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Mesophase Separation in Polyelectrolyte-Mixed Micelle Coacervates
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Mesophase separation has been identified in a polycation/arinoidgonic mixed micelle system formed by the
coacervation of poly(diallyldimethylammoniumchloride)/sodium dodecylsulfate-Triton X-100 in 0.40 M NaCl. The
resultant dense, optically clear fluid was studied by turbidity, dynamic light scattering (DLS), and rheology. The
presence of two diffusion modes in DLS points to microscopic heterogeneity: coexistence of micelle-rich (dense)
domains with micelle-poor (dilute) domains. With an increase in temperature abd@ #@ turbidity rises rapidly
along with the intensity of the slow mode. The concomitant decrease in the diffusivity of the slow mode signals an
increase in the effective viscosity of the dense domain. With further increase in temperature, dramatic shear thinning
is observed, and finally, macroscopic phase separation can be identified by centrifugation. At a temperature near that
for quiescent phase separation, we observe shear-induced phase separation. We propose a mechanism to explain the
connection between temperature- and shear-induced mesophase separation.

Introduction

Complex coacervation is a spontaneous liquid/liquid phase
separation that frequently accompanies the mixing of two
oppositely charged polyelectrolytes (PEs). The more dense phas
is concentrated in macroions, and this coacervate is in equilibrium
with the relatively dilute macroions in the continuous phase or
supernatant. Similar phase separation can occur between
polyelectrolytes and oppositely charged colloids, such as mi-
celles?3 proteins? and even dendrimeps.Polyelectrolyte-
polyelectrolyte and polyelectrolytecolloid coacervation have
found applications in cosmetic formulatiénand in pharma-
ceutical microencapsulatidif. These applications and some
fascinating biological implicatioffshave recently motivated

studies of the mechanism of coacervation and the factors that

influence it, although attention to this phenomenon is only

gradually attaining the level of interest displayed by researchers

50 years agb 1 with the result that many coacervating systems
have not been explored with modern methods.

While the early studies considered in detail the range of

on the internal structure of coacervates, partly because of the
typically enormous polydispersity of the macromolecular com-
ponents of the coacervates, leading to heterogeneity on many
length scales. Reduction of the polydispersity by using poly-

Pelectrolytes of lowM,,/Mp and purified globular protein leads to

optically clear, viscous fluids amenable to many techniques.
Bohidar et al'> explored the nature of coacervates of the protein
bovine serum albumin (BSA) and the polycation poly(dial-
lyldimethylammonium chloride) (PDADMAC) using dynamic
light scattering (DLS) and rheology. Two models were put
forward: (l) macroion-rich domains dispersed in a continuum
of macroion-poor domains near the percolation limit, and () a
semidilute solution of PDADMAC chains with interchain friction
modulated by transient BSAPDADMAC association. Such
results may suggest that no single model based on a single type
of frozen domain or heterogeneity can encompass the full set of
properties. They also indicate that the viscosity of coacervates,
and presumably their microstructures, are highly responsive to
the strength of the protetrPE interaction, which for protein
polycation systems decreases with added salt or increases with

conditions under which coacervates form, there are few reportsincreasing pH. In the proteirpolyanion system of whey protein
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and gum Arabid® a maximum viscosity was found at pH 4.0,
at which point the protein mixture is positive and the complex
polyanion weakly negative. Strong electrostatic interaction in
that system also produces high coacervate viscosity and strong
shear thinning above a critical shear rate.

Studies of colloig-PE coacervate structure and properties have
been virtually confined to proteinPE systems. But replacement
of protein by mixed micelles yields a much simpler coacervating
system in that the colloidal particle has a unidirectional, pH-
independent, and isotropic surface charge that can be quanti-
tatively assessed.Piculell et al*® found that aqueous systems
containing sodium polyacrylate (NaPA) and the surfactant
cetyltrimethylammonium bromide (CTABr) can separate into a
concentrated phase and a dilute phase and described this as an
ion-exchange process, wherein polyacrylate ions displace micellar
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bromide counterions with a gain in entropy that drives the reaction. ' ' ' " ' '

We examined the phase behavior of a polycatianionic/ 1001 i
nonionic mixed micelle system, poly(diallyldimethylammonium sol. |
chloride)/sodium dodecylsulfate-Triton X-100, over awide range

of surfactant compositions, ionic strengths, and polycation L ol )
molecular weights using turbidimetry, DLS, and electrophore- o

sis23The interrelationship among the ionic strength, surfactant/ = sl )
polyelectrolyte (PE) stoichiometry, PE molecular weight, and

micellar ionic surfactant mole fraction at critical conditions for 200 _
coacervation were expressed as phase boundaries, with an

accompanying molecular model. More recerflyhese studies o5 e
were expanded to include complex effects of temperature since TC0)

these systems generally become biphasic upon heating throug
either liquic—liquid or liquid—solid separation. We followed
the temperature-induced phase transition for the PDADMAC

SDS/TX-100 system by turb|d|_metry.OWh_|Ie this transition resultant suspensions were stirred for 15 min. The strongly turbid
appeared rather broad, spanning1® °C, it decreased 0 g3mples were centrifuged for at le&sh at3500 rpm at 22C, to
1-2°C when TX-100 was replaced by and then to less  yje|d an upper dilute phase and lower dense phase (“coacervate”)
than 0.3°C when the commercial gEg was replaced by a  (both optically clear). (The difference between this finding and the
monodisperse form of the same surfactant. This shows the first-turbidity observed on subsequent heating of the coacervates might
order nature of this phase transition, which would be infinitely be attributable to a hysteresis behavior previously obséfyéthe
sharp if polydispersity could be eliminated. Most significantly, dense phase, with a characteristic volume yield of 8% was separated
preliminary observations of the concentrated liquid phase isolatedfor further examination. o
by centrifugation (i.e., the coacervate) disclosed a number of TU'?'d'met”C Measurement. Turbidity, reported as 106 %T
interesting optical and rheological properties. Since control of (£0-2%T), was measured using a Brinkmann PC 800 colorimeter
phase state could be important in many applications, we now (4 =420 nm) equipped with a 2.0 cm path length fiber-optics probe.

. ’ -~ Turbidity values were recorded when the meter response was constant
further explore the behavior of the coacervate phase using

S for 2 min. Duplicate measurement gave reproducible results.
turbidity, DLS, and rheology. The results of DLS of the coacervate Dynamic Light Scattering (DLS). DLS measurements were

point to microscopic heterogeneity, highly sensitive to temper- carried out on the coacervate at scattering angle®@mperatures
ature. Temperature-dependent rheological measurements suggegom 15 to 30°C (+0.5°C) with an ALV instrument equipped with
that transitions similar to those induced by temperature might a model 5000 Multi-tau digital correlator, and employing a 300 mwW
also be induced by shear and thus connects this work to theAr-lon laser source operating at 514 nm. The correlation functions
extensive body of literature on shear-induced phase separatiorpfthe scattering data were analyzed via the method of regularization
(SIP) of wormlike micelle¥-26 and polymerg7-2° This work, (C_:ON_TIN)31 and then used to determine the distribution of the
however, is the first report of SIP for a polymenicelle complex. diffusion coefficients Dapp-

Rheology Rheological measurements were performed on a stress-
controlled rheometer (TA instrument, AR2000) fitted with Couette
geometry. Samples were slowly loaded into the double concentric

Materials. Poly(diallyldimethylammonium chloride) (PDAD-  cylinders, and 30 min was allowed for thermal equilibration. From
MAC) was prepared by free-radical aqueous polymerization of Stress sweep tests, the linear viscoelastic region was determined to
diallylmethylammonium chloridé® The weight-average molecular ~ extend at least up to a strain of 0.8%. Frequency sweep experiments
weight (M) of the purified lyophilized polymer was determined by ~ were performed at a low amplitude of strain (0.1%), covering the
light scattering as 2.1% 1%, but the sample will be referred to  range 0.1628.3 rad/s. At lower frequencies, the time required for
according to number average (from membrane osmomelfy = measurements was long and difficulties arose due to evaporation or
1.41 x 1CP. Triton X-100 (TX100), sodium dodecyl! sulfate (SDS, condensation. Steady sweep experiments were measured atincreasing
purity >99%), and NaCl were purchased from Fisher. Allwere used shear rate from 1 to 2005 Characterization of sample was
without further purification. Milli-Q water was used in all experi- completed at different temperatures (in the rang&8°C).
ments.

Coacervate Preparation. SDS (60 mM) and PDADMAG Results
TX100 mixed solution (PDADMACC, = 3 g/L; TX100, 20 mM) .
were prepared separately in 0.4 M I\’l)aCI. Then, SDS was added to_I_ Tsr;pera'\t/lurel—ln(juceﬁ Pha;Z.Segar.atlonhof Coacervaffe .
the mixed PDADMAG-TX100 solution gradually to attain amole | urpidity. Monitoring the turbidity during phase separation Is
fraction of SDS ¥ = [SDSJ{[SDS] + [TX100]}) = 0.38. The aconve_nl_enttechnlquetostudyphase separation. The dependence

of turbidity on temperature for PDADMAC/TX108SDS

ri:igure 1. Turbidity as a function of temperature for PDADMAC/
TX100—-SDS coacervate, showing operational definitionTef.

Experimental Section

(19) Kumar, A. Dubin, P. L.; Hernon, M. J.; Li, Y. J.: Jaeger. WPhys. coacervate is shown in Flgurt_a 1. The curve closely resembles
Chem. B2007, 111, 8468. ones used to describe the initial formation of coacervates from
(20) Hu, Y. T.; Boltenhagen, P.; Pine, D.J.Rheol.1998 42, 1185. i ionl9 i imi i
(21) Schmitt, V.. Marques, C. M.. Lequeus, Fhys. Re. 195 52, 4009. dllu_te_ _solutlon, for which we h_ave used a similar operational
(22) Fischer, P.; Wheeler, E. K.; Fuller, G. Bheol. Acta2002 41, 35. definition of the phase-separation temperatliie Here, for the
20 c()?%g%ggggze(%- W.; Nettesheim F.; Wagner N. J.; PorcaPhys. Re. E coacervate itselff¢' = 20.0+ 0.5°C is assumed to correspond
(24) Croce, V.: Cosgrove, T Dreiss, C. A.; King, S.: Maitland, G.: Hughes, to the on_s_et of_the formation o_f aggregates of sufﬂcilent size to
T. Langmuir 2005 21, 6762. scatter visible light. The flattening of the curvelat 22°C only
(25) Lin-Gibson, S.; Kim, H.; Schmidt, G.; Han, C. C.; Hobbie, EJKColloid signifies that transmittance is too low to provide a detector
Interface Sci2004 274, 515. i holoaical ch | | . ke ol
(26) Schubert, B. A.; Wagner, N. J.; Kaler, E. \Wangmuir2004 20, 3564. response: morphological changes clearly continue to take place.
(27) stieger, M.; Richtering, WMacromolecule2003 36, 8811. Obviously, heterogeneities on a micrometer scale are formed by
a7 (gg)l\éVaton, G.; Michels, B.; Steyer, A.; SchosseleiViacromolecule2004 increasing temperature. Phase separatidh%lth)' is demon-

(29) Endoh, M. K.; Saito, S.; Hashimoto, Macromolecule2002 35, 7692.
(30) Hahn, M.; Jaeger, WAngew. Makromol Cheni992 198 165. (31) Provencher, S. WComput. Phys. Commut982 27, 229.
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T T T T T T T in the dilute domains becomes less constrained at higher tem-
perature. However, at 2&, the slow mode diffusion coefficient
goes through a minimum (to be discussed below) while its
intensity (both absolute and as % of total scattering) goes through
a maximum, in contrast to the intensity of the fast diffusion
coefficient which does not depend on temperature. Results at
30°C (not shown in Figure 2 for clarity of presentation) indicate
continuation of the trend at high temperature: further decrease
in slow mode intensity, no change in fast mode intensity but
increase irDrst The appearance of large variations in gy,
together with the change in the absolute scattering intensities of
slow mode, suggests dramatic changes in aggregation state
induced by temperature.

Rheology. The apparent coexistence of dense domains and
dilute domains leads to the question of their arrangement, in that
Figure 2. Absolute intensity vs lod for PDADMAC/TX100— either of those two could be the continuous phase in which the
3%3\/ ﬁ%ﬁfiﬁﬁ? assez ‘;:th'on of temperature. Result 8C3tot other is embedded. Although the sample preparation temperature

' ’ was not precisely determined in ref 32, it is certain that the
strated by the formation of two phases upon centrifugation. It continuous dense domain seen in Figure 3 refers to a coacervate
should be pointed out that the appearance of a critical temperature?nly @ few degrees abovey', leaving in question the inter-
for coacervate itselffly') does not arise directly from transitions ~ connectedness of coacervatelat 25 °C. Rheology provides
of the surfactant. The cloud point of the surfactant syste at ~ the best insight into this question, since viscoelastic properties
= 0.38 is above 65C, which is much higher than the value of ~ reflectthe connectivity or percolation of domains in heterogeneous
To'. Regarding the Krafft point, the polyelectrolyte-free system Materials. To characterize the mechanical properties of coac-
freezes at-3°C, while the coacervate freezes#l °C. Finally, ~ €rvates, the dynamic mod@' (elastic) ands" (viscous) were
coacervates at all temperatures are far more viscous thanmeasured with frequency sweep experiments with temperature
polyelectrolyte-free solutions of identical surfactant concentration, Varying from 8 to 30C at a constant strain of 0.1%, which was
indicating that the structure of the coacervate is uniquely different detérmined to be in the linear regime. In frequency sweep
from that of the micellar solution. experiments, the values of the viscous mod@Usvere always

Dynamic Light Scattering (DLS). Because the phase separa- higher than the values of the elastic moduGiisindicating the
tion of coacervate is temperature-induced, changes in thehighly viscous character of the coacervate. Figure 5 shows the
coacervate with temperature could be reflected in alterations of &ffect of temperature on the frequency-dependent viscous
diffusive modes. Measurements carried out at multiple angles Modulus. This viscous character may indicate that a suspending
for coacervates of the same polyelectrolyte with protein instead fluid dominates the mechanical properties. The valu@ahows
of micelle support the interpretation of DLS modes in this range @ gradual decrease between 8 and@and a marked decrease
of T as colloidal particle diffusivitied® Figure 2 shows the  at higher temperature.
distribution of DLS apparent diffusion coefficient®4,) at Coacervate viscosityf was determined by carrying out steady-
temperatures up to and beyohgl. Since the scattering intensity ~ state experiments. The dependence of viscosity on shear rate
of the polymer is so much weaker than that of the micelle, the over the temperature range used for DLS is plotted in Figure 6.
presence of consistently well-resolved diffusion modes points to WhenT < Tg', the flow curves are characterized by a slightly
different spatial and temporal variations in micelle concentration, shear thinning behavior. The influence of temperature on the
consistent with microscopic heterogeneity of the coacervateszero shear viscosityyg) follows the turbidity plot of Figure 1:
even well belowTs'. Since the apparent diffusion coefficient for ~ insensitive to temperature &t< 14°C; changing more strongly
the fast mode (1:54.5 x 107 cn¥-s 1) is very close to that for ~ inthe range 18C < T < 20°C; and then dropping dramatically
the mixed micelles alone in PE-free 0.4 M NaDI£ 2.5x 1077 at higher temperature (where the turbidity rises strongly, signaling
cm?-s 1), we attribute the fast mode to micelles in the coacervate entry into the two-phase region), at which point the shear thinning
whose motions are almost unconstrained in a fluid continuum. becomes remarkable.

Similarly, the slow mode should correspond to micelles whose

diffusion is strongly restrained by polyelectrolyte. It is entirely Discussion

reasonable to correlate these fast and slow modes with the dilute

and dense domains previous observed by Cryo-i&hr an
identical coacervate, shown in Figure 3. Like DLS, Cryo-TEM
primarily reports on micelle domains, but electroneutrality
considerations would indicate that micelle-rich regions are
stabilized by high polyelectrolyte segment density. While the
exact peak widths and shapes for each componentin a multimodal
distribution are subject to assumptions built into the fitting
algorithms, the mean positions and relative intensities of resolved
modes can be reasonably robust, as demonstrated for protein
polyelectrolyte coacervatésThese results are shown in Figure
4. The apparent diffusion coefficient of the fast mode shifts to
larger diffusivities afl > Tg', indicating that micelle diffusion

300
250 .
200 .
150 -

100

Absolute Intensity

o
o

log D

One may assume that the coacervate studied here formed at
22 °C from soluble (mulitpolymer) aggregates close to electo-
neutrality?3 Such soluble aggregates have been observed both
by Cryo-TEMP2 and DLS as 45-100 nm diameter objects, too
large to contain only a single PE macroion. At incipient

oacervation, the coalescence of these aggregates can be promoted

y polarizability, in which transient polycation-segment-rich
regions in one interpolymer complex interact with micelle-sulfate-
rich domains of another, the end result being more efficient
ion-pairing of polycation residues and micelles, as the peripheries
of intrapolymer soluble complexes are eliminated. A consequence
of this is the release of small ions, providing an entropic driving
force for higher-order aggregation and coacervatfttiemental

(32) Swanson-Vethamuthu, M.; Dubin, P. L.; Almgren, M.; Li, X.Colloid analyses of such coacervates suggest they might contain excess
Interface Sci1997, 186, 414. N* (relative to SQ") neutralized by Ci.3% The counterions
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Figure 3. Cryo-TEM image of PDADMAC/TX100-SDS coacervat¥.€ 0.37,C,= 2 g/L) (from ref 32). Bar= 100 nm. Sample preparation

temperature 25 2 °C.

of polymer-free micelles in dilute salt. The proposal that
counterion expulsion is the entropic driving force for coacervation

- is also consistent with the apparent absence of an enthalpy for
coacervate formatidfh and more recent differential scanning

. calorimetry (not shown) in which the change in enthalpy with
temperature is almost zero.

E As the temperature is increased beyond®@2the turbidity
rises rapidly (Figure 1) along with an increase in the intensity
_ of the DLS slow mode and a decrease in its diffusivity (Figure
2). These results suggest an increase in the effective viscosity
0 g ? 2 —— of the dense domain (slow mode region) corresponding to its
s 10 1 T(‘g ® 30 desolvation, and thus to an increase in contrast of the two domains
. o . (see Figure 2, for 25C). Atthe same time, neither the amplitude
Figure 4. Dependence of dlffusu?n coefflc_lens on temperature. -ihe diffusivity of the fast mode shows any change, signifying
(®@) fast mode; ©) slow mode. Inset: expansionBfgy,for the slow . ) . - ;
mode. a retention of dilute domain structure. Further increase in
temperature, e.g., from 25 to 3@, gives a clear indication of
phase separation through the large visual turbidity (arising from
greater contrast as the dense mode becomes more dense) and
most directly from the fact that centrifugation of the coacervate
at 28°C gives a new coacervate and supernataithe large
increase in fast mode diffusivity at these temperatures suggests
expansion of the volume available to “free micelles’in dilute
domains. Phase separation is not infinitely sharp but progresses
continuously above 25C. At some temperature in this region,
it seems likely that desolvation of the dense domains makes it
no longer possible for the dense domains to be the continuous
phase as in Figure 3. This may offer an explanation for the
o 1 0 100 1000 minimum in the slow mode at 2& seen in Figure 4. Desolvation
ang.frequency (rad/s) of dense domains with an increase in effective viscosities may

Figure 5. Frequency-dependentviscous mod@ii{of PDADMAC/ be the Erlmary result of an increase in temperature in the range
TX100—SDS coacervate constant strain of 0.1%, as a function of 16—25 C However, upon furthe'r dense domallj contraction,
temperature. those regions become small and discontinuous, with concomitant

increase in the boundaries between dilute and dense domains.
expelled in this process form micelle-depleted pools within the The contribution to the slow mode signal of rapid exchange of
coacervates, their significant volume fractign, accounting in micelles at these interfaces might lead to the increaseyi,

part for the high water content (95%) of the coacervates, and for above 25°C. An increase in domain interfaces with refractive
the fast diffusion mode observed in DLS, almost equal to those indices intermediate between those of dense and dilute domains

100

10

G" (Pa)

0.1

0.01

1E-3

(33) Dubin, P. L.; Davis, DColloids Surf.1985 13, 113. (34) Risgbee, D. R.; Dubin, P. lLangmuir1996 12, 1928.
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Figure 6. Viscosity of PDADMAC/TX106-SDS coacervate as a function of shear rate at different temperatures.

could also account for the maximum in the intensityDak,, at decreases their connectivity, so that the dilute domain begins to
25 °C. Such speculations about changes in micromorphology dominate rheological properties. The decrease in viscosity with
clearly need to be supported by additional imaging as a function increasing temperature suggests the importance of the second

of temperature. effect which could be augmented by a reduction in the viscosity
The decrease in turbidity when the sample is cooled below the of the dilute domain if the concentration of micelles therein
temperature of coacervate preparation (from 22 to°@¥ is drops asp; increases. The most prominent effect of temperature

more gradual, asis the decrease in slow mode scattering intensityis on shear thinning which emerges dramaticallyf at 25 °C
This could arise from either a diminution in the contrast between (Figure 6). It is possible that the viscosity of the continuous
the two domains related to structural changes or a reduction inphase is so low af < 25 °C that the system deforms readily
the number of micelles in dense domains. Since the diffusivity under shear, perhaps with elongation of the dilute phase dréplets.
of both modes is essentially constant in this temperature range,Only when the dense phase simultaneously contracts and
it seems more reasonable to suggest that the change in intensitglisconnects do we see a significant shear effect.
is due to a migration of micelles into the dilute domains upon  The sensitivity of coacervate to simple gravitational shear
decrease in temperature in this range with a reduction in denseflow is manifested in the direct visualization of shear gradients
domain volume fractiong:. as coexisting regions of turbidity whose presence also attests to

Below 14°C the decrease in turbidity is essentially linear, and the viscosity of the system (Figure 7). The coacervate flows very
the only change in DLS is the decrease in the intensity of the slowly at first, but as it enters the narrow tip of the pipet, exhibits
slow mode. In a manner opposite to the processes describech dramatic increase in flow rate, like the shear thinning behavior
above for heating, counterions are regained by dense domainspbserved by rheology at> 20°C. Turbid zones are then seen
which then become more solvated and less dense. As the theimlong the shear gradients. This behavior is only seen in proximity
volume fraction,p,, grows, they become more interconnected to the temperatur&g’, as obtained in Figure 1.
and bulk viscosities increase slightly, reflecting the compensating A fundamental question is the relationship among the transitions
effects of more interconnected but less viscous dense domainsobserved by the three techniques of turbidity, DLS, and rheology,
Only small changes in total scattering intensity and turbidity are closely related to the question of the relationship between
observed inthis region because changes in overlap among solublgemperature- and shear-induced phase separation. Turbidity, a
aggregates in the coacervate are modest. For a similar reasorplunt instrument, indicates small and gradual change below
the change iDspow is also small. 15 °C, and much more rapid change above 0 with a

The effect of temperature 08" and viscosity is difficult to  transitional intermediate region. With regard to DLS, a transition
reconcile with a model that accounts for the scattering and turbidity appears to occur in the vicinity of 2%, where the diffusivity
results. In particular, the phase separation that must be takingof the fast mode begins to rise rapidly, while the diffusivity of
place on different length scales at temperature abov€2zbes the slow mode attains a minimum. In concert with the Cryo-
not appear to produce any dramatic effects and the zero-sheaTEMimage, this can be best explained by the expulsion of solvent
viscosity (Figure 6) decreases almost linearly with temperature. from dense domains into dilute domains, i.e., progressive phase
A desolvation of the dense continuous domains seen in Figureseparation. The fact that the amplitude of the fast mode does not
3 with increasing temperature should increase viscosity, but at
the same time contraction of those domains (decreage)in (35) Hinch, E. J.; Acrivos, AJ. Fluid Mech.198Q 98, 305.
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SO g

Figure 8. Schematic representation of shear- and temperature-
induced phase separation for PDADMAC/TX108DS coacervate.

. . . Both processes involve loss of counterions arising from increased
Figure 7. Appearance of shear-induced phases separating alongpolyelectrolyte-micelle interactions, but by an intercomplex vs
shear lines under gravitational flow.= 21 + 1 °C. intracomplex mechanism for the former.

change suggests that micelles are not being expelled into the, o, 5 seq by shear-induced struc#iré? lonic micelles form
dilute domains upon heating. There is no direct information on

oo o ; . wormlike dimensions as the repulsive forces among the head
the likelihood of PE expulsion into dilute domains, but recent P d

. - S . group are relieved by binding small ions, a role that may be
SANS studies of a PEprotein system indicated expulsion of PE B .
and PE counterions upon phase separation of &géein played by the polyelectrolyte in the present case. Optical

complex3® measurements as a function of both shear and temperature are
; . .._currently underway to explore this potentially novel version shear-

. T_he effectofthe temperature on .the she_ar-dependent V'Scos'tybanding and to allow us to place this phenomenon in the broader

in Figure 6 follows the turbidity in Figure 1 in the sense that both

tend to change somewhat linearly with temperature belo¥C15 context of shear-banding thedfy.
display a dramatic change between 20 anti@mnd essentially Conclusions
exhibitno change above 2&. This suggests that the phenomena

bei b d by turbidity and by vi i losely related
eing observed by turbidity and by viscosity are closely related, the phase behavior of a polycation/mixed micelle coacervate.

the most likely explanation being that susceptibility to shear- LS indi h . ithin th .
induced phase separation is maximal at temperatures close to th@-S 1N icates mesophase separation within the coacervates into
temperature of quiescent thermally induced phase separation.d?nseand dilute domaln_s,wnh remarkablyh[gh micelle diffusivity
Thus, the similarity in the temperature course of the three within the latter. Increasing the temperature increases the contrast

techniques indicates that they are probing closely related of the two domains, eventually leading to phase separation. A

phenomena and encourage us to consider the molecular basis fogemperature-mduced transition from Qense-QOma|n-cont|nuous
this relationship mesophase structure to dilute-domain-continuous structure en

Both temperature- and shear-induced phase separation ariséouteto phase separation appears likely. Similar transitions appear

because both an increase in temperature and an increase in shelf P @ccomplished by shear at fixed temperature.
enhance micelle PE binding. The effect of temperature is through
the entropy of small ion release concomitant with the ion-pairing
of micelle sulfates and PE cationic residues. The effect of shear
is to align PE chains and ellipsoidal micelles, as indicated
schematically in Figure 8. Under shear, the chains of polyelec-
trolyte may elongate with respect to each other, replacing LA702405D

intrapolyelectrolyte-micelle interactions with interpolyelectro- -

lyte—micelle interactions, i.e., the association of micelles with Ssy(ggg?o'te"hage”' P Hu, Y.; Matthys, E. F.; Pine, Edrophys. Lett1997
more than one PE chain. This ordering can maximize mieelle (38) Boltenhagen, P.; Hu, Y.; Matthys, E. F.; Pine, [Rbys. Re. Lett.1997,
polyelectrolyte contacts, facilitating the expulsion of small ions. 79,(%3?%%3 6. H.: Hoffmann, HRheo. Actal982 21 561

In both cases, ion-expulsion leads to desolvation due to osmotic ) Wund%riich"’ I.; Hoffmann, H.; Rehage, Rheo. Actal987 26, 532.
effects. Consequently, the dense domain becomes more compact, (41) Lalus, J.; Hoffmann, H.; Chen, S.-H.; Lindner,l?Phys. Chenil989
and dilute domains more dilute. Wheg/: falls below a critical 93'(33?\7,\}&”9’ S. 0J. Phys, Chem199Q 94, 8361,

value, dense domains can no longer be continuous and the (43) Bruinsma, R.; Gelbart, W. M.; Ben-Shaul, &.Chem. PhysL99Q 96,
viscosity drops. This shear-induced phase separation is strongly7710. _ o

reminiscent of shear-banding in systems of wormlike micéllé$, g{gg gﬁb:ﬁ,‘ JYVE.'%.;Ste?tihég,mﬁs;?'Bogich,miﬁ'ﬂiﬂ'ﬁ?ﬁrﬁ. if’;lwang’ He
Rathgeber, S.; Carletto, P.; Willner, L.; Frielinghaus, H.; Lindner-&aday
(36) Jeremie, G.; Fabrice, C.; FrancoisJBAm. Chem. So2007, 129, 5806. Discuss.2003 123 157.

Turbidimetry, DLS, and rheology have been used to elucidate
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