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Small angle neutron scattering (SANS) is used to study the structures formed in water by a diblock copolymer
EO6BO11 (having 6 ethylene oxide, EO, and 11 butylene oxide, BO, units). The data show that polymer
solutions over a broad concentration range (0.05-20 wt %) contain vesicular structures at room temperature.
Interestingly, these vesicles could be formed without any external energy input, such as extrusion, which is
commonly required for the formation of other block copolymer or lipid vesicles. The EO6BO11 vesicles are
predominantly unilamellar at low polymer concentrations, whereas at higher polymer concentrations or
temperatures there is a coexisting population of unilamellar and multilamellar vesicles. At a critical concentration
and temperature, the vesicular structures fuse into lyotropic arrays of planar lamellar sheets. The findings
from this study are in broad agreement with the work of Harris et al. (Langmuir, 2002, 18, 5337), who used
electron microscopy to identify the vesicle phase in the same system.

Introduction

Vesicles are, potentially, excellent candidates for controlled
release vehicles. Applications of such materials include phar-
maceuticals, agricultural applications, and personal care
products.1-3 Many groups, over the past decade, have studied
the aqueous behavior of a range of ethylene oxide/butylene oxide
(EOmBOn) diblock copolymers (wheren andm are the number
of repeat units).4-9 Similar systems containing EOmPOnEOm

(ethylene oxide/propylene oxide/ethylene oxide) triblock co-
polymers have been observed, by small-angle light scattering
(SALS), small-angle neutron scattering (SANS), birefringence,
and rheology, to form multilamellar vesicles (MLVs) in water
when subjected to shear.10,11These multilamellar vesicles, often
referred to as “onions”, were formed from shearing a relatively
low concentration (21% by mass fraction) of a commercial EOn-
POmEOn block copolymer (Pluronic P123, wheren ) 20 and
m ) 70) in a mixture of water and 1-butanol. The increase in
viscosity and the characteristic four-lobe SALS pattern were
signatures of such phases.12,13 The formation of MLVs (often
referred to as liposomes) is extremely common in phospholipids;
however, they are subject to limitations in their chemical and
mechanical abilities, e.g., unstable in higher pH and following
extrusion.14 Diblock copolymers comprised of ethylene oxide
and ethyl ethylene units form MLVs that display greater
mechanical stabilities than the MLVs formed from phospho-
lipids. 15 This evidence suggests that vesicles formed from EOn-
BOm diblock copolymers may also display mechanical stabilities
that are substantially greater than phospholipids.

Similar structures have been found for block copolymers of
polystyrene (PS)-b-poly(ethylene oxide) (PEO) in water,16 and
polystyrene (PS)-b-poly(acrylic acid) (PAA) in solvent mixtures
of dioxane/THF/H2O and DMF/THF/H2O.17 The formation of
such structures has been described in terms of the interfacial
energy between the core and the solution, the stretching of the
blocks within the core, and the repulsive interactions between
chains in the corona.18,19These structures can be characterized
by polarized light microscopy. The typical textures observed
are Maltese cross patterns, which are typically observed for
spherulites during polymer crystallization.20,21 Polarized light
microscopy measurements alone, however, cannot distinguish
between ULVs and MLVs.

A model proposed by Israelachvili et al.22 estimates the
stability of the vesicle phase. The critical packing factorφ is
estimated as:

whereV is the hydrophobe volume,a0 is the cross sectional
area of the hydrophilic headgroup at the surface, andlc is the
hydrophobe length. At values ofφ ∼ 0.5-1, lamellae form.
These lamellae can be either planar or vesicular. The morphol-
ogy can be tuned by changing the length of the respective
blocks. The value ofφ can be adjusted by increasing the length
of the EO group (providing that the length of the BO group
remains the same), for example, spherical micelles are shown
to exist as the extent of curvature increases.23,24 Reverse
structures have been observed for values ofφ g 1. 25 Systems
which form bilayers show that with increasing concentration
there is a structural progression from vesicles to planar bilay-
ers.25 Regev and Guillemet26 observed such a phenomenon for
the nonionic surfactant, cocodiethanolamide.

Harris et al.27 demonstrated that vesicles are formed spon-
taneously in mixtures of EO/BO diblock copolymers (specifi-
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cally EO6BO11, EO7BO12, EO11BO11, and EO14BO10) and water.
The majority of the more detailed analyses were performed on
EO11BO11. Unlike most copolymers, there was no requirement
for specialized procedures or external energy inputs to observe
these structures. The vesicles formed were multilamellar and
were stable after sonication, moderate and high shear mixing,
and extrusion. The stability of these vesicles is a result of many
factors: The polar ethylene oxide headgroup is solvated via
hydrogen bonding to the surrounding solvent (water). This
hydration shell forms a barrier to vesicle degradation. Collisions
are likely to occur between the vesicles but this is not likely to
penetrate the vesicle shell. The hydrophobic butylene oxide
block enhances the stability due to the ethyl branching along
the chain, providing greater entanglement between hydrophobes,
explaining why such polymers form vesicles of greater me-
chanical stability than phospholipids. Since this polymer forms
vesicles so easily under such favorable conditions (at room
temperature, in water), it is a prime candidate for biological
encapsulation applications.

Our work uses small-angle neutron scattering (SANS) in an
attempt to show the vesicle structure of one of these copoly-
mers: EO6BO11 in aqueous solution. We compare our findings
to those from Harris et al.27 Our findings show broad agreement
with conclusions drawn from microscopy methods by Harris et
al.27 We also discuss the effect of polymer composition and
temperature on the vesicles of EO6BO11 in water.

Theory

For a system of particles the scattered intensity is given as:

where n is the number density of the particles,∆F is the
difference in scattering length density,V is the volume of
particles,P(q) is the form factor, andS(q) is the structure factor,
where the wavenumberq ) 4π sinθ/λ (2θ is the scattering angle
andλ is the wavelength of the incident radiation).

The form factor is a function describing the intraparticle
scattering from theshapeof the scattering particles. The form
factor has been calculated for spheres, rods, and lamellae and
the interested reader is referred to the literature.28-32

The intermediate range of the profile is the region in which
the form factor contains information regarding particle size and
shape. In this regime the scattering results from the dimension-
ality of the scattered particle, for example, the scattered intensity
of a rodlike micelle scales asq-1, whereas a vesicle shell or a
disk scales asq-2.33

This paper focuses on the formation of vesicles and we will
concentrate on the approximations to the scattering curves that
are available for such systems. The scattered intensity,I(q), can
be modeled in terms of the form factor,P(q), of noninteracting
scattering particles (that is whenS(q) f 1 and is therefore
negligible to the overall observed scattering,I(q)). The form
factor, P(q), from ULVs of radiusR and bilayer thicknesst,
is:34

whereJ1 is a first-order Bessel function.
For thin bilayers (t , R), or for large vesicles,P(q) becomes:

Equation 4 indicates that for large, noninteracting vesicles,I(q)
should show aq-2 decay in the lowq regime. This equation
shows twoq dependent oscillations in the observed scattering:
(1) A fast oscillation that is dependent on the radius (R) of the
vesicle and (2) a slow oscillation that is dependent on the
thickness of the vesicle membrane. The fast oscillations may
become smeared out when there is a substantial polydispersity
in the vesicle radius. The Kratky-Porod approximation35 utilizes
the Fourier transformation of the scattering length density profile
through the membrane and is defined in eq 5.

Generalized Indirect Fourier Transformation (GIFT). The
observed scattered intensity is related to the pair distance
distribution function (PDDF),p(r), by the Fourier transforma-
tion34

where the PDDF,p(r), is given by

where∆F̃2(r) is the convolution square of∆F(r), the scattering
density difference, averaged over all directions in real space.
This function is used to determine size, shape, and flexibility
of scattered particles. Thep(r) function is defined as the
probability of finding a distance,r, between any pair of volume
elements, of the scattered particle weighted with the product of
the scattering length densities of the two volume elements. The
calculation ofp(r) requires SANS data over theq range 0 to∞.
Our limitedq range would lead to strong oscillations in such a
direct Fourier transform. Thep(r) is calculated by using a
technique termed “generalized indirect Fourier transformation”
(GIFT).34 GIFT solves this problem with a model-free, iterative
algorithm that simultaneously performs least-squaresd fitting,
smoothing, desmearing, and Fourier transformation assuming
a limitation in p(r), i.e., p(r) ) 0 for r > Dmax (whereDmax is
the maximum dimension of the scattered particle). The GIFT
calculation is part of the commercially available PCG software
(Version 1.01.02).

Experimental Section

Synthesis and Characterization of Polymers.The diblock
copolymer EO6BO11 was synthesized by sequential anionic
polymerization of 1,2-butylene oxide and ethylene oxide. We
obtained this polymer as a gift from the Dow Chemical
Company. Full details on the polymer synthesis and character-
ization have been described elsewhere.27,36

Vesicle Preparation.Neat block copolymer was added to
D2O until the desired concentration was reached. The sample
vial was shaken by hand for approximately 120 s. Aqueous
dispersions were prepared in 0.025% (by mass fraction), 0.05%,
0.5%, 5.0%, and 20.0% concentrations. Samples were filtered
and allowed to stand for a minimum of 48 h before any analysis
was performed.

Small-Angle Neutron-Scattering (SANS) Measurements.
SANS experiments were carried out with use of the NG7 30 m
SANS instrument at the National Institute of Standards and
Technology (NIST) Center for Neutron Research (NCNR),
Gaithersburg, MD.37
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Three instrumental settings were used to cover the wave-
number range 0.0009 Å-1 e q e 0.5548 Å-1. The three settings
of wavelength and sample-to-detector distance used to achieve
this were 8.09 Å and 15.3 m (with the focusing lens configu-
ration), 6.0 Å and 6.0 m, and 6.0 Å and 1.1 m, with a wavelength
resolution of∆λ/λ ) 0.11. The scattered intensity was corrected
for background and parasitic scattering,38 placed on an absolute
scale using a calibrated secondary standard, and a radial average
was performed to yield the scattered intensity,I(q), as a function
of the wavenumber,q, in one dimension. Finally the low
incoherent background was subtracted. This was determined
from the asymptotic slopes ofI(q)‚q4 vs q4.39 This was done
for each sample at each different temperature. All solutions were
prepared in D2O, which provides a low incoherent background
and strong contrast. The resulting samples were filtered and then
loaded into quartz cells of 1 mm path length. The five samples
prepared were investigated at temperatures between 10 and 90
°C. Due to time restrictions, not all experiments were probed
to such a lowq range. The experiments in which this was the
case probed aq range of 0.0053 to 0.5548 Å-1. The sampling
time depends on how many counts per second hit the detector.
This time depends on the configuration of the instrument
(whether it uses the focusing lens, the highq configuration, or
the low q configuration), the sample concentration, and the
sample temperature. Typically, the lower concentration samples
required a longer acquisition time than those at a higher
concentration. On increasing the temperature, it was possible
to reduce the acquisition time. The maximum acquisition time
for one sample was 1 h (0.025% mass fraction at 50°C, using
all three configurations), with the lowest being 10 min (20%
mass fraction at 20°C, using only high and lowq configura-
tions). The error (standard uncertainty) associated with the
SANS experiments is dependent on various factors, such as the
detector count rate, the estimation in conversion of pixel number
to scattering vector, and the secondary standard. Such errors
are calculated automatically in the software used for SANS data
collection. For clarification purposes, the error bars in some of
the figures have been omitted.

The SANS data were modeled to a polydisperse core-shell
structure (with the exception of the data at concentrations lower
than 0.05 wt %: these data were modeled to a semiflexible
chain with excluded volume) and are available from the
NCNR.40 The model consists of a polydisperse spherical core
and a shell of constant thickness. This function is useful for
vesicles and liposomes because the scattering length density of
the core and the solvent can be set to the same value, thus
calculating the scattering from a spherical shell with constant
thickness, but polydisperse inner radius. We refer the interested
reader to a paper by Bartlett, which describes the mathematical
interpretation of this model.41

Results and Discussion

Low Concentrations: c < 0.05 wt %. At concentrations
lower than 0.05 wt %, wormlike micelles are observed over a
broad temperature range. Figure 1 shows the SANS data for
0.0025% EO6BO11 (by mass fraction) in D2O at 30°C, with
the corresponding fir to a semiflexible chain with excluded
volume. The parameters extracted from this fit are the follow-
ing: a contour length,L ) 1400( 100 Å, a Kuhn length,b )
70( 3 Å, and a radius,R) 39.0( 0.5 Å. However, this article
concentrates on vesicle structures and we do not discuss this
further. Such effects of temperature on wormlike micelles have
been reported for EO18BO9 and the interested reader is referred
to this prior publication and references therein.23

Increased Concentrations: 0.05 wt %< c < 20 wt %.
Effect of Concentration.In this section we show the changes in
structure as the concentration of EO6BO11 is changed at constant
temperature.

Figure 2 shows the SANS data (with respective fits to eq 5)
for a variety of concentrations (0.05% to 20.0%) of EO6BO11

in D2O at 30°C. At low q, the scaling ofI(q) of q-2 is indicative
of a vesicle structure.33 One may expect the SANS profile to
have a lowq scaling ofI(q) scaling asq0 (describing the Guinier
region of the curve) since the shape of the scattering particles
is spherical.44 However, the vesicle shell is thin in comparison
to the overall vesicle radius, resulting in the scattering pattern
probing flat lamellae on a local scale over the lowq range. The
fits to the polydisperse core-shell model are shown in Figure
2 as solid lines. The fit to the data at 0.05% EO6BO11 shows
good agreement, especially in the lowq region of the scattering
profile; a slope inI(q) of q-2 and smeared out oscillations in
the form factor are all consistent with relatively small polydis-
perse vesicles. At higherq, there is a discrepancy between the
data and the model. This is due to polydispersity in vesicle shell
thickness, which the model does not account for. We conclude
that there is a polydispersity not only in vesicle radii but also
in shell thickness. The thickness,t, of the vesicles varies only
slightly on increasing concentration as stated in Table 1. As

Figure 1. SANS intensity as a function of wave vector,I(q), of
0.0025% (by mass fraction) EO6BO11 at 30 °C. The red solid line
represents the fit to a wormlike micelle model. For clarification purposes
only every third data point has been plotted.

Figure 2. The SANS profiles (open circles) with fits (solid lines) to
the polydisperse core-shell model for 0.05%, 0.5%, 5.0%, and 20.0%
(by mass fraction) EO6BO11 in D2O at 30°C. For clarification purposes
only every third data point has been plotted.

64 J. Phys. Chem. B, Vol. 110, No. 1, 2006 Norman et al.



the concentration is increased 10-fold to 0.5% the overall
scattered intensity increases. We explain this increase in intensity
by an increased concentration of vesicles. Similarly, the intensity
of scattered radiation is increased when the polymer concentra-
tion is increased to 5.0%. However, at 20% polymer, this scaling
of scattered intensity with concentration is no longer observed
in the lowq portion of the SANS profile. In the lowq region,
the structure factorS(q) becomes increasingly dominant at higher
concentrations, and at 20% theS(q) brings about a reduction in
overall scattered intensity at lowq. However, we point out that
at highq (whereS(q) contributions are significantly reduced),
the scaling of scattered intensity with polymer concentration is
evident for all concentrations probed.

The indirect Fourier transformation of the observed scattered
intensity leads to the pair distance distribution function,p(r).
Figure 3 shows this function for 0.5% EO6BO11 at 30°C. The
corresponding data in reciprocal space (i.e.I(q) vsq) are shown
in Figure 2. The peak maximum corresponds to the most likely
vesicle radius. The point at which the function falls back to
zero is the maximum particle dimension,Dmax. We know that
the vesicles formed are of different sizes, so we do not pay
strict attention to the dimensions determined from this method
of analysis. What we do conclude from thep(r) profile, however,
is the shape of the scattering particles. A perfectly spherical
particle will have a perfectly symmetric function about a central
maximum. Thep(r) profile determined from our small angle
scattering data shows a function that has a degree of asphericity
associated with it. This asymmetry could mean that the vesicles
are ellipsoidal, but this is more likely to be due to the
polydispersity associated with the vesicle size.

The work of Harris et al.27 shows that multilamellar vesicles
are in existence over the concentration range of our interest:
0.05% to 20% by mass fraction for several EOnBOm block
copolymers in water, including EO6BO11. Harris et al. measured
the vesicle diameter on the polymer EO11BO11. This polymer

formed MLVs with diameters ranging from 3 to 30µm (a mean
vesicle diameter of 5.1µm was determined). Harris noted that
on filtering these solutions through either 5 or 0.45µm Nylon
filters, a mean vesicle size of 70 nm was then obtained. It was
suggested that this size was the minimum size for a stable vesicle
and was possibly the limiting size for ULVs. It should be pointed
out that prior to any SANS experiments the EO6BO11 samples
we used were filtered. It is therefore not surprising that our
SANS data reveal vesicle sizes ranging from 30 to 60 nm
(depending on polymer concentration), which we attribute to
scattering from ULVs. The vesicle dimensions are smaller than
those observed by Harris et al. We attribute this to the reduced
ethylene oxide block length. The same polymer (EO6BO11) has
also been used as a system to study in a continuous flow
microfluidic small-angle light scattering system.42 This experi-
ment, performed on unfiltered polymer solutions, has identified
MLV structures of sizes between 2 and 20µm. These dimen-
sions are consistent with measurements performed by Harris
on unfiltered polymer vesicles (where the diameter ranges from
3 to 30µm for EO11BO11). The sample system has been studied
by simultaneous SAXS/WAXS and a broad peak corresponding
to domains of approximately 100-120 Å was identified.43 This
peak has been attributed to correlations between adjacent
lamellae: either in the same vesicle (as part of a MLV) or
adjacent vesicles whose shells are these distances apart (i.e., a
network of closely packed vesicles). From our observations
using SANS (and our prior scattering studies42,43) and the
observations made by Harris using microscopy, we can comfort-
ably conclude that the polymer EO6BO11 readily forms a mixture
of ULVs and MLVs over a wide concentration range (0.05%
to 20% by mass fraction) in D2O.

Battaglia and Ryan recently reported that the self-assembly
of block copolymers of this type (EO16BO22, EO50BO70, EO68-
BO65, EO115BO103, BO37EO77BO37, BO46EO99BO46, EO31BO54-
EO31, EO34BO75EO34, EO40BO100EO40, and EO32BO114EO32)
can form unilamellar and multilamellar vesicles.45 The difference
in our findings is that EO6BO11 forms a mixture of both ULVs
and MLVs at room temperature in water, with no electroagi-
tation or mechanical agitation. Bataglia and Ryan report that
the larger micron sized MLVs are produced by the application
of an AC field to electrodes that contain a chloroform solution
of the block copolymer. The nanoscale vesicles were generated
by rehydration of an evaporated chloroform solution of polymer.
The resulting solution was then extruded through a polycar-
bonate membrane. We have shown that the separation of
nanoscale ULVs from the solution of coexisting ULVs and
MLVs in EO6BO11 may be carried out by such filtration
techniques. The advantage of the EO6BO11 system is that these
structures are easily formed in water, at room temperature with
no need for rehydration from a chloroform solution.

Effect of Temperature.In this section we describe the changes
in bilayer structure from spherical vesicles to planar lamellae
as the temperature is increased.

The vesicle structure of EO6BO11 is clearly affected by a
change in temperature. This is illustrated in Figure 4a-d, which
shows the SANS profiles for 0.05%, 0.5%, 0.05%, 5%, and
20% EO6BO11 (by mass fraction) in D2O, at temperatures of
30 to 90°C. At 0.05% (Figure 4a), the structure is shown to be
relatively stable up to 90°C, where the vesicle structure
collapses. The characteristicq-2 scaling of I(q) is no longer
evident, and a small broad correlation peak is observed. This
effect is more pronounced in Figure 4b-d. Figure 4b shows
the SANS profiles for 0.5% EO6BO11 in D2O. Once again, the
vesicle structure is stable under moderate heating, but at 80°C,

Figure 3. Pair distance distribution function,p(r), for 0.5% (by mass
fraction) of EO6BO11 in D2O at 30°C. The respective fit to theI(q)
data is shown in Figure 2.

TABLE 1: Vesicle Dimensions (Core Radius,Rcore, and Shell
Thickness,t) and Polydispersity As Determined from SANS
Modeling for Different Concentrations of EO6BO11 in D2O at
30 °C
[EO6BO11]
(% mass
fraction) Rcore (Å) t (Å) polydispersity

0.05 155.91( 33.1 60.055( 1.480 0.51384( 0.114
0.5 219.25( 3.65 61.349( 0.259 0.40623( 0.00795
5.0 123.76( 2.31 62.368( 0.132 0.45103( 0.0109
20.0 90.34( 0.172 62.015( 0.0788 0.23099( 0.00682
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a peak at∼0.03 Å-1 is observed, corresponding to an increase
in concentration of vesicles and therefore increased resolution.
As the temperature is increased to 90°C, this peak shifts to a
largerq value (∼0.05 Å-1), corresponding to a domain spacing
of ∼125 Å. We believe this is due to the curvature of the
lamellae becoming reduced at elevated temperatures, providing
a stronger correlation between adjacent lamellae. We postulate
that on increasing the temperature, the vesicles fuse to form a
planar lamellar structure with reduced domain spacing.

Figure 4c shows the formation of a lyotropic liquid crystalline
phase for a concentration of 5% at elevated temperatures. At
80°C there are substantial differences in the SANS profile when
compared with data recorded at lower temperatures. At 80°C
several peaks are observed. We attribute the “peak-splitting”
shown at 80°C to a biphasic region, of different length scales:
134.5( 0.2 and 166.0( 0.2 Å. There are higher order peaks
present, but the limited resolution renders phase identification
very difficult. A technique such as SAXS may be able to
decipher the structure in this case. On heating further to 90°C
the domain spacing is reduced to 115.0( 0.2 Å. A second peak
is observed. The peaks are in the positional ratioq*:2q*,
indicative of planar lamellae.

On increasing the concentration to 20% planar lamellar
structures are also formed at higher temperatures. The domain
spacing observed is 135.0( 0.2 Å at 80°C and 110.0( 0.2 Å
at 90 °C. This is comparable to those dimensions determined
for 5% polymer. Our data at 65°C show the disappearance of
the two peaks that are initially observed at 30°C. As mentioned
previously, these two peaks are due to the form factor (arising

from the shape of the vesicles). Our data suggest that at 65°C
the concentration of these vesicles decreases. However, on
heating to 80°C and higher, the block copolymer that appears
forms a planar lamellar structure, characterized by peaks
observed in the positional ratio ofq*:2q*.

Figure 5 illustrates the morphologies adopted for the block
copolymer EO6BO11 in D2O over the concentration range 0-20
wt % at temperatures of 10-90 °C. This phase diagram is
partially constructed not only from this study, but from previous

Figure 4. (a) The SANS profiles for 0.05% (by mass fraction) of EO6BO11 in water at 30 (open circles), 65 (solid triangles), and 90°C (open
diamonds). Data have been shifted along they-axis for clarity (shifted by a factor of 10 for the 65°C data and by a factor of 50 for the 90°C data).
(b) The SANS profiles for 0.5% (by mass fraction) of EO6BO11 in water at 30 (open circles), 65 (solid triangles), 80 (open diamonds), and 90°C
(solid circles). Data are shifted by factors of 1, 10, 100, and 1000, respectively. (c) The SANS profiles for 5% (by mass fraction) of EO6BO11 in
water at 30 (open circles), 80 (solid triangles), and 90°C (open diamonds). Data are shifted by factors of 1, 100, and 1000, respectively. (d) The
SANS profiles for 20% (by mass fraction) of EO6BO11 in water at 30 (open circles), 65 (solid triangles), 80 (open diamonds), and 90°C (solid
circles). Data are shifted by factors of 1, 100, 1000, and 10000, respectively. For clarification purposes, only every third data point was plotted.

Figure 5. Morphologies observed by EO6BO11 in D2O as a function
of concentration and temperature. The dotted lines represent estimated
boundaries between the different bilayer structures. The solid line
represents the phase transition between worm-like micelles and vesicles.
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studies on the MLV formation of EO6BO11 in H2O.42,43 We
show that at very low concentration and temperature, wormlike
micelles are in existence. As the concentration is increased to
0.05%, vesicles form. These vesicles are stable up to 20%
polymer and high temperatures. The present SANS study,
combined with our previous studies42,43 and the study by
Harris,27 provides strong evidence to suggest a coexisting
population of ULVs and MLVs. It is likely that in the higher
concentrations of this range, MLV structures are favored,
whereas ULV structures are favored in the lower concentration
regime. The dotted lines in Figure 5 are for visual aid only and
are estimates that should not be taken literally.

Conclusions

We show that vesicles from the diblock copolyether, EO6-
BO11, are spontaneously formed under favorable conditions, i.e.,
at room temperature, at atmospheric pressure, and under zero
shear in water. The vesicles formed are likely to be a coexistence
of both small nanoscale ULVs and large micron-sized MLVs.
At a polymer concentration of 0.05%, the solution is close to
the critical vesicle concentration and the SANS data fit
reasonably well to a ULV model. An indirect Fourier trans-
formation of the SANS data gives thep(r) function which, as
expected, shows the vesicles to be spherical. The vesicles are
most likely unilamellar of diameter 300-600 Å with a shell
thickness of approximately 60 Å, depending on temperature and
concentration. Such observations are consistent with those
determined by Harris for a similar block copolymer, EO11BO11.
We confirm that filtering the polymer solutions separates the
MLV and ULV structures. It is possible that some MLVs exist
in this sample because there sizes are so big that they fall out
of the range of detection by conventional SANS measurements.
However, if MLV structures were to exist, a correlation between
adjacent lamellae would be shown and this is not observed in
our data. Our data fit well to a ULV model.

At higher concentrations and temperatures the vesicle con-
centration increases. A thermally induced vesicle to lyotropic
liquid crystal phase is observed at 80°C for 5% and 20% EO6-
BO11. We anticipate that the increase in temperature causes the
solvent (D2O) to become a poorer solvent for the hydrophilic
EO blocks, increasing the overall hydrophobic character of the
polymer network and leading to the formation of planar lamellae.

We have successfully identified the unilamellar vesicle phases
present for EO6BO11 in D2O by SANS. This work complements
studies on the multilamellar structures of EO6BO11 that were
identified by microscopy techniques and small-angle light
scattering.27,43To the authors knowledge this is the first reported
polymer that spontaneously forms both ULVs and MLVs under
such conditions.
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