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ABSTRACT: The phase behavior of poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide) (PEO-
PPO-PEO) triblock copolymers dissolved in water has been studied using small-angle neutron scattering.
The structural properties have been studied as a function of polymer concentration and temperature. At
low temperature (T < 15 °C) and low polymer concentrations the unimers are fully dissolved Gaussian chains
with radius R, = 17 A. Close to ambient temperature, the hydrophobic nature of PPO causes aggregation
of the polymers into spherical micelles with core sizes of the order of 40-50 A, somewhat temperature dependent.
The concentration of micelles increases roughly linearly with temperature, until either a saturation is reached,
where all polymers are part of a micelle, or the volume density of micelles is so high that they lock into a
crystalline structure of hard spheres. Inthe 60-70 °C temperature range, the micellar structure changes from
spherical form to prolate ellipsoid, leading to a decreasing intermicelle interaction. At high concentration,
this causes melting of the cubic lattice and leads successively to the formation of a rodlike structure with
hexagonal symmetry. Close to 95 °C, large aggregates of polymers ordered in lamellae structure are formed,

leading to an opaque suspension.

I. Introduction

Aqueous solutions of poly(propylene oxide) (PPO)
exhibit dramatic temperature dependence. Below ap-
proximately 15 °C, water is a good solvent for PPO, whereas
PPO at higher temperatures aggregates. Poly(ethylene
oxide) (PEO), on the other hand, is dominantly hydrophilic
within the temperature range from 0 to 100 °C. With
blocks of PEO and blocks of PPO combined into single
polymer chains, one can therefore expect amphiphilic
characteristics with interesting aggregation phenomena.

A number of studies have been made in the attempt to
describe such aggregates of PEO-PPO-PEO block co-
polymers in water, however with considerable confusion
concerning the association properties. Using ultrasonic
velocity and light scattering studies, however, Rassing and
Attwood provided in 1983 a clear indication of micelle
formation.! Further evidence of micelles was given by the
dynamic light scattering studies of Zhou and Chuin 1987.23
Since then, the micelle formation of PEO-PPO-PEO
systems has been confirmed based on both dynamic light
scattering studies*® and neutron scattering techniques. 467

At temperatures close to ambient it is well known that
high-concentration polymer solutions exhibit a dramatic
change in viscosity, revealing a “thermoreversible gela-
tion”.46910 Several mechanisms have been proposed as
driving forces for this thermal gelation. Rassing and
Attwood related the gel transition to intrinsic changes in
the micellar properties.! Vadnere et al. discussed the
gelation in terms of entropic changes, involving locally
ordered water molecules close to the hydrophobic units,®
whereas Wanka et al.4 and Wang and Johnston!® in
addition speculated at the possibility of an ordered three-
dimensional structured state or network. Recently, struc-
tural neutron scattering studies unambiguously showed
that the observed change in viscosity is due to a “hard-
sphere crystallization” as the micelle concentration ap-
proaches the critical volume fraction of 0.53.6-8

In the present paper we report structural properties of
aqueous solutions of EO2sPOEQ25, with special reference
to low polymer concentrations. The study is based on
small-angle neutron scattering experiments. It is shown
that micelles are formed whenever a phase line of critical
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micellation concentration (c.) and critical micellation
temperature (Ty;) is crossed. The micelles are to a good
approximation spherical objects composed of a central
core of dense poly(propylene oxide) and with an outer
corona of hydrated poly(ethylene oxide) units. The
intermicellar interactions are, in spite of the flexible PEO
blocks dispersed in the water, basically as for hard spheres,
and one even observes a hard-sphere crystallization as
mentioned above. Above approximately 70 °C the spher-
ical micellar structure of the aggregates changes into
prolate ellipsoidal aggregates.

II. Experimental Section

A. Sample. The triblock copolymer EOzPOEOQO,;, abbre-
viated P85, was obtained from Serva AG, Heidelberg, Germany,
and used without further purification. It hasadeclared molecular
mass of 4.5 kDa, 1100 Da for each of the PEO blocks and 2320
Da for PPO. EQ,POEQ,; was dissolved in water at 5 °C,
forming a transparent, homogeneous polymer solution. Deu-
terated water (D,0) was used to get good contrast and low
background for the neutron scattering experiments.

The samples were mounted in sealed quartz containers
(Suprasil from Hellma, Germany) with a 2-mm flight path. The
neutron beam at the sample position was 7 mm in diameter. For
the neutron spectra of water, used for calibration, a 1-mm-thick
quartz container was used.

B. SANS. Small-angle neutron scattering experiments were
performed using the Riso SANS facility, which is a flexible
instrument covering scattering vectors (lg| = g = (4x/)) sin (6/2))
from 0.002 to 0.5 A-! with variable neutron wavelength resolution
(AMMN). (In the expression for the scattering vector g, # is the
scattering angle and ) is the neutron wavelength. A\ is the full-
width at half-maximum value of the neutron flux versus
wavelength distribution.) The results shown below were obtained
using 15-,6-, and 3-A neutrons, with sample-to-detector distances
of respectively 6, 3, and 1 m, giving scattering vectors ¢ in the
ranges 0.002-0.02, 0.01-0.1, and 0.05-0.5 A", respectively. The
neutron wavelength resolution used was AM/A = 0.18, and the
neutron beam collimation was determined by the pinhole sizes
of 16- and 7-mm diameter at the source and sample positions,
respectively, and collimation lengths of 6, 3, and 1 m, respectively,
for the three settings. The smearing induced by the different
glstrumental setups is included in the data analysis discussed

elow. 11

The scattering data were corrected for background arising from

the quartz container with D;O and from other sources, as
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measured with the neutron beam blocked by plastic containing
boron at the sample position. The incoherent scattering from
H,0 was used to take deviation from a uniform detector response
into account.

The scattering patterns discussed in the present paper are all
azimuthal isotropic. The data have therefore been reduced to
the one-dimensional I(g) scattering functions only dependent on
the absolute value of gq.

The I(q) scattering function was Fourier-transformed using
the indirect method of Glatter,'? giving the distance distribution
function p(R), which is the scattering density correlation function
multiplied by the distance squared. In the method of Glatter,
one uses the form p(R) = La,B,(R), where B, are cubic-spline
functions and a, are parameters to be determined by a constrained
least squares analysis. In addition, an independent uniform
background describing the incoherent scattering has been
included in the data analysis.!* The error bars on p(R) as
determined by this Fourier transformation technique and as
shown in the figures discussed below have by simulation studies
been found to be overestimated by a factor of the order of 2-3.14

III. Results and Discussion

InFigure 1 are shown characteristic scattering functions
asrepresented by the 4, 12, and 25 wt % aqueous solutions
of P85 obtained in the temperature range 5-80 °C. (More
detailed scattering data, including a larger g range and
error bars will be shown below.) From these scattering
curves dramatic temperature dependencies appear: atlow
temperature, the scattering functions all show relatively
weak g dependence and only small intensities. At higher
temperatures the intensity increases, reflecting association
of molecules into larger aggregates. In an intermediate
temperature range, the scattering function for the more
concentrated solutions (¢ = 1 wt %) is dominated by a
pronounced correlation peak, and for polymer concen-
trations above approximately 20 wt %, a sudden change
in the peak line width is seen (cf. Figure 1c). At even
higher temperatures, however, this correlation peak
changes in characteristics and disappears for the lowest
concentrations, while the low-angle scattering intensity
shows a marked increase (cf. Figure 1a). In the following,
we will separately discuss the three regimes: (i) low-
temperature, low-concentration dissolved polymers, (ii)
ambient-temperature micellar liquid, and (iii) high-
temperature properties. Moreover, we will discuss the
intermicellar interactions as determined from the inter-
ference effects observed in the scattering function.

A. Gaussian Unimers. Atlow temperature both poly-
(propylene oxide) and poly(ethylene oxide) are hydrophilic.
The block copolymers therefore appear as independent,
fully dissolved polymer chains. In Figure 2a is shown the
scattering function of a 4 wt % polymer solution as
obtained by the three experimental settings discussed
above. Figure 2bshows the distance distribution function
p(R) as obtained from indirect Fourier transformation of
I(g). The long tail at large R values is characteristic for
an open structure. The scattering function is accordingly
in good agreement with that of a randomly distributed
coil, following the Debye function

I(q) = M N, cAb’x* (1 + x + &) + I, §))

where x = (gR;)?, R, being the polymer radius of gyration.
M, =4500is the molecular mass, N, is Avogadro’s number,
¢ is the polymer concentration, and Ab = 2b - p,, Vp/M,
is the contrast factor, where Zb = 33.9 X 10712 cm is the
coherent scattering length of the polymer, p, is the
scattering length density of water (D,0), and Vp = 7436
A3, the volume of the dry polymer. (With the scattering
length density of PEO equal to 0.572 X 10-14 cm/A3, that
of PPO equal to 0.347 X 1074 cm/A3, and that of D;O
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Figure 1. Scattering function I vs ¢ of aqueous solutions of
EO02PO4EQ,; as obtained in the 0-80 °C temperature range:
(a) 4, (b) 12, and (c) 25 wt % polymer concentrations. (The
apparent oscillations with temperature in (b) is an artifact of the
plotting routine.)

equal t0 6.36 X 10-14 cm/A3, the scattering contrast between
PEO and PPO is negligible relative to the scattering
contrast between the polymer and solvent.) Iiy is the
incoherent background. The scattering function gives the
radius of gyration, R; = 17 A. For comparison, the
hydrodynamic radius obtained from dynamic light scat-
tering is R, = 18 A.S

B. Micelle Formation. At temperatures close to
ambient the poly(propylene oxide) part of the polymer
chain is no longer soluble in water. The resulting
amphiphilic character of EO,,PO,EOQ,, triblock copolymers
leads to formation of various aggregates, depending on
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Figure 2. (a) Scattering function of 4 wt % EOQOy3PO,EO;
dissolved in D,o, as obtained at 6 °C using three instrumental
settings (see text). (b) The corresponding pair-correlation
function obtained by Fourier transformation. The scattering
functign reveals independent Gaussian polymer chains with R,
= 1T7TA.
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Figure 3. (a) Scattering function of 4 wt % EOQO23PO4EQ:s
dissolved in D;0, as obtained at 26 °C using three instrumental
settings (see text). (b) The corresponding pair-correlation
function obtained by Fourier transformation. The scattering
pattern reveals the spherical micelle.

the degree of polymerization of both propylene oxide (n)
and ethylene oxide (m).15 Forarange of materials to which
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Figure 4. Schematic model of the PEQO-PPO-PEQ spherical
micelle. The effective core consists of PO and a dense monolayer
shell of EO. The black-colored monomers show schematically
the imagined form of a single PEO-PPO-PEO chain. The chain
conformation could also be U-shaped.

EO3P04EOy; belongs, the aggregates are in the form of
micelles;® i.e., the aggregates are in the form of a core
presumably dominated by propylene oxide blocks and
surrounded by a corona of hydrated ethylene oxide
subchains.

In a given temperature range, the micelles are in
thermodynamic equilibrium with the unimers

unimers = micelles 2

with the equilibrium constants having a simple temper-
ature dependence, as we show below. Figure 3ashows the
scattering function as obtained at 26.8 °C for a 4 wt %
polymer solution. Although both micellar aggregates and
unimers are present in the solution at this temperature,
the measured scattering function is dominated by the large
aggregates, because the scattering function of an object is
proportional to the squared volume. Figure 3b shows the
corresponding pair-correlation function calculated from
the scattering function of Figure 3a. The p(R) function
is dominantly bell-formed, suggesting that the aggregates
consist of spherical micelles, relatively monodisperse in
size with a radius R, ~ 50 A. A small negative minimum
in p(R) indicates that concentration effects to a small
extent influence the scattering function at this temper-
ature. As will be discussed below, this intermicellar
correlation becomes the dominating component in the
scattering function at higher temperatures. The radius
resulting from the p(R) calculation is presumably the size
of the core of the micelles, as the outer corona of PEQ
chains has a much lower density. The radius is in good
agreement with the value obtained at similar temperatures
for higher concentrations, as discussed below (see also
Figure 6). In comparison, the hydrodynamic radius, as
obtained using dynamic light scattering,5is R, = 80 A, in
agreement with the expectation that the hydrodynamic
radius to a large extent also includes the corona.

The scattering pattern of disclike micelles, or very
elongated ellipsoidal or rodlike micelles, would deviate
significantly from the form shown in Figure 3, and also
significant polydispersity would show up in the pair-
correlation function, p(R), as a long tail at high R values.
We therefore conclude that the micelles, on average,
approach a spherical form.

The observed scattering function, on the other hand,
does not show the characteristic ripples and the ¢~
approach at large g values as expected for a monodisperse
suspension of spheres with a sharp interface, having the
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Figure 5. Typical examples of the scattering function of EQq;s-
POEQ,; dissolved in D20, revealing a highly correlated micellar
liquid. The three data sets represent polymer concentrations of
4 (a), 17 (b), and 35 wt % (c), as obtained at 43.3, 24.7, and 15.8
°C, respectively. The solid lines are the best fits using the hard-
sphere Percus-Yevick approach and including instrumental
smearing. The dotted lines represent the same scattering curves
with no instrumental smearing.

form factor

P(q)=[ 3

(gR)®

characterized by the sphere radius R.. These deviations
are attributed to the ethylene oxide subchains dispersed
in the water phase, in agreement with a simplified model
of the micellar structure with a central, dense core of
dominantly poly(propylene oxide) and an outer corona of
hydrated poly(ethylene oxide) effectively grafted onto the
surface of the core, as schematically illustrated in Figure
4

(sin (gR,) - gR, cos (ch))] 2(%&)2 3

As the temperature, or the concentration, is increased,
the scattering function becomes dominated by a pro-
nounced correlation peak revealing significant micelle-
micelle interaction (cf. Figure 5). Correspondingly, the
pair-correlation function exhibits a marked negative
minimum (curve ¢ in Figure 11). Within the ¢ range well
beyond the correlation peak, on the other hand, the
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scattering function remains effectively unchanged, indi-
cating that the changes in the observed scattering function
first of all reflect an increasing density of micelles, whereas
the characteristics of the individual micelles are relatively
unaffected by increasing temperature or concentration.

C. Micelle Correlation. While thescattering function
of dilute suspensions, where no interference occurs between
scattering from different particles, is given by the form
factor P(q), interference becomes significant in more dense
suspensions. For a monodisperse system of particles, the
scattering function can be written as a product of the single-
particle form factor and a structure factor, S(g), describing
the interparticle interference:

I(g) = Ap*NP(qg) S(q) )

where Ap? is the contrast factor and N is the number
density of scatterers. Although it is clear from the low
temperature, low polymer concentration study discussed
below that the micelles do not have a sharp surface, we
will as a first approach analyze the data in terms of dense
spheres, using the form factor according to eq 3. The
structure factor is given by6

S(g) =1+ 4xN [ (@R) - 1)%%@32 dR )
where g(R) is the radial distribution function describing
the arrangement of the micelles. In the Ornstein-Zernike
approximation the correlation fluctuations

h(R) =gR)~1 6)
are written as the sum of a direct, short-range correlation
between any two micelles (1 and 2 distanced R = Ry,),
f(R12), and an indirect term by which the correlation is
transferred to all of the neighboring particles

h(Ry) = f(Ry) + N[f(Ri) gR) ARy (1)

Now using the Percus~Yevick expression for the short-
raage term!’

with ®(R) describing the steric interactions between
neighboring micelles, as given by a hard-sphere interaction
potential

®R)== forR<R,

®R)=0 forR2R,, )]
characterized by the hard-sphere interaction radius Ry,.
The hard-sphere model is not unique in being able to fit
thedata. Otherinteraction potentials could probably also
fit the experimental data, but generally these would need
more parameters, and thereby more information is ex-
tracted from the data than these really give the basis for.
The hard-sphere interaction gives, moreover, a verysimple
interpretation of the data. Equation 7 leads to a poly-
nomial solution for f(R)

f(R) = ~(a + fr+ %) (10)
where «, 8, and vy are given by the hard-sphere volume
fraction ¢

a=(1+2¢)%(1-9¢)
8 =-6o(1 + ¢/2%1 - ¢)*

v = (¢/2)(1 + 2¢)%/(1 - ¢)*
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Figure 6. Resulting core radius, R, as obtained by fitting the
hard-sphere Percus-Yevick model to the scattering data.

and r is the reduced distance
r=R/2R,,

Incorporating these approachesleads to an analytical result
for the structure factor!81?

1
1+ 24¢6G(2qR,,.0)/(2qR,,)

where G is a trigonometric function of x = 2gR),, and ¢

G(x,¢) = (a(¢)/xH[sin (x) - x cos (x)] + (B(¢)/x%) X
[2x sin (x) + (2 - 2?) cos (x) - 2] + (v(¢)/x%) X

[-x* cos (x) + 4[(2x? - 6) cos (x) + (x° - 6x) sin (x) + 6]]
(12)

Thus, the scattering function is in an analytical form
determined by the hard-sphere volume fraction ¢ and the
two radii characteristic for the micelles: the core radius
R. and the hard-sphere interaction radius Ry. The
analytical formula for the scattering function can easily
be incorporated in a least-squares fitting routine, which
also includes smearing due to instrumental resolution as
obtained in a Gaussian approximation,!!

Excellent fits are obtained to the experimental scattering
function for g values up to approximately 2-3 times the
peak position go. This is shown in typical examples given
in Figure 5. The solid lines in Figure 5 give the fitted
scattering functions including smearing according to the
instrumental setup. The dotted lines represent the same
scattering functions withnosmearing. Forg values beyond
the order of 3qo significant deviation from the hard-sphere
approximation is observed. While the analytical approach
used for large ¢ values gives an approximate g dependence
due to the spherical form factor, eq 3, the experimental
data give rather an I ~ g2 relationship, reflecting the
soft corona given by the hydrated PEO chains dispersed
in the water. In the fittings presented below, we have
restricted the g range to 0.01-0.08 A, which results in fits
with a mean square residual, x2, typically of the order of
2-5.

From the fits we obtained information on micellar core
radius, hard-sphere interaction radius, and micellar (hard
sphere) volume fraction as a function of temperature and
polymer concentration. Verysimple relationships appear
from these results, as shown in Figures 6-8. The micellar
core radius (R.) and hard-sphere radius (Ry,) appear to be
basically independent of polymer concentration, as seen
from the resulting parameters displayed in Figures 6 and
7. A distinct increase in both R. and Ry, at increaisng
temperatures probably reflects changes in aggregation
number but can also be attributed to conformational
changes or changes in hydration of the polymer chains.
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Figure 7. Resulting hard-sphere interaction-radius, R),, as
obtained by fitting the hard-sphere Percus-Yevick model to the
scattering data.
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Figure8. Resulting hard-sphere volume fraction, ¢, as obtained
by fitting the hard-sphere Percus-Yevick model to the scattering
data. The insert shows the 30 °C value of the limiting volume
fraction ¢, versus polymer concentration.

The core radius changes from approximately 30 A at 5 °C
to 50 A at 50 °C. Simultaneously, the hard-sphere
interaction radius changes from 50t0 70 A; i.e., the micelles
have a ~20-A PEO shell. The hard-potential character
of this shell must reflect steric interactions between
polymers, but in addition one can speculate at the role of
structured water within the micelle shell.

Most important for the phase behavior of the polymer
solution are, however, the changes in hard-sphere volume
fraction, ¢, as a function of temperature and polymer
concentration. In Figure 8 is shown the resulting volume
fraction as a function of temperature for various polymer
concentrations in the 4-35 wt % range. Above a critical
micellation temperature (T.m;) and a critical micellation
concentration (c.), the volume fraction appears roughly
linear in both temperature and polymer concentration until
a saturated value, ¢y, is reached at Tms.

In the insert of Figure 8 is shown the concentration
dependence of the saturation limit ¢o. For polymer
concentrations below approximately 20 wt %, the satu-
ration limit, ¢, varies linearly with concentration, in
agreement with expectations for ¢, corresponding to the
situation that all polymers have aggregated in micelles.
Above ¢ ~ 20wt %, on the other hand, the micelle volume
fraction remains constant at ¢. ~ 0.53. This is the
maximum possible volume fraction, being the critical value
for hard-sphere crystal formation.82° In Figures 6-8 we
also include fits made to data obtained within the
crystalline phase, although the Percus-Yevick analysis is
valid only for liquids. However, because the bond cor-
relation remains basically liquid-like within the crystalline
phase,®8 the Percus-Yevick analysis still gives good fita.
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Figure 9. Schematic representation of the temperature-depen-
dent micellar volume fraction. For T < T.n), PEO-PPO-PEO
chains are dissolved as independent Gaussian chains. In the
Temi € T < Temp regime, independent polymer chains exist in
equilibrium with micelles. For T.n2 < 7, all polymers have
aggregated into micelles. The dotted curve represents the
situation that the critical value for hard-sphere crystallization
(¢.) is smaller than the value ¢, corresponding to all polymers
aggregated into micelles.

The crystalline order might, though, have introduced some
systematic errors in the results.

The relationships between micelle volume fraction and
respectively temperature and polymer concentration can
be written

&) ~¢(T-T,,) forT, <T<T

cml cm2 and

¢ < min (¢.,¢)
#(c) > ¢olc-cy) forT, <T and ¢<¢, 13)

In Figure 9, these equations are shown schematically,
neglecting the temperature-dependent changes in micellar
sizes, which are responsible for the small decrease in micelle
concentration observed experimentally (Figure 8). Alinear
relationship appears between the critical micellation
temperature (Tcm1) and the critical micellation concen-
tration (¢cm)

Tcml(c) = Tgml(l - ccm/ccm(o)) (14)

with T¢, = 32 °C being the value for polymer concen-
tration approaching zero. c.»(0) ~ 36 wt % is the critical
polymer concentrationat0°C. Equation 14is represented
by the ¢ = 0 line in the phase diagram (Figure 13) shown
below.

In the regime where ¢ increases linearly with temper-
ature, the system is thermodynamically stable with both
micelles and polymers present (eq 2). The number of
micelles per volume, ¢/ Vi (Ve = 47/3R2, being the hard-
sphere micelle volume), and the number of free chains per
volume, n,, are related through

n,+ No/V,=c/V, (15)

where V}, is the dry volume of the polymer and N is the
aggregation number. Assuming that the saturation in
volume fraction, ¢, corresponds to no free polymer chains,
i.e, np = 0 for ¢ = ¢o, thereby leads to the aggregation
number:

N = (c/$)(47R},/3V) (16)

The dry polymer volume is given as the sum of the volume
of monomers, V;, = 2mVgo + nVpo, where

Vi = M,/(plNA) i=POorEO (17)
With the molar weight Mpo = 58 and the mass density ppo
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Figure 10. Scattering function of 4 wt % EOsP0,,EO,s dissolved
in D30, as obtained at 68.7 °C.

= 1.01 g/cm3 the propylene oxide volume is Vpo = 95.4 A3,
and with Mgo = 44 and pgo = 1.01 g/cm? the ethylene
oxide volume is Vgo = 72.4 A3, Using the value for Ry, as
shown in Figure 7, we then get an aggregation number of
N ~ 37 at 20 °C, increasing to 78 at 40 °C.

The aggregation number can independently be obtained
from the knowledge of the core dimension. If we assume
that the core consists only of propylene oxide, we have

4wR3/3 = NnVp, (18)

where n = 40 is the poly(propylene oxide) degree of
polymerization. This leads to an aggregation number of
N ~ 58to N ~ 116 in the same temperature range. If we,
on the other hand, use a more realistic model where the
core dimensions, as obtained from the hard-sphere model,
are given by a dense propylene oxide core covered by a
dense monolayer shell of ethylene oxide (see Figure 4), we
get, within the whole temperature regime, perfect agree-
ment between the two routes of calculating the aggregation
nu.ng)er. The resulting thickness of the dense EO shell is
2.8 A.

The changes in the micellar sizes with temperature show
that the micelles are dynamic aggregates in which the
individual polymer chains constantly move from one
micelle to another. Thisallows optimizing the aggregation
number according to temperature-dependent thermody-
namic parameters. The micelle illustrated in Figure 4
should accordingly be viewed as an idealized picture of a
snapshot of the aggregate.

D. High-Temperature Properties. Aftemperatures
above approximately 70 °C the scattering function changes
pronouncedly in character. In the low-concentration
regime, the characteristic correlation peak totally disap-
pears, as seen in Figure 1a and in Figure 10, showing the
scattering data of the 4 wt % sample as obtained at 7' =
68.7 °C. In the higher concentration regime, the form of
the correlation peak changes, with significant increase in
the low-q intensity (Figure 1b,c). For polymer concen-
trations above 20 wt %, in which the cubic phase is
observed, the crystalline phase melts within the same
temperature range.’

Figure 11 shows the pair-correlation function, p(R), of
the 4 wt % polymer concentration, corresponding to the
T = 68.7 °C scattering function shown in Figure 10, as well
as p(R) calculated from data obtained both within the
correlated regime (T'= 51.7 °C) and at higher temperatures
(T=71.5°Cand T =86.1°C). The 51.7°C p(R) function
shows a pronounced negative regime reflecting the highly
correlated micelles with excluded volume due to hard-
sphere repulsion. The high-temperature aggregates show
distinct differences from the low-temperature micelles.
As the temperature is increased beyond approximately 70
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Figure 11. Pair-correlation function of 4 wt % EO35PO4EOQy;
dissolved in D0, as obtained from Fourier transformation of
scattering functions obtained at 51.7,68.7, 77.5, and 86.1 °C. The
insert shows calculated p(R) functions for a sphere (1) and for
prolate ellipsoids with axis ratios 1:1:1.5, 1:1:2, 1:1:3, and 1:1:4,
;s identified by the values 1.5, 2, 3, and 4, respectively, in the
igure.

°C, the aggregates become still more dispersed, with tails
in the pair-correlation function up to more than 250 A.
This should be compared with the well-defined spherical
micelles with maximum distances of 100 A close to ambient
temperatures (Figure 3b). The p(R) function thus indi-
cates structural changes in the micelles, from globular
aggregates to larger prolate ellipsoids. For comparison,
numerical calculations of p(R) functions for prolate
ellipsoids with axis ratios 1:1:1 (sphere), 1:1:1.5, 1:1:2, 1:1:
3,and 1:1:4 are shown in the insert of Figure 11. The p(R)
curves were calculated corresponding to fixed volume
fraction and subsequently normalized by the micellar
volume. While these p(R) functions show striking sim-
ilarity with the experimental data, oblate ellipsoids result
in quite different curves.2!

For the high-concentration samples the structure factor
still dominates the scattering function, and detailed
information on the form of the aggregates cannot be gained
from the present data. The observed scattering function
is very similar to that seen in the L phase of low molecular
weight surfactants, in which a three-dimensional contin-
uous disordered bilayer structure is formed.22 One could
therefore speculate in the formation of a microemulsion
at high concentrations. It is, however, more likely that
also the high-concentration micelles develop into an
ellipsoidal form, which further develops into long rods. At
even higher temperature, these rods undergo a disorder-
to-order transition, forming a hexagonal structure, as
shown by shear experiments.®

The origin of the changes in micelle structure close to
T = 70 °C may be related to the size of the spherical
aggregates just below this temperature. As seen from the
hard-sphere Percus-Yevick analysis, the core radius
increases with increasing temperature (Figure 6). Close
to T = 70 °C, the core radius of approximately 50 A gives
on average only 2.5 A per PO monomer for those chains
crossing the micelle center; i.e., these linear PPO blocks
must be stretched to the maximum. It is therefore, first
of all, not possible to increase the size of a spherical micelle
further. Moreover, this conformation is entropically very
unfavorable and may very well be the driving force for the
changes in micelle structure from spherical form to prolate
ellipsoid. Another driving force for the high-temperature
changes could be changes in the hydration level of PEO.
Other PEO-containing amphiphilic molecules, e.g., C,EO,,
systems,?® show marked structural changes in the same
temperature range.
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Figure 12. Scattering function of 4 wt % EOsP0,0EO,; dissolved
in D20, as obtained at 94.7 °C (a) and the corresponding pair-
correlation function obtained by Fourier transformation (b). The
full line in (a) is the fit including instrumental smearing. The
dotted line represents the corresponding scattering function with
no smearing.

At the highest temperature studied, close to 100 °C,
further changes appear in the aggregate structure, as seen
in the neutron scattering data shown in Figure 12a, but
also in light scattering, as the suspension changes from
transparent to opaque, indicating formation of large,
micrometer-sized aggregates. These changes are most
probably related to ethylene oxide, which is known to
undergo a transition to a fully dehydrated state in this
temperature regime.? The high-temperature neutron
scattering data show characteristics quite different from
the low-temperature pattern. The Fourier-transformed
P(R) function (Figure 12b) shows regular oscillations,
indicating an ordered structure. Actually, the scattering
profiles are, to a great extent, similar to theoretical
calculations of the scattering function of very swollen
lamellae phases, taking concentration fluctuations with
local displacements within the layers into account.?

IV. Conclusions

In conclusion, we have by structural studies obtained
detailed information on the phase behavior of the P85
poloxamer EQy;PO(™EQ. In Figure 13, we summarize
theresulting phase diagram, including the crystalline cubic
and hexagonal phases presented before.®! In the low
temperature, low polymer concentration corner, the poly-
mers are fully dissolved, independent Gaussian coils. Above
the phase line of critical micellation, polymers and micelles
are in thermodynamic equilibrium. Above asecond phase
line, all polymers have aggregated into micelles. The
intermicellar correlations can, to a very good approxima-
tion, be described in terms of hard-sphere interactions. As
the micellar (hard sphere) volume fraction approaches 0.53,
the micelles crystallize in a cubic lattice, as shown before.6#
The micelles are spherical with a core of propylene oxide
surrounded by a dense monolayer of ethylene oxide and
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Figure 13. Temperature-concentration phase diagram showing
the characteristics of EQ3POEQ;; fully dissolved in D,O. In
the low-concentration, low-temperature range, the polymers are
dissolved Gaussian chains. Above the ¢ = 0 line of critical
micellation concentration/temperature, a liquid of micelles is
formed with micellar volume fraction (¢) as shown by contour
lines in the figure. When the ¢ = 0.53 line is crossed, the micellar
liquid “freezes” into a hard-sphere cubic crystal.®

an outer corona of flexible poly(ethylene oxide) blocks.
The micellar size, and thereby the aggregation number,
increases with temperature. The micelles must be viewed
as rather dynamic aggregates in which the PEO-PPO-
PEO chains constantly move from micelle to micelle. This
allows optimizing the micellar size according to thermo-
dynamic parameters. Close to T' = 70 °C, the diameter
of the micellar core becomes of the order of magnitude of
the fully stretched PPO block. This may be the driving
force for dramatic changes in the aggregate conformation,
transforming the spherical micelles into prolate ellipsoids.
At even higher temperatures, a lamella phase appears.
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