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Morphological investigations of neat block copolymers,
as well as copolymer/copolymer and copolymer/homopoly-
mer blends, have revealed the existence of fascinating
complex morphologies, such as the gyroid (G),1® per-
forated lamellar (PL)>27-9 or lamellar catenoid (LC),10-12
and sponge (L3)13 morphologies. The stability of these
phases depends on minimization of both molecular
packing frustration and interfacial area.!* Accurate
classification of structurally complex morphologies nec-
essarily requires caution, since they may appear identi-
cal upon projection in transmission electron microscopy
(TEM) or exhibit insufficient long-range order in small-
angle scattering to permit unambiguous identification.
A recent effort® to classify the microstructure of an
isoprene-rich poly(styrene-b-isoprene) (Sl) diblock co-
polymer has demonstrated that the G morphology,
exhibiting 1a3d symmetry, can be successfully distin-
guished from the double-diamond (D) morphology,
which belongs to the Pn3m space group, by its small-
angle X-ray scattering (SAXS) signature. Such analysis
has also resulted in reclassification of two starblock
copolymers from the D to the G morphology.* A
complementary analytical method that has likewise
proven valuable in identifying complex block copolymer
morphologies in real space is transmission electron
microtomography.® This technique yields 3-D images
of structurally complex and nonperiodic morphologies
in-situ, without any of the assumptions required in
simulations.®

In each of these previous studies, the self-organizing
molecule has been either an AB diblock or an —(AB),
starblock copolymer, composed of two or more chains
joined at a single covalent junction. In the microphase-
ordered state, each block possesses one “tethered” end,
which is constrained to locate in the interfacial region
separating adjacent A and B microdomains. Linear
multiblock copolymer molecules, on the other hand,
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possess at least one midblock that is tethered at both
ends. Unlike an endblock, a midblock is biconforma-
tional since it is capable of adopting either a bridged or
looped conformation. Numerous works have been re-
ported over the past few years in an attempt to discern
the impact of midblock conformation (i.e., the “bridging
fraction”) and molecular architecture on the microstruc-
tural characteristics and bulk properties of ordered ABA
triblock copolymers6—21 (with one midblock/molecule)
and (AB), multiblock copolymers?1-25 (with 2n — 2
midblocks/molecule). Previous efforts?6 have shown that
triblock copolymer/homopolymer blends appear capable
of ordering into a bicontinuous morphology. In the
present work, we employ TEM, SAXS, and transmission
electron microtomography to analyze a cubic bicontinu-
ous morphology in a neat isoprene-rich SIS triblock
copolymer.

The poly(styrene-b-isoprene-b-styrene) (SIS) triblock
copolymer was synthesized in cyclohexane at 60 °C via
living anionic polymerization with sec-butyllithium.
According to *H NMR, the copolymer was 33 wt % S,
and its M,, and polydispersity index, as measured from
GPC, were 92 000 and 1.09, respectively. On the basis
of the densities for polystyrene and polyisoprene at 100
°C (1.00 and 0.84 g/cm?, respectively?’:28), we calculate
a styrene volume fraction (fs) of 0.32 for this copolymer.
For comparison, the fs range over which G or D
morphologies have been documented? for neat isoprene-
rich copolymers is 0.31-0.35. Bulk films of the copoly-
mer were prepared from a 4% (wt/vol) toluene solution
cast into Teflon molds. After slow solvent removal over
the course of 3 weeks, resultant films measuring ca. 2
mm thick were dried at 90 °C for 4 h under vacuum.
Specimens for TEM and transmission electron tomog-
raphy were produced by first sectioning the bulk films
in a Reichert-Jung Ultracut-S ultramicrotome at —100
°C, and then staining the electron-transparent sections
with the vapor of 2% OsO4(aq) for 90 min.

Electron micrographs were obtained on a JEOL JEM-
200CX transmission electron microscope operated at 120
kV. For microtomography, a series of 49 480 x 480 pixel
images was collected at 2.1 nm/pixel at tilt angles
ranging from +60° to —60° in 2.5° increments on a
computer-controlled Philips 430 electron microscope,
operated at 200 kV. It was equipped with a Thomson
1024 x 1024 CCD chip fiber-optically coupled to a
single-crystal scintillator. For SAXS analysis, uniformly
thick strips cut from the bulk film were subjected to Cu
Ka radiation from a Rigaku RU-200BH rotating anode
instrument with an anode focal spot foreshortened to
0.2 x 0.2 mm? and Franks mirror optics. Two-
dimensional scattering images, acquired on an image-
intensified, CCD-based area detector,?® were corrected
for detector response and integrated azimuthally along
an arc +15° from the horizontal axis to obtain 1-D
scattering patterns.

Electron micrographs of the SIS copolymer are pre-
sented in Figure 1. The relatively low magnification
image shown in Figure la reveals the presence of a
highly-ordered, single-phase morphology exhibiting sur-
prisingly few defects. At higher magnification (Figure
1b), interpenetrating S (bright) and | (dark) channels
are arranged in the “wagon-wheel” pattern commonly
associated with the [111] projection of the cubic bicon-
tinuous G and D morphologies.®> As mentioned earlier,
classification of complex cubic morphologies is best
achieved by SAXS analysis, providing that sufficient
long-range order exists. Figure 2 displays a SAXS

© 1997 American Chemical Society
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Figure 1. Transmission electron micrographs of the SIS
triblock copolymer examined in this study. Due to OsO4
staining, isoprene-rich regions are electron-opaque and appear
dark. At low magnification (a), the morphology appears highly
ordered with relatively few defects. In part b, the “wagon-
wheel” projection associated with the [111] axis of the G or D
morphology is evident.
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Figure 2. Small-angle X-ray scattering profile obtained from
the same copolymer displayed in Figure 1. Peak position ratios
for the first few orders of the G morphology are identified by
(v),% whereas integral spacing ratios (characteristic of a layered
microstructure) are marked with (v). The label on each (v)
gives the square of the peak position ratio (modulus).

profile obtained from the copolymer at ambient tem-
perature. The open markers identify the square of peak
position ratios (moduli) expected for morphologies with
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cubic symmetry. This profile exhibits pronounced scat-
tering peaks at spacing ratios of +/3:v/4, which is
characteristic of the G morphology; the absence of a
peak at a ratio of /2 suggests that this is not the D
phase.®4 The absence of higher order reflections pre-
sumably reflects the absence of long-range order within
the morphology, despite the existence of relatively large
grains (such as the one seen in Figure 1a).

Transmission electron microtomography is a powerful
analytical technique that greatly facilitates the real-
space structural analysis of complex, 3-D nanoscale
morphologies in block copolymer systems, without re-
quiring a priori symmetry or surface assumptions.t®
This technique has proven particularly valuable in the
study of macromolecular assemblies of biological inter-
est (e.g., chromosomes3%) and has been extended to the
study of both ordered® and disordered®® block copoly-
mers. Details regarding the principles of r-weighted
(filtered) back-projection reconstruction are provided
elsewhere3132 and are not reproduced here. Figure 3
shows a series of tilt images from a volume-rendered
reconstruction of the morphology produced in the SIS
copolymer investigated here. Adjacent images are ste-
reopairs separated by 20° (3-D visualization is enhanced
through the use of stereoglasses). This morphology
consists of co-interpenetrating channels of the S and |
microphases (only the S microphase is shown here for
clarity; the |1 microphase corresponds to the empty
volume), and it is reminiscent of the G morphology with
la3d symmetry reported elsewhere.346

Volumetric analysis of the reconstruction presented
in Figure 3yields fs &~ 0.35, in good agreement with the
known composition of the copolymer (fs ~ 0.32). An
important feature of Figure 3 is the number of channels
intersecting at a vertex, since the D and G morphologies
are differentiated by the channel coordination of the
minority component. The D morphology consists of four
channels/vertex, whereas the G possesses only three
channels/vertex.314 Close examination of Figure 3 (and
of video footage showing other tilt angles) reveals that
the channel coordination of this morphology is three,
which is consistent with the SAXS data presented in
Figure 2 and confirms that this morphology is G. To
further demonstrate the complementary nature of the
TEM and SAXS data provided here, one final compari-
son is made. In general, scattering (reciprocal space)
data from complex structural elements cannot be used
to generate the real-space arrangement of a given
microstructure through Fourier reconstruction unless
the phase factor for each Fourier component can be
specified. However, the reverse is possible: Fourier
transformation of real-space images yields the structure
factor S(q), which is proportional to the scattered
intensity.33

The structure factor generated from the reconstruc-
tion displayed in Figure 3 is presented in Figure 4 and
appears qualitatively similar to the SAXS pattern
shown in Figure 2. Of particular importance are the
maxima located at ca. 0.24 and 0.29 nm~. The ratio of
these positions (*1.2) cannot be quantified to the same
level of accuracy ((8/6)Y2 ~1.15) as it is from SAXS,
since the data in Figure 4 are at significantly lower
resolution than those in Figure 2 (note the resolution
marker in the lower left-hand corner of the figure).
Thus, the maxima in Figure 2 may not, in fact, cor-
respond to the absolute S(g) maxima in reciprocal space,
since the real-space data used to generate S(q) are only
resolved to 2.1 nm/pixel. Due to this present limitation,
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Figure 4. Structure factor, S(qg), of the cubic bicontinuous
morphology examined here. It is generated upon Fourier
transformation of the 3-D reconstruction displayed in Figure
3. Two maxima are located at q in close proximity to the
primary scattering peaks (at position ratios +/6 and +/8) in
the SAXS pattern shown in Figure 2. The resolution of the
data presented in this figure is denoted by the bar in the lower
left corner, and the (v) denote the same G peak position ratios
shown in Figure 2.

o S (arbitrary linear scale)

as well as the possibility of microtomy-induced plastic
deformation of the sample (which might conceivably
affect the spacings of certain lattice planes), it is not
yet possible to use this S(q) signature to distinguish
complex cubic morphologies. Instead, we point out that
S(q) in Figure 4 possesses the characteristics associated
with a cubic bicontinuous morphology such as either the
G or D. To facilitate further comparison with Figure 2,
the markers used to label position ratios pertaining

- e -

Figure 3. Three-dimensional images of the cubic bicontinuous morphology produced in the neat SIS copolymer (33 wt % S)
investigated here and obtained through transmission electron microtomography. Solid renderings are provided at 20° tilt angles
to facilitate 3-D visualization through the use of stereo glasses. Note that three styrene channels (tubes), each measuring about
7—10 nm in diameter, intersect at every vertex, confirming that this is the G morphology.

to cubic bicontinuous morphologies are included in
Figure 4.

While recent studies!™® have identified the stable
composition regime of the G morphology and verified
its symmetry in diblock copolymers and copolymer
blends residing within this regime, none have, as of yet,
demonstrated the existence of this phase in a neat linear
multiblock copolymer. On the basis of a self-consistent
field analysis, Matsen and Schick?? predict that linear
multiblock copolymers are capable of ordering into
stable complex morphologies (such as the G). According
to their predictions, the difference in conformational
entropy associated with elastomeric endblocks and
biconformational midblocks is relatively small, suggest-
ing that the free energy and interfacial modulus3* of an
ABA triblock copolymer exhibiting the G morphology
should not differ significantly from those of a compa-
rable AB diblock copolymer exhibiting the same mor-
phology. In this work, we provide evidence that an
isoprene-rich SIS triblock copolymer within the same
composition range as its diblock analog can order into
a structurally complex morphology despite the presence
of double-tethered (biconformational) matrix blocks.
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