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(Received September 2002; In final form January 2003)

We report photon correlation spectroscopy (PCS), low shear
viscosity and small angleneutron scattering (SANS) studies
of a Pluronic L64 micellar system in aqueous solutions at
high polymer concentrations (wt%), 35.0% < c < 54.4%, in a
temperature range where a kinetic glass transition (KGT)
has been observed. We analyze SANS intensity distri-
butions in the liquid state assuming that the micelles are
spherical and interact among themselves via an effective
pair-potential consisting of a hard core plus a narrow
attractive square-well, the depth of which is temperature
dependent. Comparison of the potential parameters so
obtained with the phase diagram predicted recently by
mode coupling theory (MCT) allows us to verify the
existence of the so-called “liquid to attractive glass” KGT
line. We then use scaling plots of SANS intensity
distributions to show the existence of another branch of
the KGT line where transitions from a repulsive glass to an
attractive glass occur. In particular, we show an evidence
of the existence of the so-called A3 singularity end point
where two glasses become identical in local structure
[Sow-Hsin Chen, Wei-Ren Chen, Francesco Mallamace,
“The glass–glass transition and its end point in a
co-polymer micellar system”, to be published].

Keywords: Photon correlation spectroscopy; Low shear viscosity;
SANS; Pluronic L64 micellar system

INTRODUCTION

In a recent series of papers [2,–4], it has been
theoretically predicted that in colloidal systems with
sufficiently short-range effective inter-particle attrac-
tive interaction, one has a possibility of observing two
types of structural arrest transitions (SAT) or kinetic

glass transitions (KGT). The KGTcan be the result of a
“cage effect” originating from the excluded volume
effect of the particles at high volume fractions and at
high temperatures or the result of a particle bonding
to its nearest neighbors at low kBT and at an extended
range of volume fractions. If the interaction is
modeled by a square-well potential, the crucial
control parameters of the phase behavior are: the
volume fraction, f ¼ prd3=6, the effective tempera-
ture, T* ¼ kBT=u, and the fractional well-width
parameter, 1 ¼ D=d, where r is the number density
of the spheres, d its hard core diameter, D its attractive
well-width, and 2u its well-depth. One particularly
interesting feature in this novel state of matter is the
occurrence of two distinct amorphous glassy states
called, respectively, the “repulsive glass” and the
“attractive glass”, as the result of the two distinct
mechanisms for the SAT mentioned earlier.

Figure 1 gives the experimental phase diagram of
the L64/D2O micellar system plotted in the (T,c)
plane. It contains our previous discoveries of the
cloud point line (solid line) and its associated critical
point (black diamond spot) [5]; critical micelle
concentration—critical micelle temperature line
(dash-dotted line) [6]; percolation line (empty circles)
[6]; equilibrium liquid-to-crystal phase boundary
(dotted line) [7]; equilibrium crystal-to-crystal phase
boundary (dash line) [7] and the KGT lines verified by
three different experimental methods (symbols) [8,9].

Figure 2a gives the experimental phase diagram
re-plotted in the (T,f) plane [9]. It contains
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the equilibrium liquid-to-crystal phase boundary (solid
line), the KGT line (dash line) and the phase points
where the experimental data are analyzed. The
calculated KGT lines, for the case of 1 ¼ 0:03 [10], are
shown in Fig. 2b in the (T,f) plane. As one can see, at
volume fractions less than 0.5365, one has liquid-to-
attractive glass transitions if one lowers T*, and at
volume fractions greater than this value, one has a
possibility of observing a repulsive glass-to-attractive
glass transitions by going from high T* to low T*. With
photon correlation spectroscopy (PCS) and small angle
neutron scattering (SANS) measurements, we suc-
ceeded in detecting both transitions in L64/D2O
micellar system at high volume fractions as we shall
describe later [9].

MICELLAR SYSTEM

Polyethylene oxide (PEO) and polypropylene oxide
(PPO) containing block copolymers belong to a class
of polymers that self-associate spontaneously in
aqueous solution. The self-association is characte-
rized by sensitivity to temperature [11]. The most
interesting feature of Pluronic copolymers is the
resultant formation of rich phase behavior of the
solutions upon self-assembly [12]. In particular, many
triblock copolymers composed of two symmetric
end-block PEOs and a middle-block PPO have been

synthesized and used as polymeric surfactants. These
triblock copolymers we studied are commercially
available under a trade name Pluronic from BASF
[13]. Pluronic polymer surfactants find widespread
industrial applications as detergents, wetting, foam-
ing/defoaming, emulsification, lubrication and solu-
blization agents [13].

The L64, with a chemical composition of (PEO)13

(PPO)30(PEO)13, is a member of this symmetric
triblock copolymers family with PEO–PPO is 40: 60
(by weight). At low temperatures, both PEO and
PPO are hydrophilic and readily dissolve in water,
forming unimers. However, as temperature rises
above 208C, they rapidly loose their hydrophilicity in
different degrees, PPO segments becoming less
hydrophilic faster than PEO segments. The copoly-
mers thus acquire surfactant property. If the
temperature is above a critical micelle temperature
which is a function of concentration (called C.M.T
and C.M.C., respectively), they will self-assemble
into spherical micelles each with PPO segments
packed into a compact core and PEO segments
forming a corona region around it carrying sub-
stantial amount of hydration water [14,15]. The
short-range attraction arises from small overlapping
of PEO chains of the corona regions when micelles
touch each other, expelling some solvent molecules
from the corona regions. The depth of the attractive
well increases with temperature because water

FIGURE 1 The phase diagram of Pluronic L64/D2O solution. The phase diagram contains the CMC-CMT line (dash-dotted line), cloud
point line (solid line), percolation line (empty circles), the equilibrium liquid-to-crystal phase boundary (dotted line), the equilibrium
crystal-to-crystal phase boundary (dash line) and the re-entrant kinetic glass transition (KGT) lines (symbols) which are determined by
PCS, SANS and low shear viscosity measurements, respectively.
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becomes increasingly poor solvent as temperature
rises.

Gelation of Pluronic solutions occurs at high
polymer concentrations. This is traditionally inter-
preted as formation of an ordered liquid crystalline
phase, distinct from the disordered micellar phase.
For the 40% PEO Pluronic family, such as L64,
concentration of the sol–gel transition is only weakly
dependent on temperature. In Fig. 1, the gelation

boundary is marked by a dash line with the lowest
concentration occurring at c ¼ 35% and T ¼ 408C:
These gelation concentrations set the upper limit
for the concentration range of the disordered
micellar phase. It is in this gelation concentration
range of L64/D2O solutions that we found the KGT
phenomena. Experimentally, we found that if we
enter this region of gel phase from the low
temperature side, the system will take a long time

FIGURE 2 Comparison of the phase diagram (in T–f plane) of L64/D2O micellar solution with that of the theoretical phase diagram
(in T*–f plane) determined by mode coupling theory (MCT) for a colloidal system with a short range attraction (1 ¼ 0:03). In the phase
diagram given on the top panel, the solid line is the equilibrium liquid-to-crystal transition line, dash line the re-entrant KGT line and
symbols the phase points where the experimental data are analyzed. The lower panel gives the theoretical phase diagram of a colloidal
system interacting via a short-range attractive square well potential predicted by MCT. The phase points shown in the upper panel are then
mapped into the corresponding symbols in the lower panel using the results of SANS data analyses. The result of the mapping is seen to
confirm the existence of the attractive branch in the predicted KGT boundary and the repulsive glass-to-attractive glass transition section.
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(of the order of weeks) to reach its equilibrium
crystalline state without an external perturbation,
such as applying a shear stress to the sample.

EXPERIMENTAL RESULTS

SANS Data Analysis [9]

We observed that at high enough polymer concen-
tration, a SANS intensity distribution from the
L64/D2O micellar system generally consists of a
single, sharp interaction peak. A series of SANS
intensity distributions taken from the micellar
solutions with different polymer concentrations
and temperatures have been examined to see
whether there is a significant change of the line
shape at the ergodic-to-non-ergodic-to-ergodic tran-
sition temperatures observed by PCS experiment
which we shall show later in Fig. 4. Since there is a
single peak in the observed SANS intensity
distribution, we can assume that the system is
characterized by a single length scale L ¼ 1=kmax

where kmax is the peak position of the intensity
distribution. L in this case, can be taken as the mean
particle separation in the disorder state. It is well
known that the absolute intensity in a two-phase
system (the micelles and the solvent) is given by a 3D
Fourier transform of the Debye correlation function
GðrÞ and the Debye correlation function in this case
must be of the form Gðr=LÞ. Therefore

IðkÞ ¼ k62l
ð1

0

dr 4pr2j0ðkrÞG
r

L

� �
ð1Þ

where k62l is the so-called “invariant”.
Now, make a transformation of variables,

x ¼ ðr=LÞ ¼ kmaxr; y ¼ k
kmax

.
Then

k3
maxIðkÞ

k62l
¼

ð1
0

dx4px2j0ðxyÞGðxÞ: ð2Þ

Thus it can be seen that the scaled intensity
ðk3

maxIðkÞÞ=k62lÞ is a unique function of scaled variable
y ¼ k=kmax: Therefore, if we plot the scaled intensity
distributions at different temperatures as a function
of y, they will all collapse into one single master
curve, if the degree of disorder of the system remains
the same.

Figure 3 shows scaling plots of SANS intensity
distributions at four volume fractions (f determined
by fitting of the SANS data) and different tempera-
tures, spanning the regions of the phase diagram
where the liquid-to-liquid, liquid-to-glass, glass-to-
glass and two identical glasses (A3 point) are located.
This kind of scaling plot is very useful for
visualization of the degree of order of the
system characterized by a unique length scale

(the average inter-particle distance). We thus
demonstrated for the first time that SANS measure-
ments can be a powerful tool for studying the SAT in
dense colloidal solutions predicted by mode coup-
ling theory (MCT) formulated originally for super-
cooled simple liquids [16].

We also analyzed the SANS intensity distributions
directly using the liquid theory. The absolute
intensity (in unit of cm21) of neutron scattering
from a system of mono-dispersed micelles can be
express by the following formula [14]:

IðkÞ ¼ cN
i

X
bi 2 rwyp

0
@

1
A

2

�PðkÞSðkÞ ð3Þ

where c is the concentration of polymer (number of
polymers/cm3), N the aggregation number of
polymers in a micelle, S

i
bi sum of coherent scattering

lengths of atoms comprising a polymer molecule,
rw the scattering length density of D2O, yp

the molecular volume of the polymer, �PðkÞ the
normalized intra-particle structure factor (of the
micelle) and S(k) the inter-particle structure factor
(between micelles). �PðkÞ is computed by a modified
cap-and-gown model described in [9]. S(k) can be
obtained by solving the Ornstein-Zernike (OZ)
equation in Percus-Yevick (PY) approximation for
the square well potential to the first order in a series
of small e expansion [17]. To fit SANS data, the Eq.
(3) is convoluted with the Gaussian-like resolution
functions supplied by Center of Neutron Research in
NIST and Intense Pulse Neutron Source in ANL,
respectively. From the fitting of a SANS intensity
distribution, we obtained the four parameters: the
aggregation number N, the volume fraction f, the
fractional well width parameter 1 and the effective
temperature T*. The normalized intra-particle struc-
ture factor P�ðkÞ is the function of N only. The inter-
micellar structure factor S(k) is the function of all the
four parameters. From fitting of a SANS intensity
distribution taken at a state (c,T), we can then obtain
the corresponding set of parameters (f, T*). Thus we
can map a phase point from the experimental c–T
plane onto a corresponding point in the f–T* plane
on which the theoretical phase diagram is con-
structed. The result of such a mapping is shown by
symbols in Fig. 2b. As one can see, this mapping
confirms the existence of the attractive branch of the
KGT line and the repulsive glass to attractive glass
transition section of it as well.

PCS Data

Figure 4 shows three sets of normalized photon
correlation functions (coherent intermediate scatter-
ing functions, ISF) measured at k < 0:002 �A21and at
three different volume fractions, as a function of
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FIGURE 3 Typical examples of the scaling plots of SANS intensity distributions at four different concentrations as a function of
temperature. The first panel gives SANS intensity distributions of the micellar solution at f ¼ 0:460, and at different temperatures. It can be
seen that all the scaled intensities are characterized by a unique length scale and collapse into a single master curve, independent of
temperatures. The scaling plots of f ¼ 0:535 micellar solutions at different temperatures are given in the second panel. It is seen clearly that
the system is still characterized by a temperature dependent length scale, but there are two distinct disorder (width of the peak) depending
on temperature. While the narrower peak is resolution limited, the broader peak is similar to the one observed in the first panel. If we
identify the broader peak to represent the liquid state, then the narrower peak should represent the glassy state. It is seen from this plot that
the system shows a re-entrant liquid-to-glass-to-liquid transition. The third panel represents the scaling plots of a micellar solution at
f ¼ 0:542 at different temperatures. It is seen that the system is again characterized by a temperature dependent length scale. While the
narrower peak is resolution limited, the slightly broader peak is also nearly resolution limited. It can be interpreted as showing a glass-to-
glass transition (transition between two amorphous solid states with different degrees of disorder). The last panel shows the scaling plots
of the micellar solution at f ¼ 0:544, which is predicted as the A3 point, at temperatures range from 15 to 508C. It can be seen that two
different types of glasses indeed become identical at this concentration.
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temperature. For the lowest volume fraction where
the liquid to attractive glass transition is predicted,
one can see that in the liquid state, the long-time limit
of the ISF, f q, is zero, while in the attractive glass state
f A

q < 0:5, which is the Debye-Waller factor of the
attractive glass state [9]. The SATis thus characterized
by a discontinuous change of fq, called a bifurcation
transition [18]. At volume fraction of 0.542, we

observe the repulsive glass ( f R
q < 0:4) to attractive

glass transition ( f A
q < 0:5). At volume fraction of

0.544, which is called the A3 singularity point, where
according to the theory, the two glasses become
identical [3]. Our measured ISF’s indeed verify that it
is so, showing an identical value of f A;R

q < 0:45 in the
two glass states. This observation of the A3 singularity
is made by us for the first time [1].

FIGURE 4 Three examples of the intermediate scattering functions, F(k,t), as measured by photon correlation spectroscopy (PCS), at
different concentrations, as a function of temperature. The top panel shows the liquid-to-attractive glass-to-liquid (i.e. ergodic-to-non-
ergodic-to-ergodic) transition. We also highlight the occurrence of a region of the logarithmic time dependence preceding the plateau
region for the system in the ergodic state just before the transition. The evidence of the attractive glass-to-repulsive glass transition can be
seen in the middle panel. By comparing the long time limit of the ISF’s with the predictions of MCT, the two different types of the glasses
can be identified by the respective Debye-Waller factors f A

q < 0:5 and f R
q < 0:4. The bottom panel gives the intermediate scattering

functions at volume fraction of 0.544, which is the A3 end point predicted by MCT. Our ISF’s show that the Debye-Waller factors of the two
glasses become identical, confirming the prediction of the MCT.
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FIGURE 5 The low shear viscosity at five different concentrations, where only glass-to-liquid-to-glass transition is possible, as a
function of temperature. Starting from low temperatures, the shear viscosity increases steeply, first going through a percolation transition
(PT), then a liquid-to-glass transition (LG) and finally a glass-to-liquid transition (GL). Note that, for the case of c ¼ 0:35; there is only
the PT.
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Viscosity Data [9]

The low shear viscosity at five different concen-
trations measured as a function of the temperature
is shown in Fig. 5. The viscosities at all concen-
trations are characterized by an initial increase,
starting from a viscosity value typical of a
liquid (h < 1022 Pa), followed by a flatten-off at
the highest temperatures (h < 103 Pa). For the
concentration, c ¼ 35%; the viscosity shows only a
single step increase that covers three orders of
magnitude. For the remaining concentrations, there
is an additional step increase located in a
different temperature range. Thus for concentra-
tions c . 35%; the overall viscosity increase is about
five orders of magnitude. The first step viscosity
increase in L64/D2O micellar system is due to the
percolation process that is characteristic of a
colloid with a short-range attractive interaction [6].
Comparing with SANS and PCS measurement, we
concluded that the sharp reduction in viscosity and
its eventual flatten-off at high temperatures (with
final viscosity value of the order of a few Pascal) can
be related to the re-entry of the system into the
liquid state.

CONCLUSIONS

Recent MCT calculations show that, for a colloidal
system with short-range attractive inter-particle
interactions, the features of the phase diagram,
like the one presented in Fig. 2b, is insensitive to the
detail shape of the attractive part of the interaction
[4,19]. In this paper, our results confirm the phase
boundaries of predicted KGT through three differ-
ent experimental approaches: we use SANS results
and their analyses to verify the existence of the
liquid-to-attractive glass and repulsive glass-to-
attractive glass branch of KGT line; we use
combination of scaling plots of the SANS data and
PCS results to give a conclusive evidence of the
existence of the A3 singularity where the local
structure and the long time dynamical behavior of
the two glasses become identical.
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