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ABSTRACT: We present an approach to photocrosslink
bicontinuous microemulsions derived from ternary blends of
poly(methoxyethyl acrylate) (PM, Mn = 4200 g/mol), poly(hexyl
methacrylate-co-coumarin methacrylate) (PHC, Mn = 6800 g/
mol), and PM-b-PHC diblock polymer (Mn = 19,400 g/mol) in a
phase-selective manner, enabling structural characterization at an
unprecedented level of detail. This strategy utilizes the [2 + 2]
photodimerization reaction of coumarin derivatives to covalently
crosslink blends without the use of harsh reagents or disruptive
thermal treatment, thus preserving the intricate network structure
throughout curing. The resulting crosslinked bicontinuous micro-
emulsions exhibited rubbery behavior at elevated temperatures,
achieving an elastic shear modulus of nearly 1 MPa at 70 °C, owing
to the presence of the three-dimensional co-continuous network morphology. The dimensional stabilization afforded by crosslinking
further allowed the microstructure to be directly imaged by scanning electron microscopy and atomic force microscopy. Contrary to
recent theoretical findings, the BμE appears in a wide temperature and compositional window, suggesting that it is a robust feature of
these blends. As a proof of concept demonstrating both the utility of bicontinuous microemulsion-derived materials and versatility of
this strategy toward broader applications in energy storage and transport, the uncrosslinked portion of a cured blend was extracted
by washing and replaced with an ionic liquid; the resultant heterogeneous solid electrolyte exhibited a room-temperature
conductivity of 2 mS/cm, approximately one-quarter that of the pure ionic liquid.
KEYWORDS: bicontinuous microemulsion, nanoporous materials, polymer blends, coumarin, photocrosslinking, diblock polymers,
microphase separation

■ INTRODUCTION
As increasingly complex societal challenges demand increas-
ingly sophisticated materials design, co-continuous networks
have emerged as a highly adaptable class of nanostructured
polymers.1−3 Featuring independent, structured, and fully
percolating domains of different polymers, co-continuous
network morphologies enable disparate and even contradictory
properties to be engineered within a single material.4 As the
network domain size is governed by the molecular weight of
the constituent (macro)molecules, these mesophases also have
substantial utility as templates for nanoporous materials.5−11 In
1997, Bates and colleagues discovered that certain ternary
blends of A and B homopolymers and a compatibilizing AB
diblock polymer formed a bicontinuous microemulsion
(BμE),12 a co-continuous network phase historically encoun-
tered in water/oil/surfactant emulsions13 but previously
unreported in polymer materials. The BμE is a rare example
of a (meta)stable network phase that generally requires no
special synthesis or processing beyond blending of the
constituent polymers. In contrast, many other co-continuous
network materials require specialized preparation due to their
thermodynamic instability toward macrophase separation �

and an accompanying destruction of advantageous proper-
ties.14−18

Since its initial discovery, the BμE has been found in a
multitude of chemically and compositionally diverse polymer
blends,19−34 pointing to it being a universal phase in soft
matter. However, recent theoretical findings by Matsen and
colleagues have questioned its existence at equilibrium in
polymer blends. Based on field-theoretic simulations, they
posit that BμE does not exist as a pure phase, instead existing
only as one component of a macroscopically separated three-
phase coexistence (A-rich, B-rich, and BμE) within a narrow
temperature and compositional window.35,36 Considering that
most BμEs are largely characterized by small-angle X-ray and/
or neutron scattering, with direct images of the morphology
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seldom captured, more definitive characterization is needed to
validate this morphology for end-use technologies. Addition-
ally, the narrow window of phase space in which the BμE
appears presents a substantial restriction to characterization
and application strategies. Crosslinking the morphology would
impart increased thermal/chemical stability and broaden the
range of environmental/processing conditions to which it can
be safely employed in industrially relevant applications. A
previously reported BμE crosslinking approach, involving
vulcanization of polyisoprene domains with S2Cl2,

37 is not
suitable for addressing these issues, as the harsh reagents can
swell the delicate morphology; it also proved difficult to
regulate the degree of crosslinking. A more controllable and
less destructive method for covalent crosslinking is therefore
needed.
In this work, we develop a new approach to crosslink

polymeric BμEs using coumarin [2 + 2] photodimerization.
This reaction is mediated by long-wavelength UV light38 and
has been utilized in solution-based polymeric systems,39−45

polymer melts,46−48 and microphase-separated diblock poly-
mers.49,50 Importantly, the ability to perform coumarin-based
photocrosslinking without exogenous reagents or thermal
treatment ensures that the microstructure will be minimally
perturbed during curing. In the ternary blends studied herein,
we find that coumarin photodimerization can crosslink and
covalently stabilize emergent morphologies, including the BμE,
with minimal disruption to the microscopic structure.
Consequently, we were able to directly image the BμE
structure with unprecedented resolution using scanning
electron microscopy and atomic force microscopy. These
images definitively validate the previously hypothesized
structure of the BμE as a fluctuating co-continuous structure,
and at appropriate compositions, no evidence is found of
widespread macrophase separation. We additionally found that
in this system, the BμE exists in a nearly pure state or in
coexistence with lamellae over a range of 78−86 vol %
homopolymer, a significantly wider window in neutral blends
than anticipated from previous X-ray/neutron scattering data.
The emergent physical properties were studied through in situ
photorheometry, where the strong increase in modulus upon
curing was recorded for microphase separated blends,
including those featuring BμE structures. As a final
demonstration of application, a crosslinked blend was prepared

in which one of the co-continuous phases was replaced with a
conductive ionic liquid, and the resultant solid polymer
electrolyte exhibited a room temperature conductivity of 2.0
mS/cm�a value approximately one quarter of that character-
izing the pure ionic liquid.

■ RESULTS AND DISCUSSION
Material Design and Characterization. Photocrosslink-

able A/B/AB ternary blends were designed around the
polymer chemistries utilized in a previous report,49 consisting
of a poly(methoxyethyl acrylate) (PM) homopolymer, a
crosslinkable poly(hexyl methacrylate-co-coumarin methacry-
late) (PHC) statistical copolymer, and a compatibilizing
diblock polymer PM-PHC (Figure 1). The polar PM polymers
are sufficiently incompatible with the nonpolar PHC polymers
that (micro)phase separation occurs at accessible temper-
atures, even with relatively low-molecular-weight species. The
use of polymers with low glass transition temperatures (Tg)
further facilitates crosslinking, as the inter-chain coumarin
dimerization reaction cannot reach high conversion without
chain mobility; low coumarin reactivity has been observed
when the photocrosslinking reaction is conducted below the
bulk Tg.

50 To determine the effect on the glass transition
imparted by coumarin-bearing structural units, we synthesized
three PHC statistical copolymers with coumarin methacrylate
monomer mole fractions (xCoumMA) spanning xCoumMA = 0.09−
0.28 and measured the respective Tgs with differential scanning
calorimetry (Figure S1). From Flory−Fox analysis, an
extrapolated value of Tg = 166 °C for the PCoumMA
homopolymer was found (Figure S2). While reaction kinetics
considerations anticipate that the photocrosslinking rate can be
increased by increasing the amount of CoumMA, at a certain
point this trend might be counteracted by the excessive
glassiness of the polymer matrix. Vitrification in the vicinity of
the order−disorder temperature will also suppress phase
transitions, so we elected to target a moderate coumarin
incorporation (xCoumMA = 0.30) for subsequent blend materials,
which exhibits a Tg of 44 °C compared to the known Tg of the
poly(hexyl methacrylate) homopolymer of −5 °C.51
All polymers were synthesized by atom-transfer radical

polymerization,52,53 which enabled precise control over
polymer compositions and molecular weights (Table 1). The
absolute molecular weights of the ternary blend components

Figure 1. Schematic depiction of the BμE morphology and corresponding polymers that comprise each phase and interface in this
photocrosslinkable system.
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affect the order−disorder transition temperatures (TODT) on
the diblock polymer-rich side and the critical temperatures on
the homopolymer-rich side and therefore were kept relatively
low in our system in order to promote rapid ordering kinetics
and achieve accessible order−disorder transitions (ODTs).
Additionally, the molecular weight ratio of the homopolymer
components to the diblock polymer (α) substantially
influences the phase behavior of ternary blends54 and is
represented by the following expression:

N

N
H,av

DB
=

(1)

where NH,av is the average volumetric degree of polymerization
of the homopolymers and NDB is the volumetric degree of
polymerization of the diblock polymer; N = Mn/(NAρv) where
Mn is the number average degree of polymerization, NA is the
Avogadro constant, ρ is the polymer density, and v is the
reference volume (0.100 nm3). As the mean-field Lifshitz point
occurs only when α < 1,54 we targeted α = 0.28 in this system,
consistent with several previous studies.19,21,24

Phase Behavior of Ternary Blends. The full phase
behavior of homopolymer/homopolymer/diblock polymer
ternary blends is captured by a 4-parameter phase prism,
where the relative compositions of the two homopolymers and
the diblock polymer compose a ternary phase diagram and
temperature is the vertical axis. To reduce this system to a
manageable parameter space, theory and experiment typically
focus on blend compositions with equivolumetric amounts of
A and B structural units (i.e., ϕA = ϕB = 0.50). The 4-
parameter phase prism then simplifies to a 2-parameter
volumetrically symmetric isopleth, where the vertical axis is
temperature and the horizontal axis is the combined A/B
homopolymer volume fraction (ϕH) defined as

1H A B AB= + = (2)

The diblock polymer-rich side of the ternary blend phase
diagram features a line of ODTs that marks the lamellae
(LAM)−disorder phase boundary, while the homopolymer-
rich side is defined by a Scott line of critical points that marks
the multiphase−single-phase boundary. Where these two lines
meet, self-consistent field theory predicts the existence of an
isotropic Lifshitz point at which LAM, macroscopic multi-
phase, and one-phase disordered states coexist.56 Theory
further predicts that as lamellae are increasingly swollen with a
homopolymer, the microphase-separated ordered state pro-
ceeds through a three-phase coexistence window of disordered
A-rich, B-rich, and LAM phases which transitions to two
macroscopic phases as ϕH → 1.57 (The original mean-field

theory predicted a lamellar unbinding transition that directly
yielded two-phases as ϕH was increased).58 Yet, the Lifshitz
point is not actually observed in finite molecular weight
polymer systems due to the intervention of composition
fluctuations that breaks the second-order (critical) character of
the LAM-DIS transition.27,59 Instead, a BμE channel appears in
place of the Lifshitz point, coincident with the bending
modulus of the lamellar layers approaching kT, where k is
Boltzmann’s constant. Recent refinements of the theory
associated with symmetric A/B/AB ternary blends lead to
the conclusion that the BμE state does not extend to
segregation strengths greater than that associated with the
end of the line of LAM-DIS transitions with increasing ϕH; i.e.,
there is no BμE channel at lower temperatures.35,36

To explore this phase space in this crosslinkable system,
PM/PHC/PM-PHC ternary polymer blends were prepared
spanning a range of ϕH. Blends with compositions ϕH = 0.76−
0.90 all exhibit some turbidity (Figure 2), although the marked

increase in opacity of the ϕH = 0.88 and 0.90 blends implies
the onset of macrophase separation. This change in appearance
coincides with the location of the SCFT-predicted Lifshitz
point at ϕH, LP = (1 + 2α2)−1 = 0.8754 that demarcates the
boundary between micro- and macrophase separated regimes.
The hazy blue color of blends with compositions ϕH ≤ 0.86 is
attributed to light scattering by BμE domains (see below), as
has been seen in oil/water/surfactant BμEs.60
Small-angle X-ray scattering (SAXS) was used to character-

ize both the morphology and approximate order−disorder
transition temperatures (TODT) of uncrosslinked ternary
blends as a function of ϕH (Figures 3 and S3). At 25 °C,
LAM appears from ϕH = 0−0.76 as indicated by a strong peak
at relatively high q values (while additional higher-order
reflections are not evident, the presence of LAM is inferred
from the volumetric symmetry of the blends). The morphology
transitions to a BμE from ϕH = 0.78−0.90, as evident by the
presence of a single broad maximum at low q. This peak weakly
persists in the opaque blends (ϕH = 0.88−0.90), suggesting 3-
phase coexistence between macrophase-separated PM-rich and
PHC-rich domains and a BμE. At 85 and 115 °C, LAM/BμE
coexistence appears from ϕH = 0.78−0.80 as indicated by the
presence of a high-q shoulder on the BμE peak (e.g., the peak
at q = 0.0118 Å−1 for ϕH = 0.80 in Figure 3), a feature that has
also been observed in neutral24 and partially charged21 ternary
blends.
The domain spacing (d) was extracted from the principal

scattering peak (q*) using the relation

d
q
2= * (3)

Table 1. Molecular Characterization

polymer Mn,SEC (g mol−1)a Nb Đa xCoumMA
c f PHC

d

PM 4200 64 1.02
PHC 6800 100 1.07 0.31
PM-PHC 19,400 290 1.13 0.29 0.43

aAbsolute molecular weight determined by size-exclusion chromatog-
raphy with multi-angle light scattering. bVolumetric degree of
polymerization calculated using a reference volume of 0.100 nm3,
literature densities for PM (ρ = 1.09 g/mL) and poly(hexyl
methacrylate) (ρ = 1.01 g/mL), and estimated density of poly-
(coumarin methacrylate) density (ρ = 1.23 g/mL) from Van
Krevelen’s group contribution method.55 cDetermined by NMR
spectroscopy. dVolume fraction of the crosslinkable PHC block.

Figure 2. Blends prepared in the vicinity of the bicontinuous
microemulsion channel.
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and plotted as a function of ϕH in Figure 4. Two regimes are
clearly visible: in the highly swollen region (ϕH = 0.76−0.90),

d sharply increases as the composition approaches the Lifshitz
point, which is a characteristic feature of BμE-forming ternary
blends;31,61 the maximum d achieved is over six times greater
than the neat diblock polymer. In the pure-to-moderately
swollen LAM region (ϕH = 0−0.60), the domain spacing scales
with ϕH according to the power law relation d/d0 = (1 −
ϕH)−b, where the exponent b represents the ability of the
homopolymer to swell the interfacial diblock polymer chains.

Two limiting behaviors are dry-brush swelling (b = 1),56 in
which the lamellar copolymer brushes expel the homopolymer
into the inter-lamellar space, and wet-brush swelling (b = 1/
3),62 where homopolymers infiltrate and swell the individual
diblock chains. In this system, b = 0.52 was measured, which
indicates partial wetting of the interfacial copolymer brush. We
note that the molecular weight ratio of the PHC polymer to
the PHC block in PM-PHC (0.79) is higher than that of the
PM polymer to the PM block in PM-PHC (0.37), so the PHC
domains likely undergo dry-brush swelling whereas the PM
domains favor wet-brush swelling.

Direct Morphological Imaging via Microscopy.
Typically, polymeric bicontinuous microemulsions have been
characterized by fitting the scattering peak from small-angle X-
ray or neutron scattering to the form factor described by
Teubner and Strey63 and then extracting metrics that quantify
the domain spacing, inter-domain correlation length, and
microemulsion structure.64 To obtain meaningful data, this
method requires the presence of a well-resolved microemulsion
peak and careful background subtraction. Even so, details
about both the local and global structure cannot be obtained
by scattering pattern analysis alone. Given that crosslinking
stabilizes microphase-separated polymer morphologies against
thermal, mechanical, and chemical disruption, we reasoned
that our cured blends would be well-suited for imaging in order
to accurately assess the bulk microstructure.
Polymer blends spanning a compositional range of ϕH =

0.60−0.88 were photocured for 10 h at 70 °C with a 365 nm
light source and an intensity of 100 mW/cm2 in order to
crosslink the PHC domains. We then performed atomic force
microscopy (AFM) on sections of cured blends exhibiting

Figure 3. Volumetrically symmetric isopleth determined by SAXS and microscopy for PM, PHC, and PM-PHC blends where ϕH refers to the
combined volume fraction of PM and PHC (left); SAXS patterns obtained at 75 °C (ϕH = 0.60) and 85 °C (ϕH = 0.80−0.88) for blends exhibiting
LAM, LAM/BμE, BμE, and multiphase morphologies (right). Markers refer to phases observed in SAXS. LAM = lamellar; DIS = disordered; BμE
= bicontinuous microemulsion. The label 2/3 phase refers to two (homopolymer rich) or three (BμE and homopolymer rich) phases.

Figure 4. Evolution of domain spacing (d) at 25 °C as a function of
combined homopolymer volume fraction (ϕH). The inset depicts
domain spacing normalized to that of pure PM-PHC (d/d0) with a fit
to the equation d/d0 = (1 − ϕH)−b, where the dashed lines represent
the dry-brush limit (b = 1) and wet-brush limit (b = 1/3) of
homopolymer swelling behavior.

Figure 5. Atomic force microscopy phase images of the surfaces of blends cured at 70 °C exhibiting swollen LAM (ϕH = 0.76), coexisting LAM/
BμE (ϕH = 0.80), and pure BμE (ϕH = 0.86). Scale bars = 2 μm (full-view) and 500 nm (inset).
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LAM (ϕH = 0.76), coexisting LAM/BμE (ϕH = 0.80), and BμE
(ϕH = 0.86) morphologies according to SAXS. The substantial
modulus difference between crosslinked PHC and uncros-
slinked PM domains, provided good contrast in phase imaging
and facilitated unambiguous structural characterization. The
obtained AFM images strongly corroborate the SAXS data,
with the expected morphology clearly present in each blend
(Figure 5). As the homopolymer content increases from ϕH =
0.76 to ϕH = 0.80, highly swollen and fluctuating lamellae give
way to coexistence where distinct micron-sized grains of well-
ordered lamellae are embedded within a matrix of disordered
BμE. It is also apparent that, at grain boundaries, lamellar
layers smoothly transition to BμE with few defects. Notably,
while BμE/LAM coexistence has been repeatedly found in A/
B/AB ternary blends,21,24,30,61 this work presents the first
detailed image of the morphology in this system where both
phases are unambiguously present, allowing elucidation of
structural details that are not apparent in SAXS alone.
While the AFM images provide compelling evidence of co-

continuity, AFM is inherently limited as a characterization tool
by the difficulty of sample preparation, instrumental operation,
and obtaining low-magnification images to assess the global
morphology. Scanning electron microscopy (SEM) is a
complementary imaging technique, as it can provide high-
resolution images at nanometer-to-micron length scales with
simpler sample preparation than AFM or transmission electron
microscopy. However, the need to sputter-coat most polymeric
samples means that phase contrast is lost in solid, non-porous
materials. To address this problem, we leveraged the fact that
the photocrosslinking chemistry is phase-selective, forming
crosslinks within only a single domain, leaving an uncros-
slinked homopolymer-rich phase that can be removed by
solvent extraction. After extraction and drying, a nanoporous
monolith remains in which the crosslinked domains are
transcribed as topographical features, which are readily imaged
by SEM.37

Fragments of cured blends were immersed in methanol to
extract uncrosslinked PM domains, followed by solvent
replacement with water and lyophilization to produce porous
monoliths. SEM images of the monolith derived from the
blend containing the 86% homopolymer unambiguously depict
a structure consistent with the BμE (Figure 6). Highly
fluctuating lamella-like sheets that interconnect into a
continuous network structure are clearly present, comple-
mented by a similarly continuous network of pores. Nearly
perfect correspondence between this image and an AFM image

obtained from the cured blend (Figure 5) indicates that
solvent exposure did not disrupt the crosslinked morphology.
Furthermore, low-magnification images (Figure S4) show a
remarkably uniform network structure with few large-scale
defects. No evidence of macrophase separation is observed in
this sample, contradicting recent theory35,36 that concluded
that the BμE is unstable to phase separation into a 3-phase
mixture. While the BμE could be sufficiently metastable to
resist these annealing conditions (100 °C for 24 h)�a
possibility alluded to by Matsen and colleagues�crosslinking
obviates this concern for practical applications by covalently
fixing the bicontinuous network structure.
Due to the ease of SEM sample preparation and operation,

we next prepared and imaged porous monoliths from blends
spanning the full compositional range across the BμE window
(Figure 7). Remarkably, every phase observed in SAXS is

apparent in this image library allowing for unprecedented
insight into the morphological evolution of these materials as
the composition is changed. Pure lamellae are evident up to ϕH
= 0.76, at which point they are highly swollen and irregular,
followed by BμE/LAM coexistence from ϕH = 0.78−0.80.
Notably, the lamellar domains do not exhibit the same porosity
as the BμE, likely due to collapse of adjacent lamellar sheets
when the complementary PM-rich domains are removed. The
large voids that are apparent in the ϕH = 0.60 and ϕH = 0.80
blends are likely due to exfoliation of lamellar layers during

Figure 6. SEM image of the porous monolith prepared from a BμE
(ϕH = 0.86). Scale bar = 1 μm.

Figure 7. SEM images of voided crosslinked monoliths from blends
cured at 70 °C, depicting morphological evolution from swollen LAM
(ϕH = 0.60−0.76) to BμE/LAM coexistence (ϕH = 0.78−0.80) to
pure BμE (ϕH = 0.82−0.86) to 3-phase coexistence (ϕH = 0.88).
Border colors correspond to the phase diagram regions depicted in
Figure 1. Scale bars = 1 μm.
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SEM sample preparation, as such features are not present in
AFM images of cured blends (Figure 5). As the homopolymer
content continues to approach the mean-field theory Lifshitz
point, a pure BμE appears at ϕH = 0.82 and persists through
ϕH = 0.86. At 0.88, 3-phase coexistence between macrophase-
separated PM-rich, PHC-rich, and BμE regions appears, as
evidenced by the presence of both large domains of the solid
crosslinked polymer (Figure 7) and large voids (Figure S5).
Blend Photorheometry. In order to analyze how the

blend microstructure can affect resultant physical properties,
blends from ϕH = 0.60−0.88 were cured by irradiation with
365 nm light with an intensity of 100 mW/cm2 at 70 °C while
performing oscillatory shear rheometry to determine the effect
of curing on mechanical properties. Similar to previous studies
on LAM-forming diblock polymers,49 the shear moduli
strongly increased for all microphase-separated blends 5 min
after the UV light was turned on (Figure S6). The catastrophic
effect of macrophase separation on physical properties is
evident by comparing the cure behavior of the ϕH = 0.86
(BμE) and ϕH = 0.88 (multiphase) blends (Figure 8).

Substantial stiffening occurred for the former due to the
formation of a three-dimensionally percolating crosslinked
network within the co-continuous BμE morphology. In the
latter, however, the crosslinkable domains are largely localized
within isolated PHC-rich droplets, which prevents the
formation of an elastically effective network. This result
highlights the importance of covalently crosslinking sensitive
morphologies like the BμE if practical applications are
intended�a compositional change of only 2% can cause
complete annihilation of the desired material properties.
Ionic Conductivity. Solid polymer electrolytes have

attracted substantial research interest due to their wide
electrochemical stability window65 and greater mechanical
stabilization of electrode−electrolyte interfaces66 compared to
traditional liquid electrolytes, among other properties.
Ordinarily, a tradeoff exists between good mechanical stability
(which requires molecular rigidity) and high ion conductivity
(which requires molecular mobility). Bicontinuous micro-
phase-separated polymer materials have been found to bypass
this inherent limitation due to the ability to separately engineer
mechanically stiff and highly conductive domains.4

To demonstrate similar utility of crosslinked BμEs, we
infiltrated the voids of a BμE-derived nanoporous monolith
(blend ϕH = 0.84) with the ionic liquid 1-ethyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide
([C2MIM][TFSI]). The strong polarity difference between
the nonpolar crosslinked PHC domains and the ionic liquid
implies that the conductive phase should be fully segregated
from the supporting crosslinked network. Using AC impedance
spectroscopy, a conductivity value of σ = 2.0 mS/cm was
measured for the ionic liquid-filled material by taking the bulk
resistance to be equal to the high-frequency plateau impedance
(Z′ = 87 Ω at the tan δ peak frequency) (Figure 9). Using a

literature conductivity for pure [C2MIM][TFSI] = 8.2 mS/
cm,67 a “tortuosity factor” (τ) that describes the additional
path length through which a charge must travel in a
nonuniform, nonlinear electrolyte can be found:

fIL IL

SPE
=

(4)

where σIL is the conductivity of the pure ionic liquid, ϕIL is the
volume fraction of the ionic liquid in the porous network, σSPE
is the conductivity of the polymer electrolyte, and f is the
morphology factor describing the three-dimensional connec-
tivity in the idealized representation of the microstructure ( f =
1 in co-continuous networks).68,69 Assuming that only
uncrosslinked PMEA homopolymer is extracted, the ionic
liquid occupies a volume fraction of ϕIL = 0.42 and the
resultant τ is calculated to be 1.8, indicating the presence of a
highly uniform bicontinuous morphology. In terms of
tortuosity, this BμE-based system slightly outperforms an
ideal double gyroid network (τ ≈ 2)68�often considered a
highly desirable morphology for microphase-separated solid
polymer electrolytes.70 These initial results indicate that
crosslinked BμEs, in which one phase is insulating and
mechanically robust while the other is an electrolyte, hold
substantial promise as next-generation conductive materials.
Here, we note that cooling the voided BμE material below the
glass transition will result in a substantial increase in modulus
by at least an order of magnitude (Tew and coworkers
recorded a modulus of ca. 90 MPa for bicontinuous
polystyrene/poly(ethylene oxide) crosslinked blends at 30
°C).4 Accordingly, macroscopic parts can be formed in the
rubbery state and then cooled below Tg, where the shape will
be (reversibly) fixed.

■ CONCLUSIONS
Through phase-selective photocrosslinking, we have presented
the most definitive characterization to date of BμE-forming

Figure 8. Photorheometry of polymer blends where ϕH = 0.86 with
the microstructure assigned as BμE (blue trace) and where ϕH = 0.88
with the microstructure assigned as macrophase separation coexisting
with BμE (orange trace). Temperature = 70 °C, strain = 0.5%, shear
rate = 1.0 rad/s, and light intensity = 100 mW/cm2.

Figure 9. Bode plot of real (blue markers) and imaginary (orange
markers) impedance as a function of AC frequency for the
[C2MIM][TFSI]-infiltrated monolith derived from the ϕH = 0.84
blend, with the inset depicting the loss tangent tan δ = Z″/Z′.
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polymer blends and established a basis for their further
adaptation in advanced applications. The combination of
SAXS, SEM, and AFM revealed that the BμE occupies a
compositional range spanning nearly 10 vol % homopolymer�
a remarkably wide and accessible window of phase space. The
microstructural morphology profoundly directs emergent
physical properties, as the substantial stiffening that occurs
upon curing bicontinuous blends is entirely lost at the onset of
macrophase separation. Finally, crosslinked BμEs were found
to be promising materials for solid polymer electrolytes, with
high conductivity values measured when the uncrosslinked
continuous domain was filled with an ionic liquid.
One great advantage of BμEs compared to other co-

continuous network phases is the simplicity of their
preparation. Numerous different polymer chemistries, compo-
sitions, and molecular weights have been found to produce
BμEs in A/B/AB ternary blends. Furthermore, as a
thermodynamically stable state of soft matter, no specialized
processes are needed to trap the co-continuous structure and
prevent macroscopic coalescence. While further development
is needed to facilitate the practical usage of polymeric BμEs,
particularly with respect to achieving faster cure kinetics and
photocrosslinking with commercially relevant polymers, we
anticipate that this high degree of modularity will enable the
design of co-continuous materials that can address a variety of
contemporary challenges in material science.
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