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1. Materials and Methods 

1.1. Chemical and Solvents 

Trimethylsilylacetylene (Adamas-Beta, 98%), Tetrakis(triphenylphosphine) Palladium(0) 

(Pd(PPh3)4, Sigma-Aldrich, 99%), Copper(I) Iodide (CuI, Sigma-Aldrich, 99%), 

Tetrabutylammonium Fluoride (TBAF, Sigma-Aldrich, 1.0 M in THF), Copper(I) Bromide (CuBr, 5 

Adamas-Beta, 99.99%), N,N,N,N,N-Pentamethyl Diethylenetriamine (PMDETA, Adamas-Beta, 

98%), 1,3,5-Tris(4-ethynylphenyl)benzene (Adamas-Beta, 97%), 1,2,4,5-Tetrabromobenzene 

(Adamas-Beta, 98%), Phenylboronic Acid (Adamas-Beta, 98%), Palladium(II) acetate (Pd(OAc)2, 

Adamas-Beta, 99%), tris(o-tolyl)phosphine (TCI, 97%), Potassium carbonate (K2CO3, Adamas-

Beta, 99.99%),  [Bis(trifluoroacetoxy)iodo]benzene (Ph(OAcF3)2, Aladdin, 97%), Iodine (I2, 10 

Greagent, 99.8%), Sodium Thiosulfate (Na2S2O4, Greagent, 99.0%), 2,3,4,5,6-Pentabromotoluene 

(TCI, 98%), Potassium phosphate (K3PO4, Adamas-Beta, 99%), Hexaphenylbenzene (TCI), 

Sodium Azide (NaN3, Acros Organics, 99%), Tetrahydrofuran (THF, Adamas-Beta, 99.9%), 

Toluene (Adamas-Beta, 99.5%), Dichloromethane (DCM, Greagent), Petroleum Ether (PE, 

Greagent), Ethyl Acetate (EA, Greagent), Chloroform-D (CDCl3, Adamas-Beta, 15 

99.8%+TMS(0.03%)). Trisilanolisooctyl POSS was purchased from Hybrid Plastics and used as 

received.   

1.2. Characterizations  

1.2.1. Nuclear Magnetic Resonance (NMR) Spectroscopy 

The 1H and 13C NMR spectra were obtained in CDCl3 or other solvents using Varian Mercury 20 

500 MHz NMR spectrometer. All 1H NMR spectra were referenced to the residual proton 

impurities in CDCl3 at δ = 7.26 ppm and all 13C NMR spectra were referenced to the peak of 
13CDCl3 at δ = 77.00 ppm. 

1.2.2. Gel Permeation Chromatography (GPC)  

GPC analyses were conducted on a Tosoh HLC-8320 instrument equipped with three TSKgel 25 

columns (SuperH2000, SuperH3000, and SuperH4000) in series, a double flow type RI detector, 

and a UV-8320 UV detector, under an eluent flow rate of 0.6 mL/min (THF). Polystyrene standards 

(Polymer Laboratories) were used as the standard for molecular weight calculation. 

1.2.3. Thermogravimetric analysis (TGA) 

The non-isothermal decomposition experiments were carried out in a thermogravimetric 30 

analysis instrument (Model Q500, TA Instruments) in air. An initial mass of the samples used was 

5 mg, scanning within the temperature range of 30 to 600 °C with a heating rate of 10 °C/min. 

1.2.4. Differential scanning calorimetric experiments (DSC) 

The DSC data was collected using DSC 2500 (TA Instruments, USA). An initial mass of the 

samples used was 3-5 mg, scanning within the temperature range of -40 to 250 °C with a heating 35 

rate of 10 °C/min. 

1.2.5. Density Measurements.  

The prepared sample was soaked with a water in a vial. Then, saturated potassium iodide aqueous 

solution was added dropwise into the vial until the sample suspended in the solution for 30 min. 

At this point, the density of the sample is identical with solution. The solution was then transferred 40 

into a volumetric flask. The density of the solution was calculated by weight divided by volume. 

The experimentally measured density of all molecules prepared in the present study is 1.05 g/cm3. 

1.3. Density functional theory (DFT) and molecular dynamics (MD) simulations 

The geometry of PPP core illustrated in Figure S1 is optimized at B3LYP-D3/def2-TZVP level 



 

with ORCA 4.1.2.1 

All MD simulations were conducted with Gromacs 2021.5.2 The interaction among molecules 

were described by the force field of optimized potentials for a liquid simulation all-atom (OPLS-

AA).3 Atomic partial charges on the molecules were estimated by the extended charge equilibration 

(EQeq) 4 as implemented in the open babel software. 5 5 

For a typical simulation of a single mesoatom with a certain number of molecules, we first stacked 

the molecules in a pile, with neighboring molecules twisted properly to minimize size exclusion. 

The mesoatom was then placed in a simulation box with dimension of 10 nm by 10 nm by 27 nm. 

After energy minimization, MD runs were conducted in NVT ensemble at 180 °C. During the 

initial 100 ps of MD simulation, pressing forces were applied to the aromatic cores of the top and 10 

bottom molecules to compress the pile of molecules. The structures reported in Figure S10 were 

equilibrated for 10 ns at 180 °C. 

To simulate the -phase crystal formed by a certain molecule (Figure S15), mesoatom s of 

corresponding sizes were placed at lattice sites. Proper rotation on each mesoatom was 

implemented to align the mesoatom in an orientation that matches the orientation of the WS cell 15 

of the corresponding lattice site. To avoid the collapse of atoms between neighboring mesoatoms, 

we tacitly shrink the mesoatoms by half when packing the initial crystal. After energy minimization, 

the system was equilibrated for 500 ps in NVT ensemble, during which the mesoatoms recover 

their correct size. Following this, a production run in NPT ensemble of 10 ns was conducted. 

Throughout the simulation, we observed no exchange of giant molecules between adjacent 20 

mesoatoms. This stands in contrast to prior simulations that reported molecule exchange between 

neighboring mesoatoms.6 Two factors, aside from the relatively brief simulation duration, may 

elucidate this discrepancy. Firstly, the substantial size of the giant molecules employed in our study, 

and secondly, the absence of solvent in our system, both potentially contribute to the lack of 

molecule exchange. To quantify the local environment of mesoatoms of different sizes in the -25 

phase crystal, we calculated the interaction energy of each mesoatom with the other mesoatoms in 

the simulation box, 

𝐸𝑛 =
𝐸inter+𝐸intra

𝑛
− 𝐸1. 

Here, Einter is the interaction energy between the selected mesoatom and all the other mesoatoms 

in the simulation box. Eintra is the non-bonded interaction the selected mesoatom, n is the number 30 

of molecules in the selected mesoatom, and E1 is the interaction energy between one molecule and 

its environment in an amorphous melt (more details in the following paragraphs). This interaction 

energy is similar spiritually to the Madelung potential commonly used to characterize the local 

solvation environment of ions in solution. 7 

The local environment of a mesoatom in BCC phase was analyzed similarly. For a BCC-phase 35 

crystal formed by mesoatoms containing n molecules, we initially placed two n-mesoatoms at the 

two lattice basis points. After similar equilibration and production runs, the total non-bonded 

potential energy (Figure S16) in the system was divided by 2n to give the normalized interaction 

energy of a mesoatom with its environment. 

1.4. Synthetic Procedures 40 



 

 

Scheme S1. Synthesis of giant molecule MP.  

OPOSS-N3 and 1,2,3,4,5-penta(4-bromophenyl)pyrrole (MP-5Br) were synthesized based on the 

procedures reported elsewhere.8,9 Specifically, OPOSS-Cl was synthesized by corner-capping of 

Trisilanolisooctyl POSS with (p-chloromethyl)phenyltrichlorosilane in the presence of base. 5 

Subsequently, OPOSS-N3 was derived through an azidation reaction of OPOSS-Cl.8 MP-1Br was 

synthesized by Pd-catalyzed reaction of arylamines and diphenylacetylenes.10 It was followed by 

a bromination reaction to yield the product MP-5Br. Purity of MP and M1-4 was verified with 

GPC (Figure S20) and NMR (Figure S21-S29).  

Synthesis of MP-5TMS: To the mixtures of THF (10 mL) and TEA (10 mL) in 100 mL Schlenk 10 

tube, MP-5Br (400 mg, 0.48 mmol) and trimethylsilylacetylene (713 mg, 7.19 mmol) were added 

under Ar atmosphere. Followed by adding Pd(PPh3)4 (166 mg, 0.14 mmol) and CuI (27 mg, 0.14 

mmol). The mixtures were stirring at 90 °C overnight. Then solvent was removed under vacuum. 

the residue was purified by silica gel chromatography eluting with PE: DCM = 4:1 to give MP-



 

5TMS (230 mg, 0.25 mmol, 51.6 %) as light-yellow solid. 1H NMR (500 MHz, CDCl3): δ 7.24 

(m, 2H), 7.18 (m, 8H), 6.78 (m, 6H), 6.74 (m, 4H), 0.24 (s, 9H), 0.23 (s, 18H), 0.22 (s, 18H). 13C 

NMR (125 MHz, CDCl3): δ 138.13, 135.20, 132.60, 131.90, 131.83, 131.78, 131.20, 131.01, 

129.03, 123.31, 122.47, 121.79, 120.68, 105.61, 105.10, 104.26, 96.09, 95.44, 94.49, 31.84, 30.46, 

27.24, 0.29, 0.23, 0.17. 5 

Synthesis of MP-5Yne: To the solution of MP-5TMS (50 mg, 0.054 mmol) in DCM (5 mL), 

TBAF (212 mg, 0.81 mmol) was measured and added under Ar atmosphere. The solution was 

stirred for 10 minutes at room temperature. Then solvent was removed under vacuum. The residue 

was directly applied onto silica gel column eluting with DCM to give MP-5Yne. The yellow solid 

was used without further purification.  10 

Synthesis of MP: To the solution of MP-5Yne (30 mg, 0.053 mmol) in toluene, OPOSS-N3 (500 

mg, 0.37 mmol) and CuBr (5 mg) was added under Ar atmosphere, followed by adding PMDETA 

(100 μL). The mixtures were stirring at room temperature for 12 hours. Then the crude product 

was directly applied onto silica gel column with a gradient elution (gradually changed from PE to 

PE: EA = 4:1) to afford the desired product (280 mg, 0.0385 mmol, 72.6%) as colorless solid. 1H 15 

NMR (500 MHz, CDCl3): δ 7.68 (m, 10H), 7.57-7.45 (m, 15H), 7.24 (m, 10H), 6.95 (m, 10H), 

5.51 (m, 10H), 1.88-0.54 (m, 5×(17×7)H). 13C NMR (125 MHz, CDCl3): δ 148.58, 148.14, 136.82, 

136.68, 135.24, 135.19, 135.16, 132.90, 132.82, 131.89, 131.81, 131.62, 128.94, 127.94, 127.41, 

127.28, 127.25, 125.53, 125.42, 124.61, 123.72, 123.06, 119.94, 119.73, 119.50, 54.23, 54.19, 

54.14, 54.04, 35.23, 35.12, 34.69, 31.76, 31.68, 31.42, 31.34, 30.39, 30.29, 29.95, 29.69, 25.99, 20 

25.94, 25.91, 25.87, 25.82, 25.24, 25.22, 25.18, 23.85, 23.82, 23.66. 

 

Scheme S2. Synthesis of giant molecule M1. 

Synthesis of M1: To the solution of 1,3,5-Tris(4-ethynylphenyl)benzene (7 mg, 0.018 mmol) in 

toluene, OPOSS-N3 (100 mg, 0.075 mmol) and CuBr (1 mg) was added under Ar atmosphere, 25 

followed by adding PMDETA (20 μL). The mixtures were stirring at room temperature for 12 

hours. Then the crude product was directly applied onto silica gel column with a gradient elution 

(gradually changed from PE to PE: EA = 6:1) to afford the desired product (68 mg, 0.0154 mmol, 

85.8%) as colorless solid. 1H NMR (500 MHz, CDCl3): δ 7.91 (d, 6H), 7.82 (s, 3H), 7.75 (d, 6H), 

7.72 (d, 6H), 7.68 (s, 3H), 7.31 (d, 6H), 5.51 (s, 6H), 1.88-0.54 (m, 3×(17×7)H). 13C NMR (125 30 

MHz, CDCl3): δ 148.15, 142.13, 140.97, 136.73, 135.27, 133.06, 130.10, 127.97, 127.46, 126.42, 

125.19, 119.75, 54.53, 54.21, 54.08, 31,41, 31.34, 30.37, 30.28, 25.86, 25.21, 23.83, 23.67. 



 

 
Scheme S3. Synthesis of giant molecule M2.  

Synthesis of M2-4Bn: To the mixtures of THF (30 mL) and CH3OH (10 mL) in 250 mL Schlenk 

tube, 1,2,4,5-Tetrabromobenzene (787 mg, 2.0 mmol), phenylboronic Acid (1.46 g, 12.0 mmol), 

tris(o-tolyl)phosphine (61 mg, 0.2 mmol) and K2CO3 (2.76 g, 20 mmol, in 8 ml water) were added. 5 

Then the mixture was degassed by three freeze-pump-thaw cycles, followed by adding Pd(OAc)2 

(22 mg, 0.1 mmol) under Ar atmosphere. The mixtures were stirring at 110 °C overnight. Then 

solvent was removed under vacuum. the residue was purified by silica gel chromatography eluting 

with PE: DCM = 1:1 to give M2-4Bn (653mg, 1.71 mmol, 85.4 %) as white crystals. 1H NMR 

(500 MHz, CDCl3): δ 7.55 (s, 2H), 7.24 (m, 20H). 13C NMR (125 MHz, CDCl3): δ 141.19, 139.89, 10 

133.23, 130.15, 128.21, 126.88. 

Synthesis of M2-4I: M2-4Bn (190 mg, 0.50 mmol), I2 (277 mg, 1.09 mmol) and PhI(OAcF3)2 

(491 mg, 1.14 mmol) were dissolved in DCM (10 ml) under Ar atmosphere. Then the mixture as 

stirred at dark overnight. The mixture was quenched by aqueous Na2S2O4, and the organic layers 

was collected and washed with water (50 mL × 2), brine (50 mL), dried over Na2SO4, concentrated 15 

by rotary evaporation, and precipitated into cold hexane. The white solids were collected and dried 

in vacuo to afford M2-4I (335 mg, 0.378 mmol, 75.6%). 1H NMR (500 MHz, CDCl3): δ 7.60 (m, 

8H), 7.39 (s, 2H), 6.92 (m, 8H). 13C NMR (125 MHz, CDCl3): δ 139.98, 139.09, 137.66, 132.95, 

131.81, 93.29. 

Synthesis of M2-4TMS: To the mixtures of THF (10 mL) and TEA (10 mL) in 100 mL Schlenk 20 

tube, M2-4I (200 mg, 0.23 mmol) and trimethylsilylacetylene (269 mg, 2.7 mmol) were added 

under Ar atmosphere. Followed by adding Pd(PPh3)4 (78 mg, 0.07 mmol) and CuI (13 mg, 0.07 



 

mmol). The mixtures were stirring at 90 °C overnight. Then solvent was removed under vacuum. 

the residue was purified by silica gel chromatography eluting with PE: DCM = 5:1 to give M2-

4TMS (100 mg, 0.13 mmol, 56.4 %) as white solid. 1H NMR (500 MHz, CDCl3): δ 7.45 (s, 2H), 

7.34(m, 8H), 7.11 (m, 8H), 0.25 (s, 36H). 13C NMR (125 MHz, CDCl3): δ 140.87, 139.54, 132.80, 

132.03, 129.90, 121.94, 105.11, 95.10, 0.20. 5 

Synthesis of M2-4Yne: To the solution of M2-4TMS (14.5 mg, 0.019 mmol) in DCM (5 mL), 

TBAF (79mg, 0.81 mmol) was measured and added under Ar atmosphere. The solution was stirred 

for 10 minutes at room temperature. Then solvent was removed under vacuum. The residue was 

directly applied onto silica gel column eluting with DCM to give M2-4Yne. The white solid was 

used without further purification.  10 

Synthesis of giant molecule M2: To the solution of M2-4Yne (9 mg, 0.017 mmol) in toluene, 

OPOSS-N3 (150 mg, 0.11 mmol) and CuBr (2 mg) was added under Ar atmosphere, followed by 

adding PMDETA (30 μL). The mixtures were stirring at room temperature for 12 hours. Then the 

crude product was directly applied onto silica gel column with a gradient elution (gradually 

changed from PE to PE: EA = 5:1) to afford the desired product (91 mg, 0.0156 mmol, 91.6%) as 15 

colorless solid. 1H NMR (500 MHz, CDCl3): δ 7.71 (d, 8H), 7.67 (d, 8H), 7.59 (s, 4H), 7.57 (s, 

2H), 7.29 (d, 8H), 7.28 (d, 8H), 5.56 (s, 6H), 1.98-0.54 (m, 4×(17×7)H). 13C NMR (125 MHz, 

CDCl3): δ 148.17, 140.87, 139.58, 136.68, 135.23, 133.00, 130.60, 129.21, 127.44, 125.76, 119.72, 

54.20, 54.07, 31.41, 31.34, 30.38, 30.29, 25.85, 25.21, 23.84, 23.67. 



 

 
Scheme S4. Synthesis of giant molecule M3.  

Synthesis of M3-5Bn: To the mixtures of THF (30 mL) and CH3OH (10 mL) in 250 mL Schlenk 

tube, 2,3,4,5,6-Pentabromotoluene (2 g, 4.11 mmol), Phenylboronic Acid (5.5 g, 45 mmol) and 

K3PO4 (9.6 g, 45 mmol) were added to toluene (50 ml) in 250 mL Schlenk tube under Ar 5 

atmosphere. Followed by adding Pd(PPh3)4 (478 mg, 0.41 mmol). The mixtures were stirring at 

110 °C overnight. After cooling to room temperature, the mixture was diluted with water and 

extracted with DCM. The combined organic layers were dried (Na2SO4), filtered and the filtrate 

was concentrated in vacuo. The residue was purified by column chromatography. Then solvent 

was removed under vacuum. the residue was purified by silica gel chromatography eluting with 10 

PE: DCM = 4:1 to give M3-5Bn (500 mg, 1.06 mmol, 25.8 %) as white solid. 1H NMR (500 MHz, 

CDCl3): δ 7.20-7.07 (m, 10H), 6.86-6.76 (m, 15H), 1.93 (s, 3H). 13C NMR (125 MHz, CDCl3): δ 

141.53, 141.20, 140.90, 140.83, 140.44, 138.77, 133.73, 131.63, 131.44, 130.58, 127.72, 126.69, 

126.18, 125.36, 125.30, 27.15, 19.90. 

Synthesis of M3-5I: M3-5Bn (200 mg, 0.42 mmol), I2 (300 mg, 1.18 mmol) and PhI(OAcF3)2 15 

(500 mg, 1.19 mmol) were dissolved in DCM (10 ml) under Ar atmosphere. Then the mixture as 

stirred at dark overnight. The mixture was quenched by aqueous Na2S2O4, and the organic layers 

was collected and washed with water (50 mL × 2), brine (50 mL), dried over Na2SO4, concentrated 

by rotary evaporation, and precipitated into cold hexane. The white solids were collected and dried 



 

in vacuo to afford M3-5I (280 mg, 0.254 mmol, 60.5%). 1H NMR (500 MHz, CDCl3): δ 7.53 (m, 

4H), 7.23 (m, 4H), 7.20 (m, 2H), 6.77 (m, 4H), 6.50 (m, 4H), 6.47 (m, 2H), 1.81 (s, 3H). 13C NMR 

(125 MHz, CDCl3): δ 140.50, 140.17, 139.50, 139.33, 137.27, 136.40, 133.11, 132.89, 132.14, 

92.53, 92.05, 19.88. 

Synthesis of M3-5TMS: To the mixtures of THF (10 mL) and TEA (10 mL) in 100 mL Schlenk 5 

tube, M3-5I (150 mg, 0.136 mmol) and trimethylsilylacetylene (203 mg, 2.05 mmol) were added 

under Ar atmosphere. Followed by adding Pd(PPh3)4 (47 mg, 0.04 mmol) and CuI (7.8 mg, 0.04 

mmol). The mixtures were stirring at 90 °C overnight. Then solvent was removed under vacuum. 

the residue was purified by silica gel chromatography eluting with PE: DCM = 4:1 to give M3-

5TMS (41 mg, 0.043 mmol, 31.7 %) as white solid. 1H NMR (500 MHz, CDCl3): δ 7.29 (m, 4H), 10 

6.98 (m, 8H), 6.94 (m, 2H), 6.71 (m, 4H), 6.68 (2, 8H), 1.79 (s, 3H), 0.23 (s, 18H), 0.20 (s, 18H), 

0.19 (s, 9H). 13C NMR (125 MHz, CDCl3): δ 141.26, 140.84, 140.62, 140.48, 139.71, 137.94, 

134.08, 131.73, 131.19, 130.99, 130.92, 130.24, 121.25, 120.45, 120.38, 105.53, 105.28, 94.51, 

94.14, 31.74, 30.37, 29.93, 19.63, 0.17, 0.15. 

Synthesis of M3-5Yne: To the solution of M3-5TMS (12.2 mg, 0.013 mmol) in DCM (5 mL), 15 

TBAF (50.2mg, 0.192 mmol) was measured and added under Ar atmosphere. The solution was 

stirred for 10 minutes at room temperature. Then solvent was removed under vacuum. The residue 

was directly applied onto silica gel column eluting with DCM to give M3-5Yne. The white solid 

was used without further purification.  

Synthesis of giant molecule M3: To the solution of M3-5Yne (7.6 mg, 0.013 mmol) in toluene, 20 

OPOSS-N3 (120 mg, 0.09 mmol) and CuBr (2 mg) was added under Ar atmosphere, followed by 

adding PMDETA (30 μL). The mixtures were stirring at room temperature for 12 hours. Then the 

crude product was directly applied onto silica gel column with a gradient elution (gradually 

changed from PE to PE: EA = 4:1) to afford the desired product (85 mg, 0.0116 mmol, 89.2%) as 

colorless solid. 1H NMR (500 MHz, CDCl3): δ 7.67 (m, 10H), 7.59 (s, 4H), 7.51 (s, 4H), 7.40 (s, 25 

4H), 7.38 (s, 2H), 7.27 (m, 6H), 7.23 (m, 10H), 7.13 (d, 4H), 6.88 (d, 4H), 6.84 (d, 2H), 5.51 (s, 

4H) , 5.44 (s, 4H), 5.42 (s, 2H) 1.87 (s, 3H), 1.94-0.53 (m, 5×(17×7)H). 13C NMR (125 MHz, 

CDCl3): δ 148.18, 136.36, 135.19, 127.49, 127.39, 124.48, 119.52, 54.19, 54.05, 31.41, 31.34, 

30.38, 30.30, 30.27, 25.94, 25.90, 25.22, 25.18, 23.83, 23.65. 



 

 

Scheme S5. Synthesis of giant molecule M4.  

Synthesis of M4-6I: Hexaphenylbenzene (200 mg, 0.37 mmol), I2 (210 mg, 0.82 mmol) and 

PhI(OAcF3)2 (354 mg, 0.82 mmol) were dissolved in DCM (10 ml) under Ar atmosphere. Then 

the mixture as stirred at dark overnight. The mixture was quenched by aqueous Na2S2O4, and the 5 

organic layers was collected and washed with water (50 mL × 2), brine (50 mL), dried over Na2SO4, 

concentrated by rotary evaporation, and precipitated into cold hexane. The white solids were 

collected and dried in vacuo to afford M4-6I (310 mg, 0.24 mmol, 64.9%). 1H NMR (500 MHz, 

CDCl3): δ 7.24 (m, 12H), 6.46 (m, 12H). 13C NMR (125 MHz, CDCl3): δ 139.72, 139.21, 136.57, 

133.03, 92.19. 10 

Synthesis of M4-6TMS: To the mixtures of THF (10 mL) and TEA (10 mL) in 100 mL Schlenk 

tube, M4-6I (150 mg, 0.124 mmol) and trimethylsilylacetylene (222 mg, 2.23 mmol) were added 

under Ar atmosphere. Followed by adding Pd(PPh3)4 (57 mg, 0.05 mmol) and CuI (9.5 mg, 0.05 

mmol). The mixtures were stirring at 90 °C overnight. Then solvent was removed under vacuum. 

the residue was purified by silica gel chromatography eluting with PE: DCM = 3:1 to give M4-15 

6TMS (49 mg, 0.044 mmol, 35.5 %) as white solid. 1H NMR (500 MHz, CDCl3): δ 6.98 (m, 12H), 

6.68 (m, 12H), 0.21 (s, 54H). 13C NMR (125 MHz, CDCl3): δ 140.32, 134.04, 131.15, 131.05, 

120.58, 105.47, 94.34, 0.14. 

Synthesis of M4-6Yne: To the solution of M4-6TMS (10.4 mg, 0.009 mmol) in DCM (5 mL), 

TBAF (44 mg, 0.168 mmol) was measured and added under Ar atmosphere. The solution was 20 

stirred for 10 minutes at room temperature. Then solvent was removed under vacuum. The residue 

was directly applied onto silica gel column eluting with DCM to give M4-6Yne. The white solid 

was used without further purification.  



 

Synthesis of giant molecule M4: To the solution of M4-6Yne (6.35 mg, 0.009 mmol) in toluene, 

OPOSS-N3 (100 mg, 0.075 mmol) and CuBr (2 mg) was added under Ar atmosphere, followed 

by adding PMDETA (20 μL). The mixtures were stirring at room temperature for 12 hours. Then 

the crude product was directly applied onto silica gel column with a gradient elution (gradually 

changed from PE to PE: EA = 5:1) to afford the desired product (75 mg, 0.0086 mmol, 91.7%) as 5 

colorless solid. 1H NMR (500 MHz, CDCl3): δ 7.66 (d, 12H), 7.40 (s, 6H), 7.25 (d, 12H), 7.22 (d, 

12H), 6.85 (d, 12H), 5.43 (s, 12H), 1.90-0.53 (m, 6×(17×7)H). 13C NMR (125 MHz, CDCl3): δ 

148.11, 140.50, 140.36, 136.31, 135.20, 132.95, 131.92, 127.52, 124.59, 119.70, 54.37, 54.20, 

54.04, 54.01, 31.41, 31.33, 30.38, 30.30, 29.68, 25.97, 25.93, 25.87, 25.24, 25.22, 25.18, 23.85, 

23.66. 10 

  



 

2. Supplementary Text 

2.1. Characterization of lattice structures of  and  phase 

In this section, we would present in-depth discussions on structural determination of  and  

phase. The discussions include: 1. Bragg peaks in 1D small-angle X-ray scattering (SAXS) profiles. 

2. Characteristic textures under bright-field transmission electron microscope (BF-TEM). 3. 5 

Lattice transition between  and  phases. 4. Unit cell reconstruction and simulation of diffraction 

intensity. 5. Characterization of cryo-microtomed samples. Proposed lattice structures (.cif file) of 

 and  phases are presented in extended data (https://doi.org/10.6084/m9.figshare.23497661.v1). 

2.1.1. Bragg peaks in 1D small-angle X-ray scattering (SAXS) profiles. 

The peak positions in 1D SAXS profiles at higher (Figure 3A) and lower (Figure 3C) temperatures 10 

are indexed into  and  phase, respectively (see Methods). For  phase, the 20 observed Bragg 

peaks (Table S7) are indexed according to the R-3m space group and lattice parameters: a = b = 

6.992 nm, c = 39.55 nm. The averaged deviation between observed q values (qobs) and calculated 

q values (qcalc) is 0.037%. For  phase, the 44 observed Bragg peaks (Table S8) are indexed 

according to the Imm2 space group and lattice parameters: a = 6.946 nm, b = 19.011 nm, c = 18.312 15 

nm. The averaged deviation between observed q values (qobs) and calculated q values (qcalc) is 

0.113%. To better illustrate the agreement between the observed and calculated q values, the 

theoretical peak positions have been included as drop lines in the experimental SAXS profiles 

(Figure S17). 

2.1.2. Characteristic textures under bright-field transmission electron microscope (BF-TEM). 20 

To better illustrate the characteristics of lattice structure in crystallographic symmetry, we display 

the textures along multiple orthogonal directions in the main text (Figures 3B, and 3D-G). For  

phase, we captured the textures being tallied with (110) and (001) planes. The corresponding 

simulated textures are illustrated in Figure S11a, b. For the  phase, we experimentally captured 

the textures of the (100), (010), and (001) planes. The corresponding simulated textures are 25 

illustrated in Figure S11c-e. In BF-TEM, regions with high electron density will appear as dark 

regions in the resulting image. Given the current molecular structures, aromatic cores are expected 

to have higher electron density. As a result, the center of each mesoatom should appear as a dark 

spot in BF-TEM images. Based on each inset (iv) in Figure S11, the proposed positions of spheres 

correspond well with the dark regions observed in TEM images. 30 

Additionally, FFT images (see Methods) derived from TEM images would serve a good reference 

to reveal characteristics of lattice symmetry. For comparison, we also simulated electron 

diffraction patterns of the phase of interest with CrystalMaker (see Methods). As representative, 

the simulated ED pattern is along the [110] direction for  phase and long the [100] direction for 

 phase. Clearly revealed in comparison, strong diffractions of (0 -2 10), (0 0 12), (0 2 11), (0 4 4), 35 

(0 4 1), (0 4 -2), and (0 4 -5) along the [110] zone axis (Figure S3a) are correctly reproduced in 

the  phase. For the  phase, strong diffractions of (060), (053), (035), and (006) along [100] zone 

axis (Figure S3b) are also correctly reflected. 

2.1.3. Lattice transition between  and  phases. 

The structures of  and  phases are closely related. In-situ SAXS of molecular pentagon (MP) 40 

molecules revealed, in both heating (Figure S4a) and cooling (Figure S4b) processes, the two 

phases are interchangeable: upon heating (from 150 oC to 210 oC), we observed a  ->  -> 

amorphous state phase sequence; upon cooling (from 210 oC to 150 oC), we observed an 

amorphous state ->  ->  phase sequence. The enantiotropic phase behavior observed in our 



 

experiments indicates that, within the timeframe of our observations, the  phase is the stable state 

at high temperatures, while the  phase is the stable state at low temperatures.  

Therefore, by annealing MP molecules at an intermediate temperature (190 oC), an intermediate 

state between  phase and  phase is anticipated. As revealed in Figure S5, we observed regions 

of  phase (region i, (110) plane of  phase) and  phase (region iii, (100) plane of  phase) 5 

intermediated by a transitional state (region ii). The texture of region ii indicates: to transform the 

(110) plane of  phase to (100) plane of  phase, an edge dislocation along the slip plane (1-11) of 

 phase should occur. Based on this observation, we could derive a unit cell of  phase from its 

parent structure ( phase) whose lattice has been extensively studied in metallurgy. 

2.1.4. Unit cell reconstruction and simulation of diffraction intensity. 10 

For mesoscale superlattices, accurately simulating powder diffraction patterns (including 

information such as peak positions, intensities, and broadening) using conventional crystal 

diffraction software (e.g., CrystalMaker, VESTA, and Material Studio) can be challenging. This 

is because, although peak positions can be readily confirmed by lattice symmetry, insufficient 

information about micellar geometry and electron density profile renders accurate reconstruction 15 

of scattering intensity almost impossible.  

In the present study, we qualitatively simulate the scattering intensity. Micellar superlattices are 

essentially aromatic cores (central part of molecules) periodically distributed in a continuous 

matrix consisting of octyl POSS (peripheral part of molecules).11 The difference of electron density 

in core and matrix contribute to the scattering intensity. Therefore, to simulate the diffraction 20 

intensity, we constructed an atomic cluster (consisting of hundreds of atoms) to mimic the size and 

geometry of the aromatic core of mesoatom, then place the atomic cluster at the corresponding 

Wyckoff positions in a lattice with the same dimension of the experimentally determined ones 

(reconstructed structures are presented in https://doi.org/10.6084/m9.figshare.23497661.v1).  

With this reconstructed lattice, we simulated the powder X-ray diffraction (see Methods). These 25 

results were further refined incorporating the peak broadening finally resulting in simulated SAXS 

result in Figure S18. Clearly revealed, the simulated powder diffraction profile qualitatively 

replicates the strong/weak diffraction peaks as well as the strongly scattered q ranges (q = 0.175–

0.225, 0.310–0.340 Å-1) in experimentally data (Figures S18a(i) and S16b(i)). 

2.1.5. Characterization of cryo-microtomed samples 30 

The thin-film sample characterized under TEM is prepared by drop-casting (see Methods). We did 

not prepare samples by microtoming because of samples’ low glass transition temperature (~10 
oC, Figure S2). Inevitable lattice deformation during microtoming also add to the challenge in 

structural determination.  

Nevertheless, to rule out the influence of sample preparation during structural formation, we also 35 

annealed the bulk sample (the same method for samples in SAXS characterization) then prepared 

a thin-film sample by cryo-microtoming (see Methods). By doing so, we successfully captured the 

identical (100), (010), and (001) planes of  phase (Figure S19). This result suggests that thin-film 

sample would have the identical self-assembled structures with that in bulk state. 

2.2. Quantities of molecules per mesoatom and size distribution of mesoatoms 40 

The size of a mesoatom is determined by the quantity of molecules per mesoatom. To characterize 

averaged sizes of mesoatoms, qualitatively, one could calculate an averaged number of molecules 

in one mesoatom (𝑁̅) globally. One could also estimate size distribution based on the volume of 



 

Wigner–Seitz (WS) cells, or estimate the combination of molecular number (𝑁) at each Wyckoff 

site that constitutes 𝑁̅ values. 

The averaged number of molecules in one mesoatom (𝑁̅) is defined as 𝑁̅ =
𝑉𝑐

𝑛𝑉𝑚
, where 𝑛 is the 

number of mesoatoms in a unit cell, 𝑉𝑐  and 𝑉𝑚  are the volume of unit cell and molecule, 

respectively. The 𝑉𝑐  is expressed as 𝑎3 for the cubic lattices (BCC-type phases), 𝑎𝑏𝑐 for the 5 

orthorhombic phase ( phase), or 
√3

2
𝑎2𝑐 for the trigonal phase ( phase), where 𝑎, 𝑏, and 𝑐 are 

lattice parameters determined by SAXS. The 𝑉𝑚 is estimated by 
𝑀𝑚

𝑁𝐴𝜌
, where 𝑀𝑚 is the relative 

molecular mass, 𝜌 is the density of material, and 𝑁𝐴 is the Avogadro constant. The 𝑁̅ values for 

all phases in the present study are summarized in Table S9. 

In a crystal lattice, a WS cell of an atom consists of all points in space that are closer to that central 10 

atom than to any other.12 Mathematically, a WS cell can be regarded as the region enclosed by the 

boundaries defined by the perpendicular bisectors of all line segments connecting the central atom 

to its neighboring atoms. In other word, a WS cell reflects the space that is potentially occupied 

by a central atom. However, it is important to note that the WS cell is just an indicator of micellar 

geometry in a dense packing state rather than an accurate evaluation of micellar volume. In reality, 15 

neighboring atoms may have different volumes, which renders the segmentation based on 

perpendicular bisector planes invalid. Therefore, we only use the WS cell as a qualitative 

illustration of size distribution, as shown in Figure S9. 

One could also qualitatively estimate the molecular number (𝑁) at each Wyckoff site based on the 

overall 𝑁̅ values. Since the molecular number in each mesoatom (𝑁) should be an integer, the 20 

fractional 𝑁̅ values indicate the variance of 𝑁 at different Wyckoff sites in lattice. For example, 

BCC-type phase formed by M2 is determined to be 𝑁̅ = 4.10 (Table S9), which suggests all sites 

in this structure should be occupied by 4-molecule mesoatoms. In another case, for example, BCC-

type phase formed by M1, the fractional 𝑁̅ = 6.56 indicates mesoatoms in two different sizes (6-

molecule and 7-molecule) coexist in one lattice. When the types of Wyckoff sites increased to 5 25 

and 14, as in  and  phase respectively, the combinations of 𝑁 becomes significantly more 

complicated. In Table S10, we list the most probable combinations of 𝑁. The combinations are 

postulated based on three criteria: 1. The calculated 𝑁̅𝑐𝑎𝑙𝑐 =
∑ 𝑁𝑛

𝑛
1

𝑛
 should be close to the 

experimental 𝑁̅ values (Table S10). 2. The calculated aspect ratios 𝑅 based on the geometry of 

WS cells (Figure 5C) should be close the simulated 𝑅 of mesoatoms with different molecules 30 

(Figure S10); 3. The simulated diffraction profile of lattice with the combination of 𝑁  (see 

Methods) should well reflect the features in experimental profiles (Figure S18). Based on these 

criteria, for the 39 mesoatoms in a lattice of  phase, the optimal numbers of 3-, 4-, and 5-molecule 

mesoatoms are 27, 6, and 6 (with a ratio of 9:2:2). For the 54 mesoatoms in a lattice of  phase, 

the optimal numbers of 3-, 4-, 5-, and 6-molecule mesoatoms are 32, 12, 8, and 2 (with a ratio of 35 

16:6:4:1). 

2.3. Stability of  phase 

To gain deeper insights into the factors contributing to the broad distribution of mesoatoms in MP, 

molecular dynamics simulations were conducted (see Supplementary Information 1.3). We first 

evaluate the energy of molecules by placing mesoatoms with different molecular numbers (i.e., N 40 

= 3, 4, 5, or 6) in a lattice of  phase (Figure S15). It is surprising that only the five-fold MP 

exhibits almost equal energies in all four types of mesoatoms. Therefore, the near-equal energy 

suggests, in terms of enthalpy, the driving force for MP to unify mesoatomic sizes would be 



 

minimal. In contrast, other molecules tend to have one dominant size (Figure S15), which 

enthalpically destabilizes the  phase, driving the system into a lattice with uniform mesoatoms, 

such as in BCC-type lattice. By placing molecules in BCC-type lattices, we also calculate the 

enthalpy of molecules in mesoatoms with different molecular numbers (i.e., N = 3, 4, 5, or 6). We 

observed N with low energy tally well with experimentally observed molecular numbers (Figure 5 

S16a).  

We then compare the energetics between BCC and  phase. Specifically, for molecules M1 to M4, 

it is found that some mesoatoms in the ϕ phase exhibit lower local energy than their counterparts 

in the BCC phase. For instance, the local energy of M2 with a cluster size of 5 molecules is -66.2 

kJ/mol (Figure S15), which is lower than the local energy of clusters of different sizes in the BCC 10 

phases (Figure S16a). However, it is crucial to note that clusters with high local energy are also 

present concurrently in the ϕ phase. For example, the local energy of M2 cluster with a size of 6 

is -19.4 kJ/mol. This inherent variability inevitably leads to a higher average cluster energy in the 

ϕ phase (Figure S16b), which is unfavorable for the formation of the ϕ phase but conducive to the 

formation of the BCC phase. In the case of MP molecules, our findings suggest that the BCC phase 15 

has a higher energy level compared to the ϕ phase (as depicted in Figure S16b) when we estimate 

the number of molecules in mesoatoms (N = 3 and 4) based on the experimental results of M3, 

whose chemical structure closely resembles that of MP. Nevertheless, our simulations also reveal 

that clusters of size 5 within the BCC phase exhibit a lower cluster interaction energy in 

comparison to the ϕ phase for MP. This intriguing observation implies that entropic contributions 20 

play a pivotal role in promoting the formation of the ϕ phase. 

While it is challenging to precisely quantify the entropic contributions, we can conceptually 

categorize entropy based on the scale of its contributing degrees of freedom. In other words, 

entropy can be delineated into three primary domains: packing free volume, cluster size 

distribution, and molecular conformation. 25 

2.3.1. Entropy associated with free volume. 

Our system exemplifies a soft matter assembly paradigm, inherently capable of adaptive reshaping 

to optimize spatial occupancy. This leads us to anticipate that entropy contributions stemming from 

free volume are inconsequential. It's important to note that this concept differs significantly from 

the entropy dynamics observed in hard colloid assemblies, where such factors play a significant 30 

role.12,13  

2.3.2. Entropy associated with cluster distribution. 

To gauge the entropy concerning cluster distribution, we employed the Gibbs entropy formula 

𝑆 = −𝑘 ∑ 𝑝𝑖 ln 𝑝𝑖

𝑖

 

Wherein, 𝑆 denotes the entropy per molecule linked to the distribution of mimesoatos of varied 35 

sizes, 𝑘 stands for the Boltzmann constant, and 𝑝𝑖 is the probability of encountering a specific 

molecule within a mesoatom comprising i molecules. 

Considering BCC crystals, the mesoatom distribution is monodispersed, leading to 𝑝𝑖 = 1 for a 

given i and 0 for the remaining i values. This results in 𝑆 = 0 for the BCC crystal structure when 

molecular number is monodispersed. For the ϕ phase, the size distribution of mesoatoms can be 40 

derived from the experimentally determined crystal cell (Supplementary Information 2.2). The 

ensuing entropy computation yields 𝑆 = 1.189𝑘, or 9.890 J/mol/K (Table S11). When assessed 

at 180°C (equivalent to 453K), the free energy contribution owing to this entropy element is 

−𝑇∆𝑆 = −4.48 kJ/mol. Though this value remains notably lower than the energy differentials 



 

observed for individual molecules, the entropy caused by the broaden size distribution promote 

the formation ϕ phase.  

2.3.3. Entropy associated with molecular conformation. 

Due to non-rigid alkyl chains on POSS cages, the overall shape of mesoatom could deform by 

change of chain conformation. In the transition from BCC to ϕ phase, the local packing 5 

environment of mesoatoms varies, leading to changes in the stretchiness of alkyl chains on POSS 

cages. In conventional systems packed by soft chain-like molecules, a spherical geometry is 

typically favored14 to maximizing the achievable chain conformation while minimizing the 

interfacial area. This is the primary reason for the stability of BCC and some other phases with 

high sphericity of building blocks. However, in the present semi-rigid system, based on the 10 

simulation of conformation of mesoatoms, the unconfined geometry may largely deviate from a 

sphere (Figure 5D), which mean BCC lattice may induce additional stretchiness to alkyl groups. 

Therefore, the lattice which highly deformed WS cell (like the ϕ phase) is also favorable in terms 

of entropy associated with molecular conformation. 

In summary, with regard to entropy, the complex ϕ phase is favored over the BCC phase for all 15 

molecules involved (MP and M1-4). However, concerning enthalpy, only MP exhibits nearly 

equal energy levels across all molecular numbers. For M1-4, a dominant molecular number with 

low energy drives the system toward uniform-sized mesoatoms, ultimately resulting in 

conventional spherical packing structures. 

2.4. The absence of  phase in metal alloys 20 

In rationalizing the Hume-Rothery rule (i.e., binary alloys’ phase dependence on the concentration 

of valence electrons), people anticipate metallic alloys would favor a crystal structure whose free-

electron-like Fermi surface (presumably being spherical) would be mostly enclosed by the Jones 

zone.15 This concept has also been adopted by polymeric systems to account for the stability of 

high-sphericity phases.13  25 

The rationalization would help us to understand why the  phase is absent in metal alloys. In 

practice, we simulated the powder diffraction of A15, ,  and  phases with Cu atoms. Then we 

adopted the strong diffractions to reconstruct the Jones zone in reciprocal space (see Methods) and 

evaluate its geometric features. The shape of Jones zones of A15, ,  and  phases are illustrated 

in Figure S14. Since Jones zones are convex polyhedra, to evaluate its deformation from perfect 30 

sphere, we also applied the method described in Methods to afford 𝑅 (Table S5). Clearly, the  

phase is with a rather high 𝑅 value, suggesting the Fermi sphere would be less effectively enclosed 

(i.e., The Fermi sphere would touch the Jones Zone along the direction of the short axis, while 

leaving a greater distance to the boundary of the Jones Zone along the long axis). Therefore, the  

phase would be less stable in free-electron-like systems. 35 

  



 

3. Supplementary Figures 

 

Figure S1. Optimized geometry of pentaphenyl pyrrole. The length of C-C bonds is 0.0042 nm 

longer than that of C-N bond (0.1469 nm for a C-C bond and 0.1427 nm for a C-N bond). we 

anticipate the 0.0042 nm fluctuation in bond length is largely compensated in MP by fuzzy POSS 5 

cages (~ 1.3 nm in diameter). Method of geometric optimization is presented in Methods. 

  



 

 

Figure S2. The DSC thermograms of MP. The data were obtained during the first cooling and 

second heating at 10 °C/min. 

  

           

                     

        



 

 

Figure S3. Experimental TEM results ((i) TEM image in real space, (ii) FFT image in reciprocal 

space) and (iii) simulated weighted reciprocal lattice of (a) (110) plane  phase. (b) (100) plane of 

 phase. Scale bar: 20 nm. 

  5 



 

 

Figure S4. In-situ SAXS characterization of MP molecule with smaller temperature intervals 

compared to those shown in Figures 3H and 3I. (a) Heating process. (b) Cooling process. 

  



 

 

Figure S5. Crystal lattice changing from  phase to  phase. The region i represents a microdomain 

of  phase; the region ii represents a microdomain of an intermediate phase; the region iii 

represents a microdomain of  phase. Scale bar: 20 nm 

  5 



 

 

Figure S6. (a) μ phase unit cell with all the five different types of particles. (b) Space-filling 

representation depicting Wigner-Seitz (WS) cells surrounding the particles. (c) show the WS cells 

surrounding the particles for particles with Wyckoff positions 3a, 18h, 6c, 6c’ and 6c’’, 

respectively. The percentages given in (c) are the relative volumes of the respective WS cell with 5 

respect to the number average volume of the all the five types of WS cells. All color codes follow 

the ones in Figure 1A (blue, green, yellow, and red colors stand for 12-, 14-, 15-, and 16-

coordinating environment, respectively). 

  



 

 

Figure S7. (a)  phase unit cell with all the 14 different types of particles. (b) Space-filling 

representation depicting Wigner-Seitz (WS) cells surrounding the particles. (c) show the WS cells 

surrounding the particles for particles with different Wyckoff positions. The percentages given in 

(c) are the relative volumes of the respective WS cell with respect to the number average volume 5 

of the all the five types of WS cells. All color codes follow the ones in Figure 1A (blue, green, 

yellow, and red colors stand for 12-, 14-, 15-, and 16-coordinating environment, respectively).  

  



 

 

Figure S8. SAXS pattern for the BCC phase based on (a) M1, (b) M2, (c) M3, (d) M4. 

  



 

 

Figure S9. (a) The normalized frequency of volume ratios of all WS cells in (i) BCC phase, (ii) 

A15 phase, (iii)  phase, (iv) C14 phase, (v) C15 phase, (vi) Z phase, (vii)  phase, and (viii)  

phase.  (b) The normalized frequency of R values of all WS cells in (i) BCC phase, (ii) A15 phase, 

(iii)  phase, (iv) C14 phase, (v) C15 phase, (vi) Z phase, (vii)  phase, and (viii)  phase. (c) 5 

lattice structure of (i) BCC phase, (ii) A15 phase, (iii)  phase, (iv) C14 phase, (v) C15 phase, (vi) 

Z phase, (vii)  phase, and (viii)  phase. For each Wyckoff position, one WS cell is illustrated as 

representative. For all FK phases, color codes follow that in Figure 1A. 

  



 

 

Figure S10. Deformation of uniaxial stacked mesoatoms with molecular number (𝑵). (a) 𝑵 = 3, 

(b) 𝑵 = 4, (c) 𝑵 = 5, and (d) 𝑵 = 6. In each panel, inset (i) is a model of uniaxial stacking of 

𝑵 disc-like molecules; inset (ii) is the side view of simulated conformation of mesoatom; inset 

(iii) is the top view of simulated conformation of mesoatom. Aspect ratio R corresponding to each 5 

mesoatom is labeled aside. Simulation method is presented in Methods, method to calculate R 

values is presented in Supplementary Information 1.3. 

  



 

 

Figure S11. Comparison between experimental BF-TEM images (bottom textures) and simulated 

textures based on proposed lattice structures (top textures). (a) (110) plane of  phase, (b) (001) 

plane of  phase. (c) (100) plane of  phase. (d) (010) plane of  phase. (e) (001) plane of  phase. 

For each panel, the inset (i) represents original image, the inset (ii) represents Fourier-filtered 5 

image (see Methods), the inset (iii) represents fast Fourier transform (FFT) image, the inset (iv) 

represents simulated texture (see Methods). Scale bar: 10 nm. 



 

 

Figure S12. Thermal stability of MP. (a) 1H NMR spectrum before (bottom) and after (top) 

overnight thermal treatment. (b) TGA curve. 

  



 

 
Figure S13. (A) Schematic illustration of the transition from an oblate spheroid (c < a) to a 

prolate spheroid (c > a). (B) Graph depicting IQ (black line) and R (red line) functions. It is 

evident that the IQ value does not distinguish between the oblate and prolate cases. 
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Figure S14. Jones zones of (a) A15, (b) , (c)  and (d)  phases. 

  



 

 
Figure S15.Energy of MP and M1–4 in N-molecule mesoatoms in ϕ phase. Error bars represent 

the standard errors. Data are presented as mean values with standard errors. The average value and 

standard errors are calculated from 501 snapshots, each separated by 10 ps, extracted from the 

final 5 ns of molecular dynamics simulations. 5 

  



 

 
Figure S16. (a) Energy of MP and M1-4 in N-molecule mesoatoms in BCC phase. Asterisk 

denotes the experimental determined most stable N values in BCC lattices (Table S9). Simulation 

method presented in Methods. (b) Energy comparison between ϕ phase and BCC phase. The 

energetics of experimentally accessible structures (BCC for M1-4 and ϕ phase for MP) are 5 

estimated through a weighted averaging process that considers the energetics of experimentally 

observed combinations of N-molecule mesoatoms. In the case of the experimentally inaccessible 

ϕ phase for M1-4, their energetics are estimated by following a similar approach based on the 

combination of MP data. Additionally, for the BCC phase of MP, its energy is estimated using 

experimental data from the combination of M3. Data are presented as mean values with standard 10 

errors. The average value and standard errors are calculated from 501 snapshots, each separated 

by 10 ps, extracted from the final 5 ns of molecular dynamics simulations. 

  



 

 

 

Figure S17. SAXS profiles for (a)  phase and (b)  phase. Droplines indicate the Miller index of 

the corresponding Bragg peak. The q values of experimental and simulated Bragg peaks are listed 

in Table S7 and Table S8, respectively. 5 

  



 

 

Figure S18. Comparison between experimental SAXS profiles and simulated SAXS profiles based 

on full-size micellar model. (a)  phase, (i) experimental data, (ii) simulated data. (b)  phase, (i) 

experimental data, (ii) simulated data. 
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Figure S19. Cryo-microtomed sample with (a) (100) plane, (b) (010) plane, and (c) (001) plane of 

 phase. For each panel, the inset (i) represents an original TEM image, the inset (ii) represents a 

Fourier-filtered image (see Methods), and the inset (iii) represents a FFT image (see Methods). 

Scale bar: 20 nm 5 

  



 

 

Figure S20. GPC profiles of giant molecules MP, M1, M2, M3 and M4. 

  



 

 

Figure S21. 1H NMR spectra of MP. 

  



 

 

Figure S22. 13C NMR spectra of MP. 

  



 

 

 

Figure S23. 1H NMR spectra of M1. 
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Figure S24. 13C NMR spectra of M1. 

  



 

 

Figure S25. 1H NMR spectra of M2. 

  



 

 

Figure S26. 13C NMR spectra of M2. 

  



 

 

Figure S27. 1H NMR spectra of M3. 

  



 

 

Figure S28. 13C NMR spectra of M3. 

  



 

 

 

Figure S29. 1H NMR spectra of M4. 

  



 

 

Figure S30. 13C NMR spectra of M4. 

 

  



 

4. Supplementary Tables 

Table S1. FK phases discovered in different material systems. 

Material Year of 

Identifying 

FK Phases 

Length Scale Key References 

Small-Molecule Crystals 2021 1.2-1.5 nm 16 

Giant-Molecule superlattices 2015 3.8-12.5 nm 17-19 

Liquid Foams* 2012 ~2.4 mm 20 

DNA-Grafted Colloidal 

Crystals 

2011 5-650 nm 21,22 

Nanoparticle Superlattices 2006 3.0-13.5 nm 23,24 

Metal-Organic Framework* 2004 0.76-6.5 nm 25-27 

Polymer Melts 2003 9.8-52 nm 28-30 

Dendron/Dendrimer 

Assemblies 

1997 4.2-12 nm 31,32 

Natural Opal 1995 240-470 nm 33 

Mesoporous Materials* 1994 2-10 nm 34-36 

High-Pressure Compounds 1993 0.1-0.4 nm 37,38 

Lyotropic Liquid Crystals 1990 5.5-9.2 nm 39-41 

Microsphere Aggregates 1985 85-1160 nm 42-44 

Zeolites* 1981 ~0.83 nm 45 

Clathrates* 1951 0.73-1.49 nm 46-48 

Metals/Metal Alloys 1927 0.2-0.3 nm 49,50 

*Length scales are estimated by calculating the sizes of spheroidal pores from lattice parameters. 

  



 

Table S2. List of the 28 (with metallic prototype) + 1 (without metallic prototype) types of Frank-

Kasper phases discovered to date (phases identified in the present study are labeled in red). 

Number Phase Prototype 
Space 

group 

Atomic 

Number 

Combination 

of coordination 

number (CN) 

12/14/15/16 

Average 

CN 

1 A15 Cr3Si Pm3̅n 8 (1, 3, 0, 0) 13.500 

2 σ Cr46Fe54 P42/mnm 30 (5, 8, 2, 0) 13.466 

3 Hcomp Complex Cmmm 30 (5, 8, 2, 0) 13.466 

4 Kcomp Complex Pmmm 82 (14, 21, 6, 0) 13.463 

5 Fcomp Complex P6/mmm 52 (9, 13, 4, 0) 13.461 

6 Jcomp Complex Pmmm 22 (4, 5, 2, 0) 13.454 

7 υ Mn81.5Si18.5 Immm 186 (37, 40, 10, 6) 13.440 

8 Z Zr4Al3 P6/mmm 7 (3, 2, 2, 0) 13.428 

9 P Mo42Cr18Ni40 Pbnm 56 (6, 5, 2, 1) 13.428 

10 δ MoNi P212121 56 (6, 5, 2, 1) 13.428 

11 K Mn77Fe4Si19 C2 220 (25, 19, 4, 7) 13.418 

12  Molecular Pentagon Imm2 54 (13, 8, 2, 4) 13.407 

13 R Mo31Cr51Co18 R3̅ 159 (27, 12, 6, 8) 13.396 

14 μ Mo6Co7 R3̅m 39 (7, 2, 2, 2) 13.384 

15 zra-d K7Cs6 P63/mmc 26 (7, 2, 2, 2) 13.384 

16 pσ Th6Cd7 Pbam 26 (7, 2, 2, 2) 13.384 

17 M Nb48Ni39Al13 Pnma 52 (7, 2, 2, 2) 13.384 

18 I V41Ni36Si23 Cc 228 (11, 2, 2, 4) 13.368 

19 C V2(Co, Si)3 C2/m 50 (15, 2, 2, 6) 13.360 

20 T Mg32(Zn, Al)49 Im3̅ 162 (49, 6, 6, 20) 13.358 

21 X Mn45Co40Si15 Pnnm 74 (23, 2, 2, 10) 13.351 

22 mz Mg4Zn7 C2/m 110 (35, 2, 2, 16) 13.345 

23 6-

layers 
MgCuNi P63/mmc 36 (2, 0, 0, 1) 13.333 

24 8-

layers 
MgZn2+0.03MgAg2 P63/mmc 48 (2, 0, 0, 1) 13.333 

25 9-

layers 
MgZn2+0.07MgAg2 R3̅m 54 (2, 0, 0, 1) 13.333 

26 10-

layers 
MgZn2+0.1MgAg2 P63/mmc 60 (2, 0, 0, 1) 13.333 

27 C36 MgNi2 P63/mmc 24 (2, 0, 0, 1) 13.333 

28 C15 MgCu2 Fd3̅m 24 (2, 0, 0, 1) 13.333 

29 C14 MgZn2 P63/mmc 12 (2, 0, 0, 1) 13.333 

 



 

Table S3. Coordinates of mesoatoms in  phase (Wyckoff positions are denoted in Figure S6, 

crystal structure in .cif format is presented in https://doi.org/10.6084/m9.figshare.23497661.v1). 

Crystal 

Structure 

(Space 

Group) 

Wyckoff 

Position 
x y z IQ 𝑰𝑸̅̅̅̅  

 phase 

(R-3m) 

18h 0.16670 0.33340 0.74380 0.7372 

0.7617 

6c 0.33333 0.66667 0.50117 0.7695 

3a 0.33333 0.66667 0.66667 0.7447 

6c’ 0.33333 0.66667 0.21487 0.7887 

6c’’ 0.33333 0.66667 0.31837 0.8092 

 

  



 

Table S4. Coordinates of mesoatoms in  phase (Wyckoff positions are denoted in Figure S7, 

crystal structure in .cif format is presented in https://doi.org/10.6084/m9.figshare.23497661.v1). 

Crystal 

Structure 

(Space 

Group) 

Wyckoff 

Position 
x y z IQ 𝑰𝑸̅̅̅̅  

 phase 

(Imm2) 

8e 0.25000 0.66954 0.24565 0.7422 

0.7485 

4da 0.50000 0.58510 0.09849 0.7348 

4db 0.50000 0.36558 0.69583 0.7078 

4dc 0.50000 0.08483 0.89294 0.7348 

4ca 0.25000 0.50000 0.95190 0.7314 

2aa 0.50000 0.50000 0.74758 0.6374 

4dd 0.50000 0.79661 0.07651 0.7706 

4de 0.50000 0.33086 0.44273 0.7691 

4df 0.50000 0.83081 0.54867 0.7692 

4cb 0.75000 0.00000 0.03963 0.7255 

4dg 0.50000 0.70407 0.91496 0.7820 

2b 0.00000 0.50000 0.17855 0.8029 

2ab 0.00000 0.00000 0.81278 0.8028 

4dh 0.00000 0.63317 0.79637 0.7730 

 

  



 

Table S5. The R values for Jones zones of all FK phases discovered in soft matters. 

Phase 𝑹 
Deviation from spherical 

shape (𝜹 =  |𝑹 − 𝟏| × 𝟏𝟎𝟎%) 

A15 0.999 0.1% 

 0.991 0.9% 

 1.007 0.7% 

 0.974 2.6% 

  



 

Table S6. Specifications of simulated system of amorphous melts 

Molecule Nmolecule Natom L (nm) 

M1 146 99426 10.36068 

M2 110 99440 10.38942 

M3 88 99440 10.34014 

MP 88 99000 10.32711 

M4 73 98550 10.32000 

Nmolecule: number of giant molecules; Natom: number of atoms; L: side length of 

simulation box. 

 



 

Table S7. Observed and calculated peak positions for μ phase formed upon in-situ cooling MP 

melt back to 200 oC for 3 min. peak positions were calculated using R-3m space group symmetry 

with lattice parameters a = b = 6.992 nm, c = 39.55 nm. 

Miller Indices 

(h k l) 

qobs 

(Å-1) 

qcalc 

(Å-1) 

%Residual 

Δq/qcalc×100 

(1 1 0) 0.1797 0.1797 0.00 

(1 1 3) 0.1859 0.1859 0.00 

(1 0 10) 0.1897 0.1898 -0.05 

(0 0 12) 0.1906 0.1906 0.00 

(1 1 6) 0.2034 0.2034 0.00 

(2 0 -1) 0.2081 0.2081 0.00 

(2 0 2) 0.2100 0.2099 0.05 

(2 0 -4) 0.2169 0.2170 -0.05 

(2 0 5) 0.2222 0.2222 0.00 

(1 1 9) 0.2297 0.2297 0.00 

(1 0 13) 0.2312 0.2311 0.04 

(2 0 -7) 0.2353 0.2354 -0.04 

(3 0 0) 0.3115 0.3113 0.06 

(2 1 10) 0.3174 0.3172 0.06 

(3 0 6), (3 0 -6) 0.3255 0.3256 -0.03 

(2 0 -16) 0.3283 0.3281 0.06 

(1 0 -20) 0.3340 0.3342 -0.06 

(1 1 18) 0.3379 0.3378 0.03 

(2 0 17) 0.3411 0.3405 0.18 

(2 2 0) 0.3596 0.3595 0.03 
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Table S8. Observed and calculated peak positions for  phase formed upon in-situ cooling MP to 

160 oC for 2 hours. Peak positions were calculated using Imm2 space group symmetry with lattice 

parameters a = 6.946 nm, b = 19.010 nm, c = 18.377 nm. 

Miller Indices 

(h k l) 

qobs 

(Å-1) 

qcalc 

(Å-1) 

%Residual 

Δq/qcalc×100 

(0 3 3) 0.1421 0.1429 -0.56 

(0 4 2) 0.1490 0.1490 0.00 

(1 2 3) 0.1526 0.1521 0.33 

(0 2 4) 0.1526 0.1523 0.20 

(1 4 1) 0.1639 0.1638 0.06 

(1 1 4) 0.1681 0.1677 0.24 

(0 5 1) 0.1681 0.1688 -0.41 

(0 1 5) 0.1747 0.1747 0.00 

(2 0 0) 0.1810 0.1809 0.06 

(2 1 1) 0.1870 0.1871 -0.05 

(1 3 4) 0.1916 0.1920 -0.21 

(0 5 3) 0.1946 0.1947 -0.05 

(0 3 5) 0.1979 0.1982 -0.15 

(0 6 0) 0.1985 0.1983 0.10 

(1 5 2) 0.2004 0.2005 -0.05 

(2 2 2) 0.2047 0.2045 0.10 

(1 2 5) 0.2047 0.2049 -0.10 

(2 3 1) 0.2092 0.2091 0.05 

(2 1 3) 0.2109 0.2108 0.05 

(0 2 6) 0.2162 0.2162 0.00 

(1 6 1) 0.2206 0.2206 0.00 

(2 4 0) 0.2241 0.2241 0.00 

(2 0 4) 0.2269 0.2271 -0.09 

(1 1 6) 0.2269 0.2273 -0.18 

(2 3 3) 0.2301 0.2306 -0.22 

(0 7 1) 0.2341 0.2339 0.09 

(2 4 2) 0.2341 0.2343 -0.09 

(2 2 4) 0.2362 0.2365 -0.13 



 

(1 6 3) 0.2407 0.2410 -0.12 

(0 6 4) 0.2407 0.2412 -0.21 

(0 1 7) 0.2423 0.2424 -0.04 

(2 5 1) 0.2472 0.2474 -0.08 

(2 1 5) 0.2515 0.2515 0.00 

(3 3 4) 0.3197 0.3199 -0.06 

(1 0 9) 0.3219 0.3218 0.03 

(3 5 2) 0.3249 0.3251 -0.06 

(2 8 2) 0.3274 0.3276 -0.06 

(0 10 0) 0.3306 0.3305 0.03 

(0 7 7) 0.3345 0.3335 0.30 

(0 8 6) 0.3345 0.3351 -0.18 

(0 6 8) 0.3389 0.3386 0.09 

(2 5 7), (0 0 10) 0.3433 0.3431 0.06 

(0 9 5) 0.3433 0.3434 -0.03 

(3 4 5) 0.3474 0.3472 0.06 

  



 

Table S9. Lattice parameters, micellar radii (Rsphere), and average molecular numbers (𝑁̅) per 

mesoatom of mesophases in the present study. 

Molecules Mw 

(g/mol) 

Phase Lattice Parameters* Rsphere 

(nm) 
𝑵̅ 

MP 7274.60  a=6.706 nm, b=18.704 

nm, c=18.007 nm, 

α=β=γ=90o 

2.18 3.63 

  

µ a=b=6.756 nm, 

c=38.647 nm, 

α=β=90o, γ=120o 

2.11 3.40 
 

M1 4402.62 BCC** a=b=c=4.51 nm, 

α=β=γ=90o 

2.22 6.52 

M2 5844.12 BCC a=b=c=4.23 nm, 

α=β=γ=90o 

2.09 4.08 

M3 7299.65 BCC** a=b=c=4.26 nm, 

α=β=γ=90o 

2.10 3.32 

M4 8727.13 BCC a=b=c=4.33 nm, 

α=β=γ=90o 

2.13 2.93 

*All lattice parameters are determined at room temperature, data may slightly vary from the values 

determined by in-situ experiments (Table S7, S7) due to thermal expansion. 

**More than one type of mesoatoms coexist in the BCC-type lattice. Therefore, strictly speaking, 5 

the lattice may be CsCl-type or with substitutional defects. 

 

  



 

Table S10. Proposed combinations of mesoatoms with different molecular numbers 

Phas

e 
CN 

Combinati

on of 

{CN12, 

CN14, 

CN15, 

CN16} 

𝑵𝒆𝒙𝒑
̅̅ ̅̅ ̅̅  

Wyckoff 

positions 

of 3-

molecule 

mesoatom

s* 

Wyckoff 

positions 

of 4-

molecule 

mesoatom

s* 

Wyckoff 

positions 

of 5-

molecule 

mesoatom

s* 

Wyckoff 

positions 

of 6-

molecule 

mesoatom

s* 

𝑵𝒄𝒂𝒍𝒄
̅̅ ̅̅ ̅̅ ̅ 

μ 
13.38

4 
{7, 2, 2, 2} 3.46 

3a 

18h 

6c’ 

6c 6c’’ \ 3.46 

 
13.40

7 
{13,8,2,4} 3.63 

8e 

4da 

4dc 

4de 

4df 

4ca 

4cb 

4dd 

4dg 

4dh 

4db 

2b 

2ab 

2aa 3.63 

*Wyckoff positions of μ and  phases are illustrated in Figure S6 and Figure S7, respectively. 

  



 

Table S11. Calculation of Gibbs entropy of mesoatom size distribution for ϕ phase 

Mesoatom size (𝒊) 3 4 5 6 

No. of mesoatom in unit cell 32 12 8 2 

Frequency 96 48 40 12 

𝒑𝐢 0.490 0.245 0.204 0.061 

𝒑𝐢 𝐥𝐧 𝒑𝐢 -0.350 -0.345 -0.324 -0.171 
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