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ABSTRACT: We explore the effects of preparation protocol on the morphology and stability of aggregates
from a poly(ethylene glycol-b-propylene sulfide-b-ethylene glycol) triblock copolymer, PEG4—PPS7—PEGu4.
Fluorescence spectra and excimer formation of the probe molecule pyrene elucidated the various stages
of aggregate formation, and cryo-TEM yielded insight into aggregate morphology. When prepared by
direct hydration of polymer films, an extraordinary variety of morphologies was formed, ranging from
spherical micelles to wormlike micelles, Y-junctions, blackberry micelles, and vesicles. Aging produced
more uniform structural ensembles, including wormlike micelles with undulations and eventually spherical
micelles, indicating the nonequilibrium nature of the system as initially formed. On the contrary,
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preparation by dilution from organic solvent yielded only structures that were closer to equilibrium

distributions.

Introduction

The dual character of amphiphilic block copolymers
leads to their self-assembly when dispersed in solvents
that selectively solubilize only one of their domains. The
driving force for aggregation in water is the tendency
of a hydrophobic domain to minimize its contact with
water and for the hydrophilic chains to orient them-
selves toward the aqueous phase and become solvated.
In dilute systems, a variety of discrete aggregates can
be formed.'™® It has been demonstrated that block
copolymers can form classical aggregates such as spheri-
cal micelles, wormlike micelles*5 and vesicles,® sim-
ilar to conventional low molecular weight amphiphiles
and natural phospholipids. However, polymeric am-
phiphiles can also create a wide range of other mor-
phologies that are not possible with natural phospho-
lipids. Jain and Bates! described the appearance of
Y-junctions, three-dimensional networks, spherical caps,
and cylindrical loops for a poly(1,2-butadiene-b-ethylene
glycol) (PBD-PEG) diblock copolymer above a critical
molecular weight. The same authors depicted wormlike
micelles, short cylinders with undulations, and octopus-
like micelles using cryo-transmission electron micros-
copy (cryo-TEM).” The morphology of a block copolymer
aggregate results from a balance of three different
contributions: condensation of the hydrophobic chain,
interfacial energy, and repulsion between hydrophilic
groups.*® Therefore, morphological variations can be
induced by altering block copolymer composition and
concentration,3® changes in temperature, addition of
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ions%? or organic solvents,’ and modification in the
protocols for preparation.

An important aspect of classical surfactant micelles
is the dynamic exchange of monomers between micelles
and the bulk solution.l® This exchange occurs for sur-
factant molecules within microseconds.!® The dynamics
of block copolymer chain exchange among micelles and
bulk solution has also been studied,>!'-13 and the
mobility of block copolymers has been found to be very
different from that of low molecular weight surfactants.
In particular, when the dispersing liquid is a very poor
solvent for the hydrophobic domain, the mobility of the
micellar core may be so low that it can be considered to
be totally frozen.!! Therefore, although the morphologies
of aggregates of classical amphiphiles are mainly con-
trolled by thermodynamics, kinetic effects can determine
the formation of an extraordinary variety of metastable
aggregates in the case of polymeric amphiphiles.

Polymeric aggregates can be obtained from selected
polymer systems by diluting a copolymer dissolved in a
good solvent for both blocks into water, a selective
solvent for one block. The loss of solvent into the bulk
aqueous solution drives the aggregation of the hydro-
phobic blocks.358914 In the hydrophobic core of the
aggregates, perhaps still swollen by the organic solvent,®
the polymer chains reorganize to gain a minimum
interfacial tension. Despite reorganization within an
aggregate, the presence of water surrounding each
aggregate can dramatically slow the exchange of the
polymer chains between the aggregates and the bulk
solution.

Aggregates can also be formed from selected polymer
systems by direct hydration of thin films in water.
However, this method only works when using shorter,
amorphous polymers above their T,.! In this case, both
intra- and interaggregate exchange of the polymer
chains are low, reorganization within the aggregate
being limited by chain entanglement, for example. Thus,
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these aggregates are more kinetically frozen in their
initial structure, giving rise to the formation of complex
metastable assemblies.

This study deals with the aggregation behavior of
poly(ethylene glycol-b-propylene sulfide-b-ethylene gly-
col) (PEG—PPS—PEGQG), a triblock copolymer formed by
two hydrophilic poly(ethylene glycol) (PEG) chains
flanking a central hydrophobic poly(propylene sulfide)
(PPS) chain. The PEG—PPS—PEG system is analogous
to the well-characterized!® poly(ethylene glycol-b-pro-
pylene glycol-b-ethylene glycol) system (referred to as
Pluronics or Poloxamers); however, the substitution of
the oxygen atom in the chain backbone of poly(propylene
glycol) with the sulfur atom of PPS renders the central
block considerably more hydrophobic. We are interested
in PEG—PPS—PEG both from a fundamental perspec-
tive as well as for possible applications in drug delivery;
the central block can be oxidized under relatively mild
conditions, yielding the hydrophilic poly(propylene sul-
fone), allowing a novel mechanism of aggregate desta-
bilization and potentially drug release.18:1

The fluidity of the hydrophobic domain of PEG—
PPS—PEG, with PPS having a T, of —60 °C,!¢ confers
at least some level of intrinsic mobility to the hydro-
phobic core at temperature of use. Here we explore the
dependence of both the aggregate morphology and
stability upon sample preparation protocol. In one
protocol, hypothesized to yield structures closer to their
equilibrium nature, a solution of copolymer in THF (a
solvent for both blocks) is diluted in a very large volume
of buffered saline (a nonsolvent for the PPS block). In a
second, hypothesized to yield structures far from equi-
librium, a thin copolymer film is hydrated and extruded
through a nanoporous membrane. We apply fluores-
cence probe techniques and cryo-TEM to explore the
structures that can be formed by these macroam-
phiphiles and their thermodynamically stable vs meta-
stable character and exploit this knowledge in designing
new drug delivery systems.

Materials and Methods

Poly(ethylene glycol-b-propylene sulfide-b-ethylene glycol),
with degree of polymerization of 44 on the PEG and 76 on the
PPS (abbreviated as PEG4—PPS7—PEGy4) was synthesized
as reported elsewhere.!” The molecular weight distribution was
determined by size-exclusion chromatography (SEC) on a
Polymer Laboratories column in THF. The M, data were
obtained using a universal calibration with PEG standards.
The M/M, of the polymer is 1.22. The molecular weight of
the PPS domain was then confirmed from 'H NMR measure-
ments. The value was in agreement with that obtained from
SEC data by subtraction of the PEG molecular weight, taken
as declared from the vendor.

All solvents and reagents were purchased from Fluka or
Aldrich and used without further purification.

Sample Preparation. In one sample preparation protocol,
a copolymer stock solution was prepared in THF, at 1 wt %
copolymer, and a given volume was diluted in 2 mL of
phosphate-buffered saline (PBS, 137 mM NaCl, 3 mM KCl,
10 mM NaoHPOy, in double-distilled water, pH 7.4) to obtain
the desired final polymer concentration. In a second protocol,
10 mg of copolymer were dissolved in 1 mL of THF and were
slowly dried by rotary evaporation. The flask was kept under
reduced pressure for 12 h to remove the organic solvent and
to obtain a thin homogeneous polymer film. This film was then
exposed to 1 mL of PBS under vigorous stirring. The ag-
gregates formed by this procedure were passed through a
nanoporous polycarbonate filter (200 nm pores, Osmonic)
several times using a liposome extruder (Lipex thermo barrel
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extruder, Northern Lipids). All sample preparation was done
at room temperature.

Fluorescence Measurements. Fluorescence probe tech-
niques, using pyrene, were used to evaluate the critical micelle
concentration of the copolymer and to characterize the hydro-
phobic domains of the aggregates. Pyrene changes its fluores-
cence emission spectrum in response to the polarity of its
environment and can be used to characterize the hydrophobic
cores of such aggregates.?’ Using this well characterized
probe,?! an empirical “pyrene scale” has been catalogued for a
wide variety of bulk liquids,?? surfactant micelles, and inter-
facial monolayers.??725 The solvent polarity dependence of
pyrene’s emission is expressed in terms of the ratio I1/I5, which
are the intensities of bands I and III corresponding to S;"=0 —
So"=? (0—0) and S;ZO — ngl (0—1) transitions, respectively, S;
and Sy being first singlet excited state and ground state,
respectively. The values collected over the years from different
research groups?12226 typically range from 1.2 to 2.0 in polar
solvents to ~0.6 in hydrocarbons. It is important to mention
here that pyrene Ii/I3 values obtained by different authors
show some discrepancies due to the dependence of I1/I; values
on several experimental variables such as excitation wave-
length, excitation/emission slit widths, self-adsorption due to
pyrene concentration effects, inner-filtering artifacts, and
temperature. Nevertheless, a polar solvent such as water
shows always at a high value ranging between 1.59%' and
1.87,22 whereas apolar solvents show low I/I3 values ranging
between 0.55 and 0.60.2122 Despite such discrepancies, this
technique remains fundamental for the determination, at a
constant pyrene concentration, of the critical aggregation
concentration of an amphiphile, obtained as the amphiphile
concentration at which I1/I3 sharply decreases, reflecting the
preferential solubilization of pyrene in a hydrophobic environ-
ment.

Pyrene also forms excimers, when an electronically excited
pyrene molecule encounters a second pyrene molecule in its
ground electronic state.?’” Accordingly, the two pyrene mol-
ecules must be far from each other when light is absorbed, so
only one of them is excited, but mobile, so as to be able to
encounter each other. From our static fluorescence experi-
ments, it is not possible to distinguish whether the emission
is due to such “dynamic” excimers or to the so-called “static
excimers” that are obtained from ground-state pyrene dimers.?®
Regardless, in both cases the dimer can only be obtained
through encounter of two molecules and thus depends on the
microviscosity of the aggregates and in turn their organization
and packing.?>3° Therefore, the ratio of the fluorescence
intensity of the excimer to monomer (/g/Iy) provides informa-
tion on the distribution of the probe molecules in the aggregate
and on the microviscosity of the system, a high ratio corre-
sponding to a low microviscosity.3!

Steady-state fluorescence spectra were recorded at 25 °C
using a Jasco FP662 spectrofluorometer with a band-pass of
5 nm. A given volume of a pyrene (98%, Aldrich) stock solution
in ethanol (2 x 1073 M) was added to the aggregate suspension
under stirring and left to equilibrate for at least 3 min before
performing the measurement. The excitation wavelength was
chosen at dex = 335 nm as no significant difference in the
excitation spectra was found between the 1.y of pyrene in water
and that in the aggregate.??> The monomer emission was read
at dem = 377 (Iy) and A e = 386 (I3), whereas the excimer
emission was read at 1 ¢n = 480 nm. Preliminary tests were
performed to evaluate, at a fixed polymer concentration of 1
x 107 M, the concentrations of pyrene at which the emissions
of the excimer is completely absent or better it is well
detectable (it reaches a values that can be considered a good
compromise between excimer detection and the need to keep
as low as possible the ratio [pyrenel/[polymer]). In this way,
two concentrations of pyrene were chosen: 2 x 1078 M to study
the monomer emission (and to determine the corresponding
I4/I3) and 5 x 107> M to study the emission of the excimer (and
to determine the corresponding Ix/Iyp).

Cryo-Trasmission Electron Microscopy. Cryo-TEM33
was used to investigate the morphology of the PEGy—
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Figure 1. Plot of the fluorescence intensity ratio I1/Is as a
function of PEG44—PPS7—PEGy44 concentration. The samples
were prepared by dilution of a polymer solution in THF into
buffered saline (filled squares) or by direct hydration of thin
copolymer films in buffered saline (open circles). Pyrene
concentration was kept constant at 2 x 107® M. A critical
micelle concentration of about 3 x 107 M has been measured
for both series. The results indicate the presence of pre-micelles
at very low concentration and of micelles at higher polymer
concentration. Micelles formed by dilution from THF are less
polar in their cores than those formed by direct hydration.

PPS7—PEGy4 aggregates prepared by both protocols described
above. For measurement from THF, a few microliters of a stock
solution in THF of 10 wt % copolymer was diluted in PBS to
give a final copolymer concentration of 0.5 or 1 wt %. For
measurements directly in PBS, the already described proce-
dure of preparation of the samples has been followed, with
the final concentration of 1 wt % copolymer. The specimens
for analysis were prepared by application of a drop of the
aqueous aggregate suspension on a micro copper grid coated
with a porous carbon film. Excess suspension was blotted
away, resulting in a 30—100 nm thick film that spans the holes
of the porous carbon support. The sample was then rapidly
vitrified by immersion in liquid ethane, transferred to the cryo-
electron microscope Philips CM12 (FEI, Eindhoven, The
Netherland) operating at 100 kV in transmission mode at a
temperature never exceeding —160 °C. Images were recorded
on CCD camera with minimum electron dose at a nominal
magnification of up to 45000x. Unless otherwise specified,
images were acquired within 24 h of preparation of the
aggregate suspension.

Results and Discussion

Probe Analyses: Aggregation from THF Solu-
tions. One aggregate preparation protocol involved
dissolving PEG44—PPS7—PEGy, in THF and diluting
this solution in a large volume of water. When this
copolymer solution is diluted in the selective solvent
water, the hydrophobic effect drives the PPS domain to
aggregate, the PEG chains rearranging and stretching
their coils around the hydrophobic PPS core. A critical
micellar concentration of about 3 x 1076 M could be
measured, both in water (data not shown) and in PBS,
by means of the above-mentioned pyrene method.20:21.28

I,/I5 values were collected at different polymer con-
centrations and constant pyrene concentration (see
Figure 1, squares). As one considers this curve begin-
ning from low polymer concentration, several features
become apparent. First, even at the lowest polymer
concentration studied, i.e., already at 5 x 1078 M, 60
times lower than the critical micelle concentration, the
initial measured I1/I3 is 1.30—1.35. Such a value is quite
low, as I1/I3 for the same probe in bulk water ranges
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Figure 2. Plot of the fluorescence Iw/Iy ratio as a function of
PEG44+—PPS7—PEG44 concentration. The samples were pre-
pared by dilution of a polymer solution in THF into buffered
saline (filled squares) or by direct hydration of thin copolymer
films in buffered saline (open circles). Pyrene concentration
was kept constant at 5 x 107> M. Both the pre-micellar
aggregates (at low copolymer concentration) and the micelles
(at high copolymer concentration) formed by dilution from THF
are more fluid than those formed by direct hydration.

from 1.6%! to 1.9.22 Granted that a comparison with
previous reported data is difficult, the onset of the
decrease in I1/I5, at around 2 x 107 M implies that even
under very dilute conditions, 15 times lower than the
critical micelle concentration, the block copolymer has
self-organized into pre-micellar aggregates bearing a
hydrophobic region in which the pyrene solubilize.3%-36
Such pre-micellar aggregates have a higher micropo-
larity than proper micelles due to the different struc-
ture, micelles being much more organized, compact, and
less polar objects. The gradual decline in the I1/I3 ratio
covers the surfactant concentration range 2 x 1077—3
x 1078 M. This large interval of concentrations during
aggregation can be ascribed to the processes of growth
of the aggregates, i.e., increase in their aggregation
number.28 Finally, at higher polymer concentrations, the
I,/I3 ratio reaches a stable minimum of about 1.03. This
plateau indicates that the aggregates have reached an
optimum aggregation number forming true micelles in
which the probe experiences an environment with a
micropolarity considerably lower than that of the bulk
aqueous phase. The obtained final I1/I3 value indicates
that the micelles have a polarity similar to that of a
primary alcohol such as 1-butanol (I1/I3 = 1.0221-1.06).22
Similar values have been obtained previously for several
micelles?! and block copolymer aggregates.3*

Further characterization of the aggregates could be
obtained from study of the probe excimer formation in
the presence of different polymer concentrations. The
plot of Ig/Iy; for the PEG44—PPS7s—PEG44 suspension
in the presence of 5 x 107 M pyrene is depicted in
Figure 2 (squares). The results are typical for am-
phiphilic polymers that aggregate in water. An initial
decrease of the excimer-to-monomer emission ratio with
increasing copolymer concentration was observed, reach-
ing a minimum at a polymer concentration of 1 x 1076
M. This behavior confirms the formation, as mentioned
above, of small pre-micellar aggregates in which the
pyrene molecules can preferentially solubilize. As the
polymer concentration is increased, the number of these
aggregates increases, and the probability of multiple
pyrene molecules sharing the same aggregate is low-
ered, leading to the decreasing I/l ratio. At polymer
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concentrations higher than 1 x 1078 M the Ig/Iy ratio
increases with increasing polymer concentration, up to
a maximum. This clearly indicates the formation of
larger and more fluid multimolecular aggregates in
which the chance of having more than one pyrene
molecule per aggregate, and the probability of excimers
formation, is higher. The maximum value of Ig/Iy is
observed at a polymer concentration of 6 x 1076 M, close
to the critical micelle concentration found using the
I/I3 method (3 x 107 M). Upon further increase in
polymer concentration, the dilution effect by increasing
the number of micelles at constant pyrene concentration
plays a dominant role and results in decreasing
T5/Iy.3738

Probe Analyses: Aggregation from Rehydration
in PBS and Comparison of the Two Protocols. A
second aggregation protocol was explored, in which thin
PEG44—PPS7—PEG44 copolymer films were directly
hydrated with PBS. It is well-known that different
preparation protocols affect the aggregation behavior of
block copolymers due to the specific kinetics of the
aggregation process associated with the hydrophobic
chains, the mobility of the corona-forming chains,?® and
the low monomer-aggregate and aggregate-solvent in-
teractions. We were interested to know if the two
methods, i.e., dilution from solvent into a selective
solvent and direct hydration, differed in the closeness
to equilibrium of the formed structures. As with the first
protocol, both I1/I3 and Iw/I ratios were measured.

The data obtained from the monomer emissions are
reported in Figure 1 as open circles. The profile of I1/I5
vs polymer concentration is qualitatively similar to that
observed for dilution from solvent: at low polymer
concentration (already at 5 x 1078 M, 60 times lower
than the critical micelle concentration), pre-micellar
aggregates were formed, and at higher polymer concen-
tration, micelles were observed. Likewise, the profile of
Iw/Iy was qualitatively similar, reported in Figure 2 as
open circles: excimer formation was observed in the pre-
micellar aggregates, and somewhat easier excimer
formation was observed with respect to the micelles
formed at higher concentration, indicative of higher
micro-fluidity.

Quantitative comparison of I1/I3 and I/l of samples
prepared by the two preparation protocols suggests the
presence of distinct morphological characteristics. Con-
sidering first the structures formed at low polymer
concentration, the polar character of the pre-micelles
did not seem to depend on preparation method (refer to
I,/I5 at the onset of decrease), whereas the structures
formed by dilution from THF appear to be more fluid
than those from direct hydration (as judged from Iw/Iv).
This evidence points out that intermediate morphologies
are not simply rationalizable as a consequence of
hydrating sheets of dry copolymer which then break up
via complex mechanisms. If this was the case, only the
hydration protocol would have favored their formation
according to the lamellar phase formed upon hydration
of the dry copolymer.17-39 At higher polymer concentra-
tion, where proper micelles are observed, the polarity
of the micelles formed by dilution from THF is much
lower than that in micelles formed from direct hydration
(refer to I1/I3), and moreover these micelles are much
more fluid (refer to Ix/Iyp). It could be that the micelles
formed by THF dilution retain a small amount of THF
in their hydrophobic cores, yielding the lower polarity
and higher fluidity. In any case, it is safe to make the
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first conclusion that the micelles obtained from THF
harbor an environment in their cores that is less polar
and more fluid than in micelles obtained by direct
hydration.4! Nevertheless, independently of the prepa-
ration protocol, the micellar core of the investigated
PEG44—PPS7—PEGy44 copolymer appears to be more
hydrophobic than the micellar core of analogous Plu-
ronics (I1/I3 > 1.4),*2 in agreement with the substitution
of the sulfur atom of PPS with the oxygen atom of PPO.
Second, the results in the I;/I3 trace indicate the
formation of pre-micellar aggregates at lower concentra-
tion by direct hydration than by dilution from THF
(refer to the earlier decrease in I1/I3 as polymer concen-
tration is increased). Thus, the molecular association
transition for the directly hydrated polymer is quite
broad, spanning almost 100-fold in polymer concentra-
tion, compared to the same process for the polymer
diluted from THF. Since pyrene association with the
micellar phase is strongly influenced by the size of the
aggregates?? these data indicate that the aggregates
formed by using the two preparation protocols are very
different in size, direct hydration leading to larger pre-
micellar aggregates at moderate concentration. Last but
not least, the different Ig/Iy values obtained for the two
preparation protocols at low polymer concentrations
indicates that the initial fluorescence is mostly due to
dynamic, sensitive to the different fluidity of the sys-
tems, rather than static excimers.

Cryo-TEM Analyses. Consistent with results ob-
tained by spectroscopic observation of the pyrene probe,
aggregate structures formed by direct hydration of
PEG44—PPS7—PEGy4 films were much larger and more
complex.

Figure 3, panels a—d, reveals the coexistence of
several morphologies of copolymer aggregates in samples
prepared by direct hydration: spherical and wormlike
micelles (Figure 3a,b), vesicles and vesicles containing
micelles (Figure 3a,b,d), Y-junctions (Figure 3c,d) with
no caps and Y-junctions with spherical caps which give
raise to differently shaped multi-looped structures
(blackberry micelles, Figure 3d) and eventually net-
works (Figure 3d).

The coexistence of complex morphologies for a single
block copolymer has already been investigated in a
similar system, as a function of the PEG composition.*3
A 1% colloidal suspension of poly(ethylene glycol-b-ethyl
ethylene-b-ethylene glycol) (PEG—PEE—PEG) with a
volume fraction of PEG (fgg) = 0.44 revealed the
formation of wormlike micelles, characterized by loops
and branches, blackberry micelles, spherical, micelles,
vesicles, and flat bilayer fragments. Increasing the PEG
composition from 0.44 to 0.53 resulted in a pronounced
micelle shortening and the disappearance of bilayers,
as anticipated by molecular-packing considerations.* In
a similar study! on two sets of poly(butadiene-b-ethylene
glycol) (PB—PEG) diblock copolymers, it has been
highlighted that, together with the hydrophilic domain,
the dimensions of the hydrophobic domain have an
important role in the structural determination of the
corresponding aggregates. Increasing the size of the
hydrophobic blocks shifts the composition window for
wormlike micelles to lower values of fzg and induces the
formation of Y-junctions, cylindrical loops and spherical
caps. It is noteworthy that our block copolymer with a
Myrpps) = 5600 g/mol (total molecular weight of only
9600 g/mol) and /= 0.42 forms loops and Y-junction as
well as the much heavier PB—PEG copolymer, with
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Figure 3. Cryo-TEM micrographs obtained from 0.5 or 1 wt
% aqueous solution of PEG4—PPS7;—PEG44. In panels a—d,
samples were prepared by direct hydration of copolymer films,
and in panels e and f, samples were prepared by dilution from
THF into buffered saline. (a—d) In the samples prepared by
direct hydration, it is possible to see coexistence of a vast array
of different aggregates: a preponderance of spherical micelles
(black arrow) and long wormlike micelles (unmarked, but
visible in a—d), as well as Y-junctions (white arrow) and
blackberry micelles (black arrowhead). A few vesicles are also
present (short white arrow), including one with a micelle inside
(white arrowhead). (e, f) In the samples prepared by dilution
of a polymer solution from THF into buffered saline, only
spherical micelles were observed, which showed some degree
of polydispersity.

My @) = 9200 g/mol and fgg = 0.34.1 As cited by Jain
and Bates,” a possible explanation for the appearance
of such branches even at a relatively low MW could be
attributed to the effect of the polydispersity of the
polymer. We address this point further below.

By stark contrast with the cryo-TEM results obtained
by direct hydration, dilution from the good solvent THF
yielded exclusively spherical micelles (Figure 3, panels
e and f). In samples obtained from exactly the same
polymer stock (i.e., same molecular weight, same poly-
dispersity, etc.), the differences in aggregate structures
are striking. No vesicles or wormlike micelles were
observed, only spherical micelles.

The striking difference between morphologies ob-
tained by the two protocols leads one to question to what
extent the samples obtained by direct hydration repre-
sent equilibrium structures. Are the striking differences
between Figure 3, panels a—d and e and f, due to the
small amount of residual THF within the sample after
dilution in the large volume of PBS upon preparation,
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Figure 4. Cryo-TEM micrographs obtained from 0.5 or 1 wt
% aqueous solution of PEG4—PPS7—PEG4s aged prior to
imaging. In the total time span of 6 months it is possible to
see simplification in the aggregate morphologies, approaching
spherical micelles. (a) The sample imaged 24 h after formation
shows the morphological complexity also reported in Figure
3, panels a—d. (b) After aging for 2 weeks, the majority of the
cylindrical micelles have been transformed into much shorter
worms (black arrows) and spherical micelles; only few looped
structures still persist in the sample (black arrowhead).
Notably, a number of very short worms exist with multiple
undulations (white arrowheads). Note that in images of
spherical micelles, the PEG corona forces a separation between
the electron-dense PPS cores of spherical micelles (pair of
white lines), and this separation is not present here in many
of the electron dense undulations; this striking difference in
spacing supports that these electron-dense globules are indeed
undulations in the wormlike micelles, which we hypothesize
to be in the process of transformation to spherical micelles.
(c) After aging for 6 months, mostly spherical micelles can be
observed, in addition to a smaller number of very short worms
with undulations. The samples were aged at room tempera-
ture.

or do the structures in Figure 3e,f represent a closer-
to-equilibrium state, as hypothesized? To probe this, we
aged a sample prepared by direct hydration: Figure 4
shows such a sample after 24 h, 2 weeks, and 6 months.
Shortly after preparation, the dominant morphology in
the sample was wormlike micelles, with spherical mi-
celles, vesicles, and closed, multi-loop networks also
being visible, a complex collection of diverse morphol-
ogies. After aging for 2 weeks, most of the wormlike
micelles had disappeared, although some could be
observed in addition to vesicles, loops, and, strikingly,
very short worms with undulations. In the TEM images,
the PPS core is visualized, and the PEG corona, which
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is not visualized in the images, leads to a separation of
the electron dense regions, for example spacing worm-
like and spherical micelles by a more-or-less constant
intervals. This separation is distinctly absent in many
of the electron-dense globular regions of Figure 4b,
leading us to conclude that these connected globular
structures are undulations in metastable wormlike
micelles that will eventually separate and become
spherical micelles. This speculation may indeed be
correct, as visualization of a sample after 6 months
aging yielded a higher fraction of spherical micelles,
with a smaller number of short worms with undulations
still remaining. Interestingly, the spherical micelles
obtained by aging appear very similarly to those ob-
tained by dilution from THF, suggesting that the small
amount of residual THF in the latter does not influence
phase morphology greatly.

In their structurally similar, although higher molec-
ular weight, system, Jain and Bates’ suggested the
possibility that coexisting complex morphologies, lead-
ing to the appearance of structures such as branches
even at relatively low MW could be attributed to the
effect of the polydispersity of the polymer, with a sort
of nanophase separation to different regions of the
nanostructures. With our system, we believe this to be
unlikely. First, the polydispersity in our copolymer
sample is low, being only a value of 1.22. More impor-
tantly, polydispersity did not change in the samples
prepared by direct hydration as they aged over time,
when the observed complex, coexisting morphologies
gave way to simpler, more homogeneous ones. Thus, we
suggest that, in our samples prepared by direct hydra-
tion, the complex, coexisting structures observed are
merely metastable states, slowly on their way to a more
regular and simple equilibrium.

Conclusions

The triblock copolymer PEG4—PPS7s—PEGy4 tends
to aggregate in water, and the morphology of the formed
aggregates depends strongly on the protocol of prepara-
tion. We hypothesized that samples prepared by dilution
of the copolymer from a good solvent into a selective
solvent would yield aggregate morphologies that are
closer to equilibrium than those prepared by direct
hydration of thin copolymer films. This hypothesis was
supported. Aggregates obtained by dilution from THF
were small, less polar, less viscous, and less densely
packed than those obtained by direct hydration, as
indicated by probe spectroscopic methods. Cryo-TEM of
samples obtained by THF dilution revealed spherical
micelles. By stark contrast, cryo-TEM of samples ob-
tained by direct hydration showed aggregates of an
extraordinary variety of morphologies ranging from
spherical micelles to wormlike micelles, Y-junctions,
blackberry micelles, and vesicles. Aging experiments
showed these aggregates to be unstable, giving way to
spherical micelles and short wormlike micelles with
undulations. Based on the similarly of morphologies
obtained by THF dilution and aging after direct hydra-
tion, we conclude that the highly complex morphologies
observed with PEG4—PPS7—PEGy4 by direct hydration
are metastable, and that the additional mobility of the
PPS domains conferred due to the initial presence of
organic solvent greatly accelerates the approach of the
system to equilibrium. On the other hand, the limited
mobility of the PPS domains in water without the initial
presence of solvent favors formation of a variety of
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kinetically trapped, metastable morphologies which,
nevertheless, slowly but spontaneously tend to revert
to spherical micelles with time.
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