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ABSTRACT: We report a strategy for generating novel dual-tapered
poly(isoprene-b-isoprene/styrene-b-styrene-b-styrene/methyl metha-
crylate-b-methyl methacrylate) [P(I-IS-S-SM-M)] triblock copoly-
mers that combines anionic polymerization, atom transfer radical
polymerization (ATRP), and Huisgen 1,3-dipolar cycloaddition click l,
chemistry. The tapered interfaces between blocks were synthesized via

a semibatch feed using programmable syringe pumps. This strategy ] ] ]

allowed us to manipulate the transition region between copolymer

blocks in triblock copolymers, providing control over the interfacial
interactions in our nanoscale phase-separated materials independent of molecular weight and block constituents. Additionally, we
show the ability to retain a desirous and complex multiply continuous network structure (alternating gyroid) in our dual-tapered

triblock material.

lock copolymer self-assembly offers an ideal opportunity

for designing ordered materials with three-dimensionally
(3-D) continuous nanoscale domains."” Such nanoscale
network morphologies are particularly useful in applications
such as catalysis, solar cells, conducting membranes, and
nanoporous templates due to their desirable size-scale and
unique transport and mechanical properties.”>~® In the recent
triblock copolymer literature, numerous network morphologies
have been reported at weak and intermediate segregation
strengths, including the core—shell gyroid, alternating gyroid,
and orthorhombic networks."*~>! However, generating stable
network structures at higher segregation strength remains a
challenge in triblock copolymer systems due to kinetic and
thermodynamic restrictions.'* To stabilize these morphologies
in higher molecular weight and chemically incompatible
polymer systems, here we detail a strategy to manipulate the
interfaces between the copolymer blocks by synthesizing
tapered triblock copolymers.

For the majority of nontapered block copolymers, the
composition profile changes abruptly at the junction between
the two blocks.**** However, in tapered block copolymers
(TBC:s), the composition profile is modified along the polymer
backbone by introducing a transition region between two pure
blocks that tapers from one component to another.**”¢ This
differs from gradient copolymers, where the graded composi-
tion profile extends along the entire length of the copolymer
backbone.

TBCs also provide the opportunity to generate well-ordered
structures, and introducing a tapered interface between blocks
has been shown to decrease the effective Flory—Huggins
interaction parameter (o), meaning that segregation strength
could be tuned independent of polymer molecular weight. This
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reduction in y.4 leads to lower order-to-disorder transition
temperatures relative to the corresponding nontapered block
copolymers.**™® Thus, TBCs can be used to create high
molecular weight materials while retaining access to the
network phases found at weak and intermediate segregation
strengths.”® Though a well-ordered network structure has been
found at high molecular weight following additional post-
processing in a few select cases,”” our TBCs permit the facile
design of network materials with improved mechanical
properties (due to higher molecular weights), combined with
lowered interfacial energetics for a wider array of potential
applications.

Previous examples of TBCs in literature were synthesized
using living anionic polymerization; however, this synthetic
approach only can be applied to a limited number of
monomers.**2**® Acar and Matyjaszewski provided an
alternative synthetic method by combining living anionic
polymerization and atom transfer radical polymerization
(ATRP), which allowed for the synthesis of various triblock
copolymers with compositional tapers from acrylate- or
methacrylate-based monomers.”® While this approach can be
used to create TBCs from a larger variety of monomers, Acar
and Matyjaszewski’s method is limited to low molecular weight
polymers due to the poor mobility of living chain ends in high
molecular weight materials. Thus, we report a strategy for the
preparation of tapered triblock copolymers by click coupling an
anionic polymerization-based tapered diblock copolymer to
another tapered copolymer synthesized via ATRP. This
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Scheme 1. Illustration of the P(I-IS-S-SM-M) Synthesis Using a Combination of Anionic Polymerization, ATRP, and Huisgen
1,3-Dipolar Cycloaddition Click Chemistry; Bottom Image Shows the Density Profile along a Polymer Chain and the

Composition Profile along the TBC Backbone

o
BI')JYBr \/N\/

0°C, THF

P(I-1S-S)-OH

o)

Cu(l)Br, PMDETA
90 °C , anisole
semi-batch feed

o]

o

P(I-IS-S)—O)K{B‘.
“
oL 3
2N 0 27 oM

PM) cuqBr, PMDETA

(o}

P(I-IS-S)-O)K{ Ny

o}
///\ 0)K<P(SM-M)

NaN3

_—
RT, DMF/THF

<o

—0

90 °C , anisole

o) 0 NaN o)
P(I-IS-S)-OJ\{N3+///\ O/U\<P(SM-M) —’P(I-IS-S)—OJ%N P OJ%P(SM-M)

Cu(l)Br , PMDETA
RT, THF

VN

synthetic route can be applied to a variety of monomers and
provides easy access to a library of tapered triblock copolymers
by simply coupling different tapered copolymers.

In this report, we used our synthetic strategy to create a P(I-
IS-S-SM-M) tapered triblock copolymer by click coupling an
azide-terminated P(I-IS-S) tapered diblock copolymer to an
alkyne-terminated P(SM-M) tapered copolymer, as shown in
Scheme 1. P(I-IS-S)-OH was synthesized using anionic
polymerization according to established methods,*® where
programmable syringe pumps fed predetermined amounts of
the monomers into a semibatch reactor. The flow rates were
varied to adjust the composition of the interfacial segments and
to obtain linear composition profiles in each tapered region. To
functionalize the P(I-IS-S)-OH with a bromide end group [P(I-
IS-S)-Br], the hydroxyl-terminated polymer was reacted with 2-
bromoisobutyryl bromide,® where, in our case, P(I-IS-S)-OH
(0.24 mmol) was first dissolved in 200 mL of dry
tetrahydrofuran (THF) containing triethylamine (1.44
mmol). Then, 2-bromoisobutyryl bromide (0.96 mmol) was
added dropwise at 0 °C, and the solution was stirred for ~16 h.
The P(I-IS-S)-Br was precipitated into methanol and dried
under vacuum. P(I-IS-S)-Br was dissolved in a 3:1 mixture of
dimethylformamide (DMF)/THF and reacted with sodium
azide (0.24 mmol) for 12 h at room temperature, yielding
azide-terminated P(I-IS-S)-N;.

An alkyne-terminated P(SM-M) tapered copolymer was
prepared using ATRP. The methyl methacrylate (99%)
monomer was purified with sodium hydroxide solution and
dried with sodium sulfate and calcium hydride. The initiator
(propargyl 2-bromoisobutyrate, PgBiB, 4.4 mmol), catalyst
(copper bromide, Cu(I)Br, 2.2 mmol), ligand (N,N,N',N".N"-
pentamethyldiethylenetriamine, PMDETA, 4.4 mmol), and
solvent (anisole, 40 mL) were added to a reactor under argon,
and the reactor was immersed in a silicone oil bath at 90 °C. To
create the SM tapered segments, styrene and methyl
methacrylate monomers were added to the reactor vessel at
predetermined flow rates using automated syringe pumps. At
the end of the reaction, the polymer was passed through a
neutral alumina column to remove the catalyst. Then, the
polymer was precipitated from methanol. Aliquots were taken
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during the polymerization of the SM tapered segment, and
analyzed by proton nuclear magnetic resonance ('"H NMR) to
determine the tapered composition profile as a function of time.
As seen in Figure 1, the mole fraction of PMMA increases with
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Figure 1. Theoretical prediction (dash line) and experimental data
(solid dot) for the overall PMMA mole fraction changes vs reaction
time in the ATRP of SM tapered segment.

reaction time, and the experimental composition (data points)
is in 2good agreement with the theoretical composition (dash
line),”® supporting that the tapered composition profile is
linear. Furthermore, comparing the reactivity ratios of styrene
(M,;) and methyl methacrylate (M,) monomers, r; = 1.16 and
r, = 1.09 (see Figure S1),*! we found that both r, and r, are
close to unity, indicating that styrene and methyl methacrylate
have similar reactivity, and thus, we can infer the formation of
the tapered composition profile in this reaction. We note that
the ATRP reaction to form the SM taper was designed to reach
the desired composition and molecular weight at relatively low
monomer conversions (~27%) to maximize bromine end-
group fidelity. Next, the SM tapered polymer was used as a
macroinitiator for the growth of the PMMA block by ATRP.
The reaction was stirred for 2 h at 90 °C under argon, and the
reaction was terminated by exposure of the solution to air. The
alkyne-terminated polymer was purified by passage through a
neutral alumina column followed by successive THF washes/
methanol precipitations to remove the catalyst and unreacted
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Table 1. Characterization Data for Tapered Precursors and Final Tapered Triblock Copolymer

polymer M, (g/mol)* PDI
P(LIS-S)-N, 34000 1.08
P(SM-M) 12000 130
P(L-1S-S-SM-M)” 46000 129

fr fs Iu phase
0.35 0.65 Q¥
0.39 0.61 disordered
0.26 0.59 0.15 QL

“Molecular weights are determined by a combination of GPC and 'H NMR analysis. YIS tapered vol % = 23 and SM tapered vol % = 17.

SM tapered material. The solvent was removed under vacuum
to obtain the final alkyne-terminated P(SM-M).

The P(I-1S-S-SM-M) tapered triblock copolymer was created
via a Huisgen 1,3-dipolar cycloaddition click chemistry of azide-
terminated P(I-IS-S) (0.036 mmol) and alkyne-terminated
P(SM-M) (0.044 mmol) with Cu(I)Br (0.18 mmol) and
PMDETA (0.18 mmol) in THF (5 mL) under argon.32_36 The
reaction was stirred for 24 h at room temperature, and the
polymer was purified by passage through a neutral alumina
column followed by successive THF washes/methanol
precipitations to remove the catalyst and excess P(SM-M)
tapered copolymer. The yield for the coupling reaction based
on the initial weight of P(I-IS-S)-N; was 96%. The chemical
characterization and morphology of the resulting tapered
material is reported in Table 1.

In this work, gel permeation chromatography (GPC)
analysis, as shown in Figure 2, confirmed the shifts in molecular
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Figure 2. Representative gel permeation chromatography data for the
P(SM) tapered segment (purple), P(SM-M) tapered copolymer
(blue), P(I-IS-S) tapered diblock copolymer (red), and P(I-IS-S-SM-
M) tapered triblock copolymer (green). The number average
molecular weights and polydispersity indices of TBCs were
determined using a Viscotek 270Max instrument fitted with Waters
Styragel HR1 and HR4 columns in series, operated with THF as the
mobile phase, and calibrated using polystyrene standards.

weight distributions, indicating the formation of well-defined
copolymers at each step. The polymer compositions were
determined by '"H NMR peak intensities, and the correspond-
ing volume fractions were calculated using the homopolymer
densities at 140 °C (pp; = 0.83 g/mL, ppg = 0.97 g/mL, Ppyma
= 1.13 g/mL).”” Notably, the broad peak from the PMMA
methyl-group (see Figure S2) likely was due to the stereo-
isomerism, which resulted from the mixing of PS and PMMA in
the SM tapered segment.”®
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The space group symmetry of the copolymer morphologies
was determined from the relative peak positions in the small-
angle X-ray scattering (SAXS) patterns. The thermal annealing
conditions were 230 °C (6 h), 170 °C (24 h), and 30 °C. The
room temperature SAXS profile for the P(I-IS-S-SM-M) is
presented in Figure 3. The Bragg reflection peaks for the P(I-
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Figure 3. SAXS profile at 30 °C for P(I-IS-S-SM-M). From the
primary peak position, the domain spacing was 44 nm, and the peaks
were indexed according to 4,32 symmetry, characteristic of the
alternating gyroid (Q*'*) morphology.

IS-S-SM-M) were located at g/q* = \/2, \/6, \/8, \/10, \/12,
and \/ 14 (the primary peak corresponds to q*4/2, where g* =
qoo1)- The absence of \/ 4 peak was indicative of a 14,32 space
group symmetry, suggesting that the P(I-IS-S-SM-M) self-
assembled into an alternating gyroid (Q*'*) morphology. The
corresponding transmission electron microscopy (TEM)
micrographs and transmission electron microtomography
(TEMT) image are shown in Figure 4. TEM specimens were
cut into ~#70 nm slices at —75 °C on a cryo-microtome from
the thermally annealed SAXS sample. The PI domain was
preferentially stained with OsO, vapors to enhance the TEM
contrast. Comparison of our experimental micrographs with
simulated TEM images reported for Q*'* structures of [111]
and [001] projections supports our Q*'* assignment in the
tapered triblock copolymer.”™"" A reconstructed 3-D image
(Figure 4c) was obtained using TEMT experiments; the PS
domain was made transparent for visual clarity. PI and PMMA
domains formed distinct networks, showing the Q*'* symmetry.

The morphology of our tapered triblock copolymer was
compared to the experimental ghase diagram for nontapered
P(I-S-M) triblock copolymers.'’ Based on polymer composi-
tion, our P(I-IS-S-SM-M) was expected to self-assemble into
hexagonally packed cylinder structures. However, our tapered
triblock material was found to form an alternating gyroid (Q*'*)
network. Because the phase diagram is significantly affected by
the differences in segregation strength (yN),*** this difference
in morphology could be due to the interfacial modification of
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Figure 4. TEM micrographs and TEMT image for P(I-IS-S-SM-M).
Experimental TEM images representing the reflection planes (a) [111]
and (b) [001]. The inset images are simulated TEM micrographs from
Epps et al.'* Dark domains correspond to OsO,-stained PL Scale bars
represent SO nm. (c) 3-D reconstructed image. Only PI (blue) and
PMMA (green) domains are shown for clarity. Scale bar represents 30
nm.

our tapered triblock copolymer (ys and g\ were decreased by
introducing the tapered interfaces between blocks) or the
difference in total molecular weight between our copolymer
and the triblocks reported by Tureau et al.'"’ Extensive studies
on the effects of interfacial modification on copolymer
morphologies are currently ongoing.

In summary, we report for the first time the synthesis of
interfacially manipulated ABC triblock copolymers using a
combination of anionic polymerization, ATRP, and Huisgen
1,3-dipolar cycloaddition click chemistry. A network-forming
P(1-1S-S-SM-M) tapered triblock copolymer was generated.
Our results suggest that it is possible to modify the interfacial
composition profile between the pure blocks in linear triblock
copolymers, while still retaining the complex cocontinuous
nanostructures that are a hallmark of triblock copolymers.
Though the approach described in this work was applied to
ABC triblock copolymers, a similar methodology could be
employed to generate tapered tetrablock and pentablock
copolymers, as well as ABA triblock copolymers with different
tapered profiles at each A-B junction. Finally, the protocols
highlighted herein will allow for the design and synthesis of
new nanostructured materials with a wide variety of
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components, providing a significant step toward fabricating 3-
D nanoscale devices for nanotechnology applications.
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Fineman—Ross plot for the evaluation of reactivity ratios and
NMR spectra. This material is available free of charge via the
Internet at http://pubs.acs.org.
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