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Interaction and percolation in the L64 triblock copolymer micellar system
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We present results of analyses of an extensive set of static light scattering~SLS!, small angle neutron
scattering~SANS!, and viscoelastic~frequency dependent complex moduli! measurements of aqueous solu-
tions of a triblock copolymer micellar system. We investigate PluronicL64 (PEO13PPO30PEO13)-water system
in a wide range of composition and temperature. We determine phase diagram of the disordered micellar phase,
including a cmc-cmt curve, a cloud point curve, the critical concentration, and the critical temperature by
means of SLS and SANS. The microstructure and interaction between micelles are determined by analyses of
SANS intensities. SANS intensity distributions are well described by combining the cap-and-gown model for
the polymer segmental distribution within a micelle and the sticky hard sphere model for the intermicellar
structure factor. The existence of percolation loci at well defined poins in the temperature-concentration plane
is inferred from an abrupt increase of the stickiness parameter extracted from SANS data and from two order
of magnitude jump of the complex moduli at the percolation point. Study of temperature dependence of real
~storage! and imaginary~loss! part of the complex modulus at fixed concentration and frequency lends further
support to the existence of a percolation line. We observe an increase of some order of magnitude of the real
and imaginary part of viscosity at certain temperature and composition, a phenomenon usually ascribed to a
gelation process in a polymer solution. The definitive confirmation of the percolation process is obtained by
frequency dependent complex viscosity measured in a frequency range 0–160~rad/sec!. From these measure-
ments we clearly observe a well defined frequency scaling behavior of the complex moduli and a loss angle~d!
independent of the frequency. Scaling exponents, determined for frequency-dependent complex moduli satisfy
the scaling relations predicted by the scalar elasticity percolation theory.@S1063-651X~99!02112-1#

PACS number~s!: 61.25.Hq, 61.12.Ex, 82.70.Dd, 83.70.Hq
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I. INTRODUCTION

Polyethylene oxide~PEO! polypropylene oxide~PPO!
containing block copolymers represent a class of polym
that associate spontaneously in aqueous solutions@1#. In par-
ticular, a series of symmetric triblock copolymer compos
of (PEO)m-(PPO)n-(PEO)m has been synthesized as pol
meric surfactants that have wide range of commercial ap
cations including detergency, emulsification agent, lubrica
drug encapsulation, and cosmetics@2,3,4#. This class of tri-
block copolymers is available commercially under a tra
name ‘‘Pluronic’’ from BASF @2#. The self-association o
Pluronics is characterized by sensitivity to temperature
insensivity to concentration@4,5–11#, at least within the dis-
ordered micellar phase, that are an ideal characteristics
candidate for the existence of a percolation phenomenon.
have been studying a particular Pluronic surfactant fam
containing 40%~by molecular weight! of PEO and 60% of
PPO. This Pluronic family has several members, nam

*Permanent address: Dipartimento di Fisica, Universita` di Mes-
sina, and Istituto Nazionale di Fisica della Materia, Sezione di M
sina, Vill. S. Agata, CP 55, 98166 Messina, Italy.
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P104, P94, P84, L64, andL44, in decreasing order of mo
lecular weight. They all form spherical micelles in wat
within certain ranges of temperatures and polymer conc
trations @3,4,7,10#. These micelles are heavily hydrate
~about 50% water!. We have previously studied three mem
bersP104,P84, andL44 using light~SLS! @12# and neutron
scattering~SANS! @13# techniques and have arrived at re
sonably accurate models for the polymer segmental distr
tion in a micelle and the intermicellar interaction potentia

In this paper, we shall describe a new series of stud
focusing our attention exclusively onL64/D2O system using
combined techniques of static light scattering~SLS!, small
angle neutron scattering~SANS! and rheology. Our main
aim is to give a complete phase diagram within the dis
dered micellar phase and show experimentally the existe
of both a critical consolute point and a percolation line in th
system.

II. EXPERIMENT

Samples were prepared at room temperature by dissol
L64 copolymer in deuterated water without further purific
tion. The polymer concentrations in solution was expres
in weight percent (C5wt %). Pluronic L64 was obtained
-
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from BASF and deuterated water~purity 99.9%! from Ald-
rich. The samples were stored at room temperature for a
days before measurements for stabilization and to ensu
complete aggregation equilibrium was reached. Tempera
of the samples was controlled to an accuracy of 0.2
Samples used in optical studies~SLS light scattering! have
been filtered before measurements by a Millepore filter h
ing a pore size of 0.2mm. All sample solutions appeare
transparent and homogeneous. Light scattering meas
ments were performed at least 1 h after the filtration to en-
sure a complete aggregation equilibrium. The same batc
L64 copolymer was used to carry out all experiments.

A. Light scattering

Static light scattering~SLS! measurements were pe
formed in a range of scattering angles 20°<u<150°, corre-
sponding to magnitudes of the scattering wave vector in
range 5.6mm21<k<31.4mm21 @k5(4p/l)n0 sin(u/2),
wheren0 is the index of refraction of D2O#. The light source
for SLS was the 5145 Å line of an argon laser operating a
power level of 50 mW. We used an optical scattering cell
a diameter 1 in., thermostated within610 mK in a refractive
index matching bath. We have also measured the sam
turbidity to check multiple scattering effects and to have
rough estimation of the surfactant aggregation and ph
separation.

An absolute cross section measurement was perfor
using an intensity calibration standard of benzene@Rayleigh
scattering cross section per unit volume,Rbenzene51.184
31025 cm21 (l56328 Å)#. The calibration constant wa
thus determined experimentally in order to convert the ph
detector count rate into an absolute scattering intensity wh
is the Rayleigh ratio. To determine the phase diagram of
disordered micellar phase, including the cmc-cmt curve,
cloud point curve, the critical concentration and the critic
temperature, we scanned a wide temperature~10–70 °C! and
concentration@C(wt %)50.002– 0.25# ranges. More pre-
cisely, using light scattering and turbidity measurements,
have studied the following concentrations:C50.002, 0.003,
0.005, 0.01, 0.02, 0.03, 0.05, 0.06, 0.07, 0.1, 0.15, 0.2, 0
To characterize the polymer micellar system with light sc
tering we have also measured the refractive index increm
(dn/dC) of the solution as functions of the polymer conce
tration and temperature@14,15#.

The normalized scattering intensity showed, in the c
ered angular range, no angular dependence since the mic
sizes are much smaller compared with the probe wavelen
On this basis, we have considered, for the data analysis,
the scattering intensities obtained at scattering angleu
590°. It is well known@14# that, in polymeric solutions, the
amplitude and shape of absolute scattering intensity of l
~or neutrons! vs concentration contain information on th
self-aggregation phenomenon, average molecular weight
cmc-cmt curve, the volume fraction and on the interact
parameters. For the treatment of the our data on copoly
micellar solutions, we adopt a recently proposed method@12#
that extends the method of Zimm plot and take into acco
effects due to higher concentrations. It has been shown
such a method is particularly appropriate for Pluronic po
meric micellar solutions.
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With such a procedure for analyses of the SLS data
have studied the systemL64/D2O and determine its phas
diagram, shown in Fig. 1. The phase diagram includes:
cmc-cmt curve, the cloud point curve, the critical concent
tion and the critical temperature. With the same proced
we have also determined: the molecular weight, the aggre
tion number and micellar hydration. From the latter quant
we obtain a relation between the micellar volume fractionf
and the weight concentrationc the relationshipf>2c/r,
where r is the density of the copolymer solution which
very close to unity. Turbidity data~dots in Fig. 1! agrees
with these scattering measurements.

B. Neutron scattering

Small angle neutron scattering~SANS! experiments were
performed at ORNL using a 30 m SANS spectrometer. W
used an average wavelengthl55.75 Å with a relative wave
length spreadDl/l510% at sample to detector distanc
~SDD! of 1.5 and 10 m, respectively, to cover a magnitude
the wave vector transfer range 0.008 Å21,Q,0.30 Å21.
For all measurements, 1 mm spaced flat quartz cells w
used. Samples were loaded to the scattering cells at r
temperature. They were preheated in a separate water
for hours before being moved into the spectrometers
SANS measurements. Temperature of samples was
trolled to an accuracy of 0.1 °C. In SANS experiments t
use of deuterated water as the solvent enhances the con
between the micelle, which are made up largely of pro
nated polymers and some hydrated solvent molecules,

FIG. 1. The phase diagram of Pluronic L64 in D2O determined
by SLS. The phase diagram includes: the cmc-cmt curve~cmc!, the
cloud point curve~CL!, the critical concentration and critical tem
perature~square!. The percolation line is indicated as PT. Dots
the cmc-cmt curve are the results from turbidity measurements
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TABLE I.

Species Chem. formula Mol wt.
Mol vol

~Å3!
Scattering lengths

SSSSbi(fm)
Scattering length dens

(1026 Å 2)

EO u~CH2!2Ou 44 72.4 4.14 0.572
PO u~CH2!3Ou 58 95.4 3.31 0.347

solvent D2O 20 30.3 19.153 6.321
L64 PEO13PPO30PEO13 2884 4744 206.9 0.437
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the solvent. The magnitude of scattering densities of
polymer segments and the solvent and their numerical va
are listed in Table I.

Measured intensities were corrected for the backgro
and empty cell contributions and normalized by intensities
a standard polymer sample. The absolute intensity was
pressed in unit of scattering cross section per unit sam
volume I (Q) ~in unit of cm21!. A FORTRAN code based on
gradient searching nonlinear least-squares fitting method
used to fit the absolute SANS intensities to a theory.
used a theory recently developed by Liu, Chen, and Hu
@13# for analyzing PluronicP85 andP104 copolymer micel-
lar solutions.

C. Viscoelastic measurements

Viscoelastic measurements were performed with a Ha
CV 100 rheometer using a stainless steel couette geom
cell. The instrument was used in an oscillatory mode. T
chosen frequency range was 9.2431022,v~rad/sec!,64.
As it is well known, the rheological properties of a viscoela
tic system are characterized by the dynamical complex
cosity h* and by the complex shear modulus@16#:

G* 5G81 iG95 ivh* 5 iv~h81h9! ~1!

whereG8 andG9 are, respectively, the storage and the lo
modulus. Usuallyh* depends on the shear rateġ andG* on
the frequencyv. In our oscillatory experiment the storag
and the loss shear moduli,G8 and G9, have been obtained
from the measurement of the time dependence of the st
s, by using the definition @16#: s5g0(G8 sinvt
1G9 cosvt) where g0 is the amplitude of the strain an
d(v) the phase angle between the stress and strain, mea
with a condition that the amplitudes0(v) of the stress varies
as s5s0 sin(vt1d). On this basis we haveG8
5(s0 /g0)cosd, G95(s0 /g0)sind, andG8/G95tand.

III. RESULTS AND DISCUSSION

A. Phase diagram

Recent SANS measurements performed in triblock
polymer micelles in aqueous solutions~Pluronic P84 and
P104! @13# give definitive indication that the scattered inte
sity distributions at higher temperatures can be described
isfactorily by taking into account an additional intermicell
interaction that has a form of a surface adhesion, besides
known excluded volume effect represented by a finite s
hard core. The origin of the surface adhesion is the interp
etration of polymer chains and the consequent deplectio
the solvent in the corona region when two micelles co
e
es
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into contact. At higher temperatures, water becomes a p
solvent to PEO chains due to a decreasing probability
forming hydrogen bonds with oxygen atoms in the polym
chains. On this basis the SANS intensities has been satis
torily fitted, over the entire disordered micellar range, in
absolute scale by an adhesive hard sphere model of Ba
@17#. In this model, the pair potential,u(r ), between micelles
is written as

u~r !

kBT
5H ` for 0,r ,R8

2V for R8,r ,R,

0 for R,r ,

~2!

whereR2R8 is the thickness of the adhesive surface lay
To obtain the interparticle structure factorS(Q) from the

interparticle potentialu(r ), Baxter solved Ornestein-Zernik
~OZ! equation@18# in Percus-Yevik~PY! approximation@19#
in the limit that the thickness of the adhesive layer goes
zero but the adhesive potential tends to infinity in such a w
that one can introduce a finite stickiness parameter 1/t de-
fined as 1/t512 exp(V)(R2R8)/R. We shall call this specia
limit a ‘‘sticky sphere’’ model. Baxter also used the PY a
proximation to solve the OZ equation to first order in t
fractional surface layer thicknesş5(R2R8)/R. One of the
relevant features of the Baxter model is that, by using
liquid theory@20#, the phase diagram~including the percola-
tion line! of the sticky sphere system can be analytica
derived. From the equation of state one finds the existenc
a gas-liquid phase transition with a critical point occurring
a micellar volume fractionfc50.1213 and stickiness param
eter 1/tc510.25. Figure 2 shows the complete phase d
gram, theoretically obtained according to the Baxter mod
The figure gives locations of one and two phase regio
spinodal line, percolated and nonpercolating regions in
plane defined bytc /t andfc /f.

From the comparison of the measured phase diag
~Fig. 1! with the one corresponding to a Baxter system,
infer that for PluronicL64, there is a well defined critica
point and a percolation line. Therefore we wish to explo
such properties by means of SANS and rheological meas
ments. From SANS, as will be shown in next section that,
using a structure model for the micelle developed previou
by Liu et al. @12# in combination with the Baxter model fo
the intermicellar correlation, to calculate the scattering cr
section of the micellar solution. The result of fit of the theo
to the measured SANS intensity profile allows evaluation
the stickiness parameter in a given phase point. The st
parameter approaches values larger than unity in the pe
lation region, whereas it approaches a value close to 10
the critical point along a critical isochore. In addition we w
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use SLS intensity to gain information on location of the cr
cal point.

Percolation phenomena~or the sol-gel transition typical o
polymeric solutions! can also be characterized experime

FIG. 2. The phase diagram, theoretically obtained from Baxte
model@see Chenet al., J. Phys.: Condens Matter6, 10 855~1994!#.
The figure gives locations of one and two phase regions, the s
odal line, the percolated and nonpercolating regions in a plane
fined bytc /t andf /fc.
-

tally from the study of mechanical quantities such as co
plex viscosity or the corresponding moduli@21–23#. More
precisely, from the experimental point of view, a micell
solution in the phase below percolation can have a fin
value of shear viscosity while in the phase above the thre
old it is characterized by a very high viscosity. Such a si
ation is already reflected in the theoretical models@24,25#. In
fact in the percolation theory due to Stauffer, he consid
that below percolation~in the sol phase!, only finite mol-
ecules are present, while above the percolation~in the gel
phase!, a macroscopic molecule, infinite in spatial exte
coexists with the finite molecules@24#. In addition, on con-
sidering the frequency dependence of the complex viscos
a percolating system in the vicinity of the threshold, mu
exhibit a marked transition from a simple liquid medium
an elastic medium@22#. These properties has been in the p
observed in many percolating systems, such as polyacr
mide cross-linked gels@26#, epoxy resins@27#, pectin @28#,
branched polymers@29#, and colloidal solutions@30# that are
systems very similar to the actualL64 micellar system unde
study.

Figure 3 shows results of oscillatory shear measurem
for the systemL64/D2O atC50.2 and 0.25, as a function o
temperature measured at a frequency of 1.36 rad/sec. A

s

n-
e-
sec.
era-
FIG. 3. Viscoelastic properties ofL64/D2O, at polymer weight fractionsC50.2 and 0.25, as a function of the temperature at 1.36 rad/
G8 andG9 are the storage and the loss moduli~measured in Pascal!, respectively. Notice sharp rises of the moduli at percolation temp
tures.
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the temperatures behavior of a viscoelastic liquid is
served, sinceG9.G8 @16#. Around 35 °C~for C50.2) and
31 °C ~for C50.25! both moduli increases abruptly abo
two order of magnitude~with an increase in the elastic sto
age modulus larger than the loss modulus!. This shows that
the overall behavior is analogous to the one observed
sol-gel transition driven by temperature: a viscous solut
changes to a gel-like state with increasing temperature.
higher temperatures~about 50 °C! a new viscoelastic fluid is
formed. We have studied such a transition for five differe
concentrations (C50.1, 0.15, 0.17, 0.2, and 0.25! and we
have reported the corresponding sol-gel transition temp
tures in the phase diagram shown in Fig. 1. As can be
served, the resultant transition line, in the shear moduli
very similar, in the temperature-concentration plane, to
percolation locus defined by the sticky sphere model~Fig. 2!.
Such a result constitutes a direct evidence for a percola
phenomenon in these triblock copolymer micellar solutio
Additional indication come from analyses of SANS resu
and the frequency dependence of the rheological quantit

To investigate the criticality of the system we consider
results of SLS intensities as a function of temperature
concentration. Figure 4 reports the normalized light scatte
intensities (R/Rbenzene), measured atu590°, as a function of
concentration at temperatures 34.5, 40.5, 44, 48, 50.5
52.3 °C ~the related lines are a guide for eyes!. As can be
seen, there is a marked maximum that increases its v
with increasingT, located at aboutC50.05 ~f.0.1!, near

FIG. 4. Normalized scattered light intensities (R/Rbenzene), mea-
sured atu590°, as a function of concentration at six differe
temperatures,T534.5, 40.5, 44, 48, 50.5, and 52.3 °C. Lines co
necting data points are a guide for eyes. Inset: The log-log plo
normalized light scattering intensity versus (T2Tc)/Tc , along an
iso-concentration line,C50.05 (f.0.1), Tc.57.16 °C is esti-
mated from SANS data, taken along the critical isochoreC
50.05). Solid line is the best fit of the intensity data that gives
critical power-law indexg51.360.03.
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the critical volume fraction predicted by Baxter mod
@17,20#. Micellar suspensions are systems in which the on
of the critical effects can be detected many degrees from
critical temperature@31#. The intensity is proportional to the
diverging osmotic compressibilityx @32#. It is well known
that the isothermal osmotic compressibility varies accord
to x5x0@(T2Tc)/Tc#

2g. From SANS data, taken along th
critical isochore ~Fig. 5!, we have estimated thatTc
.57.16 °C. Therefore, a log-log plot of the intensity da
corresponding toC50.05 versus (T2Tc)/Tc have been used
to obtain the critical indexg. Such a plot is shown in the
inset of Fig. 4 and the obtained value ofg (g51.360.03)
agrees with theory and the ones measured in analogous
tems@31#.

B. Small angle neutron scattering analysis

The absolute scattered intensityI (k) of a system of mono-
dispersed spheres can be written in terms of a product of
normalized particle structure factorP̃(k) and the interpar-
ticle structure factorS(k). For a micellar system it is written
as @33,13#

I ~k!5cNF(
i

bi2rwvmG2

P̃~k!S~k!, ~3!

where c is the polymer concentration~number of polymer
molecules per milliliter!, N is the aggregation number of
micelle, and the term within the square bracket is the cont
factor @33#. The first term of this latter quantity is the sum o
coherent scattering lengths of atoms comprising of the po
mer molecule,rw the scattering length density of the solve
and vm the polymer molecular volume. It should be note
that in Eq. ~7! the absolute intensity is proportional to th
aggregation numberN. The polymer concentration and th
contrast factor are known quantities.

Figures 5 and 6 show two series of SANS intensity d
tributions of the micellar system PluronicL64/D2O at C
50.05 andC50.2, respectively, for different temperature
It is important to note that the first one is a concentrat
very near the critical one. The corresponding spectra sh
the temperature effect: on approaching the critical reg
scattering intensities increase with a marked narrowing
their forward peaks.

For data analysis of SANS intensity distributions we us
a recently proposed method that have given a satisfac
description of the structure and thermodynamics of mice
system made of Pluronic polymers in aqueous solutions@13#.
In this method the particle structure factor is calculated
cording to a ‘‘cap and gown’’ model for the microstructu
of the micelle, taking into consideration the polymer se
mental distribution and the water penetration profile in t
core and corona regions. The intermicellar structure facto
calculated using a sticky hard sphere model which takes
account a temperature dependent short-range attraction
tween micelles that is necessary to lead to the phenomen
percolation and critical opalescence in addition to a ba
hard core.

The particle structure factor P(k). The cap-and-gown
model combines both characteristic features of a diffuse
tribution of polymer chains in the outer layer of the mice

-
f

e
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FIG. 5. SANS intensity distributionsI (Q) for L64/D2O micellar solutions taken along a concentrationC50.05 at 38, 42.5, 47.5, 52, 56
56.3 °C.C50.05 is a concentration very near the critical one. On approaching the critical temperature, scattering intensities increa
marked narrowing in their forward peaks.
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and a global core-shell structure of the particle. It is assum
a Gaussian distribution of the polymer segments in the
rona region. The inner core of a micelle is composed
mostly segments which are relatively incompatible with s
vent molecules and thus likely to be those of PPO. The o
shell, on the other hand, accommodates polymer segm
that are compatible with the solvent and, therefore,
mostly PEO. The outer shell is also called the corona reg
has a more diffuse polymer segmental distribution. Suc
structure represents a micelle formed by triblock copolym
of the PEO-PPO-PEO type in water adequately. In fact
d
-
f
-
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nts
e
n,
a
s
e

micellar core of low polarity is composed of mostly PP
blocks surrounded by the more polar region compo
mostly of PEO blocks. In the cap-and-gown model it is a
sumed that the radial segmental distribution in the core
gion starts out uniform within a radiusa; it is jointed to a
Gaussian distribution with a radiuss.

The neutron scattering length density profile can be c
culated in terms of scattering length densities of polymer,rp
and water,rw ~known quantities! as

r~r !5fw~r !rw1fp~r !rp , ~4!
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FIG. 6. SANS data in an absolute scale along an isoconcentration line,C50.2, at a series of temperatures, 30, 35, 40, 45, 50, 55 °C
their fits. Symbols are SANS data and solid lines are fits. The fits in absolute scale use a sticky hard sphere model of Baxte
interparticle structure factor and a cap-and-gown for the form factor.
cu
di
ce

tor

vol-
wherefw(r ) andfp(r )512fw(r ) are the volume fraction
occupied by water molecules and the volume fraction oc
pied by the polymer segments, respectively, at a radial
tancer from the center of a spherical micelle. The differen
between the actual scattering length density atr and that of
the solvent~the contrast!

Dr~r !5r~r !2rw5@rp2rw#fp~r ! ~5!
-
s-

is the quantity which determines the particle form fac
F(k).

The cap-and-gown model assumes that the polymer
ume fraction is distributed as

fp~r !5H fp for 0,r ,a,

expS 2
r 2

s2D for a,r ,`,
~6!
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where the volume fraction of water in the core isfcore51
2fp . The core radiusa, the Gaussian widths and the poly-
mer volume fraction in the corefp are related by a geometr
cal constraint.

From the Fourier transform of the contrastDr(r ) we ob-
tain the particle form factor,F(k)

F~k!5E Dr~r !exp~ ikW•rW !d3r . ~7!

Thus the normalized form factorF̃(k) is given by

F~k!5NS (
i

bi2rwvmD F̃~k!, ~8!

where

F̃~k!5
vPPO

vPEO1vPPO
F3 j 1~ka!

ka
1

3

fp
E

1

} sin~kax!

ka

3exp~2t2x2!xdxG . ~9!

vPEO andvPPO are molecular volumes of the PEO and PP
parts of the polymer. The normalized particle structure fac
is given byP̃(k)5uF̃(k)2u.

Interparticle structure factor S(k). Liquid theory gives
methods by which the interparticle structure factorS(k) of a
system of interacting spheres is determined by a given in
particle interaction potentialu(r ). The starting point is the
relation between the direct correlation functionc(r ) and the
net correlation functionh(r ) expressed by an OZ equatio
@18#

h~r !5c~r !1rE drW 8c~r 8!h~ urW2rW8u!, ~10!

wherer is the particle number density. The net correlati
function h(r ) is related to the radial distribution functio
g(r ) by h(r )5g(r )21. For givenT, r, and u(r ), the OZ
equation may be solved under various approximations for
functions h(r ) and c(r ). For hard spherelike systems, th
so-called Percus-Yevic~PY! approximation@19# is known to
be most accurate. Baxter used the PY approximation to s
the OZ equation analytically to the first order in the fra
tional surface layer thickness (R2R8)/R @17#. The solution
can be expressed in terms of the following set of parame
@34# for a given volume fractionf and the surface stickines
1/t:

G5
f~11f/2!

3~12f!2 , ~11!

D5t1
f

12f
, ~12!

l5
6~D2AD22G!

f
, ~13!

m5lf~12f!, ~14!
r

r-

e

ve

rs

a5
~112f2m!2

~12f!4 , ~15!

b52
3f~21f!222m~117f1f2!1m2~21f!

2~12f!4 .

~16!

Denoting byQ a dimensionless parameter (Q5kR, the prod-
uct of the wave vectork and the outer particle diameterR!,
the interparticle structure factorS(Q) of the sticky hard
sphere system@¸→0,V→` in such a way that 1/t
512 exp(V)¸ remains finite# can then be written in a close
form as@34#

1

S~Q!
21524fFa f 2~Q!1b f 3~Q!1

1

2
af f 5~Q!G

12f2l2f 1~Q!22fl f 0~Q!, ~17!

where the various functions are defined as

f 0~x!5sinx/x,

f 1~x!5~12cosx!/x2,

f 2~x!5~sinx2x cosx!/x3,

f 3~x!5@2x sinx2~x222!cosx22#/x4,

f 5~x!5@~4x3224x!sinx2~x4212x2124!cosx124!]/x6.

The hard sphere limit is recovered by setting 1/t→0 andl
→0.

Having the normalized structure factorP̃(k) calculated
from the cap-and-gown model and the interparticle struct
factor S(k) from the sticky hard sphere model, the absolu
intensity I (k) @Eq. ~7!# can then be calculated. The fittin
parameters are the aggregation numberN, the total hydration
numberH ~number of water molecules attached to a polym
in a micelle!, stickiness 1/t, outer micellar diameterR, and
polymer volume fraction in the corefp . Other parameters
such as the volume fraction of micellesf, core radiusa,
Gaussian distribution widths, and the hydration number in
the core and shell, are deduced quantities. The sensitive
rameters of the fit areN, H, andR. The aggregation numbe
determines the overall amplitude of the scattered inten
and can be obtained by fitting SANS data in an absol
scale. The total hydration number determines the volu
fraction of micelles which controls the peak height of t
structure factorS(k). The micellar diameter determines th
peak position ofS(k). These three parameters basically d
termine the general shape and amplitude ofI (k). Away from
the critical region the stickiness 1/t and fp determine the
detailed rise and fall of the interaction peak and the sm
and largek behaviors of the scattered intensity. In the critic
region, the stickiness parameter controls the rise of scatte
intensity atk50 ~Ornstein-Zerniche scattering function!; it
therefore is a sensitive parameter as one approaches the
cal point. As can be observed from Fig. 5 and 6 the quality
the fits is uniformly excellent for the system ofL64 triblock
copolymer micelles in the entire range of disordered mice
phase. As an example, parameters characterizing the m
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FIG. 7. Parameters for the microstructure and interaction ofL64/D2O polymeric micelles, at a fixed concentration (C50.2) and different
temperatures, extracted form SANS data by using the sticky sphere model for the structure factor and the cap and gown for the fo
-
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structure and interaction ofL64 polymeric micelles thus ob
tained, for fixed concentration (C50.2) and different tem-
peratures, are shown in Fig. 7. We find that the aggrega
number and the diameter of the micelle increase with te
perature. The volume fraction of polymer in the core, a
hydration number increase with temperature only in
range 20–40 °C, whereas for higher temperatures these q
tities show little variation. This agree with the main results
micellar solution of the same family of polymer, Pluron
P84 andP104, previously studied by SANS using the sam
analysis procedure@13#. For the aim of the present work th
n
-

d
e
an-
f

relevant data obtained is temperature variation of the sti
ness parameter as can be seen in Fig. 7. This quantit
characterized by different values at low and high tempe
tures, At low temperatures the stickiness of micellar surfa
indicates that the micelles are close to hard spheres.
surface of micelles become more and more stickier just in
temperature region for which viscoelasticity~Fig. 3! indi-
cates a percolation transition. Fits to the absolute intens
along the critical concentration (C50.05) show a large in-
crease in stickiness with temperature up to a value (t
510) at the highest temperature (T556.3 °C) studied. Such
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a result is in complete agreement with the theoretical pre
tion @20#.

C. Percolation and viscoelasticity

To have a definitive confirmation on the percolation ph
nomenon in the micellar system under study, we cons
frequency dependence of its rheological quantities. In Fig
we show viscositiesuh* u of L64/D2O system as a function o
frequency, in a log-log plot, at three different temperatu
~25, 35, and 55 °C! at a concentrationC50.2. It can be eas
ily seen, the system shows completely distinct behavior
the three temperatures. At low temperature~25 °C!, the vis-
cosity has a frequency dependence of a colloidal suspen
@35#. For T535 °C, a linear scaling relation ofuh* u in v is
observed. ForT555 °C, the system transforms into a pha
characterized by a high shear viscosity (;150cP) and a
weak viscoelasticity.

Theory of percolation applied to complex fluids~poly-
mers, gels, colloids, etc.! predicts a universal scaling beha
ior @23,24,36#. An important step for theory of viscoelasticit
in a percolating system was the recognition@21,25# that the
elastic modulus of a gel and the viscosity of a sol are dire
related to the conductance of a random resistor network
a random superconducting network. According to this an
ogy, the complex modulusG* (p,v) is expected to obey the
very same behavior as the AC conductivity of a resist
capacitor random mixture. Letp be the parameter that con
trols the percolation transition~may be the cross-linker con
centration, the volume fraction of polymers molecules,
temperature, etc.! andpc its value at the percolation thresh

FIG. 8. Log-log plot of measured complex viscosityuh* u, as a
function of the frequency, for theL64/D2O, micellar system at a fix
concentrationC50.2 but three different temperatures, 25, 35, a
55 °C. The straight line for data atT535 °C shows clearly a power
law behavior ofuh* u vs v.
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old. Then for«5u(p2pc)/pcu!1, the percolating structure
is characterized by a correlation length that scales aj
;«2v and a relaxation timet, which scales ast'jz'« z̄,
wheren, z and z̄5nz are critical exponents@23#.

The exponents used to describe viscoelasticity singul
ties nearpc in the static regime ares,t andD @24,25# defined
respectively by the following scaling relations:

h0'«2s ~18!

and

G0'«2t, ~19!

whereG0 is the static elastic modulus or, more precisely, t
elastic modulus of monomers at some microscopic time s
t5v0

21. At the percolation thresholdG8 and G9 have the
following power-law dependence on frequencyv:

G8'G9'vD. ~20!

A general scaling form@25,37# has been postulated~by
analogy of percolating viscoelasticity with conductivity of
random mixture of conductors! for G* in the limit when
v,«→0. In percolating systems the variation of the mecha
cal properties is correctly described by the form

G* ~v,«!5G0w6~ iv/v0!, ~21!

v0'j2z'« z̄. ~22!

At low frequenciesv!v0«s1t, is for p→pc
2 (p,pc)

w2~ iv/v0!5B2~ iv/v0!1C2~ iv/v0!2 ~23!

and forp→pc
1 (p.pc)

w1~ iv/v0!5A11B1~ iv/v0! ~24!

at intermediate frequenciesv0«s1t!v!v0

w2~ iv/v0!'w1~ iv/v0!D. ~25!

This leads to the correct frequency dependence for
elastic ~viscous part! G8 (G9) for v→0 @Eq. ~25!#. Below
the percolation thresholdG8'v2 (G9'v), very above PT
G8'const (G9'v). With

h05 lim
v→0

G* ~v!/v ~26!

the general scaling form leads to the relations between
scaling exponents

z̄5s1t and D5t/ z̄5t/~s1t !. ~27!

In this frequency regime, the frequency power-law of t
complex modulusG* has a remarkable consequence:G9/G8
have an universal critical value.

More precisely, considering that in rheology the lo
angled is defined by the relation, tand5G9/G8, one has

dc5
p

2
D5

p

2

t

t1s
. ~28!
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The exponentss and t have been calculated numerically b
computer simulations giving the values@38# s50.7560.04,
and t51.9460.1, so thatD50.7260.04.

Figure 9 shows, in a log-log plot, the variation of th
storage modulusG9 and the loss modulusG9 in the entire
frequency domain studied for two different concentratio
C50.1 and 0.2. In this representation,G8 and G9 appear
linear in the frequency range 0.0924 to 64 rad/sec, span
almost three decades. The linear behavior observed confi
that the domain ofT and v investigated is located in th
percolation region. The insets of the figures show values
the loss angled as a function of frequency, from whichD
(52d/p) can also be calculated. It is interesting to obse
that the loss angle remains constant~i.e., G9/G8 is constant!
as a function ofv for the concentrations studied. Continuo
lines represent least-square fits to the experimental dat
G8 and G9. From their slopes we obtain, at the differe
copolymer concentrations, the following results: forC50.1
we have D(G9)50.6860.02, D(G9)50.6760.02 and
D(d)50.7760.03, whereas forC50.2, their values are
D(G8)50.5160.02, D(G9)50.5160.02, andD(d)50.75
60.03. The values ofD(d) obtained from the loss angle da
can be, in the present experiment, overestimated. This is

FIG. 9. Log-log plots of the measured storage moduliG8 and
loss moduliG9 as a function of frequency in the frequency ran
9.2431022,v~rad/sec!,64. For L64/D2O. Pluronic micellar so-
lutions at two different concentrations,C50.1 and 0.2. The insets
of the figures give the respective values of the loss angled as a
function of frequency.
,
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lated to the use of a high value of strain amplitudeg0 ~80%
of the viscometer strain amplitude!. Such a choice is due to
the primary interest in an accurate measurement of theG8
andG9 values.

The overall results for the concentrationC50.1: scaling
in moduli and values of the percolation indices are in co
plete agreement with theory of static percolation pheno
enon. Whereas forC50.2, we observe the same scaling
G8 and G9 with v, but the values of critical indices ar
different from that of the theoretical model. Such a situati
has also been observed in other complex systems. For
ample, in cross-linking gels@26–28#, experimental results
have given values ofD that are close to 2/3 when gels a
prepared with the minimum amount of cross-linkers nec
sary to reach the gel point. In the presence of excess cr
linker at gel point, smaller exponents, approachingD50.5,
are sometimes observed. This latter results on percola
indices ~D51/2 for C50.2! could be considered as a mea
field ~or an effective medium theory! results. We have al-
ready considered this argument in a separate work@39#. To
have a complete and definitive insight on the percolat
behavior of the system at high concentrations~0.4,C,0.6!
an experiment is actually in progress in our laboratory.

We conclude by observing that data on the frequency
pendence of viscoelastic behavior of the triblock copolym
micellar system presented here give definitive evidence
the existence of a percolation line in the phase diagram
suggested by a theory based on Baxter’s model of sti
hard spheres.

IV. CONCLUSION

We have presented evidence for the existence of an at
tive component in the intermicellar interaction which i
creases as one approaches the cloud point curve. The
ence of the critical point and the percolation line in the pha
diagram demands a component of short range attractive
tential. A quantitative measure of the attraction can be giv
in terms of the stickiness parameter 1/t deduced from SANS
intensity analysis. The origin of the attraction is the overla
ping of the PEO segments on the surface of the mice
when they come into contact. Since as temperature incre
water becomes a poorer solvent for the polymer segme
displacement of the solvent as a result of micellar conta
tends to lower the free energy. We intend to investigate
critical scattering along different iso-concentration lines u
ing SANS and DLS in the future. It would be of interest
also investigate the percolation phenomenon in other m
bers of the 40% PEO pluronic family.

ACKNOWLEDGMENTS

We would like to acknowledge the assistance of D
Sungmin Choi and Dr. Jah-Shiong Lin in making SAN
measurements. We are grateful to Dr. George Wignall
ORNL for giving us neutron beam time in HIFR of ORNL
The research at MIT is supported by a grant from Materi
Science Division of US DOE. The research at University
Messina is supported by the MURST-PRIN97 project.



n

on
,

s

-

.

o-

am

y

s

s.

em.

en,

. B
d

i,

PRE 60 7087INTERACTION AND PERCOLATION IN THEL64 . . .
@1# B. Lindman, A. Carlsson, G. Kalstrom, and M. Maltense
Adv. Colloid Interface Sci.32, 183 ~1990!.

@2# Pluronic And Technical Brouchure Tetronic Surfactant, BASF
Corp., Parsipanny, NJ, 1989.

@3# P. Alexandridis, V. Athanassiou, S. Fukuda, and T. A. Hatt
Langmuir10, 2604~1994!; P. Alexandridis and T. A. Hatton
Colloids Surface96, 1 ~1995!.

@4# C. Z. Zhou and B. Chu, J. Colloid Interface Sci.126, 171
~1988!; B. Chu, Langmuir11, 414 ~1995!.

@5# D. Wanka, H. Hoffmann, and W. Ulbricht, Macromolecule
27, 4145~1994!.

@6# E. W. Brown, K. Schillen, M. Almgren, S. Hvidt, and P. Be
hadur, J. Phys. Chem.95, 1850 ~1991!; K. Schillen, W.
Brown, and R. M. Johnsen, Macromolecules27, 4825~1994!.

@7# K. Mortensen, J. Phys.: Condens. Matter8, A103 ~1996!.
@8# K. Mortensen, Prog. Colloid Polym. Sci.91, 69 ~1993!; K.

Mortensen, W. Brown, and E. Jorgensen, Macromolecules27,
5654 ~1994!.

@9# H. M. Almgren, J. Alsins, and P. Behadur, Langmuir7, 446
~1991!; M. Almgren, W. Brown, and S. Hvidt, Colloid Polym
Sci. 273, 2 ~1995!.

@10# Q. F. Grieser and C. J. Drummond, J. Phys. Chem.92, 5580
~1988!.

@11# E. B. Jorgensen, S. Hvidt, W. Brown, and K. Schillen, Macr
molecules30, 2355~1997!.

@12# Y. C. Liu, S. H. Chen, and J. S. Huang, Macromolecules31,
6226 ~1998!.

@13# Y. C. Liu, S. H. Chen, and J. S. Huang, Macromolecules31,
2236 ~1998!.

@14# B. Chu, Light Scattering—Basic Principle and Practice, 2nd
ed. ~Academic Press, San Diego, 1991!.

@15# P. J. Flory,Principles of Polymer Chemistry~Cornell Univer-
sity Press, Ithaca, NY, 1953!.

@16# J. D. Ferry,Viscoelastic Properties of Polymers~Wiley, New
York, 1980!.

@17# R. J. Baxter, J. Chem. Phys.49, 2770~1968!.
@18# L. S. Ornestein and F. Zernike, Proc. Acad. Sci. Amsterd

17, 793 ~1914!.
@19# J. K. Percus and G. J. Yevik, Phys. Rev.110, 1 ~1958!.
,

,

@20# See, e.g., S. H. Chen, C. Y. Ku, and Y. C. Liu, inThe Physics
of Complex Systems, edited by F. Mallamace and H. E. Stanle
~IOP, Amsterdam, 1997!, pp. 243–281.

@21# P-G. de Gennes,Scaling Concepts in Polymer Physics~Cornell
University Press, Ithaca, NY, 1979!.

@22# M. Doi and S. F. Edwards,The Theory of Polymer Dynamic
~Clarendon, Oxford, 1986!.

@23# D. Stauffer, Introduction to Percolation Theory~Taylor and
Francis, London, 1985!.

@24# D. Stauffer, Phys. Rep.54, 1 ~1979!.
@25# P-G. de Gennes, J. Phys.~France! Lett. 37, L1 ~1976!; C. R.

Seances, Acad. Sci., Ser. B286, 131 ~1979!.
@26# C. Allain and L. Salome, Macromolecules20, 2957~1987!.
@27# J. E. Martin, D. Adolf, and J. P. Wilcoxon, Phys. Rev. Lett.61,

2620 ~1988!.
@28# M. A. V. Axelos and M. K. Kolb, Phys. Rev. Lett.64, 1457

~1990!.
@29# D. Durand, M. Delsanti, M. Adam, and J. M. Luck, Europhy

Lett. 3, 297 ~1987!.
@30# J. E. Martin, Phys. Rev. A36, 3415~1987!.
@31# J. Rouch, A. Safouane, P. Tartaglia, and S. H. Chen, J. Ch

Phys.90, 3756~1989!.
@32# P. C. Hohenberg and B. I. Halperin, Rev. Mod. Phys.49, 435

~1977!.
@33# M. Kotlarchyk and S. H. Chen, J. Chem. Phys.79, 2461

~1983!.
@34# Y. Liu, S. H. Chen, and J. S. Huang, Phys. Rev. E54, 1698

~1996!.
@35# I. M. De Schepper, H. E. Smorenburg, and E. G. D. Cho

Phys. Rev. Lett.70, 2178~1993!.
@36# J. Essam, Rep. Prog. Phys.43, 833 ~1980!.
@37# A. L. Efros and B. I. Shkolovskii, Phys. Status Solidi B76,

475 ~1976!.
@38# H. J. Herrmann, B. Derrida, and J. Vannimenus, Phys. Rev

30, 4080~1984!; B. Derrida, D. Stauffer, H. J. Herrmann, an
J. Vannimenus, J. Phys.~France! Lett. 44, L701 ~1983!.

@39# F. Mallamace, S. H. Chen, Y. Liu, L. Lobry, and N. Mical
Physica A266, 123 ~1999!.


