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ABSTRACT: The results from a dynamic light scattering study of concentrated aqueous systems of
polyethylene oxide-polypropylene oxide-polyethylene oxide triblock copolymer (PEO-PPO-PEO, Pluro-
nic F108) are reported at pressures to 2500 bar and temperatures from 0 to 110 �C. The pressure-temperature
(P-T ) phase behavior for this micellar system exhibits several phase transformations at high concentrations
including a transition from a liquid to a gel phase and a subsequent re-entrant transition from the gel phase to
a liquid phase with increasing temperature. The gel phase region is bounded at low temperatures by a liquid-
to-gel phase transition curve that increases in pressure with increasing temperature, eventually exhibits a
maximum in pressure, and then at high temperatures rapidly decreases as the temperature is further increased.
The high temperature branch of this curve represents a gel-melting transition. Aqueous F108 samples are
doped with latex probe nanoparticles to facilitate the characterization of the local viscosity and also to serve
as a reference for the measurement of the light intensity scattered by the Pluronic systems. Both the intrinsic
collective dynamics of the Pluronic systems and the diffusive dynamics of the nanoparticle probes are
characterized. The diffusive dynamics of the nanoparticle probes reveal the nonmonotonic character of
viscosity that results from phase transformations dependent on pressure and temperature. The micellar
system scattering intensity, obtained fromDLS data through comparison with the light intensity scattered by
the probe nanoparticles, increases with heating indicating critical pretransitional behavior of concentration
fluctuations on approach to the cloud-point boundary over a broad temperature interval that spans the gel
phase temperature range.

Introduction

Polymers consisting of ethylene oxide and propylene oxide
monomers display complex behavior in aqueous systems. The
nominally hydrophobic interactions of the CH2 segments of the
polymer backbone are compensated by polar interactions be-
tween oxygen atoms and water molecules. The solvation of water
by these polymers is thought tobe a consequence of the formation
of a delicate network of structured water molecules associated
with the oxygen atoms in these polymers.1,2 With increasing
temperature, this water network is progressively disrupted, in-
hibiting the solvation of the polymer in water. Thus, aqueous
solutions of these polymers exhibit a lower critical solution
temperature. Since polypropylene oxide (PPO) has one more
CH2 unit per monomer repeat unit than polyethylene oxide
(PEO), the range of solubility of PPO is significantly reduced
compared to PEO and therefore PPO phase separates fromwater
at a lower temperature. As a consequence, with increasing
temperature, water rapidly becomes a selective solvent for copo-
lymers of PEO and PPO.3 The focus in the present paper is on the
system behavior of triblock PEO-PPO-PEO copolymers, com-
monly known as Pluronics (BASF trade name). These nontoxic
triblock copolymers are important for a variety of applications
including drug and gene delivery.3-5 The central PPO block is
water-soluble at low temperatures but becomes more hydropho-
bic and less water-soluble as the temperature is increased. The
PEO end blocks, however, are significantly more soluble in water

and only slowly become less water-soluble upon heating. As with
other block copolymer systems, a relative change in solvent
quality eventually leads to microphase separation of Pluronic
aqueous systems and the formation of mesophases with symme-
try dictated by the molecular architecture (e.g., cubic, cylindrical,
lamellar, and bicontinuous phases.6-9)

The present paper reports the results of a dynamic light
scattering investigation of the aqueous PEO-PPO-PEO copo-
lymer (Pluronic F108, 80% EO and 20% PO, with a reported
molecular weight of 14.6 kg/mol) system that undergoes micro-
phase separation into suspensions of sphericalmicelles with dense
PPO cores and relatively thick, brush-like PEO coronae. At
sufficiently high polymer concentrations these micellar systems
exhibit several structural transitions, including a transition to a
gel-like cubic crystalline phase,6-10 characteristic of a concen-
trated suspension of repulsive soft colloidal particles existing in a
finite temperature range that is sensitive to copolymer concentra-
tion and system conditions (e.g., the concentration and type of
added salts.11,12)

A few authors have reported that pressure affects micellar
behavior in Pluronic aqueous systems.13-15 Interestingly, an
increase in the pressure suppresses the aggregation of unimers in
amanner reminiscent of the dissolutionofmicellar aggregates that
occurs in response to a decrease in temperature. This suppression
of micellization by pressure presumably has its origins in the
enhanced solubility of the more hydrophobic PPO block in water
at elevated pressure. Mortensen et al. observed13 that increasing
pressure actually causes the micellar crystalline phase to melt,
which is an inverted pressure dependence, analogous to the*Corresponding author. E-mail: afkostko@yahoo.com.
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inverted temperature dependence of micellar crystals that melt
with cooling.Mortensen et al.13 argue that the increase in entropy
upon heating, as demanded by the tenets of thermodynamics,
occurs in spite of the increased system order at the length scale of
micelles (∼10 nm). One possibility is that disruption of the water
structure around these ethoxylated polymers at elevated tempera-
tures accounts for the required entropy increase. In this picture,
elevated pressure would tend to stabilize the water structure
around the polymers, thereby inhibiting the formation of micelles
and their ordered phases. Another possiblemechanism of entropy
production discussed in this paper is the enhancement of molec-
ular-scale thermal fluctuations in response to increasing tempera-
ture.

Studies of the dynamics in these systems could shed light on
this issue. Various experimental methods, including neutron spin
echo,16 light scattering,17-27 mechanical rheometry,18,19,28-31

and fluorescence lifetime techniques32-34 have been used at
ambient pressure to study aspects of the system dynamics in
aqueous Pluronic systems. In this paper light scattering studies of
the dynamic properties of concentrated Pluronic solutions are
reported over broadP-T ranges.Dynamic light scattering (DLS)
is used to determine the phase behavior, micellar dynamics, and
the local viscosity at pressures to 2500 bar and temperatures from
0 to 110 �C. The DLS data obtained in this study are compared
with neutron spin echo data obtained by Yardimci et al.16 for the
same micellar system. Moreover, to probe simultaneously the
local viscosity of these Pluronic systems at various pressures and
temperatures, a microrheology method is employed based on
DLSmeasurements of light scattered from a dilute suspension of
nanoparticle probes doped into the solution. In addition to
providing information about the local viscoelastic properties of
the solutions, light scattered by the probe particles provides a
reference scattering intensity, which facilitates the determination
of the intensity of intrinsic scattering by the micellar system with
changes in pressure and temperature. Information on the tem-
perature dependence of the intensity of scattering by the micellar
system is obtained from theDLS data, where the contributions of
the different dynamic modes to the total scattering intensity can
be separated.

Experimental Methods

A. Sample Preparation. Pluronic F108 (pastille), obtained
from BASF Inc. as a gift, is a triblock PEO-PPO-PEO
copolymer with 80 mass % PEO and a molecular weight of
∼14.6 kg/mol.Millipore pure water (18MΩ 3 cm), filtered with a
syringe-mounted 0.02 μWhatman Anotops filter, is used as the
solvent to create a 0.20 g/cm3 F108 solution that is sufficiently
concentrated to form gel phase.16 At ambient conditions, homo-
geneous mixing of solid F108 in water is hindered by the
formation of a gel-like, supersaturated layer at the surface of
the solid F108. Thus, to minimize the solution preparation time
the F108-water solution is kept in a refrigerator and subjected to
periodic gentle shaking and mixing. Even though the subambi-
ent temperature in the refrigerator is far from the gel-transition
boundary, the total dissolution of F108 usually takes a day or
two depending on the efficiency of mixing. After dissolution the
concentration is adjusted to 0.20 g/cm3 with additional filtered
water. Preliminary light scattering experiments are conducted
on neat F108 aqueous solutions in a glass cylinder at ambient
pressure. A tiny amount of polystyrene latex (87 nm diameter,
Duke Scientific Corp.) is then doped into the sample before the
sample is charged to the high-pressure light scattering cell.

B. High-Pressure Dynamic Light Scattering.Details are given
elsewhere35,36 on the high-pressure scattering cell and the DLS
apparatus. A light beam from a solid state laser (200 mWDPSS
Nd:YAG, Coherent Inc., λ=532 nm) is incident on the input
window of the scattering cell and is focused at the center of the

cell. The scattering cell has sapphire windows for the incident
and transmitted laser beam, and windows at 36, 45, 90, and 135�
for scattered light. Scattered light is split and delivered to two
photomultipliers (PMTs) to provide pseudocrosscorrelation
that eliminates afterpulses. The light detecting optics with PMTs
are mounted on a goniometer arm positioned at the angles
corresponding to the optical cell output windows. DLS mea-
surements are performed with an ALV-5000/E FAST correla-
tor, which accumulates the intensity correlation functions, g2(t).
In addition, the time-averaged intensity at each scattering angle
is available for static light scattering analysis.

The F108 solution is compressed by an internal piston
displaced with Millipore filtered water (18 MΩ 3 cm) delivered
from a second cell also containing an internal piston displaced
with tap water in a pressure generator. This tandem scattering-
pressurizing cell setup provides an additional barrier to elim-
inate even small levels of tap water contamination of the F108
solution that could result frommicroleaking through the piston
O-ring. The solution temperature is controlled within (0.2 K
and the systempressure ismeasuredwith a transducer/display to
within (5 bar.

The CONTIN regularization procedure of the inverse La-
place transform (ALV software) is used to analyze g2(t) to
obtain the decay time distribution,H(τ). It wasmore convenient
to obtain H(τ) rather than fitting the correlation function to
several exponentials because the number of modes in the
distributions varied depending on temperature and pressure.
The magnitude of the distributionH(τ) for a certain value of the
decay time, τ, is proportional to the partial scattering intensity,
which is characterized by this particular decay time. Thus,H(τ)
provides information about the relative intensity of the dynamic
modes represented in this intensity-weighted distribution. The
dynamicmodes attributed to themicellar system and to the latex
probe particles do not overlap and are easily identified in H(τ).
These modes are characterized by the mean peak positions
(average decay-times) and by the intensity contributions of these
peaks. The intensity contributions of the micellar modes, Hm,
and of the latex particles mode, Hp, are obtained from H(τ).

To estimate the intensity of scattering by the micellar system
we must account for the scattered intensity of the latex probe
particles. The intensity of scattering by the latex particles is
proportional to their volume concentration, size, and the square
of the difference between the refractive indices of the polystyrene
latex particles and of the solution, reduced by the particle form
factor at finite scattering angles. In this study we neglect the
pressure-induced increase of the latex volume fraction driven by
the compressibility of the aqueous micellar system. We also
neglect possible pressure-induced changes in the size of the
polystyrene particles. The refractive index of the latex particles
is close to 1.59 and the refractive index of the solution is close to
that of water, which is significantly lower. Therefore, small
pressure and temperature induced variations of the water re-
fractive index should not have a significant effect on the large
refractive indices difference. Likewise, also neglected are any
variations of the scattered intensity caused by possible changes
of the form factor of latex probe particles. The pressure and
temperature dependence of the solution refractive index is
estimated using high-pressure density data37 and the tempera-
ture and density dependence of the refractive index of pure
water.38 With these estimates, it can be shown that the variation
of the particle scattering intensity barely exceeds 20% in the
entire range of experimental conditions, and therefore, this
variation is neglected from further consideration in our calcula-
tions.

The intrinsic scattering intensity, Im, of the F108 micellar
system can be calculated as Im = Ip � Hm/Hp, where Ip is the
scattering intensity of the latex probe particles. It is possible to
extract Im and Ip from the total scattering intensity using the
value of Hm/Hp if all other contributions to total intensity,
except Im and Ip, are negligible. However, since variations of Ip
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are neglected in the present experiments, Im is now Im=Hm/Hp

where the approximately constant factor of Ip is simply omitted,
which implies Ip = 1. This approach eliminates the statistical
error of the total scattering intensity measurement, although it
introduces some systematic error related to the neglected varia-
tions of Ip. It is important to note also that the ratio Hm/Hp is
independent of any variations of the power of the incident laser
beam. Thus, the common significant problem of intensity
measurement is eliminated using DLS data and the reference
scattering intensity of the latex probe particles. Uncertainty of
the evaluation of Im/Ip = Hm/Hp inevitably increases when the
contribution of one mode dominates over the other in the total
intensity, namely, when Im/(Imþ Ip) is small or is close to 100%.
For the data represented in this paper the ratio Im/(Im þ Ip)
ranges from 2% to 97%.

The diffusive mode of the latex probe particles provides
information about the viscosity of the Pluronic phases at nano-
scopic length scales. The validity of ourmicrorheologymeasure-
ments with polystyrene latex probe particles depends on the
stability of this aqueous suspension at high pressure and ele-
vated temperature. Alargova et al.39 observed an aggregation of
polystyrene latex spheres in water at pressures below 280 bar
when the temperature exceeds 280-300 �C. These temperatures
are well above 110 �C, the highest operating temperature used in
the present study. However, since the operating pressures in the
present study are significantly higher than 280 bar, further DLS
measurements were performed by the present authors (to be
published elsewhere) with polystyrene latex particles in pure
water at pressures to 2600 bar and verified that there was no
evident change in particle size within 10% error bars that could
be caused by compression, aggregation, or swelling, and that
could affect the conclusions reported in the present study.
Likewise, the reproducibility of the data reported in the present
study at various pressures and temperatures suggests that
irreversible aggregation of the latex particles does not occur.
A recent combined high-pressure small angle neutron scattering
and dynamic light scattering study byMeier, et al.40 showed that
the pressure-induced changes of silica probe particles in toluene
are very small and can be neglected in DLS experiments.
Polystyrene latex particles are preferred in the present study as
they have a lower specific gravity, 1.1 versus 1.8 g/mL, which is
closer to that of water, and they have a higher refractive index,
1.59 versus 1.48, than silica. Also, the higher difference between
the refractive indices of polystyrene andwater exhibits relatively
lower changes due to any variation ofwater refractive indexwith
pressure and temperature. Consequently, the polystyrene latex
probe particles in water have a much lower tendency for
sedimentation and a higher intensity of scattering, which is less
sensitive to pressure and temperature variations and allows for
lower concentration of probe particles.

Results and Discussion

Figure 1 shows typical intensity correlation functions, g2(t),
obtained in this study for liquid and gel states, with and without
latex probe particles, for aqueous 0.20 g/cm3 solutions of F108 at
ambient pressure. The diameter of the probe particles, 87 nm, is
approximately nine times larger than the hydrodynamic radius of
F108 micelles, which is approximately 11 nm.41 The gel phase is
associated with the appearance of “frozen scatterers” in the gel
network, a signature of nonergodic behavior by the system
announced by a characteristic long-tail background contribution
in the correlation function.42-44 Figure 1 shows that the char-
acteristics of the micellar liquid (21 �C) and the gel state (40 �C)
correlation functions for solutions without probe particles are
only slightly different and, accordingly, the long-time tail of the
correlation function for the Pluronic sample, without latex, in the
gel state is rather weak. After doping the solution with latex
particles a more dramatic change of correlation function is
observed when crossing the gel phase boundary, making it much

easier to locate this phase boundary. Decay time distributions for
concentrated aqueous Pluronic solutions usually exhibit at least
twomodes,17-27with the number of observablemodes depending
on experimental conditions. The decay rates (reciprocal of the
decay times) of these modes are proportional to the square of the
scattering wavenumber, q=4πnλ-1 sin(θ/2), where n is the ref-
ractive index of the solution and θ is the scattering angle. This
usually indicates that the decay rates are characteristic of diffu-
sion modes. Figure 2 shows a typical example of the decay time
distributions, H(τ), obtained in this study at 21 �C and ambient
pressure at three scattering angles and plotted with respect to q2τ.
The diffusive character of the modes is confirmed by the coin-
cidence of the modes at all three scattering angles. However, the
diffusive character of all satellite dynamicmodes is not checked in
detail at each experimental condition.

The slowest mode corresponds to diffusion of latex probe
particles, while the other modes originate from light scattered by
the F108 solution. The fastest of the latter intrinsic scattering
modes (hereafter referred to as the fast mode) is observed in all of
our measurements below the cloud-point boundary at 110 �C.
The position of the fast mode changes smoothly throughout the
entire 0 to 110 �C temperature range and one to 2500 bar pressure
range. In contrast, the slower satellite modes shown in Figures 1
and 2 change their location and appearance as the temperature is
changed. Their magnitudes are relatively low at high tempera-
tures on approach to the cloud point and at low temperatures
corresponding to solutions of individual polymer chains. The
focus here is on the dominant intrinsic mode, namely the fast
mode, as well as on the diffusive latex probe particle mode. Also
discussed is the evolution of the weak satellite dynamic modes
with order-disorder phase transitions in the sample.

Figure 1. Correlation functions accumulated at ambient pressure for
the 0.20 g/cm3 F108 aqueous system. Only each fifth data point is
shown. Solution without latex probe particles: micellar liquid at 21 �C,
solid circles; gel at 40 �C, open circles. Solution doped with latex probe
particles: micellar liquid at 21 �C, solid diamonds; gel at 40 �C, open
diamonds. The long-time tail is truncated for the gel-phase correlation
functions. Scattering angle: 90�.

Figure 2. Decay time distributions H(τ) for the 0.20 g/cm3 F108
aqueous solution at 21 �C and ambient pressure. Scattering angles:
45�, dots; 90�, solid line; 135�, short dashes.
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DLS measurements for both neat and latex-doped solutions
were obtained over wide P-T ranges. In the case of latex-doped
solution, the measurements were performed in the liquid region
of the phase diagramwhere the behavior of the sample is ergodic.
Measurements at the gel-phase boundary, which indicate non-
ergodic behavior, were made as a means of the phase boundary
mapping. Generally, DLS measurements in a nonergodic, gel
phase should be performed with ensemble averaging42 that in
practice usually is achieved by sample rotation, which is not
possible with our high-pressure DLS cell. Hence, data obtained
with latex-doped solutions in the gel phase were used to indicate
qualitatively the appearance of the gel phase via the emergence of
nonergodic behavior. Note, however, that the contribution by
“frozen” scatterers to the scattering intensity for F108 aqueous
solutions without latex particles is low, and hence that none-
rgodic behavior did not significantly affect the interpretation of
the data obtained in these time-averaged measurements.

In addition to using the diffusive dynamics as a probe of
Pluronic solution behavior, the intensity of scattering by the
solutions is also used to characterize their phase behavior. As
previously mentioned, the intensity of scattering by the Pluronic
chains and their micellar aggregates, Im, is approximated as Im=
Hm/Hp using the intensity data for the latex probe particles as the
reference value. Figure 3 shows intensity data for five tempera-
tures as a function of pressure. At 22, 30, and 45 �C the intensity
first increases with pressure exhibiting a maximum, which is
followed at 22 and 30 �C by essentially low and almost constant
values. Analogous maxima as well as the flat regions are also
observed in the temperature dependence of the scattering inten-
sity at low pressure. The flat regions of low and almost constant
intensity correspond to solution of individual polymer chains at
low temperature and/or elevated pressure. With a decrease of the
solvent quality on approach of lower pressures, the intensity Im
starts increasing at the critical micellization temperature/pressure
(CMTP) when polymer chains begin to associate into spherical
micelles. Following standard procedure,41,45 the temperature and
pressure values corresponding to the salient point at the edge
of the flat region are used tomap theCMTPon the F108 aqueous
solution phase diagram. When the maximal intensity is reached,
the process of micellization reaches saturation and terminates. It
is assumed that the system becomes a micellar liquid where the
majority of polymer chains is assembled in spherical micelles and
the micelles are contacting each other. Zhou and Chu46,47

attribute the scattering intensity maxima observed close to the
termination of micellization to the presence of composition
heterogeneity of Pluronic chains. This composition heterogeneity
results in the formation of a dilute emulsion due to a microphase
separation that occurs between the CMT and the termination
point ofmicellization. The temperature and pressure correspond-
ing to the intensity maxima are used tomap the line of saturation
and termination of micellization on the phase diagram. It is

interesting that the maximum in scattered intensity is more
pronounced at low temperatures and pressures, which, in agree-
ment with Zhou and Chu, could be attributed to the gradual
increase of solubility with pressure of the components that have a
tendency to phase separate during the process ofmicellization. In
a recent study,48 the presence of a diblock fraction in the Pluronic
samples is linked also with the crystalline lattice symmetry of the
cubic gel.

At 92 and 102 �C, temperatures above those in the gel phase
region, the intensity Im ismuch higher than at lower temperatures
(Figure 3). At 102 �C the intensity at low pressures decreases to a
constant value, while at 92 �C the value of Im is almost
independent of pressure. The intensity variation at 102 �C is
attributed to the operating in the proximity of the cloud-point
temperature, which apparently is lower at low pressure.

The phase diagram is mapped using the P-T dependence of
the dynamics of the probe latex particles and of the intrinsic
scattered intensity Im. Figure 4 shows the phase transition
boundary of the gel state and the P-T range explored in our
experiments. In region 1, a liquid region with individual polymer
chains, the scattered intensity does not exhibit detectable tem-
perature dependence. At the critical micellization boundary,
(∂P/∂T)coexistence=120 bar/K, the scattered intensity begins to
increase and eventually reaches a saturation or local maximum
value at the terminal micellization line, (∂P/∂T)coexistence =
75 bar/K. Region 2, between the critical and terminal micelliza-
tion boundaries, is a liquid-phase region containing individual
polymer chains and spherical micelles. Region 3, just beyond the
terminal micellization line, is a liquid-phase region containing
spherical micelles that occupy the entire volume of the sample.
The micelles are suspended in water coexisting with a fraction of
individual chains. This liquid phase is a micellar liquid where
short-range order is assumed. Our DLS data in region 3 imply
that pretransitional clustering of micelles occurs in the nuclei of
the gel phase. The pressure trace at 30 �C inFigure 3 illustrates the
increase of Imwith decreasing pressure in regions 1 and 2, and the
apparent maximum in Im at the terminal micellization boundary.
Region 4 is the crystalline gel phase of ordered spherical micelles,
while region 5 is a re-entrantmicellar liquid phase. DLSmeasure-
ments, subsequently discussed in detail, identify the phase
boundary between regions 4 and 5 by the rapid increase of the

Figure 3. Pressure dependence of the scattering intensity at 90� for the
micellar system of 0.20 g/cm3 F108 aqueous solution: squares, 22 �C;
diamonds, 30 �C; triangles, 45 �C; crosses, 92 �C; circles, 102 �C.

Figure 4. P-T phase diagram for the 0.20 g/cm3 F108 aqueous solu-
tion. (1) Liquid-phase region with individual polymer chains. Critical
micellization temperature and pressure- filled squares and dotted line.
(2) Liquid-phase region with individual polymer chains and spherical
micelles. End of micellization is shown as filled triangles and a long-
dashed line. (3) Liquid-phase region with spherical micelles and clusters
of micelles. (4) Gel region with cubic crystal-like ordering of spherical
micelles. The phase boundary is delimited with a solid line and the data
with circles. (5) Liquid, micellar-phase region expected to have rods or
worm-like micelles located close to the cloud-point boundary, which is
depicted with a solid line. (6) Two-phase region, opaque milk-like
suspension of solid polymer in water. The narrow strip shown with
the double dashed lines separating regions 4 and 5 is a liquid phase with
low viscosity. Crosses indicate pressures and temperatures where DLS
data have been obtained.
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apparent local viscosity probed by latex particle diffusion and the
concomitant emergence of the signature of the nonergodic
behavior in the intensity correlation function. The two dashed
lines depict a narrow region having a steep drop in viscosity close
to the gel melting boundary just over 80 �C. Finally, for
sufficiently high temperatures, there is a transition to a phase-
separated region 6 consisting of an opaque suspension of solid
polymer particles in water.

As shown on the phase diagram, a critical micellization
temperature is found at 15 �C at ambient pressure. This critical
micellization temperature is in good agreement with the value of
17 �C for an F108 solution, that is calculated from an extrapola-
tion to a concentration 0.20 g/cm3 from the data reported by
Alexandridis et al.41,49 Our value is also consistent with critical
micellization temperaturedata obtainedby calorimetery reported
by Lau et al.50 However, the end-of-micellization data as well as
the gelation temperatures reported by Lau et al.50 for an aqueous
0.20 g/cm3 solution of F108 at ambient pressure are a few degrees
higher than the values reported here, which could be ascribed to
some batch-to-batch variation of the F108 samples.

Several features of the P-T phase diagram in Figure 4 are
consistent with results reported byMortensen et al.13 for aqueous
Pluronic F88 solutions. For example, the onset of the tempera-
ture of gelation upon heating increases with pressure. The data in
the present study are obtained over a larger temperature range
than that investigated by Mortensen et al.;13 they include mea-
surements of the pressure dependence of the high-temperature
boundary of the gel region, which is a direct melting transition,
and they show the pressure limit for the formation of gel phase.
The high-temperature boundary of the gel region exhibits a
negative P-T slope, (∂P/∂T )coexistence ≈ -103 bar/K, that is
steeper than the slope of the low-temperature gel boundary,
(∂P/∂T)coexistence=49 bar/K. Both slopes are determined from
tangent lines at ambient pressure. Our observation of the differ-
ence between the low- andhigh-temperature gel phaseboundaries
is supported implicitly by the results of Li et al.51 More details
arepresentedonseveral interestingaspectsof the collectivedynamics
of F108 solutions in various regions of the P-T phase diagram.

Dynamics of Probe Particles. The decay time τp = 1/(Dq2)
of the dynamic mode of latex probe particles is determined
by the diffusion coefficientD of the probe particles, which in
turn depends on the apparent viscosity, ηapp, of the solution
in the local environment surrounding the particles

D¼ kBT

6πηappR
ð1Þ

where kB is Boltzmann’s constant andR is the hydrodynamic
radius of latex probe particles. The apparent viscosity, ηapp,
which is the microviscosity revealed by the motion of probe
particles, is obtained from the experimentally determined
value of D using eq 1.

Figure 5 shows the effect of pressure on the apparent
viscosity, ηapp. At 22, 30, 45, and 102 �C the value of ηapp
exhibits nonmonotonic behavior with pressure. For 22, 30,
and 45 �C, the initial decrease of ηapp with an increase of
pressure is attributed to pretransitional behavior near the
gelation boundary. The probe particles slow down as they
are trapped in growing gel clusters on approach to the low-
temperature boundary of the gel phase with a decrease of
pressure. Note that at 22, 30, and 45 �C the evidence of
pretransitional behavior is detectable far from the gelation
boundary. At 102 �C the initial decrease of ηapp at low
pressures reflects the response of the system on close ap-
proach to the cloud-point boundary.

Figure 6 shows the temperature dependence of the viscos-
ity at various pressures. At low temperatures ηapp decreases

as the temperature increases, presumably due to a typical
Arrhenius temperature dependence resembling the depen-
dence of pure water. The Arrhenius behavior of the viscosity
is revealed in the lower section of Figure 6 for the viscosity
data recast in terms of the ratio of ηapp to the water viscosity
η0. At low temperatures this ratio is almost constant. In
addition to Arrhenius behavior, the viscosity decrease with
heating at low temperatures could also be a consequence of
the progressive depletion of Pluronic chains in solution as a
result of the formation ofmicelles and a consequence of PPO
block shrinkage. This initial decrease is followed by a sharp
increase in the viscosity with increasing temperature near the

Figure 5. Viscosity, ηapp, as the function of pressure for the 0.20 g/cm3

F108 aqueous system: diamonds, 22 �C; squares, 30 �C; triangles, 45 �C;
crosses, 92 �C; circles, 102 �C.

Figure 6. Temperature dependences of the apparent viscosity, ηapp, for
the 0.20 g/cm3F108 aqueous system.The lines in these graphs are drawn
to aid the eye: (a) diamonds, 2070 bar; (b) squares, 1790 bar; (c) crosses,
1035 bar; (d) circles, ambient pressure; pluses, 70 bar; (e) viscosity, ηapp,
relatively to water viscosity, η0.
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terminal micellization line depicted in the phase diagram in
Figure 4. The temperature-induced increase of viscosity
shown in Figure 6 indicates that the probe particles are
trapped in growing clusters of micelles on approach to the
gel phase boundary. This behavior is similar to the pre-
viously discussed pressure-induced viscosity behavior shown
in Figure 5. Pretransitional gelation phenomenon begins far
from the gel boundary and almost immediately after the
terminal micellization line. Thus, the clustering of micelles is
observed in almost the entire region 3 of the phase diagram
(Figure 4). As intermicellar interactions in this system are
repulsive in nature at these temperatures and pressures, this
clustering phenomenon is presumably associated with an
order-disorder transition driven by the progressive homo-
genization of the micelle population. As the system is heated
at constant pressure, the finite-size clusters of ordered mi-
celles are growing and associating, finally occupying the
entire volume of the sample to form a gel phase. Gelation
occurs for our sample at pressures below approximately 1720
bar. At pressures over this limit only finite-size micellar
clusters are detected in the phase of disordered liquid micel-
lar solution. Accordingly, the viscosity data at 1790 and 2070
bar in Figure 6 exhibit maxima indicating the appearance of
a very viscous liquid. These maxima are followed by sudden
drop to a rather low level, signaling a re-entrant transition
near 80 �C from ordered to disordered micelles, followed by
an increase in the viscosity presumably associated with the
formation ofmicellar aggregates. This transition is driven by
the diminishing solubility of the PEO corona chains in
aqueous solution at sufficiently high temperature, and hence
this sharp decrease differs from the long-range, pretransi-
tional behavior observed at the low-temperature boundary
of gel formation. We speculate that initially the diminished
solubility of PEO chains leads to a gradual collapse of the
micelle coronae and a concomitant reduction in the effective
micelle volume fraction. This leads to enhanced fluidity of
the solution and increased diffusivity of the latex probe
particles, as seen in Figure 6. However, further decrease in
solubility of PEOwith rising temperature eventually leads to
restructuring of the micellar solution into a more viscous
phase and an abrupt decrease of probe particle mobility.
Thus, the narrow region depictedwith the twodashed lines in
Figure 4 contains a low-viscosity liquid phase occurring
immediately after the high-temperature gel phase boundary.
The nature of the phase following this narrow, liquid-phase
region is not clear. For certain Pluronic species, this phase
corresponds to a morphologically new mesophase. For in-
stance, in Pluronic P85 aqueous systems the cubic crystalline
gel structure formed from spherical micelles eventually
transforms with heating into a hexagonal mesophase formed
from rod-like micelles.52,53 Wu et al.23 report that a lamellar
phase is located beyond the cubic phase at higher tempera-
tures and concentrations for F68 Pluronic, which has shorter
chains than F108 but with the same 80% PEO composition
as F108. Another likely possibility for the re-entrant viscos-
ity increase in the micellar solution at temperatures higher
than the gel-melting temperature is that weak attractive
interactions between PEO chains lead to aggregates of
spherical micelles. On approach to the cloud-point tempera-
ture, near 110 �C, a gradual decrease of the viscosity is
observed and at the cloud-point temperature the viscosity
decreases to rather low values. Nonmonotonic behavior of
the viscosity for temperatures above the gel phase boundary
could be a result of a series of complex morphology changes
associated with micellar aggregation that occur with increas-
ing temperature finally leading tomacroscopic phase separa-
tion of the polymer at the cloud-point boundary.

Collective Dynamics of Pluronic Solutions. Fast Mode.
Figures 7 and 8 show the effects of pressure and temperature
on the decay time of the fast mode, τf, which is the main
dynamicmode of the aqueous Pluronic system. The behavior
of this fast mode is qualitatively different from the diffusive
dynamics of the latex probe particles shown in Figures 5 and
6. Figure 7 shows that for temperatures from 22 to 92 �C, τf is
a monotonically increasing function of pressure, while at
102 �C (near the cloud-point boundary), τf initially decreases
with pressure until reaching a local minimum at approxi-
mately 750 bar. Note also that τf is relatively insensitive to
temperature between 22 and 45 �C, but is a much stronger
function of temperature at 92 and 102 �C. Because the
pressure dependence of τf appears to be rather weak, it is
informative to depict the temperature dependence of τf in
Figure 8 for all of the pressures explored. Both Figures 7 and
8 show that τf is insensitive to the increase of viscosity
revealed by the latex probe particles (Figures 5 and 6). The
magnitude of τf is rather insensitive to the proximity of either
the gel transition or the critical micellization line. This
behavior is in agreement with the observations of Pan
et al.54 The low-pressure values of τf, obtained at 45 �C in
the vicinity of the gel-phase boundary, are almost the same
as the values obtained at 22 �C far from this boundary
(Figure 7). Moreover, the magnitude of τf is also insensitive
to the nonmonotonic pressure dependence of the scattering
intensity (another measure of the phase behavior of the
micellar solution) shown in Figure 3.

At low temperatures, below the critical micellization
temperature, the solution is composed of individual polymer

Figure 7. Pressure dependences of the decay time of the fast micellar
mode, τf, for the 0.20 g/cm3 F108 aqueous solution: diamonds, 22 �C;
squares, 30 �C; triangles, 45 �C; crosses, 92 �C; circles, 102 �C.Scattering
angle: 90�.

Figure 8. Temperature dependence of the decay time, τf, for the fast
mode for the 0.20 g/cm3 F108 aqueous solution with latex particles:
crosses, 70 bar; times signs, 1035 bar; triangles, 1380 bar; squares,
1790 bar; diamonds, 2070 bar. The filled circles represent data for the
0.20 g/cm3 F108 aqueous solution without latex particles. The crossed
squares represent neutron spin echo data16 for the fast mode after q2

rescaling to the DLS scale. Scattering angle: 90�.
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chains, implying that the fast mode at these temperatures
represents the cooperative dynamics of concentration fluc-
tuations of polymer chains in solution. The initial gradual
decrease of τf with the increase of temperature (Figure 8)
most plausibly is driven by a commonArrhenius dependence
similar to that noticed for the latex probe particle dynamics
at low temperatures. With further increase of temperature,
the polymer chains begin to assemble into micelles in equi-
libriumwith a progressively decreasing fraction of individual
polymer chains. The rather smooth behavior of the data
exhibited in Figures 7 and 8 suggests that the fast mode
originates from polymer concentration fluctuations in the
entire pressure and temperature range regardless of the state
of aggregation of the PPO blocks and of the phase of the
Pluronic micelles. Thus, the main contributor to these fluc-
tuations should be the water-soluble PEO blocks given the
large ratio of EO to PO monomer units. PEO blocks occupy
a major fraction of the micellar system volume, while the
PPO blocks have the tendency to collapse into globules. In
particular, the similarity of the behavior of the fast mode in
the gel phase and in the concentrated liquid micellar phase
that precedes it indicates that these concentration fluctua-
tions depend primarily on the local solution microenviron-
ment in the PEO coronae of the micelles and not on the
arrangement of the micelles. This view is supported by the
results of neutron spin echo (NSE) studies of Yardimci
et al.,16 which show that the intermediate scattering func-
tions characterizing chain dynamics of F68 and F108 Pluro-
nic solutions was insensitive to the phase (liquid or gel) of the
Pluronic system.

Further evidence of the localized nature of the fast dy-
namics can be found by comparing DLS data for samples
with and without added probe particles. Figure 8 also shows
τf data for solutions without probe particles in the tempera-
ture range where the micellar system forms the nonergodic
gel phase. These measurements are performed without en-
semble averaging, which normally is necessary for such a
nonergodic system. However, these time-averaged data for
the probe-free samples are still meaningful since the con-
tribution of “frozen” scatterers in the sample without latex
particles appears to be relatively low (Figure 1). Figure 8
shows that the fast mode relaxation times for a solution at
ambient pressure, which forms a gel between about 30 and
80 �C, are close to the values obtained in the liquid state at
high pressure. Moreover, the data in Figure 8 indicate no
detectable change in the behavior of the fastmode in solution
without probe particles throughout the gel regime between
about 30 and 80 �C. Therefore, the fast mode is expected to
represent motion at length scales smaller than the character-
istic spacing betweenmicelles of the gel network (∼20 nm for
F108). Assuming that the fast mode is related to concentra-
tion fluctuations, a characteristic fluctuation length, ξ, can
be extracted from the fast mode data using the standard
expression for semidilute polymer solutions: τf = (Dcq

2)-1

with the diffusion coefficient Dc given by

Dc¼ kBT

6πηξ
ð2Þ

where viscosity η is related to the length scale of concentra-
tion fluctuations and may differ from viscosity ηapp revealed
by the latex probe particles. In order to get an upper bound
on ξ for a given τf, the viscosity of pure water is used as the
lowest estimate for η. An upper limit for the fast mode
correlation length, ξ<3 nm, is found using τf=20 μs as an
upper limit on the fast mode relaxation time in the gel regime
(∼30-80 �C in Figure 8). The upper limit for ξ is much less

than the micelle diameter, which is the characteristic length
scale of the concentrated liquid and gel micelle phases. In a
cubic crystalline gel, each lattice point is represented by a
spherical micelle trapped by neighbors in an entangled
polymer network of micellar coronas. Here we argue that
the fast mode represents the cooperative dynamics of poly-
mer chains regardless of whether or not the chains are
included in micellar coronas or exist as free chains and
regardless if the system is in the liquid or gel states. This
conclusion is in agreement with the results from fluorescent
probe studies of F88 aqueous systems by Grant et al.33,34

Note that the thermal motion of the coronae PEO chains,
corresponding to the fast mode provides a source of entropy
production that counteracts the loss of translational entropy
associated with the formation of an ordered micellar gel
phase at elevated temperature. This mechanism, together
with the increase of entropy associated with the loss of water
structure around the Pluronic chains, insures that in spite of
the transition to an ordered crystalline state the total system
entropy increases with heating as suggested byMortensen et
al.13 and as required by thermodynamics.

Comparison of DLS and NSE Data for Fast and Slow
Dynamics. It is interesting to compare the dynamics of 0.21 g/
cm3F108micellar system inD2Oprobed byNSE reported by
Yardimci et al.16 with the dynamics of the 0.20 g/cm3 F108 in
water probed byDLS reported in this paper. The probe scale
for the NSE measurements, 2π/q, ranges from 5.3 to 6.9 nm,
while for DLS measurements at the scattering angle of 90�
the probe scale is 2πn/q=376 nm. Two dynamic modes are
observed in the NSE study.16 The fast NSE mode is a
diffusion mode with the decay-time proportional to q-2.
This fast NSE mode can be compared with the fast DLS
mode after q2 rescaling: τeff = τNSE(qNSE/qDLS)

2. Figure 8
shows that the DLS data for τf are in good agreement with
the fast dynamic mode obtained at 25 and 45 �C with NSE16

and data rescaled with q2.
Figures 9-11 show the behavior of the DLS modes in

comparison with the fast and the slow NSE modes. It has
been reported16 that the slow NSE mode exhibits a stronger
than quadratic dependence on the wavenumber q and is
attributed to the slow motion in the micellar core. The slow
satellite modes, revealed in the DLS measurements, exhibit
rather complex temperature and pressure behavior, which
appears to be correlated with the micellization and gelation

Figure 9. Temperature dependence of the decay time distribution
represented in log-grayscale for the 0.20 g/cm3 F108 aqueous micellar
system at ambient pressure and at temperatures below the gelation
boundary. Also shown are neutron spin echo (NSE) data for the 0.21 g/
cm3 F108 aqueous system at ambient pressure and 25 �C. The crossed
squares represent the NSE fast dynamic mode and the crossed circles
represent the NSE slow dynamic mode,16 both after q2 rescaling to the
DLS scale. DLS scattering angle: 90�.
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phase transitions. At low temperatures where the solution
contains individual polymer chains, the single slow mode
could be attributed as a “heterogeneity mode”, following the
notation of Pan et al.54 Additional dynamic modes are
observed in the micellar phase. The NSE decay time data,
corresponding to three q values, are rescaled with q2 and
plotted on top of our DLS data. TheDLS data are plotted in
the two-dimensional graphs as the decay time distributions
H(τ) at various temperatures and pressures with the magni-
tude of a distribution shown in a grayscale for convenience of
representation as adopted in our previous papers.55,56 The
grayscale is logarithmic here to enhance the visualization of
the weak slowmodes. All distributions are normalized to the
equal integral over the logarithmic decay-time scale. The
view of the entire picture of the sequence of distributions
obtained at gradually varied temperature or pressure tends
to average the uncertainties of each distribution and helps to
reveal the trend of the dynamics, which is particularly
essential for weak modes. The slowest mode results from
the diffusion of latex probe particles. The fast intensivemode
corresponds to concentration fluctuations. A variety ofweak

slow satellite modes are present between these two intensive
modes. The rescaled data for the NSE slowmode16 shown in
Figures 9-11 are rather close to the DLS slow modes
depicted in grayscale. This result supports the assumption
of the similar nature of the NSE and, at least, some of the
DLS slow modes. It should be noticed that the available
accuracy of the NSE data is not high enough to distinguish
more than a single slow mode. In contrast, DLS is able to
resolve twoor three slowmodes as shown in the figures.Also,
in spite of the rather strong q-dependence of the NSE slow
mode reported by Yardimci et al.,16 a conventional q2

rescaling factor is justified because of the good match of
the slowDLSmodes with the NSE slow mode obtained with
this scaling. Indeed, micellar core dynamics could exhibit
coupling with dynamics of concentration fluctuations
very similar to the coupling of dynamic modes in semidilute
polymer solutions55 where chain entanglements have effect.
In amicellar system such coupling is possible as a result of the
constrainedmotion in themicellar corona of the PEOblocks,
which at one end are trapped in the entangled micellar PPO
core. Thus, core dynamics at rather short length scales could
be revealed not only in NSE but also in DLS measurements.
The good match of the slow DLS modes with the q2 rescaled
NSE slowmode indicates that the strong q-dependence of the
NSE slowmode is observed in a rather narrow range of wave
numbers when the probe length is comparable with the size
of the micellar core. It is not apparent that this strong
q-dependence should remain in effect as the size of the probe
length increases to that found with DLS. In fact, the con-
ventional q2 dependence is observedwithDLS. The observed
deviations of the NSE data from q2 dependence are imper-
ceptible in the logarithmic time scale, which spans several
decades.

Figure 12 shows the evolution of dynamic modes with
pressure at 92 �C, which is above the gel-melting boundary.
The main fast mode, which is attributed to concentration
fluctuations, looks rather wide in the logarithmic grayscale
graph. This results from the high intensity of this mode in the
close proximity to the cloud-point boundary, which is found
at 110 �C. Figure 12 also shows the fit of the correlation
functions to the sum of two exponentials neglecting the weak
mode contributions, overlaid on the distributions to demon-
strate how the two main modes are resolved. The satellite
modes between the main modes are rather weak and it is
difficult to resolve them in fitting to additional exponentials.
An additional weak, fast dynamic mode emerges at the
microsecond scale, which is faster than the main fast mode.
This fastest mode is so weak and unstable that it is natural to
consider it a ghost of the ill-posed inverse Laplace transform.

Figure 10. Pressure dependence of the decay time distribution repre-
sented in log-grayscale for the 0.20 g/cm3 F108 aqueousmicellar system
at 45 �C. Also shown are neutron spin echo (NSE) data for the 0.21 g/
cm3 F108 aqueous system at 45 �C. The crossed squares represent the
NSE fast dynamic mode and the crossed circles represent the NSE slow
dynamic mode,16 both after q2 rescaling to the DLS scale. DLS
scattering angle: 90�.

Figure 11. Pressure dependence of the decay time distribution repre-
sented in log-grayscale for the 0.20 g/cm3 F108 aqueousmicellar system
at 22 �C. Also shown are neutron spin echo (NSE) data for the 0.21 g/
cm3 F108 aqueous system at 25 �C. The crossed squares represent the
NSE fast dynamic mode and the crossed circles represent the NSE slow
dynamic mode,16 both after q2 rescaling to the DLS scale. DLS
scattering angle: 90�.

Figure 12. Pressure dependence of the decay time distribution repre-
sented in log-grayscale for the 0.20 g/cm3 F108 aqueousmicellar system
at 92 �C. Fit to the sum of two exponentials: fast mode, diamonds; latex
mode, circles. Scattering angle: 90�.
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However, this mode is not detected in all other phases below
80 �C, which is a strong argument that the mode is real.
Indeed a similar dynamic mode has been found by Schillen
et al.52 in dilute P85 solutions and has been attributed to the
rotational diffusion of rod-like micelles. However, it remains
unclear why the neutron scattering data,16 for the F108
Pluronic system used in the present study, did not provide
direct evidence of a change of symmetry of the mesophase
upon heating. The same weak, fast mode is found at tem-
peratures greater than 80 �C in Figure 13, which demon-
strates changes in dynamicswith temperature at a pressure of
2070 bar, well above the critical pressure of gelation.

Figure 13 shows that in the liquid-phase region with
spherical micelles and micellar clusters, satellite mode split-
ting into two separate dynamic modes is observed. It is
interesting that the slower of these two modes mimics the
dynamics of the latex probe particles, while the other mode
does not obey the apparent viscosity changes and becomes
faster with viscosity increase. We speculate that the slower
satellite mode could be related to the deformation relaxation
of the gel clusters responding to collisions.

Pretransitional Fluctuations. Figure 8 shows that the fast
mode exhibits pretransitional slowing down on approach to
the cloud point temperature, T*. This behavior is a char-
acteristic of second order phase transitions. The correlation
length ξ of the concentration fluctuations in the vicinity of
critical point obeys a power law scaling with the Ising critical
exponent ν=0.63. In accordance with eq 2 the decay time for
the fast mode, τf, is proportional to ξη/T. The microscopic
viscosity η is related to the length scale of the concentration
fluctuations and is different from the viscosity ηapp revealed
by the latex probe. Since the viscosity η is not available, the
behavior of τf is compared directly with predicted power law
behavior assuming that, in the first approximation, the
temperature dependence of η/T between 50 and 110 �C can
be neglected. This approximation is rather rough given, for
instance, that η/T for water decreases by a factor of 2 in this
temperature interval.

Figure 14 shows a log-log plot of the τf data at 1790 bar
and temperatures above 50 �C as a function of the reduced
temperature distance to the cloud point, ε= (T*- T )/T,
where T is the absolute temperature. This figure shows that
the behavior of τf in the broad vicinity of the cloud point is
similar to that exhibited by the critical dynamics of concen-
tration fluctuations.

Such critical scaling far from the cloud point is also evident
in the behavior of the scattering intensity, Im, of the micellar
system (Figure 3). Figure 15 shows the intensity of scattering

by the Pluronic solution at different pressures as a function
of the reduced temperature distance, ε. The cloud-point
temperature, T*=110 �C, corresponding to the observed
value at 1790 bar, is adopted for all but the lowest pressure of
70 bar, where T*=107 �C is used. The reduction of T* at the
lowest pressure is consistent with the increase of the scatter-
ing intensity at 102 �Cat ambient pressure shown inFigure 3.

The cloud-point temperature appears to be almost inde-
pendent of pressure (see Figure 4), which is in agreementwith
literature data for the phase separation boundary of PEO in
water.57,58 However, the data of Cook et al.57 and Sun and
King58 show that the P-T trace of the PEO-water cloud-
point curve has a slight negative slope at temperatures from
∼100 to ∼0 �C where the curve then exhibits a maximum,
(∂P/∂T)concentration= 0, at a pressure of ∼4500-5600 bar,
depending on polymer concentration and molecular weight.
As the temperature is lowered further the P-T trace of the
PEO-water cloud-point curve exhibits a fairly large positive
slope. Hence, the single-phase region for the PEO-water
solution exists at temperatures below∼100 �C and pressures
below∼5600 bar. Since Pluronic F108 has 80mass%PEO, it
is reasonable to expect the P-T trace of the cloud-point
curve for this Pluronic-water system also to exhibit a max-
imum at a pressure in excess of the high pressure limit of the
apparatus used in the present study.

Figure 15 shows that the static light scattering in this
Pluronic system is also described well by power-law beha-
vior, with the Ising critical exponent γ=1.24. Somewhat
surprisingly, this conventional pretransitional critical beha-
vior is valid over a very broad range of temperatures starting
from about 40 �C to the cloud point at 110 �C. However,
there is a fundamental reason for such behavior. The cloud

Figure 13. Temperature dependence of the decay time distribution
represented in log-grayscale for the 0.20 g/cm3 F108 aqueous micellar
system at 2070 bar. Scattering angle: 90�.

Figure 14. Log-log plot for the fastmode decay time, τf, for the 0.20 g/
cm3 F108 aqueous system at 1790 bar on approach to the cloud-point
temperature, T*=110 �C. The dashed line, with a slope of -0.63, is
shown for comparison.

Figure 15. Scattering intensity, Im, as a function of the reduced tem-
perature on approach to the cloud point, T*, and various pressures for
the 0.20 g/cm3 F108 aqueous system: crosses, 70 bar; times signs,
1035 bar; triangles, 1380 bar; squares, 1790 bar; diamonds, 2070 bar.
T*=107 �C at 70 bar and T* = 110 �C at higher pressures. Scattering
angle: 90�.
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point for this Pluronic aqueous system should be close to the
phase separation transition for an aqueous solution with a
low molecular weight PEO. It is well-known that the asym-
metry of the phase boundary for a low molecular weight
polymer is low. Therefore, it is quite possible that the
polymer volume fraction for our sample, ∼ 0.2, is rather
close to the critical concentration corresponding to the
maximum of the boundary. It is also well-known that even
significant deviations of the polymer concentration from the
critical value usually do not have much affect on the criti-
cality of the sample. The near-critical polymer concentration
of our sample can explain the very broad temperature range
of critical behavior of the sample.

It should be noted that a micellar system has an additional
length parameter, which is the size of the micelles. The
critical behavior of such systems should exhibit a crossover
from the mean-field regime (γ=1.0), far from the critical
point, to the Ising-like regime (γ=1.24), close to the critical
point, similar to the critical behavior in polymer solutions.59

However, this crossover behavior is not observed in the
intensity data in Figure 15. It is plausible that the detection
of crossover critical phenomena is beyond the rather limited
accuracy available for the scattering intensity data obtained
from DLS measurements.

Below 40 �C the scattering intensity drastically deviates
from this power law behavior. It is interesting that gel
formation and melting have no apparent affect on the power
law behavior of the scattering intensity of this micellar
system, while the apparent viscosity changes dramatically
with gelation. Note that this observation is related to the
intensity of scattering at the angle of 90�, while the speckle at
low angles becomes bright at gel formation and melting,
reflecting large-scale changes in the mesophase behavior.
Our observation of power law behavior of the scattering
intensity is consistent with the results reported in ref 31 for
Pluronic L64 solutions, where power law behavior has been
detected in a significantly narrower temperature interval
using a conventional static light scattering method. The
cooperative dynamics of polymer chains at the length scales
of the concentration fluctuations observed in a very broad
temperature interval is partially responsible for the produc-
tion of entropy ensuring that the total system entropy
increases even though an ordered gel phase appears.

It is interesting that the same power law behavior of the
scattering intensity covers quite different areas of the phase
diagram (areas 3 and 5 in Figure 4), which are separated with
a narrow gap close to 80 �C where the effective viscosity
sharply decreases. Regions 3 and 5 of the phase diagram
contain liquid but the micelles in these regions are expected
to be organized differently (i.e., ordered cubic arrangements
in the main gel phase vs micellar aggregates and possibly
network structures at higher temperature). While the expo-
nent of the critical power law, γ=1.24, is universal, the
amplitude is system dependent and should be different for
phases with different structural arrangements of themicelles.
However, it is plausible that while the micellar order is
different for these phases, the local concentration fluctua-
tions of the PEO micelle coronae are insensitive to the
micellar superstructure, as suggested by the NSE studies.16

Summary

The pressure-temperature phase behavior for the 0.20 g/cm3

Pluronic F108 aqueous system exhibits several phase transforma-
tions at high concentrations including a transition from a
liquid to a gel phase and a subsequent re-entrant transition from
the gel phase to a liquid phase with increasing temperature.

The temperature range spanning the gel phase is a decreasing
function of pressure,which vanishes at a critical value of pressure.
The pressure trace of the high-temperature gel-melting phase
boundary steeply decreases with an increase of temperature, and
is almost parallel to the cloud-point curve, which itself exhibits
rather weak pressure dependence. The similarity of the pressure
behavior of the cloud-point and the high-temperature gel-melting
phase boundary transitions can be explained by forcing PEO
blocks out of water. In contrast, the pressure at the low-
temperature gelation boundary gradually increases with tem-
perature similar to the critical micellization line and to the line of
termination of micellization. The pressure behavior of these
phase boundaries is determined mainly by the increase of
solubility of PPO blocks in water under pressure.

Latex probe nanoparticles doped in the aqueous Pluronic
system provide a means to locate the phase transition boundaries
and to map the phase diagram. Along with the apparent local
viscosity and the intrinsic collective dynamics of the Pluronic
solutions, information is obtained on the intensity of scattering
by the Pluronic system using DLS measurements only. The local
solution viscosity exhibits nonmonotonic behavior as a function
of temperature and pressure due to changes in the phase or
microstructure of the system. At temperatures above the gel-
melting boundary a region exists with elevated viscosity attrib-
uted to the aggregation of micelles in the vicinity of a second gel
phase that could possibly form at higher F108 concentrations. In
the entire range of pressures explored in this study, the micellar
scattering intensity exhibits critical pretransitional temperature
dependence over a broad temperature interval that spans the gel
phase. The surprisingly fair quality of the revealed critical
behavior of the scattering intensity confirms the validity of the
method of intensity evaluation based on DLS data.

The intrinsic dynamics of the Pluronic solutions exhibit several
modes, including a dominant diffusive mode of concentration
fluctuationswith critical behavior in a broad temperature interval
including the gel phase. The characteristic length scale of these
fluctuations below the gel-melting transition is an order of
magnitude lower than the spacing betweenmicelles in the ordered
crystalline structure of the gel phase. The entropy increase related
to these fluctuations is assumed to be a counter to the entropy
decrease with ordering of the micellar system at gelation.

Satellite dynamicmodes are rather weak as compared with the
main mode of concentration fluctuations. The satellite dynamic
modes apparently exhibit q2 dependence. Below the gel-melting
boundary the satellitemodes appear as slowmodes,which exhibit
complex behavior with temperature and pressure depending on
the physical state of the system. In the two-phase region, where
finite gel clusters emerge in a micellar liquid, one of the slow
modes mimics the viscosity changes. This mode could be attrib-
uted to deformation relaxation of the gel clusters caused by their
collisions.
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