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Self-assembly of block polymermelts into periodically ordered
microstructures has proved attractive for generating materials
with strict control over length scale and morphology.1 The
simplest class of linear block polymers, AB diblocks, generate
only four stable phases. (Takenaka and co-workers2 recently
reported a fifth morphology, an orthorhombic network phase
(O70) with Fddd symmetry, in a poly(styrene-b-isoprene) diblock
copolymer over a narrow slice of parameter space). At strong or
intermediate segregation strength (χABN . 10, where χAB is the
segment-segment interaction parameter and N is the overall
degree of polymerization), these morphologies are dictated solely
by the block volume fractions ( f ). Highly asymmetric diblocks
( f∼ 0.1-0.15) produce spherical domains of theminority blocks,
arranged with BCC order in a matrix of the majority blocks.
Hexagonally packed cylinders occur when the molecular asym-
metry decreases ( f ∼ 0.15-0.3), while alternating lamellae of
A-rich and B-rich domains are most stable when the volume
fractions of the blocks are comparable ( f ∼ 0.35-0.5). These
“classical” phases are complemented by the bicontinuous double
gyroid, which occurs over a narrow region of composition space
between cylinders and lamellae ( f ∼ 0.3-0.35). While block
conformational asymmetry3 andmodest polydispersity4 can shift
these morphology boundaries, the overall topology of the AB
diblock phase portrait remains unchanged.

The number and geometrical complexity of morphologies in-
creases dramatically with the addition of a third dissimilar block,
as in ABC triblocks. The number of possible block interfaces
(A/B, A/C, and B/C) triples, which complicates the free energy
balance that determines self-assembly behavior.At this time, over
30 ordered morphologies have been reported for linear triblock
terpolymers.5-16 Among the ABC triblock microstructures are
core-shell analogues of the sphere, cylinder, and double gyroid
phases found in AB diblocks.9,12,17 The core-shell cylindrical
and gyroid phases are particularly attractive candidates for the
creation of mechanically robust solid-state electrolytes, nano-
porous templates, and semipermeable membranes.

We are especially interested in using molecular architecture to
produce new ordered morphologies, or to expand the range of
block compositions that lead to a given microstructure. This has
led us to explore the self-assembly behavior of ABAC tetrablock
terpolymers. In a previous study, we reported an unanticipated
network structure in a series of poly(cyclohexylethylene-b-ethylene-
b-cyclohexylethylene-b-dimethylsiloxane) tetrablocks.18 In
this communicationwedescribe the bulkmorphological behavior
of a sequence of poly(styrene-b-isoprene-b-styrene-b-ethylene oxide)
SISO terpolymers with fS = fI and fO between 0 and 30% (the
S is divided equally between the two S blocks, see Scheme 1).

Incorporation of O into a block polymer is appealing for two
reasons: the growth of O can be initiated from a hydroxyl-
terminated macromolecule,19 and O containing block polymers
have received widespread attention as electrolytes.20 Additionally,
SISO represents a variation of the well-studied ISO system,14,16,21

making it ideal for examining differences in phase behavior that
arise from chain architecture alone.

Nine SISO tetrablocks were generated by the reinitiation and
polymerization of ethylene oxide from a single batch of hydroxyl-
terminated SIS copolymer, using a previously published multi-
step approach.13,19 This method ensures that the only variation
within the series of SISO terpolymers is the O block length
(parameter z in Scheme 1). The molecular characteristics of the
parent SIS and SISO terpolymers are summarized in Table 1.
Molecular weights (Mn and Mw) and polydispersities (Mw/Mn)
were determined by size exclusion chromatography. The block
volume fractions ( fS, fI, fO) were obtained by 1H NMR and are
referenced to published homopolymer densities at 140 �C.22
0.5 wt % of BHT antioxidant was added to the block polymers
prior to structural characterization. Morphological assignments
were made by utilizing a combination of small-angle X-ray scat-
tering (SAXS), dynamic mechanical spectroscopy (DMS), and
transmission electron microscopy (TEM).

Two-dimensional synchrotron SAXS data were collected at
the Advanced Photon Source at Argonne National Laboratory
using an experimental setup described elsewhere.16 The diffrac-
tion data were azimuthally averaged and are presented as inten-
sity as a functionof scatteringwave vector |q|=q=4πλ-1 sin(θ/2),
where λ is the radiation wavelength and θ is the scattering angle.
Samples were annealed above the order-disorder transition
temperature (TODT) for 5 min, or at 250 �C for samples with
TODT>250 �C.SAXSpowder patterns from the SIS triblock and
nine SISO tetrablocks are presented in Figure 1. The SAXS data
for SIS and SISO-1 (both collected at 80 �C) show only a single,
broad peak, which we associate with the disordered state.
Increasing the O content to 0.07 e fO e 0.09 (specimens SISO-
2 (140 �C), SISO-3 (80 �C), and SISO-4 (140 �C)) leads to quali-
tatively different scattering behavior; an additional maximum at
higher q is apparent, but the principal peak remains broad,
implying limited long-range structural order. We attribute these
results to liquid-like packed (LLP) spheres,23-30 which were
corroborated by TEM and DMS measurements (see below). If
we assign the broad bump at q= 0.058 Å-1 (Figure 1, SISO-2) as
the first maximum in the spherical form factor,23 we obtain a
sphere radius of 99 Å. Taking the primary peak as the (110)
reflection of a BCC lattice yields a core volume fraction of 0.53,
which is equivalent to fSþ fO and suggests that the spheres consist
of both S and O. The SAXS patterns produced by SISO tetra-
blocks with fOg 0.12 (SISO-4,-5,-6,-7,-8, and-9 collected
at 140 �C) are strikingly different than the other samples, each
containing at least three well-defined scattering peaks. The
scattering pattern for SISO-9 displays peaks at q/q*=

√
1,

√
3,√

4,
√
7, and

√
9, where q* is the principal peak location, con-

sistent with hexagonal (HEX) symmetry. Characteristic structural

Scheme 1. Molecular Structure of SISO Tetrablock Terpolymers
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length scales d=2π/q* for the disordered, LLP spheres, and
HEX samples are summarized in Table 1.

TEM was utilized to characterize the morphologies of the
LLP sphere and HEX phases identified by SAXS. TEM micro-
graphs of selected SISO samples were obtained using a JEOL
1210 microscope operating at 120 kV. Specimens were annealed
at elevated temperatures (150 and 170 �C for SISO-2 and SISO-6,

respectively) for 3 days prior to quenching into liquid nitrogen to
preserve the melt morphology. Thin slices (∼70 nm) of polymer
were prepared by cryo-microtoming at -70 �C and collected on
copper grids. Contrast was attained by exposing the polymer
slices to the vapor from a 4% aqueous solution of osmium
tetroxide for 10 min. The heavy metal oxide reacts preferentially
with the I domains providing electron mass density contrast
within thesematerials. The images in Figure 2, parts a and b were
generated from SISO-2. Light circular regions associated with
S and O appear to be dispersed without long ranged order in a
darkmatrix of I. However, careful examination reveals restricted
regions of short ranged microdomain periodicity (Figure 2b).
These TEM results are consistent with our interpretation of the
SAXS results (Figure 1) as a spherical microstructure lacking
long-range order. Micrographs recorded from SISO-6 are con-
sistent with the HEX symmetry identified by SAXS (Figure 2c)
and allow assignment of a cylindrical phase (Figure 2d). Like
SISO-2, regions of S and O are arranged within the continuous I
matrix, but are hexagonally packed and display areas of long-range

Table 1. Characterization Data for SIS Triblock and SISO Tetrablock Terpolymers

polymer Mn, kDa Mw/Mn fS
a fI

a fO
a Xc, O

b phasec TODT, �Cd d, nme

SIS 20.8 1.03 0.51 0.49 0 - DIS <80 13.4 (80)
SISO-1 21.7 1.04 0.48 0.48 0.04 0 DIS <80 15.4 (80)
SISO-2 22.7 1.07 0.46 0.47 0.07 30 LLP spheres 174 17.6
SISO-3 23.0 1.04 0.46 0.46 0.08 37 LLP spheres 196 18.7 (80)
SISO-4 23.2 1.07 0.45 0.46 0.09 41 LLP spheres 225 18.9
SISO-5 24.2 1.04 0.44 0.44 0.12 50 HEX >250 21.0
SISO-6 24.6 1.10 0.43 0.43 0.14 54 HEX >250 20.0
SISO-7 25.3 1.04 0.42 0.42 0.16 55 HEX >250 20.9
SISO-8 26.4 1.12 0.40 0.41 0.19 53 HEX >250 22.2
SISO-9 31.1 1.12 0.35 0.35 0.30 64 HEX >250 28.1

aVolume fractions were calculated from published melt density data at 140 �C.22 bFraction of crystallinity in the O domains as measured by DSC.
cDIS: disordered. LLP spheres: liquid-like packing of spheres.Hex: hexagonally packed cylinders. dOrder-disorder transition temperatures determined
by DMS. eCharacteristic morphological length scale (d = 2π/q*) at 140 �C unless noted in parentheses.

Figure 1. Synchrotron SAXS patterns obtained from SIS triblock and
SISO tetrablock samples. Data were collected at 80 �C (SIS, SISO-1,
and -3) or 140 �C (SISO-2, -4, -5, -6, -8, and -9). The broad primary peak
and lack of higher order reflections for SIS and SISO-1 are consistent
with a disordered melt. The patterns for SISO-2, -3, and -4 do not exhi-
bit long-range structural order, but display a bump at higher q attri-
buted to a maximum in the spherical form factor. The Bragg reflections
for SISO-5, -6, -7, -8, and -9 are consistent with hexagonal symmetry,
which have been indexed for SISO-9.

Figure 2. TEMmicrographs generated from (a, b) SISO-2 ( fO=0.07)
and (c, d) SISO-6 ( fO= 0.14). The dark regions result from selective
staining of the I domains with OsO4. (a) I domains are microphase-
separated from lighter S andOdomains, but long-range order is lacking
in the specimen. (b)Magnified view of the area marked with a square in
part a, displaying short-range periodic order. (c) Hexagonal packing
of unstained S and O domains within the I matrix is readily apparent.
(d) Orthogonal view displaying the long axis of cylinders. The scale bars
denote 100 nm except for 20 nm in part b.
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order in accordance with the relatively narrow diffraction peaks
found inFigure 1. TheTEMresults provide definitive evidence of
inverted phases with the majority constituents (S and O) forming
spheres and cylinders.

Two types of DMS experiments were conducted between
80 and 250 �C, well above the glass transition (Tg) and melting
temperatures (Tm) of the S (Tg = 60 �C) and O (Tm<60 �C)
blocks. Isochronal (ω=1 rad/s) measurements of the elastic (G0)
and loss (G0 0) moduli at a constant heating rate of 2 �C/min
yielded the TODT values listed in Table 1; no order-order tran-
sitions (discontinuities in G0 or G0 0 prior to TODT) were recorded
during these experiments. G0 and G0 0 were also monitored during
isothermal frequency scans (0.1e ωe 100 rad/s) to characterize
the linear viscoelastic properties of the polymers. Figure 3 dis-
plays the frequency-dependent rheological properties from three
SISO tetrablocks, representative of the three phases identified on
the basis of SAXS and TEM. These plots were constructed using
time-temperature superposition (TTS) of tan δ, where tan δ=
G0 0/G0, with a reference temperature (Tref) of 80 �C. (While TTS is
not valid fundamentally for such rheologically complexmaterials
it does facilitate comparison of data obtained at different tem-
peratures). SISO-1 ( fO=0.04, upper panel in Figure 3) displays
terminal linear viscoelastic behavior (G0 ∼ ω and G0 0 ∼ ω2) over
the investigated temperature range consistent with the disordered
state and the SAXS results (Figure 1). The isothermal frequency
results generated from SISO-4 ( fO = 0.09, middle panel in
Figure 3) are vastly different in appearance and are consistent
with an ordered microstructure. The low frequency plateau in
G0 has been attributed to triply periodic morphologies31 such as
the three-dimensional sphere phase identified in this sample with
SAXS and TEM. We associate the viscoelastic response of
decreasing G0 and G00 with decreasing ω (SISO-8, fO = 0.19,
bottom panel in Figure 3) to the HEX cylinder phase assigned by
SAXS for SISO-5, -6, -7, -8, and -9.

On the basis of SAXS, TEM, and DMS characterization
results, the sequence of phases associated with this series of SISO
tetrablock terpolymers can be summarized as disordered to spheres
with short-range order (liquid-like packing) to hexagonally
packed cylinders with increasing fO. A lack of long-range micro-
structural order in SISO-2, SISO-3, and SISO-4 (0.07 e fO e
0.09) may reflect slow equilibration kinetics likely exacerbated by
the SISO chain architecture. Cavicchi and Lodge proposed that
the development of well-ordered BCC arrays in sphere-forming
block polymers is hindered by the expulsion and reinsertion of
chains fromone sphere to another during domain equilibration,32

a restriction that will be amplified by the tetrablock architecture.
Additional high-temperature annealing of these samples may
yield microstructures with long-range, periodic order. While we
can not visualize microphase separation of the O and S blocks
with our TEM staining method, DSC experiments suggest that
core-shell structures are formed in the ordered samples ( fO g
0.07). The degree of O block crystallinity was determined calori-
metrically as reported in Table 1 (see Supporting Information for
DSC curves). Transition from the disordered state to the LLP
sphere phase is associated with a significant increase in O crystal-
linity (from 0% in SISO-1 to 30% in SISO-2) consistent with at
least partial segregation of the S and O blocks. The amount of
crystallinity increases with fO up to a value of 50 to 64% in the
HEX phase region. This level of crystallinity is similar to that
reported by Bailey et al. in a series of ISO triblock terpolymers
withwell-segregatedO domains.14 The possibility ofmixed SþO
domains also exists at elevated temperatures as the enthalpic
penalty between the blocks decreases. Order-order transitions
from “three-domain” to “two-domain” structures have been
reported in several ABC triblock terpolymer systems.33-35

Core-shell structures are favorable due to the block sequence
and segment-segment interactions (χIO> χIS = χSO) present in

SISO. Addition of a short O chain to the SIS triblock (SISO-1,
fO = 0.04) does not disrupt the state of disorder above 80 �C.
Increasing the O block length (SISO-2, fO=0.07) induces micro-
phase separation, driven primarily by unfavorable interactions
between the I and O blocks, and to a lesser extent the S and
I blocks. Core (O)-shell (S) microstructures are able to utilize
S as an insulating barrier between highly unfavorable I/O contacts

Figure 3. Isothermal frequency sweep data shifted according to time-
temperature superposition (Tref = 80 �C) for samples possessing the
three distinct microstructures discussed in this work. SISO-1 (80e Te
110 �C) exhibits liquid-like terminal behavior associated with the dis-
ordered phase (G0 ∼ ω2 and G0 0 ∼ ω). The solid black lines near G0 and
G0 0 indicate slopes of two and one, respectively. The data for SISO-4
(80 e T e 220 �C) display a low-frequency plateau in G0 is consistent
with the spherical microstructure determined on the basis of SAXS and
TEM. SISO-8 (80eTe 240 �C) yielded qualitatively different frequency
results with a weak dependence of G0 and G0 0 on ω at low frequencies.
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while maintaining the chain connectivity dictated by the SISO
molecular architecture. Additionally, the two architecturally
dissimilar S blocks are incorporated, without discrimination,
into the shell of the core-shell morphologies. For samples with
lower O content (SISO-2, SISO-3, and SISO-4, fO=0.07-0.09),
the observed core-shell particles are spheres (see illustration in
Figure 3). Increasing the O chain length ( fO=0.12 and higher)
reduces theOdomain curvature driving a transition to core-shell
cylinders as depicted in Figure 3. The packing constraints of the
asymmetric SISO molecules are satisfied by embedding the
minority O within shells of S in a matrix of I. These core-shell
phases minimize the chain stretching penalty associated with the
S chains that must span the S/O and S/I interfaces (half of the
S blocks) while I chains are free to adopt looping and bridging
configurations (see Figure 3).

The core-shell morphologies documented in SISO differ
dramatically from the equilibrium microstructures identified in
ISO triblocks with comparable compositions. An orthorhombic
network structure (O70) possessing Fddd symmetry was found to
be stable over a wide range of O content (0.13e fOe 0.24) along
the fI = fS isopleth. Like the double gyroid morphology, the O70

phase is constructed of trivalent connectors, but possesses lower
symmetry. Two- and three-domain lamellae phases bracketed the
multiply continuous O70 region at lower and higher fO, respec-
tively.14,16 Changing the molecular architecture from ISO to
SISO drives a preference from the hyperbolic interfaces inherent
in networkmorphologies, likeO70, to the higher, and zeroGauss,
curvature surfaces present in spheres and cylinders.

A core (O)-shell (S) cylinder microstructure is favored even
when fO approaches fI and fS, which is the case for SISO-9 ( fO=
0.30). A similar inverted cylindrical phase, where a minority
component forms the continuous domain, has been identified
in SIO,13 poly(isoprene-b-styrene-b-dimethylsiloxane),33 and
diblock/triblock copolymer blends.36 Extensive characterization
of the phase behavior of ISO over a wide range of compositions
has not yielded similar structures. In the previous examples of
inverted cylindrical phases, the segment-segment interaction
parameters are asymmetric (χBC> χAB = χAC), whereas this is
not the case for ISO (χAC> χAB = χBC).

ABAC tetrablocks have the potential to produce ordered
morphologies that are remarkably different from the micro-
structures formed by ABC terpolymers of the same composition.
Determining the specific effects of the asymmetric placement of
A blocks in the ABAC architecture will require further experi-
mental and theoretical studies. We have shown that SISO has
qualitatively different phase behavior compared to ISO at iden-
tical compositions and similar segregation strengths. While ISO
samples formed a three-dimensional, orthorhombic network
microstructure over a wide range of fO, inverted spherical and
cylindrical morphologies were discovered in SISO. An investi-
gation of complementary asymmetric SISO isopleths, where fI/fO
is varied, is currently underway.
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