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ABSTRACT: Diblock polymers are known to self-assemble into a
variety of structures, and the effects of block molecular weights and
volume fractions, along with the interactions between chemically
different blocks, have been extensively studied. However, the
consequences of molecular architectural differences between the
blocks on phase behavior, particularly self-assembly into network
morphologies, are less well explored. In this work, 223 linear-bottlebrush diblock polymers were synthesized using grafting-through
living ring-opening metathesis polymerization. The linear block was poly(norbornene exo,exo-dimethyl ester), while five different
bottlebrush blocks were used in order of increasing side-chain length: poly(norbornene exo,exo-di-isoamyl ester), poly(norbornene
exo,exo-di-3,7-dimethyloctyl ester), poly(norbornene exo,exo-di-hexahydrofarnesyl ester), poly(norbornene exo,exo-di-dihydrophytyl
ester), and poly(norbornene exo,exo-di-perhydrosolanesyl ester). Diblock polymer compositions ranged from approximately 30 to
70% by volume of the linear block, with total backbone degrees of polymerization ranging from 30 to 140, and side chains containing
5−45 carbon atoms. Phase behavior was studied in the vicinity of the double gyroid network window using a combination of small-,
mid-, and wide-angle X-ray scattering.

■ INTRODUCTION

Self-assembly of diblock polymers into ordered network phases
such as the double gyroid, double diamond, and orthorhombic
Fddd (O70) has attracted much interest, in particular due to the
many promising applications enabled by the percolating
domains.1−7 In linear diblock polymers, the accessible region
for network phase formation is limited to a narrow range of
volume fractions due to the high packing frustration of
polymer blocks at the multi-node connectors, as demonstrated
by experiments and self-consistent field theory (SCFT).8−10

Another practical limitation is the slow ordering kinetics of
high-molecular-weight linear diblocks, which can inhibit self-
assembly into network phases. This places a practical upper
limit on the accessible network domain size, thereby limiting
the range of practical applications.
Previous SCFT and experimental studies suggest that the

introduction of architectural asymmetry into a diblock polymer
induces spontaneous curvature at the interface between the
domains, which could relieve the packing frustration associated
with complex phases.11−15 One way to tune the architectural
asymmetry is by the incorporation of a bottlebrush polymer as
one of the blocks.16,17 The polymer shape and the transition
from a Gaussian coil to a wormlike chain are controlled by the
backbone and side-chain lengths and the grafting density.
Precise control over the architecture is enabled by recent
advances in controlled polymerization techniques, such as ring-
opening metathesis polymerization (ROMP).18,19 Here, using
ROMP as a platform, we design block polymers with

systematically increasing architectural asymmetry. Through
changes in the side-chain length of one of the blocks, we study
how the transition from a linear-linear to a linear-brush
configuration affects the diblock phase behavior in the vicinity
of network formation.
Most prior SCFT and experimental work on linear-brush

and linear-comb diblock polymers primarily focused on the
formation of complex sphere phases, lamellae, and cylin-
ders.12,20−27 However, a recent SCFT study by Park et al.13

predicts a double gyroid stability window for linear-brush
diblock polymers. Moreover, this work also reports that this
window shifts to higher compositions with the increase in side-
chain length of the brush block, that is, increasing architectural
asymmetry.13 This trend is in agreement with previous
theoretical predictions in other architecturally asymmetric
diblock polymer systems.11,14,15 In our recent work dealing
with the phase behavior of linear-brush polymers, we
synthesized eight sets of polymers (a total of 258 polymers),
and systematically studied the consequences of varying the
length of the linear block and the side-chain length of the
brush block.28 Focusing on the double-gyroid region, we
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demonstrated that the increase in the side-chain length of the
brush, which increases the architectural asymmetry, shifts the
phase boundaries toward higher linear block compositions, in
agreement with the theoretical predictions. Furthermore, the
difference in cohesive energy density between the linear and
brush blocks was shown to influence the order−disorder
transition (ODT) and the size of the gyroid compositional
window.28

In this work, we prepared five series of norbornene-based
diblock polymers with increasing side-chain length of the
bottlebrush block to gain a more complete understanding of
the effect of architectural asymmetry on the phase behavior in
the proximity of the gyroid window. Using ROMP, we varied
with high precision the compositions and the degree of
polymerization of a total of 223 individual block polymers.
Using mid-angle X-ray scattering (MAXS), we studied how the
side-chain length affects the transition from a linear-linear to a
linear-brush configuration. Small-angle X-ray scattering
(SAXS) measurements provide for a comprehensive character-
ization of how increasing architectural asymmetry affects the
phase boundaries, phase coexistence, interaction parameter,
and the size of the double-gyroid compositional window.

■ EXPERIMENTAL SECTION
Materials. Solanesol was purchased from Cayman Chemical

Company as a yellow powder and was dissolved in benzene, filtered,
and lyophilized for purification; cis-5-norbornene-2,3-dicarboxylic
anhydride was purchased from TCI Chemicals; phytol was acquired
from ApexBio; SiliaMetS [SiliCycle Inc SiliaBond dimercaptotriazine
(DMT)] was obtained from Fisher Scientific; and farnesol, palladium
(10%) on activated charcoal (Pd/C), anhydrous methanol, 2nd
generation Grubbs’ catalyst (Grubbs Catalyst M204), pyridine,
dimethyl octanol, isoamyl alcohol, 4-dimethylaminopyridine
(DMAP), N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydro-
chloride, and anhydrous dichloromethane were purchased from
Sigma-Aldrich. Aluminum pans for SAXS and differential scanning
calorimetry (DSC) were acquired from DSC Consumables, Inc.
Deuterated chloroform and benzene-d6 for 1H NMR spectroscopy
were purchased from Cambridge Isotopes.
Synthesis. Synthesis of norbornene exo,exo-diester monomers, 3rd

generation Grubbs’ catalyst, homopolymers, and diblock polymers are
described in detail in the Supporting Information. The polymers were
produced by sequential ROMP and characterized by 1H NMR
spectroscopy and size-exclusion chromatography with multiangle light
scattering (SEC-MALS) detection.

1H NMR Spectroscopy. Monomer and polymer chemical
structural information were obtained by proton nuclear magnetic
resonance (1H NMR) spectroscopy. 1H NMR was also used to
determine the volume fraction of the norbornene exo,exo-dimethyl
ester block in each diblock polymer. 1H NMR spectroscopy was
performed on a Bruker Avance III Nanobay AX-400 spectrometer
(400 MHz) with a 60-slot SampleXpress autosampler using 16, 64, or
128 scans. Monomers and polymers were characterized in deuterated
chloroform, and 3rd generation Grubbs’ catalyst in benzene-d6.
Representative 1H NMR spectra are provided in the Supporting
Information.
SEC-MALS. SEC-MALS was performed using tetrahydrofuran

(THF) as the mobile phase (1.0 mL/min) on an Agilent 1260 series
instrument equipped with one Tosoh Styragel guard column and
three successive Tosoh Styragel columns (G6000, G4000, and
G2000) packed with rigid 5 μm styrene-divinylbenzene particles.
Polymer solutions were prepared at 4−6 mg/mL in uninhibited THF,
and filtered with 0.22 μm PTFE filters before injection. The polymer
molecular characteristics−number-average molecular weight (Mn),
weight-average molecular weight (Mw), and dispersity (Đ =Mw/Mn)−
were determined using a Wyatt Technology DAWN Heleos II MALS
detector with 658 nm wavelength light and a Wyatt OPTILAB T-rEX

refractive index (RI) detector operated at 25 °C. The RI increment
(∂n/∂c) for each polymer was determined by the weight average of
the measured ∂n/∂c of the constituent homopolymers.29 Representa-
tive SEC plots of the diblock polymers are provided in the Supporting
Information.

SAXS/MAXS/WAXS. Small-angle, mid-angle, and wide-angle X-ray
scattering (SAXS, MAXS, and WAXS) experiments were performed at
the Advanced Photon Source (APS) at Argonne National Laboratory,
on the Sector 5-ID-D beamline of the Dupont-Northwestern-Dow
Collaborative Access Team (DND-CAT). Bulk polymer samples
(∼10−20 mg) were loaded into aluminum Tzero DSC pans and
hermetically sealed under argon. Before transport to APS, samples
were annealed either at 140 °C for 24 h or at 200 °C for 1 h, then
cooled to 180 °C for 2 h, then 160 °C for 3 h, and finally 140 °C for
20 h before cooling slowly to room temperature. During the
experiment, samples were heated using a custom-fabricated 32-pan
heating stage at 10 °C/min between temperatures, with a 15 min
anneal at each temperature before measurement, over the temperature
range 25−210 °C. Two-dimensional scattering patterns were
collected with a 1 s exposure time and X-ray wavelength λ =
0.0729 nm. SAXS data were collected on a Rayonix MX170-HS
detector and 8.5 m sample-to-detector distance, giving a wavevector q
range of 2.35 × 10−3−0.192 Å−1. MAXS and WAXS data were
collected on Rayonix LX170-HS CCD detectors with sample-to-
detector distances of 1.01 and 0.2 m, respectively, resulting in q ranges
of 0.13−0.86 Å−1 for MAXS and 0.68−4.5 Å−1 for WAXS, where the
magnitude of the scattering wavevector is given by q = 4πλ−1sin(θ/2),
in which θ is the scattering angle. To optimize the scattering signal
and decrease noise, the detector readout was binned to 2 by 2 pixels.

SAXS and WAXS patterns were also collected at Sector 12-ID-B at
the APS. Samples were loaded into standard DSC pans, hermetically
sealed under argon, and pre-annealed as described above. Samples
were heated using a custom fabricated 28-pan heating stage during the
experiments, with the same protocol described above. Two-dimen-
sional scattering patterns were collected with a 1 s exposure time and
X-ray wavelength of λ = 0.0886 nm. The sample-to-detector distances
were calibrated using silver behenate and gave SAXS q ranges of 2.24
× 10−3−0.0896 Å−1 and 3.84 × 10−3−0.0884 Å−1, depending on the
detector setting, and a WAXS q range of 0.82−2.23 Å−1. In both cases,
the isotropic 2D data were averaged azimuthally to afford 1D
scattering patterns as intensity versus q. The relative peak positions in
the 1D patterns were indexed and assigned to different morphologies
using IGOR Pro (WaveMetrics, Inc.) along with a SAXS indexing
macro.30

SAOS Rheology. Small amplitude oscillatory shear (SAOS)
experiments were performed on bulk homopolymers to determine
the plateau modulus (GN) using a TA Instruments ARES-G2
rheometer equipped with a parallel plate geometry. Samples were
loaded onto 8 or 25 mm diameter parallel plates and heated to 170 °C
under nitrogen. Steady shear was applied for 5 min to aid in removing
air bubbles from the sample. Strain sweeps were performed from 0.1
to 100% strain at various temperatures and 1 rad/s to identify the
linear viscoelastic (LVE) regime where the storage (G′) and loss (G″)
moduli remain constant. Frequency sweeps were performed from 0.1
to 100 rad/s at temperatures ranging from −30 to +100 °C with
applied strains from 1−10%, in the LVE regime. Van Gurp-Palmen
plots and Gaussian chain analysis have been applied to determine GN

and estimate the statistical segment lengths of the homopolymers.
Further details about the analysis are provided in Supporting
Information.

DSC. DSC measurements were performed on a TA Instruments
Q1000. Approximately 2−8 mg of each sample was loaded into a
hermetically sealed aluminum Tzero DSC pan. Samples were heated
from 40 to 120 °C to erase any thermal history and then cooled to
−120 °C and reheated to 120 °C at a ramp rate of 10 °C/min while
sampling every 1 s. The data collected on the second heating were
used to determine the glass transition temperature (Tg). Representa-
tive DSC data can be found in the Supporting Information.
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■ RESULTS

To determine the effect of diblock polymer architectural
asymmetry on self-assembly, with a focus on double gyroid
phase formation, we synthesized five series of norbornene-
based diblock copolymers, using sequential ROMP (Figure 1).
All the diblocks contain a poly(norbornene exo,exo-dimethyl
ester) (M) linear block, and the architectural asymmetry has
been systematically raised by increasing the oligomeric
poly(ethylene-alt-propylene) (oligo-PEP) side-chain length of
the second polynorbornene-based block. As illustrated in
Figure 1, the following second block types have been prepared:
poly(norbornene exo,exo-di-isoamyl ester) (P1); poly-
(norbornene exo,exo-di-3,7-dimethyloctyl ester) (P2); poly-
(norbornene exo,exo-di-hexahydrofarnesyl ester) (P3); poly-
(norbornene exo,exo-di-dihydrophytyl ester) (P4); and poly-
(norbornene exo,exo-di-perhydrosolanesyl ester) (P9). The
diblocks were designed to have relatively low glass transition
temperatures (Tg) to broaden the temperature range over
which the polymers can order. DSC measurements were
performed with each of the constituent homopolymers and
representative diblocks. DSC traces of the homopolymers
show a distinct change in the slope of the heat flow curve, and
a sharp peak in the derivative of the heat flow with respect to
temperature, corresponding to the Tg of the homopolymers
(Figure S20). The Tg for the M homopolymer was measured as
∼70 °C (Figure S20a), while the values for P1−P9 ranged
between ∼ −77 and −40 °C (Figures S20b−f). DSC traces for
the diblocks show two distinct Tgs, each Tg corresponding to
the polymer constituting the diblocks (Figure S21).
Within each of the five sets of diblock polymers, the

volumetric degree of polymerization (N) (for definition see
footnote in Table 1) and the volume fraction of the M block
( fM) have been varied, resulting in a total of 223 polymers.
The range of molecular weights (Mn), dispersities (Đ), fM, and
N, obtained for each of the diblock sets, are given in Table 1,
where the ranges of fM have been chosen to capture the double
gyroid phase window.
The thermotropic phase behavior of the diblock polymers

was determined by SAXS over the temperature range 25−210
°C, both upon heating and cooling. Based on the morphologies
obtained by SAXS at different temperatures (T), and using fM
and N values determined by 1H NMR and SEC-MALS, phase
portraits were generated for each polymer type, as displayed in
Figure 2. Phase portraits are plotted as N/T as a function of fM,
where N/T is proportional to the segregation strength (χN),
where χ is the Flory−Huggins interaction parameter, which is
expected to be inversely proportional to temperature.31 As
observed in Figure 2, all systems exhibit a double-gyroid phase

and show the conventional transitions between hexagonally
packed cylinders, double-gyroid, and lamellae with increasing
fM. Representative examples of the 1D SAXS patterns for these
morphologies are included in Figure 3a−c. Comparison of
these phase portraits reveals that increasing architectural
asymmetry expands the range of coexistence between different
phases. While the least architecturally asymmetric diblock
polymers, MP1 (Figure 2a), mainly show the formation of pure
phases, increasing the architectural asymmetry leads to broader
windows of coexistence of double gyroid with hexagonally
packed cylinders, lamellae, or both (Figure 2b−e). A
representative 1D SAXS pattern displaying coexistence
among all three phases is shown in Figure 3d. Possible sources
of this phase coexistence are discussed below.
While all diblock families show double gyroid formation, the

volume fractions and Mn where the double gyroid window
occurs vary with architectural asymmetry. Table 2 lists the
ranges of Mn, fM, and N for the gyroid window, as well as the
resulting gyroid domain spacings (d). Note that the maximum
and minimum values reported in Table 2 are the molecular
characteristics of the polymers that either self-assembled into
pure gyroid or formed in coexistence with other phases. As
architectural asymmetry increases, the maximum values, and
the range of Mn and N values, associated with the gyroid
forming polymers decrease. Also evident is a shift toward lower
N/T values of the gyroid window with increasing asymmetry,
associated with an increasing χ, resulting in limited or no
access to the ODT. Restrictions on Mn result in limitations on

Figure 1. Sequential ROMP synthetic scheme for the preparation of poly(norbornene exo,exo-dimethylester)-b-poly(norbornene exo,exo-di-
oligoPEPi).

Table 1. Molecular Characteristics of Five Sets of Diblock
Polymersa,e

polymer Mn range (kDa)b fM rangec N ranged Đ rangeb

MP1 8.2−37.6 0.32−0.74 99−484 1.02−1.06
MP2 9.4−22.1 0.36−0.72 118−287 1.01−1.05
MP3 9.3−21.5 0.36−0.78 124−283 1.01−1.06
MP4 6.9−21.8 0.36−0.55 91−289 1.02−1.07
MP9 8.5−20.0 0.42−0.70 110−263 1.02−1.05

aFor detailed characteristics of individual polymers, see the
Supporting Information. bMolecular weight and dispersity were
determined by SEC-MALS. cVolume fraction of M determined by 1H
NMR spectroscopy. dVolumetric degree of polymerization estimated
using the volume fraction and molecular weight N = [Mn/(ρM fM +
ρP f P)]·[Navυref]

−1, where the densities of the constituent homopol-
ymers (ρ) were determined at room temperature using a density
determination kit from Mettler-Toledo Excellence XO/XS analytical
balances, and Nav and vref are Avogadro’s number and the reference
volume of 118 Å3, respectively. eData for MP3, MP4, and MP9 block
polymers are reproduced with permission from Liberman et al.28

Copyright 2022 American Chemical Society.
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the accessible gyroid dimensions, as indicated by the range of d
values listed in Table 2. Another observation from Figure 2 and
Table 2 is that architectural asymmetry affects the location of
the gyroid window, as well as its extent. With increasing
asymmetry, the gyroid window shifts toward higher fM values.
Additionally, the composition range of the gyroid window
initially increases from ΔfM = 0.04 (for MP1 and MP2) to 0.06
(for MP3), to 0.08 (for MP4), and then it narrows to 0.04 (for
MP9).
Linear-to-Bottlebrush Transition. Bottlebrush polymers

are defined as densely grafted polymers with a linear backbone,
resulting in an extended backbone conformation.16,17 The
transition from linear to bottlebrush polymers has been
considered in terms of the average length of the backbone
between grafts (Lg) and the length of the side chains (lsc).

32−34

When Lg > lsc, the polymer is considered linear, with a

Gaussian coil behavior. However, when Lg ≪ lsc, the polymer
transitions into a bottlebrush, where the backbone accom-
modates an extended, wormlike configuration with different
chain statistics and physical properties. In this work, the
polymers have a polynorbornene backbone with a repeat unit
contour length (Lc) of 6.2 Å, with a constant grafting density
(z) of 2. The resulting backbone length between grafts can be
estimated as Lg = Lc/2, which gives a constant Lg = 3.1 Å,
suggesting that polymers with lsc ≫ 3.1 Å may be considered as
bottlebrushes.
To estimate lsc, we analyzed P1, P2, P3, P4, and P9

homopolymers by MAXS and WAXS (Figure 4). The broad
peak observed in the MAXS regime (qbb ≅ 0.3 Å−1) for P2, P3,
P4, and P9, corresponds to the average distance between
backbones (dbb = 2π/qbb), whereas the peak in the WAXS
regime (qsc ≅ 1.3 Å−1), correlates with the average distance

Figure 2. Phase maps plotted as N/T versus the volume fraction of the linear block, fM, for (a) MP1, (b) MP2, (c) MP3, (d) MP4, and (e) MP9,
determined by SAXS. N and T refer to the volumetric degree of polymerization and the SAXS measurement temperature in Kelvin, respectively.
DIS, HEX, GYR, and LAM in the legend denote disorder, hexagonally packed cylinders, double gyroid, and lamellae, respectively. Phase maps for
MP3, MP4, and MP9 are reproduced with permission from Liberman et al.28 Copyright 2022 American Chemical Society.
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between the oligo-PEP side chains (dsc = 2π/qsc). lsc can be
estimated from dbb; if there is no overlap between side chains,
lsc = dbb/2, whereas if there is an intermolecular overlap, lsc >
dbb/2. Table 3 summarizes the dbb and dsc values obtained by
MAXS and WAXS for the homopolymers. Note that P1 did not
generate a well-defined peak in the MAXS regime (Figure 4),
suggesting there is not a well-defined distance between
polymer backbones. If P1 is a Gaussian coil, it is plausible
that it does not have a defined distance between chains. This
suggests that P1 behaves as a flexible linear polymer. However,
P2, P3, P4, and P9 exhibit clearly defined qbb peaks,
corresponding to increasing dbb of 22.0, 25.2, 28.5, and 36.6
Å, respectively. The associated values of dbb/2, presented in
Table 3, are all significantly higher than Lg = 3.1 Å. Even if
there is some degree of overlap between the side chains, this

interpretation suggests that the P2 through P9 blocks can be
considered as bottlebrushes, albeit with relatively short side-
chain lengths. Moreover, the shift of qbb toward lower q values
(Figure 4), which results in an increase in dbb with oligo-PEP
side-chain length (Table 3), indicates that the self-concen-
tration [SC] of the corresponding block increases. Self-
concentration is inversely related to the number of contacts
between a given chain and other chains in the melt, captured
by the ratio of the occupied versus pervaded volume of the
polymer chain, such that [SC] = 1 for a solid sphere and [SC]
∼ N −1/2 for a Gaussian coil.35 Increasing the side-chain length
increases [SC], which in turn leads to increasing architectural
asymmetry in the MPi diblock polymers. This is in agreement
with recent work by Chang and Bates12 on linear-brush
polymers, which demonstrated the consequences of increasing
the [SC] of the brush block with side-chain length in selected
diblock polymers. Another observation from Table 3 is a slight
decrease in dsc with the increase in side chain length, which
might be due to the backbone becoming less flexible, on
average. A stiffer backbone would result in a smaller mean
inter-side-chain distance.

Conformational Asymmetry Estimate. Conformational
asymmetry (ε) characterizes the difference between the
volumes pervaded by the blocks through the statistical segment
lengths (b): ε = (bA/bB),

2 where bi = Rg(6/Ni)
1/2 and Rg is the

radius of gyration. Increasing the size of the side chain of the
brush block changes its Rg and therefore modifies b. The

Figure 3. Representative SAXS patterns showing self-assembly into the following: (a) hexagonally packed cylinders for MP4( fM, N), (b) lamellae
for MP2( fM, N), (c) double gyroid for MP3( fM, N), and (d) coexistence between hexagonally packed cylinders (black circles), lamellae (blue
diamonds), and double gyroid (purple lines) phases for MP9( fM, N); vertical lines identify allowed reflections.

Table 2. Width of the Double Gyroid Phase Window

polymer Mn range (kDa) fM rangea N range d (Å) range

MP1 12.4−25.5 0.35−0.39 159−329 130−224
MP2 9.6−18.6 0.41−0.45 124−239 115−184
MP3 9.8−13.4 0.42−0.48 129−174 113−165
MP4 6.9−13.5 0.43−0.51 91−178 102−165
MP9 8.7−10.3 0.49−0.53 113−136 127−137

aThe ranges shown are based on the minimum and maximum values
for polymers that formed the double gyroid phase, either pure or with
phase coexistence.
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statistical segment lengths for each of the constituent
homopolymers were estimated from the plateau modulus
(GN) and normalized to a common reference volume (νref =
118 Å3) to allow for comparison across systems. GN values
were determined using SAOS rheology as detailed in the
Supporting Information. van Gurp-Palmen36 plots were
prepared for the homopolymers with phase angle (δ) of the
loss tangent versus complex modulus (|G*|) and are presented
in Figure S22, and the estimated b values for each of the
homopolymers are presented in Table S7. By increasing the
side-chain length of the brush block, ε increases from 1.9, for
MP1, to 4.8, for MP9. As noted in previous publications,12,28

this analysis for estimating b from the plateau modulus pertains
to Gaussian chains, and may not be strictly valid for
bottlebrush-type chains. However, the obtained values should
represent an internally consistent trend.
The increase in conformational asymmetry with side-chain

length of the brush block, along with the increase in [SC] of
the brush, which affects the free energy competition between
chain stretching and interfacial area, both contribute to an
increase in architectural asymmetry.

■ DISCUSSION
In this work, we synthesized five families of diblock polymers,
varying the size of the side chain of the bottlebrush block (P1,

P2, P3, P4, and P9), the volume fraction of the linear (M) block,
and overall degree of polymerization. We systematically
studied how increasing the architectural asymmetry affects
phase behavior, focusing primarily on the region in phase space
near the double gyroid window. MAXS and WAXS measure-
ments on P1 to P9 homopolymers demonstrate that the MP1 is
a linear-linear diblock, while MP2, MP3, MP4, and MP9 are
linear-bottlebrush diblocks, with with progressively increasing
architectural asymmetry.
SAXS data acquired for the five sets of diblock polymers, and

the corresponding phase maps, show that the polymers exhibit
the conventional sequence of hexagonally packed cylinders to
double gyroid to lamellar phases with increasing M block
volume fraction. However, architectural asymmetry does affect
the phase behavior. One effect is that as the diblocks transition
from MP1 to MP2 to MP9, the polymers display greater regions
of phase coexistence, rather than pure phases. Similar phase
coexistence has also been found in our recent work on linear-
bottlebrush polymers.28 However, when a pure block polymer
self-assembles into an equilibrium morphology, regions of
phase coexistence are not allowed, except precisely at a phase
boundary. Therefore, the phase coexistence is either due to
kinetic limitations, where the polymers are trapped in a non-
equilibrium state, or due to dispersity. The phase maps reveal
that the ODT becomes inaccessible with the increase in
architectural asymmetry, indicative of an increase in the
effective χ parameter. Furthermore, upon closer examination of
the sequence of morphologies formed by each block polymer
at different temperatures (Tables S8−S12), it is evident that
phase coexistence appears only when the block polymer does
not have access to the ODT. Whenever a polymer does have
access to the ODT, only pure phases are observed. An
inaccessible ODT is indicative of relatively stronger
segregation, which inhibits equilibration of kinetically trapped
coexisting phases. When compared to the linear diblock

Figure 4. MAXS and WAXS data at obtained at 25 °C for P1, P2, P3, P4, and P9 homopolymers. The peak observed at the lower q range for P2, P3,
P4, and P9 (qbb) corresponds to the average distance between backbones (dbb), and the peak at the higher q range (qsc) corresponds to the average
distance between oligo-PEP side chains. Schematic illustration of the average dbb and dsc is presented on the right panel of the figure.

Table 3. Homopolymer Spatial Characteristics

homopolymer dbb (Å)
a dsc (Å)

b dbb/2 (Å)

P1 not observed 4.91 ± 0.02
P2 22.0 ± 0.1 4.85 ± 0.02 11.0
P3 25.2 ± 0.1 4.84 ± 0.02 12.6
P4 28.5 ± 0.5 4.83 ± 0.01 14.2
P9 36.6 ± 0.5 4.82 ± 0.01 18.3

aBackbone distance from MAXS. bSide chain distance from WAXS.
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polymer, this behavior seems to be unique to the linear-brush
polymer architecture. Previous studies show that even at high
Mn, strongly segregated linear block polymers microphase
separate into pure phases.4,37 This hypothesis could be
explored by dissolving the diblocks in a good solvent, followed
by solvent casting and annealing. Use of a solvent preferential
for one block or the other may drive the morphology into
different equilibrium or non-equilibrium states. Subsequent
annealing will inform as to the kinetic constraints associated
with metastable phases. On the other hand, the fact that the
transition into the brush regime gives rise to phase coexistence
might also indicate that the bottlebrush copolymer self-
assembly is more sensitive to dispersity variations. Previous
work by Park et al.38 demonstrated that a linear diblock sample
of polystyrene-b-polyisoprene with a narrow dispersity of 1.02
self-assembled into a pure hexagonally perforated layer
morphology. However, once this polymer sample was
fractionated into diblock fractions with 10% compositional
variation, the individual specimens self-assembled into
cylinders, double gyroid, or lamellae.38 This shows that even
a narrowly disperse polymer sample may contain a collection
of macromolecules with a range of compositions, and once
separated by composition, a variety of morphologies can be
obtained. While the compositional variation usually does not
produce phase coexistence in linear block polymers, we
propose that the architectural asymmetry in linear-brush
block polymers might lead to destabilization of pure phases,
and to segregation into coexisting phases. This might be due to
a sharper change in interfacial curvature at compositions
between those associated with the hexagonally packed
cylinders and lamellar phase boundaries.
Another observation from Figure 2 is that the location of the

double gyroid window shifts to higher M block compositions
with the increase in asymmetry. This is in qualitative
agreement with theoretical work by Matsen11 on architectur-
ally asymmetric diblocks, as well as recent computational and
experimental work that specifically focused on the linear-brush
conformation.13,28 The shift in phase boundaries is rationalized
by the spontaneous curvature toward the linear block induced
by the architectural asymmetry, which favors the formation of
morphologies with curved interfaces, such as cylinders and
gyroid. The formation of lamellae would require higher volume
fractions of the linear block to induce a flat interface between
the two blocks.
The phase portraits in Figure 2 further demonstrate that the

size of the gyroid window can be manipulated by the length of
the side chain, whereby going from MP1 to MP4, the gyroid
window first increases in size, but then for MP9, it narrows
again. However, in our recent publication,28 we reported a
similar polymer series comprising EP3, EP4, and EP9, where the
pendant groups of the linear block were diethyl instead of
dimethyl ester, and demonstrate that the gyroid window width,
irrespective of the increasing architectural asymmetry, remains
relatively constant. The apparent discrepancy between the two
systems can be attributed to the interaction parameter. The
phase diagrams shift to lower N/T values with architectural
asymmetry, indicating an increase in segregation strength. This
means that by increasing the side-chain length of the Pi block,
χ gradually increases. When comparing between the phase
maps of the EPx

28 and MPx series, the shift toward lower N/T
values is stronger in the latter. This is further demonstrated by
our estimates of χ for the two systems in the previous work,
where with the increase in architectural asymmetry, a steeper

increase in χ is observed for MPx.
28 This stronger increase in χ

can cause a more prominent effect on the width of the gyroid
window. Consistent with the trend observed in this study,
previous theoretical studies in linear and architecturally
asymmetric diblocks demonstrate that the segregation strength
affects the size of the gyroid window, where it first increases in
size, but then slightly narrows down again, after passing some
optimal value where the gyroid window is the widest.9,11

■ SUMMARY
Through the well-controlled synthesis of five sets of diblock
polymers, a total of 223 compounds, with a gradual increase in
the length of the densely grafted side chains of the second
block in each set, we have examined the impact of architectural
asymmetry on the phase behavior of linear-bottlebrush
polymers centered on the double gyroid network phase.
MAXS analysis demonstrates that increasing the side-chain
length of the bottlebrush block increases its self-concentration
and results in a transition from a linear-linear to a linear-
bottlebrush conformation. SAXS data show that all five sets of
materials exhibit the classical phases: hexagonally packed
cylinders, double gyroid, and lamellae. Architectural asymme-
try appears to induce phase coexistence, shifts the phase
boundaries to higher compositions, and increases the apparent
Flory−Huggins interaction parameter, all of which affect the
location and extent of the double gyroid compositional
window.
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