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ABSTRACT: Alternating gyroid is a lower symmetry variant of the
double gyroid morphology, where the left-handed and right-handed chiral
networks are physically distinct. This structure is of particular interest for
photonic applications owing to predictions of a complete photonic band
gap subject to the requirement of a large dielectric contrast between the
individual networks and sufficient optical matching between one of the

A~ N

networks and the matrix. We provide evidence, via self-consistent field

theory (SCFT), that stoichiometric blends of double-gyroid-forming AB and BC diblock copolymers with relatively immiscible A
and C blocks should form an alternating gyroid morphology with complementary three-dimensional A and C networks that have a
free energy that is nearly degenerate with two phase-separated double gyroid states. Solvent casting offers the potential for trapping
this binary mixture of diblock copolymers in this metastable alternating gyroid phase. Theory further predicts that the addition of a
minuscule amount (<1%) of ABC triblock terpolymer will open an alternating gyroid stability window in the resulting ternary-phase
diagram. The surfactant-like stabilization produced by the triblock is relatively insensitive to its exact composition provided the B-
block forms a sufficiently long bridge between the A-rich and C-rich networks. This blending strategy provides significant synthetic
and material processing advantages compared to prevailing methods to produce an alternating gyroid phase in block polymers.

lock polymer self-assembly offers unparalleled opportu-

nities for bottom-up design of nanostructured materials
containing 3D continuous and triply periodic nanodomains,
targeting applications in myriad areas including catalysis,
photonics, membrane technology, and lithography.' ~® Various
network phases have been documented experimentally and
theoretically, characterized by 3-fold (double and alternating
gyroid, and the single net O”°), 4-fold (double diamond), or 6-
fold (plumber’s nightmare) connecting units (see Figure
1).”7** Among these network morphologies the alternating
gyroid structure is especially appealing, in part because G*
offers the possibility to fabricate materials with a complete
photonic band gap.”>~*” According to the computational work
by Lequieu et al,”® based on a combination of SCFT and
photonic band structure calculations, a complete photonic
band gap for G* requires a large refractive index contrast
between the individual networks and sufficient optical
matching between one of the networks and the matrix. They
investigated the design of ABC bottlebrush block polymers,
which result in complete photonic bandgap structures, and
demonstrated a strategy for achieving complete photonic band
gaps with asymmetric networks.

While strategically designed ABC triblocks will form
GA,'1H19718 this approach carries several liabilities. First, the
G" phase has been identified only in a very limited portion of
an expansive molecular parameter space (three Flory—Huggins
X parameters, two independent composition variables, and the
overall molecular weight).'”'"'*'”" Second, access to this
morphology is restricted to a small set of synthetically tractable
polymer blocks'”'"'*'® Moreover, establishing the precise
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conditions for G* formation would require extensive synthesis
and characterization of numerous ABC polymers. Various
anticipated applications of G*, such as photonic crys-
tals,>> 727?30 also will require removing one of the two
networks and backfilling with a metal to create single-gyroid-
structured nanomaterials,>* > for example, by extraction using
a selective solvent,”* which is not possible with single-
component ABC triblocks, although one block could be
removed by chemical etching,***°

In this study we investigate the feasibility of preparing G*
materials through diblock blending (Figure 2). Virtually all AB
diblock copolymers will self-assemble into the G morphology
within two narrow composition windows located between the
lamellar (LAM) and hexagonally packed cylindrical (HEX)
domain portions of the phase portrait defined by yN and f,,
where N is the overall degree of polymerization and f, is the
volume fraction of block A. SCFT and numerous experiments
show that in the strong segregation limit (yN > 30) these G
windows are about 0.02—0.03 wide in f,.*’~>” While this may
appear to be prohibitively narrow, in practice two diblocks with
compositions close to the G channel, one HEX and one LAM,
can be blended to obtain the G morphology.” Intuitively,
blending two different G-forming diblocks, AB and BC, where
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Figure 1. Various network phases observed or predicted in block polymers: (a) double gyroid (G), (b) alternating gyroid (G*), (c) double
diamond (D), (d) alternating diamond (D*), (e) Fddd (0”°), and (f) plumber’s nightmare phases.
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Figure 2. Schematics illustrating the strategy of blending AB and BC
diblock copolymers that form a double gyroid (G) in the neat melt
state to produce an alternating gyroid (G*) structure consisting of two

separate interwoven A and C networks, transforming the Ia3d
symmetry to 14,32.

XaB ~ Xsc < Xac holds the potential for generating the G*
morphology, as illustrated in Figure 2, provided that G* can be
stabilized against macrophase separation into AB-rich and BC-

rich double gyroid phases. This approach has significant
advantages over the use of ABC triblocks."”'"'*"® Many
different combinations of blocks can be anticipated, relaxing
most of the constraints associated with the triblock, and the
block chemistries can be designed to enable removal of one of
the networks using a selective solvent to provide the requisite
dielectric contrast for photonic applications.

While the phase behaviors of binary blends of AB and BC
diblock copolymers have been investigated in other con-
texts,”*' ™ surprisingly, the stability of the G* phase has not
been explored yet. To this end, we employed both canonical
and grand canonical ensemble SCFT, which provide excellent
frameworks for understanding the phase behavior of multi-
component polymeric systems,””>” to examine the phase
behavior of both incompressible binary blends of AB and BC
diblock copolymers and ternary mixtures that included a minor
amount of ABC triblock copolymer. Our results indicate that
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Figure 3. Free energy per diblock chain in binary blends of G-forming AB/BC diblocks (fy = fc = 0.357, ¥asN = yscN = 20, and y,cN = 35) as a
function of AB diblock volume fraction ¢,y for various alternating phases (C4, D%, G*, L%, C&, and C%,) and AB- and BC-rich phases (C¢, D, G,
and L). The C£, and CJ, phases are hexagonally packed alternating cylinder phases with A and B majority cylinders, respectively. The dashed gray

tie-line connects the minimums of the AB- and BC-rich G free energy curves. The segment distributions in one example of the AB-rich lamellar
phases are provided in Figure S7.
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the free energies of a blended G* phase and macroscopically
separated G phases are nearly degenerate. Moreover, a
minuscule amount of ABC triblock (<1%), when added to
the blend, acts like a surfactant, stabilizing the combination of
complementary left- and right-handed chiral A and C networks
in G* as the equilibrium state.

The state space for the ternary AB/BC/ABC mixture is very
large and anticipated to exhibit a rich phase behavior, including
a region of alternating gyroid. For the purposes of this initial
communication, we restrict our attention to AB and BC
diblocks with minority block degrees of polymerization N, =
N¢ and a common value of Ny such that N = N, + Ny = N +
N is the total degree of polymerization of the diblocks and f,
= fc = 0.357 is the volume fraction of their respective minority
blocks. We further selected the Flory—Huggins interaction
parameters y,gN = ypcIN = 20 and yacN = 3S. Under these
conditions, the pure AB and BC diblocks form the G
morphology.”” The third component, an ABC triblock
polymer, has a degree of polymerization N’ = 1.3428 N with
equal-sized end blocks, N = N = 0.4284 N, and a center
block with Ny = 0.486 N. In the pure melt state, our SCFT
calculations (Figure S9) predict that this ABC triblock forms
alternating lamellae (L*) although, as shown below, the precise
composition of the triblock is not critical. All polymers were
modeled as flexible Gaussian chains with equal statistical
segment length, b, and segment volume, v. Free energies of
various candidate phases were calculated from the self-
consistent mean-field solutions found by numerically solving
the modified diffusion equation in SCFT and updating the
fields for self-consistency;’® details regarding the SCFT
simulation methods are provided in section S1 of the
Supporting Information (SI). For the mixed systems, we
considered the following alternating microdomain morpholo-
gies: alternating gyroid (G"), alternating diamond (D*),
alternating lamellae (L*), square-packed alternating cylinders
(C%), and hexagonal packed alternating cylinders (Cg). For the
AB or BC diblock-rich phases, we included the well-known
hexagonal cylinder (Cg4), double diamond (D), double gyroid
(G), and lamellar (L) phases. All the candidate structures
appear in section S2 of the SL

Figure 3 provides the free energy in the AB/BC binary blend
system as a function of the volume fraction of AB diblock
polymers, ¢,p, for the different candidate phases. The free
energy curves are symmetric in ¢, around ¢,z = 0.5 due to
the structural equivalence of the AB and BC diblocks. Both
micro- and macrophase separation can occur in these two-
component mixtures, in contrast to the behavior of single-
component block polymers, which cannot simultaneously form
multiple coexisting microphase separated states.””~**"** B
design, the minority A and C blocks are thermodynamically
incompatible, which enforces microphase separation into
discrete domains, separated by a matrix of common B blocks,
in the various alternating phases associated with the binary
mixtures.

The results in Figure 3 show that mixing the two G-forming
diblocks leads to a minimum free energy for the G* phase at
@ap = 0.5 and that this structure clearly outcompetes all the
other alternating phases we have considered. However, the
compositionally symmetric (g5 = 0.5) G* blend has a slightly
higher free energy than the G phases composed of nearly pure
AB and BC diblock copolymers, indicating that macrophase
separation of the two components represents the equilibrium
state. We speculate that the nearly degenerate free energy of
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the G* phase, relative to the nearly pure AB and BC G phases
with the surprisingly small free energy difference (~10>nk;T),
may result in the formation of G* when a homogeneous
solution of the two diblocks is rapidly solvent cast, analogous
to the formation of metastable martensite when a mixture of
carbon and iron in the form of FCC austenite is rapidly cooled
to low temperature. Diffusion limitations will likely inhibit
nucleation and growth of macroscopic G domains, whereas the
transition to G* requires no long-range transport of polymer.
Moreover, we provide additional free energy calculations
corresponding to the G-forming diblocks at lower y,5 = yac
values in Figure S13. The free energy difference between the
blended G* phase and the macroscopically separated G phases
decreases with increasing segregation strength (yN), indicating
that solvent casting will be increasingly viable with higher
molecular weight polymers. The same free energy plot in
Figure 3 with additional candidate phases (core—shell phases
and O”) is provided in Figure S8, and the results show that
the results inferred from Figure 3 are robust to the inclusion of
more candidate phases.

To stabilize the G* phase against macrophase separation, we
added small amounts of the ABC triblock polymer with the
hypothesis that this additive would act like a surfactant by
bridging the A and C domains in the alternating phases. This
strategy resembles stabilization of cocontinuous morphologies
in homopolymer blends with ABC triblock terpolymers.*’
Figure 4 shows the effect of the ABC triblock volume fraction

0.5

Figure 4. Free energy per chain of size N as a function of ABC
triblock composition ¢pc in the ternary blends with the same
amount of the AB and BC diblocks ()5 = ¢hpc = (1 — Papc)/2). The
diblock parameters and interaction strengths are the same as for
Figure 3, and the ABC triblock polymer is symmetric (N} = N¢ =
0.4284N and N = 0.486N), where N is the degree of polymerization
of the AB or BC diblock. In the neat melt, this ABC triblock forms the
L* phase.

¢apc on the free energy of the alternating phases in blends
containing the same amount of AB and BC diblocks (¢,5 =
¢zc); a plot showing the full range 0 < ¢hpc < 1 is provided in
Figure S9. Small amounts of the ABC triblock reduce the free
energy of all the alternating phases, reaching a minimum at
¢apc = 0.04; beyond this point, all the free energies increase.
For the G* phase, a considerable reduction in free energy
(~0.02nkgT) is achieved, suggesting that the ternary mixture
will stabilize G* as the equilibrium phase versus the phase
separated G states with nearly pure AB and BC diblocks. In
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Figure 5. Portions of the triangular phase diagram of the AB/BC/ABC ternary blend corresponding to Figure 3 and Figure 4 for (a) the bottom
portion of the ternary-phase diagram, (b) the G* phase window, (c) the stability window of the C%, phase with A majority cylinders, and (d) the
AB-rich G phase window. The two gray triangles denote the three-phase coexistence windows for the G*/C%,/BC-rich G phases and the G*/C5,/

AB-rich G phases.

order to assess the effect of ABC triblocks on stabilization of
the G* phases in competition with the other possible phases,
we plot the free energy surfaces for the G*, Cf,, and AB-rich G
phases in Figure S11. These calculations demonstrate that
significant decreases in free energy are obtained for both the
G* and C2, phases with the addition of a small amount of the
ABC triblock, as inferred from the curvature of the free energy
surfaces upon moving from the ¢, edge toward the ¢ pc = 1
vertex, which stabilizes these alternating phases. The detailed
free energy analysis is provided in the SI section S3.1.

Figure S shows the diblock copolymer rich portion of the
ternary-phase diagram and the respective stability windows
constructed using the grand canonical SCFT solutions; a
detailed explanation of the grand canonical SCFT calculations
and how the stability and coexistence windows were
constructed are provided in SI section S1. Interestingly, the
G* stability window is almost coincident with the ¢h,pc = 0
edge of the ternary-phase triangle, which means that the
minimum amount of ABC triblocks required to open the G*
window is astonishingly small (¢h,pc = 1.32 X 107°). Here we
note that if the diblock blend composition is slightly off the
ideal G* condition (i.e., in the two-phase region separating G*
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and G phases), a small amount of double gyroid impurity will
be generated in equilibrium with a majority of the G* phase.
We have probed the consequences of varying the block
composition in the ABC triblock on the effectiveness of this
compatibilizing agent. The results, shown in Figure SIS,
demonstrate that the minimum amount of triblock required to
form the G* is nearly insensitive to modest variations in the B
block and the end block lengths. Therefore, we can safely say
that, for a range of ABC compositions, less than 1% of the
triblock should suppress macrophase separation and result in a
stable G* phase when added to a symmetric mixture of AB and
BC diblocks (¢s5 = ¢hsc), and the detailed architecture of the
ABC triblock is relatively not important in the limit of low
¢apc acting as a type of surfactant. We also find that the
minimum ¢,pc required to open the G* window becomes
smaller as the segregation strength of the double gyroid-
forming diblocks increases by comparing Figure Sb to the
equivalent results for lower segregation strength in Figure S14.
This behavior makes the block copolymer blending strategy
appealing for creating large length-scale G* nanostructures,
which is desirable for fabricating photonic band gap, and other,
materials.
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In the extreme limit of a reduced B-block length, i.e, AC
diblock polymers, it is intuitive that such additives will not be
effective in stabilizing the G* phase due to unfavorable
contacts with the matrix B blocks and a hi§h stretching penalty
to bridge the A and C network domains.”"®” In this limit the
ternary blend macroscopically separates into three diblock-rich
ordered phases, as shown in Figure S16. Therefore, the middle
blocks of ABC triblock polymers should not be too short; as
long as the middle block is long enough to bridge the two
network domains, macrophase separation is suppressed at low
ABC concentrations, independent of the detailed block length
ratios since the bridging is insensitive to the minority block
length. We expect that the topology of the ternary-phase
diagram at high concentrations of the ABC triblock polymers
will be sensitive to the architecture of the ABC triblock
polymers. For example, an G*-forming ABC triblock polymer
would likely result in an G* window that spans the entire
ternary-phase diagram, which will be investigated in a follow-
up study. The bottom portion of the ternary-phase diagram is
remarkably insensitive to the block composition of the ABC
triblock, as shown in Figures S15 and S17, making the blending
strategy highly versatile.

While our primary focus in this communication is stabilizing
the G* phase, it has not escaped our attention that there are
numerous possible alternating cylinder phases with different
arrangements of A and C cylinders, which could make stable
states, at different blend compositions, similar to solid
solutions in metal alloys, at low values of ¢,pc. For notational
clarity, let us denote such a solid solution of hexagonally
packed cylinders by Cgs, wherein the majority of the cylinders
are AB-rich but the AB-rich and BC-rich cylinders are
randomly distributed on the hexagonal lattice. Our calculations
for the two different Cgs phases (Figure S6) reveal that they
are not as competitive as the C, phase (Figure S12) at least for
low concentrations of the triblock. In this communication, we
focus on the low ¢upc regime of the phase diagram where the
G* phase is stabilized by the “surfactant-like” action of the
ABC triblock. At a moderate to high concentration of triblock,
there is the possibility of forming other ordered phases not
considered here. Probing the full triangular phase diagram
would involve examining all potential phase stability windows.
In this context, it would be interesting to investigate the
stability of known candidate phases considered in previous
publications,”>** such as different binary cylinder phases with
unequal coordination numbers and sphere—network hybrid
morphologies, which could be the subject of future work.

While the cylinder-forming region of the phase diagram is
potentially complicated by solid solution-like behavior, the G*
region is simpler. In contrast to the alternating cylinder and
alternating sphere phases, which consist of discrete one and
zero dimensional domains, respectively, alternating network
phases cannot form a solid solution due to the 3D continuous
network domain geometry. As a consequence, the G* stability
window is situated at a specific stoichiometric ratio of blend
compositions in the ternary-phase diagram, similar to line
compounds or phase fields in metal alloy systems.”® Thus, the
ABC triblock polymers act as a type of surfactant, which breaks
the symmetry of the G phases in forming the G* structure.

The AB/BC/ABC ternary system we examined here is one
route toward realizing photonic materials in block polymers,
but it is not the only possible method suggested by SCFT.
Recently, Li and co-workers”® used SCFT to study a BABAB
pentablock copolymer and demonstrated that, through suitable
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design of the B-block lengths, this system should form a single
gyroid network. Indeed, the stability region for single gyroid in
BABAB only arises when the middle B block is long enough to
provide the bridge, analogous to our requirement for ABC, and
the terminal B blocks are able to fill the space to relax chain-
stretching penalties. Naturally, a single gyroid is an ideal case of
G* with perfect optical matching between the matrix and the
network and could exhibit a complete photonic band gap if
sufficient dielectric contrast can be achieved; this likely
requires blending with inorganic compounds or extraction of
the matrix or a domain and deposition of metal. Another
strategy for enhancing optical contrast for the photonic
bandgap design is selectively incorporating metal nanoparticles
or plasmonic additives in one of the networks to provide
sufficient refractive index contrast. Removal of AB or BC based
network domains could be accomplished by solvent extraction,
a process that is not feasible with single component (e.g.,
BABAB or pure ABC) materials. Moreover, the synthesis of
the pentablock is more involved®”®® than the simpler approach
of solvent casting diblock blends suggested by our work. Even
if this processing strategy fails, the results of Figure S indicate
that G* can be stabilized by the ABC “surfactant” and that the
synthetic precision required for the triblock is not restrictive.
There are numerous combinations of polymers that could
satisfy the thermodynamic condition y,c > yap & Jpc invoked
in this work, for example, poly(isoprene)-b-poly(styrene)—
poly(ethylene oxide) (PI-PS—PEO). Selective extraction of
one of the diblocks from the G* morphology could be realized
using a solvent that dissolves the A but not the C block.
Another strategy is to incorporate a crystallizable A or C block,
such as PEO, which also would resist dissolution even with a
good solvent.

In summary, we propose that an equilibrium G* phase can
be realized by blending AB and BC diblock polymers with a
small amount of ABC triblock polymer, which serves as a
symmetry-breaking surfactant. SCFT results reveal that the
triblock terpolymer eliminates the tendency for the two diblock
copolymers to macrophase separate into nearly pure G phases
thus stabilizing the G* stability window at stoichiometric
mixtures of the diblocks. To the best of our knowledge, this is
the first study to investigate the feasibility of creating G*
materials through blending diblocks instead of synthesizing
G”-forming triblocks or pentablock copolymers. Our work
demonstrates that the block copolymer blending strategy,
which does not require restrictive triblocks design, can provide
an effective and practical route to creating advanced optical
materials with complete photonic band gap network
nanostructures.
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