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ABSTRACT: Dynamic light scattering in combination with time-averaged scattered light intensity mea-
surements has been employed to study the temperature-induced micellization behavior of poly(oxy-
ethylene—oxypropylene—oxyethylene) block copolymer, poloxamer 184, in aqueous solution. As experimentally
evidenced, there exist three temperature regions, namely, the unimer and micelle regions at the two extremes
and an anomalous association behavior in the middle region which manifests itself with a milky opalescent
appearance and a large angular dissymmetry in the scattered intensity before the onset of micellization. When
filtration experiments are carried out to remove the “opalescent” minor components, the anomalous region
is replaced by a normal transition region, where an equilibrium mixture of unimers and micelles occurs. Results
of the composition analysis by NMR spectroscopy strongly support the composition heterogeneity mechanism
for the anomalous association behavior. It has also been concluded that the presence of an anomalous association
behavior requires, in addition to composition polydispersity, the phase separation of “impurities” to take place
somewhere before the onset of micellization of the major component.

Introduction

Block copolymers of AB or ABA type, when dissolved
in selective solvents which are thermodynamically good
solvents for one type of block and precipitants for the other
type of block, associate and form micelles! as a result of
different solvation of the copolymer blocks and their in-
compatibility. In analogy to conventional amphiphiles,
micellization of block copolymers obeys the closed asso-
ciation model,! which assumes a dynamic equilibrium
between molecularly dispersed copolymer (unimer) and
polymolecular aggregates (micelles). On the other hand,
an anomaly in micellization which is usually absent in
solutions of common detergents has been reported on a
number of block copolymers in selective organic solvents
or solvent mixtures. Examples are block copoly(styrene-
methyl methacrylate) in toluene/furfuryl alcohol solvent
mixture,? block copoly(styrene-butadiene styrene) in ethyl
acetate® or isopropy! acetate,® block copoly(styrene—
isoprene) in decane,® and block copoly(styrene-2-vinyl-
pyridine) in toluene.® Recently, this type of anomalous
behavior has also been observed on an aqueous system:
block copoly(oxyethylene—oxypropylene—oxyethylene) in
water.®® The so-called anomalous association behavior
manifests itself essentially in the existence of a milky
opalescent appearance with large angular dissymmetry in
the scattered intensity before the onset of micellization.
Possible explanations for the anomalous micellization in
solutions of block copolymers in selective solvents have
been discussed in many papers.?”’ For example, Utiyama
et al.2 claimed that in solutions of the diblock copolymer
poly(styrene—methyl methacrylate) in the mixed solvent
toluene/furfuryl alcohol, the polystyrene cores formed at
the initial stages of micellization were anisotropic ellipsoids,
which might result from the linear association of mono-
molecular micelles. A further deterioration of the solvent
either by decreasing the temperature or by increasing the
amount of the precipitant in the solvent mixture would
change the micelles to spherical micelles with a compact
core. Mandema et al.? observed a maximum in the tem-
perature dependence of the dissymmetry in the scattered
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intensity for the diblock copolymer poly(styrene—isoprene)
in decane and in the mixed solvent trans-decahydro-
naphthalene/decane. They concluded that in the region
of large dissymmetry large particles with cylindrical or
lamellae structures were presumably present. In discussing
the anomalous behavior of block copoly(styrene—2-vinyl-
pyridine) in toluene, Sikora and Tuzar® speculated that
the presence of either an insoluble homopolymer or a co-
polymer with a very high content of the insoluble com-
ponent might be the reason. Thus, the origin for a distinct
dissymmetry in the scattered intensity before the onset
of micellization remains obscure and is open for discussion.

So far the micelle formation of poly(oxyethylene~oxy-
propylene-oxyethylene) block copolymers in aqueous so-
lution has been the subject of controversy. For example,
McDonald and Wong!® reported that no aggregation was
noted at 25 °C for poloxamer 184 in water, whereas ag-
gregation occurred at higher temperatures. However, re-
cently Al-Saden et al.!! concluded that aqueous poloxamer
184 showed detectable aggregates at 25 °C even with sizes
larger than those at 35 °C. Furthermore, they suggested
that the mechanism of the association process at 25 and
35 °C for the aqueous system studied could be different,
i.e., with the open-association type present at 25 °C and
the closed association one at 35 °C, respectively.

In a previous communication,’ we briefly reported that,
by carrying out a filtration experiment on an aqueous
poloxamer 184 solution in the anomalous region, we were
able to eliminate the anomalous micellization behavior, and
correspondingly, a normal association behavior was ob-
served instead. Therefore, our filtration results suggest
that the heterogeneity in composition seems to be re-
sponsible for the anomaly in micellization of the block
copolymers studied. Dynamic light scattering in combi-
nation with integrated scattered light intensity measure-
ments has proved very useful in characterizing macromo-
lecular or micellar systems. In this paper, static and dy-
namic light-sacttering studies on the association behavior
in aqueous solutions of poly(oxyethylene—oxypropylene—
oxyethylene) block copolymer, poloxamer 184, are pres-
ented, with our attention being concentrated on the
anomalous behavior. It is unambiguously concluded that
the anomalous association behavior can be ascribed to the
composition polydispersity of the block copolymer, as
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strongly evidenced by the disappearance of the anomalous
region after removing the minor insoluble components.
The composition analysis by NMR spectroscopy indicated
that after filtration the residue on the filter did have a
higher oxypropylene content, thus providing convincing
positive proof of the concept of composition polydispersity
in order to elucidate the anomalous association behavior.

Experimental Section

Materials and Solution Preparation. Two commercial
poloxamer 184 (also called Pluronic L64) samples, obtained from
Fluka Co. and Polysciences Co, respectively, were used in this
study without further purification. Poloxamer 184 contains ap-
proximately 40% by weight oxyethylene units, the nominal mo-
lecular weight being ~2900 g mol™!. Solutions at different con-
centrations were prepared either individually or by diluting a stock
solution. For light-scattering measurements, aqueous solutions
were first centrifuged at ~17000g for 2 h and then filtered through
Millipore filter GS (nominal pore size 0.22 um) directly into
17-mm-o.d. light scattering cells. Finally the cells with clarified
solution were sealed under vacuum.

Refractive Index Increment. The refractive index increment
dn/dC for poloxamer 184 in water was measured by using a
Brice-Phoenix differential refractometer at two wavelengths, 436
and 546 nm, and at two temperatures, 25.0 and 50.0 °C, re-
spectively. The (dn/dC)y value at 488 nm was calculated by
interpolation and found to be 0.140 and 0.129 mL g at 25.0 and
50.0 °C, respectively. Values at other temperatures were estimated
either by interpolation or by extrapolation, assuming that the
quantity dn/dC has a linear temperature dependence over the
temperature interval (20-50 °C) studied.

Light-Scattering Measurements. We used a standard,
laboratory-built light-scattering spectrometer!? capable of both
absolute integrated scattered intensity and photon correlation
measurements at different scattering angles. A Spectra-Physics
argon ion laser (Model 165) was operated at 488 nm with an output
power in the 200-400-mW range, depending upon the scattered
light intensity level of the sample solution. The cell was held in
a brass thermostat block filled with refractive index matching
silicone oil, the temperature constancy being controlled to within
+0.02 °C. Static light-scattering measurements were performed
at angles between 25° and 135°. In the unimer and micelle regions,
the angular scattering envelopes obtained were symmetrical.
When distinct dissymmetry in the scattered intensity occurred
in the anomalous region, scattered intensity values were obtained
by extrapolation to zero scattering angle. In the absence of
intramolecular interference, the Debye equation applies in the
dilute solution regime:
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where H (=47%n¢%(dn/dC)?/ Ns)%) is an optical constant with N,
ng, and Ay being Avogadro’s number, the refractive index of solvent,
and the wavelength of light in vacuo, respectively. R, is the
excess Rayleigh ratio at scattering angle 8 = 90° with vertically
polarized incident and scattered beams, C is the concentration
in g mL, cmc is the critical micelle concentration in g mL™, M,
is the weight-average molecular weight of unimers or micelles,
and A, is the second virial coefficient. The excess Rayleigh ratio,
Ry 90, was determined from the measured excess relative scattered
intensity using the known Rayleigh ratio of benzene.!2

For block copolymers which are heterogeneous in chemical
composition, eq 1 yields an apparent molecular weight!® rather
than a true weight-average molecular weight. However, for the
present study, eq 1 can be considered as providing a reliable
measure of the weight-average molecular weight regardless of the
refractive index of the solvent, since refractive indices of the two
constituent blocks are close to each other, being equal to 1.4563
and 1.4495, respectively, at the sodium D line for PEO and PPO
blocks.

The photoelectron count time correlation function was mea-
sured at scattering angle 8§ = 30° with a Brookhaven BI-2030
64-channel digital correlator. In most cases we accepted only those
autocorrelation functions where the measured base line, i.e., the
averaged value of the correlation function at very long delay times,
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agreed with the computed base line to within ~0.1%. At room
temperatures the signal-to-noise ratio becomes relatively low due
to the low scattered intensity. A few hours of accumulation were
needed. The measured photoelectron count time correlation
function in the self-beating mode has the form

GP(r) = A(L + blgP (1)) @

where g (7) is the normalized electric field correlation function
with 7 being the delay time, A is the background, and b is a spatial
coherence factor, usually taken as an adjustable parameter in the
fitting procedure.

For a polydisperse solution,

lgW(r)| = J;mG(F) exp(-I'r) dT 3)

where G(T') is the normalized characteristic line-width distribution
function with I' being the characteristic line width. The mean

characteristic line width I' and the second moment u, are defined
by

T= fG(r)r dr @)

= [GEO)T-T2dr (5)

The cumulants method'* and the double-exponential fitting
method'® were used for data analysis of the measured net intensity
time correlation function (Ab|g¥(+)]?). For gR < 1 and q and R
being the magnitude of the momentum transfer vector and the
particle size, respectively, the mean line width (T') is related to
the z-average translational diffusion coefficient D by the relation

T = Dg* (6)
Furthermore, in dilute solution the concentration dependence of

the translational diffusion coefficient can be expressed adequately
by a first-order expansion

D = Dy(1 + k4C) N

where Dy is the z-average diffusion coefficient at infinite dilution
and Ky is the diffusion second virial coefficient. The corresponding
hydrodynamic radius Ry, can then be calculated by using the
Stokes—-Einstein relation

Ry = kgT /(81mDy) (8)

Results and Discussion

1. Three Temperature Regions in Micellization.
For the polyol-type nonionic surfactants, the hydrophil-
ic-hydrophobic characteristics of the surfactant molecules
can be modified considerably by simply changing the
temperature. Accordingly, in order to follow the tem-
perature-induced micellization behavior in the aqueous
poloxamer 184 system, a temperature change from 20 to
53 °C (the clouding point is 59 °C for a 10% solution) has
been covered in this work. The association process has
been studied via the temperature dependence of either the
scattered light intensity (I) or the apparent hydrodynamic
radius (R,) of the particles. Figure 1 shows the scattered
intensity results for both Fluka and Polysciences products
at a concentration C = 20.4 mg mL™. It is evident that
there exist three distinct regions on the temperature curves
shown in Figure 1: (1) At room temperatures, where low
and nearly constant scattered intensity is detected, es-
sentially unimers are present, since the weight-average
molecular weight obtained by extrapolating the intensity
data to zero concentration, as will be seen later, is close
to the nominal value of ~2900 g mol?. (2) In the
“high”-temperature region (above ~34 °C), the scattered
light intensity becomes about 1 or 2 orders of magnitude
more than that in the unimer region and exhibits a pro-
nounced temperature dependence. Thus, most likely, in-
termolecular aggregation occurs and micelles are present
in this region, and the aggregation number increases with
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Figure 1. Plots of scattered light intensity relative to that of
benzene at 25 °C (I-Ipy95) for poloxamer 184 in water as a function
of temperature at concentration C = 20.4 mg mL™. Circles denote
Fluka product and triangles denote Polysciences product.

Table I
Static and Dynamic Properties of Poloxamer 184 in Water

tempy A2, DOv R}A,Orc

°C M,, g mol™! cm? mol g2 cm? g7t nm

21.0 3200° 7.8 X 107%° 1.3 X 1078 1.7
3380° 2.3 X 1073

25.0 3150 1.9 X 1074¢ 1.4 X 1078 1.7
3380° 2.0 X 1073¢

42.5 2.8 X 10%¢ 7.2 X 10749 3.6 X 1077 10.2
2.8 X 105 5.3 x 1074?

47.5 7.2 X 10%¢ 4.7 X 10™4° 3.4 x 107 12.0
7.0 X 10°% 4.5 X 107*

50.0 1.2 x 108¢ 3.2 X 107%a 2.9 X 1077 15.0
1.1 X 108% 2.3 X 1073

¢Fluka product. ®Polysciences product. °It should be noted
that Ry o denotes the hydrodynamic radius at infinite dilution.

increasing temperature. (3) In the intermediate region
where a typical anomalous micellization behavior is ob-
served, the maximum scattered intensity is about 10° times
more than that of the unimer region. Correspondingly, the
dissymmetry ratio (I45/135) reaches a high value of about
5.1 instead of being unity in both unimer and micelle re-
gions. The abrupt increases suggest the presence of large
particles with dimensions of the same order as the optical
wavelength. It should be emphasized that while the two
sample solutions in Figure 1 were prepared from different
company sources, they showed almost the same tempera-
ture-dependence curve with minor differences in the height
and width of the peak region. Therefore, such an asso-
ciation behavior seems to be a general characteristic of
poloxamer 184 in water.

In order to have some deeper insight into the nature of
the temperature-induced association process, we examined
each of the three regions separately.

The Unimer Region. The static and dynamic solution
properties, derived respectively from light-scattering in-
tensity and line-width measurements, are summarized in
Table I. The concentration range covered in the extrap-
olation procedure was from 4.92 to 20.4 mg mL™®. To use
eq 1, the critical micelle concentration (cmc) values were
taken from a previous article.” As shown in Table I, for
the Fluka product the weight-average molecular weight
values are almost the same at 21 and 25 °C, i.e., M, = 3.2
X 10° and 3.15 X 10° g mol™, respectively. The corre-
sponding M, values for the Polysciences product are 3.38
X 10% g mol™* at these two temperatures. The values are
in good agreement with those reported by McDonald and
Wong!® on the same aqueous system, but from a different
source (Wyandotte Chemical Co.): M,, = 3.09 X 10° g mol™
at 25 °C. All these data by different sources suggest that
at room temperatures poloxamer 184 is present essentially
as unimers in aqueous solution. The second virial coef-
ficient (A,;) can be considered as a measure of solute—
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solvent and solute-solute interactions. Relatively large
positive values of A, at room temperatures indicate that
pronounced solute—solvent interactions occur, mainly due
to hydrogen bond formation between ether oxygen atoms
and water molecules. Therefore, no association occurs at
room temperatures in this aqueous system.

On the basis of light-scattering line-width measurements
in the temperature interval 21-25 °C, as indicated in Table
I, small particles of an average size R, ~ 1.7 nm but with
a broad polydispersity were detected, the latter being ex-
plicitly indicated by the relatively large variance (u,/T?)
of ~0.3. Both the heterogeneity in chemical composition
and the molecular weight distribution may account for the
polydispersity in particle size. Assuming a sphere model,
the hydrodynamic radius could also be estimated from the
intrinsic viscosity data, using the following expression:

IOWRUSNA

3M ®)

[n]

where [7] is the intrinsic viscosity and R, is the radius of
spheres which are equivalent to the dispersed copolymer
molecules in respect to intrinsic viscosity. As we reported
elsewhere,® the R, value for poloxamer 184 in water at 25
°C is 1.8 nm, which agrees well with that deduced from
the diffusion coefficient in this work.

The Micelle Region. In the high-temperature region,
as listed in Table I, the molecular weight values obtained
are of the order of 10°-10° and the hydrodynamic radius
values derived at infinite dilution are about 6-9 times
larger than those in the unimer region. Therefore, the
high-temperature region corresponds to systems containing
practically only polymolecular micelles. It should be noted
that the lower boundary temperature of the micellar region
is strongly concentration dependent, which shifts toward
lower temperatures with increasing concentration, as can
be seen later in Figure 6. The upper boundary is limited
by the corresponding clouding point, beyond which phase
separation would occur. For poloxamer 184 in water, the
micellar molecular weight increases exponentially with
increasing temperature, whereas in aqueous solutions of
poloxamer 188 a linear temperature dependence has been
detected.’® In addition, in the former case the micelle size
becomes larger on raising the temperature, whereas in the
latter case the micelle size remains almost constant as the
temperature is increased. A similar exponential depen-
dence of micellar molecular weight on temperature has
been reported on a series of homologous nonionic de-
tergents!"—n-alkylhexaoxyethylene glycol monoethers
(C,E;) with n being equal to 10-16. The only exception
was CgE¢ which was the most hydrophilic one among them
and showed a linear temperature dependence in the tem-
perature interval 18-30 °C. With respect to chemical
composition, poloxamer 184 has the same average length
of the middle hydrophobic block as poloxamer 188 but has
a much shorter hydrophilic block at each side. Accord-
ingly, in comparison with poloxamer 188 under the same
conditions, poloxamer 184 has an enhanced tendency to
separate from the solvent environment, thus making the
aggregation number and also the micelle size larger, but
becomes more sensitive to the temperature change. An
alternative approach, perhaps, is to consider the clouding
point as a reference. It may be expected that, since the
temperature interval involved is relatively close to the
clouding point (its values being 59 and 109 °C, respectively,
for poloxamers 184 and 188), a similar behavior of expo-
nential dependence on temperature would be found for
poloxamer 188, although the latter is more hydrophilic in
nature.
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Table I1
Estimated Values of Weight-Average Aggregation Number
A, Hydrodynamic Radius R,, Core Radius r ., and Shell
Thickness d for Poloxamer 184 in Water

temp, °C i Toorey NI Ryo® nm d, nm
42.5 88 3.9 10.2 6.3
47.5 225 5.4 12.0 6.6
50.0 356 6.3 15.0 8.7

@It should be noted that Ry, denotes the hydrodynamic radius
at infinite dilution.

In a previous article!® we reported that, for poloxamer
188 in water, the variance (u,/I'?) estimated from light-
scattering line-width measurements has a value <0.1 (more
often, ~0.05) in the micelle region, even though the un-
imers show a broad polydispersity in particle size. For
poloxamer 184 in water, the polymolecular micelles also
have a narrower size distribution than that of unimers, as
indicated by the u,/T? values of ~0.04-0.08 instead of
~0.3 in the unimer region. This is again in accordance
with the prediction made by Elias!® on the basis of a closed
association model.

In poloxamer 184 the middle poly(oxypropylene) (PPQO)
block has a molecular weight of ~1.75 X 10° g mol™ and
is water insoluble. Therefore, PPO functions to form the
core when micelle formation occurs. Assuming that block
copolymer micelles are spherical in shape and contain
liquidlike cores, we can estimate the core volume V, or core
radius r,, as follows:

V.= ‘—;wr:"me = 307vpg (10)

and
vpo = M,/ (oNy) (11)

where 71 is the weight-average aggregation number, vpg is
the mean volume per PO unit within the core, M, is the
molecular weight of oxypropylene monomer, and p (taken
as 1.01 g cm™®) is the density of liquid poly(oxypropylene).
This estimate neglects the possible penetration of water
and PEO into the micelle core and therefore gives a lower
limit for the core size. The numerical difference between
the measured hydrodynamic radius (Ry,) and the esti-
mated core radius (r.,,) vields, to a first approximation,
a shell thickness, d. The weight-average aggregation
number () and the hydrodynamic radius (Ry,o) together
with the core radius (r,,) and the shell thickness (d) es-
timated at the corresponding temperatures are listed in
Table II.

There exist two models to represent the configuration
of the oxyethylene chain.!® One is the “zigzag” model, in
which the chain is fully extended and the length and width
of the oxyethylene unit amounts to 3.6 and 2.5 A, re-
spectively. The other one is the “meander” model, in which
the chain is twisted into an expanded helical coil form with
the corresponding length and width being 2.0 and 4.5 A,
respectively. As indicated in Table II, the estimated shell
thickness is larger than the length of the side PEO block
(on average, each containing 13 EO units) which is equal
to 4.7 nm only, even if the chain is fully extended. How-
ever, even in the case of conventional surfactants, the
extent of water penetration into the micellar core has been
the subject of much controversy, so we will not go further
into detailed discussion. It has been concluded by some
authors!® that in aqueous solution poly(oxyethylene) chains
are transformed to the meander configuration when the
degree of polymerization is above ~ 10, whereas in bulk
the transformation to the meander configuration occurs
at a degree of polymerization of ~20-40. Besides, with
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surface-active derivatives of poly(oxyethylene) the trans-
formation is dependent on the hydrophobic base.
Therefore, it seems reasonable and safe to consider the
micelles formed in aqueous poloxamer 184 solution as
consisting of a swollen poly(oxypropylene) core and a
protective shell of poly(oxyethylene) chains in the zigzag
configuration with some physically bound water molecules.

2. Anomalous Micellization Behavior. As a rule, the
anomalous region exists in a relatively narrow range be-
tween the two temperature intervals corresponding to the
unimer and micelle regions, respectively. If we take a
closer look at the focused laser beam in the scattered
medium with a traveling microscope, at the two extremes
in temperature, i.e., in the unimer and micelle regions, the
laser beam in the forward direction looks smooth and
uniform, but with considerably stronger scattering in the
latter case. Accordingly, in these two regions the intensity
data are reproducible, and it is also possible to use a
routine extrapolation procedure to determine the molec-
ular weight or hydrodynamic radius of the corresponding
dispersions. However, the situation is quite different in
the middle transition region. At the very beginning, a few
bright spots were seen on a uniform background. These
spots were definitely not the “dust” particles from external
sources, since they disappeared upon a moderate cooling
back to the unimer region. Then, the number of speckles
became more and more with increasing temperature. Also,
the dissymmetry in the scattered intensity became larger.
As we approached the peak position in Figure 1, the light
beam appeared to have passed through a very dense col-
loidal (like ground glass) suspension. Thus, multiple
scattering could occur with our present setup, and the
results in the anomalous region, especially those near the
peak, must necessarily be qualitative in nature. After
having reached the maximum scattering intensity which
was usually about 3 orders of magnitude larger than that
in the unimer region, the scattered light intensity and
number of spots were reduced dramatically upon a slightly
further increase in temperature, say, only about half a
degree. At the same time, the characteristic decay time
in light-scattering line-width measurements decreased by
a factor of ~20-30. Finally, when the micelle region was
encountered, the light beam in the scattering medium
turned uniform again. Accordingly, the appearance of the
anomalous region seems to be associated with some form
of phase separation of the minor components in the com-
position inhomogeneous block copolymer. Some model
calculations® show that, even in the case of a copolymer
with a narrow distribution of molecular weight, the chem-
ical heterogeneity could be appreciable. It means that
heterogeneity in chemical composition is common for block
copolymers. Therefore, composition heterogeneity may
be the reason for the existence of the anomalous region
in the micellization process.

In principle, we cannot exclude the possibility that the
anomalous behavior might be an inherent property of block
copolymers. For instance, Canham et al.? published some
electron micrographs obtained on the three block poly-
(styrene-butadiene-styrene) copolymer after removing the
solvent (ethyl acetate) by evaporation. The micrographs
show spherical particles of narrow size distribution under
conditions corresponding to the micelle region and long,
worm-like micelles under conditions corresponding to the
occurrence of a maximum in the dissymmetry as a function
of temperature. Then, it could be expected that these two
forms of micelles should exist at equilibrium. There is also
the other possibility that the large angular dissymmetry
in the scattered intensity might be due to local concen-
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Figure 2. Effect of filtration on the temperature dependence
of scattered light intensity for Polysciences poloxamer 184 in water.
Solution concentrations are 100.0 and 98.6 mg mL™, respectively,
before and after filtration. The filtration was performed at 25
°C by using Millipore VM filter with a nominal pore size of 500
A. Squares denote before filtration and inverse triangles denote
after filtration.

10°

- 100

C

~

£

14
10 ?
J

20 40 B0

Temperature /°C

Figure 3. Effect of filtration on the temperature dependence
of apparent hydrodynamic radius for Polysciences poloxamer 184
in water. Same filtration conditions and same symbols as in Figure
2.

tration fluctuations, but not due to the existence of very
large aggregates.

In order to exclude the above two possible mechanisms,
we designed a filtration experiment which was performed
in close vicinity of the peak temperature. If the large
angular dissymmetry were due to local concentration
fluctuations, filtration could not separate the local tem-
poral inhomogeneities in concentration and equilibrium
would be reestablished on standing after filtration so that
the anomalous behavior could not be eliminated. Alter-
natively, if the formation of large, anisotropic aggregates
before the onset of micellization with consequential
transformation to compact, spherical micelles was a
characteristic of some block copolymers, then the equi-
librium between the two forms of aggregates would disable
the filtration process, because large aggregates should re-
appear in the filtrate. On the contrary, if our composition
heterogeneity mechanism was correct, i.e., large particles
could be formed by minor insoluble components, then after
an effective filtration a normal micellization behavior
should be observed on the temperature curve.

Figure 2 shows the scattered intensity results obtained
on an aqueous poloxamer 184 solution {Polysciences
product, C = 100.0 mg mL™) before and after filtration.
The filtration was carried out at 25 °C (at the peak pos-
ition) by using Millipore filter VM with a nominal pore
size of 500 A. Results of the corresponding apparent hy-
drodynamic radius obtained under the same conditions are
shown in Figure 3. Both Figures 2 and 3 clearly indicate
that after effective filtration the anomalous region has
disappeared completely. Instead, as in the case of con-
ventional nonionic amphiphiles, a normal transition region
is observed. It should be noted that we have also per-
formed a filtration experiment on the Fluka product at 34

Macromolecules, Vol. 21, No. 8, 1988

103

I/IBZ.ZS

1o

107! ; P ‘%
20 40 B0

Temperature /T

Figure 4. Effect of filtration on the temperature dependence
of scattered light intensity for Fluka poloxamer 184 in water. The
filtration was performed at 23 °C, i.e., in the unimer region, by
using Millipore VM filter with a nominal pore size of 500 A.
Solution concentrations are 10.0 and 9.99 mg mL, respectively,
before and after filtration. Circles denote before filtration and
triangles denote after filtration.

103 — :
1o} ]
C
~
el
o
10t ]
108 — . . X
20 40 60

Temperature /T

Figure 5. Effect of filtration on the temperature dependence
of apparent hydrodynamic radius for Fluka poloxamer 184 in
water. Same filtration conditions and same symbols as in Figure
4,

°C in the peak region (C = 10.0 mg mL!) and the corre-
sponding anomalous behavior has also been eliminated.
The details for the Fluka sample have been described in
a short communication.’ Thus, using two samples from
different commercial sources and working at two solution
concentrations with a concentration difference of 1 order
under conditions corresponding to each peak temperature,
we have successfully eliminated the respective anomalous
region. Next, we have carried out a similar filtration on
the same Fluka solution (C = 10.0 mg mL™) under the
same conditions as above except for the filtration tem-
perature, which was chosen to be 23 °C, i.e., in the unimer
region. Figures 4 and 5 show the results of the scattered
intensity and of the apparent hydrodynamic radius, re-
spectively, before and after filtration. Figures 4 and 5
clearly indicate that filtration operated in this manner, as
could be expected, was noneffective to remove the peak
region. The temperature curves of both I and Ry, remained
almost the same as before filtration, with only minor
differences in the height and width of the peak region.
From Figures 2 and 3 we have noticed that (1) all the peak
regions end at the onset of normal micellization and (2)
the removal of the anomalous region is accompanied by
only a minor change in solution concentration. For ex-
ample, the filtrate concentration for the Polysciences
product is 98.6 mg mL™! as compared to the original value
of 100.0 mg mL™! before filtration.

When all these experimental results are put together,
a reasonably complete picture can be derived to interpret
the anomalous association behavior in the following way.
Block copolymers are more or less inhomogeneous in
chemical composition. For poloxamer 184 in water, the
minor components with lower oxyethylene contents, i.e.,
with larger hydrophobicity, would form large particles, not
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Figure 6. Plots of apparent hydrodynamic radius obtained for
poloxamer 184 in water after effective filtration vs temperature
at two different concentrations. Circles denote Fluka product
at concentration of 9.65 mg mL™!. Diamonds denote Polysciences
product at concentration of 98.6 mg mL™.

far from the phase separation temperature which is below
the critical micellization temperature (CMT) of the major
component of the system studied. Here the major com-
ponent means the central portion of the copolymer com-
position distribution. Upon raising the temperature, we
first meet the phase separation of the minor insoluble
components, which may lead to the formation of a dilute
emulsion, as the droplets formed are stabilized by the
adsorbed layer made up of the major component. As soon
as the critical micellization temperature of the major
component is reached, the insoluble minor components can
either be incorporated into the cores of the micelles or form
mixed micelles, depending on their molecular character-
istics. Consequently, the temperature dependence of the
scattered light intensity and the particle size would go
through a maximum, as experimentally evidenced in our
light-scattering measurements. Also, all the peak regions
detected would end at the onset of micellization of the
major component. Accordingly, the anomalous regions
would then disappear after the removal of the insoluble
minor components, as strongly evidenced in our filtration
experiments. In general, as the temperature is increased,
decreasing hydration occurs with the polyol-type nonionic
surfactants. Therefore, for aqueous poloxamer solution,
the CMT value shifts toward higher temperature with
decreasing copolymer concentration. In the dilute solution
regime, the phase separation temperature of nonionic
surfactants also becomes higher with decreasing concen-
tration. Thus, the anomalous region has been found ex-
perimentally to occur at higher temperature with de-
creasing copolymer concentration for the aqueous pol-
oxamer system.

It is interesting to note that in the case of poloxamer
188, a more hydrophilic member in the series with ap-
proximately 80% by weight oxyethylene units, no anomaly
in micellization has been detected in aqueous solution.
Probably, the higher average oxyethylene content of po-
loxamer 188 results in T, > CMT, where T} is the phase
separation temperature of the minor components with less
EO units and CMT is the critical micellization temperature
of the major component. As a result, on raising the tem-
perature, we would first meet the micelle formation which
masks the phase separation of the minor components by
solubilization. Therefore, the presence of anomalous as-
sociation behavior requires, in addition to composition
heterogeneity, the phase separation of “impurities” to take
place somewhere before the onset of micellization of the
major component.

After the removal of the insoluble minor components,
the normal transition region in the temperature-induced
micellization process is clearly shown in Figure 6, where
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Figure 7. (a, top) 'H NMR spectrum of Polysciences poloxamer
184 in CDCl, at 20 °C. (b, bottom) ‘H NMR spectrum obtained
for the poloxamer 184 residue in CDCl,.

the plots of apparent hydrodynamic radius obtained after
effective filtration vs temperature at two largely different
concentrations (9.65 and 98.6 mg mL 1, respectively) are
given. Figure 6 shows that the transition region covers a
narrow temperature range of only 3-5 °C, the width be-
coming even narrower as the concentration increases. Also,
its lower and upper boundaries are strongly concentration
dependent. The curve shape in this region suggests that
a dynamic equilibrium is established between individual
unimers and polymolecular micelles, which shifts pro-
nouncedly toward micelles with increasing temperature.
Therefore, a mixture of unimers and micelles occurs in the
transition region. However, in this region the equilibrium
also shifts in favor of micelle formation as the concentra-
tion is increased. Thus, this kind of shift makes it im-
possible to determine quantitatively the molecular weight
or hydrodynamic size of the micelles in the transition re-
gion, not even to mention their temperature dependence.
At high copolymer concentration, for example, C = 100 mg
mL™, the intermicellar interactions become important in
addition to the decreasing hydration and increasing ag-
gregation number of the micelles with rising temperature.
A comprehensive consideration of all those factors involved
may account for the complexity in the temperature de-
pendence of the apparent hydrodynamie radius of micelles
formed beyond the transition region, i.e., the appearance
of the valley in the temperature curve, as shown in Figure
6.

3. Composition Analysis by NMR Spectroscopy.
NMR spectroscopy provides a reliable method for the
determination of the weight ratio of oxyethylene and ox-
ypropylene in the poloxamer. If the composition hete-
rogeneity mechanism for the anomalous micellization be-
havior is correct, we could predict that, after effective
filtration in the anomalous region, the residue left on the
filter should have a higher oxypropylene content as com-
pared to that of the original sample, while the filtrate
which has passed through the Millipore filter would be
slightly richer in oxyethylene content. The 300-MHz 'H
spectrum was obtained, using a General Electric QE-300
spectrometer. Figure 7a shows the 'H NMR spectrum
obtained from the original Polysciences poloxamer 184
examined as a ~2% solution in CDCl; with tetra-
methylsilane as the internal reference compound. Figure
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Table 111
Results of Composition Analysis by NMR Spectroscopy
item wt % of oxyethylene units
Polysciences poloxamer 184
before filtration 39.0
after filtration
residue on filter 29.0
filtrate 41.6

7b shows the corresponding NMR spectrum obtained from
the residue left on the filter. The residue was obtained
under the same filtration conditions as shown in Figure
2 and then dissolved in cold water to form a clear solution
consisting of unimers. The aqueous solution was then
dried by evaporation to a constant weight and finally
dissolved in an appropriate amount of CDCl; for NMR
measurements.

The spectrum contains essentially two resonances: (A)
the doublet centered at 1.12 ppm due to the methyl groups
of the oxypropylene units; (B) a composite band from 3.3
to 3.9 ppm due to CH,0 groups of the oxyethylene and
oxypropylene units and also the CHO group of the oxy-
propylene units. The resonance due to the hydroxyl group
protons, which terminate the copolymer chain, also occurs
in band B. The composition of poloxamer copolymer can
be obtained readily from the relative areas of bands A and
B, and we have

Sa 3b

Sz 4a + 3b (12)

where S, and Sy are the areas of bands A and B, respec-
tively, and a and b are the mole fractions of EO and PO
units in the copolymer analyzed, respectively. The weight
percentage of EQ units in the copolymer can be calculated
by using the following relations:®

%EO = 336 100 (13)
°=Y T 338 + 58
and
Sy
g = E\ -1 (14)

The values of weight percentage of EO units in Polysci-
ences poloxamer 184, determined before and after filtra-
tion, are listed in Table III. As seen from Table III, the
EO content determined before filtration agrees well with
the nominal value of 40%. In particular, the composition
data listed strongly support the concept of composition
heterogeneity as a mechanism for the anomalous associa-
tion behavior of the copolymer investigated.

In addition, light-scattering intensity measurements
were performed on an aqueous solution which was pre-
pared by dissolving the residue in cold water, the con-
centration being 1.37 wt %. The intensity results are given
in Figure 8. As shown in Figure 8, below ~24 °C, low,
nearly constant scattered intensity was detected, and the
corresponding apparent hydrodynamic radius was esti-
mated to be 1.6 nm from line-width measurements, indi-
cating that, most likely, unimers were present in solution.
Upon a slight increase in temperature of only about 1 deg,
the scattered intensity was dramatically increased by a
factor of hundreds (or thousands) and a milky opalescence
was observed. When the temperature reached 32 °C, phase
separation into two layers occurred. Such a striking be-
havior, characteristic of the residue, i.e., the insoluble
minor components, again convincingly demonstrates the
correctness of the composition heterogeneity mechanism
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Figure 8. Temperature dependence of scattered light intensity
relative to that of benzene at 25 °C for 1.37 wt % aqueous solution
of the poloxamer 184 residue left on the Millipore VM filter after
effective filtration.

for the anomalous association behavior of block copolymer.

Conclusions

We have observed three regions in the temperature-in-
duced micellization process for an ethylene oxide—pro-
pylene oxide ABA block copolymer, poloxamer 184, in
water, i.e., the unimer and micelle regions at the two ex-
tremes and the anomalous association behavior in the
middle region. After removal of the more hydrophobic
minor components, the anomalous region is replaced by
a normal transition region, where the equilibrium mixture
of unimers and micelles occurs. As strongly evidenced by
both NMR spectroscopy and light-scattering measure-
ments on the residue, it is unambiguously concluded that
the anomalous micellization behavior can be ascribed to
the composition heterogeneity of the block copolymer
studied.
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