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ABSTRACT: Poly(isoprene-b-styrene-b-ethylene oxide) (ISO) triblock copolymers were blended with poly-
(styrene) and poly(isoprene) homopolymers at compositions close to those previously shown to produce
triply periodic, multiply continuous network phases. Homopolymer molecular weights were approximately
equal to the corresponding block molecular weights, and homopolymer concentrations up to 21 vol %
were explored without evidence of phase separation. Three triply periodic network phases were
identified: a core—shell double gyroid (Q?3°, Ia3d space group symmetry), an orthorhombic network (O,
Fddd space group symmetry), and an alternating gyroid (Q?'4, 14,32 space group symmetry). Tuning the
overall composition by adding homopolymer resulted in systematic phase transitions between the Q23°
and O™ networks and between the Q?'* and O networks. In addition, doping with both poly(styrene)
and poly(isoprene) homopolymer induced transitions from three-domain lamellae (LAMj3) to the O™
network phase. In general, phases identified in the triblock/homopolymer systems are located at nearly
the same compositions established for undiluted ISO. Specific structural assignments and qualitative
assessments of long-range order were made using small-angle X-ray scattering (SAXS), birefringence,
dynamic mechanical spectroscopy (DMS), and transmission electron microscopy (TEM) data acquired
from polydomain (powdered) samples. The results presented herein demonstrate an efficient method for
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exploring triblock copolymer phase space based on precise and continuous composition control.

I. Introduction

Network structures in block copolymers present excit-
ing opportunities to exploit nanoscale self-assembly in
practical ways. Morphologies that combine three-
dimensional continuity and periodicity offer many pos-
sible commercial applications in areas such as mem-
branes, optical communications, electrical and ionic
conductors, nanotemplating, and nanolithography.l~7
During the past decade the double gyroid structure
(Q?39%) was identified in AB diblocks,®~12 and at least
three network phases have been reported in ABC
triblock copolymer melts: the pentacontinuous core—
shell gyroid (Q?230),13-15 the triply continuous alternating
gyroid (Q%14),16:17 and the orthorhombic O7° phase.18-21
Self-consistent mean-field theory has corroborated these
experimental findings, predicting a band of three equi-
librium network states (Q23°, 079, and Q2'4) at composi-
tions between those associated with two-domain and
three-domain lamellae.?? Establishing these experimen-
tal and theoretical facts required an extensive synthetic
and characterization effort. This paper describes an
alternative strategy for maneuvering between these
structures with minimal investment in polymer syn-
thesis.

In previous publications we reported the detailed
characterization of a series of poly(isoprene-b-styrene-
b-ethylene oxide) (ISO) triblock copolymers.1?—21 A two-
step anionic polymerization technique provided a con-
venient and relatively efficient method for preparing
families of triblocks along compositional isopleths
with precise control over composition and molecular
weight.1923 However, establishing phase behavior in
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these complex materials, particularly locating bound-
aries between phase states, was a tedious and time-
consuming process, requiring the synthesis of numerous
samples along closely spaced isopleths. Polymer blend-
ing presents a more efficient method for microstructure
exploration, obviating the need for extensive synthesis,
while simultaneously providing continuous and precise
control over composition.

Blending homopolymers with diblock copolymers rep-
resents a well-established technique for controlling
morphology. All phases found in pure AB diblock and
ABA triblock copolymers (lamellae, cylinders, spheres,
perforated structures, and network structures) have
been identified in diblock/homopolymer and triblock/
homopolymer blends.?434 In some cases sufficient
amounts of homopolymer have led to phases not found
in the corresponding neat (undiluted) block copolymers,
and calculations by Matsen have shown that homopoly-
mer can stabilize certain new morphologies.?® Doping
with homopolymer also can lead to macroscopic phase
separation, depending on the overall block and homo-
polymer molecular weights and composition,24:30.35-39

The mixing patterns in homopolymer/diblock copoly-
mer systems are conveniently summarized in three
categories based on the ratio (Nya/Nya), where Ny 4 and
Ny a refer to the degree of polymerization of A homo-
polymer and the degree of polymerization of the A block,
respectively.*%4 When Nya/N,a < 1, homopolymer
swells the corresponding block, a situation often referred
to as a “wet brush”. Increasing the homopolymer mo-
lecular weight to Ny a/Np A ~ 1 leads to expulsion of the
homopolymer from the brush interior and localization
of the homopolymer at the central portion of the
microdomain; this is known as the “dry brush limit”.
When Ny, o/Ny, o > 1, the homopolymer is rejected from
the block copolymer altogether, a condition known as
macrophase separation. Blending homopolymer with
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Table 1. Neat Polymer Characterization Data2!

polymers® M, (g/mol) PDI fi fs fo phase?
Homopolymers
PS 5 500 1.02 0.00 1.00 0.00
PI 6 500 1.03 1.00 0.00 0.00
Triblocks
ISO-1a 19 400 1.07 0.32 0.51 0.17 Q214
ISO-1b 20 400 1.07 0.32 0.50 0.18 Q214 — Q70
ISO-1c 22 200 1.07 0.30 0.46 0.24 Q7
ISO-1g 22 300 1.08 0.30 0.45 0.25 Q70
1SO-2a 15 400 1.07 0.49 0.36 0.15 Q230
ISO-2b 16 300 1.07 0.46 0.34 0.20 Q20
ISO-3f 16 300 1.05 0.42 0.43 0.15 Q70
ISO-3g 16 900 1.06 041 0.41 0.18 Q70
ISO-3h 17 100 1.05 0.41 0.41 0.18 Q70
ISO-3i 17 800 1.06 0.39 0.40 0.21 Q7
1SO-3k 19 400 1.06 0.36 0.37 0.27 LAM;
ISO-31 20 400 1.05 0.35 0.35 0.30 LAM;
ISO-8d 20 700 1.05 0.55 0.27 0.18 CSC
ISO-15a 14 500 1.05 0.27 0.56 0.17 Q214
ISO-15b 16 700 1.04 0.25 0.53 0.22 Q214 — Q70
ISO-15e 18 400 1.06 0.22 0.49 0.29 Q214 — Q70
ISO-15f 18 900 1.07 0.21 0.48 0.31 LAM;
1SO-16d 16 500 1.06 0.35 0.44 0.21 (ol

@ Unit cell constants and OOT/ODT data for the neat triblock copolymers can be found in previous work.2! ¢ Neat triblock ISO-8d was
not examined in previous work?! and is tentatively assigned a hexagonally packed core—shell cylindrical structure (CSC) based upon

synchrotron X-ray scattering data (not shown).

ABC triblock copolymers is more complicated since the
center B blocks necessarily bridge the A and C domains,
thereby excluding uniform transverse separation of
homopolymer to the center of the B domains; the A and
C end blocks should behave like diblocks.

This study deals with the intermediate brush regime.
ISO triblock copolymers have been blended with I and
S homopolymers of approximately equal molecular
weight to the corresponding blocks. We have examined
the selective dilution of I end blocks, S middle blocks,
and I + S end and middle blocks simultaneously. Our
goal is to determine the feasibility of inducing transi-
tions between ordered phases, particularly network
phases. The choice of Nnao ~ Nya and relatively low
volume fraction loadings of homopolymer (fiz < 0.21)
favors uniform mixing and avoidance of macroscopic
phase separation.

We recently reported that the central portion of the
neat ISO phase portrait, located between regions of two-
domain and three-domain lamellae, contains three
network phases (Q23°, 07°, and Q2!%) each formed from
10-fold loops of trivalent connectors. In this work we
examine the relative stability of these network phases
when the overall I, S, and O compositions are modified
by the addition of I and/or S homopolymer. Small-angle
X-ray scattering (SAXS), transmission electron micros-
copy (TEM), dynamic mechanical spectroscopy (DMS),
and birefringence measurements lead us to conclude
that adjacent phases in the neat ISO phase portrait can
be accessed by addition of homopolymer. These findings
demonstrate that detailed mapping of ABC triblock
copolymer phase behavior can be facilitated by judicious
blending of homopolymer.

II. Experimental Section

Synthesis and Characterization. ISO triblock copolymers
were synthesized using sequential anionic polymerization
techniques, beginning with the polymerization of a sizable
amount (ca. 100 g) of hydroxyl-terminated poly(isoprene-b-
styrene) diblock copolymer. Portions of this parent polymer
were reinitiated with potassium naphthalenide and reacted
with varying amounts ethylene oxide monomer, resulting in

a series of ISO triblocks along a compositional isopleth with
constant f5/f1.1%%% Block copolymer compositions (segment mole
fractions) were determined by 'H NMR, and block volume
fractions (f;, fs, and fo) were calculated on the basis of
published homopolymer densities at 140 °C (p; = 0.830, ps =
0.969, po = 1.064 in g/cm?).42

Molecular weights and polydispersity indices (PDIs) were
determined using high-performance size exclusion chroma-
tography (SEC) with Phenomenex Phenogel columns coupled
to a Wyatt Dawn DSP laser photometer using detectors at 18
angles and a Wyatt differential refractometer. Triblock co-
polymer volume fractions and molecular weights are listed in
Table 1.

Poly(isoprene) and poly(styrene) homopolymers were syn-
thesized using conventional anionic polymerization tech-
niques** and terminated with acidic methanol; molecular
weights and PDIs are given in Table 1.

Block Copolymer/Homopolymer Blending. Measured
amounts (by weight) of homopolymer and triblock copolymer
were dissolved in THF. Samples were freeze-dried to constant
weight in 10 mL vials and stored under argon prior to use.
Up to 21 vol % hompolymer was used in preparing these
mixtures.

Small-Angle X-ray Scattering (SAXS). SAXS experi-
ments were conducted at the University of Minnesota Institute
of Technology (IT) characterization facility. 1 = 1.54 A Cu Ka
X-rays were generated using a Rigaku RU-200BVH rotating
anode equipped with a 0.2 x 2 mm? microfocus cathode, total
reflecting Franks mirror optics, and a nickel foil filter. Data
were collected by a Siemens HI-STAR multiwire area detector
located at a sample-to-detector distance of 230 cm. The beam
size was approximately 1 x 1 mm, and acquisition times
typically ranged from 10 to 30 min. SAXS data were corrected
for detector response characteristics and plotted as scattering
intensity vs the magnitude of the scattering vector, g = 47171
sin(6/2), where 0 is the scattering angle. These results are
referred to as IT-SAXS data.

Synchrotron SAXS experiments were conducted on the
DND-CAT at the Advanced Photon Source (Argonne National
Laboratory) with A = 0.827 A. The sample-to-detector distance
was 501 cm, and data were acquired on a Mar CCD area
detector. The beam-size was approximately 1 x 1 mm, and
acquisition times ranged from 1 to 3 s. Sample temperature
was controlled using a liquid nitrogen-cooled DSC chamber
under a helium purge. Polymer specimens were heated to 200
°C (above Topr when possible) to minimize the effects of
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Table 2. Triblock/Homopolymer Blending Data

homopolymer blend composition
polymer blend triblock type fhomopolymer fe fs° fo* phase Topr (Toor), °CP*
B1 ISO-2a S 0.117 0.43 0.44 0.13 Q70 166
B2 ISO-2a S 0.027 0.48 0.38 0.14 230 >200
B3 ISO-2b S 0.028 0.46 0.34 0.20 Q230 >200
B4 ISO-2b S 0.033 0.45 0.36 0.19 070 >200
B5 ISO-2b S 0.046 0.44 0.37 0.19 Q70 >200
B6 ISO-2b S 0.062 0.44 0.38 0.18 Q70 263
B7 ISO-2b S 0.084 0.43 0.39 0.18 Q7 >200
B8 ISO-2b S 0.094 0.42 0.40 0.18 Q70 >200
B9 ISO-2b S 0.111 0.41 0.42 0.17 Q70 193
B10 ISO-3f I 0.104 0.49 0.38 0.13 Q230 180—190
B11 ISO-3g I 0.109 0.48 0.36 0.16 230 >200
B12 ISO-3h I 0.111 0.47 0.35 0.18 230 >200
B13 ISO-3i I 0.114 0.46 0.33 0.21 230 >200
B14 ISO-1a I 0.146 0.43 0.43 0.14 Q7 160
B15 ISO-8d S 0.122 0.48 0.36 0.16 230 >200
B16 ISO-8d S 0.208 0.45 0.41 0.14 230 173
B17 ISO-15a I 0.054 0.31 0.53 0.16 Q214 160
B18 ISO-16d S 0.174 0.29 0.54 0.17 214 147
B19 ISO-1a S 0.088 0.30 0.55 0.15 214 140—150
B20 ISO-1b S 0.073 0.30 0.54 0.16 214 151
B21 ISO-1c S 0.130 0.26 0.54 0.20 Q70 — Q2307 172 (140)
B22 ISO-1g S 0.090 0.27 0.51 0.22 070 — Q230" 177 (148)
B23 ISO-15a S 0.159 0.23 0.63 0.14 DIS <100
B24 ISO-15b S 0.128 0.22 0.59 0.19 DIS <100
B25 ISO-15e S 0.099 0.20 0.54 0.26 214 — Q70 135 (107)
B26 ISO-15f S 0.107 0.19 0.54 0.27 Q70 — Q230 >200 (143)
B27 ISO-3k S/1 0.076/0.068 0.34 0.40 0.26 Q70 >250
B28 ISO-31 SN 0.103/0.102 0.34 0.39 0.27 Q7 >250

@ Volume fractions calculated from homopolymer densities at 140 °C (pp1 = 0.830 g/cm?, pps = 0.969 g/em?®, ppro = 1.064 g/cm?).42
b Single value transition temperatures were determined by DMS; the values given as ranges were determined by IT-SAXS data taken in
10 °C increments. ¢ The maximum temperature accessible on the IT-SAXS instrument was 200 °C.

thermal history and then cooled to the desired temperature.
Data acquired at the synchrotron are identified as APS-SAXS.
APS-SAXS and IT-SAXS specimens used identical Kapton
windows and had similar polymer sample thicknesses.

Transmission Electron Microscopy (TEM). TEM mi-
crographs were collected on a JEOL 1210 TEM operating at
120 kV, at the University of Minnesota IT Characterization
Facility. Samples (50—100 nm thickness) were prepared on a
Reichert cryo-ultramicrotome using a Microstar diamond knife
at —60 to —90 °C. Electron contrast was achieved by prefer-
ential staining the I-domains through exposure to the vapors
of a 4% aqueous solution of OsO4 for ~5 min. Microscopy
samples were prepared from specimens previously evaluated
on the SAXS apparatus, thus allowing for a direct comparison
between scattering data and TEM micrographs. Samples were
stored in a vacuum oven at room temperature and microtomed
within 12 h of removal from the SAXS apparatus.

Static Birefringence. Birefringence measurements were
conducted on 1 mm thick samples sealed under argon between
two glass disks separated by an aluminum spacer. Samples
were placed in a chamber between crossed polarizers and
illuminated with a 5 mW HeNe laser while being heated, or
cooled, at 1 °C/min using an electrically heated copper block.
Transmitted depolarized light intensity was measured using
a photodiode connected to a voltmeter and normalized by the
detector response In.,x recorded with the polarizers in the
parallel orientation.

Dynamic Mechanical Spectroscopy (DMS). Mechanical
spectroscopy experiments were performed on a Rheometrics
Scientific ARES strain-controlled rheometer using a parallel
plate configuration with 25 mm diameter plates. Samples were
1 mm thick. Isochronal (w = 1 rad/s) dynamic elastic (G') and
loss (G"") moduli measurements were collected during heating
or cooling at 1 °C/min. For all measurements the strain
amplitude was 1%, well within the linear viscoelastic regime.
Data acquisition was preceded by heating to disorder or 250
°C, whichever was lower, to erase thermal history. A more
detailed description of DMS procedures can be found else-
where.1®

III. Results and Analysis

Twenty-eight ISO/I, ISO/S, and ISO/I/S blends were
prepared with overall compositions (i.e., block copolymer
plus homopolymer) at or close to those associated with
the three network phases identified in our previous
reports describing neat ISO triblocks.2%-21 Table 2 lists
the blend compositions studied during this work, bounded
by 0.19 < f1 <049, 0.33 < fs < 0.63, and 0.13 < fp <
0.27. Figure 1 locates these blends on a ternary phase
portrait along with a summary of the neat triblock
phase behavior. Blend phase behavior was determined
based on a combination of SAXS, TEM, birefringence,
and DMS experiments. Three network phases were
documented, Q23°, 079, and Q?!4, along with two order—
order transitions, 070 < Q239" and Q%!* < 0,7 where
Q239" refers to a double gyroid phase located at a pre-
viously unreported composition.20-21

At this point we must emphasize that the classifica-
tion of ISO morphologies as “two-domain“ and “three-
domain” can be misleading. All our results correspond
to a state of intermediate segregation strength, with
smoothly varying periodic composition fields, the sym-
metry of which define the morphology. Thus, for any
single morphology that stretches continuously from a
two-domain diblock limit, there is no simple way to
determine at which point a third domain exists. In
principle, our deduced symmetries (with the exception
of I4132) can support two or three domains. Even with
diblock copolymers, there is ambiguity in identifying
the number of domains (1 or 2). For example, a fluctuat-
ing disordered state is nearly as “two-domain” as an
ordered phase near the ODT. Lodge and others have
dealt with the identification of discrete polymer do-

mains, emphasizing how ambiguous this analysis can
be.44.45
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Figure 1. Poly(isoprene) [I], poly(styrene) [S], and poly-
(ethylene oxide) [O] ternary volume fraction phase portrait.
Five labeled areas (LAMj;, LAMz, Q23°, O, Q%) identify
regions of neat ISO triblock copolymer phase behavior near
the order—disorder transition, as reported in refs 20 and 21.
Blend samples (ISO/I, ISO/S, and ISO/I/S) are indicated
by the symbols, where the shape corresponds to the blend
morphology: a, Q?%°; ®, O7°; W, Q. These symbols indicate
the lowest temperature structure in samples exhibiting an
order—order transition. Open symbols represent samples
disordered at all temperatures above 100 °C.

Single Phases. Most of the mixtures studied are
situated at compositions between regions of two- and
three-domain lamellae (LAMsy and LAM3, respectively).
Ordered and disordered blends are identified with filled
and open symbols, respectively (Figure 1). In this section
we describe how each of these morphologies was char-
acterized.

Figure 2 and Figure 3 display representative one-
dimensional APS-SAXS data (intensity vs ¢) from neat
triblocks and triblock/homopolymer blends located in the
I-rich portion of the phase triangle. Figure 2 deals with
ISO-2a (Table 1) and blend B1 (see Table 2), both at
160 °C. A series of reflections are evident in Figure 2a,
with relative wavevector positions \/gq/q*: V6, V8,
\/ﬁ, «/E, V20, V22, V24, and _x/%. This familiar
sequence uniquely defines the Ia3d space group, and
we further associate this scattering pattern with the
pentacontinuous Q23° double gyroid morphology based
on the approximate 10-fold intensity ratio between the
first (112) and second (022) reflections,446 along with
TEM, differential scanning calorimetry (DSC), and
modeling results reported previously.20-21

Blending 11.7 vol % poly(styrene) homopolymer with
ISO-2a (blend B1) leads to a qualitatively different
SAXS pattern, shown in Figure 2b. The sequence of
Bragg reflections cannot be indexed with space groups
commonly found in ordered block copolymers, e.g., cubic,
hexagonal, or lamellae. However, an orthorhombic Bra-
vais lattice, with space group Fddd (no. 70), does
accommodate this diffraction pattern, and the associated
allowed reflections are identified in Figure 2b. This
result mirrors what we reported earlier for neat ISO
triblock copolymer melts at similar compositions.2021 On
the basis of our previous analysis, and the similarity in
SAXS peak positions and intensities, we deduce that
blend B1 contains the triply continuous O7° network
morphology. Diffraction peaks in blends B4, B5, B6, B7,
B8, and B9 support the O phase assignment, as well
(see Table 2).
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Figure 2. (a) APS-SAXS data for ISO-2a (0.49/0.36/0.15)
indexed according to the Ia3d space group and consistent with
the Q?3° network phase. (b) APS-SAXS data for B1 (0.43/0.44/
0.13), a blend of ISO-2a, and poly(styrene) homopolymer.
Peaks are indexed according to the Fddd space group, and this
specimen is assigned the O™ network phase. The center sketch
shows the change in composition in Figure 1 upon blending.

APS-SAXS data obtained from neat triblock ISO-3g
at 160 °C also contain reflections that are consistent
with the O™ phase assignment (see Figure 3a and ref
21). A different SAXS pattern emerges when this
polymer is blended with 10.9 vol % poly(isoprene)
homopolymer (blend B11), as shown in Figure 3b. This
pattern is nearly identical to that seen in Figure 2a;
hence, we conclude that blend B11 has Ia3d space group
symmetry, and the sample is assigned the Q23° mor-
phology. Several blends listed in Table 1 showed similar
behavior, including B10, B12, and B13. In all cases,
blending either I or S homopolymer on the I-rich side
of the phase triangle results in SAXS patterns identical
to those of the pure ISO materials at the corresponding
overall compositions (see Figure 1).

Figures 4 and 5 contain APS-SAXS patterns recorded
from two triblocks and two blends located in the S-rich
portion of the phase triangle. Figure 4a shows SAXS
results obtained at 160 °C from ISO-16d. This pat-
tern, similar to those found in Figures 2b and 3a, was
shown earlier to arise from the O7° morphology.2! Mix-
ing ISO-16d with 17.4 vol % poly(styrene) homopolymer
(blend B18) produces the data shown in Figure 4b.

Scattering peaks found at position v2¢/g* of v2, v/6,
«/5, V12, V14, V16, and V20 are indicative of cubic
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Figure 3. (a) APS-SAXS data for ISO-3g (0.41/0.41/0.18).
Peaks are indexed according to the Fddd space group, consis-
tent with the O network morphology. (b) APS-SAXS data for
B11 (0.48/0.36/0.16), a blend of ISO-3g, and poly(isoprene)
homopolymer. Peaks are indexed based on the Ia3d space
group, and this specimen is assigned the Q23° network phase.
The center sketch shows the composition change in Figure 1
upon blending.

order. Absence of a reflection at the v/4 position elimi-
nates all but the 14,32 space group, which leads to the
indexing scheme identified in Figure 4b. As described
previously,?! this assignment is consistent with the
triply periodic alternating gyroid phase denoted Q2!4.
Another blend displaying this scattering signature is
B20 (see Table 2).

Figure 5a shows SAXS data obtained from ISO-1a at
90 °C. This scattering pattern is similar to the one found
in Figure 4b and is assigned the alternating gyroid
(Q?'%) morphology. Scattering peaks are found at posi-

tion v2g/g* of v/2, V6, V8, v10, V12, V14, V16, and

V20, indicative of cubic order. Again, absence of a
reflection at the v/4 position eliminates all but the I4;-
32 space group. Mixing this triblock copolymer with 14.6
vol % poly(isoprene) (blend B14) leads to the SAXS
pattern shown in Figure 5b, recorded at 90 °C (SAXS
data for Figure 5 were collected at 90 °C, as opposed to
the 160 °C in Figures 2—4, due to the Topr’s of ISO-1a
[166 °C] and B14 [160 °C]). On the basis of the similarity
with Figures 3a and 4a, we have indexed this sequence
of reflections in Figure 5b as Fddd and assigned the
07 phase to this material. As with the I-rich side of
the channel of network phases, morphologies created
by blending S or I homopolymer on the S-rich side of

ISO Triblock Copolymer—Homopolymer Blends 8779

5.0

"=y

a

Log Intensity (a.u.)

(]
L
I

]-6 L) T T T T L) L)
0020 0030 0040 0050 0060 0070 0080 0000 0.100

q,A"

Log Intensity (a.u.)

1.3 T T T T T T T

0020 0030 0040 0050 0060 0070 0080 009 0.100
g, A"

Figure 4. (a) APS-SAXS data for ISO-16d (0.35/0.44/0.21).
The peaks are indexed according to the Fddd space group
consistent with the O™ network phase. (b) APS-SAXS data for
B18 (0.29/0.054/0.17), a blend of ISO-16d, and poly(styrene)
homopolymer. Peaks are indexed according to the 14,32 space
group with higher order reflections shown in the inset. This
symmetry is indicative of the Q2'* network phase. The center
sketch shows the change in location in Figure 1 upon blending.

this region map directly onto the phase triangle associ-
ated with the neat ISO polymers (see Figure 1), except
as noted below.

Figures 2—5 illustrate network-to-network transitions
induced by doping neat triblock copolymer with either
S or I homopolymer. The O7 network phase was also
formed by blending both S and I homopolymers with
ISO-3k and ISO-31 (blends B27 and B28, respectively).
Figure 6a illustrates an IT-SAXS scattering pattern
taken from ISO-3k at 160 °C. Peak intensities at relative
q spacings of ¢* and 2g* along with previous work on
this sample indicate a three-domain lamellar (LAM3)
morphology.?! Addition of 7.6 vol % poly(styrene) ho-
mopolymer and 6.8 vol % poly(isoprene) homopolymer
to ISO-3k at 160 °C (blend B27) produces the SAXS data
displayed in Figure 6b. Because of lower instrument
resolution and less X-ray flux associated with the IT-
SAXS machine, the Bragg reflections in Figure 6 are
broader and the signal-to-noise ratio is lower than the
corresponding data in Figures 2—5 (APS-SAXS). Nev-
ertheless, the pattern of peaks found in Figure 6b is
characteristic of the O’ phase as described else-
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Figure 5. (a) APS-SAXS data for neat ISO-1a (0.32/0.51/0.17)
at 90 °C. Peaks are indexed according to the /4,32 space group
characteristic of the Q?'* morphology. (b) APS-SAXS data (90
°C) for B14 (0.43/0.43/0.14), a blend of ISO-la, and poly-
(isoprene) homopolymer. Peaks are indexed according to the
Fddd space group, consistent with the O™ network phase. The
center sketch shows the change in composition in Figure 1
upon blending.

where.!2! In particular, the three broad rounded peaks
occurring over 0.04 < g < 0.06 A1 correspond to the
convolution of the (131) and (115), (040) and (133), (202),
(220), (222), and (004), and (135) reflections that are
resolved in Figures 2b, 3a, 4a, and 5b.

In every instance reported here the blended speci-
mens produced SAXS patterns with an equivalent
number of, and nearly equally well-defined, diffraction
peaks as were obtained from pure ISO melt materials
(with the same morphology), indicative of comparable
degrees of long-range order. Two other types of experi-
ment were employed to corroborate this conclusion.
TEM images were obtained from microtomed and OsOy4
stained specimens. Representative images taken from
blends B3, B4, and B18, which were assigned the Q239,
07, and Q2! morphologies based on SAXS analysis,
respectively, are shown in Figure 7. These pictures are
presented primarily to illustrate the preservation of
translational order upon doping with homopolymer; a
more complete analysis of similar TEM images was
presented in an earlier publication.?!

Slowly cooling a block copolymer melt slightly below
Topr, where conversion from disorder to order is gov-
erned by nucleation events, can lead to the formation
of relatively few large ordered grains. SAXS patterns
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Figure 6. IT-SAXS data for (a) ISO-3k (0.36/0.37/0.27) and
(b) B27 (0.34/0.40/0.26), a blend of ISO-3k and poly(styrene)
and poly(isoprene) homopolymer. Both specimens were an-
nealed at 200 °C for 15 min, then cooled to 160 °C, and held
at that temperature for 30 min prior to X-ray exposure.
Relative peak positions in (a) are consistent with a lamellar
morphology, while the scattering pattern in (b) is consistent
with the O™ phase. All the Fddd reflections indicated in (b)
cannot be resolved with the IT-SAXS instrument. However,
as shown elsewhere,'” this scattering pattern is a fingerprint
for the O™ structure. The sketch identifies the change in
composition in Figure 1 upon blending.

from small volumes of such samples (e.g., obtained with
a small diameter X-ray beam and a thin specimen) will
contain scattering attributable to individual “single
crystals”. Figure 8 illustrates such a result, obtained
after cooling blend B14 from 170 to 150 °C over a period
of 8 h, where Topr = 160 °C. Individual diffraction spots
are indexed according to the Fddd space group, derived
from powder pattern scattering (see Figure 5b) and
based on our previous comprehensive analysis of the 070
phase.?! Agreement between the experimental and
calculated peak positions for a subset of the recorded
diffraction data, including the azimuthal angle depen-
dence, reinforces our space group assignment and
corroborates our conclusion regarding long-range order.

Order—Order Transitions. Most of the ISO triblock
copolymers examined in our previous reports exhibited
a single ordered phase between 100 and 200 °C.2!
However, in several samples a Q24 < 070 network-to-
network phase transition was documented at composi-
tions situated at the boundary between these ordered
states (see Figure 1). We have identified this order—
order transition (OOT) along with a second network-
to-network transition in certain blend specimens as
described in this section.

Figure 9 shows IT-SAXS powder patterns recorded
at 90 and 130 °C from blend B25. On the basis of the
SAXS analyses described in the previous section, the
low- and high-temperature ordered states are consistent
with Q214 and O7° phase assignments, respectively (see
Figures 4b and 5b). Figure 10 shows a light depolar-
ization (birefringence) experiment conducted while cool-
ing (1 °C/min) this material from 175 to 85 °C. An
intermediate optically active state separates two opti-
cally isotropic regions, consistent with a sequence of
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based on SAXS), and (c¢) blend B18

(Q?'* based on SAXS). Thin sections were stained with OsO4 to enhance the contrast. All three micrographs confirm the presence
of long-range order in blends of ISO triblock copolymer with I or S homopolymer. Three-fold (a) and four-fold (c) projections are
consistent with the Q?%° and Q2! cubic phase assignments, respectively. The image in (b) is consistent with a network morphology.

Scale bars represent 30 nm.
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Figure 8. 2-D SAXS pattern obtained from blend B14 after
slow cooling from 170 to 150 °C over a period of 8 h, where
Topr = 160 °C. Nucleation limited growth of the O™ phase
results in the formation of few relatively large grains, which
produce single-crystal diffraction. Indexing with the Fddd
space group accounts for a significant number of the reflections
as indicated by the white spots and numbers. This data set
was acquired with the IT-SAXS instrument.
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Figure 9. IT-SAXS data recorded for blend B25 at 90 and
130 °C. The sample was heated to 200 °C, annealed for 15 min
and then cooled to 90 °C, held for 1 h and measured, then
heated to 130 °C, held for 1 h, and measured again. The upper
curve (130 °C) is indexed according to the orthorhombic Fddd
space group. The lower curve (90 °C) is indexed according to
the cubic 74,32 space group. The curves are shifted vertically
for clarity.

three phases: disorder <> 070 < Q24 with Topr = 135
°C and Toor = 107 °C (only cooling data are shown in
Figure 10). This blend phase behavior mimics the
thermodynamic properties of pure triblock specimens
ISO-15b and ISO-15e as reported earlier.2!
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Figure 10. Light depolarization intensities obtained while
cooling blend B25. Birefringence at intermediate temperatures
is consistent with orthorhombic (07°) symmetry, while the
absence of optical activity at higher and lower temperatures
supports assignments of disordered (DIS) and cubic (Q*'4)
states, respectively.
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Figure 11. IT-SAXS data obtained from blend B26 at 110
and 160 °C. The sample was heated to 200 °C, annealed for
15 min and then cooled to 110 °C, held for 1 h and measured,
then heated to 160 °C, held for 1 h, and measured again. The
upper curve (160 °C) is indexed according to the Ia3d space
group, consistent with a double gyroid morphology. The lower
curve (110 °C) is indexed according to the orthorhombic Fddd
space group and is consistent with the O’ morphology. The
curves are shifted vertically for clarity.

Three other blends, B21, B22, and B26, displayed sets
of low- and high-temperature SAXS and birefringence
patterns indicative of distinctly different ordered phases.
We illustrate these properties using SAXS (Figure 11)
and birefringence (Figure 12) data obtained from blend
B26. Analogous to our analysis of Figures 6b and 9, we
associate the 110 °C SAXS pattern in Figure 11 with
the O phase. Heating the material to 160 °C trans-
forms the X-ray scattering response to a pattern con-
sistent with the cubic double gyroid morphology. Bire-
fringence measurements recorded while cooling (1 °C/
min) blend B26 (see Figure 12) are consistent with these



8782 Epps et al.

1.0

0.8

Q70

0.6 |

1/ 1.

0.4

0.2 | Q23o*

0.0

9 110 130 150 170 190 210

Temperature (°C)

Figure 12. Light depolarization intensities obtained while
cooling blend B26. Optical activity at lower temperatures is
consistent with orthorhombic symmetry, while the absence of
optical activity at higher temperatures supports the Ia3d cubic
assignment.

assignments, where the Q23%° — Q70 transition occurs
on cooling at about Toor = 143 °C. Because we cannot
discriminate between the pentacontinuous (“three-
color”) and tricontinuous (“two-color”) versions of the
double gyroid structure based on SAXS data alone, we
refer to this phase as Q?3°". In this case TEM analysis
of the Ia3d structure was not performed, as the struc-
ture was the higher temperature phase in an OOT. Also,
Topr (disorder — Q239%) could not be located using the
birefringence technique because both states are optically
isotropic. Topr was greater than the upper limit of the
SAXS apparatus [200 °C]. We return to these network-
to-network transitions in the Discussion section.

IV. Discussion

The results presented in the previous section dem-
onstrate how small to modest amounts of homopolymer
(up to 21 vol %) influence the phase behavior of ISO
triblock copolymers in the vicinity of the multicontinu-
ous network phases. In general, our findings are con-
sistent with the extensive literature dealing with AB
diblock and ABA triblock copolymers when mixed with
A and/or B homopolymers, when the homopolymer
molecular weights are equal to or less than the corre-
sponding block molecular weights.30:32:34.35 As Figure 1
summarizes, well-ordered Q23°, 07, and Q?2!* network
phases can be formed by blending ISO triblocks with
either or both I and S homopolymer, where the resulting
morphological behavior coincides with the pure triblock
copolymer phase portrait.

These findings have both fundamental and practical
significance. Blending offers an efficient strategy for
exploring block copolymer phase behavior, particularly
when the number of composition variables increases,
accompanied by an expansion in the portfolio of known
and unknown ordered phases. Synthesizing all the block
copolymers necessary to fully characterize pure triblock
phase behavior represents an exhausting and time-
consuming exercise. Moreover, as more phases are
located within a finite composition window, this ap-
proach becomes impractical notwithstanding effort;
uncertainties in composition and molecular weight,
inevitable byproducts of the synthesis, and character-
ization methods become limiting factors. Modest amounts
of homopolymer offer precise and continuous control
over the composition variables, making the character-
ization of complex phase behavior much more tractable.
This approach, already exploited with two-monomer
block copolymers,24-26:35,36 will be valuable in mapping
experimental phase behavior in multiblock systems.
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Blending also may be useful in developing network
phases for practical purposes. In the event that network
symmetry influences an application property (e.g., bi-
refringence) the material could be transformed between
two mechanically equivalent morphologies by appropri-
ate doping with small amounts of homopolymer.

Our results indicate that the phase behavior can be
modified by expanding either the poly(isoprene) domains
or the poly(styrene) domains, or both. Homopolymer
addition to either domain type generally leads to
predictable phase transitions with SAXS patterns and
TEM images that reflect long-range order comparable
to that obtained with the pure ISO materials. That both
types of homopolymer lead to well-defined Q23°, 00, and
Q24 phases suggests that these networks are rather
stable thermodynamically. As noted in our earlier
report,2! we believe the local trivalent connector geom-
etry in the three network phases represents a robust
building block for morphology formation in linear block
copolymers.

Identification of a new order—order transition, 070 <
Q239 on the styrene-rich side of the network channel
indicates a subtle but significant impact of homopolymer
near the phase boundaries. On the basis of the pure ISO
results, we would not expect to find the double gyroid
near the Q2* phase. However, all three examples of the
070 < Q230" transition involve addition of S homopoly-
mer. As discussed in the Introduction, homopolymer can
be mixed with end blocks by either swelling the blocks
(wet brush) or intercalating into the center of the
domains (dry brush).4%41 Mixing S homopolymer with
ISO in the dry brush limit presents a packing dilemma
since a three-domain morphology requires all the S
blocks to bridge I and O domains. (We rule out the
possibility of lateral separation of S homopolymer from
S blocks since this would place severe packing con-
straints on the I and O blocks.) We suspect this domain
packing problem leads to the O70 < Q239" phase transi-
tion. Although we cannot discriminate between two- and
three-domain versions of the gyroid phase based solely
on SAXS data, we believe the Q23°° morphology corre-
sponds to the former. That is, the problem of packing S
homopolymer into a three-domain morphology is recti-
fied by creation of a two-domain gyroid state (e.g., I plus
mixed S and O domains or O plus mixed I and S).

This hypothesis is supported by the phase state
identified in blends B23 and B24 (Table 2). Both of these
mixtures formed by adding S homopolymer to network
forming ISO-15a and ISO-15b (see Table 1) are disor-
dered at 100 °C, as shown in Figure 1. Obviously, the
homopolymer destabilizes the ordered state. This trend
is consistent with the reduction in segregation, from
three to two domains, which we suggest occurs with the
Q239" phase.

Again we must emphasize that the classification of
ISO morphologies as “two-domain“ and “three-domain”
can be misleading. All our results correspond to a state
of intermediate segregation strength, with composition
profiles that are unlikely to saturate at bulk densities
anywhere within the segregated domains. Thus, for any
single morphology that stretches continuously from a
two-domain diblock limit, there is no simple way to
determine at which point a third domain exists. For
example, assuming yapN = ypcN = 13 and yacN = 35,
Tyler and Morse have calculated that an ABC triblock
copolymer exhibits a lamellar morphology along the
entire fa = fg = 1/2 isopleth for 0 < f¢ < 1/3.22 Obviously,
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the fc = 0 (diblock) case is a two-domain structure, and
the fc = 1/3 material will reflect three equally segre-
gated domains. Thus, the transition between these two
limiting cases is continuous since there is not a change
in symmetry. As illustrated in Figure 1, the O phase
separates what we refer to as LAMy and LAM3, making
the distinctions less ambiguous. However, characteriza-
tion of any ordered phase that may stretch continuously
from the diblock limit into the three-domain region will
be subject to this qualification.

We believe that Q230" may fall into this category.
Theory indicates that a channel of double gyroid mor-
phology should extend from the fi1 = 0 axis (i.e., SO
diblock)?2 up to roughly where we have identified Q23%*,
Presumably, the added constraints associated with
swelling the center S block with homopolymer also can
induce this behavior. Additional experimental and
theoretical work will be necessary to verify these argu-
ments.

V. Conclusions

Ordered state phase behavior has been investigated
in poly(isoprene-b-styrene-b-ethylene oxide) (ISO) tri-
block copolymers mixed with I and/or S homopolymer,
where the homopolymer molecular weights are similar
to the corresponding block molecular weights. Using
small-angle X-ray scattering (SAXS), transmission elec-
tron microscopy (TEM), dynamic mechanical spectros-
copy (DMS), and birefringence measurements, we have
shown how modest concentrations of homopolymer (up
to 21 vol %) can be used to switch between the network
phases Q230 and O7°, 070 and Q?4, and between O7° and
three-domain lamellae. Blending has little impact on the
location in composition space of the network phases
relative to the neat ISO triblocks. TEM and SAXS data
also demonstrate that the degree of long-range order
found in the neat triblock materials is preserved in the
triblock copolymer/homopolymer blends considered in
this study. A heretofore unreported transition from 070
to Q%0 was identified upon heating several ISO/S
blends. We tentatively identify the Q230" state as two-
domain double gyroid and attribute this behavior to
packing frustration associated with mixing homopoly-
mer with the center S block.

These experiments demonstrate an efficient strategy
for controlling morphology in three-domain ordered
block copolymer systems, thereby relaxing the synthetic
demands associated with preparing new compositions.
Blending ABC triblock copolymers with homopolymers
offers a practical approach to searching for new mor-
phologies in the complex field of multiblock copolymers.
We are particularly enthusiastic about the prospects for
evaluating the results of self-consistent mean-field
theory in this way.
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