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Abstract 

The observation of complex, Frank-Kasper (FK) particle packings in diblock polymer melts has until 

recently been limited to low molecular weight, conformationally asymmetric polymers. We report 

temperature-dependent small-angle X-ray scattering (SAXS) studies of blends of a sphere-forming 

poly(styrene-block-1,4-butadiene) (SB) diblock polymer (Mn = 33.3 kg/mol, Ð = Mw/Mn = 1.08, fB = 0.18) 

with two different poly(1,4-butadiene) (B) homopolymer additives. When the B additive Mn is the same 

as that of the diblock core-forming B segment, these blends remarkably form tetrahedrally close-packed 

FK σ and Laves C14 and C15 phases with increasing B content. However, binary blends in which the B 

additive Mn is 60% of that of the diblock B segment form only the canonical body-centered cubic (BCC) 

particle packing and hexagonally-packed cylinders (HEXc). The observed phase behavior is rationalized 

in terms of “wet” and “dry” brush blending, whereby higher B Mn drives stronger localization of 

homopolymer in the particle cores while preserving the interfacial area per SB diblock chain. The 

consequent packing constraints in these blends destabilize the BCC packing, and FK phases emerge as 

optimal minimal surface solutions to filling space at constant density while maximizing local particle 

sphericity. 
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Frank-Kasper (FK) phases, a class of tetrahedrally close-packed intermetallic crystals identified in the 

1950s, have become increasingly common in micellar soft materials over the past 20 years. These low 

symmetry, periodic crystals are characterized by large unit cells containing ≥ 7 particles of at least two 

distinct types with coordination numbers CN = 12, 14, 15, or 16.1,2 Studies of sphere-forming thermotropic 

liquid crystalline dendrons3–5 and giant shape amphiphiles,6–8 Type I (“normal”) aqueous lyotropic liquid 

crystals (LLCs),9,10 and low molecular weight (M) diblock polymer melts11,12 have revealed a common 

phase progression from a body-centered cubic (BCC) packing to FK σ and A15 phases with increasing 

micelle core composition. These soft FK phases are characterized by spontaneous formation of two or 

more symmetry-equivalent particle classes of discrete sizes that vary by up to ±10% around a mean value, 

and which occupy sites of different CN in the lattice. These structures ostensibly represent optimal 

minimal surface solutions to filling space at constant density when the micelle core/corona interfacial area 

becomes substantial.13–17 A significant outlier to this trend is the nearly exclusive formation of C15 phases 

with Fd3�m symmetry in Type II (“inverse”) aqueous LLCs,18–20 comprising nanoscale pools of water in 

a hydrocarbon matrix, albeit with some exceptions.21–23 Note that the cubic C15 and related 3D-hexagonal 

C14 (P63/mmc symmetry) phases represent a sub-class of FK structures known as Laves phases, which 

exhibit only CN = 12 and 16 sites.  

Experiments have only recently established that both C14 and C15 Laves phases form in diblock 

polymers and in oil-swollen aqueous Type I LLCs. Kim et al. found that specific thermal processing 

protocols enable access to metastable C15 and C14 phases in low-M diblock polymer melts.24 Shortly 

thereafter, Baez-Cotto and Mahanthappa reported that n-decane localization in the micelle cores of Type 

I aqueous LLCs of a hydrated decanoate (C10) surfactant apparently drives equilibrium C15 and C14 

Laves phase formation.25 In the latter case, particle size speciation occurs by surfactant and oil 

redistribution to access the requisite discrete particle size distribution, exhibiting ±20% variation around 

the mean volume. Here, we extrapolate these findings to analogous homopolymer/diblock blends. Note 

that the σ phase (with CN = 12, 14, and 15 sites) has, until recently,26 only been observed in 

conformationally asymmetric, low-M diblocks,27 and FK phases are entirely absent in single-component 



 4 

high-M poly(styrene)-block-poly(1,4-butadiene) (SB) materials.28 Herein we demonstrate that judiciously 

designed blends of a sphere-forming (SB) diblock copolymer with poly(1,4-butadiene) homopolymer (B) 

enable access to self-assembled FK σ and Laves C14 and C15 phases. These findings provide initial 

insights into scale-invariant principles that underlie symmetry selection amongst these nearly 

energetically-degenerate micellar FK phases.24 

Although the effects of homopolymer addition on the morphologies of diblock melts have been 

reported,29–38 notably adding homopolymer to the corona blocks in spherical structures,39,40 detailed 

studies of the phases arising from swelling sphere-forming diblock cores with homopolymer have not 

appeared to the best of our knowledge.  Theory suggests that, if homopolymer added to minority diblock 

segment domains is excluded from the diblock interdomain interface, higher mean interfacial curvature 

structures (i.e., particle-based phases) will be favored, running counter to the trend towards lower mean 

interfacial curvature structures encountered by increasingly symmetric neat diblocks.41,42 The extent of 

this exclusion is regulated by a mixing-entropy-based drive for homogenous homopolymer solubilization, 

which vanishes for sufficient homopolymer degree of polymerization (Nhomo).43 This regime is referred to 

as the dry-brush limit, and has been experimentally shown to occur in AB/B systems when the ratio of 

NB,homo to the corresponding diblock-segment NB,diblock approaches unity (α = NB,homo /NB,diblock  ≈ 1).44–46 

This situation is directly analogous to that of the oil localization in the aforementioned Type I LLCs with 

matched oil and surfactant carbon numbers.25,47  

To test whether high-M SB/B blends with α ≈ 1 recapitulate the phase behavior of oil-swollen Type I 

aqueous LLCs, we used living anionic polymerization to synthesize a narrow dispersity diblock SB-18 

with Mn = 33.3 kg/mol, Đ = Mw/Mn = 1.08, and B block volume fraction fB = 0.18, and a narrow dispersity 

poly(1,4-butadiene) homopolymer additive B-6 with Mn = 5.7 kg/mol (Đ = 1.08) for blend morphology 

studies (see Supporting Information for synthesis and molecular characterization details in Table S1 and 

Figures S1–S2). Temperature-dependent synchrotron small-angle X-ray scattering (SAXS) analyses 

establish that SB-18 orders into a BCC phase with a lattice parameter a = 25 nm (see Figure S3) at 120 

°C and that it is disordered at T ≥ 150 °C. Polymer blends were prepared by co-dissolving SB-18, B-6, 
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and 0.2 wt% BHT (an antioxidant that does not affect phase behavior at this concentration)26 in benzene, 

followed by freeze-drying. To minimize thermal oxidative degradation, samples were hermetically sealed 

into aluminum DSC pans under argon for synchrotron SAXS analyses (see Supporting Information for 

details). Blends were thermally annealed at 200 °C for < 30 min, above the order-disorder transition of 

many of the blends, prior to subsequent extended annealing at a specific T ≤ 200 °C for 24–60 h to 

facilitate ordered melt microphase separation. We emphasize that no degradation was observed under 

these conditions as evidenced by color changes or increases in Ð, consistent with past studies of SB.26 

Binary SB18/B-6 blends are parameterized by the diblock volume fraction in the blend (φSB), from which 

the net B volume fraction in the blend (fB(tot)) was calculated.  

 

SAXS powder patterns presented in Figure 1A reveal that SB-18/B-6 blends (α = 1.08) microphase 

separate into four different ordered morphologies with decreasing φSB (increasing B-6 additive content). 

The blend with φSB = 0.98 adopts a slightly swollen BCC structure with lattice parameter a = 27 nm at 

Figure 1. (A) Representative synchrotron SAXS intensity (I(q)) versus scattering 
wavevector (q) profiles for various, thermally annealed SB-18/B-6 blends with α = 1.08 
as a function of φSB, at the indicated temperatures. (B) Experimental phase portrait for 
SB-18/B-6 blends, in which the hatched region corresponds to macrophase separated 
blends.
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120 °C, as compared to a = 25 nm for neat SB-18 at the same temperature. Contrary to the sphere-to-

cylinder transition at fB ≈ 0.20 expected for the neat diblock,28 the blend with φSB = 0.97 and  fB(tot) = 0.20 

exhibits the distinctive scattering signature of a tetragonal FK σ phase with P42/mnm symmetry and lattice 

parameter a = 88.2 nm with c/a = 0.531 (see Figure S4 and Table S2 for pattern indexing). The spotty and 

somewhat anisotropic 2D-SAXS pattern (see Figure S5A) for this blend suggests a high degree of long-

range translational order; this results in an azimuthally-integrated 1D-SAXS intensity profile with less 

sharp peaks than reported previously based on powder patterns with isotropic diffraction rings. Decreasing 

the SB-18 content in the blend to φSB = 0.93 with fB(tot) = 0.23 furnishes a complex scattering pattern 

consistent with a C14 Laves phase with P63/mmc symmetry and a = 50.9 nm and c = 82.2 nm (see Figure 

S6 and Tables S3–S4 for indexing) with a nearly ideal c/a = 1.615. The anisotropic nature of the 2D-

SAXS patterns for this sample, including the appearance of Bragg rods (streaks in Figure S5B), suggests 

the presence of stacking faults in the structure.48 Hexagonal C14 (AABBAABB… stacking) and cubic 

C15 (AABBCCAA… stacking) Laves phases are crystallographically related by stacking defects, such 

that the (002) Miller plane of the C14 structure is epitaxially related to the (111) plane of the C15 phase.49 

Thus, the prominent intensity of the second peak corresponding to the C14 (002) reflection is consistent 

with the stacking fault hypothesis as well as possible C15 phase coexistence (see Figure S6). Finally, 

blends with φSB = 0.87–0.89 ( fB(tot) = 0.26-0.28) form well-ordered C15 Laves phases with a ≈ 84 nm as 

evidenced by the indexed SAXS pattern presented in Figure 2A, which exhibits the first 15 expected 

reflections for the Fd3�m symmetry (see Figure S5C and S5D for 2D-SAXS patterns, and Table S5 for 

peak positions and residuals). Per a previously established methodology,10,12,50 we extracted the structure 

factor intensities from this SAXS powder pattern in Figure 2A by Le Bail refinement51 and used the 

SUPERFLIP charge flipping algorithm52 to reconstruct the electron density maps (90% isosurface) shown 

in Figures 2B and 2C (see Supporting Information for details). The topologies of these electron density 

maps resemble those of previously reported C15 phases, and they provide a qualitative sense of the 
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distinctly aspherical geometries and bimodal size distributions required of particles that spontaneously 

form in this ordered morphology.  

 

Decreasing to φSB < 0.87 results in no change in the C15 unit cell parameter (Figure S7) and these 

samples exhibit a hazy appearance, observations consistent with B-6 macrophase separation from the 

homopolymer-swollen C15 Laves structure. Instead of exhibiting a sphere-to-cylinder transition with 

increasing fB(tot), SB/B blends with α = 1.08 form spherical particle morphologies even at fB(tot) = 0.28. The 

phase behavior of these SB-18/B-6 blends are summarized in the phase portrait given in Figure 1B.  

 

Figure 2. (A) Synchrotron SAXS pattern for the α = 1.08 SB-18/B-6 blend at φSB = 0.85, 
acquired after annealing the sample for 24 h at 200 °C. Indexing lines and matching Miller 
indices correspond to a cubic C15 Laves phase (Fd3�m symmetry) with unit cell parameter a 
= 84 nm. (B) Electron density reconstruction (90 % isosurface) generated from the 1D-SAXS 
profile using a charge flipping algorithm (see text for details). Two symmetry-equivalent 
particles are evident, occupying the 8a (gold) and 16d (red) Wyckoff positions. (C) Electron 
density map looking down the [100] direction. 
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Blend microphase separation into FK phases when α = 1.08 is accompanied by a substantial thermal 

activation barrier for phase nucleation and growth, evidenced by the prevalence of a disorganized, liquid-

like packing (LLP) of particles when T ≤ 180 °C (Figure 1B). This LLP state differs from a disordered 

melt (DIS), as the LLP is characterized by a strong principal SAXS peak and subtle scattering features 

consistent with short-range interparticle correlations in a segregated melt (Figure S9). This thermal 

activation barrier, which may be overcome by extended high temperature annealing, stems partially from 

the barriers for homopolymer and diblock chain exchange between micelles to form the requisite discrete 

distributions of 5, 3, or 2 distinct sphere sizes required for σ, C14, or C15 phase formation, respectively.24 

The rates of diblock chain exchange are extremely temperature sensitive due to their scaling as exp(–

χNSB), where the effective segmental interaction parameter χ ~ T–1.53,54 Homopolymer mass redistribution 

amongst the segregated micelle cores is also likely slow, as these chains incur substantial energetic 

penalties associated with expulsion from the micelle cores and transit through the chemically dissimilar 

corona domains. 

In order to assess the role of B homopolymer additive Mn on blend phase behavior, we prepared blends 

with α = 0.60 from SB-18 and a narrow dispersity B-3 homopolymer with Mn = 3.2 kg/mol (Ð = 1.09). 

1D-SAXS intensity profiles associated with these binary blends are given in Figure 3A, along with a 

summary of the observed phase behavior in Figure 3B. With decreasing φSB, we observe only the 

canonical BCC and HEXc morphologies. When φSB = 0.94, the obtained swollen BCC phase exhibits a 

lattice parameter a = 28 nm (Figure 3A). The weaker primary reflection and lack of higher order Bragg 

peaks in this pattern suggest limited long-range order. This observation is consistent with the expected 

melt compatibilization by the addition of low-M homopolymer that drives the system towards disorder,43 

an inference further supported by the absence of any ordered structures when φSB = 0.94–0.98. When 0.90 

≥ φSB ≥ 0.73, SAXS analyses reveal the 2D-hexagonal order of a HEXc morphology (Figure 3A). 

Variations in the intensities of certain higher order reflections may be explained in terms of volume 

fraction-dependent form factor extinctions (see Figure S10). Moreover, the principal HEXc scattering 
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peak (q*) systematically shifts to lower q-values with increasing B-3 loading, signifying swelling of the 

cylindrical microstructure with added homopolymer, in sharp contrast to the finite miscibility of the B-6 

additive in the C15 phase of the α = 1.08 blends.  

 

The homopolymer-driven evolution of particle size shown in Figure 4 further underscores differences 

between the “dry brush” (α = 1.08) and “wet brush” (α = 0.60) blends. Average particle radii were 

calculated from the average volume per spherical particle, using the SAXS-derived unit cell volumes. The 

α = 0.60 blend in Figure 4B is characterized by a monotonic increase in particle size with increasing B 

homopolymer (decreasing φSB) until φSB = 0.73, with an expected discontinuity at the transition from 

spheres to HEXc accompanying the sharp decrease in mean interfacial curvature. Extraordinarily, simply 

increasing homopolymer molecular weight by 2.5 kDa as in the α = 1.08 blend completely erases any 

sphere-to-cylinder order-order transition in the blends. A monotonic increase in particle size is instead 

observed down to φSB ≈ 0.87, after which particle size saturates (Figure 4A) and macrophase separation 

occurs (Figure 1B).  

Figure 3. Phase behavior of the α = 0.6 SB-18/B-3 blend: (A) Representative synchrotron 
SAXS powder patterns of blend with various φSB that were annealed for 24-60 h at the 
indicated temperatures, and (B) a portrait of the experimentally observed phase behavior. 
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The divergent phase behaviors of the α = 1.08 and α = 0.60 blends apparently stem from differences in 

how B homopolymer localizes within microphase separated particles, as depicted in Figure 5. Blends of 

α = 0.60 most likely conform to a “wet brush” model, wherein homopolymer swells the initially spherical 

diblock domains (Figure 5A,B) uniformly, driving an increase in interfacial area per diblock and 

consequently a decrease of mean interfacial curvature exemplified by the formation of HEXc (Figure 

5C).44–46 Conversely, blends of α ≈ 1 likely conform to a “dry brush” model, wherein homopolymer 

exclusion from the S/B interface drives strong B additive localization in the areas of intense packing 

frustration at the particle centers.44–46 The interfacial area per diblock chain in these blends is preserved, 

which instead drives formation of high mean curvature, spherical particle phases (Figure 5D) until the 

onset of homopolymer macrophase separation as in the α = 1.08 blend.  

Irrespective of mesoscale segmental arrangements, diblock polymer melts are subject to the constraint 

of filling space at constant monomer density imposed by maximizing van der Waals cohesion between 

 
Figure 4. Evolution of average particle radius with φSB in SB/B blends with (A) α = 1.08 
indicating monotonically increasing sphere size until the onset of B additive macrophase 
separation (hatched region), and (B) α = 0.60, in which the discontinuity corresponds to 
the BCC to HEXc transition. 
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individual chains. Therefore, any arrangement of discrete micelles must partition space at uniform density, 

requiring particles to deform from their optimal spherical shape into polyhedral Wigner-Seitz (WS) cells, 

which reflect the lattice site coordination environments within the microphase separated structure (Figures 

5A and 5B). Dry brush homopolymer swelling of the truncated octahedra which partition space in a BCC 

lattice ultimately leads to an amplified imprinting of the coronal WS cell boundary onto the S/B interface, 

as the diblock chains that decorate the homopolymer core relax. This polyhedral warping of the interface 

leads to an increased penalty due to interfacial tension, thus triggering a transition to a lattice with greater 

average spherical particle character (Figure 5D). Indeed, current explanations of FK phase formation in 

neat diblock melts ascribe the preferential formation of the σ phase to its high average particle sphericity, 

as that structure simultaneously minimizes chain stretching and interfacial area relative to BCC.15,17 In 

contrast, the remarkable 20% volume variation about the mean between constituent particles24 means that 

the Laves phases exhibit considerably greater packing frustration than FK σ and A15 phases, wherein the 

volume differences between particles are less than 10 %. However, the diblock foam model recently 

 

Figure 5. (A) Illustration of a BCC unit cell formed by the neat SB-18 diblock melt with the Wigner-
Seitz (WS) cell shown at one position. (B) (110)-slice of the WS cell in part A. (C) Slice of 
cylindrical micelle comprising HEXc after B-3 homopolymer addition (α = 0.60). Dark red areas 
represent presumed B localization. Note the delocalization of homopolymer within the core and the 
spreading out of black diblock junction points, reflecting the homopolymer-induced increase of 
diblock interfacial area per chain, leading to a flattening of the interface. (D) (110)-slice of the 2 
different WS cells comprising C15 after saturation with B-6 homopolymer in the α = 1.08 blends. 
Note homopolymer localizing far from the interface, preserving diblock interfacial area per chain. 
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developed by Reddy et al. indicates that the Laves C14 and C15 phases represent minimal surface 

solutions to tiling 3D space at constant density, albeit with a low degree of packing frustration.17 

Accordingly, we posit that minority block homopolymer addition serves to allow volume relaxation-based 

pathways to the minimal surface C14 and C15 structures by relieving the core packing-frustration that 

otherwise restricts their formation. Related blends of SB-13 (Mn = 31.0 kg/mol, Ð = 1.08, fB = 0.125) with 

B-3 and with B-2 (Mn = 2.1, Ð = 1.1) that exhibit α = 0.95 and 0.65, respectively, demonstrate the same 

α-dependent C15 or HEXc formation (Figures S11 and S12) in further support of these ideas. In fact, 

Uddin et al. may have inadvertently established these concepts in low-M systems in the early 2000s 

through their observation of a C15 phase in ultra-low molecular weight poly(oxyethylene)-

poly(dimethylsiloxane).55,56 Although they physically rationalize their unexpected observation as deriving 

from a neat melt, their diblock oligomers were only 93 wt% pure with 7 wt% core homopolymer impurity–

a low molecular weight diblock/core homopolymer blend that forms the same complex phases reported 

here. Self-consistent field theory applied to miktoarm star copolymers that form σ or A15 phases shows 

that addition of homopolymer to the paticle cores can result in the C14 and C15 Laves phases.57 Taken 

together with data from oil-laden Type I LLCs and Type II LLCs, these findings indicate that Laves phases 

are a general feature in micellar materials with relatively soft cores.  

In summary, we have studied the morphologies of blends of a high-M, BCC-forming SB-18 diblock 

polymer with B homopolymers of two different molecular weights such that α = 1.08 and α = 0.60, 

respectively. While the α = 0.60 blends form only BCC and HEXc morphologies, the α = 1.08 blend 

exhibits remarkably divergent phase behaviors at the same overall fB(tot) including adoption of well-

ordered FK σ and Laves C14 and C15 particle packings. These findings establish a simple strategy for 

producing complex micellar packings at long length scales based on high-M diblocks, by direct analogy 

to phenomena observed in low-M surfactant LLCs. We anticipate that these findings will provide a 

foundation for constructing far-reaching geometric design principles for scale-invariant, mesoscopic soft 

matter self-assembly. 
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