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Controlling the self-assembly of amphiphiles into nanometer-
and micron-scale aggregates is of interest in applications that involve
biphasic systems, including drug delivery and catalysis.1 As the
relative volumes occupied by the hydrophobic and hydrophilic
components of amphiphiles strongly influence the structural char-
acteristics of the assemblies they form in water,2 amphiphiles for
which the hydrophilic/hydrophobic volume ratio can be reversibly
switched between two values should be capable of undergoing
drastic changes in the sizes and shapes of the assemblies that they
form. As an example of this behavior, we herein describe the
solution behavior of amphiphilic ABC triblock copolymers that form
small spherical micelles at low temperatures and reassemble into
large vesicles at higher temperatures.

Controlled polymerization methods have enabled the synthesis
of amphiphilic copolymers that self-assemble into a variety of
structures.3 Incorporation of a polymer that has stimulus-dependent
miscibility with a given solvent into an amphiphile provides a
powerful method for reversibly changing the size and structure of
the resulting assemblies.4 Thermomorphic polymers such as poly-
(N-isopropylacrylamide) (PNIPA), which exhibit a lower critical
solution temperature (LCST) in an appropriate solvent (water for
PNIPA) below which they are miscible and above which they are
immiscible, have been extensively investigated in such systems.
The temperature-induced assembly of block and graft copolymers
with water-soluble and thermomorphic components has been shown,
among other factors, to be strongly influenced by the hydrophilic/
thermomorphic balance.5

Prior studies have largely focused upon binary amphiphiles where
transitions from individual chains to aggregates occur upon ap-
plication of an appropriate stimulus. Polymer amphiphiles that form
differently structured assemblies at different pH values have been
reported,6 but those that form assemblies at temperatures both above
and below the LCST have been less well studied.7 Here we describe
the solution behavior of a three-component ABC triblock copolymer
with a thermally responsive block located between a hydrophilic
and a hydrophobic block (Figure 1). Such copolymers should be
more hydrophilic below the LCST of the central block, thus forming
smaller assemblies with highly curved interfaces, and more
hydrophobic above the LCST, thus assembling into larger ag-
gregates with less interfacial curvature. If the glass-transition
temperature (Tg) of the hydrophobic block is lower than the LCST
of the thermoresponsive block, adjusting the solution temperature
through the LCST should result in transitions between larger and
smaller aggregates with structures that depend upon the molecular
weight and composition of the copolymers.

Our initial efforts to prepare such hydrophilic-thermomorphic-
hydrophobic block copolymers have used the sequential nitroxide-
mediated polymerization of N-isopropylacrylamide and isoprene
from alkoxyamine-functionalized poly(ethylene oxide) (PEO) mac-
roinitiators8 to afford the ABC triblock copolymers PEO-block-

PNIPA-block-poly(isoprene) (PEO-b-PNIPA-b-PI, 1, Chart 1). Our
initial structural studies of these polymers have focused upon a
low molecular weight copolymer (7.5 kg/mol) with a relatively
large central PNIPA block (LCST ≈ 32 °C) and a small PI block
(Tg < -58 °C) to maximize the shift in amphiphilic balance upon
heating through the LCST.

Assembly of copolymer 1 in water was clearly demonstrated by
the absence of the characteristic poly(isoprene) (PI) peaks in 1H
NMR spectra taken in D2O (Figure S3).9 Fluorescence studies with
pyrene showed the strong increase of excitation intensity expected
to result from sequestration of pyrene within the hydrophobic PI
core and gave a critical micelle concentration of 6 mg/L (0.9 µm)
(Figures S4, S5).10 Further solution characterization of assemblies
of copolymer 1 in water was performed at concentrations above
the CMC.

1H NMR studies11 of the thermoresponsive behavior of copoly-
mer 1 in D2O showed the dehydration of the PNIPA block to occur
at a slightly higher temperature (39 °C) than that observed for the
parent diblock copolymer PEO-b-PNIPA (34 °C) (Figures S6, S7).
The hydration/dehydration cycle was repeated four times without
appreciable change in the appearance of the solution. After five
cycles, a small amount of precipitate, which could be redissolved
with agitation, was observed. Turbidimetry showed no significant
change in transmittance below 60 °C over 2.5 h. As turbidity arises
from large light-scattering aggregates and the reassembly of
copolymer 1 into larger aggregates takes several weeks (see below),
the lack of an observed cloud point does not seem unusual.

Dynamic light scattering (DLS) at 20 °C of an aqueous solution
(6 mg/mL) of copolymer 1 showed an average hydrodynamic radius

Figure 1. Schematic illustration of the expected change in amphiphilic
balance for ABC triblock copolymer chains with a stimulus-responsive B
block (bottom) and interfacial curvature for assemblies of these triblock
copolymers (top) in water upon passage through the lower critical solution
temperature of the B block.

Chart 1
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(Rh) of 12 nm. When the temperature was gradually increased
(20 °C/h) from 20 to 60 °C, Rh initially decreased between 20 and
40 °C to 10.5 nm as the PNIPA block dehydrated and increased
only slightly to 13.0 nm between 40 and 65 °C (Figure S8).

Longer-term heating allowed reassembly of the polymer ag-
gregates. No change in Rh was observed after 48 h at 65 °C. After
2 weeks at 65 °C, Rh had increased to 44 nm, and after 3 weeks a
substantial increase of Rh to 64 nm was observed (Figures 2c, S9).
Longer heating did not result in further change in assembly size.
Cooling these solutions to 20 °C resulted in the reformation of
smaller assemblies over ∼48 h (Figure S10).

TEM micrographs of samples prepared from aqueous solutions
at room temperature and stained with OsO4 show spherical micelles
with a mean radius of ∼9 nm (Figure 2a). The aggregates formed
at higher temperatures were visualized by heating a copolymer
solution at 65 °C for 4 weeks, adding a drop of this solution to a
TEM grid set on a hotplate at 65 °C, and allowing it to dry for a
few minutes before staining with OsO4 vapors. TEM micrographs
of the resulting samples confirm the formation of large vesicular
assemblies (Figure 2b) with a mean radius greater than 100 nm.
The TEM sample preparation techniques lead to the observation
of aggregate sizes that differ from those observed by solution
techniques, but these results qualitatively confirm a large change
in aggregate size after heating above the LCST of the PNIPA block.

In efforts to stabilize the favored high-temperature structures at
lower temperatures, the assemblies were cross-linked by treatment
of aqueous solutions of copolymer 1 with a radical source that has
previously been used to cross-link PEO-b-poly(diene) micelles.8,12

Room-temperature cross-linked structures have slightly larger sizes
(TEM radius ≈ 15 nm; LS Rh ) 13 nm) than do the noncross-
linked samples (Figures 3a, S11). Cross-linking was also carried
out above the LCST (65 °C) on samples that had been heated at
65 °C for 14 days. After cross-linking, these samples were stirred
at room temperature for 48 h before being cast onto TEM grids

and stained with OsO4. The resulting TEM images show larger
assemblies, most of which appear to be vesicles with apparent
diameters ranging from 45 to 120 nm (Figure 3b). The cross-linking
process and conditions clearly influence the assembly size, but the
observation of large vesicular aggregates above the LCST clearly
reflects the shift in amphiphilic balance in these systems.

These results demonstrate that incorporation of a thermorespon-
sive block into an amphiphilic block copolymer results in discrete
hydrophobic/hydrophilic volume ratios above and below the LCST
of the thermoresponsive block, thus allowing the polymer assembly
to be switched between large and small aggregates as a function
of temperature. Copolymers with different compositions and
comprising other hydrophilic, hydrophobic, and thermoresponsive
blocks should be capable of similar transformations and are
currently under investigation.
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Figure 2. TEM images of copolymer 1 (a) as drop-cast from aqueous
solution at room temperature (OsO4 stain) and (b) as drop-cast from aqueous
solution heated at 65 °C for 4 weeks (OsO4 stain). (c) DLS diameter with
time of aqueous aggregates of 1 at 65 °C.

Figure 3. TEM images of (a) room temperature and (b) 65 °C cross-linked
samples of copolymer 1 stained with OsO4.
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