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ABSTRACT: We demonstrate the first hierarchical smectic self-assembly in miktoarm star terpolymers,
using a polymer/polypeptide hybrid (macromolecular chimera) composed of two coil-like arms (polystyrene,
PS, and polyisoprene, PI) and a mesogenic R-helical polypeptide arm (poly(ε-tert-butyloxycarbonyl-L-
lysine), PBLL). The PBLL R-helices are packed within lamellar nanodomains which leads to an overall
smectic alteration of rod- and coil-containing layers typically observed in rod-coil block copolymers.
Furthermore, the coil-containing lamellae have an inner structure composed of PS and PI rectangular
cylinders, leading to what we call a hierarchical smectic phase. To elucidate the role of polypeptide helices in
directing the self-assembly, the ordering is studied both after thermal annealing and after quick drop-casting
from chloroform solution. The possibility to combine mesogen packing, tiling patterns, and conformational
control of polypeptide blocks makes self-assembled hierarchies of star-shaped macromolecular chimeras
appealing for future studies.

Introduction

Self-assembly of block copolymers has been a powerful tool to
create nanostructuredmaterials for decades.1,2 Beyond the classic
linear AB diblock copolymers, many strategies have been intro-
duced to achieve more complex block copolymer self-assemblies.
The addition of a third block in a linear fashion leads to ABC-
type block copolymers where there are three tunable interaction
parameters ( χAB, χBC, χAC), two independently controlled rela-
tive sizes of blocks ( fA, fB, fC = 1 - fA - fB), and three possible
ways to combine the blocks (ABC, BAC, ACB), increasing the
number of accessible self-assembled morphologies radically.3,4

Following the same idea, even more blocks can be joined end-
to-end to create so-called multiblock copolymers.5,6 To extend
the scope of achievable morphologies, nonlinear block copoly-
mer architectures have attracted considerable interest.7 In mik-
toarm star block copolymers,8 specifically, multiple blocks are
connected at a single branching point to form a star-shaped
molecule with chemical asymmetry. The effects of this molecular
architecture have been studied regarding, for example, lamellar
spacing,9 crystallization,10,11 micellization in miktoarm/homo-
polymer blends,12 and formation of polymersomes,13 and multi-
compartment micelles.14

The synthesis15,16 and self-assembly17,18 ofmiktoarm star block
copolymers have been studied prevalently in systems with three
coil-like arms. Of these, the A2B arrangement behaves essentially
as anAB diblock copolymer with shifted phase boundaries due to
the increased curvature at the interface of the blocks.19,20 The
ABC terpolymer architecture incorporating three chemically
distinct coil-like arms is even more interesting.4 When the three
blocks are comparable in size, themiktoarms tend to self-assemble

in 2D ordered structures consisting of cylinders with polygonal
cross sections.17,18,21 In these so-called tiling patterns, the branch-
ing points of the molecules are confined to lines in 3D space.
Interestingly, also quasi-crystalline22 and concentric columnar23

tiling patterns have been observed. On the other hand, when one
of the blocks is much longer than the other two, polygonal tiling
patterns are no longer obtained. In this case, the longest block
stabilizes in lamellar layers while the shorter two form alternating
rectangular cylinders between the large-block lamellae.24

When one or more of the blocks are not coil-like, new packing
frustration is introduced.25,26 Even in the oligomeric case, so-
called T-shaped ternary amphiphiles, i.e., rodlike mesogens
equipped with both polar and nonpolar chains, lead to very
complex self-assemblies.27 When polypeptides are used in self-
assemblies, conformations such as R-helices and β-sheets can be
accessed.28-32 In particular, the R-helical conformation leads to
mesogenic rods which possess dipole moments, potentially
include kinks, and have been extensively employed in polymer/
polypeptide hybrid systems.33-37 The conformational asymmetry
of the blocks and the liquid crystalline packing tendency of the
R-helical rods lead to predominantly lamellar33 or ribbonlike38

structures in the case of linear rod-coil block copolymers. An
ABC miktoarm star terpolymer with an R-helical polypeptide
block (poly(γ-benzyl-L-glutamate), PBLG) and two different coil-
like blocks (PS, PI) has been reported to show microphase
separation of PBLG from the PS and PI blocks.39 However,
well-defined hierarchies in polypeptide-containing miktoarms
have so far been limited to the A2B and AB2 architectures which
demonstrate microphase separation and helical packing resem-
bling linear rod-coil block copolymers.40,41

We show for the first time formation of a well-ordered
hierarchical self-assembly in an ABC miktoarm star terpolymer
consisting of two amorphous coil-like polymer arms (PS, PI) and
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an R-helical polypeptide arm (PBLL). Structural and conforma-
tional analysis of the (PS)(PI)(PBLL) miktoarm is performed by
transmission electron microscopy (TEM), atomic force micro-
scopy (AFM), small- and wide-angle X-ray scattering (SAXS,
WAXS), and Fourier transform infrared spectroscopy (FTIR).

Experimental Section

Synthesis.The synthesis of (PS)(PI)(PBLL) has been reported
previously42 and includes the preparation of a PS-NH2-PI pre-
cursor whereMn(PS)=10 000 g/mol andMn(PI)=13 000 g/mol
(by SEC in THF at 40 �C) by anionic polymerization high-
vacuum techniques and appropriate linking chemistry, followed
by ring-opening polymerization of ε-tert-butyloxycarbonyl-
L-lysine N-carboxyanhydride using the PS-NH2-PI as a macro-
initiator. The final total Mn(miktoarm) = 34 200 g/mol and
Mw/Mn=1.07 (by SEC-TALLS in DMF (0.1 N LiBr) at 60 �C).
The wt% composition of the PS, PI, and PBLL arms is 30.1, 38.6,
and 31.3, respectively (by 1H NMR in CDCl3). A schematic
illustration of the molecule is shown in Figure 1.

Sample Preparation. (PS)(PI)(PBLL) was dissolved as 1 wt%
solution in chloroform (CHCl3, Sigma-Aldrich, g99.0%). The
solubility parameters δ/(MPa)1/2 are as follows: CHCl3 19.0; PS
17.4-19.0; PI 16.2-20.5; and PBLL 23.7 (values from the
literature43,44 except δPBLL estimated with Hoy Solubility Para-
meter Calculator by Computer Chemistry Consultancy). Samples
were prepared in two ways: (1) drop-casting, i.e., evaporating the
sample rapidly from CHCl3 solution, followed by vacuum drying
( p<10-2 mbar) to remove the remaining solvent, and (2) slow
evaporationofCHCl3 followedbyvacuumdrying (p<10-2mbar)
and thermal annealingof the bulk sample at 130 �C invacuum ( p<
10-5 mbar) for 16 h.

TEM Characterization. Drop-cast samples were evaporated
directly on lacey carbon support film grids placed on top of a
filter paper and subsequently vacuum-dried. Annealed bulk
samples were sectioned at -100 �C using a Leica Ultracut
UCT ultramicrotome and a 25� Diatome diamond knife. Sec-
tions with a thickness of ca. 70 nm were collected on lacey
carbon support film grids. The samples were stained at room
temperature by exposing the grids to osmium tetroxide (OsO4,
10 min) or ruthenium tetroxide (RuO4, 1 min) vapors. Bright-
field TEM was performed on a FEI Tecnai 12 transmission
electron microscope operating at an accelerating voltage of 120
kV, and the images were recorded with a Gatan UltraScan 1000
CCD camera.

AFM. The sample was drop-cast on a silicon wafer, vacuum-
dried, and imagedwith a VeecoDimension 5000 scanning probe
microscope with Nanoscope V controller (Digital Instruments,
Inc.). Silicon AFM tips (NSC 15/AIBS, MikroMasch) coated
with Al with a tip radius of 10 nm were used in tapping mode.
Scanning was conducted with scanning rates of 0.8-1 Hz under
variable loading conditions (hard and light tapping modes).

SAXS and WAXS Measurements. For the X-ray scattering
studies, the samples were sealed betweenMylar films. The SAXS
measurements were performed with a rotating anode Bruker
Microstar microfocus X-ray source (Cu KR radiation, λ =
1.54 Å) with Montel parallel optics. The beam was further colli-
matedwith four sets of JJX-ray four-blade slits, resulting in a beam
area of about 1 mm � 1 mm at the sample position. Scattering
intensities were measured using a Bruker AXS HI-STAR 2D area
detector. The sample-to-detector distance was 209 cm.

The WAXS measurements were performed using the second
part of the same X-ray source with Montel focusing optics
(Incoatec GmbH), resulting in a beam area of about 0.8 mm �
0.8 mm at the sample position. The scattering intensities were
measured with a Bruker AXS Vantec 2D area detector, and the
sample-to-detector distance was 10 cm.

X-ray diffraction data were measured from nonoriented bulk
samples and integrated over the whole detector area. Back-
ground was measured separately and subtracted from the data.
Themagnitude of the scattering vector is given by q=(4π/λ) sin θ,
where 2θ is the scattering angle.

FTIR Measurements. FTIR spectra of the samples were
recorded with a Nicolet 380 FT-IR spectrometer with the
ATR technique. 64 spectra were averaged with 2 cm-1 resolu-
tion. The spectra have been ATR corrected and smoothed with
EZ Omnic 7.2 software Automatic smooth, which uses the
Savitzky-Golay algorithm.

Results and Discussion

To investigate the structure formation of the (PS)(PI)(PBLL)
miktoarm chimera (see Figure 1) in the solid state, samples with
two different preparation pathways are reported: (1) a drop-cast
sample, rapidly evaporated fromCHCl3 solution and (2) a slowly
evaporated and thermally annealed bulk sample. The former
preparation method sheds light to the driving forces dominating
the self-assembly, whereas the latter one probes the thermody-
namic equilibrium morphology. The thermal annealing condi-
tions are limited by the decomposition of the material, observed
to start already below 200 �C (by thermogravimetric analysis, see
the Supporting Information, Figure S1) and, on the other hand,
by the glass transition of the PS block at 107 �C (by differential
scanning calorimetry, see Supporting Information, Figure S2). In
addition, cleaving of the N-tert-butyloxycarbonyl (Boc) group
has been reported to take place above 150 �C.45,46 These
factors severely limit the usable range of thermal annealing con-
ditions, and an annealing temperature of 130 �C was therefore
chosen. However, according to nuclear magnetic resonance mea-
surements (1HNMR, see Supporting Information, Figures S3 and
S4), 35%of the Boc protecting groups of PBLLare thermolytically
removed during such annealing, leaving the -(CH2)4NH2 lysine
side chain in the polypeptide. Lower annealing temperatures or
solvent annealing, on the other hand, did not lead to sufficient
improvement in the order of thematerial. Importantly, as is shown
below, removal of part of the Boc groups is not observed to
influence the self-assembly of (PS)(PI)(PBLL).

To compare the two different preparation methods, the
miktoarm samples were imaged with TEM (Figure 2). The bulk
annealed sample, exposed to RuO4 vapors, shows a lamellar
structure with periodicity of 21-26 nm (Figure 2a), consisting of
alternating PBLL layers (appearing light in the image) and layers
containing both PS and PI blocks (dark). To further investigate
the internal structure of the PS/PI lamellae, the PI blocks of
another samplewere selectively stainedwithOsO4.After staining,
alternating PI (dark) and PS (light) domains are observed in the
PS/PI lamellae of the bulk annealed sample (Figure 2c). These
domains are rectangular cylinders, viewed along the direction of
the cylindrical axis in Figure 2c (for examples of sideways view,
see Supporting Information, Figure S5). The repeating distance

Figure 1. Schematic illustration of the (PS)(PI)(PBLL) miktoarm star
terpolymer.
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between adjacent PI domains within a single layer is 14-19 nm.
This two-level hierarchical structure is schematically shown in
Figure 3.

In the rapidly prepared drop-cast sample, a relatively poor
overall order is observed. However, also in this case lamellae are
observed after RuO4 staining (Figure 2b), although with less
regular spacing and alignment. Upon OsO4 staining of the PI
domains (Figure 2d), a three-phase structure is revealed, where
PBLL form extended lamellae with no overall alignment, sepa-
rated by alternating PS/PI domains. In other words, a very
similar arrangement of the molecules takes place on the local
scale, even if the level of order is considerably lower than in the
annealed sample.

The hierarchical structure is also found on the top surface of
the sample, aswitnessed byAFMphase contrast imaging (Figure 4).

The phase contrast between the glassy PS (light) and the rubbery PI
(dark) blocks is observed between the rigid PBLL lamellae (light).

To verify the structural sizes observed by TEM, X-ray scatter-
ing studies were performed. In spite of the annealing, the SAXS
curve of the bulk sample lacks multiple sharp reflections and
shows only a small shoulder at 0.024 Å-1 (Figure 5). This
corresponds to a size of 26 nm, which is in good agreement with

Figure 2. TEMmicrographs of themiktoarmbulk annealed and drop-cast samples as stainedwith (a, b) RuO4 (PS and PI dark, PBLL light) and (c, d)
OsO4 (PI dark, PS and PBLL light).

Figure 3. Schematic illustration of the self-assembly of the (PS)(PI)-
(PBLL) miktoarm. PBLL conformation and packing are discussed in
detail later.

Figure 4. AFM phase contrast image of the miktoarm as drop-cast
from CHCl3 solution.
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the repeating distance of the PBLL and PS/PI lamellae observed
in TEM. A similar but slightly less intensive shoulder is observed
in the drop-cast sample (see Supporting Information, Figure S6).

Next, the internal structure of the PBLL lamellae is discussed.
The FTIR amide band region spectrum of the bulk annealed
sample shows a clear amide I absorption at 1650 cm-1 (Figure 6).
This absorption originates from the CdO stretching of the peptide
linkage and corresponds to R-helical conformation. Because of
overlapping peaks, the amide II region at 1560-1530 cm-1 cannot
be reliably used in the conformational studies. In the drop-cast
sample, a similar absorption is observed at 1649 cm-1, also
illustrating R-helical conformation (see Supporting Information,
Figure S7). In other words, the PBLL arms are essentially rigid-
rod-like mesogenic blocks, potentially including also kinks.

In the WAXS curve of the bulk annealed sample, two sharp
reflections are observed at q*=0.44 Å-1 and 2q*=0.85 Å-1

(Figure 7). These reflections indicate a well-ordered packing of
the PBLL R-helices within the polypeptide layer. Between these
reflections, evidence of increased scattering is observed, but the
absence of explicit reflections especially at

√
2q* or

√
3q* un-

fortunately prohibits confirmation of whether the PBLL R-
helices are packed in a hexagonal or tetragonal manner. Hex-
agonal packing has been reported in several polymer/polypeptide
chimeras,33,34,39 but arguments can be given also for the tetra-
gonal lattice which enables perfect compensation of dipole
moments in the case of interdigitating helices. In our case, the
helix-to-helix distance would be 1.6 or 1.4 nm, assuming hex-
agonal or tetragonal packing, respectively, as calculated based on
the location of the q* reflection. Both values are reasonable,
considering the chemical structure of PBLL. In addition, a broad
reflection is observed at 1.29 Å-1 which can be assigned to the
average distance of amorphous segments, including styrene
pendant groups of PS.40 Similar but slightly broader reflections
are observed in the drop-cast sample, corresponding to helix-to-
helix distances of 1.7 or 1.5 nm for the hexagonal or tetragonal
packing, respectively (see Supporting Information, Figure S8).

In conclusion, the (PS)(PI)(PBLL) miktoarm self-assembles in
a hierarchical manner in a smectic lamellar superstructure where
every other lamella is composed of PBLL R-helices and every
other contains rectangular PS/PI cylinders (schematically shown
inFigure 3). The local order appears to be similar both in the bulk
annealed sample and the drop-cast sample, as shown by TEM,
but the overall order is increased notably after thermal annealing.
The poor long-distance order observed in the drop-cast sample is
easily justified by the rapid evaporation conditions, which lead to
kinetic trapping of the molecules and the subsequent self-assem-
bly within a few seconds. Despite the two different preparation
pathways;thermal annealing which leads to the thermodynamic
equilibrium structure and rapid evaporation;similar stacking of
the R-helical PBLL blocks is observed in both samples. This
means that the packing of the helices takes place rapidly and is the

main driving force for the formation of the hierarchical smectic
self-assembly. It should be noted that in this kind of morphology
themiktoarmbranching points are no longer confined to 1D lines
but can exist anywhere on the 2D lamellar interface.

These observations need to be considered in relation to two
previous findings.

First, miktoarm star terpolymers with coil-like chains, i.e.,
without polypeptidic or rodlike mesogenic arms, form 2D tiling
patterns consisting of polygonal cylinders when the arms are
roughly of the same size.17,24 A hierarchical structure composed
of rectangular cylinders of A/B between C lamellae is observed
experimentally only when the volume fractions of the arms are
highly asymmetric: 1:1:xwhere x=3.0-4.9.24Also in simulations,
this hierarchical structure is demonstrated when the interactions
between all of the arms are symmetrical (i.e., all χ are identical) and
the volume fraction of one of the blocks is significantly (2-5 times)
larger than theothers.47-50 If all three arms have symmetric volume
fractions, asymmetric interaction parameters are required in the
simulations for this hierarchical structure to form.51 Experimen-
tally, lamellar self-assembly with alternating rectangular cylinders
has also been observed in blends of two diblock copolymers with
mutual hydrogen bonding52 and in linear multiblock terpolymers.6

In our case, the packing tendency of the mesogenicR-helical PBLL
blocks leads to thehierarchical smectic structure although this is not
expected from the molecular weights of the arms (PS:PI:PBLL
1.0:1.3:1.0). In this sense, the (PS)(PI)(PBLL) system can be
considered a miktoarm polymer analogue of linear rod-coil block
copolymers33 and even T-shaped liquid crystals27 where self-
assembly is influenced by the aggregation of rodlike moieties.

Second, the present work is the first time well-defined order
and hierarchical smectic self-assembly is observed, while previous
research on a corresponding material did not describe such
structural hierarchy.39 This reflects the challenges to identify
suitable processing and annealing conditions in macromolecular
chimeras, as provided in this work.

Next, we present simple geometric arguments for clarifying the
helical packing in the direction perpendicular to the PBLL

Figure 5. SAXS curve of the bulk annealed miktoarm demonstrates a
shoulder at 0.024 Å-1, corresponding to a size of 26nm.The reflection is
expected to originate from the repeating distance of the alternating
PBLL and PS/PI lamellae.

Figure 6. FTIR spectrum of the bulk annealed miktoarm shows an
amide I absorption at 1650 cm-1, typical for R-helical conformation.

Figure 7. WAXS curve of the bulk annealedmiktoarm. The reflections
q* and 2q* demonstrate a well-ordered packing of the PBLL R-helices.
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lamellae. The helices can be organized in one of three ways: (1)
tail-to-tail arrangement, leading to a bilayer of R-helices, (2)
interdigitation of R-helices, or (3) folding of nonideal R-helices
back and forth, i.e., rods having kinks and a reduced persistence
length. In addition, tilting of the helices is possible. Unfortu-
nately, TEM cannot be used to resolve the thicknesses of
individual lamellae since both staining and focus play a major
role here, enabling reliable extraction of the total lamellar period
only. However, it is known that PBLL constitutes only 31.3 wt%
of themiktoarmand that the lengthof a single ideal PBLLR-helix
would be 7.0 nm, as calculated based on the molecular weight of
the PBLL arm (10700 g/mol) and the known rise of 0.15 nm per
monomer in an R-helix. Therefore, the tail-to-tail arrangement
which would take up to 14 nm of space seems highly implausible
within a total lamellar periodicity of only 26 nm (by SAXS), also
as it does not allow compensation of the R-helix dipole moments.
Folding of the chains, on the other hand, would reduce the
thickness of the PBLL lamellae to be less than the length of an
ideal helix,33,35 lowering the density of the PS/PI phase to be
unconvincingly low (as calculated based on lamellar periodicity
of 26 nm, assuming once-folded helices in a hexagonal array with
a helix-to-helix distance of 1.6 nm, for example). Also, poor
hydrogen-bonding solvents, such as the CHCl3 used in this study,
have been reported to promote formation of more ideal helices.53

Finally, interdigitation would lead to a thickness of the PBLL
lamellae comparable to the length of an ideal helix, which is also
close to the expected ratio of lamellar thicknesses based on the
molecular weights of the arms. Interdigitation also allows anti-
parallel arrangement of the R-helices. According to the above
arguments, our hypothesis is that the factor controlling the self-
assembled pattern is the interdigitation of PBLL R-helices in an
antiparallel manner.

Partial removal of the Boc groups during thermal annealing
does not influence the self-assembly of (PS)(PI)(PBLL), as the
conformation of the polypeptide is not changed (shown by
FTIR), and similar reflections are observed due to helical packing
in WAXS before and after annealing. This is plausible since the
Boc groups are expected to cleave randomly throughout the
whole sample, and most of the PBLL side chains are not at all
affected by the annealing. Therefore, thermal annealing can be
used to improve the orderingof thematerial, as observed byTEM
and SAXS.

Conclusions

We report the first well-defined hierarchical self-assembly of
a miktoarm star terpolymer with two coil-like arms and an
R-helical mesogenic polypeptide arm in the solid state. After
appropriate thermal annealing, the (PS)(PI)(PBLL) miktoarm
forms a hierarchical smectic self-assembly where the R-helical
rod-like PBLL blocks stack to form pure polypeptide lamellae
while the PS and PI blocks form lamellae with an inner structure
composed of rectangular cylinders. This morphology is also
observed locally already after quick drop-casting from chloro-
form solution, indicating the powerful driving force of the
R-helical stacking in the formation of the structure. We expect that
star-shaped macromolecular chimeras can lead to new complex
hierarchical self-assemblies, where the polypeptide conformation
and the material properties can be tuned, and potentially even to
Janus-type particles.
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