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Supramolecular self-assembly of multiblock copolymers in aqueous
solution
Abstract

A unique pH-dependent phase behavior from a copolytner micellar solution to a collapsed hydrogel with
micelles ordered in a hexagonal phase was observed. Small-angle neutron scattering (SANS) was used to
follow the pH-dependent structural evolution of micelles formed in a solution of a pentablock copolymer
consisting of poly((diethylaminoethyl methacrylate)-b-(ethylene oxide)-b-(propylene oxide)-b-(ethylene
oxide)-b-(diethylaminoethyl methacrylate)) (PDEAEM 25-b-PEO 100-b-PPO 65-b-PEO 100-b-PDEAEM
25). Between pH 3.0 and pH 7.4, we observed the presence of charged spherical micelles. Increasing the pH
of the micelle solution above pH 7.4 resulted in increasing the size of the micelles due to the increasing
hydrophobicity of the PDEAEM blocks above their pK a of 7.6. The increase in size of the spherical micelles
resulted in a transition to a cylindrical micelle morphology in the pH range 8.1-10.5, and at pH > 11, the
copolymer solution undergoes macroscopic phase separation. Indeed, the phase separated copolymer
sediments and coalesces into a hydrogel structure that consists of 25-35 wt% water. Small-angle X-ray
scattering (SAXS) clearly indicated that the hydrogel has a hexagonal ordered phase. Interestingly, the process
is reversible, as lowering of the pH below 7.0 leads to rapid dissolution of the solid into homogeneous
solution. We believe that the hexagonal structure in the hydrogel is a result of the organization of the
cylindrical micelles due to the increased hydrophobic interactions between the micelles at 70Â°C and pH 11.
Thus we have developed a pH-/ temperature-dependent, reversible hierarchically self-assembling block
copolymer system with structures spanning nano- to microscale dimensions.
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Supramolecular Self-Assembly of Multiblock Copolymers in Aqueous
Solution
Michael D. Determan,† Liang Guo,‡ P. Thiyagarajan,‡ and Surya K. Mallapragada*,†
Department of Chemical and Biological Engineering, Iowa State UniVersity and Ames Laboratory,
144 Spedding Hall, Ames, Iowa 50011, and Intense Pulsed Neutron Source, Argonne National Laboratory,
9700 South Cass AVenue, Argonne, Illinois 60439
ReceiVed October 13, 2005. In Final Form: December 5, 2005
A unique pH-dependent phase behavior from a copolymer micellar solution to a collapsed hydrogel with micelles
ordered in a hexagonal phase was observed. Small-angle neutron scattering (SANS) was used to follow the pHdependent structural evolution of micelles formed in a solution of a pentablock copolymer consisting of
poly((diethylaminoethyl methacrylate)-b-(ethylene oxide)-b-(propylene oxide)-b-(ethylene oxide)-b-(diethylaminoethyl
methacrylate)) (PDEAEM25-b-PEO100-b-PPO65-b-PEO100-b-PDEAEM25). Between pH 3.0 and pH 7.4, we observed
the presence of charged spherical micelles. Increasing the pH of the micelle solution above pH 7.4 resulted in increasing
the size of the micelles due to the increasing hydrophobicity of the PDEAEM blocks above their pKa of 7.6. The
increase in size of the spherical micelles resulted in a transition to a cylindrical micelle morphology in the pH range
8.1-10.5, and at pH >11, the copolymer solution undergoes macroscopic phase separation. Indeed, the phase separated
copolymer sediments and coalesces into a hydrogel structure that consists of 25-35 wt % water. Small-angle X-ray
scattering (SAXS) clearly indicated that the hydrogel has a hexagonal ordered phase. Interestingly, the process is
reversible, as lowering of the pH below 7.0 leads to rapid dissolution of the solid into homogeneous solution. We
believe that the hexagonal structure in the hydrogel is a result of the organization of the cylindrical micelles due to
the increased hydrophobic interactions between the micelles at 70 °C and pH 11. Thus we have developed a pH-/
temperature-dependent, reversible hierarchically self-assembling block copolymer system with structures spanning
nano- to microscale dimensions.

1. Introduction
Nature exhibits a variety of self-assembled structures that
researchers have tried to mimic to facilitate a bottom-up approach
to materials design and fabrication.1 In particular, the selfassembly of organic molecules and synthetic polymers have been
extensively investigated in recent years.2,3 These studies reported
nanoscale to microscale morphologies such as spherical or
cylindrical micelles, vesicles, ribbons, fibers, bowls, and
toroids.4-9
Of particular interest are stimuli-responsive materials that allow
for the directed or modulated self-assembly on the nanoscale in
aqueous solution. Materials with stimuli-responsive physical
properties have potential uses in food, cosmetics, and drug delivery
* Corresponding author. Phone: (515) 294-7407. Fax: (515) 294-2689.
E-mail: suryakm@iastate.edu.
† Iowa State University and Ames Laboratory.
‡ Argonne National Laboratory.
(1) Whitesides, G. M.; Grzybowski, B. Self-assembly at all scales. Science
2002, 295 (5564), 2418.
(2) Stupp, S. I.; LeBonheur, B.; Walker, K.; Li, L. S.; Huggins, K. E.; Keser,
M.; Amstutz, A. Supramolecular Materials: Self-Organized Nanostructures.
Science 1997, 176, 384-389.
(3) Bucknall, D. G.; Anderson, H. L. Polymers get organized. Science 2003,
302 (5652), 1904-1905.
(4) Jenekhe, S. A.; Chen, X. L. Self-Assembly of Ordered Microporous Materials
from Rod-Coil Block Copolymers. Science 1999 (283), 372.
(5) Muller, F.; et al. Ordering of urchin-like charged copolymer micelles:
electrostatic, packing and polyelectrolyte correlations. Eur. Phys. J. E: Soft Matter
2000, 3 (1), 45-53.
(6) Discher, D. E.; Eisenberg, A. Polymer Vesicles. Science 2002, 297, 967.
(7) Hartgerink, J. D.; Beniash, E.; Stupp, S. I. Peptide-amphiphile nanofibers:
A versatile scaffold for the preparation of self-assembling materials. Proc. Natl.
Acad. Sci. U.S.A. 2002, 99 (8), 5133-5138.
(8) Liu, X.; Kim, J.-S.; Wu, J.; Eisenberg, A. Bowl-Shaped Aggregates from
the Self-Assembly of an Amphiphilic Random Copolymer of Poly(styrene-comethacrylic acid). Macromolecules 2005, 38 (16), 6749-6751.
(9) Chen, Z.; Cui, H.; Hales, K.; Li, Z.; Qi, K.; Pochan, D. J.; Wooley, K. L.
Unique Toroidal Morphology from Composition and Sequence Control of Triblock
Copolymers. J. Am. Chem. Soc. 2005, 127 (24), 8592.

applications. In some instances, the presence of nanoscale
morphologies formed through self-assembly translates into
macroscopic phenomena such as the formation of a hydrogel
phase. Hydrogel forming, block, and star copolymers have been
synthesized that exhibit either temperature- or pH-responsive
behavior by incorporation of blocks that exhibit lower critical
solution temperature (LCST)10 and polyelectrolyte properties.11,12
The ability to control the block composition and copolymer
architecture of these wholly synthetic materials allows for tuning
the stimuli-responsive properties of these materials. Peptidebased materials have also been shown to form hydrogel networks
in response to physical or chemical stimuli.13-17 These materials
utilize the primary modes of self-association in peptides, the
hydrophobic aggregation of β-strands and coiling of helices, to
form long-range networks that lead to hydrogel formation. In
this work, we have developed new synthetic block copolymers
(10) Li, C.; Tang, Y.; Armes, S. P.; Morris, C. J.; Rose, S. F.; Lloyd, A. W.;
Lewis, A. L. Synthesis and Characterization of Biocompatible Thermo-Responsive
Gelators Based on ABA Triblock Copolymers. Biomacromolecules 2005, 6 (2),
994-999.
(11) Ma, Y.; Tang, Y.; Billingham, N. C.; Armes, S. P.; Lewis, A. L. Synthesis
of Biocompatible, Stimuli-Responsive, Physical Gels Based on ABA Triblock
Copolymers. Biomacromolecules 2003, 4 (4), 864-8.
(12) Li, Y.; Tang, Y.; Narain, R.; Lewis, A. L.; Armes, S. P. Biomimetic
Stimuli-Responsive Star Diblock Gelators. Langmuir 2005, 21 (22), 9946-9954.
(13) Tang, A.; Wang, C.; Stewart, R. J.; Kopecek, J. The coiled coils in the
design of protein-based constructs: hybrid hydrogels and epitope displays. J.
Controlled Release 2001, 72, 57-70.
(14) Claussen, R. C.; Rabatic, B. M.; Stupp, S. I. Aqueous Self-Assembly of
Unsymmetric Peptide Bolaamphiphiles into Nanofibers with Hydrophilic Cores
and Surfaces. J. Am. Chem. Soc. 2003, 125 (42), 12680-12681.
(15) Collier, J. H.; Hu, B.-H.; Ruberti, J. W.; Zhang, J.; Shum, P.; Thompson,
D. H.; Messersmith, P. B. Thermally and Photochemically Triggered Self-Assembly
of Peptide Hydrogels. J. Am. Chem. Soc. 2001, 123 (38), 9463-9464.
(16) Mawer, P. J.; Harding, T. A. W.; McLeish, T. C. B.; King, S. M.; Bell,
M.; Boden, N. Small-Angle Neutron Scattering from Peptide Nematic Fluids and
Hydrogels under Shear. Langmuir 2003, 19 (12), 4940-4949.
(17) Deming, T. J. Polypeptide hydrogels via a unique assembly mechanism.
Soft Matter 2005, 1, 28-35.
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Figure 1. Chemical formula of the pentablock copolymer.

that respond to both pH and temperature, providing the ability
to tune the nanoscale and macroscale structures formed using
two independent environmental stimuli, giving rise to unique
phase behavior and formation of dehydrated elastic solids by
self-assembly that has not been seen in other systems.
The synthesis of amphiphilic pentablock copolymers consisting
of poly((diethylaminoethyl methacrylate)-b-(ethylene oxide)-b(propylene oxide)-b-(ethylene oxide)-b-(diethylaminoethyl methacrylate)) (PDEAEM25-b-PEO100-b-PPO65-b-PEO100-b-PDEAEM25), which exhibits temperature- and pH-induced micelle
self-association and gelation, was recently reported.18 The
pentablock copolymer was designed to undergo thermoresponsive
micellization due to the presence of the PPO block, which exhibits
an LCST around 8 °C, and pH-responsive micellization due to
the polycationic PDEAEM blocks. At physiological temperatures
and pH conditions, aqueous solutions of the pentablock copolymers formed physical hydrogels due to micellar packing and
interdigitation. This unique combination of properties make the
pentablock copolymer an attractive material for stimuli-responsive
drug delivery applications. The hydrogel phase formed at
physiological conditions maintains a constant weight fraction of
water during the gelation process. Here, we describe the reversible
temperature- and pH-responsive self-assembly of this pentablock
copolymer in aqueous solutions to form organized elastic solids
with substantially lower water content than the original copolymer
solution. At pH 11 and 70 °C, the network of pentablock micelles
precipitates and contracts as it expels water to reach the new
equilibrium, resulting in a shrunken hydrogel that maintains the
cross-sectional shape of the vial it is contained in. This phase
transition was attributed to increasing hydrophobicity of the
copolymer at conditions above the pKa of the PDEAEM blocks
and the LCST of the PEO blocks. Herein we report a detailed
investigation of origins and structure of this hydrogel phase.
2. Experimental Section
2.1. Sample Preparation. A pentablock copolymer poly((diethylaminoethyl methacrylate)-b-(ethylene oxide)-b-(propylene
oxide)-b-(ethylene oxide)-b-(diethylaminoethyl methacrylate)) (PDEAEM25-b-PEO100-b-PPO65-b-PEO100-b-PDEAEM25) (Mn ) 22 000
g/mol and PDI ) 1.34), shown in Figure 1, was synthesized by atom
transfer radical polymerization (ATRP). Details of the synthesis and
characterization of these block copolymers were described previously.18
The self-assembled macroscale solids were prepared by first
dissolving the copolymer at 5 wt % in water at pH 3. The solution
was cooled overnight at 4 °C to ensure complete dissolution. The
solution was titrated at room temperature to pH 11 with 2 mol/L
NaOH, where a cloud point indicating the precipitation of the
copolymer was observed. The cloudy suspension was heated in a
convection oven at 75 °C, above the LCST of the PEO blocks, for
24 h to form an organized solid. The solid was removed from solution
for characterization by small-angle X-ray scatttering (SAXS) and
dynamic mechanical analysis (DMA).
(18) Determan, M. D.; Cox, J. P.; Seifert, S.; Thiyagarajan, P.; Mallapragada,
S. K. Synthesis and characterization of the temperature and pH-responsive
pentablock copolymers. Polymer 2005, 46, 6933-6946.
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2.2. Small-Angle Neutron Scattering (SANS). The self-assembly
of the pentablock copolymers into micellar structures in aqueous
solutions was investigated by SANS. The copolymer was dissolved
in D2O, and the pH was adjusted by the addition of DCl and NaOD.
Additional D2O was added to adjust the concentration to 2 wt % for
all samples. SANS experiments were carried out by using the timeof-flight small-angle neutron diffractometer (SAND) at the Intense
Pulsed Neutron Source (IPNS), at the Argonne National Laboratory.
This instrument provides data in the Q [(4π sin θ/λ), where 2θ is
the scattering angle and λ is the wavelength of the neutrons)] range
of 0.004-0.8 Å-1 in a single measurement by using a 40 × 40 cm2
position-sensitive 3He gas detector and neutrons with wavelengths
in the range of 0.8-14 Å. Copolymer solutions were sealed in Suprasil
cylindrical cells with 2 mm path length for the SANS measurements.
A liquid flow thermostat was used to control the temperature to
within (1 °C. The scattering data were corrected for empty cell and
solvent scattering, detector sensitivity, and sample transmission.
The differential scattering cross section I(Q) was placed on an absolute
scale in units of cm-1 by using a secondary standard of 50% deuterated
polystyrene, whose absolute scattering cross sections is known.
2.3. Small-Angle X-ray Scattering. SAXS measurements were
carried out on the instrument at the 12-ID beam line at the Advanced
Photon Source.19 A 15 cm × 15 cm CCD detector was used to
measure the intensity of scattering, and the transmitted beam intensity
was measured using a photodiode. Samples were held in quartz
capillaries with 1.5 mm outer diameter and 0.01 mm wall thickness.
Data were collected at 0.5 s exposure times at incident beam energies
of 12 keV (λ ) 1.035 Å). The distance between the detector and
the sample was 2 m. The scattering data were appropriately corrected
and azimuthally averaged to obtain I(Q). The scattering intensity
data were normalized to an absolute scale with a polyethylene
standard. The one-dimensional data for five exposures were averaged
for each sample. Scattering intensity from an empty quartz capillary
and fitted power-law scattering in the low Q region was subtracted
from the sample data.
2.4. Dynamic Mechanical Analysis. A Perkin-Elmer 7e dynamic
mechanical analyzer (DMA) was used to measure the thermal/
mechanical properties of pentablock copolymer and self-assembled
solids. A cup-and-plate geometry (5 mm diameter) was utilized, and
the sample was tested in compression, in controlled stress mode, at
1 Hz. The static and dynamic forces applied were 25 and 20 mN,
respectively. Samples were heated from 10 to 90 °C at 3 °C/min.

3. Results and Discussion
Temperature- and pH-responsive amphiphilic copolymers are
a new class of materials with interesting properties.20,21 The
combination of polyelectrolyte and hydrophilic blocks that exhibit
a lower critical solution temperature (LCST) results in multiresponsive copolymers. The pentablock copolymer combines
the LCST properties of the Pluronic F127 triblock copolymer
with PEO and PPO blocks and the pH-responsive properties of
a cationic polyelectrolyte block of PDEAEM. Aqueous solutions
of PEO100-PPO65-PEO100 triblock copolymers (MW ) 12 600)
form micelles and liquid crystal mesophases resulting in rigid
gels as a function of temperature and concentration due to the
LCST of the PPO block around 8 °C.22,23 PDEAEM is a cationic
polymer that exhibits a sharp pH-sensitive solubility behavior.24,25
The degree of ionization of the pendant amines of the PDEAEM
(19) Seifert, S.; Winans, R. E.; Tiede, D. M.; Thiyagarajan, P. Design and
performance of a ASAXS instrument at the Advanced Photon Source. J. Appl.
Crystallogr. 2000, 33, 782-784.
(20) Liu, S.; Billingham, N. C.; Armes, S. P. A Schizophrenic Water-Soluble
Diblock Copolymer. Angew. Chem., Int. Ed. 2001, 40 (12), 2328-2331.
(21) Mertoglua, M.; Garniera, S.; Laschewskya, A.; Skrabaniaa, K.; Storsberg,
J. Stimuli responsive amphiphilic block copolymers for aqueous media synthesised
via reversible addition fragmentation chain transfer polymerisation (RAFT).
Polymer 2005, 46, 7726-7740.
(22) Wanka, G. H., H.; Ulbricht, W. The aggregation behavior of poly(oxyethylene)-poly(oxypropylene)-poly(oxyethylene) block copolymers in aqueous
solution. Colloid Polym. Sci. 1990, 268 (2), 101-117.
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Figure 2. SANS data of 2 w% PDEAEM25-PEO100-PP065PEO100-PDEAEM25 at 75 °C in aqueous solution at different pH
values.

chains is highly dependent on the solution pH. The amines are
cationic below the pKa of the polyelectrolyte and become
deprotonated when the solution pH is greater than the pKa.
Deprotonation of the tertiary amine pendent group of the DEAEM
unit at pH ∼7.6 causes the PDEAEM chain to transition from
a highly hydrated expanded chain to a collapsed hydrophobic
state.26 In aqueous solutions, the pentablock copolymer exhibits
a thermoreversible sol-gel phase transition as well as pHresponsive micellization behavior.18
SANS experiments were conducted to investigate the pHdependent evolution of micellar structure in the pentablock
copolymer solutions. Figure 2 shows the scattering data from 2
wt % copolymer solutions at pH 7.4, 7.7, 8.1, and 10.5 and at
75 °C. The scattering data collected at pH 3 (not shown) were
identical, within instrumental error, with the data collected at pH
7.4. This indicates that in a wide pH range below the pKa of the
PDEAEM blocks the micellar structure of the pentablock
copolymer micelles remains unchanged. At pH 7.4 the scattering
pattern is indicative of the presence of spherical micelles. At 75
°C, the PPO blocks formed nearly completely dehydrated
spherical micelle cores surrounded by a corona of substantially
more hydrated PEO and ionized PDEAEM blocks. Upon
increasing solution pH to 7.7, slightly above the pKa of the
PDEAEM blocks, the scattering intensity at low Q increased by
nearly 2 orders of magnitude, indicating the formation of much
larger micelle structures. The critical micellization temperature
(CMT) of the pentablock copolymer at 2 wt % is 25 °C.18
Therefore, at 75 °C, there was a negligible amount of copolymer
unincorporated into the micelles, so growth in size of the micelles
was likely due to aggregation of multiple micelles. At pH 7.7,
the partially un-ionized PDEAEM blocks became increasingly
hydrophobic, resulting in attractive hydrophobic forces between
micelles. The positions of the scattering intensity maxima at pH
7.4 and 7.7 were 0.01709 and 0.01157 Å-1, respectively. This
corresponds to an increase in the intermicellar spacing from 36.7
(23) Chu, B.; Zhou, Z. Physical chemistry of polyoxyalkylene block copolymer
surfactants. In Nonionic Surfactants: Polyoxyalkylene Block Copolymers; Nace,
V. M., Ed.; Marcel Dekker: New York, 1996; Vol. 60, pp 67-143.
(24) Weaver, J. V. M.; Armes, S. P.; Liu, S. A “Holy Trinity” of Micellar
Aggregates in Aqueous Solution at Ambient Temperature: Unprecedented SelfAssembly Behavior from a Binary Mixture of a Neutral-Cationic Diblock
Copolymer and an Anionic Polyelectrolyte. Macromolecules 2003, 36, 99949998.
(25) Lee, A. S.; Gast, A. P.; Butun, V.; Armes, S. P. Characterizing the Structure
of pH Dependent Polyelectrolyte Block Copolymers Micelles. Macromolecules
1999, 32, 4302-4310.
(26) Tonge, S. R.; Tighe, B. J. Responsive hydrophobically associating
polymers: a review of structure and properties. AdV. Drug DeliVery ReV. 2001,
53, 109-122.
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Figure 3. Modified Guinier plot for rodlike particles of SANS data
for PDEAEM25-PEO100-PP065-PEO100-PDEAEM25 pentablock
copolymer, 2 wt %, at 75 °C and pH 10.5.

to 54.3 nm. At pH 8.1 the intensity of scattering at low Q continued
to increase, indicating further aggregation of micelles. The
scattering intensity at low Q exhibited a negative slope, and the
intensity peaks observed at pH 7.4 and 7.7 were no longer
distinguishable. This is an indication of the further aggregation
of micelles and agrees with previous light scattering studies that
indicated the aggregation number of micelles increases dramatically above the pKa of the PDEAEM blocks.18 At pH 10.5, the
scattering intensity in the low Q region exhibited a Q-1 powerlaw relationship that implies the presence of cylindrical micelles
in solution. Figure 3 shows the modified Guinier plot for the
rodlike particles of the SANS data for the solution at pH 10.5
and at 75 °C. The presence of a linear region with a negative
slope is a good indication of the presence of cylindrical micelles.
The measured cross-sectional radius of gyration of the rodlike
micelles, Rc, was 44.5 ( 0.4 Å, which corresponds to a radius
of 62.9 ( 0.6 Å. The bend over in the low Q2 region indicates
that the length of the cylindrical micelles is finite. The pentablock
copolymer solution remained transparent at pH 10.5 and 75 °C.
Thus the micellar morphology of the pentablock copolymer
transitioned from spherical to cylindrical micelles through a
mechanism of micellar aggregation due to the increasing
hydrophobicity of the PDEAEM blocks with increasing pH.
At pH 11, the solution became turbid due to precipitation of
the copolymer micelles. This precipitation occurred regardless
of the temperature of the solution. At temperatures below 70 °C,
the precipitant formed an easily disturbed layer and remained
indefinitely. Upon heating the suspension of precipitated
copolymer above 70 °C, the precipitate was observed to coalesce
and assemble into an elastic solid hydrogel. The self-assembled
solid was found to be a relatively dehydrated with only 25-35
wt % water. Figure 4 illustrates the stages of the self-assembly
of the macroscopic solid. Interestingly, the shape of the
macroscopic solids retained the cross-sectional shape of the vial
in which they were formed, but their dimensions were smaller
as revealed by the short cylindrical-shaped hydrogel in Figure
4. The process illustrated in Figure 4 occurred over the course
of 24 h. We attribute the coalescence and self-packing of the
precipitated copolymer micelles occurring above 70 °C to the
much reduced solvating power of water for the PEO blocks under
these conditions.27 That is, upon increasing the temperature of
the copolymer suspension above 70 °C, the PEO blocks become
more hydrophobic, leading to further self-association of the
precipitated micelles into an organized solid. The hydrogel
(27) Hey, M. J.; Ilett, S. M.; Davidson, G. Effect of Temperature on Poly(ethylene oxide) Chains in Aqueous Solution. J. Chem. Soc., Faraday Trans.
1995, 91 (21), 3897-3900.
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Figure 4. (A) A 5 wt % solution of pentablock copolymer,
PDEAEM25-PEO100-PP065-PEO100-PDEAEM25, at room temperature, adjusted from pH 3 to 10, resulting in an immediate increase
in turbidity. (B) Upon heating to 70 °C the copolymer precipitant
begins to sediment. (C) After 24 h the copolymer has assembled into
a hydrogel. (D) The hydrogel (25-35 wt % water) is mechanically
stable at room temperature in solution and can be removed from
solution without losing its shape.

Figure 5. SAXS of self-assembled solid (O) and pentablock
copolymer melt (0) annealed at 70 °C for 24 h. The scattering
intensity data from the melt was multiplied 20× for clarity. Powerlaw scattering in the low Q region was subtracted to enhance the
scattering peaks.

exhibited very little temperature sensitivity after formation,
exhibiting a small amount of swelling upon cooling to room
temperature. The hydrogel was easily removed from solution
and was mechanically stable at room temperature out of solution.
However, the self-assembly behavior was found to be completely
reversible with pH. When the pH was lowered to 7.0, the hydrogel
dissolved again, but could be re-formed by increasing pH and
temperature. 1H NMR and gel permeation chromatography were
used to confirm the absence of polymer chain decomposition
during this process.
SAXS was used to investigate the ordered phases in the
macroscopic self-assembled solid. SAXS data from the selfassembled solid, shown in Figure 5, exhibited distinct diffraction
peaks indicative of a hexagonally packed crystal structure {1:
31/2:41/2:71/2:91/2}, and the first-order peak corresponds to a d
spacing of 151 Å. We interpret this to be due to the cylindrical
micelles organized into an ordered hexagonal phase. This is in
distinct contrast to the morphology of the precipitated copolymer
in the bulk state, annealed for 24 h at 70 °C, that exhibited three
broad peaks at Q ) 0.020, 0.036, and 0.072 Å-1 (Figure 5). We
could not unambiguously attribute this scattering pattern to any
specific ordered structure, and further scattering experiments
will be necessary to characterize the morphology of the pentablock
copolymer bulk phase. However, the ratio of 2 for the Q values
of the second and third peaks may indicate the presence of a
lamellar structure with a d spacing of 175 Å. Thus the organization
of the bulk copolymer is quite different from that in the selfassembled hydrogel.
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Figure 6. Elastic storage modulus of bulk pentablock copolymer
(0) and self-assembled hydrogel (O). Storage modulus was monitored
by dynamic mechanical analysis.

Dynamic mechanical analysis was used to investigate the
mechanical properties of the self-assembled solid. The elastic
storage modulus of the self-assembled solid and that of the bulk
pentablock copolymer are shown in Figure 6. The bulk copolymer
sample melts at 35 °C as noted by the loss of elastic properties,
whereas the self-assembled solid maintained mechanical stability
up to 90 °C. This represents a remarkable shift in thermomechanical properties through an entirely self-directed self-assembly
process. The increase in melting temperature is attributed to the
presence of hexagonally packed cylindrical micelles forming a
fibril-like crystalline phase. In an attempt to understand the role
that elevated temperature plays in the self-assembly process, the
precipitated copolymer was centrifuged at room temperature.
The resulting granular pellet did not exhibit the elastic properties
of the solid hydrogel phase formed at 70 °C.
These studies help elucidate the mechanism of self-assembly
of the polymer at multiple length scales. The pentablock
copolymer, in the charged state, forms micelles above a critical
micellization temperature (CMT) due to the LCST of the PPO
block. Above the LCST of the PPO block, spherical micelles
consisting of a compact hydrophobic PPO core enclosed in a
two-layer corona of PEO and charged PDEAEM form. The CMT
of the ionized pentablock is attributed to the same hydrophobic
driving force resulting in micellization of Pluronic copolymers.28
Micellization of the pentablock copolymer could also be induced
by increasing the pH of the solution above the pKa of the PDEAEM
block.18 Further increasing the pH of the pentablock copolymer
solutions resulted in increasing the size of the micelle aggregates,
followed by the transition to cylindrical micelle morphology as
observed with SANS. As the size of the spherical micelles
increased with increasing pH, the energetic penalty of stretching
chains in the core of the micelle resulted in a transition to
cylindrical micelles. This is consistent with molecular dynamics
simulation studies of these systems showing that changes in
hydrophobicity of the individual blocks relative to each other
can lead to a shift from spherical to cylindrical micelles.29 Further
growth and aggregation of the cylindrical micelles resulted in
precipitation of the micelle clusters. At 70 °C, where the assembly
of the solid hydrogel was observed, the increasing hydrophobicity
of the PEO blocks at this temperature caused the aggregation of
the cylindrical micelles into a hexagonal packed morphology.
The ability to tailor such self-assembly behavior by two different
parameters, temperature as well as pH, provides a powerful
(28) Wanka, G. H., H.; Ulbricht, W. Phase Diagrams and Aggregation Behavior
of Poly(oxyethylene)-Poly(oxypropylene)-Poly(oxyethylene) Triblock Copolymers
in Aqueous Solutions. Macromolecules 1994, 27 (15), 4145-4149.
(29) Chushak, Y.; Travesset, A. Coarse-Grained Molecular Dynamics Simulations of the Self-Assembly of Pentablock Copolymers into Micelles. J. Chem.
Phys. 2005, 123 (21).
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method to tune the self-assembly behavior. This unique longrange reversible self-assembly behavior in solution, where the
macroscopic solid exhibits a very ordered nanostructure, is
important in bottom-up approaches for materials design.
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solubility of the PEO blocks in water above 70 °C. The ability
to trigger this unique reversible self-assembly at multiple length
scales ranging from nanoscale to macroscale by changing pH
and temperature conditions offers exciting possibilities in bottomup approaches to materials design and fabrication.

4. Conclusions
In this paper we have demonstrated a unique transition between
a homogeneous micellar solution and a phase-separated, selfassembled elastic solid phase. Aqueous solutions of the pentablock
copolymer at pH <7.5 formed charged spherical micelles as
determined by SANS. Increasing the pH above 7.6 caused the
cationic PDEAEM blocks to deprotonate and become hydrophobic. This alteration of the hydrophobic/hydrophilic balance
of the block copolymer resulted in increased micelle size and a
transition from spherical to cylindrical micelles. At pH 11 the
copolymer micelles precipitated from solution. Further selfassembly of the cylindrical micelles into ordered hexagonal phase
occurred at even higher temperatures due to the decreased
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