMAC/SDS-TX100
(A) (B) system. These include the following: (a) noninteracting system

Figure 10. (A) Coacervate and supernatant C1C and C1S (see Scheme—>_ soluble complex II; (b) soluble complex H* coacervate
lIl; (c) soluble complex IV— coacervate lll; (d) soluble

1 and text for explanation). (B) Silky threads appearing in a coacervate )
prepared with PDADMAQM, = 4.60 x 10, C, = 1 g/L, | =0.6 M, ~ Ccomplex IV~ coacervate V(a); (€) soluble complex i
andY = 0.7 at 6°C, brought toT = 20 °C with stirring. precipitate. (Not observed but inferred is the transition from

coacervate V(a) to precipitate.) Transitionsdcan be induced

merely report the concentrations of TX100 for coacervates and by temperature, but all systems exhibit an LCST below which
supernatant are 64 and 6 mM, respectively. Similarly, the initial N0 coacervation can occur. Coacervate densities increase with
coacervate upon heating forms a new biphasic system (Figuretemperature or micelle charge densities. It seems likely that
10A). The volume fraction of the new coacervate from S1 (S1C) desolvation of coacervates is coupled to the entropically favored
is less than that of the first coacervate (C1), and the volume of €xpulsion of counterions.
the new supernatant from the C1 (C1S) is smaller than the first  The coacervation domain is enhanced by increased polycation
supernatant (S1). There is clearly successive depletion of phaseMW. Since coacervation is preceded by soluble aggregates, it
separating material in these processes, but further analyses argppears likely that aggregate formation occurs more readily for
required to establish the changes in composition. higher MW interpolyion complexes. It also appears likely that

The sensitivity of coacervate and supernatant layers formed coacervation will not occur below a critical MW. The opposite
at one temperaturd, to further increase in temperature is effect is observed for precipitation, which is enhanced by a
manifested in the direct visualization of subtle temperature decrease in MW. This may be ascribed to the greater signifi-
gradients as coexisting regions of turbidity (Figure 10B) whose cance of the loss of chain configurational entropy for precipita-
presence also attests to the high viscosity of these systemstion.
Somewhat similar gradients of turbid zones were seen under The distinction between soluble complex Il and soluble
very low shear, e.g., from simple gravitational flow. These complex IV is well understood, but the difference between
“silky” domains are reminiscent of the shear-banding reported coacervate Ill and the more dense and viscous coacervate V(a)
by Pine and co-workers in systems of rodlike micelles, e.g., is currently unknown and interesting. On the basis of preliminary
10 mM solutions of salicylate salts of alkylammonium surfac- Observations, it seems possible that transitionsl lare shear
tants#546in which “white” shear-induced phases (SIP’s) coexist dependent. It is proposed that the high viscosity of coacervate
with a transparent phase separated by stable interfaces on th¢/(2) can arise from entangled chains of polycation-bound
10—-100um length scale. The same authors have reported shear-Mmicelles.

induced separation of semidilute polymer solutions into polymer-
rich and polymer-poor domairg. Acknowledgment. Support by Shiseido Corp. is acknowl-
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