
1 
 

Classification: Physical Sciences (major), Applied Physical Sciences (minor) 

 

Title: Stability of the A15 Phase in Diblock Copolymer Melts 

Morgan W. Bates,†,^ Joshua Lequieu,†,^ Stephanie M. Barbon,† Ronald M. Lewis, III,∥ Kris T. 
Delaney,† Athina Anastasaki,† Craig J. Hawker,†,‡ Glenn H. Fredrickson,§,† and Christopher M. 

Bates*,‡,§,† 

^ These authors contributed equally 

* To whom correspondence should be addressed: cbates@ucsb.edu, 805-893-5383 
†Materials Research Laboratory, ‡Department of Materials, and §Department of Chemical 

Engineering, University of California, Santa Barbara, California 93106, United States, 
∥Department of Chemical Engineering and Materials Science, University of Minnesota, 

Minneapolis, Minnesota 55455, United States 

 

Keywords: block copolymer, topological close packing, tetrahedral close packing, A15 phase 

  



2 
 

ABSTRACT 

The self-assembly of block polymers into well-ordered nanostructures underpins their 

utility across fundamental and applied polymer science, yet only a handful of equilibrium 

morphologies are known with the simplest AB-type materials. Here, we report the discovery of 

the A15 sphere phase in single component diblock copolymer melts comprising poly(dodecyl 

acrylate)−block−poly(lactide). A systematic exploration of phase space revealed that A15 forms 

across a substantial range of minority lactide block volume fractions (fL= 0.25−0.33) situated 

between the σ sphere phase and hexagonally close-packed cylinders. Self-consistent field theory 

rationalizes the thermodynamic stability of A15 as a consequence of extreme conformational 

asymmetry. The experimentally observed A15−disorder phase transition is not captured using 

mean-field approximations but instead arises due to composition fluctuations as evidenced by fully 

fluctuating complex Langevin simulations. This combination of experiments and field-theoretic 

simulations provides rational design rules that can be used to generate unique, polymer-based 

mesophases through self-assembly. 

 

SIGNIFICANCE STATEMENT 

Block copolymers are prevalent throughout industry and academe due to their self-

assembly into well-ordered nanostructures, but only a handful of morphologies are known with 

the simplest materials built from two chemically-distinct blocks. In this manuscript, we report that 

AB diblock copolymers can also self-assemble into a structure known as the A15 phase. Theory 

and experiments indicate A15 occurs throughout a substantial region of phase space with suitable 

differences in the space-filling characteristics of each block. The observed temperature-dependent 

phase transitions can only be explained using fully-fluctuating field theoretic simulations, which 

provide the first evidence that composition fluctuations play a key role in the self-assembly of 

block copolymers into the larger class of tetrahedrally close-packed sphere phases. 
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MAIN TEXT 

Introduction 

Atoms, molecules, and higher-order aggregates organize across vast length scales into 

structures that dictate the physical properties of all matter, from periodic crystalline solids to 

amorphous glasses. The importance of this connection between structure and properties is 

exemplified by a class of materials known as block copolymers. Covalently tethering immiscible 

polymers together results in spontaneous self-assembly on the nanometer length scale due to a 

competition between the unfavorable entropy loss of chain stretching and enthalpy of block−block 

interactions (1). The simplest and arguably most useful design involves two chemical constituents 

(A and B) arranged into diblock (AB), triblock (ABA), or longer alternating (ABABA…)  

sequences, all of which exhibit similar phase diagrams (2). By carefully choosing molecular 

connectivity, A and B chemistry, and morphology, block copolymers can produce tough 

engineering plastics (3) and elastomers (4), circumvent the optical diffraction limit for next-

generation lithographic patterning (5), and support ion conduction in safe battery electrolytes (6) 

among other contemporary opportunities (7). 

Given the breadth of materials applications that rely on microphase separation to furnish 

properties of interest, perhaps surprisingly, the phase behavior of AB-type block copolymers is 

severely restricted. The handful of classical morphologies include body-centered cubic (BCC) 

spheres, hexagonally close-packed (HCP) cylinders, interpenetrating gyroid networks (GYR), and 

alternating sheets of lamellae (LAM) (8). Additional phases, for example the O70 network (9) and 

face-centered cubic (FCC) spheres (10), have been sporadically observed in minute portions of the 

phase diagram, but these primarily remain academic curiosities since they are so difficult to access. 

Note that the limited palette of structures available with archetypal AB-type block copolymers 
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stands in glaring contrast to most other forms of hard and soft matter, for example metals, ceramics, 

and liquid crystals (11, 12).  

Recent experiments with compositionally asymmetric diblock copolymer melts (A-block 

volume fractions fA << ½) have identified equilibrium (σ) (13) and non-equilibrium (C14, C15) 

(14) structures that belong to a fascinating class of low symmetry sphere phases exhibiting 

tetrahedral (i.e., topological) close-packing (TCP). In a TCP phase, each atom or self-assembled 

(roughly spherical) particle is arranged with 12, 14, 15, or 16 neighbors that together form a 

triangulated coordination shell enveloping a polyhedron, the ensemble of which fills space (15). 

Depending on the crystal system and layer stacking, a staggering number of structures can be 

constructed and rationalized using this conceptual framework (16). One of the simplest TCP 

phases, known by the Strukturbericht designation A15 (alternatively, Pearson symbol cP8), 

contains two types of particles (coordination numbers CN = 12, 14) that decorate a cubic lattice. 

The A15 phase is prevalent throughout materials science. First observed in 1931 with β−tungsten 

(17), it has also been found in alloys (e.g., V3Si, Nb3Sn) (18) and a host of self-assembling soft 

materials including thermotropic (19) and lyotropic (20) liquid crystals, giant molecular tetrahedra 

(21) and surfactants (22), amphiphilic dendrons (23), and idealized soap froths (24). In contrast, 

A15 remains exceptionally rare in the field of block polymers. Park observed A15 in a blend of 

ionic liquids with charge-tethered diblock copolymers (25) leading to improved ion transport 

relative to other common phases (26). Mahanthappa also recently observed A15 in a hydrated AB 

diblock oligomer (27). Chanpuriya studied a more complex ABA′C tetrablock terpolymer 

sequence that transiently formed A15 on heating within a small window at elevated temperature, 

although this phase transition was irreversible upon cooling (28). We are unaware of any other 

experimental reports describing the A15 structure in block copolymer-based materials, which is 
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rather surprising. Groundbreaking theory by Grason dating back to 2003 predicted the stability of 

A15 in non-linear architectures (29), including ABn “miktoarm” stars (30). The effect of such 

“architectural asymmetry” bears close similarities with “conformational asymmetry” that occurs, 

even in linear polymers, when blocks have different statistical segment lengths (31). Since 

conformational asymmetry has been implicated by Shi (32) and Schulze (33) as the key ingredient 

that favors the σ phase in diblock copolymers, presumably it should also stabilize A15. Yet, to the 

best of our knowledge A15 has not been found in diblock copolymer melts. Here, we demonstrate 

using a combination of experiments and theory that the A15 phase is in fact thermodynamically 

stable in AB diblock copolymer melts and can be found throughout a substantial region of phase 

space subject to appropriate molecular design. 

Results 

Self-consistent field theoretic (SCFT) simulations of AB diblock copolymer melts indicate 

A15 is indeed favored at large values of conformational asymmetry as parameterized by ε = aA/aB, 

where ai represents the statistical segment length of block i (with segments defined to have 

equivalent volumes (34); Fig. 1). This metric accounts for chemistry-dependent differences in the 

pervaded volume of each block (Fig. 1, right) and is known to significantly impact phase behavior 

in other contexts, including the location of order−order transitions (35) and aforementioned 

emergence of the σ phase (33). Our calculations predict that for sufficiently large values of 

conformational asymmetry (ε ≳ 2.1), the A15 phase should appear across a wide range of volume 

fractions centered near fA = 0.3 amid well-established σ and HEX morphologies. Presumably, A15 

has not been observed in this region of phase space because the requisite (large) value of ε is non-

trivial to achieve. We therefore sought to design suitable diblock copolymers with adequate 
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differences in ai and initially targeted poly(dodecyl acrylate)−block−poly(lactide) (denoted DL). 

At fixed degree of polymerization N, the bulky poly(dodecyl acrylate) (PDDA) side-chain 

positions a significant fraction of the monomer volume pendent to the molecular backbone, which 

should reduce its statistical segment length (36) relative to poly(lactide) (PLA) with aL = 7.9 Å at 

25 °C (37). One would also anticipate this monomer pair exhibits a large Flory−Huggins 

interaction parameter χ that will promote self-assembly at low N, thereby facilitating the kinetics 

of self-assembly. 

 

Fig. 1: Left: SCFT simulations (χN = 40) predict the A15 phase will be favored in AB diblock 

copolymers with sizeable conformational asymmetry, ε ≳ 2.1. Right: Illustration of the 

difference in pervaded block volumes that leads to large ε; poly(dodecyl 

acrylate)−block−poly(lactide)  accentuates this effect.  

 



7 
 

A library of DL diblocks with low molar mass dispersities (Ð < 1.10) and varying PLA 

content (volume fractions fL = 0.15−0.82) was therefore synthesized via sequential atom-transfer 

radical polymerization and ring-opening polymerization from 2-hydroxyethyl 2-bromoisobutyrate 

(Schemes S1−S2, Figs. S1−S8, Table S1). Guided by our SCFT predictions, we first focus on the 

self-assembly behavior of one sample, denoted DL−120 (fL = 0.29), with a volumetric degree of 

polymerization N = 120. Small angle X-ray scattering (SAXS) experiments on DL−120 annealed 

at 125 °C for 19 hours reveal 24 well-defined Bragg reflections that are entirely consistent with 

those allowed by space group 𝑃𝑃𝑃𝑃3�𝑛𝑛 (#223, Fig. 2a) (38). This number of peaks is sufficient to 

accurately reconstruct the unit cell electron density distribution by extracting structure factor 

amplitudes via Le Bail refinement (Fig. S9) and charge flipping to determine the corresponding 

phases (see supplementary information for details). Fig. 2b shows the result expressed at a 78% 

isosurface level; this structure is the A15 phase. Two characteristic types of micelles that are 

distinguished by their shape, volume, and coordination number occupy Wyckoff positions 2a and 

6d (false colored green and purple, respectively). Both should be comprised of a PLA core since 

it is the minority component (fL = 0.32 < 0.50), although this cannot be definitively determined 

from electron density maps (Fig. S10) due to the Babinet reciprocity principle. PDDA blocks fill 

all remaining space within the unit cell, left uncolored in Fig. 2b for clarity. See the supplementary 

information (Fig. S11) for representations of the coordination polyhedra with CN = 12 (position 

2a) and CN = 14 (6d). Fig. 2c highlights the characteristic tiling found in layers perpendicular to 

each a-axis (as depicted, in a {100} plane). A slight departure from regular hexagons and triangles 

is required to square the net and accommodate cubic lattice symmetry (16). Two different nodes 

are present — 32.62 (black circles) and 3.6.3.6 (white circles). 
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Fig. 2: Discovery of the A15 phase in DL diblock copolymers. (a) SAXS profile of A15 obtained 

with DL−120 (annealed at 125 °C for 19 hours); all allowed reflections for space group 𝑃𝑃𝑃𝑃3�𝑛𝑛 

out to (600) are demarcated with vertical lines (a = 26.9 nm). (b) Unit cell electron density 

reconstruction (78% isosurface) corresponding to the data in (a); see supplementary information 

for details. Two symmetry-distinct micelles (shape, volume) occupy Wyckoff positions 2a and 

6d (false colored green and purple, respectively). (c) Projection of the electron density map 

along one a-axis with an outline of the characteristic A15 tiling pattern containing two types of 

nodes — 32.62 (black circles) and 3.6.3.6 (white circles). 

 

To probe the stability of A15 as a function of temperature, a second sample (DL−76, fL = 

0.31) was prepared with a similar volume fraction as DL−120 but lower overall N = 76. This results 

in a reduction of the order−disorder transition temperature (TODT) to a more accessible value of 

105 °C as measured by oscillatory rheology (Fig. S7). Dynamic SAXS experiments conducted on 
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heating and cooling through TODT show fast and reversible formation of A15 (Fig. 3a), suggesting 

it is indeed thermodynamically favored. Extended isothermal treatment of this A15 phase at 70 °C 

for 4−5 days results in no change to the position or intensity of scattering peaks (Fig. S12). Similar 

analyses conducted as a function of volume fraction and temperature (χ ~ 1/T) for DL samples 

spanning fL = 0.15−0.82 were used to construct the equilibrium phase diagram depicted in Fig. 3b; 

the temperature dependence of χ was estimated by fitting SAXS data collected on a disordered DL 

sample to the random phase approximation structure factor (see Figs. S13−14 and accompanying 

discussion). A15 is situated at volume fractions intermediate to σ and HEX over the approximate 

range fL = 0.25−0.33. Pure A15 can be isolated except at the boundaries, where σ/A15 or A15/HEX 

phase coexistence is observed. Coexistence may be a consequence of the pseudo-single-

component nature of all block polymers prepared by controlled polymerization techniques. While 

the dispersity in molar mass for DL samples is low (Đ < 1.1), the inevitable mixture of species 

implies Gibbs’ phase rule would permit coexistence at constant temperature and pressure. 

The corresponding phase diagram computed via SCFT for ε = 3 (Fig. 3c) demonstrates 

good agreement with experiments for χN > 30 in both the relative position of phases and the 

approximate range of volume fractions over which they occur. Moreover, the shape and size of 

micelles in the A15 structure matches experiments (Fig. S15), including significant deformation 

observed at Wyckoff position 6d. For χN < 30 however, SCFT predictions do not agree with 

experiments. Whereas SAXS data indicate A15 forms directly from a disordered melt (Fig. 3a, 

Fig. 3b filled symbols), SCFT anticipates the system should instead traverse a phase sequence 

DIS−BCC−σ−Α15 on cooling. We argue this discrepancy is due to composition fluctuations that 
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are neglected by the mean-field SCFT treatment, which emerge in finite molecular weight 

polymers and can disrupt ordered phases near TODT (39).  

 

Fig. 3: Phase behavior of DL diblock copolymers. (a) A15 forms reversibly in DL−76 as 

evidenced by dynamic heating (1 °C/min) and cooling through the order−disorder transition 

temperature (TODT ≈ 105 °C). (b) The experimental DL phase diagram reveals a region of A15 
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stability circa fL = 0.25−0.33; phase coexistence (σ/A15 and A15/HEX) occurs near either fL 

boundary. Points examined by SAXS are marked with open circles and (χN)ODT identified with 

dynamic mechanical thermal analysis is indicated by filled black circles. Sample DL−76 from 

(a) is denoted with filled purple circles. (c) SCFT mean-field phase diagram mapped onto χN 

vs. fL at ε = 3 semi-quantitatively matches experiments: σ, A15, and HEX phases occur over 

similar volume fraction ranges at large χN. The disagreement for χN < 30 arises due to 

composition fluctuations as addressed in Fig. 4 (see text for discussion). 

 

To account for composition fluctuations, fully fluctuating field theoretic simulations (FTS) 

were used to calculate the free energy (40) of A15 and σ phases in the vicinity of TODT. Note that 

microphase separation in the models suitable for FTS is governed by a new segregation strength 

parameter (α) that can be related to χN through established procedures (40, 41). Determining 

fluctuation-corrected free energies represents a major computational challenge previously not 

attempted for TCP phases consisting of large unit cells like A15 and σ. These calculations 

necessitate careful simulation design to resolve the miniscule free energy difference that separates 

the A15 and σ phases (≈10−4 kBT per chain by SCFT estimates). Nevertheless, we have overcome 

these obstacles; the FTS simulations indicate compositional fluctuations invert the stability of A15 

and σ (Fig. 4, see supplementary information for details). In contrast to SCFT, which predicts σ is 

favored for α < 29 near the mean-field order−disorder transition (Fig. 4a), fluctuations stabilize 

A15 for all values of α > αODT (Fig. 4b). To the best of our knowledge, this is the first 

computational evidence that composition fluctuations regulate the formation and stabilization of 

TCP phases in any type of block polymer melt.  



12 
 

 

Fig. 4: Relative stability of the A15 and σ phases (free energy per chain differences) as 

calculated with (a) SCFT and (b) fully fluctuating field-theoretic simulations for fL = 0.3 and 

invariant degree of polymerization 𝑁𝑁� = 5400. Segregation strength in the model used for both 

SCFT and FTS is controlled by the parameter α, which is related to χN. (c, d) Unit cell renderings 

from (c) SCFT and (d) FTS highlight the different predicted temperature-dependent phase 

sequences, an effect of fluctuations; discrete, red domains are PLA-rich. Note that the BCC 

phase has been omitted from (c) for clarity. 
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Quantitative Comparison of Theory and Experiment 

 A quantitative comparison of theory and experiment necessitates knowledge of ε and thus 

the statistical segment lengths of PLA (aL) and PDDA (aD). While Anderson has reported the value 

of aL from neutron scattering (37) and a variety of poly(acrylate) values are also available (42), we 

were unable to find any reports of aD for poly(dodecyl acrylate). As described in the supplementary 

information, neutron scattering was therefore used to measure aD by fitting absolute intensity data 

to the random phase approximation structure factor for blends of hydrogenous and deuterated 

homopolymers (Tables S3−S4, Figures S16−S17). We find aD = 4.3 Å at 25 °C with a reference 

volume (v0) of 118 Å3 that was also used to normalize all of the statistical segment lengths in the 

following discussion. This value of aD follows the expected decreasing trend for poly(acrylates) 

with increasing alkyl side-chain length, and it is significantly smaller than reported values for 

poly(ethyl acrylate) (6.1 Å) and poly(octyl acrylate) (5.5 Å) (42). In comparison, aL = 7.9 Å at 25 

°C as extrapolated from the temperature (T) dependence d(ln Rg)/dT (37), where Rg is the 

unperturbed radius of gyration. For DL diblock copolymers, ε  = aL/aD is therefore approximately 

1.85. Before drawing comparisons to other materials reported in the literature, note that two 

conventions exist for defining ε, where it either scales as aA/aB or (aA/aB)2; herein, the former is 

exclusively used.  

  Schulze and coworkers (33) synthesized a series of three diblock copolymers with varying 

conformational asymmetry and found that the region of σ phase stability increases significantly 

for the largest ε = 1.3 corresponding to poly(ethylethylene)−block−poly(lactide) (PEE−PLA). 

Swapping out the PEE block for PDDA evidently further amplifies ε, causing A15 to become 

stable. Interestingly, the volume fraction at which PEE−PLA undergoes a phase transition from σ 
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to HEX occurs circa fL = 0.24, which is approximately the value we observe for the σ−A15 

boundary found in Fig. 3. The simulations in Fig. 1 anticipate this σ−A15 transition is relatively 

insensitive to ε but the σ−HEX curve should shift towards higher fL as ε increases.  

 The experimentally measured value of ε (1.85) for DL diblock copolymers is large 

compared to other reported materials but still smaller than the critical value needed to stabilize the 

A15 phase as predicted by theory (εc = 2.1, Fig. 1). Although the origin of this inconsistency is 

unclear, it agrees with other literature involving block copolymer melts. In general, SCFT 

simulations based on thread-like continuous Gaussian chain models overestimate the value of ε 

required to stabilize complex sphere phases. For example, Xie et al. predict the σ phase occurs 

across a tiny sliver of phase space spanning ΔfA < 0.02 when ε = 1.5 (32), yet experiments find the 

window is circa 0.06 with a smaller ε of 1.3 (33). Moreover, the results in Fig. 1 indicate σ should 

not be stable when ε ≲ 1.4, but experiments have found it in poly(isoprene)−block−poly(lactide) 

with ε = 1.15 (33). We therefore consider the agreement between experiments and theory relatively 

good in the present context. Given the lack of a one-to-one correspondence between theoretical 

and experimental ε values, the breadth of the A15 channel observed in Fig. 3b (≈10 vol%) is more 

consistent with a theoretical ε > 3 (c.f., Fig. 1). 

 

Origins of A15 Stability 

Block polymer self-assembly is governed by a delicate balance of two competing energetic 

effects — interfacial energy and loss of conformational entropy due to chain stretching — that 

play a crucial role in the selection of various sphere phases (43). Why does A15 form in linear 
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diblock copolymers at large volume fractions and low temperatures (high χN)? At first glance, it 

is tempting to attribute both facts to the famous Kelvin foam problem, which asks what partition 

of space into equal volume cells minimizes interfacial area. For about 100 years, the solution was 

thought to be a truncated octahedron (the Wigner−Seitz cell of body-centered cubic spheres). In 

1994, Weaire and Phelan provided a counterexample: the Wigner−Seitz polyhedra of an A15 unit 

cell constrained to equal volumes — two pentagonal dodecahedra and six tetrakaidodecahedra 

(44). A convenient measure of shape sphericity that captures this trend is the isoperimetric 

quotient, IQ = 36πV2/A3, where V is volume, A is surface area, and IQ = 1 represents a sphere. 

Associating one IQ with an entire unit cell by averaging over all constituent (equal volume) 

polyhedra yields IQBCC = 0.7534 < IQA15 = 0.764, which implies A15 is more spherical than BCC. 

The nominal connection with block polymer self-assembly involves the shape of micelles (core + 

corona) and their cores that are bounded by the block−block interface. As fA grows within a lattice 

of constant dimensions, the shape of micellar cores will deform as they impinge upon local 

Wigner−Seitz cells. This polyhedral distortion is opposed by an energetic preference to maintain 

spherical A−B interfaces. Thus, the Weaire−Phelan solution seemingly suggests that A15 should 

be selected over other morphologies at large fA (Fig. 3) to produce, on average, the most spherical 

micellar cores when polyhedral distortion is unavoidable. The same effect would then also 

rationalize the stability of A15 at low temperatures (Fig. 3); sharper block−block interfaces favor 

more spherical micellar cores (45). However, there is a subtle but important difference between 

the Kelvin foam problem and the present situation: in the actual A15 mesophase (Fig. 2), 

Wigner−Seitz cells are not equal volume (46).  

Lee et al. recently relaxed the equal volume constraint by calculating IQ values using the 

Voronoi domains of a given crystal (45). Their analysis revealed that the σ phase (5 types of 
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polyhedra in a unit cell) is then surprisingly more spherical than A15: IQA15 = 0.7618 < IQσ = 

0.7624. Grason has further shown that other TCP phases (e.g., C14 and C15) also beat A15 in 

terms of interfacial area minimization (43). We therefore argue that micellar core sphericity alone 

cannot explain the stability of A15 at large fA and low temperatures. This is reinforced by analysis 

of our SCFT simulations. The average IQ of micellar cores (as defined by fA = fB = 0.5 isosurfaces) 

within a unit cell is always more spherical in σ than A15 across all volume fractions fA = 0.15–

0.35 (ε = 3, χN = 40; Fig. S18a) and segregation strengths χN = 15−40 (ε = 3, fA = 0.3; Fig. S18b). 

There is no obvious crossover that would signify a phase transition and the difference between σ 

and A15 actually grows with fA and χN. Another interesting observation is that every IQ > 0.95, 

suggesting the micellar cores inherit rather minimal polyhedral distortion from their Wigner−Seitz 

cells at the relevant volume fractions and segregation strengths. We conclude that a subtle balance 

between block−block interfacial area and chain stretching effects likely stabilizes A15, as has been 

invoked previously to explain the prevalence of σ (43).  

 

Fluctuation Effects 

 Fluctuations have long been known to impose significant effects on the self-assembly of 

block copolymers near the order−disorder transition (ODT). Perhaps the best known example is 

the phase diagram of poly(isoprene)−block−poly(styrene), which experimentally looks quite 

different from SCFT predictions at low segregation strengths (47). The role of fluctuations in 

diblocks has been theoretically analyzed by a variety of analytic (39, 48) and numerical (40, 49) 

techniques that collectively indicate microphase destabilization and a corresponding shift in TODT 

to lower temperatures. This effect truncates the mean-field (SCFT) phase diagram, resulting in 
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direct transitions from the disordered state into ordered phases like cylinders or gyroid without 

first traversing BCC as predicted by SCFT (as in Fig. 3c).  

 Though these general trends are seen in our fluctuation-corrected free energies shown in 

Fig. 4, several distinct differences deserve comment. First, the results in Fig. 4b indicate 

fluctuations stabilize A15 over σ irrespective of the fluctuation-induced shift in TODT — σ is higher 

in free energy across the entire range of 𝛼𝛼 values (at fA = 0.3 and ε = 3). Moreover, our calculations 

suggest that although both ordered phases are metastable in this regime (relative to the disordered 

phase), A15 is thermodynamically favored over σ. Since the formation of TCP phases in block 

copolymers can strongly depend on the nucleation pathway from the disordered state, particularly 

for TCP phases often separated by small free energy differences (14), the fluctuation-induced 

stability of A15 over σ in the disordered melt might aid in its nucleation versus other TCP or 

classical phases.  

 Second, we note that the free energy differences reported in Fig. 4 between A15 and σ are 

two orders of magnitude smaller in SCFT (≈2𝑥𝑥10−4 kT/chain) than the fluctuation-corrected 

values (≈2𝑥𝑥10−2 kT/chain). To date, block copolymer TCP phases have only been observed in 

low molecular weight molecules, suggesting that perhaps they emerge as a consequence of 

favorable kinetics: short chains can diffuse more quickly, thereby facilitating the formation of 

characteristically large unit cells. Our results augment this kinetic argument by suggesting that 

short chains also have thermodynamic consequences. Fluctuations associated with finite length 

evidently increase the thermodynamic driving force towards A15 (at fA = 0.3, ε = 3) and could 

plausibly influence other TCP phases as well. The optimal phase that arises due to fluctuations 

likely also depends on volume fraction and conformational asymmetry. Note that these conclusions 
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are consistent with other recent experimental work suggesting fluctuation effects explain the 

occurrence of σ only below the entanglement molecular weight (50). 

 

Conclusions 

In summary, AB diblock copolymer melts can self-assemble into the A15 phase. 

Experiments and theory have systematically mapped out phase diagrams for poly(dodecyl 

acrylate)−block−poly(lactide) that locate A15 near fL = 0.25−0.33, situated between σ and HEX. 

Extended isothermal annealing and dynamic heating/cooling experiments through the 

order−disorder transition temperature suggest A15 is an equilibrium structure, and theory 

implicates conformational asymmetry as a key design parameter that promotes its formation. A 

direct and reversible A15−disorder phase transition is stabilized by composition fluctuations as 

supported by fully fluctuating field-theoretic simulations, suggesting they are an important factor 

in the selection of various tetrahedrally close-packed block polymer structures. These results 

provide rational design rules that expand the limited set of mesophases accessible via equilibrium 

block polymer self-assembly. 

 

MATERIALS AND METHODS 

Full synthetic methods and simulation details are provided in the supplementary 

information. Poly(dodecyl acrylate)−block−poly(lactide) samples were synthesized via sequential 

atom-transfer radical polymerization and ring-opening polymerization from 2-hydroxyethyl 2-

bromoisobutyrate. Polymers were characterized by 1H NMR spectroscopy, size-exclusion 

chromatography, MALDI‐ToF mass spectrometry, differential scanning calorimetry, and thermal 



19 
 

gravimetric analysis. Temperature-dependent small angle X-ray scattering experiments were 

performed at the DND-CAT 5-ID-D beamline of the Advanced Photon Source (Argonne National 

Laboratory, Argonne, IL). SAXS samples were prepared in DSC pans and sealed under N2 in a 

glove box. SAXS data reduction and unit cell electron density reconstruction procedures are 

described in the supplementary information. SCFT and fully-fluctuating complex Langevin 

simulations were performed on the UCSB supercomputer cluster in the California NanoSystems 

Institute. All data discussed in the paper is available in the manuscript and supplementary 

materials. 
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