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Phase Behavior of an ABC Triblock Copolymer Blended with A and C Homopolymers
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The structures of ternary blends composed of a nearly symmetric poly(stgtisnpreneb-dimethylsiloxane)
(SID) triblock copolymer (volume fractions of S/I/B 0.20/0.59/0.21M,, = 40 000 g/mol) and equal volume
fractions of low-molecular-weight polystyren®{ = 2360 g/mol) and poly(dimethylsiloxaneM{ = 2200
g/mol) are investigated by small-angle X-ray and neutron scattering and transmission electron microscopy.
When the total homopolymer volume fraction exceeds 65%, the blend macroscopically separates into ordered
homopolymer-poor and -rich regions. Between 45 and 65% homopolymer volume fraction, hexagonally packed
core—shell cylinders form with PDMS cores and PI shells. Between 15 and 45% homopolymer volume fraction,
a core-shell gyroid morphology is observed with PDMS cores and PI shells. These sloeét variations of

the classical structures of diblock copolymers are attributed to a small asymmetry in segegment
interaction parameters. The neat SID block copolymer has a new complex ordered microstructure.

Introduction phase extends into a stronger segregation region, although the
composition window likely is still relatively narrow. Because
_segregation strength is proportional to the progidtthe ability

Jo access complex phases at higher segregation allows for the
use of higher-molecular-weight materials, which have better
mechanical properties. Understanding the phase behavior of
ABC triblocks in the complex region is an important step in

The self-assembled structures of block copolymers have
fascinated researchers from both theoretical and applied per
spectives for four decades. The thermodynamic balance betwee
the segmentsegment contact energy)(and chain-stretching-
driven changes in entropy causes block copolymers to mi-
girggrf:jaeietrs;npsailng gg,f;:vn?illlgédg;eﬁztgjgg;i t\:ﬁl]z\:;?\ln?:rder harnessing the diversity of ABC triblock structures for applica-

the degree of polymerization. In the case of AB diblocks four tions. _ ) _
stable ordered structures have been documented: lamellae, Unfortunately, mapping the phase diagram of ABC triblocks
gyroids, cylinders, and spherb3Most commercial applications S tgdlous becausg of the Iar_ge number of param(.aters.defmmg
of block copolymers, for example adhesives and thermoplastic their phase behavior. Blending homopolymers with triblocks
elastomers, rely on the ability of these materials to order, and changes the composition easily, but studies with AB diblock
in some cases to disorder, at elevated temperatures to facilitate"OPolymer-homopolymer blends show that the morphologies
processing. However, promising new applications have been observed in _blends are not stnctly_equwalent to neat dlk_)lock
cited in the literature that could take advantage of the specific COPOlymers in compositiohIn addition, some morphologies
microstructures of these and other elegant microstructures ofaré predicted to be thermodynamically stable in blends that are
block copolymers including templates for nanofabricafion, Mot stable in neatdlbloclé§.Hov_ve\(er, once aregion of interest,
encapsulatiod,and low-k dielectric materiafs. such as a complex phase, is identified, corresponding neat

To increase the diversity of possible applications, we have triblock copolymers can be synthesized in that region to study
turned our attention to ABC triblock copolymers. Complex the phase diagram of neat triblocks exactly.
phases, such as gyroids, are especially attractive because The addition of homopolymers to block copolymers mimics
properties such as permeability or conductivity are isotropic, the addition of oil and water to surfactants, soaps, and lipids.
eliminating the need to align the unit cell with the direction of Prior experiments have shown that mixtures of AB diblock
interest during processing. To apply these structures com-copolymers and the corresponding A and B homopolymers
mercially, the complex phase window must be easily accessible.produce nanoscale topologies that are familiar to the surfactant
In AB diblock copolymers, the complex gyroid phase appears community, including spheres, cylinders, gyroids, and lamellae.
over a 3-4% range in the volume fraction of each block and is Under symmetric conditions (equal amounts of equal-molecular-
not anticipated in the strong segregation redi@tending block weight A and B homopolymers and a compositionally symmetric
copolymers of different compositions or adding homopolymer AB diblock that is approximately five times greater in molecular
to a block copolymer reduces the need to synthesize moleculesweight) the A/B/AB system also exhibits a bicontinuous
of different compositions to access the gyroid phase in the weak microemulsion staté analogous to that documented in low-
to intermediate segregation regionBreliminary evidence for molecular-weight amphiphilic systertsHowever, whereas the
ABC triblock copolymer suggests that the complex gyroid block copolymer mixture is characterized by a microemulsion
channel over a wide temperature range, this disordered bicon-
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SID structure of each blend was investigated using a combination
of small-angle X-ray scattering (SAXS), small-angle neutron
scattering (SANS), and transmission electron microscopy (TEM).

Experimental Section

A. Synthesis of SID.The triblock copolymer used in this
study was synthesized by sequential anionic polymerization.
Styrene, isoprene, cyclohexane, and tetrahydrofuran were rigor-
ously purified as described elsewhéte-lexamethylcyclotri-
siloxane () monomer was purified by dissolving the monomer
150 °C in cyclohexane, passing it through a basic alumina column, and

sparging the solution with ultra-high-purity argon for 30 min.
The concentration of the resulting solution was measured with
IH NMR spectroscopy. Styrene monomer (10.3 g) was initiated
with secbutyllithium in approximately 200 mL of cyclohexane
at 38°C and polymerized for 4 h. Next, the isoprene monomer
(26.7 g) was added to the reaction mixture; within 2 min, the
orange color of the polystyrenyllithium was extinguished,
05 indicating crossover to polyisoprenyllithium. Isoprene was
] . "~ ) polymerized in cyclohexane at &L with primarily the 4,1
S Romomoans v oot oo St s CIOSUUCLUE Afler 4 1, the reacton mixure was cooled 0
and the composition line of the experiments is marked with an arrow. 6 °C using an external ice bath, and th_en 300 mL of tetral‘_ly-
drofuran was added to the reactor, which turned the solution

tricontinuous microemulsions with convoluted sheets of B Yellow. Enough 3 solution was then cannulated into the reactor
polymer separating continuous domains of A and C. A variety to provide a 100% excess ofs[{17.6 g). The yellow color
of technological applications can be envisioned for such disappeared within 10 min, indicating crossover to the lithium
materials including their use as membranes and toughenedsiloxylanoate anion. After allowing thed2o polymerize for 4
plastics. h at 20°C, the reaction was terminated with an excess of
In terms of the general phase behavior of all ABC triblock chlorotrimethylsilane. The polymer was recovered by precipita-
systems, most morphologies can be classified according to thetion from a 1:1 volume mixture of 2-propanol and methanol.
relative magnitude of thg parameters? Stadler and colleagues ~ Excess @ was washed from the polymer with methanol, and
studied ABC triblocks with short middle blocks apcparam-  the polymer was dried in a vacuum oven to constant weight.
eters such thatac < xae ~ ysc. For these polymers, contact The yield was 45.1 g.
between the A and C blocks is favorable, and the end blocks The chemical structure of the resulting polymer was char-
form the classical (diblock) domains, namely, lamellae, cylin- acterized by gel permeation chromatography (GPC) &td
ders, and spheres, with various shapes of B block domainsNMR spectroscopy. The polydispersity of this polymer wag
decorating the AC interfaces® In another class of systems, M= 1.1relative to PS standards as determined using a Waters
the y parameter between the end blocks is the largast,> GPC fitted with Phenogel columns running with chloroform.
a8 ~ xsc. For these polymers, contact between the A and C From NMR spectroscopy the repeat unit molar fractions of
blocks is the least favorable, and alternating structures form suchstyrene, isoprene, and dimethylsiloxane are 0.18, 0.4, and 0.24,
as ABCCBA lamellae, hexagonalfyand tetragonalli? packed respectively. Using published densities (at 140) of the
alternating cylinders, alternating sphetésand alternating respective homopolyme?d,these molar fractions convert to
gyroids?® In the systems where the parameter between the volume fractions of 0.20/0.59/0.21 for S/I/D, respectively. Also
end blocks and the middle block are asymmetric andythe from NMR spectroscopy the estimated molecular weidii) (

parameters between the end blocks is the larggast> ysc > of the SID triblock is 42 000 g/mol, based on monomer-to-
«ag, there is spontaneous curvature toward one interface andinitiator methyl-group-integrated resonant intensities. The tar-
formation of core-shell structures, such as cerghell cylin- geted molecular weight of this triblock was 40 000 g/mol based

derg® and core-shell gyroids®2%-21Most ABC morphologies, on the initiator-to-monomer ratio. This difference is within the
with the notable exception of the knitting pattéfare variations ~ experimental accuracy of the NMR technique for determining
of the four classical structures of the AB diblock copolymers, molecular weight (10%).
whose specific form is determined by the relatiyearameters. PDMS homopolymer was synthesized by anionic polymer-
In this publication, we examine the phase behavior of blends ization of Ds. D3 was initiated bysecbutyllithium in cyclo-
of poly(styreneb-isopreneb-dimethylsiloxane) (SID) triblock hexane, and then an equal volume of tetrahydrofuran was added
copolymer with S/I/D volume fractions 0.20/0.59/0.21 and a to promote the polymerization. The room-temperature reaction
molecular weight of 40 000 g/mol and equal amounts of low- was terminated aftet h with an excess of chlorotrimethylsilane.
molecular-weight polystyrene and poly(dimethylsiloxane) up to Polymer was recovered by rotovaping the reaction solvents and
65 vol % homopolymer. A schematic of the phase diagram for extracting the polymer with methanol several times to remove
this ternary system is shown in Figure 1, with the line of excess B. Finally, the PDMS was dried overnight in a vacuum
compositions studied here marked by an arrow. Fhmaram- oven to remove remaining solvent. The polydispersity was found
eters for this system at 15 areys) = 0.062% yp = 0.09% to be 1.1 relative to polystyrene standards. From NMR
andysp = 0.202* By analogy with AB diblock/homopolymer  spectroscopy, the molecular weigi) was calculated to be
blends!! we expect to add a large amount of these low- 2200 g/mol. The polystyrene homopolymer used for these
molecular-weight homopolymers before bulk phase separation experiments was purchased as a standard from Aldrich having
between a triblock copolymer and homopolymers occurs. The a molecular weight of 2360 g/mol and a polydispersity of 1.06.
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TABLE 1: S/I/SID Ternary Blends

Sugiyama et al.

annealing in a vacuum oven at 150 and 0.2 Torr, the samples

code o b &P boP were sealed under vacuum in an ampule and annealed in an oil
bath at 15¢°C for 1 week. Finally, the annealed samples were

A 0.000 0.200 0.590 0.210 o . .
B 0.097 0.229 0.533 0.238 qguenched in liquid nitrogen to trap the high-temperature
C 0.207 0.264 0.468 0.268 structure. The composition of each blend was verified by NMR
D 0.299 0.290 0.414 0.297 spectroscopy and found to agree with the composition by weight
E 8-332 8-22? 8-325 8-352 within experimental error. We covered the rangepgffrom 0
& 0.454 0.337 0.322 0341 to 0.65. The samples are listed |n. Table 1.
H 0.500 0.347 0.295 0.358 C. Small-Angle X-ray Scattering. We used a SAXS
I 0.546 0.367 0.268 0.365 diffractometer at the Institute of Technology Characterization
J 0.596 0.378 0.239 0.383 Facility at the University of Minnesota. The incident beam with
K 0.653 0.397 0.205 0.399

a wavelength of 1.54 A was focused with two Franks mirrors,
and the scattered X-rays were detected with a two-dimensional
position-sensitive detector (2-D PSD). The distance between the

) - sample position and the detector was 2.30 m, and the magnitude
B. Preparation of Blended SamplesThe compositions of  of the scattering vectoq ranged from 9.0x 1073 to 1.0 x
the SID triblock and homopolymer blends were determined by 1g-1 A-1,

weighing predetermined quantities of the three components. To
reduce the number of adjustable parameters, the volume fractions
of the two homopolymers were kept equal, i.¢us = ¢up,

where¢ns and ¢rp are volume fractions of homopolymer PS

a ¢y is the total homopolymer volume fractiohgs, ¢, and¢p are
total volume fractions of S, |, and D domains, respectively.

We performed three types of SAXS experiments:

(1) Standard SAXS Experiment. SAXS intensities were
recorded for 1-mm-thick pieces of all samples listed in Table
and homopolymer PDMS, respectively. The total volume 1. Scatt'ering intensity was accumulated on the 2-D PSD and
fraction of the homopolymersiy = ¢us + ¢np, is the only then azimuthally averaged.
adjustable parameter in the experiments. The polymers were (2) High-Resolution SAXS Experiment. We prepared a
dissolved in toluene at a total polymer concentration of 5 wt relatively thin film (<0.5 mm) by slicing a piece of sample
%, and the solution was stirred for 1 h. Next, the blended With a razor blade and made a more finely collimated beam
samples were cast on a flat glass plate and dried slowly overthan in experiment 1.
the course of 3 weeks in a vessel having a high vapor pressure (3) Rotation SAXS Experiment. We sliced a very thin piece
of toluene. After the residual toluene was removed by pre- of sample,~0.1 mm thick, with a razor blade and inserted the

0" (a) sample A (6,20.000) [ (b) sample B (9,=0.097) ;¢ (€) Sample C (4,=0.207)
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Figure 2. Dependence of SAXS profiles on total homopolymer volume fraciign, (&) sample A ¢» = 0, pure SID triblock copolymer), (b)
sample B ¢ = 0.097), (c) sample Cgg = 0.207), (d) sample D¢y = 0.299), (e) sample Fpf; = 0.394), (f) sample Ggiy = 0.454), (g) sample
H (¢n = 0.500), (h) sample I = 0.596), and (i) sample K¢ = 0.653). SAXS profiles of sample kg = 0.352) and sample ki = 0.546)

are similar to those of samples D and H, respectively. Inset arrows @iedicate the positions where the weak peak appears in region IB.
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Figure 3. SAXS peak positions as a function of total homopolymer volume fraction. The size of a dot roughly indicates the intensity of the peak.
Two solid lines and a broken line indicate the boundaries where the SAXS pattern changes. The upper solig) in® &5 and the lower solid

line at ¢ ~ 0.45 indicate the boundaries between regions Il and Il and between regions Il and |, respectively. The broken line indicates the
boundary where region | could be divided into two regions, region IA and region IB.

slice into a capillary and rotated the capillary around one axis
while irradiating with X-rays.

D. Small Angle Neutron Scattering. SANS experiments
were conducted at the National Institute of Standards and
Technology (NIST), Gaitherburg, MD. The neutron wavelength
wasd = 6.0 A with a spread oAA/A = 0.1. An area detector
was located 15 m from the sample yielding aange of 5.0x
103t0 5.0x 102A1,

E. Transmission Electron Microscopy.TEM analysis was
performed with a JEOL 1210 TEM operating at 120 kV.
Ultrathin sections of the samples were obtained with a Reichert
ultramicrotome equipped with a diamond knife. Slices 700 A
thick were cut at—120 °C to minimize deformation of the
rubbery poly(dimethylsiloxane) and polyisoprene domains.
Some sliced samples were stained with the vapor from a 4%
aqueous solution of OsCfor 10 min. The contrast between

As shown in Figure 2, the scattering profiles change drasti-
cally at certain total homopolymer volume fractions. Adding
the homopolymers to pure SID triblock copolymer (sample A)
shifts the peak positions to lowerrange but maintains their
relative positions. When the total homopolymer volume fraction
reaches 0.454 (sample G), the peaks become broagy At
0.500 (sample H), the peaks regain sharpness, but their positions
relative to each other have changed completely. As more
homopolymer is added, the peak positions shift to logveange
again until¢y = 0.653 (sample K) at which point all peaks
have nearly disappeared. The shifts of the peak positions to
lower g range mean that the dimension of the structure is
expanding, and the changes in relative peak positions indicate
changes in the morphology.

These changes are summarized in Figure 3, which maps the

polyisoprene and two other polymers increased in these samplegelationship between the peak positions and the total homopoly-

because polyisoprene is selectively stained by OB@stained

mer volume fraction. Figure 3 is divided into three regions, each

samples have natural contrast between poly(dimethylsiloxane)of which is associated with one morphology: region | occurs
and the two other polymers domains because of the higherin the homopolymer volume fraction range between 0 and 0.45,

electron density of silicon.

Results and Analysis

We begin the evaluation of the SAXS experiments performed
on specimens listed in Table 1 by considering the number of

different phases appearing over the range of total homopolymer

volume fraction. Figure 2 shows several typical scattering
profiles from SAXS experiment 1. Peaks of varying resolution

region Il between 0.45 and 0.65, and region Ill above 0.65 total
homopolymer volume fraction. The boundaries are indicated

with two solid lines in the figure. Region | might be further

divided into two sections apy ~ 0.15, as suggested by the
appearance of a weak peak, shown by inset arrows in Figure
2c—e. This boundary is indicated with a broken line in Figure
3. All observed peak positions and their relationships to the

first peaks are indicated in Table 2.

and intensity are apparent in the scattering profiles of samples A. Region lll. Whengy > 0.65, the SAXS peaks apparent

A—J for ¢y = 0.000-0.653, indicating that, over this range,

in the other regions have nearly disappeared, as shown in Figure

the blends have ordered structures. In addition, the scattering2i. Here, we employed TEM to elucidate the structure of sample

patterns from all samples are isotropic, with coaxial rings
signifying that the samples consist of randomly oriented
domains.

K (¢u = 0.653) (see Figure 4.) A coarse heterogeneous
morphology is evident, consistent with macroscopic phase

separation. Considering the lower viscosities of the homopoly-
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TABLE 2: Absolute and Relative SAXS Peak Positions

position (A1) position (A1) position (A1) position (A2

code ratic® ratic® ratio® ratic®

A 1.74x 102 - 3.33x 102 494x 1072
1.00 — 1.91 2.84

B 1.65x 102 — 3.19x 102 4.72x 102
1.00 — 1.93 2.86

c 1.55%x 102 250x 102 3.05x102 4.60x 102
1.00 1.61 1.97 2.97

D 1.45%x 1072 2.25x 102 2.82x 1072 4.24x 102
1.00 1.55 1.94 2.92

E 1.37x 102 213x102 264x102 3.98x 1072
1.00 1.55 1.94 291

= 1.31x 102 2.00x 102 249x102 3.71x107?
1.00 1.53 1.90 2.83

G 1.13x 102 — 217x 102 3.14x 1072
1.00 — 1.92 2.78

H 1.00x 102 1.79x 102 271x102 357x 1072
1.00 1.79 2.71 3.57

| 0.98x 102 1.71x 102 2.63x 102 3.53x 102
1.00 1.74 2.68 3.60

3 — 1.68x 102 255x 102 —
- 1.00 1.52 —

K - 1.68x 102 256x 102 —
- 1.00 1.52 -

aRatio is the value of the peak position divided by the first peak

position.
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mers relative to the triblock copolymer, the light regions likely
correspond to homopolymer-rich regions where the polymers
fell from the sample during or after microtoming; the darker,
nanostructured regions most likely correspond to homopolymer-
poor sections. In the dark regions, an ordered structure is seen,
which is highlighted in an inset in Figure 4. The very weak
and broad peaks observed in Figure 2i could be attributed to
this local ordered structure. As shown in Figure 3, the peak
positions of sample K¢y = 0.653, region Ill) are almost the
same as the peaks of of samplepd & 0.596, region Il), even
though the peak intensities are different. Therefore, the local
ordered structure in the homopolymer-poor regions is expected
to be similar to the structure in region Il. We shall return to the
detailed structure in the homopolymer-poor regions after
discussing the structure of region II.

B. Region Il. 1. High-Resolution SAXS Experimenype-2
SAXS experiments with sample Hp{ = 0.500) produced
single-crystal-like diffraction patterns. A two-dimensional scat-
tering pattern and its azimuthally averaged one-dimensional
scattering profile are shown in Figure 5a and b, respectively.
The peak positions and their ratios are listed in Table 3. In Figure
5b, the first peak at 9.8& 103 A~1 s better resolved than
that in Figure 2g, and the second peak of Figure 2g is resolved
into two reflections at 1.7 1072 and 2.00x 102 A-%,

As indicated in Table 3, the relative peak positions agree well
with a structure having two-dimensional hexagonal symmetry.
In addition, the angular relationships between all spots shown

1000nm

Figure 4. TEM image of sample K¢ = 0.653, region lll). This sample was stained with QsThe dark and light regions correspond to the
homopolymer-poor and -rich domains, respectively. The inset figure is an enlarged image of the dark region.
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Figure 5. (a) Two-dimensional scattering pattern and (b) its one-dimensional profile from a thin film of sampgle H 0.500, region 1) by

SAXS experiment 2. The inset numbers indicate the peak positions referred to in Table 3. The gray circular shadow in the center of panel a shows
the beam stop, and the high-intensity region just below the beam stop is due to the parasitic scattering. Panel b shows how the second peak in
Figure 2g can be resolved into two reflections.
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Figure 6. TEM images of sample l¢f; = 0.546, region Il). This sample was stained with @QsThe white, black, and gray regions correspond
to polystyrene, polyisoprene, and poly(dimethylsiloxane), respectively. (a) Cross sections of thehaedirtubes and their packing structure and
(b) a side view of the coreshell tubes.

TABLE 3: SAXS Reflections from Sample H 2. TEM Analysis.We also performed TEM on a stained
observed 2D hexagonal section of sample ¢y = 0.546, region Il) to aid in evaluating
o, position (A1) ratio order Tatio the morphology. In F|gure_ 6a we see gray regions qf PDM_S
surrounded by black domains of Pl embedded in a white matrix
1 9.86x 102 1.00 1 1.00 = V1) of PS. Hexagonal symmetry, suggested by the SAXS results,
g ;géz 1g2 ;'(7);' g ;-gg ((f :;% is not immediately apparent from Figure 6a. This could result
4 2:62X 102 2:66 4 2.65 (; 79 from s!lcmg the cylinders at an ar)gle that is not per.pendlc'ular
5 3.03x 102 3.07 5 3'00 £ to_ their axes or from d_eformatlon of the mgtenal QUrlng
_ _ _ 6 3:46(= 12) microtoming. In a TEM image _corrected for tilt by S|mple
6 3.55% 10-2 3.60 7 3.61 € V13) geometry, thel spacing is approximately 60 nm. From the first

peak in SAXS, thel spacing is 63 nm. These numbers are within
in Figure 5a agree with those expected for a two-dimensional the experimental error of the TEM as measured from calibrated
hexagonal structure, assuming that the scattering plane is tiltedgratings. In addition, the tubes of this structure have nonconstant
by 52. mean curvature with well-defined corners. Figure 6b is a layered
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Figure 7. Two-dimensional scattering pattern from a thin film of
sample D ¢y = 0.299, region IB) by SAXS experiment 2. The numbers
indicate the peak positions referred to in Table 4.

TABLE 4. Two-Dimensional SAXS Reflections from
Sample |

observed la3d

no.  position (A1) ratio  order index ratio

1 1.44x 1072 1.00 1 211  1.00 & /6/6)
2 1.65x 1072 1.15 2 220 115 /8/6)
3 2.21x 1072 1.53 3 321  1.53 & +/14/6)
(47 (2.35x 1022 (1.63F 4 400  1.63 = /16/6)
5 2.65x 1072 1.84 5 420 1.83 =+/20/6)
6  275x102 191 6 332 1.91 & /22/6)
7 2.97x 1072 2.04 7 422 2.00 & +/24/6)

aThis scattering spot is observed from another sample D.

image, consistent with a projection of a tubular morphology
normal to the axis of the tubes. From the TEM results, it is
clear that the morphology is coaxial tubes consisting of PDMS
cores and PI shells in a PS matrix, and from the SAXS results,
we can conclude that these tubes are hexagonally packed.
Now we return to the ordered structure in region Ill. Because
the sample was stained with Og@he white, black, and gray
regions in Figure 4 correspond to polystyrene, polyisoprene,
and poly(dimethylsiloxane) domains, respectively. In the inset
of Figure 4, hexagonally packed coaxial tubes of poly-
(dimethylsiloxane) cores (gray) surrounded by polyisoprene
shells (black) in a matrix of polystyrene (white), are apparent

Sugiyama et al.
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Figure 8. SANS profile of sample D#y = 0.299, region IB). Lack
of a reflection aig < 0.01 A1 is consistent with a coreshell gyroid
morphology.

did record diffraction spots in SAXS patterns obtained from
another piece of sample D that were consistent witdG0]
assignment.

2. SANS Experimenfio substantiate that the reflection at
1.44x 1072 A-1in sample D is the lowest order of diffraction,
we employed SANS, which accesses low scattering vectors and
a different set of scattering contrast factors. Figure 8 shows the
scattering profile between 5.8 1073 and 4.5x 102 AL
Within the attainable signal-to-noise andesolution the first
diffraction peak appears at 14 102 A~L, consistent with
SAXS data. If the sample ha@d432 symmetry, which is the
space group of the alternating gyrdfithere should b&1100
reflections at 8.3% 10-3 A~L Thus, we can reduce our analysis
to la3d and 143d as the most likely candidate symmetries.
(However, accidental contrast matching, as occurred in the ISD
core—shell gyroid® could account for the absence of a law-
peak, although not simultaneously in SAXS.)

3. Rotation SAXS Experimetdpon closer examination of
the pattern in Figure 7, we see that the sample is not completely
single-crystal-like because there are eight spots at %.48-2
A-1 when there should be maximum si110reflections in
one scattering plane. To examine the angular relationships
between scattering spots in a single-crystal-like sample, we
prepared a thinner sampleQ.1 mm) and performed the SAXS
experiments described in protocol 3. Figure 9a shows the spot
pattern at an initial position, and Figure 9b shows the scattering
pattern obtained from the sample rotated b$ f86m the initial
position. The two scattering patterns are significantly different,
implying that they correspond to different scattering planes and

in the homopolymer-poor sections similar to those seen in Figure that the sample is a “single crystal”.
6a. (The centers of some tubes are white, which we attribute to  The angular relationships betwel@1 1 reflections in a cubic

the removal of the low-molecular-weight PDMS during or after
microtoming.) This is consistent with the result that the peak
positions of sample K¢y = 0.653, region Ill) are almost same
as those of sample $ = 0.596, region Il). Therefore, we
believe that the morphology of the homopolymer-poor regions
in region Il is the core-shell cylindrical structure.

C. Region IB. 1. High-Resolution SAXS Experime8AXS
protocol 2, applied to a thin specimen of samplegy £ 0.299),
yielded SAXS spot patterns, one of which is shown in Figure
7. This diffraction pattern reveals that the first three peaks in
Figure 2c are actually composed of six reflections. As indicated

unit cell can have one of five fixed values, 33.88.2, 60.C,
70.6", and 80.4. All angular relationships between the scattering
spots recorded at 1.44 10-2 A-1 by experiment 3 match one
of these five allowed angles. Furthermore, all scattering spots
in Figure 9a and b have been indexed from their angular
relationships and the rotational angle between the scattering
planes. With this result, we deduce that the scattering planes of
Figure 9a and b are (3% and (11), respectively.

The space groupl3d andla3d both have211and 2200
reflections as the first and second allowed reflectitis. the
143d space group sets ¢fl030and [103Jreflections should

in Table 4, the relative peak positions are in good agreementappear atq = 1.86 x 102 A= in Figure 9a. Although only

with those allowed by th&a3d space group, with the exception
of the [400reflections, which are not evident. However, we

the appearance of reflections can conclusively determine the
symmetry of a sample, the absence of th&3and [103]
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Figure 9. Two-dimensional SAXS patterns obtained from rotational SAXS experiment (protocol 3). (a) This pattern is consistent with the X-ray
beam incident on the (35 plane withla3d symmetry. The scattering spots are indexed as the single-crystal belond@3glt¢b) This pattern was

obtained after rotating from the sample (a) by .3bhis set of the reflections is consistent with a scattering plane df) @ith 1a3d symmetry. The
scattering spots are also indexed as the single-crystal belongiagdo

reflections nevertheless suggests that IR space group is  gyroid morphology with cores of D, shells of I, and a matrix of

the proper assignment for region IB. S, which had volume fractions 0.3/0.4/0.3 of the three polymeric
4. TEM AnalysisWe turned to TEM to further elucidate the ~ SPecies S/I/D, respectively, as in sample D. The [111] projection
morphology of the structure with tentatii@3d symmetry. of this model, shown in Figure 10d, captures the distinctive

Microtoming uniform and mechanica”y Sound th|n Slices from features Of F|gure lOb, |nd|Cat|ng that the structure |S COI‘ISIStent
specimens in region IB was difficult, resulting in relatively poor With @ core-shell gyroid morphology.
TEM images. In Figure 10a, which is the TEM image of an  D. Region IA. 1. SAXS and SANS Experimers. shown
unstained slice of sample D, the dark regions correspond to poly-in Figure 2a, the peak positions between the first, second, and
(dimethylsiloxane), and the white regions to polystyrene and third peaks in the SAXS profile of the neat SID triblock
polyisoprene. Figure 10a has dark spots connected by four armscopolymer were 1.7 1072 3.29 x 1072, and 4.73x 1072
to the TEM image of the projection along the [110] direction the structure is not lamellar. The SANS profile of the neat SID
of a gyroid structure observed in an ABA triblock copoly- triblock (not shown) also has the first peak at 1:7102 A%,
mer2930 Assuming this morphology and accepting the same 'I_'herefore,_we assumed that_ the peak at k7202 A-1is the _
projection, the distance between connected poly(dimethylsilox- first reflgctlon and that the distance between the corresponding
ane) spotsd, is given by planes is around 370 A. The second peak at 32802 A-1
is relatively broad, implying that it consists of several peaks.
3a Here, we expect a spot pattern to reveal the structure in detail,
d= \/:— 1) as seen in the previous sections. Therefore, sample A was
24 dynamically sheared (100% shear strain amplitude at 1-Hz

. . . ) frequency and 20€C) to induce long-range order and then used
wherea is the cubic lattice parameter. From Figure 1@ajas in type-2 SAXS experiments. Figure 11 shows one of the

measured along the direction marked and was found to be 300,¢¢orded spot patterns, and Table 5 lists ghealues for the

+ 30 A, and the first-order scattering was calculated to be (1.1 first 10 spots and their relative positions. The numbers on the
+ 0.2) x 1072 A-1, This value agrees with that determined by  gpots in Figure 11 indicate those in the table. Comparing the
SAXS and SANS, 1.44« 1072 A~1. To confirm that the image  scattering positions obtained from the sheared neat SID triblock
in Figure 10a is consistent with the [110] projection of the gyroid (indicated in Table 5) with those from the unperturbed material,
morphology, we used TEMSINF, a software program that e note two differences: (i) the first peak from the sheared
generates projections of different morphologies, which are sample is shifted to a highgregion, and (i) five distinct SAXS
constructed from level surfaces, along specified crystallographic reflections from the sheared sample-@in Table 5) replace
directions. In Figure 10c, the projection along the [110] direction the broad second peak characterizing the undistorted sample.
of a gyroid morphology having networks of PDMS occupying The shift in the location of the first peak is attributed to the
30 vol % of the structure is shown. The agreement with Figure difference in the annealing temperatures, 150 and°2D®ith

10a is good. and without shear, respectively.

Figure 10b is a TEM image of a stained sample. In a 2. TEM AnalysisFigure 12 shows TEM images from slices
complicated morphology, it is difficult to distinguish the gray of the neat SID triblock; 12a and b are from the unstained
region (PDMS) from the black region (Pl) because of a specimens, while 12c and d are from the stained materials. None
convolution of mass thickness contrast. To interpret the image of these images is consistent with the familiar projections of
in Figure 10b, we used TEMSIM to generate a ceshell the gyroid or core-shell gyroid morphologies. In Figure 12a,
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Figure 10. TEM images of sample D¢ = 0.299, region IB) for (a) unstained and (b) stained specimens. (c) Projection along [110] of a gyroid
constructed in TEMSIM with level surfaces with 30 vol % PDMS. (d) Projection along [111] direction of a-sbe#l gyroid generated by four
level surfaces in TEMSIM to have 30 vol % gray cores, 40 vol % black shells, and 30 vol % white matrix.

1 . 1 . 1 . L . L . TABLE 5: Observed First 10 Reflections from Sheared SID

- no. position (A7) ratio index (FCC) ratio
1 1.92x 1072 1.00 111 1.00
2 3.06x 1072 1.59 - -

- 3 3.23x 102 1.68 220 1.63
4 3.48x 1072 1.81 - -
5 3.67x 102 1.91 311 191

_ 6 3.82x 1072 1.99 222 2.00
7 4.42x 1072 2.30 400 2.30
8 4.79x 1072 2.49 331 251
9 5.07x 102 2.64 420 2.58

. 10 5.50x 1072 2.86 422 2.83

We turn to the stained images, Figure 12c and d, assuming
that the D domains are tetragonally packed cylinders. In Figure
I 12c, white circles corresponding to polystyrene (S) domains

0.01A" show very nearly 4-fold symmetry. In addition, a smaller gray
. B circle appears nested in the center of the four white circles (S
v T v T M Ll v T M T . . .
) . . . domains) also with 4-fold symmetry. Because the distance
Figure 11. Two-dimensional SAXS pattern obtained from a sheared

sample of neat SID triblock copolymer. The numbers indicate the first between th? nearesF t\{vo gray C|rc.les is measured to be around
10 peak positions (see text). 270 A and is very similar to the distance between the nearest

two D cylinders in Figure 12a, it is rational to conclude that
gray circles are tetragonally arranged in a white matrix, and in the gray circle corresponds to an end-on projection of the D
Figure 12b, alternating white and gray layers are apparent.cylinder. In Figure 12d, the white circles show a different
Because the gray corresponds to poly(dimethylsiloxane) (D) arrangement, and gray lines run through the white circles. These
domains in the unstained image, the gray projections shown ingray lines of D domains imply that Figure 12d is a projection
Figure 12a and b are consistent with tetragonally packing of D onto a plane perpendicular to the plane of Figure 12c (or a).
cylinders. From Figure 12a, the distance between the nearesfTherefore, the S domain must be spherical as it produces a white
two D cylinders is found to be around 260 A. circle in both Figure 12c and d. In addition, the arrangement of
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(a)

100nm 100nm

Figure 12. TEM images of the neat SID triblock copolymer. Images of the unstained sample, (a) and (b), show gray regions corresponding to
PDMS domains. The white regions correspond to Pl and PS domains. The stained sample produces images with white, gray, and black regions, (c)
and (d), corresponding to PS, PDMS, and Pl domains, respectively. In panel a, the gray circles exhibit 4-fold symmetry and the distance between
the nearest circles is 270 A. In panel ¢, the white circles show very nearly 4-fold symmetry, and a smaller gray circle appears in the center of the
four white circles with 4-fold symmetry. The distance between the nearest two gray circles is 280 A.

the white circles in Figure 12d means that the nearest two Sdark gray denotes the D cylinders. The unit cell is a tetragonal
spheres in Figure 12c reside in different planes. Furthermore, lattice witha = ¢ = 2b = 370 A, indicated with thin squares.
considering the-parameter relationshipgs) = 0.0622 yp = However, we adopt a cubic cell with = 740 A, identified
0.0924 and ysp = 0.2C¢** at 150 °C, the gray lines running  with thick squares. The cubic cell consists of nine white S
through the white circles are probably not D domains surrounded spheres at = 0 (and/orz= 1) and four light gray S spheres at
by S, but rather arise from a projection of the D domains onto z = /5, and the D cylinders run through four equivalent sites,
the S domains. In other words, the S sphere is surrounded by(x,y) = (Y4, ¥4), M4, 3/4), Cla, s), and @4, 3/4). In Figure 13a,
the four D cylinders in an | matrix. di({220) and dx({040 = {40Q}) are the first and second
On the basis of these observations, we deduce four featuredongest periodic distances, 260 and 185-Adi/+/2), respec-
for the morphology of the neat SID: (i) the S domains are tively. The corresponding scattering reflections appear at 0.024
spherical; (ii) the D domains are tetragonally packed cylinders; and 0.034 A%, respectively. In Figure 13b, the longest periodic
(iii) the S spheres are surrounded by the tetragonally packed Ddistanceds is 370 A, and the corresponding scattering peak
cylinders; and (iv) adjacent S spheres with apparent 4-fold should appear at 0.017-A which was the observed first peak
symmetry, obtained by projections along the long axis of D at 0.0172 AL Other allowed reflections are listed in Table 6.
cylinders, lie on different planes. Now, we compare our suggested morphology with the SAXS
3. Possible Candidate for Morphology of Neat SIDdging results from the sheared sample. [Note that the unperturbed
from the TEM images, we suggest the morphology illustrated SAXS pattern (Figure 2) has insufficient detail to warrant such
in Figure 13a-c as that of the neat SID: Figure 13a and b evaluation.] A comparison of the calculated reflections (Table
corresponds to Figure 12c (or a) and d, respectively. The white 6) with the recorded ones for the sheared sample (Table 5)
and light gray shadings signify two levels of S spheres, and the reveals a serious inconsistency. We believe that this disparity
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Phase
Separat

v

Figure 14. Progression of morphologies as equal amounts of PDMS
and Pl homopolymers are added to SID triblock copolymer. The
morphology of neat SID has not been conclusively determined.

sively identify the morphology of the neat SID triblock at this
point.) The addition of a small amount of PS and PDMS
homopolymers, in volumes equal to that of the triblock, creates
a core-shell gyroid structure in a remarkably wide range of
o, Ay ~ 0.3. As more homopolymer is added, the morphol-
ogy changes to hexagonally packed cesiell tubes before

Figure 13. lllustration of the morphology of neat SID triblock phase separatlon at approximately 65 Vo'_ % homopolymer.
copolymer. (a) The projections along the 001 direction of the morphol- ~ We attribute the appearance and persistence of-civell

ogy of the neat unperturbed SID triblock copolymer. White and light structures, as well as the occurrence of phase separation (as
gray circles indicate S domains, and dark gray circles indicate D opposed to microemulsion formatiotf)jn this system to the
domains. White and gray circles do not reside in same plane. (b) The small asymmetry in thg parametersys; < yip). This effect is
projections along 010 direction of the morphology of the unperturbed ,~ct easily understood in the cershell tube morphology (see

SID triblock copolymer. White and light gray circles indicate S domains, Figure 6) A D core is surrounded by an | shell and embedded

and dark gray rectangles indicate D domains. (c) Perspective view of . . L . . .
the morphology of the unperturbed SID triblock copolymer. Spheres 1N @n S matrix, resulting in a smaller ID interfacial area, relative

and cylinder show S and D domains, respectively. (d) Perspective view t0 that for SI, consistent with the asymmetyiparametersys

of the morphology of the sheared SID triblock copolymer. The spheres = 0.063 andyp = 0.094. In a blend of SID triblock with S

(S) form an FCC lattice, whereas the cylinders represent D domains. and D homopolymers, we expect to find more S homopolymer
in the corona of the S block than D homopolymer in the corona
of the D block because the penalty for contact between the |
block and D homopolymer is larger, as indicated by these

TABLE 6: Anticipated Reflections for the Tentative
Morphology of the Neat SID

no. index ratio position (A') parameters. This distribution of homopolymer further favors the
1 002 1.00 17210 expanded Sl interface expected from asymmetparameters.
g gg(l) iﬁ %-Zi 1&2 Thus, small asymmetries in in ABC/A/C blends affect not
4 592 173 598 102 only the interfacial area between the blocks but also the
5 203 1.80 3.10« 102 distribution of homopolymer within the end blocks, making the
6 400 2.00 3.44¢ 1072 core—shell morphologies, gyroid and cylinder, more prevalent
7 421 2.29 3.94 1072 than the alternating structures observed in other systéHis.
8 205 2.69 4.63 102 In the limit where a tricontinuous microemulsion is anticipatéd,

1% ggg g:gg ?,EZ 1g2 this deli_cate imbalance apparently leads to macroscopic phase

separation.

was ir_wduced by_a slight change in th(=T Iatt_ice parameters during  The TEM images of the coreshell tube structures in region
shearing. Spemflcally, along the 110 direction, t_he cgll lengthens, || have two key differences from projections of hexagonally
and the unit cell changes to FCC as shown in Figure 13a by nacyeq core shell cylinders. First, the gray cores appeared to
the dashed square. This modlflcatlon is shown in Elgure 13d. 1, oblong, probably because of an oblique projection of the
For the FCC structure, the first observed (110) reflection appearsy e ayis The second distinguishing characteristic is the facetted

f ; R
at O._0192 A ] wh||(|:h ﬁorre}spongs to the (231) r_eflecr']uon n th_‘le interfaces between the core and shell and between the shell and
previous cubic cell. Therefore, these two reflections have similar a1y 10 a projection parallel to the axis of the tube, these

q values. Assuming the FCC lattice, the 3 anell® reflections 5 cat5 could arise from a tube with a hexagonal cross section.
can be aSS|gneq as the2q) E:_%llJ:J QZ.Z:J .@OO:J 3315 @.20:'] Such hexagonal cross sections have been observed in a neat
and422Xreflections, respectively, as indicated in the right two poly(2-vinylpyridineb-isopreneb-styrene) (VIS) triblock co-
columns of Table 5. Two reflections, 2 and 4, cannot be ,q\umer with cores of poly(2-vinylpyridine), shells of polyiso-
assigned. We have no definitive explanation for this short- prene, and a matrix of polystyreA&When a small amount of
coming. Howev_er, a reasonable explanation would be that theylow-molecular-weight polystyrene homopolymer was added, the
derive from residual unsheared polymer. We conclude that the ¢ ,cture maintained its hexagonal cross secfioHowever
morphologies depicted in Figure 13 are plausible but not \ ,en 4 high-molecular-weight homopolymer was added to the
definitive. A more precise analysis and experiments for the néat vy the structure had a circular cross section. These results
SID triblock copolymer are in progress. suggest that the neat triblock and its blend with low-molecular-
weight polystyrene homopolymer are frustrated in that they
cannot simultaneously fill space uniformly and maintain inter-

Figure 14 summarizes the progression of phases identifiedfaces with constant mean curvature. The high-molecular-weight
in the nearly symmetric SID/S/D system. (We cannot conclu- homopolymer segregates to the corners of the WigBeitz

Discussion
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cell, allowing the blocks near the corners of the cell to relax Ministry of Education, Science, Sports and Culture of Japan
from their stretched configuration and form a matrshell under the fellowship program for university teachers for study
interface with uniform mean curvature. As discussed above, in abroad, and M.E.V. was supported in part by the Carlsberg
our SID/S/D system, the low-molecular-weight homopolymer Foundation, Denmark, and the Danish Technical Research
is most likely distributed throughout the S domain and not Council. The authors thank Bryan Carlson of the University of
segregated to the corners of the Wign8eitz cell, where it Minnesota and Jim Hoffman of the University of California,
would relieve packing frustration but not aid in stabilizing the Berkeley, for the implementation of TEMSIM at the University
Sl interface. Thus, strictly speaking, the structure consists of of Minnesota.

hexagonally packed coreshell tubes with hexagonal interfaces.
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