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Block copolymers are widely used to generate nano-
structured materials and to stabilize colloidal particles.
One of the main features of block copolymers is their
ability to form well-defined structures in solution and
in the solid state.1 In a selective solvent, spherical or
cylindrical micelles or vesicles (polymersomes) are usu-
ally formed depending vastly on the concentration and
the chemical composition of the copolymer. However, the
phase behavior is drastically changed when additional
energy contributions from electrostatic or other interac-
tions come into play. Ionomers (i.e., copolymers with an
ionic content of less than ∼15 mol %)2 and inter-
polyelectrolyte complexes, for instance, exhibit a very
broad range of micellar and vesicular morphologies and
other hierachial superstructures.3

Inspired by the work of Harada and Kataoka on
polyion complex (PIC) micelles,4 we started to investi-
gate pairs of oppositely charged ionomers having dif-
ferent solvating blocks. By choosing strongly segregating
polymers,1 we were hoping to generate polyion complex
micelles with a corona composed of two microphase-
separated polymer segments, so-called “Janus micelles”5

(named after the two-faced Roman god Janus), or other
superstructures with a reduced symmetry. Basically, we
could imagine two different kinds of superstructures,

namely (i) clusters of Janus micelles5 and (ii) vesicles
having a microphase-separated membrane. For a stoi-
chiometric PIC of poly(1,2-butadiene)216-block-poly-
(cesium methacrylate)29, 1, and polystyrene211-block-
poly(1-methyl-4-vinylpyridinium iodide)33, 2, in tetra-
hydrofuran (THF), we believe to have found the second
structure: vesicles with a polybutadiene (PB) inside and
a polystyrene (PS) outside, as illustrated in Figure 1.
These vesicles are amphiphilic in nature even though
they have a centrosymmetric structure! A somewhat
related but inverse structure of vesicles with preferen-
tially segregated acidic and basic corona chains has only
recently been reportedsto our best knowledge for the
first timesby Luo and Eisenberg.6

The block ionomer samples 1 and 2 were prepared
by anionic polymerization and subsequent modification
reactions as reported elsewhere.1a Briefly, 1,3-butadiene
was polymerized at -78 °C in THF with sec-butyl-
lithium as the initiator in the presence of LiCl. The
living polybutadienyllithium was end-capped with 1,1-
diphenylethylene, and then tert-butyl methacrylate was
added as the second monomer. After the polymerization
was complete and quenched with degassed methanol,
the polymer was precipitated in aqueous ethanol, fil-
tered, and dried in a vacuum at +35 °C to constant
weight. According to NMR and standard size exclusion
chromatography (SEC), the synthesized polybutadiene-
block-poly(tert-butyl methacrylate) copolymer has 216
butadiene (93% 1,2 and 7% trans-1,4) and 29 meth-
acrylic units; the apparent polydispersity index (PDI)
is 1.07. This precursor polymer was transformed into 1
by a HCl-catalyzed hydrolysis of ester groups and
subsequent neutralization with CsOH. The quantitative
modification of methacrylate units was confirmed by
NMR and FT-IR analysis.

By the same polymerization procedure, a polystyrene-
block-poly(4-vinylpyridine) sample with 211 styrene and
33 4-vinylpyridine units (NMR and SEC) and a PDI of
∼1.2 (SEC) was synthesized. The quaternization of the
pyridine moieties with methyl iodide afforded 2 in
virtually quantitative yield (NMR).
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We first examined the dilute solutions of these two
block ionomers by dynamic and static light scattering
(DLS/SLS).7 It is known that the analysis of the ag-
gregation behavior of ionomers with LS is complicated
and often produces difficult to evaluate data.8 The
dimension of aggregates and aggregation numbers
() average number of ionomer chains per aggregate, Z)
obtained from DLS and SLS measurements are there-
fore considered as rough estimates. Also, the values of
the ratio Rg/Rh (Rg ) radius of gyration, Rh ) hydro-
dynamic radius) are losing significance in the determi-
nation of the structure of aggregates.

For 0.003-0.25 wt % solutions of 1 and 2 in THF (T
) 25 °C), DLS showed the presence of large aggregates
with Rh ∼ 75 and 50 nm, respectively. Note that THF
is a nonsolvent for the charged block segments; there-
fore, the solvating or stabilizing corona of these ag-
gregates should be composed of either PB (f1) or PS
(f2). Sample 1, which is rather poorly soluble in THF
(<0.8 mg/mL), seemed to form stable aggregates only
when the concentration was below 0.02 wt %. At higher
concentrations, the size of aggregates was steeply
increasing (Rh > 120 nm), which might be attributed to
coagulation or the formation of some kind of clusters.
In the case of 2, on the other hand, the size of aggregates
remained the same in the whole concentration range
investigated. It should further be noted that there was
no evidence for a dissociation of aggregates or of a
polyelectrolyte effect. For these two samples, SLS
provides Rg values in the same order as Rh and ag-
gregation numbers of ∼1000 and 700, respectively.

Upon mixing the solutions of oppositely charged block
ionomers 1 and 2 ([-]/[+] ) 1.0), we expect that a
neutral PIC 3 will be formed, accompanied by the
release of CsI (which to a certain extent is soluble in
THF). First DLS measurements indicated that in 0.01-

0.25 wt % solutions of 3 in THF aggregates with Rh )
65-80 nm are present. Although the CONTIN analysis
of the DLS data provided monomodal size distributions,
diffusion coefficients showed a nonlinear dependence on
the scattering vector. This indicates that the sample
exhibits a considerable polydispersity. Like for the
previous samples, similar values for Rh and Rg were
obtained. The aggregation number was estimated to be
∼1200ssomewhat higher than for the aggregates of the
pure block ionomers. It appears that, because of this
very high Z value and from simple geometric consider-
ations (Rh > lc, contour length of polymer chains), we
can exclude a micellar structure of the aggregates.9 The
only aggregates that could exhibit such large dimensions
are clusters of micelles or hollow vesicular aggregates.

The samples were further characterized with analyti-
cal ultracentrifugation (AUC);10 sedimentation-velocity
runs were applied to fractionate 0.1 wt % THF solutions
of 1-3. The sedimentation coefficient distributions (see
Figure 2) of 1 and 2 were broad with a peak value of
the sedimentation coefficient (S) of ∼1590 and 270 Sved,
respectively. The distribution, which was obtained for
the mixed sample 3, was considerably narrower and
exhibited a maximum at S ∼ 600. These and LS results
confirm that the mixing of the oppositely charged block
ionomers produced a novel PIC species, which again was
forming stable aggregates in dilute THF solution. Obvi-
ously, the steric stabilization by the hydrophobic corona
chains could not prevent the ionomer aggregates from
coalesence followed by polyion complexation.

From S and Rh values we calculated an average
density of the aggregates of the PIC 3 of 0.922 g cm-3.11

This value ranges between the density of THF (0.889 g
cm-3) and the bulk densities of PB (0.96 g cm-3) and
PS (1.04 g cm-3).12 To our opinion, this low density of
PIC aggregates points to a hollow vesicular structure
rather than a compact cluster. It further suggests that
the released CsI, which has a density as high as 4.51 g
cm-3, was partly if not completely extracted from the
polymer and transferred into the THF phase, thus fixing
the structure of aggregates.

To determine the structure of aggregates formed by
the PIC 3, we applied transmission electron microscopy
(TEM).13 The micrograph in Figure 3A shows spherical
aggregates which are about 100-200 nm in diameter.
(Note, the specimen was prepared by drying a 0.01 wt
% THF solution of 3 on a carbon-coated grid.) This is in
reasonable agreement with the results obtained from
LS indicating that the original dimension of aggregates

Figure 1. Schematic model of a vesicle with a corona of
segregated polymer chains, as formed in a mixture of op-
positely charged block ionomers.

Figure 2. Sedimentation coefficient distributions g(S) ob-
tained for the 0.1 wt % solutions of the block ionomers 1 and
2 and the PIC 3 in THF at 25 °C.
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had been well preserved during the preparation of the
TEM specimen. However, these aggregates could only
be visualized by TEM because the original solution
contained small amounts of CsI (see above), which acts
as a negative staining agent. All attempts to stain the
PB segments by exposing the specimen to OsO4 vapor
were not successful. The dark rings, which can be
observed in the TEM micrograph, originate from CsI
being accumulated at the outer surface of the aggregates
upon evaporation of the solvent. The dark spots inside
the aggregates indicate that these are hollow spheres,
which were originally filled with solvent containing
some CsI. These results, besides the ones obtained from
LS and AUC, support a vesicular structure of the PIC
aggregates. The thickness of the collapsed polymer
membrane, which in TEM shows as a bright layer
between the dark regions (cf. Figure 3B), was estimated
to be ∼30 nm.

Figure 4 shows the TEM picture of a microtomed and
selectively stained (OsO4) polymer film, prepared by
slowly evaporating a 0.1 wt % vesicular THF solution
of 3. One can see a rather regular pattern of spherical
PB domains (dark) embedded in a PS matrix (bright)
and nothing like a lamellar or hexagonal morphology
which one might have expected regarding the volume
fractions of the two hydrophobic segments (ΦPB/ΦPS ∼
0.6).1 We can only explain the occurrence of such a
“cubic” morphology if we assume that the PIC vesicles
originally had a phase-separated microstructure, as
shown in Figure 1, and maintained their structure

during the preparation of the specimen. Basically, this
separation of phases within the membrane originates
from the strong incompatibility of the two hydrophobic
segments (øN ∼ 40; ø ) Flory-Huggins interaction
parameter and N ) degree of polymerization). It is
reasonable that PS rather than PB forms the external
layer because of its higher space requirements (ΦPS >
ΦPB). This microphase-separated structure of the PIC
vesicle membrane might be the explanation why the
attempts to stain the PB segments for the above-
described TEM analysis failed, the PS outer layer
shielding the PB from the OsO4 vapor.

There are some very interesting features connected
with this kind of superstructure, which in the future
shall be pursued in detail. First, these vesicles are
amphiphilic in nature and should therefore adopt a
different morphology when exposed to a solvent with
another quality or selectivity. For instance, the addition
of a selective solvent like hexane to a solution of PIC
vesicles in THF might cause an inversion of the original
structure; i.e., PB instead of PS then would be at the
outer surface of the membrane. For PIC vesicles pre-
pared in a Θ solvent for one of the hydrophobic seg-
ments, e.g., cyclohexane, it might also be possible to
induce a reversible “switching” between these two
morphologies by changing the temperature. Second,
polyion complexation is a reversible process;3 thus, the
PIC vesicles might disintegrate upon the addition of a
low-molecular-weight acid or basesfirst experiments
with malonic acid seem to confirm this hypothesis.
Presumably, the carboxylic acid replaces the anionic
component of the PIC vesicle, which is then repelled
from the membrane.

Finally, and this is the most important aspect of this
work, we obtained a novel complex morphology via a
modular approach, just by mixing two different diblock
copolymers with a most simple primary structure. Here,
we made use of electrostatic interactions to control the
formation of the superstructure, but other specific
interactions like hydrogen bonding or donor-acceptor
interactions could also be applied. Such a modular
concept allows to produce a library of complex super-
structures with adjustable properties for special ap-
plications. Water-soluble amphiphilic PIC vesicles, made
from biocompatible block ionomers, could for instance
be used as advanced drug carrier systems.

Figure 3. (A) TEM micrograph of the vesicular aggregates
of the PIC 3 (negatively stained with CsI), prepared from a
0.01 wt % THF solution. (B) Magnification of the framed area
in (A), showing an individual vesicular aggregate.

Figure 4. TEM micrograph of a microtomed and OsO4-stained
polymer film, prepared from a 0.1 wt % THF solution of the
PIC 3.
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