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a b s t r a c t

The self-assembly of block copolymers in the bulk phase enables the formation of complex nano-
structures with sub 100 nm periodicities and long-range order, both relevant for nanotechnology
applications. Here, we map the bulk phase behavior of polystyrene-block-polybutadiene-block-poly(-
tert-butyl methacrylate) (SBT) triblock terpolymers on a series of narrowly distributed polymers with
widely different block volume fractions, fS, fB and fT. In dependence of f, we find the lamellaelamella,
core-shell cylinder, cylinder-in-lamella and core-shell gyroid morphology, but also a rarely observed
cylinder-in-lamella phase. The bulk morphologies are thoroughly characterized by transmission elec-
tron microscopy (TEM) and small angle X-ray scattering (SAXS) and display unusually broad stability
regions, i.e. morphologies are observed over a broad range of compositions. We attribute this phase
behavior to the asymmetric distribution of blockeblock incompatibilities, along the SBT block
sequence, which are relatively large for S/B and S/T interfaces, but small for B/T. The higher enthalpic
penalties at the S/B and S/T interface cause B to preferentially spread on the T microdomain thereby
adopting its geometry. The morphological behavior of SBT is thus dominated by the volume ratio of the
end blocks, fS and fT, which reduces the number of potential morphologies to only a few, mostly the
core-shell analogue of diblock copolymer morphologies. In general, a simplified terpolymer bulk
behavior with large stability regions for morphologies offers straightforward synthetic targeting of
specific morphologies that usually only appear in a small parameter space as demonstrated here on the
core-shell gyroid.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

Block copolymers consist of covalently linked polymer blocks
with differences in physical or chemical properties. The resulting
blockeblock incompatibility creates the conflict of short-range
attraction and long-range repulsion that drives self-assembly of
block copolymers into predictable bulk morphologies with nano-
meter periodicities. Important parameters that govern the

geometric arrangement of the phases are the volume fractions, fA
(with fB ¼ 1-fA) of the participating blocks, A and B, and their
block-bock incompatibility, cABN, which is the FloryeHuggins-
interaction parameter cAB, multiplied by the number of monomer
units (degree of polymerization), N ¼ NA þ NB [1]. The microphase
separation is the result of enthalpic (interfacial energy of the two
blocks) and entropic (chain stretching) contributions and is well
understood given the dedicated efforts of theoretical [2e4] and
experimental characterization of bulk phase diagrams [5e8]. AB
diblock copolymers can adopt a limited number of stable bulk
morphologies depending on these parameters such as the sphere,
cylinder, gyroid and lamellar morphology, often found in the
strong segregation regime above the order-disorder transition [1].
Except synthetic control of morphology (block length and choice
of monomers), there are several post polymerization methods to
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manipulate the phase behavior of diblock copolymers, e.g., by
changing the volume fraction of one of the blocks via blending
with homo- and copolymers [9,10], nanoparticles [11] or via
hydrogen bonding [12e15]. Also thermally induced order-order-
transitions [16,17], shear alignment [18,19] and alignment in
electrical fields [20e22] have evolved to state-of-the art tech-
niques to induce, alter and optimize long-range order or to switch
between morphologies.

Compared to the straightforward phase behavior of diblock
copolymers, ABC triblock terpolymers feature higher morpholog-
ical complexity due to the increased number of interaction pa-
rameters, cAB, cBC, cAC, and volume fractions, fA, fB (with fC ¼ 1-
fA-fB) [23,24]. Three blocks further give rise to variation in archi-
tecture (linear or miktoarm stars) [25e27] and block sequence
(ABC, BAC, CAB) [28,29]. Nowadays, the synthesis of tailor-made
ABC triblock terpolymers (or multiblock copolymers) has become
state-of-the-art through continuous progress and development of
controlled/living radical and ionic polymerization techniques [30].
The increased number of participating blocks complicates the
prediction of the bulk behavior, but also contributes to the
tremendous variety and complexity of potential morphologies
[31,32]. Stadler et al. pioneered studies on ABC triblock terpolymer
self-assembly of polystyrene-block-polybutadiene-block-poly(-
methyl methacrylate) (SBM) in bulk. Besides the core-shell ana-
logues of cylindrical and gyroid diblock copolymer morphologies,
they identified many more complex block arrangements, e.g., the
spheres-on-sphere, spheres-on-cylinder, helix-on-cylinder and a
knitting pattern morphology, amongst others [33e35]. Since then,
ternary phase diagrams of several triblock terpolymers (e.g. SBM,
SVT, BVT; S ¼ styrene, B ¼ butadiene, M ¼ methyl methacrylate,
V ¼ 2/4-vinylpyridine, T ¼ tert-butyl methacrylate) have been
thoroughly investigated and highlighted the vast morphological
diversity [36e38]. These and other works demonstrate the
impressive complexity of ABC triblock terpolymer bulk
morphologies.

Block copolymer bulk morphologies found widespread in-
terest as precisely nanostructured templating materials for ap-
plications ranging from catalysis [39e41], photovoltaics [42] and
optics [43] to fuel cells and lithography [44e47]. The gyroid
morphology is a triply periodic minimal surface [48] and at-
tracts special attention as precursor in hybrid materials design
for applications requiring high surface area and symmetry (e.g.
solar cells [49] or nanofoams [50]). In this regard, ABC triblock
terpolymers offer more sophisticated gyroid morphologies with
either core-shell [51] or double gyroid configuration, i.e. two
interconnected gyroid networks separated by a matrix. Espe-
cially in the latter case, separate loading of individual gyroid
phases with metal precursors gives access to bimetallic inter-
penetrating networks [52]. ABC triblock terpolymers that form
A/C lamellar morphologies were also used for the preparation of
Janus particles of diverse geometry (sphere, cylinder, disc)
through crosslinking of the B middle block of lamella-sphere,
lamella-cylinder and lamellaelamella bulk morphologies with
subsequent redispersion of the cross-linked particles [53e56].
Polymer-based Janus particles show enhanced interfacial activ-
ity [57,58] as demonstrated by their application as interfacial
stabilizers in emulsion polymerization [59], dispersants for
carbon nanotubes [60] and compatibilizers for polymer blends
[61,62]. Given the diversity of terpolymer morphologies, their
full potential has certainly not been harnessed as of yet, and
several other morphologies could be attractive in view of ap-
plications. However to predict and reliably target specific mor-
phologies also requires a comprehensive understanding of the

parameters that control the bulk behavior for a given combi-
nation of blocks.

This work contributes to the understanding of the relationship
between block volume fractions, blockeblock interactions, and
the resulting bulk morphologies within the system polystyrene-
block-polybutadiene-block-poly(tert-butyl methacrylate) (SBT).
This block combination shows large differences in the seg-
mentesegment incompatibility of S/T (cST ¼ 0.025 [63]) and B/T
(cBT ¼ 0.007 [64]), causing the B phase to preferably spread on
the T phase. Hence, the morphology that is formed is mostly
guided by the two end blocks, leading to a decreased complexity
of the phase behavior and to large stability regions of the single
phases. The synthesized series of SBT triblock terpolymers with
varying volume fractions, fS, fB and fT, cover a wide range of
morphologies ranging from lamellaelamella to core-shell cylin-
der and core-shell gyroid morphology. Also a cylinder-in-lamella
morphology was found, that was up to now only rarely reported.
All bulk morphologies were characterized by transmission elec-
tron microscopy (TEM) and small angle X-ray scattering (SAXS).
Stability regions for the various bulk morphologies are summa-
rized in a ternary phase diagram. The functional SBT terpolymer
offers post polymerization modifications, e.g., the possibility to
fixate the bulk structure via cross-linking of the B phase or form
pH-responsive metal coordination sites, poly(methacrylic acid),
by deprotection of the T phase. This may be interesting if com-
bined e.g. with the gyroid morphology to create pH responsive
channels.

2. Experimental part

2.1. Materials

Sec-butyl lithium (sec-BuLi, 1.3 M solution in cyclohexane/hex-
ane: 92:8, Acros) was used without further purification. THF (p.a.,
Aldrich) was distilled from CaH2 and K under dry N2 atmosphere.
1,1-Diphenyl-ethylene (Aldrich) was distilled from sec-BuLi under
reduced pressure. Styrene was degassed with three freeze-pump-
thaw cycles followed by the addition of 1 mL di-n-butylmagne-
sium (1.0 M solution in heptane, Aldrich) per 10mLmonomer. After
evaporation of heptane and stirring for 1 h, the desired amount of
monomer was condensed into a glass ampule and stored in liquid
nitrogen under nitrogen atmosphere until use. Gaseous 1,3-
butadiene (MessereGriesheim) was passed through columns fil-
led with molecular sieves (4 Å) and basic aluminum oxide. After-
wards, it was condensed into a glass reactor and stirred over di-n-
butylmagnesium at least two days prior to use. Tert-butyl meth-
acrylate (tBMA, Aldrich) was first degassed with three freeze-
pump-thaw cycles. After addition of tri-n-octylaluminium
(25 wt.-% in hexanes, Aldrich) until a slight yellow color occurred,
hexane was evaporated under reduced pressure and the mixture
was stirred for 1 h before the monomer was condensed into a glass
ampule and stored in liquid nitrogen under nitrogen atmosphere
until use.

2.2. Synthesis of SBT triblock terpolymers

All SBT triblock terpolymers were synthesized via living anionic
polymerization in THF at low temperatures according to a previous
publication [65]. Sec-BuLi followed by styrene was added to THF
at �70 �C. After the reaction was completed an aliquot of the pre-
cursor was taken for SEC analysis before 1,3-butadiene was added.
The reaction mixture was heated to �10 �C and stirred for 6.5 h to
ensure complete polymerization. The reaction mixture was cooled
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