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ABSTRACT: Three amphiphilic rod-coil diblock copolymers, poly(2-ethyl-2-oxazoline-b-
c-benzyl-L-glutamate) (PEOz-b-PBLG), incorporating the same-length PEOz block
length and various lengths of their PBLG blocks, were synthesized through a combin-
ing of living cationic and N-carboxyanhydride (NCA) ring-opening polymerizations.
In the bulk, these block copolymers display thermotropic liquid crystalline behavior.
The self-assembled aggregates that formed from these diblock copolymers in aqueous
solution exhibited morphologies that differed from those obtained in a-helicogenic sol-
vents, that is, solvents in which the PBLG blocks adopt rigid a-helix conformations.
In aqueous solution, the block copolymers self-assembled into spherical micelles and
vesicular aggregates because of their amphiphilic structures. In helicogenic solvents
(in this case, toluene and benzyl alcohol), the PEOz-b-PBLG copolymers exhibited
rod-coil chain properties, which result in a diverse array of aggregate morphologies
(spheres, vesicles, ribbons, and tube nanostructures) and thermoreversible gelation
behavior. VVC 2008 Wiley Periodicals, Inc. J Polym Sci Part A: Polym Chem 46: 3108–3119, 2008

Keywords: block copolymer; hydrogen bonding; polypeptide; self-assembly; self-
organization

INTRODUCTION

Many block copolymers self-assemble into or-
dered nanostructures in polymer melts1–4 and/or
in solution.4–7 In melts, the phase behavior is
largely controlled by the molecular architecture,
that is, the degree of polymerization, the mono-
mer composition, and the relative lengths of the
blocks. In solutions, the interactions between
the polymer and the solvent add an extra
dimension, especially when the solvent is selec-
tive. A particular case is the self-assembly of sol-

utions of amphiphilic block copolymers that con-
sist of hydrophobic and hydrophilic blocks.8 The
self-assembly of amphiphilic block copolymers in
block-selective solvents can result in a large
range of nanoscale morphologies, including
spheres, cylinders, vesicles, and layers.8 The
aggregation of rod-coil block copolymers is
driven not only by the selectivity of the solvent
but also by the tendency of the rigid segments
to aggregate. The self-assembled structures
formed from rod-coil block copolymers in selec-
tive solvents have been characterized experi-
mentally9–12 and predicted by theory13–16 to dif-
fer distinctly from those of conventional coil-coil
block copolymers.6,8 The incorporation of helical
chains as the rigid rod component of rod-coil
copolymers is a particular valuable approach
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toward creating novel supramolecular architec-
tures.11,17–21 Nevertheless, because of synthetic
difficulties, only a few rod-coil block copolymers
based on helical rods have been reported to
date, including polyisocyanides,11 polypep-
tides,17–21 polyisocyanates,22 and others.23–24 In
particular, block copolymers comprising of poly-
peptide segments provide a number of signifi-
cant advantages when attempting to control
both the function and supramolecular structure
of bioinspired self-assembled systems.

Poly(c-benzyl-L-glutamate) (PBLG) polymer
is a synthetic polypeptide that assume a rigid
a-helical conformation in solution and solid
states.25,26 PBLG forms aggregates in dilute
solutions of some helicogenic poor solvents,
such as benzene, toluene, benzyl alcohol, and
mixed solvents of dioxane with fatty acids,27–32

and exhibit thermoreversible gelation above
certain critical concentrations.33–41 The intrin-
sic rigidity of PBLG in the helicogenic solvents
is due to stable intramolecular hydrogen bond-
ing,27 which results in such unique solution
behavior as liquid crystalline ordering42,43 and
thermoreversible gelation. Solutions of PBLG
are, therefore, useful models for research into
the phase behavior of rod-like polymers. Man-
ners and coworkers recently discovered that
the thermoreversible gelation of the type
PBLG-block-(random coil polymer) in a helico-
genic solvent, toluene, occurs through a self-
assembled nanoribbon mechanism,44 which is
distinct from that of the self-assembly of PBLG
homopolymer.41 PBLG is biodegradable and can
form a hydrophobic core to function as a drug
incorporation site.45 Cho et al. reported the for-
mation of polymer micelles composed of hydro-
phobic PBLG and hydrophilic poly(ethylene
oxide) (PEO) or poly(N-isopropylacrylamide)
(PNIPAAm) in aqueous environments.46,47

Poly(2-ethyl-2-oxazoline) (PEOz) is a water-
soluble, nonionic, tertiary polyamide that ex-
hibits low toxicity, high hydrophilicity,48 and bio-
compatibility.49,50 This unique combination of
properties has led to its potential use in several
applications.51–53 Jeong and coworkers54 reported
the use of PEOz as the shell-forming polymer
in poly(2-ethyl-2-oxazoline-b-DL-lactide), poly(2-
ethyl-2-oxazoline-b-e-caprolactone), and poly(2-
ethyl-2-oxazoline-b-1,3-trimethylene carbonate)
systems. The hydrophilic PEOz shells in these
micelles undergo pH-sensitive hydrogen bonding
with poly(methacrylic acid) (PMAA) and poly
(acrylic acid) (PAA) in acidic aqueous media.

In this study, we synthesized a series of
novel rod-coil amphiphilic diblock copolymers
based on the coil hydrophilic PEOz polymer
and the rod hydrophobic PBLG polymer by
combining living cationic with N-carboxyanhy-
dride (NCA) ring-opening polymerizations. The
living cationic ring-opening polymerization of 2-
ethyl-2-oxazoline is a facile synthetic route to-
ward the preparation of hydroxyl-terminated
PEOz. The terminal hydroxyl groups are con-
verted through Mitsunobu reaction55 into pri-
mary amino groups, which then initiate NCA
ring-opening polymerization of c-benzyl-L-gluta-
mate NCA to form the amphiphilic diblock
copolymer poly(2-ethyl-2-oxazoline-b-c-benzyl-L-
glutamate) (PEOz-b-PBLG). We investigate the
aggregation behaviors of these diblock copoly-
mers in the bulk, in solvents that are a-helico-
genic for the PBLG blocks. In the bulk, these
block copolymers exhibited thermotropic liquid
crystalline behavior; in aqueous solution, they
self-assembled into spherical micelles and vesic-
ular aggregates because of their amphiphilic na-
ture; in solvent that are helicogenic for PBLG
blocks, (in this case, toluene and benzyl alcohol),
the PEOz-b-PBLG copolymers exhibited rod-coil
chain properties, which led to a diverse range of
aggregate morphologies (spheres, vesicles, rib-
bons, and tube nanostructures) and thermore-
versible gelation behavior.

EXPERIMENTAL

Materials

2-Ethyl-2-oxazoline (Aldrich) was dried and vac-
uum-distilled over calcium hydride. Methyl p-
toluenesulfonate (Aldrich) was purified by vac-
uum distillation. Acetonitrile was distilled over
calcium hydride. Triphenylphosphine (TPP;
Acros), phthalimide (PI; Fluka), diethyl azodi-
carboxylate (DEAD; 40 wt % in toluene;
Aldrich), tetrahydrofuran (THF; anhydrous, in-
hibitor-free; Aldrich), N,N-dimethylformamide
(DMF; anhydrous; Aldrich), and hydrazine
monohydrate were used as received. c-Benzyl-L-
glutamate N-carboxyanhydride (Bn-Glu NCA)
was prepared according to a literature proce-
dure56 and stored at �30 8C. Water was purified
through distillation, deionization, and osmosis.
Other solvents, including diethyl ether, toluene,
and benzyl alcohol, were used without further
purification.
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Synthesis of Hydroxyl-Terminated Poly(2-ethyl-
2-oxazoline) (Me-PEOz-OH)

2-Ethyl-2-oxazoline (30.0 g, 303 mmol) was
added via a syringe to a solution of methyl p-tol-
uenesulfonate (2.25 g, 12 mmol) in acetonitrile
(100 mL). The polymerization mixture was
stirred under reflux for 240 h under an argon
atmosphere. The mixture was cooled to room
temperature and treated with methanolic KOH
(0.1 N) to quench the poly(2-ethyl-2-oxazoline)
oxazolinium living end group and to introduce
the hydroxyl group at the end of the PEOz
chain. The product, ‘‘Me-PEOz-OH,’’ was iso-
lated following a literature procedure.57

Mitsunobu Conversion of Terminal Hydroxyl
Groups into Terminal Primary Amino
Groups (Me-PEOz-NH2)

Me-PEOz-OH (Mn ¼ 2100) (4.2 g, 2 mmol) was
added to a stirred solution of TPP (15.75 g, 60
mmol) and PI (9 g, 60 mmol) in THF (50 mL).
DEAD (d ¼ 0.95 g/mL; 10.5 g, 12 mL, 60 mmol)
was then added dropwise to the mixture under
an argon atmosphere. After being maintained
at room temperature for 24 h, the mixture was
dialyzed first against ethanol and then against
distilled water using a Spectrapor dialysis
membrane having an Mr molecular weight cut-
off of 1000. The solution was lyophilized for 2
days to yield the phthalimide-activated polymer
‘‘Me-PEOz-PI.’’ This material (3 g, 0.6 mmol)
was then dissolved in ethanol (250 mL) and
treated with hydrazine monohydrate (250 mL).
The mixture was maintained at room tempera-
ture for 24 h. After the ethanol had been evapo-
rated, an aqueous sodium hydroxide was added
up to pH 9–10. The polymer was extracted with
methylene chloride, and then purified through
dialysis against ethanol and distilled water
using a Spectrapor dialysis membrane with a
Mr cutoff 1000. Lyophilization of the dialyzed
solution gave the amino-terminated polymer
‘‘Me-PEOz-NH2.’’

Synthesis of PEOz-b-PBLG Diblock Copolymers

A Schlenk flask fitted with a stirrer bar and dry-
ing tube was charged with the appropriate
amount of Bn-Glu NCA in dry DMF (0.1 g/mL).
The required amount of primary amino-termi-
nated PEOz was added, and then the reaction
mixture was stirred at room temperature. After

5 days, the block copolymer was precipitated in
diethyl ether, filtered, and vacuum-dried. The
resultant product was extracted with methanol
in a Soxhlet extractor for 3 days to remove the
soluble nonfunctionalized PEOz macroinitiator;
finally, dried at 40 8C in vacuo.

Preparation of Micelle Solutions

Experiments in Aqueous Solution

Micelles of PEOz-b-PBLG block copolymers were
prepared using a method based on dialysis.58

The block copolymer (10 mg) was dissolved in
DMF (2 mL), and then stirred overnight at room
temperature. To form micelles, the solution was
dialyzed against distilled water for 40 h using a
Spectrapor dialysis membrane (molecular weight
cutoff: 3500).

Experiments in Toluene and Benzyl Alcohol

PEOz-b-PBLG/toluene or PEOz-b-PBLG/benzyl
alcohol solutions were prepared by adding fil-
tered toluene or filtered benzyl alcohol to the
block copolymer sample in a sealed vial. The so-
lution (without further filtration) was heated
until the mixture became homogeneous, and
then annealed for 2 h before being cooled to
room temperature to allow equilibrium to be
reached. Solutions were identified by the weight
fraction of polymer, w.

During the cooling process, some of the solu-
tion samples exhibited thermally reversible gela-
tion behavior. We defined such a state as a gel
in which no flow occurred in the sample solu-
tion. The lowest concentration for such gelation
was designated as Cgel. The values of Tgel were
measured using the procedure reported by Hirst
and coworkers59 All values of Cgel and Tgel were
measured three times.

Characterizations

Both the molecular weight and molecular weight
distribution were determined through gel per-
meation chromatography (GPC) using a Waters
510 HPLC equipped with a 410 differential re-
fractometer, a refractive index (RI) detector, and
three Ultrastyragel columns (100, 500, and 103
Å) connected in series in order of increasing
pore sizes. DMF was used as an eluent at a flow
rate of 0.6 mL/min. 1H NMR spectra were
recorded at room temperature on a Bruker AM
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500 (500 MHz) spectrometer, using the residual
proton resonance of the deuterated solvent as
the internal standard. Thermal analysis through
differential scanning calorimetry (DSC) was per-
formed using a DuPont 910 DSC-9000 controller
at a scan rate of 10 8C/min over a temperature
range from �100 to 180 8C under a nitrogen
atmosphere. Transmission electron microscopy
(TEM) was performed on a Hitachi H-7500 elec-
tron microscope operated at 100 kV. For the so-
lution sample, a drop of the sample solution was
placed onto a 200-mesh copper grid coated with
carbon. About 2 min after deposition, the grid
was tapped with a filter paper to remove the
surface solution, followed by air-drying. For gel
samples, a carbon-coated copper grid was gently
placed on the fraction of gel. The copper grid
was removed after 30 s and air-dried for 1 h. To
enhance the contrast, the sample specimen was
stained with the vapor of an aqueous solution of
RuO4. The sample was air-dried prior to mea-
surement. X-ray diffraction (XRD) measure-
ments were performed using the wiggler beam-
line BL17A1 of the National Synchrotron Radia-
tion Research Center (NSRRC), Taiwan. A
triangular bent Si(111) single crystal was
employed to obtain a monochromatic beam hav-
ing a wavelength (k) of 1.3344 Å. The XRD pat-
terns were collected using a curved imaging
plate (IP; Fuji BAS III, area ¼ 20 3 40 cm2)
having a radius equivalent to the sample-to-de-
tector distance of 280 mm. With the 100-lm
pixel resolution of the IP and a typical exposure
time of 15 min, the XRD patterns were meas-
ured cover a range of values of q from 0.01 to
2.2 Å�1, where the X-ray vector transfer q ¼ 4p
sin(h)/k is defined by the scattering angle 2h and
k. The two-dimensional X-ray diffraction pat-
terns observed for the sample (typical diameter
10 mm; thickness 1 mm) were circularly aver-
aged to provide a one-dimensional diffraction
profile I(q), with the value q value calibrated
using standard samples of Ag-Behenate and Si
powder (NBS 640b).

RESULTS AND DISCUSSION

Syntheses and Properties of PEOz-b-PBLG
Diblock Copolymers

Scheme 1 outlines our synthetic the strategy to-
ward the PEOz-b-PBLG diblock copolymer. Cati-
onic ring-opening polymerization of 2-ethyl-2-

oxazoline (initiated by methyl p-toluenesulfo-
nate), produced the poly(2-ethyl-2-oxazoline)
bearing a hydroxyl group at one end (Me-PEOz-
OH). Next, the terminal hydroxyl unit of Me-
PEOz-OH was converted into a primary amino
group, which was able to further conjugate with
the polypeptide through NCA-polymerization.
This transformation was performed in good yield
through a two step Mitsunobu reaction: (1) the
conversion of the terminal hydroxyl group into a
phthalimido unit and (2) subsequent treatment
with hydrazine to generate the free amine. The
nature of the end-group was transformation was
characterized using 1H NMR spectroscopic anal-
ysis (Fig. 1). In the 1H NMR spectrum of the
hydroxyl-terminated polymer [Me-PEOz-OH;
Fig. 1(a)], the signal at 3.59 ppm can be ascribed
to the methine protons of PEOz that are
attached to the hydroxyl end group. Conversion
of the end group into a phthalimide unit (Me-
PEOz-PI) was confirmed by the appearance of
signals at 3.78 and 4.19 ppm (methine protons
attached to phthalimide) and the disappearance
of the signal at 3.59 ppm, as indicated in Figure
1(b). After treatment with hydrazine, Figure
1(c) reveals the loss of the x-terminal phthalim-
ide group through the disappearance of the sig-
nals at 3.78 and 4.19 ppm, and the appearance
of a signal at 2.73 ppm representing the primary
amino-terminated polymer (Me-PEOz-NH2).
Next, we used Me-PEOz-NH2 to initiate the
polymerization of c-benzyl-L-glutamate N-car-
boxyanhydride (Bn-Glu NCA), which was con-
ducted in DMF solution at room temperature

Scheme 1. Synthesis of PEOz-b-PBLG block copoly-
mers.
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under the exclusion of moisture, over a period of
5 days. The length of the c-benzyl-L-glutamate
segment was controlled by adjusting the molar
ratio of the Bn-Glu NCA and the primary amino
end-functionalized PEOz initiator. All of the
diblock copolymers described herein were pre-
pared using primary amino-terminated PEOz
having a number-average degree of polymeriza-
tion of 21 (Me-PEOz21-NH2). After precipitation
and drying, these PEOz-b-PBLG copolymers
were characterized using 1H NMR spectroscopy
[Fig. 2(a)] and GPC [Fig. 2(b)]; Table 1 summa-
rizes the results. The desired block copolymers
were obtained in good yields.

The bulk properties of these PEOz-b-PBLG
copolymers were characterized through DSC
and XRD measurements. The DSC thermograms
in Figure 3 indicate that the PEOz polymer hav-
ing an Mn of 2100 possesses a glass transition
temperature at � 50 8C, and that the PEOz-b-
PBLG copolymer exhibits a nematic-like liquid
crystal (LC) phase transition at � 100 8C during
the first heating run.22,60 During the second
heating run, we observed only one glass transi-
tion temperature (at � 45 8C) for the copolymer.
Figure 4 presents the one-dimensional XRD pat-
terns for PEOz21-b-PBLG26, PEOz21-b-PBLG56,
and PEOz21-b-PBLG68 obtained at 120 8C, a

temperature at which the PEOz and PBLG
blocks should be in their molten and liquid-crys-
talline states, respectively. We observe an amor-
phous halo at a high value of q ¼ 1.4 Å�1, with
the halo maximum presenting a d spacing of
0.45 nm, indicating the molten state of the
PEOz at 120 8C. In the medium-q region, we
detected a set of Bragg peaks at q ¼ 0.45, 0.78,
and 0.90 Å�1 having a ratio of 1:31/2:2, corre-
sponding to a columnar hexagonal organization
of the peptide a-helices with a lattice parameter
of � 14 Å.22,60 This set of characteristic peaks
was present in the XRD patterns of all three of
the copolymers. In addition, in Figure 4(a) we
observe one additional peak at a lower q value
(0.32 Å�1) for PEOz21-b-PBLG26; this signal cor-
responds to a change in the peptide chain orga-
nization to a lamellar state having a b-sheet sec-
ondary structure, induced through destabiliza-
tion of the a-helical secondary structure upon
decreasing the length of the peptide chain.22,60

Furthermore, we detected no peaks for any of

Figure 1. 1H NMR spectra of (a) Me-PEOz-OH, (b)
Me-PEOz-PI, and (c) Me-PEOz-NH2 in CDCl3.

Figure 2. (a) 1H NMR spectra of PEOz21-b-PBLG56

in d6-DMSO and (b) GPC trace of PEOz21-b-PBLG26.
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these three block copolymers from small-angle
X-ray scattering (SAXS) experiments in the low
q region, indicating that no long-range ordering
is present in these block copolymers in the bulk
state. We speculate that the PEOz and PBLG
blocks are partially miscible and, thus, the
copolymers lack long-range-ordered microphase
separated structures in the bulk state. In addi-
tion, the value of Tg of the copolymers were
lower than that (50 8C) of the PEOz homopoly-
mer (Fig. 3).

Aggregates of PEOz-b-PBLG in Aqueous Solution

Because of the amphiphilic nature of the diblock
copolymers, we expected that the PEOz and
PBLG blocks would phase-separate in aqueous
solution. We used 1H NMR spectroscopy to mon-
itor the phase separation behavior of these block
copolymers in an aqueous phase. As indicated in
the 1H NMR spectrum of PEOz21-b-PBLG56 in
d6-DMSO (Fig. 2), in which micelle formation
was not expected, the characteristic peaks of the
protons of the benzyl groups and the methylene

Table 1. Molecular Weight Characteristics of Block Copolymers

Sample Yield (%)a Mn
b

Block Ratiob

(PEOZ/PBLG) Mw/Mn
c

PEOz21-NH2 93 2100 – 1.08
PEOz21-b-PBLG26 58 7790 1:1.2 1.18
PEOz21-b-PBLG56 63 14,300 1:2.6 1.23
PEOz21-b-PBLG68 65 17,000 1:3.2 1.30

a Isolated yield, after precipitation and drying.
b Number-average molecular weight of the peptide segment, determined from the 1H NMR

spectrum (DMSO-d6).
c From GPC, GPC experiments performed using DMF.

Figure 3. DSC thermograms of (a) Me-PEOz21-NH2

and (b) PEOz21-b-PBLG68.

Figure 4. XRD patterns obtained at 120 8C for
(a) PEOz21-b-PBLG26, (b) PEOz21-b-PBLG56, and
(c) PEOz21-b-PBLG68 in their bulk states.

SYNTHESIS OF PEOz-b-PBLG BLOCK COPOLYMERS 3113

Journal of Polymer Science: Part A: Polymer Chemistry
DOI 10.1002/pola



protons adjacent to the benzyl groups of the
PBLG segment appear at 7.2 and 5.0 ppm,
respectively. In contrast, these peaks disap-
peared when the copolymer was dissolved in
D2O (Fig. 5). This result indicates the restricted
motion of these protons within a micellar core of
the rigid hydrophobic PBLG units surrounded
by the hydrophilic PEOz moieties in the PEOz-
b-PBLG polymeric micelles. We used TEM to
examine the morphologies of the PEOz21-b-
PBLG26, PEOz21-b-PBLG56, and PEOz21-b-
PBLG68 copolymers in aqueous solution. Figure
6 presents images of the spherical micelles
formed from the PEOz21-b-PBLG26 and PEOz21-
b-PBLG56 copolymers and the near vesicle-like
structure obtained from the PEOz21-b-PBLG68

copolymer. These results demonstrate that
PEOz-b-PBLG copolymers may be useful for
drug delivery applications in which site-specific
delivery is mediated by synthetic polymer-pro-
tein interactions.

Aggregates of PEOz-b-PBLG in Helicogenic
Solvents for PBLG Blocks

In poorly helicogenic solvents, PBLG adopts a
rigid a-helical conformation; thus, we expected
that PEOz-b-PBLG would exhibit coil-rod chain
properties, leading to interesting aggregation
behavior different from that of coil-coil block
copolymers. Theoretical studies into the possible
equilibrium structures of micelles of rod-coil
block copolymers in solvents selective solvent for
the coil block have been described.13,15 The dif-
ferences between the structures of coil-coil and
rod-coil aggregates in selective solvents are
traceable to their core structures: (i) The config-
uration of a rigid, rod-like block is, by definition,
unique. No configurational change is thus
expected upon aggregation. As a result, there is
no free-energy penalty due to the deformation of
the core block in rod-coil aggregates. Their
growth is dominated by the penalty associated
with the intercoronal chain interaction and the
core-coronal interfacial energy; this feature dif-
fers from that of their coil-coil counterparts,
where chain stretching of the core is an impor-
tant factor. (ii) Aggregated rods are expected to
favor ordered packing with their long axes
aligned. The geometries of rod-coil assemblies
are, accordingly, different. For our present sys-
tem, we used TEM and X-ray diffraction meas-
urements to investigate the aggregates formed
from PEOz-b-PBLG rod-coil diblock copolymers
(having three different block ratios) in two kinds
of solvents that are poorly helicogenic for the
PBLG block (toluene and in benzyl alcohol).
TEM samples were prepared through the drip-
ping of the aggregated solutions onto copper
grids; the aggregates were stained with an aque-
ous solution of RuO4.

Figure 5. 1H NMR spectrum of PEOz21-b-PBLG56

in D2O.

Figure 6. TEM images of the aggregates formed from (a) PEOz21-b-PBLG26, (b)
PEOz21-b-PBLG56, and (c) PEOz21-b-PBLG68 at polymer concentrations of 0.5 wt %
in aqueous solutions. Samples were observed after RuO4 staining.
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Toluene is a good solvent for PEOz-b-PBLG at
high temperature (>90 8C); at room tempera-
ture, however, it is a good solvent for the coil
PEOz but a poor solvent for the rod PBLG.
Therefore, the block copolymer self-assembles
when its toluene solution is cooled from elevated
temperature to room temperature. Figures 7
and 8(a) display the various morphologies
formed from 0.5 wt % toluene solutions of
PEOz-b-PBLG copolymers having different
ratios of their insoluble/soluble block lengths.
Bilayer-type vesicle structures [Figs. 7(a,b)]
were formed by the PEOz21-b-PBLG26 and
PEOz21-b-PBLG56 copolymers, respectively. Rod-
coil diblock copolymers have a strong tendency
to form bilayer structures in selective solvents
because of the intrinsic orientational order of
the rigid-rod blocks.61 Here, the rod-like a-heli-
cal PBLG chains tend to pack in the unfavorable
toluene solvent to minimize the interfacial
energy between the rod block and the solvent;

they form, according to the ‘‘hockey puck’’
model, finite-sized cylindrical discs [Scheme
2(a)] covered by coil segments.61 Vesicles are
formed when the bilayer disc-like aggregates are
large and the energy loss due to surface tension
effects is so great that it results in hull closure
[Scheme 2(b)]. Bending of the bilayer disc-like
aggregates into closed vesicles requires a bend-
ing energy. The vesicle size (Rv) can be defined
using the expression Rv ¼ 2j/c,61 where j is the
bending modulus and c is the surface tension of
the rim of the bilayer disc. Increasing order
inherently leads to an increase of the bending
modulus of the bilayer. Comparing Figures
7(a,b), we observe that the vesicle size of
PEOz21-b-PBLG56 was substantially larger than
that of PEOz21-b-PBLG26. We attribute this size

Figure 7. TEM images of aggregates formed from
(a) PEOz21-b-PBLG26 and (b) PEOz21-b-PBLG56 at a
polymer concentration of 0.5 wt % in toluene. Samples
were observed after RuO4 staining.

Figure 8. (a) TEM images of the aggregates (RuO4

stained) formed from PEOz21-b-PBLG68 at a polymer
concentration of 0.5 wt % in toluene and (b) XRD pat-
terns of a dried film of the assemblies formed from
PEOz21-b-PBLG68 in toluene.
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difference to the increase of in the bending mod-
ulus (j) of the bilayer that occurred upon
increasing the PBLG block length. Figure 8(a)
indicates that, with its long a-helical rigid PBLG
block and a relatively lower PEOz content, the
PEOz21-b-PBLG68 copolymer formed a fibrous
structure. In addition, the toluene solution of
PEOz21-b-PBLG68 underwent thermoreversible
gelation with the values of Tgel and Cgel of 46 8C
and 0.4 wt %, respectively. Manners and cow-
orkers noted that the thermoreversible gelation
of diblock copolymers of the type PBLG-block-
(random coil polymer) in toluene (a helicogenic
solvent) occurred through a self-assembled
nanoribbon mechanism.44 Thus, we suggest that
the fibrous morphology is, in fact, a ribbon-like
nanostructure exhibiting, as its long axis, PBLG
helices oriented in an antiparallel manner on
the plane of the ribbon [see Scheme 2(c)] to min-
imize the degree of steric repulsion between
PEOz chains. The dissimilar morphologies of the
PEOz21-b-PBLG68 nanoribbons and the PEOz21-
b-PBLG26 and PEOz21-b-PBLG56 vesicles are
due to the presence of the longer PBLG block in
the PEOz21-b-PBLG68 copolymer; because the
length of the PBLG rod in this case was signifi-
cantly longer than that of the coil block, the
degree of corona repulsion between the PEOz
coil chains was relatively weak and, as a result,
the rods favored ordered packing with their long
axes aligned. We performed X-ray diffraction
measurements on the dried toluene gel of

PEOz21-b-PBLG68 because this gel exhibited
strong birefringence, indicating the presence of
regular structure, when examined under a
polarized optical microscope. In Figure 8(b), the
diffraction peak observed at q ¼ 0.4 Å�1 (1.6
nm) indicates the distance between the PBLG
helices; the peak at q ¼ 0.04 Å�1 (� 15 nm) is
consistent with the width of the individual rib-
bons as measured using TEM. The additional
diffraction peak at q ¼ 0.2 Å�1 (3.1 nm) prob-
ably arose from the arrangement of the PEOz
coil.

As is the case in toluene, these PEOz-b-PBLG
diblock copolymers are also soluble in benzyl alco-
hol at higher temperatures, although it is a poor
solvent for PBLG rods at lower temperatures.
Benzyl alcohol is, however, a better solvent than
toluene for the PEOz block. Thus, we expected a
more expanded corona for the PEOz coil and
greater stretching of the PEOz chains in benzyl
alcohol than were observed in toluene. From this
perspective, we also expected stronger repulsive
interactions among the intercoronal chains for
the PEOz block in benzyl alcohol than in toluene.
Figures 9 and 10(a) present images of the aggre-
gates formed from PEOz21-b-PBLG26, PEOz21-b-
PBLG56, and PEOz21-b-PBLG68 copolymers, each
at a concentration of 0.5 wt % in benzyl alcohol.
With its relatively longer swollen hydrophilic
PEOz block in benzyl alcohol, the PEOz21-b-
PBLG26 copolymer formed spherical micelles
[Fig. 9(a)] having a PBLG core and a PEOz shell.

Scheme 2. Schematic representations of the (a) formation of bilayers and (b) their
closure to vesicles for the PEOz21-b-PBLG26 and PEOz21-b-PBLG56 copolymers in tol-
uene. (c) Nanoribbon structure formed in the network structure of the toluene gel of
PEOz21-b-PBLG68.
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When the length of the PEOz unit is relatively
long, the repulsive interactions among the inter-
coronal chains outweigh the attractive interfacial
interactions and dominate the equilibrium struc-
ture. Therefore, the block copolymer favors the
formation of star-like spherical micelles possess-
ing extended PEOz coronas. When the relative
length of the PBLG block is increased (i.e., for
PEOz21-b-PBLG56), the coronal repulsion
becomes relatively weak and irregular structures
incorporating some cylinders and small spheres
are formed [Fig. 9(b)]. The formation of cylinders,
rather than spherical micelles, is probably due to
the smaller surface area per PEOz coil chain and,
thus, a lower total interfacial energy. For the
PEOz21-b-PBLG68 copolymer, with its long a-heli-
cal rigid PBLG block and a low PEOz content, the
tube-like structure is observed for copolymer as
presented in Figure 10(a). We infer that this
tube-like structure grew, at the expense of the
spheres, through fusion or coalescence. Evidence
for this type of growth mechanism was reported
by Winnik and coworkers for the self-assembly of
crystalline-coil poly(ferrocenylsilane)-block-poly
(siloxane) in n-hexane and n-decane.62 The solu-
bility of PEOz in benzyl alcohol increases upon
increasing the temperature. When we heated the
solution until the mixture became homogeneous,
the resulting PEOz corona chains became more
swollen. Steric repulsion among the corona
chains promotes curvature at the core-corona
interface to increase the volume accessible to
each corona chain; when the solution is cooled
from high temperature to room temperature, the
PEOz chains contract and this steric repulsion is
diminished. Thus, the cooling of a sample favors
a decrease in the curvature of its interface. Under
normal circumstances, this deswelling provides a
driving force for the diameter of the core to

increase. We speculate that the dense core of the
cylindrical structure having long PBLG rods may
not be able to accommodate a decrease in curva-
ture, which would require a rearrangement of the
insoluble rod PBLG block to fill the volume of the
core. Rearrangement to a hollow structure with
PEOz chains protruding from both the interior
and exterior surfaces (Scheme 3) may provide an
optimum balance. We also performed X-ray dif-
fraction measurements using the film of PEOz21-
b-PBLG68 cast from the benzyl alcohol solution.
In Figure 10(b), the diffraction peak at q ¼ 0.4
Å�1 (1.6 nm) indicates the distance between the
PBLG helices.

In summary, in this study, we have demon-
strated that regular a-helical structures can be

Figure 9. TEM images of the aggregates formed
from (a) PEOz21-b-PBLG26 and (b) PEOz21-b-PBLG56

at a polymer concentration of 0.5 wt % in benzyl alco-
hol. Samples were observed after RuO4 staining.

Figure 10. (a) TEM images of the aggregates (RuO4

stained) formed from PEOz21-b-PBLG68 at a polymer
concentration of 0.5 wt % in benzyl alcohol and (b)
XRD patterns of a dried film of the assemblies formed
from PEOz21-b-PBLG68 in benzyl alcohol.
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produced on the nanoscale by exploiting the spe-
cific assembling properties of rod-coil PBLG-b-
PEOz block copolymers. Fine-tuning of the mor-
phologies and lateral dimensions of these nano-
structures is possible through synthesis control
of the block lengths and judicious choice of the
solvent.

CONCLUSIONS

In this article, we describe the multistep synthe-
sis of novel amphiphilic rod-coil PEOz-b-PBLG
copolymers through cationic and N-carboxyan-
hydride ring-opening polymerizations. We pre-
pared three PEOz-b-PBLG copolymers that had
the same PEOz length but different lengths of
their PBLG units. In the bulk, these block
copolymers exhibit thermotropic liquid crystal-
line behavior. In aqueous solution, they self-
assemble into spherical micelles or vesicular-like
aggregates because of their amphiphilic nature.
In helicogenic solvents for PBLG blocks, toluene
and benzyl alcohol, the PEOz-b-PBLG copoly-
mers exhibits rod-coil chain properties that
result in diverse aggregate morphologies
(spheres, vesicles, ribbons, and tube nanostruc-
tures) and thermoreversible gelation behavior.
We employed TEM and XRD measurements to
identify the morphologies of aggregates that
self-assembled from these diblock copolymers in

solution. Synthetic control over the block
lengths and the judicious choice of solvent allow
fine-tuning of the morphologies and lateral
dimensions of these nanostructures.
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