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ABSTRACT: In recent decades, the discoveries of complex low-symmetry phases in soft matter 

have inspired advances in molecular and materials design. However, understanding the 

mechanisms underlying symmetry selection across soft matter remains an important challenge in 

materials science. Block polymers represent attractive model materials because they permit wide 

synthetic tunability and provide access to multiple length scales (1–100 nm). However, to date the 

block polymer design space has been largely limited to variations in molecular weight, block 

volume fraction, and conformational asymmetry. The molecular architecture – the way in which 

chains are connected – offers rich potential but remains relatively unexplored in experimental 

block polymers. Our work bridges this gap, connecting molecular architecture, space-filling 

demands, and symmetry selection in block polymer self-assembly. Three series of block polymers 

were synthesized by living polymerization, tuning the architectural asymmetry across the linear-

b-linear and linear-b-bottlebrush limits. The bottlebrush architecture amplifies two key ingredients 
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for the formation of Frank-Kasper phases: high conformational asymmetry and high self-

concentration. Analysis by small-angle X-ray scattering provides insight into the impact of 

architectural asymmetry on block polymer self-assembly. Increasing the asymmetry between 

blocks opens the complex phase window, expanding opportunities to tune symmetry selection in 

block polymer melts. 
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Self-assembly reflects a multiscale competition between enthalpic and entropic factors, 

producing periodic nanostructures with rich potential to tune the geometries and length scales. 

Across all self-assembling soft materials, the shape of the building blocks and penalties associated 

with elastic deformation play important roles in determining the equilibrium structure.1-3 

Introducing molecular asymmetry can produce a thermodynamic drive to form spherical domains, 

which resemble soft mesoscopic particles. The formation of these particles occurs in concert with 

their ordering on a periodic lattice, such that molecular structure, particle size and shape, and lattice 

symmetry are all intimately connected. In recent decades, the discovery of low-symmetry sphere 

packings in soft matter has inspired advances across molecular and materials design. The Frank-

Kasper lattices, first identified in metal alloys,4,5 comprise large unit cells with nominally spherical 

particles of different sizes and shapes in 12-, 14-, 15-, or 16-coordinate environments. Frank-

Kasper phases have been identified in a wide variety of soft materials, including dendrons and 

dendrimers,6-9 surfactants,10-14 giant shape amphiphiles,15-17 and block polymers.18-27  Despite this 

profusion of observed low-symmetry phases, understanding the mechanisms underlying symmetry 

selection across soft matter represents an outstanding challenge in materials science.  
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Block polymers serve as attractive model materials to address the role of molecular 

structure in symmetry selection. These compounds afford remarkable synthetic tunability and 

provide access to multiple self-assembled length scales (1–100 nm). In addition, because block 

polymers are large, their physics are well-described by coarse-grained statistical theories.28-30 To 

date however, in the context of Frank-Kasper phase formation, the block polymer design space has 

been largely limited to three parameters: block volume fraction, molecular weight,31 and 

conformational asymmetry.23,32 In contrast, other soft systems have experienced wider synthetic 

manipulations. Structural parameters such as the dendrimer shape,33,34 surfactant tail length,35 and 

vertex substitution in giant shape amphiphiles16,36 have all been shown to influence symmetry 

selection. These reports across the soft matter community motivate the need to expand the block 

polymer design space.  

Inspired by dendrimers, surfactants, and giant shape amphiphiles, the way in which block 

polymer chains are connected – that is, the molecular architecture – emerges as a promising 

parameter in block polymer design. Recent theory and simulations indicate that the block polymer 

architecture offers rich potential37,38 toward the formation of Frank-Kasper phases, but these 

predictions remain unexplored in experimental systems. In this report, we bridge these gaps by 

explore the impact of block polymer architecture on the formation of complex low-symmetry 

phases. Opening the controlled polymerization toolbox permits chains to be connected in many 

different ways, expanding opportunities for molecular and interfacial shaping.  

In order to systematically address the role of architecture, we employed a modular platform 

for block polymer design based on ring-opening metathesis polymerization (ROMP) (Fig. 1A). 

Functional polynorbornenes permit precise control over the block chemistry, backbone length 

(Nbb), and block volume fraction (fA). The substituents (R1 and R2) can be either discrete or 
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polymeric, providing access to architectures spanning the linear, comb, and bottlebrush regimes 

(Fig. 1B).39,40  

 

Figure 1. (A) Polynorbornenes provide a modular platform for block polymer design. (B) The 
polymer architecture can be controlled by varying the sizes of the pendant R groups, providing 
access to linear, comb, and bottlebrush polymers.  
 

The choice of different substituents in the core and coronal blocks (R1 and R2, respectively) 

can produce enormous architectural asymmetry. Figure 1B illustrates the linear-b-linear and 

linear-b-bottlebrush limits. The bottlebrush architecture offers potential to amplify two key 

ingredients for the formation of Frank-Kasper phases: (1) high conformational asymmetry23,32 and 

(2) high self-concentration.31 Together, these parameters describe how block polymers fill space 

and ultimately induce symmetry selection.41 The conformational asymmetry captures the 

mismatch between the volumes pervaded by each block through the parameter ε = (bA / bB)2 ≥ 1, 

where b = Rg(6/N)1/2 is the volume-normalized statistical segment length and Rg is the unperturbed 

radius of gyration. Self-consistent field theory (SCFT) shows that Frank-Kasper phase formation 

occurs at fA < ½ when ε > 1, i.e. when the block with larger statistical segment length accounts for 

the minority composition. The self-concentration refers to the ratio of the occupied to pervaded 

volume, φs = Voccupied / Vpervaded ∼ 𝑁𝑁�−0.5, where 𝑁𝑁� = Nb6/v2 is the invariant degree of polymerization 
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and v is the monomer volume. High ε lowers the entropic penalty to stretch A blocks relative to B 

blocks, while high φs (equivalently, low 𝑁𝑁�) increases the geometric frustration associated with 

packing particles.  

 

Figure 2. Schematic illustration of the impact of architectural asymmetry on particle packing in 
diblock polymer melts. (A) The block polymers form nominally spherical micelles, which deform 
in order to fill space at uniform density. (B) The soft repulsion between micelles is mediated by 
the particle coronas. As the distance between micelles decreases, the effective intermicellar 
potential increases.  

 

Figure 2 provides a schematic illustration of the impact of architectural asymmetry on 

particle packing in diblock polymer melts. In this scheme (Fig. 2A), the minority blocks (red) 

comprise the cores of nominally spherical micelles, and the majority blocks (blue) the coronas. If 

these micelles were equally sized hard spheres (like billiard balls), close-packed lattices would 

maximize the configurational entropy and therefore be the universal equilibrium arrangements.2 

However, block polymer micelles are not simple hard spheres: instead, they are soft particles 

whose packing depends on both the excluded-volume interactions between hard cores and the 

entropic repulsion mediated by soft coronas. Decreasing the distance between micelles constrains 
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the conformations of chains in the corona, thereby decreasing the configurational entropy.2 As a 

result, as the distance between micelles decreases, the effective intermicellar potential increases 

(Fig. 2B). In this work, we manipulate the block polymer architecture in order to tune the way in 

which the coronal chains fill space. Introducing a bottlebrush majority block increases self-

concentration (as illustrated by the shaded area in Fig. 2B) and ultimately softens the entropic 

repulsion between particles. The combination of high self-concentration and high conformational 

asymmetry leads to strong coupling between the shape of the core/corona interface and the shape 

of the polyhedral Voronoi cell, driving the formation of Frank-Kasper phases.41  

 Complex low-symmetry phases emerge as compromises between the local preference to 

form spherical domains and the global drive to fill space at uniform density.20,41 This competition 

– and the resulting equilibrium geometry – are crucially shaped by the polymer architecture. In 

this work, we will address the impact of molecular architecture on symmetry selection in diblock 

polymer melts. Figure 3 displays three series of polynorbornene diblock polymers synthesized by 

living ring-opening metathesis polymerization (ROMP). Detailed discussion of the monomer and 

block polymer syntheses can be found in the Supporting Information (Schemes S1–S3, Figs. S1–

12). All diblock polymers feature the same core block, poly(norbornene exo,exo-dimethylester) 

(PN2M, R1 = methyl).  The architectural asymmetry was tuned through the steric bulk of the 

coronal block, which comprises either (A) poly(norbornene exo,exo-di-n-butylester) (PN2B, R2 = 

n-butyl); (B) poly(norbornene exo-n-decylimide) (PN1D, R2 = n-decyl); or (C) poly(norbornene 

exo,exo-di-n-decylester) (PN2D, R2 = n-decyl). The side group size increases from Series A to 

Series B (n-butyl to n-decyl), and the number of chains per monomer increases from Series B to 

Series C (1 to 2).  While PN2M is a linear polymer, recent work suggests that PN2D is a bottlebrush 

polymer in the asymptotic limit of short side chains but high grafting density.44,45 As a result, 
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PN2M-b-PN2D represents an architecturally asymmetric linear-b-bottlebrush block polymer. 

Comparisons of Series A, B, and C can therefore be translated into the language of graft and 

bottlebrush polymers: the side chain length increases from A to B, and the grafting density 

increases from B to C.  

In this work, all diblocks will be specified by the name of the second block (PN2B, PN1D, 

or PN2D) followed by (fPN2M, Nbb), where fPN2M is the volume fraction of the PN2M block and Nbb 

= x + y is the total degree of polymerization of the polynorbornene backbone. The molecular 

characterization data for all block polymers can be found in Tables S1 (PN2M-b-PN2B), S2 

(PN2M-b-PN1D), and S3 (PN2M-b-PN2D). Size-exclusion chromatography (SEC) data indicates 

that all block polymers are monodisperse (Ð < 1.1). Differential scanning calorimetry (DSC) 

identifies a glass transition temperature for the PN2M block of Tg,PN2M = 32 °C. The glass transition 

temperature decreases as the alkyl side chain length increases, e.g., Tg, PN2D = −53 °C (Figure S13). 

 

Figure 3. Three series of polynorbornene-based block polymers, each with a poly(norbornene 
exo,exo-dimethylester) (PN2M, R1 = methyl) minority block (red). The steric bulk of the majority 
block (blue) is varied: (A) 2R2 = n-butyl (PN2B), (B) 1R2 = n-decyl (PN1D), (C) 2R2 = n-decyl 
(PN2D).  
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RESULTS AND DISCUSSION 

Synchrotron-source small-angle X-ray scattering (SAXS) measurements were performed 

at the Advanced Photon Source at Argonne National Laboratory. The diblock polymers were 

freeze-dried and hermetically sealed in aluminum pans under argon. For each diblock, one pan 

was not subject to any thermal treatment; a second pan was annealed at 140 °C for 24 hours, then 

quenched in liquid nitrogen. At the beamline, SAXS data for both sets of samples (pre-annealed 

and unannealed) were collected on heating from 25 to 200 °C at 10 °C/min. The phase maps in 

Figure 4 display the phases observed for pre-annealed (A–B) PN2M-b-PN2B and (C–D) PN2M-

b-PN1D block polymers. Each symbol represents a unique diblock with precise composition 

(fPN2M) and backbone length (Nbb). At 25 °C, only the canonical morphologies expected for 

asymmetric diblock polymers – body-centered cubic spheres (BCC) and hexagonally packed 

cylinders (HEXC) – are observed. Upon heating to 190 °C, these samples either retain the low-

temperature BCC or HEXC morphologies or disorder. Assigned morphologies for PN2M-b-PN2B 

and PN2M-b-PN1D are summarized in Tables S4–S5; 1D-averaged SAXS data on heating from 

25 to 200 °C are provided in Figures S14–S15. 
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Figure 4. Phase maps for (A–B) PN2M-b-PN2B and (C–D) PN2M-b-PN1D determined by 
synchrotron-source small-angle X-ray scattering (SAXS) at 25 °C and 190 °C. Each symbol 
represents a unique diblock with precise composition (fPN2M) and backbone length (Nbb). 
 
 

 

Figure 5. Phase maps for unannealed PN2M-b-PN2D block polymers determined by synchrotron-
source small-angle X-ray scattering (SAXS) at (A) 25 °C, (B) 160 ° C, and (C) 190 °C. Each 
symbol represents a unique diblock with precise composition (fPN2M) and backbone length (Nbb). 
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In contrast to the canonical phase behavior observed for PN2M-b-PN2B and PN2M-b-

PN1D (Fig. 4), the phase maps for the bulkier PN2M-b-PN2D block polymers reveal remarkable 

complexity. Unannealed PN2M-b-PN2D diblocks were heated at 10 °C/min to each target 

temperature (25, 60, 80, 100, 140, 150, 160, 170, 180, 190, 200 °C) and annealed for 15 minutes 

at each temperature prior to collecting data. Figure 5 presents the phases observed at (A) 25 °C, 

(B) 160 °C, and (C) 190 °C. The rich phase behavior that emerges illustrates the potential of 

architectural asymmetry to open the complex phase window. At 25 °C (Fig. 5A), all diblocks adopt 

disordered liquid-like packings (LLP) that offer analogies to supercooled liquids and soft 

glasses.46,47 Upon heating to 160 °C (Fig. 5B), high-molecular-weight diblocks (Nbb > 60, Mn > 20 

kDa) remain jammed in the LLP state. In contrast, low-Nbb diblocks evolve into different 

morphologies: as the core volume fraction (fPN2M) increases, samples form (1) body-centered cubic 

(BCC) spheres, (2) dodecagonal quasicrystals (DDQC), or (3) hexagonally packed cylinders 

(HEXC). Dodecagonal quasicrystals feature local twelve-fold symmetry and quasi-periodic order 

in two dimensions. Whereas BCC, HEXC, and other phases are periodic in three-dimensional 

space, dodecagonal quasicrystals can only be considered periodic in higher-dimensional space.48,49  

Both LLP and DDQC suggest local clustering in kinetically arrested, non-equilibrium states, which 

may seed the growth of complex phases at higher temperatures.22,24 The connection between LLP 

and DDQC invokes long-standing mysteries surrounding the origin of symmetry selection in soft 

materials. 

Upon heating to 190 °C (Fig. 5C), high-Nbb samples remain in LLP states even at long 

times (>12 hr). However, the low-Nbb DDQC-forming samples evolve into well-ordered Frank-

Kasper σ (0.22 ≤ fPN2M ≤ 0.25) or A15 (fPN2M = 0.26) phases. Figure 6 displays the 1D-averaged 

SAXS patterns for three unannealed PN2M-b-PN2D diblock polymers on heating from 25 to 200 
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°C. All three diblocks adopt LLP at 25 °C, but different morphologies evolve upon heating 

depending on the volume fraction and molecular weight. As fPN2M increases, (A) BCC spheres, (B) 

the Frank-Kasper σ phase, or (C) the Frank-Kasper A15 phase were observed. For all PN2M-b-

PN2D diblocks, the assigned morphologies and 1D-averaged SAXS data on heating from 25 to 

200 °C are provided in the Supporting Information. Data for samples that were pre-annealed in the 

same way as PN2M-b-PN2B and PN2M-b-PN1D are provided in Table S6 and Figure S16; data 

for samples that were not pre-annealed (as summarized in Figure 5) are provided in Table S7 and 

Figure S17. Indexed patterns for the Frank-Kasper σ and A15 phases are provided in Figures S18 

and S19, respectively.  

 

Figure 6. 1D-averaraged SAXS patterns for three unannealed PN2M-b-PN2D(fPN2M , Nbb) block 
polymers on heating. All three block polymers adopt liquid-like packings (LLP) at 25 °C. Different 
morphologies emerge on heating: as the volume fraction (fPN2M) increases, (A) body-centered cubic 
(BCC) spheres, (B) the Frank-Kasper σ phase, or the (C) Frank-Kasper A15 phase are observed.  

 

 The Frank-Kasper σ phase (P42/mnm) has been experimentally identified in melts of 

several types of diblock polymers, including poly(1,4-isoprene)-b-poly(D,L-lactide) (PI-b-

A. PN2D(0.17,78)
A. LLP → BCC

B. PN2D(0.22,52)
B. LLP → DDQC → σ → DIS

C. PN2D(0.26,46)
C. LLP → DDQC → A15 → DIS
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PLA),18,20-24 poly(ethylethylene)-b-poly(D,L-lactide) (PEE-b-PLA),23 and poly(dimethylsiloxane)-

b-poly(2,2,2-trifluoroethyl acrylate) (PDMS-b-PTFEA).25 In comparison, the Frank-Kasper A15 

phase (Pm3�n) remains rare in diblock polymer melts. Although it has been observed in a variety 

of other self-assembled soft materials – including discrete surfactants,35 molecular tetrahedra,15 

dendrimers,6,9,50 hydrated oligomers,12,51,52 and bidisperse diblock polymer blends53 – the A15 

phase has been experimentally identified in only one diblock polymer melt to date: poly(dodecyl 

acrylate)-b-poly(D,L-lactide) (PDDA-b-PLA).19 In these diblocks, the 12-carbon dodecyl side 

chains amplify conformational asymmetry [ε = (bPLA/bPDDA)2 = 3.4] and widen the complex phase 

window. Comparisons of PDDA-b-PLA to the polynorbornene diblock polymers introduced in 

this work are provided in the Discussion section.  

In order to provide insight into the formation of A15 in diblock melts, the phase behavior 

of A15-forming PN2M-b-PN2D(0.26,46) was further explored. The evolution of A15 on slow 

heating is shown in Figures 6C and S17. From the low-temperature LLP state, quasicrystals 

emerge at 150 °C and persist up to 170 °C. A15 begins to emerge at 170 °C, becomes pure at 180 

°C, and disorders at 200 °C.  The direct DDQC → A15 transition is relatively uncommon among 

self-assembling soft materials; in previous reports, HEXC → A1550,51,54 or σ → A1516,52 transitions 

are more commonly observed. In order to probe the DDQC → A15 transition, a second unannealed 

sample of PN2M-b-PN2D(0.26,46) was heated from 25 to 170 °C at 10 °C/min, then from 170  to 

213 °C at approximately 1.5 °C/min (Figure 7). The sample adopts LLP at 25 °C and retained 

LLP through heating to 170 °C (A, 162 °C; B, 170 °C). At 170 °C, DDQC emerges (B) and persists 

for 10 minutes (C). The quasi-periodic DDQC structure observed in physical space can be 

described in terms of projections from five-dimensional space, where the DDQC structure is 

periodic. In order to describe allowed reflections in five dimensions, five linearly independent 
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vectors are required, corresponding to five-integer generalized Miller indices.48,49 The four peaks 

observed in Fig. 7C correspond to the characteristic (00002), (12100), (10102), and (12101) 

reflections for dodecagonal quasicrystals.21,49,55 Upon slow heating from 170 °C, the Frank-Kasper 

A15 phase nucleated at 186 °C (D), as evidenced by the emergence of characteristic (200), (210), 

and (211) reflections. The A15 phase became pure at 190 °C (E) and began to disorder at 213 °C 

(F). 

The SAXS data suggest that the (00002) plane of the DDQC structure, corresponding to 

the interplanar spacing, becomes the (200) plane of the A15 lattice. Analogous to the reported 

DDQC-to-σ transition,21 nucleation and growth of the A15 phase from DDQC likely occurs via 

rearrangement of particles in the quasiperiodic x-y plane without changing the interplanar spacing 

in the z direction. Previous reports of A15-forming soft materials suggest that slow chain exchange 

favors the initial formation of DDQC over HEXC, because quasicrystals more readily 

accommodate the wide distribution of particle sizes that result from heating the kinetically jammed 

LLP state.52,53 The connections between LLP, quasicrystals, and complex phases continue to 

inspire interest and will be explored in future work. 
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Figure 7. SAXS data on heating PN2D(0.26,46). At 25 °C, the sample adopts liquid-like packing 
(LLP). The sample was heated to 170 °C at 10 °C/min, then slowly heated to 213 °C at an average 
rate of 1.5 °C/min. The sample retained LLP through heating to 170 °C (A, 162 °C; B, 170 °C). 
At 170 °C, DDQC emerges (B) and persists for 10 minutes (C). Upon slow heating, the Frank-
Kasper A15 phase nucleates at 186 °C (D) and becomes pure at 190 °C (E).  At 213 °C, coexistence 
between A15 and disorder is observed (F). 
 

 The materials introduced in this work provide insight into the impact of molecular 

architecture on symmetry selection in block polymer melts. Three series of asymmetric diblock 

polymers were synthesized, which all share the same minority block (poly[norbornene exo,exo-

dimethylester], PN2M) but vary the steric bulk of the second block: (A) poly(norbornene exo,exo-

di-n-butylester), PN2B; (B) poly(norbornene exo-n-decylimide), PN1D; or (C) poly(norbornene 

exo,exo-di-n-decylester), PN2D. As a consequence of compositional asymmetry (fPN2M < 0.30), 

the block polymers form soft particles that order on a periodic lattice. The multiscale competition 

to minimize both interfacial area and chain stretching can lead to the formation of equilibrium 

Frank-Kasper σ and A15 phases.41 These complex low-symmetry phases have been experimentally 

identified in linear diblock polymers featuring high conformational asymmetry and high self-

concentration.18-24,31 Non-linear architectures remain relatively unexplored but offer rich potential 

to amplify both conformational asymmetry and self-concentration. We will discuss how 
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architectural variations – represented by (A) PN2M-b-PN2B, (B) PN2M-b-PN1D, and (C) PN2M-

b-PN2D – influence the formation of complex low-symmetry phases in block polymer melts. 

 Recent reports define the comb and bottlebrush regimes in terms of the spacing between 

grafts along the backbone (Lg) and the side chain size (expressed through the diameter of gyration, 

2Rg,sc).40,43 When Lg > 2Rg,sc, the backbones behave like flexible Gaussian chains; when Lg < 2Rg,sc, 

the backbones stretch, leading to extended, wormlike conformations. The onset of the bottlebrush 

regime at Lg = 2Rg,sc marks a transition to different chain statistics and physical properties 

compared to linear and comb polymers. In this work, all blocks (PN2M, PN2B, PN1D, and PN2D) 

feature a polynorbornene main chain. Each norbornene repeat unit has a contour length of 6.2 Å, 

suggesting that pendant groups with dimensions larger than 6.2 Å may induce sufficient steric 

crowding to access the bottlebrush regime. We note that this interpretation is consistent with recent 

reports of bottlebrush poly(α-olefins) with discrete n-alkyl side chains (C4–C18).45,56,57 However, 

the C4 and C10 groups in this work are not sufficiently large to adopt Gaussian coil conformations, 

which are assumed by most theoretical treatments of comb and bottlebrush polymers.39,40,43 In such 

treatments, the side chain size is typically expressed in terms of the unperturbed diameter of 

gyration, 2Rg,sc; in this work, as an initial approximation, the side group size will instead be 

expressed in terms of the n-alkyl chain length, lsc. For the reported polynorbornenes, 

 lflex ≤ lsc ≤ lmax (1) 

where lflex and lmax correspond to the typical flexible configuration in the bulk and the maximally 

extended, all-trans configuration, respectively.58,59 For n carbons in an n-alkyl chain,  

 lmax = 1.53 + 1.265(n−1) (2) 

 lflex = 1.53 + 0.925(n−1) (3) 
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Table 1 provides estimated lengths Lg, lflex, and lmax for the coronal blocks PN2B, PN1D, 

and PN2D. In the language of comb and bottlebrush polymers, the side chain length increases from 

PN2B (n = 4) to PN1D and PN2D (n = 10); the grafting density z, defined as the number of side 

chains per backbone repeat unit, doubles from PN1D (z = 1) to PN2B and PN2D (z = 2). The 

average spacing between grafts is given by Lg = Lc / z, where Lc = 6.2 Å is the contour length per 

norbornene unit. Direct analogy to previous reports – which require bottlebrush polymers to satisfy 

Lg ≤ 2Rg,sc – suggests that PN2B, PN1D, and PN2D all resemble bottlebrushes, since Lg ≤ lsc 

according to Eq. 1. We emphasize that this comparison is not exact, since these discrete 

polynorbornenes represent an asymptotic limit of extremely short side chains and high grafting 

density in the graft polymer design space. However, recent reports demonstrate that similar 

treatment of poly(α-olefins) with discrete n-alkyl side groups captures key physical properties 

associated with bottlebrush polymers, such as the increasing entanglement molecular weight45 and 

extensibility57 with increasing n. These analyses identified poly(1-hexene), which has a two-

carbon backbone repeat unit and n-butyl side groups, as the transition from the comb to bottlebrush 

regime.56  

 

Table 1. Estimated spacing between grafts (Lg) and side chain lengths (lflex, lmax). 
 

Polymer n z Lg (Å) lflex (Å) lmax (Å) 

PN2B 4 2 3.1 4.3 5.3 

PN1D 10 1 6.2 9.9 12.9 

PN2D 10 2 3.1 9.9 12.9 

 

The crossover from combs to bottlebrushes signals a transition from flexible to extended 

backbones, and from interpenetrating to non-penetrating side chains. In the bottlebrush limit, 
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polymers resemble flexible mesoscopic cylinders with high self-concentration. High self-

concentration is crucial for the formation of complex low-symmetry phases in block polymer 

melts: forcing chains to fill space at high self-concentration amplifies elastic penalties and 

conformational asymmetry, motivating strong coupling of the core/corona interface with the shape 

of the Voronoi cell.19,31,41 Quantitative estimates of self-concentration would require an analytical 

expression for the volume pervaded by the brush, for which no consensus exists to the best of our 

knowledge. As a proxy for understanding brush interpenetration, we instead consider backbone-

backbone distances inferred from mid- and wide-angle X-ray scattering measurements 

(MAXS/WAXS). Figure 8A shows the 1D-averaged MAXS and WAXS data for select 

unannealed PN2M-b-PN2D block polymers at 25 °C. The molecular characterization data and 

assigned morphologies are provided in Tables S3 and S6, respectively. No evidence of 

crystallization was observed by either WAXS or differential scanning calorimetry (DSC) (Figure 

S13). Two scattering peaks were observed for each block polymer, regardless of composition (0.17 

≤ fPN2M ≤ 0.50). For PN2M-b-PN2D, a low-q peak appears at q1 = 0.260 ± 0.004 Å−1, and a high-

q peak appears at q2 = 1.38 ± 0.01 Å−1. Previous reports of amorphous bottlebrush polymers with 

n-alkyl side chains have identified similar peaks at low- and high-q.45,56,60 The low-q feature 

corresponds to the average distance between backbones (dbb = 2π/q1), whereas the high-q feature 

corresponds to the average distance between n-alkyl side chains (dsc = 2π/q2) (Figure 8B). The 

distances dbb and dsc for PN2B, PN1D, and PN2B coronal blocks are compiled in Table 2; MAXS 

and WAXS data for PN2M-b-PN2B and PN2M-b-PN1D block polymers are provided in the 

Supporting Information (Figures S20–21).  
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Figure 8. (A) 1D-averaged mid- and wide-angle X-ray scattering (MAXS and WAXS) data for 
select PN2M-b-PN2D block polymers at 25 °C. q1 = 0.260 ± 0.004 Å−1 corresponds to the average 
distance between backbones, and q2 = 1.38 ± 0.01 Å−1 corresponds to the average distance between 
n-decyl side chains. (B) Schematic illustration of average backbone distances (dbb = 2π/q1) and 
side chain distances (dsc = 2π/q2) in PN2D. Note that the small sharp peaks in the C14 and C15 
traces in (A) are artifacts due to stray scattering on the area detector. 
 

Table 2. Average backbone distances (dbb) and side chain distances (dsc), calculated from MAXS 
and WAXS data. dbb, lflex, and lmax values were used to estimate the n-alkyl side chain lengths (lsc). 
 

Polymer dbb (Å) dsc (Å) lsc (Å) 

PN2B not obs. 4.65 ± 0.02 4.3–5.3 

PN1D 22.9 ± 0.4 4.73 ± 0.01 11.4–12.9 

PN2D 24.2 ± 0.4 4.55 ± 0.02 12.1–12.9 
 

 No low-q scattering peaks were observed for PN2M-b-PN2B, suggesting that the spacing 

between polynorbornene main chains is not well-defined. In contrast, both PN1D and PN2D have 

well-defined backbone distances: for PN1D, dbb = 22.9 ± 0.4 Å, and for PN2D, dbb = 24.2 ± 0.4 Å. 

The side chain lengths lsc can be estimated from dbb and Eq. 1. Schematic illustrations of the two 

limiting cases for lsc are provided in Figure S22. If no intermolecular side chain overlap occurs – 

that is, at maximum self-concentration – lsc = dbb/2; on the other hand, if maximum intermolecular 

A. B.  molecular packing

dbb = 24.2 Å

dsc = 4.55 Å
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overlap occurs, lsc = lmax. These ranges (dbb/2 ≤ lsc ≤ lmax) are provided in Table 2. The smaller 

backbone spacing dbb observed for PN1D compared to PN2D suggests that, in PN1D, either the 

side chains are less extended or the extent of side chain interdigitation / intermolecular overlap is 

greater. Either case suggests that PN1D is less bottlebrush-like than PN2D, as anticipated by its 

lower grafting density (z = 1 for PN1D; z = 2 for PN2D). In other words, the PN2D coronal block 

features the highest self-concentration in this work.  

 In addition to high self-concentration, high conformational asymmetry is a key ingredient 

in the formation of complex low-symmetry phases in block polymer melts. Conformational 

asymmetry captures the mismatch between the volumes pervaded by each block through ε = 

(bA/bB)2 ≥ 1, where bA and bB are the statistical segment lengths of the core (A) and coronal (B) 

blocks. Introducing branching in the corona, either through miktoarm star architectures or bulky 

side groups,32 increases ε. For example, several recent reports describe the formation of the Frank-

Kasper σ and A15 phases in diblocks with a poly(D,L-lactide) (PLA) core and a branched coronal 

block.23,25 Two systems feature a main chain in the coronal block with two-carbon repeats and n-

alkyl side groups: PLA-b-poly(ethylethylene) (PLA-b-PEE, ε = 1.7) and PLA-b-poly(dodecyl 

acrylate) (PLA-b-PDDA, ε = 3.4). As the side group size increases (n = 2 for PEE; n = 12 for 

PDDA), the conformational asymmetry increases. The same trend occurs for the polynorbornene-

based block polymers introduced in this work. The statistical segment lengths bref, normalized to 

a common reference volume vref = 118 Å3, were estimated from the plateau moduli GN. The plateau 

moduli were determined from oscillatory shear rheology and van Gurp-Palmen analysis (Figure 

S23), as described in the Supporting Information. bref and GN values for all blocks are provided in 

Table 3. For PN2M-b-PN2B and PN2M-b-PN1D, the conformational asymmetry is modest (ε = 
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1.3). In comparison, in PN2M-b-PN2D, the longer branches and higher grafting density amplify 

the conformational asymmetry (ε = 1.9). 

Table 3. Plateau moduli (GN) were determined by oscillatory shear rheology at temperatures T and 
used to estimate statistical segment lengths (bref). bref values are normalized to a common reference 
volume, 118 Å3. Additional discussion of bref can be found in the Supporting Information. 
 

Polymer GN (kPa) T (°C) bref (Å) 

PN2M 460 120 5.84 

PN2B 140 25 5.01 

PN1D 165 110 5.06 

PN2D 49 30 4.19 
 

CONCLUSION 

In this work, three series of block polymers were synthesized and studied in order to 

explore the impact of architectural asymmetry on Frank-Kasper phase formation in block polymer 

melts (Figure 1–2). Each diblock series featured the same core block, poly(norbornene exo,exo-

dimethylester) (PN2M, R1 = methyl), but  a different coronal block: either (A) poly(norbornene 

exo,exo-di-n-butylester) (PN2B, R2 = n-butyl); (B) poly(norbornene exo-n-decylimide) (PN1D, R2 

= n-decyl); or (C) poly(norbornene exo,exo-di-n-decylester) (PN2D, R2 = n-decyl) (Figure 3).  

Manipulating the block polymer architecture tunes the way in which the coronal chains fill space 

and thereby influence symmetry selection. 

 PN2M-b-PN2D block polymers feature high self-concentration (Table 2) and high 

conformational asymmetry (Table 3) compared to PN2M-b-PN2B and PN2M-b-PN1D. The data 

suggest that only PN2D is a bottlebrush polymer, despite initial considerations that suggest all 

coronal blocks (PN2B, PN1D, and PN2D) experience significant steric crowding (Table 1). The 

bottlebrush architecture amplifies self-concentration and conformational asymmetry, opening the 



 

21 

window to complex low-symmetry phases. PN2M-b-PN2B and PN2M-b-PN1D access only the 

canonical diblock polymer morphologies, including body-centered cubic (BCC) spheres and 

hexagonally packed cylinders (HEXC) (Figure 4). In contrast, the phase behavior of PN2M-b-

PN2D reveals remarkable complexity (Figure 5): PN2M-b-PN2D block polymers can form Frank-

Kasper σ and A15 phases (Figure 6) via nucleation and growth from dodecagonal quasicrystalline 

(DDQC) structures (Figure 7). Collectively, this work provides insight into the impact of 

molecular architecture on the formation of complex low-symmetry phases, expanding 

opportunities for molecular and materials design. Future work will expand this understanding, with 

particular focus on (1) scaling up bottlebrush dimensions and self-assembled length scales and (2) 

connecting recent theoretical predictions of bottlebrush chain statistics to the concepts of self-

concentration and conformational asymmetry.  

 

MATERIALS AND METHODS 

Synthesis. The norbornene exo,exo-diester monomers (norbornene exo,exo-dimethylester, N2M; 

norbornene exo,exo-di-n-butylester, N2B; norbornene exo,exo-di-n-decylester, N2D) and 

norbornene exo-n-decylimide monomer (N1D) were synthesized according to a reported 

procedure.61 Diblock polymers were synthesized by the sequential living ring-opening metathesis 

polymerization (ROMP) of norbornenyl monomers, mediated by the third-generation Grubbs 

metathesis catalyst, [(H2IMes)(pyr)2(Cl)2Ru=CHPh] (G3). Stock solutions of the monomers and 

catalyst were used to facilitate fine variations in block lengths. The degree of polymerization of 

each block was determined by the number of molar equivalents of each monomer relative to 1 

equivalent of the G3 catalyst. The volume fraction of was determined by the molar equivalents of 

the first monomer relative to the second monomer. Further discussion of monomer and block 
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polymer synthesis is provided in the Supporting Information. NMR, SEC, and DSC data are 

provided in Figs. S1–S13. 

 

Instrumentation: SEC, DSC, SAXS/MAXS/WAXS, Rheology 

Size-exclusion chromatography (SEC) data were obtained in THF using two Agilent PLgel 

MIXED-B 300 × 7.5 mm columns with 10 μm beads, connected to an Agilent 1260 Series pump, 

Wyatt 18-angle DAWN HELEOS light scattering detector, and Wyatt Optilab differential 

refractive index detector. Online determination of dn/dc assumed 100% mass elution under the 

peak of interest. Differential scanning calorimetry (DSC) measurements were performed on an TA 

Q1000 under a dry nitrogen atmosphere. The samples were heated to 150 °C at 10 °C/min to erase 

the thermal history, then cooled to −100 °C at 10 °C/min. Small-angle X-ray scattering (SAXS) 

data were collected at Beamline 12-ID-B of the Advanced Photon Source (APS) at Argonne 

National Laboratory. Mid- and wide-angle scattering (MAXS/WAXS) data were collected at the 

DuPont-Northwestern-Dow Collaborative Access Team (DND-CAT) Beamline, located at Sector 

5 of the APS. The raw data were reduced and indexed using MATLAB software written by Dr. 

Byeongdu Lee (APS). Rheology data were collected on a Rheometric Scientific ARES rheometer 

using either 8 mm parallel plates (PN2M) or 25 mm parallel plates (PN2B, PN1D, PN2D). Strain 

sweeps were performed in order to identify the linear viscoelastic regime. Applied strains were 

between 1 and 10% for all samples. Frequency sweeps were performed in the linear viscoelastic 

regime. Further description of all instrumentation is provided in the Supporting Information.  
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Supporting Information. The Supporting Information is available free of charge on the ACS 

Publications website.  

Experimental details, NMR spectra, representative SEC traces, compiled molecular 

characterization data and assigned morphologies, DSC thermograms, additional 

SAXS/WAXS/MAXS data, van Gurp-Palmen plots for homopolymers. 
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