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Abstract 

Well-Defined Periodic Minimal Surfaces of Block Copolymer Bilayers. , 2015, Tae Hyun An, 

Graduate Program of Chemistry, Ulsan National Institute of Science and Technology (UNIST).  

 

A tri-arm PEG initiator was synthesized from PEG550, PEG 750 in four steps and block copolymers 

of tri-arm Poly(ethylene glycol) (PEG) initiator and Poly(styrene) (PS) were synthesized by the Atom 

Transfer radical polymerization (ATRP)method and Anionic polymerization & cyclo-addition. So The 

amphiphilic block copolymers, Tri-arm PEG-b-PSx, self-assembled into a variety of nanostructures 

including spherical and cylindrical micelles, polymer vesicles, inverse cubic mesophase(cubosomes) 

and inverse hexagonal phase according to degree of polymerization of the PSx block in water. In my 

study, I will focus on the inverse cubic mesophase(cubosomes). The morphology of the self-

assembled structures were observed on transmission electron microscopy (TEM), scanning electron 

microscopy (SEM) and small angle X-ray scattering(SAXS).  

Cubosomes of these block copolymers have a high surface area, stronger than lipid cubosomes. 

When the self-assembly of block copolymer, put 3~15% of end-functionalized linear block 

copolymer(similar fraction of tri-arm block copolymer). The PEG end of the linear block copolymer 

have SH, N3 and NH2 which are attach dye, enzyme and DNA. fluorescein isothiocyanate(FITC) and 

Rhodamine attached cubosome’s surface via SH, N3, NH2. Functionalized cubosomes were confirmed 

by laser confocal fluorescence microscopy (LCFM). 

The internal lattice structure of the self-assembled inverse cubic mesophases change via mixing 

linear block copolymer and The solvent effect. The amounts of linear block copolymer increase the 

internal lattice structure changing D-minimal surfaces(Pn3m) to Schwartz P-minimal(Im3m) in 

aqueous solution. Increasing the amounts of N,N-dimethylformamide(DMF) solvent change 

polymersomes from lamella to D-minimal surfaces(Pn3m) in aqueous solution. The change of internal 

structure were observed on scanning electron microscopy (SEM) and small angle X-ray 

scattering(SAXS). 

Monoliths film is the direct solution self-assembly of BCPs having branched hydrophilic blocks 

(triarm-linear BCPs) into large monoliths consisting of the triply periodic minimal surface (TPMS) of 

the BCP bilayer, which was driven by the diffusion of a poor solvent (water) into the BCP solution 

under controlled humidity. The internal network of the water channels could be used as a platform to 

accommodate guest molecules such as protein complexes, and the monolith was also demonstrated as 

a scaffold for the synthesis of 3-D skeletal nanostructures of inorganic oxides with hierarchical porous 

networks. 
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Based on the experimental results, the inverse cubic mesophase in cubosomes and monolithic film 

was observed. It showed a high surface area, stronger than lipid cubosomes and long path length that 

prove promising for enzyme reactor, separation, filteration, desalination, proteocubosome and 

template of replica. 
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Introduction 

 

1.1 Well- Defined Amphiphilic Block Copolymer  

Amphiphilic block copolymer consists of two parts. One is the hydrophilic head and another is the 

hydrophobic tail. In the aqueous solution, the hydrophobic part of the amphiphilic block copolymers 

gathers together. because water is a selective solvent of the hydrophilic parts of block copolymer. 

A common method of making polymersomes is the solution self-assembly of amphiphilic block 

copolymer polymersomes. 

To make cubosomes and monolith film, the block copolymers PS length should be efficiently 

controlled. It is important to synthesize well-defined copolymers with reliable molecular weights and 

narrow molecular weight distributions. Controlled radical polymerization is a synthetic method which 

controls these aspects. Atom transfer radical polymerization (ATRP)1-3
 and anionic polymerization4-5 

& Click reaction6-7 have been used to synthesize the well-defined diblock copolymers. 

1.2 Solution self-assembly of BCPs into Cubosome(inverse bicontinuous cubic mesophase)  

Solution self-assembly of amphiphilic block copolymers (BCPs) has been extensively used for the 

creation of nanostructures with the desired size, shape, and physicochemical functions.  

 

Figure 1.1 . (A−C) TEM images of micelles and polymersomes formed by self-assembly of PEG-b-

PBOx in water. (A) Spherical micelles (B) Cylindrical micelles of [average diameter (Dav) = 42 nm, 

PDI =1.20]. (C) Polymersomes. 8 

By taking the analogy of the relationship between the chemical structure and the self-assembly 

behavior of amphiphiles9-14, the structural parameters of the BCPs such as molecular weights of 

incompatible polymer blocks and their relative ratio have been maneuvered to guide the self-assembly 

of BCPs to cause the resulting structures to have the desired morphology, which spans from simple 

spherical micelles to cylindrical micelles and polymer vesicles.8,15 From this perspective, one 

relatively unexplored area of the solution self-assembly of BCPs is the formation of inverse phases in 
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solutions.19-21 

 

Figure 1.2 Phase diagram of amphiphile. 16 

When the critical packing factor (P) of the lipid, defined by P = V/aolc, where V is the hydrophobic 

part of volume, ao is a molecular are per hydrophobic part, and lc is the hydrophobic part length. When 

the value is less than 1/3, it has spherical micelles; cylindrical micelles when it is between 1/3 ~ ½ , 

and ½ ~ 1, vesicle or flexible bilayer; and when it is ~1, it has a planar bilayer. Inverse phase of critical 

packing factor (P) is over 1. It have negative curvature16. To minimize the surface area, the curved 

bilayer evolves into triply periodic minimal surfaces (TPMSs) possessing net zero curvature. The 

resulting inverse bicontinuous mesophases of lipid bilayers and their emulsified nanoparticles 

(cubosomes)17-18,  internalize nanoporous networks arranged in the cubic crystalline order.  
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Figure 1.3 Phase diagram of amphiphile lipid especially inverse phase 22 

 

 

Kulkarni and coworkers reported the phase diagram of lipid glycerol monoolein. 22(Figure1.3) 

 

Figure 1.4 Lipid cubosomes which have inverse bicontinuous cubic phase 28 

Tiberg and coworkers discovered lipid cubosomes which have the inverse bicontinuous cubic phase 

self-assembly of lipids.28(Figure 1.4) 
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But the lipid cubosomes have weak thermal resistance and structural stability. Until now on some self-

assembled block copolymers inverse phase are found. 

 

Figure 1.5 Mesosize aggregates with regular hollow internal structures made from a 2 wt % solution 

of PS(410)-b-PAA(13) in DMF/H2O(94/6)mixture by the addition of NaCl to a final concentration of 

11 mM. 10 

Eisenberg and coworkers reported the inverse hexagonal phases within the self-assembled 

nanoparticles (hexasomes) of poly(acrylic acid)-b-polystyrene (PAA-b-PS) in solution.(Figure1.5)10 
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Figure 1.6 TEM analysis of PEO39-b-PODMA17 aggregates. 29 

 

 Sommerdijk and coworkers showed the nanoparticles as having internal bicontinuous porous 

networks from the self-assembly of the block copolymers, consisting of a linear poly(ethylene glycol) 

and brushed hydrophobic blocks in water.(Figure1.6)29 
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In solution, BCPs have shown to form inverse mesophases similar to those exhibited by the self-

assembly of lipids.  

 

Figure 1.7 Chemical structures and schematic diagrams of dendritic–linear block copolymers and 

their self-assembly.30 

. 

Our group reported that dendritic-linear BCPs having a dendritic hydrophilic block preferentially 

self-assembled into colloidal particles of inverse bicontinuous cubic phases of BCP bilayers (polymer 

cubosomes). The internal structures of the polymer cubosomes showed a close resemblance to the 

corresponding structures of lipids. The TPMSs of the BCP bilayer having Schwartz P, D, and Schoen 

G structures were observed from polymer cubosomes depending on the architecture of the dendritic 

hydrophilic block.(Figure 1.7)30 
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Figure 1.8 SEM images of micropaticles. 

Peinemann and coworkers also reported the formation of polymer cubosomes consisting of the P 

minimal surface of PAA-b-PS in a toluene/methanol mixture at dilute concentration (< 5 wt%), and 

demonstrated that these polymer cubosomes were able to accommodate and release protein guests in a 

stimuli-responsive manner.(Figure 1.8)31 

Therefore, polymer cubosomes, which have a highly ordered bicontinous cubic mesophase, have 

potential application for bioreactors, separation, storage, nanotemplating, and chemical transformation 

of molecules.23-27 
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1.3 Branch effect 

 

 

 

Figure 1.9 Surface pressure to molecular area (π–A) isotherms of linear and dendritic-linear block 

copolymers. The molecular areas for block copolymers are 1000 Å 2 for PEG68–PS153, 1210 Å 2 for 

3(PEG22)–PS152, and 1475 Å 2 for 9(PEG7)–PS150.34 

 

The absolute value of hydrophilic part length is similar to each other. But the most branched 

hydrophilic dendrimer linear block copolymers have the highest molecular area. This means that the 

branched hydrophilic parts have a higher molecular area than linear hydrophilic parts. So the branch 

of the hydrophilic part is therefore important. 

 

 

1.4 Thesis Summary  

In Chapter 2, synthesis of tri-arm block copolymers and an end group functionalized linear block 

copolymer is described. The polymer cubosomes and monolith film are made of solution self-

assembly of block copolymer and solvent diffusion/evaporation mediated self-assembly of block 

copolymer.as well as co-assembly of tri-arm block copolymer and linear block copolymer 

manufacture surface functionalized cubosomes and film. The internal structure of polymer cubosomes 

can change by mixing linear block copolymer and DMF. It has a potential application for filteration, 

separation, desalination, nanotemplating etc.23-27,32-33. 
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Chapter 2. Well-Defined Periodic Minimal Surfaces of Block Copolymer 

Bilayers. 

2.1 ABSTRACT  

 Solution self-assembly of amphiphilic block copolymers into inverse bicontinuous cubic mesophases 

is an emerging strategy to directly create highly ordered porous polymer nanostructures with the 

desired surface functionalities. In spite of recent reports of highly ordered minimal surface structures 

of self-assembled block copolymer bilayers, the structural requirements of the block copolymers to 

preferentially form such inverse mesophases in solution has not been fully revealed. We synthesized 

the model block copolymers, branched poly(ethylene glycol)-block-polystyrene (bPEG-PS) to 

investigated the effect of the architecture of the block copolymer on the solution self-assembly into 

inverse mesophases of the block copolymer bilayer. The branched hydrophilic block causing an 

increase in the molecular area occupied by the block copolymer in the bilayer forced the hydrophobic 

block to be shortened, which resulted in the increased critical packing factor of the block copolymer 

to favor the formation of inverse mesophases. We also found the structural and thermodynamic factors 

governing the internal lattice structure of the self-assembled inverse cubic mesophases, such as 

Schwartz P- and D-minimal surfaces in solution. 
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2.2 Introduction  

Solution self-assembly of amphiphilic block copolymers (BCPs) has been an important strategy in 

creating nanostructures with the desired physicochemical functions and morphologies. The structural 

parameters of the BCPs, such as the chemical structures of the constituting polymer blocks, the 

molecular weight of each polymer block and the molecular weight ratio of the incompatible polymer 

blocks, directly influence the self-assembly behavior of the polymeric building blocks.1-2 The control 

of these structural parameters is mainly achieved by the synthesis of BCPs in a well-controlled 

fashion, which directly dictates the morphology, size, and physicochemical function of the resulting 

self-assembled nanostructures. In addition, the manipulation of the kinetic pathways of the self-

assembly process resulted in the creation of nanostructures that may not be formed by relying on the 

thermodynamics alone. Although highly complex structures have been obtained by the self-assembly 

of block copolymers in solution, most self-assembled structures exhibited simple low dimensional 

morphologies such as spherical and cylindrical micelles, tubes, and vesicles.3 In particular, solution 

self-assembly of block copolymers rarely generated highly ordered periodic nanostructures. 

Therefore, the complex periodic polymer nanostructures have mostly been prepared by the 

microphase separation of block copolymers in bulk. These periodic nanostructures could be converted 

into porous polymers after the pore-generating processes such as selective etching of one polymer 

domain, which renders the resulting materials useful for applications such as separation, storage, 

templating, and chemical transformation of molecules.4-8 

Recently, Peinemann and coworkers have also showed that a linear BCP, poly(acrylic acid)-

polystyrene, self-assembled into polymer cubosomes with Schwartz P internal structure.9 Despite 

these reports, the underlying mechanism of the self-assembly to inverse mesophases of BCPs has not 

been fully understood, and, thus, the structural parameters of the BCPs leading to the formation of 

inverse bicontinuous phases has not been clearly proposed.  

Here, we report our discovery of the formation of polymer cubosomes consisting of TPMSs of the 

self-assembled bilayer of the BCPs having a branched hydrophilic block and a linear hydrophobic 

block. Our results suggest that the presence of branched architecture in the hydrophilic block is a 

crucial structural requirement for the self-assembly of BCPs to inverse mesophases. The surface of the 

TPMS could also be easily functionalized by the co-assembly of end-functionalized linear block 

copolymers and tri-arm linear block copolymers with the same block ratio. We also show that the 

crystalline structure of the TPMSs of BCPs could be controlled to have the desired symmetry by the 

simple co-assembly of two BCPs13 and the effect of solvent by using small amounts of DMF10-11. We 

can also make monolithic film, which makes solvent diffusion evaporation mediated self-assembly14. 

The large surface area of the internal pore networks have shown to be able to accommodate large 
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guest molecules such as proteins and protein complexes.12 Our results reported here provide a design 

rule of BCPs for preferential self-assembly to inverse mesophases. 

 

Figure 2.1 Self-assembly of block copolymers containing Tri-arm PEG hydrophilic block and linear 

PS hydrophobic blcok. The molecular weight of the PEG segment is R=13 1650 g/mol, R=17 2250 

g/mol, small cubosome internal structure is Im3m large cubosome internal structure is Pn3m. 
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2.3 Experimental 

Materials and Methods 

All reagents and chemicals were purchased from commercial sources such as sigma Aldrich, TCI etc. 

DMF was distilled using CaH2. THF was distilled using Na/benzophenone before use. All reactions 

were performed under N2. The molecular weight of the block copolymers were measured on an 

Agilent 1260 Infinity GPC system equipped with a PL gel 5 μm mixed D column (Polymer 

Laboratories)) and differential refractive index detectors. THF was used as an eluent with a flow rate 

of 1 mL/min. A PS standard (Polymer Laboratories) was used for calibration. NMR spectra were 

measured by a Varian VNMRS 600 spectrometer with CD2Cl2, CDCl3 as a solvent. MALDI-TOF, 

which is a Bruker Ultraflex III TOF-TOF mass spectrometer equipped with a nitrogen laser (335 nm) 

operated in a reflectance mode. The Bruker peptide calibration standard (mass range 1000−4000 Da) 

is used for internal calibration. The analytical sample was made by mixing a THF solution of an 

analyte (5-10 mg/mL) and a THF solution of a matrix (sinapinic acid, 10 mg/mL) in a 1/6 v/v ratio. 

The mixed solution of the analyte and matrix (0.5 μL) was loaded on the MALDI plate(MTP 384 

target plate ground steel) and dried at 23 °C before being inserted into the vacuum chamber of the 

MALDI instrument. The laser steps and voltages applied were adjusted depending on both the 

molecular weight and the nature of the analyte. 

Confocal Laser Scanning Fluorescence Microscopy (CLSM) was used on a FluoView 1000 Confocal 

Microscope (Olympus). 

Transmission electron microscopy (TEM) was used on a JEOL JEM-2100 microscope at an 

acceleration voltage of 200 kV. A sample was prepared by loading the solution on a carbon-coated Cu 

grid (200 mesh, EM science). After 1 h, the remaining solution on the grid was removed with filter 

paper, and the grid was air-dried for 24 h.  

Scanning electron microscopy (SEM) images were obtained from a Hitachi S-4800 FE SEM and a 

FEI Nova NanoSEM 230 microscope at an acceleration voltage of 10 kV. The sample was affixed to a 

conductive carbon layer and coated with Pt with a thickness of 3 nm by using a K575X Sputter Coater. 

The data of Small angle X-ray scattering were measured by the SAXS beam line (PLS-II 9A) at 

Pohang acceleration laboratory (Pohang, Korea).  

The Langmuir isotherms were performed using a film balance (KSV NIMA) with a platinum 

Wilhelmy plate. The subphase of high purified distilled water was subsequently passed through a 

Milli-Q water purification system equipped with an organic removal cartridge. Water temperature was 

maintained at 20 (± 0.5) °C. In the experiment, 40 μL of the polymer solution, which is composed of 

polymer CHCl3 and (1 mg/mL) loaded equally on the water surface in small drops. After a further 5 
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min delay to allow for the evaporation of the solvent, compression at a constant rate of 10 mm/min 

(12.5 mm2/s) began.  

The Porous structures of the samples were chracterized by a nitrogen adsorption experiment at -

196 °C using a BEL BELSORP-Max system. The Brunauer-Emmett-Teller (BET) equation and the 

Barrett-Joyner-Halenda (BJH) method was used to calculate the surface areas and pore size 

distributions respectively. 

 

 

n= 13 molecular weight : 550 

n= 17 molecular weight : 750 

 

Scheme 2.1 Synthesis of Tri-arm ATRP and Click initiator. 

 

 

ATRP Tri-arm macro initiator.  

 

In an, Poly ethylene glycol methyl ether (40 g, 72.7 mmol), triethylamine(16.5g, 87.24 mmol) and 

100mL Dry CH2Cl2 was placed into an N2 Schlenk flask. The Schlenk flask was then placed into an ice 

bath. Ts-Cl(10g, 87.24 mmol) in 100mL Dry CH2Cl2 was added dropwise to the Schlenk flask. The 

reaction mixture was stirred at room temperature for 24h, and the reaction mixture was then extracted 

with 1M HCl (300 mL) and collect the CH2Cl2. The collected aqueous solution washed with brine. 

The organic layer was collected and dried with anhydrous MgSO4. The combined organic solution 

was evaporated from the rotavap. After removing the solvent on a rotavap, the crude mixture was 

purified by silica gel column chromatography (MC, MC/MeOH 93:7, v/v). The Ts-Poly ethylene 

glycol monomethyl ether(49g, 69.5 mmol) was added to 300 mL of acetone, Methyl 3,4,5-

trihydroxybenzoate(3.83 g, 20.8 mmol) and K2CO3 (36 g, 834 mmol)was added into a two-neck round 
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bottom flask. The mixture was then, refluxed for 2 days with stirring under 65℃. After reaction, The 

Acetone was evaporated on a rotavap and melted it in Chloroform. The reaction mixture was extracted 

with 1M HCl (300 mL) and washed with brine. The organic layer was collected and dried with 

anhydrous MgSO4. After removing the solvent from the rotavap, the crude mixture was purified by 

silica gel column chromatography (MC/MeOH 93:7, v/v). Lithium aluminum was added hydride 

Triethylamine(1.446g, 38.2 mmol) in the Schlenk flask and vacuum it. After that, Tri-arm benzoate 

ester(35g, 19.12 mmol) and 200ml distilled THF was added. The reaction mixture was stirred at room 

temperature for 4h. Di-water was dropped until stopping bubble and 1M NaOH 3 pipette in the 

reaction mixture. The reaction mixture was collected and dried with anhydrous MgSO4.  

1. ATRP Initiator : Tri-arm benzoate-OH(35g, 2.73 mmol) was added in Schlenk flask, vacuum it and 

then distilled THF, TEA(0.5ml, 8.19 mmol) and α-bromoisobutyryl bromide(0.5ml, 8.19mmol) was 

added and stirring it 1day. The combined organic solution was evaporated on a rotavap. After 

removing the solvent from the rotavap, the crude mixture was purified by silica gel column 

chromatography (MC/MeOH  93:7, v/v). the purified product solution was evaporated on a rotavap. 

The product was purified again by basic alumina for removing solt(MC, MC/MeOH 95:5, v/v). 

2. Click reagent : Tri-arm benzoate-OH(35g, 2.73 mmol) was added in Schlenk flask, vacuum it. After 

that, distilled DMF, TEA(0.16ml, 3.27 mmol) and Methyl sulfonyl chloride(0.25ml, 3.27mmol) was 

added and stirring it 2 hours. And then Sodium Azide(0.469g, 4.09 mmol) and 1mL of distilled water 

was added in Schlenk flask15. The reaction mixture was extracted with EA and washed with 100ml of 

Brine and Na2CO3. 

 

The Characterization data of 550 ATRP Initiator. 1H NMR (δ=ppm, 600 MHz, CDCl3) 6.60 (s, 2H), 5.10 (s, 

2H), 4.16 (t, 4H, J = 4.8Hz), 4.13 (t, 2H, J = 4.8Hz), 3.86-3.50 (m, -CH2CH2O-), 3.39 (m, 9H), 1.95 (s, 6H). 13C 

NMR (δ=ppm, 150 MHz, CDCl3) 171.2, 152.6, 140.1, 130.8, 107.4, 77.4, 77.1, 76.7, 70.8-70.3, 69.6, 69.6, 68.8, 

67.4, 59.0, 55.8, 30.7. Mn (GPC) = 2250 g/mol, PDI = 1.03, Mn (MALDI-TOF) = 2158 g/mol. 

The Characterization data of 750 ATRP Initiator. 1H NMR (δ=ppm, 600 MHz, CDCl3) 6.60 (s, 2H), 5.09 (s, 

2H), 4.14 (t, 4H, J = 4.8Hz), 4.13 (t, 2H, J = 4.8Hz), 3.86-3.50 (m, -CH2CH2O-), 3.37 (m, 9H), 1.94 (s, 6H). 13C 

NMR (δ=ppm, 150 MHz, CDCl3) 171.3, 152.6, 138.3, 130.7, 107.3, 77.5, 77.2, 76.9, 72.2, 71.8, 70.8-70.2, 69.6, 

68.8, 67.3, 58.9, 55.8, 30.7. Mn (GPC) = 2762 g/mol, PDI = 1.03, Mn (MALDI-TOF) = 2653 g/mol. 
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Figure 2.2 1H NMR (600 MHz, CD2Cl2) spectra of a 550 ATRP initiator and MALDI-TOF DATA. 
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Figure 2.3 1H NMR (600 MHz, CD2Cl2) spectra of a 750 ATRP initiator and MALDI-TOF DATA 
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Figure 2.4 1H NMR (600 MHz, CD2Cl2) spectra of a 550 Click initiator and MALDI-TOF DATA. 
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Figure 2.5 1H NMR (600 MHz, CD2Cl2) spectra of a 750 Click initiator and MALDI-TOF DATA. 
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Synthesis of Block-copolymers(tri-arm, linear PS) via Atom Transfer Radical Polymerization. 

 

 

Scheme 2.2 Synthesis of Block-copolymers(tri-arm, linear PS) via Atom Transfer Radical 

Polymerization. 

 

Polymerization of styrene was performed with macroinitiators under a standard ATRP condition.16-18 

Representative procedure: CuBr (7 mg, 0.05 mmol) and N,N,N',N'',N''-pentamethyldiethylenetriamine 

(PMDETA) (12 mg, 0.075 mmol) were mixed with 1 mL of anisole in a 20 mL Schlenk tube with a 

magnetic bar. The tube was sealed with a rubber septum. This mixture was bubbled with N2 for 15 

min with gentle stirring. To this solution, the solution of styrene (5 mL) and 1 (120 mg, 0.035 mmol) 

was added via a syringe. The green solution was degassed by bubbling N2 for 20 min. After degassing, 

the tube was immersed in a preheated oil bath (95 °C) and the polymerization was proceed at this 

temperature. The progress of the polymerization was monitored by taking GPC at an interval of 1 h. 

When the molecular weight of the block copolymer reached the desired value, the reaction was 

quenched by exposing the solution to air in an ice/water bath and was diluted with CHCl3 (15 mL). 

The cooled solution was filtered through a pack of aluminum oxide (basic) with CHCl3 to remove the 

Cu catalyst. The filtered solution was concentrated on a ratavap, and the resulting residue was diluted 

with 20 mL CH2Cl2. This solution was precipitated into methanol (400 mL). White powder was 

collected by vacuum filtration and dried in vacuo. All block copolymers were characterized by 1H 

NMR and GPC to evaluate the molecular weight and the size distribution. 
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Synthesis of Block-copolymers(tri-arm, linear PS) via Anionic Polymerization & Click reaction. 

Scheme 2.3 Synthesis of Block-copolymers(tri-arm, linear PS) via Anionic Polymerization & Click 

reaction. 

Polymerization of styrene was performed with Sec-BuLi initiator under a standard Anionic 

polymerization condition.19-20  

Representative procedure: Magnetic bar added in the Schlenk Flask, vaccume it. The Schlenk Flask 

was sealed with a glass septum and torch to remove vapour and then fill N2. The distlled THF was 

added in the Schlenk flask and changed glass septum to rubber septum. Distilled Styrene monomer 

was added in the Schlenk flask via a syringe and Stirred it. After 20 min N2 degassing, the flask was 

immersed in Acetone and dry ice bath (-78 °C) and the polymerization was proceed at this 

temperature. The Sec-BuLi was added via a syringe. After 90 min, the reaction was quenched by 

trimethylsilylprogargyl chloride. This solution was precipitated into THF (800 mL). TMS-protecting 

group of the PS-Alk was deprotected by treating PS-Alk with tetrabutylammonium fluoride(TBAF).  

The result was Click reagent that acetylene functional group at the end of styrene. 

 

Cyclo-addtion was performed with macroreagents.21-22  

Representative procedure: CuBr (30mg, 0.2 mmol) and N,N,N',N'',N''-pentamethyldiethylenetriamine 

(PMDETA) (53 mg, 0.31 mmol) were mixed with 1 mL of THF in a 20 mL Schlenk tube with a 

magnetic bar. The tube was sealed with a rubber septum. This mixture was bubbled with N2 for 15 

min with gentle stirring. To this solution, the THF solution of homo polystyrene (10 mL, 1.5eq of 

macroinitiator) and α-azido PEG was added via a syringe. The green solution was degassed by 

bubbling N2 for 20 min. After degassing, the tube was immersed in a preheated oil bath (40 °C) and 

the polymerization was proceed at this temperature. The progress of polymerization was monitored by 

taking GPC at an interval of 1 h. When most of the azido tri-arm PEG block reacted with the 

homopolystyrene, the reaction was quenched by exposing the solution to air in an ice/water bath and 
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diluted with CHCl3 (15 mL). The cooled solution was filtered through a pack of aluminum oxide 

(basic) with CHCl3 to remove the Cu catalyst. The filtered solution was concentrated on a ratavap, and 

the resulting residue was diluted with 20 mL CH2Cl2. This solution was precipitated into methanol 

(400 mL). White powder was collected by vacuum filtration and dried in vacuo. All block copolymers 

were characterized by 1H NMR and GPC to evaluate the molecular weight and the size distribution. 
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Synthesis of end group functionalized Linear Block-copolymers via Anionic Polymerization & 

Click reaction. 

  

Scheme 2.4 Synthesis of end group functionalized Linear Block-copolymers via Anionic 

Polymerization & Click reaction. 

 

2,4-Dinitrophenylthioacetic acid and α-alkyne-𝜔-bromide polystyrene (Mn = 21,000 g/mol) were 

respectively synthesized according to literature procedures.23-24 

Cyclo-addtion was performed with macroreagents.21-22 the reaction process is same with above 

cyclco-addition reaction. The presence of α-functional group was confirmed by 3D-Confocal image, 

which showed a presence of labeled dyes on the position of block copolymers in the chromatograms. 

N3, NH2 group functionalized Linear Block-copolymers 
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α, 𝜔-Azido PEG (Mn = 2,000 g/mol) was subjected to azide–alkyne Huisgen cycloaddtion with α-

alkyne polystyrene (Mn = 22,800 g/mol). 

N3-PEG45-PS228 was transformed to NH2-PEG45-PS228 under Staudinger reaction conditions. 

SH group functionalized Linear Block-copolymers 

α-Hydroxyl-𝜔-azido PEG (Mn = 2,000 g/mol) formed a covalent bond with 2,4-

dinitrophenylthioacetic acid by Steglich esterification. After 1 day, the reaction mixture was 

precipitated into cold diethyl ether. The resulting polymer reacted with α-alkyne polystyrene (Mn = 

21,000 g/mol) through azide–alkyne Huisgen cycloaddtion. The exchange reaction of the protected 

chain-end with a large excess of ethanethiol in the presence of triethylamine eliminates the protecting 

group.  

N3-2000-PS228, DPn (PS) = 210 (1H NMR). Mn = 23,334 g/mol PDI = 1.06 (GPC) 

NH2-2000-PS228, DPn (PS) = 210 (1H NMR). Mn = 23,024 g/mol PDI = 1.07 (GPC). 

SH-2000-PS228, DPn (PS) = 210 (1H NMR). Mn = 23,434 g/mol PDI = 1.06 (GPC) 
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2.4 Result and discussion. 

Table 2.1. Characterization of PEG3-PSn, PEG45-PSn block copolymers. 

sample Mn (g/mol)a DPn (PS)b PDIa fPEG
c  Phased 

5503-PS205 22097 205 1.07 8.0 v 

5503-PS212 23473 212 1.08 7.8 c 

5503-PS217 23945 217 1.09 7.6 lc 

5503-PS145 18105 145 1.12 11.1 lc(Click) 

7503-PS363 39486 363 1.04 6.2 v 

7503-PS390 42500 390 1.09 5.7 c 

7503-PS400      

a The number average molecular weight and molecular weight distribution determined by GPC (THF, 35 °C, 1 mL/min 

flow rate) using PS standards. b The number average degree of polymerization of PS block determined by 1H NMR 

integration. c The molecular weight ratio of the PEG domain to that of the PS block (Mn(PEG) = 2150 g/mol). d Observed 

morphology of self-assembled structures of the suspension solution prepared from dioxane solution of the block copolymer 

(0.5 wt %). v: vesicle, l: lamella, c: cubosomes, lc: large cubosomes, h: hexasomes 

 

fPEG the morphology of solution self-assembled block copolymer is related to the packing parameter p. 

But We can’t calculate the exact value of p. so we calculate the hydrophilic part PEG. we empirically 

know the fraction of hydrophilic part of PEG/hydrophobic part of PS.  

Before our group report the 2-generation dendritic linear block copolymer self-assembled cubosomes, 

2 generation fPEG was 8~11% 

So I tried to make 550 tri-arm block copolymer same with 2 generation fPEG. But the 550 tri-arm block 

copolymers self-assembled vesicle. So The fPEG value lowered by increasing the hydrophobic PS part. 

So we found the fPEG of 550 tri-arm block copolymer, 7.1~7.8%. The range of DPn is about 212~231. 

The block copolymers certainly self-assemble into cubosomes. This is very narrow compare to 2 

generation dendritic linear block copolymer. And made same fPEG of 750 tri-arm block copolymer. But 

it was vesicle. The fPEG value lowered by increasing the hydrophobic PS part. We find the fPEG of 750 

tri-arm block copolymer, 5.6%. The range of DPn is about 390~440. the difference of hydrophilic part 

0.6K. but the difference of hydrophobic part 17K. So we empirically know that increasing hydrophilic 
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part of fragment length is not proportional to increasing hydrophobic part length.  

 

Self-Assembly of amphiphilic block copolymers. Inverse cubic mesophase(cubosome) Self-

Assembly of Block-copolymers 

The amphiphilic block copolymer is constructed by ATRP and Anionic & Click reaction. The size of 

the block copolymer is the degree of hydrophobic part styrene polymerization. So the fPEG of block 

copolymer is slightly changed, increasing the length of the hydrophobic chain.   

 

 

Figure 2.6 TEM and SEM image of self-assembled Polymersomes are made of 5503-PSn amphiphilic 

block copolymer. Increasing length of the hydrophobic chain change the morphology of 

polymersomes.(A) Lamella(5503-PS185) (B) Cubosome(Im3m, 5503-PS212), (C) Cubosome(Pn3m, 

5503-PS231)  

 

Solution Self-assembly of bPEG-PS to polymer cubosomes  

We investigated the self-assembly behaviour of bPEG-PS in solution. bPEG-PS was first dissolved 

in dioxane (typically 0.5 wt%, 2 mL). To this solution, water was added while stirring (815 rpm) at a 

controlled rate (0.5 mL/h) at room temperature. The cloudy suspension was subjected to dialysis 

against water for 24 h to remove organic solvents. The dialysed colloidal solution was studied by 

Transmission electron microscopy, Scaanning electron microscopy, and small angle X-ray scattering 

(SAXS). 

From the self-assembly of bPEG-PS, 5503-PSn (n denotes the degree of polymerization of the PS 

block) the formation of polymer cubosomes was shown when the fPEG value was in the range of 6~8%. 

From the self-assembly of 5503-PSn with an 8% fPEG value of the polymer cubosomes were formed 

with an average diameter of nearly 5 µm. The average diameter of the polymer cubosomes of 5503-

PSn increased with the increase of the molecular weight of the PS block (a decreased fPEG value). 

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM) of the polymer 

cubosomes of 5503-PSn showed the well-defined bicontinuous cubic structures residing in the 
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perforated BCP bilayer shell of the polymer cubosomes. The block copolymers with an fPEG smaller 

than 7% formed inverse hexagonal phases. Polymer vesicles were mainly observed from the self-

assembly of 5503-PSn with an fPEG value higher than 8 %. In a similar manner, 7503-PSn self-

assembled large polymer cubosomes when the DPn of the PS block exceeded 380, which can be 

converted to an fPEG value smaller than 6%. For comparision, we synthesized linear block copolymers 

PEG-PS with a similar molecular weight for both the PEG and PS block and fPEG values. Self-

assembly of these block copolymers predominantly formed polymer vesicles. In particular, under the 

same condition  PEG45-PS380 only formed irregular precipitates under the same condition for the 

formation of polymer cubosomes of 7503-PSn. These results suggested that the branched architecture 

of the hydrophilic PEG block could be an important structural requirement for predominant formation 

of inverse cubic mesophases of block copolymers in solution. 

 

The detailed structure of the polymer cubosomes was observed to use transmission electron 

microscopy (TEM) and scanning electron microscopy (SEM). The TEM images of the dried 

cubosomes 5503-PS212 (A) have a bicontinuous internal structure. It is a similar TEM image to lipid 

cubosomes.25 the SEM images of the polymer cubosomes of 5503-PS212. Low magnification of SEM 

images show that the cubosomes are of normal distribution (D). High magnification of SEM images 

show that the perforated lamella cover the bicontinuous internal structure. The surface of the 

cubosomes has uniformly distributed pores of approximately 10nm. 
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Figure 2.7 TEM and SEM images of the polymer cubosomes. (A) TEM image of internal structure 

of the polymer cubosomes of 5503-PS212 (left). The magnified image of internal structures (Im3m). (B) 

TEM image of internal structure of the polymer cubosomes of 5503-PS231 (left). The magnified image 

of internal structures (pn3m). (C) TEM image of internal structure of the polymer cubosomes of 7503-

PS390 (left). The magnified image of internal structures (pn3m). (D), (E),(F), Low magnification SEM 

image of polymer cubosomes 5503-PS212, 5503-PS231, 7503-PS390. (G),(H),(I), SEM image of polymer 

cubosomes 5503-PS212, 5503-PS231, 7503-PS390. The insets represent a magnified view of the surface 

pores (scale bar, 300nm). 

 

 

  
 

Figure 2.8 Size distribution of Cubosome(Im3m, 5503-PS212) green 7.60µm, (B) Cubosome(Pn3m, 

5503-PS231) black 28.19µm, (C) Cubosome(Pn3m, 7503-PS390) red 8.42µm. the surface areas and pore 

size distributions observed by N2 adsorption experiment. 
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Figure 2.9 Internal structure analysis of the polymer cubosomes. (A) The SEM image of the 

bicontinuous cubic mesophase internal structure of polymer cubosomes of 5503-PS212 owning a 

primitive cubic (Im3m). The broken polymer cubosomes were prepared for observing the internal 

structure. White squares indicate [100], [110] and [111] directions. (B) The SEM image of the 

bicontinuous cubic mesophase internal structure of polymer cubosomes of 5503-PS231 owning a 

double diamond (Pn3m). The broken polymer cubosomes were prepared for observing the internal 

structure. White squares indicate [100], [110] and [111] directions. (C) The SAXS data of dried 

polymer cubosomes of 5503-PS212, which have the primitive cubic (Im3m, lattice constant a=93.4nm) 

(D) The SAXS data of dried polymer cubosomes of 5503-PS231 which have the double diamond 

(pn3m, lattice constant a=45.1nm) (E) The SAXS data of dried polymer cubosomes of 7503-PS390 

which have the double diamond (pn3m, lattice constant a=64.8nm) 

 

 

 

 

Im3m 93.4nm pn3m 45.1nm pn3m 64.8nm 
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Surface functionalization of minimal surfaces  

The large surface area and the specific internal volume of polymer cubosomes render these porous 

polymer materials to be useful for applications such as separation, storage, and transformation of 

molecules. We previously found that the linear block copolymers having similar chemical 

compositions, molecular weights, and fPEG values could be co-assembled with Tri-arm BCPs in 

solution to form the polymer cubosomes in which the linear BCPs were evenly dispersed throughout 

the bilayer membrane consisting of tri-arm BCPs. By using linear BCPs with the desired functional 

group at the alpha position of the PEG block, this co-assembly method allowed the bilayer membrane 

constituting polymer cubosomes to have surface functional groups. The green emission of FITC(λem = 

518 nm) is attached in SH and The red emission of Rhodamine(λem = 589 nm) was attached in NH2 

and N3. 

 

 

 

Figure 2.10 Surface-functionalized polymer cubosome 3-D reconstructed Confocal laser scanning 

microscopy images (A) FITC (λex = 492 nm, λem = 518 nm) attached SH Cubosome, (B) 

Rhodamine(λex = 564 nm, λem = 589 nm) attached N3 Cubosome, (C) Rhodamine(λem = 589 nm) 

attached NH2 Cubosome. 
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Changing internal structure of Cubosomes. The self-assembled cubosome have a unique internal 

structure. We know that the PS part increases the degree of polymerization and makes different 

polymersome, such as micelle, vesicle, lamella and inverse cubic mesophase(im3m, pn3m, ia3d 

hexagonal). After polymerization of block copolymer, we couldn’t adjust the internal structure of 

polymer cubosome’s internal structure. We wanted to change the internal structure of cubosome. and 

tried two methods. 

The first one is mixing linear block copolymer. Increasing the amounts of block copolymer, the 

internal structure of cubosomes change pn3m to im3m. 

The second one is the solvent effect. Before self-assembly, a small quantity of DMF was put in the 

Dioxane. We observed the polymersomes structure lamella to cubosome.  

 

Mixing linear block copolymers 

Co-assembly of bPEG-PS with a linear PEG-PS containing the desired functional group at the end 

of PEG block provides a facile technique for the surface functionalization of polymer cubosomes 

consisting of self-assembled BCP bilayers. Interestingly, the diameter of the polymer cubosomes of 

5503-PS231/ PEG45-PS210, measured by SEM, was gradually decreased upon increasing the weight 

percentage of PEG45-PS210 compared to 5503-PS231. The diameter of the polymer cubosomes of 5503-

PS231 decreased to 3.5 µm upon the addition of 12 wt% of PEG45-PS210 to 5503-PS231. This result 

indicated that the presence of PEG45-PS210 having a long hydrophilic PEG block not only provides 

functional groups but also contributes to stabilizing the surface of the bilayer membrane to increased 

colloidal stability of the polymer cubosomes during the self-assembly. 

The internal crystalline lattice of the polymer cubosomes showed a transition from primitive cubic to 

double diamond upon increasing the molecular weight of the PS block, resulting in the increase of the 

diameter of the polymer cubosomes. We wondered whether the similar effect could be observed in 

decreasing the diameter of the polymer cubosomes by implementing more PEG45-PS210 as a stabilizer. 

SAXS results of the polymer cubosomes clearly showed a transition of Pn3m phase present in the 

larger polymer cubosomes to Im3m only observed smaller polymer cubosomes self-assembled from 

5503-PS231/ PEG45-PS210. This result suggested that the surface energy of the polymer cubosomes play 

an important role in determining internal bicontinuous cubic phases of the polymer cubosomes. The 

higher surface energy of the smaller polymer cubosomes arising from the higher curvature of the 

smaller polymer cubosomes might favor the internal phase to be Im3m possessing less surface energy 

than Pn3m. 
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Figure 2.11 SEM image of internal structure of polymer cubosomes. (A) Cubosome(Pn3m, 5503-

PS231+PEG45-PS210 3%), (B) Cubosome(Pn3m + Im3m, 5503-PS231+PEG45-PS210 6%), (C) 

Cubosome(Pn3m + Im3m, 5503-PS231+PEG45-PS210 9%), (D) Cubosome(Im3m, 5503-PS231+PEG45-

PS210 12%). These images have a same magnification. So we can observe the size change directly. 
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Figure 2.12 SAXS DATA of Polymer cubosomes. (A) Cubosomes (Pn3m lattice constant 49.0 

nm,5503-PS231+PEG45-PS210 3%, lattice constant 49.0 nm), (B) Cubosomes (Pn3m lattice constant 

52.3 nm + Im3m lattice constant 67.0 nm, 5503-PS231+PEG45-PS210 6%), (C) Cubosomes (Pn3m 

lattice constant 54.7 nm + Im3m lattice constant 70.3 nm, 5503-PS231+PEG45-PS210 9%), (D) 

Cubosomes (Im3m lattice constant 94.6 nm, 5503-PS231+PEG45-PS210 12%). Red peaking is Im3m. 

Black peaking is Pn3m. 
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Figure 2.13 average diameter of linear mixing cubosomes. black 18.14µm, red 12.40µm, blue 

5.86µm, green 3.17µm. 

 

Solvent effect of the self-assembly of block copolymers 

For solution self-assembly of BCPs, the nature of the solvent plays a decisive role in determining 

the phase and the morphology of the self-assembled structures. For example, Eisenberg and 

coworkers showed that the diameter of polymersomes of PAA-PS could be reversibly modulated by 

changing the mixing ratio of two solvents (dioxane and THF). Furthermore, the morphological 

transition from polymersomes to cylindrical micelles also occurred depending on the solvent quality. 

In our study, bPEG-PS having the fPEG value higher than 8% only formed polymersomes instead of 

polymer cubosomes. We speculated that the change in the solvent condition might affect the phase 

behavior of bPEG-PS. For studying the effect of the solvent quality toward to the PS block, we 

prepared a series of mixture of dioxane and DMF. We anticipated that the addition of DMF in dioxane 

could increase the hydrodynamic volume of the PS block due to the increased solubility parameter. 

The solubility parameter of PS is 18.6 in THF, Dioxane 20.5, DMF 24.7. We chose the block 

copolymer 5503-PS205 which only self-assembled into polymersomes in dioxane. 5503-PS205 was 

dissolved in a mixture of dioxane and DMF (99:5 by vol. 5 wt%). Water was slowly added to this 

solution to induce self-assembly under the identical condition for polymer cubosome formation. 
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Figure 2.14 TEM and SEM image of self-assembled Polymersomes, cubosomes and hexasomes are 

made of 5503-PS205 amphiphilic block copolymer. Increasing the amount of DMF change the 

morphology of polymersomes.(A) Lamella(5503-PS205) (B) Cubosome(5wt% DMF), (C) 

hexasome(10wt% DMF)  

Observing the above result, we wanted to watch the internal structure of cubosomes. So we tried to 

adjust the amount of DMF carefully. 

 

 

 

And the size of polymersomes change drastically from 2.1%~2.25%. it was also observed that the 

polymer did not use DMF. Using DMF find proper size of the polymer cubosomes. in this experiment, 

2% of DMF solvent increase the size polymer of 1~1.6K. 
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Figure 2.15 SEM image of self-assembled Polymersomes are made of 5503-PS183 amphiphilic block 

copolymer. Increasing the amount of DMF change the morphology of polymersomes.(A) 

Lamella(5503-PS183) (B) lamella+vesicle+cubosome(1.3wt% DMF), (C) cubosome(2.2wt% DMF), 

(D) cubosome(5.0wt% DMF).  

 

 

Figure 2.16 SAXS DATA of Polymer cubosomes. (A) Cubosome(Pn3m lattice constant 48.0 nm + 

Im3m lattice constant 61.5 nm, 2.2wt% DMF), (B) Cubosome(Pn3m lattice constant 45.2 nm, 5.0wt% 

DMF). Red peaking is Im3m. black peaking is Pn3m. Red line is DMF 2.2%. black line is DMF5.0%. 
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Figure 2.17 Average diameter of DMF mixing cubosomes. black 9.48µm, red 13.54µm. 

 

 

 

 

 

Figure 2.18 Optical microscopic image of 7503-PS360  adding DMF a. 7503-PS360 vesicle sample, b. 

add 3.5% of DMF in solvent. c. 4% d, 4.3%, e 4.4% f. 4.6%, g. 4.7%, h. 4.8%, i. 4.9%  
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Figure 2.19 SEM image of 7503-PS360  adding DMF a. 7503-PS360 vesicle sample, b. add 3.5% of 

DMF in solvent. c. 4% d, 4.3%, e 4.4% f. 4.6%, g. 4.7%, h. 4.8%, i. 4.9%  
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Monolith film has triply periodic minimal surface (TPMS) of the BCP bilayers. The method to make 

monolith film is Solvent Diffusion-Evaporation Mediated Self-assembly(SDEMS). The diffusion of a 

poor solvent (water) into the BCP solution and the evaporation of a co-solvent(dioxane) into the 

humidity chamber under controlled humidity was used to make monolith film 

It can have applications such as the desalination of water, ultrafiltration, chromatography, drug 

delivery, catalysis, micro separation and nanotemplating. 26-32 The polymer cubosome of 5503-PS212 

has im3m internal structure. But the monolith film of 5503-PS212 has pn3m internal structure. We think 

that the reason for the internal structure difference is curvature energy. Im3m is small colloidal 

particle. So it has a high curvature energy. But the film has 0 curvature. So the film made more 

favourable pn3m structure. And the 7503-PS390 is not well defined internal structure of PS. We think 

that the hydrophobic part of block copolymer is so long that dialysis is not well done. 

 

Figure 2.20 SEM images of monolithic film. (A) SEM  image of thickness of monolithic film of 

5503-PS212 (B),(C) The magnified SEM image of internal structure of the polymer cubosomes of 5503-

PS212(pn3m). (D) SEM  image of thickness of monolithic film of 5503-PS231 (E),(F) The magnified 

SEM image of internal structure of the polymer cubosomes of 5503-PS231(pn3m). (G) SEM  image of 

thickness of monolithic film of 7503-PS390 (H),(I) The magnified SEM image of internal structure of 

the polymer cubosomes of 7503-PS390.  
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The drop rate can change the shape and size of polymer cubosomes. the polymer cubosome of 

standardized water drop rate is 0.5ml/h. In this case, the size distribution of polymer cubosomes is 

narrow and the shape of cubosomes are regular. But the polymer cubosome of water dump have long 

shape and size distribution of polymer cubosomes is broad.  

The reason is that we think 0.5ml/h water drop rate sustain homogeneous state. But water dump break 

the homogeneous state. So the size and shape is irregular. 

 

Figure 2.21 Optical microscopy and SEM images of change water drop rate (A) optical 

microscopy image of prepped polymer cubosome of 5503-PS217 (water drop rate 0.5ml/h, total 2ml) 

(B) SEM image of prepped polymer cubosome of 5503-PS217 (drop rate 0.5ml/h, total 2ml) (C) optical 

microscopy image of prepped polymer cubosome of 5503-PS217 (water dump total 2ml) (D) SEM 

image of prepped polymer cubosome of 5503-PS217 (water dump total 2ml)  
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Figure 2.22 Surface pressure to molecular area (π-A) isotherms of a linear block copolymer 2000-

PS185 and tri-arm linear block copolymers 5503-PS183, 7503-PS185 at 293K. The molecular areas in the 

monolayer at the air-water interface are 1080 Å 2 for PEG45-PS185, 1340 Å 2 for 5503-PS185, 1500 Å 2 for 

7503-PS185. 

To study the effect of the architecture of the hydrophilic block of bPEG-PS on its self-assembly, we 

firstly measured the molecular area of the bPEG-PS from the Langmuir isotherms at the air-water 

interface (Figure 2.22) 

In the case of bPEG-PS, the block ratio (fPEG) played a decisive role in directing the self-assembly 

behavior of the BCP leading to the preferential formation of inverse mesophases. However, The 

absolute value of PEG45-PS185 hydrophilic part length is longer than the absolute value of 5503-PS183. 

But the Molecular area of 5503-PS183 is much higher than PEG45-PS185. This means that the branched 

hydrophilic parts have high molecular area than linear hydrophilic parts. This observation suggests 

that the branched architecture of the hydrophilic block contributes to the increase in the value of P of 

the BCP. For amphiphilic BCPs containing PEG as the hydrophilic block, the molecular area of the 

block copolymer was dependent on the size of the PEG chain immersed in water and virtually 

independent of the size of the hydrophobic block. The area occupied by the linear BCP PEG45-PS185 in 

the monolayer at the air-water interface was measured to be 1080 Å 2. Similarly, the molecular areas of 

5503-PS183 and 7503-PS185 were determined to be 1340 Å 2 and 1500 Å 2, respectively. These results 

suggested that the branched architecture of the hydrophilic block of bPEG-PS is responsible for the 

substantially higher area occupied by the BCP in the self-assembled bilayer. 
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Figure 2.23 TEM and SEM images of the polymer cubosomes. (A) TEM  image of internal 

structure of the polymer cubosomes of 7503-PS390. (B) TEM  image of internal structure of the 

polymer cubosomes of 7503-2(PS62). (C),(D) SEM image of polymer cubosomes 7503-PS390, 7503-

2(PS62).  

We suspected that the increased molecular area occupied by the branched hydrophilic block in the 

bilayer could affect the self-assembly behavior of the BCP. 

After the hydrophilic part branched effect, in comparison, TEM images of the polymer cubosomes 

of 7503-PS390 showed that the thickness of the bilayer constituting the inverse cubic mesophases was 

~30 nm (Figure 2.23(A)). Similarly, we observed that the thickness of the bilayer consisting of the 

polymer cubosomes of 7503-2(PS62) (Figure 2.23(B)) was ~15 nm. This results show that hydrophobic 

branched structure decreases the total number of hydrophobic part PS260. The membrane thickness of 

is almost twofold compared to 7503-2(PS62) and 5503-PS231. We think the reason is that the 

hydrophobic PS part is big. 
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2.4 Summary 

In summary, we synthesized a tri-arm linear block copolymer and directly self-assembled it in an 

aqueous solution. The results show the colloidal form of inverse bicontinuous cubic mesophases. The 

internal structure is changed according to the change in length of the hydrophobic part (im3m, pn3m). 

it is similar with lipid cubosomes. Co-assembly with end-group functionalized block copolymer, 

cubosomes have functional group such as SH, NH2, N3 on the surface area. The internal structure of 

polymer cubosomes changed by mixng DMF or linear block copolymers. So the morphological 

change of polymersomes can change. and We also synthesized large monolithic porous polymers 

internalizing  highly crystalline 3-D cubic porous networks based on solvent diffusion/evaporation 

mediated solution self-assembly. Polymer cubosomes and monolithic mesoporous films exhibited a 

well-defined long range crystalline internal order including a primitive cubic (Im3m), double diamond 

(Pn3m). Polymer cubosomes and monoliths film have large surface area and specific volume 

available from these structures could serve as a platform for biochemical reactions and 

storage/separation platforms for proteins and large molecules. 
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