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We report on the synthesis and characterization of triblock terpolymers, polybutadiene-block-
poly(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) (PB-b-P2VP-b-PtBMA; BVT), via sequential
living anionic polymerization in THF at low temperatures using sec-butyl lithium as initiator. In this
work, 18 different BVT terpolymers were produced with volume fractions FB : FV : FT in the range of 1 :
0.4.1.2 : 0.2.4.6. All polymers exhibit a very narrow molecular weight distribution (PDI < 1.1). They
were characterized in terms of bulk morphology using small-angle X-ray scattering and transmission
electron microscopy, unveiling mostly lamellar patterns or hexagonally arranged cylindrical structures.
Some polymers displayed a partial gyroid structure coexisting with lamellar parts or cylinders with
a non-continuous shell around the PB core and could serve as an interesting template for the facile
generation of multi-compartmental self-assembled structures. In one case the middle block, P2VP, is
forming a helix around the PB core. Crosslinking of the polybutadiene compartment of the bulk
morphologies with an UV-photoinitiator was performed, followed by sonication-assisted dissolution of
the aggregates to elucidate further use of the terpolymers for the generation of soft polymeric nano-
particles with controlled functionality. In that way, core-crosslinked cylindrical micelles could be
generated and characterized.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Block copolymers are an interesting and versatile class of
materials and their tailor-made properties, in particular thin-film
and bulk morphology, render them suitable for the demand of
smaller and smaller feature sizes in nanotechnology [1]. Charac-
teristic dimensions for the domain spacing of such micro-phase
separated systems are in the range of 10e100 nm and the gener-
ation of nanostructured assemblies with different chemical prop-
erties raises opportunities for applications in the fields of catalysis,
membrane research, molecular templating or drug delivery [2,3].
The peculiar advantage of block copolymers are their intrinsic
dimensions, the ease of synthesis and the facile control over
architecture and chemical functionality, turning them into
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manageable nanoscale tools [4e7]. In general, there are two
possible ways for the use of block copolymer templates: either as
prepared or after the selective removal of one component through
a chemical process like etching or photodegradation [8,9].

To provide sufficient control over domain spacing and topology,
well-defined block copolymers are required. Usually, this is ach-
ieved by a variety of controlled/“living” polymerization methods,
among them typically are anionic/cationic polymerization, atom
transfer radical polymerization (ATRP), reversible addition-frag-
mentation polymerization (RAFT) and group transfer polymeriza-
tion (GTP). Once obtained, block copolymers self-assemble into
a large variety of morphologies, depending on composition, archi-
tecture, block sequence and molecular weight [10]. As compared to
AB diblock copolymers, considerably less work has been carried out
on the synthesis and bulk properties of ABC block terpolymers [11].
Here, the resulting micro-phase separated structures are governed
by several independent composition variables: the volume frac-
tions (FA, FB), the three interaction parameters (cAB, cBC, cAC), the
respective interfacial tensions (gAB, gBC, gAC) and previously
mentioned factors like the chain topology [12e15]. Stadler et al.
studied the phase behavior of polystyrene-block-polybutadiene-
block-poly(methyl methacrylate) (SBM) block terpolymers and
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among the classical morphologies obtained for ABC type terpoly-
mers like lamellae, core-shell cylinders and core-shell spheres they
also reported on more complex micro-phase separated structures
featuring helical assemblies [16], “knitting pattern” morphologies
[17], and a new structural motif where two different cylindrical
domains are formed instead of core-shell cylinders [18]. In our
group, the self-assembly of polystyrene-block-polybutadiene-block-
poly(tert-butyl methacrylate) (SBT) and SBM block terpolymers has
been used to generate Janus structures, i.e. soft particles with two
chemically different sides [19e22]. Further, polystyrene-block-poly
(2-vinyl pyridine)-block-poly(tert-butyl methacrylate) (SVT) block
terpolymers have been synthesized and studied intensively in the
bulk [22] and in thin films on different substrates [23e25], the
latter in particular with respect to the use of such systems as
precursors for the fabrication of composite membranes.

The aim of this work is the synthesis and characterization of
polybutadiene-block-poly(2-vinyl pyridine)-block-poly(tert-butyl
methacrylate) (BVT) block terpolymers with different ratios of the
block segments. The exchange of the rigid PS block against a soft PB
segment compared to the SVT systems in combination with the
high incompatibility between PB and P2VP [26] could provide
a basis for different morphologies or functionalities. Well-defined
terpolymers were obtained through sequential living anionic
polymerization in THF at low temperatures using sec-butyl lithium
as initiator. Different series of BVT terpolymers were produced with
volume fractions FA : FB : FC in the range of 1 : 0.4.1.2 : 0.2.4.6.
All polymers exhibit a very narrow molecular weight distribution
(below 1.1). Microphase separation of the BVT terpolymers was
investigated in solution using small-angle X-ray scattering (SAXS)
in THF above the orderedisorder transition concentration and in
the bulk via transmission electron microscopy (TEM). Phase allo-
cation in the latter is accomplished through selective staining of
either polybutadiene with OsO4 [27] or poly(2-vinyl pyridine) with
iodine [14]. The strongest incompatibility here is between the first
block, polybutadiene, and the second block, poly(2-vinyl pyridine)
(cBV ¼ 0.325) [26]. Reported values for the other compartments are
cVT ¼ 0.13-0-26 and cBT ¼ 0.007 [28,29].

The polybutadiene compartment of the presented terpolymers
is susceptible to crosslinking reactions. Fixation of the polymer
morphologies after self-assembly was achieved through UV-light
induced photo-polymerization of the cast polymer films after the
incorporation of a suitable photoinitiator during the film casting
process.

The nomenclature used throughout this manuscript is BaVbTcx,
where a, b, and c are the weight fractions of the corresponding
blocks and x is the overall molecular weight in kg/mol.

2. Experimental

2.1. Materials

Sec-butyllithium (Acros) was used without further purification.
Butadiene (Messer-Griesheim) was passed through columns filled
with molecular sieves (4 Å) and basic aluminum oxide. Afterwards
it was condensed into a glass reactor and stored over dibu-
tylmagnesium. 2-Vinyl pyridine (Fluka) was degassed and stirred
with CaH2 over night. The monomer was condensed on a high
vacuum line into a round bottom flask containing 2 ml of triethy-
laluminum (solution in hexane, Aldrich) per 10 ml 2-vinylpyridine.
The resulting yellow solution was stirred for 2 h. Subsequently, the
calculated amount of monomer was condensed into a previously
weighed glass ampoule and stored in liquid nitrogen until use. Tert-
butyl methacrylate (BASF) was first degassed by 3 freezeethaw
cycles on a high vacuum line. Then tri-n-octylaluminum (solution
in hexane, Aldrich) was added until a slight yellow colour of the
resulting mixture persisted. The solutionwas stirred for 1 h and the
calculated amount of monomer was condensed into a previously
weighed glass ampoule and stored in liquid nitrogen until use. THF
(Fluka) was distilled from CaH2 and Na/K alloy. 1,1-diphenyl-
ethylene was distilled from sec-butyl lithium under reduced
pressure.

2.2. Synthesis

The linear BVT block terpolymers were synthesized via
sequential living anionic polymerizations of butadiene, 2-vinyl-
pyridine and tert-butyl methacrylate in THF at low temperatures
using sec-butyl lithium as initiator [30]. All polymerizations took
place in the presence of alkoxides (c ¼ 0.013 mol/L, typically this
corresponds to a roughly 20-fold excess compared to the concen-
tration of growing polymer chains). In a typical polymerization,
1,3-butadiene (30 mL, 18 g, 0.333 mol) was initiated at �70 �C with
sec-BuLi (0.3 mL, 0.42 mmol) in THF (1500 mL) and polymerized for
5 h at �10 �C. Subsequently, 2-vinyl pyridine (17.3 mL, 16.3 g,
0.155 mol) was added to the stirred tank reactor via an ampoule.
After polymerization of the second block (1 h), the living poly-
butadiene-block-poly(2-vinylpyridine) chain ends were endcapped
with 1,1-diphenylethylene (DPE) in order to attenuate the nucleo-
philicity of the propagating species for 1 h at �50 �C. In that way,
transfer reactions upon addition of the third monomer, tBMA
(92 mL, 88.2 g, 0.62 mol), due to too high nucleophilicity could be
suppressed [22,31]. During the polymerizations of the PtBMA block,
samples were taken after different reaction times and precipitated
into degassed isopropanol. Thereforewe could obtain several series
of BVT block terpolymers with a constant ratio of first to second
block and increasing PtBMA content. Overall, in this work we
synthesized 18 polymers with volume fractions FB : FV : FT in the
range of 1 : 0.4e1.2 : 0.2e4.6.

2.3. Crosslinking

Films of block terpolymers which showed suitable bulk
morphologies, B18V8T74133 and B14V18T68165, were cast with additional
photoinitiator, Lucirin-TPO� in this case. Typical, 1e10% photo-
initiator with respect to the amount of PB (weight) was used. After
fixation of the self-assembled structures, these were subjected to
sonication procedures. In this way, multi-compartmental poly-
meric nanoparticles could be prepared on a gram scale. Within the
scope of this work, no effect of the crosslinking procedure on the
bulk morphologies was observed for different amounts of cross-
linking agent in the range of 1e10 wt.%.

Crosslinking of the as-cast and annealed polymer films was
carried out with a UV-lamp for 2 h (Hoehnle VG UVAHAND 250 GS,
cut-off at 300 nmwavelength to avoid the depolymerization of the
methacrylic compartment).

2.4. Structural characterization

For the structural characterization films of the BVT terpolymers
were cast from THF by slow evaporation of the solvent over several
days. The films were afterwards dried under vacuum at room
temperature first for 24 h and at 50 �C for another 24 h. Subsequent
annealing at elevated temperatures above the glass transition of all
three blocks (130 �C) under vacuum did not lead to any change in
the microdomain structure (the samples with high polybutadiene
content started to decompose). For scattering experiments in
solution the polymers were dissolved at concentrations above the
orderedisorder transition concentration in THF over several days.
Typically, the orderedisorder transition concentration (ODT) was in
the range of 26e30 wt.% polymer.



Table 1
Block terpolymer characteristics.

Polymera PDIb Volume fractionsc

FB : FV : FT

Bulk morphologyd Long period,
TEM [nm]e

Long period,
SAXS, [nm]f

B47V19T3461 (1)g 1.09 1 : 0.4 : 0.7 LL 70 � 7 43 � 2
B38V16T4682 (1) 1.09 1 : 0.4 : 1.1 LL 75 � 7 57 � 3
B29V12T5986 (1) 1.08 1 : 0.4 : 1.9 LL 68 � 7 60 � 3
B22V9T69109 (1) 1.08 1 : 0.4 : 2.9 CYL 55 � 6 65 � 3
B18V8T74133 (1) 1.08 1 : 0.4 : 3.9 CYLh 55 � 6 67 � 3

B55V26T1977 (2) 1.04 1 : 0.4 : 0.3 CYL 50 � 5 n.d.
B44V20T3698 (2) 1.04 1 : 0.4 : 0.8 LL/GYR 45 � 5/55 � 6 74 � 4/106 � 5
B38V18T44112 (2) 1.03 1 : 0.4 : 1.1 LL 70 � 7 50 � 3
B37V17T46117 (2) 1.03 1 : 0.4 : 1.2 LL 70 � 7 55 � 3
B32V15T53132 (2) 1.02 1 : 0.4 : 1.6 LL 83 � 8 55 � 3
B30V14T56141 (2) 1.02 1 : 0.4 : 1.8 LL 85 � 8 57 � 3
B29V14T57145 (2) 1.02 1 : 0.4 : 1.8 LL 75 � 7 n.d.

B34V17T49136 (3) 1.02 1 : 0.5 : 1.4 LL 86 � 8 n.d.

B16V21T63145 (4) 1.02 1 : 1.2 : 3.7 CYL 55 � 6 68 � 4
B14V18T68165 (4) 1.02 1 : 1.2 : 4.6 CYLi 60 � 6 72 � 4

B58V27T1578 (5) 1.03 1 : 0.4 : 0.2 CYL 55 � 6 64 � 3
B53V24T2384 (5) 1.02 1 : 0.4 : 0.4 CYL 60 � 6 65 � 4
B49V23T2888(5) 1.02 1 : 0.4 : 0.5 LL 70 � 7 n.d.

a Subscripts denoting the weight fraction of the corresponding block in % and the superscript the overall molecular weight in kg/mol, determined through a combination of
MALDI-ToF MS and 1H NMR measurements.

b Determined via THF-SEC, calibrated with 1,4-polybutadiene standards.
c Calculated according to the density of the different blocks in combination with the finally determined composition.
d Determined via a combination of SAXS and TEM measurements; LL lamellar morphology; CYL hexagonally packed core-shell cylinders; GYR gyroidal motif, core-shell.
e The error from determining the long period via TEM was estimated to be w10%.
f The error resulting from the SAXS measurements (in concentrated THF solutions) depends on the width of the SAXS peak and was estimated to be w5%.
g Polymers with the same number in brackets were synthesized within the same series.
h A non-continuous shell was observed for the polymer with the lowest P2VP content, B18V8T74133.
i Butadiene cylinders which exhibit a P2VP helix around the core were found to be hexagonally arranged in a PtBMA matrix.
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Ultrathin (30e80 nm) samples for transmission electron
microscopy (TEM) were cut from the as-cast polymer films with
a Reichert-Jung Ultracut E equipped with a diamond knife. For
polymer sampleswith a higher polybutadiene content than 30wt.%,
microtome cutting was performed at temperatures below the glass
transition of PB (�16 �C). TEM micrographs were taken on either
a Zeiss CEM 902 operating at 80 kV or a Zeiss 922 OMEGA operating
at 200 kV, both in the bright field mode. In order to selectively
enhance the electron density in one of the three compartments and
therefore improve the contrast the sampleswere stainedwith either
OsO4 or iodine. The latter preferentially reacts with poly(2-vinyl-
pyridine) [14], forming a chargeetransfer complex while OsO4
attacks the polybutadiene segments [27]. In both cases the PtBMA
domains are not supposed to be affected. The methacrylic
compound though is deteriorated through the electron beam and
therefore considerable volume shrinkage of the respective micro-
phase domain during the TEM measurement can lead to erroneous
values [32]. The electron densities calculated for the three different
compartments are as follows: re(PB) ¼ 0.53 mol/cm3 [33];
re(P2VP) ¼ 0.611 mol/cm3 and re(PtBMA) ¼ 0.561 mol/cm3 [22].
2.5. Small-angle X-ray scattering (SAXS)

Small-Angle X-Ray Scattering (SAXS) measurements were
performed on the ID2 beamline at the European Synchrotron
Radiation Facility (ESRF, Grenoble, France). The typical photon
flux obtained at the ID2 sample position is 8 � 1012 photons/s, the
energy bandwidth is DE/E ¼ 2 � 10�4. All experiments were
obtained at 12.5 keV corresponding to an X-ray wavelength of
0.1 nm. The scattering intensities were detected by a CCD camera.
The detector system is housed in a 10 m evacuated flight tube.
The scattering patterns were corrected for the beam stop, the
background, the used cuvettes, and the solvent prior to
evaluations. In general, d-spacings obtained from concentrated
solutions in THF were by around 20% larger as compared to bulk
samples.

2.6. Size exclusion chromatography (SEC)

Size exclusion chromatography (SEC) with THF as eluent was
performed on an apparatus equipped with PSS SDVgel columns
(30 � 8 mm, 5 mm particle size) with 102, 103, 104 and 105 Å pore
sizes using RI and UV detection (l ¼ 254 nm) at a flow rate of
1.0 mL/min (T ¼ 40 �C). The calibration was based on 1,4-poly-
butadiene standards.

2.7. MALDI-ToF mass spectrometry

The number-average molecular weight of the polybutadiene
precursors in each case were determined by MALDI-ToF MS on
a Bruker Reflex III equipped with a 337 nm N2 laser in the linear
mode and 20 kV acceleration voltage. Sodium trifluoroacetate
(NaTFA, Fluka, 99.5%) was used as salt for ion formation. Trans-2-
[3-(4-tert-Butylphenyl)-2-methyl-2-propenylidene]malononitrile
(DCTB) was used as matrix.

2.8. Nuclear magnetic resonance spectroscopy

1H NMR measurements were performed on a 250 MHz Bruker
AC spectrometer using CDCl3 or THF-d8 as solvent and tetrame-
thylsilane (TMS) as internal standard. The molecular weights of the
P2VP and the PtBMA block were calculated from the number-
average molecular weight of the precursor obtained by MALDI-ToF
mass spectrometry and the ratio of characteristic NMR signals. The
molecular characteristics of the BVT triblock terpolymers are
summarized in Table 1.



Fig. 1. THF-SEC elution traces for B46 (solid black line), B66V34
69 (dashed black line) and B34V17T49136 (solid grey line) (A); THF-SEC elution traces for B58V27T1578 (solid black line),

B53V24T2384 (dashed black line), and B49V23T2888 (solid grey line) (B); MALDI-ToF mass spectrum of B34V17T49136, the grey line is a smoothened curve and a guide to the eye, the peak at
m/z ¼ 69.400 corresponds to doubly charged molecules.

F. Schacher et al. / Polymer 51 (2010) 2021e20322024
2.9. Dynamic light scattering (DLS)

Dynamic light scattering (DLS) measurements were performed
in sealed cylindrical scattering cells (d ¼ 10 mm) at a scattering
angle of 90� on an ALV DLS/SLS-SP 5022F equipment consisting of
an ALV-SP 125 laser goniometer with an ALV 5000/E correlator and
a HeeNe laser with the wavelength l ¼ 632.8 nm. The CONTIN
algorithm was applied to analyze the obtained correlation func-
tions. Apparent hydrodynamic radii were calculated according to
the StokeseEinstein equation.
2.10. Ultrasound sonication treatment

Ultrasound sonication treatment was performed in solution in
small glass vials. The used instrument was a Branson Digital Soni-
fier equipped with a tungsten tip. Amplitude was kept at 20% and
typical sonication times were 1 s followed by a break of 4 s. Total
sonication times are always the summarized seconds of real soni-
cation without breaks. Samples were always water cooled during
the sonication procedure.
3. Results and discussion

3.1. Synthesis and molecular characterization of the block
terpolymers

All polymers were synthesized via sequential anionic polymer-
ization in THF in the presence of alkoxides and exhibited very low
molecular weight distributions. Some exemplarily THF-SEC traces
for B34V17T49136 including the precursors and the series of B58V27T1578,
B53V24T2384, and B49V23T2888 are shown in Fig. 1. All obtained elution
traces are monomodal. Furthermore, Fig. 1C displays a MALDI-ToF
MS spectrum of B34V17T49136.
Two populations are observed in theMALDI-ToF mass spectrum.
The main peak with m/z ¼ 136.500 g/mol is the block terpolymer,
the second at m/z¼ 69.400 g/mol doubly chargedmolecules. Please
note that mass spectrometry of block copolymers, especially at
molecular weights exceeding 100.000 g/mol, is a challenging task
[34]. Double ionization most probably occurs due to the ionizable
middle block, P2VP.
3.2. Structural characterization

The following chapter summarizes the results obtained for
the microphase-separated bulk morphologies of the synthesized
BVT block terpolymers by slow casting from THF solutions. For
most samples, either lamellae or hexagonally arranged core-shell
cylinders could be identified (Table 1), only B44V20T3698 showed
coexisting lamellae and gyroidal parts. This composition in
combination with examples for lamellae, B30V14T56141, and hexag-
onally arranged helical cylinders, B14V18T68165 with B core, V helix
winding around the cylindrical core, and T matrix or B53V24T2384

with T core, V shell, and B matrix, are discussed here in more
detail. Furthermore, the block terpolymer with the lowest
content of P2VP, B18V8T74133, is forming a discontinuous shell of
P2VP around the PB core in the bulk state, rendering it inter-
esting for the generation of multicompartment polymeric
nanoparticles. For B18V8T74133 and B14V18T68165, also the aggregates
present in solution after crosslinking of the as-cast bulk films and
subsequent sonication-assisted dissolution are investigated and
shown in detail. The rest of the synthesized block terpolymers
mentioned in Table 1 appears only to present a complete view. It
is noteworthy that B44V20T3698 and B30V14T56141 are from the same
polymer series and in an analogous way, B16V21T63145 and
B14V18T68165 originate from another series as indicated by the
numbers in brackets (cf. Table 1).



Fig. 2. TEMmicrographs of B44V20T3698 cast from THF after staining with OsO4 (A, B); the black part corresponds to polybutadiene; SAXS pattern of B44V20T3698 at 35 wt.% in THF (C), the
inset shows the proposed bulk morphology.
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3.3. B44V20T36
98: coexistence of lamellae/gyroid

According to TEM, B44V20T3698 shows a coexistence of two
morphologies (Fig. 2). Most parts of the sample show lamellae, as
depicted in Fig. 2A. A partial gyroidal structure is shown in Fig. 2B.
In both cases, the dark phase corresponds to the polybutadiene
compartment due to OsO4.

Fig. 2A illustrates the lamellar structure. In the upper left corner
of the same TEM micrograph the transition from the lamellar into
the gyroid structure is visible. A comparable location is enlarged in
Fig. 2B. In Fig. 2C the corresponding SAXS pattern in THF (35wt.%) is
shown. It is rather complex and seems to contain reflexes of at least
two different structural motifs. The peaks with the relative posi-
tions 1 : 2 : 3 (indicated in blue in Fig. 2C) are typical for a lamellar
structure (reflections [001]; [002]; [003]). Besides, the reflexes with
the relative positions O3 : O4 : O7 : O10: O11 could be assigned to
a gyroidal motif assuming that the peak at the relative position of
O3 corresponds to the [211] reflection. This is in accordance with
the literature [35,36]. The long period for the lamellar structure can
be calculated to dLAM¼ 74� 4 nm (Eq. (1)). Through the assignment
of the [211] reflection one can deduce the lattice pattern parameter
for the gyroidal structure, dGYR ¼ 106 � 5 nm (Eq. (2)).

dLAM ¼ 2np
qn

(1)

dGYR ¼ 2p
ffiffiffi
x

p
qn

(2)
With n being the peak order (n ¼ 1 for the first peak of the
lamellar pattern), qn being the peak value obtained from the SAXS
measurement (0.085 nm�1 for [100] and 0.102 nm�1 for [211]), and
x the order of the peak from the gyroid pattern, in this case x ¼ 3
due to hkl ¼ [211]. The interpretation of SAXS patterns from ABC
triblock terpolymers bears much more complexity than for simple
AB diblock copolymers. Here, the relative electron densities affect
both scattering contrast and the relative scattering intensities,
producing SAXS patterns where certain reflexes can be nearly
extinguished [37]. Hence, the pattern shown in Fig. 2C for B44V20T3698

may not exhibit all the relevant reflexes necessary for a complete
assignment of a gyroidal motif. Unfortunately, the signal to noise
ratio in Fig. 2C strongly diminishes at q > 0.3 nm�1, making it
difficult to assign any further peaks. According to the volume/
weight fractions of the three building blocks, we assume a poly(2-
vinylpyridine) core with a poly(tert-butyl methacrylate) shell for
the gyroidal motif embedded in a polybutadiene matrix.
3.4. B30V14T56
141: lamellae

An increase of the PtBMA volume fraction within this
terpolymer series to FB : FV : FT ¼ 1 : 0.4 : 1.8 leads to a complete
lamellae formation in the bulk. This is illustrated in Fig. 3. The TEM
micrograph (Fig. 3A) depicts uniformly aligned lamellae in amicron
sized range. The dark part (central lamella) in Fig. 3B corresponds to
the polybutadiene compartment, stained with OsO4 and flanked by
smaller grey poly(2-vinylpyridine) microdomains on each side.
The light parts represent the poly(tert-butyl methacrylate). As



Fig. 3. TEM micrographs of B30V14T56141 cast from THF after staining with OsO4 (A, B); the black phase resembles polybutadiene; after staining with iodine, the dark parts resemble
P2VP (C), scale bar corresponds to 200 nm; SAXS pattern of B30V14T56141 at 35 wt.% in THF (C), the inset shows the proposed bulk morphology.
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mentioned earlier, the microdomain dimensions from TEM do not
necessarily coincide with the calculated volume fractions, caused
by the electron beam damage of the methacrylic phase. Hence, the
PtBMA domains are not significantly larger than the PB compart-
ments, although the volume fraction is almost the double. It has
been reported that methacrylic domains may shrink to less than
half of the expected value in that way [38].

Fig. 3C shows a TEMmicrograph after stainingwith iodine. Here,
the dark domains correspond to P2VP. The ll morphology can be
nicely seen. Two parallel dark P2VP domains are adjacent to
a lighter PB lamella. The lightest parts again are PtBMA, which is not
affected by the staining procedure. The long periods obtained from
TEM are around 60 nm in both cases. In Fig. 3D the SAXS pattern in
solution (35 wt.% in THF) is depicted. The lamellar morphology is
again confirmed and the characteristic peaks for such structural
motifs at integer multiples of the first order peak are visible. The
relative reflex positions 1 : 2 : 3 : 4 are related to the [100] : [200] :
[300] : [400] reflections. From the SAXS measurements, the long
period was calculated to dLAM ¼ 57 � 3 nm (with qn ¼ 0.111 nm�1

for [100]) and is in good agreement with the results obtained from
TEM (dLAM, TEM ¼ 85 � 8 nm), considering the shear forces during
the microtome cutting. Apart from the bulk properties, B30V14T56141

was shown to form a multitude of different multi-compartmental
structures in solution, depending on the preparation conditions
[39,40].
3.5. B18V8T74
133: core-shell cylinders with a discontinuous shell

The terpolymer with the lowest content of P2VP, 8%, exhibits
a core-shell cylindrical morphology. The hexagonal arrangement,
although slightly distorted, is shown in Fig. 4A, the corresponding
FFT pattern in the inset, Fig. 4B. In the enlargement, Fig. 4C, it can be
seen that the cylinders are slightly ill-shaped. In our opinion, the
low content of P2VP results in the formation of a non-continuous
shell around the PB core. This then results in the generation of an
additional interface between PB and PtBMA, although, according to
the block sequence, these compartments are not directly linked. In
Fig. 4D the microtome cut has been stained with iodine, enhancing
the electron density in the P2VP phase. Here, the disrupted nature
of the P2VP shell is more evident, as it appears darker. Several
unconnected black dots are surrounding the cylindrical PB core.

The formation of an additional interface between the first and
the last block of block terpolymers upon drastically reducing the
volume fraction of the middle block has already been reported
before [16]. If the c-parameters for the BVT block terpolymers are
compared, cBT ¼ 0.007, cBV ¼ 0.13e0.26, and cBV ¼ 0.325 [28,29],
PB and PtBMA are supposed to show the lowest incompatibility.
Moreover, PB and P2VP should avoid each other most. Therefore, it
seems possible that the breaking up of an existing continuous
P2VP shell reduces the interfacial tension of the whole system
even though a new interface between PB and PtBMA is generated.
Comparable bulk morphologies have also been reported for SBM
block terpolymers [41]. The SAXS pattern of B18V8T74133 in THF
(35 wt.%) is shown in Fig. 4E. All important reflections for
hexagonally arranged cylinders are present and could be
successfully assigned, [100], [110], [200], [210], [300], [220], and
[310]. Calculation of the long period from the SAXS pattern results
in dCYL ¼ 67 � 4 nm (Eq. (3)).

dCYL;eff ¼ dCYL
sinð60�Þ ¼ 2ffiffiffi

3
p dCYL (3)

With dCYL calculated according to Eq. (1).

RCYL ¼ DCYL;eff

ffiffiffiffiffiffiffiffiffiffiffiffiffi
2FCYLffiffiffi
3

p Q
s

(4)

A further evaluation (Eq. (4), with FCYL being the volume frac-
tion of the cylinder forming phase) gives rise to the cylinder radius,



Fig. 4. TEM micrographs of B18V8T74133 cast from THF after staining with OsO4 (A); the black phase resembles PB; the inset (B) shows an FFT pattern obtained from A; enlargement
from A (C); TEM micrograph of B18V8T74133 cast from THF after staining with iodine (D), the black phase shows P2VP; SAXS pattern of B18V8T74133 at 35 wt.% in THF (E), the inset shows
the proposed bulk morphology.
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RCYL ¼ 20 � 1 nm. From TEM, the cylinder radius was estimated to
be slightly larger, RCYL ¼ 25 � 3 nm, probably due to distortion of
the structure occurring during the microtome cutting. Besides that,
both TEM and SAXS confirm the formation of a hexagonally packed
cylindrical structure.

To further elucidate the structure of this P2VP shell, the PB core
of the cylinders was crosslinked in the bulk. Therefore, films with
up to 10% UV-photoinitiator were cast from THF and exposed to
UV-light for 2 h afterwards. Subsequent swelling followed by
sonication of the polymer films in THF lead to dissolution of the
self-assembled structures. Soxhlett extraction of the crosslinked
polymer samples with THF was used to estimate the degree of
crosslinking, around 75% in this case. These were then drop-coated
onto carbon-coated grids and analyzed by TEM. Dynamic light
scattering (DLS) was also performed to assess the average size of
the particles in dependence of the sonication time. The results are
shown in Fig. 5.

Fig. 5A depicts a TEM micrograph of B18V8T74133 cylinders
deposited from THF solution after 10 min sonication. The cylinders
are very uniform in diameter but show a rather large length
distribution due to the sonication process. The diameter measured
by TEM in this case is around 75�7 nm, significantly larger than via
calculation from dCYL. This is be due to swelling of the partially
crosslinked structure in THF, a good solvent for all the three blocks.
The (in solution) swollen cylinders then are deposited onto the TEM
grid like “pancakes”, explaining the increased width. In Fig. 5B and
C enlargements of the same sample are displayed. Here, the non-
continuous P2VP shell is more evident. Especially in Fig. 5B, a rather
random distribution of small black dots along the cylinder can be
seen.We suppose that these are spherical P2VP domains located on
the PB cylinder. Through the dissolution in THF, P2VP also swells
and, in some cases, this than may lead to a partially continuous
corona and a tubular appearance of the polymeric cylinders, as
displayed in Fig. 5C, despite the low volume fraction of the middle
block. Together with the results presented in Fig. 4, we propose the
following bulk morphology for B18V8T74133, depicted in Fig. 5D:
hexagonally arranged PB cylinders (grey) covered by P2VP spheres
(red) embedded in a PtBMA matrix. Fig. 5E shows the DLS auto-
correlation functions after different sonication times. A clear shift
with increasing sonication time towards lower decay times is
observable. The corresponding CONTIN plots at q ¼ 90� for 1 (solid
black line) and 10 min (solid grey line) are displayed in Fig. 5F. In
the beginning, after 1 min sonication, apparent hydrodynamic radii
of 65 and 310 nm are observed. After 10 min sonication this is
decreasing to a single, although far broadened, peak at <Rh>z,

app ¼ 185 nm. The broadening can be interpreted as an artifact of
the DLS measurement, as the CONTIN algorithm assumes a spher-
ical particle shape, which is not the case here.

3.6. B14V18T68
165: P2VP helix around hexagonally arranged

PB cylinders

The terpolymer with a rather high content of PtBMA, FB : FV :
FT ¼ 1 : 1.2 : 4.6, also exhibits a core-shell cylindrical morphology,



Fig. 5. TEM micrograph for B18V8T74133 after 10 min sonication and drop-coating from THF onto a TEM grid (A); enlargement of one single cylinder (B); enlargement of several
cylinders after staining with iodine (C); schematic drawing of the proposed bulk structure, PB cylinder (grey) bearing P2VP spheres (red) embedded in a PtBMA matrix (D); DLS
autocorrelation functions for B18V8T74133 after crosslinking in the bulk and subsequent sonication in THF for 1 ( ), 3 ( ), 5 ( ), and 10 min (solid black line) (E), the inset
shows a zoom of the relevant region; DLS CONTIN plots at q ¼ 90� for B18V8T74133 cylinders in THF after sonication for 1 (solid black line, <Rh>z, app ¼ 65 and 310 nm) and 10 min
(solid grey line, <Rh>z, app ¼ 185 nm) (F). For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
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as illustrated in Fig. 6. The dark phase represents polybutadiene, the
core of the cylinders, due to the OsO4 staining (Fig. 6A). The grey
compartments correspond to the surrounding poly(2-vinyl-
pyridine) shell and the light parts show poly(tert-butyl methacry-
late), the matrix. As for the other BVT terpolymer morphologies
discussed here, the PtBMA compartment suffers from considerable
shrinkage caused through radiation damage. The inset, Fig. 6B,
shows an FFT pattern from Fig. 6A, confirming the hexagonal
arrangement of the cylinders. Fig. 6C presents an “on-top” view
onto the cylinders heads, being slightly distorted. Here, the
microtome cut has been stained with iodine, which enhances the
electron density in the P2VP shell.

A dark-grey “horse-shoe” around each PB cylinder is observed in
Fig. 6C. Surprisingly, the P2VP shell is not continuous, which would
result in the formation of a complete ring around the PB
compartment. In Fig. 6D a side-view of the cylinders is presented,
also stained with iodine for a better visualization of the P2VP part.
Clearly, the formation of a double-stranded P2VP helix can be seen.
The helical pitch is around 160 nm. The finding of a non-continuous
shell around the PB core and therefore the generation of an addi-
tional interface between PB and PtBMA can be explained as before
(B18V8T74133). The difference here is that the P2VP block is somewhat
longer, resulting in a higher volume fraction. Helical morphologies
have been reported before for SBM block terpolymers [16,41]. Here,
a morphology containing PS cylinders with a PB helix around them
embedded in a PMMA matrix was observed. The inset in Fig. 6D
displays the proposed bulk structure in this case, a grey PB cylinder
coated with a red P2VP helix. The SAXS pattern from THF solution
(35 wt.%) is shown in Fig. 6E. The scattering maxima appear at
relative positions of 1 : O3 : 2 : 3 : O12 : O13which correspond to the
[100], [110], [200], [300], [220] and [310] reflections of a cylindrical
structure. The [210] peak is missing. Calculation of the long period
from the SAXS pattern results in dCYL ¼ 72 � 4 nm. A further
evaluation gives rise to the cylinder diameter, RCYL ¼ 21 �1 nm (cf.
Equations (3) and (4)). From TEM, the cylinder radius was esti-
mated to be slightly larger, RCYL ¼ 25 � 3 nm.

To further elucidate the structure of these cylinders in the bulk,
the PB core of the cylinders was crosslinked like shown before for



Fig. 6. TEM micrographs of B14V18T68165 cast from THF after staining with OsO4 (A); the black phase resembles PB; the inset (B) shows an FFT pattern obtained from A; TEM
micrograph of B14V18T68165 cast from THF after staining with iodine (C), the black phase shows P2VP; Side-view onto the cylinders, the inset depicts what we suppose is the bulk
morphology, PB cylinders (grey) carrying a P2VP helix (red) embedded in a PtBMA matrix (D); SAXS pattern of B14V18T68165 at 35 wt.% in THF (E), the inset shows the proposed bulk
morphology. For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.

Fig. 7. TEM micrograph for B14V18T68165 after 5 min sonication and drop-coating onto a TEM grid (A); DLS autocorrelation functions for B14V18T68165 after crosslinking in the bulk and
subsequent sonication in THF for 5 ( ), 10 ( ), and 15 min (solid black line) (B), the inset shows a zoom of the relevant region; DLS CONTIN plots at q ¼ 90� for B14V18T68165

cylinders in THF after sonication for 5 ( , <Rh>z ¼ 205 nm), 10 ( ,<Rh>z ¼ 145 nm), and 15 min ( , <Rh>z ¼ 130 nm) (C); TEMmicrograph for the same sample as (A) after
staining with iodine (D).
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Fig. 8. TEM micrographs of B58V27T1578 cast from THF after staining with iodine (A, C); the black phase resembles P2VP; scale bar corresponds to 1 mm (A) and 200 nm (C); the inset
(B) shows an FFT pattern obtained from A; SAXS pattern obtained from B58V27T1578 at 30 wt.% in THF (D), the inset shows the proposed bulk morphology.
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B18V8T74133. Again, films were cast with addtional 10% UV cross-
linking agent from THF and exposed to UV-light for 2 h afterwards.
Fig. 7 summarizes the DLS and TEM results.

Fig. 7A shows a TEM micrograph of B14V18T68165 cylinders
deposited from THF solution after crosslinking with 10% TPO and
subsequent sonication for 5min. Again, the cylinders are uniform in
diameter but show a rather large length distribution. The helical
morphology cannot be definitely confirmed, although the cylinders
do not exhibit an homogeneous surface. Here, the diameter
measured via TEM is around 100 nm, almost deviating by a factor of
2 from the SAXS results. This can be attributed to the swelling of the
partially crosslinked cylindrical core in THF in combinationwith the
sample preparation. Fig. 7B shows the DLS autocorrelation func-
tions after different sonication times. The decay times shift with
increasing sonication towards lower values. The corresponding
CONTIN plots at q ¼ 90� for 5 ( ), 10 ( ), and 15 min ( ) are
displayed in Fig. 7C. After 5 min sonication a value for <Rh>z, app of
205 nm was obtained. Surprisingly, the population shows a quite
narrow distribution (PDIDLS¼ 0.08). After 10min sonication,<Rh>z,
app¼ 145 nm, and after 15min<Rh>z, app¼ 130 nmweremeasured.
Again, the DLS plots show a broadening with increasing sonication
time, attributed as an artifact of the CONTIN algorithm.

Fig. 7D shows basically the same sample like Fig. 7A after staining
with iodine. Dark, round spots with a diameter of approximately
15e20 nm are present on the PB core of the cylinders, representing
the P2VP compartments. Apparently, upon contact with THF, a good
solvent for P2VP, the helices swell and upon deposition of the
cylinders onto the TEM grid the polymer chains collapse again into
spherical domains. Nevertheless, these cylindrical nanoparticles
could serve as interesting multi-compartmental templates for the
generation of hybrid structures. The characterization of these com-
partmentalized cylindrical micelles in solutionwill be the subject of
a forthcoming publication [42].

3.7. B58V27T15
78: inverted core-shell cylinders

The previously discussed terpolymer, B14V18T68165, was also tested
as a precursor for the fabrication of thin-film composite



Fig. 9. Ternary phase diagram obtained for several series of BVT block terpolymers, the grey phase resembles polybutadiene, the red phase poly(2-vinylpyridine), and the green
phase poly(tert-butyl methacrylate); morphologies are lamellar (6), cylindrical (B), or either mixtures or unusual structures (spheres on cylinders or helices on cylinders). For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.
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membranes [24]. Well ordered arrays of core-shell cylinders
aligned perpendicular to the surface on various substrates could be
produced. However, the removal of the polybutadiene core of these
thin-film structures to generate porous structures is not so
straightforward. It is therefore of interest to invert the structure,
resulting in a polybutadiene matrix with embedded cylinders
consisting of a PtBMA core and a P2VP shell. The genuine advantage
would be that the cylinder cores could be easily removed through
UV-induced depolymerization of the PtBMA, giving access to
porous materials with pH-responsive (P2VP) pore walls. Thus,
a polymer series with volume fractions FB : FV : FT ¼ 1 : 0.4 :
0.2e0.5 was synthesized. As mentioned in Table 1, both B58V27T1578

and B53V24T2384 show hexagonally packed cylinders with a PtBMA
core although only B58V27T1578 is discussed here in more detail. TEM
images for this block terpolymer cast from THF and stained with
iodine as well as SAXS data are shown in Fig. 8.

In Fig. 8A an “on-top” view onto the cylinders is shown. Clearly,
a hexagonal pattern can be observed. This is highlighted in the FFT
in Fig. 8B. Fig. 8C displays an enlargement where the cylinder fine
structure can be seen. The light core of the cylinders is PtBMA,
already deteriorated through the incident electron beam. The dark
ring resembles the P2VP shell, darkened through the staining
treatment with iodine, surrounded by the grey PB matrix. If
measured by TEM, the long period for this hexagonally packed
morphology is 55 � 6 nm and the average cylinder diameter is
40 nm (20 nm for the PtBMA core and 2�10 nm for the P2VP shell).
It is apparent that the as-cut films are rather strongly bended and
distorted as a result of the high polybutadiene content. Microtome
cutting had to be performed at low temperatures (�30 �C) to
reduce the softness of the material. The SAXS pattern from THF
solution (30 wt.%) is shown in Fig. 8D. The scattering maxima
appear at relative positions of 1 : O3 : 2 : O7 : O12 : O13 : 4 which
correspond to the [100], [110], [200], [210], [220], [310] and [400]
reflections of a hexagonal cylindrical structure. Calculation of the
long period from the SAXS pattern results in dCYL ¼ 64 � 3 nm (Eq.
(3)) and is in good agreement with the values obtained via TEM
measurements.
4. Phase diagram for BVT block terpolymers

The results from the previous chapters are summarized in
a ternary phase diagram (Fig. 9). The terpolymers discussed within
the scope of this manuscript are highlighted (red circles) and their
proposed bulkmorphologies are schematically depicted around the
phase diagram. Within each polymer series the grey arrow indi-
cates an increasing volume fraction of PtBMA.

Open spheres resemble cylindrical morphologies, open trian-
gles lamellar structures. All non-typical examples are represented
by open rectangles: the helical morphology for B14V18T68165, the
cylinders with a non-continuous shell for B18V8T74133, and the
coexisting between lamellae and gyroid for B44V20T3698. In Table 1
the different block terpolymers of one series are marked by the
numbers in brackets. Within series 1, the morphology changes
from LL for B47V19T3461 and B38V16T4682 to hexagonally arranged core-
shell cylinders, PB core and P2VP shell for B29V12T5986, B22V9T69109,
and B18V8T74133. The content of P2VP for B29V12T5986 and B22V9T69109 is
still high enough to form a continuous shell. For B18V8T74133, this is
not the case. The lowest content of P2VP, 8 wt.%, results in the
formation of spherical domains situated on the PB core of the
cylinder. For series 2, the high butadiene content of B55V26T1977

leads to the formation of PtBMA cylinders with a P2VP shell in
a PB matrix. With increasing PtBMA content, a mixed volume
structure consisting of lamellae and a gyroidal motif was found for
B44V20T3698. Higher volume fractions of PtBMA resulted in the
formation of purely lamellar morphologies for B38V18T44112,
B37V17T46117, B32V15T53132, B30V14T56141, and B29V14T57145. Same accounts
for the only block terpolymer of series 3, B34V17T49136. For series 4,
hexagonally arranged core-shell cylinders with a PB core and
a P2VP shell are obtained for B16V21T63145. The cylindrical arrange-
ment of the PB segments is also present in the case of B14V18T68165

although here the middle block forms a helix along the PB
cylinders. For the last series, 5, inverted core-shell cylinders with
a PtBMA core and a P2VP shell are obtained for B58V27T1578 and
B53V24T2384. Upon further increasing the PtBMA volume fraction,
a lamellar morphology is found for B49V23T2888.
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5. Conclusion

Several series of polybutadiene-block-poly(2-vinylpyridine)-
block-poly(tert-butylmethacrylate) (BVT) block terpolymers have
been synthesized and exhaustively characterized. Among the
morphologies obtained are lamellar (LL), cylindrical (CYL),
a mixture of gyroidal and lamellar (GYR/LL), and cylindrical
morphologies with a non-continuous P2VP shell (spheres on
cylinders for B18V8T74133 and helices on cylinders for B14V18T68165).
Especially the latter two block terpolymers were shown to be very
interesting precursors for the generation of novel multi-compart-
mental core-crosslinked cylindrical polymeric nanoparticles. For
this, a sonication-assisted pathway developed in our group has
been adopted and it could be demonstrated that the size of the
generated nanoparticles can be tuned by the sonication time in
a fashionable way. The results presented here in combination with
earlier work nicely show that the BVT system provides a suitable
platform for the preparation of advanced and sophisticated nano-
structured systems in the bulk, in solution, and in thin films.
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