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ABSTRACT: “Click” chemistry modification of a block copolymer to
generate A-b-(B-r-C) block-random copolymers (BRCs) has been proven
as an e!ective method to manage covarying properties of a block
copolymer, such as the e!ective interaction parameter (χeff) and the surface
energy di!erence of the two blocks (Δγ). Reported herein is a study of the
modification of the glycidyl methacrylate block of polystyrene-block-
poly(glycidyl methacrylate) (S-b-G) with amine-epoxy “click” chemistry.
Three pairs of more polar and less polar secondary amines are selected to
modify S-b-G to make a series of lamellae-forming BRCs to determine what
ratio of the more polar amine in the random block (φC) is necessary to achieve Δγ = 0. The dependence of the χeff of each BRC on
φC is determined from SAXS measurements. For advanced lithography applications, a lamellae-forming BRC with sub-10 nm
features and Δγ = 0 is demonstrated. Utilizing the χeff − φC relationship, a set of BRCs are synthesized from a single S-b-G such that
amine-epoxy modification generates disordered, cylindrical, gyroidal, and lamellar morphologies, depending on φC.

■ INTRODUCTION
Block-random copolymers (BRCs), which are block copoly-
mers (BCPs) in which at least one of the blocks is a random
copolymer, provide the opportunity to leverage the benefits of
BCP systems, such as their amphiphilic nature, diverse
functionality, and microphase morphology, while simultane-
ously providing a method to manage multiple, potentially
orthogonal properties by controlling the relative amounts of
the di!erent monomers in the random copolymer block.1
Applications of BRCs range from car tires2 to marine
antifouling and fouling release coatings.3 The thermodynamics
of a BRC is more complicated than a linear A-b-B BCP because
of the presence of binary interactions, which are strongly
associated with the chemical components and their molar
ratios. In a simple case, the thermodynamics of BRCs with an
A-b-(B-r-C) architecture is governed by three pairwise
interactions (A-B, A-C, and B-C) and the molar ratio of C
in the B-r-C block (φC).4 In one example of the
thermodynamic complexity of a BRC, Wei et al. synthesized
poly(ethylene oxide)-block-poly(n-butyl methacrylate-random-
propargyl methacrylate) as an A-b-(B-r-C) BRC that under-
went a disorder-to-order transition upon an alkyne-azide
“click” reaction of the propargyl methacrylate group with
azide-functionalized rhodamine B.5 In a demonstration of
BRCs relevant to advanced lithography, which requires the
formation of perpendicularly orientated domains preferably via
thermal annealing with a free surface, Kim et al. used A-b-(B-r-
C) BRCs formed by the partial epoxidation of polyisoprene in

polystyrene-block-polyisoprene (S-b-I) with isoprene and
epoxidized isoprene as the B and C components, respectively.6
With the appropriate molar ratio of isoprene (less polar than
S) and epoxidized isoprene (more polar than S), the surface
energy (γ) of the S block could be balanced by the γ of the
partially epoxidized I block, such that the di!erence of γ of the
two blocks (Δγ) equaled zero, enabling the formation of
perpendicular domains at the free surface by thermal annealing.
This approach also enabled decoupling of the e!ective Flory-
Huggins interaction parameter (χeff) from Δγ. In a similar
approach with polystyrene-block-polybutadiene (S-b-B), thiol-
ene “click” chemistry was used to bond a variety of chemical
groups to the butadiene units, creating a random block of
butadiene and thiol-modified butadiene.7 As such, a variety of
C components of the A-b-(B-r-C) components could be
formed, providing this system with more flexibility than that
was possible partially epoxidized S-b-I. Both perpendicular
cylindrical and lamellar morphologies were obtained from the
resulting BRCs. More recently, this approach was extended
with a series of BRCs developed from thiol-epoxy “click”
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chemistry modification of polystyrene-block-poly(glycidyl
methacrylate) (S-b-G).8 The epoxy units were reacted to
completion with a combination of two thiols to create the B
and C parts of an A-b-(B-r-C) BRC. The ability to modify
poly(glycidyl methacrylate) (G) with a pair of thiols with
di!erent polarity and at di!erent molar ratios of the more polar
component (φC) provided a powerful platform to generate a
range of BRCs with di!erent lamellar spacings but with Δγ = 0.
Additionally, formation of the BRCs with two di!erent
components, as opposed to partial functionalization with just
one component as in the cases above, o!ered an immense
array of alternatives.
Amine-epoxy “click” chemistry9−11 and S-b-G provide

another route to expand the BRC platform. Similar to the
thiol-epoxy case, the amine-epoxy reaction enables the
attachment to G of a wide variety of chemical moieties, such
as hydroxy groups using 2-(methylamino)ethanol (MOH) and
Si-containing components using N-(trimethylsilylmethyl)-
benzylamine (BnTMS). By modifying G with a pair of amines
with di!erent polarities, such as MOH and BnTMS, the final
amine-functionalized G block can have the same γ as the S
block. Unlike the thiol-ene or thiol-epoxy reactions, the amine-
epoxy reaction does not require any external agent such as 2,2′-
azobis(2-methylpropionitrile) (used in thiol-ene chemistry) or
lithium hydroxide catalyst (used in thiol-epoxy chemistry).
Importantly, the amine-epoxy product does not leave sulfur in
the final BRC, which may be undesirable in some semi-
conductor manufacturing applications.
In this work, amine-epoxy “click” chemistry is used with a

parent S-b-G to explore the e!ects that the amine group size
and functionality have on the resulting BRC in terms of χeff and
morphology. The γ of G reacted to completion with each of six
di!erent amines is measured to find amine pairs that result in
the modified G having a γ either lower or higher than the γ of
S; G modified with those amines are denoted as G(BAm) and
G(CAm). Then, three candidate pairs of BAm and CAm amines
are selected for morphological studies: BnTMS and MOH,
BnTMS and 2-(2-methylaminoethyl)pyridine (MPy), and N-
methylpropylamine (MPr) and MOH. For each BAm and CAm
pair, a series of BRCs with di!erent φC are synthesized, with
φC determined from 1H NMR spectroscopy. Small-angle X-ray
scattering (SAXS) is used to analyze the morphology and
domain spacing of the modified BRC S-b-G(BAm-r-CAm) as a
function of φC. The χeff values of these BRCs are then
estimated using their domain spacings. Utilizing the χeff − φC
relationship, a new S-b-G with a slightly higher volume fraction
of S ( f S) is functionalized. The resulting collection of BRCs
generates a range of morphologies, including the Ia3̅d gyroids
morphology. Evaluation of χeff and f S of each BRC reveals that
in many cases for these BRCs, morphological transitions in the
phase diagram are accessed more by changes in χeff than in f S.
Additionally, a lamellae-forming BRC with sub-10 nm features
and Δγ = 0 is demonstrated.

■ MATERIALS AND METHODS
Materials. Styrene (St, 99%, Aldrich), glycidyl methacrylate

(GMA, 99%, Aldrich), sec-butyllithium (sec-BuLi, 1.4 M, Aldrich),
1,1-diphenylethylene (DPE, 97%, Aldrich), lithium chloride (LiCl,
99.95%, Aldrich), tetrahydrofuran (THF, 99.9%, Fisher Chemical),
methylcyclohexane (McHEX, 99%, Aldrich), methanol (MeOH, 99%,
Fisher Chemical), N-methylpropylamine (MPr, 96%, Aldrich), N-
methylethanolamine (MOH, 98%, Aldrich), N-[(trimethylsilyl)-
me thy l ]benzy l amine (BnTMS, 98%, A ld r i ch) , 2 - (2 -
methylaminoethyl)pyridine (MPy, 97%, Aldrich), N-(2-

methoxyethyl)methylamine (MMeO, 97%, Aldrich), N-methyl-2-
phenylethylamine (MPh, 99%, Aldrich), diethanolamine (diOH,
98%, Aldrich), N,N-dimethylformamide (DMF, anhydrous, 99.8%,
Aldrich), acetonitrile (99.9%, Fisher Scientific), toluene (99.8%,
Fisher Scientific), ethanol (anhydrous, 99.5%, Fisher Scientific),
propylene glycol methyl ether acetate (PGMEA, 99.5%, Aldrich), and
diiodomethane (CH2I2, 99%, Aldrich) were used without further
purification unless otherwise noted. Inhibitor included with
commercially purchased St and GMA was removed prior to use.
Dimethyl sulfoxide-d6 with 0.03 vol % tetramethylsilane (DMSO-d6,
99.9 atom% D, Aldrich) and chloroform-d with 0.03 vol %
tetramethylsilane (CDCl3, 99.8 atom% D, Aldrich) were used as
received.

Anionic Polymerization of Poly(Glycidyl Methacrylate) (G)
and Polystyrene-Block-Poly(Glycidyl Methacrylate) (S-b-G).
Homopolymer G and BCP S-b-G were synthesized via living anionic
polymerization and Schlenk techniques. The detailed synthetic
procedure can be found in the literature.8 An example synthesis of
S-b-G is described below. To a five-neck anionic reactor was added
McHEX (60 mL) followed by St (11.6 mL, 100.8 mmol). A gas-tight
syringe was used to add 1.2 mL of sec-BuLi solution (1.4 M) to the
reaction mixture. The color of the mixture turned from colorless to
orange, a characteristic color of the living anionic polymerization of S.
The reaction mixture was stirred for 4 h at 40 °C. An aliquot of living
S solution was taken using a gas-tight syringe and precipitated into
degassed MeOH. The obtained homopolymer S was characterized by
size exclusion chromatography (SEC) to obtain the number-averaged
molecular weight (Mn) and dispersity (Đ) of the first block. To the
mixture was added 2 mL of DPE (4 equiv) and the mixture was
stirred for 15 min. The reactor was then slowly cooled to −78 °C
followed by the addition of THF (250 mL) and LiCl (712 mg, 10
equiv) and stirred for an extra 5 min to ensure thermal equilibration.
The mixture was stirred for another 30 min. The desired amount of
GMA (11.1 mL, 4.23 M, 47.1 mmol in one example) in THF was
then added to the mixture and stirred for another 30 min. Upon the
addition of GMA monomers, the color of the solution turned from
dark red to colorless. After 30 min, to the reaction mixture was added
degassed methanol (3 mL), which terminated polymerization. The
reaction mixture was then warmed to room temperature, concen-
trated, precipitated from hexanes twice, and dried in a vacuum oven at
40 °C. The purified product was obtained as a white powder and
characterized using 1H NMR and SEC.

= =b MS of S G : SEC 9.1 kg mol , 1.0287 38 n
1

= =b MS of S G : SEC 7.9 kg mol , 1.0175 42 n
1

S-b-G: 1H NMR (CDCl3 with 0.03 vol % TMS, 400 MHz): δ
(ppm), 7.23−6.25 (br), 4.39−4.23 (br), 3.88−3.73 (br), 3.29−3.19
(br), 2.90−2.79 (br), 2.69−2.59 (br), 2.29−1.67 (br), 1.67−1.20
(br), 1.20−1.00 (br), 0.99−0.51 (br).

= =b MS G : SEC 14.7 kg mol , 1.0687 38 n
1

= =b MS G : SEC 14.1 kg mol , 1.0475 42 n
1

An example synthesis of G homopolymer is described as follows.
To a five-neck anionic reactor equipped with a glass-coated stir bar
was added LiCl (415 mg, 10 equiv, pre-vacuum dried) and 0.70 mL of
DPE (2.83 M, 4 equiv). The reactor was then slowly cooled to −78
°C followed by the addition of 0.70 mL of sec-BuLi solution (1.4 M)
and stirred for an extra 30 min. The color of the reaction mixture
turned from colorless to dark red upon addition of sec-BuLi. In one
example, the desired amount of GMA (7.0 mL, 4.23 M, 42.2 mmol)
in THF was then added to the mixture and stirred for another 30 min.
Upon the addition of GMA, the color of the solution turned from
dark red to colorless. After 30 min, to the reaction mixture was added
degassed methanol (3 mL), which terminated the polymerization.
The reaction mixture was then warmed to room temperature,
concentrated, precipitated from hexanes twice, and dried in a vacuum
oven at 40 °C. The purified product was obtained as a white powder.

Macromolecules pubs.acs.org/Macromolecules Article

https://doi.org/10.1021/acs.macromol.2c02552
Macromolecules 2023, 56, 2675−2685

2676

pubs.acs.org/Macromolecules?ref=pdf
https://doi.org/10.1021/acs.macromol.2c02552?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


G: 1H NMR (CDCl3 with 0.03 vol % TMS, 400 MHz): δ (ppm),
4.39−4.23 (br), 3.88−3.73 (br), 3.29−3.19 (br), 2.90−2.79 (br),
2.69−2.59 (br), 2.14−1.82 (br), 1.19−0.51 (br). SEC: Mn = 8.3 kg
mol−1, Đ = 1.03.
General Synthetic Procedure for Monoamine-Function-

alized G Homopolymers (G(Amine)). A 40 mL cylindrical vial
was charged with a magnetic stirrer, G (100 mg), a solvent (4 mL of
acetonitrile for nonpolar amine or a 1:1 (v/v) mixture of acetonitrile−
ethanol for polar amine), and a secondary amine (10 molar equiv. to
the epoxide rings). The reaction mixture was stirred at 80 °C. A few
aliquots were extracted at 24 h intervals for 1H NMR until it was
confirmed that the epoxy groups were no longer present in the sample
and that G had reacted to completion. After the reaction was
complete, acetonitrile was removed under reduced pressure and the
remaining part was dissolved in a minimal amount of a good solvent
for the polymer (THF for nonpolar amines and DMF for polar
amines). The resulting polymer was isolated from the residual amine
by precipitation in a poor solvent (hexanes for nonpolar amines and
diethyl ether for polar amines), centrifugation, and removal of the
liquid. The above isolation cycle was repeated three times in total.
Finally, the G(Amine) homopolymer was transferred into a vial and
dried under vacuum to yield a pure product.

G(BnTMS): 1H NMR (CDCl3 with 0.03 vol % TMS, 400 MHz): δ
(ppm) 7.35−7.00 (br), 4.10−3.80 (br), 3.80−3.45 (br), 3.45−3.25
(br), 2.55−1.50 (br), 1.10−0.60 (br), 0.15−0 (br).

G(MPr): 1H NMR (DMSO-d6 with 0.03 vol % TMS, 400 MHz): δ
(ppm) 7.30−7.00 (br), 4.90−4.55 (br), 4.05−3.85 (br), 3.85−3.60
(br), 2.40−2.23 (br), 2.23−2.10 (br), 2.05−1.55 (br), 1.50−1.30
(br), 1.10−0.60 (br).

G(MPh): 1H NMR (DMSO-d6 with 0.03 vol % TMS, 400 MHz):
δ (ppm) 7.35−7.00 (br), 4.80−4.55 (br), 4.05−3.85 (br), 3.85−3.60
(br), 2.70−2.60 (br), 2.60−2.45 (br), 2.45−2.27 (br), 2.27−2.10
(br), 2.10−1.55 (br), 1.10−0.60 (br).

G(MMeO): 1H NMR (DMSO-d6 with 0.03 vol % TMS, 400
MHz): δ (ppm) 7.30−7.00 (br), 4.80−4.60 (br), 4.05−3.85 (br),
3.85−3.60 (br), 3.45−3.35 (br), 3.25−3.15 (br), 2.60−2.50 (br),
2.45−2.30 (br), 2.30−2.20 (br), 2.10−1.50 (br), 1.10−0.60 (br).

G(MPy): 1H NMR (DMSO-d6 with 0.03 vol % TMS, 400 MHz): δ
(ppm) 8.45−8.35 (br), 7.70−7.55 (br), 7.25−7.17 (br), 7.17−7.00
(br), 4.95−4.75 (br), 4.00−3.55 (br), 2.90−2.75 (br), 2.75−2.60
(br), 2.45−2.27 (br), 2.27−2.10 (br), 2.10−1.50 (br), 1.10−0.60
(br).

G(MOH): 1H NMR (DMSO-d6 with 0.03 vol % TMS, 400 MHz):
δ (ppm) 7.30−7.00 (br), 4.85−4.65 (br), 4.50−.4.30 (br), 4.05−3.85
(br), 3.85−3.60 (br), 3.55−3.40 (br), 2.49−2.43 (br), 2.43−2.30
(br), 2.30−2.15 (br), 2.10−1.50 (br), 1.10−0.60 (br).

G(diOH): 1H NMR (DMSO-d6 with 0.03 vol % TMS, 400 MHz):
δ (ppm) 7.30−7.00 (br), 4.85−4.60 (br), 4.55−4.30 (br), 4.05−3.85
(br), 3.85−3.60 (br), 3.50−3.35 (br), 2.70−2.40 (br), 2.10−1.50
(br), 1.10−0.60 (br).
General Synthetic Procedure for Monoamine-Function-

alized S-b-G (S-b-G(Amine)). A 40 mL cylindrical vial was charged
with a magnetic stirrer, S-b-G (100 mg), a solvent (4 mL of 1:1 (v/v)
mixture of toluene and acetonitrile for BnTMS, MPr, MPh, MMeO,
and MPy; 6 mL of 1:1:1 (v/v/v) mixture of toluene, acetonitrile, and
ethanol for MOH and diOH), and the amine (10 molar equiv. to the
epoxide rings). The reaction mixture was stirred at 80 °C. A few
aliquots were extracted at 24 h intervals for 1H NMR and SEC
analyses until it was confirmed that the epoxide rings in G were
completely consumed. Then, the solvents were evaporated under
reduced pressure and the remaining material was dissolved in a
minimal amount of a good solvent (THF for nonpolar-amine-
functionalized S-b-G and DMF for polar-amine-functionalized S-b-G).
The resulting polymer was then isolated from residual amine through
precipitation into a poor solvent (hexanes for nonpolar amines and
diethyl ether for polar amines), centrifugation, and removal of the
liquid. The above isolation cycle was repeated three times in total.
Finally, the monoamine-functionalized S-b-G (S-b-G(Amine))
polymer was transferred into a vial and dried under vacuum to
yield a pure product.

S-b-G(BnTMS): 1H NMR (CDCl3 with 0.03 vol % TMS, 400
MHz): δ (ppm) 7.40−7.18 (br), 7.18−6.85 (br), 6.75−6.30 (br),
4.10−3.80 (br), 3.80−3.45 (br), 3.45−3.25 (br), 2.55−1.25 (br),
1.10−0.60 (br), 0.15−0 (br).

S-b-G(MPr): 1H NMR (CDCl3 with 0.03 vol % TMS, 400 MHz):
δ (ppm) 7.25−6.85 (br), 6.75−6.30 (br), 4.15−3.70 (br), 2.50−2.30
(br), 2.30−2.15 (br), 2.10−1.20 (br), 1.20−0.75 (br).

S-b-G(MPh): 1H NMR (CDCl3 with 0.03 vol % TMS, 400 MHz):
δ (ppm) 7.40−6.85 (br), 6.75−6.30 (br), 4.10−3.60 (br), 2.85−2.55
(br), 2.50−2.20 (br), 2.10−1.20 (br), 1.20−0.75 (br).

S-b-G(MMeO): 1H NMR (CDCl3 with 0.03 vol % TMS, 400
MHz): δ (ppm) 7.25−6.85 (br), 6.75−6.30 (br), 4.15−3.70 (br),
3.55−3.40 (br), 3.40−3.25 (br), 2.80−2.55 (br), 2.55−2.40 (br),
2.40−2.25 (br), 2.10−1.20 (br), 1.20−0.75 (br).

S-b-G(MPy): 1H NMR (CDCl3 with 0.03 vol % TMS, 400 MHz):
δ (ppm) 8.55−8.45 (br), 7.65−7.50 (br), 7.25−6.85 (br), 6.75−6.30
(br), 4.60−4.30 (br), 4.10−3.75 (br), 3.00−2.70 (br), 2.55−2.35
(br), 2.35−2.20 (br), 2.10−1.20 (br), 1.20−0.75 (br).

S-b-G(MOH): 1H NMR (DMSO-d6 with 0.03 vol % TMS, 400
MHz): δ (ppm) 7.30−6.85 (br), 6.75−6.25 (br), 4.85−4.65 (br),
4.50−.4.30 (br), 4.05−3.85 (br), 3.85−3.60 (br), 3.55−3.40 (br),
2.49−2.43 (br), 2.43−2.30 (br), 2.30−2.15 (br), 2.10−1.20 (br),
1.10−0.60 (br).

S-b-G(diOH): 1H NMR (DMSO-d6 with 0.03 vol % TMS, 400
MHz): δ (ppm) 7.30−6.85 (br), 6.75−6.25 (br), 4.85−4.60 (br),
4.55−4.30 (br), 4.05−3.85 (br), 3.85−3.60 (br), 3.50−3.35 (br),
2.70−2.40 (br), 2.10−1.20 (br), 1.10−0.60 (br).

General Synthetic Procedure for Amine-Functionalized S-b-
G BRCs (S-b-G(BAm-r-CAm)). The synthetic procedure for S-b-
G(BAm-r-CAm) generally followed the synthetic procedure for for S-b-
G(Amine) described above. A 40 mL cylindrical vial was charged with
a magnetic stirrer, S-b-G (100 mg), a solvent (4 mL of 1:1 (v/v)
mixture of toluene and acetonitrile for BnTMS, MPr, MPh, MMeO,
and MPy; 6 mL of 1:1:1 (v/v/v) mixture of toluene, acetonitrile, and
ethanol for MOH and diOH), and the two amines (total 10 molar
equiv. to the epoxide rings). The molar ratio of the two amines in the
feed was recorded. The reaction mixture was stirred for 48 h at 80 °C.
The conversion was monitored by extracting aliquots at 24 h intervals
for 1H NMR and SEC analyses until it was confirmed that the epoxide
rings in G were completely consumed. Then, the solvents were
evaporated under reduced pressure and the remaining material was
dissolved in a minimal amount of a good solvent (THF for nonpolar-
amine-functionalized S-b-G and DMF for polar-amine-functionalized
S-b-G). The desired product was purified using the same techniques
described previously. 1H NMR was used to determine φC in the final
product. φC was then compared with the molar ratios of the two
amines in the feed. This relationship provided critical guidance in the
synthesis to achieve a desired φC.

Material Characterization. SEC was performed on a Shimadzu
gel permeation chromatography system equipped with a Wyatt
DAWN HELEOS II multi-angle light scattering detector, a Wyatt
ViscoStar III di!erential viscometer, a Wyatt Optilab T-rEX
di!erential refractive index detector, and a Shimadzu SPD-M30A
photodiode array detector (200−800 nm). THF was used as the
eluent and the column sets were 2 Agilent PLgel 5 μmMIXED-D plus
guard. The Đ and Mn values of G and S-b-G were determined using
multi-angle laser light scattering detectors (the dn/dc of G is 0.0931
mL g−1, the dn/dc of S is 0.185 mL g−1, and the dn/dc of S-b-G was
calculated following the literature8). 1H NMR was performed with a
Bruker AVANCE III HD NanoBay 400 MHz. Scanning electron
microscopy (SEM) images were captured on a Zeiss Merlin high-
resolution field-emission SEM instrument with a 1−2 keV
accelerating voltage at a working distance below 4 mm using the in-
lens secondary electron detector. Image brightness and contrast were
adjusted for presentation. Atomic force microscopy (AFM) was
performed on a Bruker Nanoscope IIIa Multimode 5 atomic force
microscope in standard tapping mode.

Small-Angle X-ray Scattering. SAXS data were collected on a
SAXSLAB (XENOCS)’s GANESHA system. An X-ray beam with λ =
0.154 nm was used. A Pilatus 300 K solid state photon-counting
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detector was used. The exposure time was 1200 s to obtain a good
signal-to-noise ratio. Before measurement, the samples for room
temperature SAXS were annealed in a vacuum chamber at 150 °C for
20 h. SAXSGUI software was used for data reduction from a 2D
image data to a 1D profile. The domain periodicity, L0, of the BRCs
and BCPs was calculated using L0 = 2π/q*, where q* is the Bragg
principal peak of the SAXS scan.
E!ective Flory−Huggins Interaction Parameter (χeff) Calcu-

lation. χeff was determined using an equation developed for the
strong segregation regime (SSR),8,12

=L aN1.100
2/3

eff
1/6 (1)

where a is the statistical segment chain length and N is the number of
statistical segments normalized to a reference volume of 144 Å3. The
BRCs in this work are not in the SSR, but previous research showed
that eq 1 provides a reasonable estimate even when χN < 20,13 and as
shown below, the χeff estimates were used only in terms of a
comparison to other estimates of χeff in this work. The statistical
segment chain length of each BRC (aS‑b‑G(BAm‑r‑CAm)) was calculated
with the following equation:
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where f S and f G(BAm‑r‑CAm) are the respective volume fractions of the
two blocks, and aS is the statistical segment chain length of S, 0.68 nm.
aG(BAm‑r‑CAm) is assumed to be close to the statistical segment chain
length of G, 0.65 nm.13,14 The N of Sm-b-G(BAm-r-CAm)n is calculated
with the following equation:
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where NA is Avogadro’s constant, m and n are determined from the
Mn of Sm and Sm-b-Gn, respectively, and MWSt and MWGMA are the
molar mass of St and GMA monomer, respectively. MWBAm and
MWCAm are the molar mass of BAm and CAm, respectively. The density
(ρ) values of the di!erent G(BAm-r-CAm) random blocks are
calculated using the molar ratio of BAm and CAm and the densities
ρG(BdAm) and ρG(CdAm), which are determined from Parachor parame-
ters.15,16 The corresponding ρ values are shown in Table S1. ρS is the
density of S, 1.04 g cm−3.
Metrology. Film thicknesses were measured using a J.A. Woollam

Alpha SE ellipsometer. A Si-SiOx-Cauchy model was used to obtain

the thickness where the native oxide SiOx layer was preset at 1.5 nm.
For films under 10 nm, the optical constants were first fit to thick
films and then locked to capture the film thickness more accurately.

Island-Hole Test. Solutions of S-b-G(BAm-r-CAm) (0.3 wt % in
THF) were spin-coated onto silicon wafers freshly cleaned with
piranha solution (caution: piranha solution is highly corrosive and
reacts violently with organic matter!), yielding films with thicknesses
of 1.67L0−1.76L0. The thin films were then annealed at 150 °C for 30
min in vacuum and characterized by AFM and SEM. A detailed
interpretation of the island-hole test can be found in the literature.17

Surface Energy (γ) Measurements. A KRÜSS drop shape
analyzer 100 was used to measure the γ of each G(Amine). Solutions
of each G(Amine) in PGMEA or THF were spin-coated on a piranha-
cleaned silicon wafer to form thin films with thickness of ∼30 nm. In a
N2-filled glove box, the thin films were baked on a hot plate at 150 °C
for 1 h and then placed on a block of metal to cool to room
temperature. Contact angles of deionized water and CH2I2 were
measured to determine the γ of each material. Before each
measurement, dry N2 was blown over the film surface to remove
particle contaminants. The contact angle was measured using the
sessile drop method and the drop volume was 1 μL for each
measurement. The left and right contact angles of each drop were
averaged, and 10 sessile drops were deposited for each sample. γ was
then calculated using the OWRK method.18,19

Thermal Properties. Thermogravimetric analysis (TGA) was
carried out in an N2 atmosphere on a TA Instruments Discovery 5500
thermogravimetric analyzer. The samples were first equilibrated at
110 °C for 10 min to remove any attached volatiles such as trapped
solvent molecules and moisture and then heated to 600 °C at a rate of
10 °C min−1. Di!erential scanning calorimetry (DSC) was carried out
on a TA Instruments Discovery 2500 di!erential scanning calorimeter
in an N2 atmosphere. The samples were first thermally equilibrated at
120 °C for 10 min, followed by a cooling ramp to −80 °C at a rate of
10 °C min−1 and then stabilized for 5 min. The samples were then
heated back to 120 °C at a rate of 10 °C min−1. The glass transition
temperature was measured on the second heating cycle.

■ RESULTS AND DISCUSSION
To characterize the morphologies of the di!erent BRCs in this
system, it was important to select amines that could undergo
the amine-epoxy reaction with G without a!ecting its
dispersity. To limit the potential of the amines acting as
cross-linking agents, secondary amines were used, as shown in
Scheme S1. A variety of amines were evaluated to determine
the surface energy of each G(Amine). The goal was to find
pairs of amines, BAm and CAm, resulting in the amine-modified
G random copolymer block having either a lower or higher
surface energy than S. To do this, G and S homopolymers were
synthesized via living anionic polymerization, as shown for G

Figure 1. Surface energy (γ) of polystyrene (S) and seven homopolymers of poly(glycidyl methacrylate) (G) monofunctionalized with di!erent
amines (G(Amine)). Di!erent γ values identify G(Amine) homopolymers that are less polar (B) and more polar(C) than S to make an A-b-(B-r-C)
block-random copolymer with blocks that have equal γ.
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in Scheme S2. For the initial part of the study, seven amines
were selected for evaluation, BnTMS, MOH, MPy, MPr,
MMeO, MPh, and diOH. To determine suitable reaction
conditions in this study, solvents, reaction time, and reaction
temperature were briefly screened with G and S-b-G and the
di!erent amines. Initially, the reactions were monitored by eye
to look for evidence of insolubility or cross-linking. From these
initial experiments, a toluene−acetonitrile mixture (ethanol
was added in the case of hydroxy containing amines) was used
to minimize the formation of aggregates, especially for the
modification on S-b-G. Subsequent screening tests determined
that a reaction time of 48 h was su#cient to ensure full
conversion of the amine-epoxy reaction at 80 °C without cross-
linking, which was verified with 1H NMR and SEC. The
corresponding 1H NMR spectra and SEC profiles of G and
each G(Amine) are shown in Figures S1−S9, respectively.
Then, the γ for each G(Amine) was calculated using the
OWRK method and contact angle measurements with water
(Figure S10) and CH2I2.18,19 Using the same method, the γ of
S was determined to be 44.2 ± 0.6 mN m−1, which was close
to the value of 42.6 mN m−1 in the literature determined with
the same method and liquids.20 A comparison of the γ of each
G(Amine) to the γ of S is presented in Figure 1. From this
comparison, the following (BAm, CAm) pairs were selected:
(BnTMS, MPy), (BnTMS, MOH), and (MPr, MOH).
The BRCs used in this work were synthesized according to

Scheme 1. The parent polymer, Sm-b-Gn (the subscripts m and
n represent the average number of repeat units in each block),
was synthesized via living anionic polymerization with

sequential addition of the S and G monomers. The value of
m was calculated from the Mn of the homopolymer S, using
SEC of an aliquot of the S block taken from the anionic
polymerization prior to the addition of the G monomer. With a
known value of m, the n was then calculated from the 1H NMR
integral of the BCP (Figure S11). The obtained Sm-b-Gn was
monofunctionalized with each of the amines to create
reference 1H NMR spectra of S-b-G(Amine) for each amine
(Figures S12−S18). The corresponding SEC profiles are
presented in Figure S19. Then, Sm-b-Gn was functionalized
with three pairs of amines, as shown in Scheme 1b. For each
pair of amines, a series of BRCs with a range of φC values was
synthesized, where φC was controlled by the feed ratios of the
amines and characterized using 1H NMR integrals (Figure 2).
The SEC profiles for each series in Figure S20 show that
functionalization with pairs of amines at di!erent φC led to
shorter elution times, indicating higher Mn values than S87-b-
G38 but no large change of the shapes of the elution peaks,
indicating that amine functionalization did not lead to large
changes in Đ.
Figure 2 shows representative 1H NMR spectra of S-b-G and

of three S-b-G(BAm-r-CAm) BRCs synthesized according to
Scheme 1. The complete disappearance of the characteristic
peaks of methylene protons next to the ester group,
−C(O)O−CH2−, in G (peak a at 4.31 ppm in CDCl3)
indicates the full conversion of the epoxy functionality. The 1H
NMR spectra of each S-b-G(Amine) are shown in Supporting
Information Figures S12−17. The relationship between the
molar ratio of amines in the feed and the corresponding

Scheme 1. Synthesis of Parent BCP and Functionalized BRCa

a(a) The synthesis of S-b-G parent BCP via living anionic polymerization. (b) Thiol-amine functionalization of S-b-G to yield S-b-G(BAm-r-CAm)
BRC, where BAm and CAm are the less and more polar secondary amines, respectively. The pairs of amines used in the work are shown in the pane at
the bottom.
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measured φC of the S-b-G(BAm-r-CAm) BRCs is shown in
Figure 3. The deviation from a 1:1 linear relationship,
especially for amine pairs BnTMS/MPy and BnTMS/MOH,
suggests that steric hinderance plays an important role in
reaction kinetics.
Starting with a single parent BCP, S87-b-G38 with f S = 0.657,

a series of S-b-G(BAm-r-CAm) BRCs with di!erent φC was
synthesized for each of the three pairs of amines. To determine
a proper annealing temperature of S-b-G(BAm-r-CAm), thermal
properties were characterized with TGA and DSC, as shown in
Figure S21. An annealing temperature of 150 °C was selected

because it is higher than the glass transition temperatures of
the BRCs but lower than the degradation temperature. The
addition of the amines to the G block led to a decrease in f S,
but only down to 0.430. As a result, all the resulting BRC
morphologies were lamellar, as shown in the SAXS scans in
Figure 4. For the S87-b-G(BnTMS-r-MPy)38 and S87-b-
G(BnTMS-r-MOH)38 series at low φMPy and φMOH,
respectively, the BRCs are in the disordered state, which
suggests a relatively low χeff at these φC values. The S87-b-
G(MPr-r-MOH)38 series remains in a lamellar state for all
φMOH from 0 to 1. No significant even order peaks were
observed at φMOH < 0.375, suggesting that f S ∼ 0.5 for these
BRCs.
The χeff values of the BRCs were estimated with eq 1, which

is only strictly appropriate in the SSR, whereas the BRCs were
not in the SSR. However, previous research showed that eq 1
provides reasonable estimates even for χN < 20.6,13 More
importantly, the calculated values of χeff were internally
consistent and thus allowed for direct comparison of the
BRCs in this work. The χeff values of these A-b-(B-r-C)-type
BRCs followed a quadratic relationship with respect to φC
because of the A-B, A-C, and B-C binary interactions, with
corresponding interaction parameters χA‑b‑B, χA‑b‑C, and
χB‑b‑C.4,13

= +

+

( )b r b b b b

b

eff,A (B C) B C C
2

A C A B B C C

A B (4)

Figure 2. 1H NMR spectra of S87-b-G38, S87-b-G(BnTMS-r-MPy)38, S87-b-G(BnTMS-r-MOH)38, and S87-b-G(MPr-r-MOH)38, synthesized
according to Scheme 1b. The peak assignments in each spectrum are assigned to the hydrogen atoms identified in the polymer structure to the right
of the spectrum.

Figure 3. Epoxy-amine functionalization of S-b-G, in terms of the
measured ratio of the more polar amine in the random block (φC) in
the block-random copolymer (BRC) as a function of φC in the feed
for the three S-b-G(BAm-r-CAm) BRCs. The solid lines serve as a guide
to the eye.
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The e!ect of φC on L0, and the corresponding χeff, of the
three BRCs in Figure 2 is shown in Figure 5a,b. The calculated
χeff values of the three BRCs as a function of φC were fit well by
a quadratic function, as predicted by eq 4. As shown in
previous work with BRCs,6−8 values of φC could be found at
which Δγ = 0, and at those values, self-assembly of a thin film
of the BRC resulted in a fingerprint structure of lamellar
domains, as shown in Figure 5c. The values of Mn, f S, χeff, and
χeffN for each of the BRCs with Δγ = 0 are presented in Table
S2.
The three sets of χeff data shown in Figure 5b are fit

simultaneously with eq 4 because χS‑b‑G(BnTMS) and χS‑b‑G(MOH)

appear twice in the three fitting equations. Additionally,
because the BnTMS-modified BRCs at low φC were in the
disordered state, as shown in Figure 4, and the χeff values
estimated at low φC are inherently suspect. Thus, these χeff
values were not included in the fit, except for the value at φC =
0, which was included to guarantee that the χS‑b‑G(BnTMS) value
corresponded to the disordered state. Second, for all three
BRCs, the fitting function was constrained to include the χeff
value determined at φC = 0 and 1. The fitting parameters,
corresponding to χA‑b‑B, χA‑b‑C, and χB‑b‑C values and fit quality
(R2), are presented in Table 1. The R2 value for each BRC was
generally good. The R2 value for S87-b-G(BnTMS-r-MOH)38

Figure 4. Bulk transmission SAXS profiles of three di!erent amine-functionalized S87-b-G(BAm-r-CAm)38. Lines are shifted vertically for clarity. The
degree of functionalization of the polar C amine (φC) in each BCP is labeled.

Figure 5. (a) Domain periodicity (L0) as a function of φC for three BRCs. The lines represent a second-order polynomial fitting. Open symbols
indicate that the BRCs are in a disordered state, and their values are included in the fitting for consistency. (b) Plot of χeff as a function of φC for the
three BRCs. χeff values of the BRCs in the disordered state, open symbols, are not included for the second-order polynomial fitting. From the fitting,
the χeff of S87-b-G(BnTMS-r-MOH)38 at a small range of φ is less than 0, indicative of favored mixing. The purple dashed line represents χeff = 0. In
both plots, the blue box around a data point indicates the φC value for S87-b-G(MPr-r-MOH)38 at which the surface energy (γ) of the S and the
G(MPr-r-MOH) blocks are equal, and Δγ = 0. (c) Top−down SEM image of a self-assembled thin film of S87-b-G(MPr-r-MOH)38 at the φC =
0.497 value identified in (a) and (b).

Table 1. Summarized Quadratic Function Fit Parameters and χ Values of the Three Pairwise Interactions of A-B, A-C, and B-C
for each of the A-B-(B-r-C) BRCs that Were Studied

BRC χA − b − B χA − b − C χB − b − C best fit quadratic functiona R2

S87-b-G(BnTMS-r-MPy)38 0.0164 0.120 0.170 χeff = 0.170φC
2 − 0.0667φC + 0.0164 0.9831

S87-b-G(BnTMS-r-MOH)38 0.0164 0.582 1.038 χeff = 1.0385φC
2−0.4732φC + 0.0164 0.8700

S87-b-G(MPr-r-MOH)38 0.0893 0.582 0.436 χeff = 0.436φC
2 + 0.0559φC + 0.0893 0.9892

aThe function fit was for the three sets of data was performed to simultaneously maximize the R2 values using Microsoft Excel 16.69 Solver, and the
fit functions were forced to pass through the data points at φC = 0 and 1. The data points where the BRCs were in the disordered state were not
included in the fitting.
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was slightly lower, presumably because there were fewer
eligible data points for use in the fit.
The fits to eq 4 provide an opportunity to estimate χB‑b‑C

without synthesizing the corresponding B-b-C BCP. It is
important to note that the values for χB‑b‑C reported here are
only estimations as the BRCs are not in the SSR. Additionally,
it is assumed that aG(BdAm − r − CdAm) and aG are the same and that
the density of G(BAm-r-CAm), which is essential for calculating
N, f, and aS‑b‑G(BAm‑r‑CAm), is the same for all of the amines,
which is likely not accurate. However, while the χB‑b‑C values
estimated in this work are not intended to be used as definitive
values, they can be useful for internal comparisons of the
di!erent chemistries. Using the assumptions outlined above,
the χB‑b‑C interaction parameters are determined to be 0.170
(χG(BnTMS)‑b‑G(MPy)), 1.038 (χG(BnTMS)‑b‑G(MOH)), and 0.436
(χG(MPr)‑b‑G(MOH)). χB‑b‑C is generally larger than χA‑b‑C and
χA‑b‑B because of the larger di!erence of polarity between B and
C than between A and C or A and B. In the extreme, the fit
suggests that over a small range of φC (0−0.3), the χeff of S87-b-
G(BnTMS-r-MOH)38 is less than that of S87-b-G(BnTMS-r-
MPy)38, as shown in Figure 5b. In an even narrower φC
window (0.1−0.2), χeff S‑b‑G(BnTMS‑r‑MOH) < 0, indicative of
favored mixing. This could be possible because BnTMS and
MOH had the largest χB‑b‑C. The energy penalty of MOH
interacting with BnTMS could cause the MOH lattice sites to
be closer to the S lattice sites despite being part of the random
block, resulting in a negative χeff. Such an interaction is
analogous to the improved miscibility between S and natural

rubber (polyisoprene) with partial epoxidation.21 However,
unlike the thioether moiety that is present when the thiol-
epoxy click reaction is used to generate BRCs from S-b-G,8 the
amine moiety in this work can serve as a good hydrogen bond
acceptor, and in some cases, hydrogen bonds can provide
enough of an enthalpic gain to overcome polarity di!erences
between chemical moieties and therefore lower their χ value.
For example, χB‑b‑C in S87-b-G(MPr-r-MOH)38 is smaller than
χA‑b‑C, which is possibly a result of hydrogen bonding
interactions between the relatively nonpolar G(MPr) and the
relatively polar G(MOH).22−24 The e!ect of hydrogen
bonding on χ has been previously reported, such as in the
case of a polymer blend consisting of poly(4-vinyl pyridine)
and poly(4-hydroxystyrene), which had a smaller χ than a
blend containing less polar poly(2-vinylpyridine) and poly(4-
hydroxystyrene) as a result of the hydroxy group having
stronger H-bonding interactions with 4-vinylpyridine than with
2-vinylpyridine.22,23 The e!ect of hydrogen bonding in this
analysis suggests that in developing BCPs, simply connecting
blocks with large di!erences in polarity does not necessarily
lead to BCPs with high χ values.
One of the desirable attributes of BCPs, including BRCs, for

use in directed self-assembly (DSA) for advanced lithographic
patterning is that they have Δγ = 0 such that thermal annealing
results in BCP domains perpendicular to the free surface. Early
studies on DSA predominantly used polystyrene-block-poly-
(methyl methacrylate) (S-b-M),25,26 which has Δγ = 0 at
annealing temperatures but also has a low χ value such that its

Figure 6. E!ect of φMPy on the χeff and morphology of S75-b-G(BnTMS-r-MPy)42 block-random copolymer. (a) SAXS scans of S75-b-G(BnTMS-r-
MPy)42 at φMPy ranging from 0.996 to 0.106. The morphology, φMPy, and volume fraction of S ( f S) at each composition ratio are labeled. LAM,
lamellae; GYR, Ia3̅d gyroids; CYL, hexagonally close-packed cylinders; DIS, disordered. (b) Enlargement of SAXS scans from Ia3̅d GYR-forming
S75-b-G(BnTMS-r-MPy)42 with detailed peak assignment. (c) Plots of f S (left y axis) and χeff (right y axis) as a function of φMPy, where the χeff is
calculated using quadratic fit function of entry 1 in Table 1. (d) A phase diagram based on mean field theory from ref 35 illustrating the
morphology evolution as a function of f S. As φMPy increases, f S increases from 0.377 to 0.421 while χeffN increases more significantly from 2.6 to
24.5, as indicated by the red arrow in the diagram.
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lowest attainable L0 is ∼22 nm.27 Zhou et al. maintained the
Δγ = 0 of S-b-M by adding vinylnapthalene to the S block,
making a BRC with a higher χeff than S-b-M.28 Seshimo et al.
achieved a high χ and Δγ = 0 with a BCP containing S by
modifying the other block, a polysiloxane, with hydroxyl
groups.29 Yoshimura et al. made an A-b-B diblock BCP with
Δγ = 0 by modifying S-b-G with a single thiol that contained
two di!erent chemical moieties that were selected to increase χ
while balancing the γ of the two blocks.30 However, in their
approach, they could not vary the ratio of the two chemical
moieties, as can be done in the work presented here. Yoshida
et al. have demonstrated a BRC with Δγ = 0 that was derived
by post-processing S-b-M with an ester−amide exchange
reaction such that a small number of the M repeat units were
converted into methacrylamides.31
While each of the above methods for achieving a higher χ

than S-b-M while maintaining Δγ = 0 is impressive, there are
limitations in terms of the breadth of BCPs that can be
generated with a desired χeff value and Δγ = 0. The approach
taken here follows the method previously reported for the
functionalization of S-b-G with thiol-epoxy click chemistry to
rapidly access a variety of BRCs with di!erent χ values while
still having Δγ = 0.8 As the method uses two di!erent
molecules to functionalize one of the blocks to make a BRC, a
systematic approach can be used to quickly find a BRC with
Δγ = 0. As such, a series of S87-b-G(MPr-r-MOH)38 BRCs
were made with di!erent φC values, and then, island-hole tests
were performed to determine φC that resulted in Δγ = 0. The
island-hole test results are presented in Figure S22. As φC
increased from 0.260 to 0.753, a topographic transition from
1L0 islands to a 0.5L0 flat film and then to 1L0 holes was
observed. The 0.5L0 topographic feature was observed, which
indicated that Δγ = 0, at φC = 0.497. As shown in the SEM
image in Figure 5c, self-assembly of S87-b-G(MPr-r-MOH)38
with Δγ = 0 resulted in the expected fingerprint morphology
with 9 nm lines and spaces. Ostensibly, this material could
undergo DSA on a chemical pattern, as demonstrated in
previous work with BRCs.7,8
The ability to access nanostructures with di!erent geo-

metries, especially the ones beyond lamellae, is essential to
expand the array of applications of BRCs.7,32,33 Interestingly,
we found that changing φC with the amine-epoxy click
chemistry enabled us to explore the di!erent morphologies in
the BCP phase diagram by changing χeff while making only
minor changes in f S. Leveraging the capability of changing χeff
using BRCs, the capability of obtaining other morphologies by
changing φC was explored. First, a new S75-b-G42 with a higher
f S = 0.572 than the previous S87-b-G38 was synthesized such
that the f S values after functionalization would be in the range
of 0.38−0.42 and thus o!er access to a variety of
morphologies. S75-b-G42 was reacted with BnTMS and MPy
in di!erent combinations to achieve a range of φMPy values.
DSC was performed on the resulting S75-b-G(BnTMS-r-
MPy)42 BRCs to verify that they could be annealed at 150
°C (Figure S23). Then, SAXS was performed on the di!erent
BRCs to determine the e!ect of φMPy on morphology (Figure
6a). As φMPy increased from 0 to 1, the morphology
transitioned from disordered to hexagonally close-packed
cylinders to Ia3̅d gyroids and finally to lamellae. A detailed
peak assignment of the SAXS scans of the BRCs with the Ia3̅d
gyroidal morphology is shown in Figure 6b.34 χeff for this series
of S75-b-G(BnTMS-r-MPy)42 was then calculated by using the
φMPy value with the quadratic fit function in Table 1 for the

corresponding amine pair. The plots of f S and χeff as a function
of φMPy, shown in Figure 6c, reveal that the change in χeff was
more significant than the change in f S after amine
functionalization. In particular, as φMPy increased the χeffN of
S75-b-G(BnTMS-r-MPy)42 increased from 2.6 to 24.5 (an
840% increase) while the f S increased from 0.377 to 0.421 (a
12% increase). In Figure 6d, the e!ect of the increase in φMPy
on f S and χeffN is shown schematically as a red arrow overlaid
on a previously reported theoretical BCP phase diagram.35
Only the red trend arrow is shown in Figure 6d, and not the
individual ( f S, χeffN) data, because previous work has shown
that while experimental phase diagrams qualitatively match the
theoretical phase diagram, there are notable quantitative
di!erences.36 The f S and χeffN values are summarized in
Table S3. Thus, this high-throughput platform combining
amine-epoxy click chemistry and S-b-G enabled us to explore
the di!erent morphologies in the BCP phase diagram while
making only minor changes in f S.
Extensive research has been performed to access di!erent

BCP morphologies and to compare theoretically predicted
phase diagrams, such as the one shown in Figure 6d, with
experimental results. For example, Winey et al. made a series of
S-b-I BCPs near the order−disorder transition (ODT) with f S
ranging from 0.21 to 0.76, from which they outlined a phase
diagram.37 Khandpur et al. constructed an improved phase
diagram based on ten separate S-b-I BCPs near the ODT with
f S ranging from 0.18 to 0.76.38 In these cases, χN was held
relatively constant (near the ODT), and the di!erent
morphologies were probed by varying f S. In contrast, with
one S-b-I BCP, and therefore constant f S, Sakurai et al.
thermoreversibly accessed cylindrical and spherical morphol-
ogies by heating the material to change χ.39 As mentioned
above, Wei et al. used an alkyne-azide “click” reaction to
increase χ and go from the disordered to the ordered regime of
the BCP phase diagram.5 Subsequently, they tuned the volume
fraction of their PEO block and the alkyne/azide ratio in their
system, akin to f S and φC in the work reported here, and
showed with the appropriate starting BCP that they could
generate either lamellar or cylindrical morphologies, depending
on the alkyne/azide ratio.40 The work here also uses click
chemistry to access di!erent morphologies in the phase
diagram, but it di!ers in that reaction to completion of one
of the blocks with two di!erent amines provides a much
broader array of possibilities in terms of attainable chemistries
and their corresponding χ values.

■ CONCLUSIONS
The amine-epoxy click reaction was used to modify S-b-G to
yield a series of S-b-G(BAm-r-CAm) BRCs with A-b-(B-r-C)
architecture, decoupling the thermodynamics and surface
energies. For advanced lithography, a lamellae-forming S-b-
G(MPr-r-MOH) with sub-10 nm feature size and perpendic-
ular orientation attainable via industry-preferred thermal
annealing with a free surface was demonstrated. χeff parameters
at each φC were determined using strong-segregation theory.
In addition, χ values of the three pairwise interactions of A-B,
A-C, and B-C for each of the A-b-(B-r-C) BRCs were revealed
using a binary interaction model. Because of the unique
second-order dependence of χeff on φC, the use of di!erent
amine pairs with the appropriate parent BCP enabled the
formation of a range of morphologies, including gyroids,
hexagonally close-packed cylinders, and lamellae. This work
shows a promising approach that o!ers access to a wide range
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of morphologies in the BCP phase diagram without the
complicated iterative synthesis commonly done in the past.
This along with machine learning and predictive models
further paves the way for structure−property studies using
BRCs. Importantly, this work demonstrates a new high-
throughput chemistry platform in which key parameters of the
materials required for patterning applications including χ, γ,
and f S can be independently modulated.
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