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Self-assembled structures from PEGylated polypeptide
block copolymers synthesized using a combination of
ATRP, ROP, and click chemistry

Po-Cheng Li, Yung-Chih Lin, Ming Chen and Shiao-Wei Kuo*

In this study, we used a combination of atom transfer radical polymerization, ring opening polymerization,

and click chemistry to synthesize new PEGylated polypeptide block copolymers of polystyrene-b-

poly(g-propargyl-L-glutamate-g-ethylene oxide) [PS-b-(PPLG-g-MEO2)]. We employed Fourier transform

infrared spectroscopy and wide-angle X-ray diffraction (WAXD) to determine the secondary structures of

the a-helical conformations of these PEGylated polypeptide block copolymers in the solid state, and

circular dichroism spectroscopy to characterize them in solution. Hierarchical self-assembly of the

PS-b-(PPLG-g-MEO2) diblock copolymers in the bulk state (characterized using WAXD, small-angle X-ray

scattering, and transmission electron microscopy) led to the formation of lamellar structures as a result

of microphase separation of the diblock copolymers; the hexagonal cylinder packing nanostructure

featured a-helical conformations of PEGylated polypeptide segments, which were oriented

perpendicular to the director of the lamellar structure formed by the diblock copolymers. We

obtained a range of micellar structures from the PS-b-(PPLG-g-MEO2) diblock copolymer in DMF

(common solvent) upon the addition of selective solvents (H2O or MeCN). We observed only

spherical micelles from the PS-b-(PPLG-g-MEO2) diblock copolymer in DMF–MeCN systems at all

MeCN compositions. The micelle structures changed, however, from spherical structures to long

wormlike, vesicles, and large compound micelles in the DMF–H2O system upon increasing

the content of water. These different morphology transformations arose as a result of very different

PS–solvent (H2O or MeCN) interaction parameters.
Introduction

Block copolymers attract considerable attention because of
their abilities to self-assemble in the bulk state or in solution to
form a range of different morphologies and sizes.1–5 In the bulk
state, diblock copolymers can form many different, well-
dened, self-assembled nanostructures (e.g., lamellar, gyroid,
hexagonally packed cylindrical, and body-centered cubic
micellar structures), depending on the relative volume fractions
of the blocks, the total degree of polymerization, and the Flory–
Huggins interaction parameter.6,7 Diblock copolymers can also
self-assemble spontaneously into well-dened micelles or
aggregates [e.g., spheres, rods, vesicles, and large compound
micelles (LCMs)] in the presence of a selective solvent for one of
the blocks, depending on, for example, the copolymer compo-
sition, the copolymer concentration, the nature of the common
solvent, the amount of the selective solvent, the temperature,
and the pH.8–10

Most of the amphiphilic diblock copolymers based on poly-
styrene (PS) blocks that have been used for nanofabrication—
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including polystyrene-b-poly(4-vinylpyridine) (PS-b-P4VP),11,12

polystyrene-b-polyvinylphenol (PS-b-PVPh),13–15 polystyrene-b-
polylactide (PS-b-PLA),16,17 polystyrene-b-polyethyleneoxide (PS-b-
PEO),18–20 and poly(styrene-b-4-vinylbenzyl triazolylmethyl
methylthymine) (PS-b-PVBT)21—are organic–organic block
copolymers with various functionalities. In addition, some
organic–inorganic hybrid block copolymers [e.g., polystyrene-b-
polydimethylsiloxane (PS-b-PDMS)22 and polystyrene-b-poly-
ferrocenylsilane (PS-b-PFS)23] have also received attention for
use in integrated circuit processing. Those studies, however,
were focused only on PS-containing coil-based polymer
chains. Rod–coil block copolymers comprise another impor-
tant class of nanomaterials because of their potential uses in
biological and optoelectronic applications;24–26 here, the rod
block segments are typically conjugated polymers,27,28 liquid
crystalline polymers,29,30 and polypeptide segments.31,32

The rod segment of the block copolymer developed in this
study was the polypeptide poly(L-glutamate). This polypeptide
forms hierarchically ordered structures with a-helical rod-like
secondary structures (stabilized through intramolecular
hydrogen bonds) and b-sheet secondary structures (stabilized
through intermolecular hydrogen bonds).33 For several decades,
Soft Matter, 2013, 9, 11257–11269 | 11257
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most methods for synthesizing poly(peptide-b-nonpeptide)
(rod–coil) block copolymers34–36 have involved the nonpeptide
blocks [e.g., PS,37 PEO,38 poly(N-isopropylacrylamide),39 and
poly(2-ethyl-2-oxazoline)40] functioning as macroinitiators.
Using Fourier transform infrared (FTIR) spectroscopy, Klok
et al. found that poly(styrene-b-g-benzyl-L-glutamate) (PS-b-
PBLG) copolymers featured signicantly stabilized a-helical
secondary structures relative to those of corresponding PBLG
oligomers.37

The presence of benzene rings in PBLG is oen problematic
when designing water-soluble a-helical polypeptides because it
might result in structures exhibiting low water-solubility.41 To
overcome their low water-solubility, Cheng et al. prepared
polypeptides with long side chains bearing charged groups
through thiol–ene click reactions of a g-(4-allyloxylbenzyl)-
L-glutamate N-carboxyanhydride monomer; these systems
were highly water-soluble and highly helical, even when the
degree of polymerization (DP) was as low as 10.42 Nevertheless,
polyelectrolytes featuring charged peptide residues will
display pH-dependent solubility and limited circulation
lifetimes as a result of aggregation with oppositely charged
biopolymers.43 Nonionic yet water-soluble polypeptides
featuring stable a-helical conformations are, therefore,
attractive materials for biomedical applications. The graing
of polyethyleneglycol (PEG) onto a polypeptide through direct
modication of a peptide N-carboxyanhydride monomer to
form the PEGylated polypeptide is the method typically used to
improve the behavior of the polypeptide in vivo.44 Deming et al.
prepared the rst examples of nonionic, water-soluble, PEG-
functionalized polylysines.43 In addition, the attachment of
azide-terminated PEG to poly(g-propargyl-L-glutamate) (PPLG)
through click reactions is a highly efficient means of graing
PEG moieties onto a polypeptide side chain and maintaining
its a-helical conformation.45,46 In this study, we used atom
transfer radical polymerization (ATRP), ring opening poly-
merization (ROP), and click chemistry to combine several
advantageous features—self-assembly (microphase separa-
tion) of diblock copolymers, water-soluble PEO side chains,
and helical polypeptides—into the same polymer chain. First,
we synthesized a PS derivative through ATRP using (1-bro-
moethyl)benzene as the initiator and then treated it with NaN3

to obtain the azido-terminated PS, which we reduced (PPh3 in
THF–water) to the primary amino-terminated PS macro-
initiator (PS–NH2). Next, we prepared polystyrene-b-poly(g-
propargyl-L-glutamate) (PS-b-PPLG) copolymers through ROP
of the monomer g-propargyl-L-glutamate N-carboxyanhydride
(PLG-NCA), using PS–NH2 as the macroinitiator. Finally, we
used click reactions to synthesize amphiphilic PS-b-(PPLG-
g-MEO2) copolymers from 1-(2-methoxyethoxy)-2-azidoethane
(MEO2–N3) and PS-b-PPLG. Scheme 1 summarizes all these
reactions. We used wide-angle X-ray diffraction (WAXD),
small-angle X-ray scattering (SAXS), FTIR spectroscopy,
circular dichroism (CD) spectroscopy, transmission electron
microscopy (TEM), and dynamic light scattering (DLS) to
analyze the hierarchical self-assembled structures formed
from PS-b-(PPLG-g-MEO2) diblock copolymers in the bulk and
in solution as well as their secondary structures.
11258 | Soft Matter, 2013, 9, 11257–11269
Experiments
Materials

Styrene (Aldrich) was vacuum-distilled over CaH2 and stored
under N2 at �10 �C. 2-(2-Methoxyethoxy)ethanol (MEO2OH,
Sigma) was used without further purication. Propargyl alcohol
and L-glutamic acid were purchased from Tokyo Kasei Kogyo.
Copper(I) bromide (CuBr) was puried by washing with glacial
AcOH overnight, followed by washing with absolute EtOH and
ethyl ether and then drying under vacuum. N,N-Dimethylforma-
mide (DMF), NaN3, triethylamine (TEA), 1-phenylethyl bromide,
trichloro[4-(chloromethyl)phenyl]silane, PPh3, and N,N,N0,N0 0,N0 0-
pentamethyldiethylenetriamine (PMDETA, 99%) were purchased
from Aldrich. All solvents were distilled prior to use. Monoazide-
functionalized MEO2, g-propargyl-L-glutamate, and PS-b-PPLG
were prepared according to previous literature procedures.47–51
2-(2-Methoxyethoxy)ethyl tosylate

A solution of TsCl (10.2 g, 49.9 mmol) in a small quantity of
CH2Cl2 was added to a solution of Et3N (8.7 mL) and MEO2OH
(5.00 g, 41.6 mmol) in CH2CI2 (50 mL). The resulting solution
was stirred under Ar overnight. Saturated aqueous NaHCO3

(50 mL) was added and then the organic phase was washed
sequentially with deionized water (50 mL) and saturated
aqueous NaHCO3 (50 mL), dried (MgSO4), and concentrated
(rotavap) to produce an oily liquid (10.8 g, 95%).
2-(2-Methoxyethoxy)ethyl azide (MEO2–N3)

2-(2-Methoxyethoxy)ethyl tosylate (5.00 g, 18.2 mmol) added via
a syringe to a suspension of NaN3 (1.77 g, 27.3 mmol) in DMF
(30 mL) and then the mixture was stirred at 50 �C overnight
under N2. The mixture was diluted with a large amount of water
and extracted with diethyl ether. The organic phase was washed
with water, dried (MgSO4), and concentrated (rotavap) to yield
an oil (2.5 g, 96%).
PEGylated polypeptide block copolymers [PS-b-(PPLG-g-
MEO2)] via click chemistry

MEO2–N3 (0.340 g, 2.40 mmol), PS-b-PPLG (0.200 g, 1.20 mmol),
and CuBr (0.170 g, 1.18mmol) were dissolved in DMF (25mL) in
a ask equipped with a magnetic stirrer bar. Aer one brief
freeze–thaw–pump cycle, PMDETA (24.6 mL, 1.18 mmol) was
added. The reaction mixture was then carefully degassed
through three freeze–thaw–pump cycles, placed in an oil bath
thermostatted at 60 �C, and stirred for 24 h. Aer evaporating all
of the solvent under reduced pressure, the residue was dis-
solved in THF and passed through a neutral alumina column to
remove the copper catalyst. The THF was evaporated and the
product was precipitated using MeOH. The resulting polymer
was ltered and dried under vacuum at room temperature,
yielding PS-b-(PPLG-g-MEO2) as a white powder.
Micelle solutions

The PS-b-(PPLG-g-MEO2) diblock copolymer was rst dissolved
in DMF, a common solvent for both PS and PPLG-g-MEO2
This journal is ª The Royal Society of Chemistry 2013
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blocks. A second solvent (water orMeCN) was added slowly to the
stirred polymer solution, via a syringe pump, at a constant rate
(typically 1–5 mL h�1). To estimate the ideal solvent composition
for the formation of micelles, addition of solvent was continued
until the solution turned turbid during the rst trial. In subse-
quent experiments, addition was stopped prior to the appearance
of turbidity. Stirring of the solution was continued for 2 days
before further characterization.

Characterization
1H NMR spectra were recorded at room temperature using a
Bruker AM 500 (500 MHz) spectrometer, with the residual
proton resonance of the deuterated solvent acting as the
internal standard. Molecular weights and molecular weight
distributions were determined through gel permeation chro-
matography (GPC) using a Waters 510 high-performance liquid
chromatograph equipped with a 410 differential refractometer
and three Ultrastyragel columns (100, 500, and 103 Å) connected
in series, with DMF as the eluent (ow rate: 0.4 mL min�1).
Differential scanning calorimetry (DSC) was performed using a
TA-Q20 instrument operated at a scan rate of 20 �Cmin�1 over a
temperature range from �90 to 200 �C under a N2 atmosphere.
FTIR spectra of the polymer lms were recorded using the
conventional KBr disk method. The lms used in this study
were sufficiently thin to obey the Beer–Lambert law. FTIR
spectra were recorded using a Bruker Tensor 27 FTIR spectro-
photometer; 32 scans were collected at a spectral resolution of
1 cm�1. IR spectra recorded at elevated temperatures were
obtained by using a cell mounted inside the temperature-
controlled compartment of the spectrometer. CD spectra were
recorded using a JASCO J-810 spectrometer and samples
were dissolved in MeOH at a concentration of 1 mg mL�1. X-ray
diffraction (XRD) data were collected using the wiggler beam-
line BL17A1 of the National Synchrotron Radiation Research
Center (NSRRC), Taiwan. A triangular bent Si (111) single crystal
was employed to obtain a monochromated beam with a
Scheme 1 Syntheses of (a) the PS–NH2 homopolymer, (b) PLG-NCA, (c) the PS-b-P
NCA, (d) MEO2–N3, and (e) the PS-b-(PPLG-g-MEO2) diblock copolymer through the

This journal is ª The Royal Society of Chemistry 2013
wavelength (l) of 1.33001 Å. SAXS experiments were performed
using the SWAXS instrument at the BL17B3 beamline of the
NSRRC, Taiwan; the X-ray beam had a diameter of 0.5 mm and a
wavelength (l) of 1.24 Å. The samples (thickness: 1 mm) were
sealed between two thin Kapton windows (thickness: 80 mm)
and analyzed at room temperature. TEM images were recorded
using a JEOL-2100 transmission electron microscope operated
at an accelerating voltage of 200 kV. Ultrathin sections of the
TEM samples (thickness: ca. 70 nm) in the bulk state were
prepared using a Leica Ultracut UCT microtome equipped with
a diamond knife. For TEM studies in solution, a drop of the
resulting micelle solution was sprayed onto a Cu TEM grid
covered with a Formvar supporting lm that had been pre-
coated with a thin lm of carbon. All samples were le to dry at
room temperature for 1 day prior to observation. Aer 1 min,
the excess solvent was blotted away using a strip of lter paper.
All samples were stained with ruthenium tetraoxide (RuO4),
which generally results in PS blocks appearing dark.
Results and discussion
Synthesis of PS-b-(PPLG-g-MEO2) through click reaction of
PS-b-PPLG with MEO2–N3

Fig. 1 presents the 1H NMR spectra of PS–NH2, PS-b-PPLG, and
PS-b-(PPLG-g-MEO2). The 1H NMR spectrum of the PS–NH2

macroinitiator in CDCl3 features signals at 6.40–7.23 and 1.20–
2.50 ppm corresponding to the aromatic (protons 4) and
aliphatic CH2CH(Ph) (protons 2 and 3) protons, respectively. We
assigned the singlet at 3.49 ppm to the methine proton adjacent
to the terminal PS amino group. Fig. 1(b) displays the 1H NMR
spectrum of PS235-b-PPLG57 in CDCl3 and 15 wt% TFA. The
signal for the proton on the nitrogen atom of PPLG appeared as
a singlet at 7.95 ppm; the singlets at 2.50 and 4.78 ppm corre-
sponded to the HC^C–C and C^C–CH2 protons, respectively.
The signals of the PS block appeared at 1.30–1.98 [CH2CH(Ph)],
3.49 [CH(Ph)NH], and 6.38–7.23 (phenyl protons of PS) ppm.We
PLG diblock copolymer through NCA ROP polymerization from PS–NH2 and PLG-
click reaction of PS-b-PPLG and MEO2–N3.

Soft Matter, 2013, 9, 11257–11269 | 11259
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Fig. 1 1H NMR spectra of (a) PS235–NH2 in CDCl3, (b) PS235-b-PPLG57 in CDCl3–TFA, (c) PS235-b-(PPLG-g-MEO2)57 in CDCl3/TFA, and (d) MEO2–N3 in CDCl3.
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determined the molar masses of the PS-b-PPLG copolymers
from their 1H NMR spectra.50 The signal at 2.83 ppm for the CH2

group connected to the azide unit of MEO2–N3 shied
Fig. 2 13C NMR spectra of (a) PS235–NH2 in CDCl3, (b) PS235-b-PPLG57 in CDCl3/TFA

11260 | Soft Matter, 2013, 9, 11257–11269
downeld signicantly (to 4.82 ppm) for PS-b-(PPLG-g-MEO2).
In addition, the signals for the other CH2 and CH3 groups of
MEO2–N3 appeared near 3.27, 3.50, 3.75, and 4.00 ppm. The
, (c) PS235-b-(PPLG-g-MEO2)57 in CDCl3/TFA, and (d) MEO2–N3 in CDCl3.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 4 GPC traces of (a) the macroinitiator PS235–NH2, (b) PS235-b-PPLG57, and (c)
PS235-b-(PPLG-g-MEO2)57.

Table 1 Molecular characteristics of the PS homopolymer and the PS-b-PPLG
and PS-b-(PPLG-g-MEO2) block copolymers

Sample Mn
a Mn

b PDIb
PS
(wt%)

PSc

(vol%)
Tg

d

(�C)

PS235–NH2 24 440 24 000 1.07 100 100 104
PS235-b-PPLG57 33 960 32 000 1.07 71.9 78.2 104/13
PS235-b-(PPLG-g-MEO2)57 42 160 39 000 1.06 57.9 66.6 104/�6
PS235-b-PPLG106 42 140 38 000 1.10 57.9 65.8 104/16
PS235-b-(PPLG-g-MEO2)106 57 400 53 000 1.11 42.6 51.7 104/�2

a Determined from 1H NMR spectra. b Determined from GPC analysis.
c Determined using the group contribution method to calculate the
density. d Determined from DSC analysis.
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proton on the nitrogen atom of PPLG resonated as a singlet at
7.95 ppm. The resonance at 8.43 ppm was due to the protons of
the triazole structures formed through the click reactions,
conrming the successful synthesis of PS-b-(PPLG-g-MEO2)
diblock copolymers.

Fig. 2 presents the 13C NMR spectra of PS–NH2, PS-b-PPLG,
PS-b-(PPLG-g-MEO2), and MEO2–N3; the C]O and amide
carbon atom signals appeared in the 13C NMR spectrum of PS-b-
(PPLG-g-MEO2) at 173.5 and 175.0 ppm, respectively, while
those of the CH2 and CH3 fromMEO2–N3 appeared at 54.1, 57.9,
66.5, 67.6, and 71.5 ppm. The signals for the CH2 group con-
nected to the azide unit of MEO2–N3 (49.3 ppm) shied down-
eld signicantly to 54.1 ppm for the PS-b-(PPLG-g-MEO2)
diblock copolymer. The signal of the alkyne carbon atoms of
PPLG (originally at 73.4 ppm) disappeared, but two new peaks
appeared at 126.0 and 138.1 ppm, representing the carbon
atoms of the triazole structures resulting from the click reac-
tion, conrming the successful synthesis of PS-b-(PPLG-g-
MEO2) diblock copolymers with close to 100% graing. FTIR
spectroscopic analysis also conrmed the complete disappear-
ance of the characteristic signals for the azido and acetylenic
groups (Fig. 3). The signal at 2107 cm�1, corresponding to the
absorbance of the azido group of MEO2–N3, and the signal at
2130 cm�1, corresponding to the acetylenic group of PS-b-PPLG,
were absent in the spectrum of PS-b-(PPLG-g-MEO2). The
absorption bands of the ether (C–O–C) groups of the EO moiety
(at 1110 cm�1) and the amide I groups of PS-b-PPLG (at
1657 cm�1) appeared in the spectrum of the PS-b-(PPLG-g-
MEO2) diblock copolymer, indicating that the azido and acety-
lene functionalities had participated in the click reaction. Fig. 4
displays GPC traces of the PS–NH2 macroinitiator, PS-b-PPLG,
and PS-b-(PPLG-g-MEO2); each reveals a narrow molecular
weight distribution (<1.1). Block copolymers prepared from the
PS macroinitiator resulted in products with narrow poly-
dispersity and high symmetry, with monomodal GPC traces.
The absence of the PS–NH2 macroinitiator peak supports the
formation of the PS-b-PPLG diblock copolymers, with the peak
maxima of these spectra clearly shiing to higher molecular
Fig. 3 FTIR spectra of (a) PS235–NH2, (b) PS235-b-PPLG57, (c) PS235-b-(PPLG-g-
MEO2)57, and (d) MEO2–N3.

This journal is ª The Royal Society of Chemistry 2013
weights for the PS-b-PPLG and PS-b-(PPLG-g-MEO2) diblock
copolymers. Table 1 lists the molecular weights and thermal
properties of the PS–NH2, PS-b-PPLG, and PS-b-(PPLG-g-MEO2)
diblock copolymers prepared in this study, as determined
through GPC, 1H NMR spectroscopy, and DSC analyses.
Thermal analyses of PS-b-(PPLG-g-MEO2) copolymers

Fig. 5 presents DSC thermograms of the PS–NH2, PS-b-PPLG, and
PS-b-(PPLG-g-MEO2) block copolymers. During the second heat-
ing run of the PS-b-PPLG copolymer, we observed [Fig. 5(b)] two
glass transition temperatures (Tg, at ca. 104 and 13 �C) repre-
senting the PS [Fig. 5(a)] and PPLG block segments, respectively;
that is, phase separation occurred in the PS-b-PPLG copolymers.
Aer graing the MEO2 moiety onto PS-b-PPLG, the value of Tg of
the PS block segment did not change, but we observed dramatic
changes in the second-heating-run DSC trace.

The glass transition temperature of the peptide segment in PS-
b-(PPLG-g-MEO2) decreased signicantly, to approximately�6 �C;
the value of Tg for the peptide segment of PS-b-(PPLG-g-MEO2)
was lower (by ca. 19 �C) than that of the corresponding PS-b-PPLG
copolymer. This decrease in the value of Tg of PS-b-(PPLG-
g-MEO2) was due to the effect of the side chain increasing the
free volume and, thereby, effectively increasing the molecular
chain motion.
Soft Matter, 2013, 9, 11257–11269 | 11261
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Fig. 5 DSC traces (second heating) of (a) PS235–NH2, (b) PS235-b-PPLG57, and (c)
PS235-b-(PPLG-g-MEO2)57.

Fig. 7 FTIR spectra of (a) PS235-b-PPLG57 and (b) PS235-b-(PPLG-g-MEO2)57 at
various temperatures.
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Using FTIR and CD spectroscopy and WAXD to study the
conformation of the PEGylated peptide segment

We recorded FTIR spectra at room temperature to obtain
information relating to the conformation of the peptide
segments in the PS-b-PPLG and PS-b-(PPLG-g-MEO2) block
copolymers (Fig. 6). For PPLG, the amide I band at 1655 cm�1 is
characteristic of the a-helical secondary structure; for PPLG
possessing a b-sheet conformation, the position of the amide I
band should shi to 1627 cm�1, the free C]O group of the side
chain group of PPLG should appear as a band at 1744 cm�1, and
a signal at 1600 cm�1 should appear corresponding to the
benzene ring stretching of the PS segments.50 Clearly, the
spectra of the PS235-b-PPLG57 and PS235-b-PPLG106 block copol-
ymers featured signals for only the a-helical conformation at
1655 cm�1; no signals were present for the b-sheet conforma-
tion at 1627 cm�1. This result is similar to that reported by
Papadopoulos et al. for PBLG.33 At low degrees of polymeriza-
tion (DP; <18 for PBLG), both secondary structures are present;
as the DP increases, however, the a-helical secondary structure
is favored.33
Fig. 6 FTIR spectra of (a) PS235-b-PPLG57, (b) PS235-b-(PPLG-g-MEO2)57, (c) PS235-
b-PPLG106, and (d) PS235-b-(PPLG-g-MEO2)106 at room temperature.

11262 | Soft Matter, 2013, 9, 11257–11269
Aer performing the click reactions, the signal of the free
C]O group of the side chain group of PPLG shied to
1735 cm�1 for the PS-b-(PPLG-g-MEO2) copolymers, also indi-
cating that the successful graing of the EO segment affects the
chemical environment of the side chain groups of PPLG. In
addition, the PS-b-(PPLG-g-MEO2) copolymers obtained aer
performing the click reactions also featured only a-helical
secondary structures (signal at 1655 cm�1). We recorded
Fig. 8 CD spectra of (a) PS235-b-(PPLG-g-MEO2)57 and PS235-b-(PPLG-g-MEO2)106
in MeOH (1.0 mg mL�1).

This journal is ª The Royal Society of Chemistry 2013
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temperature-dependent FTIR spectra to obtain information
relating to the conformation of the peptide segment (Fig. 7). The
FTIR spectra of the PS-b-PPLG and PS-b-(PPLG-g-MEO2) copol-
ymers at various temperatures revealed that the a-helical
secondary structures were signicantly stabilized, remaining
almost unchanged upon increasing the temperature. We also
recorded CD spectra to quantify the behavior of the secondary
structures of the PS-b-(PPLG-g-MEO2) block copolymers dis-
solved in MeOH (Fig. 8). The a-helical structure was character-
ized by a triply inected spectrum, corresponding to two
negative bands at 208 and 222 nm. The b-sheet structure was
characterized by a negative minimum band near 218 nm and
the random coil structure was characterized by a small positive
band at 218 nm and a large negative band near 200 nm.51,52 The
solutions of both of the PS-b-(PPLG-g-MEO2) copolymers in
MeOH displayed negative bands at 208 and 222 nm, corre-
sponding to an a-helical structure for each of these two diblock
copolymers. Furthermore, the widths of the amide I signals of
the PS-b-(PPLG-g-MEO2) (W1/2 ¼ 38 cm�1) copolymers were
much narrower than those of the PS-b-PPLG (W1/2 ¼ 53 cm�1)
copolymers, indicating more order in the hexagonal cylinder
packing of the a-helical secondary structure for the PS-b-(PPLG-
g-MEO2) copolymers.

We also used WAXD (recorded at 393 K) to characterize
the secondary structural changes of the PS-b-PPLG and
Fig. 9 WAXD patterns (a) PS235-b-PPLG106 and (b) PS235-b-(PPLG-g-MEO2)106 at
393 K.

This journal is ª The Royal Society of Chemistry 2013
PS-b-(PPLG-g-MEO2) systems (Fig. 9). The diffraction pattern of
PS-b-PPLG reveals [Fig. 9(a)] the presence of an a-helical
secondary structure. The rst peak at a value of q of 0.53 repre-
sents the inter-cylinder distance (d ¼ 1.18 nm). The two weaker
reections at higher angles, with positions 1 : 31/2 : 41/2 relative to
the primary peak (q*), are indexed according to the (10), (11), and
(20) reections of a two-dimensional (2D) short range order of
hexagonal packing of cylinders composed of 18/5 a-helices with
a cylinder distance of 1.18 nm.49 The WAXD patterns of the
PS-b-(PPLG-g-MEO2) copolymers [Fig. 9(b)] differed from those of
the PS-b-PPLG copolymers. Aer the click reactions, the patterns
of the PS-b-(PPLG-g-MEO2) copolymers revealed much higher
order for their a-helical secondary structures than those of the
PS-b-PPLG copolymers, with a much narrower and sharper
rst peak at a value of q of 0.4 representing the inter-cylinder
distance (d ¼ 1.58 nm) and the two stronger reections at
higher angles, with positions 1:31/2:41/2. In general, gra or
bottlebrush copolymers are comblike macromolecules with
highly densely graed polymeric branches. The repulsive
force between the adjacent branches of the MEO2 moiety is
believed to cause the backbone to stretch out, resulting in
rigid cylindrical polymers, and a much higher order in WAXD
and FTIR spectroscopic analyses, when the backbone is much
longer than the branches.53,54 Structurally speaking, we also
would expect the incorporation of the MEO2 moieties into the
PPLG side chains to expand or swell the distance between the
2D hexagonally packed cylinders of a-helices of PPLG-g-MEO2

from 1.18 to 1.58 nm.49
Self-assembled structures of PS-b-(PPLG-g-MEO2) copolymers
in the bulk state

To observe the structures formed through the self-assembly of
the hexagonally packed block polypeptides, we conducted SAXS
analyses of the PS-b-PPLG and PS-b-(PPLG-g-MEO2) systems at
room temperature. In Fig. 10(a) and (c) we observe lamellar
structures for both PS235-b-PPLG57 and, PS235-b-PPLG106 with
the maximum intensity appearing at values of q* of approxi-
mately 0.032 nm�1 (d ¼ 19.57 nm) and 0.0186 nm�1 (d ¼
33.70 nm), respectively, with the second reections appearing at
2q*. Developed from a combination of both the WAXD and
SAXS data, Scheme 2(A) presents a possible hierarchical packing
model for the PS-b-PPLG rod–coil diblock copolymers. The
PPLG block forms a rigid rod with an inter-cylinder diameter of
1.18 nm, while the PS block forms a coil. This diblock copol-
ymer self-assembles into a lamellar structure with the a-helical
rod aligned parallel to the lamellar normal [Scheme 2(c)]. Based
on the molecular weight of PPLG, the d-spacing of the lamellar
structure (from SAXS analyses) and the length of the PPLG
segment (estimated by considering the 18/5 a-helical confor-
mations to have a length of 5.4 Å for each pitch of the helix),36

we conclude that each PPLG domain is the bilayer structure can
be formed, as supported by comparing the d-spacings of PS235-
b-PPLG57 and PS235-b-PPLG106, which feature the same PS block
length. The difference in the lamellar spacing (Dd ¼ 19.57–
33.70 nm ¼ 14.13 nm) is close to twice the molecular length
difference of PPLG (2 � 49/3.6 � 5.4 Å ¼ 14.7 nm). The
Soft Matter, 2013, 9, 11257–11269 | 11263
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Fig. 10 SAXS patterns of (a) PS235-b-PPLG57, (b) PS235-b-(PPLG-g-MEO2)57, (c) PS235-b-PPLG106, and (d) PS235-b-(PPLG-g-MEO2)106 at room temperature.
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difference may come from that the PPLG did not form the long-
range order of hexagonal packing cylinder as shown in Scheme
2(c) based on WAXD analysis.

We also compared d-spacings of PS235-b-(PPLG-g-MEO2)57 (d¼
26.83 nm) with PS235-b-PPLG57 (d ¼ 19.57 nm) and of PS235-b-
(PPLG-g-MEO2)106 (d¼ 44.88 nm) with PS235-b-PPLG106 (d¼ 33.70
nm). Clearly, aer the click reaction with MEO2–N3, the d-spacing
of the lamellar structure increased. From the bottlebrushes
theory, any exible main chain can be forced to adopt an
expanded rigid cylindrical conformation, due to the repulsive
interaction of the densely graed side chains, and the persistence
length can be increased.53,54 For example, Lecommandoux et al.
reported that when the backbone of poly(chlorovinyl ether) was
graed with PS, the persistence length increased from 12 to
110 Å.55 In addition, the lamellar structures of the PS-b-(PPLG-g-
MEO2) copolymers were of much higher order than those of the
PS-b-PPLG copolymers, as evidenced by the much narrower and
sharper rst peaks and the much greater peak ratios. For
example, the PS235-b-(PPLG-g-MEO2)57 copolymer featured a
lamellar microdomain structure, judging from the positions of
the high-order scattering maxima at the scattering vectors q of
multiple integers relative to the position of the rst-order scat-
tering maximum (q/qm ¼ 1, 2, 3, 4, 5, and 6), as displayed in
11264 | Soft Matter, 2013, 9, 11257–11269
Fig. 10(b). In addition, the PS235-b-(PPLG-g-MEO2)106 copolymer
also possessed a lamellar microdomain structure, judging from
the positions of the high-order scattering maxima at the scat-
tering vectors q ofmultiple integers, but relative to the position of
the rst-order scattering maximum (q/qm ¼ 1, 3, 5, and 7), as
revealed in Fig. 10(d). For a lamellar structure, the intensity of the
nth order peak is proportional to sin2(pnFa)/n

2, whereFa (equal to
da/d) is the volume fraction of phase A; when the volume fractions
of the two phases are equal, all even-order peaks are reduced to
zero height.56 Because the volume fraction of the PS segment for
PS235-b-(PPLG-g-MEO2)106 was approximately 0.517, which is close
to 0.5, the signals for the even-order peaks (2, 4, and 6q*) dis-
appeared for this diblock copolymer.

Fig. 11(b) and (c) present the corresponding TEM image of
PS235-b-(PPLG-g-MEO2)57 and PS235-b-(PPLG-g-MEO2)106, respec-
tively. Aer RuO4 staining, the PS microdomains of PS-b-(PPLG-
g-MEO2) appeared dark and the PPLG-g-MEO2 microdomains
appeared light, indicating the long range order of the lamellar
structure. The long period distances of the lamellar structures
for PS235-b-(PPLG-g-MEO2)57 and PS235-b-(PPLG-g-MEO2)106 were
approximately 27 nm, and 44 nm, respectively, consistent with
the rst peak in the SAXS analysis. The length of the PS domain
due to coil polymer chain (dPS ¼ 4 nm) was much shorter than
This journal is ª The Royal Society of Chemistry 2013
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Scheme 2 (A) Schematic representation of the hierarchical structures formed from the PS-b-PPLG diblock copolymer: (a) and (b) chemical structures of PS235-b-PPLG57;
(c) PPLG rods and PS coils undergoingmicrophase separation into a lamellar phase, with the rods aligned parallel to the layer normal and two layers of rods in each PPLG
layer; (d) PS-b-PPLG lamellar structure. (B) Schematic representation of the hierarchical structures formed from the PS235-b-(PPLG-g-MEO2)57 diblock copolymer: (e) and
(f) chemical structures of PS-b-(PPLG-g-MEO2); (g) PPLG-g-MEO2 rods and PS coils undergoing microphase separation into a lamellar phase, with the rods aligned
parallel to the layer normal and two layers of rods in each PPLG-g-MEO2 layer; (h) PPLG-g-MEO2 blocks forming hexagonally packed cylinders.

Fig. 11 (a) The corresponding possible morphology of (b) TEM images of PS235-
b-(PPLG-g-MEO2)57 and (c) PS235-b-(PPLG-g-MEO2)106.
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the length of the a-helical rigid rod structure of PPLG-g-MEO2

(dPPLG-g-MEO2 ¼ 23 nm), determined from the TEM image and
structural considerations. Scheme 2(B) and Fig. 11(a) provide a
schematic representation of the organization of the lamellar
structure with a-helical conformations for PS235-b-(PPLG-g-MEO2)57.
The diblock copolymer formed a self-assembled lamellar structure
with the peptide segments oriented perpendicular to the director of
the lamellar structure. The 2D hexagonal packing of cylinders with
an inter-cylinder distance of 1.58 nm for PPLG-g-MEO2 [Scheme
2(h)], as calculated from theWAXD data, led to an average distance
between the PS cylinders of 26.83 or 44.88 nm, depending on the
length of the PPLG-g-MEO2 block copolymer. Hierarchical self-
assembled structures were found from these PS-b-(PPLG-g-
MEO2) copolymers, including microphase separation-induced
self-assembly of lamellar structures between the PS and PPLG-
g-MEO2 diblock copolymer segments and hexagonally packed
cylinders of a-helices from the PPLG-g-MEO2 segment that
were oriented perpendicular to the director of the lamellar
structure from the diblock copolymer segments, as displayed
in Scheme 2(g).
This journal is ª The Royal Society of Chemistry 2013 Soft Matter, 2013, 9, 11257–11269 | 11265
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Self-assembled structures formed from PS-b-(PPLG-g-MEO2)
copolymers in solution

Because PS blocks are hydrophobic and water-insoluble and
PPLG-g-MEO2 blocks are hydrophilic and water-soluble, we
expected these copolymers to undergo self-assembly into
nanosized micelles with various shapes and dimensions in
selective solvent systems. It is well established that changing
the solvent selectivity can shi the microphase separation of
block copolymers, stabilizing the disordered state or resulting
in self-assembled structures ranging from spherical micelles to
cylinders, vesicles, and lamellae.8–10 As a general procedure, we
rst dissolved the block copolymer under study in a good
solvent for both blocks at a typical concentration of 0.5 mg
mL�1. We then added a second non-solvent, a poor solvent for
one of the blocks, to the polymer solution very slowly.

Recently, Cheng et al. systematically studied the micelliza-
tion and morphological transitions of a PS-b-PEO block copol-
ymer in DMF–water and DMF–MeCN systems.19 They found that
the micellar morphologies were strongly dependent on the
water andMeCN contents and the polymer concentration. Here,
we chose these two different selective solvents (water and
MeCN) to study the effects of solvents on the self-assembly of
the copolymers. First, we dissolved the PS235-b-(PPLG-g-MEO2)57
copolymer in the common solvent (DMF) and then added the
selective solvent (MeCN) slowly to induce phase separation and
aggregation of the PS block. The PS block condensed gradually
with the PPLG-g-MEO2 block constituting the outer shell of the
particles. Fig. 12 presents a set of TEM images of the micelles
formed from PS235-b-(PPLG-g-MEO2)57 at an initial concentra-
tion of 0.5 mg mL�1 in the DMF–MeCN system. Spherical
micelles were formed at all MeCN concentrations; these spheres
were nearly identical in size (ca. 20–30 nm). At the highest
Fig. 12 (a–f) TEM images of the PS235-b-(PPLG-g-MEO2)57 block copolymer in DMF
(g) Selected corresponding size-distributions of the micelles, as measured using DLS

11266 | Soft Matter, 2013, 9, 11257–11269
MeCN concentration (90 wt%), these spherical nanoparticles
were closely packed with very uniform size. We also expected the
mobility of the PS blocks to be severely restricted, because
MeCN is a poor solvent for PS; thus, we suspected that the
morphology might not change at this highest MeCN concen-
tration. We obtained DLS data to study the hydrodynamic
diameters (Dh) of the micelles [Fig. 11(g)]. The only single peak
associated with polymer aggregates appeared as a signal near
45–55 nm for all compositions, providing direct evidence for
micelle formation. The diameters of these micelles, as
measured from the TEM images, were within the range 20–
30 nm; these values are smaller than thosemeasured using DLS,
presumably because the preparation of the samples for TEM
observation involved evaporation of the micelle particles,
making chain collapse and micelle shrinkage unavoidable.

Fig. 13 presents a set of TEM images of the micelles formed
from PS235-b-(PPLG-g-MEO2)57 at an initial concentration of
0.5 mgmL�1 in the DMF–water system. At a much relative lower
water concentration of 1 wt%, the micelles were spherical and
had nearly identical sizes of approximately 20–30 nm
[Fig. 13(a)]. We know that these copolymers always initially form
spherical micelles during the addition of water.57 The hydro-
philic PPLG-g-MEO2 coronas afforded the spherical micelle
solubility in water, while their hydrophobic PS cores provided
locations for encapsulation [Scheme 3(a)]. Fig. 13(b)–(d) reveal
that the morphologies changed to mixed spheres and short
cylinders, with the population and the length of the short
cylinders increasing, upon increasing the content of water
(from 1.5 to 2.5 to 3.5 wt%). At a water concentration of 4 wt%,
the morphology changed to long, wormlike, rod micelles
[several micrometers; Fig. 13(e)]; further increasing the water
concentration to 4.5 wt% resulted in the morphology changing
–MeCN with MeCN contents of (a) 10, (b) 30, (c) 50, (d) 70, (e) 80, and (f) 90 wt%.
.

This journal is ª The Royal Society of Chemistry 2013
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Fig. 13 (a–g) TEM images of the PS235-b-(PPLG-g-MEO2)57 block copolymer in DMF–water at water contents of (a) 1, (b) 1.5, (c) 2.5, (d) 3.5, (e) 4, (f) 4.5, and (g) 5.5 wt
%. (h) Corresponding size-distributions of the micelles, as measured using DLS.

Scheme 3 Schematic representations of the morphological changes of the PS-b-(PPLG-g-MEO2) diblock copolymer in the DMF–H2O system upon increasing the water
content: (a) spherical, (b) wormlike rod, (c) vesicle, and (d) large compound micelles.
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to vesicles and some large compound micelles [Fig. 13(f) and
(h)]. Finally, the morphology changed to large compound
micelles [Fig. 13(g)] at a water concentration of 5.5 wt%. Fig. 14
also summarizes other TEM images, possible large compound
micelle scheme and DLS analyses of PS235-b-(PPLG-g-MEO2)57 in
the DMF–water system with 5.5 wt% water content. The large
compound micelle consists of an aggregation of inverse
micelles, the outer surface of which is stabilized in solution by a
thin layer of hydrophilic chains as clearly shown in Fig. 14(a)–
(d). Fig. 13(h) displays the hydrodynamic diameters of the
This journal is ª The Royal Society of Chemistry 2013
copolymer structures in the DMF–water system, as analyzed
using DLS. The addition of water at 1 wt% led to a single peak
associated with the polymer aggregates at approximately 60 nm,
a value slightly higher than that determined from the TEM
image. Further increasing the water contents to 2.5 and 3.5 wt%
led to a bimodal distribution at 55–65 nm and 230–240 nm for
mixed spheres and short cylinders, respectively. At a water
content of 4 wt%, the bimodal distribution featured
peaks centered near 80 and 770 nm for long wormlike rod
micelles. This bimodal distribution transformed into signals at
Soft Matter, 2013, 9, 11257–11269 | 11267
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Fig. 14 Other TEM images of PS235-b-(PPLG-g-MEO2)57 block copolymer in
DMF–water with 5.5 wt% of water content (a)–(d), (e) scheme of large compound
micelles, and (f) its corresponding size-distribution of the micelles as measured
using DLS.
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50–65 and 480–500 nm for vesicles and large compound
micelles at water contents of 4.5 and 5.5 wt%, respectively.
Clearly, the size of large compound micelles from TEM images
is close to the hydrodynamic radius from DLS analyses (ca. 350–
600) shown in Fig. 14(f).

The DLS data are consistent with the dimensions deter-
mined from the TEM images. Scheme 3 summarizes the
morphological changes that occurred upon increasing the water
content. Depending on the selective solvent employed, Eisen-
berg et al. reported that related aggregates transformed from
spheres to rods to vesicles and, eventually, to compound
micelles.57 Core chain stretching, corona repulsion, and inter-
facial tension between the solvent and the micellar core are
believed to be the main parameters dominating the formation
of multi-morphological aggregates. The changes in morphology
upon varying the water content can be explained by considering
the change in the average number of polymer chains in an
aggregate, Nagg. This value was small during the early stages of
micellization when the copolymer chains began to form
micelles. When the water content increased, the mobility of the
PS chains in the core decreased and the core dimensions
increased, while the total number of aggregates decreased; the
total interfacial energy between the core and water would
decrease, but this process would increase the degree of
stretching of the PS chains in the core. Accordingly, the spheres
would change to rods and then to vesicles or large compound
micelles at the same critical water content to minimize the free
energy as a result of decreasing the stretching penalty of the PS
chains.57,58 The different morphological behavior of the PS235-b-
(PPLG-g-MEO2)57 copolymer in the DMF–water and DMF–MeCN
systems was due to the very different PS–solvent interaction
parameters (c). The value of cPS–water is almost nine times
greater than that of cPS–MeCN, meaning that H2O is a much
poorer solvent than MeCN for PS.19,59 The increase in the
interfacial free energy led to an increase in the micelle size and,
thus, an increase of the stretching of the PS blocks in the cores,
resulting in the spheres readily changing to form rods and then
vesicles or large compound micelles in the DMF–H2O system to
11268 | Soft Matter, 2013, 9, 11257–11269
minimize the free energy. We did not observe this morpholog-
ical change for the PS235-b-(PPLG-g-MEO2)57 copolymer in
the DMF–MeCN system because the relatively smaller value of
cPS–MeCN meant that a larger content of the selective solvent
would be necessary to change the interfacial free energy at the
critical point; we did not nd this value, even when the MeCN
content was 90 wt%, in this study.
Conclusions

We have used a combination of ATRP, ROP, and click chemistry
to prepare hierarchically self-assembling PS-b-(PPLG-g-MEO2)
block copolymers. Aer attaching EO side chains to the side
chains of the PS-b-PPLG copolymers, leading to non-ionic yet
water-soluble polypeptides featuring a stable a-helical confor-
mation, and greater conformation stability relative to those of
the unmodied PS-b-PPLG copolymers based on FTIR spectro-
scopic, WAXD, and SAXS analyses. Using SAXS and TEM, we
observed hierarchical self-assembly of the diblock copolymers
to form lamellar nanostructures featuring a-helical conforma-
tions of their polypeptide blocks. The micelle structures of the
PS-b-(PPLG-g-MEO2) block copolymers changed from spheres to
rods to vesicles to large compoundmicelles upon increasing the
water content in the DMF–H2O system, but they did not change
in the DMF–MeCN system; this contrasting behavior resulted
from the large difference in the PS–solvent interaction param-
eters (c).
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