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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 scatt&iii®), small angle neutron
scattering(SANS), and viscoelasti¢frequency dependent complex modutieasurements of aqueous solu-
tions of a triblock copolymer micellar system. We investigate Plura6i¢ (PEQPPG,PEQO, 5)-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(losg 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 Fad&@g¢. From these measure-
ments we clearly observe a well defined frequency scaling behavior of the complex moduli and a logé)angle
independent of the frequency. Scaling exponents, determined for frequency-dependent complex moduli satisfy
the scaling relations predicted by the scalar elasticity percolation thgptp63-651X99)02112-1

PACS numbse(s): 61.25.Hg, 61.12.Ex, 82.70.Dd, 83.70.Hq

I. INTRODUCTION P104, P94, P84, L64, andL44, in decreasing order of mo-
lecular weight. They all form spherical micelles in water
Polyethylene oxide(PEO polypropylene oxide(PPQ  within certain ranges of temperatures and polymer concen-
containing block copolymers represent a class of polymer#ations [3,4,7,10. These micelles are heavily hydrated
that associate spontaneously in aqueous solufibpgn par-  (about 50% water We have previously studied three mem-
ticular, a series of symmetric triblock copolymer composed?€rsP104, P84, andL44 using light(SLS) [12] and neutron
of (PEO),-(PPO),-(PEO), has been synthesized as poly- scattering(SANS) [13] techniques and have arrived at rea-
meric surfactants that have wide range of commercial appliSonably accurate models for the polymer segmental distribu-
cations including detergency, emulsification agent, lubricanttion in a micelle and the intermicellar interaction potential.
drug encapsulation, and cosmetj&s3,4]. This class of tri- In this paper, we shall describe a new series of studies
block copolymers is available commercially under a tradefocusing our attention exclusively dr64/D,0O system using
name “Pluronic” from BASF[2]. The self-association of combined techniques of static light scatterit®.S), small
Pluronics is characterized by sensitivity to temperature bu@ngle neutron scatteringSANS) and rheology. Our main
insensivity to concentratiofd,5—11, at least within the dis- @im is to give a complete phase diagram within the disor-
ordered micellar phase, that are an ideal characteristics astgred micellar phase and show experimentally the existence
candidate for the existence of a perco|ati0n phenomenon_ V\@f both a critical consolute pOint and a perCOIation line in this
have been studying a particular Pluronic surfactant familysystem.
containing 40%(by molecular weightof PEO and 60% of
PPO. This Pluronic family has several members, namely, Il EXPERIMENT
Samples were prepared at room temperature by dissolving
*Permanent address: Dipartimento di Fisica, Univerditdles-  L64 copolymer in deuterated water without further purifica-
sina, and Istituto Nazionale di Fisica della Materia, Sezione di Mestion. The polymer concentrations in solution was expressed
sina, Vill. S. Agata, CP 55, 98166 Messina, Italy. in weight percent C=wt%). PluronicL64 was obtained
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from BASF and deuterated watourity 99.9% from Ald- or
rich. The samples were stored at room temperature for a few ]
days before measurements for stabilization and to ensure ¢
complete aggregation equilibrium was reached. Temperature
of the samples was controlled to an accuracy of 0.2°C.
Samples used in optical studi€SLS light scattering have

been filtered before measurements by a Millepore filter hav-
ing a pore size of 0.Z2um. All sample solutions appeared
transparent and homogeneous. Light scattering measure
ments were performed at leéak h after the filtration to en-
sure a complete aggregation equilibrium. The same batch ofo
L64 copolymer was used to carry out all experiments. g

A. Light scattering

Static light scattering(SLS) measurements were per-
formed in a range of scattering angles 2¥<150°, corre-
sponding to magnitudes of the scattering wave vector in the
range 5.Gum <k=31.4um 1 [k=(4w/\)nysin(/2),
wheren, is the index of refraction of BD]. The light source
for SLS was the 5145 A line of an argon laser operating at a

: : 10F . . -~ . . ]
power level of 50 mW. We used an optical scattering cell of 0.00 0.05 0.10 015 0.20 025 0.30

a diameter 1 in., thermostated withinl0 mK in a refractive cw
index matching bath. We have also measured the sample
turbidity to check multiple scattering effects and to have a FIG. 1. The phase diagram of Pluronic L64 in@determined
rough estimation of the surfactant aggregation and phasey SLS. The phase diagram includes: the cmc-cmt c(cwe), the
separation. cloud point curve(CL), the critical concentration and critical tem-
An absolute cross section measurement was performegkrature(squarg. The percolation line is indicated as PT. Dots in
using an intensity calibration standard of benzgRayleigh  the cmc-cmt curve are the results from turbidity measurements.
scattering cross section per unit volumRyen,ens=1.184
x10 °cm ™! (A=6328A)]. The calibration constant was
thus determined experimentally in order to_con_vert the pho.t(Eave studied the systein64/D,O and determine its phase
detector count rate into an absolute scattering intensity whic

) . . . . i h in Fig. 1. The ph i incl . th
is the Rayleigh ratio. To determine the phase diagram of thelagram, Snown I g ne pnase dmgrgm includes: the
¢mc-cmt curve, the cloud point curve, the critical concentra-

disordered micellar phase, including the cme-cmt curve, th%on and the critical temperature. With the same procedure

cloud point curve, the critical concentration and the critical o .
temperature, we scanned a wide temperatbe-70 °Q and we have also determined: the molecular weight, the aggrega-
' tion number and micellar hydration. From the latter quantity

concentration[ C(wt %)=0.002—-0.2% ranges. More pre- . _ ) _
cisely, using light scattering and turbidity measurements, w&/€ Obtain a relation between the micellar volume fracion
have studied the following concentratior=0.002, 0.003, and the weight concentration the relationshipg$=2c/p,
0.005, 0.01, 0.02, 0.03, 0.05, 0.06, 0.07, 0.1, 0.15, 0.2, 0.2§"herep is the density of the copolymer solution which is
To characterize the polymer micellar system with light scat-very close to unity. Turbidity datédots in Fig. 1 agrees
tering we have also measured the refractive index incremenith these scattering measurements.
(dn/dC) of the solution as functions of the polymer concen-
tration and temperaturfg 4,15. B. Neutron scattering

The normalized scattering intensity showed, in the cov-

i ; Small angle neutron scatterit§ANS) experiments were
ered angular range, no angular dependence since the mlce”aérformed at ORNL using a 30 m SANS spectrometer. We
sizes are much smaller compared with the probe wavelengtlri). 9 ¥ Spectr '

ed an average wavelength-5.75 A with a relative wave

On this basis, we have considered, for the data analysis, on&s h AN\ =10% I d i
the scattering intensities obtained at scattering angle ngth sprea =10% at sample to deteclor distances

=90°. It is well known[14] that, in polymeric solutions, the (SPD) of 1.5and 10 m, respectively, to cover a magniflide of
amplitude and shape of absolute scattering intensity of lighihe Wave vector transfer range 0.0084-Q<0.30A™".

(or neutron vs concentration contain information on the For all measurements, 1 mm spaced flat quartz cells were
self-aggregation phenomenon, average molecular weight, tHésed. Samples were loaded to the scattering cells at room
cmc-cmt curve, the volume fraction and on the interactionfemperature. They were preheated in a separate water bath
parameters. For the treatment of the our data on copolymder hours before being moved into the spectrometers for
micellar solutions, we adopt a recently proposed mefi@l SANS measurements. Temperature of samples was con-
that extends the method of Zimm plot and take into accountrolled to an accuracy of 0.1°C. In SANS experiments the
effects due to higher concentrations. It has been shown thatse of deuterated water as the solvent enhances the contrast
such a method is particularly appropriate for Pluronic poly-between the micelle, which are made up largely of proto-
meric micellar solutions. nated polymers and some hydrated solvent molecules, and

With such a procedure for analyses of the SLS data we



7078 LOBRY, MICALI, MALLAMACE, LIAO, AND CHEN PRE 60

TABLE I.
Mol vol Scattering lengths  Scattering length dens
Species Chem. formula Mol wt.  (A® 3333 b;(fm) (10 % A?
EO —(CH,),0— 44 72.4 4.14 0.572
PO —(CH,);0— 58 95.4 3.31 0.347
solvent DO 20 30.3 19.153 6.321
L64 PEQsPPQPEQ; 2884 4744 206.9 0.437

the solvent. The magnitude of scattering densities of thénto contact. At higher temperatures, water becomes a poor
polymer segments and the solvent and their numerical valuesolvent to PEO chains due to a decreasing probability of
are listed in Table I. forming hydrogen bonds with oxygen atoms in the polymer
Measured intensities were corrected for the backgroundhains. On this basis the SANS intensities has been satisfac-
and empty cell contributions and normalized by intensities otorily fitted, over the entire disordered micellar range, in an
a standard polymer sample. The absolute intensity was exbsolute scale by an adhesive hard sphere model of Baxter
pressed in unit of scattering cross section per unit samplgL7]. In this model, the pair potential(r), between micelles
volume I (Q) (in unit of cm™Y). A FORTRAN code based on is written as
gradient searching nonlinear least-squares fitting method was

used to fit the absolute SANS intensities to a theory. We " 0 for  O<r<rR’
used a theory recently developed by Liu, Chen, and Huang un_ -Q for R'<r<R, (2)
[13] for analyzing Pluronid®85 andP104 copolymer micel- kgT 0 f R<
lar solutions. or r
C. Viscoelastic measurements whereR—R’ is the thickness of the adhesive surface layer.

] ) ) To obtain the interparticle structure fact®fQ) from the
Viscoelastic measurements were performed with a Haakgterparticle potentiali(r), Baxter solved Ornestein-Zernike

CV 100 rheometer using a stai(lless stegl couette geometyy)z) equation(18] in Percus-YevikPY) approximatior{19]
cell. The instrument was used in an gscnlatory mode. Th&y, the limit that the thickness of the adhesive layer goes to
chosen frequency range was 9280 “<w(rad/se¢<64.  zerg put the adhesive potential tends to infinity in such a way
As it is well known, the rheological properties of a viscoelas-that one can introduce a finite stickiness parameterdi*
tic system are characterized by the dynamical complex Visfined as 14=12 expQ)(R—R')/R. We shall call this special
cosity »* and by the complex shear moduluss]: limit a “sticky sphere” model. Baxter also used the PY ap-
o~ A proximation to solve the OZ equation to first order in the
CT=C'HiG =lwy" =ia(n"+7") @ fractional surface layer thickness=(R—R’)/R. One of the
relevant features of the Baxter model is that, by using the
S1iquid theory[20], the phase diagraitincluding the percola-
tion line) of the sticky sphere system can be analytically

thed frre]qufencyaﬁ In our dosclllatodr)éle,zxpr)]erlmelz)nt thebsto_ra%e derived. From the equation of state one finds the existence of
and the loss shear moduls” and G”, have been obtained , oo jiquid phase transition with a critical point occurring at

from the measurement of the time dependence of the stresg, i o|iar volume fractionb, = 0.1213 and stickiness param-

o, by using the definition [16]: o=yo(G'sinwt g 1k,=10.25. Figure 2 shows the complete phase dia-

U H H H
;G C?]S“’t)h where 7|’0 kl)s the arr;\plltude of tge st_r ain and I%Iﬁlm theoretically obtained according to the Baxter model.
(w) the phase angle between the stress and strain, measuffy figure gives locations of one and two phase regions,

with a condition that the amplitude,( ) of the stress varies spinodal line, percolated and nonpercolating regions in a
as o=ogsin(wt+s). On this basis we haveG’ plane defined by-./7 and é./ ¢
Cc Cc .

=(00/70)c086, G"=(0ao/yo)sind, andG'/G"=tans. From the comparison of the measured phase diagram
(Fig. 1) with the one corresponding to a Baxter system, we
Ill. RESULTS AND DISCUSSION infer that for PluronicL64, there is a well defined critical
point and a percolation line. Therefore we wish to explore
such properties by means of SANS and rheological measure-
Recent SANS measurements performed in triblock coments. From SANS, as will be shown in next section that, by
polymer micelles in aqueous solutioriBluronic P84 and  using a structure model for the micelle developed previously
P104) [13] give definitive indication that the scattered inten- by Liu et al. [12] in combination with the Baxter model for
sity distributions at higher temperatures can be described safe intermicellar correlation, to calculate the scattering cross
isfactorily by taking into account an additional intermicellar section of the micellar solution. The result of fit of the theory
interaction that has a form of a surface adhesion, besides the the measured SANS intensity profile allows evaluation of
known excluded volume effect represented by a finite sizehe stickiness parameter in a given phase point. The sticky
hard core. The origin of the surface adhesion is the interperparameter approaches values larger than unity in the perco-
etration of polymer chains and the consequent deplection détion region, whereas it approaches a value close to 10 near
the solvent in the corona region when two micelles comehe critical point along a critical isochore. In addition we will

whereG’ andG” are, respectively, the storage and the los
modulus. Usuallypy* depends on the shear rateandG* on

A. Phase diagram
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T tally from the study of mechanical quantities such as com-
'," plex viscosity or the corresponding mod{ifi1-23. More
] precisely, from the experimental point of view, a micellar
solution in the phase below percolation can have a finite
value of shear viscosity while in the phase above the thresh-
old it is characterized by a very high viscosity. Such a situ-
ation is already reflected in the theoretical modgi,25. In
11 2aeenezz binodal line fact in the percolation theory due to Stauffer, he considers
S that below percolatior(in the sol phasg only finite mol-
"~ ecules are present, while above the percolationthe gel
Tt phase, a macroscopic molecule, infinite in spatial extent,
""""" coexists with the finite moleculd24]. In addition, on con-
/9, sidering the frequency dependence of the complex viscosity,
a percolating system in the vicinity of the threshold, must
FIG. 2. The phase diagram, theoretically obtained from Baxter'sexhibit a marked transition from a simple liquid medium to
model[see Cheret al, J. Phys.: Condens Mattér 10 855(1994].  an elastic medium22]. These properties has been in the past
The figure gives locations of one and two phase regions, the spirebserved in many percolating systems, such as polyacryla-
odal line, the percolated and nonpercolating regions in a plane denide cross-linked gel§26], epoxy resing27], pectin[28],
fined by r./7 and ¢/ .. branched polymerg29], and colloidal solution§30] that are
systems very similar to the actuab4 micellar system under
use SLS intensity to gain information on location of the criti- study.
cal point. Figure 3 shows results of oscillatory shear measurements
Percolation phenomeriar the sol-gel transition typical of for the systenl.64/D,0 atC=0.2 and 0.25, as a function of
polymeric solutions can also be characterized experimen-temperature measured at a frequency of 1.36 rad/sec. At all

spinodal line
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FIG. 3. Viscoelastic properties f64/D,0, at polymer weight fraction€=0.2 and 0.25, as a function of the temperature at 1.36 rad/sec.
G’ andG” are the storage and the loss modutieasured in Pasgakespectively. Notice sharp rises of the moduli at percolation tempera-
tures.
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1200 T T T T the critical volume fraction predicted by Baxter model
%2 [17,20. Micellar suspensions are systems in which the onset
of the critical effects can be detected many degrees from the
critical temperatur¢31]. The intensity is proportional to the
diverging osmotic compressibility [32]. It is well known

that the isothermal osmotic compressibility varies according
to x=xo[(T—T.)/T.] 7. From SANS data, taken along the
critical isochore (Fig. 5, we have estimated thal,.
=57.16 °C. Therefore, a log-log plot of the intensity data
corresponding t&€ = 0.05 versusT—T.)/ T have been used

to obtain the critical indexy. Such a plot is shown in the
inset of Fig. 4 and the obtained value »f(y=1.3+0.03)
agrees with theory and the ones measured in analogous sys-
tems[31].
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B. Small angle neutron scattering analysis

200 The absolute scattered intenditk) of a system of mono-

dispersed spheres can be written in terms of a product of the
o T st normalized particle structure factét(k) and the interpar-

Y ticle structure facto5(k). For a micellar system it is written
as[33,13

LIS N B R M Sy S Sy DA S B S B S B S B BN N S S S R R B

C(w)

2
FIG. 4. Normalized scattered light intensiti€®/ Ryenzen), Mea- I(k)=cN P(k)S(k), 3
sured at#=90°, as a function of concentration at six different
temperatures] =34.5, 40.5, 44, 48, 50.5, and 52.3 °C. Lines con-
necting data points are a guide for eyes. Inset: The log-log plot ofvhere c is the polymer concentratiothumber of polymer
normalized light scattering intensity versu<T.)/T., along an  molecules per millilitey, N is the aggregation number of a
iso-concentration lineC=0.05 (¢=0.1), T,=57.16°C is esti- micelle, and the term within the square bracket is the contrast
mated from SANS data, taken along the critical isocho@ ( factor[33]. The first term of this latter quantity is the sum of
=0.05). Solid line is the best fit of the intensity data that gives thecoherent scattering lengths of atoms comprising of the poly-
critical power-law indexy=1.3+0.03. mer moleculep,, the scattering length density of the solvent
and v, the polymer molecular volume. It should be noted
the temperatures behavior of a viscoelastic liquid is ob+that in Eq.(7) the absolute intensity is proportional to the
served, sinc&”>G’ [16]. Around 35°C(for C=0.2) and aggregation numbeN. The polymer concentration and the
31°C (for C=0.25 both moduli increases abruptly about contrast factor are known quantities.
two order of magnitudéwith an increase in the elastic stor-  Figures 5 and 6 show two series of SANS intensity dis-
age modulus larger than the loss modltEhis shows that  tributions of the micellar system Pluronic64/D,O at C
the overall behavior is analogous to the one observed in &0.05 andC=0.2, respectively, for different temperatures.
sol-gel transition driven by temperature: a viscous solutiont is important to note that the first one is a concentration
changes to a gel-like state with increasing temperature. Forery near the critical one. The corresponding spectra show
higher temperature@bout 50 °G a new viscoelastic fluid is the temperature effect: on approaching the critical region
formed. We have studied such a transition for five differentscattering intensities increase with a marked narrowing in
concentrations €=0.1, 0.15, 0.17, 0.2, and 0.2&nd we their forward peaks.
have reported the corresponding sol-gel transition tempera- For data analysis of SANS intensity distributions we used
tures in the phase diagram shown in Fig. 1. As can be oba recently proposed method that have given a satisfactory
served, the resultant transition line, in the shear moduli, iglescription of the structure and thermodynamics of micellar
very similar, in the temperature-concentration plane, to thesystem made of Pluronic polymers in aqueous solutié8k
percolation locus defined by the sticky sphere mdgg]. 2). In this method the particle structure factor is calculated ac-
Such a result constitutes a direct evidence for a percolatingording to a “cap and gown” model for the microstructure
phenomenon in these triblock copolymer micellar solutionsof the micelle, taking into consideration the polymer seg-
Additional indication come from analyses of SANS resultsmental distribution and the water penetration profile in the
and the frequency dependence of the rheological quantitiesore and corona regions. The intermicellar structure factor is
To investigate the criticality of the system we consider thecalculated using a sticky hard sphere model which takes into
results of SLS intensities as a function of temperature andccount a temperature dependent short-range attraction be-
concentration. Figure 4 reports the normalized light scatteretlveen micelles that is necessary to lead to the phenomena of
intensities R/Ryenzend, Measured a=90°, as a function of percolation and critical opalescence in addition to a basic
concentration at temperatures 34.5, 40.5, 44, 48, 50.5 artshrd core.
52.3°C (the related lines are a guide for eyefs can be The particle structure factor &). The cap-and-gown
seen, there is a marked maximum that increases its valumodel combines both characteristic features of a diffuse dis-
with increasingT, located at abou€=0.05 (¢=0.1), near tribution of polymer chains in the outer layer of the micelle

Z bi—pwVm
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FIG. 5. SANS intensity distributiong Q) for L64/D,0O micellar solutions taken along a concentrat{on 0.05 at 38, 42.5, 47.5, 52, 56,
56.3°C.C=0.05 is a concentration very near the critical one. On approaching the critical temperature, scattering intensities increase with a
marked narrowing in their forward peaks.

and a global core-shell structure of the particle. It is assumechicellar core of low polarity is composed of mostly PPO
a Gaussian distribution of the polymer segments in the coblocks surrounded by the more polar region composed
rona region. The inner core of a micelle is composed ofmostly of PEO blocks. In the cap-and-gown model it is as-
mostly segments which are relatively incompatible with sol-sumed that the radial segmental distribution in the core re-
vent molecules and thus likely to be those of PPO. The outegion starts out uniform within a radiug it is jointed to a
shell, on the other hand, accommodates polymer segmen@aussian distribution with a radius

that are compatible with the solvent and, therefore, are The neutron scattering length density profile can be cal-
mostly PEO. The outer shell is also called the corona regionculated in terms of scattering length densities of polymer,
has a more diffuse polymer segmental distribution. Such and waterp,, (known quantities as

structure represents a micelle formed by triblock copolymers

of the PEO-PPO-PEO type in water adequately. In fact the p(r)=¢u(r)py+ dp(r)py, (4)
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FIG. 6. SANS data in an absolute scale along an isoconcentratiorClin®,2, at a series of temperatures, 30, 35, 40, 45, 50, 55 °C and
their fits. Symbols are SANS data and solid lines are fits. The fits in absolute scale use a sticky hard sphere model of Baxter for the
interparticle structure factor and a cap-and-gown for the form factor.

where¢,,(r) and ¢,(r)=1—¢,(r) are the volume fraction is the quantity which determines the particle form factor
occupied by water molecules and the volume fraction occuF (k).

pied by the polymer segments, respectively, at a radial dis- The cap-and-gown model assumes that the polymer vol-
tancer from the center of a spherical micelle. The differenceume fraction is distributed as

between the actual scattering length density ahd that of

the solvent(the contrast . for O<r<a,

(6)

for a<r<o,

pplr)= exp(_rz
Ap(r)=p(r)—pw=[pp—puldp(r) (5 o?
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where the volume fraction of water in the coregdg,—1 (14+2¢—w)?

— ¢, . The core radius, the Gaussian widthr and the poly- R (15

mer volume fraction in the coré, are related by a geometri-

cal constraint. 3H(2+ BV2—2u(1+Td+ d2) + u2(2+

From the Fourier transform of the contrasp(r) we ob- B=- H(2+4) 'u; = ¢)4 $)+p(2t¢) .

tain the particle form factor (k) (1-¢ (16)

F(k)= f Ap(r)exp(iIZ- F)dqr. (7) Denoting byQ a dimensionless parameter €®&R, the prod-
uct of the wave vectok and the outer particle diamet&),

the interparticle structure facto®(Q) of the sticky hard

Thus the normalized form factdt(k) is given by sphere system[x—00—o in such a way that ¥
=12 exp())x remains finitg¢ can then be written in a closed
F(k)=N( ZI bi—pwvm)ii(k), g  form as[34]
1 1
where ®—1=24¢ afz(Q)+B13(Q)+ 5 agfs(Q)
o —veeo |3hka) 3 | e +2¢021(Q)~24Mo(Q), 17)
VeeotVepo|  ka $pli ka where the various functions are defined as

X exp( — t?x?)xdx|. (9) fo(X)=sinx/x,

f1(X)=(1—cosx)/x?,
Vpeo @andvppg are molecular volumes of the PEO and PPO

parts of the polymer. The normalized patrticle structure factor fo(X) = (SinXx—Xx cosx)/x?,
is given byP(k) =|F(k)?|. _ , .y
Interparticle structure factor €). Liquid theory gives fa(x)=[2x sinx—(x—2)cosx—2]/x",

methods by which the interparticle structure facsk) of a _ 3 ) 4 5 6
system of interacting spheres is determined by a given inter{5(X) =[(4X°=24x)sinx— (x"— 12x“+ 24)cosx+ 24) |/ x".
particle interaction potentiai(r). The starting point is the
relation between the direct correlation functiofr) and the

net correlation functiorh(r) expressed by an OZ equation t . -
[18] Having the normalized structure fact®&(k) calculated

from the cap-and-gown model and the interparticle structure
factor S(k) from the sticky hard sphere model, the absolute
h(l’)=C(I’)+pJ dr'c(r")h([F—Ff"]), (100 intensity I (k) [Eq. (7)] can then be calculated. The fitting

parameters are the aggregation nunmyethe total hydration
wherep is the particle number density. The net correlationnumberH (number of water molecules attached to a polymer
function h(r) is related to the radial distribution function in a micellg, stickiness 1#, outer micellar diameteR, and
g(r) by h(r)=g(r)—1. For givenT, p, andu(r), the Oz  polymer volume fraction in the coré,. Other parameters,
equation may be solved under various approximations for théuch as the volume fraction of micelles core radiusa,
functionsh(r) andc(r). For hard spherelike systems, the Gaussian distribution widtlr, and the hydration number in
so-called Percus-YeviPY) approximatior{19] is known to  the core and shell, are deduced quantities. The sensitive pa-
be most accurate. Baxter used the PY approximation to solvémeters of the fit ar&l, H, andR. The aggregation number
the OZ equation analytically to the first order in the frac-determines the overall amplitude of the scattered intensity
tional surface layer thicknesR¢R’)/R [17]. The solution ~and can be obtained by fitting SANS data in an absolute
can be expressed in terms of the following set of parameter§cale. The total hydration number determines the volume
[34] for a given volume fractiorp and the surface stickiness fraction of micelles which controls the peak height of the

The hard sphere limit is recovered by setting-+/0 andx

1/7 structure factoiS(k). The micellar diameter determines the
peak position ofS(k). These three parameters basically de-
_ d(1+412) termine the general shape and amplitudé(&). Away from
- 3(T¢)2 11 the critical region the stickiness Aand ¢, determine the
detailed rise and fall of the interaction peak and the small
b and largek behaviors of the scattered intensity. In the critical
A=71+ m (12 region, the stickiness parameter controls the rise of scattering
intensity atk=0 (Ornstein-Zerniche scattering functignt
5 therefore is a sensitive parameter as one approaches the criti-
_ 6(A—vyA™-T) 13) cal point. As can be observed from Fig. 5 and 6 the quality of
¢ ' the fits is uniformly excellent for the system b64 triblock

copolymer micelles in the entire range of disordered micellar
m=Np(1l—¢), (14 phase. As an example, parameters characterizing the micro-
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Aggregation Number Volume Fraction of Polymer at the Core
180 1 . .
| ® :SANSforL64 ato.2wt %)
160 0.95}
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60 0.75 -
20 30 40 50 60 20 30 40 50 60
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0 50
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FIG. 7. Parameters for the microstructure and interactidn6df/D,O polymeric micelles, at a fixed concentratid®= 0.2) and different
temperatures, extracted form SANS data by using the sticky sphere model for the structure factor and the cap and gown for the form factor.

structure and interaction @f64 polymeric micelles thus ob- relevant data obtained is temperature variation of the sticki-
tained, for fixed concentrationC(=0.2) and different tem- ness parameter as can be seen in Fig. 7. This quantity is
peratures, are shown in Fig. 7. We find that the aggregationharacterized by different values at low and high tempera-
number and the diameter of the micelle increase with temtures, At low temperatures the stickiness of micellar surface
perature. The volume fraction of polymer in the core, andindicates that the micelles are close to hard spheres. The
hydration number increase with temperature only in thesurface of micelles become more and more stickier just in the
range 20—40 °C, whereas for higher temperatures these quatemperature region for which viscoelasticiifig. 3) indi-
tities show little variation. This agree with the main results ofcates a percolation transition. Fits to the absolute intensities
micellar solution of the same family of polymer, Pluronic along the critical concentrationC(=0.05) show a large in-
P84 andP104, previously studied by SANS using the samecrease in stickiness with temperature up to a value (1/
analysis procedurgl3]. For the aim of the present work the =10) at the highest temperaturé=56.3 °C) studied. Such
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104 - . : old. Then fore=|(p—p.)/pc <1, the percolating structure

‘ ] is characterized by a correlation length that scales¢é as
~&g~ VY and a relaxation timer, which scales as~ ¢~ ¢?,
wherev, zandz= vz are critical exponentg23].

The exponents used to describe viscoelasticity singulari-
. ties neam, in the static regime ars,tandA [24,25 defined
] respectively by the following scaling relations:

10% ¢

— ~o—S

g No~¢€ (18)
g ol ) and

2 " ]

g ‘ ] Go~e |, (19
(2]

2

whereGy is the static elastic modulus or, more precisely, the
elastic modulus of monomers at some microscopic time scale
100 25 °C ] T=wy ', At the percolation threshol&’ and G” have the

‘ poooooooog ] following power-law dependence on frequengy

o G'~G"~w". (20

A general scaling fornj25,37] has been postulatey
10° » ” -~ , analogy of percolating viscoelasticity with conductivity of a
10 10 10 10 random mixture of conductorsfor G* in the limit when
o (rad/s) w,e—0. In percolating systems the variation of the mechani-
cal properties is correctly described by the form

FIG. 8. Log-log plot of measured complex viscosity*|, as a
function of the frequency, for the64/D,0, micellar system at a fix G*(w,8)=Ggo™ (iwlwy), (22)
concentrationC=0.2 but three different temperatures, 25, 35, and
55 °C. The straight line for data @&t=35 °C shows clearly a power- ~f 7~ 2 22)
law behavior ofl 7*| vs w. @o e

At low frequenciesw< wgeS*!

, Is for . (p<
a result is in complete agreement with the theoretical predic- P=Pe (P<Pc)
tion [20]. ¢ (iwlwg)=B (iw/wg) +C~ (iw/wg)? (23

N
C. Percolation and viscoelasticity and forp—p; (p>pc)

To have a definitive confirmation on the percolation phe- oM (iwlwg)=A"+B" (iw/wg) (24)
nomenon in the micellar system under study, we consider
frequency dependence of its rheological quantities. In Fig. &t intermediate frequenciesye®*'<w<w,
we show viscositiegn* | of L64/D,O system as a function of
frequency, in a log-log plot, at three different temperatures ¢ (iolwg)=¢™ (iwlw)®. (25
(25, 35, and 55 °Cat a concentratio€=0.2. It can be eas- )
ily seen, the system shows completely distinct behaviors at 11iS leads to the correct frequency dependence for the
the three temperatures. At low temperat(@6 °C), the vis-  €lastic(viscous pait G (G, ) fcz)r ®—0 [Eq. (25)]. Below
cosity has a frequency dependence of a colloidal suspensi&H,e percolat|c,>In threshol@’ ~ w” (G"~w), very above PT
[35]. For T=35°C, a linear scaling relation ¢f*| in wis © ~const G"~w). With
observed. Foil =55 °C, the system transforms into a phase — lim G* (w)/ 26)
characterized by a high shear viscosity ¥50cP) and a 70 0 @re
weak viscoelasticity.

Theory of percolation applied to complex fluidpoly-  the general scaling form leads to the relations between the
mers, gels, colloids, etcpredicts a universal scaling behav- scaling exponents
ior [23,24,38. An important step for theory of viscoelasticity
in a percolating system was the recognit{@1i,25 that the Z=s+t and A=t/z=t/(s+1). (27
elastic modulus of a gel and the viscosity of a sol are directly
related to the conductance of a random resistor network ankd this frequency regime, the frequency power-law of the
a random superconducting network. According to this analcomplex moduluss* has a remarkable consequenGé/G’
ogy, the complex moduluS* (p,w) is expected to obey the have an universal critical value.
very same behavior as the AC conductivity of a resistor- More precisely, considering that in rheology the loss
capacitor random mixture. Lgt be the parameter that con- angled is defined by the relation, ta#=G"/G’, one has
trols the percolation transitiofmay be the cross-linker con-
centration, the volume fraction of polymers molecules, the

a
X : Se=mA=-—. 28
temperature, etcandp, its value at the percolation thresh- ¢ 2 (28)



7086 LOBRY, MICALI, MALLAMACE, LIAO, AND CHEN PRE 60

10° et : - e lated to the use of a high value of strain amplituge(80%
F ©=0.1, T=50°C, s(G) = 0.676, s(G") = 0.668 ] of the viscometer strain amplitudeSuch a choice is due to
8, =28/m=0.771 ] the primary interest in an accurate measurement ofGhe

andG” values.

The overall results for the concentrati@ 0.1: scaling
in moduli and values of the percolation indices are in com-
plete agreement with theory of static percolation phenom-
enon. Whereas fo€=0.2, we observe the same scaling in
G’ and G” with w, but the values of critical indices are
different from that of the theoretical model. Such a situation
has also been observed in other complex systems. For ex-

102 E

ardaad Lidasaaaan,

8 ool it it o ample, in cross-linking gel$26-2§, experimental results

9 LWt 1@ 10 @ 102 have given values oA that are close to 2/3 when gels are

B 10—y prepared with the minimum amount of cross-linkers neces-
o g: ‘2’52,”:37";2‘3 s(@) = 0.51, s(G") = 0.507 ] sary to reach the gel point. In the presence of excess cross-

linker at gel point, smaller exponents, approaching 0.5,
are sometimes observed. This latter results on percolation
indices (A=1/2 for C=0.2) could be considered as a mean
field (or an effective medium theoyyresults. We have al-
ready considered this argument in a separate W8%k To
have a complete and definitive insight on the percolation
G DU RS B behavior of the system at high concentratigfgl<<C<0.6)
B TR I an experiment is actually in progress in our laboratory.
11 ] We conclude by observing that data on the frequency de-
109k e e o e pendence of viscoelastic behavior of the triblock copolymer
S TR TR micellar system presented here give definitive evidence of
10" 100 10’ 102 the existence of a percolation line in the phase diagram as
® (rad’s) suggested by a theory based on Baxter's model of sticky

hard spheres.

102 E

FIG. 9. Log-log plots of the measured storage mod&ifli and
loss moduliG” as a function of frequency in the frequency range IV. CONCLUSION
9.24x 10 ?< w(rad/se¢<<64. For L64/D,0. Pluronic micellar so-
lutions at two different concentration€,=0.1 and 0.2. The insets We have presented evidence for the existence of an attrac-
of the figures give the respective values of the loss adgles a  tive component in the intermicellar interaction which in-
function of frequency. creases as one approaches the cloud point curve. The pres-
ence of the critical point and the percolation line in the phase
diagram demands a component of short range attractive po-
tential. A gquantitative measure of the attraction can be given
in terms of the stickiness parameter tleduced from SANS
intensity analysis. The origin of the attraction is the overlap-
ping of the PEO segments on the surface of the micelles
when they come into contact. Since as temperature increases
nwater becomes a poorer solvent for the polymer segments,
gisplacement of the solvent as a result of micellar contacts

almost three decades. The linear behavior observed conﬁrr@gndS to lower the free energy. We intend to investigate the

theartcéllqaeti:r?rrnealir:)r?frTr?g?nas)elpsvil?ttlﬁgtﬁdulr?asl,oscﬁngvlglutgg O<f‘ritical scattering along different iso-concentration lines us-
P gon. 9 ing SANS and DLS in the future. It would be of interest to

th_ezlglss angl@las k? funftlolnto; frlf[aqugr:cy, ftr.othh'Eh also investigate the percolation phenomenon in other mem-
(=26/) can also be calculated. It is interesting to o SeV&ors of the 40% PEO pluronic family.

that the loss angle remains constérg., G"/G’ is constant
as a function ofw for the concentrations studied. Continuous

lines represent least-square fits to the experimental data of

G’ and G”. From their slopes we obtain, at the different We would like to acknowledge the assistance of Dr.
copolymer concentrations, the following results: ©=0.1 ~ Sungmin Choi and Dr. Jah-Shiong Lin in making SANS
we have A(G")=0.68+0.02, A(G")=0.67-0.02 and measurements. We are grateful to Dr. George Wignall of
A(6)=0.77+x0.03, whereas forC=0.2, their values are ORNL for giving us neutron beam time in HIFR of ORNL.
A(G')=0.51+0.02, A(G")=0.51+0.02, andA(6)=0.75 The research at MIT is supported by a grant from Materials
+0.03. The values ok () obtained from the loss angle data Science Division of US DOE. The research at University of
can be, in the present experiment, overestimated. This is rédessina is supported by the MURST-PRIN97 project.

The exponents andt have been calculated numerically by
computer simulations giving the valug38] s=0.75+0.04,
andt=1.94+0.1, so thatA=0.72+0.04.

Figure 9 shows, in a log-log plot, the variation of the
storage modulu&” and the loss modulu§” in the entire
frequency domain studied for two different concentrations
C=0.1 and 0.2. In this representatio®,’ and G” appear
linear in the frequency range 0.0924 to 64 rad/sec, spanni

ACKNOWLEDGMENTS




PRE 60 INTERACTION AND PERCOLATION IN THEL64 . .. 7087

[1] B. Lindman, A. Carlsson, G. Kalstrom, and M. Maltensen, [20] See, e.g., S. H. Chen, C. Y. Ku, and Y. C. Liu,Tihe Physics

Adv. Colloid Interface Sci32, 183(1990. of Complex Systemedited by F. Mallamace and H. E. Stanley
[2] Pluronic And Technical Brouchure Tetronic SurfactaBASF (I0P, Amsterdam, 1997 pp. 243—281.
Corp., Parsipanny, NJ, 1989. [21] P-G. de GennesScaling Concepts in Polymer Physi&ornell

[3] P. Alexandridis, V. Athanassiou, S. Fukuda, and T. A. Hatton, University Press, Ithaca, NY, 1979
LangmuirlO, 2604(1994, P. Alexandridis and T. A. Hatton, [22] M. Doi and S. F. EdwardsThe Theory of Polymer Dynamics

Colloids Surface96, 1 (1995. (Clarendon, Oxford, 1986
[4] C. Z. Zhou and B. Chu, J. Colloid Interface S@i26 171 23] p. Stauffer, Introduction to Percolation TheoryTaylor and
(1988; B. Chu, Langmuirll, 414(1995. Francis, London, 1985

[5] D. Wanka, H. Hoffmann, and W. Ulbricht, Macromolecules
27, 4145(1994).

[6] E. W. Brown, K. Schillen, M. Almgren, S. Hvidt, and P. Be-
hadur, J. Phys. Chenm®5, 1850 (1991); K. Schillen, W.
Brown, and R. M. Johnsen, Macromolecul®s 4825(1994).

[7] K. Mortensen, J. Phys.: Condens. Mat8rA103 (1996.

[8] K. Mortensen, Prog. Colloid Polym. Sc@l, 69 (1993; K.
Mortensen, W. Brown, and E. Jorgensen, Macromolec2ifes

[24] D. Stauffer, Phys. Refb4, 1 (1979.

[25] P-G. de Gennes, J. Phy&rance Lett. 37, L1 (1976; C. R.
Seances, Acad. Sci., Ser.286, 131(1979.

[26] C. Allain and L. Salome, Macromolecul@§, 2957(1987).

[27] J. E. Martin, D. Adolf, and J. P. Wilcoxon, Phys. Rev. Létt,
2620(1988.

[28] M. A. V. Axelos and M. K. Kolb, Phys. Rev. Let64, 1457

5654(1994). (1990.

[9] H. M. Almgren, J. Alsins, and P. Behadur, Langmir446 [29] D. Durand, M. Delsanti, M. Adam, and J. M. Luck, Europhys.

(1991); M. Almgren, W. Brown, and S. Hvidt, Colloid Polym. Lett. 3, 297 (1987).

Sci. 273 2 (1995. [30] J. E. Martin, Phys. Rev. 86, 3415(1987).

[10] Q. F. Grieser and C. J. Drummond, J. Phys. Che#.5580  [31] J. Rouch, A. Safouane, P. Tartaglia, and S. H. Chen, J. Chem.

(1988. Phys.90, 3756(1989.

[11] E. B. Jorgensen, S. Hvidt, W. Brown, and K. Schillen, Macro- [32] P. C. Hohenberg and B. I. Halperin, Rev. Mod. P8, 435

molecules30, 2355(1997). (1977).

[12] Y. C. Liu, S. H. Chen, and J. S. Huang, Macromoleci8és  [33] M. Kotlarchyk and S. H. Chen, J. Chem. Phy&9, 2461

6226 (1998. (1983.

[13] Y. C. Liu, S. H. Chen, and J. S. Huang, Macromoleci8&s  [34] Y. Liu, S. H. Chen, and J. S. Huang, Phys. Revb4 1698

2236(1998. (1996.

[14] B. Chu, Light Scattering—Basic Principle and Practicend  [35] I. M. De Schepper, H. E. Smorenburg, and E. G. D. Choen,

ed. (Academic Press, San Diego, 1991 Phys. Rev. Lett70, 2178(1993.

[15] P. J. Flory,Principles of Polymer Chemistr§Cornell Univer-  [36] J. Essam, Rep. Prog. Phy&3, 833(1980.

sity Press, Ithaca, NY, 1953 [37] A. L. Efros and B. I. Shkolovskii, Phys. Status Solidi 7,
[16] J. D. Ferry,Viscoelastic Properties of Polyme(®/iley, New 475(1976.

York, 1980. [38] H. J. Herrmann, B. Derrida, and J. Vannimenus, Phys. Rev. B
[17] R. J. Baxter, J. Chem. Phy49, 2770(1968. 30, 4080(1984; B. Derrida, D. Stauffer, H. J. Herrmann, and
[18] L. S. Ornestein and F. Zernike, Proc. Acad. Sci. Amsterdam J. Vannimenus, J. Phy&rance Lett. 44, L701 (1983.

17, 793(1914. [39] F. Mallamace, S. H. Chen, Y. Liu, L. Lobry, and N. Micali,

[19] J. K. Percus and G. J. Yevik, Phys. Rad0, 1 (1958. Physica A266, 123(1999.



